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Disomic chromosome 3R(3B) substitution causes a complex
of meiotic abnormalities in bread wheat Triticum aestivum L.

A.A. Zhuravleva, O.G. Silkova @

Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
@ silkova@bionet.nsc.ru

Abstract. Triticum aestivum L. lines introgressed with alien chromosomes create a new genetic background that
changes the gene expression of both wheat and donor chromosomes. The genes involved in meiosis regulation are
localized on wheat chromosome 3B. The purpose of the present study was to investigate the effect of wheat chromo-
some 3B substituted with homoeologous rye chromosome 3R on meiosis regulation in disomically substituted wheat
line 3R(3B). Employing immunostaining with antibodies against microtubule protein, a-tubulin, and the centromere-
specific histone (CENH3), as well as FISH, we analyzed microtubule cytoskeleton dynamics and wheat and rye 3R chro-
mosomes behavior in 3R(3B) (Triticum aestivum L. variety Saratovskaya 29 x Secale cereale L. variety Onokhoiskaya)
meiosis. The results revealed a set of abnormalities in the microtubule dynamics and chromosome behavior in both first
and second divisions. A feature of metaphase | in 3R(3B) was a decrease in the chiasmata number compared with va-
riety Saratovskaya 29, 34.9 £ 0.62 and 41.92 + 0.38, respectively. Rye homologs 3R in 13.18 % of meiocytes did not form
bivalents. Chromosomes were characterized by varying degrees of compaction; 53.33 + 14.62 cells lacked a metaphase
plate. Disturbances were found in microtubule nucleation at the bivalent kinetochores and in their convergence at the
spindle division poles. An important feature of meiosis was the asynchronous chromosome behavior in the second
division and dyads at the telophase Il in 8-13 % of meiocytes, depending on the anther studied. Considering the 3R(3B)
meiotic phenotype, chromosome 3B contains the genes involved in the regulation of meiotic division, and substituting
3B3B chromosomes with rye 3R3R does not compensate for their absence.

Key words: chromosome substitution; meiosis; FISH; immunostaining; rye Secale cereale L.; common wheat Triticum
aestivum L.

For citation: Zhuravleva A.A., Silkova O.G. Disomic chromosome 3R(3B) substitution causes a complex of meiotic ab-
normalities in bread wheat Triticum aestivum L. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and
Breeding. 2024;28(4):365-376. DOI 10.18699/vjgb-24-42
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grown at the Center for Common Use for Plant Reproduction of the Institute of Cytology and Genetics SB RAS with the
financial support of the budget project FWNR-2022-0017. The analysis of preparations was carried out at the Center for
Microscopic Analysis of Biological Objects of the SB RAS.

[IIcCOMHOe 3aMellleHre XpoMocoM 3R(3B) IpMBOAUT K KOMIIJIEKCY
aHoOMaJIll B Melio3e MSTKOII IuieHunbl Triticum aestivum L.

A.A. )Xypasaesa, O.I. CuakoBa ®

DepepanbHbli NccnefoBaTeNbCKUii LeHTp VHCTUTYT yutonornm n reHetukn Cnbrpckoro otaeneHns Poccuitckoin akagemun Hayk, Hosocnbupck, Poccus
@ silkova@bionet.nsc.ru

AHHOTaLMA. Y MNHWUI MAFKOM MLUEHULbI C MHTPOrpeccnen YyKepoaHbiX XPOMOCOM CO3[aeTCA HOBbIN reHeTUYeCKUn
$OH, KOTOPbIV N3MEHAET IKCMPECCUIO TEHOB KakK MLIEHMLbl, Tak 1 XPOMOCOM-AOHOPOB POACTBEHHbIX BUAOB. Ha xpo-
Mocome 3B nieHuLbl TOKann30BaHbl reHbl, yyacTyoLwme B perynaunm menosa. Lienbto pabotbl 6610 13yunTb BAMA-
HMe 3aMelleHNA XPOMOCOMbI MNLeHnLbl 3B romeonornyHomn xpomocomoi pxm 3R Ha perynauuio meinosa y UCOMHO
3ameLleHHoW NHUK nweHunubl 3R(3B). C NOMOLLbIO MMMYHOOKpPALUMBaHWA C aHTUTENaMKN K 6efiky MUKPOTpybouek,
a-TyGynuHy 1 ueHTpomepocneunpmnuHomy ructoHy H3 (CENH3), a Takke ¢ ncnonb3oBaHviem GpnyopecueHTHOWN in situ
rmépuansaummn npoBeAeH aHanmn3 JUHaMMKN MUKPOTPYOOUKOBOTO LIMTOCKeNIeTa U MOBeAEHNA XPOMOCOM MLIEeHNLbl 1
pxm 3R B meno3e nuHum 3R(3B) (Triticum aestivum L. copt CapaTtoBckas 29 x Secale cereale L. copt OHoxoWckas). B pe-
3ynbTaTe paboTbl 06HaPY»KeH KOMMIEKC aHOManuii B AHaAMUKe MAKPOTPYBoUeK 1 MoBefjeHM XPOMOCOM KaK B EPBOM,
TaK 1 BO BTOpOM AeneHnax. OcobeHHocTbio MeTadasbl | y nuHum 3R(3B) ABNANOCH yMeHbLUEHWe Yncna XMa3m B CpaB-
HeHun ¢ copTom CapaToBckas 29 — 34.9 + 0.62 n 41.92 + 0.38 cooTBeTCTBEHHO. [OoMOnorn xpomocombl pxku 3R B 13.18
% meliounTOoB He GopMUpPOoBany GrBaneHTbl. XpPOMOCOMbI XapakTeprU30BanvcCb Pas3fMUHON CTeMNeHbo KOMMNaKTU3aLuy,

© Zhuravleva A.A,, Silkova 0.G., 2024
This work is licensed under a Creative Commons Attribution 4.0 License
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Disomic chromosome 3R(3B) substitution causes
a complex of meiotic abnormalities in bread wheat

B 53.33 £ 14.62 KNneTKn OTCYyTCTBOBaNa MeTadasHaa MiacTUHKA. YCTaHOBMEHbI HApYLLEHWA B HyKeaLmny MUKpPOTpy6o-
YeK Ha KUHETOXOPaXx OTAENbHbIX GVIBANIEHTOB 1 B X KOHBEPreHLMI Ha NoMocax AesleHnA BepeTeHa. BaxHol ocobeHHo-
CTblo Meli03a 6blI0 ACUHXPOHHOE MOBEAEHVE XPOMOCOM BO BTOPOM [ENeHNUW 1 Hannumne anag Ha ctagum tenodasbi |l
B 8-13 % MeNounTOB B 3aBUCYMOCTI OT U3YYEHHOTO MblfibHKKA. TakuMm 06pa3om, COrnacHo MernoTnyeckomy GpeHoTumny
nnHun 3R(3B), Ha xpomocome 3B copTta CapaToBcKasn 29 HaXOAATCA reHbl, y4acTBYoOLME B Perynaumm Komnnekca meno-
TUYECKMX MPOLLeCCoB, a 3amelleHre xpomocomamm pxin 3R3R xpomocom 3B3B He komneHcrpyeT nx oTCyTCTBUA.

KnioueBble crioBa: 3amelleHne XpoMocoM; meino3s; FISH; nmmyHookpalunBaHue; poxb Secale cereale L.; markasa niwe-

Huua Triticum aestivum L.

Introduction

Bread wheat Triticum aestivum L. is characterized by tolerance
to genomic introgressions of genetic material from wild and
cultivated relatives. Alien chromosomes or their fragments
may yield valuable traits, such as resistance to biotic and
abiotic stresses, which is widely used in breeding programs
(Mohammed et al., 2014; Yudina et al., 2014; Kroupin et al.,
2019). However, introduction of alien chromosomes may
also affect the regulation of basic biological processes, such
as meiotic division, as early as in first-generation hybrids
(Loginova et al., 2020).

Meiotic regulation in wheat has its peculiarities. While it is
a hetero-hexaploid species (2n =42, AABBDD genome), the
meiotic behavior of its chromosomes matches that of a diploid
organism. Chromosome pairing is controlled by Ph (Pairing
homoeologous) genes. The Phl gene suppressing meiotic ho-
moeologous pairing is localized on SBL chromosome (Sears,
1977; Giorgi, 1978), and the Ph2 gene with the same albeit
weaker effect, on 3DS chromosome (Mell-Sampayo, 1971).
The Ph1 locus sized 2.5 MB contains subtelomeric heterochro-
matin inserted within a cluster of CDK?2-like genes (Griffiths
etal., 2006; Al-Kaff etal., 2008; Martin et al., 2017). The gene
initially referred to as “hypothetical 3 (Hyp3) (Griffiths et
al., 2006; Al-Kaff et al., 2008) and later reannotated as ZIP4
(TaZIP4-B2) (UniProtKB—Q2L3T5), based on meiotic phe-
notype of the ph /b common wheat mutants, was incorporated
into a heterochromatin segment during wheat polyploidization
(Martin et al., 2017). Here, 7aZIP4-B2 was responsible for
progression of homologous and inhibition of homoeologous
crossover, including by being involved in synaptonemal
complex formation (Martin et al., 2017, 2018).

Bread wheat genome sequencing revealed the phyloge-
nomic origin of ZIP4 (Appels etal., 2018). It was demonstrated
that ZIP4 was a transduplication of a 3B chromosome locus
having inparalogs on chromosomes 3A and 3D. In other words,
hexaploid wheat carries four ZIP4 copies, i.e. one copy on
each chromosome of group 3 (3A, 3B, 3D) and a duplicated
copy on 5B chromosome. Earlier, while establishing aneuploid
lines of the Chinese Spring common wheat variety, it was
shown that the absence of 3B chromosome resulted in meiotic
asynapsis and reduced plant fertility (Sears, 1954). The latter
findings were confirmed later, and the gene was localized on
the long arm of 3BL (Bassi et al., 2013). It was shown that
the loss of 3B chromosome resulted in pairing inhibition
and reduced chiasmata count in meiosis. Notably, the effect
of short arm (3BS) deletion was less significant than that of
long arm deletion (Darrier et al., 2022). The desynapsis gene
had no official designation in wheat (Mclntosh et al., 2013),
so0, given its possible synthetic relationship to des2 on chro-
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mosome 3H in barley (Ramage, Hernandez-Soriano, 1972),
the designation Tdes? was suggested, with “des” standing
for desynaptic and “T” for Triticum (Bassi et al., 2013). In
addition, QTug.sau-3B, a QTL responsible for unreduced
gamete production in interspecific hybrids, was identified
on 3B chromosome (Hao et al., 2014). A total of 16 meiotic
genes were localized on 3B chromosome in the Chinese spring
reference variety (Darrier et al., 2022). It was also shown that
orthologs of wheat meiotic genes interacted with 7aZIP4 of
group 3 chromosomes in various meiotic processes (Alabdul-
lah et al., 2019).

In addition to meiotic genes, there are also genes respon-
sible for agriculturally valuable traits, such as yield, kernel
weight, shape, and color, seed dormancy period, resistance to
Stagonospora nodorum, Puccinia graminis f. sp. tritici, P. re-
condita, as well as synthesis of certain isozymes, localized on
homoeologous group 3 wheat chromosomes (Munkvold et al.,
2004). Oss.msub-3BL, a QTL for stem solidness, controlling
sawfly resistance in bread and durum wheats, was also local-
ized on 3BL (Cook et al., 2004). Overall, a total of 6,000 genes
were localized on chromosome 3B (Paux et al., 2006). Another
noteworthy discovery was the evolutionary recent (100 ka)
amplification burst of LTR retrotransposons (Ling et al., 2018)
capable of affecting gene structure and expression (Bariach et
al., 2020). Thus, chromosome 3B substitutions or its absence
become relevant in terms of hybrid genotype development.
It was also shown that gene expression changes occurred in
both wheat and alien chromosomes in wheat-alien addition
and substitution lines (Rey et al., 2018; Dong et al., 2020).

Therefore, studying the effect of substituting wheat chro-
mosome 3B with rye chromosome 3R on meiosis regulation
in wheat-rye disomic chromosome 3R(3B) substitution line
(T aestivum L. Saratovskaya 29 variety — Secale cereale L.
Onokhoiskaya variety) is a relevant research issue (Silkova
et al., 2006); in the present study, we analyzed microtubule
cytoskeleton dynamics and investigated meiotic cycle progres-
sion as well as the behavior of wheat chromosomes and rye
chromosome 3R.

Materials and methods

Plant material. The study employed the Saratovskaya 29 (S29)
variety of Triticum aestivum L. bread wheat and wheat-rye
disomic chromosome 3R(3B) substitution line (7. aestivum L.
Saratovskaya 29 variety x Secale cereale L. Onokhoiskaya va-
riety), where chromosome 3B of wheat was substituted with
chromosome 3R of rye (Silkova et al., 2006) (Table 1). The
plants were grown in a hydroponic greenhouse at the Institute
of Cytology and Genetics, SB RAS at a 24/18 °C day/night
temperature and photoperiod of LD 16:8.
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Table 1. Methods used for cytogenetic analysis of the 3R(3B) line and Saratovskaya 29 plants
Method 3R(3B) line Saratovskaya 29 variety
Total Total
spikes meiocytes spikes meiocytes
3 % acetocarmine staining, fixation in Navashin’s fluid 1 982 6 470
3 % acetocarmine staining, fixation in 96 % ethanol : glacial acetic acid (3:1) 5 534 5 456
Immunostaining 5 648 5 573
Genomic in situ hybridization (GISH) 5 431 - -

Cytogenetic analysis

Acetocarmine staining. Routine study of microtubule (MT)
cytoskeleton dynamics in meiosis in the S29 variety and the
3R(3B) line was performed using the technique described
earlier (Loginova et al., 2020). Modified Navashin’s fluid
was used as a fixative for immature spikes (Wada, Kusunoki,
1964), and meiocytes were analyzed at all stages of the first
and second divisions of microsporogenesis (Table 1).

To study meiotic chromosome pairing in the S29 variety
and the 3R(3B) line, we used acetic acid : 96 % ethanol mix-
ture (1:3 volumetric ratio) as a fixative for immature spikes.
All meiocytes at metaphase I and anaphase I qualified for
evaluation were studied in all anthers (Table 1).

The specimens were studied using a Leica DM 2000 micro-
scope (Leica Microsystems), and the images were recorded
using a DFC 295 camera (Leica Microsystems).

Fluorescent in situ hybridization (FISH) and indirect
immunostaining. Specimen preparation and FISH were
performed using the technique described earlier (Loginova
et al., 2020). Meiocytes at metaphase I and telophase II were
analyzed. For the purposes of this study, we employed centro-
mere-specific probe pAet6-09 for rice, wheat, rye, and barley
chromosomes (Zhang et al., 2004), as well as genomic rye
DNA. The DNA repeat sample of pAet6-09 was the courtesy
of Dr. A. Lukaszewcki (University of California, Riverside,
United States). Probe pAet6-09 was labeled with digoxige-
nin-11-dUTP via polymerase chain reaction (PCR). The total
DNA of rye was labeled with Nick-translation (Invitrogen,
Carlsbad, California, United States, cat. no. 18160-010) with
biotin-16-dUTP. Probes were combined in various ratios and
mixed with blocking wheat DNA. To reduce fluorescence
fading, Vectashield antifade solution (Vector Laboratories
No. X1215) containing 1pg/ml DAPI (4',6-diamidino-2-phe-
nylindol, Sigma-Aldrich, No. D9542, United States) for chro-
matin staining was used.

Specimen preparation and indirect immunostaining were
performed using the technique described earlier (Loginova et
al., 2020). The primary antibodies were anti-o-tubulin ones
(Monoclonal Anti-o-Tubulin antibody produced in mouse,
Sigma-Aldrich, No. T5168) (1:2,000 solution) and antibodies
specific to kinetochore protein CENH3, i.e. a centromeric
histone H3 variant for cereals (courtesy of Dr. A. Houben,
IPK Gatersleben, Germany), 1:850 solution in 1xPBS buffer
with 1 % BSA. The secondary anti-CENH3 antibodies were
Rhodamine (TRITC)-conjugated AffiniPure Goat Anti-Rabbit

IgG (H+L) (Jackson ImmunoResearch, No. 111-025-003)
(1:100 solution); the secondary anti-a-tubulin antibodies
were FITC-conjugated anti-mouse IgG (Sigma, 1:100 solu-
tion). To reduce fluorescence fading, we applied Vectashield
antifade solution (Vector Laboratories No. X1215) containing
1 pg/ml DAPI (4',6-diamidino-2-phenylindol, Sigma-Aldrich,
No. D9542, United States) for chromatin staining.

The specimens were studied using an Axio Imager M1 mi-
croscope (Carl Zeiss AG, Germany) with ProgRes MF camera
(Meta Systems, Jenoptic, Germany), Isis imaging software
(Meta Systems, Jenoptic, Germany) as well as a LSM 780
NLO laser scanning microscope (Zeiss) with an AxioCam
MRm camera (Zeiss) and ZEN imaging software (Zeiss). The
images obtained were processed in Adobe Photoshop CS2.

Results

Chromatin and microtubule cytoskeleton dynamics

at prophase of the first meiotic division

in the S29 variety and the 3R(3B) line

Comparative analysis of prophase progression in the S29 va-
riety and the 3R(3B) line did not show any differences before
zygotene (Supplementary Materials 1 and 2)'. Meiocytes in
the S29 variety and the 3R(3B) line changed their shape from
rectangular (Supplementary Materials 1a and 24, d) and trian-
gular (Supplementary Materials 15 and 2c¢) to rounded (Sup-
plementary Materials 14 and 2b) starting with early leptotene.

Three to four nucleoli were present in early leptotene (Sup-
plementary Materials 1a, b and 2b) to later fuse into one (Sup-
plementary Materials lc, d and 2¢). In leptotene-zygotene,
thin chromatin threads formed a dense ball containing a single
nucleolus shifted toward the nuclear envelope (Supplemen-
tary Materials 1d and 2e; Fig. 1a’, b'). Meiocyte maturation
was accompanied by chromatin condensation. In zygotene,
chromatin fiber thickening was observed (Supplementary Ma-
terials 1d and 2e—g).

In zygotene and pachytene, the S29 variety and the 3R(3B)
line showed different chromatin distribution across the nu-
cleus. Compared to the S29 variety, the 3R(3B) line was cha-
racterized by radial and irregular chromatin looping (Supple-
mentary Material 2i, j). In pachytene, asymmetric chromo-
some grouping on one side of the nucleus was observed in both
wheat and wheat-rye substitution line (Supplementary Mate-

1 Supplementary Materials 1-7 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Zhuravleva_Engl_28_4.pdf
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Fig. 1. MT cytoskeleton reorganization at prophase of the first meiotic division in the 3R(3B) line.
a - leptotene-zygotene, prophase reticular cytoskeleton; b — zygotene, MTs move toward the nu-
cleus to form a perinuclear ring; ¢ - pachytene, dense MT ring; d - diplotene, MTs form a dense ring
around the nucleus; e-h — diakinesis, consecutive stages of ring disintegration and MT reorienta-
tion; | — pro-spindle formation.

Immunostaining. DNA is shown in blue, MTs in green, centromeric kinetochores in red; scale bar length
is 5 um. a’'-h’- DAPI staining.

rials 1e and 24). In diplotene, chromatin
threads were shortened even more, while
still in contact with the nuclear envelope
(Supplementary Materials 1f, g; and 2/). In
diakinesis, bivalent formation was com-
pleted with the nucleolus and the nuclear
envelope still present (Supplementary
Materials 1/ and 2m, n). Compared to the
S29 variety, chromosomes were densely
packed in the 3R(3B) line in diakinesis
(Supplementary Materials 1/ and 2n).

Immunostaining analysis of meiocy-
tes at prophase before pachytene did not
show any differences between the MT dy-
namics observed in the 3R(3B) line and
the earlier results for S29 (Loginova et
al., 2020). Reticular cytoskeleton forma-
tion was observed at interphase and early
prophase (Fig. 1a), then MTs were reor-
ganized into radial bundles, reoriented,
and moved toward the nucleus in zygo-
tene-pachytene, while the nucleus itself
migrated toward the envelope to form a
“half-moon” MT structure (Fig. 1b).

In pachytene, a dense perinuclear ring
was formed around the nucleus (Fig. 1¢)
at the center of the cell. The nucleus
migrated toward the cell envelope, and
cytoskeleton formed an arc-like struc-
ture in 10-90 % of the cells depending
on the anther studied (Fig. 2a, ¢, d). MT
nucleation density in the latter varied. In

Fig. 2. Migration of the nucleus to the cell periphery and formation of arc-like MT structures at meiotic prophase in the 3R3B line.
a,d - arc formed by MTs; b — MTs at the top of the arc form a spindle pole-like structure; c — incomplete migration of the nucleus to
the periphery; e - a group of cells partially demonstrating migration of the nucleus toward the meiocyte envelope.

Immunostaining (a-d). DNA is shown in blue, MTs in green, centromeric kinetochores in red; scale bar length is 5 um. Navashin’s fluid fixa-

tion (e), acetocarmine staining; scale bar length is 10 pm.
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Fig. 3. Cytomixis in the wheat-rye 3R(3B) substitution line. a - migration
of the nucleus at prophase with cytoplast formation (arrow); b — chro-
matin transfer from one meiocyte to another; ¢ - micronucleus (arrow);
d - chromosome transfer from one meiocyte to another at late prophase;
e — cytomixis at metaphase I.

Navashin’s fluid fixation, acetocarmine staining (a, b, e); scale bar length is
10 pm. Immunostaining (c, d). DNA is shown in blue, MTs in green, centromeric
kinetochores in red; scale bar length is 5 pm.

some meiocytes, MTs at the top of the arc formed a spindle
pole-like structure (Fig. 2b).

In diplotene-diakinesis, ring disintegration occurred,
and MTs were separated into beams and straightened out
(Fig. 1e—g), 3- and 4-pole structures were formed in diakine-
sis (Fig. 1g, k) in both S29 variety wheat and rye (Loginova
et al., 2020).

Migration of the nucleus toward the membrane in 5 % of
the cells in the 3R(3B) line ended with chromatin transfer
from one meiocyte to another as a result of cytomixis (Fig. 3;
Table 2). Chromatin transfer occurred at prophase (Fig. 3a,
b, d) and metaphase I (Fig. 3¢). The cells chromatin was
transferred from had reduced chromatin content or formed
cytoplasts (Fig. 3a). The transferred chromatin formed a
separate micronucleus (Fig. 3¢) or was fused into the nucleus
of the recipient cell (Fig. 3e).

Chromosome behavior and MT cytoskeleton dynamics

in the first meiotic division in the S29 variety

and the 3R(3B) line

After nuclear envelope disintegration, prophase spindle was
disassembled, and at prometaphase MTs interacted with chro-
mosome kinetochores and with each other to form central and
kinetochore fibrils for the spindle apparatus in both the S29
variety and the 3R(3B) line (Fig. 4).

The ends of the microtubules converged at the poles to form
the spindle apparatus and chromosomes were aligned along
the equator of the cell (Fig. 5a).

A distinctive feature of metaphase I in the 3R(3B) line is the
absence of the metaphase plate at the equator of the spindle

[ncomHoe 3amelyeHne xpomocom 3R(3B) npusogmt 2024
K KOMMIEKCY aHOManuin B Merio3e MATKOW MNieHnL bl 28.4
Table 2. Cytomixis frequency
in the S29 variety and the 3R(3B) line

Line/variety = Total cells Total cells Cell

analyzed showing cytomixis  percentage,
or its consequences %
3R(3B) 480 24 5.0
S29 321 3 0.9

apparatus and a different degree of chromosome compaction
(Supplementary Material 3; Fig. 13). Meiocytes lacking a
metaphase plate add up to 20 to 100 % depending on the anther
analyzed, the average being 53.33 £ 14.62 % (Supplementary
Material 3a—e).

Immunostaining analysis of chromosome behavior in the
3R(3B) line showed chaotic distribution of bivalents along the
equatorial plane in cells lacking a metaphase plate (Fig. 6a)
compared to the normal case (Fig. 5a), due to the absence of
MT nucleation at kinetochores of individual bivalents (Fig. 74,
8a) or anomalous connection of kinetochores of open and
closed bivalents by MT beams (Fig. 7a). Meiocytes, where
normal spindle apparatus could not be formed due to the ab-
sence of MT convergence at the pole (2 % meiocytes), were
observed (Fig. 7b).

Fig. 4. Meiotic prometaphase | in the 3R(3B) line. a — interaction between
MTs and chromosome kinetochores; b, ¢ — formation of central and kine-
tochore fibrils for the spindle apparatus.

Immunostaining. DNA is shown in blue, MTs in green, centromeric kineto-
chores in red; scale bar length is 5 um. DAPI staining (a’-c’).
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Fig. 5. MT cytoskeleton reorganization in the first meiotic division in the
3R(3B) line. a - metaphase, spindle apparatus is formed; b - anaphase,
chromosomes are pulled to the poles with shortening of kinetochore
fibrils of the spindle apparatus; ¢ - late anaphase, only central fibrils of the
spindle apparatus are present, radial cytoskeleton formation is initiated;
d - telophase, phragmoplast formation.

Immunostaining. DNA is shown in blue, MTs in green, centromeric kineto-
chores in red; scale bar length is 5 um.

Metaphase I in the 3R(3B) line is characterized by re-
duced chiasmata count compared to the S29 variety (Table 3;
Supplementary Material 3). According to observations, the
number of rod bivalents per cell was 3.0+0.35, the number
of ring bivalents per cell was 15.95+0.61, and the number
of univalents was 3.79+1.0 (Table 3). No univalents were
observed in the S29 variety, the number of ring bivalents was
20.92+0.04, and the number of rod bivalents was 0.08 £0.04
(Table 3). Multivalents were observed in 1.2 % of meiocytes
in the 3R(3B) line.

Disomic chromosome 3R(3B) substitution causes
a complex of meiotic abnormalities in bread wheat

Fig. 6. Absence of the metaphase plate at metaphase | in the 3R(3B) line.

Immunostaining. DNAis shown in blue, MTs in green, centromeric kinetochores
in red; scale bar length is 5 um. DAPI staining (a’).

Sister kinetochores of univalent chromosomes at metapha-
se [ were either separated or remained fused. In the first sce-
nario, chromosomes were aligned along the equator (Fig. 8b),
and in the second one, they were pulled randomly towards
the poles before anaphase I (Fig. 8a). The absence of MT
nucleation at the single kinetochore of a univalent (Fig. 8b)
and a bivalent (Fig. 8a) could also cause metaphase plate
formation abnormalities.

At early anaphase I, kinetochore fibrils of the meiotic spin-
dle were shortened, and chromosomes were pulled to the poles
in both the S29 variety and the 3R(3B) line (Supplementary
Materials 4b, ¢ and 5b, ¢). Chromosome distribution across the
spindle apparatus did not depend on the degree of compaction
(Supplementary Material 5b). Chromosome separation was
followed by formation of a phragmoplast-cell plate structure
(Supplementary Materials 4d and 5d) dividing a meiocyte
into two daughter cells. The first division ends with the for-
mation of a dyad with a radial cytoskeleton (Supplementary
Materials 4e and Se).

Fig. 7. Disruption of MT nucleation during spindle apparatus formation at metaphase . a - absence of MT nucle-
ation at the kinetochore of a rod bivalent (arrow), MT beams connect kinetochores of rod and ring bivalents
(star); b - bivalents lacking MT convergence at the poles.

Immunostaining. DNA is shown in blue, MTs in green, centromeric kinetochores in red; scale bar length is 5 um. DAPI

staining (a; b’).
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Table 3. Formation of bivalents and univalents in the 3R(3B) line and the $29 wheat variety

Line/variety Average number

of ring bivalents per cell

3R(3B) 15.95+0.6 3.00+0.35

S29 20.92 £ 0.04%**

*** Sjgnificant differences at p < 0.001.

Average number
of rod bivalents per cell

0.08 £ 0.04%**

Average number
of univalents per cell

Average
chiasmata count
3.79+£1.02 3490+ 0.62

0 41.92+0.38

Fig. 8. Univalent distribution at metaphase | in the 3R(3B) line. a - MT
attachment of univalents to one pole (star), absence of a-tubulin signal
at the bivalent kinetochore (arrow); b — absence of a-tubulin signal at the
univalent kinetochore (arrows), bipolar orientation of separated sister
kinetochores (star).

Immunostaining. DNA is shown in blue, MTs in green, centromeric kineto-
chores in red; scale bar length is 5 um. DAPI staining (a; b").

C-shaped spindles not affecting chromosome separation
were observed at metaphase I and anaphase I (0 to 30 % of
meiocytes, depending on the anther) and at telophase I1 in the
3R(3B) line (Fig. 9a—d, g).

The spindle apparatus maintained its shape after chromo-
some separation and was located near two telophase chro-
mosome groups (Fig. 9c—e). Phragmoplast formation was
disrupted, and cell wall emerged in the form of a notch not en-
suring full separation of a meiocyte at telophase I (Fig. 9e, f).

Second meiotic division
in the S29 variety and the 3R(3B) line
Analysis of the second division showed the presence of anthers
with abnormalities in addition to normal meiotic progression in
the 3R(3B) line similarly to the first division as opposed to the
S29 variety. Normally, the radial cytoskeleton (Supplementary
Material 6a) was transformed into MT beams at the second
division prophase. The latter then formed the metaphase
structure (Supplementary Materials 60, ¢ and 7b, ¢) and dis-
tributed sister chromatids between the poles (Supplementary
Materials 6d and 7d).

Similarly to the first division, phragmoplast-cell plate sys-
tem is formed, central fibrils of the spindle apparatus are
preserved, and the division ends with tetrad formation (Sup-

Fig. 9. C-shaped spindle formation in the 3R(3B) line. a-c - anaphase |;
d - telophase |, autonomous spindle orientation; e, f — telophase |, cell
wall in the form of a notch; e - autonomous spindle orientation; g - telo-
phase Il.

Navashin’s fluid fixation, acetocarmine staining; scale bar length is 10 pm.

plementary Materials 6e, f and 7e, /). Micronuclei were de-
tected in 4.2 % of tetrads (Fig. 10).

Asynchronous chromosome behavior was observed in
the second division in the 3R(3B) line (Fig. 10, 11). Certain
anthers from the same spike can simultaneously include
meiocytes at different division stages: anaphase I, telophase I,
metaphase II, anaphase I, and tetrads (Fig. 11). Dyads can
be observed among the tetrads at telophase 11 (8 to 13 % of
meiocytes per anther studied) (Fig. 10).

At telophase 11, tetrads with unequally sized nuclei were
observed in 1020 % of meiocytes (Fig. 10, 12a), cytoplasts
without nuclei, in 2.4 % of cells (Fig. 10, 12¢), and triads, in
12.5 % cells (Fig. 10, 12d-f).

Rye chromosome 3R3R behavior

in the first and second meiotic divisions

Rye chromosome 3R3R behavior was studied using FISH.
At metaphase I, chromosomes 3R3R formed bivalents in
86.82 % of meiocytes, among which 21.36 % were rod biva-
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Asynchronous division _
Dyads _
Cytoplasts - . . : : : :
Triads _ |
Unequal tetrads —
Micronuclei _ . . . . . .

0 2 4 6 8 10 12 14 16 18

Fig. 10. Percentage of cells with various anomalies in the second meiotic division in the 3R(3B) line.

BN
Fig. 11. Asynchronous chromosome behavior in the 3R(3B) line. Cells at different meiotic division

stages within the same anther. Al - anaphase |, Tl - telophase |, MIl - metaphase II, All - anaphase
I, and Tl - telophase Il.

Navashin’s fluid fixation, acetocarmine staining.

lents and 13.18 % were univalents (Fig. 13). Chromosome 3R was absent in 5.58 %
of the cells.

At telophase I, separation of homologous chromosomes 3R3R was not disrupted
in 98 % of meiocytes (Fig. 14a). At telophase I, the analysis showed the presence
of chromosome 3R in all microspores of the tetrad (Fig. 145), which is indicative
of normal distribution pattern for both bivalents and univalents.

Disomic chromosome 3R(3B) substitution causes
a complex of meiotic abnormalities in bread wheat

Discussion

Chromosome 3B is required

for chiasmata formation

between homologs, and its absence

is not compensated

by rye chromosome 3R

Chiasmata formation between homologs
with simultaneous suppression of chias-
mata formation between homoeologous
chromosomes in bread wheat is con-
trolled by the TuZIP4-B2 gene identified
within the PAl locus localized on the
long arm of chromosome 5B (Griffiths
etal., 2006; Al-Kaff et al., 2008; Martin
etal., 2017). However, cytogenetic stu-
dies of microsporogenesis in mutants
of tetraploid and hexaploid wheats, as
well as their aneuploid and deletion lines
showed that genes regulating bivalent
formation were also localized on wheat
chromosome 3B independently from 5B
(Sears, 1954; Lee et al., 1970; Lelley,
1976; Miller et al., 1983; Darrier et al.,
2022; Draeger et al., 2023). For instance,
nullisomic chromosome 3B in hexaploid
wheat in presence of two 5B chromo-
somes causes reduced chiasmata count
at metaphase [ (asynapsis) (Sears, 1954;
Leeetal., 1970; Kato, Yamagata, 1982;
Darrier et al., 2022), while long arm
deletions of varying sizes of chromoso-
me 3B reduce the total chiasmata count
by 35 % (Darrier et al., 2022).

Our study has shown that the distinc-
tive feature of metaphase I in the 3R(3B)
line is the reduced chiasmata count com-
pared to the S29 variety, 34.9+£0.62 and
41.92+0.38, respectively. Homologs
of rye chromosome 3R3R also form
bivalents only in 86.82 % of meiocytes,
among which 21.36 % are rod bivalents.
The earlier analysis of chromosome
composition in the 3R(3B) line using
cytogenetic and molecular methods
showed the presence of two 5B chromo-

Fig. 12. Tetrad stage anomalies in the second meiotic division in the 3R(3B) line. a - tetrad with unequally sized nuclei; b - anomalous spindle in the
second division, chromatin imbalance; ¢ - tetrad without a nucleus; d, f - triads; e — absence of cell wall in one out of two cells.

Navashin’s fluid fixation, acetocarmine staining; scale bar length is 10 um.
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Fig. 13. Chromosome behavior at meiotic metaphase | in the 3R(3B) line. a - ring bivalent formation by chromosomes
3R3R, normal chromosome alignment along the equator; b-d - disturbance of chromosome compaction; b - ring
bivalent formation by chromosomes 3R3R, wheat chromosome univalents (arrows); ¢ - rye chromosome univalents,
wheat chromosome univalents (arrows); d - open bivalent formation by chromosomes 3R3R, wheat chromosome

univalent (arrow).

GISH: DNA is shown in blue, rye chromosomes in green, centromeric region in red. Scale bar length is 5 um.

Fig. 14. Meiotic distribution of rye chromosomes in the 3R(3B) line at
telophase | (a) and telophase Il (b).

GISH: DNA is shown in blue, rye chromosomes in green, centromeric region in
red. Scale bar length is 5 pm.

somes in the karyotype (Silkova et al., 2006). Thus, our results
confirm the earlier findings with regard to the presence of
genes on chromosome 3B regulating chiasmata formation
independently from genes on chromosome 5B.

It has been recently confirmed that the ZIP4 gene copies
in the Phl locus on chromosomes 5B (7aZlP4-B2), 3A
(TaZIP4-A1), 3B (TuZIP4-B1), and 3D (TuZIP4-DI) do not
compensate for the absence of each other (Rey et al., 2017;
Draeger et al., 2023). The absence of TuZIP4-B2 expression
in ethyl methanesulfonate-induced TILLING PA/ mutants
does not cause an equivalent increase in the expression of
ZIP4 homologs on homoeologous group 3 chromosomes
(Rey et al., 2017). Cytogenetic analysis of chiasmata forma-
tion in TILLING mutants focusing on three copies of ZIP4
genes in tetraploid wheat has shown that 7tzip4-A41 produced
a phenotype that is almost identical to wild wheat (Draeger
et al., 2023). Significant reduction in the chiasmata count by

10 % occurs in the Ttzip4-B1 and Ttzip4-B2 single mutants, as
well as in the Ttzip4-A1B2 and Ttzip4-B1B2 double mutants,
but the differences between them are insignificant with only
an average of 1-2 extra univalents per cell (Draeger et al.,
2023). Crossovers in the Ttzip4-A1B1 double mutants (with
a single 7tZIP4-B2 copy) are reduced by 7678 %, and the
plants frequently become sterile (Draeger et al., 2023). The
TaZIP4 copies on group 3 chromosomes are also predomi-
nantly required for homologous crossovers in hexaploid wheat
(Martin et al., 2021).

A set of genes is identified on chromosome 3B, of which
at least eight (CAP-E1/E2, DUOI, MLHI1, MPK4, MUS81,
RTELI, SYN4, ZIP4) were confirmed to be involved in re-
combination process (Darrier et al., 2022). Three copies of
genes CAP-E1/E2, MLHI, and MPK4-3 were characterized
by the highest expression levels, while ZIP4 expression level
was significantly lower or equal to that of 3A, 3B, and 3D
homoeologs. As aresult, MPK4, CAP-E1/E2, and MLH1 were
picked as candidate genes responsible for chiasmata formation
control (Darrier et al., 2022).

Another distinctive feature of metaphase I in the 3R(3B)
line was the presence of meiocytes with decompacted chro-
mosomes. The AtCAP-E [+/— and AtCAP-E2—/— heterozygous
double mutants of Arabidopsis turned out to be the closest
ones in terms of meiotic phenotype, where the CAP-E1/E2
gene acted like a functional ortholog of the SMC?2 (Structural
Maintenance of Chromosomes 2) gene, a subunit of the con-
densin complex involved in chromosome compaction (Sutani
etal., 1999). The analysis of mutants showed the expression of
these genes during meiosis, and heterozygous double mutants
demonstrated reduced chromosome condensation at meta-
phase I and anaphase I (Siddiqui et al., 2003). Some authors
(Darrier et al., 2022) consider anomalous condensin activity
an additional factor contributing to crossover disruption.
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The presence of meiotic genes on chromosome 3B was fur-
ther proved by QTL mapping of QTdes2.ndsu-3B responsible
for desynapsis in durum wheat plants with chromosome 3B
long arm deletion caused by radiation exposure (Bassi et al.,
2013). However, the nucleotide sequence for this deletion has
not been sequenced to date and cannot be compared to the
sequences of the known genes.

Our study has also demonstrated that rye chromosome 3R
does not compensate for the ability of chromosome 3B to
ensure normal formation of crossovers between homologs.
Asynapsis between homologs as a result of chromosome 3B
substitution with wheat or rye homoeologs was demonstrated
carlier (Lee etal., 1970; Bassi etal., 2013). Up to 14 univalents
were formed in a 3D(3B) substitution line of durum wheat, the
Langdon variety, at metaphase I (Bassi et al., 2013). Substitu-
tion of wheat chromosome 3B with rye chromosome 3R in
the Kharkovskaya-Dakold bread wheat line caused asynapsis
between homologs in 30 % of meiocytes (Lee et al., 1970).
However, the addition of a pair of rye chromosomes 3R into
the karyotype of F| wheat-rye hybrids increased the number
of bivalents at metaphase I (Lelley, 1976; Miller et al., 1983),
while the lowest reduction of chiasmata count of 1.1 % was
produced by chromosome 3R in the Chinese Spring-Imperial
addition line (Orellana et al., 1984).

Chromosome 3R(3B) substitution

causes various meiotic division abnormalities

Meiosis in the 3R(3B) line was characterized by a number of
abnormalities in MT dynamics and chromosome behavior in
the first and second divisions. These results can be explained
by the earlier data on the co-expression of Ttzip4-B1 and
meiotic genes orthologs (Alabdullah et al., 2019). During
the construction of co-expression network for the orthologs
of known meiotic wheat genes associated with 7aZIP4, three
TaZIP4 homoeologs on group 3 chromosomes 3A, 3B, and
3D (TraesCS3402G401700, TraesCS3B02G434600 and
TraesCS3D02G396500) were clustered in the largest meiosis-
related module and significantly linked to many orthologs of
meiotic genes with various functions as follows: association of
sister kinetochores in the first meiotic division, chromosome
segregation, formation of class I and II crossovers, protection
of the cohesin complex in the centromeric region, control of
the meiotic cell cycle, sister chromatid cohesion, double-strand
break DNA repair, synaptonemal complex, anti-crossover ac-
tivity, and double-strand break formation in DNA (Alabdullah
et al., 2019). However, the 7TaZIP4 copy responsible for the
Ph1 phenotype (TraesCS5B02G255100) was not clustered in
the same module (Alabdullah et al., 2019), which also confirms
its alternative expression profile (Martin et al., 2018).

Our study has discovered anomalies in MT cytoskeleton
dynamics in the 3R(3B) line. At metaphase I, we observed
the disruptions in MT nucleation at kinetochores of certain
bivalents or MT convergence at the pole, which could cause
the absence of equator plate in 53.33+14.62 % of meiocytes.
We also observed the formation of an arc-like structure by the
cytoskeleton, when the nucleus migrated toward the nuclear
envelope at pachytene. A possible cause for that could be
the absence of the MPK4 (mitogen-activated protein kinase)
gene identified on chromosome 3B (Darrier et al., 2022) and
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involved in MT cytoskeleton dynamics (Beck et al., 2010;
Zheng et al., 2011).

Asynchronous chromosome behavior in the second division
and the presence of dyads at telophase II was a significant
meiosis feature in the 3R(3B) line. This meiotic phenotype
matched TAM mutants (tam 1, tam?2), where taml demon-
strated asynchronous meiotic division, and tam2, the absence
of the second division and subsequent meiotic restitution.
QTug.sau-3B, a QTL responsible for unreduced gamete pro-
duction in interspecific hybrids, was identified on chromosome
3B (Hao et al., 2014) and turned out to be syntenic for the
TAM locus in rice and Brachypodium, while in Arabidopsis
thaliana, TAM codes for CYCA1;2 cyclin.

The absence of wheat chromosome 3B is not the only pos-
sible cause of meiotic division disturbances in the 3R(3B)
line. At present, changes in gene expression levels have been
detected both in wheat-alien chromosome substitution and ad-
dition lines (Rey etal., 2018; Dong et al., 2020). Disturbances
in chromosome behavior in the bread wheat lines introgressed
with alien chromosomes are made possible due to the forma-
tion of a new genetic background where gene expression
levels change in both wheat recipients and alien donors (Rey
etal., 2018; Dong et al., 2020). For instance, changes in gene
expression levels were detected in all wheat chromosomes
in the TA3575 line where chromosome 3B was substituted
with 3S1#2 of Ae. longissima (Dong et al., 2020). Transcrip-
tome analysis showed changes in gene expression in 577 out
of 1,839 genes mapped on chromosome 3B of the Chinese
Spring variety (31.43 %). Most of these genes (461, 79.90 %)
were not transcribed, and 100 genes (17.33 %) demonstrated
reduced expression, whereas only 16 (2.77 %) genes showed
increased expression. It shows that at least 34.57 % (461 out
of 1,839) of the genes on the absent chromosome 3B were not
genetically compensated for by introgression of chromosome
3SI#2 of Ae. longissimi (Dong et al., 2020).

Conclusions

Introgression of genetic material from relatives in the form
of chromosomes or their fragments into bread wheat genome
is widely used in wheat breeding to transfer genes control-
ling valuable agronomic traits. Successful transfer of these
chromosomes during hybridization is reliant on meiotic be-
havior of both wheat and alien chromosomes. When a wheat
chromosome, the genes of which are involved in meiotic
division regulation, is substituted with an alien one, the pre-
sence/absence of a compensatory effect may be observed in
genes on homoeologous chromosomes of relative species and
genera. It was shown earlier that wheat chromosome 3B also
harbored genes regulating bivalent formation independently
of 5B and that Ttzip4-B1 was co-expressed with orthologs of
meiotic genes.

In our study, we have investigated meiotic MT cytoskeleton
dynamics and chromosome behavior in the 3R(3B) line with
wheat chromosome 3B substituted with rye chromosome 3R.
The effect of 3R(3B) substitution manifested itself not only
in reduced chiasmata count compared to the S29 variety
(34.9+0.62 and 41.92+0.38, respectively), but also in a series
of anomalies in MT dynamics and chromosome behavior in
the first and second divisions. The disturbances had to do with
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MT nucleation at kinetochores, MT convergence at meiotic
spindle poles, C-shaped spindle formation, cell wall construc-
tion, cytomixis, as well as asynchronous second division and
the presence of dyads at telophase II. Thus, the results obtained
show that chromosome 3B of the Saratovskaya 29 variety is
involved in regulation of a series of meiotic processes, and rye
chromosome 3R lacks a genetic compensatory ability to func-
tionally replace 3B in terms of normal meiotic progression.
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Abstract. Anticipatory wheat breeding for pathogen resistance is key to preventing economically significant crop losses
caused by diseases. Recently, the harmfulness of a dangerous wheat disease, stem rust, caused by Puccinia graminis
f. sp. tritici, was increased in the main grain-producing regions of the Russian Federation. At the same time, importation
of the Ug99 race (TTKSK) is still a possibility. In this regard, the transfer of effective resistance genes from related spe-
cies to the bread wheat breeding material followed by the chromosomal localization of the introgressions and a marker
analysis to identify known resistance genes is of great importance. In this work, a comprehensive analysis of ten spring
bread wheat introgressive lines of the Federal Center of Agricultural Research of the South-East Region (L657, L664,
L758, L935, L960, L968, L971, L995/1, L997 and L1110) was carried out. These lines were obtained with the participation
of Triticum dicoccum, T. timopheevii, T. kiharae, Aegilops speltoides, Agropyron elongatum and Secale cereale. In this study,
the lines were evaluated for resistance to the Ug99 race (TTKSK) in the Njoro, Kenya. Evaluation of introgression lines in
the field for resistance to the Ug99 race (TTKSK) showed that four lines were immune, two were resistant, three were mo-
derately resistant, and one had an intermediate type of response to infection. By cytogenetic analysis of these lines using
fluorescent (FISH) and genomic (GISH) in situ hybridization, introgressions from Ae. speltoides (line L664), T. timopheevii
(lines L758,1L971,L995/1,L997 and L1110), Thinopyrum ponticum = Ag. elongatum (2n = 70) (L664, L758, L960, L971, L997
and L1110), as well as introgressions from T. dicoccum (L657 and L664), T. kiharae (L960) and S. cereale (L935 and L968)
were detected. Molecular markers recommended for marker-oriented breeding were used to identify known resistance
genes (5r2, Sr25, 5r32, Sr1A.1R, Sr36, 5r38, Sr39 and Sr47). The Sr36 and Sr25 genes were observed in lines L997 and L1110,
while line L664 had the Sr39+5r47+5r25 gene combination. In lines L935 and L968 with 3R(3D) substitution from S. ce-
reale, gene resistance was presumably identified as SrSatu. Thus, highly resistant to both local populations of P. graminis
and the Ug99 race, bread wheat lines are promising donors for the production of new varieties resistant to stem rust.
Key words: Triticum aestivum L.; introgressive wheat lines; alien introgressions; Puccinia graminis f. sp. tritici; Ug99;
Srgenes.
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Molecular cytogenetic characteristics
of new introgressive lines of spring bread wheat

prkaBunHbI (Bo36yanTens Puccinia graminis f. sp. tritici). B To e Bpems cOXpaHAeTcs ONacHOCTb 3aHOCa Ha TEPPUTOPUIO
Poccun pacol natoreHa Ug99 (TTKSK), KoTopas yrpoaeT Mpon3BOLCTBY 3epHa BO BCEM MUpe. B cBA3M ¢ 3Tm 6onbLuoe
3HaueHvie NprobpeTatoT NepeHoC 3GPeKTUBHbIX FEHOB PE3UCTEHTHOCTU OT POACTBEHHbIX BUAOB B CENIEKLMOHHBIA Ma-
Tepuan MArKon MNweHULbI, BbIABIEHE XPOMOCOMHO NOKanM3aLuy MHTPOrpeccuii U NpoBefeHNe MapKEPHOro aHanu-
3a AnA naeHTdUKaLMm N3BECTHbIX FEHOB YCTONUMBOCTY. B HacToALwen paboTe 6bl MPOBEAEH KOMMEKCHbIN aHanums
LeCATVN MHTPOrPECCHBHbBIX JIMHUIA APOBOIN MATKOW MLLeHnLbl cenekumn OefepanbHOro arpapHOro Hay4YHoro LeHTpa
tOro-Boctoka (J1657, 1664, 11758, 1935, J1960, J1968, J1971, J1995/1, 1997 1 J11110), nonyyeHHbIX € y4yactmem Triticum
dicoccum, T. timopheevii, T. kiharae, Aegilops speltoides, Agropyron elongatum w Secale cereale. OueHKa UHTpOrpeccyB-
HbIX JIMHWIA B NONEBbIX YCIOBUAX Ha YCTONUMBOCTb K pace Ug99 (TTKSK) nokasana, Uto YeTbipe NMHUM ObIIN UMMYHHbI,
[iBe — YCTOMYMBbI, TPU — CPEAHEYCTONUMBDI, @ OfHA MMeSia MPOMEXYTOUHbIN TN peaKkunn Ha 3apaxkeHuve. LntoreHetu-
YecKmin aHanm3 ¢ nomolyblo metonos dnyopecueHTHol (FISH) n reHomHol (GISH) rnbpuansaumm in situ BbIABUN UHTPO-
rpeccuu ot Ae. speltoides (nnHusa J1664), T. timopheevii (nuHnmn 11758, 11971, J1995/1, 11997 v 11110), Thinopyrum ponti-
cum = Ag. elongatum (2n = 70) (J1664, 1758, J1960, /1971, J1997 n J11110), a Takxe nHTporpeccum ot T. dicoccum (/1657
n J1664), T. kiharae (1960) u S. cereale (J1935 v J1968). AnA naeHTUGUKaLUN N3BECTHBIX FTEHOB YCTONYMBOCTY (Sr2, Sr25,
Sr32,Sr1A.1R, 5r36, Sr38, Sr39 v Sr47) ncnonb3oBany MONeKyNApHble MapKepbl, PEKOMEHAOBaHHbIE ANA MapKep-OpreH-
TUPOBaHHON cenekuun. Hannume reHos Sr36 1 Sr25 66110 NOCTYNNMPOBAHO y ABYX nnHWMiA (1997 1 J11110), reHos Sr39,
Sr25 v Sr47 - y nnHun N1664. Y nunHni 11935 1 J1968 ¢ 3amewieHnem 3D(3R) oT S. cereale reH ycTounBOCTM K cTebneBoi
pPKaBUMHe NPeAnonoXnTeNlbHO onpeaeneH Kak SrSatu. BoicokoycTonumBble Kak K MeCcTHbIM nonynaumam P. graminis,
Tak 1 K pace Ug99 NMHUN MATKON NLIEHNLbI ABNAIOTCA NepCrnekTUBHbIMY JOHOPaMU AN1A CO3AaHNA HOBbIX YCTONYMBBIX
K CTe6NeBO pXKaBUMHE COPTOB.

KntoueBble cnoBa: Triticum aestivum L.; MHTpOrpeccrBHble ANHUN MLIEHULbI; YyXXepOoAHble nHTporpeccuu; Puccinia

graminis f. sp. tritici; Ug99; Sr reHbi.

Introduction

One of the conditions for increasing the yield of bread wheat
is the production of varieties that are resistant to biotic and
abiotic stressors. The set of the most harmful biostressors for
bread wheat includes a group of rust disease pathogens: Puc-
cinia triticina f. sp. tritici Erikss., P. striiformis f. sp. tritici
Erikss., P. graminis f. sp. tritici Erikss. & Henning. These
pathogens cause epiphytoties of brown, yellow and stem
rust. The harmfulness of each of them can reach 50 % (Knott,
1989). The causative agents of these diseases are characterized
by high virulence and great diversity in racial composition
(Gultyaeva et al., 2021, 2022; Baranova et al., 2023b).

In the global production of bread wheat and under Russian
conditions, a special place is occupied by stem rust (pathogen
P. graminis f. sp. tritici (Pgt)), which can cause yield losses
of more than 80 % during epiphytotic development on sus-
ceptible varieties. The well-known race of stem rust pathogen
Ug99 (TTKSK) and its variants, which infect wheat varieties
and lines with effective resistance genes Sr317, Sr36 and Sr24,
still pose a real threat to wheat production in the regions of
the African continent, the Middle East and Asia. Due to the
possibility of fungal spores spreading with air masses over
vast distances, a threat of the pathogen being introduced into
the territory of Eurasian countries, including Russia, remains.
Over the last decade, in Europe, Kazakhstan, China and the
Russian Federation, aggressive races of the fungus have ap-
peared that are not related to the Ug99 race, but have caused
severe outbreaks of the disease (Vasilova et al., 2017; Lewis
et al., 2018; Baranova et al., 2021; Patpour et al., 2022).

Low diversity of stem rust resistance genes is a common
problem in commercial wheat varieties around the world. The
adult resistance gene Sr57 (Lr34/Yri18/Pm38/Bdvl), which is
part of a locus with pleiotropic action that determines nonspe-
cific resistance to biotrophic pathogens, as well as juvenile
resistance genes such as Sr38, Sr6Agi, Sr25 and Sr31 are used
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in Russian domestic varieties. The Sr3/ gene still remains ef-
fective against stem rust in the Russian Federation (Baranova
et al., 2023b). Genes Sr6Agi and Sr25 lose effectiveness in
the Volga region, but are effective against Western Siberian
populations of the fungus (Kelbin et al., 2020; Baranova et al.,
2021). The Sr38 gene is ineffective against Volga populations
of the pathogen, but is recommended for breeding in Western
Siberia (Skolotneva et al., 2021).

To expand the genetic basis of varieties, it is extremely
important to obtain breeding material diverse for resistance
genes. In general, this problem is solved by involving related
species of bread wheat, mainly from the secondary and ter-
tiary gene pools. Currently, 26 out of 63 stem rust resistance
genes have been transferred from the genomes of related
species (Mclntosh et al., 2013, 2022). The Ae. speltoides,
T timopheevii, T. dicoccum, T. ponticum, S. cereale species
remain important sources of valuable genes for resistance
to fungal diseases and in particular to stem rust for practi-
cal breeding of bread wheat (Mclntosh et al., 2013). Genes
Sr32, Sr39, Sr47 were transferred from Aegilops speltoides
(Taush) (SS, 2n = 14) to the wheat genome; Sr36, Sr37, Sr40,
from Triticum timopheevii Zhuk. (A'A' GG, 2n = 28); Sr3l,
Sr27, SriA. IR, Sr50, from Secale cereale L. (RR, 2n = 14)
(Mclntosh et al., 2013). Effectiveness against P. graminis and
the nature and size of the introgressed material are important
aspects of using these genes to develop resistant bread wheat
varieties. It is important to produce combinations of currently
effective Sr genes with each other or with genes that have
partially lost their effectiveness, or with adult resistance genes.

At the Federal Center of Agricultural Research of the
South-East Region (FCAR of the South-East Region), work is
underway to produce new breeding material using relatives of
bread wheat. Previously, lines produced with the participation
of'a wide range of species showed high resistance to leaf rust
in the conditions of the Saratov Volga region (Gultyaeva et
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Table 1. Pedigree of spring bread wheat introgressive lines
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MOJ‘IeKyﬂﬂpHO-LlI/ITOFeHeTI/IHECKaFI XapaKTepuUcTnKa
HOBbIX MHTPOrpPeCcCnBHbIX JIMHUIA nweHnubl

Triticum dicoccum Shuebl (BA), Aegilops speltoides Tausch (S)

T. dicoccum Shuebl (BA), Ae. speltoides Tausch (S), Agropyron elongatum (Host) Beauv.
(source — Dobrynya variety as a carrier of translocation 7DS-7DL-7Ae#1L)

T. timopheevii, Ae. tauschii (source —immune lines of Saratovskaya 29 variety (529imm))

Secale cereale L. (R) (source - triticale variety Satu)

T. timopheevii Zhuk. (GAY), Ag. elongatum (Host) Beauv. (source — Dobrynya variety

T. timopheevii and Ae. tauschii (source — Pamyati Maistrenko variety)

T. timopheevii and Ae. tauschii (source — Pamyati Maistrenko variety);

Ag. elongatum (Host) Beauv. - source of 7DS-7DL-7Ae#1L translocation, Dobrynya variety

Line Pedigree Source of alien genetic material
number
L657 L505*2//L503/3/L528//AD T.dic/

Ae.spelt*5529/4/Thatcher Lr28
L664 S55//Dobrynya/L164//Agr139/

L528*2//AD T.dic/Ae.spelt*5 S29//

Dobrynya
L758 L X1 S29imm/L2870
L935 Satu/S70//S70
L960 S68/T.kiharae//S70/3/568 T. kiharae Dorof. et Migusch ((GA'D)
L968 Satu/S70//574/3/570/4/S70 S. cereale L. (R), triticale variety Satu
L971 S68/T.timopheevii*4// Dobrynya

as a carrier of translocation 7DS-7DL-7Ae#1L)

L995/1  S70/Pamyati Maistrenko//S68
L997 $70/Pamyati Maistrenko// Dobrynya
L1110 L VI S29imm/L2032//1.2032/3/L2032

T. timopheevii, Ae. tauschii (source —immune lines of Saratovskaya 29 variety (529imm));

Ag. elongatum (Host) Beauv. — L2032 7DS-7DL-7Ae#1L translocation
from Ag. elongatum (Host) Beauv.

Note. The pedigree lines indicate the following varieties of spring bread wheat: L503, L505, Dobrynya, Saratovskaya 29 (529), Saratovskaya 55 (S55), Saratov-
skaya 68 (568), Saratovskaya 70 (570), Saratovskaya 74 (S74), as well as lines L164, L528, L2870, L2032, Agr139, L VI 529 imm, L XI S29 imm of spring bread wheat.

al., 2020). The aim of our work is a comprehensive study of
new introgressive lines including assessment of resistance to
the Ug99 (TTKSK) stem rust race, chromosomal localization
of alien introgressions and identification of Sr genes using
molecular markers.

Materials and methods

Plant material. Ten introgressive lines of spring bread wheat
from FCAR of the South-East Region were studied. Their
pedigree, indicating the donor of alien genetic material, is
given in Table 1.

Cytogenetic analysis. Preparations of mitotic chromo-
somes were prepared from the meristem of seedling roots in
accordance with the method (Badaeva et al., 2017). The FISH
(fluorescence in situ hybridization) method using probes
based on various repetitive sequences: Speltl (Salina et al.,
1997) and Spelt52 (Salina et al., 2004), pSc119.2 (Bedbrook
et al., 1980) and apAsl (Rayburn, Gill, 1986) was used to
analyze the karyotype of the lines. The FISH method described
in the work of Salina et al. (Salina et al., 2006) with minor
modifications was used. GISH (genomic in situ hybridiza-
tion) using labeled S. cereale genomic DNA as a probe was
performed according to previously published work (Schubert
et al., 1998). The preparations were analyzed using an Axio
Imager M1 microscope (Zeiss, Germany) equipped with a
ProgRes MF CCD digital camera and Isis software (Meta
Systems, Germany).

Phytopathological analysis. Resistance to race Ug99
(TTKSK) analysis was carried out at the adult plant stage
using a modified Cobb scale (Peterson et al., 1948) in 2023

at the plant pathology nurseries at the International Maize
and Wheat Improvement Center (CIMMYT) at the Kenya
Agricultural and Livestock Research Organization (KALRO)
in Njoro. The main distinguishing feature of the Ug99 race
pathotypes is virulence towards carriers of the S»3/ gene. The
degree of damage to varieties with the Sr3/ gene in KALRO
plant pathology nurseries in the growing season of 2023 was:
for the variety Prokhorovka (Sr317) — 60 % (60MSS), for the
variety Yugo-Vostochnaya 2 (Sr37) — 80 % (80S), for the
variety Saratovskaya 74 (without Sr genes) — 80 % (80S).
Molecular genetic analysis. DNA was isolated from five-
day-old wheat seedlings using cetyltrimethylammonium bro-
mide (CTAB method) (Murray, Thompson, 1980). To identify
the resistance genes Sr2, Sr32, SrlA.IR, Sr36, Sr38, Sr39,
Sr47, DNA markers recommended for marker-assisted selec-
tion (MAS) were used. A list of molecular markers used in the
work with links to sources is presented in the Supplementary
Material 1!. PCR was performed in duplicate on a C1000
Thermal Cycler (manufactured by BioRad). Amplification
products were separated on 2 % agarose and 8 % polyacryl-
amide gels stained with ethidium bromide. Isogenic lines and
varieties with known Sr genes served as a positive control;
the susceptible variety Khakasskaya served as a negative con-
trol. PCR mixture was taken without adding DNA to control
contamination. GeneRulerTM 50bp DNA Ladder (Thermo
Scientific) was used as a molecular weight marker. Visuali-
zation of amplification products was carried out using the
ChemiDoc™ (Bio-Rad) gel documentation system.

T Supplementary Materials 1-5 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Baranova_Engl_28_4.pdf
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Results

Phytopathological analysis

of spring bread wheat introgressive lines
Phytopathological screening of the lines at the stage of adult
plants showed that all lines were resistant to the Ug99 race to
varying degrees: four lines were immune (infection type 0),
two were resistant (R), three were moderately resistant (MR)
to this highly aggressive race of the fungus (Table 2). The only
exception was one line, L995/1, which had an intermediate
infection type (M) with 5 % of disease development.

Cytogenetic analysis
of spring bread wheat introgressive lines
The identification of alien genetic material and determination
of its state in the reconstructed genome of bread wheat in the
form of addition or substitution chromosomes and translo-
cations were the aim of the introgression lines cytogenetic
analysis.

The main results of cytogenetic analysis are presented in
Table 2 and in the Figure. Additional information indicating

Molecular cytogenetic characteristics
of new introgressive lines of spring bread wheat

the probe combinations used is provided in the Supplementary
Material 2.

Karyotyping of the lines showed that each of them is cha-
racterized by the standard number of chromosomes for hexa-
ploid wheat —42. FISH was performed with probes pSc119.2
and pAsl for each of the ten lines. The probe pSc119.2 (Bed-
brook et al., 1980) is predominantly localized on the chromo-
somes of the bread wheat genome B, and pAs1 (Rayburn, Gill,
1986) is predominantly localized on the chromosomes of the
D genome. The simultaneous use of these probes allows the
identification of all chromosomes of the B and D genomes
and some chromosomes of the A genome (Schneider et al.,
2003). In addition, it is possible to identify the chromosomes
of the G genome of 7. timopheevii by the localization of hy-
bridization signals with the pSc119.2 probe (Jiang, Gill, 1994).
GISH with S. cereale DNA was used to analyze two wheat
lines that had rye among ancestors. Analysis of eight lines,
the ancestors of which included Ae. speltoides, T. timopheevii
or T. kiharae, involved hybridization with probes Speltl and
Spelt52 (performing GISH with DNA from these species is
difficult due to their close relationship to bread wheat).

Table 2. Characteristics of spring bread wheat introgressive lines by translocations/substitutions,

Srgenes and resistance to stem rust (Ug99) at the adult plants stage

Line Cytogenetic study result Identified Sr genes* Resistance to P. graminis f. sp. tritici
race Ug99 (TTKSK)**
L657 6AT dicoccum () - 5RMR
L664 QAT dicoccum(a A) or T2AS.2AT dicoccum Sr25,5r39, Sr47 5RMR
25(2D) - from Ae. speltoides
Translocation from Th. ponticum to 7DL
L758 T2AL2A - from T. timopheevii Sr25 5R
Translocation from Th. ponticum to 7DL
L935 3R(3D) - from S. cereale - 0
L960 2AY2A) - from T. kiharae Sr25 5MR
T3BS.3GL - from T. kiharae
4G(4B) - from T. kiharae
T2D (T aestivum)g H(T- kiharae)L
Translocation from Th. ponticum to 7DL
L968 3R(3D) - from S. cereale - 0
L971 2AY(2A) - from T. timopheevii Sr25 5R
2G(2B) or T2BS.2GL - from T. timopheevii
6G(6B) - from T. timopheevii
Translocation from Th. ponticum to 7DL
L995/1 2A'2A - from T. timopheevii - 5M
2G(2B) or T2BS.2GL - from T. timopheevii
L997 2A'.2A - from T. timopheevii Sr25,5r36 0
2G(2B) or T2BS.2GL - from T. timopheevii
Translocation from Th. ponticum to 7DL
L1110 2A%2A - from T. timopheevii Sr25,5r36 0

2G(2B) or T2BS.2GL - from T. timopheevii
Translocation from Th. ponticum to 7DL

*The genes, the identification of which was confirmed by cytogenetics and pedigree analysis, are presented; the Sr25 gene was identified previously (Baranova

etal, 2023a).

** Resistance: 0 — immune infection type, R - resistant, MR — medium-resistant, RMR - intermediate type of infection between resistance and medium resistance,
M - intermediate type of infection between medium resistance and medium susceptibility.
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MonekynapHo-LMToreHeTMYeCKan XxapakTepmnctmnka
HOBbIX MHTPOIPECCUBHbBIX JIMHWIN MLWEHNLIbI

2BS.2GL *

4D

2G or

T2BS.2GL
2 2G or

68 TZES.ZGL

58 3B 2G or

T2BS.2GL
2Gor ¢
T2BS.2GL D 6D

3D

Results of FISH and GISH with different probe combinations on metaphase chromosomes of bread wheat introgressive lines.

Probes pSc119.2 (green), pAs1 (red): a — line L657, b - L664, d - L960, f — L971, i — L1110; probes Spelt52 (green), pSc119.2 (red): c — L664,
h - L997; probes Spelt1 (green), pSc119.2 (red): g - L997; Rye DNA (green), pAs1 (red): e - line L968.

Lines L657 and L664 were obtained with the participation
of Ae. speltoides. In the L657 line, Spelt52 repeat sites were
not identified, and the Spelt1 probe is localized at the ends of
the chromosome 6B arms. According to previous studies, this
localization of Speltl occurs in bread wheat varieties (Salina
et al., 2006). Consequently, we cannot speak with confidence
about translocations from Ae. speltoides in this lineage. FISH
with the pAs1 probe showed the absence of 2D chromosomes
in the L664 line and revealed a pair of chromosomes with a
weak signal of pSc119.2 on the short arm and two signals
on the long arm (see the Figure, b), which also contains the
Spelt52 site (see the Figure, ¢). We identified this chromosome
as chromosome 28 of Ae. speltoides (Badaeva et al., 1996;
Ruban, Badaeva, 2018). Thus, in the case of line L664, we
have established chromosomal substitution 2S(2D). In ad-
dition, the results of hybridization of probes pSc119.2 and
pAs] on the chromosomes of the L657 line (see the Figure,
a) indicate the substitution of chromosome 6D, presumably
with chromosome 6A of 7. dicoccum, a species that is present

in the pedigree of this line. In the L664 line, Speltl sites were
identified at the long arm ends of the genome A chromosomes
pair, most likely chromosomes 2A. In bread wheat varieties,
such localization of this probe has not been observed, but it is
characteristic of tetraploid wheats, in particular 7. dicoccum,
and may indicate chromosomal substitution or translocation
from a given species (present in the pedigree).

Lines L758, 1.960, 1.971, .995/1, .997, and L1110 were
expected to have introgressions from the species 7. timopheevii
or T. kiharae. Interestingly, weak hybridization signals with
the Spelt52 probe were detected on the short arms of the
genome A chromosome pair, most likely chromosome 2A in
all six lines (see the Figure, /). This localization of Spelt52 is
characteristic of 7. timopheevii or T. kiharae and may indicate
translocations from these species. No hybridization signals
with the Speltl probe were detected in the L758 line. Lines
L995/1, 1997 and L1110 carry Speltl blocks at the ends of
the short arms of chromosome 6B (see the Figure, g), which
is typical for a number of bread wheat varieties (Salina et al.,
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2006). The localization of Spelt1 on the long arms of chromo-
some 2A in the lines L960, L971, L997 and L1110 (see the
Figure, g) in combination with the localization of the Spelt52
probe on the short arms of these chromosomes (see the Figu-
re, 1) may indicate the substitution of chromosome 2A with
2A! (from T timopheevii or T. kiharae, respectively) in these
lines. In line L960, another Speltl site is located on the long
arm of the chromosome, which, according to the localization
of the pSc119.2 probe, corresponds to chromosome 4G of
T. timopheevii, while chromosome 4B is absent (see the Figu-
re, d). The results obtained indicate that the 1.960 line has chro-
mosomal substitution 4G(4B). Also, based on the localization
of probe pSc119.2 in the L960 line, translocation T3BS.3GL
can be assumed. The distribution of the pAsl probe on the
long arm of chromosome 2D in this line is almost identical
to that in 7. kiharae, which indicates a probable translocation
T2D(F aestivum)S (T kikarae)], (see the Figure, d). It should be
noted that in the L960 line, as well as in the L758, L664, L971,
L997 and L1110 lines, the localization of the pAs1 probe on
the long arm of chromosome 7D does not correspond to bread
wheat, which indicates a translocation (see the Figure, b, f; 7).
The presence of the Sr25 gene in four of these lines (Baranova
et al., 2023a), transferred to the bread wheat genome from
Th. ponticum (Friebe et al., 1996), and the hybridization pat-
tern of pAs1 on the long arm of wheatgrass chromosome JS-7
(Cui et al., 2018), allow us to conclude that chromosome 7D
of these lines carries translocations from 7h. ponticum.

In the case of the 1.995/1, L971 and 1997, L1110 lines,
according to the results of hybridization with the pSc119.2
probe, we can talk about the substitution of chromosome 2B
with 2G T timopheevii, 2G(2B), or about the translocation of
T2BS.2GL (see the Figure, /~i). Additionally, the L971 line
is expected to have a chromosomal substitution 6G(6B) (see
the Figure, f).

Lines L935 and L968 were obtained using the Australian
triticale variety Satu. GISH with rye DNA and FISH with
probes pSc119.2 + pAs1 showed the substitution of 3D chro-
mosomes with a pair of 3R chromosomes in these lines (see
the Figure, e).

Identification of stem rust resistance genes

using molecular markers

The results of Sr genes identification in the analyzed lines
using molecular markers, confirmed by pedigree analysis
and cytogenetic analysis data, are presented in Table 2. In
this work, PCR fragments specific for genes Sr32, Sr39, Sr47
(de. speltoides), Sr36 (T. timopheevii) and Sr38 (Ae. ventri-
cosa) were found in different lines. All the obtained results
of PCR analysis, indicating the molecular markers used, are
given in the Supplementary Material 3. The diagnostic frag-
ment of the VENTRIUP-LN2 marker for the Sr38 gene was
observed only in the L971 line (Supplementary Material 3).
The presence of the Sr36 gene was established in two lines,
L997 and L1110, using the Xstm?773-2 marker (Table 2, Sup-
plementary Material 3).

The Sr39 gene was identified using the Sr39#22 marker.
A diagnostic fragment (800 bp) was detected in five lines
(Supplementary Materials 3 and 4). To identify the Sr32 gene,
the csSr32#2 marker was used. The diagnostic fragment was
observed in three lines: L960, L968 and L995/1. The Sr47 gene
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was identified using three markers — Xgwm501, Xgpw4043,
and Xgwm47 (Supplementary Materials 3 and 5). The diagnos-
tic fragment of the Xgwm501 marker (109 bp) was identified
in four lines: L971, L995/1, 1L.997 and L1110. Only the 95-bp
fragment of the two diagnostic fragments of the Xgpw4043
marker was amplified in the L657, L664, L758, and L971 lines;
the 115-bp fragment was absent (Supplementary Material 5).
The diagnostic fragment of the Xgwm47 marker (165 bp) was
identified only in line L664.

Previously, all the lines we analyzed were tested for the
presence of the Sr25 gene (Baranova et al., 2023a) using the
Gb marker recommended for marker-based selection (Prins
et al., 2001). This gene was identified in six lines (Table 2,
Supplementary Material 3). According to the results of previ-
ous studies (Baranova et al., 2023a) and this work, the Sr2,
Sr24, Sr28, Sr31, SriA. IR and Sr57 genes were not found in
any of the lines.

Discussion

Efficiency of molecular markers

recommended for marker-based selection

for identifying stem rust resistance genes

Molecular markers are widely used to identify resistance
genes to various pathogens including stem rust. Among the
huge number of molecular markers, the most specific ones
are highlighted and recommended for marker-based selec-
tion (https://maswheat.ucdavis.edu/). However, during work
with a variety of plant material, especially with introgressive
lines, a researcher may encounter insufficient specificity of
even a recommended marker and, as a result, false-positive
gene identification. In this regard, it is desirable to conduct
complex studies and confirm the presence of the desired gene
along with molecular genetic analysis data, study of pedigrees,
cytogenetic and phytopathological results.

During our work, introgression lines were analyzed cyto-
genetically and using molecular markers. Data from pedigree
lines were also taken into account.

In six out of the ten studied lines (L664, L758, 1960, L971,
L997 and L1110), the Sr25 gene was previously identified
(Baranova et al., 2023a), which was fully confirmed by the
cytogenetic analysis data in this work (Table 2). The Sr25 gene
is linked to the leaf rust resistance gene L»/9 and is localized
in the T7DS-7DL-7Ae#1L translocation from Th. ponticum
(Friebe et al., 1994).

The identification of the Sr36 gene using the Xstm773-2
marker is also confirmed by cytogenetic analysis. As is known,
the Sr36 gene is localized on chromosome 2G (Friebe et al.,
1996). Lines L997 and L1110, in which this gene was identi-
fied according to molecular genetic analysis, carry chromo-
some 2G from 7. timopheevii (see the Figure, g—i, Table 2).

We obtained ambiguous results regarding the resistance
genes Sr32, Sr39 and Sr47, the source of which is Ae. spel-
toides. Cytogenetic analysis revealed genetic material from
Ae. speltoides (substitution of chromosome 2D with chromo-
some 2S —2S(2D) only in line L664, in the pedigree of which
this species is present). However, the diagnostic fragment of
the Sr39#22 marker (the Sr39 gene marker) was also identi-
fied in lines L971, L995/1, L997 and L1110 (Supplementary
Material 3), which lack Ae. speltoides in their pedigrees,
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but there is genetic material from 7. timopheevii, which was
confirmed cytogenetically. Also, based on the pedigrees of the
L997 and L1110 lines, Dr. Savov’s synthetic (GA'D) was used
in crosses (7. timopheevii x T. tauschii). Thus, the diagnostic
fragment of the Sr39#22 marker was amplified in lines with
material from 7. timopheevii and possibly T. tauschii. It should
be noted that similar results for the Sr39#22 marker were
obtained by E.I. Gultyaeva and colleagues (Gultyaeva et al.,
2014). Their study noted that, despite the fact that this marker
is widely used to identify the Sr39/Lr35 gene, its diagnostic
fragment was amplified in wheat samples with material from
T timopheevii and T. tauschii: for example, in the variety
Pamyati Maistrenko, which was used to obtain lines L995/1
and L997 (Table 1).

The diagnostic fragment of the Sr32 gene marker csSr32#2
(152 bp) was identified in lines L960, L968 and L995/1 with
genetic material from 7 kiharae and Th. ponticum (line L960),
S. cereale L. (line L968) and T. timopheevii (line L995/1)
(Supplementary Material 3). Based on all of the above, we
did not take into account the results obtained for this marker
of the Sr32 gene, considering them a clear example of a false-
positive gene identification.

Another gene from Ae. speltoides is Sr47, which we identi-
fied using three markers: Xgwm501, Xgwm47 and Xgpw4043,
the results were also ambiguous. The diagnostic fragment
(109 bp) of the Xgwm 501 marker was clearly detected in lines
L971,L995/1, L997 and L1110 (Supplementary Material 3),
which were described above. The Pamyati Maistrenko variety
and Dr. Savov’s synthetic (GA'D) — T timopheevii x T. tauschii
are present in the pedigrees of those lines. As can be seen from
cytogenetic analysis, the genetic material from Ae. speltoides
is not present in them (Table 2). As for the Xgpw4043 marker,
the diagnostic fragment of 95 bp was observed in lines L657,
L664, L758 and L971, while the second diagnostic fragment
of 115 bp was absent. This situation was described in the
article (Klindworth et al., 2012), where in some wheat lines
with the Sr47 gene the 115-bp fragment was not amplified or
differed in staining intensity and only the 95-bp fragment was
amplified and the authors strongly recommended to pick up
several markers for Sr47 gene identification. The diagnostic
fragment of the Xgwm 47 marker was identified only in the
L664 line, which has Ae. speltoides in its pedigree, and cyto-
genetic analysis revealed chromosomal substitution 2S(2D).
Also, in this line, diagnostic fragment of the Sr39#22 marker
(the Sr39/Lr35 gene) was identified. It should be noted that
both the Sr47 and Sr39 genes are localized on chromosome
2S of Ae. speltoides, with Sr39 on the short arm and Sr47 on
the long arm (Klindworth et al., 2012). Since the L664 line
has a 2S(2D) substitution, it is quite possible that it has both
the Sr39 and Sr47 genes.

The Sr38 gene comes from the species Ae. ventricosa
Tausch. and is linked to the genes for resistance to brown
(Lr37) and yellow (Yr17) rust (Bariana, McIntosh, 1993).
Despite the absence of this species in the pedigrees of the
introgressive lines (Table 1), the diagnostic fragment of the
VENTRIUP-LN2 marker to the Sr38 gene was present in the
L971 line. Cytogenetic analysis did not reveal genetic material
from Ae. ventricosa in this line, therefore we can conclude
that in this case there was a false positive identification of
the Sr38 gene.
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Thus, attention should be paid to the shown in our study
insufficient specificity of the markers for the following genes:
Sr32 — csSr32#2, Sr38 — VENTRIUP-LN2, Sr39 — Sr39#22,
Sr47 — Xgwm501 and Xgpw4043. During identification of
resistance genes using molecular markers in wheat samples
with alien genetic material, this point must be taken into ac-
count. It is necessary to once again note the importance of
combining different approaches when conducting the analysis
of introgressive forms to increase its effectiveness.

Characteristics of new spring bread wheat

introgressive lines resistant to stem rust

The Supplementary Material 3 presents the results of assessing
the resistance of the analyzed lines to the Volga region popula-
tions of the stem rust pathogen at the seedling stage, which we
obtained earlier (Baranova et al., 2023a). It was shown that
two lines (L657 and L971) were susceptible to the Tatarstan
population of the fungus collected from the Nadira variety,
while the L971 line was heterogeneous in resistance. Lines
L758 and L960 were susceptible to the Saratov population col-
lected from the Voevoda variety. Six lines showed resistance to
both populations of the pathogen (L664, L935,1.968, L.995/1,
L997,L1110). Thus, the characterization of introgressive lines
will be based on the data from previous works (Baranova et
al., 2023a, b) and the results obtained in this study.

All the lines were highly resistant to race Ug99 (TTKSK)
with the exception of L995/1 as assessed by KALRO (Kenya)
(Table 2). According to FAO data, to date the following genes
remain effective versus the Ug99 race: Sr28, Sr29, SrTmp
(T aestivum L.), Sr2, Sri13, Sri4 (T. turgidum L.), Sr22, Sr35
(T monococcum L.), Sr37 (T. timopheevii Zhuk.), Sr32, Sr39,
Sr47,(Ae. speltoides Tausch.), Sr33, Sr45 (Ae. tauschii Coss.),
Sr40 (T. araraticum Jakubz.), Sr25, Sr26, Sr43 (Ag. elonga-
tum Host.), Sr44 (Ag. intermedium Host.), Sr27 and SriA.1R
(S. cereale L.) (http://www.fao.org/agriculture/crops/rust/
stem/stem-pathotypetracker/stem-effectivesrgenes/en). The
SrSatu gene is also effective against the Ug99 race (Olivera
etal., 2013).

Based on a previous analysis of the pathogen populations
virulence from the Nadira and Voevoda varieties (Baranova et
al., 2023b), only the Sr32 gene is effective against both popu-
lations of the fungus among the genes, the presence of which
could be assumed in the studied lines. However, this gene was
not identified in any of the lines. In addition to it, the Sr39
gene, identified only in the L664 line, is effective against the
Tatarstan population of the pathogen. Consequently, the lines
resistance to the pathogen is determined by other unstudied
genes or combinations of genes.

In three lines resistant to the Volga region populations
of the fungus (L935, L968 and L995/1), molecular genetic
analysis failed to identify known resistance genes. Two of
them (lines L935 and L.968 (Table 1)) carry genetic material
from S. cereale. Their pedigrees include the triticale variety
Satu and they have chromosomal substitution 3R(3D) accord-
ing to cytogenetic analysis (Table 2, the Figure, ¢). They also
turned out to be immune to the Ug99 race. The L968 line is
also immune to yellow rust (according to the KALRO assess-
ment), i. e. it has resistance to yellow and stem rust pathogens.
The SrSatu gene is localized on chromosome 3R of rye and is
closely linked to the LrSatu gene. In addition, the Sr27 gene
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is localized on chromosome 3R (Singh, McIntosh, 1988).
According to Mclntosh (1995), the Sr27 and SrSatu genes
are allelic to each other and are highly effective against the
stem rust pathogen populations. In earlier work, S.J. Singh
and R.A. MclIntosh, based on genetic analysis of F, and F;
hybrids of stem rust-resistant varieties Satu (SrSafu) and
Coorong (Sr27) with susceptible triticale varieties, showed
that the resistance of each variety is determined by one domi-
nant gene and the SrSafu and Sr27 genes are allelic or closely
linked (Singh, McIntosh, 1988). This article shows that the
Satu variety used in the crosses did not carry the Sr27 gene.
In our studies, the response type was “1” to the population of
P. graminis f. sp. tritici collected from the spring bread wheat
variety Voevoda, and ‘“2+” to the population from the variety
Nadira for the Sr27 gene (Baranova et al., 2023b), while lines
L935 and L968 showed the infection type of either “0” or “1”
(Supplementary Material 3). On the other hand, the Sr27 gene
is effective against the Ug99 race, but the lines containing it
are resistant or moderately resistant (R, MR) (Jin et al., 2007);
in our study, the lines were immune, the infection type was
“0” (Table 2). Thus, taking into account the pedigree, as well
as data from cytogenetic and phytopathological analyses,
there is reason to believe that the L935 and L968 lines carry
the SrSatu gene.

Resistance to the Volga region populations of the fungus
in line L995/1 (Supplementary Material 3) is most likely de-
termined by unidentified genes on chromosome 2G of 7. #i-
mopheevii (chromosomal substitution 2G(2B), or transloca-
tion T2BS.2GL) (Table 2). The Pamyati Maistrenko variety
is a donor of alien introgressions and resistance to the stem
rust pathogen in the L995/1 line. As is known, this variety
inherited chromosomal substitution 2B(2G) from the line of
spring bread wheat “Saratovskaya 29 immune L10”, which
has age-related resistance to the stem rust pathogen (Laikova
etal., 2013). The L995/1 line showed an intermediate type of
resistance to the Ug99 race (5M).

Resistance genes, the presence of which is confirmed by
cytogenetic analysis (Table 2) and pedigree analysis (Table 1),
were identified in lines L664, L997 and L1110. Line L664
was resistant to both populations of the fungus collected
from the spring bread wheat varieties Voevoda and Nadira
and highly resistant (SRMR) to the Ug99 race. The following
genes have been identified in this line: Sr25 (confirmed by
the presence of a translocation on 7DL from Th. ponticum,
T7DS-7DL-7Ae#1L); Sr39 and Sr47, which are located on
chromosome 2S of Ae. speltoides (McIntosh et al., 2013).
Population of P. graminis f. sp. tritici from the Voevoda variety
is virulent to the Sr39 and Sr25 genes; however, the L664 line
is highly resistant, which may be determined by an additional
resistance gene from Ae. speltoides — Sr47. The type of infec-
tion for lines with the Sr47 gene, infected with the Ug99 race,
is “2-" (Klindworth et al., 2012), which correlates with the
results of assessing the L664 line for resistance to Ug99 —
SRMR (Table 2). Thus, there is reason to conclude that L664
carries an effective combination of Sr25 + Sr39 + Sr47 genes.

It should be noted that the use of Sr25 gene sources in
breeding for resistance to stem rust is traditional for breed-
ing centers in the Volga region. In 2009, it was reported that
a fungal isolate virulent to this gene had been identified in
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India (Jain et al., 2009). Unfortunately, this previously highly
effective gene has been losing efficiency in recent years in
the Volga region (Baranova et al., 2021; Baranova et al.,
2023b). However, Sr235 is still effective against the Ug99 race
and may be valuable for breeding in combination with other
genes such as Sr31/, Sr35 and Sr36, and in this case with the
Sr39 and Sr47 genes. Lines with genetic material from Ae.
speltoides with the Sr39 + Sr47 genes are very promising
for breeding due to their effectiveness against the Ug99 race
(Klindworth et al., 2012). Among the domestic varieties of
Russia, the Chelyaba 75 variety, selected by the Chelyabinsk
Research Institute of Agriculture with genetic material from
Ae. speltoides (the Sr39 gene), stands out and has not only
group resistance to leaf and stem rusts and smut (according
to the originator), but also resistance to the Ug99 race (Sha-
manin et al., 2011).

Lines L997 and L1110 are resistant to both Volga popula-
tions of P. graminis f. sp. tritici. Genes Sr25 (T7DS-7DL-
TAe#1L from Th. ponticum) and Sr36 (2G(2B)), or translo-
cation T2BS.2GL were identified in those lines (Table 2, the
Figure, g—i). Resistance to the stem rust pathogen in these
lines is determined by the Sr25 + Sr36 genes combination
and, probably, by unidentified gene(s) from 7. timopheevii
on chromosome 2A". This is confirmed by the immunity of
these lines to the Ug99 race, as well as the immunity of the
L997 line to the yellow rust pathogen.

The resistance of the L960 line to the stem rust population
from the Nadira variety and its average resistance to the Ug99
race (SMR) are most likely associated with unidentified genes
from 7. kiharae (Table 2).

Line L971 is moderately resistant to race Ug99 (Table 2).
It turned out to be heterogeneous in resistance to the popula-
tion of P. graminis f. sp. tritici collected from the spring bread
wheat variety Nadira, and resistant to the fungal population
from the Voevoda variety (Supplementary Material 3). Since
it is known that both populations are virulent to the Sr25
gene previously identified in this line, it can be assumed that
it has other resistance genes, most likely localized on chro-
mosome 2At of 7. timopheevii and/or on chromosome 2G
(Table 2). Moreover, the resistance gene(s) differ from the
genes previously transferred from T. timopheevii, Sr36
(T2B/2G#1) and Sr40 (T2BL/2G#2S), by greater efficiency,
since populations of P. graminis f. sp. tritici collected from
varieties Nadira and Voevoda are virulent to them (Baranova
et al., 2023b).

The resistance of the L758 line to the Ug99 race (5R) is
determined by the Sr25 gene — T7DS-7DL-7Ae#1L from
Th. ponticum (Table 2).

Line L657 is resistant to the stem rust population col-
lected from the Voevoda wheat variety and to the Ug99 race
(5RMR), but does not carry any of the tested Sr genes. It is
possible that unidentified or unknown Sr genes that determine
the resistance of this line are localized on chromosome 6A
of T. dicoccum, which replaced its chromosome 6D (Table 2,
the Figure, a).

Thus, as a result of phytopathological, molecular genetic
and cytogenetic analyses, lines that were immune and resistant
to the Volga region populations of the fungus, as well as to the
Ug99 race (Table 2), with effective combinations of resistance
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genes: Sr25 + Sr39 + Sr47 (L664), Sr25 + Sr36 (L997 and
L1110) and with a gene, previously identified as SrSatu (L935
and L968), were isolated. Lines L657, L960, and L971 may
be sources of new stem rust resistance genes.

Conclusion

Cytogenetic analysis together with identification using DNA
markers of Sr genes and phytopathological evaluation of resis-
tance to the Ug99 P. graminis f. sp. tritici race in introgressive
lines of spring bread wheat made it possible to: determine the
nature of alien introgressions; establish the degree of resis-
tance to the pathogen; identify effective Sr genes. As a result,
comprehensive characterization of ten introgressive lines of
spring bread wheat resistant to the Ug99 race was obtained,
which allows their targeted use in the breeding of spring bread
wheat for resistance to the stem rust pathogen.
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Transgenerational effect of prenatal stress
on behavior and lipid peroxidation
in brain structures of female rats during the estral cycle
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Abstract. The effect of stress in pregnant female Wistar rats on the behavior and lipid peroxidation (LP) in the neo-
cortex, hippocampus and hypothalamus in the female F2 generation during the ovarian cycle was investigated.
We subjected pregnant females to daily 1-hour immobilization stress from the 15th to the 19th days of pregnancy.
Further, family groups were formed from prenatally stressed and control male and female rats of the F1 generation:
group 1, the control female and male; group 2, the control female and the prenatally stressed male; group 3, the
prenatally stressed female and the control male; group 4, the prenatally stressed female and male. The females of the
F2 generation born from these couples were selected into four experimental groups in accordance with the family
group. At the age of 3 months, behavior of rats was studied in the “open field”test in two stages of the ovarian cycle -
estrus and diestrus. After 7-10 days, the rats were decapitated and the neocortex, hypothalamus and hippocampus
were selected to determine the level of diene and triene conjugates, Schiff bases and the degree of lipid oxidation
(Klein index). In F2 females with one prenatally stressed parent, there was no interstage difference in locomotor-
exploratory activity and anxiety. If both F1 parents were prenatally stressed, female F2 rats retained interstage dif-
ferences similar to the control pattern, while their locomotor-exploratory activity and time spent in the center of an
“open field” decreased in absolute values. In the neocortex of F2 females in groups with prenatally stressed mothers,
the level of primary LP products decreased and the level of Schiff bases increased in the estrus stage. In the hippo-
campus of F2 females in the groups with prenatally stressed fathers, the level of Schiff bases decreased in the estrus
stage, and the level of primary LP products increased in group 2 and decreased in group 4. In the hypothalamus of
F2 females in the groups with prenatally stressed mothers, the level of Schiff bases increased in the estrus stage and
decreased in the diestrus; in addition, in group 3, the level of primary LP products in the estrus stage increased. Thus,
we demonstrated the influence of prenatal stress of both F1 mother and F1 father on the behavior and the level
of LP in the neocortex, hippocampus and hypothalamus in female rats of the F2 generation in estrus and diestrus.
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TpaHcreHepallIOHHOe BJIMisSIHY/E IIpeHaTaJIbHOT'0 CTpecca
Ha IIoBeleHle U MepeKMCHOe OKMC/IeHe TUMNI0B
B CTPYKTYpax MO3ray CaMOK KpbIC B TeUeHlie 3CTPaJIbHOrO IIMKJIa

A.B. Beromuna, A.B. Ilpursoposa (%), C.I. IMusuna (5) &), H.9. Opasu

NHcTuTyT dusnonorum um. W.MN. Masnosa Poccuiickoin akapemmn Hayk, CaHKT-TeTepbypr, Poccus
PritvorovaAV@infran.ru

AHHOTauus. ViccnenoBaHo BAvsiHME CTpecca y 6epeMeHHbIX CaMOK KpbiC BrcTap Ha noBefieHre U NoKasaTenu nepe-
KMCHoro okucneHua nunmupos (MOJT) B HeokopTeKce, rmnnokamne 1 runoTanamyce y nokosieHrsa caMmok F2 B TeueHne
3CTpanbHOro LUukna. bepeMeHHbIX camok noasepranu exxeJHEBHOMY 1-4acOBOMY MMMOGUM3aLMOHHOMY CTPeCCy C
15-ro no 19-1 peHb 6epemeHHOCTY. [lanee 13 PpoXXAEHHbIX NPeHaTanbHO CTPECCUPOBAHHBIX U KOHTPOJbHbIX CamMLIOB
1 CaMOK KpbiC nokoneHusa F1 dopmrpoBanm cemeriHble rpynmbl: rpynna 1 — KOHTPOJbHble CaMKa 1 camel, rpynna 2 —
KOHTPOJIbHAA CaMKa 1 MpeHaTabHO CTPeCCUPOBAHHbBIN camel, rpyrnna 3 — NpeHaTaibHO CTPecCcpoBaHHaA camka
1 KOHTPOJIbHbIN camel, rpynna 4 — npeHaTanbHO CTPeCCUPOBaHHbIE CaMKa U cameLl. POXXAEHHbIX OT 3TUX CEMEeMHbIX
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Transgenerational effect of prenatal stress
on rats during the estral cycle

nap camok nokosnexua F2 otéupanu B YeTbipe sKCNeprMeHTasIbHble FPynMbl B COOTBETCTBUM C CEMENHON FPynnon.
B BO3pacTe Tpex MecALEeB y KpPbIC NCCeA0BaNM NoKasaTeny NoBeeHNA B TeCTe «OTKPbITOe Mosie» B ABYX CTaanAX
NOMOBOro LUKNa — 3CTpyce 1 Anactpyce. Yepes 7-10 fHeN KpbiC AeKanuTMPOBaaun 1 NPOV3BOAUIN OTOOP HEOKOP-
TeKca, rmnoTtanamyca v runrnokamna gna onpepeneHns ypoBHA ANEHOBbLIX N TPMEHOBbIX KOHBIOraToB, OCHOBaHNI
LWndda n cteneHn okncneHHOCTN NMNUAoB (MHAeKca KnelHa). Y camok F2 ¢ ofHMM npeHaTtanibHO CTpeccMpoBaH-
HbIM poAuTenemM OTCYTCTBYeT MeXKCTaAnanbHaa pa3HuLa B JOKOMOTOPHO-UCCNIE[0BATENIbCKON aKTUBHOCTU 1 Tpe-
BOXKHOCTW. Ecnin 06a pogutena F1 ABnATCA NpeHaTanbHO CTPECCMPOBAaHHbIMU, CAMKK KPbIC F2 coXpaHAoT MeXKcTa-
ZVasnbHble Pas3fINUKS, CXOXKME C KOHTPOJIbHBIM NMATTEPHOM, MPU 3TOM MO abCOMIOTHBIM 3HAUEHUAM Y HUX CHUXKALOTCA
NIOKOMOTOPHO-MCCNEef0BaTeNIbCKasa akKTUBHOCTb 1 BPEMA HaxXOXAEHWA B LieHTpe OTKPbITOro nond. B HeokopTtekce
y camok F2 B rpynnax c npeHaTanbHO CTPECCUPOBAaHHbIMU MaTEPAMM CHMXKAeTCA YPOBEHb NEPBUYHbBIX MPOAYKTOB
MOJ1 1 noBbiwaeTca ypoBeHb ocHoBaHul Lndda B ctagum sctpyca. B runnokamne y camok F2 B rpynnax c npeHa-
TaJIbHO CTPECCUPOBAHHbBIMM OTLLAMU CHUXKAETCA ypoBeHb ocHoBaHui Lndda B cTagum acTpyca, a ypoBeHb nepBury-
HbiX npogykTo. MNOJ1 nosbiwaeTcaA B rpynne 2 n CHUXKaeTca B rpynne 4. B runotanamyce y camok F2 B rpynnax c npe-
HaTaJIbHO CTPEeCCUPOBAHHbBIMU MaTePAMM YPOBeHb OCHOBaHWI LLndda nosbiwaeTca B cTagmm 3CTpyca U CHUXKaeTcA
B ANSCTPYCE, KPOMe TOro, B rpyrnmne 3 MOBbILAETCA YPOBEHb NepBrYHbIX NpogyKkToB MOJ1 B cTagmm acTpyca. Takum
06pa3owm, BbIABNEHO BAVAHME NPeHaTarbHOro cTpecca Kak matepu F1, Tak 1 oTua F1 Ha nokasatenv nosefeHuns u
ypoBeHb [10J]1 B HeoKOpTeKCe, rmnmnokamre 1 runoTanamyce y CaMok KpbiC nokoneHma F2 B acTpyce n guactpyce.

KnioueBblie cnoBa: npeHaTanbHbIN CTpecc; nokoneHve F2; noBeaeHne; nepekncHoe oKncneHne NUnuaoB; 3CTPyC;

AN3CTPYC.

Introduction

It has now been established that an increase in the level of
maternal glucocorticoids during pregnancy causes changes
in the neuroendocrine and immune systems of the offspring.
Elevated level of maternal glucocorticoids promotes excess
production of reactive oxygen species (ROS), with the organ-
specific stress response depending on the relative balance
between ROS generation and the antioxidant capacity of the
cell (Dennery, 2010; Thompson, Al-Hasan, 2012). Disruption
of this balance leads to oxidative stress and contributes to
epigenetic changes in prenatally stressed offspring. Epigenetic
changes are maintained in a number of mitotic divisions of
somatic cells, and can also be transmitted to the next genera-
tions if these changes occurred in germ cells (Dyban, 1988;
Rodgers, Bale, 2015; Yao et al., 2021). Thus, numerous nega-
tive effects of maternal stress identified in the first generation
may be sustained in subsequent generations (Essex et al., 2013;
Provengal, Binder, 2015).

In females, both epigenetic changes and maternal behavior
influence offspring, so studying the transgenerational effects
of stress in male rodents has advantages compared to females
(Brunton, 2013; Bale, 2014). In this regard, transgenerational
changes caused by stress in females remain insufficiently
studied. Currently, researchers are paying special attention to
alteration of fertility in F2 and subsequent generations. Thus,
a number of authors (Zhang et al., 2020; Piquer et al., 2022)
found experimentally that prenatal nonphysiological influen-
ces of varying genesis affect fertility in both the second and
third generations. This is expressed as a change in a number
of morphometric parameters of the ovaries and uterus, bio-
chemical parameters such as the level of corticosterone, lu-
teinizing hormone, follicle-stimulating hormone, insulin and
other metabolic parameters in the blood serum, as well as in
disruption of the estrous cycle. Other studies have found that
prenatal stress has a transgenerational effect on the processes
of free radical oxidation of biomolecules in various tissues
(Aiken et al., 2019).

Epigenetic changes have the potential to influence endo-
crine programming and brain development in the fetus over

multiple generations. The authors of the review (Babenko et
al., 2015) emphasize the complex relationship between the
effects of prenatal stress on changes in microRNA expression,
DNA methylation in the placenta and brain and an increased
risk of developing mental illness.

It can be assumed that prenatal stress, which causes epigene-
tic changes, becomes one of the most potent factors affecting
mental health. Moreover, such changes affect, among other
things, various structures of the brain associated with the
neuroendocrine system and cognitive abilities. In the research
(Huerta-Cervantes et al., 2021), it is noted that cognitive
impairment in female rats at different stages of the ovarian
cycle may be associated with disorders in the processes of
lipid peroxidation in the hippocampus and neocortex.

Lipid peroxidation is not only a universal modifier of the
properties of biological membranes, but also an important
physiological regulator of their structure, a factor that estab-
lishes and supports the activity of enzymes, channel-former
molecules, and receptors. The intensity of free radical pro-
cesses of lipid peroxidation, which are under the control of
endogenous oxidants, is associated with the composition and
physical state of phospholipids of biological membranes (their
fluidity), with their sensitivity to ligand signals and extreme
influences. It is also extremely important for the regulatory
and informational properties of membranes in normal cellular
metabolism. Oxidative processes that affect the composition
and viscosity of the lipid layer of membranes can regulate
cellular metabolism (Baraboy et al., 1992).

Behavioral changes at different stages of the ovarian cycle in
rats are associated with preparation for successful reproductive
function. The changes in fertility may influence the behavioral
features of different stages of the ovarian cycle. Thus, it is of
interest to study the transgenerational effect of prenatal stress
on behavior and lipid peroxidation in the brain structures of
female rats during the ovarian cycle.

Matherials and methods
For this study, the Wistar rats from the I.P. Pavlov Institute
of Physiology of the Russian Academy of Sciences (St. Pe-

388 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 4



A.B. BbiowwnHa, A.B. MputBopoBa
C.I.MuewnHa, H.3. OpasaH

tersburg) were used. The recommendations on the ethics of
working with animals proposed by Directive 2010/63/EU of
the European Parliament and of the Council on the protection
of animals used for scientific purposes were respected. The
breeding protocol is presented in Figure 1.

Breeding of experimental groups of F2 offspring. Stage 1.
The Wistar rats of the FO generation weighing 280-300 g and
three months old were used at the beginning of this stage. Rats
were housed in standard cages for laboratory mice and rats
M-6 (“Proflab”, Russia) and received rat water and chow for
laboratory animals LBK-120 (Tosno, Russia) ad libitum. The
animals were kept at a controlled temperature (22-24 °C).
A 12:12 h light-dark cycle was maintained. Female rats were
coupled with males; fertilization was confirmed by the detec-
tion of spermatozoa in a vaginal swab and indicated as day
zero of pregnancy. Pregnant females were randomly divided
into two groups: control pregnant rats to breed control F1
offspring (n = 12) and rats that were further stressed to breed
prenatally stressed F1 offspring (n = 12).

Stage 2. To breed prenatally stressed F1 offspring, pregnant
FO females were exposed to one-hour immobilization stress
under high-light conditions from the 15th to the 19th day of
gestation (Ordyan, Pivina, 2003). The stress was performed
at the same time of day from 14.00 to 15.00 h. The days for
stressing were chosen due to the fact that it is during this period
that the integration of all parts of neuroendocrine regulation
takes place and the formation of the hypothalamic-pituitary-
adrenocortical system is completed (Rice, Barone, 2000).

Control and stressed pregnant females were housed 4-5 in-
dividuals in a cage. At the 20th day of pregnancy, the dams
were housed in individual cages. The resulting offspring were
counted on the 2nd day oflife, taking into account the number

2024
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of males and females in litters, and the litters themselves were
aligned to 8—10 pups with an equal sex ratio. The pups were
housed with their mother for 30 days and received water and
chow ad libitum. Further, prenatally stressed F1 offspring were
placed in cages, separating males and females. The control
F1 offspring, born to intact FO dames, were also aligned on
the 2nd day of life and separated from the mother at the age
of 30 days — males and females separately.

Stage 3. For breeding F2 offspring, animals were randomly
selected by an independent person. The family groups of F1
offspring were formed from one male and three females, so
that the animals were not siblings. These family groups were
formed in such a way that the F2 offspring resulted in four
experimental groups: group 1 (k+k) — offspring obtained from
F1 females and F1 males from the control group that were not
exposed to any influences, group 2 (k+2) — offspring obtained
from F1 females of the control group and F1 males of the
prenatally stressed group, group 3 (2+k) — offspring obtained
from F1 females of the prenatally stressed group and F1 males
from the control group, group 4 (2+2) — offspring obtained
from F1 females and F1 males from the prenatally stressed
group.

The resulting F2 offspring were counted on the 2nd day of
life, taking into account the number of males and females in
litters, and the litters themselves, as in the case of F1 offspring,
were aligned to 8—10 pups with an equal sex ratio. The pups
were housed with their mother for 30 days and received water
and chow ad libitum. Next, the F2 offspring were placed in
cages of 5-7 individuals, separating males and females. Fe-
males aged 3 months were used for further studies.

Previously, the rats were subjected to handling and trained:
vaginal swabs were taken from them for 3 weeks. Next, the
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Fig. 1. Experimental design.

Group 1 - F2 offspring born from unexposed parents; group 2 - F2 offspring born from a mother not exposed to any influences and a prenatally
stressed (PS) father; group 3 - F2 offspring born from a prenatally stressed mother and a father not exposed to any influences; group 4 -

F2 offspring born from prenatally stressed parents.
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animals’ behavior was tested; immediately after testing, vagi-
nal swabs were taken from rats and the stage of the ovarian
cycle was determined. Two weeks after behavior testing, the
rats were decapitated. Immediately after decapitation, control
vaginal swabs were taken again.

Behavior testing. Open field. The “open field” test (OF)
was a rectangular Plexiglas box (90 x 90 x 50 cm), the floor of
which was divided into squares (15 x 15 cm). The illumination
of the box was 300 Ix. Testing occurred for 5 min from 10.00
to 13.00 h. The rat was placed in the center of the box and the
total time in the center, the number of crossed squares (hori-
zontal motor activity or locomotor activity), the number of
vertical positions (vertical motor activity or research activity),
the time of the grooming reaction and the time of immobility
(freezing) were recorded. Indicators of horizontal and vertical
motor activity indicate locomotor research activity. The total
time in the center, the time of immobility and the reaction time
of grooming indicate the degree of anxiety in rats.

Determination of lipid peroxidation products. Rats were
decapitated and the neocortex, hippocampus and hypothala-
mus were isolated on the ice. Next, lipids were extracted from
the samples using the Folch method.

To determine the level of conjugated diene (CD) and triene
(CT), the Klein index the dry lipid extract was dissolved in a
methanol : heptane (2:1) mixture and the optical density was
measured —the CD level at 230 nm and the CT level at 274 nm.
The content of conjugated dienes and trienes was expressed in
units of optical density per 1 mg of phospholipids (Arutyunyan
etal., 2000). The fluorescent intensity of Schiff bases was de-
termined by the fluorimetric method at a maximum excitation
of 365 nm and a maximum emission of 425 nm (Bidlack,
Tappel, 1973), expressed in relative units of fluorescence per
1 mg of phospholipids.

The amount of phospholipids was estimated by the content
of nonorganic phosphorus by the Bartlett method. The method
is based on the reaction of nonorganic phosphate with am-
monium molybdate, resulting in phosphoric-molybdenum
acid, which is then reduced by eikonogen to form colored
molybdenum oxides, the optical density of which is measured
at 830 nm.

To determine the degree of lipid oxidation, the Klein index
was calculated as follows: the optical density of lipid extracts
was determined at 215 nm and the ratio of optical densities at
233 and 215 nm was calculated.

To determine the level of conjugated diene and triene, the
phospholipids and the Klein index, a BioTek PowerWave HT
spectrophotometer (USA) was used. The determination of
the Schiff bases level was carried out using a Hitachi MPF-4
spectrofluorimeter (Japan).

All reagents used in biochemical analyses were purchased
from “Vecton” (Russia), with the exception of eikonogen
(Merck, Germany).

Statistical analysis. For statistical analysis, STATISTICA
8.0 software package (StatSoft Inc.) was used. The normality
of the distribution of values in the samples was determined
using the Shapiro—Wilk test. Normally distributed data were
analyzed with a parametric Student’s #-test and non-normally
distributed data were analyzed with a non-parametric Mann—
Whitney U-test. Data that are presented as Mean+ SEM are
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indexes of behavior, and those presented as medians (Me)
and interquartile range (IQR) between the values of 25 and
75 percentiles are biochemical indexes. To identify differen-
ces between ovarian cycle stages in each of the four studied
groups, comparisons of each indicator in the estrus and diestrus
stages were performed. And also the values of each index in
groups 2, 3 and 4 were compared with group 1 both in estrus
and in diestrus. The differences were considered statistically
significant at p < 0.05.

Results

Behavior
Differences in behavioral indicators between ovarian cycle
stages are observed in the group of control animals (Fig. 2).

The indicators of horizontal motor activity, vertical motor
activity and time of presence in the center of OF in females in
estrus are higher than in females in diestrus, while the time of
immobility and grooming time are lower in females in estrus.
It can be concluded that in the control group, females in estrus
have increased motor and research activity and decreased
anxiety (according to the indicators in the OF test), which,
apparently, represents an evolutionarily appropriate strategy
related to sexual behavior.

In the k+2 group, horizontal and vertical motor activities,
as well as time of presence in the center in female F2 rats,
do not differ in estrus and diestrus. The indicators “freezing”
and “grooming reaction time” demonstrate an interstadial
difference. F2 females in diestrus become more active and
less anxious compared to the control. In F2 females, research
activity decreases in estrus, the freezing time increases, the
time present in the center increases; that is, the females be-
come less anxious. Based on the changes described above,
we assume that F2 females, during the most favorable period
for mating, become less mobile compared to the control and,
accordingly, the likelihood of meeting a partner decreases. At
the same time, females in diestrus, according to the studied
behavior indicators, approach females in the estrus stage in
the control group.

In group 2+k, the indicators of horizontal and vertical motor
activity and time in the center in female F2 rats do not differ in
estrus and diestrus. The indicators “freezing” and “grooming
reaction time” demonstrate the difference between estrus and
diestrus, which is inverted with respect to the control. F2 fe-
males in diestrus are less active, spend less time on grooming
and prefer to be in the center of the OF, i. e. they have reduced
anxiety compared to the control. Research activity decreases
and the time of immobility increases in F2 females in estrus
compared to the control; in addition, females of this group are
less mobile in estrus than in diestrus. Thus, in this group, too,
females in estrus have a distortion of the behavior associated
with finding a partner.

In the 2+2 group, female F2 rats have shown differences
between the stages of the ovarian cycle in all indicators ex-
cept horizontal motor activity. F2 females in diestrus are less
mobile and more anxious compared to the controls. In F2
females in estrus, there is also a decrease in locomotor and
research activity and an increase in anxiety compared to the
control. Nevertheless, the interstadial ratio in females of this
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Fig. 2. Rats behavior in the “open field” test.

Light bars are rats in estrus, dark bars are rats in diestrus. Panel A - group 1 (control rats); panel B — group 2 (control mother and PS father); panel C - group 3
(PS mother and control father); panel D - (PS parents). # - statistically significant differences between rats in diestrus and estrus, p < 0.05; * - statistically significant
differences from the control in animals in estrus, p < 0.05; ** — statistically significant differences from the control in animals in diestrus, p < 0.05.

group remains similar to the interstadial ratio in the control
group; however, according to the absolute values of behavior
indicators, females of the 2+2 group differ from the control
group by an increase in anxiety.

Neocortex

In the control group, there are differences between the stages
of the cycle only in Schiff bases: in the estrus stage, the level
of the end products of lipid peroxidation reactions is 2 times
lower than in the diestrus stage (Fig. 3).

In the k+2 group, the Schiff bases level in diestrus is two
times smaller than in the control group; however, the indicators
of other studied products of lipid peroxidation do not differ
from the level of the control group. There are no interstadial
differences.

In the 2+k group, in F2 females, relative to the control in-
dicators, the level of CD and CT — the initial products of lipid
peroxidation — is lower, and the level of Schiff bases (the final
products) is higher. It should be noted that the CD indicators
and the Klein index show an interstadial difference.
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Fig. 3. CD, CT, Schiff bases levels and Klein index in the neocortex of female rats in the experimental groups.

Light bars are rats in estrus, dark bars are rats in diestrus. Panel A - group 1 (control rats); panel B - group 2 (control mother and PS father);
panel C - group 3 (PS mother and control father); panel D - (PS parents). # - statistically significant differences between rats in diestrus and
estrus, p < 0.05; * - statistically significant differences from the control in animals in estrus, p < 0.05; ** - statistically significant differences

from the control in animals in diestrus, p < 0.05.

The levels of CD, CT and the Klein index in the 2+2 group
are lower relative to the corresponding control indicators in
both stages of the cycle, with the exception of CT in estrus.
The Schiff bases level in estrus is 3 times higher than in the
control group. It can be concluded that in the 2+2 group, the
level of lipid peroxidation indicators is lower compared to the
control, especially in the diestrus stage, excluding the Schiff
bases. It should be noted that all the studied lipid peroxida-
tion indicators of this group demonstrate a difference between
estrus and diestrus.

Thus, the k-+k and k+2 groups are similar in their profile of
levels of CD, CT and the Klein index in the neocortex, whereas
groups 2+2 and 2+k differ by a decrease in these indicators of
lipid peroxidation. At the same time, the Schiff bases indica-
tors of these groups in the estrus stage are significantly higher
than the control indicators, whereas in diestrus, only the k+2
group is characterized by an acute decrease in this indicator.

Hippocampus

In the control group, there are differences between the stages
of the cycle only in the Schiff bases level: in the estrus stage,
the level of the end products of lipid peroxidation is two times
higher than in the diestrus stage (Fig. 4).

In the k+2 group, the CD level in estrus and diestrus is
higher than in the control group, the CT level in diestrus is
higher than in the control group. The Schiff bases level in
estrus is two times lower than in the control group. The values
of the Klein index in diestrus are higher than in the control.
It can be concluded that the level of indicators of the initial
lipid peroxidation products is higher compared to the control
group, especially in diestrus, but this group is characterized
by the absence of differences between estrus and diestrus.

In the 2+k group, the Schiff bases level in the diestrus stage
is lower relative to the control group. In diestrus, there are
no differences between CD, CT and the Klein index relative
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Fig. 4. CD, CT, Schiff bases levels and Klein index in the hippocampus of female rats in the experimental groups.

Light bars are rats in the estrus stage, dark bars are rats in the diestrus stage. Panel A - group 1 (control rats); panel B - group 2 (control
mother and PS father); panel C - group 3 (PS mother and control father); panel D - (PS parents). # - statistically significant differences
between rats in diestrus and estrus, p < 0.05; * - statistically significant differences from the control in animals in estrus, p < 0.05; ** - sta-
tistically significant differences from the control in animals in diestrus, p < 0.05.

to the control indicators. At the same time, there is a differ-
ence between estrus and diestrus for Schiff bases, CD, and
the Klein index.

The CD levels in the 2+2 group in both stages of the ovarian
cycle are lower relative to the values in the control group. The
CT level is characterized by the absence of both differences
between the ovarian cycle stages and differences from the
control group. The Schiff bases level in estrus is 3 times lower
compared to the control group, and there is no difference in
diestrus compared to the control. The Klein index in estrus and
diestrus is lower relative to the respective control indicators. In
group 2+2, the level of lipid peroxidation indicators is lower
compared to the control and there are differences between
estrus and diestrus in the levels of both initial and final lipid
peroxidation products. It is noteworthy that the 2+k and 2+2
groups demonstrate a difference between estrus and diestrus
in lipid peroxidation indicators.

Hypothalamus
In the control group, the levels of CT and Schiff bases differ
between estrus and diestrus. The level of these lipid peroxida-
tion products is higher in diestrus compared to estrus (Fig. 5).

In the k+2 group, the Schiff bases level in diestrus is lower
than in the control group. The CD level and the Klein index
in diestrus are 3 times higher than the control level, and the
CT level does not differ. Interstadial differences are observed
for all the studied lipid peroxidation indicators in k+2 group.

In the 2+k group, the Schiff bases level in estrus is 10 times
higher relative to the control level, but in diestrus it is lower.
The levels of CD and CT in estrus are higher compared to the
control group. The Schiff bases level has a difference between
estrus and diestrus inverted with respect to the control.

The Schiff bases level in the 2+2 group in estrus is 3 times
higher than in the control group, whereas in diestrus, the Schiff
bases level is 2 times lower than in the control. There are no
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Fig. 5. CD, CT, Schiff bases levels and Klein index in the hypothalamus in female rats in the experimental groups.

Light bars are rats in estrus, dark bars are rats in diestrus. Panel A - group 1 (control rats), panel B - group 2 (control mother and PS father),
panel C - group 3 (PS mother and control father), panel D - (PS parents). # — statistically significant differences between rats in diestrus
and rats in estrus, p < 0.05; * - statistically significant differences from the control in animals in estrus, p < 0.05; ** — statistically significant

differences from the control in animals in diestrus, p < 0.05.

differences in other lipid peroxidation indicators between
estrus and diestrus. Also there are no differences in these in-
dicators of the control group.

The similarity of the k+k and 2+2 groups in the level of
initial and intermediate lipid peroxidation indicators is note-
worthy. At the same time, the Schiff bases levels of the 2+2
group in estrus and diestrus are inverted relative to the control.
Also noteworthy is the multiple increase in comparison with
the control of the initial lipid peroxidation products and the
oxidation index (Klein index) in diestrus in the k+2 group,
and the Schiff bases level in estrus in the 2+k group.

Discussion

An increase in maternal glucocorticoid levels during preg-
nancy can lead to sustainable epigenetic changes. In the
research (Gilbert et al., 2012; Matthews, Phillips, 2012), it is
noted that epigenetic changes may be sustained over subse-
quent generations.

Due to the changed social status of women in recent de-
cades, there has been a shift in the reproductive age to later
age cohorts. The presence of a significant number of assisted
reproductive technologies (ART) allows women to procreate
even in the case of significant pathologies. However, the nega-
tive consequences of such pathological pregnancies for future
generations are currently only beginning to be understood
(Aiken et al, 2015; Sanches-Garrido et al., 2022).

In the review by A.L. Levinson et al. (2022), the authors
note the multifactorial nature of hormonal effects in the re-
productive dysfunction problem. When analyzing the failures
of the use of ART, the importance of not only hypothalamic
disorders, but also the influence of paracrine factors of the
ovary has been revealed. At the same time, in our laboratory’s
study, it was found that the negative effect of prenatal stress
on the morphometric parameters of the uterus associated with
a disturbance of the cycle of sex hormones is noted only in
young female rats aged 3 months, while in older animals such
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disruptions are leveled (Pivina et al., 2010). However, in a
study by B. Piquer et al. (2022), a decrease in the fertility of
female rats has been noted, expressed in impaired fertilization
and the number of pups born after prenatal stress up to the
F4 generation. The same authors have shown a disturbance
of the morphometric parameters of the ovaries and uterus and
disorders of the ovarian cycle before the F4 generation. As
A.L. Levinson et al. (2022) note, “Despite the fact that research
on the effects of psycho-emotional stress is widely represented
in both the medical and scientific biological literature devoted
to experiments on laboratory models, these two areas are
developing largely independently”. It can be suggested that
failures in the use of ART may be caused, among other things,
by the transgenerational effects of stress.

In various experimental models of transgenerational transfer
of epigenetic changes, fertility disorders of female offspring
over several generations are noted (Guilbert et al., 2012;
Moisiadis et al., 2017; Adams, Smith, 2020). In addition, the
effect of prenatal stress on transgenerational changes in male
and female offspring is different (Grundwald, Brunton, 2015;
Zaidan, Gaisler-Salomon, 2015; Zhang et al., 2020; Huerta-
Cervantes et al., 2021). At the same time, both prenatally
stressed mothers and fathers have an impact.

According to our data, the behavior of control group 1 fe-
males in diestrus is characterized by increased anxiety indica-
tors, whereas in estrus anxiety is reduced and locomotor and
research activity is increased. These data correspond to earlier
studies (Mora et al., 1996; Marcondes et al., 2001; Miller et
al., 2021), where behavioral changes in estrus and diestrus
are associated with a different hormonal profile. Obviously,
the relationship is the result of the fact that receptors for sex
hormones are present in the structures of the brain, causing
evolutionarily appropriate behavioral reactions associated
with reproduction (Reznikov et al., 2004).

A change in the lipid peroxidation level is considered an
important indicator of membrane destabilization (Levitsky,
Gubsky, 1994) and can cause an alteration of the molecular
structure of membranes, which in turn is expressed as a change
in behavior (Moisiadis et al., 2017). At the same time, lipid
peroxidation processes, occurring within the physiological
norm, represent a mechanism for regulating the physicochemi-
cal state of membranes and, accordingly, structures associated
with membranes — receptors and ion channels (Halliwell,
Gutteridge, 2007). The data obtained in our study allow us to
conclude (based on changes in the Schiff bases level) that in
estrus there is a decrease in viscosity and an increase in plas-
ticity of membranes in the neocortex and the reverse changes
occur in the hippocampus in rats. In the hypothalamus in
estrus, changes in the level of lipid peroxidation, and, accord-
ingly, changes in the physicochemical state of the membranes
are similar to those in the neocortex, but more pronounced.
Apparently, changes in behavior in estrus compared to dies-
trus require appropriate changes in membranes and related
structures (receptors and ion channels).

When interpreting the results, the model of “father prenatal
stress” is more understandable for studying the mechanisms
of epigenetic transfer than “mother prenatal stress”, which
has additional effects on F2 offspring by maternal behavior,
childbirth and lactation (Bale, 2015). The detection of an
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altered phenotype in the case of an experiment with a pre-
natally stressed father can be considered valid evidence of
transgenerational transfer of epigenetic changes in the second
generation (Dunn et al., 2011).

Our study showed that in group 2, where one of the parents
is a prenatally stressed father, behavior at different stages of the
ovarian cycle does not correspond to the goal of reproductive
behavior, accordingly, we can make an indirect conclusion
about a disturbance of the hormonal regulation of sexual
behavior. Considering the results of the lipid peroxidation
change, we see that the physico-chemical properties of the
neocortex membranes in rats in diestrus are characterized
by an increased level of membrane plasticity in terms of the
Schiff bases level in comparison with the control. In the hip-
pocampus, changes in different lipid peroxidation products
are multidirectional compared with the control, but taking into
account such an indicator as the Klein index, which charac-
terizes the degree of lipid oxidation, it can be concluded that
the level of lipid peroxidation in diestrus increases compared
with the control group. At the same time, in the hypothalamus,
changes in lipid peroxidation indicators in estrus compared
with diestrus are similar to the control, but more expressed.

Thus, changes in the level of lipid peroxidation in the
studied brain structures probably also contribute to changes
in the sexual behavior of females in a group where one of the
parents is a prenatally stressed father. It can be concluded
that the father’s prenatal stress makes an important contribu-
tion to the reproductive pattern of the daughters, including
through biochemical processes associated with the oxidation
of biomolecules.

Maternal prenatal stress is an additional stressor because
F2 offspring are cared for by a female with impaired maternal
behavior (Grafet al., 2012). However, the behavior of group 3,
where the mother was subjected to prenatal stress, demon-
strates a distortion of the behavior of females in both estrus
and diestrus, similar to group 2. Lipid peroxidation processes
in the neocortex demonstrate an imbalance between the initial
and final products, due to which changes occur compared to
the control. Thus, a difference between estrus and diestrus
appears in the indicators of conjugated dienes and the Klein
index when these indicators decrease relative to the control
ones. While the indicator of the final products of the lipid
peroxidation — Schiff bases — in the estrus stage exceeds the
values in the control group, as a result of which the interstage
difference disappears.

In the hippocampus, the main changes relate to a decrease
in the lipid peroxidation indices in diestrus relative to the
control, whereas in the hypothalamus, on the contrary, the
lipid peroxidation indices increase in estrus relative to the
control values. Apparently, behavioral disorders at different
stages of the ovarian cycle may occur in this group, including
as aresult of changes in the physico-chemical properties of the
membranes of the researched structures: an imbalance in the
neocortex and interstage distortions of the lipid peroxidation
processes in the hippocampus and hypothalamus (an increase
in the plasticity of the hippocampal membranes in diestrus and
a decrease in the plasticity of the hypothalamus membranes
in estrus). Thus, a prenatally stressed mother affects changes
in the reproductive pattern of daughters differently at diffe-
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rent stages of the cycle. Likely, possible epigenetic changes
in F2 females are also influenced by disturbances in maternal
behavior in prenatally stressed F1 females.

There is information in the literature on the cumulative
effect of prenatal stress of both parents on offspring (Adams,
Smith, 2020). In our studies in group 4, where both parents
were exposed to prenatal stress, the behavior of female F2 off-
spring shows an increase in anxiety in both estrus and diestrus.
Lipid peroxidation in the neocortex of this group undergoes
changes compared to the control group, due to which there
is a significant interstadial difference in all indicators of lipid
peroxidation. A similar profile of interstadial differences is
observed in the hippocampus. In the hypothalamus, Schiff
bases levels are inverted by stage relative to the control group.
It can be assumed that one of the reasons for the increase in
anxiety, regardless of the stage of the ovarian cycle in this
group, may be a change in lipid peroxidation processes in the
neocortex and hippocampus. Perhaps the cumulative effect
of prenatal stress of both parents is manifested in this group
by an unambiguous change in behavior at both stages of the
cycle and impairment of lipid peroxidation in the neocortex.

Conclusion

Our results revealed the transgenerational effect of prenatal
stress on the processes of lipid peroxidation and the behavior
of female rats of the F2 generation, depending on the stage
of the ovarian cycle.

The prenatal stress of the father or mother changes the
processes of lipid peroxidation in the neocortex, hippocampus
and hypothalamus of a female rat of the F2 generation in such
a way that physico-chemical properties of the membranes of
these brain structures do not correspond to the goals of the
ovarian cycle stages. While the prenatal stress of the father
causes the greatest changes in the hypothalamus lipid peroxi-
dation processes, and the prenatal stress of the mother — those
in the neocortex. The behavior in both cases does not meet
the objectives of reproduction.

Prenatal stress of both parents of the female rats of the
F2 generation has the greatest effect on the changes in lipid
peroxidation processes in the studied brain structures, re-
ducing the intensity of lipid peroxidation. The behavior is
characterized by increased anxiety in both the researched
ovarian cycle stages.
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Abstract. Serotonin 5-HT, receptors (5-HT7R) are attracting increasing attention as important participants in the
mechanisms of Alzheimer’s disease and as a possible target for the treatment of various tau pathologies. In this study,
we investigated the effects of amisulpride (5-HT7R inverse agonist) in C57BL/6J mice with experimentally induced
expression of the gene encoding the aggregation-prone human Tau[R406W] protein in the prefrontal cortex. In these
animals we examined short-term memory and the expression of genes involved in the development of tauopathy
(Htr7 and Cdk5), as well as biomarkers of neurodegenerative processes — the Bdnf gene and its receptors TrkB (the
Ntrk2 gene) and p75NTR (the Ngfr gene). In a short-term memory test, there was no difference in the discrimination
index between mice treated with AAV-Tau[R406W] and mice treated with AAV-EGFP. Amisulpride did not affect this
parameter. Administration of AAV-Tau[R406W] resulted in increased expression of the Htr7, Htr1a, and Cdk5 genes in
the prefrontal cortex compared to AAV-EGFP animals. At the same time, amisulpride at the dose of 10 mg/kg in ani-
mals from the AAV-Tau[R406W1] group caused a decrease in the Htr7, Htr1a genes mRNA levels compared to animals
from the AAV-Tau[R406W] group treated with saline. A decrease in the expression of the Bdnf and Ntrk2 genes in
the prefrontal cortex was revealed after administration of AAV-Tau[R406W]. Moreover, amisulpride at various doses
(3 and 10 mg/kg) caused the same decrease in the transcription of these genes in mice without tauopathy. It is also
interesting that in mice of the AAV-EGFP group, administration of amisulpride at the dose of 10 mg/kg increased the
Ngfr gene mRNA level. The data obtained allow us to propose the use of amisulpride in restoring normal tau protein
function. However, it should be noted that prolonged administration may result in adverse effects such as an increase
in Ngfr expression and a decrease in Bdnfand Ntrk2 expression, which is probably indicative of an increase in neuro-
degenerative processes.
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JericTBr/e aMICY/IbIIpYIa Ha 9KCIIPECCIUIO

CEepOTOHVHOBBIX PeLeIITOPOB, HePOTPOMOUUECKOT'O

¢dakTopa BDNF u ero peuenTopos IIpU CBEPXIKCIIPECCUN
CKJIOHHOTO K arperauuu ray-6enka ¢ myrauuei [R406W| y mbliteii
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AHHoTaumA. CepoToHMHOBbIe pelenTopbl 5-HT, (5-HT7R) nprBnekatoT Bce 60nblue BHUMAaHUA B KayecTBe OfHOr0O
13 Ba)KHbIX 3BEHbEB B MEXaHU3Max pa3BuTvA 6onesHn Anbureimepa 1 BO3MOXHOW MULLEHW 418 IeYeHNA pasiny-
HbIX Tay-naTonoruii. B HacToAwelt paboTe nccneaoBaHo BAMAHUE amucynbnpuga (0bpaTHbin aroHncT 5-HT7R) B Mo-
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E.M. KoHpaypoBa, A.A. KomapoBa, T.B. Unbunbaesa
A.A. PopHbiii, E.A. 3annBuHa, B.C. HaymeHko

[encrene amncynbnpuaa Ha akcnpeccuio 5-HT-penentopos
1 BDNF npwu cBepxakcnpeccun Tau[R406W] y mbiwuen

[enn 3KCNeprIMEHTaNIbHOTO MOBbILWEHNA SKCMPECCUN FreHa, KOAMPYIOLLEro CKIOHHDIN K arperauun 6efok yenoseka
Tau[R406W], B npedpoHTanbHo Kope Mbiwwen nuHum C57BL/6J Ha KpaTKOBpPeMeHHYI0 NaMATb U SKCNPECCUIo FeHOoB,
yyacTByloLX B pa3BuTim Taynatum (Htr7 v Cdk5), a Tak»ke 61MomMapKepoB HelpofereHepaTMBHBIX MPOLIECCOB — reHa
Bdnfw ero peuentopos TrkB (reH Ntrk2) n p75NTR (reH Ngfr). B Tecte Ha KpaTKOBPEMEHHYIO MaMATb MbILL He 6bi10 06-
Hapy»KeHO pa3HuLbl MO NHAEKCY ANCKPUMUHALMK MeXXAY Mbilwamu, KoTopbiM BBoaunu AAV-Tau[R406W], n Mmbiluamm
¢ AAV-EGFP. AMucynbnpug He NoBnvAN Ha AaHHbIV NokasaTenb. BeegeHne AAV-Tau[R406W] npmBeno K NoBbIWEeHWIO
aKcnpeccuy reHoB Htr7, Htr1a n Cdk5 B npedpoHTanbHOI Kope No CpaBHEHMIO C XMBOTHbIMY rpynnbl AAV-EGFP. [Mpun
3ToM amucynbnpug B gose 10 Mr/Kr y xmBoTHbIx rpynnbl AAV-Tau[R406W] Bbi3Ban cHukeHne ypoBHA MPHK reHos
Htr7 n Htr1a no cpaBHeHWIo C XMBOTHbIMM rpynnbl AAV-Tau[R406W ], KoTopbiM BBOAMAM GU3MONOrMYECKNIA PacTBOP.
BblfiBNEHO CHMKeHMe aKcnpeccum reHoB Bdnf n Ntrk2 B npedpoHTanbHol Kope nocne BeeaeHns AAV-Tau[R406W].
Mpwy 3TOM amncynbnpra B pasnnyHbix Ao3ax (3 1 10 Mr/Kr) Bbi3biBas TaKOe e CHIKEHNE TPaHCKPUMNLMK STUX FeHOB
y Mbllwen 6e3 Taynatun. MiHTepecHo Takxe, 4to y mbiwei rpynnbl AAV-EGFP nocne BBefeHnA amucynbnpuga B gose
10 mr/kr nosbiwancs yposeHb MPHK reHa Ngfr. MonyyeHHble JaHHble MO3BOMAIOT PacCMaTPKBaTb aMUCyNbNpug B
KayecTBe areHTa inAa BOCCTaHOBNEHNA HOpManbHOWN GyHKLUK Tay-6enka. OfHaKko cnefyeT yunTbiBaTb BO3MOXHbIN
HeraTuBHbIN 3GPeKT amncynbnpraa NpU AAUTEIbHOM NMPUMEHEHWI, OTPaXKaloLWMNCA B YBEIMYEHUN SKCpPeCccun
reHa Ngfr v cHkeHM aKkcnpeccun reHoB Bdnf n Ntrk2, uto MOXeT yKa3biBaTb Ha YCUIIeHUe HelipofereHepaTUBHbIX
npoLeccos.

KnioueBble cioBa: 6one3Hb Anbureiimepa; Tay-6enok; amucynbnpug; 5-HT,-peuentop; knHasa Cdk5; Bdnf; Ngfr;
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Ntrk2; mbiwn.

Introduction

It is well known that tau protein plays an important role in
the maintenance of axonal structure and growth, as well as
regulates the formation of neuronal polarity, axonal transport
and neuroplasticity (Arendt et al., 2012). However, hyper-
phosphorylated tau protein loses its normal ability to stabilize
microtubules in cells and aggregates in pathomorphological
structures — paired helical filaments and neurofibrillary tangles
(Grundke-Igbal et al., 1986). This leads to dysfunction of tau
protein and causes various tauopathies, including Alzheimer’s
disease (AD).

Currently, more than 50 different pathogenic mutations of
the MAPT gene encoding tau protein have been detected. Most
of these mutations are in exons and occur in regions encoding
the C-terminal microtubule-binding domain (Strang et al.,
2019). Mutations in coding sequences are mostly missense
mutations, although there are also data on deletions (Rovelet-
Lecrux et al., 2009). The most common manifestations of
these mutations are impaired binding to microtubules and, as
a consequence, their dysfunction, while the effect on the tau
protein aggregation in vivo is observed only for some muta-
tions (Xia et al., 2019).

Tau[R406W] is one of the MAPT gene mutations that
promotes protein aggregation due to the reduced ability of
the phosphorylated form to bind to microtubules (Perez et
al., 2000). This mutation (located in exon 13 of the MAPT
gene) results in the replacement of arginine with tryptophan at
position 406 (p.R406W) and causes familial frontotemporal
lobar degeneration with tau pathology (FTLD-tau). The fre-
quency of the p.R406W mutation is 0.62 % among patients
with FTLD-tau and 0.26 % among patients with AD (Gossye
et al., 2023). The location of this mutation near the MTBR
(microtubule-binding region) may affect the ability of this
region to cause conformational changes in the neighboring
MTBR (Xiaetal., 2019). An important fact is that the R406W
mutation is located near to key amino acid residues (Ser396,
Ser404) that are phosphorylated in tau protein during the
formation of pathological paired helical filaments (Hutton
etal., 1998).

On the other hand, it is known that the brain serotonin
(5-HT) system also plays an important role in the patho-
logical development and clinical manifestations of primary
tauopathies, including frontotemporal dementia, progressive
supranuclear palsy and corticobasal degeneration (Huey et
al., 2006; Murley, Rowe, 2018). The function of the 5-HT
system is realized through numerous receptors. Nowadays,
there is a growing number of studies investigating the role
of 5-HT receptors in the mechanisms of tauopathies and AD
development (Eremin et al., 2023).

In this regard, the 5-HT; receptor (5-HT7R) has attracted
particular attention. Recent studies have demonstrated that the
constitutive activity of 5-HT7R induces hyperphosphorylation
of tau protein and its subsequent aggregation through inter-
action with CDKS5 kinase. Moreover, administration of the
highly selective 5S-HT7R inverse agonist SB-269970 prevents
receptor-induced accumulation and hyperphosphorylation of
tau protein (Labus et al., 2021).

Also, it has been shown that amisulpride (a drug with
antipsychotic, antidepressant and procognitive effects), a
strong inverse agonist of 5-HT7R, is able to affect the hy-
perphosphorylation of tau protein. The therapeutic potential
of amisulpride in preventing/dispersing tau aggregation and
tau-mediated pathology has been confirmed in vitro (in Tau-
BiFC HEK293 cells and in human cortical neurons with the
Tau[R406W] mutation) and in vivo (in mice overexpressing
human mutant Tau [R406W] protein in the prefrontal cortex,
and in transgenic mice expressing human mutant Tau[P301L]
protein). In these animal models of tauopathy, treatment with
amisulpride prevented tau protein hyperphosphorylation,
aggregation, and neurotoxicity, and reversed memory impair-
ment in both mouse strains (Jahreis et al., 2023).

In addition, it was shown that chronic administration of
amisulpride in OXY S rats (a model of sporadic AD) (Stefano-
va et al., 2015) reduced phosphorylation of tau protein in the
cortex and hippocampus of 3-month-old animals (Molobe-
kova et al., 2023). Besides, in the hippocampus of 1- and
3-month-old rats, amisulpride also reduced the mRNA level
of the Cdk5 kinase gene (Molobekova et al., 2023).
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It is well known that the progression of tauopathies and AD
causes the development of nerve cells atrophy in the cerebral
cortex, hippocampus and other subcortical structures (Bettens
etal., 2010). Thus, it was shown that the Tau[R406 W] muta-
tion causes disturbances in genes associated with neurogenesis
and synaptic function in mouse neurons (Minaya et al., 2023).
Among the biomarkers of neurodegenerative processes, the
brain-derived neurotrophic factor (BDNF) is well known. The
decrease in BDNF mRNA and protein levels in the cerebral
cortex and hippocampus was shown in AD (Hock et al., 2000).
BDNF-induced neuronal growth and development are me-
diated by its receptors, tyrosine kinase receptor B (TrkB) and
common neurotrophin receptor p75 (p75NR), which bind with
BDNF and proBDNF, respectively. Accumulating evidence
indicates the cross-talk between 5-HT and BDNF, suggesting
that both systems may control each other’s functions by acting
through shared intracellular signaling pathways. Balance in
the functioning of the 5-HT and BDNF systems appears to
be fundamental for the development of a normal phenotype
(Popova, Naumenko, 2019).

Thus, the aim of the study was to investigate the effects
of amisulpride in mice with experimentally induced expres-
sion of the Tau[R406W] gene (using an adeno-associated
viral construct in vivo) in the prefrontal cortex on short-term
memory and on the expression of genes that are involved in
the development of tauopathy (Htr7 and Cdk5), as well as the
gene of BDNF and its receptors (Ntrk2 (encodes TrkB) and
Ngfi (encodes p75NTR)),

Materials and methods

Animals. Experiments were carried out on 2-month-old
C57BL/6J male mice. Work with animals was performed at
the Center for Genetic Resources of Laboratory Animals,
Institute of Cytology and Genetics of the Siberian Branch of
the Russian Academy of Sciences, under standard conditions
of'a conventional vivarium (grant of the Russian Ministry of
Science and Higher Education No. RFMEF162119X0023).
Animals were kept and tested in accordance with the Instruc-
tions for the Care and Use of Laboratory Animals (National
Institute of Health’s Guide for the Care and Use of Laboratory
Animals, NIH Publications, 2010).

Plasmids. Plasmids carrying the Tau[R406 W] and EGFP
(EGFP — enhanced green fluorescent protein) genes or only
EGFP under control of the synapsin promoter were obtained
from Professor E.G. Ponimaskin (MHH, Hannover, Germany).

Cell transfection. Packaging of pAAV SynH1-2
Tau[R406W]-EGFP and pAAV SynH1-2 EGFP plasmids
to adeno-associated viral (AAV) capsids was performed by
their co-transfection with AAV-DJ and pHelper plasmids (Cell
Biolabs, Inc., USA ) into HEK293FT cells that were incubated
according to the protocol described previously (Kondaurova et
al., 2021). Viral particles were collected after 48 h according
to the protocol described previously (Grimm et al., 2003). The
number of viral particles obtained was determined by quantita-
tive real-time PCR analysis and diluted to a concentration of
10° viral particles/pl.

Stereotactic injection. Before the procedure, the animals
were anesthetized with a mixture of 2,2,2-tribromoethanol and
2-methyl-2-butanol and placed in a stereotaxic frame (TSE
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Systems, Germany). Briefly, the scalp was opened, and two
holes were drilled in the skull: AP: +1.5 mm, LR: £1 mm,
DV: 1 mm (http://labs.gaidi.ca/mouse-brain-atlas/?ml=
1.5&ap=-2&dv=2). Mice of both groups (36 males “AAV-
Tau[R406W]” and “AAV-EGFP”) were bilaterally injected
with the AAV-Tau[R406 W]-EGFP or AAV-EGFP viral con-
struct into the prefrontal cortex. After the bilateral injections of
the virus, the incision was closed with interrupted silk sutures,
and the animal was placed in a warm cage and monitored
closely (Kondaurova et al., 2021).

Pharmacological administration. Seven days after AAV
administration, each group was divided into three subgroups
(12 mice per subgroup). The effect of chronic amisulpride
administration (Sanofi-Aventis, France) was assessed after
4 weeks of intraperitoneal administration in the doses of 3
and 10 mg/kg for the first and second subgroups, respectively,
in a volume of 10 pl/g. Animals of the third subgroup were
treated with the same volume of saline. Two days before the
experiments, mice were placed in individual cages to remove
the group effect.

“Open field” test. This test was carried out in a circular
arena (40 cm in diameter) surrounded by a white plastic wall
(25 em high) and illuminated through a mat and semitranspa-
rent floor with two halogen lamps of 12 W each placed 40 cm
under the floor (Kulikov et al., 2008). Each mouse was placed
near the wall and tested for 5 min. The animal’s behavior was
recorded for 5 minutes using a camera located at a distance
of 80 cm from the arena. The arena was treated with 70 %
alcohol after each test. The video stream from the camera
was analyzed frame by frame using the original EthoStudio
software (Khotskin et al., 2019). The path length was measured
automatically (horizontal activity).

Short-term memory test (“recency test”). This test was
performed within the framework of the “open field” test
paradigm. At the first stage of the “recency test”, the animals
were familiarized with two identical objects (plastic cubes
measuring 5 x5 cm — “old object”), located in the center of
the arena at a distance of 810 cm from each other and 10 cm
from the walls of the arena. Animals were tested for 10 min.
90 min after the first test, two other objects (plastic cups with
a diameter of 4 cm and a height of 5 cm — “new object”) were
presented. These objects were located in the center of the arena
at a distance of 8-10 cm from each other and 10 cm from the
walls of the arena. Animals were tested for 10 min. 90 min after
the second stage, one of the presented objects was replaced
with the first object (plastic cubes, 5 x5 cm). The animal was
tested for 10 minutes. The time required to approach the new
and old objects was assessed. Then discrimination index was
calculated using the formula: (time for the “new object” — time
for the “old object”) / total time for both objects.

Dissection of brain samples. In 48 h after behavioral
testing, animals were removed from the experiment by de-
capitation. Immediately after euthanasia, the brain was re-
moved and the necessary brain structures (prefrontal cortex,
hippocampus) were excised on ice, frozen in liquid nitrogen.
Until further procedures, the structures were stored in a low-
temperature refrigerator at —80 °C.

Fluorescence Microscopy. At least 6 weeks after AAV
injection, one or two mice from each group were transcardially
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perfused for 2 min with 20 mL of phosphate-buffered saline
(PBS) and 20 mL of a 4 % paraformaldehyde solution for
10 min under anesthesia. The brain was removed and post-
fixed with 4 % paraformaldehyde for 16 h and immersed in
30 % sucrose in PBS for 2 days. Sequential 12 um slices were
prepared on a cryostat (Thermo Scientific, Germany). Cell
nuclei were stained with a bis-benzimide solution (Hoechst
33258 dye, 5 pg/mL in PBS; Sigma-Aldrich, Germany). The
sections were then mounted in antiquenching Fluoromount G
medium (Southern Biotechnology Associates, USA) followed
by examination using an Olympus IX83P2ZF confocal micro-
scope.

RNA isolation. The brain structures were homogenized in
300 pl TRIzol Reagent (Life Technologies, USA) according to
the manufacturer’s protocol. The total RNA was dissolved in
24.5 nul of water treated with diethyl pyrocarbonate (DEPC).
To eliminate possible genomic DNA contaminations, 0.5 pl of
DNase (RNase-free DNase, Promega, USA, 1,000 p.u./ml)
was added. The samples were incubated for 15 minutes at
37 °C, and then for 10 minutes at 65 °C. The RNA concentra-
tions were determined using a Nanodrop2000c spectropho-
tometer (Thermo Fisher Scientific), and diluted to 125 ng/ul.
The RNA was stored at —80 °C.

Real-time RT-PCR. The gene expression was determined
using a quantitative reverse transcription-polymerase chain
reaction (RT-PCR) developed in our laboratory (Kulikov et
al., 2005; Naumenko, Kulikov, 2006; Naumenko et al., 2008).
Two types of standards were used: external and internal. An
internal standard (housekeeping genes Polr2a (RNA poly-
merase I gene) and B2m (B2-microglobulin gene)) was used
to monitor reverse transcription and as a basis for calculating
the mRNA levels of the target genes. Mouse DNA of a known
concentration served as an external standard, which made
it possible to control the PCR and determine the number of
mRNA copies of the studied genes in the samples. To deter-
mine the mRNA levels, we used the ratio of the cDNA level
of the studied genes to the geometric mean level of cDNA of
the rPol2a and B2m genes.

Primers for cDNA amplification were selected based on
sequences published in the EMBL nucleotide database and
synthesized at the Bioset company (Novosibirsk, Russia).
PCR was carried out on a Real-time CFX96 Touch cycler
(Bio-Rad, USA) in accordance with the following protocol:
3 min at 95 °C; 40 cycles with three stages: 10 sec at 95 °C,
30 sec at the primer annealing temperature, 20 sec at 72 °C
(Supplementary Material 1)!.

Statistical Analysis. Statistical analysis was performed
using GraphPadPrism 9.1.0. To search and exclude outliers
form the analysis, the ROUT method (Q = 0.05) was used.
The normal distribution of samples was tested using the
Kolmogorov—Smirnov and Shapiro—Wilk tests. According to
these criteria, all data have normal distribution. To identify
differences between groups, a two-way ANOVA with post-
hoc Fisher’s multiple comparison was carried out. The results
were presented as m=SEM (m — mean; SEM — standard er-
ror of the mean). The statistical significance value was set at
p <0.05.

1 Supplementary Materials 1 and 2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Kond_Engl_28_4.pdf
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Results

Fluorescence microscopy of mouse brain sections was used
to verify the correct injection of the constructs. Brain sections
of'the prefrontal cortex area showed fluorescence (emission at
510 nm) when excited by light with a wavelength of 488 nm,
which confirmed the successful expression of the viral con-
struct into the brain structure (Fig. 1).

Based on the presence of the MAPT gene product (on ave-
rage at PCR cycle 28), we confirmed the gene expression in the
prefrontal cortex of mice treated with the AAV-Tau[R406W]
construct, while transcription of this gene was not observed
in control mice (AAV-EGFP) (Fig. 2).

In the “open field” test, the locomotor activity of mice was
affected by both factors — the AVV construct (F; 57 = 3.598,
p = 0.063) and the administration of amisulpride (F,s; =
=4.580, p=0.014), as well as by the interaction of these fac-
tors (F, 57=3.520, p = 0.036). AAV-EGFP animals showed
increased locomotor activity not only compared to AAV-
Tau[R406W] mice (p = 0.012), but also compared to AAV-
EGFP mice treated with amisulpride at the dose of 3 mg/kg
(p=10.003) and 10 mg/kg (p = 0.013) (Fig. 3).

Neither amisulpride (F;,5= 1.8, p > 0.05), nor AAV ad-
ministration (F,s = 1.111, p > 0.05) and their interaction
(Fy06=1.6, p>0.05) had a significant effect on the discrimi-
nation index values in the “recency test” (Fig. 4).

A significant effect of interaction of AAV and amisulpride
was found in the Hf#7 mRNA level in the prefrontal cortex
(F44 = 7.059, p = 0.002). Administration of the AAV-
Tau[R406W] construct caused an increase in the Htr7 gene
transcription (p = 0.020). At the same time, we observed a
restoration of the cortical Htr7 gene mRNA level to normal
values in the mice from the AAV-Tau[R406 W] group that were
treated by amisulpride at the dose of 10 mg/kg (p = 0.014)
(Fig. 5a). Amisulpride administration at the concentration of
3 mg/kg did not evoke a similar effect (p =0.157). Interesting
that when the drug was administered at the dose of 10 mg/kg
to AAV-EGFP mice the increased Htr7 mRNA levels was
observed (p = 0.004) (Fig. 5a).

For the Htrla gene in the prefrontal cortex (Fig. 5b), similar
differences were observed: the effect of interaction between
the AAV and amisulpride factors (F, 5, = 3.359, p = 0.043)
(Supplementary Material 2), a decrease in receptor gene tran-
scription upon amisulpride treatment of AAV-Tau[R406W]
mice (p = 0.005) at the dose of 10 mg/kg and an increase in
the Htria mRNA levels in amisulpride (10 mg/kg) treated
AAV-EGFP mice (p = 0.044).

When analyzing the Cdk5 gene mRNA level in the prefron-
tal cortex, an interaction of factors was found (F, 43= 7.182,
p = 0.002) (Supplementary Material 2). We showed that the
Cdk5 mRNA level in mice from the AAV-Tau[R406 W] group
that were not exposed to amisulpride treatment was increased
compared to the AAV-EGFP group (p =0.021), while the ef-
fect of amisulpride at the dose of 10 mg/kg led to a decrease
in Cdk5 gene expression (p = 0.004) compared to the AAV-
EGFP group. In addition, Cdk5 transcription was increased
by 10 mg/kg amisulpride in AAV-EGFP mice compared to
AAV-EGFP saline-treated animals (p = 0.001) (Fig. 6).

We investigated the effect of amisulpride on the mRNA
level of the brain-derived neurotrophic factor Bdnf and its
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Fig. 1. Microphotographs of the mouse prefrontal cortex section demonstrating successful
AAV-mediated cell transfection as indicated by EGFP (enhanced green fluorescent protein)
expression.

Scale bar: 50 um.

receptors Ntrk2 (encodes the TrkB receptor) and Ngfi (encodes the p75NTR
receptor). In the prefrontal cortex for Bdnf mRNA, the effect of AAV admini-
stration, amisulpride treatment and their interaction was observed. For the
Ntrk2 gene, only AAV administration and the interaction of the AAV and
amisulpride factors were found (Supplementary Material 2). Bdnf (p <0.001)
and Ntrk2 (p < 0.001) mRNA levels were decreased by mutant Tau[R406W]
overexpression compared with AAV-EGFP in saline-treated mice.

In addition, a decrease in the level of Bdnf (p <0.001) and Ntrk2 (p=0.037)
mRNAs was observed when the drug was administered at the dose of 3 mg/kg
to AAV-EGFP mice, as well as when amisulpride was administered at the dose
of 10 mg/kg to AAV-EGFP mice (for Bdnf (p = 0.004) and Ntrk2 (p = 0.045))
(Fig. 7a, c). At the same time, the effect of interaction of the AAV and ami-
sulpride treatment factors was observed for the Ngfir gene mRNA level in the
prefrontal cortex (Fp 43=4.752, p = 0.014) (Supplementary Material 2). The
Ngfr gene expression in the cortex of AAV-EGFP mice increased upon admini-
stration of amisulpride at the concentration of 10 mg/kg (p = 0.002); however,
mice overexpressing Tau[R406W] showed a decrease in the mRNA level of
this gene when exposed to the same dose of the drug (p = 0.002) (Fig. 7b).

No statistically significant differences in the expression of all investigated
genes were found in the hippocampus. In Supplementary Material 2, data from
a two-factor analysis of variance are presented.

Discussion

Here it was shown that locomotor activity in the “open field” test was reduced
both in the AAV-Tau[R406W] group that received saline, and in groups that
were treated by amisulpride at different doses compared to the AAV-EGFP
group that received saline. This data are consistent with the results of the work
by K. Jahreis et al.: they showed that administration of Tau[R406W] vector
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Fig. 3. Changes in the motor activity of mice in the
“open field” test.
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Fig. 4. Effect of amisulpride on the discrimination
index in the “recency test”.
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Fig. 6. Effect of amisulpride on Cdk5 gene tran-
scription in the prefrontal cortex of tau [R406W]
overexpressing mice.

Values are normalized to the geometric mean of
Polr2a and B2m mRNA.
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Fig. 7. Effect of amisulpride on the transcription of the Bdnf (a), Ngfr (b) and Ntrk2 (c) genes in the prefrontal cortex of mice overexpressing Tau[R406W].

Values are normalized to the geometric mean of Polr2a and B2m mRNA.
*p <0.05; ** p <0.01; *** p < 0.001.

and treatment with amisulpride (1 mg/kg, 16 days) reduced
locomotor activity in the “open field” test compared to control
(Jahreis et al., 2023).

In the current study, amisulpride failed to produce a sig-
nificant effect on the short-term memory of animals treated
with AAV-Tau[R406W], in contrast to the paper of K. Jahreis
et al., who showed an increase in the discrimination index in
mice treated with AAV-Tau[R406W] and amisulpride (Jahreis
et al., 2023). The lack of a significant amisulpride effect on
short-term memory in our experiment may be due to a shorter
recovery period after vector administration and before the
beginning of amisulpride therapy. In our study, it was seven
days, unlike the work of K. Jahreis et al., in which the re-
covery period took three weeks. Thus, the stage of tauopathy
development is probably important for the amisulpride therapy
of cognitive abilities.

We found that administration of AAV-Tau[R406W] leads to
increased mRNA levels of the Htr7 and Cdk5 genes in the pre-

frontal cortex compared to control animals. These findings are
likely due to a neuroprotective response involving increased
levels of 5-HT7R, which is known to be involved in the regu-
lation of neuronal morphology, neurite outgrowth, dendritic
spines, and synaptogenesis (Kobe et al., 2012). However, a
recent study has shown a reduced H#r7 gene mRNA level in
the anterior prefrontal cortex in postmortem brain samples
from AD patients (Solas et al., 2021). This discrepancy can
be explained by long-term neurodegenerative processes in
the brains of AD patients, while in our work the effect of the
mutant tau protein lasted only six weeks.

The increased transcription of the Cdk5 gene in AAV-
Tau[R406W] mice is consistent with a study of J. Labus and
coauthors, who showed that CDKS is responsible for the
pathological effect of 5-HT7R on tau protein hyperphospho-
rylation (Labus et al., 2021). At the same time, the combined
decrease in the mRNA levels of both Htr7 and Cdk5 in
AAV-Tau[R406W] mice treated with amisulpride to values
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similar to those in control animals confirms the proposed
mechanism of 5-HT7R inverse agonists action in restoring
normal tau protein function in vivo. The increase of the Htr7,
Htrla and Cdk5 mRNA levels after amisulpride administra-
tion at the dose of 10 mg/kg in AAV-EGFP mice is probably
a compensatory response to inhibition of the 5-HT; receptor
by amisulpride. The effect of amisulpride on the Cdk5 mRNA
level is in good agreement with the data obtained on OXYS
rats: in healthy one-month-old rats, amisulpride also increased
the Cdk5 mRNA level in the cortex (Molobekova et al., 2023).

It is known that 5-HT; 5 (5-HT1AR) and 5-HT7R receptors
can form heterodimers in vitro and in vivo. Such heterodimeri-
zation leads to agonist-mediated internalization of 5-HT 4
receptors (Renner et al., 2012). Chronic activation of 5S-HT7R
causes desensitization of these receptors and also reduces the
level and functional activity of 5-HT 5 receptors in the frontal
cortex, without affecting the level of 5-HT7R (Kondaurova
et al., 2017). It has also been shown that overexpression of
5-HT7R in the midbrain leads to changes in S-HT1AR gene
expression depending on the mouse strain. In mice of the
C57BIl/6] strain, a decrease in the 5-HT1AR gene mRNA level
was detected in the frontal cortex, while in ASC (antidepres-
sant sensitive cataleptics) mice, the expression of this gene
was reduced in the hippocampus (Rodnyy et al., 2022). Ami-
sulpride, as an inverse agonist of 5-HT receptors, suppresses
receptor constitutive activity and, perhaps, can thus influence
the mRNA levels of the 5-HT7R gene in a negative feedback
manner. It is interesting to note that chronic administration of
amisulpride at the dose of 10 mg/kg led to an increase in the
expression of both the 5-HT7R gene and the 5-HT1AR gene,
which may be due to the mutual regulation of these receptors
through their heterodimerization.

BDNF is one of the most studied neurotrophic factors.
It plays an important role in the growth and maturation of
brain cells at all stages of development, and is involved in
the regulation of synaptic transmission and plasticity in adult-
hood (Edelmann et al., 2015). In the context of AD, BDNF
depletion is associated with tau protein phosphorylation and
aggregation, A accumulation, neuroinflammation, and neu-
ronal death (Pisani et al., 2023). BDNF stimulation leads to
dephosphorylation of tau protein through TrkB activation and
phosphatidylinositol 3-kinase (PI3K) signaling (Elliott et al.,
2005).

In our study, we found a decrease in the mRNA levels of
BDNF and its receptor TrkB in the cortex after administra-
tion of AAV-Tau[R406W]. These data are in agreement with
the decrease in the BDNF level observed in AD (Song et al.,
2015). In addition, we showed that amisulpride administra-
tion at different doses also reduces the mRNA levels of these
genes in both AAV-EGFP and AAV-Tau[R406 W] mice. These
results contradict previous findings indicating that amisulpride
increases BDNF levels in human neuroblastoma SH-SYS5Y
cells (Park et al., 2011). However, there is evidence that
amisulpride does not affect the Bdnf mRNA level in another
cell model — in T98G glioma cells (Jozwiak-Bebenista et al.,
2017). The work of E.N. Rizos et al. also did not reveal any
effect of amisulpride on the BDNF level in the blood serum
of patients with schizophrenia (Rizos et al., 2010). At the
same time, an increase in the expression and phosphoryla-
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tion of TrkB was detected 30 min after activation of 5S-HT7R
(Samarajeewa et al., 2014).

On the one hand, it can be assumed that the mechanisms
of amisulpride action in vitro and in vivo are different. On the
other hand, it has been shown that in human neuroblastoma
SH-SYSY cells, the elongation of nerve fibers caused by
incubation with 5-HT, nerve growth factor (NGF) or brain-
derived neurotrophic factor BDNF is blocked by 5-HT7R
antagonists. The knockdown of the H#r7 gene also reduces the
length of nerve fibers, whereas 5-HT7R activation by agonists
increases the expression of the NGF and BDNF genes (Chang
etal., 2022).

A recent paper by L.L. Shen and colleagues has shown
that knockout of p75NTR receptor leads to a reduction in
Ap-induced tau hyperphosphorylation and neurodegenera-
tion both in healthy mice and in a mouse model of human
tauopathy, involving CDKS5 and GSK3 kinases (Shen et al.,
2019). These data suggest that p75NTR receptor at least par-
tially mediates AP peptide-triggered tau pathology. However,
in our study, overexpression of Tau[R406W] did not have a
significant effect on the p75NTR receptor mRNA level. At the
same time, we found that amisulpride increases transcrip-
tion of the p75NTR receptor gene in AAV-EGFP mice. There
are other literature data on the negative effects of long-term
amisulpride administration through a decrease in choline ace-
tyltransferase (ChAT). G.B. Huang et al. demonstrated that
long-term amisulpride administration (45 days) in rats reduced
the number of ChAT-positive cells in the prefrontal cortex
but not in hippocampus, which may have a negative effect
on cognitive function (Huang et al., 2012).

Conclusion

Thus, the utilization of amisulpride in mice with Tau[R406 W]
overexpression led to a decrease in the Htr7 and Cdk5 genes
mRNA level in the prefrontal cortex, which allowed us to
suggest the drug as an agent for restoring normal tau protein
function. However, the drug administration in mice without
tauopathy caused a decrease in the Bdnf and Ntrk2 genes
mRNA levels in the frontal cortex. At the same time, the
levels of Htr7, Htrla and Cdk5 mRNAs were increased in
AAV-EGFP mice that were treated with the amisulpride.
These changes probably reflect the negative effect of chronic
amisulpride administration, which is also indirectly confirmed
by an increase in the expression of the p75NTR receptor gene,
which is known to initiate apoptotic processes in the brain.
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Dopamine receptors and key elements
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Abstract. Analysis of the mechanisms underlying autism spectrum disorder (ASD) is an urgent task due to the ever-
increasing prevalence of this condition. The study of critical periods of neuroontogenesis is of interest, since the
manifestation of ASD is often associated with prenatal disorders of the brain development. One of the currently
promising hypotheses postulates a connection between the pathogenesis of ASD and the dysfunction of neu-
rotransmitters and neurotrophins. In this study, we investigated the expression of key dopamine receptors (Drd1,
Drd?2), brain-derived neurotrophic factor (Bdnf), its receptors (Ntrkb2, Ngfr) and the transcription factor Creb1 that
mediates BDNF action, as well as cerebral dopamine neurotrophic factor (Cdnf) during the critical periods of embryo-
genesis (e14 and e18) and postnatal development (p14, p28, p60) in the hippocampus and frontal cortex of BTBR
mice with autism-like behavior compared to the neurotypical C57BL/6J strain. In BTBR embryos, on the 14th day of
prenatal development, an increase in the expression of the Ngfr gene encoding the p75NTR receptor, which may lead
to the activation of apoptosis, was found in the hippocampus and frontal cortex. A decrease in the expression of Cdnf,
Bdnf and its receptor Ntrkb2, as well as dopamine receptors (Drd1, Drd2) was detected in BTBR mice in the postnatal
period of ontogenesis mainly in the frontal cortex, while in the hippocampus of mature mice (p60), only a decrease
in the Drd2 mRNA level was revealed. The obtained results suggest that the decrease in the expression levels of CDNF,
BDNF-TrkB and dopamine receptors in the frontal cortex in the postnatal period can lead to significant changes in
both the morphology of neurons and dopamine neurotransmission in cortical brain structures. At the same time, the
increase in p75NTR receptor gene expression observed on the 14th day of embryogenesis, crucial for hippocampus
and frontal cortex development, may have direct relevance to the manifestation of early autism.

Key words: autism; BTBR and C57BL/6J mice; BDNF; CDNF; dopamine receptors; ontogenesis; hippocampus; frontal
cortex.

For citation: Pravikova PD., Arssan M.A., Zalivina E.A., Kondaurova E.M., Kulikova E.A., Belokopytova l.I., Naumenko V.S.
Dopamine receptors and key elements of the neurotrophins (BDNF, CDNF) expression patterns during critical periods
of ontogenesis in the brain structures of mice with autism-like behavior (BTBR) or its absence (C57BL/6J). Vavilovskii
Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2024;28(4):407-415. DOI 10.18699/vjgb-24-46

Funding. The work was supported by the Russian Science Foundation (grant No. 22-15-00028).

Acknowledgements.The cost of animal housing was compensated by the basic research project No. FWNR-2022-0023.

[IaTTepHbI SKCIIPECCUM pelelITOPOB Jo(paMIHa
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AHHOTaLMA. AHanN3 MEXaHU3MOB PaCcCTPONCTBA ayTucTnyeckoro cnektpa (PAC) ABnAeTcA akTyanbHOW 3afavyen B
CBA3M C LUIMPOKOW N NOCTOAHHO pacTyLiell pacnpoCTPaHEHHOCTbIO 3TOFO COCTOAHUA. MiccneaoBaHne KpUTUYECKNX
nepropaoB HePOOHTOreHe3a NpeAcTaBNAET MHTEPEC, MOCKONbKY MaHndecTauuio PAC HepeaKo CBA3bIBAIOT C BHYT-
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during critical periods of ontogenesis in the brain of BTBR mice

PUYTPOOHBIMM HapyLIEHUAMU Pa3BUTUA TONOBHOIo Mo3ra. OfHa 13 NepcnekTVBHbIX Ha CErOAHALIHNIA AeHb rMmno-
Te3 nocTynupyeT ceasb natoreHesa PAC ¢ guchyHKLUMen HEMPOTPaHCMUTTEPHbBIX U HEMPOTPOPUUECKNX CUCTEM.
B HacToswel paboTe nccnegoBaHa 3KCNPECCUs reHoB KitoueBbix peuentopoB godpamuiHa (Drd1, Drd2), HelipoTpo-
duueckoro daktopa mosra (Bdnf), ero peuentopos (Ntrkb2, Ngfr) n onocpegytowero feictsme BDNF TpaHcKpun-
unoHHoro ¢aktopa Crebl, a Takxke godpamrnHOBOro HelpoTpodpuueckoro daktopa (Cdnf) B nepuogbl ambpuore-
He3a (e14 1 e18) 1 nocTHaTanbHoro passutua (p14, p28, p60) B rmnnokammne n GppoHTaNbHON Kope Mbiwern BTBR
C ayTUCTN3M-NOAO0OHBIM MOBeAeHVEM MO CPAaBHEHWUIO C HenmpoTunuyHon nuHuen C57BL/6J. Y ambproHos BTBR
Ha 14-1 feHb NpeHaTaNbHOro PasBUTUA B rMNMNokammne n BO GPOHTaNbHONM KOpe YCTaHOBJIEHO YBENNYEHNE SKC-
npeccun reHa Ngfr, koaupytoulero peuentop p75NTR, TpaHcayKUMa curHana KOToporo B aM6puoreHese NpYBOANT
K aKTMBauwmu anonTo3a. CHuxeHue skcnpeccun reHos Cdnf, Bdnf n ero peuentopa Ntrkb2, a Takxxe fopamnHOBbIX
peuentopos (Drd1, Drd2) y mbiweii BTBR 06Hapy»*eHO B MOCTHaTasIbHbI NepUog NpenMyLLecTBEHHO BO GpOHTasb-
HOW Kope, Npu 3TOM B rnmnoKamre y nosioBo3penbix ocobeit (p60) 3apmKkcrpoBaHo nageHune yposHa nuwb MPHK
Drd2. TlonyyeHHble pe3ynbTaTbl MO3BONAIT NPEANONOKMNTb, UTO CH/XKEHME B MOCTHaTaSIbHOM MepUoe SKCnpeccum
reHoB Cdnf, Bdnf n Ntrkb2, a Takxe [OpaMUHOBBIX PELLENTOPOB BO GDPOHTANIbHON KOPE MOXKET NPUBOAUTD K CyLLe-
CTBEHHbIM 13MeHEeHMAM, XxapakTepHbiM ans PAC, kKak Mopdonornm HeMpoHoB, Tak 1 JOPpaMUHOBOIN HeNpOTpaHC-
MUCCUI B KOPKOBBIX CTPYKTypax Mo3ra. Bmecte ¢ Tem ycTaHoBeHHbIN pocT skcnpeccun p75N™R B Kputnueckmin
LNA Pa3BUTUA rMNNoKammna 1 GPoHTanbHOM Kopbl 14-1 AeHb SMOpUOreHesa, BO3MOXHO, ABNAETCA K/IOUYEBbIM ANA
$opmMMpoBaHMA paHHero ayTunsma.

Kniouesbie cnosa: aytnsm; mbiwm BTBR 1 C57BL/6 J; BDNF; CDNF; peuentopbl fopaMunHa; OHTOreHes; runnokamr;

Expression of dopamine receptors and elements of BDNF and CDNF

dpoHTanbHas Kopa.

Introduction

First described back in 1943 (Kanner, 1943), autism (now
autism spectrum disorder, ASD) is defined as a group of
conditions caused by disorders in prenatal and early postna-
tal neuroontogenesis that persist throughout a person’s life.
ASD is characterized by a decline in the ability to initiate and
maintain social interactions and communication, as well as a
series of restricted and repetitive inflexible behavior patterns.
Data from the Centers for Disease Control and Prevention
show a steady increase in the number of children diagnosed
with ASD: in 2023, 1 in 36 children was diagnosed, while
in 2010, the prevalence of ASD was 1 %. However, accord-
ing to data from both the WHO and the Ministry of Health
of the Russian Federation (Letter of the Ministry of Health
No. 15-3/10/1-2140 dated 05/08/2013), the prevalence of
ASD was about 1 % of the child population.

Currently, there is no unified concept of the pathogenesis
of ASD, however, most hypotheses associate the development
of this condition with early neurodevelopmental disorders
leading to disturbances in mental functions (Hashem et al.,
2020). In this regard, special attention when studying the
ASD mechanisms is paid to early prenatal brain development
(Courchesne et al., 2020). Investigations of induced stem cells
obtained from people with ASD have supported the prenatal
origin of this disorder (Adhya et al., 2021). A high rate of cell
proliferation and a decrease in the degree of differentiation and
maturation of GABAergic interneurons have been described
(Mariani et al., 2015). Abnormal proliferation and excess pre-
natal neurogenesis in individuals with ASD appear to explain
increases in both cortical neuron numbers (Courchesne et al.,
2011) and overall brain mass (Sacco et al., 2015). In addition,
the peak expression of most putative risk genes for ASD oc-
curs during the prenatal period (Satterstrom et al., 2020) and
is found in a number of brain regions, including cortical areas
and the hippocampus (Krishnan et al., 2016; Courchesne et
al., 2019). One of the morphological features of ASD is a
decrease in volume and sometimes complete agenesis of the
corpus callosum (Frazier, Hardan, 2009). At the same time,

changes in the volume of the corpus callosum are obviously
a consequence of prenatal developmental disorders, since
in mammals its formation is completed at the last stage of
embryogenesis (Richards et al., 2004).

The neurotransmitter dopamine (DA) is involved in the
modulation of learning, reward, and emotional control, which
are known to be impaired in autism (Hashem et al., 2020). In
people with ASD, a number of polymorphisms are observed
in the genes encoding the DA-transporter (DAT) (Dicarlo et
al.,2019), DA-metabolic enzymes (Yoo et al., 2013) and DA-
receptors (Hettinger et al., 2008; Staal et al., 2015). Moreover,
DA neurons derived from pluripotent stem cells from patients
with autism are characterized by morphological changes and
abnormalities in Ca**-signal transduction (Nguyen et al.,
2018). Based on these data, a connection between the patho-
genesis of ASD and dysfunction of the brain DA system has
been suggested (Paval, 2017).

Neurotrophic factors attract special attention because they
play a key role in the regulation of neuronal growth and deve-
lopment, as well as in the control of neuroplasticity (Popova,
Naumenko, 2019). Brain-derived neurotrophic factor (BDNF)
is one of the most studied neurotrophins that controls synap-
togenesis, triggers long-term potentiation, and is involved in
memory formation (Castrén, Antila, 2017). An association
has been shown between a decreased BDNF blood level in
newborns and an increased risk of ASD development (Liu
et al., 2021). At the same time, post-mortem studies of the
brain of children with ASD have established an increase in the
number of prefrontal neurons, which may be a consequence
of impaired activity of the BDNF-signal transduction and lead
to an excess of axonal connections (Anghelescu, Dettling,
2012). Cerebral dopamine neurotrophic factor (CDNF), first
described in 2007, is a non-conventional growth factor and
is predominantly localized in the striatum, substantia nigra,
hippocampus, cortex and cerebellum (Lindholm et al., 2007,
2008). CDNF is currently being tested in clinical trials as a
treatment for Parkinson’s disease (PD) (Lindholm, Saarma,
2022), as it is able to slow down the degeneration of DA
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neurons (Voutilainen et al., 2011). However, the relationship
between neurotrophins and the DA system at different stages
of ontogenesis in the context of the development of autism
has not been investigated yet.

Based on the stated above, the aim of the current study was
to identify the role of the DA system and neurotrophic factors
in the development of autism by analyzing the expression
patterns of dopamine receptors (Drdl, Drd2) and Cdnf, as
well as Bdnf, its receptors (Ntrkb2, Ngfr), and transcription
factor Crebl mediating BDNF effects in the brain structures
of BTBR mice, which are known to be a model of autism,
in comparison with neurotypical C57B1/6J mice at different
periods of ontogenesis.

Materials and methods
Experimental animals. The BTBR inbred strain is a widely
accepted idiopathic model of autism (Crawley, 2023) as it is
characterized by social deficits as well as repetitive behavior
(Bolivar et al., 2007; McFarlane et al., 2008). Experiments
were conducted on male mice of pathogen-free (SPF) inbred
strains BTBR T+tf/J (BTBR) and C57Bl1/6J at the Center for
Genetic Resources of Laboratory Animals; Institute of Cytol-
ogy and Genetics, supported by the Ministry of Science and
Higher Education of the Russian Federation (unique identifica-
tion number: RFMEFI162119X0023). The mice were housed
under standard laboratory conditions with a 14-h light cycle,
constant humidity (60 %), temperature (23 °C) and with ac-
cess to balanced food and water ad libitum. All procedures
performed with the involvement of laboratory animals were
approved by the ethical standards of the Committee on Bio-
logical Ethics at the Institute of Cytology and Genetics SB
RAS and complied with the ethical standards approved by the
legal acts of the Russian Federation (Order of the Ministry of
Health of the Russian Federation No. 267 of June 19, 2003),
as well as protocols on the treatment of laboratory animals.
Experimental design. In autism, the memory consolida-
tion regulated by the hippocampus is impaired, as well as
the disturbances observed in executive function and social
behavior, for the implementation of which the frontal cortex
is mainly responsible. In addition, post-mortem studies of
people with ASD revealed a reduced cell size and increased
cell density in both the hippocampus and the frontal cortex
(Kemper, Bauman, 1998; Courchesne et al., 2011). Based on
this, the study of these brain structures in the context of the
mechanisms of ASD development was of particular interest.
One of the most variable structures in ASD pathogenesis is
the hippocampus, the formation of which begins on the 14th
day of embryogenesis (Mangale et al., 2008), while on the 18th
day of prenatal development it is already formed (Loones et
al., 2000). In addition, on the 17th day of embryogenesis, the
corpus callosum is completely formed (Richards et al., 2004);
however, the agenesis of the corpus callosum is demonstrated
both in BTBR mice (Bohlen et al., 2012) and, often, in people
with ASD (Frazier, Hardan, 2009). One of the ASD criteria
is hyper- or hyporeactivity to sensory input due to increased
or decreased sensitivity to stimuli (DSM-5, ICD-11). Since
rodents’ eyes open at 12—13 days and their sensory perception
becomes full (Rochefort et al., 2009), it was interesting to
study a group of mice at 14 days of age. The juvenile period
is an important postnatal stage of development in the study
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of autism-like behavior, as BTBR mice exhibit low levels of
social interaction as early as 28 days after birth (McFarlane et
al., 2008). Thus, the following periods of ontogenesis were se-
lected: 14th or 18th day of embryogenesis, as well as 14th, 28th
and 60th (reaching maturity) day of postnatal development.

Male mice (p14, p28, p60), as well as embryos of the BTBR
and C57Bl/6 J strains on the 14th or 18th day of prenatal devel-
opment, were removed from the experiment by decapitation,
and their hippocampi and prefrontal cortices were removed
on ice, frozen in liquid nitrogen and stored at —80 °C. For
groups e14 and el8, a partial tail biopsy was also performed
for subsequent genotyping of the Y chromosome (Sry). The
sex of the p14 mice and older was determined by primary
sexual characteristics at autopsy. The number of individuals
in the experimental group of a certain ontogenetic day (el14,
el8, pl4, p28, p60) was 10 for each strain.

Obtaining embryos and determining their sex. To obtain
embryos in vivo, sexually mature female mice of the BTBR
and C57Bl/6 J strains, in a state of estrus, which was deter-
mined by analyzing vaginal smears, were mated overnight
with males of the corresponding strains. The day of detection
of sperm in the vaginal smear was considered the first day of
pregnancy. For genotyping of the Y chromosome (Sry), ge-
nomic DNA was isolated from embryonic tail tissue by placing
it in a lysis solution containing protease K for two hours at
50 °C, followed by extraction in saturated saline according to
a previously described protocol (Aljanabi, Martinez, 1997).
DNA samples were amplified with primers (see the Table)
(Wambach et al., 2014), and PCR products were separated
by electrophoresis on a 2 % agarose gel and visualized by
ethidium bromide staining. Embryos with the presence of the
Y chromosome were used in this work.

RT-qPCR. Total RNA isolation. Total RNA was isolated
with TRIzol Reagent (Life Technologies, USA) as recom-
mended by the manufacturer. Isolated RNA was diluted with
water to the concentration of 0.125 pg/pl and stored at—70 °C.
The presence of genomic DNA in the RNA preparations was
determined as described in (Kulikov et al., 2005; Naumenko,
Kulikov, 2006; Naumenko et al., 2008).

Reverse transcription and gPCR. Reverse transcription and
real-time PCR were carried out according to the protocol pre-
viously described in detail (Kulikov et al., 2005; Naumenko,
Kulikov, 2006; Naumenko et al., 2008). Two types of standards
were used: external and internal. An internal standard (Polr2a
mRNA) was used to monitor reverse transcription and as a
basis for calculating the mRNA levels of the studied genes.
Mouse DNA with a known concentration (external standard)
was used as a PCR control and to determine the copy number
of the assayed genes and Polr2a in the samples. Primers used
for PCR amplification (see the Table) were developed based
on the gene sequences deposited in the Ensembl database and
were synthesized by BIOSSET (Russia).

Statistical analysis. The obtained results are presented
as mean=standard error of mean (m+SEM). For pairwise
comparison of means between mouse strains at a certain
developmental day, Student’s #-test for independent samples
was used. The differences were considered significant at
p <0.05. Normal distribution of the data was verified by the
Kolmogorov—Smirnov and Shapiro—Wilk tests. The outliers
were identified and excluded by Dixon’s Q test.
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Sequences of the gene-specific oligonucleotide primers and their characteristics

Gene Primer sequence
rPol2 F 5'-tgtgacaactccatacaatgc-3’
R 5’-ctctcttagtgaatttgcgtact-3’
Cdnf F 5'- cggtggacctgtggaagatg-3’
R 5'- acatatttgggggccagctc-3’
Bdnf F 5'-tagcaaaaagagaattggctg-3’
R 5'-tttcaggtcatggatatgtcc-3’
Ntrk2 F 5'-cattcactgtgagaggcaacc-3’
R 5’-atcagggtgtagtctccgttatt-3’
Ngfr F 5'-acaacacccagcacccagga-3’
R 5’-cacaaccacagcagccaaga-3’
Creb1 F 5’-gctggctaacaatggtacggat-3’
R 5’-tggttgctgggcactagaat-3’
Drd1 F 5’-ggaaaccctgtcgaatgctctc-3’
R 5’-ccagccaaaccacacaaatacatcg-3’
Drd2 F 5'-tccgccacttcttgacatacattg-3’
R 5’-cccatccacagcectcctctaag-3’
Sry F 5'-ttgtctagagagcatggagggccatgtcaa -3’
R 5’-ccactcctctgtgacactttagccctccga-3’
Results

In BTBR mice, a significant increase in the Drdl mRNA
level was revealed in the hippocampus only on the 14th day
of postnatal development compared to the C57Bl/6 J strain.
A decrease in the expression of this gene was detected in the
frontal cortex of BTBR mice on the 28th day of the postnatal
period (Fig. 1a). For sexually mature individuals (p60), no
interstrain differences in the level of Drdl expression were
observed either in the hippocampus or in the frontal cortex. At
the same time, Drd [ gene expression in p60 in the hippocam-
pus of both mouse strains decreased to embryonic values (e18)
compared to other stages of postnatal development (p14, p28).

An increase in the Drd2 mRNA level revealed in the frontal
cortex of BTBR embryos on the 14th day of prenatal deve-
lopment was leveled out on the 18th day of embryogenesis

Tannealing' °C PCR product length, bp

60 194
60 130
59 255
63 175
62 171
64 140
59 222
64 203
64 268

(Fig. 1b). At the same time, in BTBR mice, an increase in
the Drd2 expression was observed in the frontal cortex on
the p14 day, while no significant interstrain differences were
found upon reaching sexual maturity (p60). Meanwhile, in
the hippocampus, interstrain differences in the Drd2 mRNA
level were established only in mature mice (p60): in the BTBR
strain, a decrease in Drd2 expression was revealed in com-
parison with the C57Bl/6 J mice, which showed a dramatic
increase in the Drd2 mRNA level after the 28th day of the
postnatal development.

In the frontal cortex of the BTBR mice, an increase in the
Creb] mRNA level was revealed on the 14th day of embryo-
genesis; in contrast, at the age of 60 days in BTBR mice, a
decrease in its expression was found (Fig. 2). This dynamics
in the Crebl expression in the BTBR strain is consistent

a Drdi b Drd2
5c Hippocampus ) Frontal cortex Hippocampus Frontal cortex
16} 8
4r 3 i —=— C57BL/6)
< 121 < 6f —e— BTBR
> 3t >
2 L L
< <
Z 5l 8r z 4
[o [o
€ I €
1+ 4t 2t
0 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1
el4 el18 pl4 p28 p60 el4 el18 pl4 p28 p60 el4 el18 pl4 p28 p60 el4 el18 pl4 p28 p60

Pre-/postnatal day

Pre-/postnatal day

Fig. 1. Drd1 (a) and Drd2 (b) mRNA levels in the hippocampus and frontal cortex of BTBR and C57BI/6 J mice at different periods of pre- and postnatal

development.

Gene expression is presented as the number of cDNA copies per 100 copies of Polr2a cDNA. n = 8-10.

Significant difference: &p < 0.05; p < 0.01; &&p < 0.001 - interstrain comparison within a certain day of ontogenesis.

410 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 4



MN.A. Npasukosa, M.A. ApccaH, E.A. 3annsuHa, E.M. Korgayposa
E.A. KynukoBa, U./. BenokonbiToBa, B.C. HaymeHko

Creb1
Hippocampus Frontal cortex
70} 180 |
—=— C57BL/6J
I 160 —e— BTBR
60
o 3 140 1
3 5ol
< 120
z L
g 401 100
30t 80
el4 e18 pl4 p28 p60 el4 el18 pl4 p28 p60

Pre-/postnatal day

Fig. 2. mRNA level of Creb1, encoding the transcription factor CRE-bind-
ing protein, in the hippocampus and frontal cortex of BTBR and C57BI/6 J
mice at different periods of pre- and postnatal development.

Gene expression is presented as the number of cDNA copies per 100 copies of
Polr2a cDNA. n = 8-10.

Significant difference: &p < 0.05 - interstrain comparison within a certain day
of ontogenesis.
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Fig. 3. Bdnf (a) and Cdnf (b) mRNA levels in the hippocampus and frontal
cortex of BTBR and C57BI/6 J mice at different periods of pre- and post-
natal development.

Gene expression is presented as the number of cDNA copies per 100 copies of
Polr2a cDNA. n = 8-10.

Significant difference: #&p < 0.01; %&p < 0.001 - interstrain comparison within
a certain day of ontogenesis.

with changes in the cortical Bdnf mRNA level: on the 14th
day of embryogenesis, an increase in Bdnf mRNA level was
detected, while on the 60th day of postnatal development, a
decrease in its expression was shown (Fig. 3a). At the same
time, no interstrain differences in the Creb/ expression were
detected in the hippocampus during the investigated periods
of ontogenesis. Along with this, in the hippocampus and
frontal cortex, the peak of Crebl expression occurred on the
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Fig. 4. Ntrkb2 (a) and Ngfr (b) mRNA levels in the hippocampus and fron-
tal cortex of BTBR and C57BI/6 J mice at different periods of pre- and post-
natal development.

Gene expression is presented as the number of cDNA copies per 100 copies of
Polr2a cDNA. n = 8-10.

Significant difference: ¢p < 0.05; *p < 0.01; *&p < 0.001 - interstrain compari-
son within a certain day of ontogenesis.

18th day of embryogenesis, while in the frontal cortex, the
minimal value of the Creb! mRNA content was observed on
the 14th day of postnatal development (Fig. 2).

In BTBR mice, in the frontal cortex during the studied
periods of postnatal development (p14, p28, p60), a decrease
in the Bdnf coding exon mRNA level was detected, while
in the hippocampus, interstrain difference in its expression
was revealed only on the 28th day of postnatal development
(Fig. 3a). The detected changes in the Bdnf expression in the
frontal cortex during the postnatal development of BTBR
mice are consistent with the decrease in the Ntrkb2 mRNA
level (Fig. 4a), encoding the main BDNF receptor — tyrosine
kinase receptor B (TrkB).

Similarly to the changes in the Bdnf mRNA level in the
frontal cortex, a decrease in the Cdnf mRNA level on days 14,
28, and 60 of postnatal development was found in BTBR mice
(Fig. 3b). At the same time, in the hippocampus, no interstrain
differences in the Cdnf expression were observed (Fig. 3b),
while, regardless of the mouse strain, a dramatic increase in the
Cdnf, Bdnfand Ntrkb2 expression was revealed after day p28.

Analysis of the Ngfir gene (encoding the p75NTR receptor
mediating proBDNF action) expression dynamics showed
its increase on the 14th day of embryogenesis in BTBR mice
both in the hippocampus and frontal cortex (Fig. 4b). At the
same time, in the frontal cortex on the 60th day of postnatal
development, upon reaching puberty, the Ngfir mRNA level
significantly decreased in BTBR mice. In BTBR mice, the
peak expression of the Ngfi- gene in the investigated brain
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structures was observed on the 14th day of prenatal develop-
ment, while in C57Bl/6 ] mice, it was revealed on the 18th
day of embryogenesis (Fig. 4b), which is in a good agreement
with the increase of Creb! expression (Fig. 2).

Discussion

People suffering from ASD show changes in neuronal mor-
phology (Minshew, Williams, 2007). In this regard, the ana-
lysis of neurotrophins is a promising task for studying the
mechanisms of autism. It is known that the BDNF protein
is synthesized as a precursor (proBDNF), which is then
cleaved to the mature form (mBDNF) (Lessmann et al., 2003).
mBDNF is responsible for increasing synaptic plasticity,
whereas proBDNF, on the contrary, mediates its decrease
(Koshimizu et al., 2009). proBDNF, the expression of which
is elevated during the prenatal period (Yang et al., 2009), is
a key neurotrophic factor regulating the development of the
central nervous system through its influence on neurogenesis
(Koshimizu et al., 2009). In addition, increased proBDNF
levels were found in post-mortem sections of the fusiform
gyrus of people with autism (Garcia et al., 2012), which may
be the cause of a decrease in both neuronal differentiation and
dendritic spines formation (Teng et al., 2005). BDNF action is
mediated by two receptors, namely tyrosine kinase B receptor
(TrkB) and p75NTR receptor. p75NTR receptor was previously
suggested as a biomarker of ASD, since its mRNA level in
peripheral blood was found to be increased in people with
autism (Segura et al., 2015).

Here we found that in BTBR mice on the 14th day of
embryogenesis in the hippocampus and frontal cortex, when
neurogenesis should reach its maximum (Finlay, Darlington,
1995; Chen et al., 2017), the Ngfi- gene (encoding p75NTR
receptor) mRNA level is increased, while by the 18th day of
prenatal development, these differences are already eliminated.
Although the p75NTR receptor signal transduction pathways
are extremely diverse (Lu et al., 2005), proBDNF binding to
p75NTR is known to stimulate cell death (Teng et al., 2005).
It can be suggested that in BTBR mice, on the 14th day of
prenatal development, apoptotic activity in the hippocampus
and frontal cortex is increased, which, together with the
impaired synaptogenesis and a decrease in the ability of
neurons to form functional connections, leads to behavioral
deficits observed in autism (Wei et al., 2014). On the other
hand, increased apoptosis can lead to agenesis of the corpus
callosum, which is observed in BTBR mice (Bohlen et al.,
2012), and often in humans with autism (Frazier, Hardan,
2009). At the same time, in the neurotypical C57B1/6]J strain,
the highest Ngfr mRNA level in the hippocampus and frontal
cortex is observed on the 18th day of embryogenesis, which
then dramatically decreases together with the decline of
neurogenesis in these cell populations (Finlay, Darlington,
1995; Chen et al., 2017). An increase in the p75NTR receptor
expression detected in the frontal cortex of BTBR mice on
el4 is accompanied by an increase in the mRNA levels of
Bdnf coding exon, transcription factor Crebl, and also the
Ntrkb2 gene encoding the mBDNF receptor TrkB. Apparently,
increased expression of the key elements of the BDNF-TrkB
signaling pathway is a compensatory response to the putative
increase of apoptotic activity mediated by p75NTR receptor,
since BDNF, when bound to TrkB, triggers protein synthesis,
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growth and maturation of neurons (Fenner, 2012). At the
same time, in the frontal cortex of BTBR mice, a decrease in
both Bdnf and its receptor Ntrkb2 (TrkB) mRNA levels was
observed from day p14 to sexual maturity. That may indicate
a decrease in neuroprotective and neurotrophic properties
in cortical structures of BTBR mice and lead to autism-like
behavior. This, in accordance with our previous data, showed
that BDNF overexpression in the hippocampus reduces an-
xiety and stereotypic behavior in BTBR mice, which are
among the diagnostic criteria for ASD (Ilchibaeva et al., 2023).

Earlier it was found that Cc2d/a/Freud-1 knockdown in the
hippocampus of BTBR mice did not affect spatial memory
and phosphorylation of the CREB transcription factor (Belo-
kopytova et al., 2022), although such an effect was found in
C57Bl/6 J mice (Kondaurova et al., 2021). Based on these data,
we suggested that the functional activity of the CREB tran-
scription factor (stimulating BDNF expression) is impaired
in BTBR mice, which may be the cause of the disturbances
in the BDNF signaling cascade identified in the current study.

ASD is often accompanied by dysfunction in certain neu-
rotransmitter systems (Rodnyy et al., 2023). In particular,
increased levels of serotonin (Pourhamzeh et al., 2022), as
well as disturbances in the brain DA system functioning,
manifesting in changes in both DA metabolism (Yoo et al.,
2013) and signal transduction (Staal et al., 2015; DiCarlo et
al., 2019), have been established in ASD. It is known that
DA can affect cell proliferation and differentiation of telen-
cephalon cells during embryonic development: blockade of
DA-type 1 receptor (D;R) leads to a decrease in the rate of
cell division, while stimulation of DA-type 2 receptor (D,R),
on the contrary, promotes its activation (Popolo et al., 2004).
On the other hand, transduction of the DA signal upon D,R
activation reduces the migration of GABAergic interneurons
in the telencephalon (Crandall et al., 2007), which can lead to
disruption of inhibitory processes in cortical areas observed
in BTBR mice (Cellot et al., 2016) and often in people with
autism (Enticott et al., 2013). These data are in a good agree-
ment with our results identifying an increase in the Drd?2
mRNA level in the frontal cortex and hippocampus of BTBR
mice on the 14th day of prenatal development, which may
likely contribute to disturbances in the formation and func-
tioning of these brain structures.

There is a large amount of data on the relationship between
the BDNF and DA systems. For example, BDNF has been
proposed as a promising agent in the treatment of Parkinson’s
disease, given its stimulatory effect on both DA release (Neal
et al., 2003) and the overall trophic effect on DA neurons
(Palasz et al., 2020) upon activation of Bdnf expression (Kiip-
pers, Beyer, 2001). In this regard, unidirectional changes in
the expression of both D,R and BDNF-TrkB detected on the
14th day of embryogenesis in BTBR mice are consistent with
the concept of the relationship between the DA and BDNF
systems. At the same time, the decrease in the Drd2 mRNA
level observed in the hippocampus of BTBR mice at the age of
60 days together with the absence of changes in the expression
of genes encoding the studied neurotrophic factors may be a
consequence of a disruption in the CREB-dependent signaling
pathway (Belokopytova et al., 2022) and lead to deficits in
memory and learning. At the same time, the hippocampal and
cortical Drdl expression did not change in the BTBR strain
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during the studied periods of embryogenesis. However, in the
postnatal period, interstrain differences in the Drd/ mRNA
levels were detected both in the hippocampus and frontal
cortex. The Drdl expression level in the hippocampus of
BTBR mice was increased on day pl4, while in the frontal
cortex, on the contrary, its decrease was found already in the
juvenile period (p28). Despite the absence of interstrain dif-
ferences in the Drdl expression level upon reaching sexual
maturity (p60), the observed changes in the Drdl mRNA
levels during critical periods after birth may be among the
reasons for learning and memory impairments observed in
BTBR mice already in juvenile age (McFarlane et al., 2008).
Since the detected decrease in the Drdl mRNA level in the
frontal cortex of BTBR mice on the 28th day after birth was
accompanied by a decrease in the Bdnf and Ntrkb2 (TrkB)
expression, the participation of the BDNF-TrkB signaling
pathway in the regulation of DR expression was suggested.
This is in good agreement with our results showing that Bdnf
overexpression in the hippocampus of BTBR mice leads to
an increase in the Drd ] gene expression along with a decrease
in anxiety and stereotypy (Ilchibaeva et al., 2023).

The regulation of DA neurotransmission is also often asso-
ciated with the recently discovered non-canonical neurotro-
phin CDNF that has neuroprotective properties in conditions
associated with degeneration of DA neurons (Voutilainen et
al., 2011). There are currently no data on the role of CDNF
in the pathogenesis of ASD. Here we showed for the first
time the decrease in the Cdnf expression in the frontal cor-
tex of BTBR mice throughout the entire studied period of
postnatal development, starting with eye opening at day p14
till the onset of sexual maturity at day p60. Considering that
CDNEF is characterized by anti-apoptotic and neurotrophic
effects (Bohok et al., 2018), it was suggested that there is an
increased risk of cell death activation as well as reduction of
cytoprotective properties in the frontal cortex of BTBR mice
during the postnatal development, which may lead, among
other things, to disturbances in DA neurotransmission and,
hence, manifestation of autism-like behavior.

Conclusion

Thus, in the hippocampus and frontal cortex of BTBR mice,

characterized by autism-like behavior, a significant dysregula-
tion of the expression patterns of Cdnf, key DA receptors, Bdnf
and its receptors, as well as the transcription factor CREB

was shown. It was suggested that the identified disturbances
in the expression of the studied genes on the 14th day of em-
bryogenesis are critical for the formation of an autism-like
phenotype. The decrease in the expression of Cdnf, as well as
Bdnf and its receptor Ntrkb?2 in the frontal cortex during the
studied periods of postnatal development apparently results
in critical changes in the morphology of neurons in cortical
brain regions. At the same time, the revealed decrease in Drd?2
gene expression in the postnatal period may be associated with
learning and memory impairments observed in BTBR mice.
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Abstract. This work provides a comprehensive review of the history, status, and genetic characteristics of cattle breeds
in Kazakhstan. The current breeding status is analysed, including information on popular breeds such as Kazakh white-
headed, Auliekol, Alatau, Aulieata, and Kalmyk, their production and economic significance. An overview of genetic
studies using DNA fingerprinting, microsatellites, and SNPs aimed at identifying unique characteristics, genetic diver-
sity, and genes under selection, as well as markers of economically important and productive traits of Kazakh cattle
breeds, is also provided. The study examined the genetic structure of the Kazakh white-headed and Alatau breeds
based on whole-genome SNP genotyping. Unique genetic components characterizing Kazakhstan cattle breeds were
described, and comparisons were made with genetic data from other breeds. Structural analysis showed that the Ka-
zakh white-headed breed contains genetic components of the Hereford, Kalmyk, and Altai cattle. The Alatau breed has
a composite structure, containing components of the Brown Swiss, Braunvieh, Kalmyk, and Holstein breeds. The results
not only reveal the genetic diversity and characteristics of cattle breeds in Kazakhstan and the historical development
and current state of animal husbandry in the country, but also emphasize the importance of further research to identify
adaptive and unique genetic markers affecting economically important traits of local breeds.
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HcTopusi, COBpeMeHHOe COCTOsSITHIEe
U TeHeTn4YeCcKas XapaKTepuCTMKa JIOKAJIbHBIX ITIOPO/
KpVIIHOTO poratoro ckora Pecrniyonnku KasaxcraHd

A K. Xamsuna (D1, A.A. Opuenxo (92, H.C. F0auu (92, TLILL U6parumos (D)1, E.C. Yeenbexos (1, A.M. Aapxuu (23 @

T Kazaxckuin HaLMOHasbHbIN arpapHbIf CCNeAoBaTeNbCKUI yHBepcuTeT, Anmarbl, KasaxcTaH
2 DepfepanbHbIi NCCNEAOBATENbCKNIA LeHTP VIHCTUTYT uuTonorum n reHetrkn Cnbrnpckoro otaeneHns Poccrinckon akafemmn Hayk, Hosocrnbupck, Poccusa
3 KoponeBckuii BeTeprHapHblii Konnepx, YHuBepcuteT JToHAoHa, JToHAoH, BenvkobpuTaHus

@ dmlarkin@gmail.com

AHHoTauuA. B 3Toln paboTe Mbl NpefcTaBasem 0630p UCTOPUN MPOUCXOXKAEHNS, TEKYLLEro COCTOSHNA U FreHeTMYe-
CKMx ocobeHHoCTelt nopoga KpynHoro poratoro ckota (KPC) KasaxctaHa. OTpaxeHa MHPopmaLma o CoBPEeMEHHOM CO-
CTOAHUW pa3BefeHns, B TOM Ynciie O NATU Hanbonee NomynApPHbIX JIOKanbHbIX MOPOAAX — Ka3axckow 6enoronosoi,
ayNNeKOosIbCKOMN, anaTayCKom, ayNMeaTUHCKON N KaJIMbILKOW, B pamMKax NX NPON3BOACTBEHHON 1 SKOHOMMYECKOW 3Ha-
yumocTu. MpuBeaeH 0630p reHeTUYECKUX NCCIEAOBaHWI MO 3TVM NOpPoAaM, HamnpaBNeHHbIX Ha BblABEHNE UX YHU-
KalnbHbIX XapaKTePUCTUK, FeHeTNYECKOro PasHoobpasnsa 1 reHoB, HaXOAALMXCA NMOA faBleHneM oTbopa, a Takke
[HK-MapKepoB 3KOHOMUYECKI BaXKHbIX 1 MPOAYKTUBHbIX MPU3HAKOB Ka3axcTaHcKmx nopog KPC. MpepcTtaBneHbl Takke
OpUrMHanbHble JaHHble N0 0COOEHHOCTAM FeHEeTUYECKON CTPYKTYPbl Ka3axCKol 6enioronoBol 1 anaTtayckoi nopop
Ha OCHOBe pe3ynbTaToB MOHOreHOMHOrO FeHOTUMMPOBAHWA OLHOHYKMEOTUAHBIX nonumopdusmos. OnuncaHbl yHU-
KaslbHble reHeTuyeckmne KOMMOHeHTbI, XapakTepu3ytowme 31 nopoabl KPC KasaxctaHa, 1 npoBefeHo 1x CpaBHeHMe
C reHeTUYeCKON CTPYKTYpPOW NONYNALMA STUX e 1 Apyrux nopoa n3 Poccuiickon Oefepauunn. CTPYKTYPHbIN aHanms
roKasari, YTo Ka3axckas 6enoronoas nopofa CoOAepnT reHeTNYecKne KOMNoHeHTbl repedOopPACKOiA U KaMbILKO Mo-
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VicTopus, cOBpeMeHHOE COCTOSHME 1 FTeHeTYeCKas Xapaktepuctnka 2024
NoKa’bHbIX MOPOJ KPYMHOro poraToro ckoTa KasaxctaHa 28-4

pog, a TakXe anTanckoro ckota. Anatayckasa nopopa UMeeT KOMMO3UTHYIO CTPYKTYPY U COAEPXKUT KOMMOHEHTbI Gypoii
LUBULIKOI, GpayHBY, KaIMbILIKOI 1 FOMNLWTUHCKON Nopop. Pe3ynbraTbl EMOHCTPUPYIOT FEHETUYECKOE pa3HOobpasne 1
ocobeHHocTy nopop KPC KasaxcTaHa, passuTuie 1 TeKyLLiee COCTOAHME CKOTOBOJACTBA B CTPAHe, a TakKe NMoAvYepKmBatoT
HeobXOANMOCTb 6oee AeTaNbHbIX UCCIe[0BaHNI ANA BbIABIEHUA FreHETUYECKNX MapKepOoB aganTauum 1 SKOHOMUYe-

CKWM BaXXHbIX MPY3HaKoOB MeCTHbIX Nopoa.

KnioueBble cnosa: prI'IHbIIZ pOFaTbIIZ CKOT; nopoabl; NCTOPUA; KasaxcTaH; reHeTnyeckas XapaKTepUCTNKa; OQHOHY-

KNeoTUAHBIN NONMMOPOU3M.

Introduction

For over 10,000 years, cattle have been an important ele-
ment of agriculture and food production (Argynbaev, 1969;
Dakhshleyger, 1980). The first mention of cattle breeding on
the territory of Kazakhstan dates back to the Botai culture
of the Bronze Age (III-II centuries BC). The study of bone
remains indicates that these herds included mainly horses,
but the remains of small and large livestock were also found
(Adilova, Ilyassov, 2018). In the subsequent period (from the
15th to the 17th centuries), cattle breeding in limited quantities
was noted in the Kazakh Khanate (Ratchnevsky, 1993; Allsen,
2001). Before the second half of the 19th century and early
20th century, Kazakhs practised, for the most part, a nomadic
form of agriculture (Frizen, 2022). Nomadic cattle farming
was extensive, using vast grazing areas rather than intensive
farming methods in a limited area. They used pastures, where
livestock lived throughout the year or almost all year round
on natural pasture. This also determined the composition of
the herd, which could only include animals able to pasture
during the winter (Diarov, 1963; Argynbayev, 1969). To the
most extent, these were horses and sheep, which made up
the majority of the nomadic herd (Diarov, 1963; Tolybekov,
1971). In the 19th century, due to socio-economic changes,
new forms of economy began to appear, such as semi-nomadic
cattle breeding and agriculture.

A distinctive feature of semi-nomadic cattle breeding was
that it was combined with agriculture (Tolybekov, 1971). Hay-
making and farming are associated with an increase in the
share of cattle in the Kazakh nomadic economy. Cattle became
the main traction force in this type of farming. Another circum-
stance that contributed to cattle breeding in Kazakhstan was
the emergence of a market for the sale of meat (Tolybekov,
1971).

Kazakhstan, a vast Central Asian country known for its
diverse landscapes from steppes to mountains, has developed
cattle breeds that meet specific human needs and are adapted
to the local environment. Kazakh cattle breeds were formed in
such a way as to live in the harsh, often extreme conditions of
this country, while at the same time having high productivity
(Diarov, 1963).

Modern local cattle breeds are characterized by their
adaptability, sustainability, and ability to provide the popula-
tion with necessary resources, such as meat, milk and hides
(Kazkenova, Ainakanova, 2016). These breeds are the most
important asset of Kazakhstan and the whole world. Therefore,
it is necessary to study their unique genetics for subsequent
improvement, as well as to create new commercial breeds
that can maintain their outstanding properties in the harsh,
sharply continental steppe climate of Kazakhstan and other
countries.

In this work, we will review the literature describing mod-
ern cattle breeds in Kazakhstan, their commercial properties
and genetic characteristics, and also present our data on the
genetic structure of populations of two breeds: the Kazakh
white-headed and Alatau based on data from whole-genome
genotyping of samples of these breeds from Kazakhstan and
the Russian Federation and their comparisons with other
breeds.

Current status, distribution area

and description of breeds

According to the Bureau of National Statistics of the Repub-
lic of Kazakhstan, as of March 1, 2023, the total number of
livestock in the region is over 10 million heads (Fig. 1). This
figure is higher than in previous years and indicates a positive
growth trend of ~4 % per year (www.stat.gov.kz).

There are 23 cattle breeds in the country, registered in the
information and analytical system of Kazakhstan (www.plem.
kz), including four breeds that resulted from crossing imported
breeds with local livestock and are well adapted to the harsh
climatic conditions of the region (Alatau, Aulieata, Kazakh
white-headed and Auliekol) (Diarov, 1963; Torekhanov et al.,
20006). These breeds have unique features, such as adaptation
to harsh climatic conditions (extreme temperatures) and li-
mited access to feed (Torekhanov et al., 2011), resistance to
local diseases and parasites (Sattarova et al., 2023), high meat
and dairy productivity in the country’s conditions (Torekha-
nov et al., 2011). To create these breeds, breeds imported to
Kazakhstan from other countries were used to improve the
economic characteristics of local livestock or adapt to new
conditions of keeping and growing (Kazhgaliyev et al., 2016;
Zhumanov, Baimukanov, 2020; Ulimbashev et al., 2023).

The main imported breeds that are now successfully bred
in Kazakhstan include Kalmyk, Angus, Hereford, Holstein,
Kholmogory, Limousin, Santa Gertrudis and others. Accord-
ing to the Republican Chamber of Dairy and Combined Cattle
Breeds of Kazakhstan (www.qazaqsut.kz), which includes
Alatau, Aulieata, Holstein, Black pied and other breeds of this
productivity, the number of stud farms for 2023 is 628 farms,
and the number of commercial ones is 1,271 farms. Most
dairy and combined productivity cattle are Simmental and
Holstein breeds.

Alatau cattle breed — meat and dairy productivity breed
(Fig. 2a). Research on breeding the Alatau breed was carried
outin 1930-1950 in the Kirghiz SSR and the southern regions
of the Kazakh SSR by crossing local cattle with animals of
the Kostroma and Brown Swiss breeds (Nysanbaev, 2004).
The breed is adapted to living in high mountain areas, its
colour is mostly brown, of different shades. As of the begin-
ning of 2024, the population of breeding cattle of this breed
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Fig. 1. Total headcount of cattle in the Republic of Kazakhstan from 2003 to 2023 (www.stat.gov.kz).
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Fig. 2. Alatau breed (a); Aulieata breed (b); Kazakh white-headed breed (c); Auliekol breed (d); Kalmyk breed (e).

is about 7 thousand heads, which is ~2.8 percent higher than
the previous year (www.qazaqsut.kz). This breed is mainly
bred in the Almaty and Turkestan regions of the Republic
(www.gov.kz).

The Alatau cattle breed from Kazakhstan has been the
subject of several studies aimed at improving its breeding and
rearing. Thus, A.D. Baimukanov and co-authors (Baimuka-
nov et al., 2021) focused on the effective breeding of the Ka-

zakh population, while S.K. Abugaliev and co-authors (Abu-
galiev et al., 2020) studied the growth and development of
heifer calves under various rearing technologies.

The Aulieata dairy production breed (Fig. 2b) was bred
in the Kyrgyz and Kazakh SSR by crossing local cattle with
Dutch cattle and subsequent inbreeding of crossbreeds (Nysan-
baev, 2004). It was first tested in 1952. A distinctive feature
of the breed is its adaptability to breeding in hot climates

418 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 4



A.K. Xam3unHa, A.A. lOpueHko, H.C. lOgnH
M.LU. N6parumos, E.C. YceH6ekoB, [I.M. JlapkuH

and resistance to blood-parasitic diseases. The colour of the
animals is predominantly black-and-white, but light grey is
also found. The Aulieata breed fattens well. The animals are
characterized by a purely milky body type, a well-developed
udder, and correctly positioned limbs (Nysanbaev, 2004). As
of 2024, the number of pedigree cattle of the Aulieata breed
in Kazakhstan is about 1 thousand heads (www.qazaqsut.kz),
with the main breeding happening in the south of the country
(www.gov.kz).

The Kazakh white-headed meat production breed was
developed in the USSR in 1930-1940 (Fig. 2¢), and it was
officially tested in 1950. The selection was carried out by
complex reproductive crossing of a breeding stock of local
Kazakh and partly Kalmyk cattle with Hereford bulls, as a
result of which the cattle acquired the best qualities of all
these animals: high adaptive ability, strong constitution, early
maturity and high meat yield (Porter, 2016). The colour is red,
of varying intensity, with a white head, chest, belly, lower
limbs and tail brush. There are animals with white markings
on the withers and rump; the front part is better developed
than the back part; the hair is thick and short in summer,
and long and slightly curly in winter (Dmitriev, Ernst, 1989;
Nysanbaev, 2004). The total number of pedigree cattle of the
Kazakh white-headed breed in 2022 is about 500 thousand
heads, including about 200 thousand cows (www.gov.kz).
The breed is bred countrywide, but the largest population is in
the East Kazakhstan region. The Kazakh white-headed cattle
breed makes a significant contribution to beef production in
Kazakhstan (Bozymov, 2018).

The Auliekol breed was created by a complex reproductive
crossing of three specialized meat breeds: Kazakh white-
headed, Charolais and Aberdeen Angus (Fig. 2d). Per the
international classification, the breed belongs to large breeds
of beef cattle. It was registered in 1992 (Nysanbaev, 2004).
The breed is located mainly in the Kostanay region; it was
also imported to the farms of the Pavlodar, North Kazakhstan,
Almaty, and Karaganda regions. As of 2022, the number of
pedigree cattle of the Auliekol breed is about 70 thousand
heads, of which approximately 33 thousand are cows (www.
gov.kz). The specialized Auliekol meat breed is characterized
by good early maturity, high yield and quality of meat, high
growth energy, and adaptability to local conditions. The colour
of the animals is light grey, 70 % of the livestock are polled.
Animals have a strong constitution. In winter, they grow thick
hair and are well adapted to harsh natural and climatic condi-
tions of a sharply continental climate (Nysanbaev, 2004). In
summer, animals quickly gain weight, easily tolerate heat, and
in winter they are tolerant to frost when outdoors.

The Kalmyk meat production breed has been bred in
Kazakhstan since the 17th century (Fig. 2e). It was introduced
by nomadic Kalmyk tribes more than 350 years ago from the
western part of Mongolia and China (Bichurin, 1991; www.
qalmaq.kz). The final formation of the Kalmyk breed took
place in the conditions of a nomadic economy with year-
round grazing of animals. Cows of the Kalmyk breed are,
in general, medium in size and compact in build (Narmaev,
1963). The colour of the animals is red, with white markings
on the head, belly or limbs. In winter, cows of the Kalmyk
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breed grow thick hair. As 02022, the total number of breeding
cattle of the Kalmyk breed is about 23 thousand heads, includ-
ing about 15 thousand cows. The Kalmyk breed is mainly
bred in the Zhambyl and Turkestan regions of Kazakhstan
(www.gov.kz).

The Kalmyk cattle breed, which belongs to the group of
Turano-Mongolian breeds (Yurchenko et al., 2018a), has
high adaptive abilities and similar production and reproduc-
tive characteristics to the Mongolian breed (Fedotova et al.,
2020). The productivity of Kalmyk bulls varies depending on
breeding methods, while bulls of the Kalmyk breed of Buryat
selection have a higher live weight compared to bulls of
Kalmyk and Rostov selections (Lumbunov, Garmaev, 2021).

Genetic characteristics of cattle breeds

in Kazakhstan

Molecular genetic studies of Kazakhstan cattle breeds have so
far been carried out using DNA fingerprinting, microsatellites,
and SNP markers. These DNA markers are highly informa-
tive and variable for studying genetic diversity. However, in
most cases, the analysis includes a limited number of markers,
which does not provide a comprehensive study of the animal
genome.

Population structure. Analysis of the genotypes of three
cattle breeds in Kazakhstan (Terletsky et al., 2019), Alatau,
Kazakh white-headed and Auliekol, was carried out by DNA
fingerprinting using DNA probes, which revealed the highest
degree of genetic similarity in animals of the Auliekol breed
(BS = 0.64), then in the Alatau breed (BS = 0.54), and the
smallest, in the Kazakh white-headed breed (BS = 0.51).
The genetic distance between the Kazakh white-headed and
Auliekol breeds was the smallest (D =0.025), which confirms
their known genetic relationship. The Alatau breed showed the
highest distance from the Kazakh white-headed and Auliekol
breeds (D = 0.055 and D = 0.060, respectively). Heterozygo-
sity (H) values are higher in the Kazakh white-headed breed
(0.54), which exceeds the value of the Auliekol breed (0.38),
confirming the higher genetic variability of the former breed
(Terletsky et al., 2019).

Analysis of 12 microsatellite loci confirmed the relation-
ship of the Kazakh white-headed breed with the Hereford
breed, which is associated with the use of Hereford bulls for
its creation (Shamshidin et al., 2019; Abdelmanova et al.,
2021). This is confirmed by data from genome-wide geno-
typing of 154 thousand SNP markers, where animals of the
Kazakh white-headed breed of Russian selection formed a
cluster both in principal component analysis (PCA) and in
structural and phylogenetic analyses, with the Hereford breed
(Yurchenko et al., 2018b; Yudin, Larkin, 2019; Beishova et
al., 2022a). On the other hand, the Kazakh white-headed
breed has a high level of genetic diversity and has retained a
significant fraction of Turano-Mongolian genetic components,
which most likely originate from local Kazakh cattle and
Kalmyk breeds.

Clustering of SNP markers revealed the genetic relation-
ship of the Alatau breed with the Kostroma, Brown Swiss and
Braunvieh breeds, which confirms the known history of the
formation of the Alatau and Kostroma breeds (Yudin, Larkin,
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2019). Of the microsatellite alleles found in museum Kalmyk
cattle samples, more than 80 % were also present in modern
representatives of the breed (Abdelmanova et al., 2021).

As a result of genome-wide genotyping of SNP markers,
a genetic relationship was revealed between the Kalmyk
breed and the Serbian Busha breed (Iso-Touru et al., 2016).
In turn, the Auliekol breed showed heterogeneity using SNP
genotyping of 154 thousand markers, forming its own cluster
in PCA and structural (ADMIXTURE) analyses (Beishova
etal., 2022a).

The distribution and frequency of regions of homozygo-
sity (ROH) in the genomes of the Kazakh white-headed and
Auliekol cattle breeds were studied as well (Beishova et al.,
2022b). In this study, it was shown that the Kazakh white-
headed breed had a higher number of ROHs (55.976) com-
pared to the Auliekol breed (13.137). Calculation of the ave-
rage ROH length showed differences between the values of
the Kazakh white-headed (211.59 + 92.98 Mb) and Auliekol
(99.62 £+ 46.48 Mb) breeds.

Genes under selective pressure. When analysing genetic
signatures of selection in the Kazakh white-headed breed,
regions of the KI7, KITLG and EDN3 genes were identified,
associated with white, roan coat colour and the “white head”
phenotype, respectively (Yudin, Larkin, 2019). Analysis of
haplotype frequencies from genome-wide genotyping data
showed that the Kazakh white-headed breed exhibits signals
on chromosome 6, in the LCORL-NCAPG gene region, which
has been associated with a number of growth traits in cattle
(average daily weight gain, muscle development, and carcass
traits). The selection was also found in the interval on chro-
mosome 14 containing the DGATI gene, which contributes
to milk fat content.

The FKBP2 gene, which has been associated with milk
protein yield and content, was found to be under selection
in the Kazakh white-headed breed. In the Kalmyk breed, the
areas under selection were in the region of the HMGA?2 gene,
which is associated with growth in cattle, and the TRPV5
gene, associated with hypocalcemia and postpartum paresis
in cattle (Yurchenko et al., 2018b). In the Kalmyk breed, as
well as in other Russian breeds, it was found that the RAD52
gene was subject to selection pressure. This gene is associated
with DNA repair and is involved in antiviral defence processes
(Yudin, Larkin, 2019).

Genetic markers of economically important traits. Ana-
lysis of the association of genotypes for the calpain (CAPN1)
and somatotropic hormone (GH) genes with productivity traits
showed that Kazakh white-headed animals homozygous for
the CAPNI (CC) locus and homozygous for the GH (VV)
locus are significantly superior to animals without the C and
V alleles based on such characteristics as milk productivity,
average daily body weight gain, pre-slaughter body weight,
slaughter weight, carcass weight, pulp weight, chemical com-
position and histological characteristics of meat (Plakhtukova
et al., 2020). Genetic markers such as blood group antigens
Al,A2,D’, W, V, and Z have been identified in the Kalmyk
breed, which may have potential implications for selection
and breeding (Chimidova et al., 2022).

A study of cows of the Aulieata breed in Southern Kazakh-
stan in comparison with other breeds showed a high occur-
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rence of the kappa-casein gene (x-Cn, CSN3) in animals with
genotypes AB and BB, as well as a more frequent occurrence
of the B allele, which is important for cheese making. Phylo-
genetic analysis showed that animals of the Aulieata breed are
closest to the German black-pied cattle and are included in a
common cluster with them. Although the black-pied alleles
are rare in the Aulieata breed, they are positively correlated
with the level of milk yield over the 305-day lactation period
(Alentayev, 2010).

Population genetics analysis

of the Kazakh white-headed and Alatau breeds

To carry out this analysis, blood samples of the Alatau breed
(40 individuals) were used from Kakpatas LLP in Zhambyl
region, 53 blood samples of the Kazakh white-headed breed
from the Agro Baltabay peasant farm in Almaty region, 25 hair
follicle samples were obtained from the Elimay peasant farm,
East Kazakhstan region. Genotyping of DNA samples of
the Kazakh white-headed and Alatau breeds was carried out
using the BovineSNP50 v.3 array (Illumina, USA) following
the manufacturer’s protocol at Miratorg-Genetika LLC. The
results of the genotyping of these two breeds of Kazakh selec-
tion were combined with genotyping data of Altai cattle and
closely related breeds from Russia (Yurchenko et al., 2018a)
using the PLINK v. 1.9 program (Purcell et al., 2007). Struc-
tural analysis of pooled genotyping data from 389 individuals
was performed using the fastSTRUCTURE program (Raj et
al., 2014).

Analysis of the genetic structure (Fig. 3) of the popula-
tions of the Kazakh white-headed and Alatau cattle breeds
of Kazakhstan selection in the context of these breeds from
Russia and related breeds show the division of breed groups
into two main populations at K = 2.

The first group includes the Hereford breed, and the second
group includes the Brown Swiss breed. The remaining breeds
have either predominantly Hereford components (Kazakh
white-headed of Russian and Kazakhstan selections), or
predominantly Brown Swiss components (Altai cattle, Khol-
mogory, Black pied, Holstein, Kalmyk, Alatau of Kazakhstan
and Russian selections, Braunvieh, Kostroma).

At K =3, a component of the Brown Swiss and Kostroma
breeds appears, which distinguishes a group of similar breeds
(Brown Swiss, Kostroma, Braunvieh, and Alatau breeds of
Kazakhstan and Russian selections). A cluster of dairy breeds
becomes clear: Kholmogory, Black pied and Holstein. Altai
cattle and Kalmyk breeds appear to be hybrid populations. At
K =4, the Kalmyk breed forms a separate cluster, its unique
component can be traced in the Kazakh white-headed breed,
Altai cattle, as well as the Alatau breed and Braunvieh. At
K > 5 this component disappears in the Braunvieh breed. At
K =5, the Kholmogory breed is separated from the general
cluster with Holsteins and the Black pied breed. At K = 6, the
structure of the Alatau breed appears, which is composite and
has components of the Brown Swiss (Kostroma), Braunvieh,
Kalmyk, and Holstein (Black pied) breeds.

The proximity to the Kostroma and Swiss breeds is likely
explained by the origin of the Alatau breed. Animals of the
Alatau breed of Kazakhstan selection have a slightly more
pronounced component of Holstein cattle and the Kalmyk
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Fig. 3. Genetic structure of cattle breeds from Kazakhstan and other Eurasian breeds.

Kazakh w. RK - Kazakh white-headed breed from the Republic of Kazakhstan; Kazakh w. RF — Kazakh white-headed breed from the Russian
Federation; Altai - Altai cattle; Alatau RK - Alatau breed from the Republic of Kazakhstan; Alatau RF - Alatau breed from the Russian
Federation. The results of population clustering using the fastSTRUCTURE program from K = 2 to K= 7 are shown.

breed compared to the Russian population. The number of
animals of Kazakhstan selection of this breed has increased
from ~500 heads to 7 thousand over the past 10 years. Thus, the
observed differences may be explained by bottleneck effects
and genetic drift. At K =7, Altai cattle form a separate cluster,
a component of which is present in the Kazakh white-headed
breed. Thus, the Kazakh white-headed breed has a pronounced
component of the Hereford breed, Kalmyk and Altai cattle.
Altai cattle are probably close in genetics to the original Ka-
zakh cattle used to produce the Kazakh white-headed breed.
On average, the Kazakh white-headed breed of Kazakhstan
selection has a smaller component of Hereford and a larger
component of Altai and Kalmyk cattle compared to the Kazakh
white-headed breed of Russian selection.

In the last decade, active work has been carried out in
Kazakhstan to preserve local livestock breeds, including the
Kazakh white-headed breed (www.aqgbas.kz). One of the goals
of this program is to gradually reduce the use of imported
breeds in the breeding of local ones. It is possible that this
strategy reduced the fraction of Hereford genetics in the Ka-
zakh white-headed population bred in Kazakhstan compared
to the population from Russia. Overall, analysis of the genetic

structure of these cattle breeds highlights the importance of
conserving and maintaining their genetic diversity to ensure
resilience and adaptability to changing environmental condi-
tions and livestock production needs.

Conclusion

Throughout the long history of livestock farming in Kazakh-
stan, unique breeds have been developed and adapted to its
climatic and environmental conditions, which play a crucial
role in the country’s livestock sector. Molecular genetic stud-
ies show their closeness not only to European breeds but also
to the group of Turano-Mongolian breeds. Recent work on
DNA fingerprinting, microsatellites and SNP markers shows
that Kazakhstan’s cattle need to be studied in more detail to
identify adaptive and unique genetic markers for economically
important traits of local breeds. The most promising approach
may be whole-genome sequencing of the main cattle breeds
of Kazakhstan and their comparison with the genomes of
breeds from around the world. The emphasis on preserving
the genetic diversity of Kazakhstan’s cattle breeds is consis-
tent with global efforts to maintain the biodiversity of local
domestic animal populations.
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Abstract. Breast cancer is one of the leading causes of mortality among women. The most frequently encountered tu-
mors are luminal tumors. Associations of polymorphisms in the hOGGT (rs1052133), APEXT (rs1130409), XPD (rs13181),
SOD2 (rs4880), and CAT (rs1001179) genes were studied in 313 nonsmoking postmenopausal patients with luminal
B subtype breast cancer. The control group consisted of 233 healthy nonsmoking postmenopausal women. Statisti-
cally significant associations of the XPD and APEXT gene polymorphisms with the risk of developing luminal B Her2-
negative subtype of breast cancer were observed in a log-additive inheritance model, while the CAT gene polymor-
phism showed an association in a dominant inheritance model (OR = 1.41; CI 95 %: 1.08-1.85; Padj.= 0.011; OR = 1.39;
Cl 95 %: 1.07-1.81; Padj = 0.013 n OR = 1.70; Cl 95 %: 1.19-2.43; Padj = 0.004, respectively). In the group of elderly
women (aged 60-74 years), an association of the CAT gene polymorphism with the risk of developing luminal B sub-
type of breast cancer was found in a log-additive inheritance model (OR = 1.87; 95 % Cl: 1.22-2.85; Padj = 0.0024).
Using MDR analysis, the most optimal statistically significant 3-locus model of gene-gene interactions in the develop-
ment of luminal B Her2-negative subtype breast cancer was found. MDR analysis also showed a close interaction and
mutual enhancement of effects between the APEXT and SOD2 loci and the independence of the effects of these loci
from the CAT locus in the formation of luminal B subtype breast cancer.
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AHanms accouyanmni nmoammMop@HbIX BApMAHTOB

reHoB hOGG1, APEX1, XPD, SOD2 un CAT, y4aCTBVIOILINX

B rIpoireccax pernapauum JIHK 1 aHTMOKCUOAHTHON 3allliTe,
C PMICKOM Pa3BUTUS paKa MOJIOUHOI KeJie3bl
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AHHoTauuA. OHKONOrMyeckrie 3a60neBaHNA MOTIOYHON Xenesbl — OfHa 13 BEAYLWMX NPUYUH CMEPTHOCTY Y XKEHLLUH.
Pak MONOYHON »Kene3bl OTHOCUTCA K YMCY PacnpOCTPaHEHHbIX MyNbTUdAKTOPUANbHbIX MONMIEHHbIX 3aboneBaHui,
peanu3yoLwyxca B pesysibTate COYeTaHHOro B3aVIMOAENCTBUA reHeTMYECKUX 1 CpefoBbIX pakTopoB. Hanbonee yacto
BCTPEYaloTCA NIIOMUHANbHbIE OMyXonu. JIIOMUHANbHBIA NOATVN B paka MOIOYHON »Kene3bl XapakTepusyeTca XyALWnm
NPOrHO30M U PaHHUMW peLuanBamu. Jna n3yyeHuns reHeTnyecknx GpakTopoB prcKa Pa3BUTHA 310KayeCTBEHHbIX HO-
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Monumopdusmbl reHoB penapaumm AHK 1 aHTMOKCMAAHTHON
3aLMTbl U PUCK Pa3BUTUA pPaka MOIOYHON Xxenesbl

BOOOPa30BaHWI MOSIOYHON »Kene3bl HeobxoAMMO onpeaenvTb NoAMMOPGHbIE BapMaHTbl FEHOB, UIPAOLLMNX BaXKHYIO
ponb B KaHUeporeHese, K YNC/y KOTOPbIX OTHOCATCA reHbl penapauumn HK n cnctembl aHTMOKCMAAHTHON 3alynThl.
M3yueHbl accoymaumm nonmmopodusmos reHos hOGGT (rs1052133), APEXT (rs1130409), XPD (rs13181), SOD2 (rs4880)
n CAT (rs1001179) y 313 HeKypALMX NaLMeHTOK B NOCTMeHoMay3e C AMarHo3oM JIloMHanbHoro nogrvna B Her2-He-
raTVIBHOTO paka MOMOYHOW Xene3bl. B KOHTponbHyto rpynny Bowv 233 340poBble HEeKYpALLME XeHLMHbI B NOCTMe-
Honay3e. 3aperncTpupoBaHbl C MOMNPaBKOW Ha BO3PACcT CTaTUCTUYECKN 3HaUYVMble accoLmaumy NonMmMopdHbIX Bapu-
aHToB reHoB XPD (rs13181) u APEX1 (rs1130409) ¢ pncKom pa3BuUTMA JIIOMUHaNbHOrO noatuna B Her2-HeratuBHoro
paka MOJIOYHOW Xene3bl B IOr-agAUTUBHON Mofenn HacnenoBaHus, reHa CAT (rs1001179) — B AOMUHAHTHON mopenu
OR =1.41; Cl 95 %: 1.08-1.85; Padj = 0.011; OR = 1.39; Cl 95 %: 1.07-1.81; Padj = 0.013 1 OR = 1.70; Cl 95 %: 1.19-2.43;
Padj = 0.004 cooTBeTCTBEHHO). B rpynne XeHWMH Noxunoro Bo3pacta (60-74 rofa) BblsiBieHa accoumnaums BapuaH-
TOB reHa CAT (rs1001179) ¢ puckom pa3BUTUA paka MOJIOYHOW ene3bl B JIOr-agAUTMBHOW MOAENN Hacle[oBaHWA
(OR = 1.87; Cl 95 %: 1.22-2.85; Padj = 0.0024). C nomoLybto MDR-aHanu3a HangeHa Hanbonee onTyManbHasa CTaTu-
CTUYECKMN 3HAUYMMasA 3-N0KYCHaA MOAESb MeXreHHbIX B3aMOAEeNCTBUI NPU Pa3BUTUN OHKO3aboneBaHWI MOMOYHOW
»enesbl NlomyHanbHoro noatuna B. MDR-aHanu3 nokasan Tak»ke TeCHoe B3avMOAEeNCTBIME U B3aUMHOe ycuneHve 3¢-
dekToB Mexpy nokycamu APEXT n SOD2 n He3aBUCUMOCTb 3PEKTOB AlaHHbIX IOKYCcoB OT addekTa nokyca CAT npu
dopMUPOBaHUN JIIOMUHANBHOTO MNOATUMNA B paka MOMoOYHON Xenesbl.
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KntoueBble cfloBa: pak MOMTOYHOW »ene3bl; NloMUHanbHbIN nogtun B; hOGGT; APEXT; XPD; SOD2; CAT.

Introduction

Malignant transformations of the breast are the most wide
spread oncological pathologies, by amount of deaths they take
second place in world statistics (Siegel, 2021). Age, excess
weight, heritage can be referred to as risk factors for onco-
pathology of breasts. Genetical, reproductive and hormonal
factors can make a significant contribution to breast cancer.
According to literature data, hormonal (luminal) malignancies
are the most widespread (Ignatiadis, Sotiriou, 2013). Luminal
B subtype of breast cancer, as opposed to luminal A subtype,
is characterized by poor prognosis, early recurrence and high
frequency of metastases in lymph nodes (Nishimura et al.,
2010).

Breast cancer (BC) is a complex disorder with a high level
of heterogeneity. The most well-studied markers of hereditary
risk of BC are mutations in genes like BRCA1/2, PALB2, TP53.
They influence the risk increase for BC more than twofold in
comparison with the whole population. BC that is linked with
germinal mutations in BRCA [ has a triple negative phenotype
(70-85 %), while ER-positive cases can be detected in carriers
of mutations in the BRCA2, ATM, CHEK?2 and PALB?2 genes
(Breast Cancer Association Consortium, 2021).

Meanwhile the majority of BC cases are sporadic (only
from 5 to 10 % cases of BC are hereditary forms). There is a
need for significant prognostic markers for sporadic forms of
BC that can allow us to determine the group of risk to decrease
mortality and morbidity.

Genome-wide association studies (GWASSs) allowed to
register over 170 loci of susceptibility for malignant breast
transformation development, among them the biggest con-
tribution can be made by single nucleotide polymorphisms
(Michailidou et al., 2017; Ferreira et al., 2019). In Caucasian
women, via GWAS, 32 loci associated with BC risk were
identified. Five loci showed associations (P < 0.05) in the op-
posite direction between luminal and non-luminal subtypes of
BC. In silico studies demonstrated that these five loci consist
of cell-specific enhancers that differ in normal, luminal and
basal cells of breasts (Zhang H. et al., 2020). A large number
of variants detected by similar studies as a rule are located in
regulatory non-coding regions, especially in distal enhancers
and transcription factor binding sites (Pan et al., 2021).

Variants of DNA repair genes among different biomarkers
are of greatest interest. DNA aberrations such as oxidative
and reductive nitrogen bases, adducts and mutations induced
by methylation agents can be recovered by enzymes of base
excision repair (BER).

The hOGG1 gene encodes a key enzyme of the BER path-
way, bifunctional DNA-glycosilase/p-lyase, which excludes
residues of 8-oxoguanine. The most well-studied and useful
hOGG1 polymorphic variant is rs1052133, which causes sub-
stitution of serine with cysteine in region 326 of the protein,
decreasing the ability for repair activity (Niu et al., 2012). In
a study using a BC cell line (HCC1937), it was shown that
these cells are able to accumulate high levels of 8-oxoguanine
in comparison with to normal glandular tissue (Nyaga et al.,
2000).

Another gene of the BER pathway is APEXI, which en-
codes apurinic/apirimidinic endonuclease that can delete
DNA sites with no nitrogen bases. APEXI rs1130409 poly-
morphic variant is linked to transversion of thymine to guanine
in the 5th exon and causes substitution of asparagine acid
with glutamine acid (Asp148Glu). It is associated with the
ability of this enzyme to interact with other components of
BER, thus decreasing the effectiveness of repair (Hadi et al.,
2000).

Nucleotide excision repair (NER) plays a crucial role in
stabilization of genome structure due to its ability to recover
a high spectrum of DNA mutations (Sugasawa, 2010). One
of the key components of this pathway is the XPD gene that
encodes helicase, which participates in DNA unwinding
and recognition of adducts and thymine dimers (Fontana et
al., 2008). Substitution of adenine with cytosine in region
2251 of the gene (rs13181) promotes replacement of lysine
by glutamine in region 751 of the protein, thus changing its
configuration and causing interaction with helicase activator
(Romaniuk et al., 2014).

Oxidative stress is one the most important factors in can-
cerogenesis caused by active forms of oxygen production that
can affect DNA and initiate lipid peroxidation and modifica-
tion of protein molecules (Caporaso, 2003; Tas et al., 2005).
Effectiveness of autoxidation system performance is ensured
by individual genetic properties. Catalase (CAT) and super-
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oxide dismutase (SOD2) refer to proteins that can protect cells
against oxidative stress (Ambrosone, 2000).

CAT is a key enzyme involved in neutralization of active
oxygen forms via breakdown of hydrogen peroxide to water
and oxygen (Ambrosone, 2000). Allele variants of this gene
are associated with reduction of catalytic activity of this
enzyme. rs1001179 is a well-studied polymorphic variant
in the promoter region of the gene that can influence gene
expression and cause a decrease in enzyme activity (Forsberg
et al., 2001; Bastaki et al., 2006). A hypothesis about a link
between estrogen exposure and catalase activity was made. It
was shown that exposition of normal epithelial cells of human
breasts to estradiol decreases the activity of cellular catalase
(Forsberg et al., 2001).

Manganese-dependent superoxide dismutase works in the
antioxidative system and is expressed in mitochondria. Tran-
sition of cytosine to thymine in the 47th region of the gene
(rs4880) causes alanine-to-valine substitution in the 16th re-
gion of the protein and alteration of the secondary structure of
the signal peptide. Destabilization of its alpha-helix domain
decreases import of the protein from the cytoplasm to the
mitochondria matrix causing enzyme absence. For 7 variant,
mRNA instability is typical (Sutton et al., 2005). Association
of this single nucleotide polymorphism with SOD2 overex-
pression and accumulation of genotoxic oxygen peroxide has
already been described (Ji et al., 2012).

Based on the above, the aim of this study was the analysis of
association of loci HOGG1 (rs1052133), APEX]I (rs1130409),
XPD (rs13181), SOD2 (rs4880) and CAT (rs1001179) with
BC development risk in women with luminal B Her2-negative
subtype.

Materials and methods

Overall, 2,150 women with breast cancer that are Kemerovo
region residents were observed. Inclusion criteria of patients
in the study were as follows: Caucasian, female, age over 40,
postmenopausal, previously diagnosed with luminal B Her2-
negative BC, absence of family forms of oncopathology.
Exclusion criteria were: smoking, oncopathology forms in
anamnesis, relatives with oncopathology.

313 non-smoking women were selected from the whole
sample of patients (median age 60.88+0.35), 42.04 % had
the I stage of disease, 42.04 % had the II stage, 13.38 and
2.55 % patients were diagnosed with the III and IV stages
of BC, respectively. Metastases in lymph nodes and/or in
distal organs were observed in 51 women. All patients were
observed by medicals of Kuzbass Clinical Oncological Dis-
pensary using a whole complex of diagnostics methods, after
that it became possible to make a certain pathomorphological
diagnosis for each woman. Classification of subtypes was
based on expressional parameters of estrogen (ER) and pro-
gesterone (PR) receptors and also those of receptor tyrosine ki-
nase (Her2) and level of proliferative activity of Ki-67 (Gold-
hirsch et al., 2013).

233 Kemerovo region residents were included into the
control group without any symptoms of oncological disorders
(median age 58.44+0.34). Inclusion criteria in the control
group were: Caucasian, female, age over 40 years, postmeno-
pausal. Exclusion criteria were: smoking, oncological cases in
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and the risk of developing breast cancer

Table 1. Characteristics of the comparison groups

Age, Patients, Controls,
years N (%) N (%)
45-59 119 (36.39) 137 (58.80)
60-74 194 (59.33) 96 (41.20)

anamnesis, relatives with oncopathology. Age characteristics
of the observed groups (according to the WHO recommenda-
tions of 2016) are presented in Table 1.

This study was approved by the ethics committee of the
Federal Research Center of Coal and Coal Chemistry of SB
RAS according to the statements of the Helsinki declaration
(ratified in 2000). Collection of data and samples of periphe-
ral blood was conducted after receiving voluntary informed
consent from patients and healthy individuals.

DNA was purified from peripheral blood via the stan-
dard method of phenol-chloroform extraction (Sambrook
et al., 1989). Variants of the 7 OGG! (rs1052133), APEX]
(rs1130409), XPD (rs13181), and CAT (rs1001179), SOD2
(rs4880) genes were genotyped by real-time PCR using Tag-
Man primers from SibDNA kits (SibDNA, Novosibirsk, Rus-
sia). Amplification and detection of the results were performed
using the CFX96 amplificator (BioRad, USA).

SNPStats (http://bioinfo.iconcologia.net/SNPstats) and
STATISTICA 10.0 (StatSoft Inc., Tulsa, Oklahoma, USA)
programs were used for statistical processing of the obtained
results. Analysis of rare allele frequency, accordance to Har-
dy—Weinberg equilibrium were provided by available online
sources (https://gene-calc.pl/hardy-weinberg-page and http://
www.quantpsy.org/chisg/chisq.htm, respectively). Statistically
significant results were accepted with p <0.05. For minimiza-
tion of type I statistical error, multiple comparisons problem
was used. Using age parameter, we performed a logistic reg-
ression analysis with odds ratio (OR) calculation (with 95 %
confidence interval). The most convenient statistical model
with the lowest value was selected using Akaike Information
Criteria (AIC). With Multifactor Dimensionality Reduction
(MDR), which allows to evaluate all possible models of SNP
combinations, we investigated intergenic interactions. Contri-
bution of each gene and/or their interactions were evaluated
by H-parameter (caused by entropy) and represented as a
percentage (%) (Moore et al., 2006). To perform this analysis,
the program package of MDR 3.2.0 was used (Computational
Genetics Laboratory, Philadelphia, Pennsylvania, USA).

Results

Investigation of the hHOGG1, APEXI, XPD, SOD2 and CAT
genes polymorphic variants was conducted in cohorts of non-
smoking women with luminal B subtype of BC and healthy
women of similar age (Table 2).

Distribution of alleles and genotypes in the studied groups
corresponds to Hardy—Weinberg equilibrium and to parame-
ters observed in Caucasian population (http://www.ensembl.
org/Homo sapiens). No statically significant differences were
detected between different groups of patients (malignancy
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Table 2. Distribution of DNA repair and antioxidant system genes polymorphic variants in the study groups

Loci Genotypes and alleles  BC, N (%)
XPD c.2251A>C, AA 125 (39.94)
p.K751Q (rs13181)
AC 152 (48.56)
cc 36 (11.50)
A 201 (64.22)
C 118(35.78)
pHWE-x- 0.39
APEX1 c.444T>G, T 107 (34.19)
p.D148E (rs1130409)
G 157 (50.16)
GG 49 (15.65)
T 186 (59.27)
G 127(40.73)
pHWE* 0.56
hOGGT1 c.977C>G, cc 185 (59.11)
p.5326C (rs1052133)
cG 118(37.70)
GG 10(3.19)
C 244 (77.96)
G 69 (22.04)
pHWE* 0.10
CAT g.4760 C>G cc 168 (53.67)
(rs1001179)
CcG 119 (38.02)
GG 26 (8.31)
C 228 (72.68)
G 85(27.32)
p HWEx 0.48
SOD2 c.47T>C, T 84 (26.84)
p.A16V (rs4880)
TC 147 (46.96)
cc 82 (26.20)
T 157 (50.32)
C 156 (49.68)
pHWE* 0.30

Controls, N (%) P (df)**

118 (50.64) 0.06 (2)/0.05 (1)
95 (40.77)
20(8.58)

166 (71.03)
67 (28.97)

0.87
96 (41.20) 0.10(2)/0.16 (1)

114 (48.93)
23(9.87)

153 (65.67)
80 (34.33)

0.24

142 (60.94) 0.28(2)/0.97(1)
77 (33.05)
14 (6.01)

181 (77.47)
52(22.53)

0.45

151 (64.81) 0.045 (2)/0.07 (1)
69 (29.61)
13 (5.58)

186 (79.62)
47 (20.38)

0.22
65 (27.90) 0.24 (2)/0.41 (1)

122 (52.36)

46 (19.74)

126 (54.08)

107 (45.92)

0.71

* Accordance to Hardy-Weinberg equilibrium (HWE); ** level of significance after comparison of alleles and genotypes frequency in the study groups.

stage, its localization, metastases development). Significant
differences between genotypes and alleles distribution in DNA
repair and antioxidant system genes, taking into account the
Bonferroni correction were not detected in study groups.
Analysis of different hereditary models with correction
for age allowed to detect association between the risk of lu-
minal B Her2-negative BC development and XPD (rs13181)
and APEX] (rs1130409) in the log-additive model, and CAT
(rs1001179) in the dominant model (OR = 1.41; CI 95 %:

1.08-1.85; Padj = 0.011; OR = 1.39; CI 95 %: 1.07-1.81;
Padj=0.013 and OR =1.70; CI1 95 %: 1.19-2.43; Padj = 0.004
respectively).

Distribution of genotypes and alleles of the studied genes in
different age groups of patients with BC and healthy women
is presented in Table 3.

Analysis of different hereditary models allowed to reveal
links between polymorphic variants of the CAT (rs1001179)
gene with the risk of luminal B Her2-negative BC develop-
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Polymorphisms of DNA repair and antioxidant defense genes
and the risk of developing breast cancer

Table 3. Distribution of different variants of DNA repair and antioxidative system genes in different study groups

Age Loci Genotypes BC, N (%) Controls, N (%) P (df)*
and alleles
45-59 XPD c.2251A>C, AA/AC/CC 49 (41.18)/52 (43.70)/18 (15.12) 68 (49.64)/56 (40.87)/13 (9.49) 0.35
p.K751Q(rs13181)
A 75 (63.03) 96 (70.08) 0.29
C 44 (36.97) 41 (29.02)
APEX1 c.444T>G, TT/TG/GG 41 (34.45)/58 (48.74)/20 (16.81) 53(38.69)/67 (48.91)/17 (12.40)  0.68
p.D148E (rs1130409)
T 70 (58.82) 87 (63.15) 0.52
G 49 (41.18) 50 (36.85)
hOGGT ¢.977C>G, CC/CG/GG 75 (63.03)/40 (33.61)/4 (3.36) 88 (64.23)/42 (30.66)/7 (5.11) 0.89
p.5326C (rs1052133)
C 95 (79.84) 109 (79.56) 0.92
G 24 (20.16) 28 (20.44)
CC/CG/GG 64 (53.78)/50 (42.02)/ 5 (4.20) 83 (60.58)/45 (32.85)/9 (6.57) 0.39
CAT g.4760 C>G
(rs1001179) C 89 (74.79) 106 (77.01) 0.74
G 30(25.21) 31(22.99)
SOD2 c.47T>C, TT/TC/CC 29 (24.37)/61 (51.26)/29 (24.37) 30(21.90)/69 (50.36)/38 (27.74)  0.89
p.A16V (rs4880)
T 59 (50.00) 64 (47.08) 0.74
C 60 (50.00) 73(52.92)
60-74 XPD c.2251A>C, TT/TG/GG 76 (39.18)/100 (51.55)/ 18 (9.27) 50 (52.08)/39 (40.63)/7 (7.29) 0.16
p.K751Q (rs13181)
T 126 (64.96) 70 (72.40) 0.22
G 68 (35.04) 26 (28.60)
APEX1 c.444T>G, TT/TG/GG 66 (34.02)/99 (51.03)/29 (14.95) 43 (44.79)/47 (48.96)/ 6 (6.25) 0.08
p.D148E (rs1130409)
T 116 (59.54) 67 (69.27) 0.13
G 78 (40.46) 29(30.73)
hOGG1 ¢.977C>G, CC/CG/GG 110 (56.70)/78 (40.21)/ 6 (3.09) 54 (56.25)/35 (36.46)/ 7 (7.29) 0.40
p.5326C (rs1052133)
C 149 (76.81) 72 (74.48) 0.85
G 45 (23.19) 24 (25.52)
CC/CG/GG 104 (53.61)/69 (35.57)/ 21 (10.82) 68 (70.83)/24 (25.00)/ 4 (4.16) 0.02
CAT g.4760C>G C 139 (71.40) 80 (83.33) 0.04
(rs1001179) G 55 (28.60) 16 (16.67)
Log-additive model (OR = 1.87, Cl 95 % 1.22-2.85, Padj = 0.0024)
SOD2 c.47T>C, TT/TC/CC 56 (28.87)/85 (43.81)/53 (27.32) 13 (13.54)/55(57.29)/28 (29.17)  0.02
p.A16V (rs4880)
T 98 (50.77) 40 (42.19) 0.20
C 96 (49.23) 56 (57.81)

* Level of significance in comparison of alleles and genotypes distribution between different study groups.

ment in elder patients (60—74 years) in the log-additive model
(OR =1.87; C1 95 %: 1.22-2,85; Padj = 0.0024).

Via the MDR method, the most optimal 3-loci model of
intergenic interactions with a high level of precision, mini-
mal rate of error for BC risk prediction and maximal level of
reproducibility evaluation was obtained (Table 4).

Analysis of the model in contingency tables, which rep-
resent all possible variants for the 3-loci model, revealed
12 protective and 15 risk combinations for luminal B Her2-
negative BC development (Fig. 1).

The MDR analysis showed a simultaneous strengthening of
effects between two loci, APEX] (rs1130409) (H = 0.07 %)
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Table 4. Significant intergenic interactions during BC development

Loci TrBal.Acc. Test.Bal.Acc. SignTest(p) Se. Sp. CcvC Pre.

CAT (rs1001179) * APEXT (rs1130409) * SOD2 (rs4880) 0.616 0.557 < 0.0001 0473 0.752 10/10 0.799

Note. Tr.Bal.Acc. - training balanced accuracy; Test.Bal.Acc. - testing balanced accuracy; Sign Test (p) - test for significance; Se. - sensitivity; Sp. - specificity;

CVC - repeatability of the result; Pre. — precision of the model
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Fig. 1. Combination of genotypes for the 3-loci model of CAT (rs1001179), APEX1 (rs1130409) and SOD2 (rs4880) that can pre-
dispose to the risk of luminal B Her2-negative BC development.

Dark grey cells — genotypes of increased risk, light grey cells — genotypes of decreased risk (left columns in the cells — patients with BC,

right columns - healthy women).

and SOD2 (rs4880) (H = 0.55 %), and also independence
of their effects from CAT (rs1001179) (H = 0.44 %) during
formation of luminal B Her2-negative BC (Fig. 2).

Discussion

Sensitivity of an organism to air pollutants depends on the
correct work of many enzyme systems, which include DNA
repair and the antioxidative system. The level of breast tis-
sues exposition to exo- and endogenous estrogens (providing
DNA adducts formation) makes a big contribution to disease
pathogenesis (Martucci, Fishman, 1993; Hanawalt, 2002).
Estrogens are involved in regulation of antioxidative enzymes
and can initiate oxidative mutations in DNA due to formation
of active forms of oxygen during metabolic reactions (Tjeon-
neland et al., 2004; Bergman et al., 2005; Silva et al., 2006;
Liou, Storz,2010).

In one of the articles, influence of obesity on BC risk in
female carriers of at least one minor allele of myeloperoxidase
gene or DNA repair genes like GMT, MSH2, XPG and XRCC1
was detected (McCullough et al., 2015). In another study, it
was shown that genes involved in oxidative stress and DNA
repair can increase survival of women affected by breast
oncopathologies (Rodrigues et al., 2012). At the same time
there were no scientific works aimed at synergetic influence
of DNA excision repair genes with genes of the antioxidative
system on BC risk.

DNA aberrations that are formed due to active forms of
oxygen can be recovered via the BER and NER pathways.
Results obtained in our work concerning APEX1 (rs1130409)
association with BC risk are consistent with literature data
(Mitra et al., 2008; Smith et al., 2008; Kim et al., 2013). Ad-

CAT

APEX1

MnSOD2

Fig. 2. Dendrogram of intergenic interactions during formation of lumi-
nal B Her2-negative BC.

Red - synergy of effects, brown - independent interaction.

ditionally, a link between the 4447 allele and estrogen-positive
BC development was revealed in Chinese women (Wang T.
et al., 2018). Besides the repair function, this enzyme can
perform oxidative-reductive activity of transcriptional factors
(Kelley et al., 2012; Wang Z. et al., 2014). Redox activity
of the protein contributes to synergy between the APEX]
(rs1130409) and SOD2 47 (rs4880) loci during BC formation.

The hOGGI gene is another key component of the BER
pathway. In our study, no links were found between hOGG1
(rs1052133) and BC risk. Similar results were demonstrated in
the meta-analysis by M. Kamali et al. (2017), where associa-
tion of 977G with BC wasn’t revealed in Caucasian as well
as in Asian women (Kamali et al., 2017). At the same time, in
a scientific work performed among Polish patients, 70GG1
977GG genotype contributed to the risk of BC development
(Romanowicz et al., 2017).

Results of scientific studies that are aimed at XPD (rs13181)
association with oncological disorders of the breast are not
obvious. In works that were conducted using material of Ca-
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nadian, Brazilian and Chinese women no significant results
were obtained (Dufloth et al., 2005; Zhang L. et al., 2005;
Onay et al., 2006). Observation of Indian patients allowed
to reveal association of the 225/ C allele with enhanced risk
of BC (Samson et al., 2011). Later, a meta-analysis was
conducted that showed an increased risk of BC in 225/C al-
lele carriers in Caucasian and mixed populations (Yan et al.,
2014). Similar results were demonstrated using Polish patients
(Smolarz et al., 2019).

Manganese-dependent superoxide dismutase is one of the
most important enzymes of the antioxidative system. Besides
its own essential function (antioxidative activity), SOD2 pro-
tein has binding sites with different factors of transcription that
are useful for its activation and are also involved in defense of
cells against oxidative stress (Alateyah et al., 2022). Results
of molecular and genetical studies of SOD2 (rs4880) asso-
ciation with BC risk are quite controversial. In our study, no
influence of this polymorphic variant on the risk of malignant
transformation development in breasts was detected. Similar
results were obtained in the works conducted among Polish
and Greek women (Jablonska et al., 2015; Kakkoura et al.,
2016). In Mexican female patients, an association between the
47T allele of the SOD2 gene and luminal A subtype formation
was detected, but not with luminal B (Gallegos-Arreola et al.,
2022). In Iraqi and Taiwan, an association between this allele
and increased BC risk was also detected (Tsai et al., 2012;
Jabir, Hoidy, 2018).

Results of studies aimed to link the CAT (rs1001179) gene
polymorphism with BC risk are still controversial. In some
scientific works among American patients, an association
between a decreased risk of BC and the -262 CC genotype
was revealed in comparison with 7 allele carriers (Ahn et al.,
2004, 2005). In our study, we got similar results. Ambiguous
data were obtained by Y. Li et al. (2009), who registered a
small decrease in BC risk in postmenopausal women with the
CAT -262 CC genotype that were consumed a huge number
of fruits and vegetables (over two portions a day). Among
women with a small rate of fruits and vegetables consump-
tion, CAT -262 CC was linked with an increased risk of BC
(Li et al., 2009).

Conclusion
The combined influence of DNA repair and antioxidative
system genes variants on breast cancer risk was demonstrated.
This work was conducted using material of postmenopausal
women; to better understand the influence of individual geneti-
cal features on breast cancer development, it is also advisable
to include younger women in experimental study.

To clarify the ability of the system of risk prognosis for
BC risk evaluation, it is necessary to increase the number of
studied patients to perform an additional study.
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Abstract. Cells of various organs and systems perform their functions and intercellular interactions not in an inert en-
vironment, but in the microenvironment of tissue fluids. Violations of the normal drainage of tissue fluids accompany
lymphedema. An important mechanism of angiogenesis and vasculogenesis regulation in tissue fluids is the produc-
tion and reception of vascular endothelial growth factors in combination with the regulation of matrix metallopro-
teinases. The aim of the work was to perform: a comparative analysis of some polymorphisms of vascular endothelial
growth factor and their receptors and the genes encoding matrix metalloproteinases in two forms of lymphedema;
an analysis of the relationship of these genes’ polymorphisms with the levels of vascular endothelial growth factor
and matrix metalloproteinases and their inhibitors in serum and affected tissues. Polymorphism of VEGF (rs699947,
rs3025039), KDR (rs10020464, rs11133360), NRP2 (rs849530, rs849563, rs16837641), matrix metalloproteinases MMP2
(rs2438650), MMP3 (rs3025058), MMP9 (rs3918242), Timp1 (rs6609533) and their combinations were analyzed by the
Restriction Fragment Length Polymorphism method and TagMan RT-PCR. The serum and tissue fluid levels were deter-
mined using the ELISA test system. Changes in the frequency distribution of MMP2 genotypes in primary and MMP3 in
secondary lymphedema are shown. Significant frequency differences in NRP2 genotypes were revealed by comparing
primary and secondary lymphedema. Features of the distribution of complex genotypes in primary and secondary
lymphedema were revealed. The correlation analysis revealed the interdependence of the concentrations of the MMP,
TIMP and VEGF products and differences in the structure of the correlation matrices of patients with both forms of
lymphedema. It was shown that, in primary lymphedema, genotypes associated with low MMP2 and TIMP2 in serum
and tissue fluid are detected, while in secondary lymphedema, other associations of the production levels with com-
bined genetic traits are observed.
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Polymorphism of VEGF/VEGFR and MMP/TIMP genes
and levels of corresponding proteins in lymphedema

AHHOTaLMA. KneTky pasfinyHbIX OpraHoB 1 CUCTEM OCYLLECTBAAIT CBOUN GYHKLIMUN U MEXKIIETOYHbIE B3aUMOLENCTBIA
He B MHEPTHOW Cpefe, a B MUKPOOKPYKEHUN TKaHEBbIX XKUAKOCTEN. HapyLueHna HoOpManbHOro ApeHa)ka TKaHeBbIX
XKMAKOCTel CONpoBOXKAAT NMMdenemMy. BaxKHbIN MexaHV3M perynsauny aHrmoreHesa 1 BacKynoreHesa B NOLKOXHOM
KneTyaTke — BblpaboTKa 1 peuenuna GakTopoB pocTa SHAOTENNA COCYAOB B COYETAHUUN C Perynaumein MaTpUKCHbIX
MeTannonpoTenHas. Lienb HacToALwero nccnefoBaHUA: CpaBHUTENbHBIN aHanm3 nonvmopdusma reHoB dpakTopa pocTa
SHAOTENNA COCYOB U €ro peLenTopoB BMeCTe C reHaMmy MaTPUKCHbIX MeTanionpoTenHas npu asyx dopmax numoe-
[leMbl, aHanm3 B3avMOCBA3U NOMMOpPdM13Ma STVX FeHOB C ypOoBHeM paKTopa PoCTa SHAOTENNA COCYA0B N MAaTPUKCHbBIX
METANNIONPOTENHA3 U NX MHIMOUTOPOB B CbIBOPOTKE KPOBM U MOPaXKeHHbIX TKaHAX. MNonumopdusm VEGF (rs699947,
rs3025039), peuentopos K Hemy KDR (rs10020464, rs11133360), NRP2 (rs849530, rs849563, rs16837641), MaTPUKCHbIX
meTannonpotenHas MMP2 (rs2438650), MMP3 (rs3025058), MMP9 (rs3918242), nHrmbutopa meTtannonpotenHas Timp1
(rs6609533) 1 X KOMOUHALWIA NPOAHANN3MPOBAH METOAAMMN aHANM3a AANH PECTPUKLMOHHBIX GpparmeHToB 1 TagMan
RT-PCR. YpoBeHb 6enKkoB B CbIBOPOTKE M TKAHEBOW XMAKOCTN onpeaenanmn ¢ Ucnosnb3oBaHrem TecT-cuctem ELISA. Mo-
Ka3aHbl 3MeHeHMA YacToT pacnpeneneHms reHotunos MMP2 npu nepsuyHoi u MMP3 npu BTopryHon numdeneme.
BblcoKopOCTOBEpPHbIe pas3nuyunsa YacToT reHoTunos NRP2 o6Hapy»KeHbl NPy CPaBHEHU NEPBUYHON 1 BTOPUYHON TNM-
denembl. BoisBneHbl 0COGEHHOCTM pacnpeaeneHns <KOMMIEKCHbIX» reHOTVUMNOB NPY NePBUYHON U BTOPUYHON numbe-
neme. KoppensaumnoHHbIi aHanm3 nokasasna B3aMMo3aBUCMMOCTb KOHLEHTPaL MU nccnenyemblx 6efKoBbIX NPOAYKTOB
MMP, TIMP 1 VEGF v BbipaKeHHble pa3nnumns B CTPYKTYpe KOpPenALMOHHbIX MaTPUL, NaLMeHToB ¢ obenmn popmamm
numdepembl. NPoaeMOHCTPUPOBAHO, YTO NPU NepPBUYHOW NuMdeeme BbIABAATCA FeHOTUMbI, aCCOLMMPOBaHHbIE C
HU3KMMM 3HaveHnaMrn MMP2 1 TIMP2 B cbIBOPOTKe KPOBW U TKAaHEBOW »KMAKOCTW, @ NpX BTOPUYHON numdbeneme —
VHble CBA3M KOHLIEHTPALiA ccneayemMbix 6eIKOB C KOMOVHVPOBAHHBIMY FEHETUYECKUMU MPU3HAKaMU.

KnioueBble cnoBa: numdbeaema nepsuyHas; numdenema sropuuHasn; VEGF; MMP; TIMP; KDR; NRP.

Introduction

In recent years, the interest of researchers in the state of the
extracellular matrix and the vascular bed of the circulatory
and lymphatic systems immersed in it has been constantly
growing. The number of scientific publications has been in-
creasing more than 56 times a year over the past 40 years.
This is due to the understanding that cells of various organs
and systems, with their complex internal metabolism, carry out
the most important functions and intercellular interactions not
in an inert environment, but in a constant microenvironment
of tissue fluids carrying a huge number of regulatory factors
of the most diverse secreted and membrane-associated nature.

Violations of the normal drainage of tissue fluids lead to
tissue hypoxia and a variety of edematous syndromes accom-
panying various pathological changes, ranging from inflamma-
tion to tumor growth. A striking example of impaired drainage
of tissue fluid is lymphedema (Miller, 2020). It is represented
by both a predominantly genetically determined “primary”
and a “secondary” form associated with post-mastectomy
consequences or chronic venous insufficiency (Poveshchenko
et al., 2010; Quirion, 2010). According to some estimates,
between 140 and 200 million people worldwide suffer from
lymphedema (Forte et al., 2019). Despite such a wide spread
of this disease and numerous studies in this area, the main
treatment method is comprehensive physical decongestant
therapy and lifelong supportive use of compression knitwear
(Vignes, 2017; Executive Committee..., 2020). One of the
factors of such, relatively speaking, pathogenetic therapy is,
in our opinion, the lack of clear ideas about vascular disor-
ders in the functioning of the blood and lymphatic channels
and their interaction with the extracellular matrix, leading to
obstruction of the physiological outflow of tissue fluid in the
affected regions.

The most important mechanism for the regulation of an-
giogenesis and vasculogenesis in subcutaneous tissue is the
production and reception of the VEGF vascular endothelial
growth factor system, represented by VEGF-A, VEGF-B,

VEGF-C, VEGF-D, PGF and the VEGFR-1 (Flt-1), VEGFR-2
(Flk-1/KDR), VEGFR-3 (Flt-4) receptor families to them
(Vaahtomeri et al., 2017; Rauniyar et al., 2018). Their in-
teraction ensures the growth, remodeling and functioning of
the circulatory and lymphatic systems. The genes of these
proteins are polymorphic, which affects the level of their
expression, affinity and functional activity (Luo et al., 2019;
Yap et al., 2019).

It has been established that the VEGF-A ligand binds and
transmits signals through the VEGFR-1 and VEGFR-2 recep-
tors, whereas VEGF-B transmits signals exclusively through
VEGFR-1, and VEGF-C and VEGF-D have high affinity for
VEGFR-3. In addition, there are two neuropilin receptors,
which are transmembrane glycoproteins that function on the
VEGF-VEGFR axis. Neuropilin-1 (NRP-1), a non-kinase
coreceptor for VEGFR-2, functions to enhance the binding
and signaling of certain isoforms of VEGF-A, and NRP-2 is
a non-kinase coreceptor for VEGFR-3 (Mucka et al., 2016;
Stevens, Oltean, 2019; Gao Y. et al., 2020). Understanding
the genetic mechanisms underlying endothelial apoptosis and
lymphangiogenesis will shed light on the role of disruption
of these processes in the development of chronic inflamma-
tion and transformation of connective tissue in lymphedema
(Saik et al., 2019).

The family of matrix metalloproteinases (MMP) is directly
related to the processes of angiogenesis and the activity of
regulatory growth factors of the vascular endothelium. The
activity of these tissue enzymes is controlled by their tissue
inhibitor system (TIMP) (Cabral-Pacheco et al., 2020). The
genes encoding them also are widely polymorphic, and protein
products are expressed on lymphatic endothelial cells and
degrade the collagen of the vascular endothelial lining (Detry
etal., 2012). Previously, numerous data were obtained on the
effect of regulatory factor gene polymorphism on cell expres-
sion and production (Watson et al., 2000; Gao X. et al., 2019).

The aim of this study is a comparative analysis of polymor-
phism of genes of vascular endothelial growth factor and its
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receptors together with genes of matrix metalloproteinases
in two forms of lymphedema, analysis of the relationship
of polymorphism of these genes with the level of vascular
endothelial growth factor and matrix metalloproteinases and
their inhibitors in blood serum and affected tissues.

Materials and methods
Patients. The study included patients with the confirmed
diagnosis of lymphedema of the extremities. The recruitment
of patients was carried out on the basis of Research Institute
of Clinical and Experimental Lymphology — Branch of the
Institute of Cytology and Genetics, Siberian Branch of the
Russian Academy of Sciences (RICEL) in the period from
January 2017 to November 2018. The sample of 174 pa-
tients (1881 years old, median age 52 years) was divided
into primary (72 people) and secondary limb lymphedema
(102 people). The division of groups into primary and secon-
dary lymphedema is based on etiological signs according to
clinical recommendations (Executive Committee..., 2020).
The criteria for primary lymphedema of the extremities
were considered to be the development of clinical manifes-
tations without connection with such etiological factors as
removal of lymph nodes, radiation therapy, trauma or surgical
intervention in the projection of lymphatic collectors. The ap-
pearance of clinically significant edema due to a single episode
of erysipelas, which is considered a provoking factor against
the background of insufficiency of the functional reserve of
the lymphatic region. The sample of patients with secondary
lymphedema included patients with lesions of both upper and
lower extremities. The majority of patients with secondary
lymphedema of the upper extremities underwent complex
treatment of breast cancer (66 patients —97.1 %), in 2 patients
the cause of edema of the upper limb was the combined treat-
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ment of lymphosarcoma of all groups of peripheral lymph
nodes and mediastinum IITA st, lymphogranulomatosis with
lesions of the cervical and axillary lymph nodes. The appear-
ance of edema after repeated recurrence of erysipelas was
attributed to secondary post-inflammatory lymphedema.

All patients included in the study had no progression or
recurrence of a malignant tumor, and belonged to the 3rd
clinical group of dispensary observation. According to the
classification of the International Society of Lymphologists,
stage 2 of the disease prevailed. The third stage of the disease
was represented by 7 % of the primary lymphedema group and
8.9 % of the secondary lymphedema group. Informed consent
to participate in the study was signed by each participant of
the study. The protocol of the clinical research was approved
by the RICEL Local Ethics Committee (Primary Protocol
No. 127 dated 01/13/2017). Blood serum and interstitial fluid
were collected in the morning, on an empty stomach, from
patients admitted to the RICEL clinic for a course of complex
decongestant therapy, before it began. Patients with current or
recent erysipelas were not included in the study. The clinical
characteristics of the patients are presented in Table 1.

The comparison group consisted of 339 people of com-
parable gender and age, residents of the Novosibirsk region.
Relatives were not included in either the patient groups or the
comparison group.

Genotyping. Genotyping of VEGF-2578 (1s699947) and
MMP9-1562 (rs3918242) was performed by the Restriction
Fragment Length Polymorphism (RFLP) method. The struc-
ture of the primers, restriction endonucleases and the product
size are shown in Table 2.

Gene polymorphism of VEGF+936 (rs3025039), NRP2
13581 (rs849530), NRP2 68279 (rs849563), NRP2 92646
(rs16837641), KDR 17693 (rs10020464), KDR 14011

Table 1. Clinical characteristics of patients with primary and secondary lymphedema

Clinical parameters

Age (Me) 58[51; 65]
Women 97 (96.1 %)
Men 4 (3.9 %)

Body mass index (Me) 32.9[28.6; 38.6]

Duration of the disease (months) (Me) 56.5[20.5; 132.3]

Age of onset of the disease (Me) 51.5[44.59]
Erysipelas in anamnesis 51 (51 %)
Hypertension 47 (46.5 %)
Type 2 SD 19 (18.6 %)
Hypothyroidism 16 (15.7 %)
Coronary heart disease 7 (6.9 %)
Osteochondrosis 14 (13.7 %)
Chronic venous insufficiency 2 (2 %)

Secondary lymphedema (n = 102)

Primary lymphedema (n = 72) P

40 [30; 59] P <0.001
53 (74.6 %) P <0.001
18 (25.4 %) P <0.001
27 [24.1;39.3] P=0.04

192 [84; 300]

25[15.5;33.5] P <0.001
32(45.1 %) P=0.54

13 (18.3 %) P <0.001
11 (15.5 %) P=0.685
4 (5.6 %) P=0.053
3(4.2%) P=0.529
2(2.8%) P=0.016
1(1.4 %) P=1.000

Note. Me is the median; the interquartile range is indicated in square brackets; percentages are indicated in parentheses.
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Table 2. Genotyping by the Restriction Fragment Length Polymorphism method

Polymorphic The structure of the primers Restriction Hydrolysis products, bp
position endonuclease

The “wild” allele Minor allele
MMP9-1562 5'GCCTGGCACATAGTAGGCCC 3' Sphl 435 247;188
C—T 5'CTTCCTAGCCAGCCGGCATC 3’
VEGFA-2578 5'GGGCCTTAGGACACCATACC 3 Bgl Il 267 208; 60
C—A 5'TGCCCCAGGGAACAAAGT 3’

(rs11133360), MMP2-1306 (rs2438650), MMP3-1171
(rs3025058), Timpl (rs rs6609533) was analyzed by Real-
Time PCR using commercial test systems of TagMan probe
method (Syntol, Russia) on the DT-96 thermocycler (DNA
Technology, Russia) according to the instructions.

Enzyme-linked immunosorbent assay (ELISA). Quan-
titative determination of vascular endothelial growth factor,
metalloproteinases and their inhibitors was carried out by
ELISA kits (ng/mL) according to the instructions: Human
VEGF (Quantikine ELISA, R&D Systems, USA) MMP-3
(AESKU Diagnostics, Germany), TIMP-3 (Brand Owner
CLOUD-CLONE CORP., USA), MMP-2 and TIMP-2 (Quan-
tikine ELISA, R&D Systems, USA).

Statistical analysis. Statistical processing was carried out
using specialized IBM SPSS Statistics 23 (USA) and the
software package for volumetric processing of bioinformatics,
including multidimensional genetic analysis. In the statistical
analysis of the results of the genetic study, the frequency of
occurrence of alleles, genotypes and their polylocus combina-
tions, the odds ratio (OR), and the 95 % confidence interval
for OR (OR’s 95 % CI) were calculated.

The distribution of genotypes was checked with the Hardy—
Weinberg equilibrium. The significance level of differences
in the frequency in the compared groups was determined by
the two-sided criterion of the exact Fisher method for four-
field tables, with Bonferroni correction. Considering that the
distribution of most of the studied quantitative features was
different from normal, nonparametric statistical methods
were used. The intergroup differences were assessed using
the Mann—Whitney U-test and the Kraskel-Wallis ANOVA.
Intra-group differences were assessed using the Wilcoxon sign
rank criterion for related samples. Spearman’s rank correlation
method was used to analyze the strength and direction of the
correlation between pairs of features.

The description of quantitative variables is presented in
the form of median (Me) and interquartile range (the interval
between the 25th [Q 0.25] and 75th [Q 0.75] percentiles).
The hypothesis of the normal distribution of quantitative pa-
rameters was tested using the Shapiro—Wilk criterion and the
Kolmogorov—Smirnov criterion with the Lilliefors correction.
The mathematical processing of the relationship of genetic
traits with quantitative laboratory parameters was carried out
in accordance with the methodological approaches of quantile
analysis. With this approach, ranges above p75 (upper quartile,
Q3) and lower ranges below p25 (lower quartile, Q1) were
taken as parameters of an increased concentration of indica-
tors. The critical level of significance when testing statistical
hypotheses was assumed to be 0.05.
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Results

The analysis of the distribution of the analyzed complex
genetic traits among patients with primary lymphedema
revealed a number of pronounced differences from the
conditionally “normal” distribution established by us in the
study of a significant group of healthy individuals without
signs of lymphatic edema of the extremities. When analyz-
ing the degree of differences between individual variants of
the studied genetic parameters, they were established only
for MMP2-1306, associated with C predominance among
the patient (p = 0.029). Along with this, when analyzing the
frequency of occurrence of combined genetic traits, includ-
ing polymorphic variants of both the MMP and VEGF genes,
significantly more pronounced differences were revealed when
comparing groups of patients with primary lymphedema and
healthy individuals (Table 3).

Basically, these differences were associated with an increase
in almost all the analyzed signs in the patient with a level of
reliability of differences in the range from 0.048 to 0.001
according to the two-sided Fisher exact test. At the same
time, such combinations of genotypes as VEGF-2578 CA:
VEGF+936 TT: MMP9-1562 CT and VEGF-2578 CA:
VEGF+936 TT: MMP2-1306 CC: MMP9-1562 CT were not
found among representatives of the group of healthy indivi-
duals and were identified exclusively among patients with
primary lymphedema. With a certain degree of probability,
they can be attributed to the “genetic markers” of an indi-
vidual’s constitutional predisposition to the development of
primary lymphedema. Further research is needed to test this
hypothesis.

When conducting a similar analysis with secondary lym-
phedema, in the development of which anatomical factors that
occur during surgical damage to the lymphatic and circulatory
pathways of the outflow of tissue fluid are of greater impor-
tance, we get a different picture from the previous group. In
these patients, associative links between the development
of the disease and variants of the MMP2 gene are no longer
found, but deviations from the “normal” distribution of the
MMP3 and MMP9 genes in the analyzed sites are revealed.
Thus, the predominance of MMP3-1171 5454 and MMP?9-
1562 CT genotypes was revealed. The frequency of the com-
bination of these homozygous genotypes is also twice as high
among these patients relative to the control group.

The inclusion of VEGF in the analysis increases the degree
of differences between the patients and the controls. Thus, the
frequency of a combined genetic trait represented by a com-
bination of homozygous VEGF+936 CC: MMP3-1171 545A4:
MMP9-1562 CC among the patients with secondary lymphe-
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Table 3. Frequency of distribution of individual and complex MMP and VEGF genotypes
among patients with primary and secondary lymphedema

Combinations Genotypes Patients with  Comparison group OR*  OR’s P(tmF,)

of gene polymorphisms lymphedema 95 % Cl
n (%) N

Primary lymphedema (N = 72 patients)

VEGF-2578:VEGF+936:MMP9-1562 CA-TT-CT 2(2.78) 0(0.00) 339 1437 1.47-140.12 0.0303

VEGF-2578:VEGF+936:MMP2-1306:MMP9-1562 CA-TT-CC-CT 2(2.78) 0(0.00) 288 1221  1.25-119.15 0.0396
VEGF+936:MMP9-1562 TT-CT 3(4.17) 2(0.58) 346 748 1.23-45.60 0.0379
VEGF-2578:VEGF+936:MMP2-1306:MMP3-1171 CA-CC-CC-6A6A 10(13.89) 2(2.35) 85 6.69 1.42-31.65 0.0127
VEGF-2578:VEGF+936:MMP2-1306:MMP3- CA-CC-CC-6A6A-CC 8(11.11) 2(2.35) 85 519 1.06-25.27 0.0445

1171:MMP9-1562

VEGF+936:MMP3-1171:MMP9-1562 CC-5A5A-CC 15(20.83) 6(6.82) 88 3.60 1.32-9.83 0.0104
VEGF-2578:VEGF+936:MMP2-1306:MMP9-1562 CA-CC-CC-CC 22(30.56) 39(13.54) 288 281 1.53-5.14 0.0013
MMP3-1171:MMP9-1562 5A5A-CC 16(22.22) 9(10.23) 88 251 1.03-6.08 0.0488
VEGF-2578:VEGF+936:MMP2-1306 CA-CC-CC 27(37.50) 60(20.62) 291 231  1.33-4.02 0.0051
VEGF+936:MMP2-1306:MMP9-1562 Cc-cc-cc 31(43.06) 75(25.51) 294 221 1.29-3.77 0.0055
VEGF+936:MMP2-1306 CC-cC 41(56.94) 120(40.40) 297 195 1.16-3.28 0.0121

MMP2-1306 cC 51(70.83) 182(57.05) 319 1.83 1.05-3.18 0.0338
VEGF-2578:VEGF+936:MMP9-1562 CA-CC-CC 27(37.50) 84(24.78) 339 1.82 1.06-3.12 0.0399
VEGF-2578:MMP2-1306:MMP9-1562 CA-CC-CC 24(33.33) 66(21.64) 305 1.81  1.03-3.17 0.0453
MMP2-1306:MMP9-1562 CC-cC 37(51.39) 117(37.62) 311 1.75  1.05-2.94 0.0338
VEGF-2578:VEGF+936 CA-CC 35(48.61) 123(35.76) 344 1.70  1.02-2.84 0.0457

Secondary lymphedema (N = 102 patients)

VEGF-2578:VEGF+936:MMP2-1306:MMP9-1562 CC-CCTT-CC 4(3.92) 1(0.35) 288 11.71  1.29-106.07 0.0178
VEGF-2578:VEGF+936:MMP9-1562 AA-CT-CT 4(3.92) 2(0.59) 339 6.88 1.24-38.11  0.0277
VEGF-2578:VEGF+936:MMP2-1306 CC-CC-TT 4(3.92) 2(0.69) 291 590 1.06-32.70 0.0416
VEGF-2578:MMP2-1306:MMP9-1562 CC-TT-CC 5(4.90) 4(1.31) 305 3.88 1.02-14.73  0.0475
VEGF+936:MMP3-1171:MMP9-1562 CC-5A5A-CC 20(19.80) 6(6.82) 88 337 1.29-8.84 0.0110
MMP3-1171:MMP9-1562 5A5A-CC 23(22.77) 9(10.23) 88 259  1.13-5.95 0.0314
VEGF+936:MMP2-1306:MMP3-1171 CC-CC-5A5A 22(21.78) 9(10.23) 88 244  1.06-5.64 0.0478
VEGF+936:MMP3-1171 CC-5A5A 31(30.69) 15(17.05) 88 216  1.07-4.33 0.0408
VEGF-2578:VEGF+936:MMP9-1562 CA-CC-CT 15(14.71) 26(7.67) 339 2.08 1.05-4.09 0.0496
MMP3-1171 5A5A 35(34.65) 18(20.45) 88 206 1.07-99.00 0.0353
MMP9-1562 cT 37(36.27) 97(25.00) 388 171 1.07-2.72 0.0252
VEGF+936:MMP2-1306 CC-cC 53(51.96) 120(40.40) 176 1.60 1.01-2.51 0.0490
VEGF+936:MMP9-1562 CT-cC 9(8.82) 59(17.05) 297 047  0.22-0.99 0.0421
MMP2-1306:MMP3-1171:MMP9-1562 TC-5A6A-CC 7(6.93) 15(17.05) 88 036 0.14-0.94 0.0401
VEGF+936:MMP2-1306:MMP3-1171 CC-TC-6A6A 1(0.99) 8(9.09) 88 0.10  0.01-0.82 0.0131

Note. The comparison group for primary and secondary lymphedema N = 339, OR - odds ratio; OR's 95 % Cl - 95 % confidence interval for OR; P(tmF,) - level of
statistical significance (p) of differences according to the exact Fisher test (two-sided).
*The data in the table are sorted in descending OR, significant differences p < 0.01 are highlighted in bold.
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Table 4. Comparative analysis of the distribution of individual and complex genotypes

between groups with primary and secondary lymphedema

Combinations of gene polymorphisms Genotypes Primary Secondary OR* OR’s P(tmF,) P_cor
lymphedema lymphedema 95 % Cl
n N % n N %

NRP2 13581:NRP2 92646:KDR 14011 TT-GG-TC 9 72 1250 0 102 0.00 16.09 2.01-128.72 0.0003  0.0065
MMP3-1171:NRP2 13581:NRP2 92646 6A6A-TT-GG 9 72 1250 1 101 0.99 14.29 1.77-115.49 0.0018  0.0432
MMP2-1306:MMP3-1171:NRP2 13581:NRP2 92646 =~ CC-6A6A-TT-GG 8 72 11.11 0 101 0.00 14.12 1.75-114.10 0.0007 0.0354
MMP2-1306:NRP2 13581:NRP2 92646:KDR 17693 CC-TT-GG-CC 8 72 11.11 1 102 0.98 12.63 1.54-103.34 0.0040 0.1760
MMP2-1306:NRP2 13581:NRP2 92646:KDR 14011 CC-TT-GG-TC 7 72 972 0 102 0.00 1248 1.53-102.13 0.0017  0.0851
NRP2 68279:NRP2 13581 CC-TT 7 72 972 0 102 0.00 1248 1.53-102.13 0.0017 0.0156
MMP3-1171:MMP9-1562:NRP2 13581:NRP2 92646 = 6A6A-CC-TT-GG 7 72 972 0 101 0.00 1236 1.51-101.15 0.0018  0.0833
MMP2-1306:NRP2 68279:NRP2 13581 CC-CC-TT 6 72 833 0 102 0.00 10.76 1.29-89.46 0.0044  0.0973
MMP9-1562:NRP2 13581:NRP2 92646:KDR 14011 CC-TT-GG-TC 6 72 833 0 102 0.00 10.76 1.29-89.46 0.0044  0.2079
VEGF+936:NRP2 13581:KDR 14011 CT-TT-TC 6 72 833 0 102 0.00 10.76 1.29-89.46 0.0044  0.0884
VEGF+936:NRP2 68279:NRP2 13581 CC-CC-TT 6 72 833 0 102 0.00 10.76 1.29-89.46 0.0044  0.0884
MMP3-1171:NRP2 13581:NRP2 92646:KDR 14011 6A6A-TT-GG-TC 6 72 833 0 101 0.00 10.66 1.28-88.59 0.0046  0.2748
MMP3-1171:NRP2 13581:NRP2 92646:KDR 17693 6A6A-TT-GG-CC 6 72 833 0 101 0.00 10.66 1.28-88.59 0.0046  0.2428
MMP9-1562:KDR 14011:FOXC2-512 CC-TC-CT 10 42 2381 2 55 3.64 828 1.71-40.22 0.0040 0.0725
MMP2-1306:MMP3-1171:NRP2 68279:NRP2 13581  CC-6A6A-AA-TT 10 72 1389 2 101 1.98 7.98 1.69-37.65 0.0042  0.2078
MMP2-1306:NRP2 13581:NRP2 92646 CC-TT-GG 12 72 16.67 3 102 294 6.60 1.79-24.34 0.0020 0.0426
MMP2-1306:MMP3-1171:NRP2 13581 CC-6A6A-TT 15 72 2083 4 101 396 6.38 2.02-20.16 0.0008 0.0195
MMP3-1171:NRP2 13581 6A6A-TT 17 72 2361 5 101 495 593 2.08-16.97 0.0004 0.0034
MMP3-1171:NRP2 68279:NRP2 13581 6A6A-AA-TT 11 72 1528 3 101 297 5.89 1.58-21.96 0.0045 0.1069
VEGF+936:MMP3-1171:NRP2 13581 CC-6A6A-TT 11 72 1528 3 101 297 5.89 1.58-21.96 0.0045 0.0935
MMP9-1562:NRP2 13581 CC-TT 25 72 3472 14 102 13.73 334 1.59-7.04 0.0016  0.0124
NRP2 13581 T 34 72 4722 26 102 2549 262 1.38-4.97 0.0036 0.0109
NRP2 13581 GT 28 72 3889 62 102  60.78 041 0.22-0.76 0.0055 0.0167
TIMP1-536:NRP2 13581:KDR 14011 CC-GT-TC 0 15 0.00 13 32 4063 0.09 0.01-0.75 0.0039 0.0386
VEGF+936:TIMP1-536:NRP2 13581:KDR 14011 CC-CC-GT-TC 0 15 0.00 13 32 4063 0.09 0.01-0.75 0.0039 0.0463
VEGF-2578:VEGF+936:NRP2 68279:KDR 17693 CC-CC-AA-CC 1 72 139 14 102 13.73  0.09 0.01-0.69 0.0046  0.2022

Note. OR - odds ratio; OR's 95 % Cl - 95 % confidence interval for OR; P(tmF,) - level of statistical significance (p) of differences according to the exact Fisher test
(two-sided); P_cor - adjusted value of P(tmF,) (taking into account the Bonferroni correction).

*The data in the table are sorted in descending order of the OR value.

dema exceeds the frequency of a similar indicator in the con-
trol group by more than 3 times (OR =3.37; p = 0.0110). An
even more “broad” combined genetic trait, including a com-
bination of homozygous VEGF-2578 CC: VEGF+936 CC:
MMP2-1306 TT: MMP9-1562 CC, is more often detected
among patients with secondary lymphedema (OR = 11.71;
p=0.0178). Along with this, the frequency of another genetic
trait represented by a combination of VEGF+936 CC: MMP2-
1306 TC: MMP3-1171 6464 in the patient group is almost
10 times lower: from 9.09 % in the control group to 0.99 %
in the patient group (OR = 0.10; p = 0.0131). The presence
of this combination in the human genome can to some extent
be considered a protective factor.

In order to analyze the differences between the structural
parameters of angiogenesis genes in more detail, we conducted
a study of the distribution of combined signs in both groups
of patients with primary and secondary lymphedema. In this
report, we have included data on polymorphisms of the KDR
genes in two polymorphic positions, the NRP gene in three
polymorphic positions and the 7/MPI gene. For a clearer
representation of the data on the differences obtained, the data
with p < 0.005 are presented (Table 4).

When evaluating the results, attention is drawn to the pre-
sence of combined genetic signs in both groups of patients,
which alternatively are not detected in the compared samples.
Thus, in the group with primary lymphedema, TIMPI-536
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CC: NRP2 13581 GT: KDR 14011 TC and VEGF+936 CC:
TIMP1-536 CC: NRP2 13581 GT: KDR 14011 TC are com-
pletely absent. In both cases, these combinations are quite
widely represented (more than 40 %) in the group with se-
condary lymphedema (p = 0.0039). In contrast to these data,
in the group of patients with secondary lymphedema, there are
completely no combined genetic signs represented by combi-
nations NRP2 13581 TT: NRP2 92646 GG: KDR 14011 TC;
MMP2-1306 CC: MMP3-1171 646A: NRP2 13581 TT: NRP2
92646 GG; MMP2-1306CC: NRP2 13581 TT: NRP2 92646
GG: KDR 14011 TC; MMP3-1171 646A4: MMP9-1562 CC:
NRP2 13581 TT: NRP2 92646 GG and a number of others.
The significance level of the differences is 0.0003—0.005.

Taking into account the previously obtained numerous
data on the effect of regulatory factor gene polymorphism
on expression and production, we conducted a study of the
MMP 1, 2, 3, 9 proteins level; their tissue inhibitors TIMP 1,
2, 3 level and VEGEF level, which did not reveal significant
differences between groups of patients with primary and
secondary lymphedema according to the median bilateral
Mann—Whitney U criterion. At the same time, a continuous
correlation analysis revealed not only the interdependence
of the analyzed protein MMP, TIMP and VEGF levels, but
also pronounced differences in the structure of the correlation
matrices of patients with both forms of lymphedema.

Thus, in primary lymphedema, the most significant corre-
lations are revealed between MMP2 and the tissue inhibitor
TIMP2 levels (OR =0.703; p <0.01), whereas the VEGF se-
rum level is inversely correlated with the MMP3 serum level
(OR =-0.629; p <0.05). In secondary lymphedema, the most
significant interdependencies are revealed between the MMP2
and TIMP?2 extracellular fluid levels (OR = 0.727; p <0.01).
The VEGF serum level is inversely correlated with this growth
factor and MMP9 extracellular fluid level (data are not pre-
sented in the table). Other direct and inverse correlations be-
tween the signs are also revealed, which probably indicates the
functioning of the unified system of humoral factors involved
in the processes of angiogenesis and lymphangiogenesis.

Taking into account the presented data on a pronounced as-
sociative relationship between the analyzed complex genetic
traits and various forms of lymphedema, we conducted an
additional analysis of the dependence of high or low MMP 1,
2, 3, 9 of their tissue inhibitors TIMP 1, 2, 3 and VEGF pro-
teins levels on the presence of various combined genotypes
in patients of both groups (Table 5).

The conducted quantile analysis showed that in primary
lymphedema, genotypes associated exclusively with low
MMP2 and TIMP2 level are detected both in the serum and
in the extracellular fluid of patients. In the group of patients
with secondary lymphedema, other multidirectional associa-
tions of the proteins levels with combined genetic traits are
shown, which are absent in the group of patients with primary
lymphedema.

Discussion

Primary lymphedema occurs as a result of an isolated or de-
veloping congenital anomaly of the lymphatic system as part
of the syndrome and is associated with dysplasia, hypoplasia
or hyperplasia of components of the lymphatic system. The
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lower extremities are affected in primary lymphedema in
the vast majority of cases (Gordon et al., 2021). Secondary
lymphedema develops as a complication of another disease or
intervention as a result of a violation of the anatomical integ-
rity or obliteration of lymphatic collectors, removal or lesion
of lymph nodes, followed by impaired lymph outflow, lymph
stasis in lymph vessels and increased endolymphatic pressure
(Executive Committee..., 2020). Therefore, it is important
to understand the genetic characteristics of these disorders.

In primary lymphedema, we found an increase in the fre-
quency of the MMP2-1306C allelic variant of the gene and
the homozygous CC variant in a single genotype and in other
10 out of 17 combined genetic traits, the frequency of which
is higher in this form of the disease with an obvious genetic
predisposition (Poveshchenko et al., 2010; Shevchenko et
al., 2020).

MMP2 is one of the zinc-dependent endopeptidases that
were first discovered as proteases targeting and cleaving
extracellular proteins. However, the intracellular significance
of MMP has also been discussed over the past 20 years, and
research on a new aspect of their functions has been expanding
(Bassiouni et al., 2021). Polymorphism of the MMP2-1306
gene plays a significant role in carcinogenesis, in particular,
the C variant is associated with a protective role in the deve-
lopment of prostate cancer (Zhang et al., 2017), its frequency
is higher among patients with bronchial asthma (Chen et al.,
2020). There are a number of reports on changes in the fre-
quency of variants of this polymorphic gene in the promoter
region and with other diseases; however, we present data on
its association with the development of primary lymphedema
for the first time.

Also, for the first time, we present data on changes in the
frequency of the MMP3-1171 54/6A4 gene in lymphedema.
Thus, among patients with secondary lymphedema, 5454 in
the composition of combined signs is characteristic, the fre-
quency of which is higher in this form of the disease, along
with 6464 in the composition of signs, the frequency of which
is lower in secondary lymphedema. There is no such pattern in
primary lymphedema. The discriminating role of the homozy-
gous MMP3-1171 6464 is clearly manifested in the analysis
of data comparing the distribution of combined genetic traits
between groups of patients with primary and secondary forms
of lymphedema. We believe that the identified phenomenon
requires further study and more detailed clinical analysis.

According to the data presented in Table 3, MMP3-1171
6464, both as a single trait and as part of a number of com-
bined genetic traits, is associated with low MMP2 and TIMP2
serum levels in patients with primary lymphedema. The ho-
mozygous MMP2-1306 CC in the composition of combined
genetic traits is also associated with low MMP2 and TIMP2
serum levels in primary lymphedema.

In patients with secondary lymphedema, MMP2 C'is already
associated with a high MMP1 and MMP3 serum level, with
high VEGF and TIMP3 levels in extracellular fluid. The depen-
dence of any level of the analyzed quantitative signs with the
MMP3-1171 gene polymorphism in secondary lymphedema,
unlike its primary form, was not established.

It can be concluded that genetic factors associated with the
family of VEGF genes and their VEGFR receptors involved
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Table 5. Relationship between gene polymorphisms and laboratory parameters levels in serum and tissues

of patients with primary and secondary lymphedema

Combinations Genotypes  Laboratory The level of the laboratory indicator OR OR's95%Cl P(tmF,)
of gene polymorphisms indicators
high low
n N % n N %
Primary lymphedema (N = 44 patients)
MMP3-1171 6A6A MMP2-serum 2 7 2857 7 8 87.50 0.06 0.00-0.82 0.0406
MMP3-1171 6A6A TIMP2-serum 0 7 0.00 7 8 87.50 0.03 0.00-0.42 0.0014
MMP2-1306:KDR 14011 CC-TC MMP2-serum 0 7 0.00 5 8 62.50 0.08 0.01-0.95 0.0256
MMP3-1171:KDR 14011 6A6A-TC MMP2-serum 0 7 0.00 6 8 75.00 0.05 0.00-0.64 0.0070
MMP2-1306:MMP3-1171 CC-6A6A TIMP2-serum 0 7 0.00 5 8 62.50 0.08 0.01-0.95 0.0256
MMP3-1171:KDR 17693 6A6A-CC TIMP2-serum 0 7 0.00 5 8 62.50 0.08 0.01-0.95 0.0256
MMP3-1171:KDR 14011 6A6A-TC TIMP2-serum 0 7 0.00 5 8 62.50 0.08 0.01-0.95 0.0256
Secondary lymphedema (N = 66 patients)

KDR 17693 cT VEGF-serum 4 5 80.00 O 6 0.00 17.50 1.22-250.37 0.0152
NRP2 68279 AA TIMP3-ex 11 11 1000 3 10 30.00 24.00 2.25-255.95 0.0010
VEGF2578:MMP9-1562 CA-CC MMP1-serum 5 7 71.43 1 9 1.1 20.00 1.42-282.46 0.0350
MMP2-1306:MMP9-1562 TC-CC MMP1-serum 4 7 5714 0 9 0.00 12.50 1.09-143.44 0.0192
MMP9-1562:KDR 17693 Cc-cc MMP2-serum 6 11 5455 0 10 0.00 12.83 1.26-130.52 0.0124
MMP9-1562:KDR 17693 Cc-cC MMP3-serum 8 14 5714 1 1 9.09 13.33 1.32-134.62 0.0330
NRP2 92646:KDR 17693 GG-CT VEGF-serum 4 5 80.00 O 6 0.00 17.50 1.22-250.37 0.0152
VEGF+936:NRP2 13581 CC-GT VEGF-ex 5 6 8333 3 11 27.27 13.33 1.07-166.38  0.0498
MMP2-1306:MMP9-1562 TC-CC VEGF-ex 3 6 5000 O 11 0.00 12.00 1.02-141.34 0.0294
MMP9-1562:NRP2 13581 CC-GT VEGF-ex 5 6 83.33 1 11 9.09 50.00 2.56-977.02 0.0054
MMP9-1562:KDR 14011 CC-TC VEGF-ex 4 6 66.67 1 11 9.09 20.00 1.39-287.61 0.0276
NRP2 13581:NRP2 92646 GT-GA VEGF-ex 3 6 5000 O 1 0.00 12.00 1.02-141.34 0.0294
MMP9-1562:NRP2 92646 CC-GG TIMP3-serum 7 13 5385 0 9 0.00 11.43 1.15-113.12  0.0167
VEGF+936:NRP2 68279 CC-AA TIMP3-ex 10 11 90.91 3 10 30.00 2333 1.99-273.31 0.0075
MMP2-1306:NRP2 68279 CC-AA TIMP3-ex 8 11 7273 0 10 0.00 24.75 2.33-262.60 0.0010
MMP9-1562:NRP2 68279 CC-AA TIMP3-ex 7 11 63.64 1 10 10.00 15.75 1.42-174.25 0.0237
NRP2 68279:NRP2 92646 AA-GG TIMP3-ex 8 11 72.73 1 10 10.00  24.00 2.06-279.64 0.0075
MMP2-1306 cc MMP3-serum 6 14 4286 10 11 90.91 0.08 0.01-0.76 0.0330
NRP2 68279 AC TIMP3-ex 0 11 0.00 6 10 60.00 0.06 0.01-0.62 0.0039
MMP2-1306:NRP2 92646 CC-GG MMP3-serum 3 14 2143 9 11 81.82 0.06 0.01-0.45 0.0048

Note. OR - odds ratio; OR’s 95 % Cl — 95 % confidence interval for OR; P(tmF,) - level of statistical significance (p) of differences according to the exact Fisher test

(two-sided); ex — extracellular fluid.

in the regulation and development of vascular networks of
the lymphatic and circulatory systems play a significant role
in the development of primary lymphedema.

The VEGFR3 receptor performs the main function in the
development and formation of the lymphatic system. Autoso-
mal dominant mutations of VEGFR3, which interfere with the
functioning of the receptor as a homodimer, not only cause one

of the main forms of hereditary primary lymphostasis, namely
primary lymphedema (Milroy’s disease), but also participate
in predisposition to the development of common cyanotic
congenital heart defects, demonstrating a new function of
VEGFR3 in the early development of heart tissues (Monaghan
etal., 2021). This explains the interest in studying the role of a
number of VEGFR family genes (especially NRP-2) associated
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with the development of angiogenesis and vasculogenesis,
endothelial growth factor genes VEGF, metalloproteinases
MMP and their tissue inhibitors 7IMP.

As aresult of research, there is increasing evidence that in
the development of secondary lymphedema, which develops
as a result of surgical vascular disorders such as mastectomy,
genetic factors of predisposition to the development of lym-
phatic edema of the extremities also play a role, which allows
us to hope for the creation of prognostic criteria for identifying
groups at increased risk of their development and preventive
measures. The practical significance and prospects of such
studies are the positive results of the developed therapy of
lymphedema, including with the help of inducers of lymphan-
giogenesis with VEGF drugs (Forte et al., 2019).

Conclusion

Among patients with both primary and secondary lymphe-
dema, there are significant deviations from the normative
indicators established for the control group of healthy in-
dividuals in the frequency of distribution of a number of
complex genotypes of the MMP 2, 3, 9 and VEGF genes,
which indicates a significant influence of the studied fragment
of the patient’s genotype on predisposition to these types of
lymphatic edematous syndrome.

The groups of patients with primary and secondary lymph-
edema differ significantly in the nature of the distribution
of a number of complex genotypes of the MMP 2, 3, 9 and
VEGF genes, which indicates numerous ways of realizing a
genetic predisposition to the development of these pathologi-
cal conditions.

Comparative analysis revealed no significant differences in
the level of matrix metalloproteinases, their tissue inhibitors
and vascular endothelial growth factor in serum and extracellu-
lar fluid of patients with primary and secondary lymphedema.

In both primary and secondary lymphedema, various asso-
ciative relationships have been established between the studied
combined genotypes of gene polymorphism of angiogenesis
regulation factors and the level of protein products of these
genes in serum and extracellular fluid, which in turn indicates
the presence of certain genomic and metabolomic mechanisms
for the realization of a genetic predisposition to the develop-
ment of lymphatic edema.

Data on an increase in the frequency of homozygous
MMP2-1306 CC in primary lymphedema and an increase in
the frequency of homozygous MMP3-1171 5454 in secondary
lymphedema were obtained. Both of these polymorphisms
are associated with quantitative indicators of the content of
protein products MMP, TIMP and VEGF in various variants
of limb lymphedema development.
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Abstract. Analysis of hyperspectral images is of great interest in plant studies. Nowadays, this analysis is used more and
more widely, so the development of hyperspectral image processing methods is an urgent task. This paper presents a
hyperspectral image processing pipeline that includes: preprocessing, basic statistical analysis, visualization of a multichan-
nel hyperspectral image, and solving classification and clustering problems using machine learning methods. The current
version of the package implements the following methods: construction of a confidence interval of an arbitrary level for
the difference of sample averages; verification of the similarity of intensity distributions of spectral lines for two sets of
hyperspectral images on the basis of the Mann-Whitney U-criterion and Pearson’s criterion of agreement; visualization
in two-dimensional space using dimensionality reduction methods PCA, ISOMAP and UMAP; classification using linear or
ridge regression, random forest and catboost; clustering of samples using the EM-algorithm. The software pipeline is imple-
mented in Python using the Pandas, NumPy, OpenCV, SciPy, Sklearn, Umap, CatBoost and Plotly libraries. The source code
is available at: https://github.com/igor2704/Hyperspectral_images. The pipeline was applied to identify melanin pigment
in the shell of barley grains based on hyperspectral data. Visualization based on PCA, UMAP and ISOMAP methods, as well
as the use of clustering algorithms, showed that a linear separation of grain samples with and without pigmentation could
be performed with high accuracy based on hyperspectral data. The analysis revealed statistically significant differences in
the distribution of median intensities for samples of images of grains with and without pigmentation. Thus, it was demon-
strated that hyperspectral images can be used to determine the presence or absence of melanin in barley grains with great
accuracy. The flexible and convenient tool created in this work will significantly increase the efficiency of hyperspectral
image analysis.
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KoHBeliep 06paboTKM rumnepcreKTpajabHbIX N300pa>keHII
Ha IIpuMepe 1CCAeI0BaHNs 3epeH SUMeHSI, cogepsKalllyiX MeJlaHH

VLA. BYCOBI’ 2@, M.A. Tenaesl’ 2, E.I. Kombimes!, B.C. Kosaas!, T.E. 3pikoBal’ 2, A IO. [aaroaesal, AA. A(‘l)OHH]/II(OBL 2

1 DepepanbHblii UCCNeROBATENbCKUIA LeHTP VHCTUTYT yutonorum u reHetnkn Cnbrpckoro otaeneHnsa Poccuiickoln akagemmnm Hayk, HoBocnbupck, Poccns
2 HoBocrb6rpCKmMii rocyaapcTBEHHbIN yHUBepcuTeT, HoBocnbrpck, Poccus

@ i.busov@g.nsu.ru

AHHOTaumA. AHanm3 rmnepcneKkTpasbHbIX n30bpaxkeHnii NpeacTaBaAeT 60NbLLION MHTEPEC NPY N3yYeHUN pacTeHui. B Ha-
cTOALLee BpeMaA TaKol aHanm3 1NCnonb3yeTca Bce 6onee WPOKO, NO3TOMY Co3aHMe MeTOA0B 06paboTKM rmnepcneKkTpasb-
HbIX N300paXkeHNI ABNAETCA aKTyanbHON 3afayeli. B ctaTbe NpeAcTaBneH KoHBeep AnA paboTbl C rMnepcneKkTpanbHbIMK
nN306paxxeHnAMY, KOTOPbIN BKIOYAET: NpeABapuTenbHyto 06paboTKy, 6a30BbIfi CTaTUCTUYECKMIA aHanu3, BU3yanusauuio
MHOrOKaHanbHOro rmnepcneKkTpanbHOro N306pa)keHns, a Takke pelleHne 3afjay Knaccmomkaumm u Knacrepusauymm c
nprYMeHeHreM METOAOB MaLLMHHOTO 0byuyeHuA. B TeKyLuel Bepcuy NakeTa NporpamMmm peannsoBaHbl ciefytoLe MeTofbl:
NoCTpOeHNe [OBEPUTENIBHOIO NHTEPBana NPOMN3BOJSIbHONO YPOBHA ANA Pa3HULIbl BbIGOPOUHbIX CPefiHUX; NPOBepKa CXOf-
CTBa pacnpefeneHnii UHTEHCUBHOCTM IMHWIA CNeKTpa A1A BYX HAOOPOB rrnepcneKkTpanbHbIX N306paXKeHW Ha OCHOBe
U-kputepna MaHHa-YUTHY 1 Kputepua cornacua Nupcoxa; Bu3yanvsaumsa B AByXMEPHOM MPOCTPAHCTBE C NPUMEHEHEM
MEeTOA0B NOoHMXeHNA pasmepHocT PCA, ISOMAP n UMAP; knaccudurkauma ¢ UCnonb30BaHEM IMHENHOW Ui rpebHeBom
perpeccum, cnyyanHoro fieca u rpagueHTHoro 6yCTrHra; Knactepusauma o6pasLoBs ¢ nomolbio EM-anroputma. Mporpamm-
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A pipeline for processing hyperspectral images,
with a case of melanin-containing barley grains as an example

Hbl KOHBeWep peann3oBaH Ha A3blke Python c ncnonb3oBaHmem 6ubnmotek Pandas, NumPy, OpenCV, SciPy, Sklearn, Umap,
CatBoost n Plotly. icxopHbin kog goctyneH no agpecy: https://github.com/igor2704/Hyperspectral_images. JaHHbIN KOH-
Beliep ObiN NPUMeHeH AnA AEHTUOUKALMN NUTMEHTa MeNlaHUHA B 060J10UKe 3epeH AUMeHA Ha 6a3e rnepcrnekTpanbHbIX
HOaHHbIX. Busyanusauua Ha ocHoe meTopoB PCA, UMAP 1 ISOMAP, a Takxe ncnonb3oBaHue anroputMoB Knactepmsaunm
noKasanu, 4To Ha 6a3e runepcnekTPanbHbIX AaHHbIX C BbICOKOW TOUHOCTbIO MOXHO MPOBECTUN NNHENHOEe pasfeneHne ob-
pasLoB 3epeH C NUrmeHTaumen n 6e3 Hee. AHany3 BbIABWA CTaTUCTMYECKMN 3HAUMMble Pa3nnyva B pacnpepeneHny MeamnaH
VNHTEHCMBHOCTY [ BbIGOPOK 1306paKeHNi 3epeH ¢ MMrMeHTOM 1 6e3 Hero. Takum 06pa3om, NPOAEMOHCTPUPOBAHO, UTO
C MOMOLLbIO TMNEPCMNEKTPANIbHBIX N306PaKeHNI C 6ONBLLOV TOYHOCTBIO MOXKHO ONPeAeNnUTb Hamume Unu oTCyTCTBME Me-
NaHWHa B 3epHax AuMeHsA. Co3[jaHHbl B AaHHON paboTe rmbKuMii 1 yROOHbI MHCTPYMEHT NO3BOUT CYLLECTBEHHO MOBbLICUTD
3bPeKTUBHOCTb aHanM3a rmnepcneKTpanbHbIX M306paxKeHUi.

KnioueBble cnoBa: runepcrnekTpanbHble 1306paxKeHns; MallMHHOe ObyYeHre; CTaTUCTMYECKMIA aHanu3; 3epHa AUYMEHS;

MUTMEHTHbIN COCTaB.

Introduction

The presence of pigments in the grain shell affects its various
technological properties. For example, flavonoids, anthocya-
nins and carotenoids have a number of valuable properties, are
antioxidants and affect the nutritional value of the grain. The
addition of wheat bran with purple pericarp or blue aleurone
layer to flour can improve the quality of bakery products
through taste, texture and color characteristics (Machalkova
etal., 2017). Phlobaphenes, which impart red coloration to the
grain pericarp, have a positive effect on the duration of grain
dormancy and prevent preharvest germination (Flintham et
al., 2002). Therefore, wheat genotypes with red grain color-
ation are used in breeding as donors of genes for resistance
to preharvest grain germination (Krupnov et al., 2013; Fak-
thongphan et al., 2016).

Genetic control of color formation of both grains and other
plant organs is carried out by genes encoding enzymes in-
volved in pigment biosynthesis, as well as regulatory genes
(Khlestkina, 2014; Lachman et al., 2017; Shoeva et al., 2018).
For a number of pigments, these genes have been investigated
quite well, to the point of fully deciphering their nucleotide
sequences and location in the genome. However, for some pig-
ments, such as melanin, which determines the black color-
ation of barley grains, the molecular mechanisms of biosyn-
thesis are not yet fully known (Glagoleva et al., 2017; Shoeva
etal., 2018).

High-performance, non-destructive and accurate measure-
ment techniques play an important role in assessing seed
quality and improving agricultural production (Afonnikov
et al., 2016, 2022). Hyperspectral and multispectral imaging
techniques covering visible, near-infrared wavelength ranges
provide spectral and spatial information for each image pixel.
Hyperspectral images represent reflected intensity values for
hundreds of wavelength intervals, which is significantly larger
than for multispectral images with multiple wavelength ranges
(Gowen et al., 2007).

By reducing the total amount of data, multispectral imag-
ing systems aim to rapidly acquire images with relatively low
spatial resolution and can be used in real time. Hyperspectral
images, on the other hand, are typically used as datasets from
which optimal wavelength ranges can be determined, which
will be further used in multispectral imaging for a specific
application problem (Qin et al., 2013). Such technologies
allow obtaining more accurate information about the charac-
teristics of reflected radiation of objects, compared to digital
RGB images.
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Hyperspectral data analysis has been successfully applied
to crop yield estimation and prediction. L. Serrano et al. pre-
dicted biomass and yield of winter wheat using spectral indices
(Serrano et al., 2000). W.S. Weber et al. (Weber et al., 2012)
predicted grain yield using spectra (495—-1,853 nm) of canopy
and leaf reflectance of maize plants grown under different
water regimes and obtained the most appropriate wavelengths
for yield prediction. X. Zhang and Y. He (Zhang, He, 2013)
developed a method for early and rapid seed yield estimation
using hyperspectral images of oilseed rape leaves in the visible
and near-infrared regions (380—1,030 nm). Soybean (Glycine
max) seed yield was predicted based on hyperspectral data
(395-1,005 nm) and machine learning algorithms: multilayer
perseptron, support vector method and random forest, which
also identified the most significant reflectance spectrum
(395 nm) (Yoosefzadeh-Najafabadi et al., 2021).

Hyperspectral reflectance analysis can provide reliable in-
formation on seed viability of both weedy (Matzrafi et al.,
2017) and cultivated plants: rice (He et al., 2019; Jin et al.,
2022), wheat (Zhang et al., 2018), maize (Ambrose et al., 2016;
Wakholi et al., 2018), peanut (Zou et al., 2023), melon (Kand-
pal et al., 2016), Japanese spinach mustard (Ma et al., 2020).

Based on hyperspectral technologies, innovative methods
for diagnosing plant diseases are being developed (Cheshko-
va, 2022). Hyperspectral imaging technology covering the
visible and near-infrared wavelength range (400—1,000 nm)
was used to analyze rice to detect discolored, diseased seeds
infected with bacterial panicle blight (Burkholderia glumae).
It has been shown that determining the intensity of reflected
radiation in a small number of wavelength bands is sufficient
for accurate (>90 %) classification of pathogen-affected and
healthy plants (Baek et al., 2019).

Hyperspectral images are used to determine the chemi-
cal composition of seeds of cultivated plants. Near-infrared
(895-2,504 nm) reflectance analysis has been shown to have
potential in predicting anthocyanin content in black rice grains
(Amanah et al., 2021). C. Liu et al. (Liu et al., 2020) demon-
strated the feasibility of using near-infrared (930-2,500 nm)
hyperspectral data analysis to determine the starch content of
maize grains. G. Yang et al. (Yang et al., 2018) applied Raman
hyperspectral technology with line scanning to determine the
chemical composition of maize seeds. It was found that the
characteristic Raman peaks identified at 477, 1,443, 1,522,
1,596 and 1,654 nm in the spectrum from 380 to 1,800 nm
were associated with corn starch, oil and starch mixture, zea-
xanthin, lignin and oil in corn seeds, respectively.
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A method for non-destructive estimation of the concentra-
tions and spatial distribution of moisture, protein and sugars
at different developmental stages of vigna seeds has been
proposed based on multispectral data from 20 discrete wave-
lengths in the ultraviolet, visible and near-infrared regions
(ElMasry et al., 2022). Handheld near-infrared spectroscopy
and hyperspectral imaging techniques have been used to
quantify oil and fatty acid content and to classify seed spe-
cies of the genus Brassica (da Silva Medeiros et al., 2022).
Hyperspectral images have been used to solve the classifica-
tion problem for grains of rice (Diaz-Martinez et al., 2023),
ryegrass (Reddy et al., 2023) and many other crops important
for the agricultural industry.

Platforms are being developed to provide hyperspectral
information on seeds, such as HyperSeed, which includes a
high-throughput line-scan spectrograph (600-1,700 nm) and
open-source software based on a graphical user interface. The
system was used to classify rice seeds (with 97.5 % accuracy)
grown under heat stress and in control environments using
both traditional machine learning and neural network (3D
CNN) models (Gao et al., 2021).

Thus, the analysis of hyperspectral images is of great in-
terest in various tasks related to plant research. However, deve-
loping algorithms to analyze such data is a time-consuming
task.

This paper presents a hyperspectral image analysis pipe-
line, the use of which can significantly reduce the time cost
in hyperspectral imaging-related research. We applied the
developed pipeline to determine the melanin content of barley
grains. Although the presence of melanin accounts for the
dark coloration of the grain, in practice, visual determination
of'its presence is difficult. The dark color of the grain may be
associated with the accumulation of anthocyanin pigments,
which accumulate in the aleurone of the grain, giving ripe
grains a gray color. Barley grains can also darken during
storage. Therefore, accurate determination of the presence of
melanin requires additional analysis, for example, immersion
of grains in alkali solution for its extraction.

In this paper, we present a tool for hyperspectral image
research, a pipeline, the use of which can significantly reduce
time costs in such research. The capabilities of the developed
pipeline are demonstrated on the example of the task of mela-
nin content determination in barley grains. The task of study-
ing the spectrum of melanin-containing and non-melanin-con-
taining grains was chosen for testing, since it is known that
there are significant differences in their spectrum. Our analysis
also showed significant differences in the spectrum of grains
containing melanin and samples without this pigment. Unlike
other works in this area, in addition to classifying the samples,
we had the task of implementing a pipeline to facilitate and
automate the acquisition of hyperspectral images. The deve-
loped pipeline allows us to visualize and cluster the input data,
as well as to perform their statistical analysis.

Materials and methods

Plant material. Seeds of 313 barley (Hordeum vulgare) ac-
cessions were selected for the study, of which 117 accessions
contained melanin and the remaining 196 accessions lacked
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this pigment (Supplementary Material)!. The material was
obtained from the barley collection of the All-Russian Institute
of Plant Genetic Resources named after N.I. Vavilov (VIR,
https://www.vir.nw.ru), barley collection of the Institute of
Cytology and Genetics of the Siberian Branch of the Rus-
sian Academy of Sciences (ICG, http://www.bionet.nsc.ru).
Material from the Oregon Wolfe Barleys population (OWB,
https://barleyworld.org/owb) was also used. Biochemical ana-
lysis of samples with stained grain, as well as a detailed de-
scription of the melanin detection method were performed by
A.Y. Glagoleva et al. (Glagoleva, et al. 2022).

Chemical method for determination of pigment com-
position of grains. To determine the qualitative presence of
melanin in the grain, extraction with 2 % NaOH followed
by blackening of the solution was performed. Based on this
method, each of the samples was assigned a pigmentation type
based on the presence of pigment: “contain melanins” or “do
not contain melanins”.

Image acquisition. Hyperspectral images of grains were
obtained using a Cubert S185 camera with a Cinegon 1.8/16
lens. For this purpose, a plastic petri dish with a diameter of
55 mm filled with grains without gaps was placed on a white
matte sheet of A3 paper. A diffusing light was placed on the
sides, and the camera was fixed on a tripod from above,
with the lens vertically downward. At the output, the camera
produced a 138-channel hyperspectral image, each channel
of which corresponded to the reflection intensity in a certain
wavelength range (Fig. 1). The size of the hyperspectral image
was: 50 by 50 pixels, spectral range: 450-998 n.m., spectral
channel width: 4 n.m. The images were saved in tiff format.

Thus, the hyperspectral image obtained by a Cubert S185
camera is a hypercube, in which indices ,j (i, /=1, ... 50) cor-
respond to spatial coordinates (image pixels), index k=1, ...
138, corresponds to hyperspectral lines with a certain wave-
length. Each element of this hypercube corresponds to the
intensity of reflected radiation from the subject for a pixel in
the image with spatial coordinates i, j and spectral line with
serial number £.

Images for the study of the pigment composition of barley
grains were obtained from several series of surveys over
several days.

Pipeline description. The input data for the pipeline are
hyperspectral images in tiff format described in the previous
section and calibration hyperspectral images (black and white
background images in tiff format).

Multichannel hyperspectral image analysis is performed
in several steps including preprocessing, feature extraction,
normalization and direct data analysis (Fig. 2).

Hyperspectral image preprocessing and feature ex-
traction. The nature of ambient light can affect the reflected
spectrum intensities (Zahavi et al., 2019). In order that the
reflected emission intensities on different spectrum lines could
be compared for different imaging conditions, we used image
calibration according to the following formula:

Sik — Dk

Wy
" Wi — Dy

T Supplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Busov_Engl_28_4.pdf
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A pipeline for processing hyperspectral images,
with a case of melanin-containing barley grains as an example

Fig. 1. Image of barley grains in a Petri dish in shades of gray (a) and visualization of reflected radiation intensity in the wavelength intervals of

450 nm (b), 554 nm (c), and 986 nm (d).

Data analysis

Visualization
into two-dimentional space
using PCA, UMAP and ISOMAP

Clustering

Hyperspectral image preprocessing
and feature extraction
1. Calibration

Multichannel 2.Segmentation
hyperspectral e ’

'yp P 3. Median extraction
images

4. Median smoothing

using EM algorithm

Normalization

5| (optional) Statistical analysis
using chi-square

and Mann-Whitney U-criteria

Fig. 2. Pipeline schematic for hyperspectral image analysis.

where S;; is the barley hyperspectral image hypercube ele-
ment, D is the black background calibration image element,
W, is the white background calibration image element, R
is the calibrated image element.

The calibrated images are converted to a three-channel
image approximating RGB based on intensities for wave-
lengths 450 nm (blue), 510 nm (green), 630 nm (red) using a
threshold transformation (OpenCV library threshold() func-
tion (Howse J., 2013)). This image is converted to a grayscale
image (OpenCV library function cvtColor()) and binarized to
highlight the Petri dish region with grains. If necessary, the
pipeline allows you to use your own implementation of seg-
mentation, but for the task at hand, segmentation by threshold
value is sufficient.

Then, for each image, the medians for each hyperspectral
channel are calculated from the pixel values in the segmented
area occupied by grains. The Savitzky—Golay filter (Savitzky,
Golay, 1964) is used to smooth the median values. The ob-
tained vector of medians characterizes hyperspectral data for
each studied sample.

Normalization. In order to eliminate differences arising
between imaging series, 2 methods of image normalization
were implemented in the pipeline. The first way of normaliza-
tion is standardization (subtraction of the sample mean and

Classification

using logistic regression,
ridge regression,
random forest

and CatBoost method

division by standard deviation) by identical samples of each
image (vectors of medians). The second method is standardiza-
tion by identical groups (samples containing/not containing
melanin), within each series.

Data analysis. Dimensionality reduction methods. The
pipeline uses 3 dimensionality reduction methods: PCA (prin-
cipal component analysis) (Jolliffe, 2002), ISOMAP (isometric
mapping) (Balasubramanian, Schwartz, 2002), and UMAP
(uniform manifold approximation and projection) (Mclnnes,
etal., 2018) to visualize samples clearly in hyperspectral data
space. PCA is a linear dimensionality reduction method that
preserves the largest percentage of variance.

ISOMAP, UMAP are nonlinear dimensionality reduction
methods. The UMAP method builds a weighted graph where
only the nearest neighbors are connected by edges (the number
of neighbors is given as a pipeline parameter). The ISOMAP
method first constructs a sparse graph where, just as in the
graph for UMAP, only the nearest neighbors are connected
by edges (the number of neighbors is given as a pipeline pa-
rameter). Then, either the Dijkstra algorithm (Cormen et al.,
2002) or the Floyd—Worshall algorithm (Cormen et al., 2002)
is used to compute the distances between objects in the sparse
graph for the ISOMAP method. After constructing the graphs
and the distance matrix for them, the UMAP and ISOMAP
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methods are used to determine the position of the samples in
a space of lower dimensionality (usually 2 or 3) that preserves
the distances between objects. The dimensionality reduction
methods were implemented using the Sklearn (Hao et al.,
2019) and Umap (Becht et al., 2019) libraries.

Visualization. After the preprocessing and feature extrac-
tion stages, each sample (hyperspectral image) is presented as
avector lying in a dimensionality space equal to the number of
hyperspectral image channels. The elements of the vector cor-
respond to the reflected radiation intensity for the correspond-
ing channel. After obtaining the coordinates of the samples
in lower dimensionality spaces, visualization in the form of
a scatter diagram was performed using the plotly.express.
scatter function of the Plotly library (Stancin I. et al., 2019).

Clustering. The pipeline implemented clustering using the
EM algorithm (Dempster et al., 1977). It was assumed that
each sample could belong to each cluster with a probability
obeying the Gaussian distribution mixture model. The pa-
rameters of the distributions were found using the maximum
likelihood method, using the EM algorithm. The main hyper-
parameters of clustering are: dimensionality of the space in
which clustering takes place, method of dimensionality reduc-
tion, method of initialization of weights (random initialization,
initialization by the k~-means method). The pipeline returns a
table with information about the most frequent group in each
cluster and the percentage of samples in it. The Sklearn library
was used to implement clustering.

Statistical analysis. In the created pipeline for the differ-
ence of sample averages of two groups of images, it is possible
to determine the confidence interval at a given level of sig-
nificance, which is based on the central limit theorem (CLT).
According to the CLT, if the sample size is sufficient, we can
assume that the difference of sample averages is normally
distributed. For this random variable, the sample mean and
sample variance are calculated, and thus confidence intervals
of arbitrary level are constructed.

Tests based on the Mann—Whitney U-criterion (Wilcoxon,
1945) and chi-square criterion (Greenwood, Nikulin, 1996)
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were added to the pipeline to test the hypothesis that the
distributions of the two groups coincide. Statistical analysis
was implemented using the SciPy library (Nunez-Iglesias et
al., 2017).

Classification. The developed pipeline classifies hyperspe-
ctral images using methods such as logistic regression (Nor-
man, Harry, 2007), ridge regression (Norman, Harry, 2007),
random forest (Ho,1995) and gradient boosting (Prokhoren-
kova et al., 2017). The pipeline returns tables with classifica-
tion results on metrics such as accuracy, F1, precision and
recall, as well as error matrices for each classifier. The first
table contains classification results for macro metrics and the
second, for micro metrics. If a function that converts a group
into a vector is passed to the pipeline, the pipeline returns a
third table with the averaged binary classification results for
each individual component of the vector. Classification is
implemented using the Sklearn and CatBoost libraries (Han-
cock, Khoshgoftaar, 2020).

Results

Sample images for pigment composition analysis were ob-
tained from three series of surveys. In two series, grains con-
taining melanin were absent. In one series, both grains with
melanin and grains without this pigment were present. There
were no identical samples in different series of imaging. For
each sample, two images were obtained: a hyperspectral image
and a high-resolution image. Since samples without pigment
were present in all imaging series, normalization by samples
of grains with no pigment was performed.

Median graph
The obtained medians were used to plot the dependence of
intensity on wavelength for each image (Fig. 3). As can be
noted, the hyperspectrum of grains containing melanin dif-
fers markedly from the hyperspectrum of grains without this
pigment.

The plot without normalization for the median curves shows
local maxima in the 600-700 nm range, and local minima in

Meaning of median

500 600 700 800
Wavelength, nm

500 600 700 800 900
Wavelength, nm

Fig. 3. Graph of the dependence of the median intensity of reflected radiation for barley grain samples as a function of wave-

length.

On the leftis the graph (a) without normalization, on the right is the graph (b) of medians after normalization by identical groups. Blue lines
correspond to medians of images of barley grains without melanin, and red lines, to medians of images of grains with melanin.
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Fig. 4. Plots of distributions in two-dimensional space obtained with PCA (a), UMAP (b) and ISOMAP (c).

Blue points correspond to samples without melanin and red points, to samples with melanin.

the 700-800 nm range. Most of the median curves of grains
with melanin are more tightly clustered (wavelength-averaged
dispersion is smaller) and have smaller mean values than the
curves of samples without pigment over the entire wavelength
range. Despite the partial overlap, most of the median curves of
the samples with pigment are distinguishable from the median
curves of the samples without pigment.

Visualization in two-dimensional space

In the PCA (Fig. 4a) and ISOMAP (Fig. 4c) plots, it can be
observed that the dispersion in grains without melanin is larger
than in grains with this pigment.

Clustering results

Clustering was performed into 2 clusters representing samples
with melanin and samples without pigment. Clustering con-
firms that the medians of hyperspectral images are separable
with high accuracy (Fig. 5, Table 1).

The samples with and without pigment were least clearly
separated in the PCA plot (Fig. 4a): samples without pig-
ment (blue dots) are present near the cluster of samples with
melanin (red dots on the right). These samples were assigned
to the second cluster (green dots) during clustering (Fig. 5a).
In contrast, in the UMAP plot, all samples with pigment were
arranged in isolation (Fig. 4b), on the top left, while samples
without pigment formed clusters of dots on the right. How-
ever, in the clustering plot (Fig. 5b), single samples on the
left were assigned to the second cluster. The ISOMAP plot
(Fig. 4c) shows a good clustering of samples with melanin,

while samples without pigment were distributed on the left,
and to a lesser extent, on the right side of the plot, partially
overlapping with samples with melanin. In clustering (Fig. 5¢),
some of these samples were assigned to the second cluster
(green dots in the right part of the graph).

Table 1 numerically confirms that the median vectors of
hyperspectral images of grains of different classes (contain-
ing and not containing melanin) in clustering mainly fall into
different clusters, which indicates the existence of significant
differences in the spectrum of grains with and without pigment.
It is also worth noting that the first cluster includes samples
exclusively without melanin.

Statistical analysis

Figure 6a shows the differences of sample mean values of re-
flected radiation intensity for barley samples for all wavelength
intervals. As can be noted, the mean values of different groups
of grains are statistically significantly different in the whole
wavelength interval under consideration. Figure 65 shows a
plot of the dependence of the logarithm of the reliability of
differences (p-value) on wavelength for the Mann—Whitney
U-criterion. This criterion (taking into account the Bonferroni
correction) allowed us to detect statistically significant dif-
ferences for the entire hyperspectrum under study.

Classification results

The task of classifying hyperspectral grain images based on
melanin content is a binary classification task. Table 2 shows
the classification accuracy estimates for accuracy, F1, preci-
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Fig. 5. Visualization of the clustering results using the EM algorithm. Initialization was performed using the k-means method in a
space of dimensionality 15, using the dimensionality reduction methods PCA (a), UMAP (b) and ISOMAP (c).

Blue dots correspond to grains that do not contain melanin and are in the first cluster. Red dots correspond to grains that contain melanin
and are in the second cluster. Green dots stand for grains that do not contain melanin and belong to the second cluster. Samples contain-

ing melanin but assigned to the first cluster were absent.

Table 1. Clustering accuracy by the EM algorithm with random initialization in dimension space 15,
using the UMAP dimensionality reduction method

Cluster Prevailing class

2 Melanin PCA

1 Melanin-free PCA

2 Melanin UMAP

1 Melanin-free UMAP

2 Melanin ISOMAP
1 Melanin-free ISOMAP

Dimensionality reduction method

Frequency of the most frequently
occurring class in the cluster

0.79
1.00
0.96
1.00
0.80
1.00

Note.The prevalent class is the most frequent class of samples in the cluster.

sion and recall metrics for each dimensionality reduction
method. The test sample size was 47 samples and the train-
ing sample size was 266 samples. The k-fold cross validation
(k=4) wasused in training. 18 samples in the test sample con-
tained melanin; 29 samples were without melanin; 99 samples
in the training sample were with melanin; 167 samples were
without this pigment.

The studied grain samples contained anthocyanins in addi-
tion to melanin, which allowed us to study the possibility of
differentiation between melanins and anthocyanins. Samples
were classified in the 15-dimensional space previously ob-
tained by PCA using logistic regression (266 samples for the
training sample and 47 samples for the test sample). As a re-
sult, classification errors occurred mainly between the classes
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A pipeline for processing hyperspectral images,
with a case of melanin-containing barley grains as an example
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Fig. 6. (a) 95 percent confidence interval for the difference of sample mean medians. The blue line is the values of the difference of sample mean dif-
ferences. The red area is the 95 percent confidence interval. (b) Logarithm p-value plot for the Mann-Whitney U-criterion for the difference in mean
values of reflected spectrum intensity for grain samples with and without melanin for different wavelength intervals.

Table 2. Classification results of the test sample in dimension space 15, using PCA, UMAP and ISOMAP for dimensionality reduction

Model Accuracy
Logistic regression 0.979
Ridge regression 0.979
Random forest 0.979
Gradient boosting (catboost) 0.979

F1 Precision Recall
0.971 0.944 1.000
0.971 0.944 1.000
0.971 0.944 1.000
0.971 0.944 1.000

Note. For the obtained training and test samples, the results when using different dimensionality reduction methods on the test sample were the same.

“without pigments” and “with anthocyanins only”, as well as
in identifying samples containing both pigments and grains
containing only melanin (Fig. 8).

Based on the results of the statistical analysis, no statisti-
cally significant differences (p-value < 0.05/138, taking into
account the Bonferroni correction) were found across the
spectrum for grains containing only melanin and grains with
both pigments. The lowest p-value for the Mann—Whitney
criterion for these groups was reached at 774 nm and was
0.0438 (Fig. 9a). For grains containing only anthocyanins
and grains without pigments, statistically significant differ-
ences (p-value <0.05/138, taking into account the Bonferroni
correction) were found at wavelengths falling in the red and
infrared bands (> 714 nm) (Fig. 9b).

Discussion

Pipelines in the field of hyperspectral image processing

There are many state-of-the-art approaches to automate the
process of hyperspectral data analysis. They utilize a wide
range of machine learning, computer vision and advanced
data processing techniques. Hyperspectral images are charac-
terized by high dimensionality, large data volume, are affected
by noise, require calibration and normalization, and are more
difficult to visualize compared to RGB images. In addition,
there is a problem of training sample size. To solve this prob-
lem, various methods of increasing the size of training sets

(augmentation) are used. On the other hand, the high dimen-
sionality of hyperspectral data can easily lead to a high level
of data redundancy. To solve this problem, algorithms for
ranking and filtering significant features, as well as for select-
ing groups of significant spectra are used.

The acquired hyperspectral raw data are preprocessed:
outlier detection using principal component analysis (PCA),
group averaging, scaling and centering (Yoosefzadeh-Naja-
fabadi et al., 2021); calibration of the acquired images using
reference images (dark and white); normalization; Savitzky—
Golay filtering; and parameter ranking and filtering for clas-
sification to improve model accuracy and generality (Amanah
etal., 2021).

The use of dimensionality reduction techniques may lead to
a decrease in classification accuracy, however, it may be justi-
fied in order to increase the generality of the models — to avoid
overfitting them. Thus, the development of approaches for
solving individual problems using hyperspectral data requires
multi-stage processing, the realization of which is possible in
a software pipeline architecture, where each individual stage
is replaceable and can be carefully tuned and adapted.

To solve such problems, pipeline approaches are currently
being actively developed. For example, in the work of F. Zhu
et al. (Zhu et al., 2024), the authors investigated ways to pre-
process spectral data to effectively reduce the effect of different
illumination on chlorophyll estimation in basil crops grown
under different light intensities. The authors determined the
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optimal analysis pipeline for near-field hyperspectral imaging
data by evaluating the performance of regression modeling and
obtaining satisfactory chlorophyll distribution maps consistent
with observed differences in chlorophyll levels.

In their work, H. Feng et al. (Feng et al., 2017) developed
an integrated image analysis pipeline for automatic processing
of large volumes of hyperspectral data. Models were built to
accurately quantify 4 pigments (chlorophyll a, chlorophyll
b, total chlorophyll, and carotenoids) from rice leaves and
identified important wavelength groups (700760 nm) as-
sociated with these pigments. At the tillering stage, the R?
values and mean absolute percentage errors of the models
were 0.827-0.928 and 6.94-12.84 %, respectively.

By establishing a four-stage image processing and data
analysis management pipeline, the applicability of hyperspec-
tral remote sensing for early detection of drought stress and
root-knot nematodes (RKN) infestation in tomato plants was
evaluated (Zibrat et al., 2019). The pipeline included: image
acquisition, data extraction, preprocessing and analysis. By
combining discriminant analysis based on partial least squares
and support vector machine with time series analysis, the
authors achieved 100 % classification success in determining
irrigation regime and infestation rate. Thus, the development
of pipelined solutions for hyperspectral data analysis is an
actively developing area at the moment.

The hyperspectral data analysis example presented in this
paper also uses a pipeline approach, which includes prepro-
cessing and dimensionality reduction data analysis (principal
component analysis, group averaging, calibration using refer-
ence images, normalization, Savitzky—Golay filtering). The
pipeline structure allows the use of different dimensionality
reduction methods: PCA (Jolliffe, 2002), ISOMAP (Bala-
subramanian, Schwartz, 2002) and UMAP (Mclnnes, et al.,
2018) in combination with different classification methods:
logistic regression (Norman, Harry, 2007), ridge regression
(Norman, Harry, 2007), random forest (Ho, 1995), gradient
boosting (Prokhorenkova et al., 2017).

Methods of plant image classification

based on hyperspectral data

Hyperspectral images are used to classify the physiological
state of plants. T. Zhang et al. (2018) investigated the feasibil-
ity of using hyperspectral imaging techniques in the visible and
near-infrared ranges (VIS/NIR, 400—1,000 nm) to recognize
viable and non-viable wheat seeds. For this purpose, clas-
sification models, partial least squares discriminant analysis
(PLS-DA) and support vector machines (SVM) combined
with some preprocessing techniques and sequential projec-
tion algorithm (SPA) were used. The results showed that the
standard normal variation (SNV)-SPA-PLS-DA model had
high classification accuracy for whole seeds (>85.2 %) and
viable seeds (>89.5 %).

Y. Lu et al. (Lu et al., 2022) were able to achieve up to
99.6 % accuracy in differentiating five cannabis varieties, and
100 % accuracy in distinguishing between five growth stages
and two plant organs (leaves and flowers) using a desktop
hyperspectral imaging system in the spectral range of 400—
1,000 nm and machine learning based on regularized linear
discriminant analysis.
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The work published by B.C. da Silva et al. (2024) evaluated
the performance of five ML algorithms and the sensitivity of
90 spectra in the task of predicting the content of nitrogen
and pigments (chlorophyll and carotenoids) in maize leaves
at different phenological stages to optimize nitrogen fertiliza-
tion. In predicting the contents of chlorophyll a and b, the
value of Pearson correlation coefficient between predicted
and observed data was about 0.6, and the mean absolute error
(MAE) was below 0.5. When flavonoid content was predicted,
the value of the correlation coefficient between predicted and
observed data was about 0.6 and the MAE was 0.07. When
nitrogen content was predicted, the correlation coefficient
values were above 0.35 and the MAE was below 2.75.

In the paper published by Changyeun Mo et al. (2014), the
authors developed a method to assess the viability of pepper
(Capsicum annuum L.) seeds based on hyperspectral imag-
ing in the 400-700 nm range obtained using blue, green, red
and RGB LED illumination. For this purpose, a partial least
squares discriminant analysis (PLS-DA) model was developed
based on the standard normal variant of RGB LED illumina-
tion (400-700 nm), which provided recognition accuracies
ranging from 96.7 to 100 %.

R. Falcioni et al. (2023) developed a method to estimate
pigments such as chlorophylls, carotenoids, anthocyanins and
flavonoids in six agronomic crops: maize, sugarcane, coffee,
rapeseed, wheat and tobacco based on hyperspectral data.
Clustering based on principal component analysis (PCA) and
Kappa coefficient analysis yielded accuracies ranging from
92 to 100 % in the ultraviolet (UV-VIS), near-infrared (NIR)
and shortwave infrared (SWIR) bands.

In our study, we obtained quite high precision values:
accuracy = 0.979, F1 = 0.971 with precision = 0.944 and
recall = 1.000 for all prediction models, which is comparable
to similar values in other works, in particular, those described
above. The resulting estimates were similar for all models,
probably due to the fact that the sample size was small and
homogeneous. As a result, with the resulting partitioning,
all models in the test sample made one error, misclassifying
one sample. On the other hand, this demonstrates the high
stability of the predictions based on hyperspectral data and
the proposed models.

In our previous work (Komyshev et al., 2023), we deve-
loped a method for estimating the presence of anthocyanins
and melanin in barley grain shells based on the analysis of
digital RGB images using computer vision and machine learn-
ing algorithms. We used a similar imaging protocol using Petri
dishes for grains, but imaging was performed with a conven-
tional RGB camera. The samples were taken from a similar
collection. In that case, the best accuracy (accuracy = 0.821)
was shown by the U-Net model based on the EfficientNetBO
topology. Thus, even when using deep machine learning
methods, the classification accuracy was lower than in the
present work. It can be concluded that more hyperspectral
images allow more accurate classification of plant grains
by pigment content using less resource-intensive “shallow”
machine learning methods.

We studied the effect of the presence of anthocyanins on
the accuracy of melanin determination in barley samples.
The accuracy of melanin determination in samples contain-
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ing anthocyanins was lower (accuracy = 0.95) compared to
samples without this pigment (accuracy = 1) (Fig. 8). Thus,
the presence of anthocyanins insignificantly reduces the ac-
curacy of melanin determination in samples.

The ability to differentiate samples with only melanin from
those with both melanin and anthocyanins was poor (Fig. 9a).
Determination of anthocyanins, based on the hyperspectral
data obtained, seems to be possible with high accuracy due
to the spectrum in wavelengths falling in the red and infra-
red ranges (>714 nm) (Fig. 9b). Thus, this approach allows
differentiating grains without pigments from grains with an-
thocyanins, but does not allow determining the presence of
anthocyanins in samples with melanin.

Our goal was to explore the possibility of distinguishing
between melanin-containing and non-melanin-containing seed
samples using hyperspectral data alone. We also tested several
approaches consisting of interchangeable methods that form
a typical hyperspectral data processing pipeline and formed it
into a software tool. This software tool can be used to quickly
build a hyperspectral data analysis algorithm that includes the
main data processing steps such as image loading, preprocess-
ing, analysis and visualization.

Conclusion

Visualization based on the PCA, UMAP and ISOMAP me-
thods, as well as clustering in dimension space 15, showed
that barley samples with and without melanin could be divided
into two respective classes with high accuracy on the basis
of hyperspectral images. The analysis revealed statistically
significant differences in the distribution of reflected intensity
for these samples for all hyperspectral lines.

Advantages of using the developed pipeline over classi-
cal and more accurate biochemical methods of solving the
classification problem are low time and labor costs, as well
as objectivity of the obtained results. Neural networks/deep
machine learning methods were not used in this version of
the package for classification. The disadvantages of neural
network approaches compared to the methods implemented
in the pipeline may be the difficult interpretability of the pre-
diction results, as well as the need for a training sample of a
very large volume.

In this paper, an open-source Python-based computational
pipeline has been developed for hyperspectral image analy-
sis, which includes visualization in two-dimensional space,
clustering, basic statistical analysis and classification. The
proposed software package can significantly reduce the time
cost in studies involving hyperspectral image analysis. The
developed pipeline was tested in the task of investigating the
effect of melanin on the hyperspectrum of barley grains.
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Abstract. Genomic selection is a technology that allows for the determination of the genetic value of varieties of agri-
cultural plants and animal breeds, based on information about genotypes and phenotypes. The measured breeding
value (BV) for varieties and breeds in relation to the target trait allows breeding stages to be thoroughly planned and
the parent forms suitable for crossing to be chosen. In this work, the BLUP method was used to assess the breeding va-
lue of 149 Russian varieties and introgression lines (4 measurements for each variety or line, 596 phenotypic points) of
spring wheat according to the content of seven chemical elements in the grain — K, Ca, Mg, Mn, Fe, Zn, Cu. The quality
of the evaluation of breeding values was assessed using cross-validation, when the sample was randomly divided into
five parts, one of which was chosen as a test population. The following average values of the Pearson correlation were
obtained for predicting the concentration of trace elements: K- 0.67, Ca - 0.61, Mg — 0.4, Mn - 0.5, Fe - 0.38, Zn - 0.46,
Cu - 0.48. Out of the 35 models studied, the p-value was below the nominal significant threshold (p-value < 0.05) for
28 models. For 11 models, the p-value was significant after correction for multiple testing (p-value < 0.001). For Caand K,
four out of five models and for Mn two out of five models had a p-value below the threshold adjusted for multiple test-
ing. For 30 varieties that showed the best varietal values for Ca, Kand Mn, the average breeding value was 296.43, 785.11
and 4.87 mg/kg higher, respectively, than the average breeding value of the population. The results obtained show the
relevance of the application of genomic selection models even in such limited-size samples. The models for K, Ca and
Mn are suitable for assessing the breeding value of Russian wheat varieties based on these characteristics.
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Hcnionb3oBaHue Metona BLUP g1 olieHKUu
CeJIEKLIMIOHHO IIeHHOCT 00pa3110B MSITKO SIPOBOJI ITIIEHUIIbI
10 COZIeP>KaHMI0 MUKPO- I MAaKPO3JIEMEHTOB B 3epHe
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OueHKa ceNeKUMOHHON LlEHHOCTN
MArKOMN APOBOI NieHnLbl meTogom BLUP

nekummn 1 BbibrpaTb noaxoaaLme ana cKpewmBaHma pogutenbckme popmbl. B HacToAwen paboTe ncnonb3oBaH MeToq
BLUP anAa oueHKN cenekumoHHON LeHHOCTN 149 pOoCCUICKMX COPTOB Y UHTPOTPECCUBHDBIX IMHUNA (4 n3mepeHns ana
KaX[10ro copta Wiv IMHUK, 596 peHOTUNMUYECKNX TOUEeK) SPOBO MILEHWLbI MO COAEPKAHUIO CEMN XUMUYECKIMX de-
MeHTOB B 3epHe — K, Ca, Mg, Mn, Fe, Zn, Cu. KauecTBO OLEeHK/ CeneKLOHHOM LeHHOCTY BblIo onpefeneHo C NOMOLLbO
KpOCC-BanuaaLymv METOAOM CllyyaliHOro pasfeneHrsa BbI60PKM Ha NATb YacTel, OfiHa 113 KOTOPbIX BbICTyNana B kauecTse
TectoBol nonynaummn. CpefHue 3HaveHNa KoadoduumeHTa koppenaummn NupcoHa AnA nNpefckasaHna KOHLEHTpauum
MUKpo3niemeHToB cocTtaBunu: K- 0.67, Ca - 0.61, Mg — 0.4, Mn - 0.5, Fe — 0.38, Zn — 0.46, Cu — 0.48. [inAa 28 n3 35 nccne-
AyeMbiX MoAenen 3HaueHue p-value 6bi10 HUXKEe HOMUHAJIBHOTO 3HaUYMMOro nopora (p-value < 0.05). ina 11 mopenen
p-value 6b1J10 3HaUMMO MOCIIe KOPPEKLUUM Ha MHOXeCTBEHHOe TecTupoBaHue (p-value < 0.001). YeTbipe 13 naTn mope-
nen pna Cau K, n ge 13 nati ana Mn umenu p-value HuKe nopora, NOMPaBNEHHOIO Ha MHOXECTBEHHOE TECTUPOBAHME.
[ina 30 copToB, NOKa3aBLUMX NyyLLMe 3HaYeHNA COPTOBOW LIEHHOCTH, CPeAHAA cenekuMoHHan LeHHocTb Ana Ca, Ku Mn
6blna Bbllwe Ha 296.43, 785.11 1 4.87 Mr/Kr COOTBETCTBEHHO, YeM CPefHAA CeNEKLUMOHHAn LLeHHOCTb nonynayun. Mony-
YeHHble pe3ysbTaTbl JeMOHCTPUPYIOT BO3MOXHOCTb MPUMEHEHNA MOLesIel FeHOMHOW CeNneKUmMmM Ha OrpaHNYeHHbIX Mo
pasmepy BbibopKax obpasuos. Mogenu ans K, Ca n Mn, nokasaBlune Haunyylwnid pesynbTat, MPUroaHbl AA OLEHKM
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CeneKUNOHHON LLEHHOCTU POCCUNCKIMX COPTOB MLUEHULbI A1 AAaHHbIX MPU3HAKOB.
KntoueBble cnoBa: reHoMHas cenekuyms; BLUP; nweHnLa; MUKPO31eMeHTbI; MaKpO31eMEHTbI.

Introduction

Since time immemorial, classical selection methods have been
used to develop new varieties of agricultural plants and animal
breeds based on the hybridization of samples with economi-
cally valuable traits, followed by selection based on pheno-
type. With the evolution of genome sequencing technologies
and methods for developing molecular markers, it became
possible to use differences in the structure of genomes, find
marker-trait associations, and use the information obtained to
identify the relationship between genotypic polymorphisms
and phenotypic variations. New approaches actively being
developed in plants include marker-assisted selection (MAS)
and genomic selection (GS) (Charmet, Storlie, 2012; Bhat et
al., 2016; Bartholomé¢ et al., 2022; Miller et al., 2023); they
are also used for animals (Kuznetsov, 1999; Melucci et al.,
2009; Suslina et al., 2019; Stolpovsky et al., 2020; Zhumanov
etal., 2021; Johnsson, 2023).

Despite the fact that MAS is quite effective for searching
for and introducing genes with a high contribution to the
phenotypic manifestation of a trait, the main disadvantage
of the method is the insufficient accuracy of predicting traits
with polygenic inheritance. As an alternative to MAS, and
for the purpose of overcoming the limitations of this method,
genomic selection has been proposed. One of its main advan-
tages is the use of predictive models to assess the breeding
value (BV).

Among the main approaches for genomic selection the fol-
lowing methods can be distinguished: BLUP methods (Best
Linear Unbiased Prediction) (Charmet, Storlie, 2012; Hoffstet-
ter et al., 2016; Lozada, Carter, 2020; Plavsin et al., 2022), a
group of Bayesian methods (Juliana et al., 2022) and a group
of methods that use machine learning (Wang et al., 2018). In-
dex methods are also used (Lopez-Cruz et al., 2020). Genomic
selection methods in agriculture can change and increase the
accuracy of the approach to breeding new plant varieties and
animal breeds.

Significant benefits of the use of GS have been observed
in livestock production due to the high cost of reproduction.
The adoption of GS for crop production began much later, but
the general potential of current approaches and the potential
of GS itself has now been explored in major crops such as
wheat, corn, barley and soybean.

KOMMbIOTEPHASA BUONOTUA PACTEHUIA / COMPUTATIONAL PLANT BIOLOGY

Wheat plays an important role in food security around the
world. In addition to nutritional components, wheat grains
contain elements such as calcium, zinc, magnesium, etc.
Elemental deficiency, also known as “hidden hunger,” oc-
curs as a result of consuming food with low concentrations
of elements and vitamins (Liu et al., 2019) and can lead to
various diseases and even death. For this reason, the ability to
intelligently select wheat varieties and increase the concentra-
tion of essential elements in the grain is an important way to
combat nutritional deficiencies around the world. According
to the elements’ content in the human body, elements are di-
vided into macroelements (the content in the human body is
hundredths of a percent or more), microelements (the content
is from hundred thousandths to thousandths of a percent) and
ultramicroelements (millionths of a percent or less). Of the
seven elements analyzed in this paper, macroelements include
calcium, potassium and magnesium, and microelements in-
clude iron, manganese, copper and zinc.

Genomic selection methods are applied to different popula-
tions and varieties of wheat for a variety of traits: from grain
element content and yield to disease resistance (Hoffstetter
et al., 2016). The most actively used method is BLUP and its
various modifications — rrBLUP, gBLUP, egBLUP, wBLUP
and others (Zhao et al., 2014; Martini et al., 2017; Berkner
et al., 2022; Rabieyan et al., 2022). This method has proven
itself over several decades of use in plant and animal breeding.
The Bayesian method and its modifications are also used —
BRR (Bayesian Ridge Regression), BL (Bayesian Lasso),
BA (Bayes A), BB (Bayes B), BC (Bayes C). Recently, ma-
chine learning and deep learning methods have been applied
to genomic breeding of wheat (Sandhu et al., 2021a, b; Sirsat
etal., 2022). Comparisons of results between methods showed
that they mainly overlap and the generally accepted methods
ofthe BLUP group are in no way inferior to Bayesian methods
and machine learning methods (Tsai et al., 2020; Berkner et
al., 2022; Juliana et al., 2022).

Previously, using a panel of varieties and introgressive lines
of bread wheat, we performed associative mapping of genetic
factors that determine the content of seven chemical elements
in wheat grain (Potapova et al., 2023).

The purpose of this work was to study the BV of samples
from this collection based on the content of chemical ele-
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ments and to obtain unbiased estimates of the effects of ge-
netic polymorphisms to determine the BV of other Russian
varieties.

Materials and methods

A panel of 157 Russian varieties and introgressive lines of
spring soft wheat was used in the work. A list of plant mate-
rial, information about the origin of samples and phenotyping
conditions are available in (Leonova et al., 2020; Potapova
etal., 2023).

Genotyping of samples with SNP markers was performed
using the Illumina Infinium 15 K platform (TraitGenetics
Section, Germany, www.sgs-institut-fresenius.de). After align-
ment of markers to the reference wheat genome to determine
their location (chromosome and position), quality control
checks and subsequent data filtering (quality of SNP genotyp-
ing <5 %, minor allele frequency < 1 %, quality of sample
genotyping < 5 %), 149 wheat lines and 11,405 SNPs (single
nucleotide polymorphisms) remained. Detailed information
about the analysis of genotypes is available in (Potapova et
al., 2023).

The content of micro- and macroelements (Zn, Mg, Mn, Ca,
Cu, Fe and K) was determined by flame spray atomic absorp-
tion spectrometry on a Contra 800 D device (Analytik Jena,
Germany), as described in (Potapova et al., 2023). Statistical
processing of the results was carried out using the Statistica
v.10.0 software package.

The assessment of the chemical elements content was car-
ried out using seed material from the collection grown under
the conditions of 2018-2019. At the same time, 4 measure-
ments were performed, 2 for each year. Heritability was cal-
culated using the formula V(G)/V(P) in the plink program
(v.1.90b6.26, Purcell et al., 2007).

For each of these phenotypes (element content in grain),
average values were obtained among 4 measurement points.
The obtained average values were used in further analysis.

BLUP and cross-validation. Each element was analysed
separately, analysis flowchart is presented in Figure 1.

For 149 cultivars, the genetic relationship matrix for SNPs
was estimated with genotyping quality above 98 % using
GCTA software (version 1.94) (Yang et al., 2011). Breeding

The BLUP method in evaluation of breeding values
of Russian spring wheat lines

GREML
function

Kinship
matrix

149 samples > BLUP

Fig. 1. Analysis flowchart.

values were then obtained for each of the accessions using the
--reml-pred-rand option from GCTA. This function estimates
the variance of a trait explained by all analyzed SNPs. To es-
timate the weight of each SNP (SNP coefficients) separately,
the --blup-snp function from GCTA was used.

To check the validity of the obtained results, we applied
a model using the k-fold cross-validation method (Fig. 2).

The sample of 149 units was randomly divided into five
subsamples. Each of the subsamples acted once as a test
population, while the remaining four subsamples acted as a
training population. Thus, for each of the chemical elements,
five models were used to obtain SNP coefficients to assess the
breeding value of the element content in wheat. In each case,
there were 119 varieties in the training set, and 30 varieties
in the test set.

Breeding value assessment was carried out using GCTA
software as described above. Next, the coefficients of single
nucleotide polymorphisms were obtained to assess the breed-
ing value of the content of elements in wheat using the BLUP
method implemented in the GCTA software.

For the obtained coefficients, the BV was estimated for
all accessions from the test population using plink software
(version 1.90b6.26) (Purcell et al., 2007). The obtained values
were used to assess the quality of the prediction by calculating
the correlation coefficients between the estimated BV and the
actual phenotypic data. Confidence intervals for the values of
correlation coefficients were also estimated using the Fisher
z-transformation of the distribution.

For visualization, we used R programming language (ver-
sion 2022.07.0, build 548). The regression line was con-
structed using the formula BV ~ phenotype, where BV is the
estimated breeding value, and phenotype is the real values of
the phenotypes.

Training
N L | GREML

4/5 of dataset >|  Kinship > (mean, 7 traits) BLUP

Test
Mean of 7 traits \
Correlation
1/5of d plink-score Mean PRS /
of dataset 12,829 SNPs ean

Fig. 2. Analysis flowchart using the k-block cross-validation method.
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Results
Table 1 and Table 2 show the phenotypic mean and the herit-
ability of each element in 2018 and 2019, respectively. A graph
of correlations between phenotypic means is presented in
Figure 3.

Data on estimates of BV and mean content of seven ele-
ments for each variety are presented in Supplementary Mate-
rial 11,

Data on the estimated correlation coefficients and confi-
dence intervals, as well as the p-value between the estimated
BV and the actual phenotypic data for all seven elements
studied, are presented in Supplementary Material 2.

Average values of Pearson correlation coefficients were
obtained to predict the concentration of microelements with
real phenotypes: K — 0.67, Ca — 0.61, Mg — 0.4, Mn — 0.5,
Fe — 0.38, Zn — 0.46, Cu — 0.48. The maximum correlation
coefficient was 0.75 (p-value = 1.85¢-07) and was obtained
for model 4 for potassium. The minimum is 0.22 for model 5
for iron (p-value = 0.24).

It was assumed that the prediction of BV for an element
is significant if for at least one out of the five models the
p-value is below the threshold adjusted for multiple testing
(p-value <0.001), and for the remaining four models the p-va-
lue is below the nominal level of significance (p-value <0.05).
Thus, we obtained significant estimates of the BV for calcium,
potassium and manganese.

The absolute values of the correlation coefficient for the
other four micro- and macroelements (Fe, Mg, Zn, Cu) and
models were included in the estimated confidence intervals
of each model for each of the studied elements, and were also
significantly different from zero for 28 out of the 35 estimated
models. For iron, in three out of the five models (models
numbered 1, 4, 5), the p-values were above the nominal sig-
nificance level of 0.05. Also, correlation coefficient values
insignificant at the p-value level were obtained for model 3
for copper, model 2 for magnesium, model 4 for manganese
and model 1 for zinc. The resulting scatterplots are presented
in Supplementary Materials 3-9.

For the 30 varieties with the highest estimated BV, the re-
sponse to selection was assessed (compared with the average
values of BV for the population) (Table 3). A comparison was
carried out for 30 varieties with the highest values of micro-
and macroelements. Response to selection for phenotypes
was adjusted for heritability. Only for calcium, the response
to selection obtained while accounting for the BV was higher
than the response to selection obtained for phenotypes while
taking into account heritability (Table 3). The response to
selection was estimated as (Ptop — Pmean)*h2, where Ptop is
the average value of the phenotype for 30 varieties with the
highest value of the estimated BV, Pmean is the average value
of the phenotype in the study population, h?is the heritability
indicator of this phenotype.

The resulting estimates of the breeding value of Russian
wheat varieties in the form of coefficients for SNP were re-
gistered in the Unified Register of Russian Programs for Elec-
tronic Computers and Databases and are available upon request
to the copyright holder (Institute of Cytology and Genetics
SB RAS) (Supplementary Material 3).

T Supplementary Materials 1-10 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Potapova_Engl_28_4.pdf
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Table 1. Phenotypic mean values for each year separately

(2018 and 2019) and averaged between years,
the standard error is indicated in parentheses

Element ~ Mean element content, mg/kg

2018 2019 2018 and 2019

Ca 772.67 (18.03) 666.68 (17.53) 719.67 (12.74)

Cu 3.58 (0.06) 4.41 (0.05) 3.99 (0.04)

Fe 43.17 (0.47) 46.61 (0.45) 44.89 (0.33)

K 4025.70(37.10)  4186.73 (48.39) 4106.21 (30.63)
Mg 1588.54 (11.44) 1329.75(11.59) 1459.14 (9.64)

Mn 37.83(0.31) 39.05 (0.46) 38.44(0.28)

Zn 35.89 (0.40) 46.27 (0.64) 41.08 (0.43)

Table 2. Heritability of traits by year (in fractions of one,
where zero is the absence of a genetic contribution

to the trait, one is a completely genetically determined trait)
and for the average between years, the standard error

is indicated in parentheses

Element Heritability of element content
2018 2019 2018 and 2019

Ca 0.66 (0.05) 0.53 (0.06) 0.70 (0.04)

Cu 0.79 (0.04) 0.82 (0.03) 0.81 (0.03)

Fe 0.89 (0.02) 0.75 (0.04) 0.84 (0.03)

K 0.72 (0.05) 0.83 (0.03) 0.89 (0.02)

Mg 0.73 (0.05) 0.55(0.06) 0.72 (0.04)

Mn 0.85(0.03) 0.76 (0.04) 0.83(0.03)

Zn 0.82 (0.03) 0.67(0.05) 0.73 (0.04)
Discussion

In this work, we conducted a study of unbiased estimates of
the effects of genetic polymorphisms and their use to assess
the genomic potential of Russian spring bread wheat samples
for the content of seven micro- and macroelements — K, Ca,
Mg, Mn, Fe, Zn, Cu. The best linear unbiased prediction
(BLUP) was chosen as a method, and an approach of divid-
ing the sample into several parts (k-fold cross-validation)
was selected to check the quality of the model. The choice of
model and method was due to the wide dissemination and ap-
plication of them in genomic selection of plants and animals
(Piepho et al., 2008; Molenaar et al., 2018; Tajalifar, Rasooli,
2022).

The sample was randomly divided into five subsamples.
Correlation was used as a quality metric for the obtained
SNP coefficients to assess the BV. The minimum correla-
tion coefficient value was 0.22 for model 5 for iron content
(p-value = 0.24). At the same time, the p-values of model 5
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Fig. 3. Plot of correlations between phenotypes for 149 varieties.
For each variety, the phenotype value was calculated as the average between the four points.

Table 3. Expected response to selection using 30 cultivars
with the highest estimated BV and 30 cultivars with the highest content
of micro- and macronutrients as parent population

Element Response to selection  Response to selection by phenotypes
by BV (accounting for heritability)
Ca 296.43 262.24
Cu 0.60 0.90
Fe 4.99 7.25
K 785.11 873.41
Mg 88.57 131.66
Mn 4.87 5.95
Zn 6.79 7.54

for all elements were higher than the nominal value of 0.05 for iron in only one
case out of seven. Moreover, out of 35 p-values obtained for the correlation
coefficients of the estimated BV and real phenotypes, only 7 were equal to or
above the nominal significance level of 0.05. This indicates a stable estimate
of BV between different parts of the sample.

It is worth noting that for calcium, potassium, and magnesium, at least one
out of the five models had a correlation coefficient that was significant using
the threshold adjusted for multiple testing (p-value < 0.001), and the remaining
models were significant using the nominal significance level (p-value <0.05).
Based on this, we established that the estimates of breeding value for these
three elements are significant. The lack of significance according to a given
criterion for the remaining four elements can be observed due to many factors,

The BLUP method in evaluation of breeding values
of Russian spring wheat lines

such as small sample size, heterogeneity
of the selected population according to the
estimated BV, etc. We also measured con-
fidence intervals for each obtained value
of the correlation coefficient. For each of
the seven elements studied, all correlation
coefficient values for all models were within
the estimated confidence intervals.

One of the advantages of using genomic
selection, and using BLUP in particular, is
the ability to evaluate the expected increase
in a trait in the next generation (response
to selection). We assessed breeding dif-
ferentials and response to selection for
30 varieties with the highest BV values
and 30 varieties with the highest content of
micro- and macroelements in wheat. In the
case of selection based on BV the expected
response to selection is comparable to the
expected response to selection based on
phenotypes. This statement is appliable
in the case when the response to selection
based on phenotypes is weighted by the
heritability of the trait according to the
breeder’s equation. In our study we showed
higher response for selection based on BV
for calcium. The obtained high values of the
selection differential for selection by pheno-
types may be associated with high heritabi-
lity and heterogeneity in the distribution of
phenotypes in the studied population.

Previously, we conducted a genome-wide
association study for seven micro- and
macroelements in varieties and introgres-
sion lines of wheat (Potapova et al., 2023),
and identified four significant loci. One of
them was associated with the content of
potassium and calcium, two with the content
of iron and manganese, and one with all the
studied elements. The results of this work
demonstrate that, indeed, by using data from
wheat accessions, it is possible to obtain es-
timated BV numbers for predicting calcium
and potassium content (for calcium and po-
tassium, all p-values obtained were less than
the nominally significant threshold of 0.05).
However, for three out of five models for
iron and one out of five for manganese, the
p-values exceeded the nominally significant
threshold. This may be due to a limited
sample size or many other factors, such
as the complex genetic structure of a trait
(for example, polygenicity or pleiotropy),
insufficient data for prediction (number of
varieties or SNPs), etc. At this time, there
is a lack of scientific publications analyz-
ing the breeding value of varieties for the
content of the elements we studied. In this
regard, it is difficult to compare our results
with previous ones.
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The main limitation of this work is a relatively small sample
size. There are currently no reliable estimates of what mini-
mum sample size is needed to create genomic selection mo-
dels. In this article, we empirically showed that it makes sense
to carry out such studies even on small samples (149 varieties
with four measurements for each, a total of 596 phenotypic
points). It is expected that as the sample size increases, the
quality of the models will also increase. The second limita-
tion of our work is the use of microarray genotyping data to
construct models. If the genotyping test data are obtained
using another array or technology, the model we used will
most likely be inapplicable due to low overlap in polymor-
phisms. The use of genetic imputation methods can potentially
solve this problem and increase genotyping coverage (Nyine et
al.,2019; Song et al., 2019; Munyengwa et al., 2021; Bonnett
etal., 2022; Kriaridou et al., 2023), and testing these methods
on wheat is the scope of future work in this direction.

Conclusion

Thus, in this work, estimates of the BV were obtained for Rus-
sian wheat varieties, regarding the content of seven chemical
elements in the grain (K, Ca, Mg, Mn, Fe, Zn, Cu). Our results
can be useful primarily for breeders when carrying out work
on the selection and breeding of varieties with a high content
of micro- and macroelements in the grain. Using the values of
the estimated BV, it becomes possible to rank and select the
best samples from the populations under study. Additionally,
this work can be methodologically useful in creating models
for genomic selection of other agricultural plants. Also, these
assessments can be used in practice developing breeding
schemes and directly breeding new varieties.
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