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ABSTRACT

Little is known about the fate of Fusarium mycotoxins during the barley malting
process. To determine the fungal DNA and mycotoxin concentrations during malting,
we used barley grain harvested from field plots that we had inoculated with Fusarium
species that produce type A or type B trichothecenes or enniatins. Using a recently
developed multi-mycotoxin liquid chromatography-tandem mass (LC-MS/MS) stable
isotope dilution method, we identified Fusarium species-specific behaviors of
mycotoxins in grain and malt extracts and compared toxin concentrations to amounts
of fungal DNA in the same samples. In particular, the type B trichothecenes and
Fusarium culmorum DNA contents dramatically were increased up to 5400% after
kilning. By contrast, the concentrations of type A trichothecenes and Fusarium
sporotrichioides DNA decreased during the malting process. These data suggest that
specific Fusarium species that contaminate the raw grain material might have

different impacts on malt quality.

KEYWORDS: Fusarium mycotoxins; stable isotope dilution assay; LC-MS/MS;

gPCR; barley; malting process



42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

INTRODUCTION

Small grain cereal crops such as wheat and barley are often infected by Fusarium
spp. and are thus contaminated with various Fusarium mycotoxins. In barley,
Fusarium head blight (FHB) disease can reduce both crop yield and grain quality."
Barley is primarily used as animal fodder and for malt production, which is used in the
food industry, for example for baking and beer brewing. Regarding malt production,
maltsters and brewers require high-quality raw barley material to ensure the
impeccable quality of their final products. In addition to technological problems during
brewing, fungal infection of the barley grain can cause food safety and human health
risks. Accordingly, the European Union legislation has set maximum limits for the
concentrations of zearalenone at 100 ug/kg and type B trichothecene deoxynivalenol
at 1250 pg/kg in unprocessed cereals.? Several mycotoxins have been identified in
beer such as aflatoxins, fumonisins, ochratoxin A, enniatins, zearalenone, type A
trichothecene HT-2-toxin, deoxynivalenol, 3- and 15-acetyldeoxynivalenol, and
modified mycotoxins such as deoxynivalenol-3-glucoside  (Figure 1).*°
Deoxynivalenol and its derivatives, which have high levels of thermal stability and
water solubility, are the most abundant mycotoxins in beer, with reported levels of
deoxynivalenol and deoxynivalenol-3-glucoside as high as 36 and 51 pg/L,
respectively 3% Because plants use phase Il metabolism as both a defense and
detoxification mechanism, deoxynivalenol is exposed to glycosylation and can be
metabolized to deoxynivalenol-3-glucoside, which is referred to as a modified
mycotoxin.® In addition, deoxynivalenol-3-glucosidecan be hydrolyzed to

deoxynivalenol in human and animal gastrointestinal tracts.” This process might
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increase the total concentration of deoxynivalenol in beer and the overall exposure of

consumers and livestock to deoxynivalenol.

Previous studies have investigated the fate of type B trichothecenes from natural
Fusarium-infected samples during brewing.>® Additionally, some information
concerning the concentrations of Fusarium toxins during specific steps of the malting
process is available.®*>"" In the present study, we used grain harvested from
inoculated barley field plots from 2014. In contrast to previous investigations, this
material should allow robust monitoring of the fates of fungal toxins throughout the
malting process as the levels of fungal contaminants should be relatively high in the
raw grain material. To accurately quantitate the fates of Fusarium toxins
(deoxynivalenol, deoxynivalenol-3-glucoside, 3-acetyldeoxynivalenol, 15-
acetyldeoxynivalenol, HT-2-toxin, T-2-toxin, enniatin B, B1, A1, A, and beauvericin)
during the malting process, we used a recently developed multi-mycotoxin stable
isotope dilution LC-MS/MS method intended for the identification of these toxins in
cereals.'? Additionally, quantitative polymerase chain reaction (QPCR) was used for
fungal DNA analysis, which was not applied in earlier reports on the mycotoxins’ fate
during malting and enabled us here to evaluate fungal growth.. This laboratory-scale
study was performed using grain from two different barley varieties (‘Grace’ and
‘Scarlett’) that had been inoculated with three different Fusarium species (F.
culmorum, F. sporotrichioides, and F. avenaceum), respectively, and as well as two
control batches. The aim of this study was to simultaneously monitor the behaviors of
Fusarium DNA and 11 Fusarium mycotoxins from barley grain to malt at all key steps

of the malting process.
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MATERIALS AND METHODS
Chemicals and reagents.

Acetonitrile, methanol, and water (analytical grade) were purchased from VWR
(Ismaning, Germany). Formic acid (>95%) was purchased from Sigma-Aldrich
(Steinheim, Germany). Unlabeled reference compounds (deoxynivalenol-3-glucoside,
deoxynivalenol, 3-acetyldeoxynivalenol, 15-acetyldeoxynivalenol, HT-2-toxin, and T-
2-toxin) and some labeled standards (['>C]is-deoxynivalenol and ['*Clo>-HT-2-toxin)
were purchased from Coring System Diagnostix (Gernsheim, Germany). Enniatin B
was obtained from Bioaustralis (New South Wales, Australia); enniatins B1, A1, and
A were obtained from Enzo Life Sciences (Lorrach, Germany). Labeled internal
standards (["*CJ,-3-acetyldeoxynivalenol, ["*C]s-T-2-toxin, ["*N]s-enniatin B, [°N]s-
enniatin B1, [°N]s-enniatin A1, [°N]s-enniatin A, and ['°N]s-beauvericin) were

synthesized in our laboratory as reported previously.”™

Raw materials.

Malting experiments were conducted using grain of the spring barley cultivars
‘Scarlett’ (Sc; Saatzucht Josef Breun GmbH & Co. KG, Herzogenaurach, Germany),
and ‘Grace’ (Gr; Ackermann Saatzucht GmbH & Co. KG, Irlbach, Germany). Barley
was cultivated in 2014 under field conditions in Freising, Germany (450 m a.s.l., on
average 7.7 °C, on average 814 mm, silt loam soil). A fungicide cover spray was
applied during stem elongation (growth stage (GS) 32) to provide basic plant
protection and foliar disease control. Fertilization was used according to regional
standards. For each variety, the experimental setup, which included four treatments

5
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with four repetitions, was organized in a completely randomized design. Field plots
(11.25 m?) were inoculated with Fusarium species-specific conidia suspensions twice
within a 7-day range during the anthesis period (GS65-69). Individual inoculum
contained a mixture of spores derived from different single-spore isolates of F.
culmorum (Fc, Fc002, Fc06, Fc03), F. avenaceum (Fa, Fa002, Fa01), and F.
sporotrichioides (Fs, Fs001, Fs002, Fs03). The inocula densities for each mixture
depended on the spore production potential of each isolate and thus ranged from
6.4x10° conidia/m? to 9.3x10° conidia/m®. A corresponding number of control plots
remained non-inoculated. Mature plants (GS 92-95) were harvested using a single
plot combine. Grain samples (around 7 kg each) were stored in jute bags at room

temperature until further processing.

Malting process.

The malting process was performed according to the standard collection method
described in the Mitteleuropdische Analysenkommission (MEBAK) procedure.”® A
three-day steeping process was used. On the first day, barley (around 1200 g each)
was steeped for 5 h following a 19-h aeration period. On the second day, wet
steeping took 4 h, with a subsequent 20-h aeration period. On the third day, the
steeping degree of 44.5% was adjusted by spraying if needed. Subsequently,
germination proceeded for three days in climate-controlled chambers (14.5 + 0.5 °C
and 95-98% relative humidity). Green malt was turned twice daily. The germinated
barley grain were then withered at 50 °C for 16 h, followed by kilning at 60 °C for 1 h,
at 70 °C for 1 h, and finally at 80 °C for 5 h. Rootlets were removed at the end of

kilning.
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Samples.

Samples were collected at each key step during the malting process. In detail, the
barley grain, grain after steeping, green malt, malt after withering, malt with rootlets,
malt after germ separation, and rootlets (around 50 g each) were sampled (Figure.
2). The total weight and sampled weight were registered for every sample. The grain
after steeping, green malt, and malt after withering were freeze-dried for 24 h, and
their water contents were calculated. The reported final mycotoxin concentrations

indicated the sample wet weights.

Sample preparation.

Grain after steeping, green malt, and malt after withering were freeze-dried before
extraction. Barley grain, malt with rootlets, malt after germ separation, and rootlets

were used directly.

Sample preparation was performed according to a recent publication.'? In brief, 1 g of
finely ground sample and 10 mL acetonitrile/water (84:16, v/v) were combined and
shaken in a laboratory shaker at 225 rpm for 2 h. The resulting slurry was filtered,
and 4 mL of the filtrate was spiked with internal standards (50 pL of ["*C]ss-
deoxynivalenol (1 ug/mL), 100 pL of [**C],-3-acetyldeoxynivalenol (1 ug/mL), 30 uL
of [**Clp-HT-2-toxin (1 pg/mL), 30 uL of [**Cls-T-2-toxin (1 pg/mL), and 80 pL each of
["°NJs-enniatin B, ['°N]s-enniatin B1, ['°N]s-enniatin A1, and [°N]s-enniatin A (0.1
pg/mL)). The filtrate volume was reduced when necessary, to fall within the linear

range of the response curves and to minimize standard consumption, but was
7
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restored to 4 mL with acetonitrile/water (84:16, v/v) before purification. The entire
mixture was vortexed for 20 s and applied on a Bond Elut Mycotoxin cartridge (500
mg, 3 mL) (Agilent Technologies, Santa Clara, CA) the liquid was drawn through the
cartridge by vacuum suction. The eluate was collected and evaporated until dryness.
Each sample was reconstituted with 200 uL of acetonitrile/water (1/1, v/v) and

membrane filtered (0.45 pym). The LC-MS/MS analysis was performed thereafter.

Analog samples (1 g) free of the monitored mycotoxins were used as blank matrices
for matrix-matched calibration and were spiked with six different concentrations of
deoxynivalenol-3-glucoside (20-500 pg/kg). After solvent evaporation, these samples

were subjected to the above-described sample preparation method.

Mycotoxin analysis via LC-MS/MS.

HPLC and MS/MS parameters from a previously published multi-mycotoxin LC-
MS/MS stable isotope dilution method were used to determine the fates of the

monitored Fusarium toxins during malting in the present study.

In brief, LC-MS/MS was performed on an LC-20A Prominence system (Shimadzu,
Kyoto, Japan) using a Hydrosphere RP-C4g column (150 mm x 3.0 mm i.d., 3 ym)
(YMC Europe GmbH, Dinslaken, Germany) with a C4g-guard column (4 mm x 2 mm
i.d., Polar-RP) (Phenomenex, Aschaffenburg, Germany) maintained at 40 °C as a
stationary phase. The binary gradient system comprised (A) 0.1% formic acid and (B)
methanol with 0.1% formic acid at a flow rate of 0.2 mL/min. The gradient for the
negative ESI mode was initiated and held at 10% B for 2 min, raised linearly from 10-
99% B during the next 6 min, and then maintained at 99% B for 7.5 min. Next, the

8
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mobile phase returned to 10% B within 2 min and the system was equilibrated for 9.5
min before the next run. The gradient for the positive ESI mode was initiated and held
at 10% B for 2 min, raised linearly from 10-87% B during the next 6 min, held at 87%
for 7 min, raised to 100% B during the next 5 min, and then maintained at 100% B for
3.5 min. Next, the mobile phase returned to 10% B within 2 min and the system was

equilibrated for 9.5 min before the next run. The injection volume was 10 pL.

The LC was interfaced with an APl 4000 QTRAP hybrid triple quadrupole/linear ion
trap mass spectrometer (Applied Biosystems Inc., Foster City, CA). It was operated
in the negative ESI mode for the analyte deoxynivalenol-3-glucoside and in the
positive ES|I mode for the analytes deoxynivalenol, 3-acetyldeoxynivalenol, 15-
acetyldeoxynivalenol, HT-2-toxin, T-2-toxin, enniatin B, B1, A1, and A. The ion
source parameters for the negative mode were set as follows: curtain gas, 20 psi;
CAD gas pressure, medium; ion spray voltage, —4500 eV; spray gas, 50 psi; dry gas,
65 psi; and temperature, 525 °C. The ion source parameters for the positive mode
were set as follows: curtain gas, 20 psi; CAD gas pressure, high; ion spray voltage,

4500 eV, spray gas, 80 psi; dry gas, 75 psi; and temperature, 450 °C.

Isolation of genomic DNA from barley grain, malt, and rootlets.

Genomic DNA was isolated according to the procedure published earlier, ' based on

an official method report.'

In brief, 2 g of finely ground grain, malt, and rootlets were mixed with 10 mL of CTAB
(cetyltrimethylammonium bromide) extraction buffer (2% CTAB, 1.4 mol/L NaCl, 0.1
mol/L Tris base (pH 8), 20 mmol/L EDTA (pH 8), 1% polyvinylpolypyrolidone 40).

9
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After incubation for 10 min at 65 °C, the mixture was centrifuged (10 min, 2.1x10°x g,
RT), and 1 mL of the supernatant was mixed with 1 mL of chloroform/isoamyl alcohol
(24:1, vIv). After centrifugation (10 min, 16.2x10° x g, RT), 850 pL of the supernatant
was mixed with 8.5 uL of RNAse A solution (10 mg/mL) (Qiagen, Hilden, Germany)
and incubated for 30 min at 37 °C. CTAB solution (85 uL of 10% CTAB, 0.7 mol/L
NaCl) and an equal volume (850 pL) of chloroform/isoamyl alcohol (24:1, v/v) were
added for extraction. After centrifugation (15 min, 16.2x10° x g, RT) 500 L of the
upper aqueous phase were transferred to clean tubes and mixed with 1.5 mL of
precipitation buffer (1% CTAB, 0.7 mol/L Tris base (pH 8), 0.01 mol/L EDTA (pH 8)).
The samples were mixed and kept at RT for 15 min. DNA was collected by
centrifugation (15 min, 16.2x10° x g, RT). The resulting pellets were washed twice
with EtOH (1 mL, 70%), vacuum dried, and resuspended in double-distilled water
(150 pL). The DNA quantity and quality were determined using a NanoDrop ND 1000
(Peqlab, Wilmington, DE), and DNA concentrations were adjusted to 20 ng/uL with

double-distilled water.

Quantification of Fusarium DNA in barley grain, malt, and rootlets.

Fungal DNA in barley, malt, and rootlets was quantified using qPCR methods
published previously." ' In brief, DNA amplification was performed in a total volume
of 20 uL, containing 10 uL of 2x Maxima SYBR Green qPCR Mastermix (Fermentas,
St. Leon Rot, Germany), 300 nmol/L each of forward and reverse primer, 10 ug of
bovine serum albumin, and 100 ng of genomic DNA. qPCR was performed using a
MX3000P Cycler (Stratagene, Santa Clara, CA), with an initial step at 50 °C for 2

min, a step at 95 °C for 10 min, 40 cycles of 95 °C for 15 s, and 60 °C for 1 min. A

10
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melting curve analysis was subsequently conducted at 50-95 °C. For normalization,
a barley DNA assay (Hor1f/Hor2r) with primers specific for F. culmorum
(FculC561fwd/FculC614rev), F. sporotrichioides (FspoA18 fwd/FspoA85rev), and F.
avenaceum (Fave574fwd/Fave627rev) was introduced. Quantification of barley and
Fusarium DNA was performed by external calibration. Dilution series (100, 10, 0.1,
0.01 ng DNA) were included in each approach. To equalize matrix effects, pure
fungal DNA was diluted in Fusarium DNA free barley DNA (20 ng/ul). Separate
dilution series for quantitation barley DNA were generated with Fusarium DNA free
barley DNA. Results for Fusarium DNA were normalized according to barley DNA

contents and are presented as Fusarium spp. DNA pg/ng barley DNA.

RESULTS AND DISCUSSION

Inoculation of barley and determination of Fusarium DNA concentrations.

Our study of the fates of Fusarium toxins during the malting process used defined
inoculated material. Two barley varieties, ‘Grace’ (Gr) and ‘Scarlett’ (Sc), were
artificially infected with three different Fusarium species, F. culmorum (Fc, producing
type B trichothecenes), F. sporotrichioides (Fs, producing type A trichothecenes), and
F. avenaceum (Fa, producing enniatins and beauvericin), while flowering in the field.
In addition to these six inoculated batches (Gr-Fc, Sc-Fc, Gr-Fs, Sc-Fs, Gr-Fa, Sc-
Fa), two control batches (Gr-Co, Sc-Co) were grown under the same field conditions.
Fungal DNA from the appropriate Fusarium spp. was quantified via qPCR analysis of
DNA extracts from barley grain, grain after steeping, green malt, malt after withering,
malt with rootlets, malt after germ separation, and rootlets. This process was

expected to influence the infection rate of barley raw material and allow an
11
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assessment of fungal biomass development during malting by monitoring the
depletion or accumulation of fungal DNA relative to plant DNA. The non-inoculated
samples had low levels of Fusarium spp. DNA (maximum of 1.90 pg F. culmorum
DNA/ng plant DNA, 1.20 pg F. sporotrichioides DNA/ng plant DNA, and 17.1 pg F.
avenaceum DNA/ng plant DNA. These levels indicated a low natural rate of Fusarium
infection in 2014. By contrast, the DNA levels were much higher in the inoculated
materials than in the naturally infected barley. The Fusarium spp. DNA
concentrations ranged between 116 and 787 pg F. culmorum DNA/ng plant DNA,
11.0 and 145 pg F. sporotrichioides DNA/ng plant DNA, and 14.6 and 169 pg F.
avenaceum DNA/ng plant DNA (Table 1, Table 2, Table 3). These results prove that
the inoculation was successful, resulting in the corresponding contamination of raw
material with the respective toxins. Interestingly, after field inoculation, significant
correlations between the fungal DNA and respective mycotoxin concentrations
associated with all three Fusarium spp. and both barley varieties were observed
throughout the malting process. Nielsen et al. ?° also observed a significant positive
correlation between the total amounts of F. graminearum and F. culmorum and the
concentrations of deoxynivalenol and zearalenone in barley grain for 60% and 40%
of the variance, respectively. However, a trend toward a positive association between
the fungal DNA and respective mycotoxin concentration strongly depends on the
cultivar, as well as on regional and seasonal effects, and cannot always be

observed.'"?°

Sample preparation and LC-MS/MS analysis.
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The recently published multi-mycotoxin stable isotope dilution LC-MS/MS method
was used to determine the fate of 11 Fusarium toxins (deoxynivalenol;
deoxynivalenol-3-glucoside; 3-acetyldeoxynivalenol; 15-acetyldeoxynivalenol; HT-2-
toxin; T-2-toxin; enniatin B, B1, A1, A; and beauvericin) during malting.’> Samples
were taken at the following key steps of the malting process (Figure 2): barley grain,
grain after steeping, green malt, malt after withering, malt with rootlets, malt after
germ separation, and rootlets. The sample preparation had to be altered slightly
because of high levels of contamination in some samples (up to 79 mg/kg
deoxynivalenol). As mentioned above, the filtrate volumes of the samples had to be
reduced to fall within the linear ranges of the response curves.'”> A LC-MS/MS
chromatogram in positive ESI mode of spiked malt with internal standards is shown in

Figure 3.

Fate of fungal DNA and Fusarium toxins during malting.

For our malting trials, the above-described six inoculated and two control barley
batches were used as raw material. Although F. avenaceum is a well-known

producer of enniatin and beauvericin, %'

our F. avenaceum strain did not produce
detectable levels of beauvericin. Therefore, beauvericin was not analyzed further in
our study. F. sporotrichioides and F. culmorum are responsible for the production of
type A and type B trichothecenes, respectively.?! We accordingly investigated the
respective Fusarium DNA and mycotoxins associated with the Fusarium ssp. used
for inoculation in the raw materials. In addition, all monitored Fusarium DNA and

mycotoxin species were analyzed in the control barley batches. In most cases,

enniatins and F. avenaceum DNA were observed in control batches grown under
13
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natural conditions without inoculation. By contrast, low levels of F. sporotrichioides
and F. culmorum were observed in these control batches, and accordingly type B and
type A trichothecenes were either detectable at low levels or were present at levels

below the limits of quantitation or even limits of detection.

The concentrations of F. culmorum DNA and of deoxynivalenol, 3-
acetyldeoxynivalenol, and 15-acetyldeoxynivalenol in samples collected throughout
the malting process from inoculated and control barley batches are shown in Table 1.
Deoxynivalenol, 3-acetyldeoxynivalenol, and 15-acetyldeoxynivalenol behaved
similarly throughout the malting process. After steeping, the levels of the latter
mycotoxins declined to 15-49% of the initial levels, independent of the barley cultivar

I. " and Lancova et al. * reported similar or even

and inoculation type. Schwarz et a
greater reductions in deoxynivalenol and acetyldeoxynivalenol derivatives (up to
90%) after steeping. The F. culmorum DNA content increased from 124 to 304 pg/ng
plant DNA in cultivar ‘Grace’ and from 127 to 238 pg/ng plant DNA in cultivar
‘Scarlett’ during germination. Similarly, contents of the mycotoxins deoxynivalenol, 3-
acetyldeoxynivalenol, and 15-acetyldeoxynivalenol increased by 3-7-fold in both
cultivars. Studies applying scanning electron microscopy also provided evidence of
an increase in Fusarium fungi during germination. "' After withering (50 °C for 16 h),
a further 2-fold increase in fungal DNA and slight increases in deoxynivalenol, 3-
acetyldeoxynivalenol, and 15-acetyldeoxynivalenol were observed from the green
malt to the withered malt stage. The final kilning (60 °C for 1 h, 70 °C for 1 h, and 80
°C for 5 h), however, had no major influence on the levels of F. culmorum DNA or the

monitored mycotoxins. This might be attributable to the high thermostability of

deoxynivalenol and its acetylated derivatives at temperatures up to 120 °C.>? After

14



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

removing the highly contaminated rootlets, in Gr-Fc 170% of deoxynivalenol, 510% of
3-acetyldeoxynivalenol, and 470% of 15-acetyldeoxynivalenol and in Sc-Fc 190% of
deoxynivalenol, 730% of 3-acetyldeoxynivalneol, and 690% 15-acetyldeoxynivalenol
that were originally present in the inoculated raw grain, remained in barley malt.

Lancova et al.

obtained comparable results for deoxynivalenol (up to a 215%
increase) and acetyldeoxynivalenol derivatives (up to a 115% increase) using
artificially infected material. In barley, Vaclavikova et al. ° observed a slight reduction
in deoxynivalenol to 90% of the original level after kilning. Similar to our control batch
(Gr-Co), in which 32% of deoxynivalenol remained, Schwarz et al. "' reported 30—

100% of the initial deoxynivalenol levels in naturally contaminated barley after

malting.

The concentrations of F. culmorum DNA and deoxynivalenol-3-glucoside in samples
collected throughout the malting of inoculated and control barley are shown in Table
1. The initial concentration of deoxynivalenol-3-glucoside in raw grain was very low in
all investigated barley batches. Steeping had no major influence on this
concentration. However, in line with previous studies °>%?%, the content of
deoxynivalenol-3-glucoside increased by 4100% in cultivar ‘Grace’ and by 5100% in
cultivar ‘Scarlett’ in the green malt stage after germination. Obviously, higher
deoxynivalenol-glycosyl-transferase enzymatic activity during germination induces
the glycosylation of deoxynivalenol.® The highest amount of deoxynivalenol-3-
glucoside were observed in Sc-Fc and in Gr-Fc after kilning, with 5400% and 4800%
increases over the initial level, respectively. These results demonstrated that

deoxynivalenol-glycosyl-transferase remained stable and retained its enzymatic

activity under exposure to high temperatures during withering and at least the initial
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stage of kilning. Vaclavikova et al. ° reported a 370% increase in the deoxynivalenol-
3-glucoside content in barley malt over the initial level. However, that study did not
provide further information about the fate of toxins during withering or kilning. In
accordance with a previous report, ° the discarded rootlets were highly contaminated
with deoxynivalenol, acetyldeoxynivalenol derivatives, and deoxynivalenol-3-

glucoside.

The concentrations of F. sporotrichioides DNA and the type A trichothecenes HT-2-
toxin and T-2-toxin in inoculated and control barley samples collected throughout the
malting process are shown in Table 2. HT-2-toxin and T-2-toxin were washed out
during steeping to an extent that only 31% of HT-2-toxin remained irrespective of
cultivar, or 24% and 88% of the T-2-toxin levels remained in Gr-Fs and Sc-Fs,
respectively, when compared to the initial levels. In line with the moderate increases
observed in F. sporotrichioides DNA during germination and withering, the T-2-toxin
level increased to a maximum of 220%, and a slightly lower increase was observed
for HT-2-toxin. After kilning, the levels of HT-2-toxin and T-2-toxin decreased by 18%
and 50% (average of both cultivars), respectively, compared to those in the malt after
withering. A decrease in F. sporotrichioides DNA during kilning was also observed.
After separating the discarded rootlets, 13% of the initial overall HT-2-toxin level
(both cultivars), 35% of the initial T-2-toxin level in cultivar ‘Grace’, and 65% of the
initial T-2-toxin level in cultivar ‘Scarlett’ remained in the kilned malt. F.
sporotrichioides DNA, HT-2-toxin, and T-2-toxin might have been subjected to either
thermal or biological degradation during kilning. However, Lancova et al. * refuted the
suggestion that HT-2-toxin is thermally unstable. In their studies, these authors

observed a different HT-2-toxin pattern during the malting of artificially infected
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barley. Specifically, the HT-2-toxin level increased up to 430% during kilning, and
approximately 200% of the HT-2-toxin remained in the barley malt. Although our raw
material stemmed from barley plots that were artificially infected in the field,
microorganisms other than Fusarium spp. might have been present and could have

caused biological degradation, as described above.

The concentrations of F. avenaceum DNA and enniatins in the inoculated and control
barley samples collected throughout the malting process are shown in Table 3. All
four monitored enniatins exhibited similar behaviors throughout this process. As
described recently '*'°, ENNs exist in barley in the following decreasing order of
concentration: enniatin B, B1, A1, and A. In accordance with Vaclavikova et al. °, we
observed a rapid decrease in enniatins during steeping, to levels below 30% (Gr-Fa,
Gr-Co) or 60% (Sc-Fa, Sc-Co) of the initial levels. The results of a qPCR analysis of
F. avenaceum DNA revealed an increase in fungal biomass from germination.
Mycotoxin production increased along with the subsequent moderate growth in F.
avenaceum, reaching maximum levels either after withering or after kilning. By

contrast, Hu et al. °

reported the degradation of all enniatins during kilning. However,
the present study did not confirm that earlier finding regarding the thermal instability
of enniatins, as the concentrations of enniatins did not decrease after kilning (60 °C
for 1 h, 70 °C for 1 h, 80 °C for 5 h). In our study the level of enniatins in the final malt
of Sc-Fa exceeded the initial levels by a factor of 1.4-2.2. In Gr-Fa and the control
batches, approximately 30% of the initial enniatin levels were detected in the barley
malt after germ separation. The latter results are comparable to those obtained by

Vaclavikova et al. °. The separated rootlets were heavily loaded with enniatins,

similar to findings previously published.
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This was the first study to investigate the fates of Fusarium species and
corresponding Fusarium mycotoxins starting from grain from two field-inoculated
barley cultivars throughout the malting process including analyses both of fungal
DNA and mycotoxins. In general, barley grain germination during malting favors the
growth of Fusarium species and hence allows mycotoxin production and
glycosylation. The continued growth of all investigated Fusarium species and
mycotoxins was observed during withering (50 °C for 16 h). In addition, the
temperature conditions during kilning (60 °C for 1 h, 70 °C for 1 h, 80 °C for 5 h) did
not interfere with partly observed further increases in the concentrations of F.
culmorum and F. avenaceum DNA and their respective secondary metabolites.
Interestingly, these conditions failed to inhibit the enzymatic activity of
deoxynivalenol-glycosyl-transferase, resulting in an increased deoxynivalenol-3-
glucoside content in kilned malt relative to that in green malt. In contrast to HT-2-
toxin, T-2-toxin, and F. sporotrichioides DNA, deoxynivalenol, 3-acetyldeoxynivalenol,
15-acetyldeoxynivalenol, deoxynivalenol-3-glucoside, and F. culmorum DNA, as well
as enniatins and F. avenaceum DNA, were found to be highly thermostable during

malting.

In our comparison of two investigated barley cultivars (‘Grace’ and ‘Scarlett’) with
regard to Fusarium DNA and corresponding mycotoxin levels, we observed the same
output load for ‘Grace’ and ‘Scarlett’ to F. culmorum and type B trichothecenes,
whereas ‘Scarlett’ exhibited a lower abundance of F. sporotrichioides and F.
avenaceum, as well as type A trichothecenes and enniatins. The limited number of
Fusarium species and barley cultivars does not allow a general statement regarding

resistance. Therefore, future studies should investigate different barley cultivars in
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combination with a broader spectrum of important Fusarium species (for example F.
graminearum, F. poae, or F. langsethiae) to which the FHB complex in barley has
also been attributed.’> The frequency of Fusarium infection and the subsequent
production of mycotoxins in barley grain and malt could depend on several natural
factors, as well as annual variations in weather conditions. Further studies of malt
quality improvement should address factors that can be directly managed, such as
fungicide treatment and nitrogen fertilization. Technological parameters during
malting might also play an important role in fungal growth and mycotoxin production.
In addition to temperature program modifications, different malting schemes that
incorporate intensive steeping and shorter germination periods are conceivable.
During industrial steeping, water-soluble mycotoxins might be more thoroughly
removed by steeping water as a result of thorough mixing in the steeping vessel in
the presence of compressed air, injected through aeration pipes. Likewise, a shorter
germination period might reduce the formation of fungal biomass and metabolites.
Throughout the malting process, our investigated control batches, which were
comparable to commercially available brewing barley, contained low levels of
Fusarium DNA, as well as mycotoxin levels below legislatively set limits.? Further
studies about the fates of Fusarium mycotoxins during mashing and brewing are
expected to clarify issues of consumer health risks and might help reducing the

mycotoxin transfer from malt to beer.
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Supporting Information Available:

S-Table 1. Pearson Correlation Coefficients for Comparisons of the Fusarium ssp.
DNA and Respective Mycotoxin Concentrations During Malting from Field Trials

(2014)

S-Table 2. Concentrations of Fusarium culmorum DNA and Type B Trichothecenes in
Control Barley Grain, Grain After Steeping, Green Malt, Malt After Withering, Malt

With Rootlets, Malt After Germ Separation, and Rootlets

S-Table 3. Concentrations of Fusarium sporotrichioides DNA and type A
Trichothecenes in Control Barley Grain, Grain After Steeping, Green Malt, Malt After

Withering, Malt With Rootlets, Malt After Germ Separation, and Rootlets

S-Table 4. Concentrations of Fusarium avenaceum DNA and Enniatins in Control
Barley Grain, Grain After Steeping, Green Malt, Malt After Withering, Malt With

Rootlets, Malt After Germ Separation, and Rootlets

This material is available free of charge via the Internet at http://pubs.acs.org.
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ABBREVIATIONS

ESI, electrospray ionization; EtOH, ethanol; Fa, Fusarium avenaceum; Fc, Fusarium
culmorum; FHB, Fusarium head blight; Fs, Fusarium sporotrichioides; Gr, ‘Grace’;
MEBAK, Mitteleuropaische Brautechnische Analysenkommission e.V.; qPCR,

quantitative polymerase chain reaction; Sc, ‘Scarlett’

ACKNOWLEDGEMENT

The authors gratefully acknowledge support received from the Faculty Graduate
Center Weihenstephan of TUM Graduate School at Technische Universitat Minchen,
Germany. This project was supported by the Forschungskreis der
Ernahrungsindustrie e.V. (FEI, Bonn), AiF, German Federal Ministry of Economic
Affairs and Energy (AiF-Project No.: 17221 N), Wissenschaftsforderung der
Deutschen Brauwirtschaft e.V., and Wissenschaftliche Station fur Brauerei in

Milnchen e.V..

21



474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

REFERENCES

1. Parry, D. W.; Jenkinson, P.; McLeed, L. Fusarium ear blight (scab) in small grain

cereals - a review. Plant Pathol.. 1995, 44, 207-218.

2. Commission Regulation (EC) No. 1881/2006 of 19 December 2006 setting
maximum levels for certain contaminants in foodstuffs, 2006, http://eur-

lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2006:364:0005:0024:EN:PDF.

3. Lancova, K.; Hajslova, J.; Poustka, J.; Krplova, A.; Zachariasova, M.; Dostalek, P.;
Sachambula, L. Transfer of Fusarium mycotoxins and "masked” deoxynivalenol
(deoxynivalenol-3-glucoside) from field barley through malt to beer. Food Addit.

Contam., Part A. 2008, 25, 732-744.

4. Scott, P. M. Mycotoxins transmitted into beer from contaminated grains during

brewing. J. AOAC Int. 1996, 79, 875-882.

5. Kostelanska, M.; Hajslova, J.; Zachariasova, M.; Malachova, A.; Kalachova, K.;
Poustka, J.; Fiala, J.; Scott, P. M.; Berthiller, F.; Krska, R. Occurrence of
deoxynivalenol and its major conjugate, deoxynivalenol-3-glucoside, in beer and
some brewing intermediates. J. Agric. Food Chem. 2009, 57, 3187-3194.

6. Rychlik, M.; Humpf, H.-U.; Marko, D.; Danicke, S.; Mally, A.; Berthiller, F.; Klaffke,
H.; Lorenz, N. Proposal of a comprehensive definition of modified and other forms of
mycotoxins including "masked" mycotoxins. Mycotoxin Res. 2014, 30, 197-205.

7. Nagl, V.; Schwartz, H.; Krska, R.; Moll, W.-D.; Knasmudller, S.; Ritzmann, M
Adam, G.; Berthiller, F. Metabolism of the masked mycotoxin deoxynivalenol-3-
glucoside in rats. Toxicol. Lett. 2012, 213, 367-373.

8. Kostelanska, M.; Zachariasova, M.; Lacina, O.; Fenclova, M.; Kollos, A.-L,;

Hajslova, J. The study of deoxynivalenol and its masked metabolites fate during the

22



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

brewing process realised by UPLC-TOFMS method. Food Chem. 2011, 126, 1870-

1876.

9. Vaclavikova, M.; Malachova, A.; Veprikova, Z.; Dzuman, Z.; Zachariasova, M.;
Hajslova, J. ‘Emerging’ mycotoxins in cereals processing chains: Changes of

enniatins during beer and bread making. Food Chem. 2013, 136, 750-757.

10. Hu, L.; Gastl, M.; Linkmeyer, A.; Hess, M.; Rychlik, M. Fate of enniatins and
beauvericin during the malting and brewing process determined by stable isotope

dilution assays. LWT - Food Sci. Technol. 2014, 56, 469—477.

11. Schwarz, P.; Howard, H. Fate and Development of naturally occurring Fusarium
mycotoxins during malting and brewing. J. Am. Soc. Brew. Chem. 1995, 53, 121-

127.

12. Habler, K.; Rychlik, M. Multi-mycotoxin stable isotope dilution LC-MS/MS method

for Fusarium toxins in cereals. Anal. Bioanal. Chem. 2016, 408, 307-317.

13. Asam, S.; Rychlik, M. Synthesis of four carbon-13-Labeled type A trichothecene
mycotoxins and their application as internal standards in stable isotope dilution

assays. J. Agric. Food Chem. 2006, 54, 6535-6546.

14. Asam, S.; Rychlik, M. Quantitation of type B-trichothecene mycotoxins in foods
and feeds by a multiple stable isotope dilution assay. Eur. Food Res. Technol. 2007,

224, 769-783.

15. Hu, L.; Rychlik, M. Biosynthesis of 15 N 3-labeled enniatins and beauvericin and
their application to stable isotope dilution assays. J. Agric. Food Chem. 2012, 60,

7129-7136.

16. Anger, H.-M.; Mitteleuropaische Brautechnische Analysenkommission, Freising-

Weihenstephan: Selbstverlag der MEBAK. 2006.

23



522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

17. Linkmeyer, A.; Gotz, M.; Hu, L.; Asam, S.; Rychlik, M.; Hausladen, H.; Hess, M.;
Huckelhoven, R. Assessment and introduction of quantitative resistance to Fusarium

head blight in elite spring barley. Phytopathology 2013, 103, 1252—1259.

18. European Commission Joint Research Centre. Maize Seeds Sampling and DNA
Extraction. Report on the Validation of a DNA Extraction Method from Maize Seeds,

03 April 2007, http://gmo-crl.jrc.ec.europa.eu/summaries/MIR604 _DNAEXxtr.pdf.

19. Nicolaisen, M.; Suproniene, S.; Nielsen, L. K.; Lazzaro, I.; Spliid, N. H.; Justesen,
A. F. Real-time PCR for quantification of eleven individual Fusarium species in

cereals. J. Microbiol. Methods 2009, 76, 234—-240.

20. Nielsen, L. K.; Cook, D. J.; Edwards, S. G.; Ray, R. V. The prevalence and
impact of Fusarium head blight pathogens and mycotoxins on malting barley quality
in UK. Int. J. Food Microbiol. 2014, 179, 38—49.

21. Desjardins, A. E. Fusarium mycotoxins. Chemistry, genetics and biology; APS

Press: St. Paul, Minn, 2006.
22. Scott, P. M. Trichothecenes in grains. Cereal Foods World 1990, 35, 661-666.

23. Zachariasova, M.; Hajslova, J.; Kostelanska, M.; Poustka, J.; Krplova, A.; Cuhra,
P.; Hochel, I. Deoxynivalenol and its conjugates in beer: A critical assessment of data
obtained by enzyme-linked immunosorbent assay and liquid chromatography coupled

to tandem mass spectrometry. Anal. Chim. Acta. 2008, 625, 77—86.

24. Malachova, A.; Cerkal, R.; Ehrenbergerova, J.; Dzuman, Z.; Vaculova, K;
Hajslova, J. Fusarium mycotoxins in various barley cultivars and their transfer into

malt. J. Sci. Food Agric. 2010, 90, 2495-2505.

24



546 FIGURE CAPTIONS

547  Figure 1. Structures of Type B, Type A Trichothecenes, and Enniatins

548 Figure 2. Key Steps in the Malting Process

549  Figure 3. LC-MS/MS Chromatograms of a Spiked Malt Sample in Positive ESI Mode

550 of A. Analytes and B. Internal Standards

551

552

553

25



Tables

Table 1. Concentrations of Fusarium culmorum DNA and Type-B Trichothecenes in Inoculated Barley Grain, Grain After Steeping,

Green Malt, Malt After Withering, Malt With Rootlets, Malt After Germ Separation, and Rootlets

Sample ID Fc DNA DON D3G 3-ADON 15-ADON
pg/ng plant DNA Total Total Total Total
Ho/kg mg % Hg/kg mg % Hg/kg  mg % Ho/kg  pg %
Gr-Fc
Barley grain 124 4100 5.4 100 580 0.8 100 240 0.3 100 97 130 100
Grain after steeping 116 780 16 30 1100 2.3 310 23 0.05 15 93 19 15
Green malt 304 7400 14 250 17000 31 4100 840 15 490 300 550 440
Malt after withering 463 13000 13 240 28000 28 3700 1900 1.9 600 660 660 520
Malt with rootlets 516 12000 12 220 37000 36 4800 1900 1.9 600 690 670 530
Malt after germ separation 493 10000 9.3 170 19000 17 2300 1800 1.6 510 670 600 470
Rootlets 715 79000 6.8 130 120000 10 1400 5600 0.5 160 2100 180 140
Sc-Fc
Barley grain 127 4500 5.4 100 500 0.6 100 210 0.3 100 83 100 100
Grain after steeping 182 1400 2.7 49 1300 2.5 420 33 006 25 13 25 25
Green malt 238 8300 14 260 18000 30 5100 1100 1.8 710 390 660 670
Malt after withering 681 17000 16 300 33000 31 5200 2700 2.6 1000 980 910 910
Malt with rootlets 524 15000 13 240 36000 32 5400 2500 22 870 860 760 770
Malt after germ separation 752 13000 10 190 28000 22 3700 2400 1.9 730 870 690 690
Rootlets 787 76000 7.3 130 110000 10 1700 7200 0.7 270 2500 240 240

DON=deoxynivalenol, D3G=deoxynivalenol-3-glucoside, 3-ADON=3-acetyldeoxynivalenol, 15-ADON=15-acetyldeoxynivalenol
26



Table 2. Concentrations of Fusarium sporotrichioides DNA and Type-A

Trichothecenes in Inoculated Barley Grain, Grain After Steeping, Green Malt, Malt

After Withering, Malt With Rootlets, Malt After Germ Separation, and Rootlets

Sample ID Fs DNA HT-2-toxin T-2-toxin
pg/ng plant DNA Total Total
na/kg Hg % Ha/kg Hg %
Gr-Fs
Barley grain 145 890 890 100 380 380 100
Grain after steeping 27.6 170 270 31 58 94 24
Green malt 39.9 240 350 39 300 430 110
Malt after withering 113 490 370 41 580 440 110
Malt with rootlets 54.3 420 320 36 260 190 50
Malt after germ separation 53.6 180 120 13 200 130 35
Rootlets 80.3 1900 140 16 790 58 15
Sc-Fs
Barley grain 43.3 380 430 100 83 92 100
Grain after steeping 11.0 73 130 31 46 82 88
Green malt 13.1 70 120 27 50 83 90
Malt after withering 17.3 120 110 26 230 200 220
Malt with rootlets 15.0 99 86 20 130 110 120
Malt after germ separation 26.2 69 53 13 78 61 65
Rootlets 19.4 510 47 11 390 36 39
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Table 3. Concentrations of Fusarium avenaceum DNA and Enniatins in Inoculated Barley Grain, Grain After Steeping, Green Malt,

Malt After Withering, Malt With Rootlets, Malt After Germ Separation, and Rootlets

Sample ID Fa DNA enniatin B enniatin B1 enniatin Al enniatin A
pg/ng plant DNA Total Total Total Total

Hg/kg HY % Hg/kg Hg % Ho/kg  Hg % Ho/kg  Hg %
Gr-Fa
Barley grain 89.3 14000 14000 100 2300 2300 100 340 340 100 25 25 100
Grain after steeping 23.9 2100 3300 24 560 890 38 91 150 43 6.9 11 43
Green malt 70.4 2700 3800 27 730 1000 45 120 160 48 9.4 13 52
Malt after withering 88.4 5300 4000 28 1400 1000 45 220 160 49 16 12 47
Malt with rootlets 79.2 6100 4600 32 1300 960 41 200 150 45 16 12 46
Malt after germ separation 81.2 5100 3400 24 1200 820 35 160 100 31 12 8.1 32
Rootlets 169 14000 1100 7.9 3000 250 11 580 48 14 46 3.8 15
Sc-Fa
Barley grain 15.0 1400 1800 100 390 500 100 54 69 100 44 57 100
Grain after steeping 14.6 500 1000 59 140 290 57 21 43 62 1.8° 3.7 65
Green malt 33.4 1000 2000 110 260 490 97 36 66 96 31 58 100
Malt after withering 59.3 2000 2200 120 470 490 98 72 76 110 6.7 71 120
Malt with rootlets 66.9 4200 4300 250 840 850 170 100 110 150 8.1 83 140
Malt after germ separation 37.3 4200 3900 220 890 820 160 100 97 140 84 7.8 140
Rootlets 81.4 3300 320 18 540 53 10 170 17 24 27 26 46

@ below the limit of quantitation
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Analyte R, R, R,
type B D3G Glc H OH
trichothecenes
DON OH H OH
3-ADON OAc H OH
15-ADON OH H OAc
type A .
trichothecenes HT-2-toxin CH OAc OCOCH,CH(CH,),
T-2-toxin OAc OAc OCOCH,CH(CH,),
enniatins enniatin B CH(CH,), CH(CH,), CH(CH,),
enniatin B1 CH(CH3)2 CH(CH3)2 CH(CH3)CH2CH3
enniatin A1 CH(CH3)2 CH(CH3)CH2CH3 CH(CHs)CH2CH3
enniatin A CH(CH)CH.CH,  CH(CH_)CH.CH_  CH(CH,)CH,CH,

D3G=deoxynivalenol-3-glucoside, DON=deoxynivalenol; 3-ADON=3-acetyldeoxynivalenol, 15-ADON=15-

acetyldeoxynivalenol
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Figure 3.
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