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A B S T R A C T

Mycotoxins are secondary metabolites produced mainly by fungi belonging to the genera Aspergillus, Fusarium,
Penicillium, Claviceps, and Alternaria that contaminate basic food products throughout the world, where devel-
oping countries are becoming predominantly affected. Currently, more than 500 mycotoxins are reported in
which the most important concern to public health and agriculture include AFB1, OTA, TCTs (especially DON, T-
2, HT-2), FB1, ZEN, PAT, CT, and EAs. The presence of mycotoxin in significant quantities poses health risks
varying from allergic reactions to death on both humans and animals. This review brings attention to the present
status of mycotoxin contamination of food products and recommended control strategies for mycotoxin miti-
gation. Humans are exposed to mycotoxins directly through the consumption of contaminated foods while,
indirectly through carryover of toxins and their metabolites into animal tissues, milk, meat and eggs after in-
gestion of contaminated feeds. Pre-harvest (field) control of mycotoxin production and post-harvest (storage)
mitigation of contamination represent the most effective approach to limit mycotoxins in food and feed.
Compared with chemical and physical approaches, biological detoxification methods regarding biotransforma-
tion of mycotoxins into less toxic metabolites, are generally more unique, productive and eco-friendly. Along
with the biological detoxification method, genetic improvement and application of nanotechnology show tre-
mendous potential in reducing mycotoxin production thereby improving food safety and food quality for ex-
tended shelf life. This review will primarily describe the latest developments in the formation and detoxification
of the most important mycotoxins by biological degradation and other alternative approaches, thereby reducing
the potential adverse effects of mycotoxins.

1. Introduction

Mycotoxins are naturally occurring toxins produced by certain
species of Aspergillus, Fusarium, Penicillium, Claviceps, and Alternaria.
Recently about 100,00 fungi have been identified, among these more
than 500 mycotoxins have been reported as potentially toxigenic, major
mycotoxins influencing human and animal health include aflatoxins
(AFTs), ochratoxins (OTs), trichothecenes (TCTs), fumonisins (FUMs),
zearalenone (ZEN), patulin (PAT), citrinin (CT) and ergot alkaloids
(EAs) [1–3]. These compounds produced by mould infection at pre- and
post-harvest crops under natural conditions worldwide. The historical
evidence of the mycotoxicological risk has existed since the first stage of
organized agricultural production. The first report on human

mycotoxicoses dates back to Middle Ages, “St. Anthony's Fire” which
was associated with toxicity of both gangrenous and convulsive form
due to ergotism from Claviceps purpura related to moldy rye [4]. The
mycotoxins may induce acute to chronic effects resulting in carcino-
genic, mutagenic, teratogenic, immunosuppressive and endocrine-dis-
rupting effects both on humans and animals [5]. The acute toxicity may
result in consuming a moderate toxin causing deterioration of liver or
kidney functions extremely leading to death. Chronic toxicity may re-
sult in consuming moderate to low quantity of toxins causing produc-
tion loss in the form of poor growth rate, reduced productivity and
inferior market quality. Consumption of low quantity of toxins often
susceptible to various infectious diseases specially secondary bacterial
infections or a heavy progression of some often encountered parasitic
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diseases [6]. The predisposing conditions for toxin production are
mainly related to biological, chemical, physical or environmental fac-
tors (Fig. 1). It is estimated that approximately 25–50% of cereal pro-
ducts produced world-wide are significantly contaminated with myco-
toxins to a varying degree and 5–10% of which are irreversible causing
huge economic losses [7]. Mycotoxins cause mortality of human and
animal, or increased health and veterinary care cost, or decreased
production efficiency, or by rendering commodities unacceptable for
national or international trade [8]. Regulatory guidelines and limits for
mycotoxins have been set by the European Union (EU), Food and Drug
Administration (FDA) of the USA and other countries for both import
and export of affected commodities. In this review, we discussed the
recent evidence on mycotoxicity associated risks to human and live-
stock health, prevention and control strategies to ensure consumer's
health and safety.

2. Occurrence and types of mycotoxins

Mycotoxins are small and quite stable toxic molecules, extremely
difficult to remove or eradicate present in agricultural and animal
products. The origin, available food, affected species, pathological ef-
fects, and toxicities are summarized in Table 1 and tolerable limits of
different mycotoxins in the food chain by different countries and au-
thorities are shown in Table 2. Mycotoxin contamination usually exists
in the field by foods and feeds following infection of toxogenic fungus in
the pre-harvest period, then suitable environmental conditions for
spoilage fungi during processing, storage and distribution of harvested
products in post-harvest period. Mycotoxin can enter to human food
chain directly by consuming contaminated plants and food products

and indirectly through residues in milk, meat, eggs, and their derivates.
The mycotoxin occurrence in the food chain and their residual effect on
human and animal health has been shown in Fig. 2.

2.1. Aflatoxins (AFTs)

AFTs are difuranocoumarins or furanocoumarins mainly produced
by Aspergillus spp. (flavus and parasiticus) [15–17]. There are >20 types
of AFT molecules, the most prominent are difurocoumar-
ocyclopentenone group (AFB1, AFB2, AFM1, and AFM2) and difur-
ocoumarolactone group (AFG1 and AFG2) [18]. AFB1, AFB2, AFG1,
and AFG2 are ubiquitous in food and feedstuff while, AFM1 derived
from AFB1 in the liver by hepatic microsomal cytochrome P450, can
enter through blood circulation and be excreted into milk [19,20]. The
toxicity profile of AFTs is B1>M1>G1>B2>M2/G2 etc. Among all
discovered mycotoxins, AFTs are the most potent mycotoxins with
acute toxicological and chronic hepatocarcinogenic effects in the liver
based on their reactivity with DNA, RNA, enzymes, and proteins [21].
Cumulative evidence links chronic aflatoxicosis with hepatocellular
carcinoma (HCC) or liver cancer while, acute aflatoxicosis with ab-
dominal pain, vomiting, edema, and death have been reported in China,
India, Malaysia and Kenya [22,23]. Recent research revealed that the
global burden of AFT may contribute to the occurrence of 4.6–28.2% of
all global HCC, the third leading cause of cancer deaths globally and is
also susceptible to lung, GI tracts and cause kidney injury in mice and
calf models [19,24]. In poultry, ducks are the most sensitive to AFTs
followed by turkey, quails, broiler, and layers; toxicity includes fatty
liver, kidney disorder, leg, and bone deformity, reduced weight gain
and productivity, immunosuppression, small and poor quality eggs,

Fig. 1. Factors affecting mycotoxin occurrence in the food and feed chain [9,10].
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pigmentation problems, etc. [25,26]. In an experimental study, it is
found that AFB1 causes severe kidney and liver damage in broiler birds
along with concurrent infection with Fowl Adenovirus-4, leading to
severe hydropericardium syndrome [27].

2.2. Trichothecenes (TCTs)

TCTs consist of approximately 200 structurally related compounds,
are divided into 4 types (A-D), importantly type-B: deoxynivalenol
(DON) and nivalenol (NIV) and type-A: T-2 toxin and its major meta-
bolite HT-2 toxin [35,36]. The most acutely toxic TCT in animals is T-2
while, sensitivity varies among animal species especially in dairy cows,
it has been related to feed refusal, gastroenteritis, intestinal hemor-
rhages, and death while in poultry it causes intestinal lesion and weight
loss [37,38]. In research reports it is found that DON concentrations of
1–7 mg/kg diet significantly decreasing absorption area of villus sur-
face and also altering the permeability of the gastrointestinal tract re-
sulting both immunosuppressive and immunomodulating effects in
poultry [39–41]. DON toxicity has been associated with animal and
human gastroenteritis outbreak resulting in typical acute symptoms
such as nausea, vomiting, abdominal pain, diarrhea, headache, dizzi-
ness, or fever thereby also called it vomitoxin [42]. Several outbreaks of
acute DON toxicity in humans have been reported in India, China, and

the USA to strengthen the potential risk for humans [22].

2.3. Fumonisins (FUMs)

There are 28 known important FUM analogs among which FB1 is
the most prominent followed by FB2 and FB3 [36]. Consumption of
corn-based feed containing FUMs are known to be responsible for fatal
brain disease, equine leuko-encephalomalacia in horse and swelling of
lungs and thorax, porcine pulmonary edema syndrome in pig [15]. The
mode of action by which FUM causes toxicity in animals seems to be
due to the collapse of sphingolipid metabolism [40]. The occurrence of
FB1 is correlated with the presence of a higher incidence of esophageal
cancer is related to the intake of corn grains containing FUMs in human
have been reported in South Africa and China [36,43]. In other studies
reported that esophageal cancer and neural tube defect has been linked
to consumption of FB1 contaminated maize in human as well as nu-
merous illness in animal have been observed along the US-Mexico
border, in Guatemala, Egypt, South Africa and China [36,44,45].

2.4. Ochratoxins (OTs)

OTs were discovered as three secondary metabolite forms, A, B and
C differ in that OTB is nonchlorinated and OTC is an ethyl ester form of

Table 2
Maximum tolerable limit (MTL) and maximum residue limit (MRL) of mycotoxin in the food chain [50–56].

Country/authority Mycotoxins Food commodities Limit (μg/kg)

MTL MRL

USA Total AFT Meat 20 20
Egg 20 20

AFM1 Milk, milk products 0.5 –
ZEN – 30 ng/kg BW TDI –

EU Total AFT Meat 4 4
Egg 4 4
Milk 4 –

AFB1 Milk 2 –
AFM1 Milk 0.05 –

Infant milk 0.025 –
OTA Pork ≤25 –

Milk 5 ng/kg BW TDI –
– 120 ng/kg BW TWI –

DON – 1 μg/kg BW/TDI –
FB1, FB2, FB3 – 2 μg/kg BW/PMTDI –
ZEN – 60 to 200 –
PAT – 0.4 μg/kg BW/PMTDI –

WHO AFM1 Milk 0.50
FB1 – 2 μg/kg/BW PMTDI

Joint FAO/WHO ZEN – 0.5 μg/kg BW MTDI
OTA – 100 ng/kg PTWI
FUM – 2 μg/kg/BW PMTDI –
DON – 1 μg/kg/BW PMTDI

Canada ZEN – 20 ng/kg BW TDI –
Norway ZEN – 20 ng/kg BW TDI –
Italy OTA Pork meat and derived products 1 –
Estonia OTA Pig liver 10
Denmark OTA Pork – 25

Pig kidneys 10 10
Pig liver – 25

ZEN – 20 ng/kg BW TDI –
France AFM1 Infant milk (<3 years) 0.03 –

Milk powder 0.5 –
Infant milk powder (>3 years) 0.3 –

FB1 Avian kidney and liver – 100
China AFM1 Milk and milk products 0.5 –
Japan Total AFT Meat 10 –

Egg 10 –
AFM1 Milk 0.5 –

Korea AFM1 Milk 0.5 –
Malaysia AFM1 Milk 0.5 –

Infant milk 0.025 –

TDI = tolerable daily intake; TWI = tolerable weekly intake; PMTDI = provisional maximum tolerable daily intake; BW = bodyweight
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OTA [15,46,47]. OTA is found in beverages (beer and wine) con-
taminated with Aspergillus ochraceus and certain wines specially made
from vine fruits such as grapes contaminated with Aspergillus carbo-
narius [48,49]. OTA is a nephrotoxin as well as a hepatotoxin, immune
suppressant, potent teratogen and carcinogen to all animal species. OTA
toxicity in poultry causes weakness, anemia, reduced feed consumption,
decreased productivity, poor feathering, excessive mortality at high
dietary concentration and hypocarotenidemia in broilers [40]. In
human studies, OTA has been linked with fatal renal disease, such as
Balkan endemic nephropathy, a progressive chronic nephritis and
upper urothelial tract cancer [22,35]. It also causes porcine nephro-
pathy (kidney damage) in pigs and tail necrosis in newborn piglets [46].

2.5. Zearalenone (ZEN)

ZEN is known as mycoestrogen, a subset of naturally occurring es-
trogenic compounds which is heat-stable and capable of binding es-
trogen receptors, causing adverse impact involved with reproductive
disorders and hyperestrogenism, both in humans and farm animals
[46,57]. Swine are reported as the most sensitive domestic animals
affected on the farm compared to cattle and sheep, while it causes es-
trogenic syndrome, including enlarged mammary gland and genitalia,
atrophy of ovaries and testes, abortion and stillbirths, reduced litter size
and piglets viability [36,46]. Occurrences of swine estrogenic syndrome
have frequently evident in North America and Europe but also high
levels of ZEN have been reported from China and other Asian countries
[36]. In laboratory animals (mice, rats, guinea pig, hamster, and rabbit)
it causes reproductive toxicity and premature puberty syndrome
[38,42].

2.6. Citrinin (CIT)

CIT is a secondary toxic benzopyran metabolite generally formed

post-harvest condition and mainly found in stored grains, but also
present in plant origin products such as rice, wheat, barley, rye, beans,
pomaceous fruits, fruit juices, nuts and spices, and also in spoiled dairy
products [34,58]. It represents a significant health hazard especially in
tropical countries where it is a major source of food poisoning after
fungal contamination. CIT is associated with yellowed rice disease in
Japan and acts as a nephrotoxin in all animal species but acute toxicity
differs in various species [46,49]. CIT is quickly absorbed and dis-
seminated in the liver and kidney, the human toxicokinetic study
showed that 40% of CIT was excreted via urine [42]. In a report, it is
found that it has been related to pig nephropathy after the consumption
of contaminated barley grains [59]. It can also act concurrently with
OTA to depress the mechanism of RNA synthesis in murine kidneys
[15,46].

2.7. Patulin (PAT)

PAT is considered a serious hazard for fruits at the post-harvest
stage, first contacts the surface, then contaminates whole fruit and can
spread to other fruits stored together, resulting in the disease known as
“blue mould" which is common in apple, cherry, figs and other fruits
[46]. Apples are found to be an vital source of PAT since they are
readily infected by Penicillium expansum which is considered as the ef-
ficient natural source of PAT and its contamination in apple juice is a
worldwide problem [46,60]. The report revealed that approximately
50% of the analyzed samples were comparatively high detectable PAT
levels in apple juice globally while, organic apples have higher PAT
contamination in baby food compared to conventional apples [35]. PAT
represents various acute and chronic toxicity, such as nausea, vomiting,
and gastrointestinal disturbances acutely, while in chronic cases, da-
mage to kidney and liver, immunosuppression, carcinogenicity, and
genotoxicity have been reported [61].

Fig. 2. Mycotoxins occurrence in the food chain and their residual effect on human and animal [11–14].
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2.8. Ergot alkaloids (EAs)

EAs are compounds produced as a toxic mixture of alkaloids in the
sclerotia (purplish or black structures) of Claviceps and Neothyphodium
species, which are usually common pathogens of various grass species
and cereal crops [62]. The recent development of grain cleaning
methods notably mitigate ergotism in human whereas yet is an im-
portant veterinary issue since EAs have been used as pharmaceutical
preparation [15,49]. The most prominents of EAs include compounds
such as ergotamine, ergometrine, ergocristine, ergocryptine, ergo-
cornine, and ergosine which usually co-appear in contaminated feed
[62]. Toxicity of EAs in humans can cause hallucinations, convulsions,
fever, distorted perception, acute burn, agalactia , such as gangrene,
abortion, convulsions, suppression of lactation and hypersensitivity
[47,62,63]. An outbreak of ergot toxicoses was reported the cause of
death of eight calves fed a pelleted creep feed in the USA [64].

3. Current methods in the analysis and structural elucidation of
mycotoxins

Analysis of mycotoxin in foods and feeds is a crucial practice to
ensure food security and removal and control of health risks by con-
taminated foods and feeds. Several detection methods have been de-
veloped, among the most common methods currently used are de-
scribed below.

3.1. Chromatographic techniques (CTs)

CTs represent a group of techniques most widely used for quanti-
tative analysis of mycotoxin in food and feed samples which are highly,
accurate, sensitive result and also assist the validity of other methods
[31,65]. High-performance liquid chromatography (HPLC), Thin-layer
chromatography (TLC), Gas chromatography (GC) and liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) are commonly used
for mycotoxin analysis. In China, HPLC coupled with ultraviolet (UV),
diode array (DAD), fluorescence detector (FLD) or mass spectrometry
(MS) detector has been used to detect AFT, OTA, DON, ZEN, FUM, CIT
and PAT and by coupling Liquid chromatography techniques to mass
spectrometry (LC-MS/MS) has been used for the simultaneous detection
of multiple (hundreds) mycotoxins in various products [31,66]. TLC is
cost-effective, simple and suitable for rapid screening of common my-
cotoxin, but the lack of automation limits its use; moreover, GC coupled
with electron capture (ECD), flame ionization (FID) or MS detector have
been applied for volatile mycotoxins (TCT and PAT) [31,67].

3.2. Immunological methods

3.2.1. Enzyme-linked Immunosorbent Assay (ELISA)
ELISA has been a commonly used immunoassay method for the

detection of major mycotoxins in a large number of food samples. It can
be performed by direct, indirect and competitive inhibition method
where an enzyme-labeled primary and secondary antibody reacts with
antigen in direct and indirect detection, respectively; moreover, in
competitive inhibition method, unlabeled antigens from samples and
enzyme conjugated compete to bind with an antibody directed against
the specific mycotoxin [65]. This method has the advantage of a rela-
tively low limit of detection, highly specific, minimal cleanup proce-
dure, high sample yield with low sample volume and ease of applica-
tion; meanwhile possibility of a false positive and false negative result,
single-use of kits and unsuitable for complex matrices restricts its use
for field-testing [68].

3.2.2. Lateral Flow Immunoassay (LFIA)
LFIA has designed using the principle of ELISA available as com-

mercial kits for the visual qualitative detection of a specific mycotoxin.

This method is a low-cost, very simple, rapid, one-step screening tool
for mycotoxin analysis at the field level, besides the possibility of semi-
quantitative detection using a portable photometric strip reader
[65,69]. A multiplex LFIA has designed and optimized that provides
both qualitative and quantitative for coinciding in situ determination of
AFB1, ZEN, and OTA in grains [65].

3.2.3. Fluorescence Polarization Immunoassay (FPIA)
As compared to ELISA and LFA, the FPIA needs only a few minutes

without separation and washing methods and indirectly measure the
quantitative detection of mycotoxin by determining the rate of a
fluorophore (tracer) in the solution where free mycotoxin on the sample
competes with mycotoxin labeled with the tracer towards a specific
antibody [65,70]. Nowadays commercial FPIA kits are available which
can be used for monitoring AFT, DON, and FUM in cereal at large-scale;
besides FPIA could be used as a screening method for the simultaneous
detection of the ZEN in naturally contaminated maize sample [70].

3.3. Biosensor methods

Compared with above conventional techniques, biosensors methods
have been proved as potential to allow rapid, highly sensitive, robust,
portability, real-time detection capability, high-throughput, and cost-
effective quantitative technology in testing food samples [71,72]. Up to
now development of new and emerging advancement in the analysis of
mycotoxin, nanomaterials and biosensor fabrications technology as
sensing receptors for mycotoxin, transducer technology at the micro/
nanoscale as multiplex analysis and nano-tracking systems, micro and
nanosystems as food tracking, electrochemical immunosensors, fluor-
escent nitrogen-doped carbon dots, lab-on-a-chip devices, microarray,
and nanotechnology can be used [65,71].

4. Prevention and control of mycotoxins contaminations

It has been accepted that the prevention of different mycotoxins
contamination is the primary measure and alternative over the other
control methods. Still numerous physical and chemical detoxification
control strategies have been established to prevent the growth of toxi-
genic fungus and mycotoxin contamination, few strategies fulfill the
standards due to their heavy cost, bio-safety risk, losses in the nutri-
tional quality and the palatability of the products or limited binding
effect. Therefore it is necessary to develop appropriate detoxification
methods to ensure food safety for human consumption. Table 3 sum-
marizes the advantages and disadvantages of different mycotoxin de-
toxifying agents. In this article, we discussed below the biological de-
toxification methods and innovations for control and mitigation of
mycotoxins problem.

4.1. Biological detoxification

Biological detoxification refers to the degradation or enzymatic
transformation of mycotoxins into less toxic compounds comprising
acetylation, glycosylation, ring cleavage, hydrolysis, deamination, and
decarboxylation.

4.1.1. Mycotoxin modifiers
Control of mycotoxicoses with the application of microorganisms

and their enzymes is called mycotoxin modifiers which biotransform
mycotoxins into less toxic metabolites. They are classified as -

4.1.1.1. Use of microorganisms. Biological approaches for mycotoxins
decontamination by using microorganisms and specific kinds of isolated
yeasts have been used effectively for the management of mycotoxins in
food and feeds. Mechanisms in the removal of toxins by microorganisms
are still investigated and successful results have been obtained related
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to this method in recent years. A wide range of microorganisms
including bacteria, fungi, and yeasts has proved biodegradation
capacity.

4.1.1.1.1. Bacteria. Mycotoxin degrading bacteria have been
isolated from different sources like rumen and intestinal flora, soil,
and even water. Lactic acid bacteria (LAB) namely Lactobacillus,
Bifidobacterium, Propionibacterium, and Lactococcus are significantly
bound with AFB1 and AFM1, whereas, Lactobacillus rhamnosus was
found as the excellent binding capability with AFB1 in contaminated
wheat flour during the bread-making process [73,74]. Therefore special
attention to LAB as they prevent the growth of molds and mycotoxins,
and improve the feed utilization via specific hydrolytic enzymes
production that decomposes carbohydrates and increases host's
enzyme activity, such as β-galactosidases, saccharase, and maltase
[75]. In recent reports Bacillus licheniformis CFR1 showed more than
90% degradation of AFB1 and a newly isolated bacterial strain
Lysinibacillus sp. ZJ-2016-1 from chicken large intestine proved useful
in the removal of ZEN in Luria Bertani (LB) broth within 48 h [76,77].
Interestingly, B. subtilis ANSB01G isolated from normal broiler
intestinal chyme could efficiently reduce ZEN in naturally
contaminated corn, distiller's dried grains with solubles (DDGS) and
swine complete feed [78]. Pseudomonas aeruginosa N17-1 were able to
degrade AFB1, AFB2, and AFM1 in Nutrient Broth medium, while cell-
free supernatants of P. putida DSM 291T and KT2442 were able to
remove OTA [79,80]. In another report, P. alcaliphila TH-C1 and P.
plecoglossicida TH-L1, isolated from soil showed ZEN degradation ability
[81]. A bacterium Devosia mutans 17-2-E−8 from an agricultural soil
was capable of transforming DON to the less toxic product in vitro and
in vivo studies [82]. A novel bacterium, Eggerthella sp. DII-9 has been
isolated recently from chicken intestines that are capable of detoxifying
TCTs (DON, HT-2, T-2 triol, and T-2 tetraol) with high de-epoxidation
efficiency [83].

4.1.1.1.2. Fungi and yeast. Fungal species, Aspergillus, Alternaria,
Absidia, Armillariella, Candida, Dactylium, Mucor, Penicillium,
Peniophora, Pleurotus, Trichosporon, Rhizopus have been shown the
ability to degrade different mycotoxins [84]. The appropriate
quantity of yeast as feed additive decreases the bioavailability of
mycotoxins in the GI tract which is removed through feces [85]. In
vitro studies revealed that, yeast cell wall containing beta-glucans and
mannan oligosaccharides can efficiently bind with AFB1 up to 90%,
depending on the level [86]. Distillery yeast sludge (DYS), composed of
Saccharomyces cerevisiae, Candida parapsilosis, and Candida
guilliermondii are a rich source of proteins, lysine, tryptophan,
phosphorus, crude fiber, iron, mannan, glucan and ascorbic acid that
formed as a by-product of molasses fermentation. Research report
suggested that DYS possesses the ability to prevent the absorption of
mycotoxin in GI tract can be used as a poultry feed additive as it
partially ameliorated the immunotoxic effects of mycotoxins [87].
Aspergillus parasiticus (NRRL 2999 and NRRL 3000) actively degraded
AFTs, A. tubingensis NJA-1, isolated from soil, showed the ability to
degrade DON, A. niger degrades OTA to the less toxic compound OTα,
also capable to remove ZEN by incubation in contaminated culture
medium after 24 h [88]. Trichosporon mycotoxinivorans and Rhizopus
isolates (stolonifer, oryzae, homothallicus, and microspores) showed high
potentiality to degrade ZEN and OTA as less toxic compound [89,90]. A
new strain of T. mycotoxinivorans capable of degrading ZEN and OTA
into the nontoxic OTα has been commercially used to detoxify OTA in
animal and poultry diet [40,91]. Yarrowia lipolytica yeast showed the
highest OTA degradation activity at 28 °C incubation temperature with
pH level 4 [66]. Phaffia rhodozyma and Xanthophyllomyces dendrorhous
yeasts also possess OTA degradation activity but their practical
application yet limited due to lack of potential data.

4.1.1.2. Use of enzymes. Specific enzymes such as oxidase, peroxidase,
laccase, reductase, esterase, carboxylesterase, aminotransferase,
lactono hydrolase having the capacity of degrading mycotoxins haveTa
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been purified from microbial systems [95]. An enzyme peroxidase from
Aspergillus (flavus, parasiticus) and a horseradish peroxidase enzyme
from Raphinus sativa plant have been shown AFB1 degradation activity
[69]. Enzymatic degradation by extracellular extract from Rhodococcus
erythropolis culture along with laccase enzyme from several fungal
species showed effective degradation of AFB1 [97]. In a study, two
genes of soil bacteria Sphingopyxis sp. MTA 144 were identified and
recombinant enzymes were produced which degraded FB1 by two
consecutive steps, firstly FB1 is hydrolyzed to HFB1 by carboxylesterase
and then it deaminated by aminotransferase to further less toxic
compound [98]. A purified extracellular enzyme, myxobacteria
aflatoxin degradation enzyme (MADE), from bacterium Myxococcus
fulvus ANSM068 showed much degradation ability toward AFG1
(96.96%) and AFM1 (95.80%) [99]. The enzyme epoxidases
detoxifies DON to its de-epoxy form DOM-1 [100]. Brevibacterium
species (B. epidermidis, B. iodinum and B. casei) are capable of
degrading OTA, due to release of highly active proteolytic
carboxypeptidase enzymes [80]. A recent report revealed that OTA
was significantly (74.8–84.9%) reduced by a carboxypeptidase and
peptides present in liquid cultures of Bacillus subtilis CW14 [101].

4.1.2. Mycotoxin binders
Mycotoxin binders also known as adsorbents or sequestering agents

have been used to decontaminate animal feed by binding the mycotoxin
and inhibit their absorption in the gastrointestinal tract, where the
bounded toxins can be eliminated via feces or urine of animal [20,102].
Both inorganic (hydrated sodium calcium aluminosilicates, zeolites,
bentonites, fuller's earth, diatomaceous earth, activated charcoal,
kaolin, sepiolitic clay, cholestyramine) and organic binders (alfalfa
fibre, oat fibers, extracted cell wall fraction of Saccharomyces cerevisiae,
beta-D-glucan fraction of yeast cell wall) have been using for the con-
trol of toxin in diet [20,86,92]. Hydrated sodium calcium aluminosili-
cates inhibits the toxicity of AFTs in domestic animals along with de-
creases the AFM1 level in cow and goat milk whereas, zeolites can
adsorb AFB1 and ZEA from feed [92]. Activated charcoal significantly
removed OTA and PAT from contaminated wine and apple juice, re-
spectively [12]. In the recent report, the body weight of broiler birds
were increased 63%–100% by incorporation of activated charcoal,
bentonite, and fuller's earth to aflatoxin-contaminated feed [102]. The
binding efficiency of yeast has been mentioned earlier in section
4.1.1.1.2.

4.1.3. Herbal products for the amelioration of toxic effects of mycotoxins
Herbal products such as spices, plant extracts, aromatic oils (lipo-

philic compounds from terrestrial herbs), primary olives (non-water
solvents) are mixed with animal feed to increase growth performance
and quality of the product. Research report showed that ethanolic ex-
tract of Cassia Senna (vegetable laxative) and methanol extract of Cassia
tora (Naphtopyrone glycosides and anthraquinone aglycones) decreases
the mutagenic effect of AFB1 in vitro; whereas methanol extract of Piper
argyrophyllum leaves and Thonninga sanguinea extract found to be
ameliorated the genotoxicity and hepatotoxicity effect of AFB1 in rat
[103]. Natural herbs such as green tea, cinnamon, chamomile, ginger,
black pepper, coriander, black seed, licorice, garlic, onion, fenugreek
seeds, basil seeds, and roquette seeds can detoxify mycotoxins
[104,105]. In a study report, it is found that turmeric extract (Curcuma
longa) can ensure protection against the adverse effects of AFT on the
performance of broiler birds [106]. In another study, herbal feed ad-
ditives (Silybum marianum, Withania somnifera) showed hepatoprotec-
tive and nephroprotective effect on OTA-contaminated feed in broiler
chicks [107]. The aqueous extract of Ocimum tenuiflorum (aromatic
perennial plant) is found to be effective in inhibiting the AFB1 synthesis
in the toxigenic strain of A. flavus whereas seeds of Ajowan [T. ammi
(L.) Sprague ex Turrill] can degrade AFG1 [108,109]. Medicinal plants,
black cumin (Nigella sativa), clove (Eugenia caryophyllata) and thyme
(Thymus vulgaris) extracts have efficacy in suppressing fungal growth

and toxin production by Fusarium verticilloides and A. flavus isolates
[110]. In a recent report leaves extracts from sweet passion fruit (Pas-
siflora alata), araçá (Psidium cattleianum), rosemary (Rosmarinus offici-
nalis) and oregano (Origanum vulgare) efficiently degrade AFB1 in vitro
[111].

5. Innovative approaches

5.1. Nanobiotechnology

This technique apparently a novel promising, effective and low-cost
strategy that can offer eco-friendly for the control mycotoxigenic fungi
and mycotoxins in the agriculture and food industry. The nanomaterials
such as nanosilver (AgNPs), Zinc Oxide nanoparticles (ZnO-NPs),
Selenium nanoparticles (SNP), Copper nanoparticles (CuNPs), magnetic
nanoparticles like surface active maghemite nanoparticles (SAMNs),
nano clay, nanogel, nano binders, and nanodiamonds can bind and
remove mycotoxins or pathogens in food and feed [112]. AgNPs
treatment was very effective against aflatoxigenic, ochratoxigenic fungi
and AF and OTA accumulation in maize-based medium [113]. Selenium
nanoparticles (SNP) derived from Trichoderma harzianum JF309 showed
more inhibition of fungus and reduced DON (76%) and FB1 (63%)
[114]. The application of ZnO-NPs in food systems is compelling in
preventing the growth of mycotoxigenic fungi (Aspergillus spp., Fu-
sarium spp., Penicillium spp.) and production of AFB1, OTA and FB1
[115]. The research demonstrated that CuNPs showed high antifungal
activity against Curvularia lunata, Alternaria alternata and Fusarium
(culmorum, oxysporum, graminearum) fungi [112]. SAMNs are efficient
in CIT binding, magnetic carbon nano compound produced from maize
waste was showed 90% adsorption of AFB1 and chitosan-coated Fe3O4
particles are promising adsorbents for patulin adsorption in the fruit
juice industry [116,117]. Another nano-based approach could be the
use of green nanofungicides formulations developed by phytochemicals
(catechols, eugenol, essential oils, phloretin, hexanal, D-limonene,
menthol, caffeic acid, thymol, tannins, etc.) extracted from plant ma-
terials with antibacterial and antifungal activity. The advantage of this
method is cheap to prepare from natural constituents of plants that
present no toxicity to human and animal health. Recent studies found
that nanomaterials loaded with phytochemicals can be used to inhibit
the production of toxigenic fungus and reduce the mycotoxin con-
tamination in the food chain [118].

5.2. Antibody-mediated technology

Development of monoclonal and recombinant fungal-specific anti-
bodies expressed in plants can limit the distribution of the fungal pa-
thogens in the field and ultimately minimize the mycotoxin-production
load. Monoclonal antibodies (Mabs 213,221) with high binding speci-
ficity to Fusarium mycotoxins were capable of binding to a wide variety
of fumonisin-carbohydrate derivatives and were considered as an ap-
propriate tool for detecting modified FB1 in maize [119]. Nevertheless,
Mabs production and maintenance are difficult due to the high cost and
specialized cell culture facilities are required. The phage display tech-
nology which generates recombinant single-chain antibodies specific to
antigens displayed on the Fusarium cell surface similar to Mabs can be
an alternative choice [120]. Research report revealed that these anti-
bodies react strongly with cell wall-bound proteins and bind to the
surface components of F. asiaticum [121]. In this method, antibody
binding domain (Fv) of natural antibodies are formed, called a single-
chain variable fragment (scFV) which has been used for the protection
of plants against pathogenic fungi. A chicken-derived phage display
Fusarium-specific antibody (scFv) is identified that reacts significantly
with cell wall-bound proteins of Fusarium pathogens and remarkably
enhanced in transgenic Arabidopsis thaliana plants [122]. In a recent
report, the use of antibody-decorated magnetic nanoparticles were
showed purification of an average of 80% of the ZEN and AFB1 from
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mycotoxin-contaminated feed mixture [1]. Expression of antibody-
mediated resistance in crops against initial infection in the field could
be a control strategy for neutralizing and blocking fungal toxins.

5.3. Genetic improvement of crops

Mycotoxin contamination may both pre- and post-harvest stage
which can be reduced greatly by developing disease-resistant traits
through more sophisticated biotechnological approaches during the pre-
harvest stage. Recently modern transgenic techniques such as Host-in-
duce gene silencing (HIGS), RNA interference (RNAi), microRNA
(miRNA)- or artificial microRNA (amiRNA)- mediated gene silencing,
designer transcription activator-like effector (dTALE)-mediated up or
down-regulation of gene expression, Zn-Finger nucleases, mega-nu-
cleases, transcription activator-like effector nucleases (TALEN), clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9, and
oligonucleotide-directed mutagenesis (ODN)-based gene-editing techni-
ques can be applied for development of mycotoxin resistant plant. In the
HIGS method, pathogenic fungi are directed by the host plant to down-
regulate the expression of its own genes, without requiring the host plant
to express a remote protein [123]. An RNAi-based approach for myco-
toxin resistance in the crop, use of RNAi as counteracting the vital gene is
essential for fungus and toxin production. The transgenic crop would be
developed with self-complementary hairpin RNAs of antifungal genes
resulting in small interfering RNAs (siRNAs) by the host plant's DICER-
like enzymes which have been efficiently taking up the transgenic to-
bacco generating gus siRNA by Fusarium verticillioides for silencing of the
targeted gus gene [124]. In this method, using dual silence Bc-Dcl1 and
Bc-Dcl2 genes revealed a substantial decrease of fungal pathogenicity and
growth to a wide range of plant may be considered as a promising target
for control of mycotoxins [125]. In another study silencing of five AFT
genes by RNA interference (RNAi) in peanut plants was 100% reduction
in AFB1 and AFB2 when inoculated with aflatoxigenic A. flavus [126]. In
a study report, the role of miRNA was revealed that overexpression of
Osa-miR7696 in transgenic rice plants gives rise to resistance against rice
blast fungus Magnaporthe oryzae [127]. Zinc-finger nucleases (ZFNs) and
transcription activator-like effector nucleases (TALENs) have been used
for genome edition of many crops, CRISPR/Cas system which allows
targeted modification of different crops genomic sequence to generate
mycotoxin resistant varieties is superior TALENs approach because of its
specificity and cheap, and it can be applied in crop improvement [128].
Genetically modified maize expressing the Bacillus thuringiensis (Bt) toxin
anti-insecticidal cry1A(b) gene was showed efficacy to reduce its con-
tamination with Fusarium mycotoxins (FUM, DON, ZEN) in grain [129].

5.4. Genetically Modified Animals (GMA)

Genetic engineering has the possibility to ameliorate the health and
welfare of agricultural, food and laboratory animals such as cattle, pigs,
chickens, goats, sheep, dogs, cats, fish, rats, and mice. The feasibility of
creating GMA with the insertion of transgenes targeting specific pa-
thogens into the genomes of host animals such as mastitis-resistant li-
vestock, pigs resistant to African swine fever and chicks resistant to
Avian influenza (H5N1) has been improved [130–132]. The new
strategy genetic restoration where germ-line modification in host ani-
mals by generating targeted gene via ZFNs, TALENs or CRISPR-Cas9
could be a noble approach for the development of the disease-resistant
animal. The TALENs method is very effective where specially coded
enzymes called TALENs are used to split or cut out specific target DNA
segments, thereby allowing the researchers to insert the preferred traits
into the DNA of the subject. In the CRISPR/Cas9 method, a DNA-
snipping enzyme called Cas9 involved in the defense mechanisms of
bacteria and archaea is to cut specific segments of DNA and new seg-
ments are inserted to fill the gaps. This mutant cell can then divides and
multiply through mitosis, creating more cells with the desired traits.
The production of GMA can have a great impact on the livestock and

food chains due to economic benefits for the farmers, producers, and
consumers. However, consumer concerning genetically modified ani-
mals about their long-term impacts on health and environment should
not be overlooked and such concerns are addressed seriously if society
is to benefit from new developments.

6. Implication and outlook

Mycotoxins represent a major risks to the food chain associated with
human and animal health aspects, therefore early and rapid detection
will help in the elimination of toxins for preventing health problems
and protecting life. Due to regulatory, toxicological and consumer
protection, use of detoxification agent is limited in food and feed in-
dustries. So far most of the research focuses on the biological detox-
ification methods and more attention should be given for the practical
evaluation of these microorganisms or their enzymes in food and feeds.
However, conventional decontamination methods are continually im-
proved, researchers are looking for innovative solutions. Therefore, it
draws attention to the need for prevention and control strategies such
as A. Control of mycotoxin by gene editing crops. B. Rapid and cheap
test technology for detecting mycotoxins. C. Mycotoxin inhibits tech-
nology. D. Nano antibody that reduces contamination in the food chain.
Development of fungi resistant crops by genetic engineering technology
is to identify the mycotoxin detoxification gene and is to input trans-
genic resistance to mycotoxin. The new nanotechnology has the po-
tential to many aspects of agriculture, livestock, and the food industry;
specially nanoparticles can be applied as antifungal agents to minimize
the health effects of mycotoxins. However, this technology is still in the
preliminary stages, a clear perception of possible health outcome of
nanoparticles is unknown, thereby limits its application in regards to
food security and more research is needed to be investigated. Screening
microbial population from various mycotoxin-contaminated environ-
ments is assumed to be a promising approach for mycotoxin degrada-
tion which can be improved by coupling innovative techniques and
approaches, such as enrichments, highly selective media, PCR dena-
turing gradient gel electrophoresis, PCR-DGGE bacterial profiles and
functional metagenomics [95]. It is also a noble approach to develop
research focusing on probiotic bacteria and enzyme products for the
effective detoxification of mycotoxin which can be applicable as feed
additives in the commercial sector [133]. Considering this application
of enzymes and cloning of genes through genetic engineering to de-
velop genetically modified species suitable for the industrial scale of
enzyme production and purification used in food production could be
an alternative technology for mycotoxins detoxifications in the human
and animal food chains [134]. Combined with the advanced bio-
technology, antibody-mediated resistance to initial infection and
spreading the fungal pathogen on susceptible grains offers new scope
for the establishment of an environmentally friendly strategy for the
control of mycotoxins. Special importance should be focused on the
advancement of cost-effective, convenient and easy handling instru-
ments and methods for the detection of mycotoxin at the field condi-
tion. Further research also needs to be highlighted on the epidemiolo-
gical surveillance and generation of data dealing with the toxic effects
of mycotoxin, especially in humans.
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