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Abstract. The production of emmer hybrids with a high content of anthocyanins in the grains for the production of
functional foods is a promising breeding direction. Phenotyping and preliminary assessment of the inheritance of
gliadin-coding genes were performed for the most promising purple-grained emmer hybrids obtained previously after a
complex three-stage crossing of purple-grained durum wheat (T. durum Desf.) with two different forms of spring emmers
(T. dicoccum Schrank): the hybrid naked-grained variety Gremme and the red-grained awnless mutant line k25516.
Genotyping hybrids for the storage protein genes in wheat grain, gliadins (Gli), enabled the selection of a purple-
grained line that fully inherited gliadin-coding genes from emmer wheat k-25516, and a line inheriting these genes
from durum wheat and emmer wheat k-25516. To improve the breeding material, backcrossing of three phenotypically
and qualitatively different purple-grained hybrid lines with the parental variety Gremme, which demonstrated the
highest yield, was conducted. During the Pp (Purple pericarp) genes selection of the plants in F,_; progenies, the use of
microsatellite markers located close to Pp genes did not demonstrate reliable linkage to the target genes. The intragenic
polymorphic PCR markers made it possible to accurately select plants carrying dominant alleles of two complementarily
interacting genes, Pp-B1 and Pp3 in F,_,. Based on the ease of grain threshing, the plants were selected in F,. Thus, over
two years, using small areas of the greenhouse and marker-controlled selection, a collection consisting of 25 naked and
semi-naked spring purple-grained lines of wheat-emmer hybrids, constant in anthocyanin coloration and differing in
gliadin-coding genes and other quality traits, was obtained.
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AHHoTauuA. OgHO M3 MepCneKkTVBHLIX HanpaBneHWi cenekuuy — nosiyyeHvne rmépugos Mosidbl C MOBbLILEHHBIM
cofepaHNeM aHTOLMaHOB B 3€pPHOBKe ANA MPOM3BOACTBA (YyHKLUMOHabHbIX MPOAYKTOB NuTaHuA. lpoBeaeHo
deHoTMNMPOBaHME M AaHa npefBapuTesibHaA OLEHKa MO HacnefoBaHWIO FNAAUHKOAMPYIOLWMUX FEeHOB Haubonee
nepcnekTNBHbIX GMONETOBO3EPHbIX MONGAHBIX MTMOPULOB, MOMYUYEHHbIX HAMIN PaHee NOC/e CJIOKHOMO TPEXCTYNEHYaToro
cKpelmnBaHma pronetoBosepHon TBepaol nweHnubl (T. durum Desf) ¢ gBymAa pasHbiMu dpopmamy APOBOI MonbbI

© Gordeeva E.I, Novoselskaya-Dragovich A.Yu., Shoeva O.Yu., Khlestkina E.K., 2026
This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0003-3166-7409
https://orcid.org/0000-0002-9731-0106
https://orcid.org/0000-0001-5289-8631
https://orcid.org/0000-0002-8470-8254
https://orcid.org/0000-0003-3166-7409
https://orcid.org/0000-0002-9731-0106
https://orcid.org/0000-0001-5289-8631
https://orcid.org/0000-0002-8470-8254

E.l. Gordeeva, A.Yu. Novoselskaya-Dragovich
0.Yu. Shoeva, E.K. Khlestkina

Development of naked T. durum x T. dicoccum hybrids
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(T. dicoccum Schrank): rmbpugHbiM ronosepHbiM coptom [pemms 1 6e30CTol KpacHO3EPHOW MyTaHTHOW NUHWEN
K-25516 (konnekuun BWP). leHoTunmpoBaHue rnbpuaoB no reHam (Gli) 3anacHbix GenKOB 3epPHOBKM MLLEHULbI —
rnMagrMHam — no3Bouio oTobpaTb GUONETOBO3EPHYIO NIMHNIO, LIEIMKOM HaciefyoLyio MMaanHKOAUPYOLWME FeHbl
OT Nonbbl ABY3ePHAHKMN K-25516, N NUHWIO C HaCNle[OBaHMEM 3TVX FeHOB OT TBEPAON MILEHULbI U NONObl ABY3€PHAHKNM
K-25516. [1nA ynyJleHus cenekLMoHHOro matepurasna 6bi10 NpoBeAeHO BO3BPATHOE CKpeLUVBaHye GrONeTOBO3EPHbIX
NWEeHNYHO-MONGAHBIX TMOPVAOB, COAEepPXalMX AOMUHAHTHble annenu Pp-BT u Pp3, C NOKasaBLMM Hauayyllyio
YPOXKaNHOCTb 6en03epHbIM FoI03epHbIM COPTOM pemma. MponsBeaeH MapKep-KOHTPOIMPYEMbI OTOOP pacTeHui
nokonenusa F,_, no reHam Pp (Purple pericarp), perynupyrowmm 61oC1HTE3 aHTOLMAHOB B nepurKapne 3epHoBKU. Mpu
oT6ope GNONETOBO3EPHbIX PacTeHWii B MOTOMCTBax F,_; MCMonb3oBaHWe MUKPOCATENNTHBIX MapKepos, 6nn3Ko
PacnonoeHHbIX K reHaM aHTOLMaHOBOW OKpacKW, He MoKas3ano HafjeXHOoro CuensieHna C LeneBbiMn reHamu, OgHaKo
MO3BONIMIIO MPOCIeAUTb Y TMOPUAOB CIOXKHOE HacnefoBaHUe TeHeTNYeCKoro matepuana OT PasHbiX PoAuTenei.
PaspaboTtaHHble HaMU BHYTpUreHHble nonumopdHbie MLP-Mapkepbl NO3BONMAM TOYHO OTOOPaTb 06Pa3Lbl pacTeHu,
Hecywme B [IHK ofgHOBpeMEHHO OOMUWHaHTHble annenu ABYyX KOMMIEMEeHTapHO B3auMOAENCTBYOLWMX reHoB, Pp-B1
n Pp3. PacteHua oTorpanucb No npr3HaKy nerkon obmonaumsaemoct 3epeH B F,. Takum obpasom, 3a fBa roga npu
MNCMONb30BaHNM ManblX MNOWAAeN TerJMYHOro KOMMeKca Npu MOMOLM MapKep-KOHTPONUPyemon cenekuymmn B
nokoneHun F, nonyyeHa Konnekumsa, COCTOALAA U3 25 roso3epHbIX U MOSYrono3epHbIX APOBbIX (1ONETOBO3EPHbIX
JIMHWIA NWEHNYHO-NONOSAHBIX TMOPULOB, KOHCTAHTHBIX MO MPU3HaKy aHTOLMAHOBOW OKPAacKM nepukapna 3epHOBOK U
pasnryaoLLmXca No rMaguHKOANPYIOLMM reHaMm.

KnioueBble cnoa: ronosepHasn nonba; ronetoBas okpacka 3epHa; aHToLMaHbl; IMMaArHbl; MapKep-KOHTponnpyemas

cenekyus; NUP-mapkepbl

Introduction

The purple color of cereal grains is determined by
anthocyanins, a class of flavonoid compounds. Nu-
merous studies have shown that anthocyanins had
positive effects on human health, possessing antioxi-
dant, anti-inflammatory, hypoglycemic, and antimu-
tagenic properties (Liu et al., 2021; Dwivedi et al.,
2022; Mohammadi, 2024). Wheat grain anthocya-
nins had a preventive effect against tumors and
neurodegenerative diseases (Tikhonova et al., 2020,
2024; Geyik et al., 2023).

Breeding programs to develop cereals with a purple
grain color as a source for the production of fortified,
high-quality cereal products and pasta are attractive. One
promising candidate for such nutrition is emmer (emmer
wheat, Triticum dicoccum Schrank., genome BBAA,
2n = 28) — an ancient hulled wheat species, the grain of
which was traditionally used in porridge. Emmer was
displaced by the more productive naked-grained durum
wheat due to difficulty in threshing and low yields, and
as a cultivated crop, it remained in limited regions of the
Volga region, Siberia, and the North Caucasus (Badaeva,
2015).

Currently, increasing interest in emmer is explained
by its superior nutritional properties, genetic variability,
and broad ecological plasticity (Gilev et al., 2018; Bi-
radar et al., 2022). It is easily digestible and surpasses
modern cultivated durum and bread wheat in terms of
vegetable protein, unsaturated fatty acids, fiber, iron,
zinc, and B vitamins, accumulating more antioxidants
in the grain, making it an important component of a
healthy diet (Zakharova, Tolstova, 2019; Sahin, Karakas,
2022; Cabas-Lithmann et al., 2023; Temirbekova et al.,
2024). It can be used as a source for breeding wheat

with enhanced nutritional qualities. A number of emmer
samples are resistant to pathogens, making it possible to
grow plants without the use of any chemicals or synthetic
fertilizers hazardous to human health (Zverev et al., 2016;
Kuznetsova et al., 2020; Biradar et al., 2022).

One of the main obstacles to the practical use of em-
mer wheat is the difficulty of separating the grain from
its hull. In recent years, breeders have focused their ef-
forts on developing varieties in which the grain is easily
separated from the spikelet and flower hulls, making it
ecasier to thresh. It has been proposed to classify these
new emmer wheat varieties as the subspecies Triticum
dicoccon (Schrank) Schiibl. subsp. nudicoccon Kobyl.
et Smekal. (Smekalova, Kobylyansky, 2019).

Purple-grained wheats were previously obtained
through classical hybridization and selection from the
tetraploid species 7. aethiopicum Jakubz. from Ethiopia
(BBAA genome, 2n = 28) (Zeven, 1991). The purple
anthocyanin coloration trait of wheat pericarp has been
well studied and is controlled by complementarily inter-
acting anthocyanin biosynthesis regulatory genes Pp-B1
on chromosome 7B and Pp3 on chromosome 2A in tet-
raploid species, and by Pp-D1 on chromosome 7D and
Pp3 on chromosome 2A in hexaploid species (Khlestkina
et al., 2010; Tereshchenko et al., 2012). By hybridizing
hexaploid wheat 7. aestivum L. (BBAADD genome,
2n = 42) and performing subsequent hybrid selection
using molecular markers closely linked to these genes,
it is possible to easily control DNA regions carrying
dominant alleles of the purple coloration genes of the
grains (Gordeeva et al., 2020). In our laboratory, we have
developed diagnostic intragenic DNA markers for key
regulatory genes involved in anthocyanin biosynthesis
in grains: Ppl-diagnostic and Pp3-diagnostic (Shoeva
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Table 1. Pedigree of samples used for hybridization and their characteristics

No. Sample/ Feature characteristics Source
pedigree (References)
1 T.durum sample Tri15744 Purple-grained, early-ripening, short-stemmed, IPK Gatersleben collection
awned spikes, naked durum wheat
2 Gremme White grained, early-ripening, long-stemmed Chistopol State Variety Testing
(T. dicoccum Belka v.*3/T. durum  (medium-sized), awned spikes, naked emmer Station, Tatarstan
Svetlana v.)
3 k-25516 Red grained emmer wheat, long-stemmed, mid-season, VIR collection (Volga-Balkan
T. dicoccum Schrank. Schuebl. red stem and spike, hulled grains, awnless spikes mutant, emmer)
convar. serbicum Zakharova selected from the field population
4 27-15/8 Purple-grained, early-ripening, long-stemmed, ICG SB RAS
Fo (Tri15744/Gremme//k-25516)  awnless spikes, semi-hulled hybrid (Stepochkin et al., 2023)
5 27-3 Purple-grained, mid-season, long-stemmed, awnless spikes,
Fg (Tri15744/Gremme//*2 semi-hulled hybrid
k-25516)
6 31-16/6 Purple-grained, early-ripening, short- stemmed,
Fg (Tri15744/Gremme//*2 awnless spikes, nearly naked hybrid
k-25516)

etal., 2022; Gordeeva et al., 2023). These markers have
been successfully used to create new purple-grained
wheat varieties with enhanced functional properties
(Gordeeva et al., 2023).

Despite advances in hexaploid wheat breeding
(Fisenko et al., 2020; Vasilova et al., 2021; Rubets et
al. 2022; Shamanin et al., 2024), there are no tetraploid
durum wheat varieties with high anthocyanin content in
the country. Using multi-stage hybridization of two dif-
ferent forms of spring emmer based on tetraploid durum
wheat, which accumulates anthocyanins in the pericarp
of the grain, and marker-assisted selection, we created
purple-grained semi-naked hybrids (Stepochkin et al.,
2023). However, the main disadvantages of the new
hybrids include incomplete threshing of the grain from
the flower and spikelet scales, fragility of the rachis, and
low yield. The emmer grains with dense scales are dif-
ficult to thresh without damaging the outer shells, which
contain the main anthocyanin reserves. Moreover, this
barrier dramatically reduces the breeding value of such
samples. Therefore, the development of emmer lines
that are naked and easier to thresh without damaging the
integrity of the embryo and outer grain shell, allowing
for the preservation of the beneficial properties of emmer
with anthocyanin pericarp, is an urgent task.

In 2012, the Gremme spring emmer variety, which is
characterized by its nakedness and was bred in Tatarstan,
was included in the State Register (http://reestr.gossort.
com/reestr/sort/9052467). The variety was obtained from
an interspecific cross of emmer 7. dicoccum Schrank.
Belka variety with durum wheat 7" durum Desf. Svetlana
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variety, followed by backcrosses on emmer (Temirbeko-
vaetal., 2020), and can serve as the starting material for
the creation of naked emmer hybrids.

The aim of this study was to develop new, higher-
yielding, naked wheat-emmer hybrids with increased
anthocyanin content in the grain pericarp. For this
purpose the following was performed: 1) a selective
assessment of the gluten protein content of previ-
ously obtained wheat-emmer hybrids and their parents;
2) crossing of selected promising samples with the naked
variety Gremme, followed by marker-assisted selection
of purple-grained plants.

Materials and methods

Plant material and crossing scheme. New lines of
wheat-emmer hybrids were used in this study. The
lines were obtained from complex saturating crosses of
purple-grained tetraploid wheat 7. durum Tri15744 with
naked emmer Gremme and then with red-grained emmer
T dicoccum k-25516 at the Institute of Cytology and
Genetics, Siberian Branch of the Russian Academy of
Sciences (Stepochkin et al., 2023). The wheat samples
used in hybridization and their origin sources are pre-
sented in Table 1. The full crossing scheme is presented
in Supplementary Figure S1'.

To obtain completely naked, more productive plants,
direct and reverse backcrosses were carried out on three
contrasting samples of the hybrids we had previously
obtained (No. 4, 5, and 6; Table 1), which had a rich
content of anthocyanins in the grains, with naked emmer

' Supplementary Figures S1-S5 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Gord_Engl_30_4.pdf
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Gremme, which showed the highest productivity when
grown in field conditions (Stepochkin et al., 2023). No. 4
and 6 were selected from early-ripening purple-grained
samples after genotyping the genes encoding storage
proteins (gliadins). Mid-season No. 5 plants showed the
highest total anthocyanin content in their grains after field
cultivation in 2019 (Stepochkin et al., 2023).

After backcrossing in the F, and F; generations, a
selection of purple-grained hybrids homozygous for key
genes of anthocyanin biosynthesis in the grain pericarp
was carried out using phenotypic and molecular markers.

Genotyping of storage protein genes. Genotyping of
hybrids during the breeding process was performed using
genes encoding wheat grain storage proteins — gliadins
(Gli). Gliadin-coding genes (GCGs) are characterized by
multiple allelism, which allows for genotype recognition,
and are localized in two of the seven chromosomes of the
A genome and B genome (the Gli-A1, Gli-A2, Gli-B1,
and G/i-B2 loci on chromosomes 1A, 6A, 1B, and 6B,
respectively). To identify alleles of gliadin-coding loci,
we used polyacrylamide gel electrophoresis (PAGE) of
the gliadin from individual grains in an acidic aluminum-
lactate buffer (pH 3.2) (Laboratory Analysis..., 2013).

According to the catalog (Melnikova et al., 2012), the
electrophoretic spectrum of each grain contains a group
of polypeptides controlled by different alleles of gliadin-
coding loci. Three to five grains per spike were analyzed.
For each electrophoresis, the homo- or heterozygous state
of the alleles for each locus is provided, as well as from
which parents these alleles were inherited.

Table 2. Molecular markers used in the work

Development of naked T. durum x T. dicoccum hybrids
with anthocyanin color of the grain pericarp

Cultivation, phenotyping and genotyping of hyb-
rid material. Plant cultivation and hybridization were
conducted in a hydroponic greenhouse at the shared-use
center of the artificial plant cultivation laboratory and
in the experimental fields of the Institute of Cytology
and Genetics, Siberian Branch of the Russian Academy
of Sciences (55°02'N, 82°56'E). The selection was
performed in the F, and F; generations. The phenotypic
markers such as anthocyanin coloration of vegetative and
reproductive parts of plants, and DNA PCR markers for
plants genotyping were used for selection.

The dark red coleoptiles coloration as a visual phe-
notypic marker of the dominant functional gene Pp-BI
was used (Khlestkina et al., 2008). Coleoptile coloration
in 4-5-day-old seedlings soaked in Petri dishes was
assessed before planting. The purple coloration of the
grains as a phenotypic marker for the complementary
interaction of two key dominant genes, Pp-BI and Pp3,
was used (Tereshchenko et al., 2012). Visual assessment
of pericarp coloration in mature grains of the studied
plants was performed after harvest.

DNA genotyping and molecular markers. DNA
was extracted from young plant leaves using the
method described by J. Plaschke et al. (1995). To
analyze the isolated DNA of the hybrids and their pa-
rental forms, polymerase chain reaction (PCR) with
intragenic markers developed for the anthocyanin
biosynthesis genes Pp-1 and Pp3, as well as microsatel-
lite markers linked to these genes, were used (Table 2;
Fig. S2).

Marker Localization in
chromosome

Annealing t°

Structure of forward and reverse primers
(References) bp

Sizes of PCR products,

Pp3-diagnostic

XgwmO0312

Pp1-diagnostic

Xgwm0046

Xgwm0400

XgwmO0537
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2A

2A

7B

7B

7B

7B

Tdn 65-56°

60°

Tdn 65-56°

60°

60°

60°

5'-TAGTGCCGTCTAACTGGTGA-3’
5'-ACGACGCCTAAGGAAACAC-3’
(Shoeva et al. 2022)

5'-ATCGCATGATGCACGTAGAG-3'
5'-ACATGCATGCCTACCTAATGG-3'
(Roder et al., 1998)

5'-ATGGGGAGGAGGGCGT-3'
5'-TGCCGAGCGTGCTGTT-3'
(Gordeeva et al., 2023)

5'-GCACGTGAATGGATTGGAC-3’
5'-TGACCCAATAGTGGTGGTCA-3’
(Roder et al., 1998)

5-GTGCTGCCACCACTTGC-3'
5'-TGTAGGCACTGCTTGGGAG-3’
(Roder et al., 1998)

5'-ACATAATGCTTCCTGTGCACC-3’
5'-GCCACTTTTGTGTCGTTCCT-3’
(Roder et al., 1998)

429/398

~200/230/300

478/434

~180/190

~150/160/180

~225/230
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Fig. 1. Design of intragenic PCR-markers for DNA of the Pp3 and Pp1 genes.

a - scheme of differences in the structural organization of nucleotide sequences in the promoter region of functional TaPpbTa (NCBI
accession number MG066455) and non-functional TaPpb1b (NCBI accession number MG066456: https://www.ncbi.nlm.nih.gov/) alleles
of the Pp3 gene (Purple pericarp) based on homology to the nucleotide sequence of the Pp3 gene (NCBI accession number KJ747954).
261-nucleotide repeats of its part are shown in orange and red; b — schematic representation of differences in the structural organiza-
tion of nucleotide sequences between the nonfunctional and functional alleles of Pp-AT and Pp-B1 (syn. TaC1-A1 and TaC1-B1; (Himi,
Taketa, 2015)) on chromosomes 7A and 7B, respectively. The functional allele of Pp-B1 has a longer region of a single intron between
two exons, 28 base pairs longer than the corresponding region of the nonfunctional allele of Pp-AT (blue arrows). Red arrows indicate
the binding sites of the PCR primers of the Pp3-diagnostic and Pp1-diagnostic markers.

To determine the substitution of chromosome regions
and intervarietal inheritance of chromosomal rearrange-
ments in hybrids, polymorphic SSR markers (simple
sequence repeats) were used. These markers were se-
lected from the group of microsatellite markers linked to
the Pp3 gene on chromosome 2A — marker Xgwm0312,
and to the Pp-Bl gene on chromosome 7B — markers
Xgwm0046, Xgwm0400, Xgwm0537 (Gatersleben Wheat
Marker) (Roder, 1998; Khlestkina et al., 2008; Gordeeva
et al., 2023). The PCR conditions specified in the work
of M.S. Roder et al. (1998) were followed. PCR products
were separated on a 5 % HR (High resolution) agarose
gel “HyAgarose™ HR Agarose” (ACTGene, Inc., Pis-
cataway, NJ, USA).

To select wheat plants carrying dominant alleles,
allele-specific diagnostic markers amplifying PCR prod-
ucts of different lengths together with microsatellites
linked to key Pp genes were used in the study.

The intragenic allele-specific PCR marker Pp3-
diagnostic, which we previously designed, allows us
to clearly identify dominant and recessive alleles of the
Pp3 gene in tetra- and hexaploid wheat varieties, which
makes it possible to select dominant alleles of this gene
in a homozygous state (Shoeva et al., 2022). Previously,
six tandem repeats of 261 nucleotides in the promoter
of the dominant functional allele of the Pp3 gene were
identified, while only one such repeat in the recessive
non-functional allele in white and red wheat varieties
was found (Jiang et al., 2018).

CENEKUMA PACTEHUA HA UMMYHUTET U MPOAYKTUBHOCTb / PLANT BREEDING FOR IMMUNITY AND PERFORMANCE

Using the PrimerQuest™Tool software, specific oligo-
nucleotide primers were designed such that the forward
primer Pp3_Fd anneals to the promoter region up to the
start of the repeated regions, which differ in length and
quantity between the dominant and recessive alleles, and
the reverse primer Pp3 Rd anneals to the 26 1-nucleotide
repeat. Due to the presence of truncated fragments of
27 and 205 nucleotides, the PCR products obtained us-
ing the developed primers differ in length between the
dominant and recessive alleles, amounting to 398 and
429 nucleotide pairs, respectively (Fig. 1a).

The primers of the intragenic PCR marker Pp/-diag-
nostic flank the single intron of the Pp-B1 gene, which
varies in DNA length, on both sides. This allows for the
simultaneous detection of both the dominant allele of the
Pp-B1 gene and the recessive non-functional alleles pp-
Al and pp-B1 (Fig. 1b). This marker was created using
known nucleotide sequences of the Rc gene alleles (red
coleoptile, a synonym of the Pp gene) isolated from the
Chinese Spring wheat cultivar and the purple-grained
isogenic line of the Novosibirskaya 67 variety (Himi,
Taketa, 2015).

Diagnostic primers for the Pp1-diagnostic PCR marker
were designed so that the forward primer Ppl Fd an-
nealed at the beginning of exon 1 for both the functional
and non-functional alleles, while the reverse primer
Ppl_Rd annealed 161 nucleotides from the beginning
of exon 2. Due to differences in the length of the intron
regions, the PCR products obtained using our primers
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Table 3. Characteristics of the emmer hybrid plants based on the inheritance

of gliadins from parental forms

Plant Gli-A1 (Chromosome A1S)

Hybrid 27-15/3 k-25516 k-25516
Hybrid 27-15/4

Hybrid 27-15/8*

Hybrid 27-15/10

Hybrid 31-16/6 Tri15744

Hybrid 31-19/3 k-25516

Hybrid 31-19/4
Hybrid 31-19/5

Gli-B1 (Chromosome B1S)

Gli-A2 (Chromosome A6S)  Gli-B2 (Chromosome B6S)

Gremme k-25516
k-25516
Gremme
k-25516 Tri15744
Gremme k-25516

* Inheritance of alleles of all four gliadin-coding loci from emmer T. dicoccum k-25516.

differed in length between the non-functional and func-
tional alleles, amounting to 472 and 434 nucleotides,
respectively.

The recessive pp-B1 alleles on chromosome 7B did not
differ in the length of their PCR marker products from
the non-functional pp-A41 alleles. In this case, standard
DNA polymerase was used to perform PCR analysis;
2 % agarose gel (LE Agarose, Lonza Rockland, Inc.,
Rockland, ME, USA) prepared in TAE buffer (40 mM
Tris-HCI pH 8.0, 20 mM sodium acetate, | mM EDTA)
with the addition of ethidium bromide was used to sepa-
rate PCR products.

The 100 bp DNA fragment length marker (MEDIGEN
Laboratory LLC) served as the standard. Electrophoresis
was performed in a horizontal chamber for 1-5 hours at
7 volts/cm. UV visualization and image analysis were
performed using the Molecular Imager® Gel DocTM
XR+ System (Bio-Rad Laboratories, Inc., Hercules,
CA, USA).

Results

Selection of hybrid parent plants based

on gliadin-coding genes

Initially, the parental lines were studied: 7. durum
Tri15744; Gremme variety, as well as 7. dicoccum
k-25516; the GCGs alleles were determined for each
of the loci. The spectra of the parental samples differed
from each other, i. e. they were controlled by different
allelic variants of gliadin-coding loci, and were homo-
geneous, 1. . each sample had a single spectrum. During
the electrophoretic analysis of the hybrid material, these
samples (7. durum Tril574, Gremme v., T. dicoccum
k-25516) were used as standards necessary for the precise
determination of the belonging of a block of components
(allelic variant of a particular locus) to one of the three
parental samples.

For plant genotyping using the GCGs method,
10 plants from each of three early-ripening purple-
grained hybrid lines were selected: line 27-12, semi-
hulled, with all normal, awnless spikes; line 31-16,
nearly naked, the spikes with rudimentary awns at the
top; line 31-19, semi-hulled, the spikes with an awned
top (Stepochkin et al., 2023). Three to five grains from
each plant were analyzed. The results of the study are
presented in Table 3.

We haven’t provided genetic formulas for gliadins, as
durum wheat and emmer have different nomenclatures —
different catalogs of component blocks, in which the
same letters denote different blocks. These catalogs
haven’t yet been compiled into a unified system, thus,
to ensure complete accuracy, the parent from which a
particular component block/allelic variant of the gliadin-
coding locus was inherited is named for each locus.

First, plants inheriting gliadin-coding genes from em-
mer 7. dicoccum k-25516 were selected, and then those
from naked emmer Gremme variety were selected. Only
one hybrid plant, 27-15/8 (highlighted with * in Table 3,
No. 4 in this paper), inherited all four gliadin-coding
loci from emmer k-25516. Hybrid plant 31-16/6 (No. 6
in this paper) inherited the G/i-B1 and Gli-A2 loci from
emmer k-25516, and the Gli-41 and GIli-B2 loci from
T durum Tri1574. Plants of line 31-19 inherited 3 loci
(Gli-A1, Gli-BI and Gli-B2) from emmer k-25516 and
one (Gli-A2) from naked emmer Gremme variety.

Selection by phenotypic traits
In addition to the purple coloration of the grain’s pericarp,
plants of the hybrid lines showed intense coloration of
the coleoptiles and stems (Fig. 2).

Phenotypic traits of line 27-15/8 plants (No. 4 in
Figure 2) resembled emmer k-25556 (No. 3), with long,
red stems at maturity and awnless red spikes. The flat
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Fig. 2. Photograph of stems, spikelets and grains of parental lines
and early-ripening hybrids selected for backcrossing with the
Gremme variety.

1 - purple-grained T. durum Tri15744; 2 - white-grained Gremme
variety; 3 — red-grained emmer T. dicoccum k-25516; 4 — hybrid No. 27-
15/8 (pedigree: Tri15744/Gremme//*2 k-25516); 5 - hybrid No. 31-16/6
(Tri15744/Gremme//k-25516).

spikeletons contained two dark purple, semi-hulled,
difficult-to-thresh grains.

Phenotypic traits of the dwarf line 31-16/3 plants
(No. 6 in Figure 2) included rudimentary awns at the
top of their compact, club-shaped, brittle ears and nearly
naked grains.

Based on phenotypic traits, tall, thin-stemmed plants
of line 31-19 had rudimentary awns at the top of com-
pact, club-shaped, brittle spikes and were nearly naked.
A negative trait — lodging tendency and a lower antho-
cyanin content in the grains (39.7 pg/g) compared to
the donor 7. durum Tril5744 (68.4 ng/g) (Stepochkin
etal., 2023) — prevented us from further study of plants
in this line.

Mid-season white-spiked plants of line 27-3 demon-
strated the highest anthocyanin content in the grains
(82.5ug/g) under field conditions in 2019 (Stepoch-
kin et al., 2023) and were also selected for backcross-
ing with more higher yielding, naked-grained variety
Gremme.

Selection by coleoptile color

Preliminary phenotypic (visual) assessment of coleoptile
coloration in the parental plants showed that seedlings
of awnless emmer k-25516, like the tetraploid donor
line 7 durum Tril5744, had pronounced anthocyanin
coloration of coleoptiles, which corresponded to the

CENEKUMA PACTEHUA HA UMMYHUTET U MPOAYKTUBHOCTb / PLANT BREEDING FOR IMMUNITY AND PERFORMANCE

2026
30-4

MonyyeHwne ronosepHbix rmbpugos T. durum c T. dicoccum
C aHTOLMAHOBOW OKpaCKOW NeprKapna 3epHOBKM

presence of dominant alleles of the Pp-B/ gene (Fig. S3).
The white-grained Gremme variety had weakly colored
coleoptiles, similar to that of the hexaploid wheat variety
Saratovskaya 29, associated with the presence of domi-
nant alleles of the Pp-41 gene, which have a weak effect
on anthocyanin biosynthesis in the grains (Gordeeva et
al., 2015).

After direct and reverse backcrosses of the wheat-
emmer hybrids with the awned, naked-grain Gremme
variety, the F; plants were self-pollinated. Sixty grains
from F, plants from each cross were soaked for germina-
tion in Petri dishes. In the F, generation, after crossing
with the Gremme variety, which carries a recessive allele
of'the Pp-B1 gene and, as a result, does not exhibit bright
anthocyanin coloration of the coleoptiles, a visual assess-
ment of seedling coloration was initially performed. After
the F, hybrid coleoptiles had germinated for 4-5 days,
ungerminated grains and seedlings with colorless cole-
optiles were discarded for planting in the ground. Only
seedlings with anthocyanin-colored coleoptiles were
selected for sowing.

Molecular marker-assisted selection (MAS)

In the tetraploid wheat 7. durum Tril5744, anthocyanin
biosynthesis in the pericarp is controlled by comple-
mentarily interacting genes Pp3 on chromosome 2A and
Pp-A1/B1 on chromosome 7A or 7B.

Initially, SSR markers on DNA extracted from the
leaves of parental samples of purple-grained wheat-
emmer hybrids were tested. Microsatellite markers
Xewm0046 and Xgwm0537, located close to the target
gene Pp-B1 on chromosome 7B, showed no differences
between the PCR products of emmer samples k-25516
with colored coleoptiles and the Gremme variety with
uncolored coleoptiles, and, consequently, no differences
between the dominant and recessive alleles of Pp-BI
(Fig. 3a, b). Based on the results of PCR analysis with
the Xgwm0400 polymorphic marker, all three hybrid
lines (No. 4, 5, 6 in Table 1) selected for crossing with
the Gremme variety inherited dominant Pp-B1 alleles
only from the emmer k-25516 (Fig. 3¢). For DNA ge-
notyping of hybrids in the F, generation, the Xgwm0400
polymorphic marker was selected. Further, for a more
precise selection of purple-grained hybrids in the F; ge-
neration, the Pp-diagnostic intragenic PCR marker was
used (Fig. 3/).

Testing of the microsatellite marker Xgwm0312, linked
to the Pp3 gene on chromosome 2A of the tetraploid
wheat genome, revealed significant polymorphism and
discrepancy between the PCR products of the purple-
grained parental samples and the donor line of the func-
tional Pp3 gene, 1. durum Tril5744 (Fig. 3d). Therefore,
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Fig. 3. Electropherograms of PCR products obtained using microsatellite markers linked to the Pp-B7 and Pp-3 genes
on chromosomes 7B and 2A, respectively, on 5 % agarose gel (a-d). Electropherograms of PCR products obtained using
intragenic PCR markers to the Pp-3 and Pp-B1 genes on chromosomes 2A and 7B, respectively, on 2 % agarose gel (e-f).

No. 4, 5, 6 — the DNA products of the hybrids selected for crossing with the Gremme variety; M - the length marker.

selection of homozygous purple-grained hybrid samples
in the F, and F; generations was carried out using the
polymorphic intragenic PCR marker Pp3-diagnostic,
which we previously developed (Fig. 3e).

After evaluating the coleoptile and grain color of F,
plants in three pairs of direct and backcross combina-
tions, we selected five purple-grained samples from
113 plants analyzed using molecular analysis. These
samples contained both dominant alleles of the Pp-B1
and Pp3 genes (Table 4). The grains of one plant were
nonviable.

Among the 24 mature F, plants from the cross between
hybrid No. 4 and the white-grained Gremme variety, not
a single dark-purple-grained plant carrying homozygous
markers for both functional genes, Pp-Bl and Pp3,
was found, with the PCR products corresponding only
to No. 4. Among the 14 F, plants from the backcross
between the Gremme variety and emmer hybrid No. 4,
two plants with dark-purple grains were found carrying
homozygous markers for both functional genes, Pp-B1
and Pp3. These plants (7 and 14) (Fig. S4) had loose
spikes containing five and two grains, respectively, which
were sown for further generation.

Thus, using molecular analysis, we were able to select
only 4 viable plants with dark purple grains, homozygous
for both dominant genes, Pp-BI and Pp3 in the F, ge-
neration. Two plants were selected from a cross between
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the white-grained Gremme variety and the emmer hybrid

No. 4, and two plants were from a cross between emmer

hybrid No. 6 and the Gremme variety (Table 4).

For F; planting and further analysis, dark purple grains
were chosen from plants representing three groups:

1) with homozygous dominant alleles of Pp3 and
heterozygous for the SSR marker Xgwm400, linked
to the Pp-B1 gene;

2) with dominant alleles of Pp3, which are in a
heterozygous state and homozygous for the Xgwm400
marker;

3) highly productive plants heterozygous for both the
Pp3 alleles and the Xgwm400 marker.

For the control and further study, seeds of a white-
grained plant with recessive Pp3 alleles and a homo-
zygous dominant SSR marker Xgwm400 linked to the
Pp-B1 gene were selected and planted, as well as seeds
of a white-grained plant with homozygous dominant
Pp3 alleles and a homozygous recessive SSR marker
Xgwm400. Phenotypic and molecular analysis of the
plants continued in the F; generation (Table 5).

In the first cross combination of hybrid No. 4 with
the Gremme variety among 42 hybrids, six dark purple
grained plants, homozygous for the Pp3 gene, carrying
the marker of the dominant functional allele Pp-B1 were
selected by using Pp3-diagnostic, Ppl-diagnostic and
SSR marker Xgwm0400 (PCR products corresponded
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Table 4. DNA analysis of F, plants from crossing hybrids with the Gremme variety

No. Forward cross Backcross
Samples analyzed Homozygous samples Samples analyzed Homozygous samples
(Pp-B1*+ Pp3) (Pp-B1*+ Pp3)
4 24 0 14 2
5 18 0 14 0
6 13 2 18 1 (sterile)
Total 2 3

* SSR Xgwm400 served as a marker for identifying homozygous alleles of Pp-B1.

Table 5. DNA analysis of F; plants from crossing hybrids with Gremme variety

No. Forward cross Backcross
Samples analyzed Homozygous samples Samples analyzed Homozygous samples
(Pp-B1*+ Pp3) (Pp-B1* + Pp3)
4 42 6 47 5
5 53 5 28 5
6 63 11 20 3
Total 22 13

* Pp1-diagnostic served as a marker for identifying homozygous alleles of Pp-B1.

to No. 4) (Fig. S5). It was noted that one plant with
dark purple grains had recessive PCR products of the
SSR marker Xgwm400 linked to the Pp-BI gene from
the Gremme variety, and dominant PCR products of
the intragenic marker Ppl-diagnostic (Fig. S5). This
fact indicates incomplete linkage of the microsatellite
marker with the target gene and the existence of a hot
recombination point located between the Pp-BI gene
and the SSR marker Xgwm400.

In a backcross combination of the Gremme variety
with line No. 4 in F3, based on the results of phenotypic
and molecular analysis, five dark-purple-grained plants
homozygous for the Pp3 gene and carrying the marker of
the dominant allele Pp-B1 (PCR products corresponded
to No. 4) were selected from 47 hybrid samples. In this
cross combination, one white-grained plant was noted
with homozygous dominant alleles Pp3 and homozy-
gous for the SSR marker Xgwm400, linked to the Pp-B1
gene, but lacking the PCR product of the marker PpI-
diagnostic, corresponding to the dominant allele Pp-B1
(PCR products as in No. 4). This fact indicated that
recombination occurred on chromosome 7B between the
Pp-B1 gene and the SSR marker Xgwm400.

Thus, using molecular analysis, 35 dark purple grain
plants homozygous for the Pp3 gene and containing the
dominant Pp-B1 allele were selected in the F; generation
(Table 5). Grains from 29 productive plants were planted
in the field, giving rise to new purple grain lines. In the
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F, generation, four of the 29 lines selected exhibited
a segregation for purple/white grain color (three lines
inherited from family No. 5, and one line inherited from
family No. 6). This indicated a heterozygous state of the
dominant allele of the Pp-B1 gene in the parental samples
in the F; generation. The remaining 25 wheat-emmer
hybrid lines were constant for the purple color of grains,
of which seven lines had hard glumes and were difficult
to thresh. The purple grains for the F, generation giving
rise to new hybrid lines were sown in the field for the
selection of economic value. That is beyond the scope
of this paper.

The time spent crossing the plants and selecting the
appropriate hybrids was two years: three greenhouse
growing seasons and two field growing seasons.

Discussion

Enriching the genetic material of tetraploid wheat with
new, unique characteristics associated with the accumu-
lation of anthocyanins in the grains and long-forgotten
emmer varieties with valuable economic properties al-
lows for expanding the industry and providing a better
range of healthy food products.

Gliadin-encoding genes

This study examined wheat-emmer hybrids obtained
previously through saturation crosses to increase the
emmer genetic material, along with the naked trait.
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Genotyping of the hybrids during the breeding pro-
cess was performed using genes encoding grain storage
proteins — gliadins (G/i). Gliadins are controlled by four
major unlinked loci on chromosomes 1 and 6 of the ho-
meologous group (loci Gli-A1, Gli-A2, Gli-B1, Gli-B2
on chromosomes 1A, 6A, 1B, 6B, respectively) (Meta-
kovsky et al., 2019; Vinichenko, Salina, 2021). Each
locus is a cluster of tightly linked genes. Genes within a
single locus encode polypeptide components of different
molecular weights and charges. Components controlled
by a single allele are inherited in a linked manner, as a
single Mendelian trait, forming a polypeptide block. The
block structure is stable and does not depend on external
or internal factors.

Multiple alleles have been identified for gliadin-coding
loci: each locus controls over 20 alleles, allowing the
theoretical identification of over one million genotypes.
In fact, each variety and each line has its own unique
electrophoretic spectrum, controlled by different alleles
of four gliadin-coding loci (Kudryavtsev et al., 2014;
Novoselskaya-Dragovich, 2015). This allows us to
identify genotypes and trace the inheritance of parental
alleles across generations of hybrids, determining their
affiliation with specific samples at each locus.

Genotyping for gliadin-coding genes, thanks to the
uniqueness of parental genotypes, makes it possible
to select hybrid offspring that inherit the genotype of
a specific parent, with a characteristic set of alleles at
gliadin-coding loci. Analysis of the allelic composition
of gliadin-coding loci in hybrid plants allowed us to
determine from which parent the genes for each gliadin-
coding locus were inherited, i. e. to determine the degree
of hybridity in lines during their creation.

To obtain a wide range of naked, purple-grained hy-
brids for crossing with the naked emmer Gremme variety,
contrasting hybrid lines differing in their gliadin-coding
gene content were selected. One of the selected lines,
awnless line No. 4, inherited all four G/i loci from the
awnless emmer 7. dicoccum k-25516. The nearly naked,
low-yielding line No. 6 inherited two loci (G/i-BI and
Gli-A2) from the awnless emmer k-25516, and two
(Gli-A1 and Gli-B?2) from the tetraploid wheat 7. durum
Tril574.

Crossbreeding and phenotyping

Pyramiding multiple genes within one plant genotype
is a complex process. The primary focus at this stage of
breeding was on producing plants with purple-colored
grains.

Anthocyanin pigmentation in wheat is regulated by
two transcription factors. The R2R3-Myb-like factor,
which activates anthocyanin biosynthesis in both vegeta-
tive organs (coleoptile, stem) and pericarp, is encoded
by a functional allele of the Pp-B1 gene (also known as

Development of naked T. durum x T. dicoccum hybrids
with anthocyanin color of the grain pericarp

Rc-1 or Red coleoptile) (Himi, Taketa, 2015). Coleoptile
coloration occurs if at least one allele of the Pp-BI gene
is dominant (Khlestkina et al., 2008). Therefore, to select
plants inheriting dominant Pp-B1 alleles, visual analysis
of seedlings was used before sowing. Only samples with
colored coleoptiles were selected from these seedlings.
The functional allele of the Pp3 gene, encoding the
second regulatory factor Myc, has an endemic origin
from the tetraploid wheat 7. aethiopicum (Zeven, 1991).
Anthocyanin biosynthesis in grains occurs only in the
presence of complementarily interacting genes Pp-B/
(or Pp-DI) and Pp3 in one genotype (Tereschenko et
al., 2012). While phenotyping is undoubtedly beneficial
for plant breeding, the difficulty is that Pp regulatory
genes are dominant and, therefore, capable of expressing
coloration in seedling coleoptiles and grain pericarps in
both homozygous and heterozygous states.

Molecular markers

Molecular PCR markers were used to select plants
homozygous for both dominant alleles of the Pp3 and
Pp-B1 genes, which exhibit stable purple coloration of
the grains.

Testing of SSR markers on the DNA of parental
samples of purple-grained wheat-emmer hybrids did not
demonstrate 100 % correspondence of inheritance of the
association of PCR products of microsatellites with the
Pp genes. Thus, the polymorphic microsatellite marker
Xewm0312, linked to the Pp3 gene on chromosome 2A,
showed a discrepancy between the PCR products of
purple-grained parental accessions and the donor line
of the functional Pp3 gene 7. durum Tril5744 (Fig. 3d).
Therefore, the polymorphic intragenic PCR marker Pp3-
diagnostic, which we previously developed for hexaploid
bread wheat, was successfully suited for molecular
analysis during the selection of homozygous purple-
grained samples of hybrids (Fig. 3e, and Fig. S4-S5).
This made it possible to accurately select plant samples
homozygous for the dominant alleles of the Pp3 genes
in the F, ; generations.

Testing of dark purple hybrid lines (No. 4, 5, and 6)
used for backcrosses using the polymorphic SSR marker
Xgwm0400 revealed the inheritance of a region of chro-
mosome 7B, and consequently, functional alleles of
the Pp-B1 gene, from the DNA of red-stemmed emmer
k-25516 (Fig. 3c¢). This marker was used for genoty-
ping the DNA of hybrids in the F, generation. However,
despite the proximity of this marker to the Pp-BI gene
under study, cases of incomplete linkage associated with
the presence of a hotspot located between them must be
considered.

In contrast to the SSR markers Xgwm0044 and
Xgwm0111 on chromosome 7D, which demonstrated
reliable linkage to the equivalent Pp-DI gene locus
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during breeding of hexaploid purple-grained wheat
(Gordeeva et al., 2020), the probability of linkage of
the Xewm0400 marker to the Pp-BI gene locus was
extremely low. This fact is consistent with the work of
E. Khlestkina et al. (2008), where a short region of chro-
mosome 7B with the target Rc-B1 (=Pp-B1) locus, which
did not contain any of the nearby mapped SSR markers,
was identified in inbred recombinant lines.

A hotspot breakpoint between the microsatellite
marker Xewm(0312 and the Pp3 gene locus on chromo-
some 2A in hybrid lines inheriting introgression from the
wild tetraploid species 7. timopheevii Zhuk. was demon-
strated by O.Y. Tereshchenko et al. (2012). This is appar-
ently explained by a wide spectrum of genetic diversity
in tetraploid wheats compared to their domesticated
hexaploid relatives. Therefore, to select homozygous
purple-grained hybrid samples in the F; generation, we
used the polymorphic intragenic marker PpI-diagnostic
(Fig. 3f, and Fig. S5), which we had previously designed
for hexaploid bread wheat.

Since the recessive pp-B1 alleles on chromosome 7B
did not differ in the length of their PCR marker pro-
ducts from the non-functional pp-A1 alleles, only after
verifying the phenotyping of F, generation grains were
the final plant families selected that would yield new
purple-grained lines homozygous simultaneously for
two functional alleles of the Pp3 and Pp-BI genes with
stable, purple-colored anthocyanin-stained grains.

According to the literature, purple-grained tetraploid
wheats 7. durum Desf. were bred in Italy as a niche
product by crossing the commercial durum wheat va-
riety Primadur (Blondur//2587-8-6/Leeds) and 7. durum
Ethiopian variety T1303 (PI352395) having purple
pericarp (Ficco et al., 2014, 2018). Italian scientists
have also recently developed molecular allele-specific
markers of the Pp-BI and Pp-A3 (Pp3) gene loci for
marker-associated breeding of purple-grained durum
wheat (Esposito et al., 2024). The markers were con-
structed based on a comparative analysis of the primary
DNA of the genotypes of purple-grained wheat T1303
and local yellow-grained durum wheat varieties Primadur
and Svevo.

Similar to the results obtained in bread wheat (Ji-
ang et al., 2018), six tandem repeats 261 bp in length
were detected in the promoter region of the functional
dominant allele 7dPpbl (Pp3) on chromosome 2A in
purple-grained T1303, while Svevo had only one repeat.
The size of the PCR products on DNA obtained from
purple-grained wheat was 3,446 bp long, compared to
2,141 bp in yellow-grained varieties.

The nonfunctional TdPpml1b (Pp-BI) allele in the
Primadur and Svevo varieties revealed a large inser-
tion region of approximately 1.6 kbp, 56 bp from ATG,
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which disrupted the first exon. S. Esposito et al. (2024)
selected primers that spanned this insertion. The PCR
products obtained from the functional alleles (7dPpma)
in purple-grained genotypes were approximately 500 bp
in length, while those from the nonfunctional alleles
(TdPpm1b) in local yellow-grained varieties and lines
were 1,800 bp.

The intragenic allele-specific markers that we de-
signed, Ppl-diagnostic and Pp3-diagnostic, have
broader applicability and are suitable for diagnosing both
hexaploid and tetraploid wheat varieties. The primers
proposed in the articles by W. Jiang et al. (2018) and
S. Esposito et al. (2024) amplify long PCR products
that require a specialized, highly efficient polymerase
for synthesis. Standard DNA polymerase is suitable for
our markers.

The primers proposed in this study for the intragenic
PCR marker PpI-diagnostic, starting from the beginning
of the first exon ATG, span a longer, variable-length re-
gion of the Pp-1 gene DNA. However, we did not detect
long amplicons of the Pp /-diagnostic marker associated
with the presence of a long insertion in the white-grained
variety Gremme. It would be interesting to test the pres-
ence of this insert in cultivated varieties of durum wheat
from Siberian selection.

Using a greenhouse complex during the off-season al-
lowed us to accelerate selection and produce F, hybrids
in two years (three greenhouse and two field growing
seasons). A disadvantage of greenhouse cultivation
was the limited space available for sowing seeds. This
resulted in a double molecular analysis and selection
of the hybrid plants with the qualities we need in the
F, 4 generations.

Conclusion

In this study, after genotyping previously developed
purple-grained, difficult-to-thresh, and low-yielding
emmer hybrids for their grains storage protein genes,
backcrossing with the naked-grained Gremme variety
and MAS selection, a set of three families of spring,
naked-grained and semi-naked, purple-grained wheat-
emmer plants was obtained, differing in gliadin-coding
genes and other qualitative traits.

Twenty-five wheat-emmer hybrid lines were finally
obtained in the F, generation. These lines differed in
morphological traits and were consistent in the purple
anthocyanin coloration of grain pericarp. This coloration
is expressed by the presence of homozygous functional
alleles of the Pp-B1 and Pp3 genes in the genotype. The
presence of only one functional allele or heterozygosity
leads to segregation by grains color, followed by loss of
anthocyanin pigment.
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The intragenic PCR markers for the Pp-BI and Pp3
genes that we previously designed based on the bread
wheat genome demonstrated high efficiency. In small
cultivation areas, the use of Pp3-diagnostic allowed for
the immediate and accurate identification of homozygous
genotypes of tetraploid wheat plants. The use of PpI-
diagnostic required subsequent verification of the grain
color in the offspring to select samples with consistent
color. These markers are a useful tool for future bree-
ding programs.
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