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Abstract
To assess the impact of black-colored grain on Alternaria mycotoxin concentrations in different stages of the brewing 
process, brewing experiments were conducted in a microscale brewhouse. Different mixtures of visually unaffected and 
black-colored batches of two malt samples were used, which were obtained by an optical sorting device. The 13 Alternaria 
mycotoxins alternariol (AOH), alternariol monomethyl ether (AME), tenuazonic acid (TeA), tentoxin (TEN), alterperylenol 
(ALTP), altertoxins I and II (ATX I and II), altenuene (ALT) as well as the modified forms AOH-3-glucoside (AOH-3-G), 
AOH-9-glucoside (AOH-9-G), AME-3-gluoside (AME-3-G), AOH-3-sulfate (AOH-3-S) and AME-3-sulfate (AME-3-S) 
were analyzed in each processing step by liquid chromatography–tandem mass spectrometry (LC–MS/MS), and the toxin 
concentrations were balanced over the whole brewing process. Fungal DNA content in the starting material (mixtures) was 
determined by quantitative real-time polymerase chain reaction (qPCR). In this study, TeA was the only toxin to migrate into 
the final beer, while the AOH, AME, TEN, ALTP and ATX I toxins were mainly found in the spent grains. The observance 
of AOH-3-S and AME-3-S in some processing steps also showed the possibility of modification reactions during brewing. 
Furthermore, no distinct correlations between the fungal DNA and the analyzed mycotoxins could be observed in the starting 
material, while the amount of black colored grains only impacted toxin concentrations in one of the two used malt samples. 
Nevertheless, it was shown that optical sorting of malt batches might be a useful tool for the malting and brewing industry 
to prevent elevated mycotoxin concentrations.
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Introduction

In Germany, beer is produced according to the “German 
Beer Purity Law” established in 1516, which stipulates that 
beer must contain nothing other than water, malt, hops and, 
later, yeast. The primary ingredient is malt, as it provides 
starch that is hydrolyzed into fermentable sugars, which are 
essential for subsequent fermentation. Worldwide, 90% of 
malt is made from barley [1]. The two-rowed barley is the 
most common form for malting, since the grains are devel-
oped symmetrically and are generally larger and rounder 
than the six-rowed barley variety [2, 3]. The most important 
quality criteria that make a barley sample perfectly suited for 
brewing are an optimal starch-to-protein-ratio, high enzy-
matic potential, and a high germination capacity [4]. How-
ever, the batch must also be flawless from a microbiological 
point of view. As a natural product, barley is susceptible 
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to fungal infestation, which may lead to yield losses and 
reduced processing quality.

Apart from the technological problems related to han-
dling of contaminated cereals, processing is also connected 
with legal risks for brewers as well as potential health risks 
for consumers [5]. Various fungal species are capable of pro-
ducing a wide range of toxic secondary metabolites (myco-
toxins), which could be transferred from the grains into the 
final beer during brewing. Previous studies that focused on 
the widely distributed fungal genus Fusarium showed a 
transfer of Fusarium toxins into the beer and its by-products, 
depending on their solubility [4, 6–9]. Besides Fusarium 
species, other mycotoxigenic fungi are known to colonize 
malting barley. As previously described, fungi of the genus 
Alternaria constitute a large part of the barley mycoflora 
[10]. Accordingly, in a recent study, various Alternaria tox-
ins have been detected in brewing malts [11].

The genus Alternaria includes ubiquitous filamentous 
fungi with a saprophytic or (opportunistic) plant pathogenic 
lifestyle, commonly found in soil or on decaying plant tis-
sues. About 300 species are known to infest a large variety 
of agricultural crops, as well as causing postharvest spoilage 
[12–14]. The most important crop damaging representatives 
include: Alternaria alternata (syn. A. tenuis), A. tenuissima, 
A. solani, A. citri, A. infectoria, A. arborescens, A. bras-
sicae and A. brassicola, from which mainly A. alternata is 
known for causing black point disease on cereal kernels and 
is, therefore, responsible for the black discoloration of the 
raw material [15, 16]. Within the genus, A. alternata was 
identified as the most important toxin producer; it is the only 
known species that can produce all targeted toxins including 
alternariol (AOH), alternariol monomethyl ether (AME) and 
alterperylenol (ALT), as well as tenuazonic acid (TeA), ten-
toxin (TEN) and the altertoxins I and II (ATX I and II) [5]. 
So far, no legal regulations have been currently established 
for Alternaria mycotoxins due to insufficient data, showing 
the need for more research in this area.

Until now, TeA, AOH and AME were the only Alternaria 
toxins to be found in the final beer, which indicates a myco-
toxin transfer of these three toxins during brewing [17–20]. 
However, a recent study on mycotoxin concentrations in 
50 representative malt samples could show the presence of 
other relevant Alternaria toxins such as ALTP, ATX I and, to 
some extent, also the modified form AOH-3-sulfate (AOH-
3-S) in this raw material [11]. This finding emphasizes the 
need to pursue the concentrations of these toxins during the 
brewing process as well as to evaluate why none of these 
toxins have been detected in beer so far. Furthermore, the 
fate of the toxins AOH, AME, TEN and TeA were recently 
investigated during brewing already, and results emphasized 
the need to track other Alternaria mycotoxins as well [6].

Since cereal quality and safety are of major importance 
to the processing industry, several strategies have been 

proposed to reduce fungal and mycotoxin contamination. 
One promising approach is optical sorting technology. Fun-
gal infestation leads to several changes on cereal kernels, 
such as structural and color changes, which can be of use 
to detect and remove discolored kernels from the batch by 
optical sorting technology with the intention to decrease the 
mycotoxin content [21]. Sorting maize kernels for aflatoxin 
reduction has been proven [22], but to date, there are no data 
on Alternaria spp. contamination and associated mycotoxins 
in black-colored malt kernels available.

In this study, brewing trials with defined dosages of con-
taminated black kernels were carried out to monitor the fate 
of Alternaria mycotoxins throughout the brewing process 
depending on the initial raw material contamination. For 
this purpose, naturally infected barley malt batches were 
separated by an optical sorting device into a visually clean, 
“healthy” fraction, which was used as a reference, and a 
black-colored symptomatic fraction. By remixing, batches 
of varying proportions were generated, on the basis of which 
the effect of purification was investigated in terms of the 
relationships between black symptomatic kernels, total 
fungal DNA and levels of mycotoxins. To determine the 
amount of A. alternata DNA, a previously established qPCR 
assay based on SYBR green technology for the detection 
and quantification of black fungal species on malting barley 
raw material was used [10]. To follow up on the concentra-
tion of Alternaria toxins throughout the brewing process, 
we applied the recently developed multi-mycotoxin liquid 
chromatography tandem mass spectrometry (LC–MS/MS) 
methods for cereals and beer [11, 20] for the analysis of 
TeA, AOH, AME, TEN, altenuene (ALT), ALTP, ATX I, 
ATX II, AOH-3-glucoside (AOH-3-G), AOH-9-glucoside 
(AOH-9-G), AME-3glucoside (AME-3-G), AOH-3-S, and 
AME-3-sulfate (AME-3-S) (see Fig. 1) during the single 
processing steps, and determined the transfer rates from bar-
ley malt grist into by-products and in the final product beer. 
This aims to assess critical processing steps or by-products 
and contributes to establish regulatory thresholds to mini-
mize the risk of toxic substances to human health.

Materials and methods

Chemicals and reagents

Cetyltrimethylammonium bromide (CTAB) and sodium 
chloride were purchased from Carl Roth, Karlsruhe, Ger-
many, tris-(hydroxymethyl)-aminomethane (Tris) and 
ethanol from VWR, Radnor, Pennsylvania, USA. Poly-
vinylpyrrolidone (PVP-40) and isoamyl alcohol were 
obtained from SIGMA-ALDRICH, St. Louis, Missouri, 
USA. Titriplex III (EDTA) was purchased from Merck, 
Darmstadt, Germany, Chloroform was obtained from 
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Th. Geyer, Renningen, Germany, RNase A solution was 
from New England Biolabs, Ipswich, Massachusetts, USA 
and GreenMasterMix from Genaxxon bioscience, Ulm, 
Germany.

For mycotoxin analysis, methanol was purchased from 
Honeywell Riedel-de Haën (Seelze, Germany), water 
from Th. Geyer (Renningen, Germany), and acetonitrile, 
cyclohexane, ammonium formate and ammonia solution 
(25%) were obtained from VWR (Ismaning, Germany), 
all in analytical grade. Standards for TEN, ALT and TeA 
were bought from Merck (Darmstadt, Germany), and AOH, 
AME, ATX I, ATX II, ALTP, AOH-3-G, AOH-9-G, AME-
3-G, AOH-3-S and AME-3-S were isolated from fungal 
culture or synthesized in our laboratory as described previ-
ously [20, 23, 24]. The stable isotope-labeled standards for 
 [13C6

15N]-TeA,  [2H4]-AOH and  [2H4]-AME were synthe-
sized as published before [25, 26].

Raw materials

Brewing experiments were conducted with two different 
naturally infected barley malt practice samples (malt 1 and 
malt 2), each separated into a “clean” and a contaminated 
“black” fraction using an optical sorting machine (SOR-
TEX, Bühler AG, Uzwil, Switzerland). In visual sorting, 
contaminated kernels are recognized by their visual symp-
toms, typically black or red discoloration. The system was 
calibrated with 200 g of red and black grains, respectively, 
and subsequently 50 kg of malt 1 and malt 2 were com-
pletely sorted. The fractions obtained were separated for 
further processing using a sample divider (Pfeuffer GmbH, 
Kitzingen, Germany) and specified by the Mitteleuropäis-
che Brautechnische Analysenkommission (S-590.35.001 
[2013–02]) [27].

Fig. 1  Chemical structures of 
the most frequent Alternaria 
toxins alternariol (AOH), 
AOH-3-glucoside (AOH-3-G), 
AOH-9-glucoside (AOH-9-G), 
AOH-3-sulfate (AOH-3-S), 
alternariol monomethyl ether 
(AME), AME-3-glucoside 
(AME-3-G), AME-3-sulfate 
(AME-3-S), alterperylenol 
(ALTP), altertoxin I (ATX I) 
and II (ATX II), stemphyltoxin 
III (STE III), tenuazonic acid 
(TeA) and tentoxin (TEN)
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Brewing trials

Brewing experiments with a defined dosage of contaminated 
black kernels were performed on a semi-industrial scale in 
an 8 L microscale brewhouse at the Chair of Brewing and 
Beverage Technology (Technical University of Munich) to 
investigate the impact of black-colored grains on the myco-
toxin levels during the different processing steps into the final 
bottle. To ensure a homogeneous distribution of mycotoxins 
(and a good reproducibility), the clean and black fractions 
were well-blended in the ratios 100/0, 50/50, 25/75 (clean/
black, malt 1), and 100/0, 75/25 and 50/50 (clean/black, 
malt 2), and ground in a two-roll mill using a 0.8 mm gap. 
1.5 kg grist was mashed in with 5.5 L standardized brewing 
water, at a malt liquor ratio of 1:3.67. The first rest was held 
at 62 °C for 30 min, the second rest took another 30 min at 
72 °C; afterwards, the temperature was raised to 78 °C and 
held for 10 min. The mash was transferred to a preheated lauter 
tun. Trub wort pumping was performed until EBC < 35 was 
reached; about 3.2 L of first wort was obtained, followed by 
two sparges of 2.2 L water each. After lautering, the wort was 
boiled for 60 min at atmospheric pressure.  CO2 extract of the 
hop variety Perle-Extrakt (43.6% α-acids) was added at the 
beginning of the boiling to reach 25 international bitter units 
(BU). After the original extract of 11.5°P was reached, hot 
trub was removed in a whirlpool followed by wort cooling. 
For fermentation, dry yeast (TUM 34/70) (Fermentis, Marcq-
en-Barœul, France) was rehydrated in first wort and pitched at 
a concentration of 15 ×  106 cells/mL. Main fermentation tem-
perature was at 11 °C until the extract content fell below 3.5°P 
and followed by maturation at 16 °C until the diacetyl content 
was below 0.12 mg/L. The green beer was stored at 1 °C for 
4 weeks. After cold storage, the beer was filtered using Seitz 
K150 filtration sheets (Pall-Seitz, Bad Kreuznach, Germany) 
and bottled oxygen free in brown glass bottles with a volume 
of 0.33 L. All brews were performed in duplicates, resulting 
in 12 separate beers.

Sampling

Samples were taken during each key step of the brewing 
process, including barley malt grist, mashing procedure 
(beginning and end), spent grains, front and original wort, 
hot break, yeast sediment of the main fermentation and the 
final filtered beer (Fig. 2). Every sampling step was thor-
oughly weighted to allow the calculation of a mycotoxin 
balance throughout the brewing process.

Sample preparation—isolation of genomic DNA 
from barley malt and grist

Genomic DNA from the grist mixtures and the pure clean 
and black malt fractions was extracted according to the 

CTAB-based DNA extraction protocol recommended by 
the European Community Reference Laboratories (Euro-
pean Commission CRLVL04/05XP) [28] with modifica-
tions published by Linkmeyer et al. [29]. In brief, three 
biological replicas were prepared per samples. Barley malt 
was initially ground using a Tissue Lyser II bead mill (Qia-
gen, Düsseldorf, Germany). 2 g of fine grain powder was 
mixed with 10 mL pre-warmed (65 °C) extraction buffer 
(2% (w/v) CTAB, 100 mM Tris pH 8, 20 mM EDTA pH 8, 
1.4 M NaCl, 1% (w/v) PVP-40) and incubated for 10 min at 
65 °C by gentle shaking. The samples were centrifuged at 
4000 rpm for 10 min at room temperature and 1000 μL of 
the supernatant was transferred to a 2 mL reaction tube with 
900 μL CIA 24:1 (chloroform:isoamylalcohol). Mixed by 
slowly inverting 20–30 times and centrifuged at 13,000 rpm 
for 10 min, 850 μL of supernatant was transferred into a new 
reaction tube, together with 8 μL RNase A solution (10 mg/
mL) before incubation at 37 °C for 30 min. Then, 85 μL 
10% CTAB solution (10% (w/v) CTAB, 0.7 M NaCl) and 
900 μL CIA were added, followed by a centrifugation step 
at 13,000 rpm for 10 min. 700 μL of the supernatant was 
transferred to a new tube and inverted together with 70 μL 
10% CTAB solution and 750 μL CIA. This was followed by 
centrifugation under the previous conditions. 500 μL of the 

Fig. 2  Key steps of the brewing process. The individual processing 
steps are displayed in white, products added in grey and sampling 
steps are highlighted in black
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upper layer was transferred into a fresh tube with 3 volumes 
of CTAB precipitation buffer (1% (w/v) CTAB, 0.05 M Tris, 
pH 8, 0.01 M EDTA pH 8) and incubated at RT for 15 min. 
After another centrifugation for 15 min at 13,000 rpm, the 
supernatant was discarded, the pellet was washed twice 
in 70% ethanol, air dried and dissolved in 150 μL double 
distilled water. The samples were stored overnight at 4 °C. 
The next day, the samples were centrifuged for 10 min at 
13,000 rpm and 4 °C and the supernatant was transferred 
into a new reaction tube. The amount of DNA was deter-
mined using NanoDrop™2000c UV–Vis spectrophotom-
eter (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA) and the DNA was adjusted to a final concentration of  
100 ng/μL.

Quantification of A. alternata DNA in barley malt

Genomic DNA of A. alternata in barley malts and mixed 
grists was detected by qPCR, as recently published [10]. In 
short, DNA amplification was carried out in a final reaction 
volume of 12 μL, containing 1X GreenMasterMix, 0.1 μM 
each of forward and reverse primer and 100 ng genomic 
DNA. qPCR was performed using a LightCycler 480ll 
(Roche, Basel, Switzerland), with an initial denaturation 
step at 95 °C for 15 min, followed by 40 cycles of 95 °C 
for 20 s and 60 °C/65 °C for 60 s. All samples were meas-
ured in three replicates. Subsequently A. alternata DNA was 
normalized according to barley DNA content and the grain 
infection rates were calculated as pg fungal DNA per ng 
plant DNA.

Preparation of stock solutions

Stock solutions of every toxin were prepared in a concentra-
tion range between 1 and 100 µg/mL and stored at − 18 °C. 
The toxins AOH, AME, TeA, AOH-3-S and AME-3-S were 
dissolved in methanol, while all other toxins were dissolved 
in acetonitrile. Concentrations of diluted standards were reg-
ularly controlled by UV spectrophotometric measurements 
(Genesys, 10S, UV–Vis spectrophotometer, Thermo Fisher 
Scientific, Madison, WI, USA) using quartz glass precision 
cells (1 cm layer thickness, Hellma GmbH & Co. KG, Mül-
lheim, Germany). Concentrations were calculated using the 
respective molar extinction coefficients, which were either 
obtained from literature or determined in our laboratory as 
previously published [20, 24, 25, 30, 31].

Sample preparation for mycotoxin analysis

Mash samples, spent grains, yeast sediment and hot break 
were freeze-dried for 100 h (Christ-Alpha 1–2 LD Plus, 
Martin Christ Gefriertrocknungsanlagen GmbH, Germany) 
prior to analysis and the water content of each sample was 

determined. This value was then used to refer the myco-
toxin content to the wet weight of all samples.

All samples were thoroughly ground, and sample prepa-
rations were performed as previously published [11, 20]. 
In brief, 1 g of grist, mash and spent grains, and 0.5 g of 
yeast sediment and hot break were weighted into a 50 mL 
centrifuge tube. For AOH, AME and TeA, stable isotope 
labelled standards and 15 mL of an acetonitrile/water mix-
ture (84/16, v/v) were added to the samples for extraction. 
After three extractions, samples were centrifuged and the 
solvent was evaporated using a rotary evaporator (40 °C).

For the analysis of liquid samples (front wort, origi-
nal wort and beer), stable isotope labelled standards for 
TeA, AOH and AME were added to 5 mL of the degassed 
sample. After extraction with 2.5 mL cyclohexane and a 
matrix precipitation with ACN, samples were centrifuged 
and supernatants were evaporated using a rotary evapora-
tor (40 °C).

Afterwards, both solid and liquid sample extracts 
were further cleaned up using solid phase extraction as 
described previously. The eluate was evaporated, again, 
and the residue was taken up in 1 mL acetonitrile/water 
(3/7, v/v). Samples were then membrane filtered using a 
0.22 µm PVDF filter and stored at − 18 °C until LC–MS/
MS measurements.

LC–MS/MS analysis

All samples were measured with a previously published 
LC–MS/MS method for the analysis of 13 free and modi-
fied Alternaria toxins [11, 20].

In brief, analysis was performed on a Shimadzu Nexera 
X2 UHPLC system (Shimadzu, Kyoto, Japan). For tenu-
azonic acid, a Gemini-NX C18 column (150 × 4.6 mm, 
3 µm, 110 Å, Phenomenex, Aschaffenburg, Germany) 
was used as published before, all other toxins were sepa-
rated on a Hyperclone BDS C18 column (150 × 3.2 mm, 
3 µm, 130 Å, Phenomenex, Aschaffenburg, Germany). The 
HPLC system provided automated column switching and 
fourfold solvent selection for each pump, and both meth-
ods could be run in sequence.

The LC was interfaced with a Shimadzu 8050 triple 
quadrupole mass spectrometer (Shimadzu Corporation, 
Kyoto, Japan) and measurements were conducted in the 
negative electrospray ionisation (ESI) mode. All MS/
MS measurements were operated in the multiple reaction 
monitoring (MRM) mode. For data acquisition and data 
analysis, the LabSolutions Software (Shimadzu, Kyoto, 
Japan) was used.

The limits of detection (LOD) and the limits of quantita-
tion (LOQ) for both solid and liquid samples are summa-
rized in Table 1.
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Results and discussion

Quantification of A. alternata DNA in the raw 
material

Brewing was conducted with two different malt samples, 
each optically sorted into visually clean and black grains and 
remixed in different ratios as described above. To determine 
the mycological status of the used raw materials, genomic 
DNA from the respective fractions was extracted and the 
fungal infection levels (pg fungal DNA per ng barley DNA) 
were calculated. The two malt samples used in this study 
differed widely in their fungal DNA concentration, which 
was reflected in both the purified (0% black grains) and 
the discarded colored fraction (100% black grains). The 
respective data can be found in Table 2. Malt sample 1 was 
heavily loaded with A. alternata DNA in the clean fraction 
(19.65 pg/ng and 31.21 pg/ng) and even higher in the black-
colored fraction (36.21 pg/ng). For malt 2, contamination 
was significantly lower at 8.83 pg/ng and 7.25 pg/ng in the 
clean fraction and, interestingly, even lower at 4.36 pg/ng in 
the black-colored fraction. Thus, the two practical samples 
represent a batch heavily contaminated with A. alternata, as 
appeared in 2021 on one hand, and a moderately contami-
nated sample on the other hand [10].

Quantification of Alternaria toxins in the raw 
material

The analysis of mycotoxins in the grist has shown the pres-
ence of AOH, AME, TeA, TEN, ALTP and ATX I in all 

used ratios of malt 1, while AOH-3-S was only detected in 
the grist sample with 75% black grains (see supplementary 
information, Tables S1–4). In the samples with 0% black 
grains, the concentrations of AOH and ATX I were below 
the limit of quantitation (LOQ), while concentrations in the 
samples with 50% or 75% black grains were elevated for all 
toxins compared to the batch with 0% black grains. For malt 
2, only AOH and TeA were detected in the grist samples of 
all mixtures with AOH showing concentrations below the 
LOQ for all ratios, while TeA values were comparable for all 
6 samples (see Supplementary Information, Table S5). The 

Table 1  Summary of the LOD, 
LOQ and recovery values of the 
applied methods [11, 20]

Toxin Solid samples
(grist, mash, spent grains, hot break, yeast 
sediment)

Liquid samples
(wort, beer)

LOD [µg/kg] LOQ [µg/kg] Recovery
[%]

LOD [µg/L] LOQ [µg/L] Recovery
[%]

TeA 0.6 2.3 96–99 0.15 0.46 86–91
AOH 0.5 1.6 95–97 0.15 0.52 92–95
AME 0.05 0.16 98–107 0.03 0.09 96–102
ALTP 0.6 2.1 90–94 0.68 2.84 99–110
ALT 2.5 8.8 84–94 5.48 16.24 104–107
ATX I 0.7 2.1 92–93 0.2 0.62 107–114
ATX II 1.0 3.6 89–95 0.43 1.73 87–103
TEN 0.1 0.4 104–112 0.24 0.93 92–105
AOH3S 0.5 2.2 87–103 0.46 1.67 84–88
AME3S 0.6 2.2 93–103 0.78 3.42 86–96
AOH3G 0.8 3.0 87–93 0.45 1.32 72–104
AOH9G 1.0 3.9 84–91 0.32 0.32 98–101
AME3G 1.6 4.9 95–98 0.72 2.32 103–113

Table 2  Contents of A. alternata DNA (pg fungal DNA per ng barley 
DNA) determined by quantitative polymerase chain reaction of the 
grist prepared with two biological replicates (Rep.) from malt 1 and 
malt 2

Mix mixture of black and clean grains, given as the percentage of 
used black grains. Values are expressed as mean ± standard deviation 
of samples analyzed in triplicate
*Not used for brewing trials

Mix Rep Alternaria alternata DNA (pg 
fungal DNA/ng barley DNA)

Malt 1 Malt 2

0% 1
2

19.65 ± 3.32
31.21 ± 8.33

8.83 ± 1.39
7.25 ± 0.78

25% 1
2

-*
-*

7.94 ± 0.87
8.96 ± 1.57

50% 1
2

20.01 ± 4.34
20.54 ± 4.72

7.49 ± 1.56
7.91 ± 2.26

75% 1
2

23.44 ± 6.96
25.56 ± 4.21

–*
–*

100%* 1 36.21 ± 4.95 4.36 ± 0.38
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toxins ATX II, ALT, AOH-9-G, AME-3-S and AME-3-G 
were not detected in any grist sample.

As Alternaria spp. is ubiquitously present, it was not 
expected to obtain a completely mycotoxin-free batch by 
optical sorting. However, mycotoxin analyses of the grist 
have already shown an impact of removing the black grains 
as only low mycotoxin contents were found afterwards. For 
the DNA results, cleaning also resulted in lower Alternaria 
levels for malt 1, while no difference in DNA contents could 
be observed in malt 2, which makes the evolution of myco-
toxins in these samples even more interesting.

Evolution of Alternaria toxins during brewing

Hops and yeasts added during brewing were not analyzed 
separately, since the applied methods were not suitable 
for hop analysis. However, according to the literature, no 
mycotoxins should be present there [32] and no increase 
in the mycotoxin content was observed in the following 
sampling steps. In addition, in case of toxin contamination 
of the hop, the amount of added hop extract (0.05–0.25%) 
should only contribute neglectable amounts of mycotoxins 
to the final product. The same accounts for yeast (0.5%) [3]. 
Consequently, detected toxins should, therefore, be deriving 
from the mycotoxin load of the used grist. To calculate the 
mycotoxin balance, the values detected in the grist were set 
to 100%, and for concentrations below the LOQ [11, 20], 
a value of ½ x LOQ was used for further calculations of 
the mycotoxin balance. This so-called middle-bound (MB) 
scenario is one potential way to handle left-censored data 
that often occur in mycotoxin research. For example, EFSA 
used this approach in their exposure assessment to Alter-
naria toxins [33]. The MB scenario provides a more realistic 
approach than the lower bound (LB) scenario (assigning a 
value of zero to samples below LOD and LOQ) and was 
used in this study, therefore. However, calculating the myco-
toxin balance with values below the LOQ can misrepresent 
the quantitative transfer of toxins due to analytical uncertain-
ties and, consequently, some detected toxins in this work 
were interpreted only indicatively.

According to the recently published validation data for 
the detected toxins [11, 20], the method used for liquid 
samples had lower limits of detections for AOH, AME, 
TeA and ATX I, while the values for TEN, ALTP and 
AOH-3-S were comparable for both matrices (see Table 1). 
This means that the analysis of these three toxins is more 
impacted by dilution effects in the liquid sampling steps 
than the other toxins. In addition, recovery values of AOH, 
AME, TEN, ALTP and AOH-3-S were comparable for 
both methods, while TeA showed a slightly higher recov-
ery and ATX I a slightly lower recovery in solid samples 
compared to liquid samples. Consequently, only minor, 
negligible errors should be present in the mycotoxin 

balance due to different sample preparations of solid and 
liquid samples. In the following, the evolution of mycotox-
ins during brewing are discussed individually or according 
to their structural groups. The ALT, ATX II, AOH-9-G 
and AME-3-G toxins were not detected in any sample and, 
consequently, are not further discussed.

Tenuazonic acid

In this study, TeA was the only toxin to be found to fully 
migrate into the final beer. In malt 1 (see Fig. 3), a decrease 
of concentration was observed at the beginning of the mash, 
whereas an increase of up to 157% of the initial content in 
the grist could be observed in four of the six brews at the end 
of mashing. We assume that due to the higher temperature 
and possibly also to further enzymatic processes, matrix-
bound TeA might be released resulting in a higher concen-
tration after mashing. However, bound Alternaria toxins 
are not known yet, but have been found before for other 
mycotoxins [34]. Hence, further studies are necessary to 
proof this theory. After lautering, only 15–22% of the initial 
TeA concentration could be found in the spent grains, while 
90–228% were detected in the first wort. TeA contents did 
not change in the original wort, and after a loss of 11–20% 
in the hot break, and a loss of 4–17% in the yeast sediment, 
about 27–67% of the initially present TeA was detected in 
the filtered beer samples.

For TeA in malt 2 (see Fig. 4), the obtained results were 
also comparable to malt 1, even though overall concentra-
tions were lower than in malt 1. During mashing, concentra-
tions of TeA decreased compared to the amounts in the grist 
at the beginning, while an increase could be observed once 
again at the end of mashing. At the beginning of mashing, 
one brew showed elevated TeA concentrations compared to 
the grist and the end of mashing. Hence, we assume that the 
obtained sample of the beginning of mashing might not have 
been representative for the whole batch. Regarding the spent 
grains, only 6–30% of the initial TeA content could be found 
in this step, which agrees with the observations we made 
for malt 1. In addition, 51–176% of the TeA content was 
detected in the first wort, which stayed constant in the origi-
nal wort. With losses of 30–115% of the initial concentration 
in the hot break, and an additional loss of 6–15% in the yeast 
sediment, the amount of TeA found in the filtered beer was 
16–70% of the amount present in the grist. As before, the 
sum of TeA found in the spent grains, hot break, yeast sedi-
ment and the filtered beer was calculated for every beer and 
summarized in Fig. 5. Finally, we calculated the sum of TeA 
found in the spent grains, hot break, yeast sediment and the 
final beer for all brews, resulting in values of 53–120% and 
61–193% (malt 1 and malt 2, respectively) compared to the 
concentration found in the grist (see Fig. 5).
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Therefore, it can be concluded that TeA can be formed 
or released during mashing and is then only partly removed 
throughout the brewing process.

Dibenzo‑α‑pyrones

The dibenzo-α-pyrones AOH and AME were found in sev-
eral samples of malt 1 during brewing (see Fig. 3), and could 
be quantified in all samples except the brew with 0% black 
grains, where AOH was below the LOQ in almost all sam-
ples, and in the wort samples of the other two mixtures. For 
the mixtures with 50% and 75%, concentrations of AOH 
stayed relatively stable at beginning of mashing compared to 
the initial levels. Regarding AME, a decrease of up to about 
70% in one and about 40% in three samples could be found. 
Here, the metabolite AME-3-S was detected during mash-
ing, which partially explains the reduction of AME content 
in this processing step. At the end of mashing, an increase of 

AOH and AME of about 140–170% and 120–170%, respec-
tively, was observed in two brews (0% black grains).The 
contents of both toxins in the other four brews were rela-
tively stable compared to the beginning of mashing. After 
lautering, between about 160% and 380% of the initial AOH 
content, and between about 100% and 360% of the initial 
AME content could be found in the spent grains, showing 
an accumulation of mycotoxins in this fraction. This transfer 
into the spent grains was also shown by Prusova et al. [6], 
although they did not notice increasing mycotoxin concen-
trations. This might be due to overall higher concentrations 
in their study that are less affected by analytical uncertainties 
in the low concentration range like in this work. However, 
they did observe the transfer of small amounts of AOH and 
AME into the wort as well, which was also the case in our 
study. In malt 2 (see Fig. 4), data for AOH is hard to com-
pare as concentrations in the grist and mash (beginning and 
end) were below the LOQ in all mixtures, and therefore, 

Fig. 3  Evolution of the Alternaria toxins AOH, AME, ALTP, TeA, 
TEN and ATX I during the brewing process using malt sample 1 with 
a 0% black grains, b 50% black grains and c 75% black grains. Every 

mixture was brewed in duplicate (R1 = Replicate 1, R2 = Replicate 2). 
The toxin content in the grist was set to 100%, detailed values can be 
found in the Supplementary Information
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no changes could be observed. However, the AOH content 
found in the spent grains was two- to threefold higher than 
the initial amount, which is identical to the observations we 
made in malt 1 and shows that this toxin is also most likely 
to be removed from the brewing process through the spent 
grains.

Perylenequinones

The perylenequinones ALTP and ATX I (see Fig. 3) were 
only present in the grist samples, during mashing, and in 
the spent grains of malt 1, but were not found in malt 2. For 
ALTP, only one grist sample (50% black grains) was below 
the LOQ, which added uncertainty to the calculation of the 
balance, and therefore, results of this brew will not be further 
discussed. For the other brews, 44–99% of the initial content 
of the grist could be found at the beginning of mashing. 

Afterwards, ALTP contents stayed stable or only increased 
slightly during mashing, and almost all ALTP found in the 
mash was also observed in the spent grains, meaning that 
ALTP is most likely to be removed from the brewing process 
through this brewery by-product.

For ATX I, values below the LOQ were found in three of 
the six brews, which only allowed an indicative interpreta-
tion. Increased contents up to about 200% were found at the 
beginning of the mash in the other brews, however, at the 
end of the mashing process, we noticed differing patterns as 
both increased (in the 0% mixture) and decreased concentra-
tions (in the 50% mixture) as well as no ATX I at all (in the 
75% mixture) were found in two brews, respectively, which 
means that ATX I was mainly found in the clean and not 
in the black grains. For the brews with 75% black grains, 
ATX I could be observed below the LOQ in the spent grains, 
which let us assume that ATX I was present at the end of 

Fig. 4  Evolution of the Alternaria toxins AOH and TeA during the 
brewing process using malt sample 2 with a 0% black grains, b 25% 
black grains and c 50% black grains. Every mixture was brewed in 
duplicate (R1 = Replicate 1, R2 = Replicate 2). The toxin content in 

the grist was set to 100%, detailed values can be found in the Supple-
mentary Information. Alternaria toxins that are not displayed in the 
figure could not be detected in any sample
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mashing as well, but below the limit of detection (LOD) 
due to measurement uncertainty. As for the other toxins dis-
cussed so far, ATX I seems to be entirely removed from the 
brewing process with the spent grains, and no ATX I could 
be detected in any of the following processing steps. To our 
knowledge, this is the first time that ALTP and ATX I were 
analyzed during brewing.

Tentoxin

Like ALTP, a decrease of TEN could be observed during the 
beginning of mashing compared to the grist samples (see 
Fig. 3). Here, only about 30–60% of the initial concentration 
could be observed in this processing step, and concentrations 
stayed stable during mashing. The TEN contents of the mash 
could further be found in the spent grains, showing again a 
reduction of Alternaria toxins during brewing by transfer 
into this by-product. However, TEN could also be quanti-
fied in the first and original wort of most brews, and the 

sum of TEN in the wort and spent grains mainly resulted in 
the initial concentrations in the grist, especially when the 
low concentrations of TEN (often < 0.5 µg/kg) and measure-
ment uncertainty are considered. This shows that the lower 
concentrations found in mash samples might be attributed 
to transfer into the supernatant water that was removed from 
the sample before analysis as TEN was found to be highly 
water soluble. However, after the original wort, no TEN 
could be further detected, which might be due to the dilu-
tion effects or concentrations below or close the LOD. These 
observations are also comparable to the study from Prusova 
et al. [6], where 87% of the initial present TEN content was 
transferred into the wort, and low concentrations could be 
found in the spent grains.

Modified mycotoxins

The modified Alternaria toxins AOH-3-S, AME-3-S and 
AOH-3-G were only rarely found in malt 1, and not detected 

Fig. 5  Percentage comparison of the initial TeA content and its distri-
bution throughout the brewing process shown as the sum of the per-
centages found in the spent grains, hot break, yeast sediment and the 

final beer, respectively for a malt 1 and b malt 2 with the respective 
proportion of black grains in the starting material in %
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in malt 2 (see Supplement Information, Table S4). AOH-3-S 
could be detected at the beginning of mashing in the sam-
ples containing 75% black grains in an 8- to tenfold amount 
compared to the grist, while no AOH-3-S could be detected 
in the other four brews of malt 1. A further increase of AOH-
3-S was observed at the end of mashing in one brew (rep-
licate 1, 75% black grains), but concentrations in the other 
brew (replicate 2, 75% black grains) were slightly lower than 
before. In the spent grains, AOH-3-S was only found in con-
centrations below the LOQ. Here, the fate of the formed 
amounts of AOH-3-S during mashing is unclear and needs 
further investigation in the future. In addition, AOH-3-G was 
found in two grist samples as well as in four samples at the 
beginning of mashing (both in the mixtures 50% and 75% 
black grains), and AME-3-S could be detected in both the 
mash and the spent grains in all brews of malt 1 containing 
50% and 75% black grains. Unfortunately, concentrations 
of both toxins were below the LOQ in all processing steps, 
which makes further interpretation about their formation 
unfeasible.

In summary, we could demonstrate the transfer of the 
highly polar Alternaria toxin TeA into the final beer, which 
is consistent with previous research [6]. As TeA is known 
to be the most dominant toxin in malt and is often present in 
higher concentrations than the other Alternaria toxins [11], 
the observed results of this study were expected, especially 
as several studies have already shown the presence of TeA 
in commercial beer samples [18–20]. However, TeA con-
centrations in the beer brewed with 75% black kernels (malt 
1) showed slightly higher concentrations than the majority 
of beers analyzed in previous surveys [18–20]. AOH and 
AME were also regularly detected in beer before [17, 18], 
which was not the case in this study. Nevertheless, we could 
observe the transfer of AOH and AME into the wort, which 
shows the overall ability of both toxins to migrate through 
the brewing process, and the absence in the final beer might 
be due to the low concentrations in the used malt samples. 
Therefore, we assume that both AOH and AME, and prob-
ably also TEN, are likely to be found in beer if concentra-
tions in the used grist are higher than in our study. However, 
the concentrations found in the grist were comparable to the 
results of a previously published study of Alternaria tox-
ins in 50 barley and malt samples from Germany [11], and 
therefore, no significantly higher toxin concentrations should 
be expected in malt. In addition, Prusova et al. [6] suspected 
the physical adsorption of some toxins to the yeast, which 
might explain a reduction in toxin concentrations at this 
stage of the brewing process. However, no toxins except 
TeA were found in the analyzed yeast sediment, but this 
might also be due to concentrations below the LOD, and 
therefore, this hypothesis can only be confirmed for TeA, 
so far. The Alternaria toxins ALTP and ATX I are most 
likely to be fully removed with the spent grain, whereas the 

fate of the modified toxin AOH-3-S is still not clear. Here, 
more information on further modification processes is neces-
sary and the use of spent grains as animal feeds should be 
assessed critically, if the initial raw material shows signs of 
Alternaria infection.

Impact of black‑colored grain on mycotoxin 
concentrations during brewing

Brewing with varying proportions of black-colored grains 
were performed to gain information on the relationship 
between black symptomatic kernels, total fungal DNA and 
occurrence and levels of mycotoxins. The references that 
were brewed exclusively with optically clean grains of malt 
1, showed the lowest mycotoxin concentrations in almost all 
cases, while samples from brewing with 75% black grains 
contained the highest amounts of mycotoxins (see Supple-
mentary Information, Tables S6 and S7). Consequently, this 
study shows that the presence of mycotoxins was in line 
with the addition of black grains in most cases. However, 
the ratio of black and clean kernels was not fully reflected 
as the mycotoxin content in the 50% and 75% mixture brews 
differed without a visible pattern and were similar in sev-
eral sampling steps. Consequently, a prediction of mycotoxin 
concentration for other ratios of clean and black kernels can-
not be reasonably performed. These findings are consistent 
with DNA levels (Table 2), as the separated black fraction 
had higher A. alternata DNA values than the optically clean 
fraction. However, although Alternaria spp. DNA levels 
increased with the proportion of black grains in the mixed 
grists, the mixing ratio was not fully reflected.

For malt 2, the concentrations of AOH and TeA did not 
indicate any trends regarding the amount of used black ker-
nels and were comparable for all brews and sampling steps 
showing no impact of the black kernels on the mycotoxin 
levels. This was also the case for the DNA analyses, which 
showed no differences for the varying blends 0, 25 and 50% 
mixture, respectively. Nevertheless, the lowest and highest 
TeA concentration of each brew were detected in the 0 and 
50% mixture, respectively. We, therefore, conclude that opti-
cal sorting might still be a suitable tool for the malt and 
brewing industries to reduce mycotoxin levels in their final 
products. From an economic point of view, sorting the raw 
barley before the malting process would be more obvious. 
However, in our previous study we showed that more malt 
samples than barley samples revealed contamination with 
Alternaria toxins, which indicates a mycotoxin formation 
during the malting process. Therefore, we see the optical 
sorting as an additional way to subsequently improve a batch 
regarding food safety.

Nevertheless, the experiments with malt 2 revealed, that 
dark kernel symptomatology is not always a reliable indi-
cator of A. alternata fungal infestation and probably has 
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other origins. In the literature, three main forms of kernel 
discoloration are commonly described: first, weather stain-
ing can be responsible for a colour change of the kernel 
from light to deep yellow or a caramelized colour, which is 
often described as grain tan [35]. Second, a black–brown 
discoloration at the embryo end of the grain is known as 
germ end staining or black point disease, which is com-
monly associated with fungal infection, but was also 
interpreted as result of enzymatic browning reactions [35, 
36]. Finally, in extreme cases, a greyish hue or distinctive 
black spots can be caused by visible mould formation [35]. 
However, it is also assumed that several different causa-
tive factors might induce grain discoloration [37]. One 
widely accepted hypothesis is that black point formation 
is a result of biochemical changes when exposed to envi-
ronmental effects, which then lead to enzymatic brown-
ing [38, 39]. This is commonly known as a characteristic 
reaction of plants that are subjected to stressful conditions, 
and takes place by the oxidation of phenolic compounds, 
which then form brown or black pigments known as mela-
nins [36, 40].

In general, A. alternata is suspected to be the main 
causal agent for black spots on wheat and barley grains 
since many years [16, 36, 38, 41], but other fungi such as 
Cochliobolus sativus, Fusarium spp., Stemphylium spp., 
Cladosporium spp. or Epicoccum spp. may also be able to 
create similar kernel discoloration patterns [36, 41]. How-
ever, until now, studies only focused on fungal isolations 
and not on mycotoxin concentrations. In contrast, there 
are also many reports, where no evidence of an associa-
tion between fungal infections and black spots was found 
[42–44]. As shown in a previous study [10], the dark ker-
nel symptomatology has no significant relationship with 
DNA content with respect to the fungus A. alternata. In 
this study, the mycotoxin content was added as a new fac-
tor and statistical analysis between A. alternata DNA lev-
els and the individual toxin content based on the two-tailed 
t test (data not shown), revealed a strong positive direc-
tional correlation only by the toxin ALTP (malt 1), which 
was found to be significant (ALTP: r = 0.862, p ≤ 0.05). In 
malt 2, a very strong negative directional correlation was 
shown for both mycotoxins detected in the raw material 
(AOH and TeA), which proved to be significant in this case 
(AOH: r = − 0.911, p ≤ 0.05; TeA: r = -0.902, p ≤ 0.05). 
However, no significant relationship was found for the 
other toxins, but further investigations are needed with a 
bigger sample set. For now, this preliminary study is the 
first time the correlation between A. alternata DNA levels 
and Alternaria toxin concentration was calculated. In addi-
tion, other Alternaria species besides A. alternata could be 
present on the raw material as well and be responsible for 
the detected toxins. Hence, DNA analyses of these species 
should be included in future projects.

Conclusion

Knowledge of the distribution of Alternaria mycotoxins 
during the brewing process enables assessing critical pro-
cessing steps or by-products, and will help to assess the 
need of regulatory thresholds to minimize the risk of toxic 
substances to human health. In this study, brewing trials 
with defined dosages of contaminated black kernels were 
successfully conducted to investigate the fate of Alternaria 
mycotoxins in the brewing process depending on the initial 
contamination and, based on this, to determine relation-
ships between black symptomatic kernels, total fungal 
DNA, and levels of mycotoxins.

Quantification of A. alternata DNA in the raw mate-
rial revealed higher levels in the black-colored fraction 
of malt sample 1, compared to the clean reference, with 
fungal DNA values increasing with the proportion of black 
grains. This could not be confirmed for malt sample 2, as 
for this sample the DNA values of the black-colored frac-
tion were comparable with the DNA content in the respec-
tive mixtures. The statistical analysis did not show any 
significant correlation between Alternaria mycotoxins and 
A. alternata DNA content, except for ALTP I, and occa-
sionally AOH and TeA. However, the verification of this 
correlation needs further investigation. Therefore, toxin 
production, which belongs to the secondary metabolism 
of the fungus, does not necessarily have to be linked to 
fungal biomass (= primary metabolism). Nevertheless, 
higher mycotoxin concentrations were found during the 
brewing experiments with malt 1, when 50 or 75% black 
grains were used compared to the brews with clean grains.

TeA was the only toxin to migrate into the final beer 
due to its high polarity, while the AOH, AME, TEN, ALTP 
and ATX I toxins were mainly found in the spent grains. A 
further transfer of AOH and AME into the wort could be 
observed, which shows the overall ability of both toxins to 
migrate through the brewing process. The observance of 
AOH-3-S and AME-3-S in some sampling steps also dem-
onstrated the possibility of modification reactions during 
brewing. AOH-3-S was only detectable in samples from 
the 75% mixture brew, which could probably show that 
higher AOH concentrations are necessary before the sul-
fates are formed. The ATX II, ALT, AOH-9-G and AME-
3-G toxins were not detected in any sample.

Furthermore, the results strongly indicate that opti-
cal sorting is a suitable tool for the malting and brewing 
industries to reduce mycotoxin levels in their final prod-
ucts. Even without black discoloration being necessarily 
an infection with Alternaria spp., this method might be 
useful to decrease economical losses in the barley industry 
and should, therefore, be further optimized. Kernel dis-
coloration is often associated with a high microbial load, 
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which then leads to substantial economic losses due to 
downgrading of raw materials to animal feed [41, 45, 46]. 
Nevertheless, screening for Alternaria DNA and/or myco-
toxin levels will still remain important as quality control 
in the future, as non-discolored cereals can still be heavily 
infected with this fungus and its toxins [37, 44, 47].

The relationship between A. alternata DNA and the 
respective Alternaria mycotoxins should be investigated in 
more detail in the future to improve food safety. Further 
studies are also required to gain more insight into the modi-
fication processes of AOH-3-S, as its fate could not be elu-
cidated in this study. In addition, the relationship between 
AOH concentrations and the formation of the sulfates is a 
suggestion for future research approaches, as is the study of 
matrix-bound Alternaria toxins, which are not yet known, 
but have been found before for other mycotoxins.
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