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Chapter 7
Enzymes for Degradation of Fusarium
Mycotoxins

Md Shofiul Azam, Dianzhen Yu, and Aibo Wu

Abstract The Fusarium mycotoxins are one of the agro-economically important
toxins that seriously and frequently contaminate cereal-derived food and feedstuffs.
The currently biological enzymes are widely applied in practice with ubiquitous
acceptance for the desirably specific degradation of target mycotoxin contamina-
tion. Simultaneously, biotransformation of target mycotoxins by application with
the specific enzyme is a suitable and practically favorable prevention measure.
Major Fusarium mycotoxins studied in this section are the following: trichothe-
cene, zearalenone, and fumonisins groups. The possible bi- or trifunctional enzymes
for degrading various target mycotoxins are also first mentioned as the trend. This
section also discussed various resources of these degradation enzymes. In the future
perspective, as predicted, this enzymatic control measure needs to target the actual
co-occurring mycotoxins to strengthen its industrial and economic importance.
From this control strategy, especially through the large-scale application, cereal-
derived food and feedstuffs will be obviously protected and will minimize the food
loss to ensure food security. Ultimately, food safety problems will be somewhat
resolved worldwide.

Keywords Enzyme - Control - Contamination - Degradation - Transformation -
Mycotoxins

7.1 Introduction

Fusarium mycotoxins are the most agro-economically important fungal toxins.
Trichothecenes (DON, NIV, T-2, HT-2, etc.), zearalenone, and fumonisins are the
major representatives and most studied Fusarium mycotoxins (Mankeviciene et al.
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2006). Fusarium mycotoxins mostly contaminate cereal grains, a great variety of
food products and feed, which seriously cause huge economic losses and pose a
threat to animal production and human health worldwide. Depending on the type,
toxicities and related mechanisms of Fusarium mycotoxins have been well investi-
gated. More specifically, epigenetic modifications (DNA methylation, histone modi-
fications, and regulation of noncoding RNA) have been implicated in various human
diseases and the toxicities in animals caused by Fusarium mycotoxins, such ascar-
cinogenesis, genotoxicity, and reproductive disorders. Based on very recently docu-
mented data, this section discussed the relationship between epigenetic modifications
and Fusarium mycotoxin-induced toxicities (Huang et al. 2019). The European
Commission (EC) has already set legislative limits for DON and ZEN in cereal grains
and cereal-based products intended for human consumption early in the year of 2006.

To the best knowledge we have right now, biodegradation of these mycotoxins
has been considered as one of the best strategies to decontaminate food and feed-
stuffs. Biodegradation employs the application of microbes or functional enzymes to
the contaminated food and feedstuffs. Several microbes from different niches have
been previously reported to have a biotransformation capability. Biotransformation
or cleaving and detoxifying mycotoxin molecules by microbes or enzyme is an
effective and safer method for mycotoxin control (Upadhaya et al. 2010).

Mycotoxin biotransformation is defined as “the degradation of mycotoxins into
nontoxic metabolites by using bacteria/fungi or enzymes.” On some occassions,
biotransformation referred to metabolism is the structural modification of a chemi-
cal by enzymes in the body. This represents a valid strategy, especially if multi-step
reactions are required or if the microorganism is already implemented within indus-
trial processes. On the other hand, in case of high levels of mycotoxin contamina-
tion, the increase and physiology of such microorganisms might be altered or
inhibited, as a consequence requiringlonger time for adaptation before achieving
satisfactory decontamination levels (Coward-Kelly and Chen 2007; Loi et al. 2017).

Enzymes are specific proteins that catalyze chemical reactions and extensively
employed in biotechnological sectors. A protein is simply a polypeptide composed
of amino acids linked by a peptide bond, while the term generally, but not always,
refers to the folded conformation. To understand how an enzyme functions, includ-
ing its binding and functional properties, it is necessary to know the properties of
the amino acids and how the amino acids are linked together, including the torsion
angles of the bonds and the space occupied. The interactions of the atoms lead to the
final conformations of the folded protein. Only in the folded state can a protein
function effectively as an enzyme to bind substrates and act as a catalyst (Lee and
AJ 2003). This evidence proves the effective application of microbial enzymes for
biodegradation of mycotoxins.
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This section focuses on the biotransformation of mycotoxins performed with puri-
fied enzymes isolated from bacteria, fungi, and plants, while the enzymatic activity
was validated via in vitro and in vivo assays (Loi et al. 2017).



7 Enzymes for Degradation of Fusarium Mycotoxins 115

7.2 Enzymes that Degrade Fusarium Mycotoxins

7.2.1 Zearalenone(ZEN)

Zearalenone (ZEN), mainly produced by Fusarium molds, has been associated with
hyperestrogenism and other reproductive disorders in pigs, sheep, and other farm
animals. Figure 7.1 illustrated the chemical structure of ZEN.

Enzymes from the Acinetobacter sp. SM04 extracellular extracts of liquid cul-
tures were isolated by Sephadex G-100 column with oxidation process (Yu et al.
2011). Lactonase catalyzed the hydrolysis. For instances, a ZEN-degrading enzyme-
encoding gene zhd101was isolated from Clonostachys rosea, and its encoding prod-
ucts could specifically cleave the lactone ring of ZEN (Wang et al. 2018;
Takahashi-Ando et al. 2002). After incubation of the enzyme against ZEN, we
detected the earlier elusive major reaction product of hydrolyzed ZEN (HZEN) by
LC-MS/MS, after purification by pre-HPLC, and confirmed its postulated structure
((E)-2,4-dihydroxy-6-(10-hydroxy-6-oxo-1-undecen-1-yl)benzoic acid) by nuclear
magnetic resonance (NMR) techniques. Spontaneous decarboxylation to DHZEN
((E)-1-(3,5-dihydroxyphenyl)-10-hydroxy- I -undecen-6-one) was observed (Vekiru
etal. 2016). The maximal activity of ZHD101 toward ZEN was measured at approx-
imately 37-45 °C and pH 10.5 (k cat at 30 °C, 0.51 s ~"). The enzyme was irrevers-
ibly inactivated at pH values below 4.5 or by treatment with serine protease inhibitors
(Takahashi-Ando et al. 2004). The pathways for ZEN biodegradation were pro-
posed as follows: ZEN underwent a cleavage of the lactone ring, followed by a
decarboxylation, indicating that ZEN degradation may be partially contributed to
esterase activities (Fig. 7.2).

In the previous study, a novel detoxifying agent which used rice husk (RH) to
immobilize ZEN-degrading enzyme (ZDE) was produced to reduce ZEN from
Aspergillus niger FS10 (He et al. 2016). Table 7.1 shows ZEN degradation enzyme
and resource organism.
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Fig. 7.1 The chemical structure of zearalenone (ZEN)
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Fig. 7.2 Detoxification of ZEN. A hypothetical pathway for the detoxification of ZEN. Structures
of ZEN (compound 1) and 1-(3,5-dihydroxyphenyl)-10h-hydroxy-1h-undecen-6h-one (compound
2) are indicated. A putative unstable intermediate is shown in square brackets

Table 7.1 ZEN controlling degradation enzymes

Enzyme Producing organism References

Laccase Trametes versicolor Novozymes (2009a)

Laccase Streptomyces coelicolor Novozymes (2009b)

Lactono hydrolase Clonostachys rosea Takahashi-Ando et al. (2002, 2005)
2cys-peroxiredoxin Acinetobacter sp. SM04 Yu et al. (2012)

Lactonase Neurospora crassa Bi et al. (2018)

7.2.2 Fumonisins

Fumonisins are mainly produced by the phytopathogenic filamentous fungi of
Fusarium verticillioides and Fusarium proliferatum. They frequently contaminate
corn and corn-based products and cause, ingested with food or feed, several severe
diseases in humans and animals. Fumonisins are associated with several mycotoxi-
coses, including equine leukoencephalomalacia, porcine pulmonary edema, and
experimental kidney and liver cancer in rats. Chemically, fumonisins are diesters of
propane-1,2,3-tricarboxylic acid and similar long-chain aminopolyol backbones.
Structurally they are similar to the sphingoid bases sphinganine (Sa) and sphingo-
sine (So), with tricarboxylic acid groups added at the C14 and C15 positions. This
structural similarity is responsible for the action mechanism. It was once described
to act using demanding the sphingolipids metabolism, with the aid of inhibiting the
enzyme ceramide synthase and leading to accumulation of sphinganine in cells and
tissues (Loi et al. 2017).

7.2.2.1 Fumonisin B1

Fumonisin B1 (FB1) is the most prevalent fumonisin and holds the highest risk for
human and animal nutrition (Fig. 7.3). FB1 was shown to be carcinogenic and tera-
togenic and be linked with the etiology of esophageal cancer and neural tube defects
in humans (Heinl et al. 2010).

Upadhaya et al. (2010) reported two genes, frame, encoding a carboxylesterase,
and Fuml encoding an aminotransferase which is responsible forFB1 degradation
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OH
Fig. 7.3 The chemical structure of fumonisin B1 (FB1)
Table 7.2 The reported degrading enzymes of fumonisin B1 (FB1)
Enzyme Producing organism References
Carboxylesterase and Sphingomonas sp. ATCC55552 Pioneer (1985)
aminotransferase
Carboxylesterase B and Sphingopyxis sp. MTA 144 Heinl et al. (2009)
aminotransferase
Carboxylesterase FumD Gastrointestinal tract of turkeys and | Masching et al.
pigs (2016)
Fumonisin esterase Sphingopyxis sp. MTA 144 EFSA (2014)

by Sphingopyxis sp. MTA144 (Upadhaya et al. 2010). New fumonisin-metabolizing
bacterial strains have been isolated and characterized. Recombinant enzymes from
Sphingopyxis sp. caused hydrolysis of FB1 to HFB1 by carboxylesterase with loss
of the two tricarballylic side chains, followed by deamination of HFB1 by amino-
transferase in the presence of pyruvate and pyridoxal phosphate (Heinl et al. 2010).

Enzymatic characteristics of aminotransferase Fuml of Sphingopyxis sp.
MTA144 were assayed for deamination of hydrolyzed FB1. With this basis, a tech-
nological application of Fuml, in combination with the fumonisin carboxylesterase
FumD for hydrolysis of fumonisins, for decontamination and detoxification of
hydrolyzed fumonisins seems possible, if the enzyme properties are considered
(Hartinger et al. 2011). Table 7.2 shows FB1 biotransformation enzyme and its ori-
gin organism.

The interactive effects of combined DON, ZEN, and FB1 on the fungal growth
of brewing yeasts were examined. Yeast growth was assessed by measurement of
dry weight or relative growth, cell number, viability, and conductance change of the
growth medium using direct and oblique techniques. The interactive effect of a
combination of these mycotoxins was subject to the ratio of toxins as the mixture
and the toxicity of individual toxin on yeast growth. When a combination of myco-
toxins at low concentration was added into the growth media, no significant inhibi-
tory effect on growth was observed when compared to controls. However, when a
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combination of high concentrations of DON and ZEN which individually inhibited
yeast growth was examined, the interactive effect was shown to pass from antago-
nism to synergism depending on the ratio of the mixed toxins. The ability to reduce
Fusarium toxins by fermentative bacteria was evaluated in vitro (Niderkorn et al.
20006).

Initial steps of FB1 degradation pathway of Sphingopyxis sp. MTA144: FB1
(2-amino-12,16-dimethyl-3,5,10-trihydroxy-14,15-propan-1,2,3 tricarboxyico-
sane) are the substrate of the fumonisin carboxylesterase FumD, which catalyzes
hydrolytic cleavage of both tricarballylic acid (TCA) chains off the core chain to
produce HFB1 (2-amino-12,16-dimethylicosane-3,5,10,14,15-pentol) and tricarbal-
lylic acid (1,2,3-propanetricarboxylic acid). Aminotransferase Fuml transfers the
2-amino group from HFB 1 to pyruvate, producing 2-keto-HFB 1(3,5,10,14,15-pen
tahydroxy-12,16-dimethylicosane-2-one) and alanine (Hartinger et al. 2011). The
equation listed below shows the FB1 degradation process.

Carboxylesterase FumD aminotransferase Fuml

FB1 - HFBI - 2KetoHFBI

7.22.2 FB2

The empirical formula of Fumonisin B2 is C34H59NO 14 and its molecular weight
is 705.83. FB2 belongs to the family of toxins known as fumonisins. FB2 is a struc-
tural analog of FB1, but it is more cytotoxic than the latter, and it inhibits sphinganine-
N-acetyltransferase (ceramide synthase). FB2 is a carcinogenic mycotoxin generally
present on corn-based food and feedstuff, which is produced by Fusarium verticil-
lioides and Fusarium moniliforme. FB2 could also be detected in Aspergillus niger
(Frisvad et al. 2007). Presence of FB1 and FB2 was reported in cattle milk also due
to the consumption of contaminated feed or fodder (Scott 2012). Figure 7.4 shows
the chemical structure of fumonisin B2.
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Fig. 7.4 The chemical structure of fumonisin B2 (FB2)
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Cholestyramine, a bile acid sequestrant and preventative of diarrhea, was shown
to be an effective binder for fumonisins — both in vivo, using the increase in the
sphinganine/sphingosine (Sa/So) ratio in rat urine and tissues as a biomarker, and in
vitro, using a dynamic gastrointestinal model. These results provide a basis for an
enzymatic detoxification process. Lactic acid bacteria (Bacillus subtilis and
Micrococcus luteus) bind FB1 and FB2. Peptoglycan is the likely binding site, and
more FB2 is bound than FB1, with at least one tricarballylic acid moiety involved in
the binding (Scott 2012; Niderkorn et al. 2006). FB2 was rapidly eliminated from
the plasma of velvet monkeys dosed iv with 2 mg FB2/kg body mass. The concen-
tration of FB2 in plasma after the iv dose was characterized by an initial distribu-
tional phase and a subsequent elimination phase with a mean half-life of 18 min
(Shephard and Snijman 1999).

7.2.3 Trichothecenes

Trichothecenes are sesquiterpenoids mainly produced by the genera Fusarium,
Trichothecium, Myrothecium, Trichoderma, and Stachybotrys fungi. Trichothecenes
are produced by Fusarium species (F. sporotrichioides, F. graminearum, F. poae,
and F. culmorum). It can also be generated by members of other genera via
Trichothecium together with Tril01, which inactivates trichothecenes (Takahashi-
Ando et al. 2002).

7.2.3.1 T-2 Toxin (T-2)

Poisoning of fungus toxin is based on the finding of T-2 toxin accumulation in
grains, which may cause the disease. T-2 toxin is the major toxin produced by
Fusarium poae and F. sporotrichioides in suitable environments and can endanger
human health. T-2 toxin is present widely in nature and pollutes maize, wheat, bar-
ley, oat, and winter rye grain crops. When individuals eat the mildew food contami-
nated by T-2 toxin, the latter can reach the particular cartilage, where T-2 toxin can
interfere with the DNA metabolism of chondrocytes and inhibit the synthesis of
collagen and glycosaminoglycans, eventually leading to multiple articular cartilage
lesions and chondrocyte necrosis. Moreover, T-2 toxin can provoke degenerative
events in chicken embryo chondrocytes and alter the collagens and proteoglycans
that are components of the cartilage matrix (Yu et al. 2017; Mankevicien¢ et al.
2006). Figure 7.5 shows the chemical structure of T-2 toxin.

T-2 causes cytotoxicity, which reduces cell viability and induces intracellular
lactate dehydrogenase (LDH) release. It also leads to oxidative stress in cells via
enhancing the generation of reactive oxygen species (ROS) (Yang et al. 2019).
Table 7.3 shows T-2 toxin-controlling enzyme and its organism source.
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Fig. 7.5 The chemical structure of T-2 toxin (T-2)
Table 7.3 Detoxification enzymes of controlling T-2 toxin contamination
Enzyme Producing organism Final products References
Acetyltransferases Blastobotrys proliferans | 3-acetyl T-2 toxin | McCormick et al.
(2012)
Glucosyltransferase Blastobotrys muscicola T-2 toxin McCormick et al.
3-glucoside (2012)
Cytochrome P450 (CYP | Homo sapiens 3’-OH T2 Lin et al. (2015)
3A4)
Carboxylesterase Tissue-infiltrating plasma | HT-2 Lin et al. (2015)
cells
Hydrolyzing Curtobacterium sp. strain | HT-2 Ueno et al. (1983)
114-2

7.2.3.2 HT-2 Toxin (HT-2)

HT-2 toxin is the main metabolite in vivo of T-2 toxin, where hepatic carboxylester-
ases are responsible for the specific deacetylation of T-2, resulting in HT-2 as the
major metabolite (Medina and Magan 2011). Figure 7.6 shows the chemical struc-
ture of HT-2 toxin.

7.2.3.3 Deoxynivalenol (DON)

Deoxynivalenol (DON), also known as vomitoxin, belongs to the large family of
trichothecenes as potent inhibitors of protein synthesis. DON is mainly produced by
E graminearum and F. culmorum, which is a common contaminant of barley, wheat,
oats, and corn all throughout the world (Mankeviciené et al. 2006). Deepoxidase
was stated to be responsible for detoxifying DON (Upadhaya et al. 2010). Figure 7.7
shows the chemical structure of DON.

3-0O-acetylation of the trichothecene ring in DON leads to its inactivation. Gene
Tril0O1 encoding trichothecene-3-O-acetyl-transferase from F. graminearumwas
characterized. The previous study cloned trichothecene 3-O-acetyl-transferases
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genes from Fusarium species and compared the properties of them to identify an
optimal source of the enzyme for biotechnological applications. A UDP-
glucosyltransferase from Arabidopsis thaliana catalyzed the transfer of glucose
from UDP-glucose to the hydroxyl group at C3 of DON (Poppenberger et al. 2003).
However, whether acetylation of C3-OH or conjugation by glycosylation can be
considered as detoxification is controversial, because acetylated and conjugated
mycotoxins may be hydrolyzed and regenerated the toxins in the digestive system
of animals and human beings (Poppenberger et al. 2003).

DON degradation by Aspergillus oryzae and Rhizopus oryzae in a submerged
fermentation system was found to correlate with the activity of oxydo-reductase
enzymes (Garda-Buffon et al. 2011) and the catabolizingbacterial Cytochrome
P450 system (Ito et al. 2013), as well as the peroxidase enzyme, which was extracted
from rice bran (Feltrin et al. 2017).

As reported, the Devosia mutans 17-2-E-8 (Devosia spp. 17-2-E-8) was capable
of transforming DON to the nontoxic stereoisomer 3-epi-deoxynivalenol, along
with the earlier reported bacterial species capable of oxidizing DON to 3-keto-
DON, generating great interests on the possible mechanism of recognition and
enzyme(s) involved. An understanding of these details could pave the way for novel
strategies to manage this widely present toxin. It was previously shown that DON
epimerization proceeds through a two-step biocatalysis. Significantly, this report
describes the identification of the first enzymatic step in this pathway. The enzyme,
a dehydrogenase responsible for the selective oxidation of DON at the C3 position,
was shown to readily convert DON to 3-keto-DON, a less toxic intermediate in the
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DON epimerization pathway. DON detoxification enzymes have the following clas-
sification: de-epoxidation, oxidation, epimerization, and glycosylation (Tian et al.
2016). Table 7.4 shows the enzymes of DON detoxification and their origin. In addi-
tion, DON mitigation by the PQQ dependence of the enzyme could be a new feasi-
ble strategy (Carere et al. 2018).

7.2.3.4 Diacetoxyscirpenol (DAS)

Diacetoxyscirpenol (DAS), also called anguidine, is a mycotoxin from the group of
type A trichothecene. It is a secondary metabolite of the genus Fusarium and may
cause toxicosis in farm animals. DAS has been detected in agricultural products
worldwide and persists in products after processing (Fig. 7.8). In humans as well as
in animals, DAS consumption has been shown to induce hematological disorders

(neutropenia,

aplastic

anemia). DAS is metabolized

Table 7.4 Detoxification enzymes of controlling DON contamination

in animals to

Type of enzyme Origin References

Deepoxidase Bacillus sp. LS100 derived from chicken Lietal. (2011)
digesta

Deepoxidase Bacteria derived from intestines of chicken Young et al. (2007)

Deepoxidase A strain of Bacillus derived from the Guan et al. (2009)
intestinaltract of fish

Deepoxidase A mixed microbial culture including six Islam et al. (2011)
bacterial genera found from soil

Deepoxidase Fecal microbiota derived from intestines of Gratz et al. (2013)

human

Oxidase and epimerase

Nocardioides sp. strain WSNO5-2 derived from
a wheat field

Ikunaga et al.
(2011)

Oxidase and epimerase

Genus of Nocardioides and Devosia derived
from field soils and wheat leaves

Sato et al. (2012)

Oxidase and epimerase

Devosia mutans 17-2-E-8 isolated from an
agricultural soil

He et al. (2015)

UDP-
glucosyltransferase

Arabidopsis thaliana

Poppenberger et al.
(2003)

UDP-

Triticum aestivum L. cv. Wangshuibai

Lulin et al. (2010)

glucosyltransferase

UDP- Barley Schisler et al.
glucosyltransferase (2011)

UDP- Arabidopsis thaliana Shin et al. (2012)
glucosyltransferase

UDP- Barley Liet al. (2015)
glucosyltransferase

Deoxynivalenol Sphingomonas sp. strain KSM1 Tto et al. (2013)
hydroxylase

Peroxidase Rice bran Feltrin et al. (2017)
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Table 7.5 Detoxification enzymes of controlling diacetoxyscirpenol (DAS) contamination

Enzyme Producing organism | Final products References
Deepoxidase Intestinal microflora | Deepoxy MAS, deepoxy Matsushima
in rats, cattle, and scirpentriol et al. (1996)
swine
Deepoxidase Mucor racemosus Deepoxy scirpentriol Bocarov-Stancic
etal. (2011)
Carboxylesterase | Mouse liver 15-monoacetoxyscirpendiol, Wu and Marletta
microsomes scirpentriol (Triol) (1988)

15-monoacetoxyscirpenol (15-MAS) via C-4 deacetylation and then transformed to
scirpentriol (SCP) via C-15 deacetylation (Wu et al. 2010; Pronk et al. 2002;
Lautraite et al. 1997). Table 7.5 shows DAS controlling enzyme and enzyme source
organism.

7.2.3.5 Nivalenol (NIV)

Nivalenol (NIV) is one of the trichothecene mycotoxins commonly contaminating
cereals. This toxin has been associated with the poisoning of animals and humans,
and many toxicological studies have been performed on Fusarium sp. Fn-2B, a
well-known nivalenol producer (Hedman and Pettersson 1996) (Fig. 7.9). The
impact of DON and NIV on the increase of Saccharomyces cerevisiae strains has
been studied. The toxins were added to the growth medium in low and high concen-
trations. Yeast growth was assessed by the size of dry weight or relative growth, cell
number, viability, and conductance change of the growth medium using direct and
indirect methods. The inhibitory effect of both DON and NIV on yeast growth was
dependent on toxin concentration. Additionally, when the extent of inhibition of
yeast growth caused by high concentrations of both toxins was observed, it was
subject to a yeast strain, length of incubation, and approach used to investigate yeast
growth. The lowest concentrations of mycotoxin causing significant inhibition on
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Fig. 7.9 Structure of
nivalenol (NIV)

Table 7.6 Detoxification enzymes of controlling NIV contamination

Enzyme Source of organism References

UDP-glucosyltransferase, HvUGT13248 Barley Lietal. (2017)

Cytochrome P450 system (Ddna + Kdx + KdR | Sphingomonas sp. strain Ito et al. (2013)
KSM1

Glutathione transferase, microsomal Animal liver Gouze et al.

cytochrome P450 (2007)

the growth of brewing yeasts were 100 pg/mL of DON for the lager strain, 50 pg/ml
for the ale strain, and 50 pg/mL of NIV for the ale strain (Pronk ME. et al. 2002).
Table 7.6 shows NIV degrading enzymes and its origin organism.

7.2.3.6 Beauvericin (BEA)

Beauvericin (BEA) and enniatins (ENNs) are prominent cyclic hexadepsipeptide
mycotoxins primarily manufactured by the fungi of Fusarium species such as F.
oxysporum, F. avenaceum, F. poae, and Beauveria bassiana. They are fundamen-
tally interconnected and comprising of three alternating hydroxyisovaleryl and
N-methylamino acid residues. Its molecular formula is C45SH57N309. According
to the scientific opinion on the risks to human and animal health related to the pres-
ence of BEA and ENNGs in food and feed, 29 naturally take place ENN analogs have
been identified but only four ENNs including enniatin A (ENA), Al (ENA1), B
(ENB), and B1 (ENBI1) (Han et al. 2019; Maranghi et al. 2018; Wu et al. 2018,
2019). These compounds have antibiotic, insecticidal, and ionophoric properties
and different bioactivities (Liuzzi et al. 2017). This study investigated the degrada-
tion of BEA by intracellular raw enzymes of four strains of Saccharomyces cerevi-
siae, namely, LO9, YES, A34, and A17 (Meca et al. 2013). In the Figure 7.10 shows
the chemical structure of BEA.
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Fig. 7.10 The chemical structure of beauvericin (BEA)

7.3 Source of Degradation Enzymes Against Mycotoxins

7.3.1 Natural Source of Enzyme

Except for intact microbes or cell-free enzymatic preparations as feed additives, the
expression of the respective genes in genetically manipulated organisms has opened
new avenues for the protection of the health of farm animals. Examples of such
procedures consist of the genetic engineering of ruminal microorganisms and feed-
ing transgenic corn with reduced mycotoxin production to pigs (Upadhaya et al.
2010).

7.3.2 Recombinant Fusion Enzyme (Expression, Purification)

Recombinant fusion proteins are created artificially by recombinant DNA technol-
ogy for use in biological research or therapeutics. A fusion protein is a recombinant
protein created through genetic engineering of a fusion gene consisting of at least
two genes. This naturally involves removing the stop codon from a cDNA sequence
coding for the first protein, then appending the cDNA sequence of the second pro-
tein in the frame through ligation or overlap extension PCR. That DNA sequence
will then be expressed by a cell system as a single protein. The protein can be engi-
neered to include the full sequence of both original proteins or only a portion of
either fusion enzyme technology, based on fusion protein design, which is fre-
quently used in multifunctional enzyme construction and enzyme proximity control
(Huang et al. 2012). The detoxification genes may be cloned and expressed in
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Fig. 7.11 A schematic outline of enzyme processing and application in the food industry

microorganisms to produce recombinant microorganisms that are suitable in an
industrial scale enzyme production and purification (Altalhi 2007). Figure 7.11
shows the schematic outline of enzyme processing and application in the food
industry.

As the whole procedure, the industrial production of enzymes from microorgan-
isms generally involves culturing the microorganisms in huge tanks where enzymes
are secreted into the fermentation medium as metabolites of microbial activity. And
then, the enzymes are extracted, purified, and used as processing aids in the food
industry. Purified enzymes are cell-free entities and should not contain any other
macromolecules such as DNA residues. There are two common kinds of cells that
are used for protein expression, namely, E. coli and yeast (Upadhaya et al. 2010).

7.3.3 Chemical Synthesis

The chemical synthesis of enzymatic proteins is feasibly completed by chemical
ligation, where the key is the chemoselective reaction of unprotected synthetic pep-
tides (so-called chemical ligation).

Notably, native chemical ligation enables the reaction of two unprotected pep-
tides in aqueous solution at neutral pH to form a single product. Full-length syn-
thetic polypeptides are folded to form the defined tertiary structure of the target
enzyme, which could be further characterized by analysis of mass spectrometry,
NMR, and X-ray crystallography, in addition of assays on biochemical activities
(Kent 2003, 2009).
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7.4 Basic Enzymatic Characteristics

7.4.1 Enzyme Activity

The most important property of one enzyme is the ability to increase the rates of
reactions occurring in living organisms, known as “catalytic activity.” The enzy-
matic activity is tediously affected by the factors that disrupt protein structure
including temperature and pH value and affect catalysts consisting of reactant or
substrate concentration and catalyst or enzyme concentration. The enzymatic activ-
ity can be measured by monitoring either the rate at which a substrate disappears or
the rate at which a final product forms (Dubey 2018; Butko et al. 2012).

7.4.2 Enzyme Kinetics

The kinetics of one enzyme is the branch of enzymology that deals with the factors
affecting the rates of enzyme-catalyzed reactions. An enzyme catalyzes the rate of a
reaction without changing the equilibrium concentration of the reactants and prod-
ucts. The kinetics are included at two stages: (1) at pre-steady state, also known as
the transient state, which monitors the microscopic events along the reaction path-
way during the first round of the reaction (prior to enzyme turnover) and (2) at
steady state, which monitors multiple rounds or turnovers of an enzymatic reaction
(Lee and AJ 2003).

7.4.3 Enzyme Inhibitor

As would be anticipated with an enzyme system of such broad-based specificity,
competition between ligands for a particular isoform is rife within the P450 family,
with competitive inhibition between mutual substrates being a common pharmaco-
logical phenomenon (Meighen 2005). Compounds that influence the rates of
enzyme-catalyzed reactions are called modulators, moderators, or modifiers.
Usually, the effect is to reduce the rate, and this is called inhibition. Sometimes the
enzyme reaction is increased, and this is called activation. Accordingly, the com-
pounds are termed inhibitors or activators (Stojan 2005).
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7.4.4 Enzyme Immobilization

One enzyme is seriously limited within its phase allowing its re-usability. The lack
of purification and efficient recovery is the most critical and challenging aspect,
which renders them enormously expensive for industrial costs. Aiming to tackle
these problems, magnetic nanoparticles (MNPs) have gained a special place as ver-
satile carriers and supporting matrices for immobilization purposes, owing to the
exceptional properties of MNPs, such as larger surface area, larger surface-to-
volume ratio, and more mobility, as well as higher mass transference (Bilal et al.
2018).

7.5 What Conditions Affect the Success of the Enzyme
for the Degradation of Mycotoxins?

7.5.1 Enzyme Safety

Each enzyme has its own specific mechanism while it could work as usual with its
biochemical properties. The enzymes have far fewer side effects and possible
unknown reactions than other compounds, supplements, or medications. With the
exception for the potential skin and irritating eye effects of some proteases and the
well-documented potential for respiratory sensitization in the case of workplace
exposure, enzymes, in general, do not produce acute toxicity, dermal sensitization,
genotoxicity, or repeated dose oral toxicity. Acute inhalation, reproduction, chronic
toxicity, and carcinogenicity are not relevant for enzymes. Several hundred muta-
genicity studies have been conducted on bacterial and mammalian cells using a
variety of enzymes. No positive findings were observed (Ladics and Sewalt 2018;
Spok 2006). In the past, the safety of some food enzymes was assessed by the
Scientific Committee on Food (SCF). Since 2003, EFSA has replaced the SCF and
is currently undertaking the evaluation of all food enzymes. Only FE for which the
proposed uses are considered safe will be on the EU list.

7.5.2 Enzyme Safety Dose Level

Enzymes are approved as safe biological ingredients in the manufacturing of many
everyday products. Enzymes are regulated worldwide and are approved as safe bio-
logical ingredients in the manufacturing of numerous products such as detergents,
textiles, and food. As with other proteins such as pollen or flour, enzymes may cause
allergic reactions for people working with them in industrial processes, if not han-
dled correctly. No known toxicity has been demonstrated at any level of enzyme
dosing in animal or human beings. As reported, the rats were fed enzymes
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equivalent to a human dose of 2500 tablets daily for a short period, and the rats only
seemed a little fatigued (Palfey 2005).

7.5.3 Safe Handling of Enzymes

Safe handling of enzymes during the manufacturing process is vital because, if
inhaled in their raw state, in the form of dust or aerosols, they may cause respiratory
allergy similar to other well-known allergens like pollen, house dust mites, and
animal dander. When added to detergent products, enzymes are treated, for exam-
ple, by encapsulation, making them safe for use.

7.5.4 Difficulties During Mycotoxin Biotransformation

Biodegradation of mycotoxins with microorganisms or enzymes is considered as
the best strategy for detoxification of food and feedstuffs. This approach is also
pointed as an environmentally friendly approach in contrast to physicochemical
techniques of detoxification. Since ruminants are a potential source of microbes or
enzymes for mycotoxin biotransformation, isolation of pure culture using enriched
media or screening of candidate genes from the metagenomic library seems to be a
good strategy. Furthermore, genetic engineering techniques will not only improve
the efficiency with which enzymes can be manufactured from these organisms or
producing the engineered organism having the target genes, but they also increase
their availability, bioavailability. Thus, the use of enzymes or engineered microor-
ganisms as processing aids in the food industry would be proved to have an overall
beneficial impact (Upadhaya et al. 2010).

7.5.5 Challenges and Limitations of and During Degradation
by Enzymes

The use of enzymes in the food and feed industries is not the new thing, while the
enzymes as biocatalysts have been increasingly used in recent years. They are usu-
ally applied to reduce the employment of hazardous chemicals, to use mild working
conditions, to increase specificity, to speed up a process, or to simply create new
products.

Mandatory requirements for large-scale enzyme application in industry are (1)
safety, (2) effectiveness, (3) low cost of production and purification for both enzyme
and cofactors if needed, and (4) stability to wide ranges of temperature, pH, and
organic solvents and thus compatibility to productive processes. Native enzymes
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usually do not respond to each unique requirement of a perfect industrial enzyme,
while these features can be achieved via molecular engineering and structure-
function modifications by mutagenesis. The most important limitation related to the
application of degradation enzymes against mycotoxins is the reduced effectiveness
of the process due to matrix effects. The physicochemical properties of food, such
as the moisture, fat content, acidity, and texture, greatly influence the outcome of
detoxification. Moreover, inhibitory compounds might be present in raw materials,
and mycotoxins can occur in masked or other modified forms in plants. Their pres-
ence would reduce the enzyme catalysis at some degree.

For these cases, the implications might require pretreatments, additional time,
and costs. Despite these limitations, the potentialities of the degradation enzymes
used in the food and feed industries remain widespread. Their application is versa-
tile since they can be used both in free or immobilized form and easily applied to
well-established industrial processes of fermentation, ripening, brewing, or feed
manufacturing (Loi et al. 2017).

7.6 Why Is Biotransformation of Mycotoxin by Enzyme
More Superior than Other Control Methods?

Importance of biotransformation enzyme against mycotoxins ensuring food safety:

e They can be used as alternatives or even replacements to traditional chemical-
based technology, with lower energy consumption and biodegradability.

e They are more specific in their actions than the applicable synthetic chemicals,
with the fewer side reactions and waste by-products, resulting in higher-quality
purified products.

e Especially for cereal-derived foods and feed, the wide application will minimize
crop loss and maximize the levels of ensuring food safety.

7.7 Future of Biotransformation Enzyme Technology

The discovery of novel degradation enzymes for mycotoxins is becoming more
interesting and stimulating worldwide.

One big challenge is how to find the applicable degradation enzymes targeting
mycotoxin co-occurrence.
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7.8 Conclusion

In conclusion, a standard biocontrolling and decontamination technology must have
the following criteria: (1) a rapid and well-planned degradation, (2) of a broad spec-
trum of mycotoxins, (3) into nontoxic end products, (4) by an original nonpatho-
genic strain or consortium, and (5) under conditions that are relevant for the matrix
in which the mycotoxin problem occurs. In order to attain these objectives, we urge
to look beyond the disappearance of the mother compound and to explore strange
new worlds and seek out new organisms and new metabolic pathways. Several con-
ventional physical and chemical approaches have been used to remove mycotoxins
from contaminated grains, but the loss of nutritional values or potential safety prob-
lems should not be ignored. Therefore, detoxifying mycotoxins by enzymatic reac-
tions could be a more attractive approach for controlling mycotoxin contamination
to the safe levels.
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