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Abstract
Deoxynivalenol (DON) has drawn global attention because of its prevalence and

significant effects on human or animal health. Biological remedies for DON have

been developed from preharvest to postharvest. Applying microbes, including bac-

teria, fungi (yeast and molds), and enzymes, results in inhibited synthesis, structural

destruction, or adsorption of DON. DON can be degraded into masked forms by phase

I metabolism or phase II metabolism. During food processing, DON content changes

dynamically and is even transformed. Physical, chemical, thermal, or biological pro-

cesses physically reduce DON content. Temperature, heating time, enzymes, food

additives, microorganisms, food composition, contamination level, and other ingre-

dients are key factors. Although DON content can be reduced during food process-

ing, increases in other toxins, such as DON-3-𝛽-D-glucoside and 3-acetyl-DON, can

be potentially risky. The application of biodegradation methods in food processing

bears research significance. Both microorganisms and enzymes can be potentially

used. Novel techniques, such as RNA interference, omics technologies, or enzymes

coupled with the genetic engineering method, can be introduced. This review system-

atically updates the understanding of masked forms of DON, biological degradation

strategy, fate of DON during processing, and future trends for biodegradation. Chal-

lenges to the successful application of biological methods may include the stability

and suitability of the detoxification agents, security of degradation products, and suc-

cessful application for industrial production.
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1 INTRODUCTION

Contamination with trichothecene mycotoxins and their
derivatives is a global issue in food safety, with deoxyni-
valenol (DON) being the most prevalent. DON is commonly
found in wheat, corn, barley, rye, oat, and safflower seed,
among others (Bennett & Klich, 2003). DON contamination
is prevalent in Africa, Asia (particularly in China), Amer-
ica, Europe, and the Middle East. A survey of 17,316 sam-
ples worldwide from 2004 to 2011 showed that compared
with zearalenone (ZEN), aflatoxins (AF), fumonisins (FB),

and ochratoxin A (OTA), DON was the most dominant, with
an incidence of 55% (Streit, Naehrer, Rodrigues, & Schatz-
mayr, 2013). Another survey was conducted in 2018, and
this included 13,629 samples from 77 countries worldwide
and suggested that DON is one of the widespread toxins,
with contamination rates in various continents determined as
follows: Asia, 80%; Europe, 63%; Africa, 75%; South and
Central America, 67%; North America, 67%; and the Mid-
dle East, 65% (Biomin, 2019). DON attracts global attention
because of its prevalence and significant effects on human
or animal health. Therefore, control strategies need to be
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developed to prevent, eliminate, or inactivate DON in foods
and feeds.

DON contamination can be a dynamic process occurring
from preharvest to processing (Pitt, Taniwaki, & Cole, 2013).
Control strategies for DON from farmland to foods and feeds
have been developed to (a) inhibit the production or contami-
nation of DON before harvest; (b) degrade or remove DON
from contaminated food and feed; (c) reduce the bioavail-
ability of DON by reducing gastrointestinal absorption. The
spread of mycotoxins in the field can at times be difficult
to control (Awad, Ghareeb, Böhm, & Zentek, 2010). Meth-
ods of DON decontamination can be divided into chemical,
physical, and biological approaches. Considerable success has
been achieved in the control of DON; however, these meth-
ods have certain limitations. The processes involved in the
physical and chemical methods are difficult to control, require
additional instruments, or entail higher costs. For chemical
methods, potentially harmful substances may remain. With
the aforementioned disadvantages considered, biodetoxifica-
tion has emerged as a potential technique. Microbial meth-
ods are specific, efficient, and environmentally safe; in addi-
tion, the conditions required to accomplish these techniques
are mild and induce reduced effects on the quality and palata-
bility of foods or feeds. Enzymes produced by organisms can
also be potential degradation agents. Use of selected microor-
ganisms was considered as the best strategy to decontaminate
mycotoxins. They are the main organisms suitable for myco-
toxin mitigation (Awad et al., 2010). The use of whole bac-
terial cells in industrial applications may be the most feasible
means of remission (Bullerman, Giesova, Hassan, Deibert, &
Ryu, 2006; Hassan & Bullerman, 2013). Some microorgan-
isms and enzymes have been applied for patent and regarded
as potential feed additives (Gao et al., 2018).

Moreover, DON is highly susceptible to transformation.
Several masked forms of DON have been reported. Regard-
less, the established standards and detection methods for mod-
ified forms of mycotoxins remain inadequate. The formation
and mutual transformation of these modified toxins may lead
to underreporting of mycotoxin levels, particularly for DON-
3-𝛽-D-glucoside (D3G) (Freire & Sant’Ana, 2018). The toxi-
city and metabolic mechanisms of these modified forms need
to be determined and investigated (Berthiller et al., 2013;
Brodehl, Möller, Kunte, Koch, & Maul, 2014). These ques-
tions should be seriously considered in the study of DON
detoxification.

This review discusses the fate of DON during food
processing such as bread making. We present an update of
studies conducted on the microbial degradation of DON,
including bacteria (lactic acid bacteria, bacteria from soil,
bacteria from plant, rumen and intestinal bacteria), yeast, and
enzymes. We also show the toxicity of masked forms of
DON and future trends in studying the degradation of DON
(Figure 1).

2 TOXICITY OF DON AND ITS
MODIFIED FORMS

DON is categorized as a type B trichothecene and is the most
common form of trichothecene. Classified under Group 3
by the International Agency for Research on Cancer, DON
is noncarcinogenic. DON may induce acute toxicity, gas-
trointestinal toxicity, hepatotoxicity, immunotoxicity, devel-
opmental toxicity, reproductive toxicity, neurovirulence, ribo-
somal toxicity, and so on. Research into the mechanism of
action of DON suggests that the toxic effects of DON are
related to oxidative stress, mitochondrial apoptosis, endoplas-
mic reticulum stress (ER), ribosome stress, lipid peroxida-
tion, and the mitogen-activated protein kinase (MAPK) sig-
nal pathway (Dinu et al., 2011; Zhang, Jiang, Geng, Cao,
& Zhong, 2009). In animals and humans, DON induces
anorectic, reduced food intake, and vomiting effects, and
those responses are regulated by central and peripheral ner-
vous systems. Hypothalamus and brainstem play pivotal
roles of both long- and short-term regulation in food intake
(Hussain & Bloom, 2013). Besides, reduced nutrient absorp-
tion and reduced food intake are related with intestinal factors,
such as hormone, and pro-inflammatory cytokines (Terciolo,
Maresca, Pinton, & Oswald, 2018).

The term “modified mycotoxins” refers to all forms derived
from mycotoxins. DON is highly susceptible to transforma-
tion because of plant responses, detoxification, matrix effects,
metabolism, and food processing, among others (Freire &
Sant’Ana, 2018). Most studies focus on the cytotoxicity,
intestinal toxicity, and immunotoxicity of modified forms,
whereas neurotoxicity, nephrotoxicity, and reproductive are
rarely discussed (Figure 1). Data on 3-keto-4-deoxynivalenol
(3-keto-DON) remain lacking. The number and position of
epoxy, hydroxyl groups, and ester groups influence the toxic-
ity of trichothecenes (Nagy, Fejer, Berek, Molnar, & Viskolcz,
2005). Thus, most modified forms of DON are less toxic than
free DON.

Modified forms of DON, as well as their metabolism and
transformation in vitro or in vivo, are shown in some reports
(Figure 2). Among them, the acetylated and glycosylation
forms are the most important and have been mostly studied.
Before being absorbed by animals or humans, a consider-
able part of DON and masked forms can be transformed by
microorganism. Liver is the main phase II transformation site,
and the hydrophilic substances produced are mainly excreted
in urine (Figure 2a). Animal models, human models, mam-
malian cell models, plant models, and microbial organism
models have been used in toxicity or metabolic studies for
derivatives. Regardless, discrepancies in the investigation of
their toxicity and metabolism are noted, particularly the detox-
ification products. Some modified forms of DON can be con-
verted to free forms during digestion, potentially increasing
the risk for humans and animals. The aforementioned cases
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F I G U R E 1 Framework of the review. In the summary of toxicity of DON and modified forms, red indicates toxicity and green represents
nontoxicity or negligible toxicity

F I G U R E 2 Metabolism of DON and its modified forms in vivo and in vitro. (a) Metabolism of DON and its modified forms in humans and
animals (Payros et al., 2016). (b) Metabolism of masked mycotoxins according to in vitro reports (Zhang et al., 2019). (c) Metabolism of D3G in pigs
(Zhang et al., 2019). (d) Deacetylation of 3-ADON and 15-ADON in humans (Ajandouz et al., 2016)
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may result in more serious hazards than those estimated based
on the initial toxin level only (Khaneghah, Martins, von Her-
twig, Bertoldo, & Sant’Ana, 2018).

Published modified forms of DON include (a) acetylated
forms (for example, 3-acetyl-DON [3-ADON] and 15-acetyl-
DON [15-ADON]); (b) epimer forms (for example, 3-epi-
deoxynivalenol [3-epi-DON]); (c) glycosylation forms (for
example, D3G); (d) hydration forms; (e) oxidation forms (for
example, 3-keto-DON and deepoxy-DON [DOM-1]); (f) sul-
fate forms (for example, DON sulfonate [DONS]); (g) pro-
cessing products (for example, norDON A, norDON B, nor-
DON C, and norDON F); and (h) other modified forms,
(for example, DON-3-diglucoside, DON-3-triglucoside, and
DON-3-tetraglucoside).

If biochemistry refers to the conversion of chemically
similar compounds by catalytic enzymes, associating all
compounds directly by their chemical similarity may be
logical. The canonical SMILES deposited in or computed
by PubChem for DON is CC1 = CC2C(C(C1 = O)O)
(C3(CC(C(C34CO4)O2)O)C)CO, which could be regarded as
the seed for generating similar molecular structures. Substruc-
ture fingerprints within the PubChem database (Tanimoto
chemical similarity >700) were used to perform similarity-
based modified DON (Table S1). When the Tanimoto chem-
ical similarity was 1,000, these modified DONs were clas-
sified into six main groups (Figure 3). In Figure 3a, DON
and DON isomers change in molecular structures. These com-
pounds are mainly DON isomers, which have the same molec-
ular weight as that of DON (C15H20O6); some bones may
isomeric changed, similar to alpha-to-beta molecular config-
uration. Figures 3b, 3d, and 3e show acetyl-modified DONs;
Figure 3f presents di-acetyl modified DONs; and Figure 5c
shows DONs modified by oxidation–reduction. Other modi-
fied DONs, such as D3G, DONS, and DOM-1, were regarded
as tiny groups consisting of less than four compounds.

2.1 3-ADON and 15-ADON
3-ADON and 15-ADON are acetylated forms of DON pro-
duced by Fusarium culmorum and Fusarium graminearum,
which frequently occur in food and feed. The metabolism
of acetylated forms largely varies because of the differences
in the evaluation model. DOM-1, DON-GlcA, and DON are
metabolites in animal models. A special interest is the trans-
formation of acetylated forms into free DON in vivo.

Acetylated forms can be absorbed more rapidly than DON
in animal models for oral intake assay (Broekaert, Devreese,
De Baere, De Backer, & Croubels, 2015). In an in vivo
experiment in chicken, 3-ADON was transformed to DOM-
1 and free DON, and 15-ADON was metabolized to DOM-
1, free DON, and deepoxy-15-acetyl-DON (Young, Zhou,
Yu, Zhu, & Gong, 2007). Regardless, metabolites of acety-
lated forms in pigs were DOM-1, DON, DON glucuronide

(DON-GlcA), and trace acetylated forms. Oral bioavailability
of acetylated forms in pigs was higher than that in chickens
(Broekaert, Devreese, De Mil, et al., 2015; Eriksen, Petters-
son, & Lindberg, 2003; Maresca, 2013). In calves, 3-ADON
and 15-ADON were rapidly converted into free DON. DON-
3-GlcA was the major metabolite of DON and acetylated
forms. Scarce DON-15-GlcA was found in urine (Valgaeren
et al., 2019). Another study conducted both in vivo (in human
liver, small intestine, and kidney) and in vitro (in HepG2 cells,
Caco-2 cells, and T84 cells) confirmed complete deacetyla-
tion fate of 3-ADON and 15-ADON, and liver and small intes-
tine were identified as the main site of deacetylation reaction
in humans (Figure 2d). Digestive enzymes, bacteria, intesti-
nal, liver, and colon participated in the deacetylation process,
and only free DON was found in the systemic blood. Once
consumed, 3% and 7%, 10% and 26%, 2.6% and 0.9%, 26%
and 13%, 1.7% and 0.7%, and 56% and 52% of 3-ADON and
15-ADON were deacetylated by pepsin, pancreatic enzymes,
colonic bacteria, small intestine, colon, and liver, respectively,
resulting in no acetylation forms in the whole blood circula-
tion (Ajandouz et al., 2016).

MAPK is an important transmitter of signals from the cell
surface to the nucleus. It is one of the well-known signal trans-
duction pathways of cell proliferation, stress, inflammation,
differentiation, and apoptosis. ERK, ERK5, p38, and JNK
are subgroups of MAPK. Similar to DON, 15-ADON and 3-
ADON were able to activate the ERK/MAPK, p38/MAPK,
and JNK/MAPK pathways in vitro and in vivo. In addition,
15-ADON exerted the same ability at a lower dose than those
to 3-ADON or DON (Pinton et al., 2012). However, only
two hydrogen bonds were formed. Figure 4 shows the MAPK
pathway analysis of DON and modified DON.

The comparative toxicity of these two toxins exhibited no
agreement. Some cytotoxic assays indicated that 3-ADON
was more toxic than 15-ADON (Juan-García, Juan, Tolosa,
& Ruiz, 2019; Juan-García, Taroncher, Font, & Ruiz, 2018);
however, other studies found 15-ADON to be more toxic
(Pinton et al., 2012). The intestinal toxicity, immunotoxicity,
oxidative stress, genotoxicity, and cytotoxicity of acetylated
forms have been studied in vitro or in vivo (Table 1).

2.2 DON-3-𝜷-D-glucoside
D3G is the phase II metabolite of DON by glycosylation.
D3G remains stable in the human upper gut. It is resistant
to acidic pH, cytosolic-𝛽-glucosidase, and digestive pancre-
atic enzymes. Commonly, D3G is less toxic than DON. In
cereals and cereal by-products, the contamination level of
D3G reached half that of DON. The ratio of D3G/DON
reached 20% in grains and even exceeded 100% after pro-
cessing (Berthiller et al., 2009; Berthiller et al., 2013; Varga,
Malachova, Schwartz, Krska, & Berthiller, 2013).
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F I G U R E 3 Tanimoto chemical similarity-based modified DON network, classified into six main groups; the number of modified DONs is
noted. The similarity score is 1,000. (a) DON and DON isomeric change molecular structures. (b), (d), and (e) Acetyl-modified DONs. (c)
Oxidation/reduction-modified DONs. (f) Di-acetyl modified DONs

F I G U R E 4 Ribotoxic stress and MAPK pathway analysis for DON and modified DON
(a) DON, 3-ADON, 15-ADON, DOM-1, 3-keto-DON, and 3-epi-DON bind to the A-site of the peptidyl transferase center of the ribosome, whereas
D3G loses its binding ability. (b) Some studies indicate that only DON, 3-ADON, 15-ADON, and DOM-1 exert ribotoxic stress, and 3-ADON,
15-ADON, 3-keto-DON, and 3-epi-DON form only two hydrogen bonds. (c) DON, 3-ADON, 15-ADON, and DOM-1 can evoke the ERK1/2, JNK,
and p38 MAPK pathways. Moreover, DON and DOM-1 can activate the upstream channel of MAPK, such as HCK and EIF2AK2. DON activates
the downstream channels of MAPK, such as EGR, COX, and TNF-𝛼. For DOM-1, there is no agreement on the above information. Because DOM-1
cannot evoke MAPK pathway in IPEC-J2 cells, Caco-2 cells, or jejunal explants
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The transformation of masked forms of DON into free
DON revealed the risk of colonic epithelium for exposure to
free DON. Metabolism of D3G was conducted both in vitro
and in vivo. DON, DON-GlcA, and DOM-1 were detected
in the analysis. In vitro, D3G was hardly hydrolyzed by the
upper digestive tract and other human digestive fluids, but
can be hydrolyzed by the lower digestive tract (Figure 2b). In
vivo, oral administration, PO administration, and intravenous
administration experiments demonstrated that almost all D3G
was hydrolyzed in the gastrointestinal tract of pigs (Figure 2c).
D3G can be partly metabolized into free DON after incuba-
tion with human microbiota in vitro for 8 hr, such as Ente-
rococcus faecium and Lactobacillus plantarum (Berthiller
et al., 2011). Another in vitro study for mixed human fecal
microbiota obtained similar results; the conversion efficiency
reached 100% (Gratz, Duncan, & Richardson, 2013).

The metabolism of D3G in vivo has been elucidated by
oral intake and intravenous injection with animals or humans.
A recent study involving humans demonstrated that D3G
was 84% absorbed by volunteers. Most D3G was absorbed
as DON. DON-3-GlcA and DON-15-GlcA were the main
metabolites (Mengelers et al., 2019). According to metabolic
analysis of pigs for 24 hr, D3G was mostly excreted into
DON, DOM-1, DON-15-GlcA, and DON-3-GlcA after the
pigs were fed with D3G. Trace metabolites were found in the
feces. D3G was administered intravenously and was almost
completely hydrolyzed in the intestinal tract (Nagl et al.,
2014). A study on rats concluded that D3G liberated DON
as an intermediate metabolite in the digestive tract, but DON
was poorly absorbed (Nagl et al., 2012).

2.2.1 In vitro toxicity
Both the phytotoxicity and cytotoxicity of D3G were revealed
in in vitro experiments. D3G was considerably less toxic than
DON. Data on D3G were scarcely reported.

In the plant germ extract with an in vitro transcription and
translation system, luciferase activity was slightly inhibited by
D3G but significantly inhibited by DON (Poppenberger et al.,
2003). D3G could not bind to the A-site of the ribosome pep-
tidyl transferase center, indicating the absence of ribosome
stress in D3G. In Caco-2 cells, the JNK/MAPK pathway and
the p38/MAPK pathway could not be activated by D3G. No
influence on viability and barrier function was observed (Pier-
ron, Mimoun, Murate, Loiseau, Lippi, Bracarense, Liaubet,
et al., 2016). D3G showed no toxicity in GSE-1 cells (Yang,
Yu, Tan, Liu, & Wu, 2017). By contrast, cell viability in IPEC-
J2 cells was influenced by D3G but was independent of D3G
concentration. The cytotoxicity of D3G was far less than those
of 3-ADON, DON, and 15-ADON (Broekaert et al., 2016).

2.2.2 In vivo toxicity
Animal, intestinal explants, and microbial organism have been
introduced in toxicity studies of D3G. Similar to DON, D3G

caused anorexia in animals but induced extremely limited tox-
icity for other toxicity parameters.

In porcine jejunal explants, D3G exerted no effect on mor-
phological lesions, histomorphology, and pro-inflammatory
cytokines, including IL-1𝛼, IL-1𝛽, TNF𝛼, IL-8, IL-22, and IL-
17A (Pierron, Mimoun, Murate, Loiseau, Lippi, Bracarense,
Liaubet, et al., 2016). A study involving mice also concluded
that pro-inflammatory biomarkers such as splenic cytokine
and chemokine mRNA could not be evoked by D3G. In the
mouse model of nocturnal food consumption, D3G induced
anorexia for up to 6 hr. The minimum nocturnal doses for
D3G and DON were 5 and 0.05 mg/kg body weight (bw) (Wu,
He, et al., 2014; Wu, Zhou, et al., 2014). A study on a Sac-
charomyces cerevisiae PDR5 mutant strain demonstrated the
extremely low toxicity of D3G; no change in growth rate was
observed, and differences in DNA microarray analysis were
small, with only 10 genes extracted.

2.3 Deepoxy-DON
DON can be biologically transformed into DOM-1 by intesti-
nal microorganisms. In chickens and turkeys, DOM-1 was
metabolized as DOM-3-sulfate by oral ingestion (Schwartz-
Zimmermann et al., 2015). DOM-1 did not activate the phos-
phorylation of the MAPK pathway in IPEC-J2 cells, Caco-2
cells, or jejunal explants, such as p38/MAPK, JNK/MAPK
and ERK1/2/MAPK, and Sapk/JNK (Pierron, 2016; Springler
et al., 2017). DOM-1 retained the ability to fit into the A-site
of the ribosome peptidyl transferase, and only two hydrogen
bonds were formed. Thus DOM-1 lost the ability to activate
ribosomal stress (Pierron, 2016).

2.3.1 In vitro toxicity
Most in vitro studies have demonstrated that DOM-1 does not
promote apoptosis or necrosis. These findings indicate that the
opening of the 12,12-epoxy ring of DON leads to the absence
of apoptotic toxicity.

DOM-1 showed no significant effects on the viability of
RAW 264.7 cells, Jurkat T cells, RTgill-W1, IPEC-1, Caco-
2 cells, and IPEC-J2. In addition, DOM-1 hardly influenced
membrane integrity, barrier function, cellular metabolism,
intracellular ATP, caspase-3, GSH/GSSG ratio, reactive oxy-
gen species (Springler et al., 2017), mitochondrial activity,
cytochrome c, and Bcl-2 (Nasri, Bosch, Ten Voorde, & Fink-
Gremmels, 2006). The IC50 of DOM-1 was 55 times higher
than that of DON in 3T3 fibroblasts (Eriksen, Pettersson, &
Lundh, 2004). In study of bovine peripheral blood mononu-
clear cells, no IC50 was determined because the maximum
inhibition was 24% (Daenicke, Keese, Goyarts, & Döll, 2011).
Meanwhile, in HepG2 cells, DOM-1 reduced albumin release
at rather high concentrations (Mayer et al., 2017).

Considering the presence of DOM-1 in ovarian follicular
fluid, the effects of DOM-1 on the reproductive system of
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cattle have also been evaluated. Notably, DOM-1 increased
the apoptosis of bovine ovarian theca cells (1 ng/mL)
and reduced the secretion of testosterone and progesterone
(0.5 ng/mL). Moreover, the mRNA abundance of pro-
teins related to ER stress was increased. The EIF2AK2,
ERK1/2, HCK, and AKT pathways were activated by DOM-1
(Guerrero-Netro, Estienne, Chorfi, & Price, 2017). ER stress
may be one of the toxic mechanisms of DOM-1 in theca cells.
These findings contradicted previous research.

2.3.2 In vivo toxicity
Generally, DOM-1 retained the immune modulatory effects
of DON but exerted no response on hepatotoxicity and pro-
inflammatory cytokines. Studies were conducted using pure
DOM-1 or DON with degradation substance.

Only three published articles have thus far been found on
the toxicity of pure DOM-1 in vivo. In this study, BBSHN 797
was used to biotransform purified DON into DOM-1. DOM-1
was then purified by solid-phase extraction. Pigs administered
with low and high levels of DOM-1 (0.14 or 0.3 mg/kg bw
per day) weighed more, compared with the control and DON
groups (0.15 or 0.3 mg/kg bw per day) at Week 2. No signif-
icant effects were observed on intestinal morphology, liver,
mRNA expression of IL-6, IL8, IL-10, IL-1𝛽, IL-1𝛼, IL-17A,
IFN-𝛾 , TNF-𝛼, TGF-𝛽, and CCL20 in the DOM-1 groups.
With regard to immunity parameters, spleen histology was
significantly affected, whereas mesenteric lymph nodes were
moderately affected (Pierron, 2016). In intestinal explants,
DOM-1 caused no intestinal lesions and did not affect the
expression of inflammatory cytokines. Genomic transcrip-
tomic profiling revealed no differentially expressed genes on
intestinal explants treated with DOM-1 (Pierron, Mimoun,
Murate, Loiseau, Lippi, Bracarense, Schatzmayr, et al., 2016).
With regard to histopathology, the PCNA level, and antibody
response, DOM-1 induced similar immune effects on DON in
the pig model. Minimal intestinal toxicity and no hepatotoxi-
city were observed (Pierron et al., 2018).

Other studies on DOM-1 were conducted by adding bacte-
ria or substances with degrading functions to DON. Studies
on swine and pig exposure to DON detoxified with bacterial
or enzyme demonstrated the elimination toxicity of DOM-1,
considering that no influence on food intake or weight was
observed (Grenier et al., 2013; Li et al., 2011).

2.4 3-epi-DON
3-epi-DON is the epimer of DON. The detoxification strategy
that isomerizes the C3-OH of DON leads to the formation of
3-epi-DON. 3-epi-DON can be obtained by degrading DON
with bacteria from soil.

Published data on the toxicity or metabolism of 3-epi-DON
are lacking. The destruction of the C3-OH group in DON
almost eliminates toxicity.

2.4.1 In vitro toxicity
Similar to DOM-1, 3-epi-DON did not affect oxygen con-
sumption, barrier function, cell viability, and intestinal lesions
in Caco-2 cells (Pierron, Mimoun, Murate, Loiseau, Lippi,
Bracarense, Schatzmayr, et al., 2016). Owing to the selection
of the analytical methods, the results changed substantially.
The IC50 of epi-DON was 357 and 1,181 times higher than
that of DON in Caco2 cells and in 3T3 mouse fibroblasts,
respectively, as determined by MTT assay and BrdU assay (He
et al., 2015).

2.4.2 In vivo toxicity
On the basis of animal experiment results, 3-epi DON was
nearly nontoxic. The bonding between 3-epi-DON and the
A-site of the ribosome peptidyl transferase center resulted
in only two hydrogen bonds. Consequently, the p38/MAPK
and JNK/MAPK pathways cannot be activated by 3-epi-
DON (Pierron, Mimoun, Murate, Loiseau, Lippi, Bracarense,
Schatzmayr, et al., 2016).

Intestinal explants treated with 3-epi-DON induced no dif-
ferential expression of genes and no inflammatory response
(Pierron, Mimoun, Murate, Loiseau, Lippi, Bracarense,
Schatzmayr, et al., 2016). In mice, oral exposure to 3-epi-
DON for 14 days (25 and 100 mg/kg bw per day) induced no
change in body weight, organ weight, organ histopathology,
and hematology (He et al., 2015).

2.5 3-keto-DON
3-keto-DON is produced in the two-step enzymatic epimer-
ization of DON. It may be converted into 3-epi-DON by bac-
teria such as Devosia mutans 17-2-E-8 (Hassan et al., 2017).
Recent studies have determined that 3-ADON and 15-ADON
can be degraded as 3-keto-DON by bacteria, with DON as an
intermediate (Wang et al., 2019).

2.5.1 In vitro toxicity
Several studies have investigated the toxicity of 3-keto-DON.
The IC50 values of 3-keto-DON in Caco-2 and NIH/3T3 cells
were 3.03 and 4.54 times higher than those of DON, respec-
tively, as determined by MTT and BrdU assays (He et al.,
2015). The immunotoxicity of 3-keto-DON was markedly
reduced by 90% in mouse spleen lymphocytes owing to the
oxidization of C3-OH into keto in DON (Shima et al., 1997).

2.5.2 In vivo toxicity
No studies on the in vivo toxicity of 3-keto-DON have thus
far been published.
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3 FATE OF DON DURING FOOD
PROCESSING

Wheat is the most widely planted and most traded crop world-
wide. Wheat is also one of the main crops contaminated by
DON. The initial DON content in raw wheat largely deter-
mines the DON content in wheat processing products; how-
ever, proper processing may reduce DON concentration, con-
sidering that DON mainly accumulates in the bran layer.
Compared with raw grains, processed food products generally
present less DON contamination. The stability of DON under
food handling conditions should be evaluated.

The change in DON content can be explained by the move-
ment or dilution of DON, as well as the transformation of
DON or its derivative and precursor. Food processing tech-
niques, including sorting, cleaning, pearling, milling, baking,
heating, frying, kneading, fermentation, cooking, influence
DON content. They are mainly divided into the physical pro-
cessing of raw grains, addition and blending of food additives
and other ingredients, and chemical processing of intermedi-
ate or semi-finished products. DON may decrease during han-
dling; however, the effects of processing on DON are complex
and at times inconclusive. Critical influencing factors include
temperature, heating time, enzymes, yeast, location of DON,
food composition, and size of food.

Our analysis shows that the different fates of DON could
be partly attributed to the following reasons: (a) the method
used to calculate the DON degradation rate; (b) recovery fac-
tors and food matrix; (c) food size; (d) method selected for
mycotoxin detection (Table S2); and (e) cereal raw materials
(for example, spring wheat and durum wheat) and food pro-
cessing techniques.

3.1 Bread making
Bread provides carbohydrates, proteins, fat, vitamins, and
minerals and is widely consumed globally. Meanwhile, bread
is mainly made from wheat and may be the major contributor
to DON exposure. The fate of DON may be difficult to deter-
mine during bread making but is significant. A flowchart for
bread making is presented in Figure 1. Most reports on how
processing influences mycotoxins emphasize the effect of fer-
mentation and baking.

3.1.1 Wheat processing
Grain processing starts with the removal of dust, poor-quality
grains, and foreign material. Primary processing of wheat
mainly includes cleaning, sorting, conditioning, dehulling,
and milling. All these processes have been reported to reduce
DON content. Meanwhile, most of the data relate to the
milling and cleaning stages. The water solubility of DON may
lead to the movement and reduction of DON in the final flour.

Notably, the DON loss in flour preparation is related to raw
wheat. DON shows increased mobile activity in grains.

Mycotoxins are usually distributed unevenly in grains, and
this can be related to the limited ability of toxin producing
fungi to penetrate the grain shell. DON is mostly concen-
trated in the bran and outer layers, and its location is cru-
cial for DON reduction. Studies for accumulation of DON in
grain revealed consistent distribution trends of different parts
of grains. Compared with the inner parts (endosperm and
flour), the parts near the outer layer (bran, shorts, and hulls)
present high level of DON. Another review regarding dis-
tribution of mycotoxins in wheat confirmed the distribution
law from the side, because DON level in wheat by-products
(bran, middling, shorts, and screenings) increased up to seven
times compared to the original wheat (Cheli, Pinotti, Rossi, &
Dell’Orto, 2013).

According to the correlation analysis of the total toxin level
in the whole grains and the sum of the toxin level in different
fractions, the inequal accumulation trend was demonstrated
to be natural distribution, which was not caused by the oper-
ation of grain treatment. In oat samples, more than 50% of
the DON content in the original whole grains was detected in
hulls, whereas relatively low level of DON was found in oat
kernels, pearling fractions, and remaining kernels. Content of
DON was 201 to 1,636 μg in whole grain, 155 to 1,197 μg in
hulls, and 0.81 to 105 μg in kernels (Ivanova et al., 2017). In
wheat kernel regions, DON content in bran (8.3 to 122 mg/kg)
was about six times that of break flour (1.4 to 16.2 mg/kg),
and in shorts (6.4 to 84.4 mg/kg) about three times that of
break flour (2.5 to 16.2 mg/kg) (Gärtner, Munich, Kleijer, &
Mascher, 2008). In barley kernel region (roller milling), the
hull enriched fractions contained about three to six times more
DON than the endosperm enriched fractions. Level of DON
in hull fractions was in the range of 71.3 to 109.0 μg/kg, and
in endosperm fractions was in the range of 9.4 to 35.5 μg/kg
(Khatibi et al., 2014).

Besides, the distribution of DON in grains may be related
to varieties. For example, in BRS 374 wheat, bran fractions
and milled wheat presented similar content of DON, which
was two times of DON than flour. However, in BRS Parrudo
wheat, level of DON was similar in bran fractions and flour
(Tibola, Fernandes, & Guarienti, 2016).

Primary processing procedures such as sorting and clean-
ing significantly reduce DON in the early stages because con-
taminated grains or low-density grains can be removed. The
amount of DON reduced by cleaning varied from 7% to 50%
(effect of cleaning, sorting, and milling in wheat mycotoxin
content). In addition, milling, pearling, and dehulling have
effectively reduced DON (Vidal, Marín, Morales, Ramos, &
Sanchis, 2014; Vidal, Morales, Sanchis, Ramos, & Marín,
2014; Vidal, Sanchis, Ramos, & Marín, 2015, 2016; Suman
& Generotti, 2015). Milling is a process of crushing grain
into flour. In this study, DON content decreased by nearly
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T A B L E 2 Effects of food processing on DON content

Type of food Processing method Effects on DON Reference
Wheat Milling Reduction of 36.7% (roller mill) to 85.1 %

(precision mill system)
Khatibi et al., 2014

Wheat Cleaning Reduction of 500 to 3,000 μg/kg Tibola et al., 2016

Wheat Cleaning Reduce 20% to 30% Kostelanska et al., 2011

Wheat Milling Reduce 62% Kostelanska et al., 2011

Wheat Milling Reduction 22% Edwards et al., 2011

Wheat Dry milling 50% in bran/germ, 42% in semolina Magallanes López, Manthey, & Simsek,
2019

Wheat Wet milling Reduced to undetectable levels Magallanes López et al., 2019

Bread Dough preparation Reduction of 7% without sourdough and
increase of 24% with sourdough

Vidal, Marín, et al., 2014

Bread Dough preparation
(proofing, kneading)

No significant change Kostelanska et al., 2011; Wu & Wang,
2015

Bread Fermentation No significant change Kostelanska et al., 2011; Wu & Wang,
2015

Bread Fermentation Slight increase Bergamini et al., 2010

Bread Fermentation without
enzymes

Decrease 5% at 30 ◦C, 23% at 45 ◦C Vidal et al., 2017

Bread Fermentation with enzymes Increase 10% (30 ◦C, a-amylase), 15%
(xylanase), 63% (cellulase), 75%
(protease), and 78% (glucose–oxidase)

Vidal et al., 2017

Bread Fermentation with
nonspecial enzymes

Increase 14% Suman, Manzitti, & Catellani, 2012

Bread Fermentation with enzyme Increase 99% Simsek et al., 2012

Bread Fermentation Increase 30% Vidal, Morales, et al., 2014

Vienna bread Fermentation Reduce 0% to 56% Samar et al., 2001

French bread Fermentation Reduce 0% to 41% at 50 ◦C Samar et al., 2001

Bread Fermentation Reduce 21.6% Neira, Pacin, Martinez, Moltó, & Resnik,
1997

Bread Fermentation Reduce 38% to 46% Lancova, Hajslova, Poustka, et al., 2008

Bread Baking Reduce 28.9% Neira et al., 1997

Bread Baking Decrease 4% to 14% Wu & Wang, 2015

Bread Baking Decrease 13% Kostelanska et al., 2011

Bread Baking (200 ◦C, 15 min) Decrease 2% Stadler et al., 2019

Bread Baking Decrease DON only in highly
contaminated raw material

Bergamini et al., 2010

Bread Baking Decrease 29% to 89% Vidal et al., 2015

Bread Baking without enzymes Reduce by 10.97% Vidal et al., 2017

Bread Baking Reduce 29% to 81% Vidal et al., 2015

Bread Baking Decrease 8% to 19% Generotti et al., 2015

Bread Toasting Decrease 19% to 65% Generotti et al., 2015

Bread Baking Reduce 7% Boyacioğlu et al., 1993

Bread Baking Reduce 40% Vidal et al., 2018

Turnover pie
dough covers

Frying Reduce 28%, 21%, and 20% at 169, 205,
and 243 ◦C, respectively

Samar, Resnik, Gonzalez, Pacin, &
Castillo, 2007

Crackers Baked at 250 ◦C for 5 min
and dried at 100 ◦C for
30 min

Decrease 6% Stadler et al., 2019

(Continues)
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T A B L E 2 (Continued)

Type of food Processing method Effects on DON Reference
Fermentation with enzyme Increase 14% Suman et al., 2012

Biscuits Baking Decrease 5% Stadler et al., 2019

Biscuits Baking Reduce 9% to 68% Generotti et al., 2017

Cocoa biscuit Baking Reduce 17% to 68% Generotti et al., 2017

100%. Different mill systems resulted in different reduction
rates. Precision mill systems (85.9 %) were reportedly more
effective in reducing DON, compared with roller mill systems
(36.7%). Relative data are collected in Table 2. DON is not
destroyed during cleaning, milling, and dehulling; instead, it
is redistributed. DON is mostly redistributed during removal
or is dissolved in water. One problem caused by these strate-
gies is the loss of cereal mass, particularly starch. Accord-
ingly, dehulling methods that are more effective and less
costly are being developed.

3.1.2 Dough preparation
Dough preparation includes kneading, fermentation, and
proofing. Published data on the fate of DON during bread
fermentation largely vary. Our analysis indicates that DON
content was significantly influenced by enzymes, ingredi-
ents, and fermentation condition. Some studies have found
that fermentation exerts no significant influence on DON as
reported by Wu and Wang (2015) and Cano-Sancho, Sanchis,
Ramos, and Marín (2013). Other studies have shown contra-
dictory results (Bergamini et al., 2010; Lancova, Hajslova,
Kostelanska, et al., 2008). In the current study, DON was
reduced or significantly increased during fermentation, which
was markedly influenced by the presence of ingredients, such
as enzymes, flour improvers, and malt flour. The increase in
DON may be attributed to the release of DON. An increase in
DOM-1 during fermentation may be explained by the trans-
formation of DON.

Enzyme activities during bread making should be inves-
tigated, considering the effects of enzymes. Several studies
on enzymes and improvers have consistently reported that
enzymes lead to the increase of DON during fermentation.
This finding can be explained by the release of DON from
the food matrix. Studies have found that the following have
induced an increase in DON: 𝛼-amylase (Simsek, Burgess,
Whitney, Gu, & Qian, 2012); cellulase, 𝛼-amylase, protease,
xylanase, and glucose-oxidase (Arnau Vidal, Sanchis, Ramos,
& Marín, 2017); flour improvers (Vidal, Morales, et al.,
2014); and xylanase, 𝛼-amylase, and cellulase (Vidal, San-
chis, et al., 2016; Vidal, Ambrosio, Sanchis, Ramos, & Marín,
2016).

Fermentation temperature may be another factor affecting
DON stability. Studies have reported a decrease in DON con-

tent during fermentation without enzymes, with the decrease
rate determined by the fermentation temperature; the higher
the temperature, the more conducive to DON degradation
(Samar, Neira, Resnik, & Pacin, 2001; Vidal et al., 2017).
Bread fermented at 30, 40, and 50 ◦C showed that optimal
reduction occurred at 50 ◦C with the longest fermentation
time (Samar et al., 2001). Similarly, DON reduction increased
with a rise in temperature from 30 to 45 ◦C and from 26
to 46 ◦C (Wu & Wang, 2015; Vidal et al., 2017). Interest-
ingly, Bergamini et al. (2010) and Vidal, Morales, et al. (2014)
observed an increase in DON when no enzymes were added.

During fermentation, D3G decreased slightly, but DOM-
1 increased. A higher increase in DOM-1 was observed at
30 ◦C than at 45 ◦C. We speculate that DON was converted
into DOM-1. The transformation of masked forms and free
DON during fermentation needs to be further identified.

3.1.3 Baking
Baking is one of the key and characteristic processes of bread
making. Its effects on DON content have been evaluated in a
large number of studies. The key parameters in this handling
process include initial contamination level, baking time, tem-
perature range, food additives, water content, enzymes, and
size of bread. Regardless, our statistics indicate that results
largely varied. After baking, the change in DON level ranged
from an increase of more than 90% to a decrease of 89%.

Conversion between DON and its modified forms have
also attracted attention. Heating under alkaline conditions has
degraded DON into norDON (Bretz, Beyer, Cramer, Knecht,
& Humpf, 2006). Chemical reactions have occurred during
baking. DON may be transformed into isoDON, DOM1, nor-
DON A, norDON B, norDON C, norDON D, norDON E, nor-
DON F, and 9-hydroxymethyl DON lactone (hy-DON-lac),
among others. Reports on the transformation of DON dur-
ing baking remain incomplete. Most studies have assumed
that the degradation of DON during baking leads to a reduc-
tion in toxicity. Further studies are needed to confirm whether
the already known degradation products will still be trans-
formed, and whether matrix entrapment and bound forms
will occur (Stadler et al., 2019). The degradation of DON in
baking cannot be determined merely by detecting a decrease
in DON concentration. Moreover, the mechanisms underly-
ing the considerable increases in D3G (>80 %) and DOM-
1 (>20 %) during baking need to be identified. Whether the



906 TOXICITY OF DON AND ITS MODIFIED FORMS

increase in D3G is related to the conversion of DON has to be
determined.

Some studies showed that DON was relatively stable and its
content slightly changed during baking. This result could be
partly attributed to the high-temperature resistance of DON.
Moreover, some studies detected the highest reduction in sam-
ples with high contamination (high concentration) (Bergamini
et al., 2010; Vidal et al., 2015, 2017). The initial concentra-
tion of DON was thus considered as a factor influencing DON
content.

Interestingly, contrary findings showed that DON con-
tent changed was largely due to baking (Lancova, Hajslova,
Poustka, et al., 2008; Scudamore, Hazel, Patel, & Scriven,
2009; Valle-Algarra et al., 2009; Vidal et al., 2015). Baking
time was considered a significant factor affecting DON con-
tent and in some cases was more influential than baking tem-
perature (Lancova, Hajslova, Poustka, et al., 2008; Scudamore
et al., 2009; Vidal, Morales, et al., 2014).

The results were rather inconclusive for baking tempera-
ture. One study considered baking temperature as a crucial
factor (Vidal et al., 2015), whereas another study found it
negligible (Generotti et al., 2015). The latter found that that
fermentation temperature was considerably more crucial than
baking temperature in reducing DON. DON was converted
into isoDON, norDON B, and norDON C during baking of
bread, crackers, and biscuits (Stadler et al., 2019). In bread,
DON was reduced by 2%. The same study indicated that
the similar transformation of DON in three different foods
indicated that the DON degradation mechanism was inde-
pendent of baking conditions and formulations. Meanwhile,
norDON A, norDON B, norDON C, and norDON F were
found in bread crust, and the conversion of 3-ADON and
15-ADON to DON was analyzed (Wu & Wang, 2015). In
a study by Kostelanska et al. (2011), degradation products,
including norDON A, norDON B, norDON C, norDON D and
DON lactone, were mainly located in bread crust. This find-
ing agreed with the hypothesis that DON degradation mainly
occurred in the outer layers of bread, which rapidly reaches
high temperature. Thus, bread size also affected DON during
baking.

Food additives such as potassium bromate and L-cysteine
did not change DON content in postbaking; however, sodium
bisulfite, L-cysteine, and ammonium phosphate reduced DON
by 40% (Boyacioğlu, Heltiarachchy, & d’appolonia, 1993).
Boyacioğlu et al. (1993) evaluated the effect of oxidizing and
reducing agents on DON. Sodium bisulfite, L-cysteine, and
ammonium phosphate facilitated DON reduction during bak-
ing. Additives alter pH. Although DON is sensitive to changes
in pH, DON reduction is independent to such changes (Vidal,
Sanchis, Ramos, & Marín, 2018).

Interestingly, several studies compared the thermal stabil-
ity of DON in food matrixes and standard solutions under
the same processing conditions simultaneously. It seems that

DON was more stable in real food samples than in standard
solutions. As to the different degradation activities of DON
between standard and real food samples, the reasons may
include the interaction between DON and food components,
and the thermal barrier effect of food matrix (Samarajeewa,
1991).

Generally, temperature above 150 ◦C was effective in
reducing DON in standard. Besides, the thermal degrada-
tion rate of DON was affected by the pH of DON standard
solutions, because strong alkaline conditions promoted the
degradation of DON. When heated at 140, 160, 180, 200,
or 220 ◦C by a convection oven, both DON standards and
naturally contaminated whole barley power showed a time-
and temperature-dependent degradation of DON. The highest
temperature led to the most effective degradation result. The
times required to reduce 50% or 90% of DON were similar.
However, the degradation rate for standard solution was twice
as high as that of the barley power. When heated for 60 min,
100%, 96%, 79%, 48%, and no more than 15% of DON were
reduced in DON standard at 220, 200, 180, 160, and 140 ◦C,
respectively (Yumbe-Guevara, Imoto, & Yoshizawa, 2003).
Another study using laboratory dryer (160 ◦C, 30 min) for
heating identified most of the already known thermal degra-
dation products of DON in DON standard solutions, includ-
ing norDON A-F, DON lactone, isoDON, and 9-OH DON
lactone. However, less kinds of degradation products were
detected in bread samples, including norDON A, B, C, D,
F, and DON lactone (Kostelanska et al., 2011). Other studies
also confirmed the thermal decomposition of DON in stan-
dard solutions, as shown in Table S3.

It is worth noting that several studies observed the inconsis-
tent thermal stability of DON in standard because of the differ-
ent analysis methods. For example, when DON standard was
heated at 150 ◦C for 10 and 20 min, a slight increase of DON
(5% to 8%) was detected by ELISA, whereas a mild reduction
(<21%) of DON was observed by gas chromatography–mass
spectrometry. This can be explained that DON derivates pro-
duced during heating performed stronger cross-reactivity than
DON against the antibody (Blanca, Guevara, & Yoshizawa,
2004).

Meanwhile, DON was reduced without enzymes during
baking, and the presence of 𝛼-amylase and xylanase limited
DON reduction. The reduction depended on the fermentation
temperature (Vidal et al., 2017). The toxicity of certain degra-
dation productions of DON has been studied. For instance,
norDON A, norDON B, and norDON C of up to 100 μmol
showed no significant effects (Bretz et al., 2006; Vidal et al.,
2017).

The kinetics of DON degradation during wheat baking
or maize bread baking has been studied (Numanoglu, Gök-
men, Uygun, & Koksel, 2012; Vidal et al., 2015), which can
be useful for DON degradation during food processing. The
dynamic model exhibited a good fit.
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3.2 Baby food
Baby has a single diet mainly consisting of grains and milk,
such as wheat, oats, barley, and rice. Recent studies have
revealed DON contamination in grain-based baby food. The
positive detection rate exceeds 50%, contamination level rang-
ing from 13 to 160.6 μg/mL (Cano-Sancho, Gauchi, San-
chis, Marín, & Ramos, 2011; Juan, Raiola, Mañes, & Ritieni,
2014; Pereira, Fernandes, & Cunha, 2015; Oueslati, Berrada,
Manes, & Juan, 2018). Owing to incomplete development,
high metabolite rate, and weak resistance, infants are highly
vulnerable to mycotoxins. Effects of toxicity manifest within
hours in children (Raiola, Tenore, Manyes, Meca, & Ritieni,
2015). Thus, it is necessary to investigate the fate of DON
particularly during baby food processing. Figure 5 shows the
processing of baby food.

Our review of studies reveals that only one examined the
effects of baby food processing on DON content. DON con-
tent was considerably reduced by dehulling, roasting, fermen-
tation, soaking, and blanching. For the same kind of food, the
reduction rate was influenced by different processing meth-
ods. The emergence of masked forms in the final products or
intermediate products, such as D3G and 3-ADON, presented
an additional risk.

During ogi processing, leaching and the microorganisms
used for fermentation are potentially responsible for DON
content. Fermentation and wet milling significantly reduced
DON content by 30% to 66%; the later reduced DON to an
undetectable level. Transformation of DON to D3G was indi-
cated. During soybean powder processing, DON was reduced
by 44% to 66% by roasting and by 66% to 77% by soaking
and blanching (Chilaka, De Boevre, Atanda, & De Saeger,
2019).

4 DEGRADATION OF DON BY
MICROORGANISMS

Figure 6a shows the development of microbial strategies for
mycotoxin control. For a comprehensive study on the micro-
bial detoxification of mycotoxins, six study progresses are
expected to be conducted (Figure 6b). The toxicity of both
the microorganisms and DON degradation products should be
evaluated and be considered as an index to assess the suit-
ability of the detoxification methods. In view of the safety
of food production, hazard characterization should be per-
formed prior to the commercial application of the detoxifi-
cation methods.

4.1 Mechanism of DON biodegradation
To evaluate DON degradation, an in-depth understanding
of the biodegradation mechanism of DON is a prerequisite.

The biodegradation mechanism of DON can be mainly
divided, based on its chemical structure, into adsorption and
transformation. Comprehensive analysis of more than 100
papers published in this field indicates that the biotransfor-
mation pathways of DON can be divided into the following
modes: oxidation, acetylation, glycosylation, hydroxylation,
isomerization, and hydrolysis. Biological oxidation mainly
occurs at C-3 and C12/C13 of DON. The degradation product
3-keto-DON is produced when the 3-OH functional group is
oxidized into the 3-keton group by hydroformylation. DOM-1
is produced via deepoxidation of the C12/C13 epoxy group.
Several studies have elaborated on the biological reactions
of trichothecene mycotoxins (He, Zhou, Young, Boland, &
Scott, 2010; Karlovsky, 2011). The present study discusses
DON biodegradation from the perspective of microorganisms
in the subsequent content.

Microorganisms detoxifying DON mainly consist of bacte-
ria and fungi. Research on animal digestive bacteria to detox-
ify DON dates back to 1983. In this study, these microorgan-
isms are divided into lactic acid bacteria, bacteria from soil,
bacteria from plants, other rumen and intestinal microbes,
yeast, and molds. With regard to microorganisms, animals, or
enzymes, the degradation mechanisms can be divided into (a)
inhibition of fungal growth, (b) inhibition of the production
of DON independent of the inhibition of fungi, (c) binding
or adsorption of DON, (d) transformation of DON, and (e)
enhancement of the resistance to DON (Figure 1). Generally,
research has witnessed the evolution of DON biodegradation
from anaerobic degradation to aerobic degradation, as well
as from mixed flora to pure cultures. Sources of biotransfor-
mation microorganisms include the environment (particularly
soil and water), plants (Ito et al., 2012), insects, and animals
(Zhu, Hassan, Lepp, Shao, & Zhou, 2017). Mycotoxins do not
accumulate in farmland soil; soil and water bodies are sup-
posed to be good sources of mycotoxin-detoxifying microor-
ganisms (Sato et al., 2012; Völkl, Vogler, Schollenberger, &
Karlovsky, 2004).

All aforementioned organisms for DON detoxification are
discussed in this study. Isolation of microorganisms from
an environment similar to the subsequent practical applica-
tion environment is suggested. Thus, the isolated microbe
would grow better and show a higher detoxification activity
(Zhu et al., 2017). Table 3 presents the organisms of various
resources that counteract DON.

The biotransformation products mentioned in this review
mainly include DOM-1, D3G, 3-keto-DON, and 3-epi-DON.
Published reports on the toxicity evaluation of degradation
products are summarized in Table 4.

4.2 Degradation of DON by bacteria
Bacteria are the most studied organisms for DON detox-
ification. Bacteria such as lactic acid bacteria and other
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F I G U R E 5 Processing of different baby foods. Adapted from Chilaka et al. (2019) and Pascari, Marín, Ramos, Molino, and Sanchis (2018)

F I G U R E 6 Biological degradation for mycotoxins. (a) Development of biological control strategies for mycotoxins. (b) Procedure for the
systematic and comprehensive investigation of microbial detoxification of mycotoxins
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T A B L E 3 Microorganisms that can detoxify DON

Species
Strain or microbial
community Degradation mechanism

Degradation
product Reference

Lactic acid
bacteria

Enterococcus Binding DON – Niderkorn et al., 2007

Lactobacillus plantarum,
Lactobacillus pentosus,
and Lactobacillus
paracasei

Inhibiting fungal growth,
adsorbing DON

– Franco et al., 2011

Lactococcus lactis,
Lactobacillus brevis,
Lactobacillus casei,
Lactobacillus plantarum,
and Lactobacillus
plantarum

Binding DON – Zou et al., 2012

Lactobacillus sp. Binding DON – Chlebicz & Śliżewska, 2019

Three Pediococcus
pentosaceus strains

Antifungal activity, binding or
transforming DON

– Juodeikiene et al., 2018

Lactobacillus rhamnosus
RC007

Mild degradation of DON,
reduction of all effects of
DON on pig jejunum
explants

– García et al., 2018

Lactobacillus plantarum
JM113

Antioxidant activity, protecting
the integrity of the intestinal
barrier

– Yang, Li, et al., 2017

Other rumen and
intestinal
microflora

Microbial inocula from
rumen and intestines of
chicken

Oxidation DOM-1 He et al., 1992

Eubacterium sp. strain
BBSH 797

Oxidation DOM-1 Fuchs et al., 2002

Microbiota and pure
cultures of bacteria
obtained from chicken
intestine

Oxidation DOM-1 Young et al., 2007

Bacillus spp., Clostridiales,
Anaerofilum sp.,
Collinsella sp.

Oxidation DOM-1 Li et al., 2011; Yu et al.,
2010

Human fecal microbe Oxidation DOM-1 Gratz et al., 2013

Eggerthella sp. DII-9 Oxidation DOM-1 Gao et al., 2018

Fish digesta Oxidation DOM-1 Guan et al., 2009

Bacteria from
soil

Agrobacterium–Rhizobium
strain E3-39

Oxidation 3-keto-DON Shima et al., 1997

WSN05-2 Isomerization 3-epi-DON Ikunaga et al., 2011

Paenibacillus polymyxa Inhibiting fungal growth and
production of DON

– He et al., 2009

Devosia mutans 17-2-E-8 Oxidation, Isomerization 3-keto-DON,
3-epi-DON

He et al., 2015, 2016

Devosia sp. ANSB714 Eliminating effects of DON on
mice and pig, decreasing
DON residues

– Li et al., 2018; Zhao et al.,
2016

Devosia sp. DDS-1 Oxidation 3-keto-DON Xu et al., 2010

Devosia insulae A16 Oxidation 3-keto-DON Wang et al., 2019
(Continues)



910 TOXICITY OF DON AND ITS MODIFIED FORMS

T A B L E 3 (Continued)

Species
Strain or microbial
community Degradation mechanism

Degradation
product Reference

Enrichment cultures Isomerization, oxidation 3-epi-DON,
DOM-1

Vanhoutte et al., 2018

Nocardioides, genus
Devosia

Isomerization 3-epi-DON
and other
metabolites

Sato et al., 2012

DX100 Oxidation DOM-1 Ahad et al., 2017

Bacteria from
plants

B. amyloliquefaciens
WPS4-1 and WPP9

Inhibiting fungal growth or/and
synthesis of DON

– Shi et al., 2014

Brevibacillus sp. BRC263,
Streptomyces sp.
BRC87B

Inhibiting production of DON – Palazzini et al., 2007

Yeast Saccharomyces pastorianus
A15

Glycosylation D3G Nathanail et al., 2016

Saccharomyces cerevisiae Binding DON – Campagnollo et al., 2015;
Chlebicz & Śliżewska,
2019

Saccharomyces cerevisiae
boulardii

Counteracting DON toxicity in
piglets

– Alassane-Kpembi et al.,
2018

Lachancea thermotolerans
volatile organic
compounds

Inhibiting fungal growth and
DON synthesis

– Zeidan et al., 2018

Yeast cell wall product Adsorbing DON – De Souza et al., 2014; Kong
et al., 2014; Patience
et al., 2014

Geotrichum fermentans,
Kluyveromyces
marxianus,
Metschnikowia
pulcherrima

Not mention – Repečkienė et al., 2013

Mold Aspergillus tubingensis Hydrolysis Molecular
weight was
314.4

He et al., 2008

Aspergillus oryzae Absorbing DON – Garda-Buffon et al., 2011

Rhizopus oryzae Absorbing DON – Garda-Buffon et al., 2011

miscellaneous bacteria from soil, water, plants, the rumen,
and the intestines have shown the ability to detoxify DON, and
some degradation products have been identified. Both anaero-
bic and aerobic microorganisms have been developed. Explo-
ration and characterization of DON-degrading bacteria may
provide precise choices for bacterial strains and procedures
for in situ detoxification. The processes provide insights into
the diversity of degrading strains and how they are degraded in
the environment (Ikunaga et al., 2011). Moreover, probiotics
have been identified by FAO/WHO as microbes that can bind
and absorb mycotoxins (FAO/WHO, 2002). The utilization of
bacteria may be a promising method for DON degradation in
situ.

4.2.1 Rumen microbes and intestinal
microflora
Rumen fermentation is the first line of defense toxic tort in
vivo. Tumor gastric juice and intestines are hosts of multiple
microbial communities. Moreover, ruminants are less sensi-
tive to mycotoxins, particularly trichothecenes, suggesting the
potential of rumen fluid and intestines for biotransformation
(Swanson et al., 1987; Tan et al., 2015). Microorganisms from
the rumen and the intestines have shown the ability to degrade
DON by deepoxidation. Studies on these bacteria are mainly
conducted under anaerobic conditions.

Research on the use of rumen microflora to detoxify DON
began early. In vitro transformation of DON by rumen or gut
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T A B L E 4 Toxicity of major DON biotransformation products

Toxin Evaluation model Toxic effect Reference
3-epi-DON Caco-2 cell IC50 was 357 times higher than that of DON He et al., 2015

Caco-2 cell Not cytotoxic, neither changed oxygen
consumption nor impaired barrier function

Pierron, Mimoun, Murate,
Loiseau, Lippi, Bracarense,
Schatzmayr, et al., 2016

3T3 fibroblasts cell IC50 was 1,181 times higher than that of DON He et al., 2015

Intestinal explants No intestinal lesions were observed Pierron, Mimoun, Murate,
Loiseau, Lippi, Bracarense,
Schatzmayr, et al., 2016

Female B6C3F1 mice No effects on body and organ weights,
hematology, and organ histopathology

He et al., 2015

3-keto-DON Caco-2 cell IC50 was 3.03 times higher than that of DON He et al., 2015

Fibroblasts NIH/3T3 cell IC50 was 4.54 times higher than that of DON in
BrdU assay

He et al., 2015

Mouse spleen lymphocyte Immunosuppression by 3-keto-DON was 90%
lower than that of DON

Shima et al., 1997

DOM-1 Bovine ovarian theca cell Inhibited progesterone and testosterone
secretion, increased apoptosis

Guerrero-Netro et al., 2017

HepG2 cells Decreased albumin secretion Mayer et al., 2017

Chicken lymphocyte 500 times less toxic than DON Sundstøl Eriksen & Pettersson,
2003

Mouse fibroblast 54 times less toxic than DON

3T3 cell IC50 was 54 times higher than that of DON Eriksen et al., 2004

Bovine peripheral blood
mononuclear cells (PBMC)

Reached the maximum inhibition of
approximately 24% at the concentration of
18.29 μM

Daenicke et al., 2011

Holstein cows Exposure of dairy cows resulted in maximum
serum DOM-1 level of 52 ng/mL

Daenicke et al., 2011

PBMC No effect on the viability to concentration 23 μM Dänicke et al., 2010

IPEC-1

IPEC-J2

Caco-2 cell Not cytotoxic, neither changed oxygen
consumption nor impaired barrier function

Pierron, Mimoun, Murate,
Loiseau, Lippi, Bracarense,
Schatzmayr, et al., 2016

Intestinal explants No intestinal lesions were observed Pierron, Mimoun, Murate,
Loiseau, Lippi, Bracarense,
Schatzmayr, et al., 2016

D3G GES-1 cells No toxicity Yang, Yu, et al., 2017

Caco-2 cells Unable to bind to the A-site of the ribosome
peptidyl transferase center, did not alter
viability and barrier function

Pierron, Mimoun, Murate,
Loiseau, Lippi, Bracarense,
Liaubet, et al., 2016

Porcine jejunal explants Induced no histomorphologic alterations Pierron, Mimoun, Murate,
Loiseau, Lippi, Bracarense,
Liaubet, et al., 2016

Chlamydomonas reinhardtii Caused no cell growth inhibition, induced
limited DNA differences

Suzuki & Iwahashi, 2015

Porcine intestinal epithelial cell No apoptosis Broekaert et al., 2016

Mouse Induced no reaction of chemokine splenic or
cytokine mRNA

Wu, He, et al., 2014

Mice Unable to stimulate pro-inflammatory cytokines,
weakened ability to elicit gut satiety peptides
and anorectic responses

Wu, Zhou, et al., 2014
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microflora was conducted extensively (He, Young, & Fors-
berg, 1992; King, McQueen, Levesque, & Greenhalgh, 1984;
Kollarczik, Gareis, & Hanelt, 1994; Swanson et al., 1987).
Under anaerobic conditions in vitro, microbial inocula from
the rumen and the intestines of chicken convert DON to
DOM-1. He et al. (1992) demonstrated that the degradation
activity was maintained through six serial subcultures. Binder
et al. (1997) isolated the first pure transforming microor-
ganism used for DON detoxification. Fuchs, Binder, Heidler,
and Krska (2002) confirmed that the isolated culture, Eubac-
terium sp. strain BBSH 797, from rumen anaerobically trans-
formed DON into DOM-1. Young et al. (2007) also veri-
fied that microbiota and pure cultures of bacteria obtained
from chicken intestines degraded DON into DOM-1. Ten iso-
lated strains were further identified, including Bacillus spp.,
Clostridiales, Anaerofilum sp., and Collinsella sp. (Li et al.,
2011; Yu et al., 2010). Reports on the metabolic assessment
of DON by human microorganisms remain inadequate. Gratz
et al. (2013) observed that human fecal microbes anaerobi-
cally detoxify DON into DOM-1 in vitro. Eggerthella sp. DII-
9, a novel deepoxidation bacterium from chicken intestines,
was reported to have effectively transformed DON into DOM-
1 (Gao et al., 2018). Intestinal microorganisms from bovine
rumen fluid, dairy cattle, pigs, rats, sheep, and fish digesta
were able to convert DON (Côté, Dahlem, Yoshizawa, Swan-
son, & Buck, 1986; Cote, Nicoletti, Swanson, & Buck, 1986;
Guan et al., 2009; King et al., 1984; Kollarczik et al., 1994;
Westlake, Mackie, & Dutton, 1989; Yoshizawa, Takeda, &
Ohi, 1983).

Commercial products, such as Biomin® BBSH 797 con-
taining biotransform agents, have also been developed and
patented as feed additives (EFSA, 2005). Biomin® BBSH
797 is the first microorganism authorized by the European
Food Safety Authority that converts trichothecenes into less
toxic metabolites for poultry and swine diets (Rychen et al.,
2017). This microorganism can convert DON into DOM-
1. In vitro and in vivo studies have indicated that Biomin®

BBSH 797 at the recommended level can effectively reduce
DON. However, at the time the studies were conducted,
Biomin® BBSH 797 was not available in the United States or
Canada.

4.2.2 Bacteria from soil
Several studies have been conducted on the degradation of
DON by aerobic bacteria. Shima et al. (1997) isolated the
Agrobacterium–Rhizobium strain E3-39 from soil for DON
detoxification. Strain E3-39 completely transformed DON
into 3-keto-DON under aerobic conditions after incubation
for one day. The modified mycotoxin 3-acetyldeoxynivalenol
can also be transformed by strain E3-39. The strain WSN05-
2, identified as the genus Nocardioides and isolated from
wheat soil, completely degraded 1,000 μg/mL of DON in

a culture medium under aerobic conditions after 10 days.
DON in wheat grain was also reduced by approximately 90%
after 7 days. The intermediate 3-epi-DON was first reported
in this study (Ikunaga et al., 2011). Paenibacillus polymyxa
also inhibited the growth of F. graminearum and the produc-
tion of DON under greenhouse conditions (He, Boland, &
Zhou, 2009). He et al. (2015) and He et al. (2016) observed
that Devosia mutans 17-2-E-8 from soil completely con-
verted DON into the major metabolite 3-keto-DON and the
secondary metabolite 3-epi-DON under aerobic conditions.
Carere, Hassan, Lepp, and Zhou (2018) and Hassan et al.
(2017) investigated the relevant enzymatic mechanism under-
lying epimerization. Similarly, enrichment cultures from a
maize field and a wastewater treatment plant, a microbial
community with at least six bacterial genera, 13 aerobic bacte-
ria from soil and wheat leaves belonging to the genera Nocar-
dioides and Devosia, a microbial consortium called DX100
from soil, Devosia sp. ANSB714 from soil, and Devosia
sp. were screened. Meanwhile, DDS-1 was able to detoxify
DON (Ahad, Zhou, Lepp, & Pauls, 2017; Sato et al., 2012;
Vanhoutte, Audenaert, & De Gelder, 2018; Xu et al., 2010;
Zhao et al., 2016; Zhu et al., 2017). Karlovsky suggested
that microorganisms such as Curtobacterium sp. 114-2, Pseu-
dotaphrina kochii, Agrobacterium–Rhizobium E3-39, Nocar-
dioides sp. WSN05-2, and so on can also be used as feed addi-
tives (Karlovsky, 2011).

4.2.3 Lactic acid bacteria
The most prevalent method to reduce mycotoxin exposure is
to use a binder and adsorbents to decrease the bioavailabil-
ity of mycotoxins (Hathout & Aly, 2014). The superiority of
microbial adsorption is evident considering that they do not
negatively affect nutritional quality, and the reaction condi-
tion is mild. Published reports identify fungi and lactic acid
bacteria as the most widely studied microorganisms capable
of absorbing DON. However, the ability of some microorgan-
isms to bind to DON was not as strong as that of ZEN, AF,
and so on. Significant challenges include the effectiveness of
microorganisms under different pH levels and that stability of
mycotoxin-absorbent complex products.

Since the birth of agriculture, lactic acid bacteria have been
used to preserve food. Lactic acid bacteria are anaerobic, and
some can tolerate low levels of oxygen. In addition, lactic
acid bacteria improve the flavor, texture, and shelf life of
foods and play an important role in global food production.
These foods include dairy products, vegetables, meat, and
many indigenous fermented foods, among others (Indira,
Jayalakshmi, Gopalakrishnan, & Srinivasan, 2011; Nuraida,
2015; Perczak, Goliński, Bryła, & Waśkiewicz, 2018; Wood,
2012; Zannini, Waters, Coffey, & Arendt, 2016). Lactic acid
bacteria exhibit the greatest potential for inhibiting fungal
growth and detoxifying mycotoxins (Gourama & Bullerman,
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1995; Hocking, Pitt, Samson, & Thrane, 2006). The ability
to inhibit fungal growth may be attributed to the compe-
tition of nutrients, production of antagonistic substances,
and production of organic acids (Magnusson & Schnürer,
2001; Magnusson, Ström, Roos, Sjögren, & Schnürer, 2003;
Niku-Paavola, Laitila, Mattila-Sandholm, & Haikara, 1999;
Schnürer & Magnusson, 2005). Detoxification may arise
from metabolism, adsorption of the cell structure, or degra-
dation (Dalié, Deschamps, & Richard-Forget, 2010; García
et al., 2018; Haskard, El-Nezami, Kankaanpää, Salminen, &
Ahokas, 2001; Shetty & Jespersen, 2006).

A total of 202 strains of fermentative bacteria, including
Lactobacillus spp., Enterococcus, Lactococcus, Leuconostoc,
Pediococcus, Propionibacterium, and Streptococcus, were
screened to evaluate their ability to bind or transform myco-
toxins (DON∖ZEN∖fumonisins) in vitro. Most strains were
able to bind DON, with Enterococcus as the most effective
strains (Niderkorn, Morgavi, Pujos, Tissandier, & Boudra,
2007). Franco, Garcia, Hirooka, Ono, and Santos (2011)
determined that three isolated lactis inhibited the growth of F.
graminearum IAPAR 2218 and removed DON. The strains L.
plantarum, L. pentosus, and L. paracasei absorbed 67%, 47%,
and 57% of DON, respectively. Five strains, including Lacto-
coccus lactis 6020, Lactobacillus brevis 1.12, Lactobacillus
casei 6103, Lactobacillus plantarum 8014, and Lactobacillus
plantarum 102, were reported to bind DON from MRS agar.
Among the strains, L. plantarum achieved the best result (Zou
et al., 2012). García et al. (2018), Juodeikiene et al. (2018),
Yang, Li, Duan, and Yang (2017), and Chlebicz and Śliżewska
(2019) observed the effects of DON detoxification by Lac-
tobacillus sp. strains, Pediococcus pentosaceus strains, and
metabolites Lactobacillus rhamnosus RC007 and Lactobacil-
lus plantarum JM113.

4.2.4 Bacteria from plants
Shi et al. (2014) screened 32 bacteria strains from peanut
shells and investigated their ability to inhibit the growth
of F. graminearum mycelia and DON production in vitro.
All strains exhibited the ability to inhibit the growth of F.
graminearum, and the suppression rate of 62.5% of them
exceeded 40% after incubation for 4 days. Eighteen strains
were capable of reducing the synthesis of DON by 16.69%
to 90.3%. Among the strains, B. amyloliquefaciens strains
WPS4-1 and WPP9 achieved the best results, reducing syn-
thesis of DON by 90.3% and 88.4%, respectively. In another
study, 354 bacterial strains from wheat anthers were screened,
and 22 bacteria strains showed the ability to reduce DON
production by 60% to 100% under green conditions. Nine
strains notably reduced disease severity and DON produc-
tion, and five strains decreased DON production to below
the detection line. Brevibacillus sp. BRC263 and Strepto-
myces sp. BRC87B were identified as a potential combination

of biocontrol agents (Palazzini, Ramirez, Torres, & Chulze,
2007).

4.3 Degradation of DON by fungi
4.3.1 Yeast
During fermentation, enzymatic activities are secreted into
the food substrate or released from decomposed cells after
autolysis (Karlovsky et al., 2016). Some of these activities
may biotransform mycotoxins into nontoxic products (Wolf-
Hall & Schwarz, 2002). Research indicates that fermentation
microorganisms can adsorb mycotoxins through cell wall
surface components, such as glucomannans, 𝛽-D-glucans,
and mannan-oligosaccharides. Among these microorganisms,
yeast exerts great potential in reducing DON, which may
inhibit the growth of fungi, directly inhibit toxin produc-
tion independent of the effect of growth inhibition, adsorb
mycotoxins, or transform mycotoxins. Viable or nonviable
probiotic yeasts and yeast cell wall products with high adsorp-
tion can reduce the bioavailability of mycotoxins. Some of
these products may also be used to detoxify mycotoxins in
animal husbandry.

According to Freire and Sant’Ana (2018), yeast can
transform DON into D3G, 15-A-DON, and 3-ADON;
however, D3G cannot be reconverted to DON. Nathanail
et al. (2016) reported on the glucoside conjugation of DON
by lager yeast Saccharomyces pastorianus A15. D3G can
also be adsorbed during yeast fermentation. DON and D3G
were reduced by 15% and 17%, respectively. Chlebicz and
Śliżewska (2019) observed low levels of detoxifying activity
in Saccharomyces cerevisiae yeast. DON concentration was,
on average, decreased by 18.01%, 8.8%, and 33.3% after
incubation for 6, 12, and 24 hr. Several findings showed
that yeast reduced DON toxicity in piglets, and a study
on the mechanism of action revealed that the alteration of
intestinal transcriptome was reduced by Saccharomyces
cerevisiae boulardii (Alassane-Kpembi et al., 2018). Yeast
(low-fermenting yeast Lachancea thermotolerans) volatile
organic compounds inhibited the growth of F. graminearum
and significantly reduced DON synthesis. Reducing the avail-
ability of nutrients exerted no significant effect on the growth
of F. graminearum but markedly decreased DON production
(Zeidan, Ul-Hassan, Al-Thani, Balmas, & Jaoua, 2018).
Moreover, a mixture of inorganic binders (activated carbon)
and yeast cell wall contributed to DON detoxification in
vitro. The highest adsorption was observed at the mixture
ratio of 30:70 of 2.0% activated carbon and yeast cell wall
incubated for 30, 60, and 90 min (De Souza et al., 2014).
Other Geotrichum fermentans, Kluyveromyces marxianus,
Metschnikowia pulcherrima strains and yeast cell wall prod-
ucts also counteract DON (Campagnollo et al., 2015; Kong,
Shin, & Kim, 2014; Liu et al., 2016; Park, Parnsen, Duarte,
Yiannikouris, & Kim, 2017; Patience, Myers, Ensley, Jacobs,



914 TOXICITY OF DON AND ITS MODIFIED FORMS

& Madson, 2014; Repečkienė, Levinskaitė, Paškevičius, &
Raudonienė, 2013).

4.3.2 Molds
New molds that can biotransform DON have recently been
reported. The discovery of aerobic molds represents a notable
development. He, Fan, Liu, and Zhang (2008) were the first
to report on the isolation of an aerobic strain of Aspergillus
tubingensis from soil and its ability to hydrolyze DON. After
cultivation for 14 days, the mean degradation rate reached
94.4%. The degradation products emitted fluorescence, which
was 18.1 D higher than that of DON. Garda-Buffon, Kupski,
and Badiale-Furlong (2011) found that Aspergillus oryzae and
Rhizopus oryzae could absorb DON in submerged fermenta-
tion as peroxidase activity increased. The highest degradation
velocity occurred at the fermentation interval of 48 hr.

5 DEGRADATION OF DON BY
ENZYMES

Some enzymes or proteins produced by microorganisms
can transform or conjugate mycotoxins (Paster, Menasherov,
Lacey, & Fanelli, 1992; Westby, Reilly, & Bainbridge, 1997).
As illustrated above, many microbes have been confirmed
to detoxify DON; however, no enzymes have been thor-
oughly investigated (identified, purified, or characterized)
to be responsible for DON biodegradation. Detoxification
enzymes exhibited great potential in trichothecene manage-
ment postharvest (Kabak, Dobson, & Var, 2006; Tian et al.,
2016). Table 5 summarizes recent reports on enzymes and
genes that have the ability to counteract DON.

DON degradation enzymes produced by bacteria were
detected in cell-free filtrates and cell cultures, rather than
in cell extracts, indicating that these extracellular enzymes
could be purified from a bacterial culture (Shima et al., 1997).
Microorganisms and enzymes detoxifying trichothecenes via
hydroformylation, hydrolysis deepoxidation, hydroxylation,
and glucuronidation may be prevalent in nature (He et al.,
2010). Enzymes also have the advantage of substrate special-
ization, high efficiency, and environmental protection, which
facilitate their application in mycotoxin control (Kolosova &
Stroka, 2011). Use of enzymes can represent alternate DON
detoxification methods. The study and application of resis-
tance genes increase the resistance of crops to DON and con-
tribute to the degradation. However, purifying detoxifying
enzymes presents a challenge and is a time-consuming pro-
cess.

5.1 Cytochrome P450
Ito et al. (2013) reconstructed a cytochrome P450 system
from the Sphingomonas sp. strain KSM1 in vitro and demon-

strated its ability to hydroxylate DON and 3-acetyl DON. The
catabolic product of DON, 16-hydroxy-DON, was used as a
carbon source of Sphingomonas sp. strain and exerted reduced
phytotoxicity to wheat.

5.2 UDP-glycosyltransferase
Poppenberger et al. (2003) reported on a UDP-
glycosyltransferase from Arabidopsis thaliana that can
catalyze the transfer of glucose from UDP-glucose to
the hydroxyl group at C3 of DON, forming 3-𝛽-D-
glucopyranosyl-4-DON. Overexpression of this enzyme
led to the enhanced resistance of Arabidopsis thaliana to
DON. 15-ADON can also be transformed. Li et al. (2015)
also found that transgenic wheat expressing HvUGT13248
(UDP-glucosyltransferase) exhibited significantly increased
resistance to disease, and rapidly and efficiently transformed
DON into D3G. Pasquet et al. (2016) observed that Brachy-
podium distachyon exhibited a similar enhanced resistance to
DON by UDP-glycosyltransferase. These findings suggested
the possible use of gene technology as a control strategy for
Fusarium head blight and DON degradation.

5.3 Glutathione-S-transferases
Gardiner et al. (2010) found that yeast that carried the gene-
encoding cysteine biosynthetic enzyme or yeast on cysteine-
or glutathione-supplemented media showed enhanced resis-
tance to DON. The generation of DON–glutathione conju-
gates may reduce the toxicity of DON. The role of glutathione-
S-transferases in DON detoxification was revealed in this
study.

5.4 𝜷-Xylanases and amylolytic enzymes
Juodeikiene, Basinskiene, Vidmantiene, Makaravicius, and
Bartkiene (2012) evaluated the influence of 𝛽-xylanase com-
bined with amylolytic enzymes on DON detoxification dur-
ing fermentation. Addition of 𝛽-xylanase not only increased
the rate of DON detoxification but improved the quality of
bioethanol as well.

5.5 Peroxidase
Assuming that peroxidase may induce oxidation–reduction
reactions when combined with DON, Feltrin et al. (2017)
found that peroxidase from rice bran reduced by 20.3% of
DON under optimal conditions. Garda-Buffon et al. (2011)
also reported on the effect of peroxidase on DON degradation
velocity in submerged fermentation.
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T A B L E 5 Enzymes and genes that can detoxify DON

Enzyme or gene Degradation mechanism Degradation product Reference
Cytochrome P450 Hydroxylation 16-hydroxy-DON Ito et al., 2013

UDP-glycosyltransferase Glycosylation, enhancing the
resistance of Arabidopsis thaliana
to DON

3-𝛽-D-glucopyranosyl-
4-DON

Poppenberger et al., 2003

UDP-glycosyltransferase Enhancing the resistance of
Brachypodium distachyon to DON

– Pasquet et al., 2016

HvUGT13248 expressed in
wheat

Glycosylation, enhancing the
resistance of wheat to DON

D3G Li et al., 2015

Glutathione-S-transferases Enhancing the resistance of yeast to
DON

None Gardiner et al., 2010

𝛽-xylanases coupled with
amylolytic enzyme

– – Juodeikiene et al., 2012

3-Acetyl DON
Oxidase

Oxidation 3-keto-DON Xu et al., 2013

Peroxidase Oxidation–reduction reactions Not mentioned Feltrin et al., 2017

6 TRENDS IN THE APPLICATION
OF RNA INTERFERENCE
STRATEGY, OMICS TOOLS, AND
ENZYMES

Advanced technology is typically the reference for sustain-
able long-term strategies. Novel approaches such as genome
sequencing, which can identify genes related to detoxification,
need to be introduced in this field. Future strategies may also
include the combination of biocontrol agents to show syner-
gism, as suggested by Luz, Stockwell, Bergstrom, Leonard,
and Bushnell (2003), who provided a number of strategies for
enhancing biological control. Although many biodegradation
methods have been developed, several concerns have yet to
be addressed in future studies, including the following: how
to reveal changes in DON and its derivatives during degra-
dation and food processing; how to apply various degrada-
tion microorganisms or degradation enzymes during actual
food production (fermentation, baking, and so on); and how
to ensure the activity and safety of enzymes.

6.1 RNA interference strategy
Apart from traditional preharvest breeding technology of dis-
ease resistance and conventional postharvest control meth-
ods, more precise biological technologies have been intro-
duced to the preharvest control of fungal diseases and myco-
toxins, including gene silencing technology and gene expres-
sion regulation mediated by designer transcription activator-
like effector (Bogdanove, 2014; Koch & Kogel, 2014; Tiwari,
Sharma, & Trivedi, 2014). As an efficient gene silencing tech-
nology, RNA interference can specifically eliminate or turn
off the expression of specific genes, providing practical appli-
cations in agricultural treatment intervention.

RNA interference refers to the highly efficient and spe-
cific degradation of homologous mRNA mainly induced
by double stranded RNA. It is the highly conserved evo-
lutionary defense mechanism and behavior against foreign
aggression, which exists universally in nearly all of eukary-
otic organisms (Hannon, 2002). Both pre-transcriptional-level
gene silencing and post-transcriptional-level gene silencing
are included; the former is the interference of gene tran-
scription induced by chromosomal heterochromatism or DNA
methylation and so on, and the latter refers to the specific
degradation of target mRNA sequence in the cytoplasm.
Small interfering RNAs (siRNA) and microRNAs (miRNA),
which bind with Argonaute proteins (Agos) to form RNA-
induced silencing complex (RISC), are the most studied small
RNAs (Khvorova, Reynolds, & Jayasena, 2003). miRNA
causes translation inhibition or degradation of target gene,
whereas siRNA can only lead to the degradation of target
gene.

In fungi, RNA interference pathways play role in
pathogenicity, genome protection, development, and antivi-
ral defense. Most fungi conserve core RNA interference path-
way components, including Dicer proteins (Dicers), RNA-
dependent RNA polymerases (RdRps), and Agos. RISC
formed by siRNA degrades target gene complementary to
siRNA antisense chain (Gaffar, Imani, Karlovsky, Koch, &
Kogel, 2019). In F. graminearum, endogenous genes can be
blocked by hairpin RNA. Two Dicers, five RdRps, and two
Agos have been identified as components involved in the
silencing pathway (Chen et al., 2015). Importantly, small
RNAs can be exchanged between plants and fungi. Accord-
ingly, endogenous Host-Induced Gene Silencing (HIGS)
technology and exogeneous Spray-Induced Gene Silencing
(SIGS) technology have been developed to protect plants from
Fusarium and reduce Fusarium mycotoxins (DON, 3-ADON,
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F I G U R E 7 Genomic and omics technologies for mycotoxin treatment. (a) Association between mycotoxin synthesis and omics and the
association between different omics (Garcia et al., 2018). (b) Possible pathways of HIGS (left) and SIGS (right) (Machado et al., 2018)
Abbreviation: DCL, Dicer-like proteins.

15-ADON, and nivalenol) contamination preharvest, as
reviewed by Majumdar, Rajasekaran, and Cary (2017) and
Machado, Brown, Urban, Kanyuka, and Hammond-Kosack
(2018). Mediated by plant, HIGS reduce diseases in plant
pathogenic fungi by silencing fungal genes in plant during
attempted infection (Figure 7b). In addition, HIGS signals can
be conserved to subsequent generations. On the one hand,
increased disease resistance was observed in progeny seeds
obtained from the initial siRNA induced seeds. On the other
hand, fungal spores isolated from the original plants induced
by small RNAs were still negatively affected by small RNAs
signals in vitro (Majumdar et al., 2017). Table 6 summa-
rizes published studies regarding control of DON or Fusarium
using RNA interference technology.

RNA interference approach is a sequence-specific method
and may be more specific than other techniques available for
most of the grains and plants. Besides, expected gene block-
ing effects will not fail because of few sequence mismatch-
ing. It is expected to achieve simultaneous control of mul-
tiple plant pathogens by single silencing cassette (Machado
et al., 2018). RNA interference method is conducive to greatly
reducing the use of pesticides, contributing to ecosystem
and human health. For instance, with its high expression of
Chs3b on wheat ear infection, Chs3b was identified as the tar-
get gene for controlling Fusarium head blight. Silencing of

Chs3b reduced DON significantly (van Egmond, Schothorst,
& Jonker, 2007).

Challenge faced by application of RNA interference tech-
nology includes the transgenesis of HIGS, the relative short-
term effectiveness of SIGS, and concerns about the possible
adverse effects on humans, animals, and plants.

6.2 Omics tools
The following conditions are generally suitable for mold
growth: temperature, 10 ◦C to 40.5 ◦C, humidity, >70%;
and pH, 4 to 8. Environmental factors, such as tempera-
ture, humidity, and moisture, critically affect the growth of
fungi and the level of mycotoxin contamination in the food
chain (Channaiah & Maier, 2014). Omics technology signifi-
cantly elucidates the biological, biochemical, and biophysical
molecular processes that regulate the synthesis of mycotoxins,
as well as the process by which fungi adapt to diverse environ-
mental conditions (Garcia-Cela, Verheecke-Vaessen, Magan,
& Medina, 2018). The results of this study are expected to
guide the investigation of more effective remedies and con-
trol strategies for mycotoxins.

Genomics, metagenomic, transcriptomics, proteomics, and
metabolism are essential omics technologies and should
be considered in isolation (Figure 7a). For instance,
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T A B L E 6 Studies regarding control of DON and Fusarium using HIGS and SIGS. Adapted from Majumdar et al. (2017) and Machado et al.
(2018)

Host plant Pathogen Target gene Method Comments Reference
Hordeum vulgare Fusarium

graminearum
CYP51A, CYP51B HIGS 77% to 92% reduction in target

gene expression, complete
reduction of fungal growth
with no disease symptoms in
the RNAi lines

Koch et al., 2013

Barley Fusarium
graminearum

CYP51A, CYP51B,
CYP51C

SIGS Efficient inhabitation of fungal
growth

Koch et al., 2016

Musa sp. Fusarium oxysporum
f. sp. Cubense

Velvet and Fusarium
transcription factor 1

HIGS 7- to 25-fold reduction in
conidiophores count,
increased resistance (70% to
85%) to Fusarium wilt

Ghag, Shekhawat, &
Ganapathi, 2014

Triticum
aestivum L.

Fusarium
graminearum

Chs3b HIGS 1.4- to 4-fold reduction in Chs
3b expression; 78% to 85%
reduction in DON

Cheng et al., 2015

Arabidopsis
thaliana

Fusarium oxysporum F-box protein required
for pathogenicity 1, F.
oxysporum wilt 2, 12-
oxophytodienoate-10,
11-reductase gene

HIGS 60% to 90% reduction in target
genes expression; 15% to
60% increase in plant
survival, significantly lesser
number of yellow leaves

Hu, Parekh, Maruta,
Trusov, & Botella, 2015

Triticum
aestivum

Fusarium culmorum 𝛽-1,3-glucan synthase HIGS Several fold reduction to
complete silencing of FcGls
1 expression; 50% to 60%
reduction in disease
symptoms

Chen et al., 2016

genome-wide association studies (Gas) is a new powerful
strategy to find novel genes related to quantitative traits.
Single nucleotide polymorphisms are employed as molec-
ular genetic markers for correlation and comparative anal-
ysis to identify genetic variation affecting complex traits.
Using 119 F. graminearum strains from different environ-
ments, 29 quantitative trait nucleotides related with the syn-
thesis of DON were identified by Gas (Talas, Kalih, Miedaner,
& McDonald, 2016). At present, genome sequencing study
is used in is not only widely used for analysis of fungi pro-
ducing mycotoxins, but also used for analysis of organisms
degrading mycotoxins or inhibiting the producing of myco-
toxins. Moreover, bioinformation of sequencing can be used
to explore potential metabolites in genome. Metabolites are
the expression results of gene and proteins, and should be
understood combined with stress at molecular and transcrip-
tome level (Garcia-Cela et al., 2018). Palazzini, Dunlap, Bow-
man, and Chulze (2016) isolated a Bacillus subtilis protect-
ing plants against Fusarium, and identified the taxonomy and
10 secondary metabolites of the strain by employing phy-
logenomic strategy. Another idea is that future studies of
transcriptional data and temporal macro genome in three-
dimensional environmental interactions of stress factors can
provide breakthrough information to explain fungal interac-
tions and the dominance of varying fungal communities. Con-
sequently, beneficial microorganisms for biological control

in a given ecosystem will be identified (Garcia-Cela et al.,
2018).

6.3 Enzymes
Detoxification enzymes may potentially eliminate DON in
foods or feeds. Compared with microorganisms, enzyme
degradation is safer without pollution risk and healthy risk,
and has better repeatability and uniformity. Enzymes may be
used either in free form or in immobilized form, and can
be combined with industrial production, such as fermenta-
tion, to form fixed food production processes, which show
a wide range of application prospects in food industry. For
feed, enzymes can also be used as feed additives to degrade
mycotoxins (Loi, Fanelli, Liuzzi, Logrieco, & Mulè, 2017).
Enzymes coupled with the gene method provide new ideals
for DON detoxification. Detoxification genes such as UDP-
glucosyltransferase may be cloned and expressed in crops or
microorganisms to produce resistance or massive and eco-
nomical productions. Several reports have identified sev-
eral detoxification genes and demonstrated their contributory
effects on DON degradation.

On the basis of the aforementioned microorganism, we
assumed that some active enzymes may be responsible for the
degradation of DON. The enzymes specifically exert a degra-
dation effect on DON, which can destroy the DON structure,
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producing nontoxic or toxic products, as shown in Table 5.
The degradation mechanism and degradation products have
yet to be determined. Purification, characterization, and the
harsh operating conditions of enzymes may elucidate their
application in DON detoxification. The challenge in the suc-
cessful application of enzymes in food production lies in the
low yield, complex purification and production processes,
instability of properties, and harsh conditions of the enzymes.
The safety of the degradation products and impact on food or
feed should also be considered.

7 CONCLUSION

Studies on the biological removal of DON have been
conducted both in vivo and in vitro. Increased attention has
recently been paid to the identification, transformation action,
and toxicologic study of already known or unknown mod-
ified forms of DON during food processing and biological
degradation. An in-depth investigation into the metabolism,
toxicologic evaluation, risk assessment, and detoxification
mechanism of known and unknown degradation products is
desirable. New mechanisms for mitigating DON have also
been revealed. Published articles and patents indicate that
the use of both microorganisms and enzymes to decontam-
inate food commodities draws interest. The emergence of
commercialized degradation biological/enzymatic agents
emphasizes the potential of this approach. The advantages
include (a) specificity of the reaction; (b) mildness of the
reaction, particularly for pH and temperature; (c) reduced
impact on food quality; (d) applicability and feasibility in the
foodstuff industry; (e) environmental conservation; and (f)
application potential of the enzymes.

DON can be reduced significantly during food processing
owing to its binding ability to food matrix, transformation,
dilution, or mitigation. Enzymes and additives used during
food processing, which induce a decrease in DON reduction,
should be paid special attention. D3G, 3-ADON, and DOM-1
have been found to increase during bread making and baby
food production. Thermal degradation products, including
isoDON, DOM1, norDON A, norDON B, norDON C, nor-
DON D, norDON E, norDON F, and hy-DON-lac, have been
identified. DON, modified DON, and thermal degradation
products need to be monitored during food production.

Degrading microorganism and enzymes exhibit potential
for application in food production and may present a chal-
lenge. Currently, the use of enzymes for DON degradation in
practical production is rarely reported. Novel techniques, such
as RNA interference and omics, improve our understanding of
mycotoxins and would be useful in the investigation of more
effective mycotoxin treatment strategies. Undesirable situa-
tions for degradation have been noted. Only one strain has
thus far been authorized for feed additives, and no microbial

enzyme has been officially authorized as a processing aid for
DON detoxification in food. Numerous challenges have yet
to be overcome for the successful commercial application of
microorganisms. Challenges may include insights into degra-
dation mechanisms, identification of effective elimination in
food/feed substrate, stability and suitability of detoxification
agents, safety of degradation products, and successful appli-
cation for industrial production. All of these would require
regulatory approval.
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