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Abstract: Cereal grains are the most important food staples for human beings and livestock animals.
They can be processed into various types of food and feed products such as bread, pasta, breakfast
cereals, cake, snacks, beer, complete feed, and pet foods. However, cereal grains are vulnerable to
the contamination of soil microorganisms, particularly molds. The toxigenic fungi/molds not only
cause quality deterioration and grain loss, but also produce toxic secondary metabolites, mycotoxins,
which can cause acute toxicity, death, and chronic diseases such as cancer, immunity suppression,
growth impairment, and neural tube defects in humans, livestock animals and pets. To protect human
beings and animals from these health risks, many countries have established /adopted regulations
to limit exposure to mycotoxins. The purpose of this review is to update the evidence regarding
the occurrence and co-occurrence of mycotoxins in cereal grains and cereal-derived food and feed
products and their health impacts on human beings, livestock animals and pets. The effort for safe
food and feed supplies including prevention technologies, detoxification technologies/methods and
up-to-date regulation limits of frequently detected mycotoxins in cereal grains for food and feed
in major cereal-producing countries are also provided. Some important areas worthy of further
investigation are proposed.

Keywords: cereal grains; mycotoxins; health impacts; human health; livestock animals; pets;
management; regulation

Key Contribution: Recent findings in the occurrence and level of major mycotoxins in cereal grains,
cereal-based foods and feed indicate that mycotoxin contamination is still a serious food/feed safety
issue, particularly in developing countries; In developed countries, infants, young children, farm
animals and pets are at greater risk of mycotoxicoses; in developing countries, people living in
Africa and Asia, particularly those depending on corn products, are at the highest risk of mycotoxi-
coses; Integrated management strategies including control/prevention of mycotoxin contamination,
detoxification and regulation are needed to ensure safe supplies of food and feed.

1. Introduction

Mycotoxins are small organic molecules synthesized as secondary metabolites by
certain fungal species that may contaminate various agriculture commodities such as
cereals, corn, nuts, spices, soybeans and coffee beans, among others. Aflatoxins (AFBy, By,
G1 and Gy), ochratoxin A (OTA), citrinin, patulin, trichothecenes (mainly deoxynivalenol
(DON), T2-toxin (T,) and HT2-toxin (HT5)), fumonisins (FB;, FB, and FB3) and zearalenone
(ZEA) are the most prevalent mycotoxins in cereal crops [1]. Mycotoxin contamination of
cereal grains remains the main food safety issue. These toxins are produced primarily by
fungi genera Aspergillus, Fusarium, Penicillium, and Alternaria [2]. Aflatoxins are generated
by A. flavus and A. parasiticus, while ochratoxin A can be produced by Aspergillus spp. [3]
and Penicillium spp. [4]. Fumonisins, trichothecenes and ZEA are produced by Fusarium spp.
and are collectively called fusarium mycotoxins. One mycotoxin can be produced by several
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fungi species and some mold species can produce multiple mycotoxins; nevertheless, toxic
fungal development is not always accompanied by mycotoxin production [5]. The fusarium
mycotoxins may cause significant pre-harvest grain loss, while aflatoxins and OTA are
mostly occurring during storage due to improper postharvest handling and storage [6,7].

Mycotoxins are hazardous to both human and animal health [8]. They can cause
acute toxicity and chronic diseases depending on the dosages. Acute intoxication occurs
when highly contaminated food/feed is ingested in large quantities, which often results
in death, as happened in Western India in 1974, Kenya from 1981 to 2006, Tanzania in
2016, Taiwan and Malaysia [9-13]. Long-term exposure to mycotoxins at doses slightly
above the regulation limits can lead to chronic diseases such as liver cancer caused by AFs
in Africa and China [14-19], kidney diseases caused by OTA in Europe and Egypt, and
esophageal cancer caused by FUMs in Africa and some regions of China [20-23]. There
has been a wide variety of toxic effects in both animals and humans from oral intake of
mycotoxin-contaminated foods/feeds, such as immunosuppression, genotoxic, teratogenic
or cancerous mutagenesis.

Among the mycotoxins that commonly occurred in cereal grains, aflatoxins, includ-
ing AFB;, AFB,, AFG;, AFG, and AFM;, are considered the most toxic and have been
proven to be human carcinogens; thereby, they are classified as group 1 carcinogens, while
FB;, FB; and OTA are carcinogenic in tested animals, but there is not sufficient evidence
about their carcinogenicity in human, and thus they are classified as group 2B carcino-
gens [24]. Despite health impacts, it has been shown that these contaminants can cost
billions of dollars every year. In underdeveloped countries, aflatoxins have impacted
around 4.5 billion individuals and aflatoxicosis is ranked sixth among the top 10 health
threats [25]. Zearalenone (ZEA) has been reported to have immunotoxic, hepatotoxic and
xenogenic effects [26]. Trichothecenes are divided into four groups: types A, B, C and
D, with type A and B trichothecenes being the most prominent toxins in barley, wheat,
oats and maize. Studies have shown that type A trichothecenes are more toxic than type
B, while type B trichothecenes are present in contaminated cereals at a higher concen-
tration than trichothecenes A [4,14]. The A group includes but is not limited to T-2 and
HT-2 toxins, while the B group mainly includes deoxynivalenol (DON), nivalenol (NIV),
3-acetyldeoxynivalenol (3Ac-DON), 15-acetyldeoxynivalenol (15Ac-DON) and fusarenone
X [4,27].

The cereal grains can be contaminated by these mycotoxins in the field (before harvest)
or during post-harvest handling and storage. Some cereals often contain more than one
mycotoxin. To protect consumers from mycotoxicoses, many countries have established
or adopted regulations to limit exposure to mycotoxins. However, the adopted standards
among different nations or multilateral agencies vary widely due largely to the level of
economic development and the susceptibility of a nation’s crops to contamination [28].
Studies indicate that the economic costs of standard enforcement and the loss of trade
opportunities resulting from the differences in allowable levels of mycotoxins in grains and
grain-derived products are substantial. In developing countries, improving food safety
along Western standards may result in considerable costs, thus unaffordable high food
prices for low-income populations [29].

This review provides some of the more recent work on the occurrence and co-occurrence
of major mycotoxins in cereal grains, as well as grain-based food/feed, the human and
animal health risks caused by these mycotoxins and the management strategies to ensure
the safety of cereal-based food and feed. Future research needed to identify and better un-
derstand the health problems caused by co-exposure to multiple mycotoxins and long-term
exposure to lower-dose mycotoxins are also considered in this article.

2. Common Mycotoxins in Cereal Grains and Their Producing Fungi
2.1. Aflatoxins and Their Producing Fungi

Aflatoxins are synthesized by Aspergillus flavus and A. parasiticus. A. flavus produces
B aflatoxins, while A. parasiticus produces both B and G forms [3]. Aflatoxins By, By, G;
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and G, are naturally biosynthesized and frequently detected in cereal grains, particularly,
maize, while the hydroxylated metabolites of AFB; and AFB; are aflatoxin M; (AFM;) and
M, (AFM,) which are present in the meat, eggs, milk and cheese produced from animals
which ingested aflatoxin-contaminated feed [30]. AFM; is the major metabolite of AFB; in
milk from nursing humans and animals that consume AFB;-contaminated food or feed [4].
The chemical structures of AFs are shown in Figure 1. They are slightly soluble in water
with a solubility of 10-20 pg/mL and completely soluble in moderately polar solvents
such as chloroform, menthol and dimethyl sulfoxide [24]. The low hydrophilicity and high
hydrophobicity of AFs enable them to bind to cell membrane lipids easily.

0O O

HaCO © HsCO O H

AFB2 AFG2 AFM2

Figure 1. Chemical structures of aflatoxins By, By, G1, Gy, M1 and M.

Aflatoxins (AFs) are cytotoxic and genotoxic. AFB;, AFG; and AFM; are carcinogenic
when ingested orally via the diet or delivered by gavage. The evidence for the carcino-
genicity of AFB; and AFG; is insufficient. The AFB; is more toxic than AFG; in liver
carcinogenicity but AFG; induced a higher incidence of kidney tumors than AFB;. The
AFB; is about 10 times more potent than AFM; in causing liver carcinogenicity [31]. The
AFB; is genotoxic and participates in the extrahepatic cycle, leading to chromosomal abnor-
malities, micronucleus formation, sister chromatid exchange, unscheduled DNA synthesis
and DNA strand breakage [32]. The damage to DNA ultimately leads to the development
of cancer. A human cell line study shows that AFB; and AFG;, their precursors, as well
as their metabolites aflatoxicol (AFL) and AFM; are genotoxic [33]. Studies with poultry
have found that the AFB; and its metabolites mainly target the liver, where the toxin is
metabolized mainly by CYP1A2 and CYP3A4 and causes numerous mutations, particularly
in the p53 tumor suppressor gene [32]. This should be at least partially responsible for
the high liver cancer incidence in some regions of the world where people are frequently
exposed to food products contaminated with AFs.

2.2. Ochratoxins and Their Producing Fungi

Ochratoxins (OTs) are produced by certain Aspergillus species and some Penicillium
species, including A. ochraceus, A. alliaceus, A. auricomus, A. carbonarius, A. glaucus, A. melleus,
A. niger, P. nordicum and P. verrucosum among them [4,34]. The main forms of OTs are
ochratoxin A, B and C, which differ in chemical structure and toxicity. Ochratoxin B (OTB)
is a non-chlorinated form of OTA and ochratoxin C (OTC) is an ethyl ester of OTA formed
in the presence of rumen fluid [8]. Among these ochratoxins, OTA is the most prevalent
and toxic followed by OTC and OTB [35]. OT« is a non-toxic metabolite of OTA. The OTA
has been found in several types of cereals, including corn, wheat, barley, rye, rice and other
plant products such as coffee beans, dried fruits and spices. The chemical structures of OTs
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(Figure 2) show that all OTs contain a non-polar end and several polar groups on the side
chain; thus, they can bind to membrane lipids and proteins such as plasma albumin [22,36].

OchratoxinA Cl Ochratoxin B
H3C
(0] OH O
OH O
*@é S
Cl
Ochratoxin C Ochratoxina

Figure 2. Chemical structure of ochratoxins occurred in cereal grains.

OTA is at least ten times more toxic than OTB and OTC. The OTA is nephrotoxic to all
animal species and humans, and it has been related to the Balkan endemic
nephropathy [37,38]. In addition, the OTA is also known to be hepatotoxic, immunotoxic,
neurotoxic, teratogenic and carcinogenic, involving multiple mechanisms [35,39]. A single
high dose or multiple lower doses of OTA in rats inhibits protein synthesis, mitochondrial
respiration and ATP formation. It also enhances lipid peroxidation and the formation of
reactive oxygen species (ROS) and reactive nitrogen species (RNS) [39,40]. High levels of
ROS result in decreased activity of cellular antioxidant enzymes, thus leading to oxidative
stress and further inflammatory diseases [40]. Elevated levels of RNS induce nitrosative
stress associated with DNA damage, tissue toxicity, cancer and inflammatory conditions,
which may be responsible for cell injury and death [41].

2.3. Zearalenone and Its Producing Fungi

ZEA is produced by fungi of the genus Fusarium spp., including F. graminearum, F. cul-
morum, F. cerealis, F. equiseti, F. crookwellense, F. semitectum, F. verticillioides, F. sporotrichioides,
F. oxysporum and F. acuminatum [26], but mainly F. graminearum and F. culmorum [42]. Corn
has been described as the most vulnerable food to ZEA contamination. Other food crops,
including wheat, barley, oat and rye, have also been found with this toxin. ZEA is im-
munotoxic, hepatotoxic and xenogenic [26]. The chemical structure of ZEA consists of a
resorcinol moiety fused to a 14-member macrocyclic lactone ring with a trans double bond,
two hydroxyl groups, two ketones and one methyl branch (Figure 3), which allow it to be
easily absorbed through the gastrointestinal tract, to interact with proteins and lipids in the
biological system to exert its toxicity [43,44]. The ZEA induces histopathological changes
in the liver, with the subsequent development of liver cancer; it exerts hematotoxic effects
by disturbing blood coagulation and modifying blood parameters. ZEA and its derivatives
are non-steroids but have estrogenic activity in mammalian animals. They bind to estrogen
receptors of cells and inhibit the secretion of steroid hormones, interfere with the estrogen
response in the pre-ovulatory phase, and inhibit follicle maturation in mammals; this leads
to disorders of the hormonal balance of the body, and, subsequently, many diseases of
the reproductive system [43,44]. Higher concentrations of ZEA cause permanent estrus,
pseudo-pregnancy and infertility in animals [44]. The detail toxicity of ZEA in humans and
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animals has been extensively reviewed by Ropejko and Twaruzek [26] and is not discussed
in this review.

OH 0O

)

HO = N,

Figure 3. Chemical structure of Zearalenone.

2.4. Fumonisins and Their Producing Fungi

Fumonisins (FUMSs) are produced in cereals by different species of Fusarium including
F. verticillioides, F. proliferatum and F. fujikuroi, and other related species; they are common
contaminants of maize and to a lesser extent of wheat and other cereals [45]. Fumonisins
consist of a long hydrocarbon backbone chain similar to that of sphinganine. Six forms
of fumonisin including FA;, FA,, FB;, FB,, FB3 and FB,4 have been identified, with FB,
being the most toxic [4]. All FUMs are water soluble and thus are polar [24], which
is determined by their chemical structures (Figure 4). These toxins are cytotoxic and
carcinogenic to animals at relatively high concentrations. FB1, the major and most-studied
fumonisin, is nephrotoxic and hepatotoxic in several animal species and has been classified
as a possible carcinogen to humans (Group 2B) [24]. FB; has been reported to cause
leukoencephalomalacia (LEM) in horses, pulmonary edema syndrome (PES) in pigs and
liver cancer in rats and hepatotoxic to horses, pigs, rats and vervet monkeys. The FB; is
cytotoxic to mammalian cell cultures and phytotoxic to several plants. FUMs have also
been reported to be linked to human esophageal cancer in Transkei, China and South
Africa [20-23,46].

o OH
(ID o}
HaC 9 T oH
1 CH3
HaC CHy : cH HN
HO 5 * Re R
[ H | R1 R2 R3
o Ho” X, © FB, H OH OH
FB, H OH H
FB, H H OH
FB, H H H
FA, CH,CO OH OH
FA, CH,CO OH H
FA, CH,CO H OH

Figure 4. Chemical structure of different fumonisins.

2.5. Trichothecenes and Their Producing Fungi

Trichothecenes are several groups of mycotoxins produced by fungi of the Fusarium
genus [14]. They are divided into four groups: types A, B, C and D. The type A group mainly
consists of T-2 and HT-2 toxins, diacetoxy- and monoacetoxy-scirpenol (DAS and MAS)
and neosolaniol (NEO). The B group mainly includes DON, nivalenol (NIV), fusarenone
Xand DON derivatives 3Ac-DON and 15Ac-DON [4,27]. Type C trichothecenes contain
a C-7/C-8 epoxide (e.g., crotocin), while type D trichothecenes have an additional ring
linking the C-4 and C-15 position (e.g., roridin A, verrucarin A and satratoxin H) [47]. Type
A and B trichothecenes are the most common in barley, wheat, oats and maize. Studies
have shown that the toxicity of type A trichothecenes is greater than that of type B but,
fortunately, the concentrations of type A trichothecenes present in contaminated cereals are
much lower than that of trichothecenes B [4]. Among trichothecene mycotoxins, the T-2
toxin is the most toxic and it is considered an immunosuppressive, cytotoxic, lymphocytic
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and carcinogenic mycotoxin in mammalian cells. The toxicity of the T-2 toxin is extensively
reviewed by Janik et al. (2021) [48]. The chemical structures of trichothecenes are depicted
in Figure 5 [49], which indicates that DON and NIV are more polar, while the T-2 toxin is
hydrophobic, and the polarity of HT-2 toxin is between DON/NIV and T-2 toxin. This may
contribute to the higher toxicity of T-2 toxin. However, T-2 toxin levels in food and feed are
not regulated in many countries including the US.

Mycotoxins R1 R2 R3 R4 R5
Type-A

DAS OH OAc OAc HH

T-2 toxin OH OAc OAc H OCOCH2CH(CH3)2
HT-2 toxin OH OH OAc H OCOCH2CH(CH3)2
Neosolaniol OH OAc OAc H OH

Type-B

DON OH H OH OH 0=
Nivalenol OH OH OH OH 0=
3-AcDON OAc H OH OH 0=
15-AcDON OH H OAc OH 0=
Fusarenon X OH OAc OH OH 0=

Figure 5. Chemical structures of major trichothecene mycotoxins.

Type A trichothecenes are manly produced by strains of F. sporotrichioides and F. poae,
while type B trichothecenes toxins are mainly produced by strains of F. culmorum and F.
graminearum [50]. Milder climatic conditions without high humidity favor the production
of type A trichothecenes [51]. In the European maize growing areas, this toxin is usually
detected in corn red ear rot. Oral exposure to T-2 toxin can lead to a fatal condition, known
as alimentary toxic aleukia (ATA) with radiation poisoning-like symptoms [52]. DON
and other Type B trichothecenes are not as potent in mammalian systems compared with
T-2 toxin, but can still be lethal at high enough concentrations. DON is also known as
‘vomitoxin’ for its ability to cause diarrhea and emesis. DON and its derivatives cause
a variety of maladies, including anorexia, feed refusal in livestock, growth retardation,
leukocytosis, hemorrhage and adverse effects on reproduction and development. The
toxicity of DON and its derivatives to animals is in the order of 15Ac-DON > 3Ac-DON >
DON > DON-3Glc [2,53].

3. Occurrence and Co-Occurrence of Mycotoxins in Unprocessed Cereal Grains
3.1. Occurrence of Mycotoxins in Unprocessed Cereal Grains

Mycotoxin contamination can occur in the field and during storage. The hot and
humid tropical and subtropical climate conditions are considered the dominant factors
concerning aflatoxins, especially in developing countries where food product may not be
sufficient and storage condition is poor [54]. AFs, FUMs, DON and OTA are the most
commonly identified mycotoxins, especially in corn grains [55]. The number of mycotoxins
in contaminated foods and feeds has been the subject of investigations in the past few
decades.

Prior to 1985, the United Nations Food and Agriculture Organization (FAO) estimated
that around 25% of the world’s foods contain some form of mycotoxins [56]. However, data
from around 500,000 analyses from the European Food Safety Authority and data released
from recent large surveys on mycotoxin occurrence across the world by Biomin suggest
higher than 25% of mycotoxin prevalence [57]. For example, Streit et al. reported that,
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overall, 72% of 17,300 feed samples originating from different parts of the world collected
over eight years contained mycotoxins [55]. An extensive literature review has found that
the global mycotoxin prevalence in food crops is up to 60-80%, although the data varies
largely depending on many factors, such as the mycotoxin of concern, used analytical
methods and reporting of the results [57]. According to the 2020 BIOMIN World Mycotoxin
Survey Report, the most prevalent mycotoxins globally are the Fusarium mycotoxins DON
(65%) and FUM (64%), followed by ZEA (48%) in the cereal crops harvest in 2020 as shown
in Table 1 [58].

Table 1. Major mycotoxins and their levels in the cereal grains produced in different regions of the
world in 2020.

Region Major Number of Samples Positive Rate Median Average Maximum
Mycotoxins Tested (%) (ug/kg) Level (ug/kg)  Level (ug/kg)
Aflatoxin (total) 3711 7 2 6 92
ZEA 6185 47 28 100 57,147
Europe DON 6565 60 263 351 11,875
T-2 4156 32 15 3 1387
FUM 4187 46 170 645 16,241
OTA 3666 15 3 9 560
Aflatoxin (total) 1655 4 4 26 482 (corn)
ZEA 1661 39 120 293 26,466
. DON 1604 75 474 789 43,517
North America T2 1486 2 80 185 3153
FUM 1655 48 827 2738 66,588
OTA 1655 3 3 27 750
Aflatoxin (total) 7258 19 3 5 179
ZEA 6724 46 61 149 43,852
South and DON 6134 61 440 736 26,320
Central America T-2 3474 20 33 41 321
OTA 6759 71 3 1832 56,000
FUM 2095 9 1120 7 86
Aflatoxin (total) 3350 25 9 47 2495
ZEA 3247 62 44 145 11,786
. DON 3360 71 365 546 17,550
Asia T2 2873 7 2 31 169
OTA 3225 81 501 1316 35,445
FUM 2892 25 3 12 571
Aflatoxin (total) 116 7 2 2 5
ZEA 119 68 34 134 1928
Middle East and DON 119 78 225 497 5170
North Africa T-2 109 17 10 11 30
OTA 119 76 307 769 8586
FUM 111 12 2 3 7
Aflatoxin (total) 1059 7 4 28 1032
ZEA 1071 44 32 78 3091
Africa (without DON 1071 76 331 592 7254
North Africa) T2 1071 0 37 43 74
OTA 1071 59 142 452 10,368
Aflatoxin (total) 1059 5 3 9 84

3.2. Co-Occurrence of Mycotoxins in Unprocessed Cereal Grains

With the advancement of analytical instruments and techniques, researchers have
reported an increased number of mycotoxins in various food products, with peanuts, maize
and tree nuts being considered the most vulnerable crops. Rice, cottonseed, tree nuts, spices
and figs are also ranked high for mycotoxin contamination [59]. The issues of co-occurrence
and high concurrent exposure to AFs and FUMs in maize-eating populations in Africa,
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Latin America and parts of Asia have been reported [60]. The FUMs and aflatoxins are
most frequently detected in maize and to a lesser extent, in rice, sorghum, wheat and cereal-
based foods prepared from these cereals [45]. The degree of co-occurrence of AFs and
FUMs varies with many factors, including the type of commodity, region, time of sampling,
storage condition, food preparation and processing. A recent evaluation conducted by the
Joint FAO/WHO Expert Committee on Food Additives [61] found co-occurrence of AFs
and FUMs in 1.7% of around 5000 samples submitted to the GEMS/Food Contaminants
database between 2011 and 2016. For individual samples, the co-occurrence rate was 5.5%
in maize samples, 4.2% in cereals and cereal-based products, 2.8% in bread and other
cooked cereal products, 1.4% in sorghum and 0.4% in cereal-based foods for infants and
young children, respectively [62]. More studies regarding the co-occurrence of mycotoxins
in unprocessed cereal grains and the percentage of tested samples with mycotoxin content
above EU regulation limits are summarized in Table 2.

Table 2. Co-occurrence of mycotoxins in unprocessed cereal grains.

Country/Region Mycotoxins Identified Above EU Limits (%) References
86% of maize and peanut samples Ao o
Africa (corn, n = 20) contained four mycotoxins including Al;ii' f 0 /z;f po;im;e [63]
AFB;, FB;, ZEA and OTA. samples (% Hg/ s
7.6% of samp.les contain AFs (nlean AFs: mean = 15.2 ug/kg,
concentration 15.2 ppb), 75.7% Max = 606 g,/ kg
3 contain DON (1.6%: >5000 ppb), and PR
USA (corn, n = 1828) 59.7% have FB (10,000 ppb), 43% DON: 1.6% [64]
] FB: 59.7%
contain OTA (4.9 ppb), and 3.4% ZEA: 25%
contain ZEA. neere
Maize samples collected from
10 locations in Michigan state for 2
years. Every sample was DON: 1.6% of samples
. _ contaminated with at least four and exceeded 5000 ug/kg
USA (maize samples, n = 90) six mycotoxins in 2017 and 2018, FUMSs: 9.6% of grains [65]
respectively. Incidence and severity exceeded 10,000 ug/kg
of each mycotoxin varied by year and
across locations.
Total of 55.1% of samples contain
more than 1 mycotoxin. 17% had AFs . .o
Brazil (n = 230, processed rice) and ZEA, 24.2% had AFs and OTA, AFtsc.) %%(())_20 /ulig/;(ng 21‘1’} 4a/;ld>20 [66]
=20 p 6.2% had AFs and citreoviridin (CTV), 230 gg g/k . Oéo ”
4.6% had OTA and CTV, and 3.1% T MBS M 2o
had ZON and CTV, respectively.
Aflatoxin in 1.1% of samples
B (4.4 ppb), DON in 41% of samples
Canada (corm, n =750) (282 ppb), FB in 14% (280 ppb), OTA N/A (671
in 2.7% (34 ppb) and ZEA in 4.5%.
93% contains FBs (mean 2528 ppb).
1.00/0, 2.70/0, 140/0, 220/0, 44% and 6.0%
China (corn n = 520) of the samples were detected with 7, N/A [68,69]
6, 5, 4, 3 and 2 kinds of mycotoxins,
respectively.
40 barley (56%) and 35 wheat (42%)
samples were mycotoxin positive. DON: 6% barley and 6%
China (72 barley samples and ~ Among the positive samples, at least wheat samples [70]

two mycotoxins were detected in 70%
of barley samples and 54% of wheat
samples.

83 wheat samples)

T-2 toxin: 7% barley and 5%
wheat samples
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Table 2. Cont.

Country/Region

Mycotoxins Identified

Above EU Limits (%)

References

China (338 unprocessed wheat

40 (11.8%), 77 (22.8%), 49 (14.5%) and
41 (12.1%) samples were
contaminated with two, three, four
and five mycotoxins, respectively.

DON: 44.7-52.4%
ZEA:139

[71]

samples) The rate of co-occurrence of AFB1: 0.6-2.1%
fumonisins with other Fusarium
toxins was 37.6%.
23.3-25.3% of samples had AFBl0 AFBy: 23.3-253% (>2 ug/kg)
Lebanon (durum wheat from  levels >2 pg/kg, respectively. 52.0% OTA: 25.33-28.67° (72]
two warehouses, n = 300) and 44.6% of samples had OTA levels (‘>3 ’ /K ) ?
of 0.51-9.71 ug/kg, respectively. HE/ K8
FUMSs, DON, nivalenol and ZEA
were more frequently and
. . simultaneously detected in all cereal
Korea (brown rice, millet, grains, and 54% of wheat samples
sorghurcnérr;zilzr?_argjl mixed had at least two mycotoxins. AFB; AFBy: 4% (>10 ug/kg) (73]
T was detected in 1% (brown rice)-9%
(millet) of each grain group with
mean levels 1.1-5.2 ng/g.
AFs in all samples at 28-372 ug/kg.
OTA, ZEA, DON, FB; and FB; in 66.7,
S 53.4,23.8, 14.3 and 4.8% of the AFB;: 100% (28-372 ug/kg)
Nigeria (rice, n = 21) samples. Co-occurrence of AFs, OTA OTA: 66.7% (134-341 g /kg) [74]
and ZEA was very common, and up I HE/ 58
to five mycotoxins were detected in
one sample.
150 freshly harvested maize samples
during 2010-2011 and 2011-2012. 28,
India (n = 150, maize) 20, 58, 23 and 11 were positive for AFBq: 18.7% (48-58 ug/kg) [75]
AFB,, OTA FB;, DON and T-2 toxin,
respectively.
35% of samples were AFs positive AFBq: 19% of positive
Pakistan (rice, n = 208) and 19% were OTA positive, Total AFs: 24% positive [76]
respectively. OTA: 14%
100% of samples were AFs positive
. a'nd a h%g}.ler level of AFG; in all . Total AFs: 100% (>20 ug/kg)
Pakistan (corn, n = 7) maize varieties. OTA was detected in OTA: 52.2% (>5 ug/kg) [77]
71% of maize samples at Thes He/ X8
2.14-214 pg/kg.
AFs: 31.7%
. FUMs: 1.3%
Africa (corn, n = 444) AFs a“ddF.Ug/éf/o'Cfotr}‘ltammatllon DON: 8.9% 78]
occurred in 35% of the samples. ZEA: 3.8%
OTA: 4.2%
72.2% of samples were AFT positive . o .
witha total AFT 42744102 ug/kg,  “pisyre oo o
Ghana (maize, n = 180) in the order of AFB; > AFB, > AFG; > oxlo > mnana e [79]
OTA: 54.1% > EU limit, 49.9%
AFGy,, 57.2% of samples were OTA - Ghana limit
positive: 4.00-97.51 pg/kg.
55% of 350 maize samples collected
Kenya (maize, n = 350) following the 2004 aflatoxicosis had AFs: 55% (520 ug/kg) [80]

AFs at levels higher than 20 ug/kg.
35% had levels > 100 ppb.
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Table 2. Cont.

Country/Region Mycotoxins Identified Above EU Limits (%) References
AFB; and FUM were found in 80 and
. B 85% of the samples, respectively. AFBq: 25% (>5 ug/kg)
Kenya (maize, n = 350) AFB; in 25% and FUM in 48% of FUMs: 48% (>2 mg/kg) (811

samples exceeded EU limits.

Kenya (milled rice, n = 204)

Sterigmatocystin aflatoxin, citrinin,

OTA, fumonisin, diacetoxyscirpenol, AFs: 13.5%,
HT2, T2 and DON were identified. OTA: 6%; [82]
3.5% of samples had six toxins in HT2 + T2: 0.5%

different combinations.

Uganda (n = 105, different
grains)

AFs and OTA were detected in
8.3-100% of samples, and
co-occurrence of AFs, OTA and DON N/A [83]
ranged from 8.3-35.3%, with the
highest incidence in sorghum.

N/ A: represents data not available.

Table 2 clearly shows that (1) most of the unprocessed cereal grains are contaminated
by multiple mycotoxins no matter whether the grains are produced in developing countries
or developed countries and the percentage of samples containing multiple mycotoxins
is way higher than that reported in [62]. (2) Grain samples produced in developing
countries often have higher AFB; and OTA contents and higher percentages of samples
with mycotoxin levels above the regulation limits. Certain portions of these mycotoxins will
be carried into cooked /processed food and feed products if the highly contaminated grains
are included in the ingredients because common cooking and processing methods (such
as sorting, trimming, cleaning, milling, baking, extrusion and roasting) cannot eliminate
them, although they can significantly reduce their contents [84].

4. Occurrence and Co-Occurrence of Mycotoxins in Cereal-Based Products
4.1. Mycotoxin Contamination of Cereal-Based Foods for Human Consumption

Humans can be exposed to mycotoxins through foods and their working or living
environments, but the ingestion of contaminated foods, particularly cereal-based foods and
nuts, is the main cause of human mycotoxicoses [85]. The types and levels of mycotoxins in
human diets also vary greatly with geographical locations and availability of specific cereal,
the quantity of cereal-based food in the diet, spices and other ingredients in the diet, as well
as cooking or processing methods. For example, the main cereal in the human diet is corn
in Africa and South America, rice in Asia and wheat in North America and Europe, while
the dominant mycotoxins in those cereals are AFs, OTA and DON, respectively, although
multiple mycotoxins co-exist in one cereal, as shown in Table 2. As mentioned in Section 3.2,
each step of food/feed processing and cooking can reduce certain levels of mycotoxins
and result in relatively safe ready-to-eat products [84]. That is why there are very few
real cases of mycotoxin poisoning. However, food processing cannot eliminate them; thus,
processed /cooked foods often contain different levels of mycotoxins, mostly lower than the
regulation limits, depending on the processing methods and initial mycotoxin loads. Table 3
summarizes recent findings on mycotoxins in processed foods. Overall, the prevalence and
concentration of mycotoxins in finished food products in developing countries are much
higher than those in developed countries. Thus, people living in developing countries such
as those in Asia and Africa are at greater risk of being exposed to high levels of mycotoxins
than those living in the developed countries. The low mycotoxin levels in processed foods
in developed countries are due to the relatively low mycotoxin contents in unprocessed
cereal grains, better storage condition control, and the implementation of regulations. This
also explains the fact that human mycotoxicosis is rare in Western countries, but relatively
more frequent in developing countries.
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Table 3. Occurrence of mycotoxins in cereal-based processed foods.

Country or Type of Sample Mycotoxins Concentration >EU Limits Method of Reference
Region Foods Number Detected Range (ug/kg) (%) Detection
OTA positive in
41% of samples,  Up to 4.85 with a
Canada ?ﬁ;:ﬂ?ofdeg 627 114 exceeded mean of 23% LC-MS [86]
Canadian 0.59 ug/L
regulation
OTA positive: 47 100% of the
USA Infant cereals 155 (30%) of 0.6-22.1 positive LC-MS/MS [87]
155 infant cereals samples
Breakfast OTA in
USA 489 205 samples 0.1-9.3 3.3% HPLC-FLD [88]
cereals o
(42%)
The incidence of
DON, ZEA ZOL DON: 29-195
. Corn-based ZEA: 34-216 GC-FID and
Spain 25 and T-2 was 68, N/A [89]
foods ZOL: 36-71 HPLC
44, 24% and 0.4%,
. T-2: <50
respectively
. Aflatoxins in o
Spain Infant foods 60 12 samples (20%) N/A 10% HPLC-FLD [90]
Low levels of
12 mycotoxins in APFs: not
the following detected
Infant foods order: DON ZEA:0.2-8.8
China in the market 820 (55.7%) > ZEA DON: 1.1-912.3 FBs: 0.87% LC-MS/MS [91]
(8.20/0) > FBl FB11 242.3
(3.7%) > OTA FB,: 252.4
(1.1%) > FB, OTA: 0.2-3.0
(0.7%)
96% of samples
conta1.r11ng AFB;: 0-0.13 UPLC-FLD
Breakfast multiple OTA: 0-0.1 GC-MS
Portugal coal 26 mycotoxins FB + FBy: 0-84 0% UPLC- [92]
cereals including AFs, ~ DON: 59-207.8 MS/MS
OTA, FUMs, ZEA: 04-5.6
DON, ZEA
. Breakfast . o
Spain 72 AFs in 1 sample Total AFs: 0.5 0% HPLC-FLD [93]
cereals
Spain Corn snacks 72 AFs in 1 sample 0.8 0% HPLC-FLD [93]
Wheat-based DON and
foods: flour, 15Ac-DON were DON: 1.9-1947 GC-QqO-
Romania bread, pasta 181 detected in 63% 15 Ac-DON: DON: 5% MS /l\(}[S [94]
and biscuit (114) and 5% (9) 14.2-32.6
(n=181) of all samples
FUM: 100% FUMs: 2.9-303.5
Maize snacks 18 DON: 8% DON: 0-40.4
ZEA: 8% ZEA: 0-54
Breakfast 10 FUMs: 100% FUMs: 2.7-551.8
Brazil cereals DON: 10% DON: 0-120.8 N/A LC/MS,/MS [95]
FUM: 13.3% FUMSs: 0-130
Wheat pasta 30 DON: 100% DON: 83.9-860.8
ZEA:73.3% ZEA: 0-205.6
Crackers 14 DON: 100% DON: 139-916

ZEA:100%

ZEA:26.9-117.6
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Table 3. Cont.

Country or Type of Sample Mycotoxins Concentration >EU Limits Method of Reference
Region Foods Number Detected Range (ug/kg) (%) Detection
. Total AFs:
Maize-based
floizlelseilsior AFs: 32% 0.11-386 validated
Tanzania . 41 DON: 44% DON: 57-825 N/A [96]
feeding . .. HPLC-FLD
hildren Fumonisins: 83% Fumonisins:
chidre 63-2284
Infants and
young
children’s 71% of samples ~ AFB;: 0.18 4= 0.01 71%
Ghana foods % contained AFB; to 36.10 + 0.32 (>0.1 ug/kg) HPLC-FLD [97]
derived from
cereal
AFBy: 65.77-ND
. Aflatoxins By, By, AFBy: 19.27-0.01 29.6%
Ghana Rice brands 27 Gy and G, AFGy: 1.05-ND (>10 pg/kg) HPLC-FLD [97]
AFG,: 0.12-ND
AFB;: 35.46-0.96
Cereal-based AFBq, By, G and  AFBj,: 4.92-0.51 33% (>4 3
Ghana food brands 20 G, AFGq: 6.95-0.27 ug/kg) HPLC-FLD (98]
AFG;: 0.82-0.1
AFBy:
Ghana Pasta brands 6 AFB; and B, 0.930-0.935 0% HPLC-FLD [98]
AFB,: 0.85-0.853
Aflatoxins B, B,  AFB;: 0.04-0.84
Iran Baby food 40 and G, in20% to  AFB,: 0.01-0.08 AFB;: 30% HPLC-FLD [99]
60% of samples  AFGj: 0.007-008
AFB; was
Rice-based detected in 68.7% o
Iran baby food 30 (33/48) of AFB;: 0-15.15 39.6% HPLC-FLD [100]
samples
ZEA, DON, HT-2
and T-2 toxins AFB: 0-0.25
were present in ZEA:0.5-3.0
Morocco Pasta 106 51.8%, 43.5%, DON: 16-900 DON: 21% LC/MS/MS [101]
34.9% and 16% HT-2: 4-419
of samples, AFB; T-2: 4-50
in 2 samples
94% of samples
had 2-5
E mycotoxins AFB;: 5.8-7.0
i‘;ﬁt}; C‘;rrl‘lbiseor‘ 32 AFB;: 6%, FB;:  Total FBs: 36-182  AFBy: 6% LC-MS [102]
¢ opaque beers 53%, FBy: 32%,  DON: up to 72
FB3: 6%,
DON: 84%
AFBl, AFB2 and
AFGl in 140/0, 5% AFBll 0.61-28.3
and 3% of otombo ~ AFB,: 0.14-2.35
o Sorghum malts. FBq, FB, AFG;: 0.39-6.95 AFBq: 20%
Namibian it omalodu 4 and FB; in42%,  FBy: 12-500.2 (>5ug/kg)  C/MS/MS [102]

22% and 3% of
otombo malts,
respectively

FB,: 7.55-79.46
FBj;: 21.6-136.6
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Table 3. Cont.
Country or Type of Sample Mycotoxins Concentration >EU Limits Method of Reference
Region Foods Number Detected Range (ug/kg) (%) Detection
Aflatoxin By, B;
a5r§/d G1 dlg;‘l /f AFBy: 0.56-54.2
! t‘;:;o mz:ltos AFBy: 0.5-4.48
Namibian Sorghum 36 Fumonisin By, B, AFGy: 04 AFB1:40% g -y g [103]
malt ofombo . FB¢: 8.17-88.3 (>5 ng/kg)
and B3 in 42%,
o o FB,: 5.92-46.8
22% and 3% of FBa: 22
otombo mallts, 3
respectively
125 sj;p/;)lgsf were AFB;: 0.02-1.24
Pakistan Processed 125 contaminated AFBy: 0.02-0.37 HPLC-FLD [104]
foods ith f AFG1: 0.25-2.7
with four types -\ pGp. 021-1.3
of aflatoxins
AFB;: LOD
1—6.90 .
Breakfast 41%: AFs Total AFs: T(ﬁelllez}&Flf go"/
Pakistan ceal 237 OTA: 48% LOD—7.45 OTA: 360 y ®  HPLC-FLD [105]
cerea ZEA: 53% OTA:LOD—845 "
ZEA: o
LOD—118.10
36,24, 34, 24 and
36% of spaghetti,
Wheat noodles,
products 25 macaroni,
Spaghetti 34 lasagne and
. - AFs: LOD—b55.6  AFs: 18-28%
Pakistan Noodles. 29 bucatlw were ZEA:LOD—698 ZEA: 15-36% HPLC-FLD [106]
Macaroni 37 AFs positive, and
Lasagne 22 28,18, 34,32 and
Bucatini 50% were ZEA
positive,
respectively

¥ LOD—limit of detection.

4.1.1. Aflatoxins in Cereal-Based Foods

The dietary exposure to aflatoxins in industrialized and underdeveloped countries is
different. In developed countries, mean aflatoxin dietary exposures are generally lower
than 1 ng/kg body weight (bw) per day, whereas the estimated dietary exposure of aflatoxin
in some sub-Saharan African countries is higher than 100 ng/kg bw per day [45]. Table 3
shows that the occurrence of AFs or AFB; in cereal-based food products for European
countries is rare and the levels of these AFs are extremely low. Thus, human mycotoxin
poisoning in a developed country is rare. This is attributed to low AFs levels in unprocessed
grains, as shown in Table 2, and tighter enforcement and implementation of mycotoxin
regulations in developed countries [107]. However, the occurrence and levels of AFs in
cereal-based food products in the markets of developing countries are high. Table 3 also
shows that corn-based food products consumed in African and some Asian countries have
remarkably higher incidences and levels of AFs compared to those in other regions of the
world. This may be associated with higher liver cancer incidence in developing countries,
particularly in Asia and Africa.

4.1.2. Ochratoxin A in Cereal-Based Foods

Human beings are exposed to OTA mainly through the consumption of various
foods including cereals and cereal-based food products, fruits, juice, beer, wine and coffee,
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and to a lesser extent, animal products such as meats, eggs and milk products [108].
The OTA concentrations in processed cereal products in the US, Canada and Europe are
usually low and do not pose health risks with the exception of infant foods, as shown in
Table 3. However, higher OTA concentrations have been reported in cereal-based adult
food products in some developing countries.

One study assessed the OTA content in 144 breakfast cereal and snack samples col-
lected from six areas in the US and found that 75 samples (52%) were OTA positive with a
concentration of 0.10-7.43 ng/g. Among the OTA-positive samples, 40% were organic and
60% were conventional, respectively [109]. Another survey conducted by the same research
group analyzed OTA contents in 489 corn-, rice-, wheat- and oat-based breakfast cereal sam-
ples collected from US retail markets over a 2-year period and found that 205 samples (42%)
were OTA positive, but only 16 (3.3%) of oat-based samples showed OTA levels higher
than the regulation limit (3 ng/g) of the European Commission. The highest incidence of
OTA was in oat-based breakfast cereals (70%), followed by wheat-based (32%), corn-based
(15%) and rice-based breakfast cereals (15%) [88]. A more complete assessment conducted
in Canada analyzed 2444 finished grain-based product samples collected from commercial
markets nationwide, including 55 of baked products, 253 of baking mixes, 330 of beers,
954 of breakfast cereals, 433 of breads, 102 of cookies, 157 of crackers and 160 of pastas.
This assessment found 60-84 samples were OTA positive, but only 9 samples contain OTA
higher than the EU regulation limit of 3 pug/kg 85]. However, it was found in the same
study that among 627 cereal-based infant food samples, 144 of them exceeded the EU limit
of 0.5 ng/kg [85]. Another study also reported higher OTA contents (0.6-22.1 ng/g) in
47 (30%) of 155 cereal-based infant foods available in the US market [87]. A recent exposure
and risk assessment study of OTA in the US indicates that there was no significant link
between dietary exposure to OTA and the risk of adverse effects in the US population
with the exception of infants and young children because the OTA exposure was highest
in infants and young children who consume large amounts of oat-based cereals [110]. In
the Netherlands, cereals were found to be the main contributors (55%) to the total OTA
intake. It was estimated that the 99th percentile of the lifelong averaged intake of OTA was
28 ng/kg bw/week, which was considerably lower than the provisional tolerable intake of
100 ng/kg bw/week. Thus, the dietary intake of OTA in the Netherlands should pose no
health risk to humans [111].

4.1.3. Fumonisins in Cereal-Based Foods

Human exposure to fumonisins is usually low in Europe and North America as shown
in Table 3. High exposures to FB; were reported in Guatemala, Zimbabwe and China, with
a maximum of 7700 ng/kg body weight per day for adults living in one rural province of
China, while the highest mean exposures for total fumonisins were reported in Malawi,
ranging from 3000 to 15,000 ng/kg bw per day [45]. In Italy, the highest fumonisin levels
were recorded in puffed (extruded) corn with FB; and FB, levels up to 6100 ng/g and
520 ng/g. The levels of these two fumonisins in corn grits and corn flour/polenta were
420-3760 ng/g FB; and 80-910 ng/g FB,, respectively. All sweet corn samples examined
were positive for FB; at levels from 60 to 790 ng/g, but negative for FB,. Lower levels of
fumonisins were found in popcorn (up to 60 ng/g FB; and 20 ng/g FB,), tortilla chips
(up to 60 ng/g FB; and 10 ng/g FB,) and corn flakes (10 ng/g FB1) [112]. Although these
findings indicate a relatively higher degree of human exposure to fumonisins in Italy
among European countries through corn-based food products [112], it is much lower than
that in Africa and China.

4.1.4. Trichothecenes in Cereal-Based Foods

Among trichothecenes, the most important are HT-2 toxin and T-2 toxin from type
A and DON from type B. In a study conducted in Spain, DON was found in all types
of cereal-based food items with a low prevalence in beer (1.4%), sweet corn (2.8%) and
sliced bread (16.7%), and a high prevalence in breakfast cereals (74.1 and 73.4%), corn



Toxins 2023, 15, 480

15 of 41

snacks (78.9%), pasta (74.3%) and bread (100%). Despite the high incidence, only five
samples exceeded the EU limits of DON. The HT2 and T-2 toxins were present in low
percentages and low contents [113]. A systematic review and meta-analysis of 57 published
research/survey articles found that the DON concentration and prevalence in cereal-based
foods were higher than other trichothecenes, with a few exceptions. The overall order of
contamination based on total trichothecenes concentration was breakfast cereals > noddle >
bread > wheat foods > pasta > infant foods > barley. In addition, the prevalence of these
mycotoxins did not decrease significantly over the years from 2000 to 2019 [114].

Another study determined that AFs, FUMs, DON, HT-2 toxin, OTA, T-2 toxin and ZEA
were in 215 infant foods and breakfast cereal collected from three regions in the US, and one
or more mycotoxins were found in 69% (101/147) of the infant formulas and 50% (34/68) of
breakfast cereals; meanwhile, the mycotoxin co-occurrence was observed in 12% of infant
foods and 32% of breakfast cereals. However, the concentrations of detected mycotoxins
were lower than the current FDA action and guidance levels [115]. The prevalence and
concentration of each mycotoxin often vary with the types of food products. A systematic
review found that the prevalence of different mycotoxins in the cereal foods was in the order
of OTA > DON > ZEA > AF > 15-ADON > 3-ADON, but the concentration of mycotoxins in
the cereal foods was in the order of DON > ZEN > 15-ADON > OTA > 3-ADON > AF [116].

4.1.5. Zearalenone in Cereal-Based Foods

The studies up to 2010 about the occurrence of ZEA in human foods including grains,
nuts, edible oils, animal tissues, milk, eggs, miscellaneous foods and spices, as well as hu-
man exposure to ZEA were reviewed by Maragos [117]. Based on this review, the estimated
tolerable intake of ZEA could be in the range of 0.05-0.5 ug/kg bw/day depending on the
toxicological endpoint selected (oestrogenic effect, tumorigenicity, etc.). This review also
shows that human exposure to ZEA varied from country to country and in many areas,
particularly in African and Asian countries, the safe level can be easily exceeded [117]. One
study found that the incidence of ZEA in maize-based products for human consumption
on the Spanish market was 40-80 and 44% with levels ranging from 34-216 ug/kg, respec-
tively [89]. It was also reported that the percentages of ZEA-positive samples ranging from
40% to 80% with mean values of 3.8 £ 1.8 ug/kg in pasta, 6.3 £ 5.4 pg/kg in wheat flakes,
5.9 £ 6.8 ug/kg in corn snack, 4.9 & 0.7 ug/kg sweet corn, 3.7 & 4.5 ug/kg in sliced bread,
3.1 £ 1.4 inbeer and 4.1 &= 0.6 pg/kg in baby food in the market of Catalonia, Spain [90]. It
is obvious that most corn-based products have more than 10 times higher ZEA contents
than wheat-based products. The tolerable ZEA of 0.05-0.5 pug/kg bw/day may be easily
exceeded if corn-based products are frequently consumed, which is the case in Africa.

4.2. Mycotoxin Contamination of Feed Products

Studies have shown that mycotoxins pose a high risk to animal health. Cereals
including maize, wheat, barley, sorghum and oats grains are the most common ingredients
of animal feed. They supply most of the nutrients for livestock animals. For example,
swine and poultry diets contain a cereal and cereal by-product fraction of up to 50-60%
on a dry matter basis [118]. The by-products of oilseed crops such as the residues of
soybeans, peanuts, cottonseed, sunflower, sesame and palm after oil extraction are also
used as vegetable protein sources in the manufacturing of animal feed [119]. Among
the ingredients of animal feeds, corn and oil seed by-products are mostly susceptible to
mycotoxin contamination which places animals at higher risk of mycotoxicoses.

The study of Schiavone et al. found that poultry feed samples collected from ten poul-
try farms in Italy in 2006 were all contaminated with OTA at levels from
0.04 to 6.50 pug/kg [118]. A survey of 2000 samples from 52 countries found that mycotoxin
contamination in feeds could be up to 79% or higher [120]. A recent survey investigated
the individual and co-occurrence of AFB;, DON and ZEA in 2090 feed ingredients and
1417 complete feed samples collected from various provinces of China from 2018 to 2020.
The results show that AFB;, DON and ZEA were present in 81.9, 96.4 and 96.9% of feed sam-
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ples with concentration ranges of 1.2-27.4, 458.0-1925.4 and 48.1-326.8 ug/kg, respectively.
Notably, the levels of AFB;, ZEA and DON in 0.9, 0.5 and 0.1% of feed ingredients, and
1.2-12.8, 0.9-2.9 and 0-8.9% of complete feeds for pigs, poultry and ruminants exceeded
China’s safety standards (20, 1000 and 500 ug/kg, respectively). Moreover, more than
81.5% of feed ingredients and 95.7% of complete feeds were co-contaminated with different
combinations of these mycotoxins [121].

Biomin Research Center in Australia conducted a large-scale global survey of my-
cotoxin contamination in feed and quantified concentrations of AFB;, ZEA, FUMs, OTA,
DON and T-2 toxin in 74,821 samples of feed and feed ingredients (including maize, wheat
and soybean) collected from 100 countries from 2008 to 2017. They found that 88% and 64%
of the samples were contaminated by at least one mycotoxin and more than 2 mycotoxins,
respectively, with the most frequently observed mycotoxin combinations being DON, ZEA
and FUMs, or FUMs and AFB; [122]. Although in most countries the majority of samples
met the regulation limits of the EU, 41.1, 38.5 and 20.9% of feed samples from South Asia,
Southeast Asia, and sub-Saharan Africa, respectively, exceeded the maximum allowed
level for AFB; (20 ng/kg). There was a distinct regional trend and an obvious year-to-year
variation that could be explained by rainfall or temperature during critical stages of crop
growth [122]. FB; was also found in 62.5% of samples of maize-based products for human
consumption and 100% of corn samples used to make pet food in the Brazilian state of Sao
Paulo [112]. Therefore, livestock animals and pets are often exposed to feeds containing
higher levels of mycotoxins.

5. Evidence of Mycotoxin Impacts on Human Health
5.1. Acute Mycotoxicosis in Human
5.1.1. Acute aflatoxicosis in human

Acute mycotoxin poisoning appears as outbreaks that are mostly caused by aflatoxins.
The symptoms of aflatoxicosis include edema, convulsions, vomiting, jaundice, abdominal
pain, sudden liver failure and, lastly, death [123]. In humans, acute toxicity due to exposure
to high dietary doses of AFs (2000-6000 ng/day) was first reported in Western India in
1974, which led to 106 deaths—a 10% fatality. The outbreak was traced to corn heavily
contaminated with A. flavus and containing up to 15 mg/kg AFs [10]. In 1981, Kenya
experienced its first recorded aflatoxin outbreak with 20 patients aged 2.5 to 45 years, and
12 of them eventually died due to hepatic failure developed within 1 to 12 days following
hospital admission [11]. Another outbreak of acute aflatoxicosis in Kenya in 2004 took
more than 125 lives [12]. Thereafter, two smaller outbreaks occurred in Kenya: one in
2005, and one in 2006, which resulted in another 53 deaths [31]. The most recent human
aflatoxin poisoning was reported in the United Republic of Tanzania in 2016 with a total
of 68 cases and 20 of them died. The homegrown maize contaminated with high levels
of aflatoxins (10-51,100 ug/kg) was considered to be responsible for the outbreak. In
addition to aflatoxins, 8 of 10 maize samples were also contaminated with high levels of
fumonisins (945-12,630 ug/kg) [13]. In 1967, twenty-six people in Taiwan were victims
of the consumption of moldy rice containing about 200 ug/kg of Afs, and three of them
died [124]. In 1988, thirteen Chinese children lost their lives in a city in northwestern
Malaysia due to acute hepatic encephalopathy caused by consuming Chinese noodles
contaminated with high-level AFs hours prior to their death [125].

5.1.2. Acute Mycotoxicoses in Human-Caused by Fusarium Mycotoxins

Exposure to high dosages of DON through consuming highly contaminated grains
may induce gastroenteritis, emesis, and a shock-like condition and display vomiting
symptoms. Furthermore, an elevated incidence of upper respiratory tract infection was
also reported in children who ate wheat bread containing DON for longer than 7 days [126].
T-2 toxin is the most potent among trichothecene toxins. Dietary exposure to T-2 toxin
can cause serious health problems such as irritation, hemorrhage, and also necrosis of the
gastrointestinal tract (GIT), although the incidence of T-2 toxin poisoning is rare. The T-2
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toxin is believed to be responsible for the alimentary toxic aleukia outbreaks which took
thousands of lives in Russia [127]. Oral gavage of FB; resulted in toxic effects on different
organs including the liver, lung, kidney, heart and intestine in different animals, reduced
the cellular activity of immune cell lymphocytes and caused thymocyte apoptosis [128].
The obvious toxic effects such as loss of feed intake and lameness but not lethal effects
were observed for young male rats at oral FB; doses of 21.5 and 46.4 mg/kg bw [129].
In female mice, the oral and intraperitoneal LDsj values of DON were estimated to be
78 mg/kg and 49 mg/kg, respectively, while the LDs values of 15Ac-DON were 34 mg/kg
and 113 mg/kg. At the acute doses, these toxins caused extensive necrosis of the GI tract,
bone marrow and lymphoid tissues, and focal lesions in kidney and cardiac tissue [130].
The acute toxicity of ZEA is relatively low compared to other mycotoxins. The oral LDs
values of ZEA for mice and rats were reported to be 2000 (male)-20,000 (female) mg/kg bw
and 4000 (male)-10,000 (female) mg/kg bw, respectively, with higher toxicity to male [131].
Both animal studies and in vitro studies discovered that the acute toxicity of FB; was much
lower than other mycotoxins [131,132].

5.1.3. Acute Ochratoxicosis in Humans

The in vivo acute toxicities of ochratoxins have not been directly studied using a
human model. Instead, animals with some biological similarities to humans, such as mice,
rats and pigs, were used. Animal studies show that the oral lethal dose LDs5( of mycotoxins
varies with animal species, age and sex. The oral LDs5 values of OTA 38-56 mg/kg body
weight (bw), depending on the animal species with dogs and pigs being more sensitive to
OTA than rats and mice [131]. OTA resulted in 30% and 90% mortality in mice at 20 and
50 mg/kg bw, respectively [21,35].

In addition to animal studies, in vitro cytotoxicity studies using different human
cell lines have also been applied to predict the in vivo acute and subacute toxicity of
individual mycotoxins and synergistic or antagonistic effects of different mycotoxins by
determining the inhibitory concentrations causing 20, 50 and 80% cell death (ICy, IC5p and
ICgp) [132,133], to reveal their pathogenic mechanisms (such as oxidative stress, inhibition
of translation, DNA damage, apoptosis and signaling pathway in host cells [126,127,134].

5.2. Chronic Health Impact of Mycotoxins in Human

Mycotoxins present many threats in chronic conditions to human health. The effect
caused by mycotoxicosis related to human health depends on multiple factors such as age,
weight, gender/seXx, type and quantity of food consumed, contact with infectious agents,
and the existence of other types of mycotoxins and bioactive substances. Exposure to small
quantities of aflatoxins by oral, respiratory, or absorption by the skin can cause, for example,
cancer, liver diseases, teratogenic and genetic mutations [135]. A recent review points out
that AFs and FBs are the most relevant mycotoxins, resulting in recognized adverse effects
in fetuses and children. Exposure to AFs during embryo development is associated with
fetal growth retardation, while exposure to FUMs increases the risk of neural tube defects
in newborn babies [134]. Infants are exposed to mycotoxins through breast milk (AFM;),
con infant formulas and baby foods containing mycotoxin-contaminated ingredients such
as animal milk, rice, oat and soybean protein [134].

5.2.1. Chronic Health Impact of Aflatoxins

It has been known for decades that chronic exposure to AFs causes liver cancer in
humans and several animal species [136]. Studies have found that people who consumed
food contaminated with AFs were related to liver cancer development [135,136]. Moreover,
people with hepatitis B and C, which are common diseases in Africa and China, had
a higher risk of liver cancer than people who did not have hepatitis when exposed to
aflatoxins [14,137]. It is estimated that 40% (59,900 of the 155,000) global annual cases
of aflatoxin-induced liver cancer occur in Africa [138]. Liver cancer is also one of the
most common cancers with high mortality in China. Maize as the main food staple may
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significantly contribute to the high incidence of liver cancer in these areas. For example, the
population living in the Qigong area of China, where maize was the staple food crop, had a
higher incidence of liver cancer before 1989. A government-facilitated change of dietary
staple from maize to rice, which is low in or may have aflatoxins, resulted in decreased
median levels of the aflatoxin biomarker in serum samples from 19.3 pg/mg albumin in 1989
to undetectable (<0.5 pg/mg) in 2009, and a 65% reduction of liver cancer mortality [139].
A systematic review of epidemiological studies including 13 case—control studies and one
longitude study confirmed the positive association between the consumption of aflatoxin-
contaminated foods and primary liver cancer risk [140]. In addition to liver cancer, AFs are
reported to have teratogenic and mutagenic effects in humans and animals, even at low
concentrations, although many aspects of the mechanisms of aflatoxin toxicity remain to be
elucidated [33,141]. AFs have been shown to be mutagenic and genotoxic in bacteria, and
have the potential to cause birth defects in children and suppress immune function, thus
decreasing resistance to infectious agents such as HIV and tuberculosis, as indicated in a
few studies conducted in Gambian and Ghana [45,142].

5.2.2. Chronic Health Impact of Ochratoxin A

The toxicities of OTA include genotoxicity, carcinogenicity, nephrotoxicity, hepatotoxi-
city, teratogenicity and immunotoxicity based on in vitro and animal studies. The mode of
action of OTA seems to be very complex and is not clearly understood yet. The possible
toxigenic mechanisms may include inhibition of protein synthesis and energy production,
induction of oxidative stress, DNA adduct formation, as well as apoptosis/necrosis and
cell cycle arrest [36]. OTA has been found to be teratogenic in several animal models
including rats, mice, hamsters, quail, and chicken, with reduced birth weight and con-
genital disabilities being the most common symptoms [143]. Cell studies have shown
that OTA impairs cellular antioxidant defense responses by regulating the nuclear factor
erythroid 2-related factor 2 (NFE2 L2)-mediated pathway, activating ERK- and JNK/MAPK-
mediated pathways and NADPH oxidation which triggers the ROS-mediated programmed
cell death [127]. However, the potential of OTA to cause malformations in humans and its
teratogenic mode of action are unknown. Thereby, more studies in this area are needed.

OTA has been suspected as a cause of various human nephropathies such as Balkan
endemic nephropathy (BEN) and associated urinary tract tumors (UTT), and chronic inter-
stitial nephropathy (CIN) in Tunisia [144,145] since the 1970s because OTA was found more
frequently and/or in higher concentration in food and blood of residents in the BEN regions
than in other regions [36,146,147] although the involvement of OTA in the development of
BEN is inconclusive. BEN is a unique familial, chronic renal disease encountered with a
high-prevalence rate in Serbia, Bulgaria, Romania, Croatia and Bosnia and Herzegovina
and the affected individuals develop kidney damage that slowly progresses over 10 to
20 years to kidney failure [148]. Significantly higher OTA concentrations in serum or plasma
have been found in patients with certain kidney disorders in Bulgaria, Romania, Spain, the
Czech Republic, Turkey, Italy, Egypt, Algeria and Tunisia, although OTA may not be the
only cause of the diseases [149,150]. A preliminary study in Egypt also found a possible
correlation between OTA and renal disease because a high OTA level was found in the
serum of end-stage renal disease patients and urothelial cancer patients [151].

The OTA and its metabolite are excreted in urine, but OTA is also found in serum
due to its long elimination half-life of about 35 days [38]. Therefore, many studies have
used serum OTA and urine OTA as biomarkers of human OTA exposure. In a study in
the UK, the urine-OTA level was found to be a better indicator of OTA consumption than
the plasma-OTA level [150]. In Bulgaria, a much higher prevalence of OTA (exceeding
2 ug/L) was observed in the blood of the affected population and more frequently in the
urine of people living in BEN-endemic villages [152]. In a recent study conducted in the
Czech Republic, OTA, CIT and its metabolite DH-CIT were frequently detected in the urine
and blood samples of patients with malignant renal tumors (OTA 62%; CIT 91%; DH-CIT
100%) whose urine OTA, CIT and DH-CIT concentrations were in the ranges of 1-27.8 ng/L,
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2-87 ng/L and 2-160 ng/L, respectively, and blood OTA levels were 40-870 ng OTA /L
serum and 21-182 ng CIT/L plasma [153]. More evidence of the nephrotoxicity of OTA to
human beings can be found in a recent review [154] and is not repeated here. In addition
to kidney-related diseases, the mouse and human epidemiological studies found OTA as
a potential risk factor for human neural tube defects among populations with long-term
consumption of fumonisin-contaminated diet, particularly maize [134,155]. Higher OTA
concentrations were also detected in the plasma samples of young children with digestive,
autism spectrum and attention deficit hyperactivity disorders [134].

5.2.3. Chronic Health Impact of Fumonisins

Structurally, fumonisins are similar to the sphingolipids, including sphingoid bases,
sphinganine and sphingosine. FB; is neurotoxic, hepatotoxic and nephrotoxic in animals,
and it has been classified as a possible carcinogen to humans. Cell culture studies have
revealed that fumonisins disrupt sphingolipid metabolism, folate transport and neural tube
development in embryo culture. At the cell level, FB; induces oxidative stress, apoptosis
and cytotoxicity, as well as alterations in cytokine expression [156]. In addition, fumonisins
can also cause damage to organs such as the kidneys and liver [15,157]. There is sufficient
evidence for the carcinogenicity of fumonisins in experimental animals but not in humans;
the FB; is thus classified as a possible carcinogen (Group 2B) by IARC [24]. The in vitro
and laboratory animal studies suggest an additive or synergistic effect between fumonisin
and aflatoxin on the development of precancerous lesions or liver cancer, but currently,
there are few studies to support co-exposure as a contributing factor in human disease [45].
The toxicity of OTA and FB; could be enhanced when both toxins are ingested due to the
synergy between these two toxins [132].

Epidemiological studies performed in Asia and South Africa between 1988 and 2018 re-
vealed a linkage between esophageal/liver cancers and dietary fumonisin exposure [16,17].
Some studies have shown high FB; content in the diets of particular areas [16,17,22]. An
early study analyzed 31 corn samples collected from households in the counties of Cixian
and Linxian of China, where high incidences of esophageal cancer have been reported,
and they found high levels of FB; (18-155 mg/kg; mean, 74 mg/kg) and total type-A
trichothecenes (1392030 pg/kg; mean, 627 ug/kg) in 16 of the samples, but low levels of
aflatoxins in all samples (1-38.4 ng/kg; mean, 8.61 ng/kg) [22]. Another study investigated
the co-contamination of AFB; and FB; in 209 food samples in three different areas including
Huaian, Fusui and Huantai in China. The results showed higher AFB; (13.5 ug/kg) and
FB; (2.6 mg/kg) in corn samples collected from Huaian where the incidence of esophageal
cancer was high, with the highest median level of AFB; in cooking oil in Fusui (52.3 png/kg)
where the residents had a high risk of liver cancer, and low AFB; and FB in food items in
Huantai where the risks of both oesophageal and liver cancers were low. Based on mea-
sured food consumption data, the average daily dietary intake of AFB; per resident was
low inHuantai 0.397 but high in Huaian (1.723 pg) and Fusui (2.685 pg), while the average
FB; daily dietary intake in these three areas was 92.4, 460.0 and 138.6 ug, respectively [19].
A recent case—control study also revealed that mycotoxin exposure, especially to AFB; and
FB;, was associated with the risk of esophageal squamous cell carcinoma (ESCC), and there
was a synergy between co-exposures to these two mycotoxins which might contribute to
the increased risk of ESCC in Huaian where corn flour was the staple food [16]. These
studies suggest that FB; was associated with esophageal cancer, while AFB; was associated
with liver cancer, and the co-exposure to AFB; and FB; in residents of rural China may
contribute to the etiology of human chronic diseases in high-risk areas. Interestingly, China
regulates the fumonisin content in animal feed but not in human foods.

However, the case—control study using data from two cohorts conducted in China’s
Haimen city and Linxian did not find a statistically significant correlation between dietary
exposure to FB; and hepatocellular carcinoma (HCC) in the populations of the cities after
adjusting for hepatitis B virus infection and other factors. The pooled meta-analysis of these
Chinese cohorts also did not show a significant correlation between FB; and HCC [46].
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Therefore, more well-designed studies are needed to provide solid evidence about the
carcinogenicity of fumonisins in humans.

5.2.4. Chronic Health Impact of Trichothecene Mycotoxin

Both in vitro and in vivo studies found that exposure to trichothecene mycotoxins can
activate apoptosis and/or necrosis of cells in many organs including lymphoid, hematopoi-
etic tissues, liver, bone marrow, thymus and GI system, resulting in leukopenia, vomiting
and diarrhea that can be lethal [48]. The toxicodynamics of trichothecenes include inhibition
of protein synthesis, immunomodulation immunosuppression and genotoxic effects [158].
Very little information is available relating to their toxic properties in humans, but the
diet represents an important source of human exposure to trichothecenes [158]. Chronic
exposure to a low dosage of DON may result in anorexia, reduced weight gain, fluctuation
in growth hormone and abnormal IgA production [125,159]. Chronic exposure to T-2 toxin
slows down the cell regeneration of the bone marrow and spleen, weakens the immune
system, and causes malfunction of the reproductive system [125]. The effects of NIV on
human health have not been reported.

5.2.5. Chronic Health Impact of Zearalenone

Zearalenone has a structural analogy to estrogen. It is known to have four ac-
tive metabolites/derivatives, including x-zearalenol (x-ZOL), (3-zearalenol (3-ZOL), -
zearalanol (x-ZAL) and (3-zearalanol (3-ZAL) [160]. The estrogenic activity of ZEA and
its derivatives has been identified both in vivo and in vitro, but the toxicity of ZEA and
its compounds is more than the estrogenic activity. For instance, oxidative stress and the
harm caused by ZEA may be key mediators of their toxicity [131]. The effects of ZEA on
the reproductive system include uterus enlargement, reproductive tract change, reduced
fertility, and aberrant levels of progesterone and estradiol. Furthermore, ingestion of ZEA
during pregnancy decreased the fetal size and survival percentage of embryos [161]. In
addition, in vitro studies have illustrated that the ZEA increases the production of reac-
tive oxygen species (ROS) and, consequently, oxidative stress which play a critical role
in ZEA genotoxicity including causing DNA damage, dysregulating DNA repair mecha-
nisms, changing epigenome of targeted cells and affecting chromatin conformation and
non-coding RNA [162,163].

6. Impact of Mycotoxins on Livestock Animals

Mycotoxins produce a wide range of harmful effects in animals. The economic impact
of mycotoxins due to reduced animal productivity, increased incidence of disease (due
to immunosuppression and damage to important organs) and decreased reproductive
capacity is many times higher than the impact on animal death. Mycotoxins impair the
functions of different organs and tissues at lower concentrations, including the digestive
system, kidney or liver tissue and the neurological, reproductive and immune systems [164].
Given the wide range of feedstuffs used and the variations between and within animals,
the severity of mycotoxicosis from feed differs in many animal species [5]. For example,
monogastrics are sensitive to trichothecenes, while poultry and ruminants appear to be less
sensitive to some trichothecenes [50]. Poultry is also adversely affected by both T-2 and
DON but is very resistant to the estrogenic effects of ZEA [165].

Although the symptoms of aflatoxicoses vary with the animal species, some symptoms
are common in all animals. Aflatoxin can cause liver damage, decreased reproductive
performance, reduced milk or egg production, embryonic death, teratogenicity (birth
defects), tumors and suppressed immune system function, even at low oral doses [166].
Unweaned animals may be affected by exposure to AFM; and other aflatoxin metabolites
secreted in the milk, while weaning and weaned young animals are most susceptible to the
effects of aflatoxin, although all ages are affected. The clinical signs include gastrointestinal
dysfunction, reduced productivity, decreased feed utilization and efficiency, anemia and
jaundice. OTA has been found to be teratogenic in several animal models including rats,
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mice, hamsters, quail, and chicks, with reduced birth weight and craniofacial abnormalities
being the most common signs. The presence of OTA also results in congenital defects in the
fetus [143].

6.1. Ruminants

Ruminants including mammals, goats/sheep, and deer and cattle are often considered
less sensitive to mycotoxins owing to rumen microflora converting mycotoxins to less
toxic compounds [167]. However, if ruminants consume food infected with mycotoxins
for long periods, their development (milk, meat, or wool), fertility, and growth can be
disrupted [164]. The contamination of dairy feed with high levels of different mycotoxins
has been frequently reported; consequently, clinical signs such as reduced feed intake and
feed conversion, reduced milk production and reproduction capacity, lameness, immuno-
suppression, hepatotoxicity and nephrotoxicity were observed [168,169]. The mycotoxin
contamination of ruminant feed is also a hazard to human health since some mycotoxins
and their metabolites are excreted in milk, such as AFM; [170], or accumulated in tissues,
such as OTA [171,172].

6.1.1. Effects of Aflatoxins on Ruminants

Although feed with low AFs is not considered to be a health risk to ruminants, highly
contaminated feed also causes sickness or the death of ruminants, particularly young
cattle. Feeding cattle with feed contaminated with aflatoxin at 150-200 ug/kg in (total
ration dry matter) TRDM reduced growth and feed efficiency in cattle under 136 kg; re-
duced growth, feed efficiency and sometimes liver damage in cattle over 136 pounds at
220-400 ug/kg or higher in TRDM; moderate reduction in milk at >600 pg/kg or higher
in TRDM, pronounced drop (50%) and sharp decrease in milk production if the feed
intake at >2400 ug/kg in TRDM; deaths in young cattle at > 600 ug/kg or higher in
TRDM and in adults at 1000-2000 ng/kg feed in TRDM [173]. Dairy caws exposed to
aflatoxin-contaminated feed produce milk with AFM; which is a risk factor to infants
and young children. One survey in Europe detected AFB; (1.14 & 0.10 pug/kg) and AFB,
(0.20 £ 0.03 ug/kg) in one of 60 local market milk samples and AFM; in three imported
products including condensed milk, milk-based infant formula and table cream at concen-
trations of 0.10 to 0.40 ug/kg [174]. The analysis of AFM; concentration in 31,702 milk
samples in Italy between 2013 and 2018 found that the AFM; concentration in average
quality milk was ranging from 9 to 27 ng/kg, and varied with sample collection month and
year [175].

6.1.2. Effects of OTA on Ruminants

The sensitivity of ruminants to OTA is lower compared to non-ruminants. The ruminal
microbes, with protozoa being a central group, convert OTA extensively into the non-toxic
OT«, with OTA disappearance half-lives of 0.6-3.8 h and completely back to 0 after 10-24 h
in vivo depending on the OTA dose [176]. As a result, the majority of the OTA and OTAx
is excreted into the urine; thus, no OTA residue has been detected in the meat and other
tissues of ruminants, although it is occasionally detected in milk at very low concentrations
in different studies (0.005-0.058 ng/mL) [176]. According to Zhang and colleagues, the
OTA and OT« were distinguishable in urine samples but not in milk and organ tissues
of dairy cows, which were given a single dose of feed artificially contaminated with OTA
(30 ng/kg bw) [177]. An oral dose of 5-100 pug OTA /kg in cows did not result in residual
accumulation of OTA in the liver, kidney, muscles and jejunoileal of the cow as LC-MS/MS
was used for quantification [178]. However, contradictory results were obtained in a
recent study in which the OTA levels in 120 raw milk samples tested in Egypt-based dairy
animals (cow, buffalo, sheep, and goat) exceeded the standard limit (0.5 ng/kg) when
OTA concentration was quantified by ELISA, and similar results were found in fresh
milk samples in Germany [179]. This could be resulted from the use of ELISA for OTA
quantification as ELISA often gives much higher concentration than HPLC or LC-MS/MS.
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6.1.3. Effects of Trichothecenes on Ruminants

The available data about the effects of trichothecenes in the ruminant feed are limited,
and thus it is difficult to make a science-based risk assessment. The trichothecenes were
reported to be mostly transformed to the less toxic de-epoxide metabolite in the rumen
before absorption in early studies of trichothecenes metabolism. Additionally, no effect
was found on milk production, feed intake, or other parameters measured at levels used
in the studies [180]. However, some recent studies found that fusarium toxins with the
exception of fumonisins had negative effects on feed digestibility, immunity, weight gain,
milk production and reproductive function of cattle and dairy cows [181].

6.2. Pigs
6.2.1. Effects of Aflatoxin on Pigs

As monogastric animals, pigs are more sensitive to mycotoxins than ruminants, espe-
cially nursing or nursery-age swine. In general, mycotoxins cause reductions in feed intake,
growth performance and immune function in pigs at relatively low levels [166]. Aflatoxins
induce lesions in the liver, spleen, lymph node, kidney, uterus, heart and lungs of swine,
and acute aflatoxin poisoning causes collapse and death within several hours [182]. The
tolerance of aflatoxins in pig diets depends on age. Feeding pigs less than 117-days old
with feed containing 170-280 ug/kg in total ration dry mass (TRDM) of aflatoxin caused
liver damage, reduced growth and feed efficiency and some deaths at 400-600 ppb in
TRDM [173]. Chronic exposure to low levels of dietary AFB; for a long period suppressed
growth performance, reduced apparent total tract digestibility and damaged intestinal
barrier integrity in pigs [183]. The regulation limits or action levels of aflatoxin are 20 ug/kg
for immature swine feed, 100 pg/kg for breeding swine and 200 ug/kg for finishing swine
in the US [184].

6.2.2. Effects of OTA on Pigs

Swine are more sensitive to OTA than ruminants because the ruminal microbes, with
protozoa being the dominant group, can convert OTA into less toxic OTa, but swine
cannot [176]. Recent studies found that a subchronic exposure of weaned piglets to OTA at
the EU regulation limit (50 pg/kg) for 30 days caused measurable hepatocellular injury
and negatively affected the immune response and the antioxidant self-defense at the gut
and kidney level of weaned piglets [185,186]. Piglets with a body weight of about 10 kg
exposed to a diet artificially contaminated with OTA at a level of 75 nug/kg feed, which
is higher than the EU regulation (50 pg/kg) but lower than the regulation limits in many
developing countries (100 ug/kg), for 42 days significantly enhanced the replication of
porcine circovirus 2 (PCV2) DNA through oxidative stress-mediated p38/ERK1/2 MAPK
signaling pathway [187], but the OTA concentration in organs such as liver, kidney, lung
and spleen were lower than the regulation limit of foods for human consumption. It also
induced nephrotoxicity and immunotoxicity in porcine kidney cells (PK 15) [188]. These
recent studies indicate that OTA contamination of cereal grains and feed is a potential
health risk to swine, although the pork meat and organs from pigs fed with a contaminated
diet have low OTA residue.

6.2.3. Effects of Fumonisins on Pigs

Swine is less sensitive to fumonisins than to other mycotoxins. It was found that
exposure to a moderate concentration of fumonisins (11.8 mg/kg feed) in naturally con-
taminated feed for 63 days did not result in observable health issues in pigs but altered the
digestive microbiota balance, especially for Salmonella-infected pigs [189]. A recent study
also reported that diets containing up to 21.9 mg/kg of fumonisin, which is higher than the
US regulation limit of 10 mg/kg, did not dramatically decrease the growth performance of
nursery pigs 9 to 28 kg, but it did at 32.7 mg/kg or higher [190]. However, the swine feed
contaminated with a high dose of FB; (100 mg/kg) could cause acute porcine pulmonary
edema, which is often lethal, even for 3-5 days of short-period exposure [191].
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6.2.4. Effects of DON and ZEA on Pigs

The FB; and DON either alone or in combination have a great impact on the GI tract
and the immune system of swine. FB; and DON alter the intestinal barrier, impair the
immune response and reduce feed intake and weight gain [192]. A study reported that
feeding pigs with a diet contaminated with DON (8.6 mg/kg) and ZEA (1.2 mg/kg) for
42 days resulted in a significant decrease in performance of the piglets, increased relative
uterus weight and altered serum parameters [193]. Weaning pigs fed a diet containing
1 mg/kg DON and 250 pg/kg ZEA exhibited significantly reduced feed intake, body
weight gain and elevated activities of serum enzymes, such as y-glutamyltransferase
(GGT) alanine aminotransferase (ALT) and aspartate aminotransferase (AST), which might
reflect damage to organs, particularly liver [194]. Feed hesitation may be followed by
swollen vulvas and the involvement of fertility disorders from ZEA and DON in the same
ration. DON-contaminated feed is usually intolerable to swine and induces rejection of
feed and vomiting [195]. The evidence on the damaging effects of ZEA on mammalian
folliculogenesis from early to final oogenesis stages was comprehensively reviewed by
Zhang et al. [42]. Such effects include impaired granulosa cell development and follicle
steroidogenesis, reduced oocyte nest breakdown, damaged meiotic progression, poor fetal
oocyte survival, accelerated primordial follicle activation and enhanced follicle atresia.
These phenomena may result in reproductive and non-reproductive problems in domestic
animals. Clinical symptoms in the infected pigs involved reluctance to feed, excessive
tiredness and fighting, feeder banging, elevated incidences of sows becoming agitated
and stepping and lying on piglets, incidents of slobbering soon after eating and diarrhea
outbreaks and indications of abdominal pain, and reduced weight gain [196]. The regulation
limit of DON in complete swine feed is 1 mg/kg which is only 10-20% of that for cattle
feed [184].

In one study by Tiemann and colleagues, prepubertal gilts were fed with diets contam-
inated with DON (0.21-9.57 mg/kg) and ZEA (4-358 ng/kg) for 35 days. The symptoms
of hyperestrogenism or uterotrophic effects were not observed and the inhibition of con-
canavalin A-stimulation of blood lymphocytes was detected in treatment groups; however,
the proliferation rate of splenocytes was decreased significantly (P < 0.05) in pigs given
the feed with the highest DON/ZEA content. The presence of hemosiderin particles in the
spleen sections was verified by transmission electron microscopic examination, indicating
spleen dysfunction (hemosiderosis) in the absence of clinical signs in pigs fed a diet con-
taining a large portion of wheat highly contaminated with fusarium toxin [197]. In another
study conducted by the same research group, wheat contaminated naturally with DON
and ZEA was fed to pregnant Landrace sows for 35 days. On day 110, a cesarean section
was carried out, the offspring were killed immediately after birth. The histopathological
evaluation of tissues discovered changes in the liver and spleen tissues of sows but not
piglets, although liver damage was not detected in the sera of the pregnant sows. Thus,
the research team assumed that there are no adverse effects on the liver and spleen of
full-term piglets when their mothers consumed diets containing up to 9570 nug/kg of DON
and 358 ng/kg of ZEA [198].

The research of Lee’s group found that chronic ingestion of high doses of DON
(8 mg/kg) and ZEA (0.8 mg/kg) for 4 weeks altered the immune response and damaged
organs in pigs [199-201]. Specifically, DON and ZEA exposure decreased body weight, feed
intake, feed conversion ratio and serum immunoglobulin G (IgG) and IgM concentrations.
The total antioxidant levels significantly decreased in serum and increased in urine samples
of both treatment groups [199]. Additionally, increased urine serotonin levels were detected
in DON and ZEA-treated groups. Although hematological parameters were not affected,
lesions were observed in sections of kidneys from treatment groups [200]. Further, high
concentrations of DON and ZEA altered gene expression profiles of the kidney and liver,
suppressed the inflammatory response in kidneys and lead to disruption of immune
homeostasis and effects on other immune-related processes in the livers of piglets [201].
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6.3. Poultry

The effects of different mycotoxins on poultry health have been reviewed by many

authors [5,202,203]. Some common effects are reduced feed intake, weight gain, feed
efficiency, growth performance, immunity and hatchability along with increased mortality,
organ damage (mainly kidney and liver), carcinogenicity, teratogenicity and decreased egg
production, although the specific effect varies with type and concentration of mycotoxin
exposed to, poultry species, age and sex [203]. The results of recent studies about the health
effects of diets contaminated with different mycotoxins at various levels on broilers, laying
hens and turkeys are summarized in Table 4. Those studies demonstrate that poultry is very
sensitive to AFs and OTA, but can tolerate relatively higher doses of fusarium mycotoxins
with the exception of T2-toxin compared to pigs.

Table 4. Recent studies of impacts of fusarium mycotoxins contaminated feed on poultry health.

Poultry Species, Age Sample Mycotoxins in Diet and
and Feeding Period Size (n) Concentrations Health Effects References
Body weight gain and feed intake of chickens
decreased quadratically; blood erythrocyte
count and serum uric acid concentration
Diet contaminated with increased linearly and the serum lipase
. . fusarium mycotoxins: activity decreased linearly; a significant
B;?éle;e(éhflgi(?;’;adzy 360 0.14-9.7 mg/kg DON, quadratic effect on serum albumin and [204]
! y 18-21.6 mg/kg fusaric acid v-glutamyltransferase activity; blood
(FA), 0.1-0.8 mg/kg ZEA hemoglobin and biliary IgA concentrations
responded in significant linear and quadratic
patterns. Efficiency of feed utilization was not
affected.
. . Body weight gains and feed intake of
Fusarium mycotoxin, . . . .
chickens decreased linearly while peripheral
5.9-9.5 mg/kg DON, . .
. . . blood monocytes decreased linearly with
Broiler chicken, 1 day 19.1-21.4 mg/kg fusaric . . . .
360 . increasing toxin levels during the grower [205]
old, fed for 42 days acid (FA), 0.4-0.7 mg/kg
stage (21-42 days). Reduced B-cell count
ZEA and 0.3-0.5 mg/kg linoarly but i d the T-cell t
15AC-DON inearly but increased the T-cell count on
day 28.
Blends of grains naturally Turkey s pe?formance and some blood and
. . immunological parameters were adversely
Turkey, 1 day old contaminated with . .
. . affected by feedborne fusarium mycotoxins,
(n = 300), fed for 300 fusarium mycotoxins: and polvmeric elucomannan mycotoxin [206]
12 weeks DON, 15A¢-DON ZEA PoyINErC & Y
adsorbent (GMA) prevented most of the
and FA
adverse effects.
The weekly weight gain decreased linearly
(P < 0.041) with increasing DON levels
Diets contain 0.265, 1.68 <?1ur1ng .the first 3 v.veeks of exposure; the
. . weight gain was not influenced thereafter. As
Male broilers at 7 d of and 12.2 mg of DON/kg; . . .
75 the levels of DON increased, the titers against [207]
age, fed for 5 weeks 0.013, 0.145 and 1.094 mg . . . .
ZEA /K Newcastle disease virus increased linearly
& during week 2 and week 4 of exposure, but
decreased linearly (P = 0.006) during week 5
of exposure.
Elevated relative liver and kidney weights
Birds were fed diets (P < 0.05), reduced feed intake, egg
25-wk-old lavin contaminated with AFB production and egg weights (P < 0.05) at the
o laymng 384 and DON for a 6-wk phase =~ medium and high toxin levels following the [208]

hens (n = 384)

followed by a 4-week
recovery phase

toxin phase, but the deactivation compound
reduced (P < 0.05) relative liver and kidney
weights following the recovery period.
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Table 4. Cont.

Poultry Species, Age
and Feeding Period

Sample
Size (n)

Mycotoxins in Diet and
Concentrations

Health Effects

References

One-day-old broiler
chicks (n=308), fed
for 16 days

308

Diet contaminated by FBs
(18.6 mg FB; + FBy /kg
feed)

A significant increase in the plasma
sphinganine/sphingosine ratio. Villus height
and crypt depth of ileum were significantly
reduced. Changed the microbiota
composition in the ileum. A higher
percentage of chickens fed an
FB-contaminated diet developed subclinical
necrotic enteritis following C. perfringens
challenge.

[209]

One-day-old broiler
chicks, fed for 15 days

308

Diet 1: contaminated with
4.6 mg DON/kg.
Diet 2: contaminated with
25.4 mg FB; + FB; /kg.
Diet 3: containing 4.3 mg
DON and 22.9 mg FB; +

Changed the intestinal mucus layer and
several intestinal epithelial antioxidative
mechanisms. Both mycotoxins decreased
gene expression of the intestinal zinc
transporter (ZnT)-1 and regulated
intracellular methionine homeostasis, which
are both important for preserving the cell’s
critical antioxidant activity.

[210]

SPF embryonated
eggs aged 11 days

221

Inoculated into albumen
with different doses of FBy,
FB, or DON, or their
combinations.

Reduced hatching rate, caused gizzard ulcers
and hemorrhagic lungs. Resulted in higher
mortality of the progeny of breeder hens and
higher mycotoxin residues in the gizzards
and the lungs of the progenies.

[211]

5-day-old chickens,
fed for 16 weeks

280

Diets containing 0, 2, 5 and
10 mg/kg of DON.

The diets contaminated with DON at
5 mg/kg caused heavier spleens, increase
DON-induced cellular proliferation,
apoptosis and DNA damage signals in the
spleen. Expression of gatekeeper protein
claudin-5 was increased in jejunum of female
birds but decreased in that of male birds.

[212]

Broiler chickens

70

Five groups of chickens fed
control diets (mycotoxin
free), the DON diets
(5 mg/kg), the FB diet (20
mg FB; + FB,/kg), ZEA
diet (0.5 mg/kg) and diets
contained 5, 20, and
0.5 mg/kg of DON, FB; +
FB,, and ZEA.

No difference in performances between
groups that could be attributed to FBs, the
relative weight of organs, biochemistry,
histopathology, intestinal morphometry,
indicators of oxidative damage and markers
of testicle toxicity. Significantly increased
sphinganine and SA to SO ratio in broilers fed
FB-added diets.

[213]

Turkeys of 55-day old
fed experimental diet
for 14 days

70

Five groups of turkeys fed
with control diets, the
DON diets (5 mg/kg), the
FB diet (20 mg FB; +
FB,/kg), ZEA diet
(0.5 mg/kg) and diets with
DON, FB; + FB,, and ZEA
(5,20, and 0.5 mg/kg of),
respectively.

Increased the SA to SO ratio in the liver of
turkeys fed diets containing FB, but had no
apparent toxication symptoms. No
interactions/synergies among DON, FB, and
ZON.

[214]

One-day-old chicks
used for each trial
(n =2200)

2200

Feed contaminated with
low levels of mycotoxins
(below EU’s regulatory
limits).

A strong positive relationship was observed
between broilers’ feed efficiency and DON (R?
=0.85), FBs (R? = 0.53), DAS (R? = 0.86), ZEA
(R? = 0.92), ENNs (R? = 0.60) and BEV (R% =
0.73). The mixture of ZEA, DON and FBs (p =
0.01, R? = 0.84), and the mixture of ZEA, DON
and DAS (p = 0.001, R? = 0.91) had significant
interactive effect on the birds’ feed efficiency.

[215]
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Table 4. Cont.

Poultry Species, Age Sample Mycotoxins in Diet and
and ;Zedli)ng I’eriogd Sizelzn) Y Concentrations Health Effects References
Broilers were fed control Compared with control, the diet containing
Day-old male diet with minimal moderate fusarium mycotoxins reduced body
cobb chicks 1600 mycotoxins and weight (BW), increased feed efficiency on [64]
(1600 birds, 64 pens, formulated diet containing  days 35 and 42 with increased duodenal crypt
25 birds/pen) moderate levels of depth and reduced goblet cells, and poultry
fusarium mycotoxins (MT). production efficiency.

6.3.1. Effects of Aflatoxin on Poultry

Aflatoxin affects all poultry species. Young poultry, especially ducks and turkeys, are
very susceptible to aflatoxicoses. The single dose LDsy is 0.3 (mg/kg bw) for ducklings, and
6.0-16.0 (mg/kg bw) for chickens [202]. The regulation limits of AFB; in completed poultry
diets vary with poultry species, age and geographical locations/countries. As a general
rule, the maximal allowed for growing poultry is a 20 pug/kg diet. However, the content
lower than 20 ng/kg may still increase their risk of sickness, decrease their tolerance to
stress and bruising and generally make them unthrifty. An aflatoxin-contaminated diet can
reduce the stress tolerance of laying hens by weakening the immune system. The dysfunc-
tional immune system can reduce egg size and possibly lower egg production [167,172].
Researchers have found that feeding chickens with feed contaminated with high doses of
aflatoxins mixture significantly reduced body weight and increased the weight of organs
such as kidneys and livers. Aflatoxins have also been reported to cause an increase in blood
urea-N, and decreased serum levels of total protein, albumin and phosphorus [165].

6.3.2. Effects of OTA on Poultry

Ochratoxins are probably the most harmful mycotoxin for poultry. Starter poultry
(days 0-21) are very sensitive to ochratoxins, especially, OTA. The ochratoxins suppress
feed intake, growth and egg production and have a negative influence on eggshell strength.
OTA exposure has also been shown to cause immunosuppression in birds by negatively
impacting cellular, humoral and innate immune responses. Furthermore, OTA has the
tendency to accumulate in kidneys, liver and meat, as well as in blood serum and, therefore,
the OTA residue represents a potential hazard in the human food chain [35]. The early
studies of Dwivedi and colleagues revealed the impacts of OTA exposure on poultry
kidneys and livers. Increased accumulation of cytoplasmic glycogen in the hepatocytes
was observed in the liver and swelling and discoloration of the kidneys have been reported
as one of the most consistent lesions, while decreased serum albumin and total protein
levels are the most sensitive indicator of ochratoxicosis in chicken [216-219]. A recent study
revealed the impacts of combined AFB; and OTA on broilers. Feeding broilers with a diet
containing OTA and AFB; at a total level of 300 pg/kg or higher resulted in significantly
lower body weight gain, lower cell-mediated immunity and humoral immunity, higher
levels of liver damage enzymes such as alanine, aminotransferase (ALT) and alkaline
phosphatase (ALP), and significant reduction (P < 0.05) of serum uric acid and cholesterol
levels [220]. The OTA can cause gastrointestinal dysbiosis, including increasing intestine
permeability, immunity and bacterial translocation, and can eventually lead to gut and
other organ impairment [221]. The regulation limit of OTA in formulated feed for poultry
is 100 pg/kg in Asian and European countries, and 200 ug/kg in South Africa, but OTA
in feed may not be regulated in Australia, New Zealand, and North, Central and South
America (https:/ /www.mycotoxins.info/regulations/, accessed on 10 July 2023).

6.3.3. Effects of Fusarium Mycotoxins on Poultry

Early studies reported that poultry species were less sensitive to fusarium mycotoxins
in comparison to other animals. Fumonisins among fusarium mycotoxins, fumonisins
at high concentrations of 150—400 mg FB; /kg resulted in multifocal hepatic necrosis in
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chickens, biliary hyperplasia, diffuse hepatocellular hyperplasia, with biliary hyperplasia
evident in turkeys [222-224]. The low level of fumonisins (18.6 mg FB; + FB,/kg feed)
in the diet also causes a shift in intestinal microbial composition in broiler chickens by
decreasing the abundance of beneficial bacteria and increasing the population of pathogenic
bacteria [210]. Toxic effects of trichothecenes include oral lesions, growth retardation,
abnormal feathering, decreased egg production and egg shell quality, regression of the bursa
of Fabricius, peroxidative changes in the liver, abnormal blood coagulation, leucopenia and
proteinemia and immune suppression [167,204,205,225]. While much is yet to be learned,
T2 toxin and related compounds are currently thought to be the most potent fusarium
mycotoxin for poultry [167]. More recent studies have shown that broiler chickens, turkeys,
laying hens and embryonated eggs are significantly affected when birds are fed for an
extended period with grains naturally contaminated with relatively low levels of multiple
fusariums which is usually the case in the real world [205-211].

It appears that the fumonisins cause toxicity in animals due to the disruption of
sphingolipid metabolism by inhibiting ceramide synthase (sphinganine/sphingosine N-
acyltransferase) (SA/SO), and thus lead to an increase in tissue concentrations of the sphin-
golipids sphingosine (SO) and sphinganine (SA) and a change in the SA:SO [215,226,227].
Therefore, it causes growth retardation and defects in the embryos of hamsters, rats,
mice and chickens [228]. In poultry, DON and fumonisins also damage the epithelial
intestinal barrier of the poultry’s gastrointestinal tract, inhibit protein synthesis, decrease
nutrient absorption and predispose them to develop necrotic enteritis; the extended
contact contributes to direct cellular damage, resulting in intestinal inflammation and
diarrhea [209,210,229,230]. The extended exposure to feed with higher FB; and DON con-
tents also results in higher FB; and DON residues in the breeder eggs, which is associated
with low hatching rate and gizzard ulcerations in chicken progenies [211].

6.4. Effects of Mycotoxins on Pets
6.4.1. Mycotoxin Contamination of Pet Foods

Mycotoxin contamination in pet food is a serious health threat to pets. Mycotoxicosis
in pets causes emotional and economic concerns for pet owners. AFs, OTs, TRIs, ZEA,
FUMs and fusaric acid have been found in pet food ingredients and finished products,
resulting in both acute toxicity and chronic health problems in pets [231]. The mycotoxins
in pet food are mainly from grains used as ingredients, while grain-free pet foods usually
do not have detectable mycotoxins [232]. However, pet foods also contain non-grain
ingredients such as animal organs [233], which may also contribute to the total mycotoxin
contents of pet foods because animal organs often contain higher levels of mycotoxins than
muscle [234,235]. One recent study screened 28 mycotoxins in dry pet food (55 dog food
and 34 cat food samples) by ultra-high-performance liquid chromatography coupled with
high-resolution mass spectrometry (UHPLC-Q-Orbitrap HRMS), and found mycotoxin
contamination in 99% of pet food samples and all positive samples showed co-occurrence
of multiple mycotoxins (up to 16 analytes per sample) [236]. A study analyzed main
mycotoxins in 32 commercial pet dry food products in China’s market and found 96.9% of
them were contaminated by at least three different types of mycotoxins with the incidence
rates of DON, ZEN, AFBy, FB;, CIT and BEA being 78.1%, 62.5%, 87.5%, 93.8%, 68.8 and
96.9%, respectively. Furthermore, AFB; concentrations in all AFB; positive samples were
in the range of 30.3-242.7 ug/kg, exceeding the EU and US’s maximum limits [237]. The
aforementioned studies clearly demonstrate that pets fed with dry foods containing grains
are often exposed to unsafe mycotoxin levels globally.

6.4.2. Outbreaks of Pets Mycotoxicoses

The outbreaks of mycotoxicoses in pets were frequently reported in Western countries.
Studies have shown that mycotoxin’s effects on pet animals are severe and can result
in death. Worldwide major mycotoxin outbreaks in pets that occurred before 2007 are
summarized in an early review [238]. In the US, almost all mycotoxin outbreaks in pets
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are due to high levels of aflatoxin in dry pet food. The outbreak in 1998 resulted in
the death of 25 dogs due to the consumption of dry dog food containing aflatoxin at
35-191 ng/kg feed [239]. More than 75 dogs died and hundreds more developed serious
liver problems in the US in 2005-2006 outbreaks after swallowing aflatoxins-contaminated
pet food with AFB; contents in the range of 223-579 ug/kg [239]. A large aflatoxicosis
outbreak in Southern Brazil in 2011 affected 65 dogs, of which 60 died, from 9 different farms
after they were fed diets with cooked corn meal contaminated with 1640 to 1770 ug/kg
of AFB; [240]. From 30 December 2020 to 21 January 2021, more than 110 pets died and
210 pets were sick after consuming certain brands of pet food manufactured by Midwestern
Pet Foods in the US Most of these cases had been officially confirmed as aflatoxin poisoning
through laboratory testing or veterinary record review [241]. In spring 2021, the cat food
containing T-2 and HT-2 toxins at levels that exceeded EU recommended values caused
severe pancytopenia in an increasing number of cats, leading to at least 365 cats died and
hundreds sickened in the United Kingdom (UK). The potato flakes in cat food were the
source of mycotoxins [242].

6.4.3. Recent Recalls of Dry Pet Foods Due to High Aflatoxin Content

On 20 December 2005, the US Food and Drug Administration (FDA) issued a recall
for 19 distinct varieties of pet food produced at a single facility in Gaston, South Carolina.
A total of 16 batches of pet food were discovered to be contaminated with aflatoxins
at levels of 223-579 pg/kg, which were remarkably higher than the regulation limit of
20 ug/kg [239]. High levels of aflatoxin were found in bagged dog food on a grocery store
shelf in Iowa in 2013. The products, all manufactured by the Pro-Pet plant in Kansas city,
were recalled across eight Midwestern states due to elevated levels of the aflatoxin in the
corn used to make the pet food [240]. On 2 September 2020, Sunshine Mills announced a
recall of certain pet food products after an unsafe level of aflatoxin was detected in a retail
product sample by the Louisiana Department of Agriculture and Forestry to contain [241].
The recent recalls of pet foods in the US due to high levels of mycotoxins are given in
Table 5.

Table 5. Recalls of pet foods in the US due to mycotoxin contamination since 2019 [241].

Date of Recall

Brand Name Product Description Recall Reason Company Name

Triumph, Evolve, Nature

Sunshine Mills, Inc.,

July 29, 2021 Farms, Elm and others Dog Food High levels of aflatoxin Halifax, VA, USA
Sportmix, Nunn Better, Aflatoxin exceeds Midwest Pet Food, Inc.,
January 11, 2021 ProPac and others Dog and Cat Pet Food acceptable levels Evansville, IN, USA
. . . Midwest Pet Food, Inc.,
December 30, 2020 Sportmix Dog and Cat Food High levels of aflatoxin Evansville, IN, USA
Champ, Field Trial, Good . . Sunshine Mills, Inc.,
October 8, 2020 Dog and others Pet Food Possibly aflatoxin Halifax, VA, USA
September 2. 2020 FFirn;ﬂyf;tI’) Hea;tlland Do Food Elevated levels of Sunshine Mills, Inc.,
cptember < arms a Li fzzws appy 08§ F00 aflatoxin Halifax, VA, USA
High levels of Gramco, Inc.,
September 23, 2019 Gramco Hog Grower Pellets vomitoxin (DON) Springville, N, USA
May 6, 2019 Southern States Various Animal Feed Elevated aflatoxin Cargill, Inc., Cleveland,

levels

NC, USA

The higher mycotoxin concentrations in pet food and relatively higher frequency of
fatal pet mycotoxicosis indicate that mycotoxin contamination of pet food is still a serious
food safety issue and a challenge in the pet food industry. Aflatoxins are responsible for
most of the outbreaks and recalls. Closer monitoring of the mycotoxin contents of cereal
ingredients used for pet food production is urgently needed to ensure pet food safety.
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7. Efforts to Ensure the Safety of Food and Feed Supplies

Tremendous efforts have been taken to ensure food and feed safety and to protect
humans, livestock animals and pets from mycotoxicoses. These efforts including the con-
trol of mold infection and mold growth in the field, prevention of mold and mycotoxin
contamination in post-harvest handling, processing and storage, detoxification of con-
taminated products and regulations of mycotoxins levels in unprocessed ingredients and
processed products. However, no single method or approach can achieve sufficient mold
and mycotoxin control no matter in the pre-harvest stage or post-harvest stage. Integrated
management strategies are often needed to reduce mycotoxin exposure.

7.1. Prevention of Mycotoxins Contamination before and after Harvest

Mycotoxins contamination can occur before and after cereal grains are harvested.
Prevention or control of mold contamination and mold growth is the most important
strategy to ensure food and feed safety from mycotoxins.

In the pre-harvest stage, all efforts are aimed to control mold growth. The effect started
with the breeding of resistant seeds by genetic engineering, the use of biological methods of
seed treatments such as coating seeds and seedlings with plant-derived antifungal peptides
or metabolites and biopriming using bacteria such as Pseudomonas fluorescen [243]. In the
field, the application of good agricultural practices such as selection of fungal-resistant
seeds, crop rotation, tillage, fertilization, irrigation, proper use of fungicides and selec-
tion of right planting and harvest times all play significant roles in mold control in the
field [244-246]. The use of bio-fungicides involves different microorganisms, microbial an-
tagonists, or competitors such as a non-toxigenic strain of Aspergillus flavus, that effectively
suppress the growth of toxic fungi [247,248].

In the post-harvest stage, the control of mold and mycotoxin includes the inhibition of
mold growth and the detoxification of mycotoxins [243]. Drying and storage conditions
are critical in mold and mycotoxin control. The grains have to be sufficiently dried to a
safe moisture level before putting in storage bins to prevent mold growth [249,250]; a good
and clean storage facility with an efficient aeration system can significantly inhibit mold
growth and mycotoxin production [244,246]. The use of hermetic packaging bags is the
most suitable approach for the safe storage of cereal grains for farmers; active antifungal
packaging which incorporates antifungal agents such as essential oils and organic acid
have received more scientific attention against pathogenic fungi [245,250].

7.2. Detoxification of Mycotoxin-contaminated Cereal Grains

Once mycotoxins are produced and their levels exceeded the regulation limits, detoxifi-
cation becomes necessary in order to reduce food loss and reduce environmental contamina-
tion by mycotoxin-contaminated agricultural commodities. Pre-cleaning, automatic optical
sorting or manual sorting can significantly reduce the mycotoxin levels, and food/feed
processing such as milling, cooking, baking, toasting and extrusion can further reduce my-
cotoxin levels in the products [245]. Other detoxification methods are the use of mycotoxin
binders which inhibit the absorption of mycotoxins from entering the bloodstream through
the gut, ozone treatment, base treatment with ammonia or hydrated oxide and biological
detoxification [38]. The application of some emerging/novel treatment such as volatile
bioactive compounds, cold plasma, ionization or radiation treatment before storing also
kill/inhibit molds or convert mycotoxins to non-toxic or less toxic compounds [38,245,246].
Biocontrol using living cells and bioactive metabolites, such as enzymes, has been claimed
to be highly applicable to the food and feed industries [243]. The efficient microbial species,
including non-toxic bacteria, yeasts and fungi, are listed in a recent review [243]. However,
the application of emerging technologies is rare in developing countries due to the relatively
high cost. There are still challenges in the application of mycotoxin biocontrol because most
of the studies were either conducted in a laboratory or a simple system. In addition, the
bio-treatments of cereal grains may significantly modify the texture and flavor of grain
products which may be unacceptable for humans or domestic animals.



Toxins 2023, 15, 480

30 of 41

7.3. Regulations of Mycotoxins Levels in Cereal Grains

Mycotoxin regulations of cereal grains play critical roles in protecting human beings
and domestic animals from the health risks of mycotoxin exposure. Adoption and imple-
ment of mycotoxin regulations for ingredients and final products are the final controls to
ensure the safety of food and feed. Many countries have established or adopted regulations
to limit exposure to mycotoxins. Over the years, since the discovery of aflatoxins, the list of
countries considering mycotoxin regulation has been growing longer for the protection of
consumers. By 2003, more than 100 countries have established maximum tolerable levels
for aflatoxins in human food [251]. Tables 6 and 7 present the regulation limits of aflatoxin,
DON, FUMs, OTA and ZEA in unprocessed cereal grains for human food and animal feed.
All major mycotoxins discussed in this review are regulated in Iran among Mideast coun-
tries, but India only regulates aflatoxins and DON in food products and peanut meal [251].
Codex Alimentarius Commission (CAC), the central part of the Joint FAO/WHO Food
Standards Program, has set up the maximum levels and associated sampling plans of
contaminants and natural toxicants in food and feed to guide international trade [252].
Due to the establishment and enforcement of mycotoxin regulations, the food products
for human beings living in Western countries are relatively safe; thus, mycotoxicoses in
humans have been rarely reported since the implementation of these regulations. However,
in many developing countries, particularly in Africa, the implementation of the regula-
tion is difficult due to food shortage; thus, mycotoxin control has been difficult [159] and
outbreaks of human mycotoxicoses have been frequently reported even in the 21st century.

Table 6. Maximum allowed levels of major mycotoxins in cereal grains for human foods.

European CAC usS Brazil China India South Africa
Union (ug/kg)  (ug/kg)  (ug/kg)  (ug/kg)  (uglkg)  (ug/kg) (ug/kg)
Total Aflatoxins Total 4-10 15 20 50 20 15 10
Aflatoxin By B, 2-5 10 20 30 5-20 10 5
Deo’ggﬁ)leml 1250-1750 2000 1000 200-3000 1000 1000 NR
2000— 1000—
Fumonisins (B; + B)  B; + B, 10004000 * 4000 4000 5000 NR NR NR
. .
Ochratoxin A 3-5 5 NR 50 5 NR NR
Zearalenone (ZEA) 100-350 * 100 NR 100-600 * 60 NR NR
Reference [253] [252] [251] [254] [255] [256] [251]

* The regulation limit of a specific mycotoxin varies with the food products to be made using the grain. NR—
not regulated.

The maximum allowed levels of mycotoxins in cereal grains for humans and animals
established by different countries vary greatly, as shown in Tables 6 and 7. In industrial-
ized countries, the maximum allowed level of each mycotoxin varies with the types of
foods/feed (raw or processed) and feeding target (infant, adult, animal species and age).
The European Union (EU) has the most strict mycotoxin regulations for both foods and
feed in the world, while some countries do not have regulations for certain mycotoxins,
and many countries only regulate AFs in food and feed. For example, OTA and ZEA are
not regulated in the US and South Africa, while FUMs are not regulated in China and South
Africa, although the high levels of FUMs in some areas of China have been reported.
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Table 7. Maximum allowed levels of major mycotoxins in cereal grains for livestock animal feed in
different countries.

European Union us Brazil China India South Africa
(ng/kg) (ug/kg) (ug/kg) (ug/kg) (ug/kg) (ug/kg)
Total Aflatoxins Total 50 20-300 * 50 NR
Aflatoxin By By 20 NR 10-50 * NR 50
Deoxynivalenol 8000 1500886 NR 1000-5000 * NR 5000
(DON) .
5000~ 5000~
Fumonisins (B; + B,) 60,000 100,000 NR 50,000 NR 50,000
Ochratoxin A 250 NR NR 100 NR 200
Zearalenone (ZEA) 2000-3000 NR NR 100-500 * NR 5000
Reference [253] [251] [253,254] [257] [256] [253,258]

* The concentration of specific mycotoxin in the grain varies with animal species and age. NR—not regulated.

8. Conclusions

This review shows that exposure to mycotoxins is unavoidable because the cereal
grains which are staples for both food and feed are more or less contaminated globally.
Severe mycotoxin contamination makes the food unsuitable for human and animal con-
sumption. In developed countries, mycotoxin contamination of cereal grains is not a
major food safety issue to adult human beings due to tight regulations and sufficient food
supplies, but it is still a risk factor to infants and young children and it often threads
the health and lives of livestock animals and pets. In developing countries, mycotoxin
contamination poses significant human health risks due to the insufficient enforcement of
food safety regulations and food shortages. Mycotoxin contamination of cereal grains has
been and will still be a big challenge to grain producers and food/feed processors. Because
cereals can be contaminated by fungi both in the field and after harvest (particularly during
storage), it is extremely important to implement both pre-harvest and post-harvest myco-
toxin control strategies to reduce the degree of contamination. In many areas/regions of
developing countries, where food shortage is common, the development and application of
cost-effective detoxification methods to reduce the toxicity of contaminated grains will be
very important. Hence, the effects of the emerging prevention and detoxification methods
on the nutritional and sensory quality of cereal grains and food/feed products developed
from cereal grains also need to be investigated. In addition, the information on mycotoxin
toxicity in humans is very limited; thus, more studies regarding the correlation between
consuming foods contaminated with low doses of mycotoxins and chronic diseases are
needed. Furthermore, since most cereal grains contain multiple mycotoxins, it is necessary
to investigate the synergistic effect of co-exposure to more than one mycotoxin. Further-
more, the reported effects of mycotoxins on pet health are usually from the investigations
after outbreaks that were caused by the consumption of seriously contaminated pet foods.
Thus, the effects of consuming dry pet food containing mycotoxins up to the regulation
limits on pet health also deserve to be studied.
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