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Abstract

Mycotoxins are toxic secondary metabolites produced by filamentous fungi mainly
belonging to Aspergillus, Penicillium, Fusarium and Alternaria genera. They can be found as
common contaminants of cereals, fruits, seeds and spices as a result of fungal spoilage.
Mycotoxin contamination is an significant health and economic concern worldwide. Some
of them were recognized by the International Agency of Research on Cancer (IARC) as
carcinogenic (aflatoxin of the B and G series), possible carcinogenic (aflatoxin M1, AFMj;
fumonisin Bi, FB1; ochratoxin A, OTA) to humans. Moreover, they exert both acute and
chronic toxic effects towards humans and animals. Because of mycotoxin contamination,
billions of dollars are lost every year due to unsold commodities, decrease of animal
health and productivity or to sustain a complex and integrated mycotoxin management
system. Prevention strategies are not completely effective and require the implementation
of novel post-harvest methods, able to mitigate or remove mycotoxins from contaminated
materials.

The aim of this thesis was to evaluate and study the capability of laccase enzymes to
reduce mycotoxin contamination both in vitro and in contaminated materials through an
environmental friendly and mild approach. In addition up to eight different redox
mediators were used within the laccase mediator system (LMS) to maximize mycotoxin
degradation.

Within this purpose, the activity of two different purified LCs, native Lac2 from Pleurotus
pulmonarius and the recombinant Ery4 from P. eryngii, was tested towards the main classes
of mycotoxins.

Lac2 was identified and evaluated for the in vitro degradation of aflatoxins, while Ery4
was tested towards AFBi, AFMi, FB1, OTA, deoxynivalenol (DON), zearalenone (ZEN)
and T-2 toxin. The preliminary screening revealed that the inclusion of a toxin - specific
redox mediator is required to achieve high levels of degradation with both enzymes.

However, the use of the LMS resulted ineffective for DON and not efficient for OTA.



By the use of one LMS, the simultaneous in vitro degradation of two different toxins was
also achieved for AFB:/ZEN and FB1/T-2 toxin pairs.

In addition, LMS treatment was successfully tested in real artificially and naturally
contaminated matrixes (milk and maize flour) for AFM: and ZEN degradation.

Despite the great potentialities showed by both enzymes in the field of bioremediation,
LCs remain versatile biocatalysts which can be applied in various food processes. LMS
application in milk was deeply investigated to evaluate the effects on milk proteins and
the possibility of manufacturing a curd with improved technological and nutritional
properties.

The results presented in this thesis lay the basis for the development of a
biotransformation methods based on a LMS approach and open new perspective for the
use of this versatile and green biocatalyst in the field of safety and quality of mycotoxin

contaminated commodities.
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Introduction

1. General introduction and background on mycotoxins

Mycotoxins are secondary metabolites produced by fungi mainly belonging to
Fusarium, Aspergillus and Penicillium genera, which display toxic, carcinogenic,
teratogenic and mutagenic activity towards humans and animals (Bennet and
Klich, 2003).

Mycotoxins are low molecular weight metabolites, which exhibit very diverse
chemical structure, toxicity and are produced by different organisms. Due to their
huge heterogeneity, mycotoxins are not easy to classify. They can be grouped
according to the chemical structure (e.g. coumarins, lactones etc.), target organ
(e.g. nephrotoxic, hepatotoxic etc.) or producer fungus (Aspergillus toxins,
Penicillium toxins). Cereals, seeds, spices, fresh and dried fruits are the major food
commodities susceptible to mycotoxin contamination. The most important
mycotoxins are shown in Table 1-1.

Mycotoxin contamination poses a severe risk for the health and economy of
food and feed supply chains. The Food and Agriculture Organization (FAO)
estimates that up to 25% of food commodities is contaminated with mycotoxins
and from 30 to 100% of it is co-contaminated by multiple mycotoxins.

Cereals are the main source of mycotoxin exposure. At the same time, they
represent the staple food of human diet worldwide, and have a considerable role
in animal nutrition and biofuel production. Cereals by-products are precious
ingredients in feed manufacture, and contribute to maintain the sustainability of
food processing industries by converting wastes and by-products into valuable
products (Pinotti et al., 2016).

Mycotoxigenic fungi are able to contaminate crops, both pre and post-
harverst. Improper storage or prolonged drying can stimulate fungal growth and
mycotoxin production (IARC, 2012).

Mycotoxins are stable to the most commonly used food processing methods,

thus they can be found in processed products, including sterilized, extruded and
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fermented ones. Carry over in animal products was also documented for AFB: (as
AFM: in milk and dairy) and OTA (Volkel et al., 2011).

Being secondary metabolites, mycotoxin production is not easy to predict,
hence it depends on several environmental, as well as biological factors, such as
the complex host-pathogen interactions (Logrieco et al, 2002). Among the
environmental factors, the most important ones are temperature, nutrient
availability, atmospheric gases, pH, water activity, photoperiod and light intensity
(Fanelli et al.,, 2015; Fanelli et al., 2013). On the other hand, the size of the
inoculum, presence- absence of competing microflora and strain-host variability
are determining biological factors (Popovski et al., 2013).

Generally, a wide number of different mycotoxins may be found in the same
product since a single fungal species can produce several toxic metabolites, or
several species can be present simultaneously, producing different toxins (Pereira
et al., 2014).

Aflatoxin B: (AFB1) is the most toxic mycotoxin and was classified as
carcinogenic to humans (group 1) by the International Agency of Research on
Cancer (IARC) in 2002 (IARC, 2002). Aflatoxin M1 (AFM1), ochratoxin A (OTA)
and fumonisin B: (FB1), were recognized as possibly carcinogenic to humans
(group 2B) due to the limited availability of their toxicological data on humans
(IARC, 2002).

Toxic outcomes of mycotoxin ingestion are classified into acute or chronic
mycotoxicosis, depending on the type of mycotoxin assumed and its daily intake.
Mycotoxicosis symptoms include gastro intestinal inflammation, anorexia,
immune dysfunction, growth impairment and endocrine disorders. In addition,
synergistic or additive effects have to be taken into account because of the co-
occurrence of multiple toxins on the same product (Speijers et al., 2004).

Global trade significantly contributes to mycotoxin spread. The economic
impact of mycotoxin contamination is also a topic of great interest. In addition to

the money loss due to unsold commodities, which cannot enter the market
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(Commission Regulation 1881/2006), additional costs have to be considered. Food
and feed recalls or rejections at the borders, the reduction in animal productivity,
sanitary treatments for mycotoxicosis, the safe disposal of contaminated
biomasses, the development of detection and quantification methods as well as the
development of strategies able to reduce mycotoxins occurrence have a great
impact on the economic balance of mycotoxins contamination (Marroquin-
Cardona et al., 2014). Economic losses are difficult to quantify, but range in the
order of billions of dollars annually worldwide (Schmale and Munkvold, 2017).

Mycotoxin occurrence is regulated in many countries worldwide. The
European Union has a solid legislation covering both food and feed commodities.
Commission Regulation (EC) No. 1881/2006 sets mycotoxins maximum levels
specifically established for food products (e.g. type pf food commodity, raw or
processed) and consumer category (e.g., adults or infants). As regards
trichothecenes T-2 and HT-2 toxins (T-2, HT-2), only indicative levels in cereals
and cereals products have been established (Commission Recommendation
2006/576/EC; Commission Recommendation 2013/165/EU), while for the so called
emerging mycotoxins (e.g., enniatins, beauvericin, fusaric acid and moniliformin)
neither, maximum nor indicative levels have been yet established.

Different regulation limits were set in approximately 100 countries worldwide;
however, they are still lacking in some African and Latin American regions.
During the last 10 years, many efforts were made to harmonize regulations in
several economic communities, such as EU (European Union), MERCOSUR
(Mercado Comun del Sur, which includes Argentina, Brazil, Paraguay, Uruguay
and Venezuela), Australia and New Zealand (Egmond et al., 2007).

Regulation limits are formulated in accordance to toxicological and occurrence
data, but can significantly vary. In US and China, the limit for AFM: in milk, for
example, is 10 times higher than EU limits (0.5 vs 0.05 ug/Kg).

The differences in food safety standards and regulation on mycotoxin

occurrence have an important impact on food and feed trade, with both economic
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and health related implications. In developing countries, poor control measures,
less strict regulations increase the overall mycotoxin exposure risk. High quality

food is exported, while the most contaminated one is retained or imported for the

local trade (Wu et al., 2012).



Table 1-1. Mycotoxin classification and properties

Mycotoxin

Main producing

Mycotoxin ] Toxicit Chemical grou Food commodit
class y organisms y group y
Asperqillus flavus, Hepatotoxic, . . Maize, wheat, rice,
Aflatoxins Aflatoxin Bi, B2, Gi1, G2 P g . A . . p L Difuranocoumarin
A. parasiticus, A. niger  carcinogenic (liver) sorghum, nuts
Dihydro-
Asperqillus ochraceus, . ) L Cereals, grapes dried
Ochratoxins Ochratoxin A, B, C ]9 ,g_ Nephrotoxic isocoumarin linked . g' p
Penicillium verrucosum . fruits, wine, coffee
to B-phenylalanine
Deoxynivalenol Fusarium graminearum
Nivalenol F. poae, . . . Cereals, cereal
Trichothecenes ) P . Cytotoxic Sesquiterpenoid
T-2 toxin F. sporotrichioides, product
HT-2 toxin F. equiseti
F. verticillioides, Hepatotoxic and . .
. . . . . . . ) Maize, maize
Fumonisins Fumonisin Bs, Bz, Bs, B4 F. proliferatum, carcinogenic Diesthers of acyls
.. , products, sorghum
F. fujikuroi (esophagus)
Zearalenone . .
F. culmorum, . Resorcilyc acid Cereals, cereal
Zearalenons a-Zearalenol Estrogenic

[3-Zearalenol

F. graminearum

lactones

product
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1.1. Overview of the main mycotoxins

1.1.1.  Aflatoxins

The term aflatoxins (AFs) derives from its principal fungal producer,
Aspergillus flavus (Hesseltine, et al., 1966). AFs group includes more than 20 fungal
secondary metabolites synthetized by Aspergillus species. AFs are primarily
produced in the field, under elevated temperature and water stress conditions, but
also during storage when relative humidity is maintained at 65% or during
prolonged drying (Villers et al., 2014). Maize (Zea mays L.) is the major crop
susceptible to Aspergillus spp. infection and subsequent AF contamination,
together with nuts and dried fruits (Masood et al., 2015). Nuts, nut products and
seeds were the most notified AF contaminated commodity by the Rapid Alert
Alarm System for Food and Feed (RASFF) entering EU borders in 2016 (RASFF,
2016).

Afs are difuranocumarins classified into two main groups according to their
chemical structure (Fig. 1-1). The difurocoumarocyclopentenone group includes
AFBs, aflatoxin B, aflatoxin B2a, AFMi, aflatoxin M, aflatoxin Qi (AFQi), and
aflatoxicol (AFL), while the difurocoumarolactone group comprises aflatoxin Gi,
aflatoxin Gz and aflatoxin Gza.

B and G designations refer to their characteristic blue and green fluorescence
under UV-light, while the M refers to the first evidence of AFM: occurrence in the

milk of lactating cows fed with AFB: contaminated feed.

AFs of the B and G series co-occur in cereals and their derived products, fruits,
oilseeds, nuts, tobacco and spices, while the M serie, AFL and AFQ: can be found
in food as carry-over products of AFB: contaminated feeds. In fact, in vivo AFB: is
readily metabolized through hydroxylation (to AFMi or, to a lesser extent, to
AFQn) or reduction (to AFL). Among in vivo metabolites, AFM1 deserves particular
attention because it is excreted through the mammary glands of lactating humans

and animals and can be found as natural contaminant in milk and breast milk.
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AFB, AFB, AFB2a AFM, AFM, AFL AFQ,
A FrTTE ciclopentenone
........... [ it Y R1 -H -H -H -OH -OH -H -H
i 2 H
R g P i R2 -0 -0 -0 =0 -0 -OH =0
CT :
' '
’ o 1 Ry R3 -H -H -H -H -H -H -OH
' 0~ ichy
Yoidupssn et Y A R4 -H -H -OH -H -H -H -H
Difuran Coumarin
nng moicty Ce-Cobond  unsaturated saturated saturated unsaturated saturated unsaturated  unsaturated
AFG, AFG, AFG2a
R -H -H -OH
Csg-Cybond  unsaturated saturated saturated

Difuran Coumarin
nng moiety

Figure 1-1. Aflatoxins chemical structure. Toxic determinants are highlighted in red (C-8
C-9 double bond) and blue (ester bond in the lactone moiety). Tables show substituent
groups of different analogues.

AFs toxicity was discovered in 1960, when 100,000 turkeys died from AF
induced liver necrosis (Blount, 1961). Their toxicity is both acute, at high doses,
and chronic, if low amounts are assumed for a long period of time. Common
symptoms of acute aflatoxicosis include vomiting, abdominal pain, pulmonary
oedema, fatty infiltration and necrosis of the liver. Chronic assumption of AFs

leads to liver cancer.

AF poisoning has been reported in developing countries such as India and
Kenya, where poor agronomical practices, poor control measure and improper
storage systems are in use. Additionally, environmental conditions are extremely
favourable to fungal growth and mycotoxin production (Wild et al., 2015). One of
the largest aflatoxicosis outbreak occurred in rural areas of Kenya leading to 314
cases and 125 deaths, due to the consumption of contaminated home-grown
maize. AFs consumption is also a serious health threat for breast fed infants, since

AFM:1 has been recently detected also in breast milk (Ishikawa et al., 2016).
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Both B and G series were enlisted in group 1 by IARC (2002) and are
carcinogenic to humans and animals. Upon ingestion, they are metabolized in the
liver by cytochrome P450 (CYP450) microsomal enzymes to aflatoxin-8,9-epoxide.
The epoxide ring is a crucial determinant for AFs carcinogenicity, since it is
responsible for the binding to N7-guanine and the subsequent G to T
transversions in the DNA molecule (Essigmann et al., 1977). Activated AFs are
also able to form schiff bases with cellular and microsomal proteins (via
methionine, histidine and lysine), thus leading to acute toxicity (Eaton et al., 1997).
The lactone ring also plays a role in AFs toxicity and carcinogenicity, since
aflatoxin D1 (AFD1), which still retains the 8,9-dihydrofuran double bond but not
the lacton ring, lacks the strong in wvivo DNA binding activity of AFB;s,
demonstrating that DNA alkylation depends upon both difuranocumarin and

lactone moieties (Schroeder et al., 1985).

1.1.2.  Fumonisins

Fumonisins are a wide group of mycotoxins produced by several Fusarium
species, including F. verticillioides, F. proliferatum, F. oxysporum and F. globosum,
commonly found as saprophytes on maize, wheat and other cereals. 28 different
fumonisins have been described so far and divided into A, B, C and P-series. The
B-serie includes the most common and toxic fumonisins, with FB:1 being the most
abundant.

Chemically, fumonisins are composed by a long 19- or 20 carbon aminopolyol
backbone substituted with two tricarballylic acid moieties (Fig. 1-2) which

resembles the sphingoid bases sphinganine (SA) and sphingosine (SO).
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tricarballylic
moiety
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tricarballylic
moiety

Figure 1-2. Fumonisins (FBs) chemical structures. FBiester bonds hydrolyzed by the main
degrading pathways, leading to the formation of HFB: and the two tricarballylic acid
moieties, are indicated in red. Table shows substituent groups of different fumonisin
analogues.

The structural similarity to SA and SO is responsible for FB1 toxicity. FB: acts
as a competitive substrate for ceramide synthase, which is technically a SA and SO
N-acetyltransferase. As a consequence, ceramide biosynthesis is disrupted, SA and
SO accumulate in cells and tissues leading to inhibition of cell growth, apoptosis,
liver and kidney disfunction (Soriano et al., 2005). Other specific toxic effects on
animals include porcine pulmonary edema and equine leukoencephalomalacia.

In 1993 and 2002 FB: was enlisted in group 2B by the IARC, thus possible
carcinogenic to humans (IARC, 2002). Although carcinogenicity was not directly
proven in humans, it has been positively correlated with the occurrence of
oesophageal cancer in certain areas of South Africa and China (Marasas, 1996),
while evidence of the carcinogenic effect on animals has already been proven in
rats and mices (Stockmann-Juvala et al., 2008).

Both the tricarballylic moieties and the amino group are responsible for FB:
toxicity. Hydrolysed FB: (HFB1) and N-acetyl FB: are significantly less toxic or
unable to disrupt ceramide biosynthesis.

Maize is the main food commodity affected by FB: contamination, although it
was also rarely found in sorghum and sporadically in wheat, asparagus, tea, and

cowpea (Jackson, 2013).
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Available data on carry over exclude that FB: transfer occurs from feed to
animal tissues or animal derivatives, such as milk and eggs (EFSA, 2005).
However, a recent study by Magoha and colleagues (2014) reported FB1 carry over
in breast milk of Tanzanian women, suggesting that carry over contribution to the
total FB: exposure should be reconsidered, at least in developing countries

(Magoha eta 1., 2014).

1.1.3.  Zearalenone

Zearalenone (ZEN) is a phenolic B-resorcyclic acid lactone, non-steroidal yet
oestrogenic mycotoxin, mainly produced by several Fusarium species, including F.
culmorum, F. equiseti and F. graminearum. It can be found as natural contaminant of
maize as well as wheat, barley, sorghum and rye. Also vegetable oils produced
from corn and wheat contain considerable amounts of ZEN.

The main toxic effect of ZEN is related to its oestrogenic potential, due to its
structural similarity to 17-Bestradiol (Fig. 1-3). ZEN is capable of binding the
estrogen receptors (ER) of mammals, although with lower affinity than the natural
estrogens 17[3-estradiol, estriol andestrone (Zinedine et al., 2007). Besides ZEN,
other related compounds can be generated in vivo upon reduction, such as a- and
B-zearalenol (a—ZEL and B-ZEL, respectively). Surprisingly, a—ZEL results in

greater ER binding capacity and oestrogenic potential than the parent compound.

OH

Figure 1-3. Structural analogies between zearalenone (A) and 17-Bestradiol (B).
Chemical groups interacting with estrogen receptor are highlighted in red, blue and
green

10
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a and B-ZEL possess a hydroxyl group in 6" position instead of a ketone, which
resembles that of C3 in estradiol, and a saturated bond in 1’-2" carbon position,
allowing those molecules to be more flexible and to undergo some conformational
changes leading to a better interaction with ER receptor. Also hydroxyl groups in
C4 and C2 contribute to the binding, with the first being more important than the
latter in increasing ZEN estrogenic potential (Shier et al., 2001).

Acute toxic effects of ZEN are many and vary according to reproductive status
(prepuberal, cycling or pregnant) of the affected animal and gender. ZEN is able to
decrease fertility, cause sterility, induce precocious puberty and persistent oestrus.
Symptoms include inflammation of reproductive organs, enlarged reproductive
tracts in females and atrophy of the seminal vesicles and testes in males. ZEN was
also found to be hematotoxic, genotoxic, hepatotoxic, to cause liver lesions leading

to cancer (Zinedine et al., 2007).

1.1.4. Trichothecenes

Trichothecenes are a large group of sequisterpenoid sharing a common rigid
tetracyclic ring. More than 190 compounds have been isolated and characterized
(Rocha et al., 2005). Fusarium, Myrothecium, Spicellum, Stachybotrys, Cephalosporium,
Trichoderma, and Trichothecium are the main producing fungal genera.
Trichothecenes are classified in four groups, namely A, B, C and D, according to
their substitutions on the core structure (Fig. 1-4). Type A (e.g., T-2 and HT-2)
trichothecenes do not posess a carbonyl group substitution in C-8, while type B
(e.g. deoxynivalenol, DON and nivalenol, NIV) do. Type C trichothecenes (e.g.,
crotocin and baccharin) possess an additional epoxy ring C-7 and C-8, or between
C-9 and C-10; type D trichothecenes (e.g., satratoxin and roridin), contain a

macrocyclic ring between C-4 and C-1 (Desjardins et al., 2007).

11
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Figure 1-4. Trichothecenes general structure

Type A and B are the most important ones with respect to occurrence and
toxicity (Fig. 1-5), with T-2 toxin being the most toxic (Miller, 2002). DON and NIV
display also phytotoxicity, thus they can be classified both as mycotoxins and
phytotoxins.

Trichothecenes cause a wide variety of toxic effect in animals, including
growth retardation, reduced ovarian function and reproductive disorders,
immunocompromization, feed refusal and vomiting. At cellular level, they induce
apoptosis, inhibition of protein, nucleic acids synthesis and membrane structure

alteration (Arunachalam et al., 2013).

T2 HT-2 DON NIV
Epoxy RI -OH -OH -OH -OH

HiG 4o group
ANz, TR, R2 -OAc -OH H -OH

> 10) !
. ; R R3 OAc OAc -OH -OH

g 1 1 T°"" 4 -
R4 H H -OH -OH
5 R

RS -OCOCH,CH(CH;), -OCOCH,CH(CH;), -0 -0

Figure 1-5. Chemical structure of type A and B trichothecenes. Table shows substituent
groups of the most important trichothecenes analogues

The main determinant of toxicity is the 12,13-epoxy ring. In addition, the

presence of hydroxyl or acetyl groups at appropriate positions on the
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trichothecene core; the presence of substituents on C-15 and C-4, and of the side

groups, define the degree of toxicity (Cundliffe et at., 1977; Karlovsky et al., 2011).

1.1.5.  Ochratoxins

Ochratoxins are a group of mycotoxins mainly produced by Aspergillus
ochraceus, A. carbonarius, A. niger and Penicillium verrucousm. OTA is the most
important representative and can be defined as a 7-carboxy-5-chloro-8hydroxy-
3,4-dihydro-3-R-methylisocoumarin  (ochratoxin «a, OTa) coupled to (-
phenylalanine (Phe) by an amide bond.

Ochratoxin B and C are OTA derivatives and are formed upon dechlorination
and esterification, respectively. OTa is the main detoxification product, deriving
from the cleavage of the amide bond and the release of the Phe moiety (Fig. 1-6).
OTa is considered to be a non-toxic compound, with a 10-times shorter

elimination half-life than OTA (Koszegi et al., 2011).

Amide bond

Phenylalanine

moiety
Dihydroisocoumarine
moiety
H
B HO 0
\( 0 0
+
NH, “oH
Ci
Phenylalanine Ochratoxin-a

Figure 1-6. Chemical structure of ochratoxin A and derivatives. A) Structural
determinants of OTA. The amide bond hydrolyzed by the main degrading pathway is
indicated in red; B) Phenylalanine and ochratoxin a, the main detoxification product of
OTA
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OTA is toxic and carcinogenic to animals and possibly carcinogenic to humans
(IARC, 1993). Kidney is the main target organ, but also immune system
suppression has been described as an important adverse effect. At cellular levels, it
is responsible for the inhibition of protein synthesis, the formation of DNA
adducts, indirect oxidative DNA damage and epigenetic modifications.

OTA exposure in humans has been correlated with the outbreaks of several
nephropathies, of which the most known is the Balkanic endemic syndrome
(Pavlovi¢ et al., 2013), although a direct carcinogenic effect in humans has not been
yet verified.

OTA is a common contaminant of cereals, dried fruits, grape juices, coffee and
fermented products such as wine and beer. The carry over in kidney, blood and

muscular tissue of pigs and milk and dairy was also reported (Volkel et al., 2011).

1.2. Prevention and reduction strategies

Mycotoxin contamination of food commodities depends upon several
environmental and physiological factors governing the secondary metabolism of
the producing fungus and can occur both in field and during storage. Thus, it is
difficult to predict and almost impossible to avoid their occurrence in food
commodities.

Managing mycotoxin risk is a complex task and requires an integrated

strategy, covering both the pre and post-harvest.

1.2.1.  Prevention in pre-harvest

Mycotoxin prevention in pre-harvest starts with the application of the good
agricultural practice (GAPs) which include the choice of resistant varieties, correct
soil management and the application of appropriate agronomical practices and
use of biocontrol agents. They aim at reducing the extent of fungal contamination,

thus mycotoxin contamination risk.
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Plants show different susceptibility to fungal infection. Specific genes are
known to regulate metabolic pathways for new or increased resistance systems
governing the initial fungal infection (type I resistance) or its spread (type II
resistance). Also phenotypic traits (height, dwarfing, lodging susceptibility, flower
opening, anthers type) contribute to plant resistance to fungal infection (Steiner et
al., 2017).

The correct soil management aims at reducing fungal contamination and
interrupt the cycles of infection. Correct timing of fungicide application allows to
control fungal contamination. However, the presence of different species, with
different fungicide susceptibility and the non-homogenous phenological
development of plants might reduce the efficiency of the treatment (Wegulo et al.,
2015).

Tillage to bury host crop residues and crop rotation with non-susceptible cops
reduce fungal infection frequency and intensity. Other important factors in
reducing fungal infection are a correct fertilizer and water management. Early
harvesting helps in reducing mycotoxin production, since less time is available for
fungi to produce toxins.

The use of biocontrol agents is another important strategy which can be used
to control mycotoxin producing fungi in an environmentally friendly way. There
are several mechanisms through which they act: they are able to compete, produce
antifungal substances, parasitize the mycotoxigenic fungi or promote plant
defence systems (Nguyen et al., 2017)

Predictive models are also in use to forecast mycotoxin contamination in crops
and plan the most effective risk management strategies. They were developed
implementing data from variables having a significant impact on the possible
mycotoxin production (crop type, environmental conditions, fungal infection
cycle) into mathematical models. A correct prediction is a powerful supporting
tool to apply the correct intervention strategies to counteract mycotoxin

contamination and minimize the risk (Battilani, 2016).
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1.2.2.  Post-harvest reduction strategies

Pre-harvest strategies are only able to mitigate mycotoxin contamination,
which can also occur during storage. Post-harvest strategies have to be
implemented within the pre-harvest ones to reduce mycotoxin contamination and
to improve the safety of food and feed commodities. They can be divided into
physical, chemical or biological methods.

Desired process characteristics should i) be effective (ii) produce non-toxic
metabolites (iii) not alter the nutrient profile and technological production and if
possible, (iv) destroy fungal spores (Grenier, et al., 2014).

It is noteworthy mentioning that, to date, in Europe the detoxification of
commodities intended for human consumption exceeding regulatory limits is not
allowed (Commission Regulation EC number 1881/2006). However, these methods
can be applied to commodities intended for animal consumption (Commission

Regulation EC 786/2015).

Physical _methods: physical methods include the removal of highly
contaminated fractions from raw materials (by sorting, cleaning, milling,

dehulling), the application of heat, the use of and cold plasma application.

Sorting is the first step to drastically reduce mycotoxin contamination. In fact,
it is well known to occur heterogeneously, with hot spots of high contamination in
fine materials, broken kernels and dust. DON, FBi, T-2 and HT-2 toxin are more
frequently associated with the pericarp layers and bran, thus cleaning, dehulling
and milling leads to their removal from refined grains and accumulation in cereal
by-products. (Fleurat-Lessard, 2017).

Toxins are generally heat stable within the range of food-processing
temperatures (80-121 °C), however higher temperatures, like in roasting and
extrusion processes were reported to reduce mycotoxins in nuts and maize

(Kabak, 2008).
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Cold plasma appears to be an innovative method for mycotoxins reduction
with minimal effect on the nutritional value of food. Degradation of compounds in
solid materials by cold plasma is restricted to thin surface layers, where
mycotoxins are present the most, and occurs at room temperature. However,
degradation was shown to be strongly dependent on mycotoxin structure and
food matrix assayed (Bosch et al., 2017).

The use of adsorbents is very popular in feed production. The principle is that
bioavailability of mycotoxins is reduced because of their binding to mineral,
organic or biological material. The most common mineral adsorbents are activated
charcoal, bentonites, silicates and yeast cell walls. The major drawback is the
limited efficacy towards trichothecenes and the lack of specificity, which leads to

unspecific binding of nutrients and antibiotics (Jarda et al., 2011).

Chemical methods: several chemical compounds among acids, bases, oxidising,
chlorination or reducing agents, were shown to reduce, destroy and inactivate
mycotoxins. AFBi, FB:1 and trichothecenes degradation by ammoniation was
reported (Kabak et al.,, 2007). However, despite the efficacy, the application of
chemicals is limited because it can be impractical, unsafe, expensive and
unfavourable. Chemical treatments require harsh conditions, which can generate
toxic residues and drastically reduce the nutritional, sensory and functional

properties of the product (Jalili, 2015).

Biological methods: recently, biological degradation with microorganisms or

their enzyme arose great interest in the scientific community. Many organisms
were reported to degrade AFs, DON and ZEN among fungi and bacteria
(Vanhoutte et al., 2016) and many enzymes were isolated and characterize for
mycotoxins degradation capability (Loi et al., 2017). The use of enzymes allows to
use mild condition to obtain a specific, likely irreversible reaction, with minimal

impact on the sensory and nutritional quality of raw matrices.
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It is important to discriminate among biodegradation and bio-detoxification.
The biodegradation leads to the formation of new products, with no regards to
their toxicity, which can also be equal or higher than that of the parent compound
(e.g.a-ZOL, AFMi). Through the biodetoxification, the toxic compound is
transformed into a non-toxic, or significantly less toxic compound (e.g. HFB;,
OTa). The biotransformation of mycotoxins implies that a biodetoxification
process is performed (EFSA, 2009).

Among the many identified enzymes capable of degrading or detoxifying
mycotoxins, laccases (LC) deserve particular attention because they are green
catalysts, thus environmental friendly, extremely versatile, and their ability to
degrade several toxins, such as AFs and ZEA, was already reported (Alberts et al.,

2009, Banu et al, 2014).
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2. Laccases

2.1. Overview, occurrence and physiological role of laccase enzymes

Laccases (LCs) (benzenediol: oxygen oxidoreductases, EC 1.10.3.2) represent
the largest subgroup of blue multicopper oxidases (MCO). LCs are copper
containing enzymes which catalyse the oxidation of mono and ortho-diphenols,
thiols and anilines to the corresponding quinones concurrently to the four-electron
reduction of oxygen to water (Giardina et al., 2015). LCs were discovered in the
early 1880s, in the sap of the Japanese lacquer tree Rhus vernicifera and since then
they have been extensively studied (Yoshida, 1883). They are ubiquitous enzymes,
as they have been identified in fungi (Hatakka, 1994), plants (Mayer, 1987),
bacteria (Enguita et al., 2003) and insects as well. Fungal LCs are secreted by most
white-rot basidiomycetes during lignin biodegradation, however they are also
involved in melanin-like pigment synthesis, as well as in the bio-detoxification of
harmful compounds or humus turnover in soil (Lisova et al., 2012).

Other important roles are played by laccases in chitin and lignin synthesis (in
insects and higher plants, respectively). Lastly, in bacteria, they may be involved
in pigmentation, resistance of spores and pathogenesis (Cafias and Camarero,
2010).

Fungi and in particular white rot fungi are the main LCs producers and have
been extensively studied for many biotechnological applications from a molecular
and biochemical point of view. Among white rot fungi the genus Pleurotus is one
of the most studied because it is a safe, edible mushroom, easy to be cultivated
and one of the most important genus from a commercial point of view. Originally
it was supposed that the variability of LC proteins was due to the differential post
traduction modification of the same gene product. Instead, many laccase genes
and relative cDNA copies were identified and characterized during the last 20
years. Great variability exists among the same genus; in Pleurotus genus, 12

different complete gene sequences have been described for Pleurotus ostreatus, 5
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for Pleurotus sajor caju and 8 for Pleurotus eryngii (https://www.ncbi.nlm.nih.gov/,
accessed on 08/11/17).

LC genes expression can be divided into constitutive (e.g. Lacc3 and Laccl2 of
P. ostreatus; Lac3 of P. sajor caju) or inducible (e.g. Lacc2 and Laccl0 of P. ostreatus;
Lacl, Lac2 and Lac4 of P. sajor caju). Constitutive LCs are evenly expressed in
changing environmental conditions, the latter are expressed or significantly more
expressed in response to environmental stimuli or specific molecules. The
promoters of these genes contain a high number of motifs that are sensitive to
components present in the wheat straw extract, such as xenobiotic response
elements (XRE) and metal-responsive elements (MRE) (Castanera et al., 2012).

Physiological mechanisms occurring during mycelia development can also
modulate the relative expression levels of laccase isoenzymes. Some isoforms have
been observed during the lag and exponential phases of fungal fermentation and
should be involved in substrate degradation, whilst other isoforms have been
detected in the stationary phase and should be involved in mushroom
morphogenesis and pigmentation processes (Piscitelli et al, 2011). In P.
pulmonarius (formely known as P. sajor caju) three different laccase isoenzymes are
produced by the fungus in presence of different aromatic compounds (Zucca et al.,
2011), while in P. ostreatus Lacc2 and LacclO resulted upregulated when wheat

straw extract is added to the culture media (Castanera et al., 2012).

2.2. Molecular structure and catalytic activity

The crystal structures of LCs from several fungal species were fully resolved,
e.g. LC from the ascomycete Melanocarpus albomyces (Hakulinen et al., 2002) and
the basidiomycetes C. cinerea (Ducros et al., 1998), Trametes versicolor (Piontek et al.,
2002; Bertrand et al., 2002), Rigidoporus lignosus (Garavaglia et al., 2004), Cerrena
maxima (Lyashenko et al.,, 2006) and Lentinus (Panus) tigrinus (Ferraroni et al.,

2007).
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LCs are usually monomers, although some dimers and tetramers exist (Lisova
et al., 2012; Molitoris and Reinhammar, 1975). They are generally glycosylated,
with 10 to 30% of glycosylation which may have a role in the protection of the
enzyme from proteolysis and correct folding (Maestre-Reyna et al., 2015). Their
isoelectric point is usually acidic, ranging between 3 and 6.

LC owes its blue color to the presence of one to four copper ions named T1
and T2/T3, coordinated by amino acid residues in two conserved regions (Fig. 2-1).
T1 site has only three conserved ligands, two histidines and one cysteine which
coordinate one copper ion in a trigonal planar geometry, whereas one axial ligand
is usually variable and greatly contributes to the determination of the redox
potential of the enzyme (Strong and Claus, 2011). This axial ligand is methionine
in the bacterial laccases (CotA), and leucine or phenylalanine in fungal laccases;
mutations of these two residues leads to the decrease of the oxidation potential

(Kumar et al., 2003).
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T2 and T3 copper ions form a trinuclear cluster, where molecular oxygen is
reduced to water. The T2 copper is coordinated by two histidines and one water
molecule; and each of the two T3 copper ions by three histidines. Some variants
from this general scheme do exist.

The 12 amino acid residues in the enzymes serving as the copper ligands are
located within four conserved regions which are named L1, L2, L3 and L4. The
eight histidines that serve as ligands of the trinuclear cluster occur in a highly
conserved pattern of four HXH motifs. In one of these motifs, X is the cysteine
bound to the T1 copper, while each of the histidine is bound to one of the two T3
coppers. Intraprotein homologies between the conserved L1 and L3 and between
L2 and L4 suggest the occurrence of duplication events.

Some LC variants lack the T1 copper and are often referred to as the yellow
LCs, as they show no characteristic absorption band around 600 nm (Leontievsky
et al., 1997).

The T1 copper is characterized by a strong absorption around 600 nm,
whereas the T2 copper exhibits only weak absorption in the visible region. The T2
site is electron paramagnetic resonance (EPR)-active, whereas the two copper ions
of the T3 site are EPR-silent due to an antiferromagnetic coupling mediated by a
bridging ligand (Ferraroni et al., 2007).

In contrast to most enzymes, which are generally substrate specific, LC is able
to oxidise a wide variety of substrates, ranging from phenols to polyphenols,
anilines and benzenthiols. The catalytic activity of laccase can be divided into
several steps shown in Fig. 2-2.

Firstly, the phenolic substrate is oxidized by the resting, fully oxidized enzyme
into a phenoxyradical (Fig. 2-2, A). In particular, due to its high redox potential
(ca. +790 mV) type 1 copper is the site where substrate oxidation takes place. The
extracted electrons are then transferred, probably through a strongly conserved
His-Cys-His tripeptide motif, to the T2/T3 site. Once four substrates have been

oxidized and the electrons have been transferred from the T1 copper to the
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trinuclear cluster, the enzyme switches to its fully reduced state (Fig. 2-2,B).
Molecular oxygen binds to the trinuclear cluster to form a peroxide intermediate
(Fig. 2-2,C). The presence of a conserved aspartate residue lowers the reduction
potential of T2 and T3 copper, allowing them to donate an electron to the oxygen
molecule. It results in a peroxide bridge. The peroxide intermediate then decays
through the O-O bond cleavage.

The cleavage may proceed through a proton unassisted pathway at high pH
and a proton-assisted pathway at low pH, the latter being supported by a
conserved glutamate residue.

The resulting hydroxide lowers the reduction potential of the T2, facilitating
electron transfer to the peroxide which turns into an oxyl radical intermediate
(Fig. 2-2,D). In the absence of excess reductant, the radical intermediate decays

slowly to the resting, fully oxidized enzyme (Fig. 2-2,E) (Jones and Solomon, 2015).

/,/‘_‘\ * //‘_‘-\
S HO._ R, N\
( Cu /‘ P Cu™ )
Tl \ R3 Ry 4x = /
~—_ OH RZJ A +4H e T
0
TN g r /‘—-\_\A \/ — ‘\\ g A "
T2 ( Cu™ >/ \( Cu™ ) » | Cu— )/ \( Cu )
S # -~ \
~— /_\ S~ A S~ AN S~
( Cu™ ) ( Cu” )
T3 . J . /
R S
Resting enzyme H,0 0O,  Fully reduced
fully oxidized
E B
2H* .
TN R
( Ca** ) ( Cu™ )
N /
N
H H,0 2H o
= 5 2H* g oy P
Sy / 0 e - / \\/— O —/ S
( Cu™ /( / k o ) o )
8 _/\ o b o B, il
'
. G
N / b
D Cu* ;, [ cu— ) C
Oxyl radical / \ Peroxyde
g S

intermediate intermediate

Figure 2-2. Laccase catalytic cycle (adapted from Wong, 2009)
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Since no hydrogen peroxide is detected during laccase activity, it seems
reasonable to suppose that a four-electron oxidation of oxygen to water occurs. As
the oxidation of the substrate is a one electron reaction, laccase oxidizes four
substrates in order to reduce oxygen to water. Thus, the trinuclear cluster is able to
store electrons coming from each of the four substrates. In the case of substituted
compounds, the reaction can be accompanied by partial demethylations and
dehalogenations.

LC activity is strongly dependent on its redox potential and surprisingly it is
not limited to phenolic substrates. Factors affecting metal-protein redox potential
are varied and of great complexity. Many aspects such as solvation, metal-ligand
interactions, intramolecular electrostatic interactions, and/or protein folding
restrictions (governing the position and orientation of the ligands) can modulate
the redox potential (E°) values of these enzymes (Frasconi et al., 2010). Above all,
E? is strongly governed by the geometry at the T1 Cu center (Kenzom et al., 2014).

LC can be divided in to low and high redox potential laccases, as their E° can
be as low as +400 or as high as +800mV. High redox LC are able to oxidise a wide
variety of substrates, whose redox potential is lower or similar to that of the
enzyme. The redox potential of phenolic substrates (0.5-0.9 V, at acid pH) and
enzyme (0.6-0.8 V) is similar therefore a fast and efficient oxidation occurs.
However, 2,4,6-tri(But)phenol is not oxidized by LC due to steric hindrances,
proving that not all polyphenols are suitable LC substrates (d”Acunzo et al., 2006).
Low redox laccases have a limited range of substrates that can be oxidized,
however this limit can be overcome by the use of redox mediators in the so-called

Laccase Mediator System (LMS).

2.3. Laccase mediator system

Among the fungal oxidoreductive enzymes, laccases have the lowest redox
potential (usually less than +0.8V); however, target compounds with high

molecular weight or high redox potential can still be indirectly oxidized. As a
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matter of fact, LC oxidation can be mediated by low molecular weight molecules
which act as electron shuttles from the enzyme to the target substrate. This system,
to which we refer as LMS, is naturally used by white rot fungi to degrade lignin,
which is a high molecular weight polymer, as well as in industrial application,
mostly in paper pulp and textile industry (Bugg et al., 2015).

The enzyme acts towards a low molecular weight redox mediator, which is
then oxidized. The oxidized mediator performs a non-enzymatic oxidation of the
substrate, by using mechanisms that may be unavailable to laccase, thereby
explaining the possibility to oxidise non-phenolic substrates, and widening the
usefulness of a purely enzymatic method. The catalytic cycle is closed when
oxygen is reduced to water by LC (Fig. 2-3). LMS is a powerful tool which has
been applied for many years in the textile industry since it allows the degradation
of recalcitrant dyes, such as alizarin Red, reactive black 5 and methyl orange using
acetosyringone (AS), 1-hydroxybenzotriazole (HBT) and 2,2-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), respectively (Zucca et al., 2011;

Laccasec, Mediator, 4 Substrate, .4

0, LaccaseCuH Mediator,, Substrate,,

Laccase inhibition
Oxidative coupling,
Side reactions
Radical depletion

Figure 2-3. Laccase Mediator System

Wang et al., 2011; Telke et al., 2011).

LMS allows to generate a compound with enhanced oxidative capacity and

reduced steric hindrance with respect to that of LC itself. The oxidized mediator
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has a higher E° and can easily react with other compounds without the steric
restriction of an enzyme active site.

More than 20 compounds of different origin and structure, including
heterocycles, >N-OH compounds, syringil and cynnamic acid derivatives have
been used as LC mediators and their mechanism of oxidation studied (Baiocco et
al., 2003; Brogioni et al., 2008).

Simple and substituted phenols deriving both from fungal metabolism or
lignin depolymerisation are efficiently oxidized by LC and they are the most used
natural redox mediators. Syringil acid derivatives include syringic acid, vanillic
acid, syringaldehyde (SA) and AS, while cynnamic acid derivatives comprise p-
coumaric acid (pCA), ferulic acid (FA), synaptic acid and caffeic acid.

Artificial compounds include HBT, N-hydroxyphtalimide (HPI), (2,2,6,6-
tetramethylpiperidin- 1-yl)oxyl (TEMPO), violuric acid (VA), and ABTS. The
structures of representative laccase mediators are shown in Fig. 2-4.

The rate-determining step in LMS is the oxidation of the mediator, thus the
electron transfer to the T1 copper centre. LC and mediator type, i.e. their E’, is a
crucial parameter that governs the kinetics of oxidation: the higher LC E°, or the

lower the mediator E’is, the fastest the oxidation rate is (D’acunzo et al., 2002).
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Figure 2-4. Chemical structures of the major natural (A) and artificial (B) redox mediators.
hydroxybenzotriazole (HBT), N-hydroxyphtalimide (HPI), (2,2,6,6-tetramethylpiperidin- 1-
yl)oxyl (TEMPO), violuric acid (VA), and 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS).

Substrate oxidation by the oxidized mediator can occur by multiple
mechanisms according to the type of mediator used. Substrate oxidation may
occur by hydrogen atom transfer (HAT), single electron transfer (ET) or following
a ionic route. This variety of mechanism is another strong point of LMS, because a
selective oxidation can be performed by choosing the right mediator.

An ideal mediator should be a small-size molecule, able to quickly create a
stable radical (i.e. electrochemically stable), easily regenerated, not consumed in

unwanted side reactions such as polymerization or enzyme inactivation (Fig 2-3).
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In view of an industrial application, the natural origin, availability and low cost

are also features of great importance (Canas and Camarereo, 2010).

Electron transfer mediated mechanism

The first synthetic mediator to be discovered for the oxidation of both lignin
and non-phenolic compounds was ABTS (Burbonnais and Paice, 1990). ABTS is
oxidized by LC into the green radical cation ABTS™ which then undergoes
disproportion to restore ABTS and generate the dication radical ABTS ** (Fig. 2-
5,A) (Rochefort et al., 2003). The dication radical is stable and has a greater E° than
the single radical cation (0.91V compared to 0.47V, respectively). Both redox states
of ABTS are stable and reversible (Morozova et al., 2007) and are shown in Fig. 2-
5,A. Substrate oxidation by ABTS % follows an electron transfer mechanism, thus a
single electron is abstracted with subsequent proton loss from the substrate (Fig. 2-

5,B).

Radical hydrogen atom mechanism

Natural phenols and N-OH type mediators oxidize the substrate through a
radical route. Upon LC oxidation, those compounds are transformed into reactive
phenoxy or nitroxy radicals, which remove a hydrogen atom from the substrate,
thus regenerating itself and producing another radical (Fig. 2-6). In this case, the
rate of HAT route, therefore mediator reactivity, is strongly dependent on the
bond dissociation energy rather than on the electrochemical potential of the final

substrate.
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Figure 2-5. ABTS oxidation by laccase (A) and electron transfer mechanism (B)

Phenoxy radicals can also undergo further enzyme-independent reactions
such as homo- and hetero-coupling to form dimeric, oligomeric, polymeric, or
cross-coupling product, and in some cases, aromatic ring opening reactions
(Hashmi et al., 2016). Coupling and crosslinking reactions are exploited in organic
synthesis and grafting processes (Wells et al.,, 2006). Among natural phenols,
metoxy-substituted ones (i.e. acetosyringone, syringaldehyde or synaptic acid)
proved to be extremely effective in removing industrial dyes (Camarero et al,,

2005) because electron-donating substitutes, like methoxide, lower phenol
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electrochemical potential. Moreover, ortho-substituted phenols are endowed with
increased lifetime and less susceptibility to 5-5" coupling reactions (Canas et al.,
2010). HAT route is the only mechanism available for N-OH type mediators like
HBT, HPI VA.

Despite their efficacy, artificial N-OH mediators can be toxic and expensive, so

their use in industrial application has been limited (Canas et al., 2010).
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Figure 2-6. Hydrogen atom transfer mechanism. 4-methoxy benzyl alcohol is oxidized by
phenoxy and N-oxyl radicals by hydrogen atom abstraction from Ca. Electronic
rearrangements proceeds via aldehyde formation

lonic route

TEMPO is a stable N-oxyl radical known to be a highly selective catalyst in the
oxidation of alcohols. Its role as laccase mediator was also reported (Fabbrini et al.,
2001). Upon oxidation by LC, TEMPO is transformed into a oxoammonium ion

(Fig. 2-7), which is a relatively strong oxidant (E°=0.75 V).

Figure 2-7. TEMPO oxoammonium cation catalysis by laccase (LC)

Within LMS, TEMPO is supposed to proceed through an ionic mechanism,
which was well described for alcohol oxidation to aldehyde. A nucleophilic attack

of the substrate onto the nitrogen atom of the oxoammonium takes place leading

30



Introduction

to a transient adduct. Cleavage of the a-C-H bond and deprotonation leads to the

reduced form of TEMPO and an aldehyde (Fig. 2-8).
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Figure 2-8. Ionic mechanism. Oxidation of the model compound 4-methoxybenzyl
alcohol by tempo follows an ionic route. Electrophylic oxygen athom of 4-methoxybenzyl
alcohol attacks electrondeficient nitrogen in TEMPO (1), leading to a transient abduct (2),
which is then deprotonated to 4-methoxybenzyl aldehyde and the reduced form of
TEMPO (3).

Unlike TEMPO, other transient N-oxyl radicals, generated by LC from the
oxidation of N-OH mediators such as HBT and HPI, react by an HAT route. The
oxidation of those N-oxyl mediators to the corresponding oxoammonium ion
would occur at a too high redox potential (>1.3V), unattainable by LC.

In the case of TEMPO, the HAT mechanism only occurs at a very slow rate
because it is enthalpically unfavoured. The enthalpic variation for the removal of a
hydrogen atom would be too high, owing to the weak O-H bond that would be
formed. Since the oxidation of TEMPO to oxoammonium ion is fast, the ionic

mechanism takes over (Fabbrini et al., 2001).
2.4. Laccase applications

LC applications are widespread in view of its green feature and possibility to
selectively extend its activity with redox mediators. The radical mechanism
followed by many redox mediators activates both anabolic and catabolic pathways
and can be exploited to produce new compounds, to degrade already existent

ones and to develop redox biosensors. LMS have been applied in the pulp and
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paper industry, textile, organic synthesis, environmental bioremediation, food
production, pharmaceuticals and nano-biotechnology. Many of those applications
are patented and used at industrial level (Kunamneni, et al., 2008).

Delignification of lignin and pulp bleaching for paper production by means of
LC has been exploited in substitution of conventional and polluting chlorine-
based methods.

Bioremediation with LMS is an expanding field. Many important
environmental pollutants can be degraded by means of LMS treatment, such as
polycyclic aromatic hydrocarbons (Collins et al., 2006) sulphonamide antibiotics
(Shi et al., 2014), industrial dyes (Zucca et al., 2011) chloro-phenols and other
phenol derivatives from industrial wastes (Zhang et al., 2008).

Phenols are natural antioxidants, but at very high concentration can be toxic to
microorganisms, including bacteria and yeasts, plants and the marine
environment. Detoxification of phenols can be achieved using LC and applied for
the detoxification of olive mill wastewater (Tsioulpas et al., 2002) as well as of
vegetable biomasses prior ethanol production by yeasts (Jurado et al., 2009). The
presence of phenols is also undesirable in some food products and their reduction
stabilizes colour and reduces haze in juices, wines and beers (Osma et al. 2010).

LC applications in food industry are not limited to phenol stabilization. LC
and LMS were reported to crosslink proteins, create olysaccharide—polyphenol or
protein—polyphenol-polysaccharide conjugates to improve food texture, heat
resistance, emulsifying properties, stability and viscosity (Liu et al., 2017; Zeeb et
al,, 2017) in dairy, bakery and meat products.

Coupling reactions, oxidation of sulphur compounds, hydroxylamines and
alcohol to aldehyde are exploited in organic synthesis for the production of
chemicals, antibiotics (Mikolasch et al.,, 2008) or grafted and functionalized

materials in a green and environmental friendly way (Wells et al., 2006).
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2.5. Laccase as tool for mycotoxins bioremediation in feed, food and bioenergy supply

chains

Mycotoxin bioremediation with enzymes is emerging as a new and innovative
strategy to reduce or remove those harmful compounds. The evidence that white
rot fungi could degrade mycotoxins has been already reported, but only recently
the degrading activity has been directly ascribed to LC enzyme (Loi et al., 2016).
Certainly, when the whole microorganism is employed, several other
oxidoreductive enzymes participate together with LC in the degradation process.
Indeed, other oxidases were reported to degrade AFs (Yehia et al., 2014; Wang et
al., 2011), ZEN (Yu et al.,, 2012) and DON (Ito et al., 2013).

LC has been recently reported to degrade structurally diverse toxins, such as
AFs (Alberts et al., 2009; Loi et al 2016) and ZEN (Banu et al., 2013). In addition,
purified enzyme was reported to efficiently degrade toxins only in presence of a
redox mediator.

LC application in the field of mycotoxins bioremediation is appealing,
especially in view of its environmental friendly feature, versatility and broad
range of substrate oxidation.

Although no detoxification process for food exceeding regulatory limits is
allowed in EU, acceptability criteria for detoxification processes applied to
products intended for animal feed were set in May 2015 (Commission regulation
(EU) 2015/786).

Enzyme application in feed is not a new topic, actually it dates back to 1920s
with “Protozyme”, a commercial preparation from Aspergillus orizae, used in
poultry diets (Clickner et al., 1925). Several feed enzymes are currently in use to
increase nutritional value and micronutrient availability of feed, such as phytases,
proteases, a-galactosidases, glucanases, a- amylases and polygalacturonidases.

Mandatory requirements for the application of any degrading enzyme are i)

solid supporting information about production, safety and efficacy (both in vitro
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and in vivo) and ii) non-alteration of feed nutritional and organoleptic features
(Commission regulation (EU) 2015/786).

So far only one enzyme, the fumonisin esterase FumZyme® by Biomin
(Holding GmbH), was patented and approved for all avian species and pigs upon
and extensive evaluation by the Panel on Additives and Products or Substances
used in Animal Feed (FEEDAP) (EFSA, 2014; EFSA 2016). The fumonisin esterase
is also part of a combined product, Mycofix®, which exploits a trichothecenes,
zearalenone and ochratoxin degradaing microorganisms as well as an aflatoxin
adsorbent in a unique all in one formulation.

No regulation on mycotoxin occurrence in biofuel industries exists, although
mycotoxins accumulation in by-products has been reported. During bioethanol
production, mycotoxins are not detected in the alcoholic fractions but accumulate
in the spent grain products. Since 1/3 of the biomass is transformed into alcohol
and another 1/3 into CO2, mycotoxins accumulate by three folds in dried
distillers” grains with solubles (DDGS) which are then used as feed or fertilizers
(Pinotti et al., 2016). Thus, mycotoxin risk is driven back to the food and feed
supply chains. Biofuel production efficiency might also be lowered by mycotoxin
contamination, as some of them can be toxic and reduce the growth of
microorganisms or fermentation rates (Klosowski, et al, 2010). Moreover, the
manipulation of such contaminated products is also a concerning risk for
operators.

Vegetable biomass pre-treatment could be easily implemented in the biofuel
industry, where it is usually used to remove lignin and reduce phenol content
(Galbe et al., 2002).

Nonetheless, no implementation of laccase or any other degrading enzyme in

the biofuel industries has been yet developed.
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2.  Aim and outline of the thesis

The aim of this thesis was to investigate the capability of LC enzymes to
degrade structurally and chemically heterogeneous mycotoxins, specifically AFBs,
AFM;, FB1, OTA, DON, ZEN and T-2 toxin. LCs alone and in combination with
natural and artificial redox mediators were tested in order to evaluate the
feasibility of a potential application of novel mycotoxin reduction methods in food

and feed.

To this purpose, a preliminary screening was performed by in vitro assays, set
up using two different purified LCs, specifically Lac2 from P. pulmonarius
(Chapter 4) and Ery4 from P. eryngii (Chapters 5 and 6), and up to eight different
natural and artificial redox mediators. With regards to the natural co-occurrence of
multiple mycotoxin in raw materials or in foods and feeds composed by different
ingredients, both single and combined in vitro mycotoxin degradation assays were

also performed with Ery4-LMSs.

Considering the promising results obtained in the preliminary screening, we
also investigate more deeply the factors governing the reaction of mycotoxin
degradation, crucial step to propose any industrial application, by the statistical
approach of the design of experiments (DOE). DOE was used to assess the role of
the concentration of each element in the reaction (Ery4, SA as mediator, AFB1) and
time in the determination of the degradation response. Consequently, the

optimization of AFB: degradation reaction was also investigated (Chapter 8.2).

Since LCs are already used within a wide variety of biotechnological and
industrial food processes, the application of Ery4 based LMS was also investigated
in milk to evaluate the potential effects on safety and quality of milk and derived

products.

In particular, AFM1 degradation by LMS was evaluated in UHT skim milk. To
study the feasibility of an application in a real contaminated matrix, the kinetics of

degradation in vitro and in milk were studied and compared (Chapter 6). The
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effect of LMS treatment on milk proteins were analysed and exploited for the
manufacturing of a curd, which resulted in a product with increased antioxidant

properties (Chapter 7).
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Abstract: Worldwide mycotoxins contamination has a significant impact on animal
and human health, and leads to economic losses accounted for billions of dollars
annually. Since the application of pre- and post- harvest strategies, including
chemical or physical removal, are not sufficiently effective, biological
transformation is considered the most promising yet challenging approach to
reduce mycotoxins accumulation. Although several microorganisms were reported
to degrade mycotoxins, only a few enzymes have been identified, purified and
characterized for this activity. This review focuses on the biotransformation of
mycotoxins performed with purified enzymes isolated from bacteria, fungi and
plants, whose activity was validated in in vitro and in vivo assays, including
patented ones and commercial preparations. Furthermore, we will present some
applications for detoxifying enzymes in food, feed, biogas and biofuel industries,
describing their limitation and potentialities.

Keywords: mycotoxins; biotransformation; degradation; enzymes; application

3.1. Introduction

Mycotoxins are secondary toxic metabolites produced by filamentous fungi
mainly belonging to Fusarium, Aspergillus and Penicillium genera. They infect
cereals, seeds and fruits both in the field and during storage, and can be found as
common contaminants in food and feed supply chains (Bennett & Klich, 2003;

Logrieco et al., 2002).

Mycotoxins poisoning of staple food commodities has a significant impact on
worldwide health, especially in developing countries (Bryden, 2007; Shephards,

2008). Both animals and humans may develop acute and chronic mycotoxicosis,
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depending on several factors, which include the type of mycotoxin, the amount
and the duration of the exposure, etc. Mycotoxins can be classified as hepatotoxins,
nephrotoxins, neurotoxins, immunotoxins and so forth, based on the organ they
affect (Bennett & Klich, 2003). Main target tissues include gastrointestinal and
breathing apparatus, endocrine, exocrine, reproductive, nervous and immune
system (Sharma, 1993; Zain, 2011). Aflatoxin B1 (AFB:) is the most toxic mycotoxin
and has been classified in group 1, carcinogenic to humans, by the International
Agency of Research on Cancer (IARC) in 2002 (IARC, 2002). Other mycotoxins,
such as aflatoxin M1 (AFMu1), ochratoxin A (OTA) and fumonisin B: (FB1), are
classified within group 2B, thus possibly carcinogenic to humans, due to the

limited availability of their toxicological data (IARC, 1993; 2002; 2012).

Synergistic and additive effects of different mycotoxins have been
documented; however, the worsening and toxic outcome of multiple exposure
cannot be predicted by summing up the individual toxicities. Furthermore, the
mechanisms of interactions among toxins are still poorly understood (Alassane-
Kpembi et al., 2016). In rats FB:1 synergistically promotes liver lesions, hepatocyte
dysplasia and, by long term exposure, tumors initiated by AFB1 (Gelderblom et al.,
2002). AFB: also acts synergistically with zearalenone (ZEN) in decreasing egg
production, feed intake, feed conversion ratio and eggshell strength in birds (Ji et
al., 2016). In vitro cytotoxicity of AFM:1 on Caco-2 cells is greatly enhanced by the
presence of OTA, ZEN and/or a-zearalenol (a-ZEL), which often co-contaminate
milk and infant formulas (Gao et al., 2016). OTA and citrinin have often been
reported to act in a synergistic mode in relation to their cytotoxic (Roth et al., 1989;
15,16. Bouslimi et al,, 2008a,b; 17. Klaric et al, 2012) and genotoxic effects
(Knasmuller et al., 2004).

Global trade significantly contributes to mycotoxin spread. The economic
losses associated with mycotoxin contamination in commodities account for
billions of dollars annually (Wu, 2007). They can be categorized into direct and

indirect losses: direct losses are related to lowered crop yields, reduction of animal

48



Chapter 3

performance and costs derived from diseases for livestock producers; indirect
losses are very challenging to quantify, and are linked to the increased use of
fungicide, the reduction of the marketable value of the commodities, the
management, health-care, veterinary-care costs, and investments in the

development of reducing strategies and in research programs.

Mycotoxins levels are regulated in many countries worldwide. The European
Union has implemented the most extensive and detailed food regulation for
mycotoxins within the Commission Regulation (EC) No. 1881/2006, which set
mycotoxins maximum levels discriminating among food products and consumers
(e.g., adults or infants). Indicative levels in cereals and cereals products
(Commission Recommendation 2013/165/EU) have been established for the
trichothecenes T-2 and HT-2 toxins (T-2, HT-2). A scientific opinion on their
toxicity was released in 2001 by the European Commission Scientific Committee on
Food (SCF) (Scientific opinion on Fusarium toxins part5: T-2 toxin and HT-2 toxin,
30 may 2001), highlighting the need for further studies on the occurrence, daily
intake, analytical methods development and induced hematotoxicity and
immunotoxicity. However, for other so-called emerging mycotoxins (e.g.,
enniatins, beauvericin, fusaric acid and moniliformin), whose increasing
occurrence has been clearly evidenced, maximum levels have not been yet
established. This delay exists since certified analytical methods for their
determination, complete surveys on their occurrence and defined scientific
opinions on their toxic effect and health associated risks are still being developed
(Commission Recommendation 2013/165/EU; Commission Recommendation

2006/576/EC).

Mycotoxin contamination can be prevented in the field through the application
of good agricultural practices (GAPs), such as the choice of resistant varieties,
harvesting at the right time, crop rotation, and the use of fungicides (Commission
regulation  2006/1881/EC;  Commission = Recommendation  2006/583/EC).

Nevertheless, pre-harvest strategies are not completely effective, and fungal
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contamination of raw materials can lead to mycotoxin accumulation during
storage. Furthermore, mycotoxins are extremely stable and resistant to the

commonly used physical and chemical treatments of food and feed processing.

Since the application of GAPs, proper storage and risk management
procedures might only mitigate mycotoxin occurrence, the development of
alternative strategies to reduce mycotoxins contamination is considered a relevant,

innovative, urgent, yet challenging research topic.

In this review, we will briefly present the current methods to reduce
mycotoxins contaminations in food and feed, and then we will focus on the
biotransformation of mycotoxins performed with purified enzymes isolated from
bacteria, fungi and plants, whose activity was validated in in vitro and in vivo
assays, including patented ones and commercial preparations. We will also
describe enzyme potential applications and limitations in food, feed and bioenergy

in compliance with the European Regulation.
Methods for Mycotoxins Reduction

Current methods to reduce mycotoxin contamination in food and feed can be
classified into physical, chemical and biological. It must be underlined that EU
regulation does not authorize any detoxification methods for those commodities,
intended for food production, exceeding mycotoxins limit levels (Commission

regulation 2006/1881/EC).

(1) Physical methods comprise the mechanical removal of highly contaminated
fractions from raw materials (by sorting, cleaning, milling, dehulling), the
application of heat, the irradiation and the use of adsorbents, which is still limited
to feed production (Vanhoutte et al.,, 2016). The latter approach is considered
promising, although some possible negative drawbacks related to unspecific
binding of essential nutrients and antibiotics exist. In addition, these adsorbents
have diversified efficacy towards different classes of mycotoxins, with

trichothecenes being the most difficult to target. Furthermore, since co-occurrence
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is much more common than individual contamination, complementary reduction

strategies should be implemented.

Recently, the application of unconventional strategies such as cold plasma
(Schliiter et al., 2013; Bong et al., 2007; Kriz et al., 2015), photoirradiation (Herzallah
et al, 2007; Fanelli et al., 2016) and microwave treatments (Bretz et al., 2006) have
been proposed and/or introduced in food processing, as sterilization or degrading
methods. Nevertheless, the partial knowledge about degradation products (DPs)
and the nutritional/organoleptic changes induced by these treatments still confine

their application.

(2) Chemical methods such as ammoniation (Park et al., 1988), acid treatments
(Aiko et al., 2016), alkaline hydrolysis (Miiller et al., 1983), peroxidation (Fouler et
al., 1994), ozonation (Maeba et al., 1988), and the use of bisulphites (Altug et al.,
1990) have been tested, but their application in food and feed is limited due to their
potential toxicity, poor efficacy, high costs and negative effects on the quality of

raw materials.

(3) Biological methods consist of the use of microorganisms or enzymes, which
are able to metabolize, destroy or deactivate toxins into stable, less toxic, up to
harmless compounds (Commission Regulation 2015/786/EU). Biological agents and
their enzymes allow a specific, most likely irreversible, environmental friendly and
effective approach, with minor impact on food sensory and nutritional quality with

respect to chemical ones.
3.2. Mycotoxin Biotransformation by Enzymes

My cotoxin biotransformation is defined as “the degradation of mycotoxins into
non-toxic metabolites by using bacteria/fungi or enzymes” (EFSA, 2009). The
possibility to use living microorganisms as whole cell biocatalysts for mycotoxins
degradation has cost advantages. This represents a valid strategy, especially if
multi step reactions are required, or if the microorganism is already implemented

within industrial processes (Hassan et al., 2015; 2013). On the other hand, in case of
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high levels of mycotoxins contamination, the growth and physiology of such
microorganisms might be altered or inhibited, thus requiring longer time for

adaptation before achieving satisfactory decontamination levels.

The majority of the research papers which describes microbial degrading
activity, rarely discriminates between physical adsorption and enzymatic
degradation. This greatly complicates the identification of DPs and the evaluation
of their toxicity. This knowledge is relevant in the evaluation of biotrasforming
enzymes, especially since not every reaction leads to a real detoxification. Indeed,
the metabolized mycotoxin can acquire greater toxic properties than the parent
compound. This is the case, for example, of ZEN biotransformation performed in
vivo by yeasts, which reduce the toxin to a-ZEL, actually more estrogenic than

ZEN (Boswald et al., 1995).

The identification and characterization of a degrading enzyme (DE) can be
challenging and time consuming, but it is a necessary step to understand the
mechanism of degradation, towards its optimization and the development of
mycotoxins reducing methods. Enzymes guarantee reproducible and
homogeneous performances, with ease-of-handling, no risks of contamination and

no safety concerns for operators compared to the use of living microorganisms.

Screening microbial population from different mycotoxin-contaminated
environment is an efficient, fast and promising strategy to discover degrading
microbes and activities (De Bellis et al., 2015; Sato et al., 2012; He et al., 2016), which
could be enhanced by coupling advanced approaches, such as metagenomics or

functional metagenomics.

In addition, genetic engineering enables to clone and express heterologous
enzymes in bacterial, yeast, fungal and plant cells for massive, less expensive and
less laborious productions. If no structural-functional data are available, enzyme

efficiency, stability and tolerance to organic solvents can also be improved by
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computational approaches, aiming at targeted or combinatorial semi-rational

mutagenesis.

Many enzymes have been reported to remove or reduce mycotoxin
contamination both in vitro and in real matrices. Nonetheless, their application in
feed is very limited, due to the lack of information about the potential toxic effects
of generated products and their influence on nutritional quality of feed. These data
are mandatory to be authorized as possible biotransforming agent in Europe

(EFSA, 2009).

Very few commercial biotransforming feed additives are available: Mycofix®,
FUMzyme®, Biomin® BBSH 797 and Biomin® MTV (Biomin Holding GmbH,
Getzersdorf, Austria) are some examples, but only FUMzyme® exploits a purified
enzyme, an esterase, to perform fumonisin degradation. Below we will discuss in
details the biotransformation of the main mycotoxins by native and commercial

enzymes.
3.2.1. Aflatoxins

The term aflatoxins (AFs) includes more than 20 fungal secondary metabolites
produced by fungi belonging to Aspergillus genus (Bennet & Klich, 2003). They are
classified into two main groups according to their chemical structure. The
difurocoumarocyclopentenone group includes AFBs, aflatoxin B, aflatoxin B2a,
AFM;, aflatoxin M, aflatoxin Qi1 (AFQi), and aflatoxicol (AFL), while the
difurocoumarolactone group comprises aflatoxin Gi, aflatoxin Gz and aflatoxin G2a

(Fig. 3-1).
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Figure 3-1. Chemical structure and features of ciclopentenone (A) and
difurocoumarolactone (B) aflatoxin (AF) series. Coloured bonds indicate reactive groups
involved in AFs toxicity. The double bond leading to 89-epoxide upon metabolic
activation is indicated in red, while the lactone bond is indicated in blue. Tables show
substituent groups and saturation of the Cs-Co bond in different AF analogues.

While AFs of the B and G series co-occur in cereals and their derived products,
fruits, oilseeds, nuts, tobacco and spices, AFM1 AFM:, AFL and AFQ: are detected
in food as carry-over products of AFB: contaminated feeds. In vivo AFB: is readily
metabolized through hydroxylation (to AFM: or, to a lesser extent, to AFQ1) or

reduction (to AFL).

AFs are difuranocoumarin derivatives composed by two furan rings, linked
together to a coumarin moiety. Furofuran and cumarin rings are arranged in a
planar configuration which is responsible for conjugation leading to the typical

APFs fluorescence.

The furofuran ring has been recognized as responsible for the toxic and
carcinogenic activity upon metabolic activation of the Cs-Co double bond to 8-9

epoxide (IARCO, 2012) (Fig. 3-1).

The epoxidation is a crucial reaction for AFs carcinogenicity, since it allows the
binding to N7-guanine and the subsequent G to T transversions in the DNA

molecule (Essingmann et al., 1977). Activated AFs are also able to form schiff bases
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with cellular and microsomal proteins (via methionine, histidine and lysine), thus
leading to acute toxicity (Eaton et al., 1994). The lactone ring also plays a role in
AFs toxicity and carcinogenicity: upon ammoniation it is hydrolyzed, forming
aflatoxin D1 (AFD1) which still retains the 8,9-dihydrofuran double bond; AFD:
lacks the strong in vivo DNA binding activity of AFB1, demonstrating that DNA
alkylation depends upon both difuranocumarin and lactone moieties (Shroeder et

al., 1985).

Several authors addressed lactone hydrolysis, reduction or addition reactions
as possible mechanisms of degradation, since the putative hydrolyzed products
showed greatly reduced mutagenic activity in vitro (Méndez-Albores et al., 2005;

Motomura et al., 2003).
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Table 3-1 summarizes the purified enzymes identified as capable of degrading
AFs, and their main features. Although direct comparison is not possible, since the
enzymes and the experimental conditions used by the authors are not equivalent,

reaction parameters and AFs concentrations are indicated.

Most of these enzymes are comprised in the oxidoreductase (EC 1) group. The
tirst identified was the AF oxidase enzyme (AFO) isolated from the edible fungus
Armillariella tabescens by Liu and colleagues in 1998 (Liu et al., 1998). AFO is an
oxygen dependent reductase, releasing H20O: as by product (Liu et al., 1998; Cao et
al., 2011). One mg/mL of enriched preparation and 30 min of incubation at 28 °C
were needed to completely degrade 150 ng of AFBi. AFO did not affect AFB:
fluorescence properties, indicating that the conjugation system, between the
coumarin moiety and the lactone ring, was not disrupted by the degrading
reaction. The mechanism proposed by the authors consisted of the enzymatic
cleavage of the bisfuran ring. This hypothesis, although not yet experimentally
verified, is in agreement with the reduced mutagenicity, toxicity and genotoxicity
of the DPs and with their differential pulse voltammetry response similar to
furofuran analogs (Liu et al 1988b; Wu et al., 2015). Products of AFO treatment
were found to exert neither liver toxicity in rats, nor mutagenicity activity on
Salmonella typhimurium TA98, and not to be genotoxic to chicken embryos (Liu et al

1988).

Three different peroxidases (EC 1.11.1.7) were also reported to possess AFBi
degrading capabilities. They were extracted and purified from horseradish
(Armoracia rusticana) (Chitrangada et al., 2000) Phanerochaete sordida YK-624 (Wang
et al., 2013) and Pleurotus ostreatus (Yehia et al., 2014). The horseradish peroxidase
was tested in vitro towards AFBi, which was reduced by 42% after 1h with 0.2
U/mL of enzyme. Similar results were also obtained in real matrix: AFB: was
reduced by 41% in artificially spiked groundnut (Chitrangada et al., 2000). A
lowered toxicity of the DPs was also registered by inhibition growth assay on

Bacillus megaterium (Liu et al., 1988). The two manganese peroxidases (MnPs) from
58



Chapter 3

the two different white rot fungi were studied (Yehia et al., 2014; Wang et al., 2013)
in in vitro assays with similar reaction conditions, allowing a direct comparison.
They were tested towards 0.3 pug/mL of AFBs, achieving 86% reduction after 24 h of
incubation, and up to 90% after 48 h by using the MnP from P. sordida YK-624 and
the one from P. ostreatus respectively. Wang and colleagues (Wang et al., 2013) also
registered 69.2% reduction of mutagenicity of DPs compared to AFB1, based on the
umu test performed on Salmonella typhimurium TA1535 and on S9 liver
homogenate. According to Proton Nuclear Magnetic Resonance (‘H-NMR) and
high resolution electrospray ionization mass spectrometry (HR-ESI-MS) analysis,
the authors hypothesized that MnP treatment converted AFB: to AFB:-8,9-
dihydrodiol.

Laccases (EC 1.10.3.2) (LCs) have been intensively used in bioremediation
(Wang et al, 2011) and were recently proposed for ZEN and AFs

biotransformation (Loi et al., 2016; Banu et al., 2013).

Alberts and colleagues (Alberts et al., 2009) made as firsts a decisive step
towards the correlation between AFs degradation and LCs activity. The authors
used different LCs, including native LCs from representatives of Peniophora genus
and P. ostreatus, one commercial LC from Trametes versicolor, and one recombinant
LC from Aspergillus niger. By treatment with 1 U/mL of the commercial preparation
AFB1 (1.4 ng/mL) was reduced by 87.34% after 3 days of incubation at 30 °C. DPs
were not identified, but proved to be less mutagenic than the parent compound.
However, none of the preparations used by the authors was purified to
homogeneity. The commercial product from T. versicolor was indeed an enriched
preparation, which included additional proteins and different laccase isoforms
(Margot et al., 2013); thus, an unambiguous assignment of the degrading activity to

a specific LCs would be improper.

Recently the effectiveness of purified LCs towards AFs and ZEN was
acknowledged (Margot et al, 2013; Novozymes, 2009). Pure LCs from P.

pulmonarius and P. eryngii were used by Loi and colleagues (Loi et al., 2016; 2017)
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towards both AFB: and AFMi. The authors performed in vitro and in matrix tests
with 1 ug/mL of AFB: and 0.05 ug/mL for AFM.. Interestingly, they reported that,
while LC alone is poorly able to degrade these toxins, the addition of a redox
mediator at 10 mM concentration increased the degrading percentages from 23%

up to 90% for AFBs, and up to 100% for AFM: after 72 h (Loi et al., 2016; 2017).

The laccase-mediator approach patented by Novozymes in 2008 (Novozymes,
2008), consisted of the use of LCs, preferably from Streptomyces coelicolor, and
methylsyringate as mediator. In this case, AFBi1 was completely removed after 24 h

of incubation with 0.1 mg/mL of enzyme and 0.2 mM of mediator at 37 °C.

Members of the reductase family have also been studied for AFs degrading
capabilities. Among these, the F420H2-dependent reductases (EC 1.5.8.), isolated
from Mycobacterium smegmatis, were tested towards AFBi, AFBz:, AFG: and AFG;
no details were provided in relation to efficacy and assay conditions (Taylor et al.,

2010).

Besides oxidases above described, Guan et al. (2010) identified the
myxobacteria aflatoxin DE (MADE), isolated from Myxococcus fulvus, which was
further characterized in 2011 (Zhao et al., 2011). Pure MADE (100 U/mL) was tested
towards 0.1 ug/mL each of AFG:1 and AFM,, achieving 98 and 97% of degradation
after 48 h of incubation. No further details about the nature of the enzyme, nor

about the DPs were given.
2.2. Ochratoxin A

OTA is a phenylalanine-dihydroisocoumarine derivative, composed of a 7-
carboxy-5-chloro-8-hydroxy-3,4-dihydro-3-R-methylisocoumarin (ochratoxin a—
OTa) moiety and a L-B-phenylalanine molecule (Phe), which are linked at the 7-

carboxy group by an amide bond (Fig. 3-2).

Due to its structural analogy to the amino acid Phe, the toxin can competitively
inhibit tRNA phenylalanine synthetases and, consequently, block protein synthesis

(Dirheimer et al., 1991). Furthermore, OTA causes the formation of DNA adducts,
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indirect oxidative DNA damage and activates a network of interacting epigenetic

mechanisms (Pfohl-Leszkowicz et al., 2012; Vettorazzi et al., 2013).

The main OTA detoxification pathway consists in the hydrolysis of the amide
bond between the isocoumarin residue and phenylalanine, resulting in the
formation of Phe and OTa (Fig. 3-2). The former is considered to be a non-toxic
compound, with a 10-times shorter elimination half-life than OTA (K&szegi et al.,

2016).

A Amide bond

moiety

Dihydroisocoumarine
moiety

B
H
HO. 0
o o
+
NH, “OH
cl

Phenylalanine Ochratoxin-o

Figure 3-2. Chemical structures of (A) ochratoxin A and (B) its degradation
products, ochratoxin-a and phenylalanine. The amide bond hydrolyzed by the main
degrading pathway is indicated in red.

Numerous enzymes were hypothesized to hydrolyze the OTA amide bond, but

only few of them were isolated and characterized (Abrunhosa et al., 2010).

Two classes of carboxypeptidases (EC 3.4) have been associated with OTA
degradation: carboxypeptidase A (CPA) and carboxypeptidase Y (CPY) class. CPA
uses one zinc ion within the protein for hydrolysis (EC 3.4.24), while CPY is a
serine-type carboxypeptidase (EC 3.4.16) and does not contain any zinc ion in its
active site. The first peptidase reported as able to hydrolyze OTA was a CPA
isolated from bovine pancreas, which resulted able to perform the degrading
reaction with a Km value of 1.5 x 10* M at 25 °C (Pitout et al.,, 1969). A CPY
isolated from Saccharomyces cerevisine was demonstrated to hydrolyze OTA with
optimum at pH 5.6 and 37 °C; its specific activity was very low considering that
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only 52% of OTA was converted into OTa after five days of incubation Abrunhosa
et al., 2010). The same enzyme was efficiently immobilized on electroactive
surfaces in order to develop a biosensor system for the direct detection of OTA in
olive oil, with promising results (Dridi et al., 2015). Many carboxypeptidases have
high optimal reaction temperatures (30 °C or higher); this might not hamper

detoxifying applications for food and feed (Vanhoutte te al., 2016).

Other enzymes are also able to perform OTA hydrolysis, such as lipases (EC
3.1), amidases (EC 3.5) and several commercial proteases (EC 3.4) (Stander et al.,

2000; Abrunhosa et al.,2006; Sanisco, 2011).

By screening different commercial hydrolases, a lipase preparation from
Aspergillus niger (Amano A) was shown to hydrolyze OTA into OTa and Phe.
Single-step purification, by anion exchange chromatography, allowed the isolation
of the pure protein. The lipase nature of the enzyme was confirmed by assaying
the cleavage of p-nitrophenyl palmitate. The purified enzyme resulted able to
completely hydrolyze 50 ug of OTA into OTa after 120 min of incubation, in 1 mL

of reaction mixture (Stader et al., 2000).

Several commercial proteases were also reported to hydrolyze OTA to OTaq,
such as Protease A from A. niger and pancreatin from porcine pancreas. These
enzymes showed a significant hydrolytic activity at pH 7.5, which resulted in the
cleavage of 87.3% and 43.4% of 1 ug of OTA respectively, after 25 h of incubation

in 1 mL reaction mixture (Abrunhosa et al.,2006).

Finally, an amidase and the feed or food additive comprising it, capable of
degrading OTA, were patented by Dalsgaard et al. in 2010 (Danisco, 2011). The
protein, named amidase 2, is encoded by an open reading frame of A. niger. The
degrading assay was performed in 300 uL of reaction mixture, containing 160
ng/mL amidase 2 and 50 ug/mL of OTA. This enzyme was able to reduce OTA
concentration by 83%. Amidase 2 was tested also in some food preparations. The

patented additive decreased OTA content, from 47 ppb to undetectable level (<2
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ppb), after 2.5 h-incubation in contaminated milk. Similarly, OTA concentration in

corn flour was reduced from 38 ppm to less than 2 ppb after 20 h of incubation.
3.2.3. Fumonisins

Fumonisins are a group of mycotoxins associated with several mycotoxicoses,
including equine leukoencephalomalacia, porcine pulmonary edema and
experimental kidney and liver cancer in rats (Heinl et al.,, 2009). Chemically,
fumonisins are diesters of propane-1,2,3-tricarboxylic acid and similar long-chain
aminopolyol backbones. Structurally they resemble the sphingoid bases
sphinganine (SA) and sphingosine (SO), with tricarboxylic acid groups added at
the Cis and Cis positions (Fig. 3-3). This structural similarity is responsible for the
fumonisin mechanism of action. It was described to act by disturbing the
sphingolipids metabolism, by inhibiting the enzyme ceramide synthase, and
leading to accumulation of sphinganine in cells and tissues (Wang et al., 1991;

Merril et al., 1996; Soriano et al., 2005).

tricarballylic

B, B, B, B,
R1 -OH -OH -H -H
R2 -OH -H -OH -H

-

tricarballylic
moiety

Figure 3-3. Type B fumonisins chemical structure. The ester bonds hydrolyzed by
the main degrading pathways, leading to the formation of HFB: and the two
tricarballylic acid moieties, are indicated in red. The table shows substituent groups
of different fumonisin analogues.

There are at least 28 different forms of fumonisins, designated as A-series, B-
series, C-series, and P-series (Rheeder et al., 2002). The B-series (FB) is the most

abundant and important with respect to toxicity.

Pre-harvest strategies to reduce fumonisins contamination are based on the

bio-control of the spread of fumonisin-producing fungi. Post-harvest methods
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include the application of natural clay adsorbents during food processing. While
they do not lead to a real detoxification of fumonisin (Aly et al., 2004; Robinson et
al., 2012; Pioneer Hi.Bred International, 1995a), different microorganisms were
reported to transform these class of mycotoxins. Among them, only few enzymes

have been identified, molecularly and biochemically characterized, and patented.

FB: was reported to be degraded by the consecutive action of a
carboxylesterase (EC 3.1.1) (Pioneer Hi.Bred International, 1995a) and an
aminotransferase (EC 2.6.1) (Duvick et al., 2001; ; Pioneer Hi.Bred International,

1995b) (Table 3-2).

By the deesterification action of the carboxylesterase, the two tricarballylic acid
moieties are released, resulting in hydrolyzed FB: (HFB:), also known as
aminopentol 1 (AP1). After the oxidative deamination, HFB: is converted to N-
acety] HFB: and 2-oxo-12,16-dimethyl-3,5,10,14,15-icosanepentol hemiketal
(Duvick et al.,, 2001). The action of these enzymes, isolated from Sphingomonas sp.
ATCC 55552 (Duvick et al, 1998), was worldwide patented in 1994 (Pioneer
Hi.Bred International, 1995b).
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The same degrading activity was shown by Sphingopyxis sp. MTA144, isolated
from composted earth (Taubel et al., 2005). In this strain the two key DEs were
identified within a gene cluster: fumD, encoding a type B carboxylesterase, and
fuml, encoding an aminotransferase (Heinl et al., 2009; Hartiger et al., 2011; Heinl et
al., 2011). The authors also demonstrated the degrading activities of the two
recombinant enzymes by in vitro assays. The first enzyme, encoded by fumD, was
able to catalyze the complete deesterification of FB1 (3.34 ug/mL) to HFB: within 15
min. The oxygen independent aminotransferase, encoded by fuml, was shown to
deaminate HFB: (8.9 pug/mL), in presence of pyruvate and pyridoxal phosphate,
within 44 h. Furthermore, the authors described the additional genes located in this
putative degrading cluster identified by genome walking (NCBI Accession n.
FJ426269). The cluster includes one transporter, one permease, dehydrogenases,
and transcriptional regulators and was U.S. patented by Moll et al. within the
“Method for the production of an additive for the enzymatic decomposition of

mycotoxins, additive and use thereof” [Erber Aktiengesellschaft, 2008].

The esterase (EC 3.1.1.87) from Sphingopyxis sp. MTA144, produced by a
genetically modified strain of Komagataella pastoris (formerly Pichia pastoris), has
been included in a patented formulation, FUMzyme® (Biomin Holding GmbH,
Getzersdorf, Austria). This enzyme-based feed additive, whose safety and efficacy
has been recently evaluated by EFSA (EFSA, 2014), is intended to degrade
fumonisins found as contaminants in feeds for growing pigs. The esterase partially
degrades FB: and related fumonisins by cleavage of the diester bonds and release

of the tricarballylic acid.
3.2.4. Trichothecenes

Trichothecenes are a large group of sesquiterpenoid metabolites sharing a
common core structure comprised in a rigid tetracyclic ring (Fig. 3-4). To date,
more than 190 trichothecenes and derivatives have been described Ueno et al.,

1983; Zoller et al., 2006).
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Their synthesis starts with the formation of trichodiene via the cyclization of
farnesyl pyrophosphate. Trichodiene then undergoes a series of oxygenation,
cyclizations, isomerization and esterification needed for the bioactivation of the

molecule (Grove et al., 2007).

Trichothecenes are classified into 4 groups according to the functional groups
associated to the core molecule: type A trichothecenes (e.g., T-2 and HT-2) do not
contain a carbonyl group at the C-8 position; type B trichothecenes (mainly
represented by deoxynivalenol (DON) and nivalenol (NIV) contain a carbonyl
group at the C-8 position; trichothecenes of type C (e.g., crotocin and baccharin)
have an additional epoxy ring between C-7 and C-8, or between C-9 and C-10;
trichothecenes of type D (e.g., satratoxin and roridin), contain a macrocyclic ring

between C-4 and C-15 (Fig. 3-4).

T2 HT-2 DON NIV
RI -OH -OH -OH -OH
TR R2 -OAc -OH -H -OH
R, R3 -OAc -0Ac -OH -OH
R4 H H -OH -OH
RS -OCOCH,CH(CHy), -OCOCH,CH(CH,), =0 =0

Figure 3-4. Chemical structure of trichothecenes. Groups responsible for trichothecenes
toxicity are highlighted in red (epoxide) and blue (substituent groups, see the text for
further details). The table shows substituent groups of different trichothecene analogues.

The results of trichothecenes exposure on eukaryotic cells was reviewed by
Rocha et al. (Rocha et al., 2005), while T-2 and HT-2 toxicity data were reported to
EFSA in 2010 by Schuhmacher-Wolz and colleagues (Schuhmacher-Wolz et al.,
2010). Trichothecenes are not degraded during normal food processing, they are
stable at neutral and acidic pH and, consequently, they are not hydrolyzed in the

stomach after ingestion (Rocha et al., 2005).

Type A trichothecenes arise special interest, being more toxic than the other
food-borne trichothecenes (Miller et al., 2002). Among the effects exerted by T-2

and HT-2 toxins several studies reported the inhibition of DNA, RNA and protein
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synthesis, and apoptotic effects in mammalian cell cultures in vitro and ex vivo

(EFSA, 2016; World Health Organization, 2016).

T-2 is rapidly metabolized to HT-2 in the gut. Data indicate that these toxins
induce acute toxic effects with similar severity. For these reasons, the toxicity of T-2
in vivo is considered to include that of HT-2 World Health Organization, 2016).
Type B trichothecene have a relatively low toxicity compared to type A
trichothecene, but it varies depending on the species and the cell type. The general
toxic mechanism of trichothecenes is induced by the interference with protein
synthesis, through 60S ribosome binding, leading to translation inhibition (Pestka

et a., 2010).

The 12,13-epoxy ring is the most important structural determinant of
trichothecenes toxicity. In addition, the presence of hydroxyl or acetyl groups at
appropriate positions on the trichothecene core (Thompson et al., 1986), the
presence of substituents on Cis and Cs (Cundliffe et al., 1974, 1977), and of the side
groups, are implicated in defining the degree of toxicity (Sudakin et al., 2003). Both
acetylation and de-acetylation may reduce toxicity of trichothecenes, as well as

epimerization, oxidation (Karlovski et al., 2011; Hassan et al., 2016; He et al., 2016).

Trichothecenes are noticeably stable molecules under different treatments,
including both thermal and chemical ones. Several microorganisms, isolated from
disparate complex environments, such as rumen or soil, have been reported to
degrade trichothecenes into de-acetylated and/or de-epoxidated products
(Vanhoutte et al., 2016). However, the majority of the studies focused on this topic
never achieved the identification of the enzymes responsible for the
biotransformation. Nevertheless, considering the reaction products, acetylase,

deacetylase or de-epoxidase activities are surely involved in the process.

In addition, hydroxylation and glycosylation of trichothecenes generate less

toxic derivatives (He et al., 2011). In this case, these compounds might undergo
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reverse reaction in the digestive tract of humans and animals, limiting the use of

these enzymes at least in feed-related applications.

Recently, the bacterial cytochrome P450 system (EC 1.14) from Sphingomonas
sp. strain KSM1, was reconstructed in vitro and demonstrated to hydroxylate DON,
NIV and 3-acetyl DON (Ito et al., 2013) (Table 3-3). The system includes the
cytP450, encoded by the gene ddnA, and the endogenous redox partners. The
DON catabolic product, 16-HDON, is used by the Sphingomonas strain as a carbon

source, and was shown to exert a reduced phytotoxicity to wheat.

Poppengberger et al. (Poppemberger et al, 2003) identified a UDP-
glycosyltransferase from Arabidopsis thaliana (the deoxynivalenol-glucosyl-
transferase DOGT1) able to catalyze the transfer of glucose from UDP-glucose to
the hydroxyl group at C3 of DON forming 3-O-glucopyranosyl-4-DON. The
overexpression of this enzyme in A. thaliana enhanced DON resistance. The
reaction products were identified by in vitro assays, using the enzyme purified

from recombinant Escherichia coli cells.

Commercial products containing biotransformant agents have already been
developed and patented. As an example, Biomin® BBSH 797 includes a pure
culture of Eubacterium BBSH 797 isolated from bovine rumen fluid; it is capable of
converting DON into DOM-1 and with de-epoxydase activity towards NIV, T-2,
tetraol, scirpentriol, and HT-2. Nevertheless, purified enzymes with specific

trichothecenes degrading activity have not been yet reported.

However, the recent increasing of microorganisms isolated from trichothecenes
contaminated environments and capable of transforming this class of toxins led to
the assumption that this goal will not be so distant (Hassan et al., 2016; He et al,,

2011; Pierron et al., 2016).
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3.2.5. Zearalenone

ZEN is a resorcylic acid lactone, nonsteroidal yet estrogenic mycotoxin, which
binds to mammalian estrogen receptors (ER), although with lower affinity than the
natural estrogens 17p3-estradiol, estriol and estrone (Zinedine et al., 2007). From a
structural point of view, ZEN resembles the 17-Bestradiol, and this similarity is

responsible for its estrogenic potential and ER binding capacity (Fig. 3-5).

In vivo ZEN undergoes reduction to a-ZEL and -zearalenol (3-ZEL), with the
first being more estrogenic than the parent compound (Shier et al., 2001). A further
reduction leads to the formation of a- and -zearalanol (a-ZAL, 3-ZAL), which are

both less estrogenic than ZEN.

ZEN estrogenicity is greatly enhanced by the reduction of the 6'-ketone group
and of the 1'-2'double bond, while it is reduced by the methylation of the
hydroxyls in C4 and C2. The OH group in 6'of a and 3-ZEL resembles that of C3 in
estradiol. This group strongly interacts with ER, while the saturation of the 1'-
2'double bond increases the flexibility of the molecule. This allows ZEN and/or
ZEL to undergo some slight conformational changes, effective at adapting the
molecules to the binding pocket of the receptor. Hydroxyl groups in C4 and C2
also contribute to the binding, with the first being more important than the latter in

increasing ZEN estrogenic potential (Shier et al., 2001). (Fig. 3-5).

HO

OH

Figure 3-5. Chemical and structural analogies between zearalenone (A) and 17§3-
estradiol (B). The main chemical groups interacting with the estrogen receptors
and responsible for zearalenone toxicity are highlighted in red (see the text for
further details).
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ZEN and derivatives detoxification strategies aim at disrupting their estrogenic
activity. Among the reported ZEN metabolizing reactions, lactone ring cleavage,
catalyzed by esterases, is the prevalent detoxification method described so far.
Since the resulting hydroxyketones spontaneously decarboxylate, the reaction is

irreversible.

A lactonohydrolase (EC 3.1.1) from the fungus Clonostachys rosea has been
identified as capable of degrading ZEN. The enzyme was purified to homogeneity,
and its gene (namely zhd101) was cloned and characterized by heterologous
expression in E. coli BL21 and S. cerevisiae INVScl (Takahashi-Ando et al., 2002,
2005) (Table 3-4). The recombinant protein was proved to completely degrade 2
ug/mL of ZEN in in vitro assays, although with minimal yeast mediated conversion
of ZEN to (3-zearalenol. Zhd101 gene and transformants carrying lactonohydrolase

gene were patented in 2002 (Riken etal., 2003).
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Besides the above-mentioned activity towards AFs, laccases are also able to
degrade ZEN. Novozyme patented the laccase-mediator degradation of ZEN in
2007 (Novozymes, 2009b), using Streptomyces coelicolor LC and, preferably,
phenotiazin-10-propionic acid or methylsyringate as redox mediators. By using
this system, ZEN was completely removed by 0.1 mg/mL of LC and 0.2 mM of
mediator at 37 °C, within 24 h. Laccase degrading capabilities were also studied by
Banu and colleagues (Banu et al., 2014) using one LC-enriched Trametes versicolor
preparation. Reactions, containing 6.2 x 104 pug/mL of ZEN, were incubated with
0.4 mg/mL of laccase for 4 h at 30 °C, achieving a maximum of 81.7% of

degradation.

Another ZEN degrading oxidoreductase is a 2-Cys peroxiredoxin (Prx) (EC
1.11.1.15) extracted from Acinetobacter sp. SM04 (Yu et al., 2012; Tang et al., 2013).
Prxs are peroxidases containing redox-active cysteine, which can be oxidized to
cystine by using H20:as cofactor. Prx degraded up to 95% of ZEN (20 pug/mL) in in
vitro assays, when added with 20mM H:0Oz; nearly 90% of the toxin was instead
degraded in contaminated corn sample (ZEN levels of nearly 1000 pg/mL), treated
for 6 h at 30 °C with purified recombinant Prx, plus 0.09% (mass fraction, mol/mol)
H20:. Toxicity bioassays were also performed. The proliferative effect on MCF-7
cells by ZEN-DPs was reduced by 75%. Altalhi and colleagues (Altalhi et al., 2009)
identified a 5.5 kb gene fragment from Pseudomonas putida pZEA-1, which encodes
for DE(s) not yet characterized. E. coli DH5 cells, expressing the 5.5 kb gene
fragment, were able to reduce 100 ug/mL of ZEN by 85% after 72 h, while no
degradation was observed by wild type cells. ZEN DPs were also shown to

possess a marked reduced toxicity on Artemia salina larvae.

3.3. Potentialities and Limitations of Mycotoxin Degrading Enzymes in Food,

Feed, and Bioenergy

The use of enzymes in the food, feed, biogas and biofuel industries is not new,

as biocatalysts have been increasingly used in the last 30 years. They allowed
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reducing the employment of hazardous chemicals, to use mild working
conditions, to increase specificity, to speed up a process or to simply create new

products.

Enzyme biotechnological applications are widespread: the dairy industry has
a long story of protease use for cheese manufacturing, while bakery employs
laccase and transglutaminase to achieve doughs strengthening; phytases are used
in non-ruminant animal nutrition for the degradation of phytic acid, which
interferes with mineral absorption; pretreatment of lignocellulosic biomass for
bioethanol production can be achieved using a cocktail of cellulases
(endoglucanase, EC 3.2.1.4, exoglucanase, EC 3.2.1.91 and cellobiohydrolase, EC
3.2.1.21) instead of employing acid or alkali treatments (Patel et al., 2016; Sun et al.,
2002).

Mandatory requirements for enzyme application in large scale industry are (a)
safety; (b) effectiveness; (c) low cost of production and purification for both
enzyme and cofactors, if needed; d) stability to wide ranges of temperature, pH
and organic solvents, and thus compatibility to productive processes. All those
characteristics make the enzyme use advantageous from both technological and
economic points of view. Native enzymes usually do not respond to each
distinctive requirement of a perfect industrial enzyme, but these features can be
achieved via molecular engineering and structure-function modifications by

targeted or random mutagenesis.

The most important limitation related to the application of mycotoxin DEs in
real matrices is represented by the reduced effectiveness of the process due to
matrix effects. The physicochemical properties of food, such as the moisture and
fat content, acidity, texture etc., greatly influence the success of the detoxification
process. Moreover, inhibitory compounds may be present in raw materials and
mycotoxins can occur in masked forms in plant tissues (Berthiller et al., 2013);

thus, their bioavailability for the enzyme catalysis may be further reduced. These
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implications might require pretreatments, additional time and costs, which must

be taken into account in the development of industrial applications.

Despite these limitations, the potentialities of enzyme use in food and feed
industries remain widespread. Their application is versatile, since they can be
used both in free or immobilized form and easily applied to well established
industrial processes (fermentations, ripening, brewing or cheese manufacturing,

feed and bioenergy production).

Moreover, DEs can be heterologously expressed by industrial microorganisms,
such as lactic acid bacteria or yeasts, to perform in situ bioremediation. New smart

and edible packaging with enzymes are also under study (Baldino et al., 2014).
3.3.1. Food

The European Community established the last regulation on food enzymes in
2008 (Regulation EC No 1332/2008). This regulation covers “enzymes added to
food to perform a technological function in the manufacture, processing,
preparation, treatment, packaging, transport or storage of such food, including
enzymes used as processing aids”. All enzymes are submitted to this regulation as
processing aids, with the exception of lysozyme and invertase, considered as

additives.

Article 6 states that necessary conditions to authorize a food enzyme are that
(i) its use does not pose a safety concern for the health of the consumer; (ii) it
responds to a technological need that cannot be achieved by other economically

and technologically practicable means; and (iii) it does not mislead the consumer.

Only recently, acceptability criteria for detoxification treatments, including
biotransformation, have been set for commodities intended for animal nutrition

(Commission Regulation 2015/786/EU).
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Some of the enzyme recognized to have mycotoxins degrading capabilities
have been proposed and studied for applications in food industry, even if thought

for other purposes.

Laccases have been studied for their introduction in bakery and dairy as
crosslinking agent, in brewing, wine and fruit juice production as clarifying agent
and polyphenol remover (Osma et al., 2010; Gassara-Chatti et al., 2013; Lettera et
al., 2016). Peroxidases have also been studied for their crosslinking activity in
bakery and dairy industry, but the use of H:O: as cofactor limits their real

application in food.

Amano enzyme Inc. (United Kingdom) requested EFSA to perform a scientific

risk assessment on one laccase from Trametes hirsuta, currently in progress.

The employment of DEs in the food industry, especially in immobilized forms,
is not unrealistic. Still, it must overcome the gap of knowledge related to the
effects that these enzymes exert on the nutritional and organoleptic qualities of
raw materials, as well as fill a legislative void, which, so far, does not foresee the

possibility of detoxifying treatments for food.
3.3.2. Feed

Enzyme use in animal diets has a long history, starting from the 1920s, when a
commercial enzyme preparation, produced by Aspergillus orizae, known as
Protozyme, was applied in poultry diets (Clickner et al., 1925). Phytases,
proteases,  «a-galactosidases,  glucanases, xylanases, a-amylases, and
polygalacturonases are commercially available and increasingly used in animal
nutrition, with huge benefits in terms of nutritional value and micronutrients

availability (Menezes-Blackburn et al., 2015)

For authorizing their use in feed, EFSA requires solid supporting information
about production, safety, efficacy and non-interference with the nutritional and

organoleptic quality of the feed (Regulation EC No 1831/2003).
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However, to become a commercial reality, an effective and safe DE must be
formulated in order to guarantee its stability and efficacy during storage, and to

ensure detoxification once released in the animal digestive tract.

There are two ways to apply a DE to feed: (a) as stabilized by a suitable
formulation for becoming a feed additive or (b) used in a detoxifying process for

contaminated raw materials intended for feed.

(a) During feed production enzymes are usually added before pelleting, in
premixes with other additives (such as vitamins), or after pelleting as a liquid
application. The most convenient approach is to introduce them as protected in
formulations before pelleting: indeed, in this condition enzymes are less exposed
to high moisture content and high temperature (Beaman et al., 2012), thus

preventing their inactivation.

High temperature protection is usually achieved by coating. Its challenging
development has to succeed in both stabilizing the enzyme during feed
processing, and in fast dissolving in the animal gut, thus releasing the active
enzyme. To this aim new coated and tough (CT) granulated coatings have been
developed by different companies (Novozymes®, Bagsvaerd, Denmark; DSM™,
The Netherlands). Within the CT granulates, enzymes are enclosed in a core
matrix of minerals and carbohydrates. The outer layer can consist of vegetable oil,
kaolin, and calcium carbonate, which are readily degraded upon ingestion (Novo
Nordisk, 1997). On 5 May 2014 Biomin® (Holding GmbH) received the first-ever
EFSA positive opinion, for using a purified enzyme in feed. This is an esterase,
embodied in a 10% maltodextrin matrix and spray dried, capable of

biotransforming fumonisins.

(b) The development of a detoxifying application at industrial scale should
allow the treatment of highly contaminated batches, with significant reduction of

mycotoxin under the limits imposed by the current regulation. The achieved
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detoxification could result worthless in case of residual contamination by

toxigenic fungi, if long term storage of the treated material is expected.

Free enzymes can be delivered in the feed productive process both in liquid
and in solid forms (some prior wetting in dissolving feeders might be needed),
through pumps, and mixed with the raw material, usually through a vertically
mounted, shaft-driven impeller. This mode of application well fits a batch type

process.

The major limitation of this approach is the difficulty to achieve a
homogenous enzyme delivery throughout the entire material. In addition, the
enzyme must target hot spots of contamination, typical of the distribution of

toxigenic fungi and associated mycotoxins.

Among the environmental parameters that should be well set to preserve
enzyme catalytic properties, moisture is by far the most critical. A high water

content can increase enzyme activity, but simultaneously trigger fungal spread.

Immobilized enzymes encounter the same limitations, but they present the
advantage of allowing the setup of continual processes, enzyme reuse and costs

reduction.
3.3.3. Bioenergy

In biofuel production, enzymes are used to break down complex
carbohydrates and to release ready fermentable sugars from cheap raw materials.
Cellulose hydrolysis preceding fermentation is usually performed with cellulases,
cellobiohydrolases and endoglucanases (Xiros et al., 2013). Pre-treatment of
lignocellulosic biomasses prior to saccharification by laccases is under study, both
to degrade lignin and to detoxify phenolic inhibitory compounds in bioethanol
production (Kudanga et a., 2014; Jurado et al, 2009). The same biomass
breakdown is realized during biogas production, especially in maize-feeded

biogas plants, to adapt and accommodate raw materials and to enhance their
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suitability for the activity of methanogenic microorganisms (Christy et al., 2014;
Parawira et al, 2012). In this case, the mixture may include cellulose,
hemicellulose, pectin and starch DEs, but also proteins able to breakdown long
chain fatty acids, whose accumulation is responsible for the decrease of the

process stability.

Despite these applications, no enzymes have been yet developed to reduce
mycotoxin level in maize silage, plants or any other substrate used for bioenergy
production. Their content, which mirrors fungal contamination in raw materials,
affects the efficiency of the anaerobic digestion and ethanol/methane
accumulation: indeed, fungal metabolites, including mycotoxins, act as
antimicrobial or inhibitory compounds, or lead to excessive foam formation

(Effember et al., 2008).

Storm et al. (2008) recently reviewed fungal and mycotoxin contamination in
maize feeding biogas plants. The authors assessed that pre-harvest contamination
of grass and maize by Fusarium spp., Aspergillus spp. and Alternaria spp. can lead
to DON, ZEN, FBs and AFs accumulation, but with concentration usually lower
than regulatory limits. Salati et al. (2014) reported that the addition of AFB: in a
lab scale anaerobic digestion trials did not affect biogas production. In a recent
conference abstract presented by De Gelder et al. (2016) the authors evaluated the
biodegradability of mycotoxins during anaerobic digestion. They performed lab
scale degradation tests with digestate spiked with different mycotoxins. After 30
days of mesophilic and thermophilic digestion, each tested mycotoxin resulted
absent in the final products, suggesting the activation of some
adsorption/detoxification mechanism during the fermentation. The adsorption
mechanism appears the most probable, since (1) as discussed in previous
paragraphs mycotoxins are greatly stable and (2) they strongly bind to soil clay
minerals and organic matter present in the reactors. However, no experiment has

been performed in real biogas plants under conventional operating conditions.
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Recent studies demonstrated that the addition of enzymes directly into biogas
reactors has no significant effect on biogas process (Rintala et al., 1994), since the
enzymes are quickly degraded (Binner et al., 2011). This obviously might require a
continuous addition, and thus increases costs in comparison to raw materials pre-
treatment. The development of enzymatic formulates able to couple biomass
breakdown and mycotoxin degrading activity could allow the simultaneous
increase of biogas yield and the safe utilization of byproducts, for which

mycotoxins levels are not yet regulated.

The fate of mycotoxins during biofuel production has been only recently
investigated. Dzuman et al. (Dzuman et al.,, 2016), performed a study on five
different batches of the ethanol-distiller’s grains and soluble (DDGS) production
process. They reported a significant increase of deoxynivalenol and its
glycosylated form, DON-3-glucoside, during the first part of fermentation, when
hydrolytic enzymes were added. After yeast addition, total DON content rapidly
decreased. They observed an opposite trend for FBi, since yeast addition
contributed to its increase. The same results were discussed by Wu and Munkvold
(2008), who estimated that mycotoxins are concentrated up to three times in DDGS

compared to the feeding grain.

Despite these data, the second generation of bioethanol industry is not greatly
concerned by mycotoxin contamination since: (a) less susceptible commodities can
be used as raw material; (b) mycotoxins occurrence in bioethanol byproducts is
not yet regulated neither in Europe or in U.S. and (c) the growth and productivity
of highly tolerant fermenting yeasts are only slightly influenced by mycotoxin

contamination (Nathanail et al., 2016).

The re-use of contaminated biomasses for renewable energy production is
raising great interest both for economic and environmental reasons. However,
more detailed studies should evaluate side effects not sufficiently considered,

since by-products use for animal nutrition in Europe, Canada and U.S.
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(Commission regulation EC No 68/2013; Feeds Regulation SOR/89-593; Code of
Federal Regulation 21/573; Regulation EC No 1069/2009) is increasing,.

Sosa et al. (Sosa et al., 2013) performed a preliminary economic analysis
evaluating the feasibility of using fumonisin highly contaminated corns as
feedstock for ethanol production. The authors calculated that the advantages
deriving from the lower price of contaminated raw materials is balanced by the
increase of the operating costs and the decrease of the final ethanol production by
the fermenter. Thus, the performance of the process must be optimized, using
process alternatives (e.g., both microfiltration and pervaporation membranes)
coupled by the introduction of ethanol tolerant yeast strains, in order to effectively

increase the economic value of the process.

DDGS are considered valuable by-products, thanks to the low carbon-nitrogen
ratio and their high proteins and micronutrients content (Liu et al., 2011).
However, their utilization should be responsibly addressed, since ecological
outcomes of mycotoxin contaminated fertilizers and health effects are still poorly

investigated.

As for biogas production, the implementation of DEs for biofuel application
has not been developed. Still, it benefits of less limitations than those encountered
by the food and feed industries. Cloning DEs in industrial hosts could ideally
allow to simultaneously perform detoxification and fermentation of contaminated

biomasses.
3.4. Conclusions and Future Perspectives

Within this review we gave a global view of the identified mycotoxins DEs,
their mechanisms, their current and possible application in food, feed, biogas and
biofuel industries. We also presented patented commercial preparations used by

feed industries.
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Although this paper is focused on the main mycotoxins, for which a high level
of contamination and health implications have driven the majority of economic
and research efforts, the discovery of novel DEs is becoming an interesting and

stimulating topic also in relation to other mycotoxins.

Several patents have been deposited, mostly in U.S. and China, describing
microorganisms and methods to degrade minor mycotoxins, such as patulin
(Zhejiang University, 2014), beauvericin (Pioneer Hi-Bred International, 1998) and
moniliformin (Pioneer Hi-Bred International, 1997) in plants, maize or grains.
These patents are mainly related to microorganisms or crude extracts preparation,
and no enzymes have been yet characterized as responsible for the degrading

activity.

It should not be excluded that enzymes efficient towards minor mycotoxins

could be effective towards structurally similar main ones.

In addition to the previously described ones, another challenge related to the
application of DEs, is represented by mycotoxins co-occurrence, which should
require the simultaneous use, and thus optimization, of different preparations and
protocols. To overcome this barrier, the combination of different strategies, such as
adsorbents mixture, binding microorganisms and enzymes, suitable for the

inclusion within the same procedure, should be considered.

In the optimization process, great potentialities are ascribed to structural
modelling and design of experiments (DOE) technologies. These approaches are
able to identify structural determinants responsible for the degradation
mechanism and to improve substrate-enzyme affinity by setting the conditions,
which maximize enzyme efficiency. In combination with targeted mutagenesis
methods, they strongly reduce lab-optimization processes and accelerate the

industrial scale up.
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Transcriptional analysis of degrading microorganisms (Liuzzi et al., 2017) has
recently led to the identification of a DE from the novel Acinetobacter sp. neg-1
species, described by Fanelli et al. (Fanelli et al., 2015) as capable of degrading
OTA. This high-throughput approach, as other advanced Next Generation
Sequencing technologies, such as functional metagenomic, could give a huge
contribution in the identification of similar classes of DEs from complex and
unexplored environments, such as contaminated soils, water or rumen. The
advantage of these approaches is represented by the possibility to investigate non-
culturable organisms, as well as those living in complex environmental niches,

hardly analyzable under laboratory conditions.

The application of DEs could be simplified by the biotechnological advances
in the field of immobilization and encapsulation techniques. Finally, an interesting
perspective is represented by the development of transgenic crops able to
counteract mycotoxins formation in the field. EU does not authorize the genetic
modification of plants as a breeding technique. In contrast, the U.S. have 20 years
of history of genetically engineered crops: herbicide-tolerant and insect-resistant
crops were introduced in 1996 and today more than 90% of the corn cultivated in

the U.S. is genetically modified USDA, 2011).

Syngenta patented trichothecene-resistant transgenic plants bearing the
Fusarium graminearum Tril01 gene (Hohn et al., 2002), which encodes for a 3-O-
acetyltransferase (Kimura et al., 1998, 1998b), which catalyzes the transfer of an
acetate to the C3 position of trichothecenes. The company performed field trials, in
Canada, the U.S., Argentina, and three European countries (Karlovski et al.,2001),

proving that the development of self-defending crops is already achievable.
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