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Featured Application: Barley grains are highly valuable in human nutrition because
they contain dietary fiber, polyphenols, and carotenoids, which provide various health
benefits and contribute to the prevention of non-communicable diseases. By examining
how cultivation practices and varieties affect these beneficial compounds, we can develop
barley with an improved nutritional profile while minimizing the risks of mycotoxins,
thereby safeguarding consumer health. This research supports advancements in crop
management, food quality, and safety, benefiting both farmer profitability and public
health in Poland. The insights gained from this study can inform the development and
selection of barley varieties that offer higher yields, enhanced nutritional value, and
reduced susceptibility to mycotoxin contamination, all tailored to Polish agroclimatic
conditions. The findings also endorse the use of certain cereal varieties and optimized
nitrogen fertilization to lower chemical inputs, decrease environmental impact, and
maintain high productivity, which aligns with sustainable farming goals.

Abstract: Barley has consistently been ranked among the four most grown cereals in the
world. Integrated agronomic approaches, combining a selection of optimal genotypes and
growing conditions, may help to provide high yields of quality and safe barley grains. This
study aimed to assess the yield, polyphenol and carotenoid content, and mycotoxin pres-
ence in grains of four winter barley varieties—Hobbit, Zoom, Galation, and Sandra—grown
under different nitrogen (N) fertilization levels. High-performance liquid chromatography
(HPLC) was used to analyze bioactive compounds, while liquid chromatography tandem
mass spectrometry (LC-MS/MS) was applied to determine mycotoxin occurrence. Results
showed that Hobbit and Zoom had higher yields, with Hobbit benefiting from higher N
fertilization levels. While no significant differences in phenolic acids (sum) were observed
among the barley varieties tested (av. 80.50 £ 6.78 mg/100 g), higher N levels raised
flavonoid content (46.78 £ 4.35 vs. 38.82 + 3.54 mg/100 g). Zoom was characterized by
the highest total polyphenol levels (130.45 £ 12.50 mg/100 g). Among the 14 mycotoxins
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tested, only two were frequently found in the grain samples (DON and 15-Ac-DON), with
Sandra being the least and Galation the most susceptible. The N fertilization doses did not
significantly impact mycotoxin levels in grains. The insights gained from this study can
inform the development and selection of barley varieties and growing conditions that offer
optimized yields, enhanced nutritional value, and reduced susceptibility to mycotoxin
contamination, tailored to the producers” and consumers’ expectations and to sustainable
farming goals.

Keywords: cereals; Hordeum vulgare; food safety; phenolic compounds; phenolic acids;
flavonoids; lutein; 3-carotene; deoxynivalenol; HPLC; LC-MS/MS

1. Introduction

In global agriculture, barley (Hordeum vulgare) holds a significant position. For years,
it has consistently been ranked as the fourth most grown cereal species in the world after
wheat, rice, and maize [1]. In the period 2015-2021, 60.7% of the world’s production of
this cereal came from Europe, making it the leading continent in terms of production
volume [2].

Barley is used as malt, food, and livestock feed [3]. It contains high levels of dietary
fiber, particularly soluble fractions, such as 3-glucans and arabinoxylans, and many im-
portant vitamins, such as vitamin E and B-group vitamins [4,5]. It is also a good source of
phosphorus and manganese [6], as well as phenolic compounds, carotenoids, and other
antioxidants that contribute to its health-promoting properties [7,8].

Due to the soluble dietary fiber and bioactive compounds in barley composition, its
regular consumption has the potential to contribute to the reduction of serum low-density
lipoprotein cholesterol levels, to modulate gut microbiota, and to decrease postprandial
blood glucose levels, thus contributing to the promotion of cardiovascular health, the
prevention of diabetes, and the support of the digestive system [9,10].

Plant secondary metabolites, including phenolic compounds, play significant roles in
plant reproduction, growth, and inner protection against pests and pathogens [11]. The
main groups of phenolics present in cereal grains, flavonoids and phenolic acids, are known
to be free radical scavengers [12,13]. Therefore, their consumption has been suggested to be
linked to numerous health benefits, including the prevention of such non-communicable
diseases as cancers and cardiovascular problems [14-16].

Carotenoids are another important group of plant phytochemicals which confer nutri-
tional quality to cereal grains and cereal-based products [17]. They play a crucial role in
photosynthesis and photoprotection in plants. For humans, carotenoids are precursors of
vitamin A, which is necessary for maintaining health [18]. Neither humans nor animals are
able to synthesize carotenoid compounds, so their supply from diet is necessary to reap
health benefits. They are antioxidants suggested to enhance immune system functions and
to play a role in the prevention of retinal degradation, liver cancer, and sunburn [19]. One
of the main carotenoid compounds of barley is lutein, which is accumulated in a yellow
spot of the retina in the eye and protects it from damage by absorbing UV radiation [20].

Microscopic filamentous fungi of the genera Fusarium, Penicillium, and Aspergillus
produce mycotoxins—secondary metabolites with strong toxicity potential [21]. Infection
with these fungi can lead to a reduction in the quantity, quality, and safety of grains [22].
The most common mycotoxins include deoxynivalenol (DON); fumonisins; trichothecenes,
especially T-2 toxin and HT-2 toxin; zearalenone (ZEN); ochratoxins, especially ochra-
toxin A (OTA); and aflatoxins [21,23]. The most prevalent mycotoxins in barley are
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deoxynivalenol (DON) and its derivatives—3-acetyldeoxynivalenol (3-AcDON) and 15-
acetyldeoxynivalenol (15Ac-DON)—which are often associated with Fusarium infections.
The HT-2 and T-2 toxins are also common in barley, with the former occurring more of-
ten [24]. These trichothecenes are known for their acute toxicity, posing a high risk to health
at low doses. Ochratoxin A (OTA) can also be found in barley samples, although it is less
common [25]. It is produced by the genus Aspergillus. OTA is known for its toxic effects
on the kidneys, liver, nervous system, and immune system. Moreover, its embryotoxic
and teratogenic effects have been proven in many species. Ochratoxin A was classified as
a possible carcinogen in humans by the International Agency for Research on Cancer in
1993 [26]. Aflatoxins are also mutagenic and carcinogenic [27]. Poor hygienic conditions
during transportation and storage, wetness, heavy rains, and high temperatures promote
the production of these toxins.

There are two groups of fungi that produce mycotoxins in food: those that invade be-
fore harvest, called field fungi, and those that invade after harvest, called storage fungi [21].
At the very beginning of the production chain, the use of resistant varieties can be helpful
in limiting the growth of mold and mycotoxin contamination of food raw materials and
products [28]. Scientific literature points to the impact of nitrogen fertilization on the risk
of mycotoxin contamination of cereal grains [29-31].

Excessive nitrogen use in plant cultivation is a very important topic, as it has a negative
impact on the ecosystem, significantly increases the environmental footprint of agricultural
production, and can also affect the quality and safety of crops. Therefore, this study
aimed to examine the yield as well as selected quality and safety features (polyphenol
and carotenoid content and mycotoxin presence in grain) of four winter barley varieties
from a controlled field experiment in which different doses of nitrogen fertilizers were
used in cultivation. Barley produced in Poland is widely used for animal feed, malt, and
human consumption. Hence, the presented study on the content of bioactive compounds
and mycotoxin contamination of the grain of this cereal may be especially of interest to
producers, enabling them to select varieties characterized by good yields using effective
doses of nitrogen and by high quality and safety values, which are important from the
point of view of consumers expecting high-quality and safe food. In addition, the obtained
results may constitute a premise for further research to confirm and popularize effective
barley cultivation methods and varieties.

2. Materials and Methods
2.1. Field Experiment

Barley grains came from the field experiment conducted at the Agricultural Experi-
mental Station in Osiny Farm (57°47’ N, 22°05’ E), belonging to the Institute of Soil Science
and Plant Cultivation—State Research Institute in Pulawy, Poland. The experiments were
conducted on Albic Luvisols (developed in loamy sand on loam). The experiment was
set up using the randomized subblock design, with three field replications. The experi-
mental factors included 4 varieties of winter barley and nitrogen fertilization rates of 60,
90, 120, and 150 kg N ha~!. Among the varieties used, there was one traditional barley
pollination variety (Sandra), and there were 3 new hybrid varieties (Zoom, Hobbit, and
Galation), which are usually characterized by higher yielding potential than traditional
varieties. The forecrop was winter rape. Barley was sown at the optimal time and with the
optimal sowing rate. The crop protection strategy applied followed the recommendations
set by the Institute of Plant Protection—National Research Institute. The cultivation was
carried out under the weather conditions shown in Table 1. The meteorological data were
collected from the Automatic Agrometeorological Station located in the proximity of the
experimental station in Osiny (¢ = 51°47" N, A = 22°05’ E).
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Table 1. Weather conditions, including monthly average air temperature (°C), total monthly rain-
fall (mm), and long-term averages (1981-2010), in the season of barley cultivation, at the Osiny
experimental station.

Average LoAng-Term Long-Term
Months Temperature verage Rainfall (mm) Average
©0) Temperature Rainfall (mm)
(1981-2010) (°C)

September 14.7 13.4 17.6 60
October 9.6 8.5 22.3 37
November 47 32 324 38
December 0.6 —0.8 63.2 37
January 1.0 -21 471 30
February 1.1 -1.2 9.9 30
March 51 2.7 54.4 35
April 8.2 8.7 33.0 39
May 12.6 14.5 118.3 58
June 16.8 17.2 329 65
July 19.8 19.3 54.9 80

2.2. Chemicals

Acetone (HPLC grade) from Sigma-Aldrich (Poznan, Poland); acetonitrile (HPLC
grade) from Chempur (Piekary Slaskie, Poland); carotenoids (lutein and B-carotene) and
phenolics standards (HPLC grade 99.00-99.99% pure) from Fluka and Sigma-Aldrich
(Poznan. Poland); ethyl acetate from Sigma Aldrich (Poznan, Poland); magnesium car-
bonate (ultrapure) from Chempur (Piekary Slaskie, Poland); methanol (HPLC grade) from
Chempur (Piekary Slaskie, Poland); ortho-phosphoric acid from Chempur (Piekary Slaskie,
Poland); acetonitrile for LC-MS, ammonium formate and formic acid for mass spectrom-
etry from Sigma-Aldrich (Steinheim, Germany), methanol hypergrade for LC-MS from
Merck (Darmstadt, Germany); certified liquid standards of mycotoxins from Romer Labs
Diagnostic (Tulin, Austria); water, ultra-pure grade (18.2 M(Q) cm), from a Milli-Q Academic
A10 Water Purification System (Millipore Ltd., Bedford, MA, USA).

2.3. Dry Matter Content

The dry matter content in the grains was analyzed by a weight method, following the
Standard PN-R-04013:1988 [32], as previously presented by Kazimierczak et al. [33].

2.4. HPLC Analysis of Phenolic Acids and Flavonoids

The concentration of phenolic compounds (phenolic acids and flavonoids) was de-
termined by the high-performance liquid chromatography (HPLC) method, as previously
described by Kazimierczak et al. [33], using Shimadzu equipment (USA Manufacturing
Inc., Canby, OR, USA). The 100 mg samples of grain material were mixed with 5 mL of 80%
methanol, vortexed (using a Micro-Shaker 326M, Premeo, Marki, Poland) and incubated for
10 min at 30 °C and 5.5 kHz in an ultrasonic bath, then samples were centrifuged (10 min
at 6000x rpm at 5 °C). Following a second centrifugation (5 min, 12,000x rpm at 0 °C)
of the acquired supernatants, 900 pL of the clear supernatants were transferred to HPLC
vials for analysis. The HPLC-set included the following: two LC-20AD pumps, a CBM-20A
controller, a SIL-20AC column oven, and a UV /Vis SPD-20 AV spectrometer, manufactured
by USA Manufacturing Inc. Using the Synergy Fusion-RP, A-80 Phenomenex column
(250 x 4.60 mm), the phenolic compounds were separated at a flow rate of 1 mL min~!.
For phenolic acids, the wavelength was 250 nm, while for flavonoids, it was 370 nm. The
identification of individual compounds was based on Fluka and Sigma-Aldrich (Warsaw,
Poland) standards with HPLC purities of 99.00-99.99%. The HPLC chromatograms present-
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ing time of retention and peaks of the phenolic acids and flavonoids identified in barley
grain samples are presented in Figures S1 and S2 (Supplementary Materials).

2.5. HPLC Analysis of Carotenoids

The identification and quantification of carotenoids were carried out through the
HPLC method with the use of the HPLC equipment described above. A weighed amount
(400 mg) of powdered grain sample was extracted with cold acetone, and then magnesium
carbonate was added. The samples were incubated in a cold ultrasonic bath (5.5 kHz, 0 °C,
15 min). After extraction, the samples were centrifuged (5500 x rpm, 2 °C, 10 min). Then,
1 mL of centrifuged extract was used for the next step of analysis. A total of 200 uL of
supernatant was injected into a Max RP A-80 column (250 x 4.6 mm, Phenomenex, Warsaw,
Poland). For analytical purposes, two mobile phases were used. The first mobile phase
(A) contained 90% acetonitrile and 10% methanol. The second phase (B) contained 68%
methanol and 32% ethyl acetate. A flow of 1 mL min~! was used with the following time
program: 1.00-14.99 min, Phase A 100%; 15.00-22.99 min, Phase A 40% and Phase B 60%;
and 24.00-28.00 min, Phase A 100%. The wavelengths used for detection were 450 nm for
carotenes and 445 nm for xanthophylls. The carotenoids were identified based on Fluka
and Sigma-Aldrich external standards (lutein, 3-carotene). The HPLC chromatograms
presenting time of retention and peaks of the carotenoids identified in barley grain samples
are presented in Figures S3 and S4 (Supplementary Materials).

2.6. LC-MS/MS Analysis of Mycotoxins

The study comprises analysis of 14 mycotoxins, including 3-acetyldeoxynivalenol
(3-AcDON), 15-acetyldeoxynivalenol (15-AcDON), aflatoxin B1 (AFLB1), aflatoxin B2
(AFLB2), aflatoxin G1 (AFLG1), aflatoxin G2 (AFLG2), deoxynivalenol, fumonisin B1 (FB1),
fumonisin B2 (FB2), ochratoxin A (OTA), nivalenol (NIV), T-2 toxin (T-2), HT-2 toxin (HT-
2), and zearalenone (ZEA). The mycotoxins were extracted from barley grain samples
according to the method described in an earlier publication by the authors [33] based on
the method developed by Spanjer et al. [34]. The method included sample extraction with
water (30 min) and acetonitrile (2 h), centrifugation of the sample, and 20-fold dilution of
the extract, before instrumental analysis, with LC-phase solution [33].

Instrumental analysis was performed using an LC-MS/MS system consisting of an
Eksigent Expert UltraLC 100-XL chromatograph (Eksigent Technologies, Dublin, CA, USA,
equipped with a Kinetex C18 100A, 100 mm x 2.1 mm, 2.6 um core-shell column (Phe-
nomenex, Torrance, CA, USA) kept at 40 °C, coupled with QTRAP 6500 tandem mass
spectrometry (AB Sciex Instruments, Foster City, CA, USA). Data acquisition was con-
ducted using Analyst Software version 1.6.2 (AB Sciex) in multiple reaction monitoring
(MRM) mode for 16.0 min and data processing using MultiQuant Software version 3.0.2
(AB Sciex). The LC-MS/MS method used was optimized as described in Reference [33]. The
chromatographic parameters were unchanged. Two mobile phases, solvent A, consisting
of 0.1% formic acid and 5 mM ammonium formate in water, and solvent B, consisting of
0.1% formic acid and 5 mM ammonium formate in methanol, were used. The gradient
elution, at a flow rate of 0.5 mL min~!, was started at 2% B and held for 1.0 min, then
increased to 98% B in 9 min and held for 3.0 min; then, within 0.1 min, the mobile phase
composition returned to the initial state, and the column re-equilibration phase was held for
2.9 min. The mass spectrometer, as in previous studies, was used in positive and negative
electrospray ionization mode and operated at a capillary voltage of 4500 V or —4500 V,
a desolvation temperature of 500 °C, an entrance potential (EP) of 10 V or —10 V, with
nitrogen as the curtain gas (CUR), nebulizer (GS1), and auxiliary gas (GS2), at pressures of
30, 60, and 50 psi, respectively, and with nitrogen as the collision gas. For each mycotoxin,
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the parent ion and two daughter ions were selected with optimized parameters for ion
transitions, including collision energy, declustering, and cell exit potential, as well as the
determined retention time (RT). All the parameters were presented in the Supplementary
Materials of the authors’” above-mentioned paper [33]. LC-MS/MS chromatograms of
representative barley samples contaminated by mycotoxins are shown in Figure 56 in the
Supplementary Materials.

For the study, a stock mixture of certified solvent standards (Romer Labs Diagnostic,
Tulin, Austria) in acetonitrile was prepared with the following concentrations of individual
mycotoxins: AFLB2 and AFLG2 (0.025 pug mL~!); AFLB1 and AFLG1 (0.1 ug mL~1); OTA
0.5 ug mL~1); FB1, FB2, T-2, and HT-2 (5.0 ug mL~1); and ZEA, DON, 3-AcDON, 15-
AcDON, and NIV (20 ug mL~1). The stock mixture was diluted by 50-5000-fold with
acetonitrile to get working solutions. In addition, the isotopically labelled standard solution
of 13C17-aflatoxin B1 (13C17-AB1) in acetonitrile at a concentration of 0.01 ug mL~! was
prepared, and its 50-fold dilution was used as an internal standard (ILS). The stock standard
mixture and working solutions were kept at —20 °C.

Calibration mixtures were prepared from the working mixtures by pipetting 100 uL
of a given concentration of the working standard mixture, 50 pL of internal standard
(ILS), and 850 pL of LC mobile phase (95% A and 5% B) into the chromatographic vials.
Concentrations of individual mycotoxins in the calibration mixtures were in different
ranges, for AFLB1 and AFLG1 from 0.002-1 ng mL~!; for AFLB2 and AFLG2 from
0.0005-0.25 ng mL~L; for OTA from 0.01-5 ng mL~L; for FB1, FB2, HT-2, T-2, and ZEA
from 0.1-50 ng mL~1; and for DON, 3-AcDON, 15-AcDON, and NIV from 0.4-200 ng
mL~!. Calibration concentration in solvent corresponded to a 20 times higher value of
mycotoxin content in a sample, expressed in pg kg~ !. Internal standard, 13C17-AB1 (ILS),
was added prior to the injection into the LC-MS/MS and was used to control the accuracy
of calibration standard and sample extract injections. For quantitation, 1/x weighted, multi-
point calibration curves were used. All calibration curves, developed using MultiQuant
software, which were used to determine mycotoxin content, are presented in Figure S5 in
the Supplementary Materials.

The method was validated statistically and by recovery studies for linearity, precision,
repeatability, and reproducibility. Validation experiments were performed by spiking the
matrix control sample with the stock standard mixture and by using several European
Reference Materials (ERM-BE375, ERM-BE376, ERM-BC717), produced and certified under
responsibility of the Institute for Reference Materials and Measurements (IRMM) of the
European Commission’s Joint Research Centre (Sigma Aldrich, Steinheim, Germany). The
results showed that recoveries were in the range of 70-120% and precision (RSD) < 20%.
The method’s suitability was confirmed in proficiency tests organized by TestQual Profi-
ciency Testing Schemes (Murcia, Spain) and in the Check Sample Survey (CSS) organized
by Romer Labs.

The limit of quantification (LOQ) determination for mycotoxins was performed using
a calibration approach recommended by “Guidelines for the estimation of LOD and LOQ
for the measurement of contaminants in feed and food” [35]. The LOQ was estimated
as equivalent to 3.3 x LOD, based on a linear multipoint calibration curve including the
lowest calibration level (LCL), characterized by R? > 0.998. For simplicity, however, the
LOQ for all mycotoxins was assumed to be equivalent to the lowest calibration level (LCL)
except for HT-2 and T-2, for which it was established as % LCL.

Consequently, the LOQ was set at 0.01 ug kg~ ! for AFLB2 and AFLG2, 0.04 ug kg !
for AFLB1 and AFLGI, 0.2 ug kg ! for OTA, 20 ug kg ! for FB1, 2 ug kg~! for FB2 and
ZEA, 1 ug kg~! for HT-2 and T-2, 8 ug kg ! for DON, 3-AcDON, 15-AcDON, and NIV.



Appl. Sci. 2025, 15, 6904

7 of 21

2.7. Statistical Analyses

The effects of barley variety and nitrogen dose (N-dose) on the grain compositional
parameters were assed using two-way analysis of variance (ANOVA), followed by the
post hoc Tukey’s test, and differences were considered significant at p < 0.05. Principal
component analysis (PCA) was used to investigate interrelations between the yield, identi-
fied bioactive compounds content, and the occurrence of mycotoxins in all barley varieties
tested. Additionally, Spearman’s Correlation analysis was performed to assess possible
linear associations between the yield, concentrations of polyphenols, carotenoids, and
the mycotoxin occurrence in grain samples. The Statgraphics 18 Software (Statgraphics
Technologies, Inc., The Plains, VA, USA) was used for ANOVA analysis. The R statistical
environment (R Foundation for Statistical Computing, Vienna, Austria) was used to plot
data with post hoc test results, for PCA picturing, and for the calculation and visualization
of correlation analysis results [36].

3. Results and Discussion
3.1. Grain Yield

Significant differences in grain yield were found depending on the barley variety. At
the same time, no such effect was observed depending on the dose of nitrogen applied to the
crop in the case of three of the four varieties tested. Only in the case of the Hobbit variety, it
was shown that higher doses of nitrogen applied to the crop stimulated an increase in yield.
Similar grain yields for this variety were obtained by applying 120 and 150 kg of nitrogen
per hectare. A comparison of mean yields for individual varieties showed significantly
higher yields for Hobbit and Zoom than for the Galation and Sandra varieties (Table 2).

Table 2. Total grain yields (tonnes per hectare) of four barley varieties in relation to different nitrogen
fertilization levels (N-dose) in the controlled field trial in Poland.

. Barley Grain Yields (Tonnes Per Hectare)
N-Dose/Variety

Galation Hobbit Sandra Zoom

60 kg N/ha 9.03 £ 0.69 a 1044 £ 0.36 a 9.52 + 0.56 a 1038 £1.15a
90 kg N/ha 8.81 +£0.90 a 991 £0.36a 9.02+0.71a 981 +1.16a
120 kg N/ha 10.03 £0.22 a 11.32 +£0.19b 953+ 0.77 a 11.07 £0.33 a
150 kg N/ha 9.60 £ 0.61 a 11.16 £0.32b 10.15+0.37 a 10.83 £ 0.27 a

ANOVA

p-values

N-dose ns 0.0019 ns ns

Mean for Variety 9.36 £0.75 A
ANOVA p-value < 0.0001

Data are presented as means =+ standard deviations (SD); mean values followed by different letters within columns
(a,b) and mean values followed by different letters in the row “Mean for Variety” (A,B) are significantly different
at p < 0.05; ns—not statistically significant.

9.71 £ 0.65 B 9.56 +0.68 A 10.52 + 0.88 B

Zoom, Hobbit, and Galation are hybrid varieties that have higher yielding potential
than conventional genotypes (population varieties) such as Sandra. This is because hybrids
obtained by crossing different genetic lines, thanks to heterosis, are characterized by greater
vitality and greater development than conventional genotypes [37-39]. The results obtained
in our study correspond to the results of other authors [38,40,41]. Tuppad et al. showed
that increased nitrogen levels considerably influenced the yields, which were highest when
120 kg N ha~! was applied [41].
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3.2. Polyphenols and Carotenoids Content

Barley grains are rich in secondary metabolites such as polyphenols, represented
mainly by phenolic acids and flavonoids. These bioactive compounds, known for their
health-promoting antioxidant properties, make barley a valuable resource for developing
food products and animal feeds [42].

Ferulic and p-coumaric acid are the main phenolic acids in barley grains [43], known for
their antioxidant properties [44]. Other phenolic acids, reported in the scientific literature
to represent smaller amounts in the grains, include caffeic and sinapic acids, belonging
together with ferulic and p-coumaric acids to the group of hydroxycinnamic acids, and also
vanilic and protocatechuic acids, belonging to the group of hydroxybenzoic acids [45]. The
highest concentration of phenolic acids is found in bran and whole grains [46].

Flavonoids detected in barley grains include, among others, quercetin and kaempferol [47].
Secondary metabolite synthesis in plants is influenced by many factors such as the plant
genotype, the environment, agronomic practices, and stress conditions [41] e.g., higher flavonoid
content occurs in the purple grain varieties, which have the Ant2 gene [48]. Since these
compounds are known to play a role in plant defense against stress [49], abiotic stress factors
were previously shown to enhance phenolic acids and flavonoid content in cereal grains.
Another abiotic stress factor, nitrogen deficiency, was also suggested to trigger the accumulation
of phenolic compounds in grains [50]. Scientific literature suggests that nitrogen limitation may
promote secondary metabolite synthesis by redirecting plant metabolism towards carbon-based
assimilates [41,49]. On the other hand, some researchers indicate the opposite, that nitrogen
fertilization can increase the total phenolic content, with this effect being dependent on the dose
of nitrogen [51-53]. The content of these compounds is also affected by harvest time, plant
maturity, part of the grain, and post-harvest storage conditions [54].

In our study in the case of phenolic acids, no significant differences were observed
in the content of the sum of these compounds between barley grains grown at different
nitrogen rates, nor was there any variation between varieties in this respect (Table 3). The
impact of genetic background and N fertilization levels could have been overweighted by
some other subtle abiotic and biotic factors not specifically controlled in the experiment [41].

Table 3. Phenolic acid concentrations (mg/100 g) in the grain of four barley varieties grown in
different conditions of nitrogen fertilization (N-dose) in the controlled field trial in Poland.

. . . . . . . t-Cinnamic . . p-Coumaric Sum of
N-Dose/Variety Gallic Acid Ferulic Acid Caffeic Acid Acid Sinapic Acid Acid Phenolic Acids
60 kg N/ha 252+ 033A 6587+830A 096+052AB  0.93 £0.05 AB 142 £0.03 A 11.00 £1.88 A 82.69 +9.68 A
90 kg N/ha 3.01+£021B 6272+770A 1.09+ 0.65B 0.85+0.20 A 141 +£0.03 A 1091 £190A  79.99 +883 A
120 kg N/ha 328+060C 60.77 £1352A  0.64+040A 1.00 £0.11B 144 £0.02B 1270 £ 0.74B  79.82+13.70 A
150 kg N/ha 352+037D 6186 +£9.67A 073+ 0.46 A 1.00 £0.04 B 144 £0.02B 1096 £347 A 7951+ 1031 A
Zoom 3.03+037b 6859 +83%9a 0.63+0.32a 0.99+0.10b 1.45+0.02b 9.94+313a 84.63 £0.95a
Hobbit 3424+079c 6198+12.89a 0.67 +0.46 a 0.99 & 0.06 b 144 £0.02b 1087 £1.72ab  79.35+1.39a
Galation 3.09£035b  57.33£9.37a 0.98 £ 0.53 ab 0.85+020a 140 £0.02a 1223 £147b 7588 £1.59a
Sandra 2784+ 040a 63.33+4.84a 1.14 £ 0.64b 0.95+0.05b 141 +£0.01a 1253 £1.54Db 8215+192a
p-value
N-dose (N) <0.0001 ns 0.0069 0.0018 <0.0001 0.0095 ns
Variety (V) <0.0001 ns 0.0019 0.0012 <0.0001 0.0005 ns
. N V <0.0001 ns <0.0001 0.0038 0.0276 0.0019 ns
interaction

Data are presented as means + standard deviations (SD); within columns and factors (N-dose/variety), mean
values followed by different letters (A-D for N-dose; a—c for varieties) are significantly different at p < 0.05;
ns—not statistically significant.

However, as shown in Table 3, some significant differences were found regarding
the content of individual identified phenolic acids, both depending on nitrogen dose and
barley variety. This concerned phenolic acids occurring in smaller quantities in barley
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grains, such as gallic, caffeic, t-cinnamic, p-coumaric, and sinapic acids, but no differences
were found in the content of the dominant ferulic acid (Table 3). The interaction means
showing the character of interactions concerning the effect of nitrogen fertilization rate and
barley variety on phenolic acid content are presented in Figure 1.
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Figure 1. Phenolic acid concentrations in grains of four different barley varieties grown with
four different N fertilization doses. Data are presented as means + standard errors (SE). Mean
values followed by different letters (a-h) are significantly different at p < 0.05. Capital letters and
numbers below bars indicate the name of the cultivar and the dose of fertilizer: Z—Zoom; H—Hobbit;
G—Galation; S—Sandra; 60—60 kg N /ha; 90—90 kg N /ha; 120—120 kg N /ha; 150—150 kg N /ha.

The Sandra and Galation varieties were characterized by the highest caffeic and
p-coumaric acid concentrations among the varieties tested. Sandra grain also had the
highest t-cinnamic acid contents. The Hobbit variety stood out in terms of a higher content
of gallic and sinapic acid. Similarly, the Zoom variety was among the richest in sinapic acid
(Table 3). As mentioned, the ferulic acid was identified to be a dominant phenolic acid in
the tested barley grains. On average, it accounted for approximately 78% of the sum of
all identified phenolic acids. This result is closely in line with previous studies showing
ferulic and p-coumaric acids as the major low-molecular-weight phenolic acids in the grain
of barley [33,55,56].

Flavonoids are the second group of polyphenols present at high levels in barley grains.
They play an important role in cereal plants, contributing to various physiological functions
and helping with adaptation to environmental challenges [57,58]. They take part in, among
others, the processes of seed maturation and dormancy, which are essential for the proper
development and survival of cereal crops [57] and act as UV-scavengers, protecting plants
from the adverse effects of ultraviolet radiation [59]. They are involved in both biotic
and abiotic stress responses [57,58]. In our study, the applied doses of nitrogen in barley
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cultivation significantly affected the concentration of flavonoids in grains. It turned out
that significantly more flavonoids were identified in grain grown with higher nitrogen
rates (120 and 150 kg N ha—1). This result is consistent with the observations of other
researchers, who claimed that the dose of 120 kg N ha~! generally improves plant growth
and nutrient content [51,52]. Significant differences were also observed among the studied
barley varieties. The Hobbit variety was richest in flavonoids (Table 4).

Table 4. Flavonoid concentrations (mg/100 g) in the grain of four barley varieties grown in different
conditions of nitrogen fertilization (N-dose) in the controlled field trial in Poland.

N- Quercetin-3- Kaempferol-3- . . N Sum of
Dose/Variety O-Rutinoside O-Glucoside Luteolin Quercetin Apigenin Kaempferol Flavonoids
60 kg N/ha 485+ 157 AB 407+139A 262+031A 240+£0.64A 13.80 £356 A 11.09 + 157 B 3882+ 354 A
90 kg N/ha 525+195B 472 £255B 265+050A 346+ 1.18B 17.50 £ 4.01 B 894 +£344 A 4252 +8.02 AB
120 kg N/ha 390+ 121 A 6.88+042C 297+068A  380+£121B 1718 £3.87B 10.59 + 0.48 B 45324+ 4.05B
150 kg N/ha 417 £ 138 A 761£099C 266+048A  3.84+£077B 18.22 £ 3.02B 10.27 £1.09 B 46.78 £4.35B
Zoom 3.87+095a 646+ 0.75bc 290+ 0.61a 245+ 041a 19.04 £5.13b 1110 £ 1.75Db 45.82 4 5.38 bc
Hobbit 398+139a 6.55+£227c 280+042a 376+ 1.30bc 18.74 £ 141b 10.65 £ 0.70 b 4648 £5.28 ¢
Galation 491 +1.59 ab 464+276a 232+050a 3124090 ab 16.18 £2.18b 845+ 3.16a 39.62 £ 6.50a
Sandra 5414+192b 563+ 1.85b 2.894+030a 4184+0.89c 1272 £192a 10.69 + 0.38 b 41.52 +4.16 ab
p-value
N-dose (N) 0.0066 <0.0001 ns 0.0008 0.0010 0.0008 0.0005
Variety (V) 0.0018 <0.0001 0.0255 0.0002 <0.0001 <0.0001 0.0033
. N V <0.0001 <0.0001 ns 0.0455 0.0250 <0.0001 0.0127
interaction

Data are presented as means + standard deviations (SD); within columns and factors (N-dose/variety), mean
values followed by different letters (A-C for N-dose; a—c for varieties) are significantly different at p < 0.05; ns—not
statistically significant.

Among the flavonoids detected in our study, apigenin and kaempferol were found in
the highest concentrations in barley grain, and their content depended on both the variety
and the fertilization. Similar apigenin contents were found in grain grown with doses of
90, 120, and 150 kg N ha~!, and they were significantly higher than at the dose of 60 kg
N ha~!. In the case of kaempferol, higher contents were identified in grain grown with
doses of 60, 120, and 150 kg N ha~! in comparison to 90 kg N ha~!. Among the varieties
tested, Sandra and Galation contained the least apigenin and kaempferol, respectively. The
interactions’ means concerning the effect of nitrogen rates and barley variety on flavonoid
content are presented in Figure 2. According to the literature, the dominant flavonoids in
barley vary depending on the grain color and type, which includes varieties such as purple,
black, blue, yellow, and white barley [60].

A comparison of the content of the sum of identified polyphenols in grains cultivated
with the different nitrogen doses showed no statistical differences. When comparing the
studied barley varieties, Zoom stood out in terms of the concentration of these compounds
(Table 5). The Zoom variety also showed a tendency towards a higher lutein content in the
grain compared to the other varieties, while barley grain grown with different N-fertilizer
doses did not differ in terms of the content of the identified carotenoids, namely lutein and
[3-carotene (Table 5). As reported by Movludi et al. [61], higher nitrogen rates were shown
to reduce carotenoid levels in barley under stress conditions (drought). On the other hand,
it is possible that moderate nitrogen doses may be beneficial for maintaining or slightly
increasing the concentration of these compounds [51].
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Figure 2. Flavonoid concentrations in grains of four different barley varieties grown with
four different N fertilization doses. Data are presented as means + standard errors (SE). Mean
values followed by different letters (a—e) are significantly different at p < 0.05. Capital letters and
numbers below bars indicate the name of the cultivar and the dose of fertilizer. Z—Zoom; H—Hobbit;
G—Galation; S—Sandra; 60—60 kg N /ha; 90—90 kg N /ha; 120—120 kg N /ha; 150—150 kg N /ha.

Table 5. Total polyphenols, lutein, and (3-carotene content in four barley varieties grown in different
conditions of nitrogen fertilization (N-dose) in the controlled field trial in Poland.

. Total Polyphenols Lutein [3-carotene
N-D
ose/Variety (mg/100 g) (ug/kg) (ug/kg)
60 kg N/ha 121.52 £13.01 A 11700.1 £ 9409 A 1489.39 +£2.60 A
90 kg N/ha 122.51 + 15.63 A 11128.7 + 484.4 A 1489.49 £3.93 A
120 kg N/ha 125.14 £16.25 A 11096.5 £+ 796.5 A 1488.70 & 6.99 A
150 kg N/ha 126.29 £13.10 A 10826.2 £+ 1036.6 A 1487.52 £322 A
Zoom 130.45 £ 12.50b 11,869.7 + 896.3 b 149198 £5.61 a
Hobbit 125.83 +16.04 a 11,099.5 + 814.3 ab 1487.53 £3.93 a
Galation 11551 £ 1431 a 11,246.6 = 537.9 ab 1488.84 £2.89 a
Sandra 123.67 £10.68 a 10,535.8 += 711.3 ab 1486.74 £3.27 a
p-value
N-dose (N) ns ns ns
Variety (V) ns ns ns
N x V interaction ns ns ns

Data are presented as means =+ standard deviations (SD); within columns and factors (N-dose/variety), mean
values followed by different letters (capital letters for N-dose; small letters a,b for varieties) are significantly
different at p < 0.05; ns—not statistically significant.

3.3. Mycotoxins Occurrence

Amongst the analyzed mycotoxins, deoxynivalenol (DON) and 15-acetyldeoxynivalenol
(15-AcDON) were the most frequently detected in the barley grains tested (Table 6). Of
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the 14 mycotoxins analyzed, only four were detected in the tested samples. Aflatoxins
B1, B2, G1, and G2 were not detected in any of the samples, and neither were OTA, 3-
acetyldeoxynivalenol (3-AcDON), and nivalenol (NIV). Fumonisin B2 was detected in only
one case, similarly to T-2 and HT-2 toxins. Among the barley varieties, Sandra was found
to be the least susceptible to mycotoxin accumulation, and only at the highest nitrogen
fertilization was it found to contain small amounts of DON. In contrast, the Hobbit, Zoom,
and Galation varieties, irrespective of nitrogen fertilization conditions, contained myco-
toxin DON, while in the case of the Hobbit and Galation varieties at fertilization levels of
90, 120, and 150 kg nitrogen per hectare, 15-AcDON mycotoxin was present in the grain
(Table 6). However, DON concentrations were far lower than the maximum permissible
levels defined for this mycotoxin in the current EU regulation (which is 1000 pg kg~?
for unprocessed cereals) [62] which decreased from 1250 ug kg~! set in the previous EU
regulation [63]. The detected concentrations of T-2 and HT-2 toxins were also far below
the maximum limit, set as 150 pug kg~! for the sum of these two toxins in Commission
Regulation (EU) No. 2024/1038 [64]. Regarding fumonisins, the current EU regulation
No. 2023/915 does not set the maximum limits for barley [65].

Table 6. Mycotoxins occurrence (pg/kg) in grains of four barley varieties grown in different conditions
of nitrogen fertilization (N-dose) in the controlled field trial in Poland 1

N-Dose Barley Variety FB2 FB1 + FB2 T2 HT-2 T-2 + HT-2 DON 15-AcDON
Max.iml%m levels for. , 3 3 4 4 1505 1000 6 3
mycotoxins in cereal grains

Zoom 17.80 17.80 - - - 121.42 -
Hobbit - - - - - 173.82 -
60 kg N/ha Galation - - - - - 22451 -
Sandra - - - - - - -
Zoom - - - - - 97.58 -

Hobbit - - - - - 289.62 16.56

90 kg N/ha Galation - - <1 <1 1.53 244.25 22.13
Sandra - - - - - - -
Zoom - - - - - 210.38 -

Hobbit - - - - - 209.95 1353

120 kg N/ha Galation - - - - - 228.79 21.47
Sandra - - - - - - -
Zoom - - - - - 202.04 -
Hobbit - - - - - - -

150 kg N/ha Galation - - - - - 273.20 2058
Sandra - - - - - 84.32 -

! The study comprised analysis of 14 mycotoxins, including 3-acetyldeoxynivalenol (3-AcDON), 15-
acetyldeoxynivalenol (15-AcDON), aflatoxin B1 (AFLB1), aflatoxin B2 (AFLB2), aflatoxin G1 (AFLG1), aflatoxin
G2 (AFLG2), deoxynivalenol, fumonisin B1 (FB1), fumonisin B2 (FB2), ochratoxin A (OTA), nivalenol (NIV), T-2
toxin (T-2), HT-2 toxin (HT-2), and zearalenone (ZEA). Only mycotoxins detected in at least one of the samples
are included in the Table; 2 Acc. to the current Commission Regulations (EU); > ML not set for barley in the
EU regulations; 4 ML set only for the sum of T-2 and HT-2 toxins; 5 Acc. to the Commission Regulation (EU)
2024/1038 of 9 April 2024 amending Regulation (EU) 2023/915 as regards maximum levels of T-2 and HT-2 toxins
in food [64]. © Acc. to the Commission Regulation (EU) 2024/1022 of 8 April 2024 amending Regulation (EU)
2023/915 as regards maximum levels of deoxynivalenol in food [62].

Deoxynivalenol (DON) and 15-acetyldeoxynivalenol (15-AcDON) are produced by
Fusarium graminearum and Fusarium culmorum during cereal production. Both species are
considered significant contributors to Fusarium head blight, a common fungal disease
that often affects barley and other small-grain cereals [66]. These toxins are primarily
produced during and after the flowering stage (anthesis) to early grain-filling stages of
cereals such as wheat, barley, and maize. Infection risk is highest when warm, wet, and
humid conditions occur during flowering, as the fungi infect open flowers and begin
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colonizing developing kernels. The fungi can continue to produce DON and 15-AcDON
as the grain matures, especially if moist conditions persist up to harvest [67,68]. In our
study, during the experiment in May, when barley was earing, high rainfall was recorded,
almost twice as high as the long-term average (Table 1). In this case, this could have been
the reason for the presence of these mycotoxins in the grain.

DON and 15-AcDON are commonly found in food and feed samples due to a com-
bination of biological and stability factors. There is a notable prevalence of 15-AcDON-
producing Fusarium strains, with certain species, such as F. graminearum, primarily biosyn-
thesizing 15-AcDON as an intermediate metabolite during the production of DON [69,70].
This results in a higher natural occurrence of 15-AcDON compared to 3-AcDON in con-
taminated cereal grains [70]. Additionally, 15-AcDON often coexists with DON in grains,
further increasing its detection frequency [71]. Stability during storage and processing also
plays a crucial role; studies indicate that both DON and 15-AcDON demonstrate greater
stability during grain storage than 3-AcDON, enhancing their durability and likelihood of
detection [71].

Some authors point to the impact of nitrogen fertilization on the risk of mycotoxin
contamination of cereal grains. In some cases, a higher risk of mycotoxin contamination has
been associated with higher nitrogen fertilization rates during cultivation [29]. However,
another study found that nitrogen fertilization reduced the Fusarium mycotoxin content in
barley grains, suggesting that well-supplied plants may be more resistant [30]. The studies
investigating the impact of agricultural factors and practices on mycotoxin contamination
indicate that high organic matter content in the soil and diverse crop rotations are linked to
a lower risk of Fusarium mycotoxin contamination, while high doses of mineral nitrogen
fertilizers, overuse of certain fungicides and herbicides, and lack of crop rotation may
increase the risk of contamination [31]. After harvest, fungal development and mycotoxin
production can be prevented in grain storage under controlled humidity and temperature
conditions. Reducing the storage period to less than six months can also be beneficial.
Keeping the temperature at 10-15 °C and relative humidity at 65% can be effective [72].

Pathogenic fungi pose a risk and can make infected grain unsuitable for human con-
sumption or animal feed production. These toxic secondary metabolites can cause various
adverse effects in animals and humans. Mycotoxins are a serious food and feed safety
threat concerning cereal-based foods and feeds. Particularly, infants, small children, farm
animals, and pets are at greater risk of mycotoxicosis. The molds producing mycotoxins
can cause acute toxicity as well as initiate/contribute to the development of a number of
non-communicable diseases, including immunity suppression, growth impairment, neural
defects, and cancers [73]. For this reason, it is essential to research varieties and growing
conditions of cereals that indicate a lower risk of mycotoxin contamination.

3.4. Relations Between Experimental Factors and Parameters Tested

To gain a deeper understanding of the similarities and differences among the examined
barley grain samples regarding their polyphenolic and carotenoid content as well as myco-
toxin contamination, a principal component analysis (PCA) was conducted (Figure 3a,b,
respectively). The PCA of bioactive compounds in barley samples of different varieties
(Zoom, Galation, Hobbit, and Sandra) cultivated with different N fertilization levels (60, 90,
120, and 150 kg N ha~!) revealed that the first main component explains 39.56% of the total
variance, while the second component explains 17.22%.
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Figure 3. The plot of principal component analysis (PCA) showing relationships between the chemical
composition of grains of the studied barley varieties grown with different doses of N fertilizer:
(a) carotenoids, phenolic acids, and flavonoids; (b) mycotoxins. 60 kg N ha—1 (N60), 90 kg N ha~1

(N90), 120 kg N ha~! (N120), 150 kg N ha~! (N150), 15-acetyldeoxynivalenol (15-AcDON), and
deoxynivalenol (DON).

The PCA score plot shows that samples coming from the field plots fertilized with
60 kg and 150 kg N ha~! tend to cluster in opposite quadrants, indicating distinct profiles of
bioactive compounds at these fertilization levels. No clear grouping of results based on bar-
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ley variety was observed, suggesting that N fertilization level has a more pronounced effect
on the studied bioactive compounds than genotype. Lower nitrogen application (60 kg N
ha~!) was associated with higher contents of phenolic acids, particularly ferulic and caffeic
acid, as well as flavonoids such as quercetin-3-O-rutinoside and kaempferol, in grains.
Conversely, the highest fertilization level (150 kg N ha~!) was related to increased levels
of gallic acid, quercetin, apigenin, and the kaempferol-3-O-glycoside. Additionally, the
highest fertilization dose was linked to increased grain yields, indicating a potential trade-
off between bioactive compound profiles and productivity (Figure 3a). The demonstrated
relationships are also confirmed by other authors studying cereals [74,75].

The PCA of 15-AcDON and DON mycotoxins’ contents in barley samples revealed
that the first principal component explains 83.47% of the total variance, while the second
component explains 16.53%. The biplot clearly distinguishes the barley varieties Hobbit
and Galation from samples subjected to nitrogen fertilization at 90 and 120 kg N ha~?!, with
these groups associated with higher concentrations of 15-AcDON and DON mycotoxins.
Specifically, the Hobbit and Galation samples from the highest and intermediate nitrogen
treatments tend to exhibit elevated mycotoxin levels, indicating a correlation between
increased nitrogen fertilization and mycotoxin contamination. This is confirmed by other
studies, which have shown that increasing the nitrogen dose accelerates the development
of Fusarium (fungi producing DON and 15-AcDON) and increases the production of
mycotoxins, especially at high humidity during flowering [30]. Conversely, the varieties
Sandra and Zoom cluster closely together in the PCA space, suggesting similar mycotoxin
occurrence profiles across different fertilization levels. Notably, the Sandra samples, despite
varying nitrogen applications, remain the most similar within their group (Figure 3b). These
findings, similar to another study [76], underscore the influence of both barley variety and
nitrogen fertilization on mycotoxin contamination, with certain varieties and treatment
levels associated with higher toxin accumulation.

The Spearman correlation analysis revealed several significant relationships between
phytochemical contents, crop yield, and fertilization levels in barley cultivation (Figure 4).

Notably, barley grain yield was strongly and positively correlated with the levels of
p-coumaric acid and sinapic acid, suggesting that higher concentrations of these phenolic
acids may be associated with increased biomass production. Additionally, a moderate yet
positive correlation was observed between yield and the total flavonoid content, particularly
with apigenin, indicating that flavonoid accumulation could also be linked to plant produc-
tivity. Conversely, a negative correlation was identified between barley yield and the levels
of caffeic acid and quercetin-3-O-rutinoside, implying that elevated concentrations of these
compounds might be associated with reduced yields or stress responses. Fertilization levels
showed positive correlations with gallic acid, the amount of kaempferol-3-O-glycoside,
quercetin, and the sum of flavonoids tested, suggesting that increased nitrogen input may
promote the biosynthesis of these secondary metabolites. However, this result is not typical
based on past experiments.

The mycotoxin 15-AcDON demonstrated a strong and negative correlation with ferulic
acid and kaempferol, suggesting that higher concentrations of 15-AcDON are associated
with lower levels of these phenolic compounds. Additionally, the sum of mycotoxins T-2
and HT-2 exhibited negative correlations with various polyphenols, including p-coumaric
acid, sinapic acid, kaempferol, quercetin-3-O-rutinoside, and kaempferol-3-O-glycoside,
indicating an inverse relationship between these toxins and specific antioxidant constituents.
Conversely, fumonisins Bl + B2 showed a positive correlation solely with lutein, implying
a potential association between these mycotoxins and carotenoid content. Further analysis
highlighted that flavonoid levels correlated with lutein. Our findings, as well as others,
suggest complex interactions between mycotoxin contamination and the phytochemical
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profile of barley, which may be influenced by cultivation practices and environmental
factors [77-79].
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Figure 4. Spearman’s correlation between the concentrations of bioactive compounds (phenolic acids,
flavonoids and carotenoids), mycotoxins identified in barley samples, fertilization doses, and yield.
Color (red /blue) and color intensity indicate the direction and the strength of the association. Green

signs reflect statistical significance of the correlation at the level of p < 0.05 (*), p < 0.01 (**), and
p < 0.001 (***); 15-acetyldeoxynivalenol (15-AcDON), deoxynivalenol (DON).

4. Conclusions

In conclusion, it is important to highlight the complex interactions between genotype,
nitrogen fertilization, phytochemical composition, and mycotoxin contamination in barley,
emphasizing the need for integrated breeding and crop management strategies to optimize
yield, grain quality, and safety. Our research showed that genetic factors are the primary
determinants of grain yield, with hybrid varieties (mainly Hobbit and Zoom) yielding
better than the conventional one (Sandra). Nitrogen fertilization significantly impacted
certain flavonoid contents, particularly in hybrids, but had little effect on overall yield.
Mycotoxin accumulation (mainly DON and 15-Ac-DON) in grains varied by barley variety,
with Sandra showing the least susceptibility, while Hobbit, Zoom, and Galation contained
mycotoxins regardless of nitrogen levels. Higher contents of antioxidant compounds in
barley may correlate with reduced mycotoxin levels, although this relationship is complex.

Optimal nitrogen management is essential to increase yields and phenolic concen-
trations while minimizing the risk of mycotoxin contamination of the grain. Therefore,
breeding should aim to combine high yields with resistance to mycotoxins and favorable
phytochemical profiles to enhance both productivity and grain quality and safety.

The current study, although showing some important limitations, provides a signifi-
cant insight into future research focused on determining the impact of different rates of
nitrogen fertilizers and barley varieties, not only on yield, but also on important quality
and safety characteristics of barley grain. The research was conducted in specific regions of
Poland, which may not represent barley growing conditions in other countries or climates.
Therefore, the results may not be universally applicable. Moreover, only four winter barley
varieties were examined (Hobbit, Zoom, Galation, and Sandra). The findings may not
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reflect the performance of other barley varieties that could exhibit different responses to
nitrogen fertilization and mycotoxin contamination. Additionally, this study investigated
only a limited range of nitrogen fertilization levels. Future research could explore a broader
range and more specific N application rates to determine the optimal conditions for maxi-
mizing yield and grain quality and minimizing mycotoxin contamination risk. Results may
vary across different years due to variations in weather patterns, pest pressures, and soil
health, which can affect plant growth and mycotoxin levels. By addressing these limitations
in future research, the understanding of how cultivation practices and environmental
variables influence the quality and safety of barley could be further enhanced.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app15126904/s1. Figures S1 and S2: Chromatograms showing
retention times for the polyphenols identified in barley grains; Figures S3 and S4: Chromatogram
showing retention times for the carotenoids identified in barley grains; Figure S5: Standard calibra-
tion curves for fourteen analyzed mycotoxins; Figure S6: LC-MS/MS example chromatograms of
mycotoxin solutions versus representative barley samples contaminated by mycotoxins.
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