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As a result of ever-warming climate, contamination of mycotoxin-producing fungi is
increasing in grains. The toxic metabolites, mycotoxins, cause severe acute and chronic
health issues, yield losses, and economic impact worldwide, yet there is no viable
detoxification method available. The most prevalent and relatively compact mycotoxin,
deoxynivalenol (DON), causes nausea, feed refusal, and organ damage, and it withstands
food processing well. Despite of good agricultural practices and fungicides, DON initiates
seasonal pandemics. Detoxification of DON is therefore urgently needed. Many physical
and chemical methods, such as irradiation and ammonia, has been developed to detoxify
DON, but they are costly and lack selectivity, resulting in unclear degradation products and
compromised food quality. In turn, certain enzymes can effectively, selectively, and eco-
friendly bind and catalyze chemical degradation of mycotoxins, and they can be utilized in
a variety of ways. Their potential has recently been a subject of intense studies, indicating
an emerging trend. The aim of this literature review is to critically explore the most potential
enzymes to degrade DON, and to evaluate their feasibility and need for research to further
develop these enzymes. Some enzymes, especially bacterial oxidoreductases catalyzing
DON irreversibly into non-toxic 3-epi-DON, are already as efficient as the best physical and
chemical ones. They can potentially increase food safety, adequacy, and economy, and
promote many SDG goals. This review also highlights several issues that must be solved
before the enzymatic methods can be practicalized. For instance, co-contamination of
mycotoxins in grains necessitates application of several enzymes and their cofactors,
demoting the viability. Furthermore, many current enzymes cannot meet the criteria set by
the EU. Thus, more research is needed in degradation mechanisms, toxicity and stability of
the products, safety, required conditions, and efficiency within grain matrix for these
enzymes to get EU approval. Further, efficient and systematic search for suitable enzymes
could benefit from computational methods. The best processing steps to add enzymes are
likely milling and possible soaking or fermentation. Lactic acid bacteria have already been
noticed to degrade mycotoxins in fermentation and some feed additives have been
developed, yet neither are fully reliable at present. Currently, disposal of contaminated grains
is the cheapest way, so cost-effective usage of enzymes is crucial.
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Alati lampenevan ilmaston seurauksena mykotoksiineja tuottavien sienten maara lisaantyy
viljassa. Mykotoksiinit aiheuttavat vakavia akuutteja ja kroonisia terveysongelmia,
sadonmenetysta seka taloudellista tappiota maailmanlaajuisesti, eika kayttokelpoisia
hajotusmenetelmid ole saatavilla. Yleisin ja varsin kompakti mykotoksiini, deoksinivalenoli
(DON), aiheuttaa pahoinvointia, ruokahaluttomuutta ja elinvaurioita, eikd se hajoa ruoan
prosessoinnissa helposti. Hyvistd maatalouskaytannoista ja torjunta-aineista huolimatta
DON aiheuttaa kausiluontoisia pandemioita. Siksi sen detoksikaatio on ensisijaisen tarkeaa.
Monia fysikaalisia ja kemiallisia menetelmid on kehitetty DON:in hajottamiseksi, mutta ne
ovat kalliita eivétka selektiivisid, mika johtaa tuntemattomiin hajoamistuotteisiin ja ruoan
laadun heikkenemiseen. Tietyt entsyymit puolestaan voivat tehokkaasti, selektiivisesti ja
ympéristoystavallisesti katalysoida mykotoksiinien kemiallista hajoamista, ja niita voidaan
hyddyntdd monilla eri tavoin. Viime aikoina entsyymien potentiaalia on tutkittu reilusti,
osoittaen nousevaa trendid. Taman kirjallisuuskatsauksen tavoitteena on tutkia Kriittisesti
mahdollisia entsyymeja DON:in hajottamiseksi sek& arvioida niiden soveltuvuutta ja
lisatutkimuksen tarvetta néiden entsyymien kehittdmiseksi edelleen. Tietyt entsyymit,
varsinkin bakteeriperéiset oksidoreduktaasit, jotka katalysoivat DON:in myrkyttoméksi 3-
epi-DON:iksi, ovat jo yhtd tehokkaita kuin parhaat fysikaaliset ja kemialliset menetelmat.
Ne voivat potentiaalisesti parantaa ruoan riittdvyyttd ja taloudellisuutta sek& edistaa useita
kestavan kehityksen tavoitteita. Tamé katsaus tuo esille myds useita ongelmia, jotka on
ratkaistava ennen entsymaattisten menetelmien kaytdnnollistamistd.  Esimerkiksi
mykotoksiinien rinnakkaiskontaminaation takia useat eri entsyymit ja niiden kofaktorit ovat
tarpeen, heikentéen entsyymien kannattavuutta. Lisaksi monet nykyiset entsyymit eivét tayta
EU:n asettamia kriteerejd, joten lisdtutkimus hajoamismekanismeista, tuotteiden
myrkyllisyydestd ja stabiilisuudesta, turvallisuudesta, vaadituista olosuhteista sek&
entsyymien tehokkuudesta jyvamatriisissa on tarpeen niiden hyvéksymiseksi. Laskennalliset
menetelmét voivat niin ik&an auttaa sopivien entsyymien tehokkaassa ja systemaattisessa
etsinndssd. Parhaat prosessivaiheet entsyymien lisddmiseksi lienevat jauhatus seké&
mahdollinen liuotus tai fermentaatio. Mykotoksiinien on jo havaittu hajoavan
maitohappokdymisessa ja joitakin rehun lis&aineita on kehitetty, mutta kumpikaan
menetelmd ei talla hetkellda ole luotettava. Nykyisin saastuneen viljan havittdminen on
halvinta, joten entsyymien kustannustehokas kaytto on ratkaisevan tarkeéa.
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DON
DON-3G
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EU
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ppb
ppm
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UHPLC
NADH
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1 Introduction

Cereal products have been a major part of the human diet for thousands of years. However,
according to a review by Eskola et al. (2020), up to 80 % of the cereal crop worldwide have
been contaminated by mycotoxins. Many nuts, seeds, and fruits are also susceptible to
mycotoxin contamination (Loi et al., 2017). “Myco” means fungi, and “toxin” is poison, and
as the name suggests, mycotoxins are toxic, secondary metabolites produced by certain
fungi, such as Aspergillus flavus and Fusarium graminearum (Pinto et al., 2022; Zhang et
al., 2024). The biological purpose of these fungal toxins is to prevent other microorganisms
from growing in the same habitat (Lyagin & Efremenko, 2019). However, they are also toxic
to plants and animals, including humans. Generally, mycotoxins cause nausea, fever, and
feed refusal due to inflammatory effect and disruption of hormonal balance, respectively
(Juraschek, Kappenberg, & Amelung, 2022; Qu et al., 2019). Under chronic exposure,
immunodeficiency and inhibition of nutrient absorption has been observed, due to the
damage in organs and the digestive system (Accerbi, Rinaldi, & Ng, 1999). In addition to
health problems, annually more than one billion tons of edible food are being lost due to
mycotoxins, causing losses of above five billion dollars in US and Canada alone (Schmale
& Munkvold, n.d.). The estimate excludes cost of research, human health impacts, and losses
in the crop yield. Further, mycotoxins cause a food shortage and chronic exposure especially
in developing countries due to the poorer agricultural and storing practises and thus higher

mycotoxin contents.

There are more than 400 different mycotoxins, but only a few of them are economically
significant (Pinto et al., 2022). Deoxynivalenol (DON) is one of the significant mycotoxins
and it tolerates food processing regrettably well. It is the most prevalent and frequently
occurring mycotoxin in grains (Ito et al., 2013; Mishra et al., 2020; Juodeikiene et al., 2011).
The Fusarium fungi, which produce DON, also cause Fusarium head blight (FHB) disease
and recurring FHB epidemics (Wetterhorn et al., 2016), reducing grain yield. Therefore, this

review focuses on DON.

The occurrence of the fungi depends on weather conditions, such as temperature and
humidity (Juodeikiene et al., 2011). Consequently, the fungal growth before harvest cannot

be fully prevented with currently used methods, such as fungicides and quick drying of the



grains. Moreover, due to the ever-warming climate, it is predictable that the fungi and
consequently mycotoxins will become even more abundant and harder to avoid. Only a few
methods reducing mycotoxin content have been approved but many promising options
remain at an experimental stage. This review focuses on enzymatic treatments which have
versatile approaches and a potential to mitigate the adverse effects of mycotoxins, including
DON. In this thesis, detoxification and degradation are considered as synonyms. Generally,
detoxification (and here also degradation) means formation of products which are less toxic
than the precursor. Enzymes are proteins with catalytic activity, and some have been noticed
to degrade mycotoxins effectively. Recently, such enzymes have been extensively studied
(Nahle et al., 2022), owing to evolving software and methods for enzyme purification and
determination of the degradation products. However, so far comprehensive collection and

assessment of potential enzymes capable of degrading mycotoxins has not been done.

This thesis is a literature review, based on peer-reviewed articles. Detailed methodological
information is found in Appendix 1. The purpose of the study is to explore the most potential
enzymes and trends, which will help to improve enzyme-based degradation methods. The
goal is to help researchers and manufacturers to notice new, biological ways to mitigate
deoxynivalenol and other mycotoxin contamination and therefore improve food safety,
profitability, and adequacy. Also, insights into further research are provided. These are done
by answering the following questions: 1. can enzymatic methods become feasible and
compete with physical and chemical ones in the near future, 2. which are the best enzymes
and practices for grain industry and 3. can food safety be increased with the help of enzymes.
Only purified enzymes and commercial microorganisms currently used in food industry are
considered, because they are more likely to get approved by the EU, whose legislation this
thesis is focused on. Review of all enzymes would also lead into too wide topic. The

degradation methods focus on postharvest food processing.

The significance of deoxynivalenol is discussed in the first part of the thesis. The following
part explores physical and chemical methods for deoxynivalenol degradation, giving a view
on options against which enzymatic treatments can be compared. In the third part, general
information about enzymes is provided, after which potential enzymes are collected, and
their efficiency and degradation products are discussed. Finally, potential of the enzymes is
inspected comprehensively. It is done by assessing current legislation and capability to find

novel enzymes, discussing potentiality of commercial microbial cultures and enzyme-



containing feed additives to degrade mycotoxins, and comparing the enzymatic methods to
the best physical and chemical alternatives. Feasibility of the reviewed methods are also
evaluated. In the conclusions, the research questions are answered, usage of the enzymes is
evaluated, importance of the enzymatic treatment is shown, and the need for further study

assessed.
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2 Deoxynivalenol

Deoxynivalenol (DON, vomitoxin) is one of the most economically significant and
widespread mycotoxins (He et al., 2020a), and overall among the most prevalent food
contaminants (Yang et al., 2017). DON is produced by several species of Fusarium fungi,

mainly Fusarium graminearum and Fusarium culmorum (Pinto et al., 2022).
2.1 Chemical properties

DON (3,7,15-trihydroxy-12,13-epoxytrichothec-9-en-8-one) is a type B trichothecene, or in
other words, a tetracyclic sesquiterpenoid that has epoxy group (Nagy et al., 2005). As
shown in Figure 1, it has two secondary and one primary hydroxy (OH)-groups. In addition
to them, conjugated ketone and epoxy groups are likely associated with the toxicity of DON
(Nagy et al., 2005). The epoxide ring and the hydroxy group attached to C-3 are however
the main contributors of DONSs toxicity (Karlovsky, 2011). DON is polar and highly soluble
to water and other polar solvents (Juraschek, Kappenberg, & Amelung, 2022; Li etal., 2023).

Its molecular formula is C15sH200s, and molar mass 296,3 g/mol which is slightly lower than

average (around 340) among common mycotoxins (Juraschek, Kappenberg, & Amelung,
2022).

Figure 1. Chemical structure of deoxynivalenol.
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2.2 Occurrence

DON is mainly found in cereal products (e.g. oat, wheat, barley, rye, corn, and rice) in
Europe, North America, and Asia (Juraschek, Kappenberg, & Amelung, 2022). Further,
DON is not only detected in plants, but also in water (up to 5 ppb) and soil (up to 28 ppb),
where plant residues were indicated to be the main source of DON. Exposure to the toxin
occurs mainly by eating cereal products contaminated by DON or animal products fed with

contaminated feed (Juraschek, Kappenberg, & Amelung, 2022).

European Union (EU) has limited DON concentration to 1250 ppb in unprocessed grains
(except 1750 in durum wheat and corn), 750 ppb in final cereal products such as pasta, 500
ppb in baked products and 200 ppb in infant foods (EUR-Lex, 2023) because of the adverse
health effects. For feed, 5000 ppb is allowed for ruminants but only 900 ppb for pigs (EUR-
Lex, 2016). For comparison, only 0,1 ppb of aflatoxin (another mycotoxin) is allowed in
infant foods, which is 2000 times lower concentration compared to DON. It can therefore be
concluded that DON is not so toxic in small quantities. However, it is occurring in large

amounts (Table 1).

Unprocessed grains have higher limit because final products also contain ingredients other
than the contaminated grains. Further, the DON concentration can be decreased during
processing, such as fermenting and baking (Karlovsky et al., 2016; Voss et al., 2010). In
some cases, however, DON concentration was found to be even higher in the finished
products, such as wheat flakes, pretzels, and donuts, than in a flour (Voss et al., 2010). It
was proposed by Voss et al. (2010) that DON-glucosides (DON-3G), which are naturally
occurring in cereals, can be degraded into DON during the processing. DON-3G/DON ratio
in contaminated grains varies between 6 and 94 % (Table 1), but generally higher DON-3G
amount indicates higher DON amount. In DON-3G, glucose molecule is attached to DON’s
OH-group at C-3 position. DON-3G is a metabolite of plants, and thus less toxic to them.

Some DON derivatives are called modified or “masked” mycotoxins because they are not
always detected. Among DON derivatives DON-3G is the most important. DON-3G is found
in an average level of 30 % of DON’s concentration (Gab-Allah et al., 2022; Berthiller at
al., 2009). Practically it means that there might be even 1/3 more DON than measured.

Furthermore, in most studies in addition to DON and its derivatives, over half of the samples
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contained more than one mycotoxin. The co-occurrence of multiple mycotoxins exposes is

known to have synergistic effects and thus, it possesses an additional hazard.

There are significant differences in DON concentrations between location (Dong et al.,
2017) and harvest year (Palacios et al., 2017). The big differences between years are partly
caused by relatively frequent Fusarium head blight (FHB) epidemics (He et al., 2020a).
DON occurrence is also highly affected by the prevailing climate (Bryta et al., 2018).
Occurrence of DON and DON-3G in certain studies are collected to Table 1. It can be noticed
that the occurrence varies significantly between years and samples. Likewise, Mishra et al.
(2020) mapped the occurrence of DON in all continents and major grains and found similar,

significance but regionally varying contamination.

Table 1. Occurrence of deoxynivalenol in cereal grains.

Country | Graintype | n? Occurrence | Mean Variation, | Amount  of | Crop Reference
of the | amount, of | [ppb] DON-3G year
samples, [%0] | positive (mean, [ppb])
samples,
[ppb]

Germany, | Wheat 22 86 453 <75-1654 Not measured | 1998 Schothorst

France &  Jekel,
2001

Egypt Wheat 50 56 188 <43-389 84 2020 Gab-Allah
et al., 2022

Egypt Corn 54 83 334 <47-853 121 2020 Gab-Allah
etal., 2022

Austria, Wheat 23 100 1500 203-4130 | 393 2005 Berthiller

Germany, etal., 20009.

Slovakia

Austria Corn 54 100 753 42 - 3680 141 2005 Berthiller
etal., 2009.

Poland Wheat 92 83 140 <11-1265 | 39 2016 Brytaetal,,
2018

China Wheat 443 100 2087 166-14960 | 545 2015 Dong et al.,
2017

China Wheat 419 100 2601 12-18061 819 2016 Dong et al.,
2017

Argentina | Wheat 84 100 1750 <50-9480 198 2012- Palacios et

2013 al., 2017
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Argentina

Wheat 25 96 3211

50-15141 Not measured | 2011 Cendoya et

al., 2014

Brazil

Wheat 371 | 90 1690

<10-8501 Not measured | 2009 Calori-
Domingues

etal.,, 2016

Brazil

Wheat 374 | 83 407

<10-2419 Not measured 2010 Calori-
Domingues

etal., 2016

Denmark

Oat 6 67 272

<18-683 <35 2007 Rasmussen

etal., 2012

Denmark

Oat 5 100 1241

703-2216 102 2010 Rasmussen

etal., 2012

asample size in the study

2.3 Economic effects

In the USA alone, economical losses of 655 million dollars per year have been estimated
because of DON (Schmale & Munkvold, n.d.), and the estimate excludes at least research
and detoxification costs. DON causes economical losses through crop diseases reducing
yield, a reduced value of the obtained crop, losses in animal productivity due to the
mycotoxin-contaminated feed, human health costs, and costs associated with measuring,
prevention, and detoxification of mycotoxins. Overall, it is obvious that DON should be
detoxified to mitigate its adverse effects on economy, food sufficiency, and, especially, on

human and animal health.

2.4 Health effects

As acute effects, DON cause vomiting, nausea, diarrhea, abdominal pain, headache,
dizziness, and fever (Juraschek, Kappenberg, & Amelung, 2022). However, acute poisoning
from large amounts of DON is not the only threat. Already in smaller quantity, it reduces the
quality of grains and limits their storability (Park et al. 2007). In addition, DON can enhance
the activity of other mycotoxins. It also reduces feed intake and thus growth of production
animals significantly, typically over 10 percent (Placinta, D’Mello & Macdonald, 1999).

Growth retardation and loss of appetite caused by DON have also been noticed in humans,
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especially in developed countries (Mishra et al., 2020). The anorexigenic effect is probably
due to DON’s ability to disrupt neuroendocrine cells (which release hormones) and neuronal
signaling (Pinton & Oswald, 2014). The activities of digestive and liver enzymes are also
reduced significantly, the microbiota is unbalanced, and the surface of intestine is damaged
when exposed to DON (Zhang et al., 2024). In addition to bowels, at least liver, brain,
kidneys, and uterus are exposed to severe damage, hyperemia (increased blood flow), and
oxidative stress (production of free radicals) due to DON (Zhang et al., 2024; Peng et al.,
2017; Pinto et al., 2022). Decline in reproductive performance has also been noticed (Zhang
etal., 2024).

Further, DON impairs nutrient adsorption from food and thus causes nutritional deficiency
by affecting transporters and structure of intestinal epithelium, leading to intestinal
inflammation (Pinton & Oswald, 2014). Chronic exposure to DON is associated with
possible carcinogenic and genotoxic (damage of the genetic material) effects. At a cellular
level, DON binds to ribosomes and inhibits protein synthesis (Zhang et al., 2024), causing
inhibition of cell production in bone marrow and immune dysfunction (Qu et al., 2019),
inhibition of cell mitosis, and apoptosis (so-called programmed cell death) (Zhang et al.,
2024). Even small amounts of DON can damage DNA and inhibit its repair (Peng et al.,
2017). However, at lower doses DON can activate immune system due to its inflammatory
effects (Gauthier et al., 2013). The main visible effects of DON are nausea and food or feed
refusal. They are caused by DON’s inflammatory effect in digestive tract, and hormone

disruption, respectively (Accerbi, Rinaldi, & Ng, 1999).

Unfortunately, DON is not only detrimental by reducing grain yield and causing economic
and health problems, but it is also very stable and needs extreme pH or temperature to be
degraded (Mishra et al., 2014). According to Bosch et al. (2017), DON’s compact and
aromatic structure makes it very resistant to degradation. Because of the high incidence,
toxicity and stability of DON, specific methods have been developed to degrade it, some of

which are discussed in the following chapter.
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3 Physical and chemical methods to degrade deoxynivalenol

Nowadays, the occurrence of mycotoxins is mostly prevented by keeping storage
temperature and humidity unfavorable for fungal growth and by maintaining good hygiene
and agricultural practices. Other techniques include crop rotation, soil tillage, and the use of
fungicides (Karlovsky et al., 2016). Grains are also dried quickly to prevent fungal growth
and thus formation of mycotoxins. It is important, since mycotoxins are further produced
during grain storage, transportation, and processing (Chen et al., 2019). This chapter reviews
some chemical and physical treatment methods to degrade mycotoxins. Mechanisms and
efficiency of degradation are studied in the case of deoxynivalenol by means of ultra-high-
performance liquid chromatography, UHPLC. The UHPLC chromatography has been used
to detect DON concentrations before and after the treatments in most studies, as it is the most

reliable and convenient method to detect DON (Juraschek, Kappenberg, & Ame-lung 2022).

To assess the potential of the methods, a few aspects have been considered: how much DON
is degraded, how the method affects nutritional value and quality of the product, feasibility
of the method, operating conditions such pH, temperature, and treatment time, and
possibility to formation of equally or even more toxic compounds than the DON itself. It is
worth to notice that some of the reactions are reversible. It means that the degradation
products can react back into DON in our digestive tract or during food processing. In
numerous studies, toxic (non-food grade) solvents, like acetonitrile or methanol, have been

used. Therefore, their applicability in food industry cannot be ensured.
3.1 Chemical treatment methods

Chemical treatment methods exploit chemical agents, such as bases, to degrade DON mainly
by oxidation and de-epoxidation (opening the epoxy ring). However, toxicity of the products,
presence of chemical residues, loss of the food quality and nutritional value, existing
regulations, and cost of chemicals are the main disadvantages of chemical treatment methods
(Feizollahi & Roopesh, 2022). According to the study of Zhang et al. (2024), the loss of food
quality is a consequence of acidic or basic treatment. Mishra et al. (2014), who has reviewed

DON degradation in harsh conditions, showed that low or high pH, temperature over 150 °C
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or high ionic environment were needed to degrade DON. Most of the degradation products
remained, however, unknown. Moreover, non-specific chemical agents will likely destroy
some of the micronutrients, such as vitamins, from food and alter its qualitative properties.
Despite these disadvantages, there are already food processing steps including chemical
treatment, for instance the vegetable oil refining, which includes an alkali treatment.
Numerous studies have showed that sodium hydroxide degraded DON and other mycotoxins

almost completely during the refine process (Karlovsky et al., 2016).
3.1.1 Ammonia

Contamination heterogeneity, opacity, and temperature sensitivity of solid grains have been
listed as factors which make many treatment methods insufficient to degrade mycotoxins
(Borras-Vallverdu et al., 2020). Gaseous chemicals, such as ammonia, can get better contact
with the cereals than liquids, thus obtaining better results. Ammonia can be stored as a gas,
and it is a common additive in food products making it safe to use (Borras-Vallverdu et al.,
2020).

Chemically, ammonia is a nucleophile. Borras-Vallverdu et al. (2020) has demonstrated that
it can react with 1) the epoxide ring of DON, opening it and further producing alkene and
amine (compounds B and C), 2) hydroxy groups and/or double bond forming amine (com-
pounds C and D), or 3) carbonyl group to form imine (compound A, C and D). The
compounds are presented in Figure 2. The products were less toxic than the DON itself, due

to the elimination of epoxy ring and/or carbonyl group, attached to C-8 carbon.

HC AN < TOH
\
07\( w;b 5

OH OHCH,

DON
r\ \ OH ’ C:( 0 [ OH
Y \]/ \/\
OH OH CHJ OH OH CH
Compound A Compound B

O

HN
HC A 1 _OH HC AN /O\»TOH

be
—NH, HN\|/

NH, OHCH; NH, OH CH
Compound C Compound D

Figure 2. Reaction products of ammonia treatment (Borras-Vallverdu et al., 2020).
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In a study published by Borras-Vallverdla et al. (2020), the contact between a volatile
ammonium hydroxide and grains contaminated by DON occurred in a glass jar, which was
simultaneously heated. The best results were achieved with a temperature of 90 °C and at
high (4,8 %) concentration of ammonium hydroxide. The degradation percentage of DON
was found to be independent on DON concentration but depended on the reaction time. The
following degradation percentages 46, 75, and 93 % were obtained in 1, 2, and 4 hours,

respectively.

In their study, Young et al. (1986) have soaked DON contaminated grains in 5 % ammonium
hydroxide solution for 24 h, at 22 °C. However, only 35 % degradation of DON was
achieved. Pasqualotto et al. (2023), who have injected gaseous ammonia into plastic bags
containing contaminated wheat grains, achieved 32, 73, and 100 % reduction of DON with
ammonia concentrations of 0,5; 10 and 1,5 %, respectively. They found that protein content
and sensory properties of the grains remained during the treatment, and the degradation
products of DON was not toxic to rats. It should be mentioned, however, that the treatment

time took seven days, and the initial concentration of DON was only 0,22 ppm.

3.1.2 Organic acids

Organic acids, such as citric acid and propionic acid, are used as food preservatives. As
opposed to many other chemicals, these acids might even promote nutritional values of food
(Humer et al., 2016). In a study of Humer et al. (2016), 5 % solutions of citric and lactic acid
were used to degrade DON in feed at room temperature. It was found that many mycotoxins
remained intact, but DON concentration halved with lactic acid treatment after 5-hour
soaking. An increasing of the soaking time had no effect. Citric acid had slightly lower

impact on DON concentration compared to the lactic acid.

3.1.3 Salts

Many salts, such as sodium sulfite (Na2SQOs), sodium carbonate (Na2COs), and sodium
metabisulfite (Na2S20s), can degrade deoxynivalenol (Feizollahi & Roopesh, 2022). They
are used as food preservatives and assumed to be safe. However, as sodium intake is already

quite high in western countries, it might be better to look for salts having other cations. The
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above-mentioned salts were used to form either basic or acidic solution, enhancing the
degradation of DON.

The sulfur-containing salts form DON sulfonates, DONS, by interacting with DON
(Feizollahi & Roopesh, 2022; Danicke et al., 2009). The reaction takes place at the C-10
carbon of DON. The reaction between DON and the sulfur-containing salts can
simultaneously result in the opening of epoxy ring (Formation of DONS 1) or formation of
hemiketal structures such as DONS 2 and DONS 3. (Feizollahi & Roopesh, 2022; Bretz et
al., 2006). DONS 1, 2, and 3 are presented in Figure 3. DONS 1 and 2 are formed quickly in
alkaline solutions, whereas slow, reversible formation of DONS 3 occurs in acidic solutions

(Karlovsky et al., 2016).
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Figure 3. DON sulfonates (Schwartz et al., 2013).

A few studies (Young, 1986; Paulick et al., 2015) have used a combination of Na2SOs3
solution and heat to degrade DON. It was found that Na2SO3s concentration, moisture
content, and heating time (temperature) were all directly proportional to DON degradation
rate. Paulick et al. (2018) have achieved around 86 % DON degradation in corn with 1 w-%
Na2S0s solution and one-week reaction time. It was also tested that the degradation products
(DON sulfonates) were less harmful to pigs than DON. Similar to the Na2SO3, Na2S20s was
also shown to degrade DON (Danicke et al., 2009). Wheat was mixed with 0,5 w-% Na2S20s
-solution to achieve 13 or 15 % moisture content. DON was degraded almost entirely, but

the degradation time was 63 days.

Abramson et al. (2005) have exploited 12,6 % Na.COsand temperature of 80 °C to degrade
DON in barley. 75-98 % of DON degradation was observed, depending on the Na:CO3
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amount and reaction time. Lauren & Smith (2001) had obtained similar results in their

experiment with corn.

3.1.4 Ozone

Ozone is a very strong oxidizing agent, which has potential to degrade DON (Feizollahi &
Roopesh, 2022). The ozonation method is, however, costly and requires special facilities (Li,
etal., 2023). Ozone, consisting of three oxygen atoms, decomposes quickly into oxygen gas
without leaving residues, and it can be produced on site (Wang et al., 2016). It is widely used
for disinfection due to its antimicrobial properties. At a micro level, an ozonide structure is
formed around DON’s double bond (C-9 and C-10). The carbon ring is then opened, and
carboxylic acid or aldehyde structures are formed (Feizollahi & Roopesh, 2022). Further,
the hydroxyl group in C-3 and epoxy ring can be oxidized into carboxyl or hydroxyl groups.
Some of the DON degradation products obtained after ozone treatment are presented in

Figure 4.
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Figure 4. Some DON degradation products found after ozone treatment / oxidation
(Feizollahi & Roopesh, 2022).

Wang et al. (2016) have found that when wheat grains were exposed to ozone in a room
temperature, the total DON concentration was decreased by 26 and 53 % with reaction time
of 30 and 90 minutes. On the other hand, 80 and 88 % degradation of DON with time of 30
and 60 minutes, were reported by Savi et al. (2014). Ozone concentrations applied in these
studies were 75 and 64 ppm, respectively. Increasing of ozone and moisture content was
noticed to enhance the degradation (Wang et al., 2016). To assess the nutritional loss, such

as fatty acid oxidation of the flour, also protein and fat content (Wang et al., 2016), as well
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as carbonyl and carboxyl contents (Savi et al., 2014) were measured. The ozone treatment
had not been found to have significant effect on the nutritional value of grains with the
reaction time under 120 minutes in neither study. In addition, ozone was noticed to prevent
a growth of the DON-producing fungi (Savi et al., 2014). A few other studies observed
comparable results, around 70 % degradation of DON (Sun et al., 2016; Alexandre et al.,
2017).

3.2 Physical treatment methods

Different physical treatment methods, such as flotation (Huff & Hagler, 1985), irradiation
(Li, Guan & Bian, 2019) and atmospheric cold plasma (Feizollahi et al., 2020), have been
studied. A grain husk protects the kernel (edible part of the grain) from toxins, which are
mostly produced outside the husk. As expected, DON is accumulated mostly to the outer
parts of the grains (Wang et al., 2016). Removal of infected grains, cleaning, sorting, and
milling (which separates outer parts of grain) has been showed to decrease mycotoxin
content (Karlovsky et al., 2016). In a 30 % sucrose solution, contaminated wheat and corn
kernels float and thus can be removed, obtaining around 53 % and 68 % removal of
deoxynivalenol from the corn and wheat samples, respectively (Huff & Hagler, 1985).
However, drying of the grains is expensive, the equipment take space, and the nutritional
value of the grains may decrease (Huff & Hagler, 1985; Li et al., 2023). Also, it must be kept
in mind that only removing contaminated grains increases food waste, and cleaning, milling,

and dehusking (removal of the husk) alone are not efficient enough.

3.2.1 Thermolysis

Heat is commonly applied to grains at some stage of their processing, such as baking and
extrusion. According to the Feizollahi & Roopesh (2022), in thermal treatment, the carbony|
and hydroxyl group in carbons C-7 and C-8 can swap over, and epoxy ring open forming
norDON A (3rd compound shown in Figure 5). The carbonyl group can also disappear, and
hydroxy!l group shift from C-7 to C-10 position. In addition, the epoxy ring can be removed
forming norDON B or C (compounds 4-5 in the Figure 5). The norDONs are roughly 100
times less toxic than DON (Feizollahi & Roopesh, 2022). Formation of non-toxic DOM-1,
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where the epoxy group has been changed into ethene during heating, has also been reported
by Wan et al. (2014). NorDONs and DOM-1 do not have epoxy group, which is probably
the main reason for their non-toxicity (a.0. Feizollahi & Roopesh, 2022). The thermal

degradation products of DON are presented in the Figure 5.

1: CisH2006 2: CisH204 3: CraHs0s
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Figure 5. Thermal degradation products of DON in order: DON (1), IsoDON (2), norDON
A (3), B (4), C (5), DON lactone (6), 9-hydroxymethyl DON lactone (7), norDON D (8), E
(9), and F (10), where the numbers refer to the picture (Feizollahi & Roopesh, 2022).

However, heating alone has been demonstrated to be ineffective. Several studies about the
effect of baking on DON degradation were found. For example, Israel-Roming and Avram
(2010) have shown that baking of wheat at temperatures below 230 °C has little effect on
DON degradation. Baking at 230 °C for 20 minutes resulted in less than 10 % degradation.

Valle-Algarra et al. (2009) have studied baking of bread with DON-contaminated wheat.
DON reduction was measured after both fermentation (rising) and baking. No significant
DON reduction in fermentation was observed at temperatures below 50 °C. However, baking
of the fermented dough reduced DON content by 48 % on average in the study. VVoss et al.
(2010) have reviewed a few more studies about baking, in which the results were
controversial: in some cases, DON concentration was decreased, whereas even increase was
found in others. Reason for that inconsistently is not known, but it was supposed that the
baking conditions and ingredients might affect DON stability (Voss et al., 2010) and,
moreover, hydrolysis of DON-3G into DON is probable. Further, Samar et al. (2007) deep
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fried wheat doughs and obtained 28 % DON reduction at 169 °C, but higher temperatures
achieved even worse degradation. Thus, it could be better to degrade DON other ways than
by optimizing baking conditions just for DON degradation, which would result in worse

bread production.

Extrusion is the processing of flour into products such as pasta and noodles. Extrusion
process applies a high temperature and shear stress to force a dough through a pipe.
According to Cazzaniga et al. (2001), DON content (5 ppm) in corn flour decreased over 95
% after extrusion performed at 150-180 °C. However, the toxicity of the products was not
deter-mined. On the other hand, DON concentration has also been found to increase in

extrusion process after soaking in a salt solution (Accerbi, Rinaldi, & Ng, 1999).

Itis known that DON is water-soluble. Therefore, it is important to study how boiling affects
the DON-containing food products such as pasta and noodles. Around 60 % of DON shifted
to boiling water in a study by Sugita-Konishi et al. (2006), and 30 % remained in the boiled
noodles. Some 10 % had degraded, apparently due to heat. In the study, wheat bread was
also baked. It was found that DON concentration did not change much but its biological

toxicity had decreased.

3.2.2 Adsorption

Adsorbent can attach contaminants, such as water-soluble DON, to itself from liquids or
during intestinal digestion. There are many materials such as activated carbon, ion exchange

resins, polymers, and minerals, that can adsorb DON (Zhang et al., 2021a).

A mineral clay montmorillonite could adsorb DON by 34 % (Zhang et al., 2021a), and 0,5
% activated carbon bound DON by around 90 % (2 ppm) and 55 % (10 ppm) in one hour
(Avantaggiato, Havenaar, & Visconti, 2004; Sabater-Vilar et al., 2007). In a digestive tract
simulation (Gl model), DON absorption in the intestinal was reduced by 29-45 %
(Avantaggiato, Havenaar, & Visconti, 2004; Abdel-Wahhab et al., 2015) and 67 % (Doll et
al., 2004).

However, activated carbon can bind not only DON but also nutrients from feed (Abdel-
Wahhab et al., 2015; Avantaggiato, Havenaar, & Visconti, 2004). For example, vitamin A
concentration in rabbits’ liver was decreased by 90 % with feed containing 0,25 % of
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activated carbon (Abdelhamid et al., 1990). Further, adsorption is mostly unpractical because
addition of activated carbon to cereals is very expensive and not healthy. Rice husk or other
fibers could still possibly be used as adsorbents and also to reduce content of heavy metals
and pesticides, for instance (Ahmaruzzaman & Gupta, 2011). Grain husk could work

similarly but more research is needed.

3.2.3 Irradiation

Different types of irradiation such as gamma ray, electron beam, or ultraviolet-C (UV-C),
have been tested to degrade DON (Feizollahi & Roopesh, 2022). Irradiation is already
widely approved in food industry, including cereal processing (European Commission,
1999).

Li, Guan & Bian (2019) have irradiated DON with Co® gamma rays, which is apparently
widely used in detoxification of microorganisms and toxins. The 2 ppm DON-water solution
were exposed to 0,55 kGy/h gamma-ray irradiation. DON disappeared entirely after 5 kGy
irradiation. In the experiments with mice, it was proved that the products of radiolysis were
less toxic than DON. O'Neill, Damoglou & Patterson (1993) have obtained similar results:
complete degradation of DON in aqueous solution was observed with 50 kGy irradiation,
but less than 20 % degradation occurred under dry conditions or when contaminated maize
(complex solid matrix) was irradiated. It was suggested that under gamma rays, water forms

free radicals which react with DON.

Stepanik et al. (2007) have used electron beam to irradiate DON-contaminated wheat. The
wheat samples were first fermented and distillated. A part of the remaining stillage was also
centrifuged to obtain a drier precipitate. When irradiated with around 50 kGy dose, DON
content was reduced by 48 % and 74 % in the precipitate and stillage, respectively. In dried
grains, no DON degradation was detected and in unfermented grains, less than 18 %

degradation occurred.

Also, ultraviolet-C (UV-C) irradiation has been used to degrade DON (Murata, Mitsumatsu
& Shimada, 2008). In the study, 30 ppm DON solutions were absorbed on paper strips and
dried. Both mild (0,1 mW/cm2) and strong (24 mW/cm2) irradiation at 254 nm reduced

DON concentration at a room temperature. The results showed that after 10 minutes of
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exposure, DON was degraded over 90 % in strong irradiation and no DON was detected
after 60 minute-exposure in either experiment. The degradation products remained unclear,
but the toxic effects had been reported to decrease in comparison with intact DON. In another
study, corn-based feed containing 60 ppm of DON was exposed to 1,5 mW/cm? UV-C
irradiation for 30 minutes (Murata et al., 2011). Decrease in DON concentration was 22 %
after 30 minutes, but longer exposure to UV-C did not degrade DON further. The difference
in DON degradation rate between these two studies can be explained by complexity of the
matrix of actual feed compared to the paper strips. To inspect nutrient retention during UV-
C treatment, vitamin E and p-carotene were also measured (Murata et al., 2011). No

significant reduction had been noticed.

Further, UV-C can be enhanced by pulsing it, due to the higher peak power and wider
spectrum (Moreau et al., 2013). In the study by Moreau et al. (2013), 1 J/cm? irradiation was
generated for 300 ps, using 180-1100 nm light. In 6-10 ppm DON solutions, around 73 %
degradation was occurred after eight such flashes. Additional flashes did not enhance the
degradation further. Toxicity of the irradiated DON solution was reduced according to a
Caenorahbditis elegans survival test (survival of worms). In the studies, DON degraded

worse than other mycotoxins under irradiation, seemingly due to its compact structure.

However, according to European Commission (1999), high levels of ionizing radiation can
negatively affect food quality. Additionally, liquid food products, which require lower doses
of irradiation, are not currently approved for irradiation. It has been noticed that UV-C
treatment might reduce contents of light-sensitive vitamins and antioxidants, and oxidize
lipids leading to change in a smell, colour, and composition of food (Csapé et al., 2019;
Martysiak-Zurowska et al., 2017). There are, however, contradictory studies and it could be

concluded that gentle UV-C irradiation does not significantly destroy nutrients.

3.2.4 Ultrasound

Ultrasound consists of high frequency sound waves (Feizollahi & Roopesh, 2022), which
humans cannot hear. Ultrasound produce cavitation bubbles which generate extreme
temperature (5000 °C) and pressure (1000 bar), modifying water molecules into OH radicals
(Liuetal. 2019). Degradation of DON by ultrasound could be due to heat and/or OH radicals.
In their study, Liu et al. (2019) have applied pulsation of 20 kHz and 4,4 W/cm? sound waves
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to acetonitrile solution of DON. It was found that in 0,5 ppm solution, DON degraded by 88
% in 40 minutes. In 2 ppm solutions the degradation decreased to under 50 % and in 4 ppm
solution only 37 % had been degraded. The most optimally sized cavitation bubbles were
formed and therefore the best results obtained by pulsing 1-second sound waves every 4

seconds.

In their comprehensive review on the ultrasound decontamination of food products, Moosavi
et al. (2021) have stated that there are contradictory results about the effects of ultrasound
on food quality and sensory properties. Degradation of nutrients is expected due to the
extreme conditions caused by cavitation bubbles, but in most studies the deterioration was
not significant. Therefore, it was concluded that if optimal ultrasound frequency, power and

time are chosen, there is no substantial quality loss in food products.

3.2.5 Atmospheric cold plasma

Atmospheric-pressure cold plasma (ACP) ionizes gas by increasing its internal energy
(Feizollahi et al., 2020). This creates UV irradiation, electrons, and oxygen or nitrogen -
containing radicals, such as peroxide, nitric oxides, and especially ozone. Thus, ACP could
be considered as a combination of ozone, electron beam, and UV treatments. In addition, it
mainly has a low operating temperature (under 130 °C), and it is easy and fast to operate
(Park et al., 2007). The probable reaction pathways are similar to that of ozone. Briefly, the
reaction takes place at the C-9 and C-10 carbons of DON, resulting in the formation of
ketones or ether linkages (Feizollahi et al., 2021). However, the parameters of ACP, such as
a voltage and carrier gas used, affect the reaction products. Also, it seems again that pure

DON solution or powder is degraded easier than DON inside grain matrix.

In the study by Feizollahi et al. (2020), dried barley grains spiked with 50 ppm DON were
transferred in a plastic cup between two electrodes. The upper electrode was connected to
34 kV plasma generator. After 6- and 10-minute treatments, 49 % and 54 % DON
degradation had observed, respectively. The parameters, such as a frequency and voltage,
were not optimized, however. It was suggested that ozone had the most effect in the
degradation. Little degradation of DON had detected after 6 minutes, possibly because ozone
reacted into other, weaker radicals, over time. Temperature, humidity, or moisture content

did not have significant effect on DON degradation, but about 8 % additional degradation of
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DON was observed after stored at a room temperature, probably due to oxygen in the air.
Also, steeping the grains before plasma treatment increased DON degradation, while drying
decreased it. Ozone is water-soluble, so water might increase the contact between ozone and
DON. The changes in a moisture, protein, and -glucan contents were negligible during the

treatment, indicating that the quality of barley did not deteriorate.

Another study conducted by Feizollahi et al. (2021) combined ACP, 395-nm LED light and
temperature of 80 °C for DON treatment. The experiments were done with 2 pg of dried
DON sample and 20 ppm DON -containing acetonitrile and water (20/80 vol-%) solution.
The ACP system was similar than in the previous study, except the plasma generator used
30 kV. DON was degraded completely in 5 minutes from 20 ppm solution with the single
ACP treatment. In turn, only 25 % and 76 % DON degradation had been observed in the
dried sample after 5 and 60 minutes of plasma treatment, respectively. This proves the
importance of water in ACP treatment. The OH radicals are formed in water, and ozone also
gets better contact with DON. The 395-nm LED light pulses after ACP, for 30 minutes, gave
only additional 10 % of DON degradation. Likewise, application of 80 °C heating step after
ACP did not result in more than 2-3 % of additionally degraded DON.

Kritz et al. (2015) have used microwave power supply to generate plasma from air. The
sample, containing 100 g of barley seeds, was stirred slowly at a low pressure of 100 Pa and
brought into contact with the plasma. The low-pressure method resulted in 72 % DON
degradation during the first minute. However, 58 % degradation of DON was detected after
five minutes. It was suggested that some of the fungi survived the treatment and produced

more DON. No deterioration in food quality was observed in the experiments.

In another study, DON was dissolved from rice into methanol and dried (Bosch et al., 2017).
38 kV pulsed plasma generator was attached to horizontally moving electrode, and the
sample was cooled to keep the temperature continually under 60 °C. DON was degraded by
around 70 % in 10 minutes. However, less degradation occurred when the mycotoxins were
imbedded in a more complex matrix (fungal culture extract). Stabile degradation products
were not observed by HPLC, which was probably due to the rapid reactions between DON

and the radicals forming volatile compounds such as CO..

Plasma-activated water can also be used to degrade DON due to better oxidizing ability,

electrical conductivity, and lower pH (2,8) than regular water (Chen et al., 2019). In their
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study, non-thermal plasma was injected into pure water using 4,4 kV plasma generator and
air as aworking gas. Soaked and dried barley grains were then stirred in the prepared plasma-
activated water for 20 minutes. During the first 5 minutes, DON was degraded by 23 % but
only additional 3 % after it (5-20 minutes). In germinating barley, up to 38 % degradation
occurred. It was noticed that plasma-activated water lost its oxidizing and conducting
abilities over time, and thus its ability to break down DON. Germination and thus quality of

the barley remained unaffected.

3.3 Comparison of the physical and chemical methods

All methods have their disadvantages, but some restrict their usage in food production
entirely. If the degradation products are not non-toxic enough or there is severe deterioration
in nutritional or organoleptic properties (taste, smell, texture, colour), the method cannot be
used. Most of the methods, especially physical, yield inconsistent results; in thermolysis or
fermentation, for instance, DON concentration can either decrease or even increase. Such
methods are not suitable for degradation of DON. Likewise, degradation times, for instance,
range from a few minutes (such as ACP) to several months (soaking in salt solution).
However, there is no single factor that would make physical or chemical methods better in
general. Further, some physical and chemical methods, such as ultrasound and organic acids,

should be studied more to verify their potentiality.

To find more detailed advantages and disadvantages, physical and chemical methods are

assessed separately in the following Table 2.

Table 2. Main benefits and drawbacks of the physical and chemical methods separately.

Method Main advantage Main disadvantage

Ammonia Provide good contact Healthy concerns

Organic acids Nutritional value not reduced Inefficient

Salts Work as food preservatives Long time required

Ozone No residues Expensive

Thermolysis A part of basic food processing Inconsistent results

Adsorption Many potential adsorbents Expensive / unpractical, unhealthy
Irradiation Scalable Limited efficiency

Ultrasound Eco-friendly Degradation products and efficacy unclear
ACP Effective Hard / expensive to scale up
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The DON’s ability to withstand moderate temperature and pH can be clearly seen from the
Table 2, as thermal and pH-related methods (thermolysis, salts, organic acids) are not very
effective alone. When inefficient, little studied, and/or food quality- destroying methods are
removed, five methods remain: namely ammonia, salts, ozone, irradiation, and ACP.
However, salt treatment was often combined with mild heat, and up to 1 m-% amount of salt
and long soaking time were needed. Therefore, it is not very practical. Irradiation is more
applicable because it does not need solution form, and light and radiation are already
extensively used in industry. Yet, it has limited efficiency when applied at reasonable dosage
and within a food matrix. The degradation products are not clear, either. Gaseous ammonia
was effective at 1,5-5 % concentration and with heat or long treatment time. High ammonia
concentrations essential for efficient DON degradation expose to health risks, and current
ammonia production is energy demanding. On the other hand, production of quickly
decomposing, gaseous ozone is expensive. Likewise, ACP might be hard to scale up due to
its expensive, sophisticated equipment. The possible degradation products are also
challenging to determine due to differences in physical and equipment-related factors such
as humidity and voltage, respectively. However, it is highly effective, and the plasma can be
generated using energy-efficient microwaves. Generally, cereal grains are sold at low price
for feed or further processing. Therefore, expensive detoxification of mycotoxins is not
feasible. Currently, it is easier and cheaper to discard contaminated grains or possibly use

them as energy than to degrade the mycotoxins and use the grains as intended.
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4 Enzymatic degradation of deoxynivalenol

A number of physical and chemical methods tested for DON degradation were discussed in
the previous chapter. Most of them were not very effective, mainly due to the stability of
DON under normal conditions (Mishra et al., 2014; Feizollahi & Roopesh, 2022; Loi et al.,
2017). Further, complex matrices such as wheat grain, clearly reduced the degradation
efficiency of all the described methods. The dominating effect of interaction between the
matrix and the degradative reagents, and only little interaction with DON and the reagents
could be a reason for this. The major drawbacks of physical and chemical methods described
also include expensiveness and negative effect on the quality (nutrients, texture, flavor) of
the food. In most cases, at least some of the degradation products were also remained unclear.
Especially due to increasing demand in cereal products, there is an urgent need for
economical and efficient methods for degrading DON. The following chapters delve into
relatively new and promising, enzyme-based methods of DON degradation. Enzymatic
degradation belongs to biological methods, and the degradation pathways are similar to

chemical methods at a micro level (Nahle et al., 2022).
4.1 Enzyme

Enzymes are proteins, which can bind other molecules, called substrates, with high
specificity. The enzyme acts as a catalyst altering the bound substrate in the process of
catalytic chemical reaction (Lodish et al., 2003). Enzymes have an active site to which
substrate, in this case it is mycotoxin, is attached. The active site has two regions; one which
binds the recognized substrate, and other which catalyzes the reaction. Most enzymes are
intracellular (working inside cell), such as catalyzing creation of DNA, but some are
extracellular (outside cells), such as catalyzing starch digestion. Purification of extracellular
enzymes is easier because it does not require the cell lysis (breakdown) and further
separation of proteins from other cell constituents. Enzymes, being proteins, work only in
their native conformation. Changes in protein conformation (also known as a tertiary
structure) occur at high temperature or pH. This process is called denaturation, and it results

in a loss of catalytic activity of enzyme.
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Almost all reactions inside cells are catalyzed by enzymes. Most enzymes work well at body
temperature, pH, and osmotic pressure. They speed up reaction rate up to 10**-fold by
lowering its activation energy, without need for extreme conditions. Due to the specificity,
they, unlike chemical or physical methods, degrade only the target compound, usually
leaving all the nutrients and qualitative properties of the food intact. Activity of the enzyme
depends at least on concentrations of the enzyme, substrate, and possible cofactor, pH, ionic
strength, temperature, and possible presence of enzyme inhibitors, such as other molecules,
metal ions, or the products themselves, which block the enzymatic activity. Cofactor, on the
other hand, enables the enzymatic activity. Most reductase enzymes, for instance, need a

hydrogen acceptor such as nicotinamide adenine dinucleotide (NAD) as a cofactor.

The Michaelis-Menten Kinetics is applied to enzyme-catalyzed reactions. Figure 6 shows the
relationship between reaction rate (V) and substrate concentration (S). The Michaelis
constant (Km) is defined as the concentration of substrate at which the reaction rate is half of
the maximum rate (Vmax). That velocity occurs when the substrate concentration is high
enough to saturate the enzyme. The affinity (attraction between an enzyme and its substrate)
iIs measured by Km. Smaller Km means better binding affinity because lower substrate
concentration is needed to achieve tolerable reaction rate. Within cells, substrate

concentration is generally the same or higher than Knm.
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Figure 6. Initial reaction rate as a function of different substrate concentrations. The meaning
of Km and why smaller Kn is better are shown visually (Lodish et al., 2003).

One example of DON-degrading enzyme is presented in Figure 7. This enzyme, an
extracellular glycosyltransferase, consists of about 500 amino acids and has molecular mass
of 51 kg/mol. Similar enzymes can, however, be twice as big (Lyagin & Efremenko, 2019).

Enzymes are large so that they can reliably recognize their substrates.
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Figure 7. Structure of OsUGT79, an extracellular glycosyltransferase enzyme. It has bound
DON to its active center and is currently modifying it into less toxic (adapted from Lyagin
& Efremenko, 2019).

There are many types of enzymes, and they can degrade DON for example by isomerization
(changing carbonyl group into another place), oxidation, de-epoxidation (opening the epoxy
ring), or by attaching another molecule into its structure, such as glycosylation. Visualization

of these methods is presented in Figure 8.

Isomerization

Acetylation

H------| Oxidation

Glycosylation

Figure 8. Some targets for enzymatic degradation (adapted from Li et al., 2023). The epoxy
group and C-3 hydroxyl group are the major determinants of DON’s toxicity (He et al.,
2017).

4.2 Potential enzymes to degrade deoxynivalenol

Several enzymes that can degrade DON have been found, and they can be classified based
on their types: transferases, hydrolases, oxidoreductases, and isomerases. Visual overview
of classifications based on degradation mechanisms, products, and the associated enzymes

is presented in Figure 9.
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Figure 9. The main enzymatic degradation methods and products of DON, along with the enzymes involved (adapted from Tian et al., 2022;

Lyagin et al., 2022; Feizollahi & Roopesh, 2022; LKT LABS, 2024).



33

Some DON-degrading enzymes are presented in Table 3. In the Table, enzymes have been

collected from major arable crops (wheat, barley, rice, cotton), fungi (most of which also

produce DON), and diverse range of bacteria, most of which have been isolated from soil or

animal intestine. Function of the enzymes and toxicity of the products are discussed

hereinafter.

Table 3. Potential enzymes to degrade deoxynivalenol.

Enzyme + its | Type Conditions Reaction product Degradation Reference
origin efficiency (%)
and time
Transferases
HvUGT13248, UDP pH=7;T=25°C;?S]= | DON-3G 24 % (24 hours) | Schweiger et al.,
barley glycosyltran | 50 pg; and 74 % (21 | 2010;
sferase days). Michlmayr et al.,
(UGT) 2018;
Lietal., 2015
TaUGT®6, wheat UDP pH=7;T=30°C; DON-3G 61 % He et al., 2020b
glycosyltran
sferase
OsUGT79, UDP pH=8; T =23°C; DON-3G PNA Lyagin &
rice glycosyltran Efremenko, 2019;
sferase Wetterhorn et al.,
2016
Bradi5g03300, UDP pH=7; T =25°C; DON-3G NA Michlmayr et al.,
Brachypodium glycosyltran 2018
distachyon sferase
(plant)
Fhb7, wheat Glutathione | NA DON-GSH NA Wang et al., 2020
-S-
transferase
FgTri101, 3-0- T=25°C; pH=8; 3-ADON 93 % (30 hours) | Khatibi et al.,
Fusarium acetyltransf 2011,
graminearum erase Lyagin &
(fungi) Efremenko, 2019
FfTri201, 3-0O- T=25°C; pH=8; 3-ADON 100 % (24 | Khatibi et al,
Fusarium acetyltransf | ‘T, = 37 °C; hours) 2011

fujikuroi (fungi)

erase

Hydrolases
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AsLip2, Lipase pH =8,5; T =40 °C; [S] | Molar mass 18 higher | 70-80 % Yang et al., 2017
Aspergillus niger = 20-100 ppm; than DON, not
(fungus) identified.
TX-200A, Endo-1,4-B- | T=30°C; pH =5,5; [S] | Not identified 15 9% (72 hours) | Juodeikiene et al.,
Trichoderma xylanase = 3,95 ppm; 2011
reesei (fungus)
Hiss-OPH, Hydrolase pH =10,5; T = 25 °C; Epoxy group opened | 99 % (2 hours) Lyagin et al., 2022
(bacterium- (OH group attached to
derived) C12 and C13)
Oxidoreductases
AKR18A1, Aldo-keto T =45 °C; pH = 10,6; | 3-keto-DON  (main | 100 % (72 | Heetal., 2017
Sphingomonas reductase [S] = 100 ppm, inside | product), 3-epi-DON | hours)
sp. S3-4 bacterium,  reversible
(bacterium) reaction.
DepA, Devosia | Dehydrogen | pH =7,5; T = 20 °C; 3-keto-DON 100 % | Carere et al,
mutans 17-2-E— 8 | ase Tm > 60 °C; [S] = 50 (overnight) 2018a
(bacterium) ppm; sugars can inhibit;
DepB, Devosia | Aldo-keto- | pH =7-8; T =30-35 °C; | 3-epi-DON (from 3- | 80 % (overnight) | Carere et al.,
mutans 17-2-E— 8 | reductase stable up to 55 °C; keto-DON) 2018b
(bacterium)
cytP450, Ferredoxin | pH=7,5;[S] =100 ppm; | 16-HDON 100 % (30 days) | Ito etal., 2013
Sphingomonas sp | reductase

KSM1
(bacterium)
QDDH, Devosia | Oxidoreduc | T =40 °C (20-55); pH = | 3-keto-DON 100 % (2 | Heetal., 2020a
sp. D6-9 | tase, 6 (5-8); inside bacteria; minutes)
(bacterium) dehydrogen

ase

AKR13B2, Aldo-keto- | T=10-60 °C; pH =5- | 3-epi-DON (from 3- | 82 % (3 hours) He et al., 2020a
Devosia sp. D6-9 | reductase 9; [S] = 11 ppm, wheat | keto-DON) 100 % (6 hours)
(bacterium) matrix;
DDH, Dehydrogen | T =35 °C; pH =9; PMS | 3-keto-DON 91 % Qinetal., 2022
Pelagibacterium | ase is the best cofactor; at

halotolerans
ANSP101

(bacterium)

pH 6, 17 % activity left;
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TDDH (mutant of | Dehydrogen | T = 20-45; pH = 6-11; at | 3-keto-DON 85-89 % Qinetal., 2022
DDH), ase pH 6, still 79 % activity
Pelagibacterium left;
halotolerans
ANSP101
(bacterium)
BsDyP, Bacillus | Peroxidase | pH=4; T =30 °C; [S] = | Many products; in the | 78 % (48 hours) | Qinetal., 2021
subtilis SCK6 10 ppm; can degrade | main product, C-9
(bacterium) multiple mycotoxins; carbon is oxidized

(see Figure 4).
MnP, Irpex | Manganese | T=30°C;pH=5;[S]= | No degradation | 94 % (72 hours) | Wang et al., 2019
lacteus (fungus) peroxidase | 10 ppm; can degrade | products could be

multiple mycotoxins; identified.

AKR18DepB, Aldo-keto- | pH = 7,5, T = 25 °C; | Reduction of 3-keto- | NA Abraham et al,
Rhizobium reductase NADPH = the best | DON formed both 3- 2022
leguminosarum cofactor, can degrade | epi-DON and DON in
(bacterium) multiple mycotoxins; diastereomeric  ratio

67:33.
Isomerases
SPGyeza, Glyoxalase | pH =9; T = 30- 55 °C; | isoDON, is03-ADON | NA Hu et al., 2022
Gossypium Activity: 15-ADON > 3- | or iso15-ADON
hirsutum (cotton) ADON > DON; (depending on

substrate)

aConcentration of DON (or the substrate specified in “reaction product” -column) in sample

bNo research data yet

‘Temperature when the enzyme is denatured by 50 %

Generally, enzymes isolated from plants modify DON into DON-3G or DON-GSH, fungi-
based into 3-ADON or 15-ADON, animal-based into DON-glucurodine, and bacteria-based
into 3-keto-DON, 3-epi-DON, isoDONs, or DOM-1. Some degradation products are,

however, still unknown. The nature has developed many, probably independent ways and

mechanisms to detoxify mycotoxins, such as DON. Different enzymes have also different

subcellular locations (where the enzyme is located) such as cytoplasm, nuclei, or plasma

membrane (He et al., 2020b). It reveals that different organisms harness the enzymes slightly

differently.
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Further, the classification based on enzymatic degradation products seems mainly
overlapping with the classifications based on enzyme types and origins: fungi exploit
acetylation and hydrolysis, plants glycosylation, glutathionylation, and likely isomerization,
and bacteria the other mechanisms. However, some fungi use oxidation, and some bacteria
hydrolysis so strict boundaries cannot be drawn. Still, generally plants and fungi utilize
transferase enzymes, and bacteria oxidoreductases which mainly catalyze irreversible

reactions. Therefore, bacteria might provide the most potential enzymes.

4.3 Function of the enzymes

Most cereal plants naturally have UDP-glycosytransferase (UGT) enzymes, which attach
UDP-glucose (activated glucose) into the hydroxyl group at the carbon C-3 of DON
(Poppenberger et al., 2003), converting it into the less toxic DON-3G (Wetterhorn et al.,
2016; Kimura et al., 1998). Another transferase, Fhb7, opens DON’s epoxy group by
attaching glutathione into C-13 carbon.

Tril01 and Tri201 enzymes attach acetyl group from acetyl coenzyme A into DON’s OH
group at C-3, forming the 3-ADON. It has been noticed that Tril01 gene is also necessary
for DON production (Khatibi et al., 2011). Acetylation of C-3 is the fungi’s way to protect
themselves from the toxic DON they produce (Kimura et al., 1998). Most Tri101 and Tri201
enzymes caused significant DON degradation in 10 ppm solution, but only when Tril2

enzyme was also present.

The hydrolase AsLip2 opens DON’s epoxy group by hydrolysis due to the detected 18 g/mol
(-OH and -H = 18 g/mol) increase in the molar mass. Therefore, hydrolysis of the epoxy
group into 1,2-diol is a possible pathway (see the Figure 9). Vidal et al. (2017) have shown
that DON level increased during fermentation of wheat when another hydrolase, TX-200A,
was present, likely due to release of DON from wheat matrix. Lastly, the Hiss-OPH also
hydrolyzes pesticides and thus possibly nutrients (Lyagin et al., 2022). The degradation
products also worked as inhibitors. For these reasons, especially the hydrolases above need

more research to evaluate their suitability in industrial degradation of DON.

The peroxidases MnP and BsDyP are used industrially in dye decolorization. A correlation

was found between decolorization and mycotoxin degradation: the better decolorization, the



37

better mycotoxin degradation so this way potential enzymes to degrade DON could be found
easily (Wang et al., 2019). These enzymes use free radicals in the degradation (Wang et al.,
2019), so the products are probably similar than in ozone and ACP treatments. However, the

food quality and nutrient content might be compromised.

All aldo-keto-reductases (AKRs) need a hydrogen acceptor (cofactor)) NADPH
(nicotinamide adenine dinucleotide phosphate) and PQQ (pyrroloquinoline quinone) being
the most common (Qin et al., 2022). It is common that enzymes do not work alone but need

cofactor or other contributory enzymes to work as desired.

Possibly the most promising and efficient degradation pathway of DON into less toxic 3-
keto-DON and almost non-toxic 3-epi-DON is catalyzed by some oxidoreductases,
including the AKRs, isolated from bacteria (Hassan et al., 2017). First, DON is oxidized into
3-keto-DON, and then epimerized/reduced into 3-epi-DON (He et al., 2017). It has been
noticed that 3-keto-DON is mainly an intermediate (Hassan et al., 2017). At least two
enzymes are needed due to the two-step reaction pathway, and cofactors like NADPH, PMS
(phenazine methosulfate), or metal ions, are also necessary. Visualization of the reaction is

presented in Figure 10.

DON 3-epi-DON
: : 3-keto-DON e
(R configuration) (S configuration)

Figure 10. Possibly the most promising degradation pathway of DON, in which less toxic 3-
keto-DON is formed first, followed by almost non-toxic 3-epi-DON (Hassan et al., 2017).

4.4 Toxicity of the enzymatic degradation products

Toxicity of the degradation products varies, and the products formed by hydroxylation,
glycosylation, or acetylation (see Figure 9) can react back into DON in digestive tract (Nagl
et al., 2012). The toxicity can be determined by using different living models. A term
cytotoxicity is used when work is done with cell cultures (animal, human and microbial) and

term phytotoxicity is used in relation to plants. Half maximal inhibitory concentration (ICso)
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is commonly used to estimate toxicity of substance (DON in this case). Bigger value of ICso
means less toxicity. In practice, the toxicity can be studied with cell viability test (how long
the cells remain alive), using test animals and analyzing their symptoms, blood values, and
organ damage, or by germination test with plants seeds. It cannot be fully ensured how the

degradation products affect humans, but these tests give some indication.

4.4.1 DON-3G, DON-glucuronide, and DON-GSH

The toxicity of DON conjugates depends on the attached group and its position (most
commonly in C-3 or C-15). DON-3G is a plant metabolite, so it is surely less toxic to them.
Likewise, DON-glucurodine is found from mammals’ metabolism (Sayyari et al., 2018). An
experiment with human leukocyte cells (K562) exposed to different DON and DON-
glucurodine concentrations has revealed that the ICso value of DON-glucurodine was over
310 times higher than DON (Wu et al., 2007), as might be expected. Also, up to 80 ppm
concentration of DON-glucurodine did not affect cell viability, whereas 0,6 ppm of DON
was enough to reduce the cell count in 48 hours. Likewise, DON-3G could not inhibit growth
of neither algal cells (C. reinhardtii) nor yeast (Saccharomyces cerevisiae) at any
concentrations (Suzuki & lwahashi, 2015). From chemical point of view, DON-3G and
DON-glucurodine are similar derivatives of DON. In DON-glucuronide, the attached
compound at C-3 is not glucose but glucuronic acid. It is much less studied than DON-3G,
but they are both significantly less cytotoxic than DON (Wu et al., 2007; Nagl et al., 2012;
Suzuki & Iwahashi, 2015; Bryta et al., 2018). However, it is known that at least DON-3G is
unstable and can get hydrolyzed back into DON in mammals’ digestive system (Bryta et al.,
2018). Moreover, Joint FAO/WHO Expert Committee on Food Additives (JECFA) has
emphasized the need to assess the total health risks caused by the presence of DON-3G (Nagl
et al., 2012). It is also important to note that cell viability test alone is not sufficient to

determine the toxicity to humans, especially when done with non-human cells.

442 3-ADON, 15-ADON, 16-HDON, and isoDONs

Cytotoxicity of the most common DON derivatives in decreasing order is: 15-ADON > DON
> 3-ADON > DON-3G (Lyagin & Efremenko, 2019). According to Kimura et al. (1998), 3-
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ADON is around 4 times less cytotoxic than DON, and 6,67 times stronger solution was
needed to reduce cell vitality comparing to DON. The 1Cso value of 3-ADON was 100 times
higher compared to DON. However, it was verified that 3-ADON is also unstable and can

deacetylate into DON, at least with pH values above 7,5.

Toxicity of iso3-ADON was studied by Huang et al. (2020). Mouse fibroblast cells were
exposed to different amounts of 3-ADON and iso3-ADON. It was found that after exposure
to 1,48 ppm 3-ADON concentration, cell viability started to decrease, and became less than
50 % when the concentration of 3-ADON reached 12 ppm. On the contrary, the cell viability
remained above 90 % in all the iso3-ADON solutions. It has been supposed that also isoDON
and is015-ADON are less toxic than their precursors (Hu et al., 2022). Ito et al. (2013) have
reported that 16-HDON derivative, where hydroxyl group is attached to C-16, is at least 10
times less phytotoxic than DON. However, the toxicity of 16-HDON and many other
degradation products of DON are still devoid of research (Vanhoutte et al., 2021).

4.4.3 3-keto-DON, 3-epi-DON, and DOM-1

3-epi-DON is often considered non-toxic (Hassan et al., 2017). The toxicity of 3-epi-DON
is at least 5 times less toxic than 3-keto-DON (Vanhoutte et al., 2016), and approximately
1200 times less toxic than DON (He et al., 2020a). The ICso values of 3-keto-DON and 3-
epi-DON were 3,03 and 357 times higher, respectively, than that of DON (He et al., 2015).
In addition, the immunosuppression effect with 3-keto-DON was said to be 90 % lower
compared to the DON (He et al., 2015).

In a cell viability test, performed with Caco-2 intestinal cell culture, neither 3-epi-DON nor
DOM-1 have shown significant cytotoxicity (Pierron et al., 2016). They both were about 50
times less toxic than DON (Pierron et al., 2016; He et al., 2010). However, a mild toxicity
of 3-epi-DON has been reported in a study by Zhang et al. (2021b). 3-epi-DON, formed as
a product of the DON degradation, seems to be stable, not reacting back into DON or 3-keto-
DON. Karlovsky (2011) has suggested that the stability of 3-epi-DON is a result of specific
reaction pathway which drives the conversion away from equilibrium. Thus, eventually all
the DON can theoretically be converted into 3-epi-DON. Lastly, it is important to note that
chronic low-level exposure was not assessed in any of the studies. Longer studies are needed

to ensure that the degradation products do not cause health issues in the long run, either.
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5 Potential of enzymatic methods

In the contemporary world, a big attention is paid to the issues such as green energy, circular
economy, and biofuels. Yet we do not even have non-contaminated staple food. Grains alone
cover almost 50 % of our energy, and they are the most important foodstuff (Boudreau et
al., 2023). Mycotoxin-degrading microorganisms have been screened since the 1960s, some
structures of DON’s degradation products have already been clarified in the early 1980s
(Karlovsky, 2011), and ways to degrade DON efficiently have been studied since the 1990s
(Carere et al., 2018a). There are already many applications of enzymes in food, feed, and
bioenergy industries, for example, invertases are used in food industry to convert sucrose
into fructose and glucose. Further, many animals, such as ruminants, use enzymatic ways to
detoxify mycotoxins in their digestion. This reflects the potential of enzymatic methods to

make mycotoxins non-toxic also for us by integrating them into existing food processing.

Currently, the degradative enzymes are studied to some extent. For instance, many articles
in the 2010s hypothesized certain enzymes involved in the degradation processes of
mycotoxins, but the enzymes could not be identified or isolated. During the last 10 years,
many such transferases, aldo-keto-reductases, and oxido-reductases such as DDH
(deoxynivalenol dehydrogenase) have been identified. However, some enzymes, such as
Tril01, have already been discovered in 1998 (Kimura et al., 1998). The Web of Science
database was used to analyze current situation with the research focused on enzymatic
treatment of deoxynivalenol. With keywords deoxynivalenol AND enzym*, 908 hits were
found, 552 of which were published later than 2016. After a keyword treatment OR
detoxific* OR degrad* was added, 72 % of 334 found studies were published after the year
2016, and the trendline was exponential. The trend is therefore clear: enzymatic treatments
have been studied and developed constantly. Further, enzymes can always be refined by
genome editing to degrade DON better. For example, genomics, proteomics, and
transcriptomics are rapidly growing branches (Li et al., 2023) which can make enzymatic

degradation more efficient, safe, and cheaper in the future.
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5.1 Approval of enzymes by EU

EU can approve biological detoxification methods intended for animal feed, if European
food safety authority, EFSA, has assessed the method and concluded that the enzyme is well
known and studied, the process is irreversible and effective, no harmful residues are left, the
degradation products do not endanger health, and the food characteristics remain good
(EUR-Lex, 2015). These principles should give a good base in future regulations of food
intended for human use (Karlovsky et al., 2016). Following a request by the European
Commission in 2020, EFSA has published updated guidance which support in permit
applications of novel food enzymes and the extension of use for existing authorizations, in
accordance with regulation (EC) No 1331/2008 (Lambré et al., 2021). The necessary
information to be included in applications comprises source and characteristics of the
enzyme, toxicological data, exposure estimation, and allergenicity. While enzymes, as
proteins, can cause allergies, it has been mentioned that the currently used enzymes have not
been associated with allergic reactions (Karlovsky et al., 2016). On the other hand,
microorganisms contain numerous, including unknown, enzymes and can undergo
mutations. It is therefore more likely that the EU would authorize pure enzymes to degrade
mycotoxins, at least based on the current legislation (EUR-Lex, 2015). Some commercially
used bacterial strains capable of degrading DON, such as Lactobacillus paracasei, are still
described in this thesis, as they have been already accepted for other purposes in food

industry.

Understanding the enzymatic degradation mechanisms of DON is also important. It helps to
optimize treatment methods and evaluate toxicity of the products (Feizollahi & Roopesh,
2022). So far, enzymatic degradation products have been studied little so further research is
necessary for the enzymes to gain approval by the EU (EUR-Lex, 2015). Formation of one
or two specific degradation products as a result of enzymatic conversion is an advantage of
enzymatic method over physical and chemical methods, as fewer degradation products need
to be studied. On the other hand, if enzyme can degrade only one specific toxin like DON,

numerous enzymes are needed to degrade other mycotoxins and harmful substances.
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5.2 Searching for novel enzymes

There are several ways to find enzymes. In most studies, selection of microorganisms
resistant to DON is the first step. The second step is identification of mechanisms responsible
for DON detoxification: either on protein or on DNA level. This step requires an isolation
of these biomolecules from the cells, their purification and analysis. The analytical
techniques used in the studies vary, but commonly include HPLC (High-performance liquid
chromatography), PCR (polymerase chain reaction), and commercial subcellular
localization tools such as PSORTb 3.0 and SignalP 4.0. The genes coding the most active
enzymes, are amplified using PCR. Optimal temperature and pH as well as reaction kinetics
are clarified using HPLC. Different hydrogen acceptors, like NADH, need be tested

individually to find the most effective.

Manual screening is the major way to find enzymes at the moment, although computer-based
screening could provide more efficient approach. New methods include computational
methods, where the ability of enzymes to degrade DON can be predicted. Artificial
intelligence can also be exploited in the enzyme search algorithm. Various enzyme
databases, such as Uniport and AKR Superfamily, can also be combined and perform tests in
similarity network to determine relationships between the found enzymes (Abraham et al.,
2022). This approach would help to study potential enzymes more systematically and
effectively. For instance, DepA has 100 % similarity in amino acid sequence with QDDH
(quinone-dependent dehydrogenase) although they can accept different cofactors (Qin et al.,
2022).

Laboratory work alone is quite time-consuming, costly, and the screening range is not
targeted (Tian et al., 2022). There are currently over 10° protein sequences in Uniport
database, and computational biology has encountered rapid development during the past
years in terms of new software and algorithms (Tian et al., 2022). Therefore, predicting of
enzyme-substrate interactions mathematically (molecular docking), or based on empirical
studies and existing databases (machine learning), have become promising alternatives. For
instance, He et al. (2020a) predicted the interaction between QDDH enzyme and DON by
using molecular docking, after which the enzyme was tested experimentally. In this manner,
enzymes for certain processes and process conditions could be screened efficiently. There

are many software which can screen enzymes also based on their physical properties, such



43

as solubility or heat and pH resistance (Tian et al., 2022). Many enzymes use specific
hydrogen acceptors as a cofactor which differ in price and practicality. For instance, NADPH
(nicotinamide adenine dinucleotide phosphate) is more expensive than NADH (nicotinamide
adenine dinucleotide) (Abraham et al., 2022), so NADH-using enzymes are generally
cheaper to operate in industrial scale. In some cases, promising enzymes can be genetically
modified so that they can accept different cofactors and to further increase their properties.
Qin et al. (2022), for instance, modified DDH enzyme slightly into more effective and
thermostable TDDH (mutant deoxynivalenol dehydrogenase). It can also use PQQ
(pyrroloquinoline quinone) as cofactor, unlike DDH (Zhang et al., 2024). TDDH works
effectively in wide temperature and pH range. It does not need alkaline or warm conditions
like some enzymes, which might compromise nutritional quality and consume unnecessary
energy. Also, stability of enzymes under the process conditions is crucial, so that the

expensive enzymes would not need to be replaced so frequently.

5.3 Usage of enzymes in food industry

Microbial cultures producing enzymes are already used in food industry, such as in malting
and brewing (Karlovsky et al., 2016), both of which practically mean soaking of cereals.
Brewing also includes fermentation, another widely used example of the use of enzymes in
food industry. Generally in fermentation, yeasts or bacteria convert glucose into carbon
dioxide, ethanol, or organic acids. Yeasts, mainly Saccharomyces cerevisiae, are used for
bread rising as they produce carbon dioxide. In brewery, two different strains of yeasts are
used, one strain is floating on top producing carbon dioxide, and “bottom” strain produces
ethanol. Lactic acid bacteria are used for yogurt production (produces organic acids), fungi
and coagulating enzymes in cheese (e.g. Brie, Roquefort) manufacturing. However, active
microorganisms containing the enzymes can lead to unpredictable effects on food products,
such as changes in taste, risk for pathogenicity, and consumption of food nutrients.
Sometimes this is advantage: some microbial cultures used in food industry have enzymes

capable to degrade mycotoxins. This approach will be discussed in the next subchapter.

Bacteria producing extracellular enzymes and releasing them directly into growth media,
such as Pichia pastoris strain producing commercial FumD enzyme (Grenier et al., 2017),

might ease the production of enzymes. Various soil bacteria use such enzymes to degrade
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DON (He et al., 2010). The best processing steps to add enzymes could be during milling or
possible fermentation (Carere et al., 2018b) or soaking. These dynamic or moist conditions
provide good contact between the enzymes and grains. However, as mycotoxin content is
already reduced during milling to some extent, enzymes might be better applicable at the
end stages of it. Moreover, current feed additives, such as BBSH 797 and Mycofix Plus 5.Z,
which are discussed in a later subchapter, are put directly into feed and not yet during the
grain processing. They might not act even before digestion. It can be supposed that such an

approach could be applied within the final human food, too.

5.3.1 Commercial microbial cultures and enzymes in current food industry

In a study by Adebo, Kayitesi, & Njobeh (2019), 15-79 % reduction of several mycotoxins
was noticed during fermenting of sorghum grain with Lactobacillus bacteria, probably due
to low pH and produced organic acids. However, it was uncertain whether the mycotoxins
were degraded due to enzymes, acids or only by adsorption. Ultimately, the acids are

produced by enzymes inside the bacteria.

Some bacteria do not have appropriate enzymes and can only adsorb DON to their cell
surface. Lactobacillus paracasei from sourdough culture, for instance, is shown to inhibit
fungal growth and bind DON (Hassan et al., 2013). The heat-inactivated bacteria bound
around 60 % of DON from 1,5 ppm solution in one hour. Still, little reduction was observed
with living bacteria as they produced acids into the media. Low pH was noted to impair the
adsorption mechanism. Treatment of bacteria with heat or acids affect the binding
mechanism, which is most commonly noncovalent binding where a complex between the
mycotoxin and cell wall polysaccharide or peptidoglycan is formed (Haskard et al., 2001).
Another study, however, succeeded with live bacteria at pH 4 (Niderkorn et al., 2007). The
best species of 202 strains tested, were Streptococcus thermophilus. It is generally used in
fermentation and bound 33 % of DON in corn infusion in 24 hours. No degradation products

of DON were detected, meaning that the bacteria could only bind DON.

Lactobacillus Rhamnosus strains, commonly used as medicines, have been reported to be
able to degrade DON (Qui et al., 2019). The reduction rate from 10 ppm DON solution was
41-60 % in 48 hours, and 3-epi-DON had been detected. Toxicity was also tested using mice,

and the group fed with DON -contaminated diet including the L. rhamnosus significantly
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reduced the adverse effects of DON compared to group without addition of the bacteria.
With bacteria only binding DON, toxic compounds cannot be formed (Loi et al., 2017), but
the removal efficiency is then much worse as observed above. Thereby, the bacteria strains
noticed do degrade DON might be useful in fermentation and can potentially mitigate the

harmful effects caused by DON.

During certain processing steps of beans and fruits that utilize enzymes, various mycotoxins
have been reported to degrade. Common mycotoxins in such foodstuffs include ochratoxin
A (OTA), patulin, and aflatoxins. These mycotoxins have a polycyclic structure and side
groups similar to DON. For instance, EU does not even limit the amount of OTA in raw
cocoa beans because they undergo processing which includes fermentation and drying steps
(Karlovsky et al., 2016). Likewise, roasting and brewing of coffee beans decrease OTA,
albeit with varying results, according to studies collected by Karlovsky et al. (2016). Further,
patulin is degraded completely in alcohol beverages fermented from juice, such as cider.
Likewise, some microorganisms used to ferment soy into tempeh can destroy aflatoxins
(Karlovsky et al., 2016).

Studying the possible degradation pathways and underlying causes are essential to ensure
constant degradation of mycotoxins, including DON. The microorganisms used in food
industry contain thousands of enzymes (Renneberg & Loroch, 2023), so more research is
needed to verify whether some of them can degrade mycotoxins or even enhance their
production. So far, the studies seem to be contradictory (Valle-Algarra et al., 2009;
Karlovsky et al., 2016). In some cases, such as during brewing, mycotoxin content can even
increase due to increased stress response in the fungi producing mycotoxins (Karlovsky et
al., 2016). Similarly, aflatoxin content can both decrease and increase during enzyme-driven
ripening of cheese (Karlovsky et al., 2016). Therefore, microbial fermentation processes
traditionally applied in food industry are not reliable way to degrade mycotoxins. However,
as fermentation and soaking stages of food processing take place at moist conditions, they
are considered as potential process steps to include enzymatic treatment with DON-
degrading enzymes. Nonetheless, not all food processing techniques have stages where
moisture/liquid phase is present. Especially most grain products need separate detoxification
in some other process step, such as milling. Lastly, it is also important to note that as the
microorganisms used in food processing contain numerous enzymes, they can potentially

detoxify several mycotoxins at the same time, not just DON.
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5.3.2 Commercial feed additives

There are several commercial feed additives already. Biomin BBSH 797, which degrade
DON into DOM-1 (Sayyari et al., 2018; Rychen et al., 2017), has been approved for DON-
sensitive pigs and poultry by European Commission (Rychen et al., 2017). The strain
belongs to ruminal microbiota and is supposed to be responsible for ruminants’ moderate
tolerance towards DON (Sayyari et al., 2018). Further, FUMzyme and ZENzyme are
examples of commercial, purified enzymes for degrading mycotoxins fumonisin and
zearalenone, respectively (Zhang et al., 2024). FUMzyme was the first feed additive to
degrade fumonisin from poultry and swine feed approved by the US Food and Drug
Administration FDA (DSM, 2024a). ZENzyme, correspondingly, is marketed as a next
generation feed additive which detoxifies broad spectrum of mycotoxins, especially
zearalenone (DSM, 2024b).

According to Sayyari et al. (2018) and Karlovsky (2011), generally the patented additives
have not been very effective. In a study published by Sayyari et al. (2018), the BBSH 797
had no effect on weight gain, DOM-1 concentration, protein, aloumin, calcium, or globulin
contents of pigs. However, in another study, the additive reduced intestinal lesions and
repaired immune response and albumin concentration (Grenier et al, 2013). Similarly, a
study by EFSA which evaluated the BBSH 797 additive for poultry feed, noticed significant
difference in concentrations of DON and DOM-1 in poultry feces between control, DON-
spiked, and DON & BBSH 797 -spiked feeds (Rychen et al., 2017). In 2005 however, such
efficacy could not be found (EFSA, 2005).

In a study by Grenier et al. (2017), supplementation of the FUMzyme reduced content of
fumonisin in chickens’ digestive tract by around 70 % compared to group with only
contaminated feed (10 ppm fumonisin). Some inflammation related blood parameters were
reduced to some extent, but some even increased in the FUMzyme-group. Another study
used commercial Mycofix additive, including encapsulated bacteria which bind DAS, a type
A trichothecene mycotoxin (Diaz, 2002). Addition of the Mycofix mitigated the adverse
effects of DAS in 1 ppm concentration, but not in feed containing 2 ppm DAS. Many feed
additives, such as Biomin BBSH 797, have additional clay mineral or other adsorbent to

bind mycotoxins (Sayyari et al. 2018). These commercial additives combining physical and
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enzymatic methods are in powder form, making them easy to use. However, because of their

inconsistent performance, better enzymes and methods are needed.

Analysis of numerous studies on feed additives has revealed that results obtained in vitro
with either microbial cultures or purified enzymes were not valid in actual use, like as a feed
additive (Karlovsky, 2011). In the newer studies, slightly better performance has been
obtained, probably due to further research of the biological additives. The first additives
adsorbed bacteria (such as Mycofix (Diaz, 2002)), while relative old BBSH 797, approved
in 2013, could degrade DON. The newer generation additives, such as ZENzyme, which is
a part of commercial multienzyme system Mycofix Plus 5.Z, contains purified enzymes
(DSM, 2024b). Clearly, progress in the degradation of mycotoxins has already happened but
more research is needed to make the treatments practical for everyday use and especially
acceptable for human food. Lastly, the occurrence of mycotoxins differs highly between
years and locations. Therefore, the detoxification can be implemented in two ways,
depending on the cost ratio of detoxification and measurement of mycotoxins. The grains
can be detoxified regardless of mycotoxin concentration, or every batch can be analyzed for

mycotoxins and detoxified if needed.

5.4 Comparison of enzymatic methods to physical and chemical ones

The previous chapters showed that various physical, chemical, and enzymatic methods tested
for DON degradation are very different, even among their own group. Cost, efficiency, and
required time, for instance, differ greatly among the methods. The degradation mechanisms
and products also vary. Advantages and disadvantages, which were identified as a common
for the different method types, are collected into Table 4. This approach makes it easier to

evaluate the applicability of each type of method.
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Table 4. Advantages and disadvantages of physical, chemical, and enzymatic methods.

Physical Chemical Enzymatic
Pros Cons Pros Cons Pros Cons
Can degrade | Food losses Can  degrade | Loss of | Selective Legislation
several several nutrients
mycotoxins mycotoxins
Some already | Hard to scale | Good contact | Deterioration Microbes General
done  during : up with food : in food quality | already used in i concerns
food matrix food industry toward
processing biological
methods
Inconsistent Chemical Numerous Specific
efficiency residues possible ways : conditions (T,
on howtouse : pH) needed
Unclear Unclear No risk of food | Enzyme
degradation degradation contamination | production
products products
Energy High costs Only a few : Difficult to
consumption degradation store
products
Changes in Harsh Safe to operate | Enzymes must
food quality conditions be selected
needed case by case
Environmental | Eco-friendly Several
impact enzymes
needed
Mild
conditions

Generally compared to enzymatic methods, physical and chemical ones are not selective,

there are many, including unclear, degradation products, and loss of food quality is

remarkable. Some of the products can be equally or even more toxic than DON. All method

types can be costly. However, despite the disadvantages of physical and chemical methods,

they are competitive with enzymatic treatment methods, which are reviewed next.
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Enzymes provide many different approaches for mycotoxin detoxification from which to
choose the best one. They can be mixed with food matrix directly, or inside bacteria so that
enzyme production and purification would not be needed. To use enzymes in food
production, safety, efficiency, cheap operation, and stability in the production conditions are
necessary (Loi et al., 2017). Moisture and properties related to the food matrix, like
inhibiting molecules, also affect enzyme function. According to data published by Carere et
al. (2018b), some enzymes such as DepB, can also be freeze-dried and resuspended, without
loss of activity. This increases their accessibility, as enzyme production can be done even in

other countries and transported without threat of deactivation.

Most of the physical and chemical methods degrade DON worse inside grain matrix than in
solution, so the same can be expected in the case of biological methods. Further, the reaction
should be irreversible, reaction products known, and nutritional values or quality of the food
should not deteriorate. Many found enzymes cannot meet these criteria, even though they
could potentially mitigate the toxic effects of DON. Current difficulties of enzymes in
industry mainly include lack of different enzymes, safety, toxicity, and stability of
degradation products, and lack of studies to confirm these (Zhang et al., 2021b). Luckily due
to the specificity of enzymes, the degradation products are likely known if the degradation

mechanism is known (Figure 9).

The environmental impact of enzymatic treatment mainly depends on how the enzymes are
produced; the degradation itself is eco-friendly. Enzymatic treatment can be cost-efficient if
enzyme production becomes cheap or they can be recycled. Some enzymes need cofactors,
such as NADPH (nicotinamide adenine dinucleotide phosphate), which increase expenses.
Their regeneration is also necessary. The enzymes should contact the food matrix
homogenously, so wet matrix is likely needed. High moisture content increase enzyme
activity, but also fungal activity (Loi et al., 2017). However, moisture is crucial in most
physical and chemical methods, too. In addition, enzymes cannot possibly inactivate the
mycotoxin-producing fungi like many physical and chemical methods, such as ozone, heat,
and ACP. If so, the enzymes should be added after the possible inactivation of fungi to
prevent denaturation of the enzymes. Another way is to omit inactivation and let the enzymes
degrade later produced mycotoxins, but it might be ineffective. Also, it is important to note
that there is no need to degrade DON completely, as long as it is degraded under the limit
values set by the EU (Chen et al., 2019).
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Scalability of physical and chemical methods are mostly inhibited by costs, safety concerns,
and deterioration of food quality (Karlovsky, 2011). DON-degrading enzymes might be
better scalable as enzymes are already widely used in food processing, even in the
degradation of mycotoxins. The most promising enzymes have been collected to the
following table 5, after which they are compared to the most feasible physical and chemical

methods found in the chapter 3.

Table 5. The most promising enzymes.

Enzyme Type Reaction Reason Reference
product
TDDH Dehydrogenase | 3-keto- Excellent oxidizing activity in | Qinetal., 2022
DON wide temperature and pH range,
can use many hydrogen acceptors.
AKR13B2 Aldo-keto- 3-epi- Wide temperature and pH range, | He et al., 2020a
reductase DON the most promising reductase in

terms of efficiency.

Only the enzymes whose products are known, efficiency studied to some extent, degradation
pathway irreversible, and operating pH tolerable in food processing, could be chosen.
However, the transferases, hydrolases, isomerases, or some oxidoreductases might become
potential if their degradation mechanisms are studied more. For instance, the oxidoreductase
BsDyP can oxidize DON and several other mycotoxins, but its activity towards vitamins or

other nutrients is not known.

The oxidoreductases TDDH and AKR13B2 have been shown slightly better activity than
similar DepA and DepB enzymes and they work on wide temperature and pH range. It is
important in food processing, where the conditions cannot be changed easily (technical
regulations). TDDH can use multiple hydrogen acceptors, and it degraded DON by 80-90 %
within an hour (Qin et al., 2022). The efficiency depended on temperature, pH, and the
provided hydrogen acceptor. The bacterium from which AKR13B2 was isolated, degraded
DON within 2 minutes (He et al., 2020a). The bacterium had 50-fold greater activity towards
DON than the bacterium strain DepA and DepB were isolated from (He et al., 2020a).
Nonetheless, both enzyme combinations detoxify DON effectively. A mixture of purified
QDDH, AKR6D1, and AKR13B2 enzymes degraded DON by 82 % in 3 hours and

completely within 6 hours from wheat contaminated with 11 ppm DON and in the presence
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of cofactors PQQ (pyrroloquinoline quinone), NADPH, and Ca?* (He et al., 2020a). The
AKR6D1, however, converts 3-keto-DON also back into DON, and the Vmax value of QDDH
is 700 times lower than that of TDDH. TDDH and AKR13B2 together might have incredibly
good potential, but they can also need other enzymes, such as AKR6D1, or ions, such as
Ca?*, to work at all. Their activity was not tested alone, and the degradation happened in

moist buffer solution and not inside actual grain matrix.

ACP degraded DON from 20 ppm solution completely in 5 minutes, while the bacterium
Devosia sp. D6-9 (having AKR13B2 enzyme) did the same for 500 ppm DON solution in 2
minutes (Feizollahi et al., 2021; He et al., 2020a). UV-C could degrade DON on paper strips,
but in food matrix only one fifth of DON was degraded (Murata et al., 2011). Similar results
were obtained with electron beam and gamma rays (Stepanik et al., 2007; O'Neill, Damoglou
& Patterson, 1993). Ozone and ammonia degraded DON from wheat by an average of 70 %
in 1-2 hours (Wang et al., 2016; Borras-Vallverdu et al., 2020; Pasqualotto et al., 2023). It
IS the same magnitude than both TDDH and the mixture of purified QDDH, AKR6D1, and
AKR13B2 achieved (He et al., 2020a). In summary, enzymatic methods could compete with
physical and chemical ones, but more research is needed, especially in actual grain

processing conditions.

Toxicity of treated food item depends on the initial content of DON, percentage of
degradation, and toxicity of the degradation products. There are two ways to compare
toxicity of the products. The toxicity can be tested with experimental animals or cell lines,
or the products can be identified, and existing literature used to specify their toxicity
(Vanhoutte et al., 2016). As physical and chemical methods result in variable or even

unknown degradation products and extent of degradation, the former way is often required.

So far, the most promising enzymes modify DON into 3-epi-DON which does not react back
and is practically non-toxic according to both literature and animal or cell experiments.
However, the mechanism needs at least two different enzymes and their cofactors due to
two-step degradation pathway. Further, it is important to notice that this degradation
pathway has only recently been discovered, and even better mechanisms without the need
for multiple enzymes and cofactors can be found in the future. Nonetheless, the need for
numerous enzymes to degrade all mycotoxins co-occurring in grains will naturally increase
the cost of enzymatic treatment. Due to varying conditions in different food processes and

products, the enzymes and cofactors will probably be chosen case by case.
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Physical and chemical methods could also be combined with enzymatic treatments. For
instance, enzymes working well on acidic or alkaline environment, might benefit from gentle
organic acid or salt treatment. Some enzymes even need ions to work. Organic acids have
been noticed to slightly degrade specifically deoxynivalenol concentration, and some

enzymes, like the found peroxidases, exclusively work in acidic pH.
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6 Conclusions

This thesis was made in a form of literature review, which aimed to find potential enzymes
to detoxify deoxynivalenol (DON), one of the most common and significant mycotoxins,
from cereal grains. The used methodology is found in Appendix 1. The feasibility of
enzymatic degradation was assessed and compared to physical and chemical methods. For
this, comprehensive collection of potential enzymes was provided. Only commercially used
microorganisms and purified enzymes were considered, and postharvest processing was
focused on. Alongside the enzymes, current trends in research about enzyme degradation,
possible practices for enzyme utilization, and areas requiring further research for enzyme
development were discovered. The underlying DON detoxification mechanisms, such as
oxidation and acetylation, were also illustrated, and the enzymes were categorized based on

their type, origin, and degradation products. These classes were mainly overlapping.

The main achievement of this thesis was the attempt made to systematise the available
knowledge on DON-degrading enzymes, as well as on various physical and chemical
methods, which were used for comparison. The systematization of potential enzymes,
evaluation of their efficiency, and comparison to physical and chemical alternatives will help
to further develop enzyme-based degradation methods and help researchers and
manufacturers to no-tice new, biological ways to mitigate mycotoxins, especially
deoxynivalenol. The approach used in this thesis helped to identify irreversible
transformation of DON into nearly non-toxic 3-epi-DON as the most promising enzymatic
pathway of DON degradation. It requires at least two different oxidoreductase enzymes and
their cofactors, but the efficiency is already similar to what the best physical and chemical
methods, ACP and ozone, reach. Generally compared to enzymatic methods, physical and
chemical ones are less eco-friendly and not selective, resulting in several even unclear
degradation products and remarkable loss in food quality. Therefore, enzymes provide useful
methods to degrade mycotoxins, and can likely compete against physical and chemical

methods even in the near future.

Enzymes provide varied approaches for detoxification. The best process step to add enzymes
would likely be milling or possible fermentation or soaking, depending on the product and

grain being processed. Some commercial feed additives and microbes, especially the ones
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used in fermentation, have already been noticed to bind or degrade deoxynivalenol and other
mycotoxins to some extent. Some enzymes can also degrade multiple mycotoxins. Yet, none
of them are reliable. Since enzymes can generally degrade only specific mycotoxin, several
enzymes are required for grains co-contaminated with different mycotoxins, increasing
treatment expenses. Cost of the enzymatic treatment should be low due to the low selling
price of raw grains. Therefore, enzyme recycling and cofactor regeneration might be crucial.
In addition, enzymes cannot inactivate the mycotoxin-producing fungi. It must be done
separately, but simultaneous inactivation of the enzymes should be avoided. Further,
enzymatic degradation might benefit if combined with certain physical or chemical methods.
Especially organic acids might complement enzymatic degradation of DON. Also current

feed additives, for instance, contain both enzymes and physical adsorbent.

Novel enzymes must be searched and isolated more, for which new, computational methods
to screen potential enzymes provide excellent assistance. Their effectiveness, safety, and
impact on food quality must also be evaluated. Further, grouping enzymes by their type and
finding relationships between them would aid in identifying superior candidates more
systematically and enhancing the existing ones to make the enzymes more efficient and
better withstand industrial process conditions. Potential of the enzymes needs to also be
assessed inside actual grain matrices with different cofactors, conditions, and process steps.
Thus, the actual potential of enzymes and the conditions they require can be revealed and
EU approval become feasible. Deeper research on the degradation products is also needed,
especially to ensure they do not cause chronic health issues in the long term. In consequence
of effective, enzymatic degradation of mycotoxins, food safety, adequacy, and yield of cereal
crops can potentially be increased, and economical losses as well as detrimental effects on
human and animal health decreased. In addition, malnutrition can be reduced, as mycotoxins
are managed even worse in developing countries than in the rich West. Further, enzymatic
mycotoxin degradation contributes sustainable development goals (SDGSs) by reducing food
waste, hunger, and health problems, being eco-friendly in terms of waste or pollution, and
by generating jobs in research, production, and detoxification process. In conclusion, further
research on enzymatic methods, which numerous organisms employ to neutralize
mycotoxins, holds potential to enhance economic, environmental, and health outcomes. This

approach provides a promising pathway towards mycotoxin-free agriculture.
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Appendix 1. Materials and methods

The information for this review was gathered from peer-reviewed articles. The used
databases included LUT Primo, Web of Science, PubMed central, Elsevier / ScienceDirect,
Wiley online library, Taylor & Francis, Scopus, and Oxford academic. ScienceDirect and
Taylor & Francis were the most common ones, and the articles was mainly accessed through
LUT Primo. Some open access articles were also used. All the articles were read between
autumn 2023 and spring 2024. The articles had to bring relevant information and value to
get included, as non-relevant or not accessible articles were excluded. The articles studying
physical and chemical methods were mostly found from Google search engine search, and
most of them referenced to similar articles studying the same method. The most important
articles by Feizollahi & Roopesh (2022), Voss et al. (2010), and Karlovsky et al. (2016) were
summary reviews, whose references were used to find more studies about chemical and
physical methods. However, to prevent unilateral results, also other studies were searched
with appropriate keywords, such as deoxynivalenol AND irradiation AND (treatment OR

detoxific* OR degrad*). This way, references were gathered from different kind of articles.

Similarly, a review published by Zhang et al. (2024) was comprehensive and included many
promising enzymes. However, the references were read to verify the results and get more
information about the conditions and activity. Only enzymes whose studies could be
accessed to were included. Some enzymes were also found from more specific studies which,
in turn, had referred to previously discovered enzymes. This way, many kinds of enzymes
were found from many different articles and perspectives. To get suitable number of results,
the topic was limited to deoxynivalenol, European legislation, purified enzymes, postharvest
processing, and only microbial cultures used in food production or patented products.
Numerous bacterial strains having enzymes which degrade DON into DOM-1, 3-keto, 3-epi-
DON or more exotic products have been found, but the underlying enzymes have not been
discovered, however. Including all of those would have resulted in too wide scope. Methods
such as enzyme immobilization, and example case of oat milk production were also excluded
from this thesis to limit the scope even though they were originally included. Otherwise, the
scope was in harmony with the original research plan which was used as a basis to plan the
data collection and limitations. The initial keywords to find enzymatic treatments were

deoxynivalenol AND enzym* AND (degradat* OR detoxific*). Most articles, especially



about enzymes, were Chinese based on their authors, revealing their investment and lead in

studying of enzymatic treatments.

The methodology of this literature review was based on comparative Tables. Efficiency and
conditions of the found potential enzymes were collected into Table to better visualize them.
Physical and chemical methods were in textual form, as Table could not show all relevant
information in a reasonable way. Pre-treatment of the grains, for instance, had substantial
effect on the degradation efficiency. Otherwise, the occurrence of deoxynivalenol, main
advantages and disadvantages of each method together and separately as well as the most

potential enzymes were compacted into tabular form to ease the comparison.
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