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Cereal grains provide half of the calories consumed by humans. In addition, they contain important compounds beneficial
for health. During the last years, a broad spectrum of new cereal grain-derived products for dietary purposes emerged on
the global food market. Special breeding programs aimed at cultivars utilizable for these new products have been
launched for both the main sources of staple foods (such as rice, wheat, and maize) and other cereal crops (oat, barley,
sorghum, millet, etc.). The breeding paradigm has been switched from traditional grain quality indicators (for example,
high breadmaking quality and protein content for common wheat or content of protein, lysine, and starch for barley and
oat) to more specialized ones (high content of bioactive compounds, vitamins, dietary fibers, and oils, etc.).
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| 1. Introduction

Cereal crops are the main food and feed sources worldwide, supplying more than half of the calories consumed by
humans &. An overwhelming majority of plant breeders and geneticists work on no other crops but cereals. Breeding
methods depend on the biological features of a crop and on the genetic research standards, traditions, economic
objectives, and levels of agricultural technologies in the country where plant breeding is underway. The general breeding
trend of the past decades, however, was finding solutions to the problem of higher yields in cereal crops; furthermore,
special attention was paid in many countries to increasing plant resistance against diseases and various abiotic stressors.
The concentration of all efforts on these two targets and none other resulted in a certain decline in the genetic diversity in
those plant characters that are associated with the biochemical composition of cereal grain . In the last few years, cereal
crop breeding generated a trend aimed at combining high biochemical and agronomic parameters in one cultivar BIEIE, |n
addition to protein, cereal grains are rich in other chemical compounds, such as fats with their good assimilability by the
organism and a well-balanced composition of chemical constituents, including fatty acids EIAEINRA yitamins of the B, A,
E, and F groups, organic compounds of iron, calcium, phosphorus, manganese, copper, molybdenum, and other trace
elements B, and diverse biologically active compounds—polysaccharides, phenolic compounds, carotenoids, tocopherols,
avenanthramides, etc.

In recent years, the world food market has seen the emergence of a wide range of new cereal crop products designed for
dietetic purposes. Currently, available data confirm the importance of biochemical composition in cereal crop grains since
it underpins their dietetic, prophylactic, and curative effect on the human organism 1. Cereals are rich in protein, starch,
oils, vitamins, micronutrients, and various antioxidants. The research that examines the potential of a number of cereal
crops for prophylactic or medicinal uses has been expanding from year to year [L2I1SI14I1S]16] | addition to determining
types of bioactivity for different grain components, an important challenge is to concentrate further efforts of researchers
on disclosing the mechanisms of their effect (L2,

It is admitted that breeding techniques can help to increase the percentage of individual constituents in the grain to a very
high level. An important role in promoting this breeding trend is played by the achievements in modern genetics of cereal
crops and traits associated with the quality and dietary value of their products. New breeding programs imply that the
developed high-yielding cultivars will combine maximum contents of the abovementioned components and optimal
correlations among them with other grain quality indicators and resistance to biotic stressors. Marker-assisted selection
techniques are used more and more often to accelerate the development of cultivars enriched in useful grain components
[4I18] There are examples of the works employing genetic editing technologies for these purposes 1211201121],



2. Major Dietary Components in Grain and Breeding Programs for Health
Benefit

2.1. Micronutrients

The long-standing problem of micronutrient deficiencies in human diets is the most significant for public healthcare
worldwide. It is especially true for cereal-based diets: They are poor in both the number of micronutrients and their
bioavailability for the organism since breeding of these major food and feed crops primarily aims at developing higher-
yielding varieties to meet global demand. Due to dilution effects, an increase in grain mass sometimes causes a reduction
in micronutrient contents. In most countries, people eat meals produced from cereal crops with low micronutrient content;
it is a serious global problem invoked by the uniformity of different diets and may lead to significant health deteriorations
[221123]  |ron-deficiency anemial?® is one of the most widespread health disorders provoked by the worldwide deficit in
micronutrients 241, while zinc deficiency in food is faced on average by one-third of the world's population 2. Increasing
the content of these trace elements in wheat by breeding techniques is considered one of the ways to enhance the
consumption of micronutrients with food 28],

It has been noticed that cereal crop cultivars can be enriched in the desired micronutrients through the application of
agricultural practices or by plant breeding 0 [22[27(28129]1301 Sych procedures, however, might lead to an increase in
micronutrient content in leaves but not in grain 1. Methods combining breeding and agrochemical approaches were
proposed to solve this problem: They helped accumulate micronutrients in the edible parts of plants (27281291321 There
are considerable variations in the concentration of micronutrients in seeds or kernels of most crops Bl32 Genetic
variability in the micronutrient content is often observed to be less expressed in fruit and more in leaves. Nevertheless,
screening large collections of staple cereal crops reveals extensive diversity of micronutrient concentrations in their grains
(28]1321[33] ' |ncreased content of most micronutrients was observed in local varieties and landraces of wheat and other
cereals, compared with improved commercial cultivars 341,

The content of micronutrients in grain was analyzed in 65 commercial Russian cultivars of four major cereal crops: wheat,
barley, rye, and oat. Statistically significant variations were found in the content of all studied trace elements (Fe, Zn, and
Mn). The highest levels were registered for barley and oat cultivars. Among barley genotypes, the content of Fe, Zn, and
Mn varied with a 3-to 5.5-fold difference between the extremes (Table 1). Oat cultivars manifested a 7-fold difference
between the extremes in the Zn content and nearly 3-fold in Mn &I,

Table 1. Average values and ranges for the content of micronutrients (Fe, Mn, Zn) in caryopses of cereal crops &I,

Content, mg/kg

Crops
Fe Mn Zn

Winter soft wheat (Triticum aestivum L.) 21.8 (19-4) 4.3 (3.3-4.9) 17.1 (13-21)
Spring soft wheat (T. aestivum) 17.5 (15-22) 3.3(2.4-4.1) 19.2 (14-22)
Soft wheat (mean) 19.7 (15-24) 3.8 (2.4-4.9) 18.2 (13-22)
Winter and spring rye (Secale cereale L.) 20.3 (14-30) 4.2 (2.6-7.0) 18.4 (15-24)
Spring barley (Hordeum vulgare L.) 33.2 (24-79) 10.1 (7-21) 10.6 (6-33)
Oats (Avena sativa L.) 26.7 (19-37) 6.1 (3.5-9.9) 26.3 (10-70)

A detailed study of a set of commercial oat cultivars of different geographical origin in the context of their micronutrient
content and biochemical parameters showed that genotypic differences in the Fe and Zn levels in grain were small (1.9—
2.7 times), but in Mn, they were relatively high (10.5 times). A 1.8-fold difference was observed between the lowest
(10.9%) and the highest (19.3%) protein content levels in oat grain B, A wide range of variation in oil content (2.7—8.1%)



was found in all studied oat accessions. The amounts of protein, oil, oleic acid, and Zn in grain demonstrated statistically
significant positive correlations among themselves Bl The identified oat cultivars with high nutritive value will be included
in breeding programs and used directly in high-quality food production.

Molecular-genetic research on 335 spring barley accessions was conducted for more effective utilization of the
micronutrient diversity in cereal crop breeding. A genome-wide association study (GWAS) was employed for mapping
guantitative trait loci (QTL) linked to the content of macro- and micronutrients in grain (Fe, Zn, Ba, Ca, Cu, K, Mg, Mn, Na,
P, S, Si, and Sr). The analyses of the tested populations helped to identify specific QTL for each of the studied indicators
and map them on chromosomes. The QTL identified are valuable for the future development of barley cultivars with
increased content of nutrients, especially Zn and Fe 23,

2.2. B-glucans

A physiologically important dietary component in the grain is (1,3;1,4)-B-D-glucan, or the non-starchy water-soluble
polysaccharide B-glucan. This component is reported to be typical of some species of the Poaceae family: its content
varies within 3-11% in barley, 1-2% in rye, and <1% in wheat, while in other cereals, it is present only in trace amounts
[36] At the same time, the content and composition of dietary fibers in various cereal crop species are genetically
determined. It means, as opined by many scientists, that it is possible to produce new lines of such crops with different
correlations between the levels of B-glucan polysaccharides and arabinoxylans that would be optimal for various uses 27

(381391 studying of the B-glucan content in oat and barley cultivars is associated with their uses for dietetic and medical
purposes [37(38],

The B-glucans are not evenly distributed within a grain: its larger amount is found in the endosperm cell walls, aleurone,
and subaleurone layers, and its content varies from 1.8 to 7% 4941l The concentration of B-glucans in oat grain and their
degree of polymerization depend not only on the cultivar but also on the conditions of cultivation, grain processing, and
post-harvest storage 42,

The presence in the grain of a higher amount of B-glucans, which are dietary soluble fiber (or soluble non-starch
polysaccharide), determines the viscosity of oat and barley broths, which have a beneficial effect on important functions of
the human gastrointestinal tract, so they are widely used in the food industry for dietetic and curative purposes 81431,
Among numerous products of barley and oat biosynthesis, probably the most valuable for the human organism is soluble
cellulose fibers and PB-glucans first of all (also arabinoxylan, xyloglucan, and some other secondary cellulose
components), as they can reduce the level of cholesterol in the blood and noticeably mitigate the risk of cardiovascular
diseases (381441451 Myltiple evidence of the beneficial role played by B-glucans impelled the U.S. Food and Drug
Administration (FDA) to make an official statement that soluble dietary fibers extracted from whole oat grain to produce
flakes, bran, or flour helped to reduce the risks of cardiovascular diseases (48] |nsoluble fractions of dietary fiber are partly
cellulose, xylose, and arabinose 39 |Insoluble dietary fiber has general gastrointestinal effects and, in most cases, has an
impact on weight loss. There is convincing evidence that B-glucans contained in oat grain are partially responsible for
decreasing the levels of glucose in the human blood and of cholesterol in serum @& it is associated with its
physicochemical and rheological characteristics, such as molecular weight, solubility in water, and a viscosity 22471,

Genetic diversity of barley and oats in the content of B-glucans in their grain was evaluated in the framework of two
European Union (EU) programs. The HEALTHGRAIN Diversity Screen project resulted in finding significant differences in
the content of B-glucans and antioxidants in the grain of five tested oat cultivars 8. The AVEQ project (Avena genetic
resources for quality in human consumption) analyzed 658 oat cultivars and confirmed the contribution of both genetic
and environmental aspects to the formation of the tested character 49, It is worth mentioning that, compared with
cultivated and other wild di- and tetraploid oat species, higher contents of 3-glucans and other antioxidants were found in
the hexaploid (wild) A. fatua, A. occidentalis, and (cultivated) A. byzantina, and diploid (wild|) A. atlantica B834A5051],

Measuring the content of B-glucans in oat grain in large and diverse sets of cultivars and species showed that its values
were significantly dispersed [BZBEI49]  Naked oat forms demonstrated a higher total content of the analyzed
polysaccharide than hulled ones, but the latter contained more insoluble B-glucans in their grain B2E354 Computer
modeling helped to provide a ranking of the factors affecting the B-glucan content in hulled and naked oat cultivars during
their cultivation. The analysis showed that the selection of the cultivar is the most important parameter of the model for
determining the final B-glucan accumulation in grain, among the other factors 5. There are contradictory data concerning
the results of comparative studies on naked and hulled barley as well. Some authors failed to disclose significant
differences between these two forms of the crop B8I57 while others found that naked barleys contained more B-glucans
than hulled ones [43I58] Meanwhile, the group of Tibetan naked barleys was reported to have the highest content of p-
glucans in their grain (29,



In the meantime, the amount of B-glucans in oat grain is associated with protein and fat accumulation, grain volume
weight, and grain productivity 461 The content of these polysaccharides depended on meteorological conditions and
agricultural practices used in oat cultivation €1, The content of B-glucans in barley grain is determined by both the
genotype and the growing conditions 3I5962]: some authors insist that it is the genotype that plays a decisive role 631641,
while others give preference to the environmental conditions 21681 \when 33 barley cultivars and lines were tested in two
arid areas in the United States, it was shown that the variability in the content of B-glucans in grain was determined by the
genotype for 51% [84] to 66% €7, At the same time, the protein content in grain depended on environmental conditions for
69%, whereas yield size and the grain volume weight for 83 and 70%, respectively 64, The study of 9 barley cultivars and
10 oat ones showed that cultivar-specific differences in the B-glucan content persisted across the years [¢3. The content of
B-glucans in the grain is also influenced by plant development phases. It was reported that the content of B-glucans
gradually increased in the process of grain formation, and in the maturation phase, it either reached the plateau or
decreased 7. At present, there are contradictory data concerning the linkage of B-glucan accumulation in barley grain
with 1000 grain weight, protein content, or starch content 2862 Some authors did not find any interplay between these
characters, while others reported a positive correlation. When the content of 3-glucans was measured in the grain of six-
row and two-row barley cultivars, no differences between these two cultivar groups were reported 431,

The 1700 oat lines with mutations induced by TILLING of high-frequency mutagenesis have been produced for breeding
purposes with molecular-based, high precision selection methods from cv. ‘Belinda’ (Sweden) to evaluate the variability of
B-glucans content in this crop (€8, Their assessment resulted in identifying 10 lines with B-glucan concentrations in their
grain higher than 6.7% and 10 lines with the content of B-glucans less than 3.6% (B-glucan concentration in cv. ‘Belinda’
was 4.9%). The maximum range of variation in the content of these polysaccharides was from 1.8 to 7.5% 69, The
comparatively recent identification of genes participating in the biosynthesis of B-glucans in cereals % and their first
genetic map open new opportunities for genetic improvement of grain quality indicators and resulting food products, which
is very important for human health (1],

Three markers (Adh8, ABG019, and Bmy2) significantly linked to B-glucan content regulation were identified in barley
grain, and a group of HvCsIF genes was mapped: At least two of them were in the region of barley chromosome 2H
explained by the QTL for (1,3;1,4)-B-glucan near the Bmy2 marker 2. A genome-wide association study (GWAS)
employing oat germplasm of worldwide origin from the American Gene Bank was aimed at the identification of QTL linked
to B-glucan content in grain and resulted in finding three independent markers closely associated with the target character.
A comparison of these results with the data obtained for rice showed that one of the described markers, localized on rice
chromosome 7, was adjacent to the CsIF gene family responsible for B-glucan synthesis in grain. Thus, GWAS in oat can
be a successful QTL detection technique with the future development of higher-density markers 23!,

By now, the GWAS approach has already started to be used to analyze the association between the genotype and the
content of B-glucans and fatty acids in oats. Researchers have identified four loci contributing to changes in the fatty acid
composition and content in oat grain. However, genome regions conducive to changing the content of proteins, oils,
saccharic and uronic acids, which, in their turn, produce a direct effect on grain quality, remain unexplored [Z4l,
Furthermore, positive correlations were demonstrated in barley between 1000 grain weight and tocol concentration,

between dietary fiber content and phenolic compounds, and between husk weight and total antioxidants in hulled barley
[38][50]

2.3. Antioxidants

Cereal crop grains are known to have high nutritive value and contain diverse chemical compounds with antioxidant

properties. Research efforts have been undertaken in recent years to study the content of antioxidants in the grain of
various cultivated cereals BAISIZEIZ7I78[79]

Starting in the mid-1930s, oat flour has been used as a natural antioxidant. Later, more in-depth research was done to
assess the antioxidative properties of oat flour versus those of chemical antioxidants. It was ascertained that adding
sterols extracted from oat to heated soybean oil significantly decelerated its oxidation compared with the reference. At
present, along with the extensive utilization of synthetic antioxidants, oat flour has found its stable niche as a natural
ingredient in eco-friendly food products 4.

A comparison of bakery products made from wheat that synthesized such antioxidant compounds as anthocyanins with
those from an anthocyanin-free wheat line demonstrated that the presence of anthocyanins increased the shelf life of
bakery products and their resistance to molding under provocative conditions B9, Cereal crops contain secondary
metabolites with antioxidant activity belonging to three groups: phenolic compounds, carotenoids, and tocopherols B,



2.4. Phenolic Compounds and Avenanthramides

Oat and barley grains contain a considerable amount of various phenolic compounds exhibiting biological activity,
including antioxidative, anti-inflammatory, and antiproliferative (preventive activity against cancerous and cardiac
diseases) effects Y. One of the most abundant and powerful antioxidants found in nature, the flavonoid quercetin, has
been found in wheat. It is characterized by numerous biological effects, including antithrombotic activity €2,

Many published studies testify that a major part of phenolic compounds in grain occurs in a bound form: Their content in
oat and wheat grains reaches 75% 3841 phenolic acids, like most flavonoids in cereal crops, are concentrated in
structures bound to the cell wall: 93% of the total flavonoid content in wheat and 61% in oats 3], The highest level of total
flavonoids is characteristic of maize grain, followed by wheat, oats, and rice 83 Phenolic acids are the most widespread
phenolic compounds in oats, especially ferulic acid (250 mg/kg), which is present mainly inbound forms linked through
ester or ether bonds to cell wall components but also exists in the free form 3],

Bioactive chemical compounds are unevenly distributed within the grain. Grains of four naked barley cultivars were
divided into five layers to measure the total phenolic content and total antioxidant activity. The total content of soluble
phenolic compounds was observed to decrease from the outer layer (2.8-7.7 pg/g) towards the inner endosperm
structures (0.87-1.35 pg/g) 888l |t has been proven that most antioxidants contained in whole grain are located in the
bran and germ fractions of the grain. For example, whole-grain wheat flour was found to contain in its bran/germ fraction
83% of the total phenolic content in grain and 79% of total flavonoids 7.,

In the study of molecular mechanisms of ‘melanin-like’ black seed pigments known to be strong antioxidants, comparative
transcriptome analysis of two near-isogenic lines differing by the allelic state of the Blp (black lemma and pericarp) locus
revealed that black seed color is related to the increased level of ferulic acid and other phenolic compounds 28, The
melanic nature of the purified black pigments was confirmed by a series of solubility tests and Fourier transform infrared
spectroscopy, while intracellular pigmented structures were described to appear in chloroplast-derived plastids designated
“melanoplasts” B2 The most frequently mentioned flavonoids of cereal crops are the flavonols kaempferol and quercetin,
the flavanone naringenin and its glycosylated forms, catechin, and epicatechin in barley [29I[91][92](93]

Pigmentation of the grain’s outer coating can be analyzed as an important indicator of antioxidant activity. A barley cultivar
with purple grain contained 11 anthocyanins, while only one anthocyanin was observed in black and yellow barley grains.
The purple barley bran extract had the highest total antioxidant activity 24!, Another study of naked barley demonstrated
the presence of higher antioxidant activity in pigmented grains compared with non-pigmented ones [Z8. A study of naked
and hulled oats showed that naked oat cultivars had significantly higher values of total antioxidant activity. Among hulled
oat cultivars, these values were higher in dark-hulled forms compared with white-hulled oats B9,

Differences between naked and hulled oats and barleys, generated a perfect model interesting for comparative analyses:
the mutant barley line for the Nud gene (nakedness), derived by gene editing from cv. ‘Golden Promise’ [21. Using this
model will help to distinguish the pleiotropic effects of the Nud gene on the grain’s biochemical composition from the
influence of closely linked genes.

Analyzing grain extracts of wheat lines with different combinations of the Ba (Blue aleurone) and Pp (Purple pericarp)
genes on the genetic background of elite cultivars demonstrated a higher diversity of flavonoid compounds in the carriers
of dominant alleles of Ba and Pp genes. Comparing the products made from the grain of a purple-grained line with those
from an anthocyanin-free isogenic line revealed significant differences, which was also true for the samples that had
passed a full processing cycle, including baking at elevated temperatures B3l The analysis of anthocyanin extracts
obtained under conditions simulating those of food digestion by a human organism showed that ingesting 100 g of bread
crisps or biscuits made from flour with added purple wheat grain bran raised the assimilation of anthocyanins to 1.03 and
0.83 mg, respectively, i.e., 100 g of bran would supply the organism with up to 3.32 g of anthocyanins. Besides, purple-
grained wheat matched or even exceeded the reference line in the quality and taste of its products [22,

Recently, new high-yielding wheat cultivars, resistant to fungal diseases and having high anthocyanin content in grain
have been developed 4. The efficiency of the breeding strategy lasting only three years from the first cross until the state
cultivar competitive testing has been demonstrated. The strategy is based on marker-assisted selection (MAS) &l MAS
also demonstrated its efficacy in creating barley with certain alleles of anthocyanin regulatory genes 8. For breeding
blue-grained wheat, besides molecular markers, FISH or C-banding are needed since the Ba gene is alien for wheat and
can be inherited from wheat lines with either 4B or 4D chromosome substituted by the Thinopyrum ponticum chromosome
4 B8I7 ynlike bread wheat, barley has its own Ba gene. Recent findings of regulatory features of anthocyanin
biosynthesis in barley 28] are useful for both MAS-based and genetic editing-based breeding strategies.



Interestingly, 30 years ago, the purple- and blue-grain characters were regarded as having “a limited practical use from a
scientific point” 4. Since that time, some studies demonstrating the health benefit of plant anthocyanins, including those
from wheat grain 28], have been carried out, denying the old point of view and proving these traits to be economically
important. Commercial cultivars of wheat with increased anthocyanin content have been released in Canada, China,

Japan, and several European countries [1091101]

The class of phenolics with antioxidative effect and bioactivity includes avenanthramides (AVA), a class of
hydroxycinnamoyl anthranilate alkaloids contained only in oats. Twenty-five components of these compounds were
detected in kernels, and twenty in hulls 122 The most widespread in oats are AVA-A (2p), AVA-B (2f), and AVA-C (2c) &
(103]i204] ' There is documented evidence that avenanthramides demonstrate antioxidant, anti-inflammatory,
antiatherogenic, and antiproliferative activity [203][106][107]

It has been shown that oat cultivars differed in the AVA content in grain. The cultivated diploid species A. strigosa had a
very high AVA content reaching 4.1 g/kg, and the hexaploid A. byzantina contained 3.0 g/kg. Contrariwise, wild oat species
with different ploidy levels were characterized by relatively low AVA content values (240-1585 mg/kg) (128l Analyzing a
representative set of cultivated and wild oat species revealed an even wider diversity of the AVA content in grain 202, A
conclusion has been made that wild oat species are an important source of diversity for breeding programs, which
dictates the necessity of further studies into the pattern of AVA content and composition variability across the genus Avena
L. Wild oat species might incorporate a unique AVA composition, promising for crosses with cultivated oats.

2.5. Tocols

The health benefits of oats are also associated with the presence of several antioxidant compounds known as tocols,
specifically tocopherols and tocotrienols. The fat-soluble vitamin E contains tocopherols and tocotrienols 119, which make
the oil more resistant to oxidation. Both tocopherols and tocotrienols have several isomeric forms designated as a, (3, v,
and 3 4 Al in all, vitamin E can comprise eight isomers, with prevailing o-isomers (70-85%) and d-isomers not
exceeding 1%. The total tocopherol content in oat cultivars can reach 2.6-3.2 mg/100 g, which is many times lower than
in barley 221, Tocopherols are mainly present in the germ fraction of grain, while tocotrienols are found in the pericarp and

endosperm. Tocotrienols prevail in oats, barley, and wheat; their concentrations vary from 40 to 60 pg/g depending on the
crop (112,

Eight isomers of tocols have been found in barley grain oil (four tocopherols and four tocotrienols). They play an
exceptionally important role, regulating cholesterol in human blood. Tocols also demonstrate very high activity as
antioxidants, blocking harmful peroxidation of lipids in cell membranes 2. Tocols (16-94 mg/kg) consist of a polar
chromanol ring linked to an isoprenoid-derived hydrocarbon chain. They are powerful scavengers of free radicals, also
demonstrating an ability to inhibit the proliferation of some cancer cells 18],

Furthermore, positive correlations were demonstrated in barley between 1000 grain weight and tocol concentration,
between dietary fiber content and phenolic compounds, and between husk weight and total antioxidants in hulled barley
(381501 presently, molecular-genetic studies of this type of antioxidant are based on simple-sequence repeats (SSR)
markers. It is worth mentioning that the naked barley with the Waxy gene and zero amylase content in starch has higher
contents of both B-glucans and tocols 131,

2.6. Sterols

Sterols are important components of vegetable oils. Their content in oat grain varies, according to different sources, from
0.1% to 9.3% of the total fatty acid content. This indicator often depends not only on the oat genotype but also on the
extraction technique. Cultivars of rye, wheat, barley, and oats grown in the same year and same location were compared,
the highest plant sterol content was observed in rye (mean content 95.5 mg/100 g, wb), whereas the total sterol contents
(mg/100 g, wb) of wheat, barley, and oats were 69.0, 76.1, and 44.7, respectively 24, Among the six components of
sterol content, the main one is sitosterol, whose content reaches 70% of the total sterol content; additionally, about 20%
are allocated to campesterol and stigmasterol 1% The content of sterols in oats can reach 447 mg/kg and include, in
addition to the abovementioned, D-5 and D-7 avenasterols 114 and phytic acid (5.6-8.7 mg/g); the latter manifests
antioxidant activity due to its ability to chelate metal ions, thus making them catalytically inactive and inhibiting the metal-
mediated formation of free radicals. However, this chelating activity reduced the bioavailability of major minerals (119,



2.7. Carotenoids

Carotenoids (yellow, orange, and red pigments) relating to isoprenoids are among the most widespread plant antioxidants.
Carotenoid content in oat grain can reach 1.8 pg/g [88; besides, lutein is considered the main xanthophyll in wheat, barley,
and oat grains, and zeaxanthin is the secondary one 15,

Comparative investigation of four groups of wheat genotypes (spelt wheat, landraces, old cultivars, and primitive wheat)
for carotenoid content and composition in grain revealed a high level of variation among the genotypes and the groups in
the content of carotenoids. Lutein contributed 70%-90% of the carotenoids in the grain 28, |n durum wheat, which is
used for the production of pasta, carotenoid content is also an important technological and market indicator. In semolina
and pasta, a yellow color is desirable, and it depends on the carotenoid accumulation in kernels. Genetic dissection of the
carotenoid content character showed quantitative trait loci (QTL) on all wheat chromosomes 117, The major QTL,
responsible for 60% of heritability, is located on the long arms of chromosomes 7A and 7B. Variability in these QTL is
explained by allelic variations of the phytoene synthase (PSY) genes. Molecular markers for MAS-based breeding
programs aimed at the enrichment of durum wheat grain with carotenoid content are available 17,

References

1. FAO Save and Grow. Available online: http://www.fao.org/ag/save-and-grow/MRW/index_en.html (accessed on 12 Dec
ember 2020).

2. Loskutov, I.G.; Shelenga, T.V.; Rodionov, A.V.; Khoreva, V.1.; Blinova, E.V.; Konarev, A.V.; Gnutikov, A.A.; Konarey, A.V.
Application of metabolomic analysis in exploration of plant genetic resources. Proc. Latv. Acad. Sci. 2019, 73, 494-501,
doi:10.2478/prolas-2019-0076.

3. Bityutskii, N.; Loskutov, I.; Yakkonen, K.; Konarey, A.; Shelenga, T.; Khoreva, V.; Blinova, E.; Rymin, A. Screening of Av
ena sativa cultivars for iron, zinc, manganese, protein and oil contents and fatty acid composition in whole grains. Cere
al Res. Commun. 2019, 48, doi:10.1007/s42976-019-00002-2.

4. Gordeeva, E.; Shamanin, V.; Schoeva, O.; Khlestkina, E. The strategy for marker-assisted breeding of anthocyanin-rich
spring bread wheat (Triticum aestivum) cultivars in West Siberia. Agronomy 2020, 10, 1603, doi:10.3390/agronomy101
01603.

5. Morgounoyv, A.; Karaduman, Y.; Akin, B.; Aydogan, S.; Baenziger, S.; Bhatta, M.; Chudinov, V.; Dreisigacker, S.; Govind
an, V.; Gller, S.; et al. Yield and quality in purple grain wheat isogenic lines. Agronomy 2020, 10, 86, doi:10.3390/agron
omy10010086.

6. Leonova, S.; Shelenga, T.; Hamberg, M.; Konarev, A.V.; Loskutov, |.; Carlsson, A.S. Analysis of oil composition in cultiv
ars and wild species of oat (Avena sativa). J. Agric. Food Chem. 2008, 56, 7983—7991, do0i:10.1021/jf800761c.

7. Marshall, H.G. Oats Science and Technology (Agronomy); Sorrells, M.E., Ed.; American Society of Agronomy: Madiso
n, Wi, USA, 1992; 846.

8. Olson, R.A. Nutritional Quality of Cereals Grains: Genetic and Agronomic Improvement; Frey, K.J., Ed.; American Socie
ty of Agronomy: Madison, WI, USA, 1987.

9. Peterson, D.M. Oat—a Multifunctional Grain. In Proceedings of the 7th International Oats Conference, Helsinki, Finland,
28 July 2004; pp. 21-26.

10. Rasmusson, D.C. Nutritional Quality of Barley; American Society of Agronomy: Madison, WI, USA, 1985.

11. Malaguti, M.; Dinelli, G.; Leoncini, E.; Bregola, V.; Bosi, S.; Cicero, A.F.G.; Hrelia, S. Bioactive peptides in cereals and |
egumes: agronomical, biochemical and clinical aspects. Int. J. Mol. Sci. 2014, 15, 21120-21135, d0i:10.3390/ijms1511
21120.

12. Zou, Y.; Liao, D.; Huang, H.; Li, T.; Chi, H. A systematic review and meta-analysis of beta-glucan consumption on glyce
mic control in hypercholesterolemic individuals. Int. J. Food Sci. Nutr. 2015, 66, 355-362.

13. Yang, J.; Wang, P.; Wu, W.; Zhao, Y.; Idehen, E.; Sang, S. Steroidal saponins in oat bran. J. Agric. Food Chem. 2016, 6
4, 1549-1556.

14. Sang, S.; Chu, Y. Whole grain oats, more than just a fiber: Role of unique phytochemicals. Mol. Nutr. Food Res. 2017,
61, 7, 1600715, doi:10.1002/mnfr.201600715.

15. Kumar, K.; Chauhan, D.; Kumar, S. Barley: A potential source of functional food ingredients. In Proceedings of the Conf
erence: National Seminar on Technological Interventions in Food Processing and Preservation, Jaipur, India, 17 Novem
ber 2017.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.
34.

35.

36.

37.

38.

Tikhonova, M.; Shoeva, O.; Tenditnik, M.; Ovsyukova, M.; Akopyan, A.; Dubrovina, N.; Amstislavskaya, T.G.; Khlestkin
a, E. Evaluating the effects of grain of isogenic wheat lines differing in the content of anthocyanins in mouse models of
neurodegenerative disorders. Nutrients 2020, 12, 3877.

Martinez-Villaluenga, C.; Penas, E. Health benefits of oat: Current evidence and molecular mechanisms. Curr. Opin. Fo
od Sci. 2017, 14, 26-31, doi:10.1016/j.cofs.2017.01.004.

Gordeeva, E.I.; Glagoleva, A.Y.; Kukoeva, T.V.; Khlestkina, E.K.; Shoeva, O.Y. Purple-grained barley (Hordeum vulgar
e): Marker-assisted development of NILs for investigating peculiarities of the anthocyanin biosynthesis regulatory netwo
rk. BMC Plant Biol. 2019, 19, 52, doi:10.1186/s12870-019-1638-9.

Sanchez-Ledn, S.; Gil-Humanes, J.; Ozuna, C.V.; Giménez, M.J.; Sousa, C.; Voytas, D.F,; Barro, F. Low-gluten, nontra
nsgenic wheat engineered with CRISPR/Cas9. Plant Biotechnol. J. 2018, 16, 902-910, doi:10.1111/pbi.12837.

Jouanin, A.; Schaart, J.G.; Boyd, L.A.; Cockram, J.; Leigh, F.J.; Bates, R.; Wallington, E.J.; Visser, R.G.F.; Smulders, M.
J.M. Outlook for coeliac disease patients: Towards bread wheat with hypoimmunogenic gluten by gene editing of a- an
d y-gliadin gene families. BMC Plant Biol. 2019, 19, 333, doi:10.1186/s12870-019-1889-5.

Gerasimova, S.; Hertig, C.; Korotkova, A.; Kolosovskaya, E.; Otto, I.; Hiekel, S.; Kochetov, A.; Khlestkina, E.; Kumlehn,
J. Conversion of hulled into naked barley by Cas endonuclease-mediated knockout of the NUD gene. BMC Plant Biol.
2020, 20, 255, doi:10.1186/s12870-020-02454-9.

Kennedy, G.; Nantel, G.; Shetty, P. The scourge of “hidden hunger”: Global dimensions of micronutrient deficiencies. Fo
od Nutr. Agric. 2003, 32, 8-16.

Bhullar, N.K.; Gruissem, W. Nutritional enhancement of rice for human health: The contribution of biotechnology. Biotec
hnol. Adv. 2013, 31, 50-57.

The World Health Report: 2002: Reducing Risks, Promoting Healthy Life; World Health Organization: Geneva, Switzerl
and, 2002.

Hotz, C.; Brown, K.H. Assessment of the risk of zinc deficiency in populations and options for its control. Food Nutr. Bul
I. 2004, 25, 94-204.

Morgounov, A.; Gomez-Becerra, H.F.; Abugalieva, A.; Dzhunusova, M.; Yessimbekova, M.; Muminjanov, H.; Zelenskiy,
Y.; Ozturk, L.; Cakmak, I. Iron and zinc grain density in common wheat grown in Central Asia. Euphytica 2007, 155, 193
-203.

Bouis, H.E. Micronutrient fortification of plants through plant breeding: Can it improve nutrition in man at low cost? Pro
c. Nutr. Soc. 2003, 62, 403-411.

Graham, R.D.; Welch, R.M.; Bouis, H.E. Addressing micronutrient malnutrition through enhancing the nutritional quality
of staple foods: Principles, perspectives and knowledge gaps. Adv. Agron. 2001, 70, 77-142.

Kutman, U.B.; Yidiz, B.; Ozturk, L.; Cakmak, I. Biofortification of durum wheat with zinc through soil and foliar applicatio
n of nitrogen. Cereal Chem. 2010, 87, 1-9.

Rengel, Z.; Graham, R.D. Importance of seed Zn content for wheat growth on Zn-deficient soil. Plant Soil 1995, 173, 25
9-266.

Frossard, E.; Bucher, M.; Machler, F.; Mozafar, A.; Hurell, R. Potential for increasing the content and bioavailability of F
e, Zn and Ca in plants for human nutrition. J. Sci. Food Agric. 2000, 80, 861-879.

White, P.; Broadley, M.R. Biofortifying crops with essential mineral elements. Trends Plant Sci. 2005, 10, 586-593.
White, P.; Broadley, M.R. Physiological limits to Zn biofortification of edible crops. Front. Plant Sci. 2011, 2, 1-11.

Frankin, S.; Kunta, S.; Abbo, S.; Sela, H.; Goldberg, B.Z.; Bonfil, D.J.; Levy, A.A.; Ragolsky, A.-N.; Nashef, K.; Roychow
dhury, R. In Focus: The 1st International Conference of Wheat Landraces for Healthy Food. Sci. Food Agric. 2018, 100,
doi:10.1002/jsfa.10629.

Gyawali, S.; Otte, M.L.; Chao, S.; Jilal, A.; Jacob, D.L.; Amezrou, R.; Verma, R.P.S. Genome wide association studies
(GWAS) of element contents in grain with a special focus on zinc and iron in a world collection of barley (Hordeum vulg
are). J. Cereal Sci. 2017, 77, 266—274, d0i:10.1016/j.jcs.2017.08.019.

Wood, P.J.; Beer, M.U. Functional oat products. In Functional Foods: Biochemical and Processing Aspects; Mazza, G.,
Ed.; Technomic Publishing Company Inc.: Lancaster, PA, USA, 1998; pp. 1-37.

Toole, G.A.; Gall, G.L.; Colquhoun, I.J.; Drea, S.; Opanowicz, M.; Bed, Z.; Shewry, P.R.; Mills, E.N.C. Spectroscopic an
alysis of diversity in the spatial distribution of arabinoxylan structures in endosperm cell walls of cereal species in the h
ealth grain diversity collection. J. Cereal Sci. 2012, 56, 134-141.

Loskutov, |.G.; Polonskiy, V.I. Content of B-glucans in oat grain as a perspective direction of breeding for health product
s and fodder. Agric. Biol. 2017, 52, 646-657, doi:10.15389/agrobiology.2017.4.646eng.



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Welch, R.W.; Leggett, J.M.; Lloyd, J.D. Variation in the kernel (1 3)(1 4)-B-D-glucan content of oat cultivars and wil
d Avena species and its relationship to other characteristics. J. Cereal Sci. 1991, 13, 173-178, doi:10.1016/S0733-521
0(09)80034-9.

Havrlentova, M.; Hlinkova, A.; Ofajova, A.; Kovacik, P.; DvonCov4, D.; Dedkova, A. Effect of fertilization on b-D-glucan c
ontent in oat grain (Avena sativa). Agriculture 2013, 59, 111-119.

Decker, E.A.; Rose, D.J.; Stewart, D. Processing of oats and the impact of processing operations on nutrition and healt
h benefits. Br. J. Nutr. 2014, 112, 58-64.

Clemens, R.; Van Klinken, B.J.W. The future of oats in the food and health continuum. Br. J. Nutr. 2014, 112, 75-79.

Fastnaught, C.E.; Berglund, P.T.; Holm, E.T.; Fox, G.J. Genetic and environmental variation in B-glucan content and qu
ality parameters of barley for food. Crop. Sci. 1996, 36, 941-946.

Dzyubenko, N.; Zwer, P.; Loskutov, |. Abstracts of Oral and Poster Presentation. In Proceedings of the 10th Internationa
| Oat Conference: Innovation for Food and Health “OATS 2016”, St Petersburg, Russia, 11-15 July 2016.

Tiwari, U.; Cummins, E. Meta-analysis of the effect of beta-glucan intake on blood cholesterol and glucose levels. Nutrit
ion 2011, 27, 1008-1016, doi:1016/j.nut.2010.11.006.

Joyce, S.A.; Kamil, A.; Fleige, L.; Gahan, C.G. The cholesterol-lowering effect of oats and oat beta glucan: Modes of ac
tion and potential role of bile acids and the microbiome. Front. Nutr. 2019, 6, 171, doi:3389/fnut.2019.00171.

Wood, P.J. Oat and rye beta-glucan: Properties and function. Cereal Chem. 2010, 87, 315-330.

Piironen, V.; Anna-Maija, L.; Laura, N.; Li, L.; Mariann, R.; Anna, F.; Danuta, B.; Kurt, G.; Courtin, C.; Delcour, J.; et al.
Phytochemical and fiber components in oat varieties in the Healthgrain diversity screen. J. Agr. Food Chem. 2008, 56,
9777-9784, doi:1021/jf801880d.

Redaelli, R.; Frate, V.D.; Bellato, S.; Terracciano, G.; Ciccoritti, R.; Germeier, C.U.; Stefanis, E.D.; Sgrulletta, D. Geneti
¢ and environmental variability in total and soluble B-glucan in European oat genotypes. J. Cereal Sci. 2013, 57, 193-1
99, doi:10.1016/j.jcs.2012.09.003.

Polonskiy, V.; Loskutov, I.; Sumina, A. Biological role and health benefits of antioxidant compounds in cereals. Biol. 202
0, 65, 53-67, d0i:10.21638/spbu03.2020.105.

Welch, R.W.; Brown, J.C.W.; Leggett, J.M. Interspecific and intraspecific variation in grain and groat characteristics of w
ild oat (Avena) species: Very high groat (1 3), (1 4)-B-D-glucan in an Avena atlantica J. Cereal Sci. 2000, 31, 273-2
79, doi:10.1006/jcrs.2000.0301.

Saastamoinen, M.; Plaami, S.; Kumpulainen, J. Genetic and environmental variation in B-glucan content of oats cultivat
ed or tested in Finland. J. Cereal Sci. 1992, 16, 279-290.

Havrlentova, M.; Bielikova, M.; Mendel, L.; Kraic, J.; Hozlar, P. The correlation of (1-3) (1-4)-B-d-glucan with some qual
itative parameters in the oat grain. Agriculture 2008, 54, 65-71.

Gajdosova, A.; Petrulakova, Z.; Havrlentova, M.; Cervend, V.; Hozova, B.; Sturdik, E.; Kogan, G. The content of water-s
oluble and water-insoluble 3-d-glucans in selected oats and barley varieties. Carbohydr. Polym. 2007, 70, 46-52.

Tiwari, U.; Cummins, E. Simulation of the factors affecting 3-glucan levels during the cultivation of oats. J. Cereal Sci. 2
009, 50, 175-183.

Griffey, C.; Brooks, W.; Kurantz, M.; Thomason, W.; Taylor, F.; Obert, D.; Moreau, R.; Flores, R.; Sohn, M.; Hicks, K.; et
al. Grain composition of Virginia winter barley and implications for use in feed, food, and biofuels production. J. Cereal
Sci. 2010, 51, 41-49.

Knutsen, S.H.; Holtekjilen, A.K. Preparation and analysis of dietary fibre constituents in whole grain from hulled and hull
-less barley. Food Chem. 2007, 102, 707-715.

Huth, M.; Dongowski, G.; Gebhart, E.; Flamme, W. Functional properties of dietary fibre enriched exudates from barley.
J. Cereal Sci. 2002, 32, 115-117.

Zhang, G.; Wang, J.; Chen, J. Analysis of B-glucan content in barley cultivars from different locations of China. Food Ch
em. 2002, 79, 251-254.

Cox, T.S.; Frey, K.J. Complementarity of genes for high groat-protein percentage from Avena sativa and A. sterilis L. Cr
op. Sci. 1985, 25, 106—109.

Peterson, D.M.; Wesenberg, D.M.; Burrup, D.E. B-Glucan content and its relationship to agronomic characteristics in eli
te oat germplasm. Crop. Sci. 1995, 35, 965-970.

Yalcin, E.; Celik, S.; Akar, T.; Sayim, |.; Koksel, H. Effects of genotype and environment on 3-glucan and dietary fibre co
ntents of hull-less barleys grown in Turkey. Food Chem. 2007, 101, 171-176.



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.
85.

Lee, C.J.; Horsley, R.D.; Manthey, F.A.; Schwarz, P.B. Comparison of B-glucan content of barley and oat. Cereal Chem.
1997, 74, 571-575.

Hang, A.; Obert, D.; Gironella, A.l.N.; Burton, C.S. Barley amylase and B-glucan: Their relationships to protein, agrono
mic traits, and environmental factors. Crop. Sci. 2007, 47, 1754-1760.

Zhang, G.; Chen, J.; Wang, J.; Ding, S. Cultivar and environmental effects on (1-3, 1-4)-B-glucan and protein content i
n malting barley. J. Cereal Sci. 2001, 34, 295-301.

Rey, J.1.; Hayes, P.M.; Petrie, S.E.; Corey, A.; Flowers, M.; Ohm, J.B.; Ong, C.; Rhinhart, K.; Ross, A.S. Production of d
ryland barley for human food: Quality and agronomic performance. Crop. Sci. 2009, 49, 347-355.

Aman, P.; Graham, H.; Tilley, A. Content and solubility of mixed-linked (1-3;1-4)-B-glucan in barley and oats during ker
nel development and storage. J. Cereal Sci. 1989, 10, 45-50, do0i:10.1016/S0733-5210(89)80033-5.

Chawade, A.; Sikora, P.; Brautigam, M.; Larsson, M.; Vivekanand, V.; Nakash, M.A.; Chen, T.; Olsson, O. Development
and characterization of an oat TILLING-population and identification of mutations in lignin and B-glucan biosynthesis ge
nes. BMC Plant Biol. 2010, 10, 86-99.

Sikora, P.; Tosh, S.M.; Brummer, Y.; Olsson, O. Identification of high B-glucan oat lines and localization and chemical ch
aracterization of their seed kernel B-glucans. Food Chem. 2013, 137, 83-91, doi:1016/j.foodchem.2012.10.007.

Collins, H.M.; Burton, R.A.; Topping, D.L.; Liao, M.-L.; Bacic, A.; Fincher, G.B. Variability in fine structures of noncellulo
sic cell wall polysaccharides from cereal grains: Potential importance in human health and nutrition. Cereal Chem. 201
0, 87, 272-282.

Song, G.; Huo, P.; Wu, B.; Zhang, Z. A genetic linkage map of hexaploid naked oat constructed with SSR markers. Cro
p. J. 2015, 3, 353-357.

Burton, R.A.; Wilson, S.M.; Hrmova, M.; Harvey, A.J.; Shirley, N.J.; Medhurst, A.; Fincher, G.B. Cellulose synthase-like
CslF genes mediate the synthesis of cell wall (1-3;1-4)-B-D-glucans. Science 2006, 311, 1940-1942, doi:10.1126/scie
nce.1122975.

Newell, M.A.; Asoro, F.G.; Scott, V.P.; White, P.J.; Beavis, W.D.; Jannink, J.-L. Genome-wide association study for oat
(Avena sativa) beta-glucan concentration using germplasm of worldwide origin. Appl. Genet. 2012, 125, 1687-1696, do
i:10.1007/s00122-012-1945-0.

Carlson, M.O.; Montilla-Bascon, G.; Hoekenga, O.A.; Tinker, N.A.; Poland, J.; Baseggio, M.; Sorrells, M.E.; Jannink, J.-
L.; Gore, M.A.; Yeats, T.H.; et al. Multivariate genome-wide association analyses reveal the genetic basis of seed fatty
acid composition in oat (Avena sativa). G3 GenesGenomesGenet 2019, 9, 2963-2975, doi:10.1534/g3.119.400228.

Andersson, A.A.M.; Lampi, A.M.; Nystrém, L.; Piironen, V.; Li, L.; Ward, J.L.; Gebruers, K.; Courtin, C.M.; Delcour, J.A.;
Boros, D.; et al. Phytochemical and dietary fiber components in barley varieties in the healthgrain diversity screen. J. A
gric. Food Chem. 2008, 56, 9767-9776.

Do, T.D.T.; Cozzolino, D.; Muhlhausler, B.; Box, A.; Able, A.J. Antioxidant capacity and vitamin E in barley: Effect of gen
otype and storage. Food Chem. 2015, 187, 65-74.

Edelmann, M.; Kariluoto, S.; Nystrém, L.; Piironen, V. Folate in barley grain and fractions. J. Cereal Sci. 2013, 58, 37-4
4,

Gong, L.X.; Jin, C.; Wu, L.J.; Wu, X.Q.; Zhang, Y. Tibetan hullless Barley (Hordeum vulgare) as a potential source of an
tioxidants. Cereal Chem. 2012, 89, 290-295.

Edelmann, M.; Kariluoto, S.; Nystrém, L.; Piironen, V. Folate in oats and its milling fractions. Food Chem. 2012, 135, 19
38-1947, doi:10.1016/j.foodchem.2012.06.064.

Khlestkina, E.K.; Usenko, N.I.; Gordeeva, E.l.; Stabrovskaya, O.l.; Sharfunova, I.B.; Otmakhova, Y.S. Evaluation of whe
at products with high flavonoid content: Justification of importance of marker-assisted development and production of fl
avonoid-rich wheat cultivars. Vavilovskii Zhurnal Genetiki Selektsii 2017, 21, 545-553, doi:10.18699/VJ17.25-0.

Boutigny, A.-L.; Richard-Forget, F.; Barreau, C. Natural mechanisms for cereal resistance to the accumulation of Fusari
um trichothecenes. Eur. J. Plant Pathol. 2008, 121, 411-423, doi:10.1007/s10658-007-9266-X.

Brankovi¢, G.; Dragi€evi¢, V.; Dodig, D.; Zori¢, M.; KneZevi¢, D.; Zilié, S.; Dencié, S.; Surlan, G. Genotype x environme
nt interaction for antioxidants and phytic acid contents in bread and durum wheat as influenced by climate. Chilean J. A
gric. Res. 2015, 75, 139-146.

Adom, K.K.; Liu, R.H. Antioxidant activity of grains. J. Agric. Food Chem. 2002, 50, 6182-6187, doi:10.1021/jf0205099.
Boz, H. Ferulic acid in cereals-a review. Czech J. Food Sci. 2015, 33, 1-7, doi:10.17221/401/2014-CJFS.

Mattila, P.; Pihlava, J.M.; Hellstrom, J. Contents of phenolic acids, alkyl- and alkenylresorcinols, and avenanthramides i
n commercial grain products. J. Agric. Food Chem. 2005, 53, 8290-8295.



86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97

98.

99.
100.

101.

102.

103.

104.

105.

106.

107.

108.

Ndolo, V.U.; Beta, T. Comparative studies on composition and distribution of phenolic acids in cereal grain botanical fra
ctions. Cereal Chem. 2014, 91, 522-530, do0i:10.1094/CCHEM-10-13-0225-R.

Liu, R.H. Whole grain phytochemicals and health. J. Cereal Sci. 2007, 46, 207-219, doi:10.1016/j.jcs.2007.06.010.

Glagoleva, A.Y.; Shmakov, N.V.; Shoeva, O.Y.; Vasiliev, G.V.; Shatskaya, N.V.; Bérner, A.; Afonnikov, D.A.; Khlestkina,
E.K. Metabolic pathways and genes identified by RNA-seq analysis of barley near-isogenic lines differing by allelic stat
e of the black lemma and pericarp (Blp) gene. BMC Plant Biol. 2017, 17, 182, doi:10.1186/s12870-017-1124-1.

Shoeva, 0.Y.; Mursalimov, S.R.; Gracheva, N.V.; Glagoleva, A.Y.; Borner, A.; Khlestkina, E.K. Melanin formation in barl
ey grain occurs within plastids of pericarp and husk cells. Nat. Sci. Rep. 2020, 10, 179, doi:10.1038/s41598-019-56982
-y,

Bollina, V.; Kumaraswamy, G.K.; Kushalappa, A.C.; Choo, T.M.; Dion, Y.; Rioux, S.; Faubert, D.; Hamzehzarghani, H. M
ass spectrometry-based metabolomics application to identify quantitative resistance-related metabolites in barley again
st Fusarium Head blight. Mol. Plant Pathol. 2010, 11, 769-782, doi:10.1111/j.1364-3703.2010.00643.x.

Bollina, V.; Kushalappa, A.C.; Choo, T.M.; Dion, Y.; Rioux, S. Identification of metabolites related to mechanisms of resi
stance in barley against Fusarium graminearum, based on mass spectrometry. Plant Mol. Biol. 2011, 77, 355-370, doi:
10.1007/s11103-011-9815-9818.

Zilic, S.; Sukalovic, V.H.T.; Dodig, D.; Maksimovic, V.; Maksimovic, M.; Basic, Z. Antioxidant activity of small grain cerea
Is caused by phenolics and lipid soluble antioxidants. J. Cereal Sci. 2011, 54, 417-424, doi:10.1016/j.jcs.2011.08.006.

Dykes, L.; Rooney, L.W. Phenolic compounds in cereal grains and their health benefits. Cereal Foods World 2007, 52,
105-111, doi:10.1094/cfw-52-3-0105.

Lee, C.; Han, D.; Kim, B.; Bae, N.; Baik, B.K. Antioxidant and anti-hypertensive activity of anthocyaninrich extracts from
hulless pigmented barley cultivars. Int. J. Food Sci. Technol. 2013, 48, 5, 984-991, doi:10.1111/ijfs.12050.

Usenko, N.I.; Khlestkina, E.K.; Asavasanti, S.; Gordeeva, E.l.; Yudina, R.S.; Otmakhova, Y.S. Possibilities of enriching f
ood products with anthocyanins by using new forms of cereals. Foods Raw Mater. 2018, 6, 128-135, d0i:10.21603/230
8-4057-2018-1-128-135.

Arbuzova, V.S.; Badaeva, E.D.; Efremova, T.T.; Osadchaya, T.S.; Trubacheeva, N.V.; Dobrovolskaya, O.B. A cytogeneti
¢ study of the blue-grain line of the common wheat cultivar Saratovskaya 29. Rus. J. Genet. 2012, 4, 785-791.

. Gordeeva, E.; Badaeva, E.; Yudina, R.; Shchukina, L.; Shoeva, O.; Khlestkina, E. Marker-assisted development of a bl

ue-grained substitution line carrying the Thinopyrum ponticum Chromosome 4Th(4D) in the spring bread wheat saratov
skaya 29 background. Agronomy 2019, 9, 723, doi:10.3390/agronomy9110723.

Strygina, K.V.; Borner, A.; Khlestkina, E.K. Identification and characterization of regulatory network components for ant
hocyanin synthesis in barley aleurone. BMC Plant Biol. 2017, 17, 184, doi:10.1186/s12870-017-1122-3.

Zeven, A.C. Wheats with purple and blue grains: A review. Euphytica 1991, 56, 243-258, doi:10.1007/BF00042371.

Syed Jaafar, S.N.; Baron, J.; Siebenhandl-Ehn, S.; Rosenau, T.; Bbhmdorfer, S.; Grausgrube, H. Increased anthocyani
n content in purple pericarp x blue aleurone wheat crosses. Plant Breed. 2013, 132, 546-552, d0i:10.1111/pbr.12090.

King, C. New Possibilities with Purple Wheat. Available online: https://www.topcropmanager.com/new-possibilities-with-
purple-wheat-20050/ (accessed on 29 October 2020).

Welch, R.W. The chemical composition of oats. In The Oat Crop: Production and Utilization; Welch, R.W., Ed.; Chapma
n & Hall: London, UK, 1995; pp. 279-320.

Collins, FW. Oat phenolics: Avenanthramides, novel substituted N-cinnamoylanthranilate alkaloids from oat groats and
hulls. J. Agric. Food Chem. 1989, 37, 60-66.

Jastrebova, J.; Skoglund, M.; Dimberg, L.H. Selective and sensitive LC-MS determination of avenanthramides in oats.
Chromatographia 2006, 63, 419-423.

Fu, J.; Zhu, Y.; Yerke, A.; Wise, M.L.; Johnson, J.; Chu, Y.; Sang, S. Oat avenanthramides induce heme oxygenase-1 e
xpression via Nrf2-mediated signaling in HK-2 cells. Mol. Nutr. Food Res. 2015, 59, 2471-2479.

Pellegrini, G.G.; Morales, C.C.; Wallace, T.C.; Plotkin, L.1.; Bellido, T. Avenanthramides prevent osteoblast and osteocyt
e apoptosis and induce osteoclast apoptosis in vitro in an Nrf2-independent manner. Nutrients 2016, 8, doi:10.3390/nu
8070423.

Tripathi, V.; Mohd, A.S.; Ashraf, T. Avenanthramides of oats: Medicinal importance and future perspectives. Pharmacog
n. Rev. 2018, 12, 66-71, doi:4103/phrev.phrev_34_17.

Redaelli, R.; Dimberg, L.; Germeier, C.U.; Berardo, N.; Locatelli, S.; Guerrini, L. Variability of tocopherols, tocotrienols a
nd avenanthramides contents in European oat germplasm. Euphytica 2016, 207, 273—-292, doi:10.1007/s10681-015-15
35-8.



109.

110.

111.

112.

113.

114.

115.

116.

117.

Leonova, S.; Gnutikov, A.; Loskutov, I.; Blinova, E.; Gustafsson, K.-E.; Olsson, O. Diversity of avenanthramide content i
n wild and cultivated oats. Proc. Appl. Bot. Genet. Breed. 2020, 181, 30-47, doi:10.30901/2227-8834-2020-1-30-47.

Peterson, D.M. Oat antioxidants. J. Cereal Sci. 2001, 33, 115-129.

Gutierrez-Gonzalez, J.J.; Wise, M.L.; Garvin, D.F. A developmental profile of tocol accumulation in oat seeds. J. Cereal
Sci. 2013, 57, 79-83, d0i:10.1016/}.jcs.2012.10.001.

Falk, J.; Krahnstover, A.; van der Kooij, T.A.W.; Schlensog, M.; Krupinska, K. Tocopherol and tocotrienol accumulation
during development of caryopses from barley (Hordeum vulgare). Phytochemistry 2004, 65, 2977-2985, doi:10.1016/j.
phytochem.2004.08.047.

Tohno-oka, T.; Kavada, N.; Yoshioka, T. Relationship between grain hardness and endosperm cell wall polysaccharides
in barley. Czech. J. Genet. Plant. Breed. 2004, 40, 116.

Piironen, V.; Toivo, J.; Lampi, A.M. Plant sterols in cereals and cereal products. Cereal Chem. 2002, 79, 148-154.

Ndolo, V.U.; Beta, T. Distribution of carotenoids in endosperm, germ, and aleurone fractions of cereal grain kernels. Fo
od Chem. 2013, 139, 663-671, doi:10.1016/j.foodchem.2013.01.014.

Hussain, A.; Larsson, H.; Kuktaite, R.; Olsson, M.E.; Johansson, E. Carotenoid content in organically produced wheat:
Relevance for human nutritional health on consumption. Int. J. Environ. Res. Public Health. 2015, 2, 12, 14068-14083,
doi:10.3390/ijerph121114068. PMID: 26540066.

Colasuonno, P.; Marcotuli, I.; Blanco, A.; Maccaferri, M.; Condorelli, G.E.; Tuberosa, R.; Parada, R.; de Camargo, A.C.;
Schwember, A.R.; Gadaleta, A. Carotenoid pigment content in durum wheat (Triticum turgidum var durum): An overvie
w of quantitative trait loci and candidate genes. Front. Plant Sci. 2019, 7, 1347, doi:10.3389/fpls.2019.01347.

Retrieved from https://encyclopedia.pub/entry/history/show/14822



