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Abstract

T-2 toxin (T-2) is a toxic fungal metabolite mainly produced by Fusarium species that are known to
contaminate food products worldwide, posing serious risks to public health and the economy. Effective
control of this toxin is therefore a key objective in food safety. Recent efforts to manage T-2
contamination have focused on utilizing microbes, especially bacterial species from the Bacillus genus,
as promising toxin degraders. This study evaluated the in vitro capacity of ten Bacillus strains (BC1-10)
in degrading T-2. Three out of ten strains demonstrated T-2 degradation activity, with complete toxin
removal achieved within 96 hours under standard culture condition. The major biotransformation
product of T-2 was isolated by high-performance liquid chromatography and structurally characterized by
nuclear magnetic resonance spectroscopy as HT-2 toxin. Toxicity assessment in kidney-derived
HEK293T cells showed that HT-2 was less toxic than T-2, with EC5 values of 12.8 and 1.8 nM,
respectively. The findings supported the potential application of selected Bacillus strains as functional
microbial additives to mitigate T-2 contamination and toxicity.

Introduction

T-2 toxin (T-2) is a notable member of the trichothecene mycotoxin family naturally produced by various
fungal species of the genera Fusarium, Myrothecium, Trichoderma, Trichothecium, Cephalosporium, and
Stachyobotrys (Chen et al. 2020; McCormick et al. 2011). This small molecule is commonly detected as a
contaminant in foodstuff, such as wheat, rye, oats, rice, maize, and animal feeds, particularly in cooler
and humid regions (Chen et al. 2020; Zhang et al. 2022). T-2 is highly toxic and, at the cellular level, can
induce oxidative stress damage, disrupt mitochondrial functions, inhibit DNA and protein synthesis, and
compromise cell membrane integrity (Cundliffe et al. 1974; Janik et al. 2021). In addition, this mycotoxin
is readily absorbed from the gastrointestinal tract, and its ingestion and exposure have been associated
with various adverse health conditions in animals such as hepatotoxicity, neurotoxicity, nephrotoxicity,
immunotoxicity, and reproductive toxicity (Ihara et al. 1997; McCormick et al. 2011; Nayakwadi et al.
2020; Yang et al. 2019; Zhang et al. 2018). Therefore, effective management of T-2 contamination is of
great interest to ensure food safety.

Strategies to decontaminate T-2, as well as other fungal toxins, have been investigated for several
decades and can be categorized into physical, chemical, and biological approaches (Hamad et al. 2023;
Luo et al. 2018). Physical methods involve techniques such as sorting, washing, and adsorption, to
remove mycotoxins, while chemical approaches rely on chemical substances, like strong oxidizing or
reducing agents, to destroy the toxins (Hamad et al. 2023; Luo et al. 2018; Yao et al. 2026). Although
these techniques have been shown to reduce mycotoxins in food samples, they may compromise
nutritional qualities or produce potentially harmful byproducts simultaneously (Adebo et al. 2021). In
contrast, biological methods offer an alternative strategy through the use of microorganisms or enzymes
to decompose fungal toxins biologically, providing advantages such as environmental compatibility, low
cost, high efficiency, and specificity (Ji et al. 2016). Microbial decontamination of T-2 has been reported
for a variety of microorganism genera such as Wikerhamomyces, Rhodococcus, Eubacterium, and
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Blastobotrys (Fuchs et al. 2002; Garai et al. 2020; McCormick et al. 2012; Yang et al. 2025). Notably,
accumulating evidence suggests that bacteria from the Bacillus genus are emerging as promising
mycotoxin degraders owing to their resilience and high metabolic activity (Greco et al. 2025; Nguyen et
al. 2024). Although Bacillus species are able to degrade several prevalent mycotoxins such as aflatoxins
and zearalenone, limited information is available regarding their ability to metabolize T-2, with only a few
studies addressing this topic in the literature (Hassan et al. 2021; Ma et al. 2023). Furthermore, existing
studies on T-2 decontamination by Bacillus species have largely concentrated on overall toxin reduction,
while the identity of the degradation products and their residual toxicity remain unclear (Chen et al. 2025;
Garcia-Garcia et al. 2024). Constituently, the present study aims to provide further evidence supporting
the ability of Bacillus bacteria in metabolizing T-2 by evaluating the in vitro T-2 biodegradation capacity of
ten Bacillus strains (BC1 - 10). The biotransformation products of T-2, together with their toxicity on a
mammalian cell line, were also investigated.

Materials and methods

Chemicals and reagents

Oxoid tryptone soya broth (TSB; Thermo Fisher Scientific, USA) was used as the microbial culture
medium and prepared according to the manufacturer’s instructions. Tryptone soya agar (TSA) was
prepared by supplementing TSB with 1.5% w/v Oxoid agar bacteriological (Thermo Fisher Scientific,
USA). All media and reagents used for microbial culture were sterilized by autoclaving at 121°C for 30
min before use.

T-2 toxin (> 95% purity) was purchased from Bioaustralis Fine Chemicals, Australia. High-purity, HPLC-
grade methanol (MeOH; Honeywell, USA), trifluoracetic acid (TFA; Sigma-Aldrich, USA), and formic acid
(FA, Sigma-Aldrich, USA), were used for high-performance liquid chromatography (HPLC) and mass
spectrometry (MS) experiments. Water was purified using a Sartorius Stedim Arium Pro VF purification
system. Dimethyl sulfoxide (DMSO) utilized in bioassays was of molecular biology grade (Sigma-Aldrich,
USA).

Microbial strains

Ten Bacillus sp. isolates (BC1 - 10) were used in this study. Seven isolates (BC1 - 7) originated from soil
and vegetation and were provided by our collaborator, while the remaining three (BC8 - 10) were isolated
from marine samples, as reported in a previous study (Lu et al. 2026). The strains were conserved in 25%
glycerol in TSB and stored at - 80°C until further use. For experiments, the strains were revived from the
glycerol stocks, maintained on TSA plates and incubated statically at 37°C for 16—20 h. For liquid culture,
single colonies were selected from TSA plates and inoculated into TSB, followed by incubation at 37°C
for 16—20 h with shaking at 200 rpm.
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Taxonomic identification

A single colony of microbial isolates was resuspended in PrepMan Ultra Sample Preparation Reagent
(Thermo Fisher Scientific, USA) and submitted to the Australian Genome Research Facility (AGRF;
Victoria, Australia) for 16S rRNA gene sequencing, where the 16S rRNA gene was PCR-amplified and
Sanger sequenced.

Alternatively, genomic DNA (gDNA) was extracted from bacterial cell pellets obtained from cultures
initiated from single colonies using the Monarch High Molecular Weight DNA Extraction Kit (New
England Biolabs, USA) following the manufacturer’s protocol for Gram-positive bacteria. DNA
concentration and purity were measured using a NanoDrop spectrophotometer (Thermo Fisher
Scientific, USA). The extracted gDNA was subsequently submitted to Plasmidsaurus (Kentucky, USA) for
16S rRNA gene amplification or to AGRF for PacBio long-read sequencing.

The resulting sequences were compared against the combined 16S databases from the National Center
for Biotechnology Information (NCBI) using Basic Local Alignment Search Tool for nucleotides (BLASTn,
version 2.17.0) to determine the closest taxonomic assignment (Zhang et al. 2000).

Bacterial growth curve measurements

Bacterial growth curve experiments were carried out based on a previous study using microtiter plates
(Krishnamurthi et al. 2021). Specifically, single colonies of bacterial samples from TSA plates were
inoculated into separate sterile Eppendorf tubes containing 1 mL of TSB medium and incubated at 37°C
for 8 h. Optical density at 600 nm (ODg) of each culture was measured on a DU-730 UV/Vis
spectrophotometer (Beckman Coulter, USA), and the cultures were diluted with TSB to a final ODg of
approximately 0.001. Subsequently, 196 uL of each diluted culture was mixed with 4 pL of T-2 stock
solutions of 4, 2, and 1 mM in DMSO to achieve final toxin concentrations of 80, 40, and 20 uM,
respectively. Cultures containing only 2% DMSO were used as controls. The cultures were then
transferred into wells of a sterile, clear, flat-bottom 96-well plate (Corning, USA) in duplicate (100 pL per
well); TSB (100 pL) was included as blank samples.

The plate was then analyzed using a SpectraMax iD5 multi-mode microplate reader (Molecular Devices,
USA), where ODg, was automatically acquired every 30 min for 24 h. The temperature in the reading

chamber was maintained at 37°C, and the plate was subjected to periodic double-orbital shaking for 5
min before each measurement. Growth curves were generated by plotting the recorded ODg values
against respective incubation time. Curve smoothing was performed in Prism (v11.0.0, GraphPad
Software, USA), using a moving average method with four neighbouring points on each side.

Bacterial doubling time and specific growth rate were calculated based on a reported protocol (Hall et al.
2014), using the following equation:
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In (2)
W

Doubling time = X 60 (min)

where p is the bacterial specific growth rate (h™ ), defined as the slope of the linear regression of
In(ODgqg) versus time (h) during the exponential phases of the bacterial growth curves.

Screening of T-2-metabolizing Bacillus strains

Preparation of toxin-spiked cultures

Screening of Bacillus strains capable of degrading T-2 was conducted according to a previous reported
method with slight modifications (Hassan et al. 2021). Briefly, diluted bacterial cultures with ODg of
approximately 0.001 were prepared as described above. Subsequently, 245 pL of each diluted bacterial
culture was mixed with 5 pL of 2 mM T-2 stock solution in DMSO. TSB medium containing only T-2 at the
same concentration without bacteria were included as controls. The cultures were incubated at 37°C and
collected for analysis at the indicated incubation time points. The final concentrations of T-2 and DMSO
in each culture were 40 uM and 2% (v/v), respectively.

HPLC/MS analysis

Following incubation, the toxin-spiked bacterial cultures and controls were collected and mixed with an
equal amount of TSB. The samples were then centrifuged at 5,000 rcf for 10 min to collect the
supernatant. The supernatant was then sterile filtered through a 0.2 pm syringe filter, and the filtrates
were analyzed by HPLC/MS to evaluate the toxin removal. HPLC was performed on a Dionex Ultimate
3000 RS UHPLC system (Thermo Fisher Scientific, USA) consisting of a pump, an autosampler, a diode
array detector, and an automatic fraction collector. The column used was an Accucore C18 HPLC column
(2.6 um, 150 x 2.1 mm i.d.; Thermo Fisher Scientific, USA) coupled to a C18 guard column.
Chromatographic separation was carried out using a linear gradient of MeOH:H,0 (0.1% FA) from 50:50
to 100:0 (v/v) over 9 min, followed by a 100% MeOH wash for 2 min and a 2-min re-equilibration to the
initial 50:50 condition. The injection volume was 20 L, and the flow rate was 0.25 or 0.3 mL/min. MS
analyses were performed on an MSQ Plus single-quadrupole electrospray ionization (ESI) mass
spectrometer (Thermo Fisher Scientific, USA) utilizing the total ion chromatogram (TIC) channel.

Remaining toxin was calculated using the following equation:

I, -1
Remaining toxin (%) = —=—=222 » 100

Ic - Iblank

where |5 and | are the intensities of the toxin peak in the TIC chromatograms of the toxin-spiked
bacterial culture and the toxin control without bacterial cells, respectively. I, is the intensity of the
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peak detected at the same retention time as the toxin in the blank solution containing only growth
medium.

Isolation and characterization of metabolized products of T-2
Large-scale culture of T-2-degrading Bacillus strain

To accumulate the metabolized product of T-2, a large-scale culture of the active bacterial strain with the
toxin was conducted. Specifically, 200 mL of TSB medium containing the bacterial culture at a final
ODgq of approximately 0.001 was prepared in a 1,000 mL conical flask. The culture was then
supplemented with 4.0 mg of T-2 dissolved in 4 mL of DMSO. The flask was incubated at 37°C for 56 h
with orbital shaking at 200 rpm. An identical bacterial culture with the absence of T-2 was also prepared
as a negative control.

Purification of degradation products of T-2

After incubation, the large-scale culture was centrifuged at 8,000 rpm for 40 min at 4°C to separate the
supernatant. The collected supernatant was then partially purified using C18 silica gel solid-phase
extraction. Briefly, the supernatant was loaded into a glass column (25 x 4 cmi.d.) prepacked with 60 g
of C18 silica gel and allowed to pass completely through the column. The column was then washed with
300 mL of water to remove highly polar components, followed by elution with 300 mL of MeOH. The
MeOH eluate was collected and dried under vacuum to obtain the MeOH fraction (180 mg).

The MeOH fraction was further fractionated by reverse-phase HPLC, utilizing a Betasil C18 column (150
x 21.2 mm i.d., 5 pm; Thermo Fisher Scientific, USA). Chromatographic separation was achieved using a
linear MeOH:H,0 (0.1% TFA) gradient from 25:75 to 85:15 (v/v) over 50 min, followed by a 10-min wash
with 100% MeOH, at a flow rate of 9 mL/min. Fractions were collected automatically at 1-min intervals,
yielding a total of 60 subfractions. The collected fractions were analyzed by HPLC/MS under the
previously described conditions, and the purified metabolite of T-2 was detected at subfraction 41 (4.3

mg).
Structural characterization of T-2 degradation product

NMR spectroscopy was used to elucidate the chemical structures of the isolated compounds and was
recorded on an Ascend 800 MHz spectrometer coupled to a TCI CryoProbe (Bruker, USA) at 298 K in
DMSO0-d,; (Cambridge Isotope Laboratories Inc., USA). Chemical shifts were referenced to the residual

solvent peaks of DMSO-dg (64 2.50 and 6. 39.52). All NMR data were processed with MestReNova
software (v14.3.3, Mestrelab Research, Spain).

Toxicity assessment
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Cell culture

Human embryonic kidney-derived cells (HEK293T; CRL-3216, American Type Culture Collection, USA)
were maintained in growth medium comprising high-glucose Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich, USA) with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, USA) in a
humidified incubator containing 5% CO, at 37°C. The cells were sub-cultured when reaching

approximately 80% confluence with standard trypsinization processes.

Cytotoxicity assay

The toxicity of T-2 and its degraded product was evaluated on HEK293T cells using a standard MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (van Meerloo et al. 2011). HEK293T
cells were initially seeded into tissue culture-treated 96-well plates (Corning, USA) at a density of 10,000
cells per well in 100 pL of growth medium in triplicate and incubated for 24 h. The medium was then
replaced with fresh medium containing the test compounds at final concentrations of 0, 1.95, 3.9, 7.8,
15.6,31.2,62.5, and 125 nM, followed by a further incubation for 24 h. After incubation, the treatments
were removed and replaced with 100 pL of MTT (Sigma-Aldrich, USA) solution (0.5 mg/mL in growth
medium), and the plates were further incubated for 2 h at 37°C. The MTT solution was then aspirated,
and 150 pL DMSO was added to each well to dissolve the formazan crystals by shaking on an orbital
shaker for 15 min. Absorbance at 550 nm was measured using a SpectraMax iD5 multi-mode microplate
reader (Molecular Devices, USA). During treatment, the final DMSO concentration in each well was
maintained at 0.5% (v/v). DMSO (0.5%, v/v) served as a vehicle control. Cell viability was expressed as a
percentage of the vehicle control, using absorbance values from the MTT assay.

Statistical analysis

Experiments were conducted in duplicates or triplicates, and data were expressed as means * standard
deviation (SD). Curve fitting and half-maximal effective concentration (EC5) calculation were performed
in Prism software (v11.0.0, GraphPad Software, USA). Statistical significance was evaluated using t-tests
on log-transformed raw data, where p < 0.05 was considered statistically significant.

Results

Taxonomic identification

Taxonomic identification of the ten microbial strains investigated in this study (BC1 - 10) was performed
by 16S rRNA gene sequencing using genomic DNA extracted from pure microbial isolates. The bacterial
nucleotide sequences were compared against the NCBI 16S ribosomal RNA sequence database for
bacteria and archaea using basic local alignment search tool for nucleotides (BLASTn) method to
identify closely related strains. The closest matches with the highest identity scores for BC1 - 10 are
summarized in Table 1.
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Table 1
Taxonomic details by 16S rRNA sequence BLASTn search for BC1-10.

Strain  Closest taxonomic match Hit length Identity (%) Accession number
(base pair, bp)

BC1 B. subtilis 1454 98.71 NR_113265.1

BC2 B. paranthracis 1477 98.86 NR_157728.1

BC3 B. subtilis 1457 98.58 NR_113265.1

BC4 B. subtilis 756 99.87 FJ263034.1

BCS5 B. subtilis 1469 99.73 NR_112629.1

BC6 B. subtilis 1446 98.10 NR_113265.1

BC7 B. subtilis 1467 99.59 NR_113265.1

BC8 B. megaterium 725 100 FJ685762.1

BC9 Bacillus sp. WJ08 719 100 HM045832.1

BC10  B. subtilis subsp. subtilis 168 718 100 ABQK01000001.1

As shown in Table 1, all ten microbial strains were closely related to the genus Bacillus, with most strains
showing high sequence similarity to bacteria in the Bacillus subtilis group, including B. rugosus, B.
megaterium, and multiple different B. subtilis strains. One strain, BC2, was highly comparable to B.
paranthracis, a member of the Bacillus cereus group, with an identity of 98.86%. Query coverage for the
BLASTn search was 100% for most strains, and sequence identity values were greater than 98%,
supporting their taxonomic assignment as Bacillus spp.

Bacterial growth curve analysis

Prior to conducting degradation assays, growth curves of the ten Bacillus strains under the presence of
multiple T-2 concentrations were generated to evaluate whether the toxin affected bacterial proliferation
and growth under the experimental conditions (Fig. 1). The bacteria were inoculated into TSB medium
supplemented with T-2 at final concentrations of 80, 40, 20, or 0 uM (control), respectively, and incubated
at 37°C; ODggg was then measured at 30-min intervals over 24 h. Growth curves for each culture were

constructed by plotting their ODg( values against the corresponding incubation times, as presented in
Fig. 1.

Generally, for each bacterial strain, growth curves at different T-2 concentrations (blue, red, and green
curves) possessed patterns comparable to those of the untreated controls (black curves), with minimal
differences in ODgq intensities. This suggested T-2 had limited impact on the growth performance of the
tested Bacillus strains.
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Most strains exhibited biphasic, diauxic-like growth features, with an initial lag phase during the first 3 h
and a primary exponential phase occurring approximately between 3 and 8 h. Most cultures reached an
initial ODgqg peak at around 8 h, followed by a slight decrease between 8 and 14 h and a secondary rise
afterwards. This pattern, however, was not seen in all strains. BC8 and BC9 did not show a clear trough-
and-recovery profile and instead exhibited a sustained increase in ODg after the primary growth phase.
In contrast, BC4 displayed a continued ODg,y decrease without recovery after reaching its peak at 8 h.
No clear death phase was observed within the 24 h monitoring period for all cultures, suggesting the
bacteria were likely viable beyond the experiment timeframe.

To quantitatively compare the proliferation among strains, their specific growth rate and doubling time
were calculated and are presented in Table 2. These parameters are commonly used in growth-curve
analysis and provide useful information on bacterial growth performance (Hall et al. 2014).

Table 2
Specific growth rates (h™ ') and doubling time (min) for BC1-10 in T-2-free TSB medium at
37°C.

Strain  Exponential phase used®  Specific growth rate (h™")®  Doubling time (min)®
BC1 4-6.5h 1.05+0.003 39.52+0.13

BC2 3-4.5h 1.30£0.05 32.02+1.18

BC3 4-6.5h 1.22+0.03 34.20+0.95

BC4 3.5-5.5h 0.80+0.01 52.17+0.73

BC5 3.5-6.5h 1.08 £0.01 38.58+0.47

BC6 4-6.5h 1.00+£0.03 41.79+1.07

BC7 3-6.5h 1.0910.01 38.32+0.50

BC8 4-6.5h 1.16£0.01 35.76+0.43

BC9 3.5-6.5h 0.84+0.01 49.63+0.70

BC10 3.5-5.5h 1.12+0.04 37.06+1.27

2 The time frame during exponential phase where In(ODg) increased linearly overtime.
b Data expressed as mean + standard deviation (n = 2)

As seen in Table 2, most Bacillus strains displayed comparable specific growth rates under the tested
conditions. BC2 showed the highest growth rate of 1.30 + 0.05 h™ ', while BC9 and BC4 proliferated at
lower rates of 0.84 + 0.01 and 0.80 + 0.05 h™ ', respectively. Consistently, BC2 had the shortest doubling
time (32.02 £ 1.18 min), and the longest doubling time was corresponding to BC4 (52.17 £ 0.73 min).
Overall, the strains exhibited rapid growth in T-2-free medium, with doubling times ranging from
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approximately 30 to 60 min, broadly consistent with reported doubling times for Bacillus species
(Beranova et al. 2010; Hageman et al. 1984).

Due to the high similarity between the growth curves of T-2-treated and control cultures, the growth rates
and doubling time for cultures with T-2 were generally comparable to those of the corresponding

untreated controls. However, BC1 treated with 80 uM T-2 had a slightly slower growth rate (0.88 h™ )
than the untreated BC1 culture (1.05 h™ ), possibly due to a small decrease in 0D, during the

exponential phase for this culture (Fig. 1). This suggested this strain was slightly sensitive to T-2 at high
concentration.

Based on these observations, T-2 at 40 uM was selected for the subsequent degradation assay, as
cultures exposed to this concentration showed minimal growth differences from the toxin-free controls.

Screening of T-2-removing Bacillus strains

Chemically, -2 is a sesquiterpene with a tetracyclic 12,13-epoxytrichothec-9-ene core skeleton (Fig. 2A)
(Samara et al. 1987). Due to the lack of strong chromophores and fluorophores in the structure, T-2
possesses relatively weak UV/Vis absorption and fluorescence, making its detection with UV/Vis and
fluorescence detectors unreliable and potentially misleading (Meneely et al. 2023). As a result, mass
spectrometry (MS) utilizing total ion chromatogram (TIC), which directly visualize ions detected instead
of relying on optical absorption, was primarily used to monitor the presence of T-2 in this study.
Screening of Bacillus strains capable of removing T-2 was performed in vitro where the bacteria were
inoculated into growth media containing 40 uM T-2. After a 48-hour incubation, the cultures were
centrifuged, and the filtered supernatants were analyzed with HPLC/MS to detect and quantify the
remaining amount of T-2 in the cultures. The results are summarized in Fig. 2B.

Among the ten Bacillus cultures tested, BC2, BC6, and BC9 significantly reduced T-2 levels after 48 h of
incubation (Fig. 2B). BC2 exhibited the strongest T-2 decontamination activity, achieving nearly complete
toxin removal within 48 h (p <0.0001). BC6 and BC9 also showed notable activity, reducing T-2 level by
approximately 50% over the same incubation period (p < 0.001). In contrast, the remaining strains
showed limited or no effect on T-2 reduction, with toxin levels in these cultures remaining comparable to
that observed in the control after incubation.

To study the T-2 removal rate of BC2, BC6, and BC9, kinetic assays were performed by monitoring T-2
levels at multiple incubation time points (Fig. 2C). For BC2, T-2 levels were assessed after 8, 16, 24, 32,
and 48 h of incubation, while BC6 and BC9 were evaluated every 24 h over a 4-day period. As shown in
Fig. 2C, all three cultures reduced T-2 levels in a time-dependent pattern. For example, BC2 culture
exerted minimal T-2 reduction of around 10% during the first 16 h. However, the toxin level decreased
significantly by approximately 70% at 24 h and further declined to nearly 0% by 48 h. In contrast, BC6 and
BC9 showed slower T-2 removal rates, with both cultures achieving comparable toxin reduction of
approximately 50% during the first 48 h. After 48 h, the reduction rate for BC6 further slowed down,
leaving approximately 35% of T-2 remaining at 96 h, while BC9 exhibited a better profile, with only around

Page 10/26



5% T-2 left at 96 h. Overall, BC2 exhibited the most rapid T-2 removal, while BC9 achieved greater T-2
reduction than BC6 over the extended incubation period.

LC/MS identification of T-2 metabolized product

Given BC2, BC6, and BC9 exhibited T-2 removal activity, the cultures were further investigated by
HPLC/MS to determine whether the toxin was metabolized into detectable transformation products. This
was done by analyzing the HPLC/TIC spectra of the cultures over time. Figure 3 presents the full stacked
HPLC/TIC spectra obtained at different incubation time for the three active cultures. For BC2 (Fig. 3A), T-
2 was detected at a retention time of approximately 7.0 min; this was supported by the ESI-MS analysis
of the corresponding peak, which gave adduct ions at m/z 489 [M + Na]* and 955 [2M + Na]* (Fig. 3D,
top), consistent with the molecular weight of T-2. As incubation time increased, the intensity of this peak
progressively decreased, reaching a nearly undetectable amount at 32 h. Concurrently, a distinct peak at
around 5.5 min rose in intensity over time from 8 h. Compared with other peaks across the spectra, the
5.5-min peak was the main chromatographic feature that showed an inverse relationship with the T-2
peak in a time-dependent manner, suggesting this peak represented the main metabolism product of T-2
by BC2. ESI-MS analysis of this peak showed an ion at m/z 447 (Fig. 3D, bottom), indicating part of the T-
2 structure was cleaved during bacterial metabolism.

Similar patterns were noted in the stacked TICs of BC6 (Fig. 3B) and BC9 (Fig. 3C), where the time-
dependent formation of the major T-2 degradation product at around 6.8 min was accompanied by a
reciprocal decrease of the T-2 peak at approximately 8.1 min. A slight shift in retention time was
observed for peaks detected in BC6 and BC9 cultures compared to those in BC2; this was due to the
different chromatographic flow rates used for these analyses, as indicated in the Fig. 3 caption. Despite
these retention-time differences, MS analysis showed that the transformation product detected in all
three cultures had the same ion at m/z 447, suggesting BC2, BC6, and BC9 produced the same major T-2
transformation product. In summary, HPLC/MS analysis indicated that the three active cultures
converted T-2 into a common major detectable metabolite.

Isolation and structural characterization of the
biodegraded product of T-2

Since a potential T-2 biotransformation product was detected by HPLC/MS, a larger-scale culture
experiment was performed to accumulate sufficient amount for purification and characterization of this
compound. BC2 was selected for this experiment as it showed the most efficient T-2 metabolism activity
among the three active strains (Fig. 2C). Briefly, BC2 was inoculated into 200 mL of TSB medium
supplemented with 4 mg of T-2 and incubated at 37°C with shaking. The culture was periodically
analyzed by HPLC/MS to monitor the toxin transformation overtime, and the stacked TIC
chromatograms obtained at various incubation time are shown in Fig. 4A.

Compared to the small-scale BC2 experiment (Fig. 3A), the larger-scale culture exhibited slower T-2
transformation, requiring up to 56 h rather than 32 h to eliminate T-2 (Fig. 4A). As anticipated, the product
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peak with an ion at m/z 447, detected as retention time around 6 min, was present in the culture.
Interestingly, from 44 h onward, an additional peak at retention time of approximately 8.2 min began to
appear and increased in intensity overtime. This peak was not observed in the small-scale degradation
assay for BC2 and gave an ion at m/z 403 in the positive-mode ESI-MS analysis. Based on these
observations, the m/z 447 and 403 peaks were selected for purification and were labelled as compounds
1 and 2, respectively (Fig. 4A).

To isolate compounds 1 and 2, the large-scale culture at 56h was collected and centrifuged to give the
supernatant, which was then partially purified by C18 solid-phase extraction using H,0 and MeOH
sequentially. The water partition, containing highly polar constituents, was discarded, while the MeOH
fraction was collected for subsequent purification by reverse-phase HPLC which gave a total of 60
subfractions (Fig. S1, Supporting Information). Due to the low UV profiles of the compounds, the
subfractions were monitored individually with MS, and compounds 1 and 2 were obtained at
subfractions 41 and 50, respectively.

The isolated compounds were structurally elucidated using NMR spectroscopy. The "H NMR data of 1
(Table 3) displayed several characteristic proton resonances of the 12,13-epoxytrichothec-9-ene
backbone (Fig. 2A), such as the C13 methylene proton pair at §,; 2.87 and 2.66, the olefinic proton of C10
at &, 5.65, as well as the C14 and C16 methyl singlets at §,; 0.63 and 1.65, respectively (Savard et al.

1987). Comparison of the "H and "3C NMR data of 1 with those of T-2 (Table 3) revealed a high degree of
structural similarity between the two compounds. The most obvious difference was the absence of
resonances corresponding to an acetyl moiety in compound 1, including a quaternary carbonyl carbon
and an a-methyl proton signals, suggesting 1 was a deacetylated product of T-2. Furthermore, there was
a notable upfield shift of proton H4 in compound 1 (6 4.08) compared to that in T-2 (&, 5.47) (Table 3),
indicating the deacetylation occurred at position C4. The other NMR data (Fig. S3-7, Supporting
Information) also supported this structural assignment; and the ion observed at m/z 447 was the
sodium adduct of 1, matching the molecular weight of 424 amu for this compound. Based on the
findings, compound 1 was identified as 4-deacetylated T-2 toxin, also known as HT-2 toxin (HT-2)

(Fig. 4B).
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Table 3

Comparison of H (800 MHz, DMS0-d,) and '3C (200 MHz, DMS0-d,) NMR data for
compound 1 and T-2 toxin.

Position

N o o b~ W N

10
11
12
13

14

15

16

17
18

19
20

Compound 1

&y, mult. (Jin Hz)

3.27,d (4.8)
3.87,dd (3.2,4.8)
4.08,d (3.2)

2.22,dd (5.6, 15.2), H,
1.88,d (15.2), Hg

5.19, d (5.6)

5.65,d (5.6)
4.01,d (5.6)

2.87,d (4.0), H,
2.66, d (4.0), Hg
0.63,s

4.06,d (12.0), H,
3.83,d (12.0), Hg

1.65,s

2.08, m

1.96, m
0.90,d (6.4)

O¢, type
78.6, CH
78.9, CH
79.6, CH
48.1,C
42.0,C
26.6, CH,

67.8, CH
134.6,C
124.6, CH
66.3, CH
64.5,C
45.5, CH,

7.0, CH,

64.1, CH,

19.9, CH,

171.7,C
42.8, CH,

25.2, CH
22.1, CH,
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T-2 toxin
Oy, mult. (J in Hz)

3.42,d (4.8)
407, m
5.47,d (3.2)

2.24,dd (5.6,15.2), H,
1.86,d (15.2), Hg

5.22,d (5.6)

5.70,d (5.6)
4.18,d (5.6)

2.99,d (4.0), H,
2.81,d (4.0), Hg
0.59,s
4.17,d(12.8),H,
3.95,d (12.8), Hg

1.66, s

2.09,m

1.96, m
0.89,d (6.4)

O¢, type
78.4, CH
75.9,CH
82.2,CH
48.3,C
42.4,C
26.7,CH,

67.5,CH
134.9,C
124.1,CH
66.3, CH
64.3,C
46.3, CH,

6.4, CHy

64.0, CH,

19.8, CH,

171.7,C
42.8, CH,

25.2, CH
22.1, CH,




Position Compound 1 T-2 toxin
Oy, mult. (Jin Hz) o¢, type Oy, mult. (J in Hz) o¢, type
21 0.89,d (6.4) 22.2,CH; 0.89,d(6.4) 22.2,CH4
4-OAc - - 2.04,s,CHg 20.7,CH4
170.3,CO
15-0Ac  1.97,s,CHq 20.8,CH; 1.97,s,CHj 20.8, CH4
169.8, CO 169.7, CO

Compound 2 was elucidated as a tetradepsipeptide, consisting of four units of amino acids and their
analogues, D-O-Leu-D-Ala-L-0-Val-L-Val (Fig. 4B). Its NMR data were provided in the Supporting
Information (Fig. $8-12). However, this compound is regarded as a bacterial secondary metabolite
secreted by members of B. cereus group and therefore not considered as part of the T-2 metabolism
(Marxen et al. 2015; Naka et al. 2020).

In vitro toxicity assessment of T-2 and HT-2 on HEK293T cells

As T-2 is toxic to several organs including the kidneys, the toxicity of T-2 and its biodegradation product
HT-2 was examined on a human embryonic kidney-derived cell line (HEK293T), which is a standard in
vitro mammalian model for assessing the general cytotoxic effects of small molecules. Cells were
exposed to various concentrations of the samples (0-125 nM), and cell viability was assessed by MTT
assay (Fig. 5).

As shown in Fig. 5, HEK293T cells were sensitive to both T-2 and HT-2 at nanomolar concentrations;
however, cell viability reached a plateau of approximately 50% at concentrations above 3.9 nM for T-2
and 31.2 nM for HT-2, with no further decrease observed at higher concentrations. This pattern may
indicate the compounds exerted a predominantly growth-inhibitory effect under the tested conditions.
Apparently, T-2 showed stronger inhibitory activity than HT-2 in HEK293T cells. For example, exposure to
3.9 nM T-2 reduced cell viability by around 50%, while HT-2 at the same concentration had minimal effect,
maintaining cell viability close to 100% (Fig. 5). Both treatments reduced cell viability in a dose-
dependent manner, with calculated apparent half-maximal effective concentrations (ECs) of 1.77 and
12.76 nM for T-2 and HT-2, respectively. These results suggested that HT-2 was less toxic than T-2 in
HEK293T cells.

Discussion

Biological degradation of mycotoxins is a promising approach to mitigate their contamination, offering
several advantages over traditional removal strategies. Various microbial strains have been reported to
decontaminate mycotoxins, among which Bacillus species have gained attention as promising
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candidates due to their emerging toxin biotransformation ability. In this study, we aim to further elucidate
the role of Bacillus bacteria in degrading T-2 by assessing their toxin removal capacity, characterizing the
toxin biotransformation products, as well as evaluating the toxicity of these products.

Ten microbial strains used in this study (BC1 - 10) were taxonomically assigned as Bacillus spp.,
supported by 16S rRNA gene sequencing (Table 1), with most strains showing high similarity to
members of the B. subtilis family, except for BC2 which was closely related to B. cereus group.
Comparison of growth curves between T-2-free and T-2-treated cultures (Fig. 1) revealed that the tested
bacterial strains exhibited relatively high tolerance to T-2. In most cases, the growth rates and doubling
time in T-2-spiked medium were comparable with those observed in T-2-free cultures, suggesting T-2 had
limited inhibitory effects on the proliferation of these Bacillus strains.

Bacteria are generally believed to have higher resistance to trichothecene mycotoxins than mammalian
cells (Haschek 1989). This may be partly due to trichothecenes, particularly T-2, having high-affinity
bindings to eukaryotic ribosomes, which are structurally different to bacterial ribosomes, resulting in
inhibition of protein synthesis primarily in eukaryotic cells (Middlebrook and Leatherman 1989; Rocha et
al. 2005). Consistent findings have also been reported in previous studies where several bacteria,
including Bacillus spp., were generally not affected by this type of mycotoxins (Madhyastha et al. 1994).

BC1-10 were evaluated for their T-2 removal activity, with strains BC2, BC6, and BC9 demonstrating
substantial in vitro T-2 decontamination, indicating that this capability was strain-dependent rather than a
general feature for Bacillus bacteria. Furthermore, the activity was time-dependent, where longer
incubation time led to lower residual T-2 for all three strains (Fig. 2). BC2 stood out from others as having
the most rapid removal rate, achieving near-complete T-2 elimination within 48 h. This may be partly
related to the relatively rapid growth rate of this strain compared to others (Table 2).

HPLC/MS and NMR analysis confirmed the toxin removal was associated with metabolism of T-2, with
the active strains transforming the toxin to HT-2 through deacetylation at C4. In animals and other
biological systems, T-2 is known to frequently undergo hydrolysis, deacetylation, hydroxylation, and
glucuronidation during metabolism, and conversion of T-2 to HT-2 is a well-recognized metabolic route
(Ohta et al. 1977; Righetti et al. 2019; Sun et al. 2015). For instance, HT-2 was identified as a major
metabolite of T-2 in broiler chicken plasma (Sun et al. 2015); Yang and coauthors demonstrated that T-2
was metabolized to various products including HT-2 in liver microsomes of several farm animals (Yang
et al. 2017); while Righetti and colleagues observed this transformation in wheat (Righetti et al. 2019). In
microorganisms, this conversion has been confirmed in bacteria such as in Curtobacterium and
Eubacterium species, as well as in several soil and water bacterial communities (Beeton and Bull 1989;
Fuchs et al. 2002; Ueno et al. 1983). Decontamination of T-2 has been observed in several Bacillus
strains; however, most studies have mainly focused on general toxin reduction, and metabolism of this
toxin to other products is poorly documented for this genus (Garcia-Garcia et al. 2024; Hassan et al.
2021). Ma and coauthors discovered a Bacillus sp. from wheat that converted T-2 to neosolaniol instead
of HT-2 (Ma et al. 2023). Therefore, the identification of HT-2 as the major transformation product in the
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present Bacillus cultures provides additional evidence that T-2 deacetylation can occur in Bacillus
bacteria.

Although this current study did not specifically identify the mechanisms underlying this conversion in the
tested Bacillus species, the cleavage of the ester group at C4 strongly suggested the involvement of
hydrolytic activity, which may be mediated by enzymes such as esterases or carboxyesterases capable
of targeting ester bonds in T-2. This pathway is biologically plausible because Bacillus bacteria are well-
recognized for their ability to produce a wide range of intra- and extra- cellular enzymes including
laccases, esterases, carboxypeptidases, and peroxidases, some of which have been implicated in the
degradation of other mycotoxins such as aflatoxins, zearalenone, and ochratoxins (Nguyen et al. 2024,
Qin et al. 2021; Qing et al. 2021; Sun et al. 2023).

The ultimate goal of mycotoxin biodegradation is detoxification, whereby the resulting biotransformation
products exhibit substantially reduced toxicity or, ideally, are non-toxic (Nguyen et al. 2024; Vanhoutte et
al. 2016). In animal industry, mycotoxin detoxification not only protects livestock health but also reduces
potential mycotoxin-related risks associated with animal-derived food products, such as eggs, meat, and
milk. For type A trichothecenes like T-2, effective detoxification is generally associated with removal of
the C12-C13 epoxide ring, as well as substitution of key functional groups such as the C3 hydroxyl and
the C9-C10 double bond (Qinghua et al. 2013). Structural modification at C4 has also showed reduction
in toxicity (Wang et al. 2021). Indeed, the cytotoxicity assay on HEK293T in this current study indicated
that HT-2 was less toxic than T-2, as reflected by a nearly 7-fold higher ECs, value (Fig. 5), supporting the
view that bacterial transformation reduced the relative toxicity of the parent toxin. However, HT-2
remained active within the nanomolar concentration range and is still recognized as a toxic
trichothecene, often considered together with T-2 in safety assessments (Meneely et al. 2023).
Constituently, from a safety perspective, conversion of T-2 to HT-2 represents a meaningful but
incomplete detoxification process.

Overall, this study provides evidence that the selected Bacillus strains can effectively reduce T-2 toxin
levels through biotransformation in vitro. Several Bacillus species, especially members of the B. subtilis
group, have been extensively studied for beneficial applications, including their use as probiotics and
feed additives to support general health (Payne et al. 2024). The present findings provide further insight
into the understanding of T-2 mycotoxin metabolism by these bacteria and signify their potential usage
as microbial additives to mitigate mycotoxin contamination. Notwithstanding, given the partial
detoxification of T-2, further safety research is required to ensure a secure and meaningful translation of
these strains in food and feed industry.

Abbreviations
T-2 T-2 toxin
HT-2 HT-2 toxin
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Figure 1

Growth curves of ten Bacillus cultures (BC1 - 10) over 24 h at 37 °C in TSB medium containing different
concentrations of T-2
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Figure 2

Summary of T-2 removal results for BC1 - 10
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Figure 3

Kinetic monitoring of T-2 biotransformation for BC2, BC6, and BC9
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Figure 4

Kinetic monitoring of T-2 metabolism in large-scale culture of BC2
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Figure 5

Cell viability study of HEK293T cells treated with T-2 and HT-2
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