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The concept of natural genome reconstruction.

Part 6. Analysis of changes in the frequency of occurrence of SNPs in exons
of the genes associated with clonal hematopoiesis of uncertain potential
in a patient with a neuroendocrine tumor of the small intestine in the
terminal stage of progression after modification of the hematopoietic
stem cell genome with hDNAS®! (a clinical case report)

D.Y. Oshchepkov 1& V.S, Ruzanova (191%, S.G. Oshikhmina (912, A.A. Traspov3, E.V. Dolgova 1 G.S. Ritter (191,
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Abstract. The final part of our series of studies reports the results of a pilot study of a clinical case (patient K.), indicating
that therapy enabling reconstruction of the genome of hematopoietic stem cells (HSCs) reduces the frequency of SNPs in
exons of the genes associated with clonal hematopoiesis of uncertain potential in a patient with a neuroendocrine tumor
of the small intestine in the terminal stage of progression. The fundamental principles of the therapy were as follows.
Control samples of peripheral blood mononuclear cells (baseline) were collected from the patient. CD34+ HSCs were then
mobilized and collected. The HSC genome was modified using a technology enabling ex vivo correction of the nucleotide
sequences of DNA chromosomes of poorly differentiated hematopoietic progenitor cells. For this purpose, the collected
leukocyte suspension enriched with CD34+ HSCs was treated with fragmented deproteinized genomic DNA obtained from
approximately 100 young healthy women in labor (hDNAY"). The patient was reinfused intravenously with the treated cells.
Five days before reinfusion, the patient received immunosuppressive therapy. Samples of peripheral blood mononuclear
cells were also collected 4, 8, 12, and 27 months after the therapeutic intervention. Full-exome sequencing of DNA isolated
from selected cell samples was performed. A group of commonly accepted clonal hematopoiesis genes was selected as a
criterion demonstrating changes in the genome. The following multiplex panels were used at the initial time point as well
as time points after 4, 8, and 12 months: MGIEasy Exome Capture V5 Probe set, Roche KAPA HyperExome, Nanodigmbio
NEXome Plus Panel v1.0, covering the entire exome and non-coding regions of the analyzed genes adjacent to exons with
~100x coverage. A ~1000x coated panel (Nanodigmbio NanOnco Plus Panel v3.0), including the genes with mutant alleles
identified at the initial time point, was used to verify the identified mutations and more accurately determine their proportions
in readings at the last stage of the analysis (27 months after the therapy). Whole-exome sequencing of hDNAY" (Roche KAPA
HyperExome), which is used to reconstruct the genome of HSCs whose fragments collectively constitute the complete
human genome, was also performed. Although the analysis of readings of whole-exome sequencing of DNA isolated from
blood samples after treatment did not reveal any currently known signs of clonal hematopoiesis with uncertain potential
in the patient K., we found a significant, within the framework of the selected criterion, decrease in the frequency range of
SNPs to 18 % by 27 months of follow-up in 15 % cases of the heterozygous alleles (DNMT1, SF3B1(1-2)). Subsequent analysis
of the frequency of occurrence of controlled SNPs and the corresponding data on the depth of their sequencing, performed
using the All-FIT algorithm, indicates that by the 27th month of follow-up, the proportion of cells carrying the basic set of
SNPs significantly decreases by 12 % (confidence interval (Cl) = 5-16 %). In other words, in a mixture of cells heterozygous for
this SNP, a population of cells carrying a homozygote without an SNP appears. Our findings may indicate that a significant
proportion of cells underwent correction of the SNP to an alternative allele, and this correction was associated with the
treatment of the original HSCs with hDNA?". The detected changes in the group of clonal hematopoiesis genes suggest the
possibility of correcting other loci throughout the HSCs genome. Therefore, the clinical manifestations in the development of
the disease show a pronounced positive trend, which has persisted for four years, until present. It is assumed that the positive
clinical outcome after therapy with reconstructed hematopoietic stem cells is associated with an increase in the regenerative
potential of HSCs, which resulted from the genetic correction of unfavorable mutations in the HSCs genome.

Key words: clonal hematopoiesis; neuroendocrine tumor; genome reconstruction technology; whole-genome sequencing;
hematopoietic stem cells
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KoHI1Iemnimua I'Ip]/[pO,I[HOf/I PEKOHCTPVKIONN I'eHOMA.

YacTp 6. AHa/IN3 ISMEeHEeHV S 4acTOT BCTpeuaeMOoCT SNP B 3K30HaX Ir'eHOB,
aCCOLIMMPOBAHHBIX C KJIOHAIbHBIM e MOII0330M HeOoIlpeaeIeHHOT'O
IIOTEeHI[MaJia y MalyeHTa C HeiPOSHIOKPMHHON OITYXO0J/JIbI0 TOHKOM KUIIKI
B TEPMIUHAJILHOI CTaUI IIPOrpeccun rnocjie Mmoaudukaliiuy reHoMa
reMOIIO3TUYECKIUX CTBOJIOBBIX KJIETOK IperapaTomM hDNAS!
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AHHOTauuA. B nocnefHen yactu umkna paboT NPUBOAATCA pe3ynbTaThl NMUAOTHOMO UCCEA0BAHNA KIMHUYECKOTO CyYas
(naumeHT K.), cBUAETENbCTBYOWME O CHVXKEHUM YacToTbl BCcTpeyaemocTn SNP B 3K30Hax reHoB, acCOLUMPOBAHHBIX C
KMOHaJIbHbIM FeMOM0330M HeonpeAesieHHOro NnoTeHumana y naumeHTa ¢ HeMpo3HJOKPVHHON OMYXOMblo TOHKOW KULLKN B
TePMVHabHOW CTaANM MPOrPeCccUn NPy NPYMEHEHN Tepanim, No3BONAIOLLEN PEKOHCTPYNPOBaTb reHOM FreMOMno3TUYECKUX
CTBONOBbIX KNeTok (ICK). OcHOBHbIE MPUHLMMbI Tepanun COCTOANN B Crieaylolem. Y naumeHTa otoémpanyi KOHTPOJbHble
06pa3Lbl MOHOHYKIEapoB Neprdepuueckor KpoBU (HyieBas TouKa). 3aTem MPOBOAUINCE Mobunrsayms n coop CD34+ I'CK.
Ocyuwectenanu moandukaumo reHoma INCK ¢ ncnonb3oBaHMEM TEXHONOMY, MO3BOMAIOLLEN NMPOBECTU eX Vivo KOPPEKLMIo
HYKNeoTuAHbIX nocnegosatenbHocTelt IHK xpomocom HuskognddepeHUnpoBaHHbIX NpefLecTBEHHNKOB remono33a. Ans
3TOro cobpaHHyto nernkoB3gech, oboratieHHyto CD34+ ICK, obpabaTbiBanu dparmeHTUPOBaHHON AeNPOTEMHN3UPOBAHHOM
reHomHol [JHK, nonyyeHHol oT ~100 monopbix 3a0poBbix poxeHul (RDNAZ). MaueHTy BHYTprBEHHO penHdy3nposanm
obpaboTaHHble KNeTku. 3a 5 fHeil o penHby3UM MauMeHT Monyyan MMMYHOCYMNPeCccMBHYlo Tepanuio. Yepes 4, 8, 12
1 27 Mec. Takke 3abupanncb o6pasLbl MOHOHYKNeapoB nepudepuyeckoin KpoBu. Bbino nposefeHO MONHO3K30MHOe
cekBeHupoBaHue [JHK, BbiaeneHHol 13 oTobpaHHbIX 06pa3LoB KNeToK. B KauecTse KpuTepus, OTpaXKaloLero MU3MeHeH s B
reHome, 6bina Bbi6paHa rpynna obLenprHATLIX FeHOB KIIOHaNbHOro reMono33a. B HyneBoi Touke, B Toukax yepes 4, 8, 12 mec.
MCMONb30BanNCh MynbTUMnneKcHble naHenu: MGlEasy Exome Capture V5 Probe set, Roche KAPA HyperExome, Nanodigmbio
NEXome Plus Panel v1.0, oxBaTbiBalowme BeCb 3K30M U HeKoAMpyoLre obnact aHanm3mMpyemblx reHoB, npuneraoLmne
K 9K30HaM C nokpbiTriem ~100X. [nA BeprduKaumm BbIABMEHHbIX MyTauuii n 6onee TOYHOrO onpefeneHna ux fonen B
NPOYTEHMAX Ha NoC/eHeM 3Tarne aHanm3a, Yepes 27 mec. nocie Tepanuu, NCNoNb3oBanacb NaHenb ¢ NokpbiTnem ~1000x
(Nanodigmbio NanOnco Plus Panel v3.0), Bkntouaiollas BbiAB/IEHHbIE B HYNEeBOW TOUKE FeHbl C MyTaHTHbIMU annenamu.
Tak>ke 6blS10 BbINOMHEHO NMOSHO3K30MHOE cekBeHMpoBaHue npenapata hDNA" (Roche KAPA HyperExome), ncnonb3syemoro
ANA peKoHCTPyKUumMn reHoma 'CK, dparmeHTbl KOTOPOro B COBOKYMHOCTN COCTaBNAOT MOJIHbIN FeHOM YenoBeka. HecmoTpa
Ha TO YTO aHanM3 MPOYTEHUI MOSIHOIK3OMHOrO cekBeHupoBaHuA [HK, BbiAeneHHON 13 MOHOHYKJIeapoB KpPOBU nocie
NPOBeJEHHOro NleYeHUs, He NO3BOUI BbIABUTbL Y NauueHTa K. M3BeCTHbIX Ha AaHHbLI MOMEHT MPU3HAKOB KJIOHAaNbHOrO
remonos3a C HeonpegeneHHbIM MOTEHLMANoM, Hamy OOHapyXXeHO [OCTOBEPHOe B pPaMKax BblbpaHHOro Kputepus
CHVXeHWe fumana3oHa yactoT SNP o 18 % K 27-my mecAuy HabnogeHus B 15 % retepo3nrotHbix annenein (DNMTI,
SF3B1(1-2)). Mocnepyowmin aHann3 4acToTbl BCTPeYaeMoCTV KoHTponumpyembix SNP 1 cooTBeTCTByOWMX [AaHHbIX MO
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rny6viHe UX CEKBEHMPOBAHMS, BbINOMHEHHBIN C Mcnonb3oBaHuem anroputma All-FIT, cBugeTenbcTByeT, uto K 27-My MecaLy
HabnoLeHnA fonaA KNeTokK, Hecywwmx 6a3o8blit Habop SNP, 3HauMMOo cHKaeTcA Ha 12 % (BoBepuTenbHbIN MHTepBan 5-16 %).
WHbIMK crioBamMu, B CMeCU KNETOK, reTepo3nroTHbiX Mo 3Tum SNP, noasnaeTca nonynauma KNeTok, Hecyllana romosnroty 6e3
SNP. MonyyeHHble pe3ynbTaTbl MOTYT CBMAETENIbCTBOBATb O TOM, YTO AJIA 3HAUMMOW OO KNEeTOK NpousoLwna Koppekuus
SNP Ha anbTepHaTUBHbBIN anniefb 1 3Ta KOppeKuus cBA3aHa ¢ obpaboTtkoi ucxofHoix NCK npenapatom hDNAY, npruem
O6HapYy>KEHHbIE M3MEHEHUA B FPyMMe reHOB KOHaNIbHOTO FreMOomno33a NpeanosaraloT BO3MOXHOCTb KOPPEKUUN ApYruX
nokycos no Bcemy reHomy ICK. Kak cnefctsume, KNMHUYECKME NPOABEHUA B Pa3BUTAW NaTONOrMM GONE3HN NMEIOT APKO
BbIPaXKEHHYIO MONIOXMTENbHYIO AMHAMMKY, COXPaHAIOWYICA Ha NPOTAXEHWUM 4eTblpex neT, O HACTOoALWero BpemeHW.
Mpennonaraetca, YTo MONOXWUTENbHbIA KAMHUYECKUA 3ddeKT nocre NpoBeAeHHOW Tepanuu PeKoHCTPYUPOBaHHbIMMK
CTBOJIOBbIM/ KJIeTKaMU KPOBU CBA3aH C yCUNeHVeM pereHepatuBHoro noteHumana CK, npowmsowepwero Bcrneactave
reHeTNYeCcKon KoppeKLmnn HebnaronpuATHbIX MyTaLuil B reHome MCK.

KntoueBble cioBa: KNOHaNbHbIA FeMOMN033; HEMPO3HAOKPUHHAA OMyXOsb; TEXHONOIMA PEKOHCTPYMPOBAHMA FeHOMa;
NOSTHOreHOMHOE CEKBEHMPOBaHMNE; reMOno3TMYeCK/e CTBOOBbIE KNEeTKU

Introduction

Regenerative medicine is currently an actively developing
medical field. Its objective is to restore the damaged or disease-
affected tissues and organs using stem cells. Transplantation
of mature stem cells is the key method employed in regenera-
tive medicine. Two types of stem cells are used most widely:
mesenchymal stem cells (MSCs) and hematopoietic stem
cells (HSCs).

Mesenchymal stem cells repair damage via various mecha-
nisms. They are activated by pro-inflammatory cytokines such
as interferon gamma (IFN-y), tumor necrosis factor alpha
(TNFa), interleukin-1 beta (IL-1f), as well as by different
ligands of toll-like receptors 3 (TLR3) and 4 (TLR4) (Water-
man et al., 2010; English, 2013). Activated MSCs secrete
a variety of cytokines and chemokines, such as fibroblast
growth factor 2 (FGF2), insulin-like growth factor 1 (IGF1),
transforming growth factor beta (TGFp), prostaglandin E2
(PGE2), granulocyte-macrophage colony-stimulating factor
(GM-CSF), interleukin 6 (IL-6) and interleukin 13 (IL-13),
and indoleamine 2,3-dioxygenase (IDO). Through the factors
secreted by them, MSCs affect many cells of the innate and
adaptive immunity, including macrophages, dendritic cells,
natural killer cells, T-helper and regulatory T-cells, as well as
B-cells, shifting the local balance toward the anti-inflammatory
signaling to promote tissue regeneration (Yin, Heit, 2021).

Due to their paracrine activity, MSCs inhibit oxidative stress
and exhibit anti-apoptotic properties (Brown et al., 2019).
In vitro studies have demonstrated that MSCs can migrate
toward specific cytokines and chemokines, such as stromal
cell-derived factor 1 (SDF-1), platelet-derived growth factor
AB (PDGF-AB), IGF1, TNFa, and epidermal growth fac-
tor (EGF), which are released into the extracellular space in
response to tissue injury or ischemia, and elicit anti-inflam-
matory responses. MSCs also release extracellular vesicles
containing various growth factors promoting angiogenesis
and cell proliferation, as well as microRNAs, tRNAs, and
lipids, which inhibit apoptosis, facilitate cell repair, maintain
the multipotency of stem cells, and contribute to angiogenesis
(Maacha et al., 2020).

Another regeneration mechanism involves direct mitochon-
drial transfer from MSCs to damaged tissue cells via tunneling
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nanotubes, thus enhancing the regenerative potential of target
cells and stimulating the antimicrobial activity of immune
cells (Islam et al., 2012; Li X. et al., 2014; Jackson et al.,
2016). MSCs are capable of differentiating into various types
of connective tissue cells such as osteoblasts, chondrocytes,
adipocytes, and myocytes. MSCs are found in the bone mar-
row, umbilical cord blood, placenta, adipose tissue, etc.; they
can repair damaged cells and tissues and accelerate their
regeneration (Spees et al., 2016). MSCs transplantation has
shown promising potential in preclinical and clinical studies
for treating numerous degenerative pathologies, including
Alzheimer’s disease (Wang et al., 2018), Parkinson’s disease
(Mendes Filho et al., 2018), and amyotrophic lateral sclerosis
(Gugliandolo et al., 2019). Along with transdifferentiation,
MSCs were shown to be able to fuse with recipient cells,
including brain, muscle, intestinal, and hepatic cells, thus
contributing to tissue repair in these organs (Fan et al., 2020).

The contribution of hematopoietic stem cells (HSCs) to
the body’s repair potential is no less significant than that of
mesenchymal stem cells. HSCs are involved in repair of tissue
damage, and primarily the damage related to activity of blood
cells. HSCs are capable of differentiating into all types of blood
and immune cells, thus ensuring their continuous turnover in
the body. There is evidence that HSCs can transdifferentiate
into somatic cells, including hepatocytes, cardiomyocytes,
as well as neural, epithelial, and endothelial cells, thereby
contributing to regeneration of respective tissues (Lee, Hong,
2020; Li L. et al., 2021; Yuan et al., 2023). Nevertheless,
there is also a viewpoint that the reparative potential of HSCs
in tissue systems other than lymphohematopoietic ones is
more likely to be associated with paracrine activity of HSCs
rather than true transdifferentiation. It is believed that the
developmental potential of HSCs, like for other adult stem
cells, is limited by the innate type of stem cells and tissue
(Miiller et al., 2016). Similar to MSCs, HSCs actively affect
cells at injury sites by secreting various molecules, including
cytokines, chemokines, and growth factors, thus modulating
pro- and anti-inflammatory responses and activating repair
mechanisms in target cells (Schwarting et al., 2008; Li N. et
al., 2010; Wright et al., 2011; Liao et al., 2018; Fast et al.,
2021; Biermann, Reya, 2022).
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It is known that the repair potential of hematopoietic stem
cells is primarily related to their allelic diversity, underpin-
ning normal hematopoiesis. This characteristic of HSCs is
lost throughout life, and hematopoiesis in the aging organism
acquires clonal features.

The classical model of hematopoiesis, positing that differen-
tiation of HSCs into mature blood cells is a strictly hierarchical
process, is evolving. The current understanding of hematopoi-
esis involves a concept of hematopoiesis as functioning of a
heterogeneous pool of HSCs and committed progenitor cells,
with numerous differentiation pathways and gradual transitions
between states (Jagannathan-Bogdan, Zon, 2013; Velten et al.,
2017; Watcham et al., 2019). Hematopoietic homeostasis is
ensured by an intricate network of interactions between the
mechanisms of transcriptional regulation, epigenetic modi-
fication, and metabolic adaptation, which are influenced by
external factors, as well as humoral and local signals from
the bone marrow microenvironment (Pinho, Frenette, 2019).
Aging is accompanied by quantitative and qualitative changes
in the hematopoietic system. The proliferative activity of he-
matopoietic stem cells decreases; immune activity is shifted
toward pro-inflammatory responses (Weiskopf et al., 2009;
Ainciburu et al., 2023). It is believed that the development
of clonal hematopoiesis is one of the factors contributing to
these phenotypic changes.

Normal hematopoiesis is maintained by numerous long- and
short-lived hematopoietic cell clones sequentially replacing
each other. The bone marrow is a tissue proliferating most
rapidly in the human body. The human body produces approxi-
mately one trillion mature blood cells daily (Doulatov et al.,
2012). Hematopoietic stem cells capable of differentiating into
all mature blood cell lineages are underlie the hematopoietic
system (Phillips, 1991; Bonnet, 2003). Clone is the progeny
derived from a single hematopoietic stem cell (Siminovitch
et al., 1963). The system is polyclonal upon steady-state he-
matopoiesis, meaning that numerous hematopoietic stem cells
are simultaneously involved in maintaining normal parameters
of peripheral blood cells (Drize et al., 1996; Goyal, Zandstra,
2015; Carrelha et al., 2018). Fewer than 1.3 million hemato-
poietic stem cells support the formation of mature peripheral
blood cells throughout human life (Watson et al., 2020; Peti-
nati, Drize, 2021). Clonal hematopoiesis is the disproportionate
expansion of the progeny of several HSCs harboring specific
mutations with respect to the remaining pool of clones. Clonal
hematopoiesis is generally considered a biological state of the
hematopoietic system rather than a disease per se.

The concept of clonal hematopoiesis has emerged after
typical somatic mutations in peripheral blood cells of large
patient cohorts had been detected (Genovese et al., 2014;
Jaiswal et al., 2014). Mutations in a similar set of genes have
been identified across all the studied groups; their prevalence
was age-dependent. Over 70 different genes carrying specific
mutations have been identified (Sleptsov et al., 2023). These
include epigenetic regulators (DNMT3A4, TET2, and ASXL]I),
DNA damage repair (DDR) genes (7P53, PPM1D, CHEK?2,
and ATM), signaling genes of cell growth (J4K2), and splicing
factors (SF3B1 and SRSF2). DNMT3A4, TET2, and ASXL1I were
found to be the most commonly mutated genes (80—90 % of

A clinical case of using the concept
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all the mutations detected) (Genovese et al., 2014; Jaiswal et
al., 2014; Heyde et al., 2021; Joo et al., 2023). It is currently
known that somatic mutations that have arisen and been fixed
in HSCs genes, primarily those involved in regulation of
epigenetic modifications and cell cycle control, are the key
drivers of clonal expansion.

Somatic mutations in the genes of clonal hematopoiesis
result from stochastic events; however, the accelerated pace
of their accumulation is largely associated with age-related
changes in HSCs, which are characterized by a decline in the
overall regenerative potential (Geiger et al., 2013). Somatic
mutations were found to be present in 10 % of individuals
over 65 years of age vs. only 1 % in those aged under 50. The
pace of mutation accumulation depends directly on the specific
gene. DNMT3A-mutant clones appear at an early age and are
characterized by a steady rate of emergence of new clones
(approximately 5 % per year). Clones harboring mutations
in splicing factor genes (SF3B1 and SRSF2) emerge at a later
age; the rate of emergence of new ones is ~50 % per year.
TET2-mutant clones are continuously formed and detected
throughout life (Fabre et al., 2022).

The formation of mutant HSCs occurs as a result of the ac-
cumulation of mutations, and the cell loses its regenerative po-
tential. As a result of this process, the mutated clone acquires a
selective proliferative advantage, leading to clonal expansion.
Clonal hematopoiesis develops, and the hematopoietic system
loses the ability to repair damage in the body. Elimination of
mutant HSCs clones that have accumulated somatic mutations
making the cell unviable is an additional mechanism promo-
ting clonal expansion. This defensive mechanism reduces the
pool of stem and progenitor cells, thus increasing the pace of
mutation accumulation through higher proliferative burden on
the remaining HSCs (Sleptsov et al., 2023).

Age-related telomere shortening, caused by the semi-
conservative mechanism of chromosomal DNA replica-
tion, increases the likelihood of DNA damage, thus also
contributing to mutation accumulation (D’Adda Di Fagagna
et al., 2003).

Expansion of mutant clones is not necessarily accompa-
nied by abnormal blood parameters or clinical signs. In other
words, the number of cells harboring somatic mutations in pe-
ripheral blood increases even before malignant transformation
is observed. This state is known as clonal hematopoiesis of
uncertain potential (CHUP) (Heuser et al., 2016; Shlush, 2018;
Steensma, 2018). The key criterion for CHUP is determining
the variant allele frequency (VAF) (i. e., the mutational burden,
which is proportional to the number of abnormal cells). In the
context of clonal hematopoiesis of uncertain potential, this
value is >2 % (Duncavage, Tandon, 2015).

There are external factors causing somatic mutagenesis: age,
genetic predisposition, pharmacotherapy, and environmental
exposure risks (Joo et al., 2023). Nevertheless, the proposed
variants fail to fully elucidate the molecular and cellular
mechanisms of the emergence of somatic mutations in HSCs,
which underlie the development of clonality in hematopoietic
progenitor cells.

Based on the previously identified mechanism of extracel-
lular DNA internalization by stem cells of different lineage, it is
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fair to hypothesize the following pathway for the accumulation
of unfavorable SNPs in HSCs.

In peripheral tissues, mutations continuously emerge and are
accumulated within cells (Shamal, 2017; Cagan et al., 2022).
After apoptotic or necrotic death, cells harboring mutations
release fragments containing genetic abnormalities into the
bloodstream (Anker et al., 1999; Jahr et al., 2001; Laktionov
etal., 2004). These fragments reach HSCs (apparently, as well
as other types of stem cells) and are internalized by them via
a natural mechanism due to the characteristic structure of the
glycocalyx of HSCs, which is positively charged (Dolgova et
al., 2014; Petrova et al., 2022; Ritter et al., 2022; Potter et al.,
2024). The extracellular fragments delivered into HSCs (and
potentially other stem cells) initiate terminal differentiation of
HSCs, which is characterized by the emergence of pangenomic
single-stranded DNA breaks (Vatolin et al., 1997; Potter et al.,
2024; Ruzanova et al., 2024). This event triggers activation
of the recombinational repair system of the cell and induces
the so-called recombinogenic situation (Likhacheva et al.,
2008). It is hypothesized that during the development of the
recombinogenic situation, extracellular DNA fragments can
be engaged in recombinational interactions with genomic
DNA and be integrated into the genome at homologous loci
by replacing native genomic sequences (Yakubov etal., 2007,
Garcia-Olmo et al., 2012). Since recombination under condi-
tions of pangenomic single-stranded breaks is highly precise
(Xu, 2015; Vriend, Krawczyk, 2017; Maizels, Davis, 2018;
Zilio, Ulrich, 2021), this insertion is functional and will not
disrupt the genomic sequence, except for inserting the muta-
tion. The mutations accumulated over time can result in the
development of clonal features in HSCs, with all subsequent
implications. This mechanism becomes more likely in the case
of activation of apoptosis or the appearance of foci of necrotic
destruction in any of the body’s tissues due to pathologies that
have arisen.

Therefore, analyzing the genes associated with clonal hema-
topoiesis has naturally become the primary focus of research
aiming to elucidate the consequences of targeted therapy. If
the proposed concept is valid, it will be possible to detect re-
spective alterations in biomarker genes associated with clonal
hematopoiesis in a direct experiment using treatment of HSCs
with a preparation based on fragmented DNA (hDNA¢#') as
well as the modern whole-genome sequencing techniques. In
the cases when clonal hematopoiesis of uncertain potential
(CHUP) develops, the commonly accepted genes from this
group, carrying driver mutations specific to this condition,
can be an adequate model for detecting allele substitutions in
the nucleotide sequences of these genes. If such changes are
detected, the analyzed group of genes can become a marker
platform indicative of ex vivo correction, which can then be ex-
trapolated to the entire genome. However, if none of the known
marker events (in the known genes) of clonal hematopoiesis are
revealed, the detected changes in SNP frequencies can actually
attest to alterations in the clonal composition of HSCs. In turn,
this would suggest potential correction of unfavorable alleles
in other genes and the emergence of clones carrying a different
set of SNP alleles responsible for the regenerative potential
of HSC:s. In the clinical context, replacing the mutant alleles
(related either to the clonal hematopoiesis genes or to other
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diverse genes involved in maintaining the regenerative pro-
perties of hematopoietic stem cells) with alternative favorable
alleles will indicate that the original regenerative potential of
HSCs has been restored.

This part of the study series reports the results of a pilot
study of a clinical case, demonstrating that therapy with blood
mononuclear cells enriched with CD34+ hematopoietic stem
cells, which had been treated with a double-stranded human
DNA preparation (hDNA#'), reduced the occurrence frequency
of a certain set of SNPs marking the common genes associ-
ated with CHUP.

Under the selected criteria, we detected changes in the oc-
currence frequencies of certain heterozygous germline mutant
alleles of the genes associated with clonal hematopoiesis:
ASXL1, DNMTI, RAD21, and SF3BI1(1-3). The nucleotide
substitution frequency for them was reduced to 18 % of the
normal distribution expected for pure heterozygous variants
(50 %). It attests to the significant deviation from the expected
frequency distribution for a single clonal cell lineage with
the set of SNPs characteristic of the heterozygous state and
the emergence of a mixture of clonal lineages harboring the
investigated SNPs in different proportions.

Based on the data on allele frequencies of SNPs and the re-
spective sequencing depth obtained using the All-FIT platform
(Lohetal., 2020), we assessed the proportion of cells belong-
ing to different clonal lineages harboring a specific SNP set and
revealed statistically significant evidence for the emergence
of 12 % (confidence interval (CI) ranging from 5 to 16 %) of
cells carrying an alternative SNP set. Therefore, it is hypoth-
esized that the conducted therapy led to replacement of mutant
alleles with non-mutant ones. The regenerative potential of
HSCs, and possibly other types of stem cells such as MSCs,
was restored, which was related not only to correction in the
clonal hematopoiesis genes but also involved the restoration
of other mutant loci within a significant proportion of HSCs.
The genetic abnormalities in these loci had caused weakening
of regenerative potential. Prominent positive clinical improve-
ment in the patient’s condition was observed.

Materials and methods

The legal framework for conducting clinical trials. In study
conduct, the authors adhered to the principles of the Declara-
tion of Helsinki developed by the World Medical Associa-
tion. The clinical part of the study was regulated by relevant
treatment protocols; informed consent was obtained from the
patient (Supplementary Material 1)!.

The hDNAS®' preparation. The cells were treated using
fragmented human genomic DNA (hDNAE#' preparation,
technical specifications TU 20.42.15-001-58179831-2023,
Patent No. 2855434 dated February 2, 2026) obtained from
~100 healthy women in labor. The preparation had undergone
real-time PCR verification and several assays characterizing
its epidemiological purity in compliance with the regulatory
documents.

Patient. Medical history. Cancer patient K., 67 years old,
presenting with severe cardiovascular disorders. Medical re-
cord No. 2022/0025. The patient stayed in hospital (Clinical

' Supplementary Materials 1-4 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Oschep_Engl_30_4.zip
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Hospital “NeuroVita” JSC.) from July 13, 2022 until July 29,
2022 (a total of 16 inpatient days).

Diagnosis of the underlying medical condition: C17. A neu-
roendocrine tumor of the small intestine (T3NOMO). The
patient had undergone small bowel resection with ileostomy.
The histological report dated October 29, 2018 confirmed
a G2 neuroendocrine tumor with involvement of the small
intestine wall, with signs of lymphovascular and perineural
invasion, but without evidence of metastases. The bowel
resection margins were free of tumor infiltration. Comorbidi-
ties: ischemic heart disease, post-infarction cardiosclerosis,
obliterating atherosclerosis of coronary arteries.

October 29, 2018: 1 course of polychemotherapy according
to the XELOX scheme. Pharmacotherapy with Octreotide
Depot (until May, 2019).

October 26, 2021: disease progression, growth of foci in
the liver (possibly, metastases). Pharmacotherapy with So-
matuline.

November 11, 2021: chemoembolization of the segmental
branches of the right hepatic artery with irinotecan. Novem-
ber 19, 2021: Transluminal Balloon Coronary Angioplas-
ty (TBCA) with stenting of the right coronary artery (RCA),
left anterior descending artery (LAD), and the aorta (AO).

Hypertension grade 3, risk level 4. Cardiac rhythm and
conduction abnormalities: paroxysmal atrial fibrillation and
paroxysmal supraventricular tachycardia. January 31, 2022:
radiofrequency ablation of the slow pathway of the AV junc-
tion and the cavotricuspid isthmus. First-degree atrioven-
tricular block. Supraventricular extrasystoles. Chronic heart
failure (CHF), stage 2a, NYHA functional class 2, in the
subcompensation phase.

February 8, 2022: therapy with Somatuline 120 mg every
28 days. Stabilization.

Disease complications: disseminated intravascular coagula-
tion (DIC) (May 15, 2022). Systemic inflammatory response
syndrome (May 15, 2022), without pathogen identified.
Liver abscess (February 16, 2022). Right lower lobe pneu-
monia (May 16, 2022), resolving. Oral cavity candidiasis
(February 20, 2022). The patient was declared incurable by a
council of oncologists; hospice care for cancer patients was
recommended.

Since May 11, 2022, the patient was experiencing a per-
sistent fever (>38.0 °C). At his own discretion, the patient
received Amoxiclav and NSAIDs, without any effect. He was
experiencing febrile episodes (>38.0 °C) two or three times
daily, which persisted until he had been hospitalized. He was
admitted to the “NeuroVita” Clinic on July 13, 2022, having
signs of fever of unknown origin. Complaints upon admis-
sion: right upper quadrant abdominal pain, general weakness,
malaise, chest pain episodes, and arthralgia. The objective of
hospitalization was to elucidate the etiology of the fever of
unknown origin and to perform corrective therapy.

The patient had an advanced malignant neoplasm exhibiting
signs of resistance to treatment. He met the inclusion criteria
for the “Protocol of Personalized Adoptive Gene Therapy for
Treating Malignant Tumors” and was enrolled in the treatment
protocol based on the histologically confirmed diagnosis of
malignancy; evidence for disease progression despite stan-
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dard therapy or resistance to therapy; and age between 18
and 85 years.

The key phases of personalized adoptive gene therapy.
All the therapeutic procedures were carried out in compliance
with the protocol described in refs. (Bryukhovetskiy, Bo-
gachev, 2023; Bryukhovetskiy, Shurdov, 2024) and the Clinical
Treatment Protocol (Supplementary Material 1). At patient’s
discretion and with his voluntary consent, hematopoietic blood
and bone marrow cells were harvested under the program in
compliance with the aforementioned protocol. The initial step
involved mobilization and collection of CD34+ HSCs. Star-
ting June 22, 2022, the patient received eight subcutaneous
injections of granulocyte-colony stimulating factor (G-CSF)
at 10—12-h intervals during four days following the routine
hematopoietic stimulation protocol aiming to mobilize HSCs
into the peripheral blood. The treatment regimen was as fol-
lows: G-CSF (figrastim) injected on days 1 and 2 at a dose
of 4.4 ng/kg per day; on days 3 and 4, 8.8 ng/kg per day. On
the 5th day, leukapheresis was performed, and hematopoietic
stem cells from blood mononuclear cells were collected, fol-
lowed by trephine biopsy and bone marrow sampling. The
cellularity of the harvested material was sufficient for further
manipulations. The proportion of CD34+ HSCs in the frac-
tion of mononuclear cells (MNCs) was ~2 %. The autologous
MNCs concentrate was then purified to remove red blood
cells, platelets, and granulocytes using ficoll density gradient
centrifugation (BioloT Ltd., Russia). The purified MNCs con-
centrate (leukocyte concentrate) was cryopreserved according
to the standard cryopreservation procedure. Dimethyl sulfoxide
(Beijing Solarbio Science & Technology Co., Ltd, China) at
a final concentration of 610 % was added to the cell suspen-
sion. The mixture was gradually frozen to —80 °C at a rate of
1 °C/min and stored in liquid nitrogen vapor.

The clinical part of the therapy. Starting July 13, 2022:
immunosuppression with methylprednisolone (N2) was ini-
tiated; starting July 14, 2022: sirolimus (N4). On July 19,
2022, ex vivo gene therapy was performed via reinfusion
of autologous HSCs restored using the medicinal substance
hDNA¢'. The sample of cryopreserved MNCs enriched with
CD34+ HSCs was thawed. Immediately prior to reinfusion, the
genome of the HSCs was modified using a technology enabling
ex vivo correction of nucleotide sequences in chromosomal
DNA of poorly differentiated hematopoietic progenitor cells.
For this purpose, the collected leukocyte suspension enriched
with CD34+ HSCs was washed to remove the cryoprotectant,
resuspended in normal saline, and coincubated (60 min, 37 °C)
with fragmented deproteinized genomic DNA (hDNA¢#") ob-
tained from ~100 young healthy women in labor. The leukocyte
suspension was then washed to remove the hDNAE#'. With the
informed consent provided by patient K., an autologous cell-
based gene therapy preparation containing 3.6x10'% autologous
peripheral blood mononuclear cells in 100 mL of Sol. Poly-
glukini was administered intravenously via a central venous
catheter under aseptic conditions at the intensive care unit. The
transfusion was conducted after intramuscular premedication
with Sol. Suprastini (2.0 mL). The hemodynamic parameters
were monitored during the reinfusion (BP 170/70 mmHg,
HR 62 bpm, SpO, 97 %). Sol. Dexametasoni 4.0 was infused
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intravenously after the procedure to prevent hypersensitiv-
ity reactions. Hemodynamic monitoring was performed one
hour post-infusion (BP 115/60 mmHg, HR 67 bpm, SpO,
97-96 %). The patient underwent the procedure satisfactorily.
No complications occurred during the procedure. Copies of
the documents accompanying the “Protocol for Personalized
Adoptive Immunotherapy in the Treatment of Advanced Can-
cer and Other Malignant Neoplasms™ and the Patient Informed
Consent Form are provided in Supplementary Material 1.

Patient. Follow-up of October 28, 2022. The patient feels
satisfactorily and reports having hiked in the mountains and
swum in a mountain lake. Contrast-enhanced CT revealed
no findings indicative of cancer progression. Retroperitoneal
lymph nodes were enlarged by 1-2 mm. The patient’s overall
condition was interpreted as cancer stabilization.

Patient. Follow-up of April 10, 2023. On April 10,
2023, the patient was admitted to hospital for inpatient ex-
amination. His condition was satisfactory. Contrast-enhanced
CT/PET imaging of the thoracic, abdominal, and pelvic organs
revealed no evidence of disease progression. No abnormal tu-
mor markers were identified. Cardiac condition had improved.
Although having heart failure, ischemic heart disease, and
stents in coronary arteries, the patient had experienced no
chest pain over the past six months (whereas prior to therapy,
he was seeking emergency care 3—4 times per week). Gout
has resolved (the patient was having painful gout attacks over
the past five years); hemorrhoids have become compensated.
Patient’s hair color has recovered; hair has become thick and
silky. The patient’s facial complexion has normalized. He is
having a normal everyday life. The patient would feel abso-
lutely healthy if he had not undergone colostomy.

Whole-genome sequencing. Cell material was collected to
analyze alterations in hematopoietic stem cells after the therapy
(reinfusion of mononuclear cells enriched with autologous
HSCs restored using the hDNAE#' preparation). Control bone
marrow and peripheral blood samples were collected prior to
HSCs mobilization and MNCs harvesting. Bone marrow and
peripheral blood samples were also collected 4, 8, 12, and
27 months post-intervention. Whole-exome sequencing (WES)
of DNA extracted from the collected samples of MNCs was
performed. Furthermore, whole-exome sequencing was con-
ducted for the hDNAZ®" preparation used to reconstruct the
HSCs genome, whose fragments collectively represent the
complete human genome sequence.

Genomic DNA was extracted from all the collected biologi-
cal specimens; alterations in the genes associated with clonal
hematopoiesis were analyzed by next-generation sequencing
(NGS).

Targeted paired-end sequencing was conducted using an
MGISEQ-G400 sequencing platform (MGI, China) utilizing
multiplex panels MGIEasy Exome Capture V5 Probe Set,
Roche KAPA HyperExome, Nanodigmbio NEXome Plus
Panel v1.0, or Nanodigmbio NanOnco Plus Panel v3.0 (as
specified in the “Test kit” column in the tables provided in
Supplementary Material 2). The sequencing aimed to identify
germline mutations and clonal somatic mutations in the genes
associated with clonal hematopoiesis (AK7T1, ASXL1, ASXL?2,
BCOR, BCORLI, BRCC3*, CBL, CTCF, CUXI*, DNMT1,
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DNMT3A4, DNMT3b, ETNKI1*, GNAS, GNB1*,IDHI,IDH?2,
JAK2, KIT, KRAS, MPL, MTOR, MYDS88, NLRP3*, NRAS,
PPMI1D, PTEN, PTPN11,RAD21, RUNXI,SETBPI*,SF3Bl,
SOX2, SRSF2, TET2, TP53, U2AF1, UBAI*). The genes
marked with an asterisk are not included in the Nanodigmbio
NanOnco Plus Panel v3.0; in the table, the “ND” (no data)
index is given for them. The targeted coverage depth is x100
for exome panels (MGIEasy Exome Capture V5 Probe Set,
Roche KAPA HyperExome, and Nanodigmbio NEXome Plus
Panel v1.0) (Schema for Exome Probesets — Exome Capture
Probesets and Targeted Region, n. d.), and ~x1000 or higher
for the Nanodigmbio NanOnco Plus Panel v3.0 (NanOnco
Plus Panel v3.0, n. d.).

Two bioinformatics pipelines were employed for analyzing
the sequencing data: the first one was optimized for germline
mutation detection; the second one, for somatic mutation
detection.

The following software tools were used for the germline
pipeline: BWA-MEM?2 v2.2.1 for aligning to the human
reference genome (GRCh37); StreamMD v4.3.0 for marking
and removing PCR duplicates; Sambamba v1.0.1 for filter-
ing mapped variants; GATK Picard for quality control and
mapping metrics assessment; Google DeepVariant v1.6.1 for
nucleotide variant identification; BCFtools v1.20 for vari-
ant filtering; and Ensembl Variant Effect Predictor (VEP)
release 112 for variant annotation.

The software used for the somatic pipeline was as follows:
BWA-MEM2 v2.2.1 for aligning to the human reference ge-
nome (GRCh37); StreamMD v4.3.0 for marking and removing
PCR duplicates; Sambamba v1.0.1 for filtering mapped vari-
ants; GATK v4.4.0.0 for quality control and mapping metrics
assessment; GATK Mutect 2 for nucleotide variant identifica-
tion; FINGS v1.7.2 for variant filtering; and Ensembl Variant
Effect Predictor (VEP) release 112 for variant annotation.

The coding and non-coding genetic variants are listed in
individual tables in Supplementary Material 2. The coding
genetic variants include those residing within the protein-
coding region of the gene, including synonymous variants,
as well as the variants of donor and acceptor splice sites. The
variants residing outside the protein-coding regions of the
gene, excluding variants of donor and acceptor splice sites,
were classified as non-coding genetic variants.

The risk of pathogenicity was assessed in compliance with
the ACMG (SF v2.0)/Medical and Genetic Research Center
guidelines, including the following criteria: low population
frequency (variant frequency in 1,000 genomes and/or ExAC
CNM_015338.6<0.01); a damaging effect (nonsense, frame-
shift); information about the variant is contained in locus-
specific databases, etc.

The data on variant allele frequency (VAF) are reported in
Supplementary Material 2 and constitute the official report
on the analysis performed at the P.A. Herzen Moscow Cancer
Research Institute, a branch of the National Medical Research
Radiological Centre of the Ministry of Health of the Russian
Federation. The data are provided in tabulated values. The data
on variant allele frequencies in exons and adjacent regions
listed in the summarized table are visualized using a green
gradient scale.
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Analysis of the frequency of occurrence of SNPs using
the AII-FIT software (Loh et al., 2020). The analysis was
carried out using default program settings. The input data
were the SNPs identified at the previous stage, along with
sequencing depth data (Supplementary Material 2, Table 1).
The total number of SNPs was 15. Data without removal of
germline SNPs, LOH (Loss of Heterozygosity), or subclonal
SNPs were included in the analysis, since the clonality set of
HSCs was not supposed to contain malignant tissue variants.
Only the coding SNPs for which the VAF data were available
at both the initial (pre-treatment) and final (27 months post-
treatment) points were used for the computation using the
AlI-FIT software. Therefore, the sets of SNPs selected for
computation did not differ, and any differences in the results
were attributable exclusively to variations in frequencies, but
not the set of SNPs.

Statistical analysis was conducted using the Statistica 8
software (StatSoft, Tulsa, USA). Statistical significance was
assessed using the Mann—Whitney U test; the differences were
considered statistically significant at Pv < 0.05.

Results

The summarized whole-genome sequencing data.
Choosing the genome sequencing platform to analyze
changes in the frequency of occurrence of SNPs

Patient K. with a neuroendocrine tumor of the small intestine in
the terminal stage of progression (stage I'V, metastatic spread to
the liver, lymph nodes, and the left kidney) underwent therapy
with autologous MNCs enriched with HSCs treated with the
hDNA¢#" preparation. Patient K. presenting with signs of fever
of unknown origin was admitted to the “NeuroVita” clinic.
The patient was declared incurable by a council of oncolo-
gists; hospice care for cancer patients was recommended. The
objective of hospitalization was refining the etiology of fever
of unknown origin and performing corrective therapy. The
patient had an advanced malignant neoplasm exhibiting signs
of resistance to treatment. During the corrective therapy, he
was found to meet the inclusion criteria for the “Protocol of
Personalized Adoptive Gene Therapy for Treating Advanced
Cancer and other Malignant Tumors” and was enrolled in the
treatment program.

After the therapy, patient K. experienced a rapid and steady
improvement of his condition. Remission of the underlying
disease has been observed for four years to date. It was as-
sumed that the favorable changes in clinical manifestations of
the underlying disease and comorbidities in patient K. were
related to the therapeutic effect on hematopoietic stem cells
present within MNCs. We have put forward a hypothesis that
this impact had resulted in genetic correction of the mutant
loci in hematopoietic progenitor cells (Ruzanova et al., 2024,
2025), restoring the regenerative repair potential of HSCs,
which was the reason behind the prominent clinical effect.

It is known that MNCs therapy, whether administered as
monotherapy or in combination with physical (e. g., ultraviolet
irradiation) (Andreu et al., 1994; Greinix et al., 2000) or hu-
moral interventions (e. g., interleukin-2) (Dummer et al., 1993;
Mendelenko et al., 1997; Pal’tsev et al., 2000), or through
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using MNCs conditioned medium (Beer et al., 2016), elicits
an anti-inflammatory response at multiple levels. This effect
is attributed to factors released during MNCs apoptosis and
to activation of anti-inflammatory properties in macrophages
residing in various tissues (Beer et al., 2016). Furthermore,
MNC:s transfusion stimulates angiogenesis, which is currently
extensively studied in the context of tissue tropism impair-
ment in patients with type 1 diabetes mellitus, cardiovascular
diseases (including ischemic myocardial infarction), and
stroke. This effect is believed to be related to activation of
endothelial progenitor cells present within the leukocyte con-
centrate (Zhang, Huang, 2012; Vahidy et al., 2016; Gurusamy
et al., 2018; Yunir et al., 2021). However, we have failed to
find any additional cases of long-lasting and diverse clinical
effects of MNCs therapy aside the one observed for patient K.
in the academic literature available through PubMed. As pre-
viously noted, we attribute the restoration of the regenerative
potential of HSCs to correction of somatic mutations fixed in
the HSCs genome. The recovered ability of HSCs to effectively
repair various types of injury in different tissues and organs
is additive and synergistic with respect to the regenerative
potential reported for the mononuclear cell fraction, where
this tissue regeneration effect may also be related to activated
(but not reconstructed) HSCs, explaining the limited scope of
the observable regenerative effects of MNCs therapy per se.

The fundamental elements of adoptive cell therapy (gene
therapy) involve the following manipulations. As mentioned
previously, the initial step includes mobilization of hemato-
poietic progenitor cells using granulocyte colony-stimulating
factor. The therapeutic procedure entails treating MNCs with
the hDNA#' preparation, exhaustive elimination of extraneous
extracellular DNA from the cells, followed by reinfusion of
the treated mononuclear cells into the patient’s bloodstream.
The reinfused mononuclear cell fraction largely remains in
its original state, except for the fact that HSCs present in the
leukocyte concentrate have internalized extracellular dsSDNA
fragments, and processes within the cells leading to genetic
reconstruction have been initiated.

The DNA fragments in the hDNA#' preparation collectively
constitute a complete human genome, encompassing a broad
allelic representation of healthy variants across all the genomic
sequences. Following treatment, these dsDNA fragments of the
hDNA# preparation are naturally internalized by HSCs, there-
by inducing the development of a recombinogenic situation
(Likhacheva et al., 2008; Ruzanova et al., 2024). According to
the concept of natural genome reconstruction, an exchange of
homologous sequences between extrachromosomal fragments
and the genomic DNA takes place via the mechanism known as
single-strand assimilation (ss assimilation) (Leung et al., 1997,
Langston, Symington, 2005; Symington, 2014; Yakubov et al.,
2024). This exchange results in substitution of mutant alleles
in the genome with alleles derived from the fragments. If the
alleles within these fragments are normal, healthy variants,
corrective restoration of the mutant loci will take place. These
considerations suggest that the prominent clinical effect of the
therapy was primarily attributable to the genetic correction of
HSCs rather than to activation of undefined factors within the
integral population of mononuclear blood cells.

548 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 4



[.10. Owenkos, B.C. Py3aHoBa, C.I. OwnxmuHa ...
H.A. KonuaHos, A.C. bpioxoBeukuii, C.C. boraues

In this study, we have put forward a hypothesis that as a
result of stochastic genome reconstruction, hematopoietic stem
cells have restored the regenerative potential lost throughout
their life and because of the developed pathology, eventually
expanding this potential to the entire body.

We conducted whole-exome sequencing (WES) of DNA
extracted from the patient’s MNCs to test the hypothesis that
treatment with HSCs within MNCs will be accompanied by
SNP correction and the emergence of HSCs clones with non-
mutant alleles, ultimately restoring the regenerative potential
of HSCs and contributing to the observed clinical effects.
Only the results of sequencing blood-derived MNCs samples
were analyzed. Control samples were collected prior to the
therapeutic intervention. MNCs samples were collected again
4, 8, 12, and 27 months post-treatment. DNA was extracted
from these samples, and WES was conducted. Multiplex
panels (MGIEasy Exome Capture V5 Probe Set, Roche KAPA
HyperExome, and Nanodigmbio NEXome Plus Panel v1.0),
targeting the entire exome with ~100x coverage (Schema for
Exome Probesets — Exome Capture Probesets and Targeted
Region, n. d.), were used at the initial time point and 4, 8,
and 12 months post-treatment. A targeted panel with ~1,000%
coverage (Nanodigmbio NanOnco Plus Panel v3.0) (NanOnco
Plus Panel v3.0, n. d.), which included the genes harboring
mutant alleles detected at the initial point, was employed to
verify the identified mutations and more accurately quantify
their proportions at the final stage of follow-up 27 months
post-therapy. Non-coding regions adjacent to the exons were
additionally sequenced. Furthermore, whole-exome sequenc-
ing of hDNA# preparation, Roche KAPA HyperExome, which
is used for reconstructing the HSCs genome whose fragments
constitute the complete human genome, was also performed
(Supplementary Material 2, Fig. 1). The utilization of multiple
multiplex panels was a technical solution; their specificity
for the selected coverage sufficiently aligned with the criteria
required for SNP analysis (target, off-target, and duplications),
making this approach adequate for assessing SNP frequencies
(Schema for Exome Probesets — Exome Capture Probesets and
Targeted Region, n. d.; Belova et al., 2025).

A set of genes associated with clonal hematopoiesis of un-
certain potential (CHUP) was selected for analyzing genomic
alterations after the treatment. This genetic platform was
chosen because changes affecting the specified genes consti-
tute the molecular foundations for the mechanism of clonal
expansion of mutated HSCs clone. The resulting dominance
of such clones is a key factor in the development of clonal
hematopoiesis of uncertain potential compromising the body’s
defense function.

It was hypothesized that dominant clones had been formed
in the hematopoietic system of patient K., which could have
been a confounding factor for the underlying pathology.

It was assumed that the assessment of SNP frequency
reduction within the selected gene group could had been one
of the criteria attesting to the potential changes in the HSCs
genome after treatment. The advantages of this approach are
related to the ease of detecting changes in the exome by next-
generation sequencing (NGS), the relative cost-effectiveness
of the technique, and the availability of bioinformatics tools
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enabling targeted analysis of this specific gene set. If genetic
alterations are found in the analyzed genes, it would suggest
that there are high chances that similar events have occurred
across the entire genome. Importantly, restoration of the re-
generative potential of HSCs is more likely to be related to
the recovery of other mutated loci (in which the mutations had
initially weakened the regenerative potential) rather than solely
to correction of mutations within the genes associated with
clonal hematopoiesis. The detection of these genetic changes
will be a marker of enhanced regenerative potential of the
hematopoietic system and simultaneously, a marker of ex vivo
correction per se. Furthermore, it is hypothesized that similar
processes can occur for other types of stem cells (MSCs and
endothelial progenitor cells) that are present in the leukocyte
concentrate and internalize extracellular fragments (Dolgova et
al., 2014), which will also be a factor significantly enhancing
the overall regenerative potential of the body.

Whole-exome sequencing revealed no known driver SNPs
included in the established list of genes associated with clonal
hematopoiesis and responsible for its development (Genovese
etal.,2014; Jaiswal et al., 2014; Heyde et al., 2021; Joo et al.,
2023). It means that the patient had no systemic changes in
hematopoiesis that would be detectable by genomic analysis.
According to the available literature, no dominant clones of
HSCs with disrupted mechanisms responsible for their rege-
nerative potential had been formed. In other words, the clonal
hematopoiesis in its classical form was not detected in this
patient. Simultaneously, this fact suggests that the prominent
positive changes in the patient’s condition observed after treat-
ment are associated with genetic alterations in other mutant
alleles of the HSCs genes directly involved in the aforemen-
tioned regenerative mechanisms.

Nevertheless, the analysis identified SNPs associated with
the common clonal hematopoiesis genes, but these genes do
not correspond to driver alleles and appear to have a germline
origin (100 % occurrence frequency for a homozygote; ~50 %
occurrence frequency for a heterozygote) (Supplementary
Material 2, Table 1).

Primary analysis demonstrated that the frequency of some
of the detected germline SNPs at the final follow-up point
was significantly lower compared that at the initial point. This
could mean that during the interaction between extracellular
DNA fragments and hematopoietic stem cells, some SNPs
affecting the regenerative potential of HSCs in the genome
were replaced with an alternative allele; the hDNAS prepara-
tion was the only possible source. In other words, a somatic
correction occurred. Due to correction of mutant SNPs, a new
clonal HSCs lineage could have emerged, differing from the
pre-treatment one.

An important implication of this observation is that alleles
of the HSCs genes harboring germline SNPs were affected.
The presence of germline SNPs suggests that all the cells in
the body have only this genotype, and there are no other he-
matopoietic stem cell populations harboring alternative alleles.
This fact efficiently eliminates the questions related to the
potential activation of HSCs that had existed in the quiescent
state since the embryonical development, which could be
triggered by the treatment. In other words, if new SNPs have
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appeared or existing ones have disappeared, these changes
could only have occurred during the postgerminal period and
resulted from somatic processes.

We needed to find approaches that would demonstrate the
validity of these changes; assessment of the variant allele
frequencies of the identified SNPs could be the main one.

Analysis of the frequency of occurrence of SNPs

Two approaches were selected to assess the frequencies of
SNP occurrence: (1) comparative analysis of changes in SNP
frequencies in selected genes at the initial and final follow-up
points (27 months), and (2) the All-FIT algorithm (Loh et al.,
2020) (Supplementary Material 2, Table 2).

Analysis of changes in the frequencies of SNP occurrence
in selected genes at the initial and final follow-up points
(27 months). A specific approach was used in this part of the
study to prove that replacement of SNPs with alternative al-
leles had occurred. This approach consisted in the analysis of
changes in allele frequencies within the exons of heterozygous
genes. The results were initially normalized to the existing li-
terature data, which incorporated findings obtained in different
laboratories, at different time points, and employing different
NGS platforms. The average error in estimating the distribution
of allele frequencies within exons and adjacent non-coding
regions of heterozygous genes was determined at the second
stage, based solely on the findings of the present study (the
“internal” experimental error). These analyses employed
four different NGS platforms (Supplementary Material 2,
Table 3).

Six genes (ASXLI, RAD21, DNMTI, SF3BI-1, SF3BI-2,
and SF3B1-3) were selected for the comparative analysis; the
frequency of SNP occurrence in these genes was ~40-60 %,
suggesting that these alleles were heterozygous. The occur-
rence frequencies of homozygous SNPs were close to 100 % at
all the analysis points. The comparison revealed a statistically
significant reduction in the frequency of SNPs in three of the
selected genes (ASXL1, DNMTI, and SF3BI-2) at the final
follow-up point according to the selected criterion (Fig. 1).
The logic and the main steps of the analysis are outlined in

A clinical case of using the concept
of natural genome reconstruction

Supplementary Material 3. It means that the observed reduction
in SNP frequency is probably associated with genetic correc-
tion of SNP that had resulted from homologous exchange of
mutant genomic sequence with a non-mutant allele present in
extracellular DNA fragments within the hDNAZ®' preparation.

The AII-FIT (allele-frequency-based imputation of tu-
mor purity) algorithm. The second approach employed the
AlI-FIT bioinformatics platform. According to the algorithm
proposed by the authors, this method allows one to determine
the proportion (the “purity” according to ref. (Loh et al., 2020))
of cancer cells and accompanying somatic tissue (cells) in
the resected tumor sample with a respective confidence in-
terval (CI) using the weighted least squares method through
iterative steps based on variant allele frequencies (VAF) of
SNPs detected in target clinical high-throughput sequencing
data and the sequencing depth for each selected allele. The
simulated and clinical data were used to demonstrate the ac-
curacy and improved performance of the All-FIT approach
compared to other leading computational methods. The pro-
gram was validated for specific clinical samples and showed
high predictive effectiveness (Loh et al., 2020).

Following the core concept of the platform, the proposed
algorithm can be used to determine the ratio between the
proportion of cells harboring different SNP sets by analyzing
changes in variant allele frequencies of a limited number of
SNPs available for analysis as well as the sequencing depth,
which shows the reliability of frequency estimates. The
reduced frequency of the analyzed alleles compared to the
marker (anchor) frequencies ascertained by the algorithm
would attest to a decline in the number of cells carrying the
generalized set of selected SNPs, being fully consistent with
the objectives of our study.

The study analyzed the frequencies of SNPs in the genes
associated with clonal hematopoiesis based on the initial
hypothesis regarding the presence of CHUP. The findings
demonstrated that the patient had no clonal hematopoi-
esis. However, the limited number of SNPs available for
VAF analysis (together with sequencing depth data), re-
lated only to the genes of this group, allows one to conduct
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Fig. 1. The frequency of SNPs of the analyzed genes at the final follow-up point 27 months post-intervention.

A, The diagrams illustrating the overlapping of the total percentage error values for the SNP allele frequencies of three heterozygous genes at the initial
and final follow-up points. B, Changes in the frequencies of SNPs in the selected heterozygous genes at the initial and final follow-up points; frequencies
at the initial point fluctuate around 50 % (three SNP alleles). The median allele frequencies are compared with allowance for the total percentage error
of the values obtained using different multiplex panels. * Statistically significant differences ( Pv < 0.05) as determined using the Mann-Whitney U test.
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All-FIT analysis, which will reliably reveal any significant
change in the occurrence frequency of controlled SNPs if it
is detected.

HSCs within peripheral blood mononuclear cells were
treated with the hDNAZ®" preparation containing a pool of
~100 different DNA samples encompassing all the sequences
in the human genome (100 x). According to the concept of
natural genome reconstruction and the results of its experimen-
tal validation, DNA fragments internalized by HSCs undergo
stochastic and homologous recombination with the accessible
homology regions of genomic DNA. An assumption was made
that a detected reduction in frequency of identified SNPs will
imply that some SNPs, including those outside the analyzed
SNP set, had been replaced with alternative alleles via the
aforementioned homologous recombination. This genetic
correction has altered the ratio between VAFs of the analyzed
SNPs, which can potentially be detected by computations using
the All-FIT algorithm. Extracellular dsSDNA fragments inter-
nalized by HSCs within the MNCs are the best-substantiated
source of this correction. Figure 2 shows the results of the
comparison.

The analysis revealed that the purity (the proportion of
cells carrying the initial SNP set) at the initial point was 0.99
(CI, 92-99 %), which actually means that there is a single
“clone”. After 27-month follow-up, the purity decreased to
0.88 (CI, 84-95 %). It means that ~12 % of cells having a
different set of SNP alleles (CI, 5-16 %) have emerged. A ho-
mozygous SNP-free clonal cell lineage appears in the pool of
heterozygous cells with analyzed SNPs. The most plausible
explanation to these values is that some SNP alleles have
been replaced with alternative alleles present in the hDNA#
preparation, which have become fixed in some HSCs lineages
and are characterized by an enhanced regenerative potential.

The data obtained using the two independent approaches re-
inforce the conclusion that the proposed mechanism of interac-
tion between extracellular dsDNA fragments and chromosomal
DNA does actually exist. In other words, the hypothesized
concept of natural genome reconstruction is viable.

The hypothetical scenario of events taking place during
reinfusion of reconstructed HSCs to patient K. is provided in
Supplementary Material 4.

Discussion

Overall, our findings are consistent with the proposed concept
of genome reconstruction via a natural mechanism (Ruzanova
et al., 2024, 2025; Yakubov et al., 2024). The key questions
of the entire study address the feasibility of non-homologous
integration into the genome and the accuracy of homologous
integration. The clinical applicability of the concept depends
on the answer to this question.

Undoubtedly, certain events take place within the nucleus,
leading to potential recombinational repair interactions
between the extrachromosomal fragments of extracellular
dsDNA and chromosomal DNA. It is supported by the data
reported below.

We have previously demonstrated that telomeric DNA
content increases upon internalization of dsDNA fragments
by HSCs, which can be associated with both true integration
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of telomeric repeats into the genome and with alternative
lengthening of telomeres (Ruzanova et al., 2025). Furthermore,
circular DNA is formed, consisting of extrachromosomal
extracellular fragments looping into circles and giving rise to
multiple associates with chromosomal DNA strands, which
persist until the metaphase and can be detected by FISH or by
direct analysis of the distribution of fluorescent-labeled DNA
probes (Ruzanova et al., 2025).

The results of this study suggest that mutant alleles of the
genes of hematopoietic stem cells (HSCs) are apparently
restored, which is interpreted as projection of the core idea of
the concept: stochastic substitution of various chromosomal
DNA segments with homologous sequences derived from
extrachromosomal fragments internalized by HSCs. An im-
portant factor in this context is that according to the findings
of whole-genome sequencing conducted in (Oshikhmina et
al., 2026), there is no evidence for non-homologous probe
integration, indicating that homologous allele replacement is
more likely to occur.

Vital tests demonstrate that syngeneic reinfusion of mouse
and rat HSCs treated with heterologous human DNA (hDNA#")
causes neither immediate nor long-term (one year) pathologi-
cal sequelae. They also suggest that there is no illegitimate
integration of foreign extrachromosomal DNA into active
genomic loci; therefore, there are no genetic abnormalities
manifesting themselves as an immediate functional response
(Ruzanova et al., 2025).

The most important result of our study is the reported
clinical case involving patient K. Long-lasting stabilization
of cancer progression was achieved, accompanied by positive
clinical manifestations. Along with stabilization of disease
progression, there were explicit favorable effects on the
cardiovascular system. The phenomenon of new hair growth
demonstrates that stem cells migrated to hair follicles and were
fixed in them. However, the key aspect of this clinical case is
that genetic alterations in the mutant heterozygous germline
alleles have been detected. In other words, our study revealed
the phenomenon of somatic correction in hematopoietic stem
cells, which occurred naturally through internalization of
extracellular dsDNA fragments by hematopoietic progeni-
tor cells.

The primary critical question concerning the entire technol-
ogy, including the reported clinical case, is whether extracel-
lular DNA fragments that had originally been internalized by
HSCs can be preserved in their progeny for a long time (up to 4,
9, 12, and 27 months) and whether this DNA (SNPs) can be de-
tected in leukocyte concentrate cells by whole-exome sequenc-
ing after time passes. We believe that this outcome (namely,
long-term preservation of extrachromosomal extracellular
DNA in the progeny of hematopoietic cells), which may give
rise to the corresponding artifact, is highly unlikely. Our fin-
dings demonstrate that activated HSCs treated with dsSDNA
preparation continuously proliferate, at least during 15-day
follow-up (Ruzanova et al., 2024). After eight months, blood
cells potentially containing extracellular fragments inherited
from the maternal HSCs, which is capable of internalizing up
to 1 % of the haploid genome (Dolgova et al., 2013, 2016;
Potter et al., 2024), will either be eliminated based on their
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Fig. 2. Presentation of the results of All-FIT analysis for the detected clonal hematopoiesis gene variants (Loh et al., 2020). An analysis
focused on the allele frequencies of SNPs within the exons of the clonal hematopoiesis genes evaluated at two time points: at the
initial (point 1) and the final follow-up points (2) (27 months post-therapy).

A, The contribution of each variant to the sum of probabilities. B, The sum of probabilities across all the variants and the 2o curve (the brown dashed
line). The points of intersection between the 2o curve and the tangent to the log of the sum of probabilities at its minimum (the gray dashed line)
define the confidence interval (Cl) around the calculated purity parameter p. C, The distribution of observed allele frequencies. The dashed lines are the
expected allele frequencies in the included mutation models for the hypothesized p. D, The distribution of the proportion of clones (cancer cell fraction,
CCF) for the hypothesized p. E-H, The results after unfiltered heterozygous germline variants had been excluded from analysis. I-L, The results after
excluding the subclonal somatic variants. The legends to the figures show the mutated genes and the VAF of each detected variant.
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lifespan or will constitute an extremely small proportion of the
blood cell population, so that their detection will be infeasible
from a quantitative perspective. Furthermore, our unpublished
data indicates that extracellular DNA material is no longer
detectable within cells ~22 days post-treatment. Therefore,
the results of whole-exome sequencing of mononuclear cell
samples derived from patient K. 4, 8, 12, and 27 months after
the therapy reflect the real situation with genomic alterations
and the emergence of genetically reconstructed renewed he-
matopoietic stem cell clones.

An interesting observation was that homozygous germline
alleles of the genes have not been corrected, suggesting they
are under selective pressure. Heterozygous alleles not being
under selective pressure have undergone correction; the rege-
nerative potential of the therapy has statistically significantly
increased. The emergence of extracellular DNA fragments
within the intracellular space of HSCs is accompanied by ho-
mologous correction and simultaneously initiates cell division
(Potter et al., 2024; Ruzanova et al., 2024). The progenitor
cells divide both symmetrically and asymmetrically (Potter
et al., 2024; Ruzanova et al., 2024). Their progeny, resulting
from both symmetric and asymmetric division, circulate in
peripheral blood. It is fair to hypothesize that the genes re-
sponsible for tissue regeneration have undergone correction,
thus restoring the original regenerative potential of the HSCs,
and that these cells, which have acquired a new status, have
caused the extensive systemic regeneration in patient K.

Conclusions

Overall, the technology of natural genome reconstruction using
the therapeutic hDNA#' (Patent No. 2855434 dated February 2,
2026) can be employed for treating patients with diseases of
civilization and elderly patients without evident pathologies.
Nonetheless, serious experimental studies of all subtleties of
the molecular and cellular processes triggered upon interaction
between a stem cell (and HSC in particular) and extracellular
DNA fragments need to be conducted.
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Effects of chronic psychosocial stress on the development
of mouse oocytes and preimplantation embryos
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Abstract. The impact of psychosocial chronic stress on mammalian oocyte maturation, fertilization and early stages of
embryonic development remains poorly understood. This study addresses the effects of chronic psychosocial stress on
the reproductive outcome in female mice, i.e. the development of in vitro- and in vivo-derived embryos. The model of
chronic stress used in the study comprised a 21-day protocol consisting of a period of social isolation followed by the
overcrowding. Two experiments were conducted, varying in the type of fertilization. In experiment 1, female mice were
stressed at the folliculogenesis stages; then oocyte maturation and in vitro fertilization were performed, and the early
development of the in vitro-derived embryos was studied. Experiment 2 differed in that fertilization was performed in vivo,
and the resulting in vivo-derived embryos were cultured in vitro since the two-cell stage. To assess preimplantation embryo
development, blastocysts were fixed, stained with the TUNEL/DAPI method and analyzed using fluorescence microscopy,
i.e. the number of interphase nuclei and the apoptosis index were estimated. The results of Experiment 1 showed that
chronic stress did not affect oocyte maturation or their fertilization capacity. However, embryos from the stress group
contained fewer interphase nuclei (p < 0.001), which points to a lower cleavage rate. Meanwhile, the apoptosis rate in these
blastocysts was comparable to controls. Experiment 2 showed that chronic stress caused a decrease in the proportion
of embryos that achieved the blastocyst stage during the culture period and an increase in the proportion of morulae
(p <0.01), as well as a decrease in the number of interphase nuclei in blastocysts (p < 0.001). Experiments demonstrated
that the chronic psychosocial stress exerts a moderate but significant effect on early embryonic development, primarily
via the reduced proliferative activity of embryonic cells. These results obtained in mice have a translational value for
reproductive medicine and highlight the importance of maternal stress when analyzing ART outcomes.
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3(1)(1)QKTBI XPOHMNYECKOTI'O IICNXOCOLIMAa/JIbHOI'O CTpeCCa Ha pa3BUTHUE
OOLIMTOB U ITPpEVMIIVIAHTAIIVMIOHHBIX 3M6pI/IOHOB MBbIILIei
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AHHoTaLmA. DGPeKTbl XPOHNYECKOrO NCMXOCOLIMANbHOIO CTPecca Ha Co3peBaHune OOLMTOB, OMIOLOTBOPEHNE 1 paHHUe
3Tanbl Pa3BUTUA SMOPUOHOB MJIEKOMUTAIOLWMX OCTalOTCA HeAOCTaTOYHO M3yuyeHHbIMU. HacToAllee wnccnefoBaHue
HanpaBfeHO Ha M3yyeHue BAUAHWA XPOHUYECKOro MCUXOCOLManbHOro CTpecca Ha PenpoayKTUBHbIE MOKasaTenu
CaMOK MbILLe 1 pa3BUTUE SMOPMOHOB, NMOYUYEHHbIX MOCe OMIOJOTBOPEHWSA in Vitro 1 in vivo. XpOHUYECKNIn cTpecc
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Effects of chronic psychosocial stress on the development
of mouse oocytes and preimplantation embryos

MOAeNMpoBanu C NOMOLbO 21-4HEBHOrO NPOTOKONA, BKJ/IOYABLIEro Nepuof CcouunanbHOM M30MAUMK, 38 KOTOPbIM
CnepfoBaso copepkaHue B YCIOBUAX BbICOKOW CKy4yeHHOCTW. [poBefAeHbl ABa dKCNepruMeHTa C BO3AeNCTBNeM cTpecca
Ha cTapgnun GONNMKynoreHesa, pasnMYaBLIMXCA CNOCOGOM OMIOAOTBOPEHMA. B aKkcnepumeHTe 1y camoK Mbilleii nocne
BO3[ENCTBUA CTpecca OblivM M3BNEeYeHbl OOUMTbI, MPOBEAEHO AO3PeBaHWe OOUUTOB in Vitro, 3KCTpakopnopanbHoe
OMNNoJOTBOPEHME U UCCNEefOBaHO paHHee PasBUTME MOJYYEHHbIX SMOPUMOHOB. JKCMEPUMEHT 2 OTIMYaNCA Tem, YTo
onnogoTeopeHne Obino in vivo, NoslyYeHHble SMOPUOHBI KyNbTUBMPOBANM in Vitro ¢ ABYXKNETOUHOW cTagun. [Ansa oueHKn
NpPenMNIaHTaLMoOHHOTO Pa3BUTUA SMOPHOHOB BnacTouncTbl duKcMpoBanu, okpawwmsany metogom TUNEL/DAPI v aHa-
NN3MPOBaNN C NOMOLLbIO GIyOPeCLIEHTHOM MUKPOCKOMNMM, MOACUMTBIBAA YMCIO NHTepdasHbIX Afep 1 MHAEKC anonTosa.
KcneprMeHT 1 NoKasasn, YTo XPOHUYECKMIA CTPECC He OKa3blBaeT BIMAHMA Ha AO3PEBaHVe OOLMTOB 1 MX CMOCOBHOCTb K
onnogotsopeHnto. OgHAKO SMOPUOHbBI 13 FPYMMbl «CTPECC» COAEPMKanu MeHbluee Yncno nHtepdasHoix agep (p < 0.001),
YTO yKa3blBaeT Ha 3aMefJIEHHY CKOPOCTb ApobneHunsA. Mexay Tem ypoBeHb anonTo3a B 3TUX Grnactoumctax 6bin
COMOCTaBUM C TaKOBbIM B KOHTPOJbHON rpynmne. B skcnepumeHTe 2 XpOHNYECKUNIA CTPECC Bbi3Ban CHUMXEHMEe NPOLIEHTHOM
L,0MN SMOPVOHOB, AOCTUTLLNX CTaAMM BNacToLUCTbl B TeUeHne neprofa KybTUBUPOBAHUA, U YBEIMYEHUE JOSIN MOPYN
(p < 0.01), a TaKXKe CHIKEHWE YnCna NHTepda3HbIX Aaep B 6nactouncTax (p < 0.001). DKCNeprMEHTbI MoKasanu, YTo
XPOHUYECKUI NMCUXOCOLMANbHBIN CTPECC OKasblBaeT yMepeHHOe, HO 3HauMMOe BAUAHWE Ha paHHee 3MOpPKOHaNbHOe
pa3BuTKE, FMaBHbIM O6PA30OM 3a CUYET CHUKEHNA NPONUdEPaTVBHON aKTUBHOCTU KNETOK. ITU pe3ynbTaTbl, NofyYeHHble
Ha MbIWAX, MMeIOT TPAHCIALMOHHOE 3HaueHne ANA PenpofyKTUBHOW MeAULVHbI 1 NOJYEPKMBAIOT BaXXHOCTb y4yeTa
MaTepUHCKOro cTpecca npuv aHanmse ncxonos BPT.

KnioueBble crioBa: XpOHMYECKMI NCMXOCOLMANbHBIN CTPECC; 0OLMTbl; SMOPUOHbI; OMIOAOTBOPEHNME in Vitro; paHHee
ambpuoHanbHoe pa3suTre; TUNEL-aHanu3; anonTtos; BcnomoraTtesbHble penpoayKTBHble TexHonorum (BPT)

Introduction

Chronic psychosocial stress has become an essential feature of
life in a modern urban agglomeration. Urbanization is associ-
ated with a complex of predominantly psychological stressors,
including social overload (crowding, excess of superficial
contacts) combined with a deficit of meaningful connections,
professional loads, and uncertainty. These stressors adversely
affect the psychoemotional state and reproductive function
(Ochnik et al., 2024; Orquiza, 2024).

Chronic stress activates the hypothalamic-pituitary-adrenal
(HPA) axis, resulting in an increase in glucocorticoid synthesis
(James et al., 2023). This affects the reproductive function
through direct and indirect mechanisms (Zhai et al., 2020;
Bhaumik et al., 2023; Jeon et al., 2023).

The direct effects are mediated by glucocorticoid receptors
present in ovarian cells (granulosa, theca cells) and in the early
embryo (Bhaumik et al., 2023; Jeon et al., 2023). In the ovary,
this leads to the suppression of proliferation and induction of
apoptosis of granulosa cells, disruption of steroidogenesis, and
deterioration of oocyte quality (Prasad et al., 2016; Bhaumik
et al., 2023). At the preimplantation stage of embryo devel-
opment, elevated maternal corticosterone levels can directly
suppress embryonic cell division, reduce the number of cells in
the blastocyst, and lead to delayed hatching (Liu et al., 2012;
Zhai et al., 2020).

An indirect mechanism of stress influence on reproduction is
the suppression of the hypothalamic-pituitary-gonadal (HPG)
axis. High glucocorticoid levels inhibit gonadotropin-releasing
hormone (GnRH) secretion in the hypothalamus, which leads
to a decrease in the production of gonadotropins, i. e. lutei-
nizing (LH) and follicle-stimulating (FSH) hormones (Zhou
et al., 2019). A lack of these hormones disrupts key ovarian
processes: folliculogenesis, ovulation, and steroid synthesis
(Zhai et al., 2020).

Such complex dysregulation causes risks for reproductive
health and can contribute to the development of infertility,
the prevalence of which reaches 12.6—17.5 % among couples
of reproductive age (Cox et al., 2022). Assisted reproductive
technologies (ARTSs) are increasingly used to treat infertility
in clinical practice (Abdullah et al., 2023). However, data
are accumulating that chronic stress is a significant factor
capable of influencing the effectiveness of ART (Zhou et al.,
2019; Levinson et al., 2022). Most research in this area is
focused on studying systemic hormonal changes (Valsama-
kis et al., 2019), while the effect of stress factors on oocyte
maturation and early embryo development in the context of
ART application remains poorly studied. The significance
of such studies nowadays is high as the number of women
resorting to ART procedures increases (Chambers et al.,
2021).

Experiments on laboratory animals confirm that stressors of
various natures disrupt the HPG axis, changing the hormonal
profile in female mice; such changes negatively affect the fe-
male reproductive system (Zhai et al., 2020). However, there
are only few studies that address the effects of psychosocial
stress on female reproductive function and on the outcome of
ARTs (Levinson et al., 2022).

In the present study, we used the model of chronic psy-
chosocial stress previously adapted by us for female mice
(Lebedeva et al., 2024; Igonina et al., 2024a, b). The main
focus of the work was the study of oocyte maturation in vitro
and in vivo, measured as the effectiveness of IVF, and the
subsequent embryo development under chronic psychosocial
stress. The novelty of the approach includes modeling chronic
psychosocial stress in female mice combining with subsequent
assessment of its impact on the key stages of ART protocols,
from oocyte maturation to embryo culture, which ensures the
high translational value of this work.
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The aim of this study is to elucidate the effect of chronic
psychosocial stress on the reproductive function in female
mice and on early development of in vitro-derived and in vivo-
derived embryos.

Materials and methods

Experimental animals. Studies were conducted on sexually
mature females (n = 27) and fertile males (n = 25) of the
CD1 mouse strain aged 2.5 months, raised in the specific
pathogen free (SPF) vivarium of the Institute of Cytology and
Genetics SB RAS (ICG SB RAS). Animals were housed in
individually ventilated OptiMice cages (Animal Care, United
States) measuring 34.3 x 29.2 x 15.5 cm (length x width x
height) at a temperature of 22—24 °C and relative humidity of
40-50 %. Sterile fractionated birch chips for laboratory animals
(TU 16.10.23-001-0084157135-2019) were used as bedding.
All animals had free access to standardized autoclaved Delta
Feeds chew for laboratory mice and rats (BioPro, Russia) and
purified water “Severyanka” (Ekoproekt, Russia) enriched with
mineral supplements. A light regime of 12 h light/12 h dark
(lights on at 3:00 am) was maintained throughout the entire
experiment period.

Chronic psychosocial stress modeling. Animals of the
experimental group were kept under conditions of social
isolation (one female per cage) for 11 days; then they
were transferred to crowding conditions (social overload):
11 females per cage for the next 10 days. The total duration
of the stress protocol was 21 days. Animals in the control
group were kept under standard vivarium conditions: groups
of 5 females per cage. This stress model was verified by
evaluation of corticosterone levels in the blood serum.

/&ice, hCG

—>
Control =
@9 Oocytes In vitro
A~ collection maturation
AR w 13h
Stress
PP Experiment 2
/}/_—a{\ ® 9 'Y
3 X —> ) > €
Mating with Embryos
fertile male collection

Fig. 1. Experimental design.
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Experimental design. Female mice were randomly dis-
tributed between two groups: control group — no stress; stress
group — chronic psychosocial stress according to the protocol
described above.

To evaluate the effect of chronic psychosocial stress on
reproductive function and early embryonic development,
two sequential experiments were conducted, differing in the
method of fertilization (Fig. 1). All the females used in the
experiments were hormonally stimulated for superovulation
(protocol presented below).

Experiment 1. Effect of stress on oocyte maturation,
in vitro fertilization, and early embryo development.
Females from both groups (control, n = 6; stress, n = 6)
were euthanized four hours after hCG administration by
plunging to carbon dioxide (CO,). Blood and ovaries were
collected. Immature oocytes at the germinal vesicle (GV) stage
were separated from ovarian tissue. Oocytes were matured
in vitro, then fertilized using IVF, and the resulting embryos
were cultured in a CO, incubator for 96 hours. The in vitro-
derived embryos were then fixed in 4 % formalin dissolved
in phosphate-buffered saline, stained with TUNEL/DAPI, and
analyzed using fluorescence microscopy.

Experiment 2. Effect of stress on the development of
in vivo fertilized embryos. Females from both groups (control,
n = &; stress, n = 7) were mated with fertile males. The animals
were euthanized 48 hours after pairing using carbon dioxide,
and blood was collected. Embryos were collected from the
oviducts at the stage of 2—4-cells. The collected embryos
were cultured in vitro in a CO, incubator for 68 hours. After
culturing, the embryos were fixed, stained with TUNEL/DAPI,
and analyzed using fluorescence microscopy.

In vitro culture
of embryos
68 h

eCG - equine chorionic gonadotropin, hCG — human chorionic gonadotropin.
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Corticosterone assay in blood serum. Blood (0.5 ml)
was collected into tubes immediately after decapitation of
the animals. Samples were incubated for 25 min at room
temperature for clot formation and centrifuged (1,000g,
10 min; Hermle Z 326, Germany). The resulting serum was
stored at —80 °C. Serum corticosterone concentration was
determined by enzyme-linked immunosorbent assay using the
Corticosterone rat/mouse—IFA kit (Chema, Russia) according
to manufacturer’s recommendations. Optical density was
measured at 450 nm on a plate spectrophotometer (Thermo
Fisher Scientific, United States) 15 min after stopping the
reaction. The concentration was calculated using a calibration
curve.

Hormonal stimulation of ovaries. For superovulation,
mice were injected intraperitoneally with 7.5 IU of equine
chorionic gonadotropin (eCG, folligon, Intervet, Netherlands),
and after 46 hours, 7.5 IU of human chorionic gonadotropin
(hCG, chorulon, Intervet, Netherlands) in accordance with the
standard superovulation protocol accepted for mice (Shindo
et al., 2022).

Immature oocyte collection and in vitro maturation.
Euthanasia was performed 4 hours after hCG injection. Ovaries
were removed from the surrounding tissues and placed into
pre-warmed FertiCult Flushing medium (FertiPro, Belgium).
Immature oocytes at the germinal vesicle (GV) stage were
carefully separated from ovarian tissue using a thin needle
and tweezers. Oocytes were transferred onto Petri dishes
(Corning Incorporated, United States), placed into 50 pL
drops of HTF medium pre-equilibrated in a CO, incubator,
and covered with sterile mineral oil. The culturing was car-
ried out in a CO, incubator (New Brunswick™ Galaxy 48R,
Eppendorf, Germany) at 37 °C, 5 % CO,, and 90 % humidity
for 13—14 hours. Oocyte maturity was assessed by the pre-
sence of the first polar body; matured oocytes were then used
for IVF.

Collection of epididymal sperm. Epididymides were taken
from euthanized males. The tissue was placed in 100 pL of pre-
warmed HTF medium onto Petri dishes (Corning Incorporated,
United States) and cut to allow sperm cells to flow out. The
dishes with sperm cells were incubated for 30 minutes at
37°Cand 5 % CO, aiming at spermatozoa capacitation. Then
10 pL of the suspension was transferred to 60 puL of fresh HTF
medium and incubated for another 30 minutes. The resulting
material was used for IVF.

In vitro fertilization. Mature oocytes were incubated
for 30 minutes in 60 pL drops of pre-equilibrated HTF
medium under mineral oil (FertiPro, Belgium). Then 10 pL
of epididymal sperm suspension was added, and the dishes
with medium drops containing oocytes and sperm cells were
placed in a CO, incubator for 4 hours. After incubation,
oocytes were washed and transferred to KSOM AA medium
for further culturing. Successful fertilization was confirmed
by the presence of two pronuclei in the oocytes.

Effects of chronic psychosocial stress on the development
of mouse oocytes and preimplantation embryos

Collection of in vivo-derived embryos. Inmediately after
hCG injection, females were mated with fertile males. Mating
success was determined after 18 hours by the presence of a
copulatory plug and/or spermatozoa in vaginal smears. The
fertilized mice were euthanized 48 hours after hCG injection.
Then the oviducts and uterus were removed and flushed with
FertiCult Flushing medium solution (FertiPro, Belgium) to
obtain embryos. Embryos at the 2—4 blastomere stage were
collected for in vitro cultivation.

In vitro embryo culture. Embryos were cultured in
KSOM AA medium in 20 pL drops under mineral oil in a
CO, incubator (New Brunswick™ Galaxy 48R, Eppendorf,
Germany) at 37 °C, 5 % CO,, and 90 % humidity.

The embryo quality and the rate of embryo development
were assessed daily using light microscopy (Leica S80 APO
stereomicroscope, Germany). For embryos at cleavage stages,
the number, shape, and size of blastomere, as well as their gen-
eral morphology, were analyzed. For blastocysts, blastocoel
size, inner cell mass (ICM) compactness, and trophectoderm
(TE) cell density were assessed. An embryo was considered
normally developing if it corresponded to the expected stage
after the culture period and had no signs of damage (vacuol-
ization, cytoplasm granulation), the degree of fragmentation
did not exceed 20 %, blastocysts had a compact ICM, and the
blastocoel was surrounded by TE cells. If there was no cell
number increase in a particular embryo or the transition to
the next developmental stage within 24 hours of observation
not happened within 24 hours of in vitro culturing, embryos
were classified as non-developing. In addition to the qualita-
tive assessments (developing/non-developing), the percent-
age of embryos that reached each specific stage was used in
the subsequent statistical analysis of in vitro development
dynamics.

DAPI and TUNEL staining of blastocysts followed by
fluorescence microscopy. Embryos were fixed and stained
using the TUNEL FITC kit (Vazyme, China) according to the
manufacturer’s protocol. After three washes with phosphate-
buffered saline, samples were treated with proteinase K
(5 min), incubated in equilibration buffer (15 min), and then
in TUNEL solution (1 hour, 37 °C). Thereafter, the embryos
were washed, stained with DAPI (5 min), and mounted on
slides. Microscopic evaluation was performed with a Zeiss
Axio Imager 2 microscope (Germany) using DAPI-FITC
filters. Nuclei and apoptotic cells were counted using ImageJ
software. The apoptosis index was calculated as the ratio of
apoptotic cells to the total number of cells.

We analyzed 124 randomly selected embryos obtained
in vitro by IVF (65 in the control group and 59 in the stress
group) and 274 embryos obtained in vivo after natural mating
(166 in the control group and 108 in the stress group).

Preparation of culture media. Human tubal fluid (HTF)
medium (Quinn et al., 1985) was prepared for IVF. A modi-
fication of this medium (HTFm) was used for oocyte matu-
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ration. Embryos were cultured in KSOM AA according to
(Chatot et al., 1989). All media were prepared independently
from individual components (Table S1)! in purified water,
sterilized by filtration through a 0.22-um membrane, and
equilibrated in a CO, incubator under a layer of mineral oil
at 37 °C for >4 h.

Statistical analysis. Data were analyzed using STATISTICA
v. 8.0 software package (StatSoft Inc). Normality of distribution
was checked by the Shapiro—Wilk test. Parameters with normal
distribution of data (corticosterone level, percentage of mature
and fertilized oocytes) were compared using Student’s #-test.
The dynamics of embryo development were assessed by
two-way repeated measures ANOVA. Data are presented as
M + SEM. Parameters with non-normal distribution (number
of interphase nuclei, apoptosis index) were analyzed using the
Mann—Whitney U-test and presented as median with 25 %
and 75 % quartiles. Data on embryo development stages were
compared using the y? (chi-square) test. The significance level
was p < 0.05.

Results

Verification of the stress model

The level of corticosterone in the blood serum in females sub-
jected to chronic psychosocial stress was significantly higher
(p <0.05, Student’s #-test) than in the control group (Fig. 2).
This result verifies the stress model used.

Effect of stress on oocyte maturation,

in vitro fertilization, and early embryo development

From females of the control group (» = 6) and the group sub-
jected to chronic stress (n = 6), 184 and 140 immature oocytes
at the germinal vesicle stage (GV) were obtained, respectively.
After in vitro culture for 13—14 hours, 155 (84.2 %) oocytes in
the control group and 105 (75.0 %) in the stress group matured
to the MII stage. Their subsequent fertilization by IVF resulted
in zygote formation in 80.4 % (119/155) in the control group
and 84.6 % (88/105) in the stress group. Student’s ¢-test of the
obtained data revealed no significant differences between the
groups either in the percentage of oocyte maturation (p > 0.05)
or in fertilization efficiency (p > 0.05) (Fig. 3a).

Embryo development in vitro proceeded similarly in the
control and stress groups at all stages of culturing (Fig. 3b;
Table 1). Two-way repeated measures ANOVA revealed no sig-
nificant effect of chronic psychosocial stress: there was neither
a main effect of the “Stress” factor (F(1,10) = 1.2, p > 0.05)
nor its interaction with the duration of culturing (F(3,30) <1,
p>0.05). Instead, a significant effect of the “Duration of cul-
turing” factor was revealed (F(3,30) = 7.8, p < 0.01), reflect-
ing the general dynamics of embryonic development in vitro.

Embryos obtained by IVF from the stressed females, after
96 hours of in vitro culture, were characterized by a signifi-
cantly lower number of interphase nuclei compared with the

' Supplementary Table S1 and Figure S1 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_lgonina_Engl_30_4.pdf
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Fig. 2. Blood serum corticosterone concentration in control and
chronically stressed animals.

Data are presented as M = SEM. Number of animals/samples: n = 15 (con-
trol group); n = 16 (stress group). * p < 0.05 compared with the control
group (Student’s t-test).
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Fig. 3. Effect of chronic psychosocial stress on oocyte maturation,
their fertilization potential, and in vitro embryo development.

a - left: oocytes that reached MIl stage (number of mature oocytes in the
control group: n = 155, in the stress group: n = 105); right: percentage of
zygotes formed after IVF (number of zygotes in the control group: n=119,
in the stress group: n = 88); b — embryo development at different intervals
of culturing (initial number of embryos placed in culture in the control
group: n =119, in the stress group: n = 88). Data are presented as M £ SEM
(average per female).
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Table 1. Stages of development of in vitro fertilized embryos
after 96 hours of culture

Group Morulae Blastocysts Developmental arrest
% (n)

Control 43.1 (28) 50.8 (33) 6.2 (4)

Stress 39.0 (23) 44.1 (26) 16.9 (10)

control group (p < 0.001, Mann—Whitney U-test; Fig. 4a).
The proportions of apoptotic nuclei did not differ significantly
(Fig. 4b).

Effect of stress on the development

of in vivo fertilized embryos

From the control group females (n = 8) and the females sub-
jected to chronic stress (n = 7), 139 and 115 embryos were
obtained, respectively. In the control group, 127 (91.4 %)
embryos were at the 2-cell stage, and 12 (8.6 %) were at the
3—4-cell stage; in the stress group, 96 (83.5 %) and 19 (16.5 %)
embryos were at the 2-cell and 3—4-cell stages, respectively.
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Effects of chronic psychosocial stress on the development
of mouse oocytes and preimplantation embryos

Chronic psychosocial stress did not affect the fertility of
female mice, as there was no difference between the control
(17.4 + 2.3) and stressed (16.4 = 1.8) females (p > 0.05, Stu-
dent’s t-test) in the average number of embryos per female on
day 2 of in vivo development.

The rates of the subsequent in vitro embryo development
were comparable in the control and stress groups throughout
the entire culture period (Fig. S2). Repeated measures ANOVA
revealed no statistically significant effect of the “Stress” factor
(F(1,13) = 1.20; p > 0.05), the “Duration of culturing” factor
(F(2,26)=2.06; p>0.05), or interaction between these factors
(F(2,26) =2.82; p>0.05).

At the late stage of in vitro culturing (68 h), shifts in the
distribution of embryo development stages were revealed in
the group subjected to chronic stress: the proportion of blas-
tocysts was lower, and the proportion of morulae was higher
compared with the control group (p < 0.01; Table 2).

Subsequent analysis of embryos cultured in vitro for 68 h
revealed a significant decrease in the number of interphase
nuclei in the stress group compared with the control group
(» <0.001, Mann—Whitney U-test; Fig. 5a). This result points

Fig. 4. Effect of chronic psychosocial stress on the number of interphase nuclei (a) and the percentage of apoptotic
nuclei (c) in mouse embryos fertilized in vitro. Representative images of control (b) and stress (d) group embryos after
DAPI (blue, nuclei) and TUNEL (green, apoptotic cells, indicated by arrows) staining.

Scale bar 50 um. Data are presented as median with 25 % and 75 % quartiles. *** p < 0.001 (Mann-Whitney U-test). Number of embryos
studied: n =65 in the control group, n =59 in the stress group.
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Fig. 5. Effect of chronic psychosocial stress on (a) the number of interphase nuclei and (c) the percentage of apoptotic
nuclei in in vivo fertilized mouse embryos after 68 hours of in vitro culture. Representative images of (b) control and (d)
stress group embryos after DAPI (blue, nuclei) and TUNEL (green, apoptotic cells, indicated by arrows) staining.

Scale bar 50 um. Data are presented as median with 25 % and 75 % quartiles. *** p < 0.001 (Mann-Whitney U-test). Numbers of embryos
studied: n = 166 in the control group, n = 108 in the stress group.

Table 2. Stages of development of in vivo fertilized embryos
after 68 hours of in vitro culture

Group Morulae Blastocysts Developmental arrest
% (n)

Control 1.7 (3) 94.2 (162) 4.1(7)

Stress 8.8 (10)** 82.5 (94)** 8.8(10)

** p < 0.01 compared with the control group (y? test).

to a decrease in the proliferative activity of embryonic cells
under the influence of stress. However, the proportion of apop-
totic cells in the embryos did not differ significantly between
the groups (p > 0.05, Mann—Whitney U-test), demonstrating
the absence of a pronounced effect of stress on the rates of
programmed cell death at this stage of development (Fig. 5b).

Discussion

Hans Selye was one of the first to define stress from a biologi-
cal point of view as a nonspecific reaction of the body to a
threat to homeostasis (Selye, 1950). Stressors, perceived as a

MONEKYNAPHAA N KNIETOYHAA BUOJIOTA / MOLECULAR AND CELL BIOLOGY

real or potential danger, trigger a cascade of neuroendocrine
reactions, the activation of the HPA axis in particular (James
etal., 2023). Depending on the duration of exposure, stressors
can cause acute or chronic stress (Godoy et al., 2018). In ad-
dition, stressors are classified by their nature: physiological,
which are associated with a threat to physical well-being, and
psychological, which are associated with psychoemotional
and psychosocial effects (Godoy et al., 2018). Chronic stress
is known to lead to various pathologies (Kalisch et al., 2024).

Studies of the effect of chronic psychoemotional stress on
the reproductive system often employ models involving mice,
such as “chronic unpredictable stress” and “restriction” (Gao Y.
etal., 2016; Levinson et al., 2022). These stressors have both
psychological and physical effects, and can cause undesirable
consequences, including weight loss, adversely affecting the
general condition of the animals (Gao Y. et al., 2016; Furman
et al., 2022). In some studies, presenting a predator, e. g. a
hungry cat, to a mouse, is used as a model of psychoemotional
stress, which creates excessive psychogenic impact associated
with a potential threat to life (Liu et al., 2012). Meanwhile, the
stressful effects that a person faces in a modern megalopolis are
not associated with an immediate threat to life and are mostly
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psychosocial in nature, while physical stressors are nowadays
less relevant (Orquiza, 2024).

In a modern urban environment, a person may simulta-
neously experience a deficit of meaningful social connections
and an abundance of superficial or unwanted contacts asso-
ciated with high population density and limited privacy (Ham-
moud etal., 2021; Zhang Z. et al., 2023). This combination of
factors enhances the experience of loneliness and social stress,
which is confirmed by data on the link between urban crowding
and increased physiological stress responses (Lederbogen et
al., 2011). Alternating periods of social isolation and forced
involvement in intensive social interaction can exacerbate the
psychoemotional load and may have a negative impact on the
psychophysiological state of a person (Hawkley, Cacioppo,
2010; Lederbogen et al., 2011). Animal studies show that
increasing population density and associated crowding exert a
pronounced effect on reproductive processes (Suvorov, 2021).

In studies performed on laboratory animals, the effects of
social isolation and crowding are addressed so far not in com-
bination, but separately (Gavrilov et al., 2022). In the present
study, we used a model based on the alternation of periods of
isolation and subsequent overcrowding. A model of this sort
was initially offered for rats (Gadek-Michalska et al., 2019)
and later adapted for female mice in our studies (Lebedeva et
al., 2024; Igonina et al., 2024a, b). Unlike traditional stress
models, this model seems to be more relevant to the social
conditions faced by women in a modern megalopolis (Ochnik
et al., 2024; Orquiza, 2024).

Our results showed that alternating periods of isolation and
overcrowding are accompanied by an increase in corticoste-
rone levels in the blood of female mice, which confirms the
effectiveness of this model for inducing stress. The results of
the present study showed that psychosocial stress did not dis-
rupt oocyte maturation in vitro or affect the oocyte ability to be
fertilized. We had demonstrated previously that under in vivo
conditions, chronic psychosocial stress led to a decrease in
oocyte quality and maturity, accumulation of reactive oxygen
species (ROS) in such oocytes, and enhanced apoptosis in cu-
mulus cells (Lebedeva et al., 2024; Igonina et al., 2024b). The
pronounced effect of stress on oocyte maturation in vivo versus
its absence in vitro is probably explained by the fact that culture
media lack the physiological microenvironment necessary for
the transmission of the stress signal. This microenvironment,
including follicle cells, paracrine and endocrine signals, is
known to be necessary for normal oocyte maturation process
in vivo (Gilchrist et al., 2004; Yeo et al., 2009). We assume
that stress primarily disrupts these communication pathways
(Huang, Zeng, 2021; Igonina et al., 2024a). As the direct effect
of stress on the oocyte appears to be less significant than its in-
direct effects through follicular cells and hormonal background
(Prasad etal., 2016), oocytes can maintain competence in vitro
conditions, where systemic influence is minimized, even after
exposure of the female to stress.

Effects of chronic psychosocial stress on the development
of mouse oocytes and preimplantation embryos

Animal studies employing various stress models show that
chronic stress causes similar disturbances in folliculogenesis,
leading to oocyte maturation impairment. Housing animals
under crowded conditions led to high levels of corticosterone
and angiotensin II, disrupted hormonal balance, induction of
granulosa cell apoptosis, and reduced ovarian reserve (Kim,
You, 2022). Stress associated with immobilization caused
disruption of meiosis and oocyte death, leading to a decrease
in ovarian reserve (Jiang et al., 2023) and an increase in the
number of abnormal oocytes (Tsuji et al., 2021). In addi-
tion, this type of stress led to disruption of meiotic spindle
morphology in oocytes (Sun et al., 2018) and reduced their
developmental potential both in vitro and in vivo (Zhang S.Y.
etal., 2011; Wu X F. et al., 2015; Zhao et al., 2020). Chronic
unpredictable stress had a similar effect, causing a decrease
in ovarian reserve (Gao L. et al., 2020), deterioration of qual-
ity, and decrease in the number of oocytes (Wu L.M. et al.,
2012a, b). In some cases, it led to the state of anovulation
(Kala, Nivsarkar, 2016), disrupted granulosa cell proliferation,
and accelerated their aging (Sun et al., 2021; Ma et al., 2024).

The primary systemic pathway mediating the effects of
chronic stress is activation of the HPA axis and a sustained
increase in circulating glucocorticoid levels (James et al.,
2023). Until recently, the literature addressing the question
whether or not glucocorticoids directly affect oocytes was area
of controversy (Bhaumik et al., 2023); however, it has been
shown not long ago that mouse oocytes lack glucocorticoid
receptors (GR) (Cincotta et al., 2024). Nevertheless, it is well
documented that oocyte maturation is sensitive to elevated
glucocorticoid levels via indirect effects mediated by follicular
somatic cells, i. e. granulosa and cumulus cells, which express
GR (Bhaumik et al., 2023; Cincotta et al., 2024). Glucocor-
ticoid action is realized predominantly through the classical
genomic pathway involving binding to the cytoplasmic GR,
its translocation to the nucleus, and subsequent regulation
of transcription, as well as through rapid non-genomic and
isoform-specific mechanisms, resulting in a complex and
tissue-specific cellular response (Bhaumik et al., 2023).

In addition, activation of the HPA axis suppresses the HPG
axis, including effects at the levels of the hypothalamus and
pituitary gland (Bhaumik et al., 2023). It leads to reduced
synthesis of sex steroids and disruption of the hormonal
milieu required for normal folliculogenesis (Kalantaridou
et al., 2004; Whirledge, Cidlowski, 2013). It is worth noting
that hormonal stimulation of superovulation was used in the
present study, which may compensate for this deficiency and,
thereby, attenuate this pathway of stress influence. However,
as demonstrated by our data and by results of some other
studies, stress continues to exert a negative impact on oocytes
through additional mechanisms, primarily via direct disruption
of the local ovarian microenvironment, manifesting itself as
the induction of granulosa cell apoptosis and alterations in the
secretion of paracrine factors (Prasad et al., 2016; Lebedeva et
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al., 2024; Igonina et al., 2024a). A key element of this process
is the action of glucocorticoids on follicular somatic cells
(Bhaumik et al., 2023; Cincotta et al., 2024).

Thus, glucocorticoid signaling alters the metabolism of
follicular somatic cells, the secretion of local regulatory fac-
tors, and the redox status, which in turn induces changes of
the oocyte cytoplasm, including the accumulation of maternal
mRNA, protein, and epigenetic enzymes (Wu X.F. etal., 2015;
Joseph, Whirledge, 2017; Sun et al., 2018). The stress-induced
deficit in metabolic and hormonal support from the follicular
epithelium brings about suboptimal conditions for the final
stages of oocyte maturation.

It should be noted that, in addition to indirect effects me-
diated by somatic cells, direct sensitivity of oocytes to certain
stress-induced signals and hormones, such as corticotropin-
releasing factor, has been demonstrated (Zaidan et al., 2013).
However, the role of this pathway appears to be substantially
smaller than the complex effects mediated through alterations
of the follicular microenvironment.

The results of the present study show that embryos obtained
from stressed females are characterized by a reduced number
of cells in blastocysts regardless of the fertilization method,
and, in the case of in vivo fertilization, also by a delay in
reaching the blastocyst stage. The time needed to achieve the
blastocyst stage and the number of cells in the blastocyst are
key indicators of preimplantation development in mammals
(Ajduk, Zernicka-Goetz, 2012). A reduction in cell number,
in particular, may point to a slowdown in cleavage rates and,
more generally, it may be indicative of a low rate of early
embryonic development (Nishizono et al., 2017).

A crucial aspect of our findings is that the reduction in
blastocyst cell number was observed regardless of whether
embryos were obtained via natural in vivo fertilization or by
in vitro fertilization of oocytes retrieved from a stress-altered
microenvironment but matured in vitro under controlled condi-
tions. Our data support the previously proposed hypothesis that
stress-induced changes in the oocyte transcriptome are mani-
fested in embryos derived from these oocytes (Roth, 2018).
It appears likely that stress exposure during the early stages
of folliculogenesis leads to persistent functional alterations
in oocytes, which are attributable, in particular, to epigenetic
reprogramming.

Indeed, the earliest preimplantation stages of mammalian
embryonic development critically depend on the pool of mate-
rnal mRNAs and proteins accumulated in oocytes, the synthe-
sis of which is completed prior to fertilization (Wang et al.,
2019; Kojima et al., 2025). These maternal transcripts provide
the molecular basis for zygotic genome activation and support
rapid cleavage cycles during the early stages of embryonic
development, until the embryo’s own transcriptome begins to
govern developmental processes (Wang et al., 2019; Kojima et
al., 2025). Stress-induced alterations in the abundance, com-
position, or functional activity of these molecules can disrupt
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this delicate balance, thereby adversely affecting reproductive
success and subsequent stages of embryo development (Roth,
2018). This mechanism may explain the phenomenon observed
in our study as well as in others: a reduction in blastocyst cell
number and delayed development in embryos from stressed
females with the absence of apparent morphological defects
in the oocytes (Liu et al., 2012; Casillas et al., 2021).

The hypothesis that the pre-fertilization influence over
the oocyte can program embryonic development appears to
be broadly applicable, as it is supported by studies not only
in mammals (Roth, 2018) but also in fish (Li et al., 2012).
In fish, exposure of oocytes to cortisol prior to fertilization
results in persistent changes in the embryonic transcriptome
and modulates embryonic growth (Li et al., 2012). Impor-
tantly, in mammals, unlike in fish, this mechanism appears
to be indirect. Since mouse oocytes do not express classical
glucocorticoid receptors (Cincotta et al., 2024), the stress
signal mainly disrupts the function of follicular somatic cells,
which in turn creates conditions for latent reprogramming of
the developing gamete.

Thus, our results demonstrate that chronic psychosocial
stress, mediated by activation of the HPA axis and disruption
of the ovarian microenvironment, induces functional repro-
gramming of oocytes. This reprogramming does not affect
oocyte morphology but predetermines reduced embryo quality
and delayed embryonic development. The identified mecha-
nism provides a biological rationale for clinically observed
associations between stress and reduced efficacy of assisted
reproductive technologies (ART) (Koumparou et al., 2021;
Abdoli et al., 2025; Lu et al., 2025). In contrast to the existing
inconsistencies in epidemiological data, which may be related
to difficulties in the objective assessment of stress (Zanet-
toullis et al., 2024; Hu et al., 2025), our study indicates that
exposure to chronic stress can generate latent oocyte defects
with potential consequences for the successful application of
reproductive technologies.

Conclusion

Our study supports the hypothesis of the negative impact of
chronic psychosocial stress on reproductive function and pro-
vides an experimental basis for the interpretation of clinical
observations. The model adequately reproduces key aspects
of stress exposure experienced by residents of modern me-
galopolises. Investigation of the effects of psychoemotional
stress on the ovary (Igonina et al., 2024a) and the consequences
of these alterations for oocyte development and early embryo-
genesis opens avenues for the development of novel strategies
to mitigate these changes (Wu L.M. et al., 2012b; Igonina
et al., 2024b). Integration of such approaches into clinical
practice may enable the development of personalized in-
fertility treatment strategies aimed at reducing the negative
impact of chronic stress and improving the outcomes of ART
programs.
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Issues of interspecific hybridization between
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Abstract. Interspecific hybridization plays a crucial role in tomato (Solanum lycopersicum L.) breeding for introducing
beneficial traits from wild relatives, such as resistance to biotic and abiotic stress. Sticky nightshade (Solanum
sisymbriifolium Lam.) is a promising source for the introgression of desirable traits. Reports on hybridization between
S. lycopersicum and S. sisymbriifolium remain contradictory, differently describing the progeny as doubled haploids or
interspecific hybrids. In the present study, we clarify the nature of the progeny derived from hybridization between
S. lycopersicum and S. sisymbriifolium by analyzing the early stages of ovule development and characterizing the
morphological and cytogenetic features of the resulting plants. Interspecific hybridization between S. lycopersicum and
S. sisymbriifolium encounters postzygotic reproductive barriers. Only a small proportion of developing ovules in male-
sterile tomato lines, whether self-pollinated or pollinated with S. sisymbriifolium followed the normal developmental
pathway. In most cases, either ovule development was arrested, or parthenocarpic seed-like bodies formed instead of
normal seeds. Embryo rescue enabled the recovery of 12 plants resulting from interspecific hybridization of S. lycopersicum
and S. sisymbriifolium. Morphologically, the plants closely resembled the S. lycopersicum parent, although they displayed
several traits distinctive from those of the parental tomato lines. Notably, yellow-orange mature fruits developed
in progeny from the cross of green-fruited S. lycopersicum and red-fruited S. sisymbriifolium. Analysis of chromosome
numbers in root meristems revealed mixoploidy (2n = 16-26), and meiotic analysis during microsporogenesis showed
multiple aberrations in meiosis. Thus, comprehensive embryological, morphological, and cytogenetic analyses provide
evidence for the hybrid origin of the obtained plants. This confirms the possibility of overcoming postzygotic barriers
between these species and opens avenues for the utilization of S. sisymbriifolium in tomato breeding programs.

Key words: tomato; sticky nightshade; Solanum lycopersicum; Solanum sisymbriifolium; interspecific hybridization; embryo
rescue; microsporogenesis; embryology; mixoploidy
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AHHOTauuA. MexBnaoBasa rnbpugmsauma urpaeT 6onblyld ponb B cenekumm tomata (Solanum lycopersicum L.),
nosBosnAeT oborawiaTb reHopOHA HOBbIMU NMPU3HAKaMM 11 CO3[aBaTb COPTa M MMOPYAbI C YCTONUMBOCTBIO K GUOTUYECKUM
1 abnoTtnyecknm daktopam. MepcrneKTUBHLIM UCTOYHUKOM /151 MIHTPOIPECCUN LIEHHbIX NMPY3HAKOB MOXET ObITb MacsieH
rYyNABHUKONUCTHBIN (Solanum sisymbriifolium Lam.). CBegeHnA o pesynbtatax rmbpugmsauun mexpy S. lycopersicum
n S. sisymbriifolium NpoTVBOpPEUNBbI: OAHU UCCEAOBaTeNN OMUCHIBAIOT MOJyYeHHble PACTEHWA KaK YABOEHHble
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raniaouabl, Apyrve — Kak TUMMYHble MEXBUAOBbIE rMbpuabl. B HacToAWen paboTe Mbl YTOUHUAN MPUPOAY NOTOMCTBA
oT rnbpuansaumm S. lycopersicum wn S. sisymbriifolium nyTem aHanv3a HayanbHbIX CTafuii Pa3BUTUA CEMA3AYATKOB U
onucaHna MopPONOrMYecknx N LUUTOreHeTUYeCKNX OCOBEHHOCTEN MOMYYEeHHbIX PacTeHUit. MonyyeHre MeXBUAOBbIX
rméprpos mexay S. lycopersicum u S. sisymbriifolium conps»eHo ¢ NOCT3UroTNYeCKMI 6apbepamim HECKPELLMBAEMOCTU.
CpaBHUTENbHbIN aHanNU3 pPa3BMBaOLLMXCA CEMA3AYaTKOB OT CaMOOMbINEHNA JIMHWI TOMaTa ¢ GYHKLMOHASIbHOWM MYCKOW
CTEPUIIBHOCTbIO 1 OT UX OMbleHus S. sisymbriifolium BbiABUN, YTO NMLLB YaCTb CEMA3AYaTKOB Pa3BMBAETCA MO TUMUYHOMY
nyT1, B TO Bpema Kak OONbLUMHCTBO NIMOGO OCTaHaBNMBAETCA B PasBUTUM, NM60 dopmMupyeT mapTeHOoKaprnuyeckue
CTPYKTYpPbI C NICEBAOIMOPUOHANBHON TKaHblo. C MCMOMIb30BaHMEM SMOPUOKYLTYPbI HaMu 6bifo NonyyeHo 12 pacTeHuia
oT rnbpuausauun S. lycopersicum w S. sisymbriifolium. Mo mopdonornyeckm npusHakam Bce pacteHus 6binv 6ar3Km
S. lycopersicum, ogHaKo OTMeYeHO NoAB/eHVe MPU3HAKOB, He XapaKTePHbIX ANA POAUTENIbCKUX IMHUI TOMaTa, Hanpumep
KENTO-OpaHXeBOWM OKPacKWU 3peribiX MIOJOB Y PacTEHWU, MOJSyYEHHbIX MPU CKPeWVBaHUM JIMHUN 3€NeHOMIOAHbIX
TOMaTOB C KPaCHOMIOAHbIM NacNeHOM TyNABHUKOMUCTHbIM. [lpn aHanM3e umcna XpPOMOCOM B MepuCTeMax KOPHsA
Habnogany Mukconaonauo (2n = 16-26), a NPU MUKPOCNOPOreHe3e PerncTpMpoBann MHOXECTBEHHbIE HapyLUeHWs
Melio3a. TakuM 06pa3oM, KOMMMEKCHbBIN 3MOPUONIOrMYecKnii, MOPQPONOrMYECKMA U LUTOreHEeTUYECKUIA aHanm3
npefocTaBnAeT JoKasaTeNbCTBa rMOPMAHOIO MPONCXOXKAEHNA MONYUYEHHbIX PAaCTEHWI, YTO NMOATBEPXKAAET BOSMOXKHOCTb
NpPeoaoneHNa MOCT3MroThYeckMX GapbepoB MexAy AaHHbIMM BUAAMU W OTKPbIBAaeT MNyTb K WCMONb30BaHUIO
S. sisymbriifolium B cenekunm Tomarta.

KnioueBble cfioBa: TOMaT; MacieH rynsaBHUKONUCTHBIN; Solanum lycopersicum; Solanum sisymbriifolium; mexsugosas
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Introduction

Tomato (Solanum lycopersicum L.) is one of the world’s most
economically important vegetable crops. However, its pro-
ductivity is significantly limited by its susceptibility to biotic
and abiotic stresses (Sadashiva et al., 2017). Thus, breeding
strategies that develop genotypes with genetic resistance are
crucial (Abbas et al., 2024). One of the key approaches to
solving this problem is interspecific hybridization, which
enables the introduction of valuable alleles from related wild
species into the cultivated tomato genome (Ajaharuddin et
al., 2024).

The introgression of disease resistance genes from other
species into tomatoes has been employed for long and is quite
successful (Rubio et al., 2016; Yerasu et al., 2023). Currently,
most of the sources of resistance used in tomato breeding are
wild species of the Lycopersicon section. Species from other
sections of the Solanum genus are in lesser use (Foolad, 2007),
as their gene pool availability is restricted by incompatibility
barriers (Abbas et al., 2024).

Sticky nightshade (Solanum sisymbriifolium Lam.), a distant
relative of the tomato, is regarded by some researchers as a
promising source of disease resistance. It has been found to
be resistant to bacterial wilt (Collonnier et al., 2003) and ver-
ticillium wilt (Piosik et al., 2019). According to W.G. Flier et
al. (2003), S. sisymbriifolium exhibits hypersensitivity when
inoculated with several European isolates of Phytophthora
infestans, a potato pathogen. In field tests in central Russia,
S. sisymbriifolium demonstrated high resistance to tomato late
blight, according to our observations. Additionally, researchers
have reported resistance to carmine spider mites (Piosik et al.,
2019) and nematodes (Hajihassani et al., 2020). S. sisymbriifo-
lium has a high adaptive potential and is currently widespread
in many countries (Biswas et al., 2023).

Hybridization between distantly related species, such as
tomato and sticky nightshade, encounters serious post-zygotic
barriers. However, it has been demonstrated that sticky night-

shade pollen tubes successfully grow within tomato pistils and
germinate in ovules (Bal, Abak, 2003; Piosik et al., 2019).
Interspecific hybridization between S. lycopersicum and
S. sisymbriifolium has been attempted by several research
teams. However, the results were inconsistent: D. Chambon-
net (1996) and U. Bal and K. Abak (2003) obtained plants
phenotypically similar to tomatoes and considered them to be
doubled haploids. In contrast, L. Piosik et al. (2019) produced
interspecific hybrids that resembled nightshades. Thus, the
nature of plants obtained through interspecific hybridization,
as well as their morphological and cytological characteristics,
remains obscure.

The goal of this study was to produce plants resulting from
the cross between S. lycopersicum and S. sisymbriifolium and
to perform a comprehensive analysis of their characteristics
using comparative embryology, cytogenetics, and morphologi-
cal trait analysis.

Materials and methods
Plant material and hybridization. The tomato samples used
for hybridization were obtained from the Timofeev Breeding
Station, Moscow. These samples include beef tomato lines
Roz Son and Roz st9 and cherry tomato lines st8, st6, sto(lik),
and st4. Lines Roz Son, st8, st6, st6(lik), and st4 are genera-
tions 6-—8 of inbred lines. Roz st9 is the third generation, ho-
mozygous for six resistance genes against fusarium wilt, late
blight, bronze leaf of tomato, verticillium wilt, nematodes,
and tomato mosaic virus. All lines exhibit functional male
sterility, self-compatibility, and indeterminate growth. Fruits
of Roz Son and Roz st9 are pink; st8, green; and st6(lik), sto,
and st4, red. The sticky nightshade sample Sn was also ob-
tained from the Timofeev Breeding Station. These plants are
characterized by self-incompatibility, determinate growth, and
intensely red fruits measuring 2-3 cm in diameter.
Hybridization of tomato and sticky nightshade was con-
ducted from 9 to 11 a.m. The crosses were reciprocal. For
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the control, the tomato parental lines were self-pollinated.
Pollination was performed on emasculated buds: for the to-
mato, at the lemon-yellow bud stage; for the nightshade, at the
white bud stage, one or two days before the flowers opened.
Immediately after emasculation, pollination was performed
with freshly collected pollen, and the stigma was isolated with
cotton wool. A total of 1,165 tomato flowers were pollinated
with sticky nightshade, not counting the flowers used for
histological analysis. The numbers of pollinations performed
by cross combination were: Roz Son — 156, Roz st9 — 298,
st8 — 185, sto(lik) — 190, st6 — 132, and st4 — 204. At least five
plants of each tomato sample and six plants of nightshade were
involved in the hybridization.

Histology. Tomato flowers and developing fruits were fixed
in a formaldehyde—alcohol-acetic acid (FAA) solution (Ru-
zin, 1999). At subsequent steps, a minimum of two samples
(flower or developing fruit) were gathered from each plant
line up to 15 days after pollination (DAP). They were ana-
lyzed either whole or after longitudinal dissection. Individual
ovules (at least 10 from each plant line) or ovules attached to
the placenta were isolated from samples taken after 15 DAP
and used for further study. Samples were dehydrated through
a graded ethanol series, cleared in xylene, and embedded in
paraffin. Serial sections 10—15 pm thick were obtained with
a Microm HM355S rotary microtome (Thermo Fisher Scien-
tific). Sections were stained with 0.1 % Alcian Blue in 3 %
acetic acid and 1 % aqueous Safranin (Barykina et al., 2004) or
stained with PAS reaction followed by Ehrlich’s hematoxylin
staining (Ruzin, 1999). Staining was carried out manually
or using a Varistain Gemini ES automated stainer (Thermo
Fisher Scientific). Slides were examined under an AxioPlan 2
light microscope (Carl Zeiss) equipped with a differential
interference contrast (DIC) module, or with a BX61VS slide
scanner (Olympus). Image processing was performed using
Adobe Photoshop and ImageJ software.

Embryo rescue. Fruits were selected for cultivation on
nutrient media on 16 to 36 days after pollination. Fruit set was
counted as the fruits were harvested. The fruits were sterilized
in a 2 % sodium hypochlorite solution and then washed three
times in sterile distilled water. Enlarged ovules were isolated
and transferred to a nutrient medium. We used for ovule cul-
ture the nutrient media described by D.J. Harberd (1969) and
L. Piosik et al. (2019). If the ovule integument had no ruptures
and the embryos did not germinate on the solidified nutrient
medium, the embryoids were removed from the enlarged
ovules after three weeks and cultivated on a medium with the
same composition. To regenerate shoots from callus tissue, a
solidified Murashige—Skoog (MS) medium containing 30 g/L
sucrose, 5 mg/L BAP, and 0.01 mg/L IAA was used. If the
ovules germinated or formed organogenic callus with shoots,
they were transferred to an MS medium with agar, containing
20 g/L sucrose and 0.01 mg/L each of BAP and IAA. In cases
of difficulty in shoot rooting, a MS nutrient medium contain-
ing 20 g/L sucrose, 2 mg/L NAA, and 8 g/L agar was used.
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Phenotyping of the obtained plants. The st8%Sn (No. 1,
2, and 3) and st6xSn plants (No. 1, 2, 3, 4, 5, and 6), as well
as the parental lines st6, st8, and sticky nightshade Sn, were
examined with regard to the morphological characteristics of
their shoots, flowers and fruits, in accordance with the DUS
testing guidelines of the State Commission of the Russian
Federation for Selection Achievements Test and Protection
(https://gossortrf.ru/publication/#publication-methodics).

Cytological studies of the chromosome numbers of the
obtained plants in mitotic and meiotic cells. Cytological
preparations were made from anther and root meristematic
cells using the SteamDrop method (Kirov et al., 2014). The
prepared slides were examined under an AXIOSKOP 40 mi-
croscope (Carl Zeiss) at 1000x magnification using immersion
oil. At least 10 cells per sample were examined.

Statistical analysis. Chi-square analysis was used to
compare fruit set following the pollination of tomato lines
by S. sisymbriifolium. Pearson’s chi-square test was used to
assess the significance of differences between genotypes at
a significance level of p = 0.05. For pairwise comparisons
between genotypes, the Bonferroni correction was applied
to adjust the critical significance level. Data analysis and
graphical visualization of the results were performed using
the Microsoft Excel and R Studio (version 2025.09.2+418)
software packages.

Results

Typical pattern of embryogenesis following

self-pollination in S. lycopersicum line Roz st9

In order to compare the early stages of embryogenesis, S. /yco-
persicum line Roz st9 was chosen as a control line. Only mature
unitegmic tenuinucellate ovules with completely developed
embryo sacs typical of tomatoes were observed in the ovary
of control plants one day before anthesis (Fig. 1A). The ovules
exhibited a multicellular endosperm and a linear proembryo
by day 5 after self-pollination (Fig. 1B). Simultaneously, the
integumentary tapetum (IT), also referred to as endothelium,
originated from the inner epidermis of the integument, begin-
ning its development on the chalazal pole. The parenchyma
cells of the integument adjacent to the IT developed thickened
cell walls, and their contents began to degenerate, forming a
“death zone” (DZ).

Further seed development was accompanied by an increase
in size due to both the proliferation of cells at the periphery of
the developing seed coat and the continuous expansion of the
embryo and endosperm (Fig. 1C—E). The embryo reached the
early globular stage by 10-15 DAP (Fig. 1C). The accumula-
tion of storage sugars began in the endosperm cells, which
were tightly attached to the embryo. The outer part of the
endosperm was fully covered by a single-layered IT. Spherical
embryos with a well-developed suspensor at the late globular
stage (Fig. 1D) and embryos at the heart stage (Fig. 1E) were
observed in developing seeds at 24 DAP. The endosperm cells
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Fig. 1. Typical seed development following self-pollination in S. lycopersicum line Roz st9 (A-F) and observed aberrations
leading to the formation of seed-like bodies (G—K). A — structure of the embryo sac and surrounding tissues one day
before anthesis (0 DAP); B — endosperm and proembryo in the developing seed, 5 DAP; C - early globular embryo,
15 DAP; D - late globular embryo, 24 DAP; E - developing embryo at the heart stage, 24 DAP; F — endosperm contact
zone with surrounding tissues of the developing seed coat, 24 DAP; G - cells of the inner epidermis of the integument
grow into the collapsed embryo sac, 5 DAP; H — development of the death zone around the endothelium, 10 DAP;
| - pseudoembryonic tissue development, 15 DAP; J - seed-like body filled with pseudoembryonic tissue, 24 DAP;
K - pseudoembryo surrounded by pseudoembryonic tissue, 24 DAP.

DZ - death zone; End - endosperm; GE - globular embryo; HE - heart-shaped embryo; IEp - inner epidermis of the integument;
IntT - integumentary tapetum; PE — proembryo; PEnL - peripheral endosperm cell layer; PN - polar nuclei; PsE — pseudoembryo; S -
synergid; PEmT - pseudoembryonic tissue; PIntT — proliferating integumentary tapetum; REs — remnants of the degenerated embryo
sac. Asterisks indicate the region of endosperm cells being degraded by the embryo. Scale bars: A, F - 10 um, B - 50 um, G, K- 100 pm,

C-E-200 pm.

adjacent to the IT differed from neighboring cells in having
smaller sizes, flattening along the IT, and noticeable vacuoliza-
tion; thus, they can be considered a separate peripheral layer
of endosperm cells (Fig. 1F). The embryos were surrounded
by a well-developed endosperm cavity, whereas a number of
endosperm cells underwent degradation due to nutrient uptake
by the embryo (Fig. 1D, E). At 28 DAP, embryos at the torpedo
stage were detected in developing seeds.

Deviations from the typical embryogenic pattern

after self-pollination in S. lycopersicum line Roz st9

Embryo sac degeneration was the most common deviation in
ovule development after self-pollination of tomato lines. Such
ovules were characterized by the destruction and shrinkage
of the embryo sac by 5 DAP (Fig. 1G). Ovule development
ceased when the inner epidermis cells of the integument no-

ticeably elongated and filled the space left by the collapsed
embryo sac.

In some cases, the cells of the inner epidermis of the in-
tegument did not elongate following embryo sac collapse at
5—10 DAP but instead differentiated into IT and started to pro-
liferate, and this process was accompanied by the formation of
DZ around them (Fig. 1H). Such ovules continued to grow and
produce seed-like bodies, which were smaller than ordinary
seeds. The proliferating IT formed a pseudoembryonic tissue,
distinguished by the formation of cells clusters, thicker cell
walls at the cluster borders, lack of storage sugars during the
subsequent ovule development, intense staining characteristic
of IT (Fig. 11, J), and direct contact with the DZ. One sample
collected at 24 DAP contained a body resembling an embryo
at the late globular stage at the micropylar side surrounded by
pseudoembryonic tissue (Fig. 1K). Since its nature is still un-
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Fig. 2. Development of seeds and seed-like bodies after pollination of S. lycopersicum with S. sisymbriifolium pollen.
A - germinated pollen grains on the receptive surface of the stigma, 3 DAP; B — early endosperm cell divisions, 3 DAP;
C - ovule with degenerated synergid, 3 DAP; D — cells of the inner epidermis of the integument grow into the collapsed
embryo sac, 3 DAP; E - proembryo surrounded by cellular endosperm (nuclei out of focus), 15 DAP; F — embryo at the tor-
pedo-shaped stage, 15 DAP; G — endosperm contact zone with surrounding tissues of the developing seed coat, 15 DAP;
H — cells of the inner epidermis of the integument grow into the collapsed embryo sac with the presence of the proem-
bryo, 15 DAP; | - seed-like body with pseudoembryonic tissue surrounded by DZ, 15 DAP; J - seed-like body with prolif-
erated pseudoembryonic tissue and developed DZ, 15 DAP; K — pseudoembryo at the globular stage of development,
28 DAP; L - large pseudoembryo at the globular stage of development, 30 DAP; M - cell cluster in the pseudoembryonic
tissue, 28 DAP; N — contact zone between pseudoembryonic tissue and DZ, 30 DAP; O - degenerating pseudoembryonic
tissue and pseudoembryo, 29 DAP; P — degenerating pseudoembryo with intact pseudoembryonic tissue, 30 DAP.

Cot - cotyledons; dPsE - degenerating pseudoembryo; dPEmT - degenerating pseudoembryonic tissue; DS — degenerated synergid;
DZ - death zone; End - endosperm; EndC - endosperm cells; IEp - inner epidermis of the integument; IntT - integumentary tapetum;
PEMT - pseudoembryonic tissue; PsE — pseudoembryo; REs — remnants of the degenerated embryo sac; S - synergid; Sus — suspensor.
White arrows indicate the boundaries of the cell cluster within the pseudoembryonic tissue. Black triangles indicate elongated cells of

the pseudoembryonic tissue at the embryo boundary. Scale bars: M, N - 25 pm, C, D - 30 pm, A, E, H, |, K, O,P - 50 um, B, G, J, L - 100 pm,
F -200 pm.

known, we hereafter refer to such bodies as “pseudoembryos”.  Pattern of embryogenesis in crosses between

It was characterized by a large, broad suspensor that contacted ~ S. lycopersicum and S. sisymbriifolium

the DZ and by the absence of visible cellular differentiation, ~Germinating pollen grains were observed in all analyzed cross
including protoderm cells. The cells of the pseudoembryonic  combinations after hybridization between S. lycopersicum and
tissue were closely attached to the pseudoembryo. S. sisymbriifolium (Fig. 2A). Only mature ovules with fully
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developed embryo sacs were observed in all examined ovaries
at 1 DAP. Although no growth of pollen tubes into the ovules
was observed, at 3 DAP ovules with one or two degenerated
synergids were found, and initial divisions of endosperm cells
were detected (Fig. 2B, C). The onset of IT differentiation
was also noted. In some ovules, the embryo sac degenerated
and cells of the inner epidermis of the integument elongated
(Fig. 2D). Such ovules were arrested in their development
and were present in samples at all subsequent developmental
stages.

Samples collected at 10—-15 DAP revealed significant
variation in the observed stages of embryogenesis depending
on the line examined. Seeds following the typical course of
embryogenesis for tomatoes were observed in the Roz st9
and Roz Son lines. In developing seeds of the Roz st9 line,
a linear proembryo was present together with an endosperm
consisting of a small number of cells, which was surrounded
by IT and a forming DZ (Fig. 2E). In contrast, in the Roz Son
line at 15 DAP, embryos at the torpedo stage surrounded by
an endosperm cavity (Fig. 2F), a well-developed endosperm
with a differentiated layer of peripheral cells surrounded by IT,
and a well-developed DZ were detected (Fig. 2G). In control
plants, the corresponding stages of seed development in the
Roz st9 and Roz Son lines were observed at 5 and 28 DAP,
respectively. In ovary samples of the st6 line at 15 DAP, ovules
without discernible changes or with a degenerated synergid
were observed.

In all lines examined, most ovules at 15 DAP were arrested
in development: their embryo sac degenerated to be replaced
by elongated cells of the inner epidermis of the integument.
It was noted in some ovules of the Roz st9 line that although
the cells of the inner epidermis of the integument began to
elongate, cells not belonging to the integument were present
on the micropylar side, and the DZ began to differentiate
(Fig. 2H). Some seed-like bodies in the Roz st9 line (at an
earlier developmental stage) and in the Roz Son line (at a later
developmental stage) were occupied by pseudoembryonic
tissue, as in the control plants (Fig. 21, J).

In all lines, only two types of seed-like bodies were found
in the examined samples at 20-30 DAP: those filled with
pseudoembryonic tissue and those containing pseudoembry-
onic tissue together with an embryo on the micropylar side
(Fig. 2K, L). No seeds following the developmental pathway
typical of tomato were detected. The pseudoembryonic tis-
sues in both types of seed-like bodies shared some features
(Fig. 2M, N): formation of clusters of cells with thicker cell
walls at the boundaries of the clusters, absence of storage sub-
stances, and direct contact with the DZ without any specialized
cells. Some pseudoembryonic tissue cells, most often at the
periphery, had granular cytoplasm. They were highly stained
with Safranin (Fig. 2L, N).

The drop-shaped pseudoembryo was always located on the
micropylar side, and its narrow part, resembling a suspen-
sor, contacted the DZ (Fig. 2K, L). In some pseudoembryos,
the suspensor was linear and looked as a single file of cells,
whereas in larger pseudoembryos it consisted of several files of

Issues of interspecific hybridization between
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cells that widened acropetally, making it impossible to draw a
precise boundary between the pseudoembryo and the suspensor
(Fig. 2K, L). The outermost cells were relatively flattened only
in the largest pseudoembryos (Fig. 2L), whereas in most cases
no visible cellular differentiation, including protoderm cells,
was observed (Fig. 2K). Some pseudoembryos were covered
by a cuticle (Fig. 2K). The adjacent pseudoembryonic tissue
cells were always closely appressed to the pseudoembryo.
They showed no signs of degradation. In some seed-like bo-
dies, degeneration of both the pseudoembryo and the pseudo-
embryonic tissue (Fig. 20) or only of the pseudoembryo itself
(Fig. 2P) was observed.

Fruit set in the hybridization of S. lycopersicum

and S. sisymbriifolium, and the cultivation

of isolated ovules and embryos

The average fruit set rate for the beef tomato lines Roz Son
and Roz st9 in 2024 was 82.6 + 2.1 %. For the cherry tomato
lines st8, st6(lik), st6 and st4, it was 86.9 + 6.7 %. No fruit
set was observed when nightshade was pollinated with tomato
pollen in any of the cross combinations.

The number of developing ovules and fruit set in crosses
between S. lycopersicum and S. sisymbriifolium depended
more on the genotype of the maternal plant than on its group
membership (Fig. 3). The beef tomato line Roz st9 and the
cherry tomato line st6(lik) exhibited high fruit sets. The cherry
tomato line st8 exhibited a low fruit set. Fruit set was also
influenced by weather conditions of that year; on the average,
fruit set was lower in 2023 for all genotypes except st8, though
the overall trend was consistent across genotypes.

In 2023, we isolated 123 ovules of the Roz st9xSn combina-
tion, 87 ovules of the Roz SonxSn combination, 42 ovules of
the st6xSn combination, 72 ovules of the st6(lik)xSn combina-
tion, 45 ovules of the st8<Sn combination, and 88 ovules of
the st4xSn combination. No regenerated plants were obtained
from isolated embryos cultured in 2023.

In 2024, we isolated 275 enlarged ovules of the Roz st9xSn
combination, 97 ovules of Roz SonxSn, 127 ovules of
st6xSn, 304 ovules of st6(lik)xSn, 117 ovules of st8*Sn, and
178 ovules of st4xSn. During the cultivation of enlarged ovules
on nutrient media, browning or whitening of the ovules with
their subsequent death was predominantly observed. An in-
crease in the size of the ovules, rupture of the integument, and
germination of the embryo were observed only in the st8§xSn
combination in 2 % of the isolated ovules. In the st6xSn and
st6(lik)xSn combinations, the ovules increased in size without
integument rupturing. They were opened manually and the
embryos were isolated. Nonorganogenic callus formed from
58 % of the extracted st6xSn embryos, while organogenic cal-
lus formed from 30 %, shoots were obtained from the latter, and
the remaining embryos died. In the st6(lik)xSn combination,
organogenic callus formed from only 1 % of the embryos, and
plants were obtained from it. As a result, we obtained three
plants from the st8xSn combination, six plants from the st6xSn
combination, two plants from the st6(lik)xSn combination,
and one plant from the st4xSn combination.
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Fig. 3. Fruit set in the hybridization of S. lycopersicum and S. sisymbriifolium.
Chart bars labeled with the same lowercase letters (a, b, c) do not differ significantly at the 5 % significance level (P < 0.05).

In the in vitro combinations involving beef tomatoes, ei-
ther embryo death or callus formation was observed. Plant
regeneration from the callus was not successful. Callus was
obtained from 25 % of the embryos introduced into culture in
the Roz SonxSn combination and from 58 % in the Roz st9xSn
combination.

Morphological traits of the plants obtained

A detailed analysis of the progeny resulting from the S. /yco-
persicum % S. sisymbriifolium hybridization and of the parental
forms was conducted to identify phenotypic differences from
the parental forms. Forty traits were taken into consideration.
In what follows, we dwell on the plants derived from the
st8xSn and st6xSn combinations (Supplementary Material)!.

The plants resulting from the S. lycopersicum X S. sisym-
briifolium hybridization had an indeterminate growth habit,
though the intensity of their growth processes varied. At the
time of measurement, the plants obtained from the st8xSn
cross ranged in height from 152 to 186 cm, whereas the st8
line measured 230 cm and the nightshade measured 160 cm.
A similar trend was observed in the analysis of the st6xSn
plants: the st6 parent reached a height of 230 cm, whereas the
progeny ranged from 150 to 210 cm in height.

The leaf position relative to the stem in the plants obtained
from the st6xSn and st8xSn hybrid combinations was semi-
erect, as in the tomato parental lines; however, in plants
No. 3, 4, and 6 of the st6xSn combination, a semi-vertical
leaf position was observed, which was not characteristic of
either parental form. Based on leaf blade characters, both
intermediate expressions of traits and the emergence of new
traits were identified (Table S1).

Analysis of the morphological traits of fruits in plants ob-
tained from the st8>Sn hybrid combination revealed intermedi-

' Supplementary Tables S1 and S2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Vish_Engl_30_4.pdf

ate fruit coloration between the parental forms (Table S1). The
st8 tomato had yellow-green mature fruit, while the S. sisym-
briifolium was red. All plants obtained from this combination
exhibited yellow-orange coloration; the pulp also acquired an
uneven yellow-orange tint (Fig. 4), with plants No. 1 and 3
showing more intense coloration than plant No. 2.

Analysis of fruit and pulp coloration in the plants obtained
from the st6xSn combination revealed no segregation: all
fruits were orange-red, matching the st6 parental tomato line.
However, plant st6xSn No. 1 exhibited green striping on the
fruit prior to ripening, a trait not observed in either parental
form. The fruit shape in the longitudinal section demonstrated
segregation: plants st6xSn No. 3, 4, 5, and 6 displayed a heart-
shaped longitudinal section similar to the st6 line, whereas
plant st6xSn No. 2 was round, like S. sisymbriifolium. The
longitudinal section of st6xSn No. 1 differed from both parents
and was oblate.

Chromosome number analysis

in meristems and in microsporogenesis

Analysis of the chromosome number in root meristems
revealed mixoploidy in all plants obtained from the cross
between tomato and S. sisymbriifolium. The chromosome
number varied from 16 to 26. The proportion of cells with the
expected chromosome number of 27 = 24 varied significantly
among the samples (Fig. 5A).

Of the st6xSn combination, plant No. 4 was the most stable
in terms of chromosome number in root meristems. Of the
examined cells, 60 % had 24 chromosomes and 40 % had
22. In the other plants studied from the st6xSn and st8xSn
combinations, the percentage of cells with the expected num-
ber of chromosomes was substantially lower, not exceeding
40 % (Fig. 5A). In plant st6xSn No. 1, 45 % of the examined
cells had 26 chromosomes; however, cells with 19, 22, and
25 chromosomes were also noted. In plant st6xSn No. 2, 36 %
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Fig. 4. Fruit and pulp coloration in plants obtained from the st8xSn combination and the parental genotypes: A — st8xSn
No. 1; B - st8xSn No. 2; C — st8xSn No. 3; D - tomato line st8; E - S. sisymbriifolium Sn.

Scale bars:A-5cm,B-E-2.5cm.
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Fig. 5. Distribution of cells with the expected chromosome number and cells with altered chromosome numbers (A) in mitosis in

meristems and (B) in meiosis during microsporogenesis.

of the examined cells had 26 chromosomes, while other cells
had 16, 20, or 22 chromosomes. In plant st6xSn No. 3, 33 %
of cells had 26 chromosomes, 25 % had 22, and a few had 20.
Chromosome numbers in cells from the st8xSn plants varied
from 20 to 23, and no cells with excess numbers were found.

Analysis of microsporogenesis in the parental tomato forms
showed that 33 % of cells had altered chromosome numbers,
whereas S. sisymbriifolium showed 58 %. In plants obtained
from their hybridization, the proportion of cells with altered
chromosome numbers and other meiotic aberrations increased
to 86 % (Fig. 5B). The number of chromosomes in the meiotic

cells of plants derived from the cross between tomato and
S. sisymbriifolium varied broadly, from 8 to 14 chromosomes
per cell.

The most frequent division irregularities were those lead-
ing to the formation of aneuploid microspores in tetrads with
chromosome numbers of n — 1, n -2 and n — 3 (Fig. 5B). Ad-
ditionally, spontaneous chromosome doubling was observed
in plant No. 2 of the st6xSn combination (Fig. 6D). Division
irregularities associated with uneven chromosome distribu-
tion during telophase II of meiosis were found in plants No. 1
and 2 of the st8%Sn combination (Fig. 6E, F) and in st6xSn
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Fig. 6. Fragments of cytological preparations with chromosomes of meiotic cells: A - sticky nightshade (telophase Il);
B - st6xSn No. 2 (telophase Il); C — tomato (telophase Il); D — st6xSn No. 2 (telophase II); E, F - st8xSn No. 2 (telophase II);
G - st8xSn No. 2 (anaphase I); H — st8xSn No. 3 (telophase II); | - st6xSn No. 3 (prophase |).

Scale bars 10 um.

No. 4. Meiotic irregularities such as nondisjunction or lagging
chromosomes during metaphase and telophase II were noted
in plants No. 2 and 3 of the st6xSn cross and plants No. 1-3 of
st8%Sn (Fig. 6G, H). We also noted the formation of univalents,
trivalents, and bivalents with a single chiasma in st6xSn No. 2
and 3, and st8%Sn No. 2 (Fig. 61).

Discussion
Determining the nature of plants obtained through crossing
remains one of the primary challenges in any interspecific hy-
bridization study. Previous reports on S. lycopersicum x S. si-
symbriifolium hybrids produced conflicting results. Some
researchers classified the progeny as haploids or doubled
haploids (Chambonnet, 1996; Bal, Abak, 2003), while others
confirmed their status as true interspecific hybrids (Piosik et
al., 2019). The plants obtained in this study were phenotypi-
cally similar to the tomato parent. This is consistent with the
results of U. Bal and K. Abak (2003); however, we hold the
view that these plants are of hybrid origin.

Only mature embryo sacs (Fig. 1A) typical of tomatoes
(Cooper, 1931) were recognized in both the control line
and all examined plants from lines pollinated with S. sisym-

briifolium pollen one day before anthesis. Accordingly, all
aspects of ovule development observed in this study are
linked to fertilization or post-zygotic stages of development.
In the analyzed S. lycopersicum lines, four variants of ovule
development were observed following either self-pollination
or hybridization with S. sisymbriifolium. During the typical
developmental course (Fig. 1B-F, 2A-C, 2E-G), normal
tomato seeds formed, characterized by a well-developed
embryo surrounded by a cellular endosperm, IT, and DZ. In
addition, three alternative developmental types were detected:
(1) developmental arrest (Fig. 1G; 2D); (ii) formation of pseu-
doembryonic tissue (Fig. 1H-J; 2G, I); and (iii) formation of
pseudoembryonic tissue with a pseudoembryo (Fig. 1K;
2K-P). The last two patterns resulted in the production of
seed-like bodies.

The most prevalent type of ovule development in all exa-
mined plants was developmental arrest caused by the collapse
of the embryo sac and the filling of the resulting gap by elon-
gated inner epidermal cells of the integument (Fig. 1G; 2D)
without IT differentiation. This variant of ovule development
has been described by several authors, and the origin of the
observed elongated cells from the inner epidermis cells of
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the integument is unquestionable (Palamarchuk et al., 1975;
Chaban et al., 2020). However, I. Chaban et al. (2020) reported
that ovules with this type of development undergo further
development, which was not observed in our study.

A third alternative outcome of the interspecific hybridiza-
tion (Fig. 2K—P) rather than of self-pollination (Fig. 1K)
proved to be more typical. A pseudoembryo surrounded by
pseudoembryonic tissue developed inside seed-like bodies,
a pattern not reported in earlier studies (Chambonnet, 1996;
Bal, Abak, 2003; Piosik et al., 2019). In these cases, all ob-
served pseudoembryos reached the globular or late-globular
stage (Fig. 1K; 2K, L). Numerous studies on Solanaceae
hybrids have shown that seed development often stops at the
globular stage, which marks a critical step in overcoming the
post-zygotic interspecific barrier to crossability (Baek et al.,
2016; Roth et al., 2018; Piosik et al., 2019). Scientists, how-
ever, seldom discuss the nature of the tissues surrounding the
embryo and often overlook the possibility of pseudoembryonic
tissue formation in tomato. Hybrid seeds are usually described
as either developing a normal endosperm or having degener-
ated endosperm accompanied by the formation of a multilay-
ered IT (Baek et al., 2016; Roth et al., 2018), which does not
resemble the pseudoembryonic tissue observed in this study.

Particular consideration should be given to the characteris-
tics of the pseudoembryos surrounded by pseudoembryonic tis-
sue. Similar abnormalities have been reported in several angio-
sperms with unitegmic ovules, where adventive embryos may
arise from IT (Kapil, Tiwari, 1978). In our material, however,
each pseudoembryo developed strictly at the micropylar pole,
which contrasts with adventive embryos originating from IT in
random sites. Evidence supporting hybrid origin comes from
ovules at early stages after pollination, where cells presumably
corresponding to an embryo were found at the same position,
the micropylar pole, despite the beginning of IT proliferation
(Fig. 2H). These observations suggest that pseudoembryonic
tissue forms from IT, while the embryo develops at the mi-
cropylar pole. As we did not observe endosperm degeneration
in ovules containing a pseudoembryo, it seems unlikely that
the seed-like bodies resulted from replacement of degenerated
endosperm with pseudoembryonic tissue. Taken together, our
findings indicate that the pseudoembryos formed in this study
may be of hybrid origin.

In this research, we isolated ovules on nutrient medium.
Consequently, the in vitro material consisted of normally
developing seeds along with seed-like bodies, either parthe-
nocarpic or possessing embryos. During the cultivation of
isolated ovules, relatively rapid embryo and plantlet growth
on the nutrient medium was observed only in the st8xSn
combination. The plantlets rapidly grew upon transplanting
into soil, which is consistent with the observations of U. Bal
and K. Abak (2003). In the combinations st6xSn, st4xSn,
and st6(lik)xSn, plant regeneration occurred through the
formation of organogenic callus from the isolated embryoids.
These plantlets developed slowly, and the majority of them
failed to root. A similar growth trend was noted by L. Piosik
etal. (2019).

Issues of interspecific hybridization between
Solanum lycopersicum L. and Solanum sisymbriifolium Lam.

With regard to morphological traits, all obtained plants
resembled S. lycopersicum, consistent with the results of
U. Bal and K. Abak (2003) and D. Chambonnet (1996). This
is notable because interspecific tomato hybrids often exhibit
phenotypes with prominent features of the paternal component
(Gavrilenko et al., 2001; Piosik et al., 2019). However, detailed
analysis of the phenotypic characteristics of the studied plants
revealed certain traits of S. sisymbriifolium, along with the
emergence of traits absent from either parental form. We rule
out the possibility of phenotypic segregation in the progeny
of the parental tomato line, as we employed genetically stable
multigenerational inbred lines.

Cytogenetic analysis of root meristems revealed mixoploidy,
with chromosome numbers ranging from 16 to 26. U. Bal and
K. Abak (2003) also reported the occurrence of mixoploidy
(2n=24-26) in the meristems of plants derived from S. /yco-
persicum % S. sisymbriifolium hybridization; however, they
interpreted this phenomenon as a sign of chromosome doub-
ling in haploid plants. In contrast to the results of U. Bal and
K. Abak (2003), a significant proportion of cells in our study
contained fewer than 24 chromosomes. Notably, plants from
the st8xSn combination exhibited no cells with an increased
chromosome count. This reduction is likely attributable to the
elimination of S. sisymbriifolium chromosomes. Mixoploidy
in meristems can serve as both a marker of hybrid origin
and a response to plant regeneration through callus culture.
However, the st8%Sn plants were obtained through direct
morphogenesis without a callus stage, which further supports
their hybrid origin. Furthermore, E.W. Lindstrom and K. Koos
(1931) obtained a doubled haploid from the callus of a haploid
tomato; notably, its microsporogenesis was characterized as
regular, producing microspores with a consistent count of
n =12 chromosomes.

Researchers (Chambonnet, 1996; Bal, Abak, 2003; Piosik et
al., 2019) who experimented with the hybridization of S. lyco-
persicum and S. sisymbriifolium did not study microsporogen-
esis in the obtained plants. T. Gavrilenko et al. (2001) obtained
a somatic hybrid of S. lycopersicum and S. etuberosum and
noted the presence of univalents in meiotic cells, as well as
lagging chromosomes during anaphase, meiosis telophase I,
and prophase II. Our study also revealed numerous meiotic
irregularities in the obtained plants, manifesting themselves
in chromosome lagging, uneven distribution of chromosomes
between daughter cells, and the formation of univalents, tri-
valents, and bivalents with a single chiasma. Meanwhile, the
S. lycopersicum and S. sisymbriifolium lines used in our study
had aneuploid cells (n — 1), which may be attributed to high
temperatures (33—37 °C) during plant cultivation (Schindfes-
sel et al., 2023).

On the grounds of the multitude of processes studied that
follow the pollination of S. lycopersicum with S. sisymbriifo-
lium pollen, the production of plants in embryoculture and the
differences in phenotypes between the parental tomato lines
used and the obtained plants, and their cytogenetic features,
we consider the obtained plants to be interspecific hybrids.
Further research is required to confirm the hybrid origin of
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the obtained plants, including the development of specific
molecular markers or the optimization of the GISH (genomic
in situ hybridization) protocol, which is beyond the scope of
this study. However, this does not diminish the importance of
our results, which help us understand what happens during
the hybridization of these species. They also show that there
is a chance that valuable traits from S. sisymbriifolium can be
added to the resulting plants, as we have shown that they can
produce fruit.

Conclusion

In crosses between S. lycopersicum and S. sisymbriifolium,
two alternative developmental types leading to the forma-
tion of seed-like bodies were found in developing fruits, in
addition to normally developing seeds and ovules arrested
during early development. Some of these seed-like bodies
represented parthenocarpic seeds filled with pseudoembryonic
tissue formed as a result of proliferation of the integumentary
tapetum. Certain seed-like bodies containing pseudoembryonic
tissue also enclosed an embryo arrested at the globular stage.
Its position at the micropylar pole and the absence of evidence
for an adventive origin suggest that the embryo may be of
hybrid nature. The developmental arrest of embryos and the
formation of pseudoembryonic tissue in place of endosperm
provide further evidence for postzygotic barriers that hinder the
production of interspecific hybrids between S. lycopersicum
and S. sisymbriifolium.

We used the method of isolating ovules and embryos from
them to hybridize cherry tomato lines and S. sisymbriifolium
and obtained 12 viable plants. While all of the obtained plants
had tomato-like phenotypes, they demonstrated high chro-
mosomal instability in their meristematic cells. Additionally,
we studied the microsporogenesis process for the first time in
S. lycopersicum and S. sisymbriifolium crosses and discov-
ered a significant number of meiosis I and II abnormalities,
such as uneven chromosome distribution between daughter
cells, lagging chromosomes, and the formation of univalents
and trivalents. This finding supports the hypothesis that the
obtained samples are hybrids.

The obtained results add to our understanding of the pro-
cesses occurring during distant hybridization and open up the
possibility of using S. sisymbriifolium as a source of valuable
traits in tomato breeding.
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Differentiation of subgenomes in StY-genomic species
of the genus Elymus (Triticeae, Poaceae) from the territory of Russia
according to sequencing data of the nuclear gene GBSS1 (waxy)

A.V. Agafonov (9@, E.V. Shabanova (Kobozeva) (91, A.A. Bondar ()2, O.V. Dorogina (!

1 Central Siberian Botanical Garden of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 |nstitute of Chemical Biology and Fundamental Medicine of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

@ agalex@mail.ru

Abstract. According to the latest data, 55 species of the genus Elymus are distributed in Russia, carrying three subgenomic
combinations (StH, StY, and StHY). Among them, the StY-genomic group comprises only 10 species, with varying
degrees of understanding of their evolutionary relationships. Ancestral taxa of the genus Pseudoroegneria donated the
St subgenome to all modern species of the genus Elymus. The StY-genomic group of species possesses an additional
Y subgenome of unknown origin, which, according to some data, is close to the St subgenome. We studied the
phylogenetic relationships between StY-genomic species from Russia, five species of the genus Pseudoroegneria, and five
species of the genus Hordeum from the NCBI GenBank by comparing the nucleotide sequences of the nuclear gene GBSS1
from exons 9 to 14. One of the main objectives was a comparative analysis of phylogenetic patterns based on (i) more
conservative exons and (ii) introns that do not encode the amino acid sequences of the enzyme. All gene variants from
the St subgenomes of the studied species are divided into three clusters according to three marker groups of nucleotide
sequence of clones in the genus Pseudoroegneria: Central Asian (St,) with the reference species P. strigosa, North American
(St,) with the marker species P. spicata, and Middle Eastern (St3) with two species, P. tauri and P. libanotica, to which the
Eastern European species P. stipifolia gravitates. The H subgenome, originating from ancestral taxa of the genus Hordeum
(Critesion), was not detected in any of the studied species. The cluster of Y subgenome in the “introns” variant is generally
visually less differentiated than in the “exons” variant. This fact contradicts the established notion that gene regions
responsible for the synthesis of enzymatic molecules are more conserved. Among the most notable characteristics in the
comparison of nucleotide sequences is the presence of a special Far Eastern race of E. gmelinii with St; sequences instead
of St, and the location of the sequences of all clones of the North Kazakhstan accession E. fedtschenkoi KSA-0935 in the
St, cluster instead of St;.
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Differentiation of subgenomes in Elymus species
from Russia according to the nuclear gene GBSS1

AHHoTauuA. Mo nocnefgHUM JaHHbIM, Ha Tepputopumn Poccum pacnpocTpaHeHbl 55 BUAoB popa Elymus, KoTopble
ABNATCA HOCUTENAMMN TPEX Cy6reHOMHbIX KombuHauuii: StH, StY n StHY. Cpefun Hux StY-reHomHas rpynna HacumMTbiBaeT
Bcero 10 BMAOB C pa3HOW CTEMEHbIO M3yYEHHOCTN 3BONIOLMOHHbIX CBA3el. [pefKoBble TakCOHbI poaa Pseudoroegneria
6bl1n JOHOpamu cybreHoma St Ans BCex COBpPeMEHHbIX BMAOB popa Elymus. StY-reHomHas rpynna BuMpoB obnagaet
LOMOSTHUTENbHBIM Cy6reHoMoM Y C HeW3BECTHbIM MPOUCXOXKAEHNEM, KOTOPbIA MO HEKOTOPbIM CBeAeHMAM 6In30K K
cy6reHomy St. Hamy usyuyeHbl GpunoreHeTuyeckne B3aMMOOTHOLLEHNA MeXAY StY-reHOMHbIMY BUOAMU C TEPPUTOPUN
Poccun, natbio Bugamm popa Pseudoroegneria v natbio Bugamu pogda Hordeum w3 TeHbaHka NCBI nytem cpaBHeHuWs
HYKNeOTUAHbIX NOC/efoBaTeNIbHOCTeN AfepHoro reHa GBSST ¢ 9-ro no 14-i1 3k30H. MNpoBefeH aHanu3 yyactkos 6onee
KOHCEPBATVBHbIX 3K30HOB B CPAaBHEHWUW C MHTPOHaMU, KOTOPble He KOAMPYIOT aMUHOKMCIIOTHbIE NMOCNeA0BaTeNbHOCTU
depmeHTa. Bce BapumaHTbl reHa 13 cybreHomoB St y M3yUYeHHbIX BUAOB NOAPA3AENATCA Ha TPU Krnactepa coobpasHo
TPem MapKepHbIM rpynnam HyKeoTUAHbIX NociefoBaTeNIbHOCTEN KIOHOB pofa Pseudoroegneria: LieHTpanbHOa3MaTCKoOM
(St,) c penepHbIM BUAOM P. strigosa, ceBepoameprikaHCKon (St,) ¢ MapKMpyoLWmum BUAOM P. spicata n 6GnmxHeBOCTOUYHOW
(St3) c AByma Bupamu — P. tauri v P. libanotica, K KOTOpbIM TAroTeeT BoCTOUHOoeBponenckuii Bug P. stipifolia. Hn y ogHoro
13 U3yYeHHbIX BULOB cy6reHoM H, umerowmin nponcxoxaeHne ot npefKkoBbix TakcOHOB pofa Hordeum (Critesion), He
o6Hapy»eH. YTo KacaeTcs Y-cyGreHOMa B BapuiaHTe «MHTPOHbI», TO B LIENIOM 3TOT KnacTep MeHee AnddepeHUMpoBaH,
YyeMm B BapuaHTe «3K30HblI». [laHHbI haKT NPOTUBOPEUNT CIIOKUBLUMMCA NPEACTaBEHNAM O 60bLUE/ KOHCEPBATUBHOCTY
reHHbIX Y4aCTKOB, OTBETCTBEHHbIX 3a CUHTE3 depMeHTHbIX Mosiekyn. Cpean Hanbonee NprMeyaTenbHbIX XapaKTePUCTUK
B CPaBHEHUU HYKNIEOTUAHbIX MOCNefOBaTeNbHOCTEN ClefyeT OTMETUTb Hanuyne ocobol [anbHEBOCTOUHONW pachl
E. gmelinii ¢ nocnepoBaTenbHoCcTAMK Sty BMeCTO St; M pacnonoxeHue nocrefoBaTeslbHOCTEN BCEX KIOHOB CeBEPO-

KasaxcTaHckoro obpasua E. fedtschenkoi KSA-0935 B knacTepe St, BMecTo St;.
KntoueBble cioBa: MoneKynApHble Mapkepbl; unoreHus; cybreHom; TakcoHomms; Elymus; Pseudoroegneria

Introduction

The genus of perennial allopolyploid herbs Elymus L. is the
largest in the tribe Triticeac Dumort. (Poaceae Barnh.). There
are between 150 and 200 species worldwide with different
genomic constitutions, all of which are considered to be uni-
fied by the St subgenome. According to generalized data,
this subgenome is present in different taxa in at least eleven
combinations with six other subgenomes of the ancestral
taxa of the tribe: H, Y, P, W, Ns, and Xm (Tan et al., 2024).
In recent decades, there has been a trend toward splitting the
genus Elymus s. 1. into eight independent allopolyploid ge-
nera, including Elymus s. str. (StH), Roegneria C.Koch (StY),
Douglasdeweya C. Yen, J.L. Yang & B.R. Baum (StP), Cam-
peiostachys Drobow (StYH), Kengyilia C. Yen & J.L. Yang
(StYP), Anthosachne Steudel (StYW), Pascopyrum A. Love
(StHNsXm), and Connorochloa Barkworth, S.W.L. Jacobs &
H.Q. Zhang (StYWH).

Since the genus belongs to the tertiary gene pool (GP-3)
of major cereal crops, its representatives have often been
included in detailed cytogenetic studies (Dewey, 1984). In
recent decades, the cytogenetic method of determining the
genomic constitution of species has been supplemented and
even superseded by more technologically advanced DNA se-
quencing methods (Mason-Gamer, 2001; Baum et al, 2003).
Researchers are shifting their focus to analyzing the origins
and phylogenetic relationships between basic subgenomes
using molecular genetic methods.

The main diversity of species in the StY genomic group
is concentrated in China, Korea, and Japan. A number of
contradictory data on the phylogenetic relationships between
the St and Y subgenomes have been published. Specifically,
in the search for a Y subgenome donor, hybridization was
conducted between diploid Hordeum L. species (carriers of
the H subgenome) and StY-genomic Asian Elymus species.

Triploid hybrids were characterized by a relatively low level of
chromosome pairing in metaphase I, demonstrating extremely
low homology between the H, St, and Y haplomes and, conse-
quently, the absence of the H haplome in these Elymus species
(Lu, von Bothmer, 1990). In addition, based on the analysis of
chromosomal pairing in hybrids, a low relationship between
the St and Y subgenomes was shown (Sakamoto, 1964; Lu,
von Bothmer, 1989).

The nuclear ribosomal internal transcribed spacer (ITS) and
chloroplast intergenic spacer trnL-F sequences were analyzed
in 457 Elymus accessions containing diverse genomes. The
results confirmed that the St, H, P, and W subgenomes of
polyploid Elymus were introduced from the genera Pseudo-
roegneria (Nevski) A. Love, Hordeum, Agropyron Gaertn.,
and Australopyrum (Tzvelev) A. Love, respectively, but that
the St and Y subgenomes phylogenetically trace back to a
common ancestor (Liu et al., 2006).

In another study, one of the RAPD markers specific to the
Y subgenome was converted into a sequence-tagged site (STS)
marker. This modified STS marker confirmed the presence
of a 'Y subgenome in 42 accessions of StY-genomic Elymus
species (Okito et al., 2009). To identify possible donors of the
Y subgenome, 43 accessions of the diploid Pseudoroegneria
species with the St subgenome were analyzed using the STS
marker. The authors concluded that some StY-genomic Elymus
species harbored this particular variant of the Y subgenome,
shared with the St genome of Pseudoroegneria, that is, a
precursor subgenome designated StY.

Later, the single-copy nuclear gene encoding elongation fac-
tor G (EF-G) was analyzed among 28 accessions of polyploid
Elymus species and 45 accessions of diploid species of the
tribe Triticeae (Sun, Komatsuda, 2009). The data supported
the hypothesis that the Y subgenome arose in a diploid species
but had a different origin compared to the St subgenome. This
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conclusion was supported by the single-copy nuclear RNA

polymerase II gene (RPB2) from 58 accessions of Pseudo-

roegneria and Elymus species (Yan et al., 2011).

Further, based on the topology of the phylogenetic tree using
chloroplast noncoding DNA sequences from 56 accessions of
nine polyploid Elymus species, the authors showed that the St
and Y subgenomes did not originate from the same donor, and
that the Y subgenome likely originated from the H genome of
Hordeum species (Song et al., 2015).

In a recent report, the following important conclusions
were made based on the analysis of sequence data from three
nuclear DNA regions (Accl, DMCI, and Pgkl) and three
chloroplast DNA regions (nrITS) (matK, rbcL, and trnL-trnF)
(Pan et al., 2025):

1. The Triticeae polyploid species, which consist of different
genome types, should be treated as a distinct genera.

2. Some polyploid species with the St genome have undergone
independent allopolyploidization events in different regions
of distribution.

3. The Y genome originated from an unknown or extinct dip-
loid species closely related to Peridictyon sanctum (Janka)
Seberg, Fred. & Baden, which is distributed on the Balkan
Peninsula (Xp genome).

In this regard, we are inclined to support the view expressed
three years earlier, which proposed an autotetraploid origin of
the Y subgenome through recurrent hybridization (Liu et al.,
2022). According to these data, the complex St genomes of
the ancestors of the genus Pseudoroegneria in the polyploid
state may have gained greater opportunities for intraspecific
differentiation through repeated and back-hybridization. As a
result, modified variants of the St genomes in some lineages
evolved into intermediate St¥ genomes.

Thus, one likely scenario is the origin of the modern
Y subgenome from taxa of the genus Pseudoroegneria car-
rying ancestral St subgenome variants, while the origin of the
Y subgenome from the relatively distant H and Xp genomes
appears unlikely.

As repeatedly demonstrated in the work of Dr. R. J. Mason-
Gamer’s research group from 1998 to 2024, the nuclear gene
encoding granule-associated starch synthase 1 (GBSS1, waxy)
can serve as an effective genetic marker of macro- and mic-
roevolutionary relationships between taxa of different levels.
The gene’s schematic was first presented using Zea mays L.
as an example (Mason-Gamer et al., 1998), but information
on its specificity among North American species of the genus
Elymus was published three years later (Mason-Gamer, 2001).

We confirmed the feasibility of using this gene as an indi-
cator of microevolutionary processes among species of the
genus Elymus (Agafonov et al., 2019, 2024a, b). It is gene-
rally accepted that intron sequences are not subject to strict
evolutionary selection; therefore, they can accommodate
numerous intermediate microevolutionary events (substitu-
tions, insertions, etc.) that occurred during the evolution of
subgenomes. Moreover, the biological function of introns, as
one of the constituent parts of the nucleotide sequences of a
number of functional genes, appears to be quite important in
relation to the regulation of gene expression (Koonin, 2006).
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According to the latest data (Tzvelev, Probatova, 2019),
55 species of the genus Elymus are distributed in Russia. These
are allotetra- and allohexaploids with the StStHH, StStYY,
and StStHHYY genomes (Agafonov et al., 2020). Among
them, the StY genome group comprises only 10 species,
with varying degrees of understanding of their evolutionary
relationships.

Previously, we proposed new combinations of taxa within
this group in a broader sense, specifically for E. pendulinus
(Nevski) Tzvelev s. 1. (Kobozeva, Agafonov, 2015) and
E. ciliaris (Trin.) Tzvelev s. I. (Agafonov et al., 2021; Sha-
banova (Kobozeva), Agafonov, 2023). Species boundaries
are delineated based on the “principle of microevolutionary
complexes”, that is, a set of closely related taxa that defines
the phylogenetic unity of a species and meets other criteria.
The base species includes intraspecific taxa based on their re-
lationships established by reproductive and molecular genetic
criteria. This principle can ensure methodological synergy
between the fundamental principles of traditional taxonomy,
on the one hand, and experimental biology incorporating
modern approaches and methods, on the other. As a result,
the total number of StY-genomic species in Russia has been
reduced to seven.

This study aimed to trace the evolutionary relationships
between the St subgenomes and to assess the position of the
Y subgenome on the evolutionary tree among StY-genomic
Elymus species from Russia by comparing the nucleotide
sequences of GBSS! gene fragments of exons from 9 to 14.
Specifically, the goal was to identify differences in the phy-
logenetic picture based on the sequences of more conserved
exons compared to introns not involved in the final synthesis
of enzyme molecules.

Materials and methods

Plant material. The study included 32 natural accessions of
all StY-genomic species listed by N.N. Tzvelev and N.S. Pro-
batova (2019). All of these accessions from our collection
underwent morphological confirmation of taxonomic rank in
experimental open-field plots and in a climate chamber to en-
sure compliance with modern taxon descriptions (Table S1)!.

Two European species, E. caucasicus (C. Koch) Tzvelev and
E. panormitanus (Parl.) Tzvelev, are not present in our living
collection. The Central Asian species E. abolinii (Drobow)
Tzvelev was additionally included in the comparative analysis,
as we suspect it grows within Russia, but evidence is currently
lacking.

The GBSS!I gene sequences of five species of the genus
Pseudoroegneria and five species of the genus Hordeum from
the NCBI GenBank (URL: http://www.ncbi.nlm.nih.gov/
nuccore) were used as reference sequences (see the Table).
Unlike the collection samples, the accession numbers of
clones from NCBI are given in the dendrograms in front of
the species names.

Ancient representatives of these taxa were the donors of
the St and H subgenomes, respectively, in modern species of

' Supplementary Table S1 is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Agaf_Engl_30_4.pdf

FEHETUKA PACTEHUI / PLANT GENETICS 583


http://www.ncbi.nlm.nih.gov/nuccore
http://www.ncbi.nlm.nih.gov/nuccore
https://vavilov.elpub.ru/jour/manager/files/Suppl_Agaf_Engl_30_4.pdf
https://vavilov.elpub.ru/jour/manager/files/Suppl_Agaf_Engl_30_4.pdf

A.V. Agafonov, E.V. Shabanova (Kobozeva)
A.A.Bondar, O.V. Dorogina

Differentiation of subgenomes in Elymus species
from Russia according to the nuclear gene GBSS1

Reference species accessions and nucleotide sequence numbers taken from NCBI GenBank

Species

Pseudoroegneria strigosa (Schult.) A. Love

P. spicata (Pursh) A. Léve

P. libanotica (Hack.) D.R. Dewey

P. tauri (Boiss. & Balansa) A. Léve

P. stipifolia (Czern. ex Nevski) A. Léve
Hordeum jubatum L.

H. bogdanii Wilensky

H. brevisubulatum (Trin.) Link

H. pusillum Natt.

H. californicum Covas & Stebbins

Bromus tectorum L.

the genus Elymus. Moreover, species of the genus Pseudo-
roegneria, confined to different ranges in Northern Eurasia,
could have been the donors of the St subgenome in different
species of the relatively young StY genome group of the
genus Elymus.

For example, Pseudoroegneria strigosa was originally dis-
tributed in Central Asia and has also been recorded as native
in Crimea and Greece (https://powo.science.kew.org/taxon/
urn:lsid:ipni.org:names:418876-1. First published in Taxon,
1980. 29: 168).

Pseudoroegneria spicata is native to the western part of
the North American continent (https://powo.science.kew.org/
taxon/urn:lsid:ipni.org:names:1159330-2. First published in
Taxon, 1980. 29: 168).

Pseudoroegneria libanotica and the following species
are confined to territories in the Middle East (https://powo.
science.kew.org/taxon/urn:Isid:ipni.org:names:942121-1.
First published in P. Gustafson (ed.), Gene Manipulat. in PL
Improv.: 1984: 272).

Pseudoroegneria tauri (https://powo.science.kew.org/taxon/
urn:lsid:ipni.org:names:914501-1. First published in Feddes
Repert. 1984. 95: 445).

The fifth species, Pseudoroegneria stipifolia, has a more
northerly range than the previous two (https://powo.science.
kew.org/taxon/urn:lsid:ipni.org:names:914500-1. First pub-
lished in Feddes Repert. 1984. 95: 445).

With regard to the use of molecular markers in the study
of the genus Elymus, significant results were obtained by
Dr. R. Mason-Gamer and co-workers (Helfgott, Mason-
Gamer, 2004; Mason-Gamer, 2013; Mason-Gamer et al., 1998,
2010a, b). In particular, their studies showed that information
on the nucleotide sequences of the low-copy gene “wax)”

Accession, origin

P1499637 China
PI 531755 China

P1232117 USA

Sequence number in NCBI
EU282323 St
AY360823 St
AF079281 St

PI 610986 USA AY010999 St
P1228391 Iran EU282324 St
PI1380652 Iran EU282326 St
P1 313960 Russia JX259496 St
RIMG 106 USA AY010963 H
P1531760 China EU282317H
P1 401387 Iran AY010961 H
Clho 15654 USA EU282321H
MA-138-1-4 USA AF079273 H
- AY362757

(granule-bound starch synthase 1 (GBSSI)) is consistent
with cytogenetic data regarding the genomic constitution and
evolutionary origin of North American (Mason-Gamer,
2001) and Asian (Mason-Gamer, 2010a) species of the genus
Elymus.

The relatively small number of StY-genomic species in
Russia makes it possible to trace the phylogenetic origin of the
St subgenome in this group from the ancestral taxa of the genus
Pseudoroegneria using data on the GBSS/ gene sequences in
6-8 clones per species accession.

Total DNA isotation, PCR amplification, cloning in
a plasmid vector, DNA sequencing and construction of
phylogenetic trees. Total DNA was isolated from 20 mg of
dry green mass using the NucleoSpin Plant I Kit (Macherey-
Nagel, Germany) according to the manufacturer’s standard
protocol. GBSS1I gene fragment overlapping the region from
exons 9 to 14 was obtained by PCR using a direct F-for primer
(TGCGAGCTCGACAACATCATGCG, Mason-Gamer et
al., 1998) and our modified M-bac-Alter] (GGCGAGCG-
GYGCRATCTCSTSGCC) reverse primer.

The GBSS! fragment was amplified under the conditions:
1X Q5 Reaction Buffer, 0.2 mM of each dNTP, 2.0 mM of
free Mg2*, 0.3 uM of forward and reverse primers, about
0.4 ng/uL of genomic DNA, 8 u/mL of Q5 Hot Start Il DNA
Polymerase, with the addition of Betaine up to 1M and
Q5-High GC Enchancer up to 1X. The temperature profile
consisted from melting at 98 °C for 30 s, followed by 38 cycles
of three stages (denaturation at 98 °C — 5 s; annealing at
69 °C — 10 s; elongation at 72 °C — 1 min), then completion at
72 °C — 2 min and storage at +4 °C. The fragments obtained
were then cloned by ligation at the blunt ends into pJET2.1
vector using the CloneJET PCR Cloning Kit (Thermo Scien-
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tific, USA). By use of primers from the vector region (Jet F
and Jet R) in PCR amplification of E. coli colonies grown
on the plates (NEB stable) we have obtained fixed variants
of the cloned GBSS! gene. DNA fragments were then puri-
fied from PCR components by sorption on AMPure XP mag-
netic (Beckman Coulter, USA) and sequenced by Sanger
method from both sides to assemble contigs and perform
a subsequent analysis. From six to eight colony amplified
DNA fragments of appropriate size containing separate
GBSS|I clones for each genomic DNA sample were used for
sequencing. The sequence AY362757 of Bromus tectorum L.
was taken as an outgroup sample when constructing den-
drograms.

Multiple sequence alignment of the studied GBSS! frag-
ments was performed using the MUSCLE algorithm in the
Unipro UGENE ver. 31.0 program (Okonechnikov et al.,
2012). The aligned sequences were used to construct phy-
logenetic trees using the maximum likelihood (ML) method
(Felsenstein, 1981). A series of dendrograms were constructed
inthe MEGA ver. 11.0.13 program (Tamura et al., 2021) using
the two-parameter (2-parameter distance, K2P) evolutionary
model of M. Kimura (1980) for GBSS! fragments based on:
a) exons separately; b) introns separately, as presumably more
mobile sequences in microevolutionary terms. Bootstrap
support values are indicated at the nodes. The nucleotide se-
quences of the clones of the GBSS! gene regions we sequenced
have been deposited into the GenBank (National Center for
Biotechnology Information, NCBI) database. We use the ab-
breviation NSC to refer to them.

Results

The dendrogram constructed using exon data without introns

is shown in Figure 1. The following conclusions were drawn

from its analysis.

1. All gene sequences in the St subgenome in the studied
species are divided into three clusters according to three
marker groups of the genus Pseudoroegneria: Central Asian
(St,) with the reference species P. strigosa, North Ameri-
can (St,) with the marker species P. spicata, and Middle
Eastern (St;) with two species: P. tauri and P. libanotica.
The Eastern European species P. stipifolia gravitates toward
the third cluster.

2. Conventionally, the first cluster St;, in addition to the
marking sequences of P. strigosa, contains six NSCs of
three varieties of E. pendulinus and four identical NSCs
of E. gmelinii, of which three are Siberian and one is Far
Eastern, as well as an NSC of the Central Asian species
E. abolinii, which is widespread outside of Russia.

3. The North American cluster St, contains a compact group of
E. ciliaris varieties and a separate branch with two P, spicata
sequences, along with the NSC of the North Kazakhstan
accession E. fedtschenkoi KSA-0935 3 (highlighted in
dark purple). It should be noted that only six St, sequences
were detected in this typical accession of E. fedtschenkoi.
The genomic specificity of this accession will be described
below. The sequence of the Crimean species E. panormita-
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nus occupied a position between the two branches of this

cluster with a bootstrap value of 22.

4. Somewhat unexpectedly, the third cluster St; was differen-
tiated, forming two main branches. One branch is formed by
three marker species: P. tauri, P. libanotica, and P. stipifolia.
The other branch comprises seven NSCs of E. nevskii—
E. fedtschenkoi and three Far Eastern NSCs of E. gmelinii,
two of which belong to Kamchatka accessions. It is unlikely
that this division of E. gmelinii sequences between clusters
St, and St is random. Within this cluster, the sequence
AUR-1744 2 Rec has separated the most. Nevertheless,
we assigned the genomic formula Sty to all NSCs in this
cluster.

5. The sequences of the Y subgenome are compactly located
in a separate cluster, while predominantly preserving the
species specificity of the large basic taxa E. ciliaris, E. pen-
dulinus, E. gmelinii and the E. nevskii—E. fedtschenkoi
complex. A single large clade was formed by the NSCs
of the E. nevskii—E. fedtschenkoi complex, along with
a group of six NSCs of E. gmelinii, which included the
E. nevskii CHA-8764 3 sequence. The most isolated, as in
the previous “exons” variant, were the Y-sequences of the
European species E. caucasicus and E. panormitanus, as
well as the NSCs of the Kamchatka accession E. gmelinii
KES-9654 5.

6. An additional point worth noting is the location of the NSC
of the Caucasian accession E. caucasicus H 2086, which,
based on preliminary experiments, we classified as St,.
This sequence occupies a position between the Y clusters
and the St complex. Unfortunately, this accession has un-
dergone several stages of exchange between gene banks
and genotype collections, so there is no reason to consider
its origin reliable.

The relatively close location of the Y subgenome cluster to
the North American St, subgenome cluster requires a separate
historical analysis, since, according to some authors, the St
and Y subgenomes originate from different ancestors (Sun,
Komatsuda, 2009; Yan et al., 2011; Song et al., 2015). How-
ever, in general, the StY genomic group species from Russia
have three evolutionary vectors, which is consistent with our
understanding of microevolutionary complexes within the
genus Elymus.

When comparing the results obtained separately for exon
(Fig. 1) and intron (Fig. 2) sequences, the following conclu-
sions were reached.

1. In the “introns” dendrogram, all NSCs of E. pendulinus
and four NSCs of E. gmelinii from the Central Asian group
St,are located in a single branch close to the branch of two
marker sequences of P, strigosa and the Uzbek accession of
E. abolinii. Differences from the “exons” variant were not
only evident in the bootstrap values. All NSCs of E. pen-
dulinus and E. gmelinii were indistinguishable from each
other in the St, dendrogram.

2. A similar pattern of differences was evident in cluster
St,, where the NSCs of the European E. caucasicus and
E. panormitanus formed a separate branch. Within the
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Fig. 1. ML dendrogram constructed based on the analysis of GBSST gene sequences (exons 9-14 only) in the StY-

genomic group of species from Russia compared to reference species.

Asterisks indicate monogenomic carriers of the St and H subgenomes, as well as their origin. Bootstrap support values are shown at

nodes.

E. ciliaris branch, two NSCs of E. ciliaris var. amurensis
and a single NSC of E. ciliaris var. glaberrimus diverged
slightly from five identical varieties. The sequence of the
North Kazakhstan accession of E. fedtschenkoi KSA-
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0935 3 maintained a close relationship with the marker
sequences of P. spicata.
3. The group of NSCs St,, as in the “exons” variant, was di-
vided into three branches, one of which included the Middle
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Fig. 2. ML dendrogram constructed based on the analysis of GBSST gene sequences (introns 9-13 only) in the
StY-genomic group of species from Russia compared to reference species.

Asterisks indicate monogenomic carriers of the St and H subgenomes, as well as their origin. Bootstrap support values are shown at

nodes.

Eastern marker species of Pseudoroegneria, another united

samples of the E. nevskii—E. fedtschenkoi complex (except
for KSA-0935), and the third consisted of two Kamchatka

and one Primorsky NSCs E. gmelinii.

Overall, the most unexpected finding in the St sequence

clusters was the identification of three E. gmelinii accessions as
belonging to a distinct Far Eastern race of this species, with the

St, subgenome variant instead of the St, variants characteristic
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Fig. 3. Differences in the sequences of exons 9-14 in three clones of Far Eastern E. gmelinii accessions carrying the
St; subgenomes and clones of E. gmelinii, E. pendulinus, and E. abolinii carrying the St, subgenomes.

Sequence fragments of marker clones of Pseudoroegneria are shown for comparison. The numbers above indicate the nucleotide

positions in the aligned sequences.

of Siberia. However, one of the Primorsky NSC E. gmelinii
BKA-2059 was located in the St cluster along with three
Siberian accessions. Furthermore, all six NSCs studied from
E. fedtschenkoi KSA-0935 (not shown in the dendrograms)
were identified as belonging to the St, group instead of St
in both variants.

A study of the nucleotide composition of the introns of the
studied species revealed that, despite the low variability of
the Y subgenome sequences, one nucleotide substitution and
one microdeletion in the NSC of E. gmelinii KES-9654 5 was
sufficient for it to be clearly distinguished from all the others
in the dendrogram.

H-subgenomic sequences were not identified in both
variants of dendrogram construction among the studied ac-
cessions, which confirms the StY-genomic constitution of
all species.

As noted above, among the most notable characteristics in
the tree topology is the presence of a distinct Far Eastern race of
E. gmelinii with St; NSCs instead of St,.To elucidate possible
causes, we analyzed the sets of aligned sequences in critical
regions of exons and introns. In Figures 3 and 4, the horizontal
frames highlight fragments of three E. gmelinii NSCs located in
St clusters in the exon and intron dendrograms, respectively,
compared to the St; sequences of other species and the St; se-
quences of reference Pseudoroegneria accessions. The analysis
revealed at least seven positions with nucleotides identical
to the St; marker clones in exon sequences, and also at least
twelve positions in the intron sequences with complete dif-
ferences from NSCs of St, subgenome. In microevolutionary

terms, this means that, having formed in ancestral genotypes,
this allele became fixed in some Far Eastern populations of
E. gmelinii and was transmitted from generation to generation
virtually unchanged. However, to confirm the existence of a
single Far Eastern race, it is necessary to define the presence
of other distinctive characteristics, including signs of repro-
ductive isolation.

Discussion

Thus, the arrangement of subspecific taxa (varieties) in the
two clustering variants was mixed, without any discernible
specificity. This fact confirms the appropriateness of grouping
species units within the StY genome group according to their
phylogenetic relationships, based on previously formulated
principles (Kobozevaetal., 2011, 2017; Kobozeva, Agafonov,
2015; Agafonov et al., 2021). Moreover, the Y subgenome
showed a low level of variability, being historically young and
having not accumulated evolutionarily significant transforma-
tions compared to the more ancient St,—St; subgenomes. How-
ever, within the Y cluster, one can see evidence of separation
of several microevolutionary complexes, such as the group of
taxa from the St, cluster of £. ciliaris and the group from the
St, cluster of £. nevskii—E. fedtschenkoi (highlighted in dark
green in Figure 1).

Notably, the Y subgenome cluster in the “introns” variant is
less variable than in the “exons” variant. This fact contradicts
the established notion of greater conservation of gene regions
responsible for the synthesis of enzymatic molecules. Outside
the main branch from which most of the accessions originate
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Fig. 4. Differences in the sequences of introns 9-13 in three clones of Far Eastern E. gmelinii accessions carrying the
St; subgenomes and clones of E. gmelinii, E. pendulinus, and E. abolinii carrying the St, subgenomes.
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lies the NSC of E. gmelinii — KES-9654 5 Y. The next most
distant from this branch are two NSCs of E. pendulinus: HAS-
2075 and BBI-1114. All other species assemblages are located
compactly and close to each other, including E. abolinii,
E. caucasicus, and E. panormitanus. The NSC of E. nevskii,
AUR-1744 2 St3 Rec, was located furthest on the dendro-
gram, intermediate between the Y and St, clusters, possibly
recombinant. The sequence of this clone had at least 11 single
substitutions identical to nucleotides in the NSCs of the St,,
St,, and H subgenomes, and received its Rec designation due
to its location on the dendrogram within the “introns” part
(Fig. 2).

One notable result of the study was the location of all NSCs
from the North Kazakhstan accession E. fedtschenkoi KSA-
0935 in the St, cluster instead of St;. To clarify the subge-
nomic affiliation of the NSC E. fedtschenkoi KSA-0935 3 St2,
aligned intron sequences in this NSC were compared with other
St, sequences of the E. nevskii—E. fedtschenkoi complex and
reference Pseudoroegneria species (Fig. 5). Sequence analysis
revealed that the NSC E. fedtschenkoi KSA-0935 3 St2 pe-
riodically carries substitutions identical to those in the NSC
P spicata St, at positions distinct from the NSC St, throughout
its entire length. The possible origin of the St, subgenome in
E. fedtschenkoi can only be speculated about, given the North
American range of the St,-genomic species P. spicata and the
East Asian range of the St,-genomic species E. ciliaris s. 1.

In our opinion, the group of StY-genomic species remains
one of the least studied among the numerous species of the
genus Elymus s. 1. Species with the StH formula have been
studied better than others for two main reasons: 1) histori-

cally, species from North America and Europe have primarily
attracted the attention of researchers; 2) the accumulation of
knowledge about the species and structural diversity of Central
and East Asia has been slower due to the vast territories and
numerous mountain ranges, which create a large number of
isolated ecological niches and, consequently, a multitude of
local races and distinct species.

Moreover, it is believed that StY-genomic species are
found in North America only as adventitious species. Reli-
able finds are quite rare; herbarium specimens of three spe-
cies containing the Y subgenome have been documented:
E. ciliaris and E. semicostatus (Nees ex Steud.) Melderis, as
well as E. tsukushiensis Honda, with the genomic formula
StYH (Barkworth et al., 2007).

Currently, the number of experimental and systematic
studies on the phylogeny of Asian species of the genus has
increased dramatically due to the growing technological ca-
pabilities of the People’s Republic of China (Hu et al., 2013;
Dong et al., 2015; Song et al., 2015; Lei et al., 2018; Liu et
al., 2022; Pan et al., 2025), as well as the achievements of
classical European and American scientific schools (Mason-
Gamer, 2001; Leo et al., 2022, 2025; Mason-Gamer, White,
2024). In particular, the analysis of nuclear and chloroplast
DNA showed that many Elymus species have multiple origins.
The data suggest that hybridization and polyploidization
were the main driving forces of evolution in increasing the
biodiversity of the genus Elymus (Liu et al., 20006). This cre-
ates difficulties in resolving evolutionary relationships even
when using high-throughput methods with a large number of
genetic markers.
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Furthermore, phenotypic plasticity, a small number of re-
liable morphological diagnostic characters, and a large number
of taxa with the St subgenome in their genotypes complicate
taxonomic analysis in practice (Leo et al., 2025). Neverthe-
less, an increasing number of new species are being described
using molecular genetic data (Sha et al., 2024; Zhang et al.,
2024; Alieva et al., 2025). Our results revealed signs of internal
genetic divergence in E. gmelinii, the most widespread of all
StY-genomic species in Russia.

The data obtained revealed a relationship between the con-
ventional nomenclature of the St subgenome (St,, St,, and St;)
and a specific group of species carrying a specific subgenome.
Furthermore, similarities were found in fragments of the St,
and Y subgenome sequences, supporting the opinion of some
researchers about the common origin of these subgenomes, in
particular through the mechanism of recurrent hybridization
(Liu et al., 2022).

Quite unexpected is the lower variability and, at the same
time, relatively high species specificity among the intron
sequences of the studied gene compared to the exons. This
means that a detailed phylogeny of genera sharing a common
and relatively ancient, yet geographically and genetically
differentiated, St subgenome will still yield many surprises.

Conclusion

Our assembled living collection of all representatives of the
StY genomic group from Russia allowed us to identify, at a
first approximation, the features of the phylogenetic relation-
ships between taxa. Information on reproductive relationships,
heritability of diagnostic traits, and microevolutionary relations
became the basis for a step-by-step revision of the currently

accepted taxonomic model of the genus Elymus (Tzvelev,
Probatova, 2019). A broader understanding of species was used
to construct the taxonomic model. The proposed model differs
from the currently accepted one in that it takes into account
the fundamental properties of taxa at all ranks: 1) the genomic
constitution of species, as the basis for distinguishing and iden-
tifying independent genera; 2) the reproductive properties of
hybrids, as an indicator of genetically determined interbreed-
ing relationships; 3) phylogenetic relationships revealed using
modern molecular and cytogenetic technologies. We consider
the integrity of a species within the scope of a single micro-
evolutionary complex, taking into account relationships with
closely related taxa capable of exchanging genetic material
with subsequent stabilization of sexual reproduction.
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Abstract. Plants of the genus Miscanthus are a promising perennial energy crop, combining high biomass productivity,
resistance to abiotic stress, and low agricultural technology requirements. This review summarizes recent advances in
genomic and transcriptomic studies of the molecular genetic mechanisms underlying the economically valuable traits
of Miscanthus. Data on whole-genome assemblies of key species — M. sinensis (Msi), M. sacchariflorus (Msa), M. floridulus
(Mfl), and M. lutarioriparius (Mlu) — are presented using various technologies (lllumina, PacBio, Oxford Nanopore, Hi-C).
Genomic studies have revealed the complex evolution of the genus, including paleoallopolyploidy, chromosomal fusions,
and duplications, which accounts for the high genetic diversity of these species. Their genome assemblies at the complete
chromosome level have become the basis for comparative genomics, establishing taxonomic relationships (including the
recognition of Mlu as a subspecies of Msa and Mfl as a subtype of Msi), and studying synteny with related crops such
as sorghum. The information on the Miscanthus genome allows for the complete and accurate identification of a set
of genes targeting breeding for the most important biotechnological traits. At the same time, the commercial hybrid
M. x giganteus (M x g) is characterized by extremely low levels of genetic polymorphism, making it vulnerable to pathogens
and climate fluctuations. The integration of genetic polymorphism data, phylogeography, and functional annotation
of genomes opens up opportunities for the development of new, productive, and environmentally friendly Miscanthus
varieties through interspecific crossings, ploidy modification, and genetic engineering. These advances contribute to the
optimization of the biotechnological potential of Miscanthus for the production of biofuels and other biomaterials and the
restoration of degraded lands.
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HccnegoBaHuisi TeHETMUECKOTO pa3H006pa3M${
/I TEHOMOB MMCKAHTVCa OJId OIITIUMN3aln
11X O110TEXHOJJIOTMYECKOTO IIOTEeHIIMAaJIa

1.B. Yapaesa () @), A Kapernukos (12), A.1O. ITponosut (%), 3.C. Crapoaybuesa (%), H.A. OmeabsiHuyk (%),
A.B. Kouetos ([2), A.A. AboHHMKOB

DepfepanbHbli NCCNEAOBATENBCKMIA LeHTP VIHCTUTYT umtonorum n reHetrkn Cubrnpckoro otaeneHnsa Poccrinckon akapemmm Hayk, Hoocrnbumpck, Poccusa
ichadaeva@bionet.nsc.ru

AHHOTauus. [peacTaBneHHbll 0630p MOCBSALEH WHTErpauuy FeHOMHbIX MOAXOAOB B M3yYeHWe pacTeHuid popa
Miscanthus. MyncKaHTyCbl NpefcTaBnAioT co60 MHOTroNeTHVE TPpaBbl, MEPCNEKTUBHbIE ANIA CO3AAHUA SHEPreTUYECKUX
KyNbTyp, XapaKTepu3syoWwmnXcsa BbICOKON MPOAYKTUBHOCTbIO OMOMACChl, YCTOMUMBOCTBbIO K abMOTMYeCKMM CTpeccam
N HU3KMMU TPeOOBAaHUAMK K arpoTexHONornam. PaccmaTpuBaloTCca MeTOAbl aHanm3a reHeTUYeckoro pasHoobpasus,
NoJSIHOreHOMHble CO0PKM, a Tak>Ke COBPEMEHHbIe JOCTVXKEHMA B pacundpoBKe MONEKYNAPHO-TEHETUYECKNX MEXaHV3MOB,
onpeaensiowyx NPoayKTUBHOCTb 1 CTPECCOYCTONUMBOCTD, C LIeMbio NPUMEHEHNA X B cenekumu. MpuseneHbl JaHHble Mo
NosTHOreHOMHbIM cOopKaM KntoueBbix BUAOB — M. sinensis (Msi), M. sacchariflorus (Msa), M. floridulus (Mfl) v M. lutarioriparius
(Mlu) - c ncnonb3oBaHKeM pa3nuyHbix TexHonoruii (Illumina, PacBio, Oxford Nanopore, Hi-C). leHOMHble nccnepgoBaHus
BbIABUIM C/IOXKHYIO SBOJTIOLNIO POAA, BKIIOYAIOLLYIO ManeoassiononnmiIonanio, XPOMOCOMHbIE CIIMAHWA 1 ByrMKaumu,
YTO OOYC/IOBNMBAET BbICOKOE rEHeTUYEeCKoe pa3Hoobpasme y 3TX BUAOB. [MosIHble XPOMOCOMHble COOPKM FEHOMOB UX
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CTann OCHOBOW ANIA CPaBHUTENIbHOW FEHOMMWKMW, YCTAHOBJIEHWA TaKCOHOMUYECKMX OTHOLIEeHW (BKMouvasa npu3sHaHue
Mlu nogsugom Msa, a Mfl - nogTunom Msi) N U3yYeHUA CUHTEHUM C POACTBEHHBLIMU KyNbTypamu, TakKMMU Kak COpro.
MonyyeHHaa MHGOPMaLMA O reHOMe MUCKAHTYCOB MO3BOJIAET C BbICOKON MOJIHOTOW U TOYHOCTbIO MAEHTUOULMPOBATbL
Habop reHOB, UeneBblX ANsA cenekuum Mo Hamboriee BaKHbIM OGUOTEXHOMOrMYECKUM Mpu3Hakam. B To e Bpems
KoMMepueckni rubpua M. X giganteus (MXxg) xapakTepr3yeTca KpaliHe HU3KM YPOBHEM reHeTUYeCKOro nonmmopdusma,
4YTO fenaeT ero ya3BMmMbiM K MnatoreHam v Knmmatnyeckum KonebaHuAMm. COBOKynHOCTb AaHHbIX O reHeTnyeckom
nonumopdusme, unoreorpadun u PyHKLMOHaNbHOM aHHOTALLMU FEHOMOB OTKPbIBAET BO3MOXKHOCTM AJ1A CO3AAHNA HOBbIX,
NPOAYKTUBHBIX M SKONOrnMyecky 6e3omacHbIX COPTOB MUCKAHTyCa yepe3 MEeXBUAOBbIE CKpelMBaHUA, MogudurKkauuo
NAOUAHOCTN N TEHHYIO NHXEHEePUIo. DTN JOCTVXEHNA CNOCOBCTBYIOT ONTUMM3aLMN BMOTEXHONOMMYECKOro noTeHumnana
MUWCKaHTYCOB B MPOU3BOACTBE GMOTONAMBA U APYrnX GromaTeprianos, a TakKe BOCCTAHOBJIEHUIO AerpagnpoBaHHbIX
3emerb.

KnioueBble cnoBa: MuCKaHTyC (Miscanthus); cenekuus HOBOW CENbCKOXO3ANCTBEHHOW KYNbTYpbl; CEKBEHUPOBaHUE
RNAseq; TpaHCKpUNTOMbI; FEHETMYECKOe pa3HOobpasne; yCTOMUMBOCTb K dakTopam CTpecca; MapKepbl; 6a3bl AaHHbIX;

61OTONNNBO; BUOTEXHONOTUN 1 NPOMbILIEHHOCTb

Introduction

The genus Miscanthus (silvergrass) comprises tall perennial
grasses with short or long rhizomes and a rigid rachis and
belong to the family Poaceae, specifically to the tribe Andropo-
goneae. Miscanthus species, are native to the temperate mon-
soon climates of East Asia (the Russian Far East) (Dorogina et
al., 2025), as well as subtropical and tropical regions of East
Asia, Southeast Asia, and the Pacific Islands, with several
species extending to tropical Africa (Brosse et al., 2012; Wang
et al., 2021). The highest species diversification is found
in East Asia, particularly in China and Japan (Hodkinson et
al., 2015).

Members of the genus Miscanthus exhibit high genetic
diversity (Clark et al., 2019) and heterogeneity in genome
structural organization, with ploidy levels ranging from
2 to 6 and variable chromosome numbers (for example, in the
species reviewed here — M. sacchariflorus (Msa), M. lutariori-
parius (Mlu), M. floridulus (Mfl), and M. sinensis (Msi) — the
chromosome number is 19, whereas in Asian species such as
M. fuscus, M. nepalensis, and M. nudipes, and African species
such as M. ecklonii, M. junceus, M. sorghum, and M. violaceus,
chromosome numbers may be 10 or 15) (Hodkinson et al.,
2015). Msi is a genetic diploid (2n = 2x = 38) with a genome
size of 1C = 2.4-2.6 Gb (Rayburn et al., 2009); the closely
related Msa occurs in both diploid (27 =2x = 38) and tetraploid
(2n = 4x = 76) forms (Mitros et al., 2020). The high genetic
diversity within the genus Miscanthus is further enhanced by
their ability to readily form hybrids, even between species of
different ploidy levels (Clark et al., 2015, 2019).

Miscanthus species are among the most promising crops
for biofuel production, owing to several key traits relevant to
industrial applications: high photosynthetic efficiency, effec-
tive nutrient and water use, high biomass yield (Wang et al.,
2021), and broad adaptability to diverse climatic conditions
and soil types (Clifton-Brown et al., 2017). These characte-
ristics enable the use of Miscanthus as an important industrial
crop across various business activities, including construction,
manufacturing, and agriculture (Mironova et al., 2023) (see
the Figure). For bioenergy and biomass feedstock purposes,
the most important species are Msa and Msi, as well as their
interspecific hybrid M. x giganteus (M % g), classified as a
nothospecies (Trieu et al., 2022).

In construction, Miscanthus serves as a source of biofiber
which, when added to concrete, improves its mechanical
properties as well as its sound and thermally insulating per-
formance (Chen Y.X., Yu, 2024). The biomass yield of Mis-
canthus is comparable to that of maize (Sanford et al., 2016),
higher than that of several other crops — including switch-
grass (Panicum virgatum), poplar (Populus sp.), and willow
(Salix sp.) —and exceeded only by eucalyptus (Eucalyptus sp.)
(Li W. etal., 2018).

Miscanthus biomass comprises cellulose, hemicellulose, lig-
nin, and various associated compounds (Schifer et al., 2019).
This composition underpins the active use of Miscanthus as
a raw material source for the pulp and paper industry and for
the production of eco-friendly packaging (Cappelletto et al.,
2000). Furthermore, Miscanthus biomass serves as a feedstock
for producing a wide range of reagents and polymers, inclu-
ding cellulose derivatives, ethanol, 5-hydroxymethylfurfural,
furfural, and various phenolic compounds (Shavyrkina et al.,
2023) (see the Figure).

In agriculture, Miscanthus is used as a source of biochar
to improve soil condition and enhance fertility (Nagel et al.,
2019). Miscanthus straw treated with Trichoderma can serve
as a peat substitute for strawberry cultivation (Debode et al.,
2018). It is also employed as a substrate for the anaerobic di-
gestion of cattle and swine manure in biogas fermenters (Jury
etal., 2022) and as bedding for cattle, which reduces bedding
costs (Van Weyenberg et al., 2016).

One of the most important characteristics of Miscanthus is
its low requirement for cultivation conditions. This enables
the use of this crop for soil remediation (Grzegorska et al.,
2023), particularly in areas contaminated with pollutants such
as organochlorine pesticides (Mamirova et al., 2021), heavy
metal salts (Andri¢ et al., 2025), and polycyclic aromatic hy-
drocarbons (Técher et al., 2012). The ability of Miscanthus to
accumulate toxins in its roots is currently under close scientific
scrutiny and is being actively applied in practice (Nsangan-
wimana et al., 2021).

The primary objectives in Miscanthus breeding can be sum-
marized as follows: 1) overcoming the low genetic diversity of
commercial hybrids (such as M x g); 2) preventing invasive-
ness through reproductive isolation (sterility) and specific con-
tainment measures for vegetatively propagated, long-rhizome
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Phenotypic traits
Increased yield
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Genetic diversity
The problem of hybridization
and heterosis

Physiological adaptations
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and depleted soils

Research areas of Miscanthus

Resistance to stress factors
- cold stress
- pathogens
- daylight duration

Miscanthus in human economic activities and key research areas for harnessing its genetic potential as a novel

biotechnological crop.

Miscanthus species, such as Msa; 3) developing new hybrids
with novel beneficial traits through interspecific crosses (e. g.,
Msi x Msa, Msi % Mfl); and 4) leveraging modern biotechnolo-
gies, including genetic modification and in vitro regeneration.

The efficiency of classical breeding methods can be sub-
stantially enhanced through the application of modern genetic
approaches and omics technologies (Yang et al., 2021). In this
review, we examine the use of genomic technologies to study
genetic diversity in Miscanthus, reconstruct genomes, and
identify target genes for plant breeding programs.

Studying genetic diversity in Miscanthus

Studying diversity primarily helps to link genetic relatedness
between various taxa of this genus with their geographical dis-
tribution. The main goal of such studies is to identify patterns
of distribution of various Miscanthus species, identify centers
of origin and genetic diversity, and determine the influence of
climatic factors on evolutionary mechanisms of speciation.
One of the main questions is also establishing the relation-
ships between species of the genus Miscanthus, since despite
intensive research, their taxonomic position and the evolution
of species Msi, Mfl, Msa, and Mlu remain not fully under-
stood (Sun et al., 2010; Sang, Zhu, 2011; Hodkinson et al.,
2015).

In the study (Cichorz et al., 2014), an analysis of genetic
diversity of samples of four Miscanthus species from Poland
was conducted: M x g, Msi, Msa, and Mfl. ISSR (inter-simple
sequence repeats) and RAPD (random amplified polymorphic

DNA) markers were used for the analysis. For M x g, low
genetic diversity was shown, consistent with its origin from a
single clone. In contrast, Msi is characterized by high genetic
diversity, which is confirmed in the study of Msi populations
from Southwest China using SRAP (sequence-related ampli-
fied polymorphism) markers (Nie et al., 2014).

Alarge-scale study of Msi populations in China based on the
analysis of 459 samples from various geographical regions of
the country using SSR markers revealed high genetic diversity,
indicating the great potential of Msi as a genetic resource for
breeding (Zhao et al., 2013). Interestingly, Msi chloroplast
DNA demonstrates comparatively low genetic variability,
which is explained by greater susceptibility to random drift
and a smaller effective population size for chloroplast DNA
compared to nuclear DNA (Yan et al., 2015).

In the study (Li S.-S. et al., 2019), 100 populations of four
Miscanthus species, Msi, Mlu, Mfl, and Msa, growing in China
from northern to southern regions were investigated. Two
genetically homogeneous groups were identified. The first
included plants of species Msa and Mlu, the second — Mf! and
Msi. Based on genetic diversity data, possible routes of Mis-
canthus population evolution were modeled. Results showed
that species from the first group underwent a range contraction
during the Last Glacial Maximum (26—19 thousand years ago)
and then its gradual expansion, whereas species of the second
group have gradual range expansion from the interglacial
period (129-116 thousand years ago) to the present, expand-
ing to the southern China regions. The authors of this study
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proposed a hypothesis on the origin of Mfl, according to which
Mfl species originated from Msi ancestors in southeastern
China (Li S.-S. et al., 2019). This is confirmed by the shared
geographical distribution of these species, as well as their
positions on the phylogenetic tree, where the Mf! population
cluster is located within the Msi cluster.

A large-scale research was dedicated to investigating the
Msa and Mlu population, which included 764 samples from
Russia, China, South Korea, and Japan (Clark et al., 2019).
The aim of the work was to study the diversity, origin, and
evolution of representatives of these Miscanthus species.
DNA analysis was based on RAD-seq (restriction site-asso-
ciated DNA sequencing) technology, and additionally, ploidy
analysis was performed using flow cytometry. As a result, six
genetic groups were identified: three groups were represented
by diploid varieties growing predominantly in Northeast
China, Korea, and Russia; the remaining three groups turned
out to be tetraploids growing in Northern China, Korea,
and Japan.

According to the researchers, the modern Msa population
formed during the last glacial period from an ancestral popula-
tion, whose habitat was located in Eastern China, in an area
now covered by the Yellow and East China Seas. Also, this
work showed that polyploidization events occurred indepen-
dently for the Japanese and mainland Msa groups. Analysis of
plastid haplotypes revealed 56 unique variants between Msa
and Msi. Nine of them are intermediate between the most com-
mon haplotypes of the compared species (Clark et al., 2019).

The results of this work also confirmed the assumption that
Milu is a subspecies of Msa, originating in the Yangtze River
basin area, and not a separate Miscanthus species. The study
(Clark et al., 2019) demonstrated higher genetic diversity of
the species Msa compared to Msi, indicating a difference in
the population history of these two species.

In the study (Chen et al., 2022), using SLAF-seq (specific-
locus amplified fragment sequencing) technology, genetic
differences between plants belonging to species Msi, Mlu, and
Msa were investigated. Analyzing 50 samples of each of these
three species, the authors showed that the genetic distance
between MIu and Msi turned out to be smaller than the genetic
differences within the MIu population itself. Their results are
consistent with the results of the study L.V. Clarket al. (2019).

A large-scale population analysis of various Miscanthus
samples, including about 2,800 samples from China, Korea,
Russia, and Japan, was conducted using GBS (genotyping-
by-sequencing) in the study T. Mitros et al. (2020) along with
the assembly of the Msi genome. Results showed high genetic
diversity among representatives of this genus. The analysis also
allowed clarifying taxonomic relationships within it. Accor-
ding to this work, the populations of species Msi split into two
large clusters, one of which includes representatives growing
in Japan, and the other — in China and Korea.

Plants of species Msa represent a separate distinct group,
which demonstrate less diversity. Representatives of the M x g
population occupied an intermediate position between Msi
and Msa, combining genetic components of both species.
The genetic diversity of Msi significantly exceeds that of a
number of other species, M. transmorrisonensis and Mfl. This

Research on genetic diversity and genomes of Miscanthus
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allowed the authors to conclude that the latter two taxa can be
considered as subtypes of Msi, belonging to the subpopulation
from Japan (Mitros et al., 2020).

In the study (Zhang et al., 2021), aimed at sequencing and
analyzing the Mfl genome, genetic diversity was evaluated for
75 accessions of Mfl, M x g, Msa, Mlu, Msi and a number of
hybrid plants obtained by crossing these species. Analysis of
these populations showed that Mf7 and Msi represent separate
groups genetically distant from other representatives of the
genus, and plants Msa and Mlu form a separate cluster, con-
firming the status of Mlu as a subspecies of Msa.

Thus, analysis of genetic diversity based on the use of
whole-genome sequencing of DNA fragments allowed estab-
lishing the population history of Miscanthus species and clari-
fying taxonomic relationships within representatives of this
genus: classifying the taxon Mlu as a subspecies of Msa, and
taxa M. transmorrisonensis and Mfl as subtypes of Msi. The
wide genetic variability of Miscanthus genus revealed makes
it possible to conduct targeted breeding for agricultural and
industrial purposes (Hodkinson et al., 2015; Trieu et al., 2022).

Genetic and geographical data serve as a basis for creating
breeding programs aimed at developing varieties adapted to
different climatic zones. In a recent study (Dorogina et al.,
2025), an investigation was conducted on the possibility of
cultivating Msi samples from monsoon climate regions under
condition of the forest-steppe zone in Western Siberia. During
the trials, two samples, S1 and S2, were selected, which formed
viable seeds during the short growing season characteristic of
the Siberian continental climate, from which two generations,
G1 and G2, were obtained. These samples also had accelerated
rates of seasonal development and a more compact habitus.
They formed less vegetative mass and began to form generative
organs earlier than typical representatives of Msi.

Study of genetic variability in generation G1 showed
complete uniformity of genotypes. In generation G2, on the
contrary, diversity was observed with the identification of five
different genotype variants. As the authors state, the pheno-
typic and genetic variability they discovered in Msi will allow
selecting forms with various economically valuable traits for
further genetic improvement and development of a variety
with desired traits.

Genomic studies of genus Miscanthus

To date, several whole-genome assemblies have been gene-
rated for four Miscanthus species: Msa (De Vega et al., 2021),
Mlu (Miao et al., 2021), Mfl (Zhang et al., 2021), and Msi
(Mitros et al., 2020), differing in quality and completeness
(see the Table).

The Table shows the general assembly parameters: sequen-
cing technologies used, assembly size, NS0 metric, guanine
and cytosine content (GC content), genome and transcriptome
quality assessment using BUSCO (Benchmarking Universal
Single-Copy Orthologs) (Simaéo et al., 2015), as well as the
proportion of mobile elements in the genomic sequence. As-
semblies were performed using different sequencing technolo-
gies and assembly methods, which affects their accuracy and
suitability for downstream analysis. Below, we present the
results of genomic studies for these four Miscanthus species.
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The Msa genome

Samples from the diploid cultivar Robustus 297 were used
for sequencing of the Msa genome (De Vega et al., 2021).
Short-read libraries with small inserts generated using [llumina
HiSeq 2500 platform were employed (~5.86 billion reads,
genome coverage ~50x). For scaffold assembly, a paired-end
read library with a read length of 150 bp and a large insert size
(7 kb) was used, totaling 141 million read pairs.

The primary contig assembly (Msac_v2) was performed
using the ABySS software (Simpson et al., 2009), yielding
17 million contigs with a total length of 3.27 Gb. As a result
of scaffolding, ~589 thousand sequences were obtained with
a total length of 2.54 Gb and an N50 metric of approximately
10.2 kb (see the Table). To improve assembly quality, sequen-
ces shorter than 2 kb were filtered out, and further scaffolding
was performed for the remaining longer scaffolds using paired
libraries from Msi data from the study (Mitros et al., 2020). Ul-
timately, the “Msac_v3” assembly was obtained with a length
of 2.074 Gb (see the Table), consisting of 137,916 scaffolds,
with the N50 increasing to 25.6 kb.

The final assembly (Msac_v3) was achieved by ordering
scaffolds into chromosomes based on alignment with Msi
chromosomes. Genome annotation was performed using the
AUGUSTUS software (Stanke et al., 2004). The final annota-
tion covers approximately 81 thousand genes for the Msac_v2
assembly and approximately 68 thousand for the Msac v3
assembly. The proportion of mobile elements for the obtained
assembly was 38.81 % (see the Table). For the Msa genome
assembly Msac v3, completeness based on BUSCO analysis
was 55.5-59.8 % (De Vega et al., 2021).

The Mlu genome
The Mlu genome was assembled using multiple sequencing
and assembly technologies, which ensured high-quality
representation at the chromosomal level (Miao et al., 2021).
The Oxford Nanopore PromethION platform was applied
for sequencing yielding long DNA reads with a total size of
307.71 Gb and N50 parameter of 32.21 kb. Additionally, three
[1lumina libraries with different insert sizes were used, provi-
ding reads totaling 205.74 Gb, of which 172.52 Gb remained
after quality filtering. Hi-C (High-throughput chromosome
conformation capture) technology was implemented to order
the assembled genomic sequence fragments into chromosomes.
The primary genome assembly was performed using
SMARTdenovo software (Liu et al., 2021) and based solely
on long Nanopore reads. The size of the primary assembly
was 2.25 Gb with an N50 parameter of 1.71 Mb. At the final
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assembly stage, reads from all libraries and Hi-C data were
incorporated, resulting in 919 scaffolds with a total size of
approximately 2.074 Gb (see the Table), of which 94.3 %
(approximately 1.96 Gb) were placed and oriented on 19 pseu-
dochromosomes ranging in size from 61.78 to 150.81 Mb.
Comparison of contig sequences with BAC (bacterial arti-
ficial chromosome) sequences obtained by Sanger sequencing
showed very high similarity at the 99 % level. Alignment of
Illumina reads to the assembled genome indicated its high
completeness and accuracy (99.8 %). The GC content of the ge-
nome was approximately 45.5 %, and mobile elements (MEs)
accounted for 64.4 % of the genome (Miao et al., 2021). The
total number of predicted genes was 68,328. BUSCO analysis
of protein-coding gene content demonstrated a completeness of
97.4 % (see the Table). The authors performed a synteny ana-
lysis of the obtained M/u assembly with the sorghum genome,
which allowed the identification of conserved genomic regions.

The Mfl genome

For the Mfl genome assembly, sequencing was performed
using Illumina, PacBio, and 10x Genomics platforms, and
a Hi-C library was used for scaffold ordering (Zhang et al.,
2021). The final assembly comprises 19 pseudochromosomes
covering approximately 2.44 Gb (91 % of the genome), with
a total genome size of 2.700 Gb and an N50 of 143 Mb (see
the Table). The quality of the final assembly was confirmed by
high coverage with short reads and high BUSCO completeness
scores for protein-coding genes (96 %).

The Mfl genome is characterized by a high proportion of mo-
bile elements (63.6 %, predominantly LTR retrotransposons).
Genome analysis identified 76,913 genes, of which 71,637
(91.1 %) were functionally annotated. Comparison of Mf with
other crops, Zea mays, Oryza sativa, Sorghum bicolor, and
S. spontaneum, revealed that a set of more than 13 thousand
gene families was common to these cereal genomes. In turn,
2,219 gene families were unique to Mfl.

The Msi genome

The Msi genome was assembled to the chromosome level
(Mitros et al., 2020). The total size of the diploid Msi genome
is approximately 2.4-2.6 Gb. The Msi genome assembly was
performed using an integrated approach involving multiple
sequencing methods. The starting material was a dihaploid
(DH1) Msi line, which is homozygous for genetic markers.
Sequencing was performed using Illumina HiSeq 2000 tech-
nology, as well as Nextera long-insert paired-end reads and
fosmid libraries on the Illumina MiSeq platform. To improve

Comparative characteristics of genome assemblies in four Miscanthus species

Species Sequencing technologies

size,
billion bp
Msa (“Msac_v3") lllumina, Nextera 2.074
Miu PromethlION, lllumina, Hi-C 2.074
Mfl PacBio, lllumina, 10x Genomics, Hi-C  2.700
Msi [llumina, Nextera 2.079

Assembly  N50,

GC- Number of BUSCO, % Proportion
billion bp content protein-coding of mobile
genes elements, %
0.0256 46.0 68578 59.8 38.81
113.5 45.5 68328 97.4 64.39
143 45.5 76913 96.0 63.6
88.5 45.8 67967 97.6 724
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the genome assembly, read libraries obtained using Hi-C tech-
nology were employed, enabling the establishment of three-
dimensional contacts between chromosome fragments within
the nucleus. Ultimately, a sequence of 2.079 Gb was obtained
for the nuclear genome, with an assembly N50 parameter of
88.5 MD (see the Table). In addition to the nuclear genome,
the assembly of chloroplast and mitochondrial genomes was
performed within this study.

For protein-coding gene prediction, bioinformatic ab initio
methods and RNA-seq transcriptome library data were used.
In this study, transcriptome data included 57 growth time
points for three Msi DH1 tissues; additionally, transcriptome
data for the M x g hybrid were used. In total, this allowed the
prediction of 67,967 protein-coding genes (94.3 % localized on
chromosomes), of which more than 50,000 were confirmed by
RNA-sequencing data. The proportion of repetitive DNA for
the obtained assembly was 72.4 % (see the Table). Assessment
of annotation completeness using the BUSCO method (Simao
et al., 2015) showed that 97.6 % of Embryophyta genes are
represented completely in the assembly (see the Table), another
1 % are fragmented, and 64.3 % of genes are duplicated, which
is consistent with the paleotetraploid nature of representatives
of the genus Miscanthus (Mitros et al., 2020).

The available genome assemblies of Miscanthus species
have enabled in-depth studies of the evolution of their genome
structures, allowing the identification of conserved and unique
fragments through comparisons of genome sequences both
with other species and among themselves.

Comparative analysis of the sequenced Msi and sorghum
genomes (Mitros et al., 2020) revealed that each sorghum chro-
mosome corresponds to a pair of Msi chromosomes, with the
exception of a single Miscanthus chromosome. Specifically,
this chromosome corresponds to the fusion of two sorghum
chromosomes. Analysis of the Msi genome revealed synteny
between Miscanthus and S. bicolor genome sequences. The
Msi DNA appears to contain DNA similar to that of the an-
cestor of modern sorghum, the amount of which was doubled
during chromosome fusion events; consequently, the genus
Miscanthus comprises paleoallopolyploids (Ma et al., 2012;
Mitros et al., 2020; Trieu et al., 2022).

Thus, during their evolution prior to diversification, but
after diverging from the closely related sugarcane clade, spe-
cies of the genus Miscanthus underwent a stage of ancestral
genome tetraploidization and subsequent chromosome fusion
(Swaminathan et al., 2012). As a result of diploidization, Mis-
canthus spp. possess two homeologous chromosomes that are
highly syntenic, potentially providing functional redundancy
between homeologous gene pairs (Trieu et al., 2022).

Studying the structure of target genes based
on whole-genome assemblies
Whole-genome assembly enables complete and highly ac-
curate identification of the set of protein-coding genes in
Miscanthus, including genes that are targets for breeding based
on the most important biotechnological traits.

In the study dedicated to the whole-genome assembly of Msi
(Mitros et al., 2020), an analysis of seasonal dynamics of gene
expression in leaves, stems, and rhizomes of plants was con-
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ducted. The authors showed that variations in gene expression
levels between different organs exceed seasonal variations.
Nevertheless, for genes within a single tissue, seasonal changes
significantly influenced expression levels. Expression data
allowed the identification of several functional gene clusters
related to important functions: nitrogen metabolism; amino
acid metabolism; hormonal regulation and signaling; genes
associated with pathogen response; and genes involved in
starch and sucrose biosynthesis. Among these gene groups, key
genes were highlighted based on expression data. A network
of seasonal nutrient uptake and utilization was reconstructed.

In the study on the Msa genome assembly (De Vega et al.,
2021), reconstructed sequences of protein-coding genes en-
abled the search for orthologs in Msi, as well as in other plant
species (foxtail millet Setaria italica, sorghum S. bicolor,
maize Z. mays, switchgrass P. virgatum).

In the study on the Mfl genome reconstruction (Zhang et
al., 2021), considerable attention was devoted to investigat-
ing the structure of cellulose biosynthesis genes — cellulose
synthases. Within this group of enzymes, based on ortholog
searches considering synteny of genomes of both Miscanthus
and rice, sorghum, and sugarcane, several functional clusters
were identified, whose origin is associated with duplication
and expansion events of this family in Miscanthus.

In the study on the Mlu genome assembly (Miao et al.,
2021), the focus of protein-coding gene research was on
functional annotation analysis and patterns of expansion and
contraction of gene families. The proportion of gene families
subject to expansion exceeded the number of families with
gene losses by nearly threefold (9,509 versus 3,228). A total
of 211 gene families demonstrated rapid expansion in Mlu;
these included pathogen resistance genes (containing the
NB-ARC domain), genes associated with xylanase inhibition
function, salt stress response genes, cytochromes P450, terpene
synthases, and several others.

A separate analysis was dedicated to genes of the C4 photo-
synthesis pathway. These were identified based on orthology
with sorghum genes, totaling 55. Most of these genes in Mlu
underwent expansion through proximal, tandem, and segmen-
tal genomic duplications. As a result, their number was almost
twice that found in sorghum.

Conclusion
The high biotechnological potential of perennial grasses of
the genus Miscanthus for human economic activities, their
broad adaptive capabilities, and their ability to maintain high
biomass productivity under unfavorable abiotic and biotic
stress conditions — all of these factors make them a valuable
target for breeding and industrial applications. The adaptive
potential of Miscanthus species (Msi, Msa, Mlu, and Mfl) is
underpinned by conserved and species-specific features of
genome organization. At the same time, the hybrid M x g,
derived from crossing Msa and Msi, is characterized by seed
sterility and extremely low genetic diversity, rendering it vul-
nerable to diseases. To overcome this limitation in Miscanthus
breeding, working with diverse hybrids can be recommended.
Modern technologies for whole-genome genotyping,
sequencing, genome assembly, and bioinformatics provide
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opportunities for in-depth investigation of genetic diversity
within the genus Miscanthus, as well as genome structure
and gene repertoire. This enables the identification of genetic
control mechanisms underlying traits that are key to the in-
dustrial potential of this crop. The complete gene set of Mis-
canthus allows reconstruction of gene networks and metabolic
pathways, and study of the impact of genetic variation on the
functioning of key molecular and physiological processes in
the plant. Such research, utilizing an expanded set of sequenced
genomes, will form the foundation for targeted Miscanthus
breeding programs.
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Development of potato (Solanum tuberosum L.) plants
with inactivated StPain-1 gene using CRISPR/Cas9

V.D. Karlov @, M.K. Volkov ((2), A.D. Antipov (), Yu.S. Monahova (), A.S. Trofimov, L.N. Konovalova (12,
A.V. Babakov, R.A. Komakhin (#), V.V. Taranov

All-Russia Research Institute of Agricultural Biotechnology, Moscow, Russia
@ v4slvk@yandex.ru

Abstract. Storage of potato tubers intended for further processing is complicated by their cold-induced sweetening (CIS).
Enzymatic hydrolysis of sucrose into glucose and fructose occurs at low temperatures. The resulting high hexose content
adversely affects the quality of processed potato products such as chips and fries and promotes the formation of acrylamide,
which is a neurotoxin and carcinogen. During CIS, sucrose hydrolysis is catalyzed by vacuolar invertase encoded by the
StPain-1 gene. Previous studies have shown that suppression of the enzyme activity confers potato resistance to CIS without
reducing the nutritional value of tubers. In this study, CRISPR/Cas9 technology was used to generate Solanum tuberosum L.
cv. Fritella plants with a knockout of StPain-1. Two binary vectors based on pKSE401 were constructed (Vector A and
Vector B), each carrying two gRNAs targeting exon 1 (sgRNA-P1.A or sgRNA-P1.B) and exon 3 (sgRNA-P3.A or sgRNA-P3.B).
Editing efficiency with each gRNA was evaluated through next-generation sequencing (NGS). Transformation with Vector A
produced 48 transformants, 22 of which carried knockouts in all StPain-1 alleles. Transformation with Vector B yielded
26 transformants, including 10 plants with complete StPain-1 knockout. Chips made from tubers of nine edited Fritella plants
demonstrated reduced vacuolar invertase activity: chips from StPain-1 knockout lines were lighter compared to the non-
edited control sample. Quantitative assessment of glucose, fructose, and sucrose levels, as well as StPain-1 mRNA expression
in tubers of four selected transformants (two per vector), confirmed enzyme inactivation. The resulting plants exhibit
increased resistance to cold-induced sweetening and can be used as a promising source of nonfunctional StPain-1 alleles for
breeding new potato varieties.
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Co3pgaHue pacteHui kaprodens (Solanum tuberosum L.)
C MHAKTVBUPOBAHHBLIM IreHOM StPain-1 ¢ noMmouibio CRISPR/Cas9

B.A. Kapaos @, M.K. Boakos (12}, A.A. Antunos (%), }0.C. Monaxosa (%), A.C. Tpopumos,
A.H. KonoBaaosga (2, A.B. Babakos, P.A. Komaxuu (), B.B. Tapanos

Bcepoccninckmin HayuHO-MCCIeA0BaTENbCKNIA MHCTUTYT CeNIbCKOX03ANCTBEHHOI 6rioTexHonorum, Mocksa, Poccus
@ vaslvk@yandex.ru

AHHOTauuA. XonopoBoe XpaHeHue Kiyb6Hel KapTodena Ana nocnegywouwern nepepaboTky OCIOXKHEHO pasBUTEM
XONOJO0BOro ocaxapusaHuA. [pu NOHVXeHHON TeMnepaType NPOUCXOAUT peaKkLmna ¢epMeHTaTUBHOIO rMAPOoIM3a caxapo3bl
Ha rnoKo3y 1 ¢pyKkTo3y. Kak cnefcrsume, BbICOKOE COAepaHMe rekcos HeraTMBHO CKa3blBaeTCA Ha KayecTBe NPOAYKTOB
nepepaboTkm KapTodena — unncos 1 Gpu, a TakKe CNOCOOCTBYET 06Pa30BaHII0 HEMPOTOKCMHA U KaHLLeporeHa akpunammaa.
Tmpponus caxapo3sbl B npoLecce X0N040BOrO OCaxapyBaHWA KaTanusmpyeTt BakyonapHasa MHBEPTasa, Kogupyemasa reHom
StPain-1. PaHee 6b110 NoKa3aHo, UTO NofaBNeHVe aKTUBHOCTM depmeHTa npuaaeT kKapTodento yCTONUYNBOCTb K XOSIOA0BOMY
OCaxapyviBaHUIO, He CHVXKaA MpW 3TOM MUTaTeNIbHbIX KayecTB KyOHel. B HacTtoAwein pabote ¢ nomoupio CRISPR/Cas9
ObINN CO3[aHbl pacTeHns KynbTypHOro Kaptodensa Solanum tuberosum L. copta ®putenna ¢ HokayTom reHa StPain-1. [ns
penaKkTMpOBaHWsA LIeNIEBOro reHa Gbinn cobpaHbl iBe reHeTUYecKkre KOHCTPYKLUM Ha ocHoBe BekTopa pKSE401 (Bektop A
n Bektop B), Kaxxpaa u3 Kotopbix Hecna Ase rugosble PHK: Ha yyacTkn B nepBom (sgRNA-P1.A n sgRNA-P1.B) n Tpetbem
(sgRNA-P3.A 1 sgRNA-P3.B) 3k3oHax. DddeKTMBHOCTb pefakTMpoBaHua Kaxpo gRNA 6bina oxapakTepusoBaHa C
NpYIMEHeHVeM BbICOKOMPOW3BOANTENIbHOTO CcekBeHUpoBaHUA. C KOHCTpyKUMen Bektop A nonyyeHo 48 TpaHchopMaHTOB,
cpenun KOTopbix 22 copeprkanu HOKayT Bcex annenen reHa StPain-1; ¢ KOHCTpyKuuen Bektop B — 26 TpaHcdopmaHTOB, 13
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Development of potato (Solanum tuberosum L.) plants
with inactivated StPain-1 gene using CRISPR/Cas9

HUX 10 6bIIM € HOoKayTOM. [yTem 0b6XapKu YMNcoB 13 KNyOGHel AeBATN OTpefaKTVPOBaHHbIX pacTeHnin Kaptodena copta
QOputenna 6610 HarNALZHO MNPOAEMOHCTPUPOBAHO CHIKEHVE aKTUBHOCTY BAaKYONAPHOWM MHBEepPTa3bl. Ymncbl 13 obpasuos
C HOKayTOM reHa StPain-1 nmenu 6onee CBETNYIO OKPACKY, YEM UMMNCbl U3 KOHTPONbHOrO obpasua 6e3 peaakTMpoBaHUs.
Mo pesynbTatam nNpoBefeHHOW PaboTbl OTOOPAHO YeTbipe pacTeHUA C HOKayToM reHa StPain-1, mo gBa AnA Kakgown
KOHCTPYKLWW, AN KOTOPbIX KONMYECTBEHHAA OLEHKa MTI0KO3bl, GPYKTO3bl U Caxapo3bl, a Takxe n3MmepeHune yposHa MPHK
NOATBEPANUNN MHaKTUBauuo depmeHTa. lMNonyyeHHble pacTeHnA 0651afatoT NOBbILEHHON YCTOMYMBOCTBIO K XONOAOBOMY
OCaxapvBaHWIO U ABNAKTCA NEPCNEKTUBHBIMY UCTOYHUKAMK HepYHKLMOHANbHBIX annenen reHa StPain-1 pna cenekuymmn

HOBbIX COPTOB KapTodens.

KnioueBble cnoBa: BakyonsipHas MHBEPTa3a; XONIOLOBOE OCaxapuBaHWe; Caxaposa; MoKo3a; GpyKTo3a; KapTtodersb;

CRISPR/Cas9; rmposasa PHK

Introduction

Potato (Solanum tuberosum L.) is one of the world’s
most important food crops. It ranks third among crops
consumed worldwide and second in Russia (Osipov,
Zeldner, 2023). In countries with temperate climate,
potatoes are harvested once a year. In order to preserve
commercial qualities, harvested tubers are stored at tem-
peratures of 4—10 °C (Wustman, Struik, 2007). At these
storage temperatures, the process called cold-induced
sweetening (CIS) occurs in the tubers. It involves exces-
sive accumulation of glucose and fructose (Zrenner et al.,
1996). Tubers having undergone CIS are unsuitable for
further processing into chips or fries, as they turn dark
and bitter (Murata, 2021).

Vacuolar invertase (B-fructofuranosidase; EC 3.2.1.26)
plays a key role in CIS (Davies et al., 1989; Richardson
et al., 1990; Blenkinsop et al., 2003). It catalyzes the
hydrolysis of sucrose into hexoses: glucose and fructose
(Zrenner et al., 1996; Zhu et al., 2024). During high-
temperature processing, the Maillard reaction occurs,
whereby the hexoses interact with the amino groups of
proteins and free amino acids to produce melanoidin pig-
ments. Another product of this reaction is acrylamide, a
neurotoxin and carcinogen that poses a hazard to human
health (Tareke et al., 2002; Siaw et al., 2018).

The glucose and fructose contents largely determine
the color, taste, and safety of roasted potato products
(Siaw et al., 2018). Use of tubers with hexose content
greater than 1 mg per 1 g of fresh weight (mg/g FTW)
is not recommended due to high accumulation of acryl-
amide in the final product (Biedermann-Brem et al.,
2003).

Several experimental approaches have been developed
to suppress the enzymatic activity of vacuolar invertase in
order to reduce hexose levels and increase the resistance
of potato tubers to CIS. These approaches include the
overexpression of genes for natural vacuolar invertase
inhibitors (Greiner et al., 1999; Mckenzie et al., 2013),
the suppression of the endogenous StPain-1 gene expres-
sion via RNA silencing (Zrenner et al., 1996; Zhang et
al., 2008; Bhaskar et al., 2010; Wu et al., 2011; Zhu et
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al.,2014; Toufiq et al., 2025), and the inactivation of the
StPain-1 gene using genome editing techniques (Clasen
etal.,2016; Yasmeen et al., 2022; Ly et al., 2023; Teper-
Bamnolker et al., 2023; Shumbe et al., 2024; Egorova et
al., 2025; Massa et al., 2025).

Genome editing appears to be the most promising
method for raising potato varieties resistant to CIS, as
it enables the creation of new, nonfunctional variants of
the StPain-1 gene. These nonfunctional StPain-1 alleles
can then be transferred to new potato varieties through
crossbreeding. Furthermore, as demonstrated in (Yas-
meen et al., 2022), it is sufficient to inactivate only part
of the alleles to effectively reduce vacuolar invertase
activity.

Previously, traditional breeding methods were used
to develop potato varieties intended for processing into
chips and fries, such as Queen Anne, Lady Claire, Barin,
Vympel, and others. Tubers of the aforementioned potato
varieties accumulate less glucose and fructose during
cold storage. However, hexose content is sufficient to
reduce the quality of the final product (Kulakova et al.,
2022; Bruno etal., 2025). The growing demand for potato
products means a need for developing new varieties that
would be more resistant to CIS.

Although several potato genotypes resistant to CIS
have been created based on the Atlantic, Desiree, and
Symphony varieties using genome editing techniques,
legislative restrictions in a number of countries prevent
the free use of such plants for industrial purposes due
to the presence of a transgene (Ly et al., 2023; Teper-
Bamnolker et al., 2023; Egorova et al., 2025; Massa et
al., 2025).

The aim of this study was to knock out the vacuolar
invertase gene in Fritella potato in order to obtain a
plant source of nonfunctional StPain-1 alleles for the
breeding of new varieties (Simakov et al., 2017). Fri-
tella variety was chosen due to high tuber suitability for
making French fries and chips. The plants developed
in this study show promise as donors for the selection
of new nontransgenic potato varieties with increased
resistance to CIS.
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Materials and methods

Plant material. Aseptic tetraploid potato plants
(S. tuberosum L.) of the Fritella cv. (provided by the
A.G. Lorch Research Institute of Potato Farming,
Moscow) were cultivated on MS medium (Murashige,
Skoog, 1962) at 20-22 °C, with the 16-hour light/8-hour
dark schedule, and a photosynthetic photon flux density
(PPFD) of 80 pmol m 2 s™!. The absence of viral contam-
ination in the aseptic plants was confirmed by real-time
PCR analysis with a commercially available kit “PHY-
TOSCREEN Potato Virus X, Y, M, L, S, A, PSTVd-RT”
in expert molecular study No. 57/2023 dated July 26,
2023 by Syntol LLC (Russia). Agrobacterium-mediated
transformation of aseptic leaf explants was performed
according to a previously published method (Vetchinkina
et al., 2016). Potato plants were grown in vessels in a
greenhouse at 20-21 °C, with the 16-hour light/8-hour
dark schedule and PPFD of 150 umol m~2 s~!. Tubers
were stored in the dark at 4 °C.

Agrobacterium strain. Agrobacterium tumefaciens
bacteria of AGLO strain were used to transform potato
explants.

gRNA selection and cloning. Genomic DNA was
extracted from Fritella potato leaves using cetyl trimet-
hylammonium bromide (CTAB). Coding sequences
of the first and third exons of the StPain-1 gene were
analyzed using CRISPOR (https://crispor.org) to choose
gRNAs (Concordet, Haeussler, 2018). Four sgRNAs
were used in the study: two gRNAs targeting exon 1
(sgRNA-P1.A and sgRNA-P1.B), and the other two
targeting exon 3 (sgRNA-P3.A and sgRNA-P3.B). The
sequence of sgRNA-P3.A was taken from (Yasmeen et
al., 2022). gRNAs were cloned in pairs into the pKSE401
binary vector for genome editing according to the rec-
ommendations (Xing et al., 2014). This resulted in the
creation of Vector A (sgRNA-PI1.A and sgRNA-P3.A)
and Vector B (sgRNA-P1.B and sgRNA-P3.B).

Genotyping of transgenic plants. Genomic DNA
was extracted from leaves of reproductive TO genera-
tion plants using CTAB. Regions of exons 1 and 3of the
StPain-1 gene were amplified using the oligonucleotides
listed in Supplementary Table S11.

For PCR, a mixture containing 1x Taq polymerase
buffer, 0.2 mM dNTP, 0.5 uM of each primer, 1.25 U of
Taq DNA polymerase (Eurogen, Moscow), and 20 ng of
genomic DNA was prepared and adjusted to a final vo-
lume of 25 pL. PCR was performed under the following
conditions: predenaturation at 94 °C for 2 min followed
by 30 cycles of 10 s at 94 °C, 15 s at 58-62 °C, 40 s at
72 °C, and then the final elongation step at 72 °C for

' Supplementary Tables S1-57 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Karlov_Engl_30_4.xlsx
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5 min. The amplicons were resolved in 1.5 % agarose
gel and purified with a ColGen kit (Syntol, Moscow).
The amplicon sequencing was performed on the Il-
lumina MiSeq platform in the Biotechnology Shared
Access Center at the All-Russia Research Institute of
Agricultural Biotechnology. Sequencing quality was
assessed with the MultiQC tool ver. 1.22.2 (Ewels et al.,
2016). Editing efficiencies for each target region in each
plant were determined as a percentage of the number of
reads containing mutations relative to the total number
ofreads, using CRISPResso2 ver. 2.3.1 software (Clem-
ent et al., 2019).

Sugar content assessment. Tuber tissue (100 mg)
was homogenized with a pestle in 500 pL of water. The
volume of the homogenate was adjusted to 1,000 pL
with ddH,0 and mixed by vortexing. After centrifuga-
tion at 13,000g for 2 min the debris was removed. To
measure the sugar content, 100 pL of the extract was
taken. The glucose, fructose, and sucrose contents were
quantified with commercially available Enzytec Liquid
D-Glucose/D-Fructose and Enzytec Liquid Sucrose/
D-Glucose kits (R-Biopharm, Germany), following the
manufacturer’s recommendations. The glucose, fructose,
and sucrose contents are given in mg/g FTW.

Starch content assessment. A piece of tuber (50 mg)
was homogenized with a pestle in 500 uL of a 4:1 mixture
of dimethyl sulfoxide (DMSO) and hydrochloric acid
(HCI). The suspension volume was adjusted to 1.25 mL
using the same mixture, mixed by vortexing, and incu-
bated at 60 °C for 30 min. The suspension was diluted
with 2.5 mL of ddH,O and titrated with 5 M NaOH
until pH 4-5. The mixture was centrifuged at 13,000g
for 2 min, and 100 pL of the supernatant was collected
for analysis. Quantitative assessment was performed us-
ing a commercially available Enzytec Liquid Starch kit
(R-Biopharm, Germany), following the manufacturer’s
recommendations. The starch content is given in mg/g
FTW).

RNA extraction. To extract RNA, 100 mg of tuber
tissue was crushed with a pestle in a mortar containing
liquid nitrogen. RNA was then extracted by the column
method using a SKYprep RNA Pure Plant Plus Kit
(SkyGen, Russia). The RNA quality was checked by
electrophoresis in 1.5 % agarose gel.

Reverse transcription. Reverse transcription was
performed using MMLYV reverse transcriptase (Evrogen,
Russia). To perform the reaction, a mixture of 1x First
strand buffer, 0.2 mM dNTP mix, 2 uM oligo(dT),,
primer, 1 mg of isolated RNA, 2 mM DTT, and 100 U
of MMLV-RT was prepared with a final volume of 20 pL.
according to the manufacturer’s recommendations. The
reaction was carried out for 60 min at 37 °C, followed
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by 10-min incubation at 70 °C. The synthesized cDNA
was then used as a template for quantitative PCR.

Quantitative PCR analysis. The reaction mixture was
prepared using 5% qPCRmix-HS SYBR (Evrogen, Rus-
sia). The oligonucleotides used are listed in Table S1. The
reaction was carried out under the following conditions:
3 min at 95 °C, followed by 50 cycles of 10 s at 95 °C,
30sat60°C, and 30 s at 72 °C. The Tubulin and EF-1a
genes were used as reference sequences (Table S1) (Nicot
etal., 2005; Zhu et al., 2014). The relative expression of
the StPain-1 gene was calculated using the 2-2ACtmethod
(Vandesompele et al., 2002).

Frying chips from tubers. Tubers harvested from the
TO vegetative generation after 2 months of storage at 4 °C
were cut into ~1-2 mm slices and fried in vegetable oil
at 170 °C for 2 min.

Statistical analysis. All experiments were performed
in triplicate. The resulting data were processed by
ANOVA. The studied samples were compared with the
control group using the Dunnett test. Mean values and
their standard deviations were calculated to construct
glucose, fructose, sucrose and starch content and relative

Development of potato (Solanum tuberosum L.) plants
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expression charts. All the calculations were performed
in GraphPad Prism 8.

Results

Choice of guide RNAs to introduce knockout mutations

into the vacuolar invertase gene StPain-1

Vacuolar invertase gene StPain-I comprises seven
exons and six introns (Abbas et al., 2022). Exons 1 and
3 were selected as targets for editing since introducing
mutations into an upstream part of a gene increases
knockout probability. Amplicons of exons 1 and 3 of
the StPain-1 gene obtained from the genomic DNA of
the Fritella cv. were sequenced so as to choose gRNAs
afterwards. Alignment of the nucleotide sequences of
the first exon amplicons to the reference sequence of the
StPain-1 gene (NCBI: HQ110080.1) revealed several
single nucleotide polymorphisms at the 32nd, 174th, and
288th positions from the start codon. Among these, the
substitution of C for T at the 32nd position (c.32T>C)
resulted in the amino acid substitution Leu>Pro in three
of the four alleles (Fig. 1a, b). The nucleotide sequences

d  HQ110080.1 ATGGCCACCCAGTACCATTCCAGTTATGACCTGGAAAACTCCGCCTCCCATTACACATTC HQ110080.1 GGACTTTAGAGACCCGACCACTGCTTGGACCGGACCCCAAAATGGGCAATGGCTTTTAAC
Pain-1_ex1_allelel ATGGCCACCCAGTACCATTCCAGTTATGACCTGGAAAACTCCGCCTCCCATTACACATTC Pain-1_ex3_allelel ~ GGACTTTAGAGACCCGACCACTGCTTGGACCGGACCCCAAAATGGGCAATGGCTTTTAAC
Pain-1_ex1_allele2  ATGGCCACCCAGTACCATTCCAGTTATGACCCGGAAAACTCCGCCTCCCATTACACATTC Pain-1_ex3_allele2  GGACTTTAGAGACCCGACCACTGCTTGGACCGGACCCCAAAATGGGCAATGGCTTTTAAC
Pain-1_ex1_allele3  ATGGCCACCCAGTACCATTCCAGTTATGACCCGGAAAACTCCGCCTCCCATTACACATTC Pain-1_ex3_allele3  GGACTTTAGAGACCCGACCACTGCTTGGACCGGACCCCAAAATGGGCAATGGCTTTTAAC
Pain-1_ex1_allele4 ATGGCCACCCAGTACCATTCCAGTTATGACCCGGAAAACTCCGCCTCCCATTACACATTC Pain-1_ex3_allele4  GGACTTTAGAGACCCGACCACTGCTTGGACCGGACCCCAAAATGGGCAATGGCTTTTAAC
HQ110080.1 GGCCACCGGAAGTCCCTTAAAATCATCTCCGGCATTTTC HQ110080.1 AATCGGGTCTAAGATTGGTAAAACGGGTATTGCACTTGTTTATGAAACTTCCAACTTCAC
Pain-1_ex1_allele1 GGCCACCGGAAGTCCCTTAAAATCATCTCCGGCATTTTC Pain-1_ex3_allelel AATCGGGTCTAAGATTGGTAAAACGGGTATTGCACTTGTTTATGAAACTTCCAACTTCAC
Pain-1_ex1_allele2 GGCCACCGGAAGTCCCTTAAAATCATCTCCGGCATTTTC Pain-1_ex3_allele2 AATCGGGTCTAAGATTGGTAAAACGGGTATTGCACTTGTTTATGAAACTTCCAACTTCAC
Pain-1_ex1_allele3 GGCCACCGGAAGTCCCTTAAAATCATCTCCGGCATTTTC Pain-1_ex3_allele3  AATCGGGTCTAAGATTGGTAAAACGGGTATTGCACTTGTTTATGAAACTTCCAACTTCAC
Pain-1_ex1_allele4 GGCCACCGGAAGTCCCTTAAAATCATCTCCGGCATTTTC Pain-1_ex3_allele4 AATCGGGTCTAAGATTGGTAAAACGGGTATTGCACTTGTTTATGAAACTTCCAACTTCAC
HQ110080.1 CTCTCCTCTTTCCTTTTGCTTTCTGTAGCCTTCTTTCCGATCCTCAACAACCAATCACCG HQ110080.1 AAGCTTTAAGCTATTGGATGAAGTGCTGCATGCGGTTCCGGGT
Pain-1_ex1_allelel ~ CTCTCCTCTTTCCTTTTGCTTTCTGTAGCCTTCTTTCCGATCCTCAACAACCAATCACCG Pain-1_ex3_allelel ~ AAGCTTTAAGCTATTGGATGAAGTGCTGCATGCGGTTCCGGG
Pain-1_ex1_allele2  CTCTCCTCTTTCCTTTTGCTTTCTGTAGCCTTCTTTCCGATCCTCAACAACCAGTCACCG Pain-1_ex3_allele2  AAGCTTTAAGCTATTGGATGAAGTGCTGCATGCGGTTCCGGG
Pain-1_ex1 allele3  CTCTCCTCTTTCCTTTTGCTTTCTGTAGCCTTCTTTCCGATCCTCAACAACCAGTCACCG Pain-1_ex3_allele3  AAGCTTTAAGCTATTGGATGAAGTGCTGCATGCGGTTCCGGG
Pain-1_ex1 allele4  CTCTCCTCTTTCCTTTTGCTTTCTGTAGCCTTCTTTCCGATCCTCAACAACCAGTCACCG Pain-1_ex3_allele4  AAGCTTTAAGCTATTGGATGAAGTGCTGCATGCGGTTCCGGG
HQ110080.1 GACTTGCAGAGTAACTCCCGTTCGCCGGCGCCGCCGTCAAGAGGTGTTTCTCAGGGAGTC — HQ110080.1 TGGACTTTTACCCGGTATCGACTGAAAAAACAAACGGGTTGGACACATCATATAACGG
Pain-1_ex1_allelel GACTTGCAGAGTAACTCCCGTTCGCCGGCGCCGCCGTCAAGAGGTGTTTCTCAGGGAGTC — Pain-1_ex3 allelel TGGACTTTTACCCGGTATCGACTGAAAAAACAAACGGGTTGGACACATCATATAACGG
Pain-1_ex1_allele2  GACTTGCAGAGTAACTCCCGTTCGCCGGCGCCGCCGTCAAGAGGTGTTTCTCAGGGAGTC — Pain-1_ex3_allele2 TGGACTTTTACCCGGTATCGACTGAAAAAACAAACGGGTTGGACACATCATATAACGG
Pain-1_ex1_allele3 GACTTGCAGAGTAACTCCCGTTCGCCGGCGCCGCCGTCAAGAGGTGTTTCTCAGGGAGTC — Pain-1_ex3_allele3 TGGACTTTTACCCGGTATCGACTGAAAAAACAAACGGGTTGGACACATCATATAACGG
Pain-1_ex1_allele4 GACTTGCAGAGTAACTCCCGTTCGCCGGCGCCGCCGTCAAGAGGTGTTTCTCAGGGAGTC — Pain-1_ex3_allele4 TGGACTTTTACCCGGTATCGACTGAAAAAACAAACGGGTTGGACACATCATATAACGG
HQ110080.1 TCCGATAAGACTTTTCGAGATGTCGTCAATGCTAGTCACGTTTCTTATGCGTGGTCCAAT — HQ110080.1 CCCGGGTGTAAAGCATGTGTTAAAAGCAAGTTTAGATGACAATAAGCAAGATCACTATGC
Pain-1_ex1_allelel TCCGATAAGACTTTTCGAGATGTCGTCAATGCTAGTCACGTTTCTTATGCGTGGTCCAAT Pain-1_ex3_allelel ~ CCCGGGTGTAAAGCATGTGTTAAAAGCAAGTTTAGATGACAATAAGCAAGATCACTATGC
Pain-1_ex1_allele2 TCCGATAAGACTTTTCGAGATGTCGTCAATGCTAGTCACGTTTCTTATGCGTGGTCCAAT Pain-1_ex3_allele2  CCCGGGTGTAAAGCATGTGTTAAAAGCAAGTTTAGATGACAATAAGCAAGATCACTATGC
Pain-1_ex1_allele3  TCCGATAAGACTTTTCGAGATGTCGTCAATGCTAGTCACGTTTCTTATGCGTGGTCCAAT — Pain-1_ex3 allele3  CCCGGGTGTAAAGCATGTGTTAAAAGCAAGTTTAGATGACAATAAGCAAGATCACTATGC
Pain-1_ex1_allele4 TCCGATAAGACTTTTCGAGATGTCGTCAATGCTAGTCACGTTTCTTACGCGTGGTCCAAT — Pain-1_ex3 allele4  CCCGGGTGTAAAGCATGTGTTAAAAGCAAGTTTAGATGACAATAAGCAAGATCACTATGC
HQ110080.1 GCTATGCTTAGCTGGCAAAGAACTGCTTACCATTTTCAACCTCAAAAAAATTGGATGAAC — HQ110080.1 TATTGGGACGTATGACTTGACAAAGAATAAATGGACACC
Pain-1_ex1_allelel ~GCTATGCTTAGCTGGCAAAGAACTGCTTACCATTTTCAACCTCAAAAAAATTGGATGAAC — Pain-1_ex3 allelel  TATTGGGACGTATGACTTGACAAAGAATAAATGGACACC
Pain-1_ex1_ allele2  GCTATGCTTAGCTGGCAAAGAACTGCTTACCATTTTCAACCTCAAAAAAATTGGATGAAC — Pain-1_ex3 allele2  TATTGGGACGTATGACTTGACAAAGAATAAATGGACACC
Pain-1_ex1 allele3  GCTATGCTTAGCTGGCAAAGAACTGCTTACCATTTTCAACCTCAAAAAAATTGGATGAAC — Pain-1_ex3 allele3  TATTGGGACGTATGACTTGACAAAGAATAAATGGACACC
Pain-1_ex1_allele4 GCTATGCTTAGCTGGCAAAGAACTGCTTACCATTTTCAACCTCAAAAAAATTGGATGAAC — Pain-1_ex3 alleled  TATTGGGACGTATGACTTGACAAAGAATAAATGGACACC

b 1 10 20

| | | | |

HQ110080.1 tr MATQYHSSYDLENSASHYTF
Pain-1_ex1 allelel tr MATQYHSSYDLENSASHYTF
Pain-1_ex1 allele2 tr MATQYHSSYDPENSASHYTF
Pain-1_ex1_allele3 tr MATQYHSSYDPENSASHYTF
Pain-1_ex1_allele4 tr MATQYHSSYDPENSASHYTF

Fig. 1. The similarity in the StPain-1 gene regions across four alleles.

a - alignment of the nucleotide sequences of exon 1 and fragment of exon 3 of four identified StPain-1 gene alleles to the reference sequence (Madeira
etal., 2024). Polymorphisms are shaded yellow. Editing sites are shaded green for Vector A and gray for Vector B; b - translation of the first 20 codons of
the reference StPain-1 sequence and the sequences of the four alleles found in the genome of the Fritella potato cultivar. Polymorphisms in the amino

acid sequences of the alleles are shaded blue.
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Fig. 2. Efficiency of introducing mutations into the vacuolar invertase gene StPain-1 of Fritella plants using different guide RNAs.

a - the exon-intron structure of the StPain-1 gene and the location of the guide RNAs for Vector A (highlighted in green) and Vector B (highlighted
in gray). Arrows indicate the directions of the guide RNAs; b - percentages of plants with indel mutations (shown in gray) and with knockout mutations

in all alleles (shown in black) of the StPain-1 gene among transformants. For Vector A, n = 48 transformants; for Vector B, n = 26 transformants.

of the exon 3 fragment in all alleles were identical to the
reference sequence (Fig. la).

Four gRNAs were selected to edit the most conserved
regions of the vacuolar invertase gene: two gRNAs
targeting exon 1 (sgRNA-P1.A and sgRNA-P1.B),
and the other two targeting exon 3 (sgRNA-P3.A and
sgRNA-P3.B) (Fig. 1a and 2a). The sequences of three
gRNAs (sgRNA-P1.A, sgRNA-P1.B, and sgRNA-
P3.B) were selected using the CRISPOR tool, and one
guide RNA (sgRNA-P3.A) was taken from an earlier
work (Yasmeen et al., 2022). Two pairs of gRNAs were
cloned into two genetic constructs, designated Vec-
tor A (sgRNA-P1.A and sgRNA-P3.A) and Vector B
(sgRNA-P1.B and sgRNA-P3.B) (Fig. 2a). The simul-
taneous use of two guide RNAs in a single genetic
construct was required to increase the probability of
gene knockout due to an additive effect in case of low
editing efficiency.

The efficiency of StPain-1 gene editing process

depends on the selection of gRNA

The Agrobacterium-mediated transformation of potato
leaf explants with Vector A and with Vector B yielded 48
and 26 regenerants, respectively. The editing efficiency
was evaluated using targeted high-throughput sequencing
on the Illumina platform. The average number of
reads was 1,447, ranging from a minimum of 128 to a
maximum of 4,251. Genotyping of the transformants
revealed that both genetic constructs introduced indel
mutations with high efficiency (Fig. 2b).

The highest mutation efficiency was achieved using
the guide RNAs sgRNA-P1.A and sgRNA-P3.B, which
created indels in 100 and 96.2 % of transformants, re-
spectively. However, knockout of all StPain-1 alleles
was achieved in 43.75 % of transformants using sgRNA-
P1.A and in 38.4 % of transformants using sgRNA-P3.B.
Despite the high efficiency of introducing indels (91.7 %
of transformants) with sgRNA-P3.A, knockout of all
StPain-1 alleles was detected in only 6.25 % of trans-
formants (3 out of 48). The sgRNA-P1.B gRNA showed
the lowest efficiency in introducing indels, which were
observed in only 26.9 % of plants (7 out of 26). Also,
no transformants with knockout of all StPain-1 alleles
were obtained using sgRNA-1.B. The percentages of
indels and knockout mutations in transformants as cal-
culated from the NGS results are shown in Tables S2
and S3.

The diversity of mutant variants
depends on the editing site
Targeted sequencing on the Illumina platform allowed
characterization of the diversity of types of indels ob-
tained with each of the four gRNAs (Fig. 3). The numbers
of mutation variants correlated with gRNA efficiency: the
most efficient guide RNAs generated a greater diversity
of indels. The vast majority of mutations were deletions
of 1-10 nucleotides.

StPain-1 gene editing with Vector A resulted in the
detection of 17 different indels in exon 1. The most
prevalent of these were deletions of 4 nucleotides (in
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Fig. 3. Diversity of indel mutations causing (black bars) and not causing (gray bars) open reading frame shifts in the StPain-1 gene in
Fritella transformants created using the Vector A construct with sgRNA-P1.A (a) and sgRNA-P3.A (b) or Vector B with sgRNA-P1.B (c)

and sgRNA-P3.B (d) guides

28 plants) and 1 nucleotide (in 24 plants). The largest
deletion included 14 nucleotides. Three indel types did
not cause open reading frame shift: deletions of 3, 6, and
9 nucleotides (Fig. 3a). Twenty-one types of indels were
found in exon 3. The most common of them were inser-
tions of 1 nucleotide with a thymine base (in 21 plants)
and deletions of 5 and 3 nucleotides (in 15 plants each).
The largest deletion in exon 3 included 28 nucleotides
(Fig. 3b).

Use of the Vector B construct in exon 1 resulted in the
detection of only 7 mutation variants: deletions of' 8, 5,
4, 3, 2, and 1 nucleotides and an insertion of 1 nucleo-
tide with a cytosine base (Fig. 3c). Exon 3 exhibited the
greatest diversity of indels (22 types). The most common
was a deletion of 1 nucleotide (12 plants). The largest
deletion included 54 nucleotides (two plants). Almost
half of the detected indel mutations were deletions of
multiples of three nucleotides (Fig. 3d). It can therefore
be concluded that a high level of gRNA efficiency is as-
sociated with the generation of a wide variety of indel
mutations. Furthermore, the diversity of these mutations
is determined by the specific editing site. The vast major-
ity of indel mutations are deletions of 1 to 10 nucleotides
(see Tables S2—-S7 for details).

Evaluation of plants with StPain-1 gene knockout

for resistance to cold-induced sweetening

For phenotypic evaluation of transformant resistance to
CIS by frying chips, tubers were taken from nine plants
obtained using Vector A (5 - 2, 11 -2, 12 -1, 13 - 2,
26-1,36-1,45-1,49-1,57-2) and from five plants
obtained using Vector B (16 - 1,20 - 1,42 -2, 50 - 2,
56 - 2). Tubers from transgenic plant 27 - 3 (Vector B)
that did not contain indels in any of the StPain-1 alleles
were used as a control (see the Table).

Chip frying showed that samples with edited vacuolar
invertase gene variants were lighter in color than the
control sample. Sample 11 - 2 (Vector A) showed a clear
discrepancy between the genotype and phenotype: the
chips were almost completely dark despite the knockout
being confirmed by NGS (see the “Discussion” section
for details).

The experiment also included several samples from
plants containing both edited and wild-type alleles
(26 - 1 — Vector A and 20 - 1, 50 - 2 — Vector B). The
color of the chips from sample 50 - 2 was noticeably
lighter than that of the control but darker than the knock-
out samples. Meanwhile, samples 26 - 1 and 20 - 1 had
enough inactivated alleles to keep the chips light in color.
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Characteristics of Fritella transformants based on the knockout mutation content
in exons 1 and 3 of the StPain-1 gene and the reaction of reducing sugars in tuber slices upon frying

Genetic consrtuct  Sample

inexon 1
27-3 0
Vector A
5-2 100
11-2 100
12-1 100
13-2 100
26-1 46
36-1 100
45-1 100
49-1 100
57-2 100
Vector
16-1 20
20-1 0
42-2 0
50-2 24
56-2 0

Reads with knockout, %

Chips

in exon 3

: 09é
2 0060
s 14/
7 00
000
4 oee
000
& 000
: BI0le
: €00
000

100

100

s 000
000
caq
000

Note. Samples taken for the assessment of starch and sugar content, as well as StPain-1 mRNA levels, are underlined.

A similar effect was previously observed by A. Yasmeen
etal. (2022), where two of the four StPain-1 alleles were
inactivated, ensuring CIS resistance in edited plants (see
the “Discussion” section for details). Tubers of four
transformants were selected for subsequent measurement
of StPain-1 mRNA levels and quantification of sugars
and starch: 36 - 1 and 45 - 1 (Vector A), 16 - 1 and 56 - 2
(Vector B).

The introduction of indel mutations into the coding
sequence of a gene leads to the synthesis of aberrant
mRNA, which is destroyed by cellular mRNA quality
control systems. When measuring StPain-1 expression
in the tubers of selected plants with a knockout of the

target gene, a significant decrease in the level of the cor-
responding mRNA was observed relative to the Tubulin
and EF-1a genes (Fig. 4a).

To confirm the inactivation of the vacuolar invertase
enzyme, the sugar and starch contents were assayed. The
glucose contents in the knockout samples ranged from
0.2t0 0.6 mg/g FTW (Fig. 4b), whereas the fructose con-
tent ranged from 0.1 to 0.2 mg/g FTW (Fig. 4c¢). These
values were significantly lower than those observed in
the control sample. Conversely, the sucrose content of
the StPain-1 knockout samples ranged from 18.1 to
24.5 mg/g FTW, which was significantly higher than in
the control sample (Fig. 4d). As expected, no differences
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Fig. 4. Assessment of carbohydrate contents and levels of StPain-1 mRNA in tubers of some Fritella potato transformants with knockout

of all alleles of the StPain-1 gene.

a - comparison of StPain-1 mRNA levels relative to the reference genes Tubulin and EF-1a in potatoes by real-time PCR. Carbohydrate contents:
b - glucose, ¢ - fructose, d - sucrose, e — starch, measured in mg per g of fresh tuber weight. The graphs show the mean values (n = 3) and their standard
errors. The significance of the difference calculated using Dunnett’s multiple comparison test is indicated with asterisks (*) P < 0.05; (**) P < 0.01;

(¥**) P < 0.001.

were observed between the samples when the starch
content in the tubers was measured (Fig. 4e).

This work resulted in the development and characte-
rization of Fritella plants with a knockout of the StPain-1
gene. Glucose and fructose levels in tubers of the ob-
tained plants were below the recommended amount of
1 mg of hexoses per 1 g FTW (Biedermann-Brem et al.,
2003). These plants are a promising source of nonfunc-
tional StPain-1 alleles for breeding new potato varieties
resistant to CIS.

Discussion
Modern approaches to targeted genome mutagenesis
have accelerated the development of new crop varieties
significantly. The key objectives in modern breeding
programs are to enhance nutritional quality and increase
resistance to abiotic and biotic stresses, ensuring more
efficient usage of natural resources and reducing eco-
nomic costs in agriculture. This study focuses on an
economically important issue in food industry: CIS of
potato tubers, which is caused by vacuolar invertase.
The CRISPR/Cas9 tool was used to inactivate the
vacuolar invertase gene StPain-1. Based on the pK SE401
vector (Xing et al., 2014), two constructs containing a
pair of guide RNAs each were created: Vector A and
Vector B. In each construct, one gRNA targeted exon 1
and the other targeted exon 3. Both genetic constructs
demonstrated high efficiency in editing the target gene.
According to NGS data, Vector A resulted in indel muta-

tions in at least one allele of the target gene in all 48 re-
generants, whereas Vector B produced indel mutations
in 25 out of 26 regenerants. Moreover, Vector A knocked
out all StPain-1 alleles in 22 out of the 48 regenerants,
whereas Vector B, in only 10 out of the 26. The high
efficiency of target gene editing was largely ensured by
one of the two cloned gRNAs: sgRNA-P1.A for Vector A
and sgRNA-P3.B for Vector B.

This work clearly demonstrates the critical impor-
tance of choosing right guide RNAs for gene editing in
crops. Targeted amplicon sequencing was carried out
to compare the efficiency with which four guide RNAs
introduced indels. The sgRNA-P1.A, sgRNA-P1.B, and
sgRNA-P3.B sequences were chosen for their predicted
high efficiency and low potential for side effects, as de-
termined by the CRISPOR and CRISPR-P algorithms
(Lei et al., 2014; Concordet, Haeussler, 2018).

The sgRNA-P3.A sequence was taken from the lite-
rature (Yasmeen et al., 2022). In practice, however,
sgRNA-P1.B exhibited the lowest editing efficiency.
It produced indel mutations in only 7 out of 26 plants
and not in all alleles. The outcome of plant genome edi-
ting depends on various factors, including the delivery
method of the editing system, the stability of the gRNA-
Cas9 complex, the spatial organization of the genome
and the accessibility of the target site to the gRNA-Cas9
complex, the functioning of genome repair systems, etc.
In (Egorova et al., 2025), three guide RNAs (gRNAI,
gRNA2, and gRNA3) were used within a single construct
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to edit the StPain-1 gene. Two of these (gRNA1 and
gRNA2) targeted sites in the first exon. Upon sequen-
cing the resulting plant sample, it was found that editing
with gRNA2 was much more effective than with gRNAT.
Conversely, despite its high predicted activity, gRNA3
exhibited the lowest efficiency among all the guide
RNAs used in the experiment. Furthermore, the editing
efficiency may depend on the cultivar. For example,
the StPain-1 gene knockout was more efficient in the
Atlantic cv. than in Spunta when the same guide RNAs
were employed (Massa et al., 2025).

The CRISPR/Cas9 system is renowned for its high
specificity. However, when editing organisms, an off-
target effect often occurs, whereby indel mutations are
introduced into non-target regions of the genome with
a partially complementary gRNA sequence. These ad-
ditional mutations can affect the phenotype of the plant.
Obviously, sets of off-target sites are different with
different guide RNAs. Therefore, plants obtained using
different guide RNAs will have different sets of off-target
mutations. In this study, the usage of two different genetic
constructs enabled us to monitor the potential impact of
off-target editing in the assessment of the phenotypes
of edited plants.

Editing the StPain- 1 gene produced a variety of mutant
alleles, the majority of which exhibited deletions of 1, 3,
or 4 nucleotides. It should be noted that some differences
in the formation of indels were observed when editing
different exons and different regions of the same exon.
Exon 1 is 361 bp in size, and exon 3 is 860 bp. The maxi-
mum deletion size in exon 1 was 14 nucleotides, whereas
in exon 3 a deletion size reached 54 nucleotides. Among
all +1 indel mutations, insertion of C was prevalent in
exon 1, whereas insertion of T was prevalent in exon 3.
Additionally, indels that did not cause an open reading
frame shift (i. e. multiples of three nucleotides) occurred
more often in exon 3.

The differences in editing various sites within the same
exon were primarily related to the efficiency of indel
mutation generation. Knockout efficiency was six times
lower with sgRNA-P3.A than with sgRNA-P3.B. Nota-
bly, the distance between the Cas9 target sites in exon 3
was only 61 bp. The difference in the knockout efficiency
was even greater for guide RNAs sgRNA-P1.A (43.8 %)
and sgRNA-P1.B (0 %), which were 137 bp apart.

To visually confirm the inactivation of vacuolar
invertase in the Fritella regenerants, an experiment
involving frying chips was conducted. Of the 14 rege-
nerants obtained with Vectors A and B, 11 demonstrated
the knockout of all gene alleles. When slices of tubers
from knockout sample 11 - 2 (Vector A) were fried, the
chips exhibited dark coloring with small light segments.
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This effect may have been due to number of causes. For
instance, dark chip color resulting from high hexose
levels may have been an individual response of the
transformant to altered sucrose metabolism as a conse-
quence of the StPain-1 gene knockout. Accumulation
of hexoses in this case was probably caused by another
sucrose-hydrolyzing enzyme, such as sucrose synthases
or homologous invertases.

Alternatively, as a result of Agrobacterium-mediated
transformation, T-DNA may have been inserted into the
plant genome, often in euchromatic regions. This ge-
nome modification could result in altered expression of
certain genes, which could subsequently cause changes
in sucrose metabolism. Another cause of the observed
effect could be the chimerism of the regenerated plant.
The presence of cells with different genotypes within a
single plant is a well-known phenomenon that occurs
during the Agrobacterium-mediated transformation of
callus. A notable example of this effect can be seen in a
plant obtained by inactivating the StLEAFY gene (Lebe-
deva et al., 2022).

Three other regenerants whose tubers were used
to make chips retained one or two wild-type alleles
(26 - 1, 20 - 1, 50 - 2). However, dark coloration was
only observed in the chips from sample 50 - 2. Indeed,
a decreased content of reducing sugars had previously
been observed when the StPain-1 gene was knocked
down (Yasmeen et al., 2022).

Several hypotheses can be proposed to explain this
phenomenon. Tetraploid potatoes are known for their
high degree of heterozygosity. Different StPain-1 al-
leles of the gene may contain nucleotide polymorphisms
that affect the enzymatic activity of vacuolar invertase
(Draffehn et al., 2010; Slugina, Kochieva, 2014). In this
regard, inactivation of the allele encoding the most ac-
tive enzyme can lead to a significant decrease in CIS and
vice versa. Also, the reaction rate can be influenced by
the amount of enzyme, which is determined by systems
that regulate cellular gene expression. Moreover, nRNA
synthesis most often occurs in an allele-specific manner
(Pham et al., 2017). Therefore, introducing mutations
into the intensely transcribed StPain-1 alleles could also
affect the glucose and fructose contents in tubers of the
transformants under study.

Conclusion

Plants with increased resistance to CIS were obtained
using the genome editing method, based on the Russian-
bred Fritella potato variety intended for industrial pro-
cessing. These plants show great promise for breeding
new potato varieties and can be used as donors of non-
functional alleles of the vacuolar invertase gene.
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Abstract. Fusarium oxysporum (Fo) is among the most dangerous soilborne pathogens, causing Fusarium wilt and root
rots in over 100 plant species worldwide. Some pathogen strains can also infect immunocompromised animals and
humans. Consequently, studying the molecular mechanisms associated with pathogen virulence and the plant immune
response at different stages of disease development is of paramount importance. The process of host recognition by
the pathogen and all stages of the infection process involve a wide repertoire of specific signaling molecules, effector
proteins, receptor complexes, as well as interconnected and overlapping signaling pathways. Plants, in turn, have
evolved a complex defense system to counter this attack: they also possess intricate molecular-level mechanisms that,
triggered by pathogen assault, transmit signals to activate a defensive response. In this review, we examine the main
currently known molecular mechanisms of Fo-host interaction within the plant-pathogen system: from plant detection
and directed hyphal growth driven by chemotropism, to complex interactions at the level of immune response and
specific fungal tactics for its suppression. The review includes sections dedicated to the dynamics of plant infection,
pathogen genome organization and its genomic diversity, plant immune response and pathogen suppression tactics,
as well as an analysis of the main known effector molecules of the pathogen and associated transcription factors.
Special emphasis is put on the special form of Fo that infects flax (Linum usitatissimum L.).
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I'pubOHBbIE TAaTOTeHbl PACTEHUIA:
pacmu@poBKa MeXaHI3MOB ()y3apMO3HOTO VBIJaHIS

M.IT. Banxun (91, A.A. Camconosa (D)1, T.A. Poxxmuna®, M.I. Camconosa (2! @

T CaHkT-MNeTepbyprckui nonutexHuyecknin yuusepcutet Netpa Benvkoro, CankT-MNeTep6ypr, Poccus
2 PepepanbHblil HayuHbIN LeHTP Ny6saHbIX KynbTyp, Topxok, Poccus

@ m.g.samsonova@gmail.com

AHHOTauusA. HecoBepLieHHble rprbbl BUAa Fusarium oxysporum (Fo) OTHOCATCA K UMCIY CaMbIX OMACHbIX MOYBEHHbBIX
naToreHoOB, Bbi3biBasA ¢y3apno3Hoe yBAfaHME 1 KOPHeBble rHK 6onee yem y 100 BUAOB pacTeHUid Mo BCeMy MUPY.
HekoTopble WTaMMbl NaToreHa CMOCOOHbI TakKXe Mopa)aTb OPraHv3Mbl XMBOTHBIX M YenoBeKa C OCiabneHHbIM
UMMYHUTETOM. B CBA3M C 3TMM 0COOYl0 BaXKHOCTb MPEACTABMAET U3y4YeHNEe MOJEKYNSAPHbIX MEXaHU3MOB,
aCCOLMUPOBaHHBIX C BUPYNIEHTHOCTbBIO NMaToreHa 1 MMMYHHbBIM OTBETOM PacTeHUs Ha Pa3HbIX CTaAnsaX Pa3BuUTKA 3a60-
nesaHus. MNpouecc o6HapyXeHNsA MOTEHLMANbHOrO X03AMHA MaTOreHoM 1 BCe CTaguy Pa3BUTUA UHPEKLUOHHOTO
npolecca BKJOYaloT B ceba WMPOKMA penepTyap creynduuecknx CUrHanbHbIX Monekys, 3GdeKTopHbIX 6enKos,
peLenTopHbIX KOMIMIEKCOB, @ TakXKe B3aMMOCBA3aHHbIX Y MEepPeKpbIBAOWUXCA CUrHanbHbIX nyTeid. PacteHus, B
CBOIO OYepefb, BblpaboTany CNOXHY CUCTEMY 3alyMTbl, YTOBbI NPOTUBOCTOATb ITON aTake: OHW Toxe obnapatoT
KOMM/IEKCHbIMY MexaHV3MaMn Ha MOMEKYysIPHOM YPOBHE, KOTopble, OyAyun 3amylieHHbIMU B pe3ynibTaTe aTaku
naTtoreHa, nepefatoT CUrHanbl ANs akTMBaLMK 3alMTHOrO OTBeTa. B JaHHOM 0630pe Mbl paccMaTpriBaemM OCHOBHbIE
13 U3BECTHbIX Ha CErOAHSALHUIA AeHb MOMEKyNApHble MeXaHU3Mbl B3aVMOAENCTBUA FO C XO3AWHOM B cCuCTeMe
«pacTeHre-naToreH»: C MOMeHTa OOHapY»KeHWs pacTeHUs U HamnpaBleHHOro pocTa rud natoreHa, 06ycnoBIeHHOro
peakumei XeMOTPONM3Ma, 1 A0 CIIOKHbIX B3aVIMOAECTBUI Ha YPOBHE MMYHHOIO OTBETA 1 CreLrdryecknx TakTuK
€ro nofasfeHns co CTOPoHbl rpuba. O630p BKItOYAET pasfesibl, MOCBALEHHbIE AMHAMUKE 3apaXeHns pacTeHuin Fo,
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[prbHbIe NaToreHbl pacTeHui:
pacwmndpoBka mexaHU3MOB y3apUO3HOro YBAJAHNA

paccMoTpeHUto 0cobeHHOCTel opraHM3aLuy reHoMa naToreHa 1 ero reHOMHOro pPa3Hoo6pasyia, UMMYHHOMY OTBETY
pacTeHUii 1 TaKTUKe ero rnofaBfieHNA MaTOreHOM, a TakXe aHan3 OCHOBHbIX U3BECTHbIX 3PPEeKTOPHbIX MONeKysn
naTtoreHa v CBA3aHHbIX C HUMU TPaHCKPUMNLMOHHbIX pakTopoB. OTAenbHOe BHUMaHMe yAeneHo cneuunanbHon popme
Fo, nopaatoLen pacteHus nbHa (Linum usitatissimum L.).

KnioueBble cnosa: Fusarium oxysporum; B3avMOAeNCTBUE pacTeHe—NaToreH; UMMyHUTET pacTeHni; SPpdeKTopbl

Introduction

Fusarium wilt is a dangerous plant disease caused by
pathogenic strains of the fungus Fusarium oxyspo-
rum (Fo) (Gordon, 2017; Zhang, Ma, 2017). It poses a
serious threat to agriculture, and Fo ranks among the top
ten most destructive fungal plant pathogens worldwide
(Kommedabhl et al., 1970; Dean et al., 2012; Rozhmina
et al., 2022). Fo infection can lead to catastrophic crop
losses, a prime example being Fusarium wilt of banana
(Widinugraheni et al., 2018; Zhang et al., 2024). In ad-
dition to Fusarium wilt, some Fo strains can also cause
root rot (Gargouri Jbir et al., 2024; Ma K. et al., 2024).

The pathogenicity of Fo is host-dependent, as strains
infecting one plant species typically do not cause disease
in others (Kistler, 1997; O’Donnell et al., 1998; Edel-
Herrmann, Lecomte, 2019). Based on this host speci-
ficity, pathogenic Fo strains have been classified into
so-called formae speciales (ff. spp.), of which over 100
have been described to date (Dean et al., 2012; Edel-
Hermann, Lecomte, 2019). Besides infecting plants,
forms capable of infecting animals and humans are also
known (Zhang et al., 2020). Fo exhibits a polymorphic
lifestyle, varying among genotypes, ranging from soil
saprophytes and endophytic strains to specialized para-
sites (Dean et al., 2012). Fo endophytes inhabit tissues
of living plants without causing any negative effects on
their function and development (de Lamo, Takken, 2020).
Another peculiarity is that sexual reproduction has never
been observed in Fo, despite the presence of conserved
mating-type genes (MAT1-1 or MAT-2) characteristic of
sexually reproducing species (Yun et al., 2000; Fayyaz et
al., 2023; Zhang et al., 2024). For instance, most patho-
genic Fo strains infecting flax studied by us contained
the MATI-2 mating-type locus idiomorph, correspond-
ing to mating type a, and only one strain contained the
MATI-1 idiomorph, corresponding to mating type alpha
(Logachev et al., 2024). Since Fo reproduces asexually,
the very fact of the conservation of these genes in the
pathogen’s genome remains a puzzle.

Host perception and virulence in Fo involve several
receptors and signaling cascades. The membrane protein
Msb2 regulates the Fmkl1 signaling pathway, which
plays a key role in Fo virulence (Pérez-Nadales, Di Pi-
etro, 2011). Members of the Velvet complex (LacA/
VeA/VelB/VelC), Ras proteins, G-protein components,
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and the cAMP pathway can also regulate Fo virulence
(Husaini et al., 2018). The four proteins of the Velvet
complex play a critical role in ensuring chromatin acces-
sibility and expression of the beauvericin biosynthesis
gene cluster — a depsipeptide mycotoxin. The VeA and
LaeA proteins were necessary for full virulence of Fo
on tomato plants (Lopez-Berges et al., 2013). The Rhol
GTPase of Fo plays an important role in maintaining
hyphal architecture and infecting plants, but not animals
(Martinez-Rocha et al., 2008). Genes for the alpha and
beta subunits of G-proteins, FGA2 and FGBI, are in-
volved in the pathogenicity of Fo f. sp. cubense. FGA2
directly regulates fungal virulence, wheras FGBI is
involved in both virulence and development through
multiple pathways, including the cAMP-PKA pathway
(Guo et al., 2016).

Dynamics of plant infection by Fo

The process of plant colonization by the pathogen begins
with the detection of the root by Fo spores or hyphae.
Host plant identification is based on chemotropism — the
directed growth of the pathogen along the concentration
gradient of chemicals secreted by the plant (Nordzieke et
al., 2019). Plant root exudates contain carbohydrates that
induce germination of chlamydospores and microconidia
of the tomato pathogens Fo f. sp. lycopersici (Fol) and
Fo f. sp. radicis-lycopersici (Forl) (Steinkeller et al.,
2005; Turra et al., 2015). Additionally, hyphal chemotro-
pism towards tomato roots is triggered by secreted plant
peroxidases (Turra et al., 2015; Nordzieke et al., 2019;
Sridhar et al., 2020).

After spore germination, both endophytic and patho-
genic Fo strains colonize the plant root system. Fungal
hyphae penetrate roots through wounds, cracks in the
epidermis, lateral root emergence points, or by direct
penetration into the root tip, depending on the Fo strain
and plant species (Zhou et al., 2020). Hyphae reach the
xylem vessels via the root cortex apoplast. Both patho-
genic and non-pathogenic strains colonize the cortex,
but although the initial colonization pattern is similar,
the extent and nature of colonization differ at later stages
(Validov et al., 2010). Typically, only pathogenic strains
can efficiently penetrate into the xylem vessels, from
which they colonize the aboveground tissues (Mes et
al., 2000; Benhamou, Garand, 2001; Van der Does et
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al., 2019). A possible explanation for this was recently
provided by Ayukawa et al. (2021). It was found that
colonization of Arabidopsis stems by the Fo f. sp.
conglutinans (Focn) strain Cong:1-1 is suppressed by
the activity of the CYP79B2/CYP79B3 genes, which
control the synthesis of tryptophan-derived secondary
metabolites. One Focn chromosome, ChrSC10/SC20,
containing the linked genes Six§ and PSE, enabled stem
colonization beyond the root xylem vessels in double
mutants of these genes.

Fo genome and genetic diversity

To date, dozens of genomes of many Fo formae specia-
les infecting economically important crops have been
sequenced: e. g., fragariae (Henry et al., 2021), cepae
(Armitage et al., 2018), vasinfectum (Seo et al., 2020),
ciceris (Fayyaz et al., 2023), pisi (Williams et al., 2016;
Jenkins et al., 2021), as well as endophytic strains
(Wang B. et al., 2020). All these genomes are compart-
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Fig. 1. Organization of the Fo f. sp. lini genome.
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mentalized and exhibit a mosaic architecture, compri-
sing, on the one hand, gene-rich, transposon-poor regions
containing highly conserved housekeeping genes, and on
the other hand, gene-poor, repeat-rich regions containing
rapidly evolving genes associated with virulence (e. g.,
effector genes) (Dong et al., 2015). Additional character-
istics of the variable part of the /o genome can include
AT-rich isochores, specific chromatin modifications, and
physical organization as accessory chromosomes, which
enhances genome compartmentalization and facilitates
its rapid evolution (Frantzeskakis et al., 2019; Torres et
al., 2020).

Most known Fo genomes have around 11 chromo-
somes belonging to the core genome. The variable part
of the genome can be entirely embedded within core
chromosomes as extended blocks, making all chromo-
somes chimeric (Fo f. sp. cubense) (Zhang et al., 2024),
or partially incorporated into chimeric chromosomes and
partially represented as separate accessory chromosomes

CAZymes

Carbohydrate-binding
Auxiliary activity
Glycoside hydrolase
Carbohydrate esterase
Glycosyl transferase
Polysaccharide lyase

The Folini reference genome was assembled from [llumina short and PacBio long DNA reads of the highly virulent strain MI39
(Samsonova et al., 2021). In the Circos diagram, the outer circle depicts the chromosome ideogram, where chromosomes are assigned
to the core (blue) or variable (red) genome compartments. The next two rings (purple and red ticks) show genes encoding effectors
(necessary for virulence) and genomic positions of MIMP transposons, respectively. The density of protein-coding genes (p.-c. genes),
single nucleotide polymorphisms, and repetitive elements along the chromosomes is represented as blue, red, and green tracks. The
color intensity gradient reflects changes in density. The darkest shade corresponds to the maximum density values. The innermost track
(grey with circular glyphs) shows the location of enzymes involved in carbohydrate synthesis and degradation (CAZymes). CAZyme
types are denoted as follows: blue - carbohydrate-binding, red - auxiliary activity, purple — glycoside hydrolases, green - carbohydrate
esterases, orange - glycosyltransferases, brown - polysaccharide lyases.
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(in Fo f. sp. lycopersici, Fo t. sp. conglutinans) (Ma L.-J.
et al., 2010; Wang Y. et al., 2024). There are genomes
lacking chimeric chromosomes, such as Fo f. sp. /ini
(Fig. 1) or the endophytic strain Fo47 (Kanapin et al.,
2020; Wang B. et al., 2020; Samsonova et al., 2021). The
number of accessory chromosomes varies depending on
the strain and forma specialis, ranging from 1 to 9. Ac-
cordingly, Fo genome sizes and the number of protein-
coding genes vary within 50-70 Mb and 14,000-21,000,
respectively (Ma L.-J. etal., 2010; Williams et al., 2016;
Armitage et al., 2018; Kanapin et al., 2020; Seo et al.,
2020; Wang B. et al., 2020; Samsonova et al., 2021;
Fayyaz et al., 2023; Wang Y. et al., 2024).

Analysis of individual formae speciales genomes re-
vealed high collinearity of core chromosomes and a lack
of collinearity between homologous accessory chromo-
somes (Fig. 2), indicating that accessory chromosomes
in individual genomes undergo multiple structural rear-
rangements (Bates et al., 2024; Logachev et al., 2024).
Individual comparisons also demonstrated a high level
of variability in the repertoire of individual genes. For
example, only 54 % of genes of the entire Folini gene
repertoire were present in the genomes of 13 isolates of
this forma specialis. Moreover, different Folini isolates
differ in their repertoire of genes encoding effectors and
other secreted proteins necessary for infection, allowing
them to effectively bypass plant defense mechanisms
(Logachev et al., 2024).

Phylogenetic analysis of Fo reveals polyphyletic sepa-
ration, where isolates infecting the same host plant can
fall into different clades. For instance, on the maximum
likelihood tree based on the EF-1 alpha gene sequence
for a group of 50 isolates, including 13 Folini genomes
and genomes of other formae speciales, isolates infect-
ing flax are found in different clades (Logachev et al.,
2024). This means they evolved independently on dif-
ferent genetic backgrounds during evolution. Since Fo
lacks sexual reproduction, the mechanism for this was
elusive for a long time, but it was recently shown that
horizontal chromosome transfer is responsible for the
emergence of new pathogenic lineages.

Horizontal transfer of accessory or lineage-specific
chromosomes has been described in several plant-
pathogenic filamentous fungi (Vlaardingerbroek et al.,
2016). The possibility of horizontal chromosome transfer
in Fo was first demonstrated for the tomato-infecting
forma specialis, Fol. As a result of co-incubation of
microconidia from two strains — the pathogenic strain
Fol007 and the endophytic strain Fo47, differing in an-
tibiotic resistance, — strains resistant to both antibiotics
were selected (Ma L.-J. et al., 2010). These strains were
pathogenic when infecting tomato, and contour-clamped
homogeneous electric field electrophoresis showed they
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Fig. 2. Comparison of the MI39 and F418 genomic assemblies.

a, Synteny map for the core genome regions of two Foliniisolates MI39 and
F418, as well as the endophytic strain Fo47. b, Circos plot (Krzywinski et al.,
2009) showing syntenic regions between the accessory chromosomes of
these same strains.

all contained, besides chromosomes from the endophy-
tic strain Fo47, one or two new chromosomes. One of
these chromosomes corresponds to accessory chromo-
some 14 of Fol. Horizontal chromosome transfer has now
also been demonstrated for another Fo forma specialis:
radicis cucumerinum (Forc), pathogenic on cucumber,
melon, and watermelon (Vlaardingerbroek et al., 2016;
van Dam et al., 2017; Li et al., 2020).

Mechanisms of plant immune response

Plant defense mechanisms include several types of im-
mune responses (Jones, Dangl, 2006; Kourelis, van der
Hoorn, 2018). The first, called PTI (Pattern-Triggered
Immunity), is activated by Pathogen-Associated Mo-
lecular Patterns (PAMPs) or Damage-Associated Mo-
lecular Patterns (DAMPs), which are typically small
molecules produced by the pathogen or resulting from
plant cell wall destruction (Balint-Kurti, 2019). PAMPs
are recognized by Pattern Recognition Receptors (PRRs)
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(Kunstler et al., 2016), which are membrane-bound pro-
teins. In response, several signaling events occur, such
as activation of the MAP kinase cascade, Ca2* influx
into the cytosol, and production of Reactive Oxygen
Species (ROS). Consequently, triggering a series of sig-
naling reactions leads to the synthesis of antimicrobial
compounds and activation of defense genes.

The second line of defense is initiated by effectors —
proteins that can modify cellular targets to suppress
PTI (Tsuda, Katagiri, 2010). Effector-Triggered Immu-
nity (ETI) is activated when a plant R-gene protein recog-
nizes an effector encoded by a pathogen avirulence (Avr)
gene (Kunstler et al., 2016). This type of interaction, the
so-called “gene-for-gene” relationship, was first disco-
vered by Flor (Flor, 1971) when studying the flax/flax
rust host-pathogen interaction. Effector interactions with
R-gene products elicit a strong defense response called
the Hypersensitive Response (HR), often culminating

Fungal pathogens of plants:
deciphering the mechanisms of Fusarium wilt

in localized cell death. PTI and ETI are mutually linked
and together potentiate the immune response (Ngou et
al., 2021; Nguyen et al., 2021).

Proven intracellular functions of fungal effectors
include manipulation of metabolic processes or tran-
scriptional regulators (Djamei et al., 2011; Plett et al.,
2014; Tanaka et al., 2014; WeBling et al., 2014). It was
recently shown that fungal effectors can also suppress
intracellular PTI signaling (Di et al., 2017; Irieda et al.,
2019; Navarrete et al., 2022), although the generality of
this mechanism for fungi remains to be proven (Tintor
et al., 2020).

Tactics of plant immune response

suppression by Fo

Recently, many new Fo effector genes have been identi-
fied, and several generalizations have been made regar-
ding their genomic location, presence of their products
in the plant, and their mechanism of action (Fig. 3). First

@ cAzymes & NBLRR O Phytoglobin O NO scavengers
m B Foeffectors o NO [ FoTFPlant @ SA
— [ EBRT ] + Six3 A MAMP 3 TF — IF:‘Iant phathways
. === [0 pathways
[GAL4-like | +SIX5 . Foa2 O JA — **Plasmodesma
2

[Phytohormones][ Phytotoxins ][ R-genes ] —

Fig. 3. Schematic representation of Fo effector interaction with key components of the plant immune system.

In the figure, red lines indicate the main pathways of pathogen action on the plant, green lines indicate pathways of the plant’s
response to pathogen invasion. Abbreviations in the legend: CAZymes - enzymes actively degrading and synthesizing carbohydrates;
Six3/Six5 — small, cysteine-rich Fo effector proteins; NB-LRR/PRR - cytoplasmic and transmembrane proteins encoded by R genes;
NO - nitric oxide; MAMP — microbe-associated molecular patterns; Foa2 - Fo effector; phytoglobins — plant proteins involved in NO
inactivation; Fo TF Plant - Fo transcription factors; TF — transcription factors; JA - jasmonic acid; NO scavengers - Fo proteins involved

in NO inactivation; SA - salicylic acid.
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and foremost, it became evident that effector genes are
located not only on accessory chromosomes (Sun et al.,
2022). Studies of Folini genomes showed that most effec-
tor genes localize to the core part of the genome and that
about 40 % of such genes are not present in the genomes
of all strains. This means different Folini isolates have
different effector repertoires (Logachev et al., 2024).

SIX proteins are the most well-studied class of ef-
fectors in Fo. These small, cysteine-rich proteins were
isolated from the xylem sap of tomato seedlings infected
with Fo f. sp. lycopersici (Rep et al., 2002). SIX genes
belong to 14 gene families and are located on variable
chromosomes. Each forma specialis has a characteristic
profile of SIX proteins and gene sequences (De Sain,
Rep, 2015). Endophytic Fo strains usually have fewer
predicted effector genes than pathogenic strains (van
Dam et al., 2017; de Lamo, Takken, 2020; Constantin
et al., 2021). Interestingly, in our studies, we were un-
able to detect SIX genes in two low-virulence Folini
strains, F365 and F482 (Logachev et al., 2024). Likely,
Folini isolates can infect plants even in the absence of
SIX genes. Nevertheless, other Folini genomes, regard-
less of their pathogenicity status, displayed identical
sets of SIX gene families, namely SIX1, SIX7, SIX10,
SIX12, and SIX13. Thus, it can be assumed that the SIX
gene repertoire is conserved in the flax-infecting forma
specialis (Logachev et al., 2024).

Loss of SIX genes reduces Fo pathogenicity. Such
results have been obtained for genes SIX1, SIX3, SIX35,
S1X6, and SIXS, primarily in the tomato-infecting Fo
f. sp. lycopersici, and for the SIX6 gene in Forc, the
cucumber-infecting forma specialis (Rep et al., 2004;
Houterman et al., 2009; Gawehns et al., 2014, 2015; Ma
et al., 2015; Ayukawa et al., 2021).

Despite their apparent importance for host plant
infection, the functions of most SIX proteins remain
unknown (Jangir et al., 2021). The only exception is
the SIX3 (AVR2) gene (Houterman et al., 2009), which
manipulates plant immunity at the PTI level (Fig. 3). As
a virulence factor, Avr2 suppresses several PTI responses,
including ROS accumulation, callose deposition, and
MAPK activation. Recent studies in Arabidopsis thaliana
established that the mechanism of Avr2 action involves
the receptor-like cytoplasmic kinase BOTRYTIS-
INDUCED KINASE1 (BIK1). Bacterial flagellin (and
its derivative, flg22 peptide) and fungal chitin are two
well-studied PAMPs recognized by Pattern Recognition
Receptors (PRRs) of 4. thaliana — FLAGELLIN SEN-
SING 2 (FLS2) and CHITIN ELICITOR RECEPTOR
KINASE 1 (CERK1)/LYSINE MOTIF RECEPTOR
KINASE 5 (LYKS), respectively. Upon binding fig22,
FLS2 forms a signaling complex with its co-receptor
BAKI1. BAKI1 is a leucine-rich repeat receptor kinase.
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Within the FLS2-BAK1 complex, BAK1 phosphorylates
BIK1, a receptor-like cytoplasmic kinase, at several
sites (Lin et al., 2014). BIK1 is then monoubiquitinated
by E3 ligases RHA3A and RHA3B, allowing it to dis-
sociate from the FLS2-BAK1 complex into the cytosol
(Blekemolen et al., 2023).

The immunoregulatory function of BIK1 depends on
both nuclear and cytosolic localization. Nuclear locali-
zation of BIK1 is necessary for activating defense gene
expression, e. g. by phosphorylating WRKY transcrip-
tion factors involved in regulating defense hormones —
salicylic and jasmonic acids. Cytoplasmic localization
of BIK1 upon dissociation from the immune receptor
complex on the plasma membrane is necessary, for
example, for triggering ROS-mediated signaling through
phosphorylation of the RBOHD complex localized on
the plasma membrane (Fu et al., 2024). Avr2 disrupts
monoubiquitination of BIK 1, and since monoubiquitina-
tion of BIK1 is necessary for its internalization, in the
presence of Avr2, BIK1 remains on the plasma membrane
and cannot perform its immunoregulatory function (Ble-
kemolen et al., 2023; Li et al., 2024).

In the tomato pathogen, the effector genes Six3 and
Six5 share a common promoter located upstream of their
coding regions. It was shown that Six3 and Six5 localize
to both the cytoplasm and nucleus of cells, but their co-
localization is detected only at plasmodesmata (Cao et
al., 2018). The interaction of Six5 with Six3 alters the
physical properties of plasmodesmata, allowing Six3 to
move into neighboring cells. In a susceptible plant, this
benefits the pathogen and promotes infection spread.

Besides receptor-like kinases, targets of Fo effec-
tors at the first level of defense can be the MAP kinase
signaling cascade and oxidative stress (Fig. 3). It was
shown (Tintor et al., 2020) that stable expression of the
effector gene Foa2 from Fo5176, infecting A. thaliana,
in cells of this plant blocks accumulation of both ROS
and phosphorylated MAP kinases in response to PAMP
stimulation.

In Fo, nitric oxide (NO) is a key signaling molecule
involved in the interaction of the fungus with the host
plant (Terron-Camero et al., 2023) (Fig. 3). Fusarium
oxysporum f. sp. cubense (Foc) race R1 of the banana-
infecting forma specialis devastated trade in Gros Michel
bananas (Musa acuminata), and now the tropical race
TR4 threatens global production of its replacement —
Cavendish bananas (Viljoen et al., 2020). Upon infection
with race TR4, plants showed unique induction of genes
localized in mitochondria involved in nitric oxide (NO)
biosynthesis and detoxification pathways (Zhang et al.,
2024). Methyl jasmonate stimulation led to a NO burst
in TR4 isolates. Knocking out two highly inducible TR4
genes involved in the NO biosynthesis pathway sig-
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nificantly reduced NO production and fungal virulence,
indicating that inducing the NO burst directly affects TR4
infectivity. It was suggested that the ability to produce
the NO burst, which simultaneously disarms host defense
and protects the fungus from toxic environmental impact,
was acquired by race TR4 through the emergence of
race-specific genes on accessory chromosomal regions
that participate in NO production and fungal virulence.

F-RALF proteins are also effectors that suppress host
immunity by alkalinizing the environment surrounding
plant roots (Fig. 3). During plant infection, Fo causes
an increase in extracellular pH, leading to activation
of the MAPK signaling cascade Fmk1, thereby promo-
ting invasive hyphal growth and virulence (Masachis
et al., 2016). Mutants of Fo f. sp. lycopersici in the
FOXG 21151 gene, encoding an F-RALF protein with
pH-raising function, showed reduced ability to colonize
the host plant and caused significantly less mortality than
the wild type or complemented strain, as well as acti-
vation of plant defense reactions (induction of defense
genes, accumulation of reactive oxygen species, and
callose deposition). In tomato plants, F-RALF action
is mediated by interaction with the receptor-like kinase
FERONIA, which also interacts with endogenous plant
RALF proteins and functions as a negative regulator of
immune response (Stegmann et al., 2017).

Some effectors are highly conserved and apparently
present in all fungi interacting with plants (Redkar et al.,
2022a). Deletion of genes for such effectors, named ERC
(Effectors Required for Colonization), in the genome of
the pathogenic tomato fungus Fo4787 reduces its viru-
lence and leads to rapid activation of immune response
genes, and in the genome of the endophytic strain Fo47
it reduces root colonization extent and ability to act as
a biocontrol agent. ERC effectors are also involved in
infection of the liverwort Marchantia polymorpha by
strain Fol4287.

Besides effectors, genes encoding secondary metabo-
lites (Ito et al., 2004; Coleman et al., 2011), lipid metabo-
lism (He, Dung, 2020) and CAZymes (Carbohydrate-
Active enZymes) (Menna et al., 2021), as well as genes
controlling fungal penetration (Liu et al., 2019) also play
arole in Fo virulence.

Transcription factors and effector activity

The transcription factor SGE1 (SIX Gene Expres-
sion 1) regulates expression of SIX genes in Fol in vivo
(Michielse et al., 2009) (Fig. 3). In other Fo formae
speciales, SGE1 is necessary for SLX gene expression, as
well as for genes, the products of which are associated
with secondary metabolism (Jonkers et al., 2012; Brown
et al., 2014; Zhao S. et al., 2020). The SGE! gene is an
ortholog of the conserved fungal transcription factor
Worl from Candida albicans and Histoplasma capsu-

Fungal pathogens of plants:
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latum, which regulates morphological transition and is
associated with virulence towards humans (Zhao S. et
al., 2020).

In addition to SGE1, located in the core genome, a
group of genes named FTF (Fusarium Transcription
Factor) (Fig. 3) is found on both core and accessory
chromosomes of Fol. In Fo f. sp. phaseoli, expression
of FTFI increases during infection of bean plants and is
necessary for fungi pathogenicity (de Vega-Bartol et al.,
2011). Knockout of FTF genes suggested they regulate
pathogenicity mainly by controlling effector expression
(Nino-Sanchez et al., 2015). Expression profile analysis
showed that transcript levels of SGE and FTF I increase
during infection processes, and constitutive expression
of FTF1, FTF2, or SGEI induces expression of a large
overlapping set of known effector genes in Fol, indica-
ting interaction between these transcription factors (van
der Does et al., 2016).

Another transcription factor in Fo, EBR1 (Enhanced
Branching 1), is involved in virulence, similar to its or-
tholog in F. graminearum (Zhao C. et al., 2011; Jonkers
et al., 2014). EBRI is located on chromosome 7 of Fo
f. sp. lycopersici and is thus part of the core genome,
while other EBR paralogs are located on accessory
chromosomes. £BRI mutants showed slower growth
in culture and reduced virulence against tomato plants
(Nifio-Sanchez et al., 2015).

Promising methods for combating

Fusarium infection

The development of Fo control strategies is complicated
by the fact that different isolates of the same forma spe-
cialis may use different mechanisms to suppress host
immunity (Logachev et al., 2024), as well as by the high
evolutionary rate of the accessory genome compartment,
allowing pathogens to easily and quickly bypass deve-
loped defense mechanisms.

Among modern methods of combating Fusarium wilt,
special attention should be paid to biological control
methods as the most environmentally friendly, as well as
to the use of disease prediction models based on analysis
of microbial community composition characteristic of
specific soils.

The soil microbiome represents one of the most
complex systems directly linked to plant development
and health (Raaijmakers, Mazzola, 2016). Bacterial
and fungal communities have the ability to influence
hormonal signaling in plants, thereby manipulating
defense mechanisms (Eichmann et al., 2021), as well as
agricultural productivity, forming key ecosystem func-
tions such as nutrient cycling and resistance to plant
pathogens (Yuan et al., 2020).

These properties of microbial communities can be used
as means to combat Fusarium wilt. For instance, Bubici
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et al. (2019) demonstrated the possibility of controlling
Fusarium wilt in field conditions with efficacy up to
79 % using Pseudomonas spp. strains and up to 70 %
using several endophytes and Trichoderma spp. strains.
Lower biocontrol efficacy (42-55 %) was observed
with arbuscular mycorrhizal fungi, Bacillus spp., and
non-pathogenic Fusarium strains (Bubici et al., 2019).

Use of the EGB strain of the myxobacterium Coral-
lococcus sp. reduced cucumber Fusarium wilt incidence
by 9.6 % in greenhouse conditions, and by 66.0 and
53.9 % in field conditions in 2015 and 2016, respectively
(Yeetal., 2020). Meanwhile, the rhizosphere microbiota
formed in a hydroponic system with multiple parallel
mineralization was able to control Fo population dynam-
ics but not eliminate the fungal pathogen. The surviving
Fo in the hydroponic system formed chlamydospores
upon contact with the rhizosphere microbiota. The au-
thors suggested that the microbiota suppresses Fo spread
by controlling pathogen morphogenesis and creating an
ecosystem allowing coexistence with Fo (Fujiwara et
al., 2013). Maximum reduction in pea root rot severity
(80 %) under greenhouse conditions was achieved by
a synergistic triple treatment consisting of arbuscular
mycorrhizal fungi, Trichoderma harzianum, and Pseu-
domonas fluorescens (El-Sharkawy et al., 2021).

Application of arbuscular mycorrhiza and 7. harzia-
num on tomato plants also revealed their effectiveness
in mitigating Fusarium wilt by 45.14 and 44.91 %,
respectively, compared to untreated infected plants
(Meddad-Hamza et al., 2023). P. fluorescens mitigates
peanut root rot symptoms even under field conditions
and significantly inhibits Fo growth (Ren et al., 2024).
Studies on the interaction of Fo f. sp. lycopersici with
tomato plants showed that fusaric acid production by
the pathogen causes systemic changes in the rhizosphere
microbiota and directly influences the recruitment of
specific disease-suppressive taxa (Jin et al., 2024).

To date, the most well-known ways to limit the risk of
flax Fusarium wilt are the creation of resistant cultivars
and suitable crop rotations. However, the emergence
of new pathogenic strains requires the development of
alternative methods to reduce disease, primarily biologi-
cal control methods. For example, Planchon et al. (2021)
discovered a Bacillus subtilis strain possessing biocontrol
activity. Using thermogravimetry, the authors showed
that this strain, acting cultivar-specifically, promoted the
strengthening of stem cell walls.

Mathematical models can be used to predict the
potential risk of Fusarium outbreak by identifying key
biological indicators and features characteristic of the mi-
crobiome of diseased soil. For instance, machine learning
can classify Fo-infected and non-infected soil samples
based on their bacterial and fungal communities (Yuan
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et al., 2020). It turned out that the healthy soil micro-
biome has a higher abundance of Streptomyces mirabilis,
Bradyrhizobiaceae, Comamonadaceae, Mortierella, and
non-pathogenic Fusarium strains. The random forest
method identified 45 bacterial and 40 fungal OTUs that
classified soil health status with over 80 % accuracy
(Yuan et al., 2020).

Conclusions

The lack of effective methods to combat Fusarium wilt
threatens the production of economically important crops
worldwide, including flax. Upon infection, Fo penetrates
plants directly through the roots via infectious hyphae
and then colonizes and spreads within the xylem vessels
(Yadeta, Thomma, 2013). Perception of a potential host
in Fo begins with directed chemotropic growth towards
the plant roots (Nordzieke et al., 2019), involving both
root exudates inducing germination of Fo chlamydo-
spores and microconidia (Steinkeller et al., 2005; Turra
et al., 2015), and secreted plant peroxidases (Turra et
al., 2015; Nordzieke et al., 2019; Sridhar et al., 2020).
Many molecular aspects of this phenomenon require
further study, for example, concerning the functions and
interactions of receptors involved in the early stages of
infection (Jiang et al., 2019).

During co-evolution with their hosts, phytopathogens
have developed molecular mechanisms allowing them
to effectively overcome plant immune responses. To
date, significant material has accumulated on signaling
cascades activated in response to Fo infection (Fig. 3).
However, our knowledge of the regulation of this patho-
gen’s interaction with the plant is limited to transcriptome
response analysis (van der Does et al., 2016), and the role
of DNA methylation and other epigenetic mechanisms
in this process remains to be investigated.

A recent meta-analysis of plant transcriptional
response to Fo infection (Cai et al., 2022) identified hub
genes encoding several CAZymes, including xyloglu-
canase and B-glucosidase. Further research is needed
for a deeper understanding of molecular mechanisms
in Fo concerning carbohydrate metabolism and the en-
zymes involved. As part of our work, it was shown that
carbohydrate-degrading proteins constitute a significant
part of the secretome of Folini isolates (Logachev et al.,
2024).

It is evident that genes encoding important virulence
factors are regulated by more than one transcription fac-
tor; for example, FTF1 and SGE1 jointly participate in
regulating SZX family genes (van der Does et al., 2016).
SIX genes are specifically expressed during infection,
but exactly how FTF1 and SGE1 promote SIX gene
expression during infection is still unknown; thus, a
detailed functional analysis of these important virulence-
associated transcription factors is necessary.
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The question of mechanisms determining host speci-
ficity of different Fo formae speciales deserves special
attention. At first glance, it might seem that since there are
many effector proteins, the control of this process should
be polygenic. However, it turned out this is not the case
(Li et al., 2020). For example, strain Forc016 Fo f. sp.
radicis-cucumerinum can cause disease in cucumber,
melon, and watermelon, while strain Fom005 Fo f. sp.
melonis (Fom) can only infect melon plants. Forc016 was
transformed with the effector gene g/4035, located on
the pathogenic chromosome of Fom005. Transformants
had greatly reduced or absent pathogenicity towards
cucumber while retaining pathogenicity towards melon
and watermelon. This suggests that the protein encoded
by g14035 is recognized by an immune receptor in cu-
cumber plants.

Another result indicating that host switching can be
determined by a single gene was obtained by transform-
ing the flax-infecting forma specialis with the FoPDA 1
gene from Fo f. sp. pisi. This gene encodes a demethyl-
ase that detoxifies the phytoalexin pisatin in pea plants
(Coleman et al., 2011).

Endophytic interactions of Fo with plants are much
more common than pathogenic ones (de Lamo, Takken,
2020; de Lamo et al., 2021; Redkar et al., 2022b), yet
such interactions are much less studied at the molecular
level, and the genetic basis underlying endophytic and
pathogenic behavior is unknown.

Currently, no biocontrol agent provides a 100 % level
of protection against the harmful effects of Fo. The same
picture was observed in breeding resistant agricultural
cultivars: 100 % resistance is usually provided by a
combination of genes. So, improvements of biological
protection tools should also move towards creating com-
munities including several bacteria/fungi, each reducing
the harmful effect of Fo. This imperative, however,
elevates the problem of developing biocontrol agents
to a new level of complexity, as it requires accounting
for and analyzing interactions within a complex multi-
component system composed of community members,
the plant, the pathogen, other rhizosphere microbes, and
the environment.

Thus, despite the significant current knowledge on
the molecular mechanisms of Fo interaction with plants,
numerous questions requiring further study remain.
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Abstract. Rice, as a key model in the study of agroecosystem genomics, is the focus of research meant to address
the challenges of producing sufficient food for the growing global population. In breeding programs developing
new varieties, improving the physicochemical properties of the grain is crucial. Based on the analysis of national and
international research, this article presents information on new molecular genetic methodologies and advances in the
development of new valuable rice genotypes using genome sequencing data. Continuous enrichment of rice germplasm
at global breeding centers is achieved through the use of highly effective approaches employing postgenomic and
cellular technologies in combination with traditional phenotyping methods. This review examines the achievements of
molecular genetic research in rice, focusing on valuable grain quality traits such as vitreousness (chalkiness) and shape
(size). GWAS analysis is widely used in marker-assisted and genomic rice breeding programs. More recently, GBS analysis
has been used to identify relationships between phenotype and genotype based on the analysis of bi-parental mapping
populations and varietal accessions. The post-genomic research period, focused on the search for candidate genes for
valuable quality traits, had started after the genomic reference sequences were obtained. As a result, hundreds of QTLs
for the chalkiness trait were discovered across 12 chromosomes, few were accurately mapped or sequenced. By 2018,
several major QTLs affecting grain size were sequenced and characterized. For example, the presence of the recessive GS3
allele and the dominant GW7™ allele increases the grain length-to-width ratio. In 2023, it was shown that overexpression
of OsFIF3 inhibits the expression of FLO2 and SUTT, thereby increasing chalkiness and reducing grain size. This breeding
breakthrough is attributed, for example, to the use of non-digital markers for length, width, thickness, and the grain
length-to-width ratio, GS3RGST and RM505, as selection markers. All research is an ongoing process aimed at achieving
the highest possible level of high-quality rice products.
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Vicrmosib30BaHVie TeHOMHBIX METOJ0B CKPMHVHIA B CO3aHNN
CCJIEKIIMMOHHOTO MaTeplaJjia pyiCca C BBICOKI/M Ka4deCTBOM 3€pPHa

H.I'. TymaHubsH ®, KM. Myxuna

(DepepanbHbIi HayuYHbIN LIEeHTP prca MrHUCTepCTBa cenbckoro xo3anctea Poccuinckon ®epepaumm, noc. benosepHoinn, KpacHogap, Poccua
tngerag@yandex.ru; agroplazma@gmail.com

AHHOTauuA. Puc Kak KnouyeBas Mofenb B M3YYeHWU TEeHOMUKM arpo3KOCUCTEM HAXOAUTCA B LEHTpe BHUMaHWA
NCCNefoBaHUA MO pelleHunio 3aay NPor3BOACTBa AOCTAaTOYHOrO KOIMYeCcTBa NPOAYKTOB A1A PacTyLlero HaceneHus
3emnn. KauecTBo 3epHa BO3fefbiBaeMblX COPTOB puUCa NIEXNUT B OCHOBE €ro KOHKYPEHTOCMOCOOHOCTU U KYSbTypbl
notpebneHnsa. Ha ocHoOBe aHanM3a OTeUECTBEHHbIX W 3apybexHbiX WCCeAOBaHWI MpeAcTaBneHbl CBEAEHUA O
MONEKYNAPHO-TeHETUYECKMX METOAAX N JOCTUMKEHMAX B CO3AAHNMN HOBbIX LIEHHbIX FEHOTUMOB pUca NP NCNONb30BaHUN
[aHHbIX CeKBEHVPOBaHWA reHoMOB. HenpepblBHOe oborallieHrie reHnIasMbl pruca B MUPOBbLIX CENIEKLMOHHbIX LieHTpax
npoucxoanT 6rarofaps BbICOKO3IPGEKTUBHBIM NOAX0AaM C MPUMEHEHMNEM NMOCTTEHOMHBIX M KNETOUYHbIX TEXHOMOMMI B
coyeTaHuU C TPAaAULMOHHbIMK MeToaamun GeHOTUNMPOBaHKA. B 0630pe paccMaTpurBatloTCs LOCTUMKEHWSA MOTEKYNSPHO-
reHeTUYeCcKnx UCCNefoBaHUI puUca, OTHOCALIMXCA K LEHHbIM Mpr3Hakam KayecTBa 3epHa — ero CTeKIOoBUAHOCTU
(MyuHucTocT) 1 dopme (pasmepam). B nporpammax Mo MapKep-OpUEHTUPOBAHHOW U FEHOMHOW Cenekuun purica
LUMPOKO mncnonb3yeTca aHann3z GWAS. B nocnegHwme rofibl reHoTUnMpoBaHne metogom GBS cTtano wrpoko npumeHaTbeA
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Using genomic screening methods
to create high-quality rice breeding material

INA BbIABNEHNA B3aVIMOCBA3N MeXAy GEeHOTUMOM U reHOTUMNOM Ha OCHOBE aHanun3a ABYPOAUTENbCKUX KapTUPYHOLWKMX
nonynauuin 1 BblIGOPOK CopToobpasLoB. [OCTFEHOMHbLIN Mepuos WCCNeAoBaHWUA, CBA3AHHbIA C MOWCKOM FeHOB-
KaHOMAATOB LIEHHbIX NMPY3HAKOB KayecTBa, Hauyanca nocsne nonyyeHna pedepeHcHbIX nocnefoBaTesibHOCTEN FeHOMOB.
B pe3ynbrate 6binn 06HapyxeHbl coTHM QTL npu3Haka My4YHUCTOCTM Mo 12 XPOMOCOMaM, HEMHOrve U3 HUX Obinn
KapTMpOBaHbl UM cekBeHUpoBaHbl. K 2018 r. ceKBEHMPOBAHO M OXapakTepM30BaHO HECKONbKO OCHOBHbIX QTL,
BAVAIOWMX Ha pa3smep 3epHa. Hannune peueccmsHoro annens GS3 v goMuHaHTHoro annena GW7™ yeenuunsaet
COOTHOLUEHME ASINHBI 3epHa K WrpuHe. B 2023 1. 6b1710 NokasaHo, uto ceepxakcnpeccus OsFIF3 MHIMbupyeT sKcnpeccuto
FLO2 n SUTT1, Tem cambiM yBeNUMBaeT MyUHUCTOCTb 3€PHa 1 CHUXKAET ero pasmepbl. CenekLMoHHbI NPOPbIB CBA3bIBAOT
C MCMONb30BaHVEM Hecrneumdnyeckrx MapkepoB NPr3HAKOB AJIVHbI, LUNPVIHbI, TONLWUHBI, OTHOLIEHWA AJIVHbI 38PHOBKM
K WnpuHe, GS3RGST n RM505 B KauecTBe MapKepoB Bblbopa. Bce nccnepgoBaHna npeactaBnaioT co60M HenpepbIBHbIN
npouecc € Uenblo BbIXOAA Ha MaKCUMManbHO BO3MOXHbI YPOBEHb peanu3aumu BbICOKMX MapaMeTpoB KavecTBa
npoayKummn 13 puca.

KntoueBble cnoBa: puc; cenekuus; reHOTUNMPOBaHNE; CEKBEHNPOBAaHME; MapKep; KayecTBO PUCa; CTEKSTIOBUAHOCTb

3epHa; dopma 3epHa

Introduction

Rice, a valuable cereal crop, has ranked first or second
among cereals in Russia in recent years and is used in
both traditional and dietary nutrition. Rice is a staple
crop for half the world population, and it is a key model
for studying the genomics of agroecosystems, making
it a focus of research aimed at solving the problem of
producing sufficient food for the growing world popula-
tion (Wing et al., 2018). To date, the origin of rice has not
been definitively established: centers of its cultivation
have been discovered in Korea, India, and China.

Global rice consumption is approximately 500 mil-
lion tons per year, ranging from 0.01-0.9 kg/person in
Lebanon and Latvia to 230-280 kg/person in Vietnam
and Myanmar, respectively. Approximately 90 % of rice
is produced in traditional rice-consuming countries — East
and Southeast Asia.

Rice consumption in Russia is approximately
670,000 tons per year. Russian rice production, being a
significant contributor to national agricultural production
(eight regions produce rice), ensures the country’s food
security in terms of rice.

The economic value of rice is determined by the
profitability of producing the raw material (rice grain)
and rice products. Among the factors determining this,
the grain physicochemical properties, including those
that contribute to its nutritional and culinary qualities
(ECQ), are crucial. Therefore, the grain quality of cul-
tivated rice varieties underlies consumer culture and its
competitiveness.

Rice quality parameters required for production and
consumption form the basis of breeding programs for
developing new varieties. Rice quality is a complex,
integrated indicator determined by numerous physical
properties of the grain (Alyoshin E.P., Alyoshin N.E.,
1997). The absolute requirements that promising rice
varieties must meet are high quality performance and
compliance with production and consumer requirements.
The concept of rice quality includes a large number

of morphological, physicochemical and biochemical
characteristics, which, as a rule, are the subject of fun-
damental, applied and interdisciplinary research (Han et
al., 2004; Koutroubas et al., 2004; Addison et al., 2015;
Odoom et al., 2021).

The set of physicochemical grain quality traits in-
cludes a wide variety of parameters assessed in scientific
breeding programs and production processes: moisture
content, grain calorific value, grain vitreousness, density,
hardness, strength, grain cracking, total grain yield,
whole kernel content, chaff, bulk density, etc. Morpho-
logical traits include size (length, width, thickness),
shape (caryopsis length-to-width ratio), weight, awns,
pubescence, caryopsis ribbing, and other attributes.

Achievements in international agricultural plant bree-
ding are largely determined by the widespread use of
modern biotechnologies in breeding programs, such as
whole-genome sequencing, sequencing of plant genome
regions within large-scale genotyping, targeted genoty-
ping, haploid technologies, and others.

Rice grain quality.

Vitreousness, grain size and kernel shape

As living standards rise, improving rice quality becomes
increasingly important. It is widely recognized that
worldwide, improvements in quality lag behind yields.
Rice quality is determined by numerous physical prope-
rties of the grain. The grain appearance and processing
parameters are a priori determined by its basic physical
properties (vitreousness/chalkiness, grain shape/size,
etc.), which are the primary determinants of rice’s mar-
ket value.

Rice vitreousness is defined as the percentage of vitre-
ous grains in the grain mass (see the Figure). Rice chalki-
ness is a highly undesirable grain quality that develops
during grain filling and is one of the key indicators of
grain appearance. [t not only affects the grain appearance
but also its physical and chemical properties, polishing
quality, and cooking quality (Peng et al., 2014). Due to

626 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 4



H.T. TymaHbAH
K.M. MyxnHa

2026
30-4

Mcnonb3oBaHmMe reHOMHbIX METO40B CKPpWHWHIa B CO34aHUN
CcenekynoHHOro Mmatepuasna puca C BbICOKMM Ka4eCTBOM 3epHa

Short-grain vitreous rice

Medium-grain rice

Types of rice by grain vitreousness and grain shape.

the disordered structure of starch granules and air spaces,
chalky grains easily break during hulling and polishing,
reducing the yield of high-quality rice products. Rice
grain chalkiness, including white heart, belly and back,
refers to the opaque part of rice endosperm caused by
loose starch granules, which may depend on both the
cultivar potential and its response to natural and anthro-
pogenic factors (Guo et al., 2011; Peng et al., 2014; Du
et al., 2023; Gong et al., 2023).

Grain size assessment involves determining the length,
width, and thickness of the grain in mm; and grain
shape, as the ratio of grain length-to-width. Grain size,
considered a morphological trait, is a key agronomic
characteristic associated with yield and quality. Small-
grain rice can have a grain length of up to 5 mm, while
long-grain rice can have a grain length of over 6.5 mm.
In Russia, rice breeding categorizes rice varieties as
short-grain (with a grain length-to-width ratio, 1/b, of
up to 2.0), medium-grain (I/b up to 3.0), and long-grain
(/b >3.0) ones.

Highly vitreous rice is valued more than rice with pre-
dominantly chalky grains. However, there are varieties
used in traditional Italian and Spanish dishes, such as
risotto and paella, that are characterized by a virtually
complete absence of vitreous grains.

Therefore, this review aims to present global achieve-
ments in genomic rice breeding in terms of rice quality,
which have made a significant contribution to the crea-
tion of new, sought-after genotypes of cultivated rice
(see the Figure).

Biotechnological methods for enriching

the germplasm of agricultural crops

Continuous enrichment of rice germplasm in the world
breeding centers is based on the use of highly effective
approaches using post-genomic and cellular technologies
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Long-grain rice

in combination with traditional phenotyping methods,
which ensures the acceleration of the breeding process,
high information content of characteristics (traits of
interest), and leads to the maximum positive result in
the modern realities of the scientific breeding process
(Addison et al., 2015; Garkusha et al., 2022).

The genomic approach is very popular abroad in practi-
cal agricultural plant breeding projects, and its high cost
does not discourage its use due to its high efficiency. The
French company Limagrain uses it to develop modern
sunflower hybrids, whereas Euralis Semences uses it to
develop breeding forms of sorghum crops (grain, sweet
sorghum, sorghum-sudangrass hybrids), and Syngenta
uses it to develop sunflower, corn, vegetables and other
crops. The routine use of genomic screening methods
and the creation of breeding material largely determines
the breeding success of these companies.

The future of crop breeding is currently linked to the
latest advances in crop genome sequencing and assembly
technologies (Dmitriev et al., 2022). The development of
molecular biology methods for restriction analysis, PCR
DNA amplification, and subsequent nucleotide sequence
determination by DNA sequencing has already led, at
the initial stages, to the use of DNA regions (nucleotide
sequences) linked to genes of interest (which determine
certain quality traits of an agricultural crop) or located
within their structure as a new group of molecular ge-
netic markers.

The use of genome sequencing technologies has led to
fundamental results: the identification of genes of interest
with the assessment of polymorphism within the species
and the development of molecular markers of economi-
cally valuable traits (including grain quality traits), on
the basis of which marker-assisted selection (MAS)
and genomic breeding programs for crops are imple-
mented.
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Genome-wide association studies (GWAS) analysis
is widely used in marker-assisted and genomic selec-
tion programs. The more recent development of GBS
(genotyping-by-sequencing) has been used to identify
relationships between phenotype and genotype based
on the analysis of bi-parental mapping populations and
cultivar samples. This method is based on developed
SNP chips (SNPs: single-nucleotide polymorphisms)
and genotyping methods using NGS sequencing (NGS:
next-generation sequencing, a short-read sequencing
technology) of selected genome fractions. The resolution
of GWAS can reach up to a single nucleotide. Candi-
date genes are identified, validated, and tagged (Baxla
et al., 2025). The large-scale use of high-throughput
sequencing (GBS) genotyping technology has been
successfully applied to agricultural plants, as confirmed
by numerous publications in the international scientific
literature.

Genomic selection (GS) used in agricultural crop
breeding offers advantages over marker-assisted selec-
tion for polygenic selection. While MAS is effective
for monogenic trait control, GS involves analyzing a
training population using phenotyping and genotyping
data, identifying correlations between phenotype and
genotype, and selecting genotypes from a set of selection
candidates. The optimal number of training populations,
markers, and their ratios are key to successful breeding.
The introduction of accelerated genomic technologies —
GS, NGS, SNP-mediated selection (using markers and
GWAS), with accompanying phenotyping and bioin-
formatics — is already widely used in modern breeding,
leading to the creation and use of new crop genotypes
in agriculture.

The development of highly efficient sequencing
technologies and the acquisition of reference sequences
of plant genomes has led to a “post-genomic” period
of research: within this period, an effective search for
candidate genes of economically valuable traits, new
markers, and the use of the obtained data in genomic
selection are being carried out.

For the first time in Russia, scientists from Skoltech,
together with colleagues from the University of Southern
California, the Vavilov Federal Research Center, the Pus-
tovoit All-Russian Research Institute of Oil Crops, and
the Agroplasma breeding and seed company, conducted
large-scale genotyping of a sunflower collection using
the Illumina platform. The authors conducted the genetic
analysis and phenotyping of 601 cultivated sunflower
lines, which enabled bioinformatics analysis to identify
genetic markers for monitoring the fatty acid composition
of'the oil (Goryunova et al., 2019). Within the framework
of the grant from the Russian Science Foundation and the

Using genomic screening methods
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Kuban Science Foundation (22-16-20015), phenotyping
of samples of segregating rice populations with differ-
ent amylose content and grain color was carried out in
order to select SNP candidate markers for rice breeding
based on amylose content, followed by sequencing of
DNA libraries on an Illumina MiSeq device (Mukhina
etal., 2024).

A development by scientists from Novosibirsk is of
great importance for the use of biotechnology in breed-
ing programs. Through the efforts of scientists from the
Institute of Cytology and Genetics of the Siberian Branch
of the Russian Academy of Sciences, the Kurchatov Ge-
nome Center of the Institute of Cytology and Genetics of
the SB RAS, the Novosibirsk State Agrarian University,
and Novosibirsk State University, the GBS-DP bioinfor-
matics pipeline was developed based on the Snakemake
process management system. The program enables fully
automated GBS data analysis, including the installation
of necessary software packages and the processing of
large datasets (over 400 samples) (Pronozin et al., 2023).

At the Federal State Autonomous Educational Institu-
tion of Higher Education “Peter the Great St. Petersburg
Polytechnic University”, St. Petersburg, an SNP panel
was developed from a set of molecular markers based on
single-nucleotide polymorphisms of the soybean genome
with the help of which genotypes are identified. It makes
it possible to assess the genomic value of soybean bree-
ding material and conduct soybean breeding for a set of
economically valuable traits: variety/line productivity,
oil and protein content in seeds (Samsonova etal., 2021).

International research on genomic approaches in
practical crop breeding projects, including rice, is of
interest due to the importance of incorporating the latest
global advances into the breeding process for developing
national varieties.

Rice is a model plant for studying and understanding
aspects of crop genomics and phenomics. The first crop
for which the first reference genome sequence was pub-
lished using NGS technologies (2002) was rice (Oryza
sativa). Subsequent application of the latest sequencing
technologies, which produce reads of 20,000 nucleo-
tide pairs, resolved the problems of polyploidy and
high repeat content. As early as 2010, information was
published on a whole-genome analysis of 1,536 SNPs
using [llumina technologies for genotyping 395 diverse
accessions of rice (O. sativa).

The analysis was developed based on a subset of SNPs
detected using Perlegen hybridization technology and
served to validate the majority of the detected SNPs in
a high-quality MBML-intersect dataset (Zhao K. et al.,
2010). The technology was used on crops such as barley
(Yao et al., 2018), wheat varieties and hybrids (Tyrka et
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al., 2021), Brassica napus L., Ralstonia solanacearum,
Papaver bracteatum (Rahmati et al., 2024), Vigna
radiata L. (Kumari et al., 2023), B. napus L. (Kim et
al., 2024), Logan (Thai fruit of the genus Dimocarpus)
(Riangwong et al., 2023), Eucommia ulmoides (grown in
China) (Liu C. et al., 2022), Cucumis sativus L. (Kishor
et al., 2021) and many others in China, South Korea,
USA, India, Iran and other countries.

Results from sequencing and resequencing crop ge-
nomes have enabled the identification of SNPs and the
development of SNP chips used for genotyping multiple
genotypes. RNA-seq and exome sequencing technologies
also enable the identification of new SNPs.

In the field of genotyping, works on high-throughput
sequencing of rice are known by scientific teams from
China (Zhu et al., 2018; Eltahawy et al., 2020; Wang Y.
et al., 2020; Yuyu et al., 2020; Pan et al., 2021; Yang W.
et al., 2021b; Li J. et al., 2022; Du et al., 2023; Gong
et al., 2023; Jin et al., 2023; Tang et al., 2023; Wang N.
et al., 2023; Wu et al., 2023; Gao J. et al., 2024; Liu J.
et al., 2024; Xu et al., 2024; Yang W. et al., 2024), In-
dia (Naidu et al., 2017; Ngangkham et al., 2018), the
USA (Zhao K. et al., 2010; Kumar et al., 2023), the
Philippines (Cuevas et al., 2016), Vietnam (Piao et al.,
2023), Indonesia (Susiyanti et al., 2020), Israel (Heifetz,
Soller, 2015); international teams from the Philippines,
China and Germany (Sreenivasulu et al., 2022), China,
the Philippines, France (Qiu et al., 2015), Uruguay,
the USA, Argentina (Quero et al., 2018), India and the
USA (Kumari et al., 2023), Egypt and China (Ali et al.,
2020), etc.

The vast amount of rice genome sequencing and
resequencing data has enabled the development of da-
tabases for a variety of purposes, including the Genome
Variation Map (Song et al., 2018), Rice VarMap (Zhao H.
et al., 2015), SNP-Seek database (Alexandrov et al.,
2015), RPAN and MBK V1 (Institute of Genetics and
Developmental Biology, CAS, 2018).

Based on the sequencing data of 3,010 rice genomes,
tools for searching and visualizing rice pan-genomes
were developed: Rice Pan-genome Browser (RPAN,
http://cgm.sjtu.edu.cn/3kricedb/) and Rice Functional
and Genomic Breeding (RFGB, http://www.rmbreeding.
cn/Index/), containing genomic sequences, gene an-
notations, expression data, and PAV (presence/absence
variations). More than 12,000 genes absent from the
rice reference genome were included (Sun et al., 2017,
Wang H. et al., 2020).

GBS technology was successfully used for genetic
determination of the “days to flowering”, “plant height”,
and “panicle productivity” traits under drought stress in
two mapping rice populations obtained from crossing

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

2026
30-4

Mcnonb3oBaHmMe reHOMHbIX METO40B CKPpWHWHIa B CO34aHUN
CcenekynoHHOro Mmatepuasna puca C BbICOKMM Ka4eCTBOM 3epHa

the Swarna*2/Dular and IR11N121%2/Aus 196 varieties
(Yadav et al., 2019). As a result of genotyping using a
custom marker panel of the segregating population of
F, rice of the Nipponbare variety with wild African rice
O. longistaminata, 8,154 informative SNP markers were
identified and quantitative loci (QTL) responsible for the
“panicle number” trait were localized on chromosomes
1, 3, 4, and 8 (Furuta et al., 2017).

Genome editing technology (first used in plants in
2013) based on the CRISPR/Cas9 system (a multiplex
genome editing system) allows for point mutations and
the insertion and deletion of genes in specific regions of
the genome. This breakthrough technology is being used
extensively in rice. It has already been applied to mul-
tiple target genes in rice, improving the grain quality of
breeding material, producing non-transgenic plants, and
rapidly introducing genetic diversity into crop breeding.

In 2017, Chinese researchers reported the creation
of a vector targeting eight rice agronomic genes using
CRISPR/Cas9. Further genetic transformation and DNA
sequencing revealed high mutation efficiency of the
eight target genes, including in subsequent generations
of various gene-editing-associated phenotypes in both
homozygous and heterozygous states. These results
demonstrate the potential of the CRISPR/Cas9 system for
rapidly introducing genetic diversity into crop breeding
(Shen et al., 2017).

Inactivation of the corresponding enzymes in this type
of transformation made it possible to increase or decrease
the amylose content, significantly reduce the content of
cadmium ions in the grain; it also led to an increase in
the content of stable oleic acid in the grain and imparting
aroma (Lu, Zhu, 2017; Sun etal., 2017; Huaetal., 2019;
Khlestkina et al., 2019).

Vitreousness/chalkiness traits

in rice molecular breeding

Grain appearance is directly related to its properties:
grain shape, size, and vitreousness/chalkiness (Guo et al.,
2011). Over the past 20 years, international researchers
have made significant progress in identifying QTL genes
associated with key traits, including appearance, aroma,
texture, and nutritional properties. Markers derived from
these genetic discoveries have become effective breeding
tools for improving rice quality.

Chalkiness trait of rice grain, caused by loose starch
granules in the endosperm, reduces its quality and
negatively affects the production of rice products. At
numerous rice centers in China, the nature of chalky
endosperm formation and grain shape have been a key
focus of research over the past 10 years. Hundreds of
QTLs for the chalky grain trait have been identified. Due
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to the genetic complexity and instability of the rice chalky
grain trait, only a few have been accurately mapped or
sequenced to date. Chalk5, a positive regulatory factor
particularly expressed in the endosperm and located
on chromosome 5 encoding vacuolar pyrophosphatase
translocating H++, is the first major QTL sequenced
for chalky grain. It influences the grain transport
system by affecting pH, and also affects the subcellular
ultrastructure of the endosperm and the formation of
chalky spots (Li Y. et al., 2014).

In addition, several QTLs, such as gPGWC-7 (Zhou
et al., 2009), gPGWC-8 (Guo et al., 2011), and g4 CE-9
(Gao F. et al., 2016), have been fine-mapped, which is
useful for gene sequencing and functional analysis. The
QTL for the percentage of chalky grain (PCG), gPCG1,
was localized to a 139 kb region on the long arm of
chromosome 1 using segregating populations generated
from residual heterozygotes of the Xieqingzao B (XB)/
Zhonghui 9308 (9308) cross. The 9308 allele reduced
PCG but had little effect on major agronomic traits,
which can be used to improve grain appearance without
reducing yield (Zhu et al., 2018).

A large number of QTLs for chalky spots in rice grain
have been reported across all 12 chromosomes, but few
of them have been fine-mapped or sequenced. In 2021,
two QTLs for chalky spots were fine-mapped in two
single-segment substitution lines (SSSL): 11-09 with a
substituted segment from O. sativa and HP67-11 with
a substituted segment from O. glaberrima (Yang W.,
2021a).

For single nucleotide polymorphisms, 3,830 markers
were mapped to 12 linkage groups with a total length of
2,456.4 cM with an average genetic distance of 0.82 cM.
Seven grain quality parameters, including transparency
(vitreousness), chalky grains content, and relative chalky
spot area per grain, were examined in the F, popula-
tion. A total of 15 QTLs with logarithm of odds (LOD)
scores >4 were identified and mapped to chromosomes 6,
7, and 9. These loci include four QTLs for vitreousness
and four for chalky content. Of these, only one matched
previously published QTLs, while the rest were novel.
By comparing the major QTL regions in the rice genome,
several key candidate genes reported to play a crucial
role in determining grain characteristics were identified.
These results will accelerate the fine mapping of these
QTLs and pyramiding of QTLs, which will contribute to
the genetic improvement of rice quality (Jin et al., 2023).

At the Rice Research Institute, Anhui Academy of
Agricultural Sciences and the College of Agronomy,
Anhui Agricultural University (Hefei, China), a genome-
wide association analysis of the degree of endosperm
chalkiness (DEC) and percentage of grains with chalki-
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ness (PGWC) was performed by combining 1.2 million
SNPs with phenotypic data from 173 rice accessions and
identifying thirteen QTLs for DEC and nine for PGWC
(Xu et al., 2024).

Scientists from the Guangdong Provincial Laboratory
of Molecular Plant Breeding, the State Key Laboratory of
Subtropical Agricultural and Bioresource Conservation
and Utilization of South China Agricultural University,
and the Guangdong Laboratory of Modern Agriculture
(Guangzhou) used six QTLs with low chalkiness to
generate 17 pyramided lines with 2—4 QTLs. The results
showed that chalkiness decreased with an increasing
number of QTLs in the pyramided lines. It was con-
cluded that pyramiding QTLs of genotypes with low
chalkiness can be used to develop high-quality rice
varieties with high grain vitreousness (low chalkiness)
(Yang W., 2024).

The previously described QTL for the chalkiness
trait gWCR4 was confirmed in the segregating BC,F,
population and mapped to a 35.26 kb region (Shi et al.,
2022).

Grain size and shape traits

in rice molecular breeding

Grain shape is determined by three traits: grain length,
width, and thickness, and simultaneously affects rice
yield and quality. Although a large number of major
genes regulating grain shape have been sequenced in
recent years, many minor genes remain to be discovered.

Grain size is one of the key agronomic traits associated
with yield and quality. The major quantitative trait loci
GS3 and GL3.1 have been shown to play a predominant
role in negatively regulating grain size (Yuyu et al.,
2020). By 2018, more than 8,500 QTLs regulating
various agronomically important rice traits, including
grain size, had been mapped using different contrasting
segregating populations derived from different parents,
including several major QTLs affecting grain size and
yield in rice that were sequenced and characterized
(Ngangkham et al., 2018).

Association mapping based on 18,824 high-quality
markers yielded 38 QTLs for 10 traits, five of which
corresponded to known genes or precisely mapped QTLs
(Qiu et al., 2015; Quero et al., 2018).

The results obtained by 2019 laid the foundation for
studying grain length biodiversity and molecular bree-
ding of different grain types. Analysis of the secondary
F, population from a cross between the Nipponbare and
7741 rice varieties allowed the identification of 20 QTLs
for important agronomic traits. The grain length of Z741
was shown to be controlled by a major QTL (¢KL3) and a
minor QTL (¢KL7). Candidate gene sequencing revealed
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that gKL3 is a possible allele of OsPPKL1, encoding a
protein phosphatase involved in brassinosteroid signa-
ling, and gKL7 is an unspecified QTL; eight QTLs (¢KL3,
qKL7, qRLW3-1, gRLW7, gPH3-1, gKWT3, gKWT7,
and gNPB6) were confirmed using three selected single-
segment substitution (SSSL) lines S1, S2, and S3; five
QTLs (gKL6, gKW3, gKW7, gKW6, and gRLW6) were
detected in S1, S2, and S3 that were not detected in the
Nipponbare/Z741 F, population. Minor QTLs are likely
influenced by environmental factors, since QTLs gNPB3,
gNPB7, and gPL3 were not validated by three SSSLs
(Wang H. et al., 2020).

A study of the genetic effects of grain shape, amylose
content, and other quality traits at the Laboratory of Crop
Genetic Improvement and Biotechnology and the Key
Laboratory of Rice Genetics and Breeding of the Guangxi
Academy of Agricultural Sciences revealed that the gs3,
GW7,TFA, gw8, and chalk5 genes improve rice appear-
ance. The presence of the gs3, GW7, and TFA alleles
increases the rice grain length-to-width ratio, whereas the
addition of the gw$ allele can further reduce grain width.

Genome-wide association studies
simultaneously determining size

and vitreousness/chalkiness in rice

Much attention is paid to genome-wide association stud-
ies of grain appearance (size, shape, chalkiness, content
of chalky grains in the total mass) (Zhao D. et al., 2022)
of the world collection of rice germplasm and historical
breeding populations.

Eight marker—trait associations were identified by
screening 124 genotypes with primers specific for grain
size traits. Specific markers for length, width, thickness,
and grain length-to-width ratio, GS3RGS1 and RMS505,
have the potential to be used as selection markers in rice
breeding (Naidu et al., 2017).

Alow correlation with chalkiness was demonstrated at
grain widths <2.0 mm, with minimal differences between
the Chalk5 and chalk5 alleles (the gene regulating chalki-
ness development in rice) (Gao J. et al., 2024). Scientists
from the Guangxi Agricultural Academy (China) and
others have shown that OsMKK3 encodes a kinase of
MAP-kinase that controls grain size and chalkiness by
influencing cell proliferation in the spikelet coat; Os-
SPL16, GS5, and GIF'] have a significant impact on the
OsMKK3-regulated grain size pathway (Pan etal., 2021).

A set of recombinant inbred lines (RILs) derived from
Gang46B (G46B) and K1075, a G46B introgression line
with lower PGWC, was developed. Based on a linkage
map containing 33 simple sequence repeat (SSR) mark-
ers, a total of 15 additive QTLs were detected, determin-
ing six quality traits, including chalkiness and grain shape
(GaoF.etal.,2016). Anew QTL, gGL11, was identified,
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potentially encoding cyclti, which plays a specific role
in regulating grain length (Li J. et al., 2022).

Researchers at Hunan Agricultural University con-
ducted DAP-seq of multiple rice accessions and showed
that overexpression of OsFIF3 inhibits the expression
of FLO2 and SUT, thereby increasing grain chalkiness
and reducing grain size (Tang et al., 2023).

In 2024, it was reported that using backcrosses be-
tween the Cypress and KY 131 populations, a genetic
linkage map was constructed with 151 polymorphic
markers, and QTL mapping analysis identified 37 QTLs
for grain shape, chalkiness, and amylose content. Among
these, three QTLs for grain shape (¢qGW3, gGL7.2, and
qLWR7.1)and four QTLs for grain chalkiness (jWBRI.2,
qBR2, gWCR3, and gWCRI11I) demonstrated repeatable
and detectable genetic effects across populations. Con-
sequently, LOC Os03g45210 may be a candidate gene
for gWCR3.

The genetic effects of three grain shape QTLs, ¢gGL7.2,
qgLWR7.2, and ¢GW3, and three chalkiness QTLs,
gBR2, gWCR3, and gWCRI11, were then confirmed in a
random population. Using the progeny analysis method,
the gWCR3 gene was precisely mapped to a 100-kb
region on chromosome 3. The results of this study pro-
vide a basis for map sequencing of these QTLs (Liu J.
etal., 2024).

Two closely linked quantitative trait loci (QTLs)
controlling chalkiness and grain shape were identified
on rice chromosome 8 using single-segment substitution
lines (SSSLs) (Yang W. et al., 2021b).

In the gWCR4 region, the LOC _Os04g50060 and
LOC Os04g50070 genes showed significant differ-
ences in endosperm expression levels between the two
NILs, while the other four genes were not expressed.
Chalkiness, grain number per plant, seed setting rate,
grain width, and thousand-grain mass were increased by
gWCR4’%8 (¢WCR4 allele in the J23B gene), contribut-
ing to higher yield per plant. The results of these studies
provide a basis for g CR4 sequencing based on map
data (Shi et al., 2022).

In 2023, the results of a study on high-resolution
quantitative trait loci mapping using sequencing to deter-
mine rice grain quality characteristics, with a particular
focus on chalkiness, were published. A genome-wide
association study of rice grain shape and chalkiness was
conducted using accessions from the Xi’an collection
(China). A panel of 137 markers revealed significant
genetic variation in six grain quality traits. Twenty-seven
QTLs were identified using GWAS. The authors believe
that the obtained results improve the understanding of
the genetic basis of the physical traits of grain mass,
shape, and chalkiness in rice and can be used to provide
recommendations for future breeding using markers with
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QTLs or gene pyramiding to stabilize and improve rice
quality (Wang N. et al., 2023).

A total of 185 recombinant inbred F, lines (RILS),
obtained in the United States by crossing Cypress (HNT-
tolerant) and LaGrue (HNT-sensitive), were screened for
grain quality traits: grain length, grain width, and relative
chalky grain content under control and stress conditions.
Actotal of 15 QTLs were identified on nine chromosomes,
which were scanned for natural genetic variation in the
Japanese Rice Diversity Panel (JDP) to identify candidate
genes for these parameters. A total of 6,160 high-impact
SNPs were detected (Kumar et al., 2023).

The mitochondria-associated protein PPR (demon-
strated in the stable mutant WBG1) regulates grain
chalkiness and size (Wu et al., 2023).

The RGAI gene, which encodes the a-subunit of the
rice G protein, plays a key role in regulating rice struc-
ture, seed size, and response to abiotic stress. Research
by Chinese scientists has shown that the RGAI gene is
involved not only in controlling rice structure and grain
size but also in regulating rice quality and seed germina-
tion (Yang X. et al., 2024).

Recently, 25 quantitative traits associated with the
grain length, width and chalkiness under heat stress,
or three sets of overlapping QTLs located on chromo-
somes 3, 5 and 11, were identified, which can be attri-
buted to the priority candidate genes for QTLs associated
with the quality of grain appearance (size and chalkiness
under heat stress). Mutants LOC Os05¢06920, LOC
Os05g06970 and LOC Os11g28104 had an increased
grain length and grain length-to-width ratio, as well as
a decreased grain width, including under heat stress.
Mutants LOC Os05g06970 and LOC Os11g28104 sig-
nificantly reduced grain vitreousness and transparency
(Chen L. et al., 2025).

In summary, previous studies have shown that numer-
ous grain quality-related genes affect both grain size
and chalkiness in rice (Yang W. et al., 2021b; Zhao D.
et al., 2022; Tang et al., 2023; Yang X. et al., 2024). For
example, OsMKK3, OsSPL16, GS5, GIFI (Pan et al.,
2021). Several genes responsible for grain shape, includ-
ing gw8, GW7, lgy3, and gs9, can reduce starch content
and significantly improve the grain appearance of rice
(Liu Q. et al., 2018; Zhao D. et al., 2018).

Conclusion

The results obtained worldwide to date from the use of
highly effective biotechnological methods deepen the un-
derstanding of the molecular mechanisms regulating the
quality of rice grain. They provide theoretical support for
molecular breeding to improve rice quality, in particular
through the development of markers of economically
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valuable traits and germplasm resources for the genetic
improvement of crop plants, including rice, for traits
associated with the most important physical properties —
vitreousness/chalkiness, shape and size of rice grain.

Hundreds of QTLs for the undesirable grain quality
trait — chalkiness — have been identified in rice produc-
tion centers worldwide. Only a few have been accurately
mapped or sequenced, including Chalk5, a positively
regulated factor expressed in the endosperm located on
chromosome 5 and the first major QTL sequenced for
chalky grain.

Additionally, the gPGWC-7, gPGWC-8, and gACE-9
QTLs were accurately mapped. Eight marker—trait as-
sociations were identified by screening genotypes with
primers specific for rice grain size traits. Specific markers
for length, width, thickness, grain length-to-width ratio,
GS3RGS1, and RM505, were identified and can be used
as markers of choice in breeding. Using DAP-seq of mul-
tiple rice accessions, it was shown that overexpression
of OsFIF3 inhibits the expression of FLO2 and SUTI,
thereby increasing grain chalkiness and reducing grain
size. Three QTLs for grain shape (¢GW3, gGL7.2, and
qLWR7.1)and four QTLs for grain chalkiness (WBRI.2,
gBR2, gWCR3, and gWCR11) were identified (Liu J. et
al., 2024). Numerous genes associated with grain quality
were shown to influence both grain size and chalkiness
in rice.

Thus, the level of understanding of the rice genome
worldwide is high, and increased attention is being paid
to the most important physical parameters of the rice
grain at global rice research centers. Research is an ongo-
ing process with a clearly defined goal of achieving the
highest possible level of the best-quality rice products.
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Abstract. Purple-colored grains of cereal crops are characterized by high antioxidant activity. Anthocyanins, polyphenolic
compounds found in the pericarp of their grains, have beneficial effects on human health. However, triticale has not yet
developed forms with anthocyanin-rich purple grain color. The aim of this work was to obtain new forms of wheat-rye
amphiploids with purple grain color using marker-assisted breeding and to compare their anthocyanin content and
productivity indicators. Molecular DNA markers were used to determine the genotype of hybrids produced by triticale
Sadko (x Triticosecale Wittmack) and a purple-colored emmer wheat line 27-3/17 (T. dicoccum (Schrank) Schuebl.). Purple-
colored F; hybrids carried two complementary dominant genes Pp3 and Pp-BT in a homozygous state responsible for
the high content of anthocyanins in the grain. In subsequent generations, the wheat-rye amphiploids had a purple
grain color. The total anthocyanin content in the whole grain flour of the hybrids ranged from 36 to 529.3 pg/g. The high
content was recorded in sample 2-1-6-6 (529.3 ug/g). Samples 2-1-1-4e, 2-1-5-10a and 2-1-6-4b were at the control level
(emmer wheat - 382.6 3 pg/g). The Fs_¢ hybrid plants had a typical hexaploid triticale phenotype. The spike length and
the number of spikelets exceeded those of emmer wheat. The number of spike grains in the hybrids was less than that in
the Sadco triticale averaging at 28.0 and 34.4 in 2024 and 2025, respectively. 1,000 grain weight of purple-grained triticale
families in 2025 was comparable to the Sadko maternal form and averaged 47.6 g. The yield per unit area of hybrid families
(470 g/m2) in 2025 was higher than that of emmer wheat (306 g/m2), but lower than that of Sadko (584 g/m?2). Thus, the
breeding material of purple-grained triticale forms was obtained, which in a number of ways is similar to the triticale Sadko
maternal form, but differs from the paternal form of the purple grain donor emmer wheat.
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Co3maHue TpUTHKasie ¢ (p1moJIeTOBO OKPacKoil 3epHa
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T DepepanbHbIN NCCNeAoBaTENbCKUIA LEHTP MHCTUTYT uuTonorum 1 reHeTmkn Cnbnpckoro otaeneHuns Poccunckoin akagemmmn Hayk, Hosocnbupck, Poccus
2 CBMPCKIIN HAayYHO-NCCNIeA0BaTENbCKMI MHCTUTYT PacTEHMEBOACTBA U cenekumin — dunman OegepanbHOro MCCNefoBaTeNibCkoro LeHTpa
WHCTUTYT untonornm n reretnkn Cnbmpckoro otaeneHus Poccuiickoin akagemmm Hayk, p. n. KpacHoobck, HoBocmbupckas obnactb, Poccus
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AHHOTaLuA. 3epHa 3M1aKoBbIX KyNbTyp C GMOETOBON OKPACKOW OTNMYAIOTCA BbICOKOWN aHTUOKCUAAHTHOWN akTUBHOCTbIO
6narofapa cofepkaHunio aHTOLMaHOB B 060/I0UKe 1 NPefCTaBnAloT NHTepecC ANA NPOU3BOACTBA NMONE3HbIX NPOAYKTOB
nutaHua. OgHaKo y TpUTUKase NoKa He BbiBeAeHbl GopMbl ¢ 6oraToi aHToLMaHaMm GroneToBo okpackon 3epHa. Llenb
HacToAwen paboTbl — NonyyeHne C UCMONb30BaHNEM MapKep-BCMOMOraTeSibHOW Cenekuum HOBbIX pOpM MLIEHNYHO-
pKaHbIX amdunIonaoB ¢ GUONETOBOM OKPACKOW 3epHa U CPaBHUTENbHAA OLEHKa VX MO COAEPKaHUK aHTOLMaHOB
1 MNokasaTtenam NpoayKTMBHOCTU. OnpepeneHvie reHotuna rnbpupos Tputukane Cagko (x Triticosecale Wittmack) c
duronetoBo3zepHolt nuHmeln nonbsl 27-3/17 (T. dicoccum (Schrank) Schuebl.) npoBoaunu ¢ NprMeHeHVeM MONEKYNAPHBIX
[HK-mapkepoB. Y Bcex rmbpugos F;, umetowx GrnoneToByto OKpacKy 3epHa, YCTaHOBNEHO Hanunyne BYX KOMMIeMeH-
TapHO AeNCTBYIOWNX JOMUHAHTHbIX reHOB, Pp3 1 Pp-B1, oTBeyvatoLmx 3a NOBbILLEHHOEe CoflepXaHne aHTOLMaHOB B 3epHe.
B nocnepytowwnx nokoneHmAX pacTeHnaA NeHNYHO-PKaHbix amprnnonaos nmenu GruoneToByto oKpacky 3epHa. ObLiee
cofep)KaHue aHTOLMaHOB B LieNIbHO3ePHOBOI MyKe rmbpuaos BapbupoBano ot 36 Ao 529.3 MKr/r. Bbicokoe conepxaHue
onpepaeneHo y obpasua 2-1-6-6 (529.3 mkr/r). Ha ypoBHe KoHTpons (nonba — 382.6 MKr/r) 6binn obpasupl 2-1-1-4e,
2-1-5-10a u 2-1-6-46. PacteHuna rubpuaos Fs_q obnagany TUNMYHbIM GEHOTUMOM FreKCanonaHbIX TpuTukane. Mo anvHe
KONOCa U KOSIMYEeCTBY KOJIOCKOB NpeBbiLlani nokasatenu nonbbl. Yncno 3epeH Konoca y rubpumaos Obifo MeHblue, 4eM y
KOHTponA TpuTnkane Caako, n goctmurno B cpegHem 28.0 n 34.4 wr. B 2024 n 2025 rr. cootBeTcTBEHHO. Macca 1000 3epeH
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buronetToBo3epHbIX cemei TpuTMKane B 2025 r. 6bina Ha ypoBHe MaTepUHCKo dopmbl CafKo 1 cocTaBma B cpefHeM 47.6 T.
CpeaHas ypoxaHOCTb C eAUHNLbI Nowaamn y rubpuaos (470 r/m?) B 2025 r. 6bina Bbilue, 4em y nonbbl (306 r/m2), HO HUXe,
uemy Cagiko (584 r/m?). Takim 06pa3om, NonyyeH ceneKkLoHHbIN MaTepran GroneToBo3epHbIx GopM TpUTMKane, No paLy
NPV3HAKOB CXOXWI C MaTepUHCKo popmoit TpuTrKane Cafko, HO OTIMYAIOLMIACA OT OTLIOBCKOM GOopMbl Nonbbl — AOHOPa

broneToBom OKpackm 3epHa.

KnioueBbie cnoBa: TPpUTNKane; d)I/IOHeTOBaFI OKpackKa 3epHa; MapKep-BCcrnomMoraTesnibHaA cenekuyna; aHTounaHbl

Introduction

The artificial allopolyploid triticale (x Triticosecale
Wittmack) was developed by combining the genomes of
wheat (Triticum sp.) and rye (Secale sp.). This species has
existed for less than 150 years. The first fertile octoploid
(2n=8x=156) plants of wheat-rye amphiploid were made
in 1888 by the German researcher W. Rimpau (Muntzing,
1974). They had three doubled common wheat genomes
(BBA"A*DD) and one doubled rye genome (RR). Due
to their cytogenetic instability, meiotic disturbances are
often observed in primary octoploid triticales resulting
in the appearance of aneuploid plants with a reduced
chromosome number in the progeny (Silkova et al.,
2021). Such plants can reach up to 70 % of the popula-
tion (Stepochkin, Vladimirov, 1978). Divergent forms
of hexaploid (6x) triticales often arise in the progenies
of aneuploid plants (Kalinka, Achrem, 2018). They are
more productive and cytogenetically stable than octo-
ploid ones, which explains the fact that triticale cultivars
worldwide are predominantly hexaploid.

Along with high yield potential and good grain quality,
triticale exhibits resistance to many diseases and adverse
environmental conditions, making this crop promising
for agricultural production. Over recent decades, global
triticale production has gradually increased, exceeding
10 million tons (https://www.fao.org/faostat/en/#data/
QCL). The largest producers are Poland, Belarus, Ger-
many, Russia, and France (Hamid et al., 2024).

Triticale is widely used for nutritional and forage pur-
poses, as well as in the production of biofuels, alcohol,
and in brewing (Cantale et al., 2016; Mirontseva et al.,
2018; Zhu, 2018; Gaviley et al., 2024; Latini et al., 2024).
Triticale grain has a higher biological value than wheat
and rye. Due to its high lysine concentration, improved
protein digestibility, and balanced mineral content, it is
used as health-promoting nutrition in the diet of people
and animals (Kamanova et al., 2023). Furthermore,
triticale is suitable for producing high-quality flour used
in bread baking and confectionery industries, including
for making dietary bread and breakfast cereals (Leonova
etal., 2022).

Despite its many advantages, triticale is still underuti-
lized and consumed in much smaller quantities than other
major cereals. This is primarily due to the wrinkled grain,
flour color, and specific taste characteristics. Breed-
ers put continuous efforts aiming to improve triticale

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

grain features and successfully create smooth-grained
varieties with flour quality not inferior to that of wheat
(Camerlengo, Kiszonas, 2023). It is worth noting that
the low genetic diversity of triticale confirmed by the
studies based on molecular data (Niedziela et al., 2016;
Losertetal., 2017) is determined by the gene pool of the
parental wheat and rye species. Therefore, it is important
to expand the gene diversity of triticale by introducing
donors of new traits.

Nowadays, consumers are increasingly striving for
healthier diets, making a demand for alternative solu-
tions, when it comes to cereal crops used in human and
animal nutrition. Cereals with blue, purple, and black
colored grains as well as increased anthocyanin content
show enhanced functional and nutritional properties and
attract the increasing attention of researchers (Sharma S.
et al., 2018; Loskutov, Khlestkina, 2021; Yudina et al.,
2021). Anthocyanins are a group of water-soluble poly-
phenolic compounds that have a positive impact on hu-
man health due to their anti-inflammatory, anti-diabetic,
anti-cancer, and antibacterial properties (Zhu, 2018;
Francavilla, Joye, 2020; Gard et al., 2022).

It is known that purple grain color is determined by
the synthesis and accumulation of anthocyanins in the
pericarp of the grain. This process is initiated as a result
of complementary interaction between two key genes,
Pp3 and Pp-1 (Khlestkina, 2013). The Pp3 gene was
transferred from 7. aethiopicum Jakubz to chromo-
some 2A of wheat, and the Pp-/ gene is localized on the
short arms of homeologous group 7 chromosomes and
controls the coloration of the coleoptile and other plant
organs (Khlestkina, 2013; Shoeva et al., 2014; Khlestkina
etal., 2015).

At present, major efforts are underway in Russia to
develop initial breeding material with colored grain in
wheat (Khlestkina et al., 2017; Vasilova et al., 2021; Ru-
bets et al., 2022; Shamanin et al., 2022; Gordeeva et al.,
2024; Chumanova et al., 2025), barley (Kukoeva et al.,
2024), and triticale (Petrash, Stepochkin, 2023). Several
purple-grained common wheat cultivars, namely Nadira,
Pamyati Konovalova, and Ef 22, have been registered
in the State Register of Breeding Achievements (https://
gossortrf.ru).

Creating triticale with increased anthocyanin content
in the grain will redefine the development potential of
this crop as a product for healthy, balanced, and func-
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tional human and animal nutrition. Currently, there are
no registered triticale cultivars with purple grain color.
Purple-grained forms and lines of wheat and emmer
wheat can act as donors of this trait. However, when
hybridizing purple-grained soft wheat (genomic formula
BBAADD) with hexaploid triticale (genomic formula
BBAARR), diploidization of a hybrid may cause the risk
of complete or partial loss of R-genome chromosomes in
the progeny, leading to the formation of a 6x forms with
an incomplete set of rye chromosomes, which is observed
in hybrids of triticale with spring common wheat over a
number of generations (Badaev et al., 1985).

Crossing purple-grained common wheat with rye can
produce haploid sterile hybrids that require colchicine
treatment for chromosome doubling to obtain purple-
grained octoploid wheat-rye amphiploids. These, in
turn, are to be crossed with hexaploid triticale forms to
subsequently select 6x amphiploids with purple grain
color in the progeny. The example of successful develop-
ment of new hexaploid-level triticale forms in crosses of
28-chromosome emmer wheat (7. dicoccum (Schrank)
Schuebl.) with hexaploid triticale (Silkova et al., 2023)
gave an impetus to developing purple-grained triticale
as a result of crosses of 6x triticale with the previously
obtained emmer wheat line 27-3/17 with a characteristi-
cally high anthocyanin content in the grain (Stepochkin
etal., 2023).

The goal of the present paper was to obtain new forms
of wheat-rye amphiploids with purple grain color using
marker-assisted breeding and to comparatively evaluate
their anthocyanin content and productivity parameters.

Materials and methods

Plant material. F, hybrids (7riticosecale x T. dicoc-
cum) were used as plant material. The hybrids created
by crossing the hexaploid triticale cultivar Sadko from
the global collection of the Vavilov Institute of Plant
Genetic Resources (VIR k-3927) and the purple-grained
emmer wheat line 27-3/17 (Stepochkin et al., 2023) were
grown using the in vitro embryo culture method (Petrash,
Stepochkin, 2023). The plant material production scheme
is shown in Figure 1.

DNA isolation and molecular analysis. Total DNA
was isolated from young leaves of individual plants
according to the method described by J. Plaschke et al.
(1995). The PCR reaction mixture contained 100 ng
of template DNA, reaction buffer (100 mM Tris-HCI,
pH 8.5 (at 25 °C), 100 mM KCl, 0.4 mM of each deoxy-
nucleoside triphosphate, 4 mM MgCl,, 0.06 units/pL Taq
DNA polymerase, 0.2 % Tween 20, stabilizers for HS-
Taq DNA polymerase) (“Biolabmix”, Russia), 0.3 uM
forward and reverse primers (“Biosset”, Russia). Plant
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TRl 15744 wheat x Gremme emmer wheat

v
v

F, x K-25516 emmer wheat

v

+ (selection based on Pp3, Pp-B1 genes)

v

Sadko triticale x emmer wheat line 27-3/17
i (

Purple triticale

selection based on Pp3, Pp-B1 genes)

Fig. 1. The purple-grain triticale production scheme.

screening was performed using the intragenic marker
Pp3-diagnostic (Shoeva et al., 2021) developed for the
Pp3 gene on chromosome 2A and the microsatellite
marker XgwmO0046 flanking the Pp-B1 gene located on
chromosome 7B. PCR procedures with the markers and
separation of PCR products in agarose gel were carried
out according to the described protocols (Shoeva et al.,
2021; Gordeeva et al., 2023).

Determination of total anthocyanin content. An-
thocyanin content was determined with modifications
according to the principles and methods specified in the
publication (Sharma A. et al., 2023). Mature grains of the
studied samples were ground using an EM-3A laboratory
mill (Russia). Anthocyanins were extracted from whole
grain flour in 1 % HCl in methanol for 12 hours at +4 °C.
After centrifugation for 25 minutes at 12,000 rpm and
+4 °C, the optical density of the extract was measured
using a SmartSpec™ Plus spectrophotometer (Bio-Rad
Laboratories, Inc., USA) at wavelengths of 530 and
700 nm. The analysis was performed in triplicate for each
sample. Anthocyanin content was calculated in terms
of the equivalent amount of the most common grain
anthocyanidin, namely cyanidin-3-glucoside, using the
formula as follows:

C = (4/e) x (V/1,000) x MW (1/Sample Wt)x 105,

where C — the total anthocyanin content, ug cyanidin-
3-glucoside/g flour; A — the calculated absorption value
(As30—A700); € — the molar extinction coefficient of cyan-
idin-3-glucoside (25.965 cm!-M1); V' —the total extract
volume, mL; MW — the molecular weight of cyanidin-
3-glucoside (449); Sample Wt — the sample weight, mg.

Field evaluation of plant productivity. Study of pro-
ductivity traits of the developed purple-grained triticale
samples and their parents was conducted in 2024 and
2025 on the experimental field of the Siberian Research
Institute of Plant Production and Breeding — Branch of
the Institute of Cytology and Genetics, Siberian Branch
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of Russian Academy of Sciences (SibRIPP&B — Branch
of IC&G SB RAS). Plants were grown on plots 100 cm
wide with 20 cm between rows.

Weather conditions during the years of field experi-
ments were characterized by excessive moisture and high
temperatures. By the beginning of September 2024, the
sum of effective temperatures was 1,590.8 °C, and in
2025, itwas 1,601 °C, compared to the long-term average
of 1,428 °C. The moisture supply level of the 2024 grow-
ing season was excessive (hydrothermal coefficient (HTC
of 1.91 in May—August), with August receiving 2.3 times
the normal precipitation, which led to the development
of fungal infections and pre-harvest sprouting. The 2025
growing season was generally characterized by sufficient
moisture supply (HTC of 1.13 in May—August), with the
precipitation being below the long-term average in June
and July and above that in August.

Statistical analysis. Statistical analysis was performed
using the Statistica 12 and Microsoft Excel 2016 soft-
ware. Values of plant trait indicators were compared
using Student’s /-test.

Results and discussion

High spike sterility and low germination were noted in
early generations of triticale and purple-grained emmer
wheat hybrids. Dwarf sterile plants with spikes resem-
bling those of emmer wheat were observed. Completely
sterile plants were no longer observed starting from F,.
All spikes of plants in the next generation were typical
for hexaploid triticale.

Analysis of plants using molecular markers was
conducted in F4 hybrids (Fig. 2). All grains in this gen-
eration had purple coloration, and the coleoptile had
purple color upon germination. According to PCR results
with the Pp3-diagnostic marker, it was established that

Pp3-diagnostic (2A)
—>

Xgwm0046 (7B)
—>
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triticale and emmer wheat produced different amplifi-
cation fragments. As a result of the PCR, all hybrids
synthesized a fragment approximately 186 bp in length,
which coincided with the fragment from emmer wheat.
Therefore, the hybrids carried the dominant Pp3 gene
on chromosome 2A.

Analysis with the microsatellite marker Xgwm0046,
closely linked to the Pp-B1 gene (responsible for colored
coleoptile) showed that the hybrids amplified a fragment
of approximately 186 bp in length similarly to the paren-
tal emmer wheat, whereas a longer fragment was synthe-
sized with triticale DNA. Based on molecular analysis,
it was established that all studied F, hybrids carried the
dominant Pp3 and Pp-B1 genes in a homozygous state.

Four best plants (2-1-1; 2-1-3, 2-1-5, and 2-1-6) were
selected from the F, generation based on spike fertility
and were subsequently studied as separate families. All
plants turned out to be purple-grained in subsequent
growing seasons, yet they were morphologically dif-
ferent. In Figure 3, images of the spike (in two projec-
tions), as well as grains of some promising F¢ hybrids
and their parents are presented. It can be seen from the
images that the obtained samples had colored grain and
an awned spike, morphologically more similar to that of
Sadko triticale. It is worth noting that the hybrids, like
the maternal cultivar Sadko, had hairy peduncles. This
trait is controlled by the dominant Hp gene located on
chromosome 5R (Korzun et al., 1996), therefore, the
selected triticale forms carried chromosome 5 of rye or
its fragment.

The Fs_ ¢ progeny was tested for productivity traits
under field conditions in 2024-2025 along with the
parental forms (see the Table). Structural analysis was
performed in 10 typical plants from each family with
Sadko triticale used as control. Field testing showed that,

Fig. 2. Gel electrophoresis images of PCR products from F, hybrids as follows: Triticosecale x T. dicoccum and their parental
forms with the Pp3-diagnostic and Xgwm0046 DNA markers.
1 - Sadko triticale; 2— emmer wheat line 27-3/17; 3-12 - F, hybrids: Sadko x 27-3/17; M - Step 100 DNA marker. Arrows indicate the DNA

fragments corresponding to the dominant allele of the Pp3 gene on chromosome 2A (about 398 bp) and the Xgwm0046 marker linked
to the dominant allele of the Pp-B1 gene on chromosome 7B (about 186 bp).
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Fig. 3. The spikes and grains of purple-grain F4 hybrids Sadko x 27- 3/17 (Triticosecale x T. dicoccum) and their parental

forms.
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Productivity indicators of F;_ hybrids of purple-grained triticale forms and their parents in 2024-2025

1,000 grain weight, Yield, g/m?

Grain weight per main

spike, g

Grains per main spike,

pcs

Spikelets per main

spike, pcs

Main spike length,

cm

Specimen

2025r. 2024r. 2025r. 2024r. 2025r. 2024r. 2025r. 2024r. 2025r. 2024r. 2025r.

2024r.

246+14 27.7*+49 38.6+6.7 0.85*+0.22 1.98+043 30.1+34 475+59 216* £ 52 493 £ 49

244 +1.1

9.71 £ 0.67

9.67 £ 0.49

2-1-1

23.0+1.9 216%+82 29.6*+46 0.62*+035 139+042 292+57 46.0£0.8 163**+30 384* +86

236+14

9.42+0.78

9.56 + 0.68

2-1-3

244** £32  404* 35

1.38*+0.25 295+34 46.6 £6.5

236+14 325%+4.0 29.5%*+3.8 0.99+0.22

232+ 1.1

9.28 +0.42

9.66 +0.76

2-1-5

9.56+0.34 242+1.1 23.8+0.9 30.2*+57 39.8%35 095+024 2.00+023 305+26 50.1£3.0 281*+ 79 486 + 94

9.29+0.46

2-1-6

476+ 1.8 275**+44  470x61

169+034 29.8+0.6

28.0*+4.7 344+56 0.85*+£0.16

9.49+0.18 23.9%0.6 23.8+0.7

9.55+0.17

Mean value

50.2+33 473 £29 584 + 40

338127

2.28+0.12

1.53+0.20

448+29 457+29

248 +0.9

10.10+£0.34 246+0.6

10.19+£0.36

Sadko triticale

235%**+36  306** £ 29

1.38**+0.05 33.7+2.6 39.5%+£2.6

1.00 £ 0.08

35.1*+£2.0

17.8**+0.9 29.9%*+23

6.79%**+£0.46 7.73**+£0.39 17.0*+0.9

Emmer wheat line

27-3/17

Note. Mean value is the mean trait value across triticale hybrid forms. Significant differences from Sadko triticale: *p<0.05; ** p<0.01.
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similarly to Sadko triticale, the hybrids were resistant
to lodging whereas emmer wheat had a weak straw and
lodged completely. Unlike emmer wheat, hybrid triticale
forms and the Sadko cultivar were also free-threshing
cereals with sturdy rachis.

In the years of study, the hybrid lines exhibited the
spike length and the number of spikelets per spike
comparable to those of the Sadko control (over 9 cm
and 23 pcs, respectively), whereas emmer wheat spike
length did not exceed 8 cm, the number of its spikelets
being 17-18 pcs. In terms of the number of grains in
the main spike, the hybrids were inferior to the control;
significantly lower values were observed for families
2-1-3 and 2-1-5in 2025 (29.6 and 29.5 pcs, compared to
45.7 pes in Sadko). Meanwhile, emmer wheat exhibited
a significantly lower number of grains than Sadko in both
years due to the smaller number of spikelets per spike.
The low number of set grains in hybrid triticale forms
is associated with partial sterility. The grain weight per
spike in hybrid families in the years of study was compa-
rable to the control level but did not exceed it, averaging
0.85 g in 2024 and 1.69 g in 2025; the exception being
sample 2-1-3 in 2024 with a significantly lower grain
weight per spike at 0.62 g.

The 1,000 grain weight acts as an indicator of grain
size; in the years of the study, the obtained purple-grained
triticale forms showed 1,000 grain weight values compa-
rable to those of the control cultivar, specifically 29.8 g in
2024 and 47.6 g in 2025 compared respectively to 33.8 g
and 50.2 g in Sadko. In terms of yield per square meter,
the hybrids were inferior to the control triticale cultivar,
especially in 2024, when they showed the average yield
of 275 g/m?, compared to 473 g/m? in Sadko. In 2025,
more favorable weather conditions prevailed during
the growing season, and the hybrid yield increased to
470 g/m?. The Sadko cultivar also showed a higher result
yielding 584 g/m?2.

Based on the evaluation of productivity traits, it can
be concluded that the developed purple-grained triticale
forms exhibited trait values similar to those of Sadko
hexaploid triticale. However, most hybrids still showed
partial spike sterility possibly related to meiotic distur-
bances. As shown by previous cytological studies in Fy
hybrids of emmer wheat with triticale, meiotic anomalies
persisted over several generations (Silkova et al., 2023).
It is also known that, when it comes to triticale hybrids,
genome stabilization and meiotic normalization can
occur even in later generations (Kalinka, Achrem, 2018).

To determine anthocyanin content in the grains, nine
plants were taken from four families in the F¢ generation
based on the set grains per spike and productivity va-
lues. All grains had anthocyanin coloration ranging from
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Fig. 4. Total anthocyanin content in terms of the equivalent amount of Cy-3-Glu in methanol extracts of whole-grain
flour from nine hybrids of purple-grain triticale and their parental forms.

1 - Fg 2-1-1-4d; 2 - Fg 2-1-1-4e; 3 - Fg 2-1-3-3a; 4 — F¢ 2-1-3-3b; 5 — Fg 2-1-3-5a; 6 — Fg 2-1-5-7; 7 - F¢ 2-1-5-10a; 8 — F¢ 2-1-6-4b;
9 - Fg 2-1-6-6; 10 - emmer wheat line 27-3/17; 11 - Sadko triticale. Letters a—f indicate statistically significant differences between the

compared groups at p < 0.05.

moderate to intense. Total anthocyanin content (TAC)
was determined in whole grain flour obtained from the
2025 field material. The results of the tested plants were
compared to those of emmer wheat line 27-3/17, 1. e. the
donor of purple coloration (Fig. 4). The obtained data
showed that TAC values in hybrids ranged from 36 pg/g
to 529.3 ug/g. The control (emmer wheat) value was
382.6 ng/g. A significantly higher value of 529.3 ug/g
was observed in specimen 2-1-6-6. The specimens 2-1-
1-4e at 399.5 pg/g, 2-1-5-10a at 429.9 pg/g, and 2-1-6-
4b at 395.4 ng/g showed the results comparable to that
of emmer wheat. High TAC values (of over 200 pg/g)
were also recorded in samples: 2-1-1-4d, 2-1-3-5a, and
2-1-5-7. The lowest TAC values (36 ug/g) were found
in the whole grain flour of the samples 3a and 3b from
the family 2-1-3. The white-grained maternal triticale
cultivar Sadko showed a total anthocyanin content of
4.1 pg/g flour.

According to estimates by various authors, the total
anthocyanin content in purple-grained wheat grain
ranges from 16 to 477 pug/g (Gordeeva et al., 2024). In
this paper, triticale forms with high anthocyanin content
of 529 ng/g were obtained exceeding the results of the
donor purple-grained emmer wheat line. It is known
that anthocyanin biosynthesis in the grain pericarp re-
quires a complementary interaction of two genes, Pp-1
and Pp3. The latter is a unique gene inherited from an
Ethiopian wheat (Khlestkina, 2014). At the same time,
the Pp-1 gene controlling the coloration of the coleoptile

and other plant organs, is widespread among rare wheat
species (Shoeva et al., 2024) and common wheat cultivars
(Gordeeva et al., 2024).

Pigmentation of plant organs is widespread among
triticale cultivars; for example, the spring triticale culti-
var Amore has strong anthocyanin coleoptile coloration
(Skatova et al., 2018), cultivars Venets, Ullubiy, and
Boguslav exhibit moderate coloration (https://gossortrf.
ru). The cultivar description for Sadko triticale discussed
in this paper cites the anthocyanin coloration of the flag
leaf auricles (Grib et al., 2011). It is possible that Sadko
carries one of the Pp-1 gene alleles, which, in combina-
tion with the Pp3 and Pp-B1I genes from emmer wheat,
determines greater expression of the grain coloration
trait in some hybrids.

Obtaining constant forms or lines of wheat-rye am-
phiploids using hybridization of triticale with emmer
wheat is a lengthy process. Its complexity is due to
ongoing shaping associated both with the recombination
of genes from the two species and with genomic rear-
rangements. To accelerate the solution of this problem
at the next breeding stage, it is important to apply the
doubled haploid method based on the obtained purple-
grained triticale forms.

Conclusion

In the present paper, a successful attempt has been made
to develop triticale forms with purple grain based on
crossing the triticale cultivar Sadko and emmer wheat
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line 27-3/17 acting as the donor of the Pp3 and Pp-B1
genes responsible for grain color. The obtained hybrid
triticale forms have a purple grain color, a high total
anthocyanin content, and approach the maternal triticale
form in terms of productivity indicators and spike shape.
Further research should be aimed at obtaining constant,
genetically stable lines of purple-grained triticale, which
will serve as initial breeding material and become donors
for high anthocyanin content in grain for other triticale
cultivars. It is assumed that purple-colored triticale grains
will be used as an additional source of antioxidants in
functional nutrition for humans and animals.
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Development of naked Triticum durum x Triticum dicoccum hybrids
with anthocvyanin color of the grain pericarp
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Abstract. The production of emmer hybrids with a high content of anthocyanins in the grains for the production of
functional foods is a promising breeding direction. Phenotyping and preliminary assessment of the inheritance of
gliadin-coding genes were performed for the most promising purple-grained emmer hybrids obtained previously after a
complex three-stage crossing of purple-grained durum wheat (T. durum Desf.) with two different forms of spring emmers
(T. dicoccum Schrank): the hybrid naked-grained variety Gremme and the red-grained awnless mutant line k25516.
Genotyping hybrids for the storage protein genes in wheat grain, gliadins (Gli), enabled the selection of a purple-
grained line that fully inherited gliadin-coding genes from emmer wheat k-25516, and a line inheriting these genes
from durum wheat and emmer wheat k-25516. To improve the breeding material, backcrossing of three phenotypically
and qualitatively different purple-grained hybrid lines with the parental variety Gremme, which demonstrated the
highest yield, was conducted. During the Pp (Purple pericarp) genes selection of the plants in F,_; progenies, the use of
microsatellite markers located close to Pp genes did not demonstrate reliable linkage to the target genes. The intragenic
polymorphic PCR markers made it possible to accurately select plants carrying dominant alleles of two complementarily
interacting genes, Pp-B1 and Pp3 in F,_,. Based on the ease of grain threshing, the plants were selected in F,. Thus, over
two years, using small areas of the greenhouse and marker-controlled selection, a collection consisting of 25 naked and
semi-naked spring purple-grained lines of wheat-emmer hybrids, constant in anthocyanin coloration and differing in
gliadin-coding genes and other quality traits, was obtained.
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AHHoTauuA. OgHO M3 MepCneKkTVBHLIX HanpaBneHWi cenekuuy — nosiyyeHvne rmépugos Mosidbl C MOBbLILEHHBIM
cofepaHNeM aHTOLMaHOB B 3€pPHOBKe ANA MPOM3BOACTBA (YyHKLUMOHabHbIX MPOAYKTOB NuTaHuA. lpoBeaeHo
deHoTMNMPOBaHME M AaHa npefBapuTesibHaA OLEHKa MO HacnefoBaHWIO FNAAUHKOAMPYIOLWMUX FEeHOB Haubonee
nepcnekTNBHbIX GMONETOBO3EPHbIX MONGAHBIX MTMOPULOB, MOMYUYEHHbIX HAMIN PaHee NOC/e CJIOKHOMO TPEXCTYNEHYaToro
cKpelmnBaHma pronetoBosepHon TBepaol nweHnubl (T. durum Desf) ¢ gBymAa pasHbiMu dpopmamy APOBOI MonbbI
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Development of naked T. durum x T. dicoccum hybrids
with anthocyanin color of the grain pericarp

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

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

cenekyus; NUP-mapkepbl

Introduction

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

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

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

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

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

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

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

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

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

In 2012, the Gremme spring emmer variety, which is
characterized by its nakedness and was bred in Tatarstan,
was included in the State Register (http://reestr.gossort.
com/reestr/sort/9052467). The variety was obtained from
an interspecific cross of emmer 7. dicoccum Schrank.
Belka variety with durum wheat 7" durum Desf. Svetlana

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

variety, followed by backcrosses on emmer (Temirbeko-
vaetal., 2020), and can serve as the starting material for
the creation of naked emmer hybrids.

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

Materials and methods

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

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

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

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

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

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

Table 2. Molecular markers used in the work

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

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

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

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

Marker Localization in
chromosome

Annealing t°

Structure of forward and reverse primers
(References) bp

Sizes of PCR products,

Pp3-diagnostic

XgwmO0312

Pp1-diagnostic

Xgwm0046

Xgwm0400

XgwmO0537
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2A

2A

7B

7B

7B

7B

Tdn 65-56°

60°

Tdn 65-56°

60°

60°

60°

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

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

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

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

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

5'-ACATAATGCTTCCTGTGCACC-3’
5'-GCCACTTTTGTGTCGTTCCT-3’
(Roder et al., 1998)
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~200/230/300

478/434

~180/190

~150/160/180

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

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

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

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

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

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

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

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

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

of gliadins from parental forms

Plant Gli-A1 (Chromosome A1S)

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

Hybrid 27-15/8*

Hybrid 27-15/10

Hybrid 31-16/6 Tri15744

Hybrid 31-19/3 k-25516

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

Gli-B1 (Chromosome B1S)

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

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

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

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

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

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

Results

Selection of hybrid parent plants based

on gliadin-coding genes

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

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

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

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

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

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

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

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

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

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

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

Selection by coleoptile color

Preliminary phenotypic (visual) assessment of coleoptile
coloration in the parental plants showed that seedlings
of awnless emmer k-25516, like the tetraploid donor
line 7 durum Tril5744, had pronounced anthocyanin
coloration of coleoptiles, which corresponded to the
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presence of dominant alleles of the Pp-B/ gene (Fig. S3).
The white-grained Gremme variety had weakly colored
coleoptiles, similar to that of the hexaploid wheat variety
Saratovskaya 29, associated with the presence of domi-
nant alleles of the Pp-41 gene, which have a weak effect
on anthocyanin biosynthesis in the grains (Gordeeva et
al., 2015).

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

Molecular marker-assisted selection (MAS)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Discussion

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

Gliadin-encoding genes

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

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

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

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

Crossbreeding and phenotyping

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

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

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

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

Molecular markers

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

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

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

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

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

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

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

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

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

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

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

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

Conclusion

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

Twenty-five wheat-emmer hybrid lines were finally
obtained in the F, generation. These lines differed in
morphological traits and were consistent in the purple
anthocyanin coloration of grain pericarp. This coloration
is expressed by the presence of homozygous functional
alleles of the Pp-B1 and Pp3 genes in the genotype. The
presence of only one functional allele or heterozygosity
leads to segregation by grains color, followed by loss of
anthocyanin pigment.
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The intragenic PCR markers for the Pp-BI and Pp3
genes that we previously designed based on the bread
wheat genome demonstrated high efficiency. In small
cultivation areas, the use of Pp3-diagnostic allowed for
the immediate and accurate identification of homozygous
genotypes of tetraploid wheat plants. The use of PpI-
diagnostic required subsequent verification of the grain
color in the offspring to select samples with consistent
color. These markers are a useful tool for future bree-
ding programs.
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Abstract. Over the past two decades, the introduction of whole-genome sequencing analysis of ancient DNA has led
to a breakthrough in archaeogenetic research, significantly expanding our understanding of human genetic history.
In this context the Northern Black Sea region during first millennium CE (1-1,000 CE) is of particular relevance, as it
remained a hub of intense cultural exchange and migration. Despite its historical importance, ancient genomic data
from this period remains scarce, and a comprehensive synthesis of existing findings is lacking. This study presents a
systematic review and meta-analysis of published whole-genome sequencing data from 48 ancient samples associated
with key archaeological cultures of the region: Late Scythian, Sarmatian, Alan, Bulgar, Saltovo-Mayaki and Chernyakhov.
Through the systematization of data, we trace genetic continuity at Late Scythian and Alanian sites relative to preceding
populations. Episodes of large-scale migration and population replacement have been documented, most clearly evident
in the Sarmatian expansion of the 1st-4th centuries CE, with genetic traces extending from the Urals to the Carpathians.
Based on limited evidence, genetic continuity has been identified between representatives of the Chernyakhov culture
and early Slavic groups. Through our meta-analysis, we further detect intercultural connections between the Alans,
Bulgars, and bearers of the Saltovo-Mayaki culture, whose genetic structure reveals the influence of Caucasian and East
Eurasian components. Collectively, these findings underscore the complex genetic landscape of the region, shaped by
successive migration waves and multifaceted intercultural contacts. We conclude by outlining key unresolved questions
and future directions for archaeogenetic research in the Northern Black Sea region during the first millennium CE.
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[eHeTMyeckan xapakTepucTka n MmeTaaHanm3
HaceneHuA CeBepHoro MpunyepHomMopbs | TbicAYeneTrsa H. 3.

AHHOTauuA. 3a nocnefHve ABa AeCATUNETAA BHeJpeHMe MOSIHOreHOMHOoro aHanusa gpesHen [HK npuBeno k
NPOPbLIBY B apXeoreHeTUYeCcKrX NCCefoBaHMAX, CyLEeCTBEHHO PaclMPUB Halle NMOHUMaHNe FeHeTUYEeCKoN ncTopumn
yenoseyecTBa. Ha 3Tom poHe 0cobyto akTyanbHOCTb NprobpeTaeT nyyeHne CeBepHoro MpuyepHomopbs | ThicAayene-
A Hawe 3pbl (1-1000 rT.), permoHa, KOTopbIli B TeUeHMe BCero nepuoaa ocTaBasncAa 30HOM MHTEHCUBHOTO KyJSIbTYPHOTo
obmeHa 1 murpauuin. HecMoTpA Ha ero MCTOPMYECKylo 3HaUMMOCTb, 0ObeM AOCTYMHbIX AaHHbIX ApeBHel OHK no
STOMy nepuofy MoKa OCTaeTCsA OrpaHMyYeHHbIM. B HacToswen paboTe cucTeMaT3MpOBaHbl 1 MPOAaHaNM3MpPOBaHbI
ony6nMKoBaHHble pe3ynbTaTbl MOIHOFEHOMHOMO CEKBEHUPOBAHUA 48 ApeBHUX 06Pa3LOB, OTHOCALMXCA K Pa3fIMYHbIM
apXeonornyeckMm KynbTypam pervoHa: nosfgHeckndCKomn, capmMaTcKol, anaHckom, Oynrapckom, cantoBo-MasLKon v
YyepHAXoBcKoN. CrcTemaTn3aumna fJaHHbIX 1 NPUMEHeHe MeTOL0B NOMNYNALVOHHO-TEHETUYECKOro aHanv3a no3Bonmam
npocNeanTb reHeTUYeCKyld MPeeMCTBEHHOCTb Ha MaMATHUKaX MO3AHECKMPCKON, a TakkKe OTAeNbHO — anaHCKomn
KyNbTYpbl MO OTHOLIEHUIO K MPeALIeCTBYOLEMY HaceneHuio. YAanocb 06HapyXnTb MeXKYNIbTYpHble CBA3M anaH, bynrap
1N HOCUTENEN CanTOBO-MAALKOWN KyNnbTypbl, B FEHETUYECKON CTPYKTYpe KOTOPbIX OTMEeYaeTcA BAUAHME KaBKa3CKoro u
BOCTOYHOEBPA3UICKOrO KOMNOHEHTOB. C IpYroli CTOPOHBI, 3adbUKCMPOBaHbI SM304bl MACLUTAOHbIX MUTPALIMIA 1 NONHON
CMeHbl HaceneHus, Hanbonee APKO Bblpa)keHHble B CapMaTCKOM 3KcnaHcum -1V BB. H.3., cnefibl KOTOPOWN reHeTUYecKn
npocnexusatotca ot Ypana go Kapnat. o eauHuuHbiM obpasuam BbiAB/IEHA reHeTMYecKas MNpeemMCcTBeHHOCTb
MeXay NpPeAcTaBUTENAMN UYEPHAXOBCKOW KyNbTypbl U PaHHUMU CNaBAHCKMMK rpynnamu. onyyeHHble pesynbTaTbl
LEeMOHCTPUPYIOT MO3aW4HOCTb TeHeTMYecKoro naHpwadra pernoHa, GopmmrpoBaBLUErocA MOA BO3AENCTBMEM
MHOTFOBOJTHOBbIX MUTPALMIA 1 MEXKYNIbTYPHbIX KOHTAKTOB. CTaTbA OCBELLAET COBPEMEHHOE COCTOAHNE UCCIef0BaHN,
NMOKa3blBaeT OCHOBHbIE JOCTUXKEHMSA U HaMeuyaeT MepCreKkTUBbl AaNibHENWero n3yyeHna B 06nacT apXeoreHeTnKM
CeBepHoro MpryepHoMopbs B | ThiIcAYeNneTnn H. 3.

KnioueBble cnoBa: apxeoreHeTrKa; ApesHAa [JHK; reHom; CeBepHoe NpuyepHOMoOpbe; capmaTbl; YePHAXOBCKAA Kysb-
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Typa; anaHbl; 6ynrapbl; CanToBoO-MasiLiKas KynbTypa

Introduction

For centuries, the Northern Black Sea region, as part of the
Pontic-Caspian steppe, has been characterised by high popula-
tion mobility, which has shaped its complex demographic and
ethno-cultural history.

During this period, the population of the Northern Black
Sea coast consisted of Hellenised groups who, in the 7th-5th
centuries BC, founded numerous poleis: Olbia, Chersonesos,
Panticapacum, Phanagoria and others (Koshelenko et al.,
1984). In the first centuries CE, these centers maintained a
stable antique cultural zone, sustaining close contacts both
with the metropolitan centers and with the local population —
Scythians, Taurians, Maeotians, Sindi, and Getae (Alekseeva,
1991). Throughout the first millennium they fell within the
sphere of influence of Rome, Byzantium, and later the Khazar
Khaganate (Pletneva, 2003; Afanasyev et al., 2015a).

At the same time, the region’s steppe lands became a cor-
ridor for successive waves of migration by nomadic tribal
confederations. By the beginning of the first millennium CE,
groups of the Sarmatian culture began to succeed the European
Scythians, establishing dominance in the region and extending
their influence from the Don to the Danube (Mordvintseva,
2013; Koryakova, 2018; Kovacs, 2023). Later, in the 1st-3rd
centuries, the Alans came to dominate the Azov region and
the Ciscaucasia (Perevalov, 2014). From the late 2nd to the
early 3rd century, Germanic tribes expanded into the region
from northwestern Europe. These groups left a distinct imprint
on the cultural and political structure of the Northern Black
Sea region’s population, contributing to the formation of the
Chernyakhov culture (3rd-5th centuries) (Kazanski, 2011;
Matveev, 2017; Onishchuk, 2018).

A major turning point in the demographic history of the
region came with the Hunnic invasion in the 4th—5th centuries,
which marked the beginning of the Migration Period and was
accompanied by large-scale population movements (Shu-

shunova, Yartsev, 2024). In the 5th—7th centuries, the Huns
were succeeded by nomadic confederations of the Onogurs,
Kutrigurs, Savirs, and later the Avars (Bubenok, 2014). In
the mid-7th century, Great Bulgaria emerged in the region,
soon to be replaced by the Khazar Khaganate (Pletneva,
2003; Afanasyev et al., 2015a; Kazanski, 2020). From the
late 7th to the 8th centuries, the Khazar Khaganate became
the dominant force in the region, controlling the steppes from
the Don to the Caucasus, as well as the eastern Crimea and
the Taman Peninsula. Within these territories, under Khazar
control, the Saltovo-Mayaki culture also developed (Pletneva,
2003; Berezina et al., 2012; Reshetova, 2012; Afanasyev et al.,
2015a). Concurrently, in the more northern forest-steppe areas
of the region, the settlement of Slavic tribes began (Sedov,
1979).

The complexity and multi-layered nature of the historical
and cultural processes in the Northern Black Sea region have
long attracted the attention of researchers. In recent years, the
reconstruction of the region’s population history has increas-
ingly been based on the analysis of ancient DNA using a range
of population genetics methods. In autosomal analysis, the
principal component method is used to visualise the structure
of genetic diversity (Patterson et al., 2006; McVean, 2009),
while the ADMIXTURE method is employed to identify likely
ancestral components (Alexander et al., 2009). Population
origin models based on f-statistic methods are used, which
measure the covariance of allele frequencies, thereby allow-
ing the estimation of genetic distances, the identification of
mixed ancestry, and the direction of gene flow (Patterson et
al., 2012).

Based on these principles, the gpAdm and gpWave tools have
been developed, which are widely used to test demographic
hypotheses and quantify admixture proportions (Haak et al.,
2015; Harney et al., 2021). IBD analysis identifies regions
of the genome inherited from common ancestors, enabling
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Genetic characterization and meta-analysis of the population
of the Northern Black Sea region in the 1st millennium CE
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Fig. 1. Geographic location of the archaeological sites from which 48 ancient individuals used in this study.

Samples from archaeological sites are indicated by symbols corresponding to their respective archaeological culture. The color scale indicates sample
dating, based on archaeological chronology or radiocarbon analysis (150-year intervals, spanning 0 to 900 CE). Scale bar: 200 km.

the assessment of genealogical relationships between indi-
viduals (Ringbauer et al., 2024). Analysis of mitochondrial
DNA (mtDNA) and Y-chromosome haplogroups allows for
a detailed reconstruction and investigation of maternal and
paternal lineages.

Despite the rapid growth in archacogenetic research, data
from the Northern Black Sea region remain fragmentary and
unevenly represented both chronologically and culturally. Con-
sequently, the systematization, comparison, and meta-analysis
of published data become particularly critical. This approach
allows for the identification of patterns in genetic dynamics,
assessment of the robustness of proposed models of origin and
migration, and outlining the limitations of the current state of
research as well as future perspectives.

In this study, we conducted a systematic review and meta-
analysis of published whole-genome ancient DNA data from
the Northern Black Sea region dating to the 1st millennium
CE (Fig. 1).

Materials and methods
Sources were selected based on their peer-reviewed status and
the availability of reliable data regarding the archaeological
context, geographic provenance, and dating of the samples.
We used archaeogenetic descriptions and genomic data from
articles and/or AADR v62.0 database (Mallick et al., 2024),
followed by downloading genomes from the ENA resource
(ENA Browser, 2025).

Principal component analysis (PCA) was performed using
the smartpca function of the EIGENSOFT package (Pat-

terson et al., 2006). The genotypes of the studied samples
were projected onto the genetic variation space of more than
1,300 individuals from 80 present-day European and Cauca-
sian populations from the Human Origin panel, comprising
approximately 600 thousand SNPs (Lazaridis et al., 2016). To
estimate the proportions of ancestral origins in the genome
structure, we used the ADMIXTURE v1.3 software package
with the same Human Origin panel (Alexander et al., 2009).

All transitional variants that could represent postmortem
modifications, as well as loci with a high proportion of miss-
ing data (--geno 0.999), were removed from the dataset. To
ensure marker independence, linked SNPs were excluded
from the analysis using the PLINK command --indep-pair-
wise 50/10/0.1. To estimate the optimal number of clusters
K, 12 independent calculations were performed in a cross-
validation mode, and the final value of K was taken based on
the minimum cross-validation error. Prior to analysis, samples
with fewer than 10 thousand markers from the Human Origin
panel were excluded.

Results

In total, we analyzed 48 published ancient genomes from
this region, which were grouped based on origin, geogra-
phy, time period, and archaeological culture (Fig. 1 and see
the Table).

Systematic review of published data
This section presents a systematic review of published archaeo-
genetic studies, grouped by archaeological culture.
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[eHeTMyeckan xapakTepucTka n MmeTaaHanm3
HaceneHuA CeBepHoro MpunyepHomMopbs | TbicAYeneTrsa H. 3.

List of published whole-genome data for ancient individuals from the Northern Black Sea region

Ancient DNA study Number of ancient Culture
human genomes
Andreeva et al., 2025 2 Late Scythian period
1 Alans
Saag et al.,, 2025 1 Sarmatian period
11 Chernyakhov
6 Alans
3 Bulgars
Schiitz et al,, 2025 9 Sarmatian period
Sharko et al., 2024* 1 Alans
Maréti et al., 2022 2 Other nomads
Jarve etal, 2019 3 Chernyakhov
Damgaard et al., 2018 6 Alans
3 Saltovo-Mayaki

Dating Geographic location

1st century BC-2nd century CE  Coastal zone

2nd-4th centuries CE Ciscaucasus
1st-3rd centuries CE Forest-steppe zone
2nd-5th centuries CE
7th-9th centuries CE
7th-9th centuries CE
1st-6th centuries CE Lower Danube region
3rd century CE Ciscaucasus
8th-10th centuries CE
3rd-6th centuries CE Forest-steppe zone
4th-9th centuries CE Ciscaucasus

7th-10th centuries CE Forest-steppe zone

* No meta-analysis was conducted for the individual described in this article due to the poor quality of the genomic data.

Late Scythian population. Whole-genome data on the Late
Scythian population are presented in only one published study
(Andreeva et al., 2025), which includes two individuals from
the 1st century BC to the 2nd century CE from the most repre-
sentative sites of the Late Scythian period — Neapolis Scythian
and the Belyaus settlement. Archaeological data from Belyaus
indicate a transformation of the site from a Greek settlement
into a center of Late Scythian culture, likely accompanied by
a change in the population (Dashevskaya, 2014).

The results of principal component analysis (PCA) reveal
differences in the genetic profiles of individuals from these
sites. One of them (AS10) is similar to other Scythian samples
from the Crimea, dating from both the Late Scythian period
(1st century BC—1st century CE) and the earlier period (6th—
3rd centuries BC), indicating a probable continuity of the
local population (Andreeva et al., 2025). According to the
results of gpAdm modelling, his genetic profile, unlike that
of other Scythian groups, includes a high proportion (around
40 %) of the Anatolian component, suggesting a connection
between the Crimean Scythians and the ancient population
of Anatolia. The second individual (AS1) is clustered in the
PCA with the classical Scythians of the Northern Black Sea
region from the 4th-3rd centuries BC, and his genetic profile
contains a significant proportion of an ancient Siberian com-
ponent (Andreeva et al., 2025).

Collectively, these archacogenetic data indicate pronounced
genetic heterogeneity of the Late Scythian population of the
Northern Black Sea region (Andreeva et al., 2025). However,
the limited sample size and the isolated nature of research
into this period do not allow for generalisations at the level
of archaeological culture. It is noteworthy that this study
represents the first attempt to predict phenotypic traits for the
Late Scythian population of this period using markers from

the HIrisPlex-S system (Andreeva et al., 2025). The results
indicate a probable brown (chestnut) hair color, intermediate
skin tone and brown eyes (Andreeva et al., 2025). Although
genomic coverage allowed phenotypic characteristics to be
determined for only one individual, these results provide a
basis for a subsequent description of the physical appearance
of the entire group.

Sarmatian period. In the forest-steppe zone of the Northern
Donets, a single individual from the Sarmatian period (1st—
3rd centuries CE) was excavated from the “Lyubovka” burial
ground. The burial was located within the cultural layer of
an earlier Scythian settlement, but was attributed to the Sar-
matian period on the basis of the artefacts found and dated to
the Ist-3rd centuries. According to the results of PCA and
ADMIXTURE, this individual proved to be similar to the
population of the Caucasus 7th-9th centuries CE, as were
the later groups of Alans and Steppe Bulgars of the Saltovo-
Mayaki culture discussed in this article (Saag et al., 2025).

Interesting findings have emerged from the analysis of
genomes from individuals dating to the Sarmatian period
(1st—4th centuries CE) from the Lower Danube region (Ro-
mania) (Schiitz et al., 2025). Analysis using f4, PCA and
ADMIXTURE revealed their marked genetic similarity to the
steppe Sarmatians of the Urals and Central Asia, and gpAdm
modeling results also indicated a high proportion of the steppe
component. It is noteworthy that the Sarmatians from the
territory of Romania and the Carpathian Basin demonstrate
an extremely low proportion of common ancestry with the
preceding Scythian-era population from the same territory.

Analysis of chromosomal segments of shared origin (IBD)
confirms this picture: extensive shared chromosomal regions
were identified among carriers of the Sarmatian culture in the
European and Asian parts of the Black Sea—Caspian steppe.
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In particular, shared IBD segments of up to 64 cM in length
were identified between individuals from the Carpathian Basin
(POG-10, male, Ist century CE) and from the Rostov Oblast
(DA139, female, 8th century BCE—1st century CE). Moreover,
individual DA139 shared 88 cM of IBD with a Sarmatian from
the Orenburg Oblast (chy001, female, 1st-3rd centuries CE)
(Schiitz et al., 2025). These data indicate recent common an-
cestry among these individuals and active migration processes
between the eastern and western regions of the Sarmatian
world in the early centuries of the 1st millennium CE.

Alans. The Alan population of the Northern Black Sea
region studied to date is represented by two main groups,
differing both geographically and culturally-archaeologically
(see the Table). The first group includes eight Alans from the
Ciscaucasus — the population of the mountainous and foothill
areas of the North Caucasus. The second group is represented
by six Alans from the forest-steppe zone, who inhabited the
interfluve of the Seversky Donets and Don rivers and are
archaeologically attributed to the Saltovo-Mayaki culture
(7th-9th centuries CE).

The earliest archacogenetic data were obtained from the
Ciscaucasia (North Ossetia — Alania) using a sample of six
individuals (Damgaard et al., 2018). The authors discussed
the origins of the Alans and their presumed Iranian-speaking
affiliation. The results revealed no significant Sarmatian
contribution to the gene pool of the 5th-century Alans of
the Ciscaucasus. Statistical analysis indicated that the North
Caucasian Alans form a clade with the Iron Age population
from Armenia, demonstrating significant genetic differences
between Sarmatians and Alans. The authors suggest that the
Alans likely inherited the Iranian language from the steppe
Sarmatians, but by the 5th—6th centuries CE, the genetic struc-
ture of their population was already virtually indistinguishable
from the local Caucasian population.

In the study where the genome of one Alan individual from
the kurgan burial ground “Bratskie I Kurgans” (the Chechen
Republic) was sequenced (Sharko et al., 2024), different con-
clusions were drawn. According to PCA results, this individual
shows genetic similarity Alans from the Ciscaucasus studied
in an earlier work (Damgaard et al., 2018). ADMIXTURE
analysis and /3 and f4 statistics results showed that his genome
is structurally close to populations of the Koban culture; how-
ever, unlike the highland Caucasian groups of the Bronze Age
(Maykop and Kura-Araxes cultures), it exhibits the presence
of a steppe component. In this study, signs of contamination
were identified in some samples, therefore the obtained data
require caution in interpretation and subsequent confirmation
using other samples and datasets.

The genetic profile of one Alan individual from the site
“Solnechnodolsk-4" (Stavropol region) (radiocarbon age
132-329 cal CE) includes steppe components of Bronze Age
populations; according to PCA and ADMIXTURE results,
it was found to be similar to the profiles of representatives
of the Sarmatian and Koban populations from the same site
(Andreeva et al., 2025), which may also indicate population
continuity in this region during the transition of archaeological
cultures.
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Pronounced genetic heterogeneity was documented in the
study of a sample of six Alans, bearers of the Saltovo-Mayaki
culture, from the forest-steppe zone of the Northern Donets
region at the archacological complex “Verkhniy Saltov” (7th—
9th centuries CE) (Saag et al., 2025). Four individuals from this
site demonstrate maximum genetic similarity to populations
of the North Caucasus, consistent with the studies described
above. Two other individuals exhibit the greatest genetic
similarity to populations of Central Asia (Saag et al., 2025).

Taken together, the available data point to a complex and
heterogeneous genetic structure within the Alanian popula-
tion, comprising steppe, North Caucasian and Central Asian
genetic components. The inconsistency of some of the results
highlights the need to expand the sample sizes and conduct
further research on Alanian groups.

Bulgars. Currently, the Bulgar population of the Black
Sea region in the 1st millennium CE is represented in genetic
studies by only three individuals from the site “Bochkov” in
the Seversky Donets basin (Saag et al., 2025). In the genetic
profile of these Bulgars, admixture from populations of the
Caucasus and Central Asia was identified. The high degree
of genetic similarity between the Alans and Bulgars, who are
bearers of the same Saltovo-Mayaki culture but exhibit differ-
ences in burial rites (catacomb and pit burials, respectively),
leads to the conclusion that both groups may have originated
from a single genetically homogeneous group. This conclu-
sion aligns with archaeological interpretations, according to
which both catacomb and pit burials of the Saltovo-Mayaki
culture in the forest-steppe zone are associated with migra-
tions of Alans from the Caucasus (Berezina et al., 2012; Afa-
nasyev et al., 2015b; Korobov, 2019; Malashev, Krivosheev,
2024).

According to gpAdm proximal modeling results, the Sar-
matian, Alan, and Bulgar groups from the forest-steppe zone
that demonstrate genetic connections to the Caucasus can be
modeled by the contribution of a preceding group of elite
Scythian nomads from the Seversky Donets basin (Saag et
al., 2025).

Three samples of representatives of the Saltovo-Mayaki
culture, associated with one of the population groups of the
Khazar Khaganate, were studied in an earlier work (Damgaard
et al., 2018). These individuals, although heterogeneous, also
cluster in the principal component space with Caucasian Alans
and other samples from the North Caucasus, and according to
a later study, they were found to be related to the forest-steppe
zone Alans based on f4 test results (Saag et al., 2025).

Chernyakhov culture. Archacogenetic studies of the Cher-
nyakhov culture population cover samples from the forest-
steppe zone of the region, dating to the 3rd—5th centuries
CE. In 2018, the genomes of three Chernyakhov individuals
were presented (Jarve et al., 2019), and later the sample was
supplemented with an additional 11 specimens (Saag et al.,
2025).

Results of principal component analysis and gpAdm indicate
the identification of at least three genetic groups among repre-
sentatives of the Chernyakhov culture. One of them includes
individuals with a predominance of Eastern and Central Euro-
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pean components, the second consists of bearers of a genetic
profile similar to continental Southern European populations
(close to Thracians) (Jarve et al., 2019; Saag et al., 2025).

f4 tests show that the first Eastern/Central European group
forms clades with preceding Illyrian-Thracian populations on
the right bank of the Dnieper. gpAdm results indicate that this
group can be modeled based on ancestral groups of the Yam-
naya culture, the Trypillia culture, and a minor proportion of
East Asian populations. The other two groups of Chernyakhov
individuals demonstrate a larger proportion of Trypillia genetic
heritage (up to 70 %). One representative of the Chernyakhov
culture has a pronounced Southern component and clusters in
PCA with modern Cypriots (Saag et al., 2025).

Data were also indicate probable connections between
bearers of the Chernyakhov culture and early Slavic groups.
According to gpAdm modeling data, medieval groups of the
Golden Horde period, including presumed Slavs and nomads
from the Seversky Donets basin, are formed 100 % from the
genetic pool of Group 1 of the Chernyakhov culture, suggesting
direct continuity between the Late Antique population of the
Chernyakhov culture and the early Slavs (Saag et al., 2025).
Data were also obtained indicating genetic continuity through
the maternal line between a representative of the Chernyak-
hov culture from the 3rd century CE (Odessa region) and an
individual of Slavic origin from the medieval burial ground
“Minino II” from the 12th—13th centuries CE (Vologda region).
The individuals were found to have a complete match of the
mitochondrial sequence (Rozhdestvenskikh et al., 2025).

Genomic data from individual representatives of
Northern Black Sea cultures. The genetic profiles of two
individuals from the 8th—9th centuries CE from burials of no-
mads of unclear cultural attribution at the site “Andreevskaya
Shchel” (Anapa) contain, according to gpAdm modeling, a
dominant contribution from the population of Armenia of the
Middle Bronze Age (76-96 %) (Mardti et al., 2022).

Within the scope of this review, we have systematised ar-
chaeogenetic data from individual studies and small samples.
Nevertheless, even with limited material, genetic connections
are clearly evident both within individual cultures (as in the
case of the Sarmatians) and between cultures—among the Alans,
Bulgars, and bearers of the Saltovo-Mayaki culture.

Meta-analysis

To obtain a comprehensive picture of the population genetic
structure of the Northern Black Sea region in the 1st millen-
nium CE, we conducted a meta-analysis of the previously
published and above-mentioned whole-genome data using
PCA and ADMIXTURE methods. The results of the analysis
are presented in Fig. 2.

In the projection of the first two principal components,
formed on the basis of modern populations of Western Eurasia
and the Caucasus, the earliest samples of the 1st millennium
CE (Late Scythian and Sarmatian individuals) occupy an in-
termediate position between European and Caucasian groups.
The Sarmatians form a distinct genetic cluster, consistent with
published archacogenetic data (Saag et al., 2025; Schiitz et al.,
2025). The only exceptions are two samples: one clusters with
the Alans, Bulgars, and bearers of the Saltovo-Mayaki culture,
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while the other, the latest from this sample (5th—6th cen-
turies CE), clusters with modern Southern European popu-
lations.

Representatives of the Chernyakhov culture do not form a
single cluster, but are predominantly located near modern Cen-
tral European and Balkan populations, with one Chernyakhov
individual clustering with the Late Scythian and Sarmatian
samples (Fig. 2a).

The Alans and Bulgars — representatives of the Saltovo-
Mayaki culture — demonstrate pronounced intragroup hetero-
geneity. A significant portion of these samples cluster within
Caucasian populations. Three samples — the Alan from the
Ciscaucasus DA161, along with the Alan UKR135 and Bul-
gar UKR 147 from the forest-steppe zone — are located near
Central Asian populations. Another three samples — the Alans
UKR134, UKR144, and the Bulgar UKR 137 from the forest-
steppe zone — are notably shifted on the PCA plot towards
Eastern populations. It should be noted that the earliest studied
Alan from the Ciscaucasus (AB105; 2nd—4th centuries CE)
falls within the cluster of Late Scythian and Sarmatian samples,
consistent with the hypothesis that the Alans emerged from
Sarmatian groups. However, all later representatives of the
Alan population show greater similarity to Caucasian popula-
tions rather than to steppe Sarmatian groups.

Similar results were obtained from ADMIXTURE analysis
(Fig. 2b). The genetic profiles of representatives from each
studied culture (Late Scythians/Sarmatians, Alans, Bulgars,
and Chernyakhov) exhibit clearly distinguishable differ-
ences. In the genetic profiles of the earliest steppe groups
(Scythians and Sarmatians), as well as in the early Alans, a
small proportion of the Western Hunter-Gatherer component
is present which is completely absent in later representatives
of the Alans and other bearers of the Saltovo-Mayaki culture.
However, this component is present in significant proportions
in the Chernyakhov individuals, which testifies to different
origins for all these groups inhabiting the Northern Black
Sea region during the Ist millennium CE and the absence
of direct continuity between them. The genetic profile of the
Alans and Bulgars shows contributions from Caucasus Hunter-
Gatherers and/or ancient Iranian Neolithic farmers, indicating
a connection of these groups with the ancient population of
the Caucasus. Several Bulgar and Alan individuals possess a
pronounced Asian component, explaining their shift on the
PCA plot towards Eastern populations and suggesting the in-
volvement of migrants from Eastern Eurasia in the formation
of these groups and certain representatives of the Northern
Black Sea population.

The bearers of the Chernyakhov culture are characterized
by significant diversity in genetic profiles, with a common
predominance of the Anatolian Neolithic component com-
bined with Western and Eastern Hunter-Gatherer components,
which generally reflects their predominantly European genetic
profile.

Mitochondrial DNA and Y-chromosome analysis. Ad-
ditionally, to identify potential migration routes of the ancient
population of the Northern Black Sea region, we compiled all
available data on mitochondrial DNA and Y-chromosomes
for the analysis of maternal and paternal lineages. A total of
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(11,961-7,599 BC); Turkey_N -
(5,400-4,900 BC); Israel_Natufian - individuals of the Natufian culture (12,00
present-day Han individuals (China); Karitiana - present-day Karitiana indivi

324 individuals from the Northern Black Sea region across
different chronological periods were included in the analyses
(Fig. 3, see Supplementary Material)'.

Western Eurasian mitochondrial lineages predominate
among the Late Scythians (Juras et al., 2017); among the Sar-
matians, these are supplemented by the Eastern haplogroup F,
potentially indicating a Central Asian maternal contribution
(Comas et al., 2004). There is significant genetic diversity
among the Alans and Bulgars, including the presence of East
Eurasian mitochondrial haplogroups (Comas et al., 2004;
Derenko et al., 2010, 2012): subclades A and F among the
Alans and B and D among the Bulgars. This confirms the

' Suplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Aitug_Engl_30_4.pdf

individuals from Neolithic Anatolia (9,656-5,835 BC); Germany_Saxony_LBK_N -

individuals of the Linear Pottery culture
0-9,500 BC); Nganasan - present-day Nganasan individuals (Siberia); Han -
duals (Brazil); Mbuti - present-day Mbuti individuals (Central Africa).

contribution of Central and East Asian components to their
genetic profile. Among representatives of the Chernyakhov
culture, haplogroups characteristic of West Eurasian popula-
tions dominate (H, K, T2, HV, U4).

It should be noted that, unlike data on autosomal markers
and mitochondrial haplogroups, the number of available
Y-chromosome data for analysis from individuals of the
Northern Black Sea region and adjacent regions remains
limited.

From the Bronze Age onwards, a sharp increase in the
proportion of haplogroups R1a and R1b has been observed in
the Black Sea region, which is thought to correlate with Indo-
European expansion and the formation of the main branches of
Indo-European languages (Allentoft et al., 2015; Haak et al.,
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*The figure shows abbreviated haplogroup names for clarity.

2015). Of particular interest is the Late Scythian sample from
Crimea with the Y-chromosome haplogroup Nlalalala2a
(N-Z1934) — a lineage absent in earlier complexes of the
Northern Black Sea region and widely distributed among
contemporary Finno-Ugric populations (Post et al., 2019). This
Y-chromosome lineage is currently found only among Rus-
sians from the central and Volga-Perm regions (Y Tree, 2025).

The Alans are characterized by a more heterogeneous Y-chro-
mosome composition. Alongside the haplotypes R1b-Z2106,
R1b-L23, R1b-M269, and R1b-Z2105, previously identified
among Scythian groups of the Early Iron Age in the Northern
Black Sea region, they also possess haplotypes Q1b-BZ5214,
found in modern Chechens, and C2a-Y 11606, found in mo-
dern populations of Mongolia and China, as well as in ancient
elite groups of the Xiongnu and Avars (YTree, 2025) (see
Supplementary Material).

The Bulgars and the people of the Saltovo-Mayaki culture
are represented by haplogroup R1a-M417, which had previ-
ously been recorded in the Northern Black Sea region. In one
individual from the Saltovo-Mayaki culture, a complete match
of subclade R1b-M269 was identified with an Alan sample and
with several individuals from the Bronze Age of Moldova and
the North Caucasus, as well as with Early and Late Scythians.
In another individual, lineage G2a-Z6653 was found, matching
a Late Antique sample from Georgia (YTree, 2025).

The Chernyakhov culture is represented by haplogroups
R1a-Z93, R1a-Z645, and E1b-V13, previously identified
among Scythian groups of the Northern Black Sea region,
populations of the Late Bronze Age of Moldova, as well as
among Thracian and, probably, certain Classical Greek groups
(Saag et al., 2025; YTree, 2025).

Discussion

Despite its key role in trans-Eurasian migration processes
during the first millennium CE, the Northern Black Sea region
remains, from an archaeogenetic perspective, still poorly and
fragmentarily characterized to date. While for certain groups,
such as the Sarmatians, the Alans of the mountainous and
forest-steppe zones, the Bulgars, and to some extent the popu-
lation of the Chernyakhov culture, it is possible to provide a
preliminary description of their genetic characteristics, for a
number of archaeological cultures that inhabited this territory,
no data are currently available.

The small sample sizes and limited number of whole-ge-
nome samples covering various chronological periods and
archaeological cultures significantly impede the reconstruc-
tion of demographic processes and reduce the reliability of
overarching conclusions. Nevertheless, the systematic review
and meta-analysis of the available data allowed us to identify
the main features of the genetic structure of the population of
the Northern Black Sea region during the 1st millennium CE.

In several cases, the transition of archacological culture was
not accompanied by complete population replacement, indicat-
ing local genetic continuity. This is clearly demonstrated by
data from the site “Solnechnodolsk-4” (Ciscaucasus), where
an Alan individual was genetically close to Sarmatians and
bearers of the Koban culture from the same site (Andreeva et
al., 2025). Similarly, a Late Scythian individual from the Be-
lyaus settlement exhibits a genetic profile similar to the earlier
Scythian population of the same region (Andreeva et al., 2025).

At the same time, instances of long-distance migration have
been documented: genetic links have been identified between
the Sarmatians from the Carpathian Basin and the Southern
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Urals, providing direct evidence of large-scale migrations
across the Northern Black Sea region in the first centuries CE
(Schiitz et al., 2025).

Our meta-analysis revealed genetic connections between
certain representatives of the Sarmatians, Alans, Bulgars,
and bearers of the Saltovo-Mayaki culture. The groups from
the forest-steppe zone and the Caucasian Alans demonstrate
the greatest similarity to each other, which may indicate a
common origin or prolonged contacts. At the same time,
within the structure of the studied groups, we were able to
document the main directions of genetic influences: Caucasian
and East Eurasian, which is consistent with our results from
the analysis of uniparental markers (mitochondrial DNA and
Y-chromosome).

The genetic diversity identified among individuals of the
Chernyakhov culture is complemented by data from the sites
“Shishaki” and “Minino II”, where genetic connections with
later Slavic groups are observed (Rozhdestvenskikh et al.,
2025; Saag et al., 2025). These results provide a foundation
for further, more in-depth genetic analysis of the processes
underlying the formation of Slavic groups in Eastern Europe.

Finally, it was demonstrated that the Sarmatians who arrived
in the Black Sea region were not genetically close to the lo-
cal Scythians (Andreeva et al., 2025). This suggests that the
Scythian population was largely replaced by the Sarmatians
without genetic admixture.

It should be noted that, as a result of our analysis using
previously published genomic data, we did not identify traces
of admixture between the various ethnic and cultural groups
inhabiting the Northern Black Sea region during the 1st mil-
lennium CE.

Conclusion

The systematic review and meta-analysis of archacogenetic
data on the population of the Northern Black Sea region during
the 1st millennium CE allow us to view the region not as a se-
quence of successive cultures, but rather as a long-functioning
contact zone. The obtained data have created a solid foundation
for subsequent expansion of sample sets and deepening of
research. A promising direction is the acquisition of whole-
genome data for the key populations of the Northern Black
Sea region for which genomic data are still absent, including
the population of the Bosporan Kingdom, the nomadic con-
federations of the early Middle Ages (Goths, Huns, etc.), early
Slavic groups, as well as the populations of Bulgaria and the
Khazar Khaganate.

Investigating the connections between the genetic charac-
teristics of the population of this region, the transmission of
cultural traditions, and the spread of languages is particularly
important for clarifying its demographic history in subsequent
historical periods (the Middle Ages). This requires a com-
prehensive interdisciplinary approach involving geneticists,
archaeologists, anthropologists, and linguists.
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Selection and evaluation of DNase I hypersensitive sites
for prenatal screening of trisomy 21 in the fetus
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Abstract. This study introduces a novel approach for noninvasive prenatal testing (NIPT) of chromosomal abnormalities,
based on analysis of epigenetic features in circulating cell-free DNA (cfDNA). The core innovation of our method leverages
fundamental differences in chromatin organization between maternal and fetal cells. Specifically, we focused on genomic
regions that exhibit open chromatin configuration in maternal blood cells but remain tightly packed in fetal tissues (DNase |
hypersensitive sites or DHSs). These epigenetic differences create distinct cfDNA fragmentation signatures that allow selective
identification of fetal DNA within the maternal cfDNA pool. The study workflow comprised several key steps: performing
genome-wide screening to identify differentially accessible chromatin regions, selecting the most informative markers
using a machine learning algorithm, and targeted sequencing of the selected epigenetic markers using molecular barcodes.
Subsequently, a LASSO regression model was constructed and validated. As a proof of concept, the study demonstrates the
method’s efficacy in identifying trisomy 21 (Down syndrome), though the underlying principles can be readily adapted to
other abnormalities. Complementing its robust performance, the technique offers practical advantages in terms of platform
compatibility — the same epigenetic markers can be assessed using either next-generation sequencing or simpler, more
cost-efficient methods like digital PCR. With further refinement, the approach could be extended to screen for additional
aneuploidies (trisomies 13 and 18) and microdeletion syndromes. Therefore, this approach offers new opportunities
for developing cost-effective testing systems suitable for widespread routine clinical implementation, combining high
diagnostic accuracy with reduced analysis costs.
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OT60p 1 aHanm3 DNase I-rurnepuyBCTBUTEIbHBIX CaliTOB
IJISI TIpeHaTa/IbHOrO oIpeneeHs TpucoMmun 21 y riona

A.M. Masyp
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T UHCTUTYT BronHeHepuu, DeaepanbHblil UCCiefoBaTeNbekni LeHTp «QyHpaMeHTabHble OCHOBbI 6LOTEXHONOMU» POCCUINCKON akaaemMmii HaykK,
Mocksa, Poccus
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AHHOTauusA. B gaHHol paboTte npefcTaBieH HOBbIA NOAXOA K HEMHBA3MBHOWN NpPeHaTanbHOW AMArHOCTMKE XPOMOCOMHbIX
aHOManuii, OCHOBAHHbI Ha aHanu3e SnuUreHeTMYeckmx ocobeHHocTel Lupkynupyowel BHeknetouHon OHK (BKOHK).
KnioueBas naea metofa 3ak/oyaeTca B UCMOb30BaHUN GpyHAAMEHTANIbHbIX Pa3fvyMin B OpraHm3aLmm XpomMaTuHa Mexay
MaTePUHCKMMU U GpeTanbHbIMU KneTKkaMu. B 4acTHOCTH, Mbl COCPefOTOUMANCH HA yYacTKax reHOMa, KOTopble B MaTePUHCKMX
KNneTKax KpPOBU HaxoAATCA B OTKPbITOM cocToAHMM (DHS), HO oCTaloTcA 3aKpbITbIMM B TKAHAX Nioda. TV anureHeTnyeckne
pasnnuna co3patoT yHUKasbHble natTepHbl BKAHK, nossonsiowme Bblaennts detanbHyo JHK 13 obuiero nyna matepuHcKomn
Bk[HK. PaboTa BKntouaeT B cebA HECKONbKO OCHOBHbIX LLIAroB: NpoBefeHre NOAHOFreHOMHOIO CKPUHUHIA A5 BbIABIEHNA
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anddepeHUnanbHO AOCTYMHbIX YYacTKOB XpOMaTWHA, OT6op Hambonee WHOOPMATMBHBIX MapKepos Mpv MNOMOLUY
anropuTMa MalrHHOro obyyeHus, TapreTHoe CeKBEHUPOBaHNE OTOOPAHHbIX SMUreHeTUYECKNX MapPKEPOB C NMPYMeHeHeM
MONeKyNnApHbIX 6apKoOJOB 1 NMOCTPOeHNe Moaenu Ha ocHoBe LASSO-perpeccun ¢ nocnegyouleii ee Banvaaumein. Ocoboe
BHMMaHWe yaeNneHo ANarHOCTUKe TPUCOMUM XPOMOcombl 21 (cuHapoma [ayHa), Kak Havbonee KAMHMYECKU 3HAUYMMOro
XPOMOCOMHOIO HapyLleHus.. Pa3paboTaHHblii anroputM LEMOHCTPUPYET BbICOKYIO TOUHOCTb MPU aHanv3e OToOpaHHbIX
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Introduction

The Non-Invasive Prenatal Test (NIPT), which employs
next-generation sequencing (NGS) technology, represents a
revolutionary approach to detecting fetal chromosomal ab-
normalities using only a sample of maternal blood (Fan et al.,
2008). Prior to the development of NGS, this type of analysis
was not feasible, as there was no reliable method to isolate
the small amount of fetal DNA present amidst the vast excess
of maternal DNA in the bloodstream (Dhallan et al., 2007).
Due to the high throughput and sensitivity of NGS, it is now
possible to accurately detect and quantify these trace amounts
of fetal cell-free DNA (cfDNA) directly from maternal plasma
(Alberry et al., 2021). Consequently, NIPT has emerged as a
rapid, safe, and reliable screening tool for assessing the risk of
common aneuploidies, including Down, Edwards, and Patau
syndromes (Gil et al., 2017). The genomics revolution driven
by NGS has therefore paved the way for the widespread clinical
implementation of NIPT (Satam et al., 2023).

However, despite the impressive capabilities of NGS,
the effectiveness of NIPT still depends on selecting optimal
biological markers to distinguish between maternal and fetal
DNA (Hui, Bianchi, 2020). In this context, epigenetic differ-
ences — particularly chromatin accessibility profiles — are of
special interest.

DNase I-hypersensitive sites (DHSs) are genomic regions
with an open chromatin structure, exhibiting increased ac-
cessibility to the DNase I enzyme. These sites are frequently
associated with gene regulatory elements and display cell-
specific expression profiles (Thurman et al., 2012).

In the previous stage of this study, the use of DHS clusters
significantly restricted the number of available candidate
regions, thereby reducing the sensitivity and specificity of
the test system. To overcome this limitation, we transitioned
from cluster analysis to the investigation of individual DHS.
This approach substantially expanded the pool of candidate
regions, enabling more precise filtering and ultimately yielding
a sufficient number of high-quality loci for reliable diagnostics.

Our study focuses on developing an enhanced NIPT ap-
proach based on the analysis of individual DHSs — genomic
regions with chromatin structures characteristic of the fetus

and mother. The proposed method is expected to ensure high
accuracy in fetal DNA detection by leveraging the epigenetic
features of DHSs, while also reducing assay costs through
their targeted analysis.

Material and methods

Study cohort. A total of 1,012 blood samples from pregnant
women were collected between April 2014 and April 2015.
The patients were referred from 47 medical institutions across
the Russian Federation or were self-referred. The mean age of
participants was 35 years, with the youngest being 20 and the
oldest 51 years. Gestational age at the time of blood collection
ranged from 10 to 24 weeks, with a mean of 14 weeks. The
mean fetal cell-free DNA (cfDNA) concentration was 11 %
(Pantiuhk et al., 2016). All women provided informed consent
for the use of their samples for scientific purposes. The study
was approved by the Committee of the Academic Council of
the Faculty of Biomedical Sciences, Pirogov Russian National
Research Medical University, Ministry of Health of the Rus-
sian Federation (protocol No. 4 dated December 26, 2022).

Primer design. Primers were designed using the Primer3
software (Untergasser et al., 2012) with the following parame-
ters: PRIMER OPT SIZE =21, PRIMER MIN SIZE = 18,
PRIMER _MAX SIZE = 24, PRIMER MAX NS AC-
CEPTED = 1, and PRIMER PRODUCT SIZE RANGE =
100-140 bp.

Target enrichment and library preparation. Targeted
sequencing was performed using single-end enrichment with
duplex unique molecular identifiers (UMIs), following the
protocol described by Q. Peng et al. (2019).

Library sequencing. Sequencing was carried out using
Illumina SBS technology with single-end reads of at least
80 bp.

Model development and evaluation. In the first step,
the input data were prepared by dividing samples into two
categories: those with trisomy and those without it. Samples
with a total molecule count below 15,000 were filtered out.

Subsequently, 100 independent trials were conducted using
the R packages rsample and caret (Kuhn, 2008). In each trial,
the data were randomly split into training (60 % of samples),
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validation (20 %), and test (20 %) sets, while preserving the
original class ratio.

To compensate for class imbalance in the training sets,
observation weighting was applied. Class weights were calcu-
lated separately for each training set according to the formulas:

w_t=N_major / N_minor — for samples of the minority

class (trisomy),

w_n =1 — for samples of the majority class (normal),
where N_major and N_minor are the number of samples in the
majority and minority classes, respectively, within the training
set. This weighting effectively increases the contribution of
rare trisomy cases to the loss function, preventing the model
from biasing toward the more common class.

The optimal classification threshold was determined on the
validation set using Youden’s index (Youden, 1950), which
maximizes the J statistic (J = sensitivity + specificity — 1).
This criterion aims to find a threshold that balances the
method’s ability to correctly identify both positive cases
(sensitivity) and negative cases (specificity). This approach
ensures that the selected threshold balances the two types of
errors: false negatives (where aneuploidy is present but the
test fails to detect it) and false positives (where the test incor-
rectly indicates ancuploidy). Three key performance metrics
were calculated on the test data: the area under the ROC
curve (AUC), sensitivity, and specificity. Model training was
performed using the glmnet package (Friedman et al., 2010),
and all results were visualized using ggplot2 (Wickham, 2016)
and ggpubr.

Results

Identification of candidate regions in the human genome
At the first stage, DNase I-hypersensitive sites (DHSs) were
selected from an open-access database (Sheffield et al., 2013).
For maternal tissue representation, all hematopoietic and en-
dothelial cell lines were used, as these are typical sources of
freely circulating maternal cfDNA (Lui et al., 2002).

The selection criterion was based on differential acces-
sibility of these sites: an open chromatin state in cell lines
corresponding to maternal tissues (31 lines of hematopoi-
etic and endothelial origin) and a closed state in fetal cell
lines (Chorion). This approach enabled the identification of
13,637 individual DHSs (Fig. S1)".

The coordinates of all selected sites were converted to the
human genome version GRCh38 (Table S1). For subsequent
analysis, a 1,000 bp region was extracted around each 150 bp
DHS, with the DHS positioned at its center. Although the
DHSs themselves did not overlap, the flanking regions could
partially overlap when the distance between central sites was
less than 500 bp — a factor that was taken into account during
final selection.

T Supplementary Figures S1-53 and Tables S1-S3 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Mazur_Engl_30_4.xIsx
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To construct the diagnostic panel, we selected a set of
regions containing DHSs on: chromosome 21 — as the direct
target for Down syndrome diagnosis; chromosome Y — as a
negative control; and chromosomes 1, 2, 3,4, 5, 6, 8, 10, and
12 — as markers, the relative coverage decrease of which in
trisomy cases reflects the redistribution of reads in favor of
chromosome 21.

Sample set formation

The study utilized cfDNA sequencing data from a previous
work focused on non-invasive prenatal diagnostic methods
for aneuploidies (Pantiukh et al., 2016).

To determine fetal cfDNA concentration, two comple-
mentary methods were applied: quantitative analysis of the
Y chromosome and the SeqFF method, which is based on
regression analysis of overrepresented fetal sequences (Kim
etal., 2015; van Beek et al., 2017).

The need to group samples arose from the characteristics
of the original data, where the mean coverage was only 0.3%.
At this coverage level, a standard 150 bp DHS received on
average only one read, which made reliable quantitative
analysis at the individual level impossible. To address this
low coverage issue, samples were sorted by increasing fetal
DNA concentration and evenly distributed into four groups
(P1-P4) (Fig. S2).

The resulting clinical sample set included data from
958 cases with normal fetal karyotype and 54 samples with
trisomy 21 (Down syndrome).

Whole-genome sequencing data analysis algorithm
All selected cfDNA samples were aligned to the human refer-
ence genome GRCh38 using bowtie2 (Langmead, Salzberg,
2012) in global alignment mode (--end-to-end) with the
--sensitive parameter. The mean percentage of successfully
mapped reads was 97.05 %, with unmapped reads excluded
from further analysis. For each sample, coverage was calcu-
lated for every nucleotide within the pre-selected regions.

Aggregated data were divided into groups: non-pregnant
women, pregnant women with normal fetal karyotype (further
subdivided by fetal DNA concentration), and pregnant women
with fetal trisomies. A statistically significant increase in cov-
erage within DHSs was observed between groups of pregnant
women with a normal fetal karyotype (Fig. 1a) and between
pregnant women compared to non-pregnant women — the lat-
ter explained by the closed chromatin state of fetal DNA in
these genomic regions, rendering it inaccessible to DNase |
(Fig. 1b). Differences were also noted for pregnant women
carrying fetuses with trisomy 21 (Fig. 15). This increase in
DHS coverage confirmed that the proposed method enables
the detection of fetal ancuploidies.

Interestingly, multiple regions with increased coverage were
identified in pregnant women. Verification using the UCSC
Genome Browser confirmed the presence of additional DHSs
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Fig. 1. Normalized coverage (Z-score) in target regions using chromosome 21 as an example: a — in subgroups of
pregnant women with normal fetal karyotype; b — in groups of non-pregnant women, pregnant women with normal
fetal karyotype, and pregnant women with fetal trisomy.

Statistical significance of differences between the groups was assessed using the Mann-Whitney U-test (Wilcoxon test for independent

samples).

within such regions (Fig. S3), which is consistent with known
data on the clustering of regulatory elements in the genome
(Thurman et al., 2012).

Establishing criteria and selecting regions

The primary objective was to identify regions most effective
at distinguishing between pregnant and non-pregnant women.
To this end, the following criteria were proposed: the length
of the maximum window where the difference between mean
coverage in non-pregnant women and mean coverage in
pregnant women is less than zero; the maximum area under
the difference curve within a 100-nucleotide window; the re-
lationship between coverage level and fetal cfDNA concentra-
tion; and functional significance. Functional significance was
assessed based on criteria proposed in R.E. Thurman et al.
(2012). Promoter sites were defined as those the coordinates
of which intersected with transcription start sites from the
GENCODE human genome reference annotation (Harrow et
al., 2012), or as the DHS nearest to a transcription start site
in the 5 direction. Enhancers were defined as those located
within 500,000 nucleotides of a promoter site and showing
high correlation (R > 0.7) with that promoter site based on
DNase-seq data.

To determine which of the proposed criteria was most suit-
able for region selection, a binary classifier based on random
forest was constructed to distinguish samples from pregnant
women versus non-pregnant women, using the mean coverage
in the 20 top-ranking regions according to each criterion. We
used the Random Forest Classifier algorithm from the scikit-
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learn library in its default configuration (Pedregosa et al.,
2011). Prediction quality was assessed using the F-measure
for non-pregnant sample predictions, as the number of such
samples was smaller than that of pregnant samples. To iden-
tify the most effective region selection rule, we evaluated the
predictive performance of each criterion individually and in
various combinations. The best F-measure was achieved using
regions selected by a combination of three criteria: the area
under the difference curve criterion, the presence of a relation-
ship between coverage level and fetal DNA concentration
within the region, and the criterion of whether the site was a
promoter or enhancer.

Next, for each nucleotide coordinate, the mean normalized
coverage (Z-score) was calculated across all classes: for
non-pregnant samples; for pregnant samples (by groups with
different cfDNA concentrations); and for samples from preg-
nant women carrying fetuses with trisomy 21. Subsequently,
all regions on a given chromosome were sorted in descend-
ing order according to the value determined by the selected
criterion, and a specified number of regions were selected.

Sequencing of the selected regions

For the analysis of the 40 selected genomic regions (Table S2)
across 283 samples, targeted sequencing based on multiplex
PCR was employed. Specific primers were designed for each
region (Table S3), enabling simultaneous amplification of all
target sites in a single reaction. Prior to sequencing, molecu-
lar barcoding of the original DNA molecules was performed
during the amplification step, ensuring accurate counting of
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Fig. 2. Model performance: a - distribution of metrics (AUC, sensitivity, and specificity); b — ROC curve based on 100 in-

dependent splits.

initial molecule numbers and minimizing the impact of PCR
artifacts. Read mapping was conducted in the same manner
as described in the “Whole-genome sequencing data analysis
algorithm” section.

Model development and validation

For 201 samples with a normal fetal karyotype and 82 samples
with trisomy, counts of cfDNA molecules corresponding to
the 40 selected regions were obtained. To reliably assess the
suitability of these regions for use in a test system, we trained
and tested a LASSO regression model using stratified repeated
random subsampling with class weighting (see Material and
methods).

The high sensitivity and specificity values (Fig. 2a), along
with the AUC (Fig. 2b) achieved by the model, allow us to
conclude that it is possible to predict the presence of fetal
trisomy based on sequencing data from DHS regions of cir-
culating cfDNA.

Discussion
Before the analysis of plasma cfDNA became the dominant
approach in non-invasive prenatal testing, the scientific com-
munity was actively searching for alternative methods to obtain
fetal genetic material without invasive procedures (Simpson,
Elias, 1993).

Two main cell types served as primary targets in these stud-
ies: trophoblasts (Bruch et al., 1991) and nucleated red blood
cells (fetal erythroblasts) (Simpson, Elias, 1994). Trophoblasts,
being placental derivatives, seemed a logical target as they con-
tain the complete fetal genome and could theoretically serve

as ideal material for analysis (Covone et al., 1984). Concur-
rently, research was conducted on isolating fetal erythroblasts
(Bianchi et al., 1990). The advantage of this approach lay in
the fact that immature nucleated red blood cells are normally
virtually absent from the peripheral blood of healthy adults,
theoretically allowing them to be distinguished against the
background of maternal cells.

However, practical application of the cellular approach
encountered serious limitations (Holzgreve et al., 1992). The
main problem was the extremely low concentration of fetal
cells in maternal blood, making their isolation technically
challenging and unreliable.

Against this backdrop, the discovery made by Dennis Lo and
colleagues in 1997 — demonstrating the presence of significant
amounts of fetal cfDNA in maternal plasma — marked the
beginning of a fundamentally different path (Lo et al., 1997).
Despite the fact that cfDNA represented fragmented placental
DNA rather than the complete fetal genome, this approach had
decisive practical advantages: a relatively high concentration
of genetic material and technological accessibility for analysis
using PCR (Lo et al., 1998).

Current commercial NIPTs utilizing high-throughput
sequencing methods demonstrate high accuracy, but their
widespread adoption is still constrained by relatively high
costs (Gil et al., 2017).

Our method, based on targeted analysis of 40 epigenetic
markers (DHSs), offers a cost-effective solution. Such ap-
proaches require sequencing less than 1 % of the genome, sub-
stantially reducing reagent and data processing costs (Schmitt
etal.,2015). It is worth noting that not only NGS platforms but
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also the more accessible digital PCR (dPCR) technology can be
used for this analysis, further lowering costs and simplifying
implementation into routine clinical practice (Li et al., 2022).
This is particularly relevant for smaller laboratories without
access to expensive sequencing systems. At the same time, all
key advantages of NIPT are preserved: non-invasiveness, the
possibility of early diagnosis, and high accuracy in detecting
chromosomal abnormalities (Zhang et al., 2026).

An important aspect of this study was the development of
rigorous criteria for selecting informative regions. Our method
incorporates a comprehensive set of parameters, including
not only statistical measures of differential accessibility but
also the functional significance of sites and the dependence
of the signal on fetal DNA concentration. Such an integrated
approach enables the creation of a robust diagnostic panel
resilient to technical noise. Furthermore, the application of
molecular barcoding addresses a crucial challenge in quantita-
tive cfDNA analysis —accurate counting of original molecules
in the presence of PCR amplification.

Conclusion

The prospects for practical application of the developed ap-
proach appear promising. First, the method fundamentally
allows for expanding the range of detectable chromosomal
abnormalities without substantially increasing analysis costs.
Second, its adaptability to various technological platforms
opens up possibilities for creating flexible diagnostic systems
that can be optimized for specific clinical tasks and budget
constraints.

Future research may focus on optimizing the marker panel
for simultaneous detection of a wide range of chromosomal
abnormalities and standardizing protocols for use in routine
clinical practice. The proposed method has every reason to
become the foundation for a new generation of screening tests
that combine high reliability with cost-effectiveness.
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Abstract. The multifactorial etiology of complex diseases involves the interplay of polygenic/oligogenic susceptibility
loci and environmental factors. Complex diseases are characterized by pronounced phenotypic variability, genetic
heterogeneity, pleiotropy of genetic variants, variable penetrance, and expressivity. Advances in population-wide
genomic sequencing have expanded our understanding of the genetic architecture of complex diseases significantly;
however, germline variants explain only a fraction of the observed phenotypic variability. The introduction of deep DNA
sequencing and single-cell multi-omics analysis has revealed an additional, previously underestimated category of risk
factors: somatic mutations that continuously accumulate in cells throughout an individual’s lifespan, giving rise to genetic
mosaicism. This review considers the role of somatic mutations in the pathogenesis of complex diseases in the context of
their combined contribution with germline determinants to the formation of disease phenotypes. Particular attention is
paid to clonal hematopoiesis of indeterminate potential as the best-studied model of somatic mosaicism associated with
age-related conditions. It is demonstrated that the interaction of somatic and germline variants occurs within specific
tissue contexts through mechanisms of clonal selection, stochastic clonal drift, and epigenetic dysregulation, causing
organ dysfunction. Within the concept of somatic mosaicism, this work suggests a selection mechanism alternative to
classical oncogenesis. This pathway, defined as “passive clonal dominance’, describes selection through the persistence of
clones that gain advantage not via proliferation but through resistance to apoptosis under chronic stress, which may be
particularly relevant to post-mitotic tissues such as the heart muscle and nervous tissue. From a practical standpoint, the
somatic variants discussed herein are of interest as candidate biomarkers for predictive diagnostics and risk stratification
of complex diseases, pending clinical validation. Moreover, they point to pathophysiological pathways that may reveal
targets for therapies aimed at modulating clonal composition and preventing disease progression. The paper also
discusses prospects for studying somatic mosaicism in the context of complex diseases, including the potential of
dynamic lineage tracing technologies for experimental verification of the proposed clonal selection mechanisms, as
well as the need to integrate somatic and germline genetic variant data into unified models for individual disease risk
assessment.
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AHHoTauuA. MHorodakTopHble 3abonesaHna (MD3) xapakTepu3yoTCA CHOXHOW STMONOTMEN, BKIIOYatoLWen B3aumMo-
LEeNCTBME MONIUFEHHbIX/ONIMTOrEHHbIX HACNefCTBEHHbIX AETEPMUHAHT M aKTOPOB cCpefbl, a TakKe BblPaKeHHbIM
KINVHUYECKM  MONUMOPOU3MOM, TeHeTUYECKOW TeTepOreHHOCTbo, MNeoTPONMeNn reHeTMYeCKUX BapUaHTOB,
BapurabenbHOM NEHETPaHTHOCTbIO N SKCMPECCUBHOCTbIO. [loCTUXeHMA B 0611acTy CEKBEHVPOBaHVA FTeHOMOB NONYNALMIA
CYLEeCTBEHHO pPacWVpPUAN MOHUMaHVE HaCcNeAcTBEHHON apxutekTypbl M®3, ofHaKO repmuHaTVBHbIE BapuaHTbI
OOBACHAIOT NUWb YacTb Habnogaemolt  ¢deHoTUNMYeCcKo BapuabenbHOCTU. BHeppeHne meTopoB ry6oKoro
cekBeHMpoBaHuA HK 1 MynbTMOMMKCHOTO aHanmn3a oTAeNbHbIX KNEeTOK MO3BOMWO BbIABUTb AOMOMHUTENbHYIO, paHee
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Mapagurma comaTyeckoro mosamumsma
npu MHOrodaKTOPHbIX 3ab6oneBaHNAX

HeJloOLleHEHHYI0 KaTeropuio $GakTopoB PUCKA, a UMEHHO COMaTUYeckue MyTauuu, HeMpepbiBHO HaKamnauMBawwmecs
B KNeTKax Ha MNpOTSXeHUU OHToreHesa U GopmMMpyloLiMe MO3aunuHyl0 TeHeTUYecKyld KOHCTUTYLMIO OpraHu3ma
(comaTnuecknin mo3anumsm). B HacToswwem 063ope paccmaTpuBaeTca posib COMATUYECKUX MyTauuWii B 3TroNaToreHese
M®3 ¢ no3numMm Ux COYeTaHHOrO BKMafa C repMMHATVBHBIMUA AeTepMUHAHTaMU B GOPMUPOBaHME MaTONIOrMYeCKoro
¢deHotuna. Ocoboe BHUMaHWe yaeneHo (eHOMEHY KJIOHASIbHOro remMoros3a HeomnpefesieHHOro noTeHumana Kak
Havbosnee M3yyeHHON MOAENN COMATMYECKOro MO3auLM3Ma, acCOLMMPOBAHHOMO C BO3PACT-3aBUCUMOV MaTosormei.
Moka3aHo, YTo B3aUMOAENCTBME COMATUUYECKUX M FEPMUHATVBHbIX BAPUAHTOB peann3yeTcs B KneTkax B cneynduyeckmx
TKQHEBbIX KOHTEKCTax u4epe3 MexaHW3Mbl KIOHaNbHOW Cenekuuy, CTOXacTMUeCKOro KioHajlbHOro pgpeinda u
3MNWreHeTNYecKon AUCperynaumMmn, NpuBOAAWMX K AUCOYHKUMM OpraHoB. B pamkax KOHUEenuuMu comMaTUyeckoro
Mo3anum3Ma B paboTe 0OOCHOBBIBAETCA MEXaHM3M CeNeKLUY, anbTepHATVBHbIN KNacCyeckoMy OHKoreHesy. [laHHbIN
nyTb OMNPEeAeNAeTcs Kak «MacCMBHAA KNOHa/bHAaA AOMUHAHTHOCTb» U OMWCHIBAET CENEKUMI0 KaK MepcuMcTeHUIo
KJIOHOB, MONYUMBLUNX MPEUMYLLECTBO He 3a cYeT nponudepauuy, a Gnarogaps pe3vcTeHTHOCTM K aronTo3y B YCII0BUAX
XPOHNYECKOro cTpecca. Takon MexaHV3M MOXET 6blTb 0COOEHHO BaXkeH AnA MOCTMUTOTMYECKMX TKaHel, TakuMx Kak
MUOKapa 1 HepBHasA TKaHb. C NPAKTNUECKON TOUKM 3peHns PacCMOTPEHHble COMaTUYecKne BapyaHTbl NpeAcTaBnsoT
noTeHUManbHbIN MHTEPeC B KauecTBe KaHAMAATHbIX G1IOMapKepoB AnA NpeAnKTUBHON ANArHOCTUKM U cTpaTudUKaLum
pucka M®3, uto TpebyeT fanbHelillen KNMHUYeCKo Banvaauun. bonee Toro, oHu yKasblBatoT Ha NaTodusnonornyeckme
nyTy, NOTEHUMANIbHO OTKPbIBAKOLWME MULIEHWN AJ1A TAPreTHON Tepanuu, Harpas/ieHHOW Ha MOAYNALMI0 KOHASIbHOIO
COCTaBa W NpefoTBpalleHre NporpeccupoBaHns 3abonesaHunii. B 3akniodeHne AaHbl NepcreKkTrBbl 1 HamnpasieHus
M3yyeHVs COMATMUECKOro Mo3avuuaMa B KoHTekcTe M®3, Bk/oyas noTeHUMan TEXHONMOMMA AUHAMNYECKOrO
OTCNEXMBaAHWA KNETOUYHBIX NIMHWIA AN SKCMEePUMEHTANbHON BepudUKaLny NpeanoXeHHbIX MeXaH13MOB KIOHaNbHOM
cenekummn. OTMeYeHa BaXKHOCTb MHTErpaummn AaHHbIX O COMATUUYECKUX U FepMUHATVBHbIX FeHETUUECKMX BapuaHTax B
efVHble MOLeNV OLEHKN MHAUBMAYaNIbHOTO pricKa 3aboneBaHuii.

KnioueBble C/10Ba: COMaTMYECKMe MyTaLum; CepAeYHO-COCYANCTbIe 3aboneBaHus; KIOHAMbHbIV remMono33; MHorodakTop-
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Hble 3aboneBaHuA

Introduction

Complex diseases (CDs) are characterized by high
prevalence and broad phenotypic diversity across popu-
lations. Although these disorders do not follow classic
Mendelian inheritance patterns, familial clustering is well
documented and is best explained by polygenic or oli-
gogenic models incorporating substantial environmental
contributions. Importantly, the balance between genetic
susceptibility and environmental exposures varies across
individuals, even within the same diagnostic category.

The phenotypic manifestation of CDs reflects core
genetic principles, including clinical heterogeneity, locus
heterogeneity, extensive pleiotropy of risk variants, and
variable penetrance and expressivity, each shaped by
the broad polygenic architecture and gene-environment
interactions.

Beyond this genetic complexity, the disease phenotype
in complex disorders exhibits multilayered heterogeneity
spanning molecular, cellular, and tissue levels. Disease
trajectories are dynamic: they evolve over time, and dis-
play spatial specificity driven by variation in local tissue
microenvironments and cell-type-specific transcriptional
programs. Substantial variability is observed among
patients diagnosed with the same CDs, both in clinical
presentation and in underlying pathogenic mechanisms.

Unlike inherited germline variants, somatic mutations
arise de novo and accumulate continuously throughout
the lifespan. The dynamics of this accumulation ranges
from approximately linear in postmitotic tissues to mar-
kedly nonlinear in the setting of clonal selection (Lodato
et al., 2018; Brunner et al., 2019). This ongoing muta-

genesis generates intraorganismal genetic diversity, or
somatic mosaicism, which is a form of postzygotic varia-
tion that can shape individual phenotypic outcomes. The
accompanying epigenetic drift across clonal populations
may further amplify phenotypic heterogeneity.

This review addresses the role of somatic mosaicism
in CD pathogenesis. We focus on somatic variants as
tissue-specific modifiers of hereditary risk and as au-
tonomous drivers of disease initiation and progression
via clonal selection, stochastic clonal drift, and epigenetic
dysregulation, which remodel the clonal architecture of
affected tissues.

Somatic genetic variants and complex diseases
During embryogenesis, the high rate of cell divisions,
coupled with shortened cell cycles and relaxed check-
point control, leads to the accumulation of de novo muta-
tions. When a progenitor cell carrying such a mutation
remains viable and maintains its proliferative potential,
it gives rise to a clone whose genome diverges from the
constitutional germline genome.

In adult organisms, somatic mutations arise ubiqui-
tously, but their accumulation and clonal expansion oc-
cur predominantly in tissues with high cellular turnover,
such as the hematopoietic system and barrier epithelia,
or in parenchymal organs under conditions of chronic
injury and regeneration. Recurrent cycles of cell division
increase the likelihood of acquiring somatic mutations,
among which driver mutations in genes that directly
regulate the cell cycle, proliferation, and cell survival
are of particular importance.
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Concurrently, neutral passenger mutations accumu-
late without directly affecting cell fitness. However,
some mutations that do not meet the classic definition
of oncogenic drivers may still exert indirect effects on
cell survival through modulation of metabolic pathways,
stress responses, or intercellular interactions within the
microenvironment, thereby conferring a selective advan-
tage in specific tissue environments.

Age-related decline in DNA repair efficiency contri-
butes to the accumulation of somatic genetic variants, a
subset of which confers a selective advantage to cells. As
the regenerative capacity of tissues becomes depleted,
this process drives clonal expansion of the most viable
cell populations. Consequently, mosaic clonal popula-

Somatic genetic variants in complex diseases

The paradigm of somatic mosaicism
in complex diseases

tions emerge within tissues and bring the interindividual
genetic diversity to such a degree that in some tissues it
may exceed that observed at the population level (Har-
ris, 2025).

Somatic mutagenesis has historically been a focus
of cancer genomics research, as the accumulation of
driver mutations in oncogenes and tumor-suppressor
genes is considered pivotal in the pathogenesis of malig-
nancy.

Advances in genomic technologies, including next-
generation sequencing and single-cell genomics, have
enabled the identification of nonmalignant complex
diseases in which somatic mutations of various classes
accumulate (see the Table).

Somatic mutation type Complex disease

Structural and numerical
chromosomal abnormalities

Spontaneous abortion
(miscarriage)

Large clonal mosaic chromosomal Cancer
rearrangements (>2 Mb); copy number

variants (CNVs); loss of heterozygosity

(LOH); single-nucleotide substitutions

Large clonal mosaic chromosomal
rearrangements (>2 Mb)
Copy number variants (CNVs)

Single-nucleotide substitutions

* Pubmed ID.

Neuropsychiatric disorders: intellectual
disability, autism, epilepsy, bipolar disorder,
schizophrenia, behavioral abnormalities

Type 2 diabetes mellitus with vascular
complications

Childhood asthma

Early-onset Alzheimer disease

Atrial fibrillation

Congenital heart defects

Venous malformations

Cerebral cavernous malformations

Endometriosis
Inflammatory bowel disease

Atherosclerosis, vascular malformations,
aortic aneurysm, heart failure,

Alzheimer disease, type 2 diabetes mellitus,
and chronic liver and kidney diseases

Autism

Tissue, organ PMID*
Fetal tissues and parental 11675616
leukocytes
Leukocytes, tumor 22561519,
22561516
Leukocytes, brain 23828942,
23888031
Leukocytes 23852171
Leukocytes 19728390,
30262839
Leukocytes, brain 30670873,
31300647,
35444284
Leukocytes, myocardium 16790700,
20606116
Leukocytes, saliva, heart muscle 29729027,
32349777
Leukocytes, vascular tissue 19079259
Leukocytes, vascular tissue 33729480,
34496175,
36995941,
41366709,
35852613
Endometrium 30110635
Intestinal crypts 32697969
Leukocytes 40175709,
31406340,
34298011,
33731931,
31672865,
33057201,
28636844,
37046084,
37197843
Leukocytes from proband-parent 33432195

trios and other family members
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A substantial fraction of postzygotic mutations likely
remains undetected due to negative selection. Deleterious
loss-of-function (LoF) variants in essential genes trigger
apoptosis or irreversible cell cycle arrest in affected cells,
rendering them invisible to standard genomic analysis
methods.

Trio-based DNA sequencing (mother-father-child)
enables the identification of de novo germline muta-
tions. In contrast, detection of somatic variants requires
comparative analysis of different tissues from the same
individual, as well as the use of deep sequencing or
single-cell sequencing technologies to detect low-level
mosaicism (Shao et al., 2025).

Recent studies using single-cell genome sequencing
have revised traditional views on the burden of somatic
mutations in postmitotic tissues. Neurons from healthy
adults have been shown to carry more than 1,000 somatic
single-nucleotide variants (SNVs) per cell, markedly
exceeding earlier estimates (Lodato et al., 2018).

Similarly, an analysis of 48 cardiac muscle cells from
10 healthy subjects of different ages has demonstrated
that a single cardiac cell contains 4,000 to 30,000 somatic
SNVs, with mutation burden showing a strong correla-
tion with subject age (Choudhury et al., 2022). These
findings, obtained through direct mutation counting in
individual cells, indicate that somatic SNV accumulation
is a widespread and substantial process in nonproliferat-
ing cells, potentially contributing to physiological aging
and disease susceptibility.

Postzygotic mutations represent a fundamentally dis-
tinct, non-Mendelian source of phenotypic variability.
They can not only modify the penetrance and expressivity
of inherited predisposition but also initiate pathological
processes independently through clonal selection mecha-
nisms within target tissues. Thus, somatic mosaicism
may function not only as a modifier of inherited risk but
also as an independent pathogenic factor contributing to
disease development in specific clinical contexts.

Below, we discuss the role of somatic mutations in CDs
using cardiovascular disorders as an example.

Somatic genomic variability
in cardiovascular diseases
Somatic mutagenesis, which gives rise to tissue mosa-
icism, affects not only parenchymal cells of target organs
but also blood cells. In the hematopoietic system, this
process manifests itself as clonal hematopoiesis (CH),
in which a hematopoietic stem cell (HSC) harboring a
driver mutation acquires a selective advantage, initiating
clonal expansion.

Of particular importance is the phenomenon of clonal
hematopoiesis of indeterminate potential (CHIP), in
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which a clonal population of cells carrying somatic muta-
tions in genes associated with hematologic malignancies
is present in peripheral blood, in the absence of evidence
for myelodysplasia, leukemia, or other hematologic
neoplasm in the individual (Jaiswal et al., 2014; Khoury
etal., 2022).

Extensive research of CHIP in recent years has not
only established its status as an independent risk factor
for CDs but also added much to our understanding of the
pathogenic role of somatic mosaicism by demonstrating
that mutant hematopoietic clones can induce a state of
chronic sterile systemic inflammation.

The pathogenic significance of this phenomenon lies
in the acquisition of aberrant proinflammatory activity
by mutant immune cell clones (primarily macrophages).
Their ability to overproduce cytokines establishes a
state of low-grade chronic systemic inflammation. This
process is considered the key mechanism through which
CHIP contributes to increased risk of atherosclerosis,
coronary artery disease, heart failure, and other age-
related disorders (Jaiswal et al., 2017).

It is important to note that the pathogenic impact of
somatic mosaicism on the cardiovascular system is not
confined to the hematopoietic compartment. An equally
significant parallel mechanism is oligoclonal expan-
sion of resident cells of the vascular wall, particularly
smooth muscle cells. In response to injury or atherogenic
stimuli, individual progenitor cells acquire a competitive
advantage, forming clonal clusters within atherosclerotic
plaques. This process fundamentally affects plaque sta-
bility and progression (Lin et al., 2023).

Clonal hematopoiesis of indeterminate

potential in cardiovascular disease:

molecular mechanisms and key determinants
According to the consensus criteria proposed by
D.P. Steensma et al. (2015), mutations in CHIP are
defined by a variant allele frequency (VAF) of 2 % or
greater. They occur in a relatively restricted set of he-
matopoietic driver genes, including DNMT3A, TET?2,
ASXLI, JAK?2, and others (Steensma et al., 2015). We
should note that this threshold reflects the sensitivity
limit of standard next-generation sequencing and does
not preclude the pathogenic relevance of clones with
lower VAFs.

The prevalence of CHIP correlates with age. Using the
standard detection threshold (VAF > 2 %), prevalence
reaches 15-20 % among individuals older than 70 years,
whereas deep sequencing approaches with higher sensi-
tivity reveal substantially higher frequencies of low-level
clones. Although CHIP is not associated with clinically
overt cytopenias, it shows associations with subcli-
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nical alterations in erythrocyte indices, most notably
wider red blood cell distribution and larger mean cor-
puscular volume (Acuna-Hidalgo et al., 2017; Walsh et
al., 2022).

In individuals with CHIP, the relative risk of develop-
ing hematologic malignancies increases approximately
10- to 13-fold across multiple cohort studies, although
this estimate varies considerably depending on clone
size and the spectrum of driver mutations (Genovese et
al., 2014; Jaiswal et al., 2014).

The risk of clinically overt coronary artery disease
(CAD) depends on a specific mutated driver gene in
CHIP. Mutations in DNMT3A, TET2, or ASXL1 are asso-
ciated with a double risk of CAD, whereas the carriership
of the JAK?2 p.Val617Phe mutation is associated with a
12-fold increase in relative risk, an effect presumably
mediated by a concomitant subclinical myeloprolifera-
tive phenotype (Jaiswal et al., 2017).

A direct correlation has been established between
mutant clone size (VAF) and the atherosclerotic bur-
den, as assessed by the coronary artery calcium score
(Agatston score). Among patients with CHIP, a high
frequency of ischemic stroke and other cardiovascular
events is observed, which increases all-cause mortality
in this group.

Although the panel of genes associated with CHIP
includes up to approximately 100 loci, mutations in
DNMT3A, TET2, and ASXLI account for the majority
of cases. They are identified in a substantial proportion
of CAD patients with CHIP (Jaiswal et al., 2017). Loss-
of-function mutations in DNM734 and TET2 in mouse
models lead to disruption of epigenetic control, resulting
in enhanced HSC self-renewal, impaired differentia-
tion, and subsequent clonal dominance in the hemato-
poietic system (Challen et al., 2011; Moran-Crusio et
al., 2011).

The molecular pathogenesis of DNM73A4 mutations
involves focal hypomethylation of specific genomic
loci and subsequent aberrant derepression of genes that
regulate HSC self-renewal, including the Hox cluster
(HOXAS5, HOXA7, and HOXA9). Loss of TET2 func-
tion impairs oxidative demethylation, leading to focal
persistence of 5-methylcytosine in regulatory regions of
the genome, which disrupts the enhancer landscape and
blocks terminal differentiation of myeloid progenitors
(Challen et al., 2011; Moran-Crusio et al., 2011).

Although histone modification mediated by ASXLI
protein is recognized as a fundamental process required
for physiological hematopoiesis, the detailed molecular
mechanisms that confer a selective advantage to mutant
cells in the setting of age-related CH remain to be insuf-
ficiently elucidated (Yamamoto et al., 2021).

The paradigm of somatic mosaicism
in complex diseases

Whereas wild-type ASXL1 maintains precise epigen-
etic control through regulation of repressive complexes,
the pathogenesis of CHIP is closely linked to specific
mutations, predominantly frameshifts in exon 12. Muta-
tions in ASXL I are known to produce a stable truncated
protein (ASXL 1-trunc) with gain-of-function properties.
This protein intensely destabilizes the PRC2 complex
while simultaneously enhancing the interaction with
BAP1 deubiquitinase within the PR-DUB complex.
The synergistic effect of these activities leads to global
reduction in H3K27me3 levels and aberrant derepres-
sion of critical leukemogenic loci, including HOXA
cluster genes, which may confer a selective advantage
to mutant cells (Inoue et al., 2016; Nagase et al., 2018;
Yang et al., 2018).

Somatic mutations in JAK2, PPM1D, and TP53 associ-
ated with CHIP contribute to pathogenesis when occur
in patients with cardiovascular diseases. In contrast to
TET2 and DNMT3A, mutations in 7P53 and PPMI1D
often emerge under selective pressure, such as chemo-
therapy, and they are associated with a more aggressive
clone. The JAK2 tyrosine kinase acts as a key component
of the JAK-STAT signaling pathway. The presence of
somatic mutations induces constitutive kinase domain
activity, resulting in cytokine-independent proliferation
and conferring a selective advantage to the mutant clone
(Kralovics et al., 2005).

The TP53-encoded p53 protein serves as a central
regulator of the response to DNA damage (DDR) and
cellular stress. Hematopoietic stem cells carrying loss-of-
function mutations in 7P53 acquire a selective advantage
by evading apoptosis and escaping cellular senescence,
leading to clonal dominance under conditions of competi-
tive interaction with wild-type cells (Bondar, Medzhitov,
2010). An additional factor contributing to the clonal
advantage of 7P53-mutant cells may be higher tolerance
to oxidative stress and genotoxic impacts. PPM1D also
functions within the DDR pathway as a downregula-
tor of p53, and truncating mutations in exon 6 provide
a proliferative advantage to HSCs through enhanced
resistance to p53-mediated apoptosis (Hsu et al., 2018).

Although CHIP mutations are detected in somatic
cells, mounting evidence demonstrates the existence of
inherited predisposition to their acquisition in HSCs. In
2009, a genome-wide association study (GWAS) identi-
fied an association between a single-nucleotide variant
(rs10974944) marking the JAK2 46/1 haplotype and pre-
disposition to acquiring the somatic JAK2 p.Val617Phe
mutation, as well as subsequent development of myelo-
proliferative neoplasms (Kilpivaara et al., 2009).

It was found later that the risk of CHIP is tightly associ-
ated with genetic variants in the 7TERT gene (in particular,
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rs144418061), which encodes the catalytic component
of the telomerase complex required for telomere main-
tenance, and with a polymorphism at the 7CL1A locus
(rs2887399) (Bick et al., 2020).

Furthermore, genetic analysis has revealed partial
overlap between loci that predispose to acquisition of
CHIP mutations (termed heritability of somatic mutation
predisposition) and loci associated with cardiovascular
disease risk in GWAS. This observation supports the
existence of shared germline determinants that modulate
individual risk profiles by simultaneously affecting the
kinetics of mutant HSC clonal expansion and vascular
resilience through independent pathogenic pathways,
exemplifying genetic pleiotropy.

The kinetics of clonal expansion of mutant HSCs is
tightly controlled by epigenetic regulatory mechanisms.
A strong correlation between the growth rate of mutant
clones and measures of epigenetic aging, assessed both
through direct DNA methylation profiling and by us-
ing genetic predictors, has been confirmed. Markers of
biological age, including the PhenoAge, GrimAge, and
HannumAge algorithms, show positive associations
with both the presence of CHIP and the rate of clonal
hematopoietic cell proliferation (Nachun et al., 2021;
Mack et al., 2024).

In addition to constitutional and endogenous deter-
minants, exogenous stressors and proinflammatory
settings significantly influence the dynamics of mutant
HSC clonal expansion. Cigarette smoking and iatrogenic
interventions, particularly cytotoxic therapy, increase
the frequency of somatic mutations. Chronic systemic
inflammation acts primarily as a selective pressure
driving clonal outgrowth. Collectively, these processes
create an adaptive advantage for clones that are resistant
to apoptosis and cytotoxic effects.

The phenomenon of CH shows significant associations
not only with progression of atherosclerosis and throm-
boembolic complications but also with a broad range of
heterogeneous age-related conditions, positioning it as
a key driver of the chronic systemic inflammation that
accompanies aging (inflammaging). The range of co-
morbid disorders includes atrial fibrillation, heart failure,
abdominal aortic aneurysm, venous thromboembolism,
as well as Alzheimer’s disease-related neurodegenera-
tion and metabolic disorders, particularly type 2 diabetes
mellitus (Schuermans, Honigberg, 2025).

Studies in mouse models, first of all, bone marrow
transplantation from 7er2 or Dnmt3a knockout mice,
demonstrate that CHIP-associated clones of macro-
phages and other myeloid derivatives produce excessive
amounts of proinflammatory cytokines and chemokines,
such as IL-1B, IL-6, and CXCL2. This persistent proin-
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flammatory signaling induces dysfunction in peripheral
tissues and target organs, initiating the development of
insulin resistance and disruption of tissue homeostasis.
These pathophysiological shifts recapitulate the multisys-
tem phenotype of accelerated aging observed in clinical
practice (Schuermans, Honigberg, 2025).

A specific form of clonal mosaicism is mosaic loss of
the Y chromosome (mLOY) in peripheral blood leuko-
cytes, which represents the most common somatic event
in men. This phenomenon is associated with increased
risk of cardiovascular disease, particularly the develop-
ment of cardiac fibrosis and heart failure (Sano et al.,
2022), as well as with severe progression of neurode-
generative disorders (Ljungstrom et al., 2022). In men
with pronounced mLOY, a trend toward increased VAF
of CHIP-associated mutations is observed, suggesting
that these events may coexist within the same clone.
The available evidence indicates that CHIP and mLOY
frequently co-occur during aging, supporting their con-
sideration as potentially interconnected manifestations
of common age-related changes in the clonal architecture
of bone marrow (Ljungstrom et al., 2022).

Despite these associations, detailed elucidation of the
molecular cascades linking CHIP to the broad spectrum
of CDs requires further investigation. To explain mecha-
nisms of cell selection, R. Happle (1993) put forward
the concept of paradominance, which presumes that a
somatic mutation arising in the setting of germline hete-
rozygosity at the same locus leads to biallelic inactiva-
tion and local manifestation of a pathological phenotype
during early development. However, the applicability
of this model to CHIP driver genes such as TET2 or
DNMT3A remains a matter of ongoing debate, because
in this context the clonally significant phenotype often
arises from monoallelic inactivation.

Nevertheless, the theoretical potential of this model
lies in its ability to provide a mechanistic explanation
for the phenomena of incomplete penetrance and va-
riable expressivity in CDs (Puzyrev et al., 2014). This
is particularly relevant for driver genes in which consti-
tutional homozygous inactivation often results in severe
developmental defects or is embryonic lethal.

Conclusion and prospects of studying

somatic mosaicism in complex diseases

Detailed research of the contribution of somatic mo-
saicism to CD etiopathogenesis opens prospects for
the development of fundamentally new strategies for
molecular diagnosis and therapeutic intervention. Such
approaches should target not only the affected organ
but also the selective elimination or reprogramming of
specific pathogenic clones that contribute to disease pro-
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gression, therapy resistance, and clinical heterogeneity.
A fundamental requirement of this therapeutic paradigm
is the necessity of accounting for the temporal dynamics
of clonal architecture. The composition and population
of pathogenic clones exhibit temporal instability, being
subject to modification under selective pressures, includ-
ing the cytotoxic effects of therapeutic agents.

Mechanisms of clonal dynamics are primarily con-
sidered through the lens of neutral drift, defined as sto-
chastic replacement in the absence of selective pressure,
as described in intestinal epithelium (Klein, Simons,
2011), or positive selection, which confers a proliferative
advantage to mutant clones in renewing tissues such as
the hematopoietic system. However, somatic mosaicism
in postmitotic tissues, particularly the accumulation of
mutations in neurons and cardiac muscle cells, is often
interpreted merely as a passive process of genetic noise
accumulation accompanying aging (Lodato et al., 2018).
However, these frameworks do not fully account for
the potentially nonrandom nature of mosaic landscape
formation in tissues with extremely low proliferative
capacity.

In this review, we propose a conceptual model of an
alternative mechanism for clonal selection in postmitotic
tissues, which we term passive clonal dominance, rea-
lized through selection for persistence. This term refers
to the increase in relative fraction of clones that do not
possess a direct proliferative advantage but instead ex-
hibit enhanced resistance to elimination under conditions
of chronic stress.

In proliferating tissues such as the hematopoietic
system or epithelium, Darwinian selection favors clones
harboring mutations that enhance proliferation and
survival, commonly referred to as driver mutations.
However, a fundamentally different scenario may occur
in functionally specialized tissues with low or absent
regenerative capacity, including populations of car-
diac muscle cells and neurons. Under these conditions,
the advantage is conferred not to proliferating clones
but to populations of resilient cell populations characte-
rized by enhanced resistance to elimination under
chronic stress, so that the mosaic tissue architecture is
remodeled, as cells with standard apoptotic thresholds
are eliminated.

Such cellular selection may be driven by mutations
that, within the specific microenvironment of postmitotic
tissues, do not confer a direct proliferative advantage but
instead promote cell survival. These include inactivation
of genes controlling apoptosis, the integrated stress re-
sponse (ISR), or metabolic homeostasis. In this model,
the increased representation of a mutant clone is achieved
not through mitotic activity but through its prolonged
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persistence, while neighboring wild-type cells with lower
stress resistance undergo accelerated apoptosis.

A logical consequence of this process is the gradual
accumulation of functionally impaired but elimination-
resistant cellular clones, representing a distinct form of
somatic evolution shaped by selective pressure from the
microenvironment. This hypothetical process, through
which tissues become enriched in clones with preserved
viability but compromised function, may contribute to
age-related tissue dysfunction and clinical manifestation
of CDs alongside other well-established mechanisms.
Experimental validation will require longitudinal
studies and approaches for tracking clonal dynamics
in vivo.

A key tool for such validation is dynamic lineage
tracing, an approach that has already transformed our
understanding of clonal architecture in hematopoiesis
and can be adapted for the study of postmitotic tissues.
Based on site-specific recombination systems (Cre-lox)
combined with polychromatic reporter constructs, such
as the Confetti or Rainbow systems, and high-throughput
single-cell sequencing technologies (scRNA-seq), this
approach has enabled direct observation of clonal ex-
pansion kinetics within tissue architecture (McKenna,
Gagnon, 2019).

Our initial understanding of CHIP was shaped by large-
scale population studies using next-generation sequen-
cing. The study of CHIP by lineage- tracing technologies
have facilitated a shift from static detection of mutant
clones to analysis of their dynamic history (Haghverdi,
Ludwig, 2023; Jindal et al., 2024). In particular, it has
become possible to determine the hierarchical origin of
a clone by identifying the specific hematopoietic stem or
progenitor cell that initiated expansion with mutations
in DNMT3A, TET2, or ASXLI, and to reconstruct the
complete phylogenetic tree of the clone within the bone
marrow niche.

In addition, these methods enable real-time observa-
tion of competitive cellular dynamics, such as tracking
how a clone carrying a driver mutation, e. g., JAK2
p-Val617Phe, outcompetes wild-type cells during aging
or in response to proinflammatory stimuli (Haghverdi,
Ludwig, 2023; Jindal et al., 2024). Finally, it has become
possible to link clonal identity to its functional status,
transcriptional profile, and epigenome at the single-cell
level, thereby identifying determinants that account
for the quiescence of some clones and the pronounced
proinflammatory potential of others (Xie, Zeidan, 2023;
Jindal et al., 2024).

Application of such integrated approaches to the study
of somatic mosaicism is promising for transforming
our knowledge of the molecular events through which
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somatic mutations reprogram the function of hemato-
poietic and other somatic cells and thereby induce sys-
temic inflammation and increase the risk of CDs (Jindal
et al., 2024). Elucidating the mechanisms of clonal se-
lection, including the proposed model of passive clonal
dominance, provides grounds for the development of
targeted interventions aimed at modulating tissue clonal
architecture, which in turn may contribute to the preven-
tion of a broad range of age-related conditions.
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Abstract. Mobile genetic elements (MGEs), or transposons, are autonomous DNA sequences capable of moving
and proliferating within the genome. Long considered “selfish” or “junk” DNA, MGEs are now recognized as key
components involved in genome evolution, the regulation of gene expression, and the pathogenesis of various
diseases. In humans, MGEs are divided into two main classes: retrotransposons (Class 1), which replicate via an
RNA intermediate through a “copy-and-paste” mechanism, and DNA transposons (Class Il), which move via a “cut-
and-paste” mechanism without an RNA intermediate. According to the Human Genome Project, retrotransposons
constitute the majority (approximately 42 %) of the MGE fraction within the human genome. The most abundant
are the non-long terminal repeat (non-LTR) retrotransposons, dominated by autonomous LINE-1 elements. Although
approximately 500,000 LINE-1 copies are present in the genome, the vast majority are defective, and only a
small fraction (<100) retain the capacity for transposition in modern humans. The second most prevalent group
(about 10.6 %) within the retrotransposon family is the short interspersed nuclear elements (SINEs), specifically
Alu elements, which are non-autonomous and hijack the LINE-1 molecular machinery for their mobilization and
integration. MGE activity is a tightly regulated process in somatic tissues. Epigenetic mechanisms, particularly DNA
methylation, normally effectively suppress MGE expression and mobility. Disruption of this control is associated with
a wide range of pathologies. For instance, hypomethylation and reactivation of retrotransposons, notably LINE-1,
have been demonstrated in various cancers, as well as in neurodegenerative and autoimmune diseases. The aim of
this review is to provide a systematic analysis of the current understanding of the role of mobile genetic elements,
particularly LINE-1, Alu, and HERV retrotransposons, in the development of human reproductive system disorders.
This also includes diseases associated with placental pathology, an area that remains insufficiently studied to date,
despite a growing body of data.
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MoO6uJIbHbIE TeHeTUecKye 3JIeMeHThI
B IIaTOreHe3e peIrpoAVKTUBHBIX HapyIlIeHii ueoBeKa

A.A. BaGoscxas () @), E.A. Tpudouosa (?), B.A. Crenanos

HayuHo-1ccneoBaTenbCknili IHCTUTYT MeAVLIMHCKON reHeTVKN TOMCKOTO HaLYOHanbHOTO CCNIeA0BaTeNbCKOTO MeANLIMHCKOrO LieHTpa, ToMcK
@ anastasia.babovskaya@medgenetics.ru

AHHoTauuA. MobunbHble reHeTyeckre snemeHTbl (MI3), unm TpaHCNO30HbI, NPeLCTaBAAT CO60M aBTOHOMHbIE
nocnepoBatenbHocTn [HK, cnocobHble K nepemelLeHrio U pacnpocTpaHeHuto B Npefenax reHoma. flonroe Bpems
paccmaTpuBaBLUMECA KaK «3roMCTUYHas» unu «mycopHas» [HK B HactoAwee BpemAa MI3 cymTaloTca opHUMUK
13 KOMIMOHEHTOB, MPUHMMAIOWMX yyacTue B 3BOMIOLMN FeHOMa, Perynaumm 3KCNpeccuy reHoB W natoreHese
psapa 3abonesaHuii. Y yenoseka MID noppasgensAoTca Ha ABa OCHOBHbIX Kiacca: peTpoTpaHcno3oHsl (I knacc),
pennvumpylolwmeca yepes npomexxyTouHyl ctaguio PHK no mexaHun3my «KonmpoBaHMA-BCTaBKW» (copy-and-
paste), n JHK-TpaHcno3oHsbl (Il Knacc), nepemelyatomecs No MexaHU3My «Bblpe3aHUA—BCTaBKM» (cut-and-paste)
6e3 PHK-uHTepmeamaTa. PeTpoTpaHCno30HbI, MO AaHHbIM NpoeKTa «[eHOM YenioBeKa», COCTaBNAIOT NpuMepHo 42 %
oT gony MI' B yenoBeyeckom reHome. Hanbonee MHOrounCIEHHbI PETPOTPAHCMO30HbI 6€3 AJINHHBIX KOHLIEBbIX
nosTopos (non-LTR), cpean KOTOPbIX AOMUHUPYIOT aBTOHOMHbIe 351ieMeHTbl LINE-1. HecmoTpsa Ha To uTO B reHome
npucyTcTByeT oKoso 500 000 konuit LINE-1, 601bLUMHCTBO M3 HUX AedeKTHO 1 NnLb Manas yacTb (<100) coxpaHaeTt
BO3MOXHOCTb K TPaHCNO3MLMN y COBPEMEHHOro uyenoseka. Bropol no pacnpoctpaHeHHoOCT rpynnon (okono
10.6 %) cemelcTBa PeTPOTPAHCMO30HOB ABMAIOTCA KOPOTKME AncrneprupoBaHHble nosTopbl Alu (SINE-anemeHTbI),
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Mobile genetic elements in the pathogenesis
of human reproductive disorders

KoTopble, Oyayus HeaBTOHOMHbIMW, WCMOMb3YIOT AN1A MNepemelleHna 1 BCTpauBaHWA MOMEKYNAPHbIA annapat
LINE-1. AKkTBHOCTb MI'3 — CTPOro perynvpyembiin MPOLIecC B COMAaTUUYECKUX TKaHAX. dMUreHeTnyeckre MexaHnu3mbl,
B yacTHocTn meTunuposaHue [IHK, B Hopme 3pdeKTUBHO MOAABAAT SKCMPECCUd Y MOBUABHOCTb MOBUIBbHBIX
reHeTNYeCcKnX 31emMeHToB. HapyLueHre 3TOro KOHTPONA acCOLUMPOBAHO C LUMPOKUM CMEKTPOM natonorun. Tak,
rMNOMETUNNPOBaHNE 1 peakTMBaLUA PeTPOTPaHCNO30HOB, B ocobeHHocTH LINE-1, npogeMoHCTpupoBaHbl npu
pasnnuHbIX TUNaxX paKa, HelipofereHepaTMBHbIX 1 ayTOMMMYHHbIX 3a6oneBaHusax. Llenb HacToAwero o63opa - cu-
CcTeMaTUYeCKUA aHann3 COBPEMEHHbIX NPeACTaBAeHNn O PO MOOMIIbHBIX FEHETUYECKMX S/IEMEHTOB, B YaCTHOCTU
peTtpoTtpaHcrnosoHoB LINE-1, Alu n HERV, B pa3sutun 3aboneBaHuii penpoayKTMBHON CUCTEMbI YesloBeKa, TakKe
BKJIloYas 3a6oneBaHuA, CBA3aHHbIe C MaTosIornelt niaLeHTbl, 061acTb KOTOPbIX OCTaeTCA HEAOCTAaTOUHO M3yUYeHHO,

HeCMOTPSA Ha PacTyLnii 06bem JaHHbIX.

KntoueBble cnioBa: MOOWbHbIE 1EMEHTbI FeHOMA; TPAHCNO30HbI; penpoAyKunaA; niaueHTa; 3ab0neBaHNA YenoBeka

Introduction

Contemporary research on mobile genetic elements (MGEs)
and their role in disease development represents a rapidly
advancing field of molecular biology and genetics. In humans,
MGEs are classified into two major classes: retrotransposons,
which replicate via an mRNA intermediate through a “copy-
and-paste” mechanism, and DNA transposons, which utilize
a DNA segment as an intermediate during transposition. The
most abundant group in the human genome consists of ret-
rotransposons, which are further subdivided into elements con-
taining long terminal repeats (LTRs) and those lacking LTRs
(non-LTR elements). The latter predominate, accounting for
approximately 75.2 % of all mobile elements and about 33.6 %
of the entire genome (Lander et al., 2001; Chénais etal., 2012).
Among non-LTR retrotransposons, long interspersed nuclear
elements-1 (LINE-1; Fig. 1) have undergone extensive expan-
sion, reaching approximately 500,000 copies in the human
genome, the majority of which are represented by defective or
fragmented sequences. The LINE-1 family accounts for about
38 % of all MGEs and 16.9 % of the genome (Fig. 1). However,
only a small fraction of LINE-1 copies retain transpositional
activity, that is, the capacity for autonomous retrotransposition
via reverse transcription of their mRNA and integration of the
resulting cDNA into new genomic loci.

The second most abundant category of MGEs comprises
non-autonomous short interspersed nuclear elements (SINEs),
particularly Alu repeats, which constitute approximately 24 %
of all MGEs and 10.6 % of the genome. The human refer-
ence genome contains around one million copies of Alu ele-
ments derived from several evolutionarily young subfamilies
(e. g., AluY). Their extensive amplification is associated with
a burst of retrotranspositional activity in ancestral primates
approximately 3540 million years ago. For their retrotrans-
position, Alu elements rely on the enzymatic machinery of
LINE-1 elements, including endonuclease and reverse tran-
scriptase. Other representatives of SINEs in humans include
MIR repeats (Mammalian-wide Interspersed Repeats). In
addition, composite SVA elements composed of homologous
SINE regions, variable number tandem repeats (VNTRs),
and Alu-like sequences also belong to the group of non-
autonomous elements mobilized by LINE-1. Only certain

subfamilies are considered transpositionally active in the
modern human genome, including Alu Ya5, Alu Yb8, Alu Yb9,
SVA-E, and SVA-F. LINE-1 activity in the germ line leads
to the emergence of new LINE-1, Alu, and SVA insertions,
which serve as population genetic markers (Khitrinskaya et al.,
2003, 2014).

LTR retrotransposons are present in smaller numbers in
the human genome and are mainly represented by human
endogenous retroviruses (HERVs). In terms of their structure
and mechanism of retrotransposition, HERVs are similar to
retroviruses but have lost functional envelope (env) genes.
The activity of LTR retrotransposons in humans has markedly
declined over the past several million years; nevertheless, their
sequences still constitute approximately 8 % of the genome
(Fig. 1). The classification of HERVs is based on the type of
tRNA used to initiate reverse transcription; the evolutionarily
youngest and most active subfamily is HERV-K (which uses
lysine tRNA). Other groups include HERV-I (isoleucine tRNA)
and HERV-L (leucine tRNA). Class II elements (DNA trans-
posons) are considerably less common in the human genome,
accounting for only about 6 % of all MGEs and 2.8 % of the
genome (Fig. 1). The most represented are three superfamilies:
TC1/mariner (including mariner, MER2-Tigger, and Tc2), hAT
(including MER 1-Charlie and Zaphod), and PiggyBac (Lander
et al., 2001; Brouha et al., 2003).

In recent years, the implementation of whole-genome
and transcriptome analysis methods, as well as single-cell
sequencing technologies, has substantially expanded our
understanding of the role of MGEs in the regulation of gene
expression. These elements have been reported to participate
in a wide range of biological processes, both under normal
physiological conditions and in pathological states. The inves-
tigation of the molecular mechanisms through which MGEs
modulate gene activity and contribute to the pathogenesis of
various diseases has therefore emerged as an important new
direction in biomedical research. In particular, the role of
MGESs has been examined in the development of oncological
diseases (Chénais et al., 2015; Kong et al., 2019; McKerrow
et al., 2022), atherosclerosis (Hueso et al., 2018), infectious
diseases (Chen et al., 2023), and neurodegenerative disorders
(Ravel-Godreuil et al., 2021; Roy et al., 2024; Zhang W.

686 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 4



A.A. baboBckas, E.A. TpudpoHoBa
B.A. CrenaHos

%

1007 DNA transposons - 2.8 %
Other LTR elements - 3.4 %
90 - SVA-elements HERV - 4.7 %
0.2% Other SINEs - 2.6 %
80 Alu-10.6 %
Other LINEs - 3.5 %
70 -
LINE-1 - 16.9 %
60 -
50 -
40
Non-repeated DNA - 55.3 %
30 +
20
10
0

2026
30-4

Mo6unbHble reHeTUYecKre SNeMeHTbl B MaToreHese
PENPOAYKTUBHDbIX HapyLUeHI/II;I yenoseka

} Long terminal repeats (LTR)

Short intermediate nuclear
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Long interspersed nuclear
elements (LINE-1)

Fig. 1. Proportions of mobile genetic elements (MGEs) in the human genome and their distribution among different
families and subfamilies according to (Lander et al., 2001).

et al., 2025). Retrotransposons can influence gene expres-
sion both directly and indirectly. Direct effects occur when
these elements integrate into genes and disrupt the reading
frame, leading to premature termination of protein synthesis.
Indirect effects include the provision of novel promoters,
splice sites, and transcription factor binding sites. In addi-
tion, MGEs may serve as sources of enhancer and promoter
sequences, influence the three-dimensional architecture of
chromatin, and contribute to the emergence of new regulatory
genes, including non-coding RNAs and transcription factors
(Bourque et al., 2018).

Accumulating evidence suggests that MGEs have acted as
key drivers of evolutionary changes underlying the emergence
of placental pregnancy in mammals (Lynch et al., 2015). In
this context, it is of particular interest to extend the analysis
of'the literature beyond somatic structures of the reproductive
system to include the placenta — a unique transient organ that
forms during pregnancy. Studies of the placental methylome
have shown that certain repetitive elements, such as LINE-1
and human endogenous retroviruses (HERVSs), function as
key regulators of gene expression in placental tissue. Their
methylation in the placenta is believed to regulate placenta-

specific functions. For example, some retrotransposons act
as alternative promoters for placenta-specific transcripts, in-
cluding KCNH5 and IL2RB. The expression of an alternative
form of KCNHS5 may contribute to the process of trophoblast
invasion.

Several studies have also investigated the activity of the
LINE-1 retrotransposon during the first trimester of pregnancy
(Vasilyev et al., 2021; Demeneva et al., 2023). However, de-
spite significant advances in understanding the role of MGEs
in various pathological conditions, their contribution to the
development of diseases of the reproductive system remains
insufficiently explored to date.

Overview of methods for studying

the impact of mobile genetic elements

on the reproductive system

The reproductive system represents a unique target for the ac-
tivity of mobile genetic elements due to the intensive processes
of cell division, recombination, and epigenetic reprogramming
that occur within it. Investigating their influence requires
an integrated methodological approach combining classical
genetic techniques with modern high-throughput sequen-
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cing technologies and bioinformatic analysis. Contemporary
studies examining the impact of mobile genetic elements on
reproductive function can be broadly divided into three key
methodological approaches, each characterized by specific
advantages and limitations.

Genomic and transcriptomic approaches enable the
precise identification of MGE insertions and the assessment
of their activity. For example, whole-genome analysis has
revealed 88 tumor-specific LINE-1 insertions in high-grade
serous ovarian carcinomas, which were associated with poorer
patient survival (Nguyen et al., 2018).

Transcriptomic analysis (RNA-Seq), combined with spe-
cialized bioinformatic algorithms such as TEtranscripts, RE-
discoverTE, SalmonTE, ExplorATE, and SQuIRE, makes it
possible to quantitatively assess MGE expression and identify
its association with the development of pathological conditions
(Grow et al., 2015; Bourque et al., 2018).

Epigenetic approaches focus on the mechanisms control-
ling MGE activity, primarily DNA methylation and histone
modifications. Using bisulfite sequencing, it has been de-
monstrated that during spermatogenesis in mice, extensive
demethylation followed by remethylation of LINE-1 promoters
occurs, creating a window of vulnerability for retrotransposi-
tion (Molaro et al., 2011). In humans, age-related decreases
in LINE-1 methylation in sperm have been shown to correlate
with reduced sperm quality (Jenkins et al., 2014). ChIP-seq
studies in mouse models have confirmed the critical role of
the PIWI pathway, demonstrating that piRNA-associated
proteins (e. g., MIWI2) direct the establishment of the repres-
sive H3K9me3 mark at MGE loci in germ cells. Knockout of
the corresponding genes leads to widespread reactivation of
transposons, disruption of meiosis, and sterility (Di Giacomo
etal., 2013).

Functional studies ir vitro and in vivo aim to establish
causal relationships between genetic alterations resulting from
the insertion of mobile genetic elements and the subsequent
development of phenotypic traits. Cellular models, such as
human embryonic stem cells (ESCs) equipped with reporter
systems, allow real-time monitoring of LINE-1 retrotranspo-
sition and the assessment of the effects of various factors on
this process (Macia et al., 2017). An example of functional
in vivo validation is provided by mouse models with knockout
of genes involved in the PIWI pathway (e. g., MovIOLINE-1),
in which derepression of MGEs, arrest of spermatogenesis,
and complete sterility have been observed (Zheng, Wang,
2012).

However, despite significant progress, the study of MGEs
remains associated with several methodological challenges. In
particular, the accurate analysis of repetitive sequences using
short-read sequencing technologies continues to present dif-
ficulties, although improved algorithms are being developed to
address this issue and reduce the occurrence of false-positive
results (Gardner et al., 2017).

Mobile genetic elements in the pathogenesis
of human reproductive disorders

Molecular mechanisms of the pathogenic

impact of mobile genetic elements

on the human genome

Mobile genetic elements exert multifaceted effects on the
structure and function of the genome. The pathogenic po-
tential of MGE:s is realized through a variety of molecular
mechanisms that disrupt genomic stability, normal gene ex-
pression, and epigenetic regulation. These mechanisms can
be broadly categorized into three main groups: insertional
mutagenesis, induction of genomic instability, and disruption
of the epigenetic landscape (Chénais et al., 2015; Goodier et
al., 2016).

Insertional mutagenesis. The most common mechanism
of pathogenesis is insertional mutagenesis — the integration of
anew MGE copy into a functionally significant region of the
genome. More than 120 cases of hereditary diseases caused
by de novo or inherited pathogenic MGE insertions have been
described (Callinan, Batzer, 2006; Hancks, Kazazian, 2016).
Inactivation of the target gene generally occurs via two prin-
cipal mechanisms: direct disruption of the coding sequence or
interference with RNA processing. In the first case, insertion
of an MGE into an exon disrupts the open reading frame,
often resulting in the formation of a premature termination
codon and subsequent degradation of the transcript through
nonsense-mediated mRNA decay (NMD) (Miki et al., 1992).
In the second case, insertion into intronic or exonic regions
may create cryptic splice sites, leading to aberrant pre-mRNA
splicing, inclusion of pseudoexons, or exon skipping, and
consequently to the synthesis of defective protein isoforms.
A striking example of this mechanism is the insertion of an
SVA element into the 3’ untranslated region (3'-UTR) of the
FKTN gene, which is associated with Fukuyama muscular
dystrophy. This insertion does not cause complete knockout in-
activation of the gene but instead induces alternative splicing,
resulting in the synthesis of a C-terminally truncated protein.
This truncated protein accumulates in the Golgi apparatus
and the endoplasmic reticulum, disrupting post-translational
modification processes and thereby contributing to disease
development (Taniguchi-lIkeda et al., 2011). In addition, the
process of retrotransposition may be accompanied by deletion
at the integration site. The insertion of retrotransposon cDNA
(LINE-1, Alu, SVA) is associated with the formation of double-
strand DNA breaks, which can lead to the loss of sequences
ranging from several base pairs to several megabases. Such
de novo deletions associated with MGE insertions have been
identified in human genomes and may directly eliminate
functionally important genetic elements (Gilbert et al., 2002;
van den Hurk et al., 2007).

The induction of genomic instability and chromosomal
rearrangements. The second mechanism underlying the
pathogenicity of MGEs is the induction of genomic instabi-
lity and chromosomal rearrangements. The high degree of
sequence homology among numerous copies of MGE:s (e. g.,
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Alu repeats) creates a substrate for non-allelic homologous
recombination. Incorrect pairing of homologous sequences
located at different genomic loci during meiosis can lead to
deletions, duplications, inversions, or translocations (Sen et
al., 2006). This mechanism underlies several microdeletion
syndromes, such as hereditary neuropathy with liability to pres-
sure palsies (HNPP), which is caused by reciprocal recombina-
tion between repeated sequences in the 17p11.2—12 region of
chromosome 17, encompassing the gene encoding peripheral
myelin protein 22 (PMP22) (Polynnikova et al., 2021).
Disruption of epigenetic regulation represents the third
mechanism of the pathogenic effects of MGEs. This mecha-
nism is associated with the ability of MGEs to alter the normal
DNA methylation status of genomic regions. Since the tran-
scriptional activity of MGEs poses a potential threat to cellular
integrity, eukaryotic cells have evolved mechanisms to repress
them, primarily through methylation of CpG dinucleotides
within their promoter regions (Figueiredo et al., 2009). It has
been reported that the insertion of MGEs may also influence
adjacent DNA regions. Highly methylated promoters of inte-
grated MGEs (such as LINE-1 or SVA) can serve as targets
for the recruitment of DNA methyltransferases and histone-
modifying complexes, leading to the spread of heterochromatin
into nearby regulatory regions of genes and resulting in their
transcriptional silencing (Slotkin, Martienssen, 2007).

Why is the reproductive system

particularly vulnerable?

The human reproductive system exhibits increased suscepti-
bility to dysregulation of mobile genetic elements due to its
unique biological features, including extensive epigenetic
reprogramming, evolutionary co-option of MGEs, and strin-
gent requirements for genomic stability (Smith et al., 2012).

A key factor underlying this vulnerability is the large-scale
epigenetic reprogramming that occurs during gametogenesis
and early embryogenesis. This process involves global DNA
demethylation, which is necessary to erase parental epigenetic
marks and establish totipotency (Smith et al., 2012). However,
the transient removal of repressive methylation marks, particu-
larly at MGE promoter regions such as LINE-1 and Alu, creates
a temporary window of vulnerability. During this period, the
transcriptional potential of MGE:s is reactivated, substantially
increasing the risk of de novo insertional mutagenesis in genes
critical for gamete and embryonic development (van den Hurk
etal.,2007; Grow et al., 2015). In this way, the very biological
program that ensures totipotency and developmental progres-
sion also elevates genomic instability.

It should be noted that several studies indicate that a certain
level of MGE activity is physiologically necessary for normal
reproductive function. Throughout evolution, MGE sequences
have been co-opted into regulatory networks controlling em-
bryogenesis and placentation (Lynch et al., 2015). For instance,
the expression of specific retrotransposon families - MERVL
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in mice and HERVH in humans — is required for activation
of the totipotency genetic program at the 2-cell embryonic
stage, functioning as alternative enhancers and promoters
(Macfarlan et al., 2012; Grow et al., 2015). Furthermore, evi-
dence suggests that some proteins mediating cytotrophoblast
fusion and the formation of the syncytiotrophoblast in the
placenta are of retroviral origin. For example, syncytin genes,
originally derived from the envelope (env) genes of endo-
genous retroviruses (HERV-W, HERV-FRD), are essential for
proper placental development (Mi et al., 2000; Blaise et al.,
2003).

At the same time, disruption of the epigenetic control
mechanisms regulating MGEs can lead to uncontrolled tran-
scription and retrotransposition, resulting in damage to genes
essential for reproduction (Vasilyev et al., 2021). Such dys-
regulation is thought to be associated with a broad spectrum
of reproductive pathologies, including idiopathic infertility,
implantation failure, pregnancy loss, and complications related
to placental dysfunction, such as preeclampsia and fetal growth
restriction. The placenta is particularly vulnerable because,
unlike somatic tissues, it maintains global hypomethylation of
the genome, including LINE-1 promoters (He, Ecker, 2014).
Under normal conditions, this hypomethylated state supports
the unique functions of the trophoblast; however, aberrant
hyperactivation of retrotransposons can impair trophoblast
invasiveness and spiral artery remodeling, directly contributing
to the pathogenesis of preeclampsia and fetal growth restriction
(Vasiliev et al., 2015).

MGEs in the pathogenesis

of gametogenesis disorders and infertility
Dysregulation of mobile genetic elements, particularly LINE-1
retrotransposons, represents a key molecular mechanism as-
sociated with impaired fertility and gametogenic pathology.
The pathogenic effects are mediated through disruption of
epigenetic control, induction of genomic instability, and aber-
rant regulation of genes critical for reproduction.

Epigenetic dysregulation of MGEs in germ cells. Unlike
somatic cells, where LINE-1 promoters are constitutively
hypermethylated, the epigenetic control of these elements in
germ cells is highly dynamic and tissue-specific. One major
risk factor for impaired gamete maturation is age-dependent
alteration of LINE-1 methylation status. In spermatozoa,
LINE-1 promoter methylation increases with paternal age
(Jenkins et al., 2014), whereas in human oocytes at the dip-
lotene stage and in ovulated secondary oocytes, LINE-1 ele-
ments exhibit relative hypomethylation (Smith et al., 2012).
Such epigenetic imbalance creates conditions for reactivation
of MGE transpositional activity, potentially leading to inser-
tional mutagenesis in key genes that regulate meiosis, gamete
differentiation, and early embryonic development. Studies
in mice have shown that spermatozoa from individuals with
idiopathic infertility exhibit significant hypomethylation of
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LINE-1 promoters compared to fertile controls (Jachowicz
et al., 2017). This epigenetic disruption is accompanied by
elevated transcriptional and retrotranspositional activity of
LINE-1. Notably, excessive LINE-1 expression correlates with
increased sperm DNA fragmentation, indicating a direct link
between retrotransposon derepression and genomic damage
in male gametes. LINE-1 hypomethylation thus serves as an
independent prognostic marker of impaired spermatogenesis
and reduced ejaculate quality (Jenkins et al., 2014).

Insertional mutagenesis in genes critical for spermato-
genesis. The pathogenic impact of mobile genetic elements
on male reproductive function is primarily mediated through
insertional mutagenesis. It has been demonstrated that de novo
LINE-1 retrotransposon insertions can disrupt the integrity
of genes essential for normal spermatogenesis. Of particular
significance are lesions within the AZF (Azoospermia Factor)
locus of the Y chromosome, which contains a cluster of genes
directly responsible for sperm production. LINE-1 insertions in
DAZ (Deleted in Azoospermia) gene family members located
within the AZF region have been identified as a direct cause
of gene inactivation, leading to impaired spermatogenesis and
the development of azoospermia (Hancks, Kazazian, 2016).

Beyond effects on Y-chromosome genes, retrotransposi-
tional activity can also impact critical autosomal loci. For
instance, LINE-1 insertions in the FKBP6 gene, which encodes
a protein involved in meiotic division, have been reported.
Mutations in FKBP6 are associated with defects in chromo-
some pairing and synaptonemal complex formation during
prophase I of meiosis, ultimately resulting in male infertility
(Wyrwoll et al., 2022).

Disruption of early embryogenesis and implantation. The
second wave of extensive epigenetic reprogramming, which
begins after fertilization and continues until the blastocyst
stage, is accompanied by passive genome-wide demethyla-
tion and a marked increase in the transcriptional potential of
LINE-1 elements. Under normal conditions, this process is
tightly regulated by RNA interference mechanisms and is
essential for chromatin remodeling and activation of the em-
bryonic genome (Jachowicz et al., 2017). However, disruption
of the delicate balance between MGE activation and repression
can lead to pathological outcomes. It has been reported that
artificial suppression of LINE-1 transcription in mouse zygotes
impairs cleavage and arrests development at early stages
(Percharde et al., 2018). This is because LINE-1 sequences
act as alternative promoters for genes critical for cell division
(e. g., TP53) and participate in the regulation of higher-order
chromatin organization (Chow et al., 2010).

Pregnancy loss associated

with chromosomal abnormalities

An important aspect of reproductive pathology is the interplay
between MGE activity and chromosomal instability. Aneu-
ploidy, in turn, can induce global changes in the methylome.

Mobile genetic elements in the pathogenesis
of human reproductive disorders

It has been shown that in placental tissues with mosaic forms
of aneuploidy, LINE-1 methylation levels are significantly
increased (Vasiliev et al., 2015). This may reflect a com-
pensatory mechanism, whereby promoter hypermethylation
reduces transcriptional load on the genome under conditions
of disrupted gene dosage balance.

Moreover, MGE activation in cases of pregnancy loss may
also be secondary, serving as a marker of general cellular stress.
Oxidative stress, which is characteristic of placentas with chro-
mosomal abnormalities, induces global DNA demethylation,
relieving repression of LINE-1 and Alu promoters (Lou et
al., 2020). Subsequent retrotransposition and accumulation of
double-strand DNA breaks further destabilize the trophoblast
genome, reinforcing the pathological state and rendering con-
tinued pregnancy development unviable (Garcia-Perez et al.,
2016). Thus, MGE dysregulation acts not only as a trigger but
also as a universal amplifier of pathological processes, contrib-
uting to reproductive failure at the earliest stages of gestation.

The contribution of MGEs

to the pathogenesis of preeclampsia

Previous studies have shown that hundreds of genes in the
endometrium gain or lose expression coinciding with the onset
of pregnancy and decidualization in mammals (Lynch et al.,
2015; Mika et al., 2021). To prepare the uterus for embryo
implantation, the endometrium undergoes decidualization,
during which stromal cells transform into decidual stromal
cells (DSCs). The decidual layer formed as a result of this
process supports embryo implantation and protects the fetus
from maternal immune rejection. Decidualization is regulated
by progesterone through its receptor (PGR), the secondary
messenger cAMP, protein kinase A (PKA), and the transcrip-
tion factor FOXO1 (Kajihara et al., 2013). This evolutionarily
acquired process in eutherian mammals is accompanied by
extensive changes in gene regulatory activity, cellular organi-
zation, and endometrial physiology, all of which are essential
for successful implantation and pregnancy (Mess, Carter,
2006; Kin et al., 2014).

MGE:s are believed to have contributed substantially to
the development and function of DSCs during this adaptive
process. Two major waves of transposon activity and genomic
integration have remodeled the transcriptome and regulatory
landscape of DSCs. Current evidence indicates that genes
located near regulatory elements derived from transposons
exhibit high progesterone sensitivity and appear to play key
roles in mediating the hormone’s signaling response, provid-
ing binding sites for progesterone receptors (Mika, Lynch,
2022). Defective decidualization during early pregnancy can
lead to fetal growth restriction, pregnancy loss, or obstetric
complications such as preeclampsia (PE).

Preeclampsia is one of the most severe pregnancy compli-
cations, characterized by defective placentation, endothelial
dysfunction, and a systemic inflammatory response. The cen-
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tral pathogenic hypothesis of PE is incomplete trophoblast
invasion of the uterine spiral arteries, resulting in placental
hypoxia. The role of MGEs — such as LINE-1, Alu, and SVA
elements — in regulating gene expression and epigenetic
mechanisms in decidual cells remains insufficiently explored.

Preeclampsia is accompanied by systemic inflammation, in
which decidual cells play a pivotal role through the secretion
of pro-inflammatory cytokines. Studies have shown that PSG1,
PSG6, and PSG11 increase secretion of anti-inflammatory cy-
tokines IL-10 and IL-6, while all PSG genes activate the TGFB
receptor in immune cells (Warren et al., 2018). MGE activa-
tion, particularly LINE-1, may induce inflammatory pathways
via the production of double-stranded RNA (dsRNA), which
is recognized by innate immune receptors such as TLR3.
Similar mechanisms are observed in autoimmune diseases,
where transposons trigger an interferon response (Crow, 2014).
However, direct evidence supporting this mechanism in PE
pathogenesis within decidual cells remains limited and requires
further investigation. Integration of transposons into the human
genome has also influenced the regulation of key placental hor-
mones, including leptin (LEP), insulin-like protein 4 (INSL4),
and corticotropin-releasing hormone (CRH), highlighting the
significant role of MGEs in modulating processes critical for
pregnancy development.

Furthermore, some studies suggest that hyperactivation
of MGEs can directly impair trophoblast differentiation and
function. Successful placentation requires cytotrophoblast
differentiation along two main pathways: into syncytiotropho-
blast and invasive extravillous trophoblast. Disruption of this
finely tuned differentiation process, resulting in incomplete
extravillous trophoblast invasion and failure to remodel spiral
arteries, is directly associated with PE development. LINE-1
and other retrotransposons have been shown to interfere with
key signaling pathways controlling trophoblast differentia-
tion, which may underlie the placentation defects central to
the pathogenesis of preeclampsia (Demeneva et al., 2024).

Mobile genetic elements and their role
in the pathogenesis of fetal growth restriction
Fetal growth restriction (FGR), also referred to as intrauterine
growth restriction, is defined as the birth of a fetus with a body
weight and/or length at or below the 10th percentile, or >2
standard deviations below the mean for a given gestational age
(Li et al., 2019). FGR is associated with an increased risk of
perinatal mortality, neurological deficits, delayed psychomotor
development, metabolic syndrome, and cardiovascular
diseases in adulthood (Entringer et al., 2012). The pathogenesis
of FGR is multifactorial, involving maternal, placental, and
fetal determinants, among which dysregulation of mobile
genetic elements plays a significant role.

LINE-1 elements are the most abundant autonomous ret-
rotransposons in the human genome. Under normal conditions,
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LINE-1 sequences are deeply methylated and transcriptionally
silenced in somatic tissues of adults (Figueiredo et al., 2009).
However, under conditions of epigenetic instability — such
as methyl donor deficiency — promoter hypomethylation
can occur, leading to LINE-1 activation, transcription, and
retrotransposition (Howard et al., 2008). Folic acid, as a key
methyl group donor, plays a central role in maintaining global
DNA methylation. In vitro studies have shown that culturing
mouse embryonic stem cells (mESCs) under folate-deficient
conditions induces intracellular depletion of 5-methyltetra-
hydrofolate, reduces levels of S-adenosylmethionine (SAM),
and subsequently leads to LINE-1 hypomethylation (Chang
et al., 2013). Similar observations have been made in vivo:
pregnant women carrying fetuses with neural tube defects
(NTDs) exhibited significantly reduced LINE-1 methylation,
which correlated with low maternal serum folate levels (Li
etal., 2019).

Mouse model studies have demonstrated that LINE-1 hy-
pomethylation and activation in the placenta correlate with
reduced fetal mass and disrupted placental architecture, includ-
ing thinning of the syncytiotrophoblast layer and decreased
vascularization. In human cohort studies, LINE-1 methylation
levels in cord blood and placental tissue of infants with FGR
were significantly lower than in infants with normal birth
weight. Moreover, mothers with low folate levels during the
first trimester exhibited an increased risk of giving birth to
infants with FGR, accompanied by reduced LINE-1 methy-
lation in the placenta (Joubert et al., 2016; Li et al., 2019).

Oncogenic role of mobile genetic elements

Areview of experimental studies highlights the significant role
of mobile genetic elements, particularly LINE-1 retrotranspo-
sons, in the pathogenesis of malignancies of the reproductive
system. In epithelial ovarian cancer, team of S. Sato (Sato et
al., 2023) demonstrated that the LINE-1 ORF 1p protein is not
only expressed but also secreted by tumor cells, detectable in
patient plasma and ascitic fluid, suggesting its potential as a
biomarker. Earlier, a whole-genome analysis by the group of
T.H.M. Nguyen (Nguyen et al., 2018) identified 88 tumor-
specific LINE-1 retrotransposition events in high-grade serous
ovarian carcinomas, which correlated with poorer patient
survival. In vitro experiments showed that inhibiting LINE-1
expression reduced cell invasion and migration while increas-
ing apoptosis (Fu et al., 2023). In endometrial cancer, signifi-
cant hypomethylation of LINE-1 promoters was observed in
tumor tissues compared to normal endometrium, with the most
pronounced hypomethylation in papillary serous carcinomas.
This epigenetic derepression led to increased LINE-1 tran-
scription, particularly in p5S3-mutated tumors with high levels
of copy number variation (CNV), suggesting a synergistic
effect between p53 mutation and MGE activation (Zhang B.
et al., 2014). The research group of W. McKerrow further
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confirmed that LINE-1 overexpression can induce phos-
phorylation of RADS0, a key step in the DNA double-strand
break response. Statistical analysis revealed a strong correla-
tion between LINE-1 activity, chromosomal aberrations, and
replication stress pathway activation (McKerrow et al, 2022).
In cervical cancer, RNA-seq analyses of invasive carcinoma
samples showed that the highest number of differentially
expressed retroelements was associated with co-infection by
multiple HPV types, indicating a potential synergistic effect
in disease progression (Curty et al., 2021). In prostate cancer,
systemic analysis of whole-genome sequencing data revealed
significantly higher somatic retrotransposition in metastases
compared to primary tumors. Notably, 68 % of these insertions
localized to exons, introns, or regulatory regions of genes,
including tumor suppressors, directly implicating MGE-
mediated inactivation of protective pathways and enhanced
genomic instability (Tubio et al., 2014).

These studies, although compelling, represent only a frac-
tion of an actively expanding research field. Further investiga-
tions are required to fully elucidate the regulatory networks
controlling MGE activity in different tissues and cell types, as
well as to evaluate the contribution of other retrotransposon
families to oncogenesis.

Conclusion
This review underscores the fundamental role of mobile
genetic elements in regulating physiological processes of the
reproductive system and their involvement in a broad spectrum
of pathological conditions. Among various MGE families,
LINE-1 retrotransposons have been studied most extensively.
Epigenetic dysregulation, particularly promoter hypomethy-
lation during physiological reprogramming or in response
to cellular stress, is a primary trigger for MGE-mediated
pathogenic effects. This dysregulation activates LINE-1 tran-
scription and retrotransposition, initiating a cascade of events
that includes insertional mutagenesis, induction of genomic
instability, and disruption of normal gene regulation through
the emergence of alternative promoters (Fig. 2).
Collectively, these molecular disturbances contribute to
severe obstetric complications. Preeclampsia and fetal growth
restriction arise from impaired trophoblast differentiation and
invasion of spiral arteries, processes closely associated with
LINE-1 hyperactivation. Pregnancy loss occurs due to the
combined effects of insertional mutagenesis, chromosomal
instability, and defects in placental development. Future prog-
ress in this rapidly evolving field will benefit from advances
in methodology. Long-read sequencing technologies enable
direct detection of full-length MGE insertions in complex
genomic regions (de la Morena-Barrio et al., 2022; Yano et al.,
2024). Integrative multi-omics approaches combining ATAC-
seq and RNA-seq will allow analysis of MGE influence on
three-dimensional chromatin architecture, while CRISPR-Cas
genome editing provides unique opportunities to model the

Mobile genetic elements in the pathogenesis
of human reproductive disorders

Disruption of epigenetic control
(DNA hypomethylation)

Activation of transposable elements

LINE-1 Alu HERV

TE insertion, genomic instability,
dysregulation of gene expression
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Fig. 2. Key pathways of MGE dysregulation and their contribution
to the pathophysiology of reproductive disorders.

effects of specific MGE insertions or deletions in functional
studies. Thus, investigating MGEs offers a promising avenue in
molecular biology and genetics, enhancing our understanding
of mechanisms underlying reproductive system homeostasis
and laying the foundation for the development of diagnostic
and therapeutic strategies for reproductive disorders.
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Abstract. The sheep was one of the first domesticated animals in Neolithic Southwest Eurasia. The presented study
suggests that the domestication of sheep occurred on the Anatolian plateau, to the northwest of the commonly
accepted boundaries of the Fertile Crescent, rather than within it. However, many aspects of the domestication process
(the specific place, time, and history after domestication) have remained not fully understood. The review examines in
detail the complex origin, traces the primary role of the Asian mouflon (Ovis gmelini) as an ancestor, and also discusses
controversial aspects of the contribution of other wild Ovis species. It reveals the history of the introduction and migration
of sheep in the world, and summarizes the current scientific understanding of the phylogenetic relationships between
populations of wild mouflons and domestic sheep (Ovis aries). A multifaceted process of domestication is considered,
and the proposed evolutionary mechanisms are discussed, such as the domestication syndrome and hypotheses
about thyroid hormones, as well as the human-mediated selection of key phenotypic traits. The article analyzes the
results obtained using various genetic markers, including mitochondrial DNA haplogroups. Phylogenetic analysis using
mitochondrial DNA has been successfully applied to identify the phylogeographic patterns and divergence times, from
the early Neolithic to the Middle Ages, of sheep migration from the domestication center to Asia, Europe, and Africa.
Domesticated sheep, having survived and endured extreme climate changes that occurred in the last post-glacial period,
became the ancestors of modern local sheep breeds. Starting from the seventh millennium BC, domesticated sheep
were brought to the Caucasus, Central Asia, and Europe. The spread of sheep in Asia began from the Middle East to the
Mongolian Plateau and the Indian subcontinent, then to the north and southwest of China. In Russia, the territory of
which covers a significant part of Eurasia, a unique breed diversity of sheep has been developed, with haplogroup B
typical for breeds of the European-type origin (western geographic regions), and haplogroup A of the Asian-type sheep
(eastern geographic regions).
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IdBoMOLIMA Buaa Ovis aries

T.H. Xamupyes

HayuHo-unccnefoBatenbCckmin MHCTUTYT BeTepUHapumn BoctouHoin Cnbunpu — dunmnan Crbrpckoro defepasnbHOro HayuyHoro LeHTpa arpobroTexHoNormin
Poccuninckon akagemunn Hayk, Ynta, Poccna

@ tniko979@mail.ru

AHHoTauuAa. OBUa - OAHO K3 MNepBblX OAOMALUHEHHbIX XMBOTHbIX B Heonutuyeckon HOro-3anagHon EBpasun.
MpenctaBneHHoe NccnefoBaHVe NO3BOAET NPEAMNONIOKNTb, YTO OAOMALLHMBAHME OBEL, MPOU30LWI0 Ha AHAaTONINMNCKOM
nnato, K ceBepo-3anagy OT o6LWenpUHATLIX rpaHnL MNnogopoaHoro nonymecaua, a He BHYTpM HUX. OfHako MHoruve
acnekTbl Npolecca fOMEeCTUKaUMN (KOHKPETHOe MecTo, BPeMs U UCTOPUA Nocsie JOMECTMKALMN) OCTaloTCA A0 KOHLa
HeBbIACHEHHbIMK. B 0630pe noapobHO paccmaTtpuBaeTca ¢unoreHes, NPOCNeXKMBAETCA OCHOBHAA POJib a3MaTCKoro
mydnoHa (Ovis gmelini) Kak npeaka, a Takxke 06CYX[alOTCA CMOPHbIE acMeKTbl BKMaga ApYyrux Avkux supos Ovis,
pacKkpbiBaeTcA UCTOPUA VHTPOAYKLMM M MUTpauMmn OBel, B Mupe, 0600LaeTca coBpeMeHHOe Hay4yHoe MOHMMaHue
dunoreHeTNYECKNX CBA3EN MEXAY NOMYyNALMAMA ANKMX MydrIOHOB 1 JoMalLHKX oBel (Ovis aries). PaccmaTpurBatotca
MHOTOFPaHHbIN NpoLecc NpupyYeHns, 06CyKaatoTcA npeanaraeMmble 3BOIOLMOHHbIE MEXaHU3Mbl, Tak/e Kak CUHAPOM
OAOMALLIHNBAHWSA, U TUMNOTE3bl O FTOPMOHAaX LUTOBUAHOW »Kefe3bl, a TakXKe 0NnocpefoBaHHbIV YeTOBEKOM OTOOP KITHOUEBbIX
dbeHoTNNYeCKNX NPU3HaKOB. B cTaTbe aHanM3MpyoTCA pe3ynbTaTbl, MOyYeHHble C MOMOLLbIO Pa3/INYHbIX FreHETUYECKNX
MapKepoB, BKJOYaA rannorpynnbl mMuToxoHgpuanbHon [HK. @unoreHeTnyeckuin aHanmM3 C MWCNONb30BaHMEM
MuTOXOHAPUanbHol [HK 6610 ycnewHo npuMmeHeH Ana BolsiBNeHns ¢punoreorpadpnyeckrix 3aKkOHOMepHOCTEN U BpeMeEHM
[OVBEPreHumn C paHHero HeonnTa 1 Ao CpeAHEeBEKOBbA, MUTPaLMK OBeL U3 LieHTpa ofoMallH1BaHua B Asuto, EBpony 1
AdpuKy. OfoMalLHEHHbIE OBLibl, MEPEXIMBLUVE U BblAEPKABLUNE SKCTPEMasibHble U3MEHEHWA KNMMaTa, NPOUCXoanBLIe
B MocnefHui NoCNenefHKOBbIN Nepuo, CTann poaoHayasbHUKaMM COBPEMEHHbIX MECTHbIX Nopoa oBel. HaunHasa ¢
CeAbMOro TbiCAYeNeTUA [O Hallel Spbl OAOMAaLUHEHHbIE OBLbl ObINN 3aBe3eHbl Ha KaBKas, B LieHTpanbHyto Asuio n EBpony.

© Khamiruev T.N., 2026
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Ssontoyma
Buaa Ovis aries

PacnpOCTpaHeHme oBel B A3nn Havanocb ¢ banxHero BocTtoka Ha MoHronbckoe nnato u MHAMIZCKI/IIZ Cy6KOHTI/IHeHT,
3aTeM Ha CeBep M oro-3anag Kutas. B Poccnn, TeppuTopuAa KOTOpOl7I 3aHMMaeT 3HaYNTENIbHYIO YacCTb EBpa3|/||/|, BbiBE€AEHO
YHUKanbHOEe nopogHoe pa3Hoo6pa3me oBeL, Npn 3TOM rannorpynna B TnnyHa AnAa nopopn osey eBpOI'IeIZCKOFO Tnna
NPONCXoxXneHnma (3anangle reorpad)mquKme peFVIOHbI), a ranjaorpynna A - OnA oBeL a3naTcKoro Tuna (BOCTOYHbIE

reorpaduueckme pervoHbi).

KnioueBbie crnoBa: 3BoONOLMA; FeHETUKa; My¢ﬂ0H; AoMeCTUKauunA; [oOMallHAA OBLa; MUTpauunA; ransiorpynna

Introduction

The genus Ovis has existed for about 8.31 million years and
includes eight living species: domestic sheep (O. aries),
argali (O. ammon), Asiatic mouflon (O. orientalis), Euro-
pean mouflon (O. musimon), urial (O. vigner), bighorn sheep
(O. canadensis), thinhorn sheep (O. dalli) and snow sheep
(O. nivicola) (Rezaei et al., 2010). At the same time, the origin
and “wild” status of the European mouflon are the subject of
significant discussions (Hiendleder et al., 2002; Chessa et al.,
2009). P. Mereu and colleagues (2025) believe that it should
be classified as a subspecies of the Asian mouflon. It has been
historically believed that European mouflons, especially those
living in Corsica and Sardinia, are remnants of an ancient
population of European wild sheep (Poplin, 1979). However,
archaeological evidence indicates that they were brought to
Cyprus by humans in the early Neolithic (about 10,000 years
ago), and then to Corsica and Sardinia (Vigne et al., 2011).
These populations were far from domesticated in the modern
sense, and were kept in fenced areas only for protection from
predators and to provide a constant, easily accessible source
of meat and hides with minimal interaction between humans
and animals (Barbato et al., 2022; Portanier et al., 2022; Mereu
et al., 2024).

The domestic sheep O. aries Linnaeus is among the first
domesticated species of livestock. Domestication occurred
about 12,000 years ago in the Middle East, in the Zagros
Mountains region (Her et al., 2022; Mereu et al., 2024), at the
same time, many aspects of the domestication process, such
as the exact place and time, remain unclear (Kaptan et al.,
2024). Subsequently, as a result of human migration, sheep
spread throughout Eurasia and under the influence of natural
and artificial selection formed various populations (Wang et
al., 2025).

The origin of domestic sheep included the initial domesti-
cation and early divergence, followed by extensive post-
Neolithic diversification. At the early stage of domestication,
human involvement was minimal and was mainly focused on
protecting and providing food for the sheep, rather than on in-
tensive breeding aimed at developing specific traits (Portanier
et al., 2022; Mereu et al., 2025). It is extremely important to
understand this primitive phase of sheep domestication in order
to distinguish the genetic changes that existed before domes-
tication from those directly associated with selection carried
out by humans. This historical context shows that domestica-
tion is not a single event, but a continuous process characte-
rized by gradual accumulation of genetic, phenotypic, and
physiological changes (Jackson et al., 2020; Mereu et al.,
2024).

F. Teletchea and P. Fontaine (2014) proposed a classification
with five levels of domestication: the first level corresponds
to initial trials of acclimating wild animals in captivity. Then,
when part of the life cycle is under control, the second level
comes, where the most important thing is breeding in capti-
vity. The third level occurs when the entire life cycle is under
control, but the instincts of wild ancestors are still present. At
the fourth level, domesticated animals differ significantly from
their wild counterparts, and the fifth level leads to the creation
of certain breeds. It is also worthy of note that different popula-
tion groups within a single species can indeed exhibit different
levels of domestication, even within the same geographic area
(Teletchea, Fontaine, 2014; Zeder, 2015).

Despite intensive work using genomic data of modern sheep
(Lvetal., 2022; Matyukov et al., 2023; Deniskova et al., 2025;
Dossybayev et al., 2025), neither the exact location nor the
wild ancestors involved in the first domestication process, nor
the post-Neolithic demographic history of domestic sheep or
mouflon populations have been clarified so far (Kaptan et al.,
2024).

Domestic sheep origin
One of the open questions is the origin of the gene pool of do-
mestic sheep. Earlier studies pointed to several species of Asian
sheep (O. ammon, Linnaeus, 1758; O. gmelini, Blyth, 1841,
O. vignei, Blyth, 1841) as the probable ancestor of domestic
sheep (Pedrosa et al., 2005; Sanna et al., 2015). However,
recent genetic studies confirm the view that the Asian mouflon
is the only ancestor of the domestic sheep (Chen et al., 2021);
at the same time, according to D. Kaptan et al. (2024), this fact
has not been fully established. More recent genomic studies
indicate that the VPS13B gene shows signals of introgression
from urials or mouflons, while argali contributed alleles to the
lines of domestic sheep in Southeast Asia, introgressing the
MSRB3 gene, which has been found to be specifically associ-
ated with variations in ear morphology (Cheng et al., 2023).
The O. gmelina species includes five subspecies: the Ar-
menian mouflon (O. gmelini gmelini, Blyth, 1841), Isfahan
mouflon (O. gmelini isphananica, Nasonov, 1910), Laristan
mouflon (O. gmelini laristanica, Nasonov, 1910), Cyprus
mouflon (O. gmelini ophion, Blyth, 1841) and Anatolian
mouflon (O. gmelini anatolica, Valenciennes, 1856). Due to
the complex intraspecific taxonomy of the Asian mouflon, the
genetic contribution of various subspecies to the domestication
of sheep remains unclear (Demirci et al., 2013; Li R. et al.,,
2021; Daly et al., 2025). According to D. Sanna et al. (2015),
these subspecies represent local wild populations since the
beginning of the Holocene, with the exception of the Cypriot
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mouflon, which was brought from mainland Anatolia around
the 12th millennium BC.

S. Hiendleder et al. (2002) suggested that sheep were do-
mesticated from two different subspecies in Turkey and wes-
tern Iran (Middle East), corresponding to mtDNA lineages A
and B of domestic sheep, respectively. Significant nucleotide
diversity of mitochondrial lineages in this region confirms the
geographical role in sheep domestication and indicates a more
complex picture of domestication than previously assumed
(Meadows et al., 2007; Machova et al., 2022).

Recent studies, including genetic and geographic data of
Asian mouflons across their range, as well as modern and an-
cient sheep from Anatolia, Southwest Asia, Europe, and Africa,
suggest that early sheep domestication probably originated in
Anatolia and is associated with the Anatolian subspecies of
the mouflon (O. gmelini anatolica) (Her et al., 2022; Atag et
al., 2024; Sandoval-Castellanos et al., 2024).

It is assumed that Anatolian and Cypriot mouflons in the
past were subject to domestication according to the classifica-
tion F. Teletchea and P. Fontaine (2014), corresponding to the
first level (Sanna et al., 2015; Barbato et al., 2017). However,
this is only a hypothesis for now, and the genetic connections
between these mouflons, ancient and modern domestic sheep
remain unclear.

Another largely unresolved question is the history of domes-
tic sheep breeds. Modern sheep breeds are divided into two
main geographical groups: Europe and Asia—Africa (Naval-
Sanchez et al., 2018; Li X. et al., 2020). This eastern and wes-
tern genetic division can be traced back to 7,000-6,000 BCE,
indicating their early diversification. Such a division is also
observed in modern groups of mitochondrial haplotypes of
sheep: European sheep mainly carry haplotype B (>50 % of the
world’s sheep population), while Asian sheep predominantly
have haplotype A (34 % of the world’s sheep population)
(Machova et al., 2022; Mereu et al., 2024).

Based on the analysis of polymorphism in the control region
of sheep mtDNA, seven haplogroups were identified, two of
which (F and G) have disappeared, while the other five are
present in modern breeds (Wood, Phua, 1996; Chen et al.,
2021). In addition to the mentioned haplogroups A and B, a
third recognized phylogenetic branch, haplogroup C (9 % of
the world’s sheep population), was discovered, which was
found in local Portuguese sheep, as well as in individuals
from the Caucasus, the Middle East, and Asia (Guo et al.,
2005; Pedrosa et al., 2005; Pereira et al., 2006; Mereu et al.,
2024). Then the fourth maternal lineage, haplogroup D, which
is closest to O. gmelini anatolica, was identified (Demirci et
al., 2013; Sanna et al., 2015).

Haplogroup E, identified through analysis of D-loop, CytB
sequences, and the entire mitogenome, is the key mitochon-
drial lineage of the Iranian Asian mouflon (Mereu et al.,
2025; Wang et al., 2025). The most recently discovered D and
E haplogroups (<0.5 % of the world’s sheep population) are
the rarest, having been identified only in animals from Turkey
and the Caucasus (Tapio et al., 2006), Europe (Gaspardy et
al., 2021), Tibet (Liu et al., 2016), Iran (Rafia, Tarang, 2016).
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All haplogroups were presumably formed between 5 and
35 thousand years ago (Rezaei et al., 2010).

Scientific literature reports on the eighth “wild” mito-
chondrial lineage X, which is found in Cypriot, Anatolian,
and Iranian mouflons and apparently is basal in relation to
domestic haplogroups C and E (Guerrini et al., 2021; Mereu
et al., 2025).

The results of ancient DNA studies have shown that Ana-
tolian Neolithic sheep are more similar to modern European
breeds, while the Kyrgyz Neolithic sheep are more similar to
modern Asian breeds, suggesting an early formation of this
division (Yurtman et al., 2021).

These patterns imply either the presence of several centers
of domestication or a large heterogeneous precursor popula-
tion that went through several independent “bottlenecks”.
However, in the study by E. Yurtman et al. (2021), all modern
breeds showed greater genetic similarity to each other than
to Neolithic sheep, indicating significant breed mixing in
the post-Neolithic period among continental sheep popula-
tions, including possible introgression from wild sheep into
domestic flocks, as well as the spread and breeding of sheep
with desired traits across the continents (Deng et al., 2020;
Cheng et al., 2023).

Introgression from wild relatives into the domestic sheep
population allowed the latter to adapt to various environmen-
tal conditions and spread throughout the world, undergoing
genetic improvements in various production systems. General
signals of allele introgression have been established in the
genes related to olfaction (ADCY3 and TRPV1), and in the
PADI gene family, including PADI2, which is associated with
innate immunity.

Further analysis of whole-genome sequences showed
that introgressed alleles in a specific region of PADI2 (chr2:
248302667-248306614) correlate with resistance to pneu-
monia. This allowed sheep to adapt to various climatic and
environmental conditions after domestication (Ciani et al.,
2020; Cao et al., 2021). As a result, many unique breeds have
emerged, and the extensive variations observed in both local
and improved breeds highlight the genomic diversity, adap-
tive traits, and important productive characteristics inherent in
domestic sheep (Li X. et al., 2020; Cao et al., 2021; Alipanah
etal., 2025). The differentiation of local sheep populations into
breeds became more pronounced from the 18th century due
to the use of systematic breeding with clearly defined goals
(Ciani et al., 2020).

Phenotypic changes in domestic sheep

In the transition from wild ancestors, the mouflons, to modern
domestic sheep, a number of morphological, physiological,
and behavioral traits were formed, which led to the current
phenotypic differences between wild and domesticated species.
These traits, including brain and tooth size, the size and shape
of ears and tail, spotted coloration, hormonal changes, and the
length of the reproductive season, characterize many species
that have been domesticated in various ways and for different
reasons. Moreover, some of these traits apparently appeared

698 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 4



T.H. Xamnpyes

without deliberate selection: body size shrinkage, a change in
the size and shape of the tail (Zeder, 2015).

Fat-tailed sheep originated from thin-tailed sheep as a result
of long-term natural selection in extremely harsh geographical
and climatic conditions (Caiye et al., 2023). The presence of
a fat tail allows sheep to better adapt to harsh environmental
conditions (Kalds et al., 2022a). The connection between
domestication and a set of phenotypic traits was first noted
by C.R. Darwin (1875) and has still not been fully elucidated.

S.J. Crockford et al. (2002) suggested that the phenotypic
traits of domesticated animals may be associated with the
changes in the “signaling actions” of thyroid hormones. In
turn, A.S. Wilkins et al. (2014) proposed the hypothesis of the
“domestication syndrome”, according to which the phenotypic
traits of domestic animal species may be associated with the
changes in the formation, differentiation, or migratory patterns
of neural crest cells (Wilkins et al., 2020). Both hypotheses
were later evaluated based on the genomic data, and although
the “domestication syndrome” hypothesis received significant
support, they are not necessarily mutually exclusive, as they
could have influenced the domestication process differently
across time and space (Karlsson et al., 2016; Fitak et al., 2020).

Thus, selection for the trait of “complaisance” likely indi-
rectly influenced a wide range of genes and signaling pathways
involved in behavior, morphology, and physiology. However,
considering the hypotheses outlined above, it should not be
overlooked that for certain traits, intentional selection car-
ried out by humans should be regarded as the most plausible
hypothesis for the development of the domesticated animal’s
phenotype (Mereu et al., 2024).

Wild ancestors usually had horns in both sexes, coarse
wool, and specific color patterns, which gradually evolved
predominantly into hornless, woolly breeds of sheep with
white wool color (Garel et al., 2022). These transformations
reveal important aspects of the selective pressure that acted
during domestication.

Wild sheep usually have horns, which matters for intra-
specific competition (Hu et al., 2016). Unlike them, domestic
sheep are more often hornless (Simon et al., 2022). The RXFP2
gene plays an important role in the presence or absence of
horns (Cheng et al., 2023). Hornlessness is associated with
a 1.8 kb insertion in the 3'-untranslated region of the RXFP2
gene, but this variant does not fully explain the variability of
horn condition in different breeds (Simon et al., 2022).

The key transformation was the loss of the ability to shed
wool annually in wild mouflons and the continuous growth of
wool in domestic sheep (Jackson et al., 2020). The variability
of wool color, often white in domestic sheep, is a complex trait
influenced by genes such as Extension (E gene), ASIP (agouti),
and POMC, which regulate melanin production (Trigo et al.,
2021; Zhang et al., 2023).

The short, thin tail of the mouflon suggests that the va-
rious tail phenotypes observed in domestic sheep appeared
later in the process of domestication (Kalds et al., 2022b).
The development of a fat tail, for example, is considered an
adaptive response to climate change, with ancient breeders
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selecting sheep with fat tails for their increased adaptability
to desert conditions and as a valuable source of fat (Ahbara
etal., 2022; McManus et al., 2025). Genes such as bone mor-
phogenetic protein 2 (BMP-2) and platelet-derived growth
factor D (PDGF-D) are potential genetic markers for tail
shape and size (Luo et al., 2023; Jin et al., 2026). The T-box T
(TBXT) transcription factor gene is involved in regulating tail
length in mammals, including sheep (Kalds et al., 2022b).
CT/CT genotype of the TBXT gene: ¢. [333G>C; 334G>T] was
found in fat-tailed sheep breeds and was absent in long- and
short-tailed breeds (Han et al., 2019).

The emergence of these phenotypic changes is not ac-
cidental, but represents a direct adaptation to environmental
conditions, highlighting the strong selective pressure exerted
by humans in the process of domestication. Analysis of these
phenotypic shifts in combination with the identification of
the underlying genes provides valuable insights into the
genetic architecture of domestication and how human needs
and environmental factors have shaped the evolution of the
species O. aries.

Later introgressions from wild ancestors to domestic sheep
contain loci with potential domestication genes PAPPA2,
NR6AI, SH3GL3, RFX3 and CAMK4, which are associated
with morphological, immune, reproductive, or productive
traits (wool, meat, milk), NEURLI — with a nervous reac-
tion, PRUNE?2 — with neurogenesis, USH2A4 — with hearing,
AGTPBPI, CRTACI and RPGRIPIL — with the sense of
smell, PAG1I and PAG3 — with placental viability (Chen et
al., 2021), FAT3 — with adaptation to dry environmental con-
ditions (Yang J. et al., 2016), PCDH15 — with the immune
response (Atlija et al., 2016), PDGFD — with the tail shape
(Li X. et al., 2020).

Migration of domesticated sheep

Starting from the 7th millennium BC, domestic sheep were
brought from Southwest Asia to the northeast, to the Caucasus
(Chataigner et al., 2014), to Central Asia (Taylor et al., 2021)
and to Europe (Arbuckle, Atici, 2013; Lv et al., 2015).

According to F.-H. Lv et al. (2015) and K. Machova et al.
(2022), the spread of sheep across continents from the domes-
tication center occurred according to the Figure.

There is a hypothesis about the existence of two routes for
the spread of sheep from Anatolia to Europe: a continental
route and a sea route through the Mediterranean Sea (Racimo et
al., 2020; Brigand et al., 2022). The sheep of Northern France
during the Neolithic era arrived in this territory along with the
Linear Pottery culture, which, as is known, spread westward
from the middle Danube to the Rhine and Seine basins, as
well as northward and eastward to the Elbe and Vistula basins
(Hachem, 2018; Auxiette, Hachem, 2021).

Iberian sheep of the Neolithic era were possibly brought by
the Mediterranean Sea route (Kaptan et al., 2024). Later, the
settlement of Northern Italy and Southern France took place.
Then, along the Danube route, sheep spread to Central and
Northern Europe (Larsson et al., 2024). Sheep appeared in
the Alps just over 5,000 years ago, on the Iberian Peninsula
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The main routes of sheep spread from the center of domestication (ka — thousand years BC) (Lv et al., 2015; Machova et

al., 2022).

A, B, C, D - paths of the main mitochondrial lineages (Lv et al., 2015; Liu et al., 2016).

1 — Mediterranean route (Ryder, 1984; Zeder, 2017); 2 - Danube route (Ryder, 1984; Zeder, 2017); 3 - route to Northern Europe (Tapio et
al., 2006); 4 - routes of the ancient sea to the Indian subcontinent (Singh et al. 2013); 5 - routes to Africa (Gornas et al., 2011; Alvarez et

al,, 2013; Muigai, Hanotte, 2013; Resende et al., 2016).

(Spain, Portugal), 7,700-7,300 years ago (Chen et al., 2021).
However, according to another hypothesis, there was a settle-
ment of Northern Europe through the domestication center in
the Caucasus (Tapio et al, 2006; Niemi et al., 2013).

Analysis of the spread of the lines in Eastern Eurasia
showed the presence of two migratory waves of sheep that
occurred 4.5-6.8 thousand years ago (lines A and B, about
6.4-6.8 thousand years ago; C, about 4.5 thousand years ago)
(Lv et al. 2015).

According to the study by D. Cai et al. (2011), line A was
the most numerous in Bronze Age Ancient China (95.5 %), and
its population increased from west to east. It is assumed that
sheep from the Near Eastern center of domestication migrated
through the Caucasus and Central Asia, and settled in Northern
and Southwestern China (lines A, B, and C), and then on the
Indian subcontinent (lines B and C) (Lv et al., 2015).

The spread of sheep in Asia could have occurred through
several routes, as it did in Europe (Singh et al., 2013).
A combined phylogenetic analysis using ancient and modern
sheep mitogenomes showed that Uzbekistan and the Mon-
golian Plateau (Altai) could have been the migration centers
for the spread of sheep in East Asia. Through Uzbekistan and
northwestern China, sheep spread to the middle and lower
reaches of the Yellow River (around 4,000 BC), through the
Mongolian Plateau (Altai) to the central part of Inner Mongolia
(around 4,429-2,500 BC) (Yang L. et al., 2024). Earlier stu-
dies confirm that sheep spread to China from the Mongolian
Plateau approximately 5,000-5,700 years ago. Then, about
20002600 years ago, sheep reached the Qinghai-Tibet and

Yunnan-Guizhou Plateaus, following the migration routes of
the Di-Qian people from the north to the southwest (Zhao X.Y.
etal., 2017).

Sheep probably reached North Africa by two routes about
7,000 years ago. The first was a colonization settlement across
the Mediterranean Basin, the second was via the Sinai Pe-
ninsula across the Red Sea (Zeder, 2017). There were several
routes of settlement on the African continent: to the south to
the Middle Nile valley, to the west to the central Sahara, and
to the north to Libya. Another possibility is the spread of sheep
from the Mediterranean along the northern coasts of Africa.
In addition, direct trade connections between East Africa
and the Arabian Peninsula are also suggested (Muigai, Hanotte,
2013). As in Europe, mitochondrial haplogroup B dominates
in Africa, which is confirmed by the studies in different re-
gions of the continent — South Africa (Horsburgh, Rhines,
2010), Sudan (Gornas et al., 2011), Kenya (Resende et al.,
2016), West Africa and the Canary Islands (Alvarez et al.,
2013).

The spread of sheep in Australia occurred in modern history
in the 18th—19th centuries (Ciani et al., 2015). The first sheep
brought by the Spanish to Central America were either fine-
wool (West African fine-wool sheep) or coarse-wool (from the
Iberian Peninsula), which were later crossed with Merinos and
gave rise to the Creole type of sheep (Alonso et al., 2017).

Fine-wool sheep were brought to America from the Canary
Islands by C. Columbus and the first colonizers and at the
beginning of the seventeenth century along with slaves from
other regions of West Africa, and their contribution to the
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gene pool of modern American fine-wool sheep is the most
significant (Spangler et al., 2017).

The first sheep in Australia were brought from India, South
Africa (fat-tailed) and Spain (Merinos) after 1788, as well
as from the British Isles (Saxon Merinos, Southdowns and
Romneys) after 1840 (Ryder, 1984). Thus, it can be assumed
that the same haplotypes exist as in the populations from
which the Australian breeds originated. This assumption was
confirmed by a study conducted on 18 breeds kept in Australia,
which revealed a 55 % prevalence of haplogroup B and a 45 %
prevalence of haplogroup A (Meadows et al., 2005).

Based on the analysis of ancient samples, it has been estab-
lished that modern breeds show greater genetic similarity to each
other than to Neolithic sheep, which implies significant post-
Neolithic mixing of sheep populations (Kaptan et al., 2024).

Originally, sheep breeding was mainly focused on meat
production, while specialization in wool and milk arose in
Asia (7-6 thousand years BC) and then in Europe (Becker et
al., 2016; Deng et al., 2020). Specialization in wool produc-
tion apparently originated in Southwest Asia and only then
spread to Europe, as evidenced by research (Chessa et al.,
2009) and the DNA analysis of European Bronze Age sheep
(Sabatini et al., 2019). Archaeological findings also indicate
the emergence of a new breed in Central Europe during the
Late Stone Age. Comparison with earlier data confirmed an
increase in the body size of sheep raised in the Bohemia and
Moravia region (the territory of modern-day Czech Republic),
as well as since the beginning of the Bronze Age in Hungary
(Kysely, 2016). Another example is the spread of Merino sheep
from the Iberian Peninsula throughout Europe from the second
half of the 15th century (Landi et al., 2019).

Early domestication highlights the fundamental importance
of sheep in human history, as since then they have represented
a crucial resource on a global scale, providing populations
around the world with meat, wool, pelts, sheepskins, milk,
and other essential materials (Kaptan et al., 2024; Mereu et
al., 2024).

Early domestication was probably a less controlled process,
based on the use of available wild populations rather than on
intensive selection of a single homogeneous ancestral group.
Therefore, the genetic diversity observed in modern sheep
partially reflects ancient wild diversity, and is not exclusively
the product of post-domestication mutation or selection. At the
same time, the early radiation (about 810 thousand years ago)
determined the variability of domestic sheep and mouflons
(Mereu et al., 2025).

Thus, the process of sheep domestication should not be
considered as a simplified model of domestication in the form
of a single event from a homogeneous ancestral population, but
as a more complex action involving the borrowing of diverse
wild genetic backgrounds.

Phylogenetic analysis

of modern sheep breeds based on mtDNA
Subsequent breeding of domesticated sheep, along with natu-
ral and artificial selection, led to the emergence of at least
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1,400 breeds, and the prolonged selective activity of humans
played an important role in the development of the necessary
productive and biological traits in sheep (Dymova et al., 2019).
Comparative analysis of the genetic diversity of ancient and
modern sheep contributes to a better understanding of the
processes of the origin of these animals, domestication, and
their migration, and also allows assessing the role of humans at
different stages of the formation of modern biological diversity
of sheep breeds (Lv et al., 2015).

In the study by X. Li et al. (2020), 36 local and 6 cultured
breeds of sheep (O. aries) from Europe, Asia, Africa, and the
Middle East were found to have a lower level of genomic di-
versity compared to their wild ancestors (O. orientalis). This
indicates that a significant part of genomic variability was
lost during and after domestication, while genomic diversity
in local breeds of sheep has been preserved to a greater extent
than in commercial breeds.

The formation of sheep breeds in Europe, according to
E. Ciani et al. (2020), indicates that Greek sheep breeds acted
as a barrier between Asian and European breeds. Apparently,
Greece remained a “blind spot” on the evolutionary map of
sheep migration to Western Europe, since the historical pat-
terns of gene flow have not yet been assessed (Michailidou
et al., 2025).

In Italian sheep breeds, haplogroup B predominated in the
ancient samples (90 %), while haplogroup A was found in
10 % of them, which corresponds to the current distribution in
modern sheep in Italy. This indicates that the current A/B ratio
was formed back in the Middle Ages and is not the result of
subsequent events, such as selective breeding (Gabbianelli et
al., 2015). Eight of the most common local breeds of sheep in
Bulgaria showed a high prevalence of European haplogroup B
(95.2 %), while the remaining individuals were assigned to
haplogroup A (4.8 %). The median-joining network showed
that almost all haplotypes belonging to haplogroup B form a
star-like network, indicating weak genetic differentiation and
high gene flow among Bulgarian indigenous breeds (Kalay-
dzhiev et al., 2023).

The presence of haplogroups B and A was confirmed in two
Hungarian breeds, Tsigai and Cikta, while haplogroup C was
found only in the Cikta breed. At the same time, haplogroup B
predominates, which is present at a level of more than 80 % in
both breeds, confirming the presence of a common ancestral
root (Gaspardy et al., 2022). A homogeneous maternal origin
of nine breeds of sheep from the Eastern Adriatic, characteristic
of European breeds, was established in the studies of M. Feren-
cakovic et al. (2013); analysis of mitochondrial DNA revealed
a high frequency of type B haplotypes in them.

Among the 27 analyzed Indian sheep breeds, three mtDNA
lineages were identified, namely A, B, and C. Lineage A pre-
dominated among Indian sheep, whereas lineages B and C were
observed at a low frequency. At the same time, the Mandya and
Sonadi breeds differed significantly from other Indian breeds
by a high proportion of line B, which presumably reached
the Indian subcontinent not from the Mongolian Plateau, but
via the Arabian Sea route (Kamalakkannan et al., 2021). The
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authors of the cited work, based on the research conducted,
contrary to existing hypotheses, believe that the domestication
of sheep of haplogroup A occurred on the Indian subcontinent.

Phylogenetic analysis of the D-loop mtDNA sequences
of 963 individuals from 16 indigenous breeds distributed
across seven geographic regions of China showed that three
haplogroups, A, B, and C, were identified in all breeds, except
for the mountainous region of Southwest China, where only
haplogroups A and B were present (Zhao E. et al., 2013).

Seven local Indonesian sheep breeds on the island of Java
are closely related to each other and grouped into two hap-
logroups A and B. At the same time, most of them belong to
haplogroup B, except for the Garut and Priangan sheep breeds
(Ibrahim et al., 2023). Sheep of the main breed of Vietnam,
Phan Rang, belong to haplogroups A (28 %) and B (72 %),
which confirms the hypothesis of their dual origin with the in-
fluence of both Asian and European lines (Luong et al., 2024).
Phylogenetic analysis of six breeds of sheep in Kazakhstan
showed that 44 % of the animals belonged to haplogroup A,
39 % to haplogroup B, and 17 % to haplogroup C, which is
consistent with the distribution of haplogroups in ancient
domestic sheep. Currently, line A predominates in Kazakh
sheep breeds. This indicates that most Kazakh sheep breeds are
genetically closer to the Asian genotype than to the European
one (Tarlykov et al., 2021).

Sheep in Africa belong to different mitochondrial lineages,
which gives them an advantage in genetic diversity of breeds
and populations, and has practical significance for use in
breeding programs to increase productivity and adaptive traits.
Meta-analysis of 399 breeds allowed the identification of three
main haplogroups (A, B, and C), with haplogroup B being the
dominant one (Wanjala et al., 2021; Salim et al., 2023).

Currently, 17 fine-wool breeds (57.9 % of the total sheep
population) are raised in Russia, as well as 17 semi-fine-wool
breeds (4.1 %), 2 semi-coarse-wool breeds (1.1 %), 16 coarse-
wool breeds (30.3 %), and unidentified breeds (6.6 %) (Brigida
et al., 2025). Semi-fine-wool sheep breeds mainly have a
meat-wool production direction, while semi-coarse-wool and
coarse-wool breeds have a meat-fat direction. The abundance
of sheep breeds in the country is associated with the diversity
of natural-climatic and geographical zones.

Genetic analysis of mtDNA of ancient sheep from Russia in-
dicates that during the Early Bronze Age, at least two lineages
(A and B) existed in the south of Western Siberia (Dymova et
al., 2019). Sequencing of the mitochondrial DNA D-loop from
17 sheep bone remains (aged ~4,000—1,000 years), found in
archaeological complexes in southern Altai (Russia), showed
the presence of mitochondrial lineages A, B, C, D, and E.
The relatively high diversity of sheep haplotypes, including
the presence of two basal haplotypes, indicates that the Altai
region could have been a route for the migration of domesti-
cated sheep. Determining the affiliation of ancient samples to
phylogenetic lines showed that 70 % belong to line B, 25 %
to A, and 2.5 % each to C and D (Dymova et al., 2017).

Phylogenetic analysis of 25 Russian local sheep breeds
revealed four haplogroups, including A, B, C, and D, which is
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explained by the wide range of the animals studied; the most
common were haplogroups B and A, characteristic of sheep of
European and Asian origin, with the B lineage predominating
in the western part of Russia (Koshkina et al., 2021).

Analysis of the median-joining network and the Bayesian
tree of the Russian breeds showed that the most common
haplogroup is B (64.8 %), haplogroup A accounted for 28.9 %,
haplogroup C, for 5.5 %, and only 0.8 % was assigned to
haplogroup D. It is noted that haplogroups A and B were
present in all sheep breeds, haplogroup C was represented by
haplotypes of sheep breeds from the North Caucasus and Far
Eastern Federal Districts, while haplogroup D was detected
in one animal from the Southern Federal District (Koshkina
et al., 2023). M. Tapio et al. (2006) discovered haplogroup D
in one animal of the Karachay breed in the North Caucasus,
indicating the presence of this mitochondrial line in the ter-
ritory of Russia.

The study of the nucleotide sequence of the D-loop of
mtDNA in fine-wool sheep breeds (Salsk, Stavropol, and
Soviet Merino) showed the division of the studied sheep
populations into two clusters: the first cluster is represented
by haplogroup B, characteristic of European domestic sheep,
as well as sheep from New Zealand and Australia; the second
cluster is haplogroup A (about 30 %), dominant in Asian
sheep. The obtained research results made it possible to
establish the similarities and differences of the Russian Me-
rino sheep breeds with the European and Australian Merino
selection (Shirokova et al., 2018). In the determination of the
Romanov sheep (Bakoev et al., 2018), the Kuibyshev breed
(Koshkina et al., 2022a), it was established that they belong to
haplogroup B.

Analysis of the mitochondrial genomes of three breeds with
different production directions (Grozny — fine-wool, Gorno-
Altai — semi-fine-wool, and Buubey — coarse-wool) from
various ecological and feed regions of the country showed
that all individuals of the three breeds belong to the commonly
accepted haplogroups A (n =46.7 %), B (n =46.7 %), and C
(n = 6.6 %), characteristic of sheep of European and Asian
origin (Koshkina et al., 2022b).

Conclusion

Thus, based on the analysis of scientific and informational
sources in the subject area, it has been established that with
domestication, aspects such as the specific place, time, and
further development after domestication remain unclear to
this day.

Mitochondrial DNA is an excellent tool of evolutionary
biology. It is inherited from generation to generation almost
without changes, since it does not participate in recombination,
thus the time of occurrence of each mutation can be estimated
based on the average mutation rate. This ensures that female
haplogroups allow us to determine events that occurred in the
distant past (processes of domestication and migration). Seven
haplogroups have been identified in domesticated sheep, two
of which (F and G) have disappeared, while the other five (A,
B, C, D, E) are present in modern breeds.
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The variability of mtDNA to some extent correlates with
the distance from the domestication center. The greatest ge-
nomic diversity is found closer to the place of origin, as has
been established in humans (Li J.Z. et al., 2008). This review
confirms the existence of a single center of domestication in
the Middle East, from which sheep spread to Europe through
the Mediterranean Sea and the Danube Valley, as evidenced
by studies of small ruminant lentiviruses (Molaee et al., 2020).
It is possible that there was another way of spreading sheep
into Europe, which passed through the Caucasus, Russia, and
Northern Europe (Tapio et al., 2006). First, line B probably
reached Finland, then, in the early Middle Ages, it was fol-
lowed by line A (Niemi et al., 2013). The origin of lines C and
D in Central Europe remains unclear, but there is a suggestion
that they could have arrived there with prehistoric humans
or much later, for example, during the Ottoman expansion
(Gaspardy et al., 2021). The Mongolian Plateau acted as a
migration center, from which the lines spread from the do-
mestication center into Asia (Ganbold et al., 2019). In India, a
high nucleotide diversity of lines A and B has been established,
in Northern China, line C has been found (Lv et al., 2015).

During the process of migration, domesticated sheep
adapted to various ecological and feeding conditions of their
habitats on all continents of the world, and as a result, modern
domestic sheep have developed a number of morphological,
physiological, and behavioral traits, which have led to the
current phenotypic differences between wild and domestic
species.

The results of ancient DNA studies have shown that Anato-
lian Neolithic sheep have more similarity with modern Euro-
pean breeds, while Kyrgyz sheep of the Neolithic and Bronze
Age demonstrate more similarity with modern Asian breeds.

Currently, domestic sheep are divided into two main geo-
graphical groups, Europe and Asia: European sheep mainly
carry haplotype B, while Asian sheep predominantly carry
haplotype A. The diversity of the haplogroups represented
in both domesticated and modern breeds of sheep indirectly
indicates their migration across the territory of Eurasia, in-
cluding the Russian Federation, in two directions — to Europe
(westward) and to Asia (eastward).
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10 2011 r. BbIXogMN nog HaseaHem «/IHGOopMaLMOHHBIN BECTHUK BOTMC»/
“The Herald of Vavilov Society for Geneticists and Breeding Scientists”.

CeTeBoe n3aaHve «BaBUIOBCKNI XypHas reHeTukun u cenekuum (Vavilov Journal
of Genetics and Breeding)» — peectpoBas 3anuce CMW On Ne ©C77-85772,
3apeructpupoBaHo QOeaepanbHON Cy60i Mo Haa30py B chepe cBA3U,
NHOOPMALIMOHHbIX TEXHOMOT NI 1 MAaCCOBbIX KOMMYHMKauuin 14 aBrycTta 2023 .
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B KOTOPbIX AOIKHbI 6bITb ONy6A1MKOBaHbI OCHOBHbIE pe3ynbTaTbl AMCCepPTaLMi Ha COMCKaHUe YYeHOoN
CTeneHn KaHAMAaTa Hayk, Ha COMCKaHne yYeHol CTeneHn AOKTopa HayK, benbil cnmcok (ypoBeHb 1),
Russian Science Citation Index, Poccuincknii nnaekc HayuHoro untupoBaHusa, BUHUTW, Web of Science CC,
Scopus, PubMed Central, DOAJ, ROAD, Ulrich’s Periodicals Directory, Google Scholar.

OTKpPbITbIN JOCTYM K MOSTHBIM TEKCTaM:
pycckoasbluHaa BepcuA — Ha caiTe https://vavilovj-icg.ru/
1 nnatdopme HayuHo anekTpoHHoI 6nbnuotekuy, elibrary.ru/title_about.asp?id=32440

aHrnos3blyHas Bepcus — Ha caite vavilov.elpub.ru/index.php/jour
n nnatopme PubMed Central, https://www.ncbi.nlm.nih.gov/pmc/journals/3805/
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