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Abstract: The genus Fusarium produces a number of mycotoxins of diverse chemical structures.
Fusariotoxins are secondary metabolites produced by toxigenic fungi of the genus Fusarium. The
important and commonly encountered fusariotoxins are trichothecenes, fumonisins, and zearalenone.
Fusarium mycotoxins pose varying toxicities to humans and/or animals after consumption of contam-
inated grain. They can cause acute or chronic illness and, in some cases, death. For instance, a range of
Fusarium mycotoxins can alter different intestinal defense mechanisms, such as the epithelial integrity,
cell proliferation, mucus layer, immunoglobulins, and cytokine production. Of recent concern is the
occurrence of emerging and masked Fusarium mycotoxins in agricultural commodities, which may
contribute to toxic health effects, although the metabolic fate of masked mycotoxins still remains a
matter of scientific discussion. These mycotoxins have attracted attention worldwide because of their
impact on human and animal health, animal productivity, and the associated economic losses. In
this paper, we review Fusarium mycotoxins and their metabolites with the aim of summarizing the
baseline information on the types, occurrence, and health impacts of these mycotoxins in order to
encourage much-needed research on integrated management of this unavoidable food contaminant
as concerns for food safety continues to grow worldwide.
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1. Introduction

Food safety concerns has continued to grow worldwide, including the issue of my-
cotoxin contamination of food products from farm to fork. Mycotoxin-producing fungi
are very common worldwide, occurring in varying amounts in agricultural commodities.
These filamentous fungi often grow on edible plants, thus contaminating food and feed
with mycotoxins in toxicologically relevant concentrations [1]. Mycotoxin contamination
caused by fungal development usually results in a highly concentrated, localized, and
inhomogeneous distribution that can spoil an entire grain batch [2]. The presence of my-
cotoxins in food is almost unavoidable and depends strongly on climatic conditions, and
their control is difficult or even impossible. Hence, they present significant hazards to
human and animal health. Mycotoxins can adversely affect human and animal health,
productivity, economics, and trade [3,4].

The most toxic and prevalent Fusarium toxins of economic importance include tri-
chothecenes, fumonisins, and zearalenone. Their importance is attributed to some base-line
scientific data as well as significant impact on human health and animal production. These
mycotoxins have also been linked to human and animal diseases ranging from acute to
chronic and have carcinogenic, mutagenic, teratogenic, estrogenic, hemorrhagic, neurotoxic,
hepatotoxic, and immunosuppressive effects [5]. In addition to their significant harmful
impacts on health, mycotoxins are major food contaminants affecting global food security,
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especially in developing countries. The Food and Agriculture Organization (FAO) of the
United Nations made an estimate that there was significant contamination of about 25% of
the world’s food crops with mycotoxins, leading to annual loss in the range of one million
tons [6]. Recent studies suggest that the percentage of contaminated cereals is much higher
at 72% [7].

Furthermore, the emergence and occurrence of new Fusarium metabolites in food
crops and products are of great concern. Emerging mycotoxins produced by Fusarium
spp., such as fusaproliferin, enniatins, beauvericin, moniliformin, etc., have been reported
in food crops, which represents a significant problem in some parts of the world [8–10].
The risk to humans and animals from exposure to these mycotoxins has led to persistent
elucidation of chemical structures of Fusarium mycotoxins in crops and food products.
Earlier, scientists observed that some mycotoxicosis symptoms in animals did not correlate
with the low mycotoxin content determined in the corresponding feed [11]. The unexpected
high toxicity has been attributed to undetected conjugated/masked forms of mycotoxins
that were possibly hydrolyzed into the parent toxins in the digestive tract of animals.
Accurate risk assessment of masked mycotoxins in foodstuff is difficult owing to the
absence of contamination data as well as toxicological properties. Recognition of the
toxicological consequence of masked mycotoxins as well as evaluation of the hazard posed
by co-occurrence of target mycotoxins contaminating food products has created a new
major problem. This should be addressed by food risk assessment and monitoring bodies,
food producers, etc. so as to safeguard consumer health and evaluate the health hazards
posed by these mycotoxins [12,13].

2. Fusarium Mycotoxin Production and Toxicities

Fusarium species produce three important classes of mycotoxins, namely trichothecenes,
fumonisins, and zearalenones with their mycoestrogens. These toxins are highly toxic
and carcinogenic to farm and laboratory animals and have been associated with human
esophageal cancer and birth defects [14,15].

2.1. Trichothecenes

Trichothecenes are a very large family (more than 200 different types known presently)
of structurally related fungal secondary metabolites produced mainly, but not exclusively,
by Fusarium species [16,17]. They are a family of naturally occurring tetracyclic sesquiter-
penoids and part of a class of terpenes consisting of three isoprene units. Trichothecenes
share a common core structure consisting of an olfenic group, an epoxide group, and
varying numbers of hydroxyl and acetyl groups (Figure 1 and Table 1). Depending
on their functional groups, they can further be classified into one of four groups (A
to D), of which groups A and B are the most toxic [18,19] and of the most importance
in the context of food [20]. Type A trichothecenes mainly include the highly toxic T-
2 toxin (T-2), its deacetylated form HT-2 toxin (HT-2), diacetoxyscirpenol (DAS), and
neosolaniol (NEO) [21,22]. Type B trichothecenes, which include deoxynivalenol (DON),
nivalenol (NIV), their acetylated derivatives 3-acetyldeoxynivalenol (3-ADON) and 15-
acetyldeoxynivalenol (15-ADON), and fusarenon-X (FUS-X), are of great concern for cereal-
growing regions worldwide [23]. Trichothecenes generally are of global concern as they
are found in cereals usually consumed by livestock and humans, such as maize, barley,
oats, and wheat [24,25]. They are potent inhibitors of eukaryotic protein synthesis [26],
interfering with initiation, elongation, and termination stages [1]. Some of the diseases
associated with these toxins in humans and animals include feed refusal, nausea, vomiting,
abortions, weight loss, inflammation of the skin, hemorrhaging of internal organs, blood
disorders, immunosuppression, and disturbance of the nervous system [1,20,27].
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Figure 1. Basic structure of trichothecenes and their respective structures.

Table 1. Trichothecenes and their structures.

Trichothecene R1 R2 R3 R4 R5

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

Diacetoxyscirpentriol OH OAc OAc H H
TYPE B

Deoxynivalenol OH H OH OH O
3-acetyl-

deoxynivalenol OAc H OH OH O

15-acetyl-
deoxynivalenol OH H OAc OH O

Nivalenol OH OH OH OH O
Fusarenon X OH OAc OH OH O

Emesis, reduced weight gain, and other gastrointestinal disorders are the most sensi-
tive functional manifestations of type B trichothecenes, while immunotoxicity, cytotoxicity,
and neurotoxicity are caused by type A trichothecenes [28]. In particular, the intestinal ep-
ithelium is the first target tissue of food contaminants, so clinical gastrointestinal outcomes
are observed in most cases [29]. Trichothecenes have been shown to be toxic to all species.
However, the sensitivity varies considerably between toxins and species, with swine be-
ing the most sensitive farm animal. Some of the commonly occurring trichothecenes of
Fusarium origin are noted below.

2.2. Deoxynivalenol

Deoxynivalenol (DON), also referred to as vomitoxin, is produced mainly by Fusarium
graminearum or by Fusarium culmorum in some geographic locations [30]. Deoxynivalenol
might co-occur with zearalenone as both toxins can be produced by the same Fusarium
species. DON mainly affects small grains, such as oats, wheat, and barley, but can also
occur in maize [26]. Deoxynivalenol has been designated Group III, meaning they are not
classifiable with regard to their carcinogenicity on humans [31]. In dairy cattle, it has been
linked to reduced milk. In addition, it causes vomiting in swine consuming contaminated
feed or feed refusal because the feed is unpalatable. Reduction in feed intake may lead to
serious weight loss, which may impede reproductive performance as well as cause immune
system disorders in various animal species [32,33].

Humans are believed to display similar vomiting symptoms when they consume
grains that are contaminated with DON [30]. Furthermore, increased prevalence of infec-
tions of the upper respiratory tract has been described in children who ingested DON-
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contaminated wheat bread for over a week. The illness reduced when ingestion of the
bread stopped [34]. Deoxynivalenol’s toxicity is assumed to occur through modulation
of the innate immune system [35]. Chronic exposure to low dosage of DON may result
in anorexia, reduced weight gain, and fluctuation in the production of growth hormone
and IgA, while acute exposure to high dosage may induce gastroenteritis, emesis, and a
shock-like condition [35]. Deoxynivalenol is unlikely to appear as residues in the tissues or
fluids of animals exposed to toxic levels, but baking and malting using DON-contaminated
wheat and barley can have adverse effects [30].

2.3. Nivalenol

Nivalenol are trichothescence mycotoxins produced by the Fusarium fungi, and they
can cause problems to pig farmers. Nivalenol-contaminated feed causes feed refusal as
the feed is not palatable and can result in vomiting [32]. Maize rations for pigs should not
contain excess of 5% contaminated kernels. Cattle can resist some effects from nivalenol
contamination, but they do not appear to affect chickens. There have been no reports
published so far on the effects of nivalenol on humans. Nivalenol is designated Group III,
meaning they are not classifiable with regard to the carcinogenicity on humans [31].

2.4. T-2 Toxins

T-2 toxins can cause irritation, hemorrhage, and also necrosis all the way through the
gastrointestinal tract (GIT). T-2 toxins also delay cell regeneration of the bone marrow and
spleen, weaken immune system functions, and cause changes in the reproductive organs.
Infected animals demonstrate signs of weight loss, poor feed utilization, loss of appetite,
vomiting, bloodstained diarrhea, abortion, and in severe cases may lead to death [32].

T-2 toxin was the cause of alimentary toxic aleukia (ATA) that killed thousands of
people in Russia. Symptoms of alimentary toxic aleukia include fever, nose bleeding, and
also bleeding from the throat, skin, and gums. It also causes necrosis and other than the
cytotoxic effects, suppresses the immune system [1].

2.5. Fumonisins

Fumonisins were firstly discovered in 1988, and they are some of the most cytotoxic
and carcinogenic mycotoxins [36]. Fumonisin analogues are divided into four types, namely
fumonisin A, B, C, and P series. To date, 28 structurally related fumonisin analogues have
been described. Fumonisin B (Figure 2) is the most important and naturally widespread
fumonisin in contaminated maize. Fumonisin B analogues comprise toxicologically sig-
nificant fumonisin B1, B2, and B3. These fumonisin Bs occur naturally in abundance,
with fumonisin B1 dominating with the highest concentration [37]. They are produced
by Fusarium verticillioides, which was formerly known as Fusarium moniliforme, a common
fungal pathogen of maize. Aspergillus niger, on the other hand, has now been found to
produce fumonisin B2 (FB2) [38]. Fumonisin B1 has been implicated in human esophageal
cancer in the Transkei region of South Africa. This is associated with the ingestion of
fumonisin-contaminated maize. Similar observations have been made in China and North-
east Italy [1,39]. As stated by Marasas et al. [40], because FB1 is capable of reducing folate
absorption in different cell lines, it is likely to be connected with neural tube defects in
infants. Fumonisin B1 has also been associated with high incidence of neural tube defects
in babies of mothers who consumed fumonisin-contaminated maize near the Texas–Mexico
boundary [41]. Chronic intake of fumonisin mycotoxins has also been associated with
impaired growth in children [42]. The IARC designated FB1 in Group II B as “possibly
carcinogenic to humans” [43]. Fumonisin B1 structurally resembles sphingoid bases, which
can explain why the biosynthesis of sphingolipid complexes is inhibited and leads to cell
destruction and ensuing cell death [30,44]. Fumonisins are somewhat heat stable; however,
in heat-processed foods, FB1 exists in covalently bound forms [30]. Unlike other very
well-known mycotoxins that can dissolve in organic solvents, fumonisins are water soluble,
which makes them a challenge to study [1]
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Figure 2. Chemical structure of fumonisin B.

Although fumonisins have a somewhat simple chemical structure, their blockage
of sphingolipid metabolism can have diverse and complex effects on various animal
systems [20] Fumonisins damage functions of the immune system, liver, and kidney; cause
weight reductions; and increase mortality rates. The most sensitive animals to fumonisin
toxicity are horses, and levels at the range of 0.2–126 ppm FB1 were found in feed samples
associated with outbreaks of leukoencephalomalacia (LEM) (hole in the head syndrome),
which is a necrosis of the brain in North America, South America, and South Africa [45,46].
Porcine pulmonary oedema is associated with the consumption of fumonisin-contaminated
feed [47,48]. It has also been shown that fumonisin B1 is hepatocarcinogenic to rats.
Susceptibility to fumonisins may be higher in dairy cattle than in beef cattle due to major
production stress [49].

2.6. Zearalenone and Its Metabolites (Mycoestrogens)

Zearalenone (ZON) and its metabolites are termed mycoestrogens, a subgroup of
naturally occurring estrogenic compounds. Being the principal representative of this group
of nonsteroidal mycoestrogens, zearalenone is a 6-(10-hydroxy-6-oxo-trans-1-undecenyl)-
β-resorcylic acid lactone (Figure 3). It is biosynthesized through a polyketide pathway. The
keto group at C-8 is reduced to α- and β-isomers in mammalian tissues, and these metabo-
lites can be produced at low concentrations by the fungi. Production by F. graminearum,
F. crookwellense, F. sporotrichioides, and F. culmorum has been mainly described, and co-
occurrence is contingent on DON and other trichothecenes [50]. In addition, following oral
exposure, zearalenone is metabolized in diverse tissues, predominantly in the liver, with
α-zearalenol and β-zearalenol being the main metabolites [51].
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Figure 3. Chemical structure of zearalenone, α-zearalenol, and β-zearalenol.

Zearalenone, also known as F-2, commonly contaminates maize but can also occur
in other crops worldwide [26,30,52]. Several authors have reported on the occurrence of
ZON in foods as well as in animal feeds from various African countries, such as South
Africa [53] and Nigeria [54]. Being classified as endocrine disruptor chemicals, they are
usually suspected of reducing fertility in males in human and wildlife populations and
possibly involved in the development of numerous types of cancers [55]. There have been
claims that the high rate of premature menarche in Puerto Rico could be a result of ZON
and related compounds in the diet [1]. Due to its high estrogenic action, zearalenone has
been used for the treatment of postmenopausal symptoms in women. Despite that, research
has revealed the potential for ZON to aggravate the development of human breast cancer
cells with estrogen response receptors [56]. While the biological potency of this compound
is high, its real toxicity is low [1]. It has been placed in Group III, meaning not classifiable
with regard to their carcinogenicity to humans [31]. Because ZON seems to bind to estrogen
receptors [30], it has been implicated in a number of mycotoxicoses in farm animals. The
consumption of contaminated grains by farm animals can lead to the manifestation of
female features in males, early sexual development of young females, infertility in adults,
abortion, false heat, recycling, stillbirth, birth of malformed offspring, reabsorption of
fetuses, and mummies. It can also cause atrophy of the testes and weakened libido in
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males. Cattle might have reddened, inflamed, or swollen vulvas and enlarged nipples,
and vaginal and rectal prolapse may possibly follow. It also causes reduced feed intake
and possibly feed refusal. Its effects are most noticeably seen in pigs; in fact, pigs seem
to be the most susceptible species to ZON [30,52]. The recommended safe daily human
consumption of ZON is estimated to be 0.05 microgram per kilogram body weight [1]. Less
common or emerging Fusarium mycotoxins include moniliformin, fusarin C, enniantins,
beauvericin, and fusaproliferin (see Section 3).

3. Emerging Fusarium Toxins

“Emerging toxins” are a group of chemically different mycotoxins for which no regula-
tions exist at present. Current studies using cutting-edge LC–MS/MS for structure elucidation
offer insights regarding newly discovered metabolites, as do plant breeding efforts adjusting
to climate change [57]. Risk assessment studies are ongoing in preparation for legislation
when considered conclusive [58]. Normally referred to in this group are moniliformin (MON),
fusarin C, beauvericin (BEA), enniantins (ENNs), and fusaproliferin (FUS).

3.1. Moniliformin

Moniliformin, which has the chemical formula 3-hydroxycyclobut-3-ene-1,2-dione, is
an organic acid that exists as sodium or potassium salt in nature. It is therefore extremely
water soluble due to its high polarity [59]. Moniliformin is known to be a worldwide
natural contaminant in cereals such as rice, wheat, oats, barley, rye, and maize [60]. It is
produced by different species of Fusarium but mostly by Fusarium proliferatum [61]. Its
natural occurrence was firstly reported in 1982 in moldy maize obtained from the Transkei
region of South Africa at levels ranging from 16 to 25 ppm [62]. Moniliformin usually
co-occurs with other Fusarium mycotoxins, such as FB1, ZON, trichothescenes, fusarin C,
and beauvericin. In humans, MON consumption has been associated with some disease
outbreaks, for example, the case of Keshan disease, which is a myocardia disease that
occurred in the rural areas of China and South Africa (Table 2), [63].

3.2. Enniatins

Structurally, ENNs are cyclohexadepsipeptides composed of alternating residues of
three N-methyl amino acids and three hydroxyl acids. They are lipophilic in nature, which
allows them to be integrated into the lipid bilayers of cell membranes [64]. Enniatins
have antimicrobial, insecticidal, and antifungal properties and may also have herbicidal
properties. Their mechanism of action is in the direction of cellular membrane transport
proteins, which are inhibited by the toxin. The toxicity of enniatins is in particular profound
towards mitochondria. These organelles are vital constituents of living beings and are
responsible for respiration in the cell, producing most of the adenosine triphosphate (ATP)
necessary for energy transfer. Enniatins do seem to be efficiently degraded in animal
intestinal systems, but more research is necessary [65].

3.3. Beauvericin

Beauvericin (BEA) is a cyclic hexadepsipeptide that is synthesized by various toxigenic
fungi. It usually inhibits cholesterol acyltransferase [66]. It shows strong antimicrobial
activity towards a broad spectrum of bacteria, with no distinction between Gram-positive
and Gram-negative bacteria. This toxin also shows cytotoxic, apoptotic, and immuno-
suppressive activity. Beauvericin acts on the cellular membranes, increasing permeability
and disrupting the cellular homeostasis. Although moniliformin shows a relatively lower
toxicity compared to enniatins and beauvericin, it has been reported to be toxic towards
lymphocytes, skeletomyocytes, and cardiomyocytes, with birds and minks being the most
sensitive species. The mechanism of action has not yet been fully elucidated, but toxicity
towards mitochondria with a mechanism similar to enniatins is suspected [65].
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Table 2. Health effects of some Fusarium mycotoxins.

Mycotoxinss Health Effects Organs Affected References

Fumonisin
Carcinogenic, hepatotoxic,

nephrotoxic, and
immunosuppressive.

Gastrointestinal tract (GIT),
liver, and kidney Soriano and Dragacci, 2014 [67–69]

Deoxynivalenol Nausea, vomiting, diarrhea,
reproductive effects, and toxicosis Reproductive organs and GIT Richard,2007 [30,70]

T-2 Toxin Hepatotoxic, genotoxic, and
immune-suppressive

Gastrointestinal tract (GIT)
and immune system Hymery et al., 2009 [71,72]

Nivalenol Annorexic immunotoxic,
haematotoxic, and genotoxic

Gastrointestinal tract (GIT)
and muscle Bony et al., 2007 [73,74]

Zearalenol
Carcinogenic, hormonal

imbalance, and
reproductive effects

Reproductive organs D”Mello and Macdonald, 1997 [75,76]

Moniliformin Cardiotoxic and
muscular disorders Heart, kidney, and muscle Zang et al., 2007 [77,78]

Enniatins Immunotoxic and cytotoxic Immune system Prosperini et al., 2014 [79,80]

3.4. Fusaproliferin

Fusaproliferin (FUS) is a bicyclic sesterterpene consisting of five isoprenic units, iden-
tified from maize cultures of F. proliferatum. Fusaproliferin has demonstrated toxicity
towards human B-lymphocytes and some insect cell lines [59]. This emerging mycotoxin
also showed teratogenic and pathogenic effects on chicken embryos. In recent years, some
studies have been conducted using brine shrimp (Artemia salina) as a model organism, and
FUS was found to be toxic to Artemia salina. The toxin often co-occurs with deacetylfusapro-
liferin, although the toxicity of the latter is much lower compared to fusaproliferin [65].

Studies on the synergistic effects between the two toxins have not been reported so
far [65].

4. Masked Mycotoxins
4.1. Introduction

In the past few decades, it has become clear that many structurally related compounds
generated by plant metabolism, fungi, or food processing coexist with their parent myco-
toxins in mycotoxin-contaminated commodities. In the mid-1980s, the topic of masked
mycotoxins received attention because clinical observations in animals in some cases of
mycotoxicosis did not correlate with the low mycotoxin content determined in the cor-
responding feed [11]. The unexpected high toxicity has been attributed to undetected
conjugated forms of mycotoxins that were possibly hydrolyzed into the parent toxins in
the digestive tract of animals.

Young et al. [81] showed that the DON content of yeast-fermented food products
was higher than that of the contaminated flour used for their production. Therefore, it
has been speculated that there might exist a DON conjugate of some form arising from
plant metabolism. Savard [82] was the first to chemically synthesize glucose and fatty-acid
conjugates of DON, while Sewald et al. [83] could identify deoxynivalenol-3-glucoside
(DON-3G) as a DON metabolite in maize cell suspension cultures. The glycosylated form of
ZON, zearalenone-14-glucoside (ZON-14G), is certainly the best studied conjugated form.
It was originally found as a fungal metabolite [84], but Engelhardt et al. [85] reported that
ZON was also transformed to ZON-14G by plant cultures. Gareis et al. [11] hypothesized
that ZON-14G was cleft during digestion in swine, releasing the estrogenic aglucone ZON.
Sulfate and glucuronide conjugates of ZON were shown to occur in urine of ZON-fed
animals [86], although their identity could not be confirmed. Zearalenone-14-sulfate (ZON-
14S) was isolated by Plasencia and Mirocha [87] as a fungal metabolite from Fusarium.
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Two types of masked mycotoxins can be distinguished, namely extractable conjugated
and nonextractable bound varieties. Extractable conjugated mycotoxins can be detected by
appropriate analytical methods when their structure is known and analytical standards are
available. Nonextractable bound mycotoxins are covalently or noncovalently attached to
polymeric carbohydrate or protein matrices. Bound mycotoxins are not directly accessible
and have to be liberated from the matrix by chemical or enzymatic treatment prior to
chemical analysis.

4.2. Formation and Occurrence of Masked Mycotoxins

Mycotoxins can be subjected to biological modification through conjugation by plants
or through chemical modification, either thermally or nonthermally, e.g., by food pro-
cessing. As indicated earlier, these modified mycotoxins can contribute to the degree of
contamination and may escape detection methods, causing an underestimation of the
mycotoxin exposure and risk [88]. The different mechanisms are noted below.

4.2.1. Plant Conjugates

It has been shown that analogously to animals, plants as living organisms have
the capability to defend themselves against the potentially toxic effects of xenobiotic
compounds, including mycotoxins. The defense mechanisms of plants include three phases
of biosynthetic pathways. Phase I is the transformation or activation phase, phase II is the
solubilization or conjugation phase, and phase III is known as the compartmentalization
phase [88,89].

After the infection of crop plants, mycotoxins are modified or transformed by intro-
ducing reactive groups into the toxic molecules using plant enzyme (esterases, amidases,
and the cytochrome P-450 system). The biotransformed molecules are then conjugated to
more polar substances (often with sugars, amino acids, or sulfates) with the help of plant
enzymes, i.e., glucosyltransferases attaching a glucose molecule to the toxin and increasing
its water solubility. Conjugated forms are compartmentalized in specific organelles (e.g.,
vacuoles and chloroplasts) or in extracytoplasmic space (e.g., cell wall) of plant cells [90–93].
Although these conjugated mycotoxins are unable to exert harmful effects to the plant be-
cause they have been compartmentalized, the residues may persist for considerable periods
of time in plants and can have important toxicological consequences for consumers.

In planta transformation of mycotoxins has been predominantly described for Fusar-
ium toxins [94]. Because Fusarium infection normally occurs in the field, Fusarium my-
cotoxins, e.g., deoxynivalenol (DON), zearalenone (ZON), fumonisins (FUM), nivalenol
(NIV), fusarenon-X (FUS-X), T-2 toxin, HT-2 toxin, and fusaric acid, are the biggest targets
for conjugation [95]. Metabolism by the host plant is generally aimed at detoxification of
these compounds, which is often accomplished by attachment of hydrophilic groups, thus
increasing their solubility in water [92,96]. In this manner, for example, DON is converted
to DON-3-glucoside (D3G) [83,97] (Figure 4), while ZON can be altered to ZON-4-glucoside
(Z4G) [85] by plants. Moreover, Nakagawa et al. [98] reported glucoside forms of other
trichothecenes, such as nivalenol (NIV) in artificially contaminated wheat.
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Figure 4. How plants metabolize free mycotoxins to form masked mycotoxins, e.g., DON forms DON-3-glucoside [97,99].

4.2.2. Food Processing Conjugates

Besides plant metabolism, processing of food commodities is another source of myco-
toxin conjugate formation. The (thermo) stability of Fusarium mycotoxin trichothecenes
allows them to withstand most food and feed processes [100]. The technological pro-
cess also has an important role in the masking process, particularly in cereal-derived
products. Indeed, mechanical or thermal energy during the transformation process may
cause significant modification, for instance, the induction of reactions with macromolec-
ular components, such as polysaccharides, proteins, or lipids, or the release of native
toxins through decomposition of the masked derivatives. In the case of fumonisins, the
phenomenon has been described as “the fumonisin paradox” because low contaminated
commodities have apparently also been found to induce toxic effects. This highlights
the problem of “bound” or “hidden” fumonisins, which may be released upon alkaline
hydrolysis [101,102]. The effect of food being thermally processed on chemical structure as
well as on the toxicity of fumonisins has been extensively reviewed [103]. A major reaction
occurring in heat-treated food involves fumonisin B1 (FB1) and reduction of sugars to
form N-carboxymethyl-FB1 [104] and N-1-deoxy-D-fructos-1-yl-FB1 [105]. The occurrence
of these fumonisin derivatives has been described in corn products [106]. On the other
hand, low recoveries of FB1 have been observed in different matrices, such as rice flour,
cornstarch, cornmeal, and glucose after thermal treatment [107]. It is believed that FB1
interacts with food macroconstituents, such as protein or starch. In order to yield evidence
that FB1 might bind to matrix components in thermally treated food, model experiments
were performed [108–110]. The results indicated that fumonisins could bind to polysaccha-
rides and proteins via their two tricarboxylic acid groups and that binding occurred to a
greater extent in starch than in proteins. The occurrence of protein-bound fumonisins in
commercial corn flakes has also been shown [108,109,111].

Similarly, microorganisms used in the fermentation process (introduction of yeast)
or malting process may transform mycotoxins into products that are also not detected by
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analytical methods. These derivatives are formed from enzymatic activities of microbial
cultures used for fermentation, such as in manufacturing beer, wine, fermented sausages,
or mixed pickles. Another food commodity that is frequently contaminated with modified
mycotoxins is bread. During the processing of wheat to bread, it has been described that
milling had little influence on the ratio of DON3G to DON. Due to fractionation, milling
decreased the DON3G and DON content in white flour compared to initial unprocessed
wheat [112]. These findings are supported by a previous study in which the fractionation
of Fusarium mycotoxins during dry milling of maize was investigated. It was observed that
bran, the hard outer layers of cereal grain that are discarded for the production of white
flour, contained the highest concentrations of all tested mycotoxins [113]. During kneading,
fermenting, and proofing, no significant changes occurred for DON, DON3G, and 3ADON.
However, when bakery improvers, such as enzyme mixtures, were employed as a dough
ingredient, a distinct increase in DON3G was noticed in fermented dough [112,114]. It is
assumed that this increase in DON3G is due to release from starch-based, matrix-bounded
forms. The effect of food processing on T2-G, HT2-G, and FUS-X has also been investigated,
although to a lesser extent [114,115]. Data on the fate of α-ZOL, β-ZOL, ZON14G, α-
ZOL4G, β-ZOL4G, and ZON14 during food processing are also available [88].

5. Health Effects of Masked Mycotoxins Using Studies on Human Cell Lines, Animals,
and Plants
5.1. Zearalenone and Its Modified Derivatives

The toxicity of the zearalenone-modified forms α- and β-ZOL has been widely de-
scribed, with the majority of the studies focusing on estrogenicity and reproductive dis-
orders. Despite the pronounced estrogenic effects of ZON and its metabolites, there have
also been reports of their cytotoxicity. For example, a study was carried out on cell viability
using Caco-2 cell lines in MTT assay after 48 h incubation with ZON, α-ZOL, or β-ZOL as
well as oxidative stress induction by measuring malondialdehyde generation. The results
showed that both metabolites demonstrated decreased toxicity compared to ZON, with
the following ranking: α-ZOL < β-ZOL < ZON. The measurement of DNA lesions due to
oxidative stress also resulted in a similar relative ranking of toxicity [116].

5.2. Deoxynivalenol (DON) and Its Modified Derivatives

The toxicity of DON is mainly due to the inhibition of protein synthesis. It is known
to cause irritation of the gastrointestinal (GI) tract. In fact, it can be argued that most myco-
toxins do not cross the intestinal barrier, so not all mycotoxins will cause mycotoxicoses.
Still, the first cells to be exposed to mycotoxins are the gastrointestinal cells, and they are
exposed at greater concentrations than in other tissues. Therefore, unabsorbed toxins can
affect the intestinal epithelium and its whole extension before absorption can even begin.
Hence, a provisional tolerable dietary intake (TDI) for DON has been set at 1 µg/kg body
weight [117].

Several studies have been carried out to investigate the toxicity of DON and its
modified derivatives using human cell lines. For example, Alassane-Kpembi et al. [118]
investigated the influence of DON, 3ADON, and15ADON on human epithelial colorectal
adenocarcinoma cell line (Caco-2), and the induced cytotoxicity was measured by means of
MTT assay. The results showed that 15ADON was more toxic than DON and 3ADON as it
exhibited higher inhibition of epithelial cell viability. Another study by Kadota et al. [119]
compared the toxicity of these compounds by measuring their effect on interleukin-8 (IL-8)
secretion and intestinal transport in Caco-2 cells. A significantly higher absorption of
15ADON compared to DON and 3ADON was demonstrated, and 15ADON had a more
profound effect on intestinal integrity, facilitating absorption through passive diffusion.
Furthermore, the production of IL-8 was the lowest after 3ADON exposure, followed by
DON and 15ADON [119,120]. Generally, the majority of the modified mycotoxin toxicity
research has been dedicated to human in vitro toxicity, while less research has been carried
out using animals and plants.
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6. Management of Food Safety Risks of Fusarium Mycotoxins

For years now, scientists have proposed different ways of mitigating food safety risks
with regard to fungal and mycotoxin contamination of agricultural commodities in the
food system. Implementation of good agricultural practices (GAP), good manufacturing
practices (GMP), and hazard analysis and critical control points (HACCP), amongst other
measures, have been proposed. The adoption of GAP in the field and during storage, GMP
during food processing, and HACCP during food handling and packaging throughout the
whole field-to-table chain will go a long way to address the problems caused by fungi and
mycotoxins in the food system [121,122].

(a) Appropriate agronomic practices include the use of resistant crop varieties that can
resist insect and fungal infection of crops in the field. Crop rotation, e.g., maize–
soy bean rotation, reportedly results in less outbreaks of Fusarium than maize–maize
planting operations [123]. Proper and uniform irrigation helps to reduce plant drought
stress, which has been reported to favor mycotoxin (fumonisin) contamination [15].
Getting rid of grasses, weeds, debris, alternate host plants, crop residues, etc., which
can serve as reservoirs to fungal inoculums, can also prevent mycotoxin contamination
in the field. Moreover, reducing mechanical damage to crops to a minimum during
harvesting reduces mycotoxin contamination as mycotoxins are generally higher in
broken kernels. Appropriate and approved fungicides, pesticides, and other chemicals
also prevent mycotoxin contamination in grains, although they should be used with
caution as their residues could be toxic to mammalian cells [124]). Drying of food and
feed to safe moisture levels during storage will also help prevent mycotoxin formation.

(b) Food processing includes physical techniques, such as cleaning and milling processes,
physical adsorption, and thermal processes; chemical techniques, such as the use
of ammonia, calcium hydroxide, and sulfur-containing compounds; and biological
techniques, such as malting, brewing, and fermentation [121]. Studies have reported
the positive effect of physical decontamination methods, such as sorting, washing,
dehulling, etc., on reducing mycotoxins in grains [125,126]. Moreover, mycotoxins
are thermally stable [127] and tend to survive thermal processing, even when cooked
at pretty high temperatures, such as those reached during bread making or breakfast
cereal production [128]. Nevertheless, reduction has also been reported at very high
temperatures, although this may be due to reactions resulting in the formation of
products with altered chemical structures. The effectiveness of thermal treatment
(extrusion cooking) on the reduction of some Fusarium toxins, e.g., zearalenone at
temperatures ranging from 120 to 160 ◦C, has also been reported [129]. Fermentation,
which is a universal biological food processing method, has also been reported to re-
duce mycotoxin contamination, e.g., a 50% reduction in deoxynivalenol was recorded
during traditional beer processing [130], In spite of this, the amount of reduction
in mycotoxin contamination in food and feed products by processing is dependent
on the matrix type, the mycotoxin, and the processing method and conditions used.
Besides studying the effect of food processing on mycotoxins, it is important to be
aware of the possibility of free mycotoxins co-occurring with their masked forms
or free mycotoxins being modified and fragmented into other forms during food
processing, which may not be easily detected by routine analytical methods.

(c) Food handling and packaging includes the use of technologies such as modified
atmosphere packaging (MAP), which is a useful technology that involves the use
of oxygen (O2) absorbents, storage temperature, and packaging film barrier. MAP
can be used to prevent fungal growth and mycotoxin contamination on finished
products [122,124]

Creating awareness of the importance of adopting GAP, GMP, and HACCP to control
(prevention and decontamination) mycotoxin metabolites in the food system will be useful
in reducing the risk of mycotoxin exposure to some extent. Mycotoxin control strategies
should also include approaches for the diversion of contaminated agricultural products to
lower-risk uses.
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7. Conclusions

Generally, it can be possibly argued that metabolism of Fusarium mycotoxins in plants
are a detoxification pathway that seemingly results in less toxic or inactive compounds
via increased water solubility of the mycotoxins, which facilities their excretion and hence
results in decreased toxicity [131]. Contrary to this, most recent studies have shown
that most masked mycotoxins are not functionally uniform and that their toxicity greatly
depends on the chemical properties of the mycotoxins in question and the exposure [132].
However, further research is necessary to fully clarify their physiological and toxicological
roles as some of these toxins may not act as their parent compounds. The outcome of
these toxicological studies will hopefully prompt legislators to expand regulations to cover
these Fusarium masked mycotoxins, which will be immensely important for the integrated
management of this unavoidable food contaminant.

Despite the progress in mycotoxin analysis, there are limitations to understanding their
impact on animal and human health through food products. Co-contamination by different
Fusarium mycotoxins and identification of some forms of new ones both necessitate new
toxicological studies for assessment. Some regulations, especially those established by the
European Union, have gradually recognized the risk of contamination by mycotoxins in
the food chain. Although existing in vitro studies have shown that masked forms have
lower toxic effects on animal and human cells than free mycotoxins, in vivo studies have
demonstrated that masked forms have significant toxicity due to their conversion to the
free form by enzymatic reactions. As such, there is a need to constantly and routinely
monitor the occurrence of Fusarium mycotoxins and their modified forms in food and feed
commodities as the annual levels may vary depending on environmental moisture, climate
change, temperature differences, plant disease status, insect pest numbers, etc. Effective
management of food safety risks is required, especially the use of rapid and sensitive
immunological techniques.
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