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Abstract: Deoxynivalenol (DON), produced by Fusarium species, is one of the most common tri-
chothecenes detected in cereals pre- and post-harvest, which poses a great threat to the health of
livestock and human beings due to its strong toxicity. In this study, we isolated and characterized two
DON-degrading bacterial strains, Bacillus sp. HN117 and Bacillus sp. N22. Both strains could degrade
DON efficiently in a wide range of temperatures (from 25 ◦C to 42 ◦C) and concentrations (from
10 mg/L to 500 mg/L). After optimization of the degradation conditions, 29.0% DON was eliminated
by HN117 in 72 h when it was incubated with 1000 mg/L DON; meanwhile, the DON degradation
rate of N22 was boosted notably from 7.41% to 21.21% within 120 h at 500 mg/L DON. Degradation
products analysis indicated HN117 was able to transform DON into a new isomer M-DOM, the
possible structure of which was deduced based on LC-MS and NMR analysis, and N22 could convert
DON into potential low-toxic derivatives norDON E and 9-hydroxymethyl DON lactone. These two
strains have the potential to be developed as new biodegrading agents to control DON contamination
in food and feed industries.

Keywords: deoxynivalenol; biological detoxification; DON derivatives; Bacillus sp.

Key Contribution: Two Bacillus sp. strains, which could transform DON into lower toxic derivatives,
were isolated and characterized.

1. Introduction

Trichothecenes, containing a 12,13-epoxytrichothec-9-ene ring as the basic structure,
are a group of sesquiterpene mycotoxins [1,2]. Feed and food are frequently found to be
contaminated by trichothecenes, which leads to a broad spectrum of adverse effects on
animal and human health [3]. Deoxynivalenol (DON), widely known by the alternative
name “vomitoxin”, which often contaminates wheat and other cereals accompanied by
the prevalence and occurrence of Fusarium head blight (FHB) [4–6], belongs to the group
of type B trichothecenes. DON can have severe health damage on livestock and humans
by leading to nausea, vomiting, abdominal pain, diarrhea, chromosomal aberration, body
weight loss, and other adverse impacts [7–12]. For the horrible effects of DON, China
stipulates that the maximum residual amount of DON in cereals and associated products
must be no more than 1000 µg/kg to protect the health of humans and animals [13].
Furthermore, the World Health Organization Joint Expert Committee on Food Additives
(JECFA) established that provisional maximum tolerable daily intake (PMTDI) values of
DON should be no more than 1.0 µg/kg body weight/day [14]. However, DON is highly
soluble in water, ethanol, ethyl acetate, and other polar solvents [15], and it could keep
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toxicity in contaminated cereals for several years due to its stability against high pressure,
heat, and acid environments [16]; addressing the issue of DON contamination is still a
challenge. Thus, it is significant to propose and develop effective and efficient strategies to
remove DON or reduce its toxicity in cereals.

To date, physical, chemical, and biological methods have been utilized in DON detox-
ification. Physical detoxification mainly involves milling, washing, dehulling, heating,
adsorption, and radiation [17–20]. Chemical detoxification procedures could convert
DON into low-toxic or even entirely non-toxic compounds by strong acids, alkalis, and
ozone [16,21–23]. However, both physical and chemical detoxification have disadvantages,
such as materials quality and taste reduction, secondary contamination, and cost increase.
Instead, biological detoxification based on microorganisms is considered to be a more
promising approach to resolve the DON contamination problems, owing to its mild re-
action conditions (moderate temperature, pressure, and pH), environmental soundness,
and adaptability to different food and feed processing stages. Thus far, numerous fungi
and bacteria have been reported for detoxifying DON [24–29]. The main mechanisms of
biological detoxification include absorption and enzymatic degradation. Some microorgan-
isms are capable of adsorbing DON because they could secrete specific compounds, e.g.,
β-D-glucans secreted by microorganisms could cover their cell surface for DON adsorption
through non-covalent interactions, hydrogen bonds, or ionic interactions [30,31]. Therefore,
distinct from physical adsorption, biological adsorption relies on the binding capacity of
the cells, with Lactobacillus being the typical representative [32–34]. The enzymatic degra-
dation approach mainly depends on the enzymes produced by microorganisms, which
could convert DON to less or non-toxic substances by disrupting the toxic groups. To
date, multiple types of modifications on DON, including acetylation, oxidation, reduc-
tion, isomerization, and glycosylation, have been reported [35–41]. With the increasing
interest in the enzymatic degradation of DON, more and more new microorganisms and
enzymes were identified [42,43], which facilitated various new degradation processes and
mechanisms to be uncovered [44–48].

Although lots of approaches had been attempted and utilized to solve the problem of
DON contamination, there is still a gap for a complete solution. Therefore, it is necessary
to invest more efforts to search for new microorganism resources for DON degradation.
In this study, we isolated two DON-degrading bacteria, Bacillus sp. HN117 and Bacillus
sp. N22, evaluated their DON degradation capability, and investigated the corresponding
products converted by these bacteria.

2. Results
2.1. Isolation and Identification of DON-Degrading Bacteria

For the isolation of DON-degrading microorganisms, eight soil samples and six wheat
grain samples were sampled from winter wheat fields in China. Among these samples,
only the soil sample obtained from the Henan province (SHN3) and the wheat grain sample
from the Nei Mongol province (WNM1) showed significant DON-degrading capability
according to the evaluated results by HPLC. As demonstrated in Figure 1a,b, culturing
SHN3 and WNM1 with 10 mg/L DON in MM medium for 4 days resulted in 10.1 ± 2.0%
and 29.1 ± 1.6% DON degradation, respectively. Consequently, these two cultures were
plated on LB agar plates, and then 289 different bacterial colonies were isolated and
individually examined for their DON-degrading ability. Finally, two DON-degrading
bacterial strains, HN117 and N22, isolated from the soil sample SHN3 and grain sample
WNM1, respectively, were obtained for further study.

To identify the bacterial genus or species, we determined the 16S rRNA gene sequence
of HN117 (1407 bp) and N22 (1406 bp), which were then employed for sequence alignment
based on NCBI Nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed
on 26 June 2022). A phylogenetic tree of HN117, N22, and their related species was
constructed by the neighbor-joining method according to the results of sequence alignment.
As displayed in Figure 2, HN117 and N22 were grouped with Bacillus subtilis strain JCM

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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1465 (NR113265) in the highly supported phylogenetic clade with maximal bootstrap value
(100%). According to the phylogenetic tree, HN117 and N22 are mostly likely speciated as
Bacillus subtilis, however, more physiological and biochemical experiments were required
to corroborate the results. So, at this stage, we classify HN117 and N22 as Bacillus sp.,
hereafter refer to as strain HN117 or strain N22.
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Figure 1. HPLC profiles of DON degradation by SHN3 (a) and WNM1 (b). Positive control represents
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medium supplemented with DON and inoculated with SHN3 and WNM1 strains separately.
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2.2. Optimization of DON Degradation Conditions

To investigate the DON-degrading potential of strains HN117 and N22, we screened
for optimal degrading conditions. Excessive DON might inhibit the degradation capability
of microorganisms; thus, we evaluated the effects of different concentrations of DON
(10 mg/L, 50 mg/L, 100 mg/L, 300 mg/L, and 500 mg/L) on degradation at 30 ◦C. As
expected, the DON degradation rates of both strains decreased to some extent with the
increase in DON concentrations (Figures 3a and 4a). The degradation rates of N22 remark-
ably reduced from initial 30.0 ± 1.8% at 10 mg/L to 7.4 ± 0.4% at 500 mg/L, whereas
HN117 demonstrated better tolerance for DON, keeping more than 20% degradation rate
even at 500 mg/L, which prompted us to further explore the potential of HN117 at higher
DON concentrations. Therefore, we tested the degrading ability of HN117 at 1000 mg/L
DON. To our surprise, no significant negative effects on the DON degradation ability of
HN117 was observed, more than 20% (224.9 ± 9.5 mg/L) of DON was eliminated. From
another perspective, considering the absolute amount of DON degradation in high con-
centrations, the degradation capability of both strains, in fact, enhanced significantly, for
instance, 37.0 ± 2.0 mg/L DON at 500 mg/L and 224.9 ± 9.5 mg/L DON at 1000 mg/L
were degraded by N22 and HN117, respectively (Figures 3a and 4a).
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Figure 3. Optimization of DON degradation conditions of HN117 and testing the effects on its
DON degradation rate. (a) The DON degradation rates of HN117 in different DON concentrations;
(b) The DON degradation rates of HN117 at different temperatures; (c) The DON degradation rates
of HN117 at different incubation times. (d) Comparison of the DON degradation rates of HN117
under initial and optimized conditions. The black bar shows the initial degradation rate, and the
grey bar represents the degradation rate under optimized conditions. t-test between two groups was
analyzed by GraphPad Prism 8.0.2, *: p < 0.05.
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Figure 4. Optimization of DON degradation conditions of N22 and testing the effects on its DON
degradation rate. (a) The DON degradation rates of N22 in different DON concentrations; (b) The
DON degradation rates of N22 at different temperatures; (c) The DON degradation rates of N22 at
different incubation times. (d) Comparison of the DON degradation rates of N22 under initial and
optimized conditions. The white bar shows the initial degradation rate, and the grey bar represents
the degradation rate under optimized conditions. t-test between two groups was analyzed by
GraphPad Prism 8.0.2, ***: p < 0.001.

Because the incubation temperature is critical for bacteria growth and DON degra-
dation, we, thus, determined the degradation rate of DON at 10 mg/L by strain HN117
and strain N22 at 25 ◦C, 30 ◦C, 37 ◦C, and 42 ◦C, respectively. Figures 3b and 4b show that
both strains have the capacity to grow and degrade DON in all the testing temperatures.
Interestingly, although N22 had better growth status at 42 ◦C than 37 ◦C (OD600 value
2.8 versus 2.6) (Figure S1), it illustrated the highest DON degradation rate at 37 ◦C, with
about 36.8 ± 2.8% of DON at 10 mg/L being eliminated (Figure 4b). We attributed the
discrepancy to the enzymes inside N22, which displayed optimal catalytic activity for
DON degradation at 37 ◦C instead of 42 ◦C. In contrast, the highest DON degradation rate
of HN117 (41.3 ± 2.2%) was achieved at 30 ◦C (Figure 3b), demonstrating an obviously
different temperature preference from N22.

We further investigated DON degradation activity of strains HN117 and N22 in the
presence of DON versus time, HN117 and N22 were grown in MM containing 100 mg/L
DON, and the changes in DON concentration were monitored every 24 h by HPLC. For
HN117, the degradation rate reached a plateau at 72 h, then a slight decrease trend was
observed in the following 72 h (Figure 3c). For N22, the level of DON was significantly
reduced within 72 h after inoculation, then DON degradation efficiency was slightly
decreased in the following 48 h, and the highest degradation rate was detected at 120 h
(Figure 4c). In summary, the optimal DON degradation time for HN117 and N22 were 72 h
and 120 h, respectively.
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To explore the DON degradation potential of strains HN117 and N22, as well as
to identify the corresponding degradation products, scale-up bioconversion reactions
were performed separately, namely HN117 and N22 were cultured with 1000 mg/L and
500 mg/L DON, respectively, at their optimized conditions. As anticipated, the DON
degradation rate of HN117 was significantly increased from 22.5% (224.9 ± 9.5 mg/L)
to 29.0% (305.5 ± 21.9 mg/L) (Figure 3d). More interestingly, the DON degradation rate
of N22 was boosted notably from 7.41% (37.0 ± 2.0 mg/L) to 21.2% (106.1 ± 5.7 mg/L)
(Figure 4d).

2.3. Isolation and Identification of DON Degradation Products

To isolate and purify the DON degradation products of strains HN117 and N22, different
optimized HPLC procedures were applied separately. As shown in Figure 5, the DON
degradation products of HN117 and N22 were detected at 3.73 min (compound a) (Figure 5a)
and 4.25 min (compound b) (Figure 5b), respectively, which further led to the purification of
the corresponding degradation products for high-resolution UPLC-MS analysis.
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Figure 5. Scale-up bioconversion of DON by HN117 (a) and N22 (b) (1) MM medium inoculated with
HN117; (2) MM medium supplemented with 1000 mg/L DON; (3) MM medium inoculated with
HN117 and supplemented with 1000 mg/L DON; a new peak was identified at 3.73 min; (4) MM
medium inoculated with N22; (5) MM medium supplemented with 500 mg/L DON, (6) MM medium
inoculated with N22 and supplemented with 500 mg/L DON; a new peak was identified at 4.25 min.

According to the results of high-resolution UPLC-MS, compound a was identified
with m/z of 297.1363 ([M + H]+) (Figure 6b), and the corresponding chemical formula was
calculated as C15H20O6, the same as DON (Figure 6, (1)). Because it demonstrated the
same molecular weight but different retention time with DON (Figure 6a,b), we speculated
compound a should be an epimer of DON. For further proof of the speculation, proton
nuclear magnetic resonance (1H NMR) was utilized to analyze the structure of compound
a. Compared with the standard NMR spectra of DON, the NMR data of compound a
illustrated a significant chemical shift on the hydrogen atoms of C-2, C-11, and C-13
(Figure S2); it indicated that compound a is not an epimer of DON but a new degradation
product of DON, named as M-DON. The deduced chemical structure of M-DON, which
had never been reported before, was illustrated in Figure 6 (2) based on MS and NMR data.
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Figure 6. The profiles of high-resolution UPLC-MS of compound a. (a) The UPLC peak of DON was
found at 2.35 min; (b) The UPLC peak of compound a appeared at 1.81min, the inserted picture shows
the mass spectrum of compound a. (1) Structure of DON; (2) The deduced structure of compound a
(M-DON).

High-resolution UPLC of degradation product b indicated two compounds were
detected at 2.32 min (compound b1) and 2.50 min (compound b2), respectively (Figure 7).
According to ESI-MS data, compound b1 (Figure 7a) was detected with m/z of 283.1777
([M + H]+) and 305.1594 ([M+ Na]+), so the chemical formula was calculated as C15H22O5.
Similarly, based on the m/z 327.2040 ([M + H]+) and 349.1856 ([M + Na]+) of compound b2
(Figure 7b), the corresponding chemical formula was calculated as C16H22O7. Compared
with previously reported DON degradation products, we reasoned that compounds b1
and b2 might be norDON E (Figure 7, (3)) and 9-hydroxymethyl DON lactone (Figure 7,
(4)), respectively, with the molecular weights and formulas being highly matched. More
experiments are in progress to corroborate the conclusion.
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Figure 7. The profiles of high-resolution UPLC-MS of components of compound b. (a) The UPLC
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shows mass spectrum of compound b2. (3) Structure of norDON E; (4) Structure of 9-hydroxymethyl
DON lactone.
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3. Discussion

Bacillus species have always been deemed as a useful microbial resource, which shows
great application potential in various fields, e.g., agriculture, medicine, food, industrial
production, and environmental protection [49–51]. Notably, Bacillus species have also been
found to decrease the toxicity or production of DON, for example, B. licheniformis YB9
could degrade more than 82.67% of 1 mg/L DON and attenuated the damages caused
by DON in mice [52]; B. natto 16 could remove the DON in wheat flour by adsorption
and biodegradation [53]; B. subtilis ATCC6633 could inhibit conidial spore formation
and germination of F. graminearum, and, therefore, decreased the production of DON
in infected grains [54]; B. subtilis ANSB060- and B. subtilis ANSB01G-based mycotoxin
biodegradation agent have been used as microbial additive to counteract DON, aflatoxin
(AF), and zearalenone (Zen) in food and feed [55]; B. subtilis NHIBC 006D was found to
secrete a kind of extracellular protein to degrade DON [56]. Recently, B. subtilis ASAG 216
isolated from the intestine of a donkey was reported to be a potential feed ingredient in
daily feed to attenuate the damage of DON on piglets [57,58]. Moreover, B. cereus B. JG05,
B. amyloliquefaciens CPLK1314, and other strains of Bacillus species have the capacity of
degrading DON [59–61]. Bacillus species have great potential to be developed as food and
feed additives for DON degradation, but the degradation mechanisms and corresponding
degrading products are rarely reported. In this study, we isolated two strains with DON
degradation ability from grain and soil samples infected by F. graminearum. Bacillus sp.
HN117 and N22 could degrade DON in a wide range of temperatures (25–42 ◦C) and
concentrations (10–500 mg/L), demonstrating good application potential. Interestingly,
HN117 was able to transform DON into a new isomer, M-DON. The ether bond between
C2, C11, and 12,13-epoxy ring was cleaved and recycled to form the oxo-octahydroindene
structure. Wang et al. found that glutathione S-transferase (GST) could catalyze the
conjugation of glutathione (GSH) onto the epoxide moiety of DON [62], which provided
some insights to allow us to reveal the complicated structure changes from DON to M-DON.
Based on the available information, we presumed the converting process from DON to
M-DON (Figure 8). However, much information is still missing, and more detailed studies
are in progress.

The major toxicity group of DON is C12,13-epoxide, which promotes the binding of
DON with ribosomes, and thus blocking protein synthesis. Therefore, significant efforts
had been invested to isolate microorganisms capable of destroying the epoxide structure of
DON, which could reduce the toxicity of DON remarkably. One typical case is De-epoxy-
DON (DOM-1), in which the 12,13-epoxide group is reduced to a carbon–carbon double
bond. DOM-1 is also one of the most reported DON biodegradation products [27,63–68],
which is 54 times less toxic than DON, according to the results determined in porcine
peripheral blood mononuclear cells and 5-bromo-20-deoxyuridine (BrdU) incorporation
assay [68–70]. Furthermore, a study about diet contaminated with 3 mg kg−1 DON and
DOM-1 revealed that DOM-1 is not toxic for twenty-four-week-old piglets [71] As observed
in Figures 6 and 7, the epoxide group of the DON degradation products by HN117 and
N22 showed considerable changes, so they should be expected to have lower toxicity. Nev-
ertheless, this cannot be proven by chemical structure itself, more experimental evidence
on cellular or animal models is required to draw a solid conclusion.
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4. Conclusions

We isolated two DON-degrading bacteria, Bacillus sp. HN117 and N22, from Fusar-
ium-contaminated soil and wheat grain samples. HN117 and N22 were able to efficiently
transform DON into potential low-toxic derivatives in the optimized conditions, which pro-
vided useful information for the studies concerning DON biological degradation (Figure 9).
In summary, HN117 and N22 provided good models and a basis for an in-depth study
of DON degradation. However, there is still a large gap for them to be used in practical
applications, and the degradation mechanism is largely unknown. In the following work,
on one side, we try to domesticate these two strains to improve their DON degradation
capability and efficacy; on the other side, the identification of the enzymes responsible for
DON degradation and revealing the degradation mechanism are the urgent tasks. Hope-
fully, the strains HN117 and N22 could be developed as a new food or feed additive to
efficiently control DON contamination.
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5. Materials and Methods
5.1. Samples

For screening DON-degrading microorganisms, 8 soil samples (SLN1, SLN2, SHN3,
SNH4, SJS5, SJS6, SNM7, and SBJ8), and 6 wheat grain samples (WNM1, WNM2, WLN3,
WJS4, WHN5, and WHN6) were collected from winter wheat fields of China with the
outbreak of FHB in 2017, including Jiangsu province, Henan province, Liaoning province,
Nei Mongol province, and Beijing.

5.2. Media and Chemicals

Luria-Bertani (LB) liquid and solid media were used for initial bacteria enrichment
and isolation, respectively. The modified mineral salt medium (MM), which contains
Na2HPO4 (2.44 g/L), KH2PO4 (1.52 g/L), (NH4)2SO4 (0.5 g/L), MgSO4·7H2O (0.2 g/L),
CaCl2 (0.05 g/L), and glucose (5 g/L) (pH = 7), was applied to screen DON-degrading
bacteria. DON standard was purchased from Pribolab (Qingdao, China).

5.3. Enrichment and Isolation of the DON-Degrading Bacteria

1 g sample was mixed with 9 mL sterilized water and incubated at 30 ◦C for 1 h, then
1 mL incubation solution was diluted to 10−4 with sterilized water. Thereafter, 0.1 mL
diluent was added into 10 mL LB medium and cultured at 30 ◦C with shaking (220 rpm).
After 12 h, DON was added into each culture flask with final concentration of 10 mg/L
and incubated in the same conditions for 4 days. The cultures displaying remarkable
degradation capability were diluted to 10−5, 10−6, and 10−7, and then plated on LB agar
plates. All candidate strains were inoculated into LB medium and cultured at 30 ◦C for
12 h, and then 20 µL of each culture were transferred into MM medium containing 10 mg/L
DON for testing their DON-degrading capability. To achieve highly efficient degradation of
DON, the culture temperature and time of selected strains, as well as DON concentrations
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were further optimized. Specifically, the strains were cultured with different concentrations
of DON (from 10 mg/L to 500 mg/L) at 30 ◦C for 96 h to evaluate the tolerance to DON.
Cultivating the strains with 10 mg/L DON at different temperatures (25 ◦C, 30 ◦C, 37 ◦C,
and 42 ◦C) for 96 h to determine the optimal degrading temperature. The strains were
cultured with 100 mg/L DON for 144 h; the optimal degrading time was determined by
monitoring the DON degradation rate every 24 h.

5.4. Phylogenetic Analysis

The genetic analysis of N22 and HN117 was performed through the 16S ribosomal
RNA (16S rRNA) gene sequence. Total genomic DNA was extracted using TIANamp
Bacteria DNA Kit (TIANGEN Biotech, Beijing, China), according to the instruction. The
sequence of 16S rRNA gene was amplified by PCR using the following primers: 27F (5′-
GAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GTTACCTTGTTACGACT-3′), and the
program was as follows: 95 ◦C for 3 min; 30 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and
72 ◦C for 1 min 30 s; 72 ◦C for 10 min. The amplified fragment was sequenced in Sangon
Biotech Company (Beijing, China), and then sequence alignment was performed by BLAST
searching in the NCBI database (http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 26
June 2022). The 16S rRNA sequences obtained in this study had been uploaded to GenBank
under nucleotide sequence accession numbers OP536007 (HN117) and OP536008 (N22).
The phylogenetic tree was constructed, according to the neighbor-joining algorithms, using
MEGA-X software (version 10.0.5) [72,73].

5.5. DON Quantification Analysis and Degradation Product Purification

After being heated at 95 ◦C for 10 min for removing proteins, the sample was cen-
trifuged at 13,000× g for 15 min, then the supernatant was extracted and mixed with
equal volume of 40% methanol. Thereafter, the solution was filtered through 0.22 µm
membrane for HPLC analysis. The condition for DON analysis was as follows: Agilent
ZORBAX Eclipse Plus C18 (4.6 × 150 mm, 5 µm) column was applied at 30 ◦C; the mobile
phase methanol: water (20:80, v/v) was kept at a flow rate of 1.0 mL/min; the detection
wavelength was set at 218 nm.

To purify the DON-degrading products, the sample was treated similarly, as described
above, except the supernatant was mixed with 100% methanol to obtain the final samples
containing 15% methanol for LC-MS analysis. The products were purified and collected by
Agilent 1260 Infinity HPLC system equipped with a fraction collector. To isolate and purify
the DON degradation product of HN117, the mobile phase was optimized as methanol and
water (20:80, v/v), whereas the mobile phase containing methanol and water (15:85, v/v)
was used for purifying the DON degradation product of N22.

5.6. High-Resolution UPLC-MS Analysis

The DON-degrading products were identified by the high-resolution UPLC-MS system
(Xevo G2-XS QTOF, Waters, Milford, MA, USA) equipped with an ACQUITY UPLC BEH
C18 column (2.1 × 100 mm, 1.7 µm, Waters, USA). The gradient elution condition was as
follows: the mobile phase was gradually altered from acetonitrile/water (5/95, v/v) to
acetonitrile/water (30/70, v/v) in 3 min, and then kept at 100% acetonitrile for 4 min at
a flow rate of 0.3 mL/min. MS scans were carried out using the following settings: mass
range of 100–500 Da, ESI source in positive ion mode, collision energy (CE) of 15–40 V.

5.7. NMR Analysis

The 1H NMR spectra was recorded on a Bruker Avance III HD spectrometer (Brucker
Daltonic Inc., Bremen, Germany) using a 9.4 T magnet, corresponding to 1H resonance
frequency of 400 MHz. A Bruker BBFO probe equipped with z gradients was used to
accomplish automatic tuning and matching. Spectra were recorded with the following
settings: pulse program (zg30) 30 pulse, TD = 64 K, 16 scans, the acquisition time of 3.98 s,
relaxation delay of 1.0 s, and a sample temperature of 298.15 K. Spectra were processed

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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using Bruker Topspin v2.1 (Bruker BioSpin AG). Free induction decay was multiplied by
an exponential window with LB = 0.3 Hz.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14110781/s1, Figure S1: OD600 value of N22 (a) and
HN117 (b) at different temperatures; Figure S2: 1H NMR spectra of M-DON.

Author Contributions: Conceptualization, B.L., J.D. and G.L.; methodology, B.L. and J.D.; formal
analysis, B.L., J.D. and J.R.; investigation, B.L. and J.D.; resources, G.L.; writing—original draft
preparation, B.L.; writing—review and editing, G.L., F.F. and J.R.; supervision, G.L. and F.F. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant
No.31972327) and the Agricultural Science and Technology Innovation Program of CAAS (CAAS-
ZDRW202011).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the support from the National Natural Science Foundation of China
(Grant No.31972327) and the Agricultural Science and Technology Innovation Program of CAAS
(CAAS-ZDRW202011), and also thank the financial support of the China Scholarship Council (CSC,
202103250078) to Beibei Li. We greatly appreciate the valuable suggestions from Tongtong Wang.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rotter, B.A.; Prelusky, D.B.; Pestka, J.J. Toxicology of deoxynivalenol (vomitoxin). J. Toxicol. Environ. Health 1996, 48, 1–34.

[CrossRef] [PubMed]
2. McCormick, S.P.; Stanley, A.M.; Stover, N.A.; Alexander, N.J. Trichothecenes: From simple to complex mycotoxins. Toxins 2011, 3,

802–814. [CrossRef] [PubMed]
3. Khaneghah, A.M.; Farhadi, A.; Nematollahi, A.; Vasseghian, Y.; Fakhri, Y. A systematic review and meta-analysis to investigate

the concentration and prevalence of trichothecenes in the cereal-based food. Trends Food Sci. Tech. 2020, 102, 193–202. [CrossRef]
4. Foroud, N.A.; Eudes, F. Trichothecenes in cereal grains. Int. J. Mol. Sci. 2009, 10, 147–173. [CrossRef]
5. Mishra, S.; Srivastava, S.; Dewangan, J.; Divakar, A.; Kumar Rath, S. Global occurrence of deoxynivalenol in food commodities

and exposure risk assessment in humans in the last decade: A survey. Crit. Rev. Food Sci. Nutr. 2020, 60, 1346–1374. [CrossRef]
[PubMed]

6. Khan, M.K.; Pandey, A.; Athar, T.; Choudhary, S.; Deval, R.; Gezgin, S.; Hamurcu, M.; Topal, A.; Atmaca, E.; Santos, P.A.; et al.
Fusarium head blight in wheat: Contemporary status and molecular approaches. 3Biotech 2020, 10, 172. [CrossRef] [PubMed]

7. Pestka, J.J. Deoxynivalenol: Toxicity, mechanisms and animal health risks. Anim. Feed Sci. Technol. 2007, 137, 283–298. [CrossRef]
8. Pestka, J. Toxicological mechanisms and potential health effects of deoxynivalenol and nivalenol. World Mycotoxin J. 2010, 3,

323–347. [CrossRef]
9. Debouck, C.; Haubruge, E.; Bollaerts, P.; van Bignoot, D.; Brostaux, Y.; Werry, A.; Rooze, M. Skeletal deformities induced by the

intraperitoneal administration of deoxynivalenol (vomitoxin) in mice. Int. Orthop. 2001, 25, 194–198. [CrossRef] [PubMed]
10. Abdel-Wahhab, M.A.; El-Nekeety, A.A.; Salman, A.S.; Abdel-Aziem, S.H.; Mehaya, F.M.; Hassan, N.S. Protective capabilities

of silymarin and inulin nanoparticles against hepatic oxidative stress, genotoxicity and cytotoxicity of Deoxynivalenol in rats.
Toxicon 2018, 142, 1–13. [CrossRef]

11. Savard, C.; Gagnon, C.A.; Chorfi, Y. Deoxynivalenol (DON) naturally contaminated feed impairs the immune response induced
by porcine reproductive and respiratory syndrome virus (PRRSV) live attenuated vaccine. Vaccine 2015, 33, 3881–3886. [CrossRef]
[PubMed]

12. Goyarts, T.; Danicke, S. Bioavailability of the Fusarium toxin deoxynivalenol (DON) from naturally contaminated wheat for the
pig. Toxicol. Lett. 2006, 163, 171–182. [CrossRef] [PubMed]

13. GB 2761-2017. National Food Safety Standard-Limits of Mycotoxins in Food. National Health and Family Planning Commission
of PRC. China Food and Drug: Beijing, China, 2017.

14. World Health Organization. Evaluation of Certain Mycotoxins in Food; Fifty-Sixth Report of the Joint FAO/WHO Expert Committee
on Food Additives 9241209062; World Health Organization: Geneva, Switzerland, 2002; pp. 35–42.

15. Yang, D.; Geng, Z.M.; Yao, J.B.; Zhang, X.; Zhang, P.P.; Ma, H.X. Simultaneous determination of deoxynivalenol, and 15- and
3-acetyldeoxynivalenol in cereals by HPLC-UV detection. World Mycotoxin J. 2013, 6, 117–125. [CrossRef]

https://www.mdpi.com/article/10.3390/toxins14110781/s1
https://www.mdpi.com/article/10.3390/toxins14110781/s1
http://doi.org/10.1080/009841096161447
http://www.ncbi.nlm.nih.gov/pubmed/8637056
http://doi.org/10.3390/toxins3070802
http://www.ncbi.nlm.nih.gov/pubmed/22069741
http://doi.org/10.1016/j.tifs.2020.05.026
http://doi.org/10.3390/ijms10010147
http://doi.org/10.1080/10408398.2019.1571479
http://www.ncbi.nlm.nih.gov/pubmed/30761910
http://doi.org/10.1007/s13205-020-2158-x
http://www.ncbi.nlm.nih.gov/pubmed/32206506
http://doi.org/10.1016/j.anifeedsci.2007.06.006
http://doi.org/10.3920/WMJ2010.1247
http://doi.org/10.1007/s002640100235
http://www.ncbi.nlm.nih.gov/pubmed/11482540
http://doi.org/10.1016/j.toxicon.2017.12.045
http://doi.org/10.1016/j.vaccine.2015.06.069
http://www.ncbi.nlm.nih.gov/pubmed/26117152
http://doi.org/10.1016/j.toxlet.2005.10.007
http://www.ncbi.nlm.nih.gov/pubmed/16326049
http://doi.org/10.3920/WMJ2012.1467


Toxins 2022, 14, 781 13 of 15

16. Lauren, D.R.; Smith, W.A. Stability of the Fusarium mycotoxins nivalenol, deoxynivalenol and zearalenone in ground maize
under typical cooking environments. Food Addit. Contam. 2001, 18, 1011–1016. [CrossRef]

17. Abbas, H.; Mirocha, C.; Pawlosky, R.; Pusch, D. Effect of cleaning, milling, and baking on deoxynivalenol in wheat. Appl. Environ.
Microbiol. 1985, 50, 482–486. [CrossRef]

18. Yumbe-Guevara, B.E.; Imoto, T.; Yoshizawa, T. Effects of heating procedures on deoxynivalenol, nivalenol and zearalenone levels
in naturally contaminated barley and wheat. Food Addit. Contam. 2003, 20, 1132–1140. [CrossRef]

19. Zhang, Q.; Zhang, Y.; Liu, S.; Wu, Y.; Zhou, Q.; Zhang, Y.; Zheng, X.; Han, Y.; Xie, C.; Liu, N. Adsorption of deoxynivalenol by
pillared montmorillonite. Food Chem. 2021, 343, 128391. [CrossRef]

20. Kalagatur, N.K.; Kamasani, J.R.; Siddaiah, C.; Gupta, V.K.; Krishna, K.; Mudili, V. Combinational Inhibitory Action of Hedychium
spicatum L. Essential Oil and gamma-Radiation on Growth Rate and Mycotoxins Content of Fusarium graminearum in Maize:
Response Surface Methodology. Front. Microbiol. 2018, 9, 1511. [CrossRef]

21. Yu, C.; Lu, P.; Liu, S.; Li, Q.; Xu, E.; Gong, J.; Liu, S.; Yang, C. Efficiency of Deoxynivalenol Detoxification by Microencapsulated
Sodium Metabisulfite Assessed via an In Vitro Bioassay Based on Intestinal Porcine Epithelial Cells. ACS Omega 2021, 6, 8382–8393.
[CrossRef]

22. Wang, L.; Shao, H.; Luo, X.; Wang, R.; Li, Y.; Li, Y.; Luo, Y.; Chen, Z. Effect of Ozone Treatment on Deoxynivalenol and Wheat
Quality. PLoS ONE 2016, 11, e0147613. [CrossRef]

23. Yao, Y.; Long, M. The biological detoxification of deoxynivalenol: A review. Food Chem. Toxicol. 2020, 145, 111649. [CrossRef]
[PubMed]

24. Franco, T.S.; Garcia, S.; Hirooka, E.Y.; Ono, Y.S.; dos Santos, J.S. Lactic acid bacteria in the inhibition of Fusarium graminearum and
deoxynivalenol detoxification. J. Appl. Microbiol. 2011, 111, 739–748. [CrossRef] [PubMed]

25. Li, Y.; Yu, Z.; Liu, S.; Li, S.; Ding, K. Isolation and identification of a Penicillium strain degraded deoxynivalenol. Feed Ind. 2015, 36,
42–45. [CrossRef]

26. El-Nezami, H.S.; Chrevatidis, A.; Auriola, S.; Salminen, S.; Mykkanen, H. Removal of common Fusarium toxins in vitro by strains
of Lactobacillus and Propionibacterium. Food Addit. Contam. 2002, 19, 680–686. [CrossRef] [PubMed]

27. Gao, X.; Mu, P.; Wen, J.; Sun, Y.; Chen, Q.; Deng, Y. Detoxification of trichothecene mycotoxins by a novel bacterium, Eggerthella
sp. DII-9. Food Chem. Toxicol. 2018, 112, 310–319. [CrossRef] [PubMed]

28. Gao, X.; Mu, P.; Zhu, X.; Chen, X.; Tang, S.; Wu, Y.; Miao, X.; Wang, X.; Wen, J.; Deng, Y. Dual Function of a Novel Bacterium, Slackia
sp. D-G6: Detoxifying Deoxynivalenol and Producing the Natural Estrogen Analogue, Equol. Toxins 2020, 12, 85. [CrossRef]

29. Wang, Y.; Zhang, H.H.; Zhao, C.; Han, Y.T.; Liu, Y.C.; Zhang, X.L. Isolation and characterization of a novel deoxynivalenol-
transforming strain Paradevosia shaoguanensis DDB001 from wheat field soil. Lett. Appl. Microbiol. 2017, 65, 414–422. [CrossRef]

30. Yiannikouris, A.; François, J.; Poughon, L.; Dussap, C.G.; Bertin, G.; Jeminet, G.; Jouany, J.P. Adsorption of Zearalenone by
β-d-Glucans in the Saccharomyces cerevisiae Cell Wall. J. Food Prot. 2004, 67, 1195–1200. [CrossRef]

31. Yiannikouris, A.; André, G.; Poughon, L.; François, J.; Dussap, C.G.; Jeminet, G.; Bertin, G.; Jouany, J.P. Chemical and Conforma-
tional Study of the Interactions Involved in Mycotoxin Complexation with β-d-Glucans. Biomacromolecules 2006, 7, 1147–1155.
[CrossRef]

32. Zhai, Y.; Hu, S.; Zhong, L.; Lu, Z.; Bie, X.; Zhao, H.; Zhang, C.; Lu, F. Characterization of Deoxynivalenol Detoxification by
Lactobacillus paracasei LHZ-1 Isolated from Yogurt. J. Food Prot. 2019, 82, 1292–1299. [CrossRef]

33. Adami Ghamsari, F.; Tajabadi Ebrahimi, M.; Bagheri Varzaneh, M.; Iranbakhsh, A.; Akhavan Sepahi, A. In Vitro reduction of
mycotoxin deoxynivalenol by organic adsorbent. J. Food Process. Preserv. 2021, 45, e15212. [CrossRef]

34. Niderkorn, V.; Boudra, H.; Morgavi, D.P. Binding of Fusarium mycotoxins by fermentative bacteria in vitro. J. Appl. Microbiol.
2006, 101, 849–856. [CrossRef] [PubMed]

35. Kimura, M.; Kaneko, I.; Komiyama, M.; Takatsuki, A.; Koshino, H.; Yoneyama, K.; Yamaguchi, I. Trichothecene 3-O-
acetyltransferase protects both the producing organism and transformed yeast from related mycotoxins. Cloning and
characterization of Tri101. J. Biol. Chem. 1998, 273, 1654–1661. [CrossRef] [PubMed]

36. Islam, R.; Zhou, T.; Young, J.C.; Goodwin, P.H.; Pauls, K.P. Aerobic and anaerobic de-epoxydation of mycotoxin deoxynivalenol
by bacteria originating from agricultural soil. World J. Microbiol. Biotechnol. 2012, 28, 7–13. [CrossRef]

37. He, W.J.; Yuan, Q.S.; Zhang, Y.B.; Guo, M.W.; Gong, A.D.; Zhang, J.B.; Wu, A.B.; Huang, T.; Qu, B.; Li, H.P.; et al. Aerobic
De-Epoxydation of Trichothecene Mycotoxins by a Soil Bacterial Consortium Isolated Using In Situ Soil Enrichment. Toxins 2016,
8, 277. [CrossRef]

38. Wang, G.; Wang, Y.; Ji, F.; Xu, L.; Yu, M.; Shi, J.; Xu, J. Biodegradation of deoxynivalenol and its derivatives by Devosia insulae A16.
Food Chem. 2019, 276, 436–442. [CrossRef]

39. He, W.J.; Zhang, L.; Yi, S.Y.; Tang, X.L.; Yuan, Q.S.; Guo, M.W.; Wu, A.B.; Qu, B.; Li, H.P.; Liao, Y.C. An aldo-keto reductase is
responsible for Fusarium toxin-degrading activity in a soil Sphingomonas strain. Sci. Rep. 2017, 7, 9549. [CrossRef]

40. Carere, J.; Hassan, Y.I.; Lepp, D.; Zhou, T. The Identification of DepB: An Enzyme Responsible for the Final Detoxification Step in
the Deoxynivalenol Epimerization Pathway in Devosia mutans 17-2-E-8. Front. Microbiol. 2018, 9, 1573. [CrossRef]

41. Tian, Y.; Tan, Y.; Liu, N.; Yan, Z.; Liao, Y.; Chen, J.; de Saeger, S.; Yang, H.; Zhang, Q.; Wu, A. Detoxification of Deoxynivalenol via
Glycosylation Represents Novel Insights on Antagonistic Activities of Trichoderma when Confronted with Fusarium graminearum.
Toxins 2016, 8, 335. [CrossRef]

http://doi.org/10.1080/02652030110052283
http://doi.org/10.1128/aem.50.2.482-486.1985
http://doi.org/10.1080/02652030310001620432
http://doi.org/10.1016/j.foodchem.2020.128391
http://doi.org/10.3389/fmicb.2018.01511
http://doi.org/10.1021/acsomega.1c00117
http://doi.org/10.1371/journal.pone.0147613
http://doi.org/10.1016/j.fct.2020.111649
http://www.ncbi.nlm.nih.gov/pubmed/32745571
http://doi.org/10.1111/j.1365-2672.2011.05074.x
http://www.ncbi.nlm.nih.gov/pubmed/21672097
http://doi.org/10.13302/j.cnki.fi.2015.15.010
http://doi.org/10.1080/02652030210134236
http://www.ncbi.nlm.nih.gov/pubmed/12113664
http://doi.org/10.1016/j.fct.2017.12.066
http://www.ncbi.nlm.nih.gov/pubmed/29294345
http://doi.org/10.3390/toxins12020085
http://doi.org/10.1111/lam.12790
http://doi.org/10.4315/0362-028X-67.6.1195
http://doi.org/10.1021/bm050968t
http://doi.org/10.4315/0362-028X.JFP-18-581
http://doi.org/10.1111/jfpp.15212
http://doi.org/10.1111/j.1365-2672.2006.02958.x
http://www.ncbi.nlm.nih.gov/pubmed/16968296
http://doi.org/10.1074/jbc.273.3.1654
http://www.ncbi.nlm.nih.gov/pubmed/9430709
http://doi.org/10.1007/s11274-011-0785-4
http://doi.org/10.3390/toxins8100277
http://doi.org/10.1016/j.foodchem.2018.10.011
http://doi.org/10.1038/s41598-017-08799-w
http://doi.org/10.3389/fmicb.2018.01573
http://doi.org/10.3390/toxins8110335


Toxins 2022, 14, 781 14 of 15

42. Zhang, J.; Qin, X.; Guo, Y.; Zhang, Q.; Ma, Q.; Ji, C.; Zhao, L. Enzymatic degradation of deoxynivalenol by a novel bacterium,
Pelagibacterium halotolerans ANSP101. Food Chem. Toxicol. 2020, 140, 111276. [CrossRef]

43. Yu, H.; Zhou, T.; Gong, J.; Young, C.; Su, X.; Li, X.Z.; Zhu, H.; Tsao, R.; Yang, R. Isolation of deoxynivalenol-transforming bacteria
from the chicken intestines using the approach of PCR-DGGE guided microbial selection. BMC Microbiol. 2010, 10, 182. [CrossRef]

44. Li, X.; Shin, S.; Heinen, S.; Dill-Macky, R.; Berthiller, F.; Nersesian, N.; Clemente, T.; McCormick, S.; Muehlbauer, G.J. Transgenic
Wheat Expressing a Barley UDP-Glucosyltransferase Detoxifies Deoxynivalenol and Provides High Levels of Resistance to
Fusarium graminearum. Mol. Plant. Microbe Interact. 2015, 28, 1237–1246. [CrossRef] [PubMed]

45. Garda-Buffon, J.; Kupski, L.; Badiale-Furlong, E. Deoxynivalenol (DON) degradation and peroxidase enzyme activity in
submerged fermentation. Food Sci. Technol. 2011, 31, 198–203. [CrossRef]

46. He, J.W.; Hassan, Y.I.; Perilla, N.; Li, X.Z.; Boland, G.J.; Zhou, T. Bacterial Epimerization as a Route for Deoxynivalenol
Detoxification: The Influence of Growth and Environmental Conditions. Front. Microbiol. 2016, 7, 572. [CrossRef] [PubMed]

47. Ito, M.; Sato, I.; Ishizaka, M.; Yoshida, S.; Koitabashi, M.; Yoshida, S.; Tsushima, S. Bacterial cytochrome P450 system catabolizing
the Fusarium toxin deoxynivalenol. Appl. Environ. Microbiol. 2013, 79, 1619–1628. [CrossRef] [PubMed]

48. He, W.J.; Shi, M.M.; Yang, P.; Huang, T.; Zhao, Y.; Wu, A.B.; Dong, W.B.; Li, H.P.; Zhang, J.B.; Liao, Y.C. A quinone-dependent
dehydrogenase and two NADPH-dependent aldo/keto reductases detoxify deoxynivalenol in wheat via epimerization in a
Devosia strain. Food Chem. 2020, 321, 126703. [CrossRef]

49. Arnaouteli, S.; Bamford, N.C.; Stanley-Wall, N.R.; Kovacs, A.T. Bacillus subtilis biofilm formation and social interactions. Nat. Rev.
Microbiol. 2021, 19, 600–614. [CrossRef]

50. Shao, Y.; Wang, X.Y.; Qiu, X.; Niu, L.L.; Ma, Z.L. Isolation and Purification of a New Bacillus subtilis Strain from Deer Dung with
Anti-microbial and Anti-cancer Activities. Curr. Med. Sci. 2021, 41, 832–840. [CrossRef]

51. Tahir, H.A.; Gu, Q.; Wu, H.; Raza, W.; Hanif, A.; Wu, L.; Colman, M.V.; Gao, X. Plant Growth Promotion by Volatile Organic
Compounds Produced by Bacillus subtilis SYST2. Front. Microbiol. 2017, 8, 171. [CrossRef]

52. Wang, S.; Hou, Q.; Guo, Q.; Zhang, J.; Sun, Y.; Wei, H.; Shen, L. Isolation and Characterization of a Deoxynivalenol-Degrading
Bacterium Bacillus licheniformis YB9 with the Capability of Modulating Intestinal Microbial Flora of Mice. Toxins 2020, 12, 184.
[CrossRef]

53. Zhang, C.; Yu, X.; Xu, H.; Cui, G.; Chen, L. Action of Bacillus natto 16 on deoxynivalenol (DON) from wheat flour. J. Appl. Microbiol.
2021, 131, 2317–2324. [CrossRef] [PubMed]

54. Yu, C.; Liu, X.; Zhang, X.; Zhang, M.; Gu, Y.; Ali, Q.; Mohamed, M.S.R.; Xu, J.; Shi, J.; Gao, X.; et al. Mycosubtilin Produced by
Bacillus subtilis ATCC6633 Inhibits Growth and Mycotoxin Biosynthesis of Fusarium graminearum and Fusarium verticillioides.
Toxins 2021, 13, 791. [CrossRef] [PubMed]

55. Guo, Y.; Huo, X.; Zhao, L.; Ma, Q.; Zhang, J.; Ji, C.; Zhao, L. Protective Effects of Bacillus subtilis ANSB060, Bacillus subtilis
ANSB01G, and Devosia sp. ANSB714-Based Mycotoxin Biodegradation Agent on Mice Fed with Naturally moldy Diets. Probiotics
Antimicrob. Proteins 2020, 12, 994–1001. [CrossRef] [PubMed]

56. Tan, J.; Yang, S.; Su, H.B.; Wu, Y.D.; Tong, Y. Identification of a Bacillus subtilis Strain With Deoxynivalenol Degradation Ability.
Contemp. Chem. Ind. 2018, 47, 548–551. [CrossRef]

57. Jia, R.; Cao, L.; Liu, W.; Shen, Z. Detoxification of deoxynivalenol by Bacillus subtilis ASAG 216 and characterization the
degradation process. Eur. Food Res. Technol. 2020, 247, 67–76. [CrossRef]

58. Jia, R.; Sadiq, F.A.; Liu, W.; Cao, L.; Shen, Z. Protective effects of Bacillus subtilis ASAG 216 on growth performance, antioxidant
capacity, gut microbiota and tissues residues of weaned piglets fed deoxynivalenol contaminated diets. Food Chem. Toxicol. 2021,
148, 111962. [CrossRef]

59. Yu, Z.H.; Ding, K.; Liu, S.B.; Li, Y.F.; Li, W.; Li, Y.X.; Cao, P.H.; Liu, Y.C.; Sun, E.G. Screening and Identification of a Bacillus cereus
Strain Able to Degradate Deoxynivalenol. Food Sci. 2016, 37, 121–125. [CrossRef]

60. Cao, K.; Guan, M.; Chen, K.; Hu, T.; Lin, Y.; Luo, C.P. Screening of Probiotic Bacillus amyloliquefaciens CPLK1314 with Function of
Antagonizing Fusarium graminearum and Degrading Vomiting Toxin and its Application in Forage Storing. Jiangsu Agric. Sci.
2019, 8, 179–183. [CrossRef]

61. Liang, H.; Ma, S.W.; Yu, S.Y.; Li, W. Screening, identification and application of DON degrading bacteria. Chin. J. Anim. Sci. 2019,
55, 115–119. [CrossRef]

62. Wang, H.; Sun, S.; Ge, W.; Zhao, L.; Hou, B.; Wang, K.; Lyu, Z.; Chen, L.; Xu, S.; Guo, J.; et al. Horizontal gene transfer of Fhb7
from fungus underlies Fusarium head blight resistance in wheat. Science 2020, 368, eaba5435. [CrossRef]

63. He, P.; Young, L.; Forsberg, C. Microbial transformation of deoxynivalenol (vomitoxin). Appl. Environ. Microbiol. 1992, 58,
3857–3863. [CrossRef] [PubMed]

64. Swanson, S.; Rood, H., Jr.; Behrens, J.; Sanders, P. Preparation and characterization of the deepoxy trichothecenes: Deepoxy HT-2,
deepoxy T-2 triol, deepoxy T-2 tetraol, deepoxy 15-monoacetoxyscirpenol, and deepoxy scirpentriol. Appl. Environ. Microbiol.
1987, 53, 2821–2826. [CrossRef] [PubMed]

65. Li, X.Z.; Zhu, C.; de Lange, C.F.; Zhou, T.; He, J.; Yu, H.; Gong, J.; Young, J.C. Efficacy of detoxification of deoxynivalenol-
contaminated corn by Bacillus sp. LS100 in reducing the adverse effects of the mycotoxin on swine growth performance. Food
Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 2011, 28, 894–901. [CrossRef] [PubMed]

66. Pierron, A.; Mimoun, S.; Murate, L.S.; Loiseau, N.; Lippi, Y.; Bracarense, A.P.; Schatzmayr, G.; He, J.W.; Zhou, T.; Moll, W.D.; et al.
Microbial biotransformation of DON: Molecular basis for reduced toxicity. Sci. Rep. 2016, 6, 29105. [CrossRef]

http://doi.org/10.1016/j.fct.2020.111276
http://doi.org/10.1186/1471-2180-10-182
http://doi.org/10.1094/MPMI-03-15-0062-R
http://www.ncbi.nlm.nih.gov/pubmed/26214711
http://doi.org/10.1590/S0101-20612011000100030
http://doi.org/10.3389/fmicb.2016.00572
http://www.ncbi.nlm.nih.gov/pubmed/27148248
http://doi.org/10.1128/AEM.03227-12
http://www.ncbi.nlm.nih.gov/pubmed/23275503
http://doi.org/10.1016/j.foodchem.2020.126703
http://doi.org/10.1038/s41579-021-00540-9
http://doi.org/10.1007/s11596-021-2383-5
http://doi.org/10.3389/fmicb.2017.00171
http://doi.org/10.3390/toxins12030184
http://doi.org/10.1111/jam.15094
http://www.ncbi.nlm.nih.gov/pubmed/33788381
http://doi.org/10.3390/toxins13110791
http://www.ncbi.nlm.nih.gov/pubmed/34822575
http://doi.org/10.1007/s12602-019-09606-w
http://www.ncbi.nlm.nih.gov/pubmed/31721071
http://doi.org/10.13840/j.cnki.cn21-1457/tq.2018.03.029
http://doi.org/10.1007/s00217-020-03607-8
http://doi.org/10.1016/j.fct.2020.111962
http://doi.org/10.7506/spkx1002-6630-201605022
http://doi.org/10.15889/j.issn.1002-1302.2019.08.041
http://doi.org/10.19556/j.0258-7033.20190227-07
http://doi.org/10.1126/science.aba5435
http://doi.org/10.1128/aem.58.12.3857-3863.1992
http://www.ncbi.nlm.nih.gov/pubmed/1476428
http://doi.org/10.1128/aem.53.12.2821-2826.1987
http://www.ncbi.nlm.nih.gov/pubmed/3435145
http://doi.org/10.1080/19440049.2011.576402
http://www.ncbi.nlm.nih.gov/pubmed/21614709
http://doi.org/10.1038/srep29105


Toxins 2022, 14, 781 15 of 15

67. Li, P.; Su, R.; Yin, R.; Lai, D.; Wang, M.; Liu, Y.; Zhou, L. Detoxification of Mycotoxins through Biotransformation. Toxins 2020, 12,
121. [CrossRef] [PubMed]

68. Feizollahi, E.; Roopesh, M.S. Mechanisms of deoxynivalenol (DON) degradation during different treatments: A review. Crit. Rev.
Food Sci. Nutr. 2022, 62, 5903–5924. [CrossRef] [PubMed]

69. Danicke, S.; Hegewald, A.K.; Kahlert, S.; Kluess, J.; Rothkotter, H.J.; Breves, G.; Doll, S. Studies on the toxicity of deoxynivalenol
(DON), sodium metabisulfite, DON-sulfonate (DONS) and de-epoxy-DON for porcine peripheral blood mononuclear cells and
the Intestinal Porcine Epithelial Cell lines IPEC-1 and IPEC-J2, and on effects of DON and DONS on piglets. Food Chem. Toxicol.
2010, 48, 2154–2162. [CrossRef]

70. Sundstol Eriksen, G.; Pettersson, H.; Lundh, T. Comparative cytotoxicity of deoxynivalenol, nivalenol, their acetylated derivatives
and de-epoxy metabolites. Food Chem. Toxicol. 2004, 42, 619–624. [CrossRef]

71. Bracarense, A.; Pierron, A.; Pinton, P.; Gerez, J.R.; Schatzmayr, G.; Moll, W.D.; Zhou, T.; Oswald, I.P. Reduced toxicity of
3-epi-deoxynivalenol and de-epoxy-deoxynivalenol through deoxynivalenol bacterial biotransformation: In vivo analysis in
piglets. Food Chem. Toxicol. 2020, 140, 111241. [CrossRef]

72. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

73. Tamura, K.; Nei, M.; Kumar, S. Prospects for inferring very large phylogenies by using the neighbor-joining method. Proc. Natl.
Acad. Sci. USA 2004, 101, 11030–11035. [CrossRef] [PubMed]

http://doi.org/10.3390/toxins12020121
http://www.ncbi.nlm.nih.gov/pubmed/32075201
http://doi.org/10.1080/10408398.2021.1895056
http://www.ncbi.nlm.nih.gov/pubmed/33729830
http://doi.org/10.1016/j.fct.2010.05.022
http://doi.org/10.1016/j.fct.2003.11.006
http://doi.org/10.1016/j.fct.2020.111241
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.1073/pnas.0404206101
http://www.ncbi.nlm.nih.gov/pubmed/15258291

	Introduction 
	Results 
	Isolation and Identification of DON-Degrading Bacteria 
	Optimization of DON Degradation Conditions 
	Isolation and Identification of DON Degradation Products 

	Discussion 
	Conclusions 
	Materials and Methods 
	Samples 
	Media and Chemicals 
	Enrichment and Isolation of the DON-Degrading Bacteria 
	Phylogenetic Analysis 
	DON Quantification Analysis and Degradation Product Purification 
	High-Resolution UPLC-MS Analysis 
	NMR Analysis 

	References

