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Abstract

The objectives of this study were to investigate the impact of the initial Fusarium culmorum
contamination level on deoxynivalenol (DON) concentrations in wheat, green malt, dry malt, beer and its
by-products and to determine the influence of applied unit operations during the wheat beer production
process on DON concentrations. Wheat samples with different initial F. culmorum contamination levels
were subjected to a micromalting procedure followed by microbiological and toxicological analyses of
green malt (grain after steeping and germination), dry malt and beer in which the share of F. culmorum-
contaminated grain and the DON concentration were determined. The results show that the strongest
proliferation of fungus occurred during the steeping and germination phase, whereas the drying phase
significantly reduced the contamination level. Mycotoxicological analysis showed that DON is stable
during beer production, transfers from malt to wort, and is found in beer production by-products such as
spent grain, spent yeast and germ/rootlets.
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Introduction

Wheat (Triticum aestivum L.) is a worldwide agricultural commodity used for human and
animal consumption. In addition to its use in the cereal and baking industries, wheat has also
been used for malt production and as a basic element in beer production. Wheat grains are
nutritionally rich and therefore are a suitable substrate for microbial growth (1). Fungi of the
genus Fusarium are important microorganisms in the malting and brewing industry. They
proliferate during the malting process and affect the safety of malt by producing mycotoxins.
Factors affecting Fusarium proliferation during malting include the initial contamination of the
grain, interactions between species of the microbial population, nutritive characteristics of grain
and most of all, process parameters (temperature, aeration, additives, and humidity) (2). Wheat is
contaminated with Fusarium in the field from heading till grain maturity, but Fusarium can
additionally be spread during transport and storage. The potential outcomes of cereal Fusarium
contamination are decrease in yield, lower average seed dimensions, decrease in nutritive value,
loss of color and changes in smell and taste (1; 2; 3). Fusarium head blight (FHB) is a severe
disease of small grains (4), namely wheat, barley, and rye, but it can also result in Gibberella ear
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rot in maize. There are a few ways to control FHB: crop rotation (the highest incidence of
Fusarium is when wheat is grown after corn), tillage, use of fungicides and choice of wheat
variety with Fusarium resistant genes. Moisture content (influenced by rain) has a huge impact
on FHB development during wheat anthesis (5). Optimal conditions for infection are warm
temperatures (20 — 25 °C) accompanied by high relative air humidity (> 80 %) (6; 7). In Europe,
FHB can be caused by a complex of head blight pathogens, but according to KRSTANOVIC &
al. (5) and SPANIC & al. (8), the most prevalent species on cereals in Eastern Croatia are
Fusarium graminearum Schw. and F. culmorum (Wm. G. Sm.) Sacc. Recent research conducted
by PLEADIN & al. (9), showed that deoxynivalenol (DON, vomitoxin) contaminates 68 % of
oats, 59 % of barley, 57 % of wheat and 41 % of maize samples in Croatia. Fusarium
contamination is directly connected with the accumulation of mycotoxins in the grain (10).
Mycotoxins are secondary fungal metabolites that contaminate food and feed and have toxic
effects on humans and animals (11). Because the most prevalent mycotoxin is DON, it has been
identified as one of the most important indicators of quality and safety of barley and wheat used
for malting (12). DON is a protein synthesis inhibitor in eukaryotic cells due to its ability to bind
to ribosomes. Low to moderate concentrations of DON can significantly affect the health of
animals by causing anorexia, whereas higher doses can cause vomiting (13; 14). Mycotoxins
found in raw materials used for brewing, such as barley or wheat, transfer into malt and can
consequently transfer to the final product — and these mycotoxins can be detrimental for human
health (15). LANCOVA & al. (16) showed that 70 % of DON from barley naturally infected
with Fusarium transfers to sweet wort, and in the case of artificially infected barley, 67 % of
DON transfers to sweet wort. SCHWARZ & al. (17) reported that 80 - 93 % of DON from malt
is found in beer, which, in the case of regular and heavy beer drinkers, means that the maximum
tolerable limits for DON could easily be exceeded by an average individual drinking 1 L of beer
contaminated with 89 pgL™ (the most contaminated beer in their study) (18). According to the
EUROPEAN COMMISSION REGULATION (19), the highest allowed DON concentration in
non-processed food for humans is 1250 pg/kg. A research study conducted by NOOTS & al.
(20) stated that 80 % of DON was synthesized after steeping. Germ and rootlets, malt by-
products, are used as animal feed and present a potential risk if they are contaminated with
mycotoxins. WOLF-HALL (21), CAVAGLIERI & al. (22) and AWAD & al. (23) addressed this
issue, but further studies should be conducted.

This paper examined the influence of different degrees of F. culmorum contamination on
the mycotoxin content in starting wheat, green malt, malt and beer, spent grains, spent yeast
and germ/rootlets.

Materials and methods

2.1 Inoculum production

To produce macroconidia of F. culmorum, a mixture of wheat and oat grains (3:1 by
volume) was soaked in water overnight in 250 ml glass bottles and then the water was
decanted and the seeds were autoclaved. After adding the Fusarium strain (isolate [FA 104),
the seeds were kept for 2 weeks at 25" C in the dark. The concentration of the conidial
suspension was 10x10* mI™" (24). The aggressiveness test was performed in Petri dishes as
described by LEMMENS & al. (25) (data not shown). Tubes containing small aliquots of
inoculum were frozen at -80 “C until use.

Field experiment and inoculation treatment

Research was conducted on samples grown in 2010 in Osijek, Croatia (45°27°N, 18°48’E)
using winter wheat variety Nova Zitarka (a domestic variety from Agricultural Institute Osijek).
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To control seed-borne diseases, the seed was treated with Vitavax 200 (Chemtura
AgroSolutions) (thiram+carboxin) at a rate of 200 g 100 kg™'. Genotype was sown in eight-row
plots of 7 m length and 1.08 m wide in October at a sowing rate of 330 seeds m™. Wheat was
grown according to standard agronomic practice. The plot area had sufficient nitrogen and other
nutrients for normal crop growth. Spray inoculations were performed at flowering period
(Zadok’s scale 65) (26) using a tractor back-sprayer. Inoculations were performed in the late
afternoon and repeated two days later. To maintain moisture of the ears, we sprayed water with
a tractor back-sprayer on several occasions during the day. The control treatment consisted of
three replications of plots left to natural infection. Symptoms of the disease were recorded 22
days after the first inoculation of artificial infection. Values for the entire area within the plot
were visually rated using a linear scale from 0 (no infection) to 100 (100 % infection).

Microbiological analysis

Prior to further morphological analysis, the infected grains were analyzed according to
NELSON et al. (27) and LESLIE & SUMMERELL (28). Synthetic Nutrient Agar (SNA)
medium was used to examine conidial morphology and to detect the presence of
chlamydospores. Potato dextrose agar (PDA) agar was used to assess colony characteristics,
such as pigmentation and growth rate. To obtain six samples with diverse contamination levels
(0 % - 50 %) the starting wheat sample was diluted in a way that contaminated and
uncontaminated wheat were mixed in different scales. The degree of natural F. culmorum
contamination was determined according to MEBAK (29). The starting F. culmorum degree of
contamination of obtained wheat was 61 %. To provide surface disinfection of grains, 50 g of
wheat was soaked in 1 % NaOCI for 10 minutes and then rinsed with sterile water. One hundred
grains were carefully sorted onto manitol agar in Petri dishes and incubated in the dark at 30 °C
for 3 days. After 3 days a white, cotton-like mycelium, confirmed to be F. culmorum, appeared
around infected kernels on the agar. The sample means (% infected kernels) were calculated
from three replicate analyses. The same method was used for green malt and dry malt.

Micromalting

The micromalting procedure (29) was adjusted to wheat because wheat grain has no husk
and, therefore, can adsorb water much quicker. As a result, the soaking time must be shortened
and the relative humidity of the air must be decreased. Micromalting was performed according
to standard procedure (29) in a laboratory incubator (ClimaCell, MMM Medcenter
Einrichtungen, Miinchen, Germany). Five hundred grams of wheat was soaked in 500 mL of
tap water according to the standard procedure described in Table 1. The F. culmorum
contamination level in malt was also determined (29). The kilning of green malt was also
performed according to the MEBAK (29) protocol. After drying, the malt was transferred into
paper bags and kept at room temperature for three days for moisture equilibration.

Table 1. General micromalting scheme of wheat samples

Immersion steeping for 5 h at 14.5 °C;
Dry steeping for 19 h at 14.5 °C, relative air humidity 85 %.
Immersion steeping for 4 h at 14.5 °C;
Dry steeping for 20 h at 14.5 °C, relative air humidity 85 %.
3" day Immersion steeping for 2 h at 14.5 °C, relative air humidity 85 %.
3rd_ gth day Germinatign was c.arri‘ed out according to the scheme: 96 h at 14.5 °C
Relative air humidity in each procedure was 85 %
Kilning was performed for 19 h, according to standard procedures for pale malt, after last
germination hour; malt degermination; packing in paper bags and storage

1% day

2" day

7™M day
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Wheat beer production

Wheat beer was produced according to MEBAK (29). Mashing (4.1.4.2.) and fermentation
(2.11.2) were carried out according to the attenuation limit determination method [29].

Wort production

Mashing step

Dried wheat malt was milled in a laboratory mill (Newman Industries, Sale Creek, TN). Fifty
grams of wheat malt was mashed with 200 mL of water (45 £ 1 °C) and held in a water bath for
30 minutes with constant stirring (80 — 100 rpm). Over the next 25 minutes, the mash temperature
was increased to 70 °C at approximately 1 °C per minute. When the target temperature was
reached, 100 mL of 70 °C water was added and kept for one hour at 70 °C. The mash was then
cooled down to room temperature and filtered through folded filter paper. Samples of spent grains
and unfermented wort were frozen until further mycotoxicological analysis.

Wort fermentation

Wort fermentation was performed according to the attenuation limit determination
method for wort and beer (29). Two hundred milliliters of wort was transferred into an
Erlenmeyer flask and inoculated with 15 g of yeast. A fermentation airlock was placed onto
the flask. Fermentation at room temperature followed for 24 hours with constant stirring.
After the fermentation was complete, the beer was decanted from the spent yeast. Beer and
spent yeast samples also underwent toxicological analysis.

Mycotoxicological analysis

Chemicals and apparatus

A Ridascreen® FAST DON kit for ELISA was provided by R-Biopharm (Darmstadt,
Germany). Each kit contains a microtiter plate with 96 wells coated with capture antibodies,
standard solutions of DON (0, 0.222, 0.666, 2 and 6 ng/mL), peroxidase conjugated DON,
anti-DON antibody, substrate/chromogen solution, stop solution and washing buffer (salt).
DON standard (D 0156; purity > 98.00 %) from Sigma Aldrich Chemie GmbH (Steinheim,
Germany) was used for sample fortification. ELISA was performed by the ChemWell auto-
analyzer (Awareness Technology, Inc., USA).

Sample preparation and extraction procedure

Samples of wheat, green malt, dry malt, spent grains and germs/rootlets were ground on
an analytical mill (Cylotec 1093, Tecator). After grinding, 5 g of sample was extracted with
100 mL of distilled water. The extraction was performed with vigorous shaking in a shaker
for 3 minutes and followed by filtering of the extract through filter paper (Whatman, Black
Ribbon). Wort, spent grains and spent yeast were first prepared by removing the excessive
CO, by shaking followed by filtration before they were used for the assay. The filtrate
obtained was further diluted with distilled water and applied onto the ELISA kit wells. When
calculating the concentration of DON in the samples, the results obtained from the calibration
curve were multiplied by the corresponding dilution factor.

Analysis of DON

Competitive ELISA was performed according to the manufacturer's instructions. All
standards and samples were analyzed in duplicate. Enzyme conjugate (50 pL) and anti-DON
antibody solution (50 pL) were added to 50 pL of standards and prepared samples. The microwell
holder was shaken gently and incubated for 5 min at room temperature. After incubation, the
wells were washed 3 times with 250 pL of distilled water. Then, 100 pL of substrate/chromogen
solution was added to each well and incubated for 3 min at room temperature in the dark. The
reaction was stopped by adding 100 pL of stop solution and absorbance was measured at 450 nm.
Statistical data analysis was performed by using the Statistica Ver. 6.1. Software (StatSoftInc.
1984-2003, USA). The statistical significance was set at 95 % (P =0.05).
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Method validation

The estimated limits of detection (LOD) and limits of quantitation (LOQ) were calculated
from the mean value of ten determinations of a blank wheat, malt and beer material plus two-
and tenfold standard deviation. The determined values for LOD were less than 200 pg/kg and
for LOQ they were 200 to 220 pg/kg, depending on the material. The method’s recovery was
determined at three different levels by spiking blank wheat, malt and beer samples with DON
standard to yield concentrations equivalent to 500, 1000 and 5000 pg/kg (six replicates per
concentration level per material) and calculated from five-point calibration curves.

Table 2. Determination of recovery (n=6) in uncontaminated wheat,
malt and beer samples spiked with DON

Spiked Determined Mean Coefficient of
Material concentration | concentration recovery variation

(ng/kg) (ng/kg) (%) (%)
500 508 101.6 6.5
Wheat 1000 983 98.3 53
5000 4461 89.2 4.2
500 546 109.2 7.3
Malt 1000 1162 116.2 6.4
5000 5562 111.2 8.8
500 578 115.6 6.3
Beer 1000 1123 112.3 5.7
5000 5902 118.0 7.9

Data analysis

Differences between the average values were analyzed using the analysis of variance
(ANOVA) and the Fisher’s least significant difference test (LSD), with statistical significance
being set at P<0.05. Statistical analysis was carried out using Statistica Ver. 8.0 StatSoft Inc.
Tulsa, OK, USA.

Results and discussion

In this study, the isolate of F. culmorum was used rather than F. graminearum, a more
prevalent specie in Croatia, because it is more aggressive. In general, more aggressive isolates
produce higher DON concentrations, indicating that DON can play a role as a virulence factor
(30). Relative grain yield loss (RGYL), the difference between control and inoculated
treatments, was 16 % (data not shown). Field severity in all three replications was 40 %. It
was reported that the FHB-resistant wheat genotypes accumulate far less DON than
susceptible ones (31; 32).

The results from method validation are presented in Table 2. Validation resulted in mean
values of recoveries ranging from 89.2 % in wheat to 118.0 % in beer with coefficients of
variation from 4.2 to 8.8 %.
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Table 3. Microbiological analysis of samples

Determined contamination level
()
Sample (%)
Wheat Green malt Dry malt
1 0 6 0.5
2 7.5 100 2.5
3 19.5 100 1

4 25.5 100 1.5

5 35 100 7.5

6 52 100 12

Table 4. Micotoxicological analysis of samples
DON concentrations (ng/kg)
Sample
1 2 3 4 5 6
Wheat 0.00b = 0.00 1108.33h + 6.51 1958.66h + 10.50 3247.00h = 2.00 460433+ 6.50 4810.66g + 0.58
Green malt 0.00b + 0.00 1746.33g + 1.53 2694.66g = 4.51 3721.00g£3.00 | 3873.66g= 1.52 5122.00f + 1.00
Dry malt 0.00b = 0.00 696233+ 7.51 7021.33a +2.51 7712.66b £ 1.15 8091.66¢ + 2.51 8757¢ =2.00

Germ/rootlets 0.00b = 0.00 5022.00b = 8.00 6412.66b = 2.51 8312.00a+3.00 | 1063533a+1.52 | 12629.66a+3.51
Wort 0.00b = 0.00 3982.00d + 1.00 5126.66¢ + 0.57 6325.00c + 1.00 8314.00b + 4.00 9511.66b = 0.57
Spent grains 0.00b = 0.00 3512.00¢ + 2.00 3432.66f + 4.04 3745331+ 1.52 3721.33h£4.52 4532.00h + 1.00
Beer 0.00b = 0.00 4565.00c £ 4.00 4535.00d + 4.50 4814.00d£0.00 | 5021.00e+0.58 5215.00¢ £ 0.58
Spent yeast 762.33a+6.50 3415.33f+ 0.57 4231.33e 551 461533¢ + 1.52 5537.66d = 1.52 6480.00d = 4.00

Values are means +SD obtained with three measurements. Values displayed in the same row and tagged with
different letters (a-h) are significantly different (P<0.05)

Six wheat samples with different levels of F. culmorum contamination were prepared for
this research, as shown in Table 3. Table 4 shows levels of the mycotoxin DON in wheat,
green malt, dry malt, wort, spent grains, beer and spent yeast.

All results are consistent with previous research and show that higher initial contamination
levels of wheat due to F. culmorum fungi results in higher levels of DON in all other products
(33; 34; 35). This investigation shows that even samples with no visible signs of F. culmorum
contamination (relevant red grains) - sample “1” contain DON. Toxicological analysis of green
malt showed an increase in DON with regard to wheat, which indicates that DON is being
synthesized de novo during the grain’s germination period. Earlier research [18] showed that
during steeping, DON levels in grain decreased due to its water-solubility that allows DON to
transfer into steeping water. In this research it was also confirmed that after five days of ger-
mination, levels of DON are significantly higher in green malt than in steeped grain (18 - 114 %).

Nevertheless, it appears that the highest amount of DON is synthesized during the drying
phase. This increase in DON levels in malt samples is consistent with initial F. culmorum
contamination levels of wheat, which means that wheat with a high F. culmorum
contamination rate will result in malt with high DON levels. Fusarium fungi synthesize
mycotoxins when they are found in unfavorable conditions, which is the case with the first
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drying phase of green malt (temperature 50 °C, grain moisture approximately 45 %) (36; 37;
38). Unlike fungi mycelium that dies out when exposed to high temperatures in the later
phases of drying (17), DON synthesized in the earlier phases of malting (steeping and
germination) will not decompose during drying because it is thermostable (39).

Furthermore, the results indicate that mycotoxins are not uniformly distributed in dry
malt because it is apparent that DON levels in the germ/rootlets are significantly higher than
in malted grain. The germ is a place of the most intense fungal growth, which explains why
DON levels in germ are much higher than in malted grain (40). The higher the initial
Fusarium contamination, the poorer the germ development will be (41). Additionally,
degermination lowers mycotoxicological contamination. This is consistent with the study that
was conducted on the distribution of another Fusarium mycotoxin, zearalenone (ZEA) in
malted barley fractions (germ, bran and flour) dependent on F. graminearum growing
conditions (40). This research showed that ZEA levels in malted bran and germ were
significantly higher than in malt flour (endosperm) in almost all growing conditions.

Results in Table 4 show that DON is very stable throughout the beer production process and
is easily extracted from the raw material into the final product. DON also resides in by-products:
germ/rootlets, spent grains and spent yeast [18]. During mashing, DON (because it is water-
soluble) is extracted into wort. DON concentrations in wort samples increase with the high
contamination rate of malt, indicating that the highest transfer of DON into wort was found in a
sample that had the highest contamination rate. The research conducted by SCHWARZ & al.
(18) found that 80 — 93 % of DON transfers from malt to wort. Results obtained in this
investigation indicate that DON concentrations in wort are lower than DON concentrations in
malt, except in the last two samples with the highest F. culmorum contamination level. This
decrease in concentration can be explained by the fact that DON resides on spent grains after the
filtration of wort. In the research that NIESSEN (41) conducted, a significant increase in DON
levels during mashing was observed because of DON being released from protein conjugates.
The same research identified mashing as the key phase affecting changes in DON concentrations
during beer production. In certain conditions and technological parameters such as water/raw
material ratio, temperatures and enzymatic activity, a higher DON concentration was noticed in
wort (600 %) than in malt. Furthermore, the obtained results indicate that DON concentrations in
beer samples also increase when malt contamination rates increase, but the percentage of DON
transfer from wort into beer decreases with the increase of malt contamination. BOEIRA & al.
(42) explained that adsorption of DON onto yeast cells or the metabolism of DON by yeast
extracellular mechanisms may account for the reduction of DON in beer compared with the
DON concentration in wort. Higher DON concentrations in beer can be explained by an increase
in water, which allows DON to dissolve, as there is less dry matter after fermentation than after
malting. Many authors positively correlate mycotoxin levels with Fusarium contamination levels
(34; 43; 44; 35; 45) and the results of this study further validate this correlation.

It is assumed that trichothecenes are partially removed with spent grains and this is
especially true in the case of less soluble mycotoxins, such as zearalenone (46). DON
concentrations in spent grains are somewhat similar regardless of the contamination rate of
malt, but in spent yeast samples an increase in DON concentration follows an increase in the
contamination rate. Because spent grains are used as animal feed, recommended
concentrations of DON in animal feed range from 5 to 10 pug/g(47). The results indicate that
wheat with an initial F. cu/lmorum contamination level higher than 10 % (sample “3”) exceeds
the limit of 1250 pg/kg which means that this wheat is not suitable for beer production,
because of the additional increase in DON that occurs during malting. However, although the
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DON level trends in different fractions during this research were in accordance with other
studies, an overestimation occurred when comparing the absolute levels with those reported in
other studies. Because some antibodies can cross-react to DON metabolites (DON-3-
glucoside and ADONs) present in the analyzed matrix, overestimation of DON levels can
occur when using ELISA (48). A slight overestimation of the DON concentrations in malt and
beer using the ELISA method was also observed in the validation process of this study
(recovery > 100 %; Table 2). ZACHARIASOVA & al. (49) suggested that overestimating the
DON levels in beer samples is due to DON-3-glucoside and ADONs occurring in fermented
foods at higher levels than in unprocessed cereals. Future studies must include ‘masked’
mycotoxins, considering the overestimation factor of the data obtained in this research.

Conclusions

Despite many efforts to control Fusarium infections of barley and wheat used for malting
and brewing, as well as to eliminate the presence of its mycotoxins in beer and beer by-
products the fast and affordable methods for quick estimation of the Fusarium contamination
level and mycotoxins concentration is still missing. Studies that correlate the Fusarium
contamination level with DON content in the raw material, malt and beer stress out the
necessity of developing such methods in the future, to ensure the safety of food chain.

Future studies must include ‘masked’ mycotoxins, considering the overestimation factor
of the data obtained in this research.
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