PLANT IMMUNITY AND PERFORMANCE Vavilovskii Zhurnal Genetiki i Selektsii
[Review | Vavilov Journal of Genetics and Breeding. 2025;29(3):392-400

doi 10.18699/vjgb-25-42

Anthocyanins and phenolic compounds in colored wheat grain

E.V. Chumanova 1, T.T. Efremova (191, K.V. Sobolev (912 E.A. Kosyaeva L2

TInstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State Agrarian University, Novosibirsk, Russia

@ chumanova@bionet.nsc.ru

Abstract. Wheat is an extremely important and preferred source of human nutrition in many regions of the world.
The production of biofortified colored-grain wheat varieties, which are known to contain a range of biologically ac-
tive compounds, including anthocyanins, phenolic compounds, vitamins and minerals, reflects a worldwide trend
toward increasing dietary diversity and improving diet quality through the development and introduction of di-
verse functional foods. The present work describes the genetic systems that regulate the biosynthesis and accu-
mulation of anthocyanins in the pericarp and aleurone layer, the presence of which imparts purple, blue and black
grain color. The review is devoted to the systematization of available information on the peculiarities of qualitative
and quantitative content of anthocyanins, soluble and insoluble phenolic acids in wheat grain of different color, as
well as on indicators of antioxidant activity of alcoholic extracts of grain depending on the content of anthocya-
nins and phenolic compounds. A huge number of studies have confirmed that these compounds are antioxidants,
have anti-inflammatory activity and their consumption makes an important contribution to the prevention of a
number of socially significant human diseases. Consumption of colored cereal grain products may contribute to an
additional enrichment of bioactive compounds in human diet along with the usual sources of antioxidants. Special
attention in the review is paid to the description of achievements of Russia’s breeders in developing promising
varieties and lines with colored grain, which will be a key factor in expanding the opportunities of the domestic
and international grain market.
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AHHoTauus. MNweHrua ABNAETCA Ype3BblYaiHO BaXKHbIM 1 MPeANOYTUTENbHBIM NCTOYHUKOM MUTaHUA YenoBeKa
BO MHOTVX pervioHax 3eMHoro Lwapa. MonyyeHve 6rodpopTrdNLNPOBaHHBIX COPTOB MATKOW MLIEHULbI C OKPaLLEH-
HbIM 3ePHOM, KOTOPOE, Kak U3BECTHO, COAEPXKMNT LieNbli psaa 61MONOrMyeckn akTUBHbIX COeAUHEHWI, B TOM Uncse
aHToUVaHBbl, GeHOMNbHbIE COEAUHEHUS, BUTAMUHDBI Y MUHEPaJSibl, OTPaXKaeT 0OLLEMMPOBYIO TEHAEHLMIO Ha yBennye-
HYie pa3HO06pa3ua 1 NOBbILIEHME KaueCTBa paLoHa NyTeM pa3paboTKm 1 BHepeHWsi pa3HOO6pa3HbIX MPOAYKTOB
byHKUMOHaNbHOro NuTaHus. B HacToswel paboTe onuncaHbl FeHETUYECKUe CUCTEMbI, PerynmpyioLe 6UOCUHTES 1
HaKoM/eHe aHTOLMaHOB B NepuKapre 1 aneipoOHOBOM C/10€, MPUCYTCTBYE KOTOPbIX NPUAAET 3epHY GUONETOBYIO,
rony6yto v YepHyto okpacky. O630p nocesLeH crucTemaTaumnm nHopmaLuy 06 0Co6eHHOCTAX KaueCTBEHHOTO 1
KOMMYECTBEHHOTO COLEPKAaHUA aHTOLMAHOB, PACTBOPVMBIX N HEPACTBOPUMBIX GEHOMbHBIX KUCIOT B 3€pHe Miue-
HULbI C Pa3/IMYHO OKPACKOW, @ TaKXKe MoKasaTesifax aHTMOKCMAAHTHOW aKTUBHOCTM CMPTOBBIX SKCTPAKTOB 3epHa
B 3aBYCUMOCTM OT COAEPKaHVsA aHTOLMAHOB 1 GEHONbHbIX coeiMHeHUni. OrPOMHbIM KONMYECTBOM UCCeOBaHNIA
NOATBEPKAEHO, UTO AlaHHbIE COeIMHEHUA ABNAITCA aHTUOKCMAAHTAMUN 1 COEAVHEHVAMY C MPOTUBOBOCMANUTENb-
HOW aKTUBHOCTbBIO U UX yNoTpebneHrie BHOCUT BaXKHbIN BKaA B NPOGUNAKTUKY pafa COLManbHO 3HAaUMMBbIX 3a-
6oneBaHUii yenoseka. YnotpebneHvie MpoayKToB 13 OKPaLLEHHOTO 3epHa 3/1aKoB MOXET CnocobcTBOBaTh AOMON-
HUTENIbHOMY OGOraLeHMNIO paLyoHa nofein GONOrMYECKN aKTUBHBIMUA COeAVHEHNAMMN HAapAZY C NPUBbLIYHLIMA
MNCTOYHMKaMM aHTUOKCMAAHTOB. OTenbHOE BHUMaHME B 0630pe yaeneHo OnvcaHnio JOCTUMXKEHMIN OTEUECTBEHHbIX
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AHTOUMAHbI 1 ¢eHOJ'IbeIe coefnHeHnA
B OKpalleHHOM 3epHe nuweHnubl

CeneKLMOHEPOB, YCUNIA KOTOPbIX B 3TOW 06/1aCTV MO3BONUAY NOSYUNTb PAS NEPCNEeKTUBHBIX COPTOB U JIMHWIA C
OKpaLUEHHbIM 3€PHOM, KOTOPbIE MOTYT MOCITYXKMTb OCHOBOI CO3AaHUA pbiHKa 61MOPpopTUGULMPOBAHHDIX AreTUYe-
CKMX NPOAYKTOB NTaHUA B POCCHM 11 YBENNYEHNA SKCMIOPTHOIO NOTEHLMasna pbiHKa 3epHa.

KntoueBble cnioBa: niweHna; ronybas, dprionetosas, YepHaa OKpacka 3epHa; aHToLMaHbl; GeHONbHbIe COeANHEHNS;

AHTUOKCMAaHTHaA aKTUBHOCTb

Introduction

Wheat occupies an important place in the structure of world
consumption. Over the last two decades, the biofortification
associated with increasing the nutritional value of food pro-
ducts from wheat grain has become an actual trend in breed-
ing, in particular, much attention of researchers and breeders
is focused on obtaining colored-grain wheat varieties, rich in
anthocyanins. Depending on the type and accumulation of
anthocyanins in different layers of the grain, wheat grain can
have purple (in the pericarp, controlled by Pp genes), blue
(inthe aleurone layer, Ba genes) and dark purple (black) color
(in both layers at the same time, Ba + Pp genes).

The value of colored wheat is a more diverse composition
of flavonoids with important biological properties (Wang et al.,
2020; Razgonova et al., 2021). In addition, many researchers
have shown that colored-grain wheat has a higher content of
protein and essential amino acids (Tian et al., 2018; Garg et
al., 2022), a number of macro- and microelements: Zn, Fe,
Mg, K, Ca, Se, Cu an Mn (Ficco et al., 2014; Sharma S. et
al., 2018; Tian et al., 2018; Dhua et al., 2021; Shamanin et
al., 2024), vitamins B1, B2, B9 and E (Granda et al., 2018)
compared to red and white grains. Anthocyanins and phenolic
compounds have great antioxidant potential, protecting cells
from free radical damage. As well as these compounds have
anti-inflammatory and antibacterial activity, preventing the
development of diabetes, cardiovascular, neurodegenerative
diseases and cancer (Laddomada et al., 2017; Francavilla,
Joye, 2020; Mohammadi et al., 2024).

Colored wheat in China, India, Singapore, Canada and Aus-
tria is used to produce functional food products from whole
wheat flour containing high amounts of antioxidants: dif-
ferent types of whole wheat breads, bakery products, cookies,
pasta, pancakes, crackers (Garg et al., 2022; Gamel et al.,
2023). However, the content of anthocyanins and phenolic
compounds decreases when exposed to high temperatures.
According to the literature data, the loss of anthocyanins
during bread baking varies between 10-73 % and during the
preparation of noodles, pasta, tortillas, biscuits, the content
of anthocyanins and phenolic compounds decreases by 29-74
and 26-80 %, respectively (Garg et al., 2022). It has been
shown that bakery products from colored grains are not infe-
rior or are even superior to products from uncolored flour in
terms of baking and organoleptic properties, and their shelf
life increases (Khlestkina et al., 2017).

In recent years in our country, the direction towards the
production of anthocyanin-biofortified wheat has been actively
developed (Khlestkina et al., 2017; Vasilova et al., 2021;
Rubets et al., 2022; Gordeeva et al., 2022; Shamanin et al.,
2022, 2024), which forms the idea of a healthy lifestyle and
nutrition, since wheat is an important food crop for Russia.

This review compiles available information on genetic fac-
tors regulating the accumulation of anthocyanins in colored
wheat grain, peculiarities of anthocyanins and phenolic acids
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content and antioxidant activity (AOA) in colored grain, and
summarizes information on the achievements of Russian
scientists in obtaining promising colored-grain wheat lines
and varieties.

Genetic control of the synthesis

and accumulation of anthocyanins in wheat grain
The wheat grain consists of an embryo and endosperm densely
surrounded by epidermis and a seed coat (Fig. 1). The fruit
sheath (pericarp or pericarpium: etymologically derived
from two Greek words, i.e., peri: around and carpos: fruit),
consisting of several layers: epidermis, hypodermis, remnants
of thin-walled cells, intermediate, transverse and tubular
cells, surrounds the grain and plays a protective role. Seed
coat cells (pigment layer, testa) of red-grain wheat contain
proanthocyanidins that increase grain resistance to prehar-
vest germination (Himi et al., 2011). The aleurone layer of
the grain is the outer layer of the endosperm, consisting of
a single layer of cells, square or slightly oblong in shape. It
derives its name from the content of aleurone grains, which
are protein storage structures.

Colored wheat is known to exist in three different forms:
blue, purple and dark purple (black), depending upon the types
and position of the anthocyanins in kernel layers. The bluish-
gray color of wheat is because of the synthesis of anthocyanins
in the aleurone layer. The presence of purple color, in turn,
is due to the accumulation of anthocyanins in pericarp cells.
The black grain results from the accumulation of anthocyanins
simultaneously in the pericarp and aleurone layer (Fig. 1).

Anthocyanin biosynthesis in the aleurone layer is under the
control of dominant alleles of Ba genes (Blue aleurone) local-
ized in chromosomes of the fourth homeologous group of some
cereal species. Bal (syn. Ba(b)) is localized in the long arm
of chromosome 4E (formerly 4Ag) of Thinopyrum ponticum
(Podp.) Barkworth & D.R. Dewey (Agropyron elongatum L.;
Lophopyrum ponticum (Podb.) Love; Elytrigia pontica (Podp.)
Holub) (Zheng et al., 2006). Ba2 (syn. Ba(a)) is localized in
the long arm of chromosome 4AP° Triticum boeoticum Boiss.
or 4A™ T. monococcum L. (Singh et al., 2007). BaThb (syn.
Ba(c)) is localized in the chromosome 4J Th. bessarabicum
(Savul. & Rayss) A. Lve (Shen et al., 2013).

ThMyc4E, encoding a MY C-type transcription factor
with a bHLH domain is a Bal candidate gene (Li N. et al.,
2017). TbMyC4A, encoding a bHLH transcription factor
containing three regulatory domains (0HLH-MYC_N, HLH
and ACT-like) (Liu X. et al., 2021) is considered as a likely
Ba(a) candidate gene. It is suggested that the BaThb and Bal
genes may have a common origin (BureSova et al., 2015), as
Th. bessarabicum is a probable donor species of the EP genome
of most polyploid wheatgrass species, including Th. ponticum.

Ba genes were introgressed into the common wheat genome
by producing substitution, addition and translocation lines.
V.S. Arbuzova et al. (2012) and E.l. Gordeeva et al. (2022)
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Fig. 1. Internal structure of wheat grain: longitudinal and transverse section.

Adapted from (Laddomada et al.,, 2015).

obtained substitution lines of spring bread wheat Saratov-
skaya 29 (S29) with the replacement of chromosome 4B or
4D with chromosome 4E Th. ponticum. Liu Xin et al. (2020)
obtained six substitution lines 4AP°(4B) with the Ba2 gene:
Z18-1150, Z18-1195, 718-1223, Z18-1244, 718-1289, and
Z18-3816. The chromosomal composition of several wheat
lines with blue grain was described using in situ hybridization
(Buresova et al., 2015). The results showed that six different
types of Th. ponticum chromatin introgressions were detected:
ditelosomic additions (Blue Norco), ditelosomic substitution
(Blue Baart), T4ABS.4AgL (UC66049), and different transloca-
tions of the distal parts of chromosomal arms of Th. ponticum
(Sebesta Blue 1-3). Y. Shen et al. (2013) obtained 157 lines
derived from the cross between T. aestivum cv. Chinese Spring
and a T. aestivum-Th. bessarabicum amphiploid: they isolated
monosomic and disomic addition lines with chromosomes 4J,
4JL, and 4JS, as well as T4ADS.4DL-4JL carrying a fragment
of chromosome 4J.

Assignificant problem in blue wheat lines selection is caused
by the negative influence of wheatgrass genes linked to blue
aleurone genes (Garg et al., 2016). Therefore, it is preferable
to involve in breeding purple-grain donors, which are devoid
of such a disadvantage.

The purple color of wheat is because of anthocyanin synthe-
sis in the pericarp layer. The first samples of tetraploid wheat
T. aethiopicum Jakubz. (T. turgidum L. subsp. abyssinicum
Vavilov) with purple-grain genes were collected by Wittmack
in Abyssinia (Northern Ethiopia) in the early 1870s and
brought to Europe, from where they further spread to different
countries (Eticha et al., 2011). It is noteworthy that landraces
of purple wheat are still cultivated in Ethiopia.

Anthocyanin synthesis in pericarp is controlled by the
complementary interaction of Pp genes (Purple pericarp):
Pp-1 (TaPpm1l) and Pp3 (TaPpbl/TaMycl), which encode
different types of transcription factors that activate transcrip-
tion of structural anthocyanin biosynthesis genes (Jiang W.
et al., 2018). Pp-1 is a MYB-like transcription factor with
an R2R3 regulatory domain. A set of Pp-1 homoeologous
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genes in chromosomes of the seventh homeologous group
is currently known: Pp-Al in 7AS (T. aestivum) (Gordeeva
et al., 2015), Pp-B1 in 7BS (7B in T. durum, 7S in Aegilops
speltoides Tausch.) (Khlestkina et al., 2010), and Pp-D1 in
7DS (T. aestivum) (Tereshchenko et al., 2012).

The dominant allele of the Pp3 gene, localized in the
centromeric region of chromosome 2A, encodes a transcrip-
tion factor with a bHLH regulatory domain (Shoeva et al.,
2014). Tissue-specific transcriptional activity of the dominant
TaMyc1 allele, which is a likely candidate for Pp3, was shown
in the colored pericarp of grains with lower expression levels
in coleoptile, scales, and leaves. At the same time, Pp-1 is
expressed in many plant tissues (Shoeva et al., 2014; Jiang W.
et al., 2018). It was found that TaMyc1 has at least four cop-
ies in common wheat. In addition to TaMycl, three copies,
TaMyc2—-4 are localized in 2AL, 2BL and 2DL, respectively;
however, none of these extra copies are transcribed in the
pericarp. Comparison of TaMyc1 expression in near-isogenic
lines carrying different combinations of dominant and reces-
sive alleles of Pp-1 and Pp3 showed that the dominant allele
Pp-D1 partially suppressed the transcription of TaMyc1 in the
pericarp (Shoeva et al., 2014).

Four allelic variants were found in the TaPpm1 coding
region: TaPpmla (dominant, in purple wheat) and TaPpm1b,
TaPpmlc, and TaPpm1d, which are nonfunctional due to dif-
ferently sized insertions that cause frameshift or premature
transcription termination (in uncolored wheat). There were Six
261-bp tandem repeats in the promoter region of TaPpb1l in
the purple-grained varieties (TaPpbla allele), while there was
only one repeat unit present in the uncolored wheat varieties
(TaPpblb) (Jiang W. et al., 2018).

The expression of structural genes involved in the antho-
cyanin biosynthesis pathway is regulated by the MBW com-
plex, which includes the R2R3-MYB, bHLH, and WD40
proteins. The allelic variations of TaPpm1 influence anthocy-
anin pigmentation by altering the binding ability with bHLH,
whereas variations in the TaPpb1 promoter alter its expression
level (Jiang W. et al., 2018).
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Aglycon R, R, Color

Cyanidin OH H Purple
Delphinidin OH OH Blue

Malvidin OCH, OCH, Reddish purple
Pelargonidin H H Orange-red
Peonidin OCH, H Bluish purple
Petunidin OCH; OH Purple

Fig. 2. Structure of major anthocyanidins found in wheat grain.

Anthocyanins content in colored wheat grain
Anthocyanins are water-soluble pigments related to flavonoids
that give color to various parts of plants. The basic structure of
anthocyanins is shown in Figure 2. Anthocyanidin (aglycone)
is the base of the anthocyanin molecule. For most anthocy-
anins, the sugar moieties, most often glucose, galactose, arabi-
nose and rutinose, are usually connected to anthocyanidins
through O-glycosidic bonds at C3 position, sometimes at C3
and C5 positions. In addition, sugars can be acylated by ali-
phatic and aromatic acids (Francavilla, Joye, 2020). Cyanidin,
delphinidin, malvidin, pelargonidin, peonidin, and petunidin
are well-known anthocyanidins, which differ from each other
in the number of hydroxyl or methoxyl groups (Fig. 2).

The total anthocyanin content (TAC) of wheat widely va-
ries from 10 to 305 pg/g in purple grain, from 17 to 211 pg/g
in blue grain and from 56 to 198 ug/g in black grain, but in
general, black-grain wheat has a higher anthocyanin content.
White and red grain wheat genotypes have the lowest TAC
(7-10 pg/g) (Abdel-Aal, Hucl, 2003; Abdel-Aal et al., 2006;
Varga et al., 2013; Garg et al., 2016; Kumari et al., 2020;
Wang et al., 2020; lannucci et al., 2022). In addition, whole
wheat flour has a lower anthocyanin content compared to
the bran fraction (Siebenhandl et al., 2007; lannucci et al.,
2022) (Supplementary Materials, Table S1)1. The anthocy-
anin content of blue wheat, on average, is higher than that
of purple wheat, but some purple wheat contains much more
anthocyanins than blue wheat (Abdel-Aal et al., 2016). It has
been suggested that in blue grain and black grain, the location
of the pigment in deeper layers leads to increased stability of
anthocyanins (Garg et al., 2016). In addition, anthocyanins
located in the aleurone layer are less firmly bound to cellular
components than those in the pericarp, allowing them to be
more easily extracted.

It was also found that the qualitative composition of antho-
cyanins differs between blue- grain and purple-grain wheat. In
addition, the main anthocyanins in the genotypes with purple
and blue grains are different. It is considered that purple-grain
wheat varieties have a more complex anthocyanin composition
than blue-grain wheat varieties but a lower TAC. Cyanidin-
3-glucoside is the dominant anthocyanin in purple wheat grain.
The most abundant anthocyanins in purple wheat along with
cyanidin-3-glucoside are cyanidin-3-galactoside, cyanidin-
3-rutinoside, cyanidin-3-(6"-malonyl glucoside), as well as
delphinidin-3-galactoside, malvidin-3-glucoside, peonidin-

T Tables $1-S5 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Chuman_Engl_29_3.pdf

VMMYHUTET U NMPOAYKTUBHOCTb PACTEHUIA / PLANT IMMUNITY AND PERFORMANCE

3-glucoside, petunidin-3-glucoside, peonidin-3-(6"-malonyl
glucoside) (Hosseinian et al., 2008; Abdel-Aal et al., 2018;
Jiang Y. et al., 2024; Shamanin et al., 2024).

E.S.M. Abdel-Aal et al. (2006) found eight anthocyanins
in purple grain such as cyanidin-3-glucoside, cyanidin-3,5-
di-glucoside, peonidin-3-glucoside, and malonyl and succinyl
derivatives of cyanidin and peonidin. E.S.M. Abdel-Aal et al.
(2018) found a number of other anthocyanins in purple grain:
delphinidin-3-rutinoside, malvidin-3-rutinoside, malvidin
succinylglucoside, pelargonidin-3-(6"-malonylglucoside),
peonidin-3-rutinoside, petunidin-3-(6"-malonylglucoside).
F.S. Hosseinian et al. (2008) found the presence of 13 antho-
cyanins, which included arabinoside derivatives of cyanidin,
delphinidin, pelargonidin and peonidin, glucoside derivatives
of malvidin, pelargonidin and petunidin, and delphinidin-
3-galactoside.

P. Bartl et al. (2015) identified a number of cyanidin gly-
cosides with a hexose acetylated with malonic and/or acetic
acid, delphinidin with a hexose acetylated with coumaric acid,
peonidin with a hexose/rhamnose acetylated with malonic and/
or acetic acid, and petunidin with two or three sugar moieties
(hexose and rhamnose) acetylated with caffeic or coumaric
acid. Y. Jiang et al. (2024) found the presence of 26 antho-
cyanin glycosides, including 12 acylated ones (acetyl-, ma-
lonyl-, and succinyl- derivatives). It was also shown that the
TAC and content of individual anthocyanin glycosides in-
creased with size reduction of the flour particle (coarse, fine
and superfine flour samples).

The main anthocyanins in blue grains are delphinidin-
3-rutinoside, delphinidin-3-glucoside, malvidin-3-glucoside
(Ficcoetal., 2014), delphinidin-3-rutinoside, cyanidin-3-glu-
coside, cyanidin-3-rutinoside (Abdel-Aal et al, 2006), malvi-
nidin-3-glucoside, delphinidin-3-galactoside, cyanidin-3-glu-
coside (Sharma N. et al., 2020), delphinidin-3-rutinoside,
delphinidin-3-glucoside, petunidin-3-glucoside (lannucci et
al., 2022). Blue grain has a high concentration of delphini-
din-3-glucoside (9.9-56.5 pg/g) and delphinidin-3-rutinoside
(35.9-72.5 pg/g) (Abdel-Aal et al., 2006; Ficco et al., 2014;
lannucci et al., 2022) or delphinidin-3-galactoside and mal-
vidin-3-glucoside (Sharma N. et al., 2020). E.S.M. Abdel-Aal
etal. (2006) found the presence of eight anthocyanins in blue-
grain wheat: cyanidin-3-glucoside, cyanidin-3-rutinoside,
delphinidin-3-glucoside, delphinidin-3-rutinoside, malvidin-
3-rutinoside, peonidin-3-rutinoside, petunidin-3-glucoside,
and petunidin-3-rutinoside. D.B.M. Ficco et al. (2014)
showed the presence of eight anthocyanins and identified
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new peonidine derivatives. P. Bartl et al. (2015) identified
cyanidin, delphinidin, malvidin, peonidin and petunidin
derivatives with 1, 2 or 3 hexose moieties with rhamnose or
coumaric acid.

Black-grain wheat has not only a higher total anthocyanin
content, but also a more diverse composition of anthocyanin
glycosides. For example, N. Sharma et al. (2020) found 10 dif-
ferent anthocyanins in blue grain, 6 in purple grainand 11 in
black grain. M. Garg et al. (2016) identified 22 different antho-
cyanins in blue wheat, 23 in purple wheat and 26 in black wheat
including cyanidin-3-(6"-succinylglucoside), cyanidin-3-(2G-
xylosylrutinoside), cyanidin-3-(3",6"-dimalonylglucoside),
cyanidin-3-(6"-feruloylglucoside)-5-glucoside, cyanidin-
3-rutinoside-3’-glucoside, delphinidin-3-caffeoylglucoside,
delphinidin-3-sambubioside, malvidin-3-rutinoside-5-glu-
coside, malvidin-3-(6"-p-caffeoylglucoside), pelargonidin-
3-(6"-malonylglucoside), peonidin-3-rutinoside-5-glucoside,
peonidin-3,5-diglucoside, petunidin-3-rutinoside-5-glucoside.
It was found that black wheat has a high concentration of
cyanidin-3-glucoside, cyanidin-3,5-di-glucoside, delphinidin-
3-glucoside, delphinidin-3-galactoside, and malvidin-3-gluco-
side (Sharma N. et al., 2020; Shamanin et al., 2024). Red and
white wheat varieties contain cyanidin, delphinidin, malvidin
and peonidin anthocyanin derivatives in small concentrations,
with the highest content of cyanidin-3-glucoside (Ficco etal.,
2014; Garg et al., 2016; Sharma N. et al., 2020). More detailed
information on the qualitative and quantitative content of
anthocyanin glycosides in grains with different coloration is
presented in Table S2.

It is assumed that qualitative and quantitative differences in
anthocyanin composition may be due to genetic characteris-
tics of the analyzed samples, as well as differences in the
equipment used for grain grinding, extraction technologies
and quantitative analysis of anthocyanins. Genetic characters
cause variation in the qualitative and quantitative composi-
tion of anthocyanins in wheat. Each variety has an individual
anthocyanin profile (Abdel-Aal, Hucl, 2003). The anthocyanin
content is affected by environmental factors like temperature
during grain filling period, drought, disease damage (Garg et
al., 2022). E.S.M. Abdel-Aal and P. Hucl (2003) studied the
anthocyanin content over three crop years. Blue wheat exhib-
ited a reduced effect of environmental factors on anthocyanin
content as compared to purple wheat, perhaps due to the loca-
tion of the anthocyanins in different grain layers. D.V. Bustos
etal. (2012) found that anthocyanin content increases rapidly
during grain development and decreases before maturity.
TAC decreases in the distal position of grains in the spike
and when plants are shaded before tillering. On the contrary,
TAC increases by halving the spikelet number per spike.
Magnesium fertilization and early harvesting increases TAC
in purple wheat by 65 and 39 %, respectively. X. Fan et al.
(2020) showed that anthocyanin accumulation in purple wheat
increases when grown under nitrogen-deficient conditions.
According to R. Beleggia et al. (2021), late sowing dates of
wheat increases TAC.

Content of phenolic compounds

in colored wheat grain

Phenolic compounds are secondary metabolites that play an
important role in the mechanisms of plant defense against
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UV radiation, pathogen suppression and ensuring the structural
integrity of the cell wall. Phenolic acids are the most common
class of phenolic compounds (Laddomada et al., 2017), the
molecules of which consist of a phenolic ring and a carboxy-
lic acid functional group. There are mainly two groups of
phenolic acids in wheat: hydroxybenzoic (vanillic, syringic,
p-hydroxybenzoic, gallic, salicylic, protocatechuic, ellagic,
and gentisic acid), which have a C6-C1 structure, and hydro-
xycinnamic acid derivatives (ferulic, cinnamic, coumaric,
caffeic, and sinapic acid), which are aromatic compounds
with a three-carbon side chain (C6-C3) (Table S3). Individual
compounds in each of these groups differ from each other by
the presence and structure of side radicals.

Phenolic acids in wheat grains can take the following
forms: insoluble, bound by ether and ether-ether bonds to cell
wall components such as cellulose, arabinoxylan, lignin, and
proteins (about 50-70 % on average); soluble, conjugated to
sugars or other low molecular weight components (13-20 %);
and soluble, free (0.5-2 %) (Menga et al., 2023).

A lot of studies have shown that the total content of soluble
and insoluble phenolic compounds in colored wheat grain
increases in the following order: white < purple < blue < black
(Kumari et al., 2020; Paznocht et al., 2020) with up to
4-6 times higher content in colored grain compared to un-
colored grain (Sharma S. et al., 2018; Kumari et al., 2020;
Wang et al., 2020; Garg et al., 2022; Shamanin et al., 2022;
Sahuetal., 2023). In general, regardless of the grain color, the
grain shells that are removed during milling have the highest
content of phenolic acids, as well as anthocyanins and only by
using whole wheat flour products you can get all the benefits
possible. The quantitative content of soluble and insoluble
phenolic compounds in wheat grain with different colors is
presented in Table S4.

Ferulic acid is the most abundant compound in wheat grain
(65.0-94.9 % of all insoluble bound phenolic compounds) (Ma
et al., 2021). It has been shown that the quantitative content
of individual phenolic acids in free and bound forms can
vary widely depending on the genotype. According to D. Ma
et al. (2016), purple grain has higher contents of soluble and
insoluble phenolic acids including ferulic acid, vanillin and
caffeic acid than blue and red grain.

The study of free phenolic acids content in bran fractions
showed that purple grain had maximum TPC (636-1,134 pg/g
GAE (gallic acid equivalent)), while in blue and black grain the
TPC was from 476 to 874 ng/g and from 495 to 590 pg/g, re-
spectively. Gallic acid (29-33 pg/g), ferulic acid (and isoferu-
lic acid) (59-66 pg/g) and salicylic acid (30-65 pg/g) had the
highest content in all samples (Zhang et al., 2018). Among the
bound phenolic acids, ferulic (from 1,726 pg/g in black grain
t0 2,620 ug/g in blue grain) and salicylic acids (from 535 ug/g
in blue grain to 906.02 pg/g in black grain, respectively) had
the highest content. Overall, phenolic acid content in both free
and bound forms as well as AOA gradually decreased in the
following order: outer bran > coarse bran > shorts.

V.P. Shamanin et al. (2022) showed that the total phenolic
compound content ranged from 446 to 708 mg GAE/100 g
in red wheat varieties (189-271 and 227-487 mg GAE/100 g
free and bound, respectively), 457 and 767 mg GAE/100 g in
blue-grain wheat lines (204 and 247 mg GAE/100 g; 253 and
520 mg GAE/100 g), 353-772 mg GAE/100 g in purple-grain
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wheat lines (164-248 and 190-432 mg GAE/100 g) and 476—
520 mg GAE/100 g (190-218 and 259-323 mg GAE/100g) in
black-grain wheat lines. In the bound fractions of some purple-
grain wheat genotypes, as well as in F, black wheat hybrids,
ferulic and sinapic acids had the highest content: 307-582 and
277-619 ng/g (in purple wheat); 257424 and 272-450 pg/g
(in black wheat); in some genotypes, ellagic or protocatechuic
acids were predominant (31-89 and 90157 pg/g). The free
fraction was dominated by gallic, protocatechuic, and — in a
number of purple-grain wheat samples — ellagic acid.

According to M. Bueno-Herrera and S. Pérez-Magarifio
(2020), vanillic (20.3-34.2 pg/g) and trans-ferulic (8.4—
20.2 pg/g) prevailed in the free fraction, while cis- and trans-
ferulic (245.1-304.6 pg/g), p-coumaric (8.8-9.9 ug/g) and
vanillic acids (6.5-7.2 pg/g) were predominant in the bound
fraction. A higher content of phenolic compounds was charac-
teristic of the fine bran fraction (with a particle diameter of
200-800 pm) than in the coarse bran (with a particle diameter
0f 800-2,000 um) and flour fractions. O.G. Geyik et al. (2023)
showed that blue wheat had higher ferulic acid content in the
bran fraction than purple and red wheat (2,264, 1,945 and
988 ug/100g, respectively). In the free fractions, p-coumaric
acid (11.5 pg/100 g) had the highest content in red wheat and
ellagic acid (14.7 and 11.5 pg/100 g, respectively) in purple
wheat and black wheat.

D. Ma et al. (2016) studied the accumulation of phenolic
acids in white, red, and purple wheat grains. They concluded
that the maximum accumulation of ferulic and syringic acids
was observed 14 days after flowering, while the levels of
p-coumaric and caffeic acids reached the maximum level
7 days after flowering, and the levels of vanillic acid increased
gradually during grain filling and reached the maximum
level at the ripening stage (35 days after flowering). White
wheat had higher phenolic acid contents and relatively high
phenolic acid biosynthesis pathway genes (TaPAL1, TaPAL2,
TaC3H1, TaC3H2, TaC4H, Ta4CL1, Ta4CL2, TaCOMT1 and
TaCOMT?2) expression at the early stage, while purple wheat
had the highest phenolic acid content and gene expression
levels at later stages.

Antioxidant activity of colored wheat grains

Antioxidants are known to have the ability to neutralize and
destroy free radicals that cause damage to cellular structures.
The AOA of wheat is caused by anthocyanins, phenolic acids,
flavones and flavonols. In vitro and in vivo grain AOA is
assessed using a number of methods. The DPPH method is
based on the registration of DPPH (2,2-diphenyl-1-picrylhyd-
razyl) radical reduction upon interaction with antioxidants.
Other methods are also used, such as ABTS (decrease in
the intensity of absorption by cations of the ABTS radical
(2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)),
ORAC (oxygen radicals absorbance capacity) — ability to
intercept peroxyl radicals, FRAP (ferric reducing antioxi-
dant power) — reduction of trivalent iron complex ion (TPTZ
(2, 4,6-3(2-pyridyl)-1,3,5-triazine)) concentration, CUPRAC
(cupric reducing antioxidant capacity) — change in optical
density in the reduction reaction of Cu2* to Cu*, PCL — chemi-
luminescence registration (Ma et al., 2016; Abdel-Aal et al.,
2018; Sharma S. etal., 2018; Shamanin et al., 2024). The AOCA
of colored wheat grain compared to uncolored grain is mainly
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due to its higher anthocyanin content. C. Hu et al. (2007)
found that 69 % of the total free radical scavenging capacity
of blue wheat is determined by the content of anthocyanins,
while 19 % is attributed to phenolic acids, and the contribu-
tion of bound ones is much higher than free ones (Zhang et
al., 2018; Shamanin et al., 2022). Cyanidin-3-glucoside has
the strongest AOA among anthocyanins — 3.5 times stronger
than Trolox (vitamin E analog).

Several studies have shown that blue, purple and black
wheat have higher AOA values compared to red and white
grain wheat (Ficco et al., 2014; Ma et al., 2016; Sharma S.
et al., 2018; Kumari et al., 2020; Wang et al., 2020). The
highest AOA values (ABTS and DPPH) are characteristic
of black wheat, then decrease in the following order: blue >
purple >white, as well as TAC and TPC (Kumari et al., 2020;
Sharma A. et al., 2023). AOA values of grains with different
coloring determined using different methods are given in
Table S5. Since compounds with antioxidant properties are
found predominantly in the bran fraction, the AOA of bran is
significantly higher than that of whole grain (Siebenhandl et
al., 2007; Abdel-Aal et al., 2018; lannucci et al., 2022; Saini
et al., 2023). V. Jiang et al. (2024) showed that the AOA of
superfine flour was 1.18 and 1.62 times higher than that of
coarse flour (ABTS and ORAC). A positive correlation was
shown between the TPC in flour and AOA (r = 0.769 (ABTS)
and r = 0.984 (FRAP)) (Li Y. et al., 2015), between TPC
and ABTS (r = 0.97) (Ficco et al., 2014), between soluble
phenolic compounds and DPPH (r = 0.65) (Sharma S. et al.,
2018). Significant positive correlations were also observed
between TAC and AOA (PCL) (r = 0.9) (Sharma S. et al.,
2018), individual anthocyanins and ABTS (r = 0.65-0.91)
(Shamanin et al., 2024).

Breeding achievements in Russia

in obtaining colored-grain wheat varieties

In Russia, several research institutions are actively working
on obtaining promising colored-grain wheat breeding lines
and varieties. To date, three purple-grain wheat varieties have
passed competitive variety testing and have been included in
the register of breeding achievements: Nadira (FRC Kazan
Scientific Center of RAS, 2022), Pamyati Konovalov (FSC
of Legumes and Groat Crops and Russian State Agrarian Uni-
versity — Moscow Timiryazev Agricultural Academy, 2023),
and EF 22 (Omsk State Agrarian University named after
P.A. Stolypin, 2024). These varieties are characterized by
high levels of TAC and AOA, and therefore can be used for
the production of functional foods. The variety Nadira was
obtained by individual selection from the hybrid population F3
L.22-95 / Kommissar (Vasilova et al., 2021). L.22-95, which
was obtained at the Siberian Research Institute of Agriculture,
was a donor of purple grain color. Nadira is recommended
for cultivation in the Volga-VWyatka, Middle Volga and Ural
regions. It is a medium-maturing variety. The average yield
in the competitive variety trial for 2016-2018 was 4.8 t/ha
(the standard Yoldyz yield was 4.7 t/ha). The variety is re-
sistant to loose smut, moderately susceptible to leaf rust and
powdery mildew. Drought tolerance of the Nadira variety is
at the level of standard varieties. The variety contains 13.8 %
protein in grain, 25.5 % crude gluten and has baking qualities
corresponding to valuable varieties.
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The variety Pamyati Konovalov was obtained by indivi-
dual selection from a hybrid population: (Laval 19 x Gran-
ny) x Granny. Laval 19 (Canada) is the donor of purple color.
This medium-maturing variety is recommended for cultivation
in the Moscow region. Grain yield per plot in 2020-2021 was
451 and 284 g/m? (the standard variety Zlata yield was 593
and 408 g/m2, respectively). Baking qualities of the variety
are satisfactory and good, it is a good filler. The variety is
resistant to lodging, septoriosis and fusariosis, moderately
resistant to leaf rust (Rubets et al., 2022).

The variety Ivolga fioletovaya (Russian State Agrarian
University — Moscow Timiryazev Agricultural Academy)
is an isogenic purple wheat line of the variety Ivolga. Grain
yield per plot in 20202021 was 417 and 358 g/m2, which is
lower than that of the Zlata variety. Ivolga fioletovaya is a
medium-maturing variety, resistant to lodging, leaf rust and
powdery mildew, but susceptible to fusarium and septoriosis
(Rubets et al., 2022).

The efforts of scientists of OmSAU and ICIG SB RAS
resulted in a number of promising lines from crossing lines of
the S29 variety with Ba and Pp genes with Siberian varieties
such as Element 22 (with Zn content more than 50 mg/kg),
Aina, Tobolskaya and line BW49880 (CIMMYT, high Zn
content) (Gordeeva et al., 2020; Shamanin et al., 2022). These
lines are characterized by high TAC (maximum values of
254 and 326 ug/100 g in F, purple- and black-grain hybrids
obtained based on BW 49880), phenolic compounds (767 and
599-772 mg GAE/100 g; 520 and 427-566 mg GAE/100 g
total and bound phenolic acids in the blue-grain Blue 10 line
(s:C29 4Th(4D)/Element 22) and in purple-grain BCF,—
BC,Fs hybrids of the Element 22 variety, respectively), AOA
(CUPRAC) (482-494 mg TE/100 g (trolox equivalent) in the
BC;Fg purple-grain lines of the Tobolskaya variety and F, hy-
brids of Element 22 and BW 49880), as well as Zn content from
44.5 to 56.5 mg/kg and Fe content from 53.5 to 65.5 mg/kg
(Shamanin et al, 2022, 2024).

The EF 22 variety was created by marker-assisted selec-
tion using SSR markers flanking the Pp-D1 and Pp3 genes
(Gordeeva et al., 2020) over six years. The donor of purple
grain was the i:S29F line (introgression fragments from Purple
Feed) (Arbuzova et al., 1998). EF 22 is a valuable medium-
late variety, which has been included in the State Register
for the Ural and West Siberian regions. The average yield for
2016-2020 was 3.12 t/ha, while the Element 22 variety had
an average yield of 3.89 t/ha (Pototskaya et al., 2022). A study
of the bread characteristics from whole wheat flour of EF 22,
breeding lines Blue 10 and Purple 8 (Element 22*2/i: C29PF)
showed higher content of phenolic compounds and AOA and
lower glycemic index compared to white wheat bread (Koksel
etal., 2023).

Conclusion

The presented review summarized information on the genetic
control of the regulation of anthocyanin accumulation and
biosynthesis in the pericarp and aleurone layer by the Ba,
Pp-1 and Pp3 genes. Information on anthocyanin content,
phenolic compounds and AOA levels in wheat with different
grain coloration is presented. Purple, blue and black wheat
has higher TAC, TPC and AOA than uncolored wheat, and
TAC, soluble and insoluble phenolic compounds and AOA
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values increase in the following order: purple > blue > black
wheat. Purple-grain wheat as well as black-grain wheat
have a more diverse anthocyanin compositions compared to
blue-grain wheat. Colored-grain wheat varieties obtained by
Russian breeders are a source of bioactive compounds that
play an important role in disease prevention and can serve as
a basis for the development of the anthocyanin-biofortified
food industry in the internal market and increase the value of
exported grain products.
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