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Development and characterization of a line with substitution
of chromosome 4B of wheat Triticum aestivum L.

on chromosome 4H™4" of wild barley

Hordeum marinum ssp. gussoneanum (4x)

L.A. Pershinal’ 2@, N.V. Trubacheeval 2, V.K. Shumnyl, E.D. Badaeva3

TInstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Kurchatov Genomics Center of ICG SB RAS, Novosibirsk, Russia

3Vavilov Institute of General Genetics of the Russian Academy of Sciences, Moscow, Russia

® pershina@bionet.nsc.ru

Abstract. Introgressive hybridization is the main method of broadening the genetic diversity of bread wheat. Wild bar-
ley Hordeum marinum ssp. gussoneanum Hudson (2n = 4x = 28) has useful agronomical traits, such as high resistance
to stress factors, that could be a potential source of new genes for bread wheat improvement. This study aimed to eva-
luate the possibility of introgression of H. marinum chromosomes into the genome of bread wheat using an incomplete
amphiploid H. marinum ssp. gussoneanum (4x)-T. aestivum (Pyrotrix 28) (2n = 54) carrying the cytoplasm of wild barley.
For this purpose, we crossed the line of bread wheat variety Pyrotrix 28 with an incomplete amphiploid, and then
selected cytogenetically stable 42-chromosome plants with a high level of fertility in hybrid progeny. Genomic in situ
hybridization (GISH) revealed a pair of H. marinum chromosomes in the genome of these plants. C-banding analysis
confirmed that bread wheat chromosome 4B was replaced by wild barley chromosome 4H™". SSR markers Xgwm368
and Xgwmé6 confirmed the absence of chromosome 4B, and EST markers BAWU808 and BAW112 identified chromo-
some 4H™" in the genome of the isolated disomic wheat-barley substitution line. The study of this line showed that the
substitution of chromosome 4B with chromosome 4H™?" resulted in a change of some morphological traits. It included
intense anthocyanin coleoptile coloration, specific for H. marinum, as well as a lack of purple coloration of the ears in
the leaf sheath, specific for Pyrotrix 28. Line 4H™%(4B) showed increased performance for several traits, including plant
height, number of spikes and tillers per plant, spikelet and grain number in the main spike, grain number per plant, but
it had decreased values of 1000-grain weight compared to wheat. Cytogenetic stability and fertility of line 4H™(4B)
indicated a high compensation ability of barley 4H™" for wheat chromosome 4B and confirmed their homeology.

Key words: Hordeum marinum ssp. gussoneanum; bread wheat; wheat-barley substitution line 4H™%(4B).

For citation: Pershina L.A., Trubacheeva N.V., Shumny V.K,, Badaeva E.D. Development and characterization of a line
with substitution of chromosome 4B of wheat Triticum aestivum L. on chromosome 4H™ of wild barley Hordeum mari-
num ssp. gussoneanum (4x). Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2023;27(6):
545-552. DOI 10.18699/VJGB-23-66

ITonyueHue u MsyuyeHue JIMHUU C 3aMeIllleHieM XpOMOCOMbLI 4B
nimeHuubl Triticum aestivum L. Ha xpoMocomy 4H™Mar
OUKOTro sumeHs Hordeum marinum ssp. gussoneanum (4x)
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AHHoOTauuA. HTporpeccrBHaa rmbpugmsanmna ABnaeTcd OCHOBHbIM METOLOM pPaclUMpPEHNA reHeTUYeCKoro pasHoob-
pasuA MATKOW NieHnLbl. B KayecTBe NCTOYHMKA HOBbIX TEHOB AIA MATKOW MLEHMLbI MOXKET CNYKUTb ANKUA AYMEHD
Hordeum marinum ssp. gussoneanum Hudson (2n = 4x = 28), KOTOPbIN XapaKTepU3yeTcA BbICOKOW YCTOMUYMBOCTBIO K
cTpeccoBbIM pakTopam. HacTosAwan paboTta NOCBALLEHA N3YUYEHNIO BO3MOXXHOCTM UCMOJIb30BaHMWA HEMOMHOIo aMou-
nnouwpaa H. marinum ssp. gussoneanum (4x)-T. aestivum (MupoTpukc 28) (2n = 54), HocuTena LMTONAa3Mbl JUKOTO AY-
MEHSA, B KauecTBe NCTOYHMKA XPOMOCOM H. marinum Ana nx UHTPOrpeccMmn B reHOM MATKOW niweHunubl. C 3Tol uesnbto
nonyyeHbl rMépuabl Mexay MMHUeNn copta MArKon nieHnubl MupoTpurke 28 (panee M28) n HenonHbIM amdunnonaom,
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Development of a 4H™(4B)
wheat-barley substitution line

a 3aTeM cpeAvi MOTOMKOB rM6pUA0B NPOBEAEH OTOOP LIUTOreHETNYECKM CTabUbHBIX 42-XPOMOCOMHbBIX PACTEHWI C Bbl-
COKMM ypoBHeM depTunbHocT. C ncnonb3oBaHvem GISH-aHanv3a obHapy»keHo Hannyure napbl xpomocom H. marinum
B reHOMe 3TuX pacteHuii. Mo pesynbtatam C-OKpaLIMBaHUA XPOMOCOM YCTaHOBEHO, YTO Y 3TON rMOPUAHON NNHNK
NPOM30LLSIO 3aMeLLEeHNE XPOMOCOMbI 4B MATKON MLWEHNLbI HA XPOMOCOMY AMKOro AUMeHsA 4H™?". C noMoLLbo XpOMO-
com-cneunduuHbIx SSR-mapkepoB Xgwm368 n Xgwme6 noaTBepKAEHO OTCYTCTBME XPOMOCOMbI 4B MArkol nweHunubl,
a ¢ npumeHeHvem EST-mapkepos BAWU808 n BAW112 — Hannume xpoMocombl 4H™" B reHOMe Bbiie/IeHHOW AUCOM-
HOW NLIEHNYHO-AYMEHHON IMHWW. V3yUYeHre 3TON IMHMM NOKasaso, YTo 3aMeLLeHe XPOMOCOMbI 4B MArKom nieHnLbl
Ha XPOMOCOMY AMKOro aumeHsa 4H™¥ npuBeno K M3MeHeHWo pAaaa NPr3HakoB: CUSIbHO BblPa)KeHHOW aHTOLMaHOBOM
OKpacKke KoneonTtusne, XxapakTepHOM AnA ANKOro AYMeHa H. marinum, a Takxe OTCYTCTBMIO MNyPNypPHO OKPacKu ylek
Yy OCHOBaHUA IMCTbEB, KOTOPas NPOABAAETCA Y IMHUM copTa MweHuLbl M128. Mo BbicoTe pacTeHuit, yncny ctebnen un
KONOCbeB B PaCTEHUU, YNCITY KOMTOCKOB U 3€PEeH B INIaBHOM KOJIOCe, a Tak»Ke UMCITy 3epeH B pacTeHumn nnuHma 4HM9(4B)
NPeBOCXOANT POAUTENbCKYo NHUto 28, a no macce 1000 3epeH elr ycTynaeT. LiutoreHeTnyeckaa ctabunbHOCTb 1
bepTunbHOCTL NMMHUKN 4HM(4B) yKa3blBaloT Ha BbICOKYI0 KOMMEHCALMOHHYIO CMOCOBHOCTb XPOMOCoMbl 4H™" aumeHs
MO OTHOLLEHWIO K XPOMOCOMe 4B MArKoM NiueHnLbl U FoMeosIornio Mexay STUMM XPOMOCOMaMMU.

KnioueBble crnoBa: Hordeum marinum ssp. gussoneanum; MArkas nweHNUa; NWEHNYHO-AYMEHHAA 3aMeLLeHHan -

Hua 4HM(4B).

Introduction

Introgressive hybridization is the main method of broadening
the genetic diversity of bread wheat. Identification of new
genetic resources for agronomically important traits, such
as biotic and abiotic stress resistance, bread-making quality,
increased content of microelements in grain and others is an
important task (Molnar-Lang, Linc, 2015; Hao et al., 2020).
The species of the genus Hordeum L., including annual and
perennial barley grasses, as well as grain-type species, are
considered a potential source to introgress genes for these
traits (Garthwaite et al., 2005; Rubiales, Moral, 2011).

The progamous and embryonic incompatibility is strongly
displayed in wheat x barley hybridizations and intergeneric
hybrids were produced after the technique to overcome these
difficulties had been developed (Kruse, 1973). To date, sub-
stitution, addition and translocation lines were developed by
hybridization between bread wheat and H. vulgare (Molnar-
Lang et al., 2014), H. spontaneum (Taketa, Takeda, 2001),
H. chilense (Rey et al., 2015), H. californicum (Fang et al.,
2014). Alloplasmic lines (H. vulgare)-T. aestivum were de-
veloped and used in breeding to create promising forms and
cultivars of wheat (Pershina et al., 2018). In addition, a new
grain crop, tritordeum, was produced from hybridization
between durum wheat (Triticum durum) and a wild barley,
H. chilense (Martin et al., 1999; Martin, 2017).

The ability to cross with wheat is also shown by two subspe-
cies of the sea barley complex H. marinum: herbaceous an-
nuals H. marinum Hudson ssp. marinum (2x) and H. marinum
Hudson ssp. gussoneanum (Parl.) Thell. (2x, 4x) (Pershina et
al., 2004; Islam et al., 2007). Due to their high resistance to
salinity and waterlogging, these species are able to grow in sa-
line meadows and marshes along sea coasts (Garthwaite et al.,
2005; Islam et al., 2007). At the same time, salinity tolerance
in H. marinum was estimated to be higher than in other species
of Triticeae (Garthwaite et al., 2005). In addition, H. marinum
ssp. gussoneanum (=H. geniculatum All.) (2n=28) is resistant
to drought and sudden temperature changes (Kobylyanskiy,
1967), and samples with a high protein content in seeds were
also isolated (Pershina et al., 2009).

Amphiploids carrying wild barley cytoplasm were produced
from hybrids between H. marinum ssp. gussoneanum (4x) and

T. aestivum (Pershina et al., 2004) and between H. marinum
(2x) and T aestivum (Islam et al., 2007). The salt- and water-
logging tolerances of amphiploids were intermediate to those
of their parents (Islam et al., 2007; Malik et al, 2009) and
reduced grain yield was observed due to the negative influence
of the H. marinum cytoplasm. To eliminate this cytoplasm
effect, it is necessary to produce euplasmic hybrid genotypes,
in which wheat is the maternal parent. However, the use of
H. marinum ssp. gussoneanum as a pollinator when crossing
with wheat is extremely difficult due to the limited amount
of pollen in the small flowers of H. marinum.

This paper presents the results of using the incomplete am-
phiploid H. marinum ssp. gussoneanum—1. aestivum (2n = 54)
with wild barley cytoplasm as a source of H. marinum chro-
mosomes for their introgression into the bread wheat ge-
nome. The euplasmic wheat-barley disomic substitution line
4H™a"(4B) isolated among the progenies of these hybrids was
also studied.

Materials and methods

Plant material. The line formed from one plant of the wheat
variety Pyrotrix 28 (maternal parent, P28) was crossed
with individual plants of an incomplete amphiploid L-503
H. marinum ssp. gussoneanum—T. aestivum (P28) (2n =
54). The incomplete amphiploid isolated from the progeny
of a cytogenetically unstable amphiploid H. marinum ssp.
gussoneanum—1. aestivum (2n = 68-70) carried 42 wheat
chromosomes and 12 H. marinum chromosomes, with the
exception of SH™@ (Trubacheeva et al., 2019).

Plants were grown from seeds set in two hybrid combi-
nations (P28 x503 plant (p)S) and (P28 x503 plant (p)10),
and their progenies were studied in F,—F¢ generations. Each
generation was formed from the seeds of the most produc-
tive plant of the previous generation. Plants were characte-
rized by seed set in the main spike, dividing them according
to the level of fertility into groups: CS — completely sterile
(no seeds); PS — partially sterile (1-9 seeds); PF — partially
fertile (10—19 seeds); F — fertile (20-30 seeds); FF — fully
fertile (more than 30 seeds). Starting from F,, the number
of chromosomes was counted in plants. The chromosome
composition in metaphase I (MI) was determined in euploid
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(2n = 42) hybrid plants F5 (P28 x503p10). Cytogenetically
stable euploid plants were studied to identify H. marinum
chromosomes. Hybridization and the study of the hybrid pro-
geny were carried out in a hydroponic greenhouse.

The isolated wheat-barley substitution line 4H"%"(4B)
was studied in the field. The plants were grown on plots 1 m
wide, 20 plants per row, with a distance of 25 cm between
rows. The control was the parental line P28. Each genotype
was grown in three rows arranged in a randomized order. The
lines were evaluated according to morphological traits. During
harvesting, plant height, tiller number, number of productive
spikes, main spike length, spikelet number per main spike,
grain number per main spike and per plant were estimated.
Statistical analyses were conducted in Microsoft Excel 2007.
Single-factor analysis and the calculation of the least signifi-
cant difference were used (Dospekhov, 1985).

Cytological analysis, genomic in situ hybridization and
C-banding. Analysis of chromosome number was performed
according to the standard Felgen preparation method using
root tips of plants grown in a hydroponic greenhouse. The MI
chromosome configuration was examined in pollen mother
cells (PMCs) using the 2 % acetocarmine smear method.
GISH was performed according to previously published pro-
tocols (Trubacheeva et al., 2019). Total genomic H. marinum
ssp. gussoneanum DNA was labelled by nick translation with
biotin-16-dUTP and used as a probe. The signals were ob-
served and captured using AxiolmagerM1 (Zeiss, Germany)
fluorescence microscope. The work was performed at the
Collective Center for Microscopic Analysis of Biological
Objects (ICG SB RAS, Novosibirsk, Russia). C-banding was
performed according to a previously published protocol (Ba-
daeva et al., 1994).

DNA marker analysis. Two expressed sequence tag (EST-
PCR) markers, BAWUS80S8 and BAW112 (Trubacheeva et al.,
2019), were used to identify chromosome 4H™"%" of wild bar-
ley in the genome of the isolated line. The absence of wheat
chromosome 4B in the substitution line 4H"%(4B) was con-
firmed using chromosome-specific SSR markers Xgwm368
and Xgwm6 (Roder et al., 1998). The primer sequences were
reported in (Trubacheeva et al., 2019. Amplifications were
carried out using a Bio-Rad T-100 Thermal Cycler PCR.
Amplification products were resolved in 2 % w/v agarose
gels and visualized with ethidium bromide. Gel images were
captured using a gel documentation system Gel Doc XR+
(Bio-Rad, USA).

Results

Identification of euploid plants

among the progeny of hybrids (P28 x L-503)

As a result of crossing the line P28 with incomplete amphi-
ploid L-503 in four hybrid combinations, shriveled seeds set
with a frequency of 3.1 to 6.6 %, from which F; plants were
grown (Table 1).

The shriveled seeds set in F; plants germinated in the
hybrid (P28 X 503p5) with a frequency of 13.9 %, and in the
hybrid (P28 x503p10) with a frequency of 55.5 %. Starting
from the second generation, the fertility level was studied
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in the progeny of these hybrids, estimated by the number of
seed set per main spike, and the number of chromosomes was
analyzed (Table 2).

In the second generation of the hybrid combination (P28 x
503p5), partially fertile (33 %) plants (2n = 46), as well as
sterile (45 %) and partially sterile (22 %) plants were observed,
among which 46- and 48-chromosome plants were identified.
The third generation, derived from a partially fertile plant
(2n = 46), also consisted of sterile (31 %), partially sterile
(44 %) and partially fertile (25 %) plants. The most produc-
tive in F3 was a 44-chromosome plant, among the progeny
of which along with sterile (18 %), partially sterile (41 %)
and partially fertile (27 %), fertile (14 %) plants were also
identified in F4. Among the progeny of the fourth generation,
42- and 44-chromosome plants were found. In Fs and Fg
generations derived from fertile 42-chromosome plants, in
addition to euploids (2 = 42), aneuploids (2n =41; 2n=43)
were also identified. At the same time, segregation into plants
with different levels of fertility, including sterile ones, was
still observed (see Table 2). Fully fertile plants were obtained
only in Fg (6 %).

When selecting for productivity, the hybrid combination
(P28 x503p10) had a more accelerated formation of 42-chro-
mosomal cytotypes with a high level of fertility. Fertile
46-chromosome plants (20 %) were already identified in F,
along with sterile (13 %), partially sterile (27 %) and partially
fertile (49 %) plants. The remaining groups of plants were
represented by cytotypes with chromosome numbers 27 =46,
46 +t, 46 + 2t. The progenies of the 46-chromosome plant in
F; were sterile (6 %), partially sterile (38 %), partially fertile
(25 %), and 42-chromosome fertile (31 %) plants. In F5, in
addition to euploids, ancuploids were found, including those
with telocentric chromosomes ((2n=43,43 +t,44 +1t,44 + 2t).

Among 26 F, plants derived from a 42-chromosome plant
of the third generation, fertile plants prevailed (62 %), in-
cluding plants with full fertility (11 %). In total, in F4 of
(P28 x503p10), completely sterile (8 %) plants and plants with
a low level of fertility (partially sterile — 11 % and partially
fertile — 8 %) only accounted for less than one third. The re-
maining plants were fertile (62 %) and fully fertile (11 %). In
F,4 cytotypes with 2n = 41, 42, 42 + t were identified among
the studied plants. As a result of the selection of the most pro-
ductive 42-chromosome plants, the fifth and sixth generations
were represented only by fertile plants (in F5 — 70 %, and in
F¢ — 16 %) and fully fertile plants (in Fs — 30 %, and in Fq —
84 %) (see Table 2).

In order to select meiotically stable 42-chromosome plants
for further work, three lines derived from individual plants
of the P28 x503p10 hybrid from Fg were characterized by
chromosome configuration at the first meiotic metaphase (MI).
Study of meiosis in pollen mother cells (PMC) has shown
a high cytological stability of euploid lines. All the studied
plants of the line (P28 x503p10) F4 pl and the major part of
the plants of the line (P28 x503p10) F¢ p2 (79 %) and the
line (P28 x503p10) Fs p3 (89 %) had 21" bivalents (Table 3).
The identified violations are associated with the presence of
univalents (20" + 2'), including those involving telocentric
chromosomes (21" + 2t").
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Table 1. Seed set per spike, number of grains in F, plants and their germination in hybrid combination (P28 x L-503)

Hybrid combination Number and frequency* (%) Number of Germination
of hybrid grains in a pollinated spike of grains, %
F; plants studied grains in F, plant

P28X503p51(33) ....................................................... 1129139 ................................
P28X503p91(31) ....................................................... 1 .......................................... 2 ......................................... 0 .....................................
p28X503p10 ......................... 2(66) ....................................................... 218 ....................................... 555 ................................
P28X503p221(4o) ....................................................... 1 .......................................... 0 ......................................... _ .....................................
*Fromthenumberofpo”matedf|ower5 ...................................................................................................................................................................................
Table 2. Fertility level and number of chromosomes in F,-F4
of the hybrid combination T. aestivum (P28) (2n = 42) X (H. marinum ssp. gussoneanum x P28) (2n = 54)

Generation  Number Number and frequency (%) of plants Number of chromosomes

OF PIAMLS e e
analysed FS PS PF F FF
0 (1-9)* (10-19)* (20-30)* (more 30)*
P28 x503p5
F, 18 8 (45 %) 4 (22 %) 6 (33 %) 0 0 46%,48
F3 .................... 16 .................. 5 (31%) .............. 7 (44%)4(25%) .............. 0 .......................... 0 44*46 .......................................
F4 .................... 2 24(18%) .............. 9 (41%)6(27%) .............. 3 (14%) .............. 0 42*44 .......................................
FS .................... 2 8 .................. 5 (18%) .............. 6 (21%) .............. 8 (29%) .............. 9 (32%) .............. O 4142*43 .................................
F6 .................... 3 2 .................. 2 (6%)4(13%) .............. 10(31% ............. 14(44%) ............ 2 (6%)414243 ...................................
P28 x503p10

F, 15 2 (13 %) 4 (27 %) 6 (40 %) 3 (20 %) 0 46*,46+1t, 46+ 2t
F3 .................... 16 .................. 1(6%) ................ 6 (38%)4(25%) .............. 5 (31%) .............. 0 42*4343+t44+t44+2t
F4 .................... 2 6 .................. 2 (8%) ................ 3 (”%) .............. 2 (8%) ................ 16(62%) ............ 3 (11%)4142*42+t ............................
F5 .................... 3 0 .................. 0 .......................... 0 0 ........................... 2 1(70%) ............ 9 (30%)42*42+t42+2t .....................
F6 .................... 3 8 .................. 0 .......................... 0 0 ........................... 6 (16%) .............. 3 2(84%)4242+t ....................................

# Number of grains in the main spike; * the most productive cytotypes used to form the next generation.

Table 3. Characteristics of meiosis in lines derived from the hybrid combination (P28 x503p10) F,

Line Number of plants
examined s
517
(P28x503p10) F4 p1 18 18 (100 %)
(P28 x503p10) F4 p2 19 15 (79 %)
(P28x503p10) Fg p3 18 16 (89 %)

Identification of the wheat-barley

disomic substitution line 4HM3"(4B)

At the next stage, plants with a 21" chromosome configuration

were included in the work. Using GISH analysis, it was shown

that they carry a pair of H. marinum chromosomes (Fig. 1).
This result indicates that during self-pollination of the

progeny of the hybrid (P28 x 503p10) and the production of

548

Number of plants and chromosome configuration at Mi

20"+2' 21"+ t"
4 (21 %) -
- 2 (12%)

euploids, a pair of H. marinum chromosomes introgressed
into the genome of bread wheat. C-banding identified a pair of
chromosomes 4H"%" and the absence of a pair of chromosomes
4B in the isolated line indicating that it was disomic for the
substitution 4H"%" (4B) (Fig. 2, a). A telocentric chromosome
for the arm of chromosome 4H was identified in a line with
2n =40 + t chromosomes (see Fig. 2, b).
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Fig. 1. GISH image of a wheat-barley substitution line. Barley chromo-
somes are in green, wheat chromosomes are in blue.
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Fig. 2. C-banding of the 4H™%(4B) (2n = 42) (@) and 4H™" L (2n = 40+t) (b)
substitution lines.

Molecular analysis confirmed the presence of chromosome
4H™ar and the absence of chromosome 4B in the genome
of disomic wheat-barley lines isolated from self-pollinated
progeny of the hybrid combination P28 x 503p10. Molecular
markers were used to confirm both the absence of chromo-
some 4B (Fig. 3, a) and the presence of chromosome 4H™4"
(see Fig. 3, b) in isolated substitution lines. The DNA of the
parent line P28 and H. marinum was used as a control.

2023
27+6

MonyuyeHre nNweHNYHO-AYMEHHOWN
3amelleHHon nuHun 4HM(4B)

250

1000

Fig. 3. PCR amplification of SSR marker Xgwm368 (a) and EST marker
BAWUS808 (b).

a: 1 - T. aestivum; 2 — H. marinum; b: 1 — H. marinum; 2 — T. aestivum;
3-6 - plants of line 4HMa7(4B). The numbers indicate the fragment length in bp.

54(

Fig. 4. Coleoptile (a); ears at the base of the leaf (b).
1 - line 4HMar(4B); 2 - line P28.

Characterization of the disomic

wheat-barley substitution line 4H™"(4B)

Plants of the line 4H™(4B) differed phenotypically from the
parental line P28. Such traits included pronounced antho-
cyanin coloration of the coleoptile, which is typical for the
wild barley H. marinum (Fig. 4, a), as well as an absence of
purple coloration of the ears at the base of the leaves (see
Fig. 4, b).

Substitution of wheat chromosome 4B for wild barley chro-
mosome 4H"“" resulted in the development of viable plants, in
which the values of some quantitative traits were higher than
those of the parent line P28. The plant height and yield-related
traits in the line 4H"“(4B) were shown to be significantly
different from those of the parental line (Table 4). Thus, the
values of plant height, tiller and spike number per plant, spike
length, spikelet number per spike, grain number per spike
and per plant of the line 4H"%'(4B) were significantly higher
than those of P28, while its thousand-kernel weight was less
than that in the P28. Figures 5 and 6 show spikes and grains,
respectively.

FTEHETUKA PACTEHUI / PLANT GENETICS 549



L.A. Pershina, N.V. Trubacheeva
V.K. Shumny, E.D. Badaeva

Development of a 4H™(4B)
wheat-barley substitution line

Table 4. Agronomic characteristics of the wheat-barley substitution line 4H™%"(4B)

Genotype Plant height, ~ Tiller Spike Spike
cm number number length
4Hmar(4B) ........... 13363* .............. 9 11* .................. 5 6* ..................... 119* .....
|-|28 .................... 12373 ................ 4 5 ....................... 3 8 ........................ 83 ......
HCPOS ..................... 363 ................ 2 2 ...................... 0 8 ........................ 094
*p <005 .............................................................................................................

Fig. 6. Grains of line P28 (7); line 4H™¥(4B) (2).

Discussion

Wild relatives of bread wheat and their wheat synthetic de-
rivatives are a valuable resource for introgressive hybridiza-
tion (Davoyan et al., 2012; Molnar-Lang, Linc, 2015; Li et
al., 2018). Tritordium is used in hybridization with wheat to
transfer H. chilense chromosomes into the wheat genome
(Martin, 2017), and triticale is used to transfer rye chromo-
somes (Shchapova, Kravtsova, 1990).

Earlier in our work, amphiploid H. marinum ssp. gusso-
neanum-T. aestivum (2n = 70) wild barley cytoplasm was
used as a maternal parent in crosses with bread wheat to
obtain alloplasmic disomic wheat-barley substitution lines
TH™Mar(7B), TH™ar(7D), TH™@L(7D), as well as ditelosomic
addition lines 2n = 42 + 2t (7H™¥'L) (Pershina et al., 2004;

550

Spikelet Grain Grain Thousand-
number number number kernel
per spike per spike per plant weight
22.3*% 63.0% 236* 32.51*
17.0 43.9 138.3 39.77

0.8 4.56 41.32 344

Trubacheeva et al., 2019). In this work, individual plants of
the incomplete amphiploid H. marinum ssp. gussoneanum—
T aestivum (2n = 54) with wild barley cytoplasm were used
as pollinators when crossing with the line P28 to introduce
the genetic material of H. marinum into the euplasmic genetic
background of bread wheat. The frequency of hybrid seed set
was low, but some of the F; hybrid plants were viable, and
two F; hybrids (P28 x503p5) and (P28 x 503p10) set seeds
that germinated.

The analysis of the obtained data revealed differences in
the process of formation and the rate of cytological stabi-
lization between the progeny of hybrids (P28 x503p5) and
(P28 x503p10). This process was slower in the hybrid com-
bination (P28 x 503p5) compared to the combination (P28 x
503p10). Thus, the progeny of 42-chromosome plants of the
hybrid (P28 x 503p5) in the Fs and F segregated in plants with
different levels of fertility, including completely sterile ones.
In Fg, only half of 32 plants were fertile and fully fertile. In
the hybrid combination (P28 x 503p10), on the contrary, only
fertile or fully fertile plants were obtained in the fifth and
sixth generations already. In addition, in the progeny of the
hybrid (P28 x503p10), in contrast to (P28 x503p5), barley
telocentric chromosomes appeared. Such results are consistent
with the data of the authors who emphasized the uniqueness
of the progeny of each hybrid grain as a source of diversity
in the development of wide hybrid derivatives (Shchapova,
Kravtsova, 1990).

As follows from the results obtained, the process of stabili-
zation of karyotypes of 42-chromosome plants in the progeny
of'the (P28 x 503p10) Fs hybrid was accompanied by the sub-
stitution of a pair of wheat chromosomes for a pair of H. ma-
rinum chromosomes. It was shown using GISH, C-banding
and molecular analysis that chromosome 4B was substituted
by chromosome 4H" in cytogenetically stable euploid plants.
In addition, it was found that telocentrics also belong to the
chromosome 4H™a".

The type of wheat-barley substitution was also confirmed
by the morphological traits that were exhibited in the line
4Hma"(4B). The absence of purple coloration of the ears at the
base of the leaves in the line 4H”*(4B) indicates the absence
of wheat chromosome 4B, since this trait is controlled by the
Ra?2 gene located on this chromosome (Melz, Thiele, 1990)
and exhibited in P28. The smaller grain in the substitution line
4Hma"(4B) can be associated both with the absence of chro-
mosome 4B, which affects the grain size and shape in wheat
(Rahman et al., 2020), and with the presence of chromoso-
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me 4H" because H. marinum belongs to small-seeded bar-
ley grasses (Bothmer et al., 1991).

The line 4H"%"(4B) had a clear phenotypic marker specific
for H. marinum. This is anthocyanin coleoptile coloration,
which is absent in the parent line P28 and was previously found
in the alloplasmic wheat—barley substitution line 7H"#(7D)
(Khlestkina et al., 2011). The accumulation of anthocyanin in
vegetative organs is positively related to resistance to stress
factors, and in wheat, ability to accumulate anthocyanins in
the coleoptile is controlled by the Rc (red coleoptile) genes
(Khlestkina et al., 2011). In this regard, the line 4H”“"(4B) may
be useful for future studies of resistance to abiotic stresses,
because H. marinum contains resistance genes (Garthwaite et
al., 2005; Islam et al., 2007; Malik et al., 2009).

It has been established that homoeologous group 4 chromo-
somes of other barley species also possess genes that could
be used for wheat breeding. For instance, chromosome 4H¢"
of H. chilense contains genes for resistance to Septoria tritici
and salt stress (Said, Cabrera, 2009), and chromosome 4H of
H. vulgare was able to increase water use efficiency associated
with drought tolerance of a wheat substitution line (Molnar
et al., 2007). The line 4H™@(4B) obtained in our work may
have a potential for breeding, since it is characterized by high
yield. Thus, the values of the number of spikes, the length of
the spike, the number of spikelets per spike, the number of
grains per and per plant in the 4H"%"(4B) line are higher than
those in the line P28. These results, as well as the cytogenetic
stability of the line 4H"¥(4B), indicated homoeology and
high ability of barley 4H”® chromosome to compensate for
wheat 4B.

Conclusion

Thus, the efficiency of using the incomplete amphiploid
(H. marinum ssp. gussoneanum—1. aestivum) (2n = 54) with
wild barley cytoplasm to transfer H. marinum chromosomes
into euplasmic genetic background of bread wheat has been
shown.
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Abstract. Wild and domesticated emmer (BBAA, 2n = 28) are of significant interest for expanding the genetic diversity
of common wheat as sources of a high protein and microelement grain content, resistance to many biotic and abiotic
factors. Particular interest in these species is also determined by their close relationship with Triticum aestivum L.,
which facilitates interspecific hybridization. The objective of this work was to analyze the nature of alien introgressions
in hybrid lines from crossing common wheat varieties with T. dicoccoides and T. dicoccum, and to assess the effect of
their genome fragments on the cytological stability of introgression lines. A C-banding technique and genotyping
with SNP and SSR markers were used to determine localization and length of introgression fragments. Assessment of
cytological stability was carried out on the basis of chromosome behavior in microsporogenesis. A molecular cytoge-
netic analysis of introgression wheat lines indicated that the inclusion of the genetic material of wild and domesticated
emmer was carried out mainly in the form of whole arms or large fragments in the chromosomes of the B genome
and less extended inserts in the A genome. At the same time, the highest frequency of introgressions of the emmer
genome was observed in chromosomes 1A, 1B, 2B, and 3B. The analysis of the final stage of meiosis showed a high
level of cytological stability in the vast majority of introgression wheat lines (meiotic index was 83.0-99.0 %), which
ensures the formation of functional gametes in an amount sufficient for successful reproduction. These lines are of
interest for the selection of promising material with agronomically valuable traits and their subsequent inclusion in
the breeding process.
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MHTPOTPECCUBHBIX JIMHNI, TTOJTVUY€HHbBIX OT CKPEIIIBaHNSsI
MATKOI nuieHnubl Triticum aestivum c T. dicoccum u T. dicoccoides
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AHHOTayus. [lukas 1 KynsTypHaa nonosl (BBAA, 2n = 28) npefcTaBAAOT 3HAUNTENbHbIA MHTEPEC ANA paclUMpeHns
reHeTUYeCcKoro pasHoobpasna MArkow MNWeHULbl Kak MCTOYHUKN FreHeTUYeCcKnx GakTopoB, onpeaenstoLyx BbiICOKoe
cofepkaHue 6enka 1 MUKPO3JIEMEHTOB B 3€PHE U YCTONUYMBOCTb KO MHOTUM GMOTUYECKUM 1 abnoTUYeCcKM $aKTo-
pam. Ocoboe BHUMaHMe K 3TM BuLam 06ycnoBneHo nx 6amM3KnmM poactsom ¢ Triticum aestivum, uto obneryaet Mexsu-
[oByto rmbpransauuio. Lienbto HacTosLein paboTbl 6biM aHaNIN3 XapakTepa YyKepPOAHbIX HTPOrPeccuin y rMbpuaHbIX
JIMHWIA, MONTYYEHHBIX OT CKPELLMBaHNA COPTOB MArKOM neHuubl ¢ T. dicoccoides n T. dicoccum, n oueHKa rx BAUAHNA
Ha LMTONOrMYeCKyto CTabunbHOCTb. [ANA yCTaHOBNEHMA IOKaIM3aLumnm N NPOTAXKEHHOCTU GparMeHTOB UHTPOrpeccum
ncnonb3oBanu C-63HAVHT 1 reHoTMNpoBaHue mapkepamu SNP 1 SSR. OueHKy LUTONorMyeckon ctabunbHOCTY Npo-
BOAWIN HAa OCHOBE M3y4YeHUA NOBEeAEHNA XPOMOCOM B MUKpocnoporeHese. MoneKkynapHO-LUUTOreHeTUYeCKNA aHa-
JIN3 UHTPOTPECCUBHbBIX JIMHUI NIWEHNLbI CBUAETENbCTBYET O TOM, YTO BK/IIOYEHME reHeTUYeCKOro Mateprana 4UKon un
KyNbTYpPHOI NON6 OCYLeCTBAASTCA NPEUMYLLECTBEHHO B BMAE LieSbiX NIeY UK KPYMHbIX GparMeHTOB B XPOMOCOMaxX
reHoma B 1 meHee NpPOTAXKEHHbIX BCTaBOK B reHome A. Mpun 3ToM Hanbonbluasa yactoTa MHTporpeccuii dpparmeHToB
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Molecular-cytological analysis of lines from the crossing
of T. aestivum with T. dicoccum and T. dicoccoides

reHoma non6 Habnoganacb B xpomocomax 1A, 1B, 2B, 3B. M3yueHune 3aKnoumTenbHON CTaany Meinosa nokasano Bbl-
COKWIA YPOBEHDb LIMTONOMMYECKON CTabMbHOCTU Y GOMBLIVHCTBA MHTPOMPECCUBHBIX IMHUIA NWEHULbI (MEAOTUYECKNI
NHAEeKC coctaBun 83.0-99.0 %), uto obecneurBaeT GopmrpoBaHEe Y HUX GYHKLMOHANbHBIX FAMET B KONIMYECTBE, O-
CTaTOYHOM AJ1A yCneLwHOoN penpoayKuun. laHHble IMHUM NPeACTaBAAOT UHTepeC Afid oTbopa nepcnekTMBHOrO MaTe-
purana ¢ Xo3ANCTBEHHO LIeHHbIMU NPY3HaKaMU C NOC/EAYOLWNM BKIIOYEHMEM MX B CENIEKLMOHHBbIN npoLecc.
KntoueBble cnoBa: mArkas nweHuya; Triticum aestivum; T. dicoccoides; T. dicoccum; nHTporpeccusHble NUHUN; C-63H-
LWHT; SSR-aHanu3; SNP-aHanu3; MUKpOCNoporeHes; LMTonornyeckas ctTabuibHoCTb.

Introduction

Common wheat Triticum aestivum L. (BBAADD, 2n = 42)
is one of the most important cereal crops and a major source
of calories for most of the world’s population. In addition to
food purposes, wheat is used in the pulp and paper and chemi-
cal industries, for the production of ethanol, and flour milling
waste and feed grains are used as livestock feed. Breeding
bread wheat for high-yielding varieties has significantly re-
duced the level of genetic diversity compared to wild relatives
(Xie, Nevo, 2008; Nevo, Chen, 2010; Budak et al., 2013). At
present, other species of the genus 7riticum are increasingly
used to expand the bread wheat gene pool (Jaradat, 2013; Liu
et al., 2019; Orlovskaya et al., 2020).

Wild tetraploid wheat, or wild emmer wheat 7. dicoccoides
Schwein f. (BBAA, 2n = 28) appeared as a result of sponta-
neous hybridization between diploid species: 7. urartu Thum.
(AA, 2n = 14) and unknown close relative of Aegilops spel-
toides Tausch. (SS, 2n = 14) (Dvorak et al., 1993; Peng et
al., 2011). It is assumed that wild emmer participated in the
formation of domesticated emmer 7. dicoccum (Schrank.)
Schuebl (BBAA, 2n = 28). The formation of common wheat
occurred as a result of natural hybridization of a tetraploid
species from the genus Triticum (BBAA) and a diploid species
Ae. tauschii Coss., a D genome donor (Petersen et al., 2006).

Wild and domesticated emmer are of significant interest
in expanding the genetic diversity of common wheat. Many
accessions of T dicoccoides are known to be adapted to unfa-
vorable environments (Peleg et al., 2005; Nevo, Chen, 2010),
characterized by a high protein and microelements content
(Cakmak et al., 2004; Uauy et al., 2006; Wang Z. et al., 2018).
More than 20 genes and QTLs have been identified in the
genomes of 7. dicoccum and T. dicoccoides for resistance to
powdery mildew, leaf rust, yellow rust, and Fusarium (Peng et
al., 2000; Xie, Nevo, 2008). Interest in wild and domesticated
emmer is also due to phylogenetic relationship with common
wheat. However, despite the closeness of emmer genomes
to common wheat genomes A and B, the transfer of alien
chromatin into cultivars may be accompanied by introgres-
sion of genetic material that negatively affects agronomically
important traits.

Cytological and molecular methods are effective tools for
chromosomal identification of foreign chromatin in the com-
mon wheat genome. One of them is differential staining of
mitotic chromosomes (C-banding), which makes it possible,
based on a comparison of C-banding patterns in hybrids and
initial parental forms, to reveal structural transformations
of the karyotype, indicating the introgression of foreign
chromatin. However, many cereal genomes contain an in-
significant amount of heterochromatin, and closely related
species often have a similar C-banding pattern, which limits
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the application of this method (Surzhikov et al., 2007; Ded-
kova et al., 2009).

Molecular markers are effective for detecting of structural
changes in low-heterochromatin genomes and identifying of
short introgressed fragments, among which SSR and SNP
markers are most widely used (Zhou et al., 2013; Jorgensen
et al., 2017). At present molecular genetic maps of the chro-
mosomes of hexaploid wheat and wild emmer have been
constructed based on SSR and SNP markers specific for the A,
B, and D genomes of 7. aestivum (Rdder et al., 1998; Pestsova
etal., 2000; Wang S. etal., 2014; Maccaferri et al., 2015). The
use of molecular markers increases the efficiency of foreign
introgression monitoring.

Previously, we studied the nature of foreign substitutions
and translocations and the process of stabilization of hybrid
lines obtained by crossing common wheat varieties with 7. ki-
harae (A'A'GGDD, 2n = 42) (Orlovskaya et al., 2020). It has
been shown that the introgression of the genetic material of
T. kiharae occurs as whole chromosomes or large fragments
(centric and terminal translocations). The objective of this
work was to analyze the nature of alien introgressions in
hybrid lines obtained from hybridization of common wheat
varieties with 7. dicoccoides and T. dicoccum, and to assess
their effect on the cytological stability of introgression lines.

Materials and methods
We used nine Fj, lines obtained at the Institute of Genetics
and Cytology of the National Academy of Sciences of Bela-
rus, from crossing common wheat varieties 7. aestivum (Ras-
svet, Festivalnaya, and Pitic S62) with emmer accessions
from the N.I. Vavilov All-Russian Institute of Plant Genetic
Resources (VIR) collection 7. dicoccoides k-5199 and T. di-
coccoides (the origin of this accession is unknown), and 7. di-
coccum k-45926. Line 29 (Rassvet % T. dicoccoides k-5199);
lines 11-1, 13-3, 15-7-2, and 16-5 (T dicoccoides x Festival-
naya); lines 206-2-2 and 213-1-2 (Pitic S62x T dicoccum
k-45926) and lines 1-3 and 2-7 (Festivalnaya x 7. dicoccum
k-45926) were created by self-pollination of F; hybrids and
subsequent generations and selected for molecular cytoge-
netic studies based on the assessment of the inheritance of
morphological and productivity traits in F;—Fq generations.
The preparation of cytological plates and the procedure
of C-banding were performed according to the method of
E.D. Badaeva et al. (1994). Identification of individual chro-
mosomes of A-, B- and D-genomes was carried out in ac-
cordance with the generalized ideogramme of differentially
stained chromosomes developed by E.D. Badaeva et al. (1990).
Stained slides were analyzed using Amplival microscope
(Carl Zeiss, Jena, Germany). Selected metaphase plates were
photographed using the Leica DC 300 digital video camera.
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Processing of the obtained images was carried out using gra-
phics editor Adobe Photoshop 2017.

Genomic DNA was isolated from the seedlings of 5—7-days
old as described in E.S. Skolotneva et al. (2017). Genotyping
with SNP markers was performed using Illumina Infinium
20K chip technology (TraitGenetics, Germany, http:/www.
traitgenetics.com). SSR markers (WMC, GWM, and GDM)
were used to clarify the chromosomal location and the length
of introgression fragments, using two or more markers per
chromosome arm. Polymerase chain reaction (PCR) pro-
tocols for SSR markers are described in M.S. Roder et al.
(1998). Separation of PCR fragments was performed on an
ABI PRISM 3100 automatic sequencer (Applied Biosys-
tems, USA). The fragment size was calculated using the ABI
GeneScan software (version 2.1). Putative chromosomal lo-
calization was determined based on wheat chromosome con-
sensus maps constructed using SSR and SNP markers (Somers
et al., 2004; Wang S. et al., 2014).

Microsporogenesis was studied on temporary squashed
preparations. Spikes were cut before leaving the leaf sheath
and fixed in the ethanol-acetic mixture (3:1). A day after fixa-
tion, the material was transferred to 70 % ethyl alcohol, where
it was stored before analysis at =+2—4 °C. Acetoorcein (2 %)
was used as a dye. For each cross combination and initial
forms, 30 plates of metaphase I and 50—100 microsporocytes
of the following stages of meiosis (anaphase I and II, meta-
phase 11, tetrads) were analyzed. The slides were analyzed on
the microscope Amplival (Carl Zeiss) with Apochromate lens
100x aperture 1.32 MI.

Statistical data analysis was carried out using STATISTICA
v. 10 (http://statsoft.ru/) and MS Excel 2010.

Results

C-banding

In this study, karyotyping of five hybrid lines obtained with
the involvement of common wheat cultivars and two acces-
sion of T. dicoccoides was carried out. Of these, two lines
(11-1 and 13-3) were tetraploid (2n = 4x = 28), while others
were stabilized at the hexaploid ploidy level (2n = 6x = 42).
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Both T. dicoccoides accessions had an almost identical
C-banding pattern, while differences between varieties were
observed in the degree of expression and the presence/ab-
sence of a number of telomeric and intercalary blocks of
heterochromatin, which ensured the individuality of their
karyotypes. The vast majority of these differences were found
in the heterochromatin-rich genome B. As for the A-genome,
polymorphism between parental forms was noted only in
two chromosomes — 4A and 6A, and only in the 7. dicoc-
coides % Festivalnaya cross combination: chromosome 4A of
T. dicoccoides has a large telomeric block of heterochromatin
in the long arm, while Festivalnaya has a more pronounced
subtelomeric block. The 6A chromosome of 7. dicoccoides
is also distinguished by the presence of a bright intercalary
block in the proximal region of the long arm. Comparison of
the obtained patterns of differential chromosomes staining in
hybrid lines of wheat and the corresponding parental forms
made it possible to identify the presence of introgressions of
the genetic material of 7. dicoccoides in all five lines (Table 1).

In line 29, the distribution of heterochromatin blocks cha-
racteristic of wild emmer was noted in the proximal region of
the long arm of chromosome 1B and in the distal regions of the
short arm of chromosome 2B and the long arm of 5B (Fig. 1).

It is not possible to determine the size of the 7. dicoccoides
genome fragments included in the cv. Rassvet genome due to
the identity of the C-banding patterns of the parental forms
in the adjacent regions of the chromosomes. In this regard, in
Fig. 1 and in all subsequent Figures depicting the karyotypes
of the studied lines, arrows mark only the localization sites
of alien fragments. Changes in the C-banding pattern were
also detected in chromosome 3B, both in the long and short
arms, which gave us reason to assume that in this case, the
whole chromosome of T. dicoccoides was introgressed. As
for chromosome 4B, in all parental forms this chromosome
had an identical pattern of staining, which did not allow us to
conclude the possible fact of the genetic material exchange
between these homoeologs of wheat and 7. dicoccoides in
any of the hybrid lines.

In the karyotype of line 11-1, the C-banding pattern typical
for T dicoccoides was observed in the distal region of the long

Table 1. Chromosomal localization of emmer genetic material in introgression wheat lines
according to C-banding and genotyping data using SSR and SNP markers

Cross combination Line C-banding
RassvetxT.dicoccoides k5199 29 1BL,2BS,38,5BL
T dicoccoides xFestivalnaya 111 1B, 2BL, 385, 4AL, SBL.
133 2BL,38,4AL,GAL 685, 78S
9572 2BL3BLSBL
165 2BL3BL5BL GBS
Pitic S62x T dicoccum k45926 20622 1BL7A7BL
21312 ..... ZBL ................................

SSR and SNP markers
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Fig. 1. Karyotype of introgression wheat line 29 Rassvet x T. dicoccoides
k-5199.

Here and in Fig. 2: locations of introgressed fragments of wild emmer are
indicated by arrows.

arm of chromosome 4A, as well as in the central regions of
the short arm of 3B and long arms of chromosomes 2B and
5B (Fig. 2, a). Taking into account that 4A homoeolog of wild
emmer and Festivalnaya differ only in the C-banding pattern
of the distal region of the long arm, it is not possible to infer
unequivocally whether the whole emmer chromosome, or
the long arm, or only its distal part was introgressed. At the
same time, chromosome 1B, judging by the distribution of
heterochromatin blocks in both arms, most likely belongs
entirely to 7. dicoccoides. In other cases, the insertion of em-
mer chromatin fragments is more likely.

The karyotype of line 13-3 (see Fig. 2, ) demonstrated
changes in the C-banding pattern in the distal region of the
long arm of chromosome 4A similar to changes in line 11-1.
In addition, chromosome 6A has a bright intercalary block
typical to T. dicoccoides in the proximal region of the long
arm. As for the chromosomes of the genome B, introgres-
sions of T. dicoccoides were identified in 2BL (presumably
the whole arm belongs to wild emmer), and in the distal 6BS
and proximal 7BS regions. Chromosome 3B, according to the
C-banding pattern, belongs entirely to wild emmer. Of particu-
lar note is the fact that this line contains a heteromorphic pair
of chromosomes 6B, in which only one of the homoeologs
is characterized by a change in the C-banding pattern in the
distal region of the short arm. At the same time, the size of
the introduced emmer fragment is unclear, since, as in the
case of chromosome 4A, polymorphism in the distribution
of heterochromatin blocks in 6B homologues was noted only
in the above region.

For line 15-7-2, introgression of the 7. dicoccoides genetic
material was found in the long arm of chromosome 2B, as well
as in the proximal regions of the long arms of chromosomes
3B and 5B (see Fig. 2, ¢).

A similar set of recombinant chromosomes (2B, 3B, and
5B) was found in line 16-5 with the only difference that chro-
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mosome 5B contained a fragment of emmer chromatin not
from the proximal, but from distal region of the long arm. In
addition, a fragment of 7. dicoccoides chromatin was identi-
fied in the distal region of the short arm of chromosome 6B
(see Fig. 2, d).

It should be noted that introgression of the genetic material
of T dicoccoides into the genome of common wheat occurred
in accordance with the homoeology of chromosomes. In the
course of stabilization of karyotypes in each homoeologous
group, identical variants of resulting recombinant chromo-
somes were selected, and as a result, all introduced fragments
of the emmer genome are present in disomic state (the only
exception is 6B chromosome in line 13-3). No chromatin
exchanges between non-homoeologous chromosomes were
found in the studied material.

The study of the nature of introgressions of domesticated
emmer 7. dicoccum k-45926 into the genome of common
wheat was carried out using the material of four hybrid lines
developed with the involvement of wheat varieties Festival-
naya and Pitic S62. Analysis of the karyotype of the emmer
wheat demonstrated the presence of the T7AL-5BS.5BL
translocation resulting from the transfer of a fragment of the
long arm of chromosome 7A to the distal region of the short
arm of chromosome 5B. The other structural transformations
were found in chromosome 7A with a deletion of the distal part
of the long arm. According to the literature data, both types
of aberrant chromosomes are widespread among 7. dicoccum
accessions growing in the Mediterranean and Western Europe
(Dedkova et al., 2007). Similar structural rearrangements of
chromosomes were also noted in some 7. dicoccoides geno-
types (Badaeva et al., 2007).

When comparing the obtained patterns of differential stain-
ing of chromosomes in hybrid wheat lines and corresponding
parental forms, the presence of introgressions of the 7. dicoc-
cum genetic material was established in all the lines under
study (see Table 1). In the karyotype of line 1-3 from the
T. dicoccum x Festivalnaya cross combination, C-banding pat-
tern typical for 7. dicoccum was observed in the distal regions
of long arms of chromosomes 1A, 2A, and 6B. The size of
introgressed fragments was approximately equal to half of
the arm. For chromosome 1B, the insertion of a short arm of
domesticated emmer was identified (Fig. 3, a).

The second line from the same cross combination is charac-
terized by a larger amount of introgressed emmer chromatin:
in the karyotypes of all analyzed plants, emmer chromatin
was found in chromosome 3B, in chromosome 1B, near
telomeres of 6B and 7B chromosomes, in the distal region of
chromosome 2A, and also the distal region of the long arm
of chromosome 4A (see Fig. 3, b).

In the karyotype of line 206-2-2 from the cross combination
Pitic S62 X T. dicoccum k-45926, chromosome 7A, charac-
teristic of the original emmer accession, was present with a
deletion of the distal fragment of the long arm. The similarity
of C-banding patterns in the short arms of this chromosome
in the parental wheat cultivar and emmer does not allow us to
make an unambiguous conclusion whether this chromosome
is recombinant or completely belongs to emmer. We are more
inclined to the second option. In addition, the C-banding pat-
tern typical of 7. dicoccum k-45926 was noted in the distal
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Fig. 2. Karyotypes of introgression wheat lines of T. dicoccoides x Festivalnaya cross combination. Lines: a - 11-1; b - 13-3;

c-15-7-2;d - 16-5.

Intact arms of T. dicoccoides are indicated with a superscript“d".

regions of chromosomes 1BL and 7BL (Fig. 4, a). The smallest
amount of 7. dicoccum k-45926 genetic material (long arm
of chromosome 2B) introduced into the wheat genome was
found in line 213-1-2 (see Fig. 4, b). As in case of the intro-
gression of the wild emmer genetic material, all introduced
fragments of the domesticated emmer genome are present in
the karyotypes of hybrid lines in the disomic state.

Molecular analysis

The number of SNP markers mapped on different chromo-
somes of A-, B- or D-genomes varied significantly with the
smallest number noted for chromosomes of the 4th homoeo-

logical group (Supplementary Material 1)'. More than 50 %
of SNP markers of A and B genomes revealed polymorphism
between T. dicoccum, T. dicoccoides and parental wheat varie-
ties. A high amplification level of SNP markers of the D geno-
me was also noted in 7. dicoccum and T. dicoccoides. How-
ever, it is currently not possible to establish their chromosomal
localization in the genome of wild and domesticated emmer.

Despite the high coverage of chromosomes with SNP mar-
kers, in the distal regions of some chromosomes (1AS, 1AL,
2BS, 3BL,4AS, 4BL, 6AL, and 7AS) the number of polymor-

1 Supplementary Materials 1 and 2 are available in the online version of the paper:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Orlovskaya_Engl_27_6.pdf
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Fig. 3. Karyotypes of introgression wheat lines of T. dicoccum k-45926 x Festivalnaya combination: a - line 1-3; b - line 2-7.
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Fig. 4. Karyotypes of Pitic 562 X T. dicoccum k-45926 introgression wheat lines: a - line 206-2-2; b - line 213-1-2.

phic markers was insufficient to determine the completeness
of substitution and fragment lengths. SSR markers were ad-
ditionally used to correct the length of introgressed fragments.
Analysis of the polymorphism of SSR markers indicates that
almost all of the markers used are polymorphic, while the
absence of amplification fragments for D-genome markers in
tetraploid species was established (see Supplementary Ma-

terial 1).

Genotyping of introgression lines of wheat and initial pa-
rental forms indicates that all the studied lines had recombina-
tion events involving chromosomes of wheat relatives or their
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fragments (see Table 1). At the same time, the frequency of
substitutions and translocations and the length of introgressed
fragments depend on the hybrid combination and the direc-
tion of crossing (see Table 1, Supplementary Material 2).
Comparison of the amplification spectra of SNP and SSR
markers demonstrated the presence of the wild emmer genetic
material in most common wheat chromosomes, except for
line 29 (Rassvet x 7. dicoccoides k-5199). Only five fragments
were found in the genome of this line, and their localization
coincides with the data of cytological analysis. Perhaps this
is due to the direction of crossing, since in this case the wheat
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variety was used as a maternal component in contrast to the
lines of the T dicoccoides x Festivalnaya combination, where
bread wheat was used as a pollinator.

Two lines from the 7. dicoccoides * Festivalnaya combi-
nation (11-1 and 13-3) stabilized at the tetraploid level of
ploidy; however, the nature of the recombination events of
these lines was different. Fragments of introgression in line
13-3 are, as a rule, longer than in line 11-1. In line 11-1, ac-
cording to molecular analysis, a complete replacement of
the long arms of chromosomes 1B, 4A, 5B, 6A, and 7A is
assumed; in other cases, inserts of foreign chromatin were
insignificant (see Supplementary Material 2). In lines 15-7-2
and 16-5, alien chromatin was not found in chromosome 6A
and 5A, respectively, and both lines have no introgressions
in chromosome 2A.

However, these lines differed in the localization and extent
of introgression fragments. Thus, in line 16-5, the inclusion
of the genetic material of the 7. dicoccoides B-genome was
carried out in the form of larger fragments than in line 15-7-2
(see Supplementary Material 2). As for recombination events
in the genome A, in line 16-5 a significant part of the 7A chro-
mosome is replaced by the 7" dicoccoides chromosome; 3AS
and 4AL also originated from wild emmer. In the remaining
A-genome chromosomes, 7. dicoccoides segments were of
small length and were found mainly in long arms. In line
15-7-2, small introgression fragments in the A-genome were
found only in the long arms of chromosomes. An exception
was chromosome 3A in which foreign chromatin was found
in both arms (see Supplementary Material 2).

Line 206-2-2 (Pitic S62 % T. dicoccum k-45926) contained
the genetic material of domesticated emmer in all chromo-
somes of A- and B-genomes; in line 213-1-2, introgression was
not detected in chromosomes 1A, 4B, and 6B. Recombination
events in the lines of this cross combination were of similar
character (see Supplementary Material 2). For lines 1-3 and
2-7 of T. dicoccum k-45926 x Festivalnaya, molecular analysis
did not show the presence of the alien genetic material only
in chromosome 4B, while in chromosomes 1A, 2A, 2B, 3B,
4A and 7B fragments of domesticated emmer were localized
in different arms (see Supplementary Material 2).

Microsporogenesis

The analysis of the chromosome behavior at the metaphase |
stage showed that the number of chromosomes forming
bivalents in all introgression lines exceeded 90 % and in the
majority approached 100 % (Table 2). The highest level of
chromosome pairing was noted in line 16-5—100 %. Only one
cell with two univalents out of all studied pollen mother cells
(PMC) was found in lines 29 and 1-3; single cells with two
univalents were found in lines 13-3, 15-7-2,213-1-2, and 2-7.
In line 11-1, 73.3 % of cells with disorders were found out of
the number of analyzed PMCs, and the number of univalents
in them varied from two (33.3 %) to six (10.0 %). It should
be noted that line 11-1 is also characterized by the highest
number of open bivalents among the studied genotypes, which
indicates weakening of chromosome pairing (see Table 2).
The subsequent stages of meiosis proceeded with minor dis-
turbances, which led to the formation of normal tetrads at the
final stage (Table 3).
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The exception was line 11-1 with the meiotic index of only
53.65 %, which is consistent with the data obtained from the
analysis of the behavior of chromosomes at the metaphase I. It
is the line that is characterized by the lowest level of synapsis
among the studied introgression lines (see Table 2). Lines with
a high rate of chromosomal associations in the early stages
of meiosis, as a rule, had a higher value of the meiotic index
(83.0-99.0 %).

At the final stage of meiosis, along with normal tetrads,
abnormal tetrads with micronuclei of various sizes are formed,
the number of which varied in the studied material from 1 to 6,
but most often tetrads with 1-2 micronuclei were formed. It
should be noted that the spectrum of abnormalities in more
stable lines was much smaller. For example, in line 2—7 with
a high meiotic index, only one cell with one micronucleus was
found. PMCs containing six micronuclei were noted only for
the least stable lines 11-1 and 206-2-2, and their frequency
was very low (0.91-2.0 % of the total number of analyzed
cells). In line 13-3, single triads and pentads were observed.
The number of cells with such disorders was only 1.11 %.
The appearance of triads is often explained by the presence
of an autonomous spindle at metaphase I or metaphase II,
the absence of kinetochore fibrils, or abnormal premature
cytokinesis in prophase II (Sosnikhina et al., 2007).

It should be noted that a sufficiently high level of chromo-
some synapsis was already established by us in F, hybrids
from crossing emmer wheat with common wheat varieties
(Orlovskaya et al., 2010). The number of chromosomes in-
cluded in the bivalents in these hybrids was at the level of
90.9-99.3 %. As a rule, only two chromosomes did not enter
the mating process. Despite the rather high level of chromo-
some pairing of F, hybrids in metaphase I, the subsequent
stages of meiosis in this generation proceeded with significant
abnormalities. As a result, the percentage of normal tetrads
(meiotic index as an indicator of the normal meiosis) was very
low, ranging from 8 to 20 %. The obtained results indicate that
by the tenth generation there was a significant stabilization of
the meiosis, which ensures the formation of a sufficient number
of functional gametes for the successful reproduction of the
developed hybrid material.

Discussion

The data obtained indicate a high frequency of introgression
ofthe genetic material of emmer wheat into the genome of the
common wheat cultivar. It should be noted that the data of SNP
and SSR analyses confirm the results of differential staining of
chromosomes. Thus, the highest frequency of incorporation
of the genetic material of 7" dicoccum and T. dicoccoides into
the common wheat genome was found for chromosomes 1B,
2B, and 3B, both according to the results of molecular analysis
and C-banding.

Identification of introgressions in chromosomes of the
A-genome using C banding, as already noted, is difficult
due to the small number of diagnostic blocks and low poly-
morphism of A-genome chromosomes. In addition, wild and
domesticated emmer wheat are tetraploid (2n = 4x = 28)
with the BBAA genomic structure, where both genomes
are homologous to the corresponding 7. aestivum genomes
(2n = 6x=42; BBAADD genome). As a result, these species
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Table 2. Average frequencies of different chromosome associations in metaphase |
of F,, common wheat introgression lines and their parents

Cross combination/ Line Bivalent, pcs Chromosome Univalent,
PAENTAIVARIGtIEs number pes
closed opened Total in bivalent, %

Table 3. Characterization of meiotic stages in common wheat introgression lines and their parents

Cross combination/ Line Number of normal PMCs, % Meiotic
PARENTAIVARIGtIEs index, %
Anaphase | Metaphase Il Anaphase Il
RassvetxT dicoccoidesk-5199 2 6800 g7 8286 %30
Tdicoccoides xFestivalnaya IR a8 mg st 5365
133 ........................... 800 ........................... 7455 ......................... 800 ........................... 9233 ........................
1572 ........................ 7830 ......................... 8140 ......................... 8200 ......................... 8620 ........................
165 ........................... 8500 ......................... 8857 ......................... 8500 ......................... 8909 ........................
Pitic S62x T dicoccum k-45926 0622 29 AT 8857 g0
21312 ..................... 860 ........................... 850 ........................... 8537 ......................... 920 ..........................
Tdicoccum k4596 xFestivalnaya 13 s286 000 001 %600
27 ............................. 8333 ......................... 8625 ......................... 8286 ......................... 9900 ........................

pmc562 ......................................................................................... 8714 ......................... 8919 ......................... 800 ........................... 8700 ........................

Rassvet ........................................................................................... 8000 ......................... 9667 ......................... 9”2 ......................... 9900 ........................

Festlv a|naya ................................................................................... 8250 ......................... 9091 .......................... 8832 ......................... 8455 ........................

lecoccumk45926 ...................................................................... 9125 ......................... 9250 ......................... 9500 ......................... 9750 ........................

lecocco,des ................................................................................. 9167 ......................... 8000 ......................... 8286 ......................... 9625 ........................

lecocco,desk5199 ..................................................................... 8235 ......................... 8167 ......................... 8500 ......................... 9571 ........................
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have the same pattern of genome-specific C-bands, and the
differences necessary for monitoring of alien introgressions
may only concern permanent blocks of heterochromatin that
are polymorphic in size, as well as non-permanent C-bands
that vary in the presence/absence and size. This greatly com-
plicates the detection of the introgression of emmer chromatin
in the common wheat genome by C-banding. Therefore, for a
more accurate description of chromosomal rearrangements, it
is optimal to use both molecular and cytological methods. This
has been demonstrated in different studies where hybrid forms
from crossing different types of wheat, barley and triticale
were investigated (Silkova et al., 2006; Mattera et al., 2015;
Adonina et al., 2022).

The results of marker analysis indicate that the level of
polymorphism and information content of SNP markers is
lower compared to SSR markers (see Supplementary Mate-
rial 1). This is supported by literature data obtained on various
plant species (Singh et al., 2013; Garcia et al., 2018; Tereba,
Konecka, 2021). However, a decrease in information content
is compensated by a higher level of coverage of molecular
genetic maps of chromosomes with SNP markers and a low
level of null alleles in distant species.

Ahigh level of SSR marker polymorphism is noted in most
studies on the genetic diversity of varieties and hybrid forms
of cereal crops (Jlassi et al., 2021; Pour-Aboughadareh et al.,
2022). According to many authors, the amplification of the
D-genome specific SSR markers in the genomes of alien spe-
cies is 10-30 % (Salina et al., 2006; El-Rawy, Hassan, 2021).

It can be noted that recombination events in lines developed
with the involvement of wild emmer occurred much more
often in the long arms of chromosomes, which is consistent
with the data obtained in the study of SNP polymorphism
of 445 recombinant lines from crossing durum wheat with a
sample of wild emmer (Jorgensen et al., 2017).

The high frequency of introgressions of the genetic material
of T dicoccum and T. dicoccoides into the genome of 7. aes-
tivum revealed in this work is a consequence of the similarity
of the subgenomes of common wheat and emmer. Studies by
a large group of scientists on the comparative analysis of the
A-, B-, D-genomes of common wheat and its diploid and tet-
raploid relatives showed a high degree of homology between
the corresponding genomes of related species (Petersen et al.,
2006; IWGSC, 2014). At the same time, obvious differences
between the species of the genus Triticum have been identi-
fied in the form of the loss of genetic material, the formation
of new genes, and duplications resulting from evolutionary
processes (IWGSC, 2014; Bariah et al., 2020). In addition,
some studies have found silencing or alteration of gene func-
tion (Ozkan et al., 2001; Kashkush et al., 2002; Feldman, Levy,
2012). During the cultivation of wild emmer, changes were
found both in morphological features and in the structure of
the genome. For example, the genome size of domesticated
emmer was slightly reduced compared to wild emmer (12.87
and 12.91 pg, respectively) (Eilam et al., 2008). All this leads
to differences in the nucleotide sequence in the homologous
chromosomes of 7. aestivum and T. dicoccoides, which in turn
affects the frequency of recombination events.

In our study, the lowest level of introgression was noted for
chromosome 2A; for two out of five lines, no rearrangements
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were found in chromosomes 3 A (see Table 1), which is consis-
tent with the literature data. Thus, the analysis of the nucleo-
tide polymorphism of the A- and B-genomes of 7. aestivum
and T dicoccoides revealed significant differences between
the 2A chromosomes of these related species. The average
nucleotide polymorphism in this chromosome of 7. aestivum
and T dicoccoides was 0.56 and 0.83, respectively, and the
average number of haplotypes per locus was 1.85 and 2.25,
respectively (Akhunov et al., 2010). Significant differences
were also found between chromosomes 3A and 4A of 7. aes-
tivum and T. dicoccoides compared to other chromosomes
(Akhunov et al., 2010). It should be noted that a comparative
analysis of the subgenomes of common wheat and diploid and
tetraploid relatives of 7. aestivum showed some differences
in the sequence of genes on chromosomes 2A and 7B, which
suggests the presence of small translocations or introgressions
that occurred during evolution IWGSC, 2014).

Taking into account the homoeology of the A- and B-ge-
nomes of 7. aestivum with similar genomes of 7. dicoccoides
and T. dicoccum, one should expect a rather high level of
chromosome pairing in metaphase I of meiosis of F; hybrids
followed by the formation of reciprocal exchanges between
the regions of homologous wheat and emmer chromosomes.
Analysis of the metaphase I stage revealed a high level of
bivalent pairing of chromosomes in all studied F introgres-
sion lines (see Table 2).

It is known that the long arm of chromosome 5B contains
the Phl locus, which is the main regulator of chromosome
synapsis and prevents mating of homoeologs (Riley, Chap-
man, 1958; Naranjo, 2012). The lack of activity of this locus
in diploid relatives of wheat indicates its occurrence as a result
of structural changes in chromosome 5B after polyploidiza-
tion (Chapman, Riley, 1970). Phl candidate gene (C-Phl)
has been identified, whose silencing resulted in formation
of multivalents (Bhullar et al., 2014). Three homoeologous
copies of C-Phl were found on chromosomes 5A, 5B and 5D.

The nucleotide sequence of homoeologous genes has a
similarity of about 90 % and differs, as a rule, by insertions and
deletions, which lead to changes in the amino acid sequence of
the protein. In addition, significant differences were found in
the level of expression of homoeologous genes during different
stages of the meiotic cycle. For C-Phl on chromosome 5B,
the highest level of activity was noted during metaphase I, the
lowest level was observed during anaphase I and the absence
of activity at subsequent stages. The SA copy was expressed
during anaphase I, dyad and tetrad stages. The 5D copy
showed the highest activity during early stages of meiosis
(interphase and prophase stages) (Bhullar et al., 2014). In
our study, all lines, with the exception of line 13-3, revealed
structural changes in the long arm of chromosome 5B; how-
ever, as a rule, these transformations do not cause significant
weakening of homologue synapsis. A negative effect of chro-
matin introgression of the wild emmer 5B chromosome is most
pronounced in line 11-1, which may be due to the length of
the translocated fragment (Supplementary Material 2).

For lines developed with the involvement of domesticated
emmer, a higher meiotic index was noted than for lines based
on wild emmer. The maximum meiotic index was found for
lines 2-7 and 1-3 of T. dicoccum k-45926 x Festivalnaya (see
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Table 3). This is probably due to the closer similarity between
the A and B genomes of 7. aestivum and T. dicoccum. The
highest stability among the lines with the insertion of the wild
emmer genetic material was found for line 29 (93.0 %), the
level of chromosome pairing of which was one of the highest
(see Table 2). Line 16-5 with 100 % of the number of chromo-
somes included in bivalents was characterized by a lower value
for this indicator (89.09 %). This fact can be explained by dif-
ferences in the number of introgressed fragments in lines 29
and 16-5. Thus, line 29 contains fragments of the foreign
genome in 5 chromosomes, and line 16-5 in 12 chromosomes.

Correlations between the number of alien fragments and the
meiosis abnormality degree are also shown in the publications
of other researchers (Gordeeva et al., 2009; Zeng et al., 2013).
In addition, one should not exclude an influence of the geno-
type of the original wheat variety on the cytological stability
of the studied lines. Thus, the meiotic index of the Rassvet
variety (99.0 %) was higher than that of the Festivalnaya va-
riety (84.55 %), and line 29 developed with the involvement
of'a more stable variety had the highest percentage of normal
tetrads among introgression lines (see Table 3).

All lines with a high meiotic index contain alien fragments
in chromosomes 1B, 2B, and 3B; most lines — in chromosomes
5B and 6B and are of interest for expanding of the wheat gene
pool. For example, a functional allele of the Gpc-BI gene
associated with a high content of protein and some microele-
ments in wheat grain were found on chromosome 6B of wild
emmer (Uauy et al., 2006). In wild emmer accessions, genes
associated with an increased content of total grain protein
were also found on chromosomes 2A, 5B, 6B, and 7B (Ohm
etal., 2010). Powdery mildew resistance genes were mapped
on chromosomes 2B (Zhang et al., 2010) and 5B (Xue et al.,
2012) of wild emmer, and drought resistance genes were
mapped to 5B loci (Akpinar et al., 2015). Currently, using the
GWAS and RNA-seq approach, genetic factors associated with
the accumulation of protein and minerals in wild emmer have
been identified (Liu et al., 2021; Gong et al., 2022).

Conclusion
Thus, the results of molecular cytogenetic analysis of intro-
gression wheat lines indicate that the insertion of the genetic
material of wild and domesticated emmer, whose genomes are
homologous to common wheat genomes, occurs mainly in the
form of whole arms or large fragments in the chromosomes
of the B-genome and less extended inserts in genome A. At
the same time, the highest frequency of introgression emmer
genome was observed in chromosomes 1A, 1B, 2B, and 3B.
The use of karyotyping methods in combination with scree-
ning of hybrid lines with molecular markers makes it possible
to obtain extensive information on chromosomal rearrange-
ments and the sizes of alien introgressed fragments. Analysis
of the final stage of meiosis showed a high level of cytological
stability in the vast majority of studied wheat lines. It should be
noted that the lines characterized by an insignificant number of
anomalies at the early stages of microsporogenesis, as a rule,
had a higher value of the meiotic index. Introgression lines
with a normal course of meiosis will be used in further studies
(identification of genes that control resistance to biotic and
abiotic stressors, high grain quality, etc.) in order to identify
promising material for inclusion in the breeding process.
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Abstract. Charcoal rot (CR) caused by the fungal pathogen Macrophomina phaseolina is a devastating disease affect-
ing soybean (Glycine max (L.) Merrill.) worldwide. Identifying the genetic factors associated with resistance to charcoal
rot is crucial for developing disease-resistant soybean cultivars. In this research, we conducted a genome-wide as-
sociation study (GWAS) using different models and genotypic data to unravel the genetic determinants underlying
soybean resistance to charcoal rot. The study relied on a panel of 252 soybean accessions, comprising commercial
cultivars and breeding lines, to capture genetic variations associated with resistance. The phenotypic evaluation was
performed under natural conditions during the 2021-2022 period. Disease severity and survival rates were recorded to
quantify the resistance levels in the accessions. Genotypic data consisted of two sets: the results of genotyping using
the lllumina iSelect 6K SNP (single-nucleotide polymorphism) array and the results of whole-genome resequencing.
The GWAS was conducted using four different models (MLM, MLMM, FarmCPU, and BLINK) based on the GAPIT plat-
form. As a result, SNP markers of 11 quantitative trait loci associated with CR resistance were identified. Candidate
genes within the identified genomic regions were explored for their functional annotations and potential roles in plant
defense responses. The findings from this study may further contribute to the development of molecular breeding
strategies for enhancing CR resistance in soybean cultivars. Marker-assisted selection can be efficiently employed to
accelerate the breeding process, enabling the development of cultivars with improved resistance to charcoal rot. Ulti-
mately, deploying resistant cultivars may significantly reduce yield losses and enhance the sustainability of soybean
production, benefiting farmers and ensuring a stable supply of this valuable crop.

Key words: soybean; charcoal rot; whole genome resequencing; GWAS; SNP; QTL.
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AHHoTauus. MenenbHaa rHUb, Bbi3biBaeMas rpubHbIM natoreHom Macrophomina phaseolina, npepctasnaet coboi
onacHoe 3aboneBaHue, nopaxatoiee coto (Glycine max (L.) Merrill.) Bo Bcem mupe. BbifiBnieHne reHeTnyeckrx Gakro-
POB, CBA3aHHbIX C YCTONYMBOCTbBIO K MENENIbHON MHUIN, UMEET BaXKHOE 3HaueHve AJif CO3[aHnA YCTONYMBbIX K 6ones-
HAM copToB coun. Mbl NPOBENU NOTHOreHOMHbIN aHanu3 accouunaunn (MNMFAA) ¢ ncnonb3oBaHreM Pas3NNYHbIX Mofenen
1 FEHOTUMNYECKUX JAHHBIX, YTOObI HAWTV reHeTUYeCKrEe AeTEPMUHAHTDI, IEXalliMe B OCHOBE YCTONYMBOCTA COM K MNe-
nesibHOW rHMNW. B nccnefoBaHMy MCNob30BaNv KOMEKLMIO, COCTOALLYIO 13 252 06pa3LioB cou, BKIOUaa KoMmepye-
CKMe copTa 1 cenekLNOHHbIE NTMHWUW, [NA BbIABIEHNA reHeTUYeCKUX BapuaLluii, CBA3aHHbIX C YCTONYMBOCTbIO. DeHoTH-
NYECKYI0 OLIeHKY MPOBOAUIIN B €CTECTBEHHbIX YCNI0BUAX B nepuog 2021-2022 rr. B paboTe pernctpuposany ypoBeHb
3aboneBaHWA 1 NOKasaTeny BbKMBAEMOCTU /1A KONMUYECTBEHHON OLieHKM YPOBHEl YCTONUMBOCTY 06pa3LoB. [eHOTU-
nMyeckre AaHHble COCTOANN 13 ABYX HabOPOB: pe3ynbTaTbl FeHOTUMNPOBaHNA C MpUMeHeHnem TexHonoruu lllumina
iSelect 6K SNP, 1 ilaHHble MOTHOFEHOMHOTO pecekBEHNPOBAHUSA. [ONTHOreHOMHbI aHanU3 accouraLlum Gbi BbIMOSTHEH
C MOMOLLbIO YeTbipex pa3nuuHbix mogenei (MLM, MLMM, FarmCPU u BLINK) Ha nnatdpopme GAPIT. B pesynbrate Obinu
naeHTndnumpoBaHbl SNP-mapkepbl 11 NOKYCOB KONMYECTBEHHbIX MPU3HAKOB, aCCOLMNPOBAHHbIX C YCTONYMBOCTBIO K
nenenbHo rHUAW. feHbl-KaHAMAATbI B peaenax naeHTMGrLMPOBaHHbIX FeHOMHbIX 06nacTel 6biv n3yyeHbl Ha Npea-
MeT X QYHKLMOHANbHOM aHHOTaLUMX 1 NOTEHLUMNANIbHON PONN B 3alMTHbIX peakuuax pacTeHun. PesynbraTbl 3TOro
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Genome-wide association study for charcoal rot resistance
in soybean harvested in Kazakhstan

NCCNIeA0BaHVA MOTYT BHECTU [JOMOJHUTENbHbIV BKNag B Pa3paboTKy cTpaTernii MoneKynsapHOW cenekummn ans nosbl-
LIEeHUA YCTONUYMBOCTY COPTOB COM K MenesibHon rHuan. Mapkep-onocpeaoBaHHbIi 0TOOP MOXET 6biTb 3GGEKTUBHO
NPVIMEHEH [N YCKOPeHVs NpoLecca cenekuyui, YTo No3BONT CO3/iaBaTb COPTa C MOBbILEHHON YCTOMYMBOCTBIO K Me-
nenbHOM rHMAK. Vcnonb3oBaHme yCTOMUMBBIX COPTOB MOXKET 3HAUMTENIbHO COKPATUTb MOTepr YPOoXKas 1 NMOBbICUTb
YCTOMYMBOCTb MPOV3BOACTBA COM, YTO MPUHECET Monb3y dpepmepam 1 obecneunT cTabunbHOe NPOV3BOACTBO 3TON

LIeHHOW KynbTypbl.

KnioueBble crioBa: cof; nenenbHasA rHUIIb; MONHOreHOMHoe pecekBeHnpoBaHue; MTAA; SNP; JTKIT.

Introduction

Soybean (Glycine max (L.) Merrill.) is one of the most im-
portant legumes in the world due to the high nutritional value
and protein content of seeds (Pratap et al., 2016). According
to the Agencies for Strategic Planning and Reforms of the
Republic of Kazakhstan Bureau of National Statistics, soy-
bean was grown on 127.7 thousand hectares in Kazakhstan in
2022 (https://new.stat.gov.kz/ru/industries/business-statistics/
stat-forrest-village-hunt-fish/publications/5099/). To further
develop the soybean industry in Kazakhstan, the Govern-
ment of Kazakhstan has announced a new program known as
“Northern Soybean” to expand the soybean area to 1.5 million
hectares (https://www.gov.kz/article/64601?lang=kk).

The important factor severely limiting soybean productivity
is its susceptibility to harmful fungal diseases (Wrather et al.,
2010; Bandara et al., 2020). Strategies for the management
of soybean fungal diseases include cultural methods, seed-
applied fungicides, and biological controls, but these have not
been effective or widely adopted, and have provided limited
control (Akem, 1996; Hartman et al., 2015). Therefore, genetic
resistance may be the most feasible and sustainable method by
which to manage fungal diseases (Lin et al., 2022). Breeding
for resistance is difficult because most diseases are quantita-
tively inherited and controlled by multiple genes. However,
modern genomic methodologies may help elucidate resistance
mechanisms and identify resistant genotypes to improve
breeding programs (St. Clair, 2010). For instance, breeding
projects can be coupled with genome-wide association studies
(GWAS:S), as this approach can efficiently identify candidate
genes for disease screening.

Genome-wide association studies are becoming a routine
approach in the search for marker-trait associations (Korte,
Farlow, 2013) and can be efficiently applied to assess genetic
variations of important agronomic traits, including disease
resistance (Iquira et al., 2015). These studies use high-density
single-nucleotide polymorphism (SNP) arrays and variable
populations to enhance the mapping resolution, which dras-
tically improves the identification of putative causal genes
(Song et al., 2013; Zhang et al., 2015). Although there are
possibilities in respect of GWASs for the prediction of false
positive associations, applying variable statistical algorithms
can be instrumental in controlling these. For instance, a mixed
linear model (MLM) that uses population structure and kin-
ship matrices will significantly regulate inflation (Kaler et
al., 2020). However, this method may also remove true genes
as background noise in certain studies of complex traits as-
sociated with the population structure. To overcome this ob-
stacle, the Bayesian information and linkage-disequilibrium
iteratively nested keyway (BLINK) employs a multiple-loci
test method along with a fixed-effect model (FEM), Bayesian
information criteria, and linkage disequilibrium information
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(Huang et al., 2019). Our previous GWAS of 182 soybean ac-
cessions for resistance to fungal diseases (Zatybekov et al.,
2018) allowed the identification of 15 marker-trait associations
(MTAs) for resistance to fusarium root rot (FUS, caused by
Fusarium spp.), frogeye leaf spot (FLS, caused by Cercospora
sojina), and brown spot (BS, caused by Septoria glycines).
In Kazakhstan, more than ten soybean fungal diseases
have been identified (Mombekova et al., 2013; Didorenko et
al., 2014; Zatybekov et al., 2018), and one category of these
comprises root rot diseases (charcoal rot, phytophthora root
rot, fusarium root rot, etc.). The expansion of these studies is
an obvious necessity in order to examine the genetic back-
ground associated with the resistance to harmful pathogens in
soybean. One of the local harmful root rot diseases is charcoal
rot (CR) caused by Macrophomina phaseolina, a soil- and
seed-borne polyphagous fungus (Paris et al., 2006).
Currently, only partial resistance has been recorded in soy-
bean, while complete resistance to M. phaseolina has not been
reported in any plant species (Paris et al., 2006; Pawlowski
et al., 2015). In addition, it has been reported that no similar
markers or genes have been found when comparing field and
greenhouse studies, suggesting that CR resistance in soybean
has a complex molecular mechanism. Therefore, the search
for more valuable resistance sources from which to identify
resistance genes should be continued. The main purpose of
this study was to identify MTAs for charcoal rot resistance in
a collection of 252 accessions from major soybean growing
regions from around the world using the GWAS approach.

Materials and methods

The soybean collection analyzed in this study consisted of
252 accessions, including 31 released cultivars and pro-
spective breeding lines from Kazakhstan (Zatybekov et al.,
2020). Accessions from 20 countries were represented in the
collection and separated into five origin groups: Western and
Eastern Europe, North America, East Asia, and Kazakhstan
(Zatybekov et al., 2020).

The collection was assessed in the experimental plots of the
Kazakh Research Institute of Agriculture and Plant Growing
(south-eastern Kazakhstan) in the 2021-2022 period. Plants
were grown in one-meter-long rows with a 30 cm distance be-
tween adjacent rows and 5 cm between plants within rows. The
assessment of field resistance to CR was based on a generally
accepted five-point scale: 1 —microsclerotia are not visible in
the tissue (I-immune); 2 — very few microsclerotia are visible
in the core, vascular tissue, or under the epidermis, and the
vascular tissue has not changed color (R-resistant); 3 — vascu-
lar tissue is partially discolored, and microsclerotia partially
cover the tissue (MR-moderately resistant); 4 — vascular tissue
is discolored with numerous microsclerotia embedded in the
tissue, and microsclerotia are also visible under the outer epi-
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dermis in stem and root sections (MS-moderately susceptible);
and 5 — vascular tissue darkened due to the large amount of
microsclerotia both inside and outside the tissues of the stem
and root (S-susceptible) (Mengistu et al., 2007). The field
experiments for CR resistance were conducted in triplicate and
in randomized order. The results were analyzed using Statisti-
cal Package for the Social Sciences (SPSS 22.0.0.0) (https://
www.ibm.com/analytics/data-science/predictive-analytics/
spss-statistical-software) computer programs.

The genotyping data consisted of two sets of SNP data.
The first set (Set 1) was developed using the soybean 6K
SNP Illumina iSelect array (Song et al., 2013) at Traitgenetics
GmbH (Gatersleben, Germany). DNA samples were extracted
and purified from single seeds of individual cultivars using
commercial kits (Qiagen, CA, USA). The DNA concentration
for each sample was adjusted to 50 ng/ul. SNP genotype analy-
sis was carried out using Illumina Genome Studio software
(GS V2011.1). The second set (Set 2) was developed at the
Department of the School of Life Sciences, Guangzhou Uni-
versity, China, using whole-genome resequencing (WGRS)
technology based on the Illumina HiSeq X Ten system (Lu
et al., 2020). For each of the accessions in the panel of 252,
at least five ng of DNA was used to construct a sequencing
library with an Illumina TruSeq DNA Sample Prep Kit, ac-
cording to the manufacturer’s instructions.

The SNP datasets were filtered using a 10 % cutoff for
missing data, and markers with minor allele frequency > 0.05
were considered for the genome-wide association studies.
Numbers of hypothetical groups ranging from k=1 to 10 were
assessed using 50,000 burn-in iterations followed by 100,000
recorded Markov-chain iterations. The sampling variance of
the population structure inference was estimated for each &
using STRUCTURE software (Pritchard et al., 2000) with
five independent runs. The delta K value (AK) was estimated
using Structure Harvester (Evanno et al., 2005). The Q-matrix
was developed based on the final k-values. Population ge-
netic analysis was conducted using two sets of SNP data to
construct a neighbor-joining tree with TASSEL software and
further visualization using the iTOL online platform (https://
itol.embl.de/).

The GWAS for soybean resistance to CR in Southeast Ka-
zakhstan was conducted using MLM (Yu et al., 20006), a
multiple-locus mixed linear model (MLMM) (Segura et al.,
2012), fixed and random model circulating probability unifica-
tion (FarmCPU) (Liu etal., 2016), and BLINK models (Huang
etal., 2019) using GAPIT V3 software (Wang, Zhang, 2021).
The rMVP package (Yin et al., 2021) was used for the visua-
lization with P < 0.0002 thresholds. A QQ plot was applied
to evaluate the distribution of observed p-values compared
to the expected distribution under the null hypothesis of no
association between genetic markers and the trait of interest
(Ehret, 2010).

Results

Disease resistance

Field trial results obtained at the experimental stations of the
Southeast region suggested a clear difference in the develop-
ment of charcoal rot. During the two-year period, the spread
and effect of CR pathogens on plants were stronger in 2021
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Fig. 1. Resistance of the soybean collection to charcoal rot in the South-
east region of Kazakhstan.

(Fig. 1, Supplementary Material 1)!. The results indicate that
the group of susceptible accessions comprised 23 samples
(9.1 %) in 2021 and 12 samples (4.8 %) in 2022 (see Fig. 1).

Five genotypes were susceptible to resistance to CR during
the two years of the study. Among them were three accessions
from East Asia, i.e., cultivars Jin nong 62, Dong doe 027,
and Mei feng 18 from China, and line 1034 from Korea. In
addition, two accessions from East Europe (Osobliva from
Ukraine and CH 147020-1 from Belarus) were susceptible
to charcoal rot.

Genetic variation in the soybean collection

based on two sets of SNP markers

The final data after filtering consisted of 4495 (Set 1) and
44,385 (Set 2) polymorphic SNPs. Set 1 consisted of 77.98 %
transitions and 22.02 % transverse variants, and Set 2 com-
prised 71.88 % transitions and 28.12 % transverse variants.
The average length of chromosomes was 47.4 Mb for both
sets, and the average number of SNPs per chromosome was
222.1 for Set 1 and 2219.3 for Set 2. The chromosome length
ranged from 37.3 Mb in Gm16 to 62.1 Mb in Gm18 for Set 1,
and from 34.7 Mb in Gm11 to 58 Mb in Gm18 for Set 2. The
number of markers per chromosome varied from 185 in Gm11
to 295 in Gm13 for Set 1, and from 1438 in Gm11 to 3438
in Gm18 for Set 2. The average density of the SNP map was
one marker every 213 Kb for Set 1 and every 22 Kb for Set 2.

The Structure Harvester results divided the studied col-
lection into three clusters based on data from Set 1 and Set 2
(Fig. 2).

No clear separation of accessions depending on the origin
was recorded, regardless of the set chosen. The largest group
of accessions was distributed in the third cluster, which con-
sisted of 165 genotypes in Set 1 and 168 samples in Set 2.
Based on two sets of genotyping data, a phylogenetic tree
was constructed using the neighbor-joining method (Fig. 3).
Population analysis based on resequencing data showed a clear
division into four populations (see Fig. 3, Set 2).

Association mapping

The GWAS of soybean resistance to CR was conducted using
two sets of genotypic data (Set 1 and Set 2) and four models
(MLM, MLMM, FarmCPU, and BLINK). The results of the
GWAS using four models are shown in Supplementary Mate-
rial 2. The comparative results of the associations suggest that

1 Supplementary Materials 1-4 are available in the online version of the paper:
https://vavilovj-icg.ru/download/pict-2023-27/appx21.pdf
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Set 1 - data based on genotyping using lllumina iSelect array (4651 SNP); Set 2 - data based on resequencing technology (44,385 SNP).

Colored ranged

B East Europe
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W East Asia

B North America
B Kazakhstan

Fig. 3. Neighbor-joining tree based on two sets of genotypic data.

7

'illfl

Set 1 - data based on genotyping using lllumina iSelect array (4651 SNP); Set 2 - data based on resequencing technology (44,385 SNP).

the most informative results were obtained using the MLMM,
FarmCPU, and BLINK models (Table 1).

The application of BLINK using Set 1 allowed the identi-
fication of five quantitative trait loci (QTLs) associated with
CR resistance, while the usage of Set 2 expanded the detection
to 11 QTLs that were significant at the threshold of P <0.002
(see Supplementary Material 3, Table 1). The QQ plot con-
firms the reliability of the associations (see Supplementary
Material, 3, b).

The physical position of each critical SNP marker in the
MTAs was overlaid with the positions of known QTLs (https://
soybase.org/search/qtllist by symbol.php) (Table 2). Particu-
larly, the assessment of the 11 QTLs listed in Table 2 indicated
that 8 of them were reported in published reports in respect
of plant resistance studies.

The largest numbers of QTLs associated with CR resis-
tance using Set 2 were identified in chromosomes 7, 9, and 15
(Supplementary Material 4). Analysis of the genome physical
locations of associated SNP markers revealed that all identified
SNPs were part of the coding DNA sequence (CDS) (Table 3).

568

Table 1. Comparison of identified numbers of SNPs
and quantitative trait loci (QTLs) according to GWAS models
based on two sets of genotypic data

Genotypic  GWAS model  Number of identified Number
data SNP markers of QTLs
MLM 5 5
MLMM 5 5
Set 'I .............................................................................................
FarmCPU 5 5
BLINK 5 5
MLM 61 11
MLMM 63 11
Set 2 .............................................................................................
FarmCPU 63 11
BLINK 63 11
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Table 2. The list of identified QTLs using the BLINK model

QTLID SNP ID Chr Position  QTL p-value Allele Effect Known QTLs*
nterval 554 2022 Average

gMac.ph 2-1  S02_330064 2 330064 230834-  1.6161E-04 5.8456E-04 4.6828E-06 A/G 0337 -
662455

gMac.ph 3-1  S03_35294437 3 35294437 34928316- 9.8024E-05 A/G 0.436 SCN 33-7,44-15
35364002

gMac.ph7-1  S07_5459756 7 5459756  5459595- 2.7346E-04 A/G  -0.338 Phytoph 14-8
5459756

gMac.ph7-2  S07_15585048 7 15585048 15585048 1.1160E-04 A/G 0.364 Sclero 10-1

gMac.ph 8-1 S08_3858712 8 3858712 3858712  1.2103E-04 G/A  -0.437 SDS13-13,15-2,16-3,

Fus lesion length 1-1

gMac.ph9-1  S09_7368126 9 7368126 7368126 2,2932E-04 A/T 0.483 Sclero 1-3

gMac.ph9-2  S09 37287856 9 37287856 36928447- 4.7031E-04 2.8502E-04 A/G 0.391 Sclero 8-3,
37712255 SDS 18-3

gMac.ph 15-1 S15.9318442 15 9318442 8797665- 8.3066E-05 G/A 0.449 Asian rust 2-4,
9906427 Fus lesion length 1-4,

SDS disease index 21-2

gMac.ph 15-2 S15_49773459 15 49773459 49772578- 5.9168E-05 3.6647E-04 C/T 0.259 -
49773474

gMac.ph 16-1 S16_3274861 16 3274861 2706211- 2.5021E-04 G/A  -0.545 -
3726463

gMac.ph 19-1 S19 46398331 19 46398331 45583506- 1.5684E-04 3.9965E-04 A/C 0.344 Phytoph 14-8
46401031

* Based on the QTL list on SoyBase (https://soybase.org/search/qtllist_by_symbol.php).

Table 3. Physical positions of identified QTLs in the soybean genome

QTLID Chr  QTL position Genes in the QTL Peak genes Annotation of peak genes
interval interval
gMac.ph 2-1 2 230834-662455 Glyma_02G001800- Glyma_02G002900  Methyltransferase
Glyma_G006100 Glyma_02G002500*  Protein argonaute 10
gMac.ph 3-1 3 34928316-35364002 Glyma_03G134100- Glyma_03G137000  Magnesium chelatase
Glyma_G137400 Glyma_03G135900%, NB-ARC domain-containing protein
Glyma_03G136400*
gMac.ph 7-1 7 5459595-5459756  Glyma_07G061500 Glyma_07G061500  BAG domain-containing protein
gMac.ph 7-2 7 15585048 Glyma_07G132100 Glyma_07G132100  Kinesin-like protein
gMac.ph 8-1 8 3858712 Glyma_08G049400 Glyma_08G049400  RING-type E3 ubiquitin transferase
gMac.ph 9-1 9 7368126 Glyma_09G071600  Glyma_09G071600 Protein TIFY
gMac.ph9-2 9 36928447-37712255 Glyma_09G146900- Glyma_09G151300  Serine/threonine-protein kinase
Glyma_G154100
gMac.ph 15-1 15 8797665-9906427 Glyma_15G112100- Glyma_15G118800  CCAAT transcription factor
Glyma_G124700 Glyma_15G118400%*, HMA domain-containing protein,
Glyma_15G124500* MLO-like protein
gMac.ph 15-3 15 49772578-49773474 Glyma_15G263900 Glyma_15G263900  Tubulin beta chain
gMac.ph 16-1 16  2706211-3726463 Glyma_16G027600- Glyma_16G034900  Receptor-like serine/threonine-protein kinase
Glyma_G039700 Glyma_16G031700%, AAA + ATPase domain-containing protein,
Glyma_16G033900*  ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase
gMac.ph 19-1 19 45583506-46401031 Glyma_19G198800- Glyma_19G209300 PPR_long domain-containing protein
Glyma_G209400 Glyma_19G198800*%, Late embryogenesis abundant protein LEA-2
Glyma_19G198900* subgroup domain-containing protein

* Genes associated with deseases resistance function.
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Each SNP in an intergenic position was considered for pos-
sible functional annotation based on the proximity of closely
located genes.

Discussion

The analysis of soybean CR development in Southeast Ka-
zakhstan revealed a strong environmental influence on the
distribution of pathogens and plant tolerance to the disease.
Previous CR resistance studies in soybean were unsuccess-
ful in identifying major genes that completely resist this
pathogen (Coser et al., 2017), indicating that the resistance
is quantitative and may rely on the efficiency of minor QTLs.
Therefore, searching for resistant genotypes and applying
powerful genomic tools are the obvious priorities for success-
ful CR resistance breeding in soybean. The current work was
conducted to identify QTLs associated with CR resistance in
soybean using a genome-wide association studies.

The study was based on using two genotyping sets (Set 1
and Set 2) that drastically differed in the number of SNPs in the
same soybean collection. Set 1 included 4651 SNPs and was
extensively used in our previous GWAS projects (Zatybekov et
al., 2020), while Set 2 included 44,385 SNPs, which is roughly
ten times higher than the number in Set 1. As expected, the
power of the GWAS using Set 2 (11 QTLs) was higher than
that of Set 1 (five QTLs) (see Table 1) and relied on WRGS
technology, which allows more in-depth searching and dis-
covery of new genes associated with agronomic traits, as well
as the study of evolutionary mutations in the genome. Most
of the identified statistically significant QTLs were detected
using the BLINK and FarmCPU models, which were applied
among four different statistical approaches, including MLM
and MLMM. In this study, BLINK and FarmCPU were the
most successful approaches (see Supplementary Material 2),
and additional estimations, including QQ plots, confirmed
that these models generally result in fewer false positives and
identify more true positives (Huang et al., 2019).

Assessment of the identified QTL locations showed that,
in most cases, they are distant from each other, or detected on
different chromosomes. Analysis of the SNPs in the identified
MTAs revealed nine proteins associated with the immune
response to pathogens. The qMac.ph 3-1 interval contains
two genes (Glyma_03G0135900 and Glyma_03G0136400),
both coding NB-ARC domain-containing protein, which is
associated with resistance to fungal pathogens (Van Ooijen
et al., 2008). The qMac.ph 15-1 interval contains gene
Glyma 15G118400 coding HMA domain-containing protein,
which is associated with regulation of the defense response
to fungi.

In addition, the gene Glyma_15G124500, which codes
MLO-like protein associated with powdery-mildew resis-
tance (Shen et al., 2012), is also located in this interval. The
qMac.ph 16-1 interval contains two genes, Glyma_16G031700
and Glyma 16G033900, associated with the defense response.
The late embryogenesis abundant protein LEA-2 subgroup cod-
ing two genes, Glyma_19G198800 and Glyma_19G198900,
was located in an interval of qMac.ph 19-1 and is associated
with disease resistance. These examples of SNPs in MTAs,
including presumably newly identified genetic factors that
have not been matched to previously reported factors in the
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literature, require additional validation studies. Thus, the iden-
tified QTLs may facilitate the discovery of new genes for
disease resistance and a better understanding of genotype x
environment interaction patterns. The identified SNP markers
(see Tables 2 and 3) for each of the detected QTLs of CR re-
sistance can be efficiently used in marker-associated selection
projects in soybean.

Conclusion

Our GWAS of soybean resistance to CR has provided im-
portant insights into the genetic determinants underlying
resistance to this devastating disease. By employing two
sets of genotypic data with different SNP density levels and
utilizing four GWAS models, we identified eleven QTLs that
were statistically associated with CR resistance. The GWAS
revealed the complexity of the genetic architecture underlying
resistance to CR, indicating the involvement of multiple genes
and molecular pathways. The identified genomic regions can
serve as valuable targets for further functional validation and
exploration of their specific roles in plant defense responses
against Macrophomina phaseolina. Overall, the study repre-
sents a significant step in understanding the genetic basis of
soybean resistance to charcoal rot. The knowledge gained from
this research may further contribute to developing resilient
soybean cultivars, ensuring a stable and sustainable supply
of this essential crop while minimizing the economic and
environmental impacts of charcoal rot.
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Powdery mildew resistance of apple clonal rootstocks
from the collection of the Michurinsk State Agrarian University
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1 Michurinsk State Agrarian University, Michurinsk, Russia
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Abstract. Apple clonal rootstocks are the basis of modern intensive horticulture, providing a rapid increase in yield
and convenience of fruit trees cultivation. Production of clonal rootstocks under high humidity often causes powdery
mildew infection caused by the pathogenic fungus Podosphaera leucotricha Salm., which significantly reduces the
productivity of stoolbed. Growing powdery mildew resistant genotypes is the most appropriate way to combat this
disease and allows reducing the use of fungicides. To accelerate the search for resistant forms, molecular markers as-
sociated with resistance genes have been developed. However, these markers have not been used to study clonal
rootstocks. The aims of the work were the field assessment of powdery mildew resistance of apple clonal rootstocks
from the collection of the Michurinsk State Agrarian University and the screening of the collection for PI-1, PI-2, Pl-w
and PI-d resistance genes. The results of a three-year field evaluation of powdery mildew resistance of 80 rootstocks
allowed us to distinguish five main groups ranging from very low to highly resistant. A group of 57 accessions was clas-
sified as powdery mildew resistant. The search for resistance genes was performed using the AT20 SCAR (PI-1 gene),
OPUO02 SCAR (PI-2 gene), EM DMOT1 (PI-d gene), and EM MO2 (PI-w gene) markers. The Pl-d and PI-1 genes identified
in 33 (41.25 %) and 31 (38.75 %) accessions, respectively, were the most common in the collection. The Pl-w gene was
detected only in two accessions. Identification of the PI-2 gene with the OPU02 SCAR marker did not reveal a fragment
of the expected size. Thirty accessions with different powdery mildew resistance scores had two genes, PI-1 and PI-d,
and highly resistant forms G16 and 14-1 had a combination of the PI-d and Pl-w genes. These accessions can be used as
donors of powdery mildew resistance for breeding new apple clonal rootstocks.

Key words: clonal rootstocks; Podosphaera leucotricha Salm.; molecular markers; resistance genes.
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VicciiegoBaHMe YCTOMYMBOCTY KJIOHOBBIX MTOABOEB SI0JIOHU
113 KOJUIEKIIIY MIUYYyPMHCKOTO I'OCyIapCTBEHHOIO
arpapHOro YHUBepCUTeTa K MYUYHIICTOI poce

VLH. lllammma® 2@, M.A. Ay6poscxuit” 2, A.A. Tpudonosa?, K.B. Bopuc?, A.M. Kyapssires>

! My puHCKMiA rocyiapcTBeHHbIi arpapHbiil yHUBepcuTeT, MuuypuHcK, Poccus
2 NHcTtutyT 06Lweit reHeTukm um. H.W. BaBrnoBa Poccuiickoi akagemmm Hayk, Mocksa, Poccus
® ivan_shamshin@mail.ru

AHHOTaLus. KnoHoBble NOABOM AGMOHU SBAAIOTCA OCHOBOW COBPEMEHHOTO MHTEHCMBHOIO CaJOBOACTBA, OHU obecrne-
YMBaIOT ObICTPOE HAapaLYMBaHVE YPOXKas 1 BbICOKYIO TEXHOJIOTMUYHOCTb BO3/e/blBaHA MIOA0BbIX AepeBbeB. Mpu npo-
MN3BOACTBE KJIOHOBbIX MOLABOEB B YCIOBUAX OOUSIBHOTO YBNaXXHEHMA CybCTpaTa akTMBHO pa3BrBaeTCcA BO3OyauUTenb
MYYHUCTON POCbI — NaTOreHHbI rpunb Podosphaera leucotricha Salm., 3HauMTENBHO CHUXKAOLWNIA NPOAYKTUBHOCTb Ma-
TOYHUKA. /Icnonb3oBaHve YCTOMUMBBIX K MYYHUCTOW POCe MOABOWHbIX GopM — Hambonee LenecoobpasHblii Cnocob
60pbObI C 3TM 3a60N1EBaHKEM, NMO3BONAOLWMIA CYLIECTBEHHO COKPATUTb NMPYIMEHEHNE XUMNUYECKMX CPEACTB 3alnTbl
pacTeHuii. [1nA yCKopeHHOro noucka ycTonumebix Gopm pa3paboTaHbl MONeKyNApHble MapKepbl, aCCOLMMPOBaHHbIE C
reHamu yctoinumeoctu. OfHaKo ANA 13yUYeHns KIIOHOBbIX MOABOER 3TN MapKepbl paHee He MpUMeHANNCh. Lienbio pabo-
Tbl ObIIO M3yUYeHVEe NONEBON YCTONUMBOCTM K MyYHUCTON POCe 1 BbisiBNeHe $opM C reHamm yctonumsoctu Pl-1, PI-2,
Pl-w n PI-d B KpynHeliluein oTeyeCTBEHHOW KOMNEKLUM KITIOHOBbIX MOABOEB AGMOHN MUYYPUHCKOTO FOCyAapCTBEHHOIO
arpapHoro yHusepcuteTta. Pesynbratbl TpexneTHeli NoneBom OLeHKM YCTONUMBOCTU 80 OTOGPaHHbIX AN aHanv3a nog-
BOWHbIX GOPM NMO3BOSININ BbIAENUTH NATb OCHOBHbIX Py 06pa3L0B: OT HEYCTONUMBbIX A0 BbICOKOYCTONUMBbIX. Hau-
6051ee MHOrounceHHoN bbina rpynna yctonursbix Gopm, BKtouatoLasn 57 06pasLoBs. [oMcK reHoB yCTONUYMBOCTH NMPO-
BOAWUNM C nomolLLbto Mapkepo AT20 SCAR (ren PI-1), OPU02 SCAR (reH PI-2), EM DMO1 (reH PI-d) n EM MO2 (reH Pl-w).
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Haunbonbluee pacnpocTpaHeHne B M3YyUYeHHOW KOMneKunn umetoT reHbl Pl-d n Pl-1, o6Hapy»eHHble y 33 (41.25 %)
1 31 (38.75 %) obpasua cooTBeTCTBeHHO. leH Pl-w 6bin BbIABNEH TONbKO Y ABYX OpM, a Npu naeHTuduKaumm reHa Pl-2
¢ mapkepom OPU02 SCAR He HaligeHo dparmeHTa oxngaemoro pasmepa. Mpu 3tom 30 06pasLioB ¢ pa3fiMyHbIM ypoB-
HeMm MOoNIeBON YCTONUMBOCTY UMeIOT ABa reHa, Pl-1 n Pl-d, a BbicokoycToumBble 06pasubl G16 1 14-1 — KoMOUHaL M0
reHoB Pl-d n Pl-w. 3T 06pa3ubl MOryT ObITb KCMONb30BaHbl B KaUecTBe AOHOPOB 1A CO34aHUA HOBbIX KIOHOBbIX NOA-
BOEB ABGMIOHN, HECYLMX KOMMNEKC reHOB YCTONYMBOCTY K MyYHUCTON poce.

KntoueBble cnoBa: kKnoHoBble noasow; Podosphaera leucotricha Salm.; MonekynspHble MapKepbl; FeHbl yCTONYNBOCTL.

Introduction

Powdery mildew is one of the main fungal diseases of apple
that cause significant economic damage to modern intensive
horticulture. Powdery mildew is caused by the pathogenic
fungus Podosphaera leucotricha Salm. The disease actively
develops in humid warm weather in young orchards and nur-
series. The fungus forms a white coating on the plant, which
eventually turns brown. All above-ground parts of the plant
(leaves, shoots, flowers and fruits) are affected by powdery
mildew, leading to significant fruit yield losses (Kozlovskaya
et al., 2018). During epiphytotic years, powdery mildew can
affect up to 100 % of trees and lead to the loss of more than
half of the yield. Up to twenty fungicide treatments a year are
required to avoid severe powdery mildew infection, signifi-
cantly increasing the chemical pressure on orchards (Holb et
al., 2017; Hofer et al., 2021).

In our country, powdery mildew is widespread in the
Southern Federal District (Yakuba, 2018), where intensive
horticulture using dwarfing clonal rootstocks is developed.
Due to the high regenerative and rooting ability of shoots and
easy vegetative propagation, apple clonal rootstocks are one of
the most important components in the production of planting
material. Rootstocks provide tree anchorage, water and nutri-
ent uptake and affect many other physiological processes. In
modern industrial orchards, clonal rootstocks play a leading
role in regulating tree vigor, precocity and also contribute to
fruit quality and a rapid increase in yield. The use of dwarfing
clonal rootstocks provides convenience of fruit tree cultiva-
tion, increases orchards productivity and is more economically
efficient for fruit growers.

For the propagation of clonal rootstocks in stoolbeds, good
rooting of shoots requires abundant moisture in the substrate,
so systematic sprinkler irrigation is often used. Constant high
humidity may lead to severe powdery mildew damage of the
shoots of uterine bushes, causing a disruption in the normal
functioning of the photosynthetic apparatus of leaves and a
significant decrease in the productivity of the stoolbed. In this
regard, many rootstock breeding programs are aimed at iden-
tifying new genotypes resistant to powdery mildew.

The search for sources of resistance to powdery mildew has
been carried out since the second half of the XX century. To
date, a number of resistance gene sources have been identified:
the PI-1 gene was first discovered in wild species Malus x ro-
busta, the PI-2 gene was identified in M. zumi (Knight, Alston,
1968), Pl-w in the cultivar White Angel (Gallott et al., 1985;
Simon, Weeden, 1991), PI/-d in the hybrid D12 (Visser, Ver-
haegh, 1976) and P/-m in the hybrid MIS (mildew immune
selection) (Dayton, 1977).

To search for powdery mildew resistance gene sources, a
number of markers have been developed and tested. Thus, the

SCAR marker of the PI-1 gene was created and successfully
tested based on the RAPD marker OPAT20, and the SCAR
marker of the PI-2 gene, based on the RAPD marker OPU02
(Markussen et al., 1995; Gardiner et al., 2003). In addition,
single nucleotide polymorphisms (SNPs) associated with
PI-2 powdery mildew resistance were identified and validated
(Jansch et al., 2015; Chagné et al., 2019). Based on the AFLP
data, SCAR markers EM M01, EM M02 and EM DMO1 of'the
Pl-w and PI-d genes were created (Evans, James, 2003; James
etal., 2004). Microsatellite markers CH03C02 and CH01D03
were also used to identify the P/-d gene (James et al., 2004).

These markers have been successfully used to screen apple
cultivar collections in Germany (Hofer et al., 2021) and the
Czech Republic (Patzak et al., 2011), as well as to study wild
Malus orientalis populations of Iran (Amirchakhmaghi et
al., 2018). In our country, studies of the powdery mildew
resistance genes distribution in commercial and local apple
cultivars, as well as in wild species of the genus Malus have
been carried out (Suprun et al., 2015; Lyzhin, Saveleva, 2020,
2021). However, apple rootstocks have barely been studied
using powdery mildew resistance genes markers.

The Michurinsk State Agrarian University (Michurinsk
SAU) is the founder of clonal rootstock breeding in Russia
and one of the leading institutions in the world in this area.
A unique collection of rootstocks, which is the largest in the
country, is maintained here. Rootstocks bred at the Michurinsk
SAU are grown in orchards in Russia, Europe, USA and other
countries. However, there were no studies of their resistance
to powdery mildew, including those using molecular markers.
Such studies will help to identify sources and donors of re-
sistance in the collection to create new rootstocks combining
several powdery mildew resistance genes.

The aim of the work was to study field resistance of the Mi-
churinsk SAU apple clonal rootstocks collection to powdery
mildew and to identify accessions with the PI-1, PI-2, Pl-w
and PI-d resistance genes.

Materials and methods
Eighty apple clonal rootstocks were studied, including 74 root-
stocks of the Michurinsk SAU, three rootstocks from other
Russian breeding centers (B7-35, K-1 and Ural-5) and three
foreign rootstocks (M9 T337, G16 and Babarabskaya yablo-
nya). Malus species from the collection of the N.I. Vavilov
All-Russian Institute of Plant Genetic Resources (VIR), Be-
larusian cultivar Diyament and cultivar Evereste from the
collection of the Michurinsk SAU were used as references for
powdery mildew resistance genes P/-1, Pl-2, Pl-d and Pl-w.
Total genomic DNA was extracted from fresh young leaves
using the Quick-DNA Plant/Seed Miniprep Kit (Zymo Re-
search, USA) following the manufacturers’ protocol.
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Table 1. Markers for powdery mildew resistance genes identification

Gene Marker Primer sequences Fragment size, bp Annealing temperature, °C
PI-1 AT20 SCAR F ATCAGCCCCACATGAATCTCATACC 450/500 62
R ACATCAGCCCTCAAAGATGAGAAGT
PI-2 OPUO02 SCAR F CCGACCGATCAGGAATTGTCACCAG 1700 62
R TCGATTATCACTATGTACGGGAGCA
Pl-d EM DMO1 F AGGATAATAATCTATCTTGTAAAGG 90 53
R CCATTCAGCCCAACGAGT
Pl-w EM M02 F CTGCAGACTGTTTGTAAGTTGG 250 56

R AACTCCTTGATTTCTCCTATTGTT

Powdery mildew resistance genes were analyzed using the
following DNA markers: codominant AT20 SCAR marker
(PI-1 gene) (Markussen et al., 1995), dominant OPU02 SCAR
markers (P/-2 gene) (Gardiner et al., 2003), EM DMO1 (P/-d
gene) (James et al., 2004) and EM MO02 (PI-w gene) (Evans,
James, 2003). The primers sequences and annealing tempera-
tures are presented in Table 1.

PCR reactions were performed in a SimpliAmp (Applied
Biosystems, USA) thermal cycler in a final volume of 15 pl
containing 20 ng of genomic DNA, 1.5 mM dNTPs, 2.5 mM
MgSOy, 10 pM of each primer (Syntol, Russia), 1 u Taq po-
lymerase and 1x standard PCR buffer (Thermo Fisher Scien-
tific, USA). To determine fragment sizes, molecular markers
GeneRuler 100 bp (Thermo Fisher Scientific), 50 bp DNA
marker (Dialat Ltd, Russia) and Start 250 (Diaem, Russia)
were used. After amplification, PCR products were separated
in 2 % agarose gels, stained with ethidium bromide and ana-
lyzed on a UV-light box.

Powdery mildew resistance evaluation was carried out in the
field for three years (2020-2022) in a nursery with sprinkler
irrigation to maintain high substrate moisture. The evalua-
tion was carried out according to the method described in
the “Program and Methodology of Variety Studies for Fruit,
Berry and Nut Crops” (Sedov, Ogoltsova, 1999), with mi-
nor modifications. The resistance rate was evaluated by the
presence of powdery mildew lesions on the leaf blade. Ten
shoots of each rootstock were analyzed. The assessment of the
resistance rate was carried out on a five-point scale, where: 0
points — highly resistant genotype (HR, no lesions were de-
tected), 0.1-1 points — resistant genotype (R, lesions up to 1 %
of the leaf blade), 1.1-2 points — moderately resistant (M, le-
sions up to 10 % of the leaf blade), 2.1-3 points — low-resistant
(L, lesions up to 40 % of the leaf blade), 3.1-5 points — very
low-resistant (VL, lesions from 40 up to 100 % of the leaf
blade). For each analyzed genotype, the average score for
three years was calculated (Table 2).

Results

As a result of this work, 80 apple rootstocks were analyzed
using markers of four powdery mildew resistance genes, PIl-1,
PI-2, Pl-w and PI-d (see Table 2).

The PI-1 gene was mapped in the resistance gene cluster of
apple LG XII (Dunemann et al., 2007). To identify this gene,
the SCAR marker AT20 was used, which allows detecting
two fragments — 450 and 500 bp. The presence of a 450 bp
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fragment is associated with P/-/ resistance (Markussen et al.,
1995). The accession of wild species M. x robusta, from which
this gene was initially introgressed, was used as reference.

Using the AT20 SCAR marker, a 450 bp fragment was
detected in eight studied rootstocks: 54-118, 2-9-94, 2-9-102,
2-12-36, 4-2-41, 9-1-2, 5-26-127 and 67-5(32). At the same
time, this fragment together with a 500 bp fragment was
detected in 23 accessions, and in the remaining 49 acces-
sions, only a 500 bp fragment was amplified (see Table 2).
An example of PI-1 gene identification is shown in Fig. 1.

The PI-2 gene was mapped on apple LG XI. The OPU02
SCAR marker was used for P/-2 identification (Gardiner et
al., 2003). The presence of a dominant P/-2 allele is detected
by amplification of a 1700 bp PCR fragment (Gardiner et al.,
2003). The accession of wild species M. zumi, from which this
gene was initially derived, was used as reference.

In the studied collection, an expected 1700 bp fragment
was not revealed. However, in accessions 14-1 and G16, a
1500 bp fragment was amplified, while a ~2200 bp fragment
was detected in the reference M. zumi accession (Fig. 2).

The dominant SCAR marker EM DMO01 was used to iden-
tify the PI-d gene mapped on apple LG XII (James et al.,
2004). The expected size of the PCR product of this marker
is 90 bp. Apple cultivar Diyament, for which the presence
of this gene was previously detected, was used as reference
(Kozlovskaya et al., 2018). In the studied collection, the P/-d
gene was identified in 33 out of 80 analyzed accessions (see
Table 2). An example of PI-d gene identification is shown
in Fig. 3.

The PI-w gene was mapped on apple LG VIII. SCAR mar-
ker EM M02 was used for Pl-w identification (Evans, James,
2003). This marker amplifies a 250 bp fragment indicating the
presence of the Pl-w gene. The Evereste apple, in which the
Pl-w gene was previously identified, was used as reference
(Patzak et al., 2011). In the studied collection of apple clonal
rootstocks, the P/-w gene was detected only in two acces-
sions — G16 and 14-1 (see Table 2, Fig. 4).

As a result of field evaluation of apple clonal rootstocks
powdery mildew resistance, all studied accessions were di-
vided into five main groups according to the resistance rate,
from high to very low (Fig. 5).

It was shown that 57 accessions are resistant (0.1-1 points)
to powdery mildew, which was 71.25 % of the total sample
(see Fig. 5). In this group, the lowest average score of pow-
dery mildew resistance (0.1) was noted in rootstocks 62-396
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Table 2. Analyzed apple rootstocks, data on the diversity of the PI-1, PI-2, PI-d and PI-w resistance genes
and the results of field powdery mildew resistance assessment

No.  Accession Parentage AT20 OPUO2 EMDMO1 EMMO02 Powdery mildew Resistance
(PI-1) (PI-2) (PI-d) (Pl-w) infection ratings, rate*
......................................................................................... points

R
6  Malysh 57-344x57-490 - + - - - 0.1+0.02 R
Budagovskogo
(MB, 76-6-6)
7  Budagovsky 9 M8 x Krasniy shtandart - + - - - 0.2+0.03 R
(B9, Bud9)
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Table 2 (continued)
No. Accession Parentage AT20 OPUO2 EMDMO1 EMMO02 Powdery mildew Resistance
(PI-1) (PI-2) (PI-d) (Pl-w) infection ratings, rate*

points

50 Babarabskaya Malus turkmenorum - + - - - 0.2+0.03 R
yablonya Juz. et M. Pop.
51 141 Malus sieboldii Rehd., - + 1500 bp + + 0 HR

open pollination

68 G16 Ottawa 3 x Malus floribunda - + 1500bp + + 0 HR
Siebold ex Van Houtte
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Table 2 (end)

No. Accession Parentage AT20 OPU02 EMDMO1 EMMO2 Powdery mildew Resistance
(PI-1) (PI-2) (PI-d) (Pl-w) infection ratings, rate*
450bp 500bp 1700bp 90 bp 250bp  Points

81 Malusxrobusta + - - - - - -

**(Carriére)
Rehder (k43200)

82  Malus zumi (Matsum.) - - ~2200bp - - - -

........... RO T (K1) e

83 Dyament T T T o T e T

84 Evereste - - - - + - -

* HR - highly resistant; R - resistant; M - moderately resistant; L — low-resistant; VL - very low-resistant.
** References for: PI-1 gene — M. robusta (k43200); PI-2 gene — M. zumi (k41272); PI-d gene - Diyament; Pl-w gene - Evereste.

<—500 bp

Fig. 1. The results of the PI-1 gene identification with the AT20 SCAR
marker in apple clonal rootstocks.

1 -57-490; 2 - B9; 3 - 54-118; 4 — 2-9-94; 5 - 2-12-27; 6 — 5-27-1; 7 — 2-3-19;
8 - M. x robusta k43200. M — marker GeneRuler 100 bp.

1 2 3 4 5 M

<—1500 bp

Fig. 2. The results of the PI-2 gene identification with the OPU02 SCAR
marker in apple clonal rootstocks.

1-54-118;2-14-1;3-G16;4-9-1-2; 5 - M. zumi k41272. M — marker Start 250.

<—100bp

Fig. 3. The results of the PI-d gene identification with the EM DMO1
marker in apple clonal rootstocks.

1-54-118;2 - 62-396; 3 - 2-3-8; 4 - 2-3-14; 5 - 2-12-15; 6 — 2-12-10; 7 - 57-490;
8- Diyament. M - 50 bp DNA marker.

Fig. 4. The results of the PI-w gene identification with the EM M02 marker
in apple clonal rootstocks.

1-2-3-17;2-14-1;3-7-8-5;4-9-1-2;5-G16;6 — 5-27-1; 7 — 2-3-8; 8 — Evereste.
M - marker GeneRuler 100 bp.
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Powdery mildew resistance of apple clonal rootstocks
from the collection of the Michurinsk State Agrarian University
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Fig. 5. Proportion of accessions with different powdery mildew resistance in the studied collection according to field

resistance evaluation data.

Groups of accessions according to the field resistance rate: HR - highly resistant; R - resistant; M — moderately resistant; L — low-
resistant; VL - very low-resistant (inner circle). The number of accessions with the PI-1, PI-2, Pl-w and PI-d genes in each group

(outer circle).

and 76-6-6, and the maximum (0.9), in rootstock M9 T337
(see Table 2). The group of moderately resistant forms (1.1-2
points) included eight accessions (10 %). The average resis-
tance score for this group varied from 1.1 for 86-6-12 to 1.7
for rootstocks 2-9-102 and 64-143. The proportion of low-
resistant (2.1-3 points) and very low-resistant (3.1-5 points)
rootstocks was 8.75 %, (from 2.1 for rootstock 9-1-2 to 2.8
for rootstocks 2-9-94, 87-7-12 and 2-15-15) and 7.5 % (from
3.4 for K-1 to 4.6 for 9-1-3), respectively. The group of highly
resistant accessions (0 points) was the smallest and included
hybrid form 14-1 and rootstock G16 that had not been affected
by powdery mildew (see Table 2, Fig. 5).

The distribution of the studied powdery mildew resistance
genes in accessions with different field resistance was analyzed
(see Fig. 5). The PIl-d and PI-1 genes were the most wide-
spread in the collection. Thus, the P/-d gene was present in
all groups, and the P/-1 gene was not detected only in highly
resistant accessions. While the P/-w gene, on the contrary,
was detected only in two accessions 14-1 and G16, which are
highly resistant. In addition, specific 1500 bp PCR products
were detected only in these accessions with the PI-2 gene
marker (see Fig. 2).
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Discussion

The analysis of 80 apple clonal rootstocks using markers of
powdery mildew resistance genes P/-1, PI-2, Pl-d and Pl-w
allowed assessing the variability of these genes in the Michu-
rinsk SAU collection for the first time.

The most common in the studied collection were the P/-d
and PI-1 genes identified in 33 (41.25 %) and 31 (38.75 %)
accessions, respectively (see Table 2). The Pl-w gene was
detected only in G16 and 14-1 accessions (see Table 2, Fig. 4).
The distribution of the studied powdery mildew resistance
genes in the collection may be related to the rootstocks pe-
digrees, including both wild Malus species and commercial
apple cultivars and landraces (see Table 2).

Wild apple species are the most promising sources of di-
sease and pest resistance genes for breeding apple cultivars and
rootstocks (Pereira-Lorenzo et al., 2018; Solomatin, 2018).
However, when breeding clonal rootstocks, during the primary
selection of hybrid seedlings, genotypes with good vegetative
propagation ability, high rooting ability and increased winter
hardiness of the root system are distinguished. The study of
resistance to phytopathogens is usually carried out later among
the selected rootstocks.
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It should be noted that there were practically no studies
of apple rootstocks collections using powdery mildew resis-
tance gene markers, and the researchers have been mainly
focused on studying apple cultivars and wild Malus species.
For example, the study using the EM DMO1 marker showed
a wide distribution of the P/-d gene among old and modern
apple cultivars from the collection of the Institute for Fruit
Growing, Belarus (Urbanovich et al., 2010). In the study of
145 old and local apple cultivars from the Czech collection,
the PI-d gene was detected only in four accessions (Patzak
et al., 2011). The study of apple cultivars from the Dres-
den-Pillnitz gene bank using the microsatellite marker of
the PI-d gene also showed its low distribution (Hofer et al.,
2021).

The PI-d gene was also found in wild apple species. In the
study of 67 Malus species forms, the P/-d gene was identified
in seven accessions, and for M. sieversii and M. orientalis,
intraspecific polymorphism was revealed (Lyzhin, Saveleva,
2021). In the study of M. orientalis populations growing in
Iran, the PI-d gene diversity was also noted (Amirchakhmaghi
et al., 2018). Transcaucasia is thought to be one of the cen-
ters of origin of low-vigorous clonal rootstocks, where they
originated from wild species (Budagovskiy, 1976; Solomatin,
2018). The most common apple species growing in this region
is M. orientalis. Thus, the distribution of the P/-d gene in the
collection may be associated with the origin of rootstocks from
wild species, including M. orientalis. Another possible factor
of the distribution of this gene in the analyzed collection is
the use of apple cultivars in breeding rootstocks.

The PI-1 gene was the second most common gene in the
collection. According to previous studies, this gene is not
widely distributed, both among old and commercial apple
cultivars (Urbanovich et al., 2010; Patzak et al., 2011; Sup-
run et al., 2015; Kozlovskaya et al., 2018; Lyzhin, Saveleva,
2020; Hofer et al., 2021). However, the PI-1 gene was found
in Malus species. In a collection of 67 wild Malus forms,
the PI-1 gene was detected in 37.3 % of accessions, includ-
ing M. X robusta, the species this gene was initially derived
from. At the same time, intraspecific polymorphism for this
gene was shown for some species (Lyzhin, Savelyeva, 2021).
The presence of the P/-1 gene in wild species was also noted
in the study by O. Urbanovich et al. (2010). Apparently, the
distribution of the P/-/ gene in the collection of apple clonal
rootstocks is associated with the presence of wild Malus spe-
cies in their pedigrees.

The PIl-w gene, identified in two rootstocks using the EM
MO02 marker, is less distributed in the studied collection. The
Pl-w gene provides a higher level of resistance than the PI-/
and PI-2 genes (Simon, Weeden, 1991; Evans et al., 2003).
This gene is quite common among wild Malus species, but is
practically not found in apple cultivars (Patzak et al., 2011;
Kozlovskaya et al., 2018; Lyzhin, Saveleva, 2021).

Probably, it is the presence of the Pl-w gene that ensures
high powdery mildew resistance in G16 and 14-1 accessions,
which was revealed during the field resistance assessment
(see Table 2). Apparently, this is due to their origin from wild
species. The American rootstock G16 is derived from M. flo-
ribunda, and the hybrid form 14-1 of the Michurinsk SAU
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is derived from M. sieboldii. Previously, using the EM M02
marker, the Pl-w gene was detected in M. floribunda and
M. sieboldii (Lyzhin, Saveleva, 2021).

The PI-2 gene marker OPUO2 SCAR revealed ~1500 bp
fragments in two accessions (G16 and 14-1) from the collec-
tion (see Fig. 2), while the presence of a dominant P/-2 allele
was detected by amplification of'a 1700 bp fragment (Gardiner
et al., 2003). Previously, using the OPU02 SCAR marker, a
1500 bp fragment was detected in the cultivar Favorit of the
Crimean Experimental Horticultural Station (Suprun et al.,
2015). The presence of unknown alleles of this gene or a new
resistance gene was suggested, as the cultivar is powdery
mildew resistant. This may also refer to accessions G16 and
14-1, since both are completely resistant to powdery mildew
according to the results of the field evaluation, although these
accessions also have the P/-d and PI-w genes (see Table 2).

The PI-2 gene was first identified in M. zumi (Knight,
Alston, 1968). However, in the M. zumi accession from the
VIR collection used as reference for this gene, a fragment
of ~2200 bp was obtained, instead of the expected 1700 bp
fragment (see Fig. 2). This may be due to the intraspecific
polymorphism, previously noted for other powdery mildew
resistance genes in wild Malus species (Lyzhin, Saveleva,
2021). Alternatively, the presence of a ~2200 bp fragment
may be related to the existence of another powdery mildew
resistance gene Pl-;;¢ in the M. zumi accession (Gardiner et
al., 2003).

The results obtained using the OPU02 SCAR marker do
not allow to identify the P/-2 gene by the presence of the
1700 bp fragment, which may be due to a significant distance
(8.6 cM) from the marker to the gene (Gardiner et al., 2003).
Therefore, in order to assess the presence of the P/-2 gene in
the collection, other markers can be used, e. g. SNPs (Jédnsch
et al., 2015; Chagné et al., 2019).

It is known that in breeding for resistance, a common ap-
proach is to combine several resistance genes in one genotype,
the so-called “pyramiding”. The results allowed to identify a
number of rootstocks that are promising for breeding. In the
studied collection, 30 accessions have two resistance genes,
PI-1 and PI-d, and accessions G16 and 14-1, highly resistant to
powdery mildew, have genes P/-d, Pl-w, as well as a specific
fragment detected using the PI/-2 gene marker (see Table 2).

However, not all accessions with powdery mildew resis-
tance genes showed high field resistance. For example, all
eight accessions that had the dominant allele of the P/-/ gene
also had the PI-d gene, however, the level of their field resis-
tance varied from 0.2 points for rootstock 4-2-41 to 2.8 points
for rootstock 2-9-94 (see Table 2). At the same time, accessions
G16 and 14-1 that had the P/-d and PIl-w genes, as well as a
specific fragment obtained with the PI-2 gene marker, were
highly resistant and had no symptoms of infection (0 points).

The discrepancy between field resistance level and the pre-
sence of resistance genes can have several causes. For some
of the markers, there are conflicting data on the association
with the trait. A number of studies do not confirm the correla-
tion of PI-1 AT20 SCAR and PI-d EM DMO1 markers with
resistance (Dunemann et al., 2004; Kellerhals et al., 2008;
Urbanovich et al., 2010).
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In addition, data on the presence and distribution of different
races of P. leucotricha and the results of artificial inoculation
tests with known pathogen strains are needed for more ac-
curate assessment of the powdery mildew resistance level.
Besides, the resistance determined by known P/ genes can be
overcome, as, for example, PI-/ gene resistance (Lesemann,
Dunemann, 2006). Furthermore, despite a significant amount
of data on the genome sequences of the cultivated apple and
other Malus species, it is likely that not all powdery mildew
resistance genes and alleles of known resistance genes have
been identified at the moment.

Conclusion

Field evaluation of powdery mildew resistance of 80 ac-
cessions from the Michurinsk SAU apple clonal rootstocks
collection was assessed for the first time and accessions with
powdery mildew resistance genes were identified. The P/-d
and PI-1 genes were the most common in the collection.
The Pl-w gene was found only in two accessions, while the
PI-2 gene was not detected in the collection. At the same
time 32 accessions had a combination of two P/ genes. The
presence of powdery mildew resistance genes in rootstocks
appears to be related to their pedigrees and origin from wild
Malus species. Comparison of the field resistance assess-
ment results with the molecular analysis data showed that
the presence of resistance genes does not always correspond
to the level of resistance. Thus, the PI-d and PI-1 genes were
identified in both resistant and low-resistant accessions, while
the Pl-w gene was detected only in highly resistant accessions
14-1 and G16. The obtained data can be used for breeding
new apple rootstocks with a combination of powdery mildew
resistance genes.
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Soft wheat cultivars grown in the Saratov region
and their resistance to Septoria blotch
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Abstract. Septoria is one of the harmful diseases of wheat cultivars cultivated in the Saratov region. This infectious
disease of fungal etiology limits yield indicators and rapidly progresses in many regions of the Russian Federation. The
aim of the research was to assess the resistance of winter and spring wheat cultivars that are referred to as promising
and recommended for cultivation in the Low Volga region of the Russian Federation to pathogens of Septoria, to study
the populations of Parastagonospora nodorum and P. pseudonodorum in the territory of the Saratov region in order to
detect the presence of effector genes. Using molecular markers, we performed the identification of genes encoding
NEs in 220 Parastagonospora spp. fungal isolates obtained from 7 cultivars of soft winter wheat, 6 taken from the winter
triticale, 5 from soft spring wheat, 3 from durum spring wheat and 1 from spring oats. Among the P. nodorum isolates
studied, there were both single genes Tox1, Tox3, and ToxA, and combinations of two genes in one genotype. The pre-
sence of the ToxA gene was not noted in the genotype of P. pseudonodorum isolates. During 2020-2022, a collection of
winter and spring wheat cultivars was studied to detect resistance to Septoria blotch in field conditions (13 cultivars of
winter wheat and 7 cultivars of spring wheat accordingly). The resistance of the cultivars was proven by laboratory eva-
luation. Three inoculums were used, including the isolates of Z. tritici, P. nodorum (ToxA, Tox1, Tox3), P. pseudonodorum
(ToxA, Tox1, Tox3) mainly obtained from Saratov populations of 2022 (except for P. pseudonodorum with the ToxA gene).
The tested cultivars were characterized using the Xfcp623 molecular marker, diagnostic for Tsn1/tsn1 genes, which con-
trols sensitivity to the fungal toxin of PtrToxA. Of greatest interest are 11 wheat genotypes that showed resistance
to one, two and three species which served as causative agents of Septoria blotch (Zymoseptoria tritici, P. nodorum,
P. pseudonodorum). These are the soft winter wheat cultivars Gostianum 237 (tsnT), Lutescens 230 (Tsn1), Guberniya
(Tsn1), Podruga (Tsn1), Anastasia (TsnT), Sosedka (Tsn1) and the soft spring wheat cultivars Favorit (tsn7), Prokhorov-
ka (tsn1), Saratovskaya 70 (tsn7), Saratovskaya 73 (tsn1), Belyanka (tsn7). The results obtained are of interest as they
might increase the efficiency of selection based on the elimination of genotypes with dominant TsnT alleles sensitive
to PtrToxA. In addition to the economic value of the cultivars studied, it is recommended to use them in breeding for
resistance to Septoria blotch.

Key words: effector genes; PCR-diagnosis; wheat selection; Septoria blotch; phytopathogenic fungi; PtrToxA; PtrTox1;
PtrTox3.
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YCTOMYMBOCTDb COPTOB MSTKOM IIIIE€HNIIbI,
BO3Jle/IbIBA€MbIX Ha TeppuTtopum CapaToBCKO 006J1aCTH,
K BO30OYAUTE/ISIM CEeIITOPMO3HbIX MSTHNCTOCTEN
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T Bcepoccuiickuit Hay4HO-MCCNejoBaTeNbCKNA MHCTUTYT 3alyTbl pacteHuid, MywkuH, CaHkT-MeTepbypr, Poccna
2 DepeparbHbiil arpapHbiit HayuHbiit LieHTp lOro-BocToka, Capatos, Poccus
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AHHoTayus. CenTopuos — ofjHa U3 BPEAOHOCHbIX 6ONEe3HeN COPTOB MIUEHNLbl, BO3AENbIBAaEMbIX Ha TeppuTopun Ca-
paToBCKOI 061acTU. ITO MHPEKLMOHHOEe 3aboneBaHne rPUOHON STUONOTM TMMUTUPYET NOKa3aTeNy YPOXKanHOCTM 1
6bICTPO NporpeccrpyeT BO MHOTUX perroHax Poccuiickon Oepepaunu. Lienbio nccnenosaHuin 6610 OLEeHUTb YCTOM-
UYMBOCTb NEePCNEeKTUBHbIX N PeKOMEHAYEMbIX AN BO3AeNblBaHNA Ha TeppuTopun HnxHeBomKcKoro pernoHa PO cop-
TOB 03MMOWi U APOBOW MAFKOW MIWEHNLbI K BO3GYANTENAM CENTOPUO3HBIX MATHUCTOCTEN 1 U3yunTb nonynauun Para-
stagonospora nodorum wn P. pseudonodorum, pacnpocTpaHeHHbIX Ha TeppuTopun CapaToBCKO 061acTy, MO HaNUUNO
reHoB-3¢¢pekTopoB. C NMPUMEHEHMEM MONEKYIAPHBIX MAapKEPOB MPOBeAeHa UAEHTUMKALUA TEHOB, KOLMPYOLNX
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YCTONYMBOCTb COPTOB MATKON MLUEHNLIbI
K BO3OYAWTENAM CENTOPUO3HBIX MATHUCTOCTEN

HeKpoTpodHble apdekTopbl (NES), y 220 nsonatos rpuba Parastagonospora spp., NONyYeHHbIX C COPTO06pa3sLL0B 03K-
MO 1 APOBOW MATKOW MLIEHNLbl, APOBOI TBEPAON MLLIEHWLbl, 03UMOr0 TPUTUKaNe N APoBOro osca. Cpeau n3yyeHHbIX
n30na1oB P. nodorum 6binn Kak efuHNYHbIE reHbl Tox 1, Tox3 1 ToxA, Tak 1 cCOueTaHUA U3 ABYX FeHOB B O4HOM reHoTune.
B reHoTnne n3onatos P. pseudonodorum He 0TMeUYeHO NPUCYTCTBME reHa ToxA. M3yueHo 20 copToB 03MMOI 1 APOBOIA
MNLWEeHNLbl Ha YCTONYMBOCTb K CENTOPUO3HbIM MATHUCTOCTAM B N1abOPaTOPHbIX YCNOBUAX U B Mosie B TeyeHne 2020-
2022 rr. bbino ncnonb30BaHO TPU MHOKYIOMa, BKIKOUaOLWNX M301ATbl Zymoseptoria tritici, P. nodorum (ToxA, Tox1, Tox3)
n P. pseudonodorum (ToxA, Tox1, Tox3). AHanu3vpyemble copTa OblIM OXapaKTepPU30BaHbl C NMOMOLLbIO MOJEKYIAPHO-
ro mapkepa Xfcp623, AarHoCTUeCcKoro Ans reHoB Tsn1/tsn1, KOHTPONMPYIOLWEro YyBCTBUTENBHOCTb K TOKCKHY rpuba
PtrToxA. Hanbonblunii nHTepec npefctasnaAoT 11 reHOTNNOB MLIEHNLbI, KOTOPble MoKa3anu yCTOMYMBOCTb K OAHOMY,
LBYM 1 TpeMm Buam — Bo3bygutenam centopwmosa (Z. tritici, P. nodorum, P. pseudonodorum). 3To copTa 03MOW MAFKOM
nweHunubl: foctnanym 237 (tsn), JilotecueHc 230 (Tsn1), Ny6epHua (Tsn1), Moapyra (Tsn1), AHactacua (TsnT), Cocep-
Ka (Tsn1) n apoBoin markow nweHunubl: ®aBoput (tsn), NMpoxopoBska (tsn1), CapaTtosckan 70 (tsn1), CapaTtoBckas 73 (tsn'),
BenaHka (tsnT). MonyyeHHble pe3ynbTaTbl BaXHbl 414 NOBbILWEHNA SGPEKTUBHOCTM CeneKUMm Ha OCHOBE NTMMUHaLNN
reHOTUMOB C AOMVIHAHTHBIMU arienamu Tsn1, yyBCTBUTENbHBIMUW K rpuby PtrToxA. TOMUMO XO3AMCTBEHHOW LIEHHOCTU
N3YYEeHHbIX COPTOB, MX PEKOMEHAYETCA NCMNOJIb30BaTb B CENEKLMM Ha YCTONYMBOCTb K CEMTOPMO3HON NATHUCTOCTU.

KnioueBble cnoBa: reHbl-3ddpekTopbl; MLP-guarHocTmKa; cenekums nieHnLbl; CENTOpro3bl; GUTONATOreHHble rprbbl;
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PtrToxA; PtrTox1; PtrTox3.

Introduction

The Saratov region is a large administrative district; it includes
37 municipal districts, distributed based on climatic conditions
between the right-bank black soil and arid steppe regions on
the left bank of Volga. Differences in climatic conditions af-
fect the yield of agricultural crops and the damage caused by
diseases, among which the dominant position in the phyto-
pathogenic complex is given to Septoria and pyrenophorous
wheat blotch. During the years of epiphytoties caused by
Septoria blotch in different regions of Russia, North America,
Australia and other parts of the world, crop losses can exceed
3040 % (Ficke et al., 2018; Sanin et al., 2018).

The annual monitoring implemented shows that in recent
years in many regions of Russia, including the Saratov region,
the pathogenic complex of wheat Septoria blotch has been
dominated by the species of Zymoseptoria tritici (Desm.)
Quaedvl. et Crous, representing the causative agent of Sep-
toria leaf blotch on wheat, triticale, barley and rye (Zeleneva
etal., 2022).

Less notable species are Parastagonospora nodorum (Berk.)
Quaedvl., Verkley et Crous. They parasitize leaves, stems,
glumes, awns of wheat and other cereals (Pakholkova, 2003;
Sanin et al., 2018; Zeleneva et al., 2022). It quite often af-
fects the seeds as well. The caryopsis turns puny, defective,
its germination rate decreases. In case of strong infection, the
coleoptiles get damaged and die off.

Another species, P. pseudonodorum, has a strict host spe-
cialization. It is a wheat parasite. Until recently, this species
was considered a wheat form of P. avenae (A.B. Frank)
Quaedvl., Verkley et Crous: P. avenae f. sp. triticea. How-
ever, based on the study of morphology using the methods
of multilocus phylogeny in modern systematics, the species
of P. pseudonodorum is one of the seven that have been
described so far. In total, 26 species of Parastagonospora
have been detected by now using phylogenetic analysis
(Croll et al., 2021).

The fungi of P. nodorum and P. pseudonodorum are known
for their ability to synthesize necrotrophic effectors (NEs),
including host selective toxins (HSTs), that function as patho-
genicity factors (Ciuffetti et al., 1997). Sensitivity towards NEs
does not always lead to susceptibility of wheat to a Septoria
pathogen (van Schie, Takken, 2014; Virdi et al., 2016).

Today, in total there are nine characterized interactions
within the pathosystem of wheat — P. nodorum: Tsnl — SnToxA
(Friesen et al., 2009; Zhang et al., 2009; Faris et al., 2011);
Snnl—SnToxI (Shietal.,2016b); Snn2 —SnTox267 (Richards
etal., 2022); Snun3-B1 —SnTox3 (Shi et al., 2016a); Sun3-D1I —
SnTox3 (Zhang et al., 2011); Snn4 — SnTox4 (Abeysekara et
al., 2012); Snn5 — SnTox5 (Sharma, 2019; Kariyawasam et
al., 2022); Snn6 — SnTox267 (Richards et al., 2022); Snn7 —
SnTox267 (Richards et al., 2022). It has been shown that genes
encoding SnToxA, SnTox 1, SnTox3 proteins are present in the
genotype of P. pseudonodorum (Hafez et al., 2020; Navathe
et al., 2020).

Right now there are three cloned host genes, including 7sn/
(Faris et al., 2010), Snnl (Shi et al., 2016b) and Snn3-DI
(Zhang et al., 2021). There are also five fungus genes that
encode effector proteins: Sn7oxA (Friesen et al., 2009), SnTox3
(Liu et al., 2009), SnToxI (Liu et al., 2012), SnTox5 (Kariya-
wasam et al., 2022), and SnTox267 (Richards et al., 2022).

The increase in the aggression of crop culture fungal
diseases was remarked in the Saratov region during the last
decade. That is why the continuous search and use of new ef-
fective genetic sources and donors was and still remains the
prioritized approach in wheat immunity selection in the Low
Volga region (Konkova et al., 2022). The present research is
annually conducted in the territory of the base provided by
the Federal agrarian scientific centre of the South-East (in the
city of Saratov). Starting from 2021, the selection of sources
and donors expressing susceptibility to Septoria blotch has
been conducted using molecular technologies that allow to
pick genotypes with specific gene combinations.

The aim of the given research is to assess the resistance
of soft winter and spring wheat cultivars recommended for
cultivation in the territory of the Lower Volga region of the
Russian Federation to Septoria blotch pathogens together with
studying the populations of P. nodorum and P. pseudonodorum
spread in the Saratov region territory to detect the presence
of effector genes.

Materials and methods

The affected plant samples were collected in 2021-2022 in the
Saratov region territory. An infectious sample was understood
as plant leaves with well-pronounced symptoms of Septoria
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blotch, collected on the observed field along its diagonal plane
at equal distances and a certain time period (for example, dur-
ing the counting process).

To collect the samples of affected plants, crop observa-
tions were implemented in areas mentioned in Table 1. All
the samples were collected during their maturation phase,
at the stage of milky-wax ripeness of plants (75—85 accord-
ing to the Zadok’s scale). The leaves with typical external
signs of Septoria blotch disease were picked. The collected
material was herbarized and labeled (indicating the place
and date of collecting, the phase, plant species and cultivar,
information concerning disease symptoms, culture cultivation
technologies, information regarding protection measures).
Subsequently, the infectious samples of grain crops (leaves)
of wheat, triticale and oats were analyzed in laboratory condi-
tions to identify the species composition of Septoria blotch
pathogens (Pyzhikova et al., 1989).

Meteorological conditions of 2020-2022 in the region
had a beneficial effect on the development of Septoria blotch
causative agents of grain crops. According to the Saratov
meteorological station data, at the beginning of the vegetation
period in May, considering the three-year average, there was a
30.5 mm precipitation fallout. At moderate air temperatures,
the hydrothermal coefficient (HTC) was quite high — 1.3. In
June, the precipitation amount (34.5 mm) and HTC (0.55)
decreased. In the middle of vegetation, in July, the situation im-
proved significantly. Precipitation fallout was 97.2 mm, which
is much higher than the norm, and the hydrothermal coefficient
was high, showing 1.54. This contributed to the growth and
development of agricultural plants and had a positive effect
on the development of the phytopathogenic complex. In
August, the precipitation level was low — 12.6 mm, on average,
within the three-year period. Elevated air temperatures were
noted — the number of days with a maximum air temperature
above or equal to 30 °C was 17. The hydrothermal coefficient
in this month was also extremely low — 0.2, indicating arid
conditions.

The degree of damage of the infectious material selected
for analysis varied from 30 to 40 %. The species of Z. tritici
was isolated from all the samples of the infectious material
subject to the study. It was possible to obtain monoconidial
isolates of fungi of the Parastagonospora genus from some
samples (see Table 1) (Pyzhikova et al., 1989).

The samples were analyzed in laboratory conditions to
identify the species composition of Septoria blotch causative
agents. The results of laboratory diagnostics of the specific
affiliation of the pathogen were confirmed by the sequencing
method using the equipment of the Collective Use Center
“Genomic Technologies, Proteomics and Cell Biology” of the
All-Russian Research Institute of Agricultural Meteorology.

The analysis included 220 monoconidial isolates of the
Parastagonospora genus, taken in the amount of 10 from
each of the 22 infectious samples. To assess the resistance
to Septoria blotch, 13 samples of winter wheat were used
(Gostianum 237, Lutescens 230, Saratovskaya 8, Gubernia,
Mironovskaya 808, Donskaya bezostaya, Saratovskaya 90,
Zhemchuzhina Povolzhya, Saratovskaya 17, Kalach 60, Po-
druga, Anastasia, Sosedka) and seven samples of spring wheat
(Favorit, Prokhorovka, Yugo-Vostochnaya 2, Saratovskaya 70,
Saratovskaya 73, Belyanka, Lebyodushka). Screening was car-
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ried out on the test fields of the FASC of the South-East in the
conditions of a natural infectious background in 2020-2022.
A modified and supplemented Saari—Prescott scale was used
(Kolomiets et al., 2017). All the cultivars were divided into five
groups: RR — highly resistant (damage < 11 %); R —resistant
(damage 11-20 %); MS — moderately susceptible (damage
21-40 %); S — susceptible (damage 41-70 %); HS — highly
susceptible (damage 71-100 %).

The laboratory evaluation was implemented using isolated
leaves as described by G.V. Pyzhikova and E.V. Karaseva
(1985). Three inoculums of Z. tritici, P. nodorum (ToxA,
Tox1, Tox3), P. pseudonodorum (ToxA, Tox1, Tox3) isolates
were used. When inoculating plants under laboratory con-
ditions, fungal isolates of the Saratov population obtained
from the infectious material of 2022 were used: Z. tritici:
80-22-Z.t — durum spring wheat host, 80-22-Z.t — soft winter
wheat, 95-22-7.t — winter wheat; P. nodorum: 80-22-P.n.
(Tox3) — durum spring wheat host, 101-22-P.n. (ToxA, Tox3) —
soft spring wheat, 88-22-P.n. (Tox/, Tox3) — winter wheat;
P. pseudonodorum: 72-22-P.ps. (Tox1, Tox3) — winter triticale,
89-22-P.ps. (ToxI). The presence of Tox genes in the geno-
types of the Parastagonospora spp. fungi isolates used was
detected for the first time and the results are presented in this
work. An isolate of the Tambov population 82-21-P.ps., the
genotype of which contains 7ox4, was added to the infectious
material of the P. pseudonodorum species. This isolate was
obtained from the soft spring wheat Voronezhskaya 20 in 2021
(Zeleneva et al., 2022).

Fungal genomic DNA was isolated from a pure culture of
monoconidial isolates obtained on potato glucose agar (CGA)
using the standard CTAB method (Doyle J.J., Doyle J.L.,
1990). The same method was chosen to extract DNA from
young leaves of 13 winter and 7 soft spring wheat cultivars.

Amplification of genomic DNA was carried out in 25 pl
of the reaction mixture (2 pl of genomic DNA (25 ng (per-
mittable from 2 to 50 ng)), 1 pl of each primer (10 pM/pl)
(Evrogen, Russia), 0.5 pl of dNTPs mix (10 mM, aqueous
solution of dCTP, dGTP, dTTP and dATP) (TransGen, China),
0.55 pl MgCl, (100 mM), 0.5 pl BioTaq DNA polymerase
(5U, 5 U/ul) (Dialat Ltd., Russia), 2.5 ul 10X PCR buffer,
17 ul ddH,0).

The amplified fragments were separated by electropho-
resis in 1.5 % of agarose gel, in 1x TBE buffer (pH 8.2), the
gel was stained with ethidium bromide. The DNA marker
Step100 plus (Biolabmix, Russia) was used to assess the frag-
ment size.

Screening of isolates of the Parastagonospora genus to
detect the presence of effector genes: ToxA4, Tox! and Tox3
was performed using PCR. To obtain statistically valid results,
the DNA of ten monoconidial isolates obtained from each
infectious sample was analyzed (see Table 1). A total of 220
DNA samples were analyzed. The list of primers for PCR is
presented in Table 2.

Screening of genotypes of wheat cultivars aimed at reveal-
ing the presence of a dominant or recessive gene (Tsnl/tsnl)
was put at work according to the method of using PCR with
primer pairs Xfcp623(F)/Xfcp623(R) (Faris et al., 2010). The
presence of the marker amplification product indicates the
presence of the dominant allele of the 7sn/ gene (plant sus-
ceptibility to the PtrToxA fungal toxin protein), its absence
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Table 1. The origin of the analysed monoconidial isolates of Parastagonospora spp. in 2021-2022

No. Isolate name The origin of the infectious sample/host plant

1 32-21-Pn.-1...10 Saratov region, test field of FASC of the South-East/
soft winter wheat Anastasia 51°34'28"N, 46°00'20"E

2 33-21-Pps.-1...10 Saratov region, test field of FASC of the South-East/
durum spring wheat, hybrid line 51°34'38"N, 45°59'51"E

3 35-21-Pps.-1...10 Saratov region, test field of FASC of the South-East/
winter triticale 51°34'31"N, 46°00"24"E

4 37-63-21-C-Pav.-1...10 Saratov region, test field of FASC of the South-East/spring
oats Skakun 51°35'58"N, 46°02'36"E

5 80-22 Pn.-1...10 Saratov region, test field of FASC of the South-East/
durum spring wheat, hybrid line 51°35'58"N, 46°02'36"E

6 82-22Pn.-1...10 Saratov region, test field of FASC of the South-East/
durum spring wheat, hybrid line 51°34'41"N, 45°59'54"E

7 86-22 Pn.-1...10 Saratov region, test field of FASC of the South-East/
soft spring wheat, introgressive line 51°34'47"N, 45°59'51"E

8 88-22Pn.-1...10 Saratov region, Baltaysky district/
soft winter wheat Saratovskaya 17 52°28'49"N, 46°33'40"E

9 91-22Pn.-1...10 Saratov region, Baltaysky district/
soft winter wheat Kalach 60 52°28'21"N, 46°39'51"E

10 92-22 Pn.-1...10 Saratov region, Balashovsky district/
soft winter wheat Levoberezhnaya 1 51°29'25"N, 43°27'13"E

11 93-22 Pn.-1...10 Saratov region, test field of FASC of the South-East/
soft winter wheat, hybrid line 51°34'35"N, 45°59'53"E

12 98-22 Pn.-1...10 Saratov region, Arkadaksky district/
soft winter wheat Kalach 60 51°52'25"N, 43°35'04"E

13 101-22 Pn.-1...10 Saratov region, Yershovsky district/
soft spring wheat Kvartet 51°22'31"N, 48°12'18"E

14 259-22Pn.--1...10 Saratov region, Yershovsky district/
soft spring wheat Yugo-Vostochnaya 4 51°22'20"N, 48°12'35"E

15 260-22 Pn.-1...10 Saratov region, Arkadaksky district/
soft spring wheat Kvartet 51°52'20"N, 43°33'45"E

16 261-22Pn.-1...10 Saratov region, Pugachyovsky district/
soft spring wheat Yugo-Vostochnaya 2 52°02'30"N, 49°13'27"E

17 71-22-Pps.-1...10 Saratov region, Pugachyovsky district/
winter triticale 52°02'01”N, 49°18'05"E

18 72-22-Pps.-1...10 Saratov region, Balashovsky district/
winter triticale 51°28'43"N, 43°17'04"E

19 Saratov region, test field of FASC of the South-East/
winter triticale 51°34'28"N, 46°00'24"E

20 74-22-Pps.-1...10 Saratov region, test field of FASC of the South-East/
winter triticale 51°34'27"N, 46°00'27"E

21 76-22-Pps.-1...10 Saratov region, test field of FASC of the South-East/
winter triticale 51°34'31"N, 46°00'28"E

22 89-22-Pps.-1...10 Saratov region, test field of FASC of the South-East/

soft winter wheat, hybrid line 51°34'28"N, 46°00'20"E
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Table 2. List of primers for PCR
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Locus Primer Sequence 5'-3' Reference Amplicon size, bp
Tox1 SnTox1cF ATGAAGCTTACTATGGTCTTGT Gaoetal., 2015 500
SnTox1cR TGTGGCAGCTAACTAGCACA
Tox3 SnTox3cF CTCGAACCACGTGGACCCGGA 600
SnTox3cR CTCCCCTCGTGGGATTGCCCCATATG
ToxA TA51F GCGTTCTATCCTCGTACTTC Andrie et al.,, 2007 573
TA52R GCATTCTCCAATTTTCACG
Tsni Xfcp623F CTATTCGTAATCGTGCCTTCCG Faris etal., 2010 380
Xfcp623R CCTTCTCTCTCACCGCTATCTCATC

signifies the presence of the recessive #sn/ allele (plant resis-
tance to PtrToxA).

Statistical data processing was carried out using the com-
puter program STATISTICA 12. The average damage of the
leaf blade by Septoria blotch was calculated during the field
assessment within the period of 2020—2022, %; SD —standard
deviation (Std. Dev.). The Q-Cochran criterion was taken to
divide the studied wheat cultivars according to resistance/
susceptibility to three pathogens of Septoria blotch. This cri-
terion was used to test a significant difference between phy-
topathological assessments of wheat cultivars.

Results

As a result of molecular screening, in the studied material
(220 DNA probes obtained from 130 monoconidial isolates of
P. nodorum, 80 P. pseudonodorum and 10 P. avenae isolates),
both single genes encoding NEs and their combinations in one
genotype were identified (Fig. 1, Supplementary Material 1)!.

The ToxA gene was identified among monoconidial iso-
lates of the P. nodorum species (93-22-P.n.-1...10) obtained
from the leaves of a hybrid line of soft winter wheat from the
experimental field of the FASC of the South-East and from
the infectious material of soft spring wheat Kvartet (110-22-
P.n.-1...10) from the Yershovsky district of the Saratov region
(see Fig. 1, a).

As aresult of molecular screening, the 7ox/ gene was identi-
fied among the isolates obtained from four cultivars of wheat
and five triticale cultivars. The presence of the gene was noted
in P. nodorum isolates from the soft winter wheat cultivar of
Saratovskaya 17 (88-22-P.n.-1...10) and Levoberezhnaya 1
(92-22-P.n.-1...10) from the Balashovsky district. The pre-
sence of the SnTox! gene was marked in P. pseudonodorum
monoconidial isolates taken from infectious material from
hybrid lines of durum spring wheat (33-21-P.ps.-1...10) and
soft winter wheat (89-22-P.ps.-1 ...10) from the experimental
field of the FASC of'the South-East, as well as winter triticale
cultivars from the Pugachyovsky district (71-22-P.ps.-1 ...
10), Balashovsky district (72-22-P.ps.-1 ... 10) and from the
experimental field of the FANC of the South-East (73-22-P.ps.-
1...10;74-22-P.ps.-1...10; 76-22-P.ps.-1...10) (see Fig. 1, b).

The presence of the 7ox3 gene was detected among iso-
lates of the P. pseudonodorum species obtained from plant

! Supplementary Materials 1 and 2 are available in the online version of the paper:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Zeleneva_Engl_27_6.pdf
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Fig. 1. Electropherogram of amplification products obtained using mar-
kers specific to the ToxA, Tox1, and Tox3 genes of Parastagonospora spp.
from the Saratov population.

a-ToxA,amplicon size 573 bp; b - Tox1,amplicon size 500 bp; ¢ - Tox3,amplicon
size 600 bp. M - Step100 plus marker (Biolabmix). The index numbers assigned
to the samples correlate with the indexes in Table 1.

samples of winter triticale from the Balashovsky district and
the experimental field of the FASC of the South-East (72-22-
P.ps.-1...10, 73-22-P.ps.-1...10, respectively). The presen-
ce of the Tox3 gene was marked in isolates obtained from
winter wheat cultivar Anastasia (32-21-P.n.-1...10), Saratov-
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Table 3. Damage intensity caused by leaf diseases in soft spring and winter wheat cultivars
No. Cultivar name Field phytopathological Laboratory assessment on isolated leaves, %
ASSESSIMIENT OF CUILIVArS - srssss++++++ssssosssessisssssssnss sssssssos e bbss essssssssssssssssss SRR ALY Srbss bbbt bt ssmsees
(2020-2022), % Z. tritici P.nodorum P. pseudonodorum
(ToxA, Tox1, Tox3) (ToxA, Tox1, Tox3)
Mean  Phenotype Mean  Phenotype Mean  Phenotype Mean  Phenotype.
score+SD score+SD score+SD score+SD
Softwmterwheat(Tn“cumaesnvum|_) .....................................................................................
1 ...... Gostlanum237(tsn1) .............. 22i116 ........ MS 18i76 .......... R .................... 30i0 ............. MS ................ 23i27 ......... MS ...............

2 ..... LUtescenSBO(Tsm) ................ 17i104 ........ R 16i55 ........... R .................... 29+22 .......... MS ................ 29122 ......... MS ...............

3 ..... Sara tOVSka y a 8 ( Tsn 7) ............... ]8i137 ........ R .................... 29i22 ........... MS ................. 36i55 .......... MS ................ 36i55 .......... MS ...............

4 ..... GUbemla* (Tsm) ......................... 9161 ........... RR .................... 5109 .......... RR .................. 38i45 .......... MS ................ 34155 .......... MS ...............

5 ..... MI ronov Skaya 808*(“"1) ....... 15+5 .............. R .................... 47i45 ........... S .................... 36+5 5 .......... MS ................ 32i45 .......... MS ...............

6 ..... DonSkaya bezostaya* (Tsm)ZSiS .............. MS ................. 30i10 ........... MS ................. 36i55 .......... MS ................ 4Oio ............ MS ...............

7 ..... Sara tOVSka y a 90* (Tsn 1) ........... 27158 ........... MS ................. 28127 .......... MS ................. 38145 .......... MS ................ 40i0 ............ MS ...............

8 ..... Zh emChu Z h ma ......................... 27i58 ........... MS ................. 40i0 ............. MS ................. 40i0 ............. MS ................ 4Oio ............ MS ...............
Povolzhya* (Tsn1)
9 ..... SaratOVSkayaW*(Tsm) ........... 40i10 ........... S .................... 41i22 ........... S .................... 34+55 .......... MS ................ 4010 ............ MS ...............

10 ..... Kal ach60*(Tsm) ...................... 161135 ......... R .................... 21t55 ........... MS ................. 4010 ............. MS ................ 22i45 .......... MS ...............

H ...... POdruga*(Tsm) ........................ Hi69 ........... R 15i71 ........... R .................... 30i0 ............. MS ................ 2010 ............ R ..................

12 ..... Anastas'a*(Tsm) ....................... 10187 ........... RR .................... Sio ............. RR .................. 19+22 .......... R 14+55 .......... R ..................

13 ..... Sosedka(Tsm) .......................... 13i104 ........ R ...................... 7127 .......... RR .................. 30i0 ............. MS ................ 20+27 ......... R ..................
...................................................................................... Softsprmg Wheat(m“cumaesnvumu
14 ..... Favont*(tsn” ............................. 4112 ........... RR .................... 4111 ........... RR .................. 36i55 .......... MS 10i0 ............ R ..................

15 ..... PrOkhorOVka* ( tsn” ................... 4112 ........... RR 1 8i27 .......... R .................... 40i0 ............. MS ................ 28145 .......... MS ...............

16 ..... YugovostOChnaya 2*(tsn1)52i126 ........ S .................... 50i0 ............. S .................... 22i45 .......... MS ................ 4Oi0 ............ MS ...............

17 ..... SaratOVSkayam*(tsn” ............. 8129 ........... RR 12i27 .......... R .................... 23+27 .......... MS ................ 22127 ......... MS ...............

18 ..... Saratovskaya73*(tsn” ............. 8i58 ........... RR .................. 20i10 ........... R .................... 16i22 .......... R 18+27 ......... R ..................

19 ..... Belyanka*(tsn” ....................... 15i5 .............. RMiH ........... R .................... 24+55 .......... Ms12+27 ......... R ..................

20 ..... LebyOdUShka* (Tsm) ................ 33i58 ........... MS ................. 32i45 ........... MS ................. 21 . izz .......... MS ................ 36i55 .......... MS ...............

*The cultivar is admitted to cultivation in the territory of the Lower Volga region of the Russia Federation (region 8).

skaya 17 (88-22-P.n.-1...10), Kalach 60 (91-22-P.n.-1...10;
98-22-P.n.-1...10), Levoberezhnaya 1 (92-22-P.n.-1...10),
hybrid line (93-22-P.n.-1...10); from spring wheat of hybrid
lines (80-22-P.n.-1...10; 82-22-P.n.-1...10), introgressive line
(86-22-P.n.-1...10), from the Kvartet cultivar (101-22-P.n.-
1...10) (see Fig. 1, ¢).

In the course of three-year tests on a natural infectious back-
ground, cultivars showing resistance or weak susceptibility to
Septoria blotch were detected (Table 3).

Genotyping of wheat cultivars using a molecular marker
was aimed at identifying carriers of genes that control sensiti-
vity and resistance to the PtrToxA toxin. The Xfcp623 marker

amplified a 380 bp. fragment associated with the Tsn/ gene
sensitive to the PtrToxA toxin in 12 cultivars of soft winter
wheat: Lutescens 230, Saratovskaya 8, Gubernia, Donskaya
bezostaya, Saratovskaya 90, Zhemchuzhina Povolzhya, Sara-
tovskaya 17, Kalach 60, Podruga, Anastasia, Sosedka and one
cultivar of soft spring wheat, Lebyodushka. The genotypes
of two cultivars of soft winter wheat: Gostianum 237 and
Mironovskaya 808; six cultivars of soft spring whea: Favorit,
Prokhorovka, Yugo-Vostochnaya 2, Saratovskaya 70, Saratov-
skaya 73, and Belyanka represent carriers of the recessive
allele of the zsn/ gene and are protected against PtrToxA at
their genetic level (see Fig. 2, Table 3).
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Fig. 2. Electrophoregram of Tsn1 gene amplification products in soft win-
ter and spring wheat cultivars (amplicon size 380 bp).

The numbers indicated for the samples correspond to the list of cultivars
in Table 3 (positive control (K+) — the cultivar of Glenlea, negative control
(K-) = line 6B365).

A laboratory test of cultivars concerning the reaction to
three pathogens of Septoria blotch, typical for the region
(Z. tritici, P. nodorum (ToxA, Tox1, Tox3), P. pseudonodorum
(ToxA, Tox1, Tox3)) was carried out. The infectious material
of the regional populations of 2022 was used for inoculation.
The results are presented in Table 3.

When wheat samples were infected with Z. tritici, the
following cultivars performed well: Gubernia, Anastasia, So-
sedka, Favorit. Their degree of damage did not exceed 7 % on
average, they were included in the group of highly resistant
cultivars (RR). The degree of damage by Z. tritici to Gostia-
num, Lutescens 230, Podruga, Prokhorovka, Saratovskaya 70,
Saratovskaya 73, and Belyanka did not exceed 20 %, which
made it possible to classify the cultivars as the members of
the resistant group (R).

Two cultivars were confirmed to be resistant to P. nodorum:
Anastasia and Saratovskaya 73. Six cultivars were confirmed
to be resistant to P. pseudonodorum: Podruga, Anastasia, So-
sedka, Favorit, Saratovskaya 73 and Belyanka.

When using the statistical method of correlation analysis,
a weak direct relation was established between the indicators
of the presence of the 7snl gene in the wheat cultivar geno-
type and the intensity of its damage caused by P. nodorum
and P. pseudonodorum species containing the 7ox4 gene in
isolates included in the inoculum (the correlation coefficient
is 0.3 and 0.2, respectively).

A strong direct correlation was noted between the indicators
ofthe overall degree of leaf blade damage caused by Septoria
blotch in the field and the degree of damage to wheat samples
caused by Z. tritici (0.8) and P. pseudonodorum (0.7) in the
laboratory.

The indicators of the degree of damage to wheat cultivars
of Z. tritici had a direct relation with the degree of P. pseudo-
nodorum damage (0.77); P. nodorum and P. pseudonodorum
(0.4); Z. tritici and P. nodorum (0.2).

The Q-Cochran criterion made it possible to divide the stu-
died wheat cultivars into four groups based on the criterion of
resistance to three pathogens: 1 —lack of resistance to Septoria
blotch pathogens; 2 — resistance to one species; 3 — resistance
to two species; 4 — resistance to three species of pathogens.
The value of the coefficient O = 36.35 with the significance
level of p less than 0.009 indicates that the cultivars differed
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Table 4. Non-parametric statistical analysis
of indicators of phytopathological evaluation of cultivars
to Septoria blotch pathogens

Q-Cochran criterion.

Resistance to three phytopathogens
among 20 wheat cultivars was studied
(df =19); Q =36.35; p < 0.009

Cultivars

Name of the pathogen,
to which resistance is shown

Soft winter wheat (Triticum aestivum L.)

Gostianum 237, Z. tritici

Lutescens 230,

Gubernia

Podruga, Z. tritici, P. pseudonodorum

Sosedka

Anastasia Z. tritici, P. nodorum, P. pseudonodorum
Soft spring wheat (Triticum aestivum L.)

Prokhorovka, Z. tritici

Saratovskaya 70

Favorit Z. tritici, P. nodorum

Belyanka Z. tritici, P. pseudonodorum

Saratovskaya 73 Z. tritici, P. nodorum, P. pseudonodorum

significantly from each other in terms of resistance/suscepti-
bility to Septoria blotch pathogens of Z. tritici, P. nodorum,
P. pseudonodorum. The test results are presented in Table 4
and Supplementary Material 2.

Discussion

Septoria blotch represents a dangerous wheat disease; it is
one of the most harmful in the fields of the Saratov region.
In 2017, a strong epiphytoty of Septoria blotch was recorded
on winter wheat crops (the damage was equal to 67 %). In
2018-2019, the intensity of Z. tritici damage did not exceed
25 %. Septoria blotch infection, which exceeded the thresh-
old of 40 %, was noted in 2020 — 45 % and in 2021 — 41 %
(Konkova et al., 2022).

The proposed study is one of the first in this region. It in-
cludes a comprehensive screening of area-specific and pro-
mising cultivars of soft winter and spring wheat, as well as
molecular analysis that shows the presence of genes encoding
NEs in plant pathogen populations and genes in plant geno-
types that control disease resistance.

In the course of the study carried out, it was shown that
among the genotypes of the studied isolates of P. nodorum
and P. pseudonodorum of the Saratov population, there was
a wide representation of the 7ox/ and 7ox3 genes, while the
ToxA gene was recorded only in isolates 93-22-P.n.-1...10
and 101-22-P.n.-1...10 of the P. nodorum species. The results
obtained are consistent with foreign publications (Richards
et al., 2022) reporting that the prevalence of the 7Tox267 and
Tox1 genes is significantly higher than that of 7ox4 in the
genotypes of P. nodorum populations that are territorially
distant from Russian ones.
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It is known that P. nodorum is a donor of the Tox4 gene
for Pyrenophora tritici-repentis; they share a common toxin,
PtrToxA (Ciuffetti et al., 1997). Recently, the Tox4 gene was
identified in the fungus that causes wheat blotch — Bipolaris
sorokiniana (McDonald et al., 2017; Friesen et al., 2018).
This means that the cultivars of winter wheat Gostianum 237
(tsnl), Mironovskaya 808 (zsn/) and spring wheat Favorit
(tsnl), Prokhorovka (zsnl), Yugo-Vostochnaya 2 (tsnl),
Saratovskaya 70 (zsnl), Saratovskaya 73 (zsnl), Belyanka
(tsnl) are protected from the 7oxA gene toxin of four danger-
ous phytopathogens at once (P. tritici-repentis, P. nodorum,
P. pseudonodorum, B. sorokiniana).

In the work of N.M. Kovalenko and colleagues (2022), it
is possible to see the results of identification of the Tsnl/tsnl
allele using the Xfcp623 molecular marker in 35 cultivars of
winter and 31 cultivars of spring wheat, included in the State
Register of Breeding Achievements in 2018-2020 for the first
time. Out of them, only 9 cultivars of winter and 4 cultivars
of spring wheat carried 7sn/, which indicates susceptibility
to PtrToxA, while the remaining cultivars have protection
against the toxin at the genetic level. We consider this a great
achievement of national selection. In the work of T.L. Friesen
and colleagues (2018), it was mentioned that maintaining zsn /
in the genotypes of wheat cultivars admitted for selection
not only provides a selective advantage over pathogens that
currently carry ToxA, but may also exert selection pressure
on newer or more suitable pathogens that acquire 7ox4 via
horizontal transfer.

Conclusion
Thus, using molecular markers, the identification of genes
encoding NEs in two species called P. nodorum and P. pseu-
donodorum from populations of the Saratov region was carried
out. In monoconidial isolates, both single Tox1, Tox3, and ToxA
genes, as well as combinations of two genes in one genotype,
were noted. The presence of a characteristic amplification
product suggests the presence of two NEs genes, Tox4 and
Tox3, in P. nodorum monoconidial isolates 93-22-P.n.-1...10
and 101-22-P.n.-1...10; 7oxI and Tox3 in isolates 88-22-P.n.-
1...10,92-22-Pn.-1...10. 72-22-P.ps.-1...10. One Tox/ gene
in isolate genotypes 33-21-Pn.-1...10, 71-22-P.ps.-1...10,
89-22-P.ps.-1...10. Tox3 gene in genotypes 32-21-P.n.-1...10;
80-22-P.n.-1...10, 82-22-P.n.-1...10, 86-22-P.n.-1...10;
91-22-Pn.-1...10; 98-22-P.n.-1...10 and 73-22-P.ps.-1...10.
A collection of 20 cultivars (16 area-specific and 4 promis-
ing) was studied to detect resistance/susceptibility to Septo-
ria blotch pathogens in the experimental field of the FASC
of the South-East in the period of 20202022, as well as in
laboratory conditions. The cultivars underwent PCR screening
showing the presence of a dominant or recessive gene (7snl/
tsnl), which controls sensitivity to the toxin of the fungus
PtrToxA. For this reason, 11 cultivars with resistance to one,
two or three types of phytopathogens (Z. tritici, P. nodorum,
P. pseudonodorum) are of the greatest interest. These are the
cultivars of the Saratov selection Anastasia (7sn/), Belyan-
ka (tsnl), Gostianum 237 (¢snl), Guberniya (7Tsnl), Lutes-
cens 230 (7snl), Podruga (7snl), Prokhorovka (¢snl), Sara-
tovskaya 70 (tsnl), Saratovskaya 73 (tsnl), Sosedka (Tsnl)
and Favorit (zsnl).

2023
276

YCTONYMBOCTb COPTOB MATKON MLUEHNLIbI
K BO3OYAWTENAM CENTOPUO3HBIX MATHUCTOCTEN

References

Abeysekara N.S., Faris J.D., Chao S., McClean P.E., Friesen T.L.
Whole-genome QTL analysis of Stagonospora nodorum blotch
resistance and validation of the SnTox4-Snn4 interaction in hexa-
ploid wheat. Phytopathology. 2012;102(1):94-104. DOI 10.1094/
PHYTO-02-11-0040.

Andrie R.M., Pandelova I., Ciuffetti L.M. A combination of phenotypic
and genotypic characterization strengthens Pyrenophora tritici-
repentis race identification. Phytopathology. 2007;97(6):694-701.
DOI 10.1094/PHYTO-97-6-0694.

Ciuffetti L.M., Tuori R.P., Gaventa J.M. A single gene encodes a selec-
tive toxin causal to the development of tan spot of wheat. Plant Cell.
1997;9(2):135-144. DOI 10.1105/tpc.9.2.135.

Croll D., Crous P.W., Pereira D., Mordecai E.A., McDonal B.A., Brun-
ner P.C. Genome-scale phylogenies reveal relationships among Pa-
rastagonospora species infecting domesticated and wild grasses.
Persoonia. 2021;46:116-128. DOI 10.3767/persoonia.2021.46.04.

Doyle J.J., Doyle J.L. Isolation of plant DNA from fresh tissue. Focus.
1990;12(1):13-15.

Faris J.D., Zhang Z., Lu H.J., Lu S.W., Reddy L., Cloutier S., Fel-
lers J.P., Meinhardt S.W., Rasmussen J.B., Xu S.S., Oliver R.P.,
Simons K.J., Friesen T.L. A unique wheat disease resistance-like
gene governs effector-triggered susceptibility to necrotrophic patho-
gens. Proc. Natl. Acad. Sci. USA. 2010;107(30):13544-13549. DOI
10.1073/pnas.1004090107.

Faris J.D., Zhang Z., Rasmussen J.B., Friesen T.L. Variable expres-
sion of the Stagonospora nodorum effector SnTox4 among iso-
lates is correlated with levels of disease in wheat. Mol. Plant Mi-
crobe Interact. 2011;24(12):1419-1426. DOI 10.1094/MPMI-04-
11-0094.

Ficke A., Cowger C., Bergstrom G., Brodal G. Understanding yield
loss and pathogen biology to improve disease management: Septoria
nodorum blotch — a case study in wheat. Plant Dis. 2018;102(4):
696-707. DOI 10.1094/PDIS-09-17-1375-FE.

Friesen T.L., Chu C.G., Liu Z.H., Xu S.S., Halley S., Faris J.D. Host-
selective toxins produced by Stagonospora nodorum confer disease
susceptibility in adult wheat plants under field conditions. Theor:
Appl. Genet. 2009;118(8):1489-1497. DOI 10.1007/s00122-009-
0997-2.

Friesen T.L., Holmes D.J., Bowden R.L., Faris J.D. ToxA4 is present
in the U.S. Bipolaris sorokiniana population and is a significant
virulence factor on wheat harboring 7sn/. Plant Dis. 2018;102(12):
2446-2452. DOI 10.1094/PDIS-03-18-0521-RE.

Gao Y., Faris J.D., Liu Z., Kim Y.M., Syme R.A., Oliver R.P,, Xu S.S.,
Friesen T.L. Identification and characterization of the Sn7ox6-Snn6
interaction in the Parastagonospora nodorum — wheat pathosystem.
Mol. Plant Microbe Interact. 2015;28(5):615-625. DOI 10.1094/
MPMI-12-14-0396-R.

Hafez M., Gourlie R., Despins T., Turkington T.K., Friesen T.L.,
Aboukhaddour R. Parastagonospora nodorum and related species
in Western Canada: genetic variability and effector genes. Phyto-
pathology. 2020;110(12):1946-1958. DOI 10.1094/PHY TO-05-20-
0207-R.

Kariyawasam G.K., Richards J.K., Wyatt N.A., Running K.L.D.,
Xu S.S., Liu Z., Borowicz P., Faris J.D., Friesen T.L. The Parasta-
gonospora nodorum necrotrophic effector SnTox5 targets the wheat
gene SnnS and facilitates entry into the leaf mesophyll. New Phytol.
2022;233(1):409-426. DOI 10.1111/nph.17602.

Kolomiets T.M., Pakholkova E.V., Dubovaya L.P. Selection of Start-
ing Material for the Creation of Wheat Cultivars with Long-term
Resistance to Septoria. Moscow: Pechatnyy gorod Publ., 2017. (in
Russian)

Konkova E.A., Lyashcheva S.V., Sergeeva A.l. Screening of the world
winter bread wheat collection for leafstem disease resistance in the
Lower Volga Region. Zernovoe Khozyajstvo Rossii = Grain Eco-
nomy of Russia. 2022;14(2):36-40. DOI 10.31367/2079-8725-2022-
80-2-36-40. (in Russian)

VMMYHUTET PACTEHUW / PLANT IMMYNITY 589


https://doi.org/10.1094/PHYTO-97-6-0694
https://doi.org/10.1105/tpc.9.2.135
https://doi.org/10.3767/persoonia.2021.46.04

Yu.V. Zeleneva
E.A. Konkova

Kovalenko N.M., Shaydayuk E.L., Gultyaeva E.I. Characterization
of commercial common wheat cultivars for resistance to tan spot
causative agent. Biotekhnologiya i Selektsiya Rasteniy = Plant Bio-
technology and Breeding. 2022;5(2):15-24. DOI 10.30901/2658-
6266-2022-2-03. (in Russian)

LiuZ., Faris J.D., Oliver R.P., Tan K.C., Solomon P.S., McDonald M.C.,
McDonald B.A., Nunez A., Lu S., Rasmussen J.B., Friesen T.L.
SnTox3 acts in effector triggered susceptibility to induce disease on
wheat carrying the Snn3 gene. PLoS Pathog. 2009;5(9):¢1000581.
DOI 10.1371/journal.ppat.1000581.

Liu Z., Zhang Z., Faris J.D., Oliver R.P.,, Syme R., McDonald M.C.,
McDonald B.A., Solomon P.S., Lu S., Shelver W.L., Xu S., Frie-
sen T.L. The cysteine rich necrotrophic effector Sn7ox1 produced by
Stagonospora nodorum triggers susceptibility of wheat lines harbor-
ing Snnl. PLoS Pathog. 2012;8(1):¢1002467. DOI 10.1371/journal.
ppat.1002467.

McDonald M.C., Ahren D., Simpendorfer S., Milgate A., Solomon P.S.
The discovery of the virulence gene 7ox4 in the wheat and barley
pathogen Bipolaris sorokiniana. Mol. Plant Pathol. 2017;19:432-
439. DOI 10.1111/mpp.12535.

Navathe S., Yadav P.S., Chand R., Mishra V.K., Vasistha N.K., Me-
her PK., Joshi A.K., Gupta P.K. ToxA4-Tsnl interaction for spot
blotch susceptibility in Indian wheat: an example of inverse gene-
for-gene relationship. Plant Dis. 2020;104(1):71-81. DOI 10.1094/
PDIS-05-19-1066-RE.

Pakholkova E.V. Septoria disease of grain crops in various regions of
the Russian Federation: Cand. Sci. (Biol.). Dissertation. Bol’shiye
Vyazemy, 2003. (in Russian)

Pyzhikova G.V., Karaseva E.V. Methods of studying Septoria on iso-
lated wheat leaves. Sel skokhozyaystvennaya Biologiya = Agricul-
tural Biology. 1985;12:112-114. (in Russian)

Pyzhikova G.V., Sanina A.A., Suprun L.M., Kurakhtanova T.I., Goga-
va T.I., Meparishvili S.U., Antsiferova L.V., Kuznetsov N.S., Igna-
tov A.N., Kuzmichev A.A. Methods for Assessing the Resistance of
Breeding Material and Wheat Cultivars to Septoria. Moscow, 1989.
(in Russian)

Richards J.K., Kariyawasam G.K., Seneviratne S., Wyatt N.A., Xu S.S.,
Liu Z., Faris J.D., Friesen T.L. A triple threat: the Parastagonospora
nodorum SnTox267 effector exploits three distinct host genetic fac-
tors to cause disease in wheat. New Phytol. 2022;233(1):427-442.
DOI 10.1111/nph.17601.

ORCID ID

Yu.V. Zeleneva orcid.org/0000-0001-9716-288X
E.A. Konkova orcid.org/0000-0001-8607-2301

Soft wheat and its resistance
to Septoria blotch

Sanin S.S., Ibragimov T.Z., Strizhekozin Yu.A. Method for calculating
wheat yield losses diseases. Zashchita i Karantin Rasteniy = Plant
Protection and Quarantine. 2018;1:11-15. (in Russian)

Sharma S. Genetics of Wheat Domestication and Septoria Nodorum
Blotch Susceptibility in Wheat. Fargo, North Dakota: North Dakota
State University, 2019.

Shi G., Zhang Z., Friesen T.L., Bansal U., Cloutier S., Wicker T., Ras-
mussen J.B., Faris J.D. Marker development, saturation mapping,
and high-resolution mapping of the Septoria nodorum blotch suscep-
tibility gene Snn3-BI in wheat. Mol. Genet. Genom. 2016a;291(1):
107-119. DOI 10.1007/s00438-015-1091-x.

Shi G., Zhang Z., Friesen T.L., Raats D., Fahima T., Brueggeman R.S.,
Lu S., Trick H.N., Liu Z., Chao W., Frenkel Z., Xu S.S., Rasmus-
sen J.B., Faris J.D. The hijacking of a receptor kinase-driven path-
way by a wheat fungal pathogen leads to disease. Sci. Adv. 2016b;
2(10):1600822. DOI 10.1126/sciadv.1600822.

van Schie C.C., Takken F.L. Susceptibility genes 101: how to be a
good host. Annu. Rev. Phytopathol. 2014;52:551-581. DOI 10.1146/
annurev-phyto-102313-045854.

Virdi S.K., Liu Z., Overlander M.E., Zhang Z., Xu S.S., Friesen T.L.,
Faris J.D. New insights into the roles of host gene-necrotrophic ef-
fector interactions in governing susceptibility of durum wheat to
tan spot and Septoria nodorum blotch. G3 (Bethesda). 2016;6(12):
4139-4150. DOI 10.1534/g3.116.036525.

Zeleneva Yu.V., Ablova 1.B., Sudnikova V.P., Mokhova L.M., Konko-
va E.A. Species composition of wheat septoria pathogens in the Eu-
ropean part of Russia and identifying SnToxA, SnTox! and SnTox3
effector genes. Mikologiya i Fitopatologiya = Mycology and Phy-
topathology. 2022;56(6):441-447. DOI 10.31857/S0026364822060
113. (in Russian)

Zhang Z., Friesen T.L., Simons K.J., Xu S.S., Faris J.D. Development,
identification, and validation of markers for markerassisted selec-
tion against the Stagonospora nodorum toxin sensitivity genes 7sn/
and Snn2 in wheat. Mol. Breeding. 2009;23:35-49. DOI 10.1007/
$11032-008-9211-5.

Zhang Z., Friesen T.L., Xu S.S., Shi G., Liu Z., Rasmussen J.B.,
Faris J.D. Two putatively homoeologous wheat genes mediate
recognition of Sn7ox3 to confer effector-triggered susceptibility to
Stagonospora nodorum. Plant J. 2011;65(1):27-38. DOI 10.1111/
j-1365-313X.2010.04407 x.

Acknowledgements. The research was conducted with support from the Russian Science Foundation, project No. 19-76-30005.

Conflict of interest. The authors declare no conflict of interest.
Received April 3, 2023. Revised June 28, 2023. Accepted June 29, 2023.

590

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 6



PLANT BREEDING FOR PERFORMANCE AND QUALITY BaBunoBcKuii )KypHan reHeTrKkm 1 cenekummn. 2023;27(6):591-608

[Review | DOI 10.18699/VJGB-23-71

Original Russian text https://vavilovj-icg.ru/

Development, results and prospects of the spring durum wheat
breeding in Russia (post-Soviet states)

P.N. Malchikov' 2@, M.G. Myasnikova'

T Samara Federal Research Scientific Center of the Russian Academy of Sciences, Samara Scientific Research Agriculture Institute
named after N.M. Tulajkov, Bezenchuk, Samara region, Russia

2 nstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

& sagrs-mal@mail.ru

Abstract. The article outlines a brief historical background on the introduction to cultivation, distribution and breed-
ing of spring durum wheat in the steppe and forest-steppe regions of Eurasia (the countries of the former USSR: Rus-
sia, Ukraine, and Kazakhstan). The approaches and methodology for improving durum wheat during certain scientific
selection periods are given. The features of the selection program implementation and the breeding scale expansion
during the creation of breeding stations at the beginning of the XX century, after the end of the Great Patriotic War,
in the second half of the XX century, and at present are considered. A characteristic according to the main features
and properties of varieties created in different periods is given. The achievements of the classical breeding method
by comparing old and new varieties are analyzed. The efficiency and rate of wheat selection by periods in different
regions of Russia is estimated. The results and methods of breeding for yield, resistance to drought, leaf diseases
(Stagonospora nodorum Berk., Septoria tritici (Roeb. et Desm.), Bipolaris sorokiniana (Sacc.) Shoemaker, Pyrenophora
tritici repentis (Died.) Drechs., Fusarium sp., Puccinia titicina Eriks., Puccinia graminis Pers. f. sp. tritici Eriks., Blumeria
graminis (DC.) f. sp. tritici Em. Marchal), grain pathogens Ustilago tritici (Pers.) Rostr.) and pathogens causing darken-
ing of the corcule and endosperm (Bipolaris sorokiniana (Sacc.) Shoemaker, Alternaria tenuis (Nees et Fr.), Alternaria
triticina (Prasada & Prabhu)), pests (Cephus pygmeus Lens, Osinosoma frit L., Mayetiola destructor (Say)), grain quality
(protein content, amount of yellow pigments, dough rheology, sprouting resistance) and end products are presented.
The prospects for the molecular marker application for a number of traits in breeding in the near future are given.
Key words: durum wheat; Eurasian region; variety; breeding history; breeding rates; crop resistance; pathogen; yield;
quality; protein; gluten; pigments; markers.
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Pa3BuTHME CeJIEeKIINI IPOBOI TBepOO IiIeHUIIbl B Poccun
(ctpaHax 6biBiIero CCCP), pe3yabTaThl U II€PCIEKTUBbI
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1 Camapcknin pefiepanbHbii UCCeA0BaTENbCKUN LeHTP Poccuinickoi akagemun Hayk, CaMapcKuii HayYHO-MCCNefoBaTeNIbCKUN MHCTUTYT CeNbCKOTO XO3ANCTBA
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AHHoOTauuA. B cTaTbe NpefCTaBeH NCTOPUYECKI 0630p BBEAEHWA B KYNbTYpPY, PaClpoCTPaHeHUsA 1 Cenekumm apo-
BOW TBEPAOW MLWEHWNLbI B CTEMHbIX U ECOCTEMNHBIX pernoHax EBpasum (ctpaHbl 6biBlwero CCCP — Poccus, YkpaunHa,
KasaxctaH). MprBeneHbl Noaxofbl 1 METOAONOMMA yNyULLeHVsA TBePAOI NMWEHNLbI MO Neproiam HayuyHOIN cenekumn.
PaccmaTpuBatoTcst 0CO6eHHOCTU peanu3aLyv NPorpaMm 1 pacliMpeHns MacluTaboB ceneKkuymmn BO BpeMs OpraHu3a-
LMK ceneKkUMOHHbBIX CTaHUMI B Havyane XX B., nocse 3aBepLieHns Benukon OTeyecTBEHHOW BOWHbI, BO BTOPOW MOJI0-
BMHe XX B. 1 B HacTosALee Bpems. [TpeacTaBneHa XxapakTepucTika no OCHOBHbIM NMPY3HaKam 1 CBOMCTBaM CO34aHHbIX
B pa3Hble Nepuoabl COPTOB. AHANIM3MPYIOTCA JOCTUMKEHUA KNACCUYECKOI CeNeKLMOHHOM METOANKN NyTeM CPaBHeHMA
CTapbIX M HOBbIX COPTOB. [laHa oLeHKa 3GPEeKTVBHOCTM 1 TEMMOB CeNeKLMM B PasHbIx permoHax Poccun. MprBeneHbl
pe3ynbTaThl U METOAbI CENeKLUM Ha YPOXKaHOCTb, YCTOMUYMBOCTD K 3acyxe, 6one3HAM nucTbes (Stagonospora nodo-
rum Berk., Septoria tritici (Roeb. et Desm.), Bipolaris sorokiniana (Sacc.) Shoemaker, Pyrenophora tritici repentis (Died.)
Drechs., Fusarium sp., Puccinia titicina Eriks., Puccinia graminis Pers. f. sp. tritici Eriks., Blumeria graminis (DC.) f. sp. tritici
Em. Marchal.), natoreHam 3epHa Ustilago tritici (Pers.) Rostr.) n natoreHam, Bbi3biBaloLM NOTEMHEHME 3apofbllla U
sHpgocnepma (B. sorokiniana (Sacc.) Shoemaker, Alternaria tenuis (Nees et Fr.), Alternaria triticina (Prasada & Prabhu)),
Bpeputenam (Cephus pygmeus Lens, Osinosoma frit L., Mayetiola destructor (Say)), No KauecTBy 3epHa (cogepkaHue
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durum wheat breeding in Russia (post-Soviet states)

6esiKa, >KeNTbIX MMIMEHTOB, PEOJTOTMYECKE CBOWCTBA TECTA, YCTONUMBOCTb K MPOPACTaHNIO) I KOHEUHbIX MPOAYKTOB.
OueHVBaloTCA NepcnekTUBbI NPYMeHeHUsA B Gnivkaiilem ByaylieM MoNeKynsapHbIX MapKepoB B Cenekuuy no psagy

NMPU3HaAKOB.

KnioueBble cnosa: TBepAaA nweHnua; EBpa3VIVICKVIl7I PErnoH; CoOpT; NCTOPKUA cenekunn; TemMmnbl cenekyunun,; yCTOVI‘-IVI-
BOCTb; NaTOreH,; ypO)KaVIHOCTb; KayecTBo; 6EJ'IOK; KNEenKOBUHa; MUTMeHTbI; MapKepbl.

Introduction

Durum wheat is a crop of great importance in the pro-
duction and consumption of specific food products
(pasta, cereals, bread) that have a long shelf life, high
nutritional value, and are in demand in almost all re-
gions of the world. The main producers of durum wheat
are (in million tons): the European Union — about 9.0
(including Italy — 4.3; France — 1.9; Greece — 1.1;
Spain — 1.0); Canada — 5.2; Turkey — 3.7; the USA — 2.3;
Kazakhstan, Syria, Algeria — 2.2 each; Morocco — 1.8;
Mexico—1.5; and Tunisia— 1.0 (Eurostat, 2019). In Russia,
the domestic consumption of durum wheat grain is about
1.0 million tons per year, 0.2 t of which is imported mainly
from Kazakhstan (Groshev, 2019). A significant reduction
in planting area (from 2.0 million ha in 1990 to 0.45 million
ha in 1994) and in production of durum wheat in Russia
took place during the transition from a planned economy
to a market economy in the 1990s (Fig. 1).

The durum wheat production decline can be explained
by the higher competitiveness of winter crops (winter soft
wheat, winter rye) and spring crops (barley, soft spring
wheat) in relation to durum wheat which is represented
mainly by spring cultivars in Russia. Durum wheat is grown
without irrigation in a sharply continental arid climate with
an annual rainfall of 250 to 450 mm per year. Biotic stress
factors include pests such as aphids, bedbugs, thrips, grass
flies, bread sawfly and pathogens such as Helminthospo-
rium and Fusarium leaf spot, Septoria, powdery mildew,
stem and in some years brown rust. The effect of pathogen
harmfulness in epiphytotic years can be compared with
the level of crop losses from severe drought (Vasilchuk,
2001; Rsaliev et, 2020; Tajibayev et al., 2021). The main
challenges in spring durum wheat breeding in Russia

B Planting area
Gross yield

1966 1971 1981 1990 1994

2010 2014 2017 2021 2022

Fig. 1. Dynamics of planting area (million ha) and gross grain yield
(million tons) of durum wheat in Russia, 1966-2022.
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are associated with the searching and implementation
of opportunities to reduce the effect of these limiting
environmental factors and improving the quality of grain
and end products.

Prehistory and early history of the durum

wheat crop

On the former USSR territory, tetraploid wheat in the form
of emmer 7. dicoccum Schrank ex Schiibler was cultivated
in the areas of modern regions of Ukraine (Khmelnitsky
region) and Azerbaijan in the IV millennium and in the II
millennium BC, respectively. The appearance of durum
wheat itself (7. durum Desf.) was noted in the IX century
in Sumy oblast of modern Ukraine (Golik V.S., Golik O.V.,
2008). Then, since the XVI-XVIII centuries, it has been
widely distributed in the steppe and forest-steppe Russian
regions — the central black soil region, the Volga region,
the North Caucasus, the Urals, Western Siberia, Ukraine
and Western Kazakhstan (Golik V.S., Golik O.V., 2008;
Goncharov, 2012). Local cultivars — populations (landra-
ces) under the names of Beloturka, Kubanka, Garnovka,
Arnautka, etc. have been cultivated there.

For several centuries, as new territories were being
developed, the area of cultivation of landraces increased,
regional biotypes were formed simultaneously, which
retained (at the time of introduction) the original names
(for example, Kubanka), but in the process of long-term
reproduction with a change in the dominant variety in the
population, acquired regional features. Therefore, in the
collection of Russian genetic resources of the N.I. Vavilov
All-Russian Institute of Plant Genetic Resources (VIR),
there are several cultivars Kubanka, Beloturka, etc., with
a prefix to the name of the region of origin.

Scientific breeding:

development of a network of breeding
institutions, general methodology

and breeding results from the beginning

of the XX century till present

Archival documents of Russian Department of Agriculture
(Germantsev, Ilyina, 2019) contain a report on seed
production dated 1848, which provides evidence that the
peasants of Saratov Trans-Volga region (Novouzensky
district) selected the best ears for seeding, i. e. improving
mass breeding was carried out. The grain vitreousness and
the high protein content in it were the main advantages of
Russian durum wheat at that time. At the end of the XIX
century, the Italian and French pasta industry worked
exclusively on Russian durum wheat (Shekhurdin, 1961).

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 6



M.H. Manbumkos
M. MacHunkoBa

Scientific approaches to farming and plant improvement
have been developed in Russian experimental institutions
since the opening of Gorygoretsky Institute of Agriculture
with experimental fields in 1840, as well as Riga
Experimental Station in 1864, and Petrovsky Agricultural
Academy in 1867. By 1917, about 400 experimental
institutions including 44 experimental stations were
operating in Russia. The study of durum wheat was
carried out on experimental stations of the steppe regions
of Ukraine, the Volga region, the South Urals, Siberia and
Kazakhstan. In 1909, the scientific selection of this crop
began at the Krasnokutsk breeding station in Saratov Trans-
Volga region that was the centre of production of the most
high-quality and demanded durum wheat at that time. Then,
selection began at Saratov (1911) and Bezenchuk (1912)
experimental stations, also located in the Volga region. At
the same time, V.V. Talanov began durum wheat breeding
at Yekaterinoslav Experimental Station (Ukraine) and
continued it at West Siberian Experimental Station.

One of the main tasks assigned, in particular, to Kras-
nokutskaya breeding station by the Novouzensky district,
was the breeding of more productive cultivars (Germant-
sev, Ilyina, 2019). There was no problem with the quality
of grain grown in the Volga region, since any quantity of
it was consumed by the markets of Russia and Europe
(Chekhovich, 1924). Breeding work at Krasnokutsk station
was led by K.Yu. Chekhovich, who later continued it at
Bezenchuk Experimental Station. Under his supervision,
the collection and study of durum wheat local samples
from Samara, Saratov, Orenburg, Kuban and Ural regions
were organized.

The first cultivars in the state variety testing system in
1924 (State Variety Testing Network under the People’s
Commissariat of Agriculture of the RSFSR) were: Kubanka 5,

Gordeiforme 10, Gordeiforme 432, Gordeiforme 189,
Melyanopus 69, Gordeiforme 111, Melyanopus 209,
Gordeiforme of mass selection by A.l. Nosatovsky,
Arnautka of Kochin, Mindum (selection from the Arnautka
by Minnesota Experimental Station, the USA), whose
originators were eight breeding institutions (Talanov,
1926). In the period from the late 1920s to the mid-1930s,
Melyanopus 69, Gordeiforme 189, Gordeiforme 10,
Gordeiforme 432, Gordeiforme 27, were approved for use
and were most widely used in the USSR (Talanov, 1926).
Cultivars Melyanopus 69 and Gordeiforme 189 occupied
2.7 and 0.35 million ha of crops in the USSR, respectively.
The third most widespread cultivar was Gordeiforme 10 —
0.25 million ha. Melyanopus 69 and Gordeiforme 189
were created by breeding from local cultivars of the
Novouzensky district of Samara province and Ural region,
respectively. According to V.V. Talanov (1926), the
selection was carried out by K.Yu. Chekhovich in 1911.
After many years of research, under the supervision of
academician P.N. Konstantinov, they were recommended
for farm use.

The morphological and botanical diversity of durum
wheat local varieties required an explanation. According
to K.Yu. Chekhovich (1924), it was necessary to solve a
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Fig. 2. Dynamics of the number of durum wheat cultivars in the USSR
(1932-1991) and in Russia (1992-2021), including those obtained by
selection from landraces and hybridization method.

number of issues in physiology in order for the breeding
to have a systematic character. The most successful
work was carried out by methods of analytical selection
on the source material of local varieties. Despite its
effectiveness, collections of cultivars from different
ecological and geographical groups were formed in all
breeding institutions which were included in intraspecific
and interspecific crosses. The breeding efficiency increased
after the replenishment of genetic resources due to the
expeditions of N.I. Vavilov, his discovery of the centres of
origin of cultivated plants, the justification of a systematic
approach to the search and study of the source material.
However, breeding with the use of hybridization method
has been more successful with soft wheat. Hybrid cultivars
began to dominate among commercial soft wheat cultivars
in the mid-1930s, among durum cultivars — by the early
1970s (Fig. 2).

This was because of the desire of government authorities
and economic entities to obtain a high result in terms of
yield and gross grain harvest that was more successfully
achieved when cultivating soft wheat and concentrated the
attention of breeders on it. The dominance in the USSR
of the theory of T.D. Lysenko also reduced the efficiency
of breeding including durum wheat in the 1950s. In the
years of war 1941-1945, many breeding institutions in
the occupied regions either stopped their activities or
were evacuated, while part of the breeding material was
lost (Golik V.S., Golik O.V., 2008). Institutions located in
the rear, because of lack of funds and personnel, reduced
research and breeding work. Nevertheless, in 1954, 25
cultivars were included in the catalog of commercial cul-
tivars of spring durum wheat of the USSR (Catalogs...,
1954-1992). Selections from landraces (21 cultivars)
dominated among them. The most widespread, as well
as in the 1930s, were the cultivars of the Krasnokutskaya
Breeding Station — Melyanopus 1932, Melyanopus 69,
Gordeiforme 189, when Melyanopus 1932 was created
from crossing landraces, Melyanopus 26 — from crossing
Melyanopus 69/Melyanopus 1932.

For 40 years, cultivars of Krasnokutskaya Breeding
Station held a monopoly, occupying in some years 86.0 %
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of durum wheat crops in the USSR (Germantsev, Ilyina,
2019). Melanopus 69 had been the standard of grain qual-
ity on the world market for almost 30 years (Shekhurdin,
1961; Dragavtsev et al., 1994). Cultivars Gordeiforme 432,
Gordeiforme 5695 (Institute of the South-East, Saratov),
Leukurum 33 (Bezenchuk Experimental Station) were
widely distributed.

In Kazakhstan, cultivars of local breeding Akmolinka 5
with high quality and resistance to pathogens that cause
black germ (Dorofeev et al., 1987) and Kustanaiskaya 14
were released. In the North Caucasus, the cultivar Krasno-
darskaya 362 (Krasnodar Experimental Station) resistant
to Swedish fly was introduced, obtained from crossing
Gordeiforme 10 with a sample from Algeria. In Ukraine,
the cultivar Narodnaya — selection from a local variety at
the Kharkov Breeding Station had a significant distribution
(0.9 million ha) in the 1950-1960s.

In the mid-1960s, 23 durum wheat cultivars were
released in the USSR (Catalogs..., 1954-1992), among
which 15 wear the selections from landraces while 8 were
the selections from hybrid populations. The main areas
of commercial crops were occupied by varieties Melya-
nopus 1932 and Melyanopus 26 of the Krasnokutskaya
Breeding Station. In 1957, Kharkovskaya 46 cultivar was
released, created by the Ukrainian Research Institute of
Plant Breeding and Genetics from crossing line 34-5129
(interspecific hybrid 7. turgidum/T. dicoccum) presumably
either with Algerian durum wheat from the All-Union
Research Institute of Plant Breeding collection, or with
the line of Kharkov Station. Both versions could not be
confirmed because of the loss of documentation during the
Great Patriotic War (1941-1945) (Golik V.S., Golik O.V.,
2008). That cultivar was distinguished by productivity,
responsiveness to favourable environmental conditions,
quite resistant to drought, and it was stood out in terms of
protein and gluten content. By 1969, it occupied the main
crop areas under durum wheat —4.9 million ha in the USSR
(Golik V.S., Golik O.V., 2008).

In the Middle Volga region, cultivars of the Kuibyshev
(Bezenchukskaya) Breeding Station were released — Be-
zenchukskaya 102 (1962) and Bezenchukskaya 105 (1965).
In the breeding record of both varieties there was the line
Leukurum B-40, obtained by crossing Melyanopus 212 and
Gordeiforme 1717 —an interspecific hybrid of landraces of
soft and durum wheat. The cultivar Bezenchukskaya 105
(Blagonadezhdina, 1968) had the greatest practical value.
It showed good combinational ability, crossings with
Kharkovskaya 46 were especially promising, as they gave
transgressions in terms of adaptability in the region of the
Middle Volga and the Urals (cultivars Orenburgskaya 2,
Orenburgskaya 10, Bezenchukskaya 182, Bezenchuksky
yantar and their descendants) with great frequency.

In 1962, the cultivar of the Krasnoyarsk Research Insti-
tute of Agriculture — Raketa, obtained from interspecific
hybridization — Gordeiforme 27*2/Zabaikalskaya emmer
wheat was released. That cultivar was a good component
for hybridization. It is included in the breeding record of
two commercial cultivars with a high content of yellow pig-
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ments in the grain — Saratovskaya zolotistaya and Svetlana
(Vasilchuk, 2001; Malchikov, Myasnikova, 2020).

In the next decade (1969—1979), the number of released
durum wheat varieties in the USSR decreased to 13 (Cata-
logs..., 1954-1992). Among them there were only two cul-
tivars of non-hybrid origin, one of them was Narodnaya in
Ukraine, and the other was local Shavpkha in Georgia. The
reduction in the total number of cultivars can be explained
by the high level of productivity and competitiveness of
Kharkovskaya 46 in all the regions. Cultivars of local im-
portance were: Zernogradskaya 39, Krasnodarskaya 362 and
Melyanopus 7 in the North Caucasus; Krasnokutka 6, Melya-
nopus 26, Leukurum 43, Saratovskaya 40, Saratovskaya 41
in the Volga region; Narodnaya and Nakat in Ukraine.

The catalog of zoned cultivars of the USSR in 1985
included 15 cultivars of durum wheat, 5 of which were
from 1979: Almaz (Siberian Research Institute of Agri-
culture), Altaika (Altai Research Institute of Agriculture
and Breeding), Bezenchukskaya 139 (Kuibyshev Research
Institute of Agriculture), Orenburgskaya 2 (Orenburg Re-
search Institute of Agriculture), Kharkovskaya 3 (Ukrai-
nian Research Institute of Crop Production, Breeding and
Genetics). In the same period, the cultivar Narodnaya, the
last one obtained by selection from landraces, lost its com-
mercial significance. Bezenchukskaya 139 was the most
popular cultivar; in the years of maximum distribution,
it occupied 1.5 million ha. In Siberia, the cultivar Almaz
which was distinguished by its high protein content and
the quality of pasta, was grown on 0.25-0.35 million ha.
The drought-resistant and productive cultivar Orenburg-
skaya 2 spread in the Ural region (Dolgalev, Tikhonov,
2005). Kharkovskaya 3 was cultivated on irrigation in the
Lower Volga region.

In the next decade (1986—1995), 18 cultivars were cre-
ated that was 62.1 % of the total number of cultivars ap-
proved for use in the Russian Federation. Their originators
were 10 institutions — 8 from Russia, one each from Ukraine
and Kazakhstan (Catalogs..., 1954-1992; State Registers
of Selection Achievements..., 1993-2022). The cultivars
most widely distributed in terms of the number of tolerance
regions were: Bezenchukskaya 182 (Samara Scientific Re-
search Institute of Agriculture) — 5 regions, Krasnokutka 10
(Krasnokutskaya Breeding Station) — 5, Kharkovskaya 23
(Ukrainian Research Institute of Crop Production, Breed-
ing and Genetics) — 4, Svetlana (Research Institute of
Agriculture of the Central Chernozem Region) — 4,
Orenburgskaya 10 (Orenburg Research Institute of Agri-
culture) — 4, Saratovskaya zolotistaya (Research Institute
of Agriculture of the South-East) — 3, Voronezhskaya 7
(Research Institute of Agriculture of the Central Chernozem
Region) — 2, Omsky rubin (Siberian Research Institute of
Agriculture) — 2 regions. Cultivars of a wide range include
Bezenchukskaya 182, Orenburgskaya 10, Krasnokutka 10,
Kharkovskaya 23, Svetlana, Saratovskaya zolotistaya. The
first two cultivars are well adapted to the conditions of the
Middle Volga region, the Urals and the Central Chernozem
region. Krasnokutka 10 with a high accumulation of protein
and gluten in the grain is highly drought-resistant in the
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Lower Volga region. Kharkovskaya 23 was widely used in
the Central Chernozem region and the Urals.

During that period, in the Research Institute of Agricul-
ture of the South-East under the supervision of N.S. Vasil-
chuk (2001) a program for breeding high-quality cultivars
was developed, methods for assessing the yellowness index
of semolina, pasta, assessing the rheological properties of
dough using a mixograph, farinograph, SDS sedimenta-
tion and culinary properties of pasta were introduced and
improved. In the same institution, the cultivar Saratovskaya
zolotistaya was created which significantly exceeded all
previous cultivars in the concentration of yellow pigments
in the grain.

From 1996 to 2006, 18 new cultivars of spring durum
wheat were approved for use in Russia (State Registers of
Selection Achievements..., 1993-2022). These cultivars
were created at the Siberian Research Institute of Agricul-
ture — 4, Altai Research Institute of Agriculture — 3, Research
Institute of Agriculture of the South-East — 3, Samara Scien-
tific Research Institute of Agriculture — 2, Bashkir Research
Institute of Agriculture — 1, North-Donetsk Experimental
Station — 1, Krasnodar Research Institute of Agriculture — 1.
Two cultivars, Bezenchukskaya stepnaya and Steppe 3,
were approved for use in three regions. Despite the reduc-
tion in the durum wheat crop area, the Bezenchukskaya
stepnaya variety was actively used in the country during
this period, occupying 120, 000 ha in some years.

With the development of regional selection, specializa-
tion of cultivars in ecological and geographical zones began
to appear (Rozova et al., 2017). The conditional border of
biotype specialization in Russia was marked on the terri-
tory of the Ural region, where cultivars originating from
all six large agroecological zones (the North Caucasus,
the Central Chernozem Region, the Lower Volga Region,
the Middle Volga Region, the Urals, and Siberia) are com-
petitive to one degree or another. The number of cultivars
with a high content of yellow pigments in grains and with
high gluten quality has increased. During 2007-2016 in
all regions of Russia, 22 new cultivars were approved for
use, 1. e. the breeding rates averaged 2.2 cultivars per year
that significantly exceeded all previous periods of durum
wheat breeding. In 2016, the State register (State Registers
of Selection Achievements..., 1993-2022) increased the
total number of cultivars of spring durum wheat to 42.

The process of increasing the number of cultivars used
can be seen as a movement towards the creation and
diversification of cultivar systems. This is confirmed by
both the number of successful breeding institutions (11)
and their geography — from Irkutsk to Krasnodar. Along
with the traditionally tall cultivars, short-stemmed ones
Bezenchukskaya 209 and Rusticano, and medium-sized
ones Bezenchukskaya 210, Bezenchukskaya zolotistaya,
Lilek, Omskaya yantarnaya were registered. In terms of
the duration of the growing season, the differences between
early-ripening biotypes (Krasnokutka 13, Nikolasha) and
late-ripening ones (Omsky izumrud, Omsky corund) in
terms of heading date amounted to 10—12 days when tested
in the Middle Volga region.
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The number of cultivars with a high content of yellow
pigments in the grain (at the level of Saratovskaya zoloti-
staya) continued to increase. Cultivar Bezenchukskaya
zolotistaya exceeded this level by 25.0 %, reaching values
of 8.5-9.0 ppm (Malchikov, Myasnikova, 2020). New
cultivars were created that consistently form high-quality
gluten: Bezenchukskaya 209, Bezenchukskaya niva, Be-
zenchukskaya zolotistaya, Luch 25, Annushka, Krassar,
Lilek, Nikolasha. Breeders of the Altai Research Institute of
Agriculture have created a cultivar Solnechnaya 573 which
combines two properties that are difficult to combine —
high yield in the tolerance regions (Western and Eastern
Siberia) and high protein content. In the European part of
the country, seven cultivars (Bezenchukskaya 205, Bezen-
chukskaya 210, Bezenchukskaya niva, Bezenchukskaya
zolotistaya, Donskaya elegiya, Marina, Melodiya Dona)
have been created which are approved for use in the Ural
region. In Siberia, cultivars of only local selection have
been released.

Over the past six years (2017-2022), 20 new cultivars
have been created (State Registers of Selection Achieve-
ments..., 1993-2022) — 3.3 per year, so breeding rates
increased compared to the previous period. Among them,
cultivars recommended for use in one region prevailed —
18 t0 90.0 %, which is a continuation of the trend that was
determined at the previous stages —a gradual increase in the
share of cultivars of local importance and regional diversi-
fication of cultivar systems. The specialization of cultivar
systems at this stage is confirmed by a sharp increase in the
number of short-stemmed cultivars carrying the RAtB1b
gene: Triada, ST ATLANT, SI NILO and Tessadur that are
recommended for the Central Chernozem region, Bourbon
and Nikola that are for the Ural region. These cultivar are
resistant to lodging, have a high productivity potential (it
is 8.96 t/ha for Triada, 8.98 t/ha — for SI NILO).

Bezenchukskaya krepost, Kremen, and Melyana have
middle-sized stems. The first one is included in the register
for the Middle Volga and the Ural regions; both of the lat-
ter cultivars are only for the Ural region. Bezenchukskaya
krepost is resistant to powdery mildew, brown rust, hard
smut and accumulates in the grain almost the same amount
of yellow pigments as the Bezenchukskaya zolotistaya
cultivar. Obtained by LLC “Agroliga — Center for Plant
Breeding” from the basic genotype of Samara Scientific
Research Institute of Agriculture (1469D-59) by backcross-
ing to a cultivar from the USA Kofa (a donor of high qual-
ity gluten) and selection using molecular markers cultivar
Taganrog is resistant to leaf spots, powdery mildew, grain
sawfly and distinguished by a high content of yellow pig-
ments and gluten quality. Cultivar Shukshinka is zoned in
the Urals, Eastern, and Western Siberia, cultivar Oasis — in
Western and Eastern Siberia and cultivar Omsky coral —in
Western Siberia.

Cultivars Oasis and Omsky coral are middle-late, tall,
but resistant to lodging with a realized grain yield potential
of 5.7-6.2 t/ha. The cultivar Shukshinka is middle-late,
medium-sized, resistant to lodging, has good and excel-
lent pasta qualities, the maximum yield is 7.28 t/ha. Two
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cultivars, Yasenka and Yarina, were approved for use in the
North Caucasus region. They are resistant to drought and
lodging, loose smut, and are distinguished by large grains
and good quality pasta. They are quite competitive in the
Volga region and the Urals.

Source material and methods for creating

genetic variation

At the beginning of scientific breeding, local cultivars were
the main source material. They consisted of mixtures of
cultivars and biotypes. Their study was carried out in ac-
cordance with the intraspecific classification of cultivated
plants of F.K. Kornicke (1873) and J. Percival (1921)
based on well-distinguishable features of the ear and grain.
Subsequently, N.I. Vavilov (1940) proposed an ecological-
geographical principle that combines the classification
into cultivars according to F.K. Kornicke (1873) with the
division of the entire diversity into ecological-geographical
groups. The adequacy of such a division of landraces and
ancient hexaploid wheat varieties was confirmed by the
results of their clustering based on SSRs and RAPDs mark-
ers (Mitrofanova, 2012).

Separation of Eurasian durum wheat cultivars (Russia,
Ukraine, Kazakhstan) of the steppe and forest-steppe eco-
types from groups of durum wheat from the Mediterranean
and the Middle East is confirmed by the spread of various
groups of alleles of gliadin-coding loci among the landra-
ces of these regions (Kudryavtsev et al., 2014). Selection
from landraces that was used in all breeding institutions
proved to be effective. At the beginning, interspecific cross-
ings of durum wheat (7. durum Desf.) with soft wheat
(T aestivum L.) and emmer wheat (7. dicoccum Schuebl.)
prevailed in hybridization, after that — intraspecific cross-
ings with the involvement of initial material from different
ecological and geographical groups and from the other
countries.

Landraces Beloturka and Sivouska were included in
the breeding records of 53 and 41 % of released cultivars,
respectively, which indicates the evolutionary nature of
breeding with improving genetic systems of adaptability.
Derivatives obtained from crossing durum wheat with
emmer wheat were of great importance. Variety Kharkovs-
kaya 46 created as a result of interspecific hybridization
T. dicoccum, T. turgidum, and T. durum was included in
the breeding record of 85 % of the cultivars included in
the Russian register in 2004 (Martynov et al., 2005). Cul-
tivar Raketa obtained using the sample 7. dicoccum from
Trans-Baikal territory through cultivars Saratovskaya
zolotistaya, Svetlana is currently included in the breeding
record of 36.0 % of commercial cultivars in Russia. Sample
k-46995 T. dicoccum (All-Union Research Institute of
Plant Breeding) through the cultivar Pamyati Chekhovicha
participated in the origin of seven cultivars included in
the register over the past eight years (State Registers of
Selection Achievements..., 1993-2022). At all stages
of breeding, soft wheat was used for hybridization. At
present, 32.7 % of commercial cultivars have soft wheat
among their ancestors.
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Triticum timopheevii (Zhuk.) cultivar was involved in
hybridization as a source of resistance to pathogens. In the
register of cultivars protected for 2022, there were three
cultivars carrying a translocation on the 6B chromosome
from 7. timopheevii, which provides resistance to powdery
mildew (Malchikov et al., 2015). In the 1970s, the com-
mercial variety Melanopus 7 was obtained in Krasnodar
with the involvement of 7. timopheevii.

Since the 1930s, along with interspecific and intraspe-
cific crosses, foreign cultivars have been involved in the
creation of hybrid populations. The cultivars WSMP-13
(USA), Leucurum 983 (Italy) were widely included in
crosses. WSMP-13 cultivar through the breeding line of
the Samara Scientific Research Institute of Agriculture
Gordeiforme 740 is included in the breeding record of 12
modern cultivars. The Research Institute of Agriculture of
the South-East and the Federal Scientific Centre for Grain
named after P.P. Lukyanenko use the gene pool from the
international centre ICARDA, the USA and Canada — the
cultivars Annushka and Krassar were obtained using the
American cultivar Medora, the genes of the American line
AWII/Sbl 4 were used for the cultivar Lilek. Omsky corund,
Omsky coral were obtained from crossing with genotypes:
k-47117, T 1004 = POD 11/Yazi 1 (CIMMYT). When
creating short-stemmed varieties Bezenchukskaya 209
and Triada, the donors of the RAtB1b gene were Coc-
corit 71 and Anser 10 (CIMMYT). At present, the cultivar
Pamyati Chekhovicha carrying the plant height reduction
gene from the cultivar Ahninga (CIMMYT) is widely
used for hybridization. In Federal Rostov Agricultural
Research Centre, chemical mutagenesis and hybridization
with foreign cultivars (Wells, Wascana) are used to induce
genetic variability. As a result, cultivars Novodonskaya,
Volnodonskaya, Donskaya elegy were created.

The main method of induction of genetic variability in
durum wheat in Russia and in the countries of the former
USSR is hybridization within and between species. Some
scientists assign a crucial role to hybridization and estimate
its contribution to the effectiveness of the breeding process
up to 60.0 % (Vedder, 1992). The approaches used in the
selection of parental components for hybridization cor-
respond to the three principles proposed by S. Boroevich
(1984): cultivar, trait, gene.

The principles of cultivar and trait in the domestic litera-
ture are usually not separated. In this case, cultivars selected
for hybridization are characterized by the entire range of
breeding traits (Vasilchuk, 2001; Evdokimov et al., 2022).
At the same time, the stage of prebreeding selection, or the
purposeful creation of intermediate forms for the stepwise
hybridization, is singled out (Shekhurdin, 1961; Vasilchuk,
2001). This principle of parental component selection is
widely used in breeding for quantitative traits, resistance
to drought and high temperatures. Methods based on the
gene principle are used for: backcrossing — transferring
genes to a specific gene pool, accumulation — combin-
ing genes in one genotype that determine different traits,
“pyramidization” — combining two or more genes that
determine one trait. The gene principle is used in breeding
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Nei’s indices of spring durum wheat genetic diversity from Russia and the former USSR for four gliadin-coding loci

in a historical context (according to Kudryavtsey, et al., 2014)

Locus Indices of genetic diversity by periods of variety regionalization
1929_1950 ............................... 1951_1980 ............................... 1980_2000 .............................. 2 001_2012 .............................
G/,A1064012 .......................................... 0 09 ........................................
G/,31055058069 .......................................... 0 68 ........................................
G/,A2058077063 .......................................... 0 58 ........................................
G/,32082030086 .......................................... 0 74 ........................................
Average068070058 .......................................... 0 52 ........................................

for resistance to pathogens, culm length and completeness,
enzyme activity that are signs closely linked to biochemical
or DNA markers.

Genetic diversity of commercial cultivars

The process of increasing uniformity in varietal populations
is undesirable, as it increases the likelihood of rapid
development of epiphytoties, the spread of pests, and the
vulnerability of the varieties to the effects of other extreme
environmental factors over a large area (Jacques et al.,
2014). Genealogical analysis of the varieties released on
the territory of Russia in 1929-2004 based on relatedness
coefficients showed an increase in genetic diversity. At
the same time, genetic erosion of local material was
recorded — the number of Russian original ancestors of
modern cultivars decreased by 20 %. In general, during
this period, the lower genetic diversity threshold in all
regional breeding centres did not reach a critical level
corresponding to the similarity of half-sibs (r-coefficient of
relatedness varied from 0.18 to 0.23 for breeding centres;
r-coefficient for half-sibs — 0.25) (Martynov et al., 2005).
Unambiguous trends in the change in genetic diversity for
alleles of gliadin-coding loci during four historical (in time)
evolution stages of the varietal population of spring durum
wheat were not found (see the Table).

The constancy of the allelic composition at the Gli-A1,
Gli-B1, Gli-B2 loci was established for the first (1929—
1950) and second (1951-1980) stages. In cultivars of the
second stage, the number of alleles at the G/i-42 locus
increased significantly that led to some increase in the
coefficient of genetic diversity in general for 4 loci from
0.68 to 0.70. At the next stages, this trend was reversed. A
significant narrowing of the diversity occurred at the third
(Gli-A1, Gli-A2 loci) and especially the fourth stage, most
strongly at the G/i-A1 locus. A significant decrease in the
diversity coefficient at the fourth stage also occurred at the
Gli-A2 and Gli-B2 loci, which was constant at throughout
the XX century. G/i-B1 which is stable in composition of
alleles includes allele ¢ with a frequency of 0.46 which con-
tains the electrophoretic component y-45 that is a marker
of genes determining the formation of high-quality gluten.

It is obvious that the current intensive selection of high-
quality cultivars can lead to a monoallelic state of the locus
and a narrowing of the genetic diversity of the created cul-
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tivars. This negative trend can be overcome by attracting a
genetically diverse source material, identifying new alleles
and intensifying the variety creation in regional breeding
centres (Kudryavtsev et al., 2014).

Yield selection results

There is information in the scientific papers about the
results of studying the yield trend in breeding institutions
in the Volga region (Research Institute of Agriculture of
the South-East, Samara Scientific Research Institute of
Agriculture) and Western Siberia (Omsk Agricultural
Research Centre, Federal Altai Scientific Centre for Agro-
biotechnology). At the Samara Research Scientific Institute
of Agriculture, the genetic component of yield has been
determined quite accurately since the regular testing of
Leukurum 33 cultivar in the 1930s. This cultivar of the
second stage (Malchikov, Myasnikova, 2015), until the
completion of testing the cultivar of the first stage — Gor-
deiforme 189 in 1958, exceeded it by 23.6 %. If we take
the value of 5.0 % as the minimum difference between the
yields of Gordeiforme 189 and landraces, then the breeding
contribution to the increase in yield in the Middle Volga
region when creating the Leukurum 33 cultivar is 28.5 %
or 0.8 % per year.

The breeding contribution to the yield value during the
creation of the cultivar Bezenchukskaya 105 (1965) and
Kharkovskaya 46 (1968) increased by 5 %, but, at the
same time, the growth rate due to the breeding decreased
to 0.6 % per year from 1912, in the period from 1948 by
1965 —to0 0.26 %. The main contribution to the increase in
the yield of cultivars at the 2nd—3rd stage of breeding was
associated with an improvement in the survival of plants
at the time of maturation.

At the next stages — the creation of Bezenchukskaya 139
(stage 4, 1980), Bezenchukskaya 182 (stage 5, 1993), the
genetic yield trend related to the variety of the 3rd stage —
Kharkovskaya 46 was 10.1 %, related to the variety of the
stage 4 — Bezenchukskaya 139 was 15.7 %, with breeding
rates of 0.84 and 1.12 % per year, respectively (Malchikov,
Myasnikova, 2015).

Most often, the genotypic dispersion of the yield of
cultivars of stages 3—6 was associated with the variability
of ear productivity traits and morphophysiological traits,
such as Plant height, Harvest index — 65.5 and 31.1 % of
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Fig. 3. General and genetic trend (the ratio of the indicators of the five
best breeding lines to the indicators of the cultivar of the 5th stage of
breeding Bezenchukskaya 182) of durum wheat yield over the past 15
years (2007-2021).

cases, respectively. During the last 15 years (2007-2021),
against the background of a general increase in the yield
of durum wheat in competitive variety trials, an increase
in selection improvement rate has been observed (Fig. 3).
The trend in the increase in yield of Bezenchukskaya 182
variety from 1993 to 2021 was 28.5 % or 0.95 % per year.

Thus, over 110 years of durum wheat breeding at the
Samara Scientific Research Institute of Agriculture, the
genetic yield progress was 0.80 % per year or 87.7 % for
the entire period, including the stages of breeding (vari-
etal change): stages 1-2—28.5%, stage 3—5 %, stage 4 —
10.0 %, stage 5 — 15.7 %, stage 6 — 28.5 %.

In the Research Institute of Agriculture of the South-East
in the XX century (1929-1999), from the moment of the
variety Gordeiforme 432 creation (selection from the local
Beloturka), the genetic yield trend was 54 % (Vasilchuk,
2001). In the XXI century (2000-2017) it increased by
22 % and amounted to 73.0 % or 0.79 % per year in general
for the entire breeding period (Gaponov et al., 2017). Breed-
ing progress in terms of yield was associated primarily with
an increase in grain size, the number of productive stems
and Harvest index (HI). It was not possible to increase the
number of spikelets per spike, the number of grains per
spike and spikelet, with the exception of some cultivars.
It is predicted that no cardinal changes in plant habitus
(reduction in plant height) are expected (Vasilchuk, 2001;
Gaponov et al., 2017).

The first cultivar of spring durum wheat created at the
West Siberian Station (Omsk Agricultural Research Cen-
tre) was Gordeiforme 10 (Talanov, 1926). It was released
from 1929 until 1960 and remained the main variety in the
region. It was replaced by the Kharkovskaya 46 cultivar
which surpassed Gordeiforme 10 by 10 % in the forest-
steppe zone (Savitskaya et al., 1980). In 1979, the Almaz
variety was released which exceeded Kharkovskaya 46
in yield by 0.23 t/ha or 9.7 % in Siberia and Kazakhstan.
Over the next 20 years, Omsk rubin (1991), Angel (1997),
and Omskaya yantarnaya (1999) were created. The yield
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trend for this period (from the Almaz cultivar to Omskaya
yantarnaya) amounted to 0.6 t/ha or 22.5 %, 1. e. 1.07 % per
year based on the results of a long-term study at the Omsk
Agricultural Research Centre (Evdokimov et al., 2021).

Cultivars of the last breeding period of durum wheat
in the Omsk Agricultural Research Centre (2000-2021) —
Omsky izumrud and Omsky coral in terms of grain yield
exceeded Omskaya yantarnaya by 18.4 and 19.2 %, i. e.
selection rates were about 0.9 % per year (Evdokimov et
al., 2020). The general trend of yield improvement breed-
ing if we count from the Gordeiforme 10 variety is 61 %
or 0.67 % per year. The cultivar productivity increase in
the process of breeding at the Omsk Agricultural Research
Centre followed the path of improving the number of pro-
ductive stems per 1 m?and the number of grains per spike.
The caryopsis weight changed insignificantly (Evdokimov
etal., 2021).

In the Altai Research Institute of Agriculture (Federal Al-
tai Scientific Centre for Agrobiotechnology), the selection
of spring durum wheat began in 1929 after the organiza-
tion of the Barnaul Experimental Station, but systematic
and large-scale work has been carried out since 1970. For
50 years, 10 commercial cultivars have been created. The
yield trend from Kharkovskaya 46, the main standard
in the 1970s, to modern cultivars was 0.39-0.79 t/ha or
14-29 %, the breeding rate for yield was 0.38-0.58 % per
year (Rozova et al., 2017). A general trend in the change
in yield elements was not found with the exception of the
tendency to increase the weight of the grain at all stages. At
the same time, most cultivars of all breeding stages formed
larger grains. Some varieties surpassed Kharkovskaya 46
in terms of the number of grains per ear and Harvest index.

Thus, the selection of spring durum wheat for yield in
the main breeding centres of Russia is carried out quite
effectively. The rate of its increase depending on the
breeding centre is 0.58-0.80 % per year.

Selection of cultivars resistant to pathogens
and pests
At the beginning of breeding work with spring durum
wheat in the USSR (Russia), much attention was paid to
the creation of cultivars resistant to dust brand (Ustilago
tritici (Pers.) Rostr.) that is explained by its distribution
in the regions of cultivation, increased durum wheat spe-
cies susceptibility to the pathogen and deterioration in the
quality of products. In the 1920-1940s, Gordeiforme 10,
Melyanopus 69, Raketa, Gordeiforme 27 were resistant
against an infectious background (Shestakova, Vyushkov,
1975). On their basis, highly resistant varieties Bezen-
chukskaya 121, Bezenchukskaya 139, Svetlana, Valentina,
Bezenchukskaya 205, Triada, etc. were obtained. Currently,
among the cultivars included in the State Register of Russia
there are about 40 % resistant ones which in combination
with the use of systemic seed treaters, effectively restrains
the development of this pathogen (Vyushkov, 2004).

The most harmful diseases parasitizing the Eurasian
durum wheat are leaf spots: Stagonospora nodorum
(Berk.), Septoria tritici (Roeb. et Desm.), Bipolaris soro-
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kiniana (Sacc.), Pyrenophora tritici-repentis, Fusarium sp.
(Koishibaev, 2018). Breeding for resistance to these
pathogens is regional. There is no complete resistance or
immunity in durum and soft wheat cultivars to leaf spots
(Lamari et al., 1989). In a study by C. Chu et al. (2008),
only 25 of 132 durum wheat accessions had high or partial
resistance to P. tritici-repentis and S. nodorum (Berk.).
A high level of partial resistance to P. tritici-repentis (Tan
spot) and S. nodorum (Berk.) has been found in synthetic
hexaploid wheat (SHW) and soft wheat (Xu et al., 2004;
Singh P.K. et al., 2006). Sustainable sources of SHW and
wild relatives can potentially be used to improve durum
wheat (Singh P.K. et al., 2006).

In the system of the Kazakh-Siberian program (KASIB),
the following samples of durum wheat were identified (high-
ly resistant to leaf spot pathogens in the field): 1693d-71,
2021d-1, Gordeiforme 1591-21 (Samara Research Institute
of Agriculture), D-2165 (Research Institute of Agriculture
of the South-East), Gordeiforme 08-107-5, Gordeiforme
178-05-02, Gordeiforme 05-42-12 (Omsk Agricultural
Research Centre) (Gultyaeva et al., 2020; Rsaliyev et al.,
2020). A significant part of durum wheat cultivars included
in the state register of Russia according to the description of
the authors and the results of the study in the state variety
network show resistance (R), medium resistance (MR) or
medium susceptibility (MS) to these pathogens. Sufficiently
effective selection for resistance is confirmed by the low
frequency of occurrence of the dominant allele of the sus-
ceptibility gene to P. tritici-repentis — Tsnl. Among the 43
studied cultivars, it was identified only in two — Soyana
and Gordeiforme 08-25-2 (Rsaliyev et al., 2020).

The cultivars of durum wheat from Russia and Kazakh-
stan are sufficiently resistant to leaf rust (P, triticina Eriks.)
which confirms the thesis that resistance to this pathogen
is higher in durum wheat than in soft wheat (Ordofez,
Kolmer, 2007). Most durum wheat varieties included in
the Russian Register have field resistance to leaf rust.
During the years of its epiphytoties, cultivars with this
type of resistance reduce the yield, the weight of the grain
and its fillness, but much less than the susceptible ones. It
is advisable to have cultivars with field resistance in the
steppe regions with a dry climate where the harmfulness
of brown rust is low (Krupnov, 2016). For regions with an
increased level of annual precipitation (> 450 mm), it is
advisable to use immune cultivars (immunity type 0-1).
Donors of resistance genes (immunity with type 0-1) are
varieties of the Samara Research Institute of Agriculture
Marina and Leukurum 1750. These lines were isolated
according to the field assessment in the KASIB seed-plot
against a natural infectious background in two ecopoints
(Omsk, South Kazakhstan) — Kargala 223, Gordeiforme
178-05-2, Gordeiforme 05-42-12 and Triada.

The results of the multipathogenic test showed the
absence of the Lr2a, Lr2b, Lr2c, Lr9, Lrl5, Lri6, Lrl7,
Lr19, Lr20, Lr24, Lr26 genes in the Russian and Kazakh
breeding material. The use of molecular markers did not
reveal the genes Lrl, Lr3a, Lr9, Lr10, Lr19, Lr20, Lr24,
Lr26,Lr34, Lr37 (Gultayeva et al., 2020). In Spain, they did
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not identify any known Lr-gene in the collection of durum
wheat cultivars either (Martinez et al., 2007). Of all known
leaf rust resistance genes, only Lr14, Lr23, Lr61 and Lr 79
are derived from durum wheat and spelt (Mclntosh et al.,
2013). In this regard, it is not clear whether durum wheat
has the same resistance genes in the A and B genomes that
are identified in soft wheat, or whether these genes are
completely different (Gultayeva et al., 2020).

Currently, due to climate change, there is a danger of
the spread and intensification of the harmfulness of stem
rust (P. graminis f. sp. tritici) in the steppe regions of the
Urals, the Volga region and Siberia (Gultyeva et al., 2020;
Evdokimov et al., 2022). An analysis of the periodicity
of the pathogen spread shows that durum and soft wheat
are very vulnerable to outbreaks of stem rust in the world.
The emergence and spread of the Ug99 race and its highly
virulent strain TTKSK which overcomes most resistance
genes, requires special attention of breeders, geneticists,
and phytopathologists (Singh R.P. et al., 2015).

In Russia, cultivars of durum wheat are used that exhibit
to some extent resistance to stem rust in the field. Accord-
ing to the State Commission for Testing and Protection of
Breeding Achievements, out of 63 cultivars included in
the Russian register 14 cultivars showed resistance from
medium (MR) to high (R) against a natural infectious
background. Highly resistant cultivars include commercial
cultivars: Triada, Lilek, Omskaya stepnaya, Omsky coral,
Omsky izumrud. The following were moderately stable:
Nikolasha, Nikola, Tselinnitsa, Taganrog, Bezenchuk-
skaya 210, Bezenchukskaya krepost, Bezenchukskaya
jubileynaya, Bezenchukskaya 205, Tessadur. Sources of
resistance are intraspecific variability and introgression of
genetic material from other species, primarily 7. dicoccum
Schuebl., 7. timopheevii Zhuk., T. aestivum L. In particular,
the lines NT-7, NT-10, and NT-12 that are highly resistant
to stem rust, obtained by selection in F3BC1 Shortandin-
skaya 71/Orenburgskaya 2//T. timopheevii k-38555/3/
Shortandinskaya 71 are used as initial material (Kozlovs-
kaya et al., 1990). The resistance of the obtained lines is
well inherited and controlled by groups of 3—4 genes with
the manifestation of complete dominance, incomplete
dominance, recessive control of resistance (Khlebova,
Barysheva, 2016).

In Western Siberia, on the genetic material of soft wheat
from CIMMYT on a natural infectious background during
2018-2019, a high resistance to the stem rust population of
the genes Sr23, Sr31, Sr38, Sr39, Sr40 and combinations of
the genes Sr6, Sr24, Sr36 and I1RS-Am, Sr21, Sr31 (Evdo-
kimov et al., 2022). Therefore, there are no corresponding
virulence alleles in the stem rust population.

Also in the same studies, the high resistance of the cul-
tivars Triada, Omsky coral, Odisseo was determined. The
average susceptibility was noted in Omsky izumrud and
Luch 25. The vast majority of commercial varieties from
Russia and Kazakhstan are very sensitive to race Ug99
which was determined in tests against a natural background
in Kenya (Shamanin et al., 2016). At the same time, it was
possible to identify genotypes resistant to Ug99 among the
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breeding material of which three samples (Gordeiforme
178-05-02, Gordeiforme 05-42-12, and Triada) were re-
sistant or moderately resistant in Kazakhstan and Russia.
Stem rust reactions in Kenya and Kazakhstan were similar.
In Western Siberia (Omsk, Barnaul, 2017-2018), the degree
of damage was higher. Scientists of the Global Rust Refer-
ence Centre found that P. graminis races from Omsk have
unusual virulence patterns compared to Ug99 and races
from other regions (Hovmeller et al., 2017).

In the Eurasian regions with a hot climate where spring
durum wheat is mainly cultivated, epiphytotics of powdery
mildew (Blumeria graminis) take place. This can be ex-
plained by a short incubation period which at an average
daily temperature of 20 to 24 °C ranges from 2.8-3.5 days
(Fissyura et al., 1987) that in the presence of an infection
ensures its rapid spread. Powdery mildew epiphytoties
negatively affect grain quality reducing the content of
protein, gluten, weight and grain size (Dolgalev, Tikhonov,
2005). In this regard, resistant cultivars are included in
the Register of Russia and Kazakhstan, including steppe
regions with a hot climate.

18 spring durum wheat cultivars of 61 ones included
in the State Register of Russia show high resistance (R,
RMR) to powdery mildew. Analysis of the breeding records
of these cultivars shows various sources of resistance, in-
cluding those based on the genetic variability of 7" durum,
T. dicoccum, T. timopheevii. In particular, the cultivars Be-
zenchukskaya krepost and Taganrog which are resistant to
powdery mildew carry a translocation from 7. timopheevii
on the 6B chromosome range of microsatellite markers
Xgwm518 and Xgwm 1076 (Malchikov et al., 2015). Lines
1438D-13 (resistance donors — 7. timopheevii, T. durum),
1389DA-1, 1477D-4 (resistance donors — 7. durum, T. di-
coccum) with immunity to powdery mildew were obtained
at the Samara Research Institute of Agriculture (Malchikov
etal., 2015).

A grain with a “black germ” is the main reason for the
presence of spex (dark inclusions) in the grains that reduces
the colour and nutritional quality of pasta in general (Vasil-
chuk, 2001). The black germ appears as a result of grain
infection with pathogens B. sorokiniana (Sacc.) Shoemaker,
Alternaria tenuis (Fr.), A. tritici (Pers.) during the filling
period (Conner, 1987).

The assumption that large-grain cultivars are more
susceptible was not confirmed — in the process of breed-
ing, resistant cultivars with different grain weights were
obtained. Under the conditions of the Altai Territory, the
following cultivars are classified as resistant: Salut Altaya,
Pamyati Yanchenko, Altaisky yantar, Solnechnaya 573, An-
gel, Omsky izumrud, 1480d-2, Luch 25, Kharkovskaya 46,
Donskaya elegiya, Orenburgskaya 10 (Barysheva et al.,
2016). The Samara Research Institute of Agriculture (Mal-
chikov et al., 2022) also identified resistant cultivars: Khar-
kovskaya 46, Bezenchukskaya 139, Bezenchukskaya 182,
Marina, Taganrog, 1963D-71,2021D-1, Gordeiforme 910,
Gordeiforme 08-25-2, Gordeiforme 08-107-5, Melyana.
Highly resistant durum wheat genotypes from Italy —
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ISD19, ISD20, ISD22, Achille, Grecalle, Odisseo and
Austria — Duroflaus and Duromax were proposed as initial
material.

In Eurasia, significant damage to the yield and quality
of durum wheat grain is caused by pests. The leech, bread
beetles, thrips, turtle bug have a focal distribution pattern
with a rare manifestation of signs of epizootic in some
regions. Reducing the harmfulness of these pests is pro-
vided by agrotechnical methods. Selection for resistance
to Hessian flies, Swedish flies, and the grain sawfly is quite
effective (Vyushkov, 2004).

Hessian fly resistance is controlled by a block of domi-
nant H,—H,, genes and several recessive genes (Mclntosh et
al., 2013). The varietal population of durum wheat in Russia
has a sufficient concentration of these genes. The genetics
of resistance to the Swedish fly is less studied, but modern
cultivars of durum wheat show relative resistance to the
pest — damage rarely reaches 11-15 % (Blagonadezhdina,
1968). Kharkovskaya 46 and Bezenchukskaya 139 are
evaluated as genetic donors of resistance to the Swedish
fly (Vyushkov, 2004).

The control system of breeding material in seed-plots
and statistical analysis of varietal variability makes it
possible to create slightly damaged cultivars. Resistance
to the grain sawfly ensures that the stem is solidness with
parenchymal tissue. The high heritability of the trait and
the control of the system of dominant genes in interac-
tion with genes inhibitors and anti-inhibitors of stem core
formation (Malchikov, Myasnikova, 2008) determine the
efficiency of selection of cultivars with a fully or partially
completed culm. The absence of negative effects of the
genes that control straw solidness on the production process
and grain quality allows them to be widely used in breeding
for all regions (Malchikov, Myasnikova, 2008). The use
of cultivars with completed straw is most effective in the
southern regions where the grain sawfly causes maximum
damage to the yield and grain quality (Kryuchkov, 2006).
Among the cultivars of durum wheat approved for use
in 2022, 4 have a fully solidness culm, 36 — medium and
21 cultivars — hollow straw (State Registers of Selection
Achievements..., 1993-2022).

Selection for drought tolerance

N.I. Vavilov (1935) attached great importance to the
creation of drought-resistant cultivars. The property
itself of drought resistance was considered by him as
extremely dynamic, depending on time, duration of
stress and the period of plant ontogenesis. In his opinion,
drought resistance is not a specific trait permanently and
invariably inherent in one or another cultivar (Vavilov,
1935). Nevertheless, P.N. Konstantinov (1923) singled
out the most significant features which determine drought
resistance — the development of the root system and
precocity. Subsequently, P.A. Genkel (1982) identified the
following factors of drought resistance: 1) resistance of
the cytoplasm to dehydration and overheating; 2) rhythm
of development; 3) development of the root system; 4)
potential productivity.
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According to V.A. Kumakov (1985), the weak cytoplasm
resistance reduces agronomic drought resistance. Physio-
logical (cytoplasmic, cellular) resistance is considered by
breeders as the basis for root growth in soil with low humid-
ity (Kumakov, 1985; Vasilchuk, 2001). Stronger inhibition
by drought of cell division in the zones of durum wheat
apical meristems than in soft wheat is the main reason for
the decrease in its fertility and tillering (Kumakov, 1985).

Selection of spring durum wheat in Russia and the CIS
countries for a long period (50—112 years) is carried out in
the steppe regions under conditions of significant drought
pressure. During this time, tens of thousands of hybrid
combinations and millions of breeding lines have gone
through cycles of natural and artificial selection. Modern
cultivars in drought conditions exceed grain landraces by
2 times in productivity, the first breeding cultivars — by
1.5-1.8 times (Gaponov et al., 2017).

Drought resistance of cultivars is determined by the
degree of adaptation to the regional dynamics of growing
season meteorological factors. Krasnokutskaya Breeding
Station selects the most early-ripening cultivars in the Com-
monwealth of Independent States (CIS). This is due to the
high probability of developing a spring-summer drought
with high temperatures in this zone. Early maturing culti-
vars which form an acceptable yield due to autumn-winter
precipitation are an expedient agroecotype here. In this re-
gion, early maturation must be combined with a strong root
system (Konstantinov, 1923) which due to the reduction
in the total growth period is a difficult task for breeders. It
is necessary to take into account the decrease in the root
system size caused by the negative effect of the dominant
Vin-Al gene allele (Smirnova, Pshenichnikova, 2021).

The cultivars bred by the Research Institute of Agricul-
ture of the South-East also mainly belong to the early-ripen-
ing biotype. Like the Krasnokut ones, they have a high field
drought resistance and are well adapted to the conditions of
the Lower Volga region. Cultivars Krasnokutka 13, Niko-
lasha and Saratovskaya zolotistaya should be considered a
significant success in breeding drought-resistant cultivars of
these institutions. The first two combine this property with
precocity. The third one has a high heat resistance of the
ear and has a good cultivar-forming ability in the Middle
Volga region and in the Urals (Malchikov, Myasnikova,
2015). Under drought conditions, when studying a set of
contrasting cultivars of the Volga region by the method of
principal components, a cluster of traits was identified that
is closely and positively related to productivity: the number
of grains per spike, the nitrogen harvesting index, Harvest
index, the growth function of the spike during flowering,
the removal of nitrogen and phosphorus during the period
from flowering to maturation, the leaf area of the main shoot
in tillering (Malchikov, Myasnikova, 2015).

The positive relationship between the removal of ma-
cronutrients and, first of all, phosphorus, with the yield
during the drought can be interpreted as a result of more
vigorous growth of the root system (formation of root hairs)
and its activity in drought-resistant varieties (Reynolds et
al., 2012). Based on the results of many years of research,

CENEKLMA PACTEHUA HA NPOAYKTUBHOCTb U KAYECTBO / PLANT BREEDING FOR PERFORMANCE AND QUALITY

2023
276

Pa3BuTtme cenekuymm ApoBor TBepAon nweHuLbl B Poccumn
(cTpaHax 6biBwero CCCP), pe3ynbTaThbl Y NEPCNEKTUBDI

drought-resistant cultivars have been identified in Samara
Research Institute of Agriculture which are widely used
in breeding as initial material: Pamyati Chekhovicha,
Bezenchukskaya 205, Bezenchukskaya zolotistaya, Ma-
rina, Bezenchukskaya 207, 653d-53, 1368d-18, 2034d-41
(Samara Research Institute of Agriculture), k-16441 (Saada
—Morocco), D2017/Karasau//D2043 (Research Institute of
Agriculture of the South-East). In the KASIB system, 34
drought-resistant samples were identified out of 154 geno-
types during 2000-2015; some of them were later released
in arid regions (Evdokimov et al., 2017).

In the Rostov Agricultural Research Centre, successful
breeding for drought resistance is carried out using chemi-
cal mutagenesis combined with hybridization (Kadushkina
et al., 2016). The cultivars of this institution, Donskaya
elegiya, Melodiya Dona and Donella M, have high drought
resistance in the southern region and in the Volga region.
The high drought resistance of cultivars of the National
Grain Centre named after P.P. Lukyanenko — Yasenka,
Yadritsa and Yarina, and Altai Scientific Centre of Agro-
biotechnologies — ATP Prima, ATP Partner, Shukshinka
was manifested in the Middle Volga region in the system
of ecological testing. The Orenburg Research Institute
of Agriculture found that drought-resistant durum wheat
cultivars are an effective component of conservation tech-
nologies that compensate their negative effects associated
in some cases with soil compaction and reduced fertility
(Besaliev, Kryuchkov, 2014).

M. Reynolds (2012) with co-authors identified as the
main components of the complex property “drought resis-
tance”: CTV/CTG — leaf surface temperature at the stages
of vegetative growth and grain filling; GC — soil cover
during the formation of the crop; ANT — the number of
days before flowering; CAR — concentration of carotenoids
in leaves; TE — transpiration efficiency based on carbon
isotope discrimination; WSC — concentration of sugars in
the stem immediately after flowering; HI — Harvest index.

Parameters CTV/CTG, TE are largely determined by the
depth of penetration and activity of the root system, xylem
diameter and stomatal density. This complex allows you to
extract water from the soil, maintain normal transpiration
and photosynthesis. The genes 7aMOR, TaERs have been
described on soft wheat. The first one is a transcription
factor activated by auxin affects the growth and number of
roots. The second one (includes 7aER-1, TuER-2) increases
the density of stomata and their conductivity, reduces the
size of epidermal cells and TE that has a positive effect on
photosynthesis and the accumulation of plant biomass in
drought conditions.

The study of genes and transcription factors which are
orthologous to the structures of other species (arabidopsis,
rice, maize) will make it possible to understand the mecha-
nisms of drought and heat resistance in wheat (Kulkarni
et al., 2017). V.A. Dragavtsev et al. (2017) suggested
using approaches based on the ecological-genetic theory
of the organization of quantitative traits in the selection
of drought-resistant cultivars. According to their ideas,
drought resistance is included in the genetic and physio-
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logical system of adaptability and contains 22 component
traits. The acceleration of breeding for drought resistance
involves the identification of the physiological character-
istics of cultivars created in breeding centers located in
regions that differ in types of dominant droughts and the
dynamics of meteorological factors in plant ontogenesis.
Knowledge of specific physiological, epigenetic, biochemi-
cal components of drought resistance in the future will
make it possible not only to obtain transgressive forms in
the process of recombinant breeding, but also to mark the
corresponding QTLs for the formation of marker-associated
breeding technology. For each agroecological zone, it is
necessary to determine the parameters of morphotypes that
are complementary to the main types of drought.

Breeding of short-stemmed cultivars

The breeding of short stem varieties of spring durum wheat
carried out in the former USSR in the 1970s, was not suc-
cessful (Vyushkov, 2004; Golik V.S., Golik O.V., 2008).
The main reason for the failure was the low adaptability
of the short-stemmed donors from Mexico, Chile, Italy,
Australia, and Canada. Resistance to lodging in arid zones
is expected to be improved by increasing stem strength.
(Vasilchuk, 2001). However, the benefit of reducing plant
height is not limited to increased resistance to lodging.
Low-growing cultivars have a high grain yield from total
biomass and productivity potential which is confirmed by
the history of wheat breeding in the XX century in many
countries.

In Russia, plant height reduction genes are used in the
selection of soft and durum winter wheat. Much more
difficult is their use in the breeding of spring wheat that
is more severely affected by drought than winter wheat.
The creation of short-stemmed analogues of Russian
cultivars and the gene study on the material of isogenic
lines turned out to be promising (Gurkin, 1984; Vyushkov,
2004). By expression at plant height in the Volga region,
the studied genes are distributed in the following order:
Rht 14>RhtB1b>RhtAz>RhtAhn. The Rht 14 gene was
recognized as unpromising because of strong negative ef-
fects on adaptability. The RA¢B 1D gene reduced the height of
plants by 40 %, increased the grain size of the ear by 17 %,
the total tillering by 15 %, Harvest index by 11 %, reduced
the weight of 1000 grains by 9 %. The RhtAz and RhtAhn
genes reduced plant height by 17 and 12 %, respectively.
The effects of the latter genes on productivity elements were
insignificant (Gurkin, 1984; Vyushkov, 2004).

A.A. Alderov (2001) at the Dagestan Experimental Sta-
tion of All-Russian Institute of Plant Genetic Resources
(VIR) introgressed into 7. durum the genes controlling
short stature from the diploid species 7. sinskajae (SIS2)
from the hexaploid species 7. aestivum — Tom Pouce (Rht 3)
and from 7. dicoccum —k-25459 (rhitx 1, rhtx 2). The use of
these genes was recommended in the North Caucasus. In
the Samara Research Institute of Agriculture, on the basis of
an analogue of Kharkovskaya 46 (RhtAhn gene), a drought-
resistant cultivar Pamyati Chekhovicha was obtained which
transferred its properties, including the gene for reducing
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plant height, to cultivars: Bezenchukskaya 210, Bezen-
chukskaya zolotistaya, 1368D-18, Bezenchuksky podarok
(Samara Research Institute of Agriculture), Shukshinka,
ATP Prima (Federal Altai Scientific Centre for Agrobiotech-
nology), Kremen (Federal Scientific Center for Biological
Systems and Agrotechnologies of the RAS). The RAtB1b
gene was introduced into the commercial varieties Bezen-
chukskaya 209 and Triada.

In the same period, short-stemmed foreign cultivars
Sea Nillo, Sea Atlanta, Tessadour were released. The
cultivars Bourbon and Nikola created on genetic mate-
rial from Italy have a shortness phenotype. The cultivars
Bezenchukskaya 209 and Triada have a sufficient level of
drought resistance and can be used with intensive tillage
technologies in the steppe regions of Russia with an arid
climate. Thus, purposeful and long-term work with carriers
of plant height reduction genes made it possible to create
competitive low-growing/medium-sized varieties and move
on to the formation of new morphophysiological types of
spring durum wheat in various regions of Russia.

Breeding for grain quality traits

At the end of the XIX century and the beginning of the
XX century, the quality of Russian durum wheat on the
European market was beyond competition (Chekhovich,
1924). At that time, the main criteria for grain quality
were: vitreousness, protein content, completion, grain
weight and colour. In 1929 in Saratov (Research Institute
of Agriculture of the South-East) A.I. Marushev (1968)
began to study in addition to these features in a specialized
laboratory: baking properties, strength of flour (gluten),
breaking strength macaroni, pasta colour, digestibility, loss
of'solids when cooking pasta. These parameters formed the
basis for evaluating varieties in other breeding centres, in
the state commission and formed the basis of GOST for
durum wheat quality classification. At present, classiness
is determined by vitreousness, grain nature, the presence of
grains with a black germ, the quantity and quality of gluten
(using the GDI-1-Gluten deformation index device), and
the falling number.

In the late 1980s, N.S. Vasilchuk (2001) proposed to eval-
uate the quality of durum wheat varieties by groups of traits:
1) determined on the grain (glassiness, weight of 1000 grains,
nature, colour, ash content, falling number, protein content);
2) determined on meal: the number of spices, colour, con-
tent of yellow pigments and activity of oxidizing enzymes;
3) rheological properties of the dough — SDS sedimenta-
tion, parameters determined on a mixograph, farinograph,
alveograph, glutomatic, glutograph, electrophoresis of
gliadin and gutenin blocks, DNA markers); 4) culinary
properties of pasta (colour, strength of dry and cooked
products, boilability, amount of solids in cooking water).

The most difficult for breeding are signs that negatively
correlate with yield, weight of 1000 grains and grain vol-
ume weight. They include the protein content in the grain
and the amount of gluten. In the process of long-term
breeding, these contradictions have become aggravated.
Attempts have been made to overcome or significantly
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reduce the effects of this negative dependence. The dis-
covery of the wild emmer wheat 7. dicoccoides (FA-15-3)
with large grains and high protein content in Isracl made
it possible to mark the corresponding locus QGpc.ndsu-
6Bb on the short arm of the 6B chromosome in the region
Xabg387-6B and Xmwg79-6B where 11 markers are
located (Joppa et al., 1997). This made it possible to iden-
tify high Gpc protein loci in collections of wild species,
landraces, and breeding cultivars. The presence of trans-
location in the group of modern cultivars shows that joint
selection for protein content and productivity is possible.
In Russia, many cultivars of durum wheat have Kharkov-
skaya 46 in their breeding record obtained with the par-
ticipation of the 7. dicoccum and its sister line Kharkov-
skaya 51 and other cultivars whose ancestors are 7. dicoc-
cum, T. timopheevii. That suggests a certain probability of
their having Gpc genes.

The study of 38 durum wheat cultivars created in differ-
ent ecological and geographical zones (Kharkov, Rostov,
Saratov, Bezenchuk, Omsk, Altai) for three years at four
points (Bezenchuk, Kurgan, Barnaul, Aktyubinsk) made
it possible to determine the following evolutionary grain
yield and protein content trends: 1) an increase in the pro-
tein content in the grain while maintaining the intensity
and adaptability of the production process at the level of
the previous breeding stages (cultivar Solnechnaya 573);
2) a significant and stable improvement in yield proper-
ties during the breeding process is not accompanied by
a decrease in the protein content in the grain (cultivar
Bezenchukskaya krepost); 3) a significant and stable im-
provement in yield properties during the selection process is
accompanied by a significant decrease in the protein content
in grain (cultivars Bezenchukskaya niva, Bezenchukskaya
210) (Myasnikova et al., 2019).

In addition to protein and gluten content, significant
efforts by breeders have been directed towards improv-
ing the gluten quality. A.I. Marushev (1968) established a
connection between the strength and cooking properties of
pasta and the baking properties and strength of flour. The
strength of the flour did not always determine the baking
qualities of durum wheat, but it was also more closely re-
lated to the strength and cooking properties of pasta. The
possibility of combining good pasta and baking qualities
in durum wheat was also established. Gordeiforme 432,
Melyanopus 26, Saratovskaya 34 cultivars were assigned
to such ones at the Research Institute of Agriculture of
the South-East. Later, V.S. Golik and O.V. Golik (2008)
showed the possibility of creating durum wheat cultivars
with good baking properties. Canadian breeders came to a
similar conclusion where the expediency of breeding durum
wheat cultivars of dual use was substantiated.

The discovery of R. Damidaux et al. (1978) two com-
ponents of y-gliadin designated y-42 and y-45 which were
found to be markers of weak and strong gluten, respectively,
was important for breeding durum wheat cultivars with
high gluten quality. The strong gluten of the y-45 geno-
types (allele) is now known to be functionally mediated
by a specific group of low molecular weight (LMW-GS)
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glutenin subunits designated LMW-2, closely linked
to Gli-B19 (y-45) (Pogna et al., 1988). GliB14c (y-45)/
LMW-2 white spike genotypes were identified early on.
Subsequently, A.M. Kudryavtsev (1994) identified two
biotypes, y-45 and y-42, in the Kharkovskaya 3 cultivar
with red ear. The LMW-2 durum wheat genotypes have
a wide range of gluten strengths, but they almost always
outperform the LMW-1 (y-gliadin 42) genotypes in baking
quality (Kosmolak et al., 1980). There is no evidence that
stronger LMW-2 genotypes are better in pasta quality than
weaker LMW-1 genotypes (Marchylo et al., 2001). How-
ever, strong gluten with its raw content of 28.0-35.0 % has
high technological properties in the manufacture of pasta
as it gives a dense, viscous dough, well molded, elastic,
not wrinkled, not sticky when extruding pasta (Marushev,
1968; Savitskaya et al., 1980).

It has now been established that the quality of durum wheat
gluten is determined mainly by five loci, two of them, Glu-A 1
and Glu-B1, control the synthesis of high molecular weight
glutenins (HMW-GS), three, Glu-A3, Glu-B2, Glu-B3,
control the low molecular weight glutenins (LMW-GS).
In the Glu-B1 locus, a positive effect on the quality of
gluten (according to the SDS test) was found for alleles
b (7+8),d (6+8), z (7+15), ch (7+12), in the Glu-B3 for al-
lele a (2+4+15+19), in the Glu-A3 locus — for alleles a (6),
c (6+10), d (6+11), e (11). The combination of different
alleles at the loci forms more than 40 haplotypes (Ron-
challo et al., 2021). Obviously, the study of new varietal
collections will make it possible to identify new alleles and
determine their effect on the quality of gluten. In Russia, the
polymorphism of glyadin-coding loci was studied on the
material of collections of historical and modern varieties. In
46.0 % of the cultivars included in the Russian register for
2014, the block Gli-B19c (y-45)/LMW-2 was found, which
implies a high efficiency of breeding high-quality varieties.

Judging by the genealogy of cultivars approved for use
in Russia in 2022, it can be assumed that the number of
cultivars with high gluten quality (presumably having
LMW-2) has increased. Since the end of the 1980s, selec-
tion for the quality of gluten has been carried out according
to the parameters of GDI (gluten deformation index), SDS
sedimentation, mixograph, farinograph. In the Research
Institute of Agriculture of the South-East, they improved
the assessment of cultivars according to SDS sedimenta-
tion (microsedimentation), proposed to expand the 8-point
scale of the mixogram at the beginning to 9-point scale
(Vasilchuk, 2001) and then to 10-point scale (Gaponov et
al., 2020) which was caused by the creation of high-quality
cultivars that, under local conditions, form heavy-duty
gluten that does not fit into the parameters of the 8-point
scale. Currently, the quality of gluten is assessed addition-
ally using glutomatic and glutograf devices (Gaponov et
al., 2020). LLC “Agroliga Center for Plant Breeding”
and Samara Research Institute of Agriculture using the
biochemical marker Glu-B1 (7+8) and molecular markers
of the microsatellite group SSR — Single sequence Repeat
(Barc148) and SNP — Single Nucleotid Polimorphism
(BM140362) linked to the genes of high-molecular glutenins
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on the 1A chromosome created two cultivars — Taganrog
and Alazar (Shevchenko et al., 2019).

In the future, the widespread use of marker-associated
breeding technology for these traits based on extensive
studies on the phenotyping and genotyping of the glu-
ten quality of collections and commercial durum wheat
cultivars adapted to environmental conditions in various
agroecological zones of Russia is expected.

Significant progress has been made in breeding for
the content of yellow pigments in the grain. This trait is
quantitative and under the control of genes with strong
additive effects. The corresponding QTLs are distributed
over all chromosomes of the durum wheat genome. The
trait variation is 60 % determined by two QTLs located on
chromosomes 7AL and 7BL (Elouafi et al., 2001; N’Diaye
et al., 2017). The first breeding cultivars (created in the
1920-1940s) — Gordeiforme 432, Melyanopus 69, Gorde-
iforme 189, Gordeiforme 675, Melyanopus 26, accumulate
3.6-5.0 ppm of yellow pigments in the grain. The same
level or slightly higher had cultivars of 1960—1980s Khar-
kovskaya 46, Bezenchukskaya 105, Bezenchukskaya 139.
Cultivars Svetlana (1987) and Saratovskaya zolotistaya
(1993) accumulated in grain 6—6.5 ppm and 7-7.5 ppm,
respectively, that exceeds the level of the first grade of
scientific breeding — Gordeiforme 432 by 25-55 %.

Among the cultivars released since 2016, Bezenchuks-
kaya zolotistaya (8.5-9.0 ppm), Bezenchukskaya krepost
and Tamara (7.5-8.5 ppm) stand out noticeably. All geno-
types of foreign origin were inferior to these cultivars in
terms of the trait size when studied in the breeding centres
of Russia. The concentration of yellow pigments in the
grain of these cultivars exceeds Gordeiforme 432 by 65-85
%. The cultivars Bezenchukskaya zolotistaya, Bezenchuk-
skaya krepost, Bezenchukskaya 210 and Saratovskaya
zolotistaya with the optimal combination of the amount of
pigments, adaptability, stability and responsiveness of their
accumulation in grain were identified. These genotypes are
most appropriate to use for the formation of populations
and the creation of recombinant inbred lines followed
by mapping of the corresponding QTLs and the creation
of marker-associated selection technology (Malchikov,
Myasnikova, 2020).

Thus, most modern cultivars of spring durum wheat
surpass the cultivars of the first breeding stages in terms of
the content of yellow pigments in the grain, the rheological
properties of the dough and the culinary quality of pasta —
primarily the colour and the strength of boiled pasta.

Conclusion

The history of durum wheat growing in Russia and in the
former USSR covers many centuries. It is associated with
the spread of agriculture in the steppe regions of the Kuban,
the Volga region, Siberia and Kazakhstan. At present,
about 0.8 million hectares are sown annually in Russia.
That is much less than during the period of the planned
economy. Scientific breeding of durum wheat has been
carried out since 1909. Its yield trend results, depending
on the period and region, are 0.26—1.0 % per year, quite
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comparable with similar results in other countries with a
long history of durum wheat breeding. The genetic core of
modern varieties was formed on the basis of local varieties
of durum wheat, their hybridization with 7. aestivum L.
and 7. dicoccum Shuebl. The attraction of source material
from other countries that has recently increased has had a
positive effect.

Despite a significant number of durum wheat breeding
laboratories in Russia and a variety of source material,
there is a decrease in diversity for alleles of gliadin-coding
loci and erosion of original Russian ancestors in modern
varieties. Significant advances have been made in breeding
for resistance to dust brand (currently 40 % of commercial
varieties are resistant) and the most harmful pathogens
causing leaf spot in Eurasia (Stagonospora nodorum Berk.,
Septoria tritici (Roeb. et Desm.), Bipolaris sorokiniana
(Sacc.) Shoemaker, Pyrenophora tritici-repentis, Fusa-
rium sp.). Varieties immune to leaf rust (Puccinia triticina)
(immunity type 0-1) along with field resistance created in
Russia and Kazakhstan are recommended for regions with
an increased level of annual precipitation. According to the
State Commission for Testing and Protection of Breeding
Achievements, 14 varieties out of 63 ones included in the
Register of Russia showed resistance to P. graminis f. sp.
tritici from medium to high against a natural infectious
background.

Breeding of the cultivars resistant to B. graminis (DC.)
f. sp. tritici Em. Marchal. is being carried out effectively —
30 % of the cultivars show high resistance to this pathogen
and pathogens that cause blackening of the corcule and the
endosperm. High performance was achieved in breeding
for resistance to Hessian, Swedish flies and grain sawfly.
The varietal population of durum wheat in Russia has a suf-
ficient concentration of dominant (H;—H,,) and recessive
genes that determine resistance to the Hessian fly. Most
Russian durum wheat cultivars show relative resistance to
Swedish fly — damage rarely reaches 11-15 %.

Selection for drought resistance is regional in nature.
It means that drought-resistant biotypes are formed depend-
ing on the amount of precipitation, temperature and their
dynamics in the regions. Drought-resistant cultivars with
the Rht Ahn plant height reduction gene (Bezenchukskaya
zolotistaya, Bezenchukskaya 210, Bezenchuksky podarok,
Shukshinka, ATP Prima) and cultivars Bezenchukskaya 209
and Triada carrying the RAtB1b gene adapted to the steppe
arid zones were created.

Improvement of grain quality in addition to physical
properties is carried out in terms of protein content, amount
of yellow pigments and gluten quality. A pair of traits
“protein (gluten) content — yield” in the breeding process
evolved in the following degree of conjugation: 1) an in-
crease in protein concentration while maintaining yield; 2)
decrease in protein concentration with a significant increase
in yield; 3) increase in yield while maintaining protein
concentration. The concentration of yellow pigments in
the grain of modern cultivars exceeds the indicator of the
first breeding cultivar Gordeiforme 432 by 65-85 % and
reached 8-9 ppm in a number of cultivars. A significant
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improvement in the quality of gluten during the selection
process occurred in terms of GDI (gluten deformation
index), sedimentation (SDS), mixograph, farinograph
parameters, and gluten index. According to the results of
electrophoresis of the gliadin fraction of storage proteins,
the presence of a low molecular weight component of glu-
tenin of the second type (LMW-2) functionally associated
with the formation of high-quality gluten was revealed in
50 % of commercial cultivars.

In the short and medium term, classical breeding ap-
proaches will continue to play an important role in the du-
rum wheat improvement. Advances in DNA sequencing and
other technologies such as bioinformatics, statistics, etc.
can help breeders improve the efficiency and speed of the
breeding process. Finally, the use of new molecular biol-
ogy technologies is essential, but their applica-tion must be
combined with reliable and extensive field testing.
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Abstract. Wheat (Triticum aestivum L.) is a staple food and major source of dietary calories in Pakistan. Improving wheat
varieties with higher grain yield and disease resistance is a prime objective. The knowledge of genetic behaviour of
germplasm is key. To achieve this objective, elite wheat varieties were crossed in 4 by 3, line x tester design, and tested
in 2019 in a triplicate yield trial to estimate genetic variance, general and specific combining ability, mid-parent hetero-
sis and stripe rust (Puccinia striiformis L.). High grain 3358 kg-ha-' was recorded in F, hybrid (ZRG-79 x PAK-13). Analysis
of variance (ANOVA) revealed significant genotypic variance in grain yield. Broad sense heritability (H2) was recorded in
the range of 28 to 100 %. General combining ability (GCA) significant for grain yield in parents except FSD-08 and PS-05
was recorded, while specific combining ability (SCA) was recorded to be highly significant for grain yield only in two
crosses (ZRG-79 x NR-09 and ZRG-79 x PAK-13). Mid-parent heterosis was estimated in the range of -28 to 62.6 %. Cross
combinations ZRG-79 x PAK-13 depicted highly significant mid-parent heterosis (62.6 %). Highly significant correlation
was observed among spike length, spikelets per spike, plant height and 1000-grain weight. Rust resistance index was
recorded in the range of 0 to 8.5. These findings suggest exploitation of GCA for higher grain yield is important due to
the presence of additive gene action and selection in the filial generations will be effective with improved rust resis-
tance, while cross combinations ZRG-79 x PAK-13 high GCA are best suited for hybrid development.

Key words: wheat; combining ability; mid-parent heterosis; stripe rust; rust resistance index.
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AHanus reHeTNYECKX KOMIIOHEHT, reTepo31ca

I KOMOMHAaIIIOHHOI CIIOCOOHOCTM IMaKMCTaHCKUX
SJINTHBIX COPTOB MILEHUIIBI 10 IIPM3HaKaM VPOKaMHOCTU
I YCTOMUMBOCTU K XEJITOJ p>KaBUlMHe
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2 Mporpamma o BbIpaLMBaHNIo pUca, VIHCTUTYT pacTeHNeBOACTBa, HaloHanbHbIi MCCTIef0BATeNbCKIN LIeHTP CeNbCKOro X03arcTsa, cnamabag, MakmucTaH
® shahzad@parc.gov.pk

AnHoTayua. MweHwnua (Triticum aestivum L.) — OCHOBHOW NMLLEBON 1 KOPMOBOW NPOAYKT Ha TeppuTopmm MaknctaHa.
OpHol 13 NPUOPUTETHBIX 3afay ABAAETCA paboTa Mo yyyLleHNO COPTOB MLUEHNMLbl, OTINYAIOLWUXCA 6oree BbICOKOW
YPOXKaNHOCTbIO 3epHa 1 YCTOMYMBOCTbIO K 3a6oneBaHNAM. KnioueBbiM GakTopom Takom paboTbl CTano nlyyeHue reHe-
TUYeCKoro pasHoobpasua coptoBoro matepuana. C 3Tol Lenblo Obiv OLEeHEHbI NMOKa3aTeNn ypoxXaHOCT/ Y NOTOM-
CTBa, NOSTYYEHHOrO OT CKPeLUMBaHNA YeTblpex MUTHbIX COPTOB MLIEHWLbl C TPeMA TeCTEPHbIMU NNHMAMK. Ha ocHoBe
NpPOBeEHHOro aHann3a noslyyeHbl JaHHbIe O reHeTUYeCKor agucnepcuu, obLen n cneundrnyeckon KOMGUHaLNOHHOM
CNOCOBHOCTY, FeTEPO3MCE U CTEMEHN YCTOMUMBOCTU K XKENTOW pXkaBumHe (Puccinia striiformis L.). BblcoKasi ypoXaliHOCTb
3epHa (3358 Kr/ra) 6bina oTMeUeHa cpeayn pacTeHU NePBOro NOKONEHNA OT cKpelmnBaHua ZRG-79 X PAK-13. Aucnep-
cnoHHbI aHanu3 (ANOVA) BbIABUI CTaTUCTUYECKN [JOCTOBEPHYIO FeHOTUMMYECKYIO AUCMEPCUIO MO faHHOMY MPU3HaKY.
3HaueHue nokasaTtensa Hacneayemoctn (H?) dukcmposanoch B guanasoHe ot 28 Ao 100 %. BbiABneHHas o6Las Kom-
6rHaLMoHHasA cnocobHocTb (OKC) no Npr3HaKy «ypoXKaHOCTb 3epHa» Oblna CTaTUCTNYECKV AOCTOBEPHON AN BCEX
poanTenbckrx copToB, Kpome FSD-08 1 PS-05, B To Bpems Kak crieyrdunyeckan KOMOMHaLMOHHas cnocobHocTb (CKC)
Nno AaHHOMY MpPUW3HaKy OKa3aslacb BbICOKOLOCTOBEPHON TONMbKO ANA MMOPUAHbBIX PacTeHU OT ABYX CKpeLiMBaHWiA:
ZRG-79xNR-09 n ZRG-79 x PAK-13. BennunHa reteposuca coctaBuna ot -28 o 62.6 %. B kombmHauuax ckpewrsa-
HUA ZRG-79 x PAK-13 6bina nokasaHa BbICOKOAOCTOBEpPHas BeNMymHa reteposnca (62.6 %). Habnoganacb Bblcokogo-
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Combining ability analysis and heterosis
of Pakistani wheat varieties for yield and rust response

CTOBEpHaA KoppenAumna no nNpusHakaM «AJIMHa KONoca», «4MCI0 KOMOCKOB B KONOCE», «BbICOTa PacTEHMA» N «Macca
1000 3epeH». 3HaueHe NHAeKCa yCTOMUYMBOCTU K pXKaBUMHE N3MEeHANOCh B Anana3oHe ot 0 go 8.5. Ha ocHoBaHmu nony-
YeHHbIX pe3ynbTaToB cienaHbl cnegytowme Bbioabl: 1) yueT OKC BaxkeH npu oTbope Ha 6osiee BbICOKYH0 YPOXKaNHOCTb
3epHa, 00yCNOBNEHHYIO AeNCTBNEM afAUTHBHbBIX FEHOB; 2) OTOOPOM B LOUEPHUX MOKONEHNAX 06eCNeunTCA NOBbILIEH-
HasA YCTONYMBOCTb K prkaBUnHe; 3) KoMObrHaumm ckpelmBanmna ZRG-79 x PAK 13 ¢ Bbicokon OKC nyyuie Bcero nogongyT

AnA co3gaHuA FI/I6pI/I,E|HbIX COopTOB.

KnioueBble cnoBa: MiueHnua; KOM6VIHaL|,VIOHHaFI CI'IOC06HOCTb; reTepo3nc; XKenTaa pxaBylHa 3/1aK0B; MHOEKC ycTOVI‘-IVI-

BOCTU K prKaBYUnHeE.

Introduction

Wheat (Triticum aestivum L.) is an important cereal crop
worldwide playing a crucial role in the daily dietary and nu-
tritional requirement not only for human beings but also for
animals. It is the major food for one third of world population
and its chief use is the flour for making bread. It is grown
around all continents. Increasing human population, climate
change and global pandemics have an overwhelming impact
on food security, especially wheat on crop with current inade-
quate genetic improvement of wheat to meet future demand.
In Pakistan, wheat is grown in an area of 9.2 million ha with
the production of around 25.5 m tonnes (FAOSTAT, 2016)
and hardly meets the total requirement of the country. But this
figure is continuously under fluctuation because of stagnant
yield of cultivars, disease impact, drought, and floods. Apart
from these factors, injudicious selection of parental selection
for a breeding program without prior knowledge of genetic
behaviour in germplasm and lack of indigenous breeding
programs for genetic improvement of wheat is another con-
straint in the yield.

Genetic recombination in germplasm by hybridization is
a robust conventional breeding tool for obtaining transgres-
sive segregants and genetic variation, which provides means
of selection of ideotypes. Gene action and combining ability
analysis are a most reliable biometric procedure for the study
of genetic behaviour of yield and yield-related components
(Rashid et al., 2007). General combining ability is the average
performance of genotypes in a series of cross combinations,
while specific combining ability is the performance of a par-
ticular genotype in a specific cross combination. Mode of
selection depends based on genetic action in traits of interest
(Arzu, 2017).

In self-pollinated crops, especially in wheat, plant breeders
are usually interested in selection of segregants having addi-
tive gene action with high specific combining ability. Additive
gene action boosts yield and yield components by cumulative
addition of genes. Dominance genetic variance exploits hete-
rosis in cross combinations and specific combining ability
provides the presence of dominant or non-additive gene ac-
tion in a particular trait (Kaushik, 2019) and provides optimal
parental identification (Fakthongphan et al., 2016). Equal
magnitude of both general and specific combining ability in
a breeding population means preponderance of both additive
and dominant genes for the traits of interest; selection in this
case is most effective for variety development (Ahmad et al.,
2012). The term combining ability was first introduced and
further refined as general combining ability (GCA) and spe-
cific combining ability (SCA) by Sprague and Tatum (1942).
GCA distinguishes between the mean performances of pa-
rents in cross combinations whiles SCA is the deviation of
individual crosses from the average performance of the pa-
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rents involved. GCA and SCA represent the additive and non-
additive portions of genotypic variance respectively (Hallauer
et al., 1988). The estimates from GCA and SCA provide an
assessment of relative merits of the individual genotypes in
cross combinations to guide selection and testing schemes.
Thus, line X tester analysis is among the genetic-statistical
approaches developed to assist in selection of parents based on
their combining ability and the potential to produce promising
segregating populations (Okello et al., 2006). According to
GCA and SCA impacts, positive values are desirable for most
crop plants characteristics, such as growth and yield-related
attributes. Negative GCA and SCA impacts, on the other
hand, are desirable for characters where minimum values are
essential and appealing, such as early flowering.

Heterosis is a phenomenon where F, hybrids are superior
in traits as compared to their parental genotypes. There are
several theories that explain the genetic basis of heterosis,
including over-dominance, dominance, and genetic balance.
The over-dominance theory of heterosis, first proposed by
Shull and East (1908), suggests that heterozygous individuals,
since they carry two different alleles, have an advantage over
homozygous individuals as they carry two identical alleles for
a particular gene. This advantage is thought to mean that the
two different alleles can supplement with each other, leading
to a vigorous phenotype in F, hybrids. The dominance theory,
presented by Jones (1917), suggests that hybrid vigour is
caused by dominant alleles that are more valuable than the
recessive alleles. According to this theory, F, hybrids accede
two copies of the dominant allele, resulting in a vigorous
phenotype. The third heterosis theory is the “Lerner’s genetic
balance theory”, suggested by Lerner (1954), that describes
that heterosis is the result of a balance between the expression
of genes that promote growth and those that hamper growth.
In F, hybrids, the expression of growth-promoting genes is
increased, whereas the expression of growth-retarding genes
is decreased, leading to better growth and development.

Heterotic studies for increasing wheat grain yield have been
an interest of early wheat researchers. Mid-parent heterosis
is the percent of the increase or decrease in the F, value as
compared to the average value of both parents for any metric
trait. In the early green revolution era Pal and Alam (1938)
reported mid-parent heterosis (MPH) in wheat. After the
green revolution and introduction of semi-dwarf wheat va-
rieties, various wheat researchers reported MPH heterosis
in wheat (i.e., Knott, 1965; Shamsuddin, 1985; Uddin et al.,
1992). Barbosa-Neto et al. (1996) reported MPH in soft red
winter wheat in the range of —20 to 57 %. Liu et al. (1999),
Dreisigacker et al. (2005), Basnet et al. (2019) reported MPH
in CIMMYT wheat varieties in the range of 9.5 to 14 %.

Wheat crop faces numerous challenges that cause yield
losses, including stripe rust (Puccinia striiformis f. sp. tritici),
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which is a major disease in areas where cool to mild warm
temperature prevails during the months of February and March
in the wheat-growing season. Under conducive environmental
conditions, disease causes yield losses ranging from 10 to
70 % depending upon susceptibility of genotypes (Raza et
al., 2018). Development of cultivars containing genetic resis-
tance is the most cost-effective and environmentally friendly
strategy to mitigate yield losses by stripe rust (Ali Y. et al.,
2020). Stripe rust spores continue to mutate and evolve new
virulent races causing damage to previously resistant cultivars
(Chen et al., 2010). Wheat crop in Pakistan has faced severe
damage caused by stripe rust pathogen in recent years (Ali Y.
et al., 2020). Due to climate change and rapid mutation in
stripe rust pathogen, new races overwintering on alternative
host barberry in hilly areas at high altitudes evolve (Figueroa
etal., 2020). Under these circumstances, the already resistant
genotypes become susceptible (Javaid et al., 2018).

There are two types of resistance mechanism against rust
pathogens in wheat, vertical resistance, and horizontal re-
sistance. Vertical resistance is conferred by a single gene to
a specific pathogenic race of rust, while horizontal resistance
involves the use of multiple genes that provide broad spectrum
disease resistance against multiple pathogenic races of rust.
There are several resistance genes present in the Pakistani
bread wheat varieties that confer resistance against yellow rust,
which include Y75, Yr10, Yri5, Yri7, and Yrl8. Qamar et al.
(2014) reported Lr34/Yr18 gene complex that confers broad
spectrum resistance against yellow rust and leaf rust in most
of Pakistani wheat varieties. Intikhab et al. (2021) reported
the presence of Lr46/Yr29 gene complex in Punjab-2011 and
Pirsabak-2005 cultivars that confer resistance against stripe
rust. Khan S.N. et al. (2022) reported the presence of Yr/7 and
Yr5 gene complex in Pakistani wheat varieties Punjab-2011
and Pirsabak-2005. Utilization of these resistance sources in
the breeding program for development of varieties resistant
against stripe rust is an ultimate objective to ensure high yield
on sustainable basis.

Various biometrical techniques and breeding designs are
used for genetic evaluation and genetic behaviour of germ-
plasm to be utilized in crop breeding programs, but line X tester
analysis is an efficient mating design providing reliable infor-
mation about GCA and SCA that ultimately depicts the mode
of gene action in a particular trait (Fellahi et al., 2013). GCA
and SCA are important to apprehend the genetic architecture
of quantitative traits and create the road map for initiation of
an efficient breeding program (Fasahat et al., 2016).

Several studies investigating the GCA and SCA effects
have been conducted in wheat. Zhao et al. (2013) reported
significant effects for both GCA and SCA for yield and its
components and inferred that selecting parental genotypes
with high GCA and SCA effects could lead to the development
of high-yielding wheat hybrids. Similarly, researchers assessed
the GCA and SCA effects in spring wheat and durum wheat
F, hybrids by using line x tester model for combining ability
estimate and concluded that GCA effects were more important
than SCA effects for grain yield and yield-related traits, and
selection of parental genotypes with high GCA effects could
increase the prospective yield of wheat hybrids (Igbal A. et
al., 2017; Ishaq et al., 2018; Dragov, 2022). They found that
both GCA and SCA effects were significant for grain yield
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and its components and suggested that selecting parents with
high GCA and SCA effects could lead to the development of
high-yielding wheat hybrids. Selecting parents with high GCA
and SCA effects can improve the yield potential and disease
resistance of wheat hybrids, and the use of line x tester designs
can provide valuable information about the genetic effects of
parents and their hybrids.

The objectives of this study is to elucidate the general and
specific combing ability, heterotic potential, and stripe rust
(Puccinia striiformis f. sp. tritici) resistance behaviour of
indigenous elite wheat varieties and their breeding population.

Material and methods

Experimental site and plant material. The research was car-
ried out at the experimental site of a wheat research program,
National Agricultural Research Center, Islamabad Pakistan
(Latitude: 33.71° N, Longitude: 73.06° E, Elevation: 683 m)
during 2017-2018 wheat growing season. The soil type of the
site is clay loam from 0 to 20 cm, and at the 20-40 cm depth
it is moderate clay loam. Five widely adopted approved wheat
varieties were used as lines (Faisalabad-2008, Punjab-2011,
Pirsabak-2005, Miraj-2008 and Zargoon-79) and three widely
adopted, registered and approved varieties for rainfed areas
of Pakistan were used as a tester, namely, NARC-2009,
Pakistan-2013 and Borlaug-2016 (Table 1). These testers are
widely adopted and due to their ability to withstand rainfed and
drought-prone areas of Pakistan their leaves have the ability
to stay green during high terminal heat and drought stress.

Field experiment and crossing scheme. Eight parents were
hybridized to produced 15 F, cross combinations according
to line x tester crossing fashion as described by Kempthorne
(1957) during 2017-2018 wheat growing season and crossing
was conducted during March 2018. 15 cross combinations
and seven parents were planted in Randomized Complete
Block Design (RCBD) with three replications during 2018—
2019 wheat growing season. In every replication, parents and
F, hybrids were sown in 1 m length with row-to-row spacing
25 cm and plant-to-plant spacing 15 cm. The experiment
was conducted in an irrigated field and a total of 6 irrigations
were applied after sowing to harvesting time. Recommended
doses of fertilizers, i.e. 120 kg N -ha~' and 80 kg P- ha!, were
applied. Half of the fertilizers were used at the time of soil
preparation, the second half was applied at the time of tillering,
and weedicides (Ally Max™ Syngenta and Axial™ Syngenta)
were used for eradication of broad leaves and narrow leaves
weeds respectively according to the doses mentioned by the
manufacturer. Herbicide was applied before the jointing stage
of the crop. Leaf area was measured when leaves were fully
turgid and green.

Data collection. Grain yield and some yield-related pa-
rameters were measured in parents and hybrid combinations.
Grain yield per plant was measured in grams and 1000-grain
weight was measured after counting 500 grains of each wheat
grain sample on a counting tray once and the second sample
was repeated for the other 500 grains.

Canopy temperature was measured by using a portable
thermal gun (Model: AG-42, Telatemp Crop, CA). Readings
for canopy temperature were taken at three Feeks stages
(Large, 1954) like booting, kernel water ripening and grain
milking stages (Feeks 10, 10.5.4 and 11.2). All readings were
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Table 1. Details of wheat parents used in the study and their pedigree/parentage, year of release and parental Institute

Parents Codes  Pedigree Institute Year Area
of release  of adoptability
Lines AARI, Faisalabad, Punjab
CCRI, Pirsabak, KPK
MRJ-08 SPARROWY/INIA//V-7394/WL-711-3/ AARI, Faisalabad, Punjab
(SIB)BAGULA
Zargoon-79 ZRG-79 CORRECAMINOS/INIA-66/3/TOBARI-66/ WRI, Quetta Baluchistan
CENTRIFEN//BLUEBIRD/4/SIETE-CERROS-66
Testers NARC-2009 NR-09  INQALAB 91*2/TUKURU Wheat Program, NARC, 2009 Rainfed
Pakistan-2013  PAK-13 MEX94.27.1.20/3/SOKOLL/ATTILA/3*BCN  's1amabad 2013 Rainfed
Borlaug-2016 BOR-16 SOKOLL/3/PASTOR//HXL7573/2*BAU 2016 Irrigated/rainfed

taken at the angle of 30° and above 50 cm of the crop canopy,
avoiding land temperature by pointing thermal gum only at
the canopy. The observations were taken between 11:00 am
and 14:00 pm under stagnant air conditions and clear sky as
described by (Reynolds et al., 1998). Observations for Norma-
lized difference vegetative index (NDVI) were recorded 50 cm
above the canopy by using a hand-held Green Seeker with an
optical sensor unit (Model: 505, CA, USA) at three stages of
booting and grain filling between 11:00 hours to 14:00 hours
with clear sky (Sultana et al., 2014). Values of NDVI range
from—1 (NDVI value usually in the water) to +1 (the strongest
green vegetative stage) (Kumar, Silva, 1973).

Statistical analysis. Data for other traits (days to 50 %
heading, plant height, number of tillers per plant, peduncle
length, spike length, days to maturity, number of spikelets
per spike, number of grains per spike) were recorded from
6 randomly selected plants. Data recorded were arranged in
mean data and subjected to Analysis of Variance (ANOVA)
according to Steel and Torrie (1980) and Line x Tester analy-
sis, according to Kempthorne (1957), combining ability and
gene action were studied (Singh R.K., Chaudhary, 1977) by
using R Package agricolae (De Mendiburu, Simon, 2015;
The R Project..., 2017). Genotypic variance and phenotypic
variance were estimated as mentioned by Almutairi (2022) in
MS Excel 2016, by using the following formula:

Genotypic variance (c2g) =
_ Mean square genotypes (MSG)—mean square error (MSE)
B Reps (1) ’

Phenotypic variance (62ph) = o2g + e,

Environmental variance (c2¢) = Mean square error (MSE).
Environmental variance was estimated according to Com-
stock and Robinson (1952). Broad sense heritability was cal-

culated by using the following formula as described by Burton
and Devane (1953):

Broad sense heritability (H?) = 6%g/c2Ph.

Heterosis was estimated in percentage increase or decrease
of the F| hybrids value over mid-parental value by following
the formula as described by Fonseca and Patterson (1968):

Mid-Parent Heterosis (%) =
= (F, hybrid — Mid-parent)/Mid-parent x 100.
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Disease observations and scoring. Observations for stripe
rust were recorded at the time of appearance of disease and
data were recorded when rust pathogen was fully developed
on leaves of a susceptible check cultivar and leaves’ surface
was fully covered with rust’s spores. Disease observation was
recorded in three replicates of each parental line and F, hy-
brids according to the Cobb Scale method as described by
Peterson et al. (1948). The severity of disease was expressed
as the percentage of leaf area covered, and 0 % score was
given when there was no infection on the leaf and 100 %
score was considered when the leaf area was fully covered
with rust spores and infection. Readings of percent severity
were recorded with the following descriptions for scoring
and response values: (R, resistant = 0.2; S, susceptible = 0.3;
MR, moderately resistant = 0.4; MRMS, moderately resistant
to moderately susceptible = 0.6; MS, moderately suscep-
tible =0.8; MSS, moderately susceptible to susceptible =0.9;
S, Susceptible = 1.0), response values, coefficient of infec-
tion (CI), average coefficient of infection (ACI), country ave-
rage relative percentage attack (CARPA) and rust resistance
index (RRI) according to Akhtar et al. (2002). The following
formula was used for the calculation of RRI:

100—CARPA
RRI=—"=5"" 00 x9.

RRI was calculated by considering the scale of 0 to 9 from
CARPA, where 0 represents a most susceptible genotype
and 9 represents a highly resistant response of the genotype
to rust pathogen.

Results and discussion

Analysis of variance (ANOVA)

Analysis of variance (ANOVA) results presented in Table 1
show that the lines (female) had statistically significant dif-
ferences for all the trails. The testers (male) showed statistical
differences for days to heading, plant height, peduncle length,
spike length, days to maturity, grains per spike, 1000-grain
weight and grain yield, while non-significant results for
flag leaf area, tillers per plant and spikelets per spike were
shown. Interaction of line X tester was significant in case of
plant height, flag leaf area, peduncle length, days to maturity,
grains per spike and 1000-grain weight. Parents (male and
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female) used in this study provided a broad range of expres-
sion for various characters as shown in Table 2. There were
significant differences (p < 0.05) among the means of geno-
types (Table 3) for days to heading (DH), highly significant
(p=<0.01) for plant height (PH), flag leaf area (FLA), tillers per
plant (TPP), peduncle length (PL), spikelets per spike (SPS),
days to maturity (DM), grains per spike (GPS), thousand grain
weight (TGW), grain yield (GY) and NDVI value.

The values for days to heading (DH) were maximum in the
tester (male) PAK-13 (119 days) and minimum in the lines
(female) PB-11, PS-05 and MRJ-08 (117 days). DH are the
key indicator of earliness in crop production. Plant breeders
are keen to create new varieties of wheat genotypes with early
maturity. So, early heading is a desirable trait. Delayed head-
ing leads to a reduction in yield (Ullah et al., 2018) and early
heading increases the grain filling duration, which ultimately
results in high yield (Igbal A. et al., 2017). Plant height (PH)
was the highest in the female parent FSD-08 (103 cm) and
the lowest in the male parent NR-09 (83 cm). Minimum PH
is preferred due to expected lodging losses. Similarly, the
tester NR-09 (83 c¢cm) can be assessed for developing drought
tolerant variety with reduced plant height for future breeding
programs. Likewise, minimum flag leaf area (FLA) is also
desirable for drought tolerance due to reduced transpiration
losses from a reduced area exposed to sunlight. The testers
(male) PAK-13 and BOR-16 showed the minimum values of
flag leaf area: 29.57 and 29.83 c¢m?, respectively. Peduncle
length was longest in the female parent PS-05 (16.67 cm) and
shortest in the male parent NR-09 (7.20 cm). PS-05 produced
the maximum grain yield (2531.8 kg - ha™!) while minimum
grain yield (1696.1 kg - ha ') was recorded in ZRG-79.

Mean performance of parents and their cross combinations
Mean performance for line, testers and cross combinations
for days to maturity (DH) ranged from 117 to 119 days. The
parental lines FSD-08, PB-11, PS-05, MRJ-08, ZRG-79 and
BOR-16 were revealed to have 117 DH, while NR-09 and
PAK-13 had 118 and 119 days to heading, respectively (see
Table 2). Among F, hybrids Zargoon-79 x Pakistan-2013 had
119 days for heading while the rest of the cross combinations
showed 117 DH. The grand means for parents, crosses, lines
and testers were 117.67, 117.56, 117.27 and 118.33, respec-
tively. The coefficient of variance 0.67 % obtained for DH
was also in the acceptable range.

Average minimum plant height was recorded in NARC-
2009 (83 cm) followed by cross combination of Punjab-2011 x
Pakistan-2013 (86 cm), and maximum plant height of 104 cm
was recorded in the cross-combination Faisalabad-2008 x
Borlaug-2016 followed by one of parent viz. Faisalabad-2008
(103 cm). Grand mean, coefficient of variance (CV) and least
significant variance (LSD) for plant height of lines, testers and
their parental combinations was revealed to be 95.92 cm, 3.64
and 5.73, respectively.

The cross-combination Punjab-2011 x Pakistan-2013
showed minimum value (26.8 cm?2) for flag leaf area followed
by the lines Pakistan-2013 (29.5 ¢cm?) and Borlaug-2016
(29.8 cm?). Maximum leaf area was recorded in the line
Punjab-2011 (39.2 cm?) followed by the F, combination,
Faisalabad-2008 x Pakistan-2013 (36.9 ¢m?). Grand mean,
CV, LSD and standard error for leaf area of lines, testers and
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cross combinations was recorded as 10.46, 5.7 and 2.0 cm?
respectively.

Maximum 13 tillers per plant (TPP) was recorded in the
tester Pakistan-2013 followed by 12.3 tillers in Borlaug-2016
while minimum 7.6 tillers were observed in the female pa-
rent Punjab-2011 followed by Pirsabak-2005 (8.33). In the
cross combinations a maximum of 10 tillers was recorded in
Punjab-2011 x NARC-2009 and Miraj-2008 x NARC-2009
and grand mean for TTP was recorded as 9.49 with CV, LSD
and SE 11.66, 3.61 and 1.27 respectively.

Maximum peduncle length was observed in the line Pir-
sabak-2005 while minimum peduncle length was recorded
in the tester parent NARC-2009. Grand mean for peduncle
length was observed to be 11.96 cm with CV 9.7 % and LSD
(0 0.05) value 1.9.

Mean performance for spike length (SL) was observed
12.36 cm in parents and their cross combinations. Maxi-
mum SL was observed in cross combinations Miraj-2008 x
Pakistan-2013 followed by Miraj-2008 x Borlaug-2016, but
minimum SL was observed in the parental line Faisala-
bad-2008.

Grand mean for spikelets per spike (SPS) for parents and
cross combination was recorded as 20.33 with a maximum
of 21.9 spikelets observed in Pakistan-2013 in addition to the
F, hybrid combination of Miraj-2008 x Pakistan-2013 and in
the Pirsabak-2005 x Pakistan-2013. Grains per spike (GPS)
was recorded maximum in parental line Punjab-2011. Ave-
rage thousand grain weight was calculated to be 34.52 with
higher TGW in Faisalabad-2008 (43.73 g) and the cross
combination of Faisalabad-2008 x Pakistan-2013 (43.53 g),
and lower value for TGW was depicted by the parental line
NARC-2009 (22.47 g). Average grain yield was obtained
in all the parents and cross combinations (2344.5 kg-ha!),
while average GY was higher in crosses as compared to the
parents’ grain yield, the maximum was recorded in the cross
combination ZRG-79 x PAK-13 (3358 kg-ha1), followed by
PB-11 xNR-09 (2820 kg-ha!), while minimum grain yield
was recorded in the cross combination of ZRG-79 x NR-09
(1372 kg-ha™).

Maximum normalized differences in vegetative index
(NDVI) value was observed in the parental line PS-05 (0.73)
followed by PB-11 xPAK-13 and PS-05*%NR-09 with the
same value. Average NDVI value for parents and crosses was
revealed to be 0.67; lines, testers and crosses also contained
similar values for NDVI.

There were significant differences among the means of
crosses combinations for almost all the traits studies except
DH, TPP an SL. The lines (female parents) also depicted
highly significant differences in all the parameters under con-
sideration except SL. The testers (male parents) also revealed
highly significant differences for all the traits except for FLA,
SL, SPS, and NDVI. Interaction of lines X testers depicted
highly significant differences in their mean performance for
the traits of PH, FLA, PL, DM, GPS, TGW and NDVI value.

Estimates of genetic variance components
Estimation of genotypic variance, phenotypic variance, envi-
ronmental variance, variance due to general combining ability,
variance due to specific combining ability and variance due
to GCA over SCA is mentioned in Table 4.
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Fig. 1. Proportional contribution of lines, testers, and their interactions to total variance under rainfed conditions.

Here and in Figure 3: DH, days to heading; PH, plant height, cm; FLA, flag leaf area, cm?; TPP, tillers per plant; PL, peduncle length, cm; SL, spike lenth, cm;
SPS, spikelets per spike; DM, days to maturity; GPS, grains per spike; TGW, 1000-grain weight; GY, grain yield per plant, kg-ha-1; NDVI, normalized difference in

vegetative index, and CT, canopy temperature, °C.

Phenotypic variance was depicted more as compared to
genotypic variance in some traits, i.e. PH, FLA, SL, DM,
and GY, while only GY showed high environmental varian-
ce. Broad sense heritability (H2) was estimated in the range
of 28.11 % (GY) to 100 % (CT). PH, PL, GPS, TGW, NDVI
value and CT showed broad sense heritability of more than
91 %, while DH and GY depicted less heritability. The traits
with high genetic variance, low environmental variance and
high broad sense heritability have preponderance of additive
genes and these are stable characters and selection in the filial
generations can be made by keeping eye on these traits. Grain
yield (GY) and DH attained low broad sense heritability and
showed that environmental influence is more important for
the expression of these traits. Selection in the filial genera-
tion should be made for these traits by considering disease
incidence and drought proxy parameters, i.e. NDVI and CT
values.

Proportional contribution of lines, testers,

and their interactions to total variance

Proportional contribution of total variance for yield and
yield-related metric traits for lines, testers and their cross
combinations was estimated (Fig. 1). For DH, PH, TPP and
CT it was recorded to be higher as compared to the testers
and combinations of both lines and testers. Contribution of
LxT to total variance was recorded as high in FLA, PL, SL,
SPS, DM, GPS and NDVI value, while variance contribution
of testers to TGW and GY was estimated higher as compared
to the lines and LxT combinations.

General combining ability

General combining ability (GCA) estimates for all the traits
are given in Table 5. Both positive and negative GCA effects
were observed for lines and testers. For DH, the value of GCA
effects ranged between 0.00 and 0.56. As a good general com-
biner, significant positive (0.56) and negative (—0.56) GCA
effects were observed for lines Zargoon-79 and Pirsabak-2005,
respectively. Similarly, in the testers, positive and significant
(0.51) GCA effect was observed for Pakistan-2013 only (see
Table 5). Patel et al. (2020) demonstrated (p <0.01) significant
negative and desirable GCA effects in lines and non-additive
gene action was primarily involved in days to heading.
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For plant height, negative general combining ability effects
are more important since more emphasis is placed upon selec-
tion for short stature in segregating the population because it
ultimately turns out that a short stature line is more responsive
to fertilizer and tolerant to lodging. In this study, GCA effects
ranged between —5.82 and 3.24 for PH. Significant posi-
tive (3.07) and negative (—5.82) GCA effects were observed
for the lines Pirsabak-2005 and Punjab-2011, respectively.
Similarly, highly significant positive (3.24) was estimated for
the tester BOR-16 and highly significant but negative (—2.56)
GCA effects were observed for the testers PAK-13, respec-
tively. These results are in accordance with the results of
(Singh S. et al., 2003; Gorjanovié, Kraljevi¢-Balali¢, 2007).

For flag leaf area (FLA), negative general combining ability
effects are more important because FLA is much influenced
by transpiration losses due to disclosure to sunlight, which
eventually affects the grain yield. Hence, more emphasis is
retained on the selection of genotypes with smaller FLA.
From that, among the female parents, Pirsabak-2005 and
Punjab-2011 showed a highly significant negative GCA effect:
—2.16 and -2.10, respectively. On the other side, no significant
GCA effects were observed among the testers for FLA. These
results confirm the findings of (Saeed A. et al., 2001; Arshad,
Chowdhry, 2002; Chowdhary et al., 2007).

In case of tillers per plant (TPP), GCA effects ranged be-
tween —0.58 and 0.98. As a good general combiner, highly
significant positive (0.98) GCA effects were observed only for
the line MRJ-08 while there were no significant GCA effects
among the testers for TPP. To begin with, TPP is a significant
yield-boosting characteristic that contributes to increased grain
yield. A higher number of tillers per plant confirms optimal
plant populations and as a result higher grain yield (Tilley
et al., 2019). For this point of view, the female line MRJ-08
showed better performance. These findings are in accordance
with the results of (Igbal M.M., 2007; Khan A. et al., 2020;
Rashmi et al., 2020).

GCA effects ranging between —1.16 and 1.39 were observed
for peduncle length (PL). Highly significant positive (1.39)
and negative (—0.76) GCA effects were observed for the lines
(female) FSD-08 and ZRG-09, respectively. In the same way,
highly significant positive (0.65) and negative (—1.16) GCA
effects were observed for the testers BOR-16 and PAK-13,
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respectively. Likewise, in PH, shorter PL is preferred because
an increase in PL ultimately increases the PH and we prefer
a plant with short stature. In current study, two female parents,
ZRG-79 (—0.76) and MRJ-08 (—0.70), showed negative general
combining ability. Also, one male parent, PAK-13, showed
superior general combining ability for this trait. So, it can be
concluded that the above-mentioned parents are desirable for
use in the breeding program. The findings of (Sharma, Garg,
2005) supported the results.

Greater spike length (SL) and larger number of spikelets
per spike (SPS) are essential for enhanced yield. Among pa-
rents, one line (female), MRJ-08, showed significant positive
values (0.77) for SPS. One tester, Pakistan-2013, exhibited
high GCA for SPS. These results were quite close to the
findings of (Awan et al., 2005; Sharma, Garg, 2005; Hassan
et al., 2007). Number of grains per spike (GPS) is also an
important factor for enhanced grain yield. Therefore, positive
GCA effects are more important due to positive contribution
of grain yield. Among male parents, only NR-09 showed
positive and higher values (3.26) of GCA effects for GPS.
Among female parents, MRJ-08 and PS-05 showed positive
and higher values, i.e. 2.90 and 2.02 respectively. It should
be noted that values of male parents were higher than those
of female parents. These findings match with the results of
(Saced A. etal., 2001; Ahmadi et al., 2003; Saced M.S. et al.,
2005; Hassan et al., 2007). These results are different from
the findings of Nazir et al. (2005).

For grain yield per plant (GY), only one female parent
MRIJ-08, and among the male parents, BOR-16 and NR-09,
exhibited positive general combining ability effects. Similar
results were also found by (Malik et al., 2005).

Specific combining ability

Specific combining ability (SCA) estimates for all the traits
are given in Table 6. Both positive and negative SCA effects
were observed among the crosses.

As for SCA effects for DH, all the fifteen crosses were of
non-significant nature with positive and negative magnitude
(see Table 6). The result indicates the involvement of both
additive and non-additive genetic effects in the inheritance of
DH, with greater proportion of additive genetic effect. Lines
with maximum SCA effects can be used in development of
hybrid cultivars. Only six among fifteen crosses depicted nega-
tive SCA effects for plant height. If parents with tallness are
the ideal ones, then the crosses FSD-08 x NR-09, FSD-08 x
PAK-13, PB-11 xNR-09, PB-11 x PAK-13, PS-05 x BOR-16
and MRJ-08 x BOR-16 would be considered good. However,
the remaining crosses exhibited higher SCA effects. These
findings confirmed the results of (Arshad, Chowdhry, 2002;
Hasnain et al., 2006; Chowdhary et al., 2007). Furthermore,
non-additive type of gene action is detected for PH and sup-
ported by (Babar et al., 2022). Also, our results concur with
Ali FX.H. and Abdulkhaleq (2019) for plant height.

GCA effects for flag leaf area range from negative —3.80 to
positive 3.33. Roughly 50 % of the crosses showed smaller
values of SCA effects for flag leaf area, which is desirable.
As less flag leaf area is required for drought tolerance, the
crosses with significant SCA effects, i.e. FSD-08 x BOR-16
and PB-11 xPAK-13 may be used in a future breeding pro-
gram because they have high negative SCA values contribut-
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ing towards minimum FLA. However, the remaining crosses
exhibited higher positive SCA effects for FLA. Comparable
results have also been stated by (Saeed A. et al., 2001; Arshad,
Chowdhry, 2002; Chowdhary et al., 2007).

Negative SCA effects are needed to reduce the peduncle
length (PL). In this study, two crosses showed significantly
negative SCA effects. FSD-08 x NR-09 and MRJ-08 x BOR-16
are the best hybrids for reduced PL. Similar results were re-
ported by (Chowdhary et al., 2007).

In case of spike length (SL), all the fifteen crosses were of
non-significant nature with positive and negative magnitude
(see Table 6). For a number of SPS, positive specific combin-
ing ability effects were shown in 6 out of 15 crosses but only
two crosses, FSD-08 x NR-09 and PB-11 x BOR-16, have
significant GCA effects. These hybrids performed best and
can be suggested for future breeding programs. These results
are in the conformity with those of (Mahantashivayogayya
et al., 2004).

For grain yield per plant, SCA effects found varied much
among crosses. The poorest cross with respect to SCA for
grain yield per plant was ZRG-79 x PAK-13 whereas the cross
that appeared to be the best and the most promising specific
combination was ZRG-79 xNR-09. Positive specific com-
bining ability effects were displayed in 8 out of 15 crosses.
But only ZRG-79 xNR-09 showed such significant positive
effects among crosses. Similar results were also reported by
(Saeed A. et al., 2001).

Mid-parent heterosis estimation for grain yield
Mid-parental heterosis (MPH) for GY was estimated for
15 F, hybrids (Fig. 2). F, hybrids ZRG-79 x PAK-13 showed
higher mid-parental value (62 %) followed by FSD-08 x
PAK-13, ZRG-79 x BOR-16, and PB-11 x NR-09, which
revealed mid-parent heterosis value above 30 % (34, 33,
31 % respectively). Cross combinations PS-05 % PAK-13,
MRJ-08 x NR-09, MRJ-08 x PAK-13, FSD-08 x NR-09 de-
picted mid-parental heterosis value more than 15 %. Three
cross combinations, ZRG-79 x NR-09, MRJ-08 x BOR-16
and PB-11 x BOR-16, depicted negative heterosis.

Cross combinations with more than 30 % mid-parental
heterosis can be used in hybrid breeding in wheat. Heterotic
studies for increasing wheat grain yield has been an interest
of early wheat researchers. Pal and Alam (1938) reported
mid-parent heterosis in the pre-green revolution era. After the
introduction of semi-dwarf wheat in the post-green revolution
era, various wheat researchers reported mid-parent heterosis
in wheat, i. e. (Knott, 1965; Shamsuddin, 1985; Uddin et al.,
1992). Barbosa-Neto et al. (1996) reported MPH in red soft
winter wheat in the range of —20 to 57 %. Liu et al. (1999),
Dreisigacker et al. (2005), Basnet et al. (2019) studied MPH
in CIMMYT wheat varieties and reported MPH in the range
0f9.5to 14 %. Parental lines and tester used in present studies
have CIMMYT background and the majority of the genotypes
exhibited similar results for MPH. However, crosses combi-
nation ZRG-79 x PAK-13 has one indigenous parent ZRG-79
and exhibited a high percentage of MPH. These finding can
demonstrate that crosses among parents with CIMMY T back-
ground have low heterotic potential and additive gene action
governed the GY potential in these cross combinations and
selection in the filial generation will be key for transgressive
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Fig. 2. Estimation of mid-parent heterosis for grain yield (GY) as a percentage increase or decrease in the F; hybrids compared

to mid-parental value.
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Fig. 3. Correlation study among yield and related traits of eight parents
and 15 wheat crosses under rainfed conditions.

segregants, but in case of crosses among indigenous parents
and genotypes with a CIMMYTT parent it will be good source
of hybrid breeding.

Correlation study of agronomic traits

Correlation study among yield and related traits under rainfed
conditions of eight parents and 15 wheat crosses is mentioned
in Figure 3. High significance was observed between PH and
TGW with the value of 0.9 (p < 0.001), SL and SPS had a
correlation coefficient value of 0.72 (p < 0.001) followed by
DH and DM with 0.57 (p < 0.01). PL also showed highly
significant and positive correlation with TGW and PH (0.74
and 0.65 respectively, p <0.001). PL and TGW also revealed
significant but negative correlation with DH —0.6 and —0.5,
respectively (p <0.01).

Positive and significant correlation among PH and PL with
TGW showed that the higher the plant height the higher the
thousand grain weight and peduncle length. Careful conside-
ration should be made while selecting the genotypes with stiff
and strong stem girth to avoid lodging. Correlation between
SL and SPS revealed that an increase in spike length leads
to an increase in spikelets per spike, genotypes with long
spikes will be a good selection criterion for increasing yield
due to the increase in number of spikelets per spike. Positive
and significant correlation among DH and DM depicted that
genotypes with early DH would mature earlier, so selection
of genotypes with early flowering is good for early maturity
and short duration variety development. Significant but nega-
tive correlation between TGW and DH indicated that a delay
in days to flowering leads to a reduced TGW and vice versa.
TGW showed negative correlation with TPP and these findings
are in line with the results of Almutairi (2022). Low correla-
tion of GY with other parameters in wheat was also reported
by Gowda et al. (2010).

Stripe rust responses of parental lines
and their cross combinations
The response to stripe rust (Puccinia striiformis f. sp. tri-
tici) on parental lines used in the study and their offspring
(crosses) is recorded for disease scoring, coefficient of infec-
tion (CI), average coefficient of infection (ACI), country ave-
rage relative percentage attack (CARPA) and rust resistance
index (RRI) (Table 7). All the parental lines showed moderate
resistant (MR) to highly resistant (R) reaction against stripe
rust (Psf). The female parents (lines) FSD-08, PB-11, PS-05,
MRJ-08 and ZRG-79 showed 20M, 20M, 5M, 30M and 40M
scores respectively, while the pollen parents (testers) viz.
PAK-13, BOR-16 and NR-09 depicted 10MR, 5R and 40M
response against stripe rust. All these parents showed a slow
rusting response against rust pathogen that is under the control
of multiple genes.

Cross combinations of these parental lines showed a varied
response, moderately resistant to moderately susceptible reac-
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Table 7. Response of parental genotypes and their cross combinations against stripe rust infection under rainfed conditions

Parents and their crosses

Stripe rust observations

Cl total ACl CARPA RRI

Note. R, resistant; S, susceptible; MR, moderately resistant; MS, moderately susceptible; MSS, moderately susceptible to susceptible; Cl, coefficient of infection;
ACl, average coefficient of infection; CARPA, country average relative percentage attack; RRI, relative rust index.

tion against stripe rust. The F hybrids combinations PS-05 x
PAK-13, PS-05 x BOR-16 and PS-05 x NR-09 showed 10MR,
10MR and 5MR reaction, the crosses FSD-08 x PAK-13,
FSD-08 x BOR-16, PB-11 xPAK-13, PB-11 xBOR-16, and
MRJ-08 x BOR-16 showed 20M reaction, the cross combina-
tion MRJ-08 x PAK-13 showed 30M reaction, while the rest
of the crosses showed moderately susceptible to susceptible
reaction against stripe rust.

Average coefficient of infection (ACI) for the parents
PS-05, PAK-13, BOR-16 and FSD-08 was recorded as 2.0,
6.7, 4.3 and 14.0 respectively and these varieties revealed
a very good level of resistance against stripe rust. Rust resis-
tance index (RRI) of these parents was also high (ranged 5.8
to 8.5), which indicated a good resistance response of these
varieties. Among the cross combinations, PS-05xBOR-16,
MRIJ-08 x PAK-13, PB-11 x BOR-16, PB-11 x PAK-13 and
PS-05 xNR-09 depicted ACI values 0f 4.0, 8.3, 12.0, 13.1, and
14.7, respectively. These F, hybrids had a resistant response
to stripe rust. RRI value of the F, hybrids (PS-05xBOR-16,
MRJ-08 x PAK-13, PB-11 x BOR-16, PB-11 x PAK-13 and
PS-05 xNR-09) was higher (ranging from 5.6 to 8.1).

The higher the RRI value and the lower the ACI value
means of genotypes with a resistant response to the disease
pathogen and under the influence of slow rusting genes, the
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slower the disease progress and the lesser the yield losses.
Genotypes with higher RRI values (>5.0) represent moderately
resistant to highly resistant response against rust pathogen.
The parental genotypes viz. PS-05, PAK-13 and BOR-16
had higher values for RRI (8.5, 7.5 and 8.0 respectively)
showing a highly resistant response against stripe rust patho-
gen. Cross combinations revealed an intermediate response
against stripe rust as compared to parents, especially testes,
and resistant genes are under the control of additive gene
action. These results indicate that repeated backcross can be
a better strategy for accumulation of resistant genes in these
cross combinations. Selection in these cross combinations by
following backcrosses with recurrent parents is efficient for
disease resistance in the filial generations. These results are
very much in line with the findings of Afzal et al. (2009) and
Mahmoud et al. (2015).

Conclusion

According to these findings, it can be concluded that higher
general combining ability and low broad sense heritability
for grain yield suggest the presence of additive genes, and
exploitation of general combining ability for high grain yield
is important due to presence of additive gene action, and selec-
tion in the filial generations and family rows will be effective.
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For development of heterotic population, it is important to
exploit specific combining ability for dominant gene action
by crossing indigenous genotypes with exotic germplasm
with improved rust resistance, which will be a useful future
breeding strategy.
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Abstract. Triticum timopheevii Zhuk. attracts the attention of bread wheat breeders with its high immunity to the leaf
rust pathogen. However, introgressions from this species in Triticum aestivum L. are little used in practical breeding.
In the presented study, the agronomic value of T. aestivum/T. timopheevii line L624 was studied in comparison with
the parent cultivars Saratovskaya 68, Dobrynya and the standard cultivar Favorit during 2017-2022. Introgressions
from T. timopheevii in L624 were detected by the FISH method with probes pSc119.2, pAs1 and Spelt1, as well as
microsatellite markers Xgwm312, Xgpw4480 and Xksum73. Translocations of 2AS.2AL-2A'L and on 2DL were detected
as well. Line L624 is highly resistant to Puccinia triticina both under the background of natural epiphytotics and under
laboratory conditions. PCR analysis with the DNA marker of the LrTt1 gene (Xgwm312) revealed that it is not identi-
cal to the Lr gene(s) in L624. According to a five-year study, the grain yield of L624 was, on average, higher than that
of Favorit and Dobrynya, but lower than that of Saratovskaya 68. Line L624 had a lower weight of 1000 grains than
the recipients, and was at the same level with the standard cultivar Favorit. Introgressions from T. timopheevii in L624
increased the grain protein content by comparison with Saratovskaya 68 and Favorit, but it was at the same level as
in Dobrynya. As for parameters of flour and bread, L624 was not inferior to the recipient cultivars, but by volume and
porosity of bread, it surpassed Saratovskaya 68. Moreover, L624 surpassed Favorit by the elasticity of the dough, the
ratio of the elasticity of the dough to the extensibility and the strength of the flour. Thus, the results obtained suggest
that introgressions in chromosomes 2A and 2D in L624 do not impair baking properties.

Key words: Triticum aestivum/T. timopheevii line; 2AS.2AL-2A'L translocation; leaf rust resistance; impact on produc-
tivity and grain quality.
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AHHoTauua. Bug Triticum timopheevii Zhuk. npvBnekaeT BHUMaHME CENEKLNOHEPOB MSATKON MWeHNLbl BbICOKM
UMMYHUTETOM K BO3OYAUTENIO NNCTOBON pPrKaBuMHbl. OfHAKO MHTpOrpeccumn oT 3Toro Bupa B T. destivum L. mano
NCMONb3YyTCA B MPaKTUYeCKON cenekuymmn. B npepactaBneHHOM McCCnefoBaHWM M3yyeHa arpPOHOMMUYECKas LieH-
HocTb T. aestivum/T. timopheevii nvHimn J1624 no cpaBHeHUIO C poanTeNbCKMY copTammn CapaToBcKas 68, [o06pbIHA
n copTom-ctaHaaptom ®aBopuT B TeuyeHne 2017-2022 rr. ViHTporpeccun ot T. timopheevii y 11624 BblABEHbI C NO-
molbto metoga FISH c 3oHgamm pSc119.2, pAs1 1 Spelt1, a Takke MUKpoOcaTeNNUTHBIX MapKkepoB Xgwm312, Xgpw4480
n Xksum73. O6HapyxeHbl TpaHcnokauuy 2AS.2AL-2A'L v B gnvHHOM nneuye xpomocombl 2D. JluHua J1624 Bbicoko-
ycTolumBa K Puccinia triticina Kak Ha ¢poHe eCTeCTBEHHOW 3NNUTOTHM, Tak 1 B TabopaTopHbIX ycnoBuax. C ncnonb-
3oBaHuem [MLP-ananun3a ¢ JHK-mapkepom reHa LrTt1 (Xgwm312) ycTaHOBNIEHa €ro HeuAeHTUYHOCTb Lr-reHy(am) y
nuHum N1624. T1o JaHHbIM NATUIETHErO U3YyYEHUs, YPOXKANHOCTb 3epHa Y J1624 Gbina B CpeiHEM BbILLE, YEM Y COPTOB
®aopuT 1 [JobpbIHA, HO HUXKe, Yem Y copTa CapaToBcKas 68. Mo macce 1000 3epeH J1624 ycTynana peyunneHTam n
6bl1a OAHOIO YPOBHSA € copTom-cTaHgapTom QaBoput. MiHTporpeccun ot T. timopheevii y 11624 yBennunnu copgep<a-
Hue 6enKka B 3epHe No cpaBHeHUto ¢ copTamum CapaToBckas 68 1 ®aBopuT, HO ¢ copTom [Jo6PbIHA OHO 6bIIO Ha OAHOM
YpPOBHe. B Llefiom no nokasatenam KauecTsa MyKu 1 xneba nuHus J1624 He ycTynmna copTam-peumnmneHTam, a no oob-
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eMy 1 nopucTocTu xneba npes3soLna CapaToBckyto 68. B To e Bpems J1624 npeBsbiwana copT-ctaHaapT GaBoput no
YNpyrocTu TecTa, OTHOLLEHWIO YNPYroCTW TeCTa K PacTAXMMOCTY 1 cuie MyKu. Takum 06pa3om, NosyyeHHble pesysb-
TaTbl NMO3BONAOT CAENaTb NPEAMNONIOKEHNE, UTO UHTPOrpeccun B Xpomocomax 2A 1 2D y niHum J1624 He yxyawaroT

xne6oneKaprle CBOWCTBa.

Kntouesble cnosa: Triticum aestivum/T. timopheevii nuHns; 2AS.2AL-2A'L TpaHCNOKaLus; YyCTONUYMBOCTb K JINCTOBOM
pKaBUMHe; BNAHME Ha NPOAYKTUBHOCTb 1 KaYecTBO 3epHa.

Introduction

Leaf rust (caused by the fungus Puccinia triticina Eriks.) is
a harmful disease both in Russia and abroad. Despite the fact
that the importance of this disease has decreased for a number
of grain-growing Russian regions, the damage remains quite
extensive (Gultyaeva et al., 2021). The production of resistant
bread wheat cultivars makes it possible to avoid economically
significant damage to plants by this pathogen. Resistance to
P, triticina in bread wheat is controlled by Lr-genes. To date,
82 Lr-genes have been identified (Mclntosh et al., 2022), but
most of them have been overcome by the pathogen. In general,
the following genes are used in Russian bread wheat cultivars:
Lrl, Lr3, Lr9, Lri0, Lr19, Lr20, Lr24, Lr26, Lr34, Lr37 and
Lr6Agil, Lr6Agi2, LrSp. These genes are used in various
combinations, but only the LrSp, Lr6Agil, and Lr6Agi2 genes
are not overcome (Gultyaeva et al., 2021).

The low genetic diversity of effective resistance genes to the
leaf rust pathogen can be solved by involving species related
to bread wheat in hybridization. Thus, out of 82 identified
Lr-genes, 39 were transferred from alien species (MclIntosh et
al., 2013,2018,2022). Triticum timopheevii Zhuk. (A'At GG,
2n = 28) is one of the sources of effective resistance genes.
This species is very popular among breeders because of its
unique high resistance to a complex of diseases. Both in Russia
and abroad, numerous attempts have been made to transfer
pathogens resistance genes from 7. timopheevii into bread and
durum wheat by direct hybridization followed by backcrossing
to cultivated species (Allard, Shands, 1954; Jergensen, Jensen,
1972; Skurygina, 1984; Tomar et al., 1988; Kozlovskaya et
al., 1990; Budashkina, Kalinina, 2001; Brown-Guedria et al.,
2003; Singh et al., 2017).

In addition, synthetic alloploid forms from crossing
T. timopheevii with Aegilops tauschii Coss. were produced
as an intermediate form — a “bridge”. As a result, forms with
2n = 42 and genome composition A'A'GGDD — T. kiharae
Dorof. et Migusch. were obtained (Dorofeev et al., 1979), as
well as the synthetic of Dr. Savov (Leonova et al., 2007). With
similar hybridization with the natural mutant 7_ timopheevii —
T. militinae Zhuk. et Migusch, a synthetic form Triticum
miguschovae was obtained (Zhirov, Ternovskaya, 1984).

Subsequently, when bread wheat was crossed with these
synthetics, a number of lines that were resistant to leaf and
stem rust pathogens were obtained. Thus, a set of pathogen-
resistant lines in the gene background of the Saratovskaya 29
cultivar, the so-called C29 immune (C29im), as well as the
spring bread wheat cultivar Pamyati Maistrenko, was obtained
at the Institute of Cytology and Genetics of the Siberian
Branch of the Russian Academy of Sciences (Laikova et al.,
2013).
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However, despite numerous studies, only two Lr-genes
from T. timopheevii have been identified — Lr/8 in the
5BS.5BL-5G#IL translocation and Lr50 localized on 2BL
(Mclntosh et al., 2013). In addition, the “Catalogue of
Genes Symbols for Wheat” (MclIntosh et al., 2013) lists
three Lr-genes with a temporary (laboratory) designation:
LrTtI located on chromosome 2A, LrTt2 located on
chromosome 5BL (Leonova et al., 2004, 2010), LrSelG12
located on chromosome 3BL (Singh et al., 2017). Thus, the
list of Lr-genes from 7. timopheevii is small.

The effectiveness of these genes varies. Thus, the pathogen
of leaf rust has virulence to the Lr/8 gene in Germany,
Switzerland and Russia (McIntosh et al., 1995; Sibikeev et al.,
2020), but this gene is more effective in Australia (MclIntosh
etal., 1995). The MBRL and PNMQ races are virulent to the
Lr50 gene at the seedling stage, but this gene is effective at
the adult plant stage in Kansas and Texas (Brown-Guedria et
al., 2003). The LrTtI gene is effective at the seedling phase
(Leonova et al., 2004), while Lr7¢2 and LrSelG 12 are effective
both at seedlings and adult plants (Leonova et al., 2010; Singh
etal., 2017).

However, practical wheat breeding has shown little use
of these genes in commercial cultivars. Only Lr/8 is used in
Australia in the Timvera cultivar and its derivatives, and in
the Sabikei cultivar and its derivatives (MclIntosh et al., 2013).
One of the reasons for the insignificant use of introgressions
with leaf rust resistance genes from 7. timopheevii is their
insufficient prebreeding study, which leads to caution in
their use by breeders due to fear of linkages with genes that
negatively affect agronomic valuable traits.

The purpose of our research was: based on the results of
studying the spring T. aestivum/T. timopheevii line 1624, to
identify its prospects for practical breeding both in terms of
effectiveness against P. triticina and in terms of its effect on
grain productivity and the quality of flour and bread.

Materials and methods

The material used included the following genotypes:
1) cultivars of spring bread wheat Saratovskaya 68 (S68),
Dobrynya and standard cultivar Favorit; 2) 7. aestivum/
T. timopheevii line 1624 = Saratovskaya 68/T. timopheevii*4//
Dobrynya. The cultivars Saratovskaya 68 and Dobrynya
differ from each other by morphotype, presence of different
Lr-genes, and flour and dough quality. The first cultivar
is awned, red-grained, white-haired, tall, mid-ripening,
susceptible to the leaf rust pathogen, contains the ineffective
Lr10 gene (Gultyaeva et al., 2020), belongs to the category
of valuable wheat in terms of the quality of flour and bread.
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The second cultivar is awnless, red-grained, white-haired,
tall, mid-ripening, according to the quality of flour and bread, it
belongs to the category of strong wheat. The cultivar Dobrynya
contains the 7DS-7DL-7Ae#1L translocation from Agropyron
elongatum (Host) Beauv. with Lr19/5r25 genes resistant to
leaf and stem rust. These resistance genes have been overcome
by pathogens in the Middle and Lower Volga, Central and
Central Black Earth regions of Russia (Sibikeev et al., 1996;
Baranova et al., 2021).

The standard cultivar Favorit is awnless, red-grained, white-
haired, tall, and mid-ripening, according to the quality of flour
and bread, it belongs to the category of valuable wheat. The
cultivar is resistant to leaf rust and powdery mildew pathogens
and is characterized by the substitution of the bread wheat
chromosome 6D by the chromosome 6Ag! A. intermedium
(Host) Beauv. (Sibikeev et al., 2017).

For production of L1624, a sample of 7. timopheevii of
unknown origin was provided by Dr. S.A. Stepanov (Saratov
State University after name N.G. Chernyshevsky, Saratov).
T aestivum/T. timopheevii line L624 was obtained from direct
crossing of S68 (female form) with 7. timopheevii followed
by fourfold backcrossing to the Dobrynya cultivar. Since S68
is susceptible to the leaf rust pathogen, and Dobrynya carries
the overcome Lr/9 gene, resistance to P. friticina was the
main selection criterion during backcrossing. To do this, in
artificial infection with P. triticina, we used a population of a
pathogen with a high presence of the pp 19 pathotype, virulent
to Lr19. The stable pathogen-resistant line was isolated from
the sixth generation after the last crossing.

The studies included three stages. The first stage was an
evaluation of the L624 line resistance to the leaf rust pathogen
in the field conditions — the phase of milky-wax ripeness
(experimental field of the Agricultural Research Center for
Southeast Regions, conditions of strong pathogen epiphytoty
in 2017 and of medium pathogen epiphytoty in 2022) and in
laboratory conditions — at the seedling phase (third leaf) in
2018-2020. The main differences in P. triticina populations
of 2017 and 2022 were that the latter had a decreased
percentage of the presence of the pp/9 pathotype virulent to
the Lr19 gene. In the field conditions, the resistance degree
was evaluated according to the scale of A.P. Roelfs et al.
(1992), where R is resistance, MR is moderate resistance, MS
is moderate susceptibility and S is susceptibility. The degree
of rust damage (%) was evaluated according to the scale of
R.F. Peterson et al. (1948).

For laboratory evaluation, we used combined Saratov
populations of P. triticina with an artificially increased
presence of the ppl9 pathotype, virulent to the Lr/9 gene.
Seedlings grown in pots with soil were sprayed with an
aqueous suspension of population spores with the addition of
Tween 80 detergent. The suspension concentration was 1 mg
of inoculum per 1 ml of water. After plant infection, a dark
stage was created for 20 hours with 100 % relative humidity,
then seedlings were grown at a temperature of 20-22 °C,
photoperiod consisted of two stages: day (16 hours) and night
(8 hours).

The type of wheat reaction to the pathogen was determined
according to the scale of E.B. Mains, H.S. Jackson (1926),
where 0 is the absence of symptoms; 0; — necrosis without
pustules; 1 — very small pustules surrounded by necrosis; 2 —
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pustules of medium size, surrounded by necrosis or chlorosis;
3 — pustules of medium size without necrosis; 4 — large
pustules without necrosis; X — pustules on the same leaf of
different types, chlorosis and necrosis are present. Plants with
reaction types 0, 0; 1, 2 were considered resistant (R), and 3,
4 and X (S) were considered susceptible.

The second stage was the cytogenetic evaluation of
T. aestivum/T. timopheevii line L624. The purpose of
the cytogenetic analysis of the introgressive line was to
identify alien genetic material and determine its state in the
reconstructed genome of bread wheat, in the form of additional
or substituted chromosomes, translocations. This made it
possible to evaluate the stability of inheritance of the target
trait — resistance to P, triticina.

Preparations of mitotic chromosomes were prepared
from the meristem of seedling roots in accordance with
the method of E.D. Badaeva et al. (2017). To analyze the
L624 line karyotype, we used the FISH method (fluorescent
in situ hybridization) using probes based on various
repeating sequences. The probe pSc119.2 (Bedbrook et
al., 1980) is localized mainly on the chromosomes of the
B genome of bread wheat, while pAs1 (Rayburn, Gill, 1986)
is localized mainly on the chromosomes of the D genome.
Simultaneous use of these probes makes it possible to
identify all chromosomes of the B and D genomes, and some
chromosomes of the A genome (Schneider et al., 2003). In
addition, the chromosomes of the G genome of 7. timopheevii
can be identified by the localization of hybridization signals
with the pSc119.2 probe (Jiang, Gill, 1994).

The repeating sequence Speltl was isolated from the
genomic DNA of Ae. speltoides Tausch. (Salina et al., 1997);
the repeat blocks are localized in the subtelomeric regions of
the chromosomes of this species. Individual Speltl sites are
found in some accessions of tetra- and hexaploid wheats, in
particular 7. timopheevii, and can serve as markers of these
chromosomes (Salina et al., 2006). FISH was performed
according to the method of E.A. Salina et al. (2006) with
minor modifications. Microscopic analysis was carried out
at the Multiple-Access Centre for Microscopy of Biological
Subjects (Institute of Cytology and Genetics SB RAS,
Novosibirsk, Russia).

In addition to cytogenetic analysis, molecular genetic
analysis was performed. Total DNA was isolated from 5-7
day old seedlings by the method of J. Plaschke et al. (1995).
Microsatellite markers were used for analysis: Xgwm312
(Roder et al., 1998), most closely located to the LrTt]
resistance gene on the long arm of chromosome 2A (Leonova
et al., 2004); markers of the long arm of chromosome 2D —
Xgpw4480 (http://www.graingenes.org.) and Xksum73 (Yu et
al., 2004). The polymerase chain reaction (PCR) procedure
was carried out according to the protocols of the authors.
Separation of the amplification products was performed in a
2 % agarose gel.

The third stage was the evaluation of grain productivity
traits, physical and baking properties of dough and bread in
the recipient cultivars S68, Dobrynya, the standard cultivar
Favorit and the 7. aestivum/T. timopheevii line L624. The
studies were carried out in 2017-2022.

The hydrothermal coefficient (HTC) for the growing season
of bread wheat in 2017 was 1.0 (satisfactorily moistened
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conditions), in 2018 and 2019 the HTC was 0.6 (very dry
conditions), in 2020 — 0.8 (dry conditions), in 2021 — 0.9 (dry
conditions), and in 2022 — 0.8 (dry conditions). The main dif-
ferences in weather conditions in 2018, 2019 and 2021 were
high temperatures during the flowering period (above the
long-term average by 5.0, 4.2 and 8.0 °C, respectively) with a
reduced precipitation amount (below the long-term average by
13—15 mm), which sharply reduced grain yield. At moderate
temperatures, the most humid was the growing season 0f 2017,
but in 2020, as in 2017, during the flowering phase, the air
temperature was lower than the long-term average, namely
by 0.7 and 1.0 °C, while the precipitation amount was 23 and
48 mm higher, respectively, in 2017 and 2020, which increased
grain yield. The weather conditions in 2022 were characterized
by an increased air temperature during the flowering phase by
1.0 °C with a precipitation amount reduced by 12 mm, but in the
next ten days (beginning of July) an increase in precipitation
by 16 mm was noted at a low temperature by 1.0 °C, which
in general allowed to neutralize the harmful effect.

The experimental material was randomly sown in 7 m?
plots in three replicates. The seeding rate was 400 grains per
1 m2. The bread making and flour quality was evaluated by
the content of raw gluten, gluten strength and the indicators
of the IDK-3 device (deformation index of gluten) and the
Chopin alveograph with the baking of experimental bread
samples. The protein content of grain, harvested in 2020-2022,
was determined on the grain analyzer Infratec TM 1241. The
obtained data on 7. aestivum/T. timopheevii line L624 and
recipient cultivars S68, Dobrynya and the standard cultivar
Favorit were subjected to one-way analysis of variance with
multiple comparisons according to Duncan using the Agros
2.10 breeding and genetic software package (Martynov et
al., 2000).

Results

Phytopathological analysis of resistance

to the leaf rust causative agent

Under strong leaf rust epiphytotic condition in the growing
season of 2017, and medium epiphytoty in 2022, line L624
showed a resistant reaction type (R) (severity 0 %, type
of reaction — (IT) = 0;), while recipient cultivars: S68 —
susceptibility to the pathogen (S, IT = 3+ in 2017 and S,
IT = 3 in 2022) (severity 2040 %) and Dobrynya —

Prebreeding studies of leaf rust resistant
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susceptibility to the pathogen (S, IT=3in2017 and RS, IT =
0;/3 in 2022). Similar results were obtained during artificial
inoculation of cultivars and line L624 at the seedling phase
under greenhouse conditions (Table 1).

Thus, the phytopathological analysis of resistance to the leaf
rust pathogen 7. aestivum/T. timopheevii line L624 under field
and laboratory conditions showed its high level in comparison
with the recipient parental cultivars and the donor species. It
should be clarified that the artificial inoculation of cultivars
and L624 was carried out three times during 2018-2020 by
Saratov populations of the pathogen with the addition of the
pp19 pathotype collected from the infected cultivar Dobrynya.
All three evaluations (for 2018, 2019 and 2020) had the same
results in terms of ITs for all studied cultivars and L624. The
high efficiency of L624 resistance to P. triticina both at the
seedlings and at milky ripeness stages indicates the juvenile
nature of resistance.

Cytogenetic analysis

of T. aestivum/T. timopheevii line L624

In general, according to the results of cytogenetic analysis,
line L624 is cytologically stable and is characterized by a
number of chromosomes standard for hexaploid wheat — 42
chromosomes. Chromosomal substitutions and translocations
with chromosomes of the 7. timopheevii G genome have not
been identified. FISH results with pSc119.2 and pAs1 probes
on L624 metaphase chromosomes are shown in Fig. 1.

Hybridization with pSc119.2 and pAsl probes did not
reveal any changes in the B and D genomes chromosomes of
the L624 line, except for chromosome 2D. Chromosome 2D
lacks the pAs]1 signal at the end of the long arm (Schneider et
al., 2003) (see Fig. 1), which may indicate a translocation of
unknown origin. The performed molecular genetic analysis
showed that when using microsatellite markers of the 2DL
chromosome (Xgpw4480, Xksum?73) (Fig. 2, b), the L624 line
amplification fragments correspond in length to the fragments
of control wheat samples. Thus, it can be concluded that the
detected translocation from 7. timopheevii in the long arm of
chromosome 2D does not include the localization area of the
XgpwA4480, Xksum73 markers, i. e. it is subtelomeric.

One of the chromosomes of the A genome had a weak
pSc119.2 signal at the end of the long arm (see Fig. 1, Fig. 3,
a). Hybridization with pSc119.2 and Speltl probes (see
Fig. 3) showed that this chromosome also carries the Speltl

Table 1. Resistance of line L624, parental cultivars and standard cultivar to P. triticina under field conditions
(natural epiphytotics) and under greenhouse conditions (artificial inoculation)

Cultivar, Lr—genes ............................................
line 2017
Saratovskayass .................... 1o3+4os ..............................
Dobrynya ............................... 193155 ................................
|_624 ........................................ : oR ....................................
Favont .................................... 5 Agl0R ...................................
Tt,mopheew, ......................... ; OR ...................................

Infection type (IT) and resistance degree

Greenhouse conditions,
seedling phase

3,20S 3
01/3IRS* ...................................... 3 .......................................................
O,R ............................................... 0 , ......................................................
ORO .......................................................
OHR .............................................. 0 , ......................................................

*This infection type and resistance degree are caused by the low presence of the pp19 pathotype in the P, triticina population.

626

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 6



C.H. Cnbukees, N.I. AgoHnHa
A.E. ApyxwuH, O.A. bapaHoBa

repeat block at the end of the long arm (see Fig. 3, ). Since
similar localization of these probes was previously shown
on 2A' chromosomes in some specimens of 7. araraticum
Jakubz. [syn. T. timopheevii (Zhuk.) Zhuk. subsp. armenia-
cum (Jakubz.) van Slageren)] (Salina et al., 2006), it could be
assumed that the L.624 line had the whole 2A' chromosome
of T. timopheevii or a translocation in the long arm of 2A
chromosome (T2AS.2AL-2A'L).

However, molecular genetic analysis using the Xgwm312
marker (see Fig. 2, a) showed that the L624 amplification
fragment differs in length from the 7. timopheevii fragment and
corresponds to a fragment of one of the parent wheat cultivars
(Saratovskaya 68). This indicates the absence of chromosomal
substitution 2A%2A) in line L624 and indicates a terminal
translocation in the long arm of chromosome 2A (T2AS.2AL-
2A'L), which does not include the area of localization of the
Xgwm312 marker. In addition, there is reason to assume that
the Lr gene(s) in L624 are not identical to the LrTt/ gene,
which is located close to the Xgwm3 12 microsatellite marker.

Prebreeding study

of T. aestivum/T. timopheevii line L624

The results of the study of grain productivity in 7. aestivum/
T. timopheevii line 1624, resistant to the leaf rust causative

300bp —
200bp —>»
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Fig. 1. FISH on metaphase chromosomes of the line of spring bread
wheat L624 = Saratovskaya 68/T. timopheevii *4//Dobrynya with pSc119.2
probe (green signal) and pAs1 probe (red signal).

The arrows indicate the sites of hybridization with the pSc119.2 probe on the
long arms of one of the A genome chromosomes. The asterisks indicate the
long arms of the 2D chromosomes.

300bp —
200bp —>

Fig. 2. Electrophoregram of the results of PCR amplification of microsatellite markers with DNA of the L624 line and

parental forms.

a-Xgwm312; b - Xgpw4480 (1-4), Xksum73 (5-8): 1, 5 - T. aestivum (Saratovskaya 68), 2, 6 - T. aestivum (Dobrynya), 3, 7 — line L624,
4, 8T timopheevii. M — marker of fragment length.

Fig. 3. FISH on metaphase chromosomes of spring bread wheat line L624 = Saratovskaya 68/T. timopheevii *4//Dobrynya
with pSc119.2 probe (red signal) and Spelt1 probe (green signal).

Localization of pSc119.2 probe only is shown on the same metaphase plate (a); arrows indicate pSc119.2 signals on long arms
of presumably 2A chromosomes; (b) arrows indicate Spelt1 signals on 2AL.

CENEKUMA PACTEHUA HA MPOAYKTUBHOCTb U KAYECTBO / PLANT BREEDING FOR PERFORMANCE AND QUALITY
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Table 2. Indicators of grain productivity in T. aestivum/T. timopheevii line L624

Cultivar, Germination- Grain yield, kg/ha
line €ANNG, e
days 2018 2019 2020
average,
2018-2022
S68 42.0 1427 668 3485
Dobrynya 41.6 852 670 2805
L624 44.2 1095 590 2873
Favorit (St) 438 861 602 2631
LSDygs 13 188 NS 240

agent, showed that, on average, from 2018 to 2022 there were
no significant differences for grain yield in the line compared
to the recipient cultivars Saratovskaya 68 and Dobrynya, as
well as the standard cultivar Favorit. It is expected, since the
productivity traits in 2020 and 2022 are three to five times
higher than the yield in 2019 and 2021 (Table 2).

However, the analysis of grain productivity by years
revealed that out of five years of study, two years of grain
yield (2018 and 2020) in L624 were significantly lower than
that of the recipient cultivar Saratovskaya 68 and three years
(2019, 2021 and 2022) were on the same level. Compared to
the cultivar Dobrynya, the grain productivity of L624 was
at the same level for four years (2019-2022) and surpassed
the recipient cultivar Dobrynya in 2018. Compared to the
standard cultivar Favorit, the grain yield of 7. aestivum/
T. timopheevii line L624 was higher than of Favorit for four
years (2018, 2020-2022) and was at the same level only in
2019 (see Table 2).

As mentioned above, the growing seasons of 2018, 2019
and 2021 were characterized by a hard drought, while the
2020 season was characterized by excess moisture and
moderate air temperature from germination to the beginning
of flowering, and then a drought with high temperatures was
noted until full maturity. At the same time, the 2022 season
was characterized by the opposite distribution of precipitation,
that is, from germination to the beginning of flowering — a
lack of moisture, and during grain filling (July), an excess of
moisture. However, the entire period of 2018-2022 relates to
arid conditions to varying degrees. Thus, there are grounds
to state that L624 has a high drought resistance and that the
introgressive material from 7. timopheevii has a neutral effect
on drought resistance in this line.

On average for 2018-2022, an analysis of 1000 grain
weight, as an important element of grain productivity, showed a
significant decrease in the line L624 (27.96 g) compared to the
cultivars Saratovskaya 68 (31.12 g) and Dobrynya (30.32 g),
but a slight decrease compared to the standard cultivar Favorit
(28.48 g) (see Table 2).

In terms of the “germination—earing period” trait for the
growing seasons of 2018-2022, in L624, compared with
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1000 grain Protein, %

........................................................... . Weightl g in 2020-2022
2021 2022 Average  In2018-2022

797 2699 1815 31.12 16.2

651 2829 1561 30.32 17.1

759 2797 1623 27.96 16.9

519 2401 1403 28.48 16.2

193 343 240 2.05 0.5

recipient cultivars, there were significant differences, namely
44.2 days versus 42.0 days in S68 and 41.6 days in Dobrynya,
LSD ;= 1.3 days. At the same time, there were no significant
differences with the standard cultivar Favorit (43.8 days).

Plant height of L624 did not differ from S68, Dobrynya,
and Favorit. However, lodging resistance differed between
L624 (4.24 points) and Dobrynya (4.60 points), but the line
did not differ from S68 (4.22 points) and Favorit (4.26 points),
LSDs=0.15.

The study of the effect of chromosomes or translocations
from bread wheat related species on bread making qualities
in introgressive lines of bread wheat is an important step in
the evaluation of their breeding value. In general, a number
of studies of 7. aestivum/T. timopheevii lines (Timonova
et al., 2012), as well as lines obtained on the spring bread
wheat cultivar Saratovskaya 29 using Dr. Savov’s synthetic
(A'A'GGDD), revealed a positive or neutral effect of the
T. timopheevii genes material on the quality of flour and bread
(Laikova et al., 2007, 2013).

In 2020-2022, grain protein content in 7. aestivum/
T. timopheevii line L624 was significantly higher than in S68
and Favorit (16.9 versus 16.2 % for cultivars), but was on the
same level as Dobrynya (17.1 %) (see Table 2). According to
the indicators of the IDK-3 device, gluten content in line L624
was significantly lower than in S68 and Dobrynya, namely
38.7 and 39.7 % versus 36.4 % in L624, with LSD ;= 2.0.
At the same time, the line was on the same level with the
standard cultivar Favorit (37.2 %). Gluten strength in L624
was significantly higher than in the recipient cultivars and
the standard cultivar Favorit, namely 78.1 u.d. against 85.8
(S68), 83.5 (Dobrynya) and 91.3 u.d. (Favorit), LSD ;= 4.0.

When studying the alveograph indicators (Table 3), it was
found that dough tenacity, tenacity to extensibility ratio and
flour strength in line L624 did not differ significantly from the
recipient cultivars. However, all these traits were significantly
increased in 7. aestivum/T. timopheevii line L624 compared
to the standard cultivar Favorit. Crumb porosity and bread
volume in L624 were on the same level as in Dobrynya and
Favorit, but significantly higher than in S68. Differences in
the color of the breadcrumb were observed. Thus, in S68
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Table 3. Bread making quality traits in T. aestivum/T. timopheevii line L624 in 2018-2022

Cultivar, Alveograph® Bread™*

1T e (=R
P mm P/L W, units Vv, cm3 Porosity, score Crumb color

Saratovskaya 68 88.8 1.75 195 761 4.50 White

Dobrynya 84.4 1.68 204 814 4.88 Yellow

L624 84.7 1.51 203 799 4.85 White

Favorit 69.1 1.20 170 780 4.75 Cream

LSDgs 8.0 03 25 30 0.26

* Indicators of the alveograph: P - dough tenacity; P/L - tenacity to extensibility ratio; W - flour strength.

** Indicators of bread evaluation: V - bread volume, porosity.

and L624, the crumb is white, in Favorit, it is cream, and in
Dobrynya, it is yellow, which is associated with the presence
of 7DS-7DL-7Ae#1L, a translocation that carries genes for
high carotenoid content (Prins et al., 1996) (see Table 3).

Discussion

As noted above, the T timopheevii species attracts breeders
with its high immunity to a complex of fungal diseases. A set
of T aestivum/T. timopheevii lines with resistance genes to
various diseases was obtained: to the leaf rust pathogen —
Lri8, Lr50, LrTtl, LrTt2, LrSelG12; to the causative agent of
stem rust (P. graminis Pers.) — Sr36, Sr37, Sr40; to powdery
mildew pathogen (Blumeria graminis DC.) — Pm6, Pm27
(Adonina et al., 2021). The T. aestivum/T. timopheevii lines
resistant to pathogens mainly carry introgressive material from
chromosomes 6G, 2G, 5G, in addition, from chromosomes
1AL 2A4 3AY SAY 7TAY 3G, 4G, 7G (Badaeva et al., 2010).

In our studies, introgressions from 7. timopheevii affected
chromosome 2A (T2AS.2AL-2A'L — translocation), and
chromosome 2D lacks the pAs] signal at the end of the long
arm, which may indicate a translocation of unknown origin.
Previously, in the long arm of chromosome 2A (translocation
2AS-2A'S.2A'L-2AL) of line 842 = Saratovskaya 29
*2/T. timopheevii spp. viticulosum between Xgwm817 and
Xgwm312 markers, the LrTt] gene was mapped (Leonova et
al., 2004, 2008, 2011). This gene was found to be inherited
in a recessively monogenic manner (Leonova et al., 2004). In
L624, the leaf rust resistance gene (according to segregation in
the F, families Saratovskaya 68/7. timopheevii *4//Dobrynya)
is also inherited in a recessively monogenic manner (Sibikeev,
unpublished data).

However, in our studies, using PCR analysis with the DNA
marker of the LrTt] gene (Xgwm312), it was established that
it is not identical to the Lr gene(s) in L624. In addition, LrTt1
is effective against the European population of P. triticina at
the seedling stage, but only has a restraining effect (infection
type IT = 3) at the stage of adult plants against the West
Siberian population of the pathogen (Leonova et al., 2004;
Timonova et al., 2012). In addition, translocation with L»7t/
is not linked to resistance to the stem rust causative agent

CENEKLMA PACTEHUA HA NPOAYKTUBHOCTb U KAYECTBO / PLANT BREEDING FOR PERFORMANCE AND QUALITY

in Western Siberia, the share of damage is 80 % (Timonova
etal., 2012).

Introgressions from 7. timopheevii in L624 protected against
the Saratov population of P. triticina, both at the seedlings
stage (three-leaf phase) and at the stage of adult plants (phase
of milky ripeness), infection type IT = 0;. Line L624 was
affected by the stem rust causative agent at the seedlings stage
during artificial inoculation of both the Saratov and Omsk
populations, IT = 3.

When trying to identify in L624 genes of resistance to
P. graminis (Sr-genes): Sr2, 22, 24, 25,26, 31, 32, 35, 36, 38,
39, 57 using DNA markers, none of the indicated resistance
genes was identified (Baranova, unpublished data). At the
same time, earlier in our studies, the effectiveness of L624 (in
these studies, L624 is designated by serial number 49) was
shown at the seedling stage against the Saratov, Krasnodar,
Dagestan and Chelyabinsk populations of P, triticina collected
in 2018, as well as against test clones of the pathogen with
virulence to the leaf rust resistance genes — Lr9, Lr19, Lr26,
the infection type to the pathogen was IT = 0.

In addition, the use of DNA markers for genes L7/, 3, 9,
10,19,20,21,22a,24,25,28,29,34,35,37,39=41,47, 50,
53, 66, 6Agi made it possible to identify the Lr/0 and Lr28
genes in L624. The Lr19 gene from the Dobrynya cultivar was
not identified. The detection of the SCS421 gene marker for
Lr28 indicates the presence of 7. timopheevii (LrTtim) genetic
material in the L624 since this marker is not strictly specific
for determining the Lr28 gene transferred from Ae. speltoides,
and is also present in specimens of 7. timopheevii (Gultyaeva
et al., 2014). Among the Lr genes from 7. timopheevii, the
Lr18 gene belongs to the group of ineffective in the conditions
of the Volga region and has a different infection type to the
pathogen (IT = 3) from IT = 0 in L624.

The infection type of the line with Lr50 (the second Lr gene
from 7. timopheevii) at inoculation with the Saratov population
of the leaf rust pathogen varied from 0-1 to 2+ points and
differed from that in L624. The Xgwm382 marker of the Lr50
gene indicated the absence of Lr50 in this line (Gultyaeva et
al., 2020). Thus, there are grounds to suggest that L624 in the
T2AS.2AL-2A'L translocation contains a leaf rust resistance
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gene that is different from Lr18, Lr50 and, possibly, non-allelic
to the LrTt1 gene.

Analyzing the effect of introgressive material with pathogen
resistance genes from 7. timopheevii on agronomically
important traits, its multidirectional influence should be noted
(Leonova, 2018). However, there are very few data on the
specific effect of introgressions involving the 2A* chromosome
on productivity indicators.

There is a study of T. aestivum/T. timopheevii lines 5352-
104 and 5360-191/5, obtained by three backcrosses of hybrid
parental lines 744 and 832 (T. aestivum—T. timopheevii,
2n =42) with Saratovskaya 29 and subsequent self-pollination
(Timonova et al., 2012). Line 5352-104 contains introgressive
fragments of chromosomes 1A' and 2A", while line 5360-191/5
contains 2A* and 5GL. In terms of plant height, these lines
did not differ from Saratovskaya 29 (S29), and the ear length
of the line 5352-104 was higher than that of the S29 cultivar.

According to the number of spikelets per spike, no
differences from S29 were found, but in terms of the number
and weight of grains per spike, the line’s indicators were
higher than those of the recipient cultivar. In terms of grain
weight per plant and of 1000 grain weight, line 5352-104 did
not differ from S29. Line L 5360-191/5, as a possible carrier
of the LrTt1(2AY) and LrTt2 (SGL) genes, did not differ from
the recipient cultivar S29 in all parameters of ear productivity,
as well as grain weight per plant and 1000 grain weight and
plant height (Timonova et al., 2012).

In our studies, introgressions in L624 affected chromosomes
2A and 2D, resulting in highly effective leaf rust resistance.
Of the five years of studying L624, in 2018 and 2020, the
grain yield was significantly lower than that of the recipient
cultivar Saratovskaya 68, in 2019, 2021 and 2022, it was on
the same level. Compared to Dobrynya, the grain productivity
of L624 was at the same level for four years (2019-2022)
and surpassed the recipient cultivar Dobrynya in 2018.
Compared to the standard cultivar Favorit, the grain yield of
T. aestivum/T. timopheevii line L624 surpassed Favorit for four
years (2018, 2020-2022) and was on the same level only in
2019. In general, it can be assumed that L624 does not reduce
grain productivity. However, by the weight of 1000 grains,
L624 was inferior to both recipients and was on the same level
with the standard cultivar Favorit. L624 differs from lines
L.5352-104 and 5360-191/5 in terms of its effect on this trait.

Unfortunately, the results of other researchers on the study
of the effect of introgressions involving the 2A' chromosome
from 7. timopheevii on the bread making quality traits is not
known to us. It can be stated that introgressions on the 2A
and 2D chromosomes in L624 increased the grain protein
content compared to the recipient cultivar S68 and the standard
cultivar Favorit, but this trait remained at the same level as
Dobrynya. In terms of flour and bread quality, L624 was not
inferior to cultivar recipients; moreover, it surpassed S68 in
terms of bread volume and porosity. At the same time, L624
surpassed the standard cultivar Favorit in all parameters of
the alveograph: dough tenacity, tenacity to extensibility ratio
and flour strength. Thus, introgressions in chromosomes 2A
and 2D in L624 do not impair baking properties. However, the
decrease in gluten content in comparison with the recipient
cultivar should be noted. For comparison, introgressions from
T. timopheevii in the cultivar Pamyati Maystrenko — 2B(2G),
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6B(6G) and 1D(1D") increased protein and gluten content,
as well as traits of flour strength and bread volume (Laikova
etal., 2013).

The 7DS-7DL-7Ae#1L translocation from Ag. elongatum
with Lr19/Sr25 genes linked to yellow flour was lost in L624 =
Saratovskaya 68/7. timopheevii *4//Dobrynya, despite four
backcrosses for the Dobrynya cultivar. As a result, L624
has a white color of flour and bread. The absence of the
7DS-7DL-7Ae#1L translocation in L624 was confirmed
using a DNA marker for Lr19/Sr25, SCS265 (Gultyaeva et
al., 2020). A possible reason for this is that during the L624
breeding, a constant selection of resistant plants was carried
out under the background of inoculation with a population
of P. triticina with a high presence of the pp/9 pathotype
virulent to Lr19.

Conclusion

In general, regarding the entire complex of agronomic traits,
T aestivum/T. timopheevii line 1624 is promising, both in
comparison with the recipient cultivars and in comparison
with the standard cultivar Favorit. L624 did not reduce grain
yield during five years of study, which is apparently due to a
fairly high level of drought resistance. The leaf rust resistance
gene in L624 is highly effective both at the seedling stage and
at the stage of adult plants. For further use of L624 in breeding
programs, it is necessary to carry out additional studies on the
combination of resistance to P. triticina with resistance genes
to the stem rust causative agent, which has become necessary
for the Lower Volga region.
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Abstract. Orthotopic transplantation of glioblastoma cells in the brain of laboratory mice is a common animal model
for studying brain tumors. It was shown that "H magnetic resonance spectroscopy (MRS) enables monitoring of the
tumor’s occurrence and its development during therapy based on the ratio of several metabolites. However, in study-
ing new approaches to the therapy of glioblastoma in the model of orthotopic xenotransplantation of glioma cells into
the brain of mice, it is necessary to understand which metabolites are produced by a growing tumor and which are the
result of tumor cells injection along the modeling of the pathology. Currently, there are no data on the dynamic meta-
bolic processes in the brain that occur after the introduction of glioblastoma cells into the brain of mice. In addition,
there is a lack of data on the delayed effects of invasive brain damage. Therefore, this study investigates the long-term
dynamics of the neurometabolic profile, assessed using TH MRS, after intracranial injection of a culture medium used in
orthotopic modeling of glioma in mice. Levels of N-acetylaspartate, N-acetylaspartylglutamic acid, myoinositol, taurine,
glutathione, the sum of glycerophosphocholine and phosphocholine, glutamic acid (Glu), glutamine (GIn), and gamma
aminobutyric acid (GABA) indicate patterns of neurometabolites in the early stage after intracranial injection similar to
brain trauma ones. Most of the metabolites, with the exception of GIn, Glu and GABA, returned to their original values on
day 28 after injection. A progressive increase in the Glu/GIn and Glu/GABA ratio up to 28 days after surgery potentially
indicates an impaired turnover of these metabolites or increased neurotransmission. Thus, the data indicate that the re-
covery processes are largely completed on day 28 after the traumatic event in the brain tissue, leaving open the question
of the neurotransmitter system impairment. Consequently, when using animal models of human glioma, researchers
should clearly distinguish between which changes in neurometabolites are a response to the injection of cancer cells
into the brain, and which processes may indicate the early development of a brain tumor. It is important to keep this in
mind when modeling human glioblastoma in mice and monitoring new treatments. In addition, these results may be
important in the development of approaches for non-invasive diagnostics of traumatic brain injury as well as recovery
and rehabilitation processes of patients after certain brain surgeries.

Key words: magnetic resonance spectroscopy; animal model of human glioma; neurometabolites; traumatic brain injury.
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AHHOTaums. OpTOTOI'IVNeCKaH KCEHOTPaHCNIaHTaLUNA KNETOK rn1o6aacToMbl B FONIOBHO MO3T na6opaToprlx MblLIen —
pacnpocTpaHeHHaA XNBOTHaA MoAesib ANnA U3y4vyeHuna onyxone|7| ronoBHOro mo3sra. [lokasaHo, uTto H MarHUTHO-pe30-
HaHCHaA CNeKTpockonua (MPC) no3BonseT oTcnexrBaTb BO3HMKHOBEHMWE onyxonn n ee pa3Butne B npouecce Tepannn
MO COOTHOLIEHWNIO HECKONbKUX METAb0SINTOB. O,D,HaKO npn N3y4yeHnn HOBbIX NOAXOA0B B Tepannmn rnMo6nacToMbl Ha MO-
aenn OpTOTOI'IVIHECKOI‘/'I KCEHOTPaHCNIaHTaLUn KNETOK rNM1UomMbl B rOJIOBHOWM MO3T MblLLEN HEO6XO,U,VIMO NMOHNMAaTb, Kakne
n3meHeHunA ypOBHEIZ MEeTaboNnTOB ABNAIOTCA cnencTBmem pocTa onyxosn, a Kakme — pesynibTaToM NHbeKUnn onyxone-
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In vivo MRS study of long-term effects
of intracranial injection of a culture medium in mice

BbIX KNETOK B FONIOBHOM MO3T B NpoLiecce MOAeNMpoBaHnA natonormun. B HactosALlee Bpema OTCyTCTBYIOT IaHHbIE O AU-
HaMunKe MeTaboNnUYecKrx NPOLLECCOB B FOSIOBHOM MO3re, BO3HUKAIOLWMX NOCSE BBEAEHNA KIETOK rM1M06acTOMbl B MO3F
Mblweir. Mano Takxe AaHHbIX 06 OTCPOYEHHbIX MOCNEACTBUAX MHBA3MBHOTO NMOBPEXAEHNA rOIOBHOro Mo3ra. lostomy
B Hallleln paboTe nccnegyeTca JONTOBPEeMEHHas ANHaMIKa HeipomeTabonmyeckoro npoduns, OLeHEHHOrO C MPUMeHe-
Huem 'H MPC, nocie BHYTpUYEPENHON MHbEKLMN KYNIbTYpanbHOI CPefibl, UCMOSb3yeMON NPy OPTOTOMMYECKOM MOLESN-
poBaHMM rnoMbl Yy Mblwei. YposHy N-aueTunacnaptata, N-auetnnacnapTunriyTaMUHOBOWM KUCAOTbI, MUO-MHO3UTONA,
TaypuHa, ryTaTnoHa, CyMmbl rnuepodocdoxonmHa n GochoxonmHa, rmytammHoBon Kucnotbl (Glu), rmytammHa (Gln) n
ramma-ammHomacnaHomn kucnotbl (FAMK) yKka3blBatoT Ha MaTTepHbl HEMPOMETaboNMTOB Ha paHHel CTagnm Nocsie BHYTPU-
yeperHom MHbeKLMM, CXOXKIMe C TaKOBbIMM NP TPaBMe rofIoBHOro Mo3sra. bonbLMHCTBO MeTabonnToB, 3a UCKNIoUYeHeM
GIn, Glu n TAMK, Bo3BpaLLanucb K MCXOAHbIM 3HaYeHVAM Ha 28- AeHb nocsie nHbekumu. Mporpeccupytollee ysenunye-
Hue cooTHowweHus Glu/GIn n Glu/GABA po 28 gHeli nocne onepaunmn NoTeHLMaNbHO YKa3biBaeT Ha HapyLleHne obMeHa
3TUX METaboNUTOB UMK YCUNeHre Helponepeaaun. Takum 06pa3om, faHHble CBUAETENbCTBYIOT O TOM, YTO BOCCTaHO-
BUTENIbHbIE MPOLIeCChbl B OCHOBHOM 3aBepLuatoTca Ha 28-1 AeHb Nocsie TPaBMaTNYeCKoro cobbiTUA B TKaHW FOJIOBHOrO
MO3ra, OCTaB/IAA OTKPbITbIM BOMPOC O HAPYLUEHUW HENPOMEANATOPHON ccTeMbl. COOTBETCTBEHHO, MPU 1CMONb30BaHN
XKMBOTHbIX MOAeNelt MNOMbl YerloBeKa UCCnefoBaTeNny AO/MKHbI YeTKO pasnnyaThb, Kakre 3MeHeHnsa HerpomeTabonu-
TOB ABNAIOTCA peakuren Ha caMy UHBEKLMIO PAaKOBbIX KNIETOK B FOIOBHOM MO3TF, @ Kakue MpoLecchl MOryT CBUAETENb-
CTBOBaTb O PaHHEM Pa3BUTUM OMYXOJIN FOSIOBHOMO MO3ra. 3TO BaXKHO MMETb B BUAY NPV MOAEIMPOBAHMM MMNO61aCcTOMbI
yenoBeka y MblLLeln 1 MOHUTOPUHIE HOBbIX METOLOB fleyeHs. Kpome Toro, nosilyYeHHble JaHHble MOTYT ObITb BaXKHbI MK
pa3paboTke NOAXOAOB K HEMHBA3MBHOW [MArHOCTMKE YepernHO-MO3roBOI TPaBMbl, @ TakXKe NPy MOHUTOPUWHIe npoLec-
COB BOCCTAHOBJIEHUA 1 peabunuTauum NauneHToB Nocse HEKOTOPbIX OMNepaLmii Ha FOIOBHOM MO3re.

KnioueBble cnoBa: MarHUTHO-Pe30HAHCHasA CMEeKTPOCKOMKS; }KUBOTHas MOAESb IMMOo61acTOMbl YeNoBeKa; HelipoMeTabo-

NNTbl; YepenHO-M0O3roBad TpaBma.

Introduction

Glioblastoma (GBM) is the most common and aggressive
tumor of the central nervous system (Goodenberger, Jen-
kins, 2012). Even in the case of aggressive therapy of the
brain glioma, such as surgical resection, radiotherapy, and
chemotherapy, many types of gliomas almost always have
a pessimistic prognosis for the patients’ survival (Tykocki et
al., 2018; Ostrom et al., 2019). Despite the efforts of scientists
and clinicians to increase the life expectancy of GBM patients,
survivors do not easily exceed the 15th month (3—5) and the
S-year survival rate is as low as 5.8 % (Ostrom et al., 2018,
2019; Tan et al., 2020).

Xenograft mice models are widely used for modeling GBM
and testing developmental therapeutics (Haddad et al., 2021).
Orthotopic transplantation of glioblastoma cells in the brain
of laboratory mice is a common animal model for studying
brain tumors (Zavjalov et al., 2016; Miyai et al., 2017; Had-
dad et al., 2021). This model is characterized by rapid glioma
growth following injection of tumor cells into the subcortical
structures of the brain, resulting in destruction of blood ves-
sels and neurons, compression of individual brain structures,
impairment of cognitive function and deep irreversible lesions
(Hall et al., 2005; Maas et al., 2008). Currently, the most
accessible way to detect and visualize glioma is magnetic
resonance imaging (MRI), which is widely used in the clinic.
The main advantage of MRI is its non-invasiveness with the
ability to image unlabeled cells, while optical methods require
stable expression of fluorophore-labeled protein in tumor
cells, which can lead to a change in the behavior of tumor
cells (Dass, Choong, 2007). Finally, MRI is a reliable and
sufficiently accurate method that can be used to repeatedly
study the dynamic processes for the same organism.

To visualize tumors, reliable MRI contrast agents are used,
which, however, do not always allow a correct diagnosis. Up
to 45 % of abnormalities in a patient’s brain detectable with
MRI require biopsy and subsequent histological studies. There
is another significant drawback of this approach for intracereb-
ral tumors. Contrast does not always lead to an increase in the
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MRI signal, and although this happens quite rarely —about 4 %
of gliomas, the life of the patient is on the line in every such
case (Barker et al., 1997; Ginsberg et al., 1998; Sugahara et
al., 1998; Castillo et al., 2001; Nelson, Cha, 2003; Atkinson
et al., 2008; Stockhammer et al., 2008).

Recently, in vivo studies of the functional state of the brain
are increasing due to attempts to assess the metabolic profile
using 'H magnetic resonance spectroscopy — MRS (Ratai,
Gilberto Gonzalez, 2016). It was shown that MRS enables
monitoring of the tumor’s occurrence and its development
during therapy based on the ratio of several metabolites (Hishii
et al., 2019; Tiwari et al., 2020). However, at study of new
approaches in the therapy of glioblastoma in the model of
orthotopic xenotransplantation of glioma cells into the brain
of mice, it is necessary to understand which metabolites are
produced by a growing tumor and which are the result of tumor
cells injection along the modeling of the pathology. Currently,
there are no data on the dynamic metabolic processes in the
brain that occur after the introduction of glioblastoma cells into
the brain of mice. Furthermore, there is a lack of data on the
delayed effects of invasive brain damage (Singh et al., 2016;
LiY.etal., 2021). These studies require multiple animal MRI
sessions under anesthesia, and so this study investigates the
long-term dynamics of the neurometabolic profile by 'H MRS
repeated sessions after intracranial injection of a culture me-
dium used at orthotopic modeling of glioma in mice.

Materials and methods

The study was carried out in the Center for Collective Use
“SPF-vivarium” of the Institute of Cytology and Gene-
tics, Siberian Branch of the Russian Academy of Sciences
(RFMEFI62119X0023). This study was approved by the
Inter-Institutional Commission on Biological Ethics at the
Institute of Cytology and Genetics, Siberian Branch of the
Russian Academy of Sciences (Permission #78, April 16,
2021). Ten SPF male SCID mice aged 67 weeks were used.
Their health status was investigated in accordance with the
recommendations of the Federation of European Laboratory
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Animal Science Associations (FELASA working group...,
2014). The animals were kept in single-sex family groups of
2-5 mice in individually ventilated cages using the Optimice
system (Animal Care Systems, Centennial, CO, USA). The
mice were maintained under controlled conditions: tempera-
ture, 22-26 °C; relative humidity, 30-50 %; and 12/12 light/
dark periods with dawn at 02:00. Standart V1534-300 ssniff®
diet (ssniff Spezialdidten GmbH, Soest, Germany) and reverse
osmosis water enriched with minerals were provided to the
animals ad libitum.

Before the operation, the animal was placed in a chamber
with an air flow of 300-350 ml/min and an isoflurane con-
centration of 1.5 % (Baxter International Inc., Deerfield, IL,
USA). After 3—5 min, the animal was transferred to a heated
operating table with a surface temperature of 37 °C and placed
under an anesthetic mask with 1.5 % isoflurane. The culture
medium (DMEM\F-12, Thermo Fisher Scientific, Waltham,
MA, USA) used for orthotopic glioma modeling was intro-
duced into the subcortical structures of the brain through a
hole in the cranium (Zavjalov et al., 2016). A 3—4 mm skin
incision was made on the animal’s head in the caudal-cranial
direction in the region of the bregma, and 5 ul of medium
was injected through the hole in the skull. Intravital MRS was
performed on the anesthetized animals before surgery and on
days 7, 14, 21 and 28 after the injection.

Magnetic resonance imaging and MRS protocols. Neu-
rometabolite analyses were performed on a horizontal to-
mograph with a magnetic field strength of 11.7 Tesla (Bio-
spec 117/16; Bruker, Billerica, MA, USA). Five minutes prior
to the analysis, animals were immobilized with gas anesthesia
(Isofluran, Baxter International Inc.) using an anesthesia ma-
chine (The Univentor 400 Anaesthesia Unit; Univentor Ltd.,
Zejtun, Malta). The body temperature of the animals was
maintained using a water circuit in a tomographic bed-table
with a surface temperature of 30 °C. A pneumatic breathing
sensor (SA Instruments Inc., Stony Brook, NY, USA) was
placed under the lower torso, which made it possible to control
the depth of anesthesia.

All proton spectra of the mouse brain were obtained using
a 'H volumetric radiofrequency coil (T11440V3). Correct
positioning of spectroscopic voxels (2.5 x 2.5 x 2.5 mm?3) was
performed using the RARE method (rapid acquisition with
relaxation enhancement), with the parameters of the pulse
sequence set at TE = 11 ms and TR = 2.5 s. T2-weighted
high-resolution mouse brain images (slice thickness, 0.5 mm;
field of view, 2.0 X 2.0 cm; and matrix size, 256 x 256 points)
were obtained. The voxel location is shown in Fig. 1, a. All
proton spectra were obtained using spatially localized single-
voxel spectroscopy using the STEAM method (stimulated
echo acquisition mode spectroscopy) with pulse sequence
parameters of TE = 3 ms, TR =5 s, and the number of ac-
cumulations = 180. Before each spectroscopic measurement,
the uniformity of the magnetic field was adjusted within the
selected voxel using the FastMap technique (Gruetter, 1993).
The water signal in the spectra was suppressed using a vari-
able power pulse and an optimized relaxation sequence delay
(VAPOR) (Tkac et al., 1999).

MRS processing. The LCModel software package was used
to process the experimental '"H MRS spectra and determine
the number of individual metabolites (Provencher, 2001).

2023
276

MpwxunsHeHHoe MPC nccnepgoBaHmne ONTOCPOYHbIX MOCNEeACTBUI
BHYTPVYEPENHOM MHbEKLMIN KyNbTypanbHOWN cpefibl y MblLLeit

This software package has a high degree of automation with
minimal user intervention, which minimizes biased input
data, thus allowing data exchange, acceptance, and reliable
comparison with values obtained using different equipment
or under different conditions. Metabolites with Cramer-Rao
lower bounds, which represent the estimates of the percent-
age standard deviation of the fit for each metabolite, <20 %
were considered reliable and are presented in this study. MRS
processing is described in more detail in (Singh et al., 2016).
According to the manual for the LCModel, the following levels
were estimated: the sum of N-acetylaspartate and N-acetyl-
aspartylglutamic acid (tNAA), myoinositol (mlno), taurine
(Tau), glutathione (GSH), the sum of glycerophosphocholine
and phosphocholine (tCho), glutamic acid (Glu), glutamine
(GIn), gamma aminobutyric acid (GABA) as a relation to the
sum of creatine and creatine phosphate (tCr). Moreover, the
ratios of neurotransmitters and their precursors Glu/GABA
and Glu/GlIn were estimated (see Fig. 1).

Statistical analysis. We used Student’s #-test for dependent
samples to process the results. The values of the studied pa-
rameters are presented as means + standard error of the mean.

Results

In studies using in vivo MRS, data are presented both as
concentrations or relative units of individual metabolites,
and as the ratio of individual metabolites to tCr, using it as an
internal control. Since in our work the level of tCr in animals
did not differ from the base level at all the studied time points
(p>0.19), it would be appropriate in the future to present the
data as the ratio of individual metabolites to tCr.

Evaluation of indicators of brain cell viability, including
tNAA/tCr (indicator of neuronal viability), mIno/tCr (indicator
of glial cell viability), tCho/tCr (integrity of cell membranes),
Tau/tCr (osmolyte, neuromodulator, and trophic factor) and
GSH/tCr (antioxidant) showed that all of the metabolites re-
turned to their initial levels on day 28 after injection (p > 0.12),
except mlno (Fig. 2).

The levels of metabolites reflected the viability and in-
tegrity of cells decreased in the first week of the study and
then recovered two weeks after the injection significantly for
tNAA/Cr (p = 0.0152) and slightly for tCho/tCr (p = 0.062)
whereas the mIno/tCr level was significantly lower than the
original on the 215t and 28 day after injection (p = 0.0059 and
p=0.0484, respectively). A different picture was observed for
Tau/tCr and GSH/tCr, which reflect the energy processes that
take place in cells (see Fig. 2). It was found that the relative
values of these metabolites increased significantly for Tau/
tCr and slightly for GSH/tCr with maximum at 14 days after
administration: p = 0.001 and p = 0.054, respectively. The
levels of Tau/tCr and GSH/tCr returned to the original values
28 days after the injection (see Fig. 2).

The analysis of the relative level of metabolites perform-
ing the functions of neurotransmitters (Glu/tCr, Gln/tCr and
GABA/tCr) also showed the dynamic processes in brain tis-
sue after injection (Fig. 3). The GIn/tCr level progressively
decreased from 7 to 28 days after the injection and was sig-
nificantly lower than the original level on the 14t and 28t day
after the surgery (p = 0.028 and p = 0.026, respectively). The
GABA/tCr level had the same dynamic profile, but on the 7t
day, there was a dip before minimal values (p = 0.015) with
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Fig. 1. Voxel location (a), characteristic spectra and FIDs (LCModel) before (b) and 7 (c), 14 (d), 21 (e) or 28 (f) days after injection.

a following recovery and the next extinction on the 28 day
(p = 0.034). On the contrary, Glu/tCr increased, but only on
14 days after injection, maintaining high values up to 28 days
(p=0.017, p=10.019 and p = 0.045, respectively).

A particularly interesting results were found at analyzing
the Glu/GABA and Glu/Gln ratios that reflect the effectiveness
of neurotransmitters metabolism, because both the GABA
and GlIn have converted from Glu (Fig. 4). It was found that
on the 7t day after the injection of the culture medium, the
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Glu/GABA ratio significantly increased indicating a shift in
the balance of neurotransmitters towards excitatory. These
differences had disappeared by the 14" day post-injection,
but with some progressive growth to 28 day. These differen-
ces were significant only for 21 and 28 days (p = 0.024 and
p=0.002, respectively). Contrarily, the Glu/Gln ratio steadily
increased during the experiment before a significant difference
appeared on 14, 21 and 28 days after injection (p = 0.003,
p=0.027 and p = 0.015, respectively).
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Fig. 3. Dynamics of the relative levels of neurotransmitters (Glu/tCr,
GIn/tCr and GABA/tCr) before (0 days) and 7, 14, 21, 28 days after the in-
tracranial injection.

Discussion

The change in the INAA/tCre ratio serves as an indicator of the
dynamics of neuronal integrity and is an important biomarker
of brain injury (Moffett et al., 2007). tNAA is involved in
important processes such as lipid and myelin synthesis (Van
Horn et al., 2017). In our study, the decrease in the tNAA
level on day seven after surgery may indicate both potential
neuronal loss and diffuse axonal injury characteristic of the
early stages of brain trauma (Moffett et al., 2007), and its
eventually recovery may indicate the stabilization process
and the restoration of neurons and their viability.

Another metabolite, mIno, is an osmolyte found mainly in
astrocytes and glial cells of the microglia. Increased mIno le-
vels are observed during both the subacute and chronic stages
after experimental brain trauma, as well as after moderate or
severe head trauma in humans (Brooks et al., 2001; Ashwal et
al., 2004; Kierans et al., 2014). These changes are associated
with reactive astrocytosis and microgliosis, accompanied by
increased glial content and proliferation in response to brain
injury (Ashwal et al., 2004), accelerated myelin breakdown,
or hypertensive stress (Fisher et al., 2002). However, we
found that mIno did not increase but rather decreased during
the 28 days of the experiment, reaching the minimum values
on day 21. Based on the data obtained, it can be assumed that
the destruction of the integrity of the brain tissue caused by
the needle injection of the culture medium did not lead to the
changes in glial cell function.

tCho, including choline compounds such as acetylcholine,
phosphatidylcholine, and phosphocholine, is considered to
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Fig. 4. The Glu/GABA and Glu/GlIn ratios before (0 days) and 7, 14, 21,

28 days after the intracranial injection.
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be a product of nerve myelin disintegration and measures the
membrane turnover (Xu et al., 2011; Li J. et al., 2017). In a
study on rats (Lescot et al., 2010), two days after brain damage,
a slight increase in the tCho level was detected, followed by
recovery to the control value by seven days. In our study, we
found a slight decrease in the tCho level seven days after the
surgery, followed by its recovery to the baseline level, which is
consistent with the behavior of the NAA level and may reflect
the violation of membrane integrity and myelin degradation
processes in the first week after surgery.

Another important indicator of brain cell activity is the
balance of Tau levels. Tau is an endogenous amino acid syn-
thesized in large quantities by neurons and astrocytes in the
central nervous system. Tau acts as an osmolyte, neuromo-
dulator, trophic factor, stabilizer of membrane integrity, and
regulator of intracellular calcium homeostasis (Niu et al.,
2018; Gupte et al., 2019). The significant increase in Tau at
the injection region at 14 and 21 days post-injection, with
the subsequent decrease at 28 days, may act as an adaptive
brain tissue response to reduce the negative effects of the
brain damage.

In response to the brain injury, markers of oxidative stress
are produced in the brain, while levels of antioxidant defense
enzymes (including GSH) are reduced (Rodriguez-Rodriguez
et al., 2014). The addition of Tau to the culture medium in a
neuron model with trauma led to an increase in GSH levels
and, accordingly, a decrease in the effect of oxidative stress
and in the levels of pro-inflammatory cytokines (Niu et al.,
2018). In our study, it is likely that the increased Tau levels
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slowed the decline in GSH levels in the first three weeks after
injection. The increase in the Tau level in the injection area led
to a slight growth of the level of GSH in 14 days. Then there
was a subsequent decrease in Tau levels by 21 and 28 days
after the injection, ultimately accompanied by the reduction of
GSH levels, which may indicate a completion of the traumatic
process in 28 days after the traumatic event.

The Glu level in brain trauma models decreases starting
from the first hours after trauma and remains at a low level up
to two weeks post-exposure (Xu et al., 2011). This decrease
may be due to an increased release of Glu into the synaptic
cleft in response to brain injury, its capture by astrocytes, and
its subsequent accelerated conversion to Gln, as evidenced by
an increase in Gln (Guerriero et al., 2015; Van Horn et al.,
2017). This is confirmed by the analysis of the Glu/Gln ratio.
Changes in the Glu/GlIn ratio may indicate neuronal death or
glial cell abnormalities. In our study, the Glu/Gln ratio was
the only indicator the change in which in the injected area
intensified over time. There are two potential reasons for
this. First, it may indicate a disturbance in the conversion of
Glu to GIn in astrocytes, caused both by the transport of Glu
into the astrocyte and its conversion to Gln under the action
of glutamine synthetase. Second, the change in the Glu/Gln
ratio may have been caused by hyperactivity of the reverse
conversion of Gln to Glu in neurons, likely due to glutaminase
hyperactivation (Guerriero etal., 2015; Van Horn et al., 2017).
Regardless, both of these processes indicate a breakdown of
the Gln to Glu conversion system specific to brain trauma
processes.

Analysis of the GABA level showed a two-wave decline:
on 7 and 28 days. These results generally agree with those
in the literature, where it was shown that in the acute phase
of brain trauma, the GABA level decreases from the first day
after injury (Harris et al., 2012). We attribute this decrease to
the reduced conversion of Glu to GABA. The same effect can
be caused by the accelerated uptake and conversion of GABA
to Gln by oligodendrocytes (Van Horn et al., 2017). Additio-
nally, the Glu/GABA ratio reflects the balance of excitatory
and inhibitory neurotransmitters and its displacement may
indicate the development of post-traumatic pathology, for
example, to epileptogenesis (Cantu et al., 2015).

In a study on rats with mild traumatic brain injury caused
by the blast, it was shown that the NAA level did not change,
changes were observed only for mIno, Glu, and Tau, and
only the Tau level was restored to the initial values after
seven days, while the other metabolites showed an increase
(LiY. et al.,, 2021). In our study, metabolites characterizing
the viability of neurons returned to their original level on
day 28. However, the levels of mlno, as an indicator of the
glial cells state, and the levels of neutotransmitters and their
predictor (Glu, GABA and GIn) did not return to their initial
values within 28 days, which may indicate some incomplete
processes of tissue repair (Rodriguez-Rodriguez et al., 2014;
Guerriero et al., 2015). All this results in longitudinal changes
to the functional state of the brain cells obtained during the
modeling surgery procedure of glioma.

Many studies have aimed to determine methods of early
diagnosis of brain tumor diseases, including the use of in vivo
'H MRS (Porcari et al., 2016; Hyare et al., 2017). It is known
that during the development of glioblastoma, especially at
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its later stages, the amount of NAA is significantly reduced.
Also, at the early stages of tumor development, the level of
mlno increases significantly, decreasing towards the later stage
(Bulik et al., 2013). At the same time, our data show that the
process of cell xenotransplantation itself leads to a decrease
in NAA on the 7 day after the surgery and a decrease in
the level of mIno on the 215 day. Besides, glioma cells that
secrete Glu lead to an increase in extracellular Glu. Although
Gln concentrations in the contralateral brain tissue in patients
with glioblastoma were significantly elevated compared with
the levels found in normal brain (Chaumeil et al., 2015). In
our study, we found an elevated level of Glu and an increased
level of Gln.

The data obtained on the dynamics of the level of neuro-
transmitters in the brain during the simulation of the xeno-
transplantation process, on the one hand, can be the result
of surgical intervention, as well as the result of multiple
MRS procedures using anesthesia. At the same time, there is
evidence of minimal effects of isoflurane anesthesia on the
metabolomic profile in animals (Menshanov, Akulov, 2015;
Sobbeler et al., 2018).

Taking together, when using animal models of human
glioma, researchers should clearly distinguish between the
changes in neurometabolites that are a response to brain
injury caused by the injection of cancer cells into the brain,
and the processes that may indicate the early development of
a brain tumor. Therefore, this is important for understanding
how the level of metabolites changes during the process of
tumor development.

Conclusion

For modeling orthotopic xenotransplantation of glioma cells
into the brain of mice, it is necessary to understand which
metabolites are produced by a growing tumor and which are
the result of surgery invasion of the tumor cells injection.
The dynamic of nine neurometabolites in the mouse brain
after needle injection with in vivo '"H magnetic resonance
spectroscopy was studied. On the 28™ day after injection,
only metabolic levels of cells reflecting neurons’ viability in
the area of the injection were restored. However, the levels
of neutotransmitters and their predictor (Glu, GABA and
Gln) did not return to their initial values within 28 days. So,
the recovery processes are largely completed on the 28t day
after the traumatic event in the brain tissue, leaving open the
question of the neurotransmitter system impairment. It is im-
portant to keep in mind when modeling human glioblastoma
in mice and monitoring new treatments. In addition, these
results may be important at the development of approaches for
non-invasive diagnostics of traumatic brain injury as well as
recovery and rehabilitation processes of patients after certain
brain surgeries.
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Abstract. Germline-restricted chromosomes (GRCs) are present in the genomes of germline cells and absent from so-
matic cells. A GRC is found in all species of the songbirds (Passeri) and in none of the other bird orders studied to date.
This indicates that GRC originated in the common ancestor of the songbirds. The germline-restricted chromosome is
permanently absent from somatic cells of the songbird, while female germline cells usually contain two copies of GRC
and male ones have one copy. In females, GRCs undergo synapsis and restricted recombination in their terminal regions
during meiotic prophase. In males, it is almost always eliminated from spermatocytes. Thus, GRC is inherited almost
exclusively through the maternal lineage. The germline-restricted chromosome is a necessary genomic element in the
germline cells of songbirds. To date, the GRC genetic composition has been studied in four species only. Some GRC
genes are actively expressed in female and male gonads, controlling the development of germline cells and synthesis
of the proteins involved in the organization of meiotic chromosomes. Songbird species vary in GRC size and genetic
composition. The GRC of each bird species consists of amplified and modified copies of genes from the basic genome
of that species. The level of homology between GRCs of different species is relatively low, indicating a high rate of ge-
netic evolution of this chromosome. Transmission through the maternal lineage and suppression of the recombination
contribute significantly to the accelerated evolution of GRCs. One may suggest that the rapid coordinated evolution
between the GRC genes and the genes of the basic genome in the songbirds might be responsible for the explosive
speciation and adaptive radiation of this most species-rich and diverse infraorder of birds.
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XpOoMOCOMBI IIEBUUX IITUILL, OTpaHNMUYEHHbIE 3apO/IbIILIE€BOI JIMHIIEN

IL.M. Bopoaux

DefepanbHblii NCCNEROBATENBCKUI LeHTP VHCTUTYT yutonorum u reHetnkn Cnbrpckoro otaeneHnsa Poccuitckol akagemmnmn Hayk, HoBocnbrpck, Poccns
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AHHOTaLuA. XpOMOCOMbI, OrpaHNYeHHble 3apogbieBoit nuHuen (germline-restricted chromosomes — GRC), npucyT-
CTBYIOT B reHOMax repMUHATVBHbIX KNETOK 1 3anporpaMmmrMpoBaHHO SMIVMUHMPYIOTCA 13 COMATMYECKUX KNEeTOK B XOAe
pa3BuTuA. OHM KpaliHe pefKo BO3HMKAIOT B Xo4e 3Bosouunn. Ewe pexxe oHM CTaHOBATCS HEOBXOAMMbIMU 3f1eEMEHTaMMN
reHOMOB repPMUHATUBHbIX KJIETOK KPYMHbIX TAKCOHOB. Takad XpOMOCOMa, OrpaHNYeHHasa 3apOoAbILLEBON IMHKeEN, Obina
ob6Hapy»KeHa y BCex UccnefoBaHHbIX NpeAcTaBuUTeNnein Nogotpaaa BOpobbUHOobpasHbIX NeBUYMX NTvL. Hu y ofHoro 13
npencTasmTenein apyrux otpagos ntuy, GRC He BbiABNeHO. 3TO cBMAETENbCTBYET O ToM, 4To GRC BO3HMKNA Y oblero
npenKka BOPoObMHOO6PA3HbIX NeBUMX NTUL. Y BCeX NpeacTaBuTtenell 3toro nogotpsaaa GRC npucyTcTyeT, Kak npasu-
N0, B ABYX KOMMAX B rePMUHATUBHBIX KNeTKaxX CaMOK 1 B OHOI KONUW Y CaMLOB 1 OTCYTCTBYET B COMATMYeCKMX KneT-
Kax. Y camok GRC cMHanTMpytoT 1 peKoMOVHUPYIOT B Npodasze Melno3a. Y camLoB OHY NMOYTY BCErAa SNVMUHMPYOTCA
13 cnepmatoymToB. Takum obpasom, GRC HacnegyeTca NoyTy NCKNIOUYUTENIBHO MO MAaTEPUHCKON IMHUN. XpOMOCOMBI,
OorpaHnyYeHHble 3apOofblLlLEBOW IHNEN, — HEOOXOAVMBIN 3IEMEHT reHOMa repMUHATUBHDBIX KNEeToK neBumx nuy,. Ha ce-
roAHALWHMI fieHb nccnegoBaHbl reHombl GRC veTbipex B1aoB. HekoTopble reHbl GRC akTMBHO 3KCMpeccnpyoTca B FOHa-
[lax CamMLiOB 11 CAMOK, KOHTPONMPYIOT pa3BUTUE FEPMUHATUBHbIX KIIETOK, CUHTE3 6eNKOB, BOBIEUEHHbIX B OpPraHM3aLuio
meroTnyecknx xpomocom. GRC pasHbIx BUAOB PasnnyatoTca no pasmepam n reHetuyeckomy coctapy. leHom GRC Kax-
[0ro BUAa NTUL COCTOUT U3 aMNANGUUMPOBAHHbIX NEePEeCTPOEHHbIX KOMUI reHOB OCHOBHOMO reHOMa AilaHHOro Buaa.
YpoBeHb romonorun mexgy GRC pasHbix BYAOB AOBOSIbHO HU30K. DTO YKa3blBAaeT Ha BbICOKYI CKOPOCTb 3BOOLMMN
reHeTNYeCckoro coCcTaBa XPOMOCOMbI. 3HaUUTENbHBbIN BKNaA B ycKopeHue aBontoumm GRC BHOCAT nepefaya 3ToM XpoMo-
COMbI MO MaTEPUHCKOWM NMNHWY 1 NOAABIIEHNE PEKOMOUHALMM B HEN. MOXHO cunTaTb, YTO GbICTPan cornacoBaHHas 3BO-
niouusa reHoB GRC 1 reHOB OCHOBHOTO Habopa BOPOObMHOO6PA3HbIX MEBUMX NTULL UTPAET BaXKHYIO POJib B BULOO6pa30-
BaHWM 1 afanTVMBHOWN paanauunm npeactaBuTeneit 3Toro camoro 6oratoro Buaamu 1 pasHoobpasHoro noaoTpsga NTmu.
KntoueBble cnoBa: XpOMOCOMbI, OrPaHUYEHHbIE 3aPOAbILLEBON NIMHMEN; SBOMIOLUA reHOMa MNTUL,; 3anporpammmnpoBaH-
Has annmunHauma OHK.
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Programmed DNA elimination

In the late 19th century, A. Weismann proposed one of the
most influential ideas in modern biology. He suggested a
fundamental distinction between somatic cells and germ line
cells (Weismann, 1890, 1893). According to A. Weismann,
germline cells possess a complete set of hereditary material
(germ plasm), while somatic cells undergo unequal divisions
during their differentiation and specialization, which leads to
a fragmentation of the germ plasm, with different daughter
somatic cells acquiring its different fragments.

The former part of Weismann’s hypothesis became
the basis of modern evolutionary biology, genetics,
and developmental biology. The latter part underwent
significant modifications. Unequal division of somatic
cells during early development in the vast majority of
modern multicellular organisms does not lead to genome
fragmentation (as suggested by Weismann), but rather to
the uneven distribution of its products (proteins and RNAs)
among the daughter cells. This, in turn, leads to progressive
differentiation of their gene activity and, ultimately, to their
specialization (Droscher, 2014).

However, somatic cells in some species behave according
to Weismann’s hypothesis: they lose a portion of their
genomes during the differentiation. This phenomenon was
previously referred to as “chromatin diminution”. The
prevailing term now is “programmed DNA elimination”
(Wang, Davis, 2014). The first example of chromatin
diminution was discovered by T. Boveri in the nematode
Ascaris megalocephala (Boveri, 1887). During the early
stages of its development, the nuclei of certain cells
progressively lose a portion of their chromosomal material.
T. Boveri suggested that chromatin diminution is part of a
normal developmental program necessary for the formation
of specific tissues and organs in the worm (Maderspacher,
2008).

Programmed DNA elimination is observed in various taxa
of multicellular organisms. It plays a key role in regulating
gene expression and maintaining genomic stability. Various
molecular pathways involved in selective DNA removal
during chromatin diminution have been identified (Wang,
Davis, 2014; Smith, 2018; Smith et al., 2021; Dedukh,
Krasikova, 2022). It has been shown that the regions of the
genome that are eliminated are the homologous counterparts
of those undergoing silencing in other multicellular
organisms, such as oncogenes and other early developmental
genes (Wang et al., 2012; Streit et al., 2016; Smith, 2018;
Smith et al., 2018).

Thus, programmed DNA elimination can be considered
a radical form of silencing, a specific way to resolve the
problem of antagonistic pleiotropy between early and
late genetic programs. Apparently, this mechanism of
developmental regulation through programmed DNA
elimination has emerged repeatedly in evolution and has
proven to be an evolutionary dead end. Its erratic distribution
across the phylogenetic tree of multicellular animals
supports this hypothesis (Smith et al., 2021).
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Whole chromosome elimination

Elimination in somatic cells usually affects chromosome
fragments rather than entire chromosomes. Cases of
whole chromosome elimination are less frequent (Dedukh,
Krasikova, 2022). In several species of mammals and
invertebrates from different taxa, chromosome elimination
serves as a mechanism of sex determination and/or dosage
compensation of genes on heterogametic sex chromosomes
(Watson et al., 1998; Wang, Davis, 2014; Smith et al., 2021).

Conflict between host genomes and their genomic
parasites sometimes leads to the emergence of additional
(i.e., nonessential for survival) chromosomes. They are
called B-chromosomes, in contrast to A-chromosomes
of the basic karyotype. B-chromosomes vary in size,
morphology, and genetic content between species, among
individuals within a species, and even among individual
cells of an organism (Houben et al., 2014; Camacho, 2022).
Several studies detected a tendency for B-chromosomes
to accumulate in germ cells and be lost in somatic cells
(Camacho et al., 2000; Camacho, 2022).

B-chromosomes may not be present in all populations
of a particular species. Species with B-chromosomes also
exhibit erratic phylogenetic distribution (D’Ambrosio et
al., 2017). For example, B-chromosomes are present in
only 16 species from 11 rather species-rich genera out
of 1130 species described in the “Atlas of Mammalian
Chromosomes” (Graphodatsky et al., 2020). This suggests
that B-chromosomes are typical genomic parasites that
occasionally arise in some species, sometimes gain pyrrhic
victories and spread in populations, but ultimately either
become completely eliminated from the genomes of these
species or go extinct along with their hosts (Camacho et al.,
2000; Houben et al., 2014; Houben, 2017; Camacho, 2022;
Chen et al., 2022).

In some cases, however, such parasitic chromosomes may
achieve evolutionary success and become an indispensable part
of'the genome in germ cells of all or most species within larger
taxa. Such germline-restricted chromosomes (GRCs) have been
discovered in almost all studied species from three dipteran
families: fungus gnats (Sciaridae), gall midges (Cecidomyiidae),
and non-biting midges (Chironomidae) (Hodson, Ross,
2021), as well as in all studied species of passerine birds
(Passeriformes) — the most species-rich and diverse order
of birds (Torgasheva et al., 2019; Borodin et al., 2022).

A comprehensive review of current knowledge on GRCs
in Diptera was provided by C.N. Hodson and L. Ross (2021).
A recent review of GRCs in passerines was published by a
group of authors, including nearly all European researchers
of this chromosome and the author of this article (Borodin
etal., 2022), in a special issue dedicated to non-Mendelian
inheritance and meiotic drive (Hanlon, Larracuente,
2022). It paid special attention to hypotheses regarding the
mechanisms of GRC transmission in the germline and its
elimination from somatic cells. Another review analyzing
GRC in the context of genomic conflicts appeared online in
September 2023 (Vontzou et al., 2023).
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This review will address issues related to the structure,
function, and evolution of this enigmatic chromosome.

Discovery of GRC in birds

GRC in birds was first identified by Argentine cytogeneticists
M.1. Pigozzi and A.J. Solari in the zebra finch (7aeniopygia
guttata) (Pigozzi, Solari, 1998). They stumbled upon
it entirely by chance during a comparative study of
chromosome synapsis and recombination in bird meiosis.
Among the numerous bird species they examined (Solari,
Moses, 1973; Rahn, Solari, 1986; Solari, 1992; Solari,
Pigozzi, 1993; Pigozzi, Solari, 1997), the zebra finch was
the first representative of Passeriformes. In the meiotic cells
of this species, they observed something that had not been
seen in any previously studied species.

The germline cells of both male and female zebra finches
contained an additional chromosome that was not present
in bone marrow and other somatic cells. This additional
chromosome was larger than all other chromosomes.
It was euchromatic in oocytes and heterochromatic in
spermatocytes (Pigozzi, Solari, 1998). Furthermore, in
female germline cells, it was usually present in two copies,
whereas in males, it was present in a single copy (Pigozzi,
Solari, 2005).

Another unexpected feature of this chromosome was its
absence not only in somatic cells but also in spermatozoa.
During pachytene, diplotene, and metaphase I of meiosis,
the GRC was localized at the periphery of chromosomal
plates. However, it was absent in metaphase Il of male
meiosis. Additionally, round dense DAPI-positive bodies
were observed adjacent to some spermatocytes. Electron
microscopy revealed that these round bodies were
surrounded by a double membrane. M.I. Pigozzi and her
colleagues hypothesized that these micronuclei contained
GRCs eliminated after the first meiotic division (Pigozzi,
Solari, 1998, 2005; Itoh et al., 2009; Goday, Pigozzi, 2010;
Schoenmakers et al., 2010).

Subsequently, A.A. Torgasheva et al. (2019) confirmed
this hypothesis in a direct experiment. They microdissected
these micronuclei, prepared DNA probes from them, and
hybridized these probes to preparations of pachytene
spermatocytes and oocytes. In all cases, they observed
a strong, specific hybridization signal on the GRCs
(Torgasheva et al., 2019). Since the GRC was absent from
spermatozoa, M.1. Pigozzi and A.J. Solari (2005) and Y. Itoh
et al. (2009) suggested that it must be inherited exclusively
through the maternal lineage.

Initially, M.I. Pigozzi and A.J. Solari (1998) classified
the zebra finch GRC as a B-chromosome. However, they
noted its unique characteristics. B-chromosomes usually
vary in number in somatic cells and tend to accumulate in
germline cells. The zebra finch GRC was absent in somatic
cells and always present in every germline cell. From the
outset of the GRC investigation, it became clear that this
chromosome was not a facultative but an obligate element
of the germline cell genome, essential for gametogenesis.
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GRC at the phylogenetic tree of birds

The zebra finch GRC has long been considered an intriguing
genetic curiosity, the sole instance of the B-chromosome
in birds. The discovery of GRC in germline cells of the
Bengalese finch (Lonchura striata domestica) (del Priore,
Pigozzi, 2014) did not alter this opinion. However, the
situation changed dramatically in 2018-2019, when three
independent research groups published data indicating the
presence of GRC in the germline of many species of birds
(Biederman et al., 2018; Kinsella et al., 2019; Torgasheva
et al., 2019).

A.A. Torgasheva et al. (2019) obtained direct evidence
of the antiquity of GRC in birds and its wide distribution
among songbirds. They conducted cytogenetic screening of
15 songbird species and 8 bird species outside this suborder.
They used immunolocalization of SY CP3, the major protein
of the synaptonemal complex (axial scaffold of meiotic pro-
phase chromosomes), centromeric proteins, and MLH1, the
mismatch repair protein, which marks sites of homologous
recombination (Fig. 1).

A.A. Torgasheva et al. (2019) demonstrated that GRC is
present in all pachytene cells of all investigated individuals
of songbird species, including the rook (Corvus frugile-
gus), a representative of the Corvida infraorder, the sister
group to the Passerida infraorder, which includes all other
songbird families (Fig. 2). The size of GRC varies widely,
with some species having macrochromosomal GRC of size
rank 1 to 3, and others having micro-GRC. No phylogenetic
clustering has been observed for this trait: closely related
species differ greatly in the size of their GRC (see Fig. 2).
However, GRC exhibits considerable conservatism in terms
of its morphology; in nearly all investigated species, GRC
is an acrocentric chromosome. The exception is the pied
flycatcher, whose GRC is metacentric (Torgasheva et al.,
2019; Malinovskaya et al., 2022).

GRC has not been detected in any bird species outside
the order Passeriformes, including the budgerigar (Melop-
sittacus undulatus), a representative of the order Psittaci-
formes, which is the sister group to the order Passeriformes
(Torgasheva et al., 2019). The list of species examined for
the presence of GRC now includes 27 songbird species with
GRC and 9 bird species without GRC outside this suborder
(see Fig. 2) (Borodin et al., 2022).

Based on cytogenetic screening, A.A. Torgasheva et al.
(2019) concluded that GRC is likely present in the germline
cell genomes of all songbirds and absent in all other birds.
They suggested that GRC originated in the common ances-
tor of the Passeri suborder, which includes approximately
5000 species. The germline cells of representatives of the
Tyranni suborder, consisting of approximately 1200 species,
and the Acanthisitti suborder, which includes two species of
New Zealand wrens, have not been analyzed yet. Therefore,
it is still unknown whether they have GRC. If they have it,
this would indicate that GRC emerged much earlier, in the
common ancestor of all passerine birds.
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Fig. 1. Germline cells of the great tit at the pachytene stage afterimmunostaining with antibodies against SYCP3 (red), centromeric
proteins (blue), and MLH1 (green).

a - oocyte containing a GRC bivalent; b — spermatocyte with a GRC univalent.
The arrowheads indicate the centromeres of the GRC, the three largest macrobivalents, and the heteromorphic ZW bivalent with
misaligned centromeres. The arrow points to the MLH1 signal in the pericentromeric region of the GRC bivalent. Scale 5 um. Photographs
from the article (Torgasheva et al., 2019), published in “Proceedings of the National Academy of Sciences’, USA, under the CC-BY-SA 4.0
license (modified).

Independent evidence of the evolutionary antiquity of the
GRC has been obtained by comparing the results of sequen-
cing the generative and somatic tissues of the zebra finch
(Kinsella et al., 2019) and subtractive transcriptomic analysis
(Biederman et al., 2018). Over a hundred GRC-specific
genes (gametologs) and their somatic paralogs (somatologs)
have been identified on at least 19 A-chromosomes.

The results of phylogenetic analysis enabled the cate-
gorization of GRC-specific genes into five evolutionary
strata based on the degree of divergence from their somatic
paralogs (Kinsella et al., 2019).

The level of divergence between gametologs of the
youngest stratum 5 and their somatic counterparts is com-
parable to the level of divergence among the subspecies of
the zebra finch. Gametologs of stratum 4 emerged during
the divergence of the zebra finch from the long-tailed finch
(Poephila acuticauda) and the diamond firetail (Stizoptera
bichenovii). Stratum 3 comprises gametologs that originated
from a common ancestor of estrildid species (Estrildidae),
stratum 2 corresponds to the ancestor of the Passerida in-
fraorder. The most ancient stratum 1 arose in the common
ancestor of the suborder Passeri.

Thus, both cytological and molecular genetic data
unambiguously indicate the monophyletic origin of the GRC.

Genetic content of GRC

What does GRC contain that makes it an obligate element of
the germline genome of all songbirds? At the time of writing
this article, the results of genomic analysis of GRC have been
published for only four species of songbirds: the zebra finch
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(Kinsella et al., 2019), two species of nightingales: western,
Luscinia megarhynchos and eastern, L. [uscinia (Schlebusch
et al., 2023), and the Eurasian blue tit, Cyanistes caeruleus
(Mueller et al., 2023).

The most extensively studied zebra finch GRC contains
a set of genes crucial for the development of the reproduc-
tive system. Contrary to expectations, mobile elements and
satellite DNA are not more abundant in GRC compared to
A-chromosomes; in fact, they are less abundant (Kinsella et
al., 2019; Torgasheva et al., 2019). Transcriptomic analysis
revealed the transcription of at least six GRC-specific genes
in the testes and 32 genes in the ovaries. Mass spectrometry
analysis confirmed the translation of mRNA from some of
these genes in the gonads of both sexes. Gene categories
related to gonad formation in females and reproduction are
overrepresented in the list of GRC-specific genes. Orthologs
of many zebra finch GRC-specific genes are predominantly
expressed in the chicken gonads of both sexes (Kinsella et
al., 2019). Both the macro-GRC of the zebra finch and the
micro-GRC of the blue tit contain a functional paralog of
the BMP15 transcription factor, which plays an important
role in follicle maturation in the ovaries of birds and other
vertebrates (Mueller et al., 2023). In the GRC of the blue
tit, J.C. Mueller et al. (2023) revealed the genes controlling
the formation of the synaptonemal complex and other genes
controlling chromosome synapsis and recombination.

Some of the gametologs found in the zebra finch GRC,
including the most ancient ones (biccl and trim71), are
subjected to purifying selection (Kinsella et al., 2019).
The products of their orthologs play an important role in
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Domestic canary
Common redpool
Eurasian siskin
European greenfinch
European goldfinch
Common linnet
European pied flycatcher
Common nightingale
Trush nightingale
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Eurasian skylark
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Pale martin
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Japanese quail
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Taeniopygia guttata*
Lonchura punctulata®
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Falco subbuteo*
Chlidonias niger*
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Anser anser*

Coturnix japonica*®
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0 Million years ago

Fig. 2. Phylogenetic tree of birds with investigated pachytene karyotypes.

Black circles indicate species with macro-GRC, white circles indicate species with micro-GRC, and the absence of circles denotes the
absence of GRC. Symbols represent data sources: * Torgasheva et al.,, (2019); # Malinovskaya et al., (2022); A Sotelo-Mufoz et al. (2022); &
Poignet et al. (2021). The diagram is adapted from the article by PM. Borodin et al. (2022) published in “Chromosome Research” under the

CC-BY-SA 4.0 license. (modified).

the differentiation of mammalian embryonic cells (Uhlén
et al., 2015). The biccl gene encodes an RNA-binding
protein that modulates protein translation during embryo-
nic development. The product of the ##im71 gene binds to
microRNAs and supports the growth and proliferation of
embryonic stem cells. It is also involved in cell cycle control.
The gametolog of the puf60 gene shows signs of recent posi-
tive selection. It encodes a protein playing an important role
in multiple nuclear processes, including pre-mRNA splicing
and transcriptional regulation (Kinsella et al., 2019). These

data clearly indicate the functional significance of at least
some of the gametologs. However, some genes in the GRC
of the blue tit and many genes in both species of nightingales
have undergone pseudogenization and presumably lost their
functional significance (Schlebusch et al., 2022; Mueller et
al., 2023).

Interestingly, the duplication of genes from the somatic
genome into GRC did not lead to the loss of their “original”
copies. Moreover, in the blue tit, a positive correlation in the
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number of copies was found between gametologs and their
somatologs (= 0.35, P=0.001) (Mueller et al., 2023).

Thus, GRCs of all four investigated species contain co-
pies of A-chromosome genes, many of which control the
development and functioning of germ cells.

Sexual dimorphism in the number

of GRCs in the germ cells and its behavior

in the meiotic prophase

In almost all male pachytene cells (with rare exceptions,
which I will discuss below), at least one GRC is present. It
appears as a univalent with a twisted, sometimes fragmented,
single axial element of the synaptonemal complex sur-
rounded by chromatin, intensely labeled with anticentromere
antibodies. The univalent does not undergo synapsis and
recombination neither with itself nor with A-chromosomes.
In almost all female pachytene cells (with rare exceptions,
which I will discuss below), two GRCs are present. They
synapse along their entire length, forming bivalents, and
undergo recombination. The only difference between GRC
bivalents and A-chromosome bivalents is the distribution of
the recombination sites. There are fewer recombination cites
on GRC bivalents compared to A-chromosome bivalents of
similar size, and they occupy more distal positions on the
GRC bivalents (Pigozzi, Solari, 1998, 2005; Torgasheva et
al., 2019, 2021; Malinovskaya et al., 2020).

With an increase in the number of species and individuals
studied, and the use of molecular probes, many exceptions
were identified. Five females (one zebra finch and four sand
martins) out of 50 individuals of seven species examined
had one GRC (instead of two) in all their pachytene cells
(Borodin et al., 2022). Four females of the great tit out of
seven examined were mosaic for the number of GRCs: one
GRC was observed in a small fraction of their cells (from 2
to 26 %), while the rest contained two GRCs (Torgasheva
et al., 2021).

Among 76 males of 26 investigated species, no individu-
als with more than one GRC in all germ cells have been
found so far. However, nine males (seven pale martins, one
great tit, one pied flycatcher, and one black-headed munia)
exhibited mosaicism in the number of GRCs (Borodin et
al., 2022). Some germ cells of mosaic males contained two
or even three GRCs (Malinovskaya et al., 2020). The male
black-headed munia was mosaic not only in the number but
also in the size of GRCs. Some of its cells contained one
macro-GRC and one micro-GRC (Sotelo-Mufioz et al., 2022).

Sexual dimorphism in the meiotic behavior of GRC is
maintained even in the germ cells, which contain atypical
numbers of GRC for their respective sexes. The two axial
elements of GRC in male pachytene cells show incomplete
synapsis and extremely rare recombination (Malinovskaya
et al., 2020). However, even in the case of such recombina-
tion occurring in male meiosis, it would not play a role in
the evolution of the genetic composition of the GRC due
to the extremely low chance of GRC transmission through
males (Pei et al., 2022).
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The almost exclusive transmission of the GRC through
the maternal lineage, coupled with the fact that recombina-
tion in most regions of the GRC is suppressed, suggests
that the GRC in songbirds represents a new genomic ele-
ment subject to the action of the Meller’s ratchet, in addi-
tion to the sufficiently gene-rich W chromosome and the
mitochondrial genome. Non-recombining genomic elements
are characterized by an exceptionally high rate of fixation
of point and structural mutations (Gabriel et al., 1993). It
can be hypothesized that the GRC should evolve at a high
rate and accelerate the evolution of the entire suborder of
songbirds.

Evolution of the GRC

The rate of GRC evolution can be assessed by the degree of
divergence in the genetic composition of the GRC among
different bird species. A rough estimation of the degree
of homology between GRCs of several bird species was
obtained using reciprocal fluorescent in situ hybridization
(FISH). This method revealed an astonishingly low degree of
homology between GRCs of different species, which could
indicate a rapid evolution of the genetic composition of the
GRC (Torgasheva et al., 2019).

The initial results of the genomic analysis of GRCs from
different species confirm the assumption of an exception-
ally high rate of GRC evolution. The GRCs of the western
nightingale (L. megarhynchos) and the common nightingale
(L. luscinia), which have undergone independent evolution
for only 1.8 million years, show considerable divergence.
Among the 585 gametologs of the western nightingale and
the 406 gametologs of the common nightingale, only 192
of them are shared. Among them, only 25 are shared with
the GRC of the zebra finch. In other words, only one-third
of the identified gametologs is inherited from a common
ancestor of the closely related nightingale species. For ex-
ample, nearly half of the GRC of the common nightingale
consists of a large, albeit fragmented, segment homologous
to the undivided segment of A-chromosome 2. This genetic
material has not been identified in the western nightingale
at all (Schlebusch et al., 2023).

Segmental copying of A-chromosome regions into the
GRC, followed by the dispersal of these regions within the
GRC, is observed in all species that have been sufficiently
studied. For example, a major portion of the GRC of the
zebra finch consists of dispersed sequences homologous
to a segment from the short arm of chromosome 3 (Itoh
et al., 2009; Torgasheva et al., 2019). The fragments from
the long arm of the same chromosome and from one of the
microchromosomes were found to be homologous to the
GRC sequences of the siskin. The GRC of the sand martin
contains material from chromosomes 4 and W, while the
GRC of the great tit is partly homologous to one of the
microchromosomes (Torgasheva et al., 2019).

The mechanisms of copying and dispersing fragments
of A-chromosomes in the GRC remain unknown. Recom-
bination between the GRC and A-chromosomes is unlikely.
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A.A. Torgashevaetal. (2019, 2021) and L.P. Malinovskaya
et al. (2020) did not observe in females of four studied
songbird species any ectopic contacts between GRC and
A-chromosomes, which could lead to recombination
and/or conversion. They did not detect a self-synapsis of
the GRC synaptonemal complexes, which could lead to
deletions, duplications, and dispersal of sequences within
the GRC, either.

The remarkable range of inter-species variability in size
and heterogeneity in the genetic composition of GRC indi-
cate an extraordinary evolutionary fluidity of this remark-
able chromosome. Gametologs constantly accumulate point
mutations, gradually diverging from their somatologs and
gametologs of other species. At the same time, different
gametologs constantly emerge within the GRCs of differ-
ent species by copying from different regions of different
A-chromosomes. Some gametologs amplify in the GRC,
increasing its size, while the deletion of others (or the same
ones?) results in its reduction. These processes of growth and
contraction of the GRC affect different regions in different
species, enhancing the divergence of their GRCs.

The distribution of GRC among birds (Torgasheva et al.,
2019) and the estimates of the divergence time between
gametologs and somatologs of the zebra finch (Biederman
et al., 2018; Kinsella et al., 2019) unequivocally indicate a
monophyletic origin of GRC in the songbirds.

A.A. Torgasheva et al. (2019) hypothesized that the first
GRC could have arisen in the genome of ancestral songbirds
through a trisomy of one of the microchromosomes. The
ancient nature of GRC in songbirds and its extraordinary
genetic fluidity leave no hope of finding A-chromosome
paralogs, which would be the last common ancestor of GRC
in all songbirds.

An analysis of B-chromosomes in different species
suggests that they are derived from fragments of A-chro-
mosomes containing the centromere, which arise during
chromosomal rearrangements in the germ line (Camacho
et al., 2000; Rubtsov, Borisov, 2018; Poignet et al., 2021).
Interchromosomal rearrangements are fixed in bird evolu-
tion much less frequently than in other vertebrate taxa.
The diploid number (2n) of the absolute majority of bird
species varies within a very narrow limit: 80 = 2, and most
of the chromosomes in modern birds are syntenic to the
reptilian chromosomes (Warren et al., 2010; Griffin, Burt,
2014; Damas et al., 2018). Intrachromosomal rearrange-
ments, particularly inversions, play a significant role in the
evolution of bird karyotypes, sometimes acting as one of
the mechanisms of speciation (Hooper, Price, 2017; Bravo
et al., 2021). Recombination within the inversion loops in
heterozygotes for inversion may lead to the formation of
chromosome fragments containing functional centromeres.
One of such fragments could have become the ancestor of
GRC in songbirds.

It can be hypothesized that the proto-GRC became a
chromosome restricted to germ cells at the earliest stages
of its evolution. Many B-chromosomes exhibit genotaxis,
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accumulating in generative tissue and being deficient in so-
matic cells (Camacho, 2022). The evolutionary significance
of this phenomenon is evident: it reduces the pressure of
natural selection on genes localized on these chromosomes.
However, the mechanisms underlying this phenomenon
remain unknown.

A.A. Torgasheva et al. (2019) suggested that the proto-
GRC might already contain multiple copies of somatic genes
controlling the development and functioning of reproductive
organs. Therefore, it could be selected for because it provid-
ed a higher dosage of these genes. This suggestion appears
plausible given the extreme economy of the avian genome
(Griffin, Burt, 2014). However, it is more likely that at the
time of its origin, the GRC was a typical B chromosome,
i. €., an efficient parasite that ensured its transmission without
considering the host’s interests. Useful genes were probably
copied into the GRC at later stages of'its evolution. The few
B-chromosome variants that persist in host genomes for
extended periods and are widespread in populations become
gradually “domesticated” acquiring properties beneficial to
the hosts (Johnson Pokorna, Reifova, 2021).

The question is what these properties are. By analogy
with other examples of programmed DNA elimination
discussed above, it can be hypothesized that the GRC may
contain unique or amplified copies of the genes controlling
early development that exhibit antagonistic pleiotropy. Such
genes may be necessary for early development, but their
expression in later stages of life can be dangerous. In that
case, the GRC can be considered the genetic equivalent of
a startup disk or a boot drive. Supporting this hypothesis
is the discovery of the evolutionarily ancient gametologs
biccl, trim71, and puf60, the products of which may play
important roles in embryonic cell differentiation and cell
cycle control (Kinsella et al., 2019).

Another class of genes that could have been evolutionarily
advantageous when additional copies were created within
the GRC are genes involved in the control of development
and proliferation of germ cells (e. g., prdm1 and BMP15 in
the zebra finch and the blue tit), as well as in the regulation
of synapsis and chromosome recombination (SIX60S1,
SYCE2, SYCPI, TEX12, RNF212B in the blue tit and the
nightingale) (Mueller et al., 2023).

It has been suggested that the GRC may participate in sex
determination and serve as the basis for a new system (where
GRC/0 = X/0 —males, GRC/GRC = X/X — females), which
has already emerged or is emerging in the songbirds on top
of'the typical ZZ-ZW system found in all birds (Stock et al.,
2021). However, I find this proposal highly questionable. As
I showed above, females with a single GRC exist and appear
to develop normally, while certain males possess two GRCs
in a significant portion of their germ cells.

The suppression of recombination between the GRCs,
along with the extensive trafficking between the GRCs and
A-chromosomes, should lead to rapid incompatibilities
between the genomes of closely related species. Following
the Dobzhansky—Muller model (Orr, Turelli, 2001), it can
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be hypothesized that within each species, the emerging
GRC variants are tested for compatibility with A-chromo-
somes, which already exhibit considerable homology due
to constant trafficking. We have already discussed that the
mechanisms underlying the massive trafficking of genes
from A-chromosomes to the GRC remain unknown.

Furthermore, we do not know the extent to which this
trafficking is unidirectional or if there is a reverse movement
from the GRC to A-chromosomes. If the trafficking occurs
in both directions, the GRC may serve as a generator and
incubator of new A-genes. If the trafficking is unidirectional,
bird species should rapidly diverge into matrilines based
on GRC composition. This could lead to genetic incom-
patibilities not only between individuals from geographically
isolated populations but also within populations, offering
broad opportunities for allopatric and sympatric speciation.

Passerines represent the most species-rich suborder of
birds, encompassing 6,500 species out of the known 10,500
bird species. All passerines, and only they, possess the GRC.
Could this be a contributing factor to their high species
number and diversity?
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Abstract. The hippocampus plays the key role in stress response regulation, and stress response appears to be
weakened in domesticated animals compared to their wild relatives. The hippocampus is functionally heteroge-
neous along its dorsoventral axis, with its ventral compartment being more closely involved in stress regulation.
An earlier series of experiments was conducted with a unique breeding model of animal domestication, the farm
silver fox (Vulpes vulpes), which included tame, aggressive, and unselected animals. A decrease in many indices of
the hypothalamic-pituitary—adrenal activity was observed in tame animals. Also, adult hippocampal neurogenesis
was more intense in tame foxes, and this fact may relate to reduced stress levels in this experimental population of
foxes. Nevertheless, the molecular mechanisms responsible for the reduced stress response in tame animals remain
obscure. In this study, serum cortisol levels and the mRNA levels of 13 genes in the dorsal and ventral hippocampus
have been measured and compared in tame, aggressive, and unselected foxes. At the current stage of domestication,
stress-induced cortisol levels in tame, aggressive, and unselected animals differ significantly from each other: tame
foxes show the lowest levels, and aggressive ones, the highest. Twelve genes tested demonstrate significant gene ex-
pression differences between the dorsal and ventral hippocampi. These differences are mainly consistent with those
found in rodents and humans. In tame foxes, significantly elevated mRNA levels were recorded for several genes:
CYP26B1 for cytochrome P450 26B1 and ADRATA for a,, adrenergic receptor in the dorsal hippocampus, whereas
the level of NR3C2 mRNA for mineralocorticoid receptor was higher in the ventral. It is presumed that these genes
constitute an important part of the mechanism reducing stress induced by contacts with humans and contribute to
linking stress regulation with adult neurogenesis in tame foxes and domesticated animals in general.
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Hippocampal gene expression pattern in tame
and aggressive foxes: behavior and neurogenesis

paHee 6bINI0 MOKa3aHO CHIPKEHWE aKTMBHOCTY rnoTanamo-runodusapHoO-HaanoYeYHNKOBOM CUCTEMbI BO MHOTUX
3BeHbAX. Kpome Toro, n3BeCTHO, YTO YPOBEHb HelporeHesa B rMnmnokammne MoBbileH Y B3POC/bIX PYUHbIX INCUL,
YTO MOXKeT OblTb B3aMIMOCBA3aHO CO CHUKEHMEM YPOBHSA CTpecca. TeM He MeHee MONeKyNAPHO-TeHeTUYecKme me-
XaHU3Mbl CHUXKEHWA CTPeCC-0TBETa Y OMECTULIMPOBAHHbBIX XXUBOTHbIX MO-MPEXHEMY He ACHbI. B HacToAweln paboTe
BbINONHEHO cpaBHeHre MPHK 13 reHOB B JOp3aibHOM ¥ BEHTPasIbHOM FUMNMnoKammne 1 NpoBeAeH aHann3 KopTusona
B KPOBU Y PYUHbIX, arpeCCUBHbBIX U HeCeNeKLMOHNPOBaHHbIX IMCHL,. YCTaHOBNEHO, YTO Ha AAHHOM 3Tane AoMeCTUKa-
LW CTPeCC-MHAYLMPOBAHHbIA YPOBEHb KOPTM30Ma Y PYYHbIX, arPeCCUBHbBIX Y HECENEKLUMOHNPOBAHHbIX XXUBOTHbIX
[IOCTOBEPHO OT/IMYAETCA APYr OT APYra, MPUYEM Y PYYHbIX >KUBOTHbIX OH CaMbIl HU3KWW, @ Y arpeCcCnBHbIX — CaMbii
BbICOKMI. BbliBNEHbl 4OCTOBEPHbIE Pa3nnymA B SKCNpeccun 12 reHoB Mexay A0p3abHOM 1 BEHTPaSIbHOM YacTAMU
rMAMNoKamna, Yto B 6OMbLWMHCTBE CllyYyaeB COOTBETCTBYET aHANOMMUYHbIM Pa3INYUAM, HANAEHHBIM Y FPbI3YHOB U1 Ye-
noseka. Y pyuHbIx 1crL, 06Hapy»KeH AOCTOBEPHO MOBbILEHHbIV YPOBEHb B Aop3anbHOM runnokamne MPHK reHos
umutoxpoma P450 26B1 (CYP26B1) n agpeHepruyeckoro peuentopa a,, (ADRATA), a B BeHTpanbHOM runnokammne —
MPHK reHa muHepanokoptukongHoro peuentopa (NR3C2). 3T reHbl MOTYT OblTb Ba’KHOW YacCTblo MeXaHU3Ma CHU-
»KeHMA cTpecca No OTHOLLEHMIO K YeNOBeKY 1 B3aUMOCBA3M PerynaLmm CTpecca U HeporeHesa y B3poCsiblX PYUHbIX
NNCYL B YaCTHOCTU U JOMECTULMPOBAHHbIX KUBOTHbIX BOOOLLE.

KnioueBble cioBa: pyyHoe NoBefeHMne; arpeccus; JOMeCTUKaLMs; cepebprncTo-uepHble MMCULbI; KOPTU3O..

Introduction

The hippocampus is an important brain region involved in
the regulation of stress response, learning, spatial memory,
social recognition, and memory consolidation. Hippocam-
pus sizes in mammals and birds and adult neurogenesis in
mammals are likely to correlate with the capacity for spatial
orientation and memory. Also, changes in hippocampus
morphology may be associated with adaptive evolution
(Jacobs et al., 1990; Jacobs, Spencer, 1994; Rehkdamper et
al., 2008; Croston et al., 2015; Sonnenberg et al., 2019).
However, other scientists presume that neurogenesis rate
and hippocampus size, albeit adaptive, are not related to
memory or spatial orientation (Lipp, 2017). The 15-fold in-
crease in neurogenesis rate in adult red foxes as compared
to dogs (Amrein, Slomianka, 2010) may be related to spatial
memorization, typical of foxes hoarding food (Sklepkovych,
Montevecchi, 1996). It is known that the CA2 region takes
part in social recognition memory (Tzakis, Holahan, 2019).
The CA1 and CA3 volumes in primates appear to be related
to social and environmental signals, such as group and home
range sizes (Todorov et al., 2019).

The hippocampus is among the key elements of the central
regulation of the hypothalamic—pituitary—adrenal (HPA)
axis. It is known to be functionally and structurally hete-
rogeneous along its dorsoventral axis. It is believed that
the regulation of HPA axis action and stress and emotional
responses are governed primarily by the ventral hippocam-
pus, and cognitive functions, by the dorsal (O’Leary, Cryan,
2014; Gulyaeva, 2019). This specialization may be due to
the locations of these hippocampus compartments, and,
correspondingly, the greater number of dorsal hippocampus
projections to the crust and of ventral hippocampus projec-
tions to regions belonging to the limbic system (O’Leary,
Cryan, 2014).

Along with the lateral ventricle subependymal zone, the
hippocampus is a region where neurogenesis occurs con-
stantly, even in adulthood (Ming, Song, 2011). The neu-
rogenesis rate is reduced by stress in most cases, and, vice
versa, high neurogenesis rate mitigates the effect of stress on
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the hippocampus (Levone et al., 2015). Thus, stress and the
hippocampus functional response exert reciprocal actions.
Apparently, the effect of stress on neurogenesis varies along
the dorsoventral axis (O’Leary, Cryan, 2014). This inference
may explain the fact that the hippocampus neurogenesis
rate in tame foxes, whose stress response is much weaker,
is higher than in unselected ones, and the most pronounced
differences are recorded in the ventral and intermediate com-
partments of the hippocampi (Huang et al., 2015). Studies
on dogs have shown that differences between the dorsal and
ventral hippocampi are at the same level despite considerable
variations in the overall neurogenesis rate among individuals
(Lowe et al., 2015).

Experiments with hippocampus samples from rats, mice,
and humans reveal differences in gene expression between
the dorsal and ventral hippocampi. They are likely to reflect
the functional and structural heterogeneity along the axis
(Cembrowski et al., 2016; Lee et al., 2017; Floriou-Servou
et al., 2018; Vogel et al., 2020). However, the expression
profiles of these genes along the hippocampus dorsoventral
axis have not been studied in other taxa, in spite of their
functional and structural features.

These data motivated us to investigate gene expression
variation along the dorsoventral axis and seek molecular
mechanisms linking neurogenesis and stress by quantitation
of mRNAs of 13 genes in the dorsal and ventral hippocampi
of silver foxes. This species serves as a model of animal
domestication. Its “tame” and “aggressive” populations had
been raised by long-term selection for friendly or aggressive
attitude to humans, respectively, and foxes not subjected to
targeted selection for behavior served as control.

These populations differ significantly in many links of
their glucocorticoid stress response and HPA axis activity,
which seems to be a common feature of domestic animals
(Belyaev, 1979; Price, 2000; Trut et al., 2004, 2009), and in
adult neurogenesis in the hippocampus (Huang et al., 2015).
Genes of the retinoic acid pathway, associated with neuro-
genesis activity, which are located in regions presumably
affected by the selection, have been found in genome-wide
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analysis of the tame foxes (Kukekova et al., 2018; Trut et
al.,2021). Also, it has been found that the amount of mRNA
of one of these genes, CYP26B1, in the dorsal hippocampus
of tame foxes differs from aggressive ones (unpublished
results). This may be one of the mechanisms altering adult
neurogenesis in foxes, which can also modulate stress level,
learning, memory, and social behavior. For all that, nothing
is known about changes in CYP26B1 mRNA levels in the
ventral hippocampi of foxes with contrasting behaviors,
although its elevated expression characterizes the dorsal
hippocampus in mice, rats, and humans.

We also measured the dorsal and ventral hippocampus
levels of mRNAs of other genes related to neurogenesis,
stress, or behavior whose expression is known to vary
significantly along the dorsoventral axis in mice, rats, and
humans (Vogel et al., 2020) (see Table 1). The genes asso-
ciated with HPA axis regulation include NR3CI, NR3C2,
and HSD11B]1 for glucocorticoid receptors 1 and 2 and
hydroxysteroid 11B-dehydrogenase 1, respectively (de Kloet
etal., 2016). NR2F?2 is one of the most reliable markers of
the position along the dorsoventral hippocampus axis, and
it supposedly acts as a mediator of the transcription activity
induced by receptors of glucocorticoids and retinoic acid.
This action is likely to be associated with relationships
between stress and neurogenesis (de Martino et al., 2004;
Vogel et al., 2020). The ADRA 1A gene for the a, , adrenergic
receptor is presumed to act in the regulation of behavior
and neurogenesis (Doze et al., 2011; Vogel et al., 2020).
KCND2, KCND3, CADM?2, and CPNE?2 are associated
with K*- and Ca**-dependent synaptic and glutamatergic
transmissions (Corradini et al., 2014; Truvé et al., 2020;
Haddjeri-Hopkins et al., 2021; Xiao et al., 2021), which are
likely to play the key role in domestication-driven behavior
changes (O’Rourke, Boeckx, 2020; Trut et al., 2021). The
expression levels of TRHR, on the one hand, and LCT, NTS,
on the other hand, have been used as markers of the ventral
and dorsal hippocampi, respectively (Cembrowski et al.,
2016; Lee et al., 2017).

Earlier data on the glucocorticoid-mediated stress re-
sponse in foxes demand re-research at the present phase
of selection. After over sixty generations of the selection
of Norway rats according to approximately the same cri-
teria as foxes as an alternative experimental domestication
model, differences between tame and aggressive animals
in the glucocorticoid-mediated stress response vanished.
This might result from the adaptation of rats selected to ag-
gression toward humans (Prasolova et al., 2014). Besides,
previous studies employed nonsocial restriction stress (Trut
et al., 2004, 2009). This procedure is less adequate than the
use of social stress in studies of animal-animal and animal—
human contacts. It has been shown that restriction stress in
rats selected for anxiety-like behavior induces a stronger
corticosterone-mediated response than in animals selected
for low levels of such behavior, whereas social stress in the
resident—intruder test shows quite the opposite (Veenema,
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Neumann, 2007). Here we studied the stress response to a
combined treatment: manual fixation of foxes by a social
subject, human. Manual fixation for 15 min was a stress
factor for all the three fox populations, because foxes had
never been picked in arms during selection and they had
had an opportunity to avoid close contacts with humans.

Materials and methods

Experimental animals. Experiments were conducted with
three experimental populations of silver foxes (Vulpes
vulpes): tame, aggressive, and unselected. The first two
populations had been selected for friendly and aggressive-
fearful reactions to humans, respectively, at the Shared
Access Center for Gene Pools of Fur and Farm Animals,
Institute of Cytology and Genetics, Novosibirsk, for over
60 years (Belyaev, 1979; Trut et al., 2004, 2009).

Blood was sampled from the vena saphena of 6—7-month-
old males prior to experimental stress (manual fixation for
15 min) and immediately after it. Naive (having experienced
no experimental stress) 7—8-month old males were eutha-
nized by injections of 5 % sodium thiopental. Fragments of
the dorsal and ventral hippocampi were sampled. All samples
were stored at —70 °C. Experimental protocols followed the
Guidelines for Accommodation and Care of Laboratory Ani-
mals, Species-specific Provisions for Laboratory Predatory
Mammals, GOST 33217-2014, and Directive 2010/6106/EU
for the Protection of Laboratory Animals.

Chromatography. Blood serum cortisol was assayed by
high-performance liquid chromatography with an Agi-
lent 1200 Series LC chromatograph equipped with a diode-
array detector and a ZORBAX C18 2x 150 mm x5 um
column, as in previous studies (Ovchinnikov et al., 2018).
Samples were concentrated by liquid extraction with 1,2-di-
chloroethane. Elution was done with 30 % aqueous aceto-
nitrile at the rate 1 mL/min. Absorption was measured at
A =246 nm. Concentrations were calculated against dexa-
methasone as an internal standard.

Total RNA isolation and real-time PCR. RNA was
isolated with TRI Reagent (Molecular Research Center,
Inc.) according to manufacturer’s recommendations, as in
(Ovchinnikov et al., 2018). Absorption values were mea-
sured with a NanoPhotometer N50 (Implen, Germany). For
RNA purity assessment, A260/A280 and A260/A230 ratios
were calculated. Genomic DNA was removed from RNA
samples with a DNase I, RNase-free kit (Thermo Fisher
Scientific, Lithuania). cDNA was synthesized in a 20 pL
volume with 0.2 ug of DNA-free RNA and a Maxima First
Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher
Scientific, Lithuania).

Primers for the genes studied were designed using the
online web resource Primer-BLAST (Ye et al., 2012). The
sequences are shown in Table 1.

Real-time PCR was conducted in a Roche LightCycler 96
Real-Time PCR System (Roche Diagnostics, Switzerland).
The reaction volume 20 pL contained 4 pL of twentyfold
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Table 1. Primers for real-time PCR

Gene Primer sequences
NTS fNTS-F1: 5'-TGGTGTGCATGATACTTCTGG-3'
fNTS-R1: 5-ACACTTGCTTTGCTGATCTTTG-3'
NR2F2 fNR2F2-F3: 5'-AGCCAAGGAATGTGTCCAAG-3'
fNR2F2-R3: 5-CAATTCAGGAACTAAGCGGGA-3’
ADRATA fADRA1A-F: 5-CGTGCTCCAGTCAAGAGTTT-3’
fADRA1A-R: 5-AAGGTATAGCCCAGGGTGTG-3’
CPNE2 fCPNE2-F6: 5'-CCAGGTCATGTGTTACGACT-3'
fCPNE2-R6: 5'-CCTTTGCTTCTTGGGGTTGA-3’
CYP26B1 fCYP26B1-F1: 5-TTCTTTGGCCTGGACTCGAA-3’
fCYP26B1-R1: 5'-GGCTAGGCGCAGTTAGAC-3’
CADM2 fCADM2-F3: 5'-GTAGCCATAACAACCAGCCC-3’
fCADM2-R3: 5-AGAACACAGCGTGACAAATACA-3'
KCND2 fKCND2-F1: 5'-GAAAACCTTCCGCATCCCAAA-3’
fKCND2-R1: 5'-ACATTCTTCCATCTTGGCGTT-3’
KCND3 fKCND3-F6: 5-CAGAGAGCCGATAAACGCAG-3'
fKCND3-R6: 5'-GTGCAGATAGGCATTGGAGC-3’
TRHR fTRHR-F1: 5'-GACTCAACCCATCAGAACAAGA-3’
fTRHR-R1: 5-GGGCATCCATAAAAGGGCAA-3
LCT fLCT-F1: 5-AAGAACGGCGATTACAACGA-3’
fLCT-R1: 5'-TGCCATTGATCCTCCTCTTCT-3'
HSD11B1 fHSD11B1-F2: 5-GCAAGGGGATTGGAGAACAG-3’
fHSD11B1-R2: 5'-GGTGCCAGGAATGTAGTGTG-3’
NR3C1 fNR3C1-F6: 5'-CAAGCTGGGATGAACTTGGA-3'
fNR3C1-R6: 5-AGTTTCTTGTGACGCTCCTG-3'
NR3C2 fNR3C2-F7: 5'-AAAGGCTACCACAGTCTCCC-3'
fNR3C2-R7: 5'-TCATCGGTCCTCTCTGTAGG-3’
CANX CANX-F1: 5-GATGCCCCTGCTAAGATTCC-3'

CANX-R1: 5'-CTTCATCCCAATCCTCTGGC-3’

diluted ¢cDNA, 0.3 pL of primers (10 pmol/ulL), 7.4 uL
of Milli-Q H,0, 8 puL of 2.5x reaction mix for Real-Time
PCR, and SYBR Green I dye (Mfr. Part No. M-427, Syn-
tol, Russia). Each reaction was performed in two technical
replications.

The results were processed by the modified AAC; method
(Livak, Schmittgen, 2001) implemented in GenEx ver.6
software (Multi-D, Sweden). This method allows the reac-
tion efficacy to be estimated. The CANX gene for calnexin
was used as reference, because its expression is high, little
variable among individual foxes, and uniform in the dorsal
and ventral hippocampi, as confirmed by analysis with
NormFinder software (Andersen et al., 2004). The mean
expression of each gene was taken to be an arbitrary unit
for the evaluation of relative expression. An additional ex-
ternal reference sample was present in all plates for proper
comparison of the results obtained in different plates.

Statistical evaluation. The statistical significance of
hormone assays in the experimental groups was assessed
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Fig. 1. The basal and stress-induced blood serum cortisol levels in tame,
aggressive, and unselected foxes (n = 11 in each group).

*p<0.05, *** p < 0.001 in comparison with unselected foxes.
#p < 0.05,###p < 0.001 in comparison with aggressive foxes.

by repeated measures factor analysis followed by post hoc
Fisher’s LSD test. The increase in cortisol level was assessed
by Student’s ¢ test.

Real-time PCR results were compared by the Kruskal—
Wallis test. Pairwise comparisons were done by the Mann—
Whitney test. We applied nonparametric criteria, because
the samples did not conform to the Gaussian distribution
according to the Kolmogorov—Smirnov test.

Use was made of software packages Statistics 10 (Stat-
Soft, United States) and GenEx ver.6 (Multi-D, Sweden).
All differences were considered significant at p < 0.05. The
results are shown in figures as mean+=SEM.

Results

Blood serum cortisol in response to stress

Repeated measures factor analysis reveals the effects of
genotype (F,,53=9.62, p <0.001) and stress (F, ,3=179.72,
p < 0.001) on blood serum cortisol. The interaction of the
genotype and stress factors was also significant (F, ,3=9.36,
p <0.01). The basal serum cortisol level in tame foxes was
lower than in aggressive (Fig. 1, p < 0.05) but did not differ
significantly from unselected ones. The increase in serum
cortisol level was statistically significant in all genotypes,
but it was less pronounced in tame foxes than in aggressive
or unselected. Thus, the cortisol level under stress in aggres-
sive and unselected foxes exceeded the value in tame ones
(p <0.001, see Fig. 1) and was higher in aggressive foxes
than in unselected (p < 0.05, see Fig. 1).

Levels of mRNAs in the dorsal

and ventral hippocampi of foxes

Quantitative real-time PCR revealed in the dorsal hippo-
campus significantly higher levels of the genes HSD/IB1,
CYP26B1, CADM?2, KCND2, NR3CI, LCT, and NR3C2
and in the ventral, TRHR, CPNE2, ADRAIA, and NR2F2,
whereas KCND3 showed no difference (Fig. 2, Table 2).
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Fig. 2. Differences between the dorsal and ventral hippocampi in relative mRNA levels (n = 18 in each group).
*p < 0.05, *** p < 0.001 as compared to the dorsal hippocampus.

Table 2. Differences between the dorsal and ventral hippocampi in gene expression in mammals

Species HSD11B1 CYP26B1 CADM2 KCND2 NR3C1 LCT  NR3C2 TRHR CPNE2 ADRATA NR2F2 KCND3 NTS Reference

Mouse v (DG) d(CA3) d(DG, d(DG, - d (DG, d (DG, - v (CA3, v(CA1) Vv (CA3, v(CA3, - Cembrowski
d (CA1) CA3, CA3, CA3) CA1) CA1) CA1)  CA1) etal, 2016
CA1) CA1)
d d d d - d d v v v v v v Floriou-Servou
etal, 2018
Rat - d d da dc - db v v - v - d Lee etal, 2017
Human \Y d d - - \Y - v \Y \ v - d Vogel et al,,
2020
Fox d d d d d d d v \Y v v - \Y Our data
p <0.001 <0.001 <0.001 <0.001 <0.001 0.018 0.001 <0.001 <0.001 <0.001 <0.001 >0.05 <0.001

Note. CA1, CA3, and DG (dentate gyrus) are hippocampus regions; d, mRNA level is higher in the dorsal hippocampus; v, mRNA level is higher in the ventral
hippocampus; -, no difference or not known. p values are indicated according to the Mann-Whitney test.
@28 and 45 days (growing animals); bog days; € rat Nr3c1 mRNA according to Kvichansky et al. (2017).
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Fig. 3. Relative amounts of CYP26B71 (a) and ADRATA (b) mRNA in the dorsal hippocampi of tame  Fig. 4. Relative amounts of NR3C2 mRNA in the
(n=7), aggressive (n = 6), and unselected (n = 6) foxes. ventral hippocampi of tame (n = 7), aggressive

#* p <0.01 as compared to aggressive foxes; * p < 0.05 as compared to aggressive and unselected foxes. (n=6), and unselected (n = 6) foxes.

* p <0.05 as compared to unselected foxes.
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NTS mRNA levels showed a broad variation among hip-
pocampi of individuals, but the expression in the ventral
compartment was always higher (see Fig. 2, Table 2), and
so was the neurogenesis rate in a study on dogs reported by
Lowe et al. (2015).

Levels of mRNAs in the hippocampi

of tame, aggressive, and unselected foxes

We compared the levels of mRNAs indicated in Table 2 in
tame, aggressive, and unselected fox groups by the Kruskal—
Wallis test and revealed effects of genotype on mRNAs of
the genes (1) CYP26BI1 (H (2,n=19)=28.89; p=0.02) and
ADRAIA (H (2,n=19)=7.81; p=0.02) in the dorsal com-
partment and (2) NR3C2 for a mineralocorticoid receptor
(H(2,n=19)=17.07; p=0.03) in the ventral compartment.
Tame foxes showed a significant increase in the CYP26B1
mRNA as compared to aggressive animals (p = 0.003)
(Fig. 3, a) and in ADRAIA as compared to both aggres-
sive (p =0.027) and unselected (p = 0.038) (see Fig. 3, b).
Also, the NR3C2 mRNA level in the ventral hippocampus
of tame foxes was significantly higher than in unselected
ones (p =0.011) (Fig. 4).

Discussion

The presented data point to significant differences between
the dorsal and ventral hippocampi in the levels of some
mRNAs in foxes, as well as in other species: rats, mice,
and humans (Cembrowski et al., 2016; Lee et al., 2017;
Floriou-Servou et al., 2018; Vogel et al., 2020). Our results
are by and large consistent with literature data on rats and
mice (see Table 2). Recent studies of human gene expression
(Allen Brain Atlas) demonstrate variation in the expression
of about 5,000 genes along the hippocampus dorsoventral
axis (Vogel et al., 2020). Some of these genes show linear
or near-linear variation; thus, they can be regarded as axial
position markers. Others demonstrate nonlinear expression
profiles.

The NR2F?2 gene for transcription factor COUP-TFII is
one of the markers most precisely indicating axial position.
The amount of its mRNA in the ventral hippocampus is
much greater than in the dorsal in all studies on rats, mice,
and humans and in our study on foxes. Its expression in the
adult hippocampus is confined mainly to GABAergic and
glutamatergic neurons. The density of GABAergic neurons
increases along the dorsoventral axis (Jinno, Kosaka, 2010),
and so does NR2F2 expression. Nevertheless, its expression
in the dorsal hippocampus is confined to GABAergic neu-
rons, which is indicative of their high density in the dorsal
hippocampus as well (Fuentealba et al., 2010). The different
functions of hippocampus compartments may be related to
neuron distribution along the dorsoventral axis. It is known
that the expression of acetylcholine receptor o; (CHRNA7)
in the hippocampus, also confined to GABAergic neurons,
is involved in aggression regulation (Lewis et al., 2018).
However, we found no difference in NR2F2 expression
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amongst the behavior groups; hence, aggression is controlled
by other mechanisms.

Different species demonstrate inverse ratios between
mRNA levels of some genes in the dorsal and ventral hip-
pocampus compartments or no variation at all (see Table 2).
For example, in our study such genes included KCND3
and NTS. These differences can be explained by nonlinear
expression profiles along the dorsoventral axis and putative
sampling from nonidentical hippocampus sites in different
experiments. In other cases, the species-specific expression
of some genes may be related to morphological and func-
tional features of the hippocampus itself. For instance, it is
known that hippocampal neurogenesis in foxes consider-
ably surpasses that in many mammals (Amrein, Slomianka,
2010). Morphological and functional features of various
species may also stem from their ecology, in particular, spa-
tial behavior in hoarding food (Jacobs et al., 1990; Jacobs,
Spencer, 1994; Rehkdmper et al., 2008; Amrein, 2015; Cros-
ton et al., 2015; Lipp, 2017; Sonnenberg et al., 2019). It is
presumable that the 15-fold hippocampal neurogenesis in
red foxes as compared to dogs (Amrein, Slomianka, 2010)
is related to this characteristic behavior (Sklepkovych, Mon-
tevecchi, 1996).

As the entire hippocampus and, especially, its ventral
compartment, is the key region in stress response regula-
tion, we investigated the glucocorticoid-mediated response
of foxes at the present stage of selection: tame, aggressive,
and unselected. The necessity of studying stress response
at different stages of selection has been shown on another
model, tame and aggressive Norway rats, which show no
significant differences in the glucocorticoid-mediated re-
sponse at the current stage (Prasolova et al., 2014). The de-
tected significant differences amongst tame, aggressive, and
unselected animals are consistent with earlier data (Trut et
al., 2009). Thus, we can see that the restraint and combined
restraint—emotional stresses induce similar differences in the
cortisol-induced stress response in the experimental foxes,
and these differences persist at the current stage of selection.
However, the unselected animals showed an intermediate
level of the glucocorticoid stress response between the tame
and aggressive foxes. These discrepancies may be related
to both the elevated stress response in the selection for ag-
gressiveness and the unintentional selection of “unselected”
foxes towards adaptation to coexistence with humans. Dif-
ferences can also stem from different experiment designs
(restraint stress with limited space in a shed vs. manual
fixation) and measurement protocols (radioimmunoassay
vs. HPLC).

It is likely that the weak response to different stress types
in tame foxes is the main cause of high adult neurogenesis
rate in the hippocampus, as shown in many studies on
other species (Levone et al., 2015). Therefore, in search
for molecular mechanisms modulating neurogenesis we
first considered the levels of mRNAs for glucocorticoid
(NR3C1, GR) and mineralocorticoid (NR3C2, MR) receptors
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in the hippocampus. However, we found no differences in
the levels of NR3C1 mRNA amongst animals of different
behavior genotypes in neither dorsal nor ventral hippo-
campus, although some research teams believed that these
genes were important in domestication (Oskina et al., 2008;
Portl, Jung, 2017). It is known that neuron progenitors in the
subventricular zone express NR3C but not NR3C2 (Garcia
et al., 2004). Apparently, NR3C1 activation in these cells is
the direct way by which glucocorticoids affect neurogenesis
(Saaltink, Vreugdenhil, 2014). It is conceivable that NR3C1
expression in this subpopulation of hippocampus cells varies
amongst foxes differing in behavior.

In contrast, the ventral hippocampi of tame foxes con-
tained more NR3C2 mRNA than those of aggressive ani-
mals. It is likely that the mRNA level in the ventral hip-
pocampi of unselected foxes is intermediate between tame
and aggressive, but this difference is below the limits of
gPCR accuracy. However, we may expect that in studies
of individual splice variants (Three are known in rodents:
o, B, and y.) differences amongst groups in the expression
of a particular splice variant will be more pronounced. It
has been shown that their expression in cellular stress in a
primary culture of cortex cells varies irregularly (Kang et
al., 2009). Here we analyze only the total pool of NR3C2
mRNA, because the fox genome had not been annotated in
sufficient detail. It is known that NR3C2 levels in various
types of hippocampus cells are different (Le Menuet, Lom-
bes, 2014). Note that the difference was found just in the
ventral hippocampus, whose contribution to stress response
and emotion regulation is thought to be greater than that of
the dorsal (Gulyaeva, 2019).

Studies on rodents demonstrate that elevated MR amount
is associated with lower anxiety and active strategy of
coping with stress. In females, it is also associated with
weaker stress response (Lai et al., 2007; Rozeboom et al.,
2007; Kanatsou et al., 2015; de Kloet et al., 2016). In addi-
tion, postmortem studies of humans show that depression
lowers MR in the frontal (corresponding to rodent ventral)
but not occipital (dorsal) hippocampus compartments, with
no variation in GR (Medina et al., 2013). Changes in MR
expression in rats under stress alter synaptic plasticity in the
ventral but not dorsal hippocampus (Maggio, Segal, 2009;
O’Leary, Cryan, 2014). It is likely that NR3C2 expression in
neuroglia can increase neurogenesis in the ventral hippocam-
pus under acute stress (Le Menuet, Lombegs, 2014; O’Leary,
Cryan, 2014). Also, progenitor cell proliferation is lowered
in mice with NR3C2 knockout (Gass et al., 2000), whereas
enhanced NR3C2 expression in the forebrain accelerates
progenitor proliferation and increases the population of
young neurons in the dentate gyrus (Kanatsou etal., 2017).
On the other hand, MR signaling in the hippocampus is in-
volved in the regulation of the start and amplitude of stress
response (Ratka et al., 1989; Harris et al., 2013; de Kloet et
al., 2016), and stress initiation increases the MR level in the
hippocampus (Veenema et al., 2003; de Kloet et al., 2016).
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The opposite effects of MR and their agonists and antago-
nists found in various studies may be related to different
MR levels in animals at the start of the experiment (de Kloet
et al., 2016). We conjecture that the detected high level of
mRNA for MR (but not for GR) in the ventral hippocampus
of tame foxes is one of the mechanisms that mitigate stress
and anxiety in experimental domestication and, probably,
indirectly enhance neurogenesis in this compartment. Fur-
ther studies should be dedicated to the expression of splice
variants of MR and their distribution in the hippocampus.

Foxes of different behavior genotypes differed in the
contents of CYP26B1 mRNA in the dorsal hippocampus
and ADRAIA in the ventral one. As mentioned above,
these contents varied along the dorsoventral axis of the
hippocampus. The variation in mRNA contents found in
the analysis of few samples from the dorsal hippocampi of
tame and aggressive foxes by the RNAseq method (unpub-
lished data) also points to the necessity of a comprehensive
study of CYP26B1 expression in hippocampus regions of
the three fox populations. The CYP26B1 gene encodes an
enzyme of the cytochrome P450 superfamily. This enzyme
catalyzes the degradation of all-trans retinoic acid (atRA),
a vitamin A derivative. Changes in CYP26B1 expression
may be associated with different atR A concentrations in the
hippocampi of tame and aggressive foxes.

It is known that atR A affects neurogenesis, but its effect
looks graphically as an inverted U curve. All-trans retinoic
acid deficiency reduces neuron differentiation, whereas
higher concentrations enhance neurogenesis by stimulating
both proliferation and differentiation of neural stem cells,
and still higher atRA concentrations inhibit cell prolifera-
tion and affect the cognitive function and behavior (Kane et
al., 2010; Hu et al., 2016, 2020; Stoney, McCaffery, 2016;
Stoney et al., 2016; Mishra et al., 2018). High CYP26B1
expression, apparently decreasing the atRA level, is asso-
ciated with intense neurogenesis in the hippocampus of adult
tame rats, earlier demonstrated by Huang et al. (2015). Our
results seem to be consistent with the negative effect of atRA
on neurogenesis in studies by P. McCaffery’s (Stoney et al.,
2016) and Zhou’s (Hu et al., 2016, 2020) teams. It appears
that CYP26B1 inhibition reduces cell proliferation in the
subgranular zone of the hippocampus in mice (Stoney et
al., 2016). Probably, the atRA content in the hippocampus
of tame foxes is close to the maximum level enhancing
neurogenesis. The lower expression of CYP26B1 in aggres-
sive animals is associated with even higher atRA contents
and, probably, lower neurogenesis. The unselected foxes,
demonstrating lower neurogenesis than tame ones, seem to
be in the middle between tame and aggressive. Note that
genome-wide comparisons between village dogs and wolves
and between humans and chimpanzees has also demon-
strated differences in the atRA system (Theofanopoulou et
al., 2017; Pendleton et al., 2018).

The effects of vitamin A and atRA on the HPA axis are
complex and controversial. Dexamethasone upregulates the

FEHETUKA YXMBOTHbIX / ANIMAL GENETICS 657



Yu.V. Alexandrovich, E.V. Antonov, S.G. Shikhevich ...
D.V. Shepeleva, R.G. Gulevich, Yu.E. Herbeck

expression of the Aldhlal gene for an enzyme involved in
atR A synthesis (Gil-Ibaiiez et al., 2014). Chronic exposure
to atRA and other retinoic acid forms enhances HPA axis
activity and causes depression (Bremner, McCaffery, 2008;
Caietal., 2015). In particular, atRA induces overexpression
of the Crf, Crfri, and Avp genes in the hypothalamus (Cai
etal.,2015). Probably, the lower HPA activity in tame foxes
is partly related to the weakening of the atR A system. How-
ever, it should be noted that retinoic acid can, in contrast,
lower the level of glucocorticoids, and, besides, it can exert
an inverse effect on target tissues (Bonhomme et al., 2014;
Héléne et al., 2016).

The detected high level of ADRA1A mRNA in the dor-
sal hippocampus of tame foxes is of special interest. This
change may reflect the lower anxiety and elevated adult
neurogenesis in the hippocampus as a result of lower HPA
axis activity in the selection for tame behavior. Although
the dorsal hippocampus contributes less to the regulation
of stress responses and anxiety, its effects have been de-
scribed in (Weaver et al., 2004; Gulyaeva, 2019). ADRA14
is presumed to play a role in the attention deficit disorder
(Elia et al., 2009). The mechanisms mediating the effect of
ADRAT1A in behavior regulation are poorly understood, but
it is known that long-term 4ADRA 1A stimulation mitigates
depression-like behavior and anxiety, and tricyclic anti-
depressants increase the ADRA1A receptor density in the
forebrain of rodents (Deupree et al., 2007; Doze et al.,
2009, 2011). Studies of the subependymal zone of lateral
ventricles, which is another adult neurogenesis region along
with the subgranular zone of the hippocampus, in transgenic
mice demonstrate an association between high ADRAITA
expression and high neurogenesis rate (Gupta et al., 2009).
It is conceivable that ADRATA also participates in hippo-
campal neurogenesis (Doze et al., 2011).

Conclusion

To sum up, we analyzed separately the dorsal and ventral
hippocampi of foxes selected for contrasting behaviors and
revealed differential expression of the NR3C2, CYP26B1,
and ADRAIA genes, associated with both hippocampal
neurogenesis and HPA axis regulation. Further studies of
the expression of functional groups to which these genes
belong are expected to shed light on hitherto unknown
molecular mechanisms of domestication in general and
on stress response weakening, elevated neurogenesis, and
changes of the attitude to humans in domesticated animals in
particular.
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Abstract. Single nucleotide polymorphisms (SNPs) are the most common type of variation in the human genome. The vast
majority of SNPs identified in the human genome do not have any effect on the phenotype; however, some can lead to
changes in the function of a gene or the level of its expression. Most SNPs associated with certain traits or pathologies are
mapped to regulatory regions of the genome and affect gene expression by changing transcription factor binding sites. In
recent decades, substantial effort has been invested in searching for such regulatory SNPs (rSNPs) and understanding the
mechanisms by which they lead to phenotypic differences, primarily to individual differences in susceptibility to diseases
and in sensitivity to drugs. The development of the NGS (next-generation sequencing) technology has contributed not only
to the identification of a huge number of SNPs and to the search for their association (genome-wide association studies,
GWASs) with certain diseases or phenotypic manifestations, but also to the development of more productive approaches
to their functional annotation. It should be noted that the presence of an association does not allow one to identify a
functional, truly disease-associated DNA sequence variant among multiple marker SNPs that are detected due to linkage
disequilibrium. Moreover, determination of associations of genetic variants with a disease does not provide information
about the functionality of these variants, which is necessary to elucidate the molecular mechanisms of the development of
pathology and to design effective methods for its treatment and prevention. In this regard, the functional analysis of SNPs
annotated in the GWAS catalog, both at the genome-wide level and at the level of individual SNPs, became especially rele-
vant in recent years. A genome-wide search for potential rSNPs is possible without any prior knowledge of their association
with a trait. Thus, mapping expression quantitative trait loci (eQTLs) makes it possible to identify an SNP for which - among
transcriptomes of homozygotes and heterozygotes for its various alleles — there are differences in the expression level of
certain genes, which can be located at various distances from the SNP. To predict rSNPs, approaches based on searches for
allele-specific events in RNA-seq, ChIP-seq, DNase-seq, ATAC-seq, MPRA, and other data are also used. Nonetheless, for a
more complete functional annotation of such rSNPs, it is necessary to establish their association with a trait, in particular,
with a predisposition to a certain pathology or sensitivity to drugs. Thus, approaches to finding SNPs important for the
development of a trait can be categorized into two groups: (1) starting from data on an association of SNPs with a certain
trait, (2) starting from the determination of allele-specific changes at the molecular level (in a transcriptome or regulome).
Only comprehensive use of strategically different approaches can considerably enrich our knowledge about the role of
genetic determinants in the molecular mechanisms of trait formation, including predisposition to multifactorial diseases.
Key words: regulatory single-nucleotide polymorphism; transcription factor-binding sites; gene expression; genome-wide
studies.
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OOHOHVK/IEOTUIHbIE 3aMeHbI B TeHOME 4YeI0BeKa,
BJVSIIOLIVIE HA CBSI3bIBaHVE (DAaKTOPOB TPAHCKPUIIIN,
1 X POJIb B PA3BUTUM ITaTOJIOT I

E.B. AHTOHueBa@, A.O. Aertsipesa, E.E. Kop6oauna, 11.C. Aamapos, T.J/I. MepkyaoBa

MepepanbHbI NCCefoBaTENbCKUIA LLeHTP VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHns Poccuinckon akagemun Hayk, HoBocnbupck, Poccus
® antontseva@bionet.nsc.ru

AHHoTauua. OQHOHYK/NEOTVAHbIE 3aMeHbI, TaKXKe Ha3blBaemble OAHOHYKNeoTUAHbIMK nonumopdusmamu (single nucleo-
tide polymorphism, SNP), - 3To Hanbonee pacnpocTpaHeHHbI TUN Baprauuii reHoma Yenoseka. lMopasnaioLasn yacTb Bbl-
ABNIEHHDbIX B reHoMe yenoBeka SNP He oka3biBaeT Kakoro-nmbo Bo3aencTBmna Ha MoNeKynapHbIi GeHOTUMN, OfHAKO HeKo-
TOpble CNOCcOOHbI NPUBOANTL K M3MEHeHNI0 GYHKLMM reHa Un YpoBHA ero aKkcnpeccuu. B 1o xe Bpema 6onbwmHcTeo SNP,
ACCOLMMPOBAHHDBIX C HEKMMW MPU3HAKaMM UK NaTONOMMAMY, KaPTUPYIOTCA B PEryNATOPHbIX 0611acTAX reHOMa, U3MEHAIT
noTeHUManbHble CaTbl CBA3bIBaHWA TPAHCKPUMLMNOHHbBIX GaKTOPOB M, COOTBETCTBEHHO, MOTYT BAMAIOT Ha SKCMPECCHIo re-
HOB. B nocnegHue pecatuneTva 3HaunTenbHble yCUnua 6biv HanpasieHbl Ha NOVCK Takmnx perynatopHbix SNP (rSNP), a Tak-
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Ke Ha NOHMMaHMe MeXaHV3MOB, MOCPEACTBOM KOTOPbIX OHM MPUBOAAT K EHOTUMNYECKMM PasNnymam, B NepBYto ouepeab
K pa3HoW NpepacnonoXeHHOCTU K 3ab01eBaHNAM Y UHAVBUAYaJIbHOW YyBCTBUTENIbHOCTY K JIEKaPCTBEHHbIM NpenapaTam.
Pa3Butue TexHonorum NGS (next generation sequencing) cnoco6CcTBOBaNO He TONbKO BbIABIEHIO OFPOMHOIO KOMYeCcTBa
SNP 1 nouncky ux accoumaumm (genome wide association studies, GWAS) ¢ Hekumu 3a6oneBaHnAMN U GeHOTUNNYECKMU
NPOABNEHNAMM, HO U Pa3BUTUIO Bonee NPOV3BOANTENbHbBIX MOAXOA0B ANA UX GYHKLMOHaNbHOWM aHHoTauun. CTont otme-
TUTb, YTO Ha/IMUMe accoLMaLnmM He NO3BONAET BbIAENUTb GYHKLMOHASbHbIN, AeACTBUTENIbHO CBA3AHHbIN C 60Ne3HbIO Ba-
puaHT nocneposatenbHocTV IHK 13 MHOXKeCTBa MapKepHbIX, KOTOPble BbIABMAIOTCA 33 CYET HEPAaBHOBECHA MO CLENJIEHNIO.
Bornee Toro, yctaHoBfIEHVE accoUMaLMi reHETUYECKMX BapraHTOB C 3aboneBaHNeM He AaeT cBefieHnn o GyHKLOHanb-
HOCTU 3TVX BapWaHTOB, YTO HEOBXOAVMO ANA BbIACHEHUA MOJIEKYIAPHBIX MEXaHVU3MOB Pa3BUTUA MATONOMUK U Pa3paboTKm
3¢ PeKTUBHbBIX METOAOB ee fleyeHna N NPOoPUNaKTUKN. B cBA3M ¢ 3TM GyHKLUMOHaNbHbIN aHanu3 SNP, aHHOTMPOBaHHbIX B
GWAS KaTanore, Kak Ha NOJTHOreHOMHOM YPOBHe, TaK 1 Ha YpoBHe oTaenbHbIx SNP B nocneHve roabl ctan 0cobeHHOo aKTy-
anbHbIM. B HacTosLee BpeMs akTUBHO Pa3BMBAETCA MOJTHOreHOMHBbIV NMOUCK NMOTEHLUANbHO perynatopHbix SNP 6e3 Kakux-
nnbo npeaBapUTENbHbIX 3HaHWI 06 NX accoumalm C NPU3HAKOM. Tak, KapTUPOBaHKE TOKYCOB KONMYECTBEHHbIX NPU3Ha-
koB akcnpeccun (eQTL, expression quantitative trait loci) no3sonset BbisiBUTb SNP, AnsA KOTOPOro B TPaHCKPUNTOMax roMo-
3UroT MO Pa3HbIM ero ajuenaAMm, a TakxKe reTepo3nroT HabnloaaTCA Pas3NnUKA B YPOBHE SKCNPECCUIN HEKMX FEHOB, NpUYem
KaK 61113Ko pacrnonoXKeHHbIX, Tak 1 Ha 3HaUNTENbHOM yaaneHun. ina npeackasaHma perynatopHbix SNP ncnonb3yiot Takxe
NnoAXxofibl, OCHOBAHHble Ha Noucke annenb-cneundryecknx coboitnin B aHHbix RNA-seq, ChiIP-seq, DNase-seq, ATAC-seq,
MPRA u T.4. OgHako ana 6onee NofHON XxapakTepucTuKy Takmx rSNP Heo6XoaMmo ycTaHaBNMBaTb VX accoLmaumio ¢ npu-
3HaKOM, B YaCTHOCTU C NPeApPacroNOXeHHOCTbIO K HEKOI MaToNorMm Niam € YyBCTBUTENIbHOCTbBIO K JIEKapCTBEHHbIM npe-
napatam. Takvm 06pa3oM, UMEHHO KOMIIEKCHOE MCMOJb30BaHMe ABYX OCHOBAHHBIX Ha MPOTVBOMOJIOKHbIX MPUHLMMNAX
NMOAXOAOB K MOWCKY 3HAaUYMMbIX ANA PasBUTUA Npu3Haka (natonorum) SNP: ¢ OAHON CTOPOHbI, NCXOAALLEro M3 JaHHbIX MO
accoumauymu SNP ¢ HeKMM NMpU3HaKoM, a C APYroi CTOPOHbI, AYLLErO OT onpefeneHna annenb-crneumdmnyHbIX N3MeHeHN
Ha MONeKYNIAPHOM YPOBHe (B TPAHCKPUMNTOME UM Perynome) — CyLeCcTBEHHO oboraliaeT KapTUHY HalvX 3HaHWI O ponu
reHeTUYeCKNX AeTEPMUHAHT B MOMNEKYIAPHbIX MexaHn3max GopmMrpoBaHna NPU3HAKOB, BKTIOUYaA NPefpacrnonoXeHHOCTb
K MHOrOpaKTOPHbIM 3a60neBaHNAM.

KnioueBble cloBa: perynAaTopHbI O4HOHYKNEOTUAHBIN NOANMOPPM3M; CalTbl CBA3bIBAHMA TPAHCKPUMLUMNOHHbIX GaKkTOpPOB;
JKCMPEeCcHa reHoB; MOJIHOreHOMHble NCCNefOBaHNA.

Introduction
One of the main tasks of human genetics is to clarify the
mechanisms by which genome variations lead to phenotypic
differences, primarily to individual differences in susceptibili-
ty to diseases and in sensitivity to drugs. Single-nucleotide
polymorphisms (SNPs) are the most common type of genome
variation (Chanock, 2001). Currently, due to the development
of next-generation sequencing (NGS) technologies, more
than 950 million SNPs of the human genome are registered
in database dbSNP (https://www.ncbi.nlm.nih.gov/projects/
SNP/snp _summary.cgi) (Sherry et al., 2001); furthermore,
rare SNPs with a frequency (prevalence in the population) of
less than 1 % constitute more than 90 % of the total number
of SNPs. It seems unlikely that the vast majority of identified
variations can be important for the phenotype, but some of
them certainly form the genetic basis of phenotypic traits,
including predisposition to various diseases. In recent decades,
major efforts have been applied to the search for such SNPs.
The most popular approach (which started back in the
1980s) to the identification of trait-related SNPs has been the
determination of associations with diseases for SNPs found
in candidate genes (Lander, Schork, 1994; Ring, Kroetz,
2002), and in this context, only SNPs affecting the protein-
coding part of a gene have been investigated (Cooper, 1998).
Somewhat later, there has been some interest in elucidating
the functionality of variants located in noncoding regions of
genes, i.e., in determining an effect of such variants on a cer-
tain molecular phenotype. In particular, it has been shown that
such SNPs affect transcription factor-binding sites (TFBSs),
thereby leading to changes in the expression of the respective
genes (Ludlow et al., 1996; Piedrafita et al., 1996; Knight
et al., 1999; Vasiliev et al., 1999). Nonetheless, these few

functional studies have remained almost invisible against the
backdrop of a huge wave of research aimed at identifying asso-
ciations.

The productivity of detection of disease-associated SNPs
increased dramatically with the advent of the genome-wide
association study (GWAS) technology in the mid-2000s
(Fig. 1, a), which is based on an unbiased — not based on any
ideas about the formation of a trait — principle of a genome-
wide search for SNPs associated with the trait (Visscher et
al., 2012; Tam et al., 2019). To date, more than 72 thousand
associations of genetic variants with traits have been found
by GWASs (GWAS Catalog, https://www.ebi.ac.uk/gwas/),
thus allowing to find many new genes and systems of genes
associated with predisposition to various diseases (Buniello et
al., 2019; Tam et al., 2019; Claussnitzer et al., 2020).

Nevertheless, GWAS technology does not provide any in-
formation about the functionality of the detected variants,
thereby making it very difficult to elucidate the molecular
mechanisms underlying the development of a pathology
and hence to develop effective methods for its treatment and
prevention. Additionally, based on results of GWASSs, it is
almost impossible to distinguish a truly disease-associated
variant from the many marker variants that are detected due to
linkage disequilibrium (Lappalainen, 2015; Tam et al., 2019;
Zhao et al., 2020). It is also known that most SNPs identified
by GWASSs are located in the noncoding part of the genome
and, as a rule, in its regulatory regions (e. g., promoters and
enhancers) (Hindorff et al., 2009; Maurano et al., 2012;
Bryzgalov et al., 2013; Farh et al., 2015); these data imply
an influence of such SNPs on the binding of transcription fac-
tors (TFs) and on gene expression. Thus, a need for research
on functional interpretation of data from GWASs — both at
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Fig. 1. Genome-wide approaches to the analysis of SNPs.

a, The principle of GWASs; b, the scheme of eQTL analysis for each SNP. A search for allele-specific events: ¢, expression (allele-specific expression, ASE) and

d, binding (allele-specific binding, ASB).

the level of individual potentially regulatory SNPs (rSNPs)
and at the level of all such variants collectively — has become
obvious. In addition, because the GWAS technology greatly
underestimates the actual number of associations owing to
the required strict thresholds in statistical processing (Tam et
al., 2019), investigators have recognized the need to develop
GWAS-unrelated large-scale function-based approaches to
the search for rSNPs (Westra, Franke, 2014; Maurano et al.,
2015; Cavalli et al., 2016b; Korbolina et al., 2018).

Of the genome-wide function-based approaches, the first
in timing of emergence (almost simultaneous with the start
of the application of the GWAS technology) is analysis of
expression quantitative trait loci (eQTLs) (see Fig. 1, b). This
analysis, by means of transcriptome data (earlier, microarray
data have been employed, then data from high-throughput
RNA sequencing [RNA-seq] started to be used), determines
for each SNP a difference in the level of expression of in-
dividual genes among homozygotes and heterozygotes for
different alleles of this SNP (Westra, Franke, 2014; GTEx
Consortium, 2020). Somewhat later, techniques were devised
for finding allele-specific events both in data from RNA-seq
(allele-specific expression [ASE] events) (see Fig. 1, ¢) (Cas-
tel et al., 2020; Fan et al., 2020) and in data from ChIP-seq,
DNase-seq, and ATAC-seq (allele-specific binding [ASB]
events) (see Fig. 1, d) (Maurano et al., 2015; Cavalli et al.,
2016a, b; Xu et al., 2020; Korbolina et al., 2021). Massive
function-based approaches also include massively parallel
reporter assay (MPRA), SNP-seq, and SNP-SELEX (Zhang
etal., 2018; Lu et al., 2021; Yan et al., 2021).

At the beginning of this review, using the latest studies as
examples, we examine rSNPs that are (i) associated with the
development of pathologies according to results of GWASs
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and are (ii) characterized in detail in terms of their influence
on an interaction with a TF and on the expression of nearby
or distant genes. Next, the review describes the application of
functional genomics methods to interpretation of data from
GWAS:s and to the search for new regulatory variants without
GWAS:s. In the course of the presentation, strengths and weak-
nesses of these approaches are shown, as is the importance
of comprehensive use of GWASs and functional genomics
methods to reveal the role of SNPs in molecular aberrations
underlying the development of a pathology.

Functional interpretation of data from GWASs

at the level of individual rSNPs

A wide range of experimental methods are utilized to func-
tionally study individual possible rSNPs. At initial stages,
classical methods are usually used: analysis of DNA-probe
retardation in a gel by nuclear extract proteins (electrophoretic
mobility shift assay, EMSA) and a reporter assay (analysis of
reporter gene expression under the control of allelic variants
of the SNP region), which allow a researcher to detect an
influence of an SNP on the binding of some TF or on reporter
gene expression, respectively (Antontseva et al., 2015; Fang
etal.,2017). To identify the TFs the binding sites of which are
affected by nucleotide substitution, scientists perform EMSA
using appropriate antibodies or purified TFs (Piedrafita et al.,
1996; Knight et al., 1999; Vasiliev et al., 1999; Jiang et al.,
2020), chromatin immunoprecipitation with detection of al-
lele asymmetry in a PCR product (ChIP-AS-qPCR) (Gao et
al., 2018; Choi et al., 2020; Thynn et al., 2020; Protze et al.,
2022), and mass-spectrometric analysis of proteins isolated
from complexes with oligonucleotides containing minor al-
leles (Fang etal., 2017; Liu D. et al., 2018; Choi et al., 2020).
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An impact of a nucleotide substitution in the identified
TFBSs on their potential target genes is confirmed by ex-
periments with downregulation or artificial upregulation of
genes of the corresponding TFs or by studying the effect of
point mutations introduced into the TFBS using CRISPR/
Cas9 technology (Prestel et al., 2019; Gutierrez-Arcelus et
al., 2020; Pan et al., 2020; Thynn et al., 2020; Wang Y. et al.,
2020; Wang X. et al., 2021). Lately, an increasingly popular
approach in this field of research on SNPs has also been the
determination of allelic imbalance of the expression for SNPs
located in transcribed regions of genes. Nonetheless, it is worth
noting that such an SNP can be either an rSNP proper (Syddall
et al., 2013; Klein et al., 2019) or a marker SNP in a linkage
group with an rSNP located in a nontranscribed region (Fang
etal., 2017; Li X.-X. et al., 2019; Peng et al., 2020).

Various combinations of these techniques are employed in
modern research, as illustrated by the examples below.

rs36115365
A textbook example of a well-studied rSNP is rs36115365
(G/C), which is situated at a locus associated with various
types of cancer according to data from GWASs (chr5p15.33:
region 2). At this locus, a correlation analysis has revealed
nine SNPs (2> 0.60, 1000G EUR population) associated with
pancreatic cancer, testicular germ cell tumor, lung cancer, and
melanoma. To screen all nine SNPs for regulatory activity,
EMSA and reporter assay were performed by means of eight
human cell lines (Fang et al., 2017). The use of several cell
lines is a common practice in such studies (Bryzgalov et al.,
2013; Boldes et al., 2020) and is aimed at the highest possible
coverage of events of interaction of TFs with their binding
sites; the reason is substantial differences in the sets of TFs ex-
pressed in different cell types (Tobias et al., 2021). The screen-
ing analyses identified only SNP rs36115365 as potentially
regulatory, and its C allele showed both much better binding to
a certain protein in the EMSA and greater activation of reporter
gene expression as compared to the G allele (Fang et al., 2017).
rs36115365 is located ~18 kilobase pairs (kbp) upstream
of the start of the TERT gene (encoding reverse transcrip-
tase of the telomerase complex) and approximately 5 kbp
downstream of the end of the CLPTMIL gene. According
to the results of ChIP-seq (chromatin immunoprecipitation
followed by sequencing of DNA from the precipitates) from
project ENCODE (Moore et al., 2020), this SNP’s location
overlaps with many TFBSs, and this region is enriched with
active chromatin histone marks, which is typical for enhancer
regions. Inactivation of this region by small-interfering-RNA-
mediated transcriptional silencing (Malecova, Morris, 2010)
results in downregulation of only the TERT gene. To identify
the TF the binding site of which changes as a consequence
of the substitution of G with C, the binding of proteins from
nuclear extracts to oligonucleotides containing minor alleles
was implemented, followed by mass-spectrometric analysis of
the bound proteins. After an analysis of the obtained peptides,
four TF candidates that prefer the C allele were proposed:
ZNF148, VEZF1/ZNF161, ZNF281, and ZNF740. In EMSA
involving specific antibodies to these TFs, only ZNF148 was
confirmed, which was subsequently verified by means of
the purified ZNF148 protein in an experiment. A small-in-
terfering-RNA-mediated knockdown of ZNF148 gave a de-
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finitive answer because it reduced TERT expression and te-
lomerase activity and shortened telomere length. Thus, the
C allele corrects the binding site of ZNF148, enhances the
expression of TERT and, as a consequence, increases the risk
of carcinogenesis (Fang et al., 2017).

rs174575

According to GWASs, rs174575 (C/G) correlates with an
elevated risk of colorectal cancer (Tian et al., 2020). This
SNP is located in the first intron of the delta-6-desaturase
gene (FADS?) at a distance of +41.5 kbp from its transcription
start site and at a distance of —178.8 kbp from the transcription
start site of the gene of long noncoding RNA AP002754.2.
The rs174575 region in chromatin is enriched with histone
modifications characteristic of active regulatory regions
(H3K4mel, H3K4me3, or H3K27ac), and judging by DNase-
seq data (identification of sites of hypersensitivity to DNase I)
and findings of ATAC-seq (assay for transposase-accessible
chromatin), corresponds to open chromatin (ENCODE). The
hypothesis of a regulatory role of rs174575 is supported by
eQTL analysis data, which show an association of the G allele
with overexpression of F4DS2 and AP002754.2.

Computer analysis of DNA motifs using Web services Cis-
trome (Zheng et al., 2019) and JASPAR (Fornes et al., 2020)
has revealed that in the case of rs174575, the replacement of
G with C damages the binding site of TF E2F1, and the data
of ChIP-seq from ENCODE, obtained on colorectal cancer
LoVo cells, indicate that E2F1 is mapped to the location of
this SNP. A cross-competitive EMSA has confirmed better
binding of a certain nuclear extract protein to the G allele,
and that this protein is E2F1 has been demonstrated by ChIP-
qPCR with appropriate antibodies. For instance, in cell lines
with different genotypes —HCT116 (CG), SNU-C1 (CG), and
HT115 (CC) —astronger binding of E2F1 is observed in cells
carrying the G allele. A study involving reporter constructs has
also confirmed a higher enhancer activity of a DNA fragment
containing the G allele (Tian et al., 2020).

Direct contact between the region containing rs174575 and
promoters of FADS2 and AP002754.2 has been detected by the
chromosome conformation capture (3C) method, and it turned
out that the interaction was much more pronounced in cell lines
carrying the G allele. Further experiments indicated that over-
expression of AP002754.2 sharply raises the level of FADS?2
expression in HCT116 and LoVo cells, and a knockdown of
AP002754.2 by microRNA causes a decrease in the expression
of this gene, indicating a stimulatory role of AP002754.2 in
the regulation of the FADS2 gene. On the other hand, over-
expression of FADS2 or AP002754.2 significantly increases
the proliferation rate of HCT116 and LoVo cells, whereas a
knockdown of FADS2 or AP002754.2 significantly reduces
it. It has also been shown that overexpression of FADS2 and
AP002754.2 accelerates tumor growth in in vivo experiments
in mice. It is known that the product of the FADS?2 gene is a key
enzyme in the biosynthesis of polyunsaturated fatty acids,
including arachidonic acid, which in turn is a precursor of
prostaglandin E2 (PGE2), which promotes tumor growth and
metastasis. Thus, rs174575 acts as an allele-specific enhancer
that stimulates the transcription of F4DS2 and AP002754.2,
leading to an elevated risk of colorectal cancer in the case of
the G allele (Tian et al., 2020).
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rs4903064

According to GWASSs, 1s4903064 (T/C) is associated with
renal cell carcinoma, the most common type of kidney cancer
(Scelo et al., 2017). rs4903064 is located in the third intron
of the DPF'3 gene, which encodes a protein of the BAF sub-
family of the SWI/SNF chromatin-remodeling complex. The
predominance of the C allele of rs4903064 in tumor tissue
samples from patients with clear-cell renal carcinoma has
been demonstrated, in contrast to both normal kidney tissues
and tumor tissue from individuals with papillary renal cell
carcinoma and individuals with chromophobe renal cell carci-
noma. In this context, a measurement of the ratio of alleles in
DPF3 pre-mRNA in patients with clear-cell renal carcinoma
heterozygous for rs4903064 has confirmed a skew toward the
C allele (Protze et al., 2022).

According to ATAC-seq data obtained on primary renal
cancer cells, rs4903064 is located in an open chromatin
region, in a putative enhancer. Given that the substitution of
T with C (rs4903064) creates a potential binding site for TF
HIF, a reporter analysis has been performed on HelLa and
MCEF-7 cell lines, showing that an increase in reporter gene
expression takes place only in the case of the C allele and
only when cells are treated with a specific stabilizer of HIF:
dimethyloxalylglycine. Knockouts of various isoforms of
HIF have revealed that the increase in reporter activity upon
stimulation with dimethyloxalylglycine depends on HIF-1a.
By means of ChIP-qPCR in primary renal tubular cells with
different genotypes of 14903064 (TT, CT, and CC), enhanced
binding of HIF-1a and HIF-1 to risk allele C has been con-
firmed. To elucidate the role of overexpression of DPF3 in
the development of clear-cell renal carcinoma, a knockout of
DPF3 has been performed in cells of proximal renal tubules
using CRISPR/Cas9 technology. It was demonstrated in that
report that cells with defective expression of DPF3 grow more
slowly than control clones of the corresponding cells, suggest-
ing that increased expression of DPF3 in proximal tubule cells
stimulates proliferation (Protze et al., 2022).

rs17114036

rs17114036 (T/C) is associated with coronary heart disease
and ischemic stroke according to GWASs (Dichgans et al.,
2014). This SNP is located in the 5th intron of the PLPP3
gene, encoding phospholipid phosphatase 3, which inhibits
inflammation of endothelium and contributes to the integrity
of'its monolayer (Panchatcharam et al., 2014; Wu etal., 2015).
Experiments with ATAC-seq and ChIP-seq (H3K27ac and
H3K4me2) performed on human aortic endothelial cells
(HAECs) have identified the region containing rs17114036 as
a potential enhancer. The enhancer activity of this region was
confirmed by reporter analysis, whereas protective allele C (as
compared to the T allele) significantly increased the activity of
luciferase upon transfection of vector constructs into HAECs.
A deletion of a 66-bp region containing rs17114036 by means
of CRISPR/Cas9 significantly reduced the expression of
PLPP3 as compared to the unedited genome and enhanced the
permeability of the monolayer of edited HAECs. As a result of
modeling hemodynamic processes, an increase in the activity
of the studied enhancer (containing the C allele) in HAECs was
shown with an 18-hour “atheroprotective” flow as compared
to an “atherogenic” flow, while no effect of the T allele was
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found. It turned out that the substitution of the T nucleotide
with C creates a binding site (CACC) for the KLF2 protein,
as confirmed by ChIP-AS-qPCR analysis in HAECs hetero-
zygous for rs17114036. Cotransfection experiments with a
plasmid causing overexpression of KLF2 also showed higher
luciferase activity in the case of the tested enhancer carrying
the C allele (Krause et al., 2018).

rs4407214

rs4407214 (T/G) is associated with estrogen receptor-negative
breast cancer. In the HMEC cell line, an analysis of ChIP-seq
data from the ENCODE project regarding locations of marks
of active chromatin (H3K4m1, H3K4m2, H3K4m3, H3K9ac,
H3K27ac, H3K36m3, H3K79m2, H4K20m1, EZH2, and
H2AZ) has helped to find in the rs4407214 region a regulatory
locus in intron 1 of the WDR43 gene (a protein-coding gene
associated with rRNA processing and ribosomal biogenesis).
By EMSA, the researchers showed ASB of nuclear proteins
from MCF10A and CAL-51 cells to DNA probes mimicking
the region of this SNP’s location in the genome. Reporter gene
expression under the control of the identified regulatory region
on the same cell lines was also found to be allele-dependent
(Couch et al., 2016; Fachal et al., 2020).

Bioinformatic analysis was then performed using the
JASPAR database and available ChIP-seq data for this region
from the ENCODE project to identify the TFs the binding sites
of which are altered by the G-to-T substitution (rs4407214).
As a result, USF1 was identified as such a TF. A competi-
tive EMSA with nuclear proteins isolated from CAL-51 and
MCF10A cells confirmed the ASB of USF1 in the case of
the G allele. It was also demonstrated that CRISPR/Cas9-
mediated removal of the presumed regulatory region contain-
ing rs4407214 results in underexpression of PLBI (phospho-
lipase B1), which is located at a distance of ~400 kbp from
WDR43.

Mass interpretation of GWAS data

by functional genomics methods

Because results of GWASs tend to associate a trait (disease)
with multiple loci (Goldstein, 2009; Boyle et al., 2017), most
of which in turn contain many often coinherited SNPs (Tak,
Farnham, 2015; Schaid et al., 2018), it is very difficult to
choose among them the potential rSNPs involved in a disease’s
pathogenesis. To date, several effective experimental solutions
to this problem have been developed. First of all, these are
scaled up versions of the approaches utilized to investigate
individual rSNPs: a reporter assay (MPRA) and methods for
studying protein—nucleic acid interactions (Reel-seq, SNP-
seq, and SNP-SELEX) (Zhao et al., 2020; Lu et al., 2021,
Yan et al., 2021).

In particular, MPRA has been successfully used to find the
rSNPs that play a key role in the genetic predisposition to
lupus erythematosus (Lu et al., 2021). According to GWAS
findings, 3,073 SNPs in 91 loci are associated with this disease.
Those researchers constructed a barcoded library containing
12,396 170-bp oligonucleotides containing in the middle all
known variants of these 3,073 SNPs; these oligos were inserted
upstream of a minimal promoter placed before the eGFP gene.
An influence of a minor allele on enhancer activity of inserts
for 51 SNPs from 27 loci was demonstrated in the GM 12878
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cell line. The small number of identified rfSNPs can most likely
be explained by transfection of only one cell line; if several
cell lines had been tested, the number of rSNPs would have
been much larger due to expansion of the set of TFs involved
in the study. Similarly, in MPRA, 30 out of 832 SNPs (as-
sociated with melanoma risk according to GWASs) showed
a significant difference in the impact of minor alleles on re-
porter gene expression in the UACC903 melanoma cell line
(Choi et al., 2020). For one of these 30 SNPs (rs3982006),
which is located in intron 1 of the MX2 gene, the difference
was the largest. It turned out that risk allele A of rs398206
significantly enhances the binding of TF YY1 in vitro (in
EMSA) and in vivo (according to ChIP-AS-qPCR), thereby
upregulating MX2 and thus contributing to the initiation of
melanoma (Choi et al., 2020). Other examples can be found
in refs (Ulirsch et al., 2016; Liu S. et al., 2017; Kalita et al.,
2018; Klein et al., 2019).

By methodically similar Reel-seq and SNP-seq, which are
based on a comparative analysis of the binding of a TF to
oligonucleotides containing minor alleles, 521 potential rSNPs
have been selected out of 4,316 SNPs correlating with breast
cancer according to GWASs (Zhao et al., 2020) as well as
403 possible rSNPs out of 903 SNPs associated with prostate
cancer (Zhang et al., 2018). The largest study involving the
approach from this research group was published in 2021
(Yanetal., 2021). The approach was named SNP-SELEX. To
implement it, those authors used a library of 383,544 40-bp
oligonucleotides containing in the middle all possible alleles
of 95,886 SNPs. SNPs were chosen based on either their as-
sociation with type 2 diabetes mellitus in GWASs or localiza-
tion within a 500-kbp window containing a variant associated
with this pathology. By means of 270 recombinant TFs, those
authors conducted a multiplex analysis of their binding to
the oligonucleotides and identified 11,079 SNPs having an
appreciable allele effect on binding to at least one TF.

For mass interpretation of the results of GWASs, functional
genomics data from available databases are also widely used,
such as data on genome-wide profiles (ChIP-seq) of TFs’ bind-
ing (Li S. et al., 2020) and of histone modifications (Jones et
al., 2020), on open-chromatin genome-wide profiles (ATAC-
seq) (Corces et al., 2020), on three-dimensional chromatin
contacts (Corces et al., 2020), and on locations of enhancer
and superenhancer regions (Gong et al., 2018; Sun W. et al.,
2018; Nasser et al., 2021) as well as data from eQTL analysis
(Gamazon et al., 2018; Zheng et al., 2019; Barbeira et al.,
2021).

For example, 8,005 SNPs — either directly associated by
GWASs with major depressive disorder or present in the same
linkage group —have been mapped to ChIP-seq peaks obtained
from a brain tissue or cells of neuronal origin by means of
antibodies to 34 various TFs (Li S. et al., 2020). After that,
a search was performed for binding sites of the corresponding
TFs in the regions of the SNPs using a database containing
7,699 position weight matrices (Whitington et al., 2016),
and it was revealed that 34 SNPs disrupt the binding sites of
15 TFs. A reporter assay confirmed the effect of an allele on
gene expression for 29 SNPs. One of them, rs3101339, proved
to be located at a potential binding site of TF REST in the
promoter region of the NEGRI gene, whereas the substitution
of A with C considerably damaged the structure of this site,
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as evidenced by a decrease in reporter gene expression under
the control of an insert carrying the C allele. The influence of
rs3101339 on NEGRI gene expression in vivo was confirmed
by elimination of an appropriate DNA fragment via CRISPR-
Cas9 genomic editing. Since the product of NEGRI plays
an important part in the maintenance of required density of
dendritic spines, its underexpression when A is replaced by C
may substantially contribute to the development of a depres-
sive state (Li S. et al., 2020).

Data on genome-wide profiles of active-chromatin histone
marks are also turning out to be very informative for the
functional interpretation of GWAS results. For example, to
analyze many SNPs correlating with epithelial ovarian cancer,
they have been mapped in the region of ChIP-seq peaks for
H3K27Ac; these peaks were obtained by the researchers in
a study on 26 tissue samples of this type of cancer (Jones et
al., 2020). Then, using the motifbreakR tool (Coetzee et al.,
2015), among the mapped SNPs, 469 SNPs were selected in
which the nucleotide substitution substantially altered a bind-
ing site of some TF. The most frequent was the change in the
sequence of the binding site of TF REST, for which there are
data on its tumor-suppressive and oncogenic functions (Jones
etal., 2020). Besides, the use of ChIP-seq datasets on various
histone modifications from relevant databases in combination
with data and tools from a database of potential regulatory
variants (rVarBase) (Guo et al., 2016) has made it possible to
detect in superenhancers 286 and 366 possible rSNPs asso-
ciated with type 2 diabetes mellitus (Sun W. et al., 2018) and
coronary heart disease (Gong et al., 2018), respectively, that
alter the predicted TFBSs.

GWAS-unrelated function-based

approaches to identifying potential rSNPs

Modern massive function-based approaches to the identifica-
tion of potential rSNPs are mainly based on the registration
of an effect of a nucleotide substitution on some molecular
phenotype. This may be (i) determination (in transcriptomes)
of a difference in the expression level of individual genes
among homozygotes and heterozygotes for different alleles of
each SNP (eQTL analysis), (ii) identification of SNPs showing
asymmetry of enrichment within transcriptome data (RNA-
seq: ASE events) or within epigenomic data (DNase-seq,
ChIP-seq, and ATAC-seq: ASB events), or (iii) determina-
tion of an influence of an allele on reporter gene expression
by MPRA.

eQTL analysis

The term “eQTL” either means that there is a correlation
between a variant (eVariant) and the expression level of
a certain gene(s) (eGene[s]) (GTEx Consortium, 2017, 2020)
or refers directly to an SNP the alleles of which show such
a correlation; the term is used much more frequently in the
latter sense (Fairfax et al., 2014; Fan et al., 2020; Jiang et
al., 2020; Werling et al., 2020). Transcriptomic data obtained
using either microarrays (Fairfax et al., 2014; Westra, Franke,
2014) or RNA-seq (GTEx Consortium, 2020) are suitable
for finding eQTLs. These data are quite sufficient for the
detection of eQTLs located in transcribed regions (Goring et
al., 2007), whereas the identification of their entire set also
requires genome sequencing data (GTEx Consortium, 2020;
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Werling et al., 2020). In contrast to GWASs, which require
biological samples from many thousands of individuals (Tam
et al., 2019), several hundred participants are sufficient for
eQTL analysis (Westra et al., 2013; Fairfax et al., 2014; GTEx
Consortium, 2020). Nonetheless, just as in GWASs, in eQTL
analyses, the problem of distinguishing an SNP that is indeed
relevant to the formation of a trait — among marker variants
detected through linkage disequilibrium — is still relevant (Zou
etal., 2019; Umans et al., 2021).

The largest-scale project on obtaining transcriptomic data
and identifying eQTLs is international consortium GTEx,
within which RNA-seq data on 15,201 postmortem samples
of 49 tissues collected from 838 donors have been collected,
allowing to identify 4,278,636 eQTLs associated with changes
in the expression of 18,262 and 5,006 genes encoding proteins
and long intergenic noncoding RNAs, respectively (GTEx
Consortium, 2020).

There are other datasets of eQTLs, including those obtained
not on postmortem but on biopsy materials (Fairfax et al.,
2014; Stolze et al., 2020). For example, in a study by Stolze
et al., in an analysis of transcriptomes (RNA-seq) of the aor-
tic endothelium of 157 donors, the investigators identified
thousands of eQTLs not registered in the GTEx Consortium
data (Stolze et al., 2020). Fairfax et al. have employed CD14*
monocytes (derived from healthy individuals) treated in vitro
with either interferon gamma (for 24 h, 367 individuals) or
bacterial cell wall lipopolysaccharide (LPS) (2 and 24 h, 261
and 322 individuals, respectively). CD14* monocytes from
414 people served as controls there. Through microarray
RNA profiling and genotyping, 609,704 SNPs (minor allele
frequency > 0.04) were examined and 21,516 eQTLs were
detected, 24.6 % of which manifested themselves in control
cells, 21.6 % of which manifested themselves after 2 h of
treatment with LPS, and 25.4 and 28.3 % after 24 h treatment
with LPS and IFN-y, respectively. The results of this work
point to an important role of genomic variants in the nature
of transcriptomic response to a drug (Fairfax et al., 2014). In
conclusion, it should be noted that any dataset of transcrip-
tomic data obtained from hundreds or more individuals can be
used to search for eQTLs, as, for example, has been done by
us (Korbolina et al., 2021) with the help of data from RNA-
seq analysis of postmortem brain samples from 96 individuals
(Ramaker et al., 2017).

At present, quantitative expression trait loci analysis is
mainly utilized to identify groups of genes participating in
trait formation (Hormozdiari et al., 2016; Morrow et al.,
2018; Gamazon et al., 2019; Ratnapriya et al., 2019; Jaffe et
al., 2020). Additionally, its results are often used to prioritize
GWAS-identified SNPs for their subsequent rigorous expe-
rimental investigation. An example is 1513239597, which is
located in the TNPO3 gene promoter and associated with lupus
erythematosus and multiple sclerosis according to GWASs.
eQTL analysis of transcriptomes of lymphoblastoid cell lines
derived from 373 individuals has not revealed any impact of
rs13239597 on TNPO3 expression but uncovered a significant
association of the A allele of this SNP with overexpression of
the /RF5 gene [which is located 118 kbp away (Thynn et al.,
2020)], in agreement with findings of the GTEx Consortium
(GTEx Consortium, 2017). Next, an analysis of available
Hi-C data showed that /RF5 is one of 12 genes that are in
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direct contact with the rs13239597 region. A computational
analysis of motifs that potentially change affinity for a TF as
aresult of a nucleotide substitution (Coetzee et al., 2015) has
revealed four such TFs: EVI1, ERF, GATA1, and TAL1. By
ChIP-AS-qPCR, it has been demonstrated that EVI1 binds
much better to the rs13239597 region in the case of the A al-
lele as compared to the C allele (Thynn et al., 2020). Similar
examples can also be found in refs (Roca-Ayats et al., 2019;
Jiang et al., 2020; Tian et al., 2020).

A large-scale search for ASE and ASB events

The development of next-generation-sequencing-based me-
thods of transcriptomic analysis (RNA-seq) and epigenomic
analysis (ChIP-seq, DNase-seq, and ATAC-seq) has opened up
aunique opportunity for quantifying a difference in the enrich-
ment of two alleles (an allele imbalance) of each heterozygous
polymorphic site of a diploid organism within the respective
dataset (Maurano et al., 2015; Cavalli et al., 2016a, b; Castel
et al., 2020; Fan et al., 2020; Xu et al., 2020; Korbolina et
al., 2021). An important feature of these approaches to the
identification of potential rSNPs — in contrast to eQTL analysis
(and even more so in contrast to GWASs investigating SNPs
of many individuals in various genomic contexts and living
conditions) — is that allele-asymmetric events are recorded
for each individual and the backgrounds are identical. This
arrangement enables researchers to obtain reliable data when
studying a very small number of individuals, down to one
(Harvey et al., 2015). An increase in sample size is required
only for involving in the analysis a larger number of SNPs that
are in a heterozygous state. For instance, calculations show
that data from 20 individuals theoretically allow to determine
ASE or ASB events for 65-70 % of SNPs that have a popula-
tion frequency of >5 % (Cavalli et al., 2016a).

For this reason, possibilities of pharmacogenetic and phar-
macogenomic projects become much more abundant. The
most striking example of such a project is a simultaneous
analysis of allele-specific effects of 50 substances (steroid
and peptide hormones, nutrients, commonly used drugs, and
a number of environmental pollutants) in primary cultures of
five cell types (LCLs, PBMCs, HUVECs, SMCs, and mela-
nocytes), each of which is represented by cell samples from
three individuals (Moyerbrailean et al., 2016). An analysis
of the resultant transcriptomic data helped to identify more
than 300 SNPs, an imbalance in the enrichment of the al-
leles of which within transcriptomes emerged or increased
significantly in response to treatment with one or another
drug. Via the same approach, inducer (LPS of the bacte-
rial cell wall)-dependent ASE events have been identified in
19 immune response genes by an analysis of transcriptomes
of blood mononuclear cells from eight individuals (Edsgard
et al., 2016) as well as 561 ASE events responsive to treat-
ment of CD4* T cells (from 24 genotyped individuals) with
immobilized anti-CD3/CD28 antibodies (Gutierrez-Arcelus
et al., 2020). These results open up a new — unrelated to any
a priori hypothesis — way to elucidate mechanisms of indi-
vidual sensitivity to drugs.

The largest dataset of ASE events at present, containing
431 million such events, is derived from data on RNA-seq and
whole-genome sequencing from the GTEx Consortium (GTEx
Consortium, 2020) and is published in a paper by Castel et
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al. (Castel et al., 2020). This dataset can serve as a source for
mass discovery of rSNPs, for example, in a comparison with
data from GWASSs or from eQTL analysis. It is worth noting
that in the absence of whole-genome sequencing data, relevant
information can be acquired by more sophisticated methods
of bioinformatic search for allele-specific events directly in
RNA-seq data (Harvey et al., 2015; Moyerbrailean et al., 2016;
Fan et al., 2020; Korbolina et al., 2021).

ChIP-seq experiments based on antibodies to various TFs
make it possible to directly register events of allele-asym-
metric interaction of these proteins with their binding sites
in the case of a heterozygous state of SNPs at these sites.
In a pioneering work in the laboratory of Claus Wadelius,
they analyzed all the then-available data from the ENCODE
project on binding profiles of TFs in cell lines GM12878
(B cells), HI-hESC, K562, and SK-N-SH, thereby revealing
9,962 SNPs featuring an allelic imbalance in the binding of
a TF (ASB) (Cavalli et al., 2016b). By the same approach,
3,713 SNPs have been found showing an allelic imbalance
in the binding of TFs in HepG2 and HeLa-S3 cells; testing
39 of them in a luciferase reporter system has confirmed the
effect of an allele on reporter gene expression for 27 SNPs
(Cavalli et al., 2016a). A detailed analysis of one of them,
rs953413, indicates that the A allele disrupts the binding site
of TF FOXA, resulting in reduced binding of not only this
TF but also of TF HNF4a cooperatively interacting with it,
thereby ultimately leading to underexpression of ELOVL2
and possibly serving as a factor in the pathogenesis of non-
alcoholic fatty liver disease (Pan et al., 2020).

Because allele-asymmetric alterations in profiles of histone
modifications and of open chromatin can reflect SNP-induced
changes in the binding of TFs (Kar et al., 2014; Hatayama,
Aruga, 2018; Huang et al., 2018; Yi et al., 2020), these data
are also widely utilized to find ASB events. For instance, Mau-
rano et al. (Maurano et al., 2015) have examined 493 open-
chromatin profiles (DNase-seq) obtained in various cell
lines, where 64,599 SNPs with ASB have been found. Their
bioinformatic analysis using position weight matrices for
2,203 motifs of TFBSs from different sources indicates that
most of the identified SNPs can affect the binding of TFs
and hence the accessibility of the respective DNA regions
to DNase I (Maurano et al., 2015). A newer technique for
detecting open chromatin, ATAC-seq, is based on the ability
of a hyperactive mutant of Tn5 transposase to detect open
DNA regions in chromatin (Marinov, Shipony, 2021) and is
also used to search for ASB events. In particular, it has been
employed to identify 53 rSNPs in breast cancer MCF-7 cells
and 125 rSNPs in a line of human mesenchymal stem cells
(MSCs); in total, 30 % of the rSNPs found in MCF-7 cells and
43 % of those found in MSCs have been identified as eQTLs
in GTEx data, indicating their influence on gene expression
(Xu et al., 2020). Examples of use of data from ChIP-seq
(involving antibodies to histone marks) for registering ASB
events can be found in refs (Sun J. et al., 2016; D’Oliveira
Albanus et al., 2021; Li M. et al., 2021).

The combination of searches for ASE events and ASB
events can be considered the most productive approach to
identifying rSNPs. For example, in our work (Korbolina et
al., 2018), at first, ASB events were identified in ChIP-seq
data from the ENCODE project for histone modifications
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H3K27ac, H3K4mel, H3K4me2, H3K4me3, and H3K27me3
as well as for 456 TFs and their associated proteins in human
cell lines K562, MCF-7, and HCT-116. Then, by means of
RNA-seq data obtained from the same cell lines, SNPs (rSNPs)
that are associated with changes in gene expression levels were
identified. According to GWASs, out of 1,633 rSNPs found in
this way, 27 have shown associations with cancers (Korbolina
etal., 2018), and 14, with cognitive disorders (Bryzgalov et al.,
2018). Another 30 rSNPs have been implicated in colorectal
cancer with the help of data from the International Cancer Ge-
nome Consortium (ICGC) (Seshagiri et al., 2012). Genotyping
of patients with colorectal cancer and healthy individuals for
six of these SNPs has revealed an association of rs590352,
154796672, and rs2072580 with this disease (Leberfarb et al.,
2020). A correlation with breast cancer has been found for
rs2072580 (Degtyareva et al., 2020). Later, the same approach
has allowed to identify 14,266 rfSNPs during the processing
of data obtained in a study by Reyes-Palomares et al. (Reyes-
Palomares et al., 2020) on H3K4me3 histone marker profiling
(ChIP-seq) and RNA-seq data on pulmonary-artery epithelial
samples from 19 individuals (Korbolina et al., 2021).

MPRA

Research into the effect of polymorphic-site alleles on reporter
gene expression via simultaneous transfection of hundreds
and thousands of barcoded plasmid constructs into eukaryotic
cells with subsequent transcriptome sequencing is also an
informative approach to finding rSNPs (Vockley et al., 2015;
Tewhey et al., 2016; Movva et al., 2019). The largest-scale
study based on this approach has been conducted in the labora-
tory of Bas van Steensel (van Arensbergen et al., 2019). Using
a promoterless plasmid and fragmented genomes (fragment
length 150-500 bp) of four individuals belonging to diffe-
rent ethnic groups, two barcoded libraries were constructed
for each individual, where inserts were expected to play the
role of a promoter. At the same time, on the basis of data on
transcription initiation in enhancer regions (Natoli, Andrau,
2012; van Arensbergen et al., 2017), those authors expected
to detect not only promoters but also enhancers. The use of
DNA from humans of genetically distant ethnic groups al-
lowed those investigators to hope for an analysis of the largest
possible number of polymorphic sites that are homozygous
for different alleles in at least two of those people.

After transfection of K562 and HepG2 cells with the result-
ing libraries, 19 and 14 thousand potential rSNPs, respectively,
were found, most of which did not overlap, once again indicat-
ing tissue specificity of the supragenomic (protein) regulatory
machine. The identified SNPs showed significant enrichment
within regulatory regions of the genome. In this case, the
enrichment (approximately 15-fold) was three times higher
in promoter regions than in enhancer regions (approximately
5-fold); this outcome is obviously due to the design of the
reporter constructs. For several rSNPs, by mass-spectrometric
analysis of proteins interacting with oligonucleotides contain-
ing minor alleles, those authors were able to identify TFs the
binding sites of which are altered by a nucleotide substitution.
In particular, the A allele of 15623853 was found to disrupt
the binding of TFs of the ELF family, whereas the C allele of
1s554591 weakens the binding of ZNF787 while enhancing
the binding of KLF and SP (van Arensbergen et al., 2019).
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Fig. 2. The scheme of an integrative approach to the search for SNPs func-
tionally important for the development of a trait (pathology) on the basis
of two opposite principles: from an association with a trait to its function
(solid arrows) and vice versa, from a function to a trait (dashed arrows).
Cross-containing arrows show ways to increase the evidence base for
functional significance of sets of SNPs, and dotted arrows represent ways
to study individual SNPs in detail.

Conclusion

Programs — of coordinated switching on, switching off, and
changes of the expression of various genes — that underlie
(1) ontogenesis events, (2) the existence of many types of
differentiated cells, and (3) the abilities of cells to respond to
various factors of the external and internal environment are
implemented by the regulatory part of the genome of multicel-
lular organisms. The information encoded in the regulatory
regions is converted into a desired pattern of gene expression
primarily via the binding of TFs to specific sequences in the
regulatory regions (e. g., promoters, enhancers, and silencers)
(Lan et al., 2012; Merkulova et al., 2013; Dubois-Chevalier
et al., 2018; Chen, Pugh, 2021; Tobias et al., 2021). Accord-
ing to present-day concepts, the SNPs located in regulatory
regions of genes, affecting binding sites of TFs, and changing
the level of gene expression play a central part in the varia-
tion of phenotypic traits, including predisposition/resistance
to multifactorial diseases (Maurano et al., 2015; Deplancke
et al., 2016; Carrasco Pro et al., 2020). In this regard, there
is a strong interest both in functional interpretation of SNPs
having an association with various diseases (primarily ac-
cording to GWAS data) and in the development of massive
function-based approaches to the discovery of rSNPs. Inter-
pretation of data from GWASs is carried out either at the level
of individual SNPs or for all SNPs collectively by a variety
of functional genomics techniques (Fig. 2). Meanwhile, the
same methods of functional genomics are used for personal
searches for rSNPs, but at the same time, it is necessary to
solve the inverse problem: determining a relation between the
found rSNPs and a trait (disease). The most popular solution
to this problem is to compare the obtained data with available
information from GWASs (see Fig. 2). On the other hand, in
this way, usually only 1.5-3.0 % of found rSNPs are impli-
cated in various traits (Cavalli et al., 2016b, 2019; Korbolina
et al., 2021). In this regard, it seems very promising to take
advantage of results of eQTL analysis, enabling an investiga-
tor to determine an influence of many specific rSNPs on the
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expression of fairly large groups of genes, the subsequent
analysis of which by modern functional annotation tools (Gene
Ontology, Kyoto Encyclopedia of Genes and Genomes, and
others) allows to get an idea about a possible affected trait
(Korbolina et al., 2021).

To sum up, there are two approaches — based on opposite
principles — to finding SNPs that are important for the develop-
ment of a trait (pathology): on the one hand, starting from data
on an association of an SNP with some trait, and on the other
hand, starting from determination of allele-specific changes at
the molecular level (in the transcriptome or regulome). It can
be concluded that comprehensive use of the two approaches
appreciably enriches our knowledge about the participation
of genetic determinants in molecular mechanisms of trait
formation, including predisposition to multifactorial diseases.
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of hypohidrotic ectodermal dysplasias

V.A. Kovalskaia®), T.B. Cherevatova, A.V. Polyakov, O.P. Ryzhkova

Research Centre for Medical Genetics, Moscow, Russia
® kovalskaya@med-gen.ru

Abstract. Ectodermal dysplasia (ED) is a heterogeneous group of hereditary diseases of the skin and its ap-
pendages, which are characterized by impaired development and/or homeostasis of two or more ectoderm deriva-
tives, including: hair, teeth, nails, sweat glands and their modifications (mammary glands, for instance). The overall
prevalence of ectodermal dysplasia remains precisely unknown not only in Russia, but also in the world, nor is
known the contribution of individual genes to its structure. This complicates the DNA diagnosis establishment of
this disease due to the lack of an accurate diagnostic algorithm and a universal cost-effective method of analysis. To
date, the most highly-researched genes involved in the development of anhydrous or hypohidrotic forms of ED are
EDA, EDAR, EDARADD and WNT10A.The ectodysplasin A (EDA) gene is the cause of the most common X-linked form
of ED, a gene from the Wnt family (WNT10A) is responsible for the autosomal recessive form of the disease, and two
other genes (EDAR and EDARADD) can cause both autosomal recessive and autosomal dominant forms. This review
provides the characteristics of the genes involved in ED, their mutation spectra, the level of their expression in
human tissues, as well as the interrelation of the aforementioned genes. The domain structures of the correspond-
ing proteins are considered, as well as the molecular genetic pathways in which they are involved. Animal models
for studying this disorder are also taken into consideration. Due to the cross-species genes conservation, their
mutations cause the disruption of the development of ectoderm derivatives not only in humans, but also in mice,
cows, dogs, and even fish. It can be exploited for a better understanding of the etiopathogenesis of ectodermal
dysplasias. Moreover, this article brings up the possibility of recurrent mutations in the EDA and WNT10A genes. The
review also presents data on promising approaches for intrauterine ED treatment.

Key words: ectodermal dysplasia; EDA; tooth agenesis; Wnt family.
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MOJIEKVJISII)HO—I‘QHETI/I‘IGCK&H XapaKTepncCTmMKa
T'NITOTMAPOTNUYECKUX SKTOOEPMAJIbHBIX OVICTLIIa3um

B.A. KoBaabckas ®, T.B. Yepesarosa, A.B. IToaskos, O.IT. PprkkoBa

Mepnuko-reHeTUUECKUIA HayUHbIN LeHTp UM. akagemuka H.MN. boukosa, MockBa, Poccua
® kovalskaya@med-gen.ru

AHHOTaLUA. DKTOAepMabHble AUCMNA3UM — reTeporeHHas rpynna HacneACcTBEHHbIX 3a601eBaHNI KOXNU 1 ee Npu-
[laTKOB, KOTOPblE XapaKTepu3yTca HapyLeHeM pa3BUTUA /UK roMeocTasa AByX 1 6onee Npon3BOAHbIX SKTO-
LepMbl, BK/OYasA: BONOCbI, 3y6bl, HOrTW, MOTOBbIE »esle3bl 1 X MoAndUKaLmmy (Hanpumep, MOsIoYHble ene3bl). 06-
LasA pacnpoCTPaHeHHOCTb SKTOAEPMaSTbHbIX AMNCMIa3unii OCTaeTcA TOYHO HEeU3BECTHOW He Tonbko B Poccun, HO 1 B
MUPE, TaK >Ke KaK 1 BKNaj OTAENbHbIX FTEHOB B €e CTPYKTYpY. 910 3aTpyaHaeT JHK-anarHocTrKy faHHoro 3abonesa-
HUA BBUAY OTCYTCTBUA CTPOrOro anropuTMa ANarHOCTUKN 1 YHUBEPCANbHOMO, SKOHOMUYECKM BbIFOAHOIO MeToja
aHanusa. Ha cerogHAWHMI AeHb Hanbonee N3yyYeHHbIMY FreHamyi, BOBJIEYUEHHbIMY B Pa3BUTME aHTUAPOTUYECKON
WAV TUNorMapoTnyYeckon Gopm akTogepmanbHon aucnnasum sisnstotca EDA, EDAR, EDARADD v WNT10A. TeH aKTo-
ancnnasuHa A (EDA) cnynuT npuymnHOi camoin yacToi X-cuenneHHol GopmMbl SKToAepManbHOM AUCMNA3UN, FeH 13
cemenctea Wnt (WNT10A) oTBeyaeT 3a ayTOCOMHO-peLieccUBHY0 popMy 3aboneBaHus, a fiBa Apyrux reHa (EDAR n
EDARADD) moryT 6bITb MPUYMHON KaK ay TOCOMHO-PELIECCMBHbIX, TaK Y1 @y TOCOMHO-AOMMHAHTHbIX GopMm. B HacTos-
Lem nuTepaTypHOM 0630pe NpUBEAEHbI XapaKTEPUCTVIKA FEeHOB, BOBNIEUYEHHbIX B SKTOAEPMAlbHYIO AUCMNIA3NIo,
CNeKTPbl X MyTaLMI, YPOBEHb MX SKCNPECCUU B TKAHAX YeSIOBEKA, a TakKe B3aUMOCBA3b BbILLEYNOMAHYTbIX FEHOB
apyr c gpyrom. O6cyxaaeTca TakKe JOMeHHas CTPYKTYpa COOTBETCTBYIOLLMX OEMKOB, PaCCMOTPEHbI MONEKYNAPHO-
reHeTMyecKmne nyTn, B KOTOPbIE OHW MPEUMYLLECTBEHHO BOBJIEUEHDI, U OMMCaHbI XXMBOTHbIE MOAENMN ANA U3yye-
HWA AaHHOW maTonornv. Beray mexBugoBow KOHCEPBATUBHOCTM YNOMAHYTbIX F€HOB, MyTaLMK B HUX BbI3blBaOT
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HapyLleHUs pa3BUTUA NPOU3BOAHBIX IKTOAEPMbI He TONbKO Y YENOBEKA, HO 1 Y MblLLEN, KOPOB, COHaK 1 Aake pblo,
YTO MOXET ObITb MCMOMb30BaHO AJ1A JyYllero NOHUMAHUA TUOMATOreHe3a SKToAepPManbHbIX Ancnnasuii. bonee
TOro, B CTaTbe MOAHNMAIOTCA BOMPOChI O BO3MOXHbIX YacTbIX MyTaumax B reHax EDA n WNTT0A. NpreeaeHbl Takxke
[aHHble KacaeMo pa3pabaTbiBaemMbix NepCrnekTUBHbIX MOAXOA0B K BHYTPUYTPOOHOMY NleUeHUN0 SKTOAEPManbHOM

ancnnasunin.

KnioueBble cnioBa: aKToAepmManbHasa aucnnasus; EDA; areHe3uns 3y6oB; cemeinictso Wnt.

Introduction
Ectodermal dysplasia (ED) refers to a diverse set of molecular
genetic disorders that share a common feature of develop-
mental abnormalities or imbalances affecting two or more
ectodermal structures (Wright et al., 2019). Despite the fact
that the ectoderm determines the development of many organs
and tissues, such as: the central and peripheral nervous system,
pituitary gland, olfactory neuroepithelium, melanocytes, tooth
enamel, epidermis, including sweat glands, hair, nails, ED
primarily affects the latter group of ectodermal derivatives.

The exact prevalence of ED is uncertain due to limited
research and differing classification criteria across countries.
Nonetheless, some estimate that it may affect as many as 70
out of 100,000 newborns (Itin, Fistarol, 2004). Reported data
for the Danish population, collected from 1995 to 2010, indi-
cate that the prevalence of ectodermal dysplasia corresponds
to 21.9 per 100,000, and molecularly confirmed X-linked
ectodermal dysplasia — 1.6 per 100,000 (Nguyen-Nielsen et
al.,2013). Thus, ectodermal dysplasias, although they are not
among the most common hereditary diseases, have a wide-
spread presence and make a significant contribution to the
structure of dental, dermatological, and genetic pathologies.

This group of pathological conditions may have been
known since the end of the 18th century, however, the first
documented case of ectodermal dysplasia dates back to 1838,
when Wedderburn, in a letter to Charles Darwin, described
10 men from an Indian family suffering from partial absence
of teeth, baldness and excessive dry skin (Felsher, 1944). In
1848, two additional patients were reported by Thurman, and
another case was documented by Guilford in 1883. However,
only in 1929 the term “hereditary ectodermal dysplasia” was
introduced by Weech, who also introduced the term “anhi-
drotic” to describe individuals with ectodermal dysplasia who
exhibit a diminished ability to sweat. This term was subse-
quently replaced by “hypohidrotic” (Weech, 1929). Following
an analysis of 19 affected families in 1937, Siemens concluded
that the genetic etiology of ectodermal dysplasia could not
be explained by a single gene and one mode of inheritance.
Thus, it was realized that both dominant and recessive forms
of the disease were present, along with sex-linked forms that
exhibited phenotypic overlap but did not entirely replicate it
(Siemens, 1937). In 1939, Clouston noticed that despite similar
clinical data patients with manifestations of ectodermal dys-
plasia may differ significantly from each other in the extent of
sweat gland development. As a result, he classified them into
two broad categories: hypohidrotic type, which was limited
to only 4 cases, and hidrotic ectodermal dysplasia, which
encompassed over 50 patients (Clouston, 1939).

Further study of this nosological unit resulted in the deve-
lopment of the initial clinical classification by Freire-Maia and
Pinheiro (Freire-Maia, 1971; Freire-Maia, Pinheiro, 1988),

which has been widely employed in routine medical practice.
Their classification was based on the principle of involvement
of certain ectodermal structures in the pathological process.
They assigned to group A all conditions in which at least
two classical derivatives of the ectoderm were affected, such
as: hair, teeth, nails and sweat glands. Diseases assigned to
group B included deviations in only one of the four struc-
tures mentioned above and one additional ectodermal defect,
such as abnormalities of the ears, lips, or palmar and plantar
hyperkeratosis. The condition, which was characterized by
the presence of only ectodermal signs, they called pure ecto-
dermal dysplasia. The combination of ectodermal signs with
other anomalies was called ectodermal dysplasia syndrome
by the authors. In addition, all the classical structures of the
ectoderm were numbered, where 1 — hair, 2 — teeth, 3 —nails,
4 — sweat glands, in order to distinguish further the main
groups of ED: EDI — trichodysplasia, ED2 — dental dyspla-
sia, ED3 — onychodysplasia, ED4 — dyshidrosis (Deshmukh,
Prashanth, 2012). It is worth mentioning that the classifica-
tion proposed by Freire-Maia and Pinheiro did not consider
the molecular and genetic aspects of ectodermal dysplasia
and necessitated revision with the emergence of next-gene-
ration sequencing techniques and advancements in genomic
medicine.

At the end of 2019, a group of international experts asso-
ciated with the National Foundation for Ectodermal Dyspla-
sias (NFED) published a revised classification of ectodermal
dysplasia (ED) in the American Journal of Medical Genetics.
This updated classification system is based on the molecular
pathways involved in the development of ED and provides
amore precise list of pathologies than previous classifications.
Specifically, the new classification identifies 102 syndromes
that fall under the definition of ectodermal dysplasia, reflecting
a more comprehensive understanding of this complex condi-
tion (Wright et al., 2019). In addition to non-syndromic ecto-
dermal dysplasia, it included such heterogeneous syndromes
as: Coffin—Siris, Dubowitz, Hallermann—Streiff, Gorlin—Goltz,
Johanson—Blizzard and others, which does not meet the
criteria set by domestic terminology. In the Russian Federa-
tion, the term “ectodermal dysplasia” typically refers only to
non-syndromic forms of the condition, specifically anhidrotic
(hypohidrotic) and hidrotic forms (Kozlova, Demikova, 2007).
However, it is worth noting that these isolated forms are fully
consistent with the molecular etiology proposed by experts
from NFED.

The current understanding of ED suggests the involvement
of four major signaling pathways: EDA-mediated, WNT-,
NF-kB-, and TP63-mediated pathways. Of these, only the first
three have been implicated in the development of anhidrotic
forms of ectodermal dysplasia (Fig. 1) (Mikkola, 2009; Sadier
et al., 2015; Wright et al., 2019).
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Fig. 1. The major proteins involved in the development of ectodermal structures.

EDA is expressed on the cell surface, but its extracellular domain can be proteolytically cleaved to form a soluble signaling molecule
that binds to the ectodysplasin receptor (EDAR). EDAR interacts with the EDARADD protein, and further downstream signaling via
activation of the NFkB pathway leads to the expression of genes specific to the epidermis, hair, teeth, and nails. XL-HED - X-linked
hypohidrotic ectodermal dysplasia, AD-HED - autosomal dominant hypohidrotic ectodermal dysplasia, AR-HED — autosomal reces-
sive hypohidrotic ectodermal dysplasia, HED-ID — hypohidrotic ectodermal dysplasia with immunodeficiency.

Major genes involved in the development

of ectodermal dysplasia

The human EDA gene (also known as EDI, HED, EDAI,
EDA2, HEDI, ODTI1, XHED, ECTDI) is a protein-coding
gene responsible for the synthesis of ectodysplasin A, a type 11
transmembrane protein belonging to the tumor necrosis fac-
tor (TNF) family, which is involved in the transmission of
epithelial-mesenchymal signals during the morphogenesis of
ectodermal structures in humans (Bayés et al., 1998; Mikkola,
Thesleft, 2003).

The EDA (ectodysplasin A) gene is mapped on the X chro-
mosome, at the Xql3.1 locus, according to the main tran-
script (NM_001399.5), it contains 8 exons, with start and
stop codons in the first and last exons, respectively. A total
of 8 protein-coding isoforms have been described, differing
in length and function, but isoform 1 (EDA-A1), consisting
of 391 amino acids, is the main one and is the ligand for the
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EDAR receptor. Another isoform, known as EDA-2, is dis-
tinguished by the absence of Val307 and Glu308 in the TNF
domain and binds only to EDA2R, ensuring the subsequent
correct postembryonic functioning of various structures and
tissues (Kere et al., 1996). Both isoforms, EDA1 and EDA2,
through the EDAR and EDAZ2R receptors activate the NFkB
signaling pathway, but only the EDA1/EDAR interaction is
important in the development of ectoderm derivatives and
the disease (Newton et al., 2004). The precise reason why the
disruption of EDA-A2/XEDAR interaction does not lead to
the ectodermal dysplasia phenotype is currently unknown and
requires further investigation, however, studies have shown
that EDA-A2 is expressed primarily in aging adipose tissue,
arteries, heart, lungs, muscle, and skin, and may also regulate
glucose metabolism, and serves as a predictor of steatosis
aggravation in patients with non-alcoholic fatty liver disease
(Yang et al., 2015; Cai et al., 2021).
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Besides the C-terminal TNF domain (249-383 aa), ecto-
dysplasin A contains a collagen domain (180-229 aa), a furin
cleavage site (153—160 aa), and a transmembrane N-terminal
domain (42—62 aa) (Chen et al., 2001; www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi; www.uniprot.org/uniprot/Q92838)
(Fig. 2). Ectodysplasin A, as a member of the TNF-ligand fa-
mily, can function locally through direct intercellular contacts
as a complete membrane form. However, it predominantly acts
in its secreted form, which is generated through proteolytic
cleavage at a furin consensus site that releases the C-terminal
part of the protein as a soluble trimeric ligand. This ligand then
initiates downstream signaling by activating various proteins
(Elomaa, 2001) (see Fig. 1).

EDAR is another key protein in this molecular genetic
pathway, encoded by the gene of the same name at the
chr2q12.3 locus. As for the topology, the ectodysplasin A
receptor has an extracellular part, including a ligand-binding
domain (LBD) (13—148 aa), encoded by exons 2-5 and a cy-
toplasmic part, represented by a death domain, encoded by
exon 12 (354-428 aa) for interaction with the B-isoform of
EDARADD (Sadier et al., 2015; Zhang et al., 2020; www.
ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). The latter, in turn,
through the EDAR-associated death domain (124-189 aa)
and the TRAF6-binding site (27-31 aa) leads to subsequent
activation of the NF-kB pathway (Morlon et al., 2005; Asano
etal., 2021) (see Fig. 1).

The high degree of similarity between the human and
mouse genes facilitated the generation of several mutant
mouse lines in the 1990s (Headon, Overbeek, 1999; Trzeciak,
Koczorowski, 2015). It was observed that subjects lacking
EDA2R(XEDAR) did not exhibit any symptoms of ectodermal
dysplasia (Newton et al., 2004). However, individuals harbor-
ing recessive (downless) and dominant (Sleek) mutations in
the EDAR gene demonstrated significant disruption in the
development of ectodermal structures, such as sparse hair,
absence of cover behind the ear, and presence of abnormal
teeth, particularly incisors (Crocker, Cattanach, 1979). In the
phenotype of 7abby mutant (analog of human EDA) male
mice, there were found alopecia areata behind the ears, tail
alopecia, an absence of some vibrissae, abnormal fur texture
due to the absence of zigzag-shaped and protective hairs, and
an absence of sweat glands normally found on the paw pads
(Ferguson et al., 1997; Srivastava et al., 1997). In crinkled and
swh/swh mice, due to homozygous variants in the EDARADD
gene, a similar ectodermal dysplasia phenotype was observed,
and females were unable to feed offspring due to underdeve-
lopment of the mammary glands (Yan et al., 2002; Kuramoto
et al., 2005, 2011).

The highly conserved nature of the EDA-mediated pathway
has enabled the identification of a common phenotype in other
vertebrates, as well as distinct mutations in genes of interest
(Pantalacci et al., 2008). Notably, a long deletion spanning
exon 3 of the EDA gene was identified in four male calves,
resulting in a significant reduction in hair density on the head,
auricles, neck, back, and tail. These areas of the body exhibited
sparse hair growth, while teeth abnormalities such as partial
adentia and conical teeth were also observed (Drogemiiller
etal., 2001, 2002). In male dogs with a hemizygous mutation

MonekynapHo-reHeTnyeckasa xapakTepucTmKka 2023
rMNOrNAPOTUYECKNX IKTOAEPMaNbHbIX ANCNNA3MiA 27+6
EDA

42 62 153-160 180 229 249 383

™ coL TNF

Furin cleavage
EDAR
13 148 190 211 354 428
LBD ™ DD
EDARADD
124 189

‘ DD

TRAF6-binding site

Fig. 2. Domain structure of the main proteins involved in the EDA-me-
diated pathway.

TM - transmembrane domain; Furin cleavage - Furin cleavage site; COL - col-
lagen domain; TNF - tumor necrosis factor domain; LBD - ligand-binding do-
main; DD - death domain.

in the splicing acceptor site of exon 8 of the EDA gene, all
sweat glands were absent, they were completely devoid of
hair in the frontal part and in the pelvic region on the back.
Most premolars and some incisors were missing, and the
present teeth were mostly conical. Moreover, affected dogs
showed increased morbidity and mortality from pulmonary
infectious diseases compared to other dogs in the same envi-
ronment (Casal et al., 2005). Zebrafish and medaka mutants
with disturbances in EDA signaling (EDA and EDAR genes)
were observed to have lost fins and scales, lacked teeth, or had
abnormally-shaped teeth (Harris et al., 2008; Atukorala et al.,
2010). The situation was similar with marine and freshwater
sticklebacks: marine representatives of Gasterosteus aculea-
tus, in which the expression of the EDA gene is much higher,
demonstrated a more developed cover with 32 lateral plates,
while freshwater individuals were limited to 0-9 lateral plates
(O’Brown etal., 2015). Based on these data, the EDA pathway
probably controls the development of ectoderm derivatives in
all vertebrates (Sadier et al., 2014).

EDA is mostly expressed in endocrine organs (adrenals,
thyroid, ovaries), various parts of the brain and heart, the low-
est level of expression is observed in blood cells (TPM 0.18).
For cultured fibroblasts, this indicator is 0.89, which makes
them the most accessible object for studying EDA-transcripts
(www.gtexportal.org). Expression of EDAR and EDARADD
predominantly occurs in the bladder, esophageal mucosa, and
skin. However, it is also more efficient to study EDARADD
expression patterns on a culture of fibroblasts, while studying
the structure of mRNA and splicing disorders of EDAR-tran-
scripts is possible mainly only when using blood leukocytes
(www.gtexportal.org).
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According to the HGMD database, mutations in EDA, EDAR
and EDARADD are relatively evenly distributed throughout
the genes and affect all significant domains (www.hgmd.cf.
ac.uk). To date, 371 pathogenic variants have been described
in the EDA gene, 83 in EDAR, and 19 in EDARADD, includ-
ing missense and nonsense mutations that make up the major
part, deletions and insertions, including gross ones, as well as
splicing variants, affecting both canonical splicing sites and
leading to activation of cryptic ones (www.hgmd.cf.ac.uk).

To date, there is no record of classical recurrent mutations in
the genes related to the EDA-mediated pathway in any popula-
tion. However, some researchers have reported that variants
in EDA affecting amino acids R155 and R156 at overlapping
furin cleavage sites may amount to from 7 to 30 % (Vincent
et al., 2001; Chaudhary et al., 2022). This phenomenon can,
in particular, be explained by the presence of a CpG rich
region in exon 3 in arginine codons 155, 156, which, when
methylated, causes the so-called C-T transition (Chen et al.,
2001).

Another notable observation is that the majority of muta-
tions occurring in the EDA gene lead to X-linked hypohidrotic
ectodermal dysplasia (OMIM 305100), characterized by clas-
sic symptoms such as scalp hypotrichosis, nail dystrophy, oli-
godontia with conical incisors, and hypohidrosis (www.omim.
org). While male patients exhibit a more severe phenotype,
clinical manifestations can also be observed in females, even in
the absence of an unequal pattern of X-chromosome inactiva-
tion (Vincent et al., 2001). Up to 70 % of heterozygous female
carriers of pathogenic variants in the EDA gene demonstrate
one or more disorders: some degree of hypotrichosis, reduced
sweating, missing one or more teeth, underdevelopment of the
mammary glands, or problems with breastfeeding — the latter,
however, can only be fully assessed after puberty or pregnancy,
respectively (Wahlbuhl-Becker et al., 2017; Wohlfart et al.,
2020). Moreover, even within the same family, there is a cer-
tain variability in the phenotype (Caiiueto et al., 2011; Han et
al., 2020). Cases of selective tooth agenesis (OMIM 313500)
of the X-linked mode of inheritance, which were also caused
by pathogenic variants in the DA gene, are described. Despite
the fact that mutations leading to this phenotype have been
described in different protein domains of ectodysplasin A, the
presence of residual activity of the protein and the possibility
of'its binding to the EDAR receptor is probably the key factor
(Mues et al., 2010).

For the EDAR and EDARADD genes, both autosomal do-
minant and autosomal recessive forms of anhidrotic ectoder-
mal dysplasia have been described. Some authors believe
that dominant mutations are mainly localized in the domains
of protein-protein interactions, which leads to disruption of
oligomerization and a dominant negative effect (Sadier et
al., 2014). However, this assumption is not fully justified.
Thus, functional analysis of missense mutations p.D120Y,
p.L122R, and p.D123N located near the EDARADD death
domain proved not only their dominant nature, but also the
ability to significantly reduce the interaction with TRAF6 and
suppress the subsequent activation of NF-kB. The p.E152K
mutation in the heterozygous state, located directly in the
EDAR-associated death domain, on the contrary, was reces-
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sive and showed only a slight decrease in affinity for TRAF6
(Asano et al., 2021).

The V370A variant is a conservative amino acid substi-
tution in the EDAR gene identified in Asian and Latin Ame-
rican populations by whole genome sequencing (Park et al.,
2012). It is believed to be a gain-of-function mutation that
leads to a 2-fold increase in the activation of the NF-xB
pathway (Kataoka et al., 2021) and, accordingly, correlates
with increased hair thickness and special tooth morphology
in representatives of Asia and indigenous peoples of the USA
(Bryk et al., 2008). An interesting fact is that this variant was
selected, presumably in Central China, about 30,000 years
ago, and the presence in the genotype of pathogenic variants
in the EDA gene in the presence of V370A reduces the severity
of clinical manifestations of anhidrotic ectodermal dysplasia
(Cluzeau et al., 2011).

NEMO is another protein involved in the pathogenetic
cascade. Due to the fact that NF-xB also controls the im-
mune response and apoptosis, the clinical manifestations of
mutations in the NEMO gene are not only limited to damage
to ectodermal structures, but also include immune system dis-
orders, with the development, in particular, of anhidrotic ecto-
dermal dysplasia with immunodeficiency 1 (OMIM 300291)
(Smabhi et al., 2002).

Mutations in the WNT10A gene are the most common cause
of non-syndromic selective tooth agenesis (Xu et al., 2017;
Yu et al., 2019), but are also associated with the develop-
ment of hypohidrotic ectodermal dysplasia, odonto-onycho-
dermal dysplasia, and Schopf—Schulz—Passarge syndrome.
The WNTI10A4 gene encodes a protein of the same name,
a component of the canonical Wnt/B-catenin signaling path-
way that plays an important role in several stages of dental
morphogenesis, including activation of the mesenchymal
odontogenic potential during early tooth development, as well
as the induction and maintenance of primary and secondary
enamel nodes (Xu et al., 2017). Conversations are currently
in progress regarding the contribution of Wnt signaling to the
development and formation of hair follicles and skin structures
(Adaimy et al., 2007). The human Wnt-family includes genes
that show significant similarity to mouse wingless genes,
and therefore alopecia is consistently observed in WNT10A-
deficient mice (WNTI10A—/-), besides growth retardation,
kyphosis, and reproductive dysfunction (Wang et al., 2018).

Currently, 94 variants for WNT10A4 are described in the
HGMD database, however, only p.Cys107Ter (rs121908119)
and p.Phe228lle (rs121908120) variants have been suggested
to be located in hotspots. These mutations were the most
common among patients of Polish and Italian origin with
WNT10A-mediated ectodermal dysplasia (Castori et al., 2010;
Mostowska et al., 2012).

Treatment approaches of ectodermal dysplasia

At present, treatment options for ED are primarily aimed at
managing the symptoms to prevent complications. A targeted
and effective treatment approach is yet to be developed.
However, a phase 2 clinical trial (NCT04980638) involving
the intra-amniotic administration of ER004 to male fetuses
with confirmed X-linked ectodermal dysplasia is currently
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underway. ER004 is a novel signaling protein replacement
molecule that has been specifically designed to bind with high
affinity to the endogenous EDAR receptor. ER004 is believed
to function by providing a replacement for the deficient ecto-
dysplasin A protein in patients who have pathogenic variants in
the EDA gene. This replacement aims to facilitate the normal
development of essential ectodermal structures. The proposed
administration method is intra-amniotic, with a suggested dose
of 100 mg/kg fetal weight per injection. Treatment would
consist of a total of three injections administered at intervals
of three weeks, beginning at 26 weeks of gestation. In order
to evaluate the long-term efficacy and safety of the treatment,
individuals will be monitored for a period of 5 years. The end
of testing is scheduled for April 2029 (www.clinicaltrials.gov/
ct2/show/NCT04980638).

EDI200 is an additional drug currently being developed.
It is expected to be administered postnatally, between days 2
and 14 of life, in male patients diagnosed with X-linked ecto-
dermal dysplasia. The treatment would consist of five injec-
tions, each containing 3 mg/kg of the human ectodysplasin A
molecule. Similar to ER004, EDI200 also targets the activation
ofthe EDA-mediated pathway. In vivo experiments conducted
on XLHED-affected animals have demonstrated that a course
of EDI200 therapy, whether administered prenatally or post-
natally, can correct EDA deficiency. To evaluate long-term
efficacy and safety, individuals treated with EDI200 will be
monitored until they reach the age of 10 years (until March
of 2025) (www.clinicaltrials.gov/ct2/show/NCT01992289).

Conclusion

In Russia, molecular genetic studies of ectodermal dysplasia
have not yet been carried out; the contribution of mutations
of various ED genes remains unknown. The study of the full
spectrum of mutations in the ED genes will allow developing
an algorithm for the molecular genetic diagnosis of ectodermal
dysplasia.
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Abstract. The review describes the main methods for assessing directional selection in human populations. These
include bioinformatic analysis of DNA sequences via detection of linkage disequilibrium and of deviations from
the random distribution of frequencies of genetic variants, demographic and anthropometric studies based on a
search for a correlation between fertility and phenotypic traits, genome-wide association studies on fertility along
with genetic loci and polygenic risk scores, and a comparison of allele frequencies between generations (in modern
samples and in those obtained from burials). Each approach has its limitations and is applicable to different periods
in the evolution of Homo sapiens. The main source of error in such studies is thought to be sample stratification, the
small number of studies on nonwhite populations, the impossibility of a complete comparison of the associations
found and functionally significant causative variants, and the difficulty with taking into account all nongenetic
determinants of fertility in contemporary populations. The results obtained by various methods indicate that the
direction of human adaptation to new food products has not changed during evolution since the Neolithic; many
variants of immunity genes associated with inflammatory and autoimmune diseases in modern populations have
undergone positive selection over the past 2-3 thousand years owing to the spread of bacterial and viral infections.
For some genetic variants and polygenic traits, an alteration of the direction of natural selection in Europe has been
documented, e.g., for those associated with an immune response and cognitive abilities. Examination of the cor-
relation between fertility and educational attainment yields conflicting results. In modern populations, to a greater
extent than previously, there is selection for variants of genes responsible for social adaptation and behavioral
phenotypes. In particular, several articles have shown a positive correlation of fertility with polygenic risk scores of
attention deficit/hyperactivity disorder.
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[Tpo61eMbl M3YUEHMSI HAIIPaBJIEHHOTO eCTeCTBEHHOTO O0TO60pa
V uejioBeKa

C.B. MuxaraoBa

DepiepanbHblii NCCNeRoBaTENbCKUI LeHTP UHCTUTYT yutonorum u reHeTnkn Cnbrpckoro otaeneHns Poccuinckol akagemmnm Hayk, HoBocubupck, Poccus
& mikhail@bionet.nsc.ru

AHHoTayus. B 0630pe onncaHbl OCHOBHbIE METOLbI OLIEHKI HanpaBieHHOro 0T6opa B NONyNALUAX YenoBeKa. B ux
yncne bruonHbopmMaTMUecKunii aHanus nocnegosatesnbHocTeln IHK, oCHOBaHHbIM Ha BbIABIEHUN HEPABHOBECUA NO
cLenneHnto N OTKIIOHEHWA OT Clly4aliHOro pacnpeAesieHnA YacToT FeHETNYECKMX BapUaHTOB; fieMorpaduryeckue 1
aHTpOMoMeTpUYecKre NCCIeA0BaHNA, 3aKN0YaloWMeC B NMOMCKe KOppenaumMmn poxXaaemMocTy ¢ GeHOTUNNYeCKn-
MU NPU3HaKaMu; NOTHOreHOMHble OLieHKM accoumaumin GepTUIbHOCTY C FeHETUUYECKMMI TOKYCaMU U MOSITeHHbI-
MU VHAEKCaMU, a TaKxKe CpaBHEHMWe YacToT annesiell Mexay NokKoneHUAMM (Kak B COBPeMEHHbIX BbIOOPKax, Tak 1 B
nosyyYeHHbIX 13 3axopoHeHni [IHK). Kaxkabii 13 3TMX NOAXOA0B MMeET CBOU OrpaHNYeHrA U MPUMEHNM K Pa3HbIM
nepuogam 3sontounm Homo sapiens. OCHOBHbIMU UCTOYHMKaMM OLIMOOK B TaKUX MCCIEA0BAHMAX CUMTAIOTCA CTpa-
TMdurKauma BbIGOPOK, OrpaHNUYEHHOE YNCIO UCCIeA0BaHUM Ha HEEBPOMEOVAHOM HaceneHn, HeBO3MOXHOCTb
NMOMHOTrO COMOCTaBNeHNA HaAEHHbIX accoumaLnii  GyHKLMOHaNbHO 3HAUYMMBbIX Kay3aTUBHbIX BapMaHTOB, a Takxke
CJIOXKHOCTb yyeTa BCex HereHeTuyeckux pakTopos, onpeaenaowmx GepTuibHOCTb B COBPEMEHHbIX NOMYAALMUAX.
MonyyeHHble C NOMOLLbIO Pa3HbIX METOAO0B pe3yNbTaThl CBUAETENLCTBYIOT O TOM, YTO HamnpaBs/ieHne agantaumumn ye-
NI0BEKa K HOBbIM AN1A HEro NuLLEeBbIM NPOAYKTaM He MEHAETCA B XOAe 3BOMOLMM C HEONNTA; MHOTME 13 BapuaH-
TOB reHOB VIMMYHITETa, aCCOLMNPOBaHHbIX B COBPEMEHHbIX MONYNALMAX C BOCNANUTENbHLIMU 1 @y TOMMMYHHbIMU
3aboneBaHMAMU, NOABEPININCH NONOXMTENBHOMY OTOOPY B Mepuop nocineaHmx 2-3 TbiC. NeT B CBA3W C pacnpo-
CcTpaHeHnem 6aKTepranbHbIX 1 BUPYCHbIX MHOeKUWIA. Mo HEKOTOPbIM FreHeTUYECKMM BapuaHTaM 1 MONUreHHbIM
npr3Hakam NokasaHa CMeHa HanpaBieHNsA ecTeCTBEHHOro otbopa Ha TeppuTopun EBponbl, cpean HUX CBA3aHHbIe
C UMMYHHbBIM OTBETOM 1 KOTHUTUBHBIMU CMOCOOHOCTAMYU. AHaNM3 Koppenaummn GepTunbHOCTU 1 YPOBHA 06pa3o-
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Mpo6nembl U3yyeHus HanpasieHHOro
eCTeCcTBEHHOro 0T6Opa y YenoBeKa

BaHUA JaeT NPOTMBOPeUMBbIE pe3ysbTaTbl. B COBpeMeHHbIX Monynaumax B 60nbluel CTeNeHN, YeM paHee, Habnio-
Jaetcsa oT6op Mo BapvaHTaM reHOB, OTBEYAIOLWMX 33 COLMANbHYI0 aganTauuio 1 noseaeHyeckre GeHoTunbl. B Tom
yucne B HECKOMNbKUX paboTax NoKasaHa nosoxutesibHasa Koppenaumsa GepTuiabHOCTI C NOSIMIEHHbIMY VHAEKCAMU

CcMHApPOMa ,qed)vlu,ma BHI/IMaHI/Iﬂ/FI/II'IepaKTI/IBHOCTI/I.

KntoueBble croBa: eCTeCTBEHHbIN OT60p; Homo sapiens; (I)epTVIJ'IbHOCTb} aflanTayus; NosMreHHbIn NHAEKC; NOMHO-

reHOMHbI aHann3 accouunauunn.

Introduction

It has been shown that the prevalence of some diseases is
increasing in human populations around the world. These
include obesity (along with related disorders: type 2 diabetes
mellitus and coronary heart disease), attention deficit/hyper-
activity disorder (ADHD), autism spectrum disorders, and
allergic diseases (Charpin, Gouitaa, 2001; Saklayen, 2018;
Zeidan et al., 2022; Wolf et al., 2023). This phenomenon re-
quires new approaches in medicine, social services, education,
leisure, and nutrition of children and adolescents.

At the same time, there is no consensus on the causes of
the observed changes; numerous studies are being conducted
to find a relation of the diseases with the lifestyle, maternal
stress, and environmental pollution. The human environment
has changed dramatically in the last century with the advent of
new chemical compounds, the growth of anthropogenic pol-
lution, and the progress of medicine, including reproductive
technologies. Urbanization has led to an increase in population
density and social stress (Suvorov, 2021). The demographic
transition has caused the aging of populations; the extended
life expectancy affected the incidence of metabolic disorders
and cardiovascular pathologies. In addition, research on the
contribution of human genetics to the increased disease inci-
dence remains relevant. Standard approaches of medical ge-
netics aimed at finding associations of genetic variants with
diseases do not allow to answer the question of the direction
of selection in modern people; this is because (i) these di-
seases — especially in the postreproductive period — are not
directly related to the number of children an individual has,
(i1) homozygous or heterozygous carriage of a genetic variant
can affect fitness in different ways, and (iii) most diseases are
multifactorial, and the same is true for personality traits. Cur-
rently, several techniques are used to assess natural selection
in human populations.

Bioinformatic methods

The analysis of DNA sequences in large human cohorts al-
lows to estimate the direction of natural selection over the
past millennia. For this purpose, methods, algorithms, and
software packages have been developed based on estimates
of the frequency of polymorphic variants and linkage disequi-
librium in the areas of their location (Grossman et al., 2013;
Field et al., 2016; Palamara et al., 2018; Speidel et al., 2019;
Abondio et al., 2022). It is assumed that (a) longer haplotypes
(areas that have not undergone recombination) in any region
of the genome, (b) increased frequencies of derived alleles
in adjacent loci, (c) a greater difference in allele frequencies
between populations than could be expected during genetic
drift, and (d) a higher rate of substitutions at each position
(calculated from a genomic alignment of 100 vertebrate spe-
cies) may be indicative of directional selection in the genomic
region in question.

In a study performed on the 1000 Genomes database,
412 regions with signs of directional selection were analyzed
(Grossman et al., 2013). These regions proved to be enriched
with coding variants: 235 regions containing one or more
protein-coding genes and 177 regions without genes encod-
ing known proteins were found. In addition, 48 genes of long
intergenic noncoding RNAs were revealed there. Among the
33 genes containing the most highly ranked single-nucleotide
variants (SNVs), there are SCL24A5 and MATP (associated
with reduced skin pigmentation), EDAR (affecting the forma-
tion of hair, sweat glands, and teeth), ARHGEF3 (affecting
bone mineral density), BTLA (associated with rheumatoid
arthritis), CTNS (affecting cysteine metabolism), /7PR3 (as-
sociated with type 1 diabetes mellitus), innate-immunity re-
ceptor gene TLRS, ITGAE (involved in cell adhesion and
lymphocyte activation), and AP4B1 (associated with cerebral
palsy). A total of 11 loci were associated with height and
pigmentation, and 79 with a predisposition to infectious and
autoimmune diseases. The SLC2445 gene, in addition to pig-
mentation, determines resistance to leprosy. Genes ALMS1,
CCRY, CXCRA4, and VDR are also located in the loci associated
with resistance to infections and having signs of selection.

Another study, performed on 2,478 people of various
backgrounds from the 1000 Genomes database, has identified
several genomic regions with positive selection for multial-
lelic traits, including red and white blood cell counts, hair
color, and the body mass index (BMI) (Speidel et al., 2019).
Among the targets of positive selection, enrichment with
SNVs in functional regions of the genome was observed in
that paper. Signs of positive selection were found, in the major
histocompatibility complex (MHC) locus and genes LCT (as-
sociated with lactose tolerance), EDAR, EDARADD, HERC1
(associated with syndromic mental retardation), and ATXN2
(associated with type 1 diabetes mellitus, obesity, and hyper-
tension). In the same article, the proposed method of looking
for signs of positive selection was applied to British Biobank
data, resulting in a signal for SN'Vs associated with lighter hair
in Europeans. The most significant signal identified is related
to SNVs associated with a reduced BMI in white Americans.
The largest number of loci with signs of selection was found
in Europeans, whereas East Asians have the least number of
signals (presumably owing to the “bottleneck™ effect in their
history) (Speidel et al., 2019).

In an examination of data from the British Biobank, 12 di-
rectional selection signals were detected, including those
located near immunity genes (TLRI-6-10, HLA, IGHG, STAT4,
MUCS5B, FAM 1945, and ANXA), near the genes that determine
pigmentation (GRM5 and MCIR), and near LCT (Palamara
et al., 2018). As a result of the analysis of 3,195 genomes
from British project UK10K, signs of selection over the past
2-3 thousand years have been found in MHC locus and in
LCTand WDFY4 (associated with activation of T cells during
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viral infections) genes as well as in the genes responsible for
skin and hair pigmentation (KITLG, OCA2/HERC?2, ASIP, and
SLC24A44). Polygenic selection has been identified for variants
predisposing to higher growth and lower total cholesterol in
both sexes and to a reduced BMI in males (Field et al., 2016).
By the same method applied to data of the British Biobank,
other researchers (Song et al., 2021) have analyzed selection
signals for 870 disease-associated polygenic traits and 15 non-
disease-associated phenotypic traits. It was noted that during
the last 2-3 thousand years, 88 % of polygenic traits have
undergone selection. The highest scores were shown by genes
that determine the ease of skin tanning and lighter hair. Selec-
tion for most disease-related loci, including those associated
with autism spectrum disorders and elevated cholesterol, was
negative; an exception was genes predisposing to Crohn’s
disease and ADHD. For polygenic scores of intelligence and
insomnia, a change in the direction of adaptation was predicted
at ~133 generations ago.

Twenty-nine genetic loci with signs of directional selection
were identified in biological samples from the Japan Biobank
(Yasumizu et al., 2020). The highest statistical significance
was registered for the alcohol dehydrogenase (ADH) gene
cluster and for genes CIAO2A (metal ion binding), MYOF
(cell membrane regeneration), GRIA2 (glutamate receptor),
and ASAP2 (vesicular transport). That work also confirmed
previously reported selection pressure on EDAR genes and on
the MHC gene cluster in the Japanese population.

Several studies have assessed the evolution of genes asso-
ciated with inflammatory diseases separately. In an evaluation
of the length of haplotypes containing 588 SNVs associated
with 10 inflammatory diseases in European populations, signs
of relatively recent (within the last 1,200-2,600 years) positive
selection were identified in 21 loci, while variants associated
with diseases, not protective alleles, were being selected (Raj
etal., 2013). As a result of a comparison of several common
multifactorial diseases and phenotypic traits in terms of the
number of SNVs under positive selection associated with
them, most of these SNVs were implicated specifically in
inflammatory diseases. The genetic variants found are mainly
involved in the molecular pathways participating in the ac-
tivation of T helper 17 (Th17) lymphocytes (STAT1, STAT3,
STATS, IRF1, CSF2,1L2,IL3,IL12A4,IL2RA, and SOCST) (Raj
etal., 2013). On data from the Estonian Biobank (2,300 whole-
genome sequences), a search for signs of directional selection
was performed at 535 loci associated with 21 autoimmune
diseases. As aresult, 153 loci showed signs of selection, while
29 of them were found to be selected due to linkage with other
variants (Pankratov et al., 2022). The largest number of loci
found in this work was associated with leukocyte activation
and cytokine synthesis.

The search for genetic variants that have been under selec-
tion is difficult because a substantial number of identified ge-
nome loci with signs of directional selection have been found
in intergenic regions (Grossman et al., 2013; Yasumizu et al.,
2020), for which no functional significance can be predicted.
As a consequence, there is no answer to the question whether
this effect is due only to the insufficient level of knowledge
about noncoding regions of the genome or to the inaccuracy
of the algorithms used.
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Comparison of genomes

of ancient and modern humans

The accumulation of data on DNA sequences from human
remains from burial sites makes it possible to compare them
with genotypes of modern humans. A comparison of geno-
types among people who lived at different times in the same
geographic area is of particular interest.

When comparing ancient and modern genomes of people
from Britain, investigators found seven loci to have signs of
directional selection over the past 4,500 years (Mathieson,
Terhost, 2022). Most of them are associated with vitamin D
or calcium metabolism. It was demonstrated that the strength
of selection for individual loci has changed over time, sug-
gesting that some factors have appeared that have softened it.
Among the 28 complex anthropometric and metabolic traits
analyzed in that work, evidence of polygenic selection was
detected only for skin pigmentation.

Polymorphic sites in innate-immunity genes associated with
predisposition to mycobacterial infections (SLC1/41, MBL2,
TLR2,P2RX7,IL10,and TNFA) have been studied in remains
of 151 people in time series data (1st—18th centuries AD) from
Northern and Eastern Poland (Lewandowska et al., 2018). This
DNA analysis indicated that genetic drift has played the main
role in the evolution of people in this region; however, two
SNVs (1517235409 of the divalent cation transporter SLC1/A1
gene and rs1800896 of interleukin /L /0 gene) manifested signs
of nonrandom evolution.

In a collection of 1,013 genomes of Europeans born from
the Mesolithic Age to the Middle Ages, the frequency of
rs34536443 of the TYK?2 gene has been estimated (Kerner et
al., 2021). This gene encodes a tyrosine kinase that is involved
in signal transduction from cytokine receptors. The minor al-
lele of rs34536443 has previously been shown to be associated
with susceptibility to tuberculosis. In that work (Kerner et al.,
2021), it was found that this rare allele emerged as a single
mutational event during the Early Neolithic ~8,500 years
ago on the Anatolian Peninsula, and then spread to Central
Europe, where its frequency had remained within 3 % until
~5,000 years ago. In the Bronze Age, the frequency peaked
(10 %) ~3,000 years ago, and after the Iron Age, it began to
decline sharply until it reached 2.9 %. The observed changes
in the frequency of rs34536443 are associated with the spread
of tuberculosis in Europe. rs1800562 of the HFE gene (iron
metabolism regulator) was also investigated by those authors
(Kerner et al., 2021). Its maximum frequency in Europe
(~10 %) was reached in the Middle Ages, and then it decreased
in Europe to an average of 4 %.

Other work researchers have explored 827 ancient samples
of European origin (from 25,000 years BC to the present)
(Kuijpers et al., 2022). In accordance with the available data
on genome-wide polygenic risk scores of inherited traits in
Europeans, the genomes were compared at different time
intervals. It was demonstrated that after the Neolithic, height
and intelligence increased in the European population, skin
pigmentation diminished, and the risk of coronary heart dis-
ease went up due to decreasing concentrations of high-density
lipoprotein cholesterol. It was suggested that the latter trend is
related to cognitive functions because variations in lipoprotein
levels are associated with intelligence, learning, and memory.
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To identify the loci that were selected during the bubonic
plague epidemic (Black Death) in Europe (1,347-1,351 AD),
an association analysis has been performed on immunity
genes in 206 DNA samples originating from burials of two
European populations before, during, and after this epidemic
(London: years ~1,000-1,250 and 1,350-1,539, and Denmark:
~850-1,350 and ~1,350-1,800) (Klunk et al., 2022). Four posi-
tively selected loci (152549794, which affects ERAP2 mRNA
splicing, and three SNVs in noncoding regions: rs11571319,
rs17473484, and rs1052025) proved to be common between
British and Danish burials. It was shown that genes located
near these SNVs (ERAPI, ERAP2, LNPEP, CTLA4, ICOS,
TICAM?2, and TMED?) are differentially expressed in human
macrophages in response to Yersinia pestis infection.

An analysis of 187 polygenic traits in three sets of ancient
human genomes (from 8,000—4,200, ~14,000-3,400, and
~45,000-7,000 years ago) indicates that in Near East genomes,
selection signals for tan-determining genes varied depending
on latitude; signs of positive selection were observed at low
latitudes, and signs of negative one at high latitudes (Song et
al., 2021). Positive selection signals were also demonstrated
in that work for 13 disease loci, including Crohn’s disease,
atopic dermatitis, and periodontitis.

During an analysis of a study population consisting of the
1000 Genomes database and 230 remains of inhabitants of
Eurasia (dated from 6,500 to 1,000 BC), the strongest selection
signal was detected near the LCT gene (rs4988235) (Mathie-
son et al., 2015). Two other independent signals were found:
near FADSI (rs174546) and DHCR7/NADSYNI (1s7940244).
FADSI1 and FADS?2 are fatty acid desaturases taking part in
the synthesis of long-chain polyunsaturated fatty acids from
short precursors; variants at this locus correlate with plasma
fatty-acid concentrations. The most statistically significant
SNV at this locus (rs174546) is associated with a reduced
level of triglycerides. 7-Dehydrocholesterol reductase (en-
coded by the DHCRY7 gene) participates in the metabolism of
cholesterol and vitamin D. Additionally, directional selection
was documented for the MHC and 7LR-6-10 immunity gene
loci, genes HERC2 and SLC45A42 (responsible for pigmen-
tation), loci near genes ATXN2, GRM5 (glutamate receptor),
ZKSCANS3 (transcriptional regulation), and SLC22A44 (organic
cation transporter).

The limitations of this approach to the analysis of directional
selection are as follows: data from burial sites are fragmen-
tary, and the observed alterations in genomes can be due to
migrations from regions where the genetic pool was formed,
for example, under the influence of bottleneck effects (Kerner
etal., 2021) and assortative mating (Mills, Mathieson, 2022).
In the work performed on Estonian Biobank data and on the
Allen Ancient DNA Resource (AADR) V44.3 (Marnetto et
al., 2022), it was shown that in a mixed population formed
from previously isolated populations of pastoralists, hunter-
gatherers, and farmers, some phenotypes are associated with
the carriage of DNA sequences specific for ancestral popula-
tions in certain regions of the genome. Among other things, it
was demonstrated that blood cholesterol levels among modern
Estonians are positively correlated with the similarity of their
genomes to those of carriers of the Yamnaya culture at loci
associated with cholesterol levels. Thus, during the formation
of a population, the observed difference in allele frequencies

2023
276

Mpo6nembl U3yyeHus HanpasieHHOro
eCTeCcTBEHHOro 0T6Opa y YenoBeKa

relative to an ancestral population may not necessarily indicate
directional selection.

Estimation of the number of children

in carriers of different phenotypes and genotypes
In addition to changes in the prevalence of genetic variants or
phenotypic traits over time, the presence of directional natural
selection is indicated by differing numbers of offspring in car-
riers of certain genotypes or traits. After the demographic tran-
sition that has taken place in many countries and has featured
a decline of infant and child mortality with a simultaneous
decrease in fertility, it is the estimation of the number of chil-
dren that is the most accurate method for researching modern
directional selection in human populations. Cross-sectional
studies on populations of young people do not reflect the real
number of offspring because there is a tendency to postpone
the birth of the first and hence subsequent children (Balbo
et al., 2013). In an analysis of a sample older than 50 years,
dead individuals, which nevertheless had offspring, fall out
of sight. Therefore, long-term studies are the most promis-
ing, especially those that enable a comparison of successive
generations. The most commonly used indicators of fertility
are (i) the total number of children ever born (NEB) in women
over 45 and in men over 55, (ii) the age at first birth, which
shows a strong inverse correlation with NEB (Tropf et al.,
2015; Kong et al., 2017; Sanjak et al., 2018; Arkhangelskiy
etal., 2020), (iii) relative reproductive success (the number of
children per individual divided by the average number of chil-
dren per individual in the population), and (iv) childlessness.

Demographic and anthropometric studies

Fertility is the subject of demographic research. Special
attention is paid to problems of population reproduction in
countries that have made the demographic transition because
the observed decline of the birth rate leads to the “aging” of
the population, to a decrease in the proportion of working-age
people, and as a result, to a decline of economic growth rates.
Demographers seek to predict population size and fertility and
to detect its possible association with socioeconomic factors,
which would allow to regulate population reproduction. Thus,
demography essentially investigates the association of com-
plex phenotypic traits with natural selection in a population.

A search for relations between fertility and income, edu-
cational attainment, religiosity, and anthropometric data has
yielded mixed results (Table 1).

Some articles point to an inverse correlation between the
NEB and the income of individuals and households (Arkhan-
gelskiy et al., 2021; Turner, Robbins, 2023), and others have
revealed correlations of different directions when men are
compared with women (Fieder, Huber, 2022); it has also
been noted that after the division of a cohort into subgroups
by income level, the direction of the correlation changes (Co-
hen et al., 2013; Arkhangelskiy et al., 2021). Demographers
pay special attention to the analysis of correlations between
the birth rate and educational attainment. In the vast major-
ity of papers, indicators of education and cognitive abilities
show an inverse correlation with the number of offspring
(Beauchamp, 2016; Reeve et al., 2018; Sanjak et al., 2018;
Arkhangelskiy et al., 2020; Fieder, Huber, 2022) (see Table 1).
Of note, among men, educational attainment correlates with
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Table 1. Described correlations of the number of children ever born (NEB) with demographic and anthropometric characteristics,

if sex is not specified: for both sexes

Phenotypic trait Sex Direction Region Reference
of correlation with NEB
BM| ................................................................................................. + ......................................... USA ..................................... Beau Cham p 2016 ...................
Educat,o na|atta , n ment ............................................................... S
He,ght ............................................................. Women .................. S
BM|We|ghtwa|5tc|rcumference ................ Men ........................ + ......................................... UK ....................................... Samaketa|2018 ...................

Body fat

Years of education -
Attendance of religious services +
Educational attainment Men +
Income Men +
Income Women -
General cognitive ability -
Height Women -
Weight +
Total cholesterol level -

income, the above effect may change (Fieder, Huber, 2022).
A survey of 9,452 women from 27 EU countries indicates
that the estimated NEB is higher among women with higher
education, but this study deals with intentions, not actually
born offspring (Testa, 2014).

Anthropometric studies have uncovered a slow change in
some parameters in populations. For example, since the 1950s,
there has been a 0.5 % increment in the number of cases of
fetal disproportion during childbirth, and this phenomenon is
associated with a weakening of natural selection as a result
of the massive use of cesarean section (Mitteroecker et al.,
2016). A positive correlation of the NEB with physical charac-
teristics has been documented, including weight, the BMI,
and body fat (Byars et al., 2010; Beauchamp, 2016; Sanjak
etal., 2018; Arner et al., 2021) (see Table 1). Modern data on
selection for height contradict those obtained from ancient
specimens; it has been reported that the number of children
is negatively correlated with females’ height (Byars et al.,
2010; Beauchamp, 2016). The Framingham two-generation
study revealed reductions in total cholesterol and systolic
blood pressure in a European population (Byars et al., 2010).

Nevertheless, the NEB depends on historical, cultural, eco-
nomic, and social environments (for example, the availability
of contraceptives and child care) (Barban et al., 2016). In de-
mographic research, it is often impossible to establish causal
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Turner, Robbins, 2023

202

202

Arner et al.,, 202

Fieder, Huber, 2022

relations between observed phenomena and to take into ac-
count all nongenetic factors, and this state of affairs makes
it difficult to employ such data. In this regard, proposals are
being made for the integration of genetic and demographic
studies (Hugh-Jones, Abdellaoui, 2022).

Analysis of the association

of fertility with genetic markers

The NEB has one of the highest levels of polygenicity of any
trait (Mathieson et al., 2023). At the same time, NEB heri-
tability in different articles is estimated at 1446 % (Barban
et al., 2016). In a sample of women from the UK and the
Netherlands, it has been shown that up to 10 % of the NEB
variance is determined by common genetic variants (Tropf et
al., 2015). The main way to assess the effect of the genotype
on fertility is a genome-wide analysis of the association of
fertility rates in populations of modern people. The results of
such research are given in Tables 2 and 3.

A meta-analysis of NEB genome-wide association studies
(343,072 people) has revealed three main loci: rs10908474
(near genes SLC27A43 and GATAD2B), rs13161115 (between
genes EFNAS5 and FBXL17), and rs2415984 in the intron
of long intergenic noncoding RNA gene LINC00871 (the
strongest signal). An additional study identified a locus near
1s2415984 containing genes ARHGAP27, PLEKHM1, and
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Table 2. Genome-wide associations identified for the total number of children ever born,
if sex is not specified: for both sexes

Genetic locus and its functional significance Phenotype associated with nearby genes Sex Reference

according to https://www.ncbi.nlm.nih.gov/gene/

sico7A3,GATAD2S, Autism, intellectual disabilty Barban et al, 2016
lipid metabolism, transcription repressor

EFNAS5, FBXL17; central nervous system development, Degenerative disorder of the nervous system Men

blood vessel growth
U NCO 0 8 7 1( ARHGAP27 p/_EKHM1 andM/R4 3 75 1 ) ........................................................................................................................

endocytosis, vesicular transport

MCTR; melanocortin 1 receptor Hair pigmentation Mathieson et al.,
FADSI/2 fatty acid synthesis enzymes Serumtriglyceridelevel 2023
ARHGAP27 d athn n med,a tEdend ocytOS,s .....................................................................................................................................
PLEKHMI vesiculartransport Autosomal recessive osteopetrosis type 6
PIKBIPT; cell cycle regulator inhibition of T cell activation

ZFP82; transcription regulator Tumor suppression
. LRP4 WNT S ,gn a|mg regu|ator ........................................... Sena m_ Lenz syn d rome ......................................................................

GLDN; formation of peripheral neurons Lethal congenital contracture syndrome

RPS11; ribosomal complex protein

PGGHG; carbohydrate metabolism

Table 3. Polygenic associations found for the number of children ever born (NEB),

if sex is not specified: for both sexes

Polygenic trait Direction Sex Reference

of correlation with NEB

ADHD nSk .................................................................................................. + ..................................................................... Demont, Seta| 2019 .................
PolyEduc, educational attainment polygenic score - Men Fieder, Huber, 2022
POLYEDU, educational attainment polygenic score - Kongetal,2017
He,ght ........................................................................................................ + .............................................. Men ................ Song eta|2021 ..........................
5k,nco|or .................................................................................................. + .............................................. Men ...............

nghmte”lgence ...................................................................................... i

|ncom e ...................................................................................................... i Hugh Jones Abde”aowzozz .
Ed uc at,ona|attamme nt ........................................................................... i

ADHD nsk depressw e d. Sor d er ns k ....................................................... + ....................................................................

Coronaryhea,—t d,sease ,—,Sk ..................................................................... + ....................................................................

BM| ............................................................................................................. + ....................................................................

EXtrav .é rs,on .............................................................................................. + ....................................................................

Yearsofeducatlon .................................................................................... i Barbaneta|2o16 ......................
R|Sk ofauus ms pe Ctrum dlsorder ........................................................... i

MIR4315-1. An analysis of potential functional significance of
these variants indicates linkage disequilibrium of rs13161115
with a methylation site near the EFNAS gene (Barban et al.,
2016) (see Table 2). For the loci associated with age at first
birth, an inverse correlation with educational attainment has
been shown. The NEB polygenic score inversely correlates

with the number of years of education (see Table 3). Most of
the correlations found in the above meta-analysis for the NEB
and age at first birth polygenic scores are related to behavioral
and reproductive phenotypes.

A recent genome-wide search for NEB and childlessness
associations (785,604 Europeans) yielded 43 genomic loci
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associated with age of puberty, age at first birth, sex hormone
regulation, endometriosis, and age at menopause (Mathieson
et al., 2023) (see Table 2). Among them, 28 are common
between men and women and six are gender-specific to the
NEB; nine, including a gender-specific one, are associated
with childlessness. rs12949256 of ARHGAP27 (p.Alal17Thr)
is associated with a higher NEB but a shorter reproductive
period. NEB-associated coding variants were found in genes
PIK3IP1 (152040533, p.Thr251Ser), ZFPS82 (rs17206365,
p.Leu59Met), and LRP4 (rs6485702, p.Ile1086Val). A com-
parison of data between modern (Mathieson et al., 2023)
and ancient (Mathieson et al., 2015) Europeans shows that
at the FADS1/2 locus (biosynthesis of ®-3 and ®-6 lipids),
directional selection has continued for several thousand years.
A yet unknown role of the melanocortin 1 receptor (MCIR)
gene in reproductive biology has been discovered. Its effect
on the number of offspring was stronger in women. Although
variants of this gene determine ~73 % of the heritability of
the red hair color, phenotypically the red color in the study
population was not associated with NEB. After exclusion of
red-haired women from the analysis, observed MC/R effect on
the number of offspring in the British Biobank persisted. No
relation was detected between effects of specific SNVs on hair
color and on NEB. Intron insertion/deletion polymorphism of
the CADM?2 gene manifested the strongest association with
childlessness. For this gene, which codes for a cell adhesion
molecule and is expressed in the brain, a strong balancing
selection signal and an association with risky behavior have
been shown (Boutwell etal., 2017). A female-specific associa-
tion with childlessness was found for transcription regulator
gene PPP3R1 (Mathieson et al., 2023). The results obtained
in that paper were validated for 35 identified loci in a sample
of 34,367 FinnGen women (Mathieson et al., 2023). None
of the signals identified in that study showed significant
genome-wide associations with educational attainment, church
attendance, or indices of social deprivation. In an assessment
of potential functional significance of the found variants, it
was noted that most of the found signals of modern directional
selection are related to the hypothalamic—pituitary—gonadal
axis, which regulates fertility and reproductive aging.

In several articles, authors separately studied the relation
between educational attainment and the NEB. In a sample
of 129,808 Icelanders born between 1910 and 1990, the
POLYEDU polygenic index of educational attainment showed
a negative correlation with the NEB, with gradual diminu-
tion in several observed generations (Kong et al., 2017). In
particular, an increase in the frequency of the rs62056842
variant in an intron of the MAPT gene, which is expressed in
the nervous system and is associated with reduced educational
attainment, was detected. When children born to mothers aged
21 or younger (18 % of all children in the sample) and children
born to men aged 22 or younger (13 %) were excluded from
the analysis, the correlations disappeared (Kong et al., 2017).

Another study points to a borderline inverse correlation
between the NEB and the polygenic educational attainment
score among men, with the number of children regressing
positively in the interaction of income and the PolyEduc
polygenic score, thus indicating a positive correlation between
income and the number of offspring in men with genetic pre-
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disposition to higher education (Fieder, Huber, 2022). In an
analysis of the association of the polygenic score of fertility
with 33 polygenic traits in two generations of Europeans from
the British Biobank (348,595 people of European descent,
taking into account the number of siblings and the number
of offspring), it was shown that polygenic scores that predict
higher income and education attainment are correlated with
reduced fertility, whereas polygenic risk scores for ADHD,
depressive disorder, and coronary heart disease as well as a
higher BMI and extraversion predict more offspring (Hugh-
Jones, Abdellaoui, 2022). That paper indicates that educational
attainment and the risk of ADHD and a depressive disorder are
selected among young mothers (age at first birth before 22),
but the natural selection was reversed among older mothers.
On the other hand, several anthropometric polygenic scores
are selected only among older ones. By contrast, the largest
analysis in terms of sample size (Mathieson et al., 2023) did
not reveal selection against educational attainment.

In modern society, out of 15 categories of genes that de-
termine phenotypic traits, those responsible for metabolism,
nutritional habits, psychiatric indicators, dermatological signs
(in men), social cognition, and reproduction correlate with the
NEB (Song et al., 2021).

A positive correlation between polygenic risk scores for
ADHD and fertility was also demonstrated in a comparison of
a sample of 20,183 people with ADHD and a control sample
0f 35,191 residents of Europe and the United States (Demontis
etal., 2019).

A limitation of genome-wide association studies is that they
detect only a genetic locus, not a specific gene or polymorphic
site associated with a given trait. Just as in a bioinformatic
analysis, a high proportion of the associations falls into inter-
genic regions and cannot always be interpreted. A lot of con-
troversy is caused by the stratification of a population sample;
this approach can significantly affect the results (Sohail et
al., 2019; Mills, Mathieson, 2022). Researchers emphasize
the nonrandom compilation of cohorts as a source of bias
because the very consent to participate in the study correlates,
for example, with educational attainment not only in the fre-
quently used American commercial sample 23andMe but also
in the British Biobank (Mills, Mathieson, 2022; Schork et al.,
2022). Itis reported that a meta-analysis of small populations
of Europeans from small geographic areas can give incorrect
results due to the different proportions of ancestral populations
of pastoralists, hunter-gatherers, and farmers who partici-
pated in the formation of the modern population of Europe
in different regions; on the other hand, when examining large
populations settled in different climatic regions, it is necessary
to take into account the influence of climatic factors on the
phenotype. In the UK, geographic clustering of genetic va-
riants was found that affects complex traits, including alleles
associated with educational attainment, thereby proving the
influence of demographic factors on the correlation between
genes and the environment (Abdellaoui et al., 2019). The
vast majority of genome-wide association studies have been
performed on populations of European origin, and therefore
the findings cannot be automatically extrapolated to humanity
as a whole; in addition, the number of studies with sufficient
statistical power is small.
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Analysis of frequencies of genetic variants

in close generations

The direction of selection can be assessed by comparison of
genotypes among people born in the same population during
periods adjacent to significant natural, socioeconomic, or
political events in the region of their birth. The difference in
allele frequencies in this case may reflect increased perinatal,
prenatal, and infant mortality or a difference in the number
of children among reproductive-age people carrying different
genotypes during the period of the events under study.

Similar work was done on data from the British Biobank
(Wu et al., 2022). A genome-wide association study of infant
mortality rates by place and year of birth was performed.
Cohorts born between 1936 and 1970 in England and Wales
experienced a decline of infant mortality with spikes during
World War II. Several statistically significant loci were found,
including missense variant rs1446585 of the R3IHDM1 gene
near the LCT gene and missense variant rs5743618 of the 7TLR1
gene as well as rs2852853 in an intron of 7-dehydrocholesterol
reductase gene DHCR7 (vitamin D metabolism), rs9944197
in an intron of the gene of ribosomal protein £FL 1, and inter-
genic 1s10521293. Those authors were especially interested
inthe LCT and TLR1/6/10 loci, which had previously shown
natural selection among Europeans (Mathieson et al., 2015).
The frequency of these alleles did not differ by year of birth in
regions with low infant mortality but differed in this manner
in regions with high infant mortality. The biggest difference
was noted in 1942 (a year after the maximum of the German
bombing), but the density of the bombings by region did not
match the level of infant mortality; accordingly, those authors
attribute the observed effect to harsh living conditions and
food shortages.

A work comparing genotypes among three groups of ado-
lescents who born before, during, and after the socioeconomic
crisis of the 1990s in Russia was previously published by us
(Mikhailova et al., 2022). We analyzed frequencies of com-
mon genetic variants previously found to be associated with
stress resistance and stress-induced disorders in populations of
Novosibirsk city schoolchildren aged 14—17 years. A statisti-
cally significant increase in frequencies of stress-protective
variant rs4680 G of the COMT gene and long (7R+8R) tandem
repeats in exon 3 of the DRD4 gene was found in the “stress”
group. Both genes belong to the dopaminergic regulatory sys-
tem. We hypothesized that under the conditions of prolonged
social stress, carriers of certain genotypes have more offspring
due to better adaptation to the conditions of socioeconomic
deprivation because social stress affects fertility.

A limitation of such research is that alterations of allele
frequencies occur within some short periods and may not af-
fect the genetic pool of the population, especially owing to a
drop of the birth rate in populations during of major destructive
events. Furthermore, it is difficult to take into consideration
all the factors that can potentially alter allele frequencies.

Conclusion

Despite the limitations of each approach and the lack of in-
formation about directional selection in African and Asian
populations, several dozen genetic variants and a number of
polygenic traits have been found that have undergone natural
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selection during human evolution. Genetic loci and phenotypic
traits have been identified whose direction of natural selection
has not changed from the Neolithic to our time, although the
intensity of the selection has varied (LCT and FAD1/2). For
some genetic variants, the direction of adaptation changed,
probably as a result of an encounter with pathogens (e.g.,
rs34536443 of the TYK2 gene). In modern populations,
there has been a reversal of directional selection relative to
previous evolution for polygenic scores of height in women
and for the BMI in men. A considerable number of genetic
variants that are reported to be associated with inflammatory
diseases (including Crohn’s disease and atopic dermatitis)
have been positively selected in the past, but it is not clear
whether these variants are now under selection pressure or
the observed genotype ratio is already a consequence of ba-
lancing selection due to antagonistic pleiotropy. Conflicting
data have been obtained about selection of relatively recent
complex polygenic traits: income and educational attainment.
It has been shown that the targets of selection — to a greater
extent than in previous centuries — are genes responsible for
social adaptation and behavioral phenotypes. For instance, the
positive association of the ADHD polygenic risk score with
fertility as documented by several researchers is indicative of
selection for this phenotype in modern populations.
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A study of macroinvertebrate communities
in Bolshiye Koty Bay of Lake Baikal using DNA metabarcoding
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Abstract. The diversity of macroinvertebrates, the structure of their communities in Bolshiye Koty Bay (Lake Baikal) was
studied by a DNA metabarcoding approach using an lllumina MiSeq system. Internal primer mICOlintF in combina-
tion with jgHCO2198 of the Folmer fragment of the CO/ gene were used for macroinvertebrate metabarcoding. A total
of 118009 reads of the COI gene fragment (at least 313 bp in length) were obtained. The correlation of the Spear-
man coefficient (S = 0.6, p < 0.05) with the abundance of macroinvertebrates in the samples before DNA extraction
showed that the number of reads can serve as an indirect characteristic of the abundance of a species (operational
taxonomic unit, OTU). 115 OTUs belonging to the higher taxa of macroinvertebrates were identified: Porifera, 1; Platy-
helminthes, 3; Annelida, 38; Arthropoda, 55; Mollusca, 18. At a high level of resolution (with homology with GenBank
reference sequences > 95 %, coverage > 90 %), 46 taxa of macroinvertebrates comprising three communities were
registered: one dominated by molluscs (Choanomphalus conf. maacki) and two dominated by chironomids (Orthocla-
dius gregarius Linev., Sergentia baicalensis Tshern.). Communities are characterized by low species diversity according
to Shannon (from 0.7 to 1.2 bits), high concentration of dominance according to Simpson (from 0.5 to 0.7) and low
evenness according to Pielou (from 0.3 to 0.4). Dominants and subdominants in the communities account for 91 to
96 % of COI gene fragment reads. The spatial distribution of the dominant species identified in the communities is in-
fluenced by the geomorphological features of the bottom and the composition of sediments in the area studied. The
approach proposed for studying the structure of macroinvertebrate communities based on DNA metabarcoding and
next generation sequencing can be recommended for express assessment of the state of aquatic ecosystems in the
monitoring.

Key words: communities of macroinvertebrates; diversity; DNA metabarcoding; COI; high-throughput sequencing
technologies; Lake Baikal.

For citation: Kravtsova L.S., Peretolchina T.E., Triboy T.I., Nebesnykh I.A., Tupikin A.E., Kabilov M.R. A study of macro-
invertebrate communities in Bolshiye Koty Bay of Lake Baikal using DNA metabarcoding. Vavilovskii Zhurnal Genetiki
i Selektsii = Vavilov Journal of Genetics and Breeding. 2023;27(6):694-702. DOI 10.18699/VJGB-23-80
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AHHoTauusa. MprBoaATcA cBefjleHUA 0 pa3HO0bpa3nn MakpobeCrno3BOHOUHbIX XMBOTHbIX, CTPYKTYpe UX COOOLLecTB B
6yxTe bonbLve KoTbl 03. balikan, nonyyeHHble metogom [JHK meTabapkoguHra Ha ocHoBe NGS-TexHonoruu (Illumina,
MiSeq). Ana OHK meTabapkoamnHra Makpo6ecrno3BOHOUHbIX Obl1 UCMONb30BaH BHYTPEHHWI npaiimep miCOlintF B
KoM6rHauwmu ¢ jgHCO2198 pns amnnudukaumm onmeposckoro dparmerTa reHa COl. Bcero nonydyeHo 118009 npo-
yteHun dparmeHTa reHa COI (anuHON He meHee 313 M.H.). [lOKa3aHoO, YTO KONMYECTBO MPOUTEHUIN MOXET CIYKUTb
onocpefoBaHHON XapaKTePUCTUKOM 06unva B1uaa (onepaumoHHON TakcoHomnyeckon eanHnubl — OTE). Koppenauua
KOnmMyecTBa NPOYTEHUI C YNCIIEHHOCTbIO MaKpO6eCrno3BOHOUHbIX B Npobax [0 sKkcTpakuumn JHK no koadduumneHty
CnupmeHa coctanseT 0.6 (p < 0.05). BoiagneHo 115 OTE, nprHaanexalmnx BbiCLIMM TaKCOHaM MakKpo6eCcno3BOHOY-
HbIX XKMBOTHbIX: Porifera — 1, Platyhelminthes - 3, Annelida — 38, Arthropoda - 55, Mollusca - 18. Ha Bugosom ypoBHe
(npw romonoruy ¢ pedepeHCHbIMU NocnegoBaTenbHOCTAMN GenBank > 95 % 1 NOKPbITUM He MeHee 90 %) 3aperncTpu-
poBaHO 46 TaKCOHOB MakpobeCrno3BOHOUHbIX, GOPMUPYIOLWKX TPY COOBLLECTBA: OLHO — C AOMUHVPOBAHEM MOSIIIO-
ckoB Choanomphalus conf. maacki v gBa - ¢ fomuHnpoBaHuem xupoHomug Orthocladius gregarius Linev., Sergentia

© Kravtsova L.S., Peretolchina T.E., Triboy T.l., Nebesnykh I.A., Tupikin A.E., Kabilov M.R., 2023
This work is licensed under a Creative Commons Attribution 4.0 License


https://vavilovj-icg.ru/

J1.C. KpaBuosa, T.E. MepeTtonuuHa, T.N. Tpnboin
N.A. HebecHbix, A.E. TynukinH, M.P. Kabunos

2023
276

MccnepoBaHme coobLecTB MaKpobeCno3BOHOUHbIX. ..
¢ ncnonb3oBaHvem [JHK metabapkoauHra

baicalensis Tshern. CoobLyecTBa XxapaKTepU3yloTCs HEBbICOKMM BUAOBbIM pa3Hoobpasvem no LeHHoHy (oT 0.7 go
1.2 61T), BbICOKOIN KOHLEHTpauuen joMmHrpoBaHna no CumncoHy (o1 0.5 go 0.7) 1 HW3KOW BblpaBHEHHOCTbIO MO
Mueny (ot 0.3 po 0.4). Ha fonto AOMUHAHTOB U Cy6AOMUHAHTOB B COO6LLeCTBaxX NpuxoanTca oT 91 1o 96 % npouTteHuin
¢dparmerTa reHa COI. Ha npocTpaHCTBEHHOE pacnpefeneHe AOMUHPYIOLWMX BULOB COOBLLECTB BAMAIOT reomMmopdo-
noruyeckme ocobeHHOCTV AHa B UCCIEAyEMOM paiioHe 1 COCTaB AOHHBIX OTNOXKeHWiA. MpeAnoXeHHbI noaxon Ans
N3y4yeHVs CTPYKTYpbl COOOLLECTB MaKpobecno3BOHOUHbIX Ha ocHoBe [IHK meTabapKoarHra MoXeT 6bITb peKoMeHAo-
BaH AN SKCMPECC-OLEHKUN COCTOAHNA BOAHbIX SKOCUCTEM NPY MOHUTOPUHTE.

KnioueBble cnoBa: coobLyecTBa Makpobecno3BOHOUHbIX; pasHoobpasue; [HK meTtabapkoaunHr; COl; BbICOKONPOW3BO-

AnTenbHOE CeKBeHMpoBaHue; barkan.

Introduction

The structure of aquatic organisms communities, in particular
macroinvertebrates, is one of the indicators characterizing the
state of water bodies. Research in this direction is relevant in
connection with global climate change and increasing anthro-
pogenic impact on aquatic ecosystems (O’Reilly et al., 2003;
Bonada et al., 2007; Burgmer et al., 2007; Moss et al., 2011;
Hampton et al., 2018).

Community of organisms is a set of populations of diffe-
rent species coexisting in space and time (Begon et al., 1986).
Their structure is formed under the influence of both abiotic
environmental factors (Brauns et al., 2007; McGoff et al.,
2013; Rezende et al., 2014; Worrall et al., 2014) and biotic
interactions (van den Berg et al., 1997; Arbaciauskas et al.,
2008; Nalepa et al., 2009). As a rule, the species diversity and
abundance of organisms are the basic characteristics of the
structure of communities. The study of the diversity of orga-
nisms at a high-resolution species level requires the involve-
ment of a large number of morphologists and is associated with
a laborious process of taxa identification. Currently, molecular
genetics methods such as DNA metabarcoding using high-
throughput sequencing technologies are used as an alternative
to the classical methods of the taxonomic diversity studying of
aquatic ecosystems. This method is widely used to study the
diversity of both marine and freshwater fauna (Porazinska et
al., 2009; Hajibabaei et al., 2011; Aylagas et al., 2014; Elbrecht
et al., 2017; Haenel et al., 2017; Kuntke et al., 2020).

In the early 2000s, the mitochondrial COI gene was adopted
as a standard for DNA barcoding of animal taxa (Hebert et
al., 2003). Despite the universality of primers (LCO1490 and
HCO2198) for the “Folmer fragment” of the mitochondrial
COI gene amplification (Folmer et al., 1994), many resear-
chers began to use different, more variable regions of it to
obtain a clear phylogenetic signal. For example, for marine
nematodes, region /3—-M11 was used (Derycke et al., 2010).
The mini-barcode of the Folmer COI fragment using a com-
bination of primers mICOIintF and jgHCO2198 has become
popular to assess the diversity of Metazoa (Meusnier et al.,
2008; Leray et al., 2013). The mini-barcode also proved to be
effective in assessing the diversity of benthic invertebrates in
the Listvennichny Bay of Lake Baikal (Kravtsovaetal., 2021).

In the last decade, the application of environmental DNA
(eDNA) approaches for rapid assessment of the biodiversity
from water and sediment samples has been increased (Yu et
al., 2012; Lacoursié¢re-Roussel et al., 2018). The advantage of
this method is a quick result, since no preliminary isolation of
any organisms from the samples is required. However, it was
less effective for studying the diversity of Metazoa in water

bodies. It was shown that DNA metabarcoding of invertebrate
tissues gives a more accurate estimation of the diversity of
multicellular organisms (99 % of reads) than DNA from the
environment (only 12 % of reads) (Gleason et al., 2021). In
this study, we tried to find out the acceptability of the method
of DNA metabarcoding from the tissues of organisms for as-
sessing not only the diversity of macroinvertebrates, but also
for the quantitative ratio of species that form communities.
The aim of this work is to study the features of the structural
organization of macroinvertebrate communities distributed in
the coastal zone of open Baikal using DNA metabarcoding.

Materials and methods

Quantitative samples of zoobenthos were collected in July
2019 in Bolshiye Koty Bay of Lake Baikal along the coastline
over a 1 km long (Fig. 1).

Macroinvertebrates were collected from different types of
bottom sediments at three stations (No. 1-3) (see Fig. 1). The
first type of bottom sediment included large and small pebbles
with individual boulders located in the subaqueous part of the
beach (depths 0.3-0.4 m). The second type of bottom sedi-
ment was represented by boulders, unrounded rock fragments
with crushed stone, and the third type was represented by silted
sand. The last two types of sediments were found mainly on
a shallow terrace at depths of 2—5 m (see Fig. 1). On the un-
derwater part of the beach and on a shallow terrace samples
were taken manually and with the help of divers, respectively.
On each type of bottom sediment, five quantitative samples
of zoobenthos were collected using a 0.1 m? counting frame.
Invertebrates from the surface of stones were brushed off into
a cuvette with water, and those from silted sand were removed
by flotation in a saturated sugar solution with a specific gravity
of 1.12 g/L. Samples were washed through a mill sieve No. 23
and fixed with 96 % ethanol. In total, 15 quantitative samples
of zoobenthos were collected and sorted under laboratory con-
ditions using an MBS-10 microscope (at 20% magnification).

According to Elbrecht et al. (2017), preliminary sorting
of organisms by size significantly improves the result of se-
quencing of all taxa, regardless of the biomass of the organism.
Since the zoobenthos in Baikal is represented by different
size groups: mega-, macro-, meioorganisms, in this work
we limited ourselves to only one size group — macroinver-
tebrates. Their sizes in samples varied from 2 to 50 mm. All
macroinvertebrates found in the sample were used for DNA
extraction. First, invertebrates were soaked in distilled water
(1 hour), small organisms (2-3 mm) were taken as a whole,
and tissue pieces of 2-3 mm were taken from large indivi-
duals (more than 5 mm) in order to level the scatter of biomass
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Fig. 1. Map-scheme of sampling localities of macrozoobenthos in
Bolshiye Koty Bay, Lake Baikal (July, 2019).

in size. Then, pieces of tissue and small organisms collected
from the same type of bottom sediment were combined into
one sample, placed in a porcelain cup with 2 % CTAB solu-
tion, and ground with a pestle. DNA was extracted according
to a modified (chloroform was used instead of a phenol-
chloroform-isoamyl mixture) method of Doyle and Dickson
(Doyle, Dickson, 1987). In total, three samples of genomic
DNA (at least 20 ng each) of invertebrate animals were pre-
pared for metabarcoding.

Primers mICOIlintF: GGWACWGGWTGAACWGTW
TAYCCYCC (Leray et al., 2013) and jgHCOZ2198: TAIA
CYTCIGGRTGICCRAARAAYCA (Geller et al., 2013),
where “I” is inosine, were used to obtain CO! gene amplicons.
Amplification was performed in a volume of 20 pl containing
0.2 mM of each dNTP, 0.5 pM of each primer, 2 mM MgCl,,
5 uM SYTOY, 10 ng of DNA, 25 U/ml of Maxima Hot Start
Taq DNA Polymerase (Thermo Scientific, Lithuania). Real-
time PCR was performed on a CFX96 Touch Real-Time PCR
system (Bio-Rad, USA) according to the program: initial
denaturation at 95 °C, 4 min; 32 cycles at 95 °C—-30s,48 °C —
30 s and 72 °C — 30 s. The primer annealing temperature was
selected using gradient PCR. PCR products were analyzed
on an MCE-202 MultiNA Microchip Electrophoresis System
using a DNA 12000 Reagent Kit (Shimadzu, Japan). The re-
sulting amplicons were quantified on a Qubit 2.0 fluorimeter
with a Qubit DNA High Sensitivity Assay Kits (Invitrogen,
USA). NEBNext Ultra I DNA Library Prep Kit for [llumina
and NEBNext Multiplex Oligos for Illumina (Dual Index
Primers Set 1) (NEB, UK) were used to obtain DNA libraries
from amplicons. The resulting libraries were quantified using
the Kapa SYBR Fast Universal qPCR Kit (KapaBiosystems,
USA). Library sequencing was performed using the MiSeq
Reagent Standard Kit v3 PE300 on Miseq (Illumina, USA)
at the Central Collective Use Center “Genomics” (ICBFM
SB RAS).

The resulting paired reads were analyzed with UPARSE
scripts (Edgar, 2013) using Usearch v11.0.667 (Edgar, 2010).
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Bioinformatics analysis included overlapping paired reads,
filtering by quality and length, accounting for identical se-
quences, discarding singletons, removing chimeras, and ob-
taining an OTU (operational taxonomic unit). The taxonomic
identification of the OTU sequences was determined using the
SINTAX algorithms (Edgar, 2016) and the reference database
MIDORI_UNIQUE 20180221 COI SINTAX (Machida
et al., 2017), as well as BLAST. The representativeness of
OTU samples was analyzed using iNEXT 2.0.15 (Hsieh et
al., 2016). The nucleotide sequences of the OTUs identified
were tested for the presence of stop codons using the SeqKit
v0.16.1 (https://doi.org/10.1371/journal.pone.0163962).

The Spearman correlation coefficient (S) was calculated to
assess the relationship between the initial abundance of orga-
nisms of higher taxa in samples (before DNA extraction) and
the number of reads of the COI gene fragment.

Communities of macroinvertebrates were identified by
clustering the OTUs of the species rank and their CO/ reads by
the Ward method; the Euclidean metric was used as a distance
measure. Dominants and subdominants in the communities
were determined by descending ranking of the modified
density index (occurrence of OTUs in samples and their rela-
tive abundance = reads, in %) (Brotskaya, Zenkevich, 1939;
Konstantinov, 1986). The communities of macroinvertebrates
were named according to the dominant species with the
highest density index. Species with a density index of >10 %
were classified as subdominants. Species with a density in-
dex <10 % were considered minor. To characterize the degree
of complexity of the community structure, the Shannon diver-
sity (H, bit), Simpson dominance (D), and Pielou evenness (e)
indices were used (Odum, 1983).

The spatial distribution of dominants and subdominants
of communities in Bolshiye Koty Bay was analyzed using
the principal component method, the relative abundance of
OTUs and the composition of bottom sediments were used as
variables. The data for calculations using multivariate statistics
were previously transformed by the log(X+1) function. Cal-
culations were carried out using the statistical programming
environment R 3.0.0, package vegan 2.0-7.

Results

A total of 118,009 reads of the COI gene fragment (at least
313 bp in length) were obtained using high-throughput se-
quencing. Bioinformatics analysis showed that the proportion
of unclassified COI sequences was less than 1 % of the total
(1,157). 116,852 reads account for 115 OTUs belonging to
the higher taxa of macroinvertebrates: Porifera — 1, Platyhel-
minthes — 3, Annelida — 38, Arthropoda — 55, Mollusca — 18.

The Spearman correlation coefficient (S) between the abun-
dance of macroinvertebrates of higher taxa (Platyhelminthes,
Hirudinea, Polychaeta, Oligochaeta, Isopoda, Amphipoda,
Trichoptera, Chironomidae, Bivalvia, Gastropoda) found in
samples before DNA extraction with the number of reads of
the COI gene fragment is 0.6 (p < 0.05), which allows us
to take the indices of the latter as equivalent to the relative
abundance of organisms.

Forty-six taxa of species and genus ranks with >98 % and
>95 % homology with GenBank sequences, respectively, were
identified with coverage of at least 90 % (Table 1). They ac-
count for 88 % of the COI gene fragment reads.
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Table 1. Composition of OTUs with > 95% homology to GenBank reference sequences

Taxon Species GenBank numbers Homology to the GenBank
of reference sequences reference sequences, %

Amphipoda

Diptera/Chironomidae

Trichoptera
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Fig. 2. Dendrogram of OTUs of macroinvertebrates constructed by the Ward clustering method using the Euclidean metric as a measure of distance.

Clusters A, B, C on the dendrogram are macroinvertebrate communities identified based on reads of the COl gene fragment.

Table 2. Structural parameters of macroinvertebrate communities found in Bolshiye Koty Bay, Lake Baikal (July, 2019)

Community Species

number of dominants

Percentage of reads

Number of reads
per community

H, bit D e

Note. H - species diversity according to Shannon, D - Simpson dominance index, e - Pielou’s evenness index.

Three communities of macroinvertebrates were identified
in the region studied, one of which was dominated by the
molluscs Choanomphalus conf. maacki (A) and two were
chironomid-dominated by Orthocladius gregarius Linev. (B),
Sergentia baicalensis Tshern. (C) (Fig. 2).

Communities are characterized by a simple structure;
15—16 species were noted in their composition (Table 2). The
Shannon index is low, ranging from 0.7 to 1.2 bits. At the
same time, in the communities, there is a high concentration
of dominance of one species (D varies from 0.5 to 0.7) and
low evenness (e varies from 0.3 to 0.4).
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In the community C. conf. maacki among the subdominants
there are molluscs Pseudancylastrum sibiricum (Gerstf.),
Gerstfeldtiancylus conf. roepstorfi. The subdominants of the
O. gregarius community include the caddisflies Baicalina
thamastoides Mart., chironomids Orthocladius sp. 2, O. niti-
doscutellatus Lundstr., and Cricotopus fuscus (Kieff.). The
community dominated by S. baicalensis contains numerous
polychaetes Manayunkia godlewskii (Nusb.), molluscs Choa-
nomphalus conf. anomphalus. Dominants and subdominants
in communities account for 91 to 96 % of COI gene fragment
reads.
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Fig. 3. Distribution of dominant species (OTUs) of macroinvertebrate communities (A-C) in the space of the first two principal components, taking into

account 74 % of the variability of the relative abundance data set.

The spatial distribution of the dominant species of mac-
roinvertebrate communities depending on environmental
factors is shown in Figure 3. The first principal component
characterizes the distribution of communities depending on
the composition of bottom sediments. The dominant species
of macroinvertebrate communities found on fine clastic ma-
terial (pebbles, silted sand) have positive loads on the first
principal component, and negative loads on coarse clastic
material (boulders, rock fragments). The second principal
component characterizes the distribution of dominants of the
studied macroinvertebrate communities depending on the
bottom geomorphology. The species found in the beach area
have positive loads, while those found on the shallow-water
terrace have negative loads.

Discussion

The studies of Bailey et al. (2001) indicate the effectiveness
of monitoring observations of the state of water bodies using
taxonomy at the genus or species level. Metabarcoding, as a
modern genetic tool, is widely used for express assessment
of biodiversity in ecosystems (Elbrecht, Leese, 2015). The
authors of the work recommend using the presence/absence
metric to characterize diversity, since the high resolution of
primers makes it possible to take into account mass and minor
species, but at the same time it does not make it possible to
measure the absolute values of their abundance or biomass
in samples. However, to study the structure of communities,
indicators characterizing not only the composition of taxa,
but also their quantitative ratio are needed. The number of
reads, apparently, can be attributed to an indirect characteristic
of species abundance (OTU). This confirms the presence of
a positive correlation between the abundance of macroinver-

tebrates before DNA extraction and the abundance of OTUs
from Lake Baikal not only in the samples collected in Bol-
shiye Koty Bay (S = 0.6, p <0.05), but also in Listvennichny
Bay (S =0.5) (Kravtsova et al., 2021). In addition, a positive
correlation was noted between the number of reads and the
biomass of organisms collected in ponds in Germany (EI-
brecht, Leese, 2015). Therefore, when studying the structure
of macroinvertebrate communities, emphasis was placed
on the number of reads per OTU, as well as the occurrence
of OTUs in samples. To understand the extent to which the
molecular genetics method using high-throughput sequencing
technologies is applicable to the study of macroinvertebrate
communities, the same approach was used for comparison
as in ecological studies of water bodies based on classical
hydrobiological methods (Brotskaya, Zenkevich, 1939; Begon
et al., 1986; Konstantinov, 1986).

The fauna of macroinvertebrates on the shallow-water ter-
race and in the underwater part of the beach of the studied area
of Lake Baikal in Bolshiye Koty Bay (excluding the popula-
tion of the underwater slope and canyon) is quite diverse; in
1988, at least 177 species were recorded in its composition
(Kravtsova et al., 2003). Most of the species found using
DNA metabarcoding in 2019 were present here earlier, but
in general, the diversity of benthic fauna (see Table 1) identi-
fied using molecular genetics methods is lower. This can be
explained, on the one hand, by the smaller volume of collected
quantitative samples of macrozoobenthos, and, on the other
hand, by the absence in GenBank of COI sequences belonging
to Baikal rich in species groups, for example, oligochaetes.
In Baikal, 202 species of oligochaetes have been recorded,
among them 165 are endemic (Semernoy, 2004). It is possible
that the low representation of COI sequences of this group

3KOJIOTMYECKAA TEHETUKA / ECOLOGICAL GENETICS 699



L.S. Kravtsova, T.E. Peretolchina, T.I. Triboy
I.A. Nebesnykh, A.E. Tupikin, M.R. Kabilov

of invertebrates in GenBank can be connected with the poor
knowledge of the fauna due to its high endemism. In total,
Annelida accounts for about 30 % of the total number of
OTUs identified by DNA metabarcoding both from Bolshiye
Koty Bay and Listvennichny Bay of Lake Baikal (Kravtsova
etal., 2021).

Polychaeta, which are not rich in species, are also included
in Annelida, but they were not previously included in the list
of taxa from Bolshiye Koty Bay (Kravtsova et al., 2003),
since their morphological identification had not been carried
out. However, using DNA metabarcoding, in 2019, all three
polychaete species found in Baikal were recorded in the
fauna with high homology (98-99 %) with sequences from
GenBank (see Table 1) (Pudovkina et al., 2016): Manayunkia
baicalensis (Nusb.), M. godlewskii, M. zenkewitschii Sit.,
Shcherb. et Kharch.

Chironomids (Diptera) are among the objects, the identifica-
tion of species of which by the morphological characters of
the larvae is extremely difficult and they are often determined
to a group of species (gr.) or species (sp.). It is possible that
O. gregarius, the dominant of one of the three communities
identified in 2019, was previously listed as O. gr. thienemanni,
and the subdominant O. nitidoscutellatus was in O. gr. oliva-
ceus (Kravtsova et al., 2003). Despite these species having
been present in Bolshiye Koty Bay in 1988, they did not play
a community-forming role among other macroinvertebrates
(Kravtsova et al., 2004). The species O. gregarius and O. niti-
doscutellatus, as shown by further molecular genetic studies
(Kravtsova et al., 2014), have a rather long evolutionary
history and their existence in Lake Baikal is beyond doubt
(Makarchenko E.A., Makarchenko M.A., 2008).

The low diversity of species rank OTUs indicates that the
macroinvertebrate communities dominated by C. conf. maacki,
O. gregarius, S. baicalensis in Bolshiye Koty Bay are cha-
racterized by a simple structure (see Table 2) due to the above
reasons.

It is known that abiotic environmental factors play an im-
portant role in the distribution and formation of the diversity
of macroinvertebrate communities (Rezende et al., 2014). The
spatial distribution of dominants and subdominants of macro-
invertebrate communities from Bolshiye Koty Bay is consis-
tent with the distribution of these species in the coastal zone of
Lake Baikal. So, a community dominated by C. conf. maacki
is confined, as before, to the rocky bottom sediments of the
shallow terrace. The community of O. gregarius is distributed
on pebbles with individual boulders in the beach zone, and
with the dominance of S. baicalensis, on the silty sands of
a shallow-water terrace, a typical biotope for this species. In
Lake Baikal, representatives of the genus Orthocladius prefer
to settle in a hydrodynamically active zone of wave mixing and
water flow, while Sergentia prefer to settle in conditions where
sedimentation processes prevail over erosion and transfer of
terrigenous material, organic matter.

The study of the structure of macroinvertebrate communi-
ties in aquatic ecosystems using DNA metabarcoding has its
own characteristics, in contrast to the rapid assessment of
fauna diversity (based on the presence/absence metric). First
of all, it is necessary to pay attention to the degree of study
of the diversity of the bottom fauna of the reservoir, the size
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groups of its representatives. Of no small importance for the
assessment of diversity is the presence of sequences of the
studied gene fragment in the GenBank database. To obtain
an adequate characterization of the relative abundance (reads
of the COI gene fragment) of organisms in the community,
quantitative sampling of macrozoobenthos should be car-
ried out from a certain area, taking into account the biotopic
heterogeneity of the bottom. In order to avoid the influence
of body size of organisms on the number of reads per OTU,
when preparing samples for DNA extraction, it is necessary
to select tissue pieces of the same size from all individuals
found in quantitative samples. This makes it possible to ob-
tain an integral characteristic of the relative abundance of an
organism (number of reads), taking into account its biomass,
leveled by scatter (due to body size), as well as abundance.
Since macroinvertebrates make up one third of the representa-
tives of the unique Baikal fauna (2,565 species and subspe-
cies (Timoshkin, 1997)), a more complete database of CO/
reference sequences is required for an objective assessment
of a-diversity.

Conclusion

DNA metabarcoding using a primer (m/COlintF) in com-
bination with jgHCO2198 to amplify the Folmer COI gene
fragment showed its effectiveness in studies of the diversity
and structure of Baikal macroinvertebrate communities. The
fauna of Bolshiye Koty Bay contains typical representatives
of most groups of macroinvertebrates inhabiting the coastal
zone of Lake Baikal. It is shown that the number of reads,
as a characteristic of the relative abundance of taxa, can be
used to study the features of the structural organization of
macroinvertebrate communities. In general, the proposed
approach is quite acceptable for assessing the stability of
macroinvertebrate communities in the temporal aspect in the
monitoring of aquatic ecosystems.
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Abstract. Microeukaryotes are vital for maintaining soil quality and ecosystem functioning, however, their com-
munities are less studied than bacterial and fungal ones, especially by high throughput sequencing techniques.
Alveolates are important members of soil microbial communities, being consumers and/or prey for other micro-
organisms. We studied alveolate diversity in soil under the undisturbed steppe (US) and cropped for wheat using
two tillage practices (conventional, CT, and no-till, NT) by amplifying the ITS2 marker with ITS3_KYO2/ITS4 primers
and sequencing amplicons using lllumina MiSeq. A total of 198 Alveolata OTUs were identified, with 158 OTUs at-
tributed to the Ciliophora phylum, containing five classes: Litostomatea, Spirotrichea and Oligohymenophorea,
Nassophorea and Phyllopharyngea. Litostomatea and Phyllopharyngea were more abundant in US as compared
with CT and NT. The observed OTU richness was higher in US than in CT and NT. The B-biodiversity of soil ciliates
also very distinctly differentiated the US field from CT and NT. In the US, Nassophorea and Spirotrichea correlated
positively with sand and negatively with clay, silt and SOM contents. This is the first report about soil ciliates diver-
sity in Siberia as assessed by metabarcoding technique. The revealed clear effect of land use on the relative abun-
dance of some taxa and a lack of tillage effect suggest the importance of the quantity and quality of plant material
input for shaping the prey for ciliates. The ITS-metabarcoding technique was used for the first time in the research
of ciliates diversity; further studies, embracing diverse aspects of soil ciliates by combining -omics methodology
with the traditional one, are needed to get a better insight on the ecological roles of the main ciliate taxa in the
complex soil system.
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Pa3HooOpa3ue nmouBeHHbIX Alveolata B HeHapyIlIeHHO CTern
11 arpolieHO03ax IIIIeHUIIbI IIPU Pa3HOi 060padbOTKe IIOUBbI
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AHHoTauuA. MUKpPOCKONMMYeCKne 3yKapuoTbl KpaiHe BaXKHbl Ansi obecrneyeHns KayecTa nousbl U GpyHKLMOHN-
poBaHuA 3kocnctem. OfHaKo COOOLLECTBA MOYBEHHbIX MUKPO3YKapMOT MEHEE M3YyUeHbl MO CPaBHEHNIO € coobLe-
cTBamMy 6aKTepuin 1 rpmboB, 0COGEHHO C MPUMEHEHVEM METOAOB BbICOKOMPOU3BOAUTENbHOIO CEKBEHUPOBAHNISA.
3HauMMbIMN KOMMOHEHTaMK NOYBEHHBIX MUKPOOHbBIX COOOLLECTB ABNAIOTCA afbBEONATHI, YYacTBYOLWME B Kloye-
BbIX MpoLieccax MOYBEHHbIX IKOCKUCTEM (pasfioXKeHe OpraHMYecKoro BellecTBa, TPaHCPopMaLuma NUTaTeNIbHbIX
anemMeHTOB 1 Ap.). Llenb paboTbl 3aKknoyanach B 13yyeHnr pasHoobpasna anbBeosAT B MOYBE NMOA HEHAPYLLEHHON
CTENHOW PacTUTENbHOCTBIO U NP BO3AEeNbIBaHWM MLUEHNWLbl C MOMOLLbIO ABYX MeTOA0B 006paboTKM NouBbl (Tpaau-
LMOHHanA BCnallka 1 HyneBas 0bpaboTka) nytem amnandurkauum mapkepa ITS2 ¢ npaimepamu ITS3_KYO2/ITS4 n
nocneayioLlero cekBeHnpoBaHua amnankoHos (lllumina MySeq). Bcero ngeHtnduymposaro 198 OTE anbBeonsr,
13 KoTopbix 158 otHocunucsb K Tuny Ciliophora n nAatn ero knaccam: Litostomatea, Spirotrichea, Oligohymenopho-
rea, Nassophorea n Phyllopharyngea. Litostomatea u Phyllopharyngea okasanucb 6onee o6vnbHbl B NoUBe Nog He-
HapyLUEHHOW CTEMHOW PacTUTENIbHOCTBIO MO CPaBHEHEHMIO C MOYBOI NOZ, MieHULEe 060UX BapuaHTOB 06paboTKN.
BoratctBo OTE B BepxHeM clioe HeHapyLLEHHOW MOYBbI NMOA CTEMHOM PacTUTENbHOCTbIO ObIIO TaK>Ke 3aMeTHO BbilLe,
Yyem B 060MX BapuaTax BO3LE/bIBAEMbIX MOMe, KOTOPble YETKO OTAMYANNCh OT CTenu 1 no B-6nopasHoobpasuio.
Nassophorea n Spirotrichea nonoxmTenbHO KOPPENNPOBaNN C CofepPKaHNEM Necka B HEHapyLUEHHON 1 MaxOTHOMN
noyBe; B NocsiefHen K HUM NpucoeanHUnunch Litostomatea. laHHasa paboTa npefcraBnseT coboli nepsoe nccre-
floBaHVe pa3Hoobpa3na NOYBEHHbIX aNbBEONAT C NPUMEHEHNeM MeTofa MeTabapKoAnpoBaHNA. BboiABneHHoe BO3-
LeNCTBME 3eMNENONb30BaHNA Ha OTHOCUTENbHOE O6UINE HEKOTOPbIX TaKCOHOB HapsAay C OTCYTCTBMEM BAUAHMUSA
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Soil Alveolata diversity in the undisturbed steppe
and wheat agrocenoses under different tillage

06paboTKM NMOUBbI CBUAETENBCTBYET O BaXKHOM 3HaUeHUM KONMYeCTBa 1 KauyecTBa NMoCTynatoLero B MoYBy pacTu-
TeNbHOro Matepuana ans GopMMpPOBaHNA COOBLLECTB MUKPOOPTaHU3MOB, NoeaaemMbix UHGy3opuamu. JanbHen-
Ve NCCNEROBaHNA C MPUMEHEHVEM METOLONTN -OMUK 1 TPAAULIMOHHBIX CMOCO60B HEOOXOANMBI AN JTyyllero
MOHVIMaHUA KONTOTMYECKON ponu NHbY30puii B YaCTHOCTY 1 aflbBEOSIAT B LIESIOM B CJZIOKHOW NOYBEHHOW CUCTEME.
KnioueBble cnoBa: ITS paiioH; nHdysopru; yepHo3eM; TpaAMLVOHHAA BCMaLLKa; HyneBas o6paboTKa.

Introduction

As it is currently argued, “bridging the gaps between biodiver-
sity science and agricultural practices is crucial to meet food
security in the Anthropocene” (Cappelli et al., 2022. P. 674).
Therefore, belowground biodiversity is an ultimately impor-
tant part/mediator of such efforts. Eukaryotic microorganisms,
such as fungi, alveolates, metazoans, algae and other orga-
nisms with <5000 pm? of body volume (Coleman, 1985) are
important players in biotic interactions in soil, and, as such,
involved in key ecosystem processes: organic matter transfor-
mation, nutrient cycling, etc. (Bardgett, Putten, 2014). Proto-
zoa were shown to benefit plant growth (Bonkowski, 2004),
for instance, by improving N mineralization from soil organic
matter via stimulating bacterial biomass turnover (Kuikman
et al., 1990). Thus, microeukaryotes presence is vital for
maintaining soil quality and ecosystem functioning and sus-
tainability. However, soil microbial eukaryotic communities
are much less studied as compared with bacterial and fungal
ones, and especially by the high throughput sequencing tech-
niques. Alveolates are important members of soil microbial
assemblages, where they serve as consumers or prey for other
microorganisms. The abundance and taxonomic diversity of
alveolates used to be studied by culturing (by the so-called
most probable numbers technique) and microscopy. Currently
microscopy is the main methodology for the enumeration
of alveolates (Adl et al., 2008), but species identification,
requiring a complicated staining protocol (Acosta-Mercado,
Lynn, 2003), is rather laborious and sometimes not definitive.
Therefore, metagenomic approach and state-of-the-art high
throughput sequencing has greatly extended the methodology
for assessing the biodiversity of alveolates in soil.

In agricultural ecosystems soil and its residential biota is
strongly affected by all aspects of production technologies,
such as tillage, fertilization, crops, pesticides and others.
Over the last decades the possibility to reduce damage to
soil by minimizing tillage has gained much attention from
both researchers and practitioners. Although there are many
reports about bacterial and fungal biodiversity estimated
metagenomically under minimal and/or no tillage, alveolates
have remained relatively understudied (Ritter et al., 2021).
While assessing the ITS2 region DNA sequence reads diver-
sity, using the ITS3 _KYO2/ITS4 primer set (Liu K. et al.,
2012), under different tillage practices in the chernozem in the
south of West Siberia (Naumova et al., 2022), we found that
those fungal primers also amplified DNA belonging to other
domains, specifically Alveolata, Amoebozoa, Heterolobosea,
Metazoa, Rhizaria and Eukaryota kingdoms of uncertain
taxonomic attribution. All those reads were discarded for
the mycobiome analysis (Naumova et al., 2022); however, a
substantial number of alveolate operational taxonomic units
(OTUs), with their rarefaction curves reaching plateau with
increasing number of sequence reads, convinced us to proceed
with analyzing alveolate ITS-based diversity.
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Materials and methods

Experimental site and conditions. The field trial was de-
scribed earlier (Naumova et al., 2022) (https://www.mdpi.
com/2075-1729/12/8/1169). Briefly, the study area is the
forest-steppe zone (54°4'6" N, 79°36'3" E) with a sharply con-
tinental climate!, the mean monthly temperature in the area
of experimental site location in October is 3.5 °C with Luvic
Endocalcic Chernozem (Siltic) (World Reference Base for Soil
Resources..., 2015) as the widely spread and agriculturally
significant soil of the region.

Experimental setup. The field trail was described earlier as
well (Naumova et al., 2022). Briefly, it was started in 2009 on
the area of 40 ha when a portion of the conventionally tilled
soil (CT, mouldboard ploughing in the fall and disking in the
spring) was subjected to the no-till technology (NT); both
plots were getting the same rates of herbicides and fertilizers
simultaneously.

The wheat grain yield, harvested at the beginning of Sep-
tember 2021, reached 4.8 tha™! in the NT field and 4.1 tha™!
in the CT field. An undisturbed site (Un), located near the
experimental field and covered by a true bunchgrass steppe
(with Stipa capillata, Festuca valesiaca, some Poa spp. and
Puccinellia sp.), was used to get the data about the zonal soil
bacteriobiome as a reference.

Soil sampling and chemical analyses. Soil was sampled
in October 2021 from the 0-5 and 515 c¢m layers in five in-
dividual replicates from each layer. In total, 30 soil samples
were collected and chemically analyzed as described before
(Naumova et al., 2022): soil pH ranged 6.3—6.8, total soil car-
bon content ranged 3.6—4.2 %, and total soil nitrogen content
was 0.29-0.37 %.

DNA extraction, amplification and sequencing. Total
DNA was extracted with the DNeasy PowerSoil Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tions. The bead-beating was performed using TissueLyser 11
(Qiagen, Hilden, Germany) for 10 min at 30 Hz. Agarose gel
electrophoresis was used to assess the quality of the extracted
DNA; additional DNA purification was not necessary.

The ITS2 gene marker was amplified with the primer pairs
ITS3_KYO2/ITS4, combined with [llumina adapter sequences
(Fadrosh et al., 2014). PCR amplification was performed as
described earlier (Kryukov et al., 2020). A total of 200 ng
PCR product from each sample was pooled together and puri-
fied using the MinElute Gel Extraction Kit (Qiagen, Hilden,
Germany). The obtained amplicon libraries were sequenced
with 2x300 bp paired-ends reagents on MiSeq (Illumina,
CA, USA) in the SB RAS Genomics Core Facility (ICBFM
SB RAS, Novosibirsk, Russia). The read data reported in this
study were submitted to the NCBI Short Read Archive under
bioproject accession number PRINA845814.

! Hydrometcenter of Russia. Available online at: https://meteoinfo.ru/en/
climate/monthly-climate-means-for-towns-of-russia-temperature-and-
precipitation (accessed on March 27, 2022).
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Bioinformatic analysis. Raw sequences were analyzed
with the UPARSE pipeline (Edgar, 2013) using Usearch
v.11.0.667. The UPARSE pipeline included merging paired
reads; read quality filtering (-fastq_maxee_rate 0.005); length
trimming (remove less 100 nt); merging identical reads (de-
replication); discarding singleton reads; removing chimeras
and OTU clustering using the UPARSE-OTU algorithm. The
OTU sequences were assigned a taxonomy using SINTAX
(Edgar, 2013) and ITS UNITE USEARCH/UTAX v.8.3 (Aba-
renkov et al., 2021) as a reference. Taxonomic structure of
sequences thus obtained was estimated by the ratio of the
number of taxon-specific sequence reads (with non-fungal
removed from the data matrix) to the total number of sequence
reads, i.e. by the relative abundance of taxa, expressed as
percentage.

The OTUs datasets were analyzed by individual rarefaction
with the help of the PAST software (Hammer et al., 2001):
the number of alveolate OTUs detected, reaching plateau with
increasing number of sequences, showed that the sampling ef-
fort was close to saturation for all samples, thus being enough
for comparing biodiversity (Hughes, Hellmann, 2005).

Statistical analyses. Statistical analyses (descriptive sta-
tistics, ANOVA and correlation analyses) were performed
by using Statistica v.13.3 (TIBCO Software Inc., Palo Alto,
CA, USA). Rarefaction curves, OTUs-based a-diversity in-
dices were calculated and principal coordinates analysis was
performed using PAST software. Factor effects and mean
differences in post-hoc comparisons by Fisher’s LSD test
were considered statistically significant at the p < 0.05 level.

Results

Alveolata taxonomic diversity. After quality filtering, chi-
mera and other domains’ sequences removal, a total of 198
different Alveolata OTUs were identified at 97 % sequence
identity level, with 158 OTUs attributed to the Ciliophora
phylum, the rest remaining unclassified below the domain
level. The rarefaction curves showed that the sampling effort
was enough to compare diversity (Hughes, Hellmann, 2005),
as the number of OTUs dependent on the total number of
sequence reads reached plateau (Fig. 1).

Five Ciliophora classes were identified: Litostomatea with
32 OTUs being the most OTU-rich one, followed by Spiro-
trichea and Oligohymenophorea with 25 OTUs each, Nasso-
phorea and Phyllopharyngea being represented by just three
OTUs each. Of the total number of Ciliophora OTUs, many
(70, or 44 %) remained unassigned to the lower taxonomic
levels.

Taxonomic composition and structure in different fields.
The relative abundance of the Ciliophora phylum did not
differ between the fields and the layers (Table 1), whereas
at the class level there were some differences: Litostomatea
was much more abundant in the undisturbed soil as compared
to both cropped ones, and Phyllopharyngea, albeit being a
minor member of the ciliate assemblage, was also markedly
increased in the undisturbed soil. At the order level, Spo-
radotrichida was almost seven times more abundant in the
0-5 cm layer of the undisturbed soil than in the no-till one.
Oligohymenophorea is, an order-level cluster, had almost five
times higher abundance in the 5-15 cm layer of the no-till soil
as compared with the undisturbed one (Table 1). Haptorida
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(Litostomatea), Hymenostomatida (Oligohymenophorea)
and Cyrtophorida (Phyllopharyngea) displayed much higher
abundance in the undisturbed soil.

The number of dominant OTUs slightly exceeded 20 in
each field and both layers (Fig. 2). The sets, bulked over both
soil layers, comprised 30—43 dominant OTUs, the number of
the dominant OTUs being maximal in the undisturbed soil.
Three OTUs were common for all fields, with two OTUSs not

Number of OTUs

0 1 1 1 1 1 1 1 1
250 500 750 1000 1250 1500 1750 2000

Number of reads

Pl-6

Number of OTUs

1000 1200 1400

200 400 600 800

Number of reads

Fig. 1. The rarefaction curves for alveolate OTUs in the 0-5 (a) and 5-15
(b) cm soil.

Un - undisturbed soil, Pl - ploughed and NT - no-till soil; the numbers indicate
individual soil replicates from a tillage treatment.

0-5 cm layer 5-15 cm layer
Undisturbed Undisturbed
21 20
5 8 10 8
4 6
No-Till 5  Ploughed No-Till 15 Ploughed
22 24 22 22

Fig. 2. Venn’s diagram of the number of the dominant Alveolata OTUs in
soil under different tillage treatment. OTUs were considered dominant if
they accounted for = 1 % of the total number of sequence reads.
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Table 1. Relative abundance (%, mean) of the dominant Alveolata taxa in Chernozem 0-5 and 5-15 cm layers
in the experimental fields in the south of West Siberia

Taxon Undisturbed Ploughed No-till

un. Ciliophora 36.3 348 33.1 41.0 39.7 50.7
Splromchea ............................... 252 ........................ 401 ......................... 350 ........................ 341 ......................... 237 ........................ 205 .......................

Ohgohymenophorea1593b ..................... 613 ......................... 174ab125ab194b ...................... 189b .....................

. thostomate a ............................. 5 Sb ......................... 68b ......................... 1 Oa ......................... Osa ......................... 08a ......................... 1 6a ........................

Nassoph orea ............................. 28b ......................... Ooa ......................... 1 3ab ....................... Ozab ....................... 31b ......................... Ooa ........................

Phy”ophary ngea ...................... O4b ......................... 013 ......................... Ola ......................... Ooa ......................... 01,3 ......................... Ooa ........................

un. Spirotrichea 12.3 31.1 31.2 279 21.8 14.7
Sporadot”chlda129b ...................... 89ab ....................... 39ab ....................... 62ab19a ......................... 58ab ......................

Othhymenophorea_ls1386b ..................... 39a ......................... 174b”7ab194b ...................... 189b .....................

Haptonda .................................. 49b ......................... 68b ......................... 1 Oa ......................... 05a ......................... 07a ......................... 15a ........................

Hymenostomat,da ................... 21b ......................... 2 2b ......................... Ooa ......................... 043 ......................... Ooa ......................... Ooa ........................

Nassu“da ................................... 28ab ....................... Ooa ......................... 1 3ab ....................... Ozab ....................... 31b ......................... Ooa ........................

ph, |aster ,da ............................... 00 .......................... 00 .......................... 00 .......................... 04 .......................... 000 ........................ 000 .......................

un thostomatea ....................... 06b ......................... Oooa ....................... Oooa ....................... Oooa ....................... 01ab ....................... Ooa ........................

Cyrtophon d ; ............................. 030b ...................... 007a ....................... 005a ....................... Oooa ....................... 006a ....................... Oooa ......................

Exogen |da ................................. 012 ........................ 000 ........................ 000 ........................ 000 ........................ 000 ........................ 000 .......................

Note.“un!stands for unclassified. Letters in rows indicate that the values are different (p < 0.05, Fisher’s LSD test); the absence of letters after the values in a row
indicates that there was no difference.

Table 2. Alpha-biodiversity indices (calculated on the OTU’s basis) of Alveolata OTUs
assemblages in the Chernozem in the experimental fields in the south of West Siberia

Index Undisturbed Ploughed No-till
0_5cm .................... 5_15cm .................. 0_5cm .................... 5_15cm .................. 0_5cm .................... 5_15cm .................

OTU” Chness ........................... 48d .......................... 28ab ......................... 34bc ......................... 25a ........................... 37c ........................... 24a .........................

Chao] ....................................... 50d .......................... 29ab ......................... 35bc ......................... 26ab ......................... 41Cd ......................... 25a .........................

S,mpson . (5) ............................. 091 .......................... 081 .......................... 090 ......................... 084 ......................... 091 .......................... 087 ........................

Shann ons ................................ 30b ......................... 24a .......................... 27ab ........................ 233 .......................... 283b ........................ 24a .........................

Evenness .................................. 042 ......................... 044 ......................... 047 ......................... 044 ......................... 043 ......................... 049 ........................

Eqwtablhty .............................. 077 ......................... 072 ......................... 078 ......................... 074 ......................... 076 ......................... 077 ........................

Berger_Parker ......................... 021 .......................... 030 ......................... 019 ......................... 030 ......................... 018 ......................... 025 ........................

Dom,nance(1s) ..................... 009 ......................... 019 ......................... 010 ......................... 016 ......................... 009 ......................... 013 ........................

Note. Letters in rows indicate that the values are different (p < 0.05, Fisher’s LSD test); the absence of letters after the values in a row indicates that there was
no difference.
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Fig. 3. Principal coordinates analysis of the soil alveolate assemblage
composition (OTU level, Bray—Curtis dissimilarity distance) under differ-
ent soil tillage in the forest-steppe zone in West Siberia: location of sam-
ples in the plane of the first two coordinates.

Solid circles indicate samples from the 0-5 cm layer, and open circles indicate
samples from the 5-15 cm layer.

identified below the class level (Spirotrichea) and one OTU,
below the phylum level (Ciliophora). As for the 0—-5 cm layer,
the fourth dominant OTU belonged to the Nassulida order of
the Nassophorea class; in the 5—-15 cm layer, in addition to the
three OTU-level clusters common for all samples, there were
two unidentified ones below the phylum level and one was
identified to the Spirotrichida order of the Spirotrichea class.

Alpha- and beta-biodiversity in different fields. The
observed OTU richness was notably higher in the 0-5 cm
layer of the undisturbed soil (Table 2) as compared with both
cropped ones; the cropped soils did not differ from each other
in this index. As for the potential OTU richness, though its
estimator (Chaol) in the 0-5 cm layer of the undisturbed soil
was markedly higher than in the respective layer of the CT soil,
the same was true, albeit to a lesser extent, for the respective
layer of the NT soil. Shannon index was much increased in
the 0—5 cm layer of the undisturbed soil as compared with its
5-15 cm layer, displaying no difference between the fields.

As for B-diversity, it clearly separated the undisturbed field
from the cropped ones, and the latter were not separated from
each other (Fig. 3).

Ciliate assemblage composition and soil properties.
Correlation of the ciliate classes abundance with soil pro-
perties in the 0-5 cm layer showed specific spectra for each
field (Fig. 4), albeit with few correlation coefficients being
statistically significant.

In the undisturbed soil, Nassophorea and Spirotrichea
correlated positively with sand and negatively with clay, silt
and soil organic matter contents, being also sensitive to pH. In
the same soil, Litostomatea and Oligohymenophorea showed
preference for soil organic matter with a wide C/N ratio. The
pattern was different in the CT soil, where all major classes,
except for Spirotrichea, correlated positively with sand and
negatively with clay, silt and soil organic matter ones. A dif-
ferent correlation pattern was revealed in the NT soil, where
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a Undisturbed STC

Clay g STN

Silt C/N
Sand SOM
b Ploughed STC
1.0
Clay ’ STN
Silt C/N
Sand SOM
C No-Till STC
Clay : STN
Silt C/N

Sand

SOM

—— Litostomatea Oligohymenophorea

—— Nassophorea Spirotrichea

Fig. 4. Correlation coefficients (Pearson) between the relative abundance
of the dominant ciliate classes in 0-5 cm layer and soil properties: STC,
STN - soil total carbon and nitrogen, SOM - soil organic matter, C/N - the
STC/STN ratio in soil; undisturbed soil (a), ploughed soil (b) and no-tillage
soil (c).

The coefficients |r| = 0.88 were statistically significant at p < 0.05 level.

Oligohymenophorea correlated positively with silt, clay, soil
organic matter, soil total carbon and nitrogen and negatively
with sand.

Discussion

To assess the diversity of microscopic eukaryotes, most studies
used primers to 18S rRNA genes (Ritter et al., 2021), either
taxonomically broad (Chaib De Mares et al., 2017) or specific
for soil ciliates (Lara et al., 2007; Ting et al., 2015). However,
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even with specific primers, non-target taxa sequences are
commonly amplified (Pastorelli et al., 2022). The ITS pri-
mers we used in this study were designed for fungi (Liu K.
et al., 2012), but often these primers did not fail to amplify
a plethora of other domains, such as Alveolata, Amoebozoa,
Heterolobosea, Metazoa, Rhizaria and Eukaryota kingdoms
of uncertain taxonomic attribution. That was precisely what
happened in our research: we analysed and reported the
mycobiome data (Naumova et al., 2022), but, besides fungal
sequences, obtained many sequence clusters belonging to
other domains, including Alveolata. It seemed a waste not
to attempt an analysis of such sequences; the more so as the
number of OTUs reached plateau with the increasing number
of sequence reads, tempting us to compare diversity of am-
plicon sequences. The primers we used were not specifically
designed for alveolates, and we are far from claiming that
we examined alveolate assemblages in their entirety (though
even with specific primers, such claims would be unjusti-
fied). However, the fact that diversity estimates of Alveolata
OTUs showed agronomically and ecologically meaningful
differences, together with our humble hope that our study
would “clearly benefit from incorporating more protistology
alongside the study of bacteria, fungi and animals” (Geisen
et al., 2018), strongly encouraged us to discuss how ciliate
diversity relates to the context of this study.

Averaged over all samples in the study, Ciliophora account-
ed for 88 % of the Alveolata sequence reads. As Ciliophora
were shown to prefer arid and semi-arid soil environments
(Bates et al., 2013), the phylum ultimate dominance in Al-
veolata assemblage complies with the climate of the study
region, characterized as semi-arid. Less Ciliophora presence,
i.e. 45 % of the total number of sequence reads, was reported
for the meadow soils in the Alps (Seppey et al., 2020). How-
ever, ciliates are relatively more studied and better represented
in various databases: in particular, they are highly overre-
presented in molecular surveys because of their shorter SSU
rRNA sequences that ease amplification, and the presence of
extremely high SSU rRNA gene copy numbers (Gong et al.,
2013), ranging from 103 to 10 (Wang et al., 2019). All these
might have also been a factor contributing to higher Ciliophora
presence in our study.

This study explicitly identified five class-level sequence
reads clusters, i. e. Spirotrichea, Oligohymenophorea, Litosto-
matea, Nassophorea and Phyllopharyngea. The first four were
the dominant ones, being commonly found in other studies
(employing the same or different methodology) as the main
members of soil ciliate assemblages (and even estuarine ones
(Jiang et al., 2021)). In the meadow soils in the Alps, the Ci-
liophora phylum was mostly represented by the Spirotrichea,
Oligohymenophorea, Litostomatea and Colpodea classes
(Seppey et al., 2020). In soil ciliate community at the Baiyun
Mountain in China, the most species-rich classes were Spiro-
trichea, Colpodea, Litostomatea, Oligohymenophorea, Nas-
sophorea, Armophorea and Phyllopharyngea, as determined
by microscopy (Li et al., 2010); exactly the same class-level
composition (by DGGE + sequencing) was reported for the
oil palm plantation in Malaysia (Ting et al., 2012). Another
study reported the ultimate (55 %) dominance of colpodids
(by classical methodology) (Bamforth, 2001) in a range of
different soils; a notable presence of the group (found by
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metatransciptomics) was also reported (Geisen et al., 2015).
Another very recent study of ciliates in Castanozems in the
north-west of China identified nine classes of soil ciliates
(Liu H. et al., 2022), with Spirotrichea and Litostomatea
being the most species-rich and Colpodea ranking third. Un-
like all those studies, here, we did not find any Colpodea. This
notable and surprising discrepancy concerning the Colpodea
presence may be explained by differences in methodology,
primers used, ecosystems, soil, as well as weather conditions
preceding soil sampling. According to BLAST (https://blast.
ncbi.nlm.nih.gov/Blast.cgi), the primers used for this study
had poor homology for Colpodea. As for the weather condi-
tions, they could have contributed somewhat as well: we col-
lected soil samples at the end of the growing season with air
temperatures dropping to negatives at night, but in the Alps
soil samples were collected in July, i.e. at the height of the
growing season, whereas at the Baiyun Mountain they were
collected seasonally throughout a year. Also, as Colpodea are
well known as r-strategists (Liiftenegger et al., 1985), e. g.
thriving in unstable environments, they could hardly display a
notable presence after gradual change of environmental condi-
tions at the very end of the growing season, more than a month
after harvest in the cropped fields and no disturbance in all
three fields. Although there exists a discrepancy between the
morphological and molecular databases used in the molecular
barcoding of protists (Venter et al., 2018), the factor could have
hardly contributed to the absence of such conspicuous and
well-studied taxon as Colpodea in our study. Therefore, the
primers are the primary culprits, and this difference between
the ciliate classes might be worth looking into.

Our finding that the Litostomatea class was markedly
increased in the undisturbed soil, as compared with the both
cropped ones, suggests that in the undisturbed soil a) there
was much more prey available for these free-living preda-
tors of other protists or microscopic animals (Vd’acny et al.,
2012), or b) these ciliates or their prey were susceptible to
the agronomic practices in the cropped fields, as protists were
shown to be the most susceptible soil microbiome component
to the application of nitrogen fertilizers (Zhao Z. et al., 2019).
Anyway, the undisturbed soil environment in both layers
apparently benefited Litostomatea, perhaps indirectly, via
different chemical composition/stoichiometry of the versatile
plant litter: nutrient characteristics of the latter were shown
to be important ecological factors that affect protozoan com-
munity diversity (Jia et al., 2021). And our finding of posi-
tive Litostomatea correlation with the wider C/N ratio of soil
indirectly corroborates this.

The Spirotrichea representatives are commonly found
in various soil environments, ranging from the high Arctic
deserts (Choe et al., 2021) to meadows in the Alps (Seppey
et al., 2020). Our results showing that it was the most abun-
dant class in all soil samples from undisturbed and cropped
fields (averaging 30 %) imply increased availability of their
various prey, from bacteria to other ciliates (Subphylum 2.
INTRAMACRONUCLEATA..., 2010), stimulated by dead
phytomass abundance at the end of the growing season. The
Spirotrichea diversity was reported to be positively correlated
with physicochemical parameters such as interstitial water,
total organic carbon, nitrogen and phosphorous content (Abra-
ham et al., 2019). However, within the context of our study,
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i.e. small gradients of physicochemical properties, we did not
reveal such a correlation at the wheat-cropped sites, but at the
undisturbed site, the relative abundance of the Spirotrichea-
specific sequences was found to correlate positively with sand
content in soil. Such correlation suggests sensitivity of these
ciliates to soil pore space and aeration, or both.

The fact that Oligohymenophorea had a substantial presence
in all soil samples in our study (15 % on average) agrees with
the notion that the class is a common member of soil ciliate
assemblages (Zhao F. et al., 2013; Tribun et al., 2022). The
finding that the class did not show any tillage-related diffe-
rences (in the top layer) may suggest a broad spectrum of the
class niches within the context of the study. As for the 5-15 cm
layer, the Oligohymenophorea relative abundance increased
from the undisturbed site to the ploughed and no-till ones: the
results suggest the beneficial effect of some environmental
property (unaccounted in the study) in the no-till soil.

As for the Nassophorea representatives, in this study, the
class presence seemed to benefit from the unploughed soil
environment similarly in both the undisturbed and no-tillage
0-5 cm layers, which indicates mostly the effect of soil pro-
perties, rather than plant species and phytomass. Although
Phyllopharyngea demonstrated layer-related differential
abundance, as the class was the rare member of the soil cili-
ate community at all sites, we would not attempt to draw any
ecological inference from the finding.

It is noteworthy that in both soil layers only few OTUs were
common for all three fields, belonging to the Spirotrichea
class and not being explicitly attributed to any of its orders.

Our finding that ciliate relative abundance was in most cases
positively correlated with sand content in the soil indicates the
importance of relatively bigger pore space needed for these
microscopic eukaryotes as typically they are longer than 50 pm
in body length (Lynn, 2017).

Temperature is an important factor controlling the ciliate
community (Oshima et al., 2020) and affects the structure and
functions of the soil microbial food web. For instance, ciliates
can be destroyed by freezing temperatures, especially at soil
moisture content exceeding 30 % (Miiller et al., 2010). Some
researchers suggested that “internally governed encystment
may be an essential adaptation to an unpredictable environ-
ment in which individual protozoa cannot sense when the soil
will dry out and will survive desiccation only if they have
encysted in time” (Ekelund et al., 2002. P. 1096), or, extending
the statement, when the soil will freeze or experience other
adverse condition. In general, soil helps to preserve ciliate
cysts in a viable state. Since the soil for our study was sampled
at the end of October when freezing temperatures, at least at
nights, are common, it is most likely that the diversity profile
reflects the diversity of viable but non-active organisms.

It should be noted that relationships between ribotypic and
phenotypic traits of protists across their life cycle stages re-
main largely unknown: recently, encystment and temperature
were shown to influence intraindividual sequence polymor-
phisms of IDNA and rRNA (Zou et al., 2021). Thus, the IDNA
copy number may affect the composition and structure of soil
ciliate assemblages.

Nowadays, it is commonplace to reiterate that “conventio-
nal agricultural production systems... reduce soil biodiver-
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sity” (Harkes et al., 2019); and our finding of reduced ciliate
OTUs’ richness, both observed and potential, in the top 5-cm
layer of conventionally ploughed soil as compared with
the undisturbed one, agrees with the statement. However,
the same was true for the no-till soil as far as the observed
OTUs’ richness is concerned. But the potential richness, i.e.
the Chaol index, albeit being somewhat lower still, did not
differ statistically from the value in the undisturbed soil,
very likely indicating the ongoing, albeit slowly, process of
ciliate assemblage diversification due to the no-till treatment.
As for the Shannon index, it showed no difference between
the soil tillage managements. The same pattern, i.e. reduced
OTUs’ richness under conventional tillage as compared with
the undisturbed soil, and no difference in the Shannon index,
was found by us in the mycobiome of the same soil samples
(Naumova et al., 2022). This finding implies that the Shan-
non index, calculated on the basis of sequence reads, in the
case of eukaryotic microorganisms, at least such as fungi and
alveolates, cannot adequately reflect biodiversity changes.

With ITS primers, this study recorded 158 Ciliophora OTUs
in the soil samples collected from adjacent fields. Recently, a
comprehensive study of ciliated protozoans in soils and fresh
water bodies of the Russian Far East, performed by employ-
ing traditional microscopic techniques to detect and identify
ciliates, found 307 species (Tribun et al., 2022), which, bear-
ing in mind the number, biotope diversity and area surveyed
(in total, about 900,000 km?) did not strike us as seriously
exceeding the species richness in our study. The core of the
ciliate communities in both studies belonged to the classes
Oligohymenophorea, Spirotrichea and Litostomatea, together
accounting for 65 % of species richness in the Far East study
and 52 % of species richness and 41-50 % of the total number
of sequence reads in our study. Another very recent study in
the north-west of China, also employing traditional methodo-
logy to identify and enumerate ciliates, found 114 species of
ciliates among four sampling sites, varying in vegetation and
land use (Liu H. et al., 2022). Thus, we can safely conclude
that soil ciliates diversity data, obtained here by sequencing
amplicons of ITS2 region of rRNA genes, encompassed a
significant portion of true ciliate diversity in soil, providing
ecologically relevant and meaningful assemblage profiles in
the context of our study.

Conclusion

This is the first report about soil ciliates diversity, as assessed
by metagenomic technique, in Siberia, and specifically in
Chernozem under different land use and tillage practices
(undisturbed steppe vs. cropped for wheat by conventional or
no tillage). We found a clear effect of land use on the relative
abundance of some taxa at the order level, but did not find
any effect of the tillage treatments: this strongly suggests the
importance of primary producers, i. e. the quantity and quality
of plant material input in soil, in shaping the prey available for
ciliates. Soil ciliate B-diversity differentiated the undisturbed
field from the cropped ones very distinctly as well. Further
multifaceted studies, focusing on many aspects of soil ciliates
by combining -omics methodology with the traditional one,
are needed to get a better insight on the ecological roles of
the main ciliate taxa in the complex soil system.
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Smallpox vaccination in a mouse model
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Abstract. The monkeypox epidemic, which became unusually widespread among humans in 2022, has brought awareness
about the necessity of smallpox vaccination of patients in the risk groups. The modern smallpox vaccine variants are intro-
duced either intramuscularly or by skin scarification. Intramuscular vaccination cannot elicit an active immune response,
since tissues at the vaccination site are immunologically poor. Skin has evolved into an immunologically important organ
in mammals; therefore, intradermal delivery of a vaccine can ensure reliable protective immunity. Historically, vaccine in-
oculation into scarified skin (the s.s. route) was the firstimmunization method. However, it does not allow accurate vaccine
dosing, and high-dose vaccines need to be used to successfully complete this procedure. Intradermal (i.d.) vaccine injec-
tion, especially low-dose one, can be an alternative to the s.s. route. This study aimed to compare the s.s. and i.d. smallpox
immunization routes in a mouse model when using prototypic second- and fourth-generation low-dose vaccines (10* pfu).
Experiments were conducted using BALB/c mice; the LIVP or LIVP-GFP strains of the vaccinia virus (VACV) were adminis-
tered into the tail skin via the s.s. or i.d. routes. After vaccination (7, 14, 21, 28, 42, and 56 days post inoculation (dpi)), blood
samples were collected from the retro-orbital venous sinus; titers of VACV-specific IgM and IgG in the resulting sera were
determined by ELISA. Both VACV strains caused more profound antibody production when injected via the i.d. route com-
pared to s.s. inoculation. In order to assess the level of the elicited protective immunity, mice were intranasally infected with
a highly lethal dose of the cowpox virus on 62 dpi. The results demonstrated that i.d. injection ensures a stronger protective
immunity in mice compared to s.s. inoculation for both VACV variants.

Key words: smallpox; monkeypox; vaccinia virus; vaccination; intradermal injection; skin scarification.
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IIpoTMBOOCIIeHHAasI BaKIIMHAaIIMSI Ha MOJIeJIM MbIIIei

C.H. Illeaxynos! 2@, A.A. Ceprees!, C.A. ITbaukos!, K.A. Turosal, C.H. Axy6uuxuii!

! TocyfapcTBEHHbIN HayUHbIV LIEHTP BUpyconornm u rotexHonorum «Bektop» PocnotpebHagsopa, p. n. KonbLoso, HoBocnbrpckas obnactb, Poccus
2 DepepanbHblii NCCNeRoBaTENbCKUI LeHTP UHCTUTYT umtonorum u reHetnkn Cnbrpckoro otaeneHns Poccuinckolt akagemmnm Hayk, HoBocnbupcek, Poccus
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AHHOTaLuA. HeobbluHO WNPOKO pacnpocTpaHuBLuanaca B 2022 r. anugemmna ocnbl 06e3baH cpean nofer npreena K 3a-
KJIOUYEHNIO O HEOOXOAVMMOCTM NPOTUBOOCMEHHON BaKUMHALUM NaLMEeHTOB 13 Fpynn pucka. Mpy 3Tom coBpemMeHHble Ba-
PUaHTbI MPOTUBOOCMEHHOW BaKLMHbI BBOAAT MO0 BHYTPUMbILLEYHO, MO0 ckapudurKaLlmen Koxmn. BHyTprmblLweyHoe BBe-
[leHune He obecneyrBaeT akTMBHOIO MMMYHHOTIO OTBETa, TaK Kak TKaHW, B KOTOPbIe Npuy 3TOM BBOAWTCA BaKLMHa, ABAAOTCA
MMMYHOMOrMYeckn 6eHbIMU. Koxa 3BONMIOLMOHHO Pa3BMIach B UMMYHOOTMYECKN BaXHbIi OpraH MiaeKonuTaoLwumx, no-
STOMY BBefleHMe BaKLMHbI B IePMY KOXMN MOXET 06ecrneunBaTb HafeXHbli MPOTEKTUBHbIA MMMYHHbI OTBET. VicTopurye-
CKW NepBbliM CMOCO60M UMMYHM3aLMK CTanl METOA MHOKYNALMN BaKLMHbI B CKaprdULMPOBaHHYI0 KOXy (¢/K). OgHako 3ToT
MeTof He o6ecrneyrBaeT TOYHOrO AO3NPOBaHNA BaKLVHbI, AJ1A YCMELWHOrO BbINOIHEHVA NPoLeypbl HY»KHO UCMONb30BaTb
BaKLMHY B BbICOKOI KOHLIEHTpauun. AnbTepHaTNBON MeToAY C/K MOXET CIYMTb npoLeaypa BHYTPUKOXHON (B/K) NHbeK-
LMy BaKLUHbI, 0COGEHHO MPU NCMOMb30BaHNM €€ B HU3KOW KOHLEHTpaumu. Lienblo HacToAwe paboTbl 6b110 CpaBHeHME
Ccnoco6oB BHYTPVKOXKHOWN NMPOTMBOOCMNEHHON MMMYHM3aLMM HAa MOAENN MbIWel C MPUMEHeHNEM NPOTOTUMHBIX BaKLWH
BTOPOrO 1 YETBEPTOro NOKONEHWI B HU3KOo Ao3e 10* BOE. IKcnepuMeHTbI BbINOMHAAM Ha Mblluax nuHUM BALB/c, wtammbl
LIVP wnu LIVP-GFP Bupyca ocnosakuuHbl (VACV) BBOAUAN B KOXKY XBOCTa C/K nnn B/K cnocobamu. Yepes 7, 14, 21, 28, 42
1 56 gHeln nocne BakuMHaumu (AnB) y Mblilleit MpoBoAUAN 3a6op Npob KpoBUu 13 PeTPOOpPOUTaIbHOFO BEHO3HOTO CUHY-
ca 1 Mnosyyanu cbiIBOPOTKU, B KOTOpbIX MeTogom MDA onpepensanu tutpbl VACV-cneumdununbix IgM n IgG. Oba wramma
VACV obycnosnusanu 6onee BbipaXeHHY0 NPOAYKLMIO aHTUTEN NPU B/K UHBEKLMMN MO CPAaBHEHWNIO CO C/K UHOKYNALMNEN.
[lnAa npoBepKMn YpOBHA pa3BMBLLErOCA NPOTEKTVBHOIO MMMyHMTETa Ha 62-1 ANB MbILWe MHTPaHa3anbHO NHGULMPOBanm
BbICOKOJIETaNbHOW J0301 BUPYCa OChbl KOPOB. [onyyeHHble pe3ynbTaThl MOKasanu, YTo B/K MHbeKLMa obecneymsaeT pas-
BUTME NPOTEKTUBHOIO UMMYHWTETA Y MbILLEN B 3HAUMTENbHO OOJbLUe CTeNeHK, MO CPaBHEHMIO C C/K MHOKYNALMen o6omx
BapuaHToB VACV.

KnioueBble cnoBa: ocna; ocna 06e3baH; BUPYC OCMOBAKLNHbI; BAKLUHALMNA; BHYTPUKOXKHAA MHbEKLNA; CKapUPUKaLMA KOXKN.
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Introduction

Smallpox (/at. variola) is an especially dangerous infectious
disease that has claimed lives of many hundreds of millions
of people over the past centuries. During smallpox epidemics,
the death toll among the infected people could be as high as
3040 %. The variola virus (VARV) is an infectious agent of
this disease (Fenner et al., 1998).

The VARV was mostly transmitted amongst humans via the
airborne or aerosol route during close personal contacts. The
incubation period lasting one or two weeks was followed by
abrupt onset of fever, headache, and sacral pain. Several days
later, rash lesions appeared on the tongue as well as oral and
oropharyngeal mucosa; maculopapular rash then developed
on the face and hands, subsequently spreading over the entire
body and progressing to pustules. By day 10—13 of illness,
the pustules reached their maximum size, and then gradually
flattened, dried, and evolved into scabs. By day 30—40 of the
disease, the scabs fell off to leave reddish spots. These scabs
subsequently left typical deep scars known as pockmarks
in some body areas, mostly on the face (the pock-pitted
face). Hence, smallpox survivors could be easily phenotypi-
cally differentiated from people who had not had this disease
(Shchelkunov et al., 2005).

It turned out that smallpox survivors were not susceptible
to it during the later epidemics. Many centuries ago, this
fact apparently gave an idea to Indian and Chinese doctors
to develop a procedure that subsequently became known as
variolation (variola inoculation). According to this method,
the infectious material obtained by rubbing scabs taken from
epidemic patients was placed (inoculated) into skin incisions.
People infected intradermally typically had a milder form of
smallpox compared to the naturally occurring smallpox. After
the infectious process, a characteristic scar was formed at the
site of VARV inoculation into the skin. This procedure made
people resistant to smallpox. However, 0.5-2.0 % of variolated
individuals died, so this smallpox protection method has not
become common (Fenner et al., 1988).

In the XVIII century, a smallpox-like disease in cattle and
horses, which became known as cowpox, was reported in Eng-
land. This disease was clinically characterized by development
of skin rashes on animal bodies, most frequently on the udder
and teats. The skin elements underwent typical evolutionary
transformation stages (papules to vesicles to pustules); scabs
and ulcers were subsequently formed. This infection was
casily transmitted to people who had contacted the infected
animals. In most cases, cowpox in humans had a mild course
and was characterized by isolated topical lesions, mostly on
hands and forearms, at skin microtrauma sites. After infection
resolution, cicatrices resembling variolation scars were formed
at former skin lesion sites. Furthermore, people who recovered
from cowpox did not get infected during smallpox epidemics.

Having gained this knowledge, an English physician
Ed. Jenner inferred that people can be protected against small-
pox by being preliminarily infected with cowpox. Starting
with 1796, he conducted several experimental inoculations
of the infectious material collected from pustules of cowpox-
infected humans into skin incisions (the skin scarification
route) in people and, after some time, infected them with
smallpox using the variolation procedure. In all the cases,
people infected with the cowpox were resistant to smallpox
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infection. Ed. Jenner called the developed smallpox protec-
tion procedure “vaccination” (or vaccine inoculation, the
term derived from Latin vacca — cow) (Fenner et al., 1988;
Esparza et al., 2017).

It is noteworthy that it was not until one century after the
invention of the smallpox vaccination method that the king-
dom of viruses was discovered. However, it has only recently
been found that different vaccinia virus (VACV) strains that
have been used for immunization for a long time are closest
to the horsepox virus rather than the cowpox virus in terms
of their genomic organization (Tulman et al., 2006; Esparza
etal., 2017).

Smallpox was completely eradicated by 1977 using mass
smallpox vaccination and strict epidemiologic surveillance
under the World Health Organization’s Global Smallpox
Eradication Program (Fenner et al., 1988).

In the overwhelming majority of cases, the VACV was
inoculated for smallpox vaccination by the skin scarification
(s.s.) route. This procedure is relatively easy to perform but
does not allow accurate dosing of the vaccine preparation;
therefore, high-dose viral preparation needs to be used to
ensure reliable immunization (Fenner et al., 1988; Jacobs et
al., 2009; Sanchez-Sampedro et al., 2015).

Intradermal (i.d.) injection of the vaccine preparation can
be a modern alternative to the s.s. route. This approach allows
accurate vaccine dosing and ensures higher immunization reli-
ability, so the dose of the administered vaccine can be reduced,
which is especially important in the case of mass vaccination.

This study aimed to compare the effectiveness of i.d. and
s.s. smallpox vaccination with low-dose VACV in a model
of BALB/c mice. For correct comparison, the VACV was
introduced by both routes within the same region of mouse tail
skin for both procedures. The clonal variant of the LIVP strain
and the constructed recombinant LIVP-GFP (mutant with
respect to viral thymidine kinase), which can be regarded as
prototypic second- and fourth-generation smallpox vaccines,
respectively, were used as study objects.

Materials and methods
Viruses and cell culture. Clonal variant 14 of the VACV
LIVP strain produced by limiting dilution and triple plaque
purification using agarose overlay (Yakubitskiy et al., 2015),
the mutant LIVP-GFP, with inactivated virus thymidine kinase
gene, generated based on it (Petrov et al., 2013), and the cow-
pox virus (CPXV) strain GRI-90 (Shchelkunov et al., 1998)
were used in this study. The viruses were grown and titrated
using the African green monkey kidney cells line CV-1 from
the collection of the State Research Center of Virology and
Biotechnology “Vector”, Federal Service for Surveillance on
Consumer Rights Protection and Human Wellbeing.

Animals. BALB/c mice were procured from the Labora-
tory Animals Farm of the SRC VB Vector. The experimental
animals were fed a standard diet with a sufficient amount of
water, in compliance with the veterinary laws and the require-
ments for the humane care and use of laboratory animals.
Animal manipulations were approved by the Bioethics Com-
mittee of SRC VB Vector (Protocol No. 02-06.2022 dated
June 28, 2022).

Pathogenicity assessment of VACYV strains. Three-week-
old BALB/c mice weighing 10-12 g (10 animals per group)
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were used in the studies to assess the pathogenicity of the
VACYV LIVP and LIVP-GFP strains upon intranasal (i.n.)
infection. Mice preliminarily subjected to inhaled anesthesia
with diethyl ester received 50 puL of virus-containing fluid
at a dose of 107 plaque-forming units (pfu) or normal saline
inoculated into the nasal cavity. The animals were followed
up for 14 days; clinical signs of infection and animal deaths
were documented.

The score grading system for assessing the revealed symp-
toms was as follows: 0 — no signs of the disease; 1 — slightly
ruffied hair coat; 2 — significantly ruffled hair coat; 3 — signifi-
cantly ruffled hair coat and hunched posture or conjunctivitis;
4 — labored breathing or remaining immobile; and 5 — death.

Each mouse was weighed every two days. The arithmetic
mean mouse body weight in each group at each time point was
calculated and expressed as a percentage from the baseline
value. Data diffusion with respect to the mean value was pre-
sented as standard deviation of the mean and also expressed
as a percentage.

Immunization of mice. Female BALB/c mice starting with
age of 67 weeks (body weight, 16-19 g) were immunized
by intradermal (i.d.) injection or skin scarification (s.s.) using
VACV LIVP or LIVP-GFP at a dose of 10* pfu.

When performing an i.d. injection or s.s. inoculation, the
inoculation site (the dorsal side of the tail, approximately
I cm from its base) was pretreated with 70 % ethanol. In
the case of i.d. injection, 20 pL of viral material (10* pfu) or
normal saline (control group) was inoculated according to the
procedure described earlier (Shchelkunov et al., 2022a). For
s.s. immunization, 10 skin incisions were made using a 26G
needle (0.45 x 16 mm) within the uppermost layer of epider-
mis. Viral material (10* pfu) or normal saline (control group)
(5 uL) was immediately applied onto the damaged skin and
allowed to be absorbed into the skin.

Ondays 7, 14,21, 28,42, and 56 post inoculation (dpi) with
the LIVP or LIVP-GFP viruses, blood samples were collected
from the retro-orbital venous sinus in mice (six animals from
each group) according to the procedure described previously
(Shchelkunov et al., 2022a).

Serum preparations were obtained from individual blood
samples of mice by centrifuging blood cells. Serum samples
obtained from mouse blood were stored at —20 °C.

Enzyme-linked immunosorbent assay of serum samples.
Enzyme-linked immunosorbent assay of individual serum
samples of mice was carried out according to the procedure
described previously (Shchelkunov et al., 2020). Purified
VACYV LIVP preparation was used as an antigen. The geomet-
ric means of log reciprocal titer of VACV-specific IgM and
IgG were determined for the study groups, and the confidence
intervals were calculated for the 95 % matching between each
sample and the total population.

Assessment of protectivity in immunized mice. On
62 dpi, the groups of animals immunized with the LIVP or
LIVP-GFP viruses and control animals were i.n. inoculated
with CPXV GRI-90 at a dose 0of 46 LD, (9.4 x 103 pfu/mouse).
The animals were followed up for 14 days, and their deaths
were documented.

The data were obtained for groups consisting of six ani-
mals immunized, either i.d. or by s.s., with VACV LIVP or
LIVP-GFP, as well as groups of non-immunized mice and
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non-infected animals (the negative control) or animals infected
with CPXV GRI-90 (the positive control).

Statistical analysis. Statistical analysis and comparison of
the results was carried out with standard methods using the
Statistica 13.0 software package (StatSoft Inc., 1984-2001).
The 50 % lethal dose (LDs,) was calculated using the Spear-
man—Karber method according to the number of animals that
had died (Sachs, 1972). The p-value < 0.05 was considered
statistically significant.

Results

Comparison of the pathogenic properties

of LIVP and LIVP-GFP strains intranasally

inoculated to mice

Three-week-old BALB/c mice were used to assess the patho-
genicity of the VACV LIVP and LIVP-GFP strains in this
study. The mice were i.n. inoculated with the viruses at a dose
of 107 pfu. For VACV LIVP, pronounced clinical manifesta-
tions of the infection were observed starting with 4 dpi; their
maximum intensity was detected on 8 dpi; and the animals
recovered after 10 dpi (Fig. 1, b). The disease was accompa-
nied by significant body weight loss of mice (see Fig. 1, a).

Under the same conditions, the LIVP-GFP virus with
the mutant thymidine kinase gene caused minimal clinical
manifestations of infection 68 dpi (see Fig. 1, ») and an
insignificant body weight loss in infected animals compared
to those in the control group (see Fig. 1, a). L.n. inoculation
of mice with the LIVP strain resulted in the death of 50 %
animals, whereas all the animals survived the inoculation with
the LIVP-GFP strain (Fig. 2).

The results demonstrate that VACV LIVP was significantly
attenuated in the case of inactivation of the thymidine kinase
gene that had occurred when producing the recombinant
LIVP-GFP strain.

Comparison of changes in the development

of humoral immune response to vaccination

of mice with the LIVP and LIVP-GFP viruses over time

Adult BALB/c mice, starting with the age of 6—7 weeks, were
vaccinated by i.d. injection or s.s. inoculation with low-dose
VACV LIVP or LIVP-GFP (104 pfu).

Upon i.d. injection of the LIVP virus, significant production
of VACV-specific IgM was observed as early as on 7 dpi; its
maximum level was reached by 21 dpi, while the IgM titer
dropped to the level observed for the negative control group
by 28 dpi and later. Therefore, the results of testing IgM in
mouse serum samples are shown in Fig. 3 only for the time
points of 7, 14, 21, and 28 dpi. Immunization of mice with
the LIVP virus by s.s. inoculation resulted in later and less
marked IgM production (see Fig. 3, a).

Both in the case of i.d. and s.s. vaccination of mice with
the LIVP-GFP virus (10 pfu), IgM production was minimal;
there were no significant differences compared to the IgM
level in the control serum samples of non-immunized animals
(see Fig. 3, b).

Much higher titers of VACV-specific immunoglobulins IgG
were produced compared to those of IgM (see Figs. 3 and 4).
After i.d. vaccination with the LIVP virus, significant 1gG
production was observed as early as on 7 dpi, reaching its
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Fig. 1. Changes in mouse body weight (a) and clinical manifestations of
infection (b) after intranasal inoculation of the LIVP (shown in blue) or
LIVP-GFP (shown in violet) viruses at a dose of 107 pfu.

The mean data for groups consisting of 10 animals infected with the respective
viruses and the control group (shown in green) are presented.
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Fig. 2. Deaths of mice intranasally inoculated with the LIVP (shown
in blue) or LIVP-GFP (shown in violet) viruses at a dose of 107 pfu. The
control group consisted of non-infected animals (shown in green).

maximum on 21 dpi and remaining at virtually the same level
until 28 dpi. The titer of VACV-specific IgG then gradually
decreased by 42 and 56 dpi (see Fig. 4, a). For s.s. inocula-
tion of the LIVP virus to mice, synthesis of specific IgG was
delayed and had lower intensity compared to i.d. immuniza-
tion (see Fig. 4, a).

When mice were i.d. inoculated with the LIVP-GFP virus,
the IgG production level was considerably lower compared
to that observed after vaccination with LIVP; the production
of these antibodies was maximal on 28 dpi (see Fig. 4, b).
S.s. inoculation of the LIVP-GFP virus resulted in lower-
intensity production of analyzed IgG (see Fig. 4).
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Assessment of protection against the lethal

orthopoxvirus infection in immunized mice

In order to assess how the VACV strains under study, as
well as the i.d. and s.s. vaccine administration routes,
affect the development of protective immunity against
orthopoxvirus reinfection in mice, groups of mice im-
munized with the LIVP or LIVP-GFP, as well as control
(non-immunized) animals, were i.n. inoculated with CPXV
GRI-90 at a dose of 46 LD, on 62 dpi. The results of these
experiments (Fig. 5) demonstrate that only the group of mice
i.d. immunized with the LIVP virus were fully protected. In
the group of mice vaccinated with the same virus through
the s.s. route, 83 % of animals died after being infected with
CPXV-GRI (see Fig. 5, a).

I.d. injection of the LIVP-GFP virus protected 80 % of
mice against reinfection with CPXV-GRI under the same
conditions, while all the mice s.s. inoculated with LIVP-GFP
died (see Fig. 5, a). The level of protection against the lethal
CPXYV infection in mice correlated with the intensity of clinical
manifestations of this infection (see Fig. 5, b).

Hence, i.d. low-dose immunization with VACV (10* pfu)
used in this study for mice is obviously more effective com-
pared to s.s. inoculation in the development of protective
immunity against heterologous orthopoxvirus infection (the
COWpOX virus).

Discussion

The large-scale epidemic of monkeypox among humans
that spread to all continents in 2022 (Harapan et al., 2022;
Shchelkunova, Shchelkunov, 2023) has put the question about
mass vaccination against this infection in the risk groups on
the agenda. Important issues were the need to properly choose
the type of vaccine and the optimal route of smallpox vaccine
administration.

The first-generation live smallpox vaccine is a VACV
preparation produced by viral replication in skin of calves or
other animals. Recent studies have shown that these vaccines
consist of a mixture of different VACV variants (Osborne et
al., 2007; Qin et al., 2011).

In present-day conditions, the VACV vaccine strains
obtained by isolating clonal variants from first-generation
vaccines are produced on mammalian cell cultures, and these
preparations are known to be second-generation smallpox
vaccines (Sanchez-Sampedro et al., 2015). Application of first-
and second-generation smallpox vaccines for mass vaccination
is currently limited because of the relatively high risk of severe
complications (Fenner et al., 1988; Sanchez-Sampedro et al.,
2015), since the number of compromised people, including
those infected with HIV, has recently increased.

Third-generation attenuated smallpox viruses (having
reduced pathogenicity) are produced by multiple passages
of a certain VACV strain in the cell culture of a heterologous
host. This process is accompanied by emergence of VACV
variants carrying spontaneous deletions and mutations in the
viral genome (Jacobs et al., 2009; Olson, Shchelkunov, 2017;
Albarnaz et al., 2018).

The novel approach to producing fourth-generation
smallpox vaccines consists in introducing targeted deletions/
insertions that disrupt selected viral genes and lead to VACV
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Fig. 3. Titers of VACV-specific IgM in serum samples from mice immunized
with the LIVP (a) or LIVP-GFP viruses (b). C - serum samples of mice that
received normal saline (control group).

* Statistically significant differences with p < 0.05.
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Fig. 4. Titers of VACV-specific IgG in serum samples of mice immunized
with the LIVP (a) or LIVP-GFP (b) viruses. C — serum samples of mice that
received normal saline (control group).

* Statistically significant differences with p < 0.05.

attenuation by genetic engineering (Yakubitskiy et al., 2015;
Li et al., 2017; Shchelkunov et al., 2022b).

First-generation live smallpox vaccine based on the VACV
LIVP strain is used for smallpox immunization in Russia. The
LIVP strain was produced by epicutaneous passaging of the
Lister vaccine strain provided by the Lister Institute (Elstree,
UK) in rabbits and calves. A preparation of this vaccine is the
virus grown in scarified calf skin (Perekrest et al., 2013). The
patients receive this vaccine via s.s. inoculation.
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Fig. 5. Deaths (a) and clinical manifestations of infection in mice (b)
immunized with the LIVP or LIVP-GFP viruses (10* pfu) after being
intranasally infected with CPXV GRI-90 at a dose of 46 LD, on 62 dpi.

The mean data for the groups consisting of six animals immunized with the
respective viruses, as well as the non-immunized and non-infected mice
(the negative control group) or mice infected with CPXV GRI-90 (the positive
control group) are presented.

We used the LIVP strain to produce and characterize the
clonal variant of LIVP (Yakubitskiy et al., 2015) that can be
viewed as a prototype of second-generation smallpox vaccine.
The recombinant LIVP-GFP strain with inactivated thymidine
kinase gene generated based on it (Petrov et al., 2013) is a
prototype variant of fourth-generation smallpox vaccine.

At the first stage of this study, we compared the pathoge-
nicities of the LIVP and LIVP-GFP strains. The sensitivity
of mice to orthopoxviruses significantly depends on their age
(Shchelkunov et al., 2005); therefore, young (3-week-old)
BALB/c mice were used in the experiments. The animals were
i.n. inoculated with the viruses, since this route imitates the
natural route of infection and ensures the highest sensitivity
of mice to this infection (Hughes et al., 2020; Shchelkunov
etal., 2021).

It turned out that after i.n. inoculation of young mice with
the LIVP strain (107 pfu), it induced clinically apparent infec-
tion (see Fig. 1) resulting in death of 50 % of animals (see
Fig. 2). Meanwhile, the LIVP-GFP strain led only to mild signs
of the disease in mice (see Fig. 1) and complete recovery (see
Fig. 2). Therefore, inactivation of the thymidine kinase gene in
LIVP-GFP resulted in its substantial attenuation compared to
the parental LIVP strain, which is consistent with the results
obtained for other VACV strains (Taylor et al., 1991; Jacobs
et al., 2009).

Numerous studies have previously demonstrated that s.s.
immunization with second- and fourth-generation VACV-
based vaccines at doses of at least 105-10° pfu fully protected
mice against repeated lethal orthopoxvirus infection (Melamed
et al., 2007; Jacobs et al., 2009; Shchelkunov et al., 2022a).
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In this work, we studied the feasibility of reducing the dose
of prototypic smallpox vaccines to 10* pfu when performing
s.s. inoculation or i.d. injection to mice. For correct compari-
son, the VACV was introduced by the s.s. and i.d. routes within
the same region of mouse tail skin.

Adult mice (aged 67 weeks) with a mature immune system
were used for studying the immunogenicity of VACV LIVP
and LIVP-GFP. The antibody response is known to make the
most significant contribution to the development of adaptive
immune response to VACV vaccination (Belyakov et al., 2003;
Moss, 2011). Therefore, we studied changes in the synthesis
of VACV-specific IgM and IgG after i.d. or s.s. vaccination
of mice with the LIVP or LIVP-GFP strains. The results of
these experiments demonstrated (see Figs. 3 and 4) that both
VACYV strains ensured more profound antibody production
upon i.d. injection compared to s.s. inoculation. Meanwhile,
statistically significant differences in the results between the
compared groups were revealed only for IgG values on 21 dpi
for LIVP (see Fig. 4, a) and 14 dpi for LIVP-GFP
(see Fig. 4, b). No statistically significant differences in the
results were observed for IgM (see Fig. 3).

In order to assess the level of protective immunity that de-
veloped in mice in response to s.s. or i.d. immunization with
the LIVP or LIVP-GFP viruses, these animals were subjected
to i.n. infection with a highly lethal dose of CPXV. It was
considered to be the most adequate approach to assessing
the effectiveness of VACV vaccination on the mouse model
(Ferrier-Rembert et al., 2007; Melamed et al., 2007). The
results (see Fig. 5) demonstrated that i.d. injection ensured a
much stronger protective immunity compared to s.s. inocula-
tion of the VACV. Only i.d. low-dose immunization with the
LIVP strain fully protected mice against the lethal CPXV
infection. The attenuated LIVP-GFP strain did not form a
sufficiently strong protective immunity under the same condi-
tions. S.s. inoculation with VACV LIVP or LIVP-GFP at the
selected low dose did not protect animals against reinfection
with CPXV (see Fig. 5).

Conclusion

These findings give grounds for inferring that i.d. injection of
both studied VACYV variants induces a much stronger protec-
tive immunity in mice compared to s.s. inoculation of these
viruses at the same dose. In addition to more accurate vaccine
dosing for i.d. immunization compared to the s.s. route, the
former one is associated with less significant skin damage, thus
substantially reducing the intensity of inflammation reaction
that impedes efficient VACV replication and lowering the risk
of bacterial infection at the vaccination site (Shmeleva et al.,
2022). When using an attenuated fourth-generation vaccine
with reduced specific immunogenicity for smallpox immuni-
zation, a higher dose of VACV needs to be used as compared
to that of the second-generation vaccine.
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