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ABSTRACT: To investigate the metabolic fate of HT-2 toxin (HT2) and T-2 toxin (T2) in wheat (Triticum aestivum L.), an
untargeted metabolomics study utilizing stable isotopic labeling and liquid chromatography—high resolution mass spectrometry
was performed. In total, 11 HT2 and 12 T2 derived in planta biotransformation products were annotated putatively. In addition
to previously reported mono- and diglucosylated forms of HT2, evidence for the formation of HT2-malonyl-glucoside and
feruloyl-T2, as well as acetylation and deacetylation products in wheat was obtained for the first time. To monitor the kinetics of
metabolite formation, a time course experiment was conducted involving the Fusarium head blight susceptible variety Remus and
the resistant cultivar CM-82036. Biotransformation reactions were observed already at the earliest tested time point (6 h after
treatment), and formed metabolites showed different kinetic profiles. After ripening, less than 15% of the toxins added to the

plants were determined to be unmetabolized.

KEYWORDS: trichothecenes, masked mycotoxins, cereals, liquid chromatography—high resolution mass spectrometry, metabolomics,

stable isotopes

B INTRODUCTION

Mycotoxins are low molecular weight fungal metabolites that
frequently play a crucial role in plant pathogenesis and
spreading of fungal infection. Fusarium species employ an
arsenal of compounds as virulence factors, including certain
trichothecene mycotoxins, to infect cereals such as wheat and
barley." These two crop plants account for approximately 80%
of the European small-grain productlon and may be severely
contaminated with trichothecenes.” Plants, however, are
equipped with mechanisms to counteract the phytotoxicity of
xenobiotics, including fungal toxins, leading to the formation of
conjugated metabolites that are deposited in the apoplast or
vacuole.’

T-2 toxin (T2) and its deacetylated form HT-2 toxin (HT2,
lacking the acetyl-group at C-4) are members of the large family
of trichothecenes, sharing a common tetracyclic ring system.
Fusarium langsethiae, F. poae, and F. sporotrichioides are the
predominant species that invade cereal crops and produce T2
and HT?2 under cool and moist conditions on the field.* Similar
to most trichothecenes, T2 and HT2 not only inhibit protein
synthesis and cell proliferation in plants, but also cause acute or
chronic intoxication of humans and animals.” Toxic effects
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include growth retardation, myelotoxicity, hematotoxicity, and
necrotic lesions on contact sites. Because of their toxic
potential, the European Food Safety Authority (EFSA)
established a tolerable daily intake (TDI) value of 100 ng/kg
body weight per day for the sum of T2 and HT2.
Furthermore, the European Commission Recommendation
2013/165/EU provides indicative levels for the sum of these
two toxins in cereals and cereal products ranging from 15 pug/kg
for cereal-based foods for infants and young children up to
2000 pg/kg for oat milling products.7

Exposure of animals and humans to HT2 and T2 triggers
metabolic transformations, which are generally well-charac-
terized for a number of species, namely, rodents, pigs, chickens,
and cattle.® The major metabolic pathway of T2, regardless of
the affected animal species, is its rapid deacetylation at C-4 that
results in the formation of HT2. Other reactions commonly
involved during metabolism of this mycotoxin in mammals are
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hydrolysis (e.g., neosolaniol, T2-triol, and T2-tetraol),
oxidation (e.g, 3’-hydroxy-HT2 and 3’-hydroxy-T2), de-
epoxidation (e.g, de-epoxy-3'-hydroxy-HT2, de-epoxy-T2-
triol, and de-epoxy-HT2), and glucuronide conjugation of
biotransformation products such as HT2 and neosolaniol.” De-
epoxidation is an important detoxification mechanism and
together with metabolic changes (e.g, conjugation) of the
hydroxyl group at C-3 has the greatest impact on reducing the
toxicity of trichothecenes."’

In plants, conjugation of xenobiotics with glucose, sulfate,
glutathione, or amino acids constitute well-known and effective
detoxification strategies.” The resulting metabolites are chemi-
cally distinct compounds produced by enzyme-catalyzed
reactions, belonging to the so-called “masked mycotoxins”.""
Formation of glucosylated trichothecenes in artificially and
naturally contaminated cereals was first shown for the type-B
trichothecenes deoxynivalenol (DON)" and nivalenol,"’
followed by HT2 and T2.'* Nonetheless, metabolic products
similar to those reported in animals have been detected in T2-
treated Baccharis spp., namely, HT2, 3’-hydroxy-HT2, and T2-
tetraol."> To date, very limited information exists with regard to
the metabolic fate of HT2 and T2 in cereal grains and natural
occurrence of their plant-derived metabolites. In a recent survey
study, HT-2 toxin-3-O-f-glucoside (HT2-3-Glc) was quantified
in naturally contaminated barley, wheat, and oats, reaching
concentrations of up to 300 ug/kg.'®

To study the metabolism of xenobiotics in planta
comprehensively, unbiased methods offer the chance to probe
the entire metabolic space of the biological system under
investigation. While liquid chromatography—high resolution
mass spectrometry (LC-HRMS) methods are principally suited
to measure hundreds of metabolites simultaneously, they come
with the drawback of 7primarily detecting unspecific signals of
nonbiological origin.1 Stable isotope labeling (SIL)-assisted
untargeted metabolomics may resolve several of these
limitations. SIL workflows have been recently applied in
conjunction with HRMS to investigate the metabolism of DON
in wheat and identification of novel plant-derived DON-
metabolites.'® This approach has also been useful for the
characterization of the fungal secondary metabolomes of
Aspergillus fumigatus'® and F. graminearum.”

The aim of this study was to investigate the in planta
metabolic fate of T2 and HT?2 in wheat. Putative identification
of novel metabolites was performed with untargeted SIL-
assisted metabolic proﬁlin§ using LC-HRMS. Data were
processed with MetExtract,”’ and annotation was based on
accurate mass measurements as well as LC-HRMS/MS
spectra.”” Time course kinetics of the identified metabolites
were also studied in two wheat lines ranging from the flowering
stage until full ripening.

B MATERIALS AND METHODS

Chemicals and Reagents. HPLC grade acetonitrile and methanol
were obtained from VWR (Vienna, Austria), and formic acid (LC-MS
grade) and TWEEN 20 were purchased from Sigma-Aldrich (Vienna,
Austria). Ammonium formate solution (5 M) was provided by Agilent
Technologies (Waldbronn, Germany). Water was purified successively
by reverse osmosis using an ELGA Purelab Ultra-AN-MK2 system
(Veolia Water, Vienna, Austria). Crystalline nonlabeled T2 (purity
85%) and HT?2 (purity 92%), as well as uniformly labeled U-["*C,,]
T2 (purity 98%; degree of enrichment 99.6 atom % '*C) and
uniformly labeled U-[*C,,] HT2 (purity 86%; degree of enrichment
99.3 atom % '*C) standards were purchased from Romer Labs GmbH
(Tulln, Austria). Solutions from lyophilized labeled and nonlabeled T2
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(10.0 g/L) and HT2 (10.0 g/L) were prepared separately by
dissolving the compounds in acetonitrile. Certified standard solutions
of T2 and HT2 (100.4 mg/L and 100.6 mg/L, respectively, in
acetonitrile) were also obtained from Romer Labs GmbH. The
analytical standard of HT2-3-Glc was enzymatically produced from
HT2 (Michlmayr et al,, manuscript in preparation). 3-Acetyl-T2 was
synthesized from T2 using acetic anhydride in dichloromethane/
pyridine with 4-dimethylaminopyridine as catalyst. Stock solutions in
acetonitrile were prepared and were stored in sealed vials at —20 °C
until use.

Plant Materials. The plant experiments are described according to
the Metabolomics Standard Initiative (MSI) for the Proposed
Minimum Information Set for reporting plant biological experimental
designs. For the metabolomics profiling experiment, the spring wheat
(Triticum aestivum L.) variety “Remus” (“Sappo”/“Mex”/“Famos”)
was selected. The awn-free variety was developed at the Bavarian State
Institute for Agronomy in Freising, Germany. It possesses well-adapted
agronomic characteristics for cultivation in Central Europe but is
highly susceptible to Fusarium head blight (FHB) and DON.>*** The
time-course experiment was conducted on the wheat variety Remus
and the FHB-resistant variety “CM-82036-1TP-10Y-OST-10Y-OM-
OFC” (abbreviated to “CM-82036") which originated from the cross
of the varieties “Sumai-3” and “Thornbird” and possess awns.”* Seeds
of Remus and CM-82036 were first germinated. No vernalization was
required, but the wheat seedlings were routinely submitted to a cold
treatment at S °C for 1 week to improve tillering. Pots (diameter
23 cm) were filled with 7 L of a substrate (consisting of 500 L heat-
sterilized compost, 250 L peat, 10 kg sand, and 250 g rock flour). Five
seedlings of the same wheat line were planted in each pot.

Experiments were conducted in a greenhouse with computer-
controlled settings for light, temperature, and relative air humidity.
Light intensity (outside dark) was 360 gmol/sm* at 1 m above the soil
throughout the complete experiment. Relative air humidity was set
between 60 and 70% during plant growth. Temperature (day/night)
and duration of illumination (hours) varied according to the
development stage of the plants: from planting until the end of
tillering (stage 3 on the Feekes scalezs), 12 °C/10 °C/12 h; end
tillering to midstem extension when the ear starts to swell (stage 8),
14 °C/10 °C/14 h; mid stem extension to start heading (stage 10.1),
16 °C/14 °C/14 h; from the start of heading to the start of flowering
(stage 10.51), 18 °C/14 °C/14 h; from the start of flowering (stage
10.51) until the end of the experiment, 20 °C/18 °C/16 h. In total, the
seedlings needed 9—10 weeks to reach the flowering stage.

During the experiment, the pots were watered if required (typically
three times/week). Water was applied until the substrate was
completely wet and the water started to seep out through the holes
in the bottom of the pot. The soil substrate contained sufficient
minerals to support seedling growth. At the end of tillering (stage S on
the Feekes scale), 2 g of a mineral fertilizer (COMPO Blaukorn
ENTEC, Miinster, Germany; N/P/K/Mg: 14/7/ 17/2) was applied
per pot. To prevent mildew, the cabinet was treated twice during plant
cultivation with sulfur overnight (sulfur evaporator, Nivola, Lisse, The
Netherlands).

Treatment of Wheat Plants and Sampling. The experimental
design was a completely randomized block with three biological
replicates. Upon reaching the correct developmental stage (stage 10.51
on the Feekes scale), flowering ears were selected and individually
labeled. Only one ear per plant was used in the experiment to prevent
possible systemic effects of an earlier treated ear on other later
flowering ears of the same plant. A woolen thread was used to label the
lowest treated spikelet in the lower part of the ear (approx. 2/3 from
the ear tip). In general, spikelets were treated by injecting 10 uL of the
respective test solution into each of the outer floret (hence, 20 uL per
spikelet) after placing the pipet tip in the spikelet using an electronic
pipet Multipette Xstream (Eppendorf, Hamburg, Germany). After
each treatment, the ear was covered for 24 h with a small transparent
plastic bag internally wetted by spraying ca. 2 mL of bidistilled water
with a handhold sprayer. This assured a high relative humidity
promoting diffusion of the mycotoxins into the plant cells.
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In the metabolic profiling experiment a 50:50 (v/v) mixture of *C-
labeled and nonlabeled solutions of HT2 or T2 (in acetonitrile:water
(50:50, v/v) and 1% TWEEN) was used. As controls, ears were
treated with a mock solution containing only acetonitrile:water (50:50,
v/v) and 1% TWEEN. At time point zero, two neighboring spikelets
were treated, and 48 h later the second treatment on the same ears was
performed using the next pair of adjacent spikelets located above those
treated previously. At 96, 120, and 144 h after the first application,
treatments on the same ear continued as described, always selecting
the next pair of spikelets in acropetal direction. In total, 200 ug of the
2C/BC toxin mixture was applied per ear. Sampling was performed
24 h after the last round of toxin application by removing the ear with
a surgical scissor and dividing the wheat ear into three parts, but only
the middle part was later used for LC-MS analysis: lower part (upper
part of the stem and nontreated spikelets in basipetal direction of the
treated ones), middle part (spikelets treated with toxins), and upper
part (spikelets above the treated spikelets). All samples were weighed,
shock-frozen in liquid nitrogen, and stored at —80 °C until further
processing.

For the time course study, wheat ears were treated with nonlabeled
T2 or HT2 or with the mock solution (methanol:water (50:50, v/v)
and 1% TWEEN) similar to the process described above. The only
difference was that 10 pairs of neighboring spikelets were treated with
10 pL each in one treatment resulting in a single dose of 200 ug per
ear. Samples were collected at eight time points (0 h, 6 h, 12 h, 1 day,
2 days, 3 days, 1 week, and at full ripening) in triplicate. Wheat ears
were removed from the plants with a surgical scissor, weighed as a
whole, and immediately frozen with liquid nitrogen to prevent any
metabolic activity until analysis. All collected samples were stored at
—80 °C until further processing.

Sample Preparation. The frozen wheat ears were ground into a
fine powder using a ball mill (MM 301 Retsch, Haan, Germany). The
samples were placed inside 10 mL stainless steel vessels, precooled
with liquid nitrogen, and were milled for 30 s at 30 Hz. After
homogenization, (100 + 2) mg of wheat material were weighed into
1.5 mL Eppendorf tubes and extracted with 500 uL of
acetonitrile:water:formic acid (79:20.9:0.1, v/v/v) for 90 min with
200 rpm at room temperature on a GFL3017 rotary shaker
(Burgwedel, Germany). Afterward, the extracts were centrifuged for
10 min at 22 570g using an Awel centrifuge MF 48-R (Blein, France).
The supernatants (ca. 200 uL) were transferred to HPLC vials
containing microinserts. The time course samples were partly further
diluted 1:10 or 1:50 (v/v) in acetonitrile:water (50:50, v/v) to allow
quantification of target analytes.

UHPLC-QTOF-MS Analysis. Measurements were performed with
a 1290 series ultra high performance liquid chromatography (UHPLC)
system coupled to a 6550 iFunnel quadrupole time-of-flight (QTOF)-
MS system (both Agilent Technologies, Waldbronn, Germany)
equipped with an electrospray ionization (ESI) interface. Chromato-
graphic separation was achieved on a reversed-phase Zorbax SB-C18
column (2.1 X 150 mm, 1.8 um particle size; Agilent Technologies)
kept at 30 °C. In the isotope-assisted, untargeted metabolic profiling
experiment, gradient elution was carried out with water (solvent A)
and methanol (solvent B), both containing 0.1% formic acid, and
applying the following gradient 1: 0—0.5 min 10% B, 0.5—20 min
linear gradient from 10 to 100% B, 20—22 min flushing at 100% B and
column re-equilibration with the initial chromatographic conditions
(10% B) from 22 to 25 min. During the first 2 min and after the
22 min point mark, the eluent flow was directed to the waste. The flow
rate of the mobile phase was 0.25 mL/min, and the injection volume
was set to 3 pL. To avoid carry over, the needle was flushed with
acetonitrile:water (50:50, v/v) for S s immediately prior to injection.
For the time course experiment, S mM ammonium formate was added
to both solvents to promote the formation of ammonium adducts.
Furthermore, gradient 2 was shortened to 10 min (0—0.5 min, 20% B;
0.5—6.0 min, 20—100% B; 6.0—8.0 min, 100% B; 8.0—8.1 min, 100—
20% B; 8.1—10.0 min, 20% B) for faster analysis.

Full scan spectra were acquired in the range of m/z 50—1500 in
positive and negative ESI modes at an acquisition rate of 3 spectra per
second. The source conditions were set as follows: gas temperature,
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130 °C; drying gas flow, 14 L/min; nebulizer, 30 psig; sheath gas
temperature, 300 °C and flow, 10 L/min; capillary voltage, 4000 V;
and nozzle voltage, 500 V. Targeted LC-HRMS/MS experiments for
identification and characterization of the formed metabolites were
performed with gradient 1, but S mM ammonium formate was added
in the solvents to obtain ammonium adducts for improved
fragmentation. An isolation width of m/z 1.3 was applied for precursor
selection; the acquisition speed in MS/MS was set to 3 spectra per
second, and the applied collision energies (S, 10, and 20 eV) depended
on the analytes. The QT'OF was tuned and calibrated prior to use on
the same day, and during the run two reference masses (positive mode,
m/z 121.0508 and 922.0098; negative mode, m/z 112.9855 and
966.0007) were constantly infused via a second nebulizer to ensure
mass accuracy.

Data were acquired with Mass Hunter Data Acquisition version
B.05.01, and evaluation of data was performed using Mass Hunter
Qualitative and Quantitative Analysis version B.06.00 (all Agilent
Technologies), as well as Excel 2010 (Microsoft Co., Redmond, WA).

Data Processing for Detection of HT2 and T2 Wheat
Metabolites. Acquired raw, full-scan LC-HRMS data were centroided
and converted to the mzXML format with MSConvert from the
ProteoWizard package (version 3.0.3959; http://proteowizard.
sourceforge.net/). The *C-enrichment (~99.5%) and the applied
nonlabeled to '*C-labeled tracer ratio (~1) were determined for the
highly abundant [M + Na]* adducts of the T2 and HT2 tracers using
TOPPView (version 1.10).>° All biotransformation products of the T2
and HT? tracer were expected to show a very similar '*C-enrichment
and nonlabeled-to-"*C-labeled ratio in the recorded LC-HRMS data.
Successively, MetExtract”’ was utilized to screen for T2 and HT2
derived biotransformation products present as nonlabeled and partially
3C-labeled ions. The principal processing steps of the software are as
follows: Mass peak pairings of nonlabeled (M) and "*C-labeled (M’)
biotransformation product ions were searched for in each recorded
mass spectrum (min intensity abundance, SO0 counts; M:M’ ratio,
0.5—1.5). Each mass peak pairing had to have an m/z difference that
corresponded to the number of labeled carbon atoms (max allowed
relative m/z tolerance window, = 4 ppm). The isotope patterns of
both the nonlabeled and the partially *C-labeled ions were then tested
against the determined number of labeled carbon atoms (one
isotopolog tested; max allowed abundance deviation, = 15%).
Detected mass peak pairings were clustered (max m/z deviation of
ions of a single cluster, + 9 ppm; min number of detected mass peaks,
3), and for each cluster, both the extracted ion chromatogram (EIC) of
the native and the EIC of the labeled biotransformation product ions
were extracted (EIC window, + 10 ppm). Chromatographic peaks
were detected in both EICs using the wavelet algorithm of Du et al.”’
Only chromatographic peak pairs present in both EICs that eluted at
the same retention time (max allowed deviation, + 10 scans) and had
a highly similar peak shape (min Pearson correlation coefficient, 0.85)
were considered to be biotransformation product ions of both
nonlabeled and '*C-labeled T2 and HT2 tracers. Other also detected
chromatographic peaks in either one of the EICs were discarded as
these did not represent nonlabeled and *C-labeled biotransformation
product ions of T2 and HT2 but other metabolites of wheat or
contaminants. Finally, detected biotransformation product ions were
convoluted into feature groups (max allowed retention time deviation,
+ 10 scans; min Pearson correlation coefficient, 0.85), each
representing one biotransformation product of T2 and HT2 in
wheat. Ions assigned to a single group were investigated with respect
to the presence of known mass increments between the detected ion
species with the aim to annotate ion species. Commonly observed
species during ESI positive mode were [M + H]*, [M + NH,]*, [M +
Na]*, and [M+K]" ions, while in negative mode [M-H]~, [M + CI]",
[M + HCOO]" ions were regularly detected.

Validation of the Method for Quantification Purposes. For
those analytes for which analytical standards were available (T2, HT2,
HT2-3-Glc, and 3-acetyl-T2), an in-house validation was performed.
Mock samples of the variety Remus were weighed (100 + 2 mg) using
the biological triplicates and were spiked with a solution containing all
target analytes in acetonitrile before extraction on one level
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Table 1. Overview of Putative HT-2 Toxin (HT2) Metabolites Detected in Wheat Ears of the Variety Remus (Susceptible to
Fusarium Head Blight)“

peak no. RT (min)b chemical formula“ ion speciesd m/z? mass accuracy (ppm) C count putative metabolite
1 52 C;H304, [M + Na]* 525.1940 —-0.41 17 15-acetyl-T2-tetraol-glucoside
2 102 CyH, 014 [M + NaJ* 6252461 —0.92 22 hydroxy-HT2-glucoside "~
3 109 CyH,0,, [M + Na]* 711.2447 -3.33 22 hydroxy-HT2-malonyl-glucoside
4 13.0 CysHuO1y [M+HCOO]~ 589.2498 —0.64 20 T2-triol-glucoside
5 132 CysHyO13 [M+HCOO]~  629.2446 —0.78 22 dehydro-HT2-glucoside ™
6,7 13.3, 14.0 C3,Hs, 045 [M+HCOO]~ 793.3135, 793.3135 —0.08, —0.08 22 HT2-diglucoside "
8 14.1 CysH,015 [M + Na]* 609.2518 +0.00 22 HT2-3-glucoside *
9 143 CyH,O0u [M + Na]* 695.2505 -2.39 22 HT2-malonyl-glucoside
HT2 149 C,,H,,04 [M + Na]* 447.1992 +0.59 22 HT-2 toxin*
T2 16.0 C,H,,0, [M + Na]* 489.2098 +0.68 22 T-2 toxin (T2)*
10 162 C,H;,0, M + Na]* 489.2083 —2.46 22 3-acetyl-HT2 ™"

“Confirmation with standard by comparison of retention time, accurate mass, and HRMS/MS spectra. ~ Annotation with accurate mass and
HRMS/MS spectra. ~ Annotation with accurate mass and HRMS/MS spectra only in HT2-treated barley.”® “Samples were collected after
exposure to a mixture of 200 ug/ear Rc/B3C HT2 (1 1, v/v) during days 1, 2, 3, S, and 7 on the same ear, and annotation was performed with
accurate mass measurements and HRMS/MS spectra. "Retention time. “Sum formula of neutral compound. “Accurate mass and ion species of the
most abundant ion. “Structural isomers of HT2-diglucoside with presumably different conjugations of the glucose moiety.

Table 2. Overview of Putative T-2 Toxin (T2) Metabolites Detected in Wheat Ears of the Variety Remus (Susceptible to
Fusarium Head Blight)“

peak no. RT (min)”  chemical formula® ion speciesd m/z" mass accuracy (ppm) *C count putative metabolite
2 102 CyHyOls [M + Na]* 625.2473 +1.00 22 hydroxy-HT2-glucoside
3 10.9 C3H,,0,, [M + NaJ* 711.2459 —1.64 22 hydroxy-HT2-malonyl-glucoside
4 13.0 CysHyoO1s [M+HCOO]~  589.2497 —0.81 20 T2-triol-glucoside
S 132 CyH40045 [M+HCOO]™  629.2446 —-0.79 22 dehydro-HT2- glucomde”:":
6,7 13.3, 14.0 C3Hy, 01 [M+HCOO]~  793.3131, 793.3131 —0.63, —0.63 22 HT2-diglucoside
8 142 CosHiOy3 M + Na]* 609.2519 +0.23 22 HT2-3-glucoside *
9 14.4 CyHuOug [M + Na]* 695.2508 -1.95 22 HT2-malonyl-glucoside "
HT2 14.9 CpH3,04 [M + NaJ* 447.1993 +0.81 22 HT-2 toxin (HT2)*
T2 16.0 CyH3,09 M + Na]* 489.2096 +0.20 24 T-2 toxin*
11 17.3 CyH36010 [M + Na]* 531.2187 -2.57 24 3-acetyl- T2 *
12,13 181, 184 C3,H,;,0p [M + Na]* 665.2561, 665.2561 —-1.12, —1.12 24 feruloyl- T2 "

“Confirmation with standard by comparison of retention time, accurate mass, and HRMS/MS-spectra. “*Annotation with accurate mass and
HRMS/MS-spectra. " Annotation with accurate mass and HRMS/MS- spectra only in HT2-treated wheat samples. “Samples were collected after
exposure to a mixture of 200 pg/ear 2C/3C 12 (1:1,v/v) durmg days 1, 2, 3, 5, and 7 on the same ear, and annotation was performed with accurate
mass measurements and HRMS/MS spectra. ~Retention time. “Sum formula of neutral compound. 9Accurate mass and ion species of the most
abundant ion. “Structural isomers of HT2-diglucoside with different conjugations of the glucose moiety. fProbably trans-feruloyl-T2 and trans-
isoferuloyl-T2.

(1500 pg/kg, corresponding to 300 ug/L in the “undiluted” sample different dilutions of the sample extracts, and calibration was
extract). The samples were stored overnight at room temperature to performed using 1/x weighted calibration curves.
ensure solvent evaporation and to achieve equilibrium between the

analytes and the matrix. The next day, the samples were extracted B RESULTS AND DISCUSSION

according to the procedure described above. Calculating ratios of the . .
EIC (target m/z + 30 ppm) peak area achieved in these samples with HT2 and T2 Metabolite Annotation and Character-

those in a neat solvent standard (300 ug/L, mean value from triplicate ization. Raw UHPLC-QTOF-MS data derived from HT2- and

analysis) multiplied with 100 resulted in the apparent recovery (R,). T2-treated samples were processed by MetExtract, and the
For the evaluation of matrix effects (expressed as signal suppression or automatically generated features and feature groups were
enhancement, SSE), mock samples of the same type (again in further manually inspected for false positives. Erroneously
biological replicates) were extracted, and the raw extracts of the picked features, which by chance fulfilled MetExtract screening
undiluted samples and 1:10 and 1:50 (v/v) diluted samples were criteria, were easily recognized by certain characteristics such as
spiked at a concentration of 300 ug/L. A comparison of EIC imperfect coelution of assumed '*C and “*C EIC traces, a
abundance values with the neat solvent standard (300 ug/L) provided 2C/BC mass shift higher than the number of C atoms

the SSE values of the respective dilution. The extraction recovery was
calculated by dividing R, with the SSE of the undiluted sample and
multiplying with 100. For the calculation of the corresponding relative
standard deviation, the propagation of uncertainty was taken into

contained in the intact tracer, or implausible isotopolog
intensity ratios. Finally, a total of 15 (HT2) and 16 (T2)
feature groups (i.e, metabolites) including the native, non-
modified toxins were obtained. Of those, 12 (HT2) and

account.

For the quantification of HT2, HT2-3-Glc, T2, and 3-acetyl-T2, 13 (T2) feature groups were of sufficient intensity, enabling
neat solvent standards ranging from 3 to 300 ug/L for 3-acetyl-T2 and their further structural elucidation by MS/MS, verifying their
from 10 to 1000 pug/L for the other three compounds were prepared tentative chemical structure (shown in Tables 1 and 2). Each of
in acetonitrile—water (50:50, v/v). They were measured along with the these feature groups consisted of up to 25 '*C/"C ion pairs
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originating from adducts and/or in-source fragments that
shared the same retention time and chromatographic peak
shape. It is worth mentioning that in mock samples, no feature
pairs corresponding to T2 or HT2 metabolic products were
detected by automated data processing, demonstrating the high
selectivity of the used isotope-assisted untargeted workflow.
Annotation of biotransformation products was based on
accurate m/z values, assumed ion species, number of toxin-
derived BC atoms per metabolite ion, and LC-HRMS/MS
spectral interpretations. The detailed structural characterization
procedure is described in Meng-Reiterer, Varga, and co-
workers”® who performed a similar study on the metabolism
of T2 and HT2 in barley. Briefly, characteristic fragments
obtained from standard measurements (T2, HT2, HT2-3-Glc,
and 3-acetyl-T2) or described in the literature were compared
with those experimentally obtained here for the MetExtract
derived metabolites. LC-HRMS/MS measurements of pairs of
corresponding nonlabeled and labeled precursor provided
further information. The LC-HRMS/MS spectra of the
observed metabolites of HT2 and T2 in barley”® were
compared with those obtained in wheat and were shown to
be identical. Figure 1 shows an overlay of EICs of all detected
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Figure 1. Overlaid extracted ion chromatograms (EICs) based on
MetExtract data processing output showing the biotransformation
products of a sample treated with a mixture of *C/"*C-HT-2 toxin
(red trace) and one treated with a mixture of *C/*C T-2 toxin (blue
trace). EICs of nonlabeled metabolites are displayed with positive
intensity values; those of the corresponding labeled metabolites are
displayed as negative intensities. Perfect coelution, similar peak shape,
and 2C/"*C-intensities of EIC peaks verify the detected ions are truly
tracer-derived metabolites.

biotransformation products, and Tables 1 and 2 provide a
summary of the annotated metabolites in HT2- and T2-treated
wheat ears of the variety Remus.

In the samples which had been treated with HT2 (m/z
447.1989, [M + Na]*), a mass difference between the '*C and
BC ion pairs of 22.0738 Da (corresponding to the mass
difference between 22 C and "C atoms) signified that the
conjugated metabolites contained the intact molecule of HT?2.
Formation of HT2-3-Glc (Table 1, peak 8), an already known
monoglucosylated HT2 metabolite, was verified by measure-
ments of an authentic standard and was also detected in T2-
treated samples (Table 2, peak 8). Only one peak for the m/z
ratio corresponding to HT2-3-Glc was found in the treated
wheat samples. This peak was perfectly matching in retention
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time and HR MS/MS fragmentation with the authentic
standard of HT-2 toxin-3-O-f-glucoside. Additionally, two
tentative diglucosylated HT?2 isomers (Table 1, peaks 6 and 7)
with slightly different retention times were detected in the
wheat samples. We postulate that because monoglucosylation
of HT2 was found to occur only at C-3, the additional sugar
moiety is most likely transferred by a different enzyme,
presumably leading to S-1,4 or f-1,6 diglucosides. Likewise,
HT?2-malonyl-glucoside is formed by conjugation of malonic
acid to the glucose moiety of HT2-3-Glc. In addition to the
metabolites identified in barley,” also dehydro-HT2-glucoside
was tentatively identified. Its HRMS/MS spectrum is provided
as Figure S1 in Supporting Information. The absence of m/z
101.0608 and the occurrence of a fragment ion with m/z
99.0456 indicate the loss of two hydrogen atoms from the
isovaleryl moiety, most likely after cleavage of water from
hydroxy-HT2-glucoside. It should be noted that full structural
elucidation of all detected metabolites would require
purification and subsequent nuclear magnetic resonance
(NMR) measurements, which was beyond the scope of this
study.

The majority of the other metabolites were derived from
HT2-3-Glc by additional conjugations and/or changes in the
HT?2 skeleton. Evaluation of mass shifts between corresponding
2C/13C feature pairs revealed that two metabolites contained
less than 22 "3C carbon atoms in their HT2 backbone (Table 1,
peaks 1 and 4). These ions correspond to the putative
metabolites 1S-acetyl-T2-tetraol-glucoside (loss of the iso-
valeryl moiety at C-8) and T2-triol-glucoside (loss of the acetyl
group at C-15). The fact that no 15-acetyl-T2-tetraol, T2-triol,
or hydroxy-HT2 were detected even at the earlier time points
indicates that the respective phase I type reactions hydrolysis,
deacetylation, and oxidation, generally assumed to occur prior
to conjugation of xenobiotics, took place after the conjugation
of glucose to the HT2 backbone. Hence, direct conjugation of
unaltered mycotoxins with plant constituents can result in
metabolites susceptible to phase I reactions, under appropriate
conditions, as has already been reported in the literature for
pesticides.””

As previously described for HT2, metabolites containing the
intact T2 carbon backbone (m/z 489.2095, [M + Na]*) should
reveal a mass difference of 24.0805 between the *C and "*C
ion pairs. Nevertheless, only three such biotransformation
products were found. Putative metabolites including an intact
T2 skeleton were 3-acetyl-T2 and two tentatively isomeric
peaks of feruloyl-T2 (Table 2, peaks 11—13). As ferulic acid
(4-hydroxy-3-methoxycinnamic acid) naturally exists majorly as
trans-ferulic acid,”® the second isomer is more likely isoferuloyl-
T2 rather than a diastereomer of feruloyl-T2. It is worth
mentioning that T2-glucoside could not be detected in this
study as a biotransformation product of T2, although it has
previously been documented in T2-contaminated wheat.'*”!
The majority of metabolites in T2-treated wheat were formed
after deacetylation of the toxin to HT2 and further metabolism
according to the same metabolic pathways.

In Planta Acetylation of HT2. Many organisms, including
plants, are capable of deacetylating T2 to HT2. However, with
the '*C/"3C experimental setup, we were able to show that
wheat is also capable of acetylating HT2. The feature pair m/z
489.2083 ('2C)/511.2823 (3C) recognized by MetExtract
indicates the presence of 22 tracer-derived carbon atoms (as for
the originally applied HT2), and the m/z value fits to the sum
formula of the "*C-HT?2 backbone to which a nonlabeled acetyl
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Figure 2. Results from the time course kinetics experiment. After exposure to a single dose of 200 pg/ear HT-2 toxin (HT2), the whole ears (n = 3)
were harvested immediately after treatment (0 h), after 6 h, 12 h, 1 day, 2 days, 3 days, and 1 week, as well as at full ripening (ca. 8 weeks after
treatment). For the parent toxin (HT2) and the major metabolite HT-2 toxin-3-glucoside, the absolute amounts (in nanomoles per ear) are
provided together with the standard deviation of the biological triplicate. These values are based on quantitative measurements using the respective
analytical standards and are corrected for matrix effects occurring during liquid chromatography—mass spectrometric analysis; the individual ear
weights were taken into consideration. For all other metabolites no analytical standard was available; therefore, the relative abundances (in percent)
are provided together with the standard deviation of the biological triplicate. Those values are based on the peak areas of the ammonium adduct (for
3-acetyl-HT-2 toxin the sodium adduct was used) multiplied with the individual ear weight. All values were set into correlation with the highest
observed normalized area (usually the full ripening samples of Remus or CM-82036).

group has been conjugated ("*C,,C,H3,00; calculated m/z for
Na-adduct 511.2833). HT2 has two hydroxyl groups at
positions C-3 and C-4, which might be acetylated, and T2
differs from HT2 only by the acetyl-group at position C-4.
Because the obtained retention time of 16.2 min (Figure 1,
peak 10) was close to, but did not match with those of a T2
standard (16.0 min), it was postulated that the acetyl moiety of
this HT2 metabolite results from acetylation at the position C-3
instead of C-4. With MS/MS measurements (see Figure S2 in
Supporting Information) it was not possible to determine
differences in fragmentation between native T2 and the
putative 3-acetyl-HT2. Quantification of the presumed
3-acetyl-HT?2 using T2 as standard resulted in about 40 ug/
kg that accounts for less than 0.4% of the applied HT2. In a
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similar study with barley,”® no acetylated forms of HT2 could
be confirmed. This acetylation reaction at C-3 can be regarded
as a detoxification process because it has also been described to
be a strategy employed by the trichothecene-producing fungus
during toxin biosynthesis for self-protection.®” Finally, it should
be mentioned that the small EIC-peak (m/z 511.2832) at
16.0 min could be T2. However, the second isotopolog of '*C-
T2 (present as impurity of the *C-HT?2 used for spiking) will
also lead to this signal, rendering this assumption inconclusive.
To sum up, the presence of an acetylated form of HT2 other
than T2, (presumably) 3-acetyl-HT2, was confirmed in wheat
samples. Whether also T2 might be formed from HT2 remains
unclear on the basis of our data. In any case, the deacetylation
of T2 in wheat is seemingly far faster, compared to the potential
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Figure 3. Results from the time course kinetics experiment. After exposure to a single dose of 200 pig/ear T-2 toxin (T2), the whole ears (n = 3)
were harvested immediately after treatment (0 h), after 6 h, 12 h, 1 day, 2 days, 3 days, and 1 week, as well as at full ripening (ca. 8 weeks after
treatment). For the parent toxin (T2), the two major metabolites HT-2 toxin and HT-2 toxin-3-glucoside, as well as 3-acetyl-T-2 toxin, the absolute
amounts (in nanomoles per ear) are provided together with the standard deviation of the biological triplicate. These values are based on quantitative
measurements using the respective analytical standards and are corrected for matrix effects occurring during liquid chromatography—mass
spectrometric analysis; the individual ear weights were taken into consideration. For all other metabolites, no analytical standard was available;
therefore, the relative abundances (in percent) are provided together with the standard deviation of the biological triplicate. Those values are based
on the peak areas of the ammonium adduct multiplied with the individual ear weight. All values were set into correlation with the highest observed
normalized area (usually the full ripening samples of Remus or CM-82036).

reverse acetylation of HT?2, so that the potential occurrence of
3-acetyl HT2 or T2 after metabolization from HT2 in wheat is
only marginal.

Method Validation. A small validation study was
performed with wheat samples of the variety Remus to ensure
absolute quantification for HT2, HT2-3-Glc, T2, and 3-acetyl-
T2. Biological triplicates (1 day and full ripening) from mock
samples were spiked on one level before extraction to obtain
R,. In the fully ripened samples, lower recoveries (56—124%)
and higher relative standard deviations (up to 31%) were
observed than in the samples harvested 1 day after treatment
(74—132% and up to 3.5%, respectively; see Table S1 in
Supporting Information). Additionally, different dilutions
(undiluted, 1:10, and 1:50 (v/v)) of blank extracts of these
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biological triplicates were spiked on one level to assess matrix
effects. For HT2 and HT2-3-Glc, some matrix enhancement
was observed. The determined extraction recoveries (Rg) were
approximately 100%; therefore, obtained quantitative values in
the kinetic experiment were only corrected for SSE in the
respective dilution. The SSE values obtained for the samples
harvested after full ripening were used for the correction of
both varieties. For all other time points the SSE values
determined for the day 1 samples were used.

Time Course Kinetics and Metabolic Pathways. The
kinetic profiles of T2 and HT2 metabolites were studied with a
time course experiment conducted in wheat lines susceptible
(Remus) and resistant (CM-82036) to FHB. Treated wheat
ears did not show premature bleaching after a single exposure
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Figure 4. Proposed metabolic pathways of HT-2 toxin (HT2) and T-2 toxin (T2) in wheat.

to 200 pug of HT2 or T2, and in both wheat lines the same
metabolites were determined. The kinetics of the major
metabolites T2, HT2, and HT2-3-Glc in Remus and CM-
82036 are illustrated in Figure 2 (HT2-treated sample) and
Figure 3 (T2-treated sample). The absolute values were
quantified with analytical standards, corrected for the observed
SSE at the respective dilution, corrected for the individual ear
weight, and calculated in nanomoles per ear. In T2-treated
samples deacetylation of T2 to HT2 progresses rapidly, and
already after 12 h only ca. 30% of the initially added toxin could
be determined. This is in line with the study of Lattanzio et
al,> reporting the enzymatic hydrolysis of T2 to HT2 after
120 min of incubation in wheat (conversion rate 89%), as well
as other cereals. At the same time, rapid glucosylation of HT2
to form HT2-3-Glc occurred. Biotransformation of HT2 was
also activated at a very early stage, regardless of whether it
originated from direct application or deacetylation of T2. HT2-
3-Glc was the major metabolite 6 h after exposure and
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accounted for approximately 33% of the added toxin after a
treatment time of 1 week. Another interesting observation is
that HT2-3-Glc reached a maximum concentration between
3 days and 1 week, after which its concentration decreased until
harvest because of further metabolization.

For all other metabolites, analytical standards were not
available; thus, the data obtained from EIC integrated peak
areas were corrected only for the individual ear weight. The
values were set into correlation with the highest observed area
(usually the full ripening samples of Remus or CM-82036)
(HT2-treated samples in Figure 2, T2-treated samples in Figure
3). According to these findings, C3-acetylation of both toxins
and (iso)ferulic acid conjugation of T2 are the immediate
responses of plant detoxification mechanisms, apart from
glucosylation. However, these compounds were further
metabolized or covalently bound to plant matrix, as their
concentration decreased over time. To accurately assess their
abundance under field conditions at harvest, natural occurrence
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studies in cereals for these compounds are necessary.
Conjugations with an additional glucose moiety or malonic
acid to existing HT2 monoglucosides occurred later. Hydrolysis
of the acetyl group of HT2-3-Glc in C-15, leading to the
formation of T2-triol glucoside, is presumably a consecutive
later reaction as the compound was detectable only in ripened
samples. The proposed metabolic pathway of HT2 and T2
metabolization is summarized in Figure 4.

The average weight of wheat ears of these two lines were
significantly different. While CM-82036 ears on average
weighed (0.92 + 0.20) g, Remus ears weights were (1.61 +
0.33) g on average. In addition, the ear weight (and the relative
moisture content) changed over the investigated time frame.
Therefore, data can be shown either as metabolite amounts per
ear or as concentration (nanomoles of metabolite per gram of
ear). Figures 2 and 3 represent data normalized to the weight of
whole wheat ears. No significant differences in the amounts of
HT?2 and T2 metabolites in the two different wheat lines were
determined. Another way of representing the same data would
show that CM-82036 wheat plants more efficiently metabolize
the toxins, as less biomass (of the treated ear) was able to
produce approximately the same amount of metabolites. To
compare the two wheat varieties in a truly quantitative manner
it would be necessary to normalize the amount of added toxin
relative to the different (dry) ears weights, which was beyond
the scope of this study. Also, it should be mentioned that the
applied toxins might not have had sufficient time to diffuse into
the entire ear in the early time points.

Biological Role of Formed Metabolites and Toxico-
logical Implications. According to these findings, the C12—
C13 epoxy group of HT2 and T2 that is crucial for toxicity was
not affected by wheat biotransformation. The conversion of T2
to HT?2 is considered a detoxification step in mammals® and
also shown for plants in an Arabidopsis thaliana detached leaf
assay.”* Formation of HT2-3-Glc was found to be the
dominating biotransformation reaction of both HT2 and T2.
Glucosylation of trichothecenes at the position C-3, with the
anomeric carbon of glucose linked via a f-p-glucosidic bond,
has been reported to greatly reduce phytotoxicity.”

Inhibition of the growth and spreading of Fusarium species
due to antimicrobial properties of principal phenolic acids in
grains and their role in cell wall thickening have been reported
in the literature.”®*” Our results concerning conjugation of T2
with ferulic acid might be another beneficial property of ferulic
acid, assuming a largely decreased toxicity of the conjugate.

In contrast to DON metabolism in wheat,'® no glutathione
or other sulfur-containing conjugates of HT2 and T2 were
detected in this study. This does obviously reflect the lack of an
oy B-unsaturated carbonyl functionality at C-8 as T2 and HT2, a
functionality that is presumed to be the primary conjugation
target of glutathione,”® in type B trichothecenes such as DON.

Although glucosylation of trichothecenes is considered a
detoxification process, the resulting conjugates may be
reactivated within the mammalian gastrointestinal tract, a fact
that is currently regarded as the main health risk associated with
masked mycotoxins.””~*" In this context, limited and contra-
dicting information is available concerning the toxic potential of
type A trichothecene hydroxylation products, which could
possibly emerge by microbial reactivation in the gut. Existing
toxicological studies agree that 3’-hydroxy-HT?2 is less toxic
compared to its parent form,"” whereas 3'-hydroxy-T?2 has been
reported as being more acutely toxic in vivo than T2.* These
novel “activated” metabolites may constitute toxicologically
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relevant mycotoxin derivatives; thus, further investigations are
required. Intestinal hydrolysis and uptake can vary for different
conjugated forms. For instance, it has been shown that malonyl
isoflavone glucosides are more effectively absorbed than
nonmalonylated isoflavone glucosides in rats.** Therefore,
thorough toxicokinetic and overall toxicological assessment of
novel and known masked mycotoxins should be conducted.
In summary, the metabolism of HT2 and T2 mycotoxins in
wheat was presented according to data obtained by untargeted
metabolomics profiling and time course kinetic studies.
Exposure of wheat to either HT2 or T2 primarily activates
metabolic reactions involving hydroxylation, (de)acetylation,
and various conjugations. HT2 is the major metabolite resulting
from exposure to T2 which follows the same pathway to that of
directly inoculated HT2. Metabolites such as HT2-malonyl-
glucoside, hydroxy-HT2-glucoside, dehydro-HT2-glucoside,
T2-triol-glucoside, as well as (iso)feruloyl-T2 were documented
for the first time. The interested reader is referred to Meng-
Reiterer and Varga et al.”® for a detailed structural elucidation.
Kinetic data revealed that detoxification progresses rapidly,
resulting in the almost complete degradation of the toxins,
within 1 week, after a single exposure in flowering wheat ears.
No different metabolites were observed between the FHB-
resistant wheat line CM-82036 and the FHB-susceptible wheat
line Remus. Further investigations to compare the role of
detoxification efliciency of wheat varieties in FHB resistance are
required. Additional studies to assess the toxicological relevance
and potential food safety concerns of the in planta metabolites
emerging from T2 and HT2 mycotoxins are warranted.
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