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Abstract: The main anti-nutritive substances present in rye grains include alkylresorcinols, water-
soluble pentosans, and trypsin inhibitors. The content of these compounds in the grains can be
influenced by genetic factors, habitat conditions and the crop management technology used in
cultivation. The aim of the study was to determine the variability of the concentration of anti-nutritive
compounds in rye grains depending on the variety, weather conditions and production technology.
The field research was conducted at the IUNG-PIB Experimental Station in Osiny (Poland) in three
growing seasons 2010/2011, 2011/2012 and 2012/2013. The experiment was located on lessive soil, on
plots of 45 m2 in three replications. The first factor was the type of production technology (integrated
and intensive), while the second was a variety of winter rye. Two hybrid varieties (Brasetto, Visello)
and two population varieties (Dańkowskie Diament, Kier) were included. The research showed that
the content of anti-nutritive compounds in rye grains depended significantly on the genotype and
weather conditions. Stress conditions during the rye growing season in 2011 and 2013 were the cause
of higher synthesis of alkylresorcinols, soluble pentosans and trypsin inhibitors in rye grains. The
content of alkylresorcinols and water-soluble pentosans also depended significantly on the intensity
of the production technology. The higher content of these compounds was found in rye grains from
intensive technology. The production technology had no significant impact on the activity of trypsin
inhibitors.

Keywords: rye; production technology; varieties; alkylresorcinols; water-soluble pentosans; trypsin in-
hibitors

1. Introduction

Rye (Secale cereale L.) is a cereal plant commonly grown in northern, central and
eastern Europe [1]. In the season 2017/2018 the worldwide rye harvest was 11,274 million
tons. Internationally, the leading rye producers are Germany (19.9% of world production),
Poland (19.5%), Russia (18.5%) and Denmark (5.3%) [2].

The yield and quality of the rye is influenced by genetic factors and the cultivation
conditions used. Particular varieties of rye differ in terms of agricultural characteristics
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(yielding, resistance to lodging, diseases and pests), as well as the chemical composition
and end-use value of the grain. The most commonly cultivated are the population cultivars
of rye. They are cultivated and propagated in a traditional way (all stages of reproduction
are identical) [3]. In recent years, hybrid varieties of rye have been gaining popularity.
Compared to population varieties, these varieties are characterized by a 20–30% higher
yield and higher resistance to diseases and lodging, high adaptability, resistance to soil
quality, and stressful environmental conditions [4].

Rye, compared to other cereal crops, has lower soil and climate requirements. It can
be grown in poorer soils, and is resistant to low temperatures (up to −25 ◦C). Thanks to the
strongly developed root system and economical water management, it is also resistant to
drought and water deficit [5]. Rye can be grown using various production technologies. The
most commonly used are intensive and integrated technology. The intensive technology is
characterized by a wide use of industrial means of production, mineral fertilizers (mainly
NPK) and chemical plant protection products, which ensures high yields, but is associated
with many threats to the natural environment. In integrated technology, the means of
production are used in moderate amounts, e.g., nitrogen fertilization is 30-40% lower
compared to intensive technology, and protection treatments are performed depending on
the intensity of pests [6].

The basic direction of using rye grains is milling them into flours, used as a raw
material for the production of various assortments of rye and mixed bakery products,
and also as an addition to wheat flour in the production of certain pastry products (e.g.,
gingerbread and crackers) [5,7–9]. According to the data of the Association of Polish
Mills [10], 850–900 thousand tons of rye grains (about 40% of the harvest) are allocated
annually for milling purposes in Poland, from which about 700 thousand tons of flour
is obtained. Rye grains are also a raw material for the production of flakes, malt and
ethanol [5]. In addition to their consumption and industrial purposes, rye grains are widely
used in animal nutrition [5,11].

Rye grains are a source of saccharides, protein, fat, minerals, and B vitamins [3,5,7].
Compared to other cereals, rye has the highest content of bioactive substances, therefore
the consumption of rye products has a positive effect on the human body. The bioactive
substances of rye include vitamin E, provitamin A and dietary fiber, with its main compo-
nents such as arabinoxylates, oligosaccharides and lignin, followed by phytates and the
whole range of phenolic compounds left over from lignin, including phenolic acids and
alkylresorcinols [7,12,13].

The bioactive ingredients in the cereal grain contain anti-nutritional compounds, the
presence of which reduces the nutritional and fodder value of this grain. This group
includes alkylresorcinols, non-starch polysaccharides, protease inhibitors, tannins and
lectins [12,13]. Anti-nutritional substances, referred to as antimethabolites, reduce the
digestibility and absorption of nutrients, thus reducing the amount of nutrients absorbed
by the body [11]. Anti-nutritional compounds are mainly located in the outer parts of
the grains, and during milling into flours, they are transferred to a by-product (bran),
therefore, their presence in food products is much lower than in the grains used for animal
feeding [5,7,11].

Alkylresorcinols, derivatives of phenols, are found only in the outer layers of grains [14,15].
According to the literature [15–18] they are located in the outer layer of the fruit and seed
coat in the cuticle. Rye, next to triticale, is the richest cereal in terms of the content of
alkylresorcinols. Their content in rye grains may even reach 1800 mg·kg−1 d.m., while
in wheat grains their amount does not exceed 700 mg·kg−1 d.m., and in barley grains
200 mg·kg−1 d.m [19]. They have a protective function in grains, and are considered to
have bacterio- and fungicidal effects [20]. Because the compounds are of phenolic structure,
they show strong antioxidant properties [13,21]. The negative nutritional effect of these
compounds is the deterioration of protein digestibility. The results of production studies
indicate that, compared to other anti-nutritive substances present in cereal grain, the
negative effect of alkylresorcinols is relatively small [22]. The literature indicates that the
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content of alkylresorcinols in cereal grains is a feature mainly dependent on the genetic
factor [13,23], but may be to some extent shaped by soil-climatic conditions and cultivation
technology [24,25].

Saccharides are one of the basic groups of chemical compounds contained in rye
grain. In addition to the basic saccharide starch, rye contains water-soluble sugars and
non-starch polysaccharides, including pentosans (arabinoxylates), uronic acids (pectin)
and β-glucans. The content of starch and pentosan as well as the activity of enzymes hy-
drolysing these compounds, determine the specific technological properties of rye [8,9,26].
Pentosans, whose content in rye grain reaches 8%, are able to absorb up to 800% of water
compared to their weight, which contributes to the protection of starch against enzymatic
decomposition [27]. Pentosans, especially water-soluble ones, due to their high water
absorption and high viscosity in the aqueous environment, result in worse utilization of the
nutrients contained in the feed. They form permanent complexes with proteins that become
less accessible to proteolytic enzymes in the gastrointestinal tract, which results in poorer
digestibility of both proteins and pentosans themselves. Rye pentosans are only digested
in the small intestine at a rate of about 5%. Undigested protein-pentosan complexes may
cause excessive development of intestinal microflora, which in combination with swelling
pentosans, reduces the absorption of calcium and vitamin D. They also have the ability to
bind to bile acids, thus worsening digestion and use of fats from feed [28].

Protease inhibitors (trypsin and chymotrypsin) are mainly synthesized in plant tis-
sues [29]. They are likely part of the plant defense system, inhibiting numerous digestive
enzymes of herbivorous animals [30]. The mechanism of action of the inhibitors is to create
inactive complexes with digestive enzymes. The negative effect of the inhibitors comes
down to blocking trypsin, which results in the inhibition of some processes involving
this enzyme, causing lower protein proteolysis in the gastrointestinal tract, which results
in limiting their use [14,31]. This results in the inhibition of animal growth [32]. These
compounds are particularly dangerous for monogastric animals, which may cause hyper-
plastic pancreatic changes as a result of long-term administration. The total activity of
trypsin rye inhibitors is mainly accumulated in the endosperm. Their activity is related to
low molecular weight proteins (albumin, globulin). The activity of trypsin inhibitors in
rye grains depends mainly on the genotype [13,15]. It is also shaped by climatic and soil
conditions and storage time of the grains after harvest [33,34].

The aim of this study was to determine the variability of the concentration of anti-
nutritive compounds in rye grains depending on the variety, weather conditions and
production technology.

2. Materials and Methods
2.1. Site Characteristic, Experimental Design, and Agronomic Paractices

The field experiment was conducted in the growing seasons 2010/2011, 2011/2012 and
2012/2013 at the Experimental Station IUNG-PIB in Osiny (51◦27′ N; 22◦2′ E), Poland. The
experiment was located on lessive soil (Luvisol), on plots sizes of 45 m2, and the conditions
were was established using the random subblocks method in 3 replications. Cereals were
used as the forecrop. The first factor (A) was the variety. We tested the varieties Brasetto F1,
Visello F1 (hybrid varieties), and Dańkowskie Diament, Kier (population varieties). The
second factor was the type of technology, namely integrated or intensive (B), which was
diversified in terms of the doses of mineral fertilizers and the intensity of plant chemical
protection. The specification of treatments is given in Table 1.
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Table 1. Characterization of applied technologies for rye winter production.

Specification Production Technology

Integrated Intensive

Fertilization
(kg·h−1) 50 (start of vegetation) 50 (start of vegetation)

20 (at BBCH 51)
N (ammonium nitrate) 30 (at BBCH 51) 50 (at BBCH 31)

P (superphosphate) 60 60
K(potassium salt) 90 90

Herbicide
(g·ha−1) At BBCH 20 difufenican −50 + chlorotoluron −1000

Fungicide
(L·h−1)

At BBCH 39 epoxiconazole −0.7 +
tebuconazole −0.4

At BBCH 31 tebuconazole 0.4 +
prochloraz 0.5 + phenopropidine −0.3),

and BBCH 51 epoxiconazole −0.8

2.2. Meteorological Conditions

The data on weather conditions came from the IUNG-PIB Meteorological Station
located on the premises of the Experimental Station in Osiny, where field research was
conducted. Weather conditions were assessed on the basis of the average monthly values
of air temperature and total precipitation, and then compared with the averages from the
1981–2010 period. The years in which the field studies were conducted differed in terms of
the course of thermal conditions and the distribution of precipitation during the growing
season. The 2010/2011 season was characterized by the highest temperature variability
(Figure 1). After the cold September and October, when temperatures were by 1.2 ◦C
and 3.0 ◦C lower than the long-term means, there was a period of noticeable warming in
November (average temperature of 6.5 ◦C and 3.3 ◦C higher than the long-term means),
and then there was a cooling in December, where the average monthly temperature was
−4.6 ◦C, which was by 3.8 ◦C lower than the long-term means. January was warmer, but
another cooling occurred in February with the average temperature of −3.7 ◦C, which is
−2.5 ◦C lower than the long-term mean. From March to the end of the growing season, the
air temperatures were higher or close to the long-term mean.
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The 2011/2012 growing season was characterized by a very warm December (average
temperature of 2.5 ◦C), which was by 3.3 ◦C warmer than the long-term mean, and a
very cold February (average temperature −6.3 ◦C) (Figure 2). The occurrence of low
temperatures in the absence of snow cover contributed to the partial freezing of crops. Later
in the growing season, the air temperatures were higher than the average temperatures
from many years.
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The weather in the 2012/2013 season was characterized by low temperatures in
December, January and March (Figure 3). Especially in March the thermal conditions
(average temperature −1.6 ◦C) differed significantly compared to the other years of the
study. The average temperature in March was lower by as much as 4.3 ◦C lower compared
to the long-term mean. Such thermal conditions limited the spring vegetation of plants.
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Humidity conditions during the years of field research were conditioned by the
extremely dry autumn in 2012, where from September to November the precipitation
was 29 mm, constituting 24% of the long-term precipitation mean (Figure 3). A small
precipitation deficit occurred in the period of rapid wheat growth from March to June
in the years 2011 (Figure 1) and 2012 (Figure 3), in which the sum of precipitation was
192 mm and 131 mm, respectively, which is 41 mm and 34 mm lower than the long-term
precipitation mean. However, July saw an excessive precipitation. In 2011 and 2012 the
monthly precipitation was 223 mm and 123 mm, respectively (278% and 154% of the long-
term mean). Humidity conditions in 2013 (Figure 3) were conditioned by high precipitation
from March to June, particularly high precipitation occurring in May (103 mm, 178% of the
long-term mean). In July, during the grain filling period, humidity was very low (40% of
the long-term mean precipitation).

2.3. Chemical Analyses
2.3.1. Determination of Alkylresorcinol Content

The analysis was performed by spectrophotometr method [16]. Grains were ground
to a particle size <0.5 mm. Alkylresorcinols were extracted with acetone from the weighed
amount of 1 g within in the time of 3 h at 55 ◦C in a water bath. The content of alkylresor-
cinols was determined using acetone extracts after developing a color reaction with the
two-phase p-nitroaniline and measuring the absorbance of the colored solution at 435 nm.
To prepare the calibration curve, the orcinol was used.

2.3.2. Determination of Soluble Pentosans

The orcinol-hydrochloric acid method of Albaum and Umbreit [35] was used for pen-
tose determination was used. It consisted of heating in boiling water for 30 min a solution
containing 3 mL of pentose, 3 mL of 0.1% ferric chloride in concentrated hydrochloric
acid, and 0.3 mL of 1.0% orcinol in 100% ethanol, cooling, and determining absorbance at
670 nm.

2.3.3. Determination of the Activity of Tripsin Inhibitors

Tripsin inhibitors were determined by the method of PN-EN ISO 14902 [36]. Trypsin
inhibitors were extracted from the sample at pH 9.5. The residual trypsin activity was
measured by adding benzoyl-L-arginino-p-nitroanilide (L-BABA) as substrate. The amount
of p-nitroanilide released was measured spectrometrically.

2.4. Statistical Analysis

Results recorded in the course of conducted chemical analyses were subjected to
statistical analysis with the use of STATISTICA ver. 13.1 (StatSoft, Inc., Tulsa, OK, USA)
and Microsoft® Excel 2020, Microsoft 365 (Addinsoft, Inc., Brooklyn, NY, USA) software
packages. In order to compare the content of individual chemical compounds between
the years of experiments Tukey’s multiple comparison procedure was used, with identical
letters denoting a lack of differences at the significance level of 0.05. Moreover, a step
linear discriminatory analysis (SLDA), cluster analysis by Ward method and the principal
component analysis (PCA) were used in order to separate groups of analyzed populations.

3. Results and Discussion

It was found that the content of the anti-dietary substances in rye grains was signif-
icantly influenced by genetic factors and weather conditions during the period of field
cultivation, i.e., in the years 2010–2013, and in the case of alkylresorcinols and water-soluble
pentosans, the production technology was also used (Table 2).
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Table 2. The content of selected anti-nutritive substances in the grains of winter rye varieties depend on growing season
variety, and production technology.

Specification Alkylresorcinols Content
(mg·kg−1)

Water Soluble Pentosans
Content
(% d.m.)

Activity of Tripsin
Inhibitors (mg·g−1)

Growing season
2010/2011 578 ± 52 b 1.89 ± 0.14 b 4.60 ± 0.74 c

2011/2012 485 ± 48 a 1.30 ± 0.22 a 0.60 ± 0.10 a

2012/2013 579 ± 30 b 1.88 ± 0.15 b 2.24 ± 0.18 b

Variety (A)
Brasetto 535 ± 59 a 1.58 ± 0.27 a 2.55 ± 0.23 b

Visello 563 ± 69 b 1.73 ± 0.58 b 2.80 ± 0.22 b

Dańkowskie Diament 543 ± 57 ab 1.72 ± 0.29 b 2.01 ± 0.16 a

Kier 550 ± 30 ab 1.72 ± 0.40 b 2.56 ± 0.23 b

Production technology (B)
Integrated 544 ± 60 a 1.58 ± 0.12 a 2.52 ± 0.18 a

Intensive 584 ± 49 b 1.73 ± 0.16 b 2.44 ± 0.19 a

a,b,c—The same letters indicate no significant differences at significance level α = 0.05.

Due to the demonstrated significant differences in the content of anti-dietary sub-
stances in rye grains from individual years of harvest, the weather conditions in individual
growing seasons were analyzed (Figures 1–3). Rye grains harvested in 2012 were found
to have the lowest content of these compounds (Table 2, Figure 4). The exception was the
population variety Kier whose grains did not show statistically significant differences in
alkylresorcinol content throughout the years (Figure 4A). The average alkylresorcinol con-
tent in rye grains harvested in 2012 was 485 mg·kg−1, soluble pentosans 1.30% d.m., while
the activity of trypsin inhibitors was at a level of 0.60 mg·g−1 (Table 2). A higher synthesis
of anti-nutritional compounds was found in the 2010/2011 and 2012/2013 growing seasons.
The average alkylresorcinol contents of rye grains from these seasons were 578 mg·kg−1

and 579 mg·kg−1, while soluble pentosans were 1.89% d.m. and 1.88% d.m., respectively.
However, a considerably higher activity of trypsin inhibitors (4.60 mg·g−1) was found in
rye grains harvested in 2011. An increased synthesis of anti-nutritional substances in rye
grains was associated with stress conditions during the growing season of the plants. In
the 2010/2011 growing season the stress was caused by large deficiencies in precipitation
during the period of intensive plant growth in the stem formation stage. There were also
frosts in May 2011, which according to Doroszewski et al. [37] may have been an additional
stress factor for plants. During the growing season 2012/2013, the stress conditions for
the development of winter rye were associated with large temperature drops in March,
which caused a delay in vegetation of the plants. The plants starting their vegetation were
weakened and more exposed to stress conditions. In addition, in the same year, the rainfall
in May and June was above the long-term rainfall mean, which caused a large plant infec-
tion by fungal diseases. The plants, defending themselves against pathogens, synthesize
larger amounts of bioactive substances [38]. The relationship of weather conditions with
the accumulation of anti-nutritive compounds in cereal grains is indicated by the results of
many studies [11,23,38–41]. Jaśkiewicz and Szczepanek [41] showed higher accumulation
of alkylresorcinols in triticale grains in the years with a cold April and warm May. On the
other hand, low accumulation of these compounds was caused by limited precipitation in
the stages of tillering and stem formation (March, April) and excess precipitation during
grain ripening. Bellato et al. [39] demonstrated that weather conditions during the grow-
ing season have a decisive influence on the accumulation of alkylresorcinols in durum
wheat grains. A higher content of alkylresorcinolols was found in wheat grains from the
location with the lowest amount of precipitation. Buksa et al. [3] also showed that the
lower amount of precipitation during the growing season caused a higher concentration of
pentosans in rye grains, including the fraction that was insoluble in water. According to
the above-mentioned authors and Boskov Hansen et al. [42], the weather conditions in a
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given cultivation year, have a much greater effect on the pentosan content in rye grains
than the genotype.
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The analysis of variance showed that winter rye varieties had a varied content of
anti-nutritive compounds in their grains (Table 2). During the three-year study period,
most alkylresorcinols were found in the grains of the hybrid variety Visello (on aver-
age 563 mg·kg−1). The lowest content of alkylresorcinols in the grains was recorded
in the hybrid variety Brasetto (on average 535 mg·kg−1). The content of alkylresorci-
nols did not differentiate between the grains of population rye varieties: (Dańkowskie
Diament and Kier). Studies by many authors [13,41] indicate that the level of alkylre-
sorcinols in rye grains depends on a genetic factor. Makarska et al. [15] obtained alkyl-
resorcinol content in rye grains in the range from 581 mg·kg−1 to 707 mg·kg−1. In the
study by Kulawianek et al. [43], the average alkylresorcinol content in rye grains was
1100 mg·kg−1 d.m., whereas the most of these compounds were accumulated in the grains
of the hybrid variety Gradan (1152 mg·kg−1 d.m.), and the least in the grains of the pop-
ulation variety Amilo (1058 mg·kg−1 d.m.). In our study, the use of discriminatory step-
by-step analysis (SLDA) showed that based on the alkylresorcinol content, the studied
population can be divided into 3 aggregations, of which not all treatments were matched
to the separated subgroups (Figure 5A). Therefore, it should be concluded that on the basis
of the alkylresorcinol content it is not possible to fully separate the tested varieties, which
indicates the weak discrimination power of this variable.
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(C) in rye grains in 2011–2013.

Our research showed that the content of water-soluble pentosans in rye grains de-
pended on a genetic factor. The grains of the hybrid variety Brasetto showed the lowest
content of water-soluble pentosans (on average 1.58% d.m.), whereas in the grains of the
other varieties, the content of this component was at the level of 1.72−1.73% d.m. (Table 2).
Buksa et al. [44] demonstrated that rye varieties exhibit high variability in the content of
these compounds in the grains, while Kucerova [45] found no significant differences in the
content of pentosans in rye varieties. In our own study, a discriminatory step-by-step anal-
ysis (SLDA) for the content of water-soluble pentosans showed a satisfactory distribution
on the plane of the variables with full separation into groups (Figure 5B). This means that
the content of these compounds is a characteristic trait of the tested varieties, and at the
same time, has a high discriminating power.

According to Schwarz et al. [11] and Kulichova et al. [13], compared to other plants,
rye shows a four-fold higher activity regarding inhibiting trypsin. Our research showed
that, similarly to the work of Kulichova et al. [13], the activity of trypsin inhibitors was
significantly dependent on the genetic factor. The highest activity of trypsin inhibitors
(average 2.80 mg·g−1) was found in the rye grain of the Visello hybrid cultivar (Table 2).
In the grain of the second hybrid cultivar—Brasetto and the population cultivar Kier,
the activity of trypsin inhibitors was at a similar level (average: 2.55 and 2.56 mg·g−1,
respectively). The grain of the population cultivar Dańkowskie Diament was characterized
by the lowest trypsin activity (average 2.01 mg·g−1). In the rye grain studied by Schwarz
et al. [11] the activity of trypsin inhibitors was slightly lower (1.6 mg·g−1).

The application of the discriminatory step-by-step analysis (SLDA) showed that,
similarly to alkylresorcinols, the studied population was divided into 3 clusters (Figure 5C),
of which not all the treatments were matched to the separated subgroups, and hence, it is
not possible to fully separate the studied varieties, which indicates the weak discrimination
power of this variable.

Due to the fact that the varieties belonged to two utility groups of rye (hybrid and
population), grouping using the Ward method was performed in order to determine the
clusters and agglomeration possibilities of individual varieties (Figure 6). On the basis of
the analysis of clusters, it was found that taking into account the content of water-soluble
pentosans and trypsin inhibitors, the varieties formed two agglomerates based on the
determined compounds. The diagram of the tree in Figure 6B created on the basis of the
content of water-soluble pentosans allowed us to separate two clusters, namely hybrid and
population rye, which indicates the relationship between the form of rye and the content of
soluble pentosans. A similar pattern was found for the alkylresorcinol content, but here the
division was not significant and only the Visello and Brasetto varieties (hybrid rye) could
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be separated. In the analyzed years the arrangement of individual varieties in groups, and
at the same time their Euclidean distances, were different.
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(B) and trypsin inhibitors (C) in rye grains in the years 2011–2013.

So far, little research has been undertaken in the literature on the influence of produc-
tion technology on the quantitative profile of anti-nutritional compounds in rye grain. Our
own research shows that the production technology had a significant impact on the content
of alkylresorcinols and water-soluble pentosans in rye grains, but did not differentiate
between the concentration of trypsin inhibitors (Table 2, Figure 7). The analysis of the
main components showed that the case spread on the predicator plane is clearly divided
into 2 groups depending on the production technology (Figure 7A), which additionally
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emphasizes the distribution of variables (Figure 7B) indicating a significant effect of the
production technology and its relation to the content of water-soluble pentosans and
alkylresorcinols. During the three-year research period winter rye cultivated with the
use of intensive production technology contained on average 7% more alkylresorcinols
and 9% more water-soluble pentosans compared to the grains from integrated cultivation.
Ross et al. [46] indicate that the level of alkylresorcinols in the grains, next to the variety,
is significantly influenced by such factors as fertilization or pesticide use. The studies by
Jaśkiewicz and Szczepanek [41] show that the intensive production technology promotes
higher accumulation of alkylresorcinols in the grains of winter triticale as compared to inte-
grated technology. A similar opinion is also held by Czaban et al. [47], who demonstrated
a higher concentration of bioactive components in the grains of wheat grown in intensive
technology compared to the grains from the integrated and economical technologies.
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4. Conclusions

The conducted research has shown that the content of anti-nutritional substances in
rye grain (alkylresorcinols, water-soluble pentosans and the activity of trypsin inhibitors)
is genetically determined. The relationship between the utility form of rye (population,
hybrid) and the content of water-soluble pentosans was found. It was shown that the
application of intensive production technology in the cultivation of rye increased the
content of alkylresorcinols and water-soluble pentosans in rye grain, while the activity of
trypsin inhibitors in rye from intensive and integrated production technology was at a
similar level.
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37. Doroszewski, A.; Wróblewska, E.; Jóźwicki, T.; Mizak, K. Evaluation of damage to fruit and horticulltural plants caused by frosts

in may 2011. Acta Agroph. 2013, 20, 269–281.
38. Stuper-Szablewska, K.; Kurasiak-Popowska, D.; Nawracała, J.; Perkowski, J. Quantitative profile of phenolic acids and antioxidant

activity of wheat grain exposed to stress. Eur. Food Res. Technol. 2019, 245, 1595–1603. [CrossRef]
39. Bellato, S.; CIccoritti, R.; Del Frate, V.; Sqrulletta, D.M.; Carbone, K. Influence of genotype and environment on the content of

5-n alkylresorcinols, total phenols and on the antiradical activity of whole durum wheat grains. J. Cereal Sci. 2013, 57, 162–169.
[CrossRef]

40. Lu, Y.; Lv, J.; Hao, J.; Niu, Y.; Whent, M.; Costa, J.; Yu, L.L. Genotype, environment, and their interactions on the phytochemical
compositions and radical scavenging properties of soft winter wheat bran. LWT 2015, 60, 277–283. [CrossRef]
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