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Abstract. Two series of tests were performed, on mice and rats, to assess the lifespan of old animals reinfused with bone
marrow cells from old animals treated with fragmented human DNA (hDNA?"), recombinant human angiogenin, and
both preparations together. Animals reinfused with untreated bone marrow cells from old animals or bone marrow
cells from young animals were used as comparison groups. Using both outbred mice and CBA/Lac mice, no significant
increase in the lifespan of animals reinfused with bone marrow cells treated with the hDNA9" was found compared
with the group of mice reinfused with untreated bone marrow cells. Using the CBA/Lac line, mice reinfused with
bone marrow cells treated with angiogenin simultaneously died of the characteristic symptom complex at 10 months
after treatment. Pathomorphological analysis suggests that the simultaneous death of mice occurred as a result of
pathological disorders in the excretory systems of animals. Reinfusion of bone marrow cells from old animals treated
with angiogenin and hDNA?" and bone marrow cells taken from young animals significantly increases the lifespan of
mice in groups. The combined use of two activators, angiogenin and hDNA?", increased the average lifespan of 30 %
of experimental mice to 35 months compared to 28 months in the control. Using Wistar rats as model animals in the
first experiment, a reliable increase in the lifespan of rats with reinfusion of bone marrow cells from old animals treated
with the hDNA9" preparation to 28 months was shown compared to the group that received untreated bone marrow
cells from old animals, where the average lifespan of rats was 24 months. In the second similar experiment, no reliable
difference in the lifespan of rats for the two groups was shown. Animals injected with bone marrow cells treated with
angiogenin lived significantly longer than rats from the control group. The analysis of the amount of telomeric DNA
in bone marrow cells of rats from the experimental and control groups 12 months after treatment showed that there
was no significant increase in telomeric DNA. A molecular/cellular model of aging of the organism associated with the
concept of “natural reconstruction of the genome”is considered.
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The effect of modified hematopoietic
stem cells on the lifespan of animals
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AHHoTauuA. [MpoBefeHbl ABe cepuy TeCcTOB (HAa Mbllax M Kpbicax) MO OUEHKe MNPOAOSIKUTENBHOCTU KU3HU
CTapbiX »KMBOTHbIX, KOTOPbIM ObINN PerHPY3NPOBaHbl KNETKM KOCTHOMO MO3ra CTapbIX XUBOTHbIX, 06paboTaHHble
dparmeHTposaHHon AHK yenoseka (hDNA?'), aHrmoreHMHOM pekoMOMHAHTHBIM YeNTOBEYECKMM 1 ABYMA Npenapatamm
COBMECTHO. B KauecTBe rpynn cpaBHeHMA UCMONb30BaINCh KUBOTHbIE, KOTOPbIM penHdy3npoBanm HeobpaboTaHHble
KINETKN KOCTHOTO MO3ra CTapbiX >KUBOTHBIX NV KNETKM KOCTHOTO MO3ra OT MOJIofbIX 0cobelt. B criyyae Kak ayTopeaHbix
MbiLLel, Tak 1 Mbiwen nuHumM CBA/Lac He BbIIBIEHO IOCTOBEPHOTO yBENMYEHUA NPOLOIKUTENIbHOCTY XKU3HN XKUBOTHBIX
npy penHoy3umn KneTok KOCTHOrO Mo3ra, ob6paboTtaHHbix npernapatom hDNAY, no cpaBHeHWIO C rpynmnol Mbillei,
KOTOPbIM perHdy3npoBany HeobpaboTaHHble KNeTKU KOCTHOro Mo3ra. lNpu ucnonbsosaHum nuHum CBA/Lac mbiwn,
KOTOPbIM penHdy3npoBany KNeTkn KOCTHOrO MO3ra, 06paboTaHHble aHrMoreHnHom, Ha 10-i mecsl, nocne o6paboTkm
OAHOBPEMEHHO Mann OT XapaKTEPHOro CUMMNTOMOKOMMeKca. [latomopdonornyecknii aHanu3 npegnonaraer,
YTO OAHOBPEMEHHAs rMbeNb Mbllell MPou3oLWa B pe3y/bTaTe MaToNOrMYyecknx HapyWweHWn B BblAeUTENbHbIX
CUCTEMAXx >KUBOTHbIX. PerHdy3nA KNeTok KOCTHOrO MO3ra OT CTapbiX >KMBOTHbIX, 06PabOTaHHbIX aHMMOTEHUHOM 1
hDNAY", 1 KneToK KOCTHOFO MO3ra, B3ATbIX OT MOMOAbIX *KUBOTHbIX, 3HAUUTENIbHO YBENNUYMBAET MPOLOMKUTENIBHOCTD
XKM3HM Mblwen B rpynnax. CoBMeCTHoe MpuMeHeHVe [ABYX aKTMBaTOpoB, aHrvoreHnHa v hDNAY, ysenuumBano
CpefHIo NPOAOKNTENbHOCTb XM3HU 30 % 3KCnepuMeHTasbHbIX Mbllen Ao 35 mec. npu 28 mec. B KoHTpone. pun
MCMONb30BaHNM B KayecTBe MOLENbHbIX XXMBOTHbIX KPbIC NUHUM Brctap B nepBom 3KcneprmeHTe Obino nokasaHo
LLOCTOBEPHOE YBEJIMYEHMNE XKN3HW KPbIC MPU PeNHPY3UN KNETOK KOCTHOTO MO3ra CTapbiX *KUBOTHbIX, 06paboTaHHbIX
npenapatom hDNAY, no 28 mec. No CpaBHEHMIO C rPYMMOW, NnosyvasLueil HeobpaboTaHHbIE KNETKU KOCTHOMO Mo3ra
CTapbIX KMBOTHbIX, rAe CpefHAA MPOAOIMKMNTENbHOCTb XMU3HW KpbIC cocTaBuna 24 mec. Bo BTopom aHanormyHom
JKCNeprMeHTe JOCTOBEPHON Pa3HULIbl B NPOJOIKUTENbHOCTU XN3HN KPbIC ANIA YKa3aHHbIX ABYX FPymnn NnokasaHo He
6b110. MKMBOTHbIE, KOTOPbIM BBOAMIM KNETKM KOCTHOMO M03ra, 06paboTaHHble aHMMOreHUHOM, MPOXWAN JOCTOBEPHO
Jornblle, YeM KPbICbl U3 KOHTPOMbHOM rpynnbl. [IpoBefeHHbIN aHanmn3 konuyectsa TenomepHor [1HK B kneTkax KOCTHOro
MO3ra KpbIC 3KCMEPUMEHTASIbHBIX M KOHTPOJIbHOM rpynn yepe3 12 mec. nocne obpaboTKM CBUAETENbCTBOBAS, UTO
[OCTOBEPHOro yBenuuyeHva tenomepHon [HK He npowusowsno. PaccmaTprBaeTca MonekynspHaa/KneToyHasa Moaenb
CTapeHnA OpraHn3mMa, CBA3aHHaA C KOHLeNUMen «NpUpoLHON PEKOHCTPYKLMN FreHOMay.

KnioueBble cnoBa: AnMHa Tenomepbl; MPOJOMKUTENILHOCTb »KU3HW; npenapat AsyuenouveyHon [HK (hDNA?);
QHTMIOTEHNH PEKOMOVHAHTHbIN YenloBeYeCKuiA; NaToMopdONormyeckmii aHanns; penHdy3uns KneTok KOCTHOro Mo3sra

Introduction
The problem of aging is a dominant issue in modern biology,
since the primary focus of scientific thought and applied
research is searching for ways to halt the progressive in-
crease in the number of people suffering from the so-called
“diseases of civilization”, which are inherently related to
this natural biological process.

Aging and death are fundamental, intrinsic biological
properties representing the functioning and evolution of

all living organisms, including humans. From a thermo-
dynamic perspective, aging is a critical temporal threshold
between the ability of an organism to reduce its entropy
(also a fundamental intrinsic property of living systems)
and successive progression toward an irreversible statio-
nary state (i. e., death) characterized by maximum entropy
(Lefever, 2018; Tlidi et al., 2018a, b). At the level of a living
organism, aging is a dynamic pathophysiological process
of accumulating alterations at multiple biological levels,
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leading to gradual decline in vital activity and, ultimately,
death. The pace of this universal and irreversible process
(within the framework of conventional existence) is go-
verned by numerous external and internal factors. At its
core, there lies “genetic aging” of the organism’s DNA re-
pair machinery in the form of stem cells of various lineages
that sustain coordinated responses maintaining internal
homeostasis. All other pathological processes result from
the failure of stem cells to preserve homeostasis (Bowen,
Atwood, 2004; Mikheev et al., 2023).

The numerous existing theories of aging are generally
categorized into two groups: the “programmed” (adaptive)
and “damage” theories.

According to the programmed theories, functioning of a
living organism is presumed to be biologically programmed
by nature only for the period of its active life cycle, which
includes development (i. e., organismal growth) and re-
productive capacity (the so-called biological usefulness),
determined by species-specific population expediency (da
Costa et al., 2016). In other words, aging-related changes
are regulated by a kind of biological sensor whose primary
function is to monitor the developmental schedule of the
organism until it reaches sexual maturity and reproductive
capacity (Kozlov, 1999).

The damage theories posit that aging is not an inevitable
sequela of an organism’s existence but rather results from
accumulation of damage, or stochastic errors, in the genetic
information storage and transmission systems. Over time,
compensation for these impairments becomes infeasible,
thus leading to death Kirkwood, 2005; Vijg, Campisi, 2008;
Gems, Partridge, 2013; Mikheev et al., 2023)

Proponents of the programmed aging theories rely on
the premise that aging is governed by genetic mechanisms
orchestrating the evolution of living organisms. However,
aging-related changes may also involve additional mecha-
nisms not encoded by the genetic program, which exert
non-programmed effects on the organism that also cause life
termination. This effect may arise from stochastic cellular
damage that alters the cell structure, function, and metabo-
lism (and primarily, the membrane structure). This impact
can also affect the genetic information as chromosomal
DNA, which is believed to encode the aging program, thus
potentially modulating its activation. Furthermore, toxic
byproducts and free radicals are generated during normal
cellular metabolic processes, their destructive activity
being normally counterbalanced by cellular deactivation
systems. Failure in these deactivation mechanisms, similar
to external impacts, may cause damage to membranes and
chromosomal DNA, which will also be accompanied by
activation or modulation of aging mechanisms.

Hence, both the approach conceptualizing aging as a
genetically encoded evolutionarily programmed process
(programmed aging) and the alternative paradigm viewing
cellular damage as non-genetically determined yet either
modulating or constituting the aging mechanism (non-
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programmed or nonadaptive aging) share fundamental
biological commonality in explaining the causes of involu-
tion, senescence, and life termination.

Therefore, when analyzing organismal aging, we deem
it more correct to shift focus from philosophical consi-
derations of the reasons behind it to examining functional,
cellular, and molecular-level alterations in the organism
being indicators of aging (senescence markers). Each of
these alterations accompanies aging and is a detectable
manifestation of the ongoing involutionary process. We
deliberately avoid using the term “aging mechanism”, since
it means the initiation and development of events that are
driven by the fundamental causes of senescence and cur-
rently remain beyond our scientific grasp.

There are many reviews classifying prominent detec-
table senescence markers. These reviews systematize the
data characterizing indicators accompanying organism’s
aging: genomic instability, telomere attrition, epigenetic
modifications, loss of proteostasis, impaired macroau-
tophagy, deregulated nutrient sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion,
altered intercellular communication, chronic inflamma-
tion, microbiota imbalance, and disrupted neuroendocrine
regulation. Nearly all molecular and biochemical processes
that can be classified according to specific feature and are
affected by aging processes fall within these fundamental
categories (Kenyon, 2010; Lopez-Otin et al., 2013, 2023;
Krauss, de Haan, 2016; Proshkina et al., 2020; Zhu et al.,
2021; Mikheev et al., 2023).

One of the most remarkable findings of this study is the
fact that extracellular double-stranded DNA (dsDNA) frag-
ments delivered to hematopoietic stem cells (HSCs) via a
natural biological mechanism induce processes ultimately
increasing the telomeric DNA content. Experimental evi-
dence indicates that it occurs in a telomerase-independent
manner, presumably via the alternative lengthening of
telomeres (ALT) mechanism. The third part of this research
cycle (Ruzanova et al., 2025) characterizes the telomere
structure and function, as well as the molecular mechanisms
responsible for maintaining chromosomal telomere length.

Briefly, telomeres are genomic regions at the ends of
linear chromosomes. In vertebrates, telomeric DNA consists
of TTAGGG repeats bound by specialized proteins that
form telomeric heterochromatin, thus modulating biologi-
cal functions of telomeres. The terminal portion of single
telomere strand, together with capping proteins, forms a
complex protecting the recombinogenic structure against
recognition by factors initiating the DNA damage repair
mechanism. It is commonly believed that because of the
conserved replication mechanism, DNA polymerase cannot
completely replicate linear DNA templates, leading to pro-
gressive telomere shortening (Harley et al., 1990). Critically
short telomeres cannot bind a sufficient amount of defense
proteins, thus exposing double-stranded ends. This highly
recombinogenic structure triggers the DNA damage repair
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mechanism, which in turn activates cyclin-dependent kinase
inhibitors p21 and p16 and arrests proliferation (Stein et
al., 1999). Despite the critical shortening, these telomeres
preserve a certain amount of proteins, which prevents fusion
of telomeres in different chromosomes but does not halt the
activated repair mechanism. Proliferative arrest becomes
permanent in this situation. Cellular senescence, the primary
trigger of organismal involution and numerous age-related
diseases, is initiated and sustained (He, Sharpless, 2017).
Telomere-associated repair foci arising from attacks of
telomeric replication forks by the activated molecular repair
machinery are among the senescence markers.

It was demonstrated that DNA repair foci associated
with incurred damage also arise within telomeric hetero-
chromatin at long telomeres in terminally differentiated
cells (Di Micco et al., 2021). In this case, the mechanism
initiating cellular senescence in non-dividing cells can be
conceptualized as follows: in proliferating cells, telomere-
binding proteins inhibit DNA repair iz cis, thereby preven-
ting chromosomal fusion. Consequently, the insensitivity
of dividing cells to DNA damage repair within telomeric
heterochromatin in shortening telomeres conflicts with the
molecular repair machinery and the overall repair process.
This conflict induces intercellular propagation of signals
from the DNA damage response mechanism and leads to
formation of repair foci within telomeric heterochromatin of
long telomeres in terminally differentiated cells. Instead of
being repaired, the repair foci formed in telomeres of these
cells are accumulated and induce an aging-like phenotype.
Following this logic, persistent activation of the DNA
damage repair mechanism is a common causal event that
underlies replicative cellular senescence driven by criti-
cally short telomeres as well as aging-like states induced
by damaged telomeres in non-dividing cells (Rossiello et
al., 2022).

Apoptosis or autophagy is induced in the case of severe
telomere dysfunction, being accompanied by all the asso-
ciated molecular events (Nassour et al., 2019). Senescent
cells acquire a senescence-associated secretory phenotype,
characterized by secretion of a set of pro-inflammatory
cytokines and negatively affecting the extracellular matrix
structure and viability of stem cells (Tchkonia et al., 2013).

Hence, the inability to restore the lost telomeric he-
terochromatin content is among the causal events behind
cellular senescence and its propagation throughout the or-
ganism. The conflict arising from insensitivity to telomeric
DNA damage repair mechanisms further underscores the
predominant role of chromatin DNA integrity in initiation
of aging. Activation of the DNA damage repair mechanism
and accumulation of telomeric repair foci are also presumed
to be associated with other aging-related processes such
as mitochondrial dysfunction, altered nutrient sensing,
impaired autophagy, loss of proteostasis, and epigenetic
dysregulation. In this regard, a “telomere-centric” rationale
has been proposed for explaining many features of aging

The effect of modified hematopoietic
stem cells on the lifespan of animals

(Chakravarti et al., 2021), where telomere shortening be-
ing considered a key characteristic. The numerous aging-
associated diseases are linked to telomeric heterochromatin
attrition (Rossiello et al., 2022).

V.S. Ruzanova et al. (2025) demonstrated that treatment
of HSCs within bone marrow cells with fragmented dsDNA
(hDNA®) in three model organisms in HSC descendants,
where these cells had been naturally internalized, statisti-
cally significantly increased telomeric DNA content so
that it became comparable to that in young animals. The
study also demonstrated that this increase was unrelated to
changes in telomerase activity.

Our work, under the “telomere-centric” concept of aging
and its propagation to hematopoietic progenitors, proposes
an experimental approach to assess the relationship between
the lifespan of experimental animals and telomeric DNA
content in HSCs and HSC descendants. The experimental
design of the study involved reinfusion of a suspension
of bone marrow cells treated ex vivo with preparations of
fragmented genomic DNA (hDNA#), angiogenin, and two
inducers administered simultaneously, into aged animals.
Recombinant human angiogenin was selected as a compara-
tor because its application had also been shown to increase
telomeric DNA content in HSC descendant cells; however,
unlike the DNA preparation, this rise was associated with
activation of telomerase gene expression (Ruzanova et
al., 2025). These treatments were expected to extend the
lifespan of the experimental animals.

Materials and methods
Experimental animals. Sexually mature male Wistar rats
(weight, 400-450 g) were used for the pilot experiments.
At experiment initiation, the rats were aged 13.5 months.
Eighteen inbred female mice (weight, 50-60 g) were also
included in the study; they were aged 12 months at ex-
periment initiation. The animals were procured from the
breeding facility of the Research Center for Biomedical
Technologies, Federal Medical and Biological Agency of
the Russian Federation, and had valid veterinary certificates.
Following a two-week quarantine period, the animals were
housed in the vivarium of the A.F. Tsyb Medical Radio-
logical Research Center until they reached the appropriate
age for starting the experiment. The animals were housed
in polypropylene cages (five animals per cage) and had
ad libitum access to food and water. The manipulations
involving laboratory animals were conducted in accordance
with the State Standard GOST 33044-2014 “Principles of
Good Laboratory Practice”. Euthanasia was performed
under ether anesthesia followed by cervical dislocation.
Male CBA/Lac mice aged 14 months and female Wistar
rats aged 16 months, bred at the Vivarium of Conventional
Animals core facility of the Institute of Cytology and Ge-
netics SB RAS (Novosibirsk, Russia), were used for the
repeated experiments. The animals were housed in groups
of 6—10 mice and 3—4 rats per cage, with ad libitum access
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to food and water. All animal experiments were approved
by the Animal Care and Use Committee of the Institute of
Cytology and Genetics SB RAS. Mice were euthanized by
cervical dislocation; rats were euthanized by CO, inhala-
tion or decapitation. Bone marrow cells were isolated from
14-month-old and 2-month-old male CBA/Lac mice, as
well as 15-month-old male and a 2.5-month-old female
Wistar rats.

Isolation of bone marrow cells. For isolating bone
marrow, mice were euthanized; femurs and tibias were
removed; epiphyses were separated; the medullary cavity
was washed with DMEM+2 % FBS. The cell suspension
was passed through a 21 gauge needle several times to
remove rosette-forming cells and filtered through a 40 um
mesh. The cells were pelleted by 10-min centrifugation
at 400g and resuspended in a buffer containing 130 mM
ammonium chloride for erythrocyte lysis during 3—5 min.
Subsequently, the buffer was diluted tenfold with PBS,
and the cells were centrifuged again. The resulting cell
pellet was resuspended in DMEM medium, and cells were
counted in a Goryaev chamber.

Treatment of bone marrow cells with inducers. In the
pilot experiment, bone marrow cells isolated from animals
were incubated in the presence of hDNA® for 1 h at room
temperature (20-22 °C). A total of 200 ng of hDNAS®" was
used for treating 1x10%bone marrow cells.

In the repeated experiment, bone marrow cells isolated
from animals were incubated in the presence of inducers
for 1 h in an atmosphere of 5 % CO, (95 % humidity,
37°C): 500 ug hDNAe#, or 500 ng of angiogenin, or 500 ug
hDNA®" + 500 ng of angiogenin per 3x10° cells in 1 mL of
serum-free DMEM.

hDNAZ®" preparation. Human genome DNA reconstruc-
tor (hDNA®") was isolated from placenta of healthy females.
DNA was ultrasonically fragmented to 1-20 nucleosome
monomers (200-2,000 bp), deproteinated using protein-
ase K, and isolated by phenol-chloroform extraction.

Angiogenin. Angiogenin was provided by Angiopharm
Laboratory LLC (Novosibirsk, Russia). Angiogenin was
labeled with Cy5 according to the manufacturer’s protocol
(Lumiprobe, Germany).

Intravenous administration of a bone marrow cell
preparation. In the pilot experiment, the experimental
mice and rats received a single dose of 1x10° bone marrow
cells in 0.3 or 0.5 mL of 0.9 % sodium chloride solution
administered into the tail vein. Control animals intrave-
nously received 0.3 and 0.5 mL of 0.9 % sodium chloride
solution, respectively.

In the repeated experiment, mice and rats were reinfused
a single dose of 1x10° bone marrow cells in 0.2 or 0.5 mL
of 0.9 % sodium chloride solution into the tail vein. Control
animals were reinfused with 1x106 untreated bone marrow
cells isolated from old and young animals.

Assessment of the effect of bone marrow cell prepara-
tion. Animals were examined daily throughout the entire
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study. General behavior and health status of the animals
were monitored. External morphology was assessed and
documented through photographs. Animals’ body weight
was measured. The morphology of spontaneous tumors was
analyzed, and natural mortality among the experimental
animals was documented.

Postmortem analysis of mouse organs. Organs and
tumors were isolated from the animals and fixed in 4 %
neutral paraformaldehyde. Samples of organs were dehy-
drated using increasing concentrations of ethanol, cleared
in xylene, and embedded in paraffin. Paraffin sections up
to 5 um thick were stained with hematoxylin and eosin.
Visualization and microphotography of the specimens were
performed using an Axio Imager Z1 light microscope (Carl
Zeiss Microscopy, Germany).

Preparation of blood smears. Blood smears were
prepared using blood collected from the tail vein. The
smears were fixed in methanol (OJSC Vekton, Russia) for
6—10 min, rinsed with water, dried, and stained using the
Romanowsky—Giemsa protocol at pH 7.4. The prepared
slides were examined under a Leica DV 4000V microscope
(Germany) using transmitted light with immersion oil at a
magnification of x100.

Preparation of bone marrow smears. Bone marrow
smears were prepared either by the conventional smear
preparation procedure using a small amount of bone mar-
row cell suspension or by imprinting of animals’ thoracic
bone sections. Further preparation of bone marrow speci-
mens was conducted using the same procedure as the one
employed for blood smear preparation.

Analysis of changes in telomeric DNA content. Quan-
tification of telomeric DNA content was carried out using
bone marrow cells isolated from inducer-treated animals
12 months after reinfusion, as well as human bone marrow
cells cultured for 15 days on methylcellulose after exposure
to inducers. The bone marrow cells were embedded into 1 %
low-melting-point agarose blocks (5%103 cells per block).
Prior to analysis, the agarose blocks were stored in 0.5 M
EDTA at 4 °C. Before electrophoresis, the blocks were
rinsed in TE buffer and incubated in the presence of a lysis
buffer (50 mM EDTA, 1 % sarkosyl (Serva, Germany), and
1 mg/mL proteinase K (Thermo Fisher Scientific, USA))
for 20 min at 50 °C. Next, the low-melting-point agarose
blocks were secured in the wells of agarose block and sub-
jected to electrophoretic separation using pulsed-field gel
electrophoresis in the following mode: 3 s forward pulse;
1 s reverse pulse; RAM factor, 0.9.

Next, DNA was transferred onto a Hybond N membrane
using the capillary transfer method in 20xSSC (Maniatis et
al., 1984). DNA samples were UV-annealed to the mem-
brane for 10 min and stored until hybridization.

The membrane with the crosslinked DNA was placed
into 50 mL of prehybridization buffer containing 0.1 %
SDS, 5xSSC, 5xDenhardt’s solution, and 100 pg/mL total
yeast RNA, and incubated at 37 °C for 1-3 h. The labeled
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DNA specimen (3?P-labeled oligonucleotide G-probe —
(TTAGGG),; C-probe — (CCCTAA),) was denatured by
10-min boiling and added to 50 mL of hybridization buffer
containing 0.1 % SDS, 5xSSC, 5 % dextran sulfate 500,000,
and 100 pg/mL total yeast RNA. The prehybridization solu-
tion was removed, and hybridization buffer containing the
labeled probe was added to the membrane after mixing.
Hybridization was conducted overnight at 37 °C under
permanent stirring. After hybridization, the membrane was
washed thrice (15 min each washing cycle) with a solution
containing 0.1 % SDS and 0.1xSSC at 37 °C. The hybridiza-
tion conditions (buffer system, temperature, and number of
washing cycles) for short oligonucleotides were optimized
empirically based on multiple experiments with radioactive
phosphorus; the temperature typically ranged from 37 to
42 °C (Dolgova et al., 2012).

The membrane with the transferred specimens was
exposed to a K-type screen. Radioisotope specimens were
scanned using a PharosFX system. Images were analyzed
using the Quantity One software by measuring spot density
(intensity/mm?) or using the GEL-Pro software.

Statistical analysis was conducted using the Statis-
tica 8 (StatSoft, USA) and GraphPad Prism 8.0.1 software
(GraphPad, USA). Survival analysis was performed by
constructing Kaplan—Meier curves using the log-rank (Man-
tel-Cox) test. The significance of differences was assessed
using the Mann—Whitney U-test. The observed differences
were considered statistically significant at p < 0.05.

Results

The effect of reinfusion of hDNA9"-treated

bone marrow cells (HSCs) on the lifespan

and general condition of experimental animals

Using the model characterizing changes in telomeric DNA
content and the FISH data, we demonstrated that genetic
information contained in extracellular DNA fragments
can be incorporated into the recipient genome, in either an
integrated, in complex with chromatin or a circular form.
The findings attest to an increase in telomeric DNA content
and the emergence of numerous sites on chromosomes
hybridizing with DNA material that originally had an ex-
trachromosomal localization (as evidenced experimentally
they can be represented by circular structures encompassing
chromosomal DNA strand or they form a complex with
chromatin and coexisting in these forms for a certain period
(Ruzanova et al., 2025)).

The telomeric DNA content is known to be a biomarker
of lifespan (Rossiello et al., 2022). A series of experiments
evaluated the lifespan of experimental mice and rats.
Xenogeneic human DNA was employed, which was con-
sistently increasing telomeric DNA content in mouse and
rat cells during cloning experiments, suggesting that there
were conditions conducive to lifespan extension in these
animals. However, we were acutely aware that, along with
telomere elongation, there can occur an uncontrolled DNA-

The effect of modified hematopoietic
stem cells on the lifespan of animals

level interplay between human DNA fragments and rodent
chromosomes, potentially adversely affecting condition of
the experimental animals. Moreover, our studies, including
the present work, revealed that only approximately 1 % of
the genome can be delivered into the cell. It implies that
internalization of this DNA will be highly degenerate.
Different genomic DNA will enter different cells, further
exacerbating the potential sequelae of the uncontrolled
interplay between xenogeneic extracellular human DNA
and rodent chromosomal DNA. Collectively, these con-
siderations suggest that such treatment is inherently unpre-
dictable and may result in either the anticipated extension
of animals’ lifespan or an opposite unfavorable outcome.

The effect of reinfusion of inducer-treated

bone marrow cells (HSCs) on the lifespan

and general condition of mice

For conducting the pilot study of the effect of reinfusion
of hDNAe#-treated bone marrow cells (HSCs) on the
lifespan of animals, we selected nine outbred female mice
of identical weight, without manifestations of spontaneous
subcutaneous tumors. Five mice in the control group were
intravenously administered with 0.9 % sodium chloride
solution; the study group comprising four mice were in-
fused with hDNA#"-treated bone marrow cells. The age of
mice at experiment initiation was 12 months. The mean
body weight of the experimental and control mice was
42.1+24¢g.

Figure 14 shows the dynamics of death among experi-
mental animals. The mean lifespan of mice was approxi-
mately 16 months: 487 + 30 days in the control group and
490 + 31 days in the experimental group. Two months after
experiment initiation, body weight gain was observed for
mice in the experimental group, whereas control mice expe-
rienced a mean weight loss of ~ 20 % (Fig. 1B). The physical
condition of mice in the experimental group significantly
differed from that in the control group (Fig. 1C). Control
mice were less active during the terminal stage of life, had
a ruffled hair coat and partial absence of undercoat hair. In
contrast, mice reinfused with hDNA#&-treated bone marrow
cells maintained activity and normal feeding behavior, they
had a smooth hair coat with well-defined underfur hair.

In the experimental group of mice, one animal aged
16 months was found to have a neoplasm: a spontaneously
developing tumor nodule in the pelvic region (Fig. 1D).
The tumor was rapidly growing and, two weeks after its
detection, reached a volume of 7.5 cm?. The tumor-bearing
animal was withdrawn from the experiment for macroscopic
and histopathological examination.

The conducted histopathological analysis revealed that
the mouse tumor parenchyma consisted of cuboidal epi-
thelial cells with basophilic cytoplasm, which contained
moderately polymorphic nuclei occupying approximately
half of the cells and well-defined nucleoli. Glandular
epithelium tending to form acinar or papillary structures
was detected in some areas (Fig. 1E1). Mitotic figures and
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apoptotic bodies were rare. Small number of micronecrotic
regions was revealed (Fig. 1£2). Chaotically distributed
epithelial cells were found; a subtle lobular pattern of tis-
sue was observed in some regions, being confined by thin
connective tissue septa containing small blood vessels,
with erythrocytes present in them. The connective tissue
septa were thickened in some places to acquire a protruding
structure (Fig. 1£3). These findings suggested spontaneous
development of mammary carcinoma.

CBA/Lac mice were chosen to conduct the repeated
experiment in mice. The animals were divided into five

MOJIEKYNTAPHAA N KNETOYHAA BUONOIMNA / MOLECULAR AND CELL BIOLOGY

groups: (1) those reinfused with bone marrow cells from
old animals; (2) those reinfused with bone marrow cells
from young animals; (3) those reinfused with bone marrow
cells from old animals treated with angiogenin; (4) those
reinfused with bone marrow cells from old animals treated
with hDNAe#; and (5) those reinfused with bone marrow
cells from old animals treated with angiogenin + hDNA®",
Figure 2 shows an analysis of the lifespan of mice.

It was demonstrated that reinfusion of HSCs treated with
hDNAE®" had no effect on the lifespan of mice compared to
those reinfused with bone marrow cells from old animals
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(Fig. 2B). Like in the first experiment, this finding suggests
that treatment with hDNAe#" has no effect on the lifespan of
mice. Mice reinfused with angiogenin-treated bone mar-
row cells from old animals rapidly developed a symptom
cluster eight months after treatment, resulting in weight loss
(down to 17 g) and subsequent death within a short period
(1 month) (Fig. 2).

The longest lifespan was observed in the groups of mice
reinfused with bone marrow cells from young animals
and from old animals treated with angiogenin + hDNA®",
with one and two mice surviving up to 32 and 35 months,
respectively (17 and 30 % of the total number of mice).
Four pivotal results of the study using the mouse model
have been obtained.

1. Treatment of bone marrow cells with xenogeneic
dsDNA (hDNA#) has no effect on the lifespan of mice. We
attribute the reasons for that to the complex pleiotropic ef-
fects of fragments of exogenous heterologous dsDNA after
its internalization into hematopoietic stem cells (HSCs)
on the “fundamental metabolic constants responsible for
aging of an organism”. Another fact important to consider
is that a hematopoietic stem cell contains only 0.1-1.0 %
of extracellular DNA, which constitutes a negligible por-
tion of the genome. It means there is always a probability
that telomeric repeat DNA is not delivered into the cell
or its amount is insufficient for amplifying site-specific
integration.

2. Reinfusion of bone marrow cells from mouse pups to
old mice significantly increases the lifespan of mice in the
group (up to 32 months).

3. Simultaneous administration of angiogenin and
hDNAE®, internalized by hematopoietic stem cells (HSCs)
(either by the same cell, or by different cells, or in a mixed
manner), significantly extends the lifespan of mice (up to
35 months), outperforming the results obtained for mice
reinfused with bone marrow cells from mouse pups. It
indicates that two independent HSC activators, belonging
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to two different classes of polymers, have a synergistic
effect and favorably influence the “fundamental metabolic
constants” of HSCs responsible for cell aging, being ac-
companied by extension of the lifespan of experimental
mice. The observed phenomena need to be further studied
experimentally.

4. Angiogenin administered in the monotherapy mode
induced a specific symptom cluster in mice, being the reason
for death of mice in this group. Histopathological analysis
was conducted to understand what events had occurred in
the bodies of mice in response to angiogenin processed
cells infusion (Supplementary Materials 1 and 2)'. One
mouse had no pathological changes in the examined tis-
sues and organs. In two other animals, areas of atypical
tissue in the liver and kidneys were identified. The key
pathological changes were most prominent in the liver and
kidneys. Hepatocyte dystrophy was observed in the liver,
being accompanied by polymorphonuclear infiltration, cor-
responding to the morphologic pattern of acute hepatitis.
Significant dystrophic changes in the tubular and glomerular
epithelium were observed in the kidneys, corresponding to
acute kidney injury. Both types of destructive pathology af-
fect vital excretory systems and could have been responsible
for animal death related to angiogenin exposure. However,
histopathological analysis of an animal reinfused with bone
marrow cells from old animals showed nearly identical
results. Atypical tissue was also detected in its liver and
kidneys. Parenchymal inflammatory changes were detected
in the liver, similar to those observed in angiogenin-treated
mice. The kidneys also had dystrophic changes in tubules
and glomeruli. This fact suggests that all these changes
may result from aging of the animals. Similar changes were
observed in the liver and kidney parenchyma in two other
groups of animals (those reinfused with bone marrow cells
from young animals and hDNA#-treated cells), but there

' Supplementary Materials 1-3 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Ruz_Engl_30_3.pdf
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were no signs of inflammation. This fact also suggests that
both the detected pathological destruction of the liver and
kidneys and other unidentified factors are the reasons behind
death following exposure to angiogenin (Supplementary
Material 1).

Simultaneously to histopathological analysis of mouse
tissues and organs, we analyzed blood and bone marrow of
animals withdrawn from the experiment at the premortem
stage. Bone marrow cells were normal in all the experi-
mental groups. Elevated lymphocyte counts in blood were
observed in the groups of mice reinfused with bone marrow
cells from old animals and angiogenin-treated cells. In the
group of animals reinfused with bone marrow cells treated
with angiogenin + hDNA#, erythrocytes had a pathological
morphology (burr cells), being indicative of functional dis-
turbances leading to pathological alteration of erythrocyte
shape (Supplementary Material 2). However, these altera-
tions did not affect the lifespan of animals in this group.

The effect of reinfusion of inducer-treated bone marrow cells
(HSCs) on the lifespan of Wistar rats

Actotal of 35 animals were used in the first pilot experiment
(JSC Clinical Hospital “NeuroVita”, Moscow, Russia) to
study the effect of hDNA# on the lifespan of female Wis-
tar rats. The animals were divided into three groups: bone
marrow donors; control group consisting of 10 animals that
received an intravenous infusion of 0.9 % sodium chloride
solution; and the experimental group consisting of 19 ani-
mals that were reinfused with hDNA#-treated bone marrow
cells. At the time of experiment initiation, the rats were
aged 13 months. The mean body weight of experimental
and control rats was 460.0 = 18.2 g.

The survival dynamics of the experimental animals
are shown in Figure 34. The mean lifespan of the Wistar
rat population in the control group was 717 + 38 days or
24 months; in the group of animals that were reinfused with
hDNA¢#-treated bone marrow cells, it was 842 + 25 days
or 28 months, this difference being statistically significant
(» < 0.01) (Fig. 3B). At an age of 24 months, the mean
body weight of rats in the experimental group was sig-
nificantly higher than that in the control group (p < 0.05)
(Fig. 3C).

Monitoring the physical condition of animals through-
out the entire experiment revealed that already by the age
of 18 months, the experimental rats significantly differed
from those in the control group: they were characterized
by better skin and fur condition and increased motor
activity (Fig. 3D). Feeding activity in the experimental
rats was higher than that in control animals. By the age
of 21 months (eight months post-treatment), noticeable
changes in physical condition became evident. Control rats
were characterized by sparse fur, impaired grooming, and
decreased muscle tone. In contrast, experimental rats at this
stage were more active, displayed an exploratory behavior,
maintained muscle tone, and had normal hair and skin. At an
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age of 25 months (12 months post-treatment), experimental
rats retained mobility and exploratory behavior; muscle
tone was slightly reduced, and movement coordination was
undisturbed. Slight underfur hair loss was observed. Skin
was clean; the rats exhibited no pathologic grooming behav-
ior. Control rats at this age were less mobile, had reduced
muscle tone, and partially impaired movement coordina-
tion. Significant hair loss and disturbances in grooming
behavior were observed. A control rat that had reached the
age of 27 months was characterized by decreased body
weight, sparse fur, low activity, and impaired movement
coordination. In contrast, 11 rats from the experimental
group survived to this age. They had a slightly reduced body
weight and sparse fur. However, the rats remained active,
with preserved movement coordination, and exhibited an
exploratory behavior.

We conducted a histopathological examination of internal
organ tissues harvested from two rats following therapy
with hDNA#-treated bone marrow cells, which had been
euthanized at an age of 30 and 32 months. A spontaneous
neoplasm was detected in the abdominal cavity of the
30-month-old rat (Fig. 3£). Histopathological analysis of
the upper pole of the right kidney revealed schwannoma, a
benign tumor of neural origin, which appeared sporadically
(Fig. 3E, F). The second rat in this group was euthanized
at an age of 32 months. Histopathological analysis of the
heart, lungs, liver, kidneys, spleen, brain, spinal cord, and
red bone marrow revealed no signs of pathology.

A repeated experiment conducted using rats of the same
line (Institute of Cytology and Genetics SB RAS, Novosi-
birsk, Russia) involved comparative assessment to evaluate
the effects of reinfusing bone marrow cells (HSCs) from
old animals, treated with angiogenin, hDNA#', and angio-
genin + hDNAe#". Control groups included rats treated with
bone marrow cells from young and old animals (Fig. 4). In
this study, we performed Southern blot analysis of changes
in telomeric DNA content in the bone marrow 12 months af-
ter reinfusion of bone marrow cells from old and young rats
and bone marrow cells treated with angiogenin, hDNA®',
and angiogenin + hDNAe®". Additionally, in this part of the
study, we analyzed using rat and human models which
telomeric strand (the G or C one) was amplified.

The following conclusions were drawn from the experi-
mental results: (1) Reinfusion of bone marrow cells from
aged animals treated with hDNA®" had no effect on lifespan
extension compared to the control group (untreated bone
marrow cells from aged animals) (Fig. 4). The average
lifespan was approximately 25 months. (2) Reinfusion of
bone marrow cells from young animals, as well as cells
treated with angiogenin and angiogenin + hDNA# increased
the lifespan of rats in these groups (Fig. 44, B). In all the
experimental groups, 40—-60 % of animals developed spon-
taneous tumors (Fig. 4C). In control groups, this parameter
was 20-40 %. The higher rate of tumor occurrence in groups
of animals reinfused with cells treated with angiogenin and
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angiogenin + hDNA® can be attributed to the increased
lifespan, which allowed more animals to develop neo-
plasms. Supplementary Material 3 summarizes the results
of histopathological examinations of tumors in rats from dif-
ferent experimental groups. The findings indicate that rats in
all the groups developed either spontaneous solid epithelial
tumors, or squamous cell carcinomas, or glandular tumors
that were identified as mammary gland tumors in some
cases. All the tumors exhibited a low proliferative activity.
We hypothesize that the developed neoplasms are related

to animal housing rather than to tumorigenesis induced
by hematopoietic stem cells. HSCs can differentiate into
blood cells, but not into epithelial cells, which have been
spontaneously transformed to tumors. Nevertheless, those
are alarming findings requiring meticulous verification.

Furthermore, a high rate of pneumonia cases related to
housing conditions was observed, which generally weakens
the interpretative value of the results. Still, the findings from
these pioneering studies provide a more meaningful basis
for outlining the next level of research objectives.
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Fig. 4. Analysis of the lifespan of experimental rats in study group.

A - the Kaplan-Meier curve; B - lifespan of rats; C - the number of rats with tumors. * Statistically significant differences in the lifespan
of rats compared to the control group, which received bone marrow cells from aged animals, p < 0.01, log-rank (Mantel-Cox) test.

Analysis of certain details of the telomere structure

and comparative analysis of telomeric DNA content

in bone marrow cells of experimental rats

and in the specimen of human bone marrow cells

Certain structural details of telomeres in the bone marrow
cells of experimental rats and in a specimen of human bone
marrow cells were analyzed using specific probes labeled
with 32P targeting the G- and C-strand telomeric “tails”.
Additionally, a comparative analysis was performed for: (1)
changes in telomeric DNA content in the bone marrow cells
of rats reinfused with untreated bone marrow cells from
old animals (control) and cells from old animals treated
with hDNA®", angiogenin, and angiogenin + hDNAz®",
12 months post-treatment; (2) changes in telomeric DNA
content in human bone marrow cells in control samples and
hDNA¢#-treated samples after 15-day culturing on methyl-
cellulose.

Two independent experiments were performed to assess
the telomeric DNA content in cell samples derived from
rats reinfused with bone marrow cells from old rats treated
with hDNA®" (the first experiment) as well as angiogenin
and angiogenin + hDNA#" (the second experiment). Human
bone marrow cells were also analyzed in the first experiment
under methodological conditions identical to those used in
the rat experiment.

Analysis of telomeric DNA content. Analysis of telo-
meric DNA content in bone marrow cells from control group
rats and rats reinfused with hDNA#-treated bone marrow
cells, 12 months post-treatment, and in specimens of human

MONEKYNAPHAA N KNIETOYHAA BUOJIOTUA / MOLECULAR AND CELL BIOLOGY

bone marrow cells (control and hDNA#-treated ones) on
day 15 of cell culturing on methylcellulose.

Literature data demonstrate that telomeres have a long
G tail. It means that hybridization with probes targeting
different strands would generate a stronger hybridization
signal when using C-strand probes.

The results obtained for rats fully confirmed the available
data (Fig. 54-D). However, the efficiency of hybridization
using different probes (G/C, with 32P-specific activity, and
number of DNA hybridization probes being identical) did
not differ significantly for human bone marrow cells. It im-
plies that in the analyzed system, both strands are approxi-
mately of the same length. It also indicated that terminal
reduction of telomeric heterochromatin had occurred, and
telomeres had reached a critical length. We believe that it is
most likely to be related to the patient’s disease (the cryo-
preserved bone marrow cells used had been harvested from
a 59-year-old patient with multiple myeloma) (Fig. SE-H).

In the same experiment, we compared the changes in
telomeric DNA content between control and experimental
cell samples for both models (Fig. 5D, H).

In rats reinfused with hDNA#-treated bone marrow
cells, no increase in telomeric DNA content (and telomere
length) was observed 12 months post-reinfusion. These
findings are consistent with the average lifespan data,
which also showed no significant differences between the
analyzed groups. They suggest that either hDNA#" did not
induce telomere elongation in bone marrow cells in this
particular experiment or such cells were eliminated during
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Fig. 5. Analysis of certain details of the telomeric structure in bone marrow cells of experimental rats and in human bone marrow cell

specimens: A-D - the rat model; E-H - the human model.

A, B, E, and F - gel electrophoresis (1) and Southern blot analysis (2) of DNA samples after electrophoretic separation of lysed and deproteinized
bone marrow cells embedded in low-melting-point agarose blocks. Hybridization was performed using 32P-labeled complementary oligonucleotides
containing nine telomeric hexanucleotide repeats corresponding to G- and C-strand telomeric sequences (A, E — G probe; B, F - C probe); C, G -
assessment of the total telomeric repeat content in the G- and C-strands in bone marrow cells in the control and experimental groups. The (CNT*mm?)
values were compared using the GEL-Pro software. * Significant differences in hybridization intensity with the C probe with respect to hybridization
intensity with the G probe, p < 0.01, Mann-Whitney U-test. D, H — estimation of telomeric repeat content in hDNA9'-treated samples with respect to
control ones. Relative values obtained by dividing the luminescence intensity of radioactive signals by the luminescence intensity of ethidium bromide
for each lane, expressed in arbitrary units, were compared using the GEL-Pro software.

the 12-month follow-up period. Unfortunately, in the first
pilot experiment, quantitative analysis using a radioactively
labeled probe could not be performed because of some
technical issues.

A similar result (no rise in telomeric DNA content) was
obtained for the human model (Fig. SH). We propose the
following explanation in this case. For the control samples,
amplification via the alternative lengthening of telomeres
(ALT) mechanism requires freely accessible telomeric DNA
rings to be present. These rings (t-circles) are formed after
the detachment of a t-loop residing at the end of the long
G tail in the telomere. According to the hybridization data,
this long telomeric strand is absent in bone marrow cells

derived from the analyzed sample, and t-circle formation
is limited. This limitation explains why no difference in
telomeric DNA content was observed in this particular
experiment.

As mentioned previously, in the case of hDNA#" inducer,
alternative lengthening of telomeres (ALT) is the main
mechanism for telomere lengthening; telomeric DNA is
amplified on t-circles formed by extracellular fragments
via the rolling-circle mechanism. We believe that like for
the mouse model, the lack of increase in telomeric DNA
content in these particular experiments is related to ambigu-
ity in the internalization process. It was demonstrated that
only 0.1-1.0 % of extracellular DNA, a negligible portion
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of the genome, is internalized by a hematopoietic stem
cell. It means that there will always be a risk that telomeric
repeat DNA is not delivered into the cell or its amount is
insufficient for amplification or site-specific integration.
Some other explanations for this phenomenon, related to
the biology of HSCs, are also possible; so further meticu-
lous studies are needed (e. g., competitive elimination of a
modified stem cells from the bone marrow by clones that
have acquired clonal characteristics during age-related
alterations).

Hence, in the first pilot experiment, hDNA#-treated
bone marrow cells reinfused to experimental animals had
a significant effect on their quality of life during the ter-
minal period, as well as increased their average lifespan.
Evidence supporting the validity of the proposed concept
was obtained in the experiment. Both anticipated biological
effects were observed: a positive trend in the overall condi-
tion of aged animals throughout their remaining lifespan
and a statistically significant extension of the lifespan of
experimental rats.

In the repeated experiment, lifespan extension was ob-
served in neither the mouse model nor in rats in the groups
of hDNA#-treated bone marrow cells. Moreover, molecular
analysis revealed no changes in telomeric DNA content.
In other words, these two parameters can be considered
correlated.

As mentioned at the beginning of the article, the differ-
ences in the endpoints of two similar experiments can be
attributed to the ambiguous behavior of the analyzed HSC
system vs hDNA®" because of the potential uncontrolled
interplay between xenogeneic extracellular human DNA
and rodent chromosomal DNA.

In the second series of hybridization experiments, we
compared the telomeric DNA contents in the cells of con-
trol rats and rats reinfused with bone marrow cells derived
from old rats and treated with angiogenin alone and with
angiogenin + hDNA®" 12 months post-treatment (Fig. 6).
This analysis was needed because of the findings indicat-
ing that the lifespan of rats after treatment with angiogenin
alone and in combination with hDNA®" was significantly
longer than that of both control animals and animals treated
with hDNA®" alone.

A comparative analysis of luminescence intensity of the
signals from ethidium bromide and radioactive labeling
was conducted. Importantly, all the electrophoresis and
hybridization conditions were identical in the experiment,
making certain quantification possible. In all the samples,
the G-strand telomeric repeats (C probe) were shown to
dominate over the C-strand repeats (G probe) (the length
of DNA probe and specific activity of both probes being
virtually identical). This finding is consistent with the avail-
able literature data (Fig. 642, C).

Previous hybridization experiment demonstrated that
treatment of cells from old rats with hDNA#" had no effect
on the increase in telomeric DNA content in the bone mar-
row cells of experimental animals, and the average lifespan
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in this group did not differ from that in the control. The-
refore, we have put forward a hypothesis that after treatment
with angiogenin + hDNA#, the main effect is caused by
angiogenin per se rather than by hDNA#, so the data for
the “Angiogenin” and “Angiogenin + hDNA#™ groups can
be pooled. The analysis revealed that the relative content of
telomeric repeats for C- and G-strands in total DNA in rat
groups did not significantly change compared to control.
However, the content of G-strand repeats was significantly
higher than that of C-strand repeats (Fig. 6C). The telomeric
DNA hybridization data indicate that the substantial rise
in the lifespan of rats following treatment with angiogenin
alone or in combination with hDNAE#" is not associated with
an increase in telomeric DNA content (number of telomeric
repeats), suggesting either that angiogenin does not activate
endogenous telomerase activity (Ruzanova et al., 2025)
or that other mechanisms are involved (e. g., competitive
elimination of reinfused modified hematopoietic clones
by bone marrow progenitors with clonal characteristics).

Discussion

The efforts to extend longevity have been accompanying
humanity throughout the entire history of civilization.
Currently, there is a well-established understanding of
biomarkers characteristic of aging and inherent to aged
organisms, along with various anti-aging interventions
being implemented (Lopez-Otin et al., 2013, 2023; Prosh-
kina et al., 2020; Zhu et al., 2021). Nonetheless, modern
anti-aging approaches and diverse medicines developed
relying on the insights into molecular processes occur-
ring within cells and organisms, rarely enable outliving
the coveted 100-year limit. In our view, it stems from the
fact that aging is an involutionary integrative state of the
organism with unknown causes of degradation rather than
being merely a response of a specific functional system to
lifespan that can be “corrected” using therapeutic proce-
dures or interventions. In this context, maintaining a healthy
lifestyle is at least half of the success in achieving a long
life. The genetic factor also plays a predominant role in the
development of anti-aging strategies, and current scientific
efforts in gerontology primarily pursuit this aspect. These
therapies include cellular reprogramming using Yamanaka
factors (Takahashi, Yamanaka, 2006; Ocampo et al., 2016;
Gowing et al., 2017; Brooks, Robbins, 2018; Sogabe et
al., 2018), utilization of microRNAs that target multiple
genes within networks regulating fundamental aging path-
ways (Vaiserman et al., 2016), combinatorial gene therapy
(FGF21+oKloho+sTGFBR2) (Davidsohn et al., 2019),
and telomere length extension therapies, primarily through
activation of endogenous telomerase or transduction of the
telomerase gene (Aubert, Lansdorp, 2008; Bernardes de
Jesus et al., 2012; Li et al., 2017; Hong, Yun, 2019).

As previously mentioned, telomere length is a fundamen-
tal factor determining cellular aging and the development of
many diseases of civilization, and in particular when telo-
mere shortening events occur in stem cells (Rossiello et al.,
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Fig. 6. Analysis of certain details of the telomeric structure in bone marrow cells of experimental rats 12 months post-treatment.

A, B - gel electrophoresis (1) and Southern blot analysis (2) of DNA samples after electrophoretic separation of lysed and deproteinized bone marrow
cells embedded in low-melting-point agarose blocks. Hybridization was performed using 32P-labeled complementary oligonucleotides containing nine
telomeric hexanucleotide repeats corresponding to G- and C-strand telomeric sequences (A — G probe; B - C probe)). C - assessment of the difference
in the total content of G- and C-strand telomeric repeats in bone marrow cells in the control and experimental groups. The (CNT-mm?) values were
compared using the GEL-Pro software. * Significant differences in hybridization intensity with the C probe with respect to hybridization intensity with
the G probe, p < 0.01, Mann-Whitney U-test. D - estimation of the relative number of telomeric repeats in angiogenin-treated samples with respect to
control ones. Relative values obtained by dividing the luminescence intensity of radioactive signals by the luminescence intensity of ethidium bromide
for each lane, expressed in arbitrary units, were compared using the GEL-Pro software.

2022). In this context, understanding approaches enabling
telomere length extension with systemic organism-wide ef-
fects, rather than solely in cultured cells, poses a non-trivial
challenge for both biology and clinical medicine. Almost all
the identified telomere elongation methods involve targeting
the telomerase complex and its regulatory genes (Aubert,
Lansdorp, 2008). We failed to identify clinical strategies
capable of increasing telomere length through an equally
important alternative mechanism, alternative lengthening
of telomeres (Lundblad, 2002; Hande, 2004; Pickett et al.,
2009; Nabetani, Ishikawa, 2011; Rovatsos et al., 2011;
Doksani, 2019; Loe et al., 2020).

Our study assessed the feasibility of extending the lifes-
pan using the technology embedded in the novel concept of
natural genome reconstruction, which is associated with the
potential for in vivo telomere lengthening in hematopoietic
stem cells.

Animal studies indicate that reinfusion of bone marrow
cells treated with inducers is relatively safe. No prominent
immediate pathological changes were observed in experi-
mental animals across both models.

The findings regarding the lifespan of rats reinfused with
bone marrow cells (HSCs) activated using fragmented hu-
man DNA suggest that there is a fundamental feasibility of
extending the lifespan of aged animals. This effect is plastic:
a statistically significant increase in lifespan was observed
in some cases, whereas in other cases treatment had no ef-
fect on the lifespan of experimental animals.

In the cases when no effect was observed, the detect-
able telomeric DNA content in rat bone marrow cells
12 months post-treatment did not differ from that in the
control samples. Clonal competition can be a putative

mechanism explaining the absence of increased telomeric
DNA content in bone marrow cells one year after treatment
with hDNAE®". In this scenario, the rejuvenated clone with
increased telomeric DNA content emerging after treatment
as demonstrated in ref. (Ruzanova et al., 2025) could be
outcompeted by dominant bone marrow residing clones that
have acquired clonal characteristics. If this hypothesis is
confirmed, it would be a crucial observation indicating that
multiple initial interventions using modified bone marrow
cells are needed to counteract the competitive expansion of
dominant clones and achieve stable fixation of a trait in the
bone marrow. Preliminary myeloablation is also possible,
allowing reconstructed HSCs to be fixed in the vacated
stromal niches.

Recombinant human angiogenin may exhibit systemic
toxicity (a mouse model), which is mitigated when combi-
ning it with hDNA#'". The synergistic use of angiogenin and
hDNAE®" increases the lifespan in the group of mice.

The observed lifespan extension in rats after treatment
with angiogenin is unrelated to telomere elongation, be-
ing determined by other properties of the factor, or clonal
competition in the bone marrow, or a combination of both
mechanisms.

The concept of the

“programmed clonal hematopoiesis”

and “programmed death” mechanisms

In their study, E.N. Proshkina et al. (2020) suggested aging
to be a quasi-program, where the regulatory elements are
not originally intended for its execution but are responsible
for other processes such as cell growth, regeneration, stress
response, and immunological protection. Therefore, it is

358 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 3



B.C. Py3aHosBa, J1.1O. Ipusuosa, C.I. OwnxmuHa ...
H.A. KonuaHos, A.C. bpioxoseukuii, C.C. boraues

A Somatic cells ‘§ Blood Bone marrow cells
a
8_ [—
a g — —
30 years 9 a = == S @
® - —
® - S)
50 years @ e e e e =)
- = e
® = S
70 years - @. — @ @@
©5 ® = S @@

Fig. 7. The mechanistic diagram.

Bnunaxve moanduLMpoBaHHbIX FeMOMO3TUYECKNX 2026
CTBOOBbIX KNETOK Ha NPOJOMKNTENbHOCTb KU3H XKUBOTHbIX 30-3
Ex vivo Blood Bone marrow cells
= 50 years

YOO000E
)
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hematopoiesis; B - alterations in the HSC genome induced by fragments of extracellular dsDNA in the ex vivo system; C - reinfusion of cells with
reconstructed genomes into the peripheral circulation and their fixation within the bone marrow. Recovery of polyclonal hematopoiesis.

inferred that the aging program does not exist, since there
are no specific molecular or cellular subprograms that would
assume the function of controlling the disintegration of the
organism’s system elements with age. That’s exactly what it
means, that the causes of aging are not understood yet, and
it is only markers of aging that can be discussed.

Nevertheless, we have formulated a sufficiently adequate
concept demonstrating that organismal aging is a program
involving the dialectical unity of certain elements of its
function and continuous interaction with the hostile envi-
ronment, being related to the development of clonal hema-
topoiesis (this view is possibly characteristic of any stem
cell system within the organism). This concept integrates
all the revealed biological phenomena and related events.
We also propose a method to overcome the sequelae of
telomere shortening, fixation of pathological mutations, and
their dominance in HSCs (as well as in stem cells of another
origin), which could underlie future anti-aging therapy and
treatment for diseases of civilization.

The putative “programmed clonal hematopoiesis”
and “programmed death” mechanisms. At birth, humans
have two fundamentally self-regulating mutually related
systems: HSCs (possibly all other types of stem cells in-
volved in regeneration processes in the organism) and the
entire population of somatic cells.

« HSCs are responsible for regeneration in the body. They
are hidden in the most secluded location, the bone marrow.

+ Somatic cells interact with the hostile external environ-
ment.

The HSC population at birth is characterized by poly-
clonality, representing the full range of allelic variants
required to perform regeneration function and maintain
immune diversity.

The following features underlie the programmed clonal
hematopoiesis and programmed aging mechanisms:

MONEKYNAPHAA N KNIETOYHAA BUOJIOTUA / MOLECULAR AND CELL BIOLOGY

HSCs internalize extracellular dsDNA fragments consti-
tuting approximately 0.02—1.0 % of the haploid genome.
During terminal differentiation, HSCs reorganize the
chromatin architecture via induction of single-strand
breaks and relaxation of chromosomal DNA strands,
thereby inducing a “recombinogenic situation” during
which dsDNA fragments located within internal cellular
compartments and delivered into the cell under various
circumstances can be integrated.

+ Having been internalized by a primitive hematopoietic
cell, dsDNA fragments induce terminal differentiation of
this cell. Hence, dsDNA fragments delivered into the cell
both trigger a “recombinogenic situation” and participate
in recombination process activated by them.

+ dsDNA fragments constantly circulating in blood plasma
are remnants of apoptotic cells; their chromatin eventu-
ally hydrolyses to a size of 1-20 nucleosome monomers.
The core of the mechanism. After natural death via

apoptosis and subsequent secondary necrosis, organismal
cells, with the entire range of mutations accumulated over
their lifespan, release their fragmented dsDNA harboring
numerous genetic abnormalities within various genes into
the bloodstream.

This extracellular dsDNA is continuously transiently
internalized by HSCs, where it induces commitment and
is stochastically integrated into the genome, presumably
at homologous regions, at specific time instants such as
increased plasma DNA concentration following injury or
ischemia. Gene conversion takes place, causing alterations
in the genetics of HSCs: they lose their stem cell identity
and acquire features characteristic of somatic cells that
have responded to aggressive environmental stimuli. Over
time, the HSC population becomes depleted as its pluripo-
tent potential is exhausted, and the HSC system acquires
oligoclonal features (Fig. 7).
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This process reduces the DNA repair capacity of HSCs,
and most importantly, results in loss of the original immune
diversity, leading to physical aging of the organism.

It is possible to overcome the programmed clonal he-
matopoiesis and programmed aging mechanisms. It can
be achieved by employing the same “weapon”: regularly
providing HSCs with an extracellular dSDNA substrate
derived from healthy young individuals, hDNA#" prepara-
tion being such a substrate. Healthy alleles will displace the
accumulating mutant ones, and HSCs will maintain their
pluripotent status.
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Abstract. The generation of induced pluripotent stem cells (iPSCs) from peripheral blood T-lymphocytes offers a
promising alternative to skin fibroblasts. This approach combines minimally invasive sample collection with rapid
isolation of enriched target cell population and provides a lower baseline mutational burden, as T-lymphocytes are
shielded from chronic ultraviolet radiation — a major driver of somatic mutations in skin fibroblasts. Objective verification
of monoclonality of the resulting iPSC lines is possible due to V(D)J rearrangements in T-cell receptor (TCR) genes,
which are formed as a result of somatic recombination in the thymus during the natural maturation of T-lymphocytes.
These rearrangements remain unchanged during reprogramming and serve as a unique marker, allowing for reliable
identification of monoclonal lines and exclusion of contaminated or polyclonal lines. Reliable verification of the clonal
origin of iPSCs can be crucial in experiments that place high demands on genetic homogeneity. This work is dedicated
to the generation and comprehensive characterization of monoclonal iPSC lines derived from CD3+ T-lymphocytes
of a healthy donor using episomal reprogramming. The resulting lines, RCPCMi014-A (PBM022E5) and RCPCMi014-B
(PBMO022E7), meet the accepted quality criteria for iPSCs: they demonstrate expression of key pluripotency markers
(OCT4, SOX2, SSEA-4, TRA-1-81), the ability to differentiate into derivatives of all three germ layers, and possess a normal
karyotype. Both lines showed a high-efficiency capacity to differentiate into definitive endoderm, as assessed by CXCR4
expression, highlighting their potential for developing protocols to generate pancreatic 3-cells. The obtained iPSC lines
can be used for fundamental research into the mechanisms of pluripotency and differentiation, as well as for creating
isogenic iPSC lines with introduced mutations for modeling rare hereditary diseases.
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AHHoTauuA. MNonyyeHne MHAYLMPOBAHHbBIX MAOPUNOTEHTHBIX CTBOIOBbIX KNeTok 13 T-numdoumToB nepundepmnyeckon
KPOBW MpeAcTaBnseT coboil MepCneKTUBHYI anbTepHaTVMBY WMCMONb30BaHUO GpUOPOGIACTOB KOXU. DTOT MOAXOS,
coyeTaeT MUHMMANbHO WHBa3MBHbIA 3abop GuoMaTepuana COBMECTHO C OblCTPbIM MOfyyYeHnem oOoralleHHoW
nonynAuuy LeneBbixX KNeToK. [JonoNHUTENIbHbIM NPEeUMyLLeCTBOM ABNAETCA OTHOCUTENbHO HU3KUIA MyTaLMOHHDBIN rpy3
T-nMMPOLMTOB NO CPaBHEHWIO C TPAAULIMOHHBIM MCTOYHMKOM COMATUYECKMX KIEeTOK ANA PernporpaMMUpPOBaHUA —
drnbpobnactamu Koxu, BBAAY TOro UTo T-TUMPOLMTBI 3aLLMLLEHBI OT XPOHUYECKOTO BO3LENCTBUA YNbTPadroneToBoro
N3yYeHNs — OJHOTO K3 KIUeBbIX (HaKTOPOB HAKOMIEHUA COMATUYECKUX MyTauuii. O6beKTUBHaA BepudrKauus
MOHOKJIOHaNIbHOCTV  MOMYYEHHbIX JIMHAA  UHAYLUPOBAHHbBIX MJIIOPUMOTEHTHBIX CTBOJIOBbIX KNETOK BO3MOXHa
6narogaps Hanuumio V(D)J-nepectpoek reHoB T-KNeTOUYHOro peLienTopa, GOPMUPYIOLWKXCA B pe3ysibTaTe COMaTUYECKon
pekombuHauuyM B TUMyce B MpoLecce ecTeCTBEHHOro co3peBaHuA T-MMMPOLUTOB. 3T NepecTpPorKM OCTaloTCA
HeU3MeHHbIMM MPU  PenporpaMmMMpoBaHNN U CRY»KaT YHWKalbHbIM MapKepoM, MNO3BOJIAIOWMM [JOCTOBEPHO
NAEHTUPULMPOBATb MOHOKITOHAbHbIE IMHUWN 1 UCKII0YaTb KOHTaMUHUPOBAHHbIE IMHUM WAV IMHUN NOJINKIOHAIbHOrO
npouncxoxpeHus. HapexHaa BepuduKauma KNOHANbHOTO MPOUCXOXKAEHVA WHAYUMPOBAHHBIX MIOPUNOTEHTHBIX
CTBOJIOBbIX KIETOK MOXET OblTb BaXKHOW B SKCMEPUMEHTaX, MPeAbABNALYMX BbICOKME TPeOOBaAHNA K reHeTUYECKON
opHopoaHocTu. [aHHaa paboTa MOCBALEHa CO3AAHMI0 U KOMMIEKCHON XapaKTepUCTUKE MOHOKJIOHANbHbIX JIMHUI
VNHAYUMPOBAHHBIX MIOPUMNOTEHTHBIX CTBOJSIOBbIX KNETOK, mosyyeHHblx 13 CD3+ T-numdouutoB 380poBoOro foHopa
METOLIOM 3MUCOMHOro penporpammupoBaHmna. MonyyeHHble nuHuM RCPCMIi014-A (PBM022E5) n RCPCMi014-B
(PBMO022E7) cOOTBETCTBYIOT MPUHATBIM KPUTEPUAM KayecTBa ANA VHAYLMPOBAHHBIX MIIOPUMOTEHTHBIX CTBOJSIOBbIX
KNEeTOK: OHW JEMOHCTPUPYIOT SKCMPECCUio KiyeBblX MapkepoB nutopunoteHTHocTn (OCT4, SOX2, SSEA-4, TRA-1-81),
CNocobHOCTb K AnddepeHUMpPOBKe B MPOU3BOAHbIE BCEX TPEX 3apOAbllleBblX JUCTKOB U 06slafaloT HOpMasbHbIM
kapuotunom. Obe AVHUM MoKa3anu CnocobHOCTb K AndpdepeHUnpoBKe B AeDUHNUTUBHYIO SHOOAEPMY C BbICOKOM
3bPeKTUBHOCTbIO, OLUeHeHHON no 3kcnpeccun CXCR4, uto onpepenseT UX MNEePCNEKTVBHOCTb ANA pa3paboTku
NMPOTOKONOB reHepaLuy 3-KNeTok NopKenyaouHom »enesbl. [onyyeHHble IMHUN NHAYLMPOBAHHbIX MITIOPUMOTEHTHbIX
CTBOJIOBbIX KJIETOK MOTYT ObITb MCMOMb30BaHbl AnsA GyHAAMEHTaNbHbIX NCCNe[0BaHN MEXaHU3MOB MOPUMNOTEHTHOCTH
1 anddepeHUMpPOBKY, a TakKe A1A CO3AaHNA N30TE€HHbIX TMHUA NHAYLMPOBAHHbIX MIOPUNOTEHTHBIX CTBOJIOBbIX KNETOK
C BHECEHHBIMU MYyTaLMAMU MPU MOAENMPOBAHNN PEAKNX HAaCIEACTBEHHbIX 3a00NeBaHM.

KnioueBble cnoBa: MHAYLUPOBAHHbIE MOPUMNOTEHTHbIE CTBONOBblE KNeTKW; T-numdounTsl; penporpaMMnpoBaHue;
T-KNeTouHbI pelenTop; KNoH KneTok; V(D)J-pekomburHauus; aeduHUTUBHaA SHAoLEePMA

Introduction

The discovery of induced pluripotent stem cells (iPSCs) in
2006 opened up new possibilities in regenerative medicine
and biomedical research (Yamanaka, 2020). These cells
have the ability to differentiate into all three germ layers
and hold great potential for disease modeling in vitro. This
allows researchers to study tissue-specific pathological
processes at a cellular level (Summers et al., 2024). Typi-
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cally, iPSC models are created from patients with inherited
diseases (Grigor’eva et al., 2023), which helps to replicate
individual disease characteristics. Healthy donor lines serve
as important reference controls in these studies. They are
especially valuable for studying orphan diseases, which
have a small patient population, making it difficult to access
cellular models directly. In these cases, creating isogenic
pairs through editing healthy donor iPSCs is a promising
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solution (Khomyakova et al., 2023; Fedorenko et al., 2024).
It is important to note that iPSCs from healthy donors rep-
resent an essential resource for standardizing differentiation
protocols, creating “universal” cell products, and studying
basic reprogramming mechanisms (Cerneckis et al., 2024).

According to established practice, each morphologically
homogeneous iPSC colony is considered to be a clone
originating from a single reprogrammed precursor cell
(Takahashi et al., 2007). Following this practice, individual
colonies are cultured independently and are regarded as
distinct cell lines. However, direct confirmation of mono-
clonality is rarely performed, and the lack of verification
methods can lead to polyclonal lines going undetected,
especially when colonies form due to the close proximity of
cells. Cell line authentication, which includes confirmation
of genetic identity and the absence of contamination, is a
crucial laboratory procedure for ensuring research reproduc-
ibility, minimizing financial losses, and maintaining data
reliability (Harbut et al., 2024).

In this context, one of the unique advantages of iPSCs
derived from T-lymphocytes is the ability to verify mono-
clonal origin through analysis of genomic rearrangements
that occur during V(D)J recombination during the formation
of T-cell receptor (TCR) gene chains (Kishino etal., 2014).
These clone-specific rearrangements, which are preserved
after reprogramming, serve as a molecular “barcode” for
the original T-cell. Modern approaches to V(D)J analysis,
such as multiplex PCR (Seki et al., 2010) and targeted high-
throughput sequencing (Nishimura et al., 2013), enable
direct detection of polyclonal origins, which is crucial for
ensuring the reproducibility and reliability of biomedical
research results. The combination of this objective clonality
verification with minimally invasive biomaterial collection
makes T-lymphocyte-derived iPSCs an attractive strategy
for both basic research and disease modeling applications.

In this study, iPSC lines were generated from healthy
donor T-lymphocytes using episomal reprogramming.
For the first time, polyclonal populations were excluded
by analyzing V(D)J rearrangements at three genomic
loci, allowing for reliable identification of monoclonal
lines. The iPSC lines RCPCMi014-A (PBMO022ES5) and
RCPCMi014-B (PBMO022E7) with confirmed monoclonal
origin demonstrated full compliance with quality criteria,
including maintenance of a normal karyotype, expression of
key markers (OCT4, SOX2, SSEA-4, TRA-1-81), and the
capacity to differentiate into derivatives of all three germ
layers. Specifically, they showed high efficiency in directed
differentiation into definitive endoderm.

Materials and methods

Ethical considerations and collection of biological ma-
terials. The study was approved by the Research Ethics
Committee of the Lopukhin Federal Research and Clinical
Center of Physical-Chemical Medicine of Federal Medical
Biological Agency, Protocol No. 1, dated June 1,2021. The
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biological material (peripheral venous blood) was obtained
from a 35-year-old male volunteer donor. Blood sampling
was performed by qualified medical staff of the clinic at the
Lopukhin FRCC PCM Russia, in accordance with all stan-
dard medical protocols. Prior to the procedure, the donor
was informed about the research objectives and provided
voluntary informed consent for the use of his biological
material for research purposes.

Exome sequencing and bioinformatic analysis.
Genomic DNA was extracted from frozen whole blood
samples using the ExtractDNA Blood & Cells kit (Evrogen).
The sequencing library was prepared with the MGIEasy
Universal DNA Library Prep Set (MGI), and exome
regions were enriched using the VAHTS Target Capture
Core Exome Panel (Vazyme), following the manufacturer’s
protocols. The resulting library underwent paired-end se-
quencing on the MGISEQ-2000 platform (MGI), achieving
coverage of ~80x.

Primary bioinformatic processing included quality con-
trol of raw reads using FastQC, with subsequent filtering of
low-quality reads and adapter sequences. Read alignment
to the human reference genome GRCh37/hgl9 was per-
formed using the BWA-MEM algorithm. Alignment quality
and enrichment efficiency were assessed using SAMtools,
mosdepth, and Picard Tools. Detection of single nucleotide
variants and small insertions/deletions (SNV/InDel) was
conducted with the DeepVariant software package.

Isolation and activation of T-lymphocytes. Periph-
eral blood mononuclear cells (PBMCs) were isolated
from venous blood by density gradient centrifugation
using NycoPrep™ reagent (Axis-Shield) according to the
standard protocol (Grigor’eva et al., 2024). CD3+ T-cells
were subsequently isolated from PBMCs using magnetic-
activated cell sorting with the Human CD3+ Cell Separa-
tion Kit (RWD), following the manufacturer’s protocol.
T-lymphocyte activation was performed using a modified
two-step protocol (Maslennikova et al., 2022). During the
first step, the cells were incubated with Dynabeads™ Hu-
man T-Activator CD3/CD28 magnetic particles (Gibco).
After 24 hours, beads were removed using a magnetic
stand, and the cells were resuspended in T-cell medium
consisting of RPMI-1640 (PanEco) supplemented with
10 % heat-inactivated HI-FBS (BioFroxx) and 100 [U/mL
IL-2 (Biotech NPK) at a concentration of 0.5x106 cells/mL
for an additional 24 hours of culture.

Reprogramming of T-cells and iPSC culture. T-cell
reprogramming was performed via transfection with
episomal vectors (Okita et al., 2013) expressing repro-
gramming factors SOX2, OCT4, KLF4, L-MYC, LIN2S,
a dominant-negative form of mouse p53 (mp53DD),
and the episomal maintenance factor EBNA1 (Addgene
#41813-14, 41855-57). Transfection was carried out us-
ing the Neon Transfection System (ThermoFisher Scien-
tific) with standard parameters: 1,650 V, 10 ms, 3 pulses.
The pCE-GFP plasmid (Addgene #41858) served as a
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transfection efficiency control. Twenty-four hours post-
electroporation, the number of viable, DAPI-negative ac-
tivated blast cells — characterized by increased size (FSC)
and granularity (SSC) — was quantified using a NovoCyte
flow cytometer (ACEA Biosciences). Cell suspensions were
plated on 35-mm Petri dishes pre-coated with 1:50 diluted
Matrigel (Corning) at a density of 10-12 x 103 viable
blasts/cm? in T-cell medium. The following day, an equal
volume of reprogramming medium was added, consist-
ing of ReproTeSR medium (Stemcell Technologies),
100 ng/mLFGF2 (produced in-house), 10 uM ROCK in-
hibitor Y-27632, 0.5 uM PD0325901, and 2 uM SB431542
(all from DC Chemicals). Reprogramming medium was
subsequently replaced every other day. On day 16, cells
were treated with modified iPSC medium composed of a
4:1 mixture of GibberS-8 (PanEco) and mTeSR1 (Stemcell
Technologies), with daily medium changes. On day 26,
colonies were mechanically isolated using 0.1 % dispase
solution (Invitrogen). The resulting iPSC clones were
maintained under feeder-free conditions according to a
previously described protocol (Goliusova et al., 2025).

Analysis of transgene integration by real-time qPCR.
To assess potential integration of episomal vectors into
the genome, iPSC lines were cultured for at least 10 pas-
sages. Genomic DNA was subsequently extracted using
the M-Sorb kit (Syntol). Transgene integration analysis
was performed by real-time quantitative PCR on a CFX96
Touch Real-Time PCR Detection System (BioRad) using
5X gPCRmix-HS SYBR (Evrogen) and specific primers
(Supplementary Table S1)!. The amplification protocol
consisted of the following steps: initial denaturation at
95 °C for 4 min; 40 cycles of 95 °C for 10 s and 60 °C
for 40 s (with fluorescence detection); and a final melting
curve analysis: 95 °C — 5s, 65 °C — 5 s (with continuous
fluorescence acquisition), 95 °C — 50 s).

Analysis of V(D)J rearrangement sequences. To
determine the clonal composition of iPSC lines, we ana-
lyzed sequences of three genomic loci formed through
V(D)J recombination that determine the mature o/3-, B- and
v-chain TCR genes. High-throughput sequencing libraries
were prepared from 42 ng of genomic DNA (equivalent
to ~6,500 diploid genomes) using the Human 1G/TCR
DNA Multiplex Kit 7G (MyLaboratory) according to the
manufacturer’s protocol. Sequencing was performed on the
[llumina MiSeq platform in paired-end mode with 150 bp
read length. A minimum of 90,000 paired-end reads were
obtained for each sample.

Bioinformatic analysis was conducted using the MiXCR
software package (https://mixcr.com). A minimum of 83 %
of reads in each sample were successfully identified as
containing sequences unambiguously attributable to one
of the investigated loci through alignment with reference
sequences of the corresponding loci using MiXCR software.
To determine clonality, we examined the distribution of read

1 Supplementary Tables S1-53 and Figure S1 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Sher_Engl_30_3.pdf
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counts and predicted functionality of identified V(D)J rear-
rangement sequences in each of the three loci. Rearrange-
ments supported by at least 100 independent reads were
included in the analysis.

Mycoplasma screening. The absence of mycoplasma
contamination was confirmed by PCR using primers target-
ing the 16S ribosomal RNA gene (Table S1), as previously
described (Goliusova et al., 2024).

RNA isolation and RT-PCR. Total RNA was isolated
from 1 million cells using Extract RNA reagent (Evrogen)
according to the manufacturer’s protocol. Reverse transcrip-
tion was performed using the MMLV RT kit (Evrogen) and
random decanucleotide primers. RT-PCR was conducted us-
ing specific primers (Table S1). The amplification protocol
was: 95 °C for 3 min; 32 cycles of 95 °C for 15 s, 60 °C
for 15 s, 72 °C for 30 s; final elongation: 72 °C for 5 min.

Karyotyping. Karyotyping was performed according to
apreviously described method at a resolution of 400 bands
(Goliusova et al., 2024).

STR analysis for cell line authentication. STR profil-
ing was conducted using the commercial COrDIS Plus kit
(Gordiz), which analyzes 19 autosomal loci and the sex
marker Amelogenin.

Analysis of pluripotency marker expression by flow
cytometry. Flow cytometry was performed according to
previously described methodology (Khomyakova et al.,
2023). Antibodies used in the study are listed in Table S2.

Immunocytochemical staining. Immunocytochemical
staining was carried out following a previously published
protocol (Fedorenko et al., 2024). Antibodies used in the
study are listed in Table S2. Visualization was performed
using an Olympus IX53F inverted fluorescence micro-
scope. Image processing was conducted using GIMP-2.10
software.

Functional assessment of pluripotency by spontane-
ous differentiation. To confirm the pluripotent status of
iPSCs, a spontaneous differentiation test was performed
to assess their ability to form derivatives of the three germ
layers, following previously described protocol (Goliusova
etal.,2024). After 15-20 days of adherent culture, embryoid
bodies were fixed with 4 % PFA and stained for specific
markers of the three germ layers (Table S2).

Differentiation into definitive endoderm. Differen-
tiation into definitive endoderm was performed using the
STEMdiff ™ Definitive Endoderm Kit (STEMCELL Tech-
nologies) according to the manufacturer’s protocol. Differ-
entiation efficiency was evaluated based on the expression
of the CXCR4 marker using antibodies listed in Table S2.

Results and discussion

This study focuses on the generation and detailed cha-
racterization of iPSC lines derived from T-lymphocytes
of a healthy donor. Whole-exome sequencing of the donor
revealed no pathogenic or likely pathogenic variants in
genes associated with oncological diseases, according to
the PanelApp database (Martin et al., 2019) and ACMG
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guidelines (Richards et al., 2015). The reprogramming
scheme is presented in Figure 1a. CD3+ T-lymphocytes
isolated from peripheral blood were activated using CD3/
CD28 Dynabeads™ and transfected with a cocktail of
episomal plasmids encoding OCT4, SOX2, KLF4, c-MYC,
LIN28, EBNAI, and mp53DD. Twenty-four hours post-
transfection, cells were plated on Matrigel-coated dishes
and cultured in medium supplemented with a combination
of small molecules: Y-27632 (ROCK inhibitor), SB431542
(TGF-B inhibitor), and PD0325901 (MEK inhibitor), which
enhances cell survival and reprogramming efficiency
(Watanabe et al., 2019). Three weeks after transfection, the
formation of compact colonies morphologically resembling
embryonic stem cell colonies was observed.

The overall strategy for iPSC clone selection and
validation is presented in Fig. 1b. Episomal reprogram-
ming of T-lymphocytes yielded 14 primary iPSC colonies
(PBMO022E1-E14) selected based on morphological criteria.
Each colony was isolated and cultured as a separate cell
line, consistent with standard practice in iPSC generation
(Takahashi et al., 2007). Theoretically, morphologically
homogeneous colonies could form from closely located
reprogrammed cells, potentially resulting in polyclonal
lines. While some studies demonstrate that such lines can
maintain functional stability (Willmann et al., 2013), oth-
ers show that polyclonality may manifest as differences in
differentiation capacity (Yun et al., 2025) and proliferation
rate (Mills et al., 2013), which could reduce experimental
reproducibility.

Among the 14 primary iPSC clones obtained through
reprogramming, 10 demonstrated stable cultivation for
over 80 days (minimum 10 passages) and were selected for
further functional characterization. Transgene integration
analysis by qPCR revealed that four clones (PBM022ES,
PBMO022E7, PBM022E9, PBM022E14) completely lost
episomal vectors (Fig. 1¢). The iPSC line RCPCMi007-
A-1, generated using non-integrating Sendai virus vectors
(Bogomiakova et al., 2021), served as a negative control
free of transgene integrations. The B2M gene, encoding
beta-2-microglobulin protein, was used as a reference
single-copy gene located on an autosomal chromosome.
These findings align with literature reports on episomal
plasmid elimination in other iPSC lines generated using
this method (Grigor’eva et al., 2024; Podvysotskaya et
al., 2025).

Compared to other somatic cells, mature T-lymphocy-
tes enable objective confirmation of the monoclonality of
derived iPSCs through analysis of genomic loci sequences
generated by V(D)J recombination during T-cell maturation
in the thymus (Alt et al., 1992). The random combina-
tion of V, D, and J segments, along with nucleotide inser-
tions and deletions at their junctions, creates a CDR3 region
with a sequence unique to each original T-cell precursor.
This sequence is inherited by all cellular descendants
and persists after reprogramming, enabling assessment

Healthy donor iPSC lines RCPCMi014-A/B
with confirmed monoclonal origin

of the clonal diversity in iPSC lines derived from mature
T-lymphocytes.

Given the predominance of afT-cells in the peripheral
blood of a healthy adult donor, the obtained iPSC clones
most likely originated from mature T-lymphocytes with
functional TCR a- and B-chain genes (Kreslavsky et al.,
2008, 2010). The criterion for monoclonality was defined
as the presence of at least one productive V(D)J rear-
rangement pair in the 7R4 and TRB loci. The presence of
multiple productive rearrangements and/or a total of more
than two rearrangements in either locus would indicate
polyclonal origin. Rearrangements in the 7RG locus would
not affect the interpretation of clonality based on the 7RA
and TRB loci, provided no rearrangements were detected in
the d-chain gene (located within the TRAD locus) and the
total number of TRG rearrangements did not exceed two
(Sherwood et al., 2011; Mahe et al., 2018).

V(D)J repertoire analysis confirmed that all clones origi-
nated from afT-cells, as productive rearrangements of the
TCR &-chain gene were absent. Two clones — PBM022ES
and PBMO022E7 — exhibited a rearrangement pattern typi-
cal of monoclonal origin, characterized by one productive
sequence each for the TCR a- and B-chain genes (Fig. 1d,
highlighted in green). This profile allows these lines to
be considered with high confidence as descendants of in-
dividual parental T-cells. In contrast, clone PBM022E14
was classified as polyclonal due to the presence of three
productive B-chain and two a-chain TCR rearrangements
(Fig. 1d). In total, four V(D)J rearrangements were identi-
fied in both the TRA and TRB loci of this clone (Table S3).
Clone PBMO022E9 displayed an asymmetric profile: one
productive B-chain sequence was detected alongside three
a-chain variants, suggesting potential polyclonal origin.
Analysis of shared V(D)J rearrangements across all four
investigated lines revealed identical TCR a- and p-chain
sequences in clones PBM022E9 and PBM022E14 (Fig. 1d
and Table S3, highlighted in red), indicating possible tech-
nical contamination.

Thus, analysis of genomic regions formed during
V(D)J recombination in T-lymphocyte maturation repre-
sents an effective tool for verifying the clonality of iPSCs
derived from mature T-lymphocytes. The unique CDR3
region sequence, generated through random combination
of V, D, and J segments, serves as a reliable “genetic bar-
code” for each original cell, providing irrefutable evidence
of monoclonal origin. The stability of this marker, which
remains unchanged after reprogramming, enables its use for
long-term clonal identification, including in differentiated
derivatives. This approach becomes particularly valuable
when working with unique models, such as iPSCs from
monozygotic twins, where traditional DNA polymorphism-
based genotyping methods lose informativeness due to the
near-complete genetic identity of donors (Vlasov et al.,
2021). Additionally, the method exhibits high sensitivity to
contamination, enabling detection of cross-contamination
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Fig. 1. T-cell reprogramming: a — schematic interpretation of T-cell activation and reprogramming; b — strategy for iPSC
clone selection and validation; ¢ - transgene integration analysis by Ct values: E5, E7, E9, E14 represent lines PBM022E5,
PBMO022E7, PBM022E9, PBM022E 14, respectively; negative control: iPSC line RCPCMi007-A-1 (Bogomiakova et al., 2021).
Comparable Ct values with the negative control indicate the absence of residual transgenes in the investigated clones;
d - analysis of V(D)J rearrangement sequences: underline indicates frameshift disruption; green highlights, presumably
functional chains without frameshift disruption; red highlights, V(D)J rearrangement variants shared between clones
PBMO022E9 and PBM022E14; e — morphology of the PBM022E5 and PBM022E7 lines; f — karyotype of the PBM022E5 and
PBMO022E7 lines.
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between lines through the presence of identical V(D)J se-
quences.

However, the method has certain limitations. Firstly,
it is applicable only to T-cell origins and cannot be used
for iPSCs derived from other somatic cell types, such as
fibroblasts, which lack analogous cell-specific markers.
Secondly, result interpretation requires establishing clear
threshold values (in our work — 100 reads) to distinguish
technical errors from true polyclonality, as well as specia-
lized sequencing equipment and bioinformatics expertise
for data analysis. Despite these limitations, V(D)J profiling
represents a powerful tool for standardizing cellular models
and enhancing research reproducibility in cell biology.

The obtained iPSC lines PBM022E5 (RCPCMi014-A)
and PBMO022E7 (RCPCMi014-B) were registered in the
Human Pluripotent Stem Cell Registry (hPSCreg, https://
hpscreg.eu). Information about these cell lines can be
found at the following links: https://hpscreg.eu/cell-line/
RCPCMi014-A and https://hpscreg.eu/cell-line/RCPC-
Mi014-B. Both lines demonstrated typical pluripotent stem
cell morphology (Fig. le), normal karyotype (46, XY)

Healthy donor iPSC lines RCPCMi014-A/B
with confirmed monoclonal origin

(Fig. 1f), and confirmed genetic identity with the donor
through STR profiling (data available from the authors
upon request). All lines were tested for mycoplasma con-
tamination, confirmed by negative PCR results (Fig. 2a).
Expression of key pluripotency markers was confirmed by
several methods. Immunocytochemical analysis revealed
nuclear expression of OCT4 and SOX2, as well as surface
expression of TRA-1-81 and SSEA-4 (Fig. 2d). RT-PCR
results showed high expression levels of the OCT4, SALLA4,
and DPPAS5 genes (Fig. 2b). Flow cytometry data confirmed
high percentages of positive cells: over 99 % expressed
OCT4, over 99 % expressed SSEA-4, and over 92 % ex-
pressed TRA-1-81 (Fig. 2¢). The capacity for differentia-
tion into derivatives of all three germ layers was assessed
through spontaneous in vitro differentiation. Expression of
pan-cytokeratin confirmed ectoderm formation, troponin T
confirmed it for mesoderm (including cardiomyocytes), and
HNF4a confirmed it for endoderm (Fig. 2d).

The next aspect of characterization was the assess-
ment of the lines’ capacity to differentiate into definitive
endoderm — a critical step for subsequent generation of
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Fig. 2. Characterization of iPSC lines RCPCMi014-A (PBM022E5) and RCPCMi014-B (PBM022E7): a - PCR analysis for my-
coplasma contamination; b — RT-PCR analysis of pluripotency marker expression; ¢ — flow cytometry analysis of pluri-
potency markers; d - immunocytochemical staining of pluripotency markers: OCT4 (red), SOX2 (red), TRA-1-81 (green),
SSEA-4 (green), nuclei stained with DAPI (blue); e —immunocytochemical staining of three germ layer markers: ectoderm
PAN-CK (green), mesoderm TROPONIN T (green), endoderm HNF-4 (red); f - flow cytometry analysis of the definitive

endoderm early marker CXCR4.
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Cell line passports for RCPCMi014-A (PBM022E5) and RCPCMi014-B (PBM022E7)

Unique identifier
Alternative cell line names

Institution

Ethical approval

Cell type

Origin

Additional information

on the origin of the cell line

Original cell type

Date of biomaterial collection

Reprogramming method
Reprogramming method
Clonality

Disease

Gene/loci

Morphology

Pluripotency

Karyotype

Check for contamination
Scope of application
Cultivation method
Growth medium
Temperature, °C

CO, concentration, %
O, concentration, %
Passage method
Split ratio
Cryopreservation
Storage conditions

Registry ID

RCPCMi014-A, RCPCMi014-B
PBMO022E5, PBM022E7

Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine
of Federal Medical Biological Agency, Moscow, Russia

The study was approved by the Research Ethics Committee of the Lopukhin Federal Research
and Clinical Center of Physical-Chemical Medicine of Federal Medical Biological Agency, Moscow,
Russia, Protocol No. 1 dated June 1, 2021

iPSC
Human

Age: 35
Gender: M
Ethnicity: Caucasian race

T-cells

March 26, 2024

Non-integrating episomal vectors

OCT4, SOX2, KLF4, LIN28, L-MYC, EBNA1 and mp53DD
Clonal

No

Human pluripotent cell-like monolayer colonies

Confirmed in tests for the formation of embryoid bodies, spontaneous differentiation
into derivatives of three germ layers, as well as the expression of specific markers

46, XY

Mycoplasma was not detected

In vitro reference model of healthy donor

Non-feeder Matrigel layer

80 % GibriS-8, 20 % mTeSR1, 50 pg/ml Penicillin-Streptomycin or 10 pg/ml Gentamicin
37

5

20

0.05 % Trypsin-EDTA

1:4-1:6

90 % FBS, 10 % DMSO, 5 uM ROCK inhibitor Y-27632 (Stemcell Technologies)
Liquid nitrogen

https://hpscreg.eu/cell-line/RCPCMi014-A
https://hpscreg.eu/cell-line/RCPCMi014-B

Date of certification/registration August 21,2024

pancreatic B-cells. Our data reveal significant variability
in differentiation potential among different lines: only one-
third of iPSC lines demonstrate high efficiency in definitive
endoderm formation (Fig. S1). Flow cytometry analysis
showed that lines PBM022E5 and PBM022E7 exhibit high
and stable capacity for definitive endoderm differentiation,

as evidenced by CXCR4 marker expression in over 85 %
of cells (Fig. 2f). These results confirm the potential util-
ity of these lines for developing and optimizing protocols
for directed differentiation into insulin-producing cells.
Cell line passports for RCPCMi014-A (PBM022ES) and
RCPCMi014-B (PBM022E?7) are presented in the Table.
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Conclusion

In this study, monoclonal iPSC lines reprogrammed from
T-lymphocytes of a healthy donor were generated and
characterized. Analysis of TCR gene V(D)J rearrangements
provided reliable verification of the lines’ monoclonal ori-
gin, which is critically important for models requiring high
genetic homogeneity. The obtained lines RCPCMi014-A
(PBMO022ES5) and RCPCMi014-B (PBM022E7) were
shown to meet all quality criteria for iPSCs and demonstrate
high efficiency in differentiating into definitive endoderm,
making them promising for the generation of pancreatic
B-cells. The established cell lines can serve as reliable
reference models both for fundamental research into the
mechanisms of pluripotency and differentiation and for
applied tasks, including the creation of isogenic pairs for
modeling rare and other diseases, as well as for optimizing
methodological approaches in regenerative medicine.
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Development of a molecular marker for the Run8 gene
for the selection of barley genotypes resistant to smut
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Abstract. Loose smut of barley, caused by the basidiomycete Ustilago nuda (Jens.) Roster, occurs in all regions of the
world where this crop is grown. This seed-borne disease causes significant losses in grain production. Selection for
resistance to loose smut based on the use of donors with resistance genes is an ecologically and economically safe way
to constrain the negative impact of the pathogen on barley. The introduction of molecular genetic approaches into
the breeding process makes it possible to control the transfer of resistance genes to hybrid material. The Run8 gene
controls resistance to many isolates of loose smut, including in the West Siberian region of Russia. The objective of the
current study is to develop a molecular marker for Run8 for the selection of barley genotypes resistant to loose smut from
hybrid populations. By comparing the nucleotide sequences of the Run8 gene available from the barley pangenome
database, an insertion/deletion of six nucleotide pairs in the coding region of the gene was identified. Based on the
identified polymorphism, a molecular marker Hor7050 was developed, which allows differentiating the alleles of Run8.
The developed marker was tested on hybrid lines (Fs—F4) obtained from crossing cultivar EIf, which is a donor of resistance
to loose smut and carries, according to the originators, the Run8 gene, with cultivar Tanai, which has practical resistance
to the pathogen. Using the developed marker, 18 hybrids carrying Run8 of Elf were selected from 84 hybrids; however,
the phytopathological assessment showed that eight of the selected lines were susceptible to the disease. To clarify the
genotype of 18 selected lines, an additional analysis was carried out using the microsatellite marker EBmac0541 linked
to Runé. A relationship was established between the presence of the allele of this marker from EIf and resistance to the
disease. It is possible that Elf, in addition to Run8, carries Runé6, which is effective against race 1 of the causative agent of
loose smut. Additional studies are required to clarify the presence of Runé6 in the Elf variety. In addition to resistance, the
selected lines were characterized by productivity traits. According to the two-year analysis, three productive resistant
lines were identified, with Run8 — 32, 65 and 79, significantly exceeding the control Elf in yield. The selected lines were
transferred to breeding nurseries for their further evaluation by economically important traits.
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Pa3paboTKa MOJIeKYJISIPHOTO MapKepa K reny Run8
IIJISI OTOOPA YCTOMUMBBIX K IIBIJIbHOV TOJIOBHE T€HOTUIIOB SITUMEHSI

E.A. OpaoBa 1, H.IT. Bextoana (91, FO.H. I'puropnes 1 O.10. llloesa (192, A.YO. Taaroaesa (172, T.B. Kykoesa 2

T CMbMpCcKIin HayYHO-MCCNIE[OBATENBCKNM UHCTUTYT PacTEHNEBOACTBA 1 cenekumumn — punuan OepepanbHOro NCCNefoBaTeNbCKOro LeHTpa
WHcTuTyT umtonorum n reHetukn Cnbmpckoro otaeneHns Poccuinickon akagemmm Hayk, p.n. KpacHoobck, HoBocnbupckas obnactb, Poccus
2 DepepanbHbIN CCNeRoBaTENbCKMI LeHTP VHCTUTYT yuTonorum v reHeTnkin Cbupckoro otaeneHis Poccuiickoin akagemum Hayk, Hosocmbunpck, Poccus

@ Orlova.Lenal0@yandex.ru

AHHoTauuA. MNbinbHas roNoBHA AYMeHS, Bbi3biBaemas Gasumgnomuuetom Ustilago nuda (Jens.) Roster, BcTpeuaeTcs BO
BCEX PEervoHax, rage Bo3gesnbiBaetcs 3Ta KynbTypa. Cenekuysa Ha pe3nCTEHTHOCTb K MblibHOW rOfIoBHE, OCHOBAHHas
Ha MCMosb30BaHUM AOHOPOB, O6MAAAWMX FeHAMU YCTONYMBOCTU, MPELACTABAAET SKOMOMMYECKN U SKOHOMUYECKM
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O.10. Woesa, A.10. Tnaronesa, T.B. Kykoesa

MoneKynapHbii Mapkep K reHy Run8 fna otbopa
YCTOMYMBBIX K MblIbHON rONOBHE reHOTUMOB AYMEHA

6e30nacHbI cnocob, cAepKMBaOLWMIA OTpULIaTeNIbHOe AeNCTBME NaToreHa Ha AYMeHb. BHeapeHve B cenekLMOHHbIN
npoLecc MoneKynapHO-reHeTUYeCKNX NOAXOAOB MO3BOMAET KOHTPOAMPOBaTb Mepefayvy reHoB Pe3nCTEeHTHOCTU B
rmépuaHbIn MaTtepuan. feH Run8 KOHTPONMPYET YCTOMUMBOCTb KO MHOTVMM M30MSiTaM MbUIbHOW FONOBHU U CIYXWT
VNCTOYHVKOM BbICOKOI YCTOMYMBOCTU K3TOMY BO36yauTento. Llenb npeactaBneHHon paboTbl — pa3paboTka MONeKynapHOro
MapKepa K reHy Run8 pgnsa otbopa n3 rubpuaHbIX NONyNAUMUA reHOTUNOB AUMEHSA, YCTONUMBBIX K MblIbHOW FOfIOBHE.
C nomoLLblo CpaBHEHMA JOCTYMHbIX U3 6a3bl AaHHbIX NaHreHOMa AYMEHA HYKNeOTUAHbIX NOC/eAoBaTeNIbHOCTEN reHa
Run8 onpepeneHa nHcepuma/aeneums WecTn nap HyKNeoTUAoB B KoAMpYyoLlen 061acTu reHa. Ha ocHoBe BbIABNEHHOTO
nonumopdusma paspabotaH MONEKYNAPHbIN Mapkep Hor7050, nossonsawlwmi anddepeHUMpoBaTb annenu reHa
Run8. Mapkep 6bin1 NPOTECTVPOBAH Ha rMOPUAHbIX IMHUAX Fs—F4, MonyueHHbIX OT cKpelymBaHmsa copTa Inbd — JoHOPa
Pe3MCTEHTHOCTU K NbINIbHOW FOMOBHE — 11 HeCYLLiero, No AaHHbIM OPUrMHATOPOB, reH Rung, ¢ copTom TaHali, obnapatoLmnm
NPaKTUYECKON YCTONUMBOCTbIO K BO36yauTento. C momoLblo pa3paboTaHHOro Mapkepa 13 84 rub6praos 6binm oTobpaHsbl
18, Hecywwmx reH Run8 copta dnbd. OpHako NpoBefeHHan duTonaTonornyeckasn oLeHKa nokKasana, Yto 13 BblAeNeHHbIX
JIMHWI BOCEMb BOCMPUMMUMBDLI K 3aboneBaHuio. AnA yTouHeHMA reHotina 18 oTo6paHHbIX NMHUIA 6bin NpoBeaeH
[ONONMHNTENIbHBIA aHann3 C NMOMOLLbIO MUKpOCaTeNIUTHOro mapkepa EBmac0541, cuenneHHoro ¢ reHom Runé6. bbina
yCTaHOBJIEHA B3aVIMOCBA3b MEXAY Hannunem annensa JaHHOro MapKepa oT copTa J7b¢ 1 YCTONYMBOCTBIO K 3a60neBaHuto.
Bo3mokHO, copT dnbd, Kpome reHa Run8, HeceT reH Run6, 3G deKTrBHbIN NPOTUB packl 1 BO30YAUTENS NbIIbHO FOSOBHM.
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oTobpaHHble NIMHNY ObiNv OxapakTepr30oBaHbl MO NPU3HaKam NPOAYKTUBHOCTW. Mo pe3ynbTaTam ABYXETHEro aHanmsa
BblflefIeHbl TPU MPOAYKTMBHbIE Pe3UCTeHTHble NIMHUN C reHoM Run8 — 32, 65 n 79, [OCTOBEPHO MpeBbillatowme no
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Introduction

Barley is one of the main forage cereals. Its high plasticity
and short growing season allow it to be cultivated in a wide
range of soil and climatic zones. Modern barley breeding
is aimed at developing high-yielding varieties resistant
to biotic and abiotic stress factors. Diseases caused by
phytopathogenic fungi, with loose smut being the most
widespread and harmful, hinder the achievement of high
and stable yields.

Loose smut of barley, caused by the basidiomycete
Ustilago nuda (Jens.) Roster occurs in all regions of the
world where this crop is grown (Nielsen, Thomas, 1996).
This seed-borne disease causes significant losses in grain
production. When infected by the pathogen, a smut sorus
containing teliospores forms instead of a spike. Thus, the
damage from loose smut is proportional to the percentage
of infected spikes in the field (Druzhin, Krupnov, 2008).
However, economic losses are significantly higher. Accor-
ding to many authors, the pathogen has a suppressive effect
at all stages of plant development. As a result of seedling
death, field germination rate decreases; loose smut nega-
tively affects the number of fertile tillers per plant, plant
height, main spike length, number of grains per spike, and
1,000 grain weight (Orlova et al., 2015; Usoltsev, 2018).
Most spring barley varieties included in the State Register
of Varieties and Hybrids approved for use in the Russian
Federation (https://gossortrf.ru/registry), are susceptible to
loose smut to varying degrees. Control of the disease in-
volves mandatory seed treatment with systemic fungicides.
Therefore, cultivation of resistant varieties is preferable
from an economic standpoint. On top of that, the value
of resistant varieties is that they can be used in low-input
organic farming systems to produce environmentally safe
products without additional protective measures.
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Throughout the years, many researchers have confirmed
that genetic resistance of spring barley to loose smut can
be controlled by individual dominant or several recessive
genes (Krivchenko, 1984; Menzies et al., 2010). The loose
smut resistance gene Run was first identified by J.E. Li-
vingston (1942) in the variety Trebi. Later, he also identified
a weak resistance gene Run2 in Missuri variety. W.P. Sko-
ropad and L.P. Johnson (1952) identified two independent
dominant genes Run3 and Run6 in Jet variety. The latter
was used as the base for the Keystone variety carrying
the Run6 gene. C.W. Schaller (1949) identified two domi-
nant genes Run4 and Run5 in barley variety Dorsett and
X173-10-5-6 hybrid. In Anoidium cultivar, the resistance is
controlled by the recessive gene run7. The Run8 gene was
isolated by D.R. Metcalfe (1966) from the winter barley line
C.1. 4966 introduced to the United States from Russia. To
date, 15 resistance genes to the loose smut pathogen have
been identified in barley (Zang et al., 2015; Legkun et al.,
2016), but according to the literature, only three of them
(Run3, Run6, and Rund) are effective. The remaining genes
are of low effectiveness and have not found practical use
in breeding (Krivchenko, 1984).

Assessment of barley varieties for resistance to loose
smut under natural infection conditions is not always re-
liable, which can lead to incorrect classification of varieties
by resistance level. On the other hand, artificial inoculation
is a labor-intensive and time-consuming process that spans
two growing seasons as follows: in the first year, spikes are
inoculated with a pathogen suspension and mature seeds
are collected; in the following year, plants grown from
the inoculated seeds are evaluated for resistance based
on phenotypic expression. Moreover, the quality of infec-
tion largely depends on meteorological conditions during
inoculation. According to L.V. Meshkova (2024), there
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is a high correlation between moisture, precipitation, and
infection (» > 0.7), and a moderate negative correlation
with air temperature (» = —0.44). Therefore, an effective
method to develop resistant varieties is to combine the
classical approaches based on hybridization of resistance
gene donors with recipient varieties and modern molecular
marker-aided breeding methods. This approach helps reduce
the time and volume of unpromising hybrid material in the
breeding process.

To determine the resistance of samples, it is necessary to
consider the prevalent pathogen races in the target cultiva-
tion zone of future varieties. This is the only way to ensure
staying one step ahead of the pathogen in the develop-
ment of resistant genotypes. Understanding the genetics
of resistance in the context of pathogen virulence makes
it possible to identify the effective genes, for which ge-
neticists can select DNA markers necessary for developing
hybrids with high disease resistance based on genotype.
The Run8 gene confers resistance to most races of the loose
smut pathogen and is widely used in barley breeding both
in Russia and abroad. This gene was mapped to the long
arm of chromosome 1H (Zang et al., 2015). It codes for
a protein containing two tandem protein kinase domains,
which, as recently discovered, represent an important class
of proteins involved in plant resistance. Polymorphism in
the Run8 protein sequences has been identified, which al-
lows the development of intragenic diagnostic molecular
markers for precise identification of Run8 gene alleles.
Before the nucleotide sequence of the Run8§ gene was dis-
covered, molecular markers linked to this gene were used
in scientific research and breeding practice (Li et al., 2001;
Eckstein et al., 2002). However, the diagnostic efficiency
of the latter is lower than that of intragenic markers due to
recombination between the linked markers and the target
gene. Therefore, the development of intragenic molecular
markers based on the known nucleotide sequences of target
genes becomes a relevant research problem. The goal of
the present paper was to develop an intragenic molecular
marker for the Run8 gene and use it in combination with
a marker linked to the Run6 gene for genotyping barley
samples, so that the lines with effective resistance genes
demonstrating high loose smut resistance could be singled
out from hybrid populations.

Materials and methods

Plant material. The study material consisted of 84 breeding
lines selected in the Fs—F 4 generations from the EIf < Tanai
cross. Elf variety is highly resistant to loose smut with the
pedigree as follows: Roland x 1325 line, the latter being a di-
haploid (Pervenets x Zazersky 85) F| x H. Bulbosum, which
carries the Run8 resistance gene presumably inherited from
the Pervenets variety, according to the variety originators
(State Register of Protected Selection Achievements). Tanai
variety exhibits practical resistance to the pathogen and was
developed from two breeding lines, G 20275 x G 20191,

Molecular marker for the Run8 gene
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with Jet (Run3 Run6) and Paragon (Run3) varieties present
in the pedigree.

The research was conducted from 2021 to 2023. In 2021,
the 84 test lines were grown under field conditions in the
SP1 breeding nursery. The lines selected for resistance were
then reinoculated and sown in the phytopathological field
of SibRIPP&B — Branch of IC&G SB RAS.

Differentiation of the loose smut pathogen U. nuda.
To study the race composition of loose smut, an empirical
set of differential varieties and a genetic set of test varieties
with known resistance genes proposed by V.I. Krivchenko
(1984) were used. Race identification was performed by
comparing the reaction of differential varieties with a key
for determining physiological races. The virulence formula
of the race was determined based on the susceptibility of
the genetic test set. Resistance reactions were classified
according to the international scale: R standing for resis-
tance (infection up to 10 %); S for susceptibility (infection
above 10 %).

Assessment of line resistance to loose smut. Lines with
confirmed resistance genes and the parental varieties Elf and
Tanai were inoculated in June 2021 with the Novosibirsk
population of loose smut. The susceptible indicator variety
Grace was used to control inoculation quality. In 2022, the
lines that showed resistance were reinoculated. Inoculation
of barley spikes (at least eight per line) was carried out using
the vacuum method during the early flowering stage, ac-
cording to the VIR methodology (Sanin et al., 2008). The
spore suspension was prepared immediately before inocu-
lation at a concentration of 1 g of spores per 1 1 of water.
Smut spores were collected from infected spikes of various
barley genotypes. To determine the race composition of the
pathogen, differential and genetic test sets of barley varieties
were inoculated simultaneously.

Infected seeds (at least 100 infected grains) were sown
in the phytopathological field of SibRIPP&B — Branch
of IC&G SB RAS, located in Michurinsky settlement,
Novosibirsk region. Soil treatment included spring har-
rowing, nitrogen fertilization, and cultivation. Trials were
established on fallow land. The optimal timeframe, with
the soil temperature of 11.5-16.5 °C at a depth of 5-8 cm,
which is favorable for both seed and pathogen germination,
was chosen for sowing infected seeds.

Loose smut resistance classification of the tested sam-
ples was performed using the VIR scale (Sanin et al., 2008)
by counting healthy and diseased spikes and calculating the
infection percentage during the full heading to early ripening
stages. When determining the race composition of the loose
smut population, resistance classification was based on the
international scale: R standing for resistance (infection up
to 10 %); S for susceptibility (infection above 10 %).

Evaluation of lines for agronomic traits. To assess
agronomically valuable traits, a structural analysis of the
barley breeding lines was conducted in the autumn of
2022-2023. The traits evaluated included plant height,
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a ATG Run8 (MLOC_38442, HORVU.MOREX.r3.1HG0087290) TGA

b e T
Morex ATATCAAGCCCTCTAATATTCTTCTGGGTGATGATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGG-~-——~~ TTAAGAGACAACATTGAAAGTGCCATAAATGTGATAGGGTGTATT
Barke ATATCAAGCCCTCTAATATTCTTCTGGGTGATGATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGG--———~ TTAAGAGACAACATTGAAAGTGCCATAAATGTGATAGGGTGTATT
Iari ATATCAACCCCTCTAATATTCTTC! 'GATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGG-————- TTAAGAGACAACATTGAAAGTGCCATAAATGTGATAGGGTCTATT
Hockett ATATCAAGCCCTCTAATATTCTTCT TTCCATGCAAAGATATCAGATTTTGGAATATCAAGG-——-—-—- TTAAGAGACAACATTGAAAGTGCCATAAATGTGATAGGGTGTATT

Bonus

Foma

Bowman

Golden Promise

.

ATATCAACCCCTCTAATATTCTTCTGGGTGATGATTICCATGCAAAGATATCAGATTTTGGAATATCAAGGCTIIICTTAAGAGACAACATTGAAACTACCATAJIATCTGAAAGGGTGTATT
ATATCAAGCCCTCTAATATTCTTCTGGGTGATGATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGGCTTTTGTTAAGAGACAACATTGAAAGTACCATAAATGTGAAAGGGTGTATT
ATATCAAGCCCTCTAATATTCTTCTGGGTGATGATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGGCTTTTGTTAAGAGACAACATTGAAAGTACCATAAATGTGAAAGGGTGTATT
ATATCAACCCCTCTAATATTCTTCTGGGTGATGATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGGCTTTTGTTAAGAGACAACATTGAAAGTACCATAAATGTGAAAGGGTGTATT

J

Y

PCR product length: 76 bp, 82 bp

Fig. 1. Structural organization of the Run8 gene (a), multiple alignment of nucleotide sequences in the gene region containing a 6 bp
insertion/deletion, for which the DNA marker was developed (b), and results of marker testing in barley varieties with known resistance
genes to loose smut: Raushan Run8, Run15 (1), EIf Run8 (2), Jet Run3, Runé (3), Keystone Runé (4), Grace as a susceptibility standard (5).
Primer annealing sites are highlighted in gray, and the expected lengths of PCR fragments for the marker are indicated (c).

fertile tillers per plant, spike length, number of grains per
spike, and 1,000 grain weight. The evaluation was carried
out according to the Methodology of the state variety testing
of agricultural crops (1985).

Development of a molecular marker for the Runé8
gene. The molecular marker Hor7050 for the Runé8
gene was developed based on the nucleotide sequence
MLOC 38442 (HORVU.MOREX.r3.1HG0087290,
HORVUI1Hr1G087050) (Zang et al., 2015) (Fig. 1a). This
sequence was used as a reference in the barley pangenome
database (Jayakodi et al., 2024) available on the GrainGenes
web page (https://wheat.pw.usda.gov/GG3/), and, as a
result, nucleotide sequences of the Run8 gene were found
in eight barley samples (Barke, Bonus, Bowman, Foma,
Golden Promise, Hockett, Igri, Morex). Multiple sequence
alignment was performed using the Multalin v5.4.1 soft-
ware (Corpet et al., 1988), which revealed polymorphisms
among different alleles of this gene. In addition to single
nucleotide substitutions, a six-nucleotide deletion was iden-
tified in four of the eight varieties. To genotype this deletion,
a pair of primers was selected using the IDT PrimerQuest™
(http://eu.idtdna.com/PrimerQuest/Home), with annealing
sites flanking the identified deletion (Fig. 15). Testing the
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developed marker on barley samples carrying the known
loose smut resistance genes showed that electrophoretic
analysis in 5 % HR agarose gel made it possible to dis-
tinguish the Rund§ gene alleles. In resistant barley samples
carrying the Run8 gene, the target amplification fragment
was 82 bp, and in the susceptible ones 76 bp (Fig. 1¢).

By comparing the genotyping data with the resistance
of the lines to loose smut, the diagnostic efficiency of the
marker was evaluated. It was defined as the proportion of
correct test results in the total number of results (i. e., the
sum of true positive and true negative results divided by
the total number of results).

Genotyping of lines for the Run6 and Run8 genes.
DNA was extracted from leaves at the tillering stage col-
lected from five plants per line using the method described
carlier (Plaschke et al., 1995). DNA was analyzed using
the microsatellite marker £Bmac0541 linked to the Run6
gene (Menzies et al., 2010) and the intragenic marker
Hor7050 developed for the Run8 gene developed in the
present paper (Table 1). Polymerase chain reaction (PCR)
with the Hor7050 marker was performed in a 20 pl reac-
tion mixture containing 100 ng of DNA template, 1X PCR
buffer (67 mM Tris-HCI, pH 8.8, 1.5 mM MgCl,, 0.01 %
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Table 1. DNA markers used in this paper for genotyping barley lines for the Run6 and Run8 genes

PCR product length, Reference

bp*

106 (S), 1104222 (R) Rumsay et al., 2000

Gene Chromosomal  Marker name (type) Primer nucleotide sequence,
location 53
Runé 3H EBmac0541 F:acggatctactttagctagca
(linked)
R: aaacaaccccacacaatc
Run8 TH Hor7050 F: cttctgggtgatgatttcca

(intragenic)

76 (S), 82 (R) This paper

R: tggtactttcaatgttgtctc

* Presented here are the PCR product lengths characteristic of barley samples susceptible (S) and resistant (R) to loose smut.

Tween 20, 18 mM (NH,),S0,), 0.2 mM of each dNTP,
0.25 uM of each forward and reverse specific primer, and
1 unit of Taq DNA polymerase (Helicon, Moscow). PCR
with the EBmac0541 marker was performed using the
BioMaster HS-Taq PCR-Color (2x) kit (Biolabmix, Novosi-
birsk). Amplification with the specified primers was carried
out under the conditions as follows: initial denaturation for
1 min 50 s at 94 °C; denaturation for 30 s at 94 °C; primer
annealing for 30 s at 50 °C (Hor7050 marker) or 55 °C
(EBmac0541 marker), polymerization for 45 s at 72 °C,
number of cycles — 45, and final elongation for 5 min at
72 °C. PCR products were separated in 5 % HR agarose gel
HR Agarose PCR Grade, HydraGen, NJ, USA) in a hori-
zontal chamber for 3—4 hours at 7 V/ecm. UV imaging and
gel analysis were performed using the Gel Doc™ XR+
System (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Results

A characteristic feature of the 20222023 growing seasons
was insufficient moisture in May. In 2022, the average daily
air temperature in May was +15.4 °C, which is 4.5 °C above
the long-term average. In May 2023, although the average
monthly temperature was close to the long-term norm,
the distribution of heat across decades was uneven. In the
second decade, the air temperature was 2.3 °C below the
long-term average, while in the third decade it was 3.4 °C
above that. The average soil temperature at the depth of
5-8 cm during sowing was 14 °C, which is favorable for
the infection process of smut fungi during seed germination.
The average air temperatures from May to August were as
follows: 15.3,17.3,18.5,16.6 °C in 2022; 11.8, 19.0, 21.6,
17.8 °C in 2023.

In 2022, the total seasonal precipitation was 153.8 mm,
which is 30 % as low as the long-term average. In 2023, it
was 204 mm, of which 173.8 mm fell in the third decade of
July and the second and third decades of August.

Differentiation of the loose smut pathogen U. nuda.
Based on the reaction of the empirical set of differential
varieties, it was established that the loose smut population
in 2022-2023 was represented by race 1, which does not
infect the Keystone variety. Analysis of spore samples using
the genetic test set with known resistance genes revealed the
presence of biotypes virulent to varieties Trebi (Runl gene),

OAC-21 (Run9 and Runl0), and Moskovsky 2 (Runl5).
Thus, the virulence formula of race P1 is 1 — 1.9.10.15
(Supplementary Tables S1 and S2)!.

Selection of breeding lines using the molecular marker
for the Run8 gene and assessment of their resistance to
loose smut. The differences between the Run8 gene alleles
in Elf and Tanai varieties were identified using the Hor7050
marker. A PCR product of 82 bp was obtained on the EIf
DNA, and 76 bp on Tanai DNA. Due to the presence of
polymorphism between the parental varieties, this marker
was used for genotyping 84 F5 breeding lines derived from
the EIf x Tanai hybrid population. As a result, 18 lines were
identified as having inherited the Run8 gene from the EIf
variety.

According to artificial inoculation data from 2021, among
the 18 selected breeding lines carrying the Rund& gene from
Elf variety, high resistance to loose smut was confirmed
in eight lines as follows: 12, 14, 25, 32, 45, 49, 78, and
79. Two lines, specifically 42 and 65, were classified as
practically resistant (infection of less than 5 %). Thus,
resistance to U. nuda was confirmed by phytopathological
methods in 55.6 % of the lines, while the remaining lines
showed varying degrees of susceptibility, from weak to
strong (Table 2). The diagnostic efficiency of the Hor7050
marker was 0.56.

In 2022, the selected F generation lines were additionally
genotyped using the Hor7050 marker, which confirmed the
presence of the Rund gene in resistant lines 14, 32, 42, 45,
49, 65, and 79. Unlike the Elf variety, which demonstrated
stable resistance to loose smut over three years, not all se-
lected lines carrying the Run8 gene from this variety were
resistant to the disease. Lines 4, 8, 10, 44, 57, 60, 71, and
81 showed infection levels ranging from 17.9 to 66.7 %.
Since the pedigree of the parental variety Tanai includes
the Jet variety known as a carrier of the Run6 gene, the se-
lected lines were genotyped using the microsatellite marker
EBmac541 linked to the Run6 gene (Fig. 2).

Out of the 18 analyzed lines, nine inherited both alleles
of the EBmac541 marker from the Tanai variety (lines 4,
8,10, 42, 44, 57, 60, 79, and 81), six from the EIf variety
(lines 12, 14, 25, 32, 71, and 78), and three lines exhibited

' Supplementary Tables S1 and S2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Orlova_Engl_30_3.pdf
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Table 2. Resistance to loose smut in breeding lines selected from the EIf x Tanai cross and genotyping data
for these lines using molecular markers for the Run8 and Runé6 genes

Variety/line Maximum loose smut infection, %, Hor7050 (Run8) EBmac541 (Run 6)
2022-2023
2021 2022
4 19.5 - 82 106
8 29.7 82 - 106
10 56.7 82 82 106
12 0 82 - 110 + 222
14 0 82 82 110 + 222
25 0 82 - 110 + 222
32 0 82 82* 110 + 222
42 34 82 82 106
44 62.8 82 - 106
45 0 82 82 106,110 + 222
49 0 82 82 106,110 + 222
57 52.8 82 - 106
60 66.7 82 - 106
65 4.1 82 82 106,110 + 222
71 17.9 82 82 110 + 222
78 0 82 - 110 + 222
79 0 82 82 106
81 284 82 82 106
Tanai 1.2 76 76 106
Tanai 0 82 82 110 + 222
Note. “-" indicates that no analysis was performed; * indicates that the allele could not be definitively identified as homozygous or
heterozygous.

Fig. 2. Genotyping results for the selected lines obtained using the microsatellite marker EBmac541. Numbers above
indicate line numbers, T stands for Tanai, E for EIf, and M is the 100 bp size marker (bp lengths of length marker fragments
are shown on the side).

marker heterozygosity (lines 45, 49, and 65). By comparing
the genotyping data with the resistance of the studied lines
to loose smut, it was found that among the ten resistant lines
(infection rate from 0 to 4.1 %), eight carried the EBmac541
marker allele from the EIf variety in either homozygous
or heterozygous state. Among the eight susceptible lines

(infection rate from 17.9 to 66.7 %), only line 71 carried
the Elf allele of the marker, while the others inherited the
allele from Tanai. Based on these results, the diagnostic
efficiency of the EBmac541, marker turned out to be 0.83.

Evaluation of selected lines for agronomic traits. To
assess agronomically valuable traits, a structural analysis

CENEKLUMA PACTEHUA HA UMMYHUTET U MPOAYKTUBHOCTb / PLANT BREEDING FOR IMMUNITY AND PERFORMANCE 377



E.A. Orlova, N.P. Bechtold, Yu.N. Grigoriev
O.Yu. Shoeva, A.Yu. Glagoleva, T.V. Kukoeva

Molecular marker for the Run8 gene
for the selection of barley genotypes resistant to smut

Table 3. Main agronomic traits of breeding lines from the Elf x Tanai cross, F5 generation

(average for 2022-2023)

Variety/Line Plant height,cm  Main spike Number 1,000 grain Fertile tillers Yield, g/m?
length, cm of grains per spike  weight, g per plant

Elf (control) 59.3 6.5 19.2 48.0 25 419.2
Tanai 69.5 6.8 194 50.05 2.8 724.4%
Line 12 62.4 5.9 16.3 51.0 3.6* 509.6
Line 14 65.4 6.8 194 48.9 2.8 593.9
Line 25 64.9 6.2 19.2 474 25 480.4
Line 32 70.3* 7.5% 20.9* 45.2 2.8 763.7%
Line 42 71.5% 6.5 173 51.8 2.8 568.5
Line 45 68.2 6.8 19.8 474 3.0 516.0
Line 49 60.0 6.2 173 44.5 29 587.2
Line 65 70.7* 7.8% 21.9* 45.8 3.2% 661.7*%
Line 78 72.2*% 6.8 18.0 50.2 2.8 521.3
Line 79 75.3*% 7.6* 21.6* 471 29 712.0%
LSDgs 10.681 0.308 0.992 4.3997 0.646 219.8

* Indicates statistically significant differences compared to the parental variety EIf.

was conducted in the autumn of 2022-2023 for the resis-
tant barley breeding lines carrying the Run8 gene. Both
biometric and productivity-related traits were evaluated.
The parental variety EIf, carrying the Run8 gene, was used
as a control.

All tested lines outperformed the control variety EIf in
plant height. Lines 32, 42, 65, 78, and 79 also surpassed the
paternal form Tanai, with average heights over two years
ranging from 70.0 to 75.3 cm. The remaining lines showed
an intermediate performance between the parental forms.
Spike length is known to positively influence productivity,
as it has a high correlation with the number of grains per
spike (Naumova, 2021). In the selected lines, spike length
ranged from 5.9 (line 12) to 7.8 cm (line 65). Lines 32, 65,
and 79 significantly exceeded both parental forms in spike
length and number of grains per spike. Lines 12, 42, 49,
and 78 showed low spike productivity (Table 3).

Grain size is another important yield component. In 2022,
the highest 1,000 grain weight of 54.5 g was observed in
line 49 compared to 51.1 g in Elf. Over two years, grain
sizes comparable to Tanai were recorded in lines 12, 42,
and 78 reaching 51.0, 51.8, and 50.2 g, respectively.

The number of fertile tillers per plant in lines 12 and 65
was 1.4 to 1.3 times as high as that of the control variety
Elf reaching 3.6-3.2 fertile stems per plant.

Based on the two-year data, three productive lines were
identified, namely 32, 65, and 79, which significantly
outperformed the control variety Elf in yield. In line 65,
yield varied by year from 809.7 g/m? in 2022 to 513.7 g/m?

in 2023. Line 32 showed the most stable yield, with 756.0—
771.3 g/m? across years, and on average over two years, it
exceeded the best parental form, Tanai. Line 79 stood out
for its earliness and productivity.

Thus, as a result of molecular genetic analysis, 18 breed-
ing lines carrying the Run8 loose smut resistance gene were
selected from the EIf x Tanai (F5) hybrid combination.
Resistance in 10 of these lines was confirmed by phyto-
pathological testing. Lines 12, 14, 25, 32, 42, 45, 49, 65,
78, and 79 were classified as highly or practically resistant
barley genotypes. Based on structural analysis data, the
standout hybrid lines 32, 65, and 79 were transferred to
breeding nurseries for further evaluation of agronomically
important traits.

Discussion

Due to the specific life cycle of the basidiomycete U. nuda
(Jens.) Roster, phenotyping for resistance to the disease it
causes, i. e. loose smut, is a lengthy and labor-intensive
process. Therefore, diagnostic molecular markers gain
special relevance in breeding for resistance to the disease.
However, to date, many Run genes that control resistance to
loose smut have not yet been mapped in the barley genome
(Abo-Elyousr et al., 2022). Among the genes with known
chromosomal locations, only two, namely Run6 and Runé,
have been mapped to chromosomes 3H and 1H, respectively
(Menzies et al., 2010; Zang et al., 2015). Precise mapping
has traced the latter back to a specific nucleotide sequence
coding for a protein kinase (Zang et al., 2015). Long-term
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testing of varieties with identified resistance genes has
shown that Run6 and Run8 were effective against loose
smut races in Western Siberia. In the present paper, the
source of the Run8 gene, namely the Elf variety, was used
as a donor in the development of loose smut-resistant lines.
To select resistant lines, the Hor7050 molecular marker was
developed based on the nucleotide sequence of the Run8
gene identified by W. Zang et al. (2015). When comparing
the amino acid sequences of protein kinases predicted from
Run8 gene sequences, it was shown in the present paper that
the group of loose smut-resistant samples was characterized
by 15 unique amino acid substitutions. These substitutions
were caused by single nucleotide polymorphisms (SNPs),
the detection of which by routine PCR is labor-intensive and
requires the development of specific primers, probes, or se-
lection of restriction endonucleases. In this paper, a common
six-nucleotide deletion was identified by comparing Run8
gene sequences from the barley pangenome database. This
deletion results in the loss of two amino acid residues in the
protein kinase. When comparing Run8 protein sequences,
the deletion of two amino acid residues was found in loose
smut-susceptible barley samples, whereas the presence of
these two amino acids was observed in both resistant and
susceptible samples (Zang et al., 2015). Thus, the marker
developed specifically for this deletion only has partial
diagnostic efficiency, since not all barley samples carrying
the six-nucleotide insertion will be resistant to loose smut.
However, it can be used to track the inheritance of the Run8
allele from a known donor. The total of 18 barley lines
carrying the Run8 gene from the resistant donor Elf were
selected using this marker. However, unlike the Elf variety,
some of the selected lines showed susceptibility to race 1 of
loose smut, as identified using differential varieties. Since
the second parent, Tanai, has the Jet variety in its pedigree,
which is known as a donor of the Run6 gene, a hypothesis
was posed that the resistant lines might carry the Run6 gene
from the Tanai variety in addition to Run8 from EIf. To test
this hypothesis, the selected lines were genotyped using the
EBmac0541 marker linked to the Run6 gene (Menzies et
al., 2010). However, the analysis showed that most of the
lines demonstrating resistance to loose smut inherited the
EBmac0541 marker from EIf, rather than Tanai. Lines 4,
8, 10, 44, 57, 60, and 81, which inherited the EBmac0541
marker from Tanai, were susceptible to loose smut, despite
carrying the Run8 gene from EIf. The only line that car-
ried the EBmac0541 marker from Tanai and was resistant
to loose smut was line 79. Since EBmac0541 is linked to
Run6 gene, the discrepancy between the marker allele and
the loose smut resistance trait may be explained by recom-
bination between the marker used for genotyping and the
gene controlling the trait. The analysis performed makes
it possible to assume that the EIf genome may also contain
Run6 gene effective against race 1 of loose smut in addition
to Rund. Further analysis of Run8 nucleotide sequences
in known resistance donors, as well as the co-segregation
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observed in this paper between the EBmac0541 marker from
Elf and resistance to loose smut, will help clarify the roles
of Run6 and Rund in resistance to pathogen races prevalent
in Western Siberia.

Phytopathological assessment and productivity evalua-
tion of the selected lines over two years made it possible
to identify three promising breeding lines resistant to loose
smut and significantly outperforming the control variety
Elf in yield. These selected lines have been transferred to
breeding nurseries for further evaluation of agronomically
valuable traits.

Conclusion

In the present paper, a diagnostic intragenic molecular
marker was developed based on the nucleotide sequence
of the Run8 gene. Its application, in combination with the
microsatellite marker EBmac0541 linked to the Run6 gene
made it possible to identify an association between the
EBmac0541 allele from the EIf variety and resistance of
barley hybrids to loose smut. As a result of the research,
promising breeding lines were selected that are comparable
in productivity to the original varieties.
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Abstract. Hybridization of different landraces or wild crop species facilitates genetic recombination and leads to the
development of improved cultivars, particularly in sexually propagated crops. In contrast, genetic recombination via
hybridization in asexually propagated crops like sugarcane (Saccharum spp. hybrid) is challenging due to self or cross
incompatibility (low fertility). Such crops can be improved by somaclonal variation, which is achieved by tissue culture
techniques. As a major contributor to global sugar and bioethanol production, sugarcane suffers substantial yield loss due to
various biotic or abiotic stresses, which may be attributed to its poor resistance mechanism. Despite the potential of in vitro
culture techniques, somaclonal variation remains underexplored in sugarcane breeding programs. To address the challenges
posed to sugarcane under changing environmental dynamics, this review critically evaluates the role of somaclonal variation
in sugarcane variety development, its underlying mechanism, practical applications, and factors affecting its occurrence.
This review also discusses the limitations and challenges in the practical implementation of this technique in variety
development, resulting in its neglect in modern breeding efforts. The focus on the potential of somaclonal variation,
sustained by cutting-edge approaches, can unlock its limitations and fulfill the growing future demands of sugar, biofuel,
and bioenergy industries.
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CoMakJiIOHa/IbHAasI M3SMEHUYMBOCTb V BUZIOB poaa Saccharum:
PacCKphITIE ee IMOTEeHI[MaZIa B COBpEMEHHBIX VCIOBUSIX

C. MyHnup

L2 @, M.A.B. Asxaddap LI Scmuul, MLT. Xau3, VILA. Xau!

1 lpynna 6MOTEXHONOIWI CaXxapHOro TPOCTHYIKA, IAEPHDBIN MHCTUTYT cenbckoro xo3ancTea (NIA), TaHgo [kam, MakncTtaH
2 OTaen cenekumm 1 reHeTUKM pacTeHunii, AAePHbI MHCTUTYT CebCKOro Xo3sancTaa u uonorvmn, Oelicanabag, MakncraH
3 OTAen cenbCKOXO3ANCTBEHHON GroTeXHONOrMY, HauoHanbHbI MHCTUTYT BUOTEXHONOMN 1 FeHHON nHXXeHepuw, Qelicanabap, MaknuctaH

@ ch.sanal1@gmail.com

AHHOTauusA. M6pran3auma PasiNYHbIX MECTHBIX COPTOB UiV AUKMX BULOB CeNIbCKOXO3ANCTBEHHbIX KY/bTYp CrnocobcTeyer
reHeTNYeCKon PeKOMOUHALMMN 1 MPUBOANT K CO3AAHMIO YiyULEHHbIX COPTOB, B 0OCOBEHHOCTY Y KYJIbTYP, PAa3MHOXAOLLUXCA
rosioBbIM MyTeM. B oTiMume Ot 3TOro, y KynbTyp C 6ecrosibiM pasMHOXKeHMEeM, TaKUX Kak CaxapHbli TPOCTHUK (rmbpua
Saccharum spp.), reHeTMYeckas pekoMmbuHauna NoCpeaCcTBOM rMbpran3aLmn 3aTpyaHEHa 13-3a CaMO- WU NepeKpecTHOM
HECOBMEeCTUMOCTU (HM3KON GepTunbHOCTY). Takne CenbCKOXO3ANCTBEHHbIE KySbTypbl MOryT ObiTb yfyulueHbl 3a cyeT
COMaKJ/IOHANIbHON M3MEHYMBOCTM C MOMOLLbIO METOAOB KyJNbTypbl TKaHU. CaxapHblii TPOCTHUK, ABMSIOWMUACA OOHUM U3
OCHOBHbIX MICTOYHVKOB MPOBOIO NPOU3BOACTBA Caxapa v 6103TaHONa, 113-3a HEAOCTAaTOYHOW YCTOMYMBOCTM K GUOTUYECKM
1 abUOTUYECKMM CTPECCOBbIM GaKTopam HECeT 3HauuTeNbHble MoTepyr ypoxkas. Hecmotps Ha 3¢pdeKTMBHOCTb METOA0B
KyNbTUBUPOBAHWSA in Vitro, COMaK/IoHasIbHasi U3MEHYMBOCTb OCTAeTCs HEOCTAaTOYHO U3YyUYEeHHOW B NPOrpaMmmax cenekumm
CaxapHOro TPOCTHUKA. [Ins peleHns npobnem, NoABAAIWMXCA Y CAXapHOTo TPOCTHUKA B YCIIOBUAX MEHSIOLLENCS MHAMUKM
OKpY»KaloLLei cpefibl, B HaCTOALLEM 0630pe KPUTUYECKM OLEHBAETCA POJib COMAKIIOHANIbHON N3MEHUYMBOCTY B CO3L4aHNM
COPTOB CaXxapHOro TPOCTHYKA, PACCMOTPEHbI €8 OCHOBHbIE MEXaHN3MbI, MPAKTNYECKOE NMPUMEHEHVE 1 GaKTOPbI, BAKAIOLLME
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Somaclonal variation in Saccharum spp.:
unraveling its potential despite current neglect

OorpaHN4yeHnAa ”n I'IpO6J'IeMbI NnpakTnyeckoro npumMeHeHmMA >TOro

mMeToda npun Co3gaHnnM COPTOB, He No3BoNAKLWME afeKBaTHO NCNOJIb30BaTb €ro B COBPeMeHHbIX CefleKUMOHHbIX pa60Tax.
Vicnonb3oBaHue noTteHumana COMAaKJIOHaNbHOM W3MEHYMBOCTM B COYETaHUUN C nepegoBbiMn TeXHONOrMAMM Mno3BonnT
npeofoneTb AaHHble OrpaHNYeHnA N yaooBneTBoOpUTb pactyline I'IOTpe6HOCTI/I B Npomn3BoACTBe Caxapa u 6uoTtonnvea 1 B

6MOBHEDF€TVN€CKOI;I MPOMbILWIEHHOCTA.

KnioueBble cnoBa: Kannyc; reHeTuKka; KynbtmBrpoBaHme in vitro; MapKepbl; pereHepauna; COMakioHallbHaA N3MeHUYNBOCTb;

CaxapHbli TPOCTHUK

Introduction

The plant tissue culture technique is traditionally used for
development of uniform genetic plants through micropropa-
gation, which is the main benefit of clonal cultivars used for
commercial cultivation (Duta-Cornescu et al., 2023). However,
variation in plants generated from any cell or tissue culture
under in vitro conditions has been identified and termed
as “somaclonal variation” (Larkin, Scowcroft, 1981). This
variation provides a potential substitute for crop improvement,
especially in asexually propagated crops, such as sugarcane, or
crops with narrow genetic bases, self or cross-incompatibility,
and irregular inbreeding depression, which are considered
significant limitations in using conventional methods for crop
improvement. Such genetic improvement assists in reducing
the effect of abiotic and biotic stresses in crops like sugarcane
via development of resilient cultivars.

Sugarcane is a prominent genetic feedstock used in produc-
tion of sugar (Azu et al., 2022), biofuel (Marques et al., 2024),
and bioenergy (Ahmad, Ming, 2024). Sugar crops rank second
in total production among staple crops (Fig. la). Among sugar
crops, sugarcane yields up to 85 % of global sugar production
with the rest contributed by sugarbeet (FAO, 2024). Although a
large number of different crops are cultivated worldwide, only
four account for half of the global production; sugarcane ranks
first, being followed by maize, rice, and wheat, as shown in
Figure 1b. Beyond sugar industry, the significance of sugar-
cane extends from biomass resources to biofuel production
(Ahmad, Ming, 2024).

Conventional breeding by selecting superior parents for
mating is hampered in sugarcane by limitations like asynchro-
nous flowering, low seed viability, low fertility, and lack of

flowering caused by environmental conditions (Khan M.T. et
al., 2018). In fact, sugarcane flowering is specific to certain
regions of the world. Continuous efforts have been made to
reduce the generational interval in other crops (e.g: doubled
haploid, shuttle breeding, etc.), but sugarcane breeding has
not benefited from such techniques.

These limitations have led to a narrow genetic base; as the
modern genetic feedstock of sugarcane exhibits poor resistance
to several diseases (Budeguer et al., 2021). To overcome the
common breeding constraints, in vitro culture is of keen in-
terest as a way to generate genetic variability for selecting de-
sired genotypes. Variants with a good yield potential developed
through tissue culture in sugarcane can be utilized for facing
regional environmental challenges and biotic/abiotic stresses.
Sugarcane variants developed from in vitro culture have been
reported since 1971 (Heinz, Mee, 1971).

This paper focuses on how somaclonal variation can com-
plement or replace conventional breeding to generate genetic
variations among clones in sugarcane. It covers the mecha-
nisms involved in development of variants along with the
factors leading to a satisfactory rate of variation. Despite the
successful practical application in developing variants in sugar-
cane, the progress over the last decade has been neglected.
Therefore, this review draws attention towards the significance
of somaclonal variation by highlighting its limitations, which
may constrain its application on a commercial scale.

In vitro culture techniques

The most promising tissue culture techniques widely adopted
in various crops include anther culture, cell suspension culture,
callus culture, embryo culture, micropropagation, and proto-

M Cereals M Sugarcane
B Sugar crops B Maize

B Vegetables B Wheat

B QOil crops H Rice

B Fruit H Oil palm
B Roots and tuber H Potatoes
m Others H Others

<@»

Fig. 1. Contribution of sugarcane to global production in 2023 by (a) commodity group and (b) individual commodity.
Source: (FAOSTAT, 2024).
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plast culture. Different researchers have established different
protocols for successful induction of somaclonal variation in
sugarcane, but detailed discussion of their protocols is beyond
the scope of this paper. However, the principles of extensively
used techniques for in vitro culture and their regeneration in
sugarcane are discussed briefly below.

Organogenesis and somatic embryogenesis are the main
pathways for in vitro plant regeneration. They require totipo-
tency and competency for plant regeneration under in vitro
conditions as shown in Figure 2. Newly regenerated plants
need to be acclimated to external growth conditions by plac-
ing them under low relative humidity and high illumination,
which results in cuticle production (Warren, 1991).

In organogenesis, shoots are induced to differentiate from
cells or cell clusters. The process involves the progression of
leaves, shoots or roots from the explant and their transfer to
a diverse medium for root formation (Bidabadi, Jain, 2020).
It can be further classified into direct and indirect organoge-
nesis. In the former, the root or shoot develops directly without
going into a callus phase. Thorat et al. (2018) has found that
sugarcane plants developed from indirect organogenesis ex-
hibit more genetic variation than those developed from direct
organogenesis.

In somatic embryogenesis, a cell or group of somatic cells
gives rise to a somatic embryo, which morphologically re-
sembles zygote embryos. The somatic embryo has a bipo-
lar structure giving rise to both shoot and root meristems

CENEKUMA PACTEHUA HA UMMYHUTET U MPOAYKTUBHOCTb / PLANT BREEDING FOR IMMUNITY AND PERFORMANCE
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(Khan I.A., Khatri, 2006). Somatic embryogenesis can also
follow the direct or indirect (with an intermediate callus phase)
pathways.

The first phase in somatic embryogenesis is the induction
of embryogenic cells, which requires time to dedifferentiate.
Competence and embryo formation depend upon auxins,
mainly in the form of 2,4-dichlorophenoxyacetic acid (2,4-D).
It represses morphogenesis and disrupts cell-to-cell interaction,
leading to the fragmentation of a single cell or group of cells —
the mechanism of the proliferation of embryogenic suspension
cultures (De Klerk et al., 1997). It is a commonly used pathway
for sugarcane micropropagation (Naz et al., 2008; Almeida
et al., 2022), with different established protocols. However,
these protocols are efficient for not all genotypes due to their
differential behavior (Di Pauli et al., 2021).

Nickell and Maretzki (1969) were first to report cell sus-
pension culture in sugarcane. For this purpose, friable callus
is dispersed in a liquid medium and then agitated on a rotary
shaker to obtain a culture of isolated cells. This process is
genotype-dependent, and those with high phenolic compound
levels do not perform well. Generally, suspension cultures
have been utilized to study metabolic and physiological pro-
cesses in sugarcane (Goldner et al., 1991; Thorat et al., 2017,
Bottcher et al., 2021). However, Thorat et al. (2017) reported
the presence of variation in sugarcane somaclones developed
through cell suspension culture, although at a lower frequency,
as confirmed by molecular markers.
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Mechanisms of somaclonal variation
Somaclonal variation is a multifaceted phenomenon compris-
ing genetic or epigenetic mechanisms (Leva, Rinaldi, 2017).
The stability of mutations of qualitative features in subsequent
generations relies on their molecular basis (Hung et al., 2018;
Azizi et al., 2020). If these mutations are unstable or not in-
herited by the next generations, they may be regarded as epi-
genetic changes (Hung et al., 2018). Moreover, modifications
in tails of histones and DNA methylation are also viewed as a
part of epigenetic change (Azizi et al., 2020), which are usually
caused by residual effects of plant growth regulators in tissue
culture media (Jackson, Lyndon, 1990). Chromosomal varia-
tions are usually caused by explant source or culture media
conditions (Phillips et al., 1994). Such variations also have
been observed in sugarcane somaclones (Sobhakumari, 2012).
Somaclonal variation has been observed in several species
and extensively utilized due to its commercial potential, ir-
respective of the type of mechanisms involved (Leva, Rinaldi,
2017). Economically, somaclonal variation should be valuable
and heritable. Genetic changes can be induced by a variety
of mechanisms, including changes in chromosome structure
and number, chromosomal breakage or aberrations (deletions/
inversions), and cryptic changes. Variations in chromosome
number, structure, and aberrations are observed in regenerated
plants (Mujib et al., 2007). Such changes may lead to loss of
genes or their function (Leva et al., 2012). Point mutations
responsible for cryptic changes may affect mitochondrial and
chloroplast genomes and are typically predicted to take place.
Moreover, cryptic changes such as gene silencing or activa-
tion of a transposable element play a vital role in somaclonal
variation (Barret et al., 20006).

Factors affecting somaclonal variation

The frequency and type of somaclonal variations in sugarcane
can be affected by different factors, such as the genotype com-
position, explant source, culture medium, time period, and
number of culture cycles as discussed below.

Genotype

Different plant species or genotypes vary in their susceptibility
to somaclonal variation. The most significant factor among
various factors may be plant genotype (Shen et al., 2007,
Tican et al., 2008; Nwauzoma, Jaja, 2013). Moreover, diffe-
rent genotypes show different responses under stress, pointing
out that somaclonal variation is also affected by genotypic
composition.

Shen et al. (2007) assessed plant regenerants and showed
that plant genotype is a key factor influencing somaclonal va-
riation during in vitro culture. The rate of somaclonal variation
varies from 2.6 to 40.4 % depending upon the plant genotypes.

Thus, somaclonal variation is a genotype-dependent phe-
nomenon specifically linked to the regeneration potential of
different varieties (Manchanda et al., 2018).

Explant source

The origin of the explant exerts an important influence on the
rate of somaclonal variation (Ahuja, 1998). Also, it has been
reported that the explant source may greatly influence genetic

Somaclonal variation in Saccharum spp.:
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fidelity (Krikorian et al., 1993). Regenerates from explants
with pre-existing meristems (such as axillary buds or shoot
tips), exhibited less somaclonal variation than those developed
from highly differentiated tissue (such as leaves, stems, or
roots), which usually produce significant somaclonal variants
(Duncan, 1997; Sharma et al., 2007).

However, successful cases of in vitro regeneration using leaf
pieces, leaf sheath, shoot apical meristem, or pith have been
reported in sugarcane (Ali et al., 2007; Abdullah et al., 2013).
A comparative study investigated better sources of explant in
sugarcane. Leaves, shoot apical meristem, or pith were used
as explant sources. Leaves performed better than all other
sources, followed by shoot apical meristem and pith during
callus induction (Ali et al., 2007). Moreover, Abdullah et al.
(2013) reported the leaf as the explant source that performed
best for indirect somatic embryogenesis technique in sugar-
cane as compared to pith. The genetic fidelity of somaclones
developed from leaves as explants showed polymorphism up
to 81 %, demonstrating that direct regeneration from immature
leaf slices could be helpful in exploitation of genetic varia-
tion and improvement of the existing genotype of sugarcane
(Khan I.A. et al., 2009).

Culture medium composition

From the viewpoint of in vitro culture conditions, the com-
position of culture media is the most influential element for
plant regeneration in sugarcane (Abdullah et al., 2013). For
the practical application of in vitro culture, appropriate con-
centrations and combinations of cytokinins and auxins are
necessary (Letham, Gollnow, 1985). The role of cytokinins
in the development of shoot apical meristem of sugarcane has
been reported in (Ali et al., 2007).

Plant growth regulators in culture media are potent agents
of somaclonal variations (Leva et al., 2012). Suboptimal or
supraoptimal concentrations of growth regulators, mainly
synthetic compounds, have been associated with variation.
Somaclonal variation is also favored by rapid, disorganized
growth (Karp, 1994). Adding auxin to the culture media of
unorganized callus increases the variation by augmenting the
rate of DNA methylation (LoSchiavo et al., 1989). Shahid et
al. (2012) reported superiority of 2,4-D as an auxin over [AA
during callogenesis in sugarcane. Highly significant differen-
ces were observed among somaclonal variants developed in
sugarcane using different levels of 2,4-D in media, thus point-
ing out that culture media greatly influence the occurrence of
somaclonal variation. In comparison to explant source or plant
genotype, remarkable differences were reported for 2,4-D in
sugarcane (Abdullah et al., 2013).

2,4-D and kinetin are two common growth regulators
that can lead to changes in chromosome number and induce
chromosomal abnormalities (Daub, 1986). Growth regula-
tors increase the cell division rate in the culture during the
somatic differentiation stage, leading to endopolyploidy,
polyteny, and chromosomal changes (D’Amato et al., 1977;
Larkin, Scowcroft, 1981). Culture medium conditions are
often responsible for chromosomal variations (Phillips et al.,
1994). Such variations have also been observed in sugarcane
somaclones (Sobhakumari, 2012). Khan I.A. et al. (2008) also
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reported 2,4-D as the best source of somaclonal variation when
comparing different auxins (Dicamba, Picloram, and IAA) in
sugarcane. The maximum number of chlorophyll mutants was
developed with 2,4-D as compared to other auxins, represent-
ing the highest rate of somaclonal variation in sugarcane.
Plants obtained with 2,4-D auxin showed higher phenotypic
variability in sugarcane mainly due to the true change in
genetic makeup while showing its enhancing effect on cane
yield and plant height.

Culture age and number of subcultures
Somaclonal variation increases with the duration of the culture
(Farahani etal., 2011; Sunetal., 2013). As callus age increases,
chances of diverse plant production increase during successive
subcultures (Zayova et al., 2010). Khan S. et al. (2011) showed
that somaclonal variation increased after the eighth subculture.
However, not only the number of subcultures but also the
duration of each subculture is significant in creating soma-
clonal variation particularly in callus culture and cell sus-
pension (Bairu et al., 2006; Sun et al., 2013). Somaclonal
variation is more promising in plants regenerated after longer
culturing, as rapid multiplication of tissue may influence the
genetic stability (Israeli et al., 1995; Etienne, Bertrand, 2003;
Petolino et al., 2003). About 30 % of genetic variations marked
by morphological changes appeared in sugarcane clones after
the fourth subculture (Nogueira et al., 2022).

Detection of somaclonal variation

Detection of somaclonal variation is the foremost step in se-
lecting a cultivar with desirable traits or discarding material
with unwanted characteristics. Various biochemical, cyto-
logical, morphological, and molecular approaches have been
employed to detect the extent and type of somaclonal variation
in sugarcane.

Somaclonal variants can be simply assessed by morphologi-
cal traits such as abnormal pigmentation, plant height, or leaf
morphology (Israeli et al., 1991).

The existence of somaclonal variation among in vitro-cul-
tured sugarcane plants has been shown by different researchers
using morphological markers (Doule, 2006; Dalvi et al., 2012;
KhanI.A.etal.,2015; Yasmeenetal., 2017; Abo-Elwafa et al.,
2021). In sugarcane variety CoJ 64, morphological variations
in traits such as leaf length, stalk diameter, etc. were observed
during three years (Sobhakumari, 2012). Likewise, Rajeswari
et al. (2009) reported 51 commercially promising sugarcane
somaclones out of 700 and evaluated their genetic variabil-
ity using morphological traits. Morphological markers have
been widely used in assessment of genetic variations among
sugarcane somaclones (Khan I.A. et al., 2015; Yasmeen et al.,
2017; Abo-Elwafa et al., 2021). Nonetheless, the detection
of somaclonal variants using morphological tools is environ-
mentally sensitive and time-consuming (Bairu et al., 2011).

Change in chromosome number or structure is assessed by
cytological analysis (Sobhakumari, 2012; Abreu et al., 2014).
Flow cytometry and complex microscopic techniques are
usually used to detect somaclonal variation in tissue-cultured
plants. Flow cytometry is widely accepted (Dolezel et al.,
2004), though it is time-consuming and chemicals used to
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prepare cytosolic suspensions may interfere with DNA content
(Krishna et al., 2016).

In characterization of the complex genome of sugarcane, ge-
netic difference has been verified by flow cytometry (Oliveira
etal., 2015; Metcalfe et al., 2019). Thus, Oliveira et al. (2015)
detected variation in DNA content in sugarcane varieties and
proposed a reliable analysis technique for flow cytometry.
Sixteen varieties were classified into four groups relative to
their DNA content. Similarly, Nogueira et al. (2022) observed
changes in DNA content in regenerated sugarcane plants. Three
out of ten genotypes showed change in DNA content. Among
these three, two showed reduction of 0.45 pg DNA, while
one genotype showed an increase up to 61 % in DNA content
during in vitro culture. This increase in genome size might be
due to polyploidy or transposable elements (Bennetzen et al.,
2005), whereas the decrease might be caused by chromosomal
breakage or deletions (Petrov, 2001).

Phenotypic variations among organisms are the outcome
of biochemical variations that can be due to polymorphism
in the genetic makeup of organisms. Isozyme analysis was
first performed in sugarcane in 1969 (Heinz, 1969). Enzymes,
such as peroxidase, superoxide dismutase, and malate de-
hydrogenase were used to study variation in sugarcane (Weis-
ing et al., 2005). Sugarcane somaclones showed improved
activity of antioxidants like catalase, superoxide dismutase,
peroxidase, ascorbate peroxidase, and ascorbate under drought
stress (Naheed et al., 2020). Variation in sugarcane based on
biochemical parameters was also reported by Yasmeen et al.
(2017) and Dalvi et al. (2012). Nevertheless, the implementa-
tion of isozyme analysis is limited due to some limitations,
such as their being tissue-specific, few in numbers, and being
affected by environmental conditions.

The complete picture of variations in complex plant genomes
can be assessed with the help of molecular markers. They are
more reliable tools, as compared to biochemical markers, as
they are more numerous, environment-independent, reproduc-
ible, and highly specific (Manchanda et al., 2018). Currently,
different molecular markers, such as amplified fragment length
polymorphism (AFLP), randomly amplified polymorphic DNA
(RAPD), simple sequence repeats (SSR), and inter-simple se-
quence repeats (ISSR), are utilized in different plants to study
somaclonal variation (Leva et al., 2012). Somaclonal variation
was widely detected in sugarcane by using molecular mar-
kers (Thumjamras et al., 2011; Seema et al., 2014; Mahmud
et al., 2015; Tawar et al., 2016). In particular, SSR markers
are frequently utilized to study variation among somaclones
in sugarcane (Nair et al., 2002). Smiullah et al. (2012) rated
SSR markers the best tool to study genetic diversity and found
up to 51 % polymorphisms using SSR primers in sugarcane
somaclones.

Achievements through somaclonal variation

in sugarcane

The success of any conventional breeding program depends
on genetic variability. However, a program lasts for about
10—15 years and comprises genotype selection and variety
testing, passing through different crop development stages.
Therefore, to boost the variation, especially in asexually propa-
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gated crops, plant tissue culture presents a novel technique,
which assists breeders in creating variability in crops in a short
time (Karp, 1992; Mathur, 2013). Tissue culture techniques
significantly contributed to crop improvement in sugarcane.
Useful somaclones have been developed around the globe

against different biotic and abiotic stresses (Oloriz et al., 2011;
Dalvi et al., 2012; Kumar et al., 2012; Nikam et al., 2015).
The most significant somaclones developed mainly during
the last two decades, along with their improved features, are
shown in the Table. Ono was one of the pioneer tissue-cultured

Promising clones developed in sugarcane

Plant material Findings Resistance Reference
if any
LSC and B36464 Reported efficient callus-mediated regeneration system with a survival - Azu et al.,, 2022
rate of 85-91 % of regenerated plants
GT-549 Eleven somaclones were assessed for yield and quality parameters - Abo-Elwafa et al., 2021
CPF-248 Somaclones (IPSV1 and IPSV2) exhibited improved photosynthesis Drought Naheed et al., 2020
and antioxidant response
Co 05011 Induction of regeneration of shoot culture at a higher rate - Kumari et al., 2017
and multiplication ratio via pretreatment of explant with thidiazuron
CoC 671 Somaclones with improved agronomical traits, tolerance to biotic Drought Tawar et al,, 2016
and abiotic stress in sugarcane and red rot
Isd 37, Isd 38, Isd 39, Disease-tolerant somaclones were screened and further assessed Red rot Mahmud et al., 2015
and Isd 40 for their genetic variability using RAPD and SSR markers
NIA98, BL4, RAPD was utilized to confirm the somaclonal variation in sugarcane - Seema et al., 2014
and AEC82-1026 clones derived from callus cultures
HSF-242 SSR markers were applied for the identification of somaclonal variation Sugarcane Abdullah et al., 2013
mosaic virus
CoC671 Clones with superior yield parameters Smut Dalvietal., 2012
BF-162 Assessment of red rot disease tolerant clones developed Red rot Shahid et al., 2012
from susceptible genotype BF-162 and genetic variation using SSR
and RAPD markers
CoJ 64 Somaclones were evaluated for different morphological parameters - Sobhakumari, 2012
S97US297 Determination of somaclonal variation using RAPD and SSR markers Red rot Shahid et al., 2011
CP48-103 Salt-tolerant clones were developed via in vitro culture Salinity Shomeili et al., 2011
K84-200 Application of SSR and RAPD markers to detect genetic variability Salinity Thumjamras et al., 2011
in somaclones in sugarcane
NIA-98, BL4, Use of SSR markers to confirm variations among somaclones - Khan L.A. et al., 2009
and NIA-2004
S. officinarum x Thirty-nine hybrids were used as donors for in vitro culture. - Rajeswari et al., 2009
S. spontaneum, Fifty-one sub-clones showed good commercial potential
S. officinarum x
Erianthus arundinaceus
CoJ 88 and CoJ 64 Somaclones regenerated from calli screened for red rot disease showed  Red rot Sengar et al., 2009
better tolerance to the disease than parents in the field
CoC671 The selection of 147 plantlets was made at different salt concentrations Salinity Patade et al., 2008
CoJ 88 Three resistant and four moderately resistant clones of red rot disease Red rot Singh et al., 2008
were developed
CoC671 Somaclones showed good performance for quality and yield parameters - Doule, 2006
CP65-357 Salt tolerant lines were developed via in vitro culture Salinity Gandonou et al., 2006
COC671 RAPD markers were used to detect genetic variability Salinity, Yadav et al.,, 2006
among somaclones drought
CP-43/33 Somaclones with desirable traits were developed Salinity Khan S.J. et al.,, 2004
Q77N1232, Co6519 No inferior morphological parameter was observed in any developed Drought Wagih et al.,, 2004

CP 70-321, LCP 85-384,

and HoCP 85-845
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sugarcane varieties developed from the susceptible variety
Pindar that was found resistant to Fiji disease (Krishnamurthi,
Tlaskal, 1974). Two somaclonal variants of sugarcane variety
CoC 671 were released as cultivars: Phule Savitri, which has
high sucrose content, early maturity, and moderate tolerance
to smut and red rot (Jalaja et al., 2006), and VSI 434, which
showed an almost double increase in sugar and cane yield
(Tawar et al., 2016). After VSI 434, no significant commer-
cially released variety or clones have been produced in the last
decade, as shown in the Table.

Challenges encountered

in somaclonal variation
Regardless of various somaclones developed in sugarcane, ge-
netic improvement remains limited with few varieties released
to date. Some distressing concerns hindering its practical ap-
plication on commercial scale are listed below:

 Quantitative inheritance in sugarcane is a major limiting

factor for the generation of favorable mutations via tissue
culture, explicitly regarding yield and sucrose content.

» Somaclonal variation is an expensive technique, as it de-

mands a closed facility.

* The rate of somaclonal variation depends on the genotype

of explant used.

* Somaclones exhibit uncontrolled and unpredictable va-

riation.

* Most of the traits acquired by this variation are uncontrolled,

unstable, and epigenetic in nature. Therefore it is essential
to study the genetic diversity of tissue-cultured plants after
their transplantation into field.
Multilocation trials are demanded to test the stability of
desired traits over generations.
» To assess the genetic stability of somaclones, extensive
field trials are required.
Issues such as poor acclimatization, contamination, and
tissue dying also impede the practical application of variant
development.
To overcome these limitations, somaclones can serve as
an initial material for plant breeding rather than as finished
cultivars. They act as donors of specific valuable traits, re-
quiring further improvement through conventional breeding
methods. Integrating conventional breeding with tissue culture
technique, along with other advanced molecular tools such as
marker assisted selection, genetic mapping, or gene editing
tool (e. g. CRISPR-Cas9) or mutation can enhance sugarcane
resilience to abiotic and biotic stresses. Moreover, gene editing
approaches enable the modification of targeted genes linked to
stress tolerance, ultimately improving the resistance mecha-
nism in sugarcane. Implementing these advance approaches
can help breeders overcome the aforesaid concerns.

Conclusions and future prospects

Genetic variability exists both in wild-type and commercial
varieties, serving as the foundation for improving cultivars.
However, in sugarcane, aspects such as the complex genome,
narrow genetic pool, long breeding cycle, and low fertility
are the key limiting factors for the development of superior
cultivars via recombination. In this context, the tissue culture
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technique can overcome the hardship of creating genetic
variation in sugarcane. Somaclonal variation induced by tissue
culture has become the most prevalent approach in sugarcane
for developing varieties and superior lines or clones with tole-
rance to biotic or abiotic stresses, particularly in regions where
climatic conditions limit fertilization.

Despite of its potential, somaclonal variation has been un-
derexplored in recent years due to several challenges. These
challenges can be met by integrating the tissue culture tech-
nique with other biotechnological or latest approaches. For
instance, identification of variants at an early stage by means
of molecular markers can be productive, as early selection or
elimination of variants reduces the time expenditure, especially
in long duration crops like sugarcane. Combinatorial use of
induced mutagenesis with in vitro culture can further enhance
variation frequency in crops with large complex genomes and
lead to development of sugarcane for commercial use under
changing environmental conditions. Moreover, harnessing
genetic edition tools like CRISPR-Cas9 can enhance crucial
traits related to biofuel and bioenergy production and fulfill
the growing future demands in sugar, biofuel, and bioenergy
industries.
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Abstract. For winter wheat, winter hardiness is one of the complex traits that determine the successful cultivation of
this crop, and the responsible genes are recognized as highly significant for breeding work. The accumulation of
proteins that prevent ice recrystallization (ice recrystallization inhibition proteins, IRIP) correlates with the survival of
winter wheat, which indicates the importance of taking this trait into account when obtaining more frost-resistant
varieties. The importance of IRIPs is determined by their ability to integrate into growing ice crystals, which limits
the formation of large ice conglomerates in the tissues of winter plants. Wheat IRIPs, which accumulate mainly in
the apoplast of leaves and in the crowns during cold acclimation, are characterized by a typical duality of structural
organization that determines both the manifestation of IRl activity and anti-pathogenic properties. The wheat IRIP
molecule contains at the C-terminus a conserved NxVx(x)G fragment that repeats several times, forming a (3-helix
responsible for binding to the ice surface; at the N-terminus, there is an LRR sequence typical of pathogen-activated
kinases, as well as a guiding signal peptide. The wheat genome contains up to eleven IRl genes. The TalRl gene
promoter contains typical basic cis-activating elements and some elements that respond to abiotic stress and
hormones. Isoforms of proteins responsible for protecting against pathogens (pathogenesis related proteins, PRP),
which accumulate in winter wheat during cold acclimation, also have IRl activity. The expression of the IRIP and PRP
genes positively correlates with the cold resistance of winter wheat plants. According to modern data, the regulation
of the IRIP genes and cold-activated PRP genes is ABA-independent, but depends on the presence of jasmonic acid
and on some proteomic transcription factors. The review provides examples of the practical use of isolated winter
wheat IRIPs. The issue of the factors regulating the activity of the IRIP genes and cold-activated PRPs is the least
developed to date. The association of these proteins with the winter hardiness of wheat indicates the prospects for
their further study.
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AHHOTauuA. [1na 031MMON NieHLbl 3MMOCTOMKOCTb — OAUH 13 KOMIMJIEKCHbIX MPU3HAKOB, ONpeAensatowmnx ycnewHoe
BO3[eNblBaH/e 3TON KyNbTypbl, @ OTBEYaloLiMe 32 Hee reHbl NMPU3HaHbl BbICOKO 3HAYMMbIMU ANA CeNEeKLMOHHbIX
paboTt. HakonneHne 6enKoB, MPenATCTBYIOLUX pekprcTannm3anmm nbaa (ice recrystallization inhibition proteins, IRIP),
KoppenupyeT C BbPKMBAEMOCTbIO O3MMOW MLIEHWULbI, YTO YKa3blBAaeT Ha Ba)KHOCTb yyeTa 3TOro npusHaka npwu
nony4eHnn 6onee MOPO30yCTONUMBLIX COPTOB. 3HaueHue IRIP Ans BbPKMBAEMOCTU ONpefenseTcs X CnoCoOHOCTbIO
BCTPamMBaTbCA B pacTyLyme KpUCTambl ibfla, YTO OorpaHnymBaeT GOpMUPOBaHNE KPYMHbBIX JIeAHbIX KOHTIOMepaToB
B TKaHAX O3MMbIX pacTeHun. IRIP nweHuupbl, HakannvBalowmeca nperMyLiecTBEHHO B anorylacte JINCTbeB WU
Y310B KyLUeHVA B Mepuoj XOSI0f0BOWN aKKIMMaLWW, XapakTepusylTca TUMWYHOW [BOVNCTBEHHOW CTPYKTYPHOW
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Factors of wheat frost hardiness —
ice recrystallization inhibitor proteins

opraHusauven, onpepgensawoller Kak nposasneHne [RI-akTVBHOCTW, Tak M aHTMMNATOreHHble CBOMCTBa. Monekyna
IRIP nweHnubl cogeput Ha C-KOHLe KOHCEPBATMBHbIA HECKONbKO pa3 nostopaAwwminca dparmeHT NxVX(X)G,
bopmupytoLwMii OTBETCTBEHHYIO 3@ CBA3blBaHME C MOBEPXHOCTbIO fibfa B-cnupanb; Ha N-KOHLE pacnonoXeHbl
TUNMYHAA ANA aKTUBUPYeMbIX NaToreHamu KuHa3 LRR-nocnefoBatenbHOCTb, a Takke HanpaBnAloLWMA CUTHANTbHbIN
nentua. lfeHom nweHuubl cogepkmT Ao 11 IRI-reHoB. MNMpomoTop reHos TalRl copepUT TUNNYHbIE OCHOBHbIE YUC-
AKTUBVPYIOLLME SIEMEHTbI M HEKOTOPbBIE SNIEMEHTbI, pearnpyoLme Ha abUoTUYECKMI CTPECC 1 FOPMOHBI. M3obopmbl
OTBETCTBEHHbIX 3a 3alUTy OT naToreHoB 6enkoB (pathogenesis related proteins, PRP), HakannvBaowmxca y 03umon
NweHnubl B Nepuog XonofoBoN akkIMMauun, Takxke obnagatot IRI-akTMBHOCTbIO. dKcnpeccus reHoB IRIP n PRP
NONOXKUTENIbHO KOPPENUpYeT C XON0A40yCTOMUYNBOCTbIO PacTeHNI 03UMOoN nweHuubl. Perynauma reHos IRIP n reHos
PRP, akTBUpyembix XONofoMm, COrMacHO COBPeMeHHbIM AaHHbIM, ABK-He3aBrncMmasn, HO 3aBUCMT OT MPUCYTCTBUA
YKaCMOHOBOW KMC/IOTbl U OT HEKOTOPbIX NPOTEOMHbIX $HakTOpOB TpaHcKpunuun. B 063ope npuseaeHbl npumepsbl
NPaKTUYECKOro NCMOosb30BaHKA N30rpoBaHHbIX IRIP 03rmMoii nweHnLbl. Bonpoc o pakTopax perynauum akTuBHOCTA
reHos IRIP 1 akTuBupyembix xonofom PRP aBnfetca HaumeHee pa3paboTaHHbIM Ha CEroAHALWHNIA AeHb. CBA3b 3TUX
6efIKOB C 3VIMOCTONKOCTbIO MLIEHML b YKa3biBAET Ha MEPCNEKTUBHOCTb X AaSIbHENLIEro N3yUYeHN .

KnioueBble cnoBa: 6enKu-MHrMOUTOPbI pekpucTannmsaummn nbaa; Triticum aestivum L.; 3MMOCTONKOCTb; perynauusa

AKTUBHOCTU reHOB

Introduction

Winter wheat is an economically valuable cereal crop
that is of special interest for plant breeders. This crop is
cultivated worldwide in regions with significantly diffe-
rent combinations of climatic conditions, which requires
a highly diverse selection of high-yielding, regionally
adapted varieties. The availability of a large set of studied
traits and their associated genes significantly expands
the potential for regional adaptation of wheat and for
increasing its yield under specific regional conditions.

Active vegetative growth ensuring high yield of
winter wheat depends on the overwintering success
rate of winter cereal crops. Traits ensuring high sur-
vival during the winter-spring period are of special
importance. Winter hardiness is a complex trait re-
sponsible for stability against several environmental
stresses, including soil freezing (Ambroise et al.,
2020).

Soil freezing, which leads to ice formation in the
crowns of winter wheat, is one of the most significant
damaging factors contributing to survival and yield
reduction. The accumulation of antifreeze proteins
(AFPs) protects the crowns and leaf parts of the plants
from freezing and acts as an indicator of increased frost
hardiness. The results of studies on AFPs in cereals
were presented earlier in the review by J.G. Duman and
M.G. Wisniewski (2014). The reviews available to us
mostly focus either on cold tolerance or AFPs in plants
in general. The information obtained so far on these
proteins in wheat remains fragmented.

The goal of this paper is to provide a comprehensive
overview of the currently available literature data on
AFPs in soft wheat Triticum aestivum L. Here, a general
characterization of these proteins will be presented, their
molecular organization at the proteomic and genomic
levels will be examined, and current knowledge on the
regulation of their gene activity and practical applications
of AFPs in 7. aestivum will also be presented.

General characterization of antifreeze proteins
AFPs were first described in Antarctic fish more than
fifty years ago (DeVries, Wohlschlag, 1969). Since
then, the body of knowledge about these proteins has
significantly expanded, and methods for their practical
application have been proposed and tested (Voets, 2017;
Liu et al., 2021). Several terms are used in research pa-
pers to refer to these proteins, including ice-structuring
proteins (ISP) (Kontogiorgos et al., 2007; Wang X. etal.,
2024), ice-binding proteins (IBP) (Janech et al., 20006),
thermal hysteresis proteins (THP) (Ewart et al., 1999),
or ice recrystallization inhibitor proteins (IRIP) (Knight
etal., 1995). Some plant AFPs are glycosylated proteins,
commonly referred to as antifreeze glycoprotein proteins
(AFGP) (Griffith et al., 1992). The term “IRI proteins”
(IRIP) is currently accepted for wheat AFPs with anno-
tated genes, as it largely reflects their functional activity
(Wisniewski et al., 2020).

AFPs in plants were first described in bittersweet
nightshade (Urrutia et al., 1992) and winter rye (Griffith
et al., 1992). It was later found that plant AFPs had a
specific distinctive feature compared to those of other
living organisms. Plant AFPs are characterized by a
weak ability to lower the freezing point of water below
its melting point, a property known as thermal hysteresis.
Only a few plant species exhibit thermal hysteresis up to
+2 °C (Jarzabek et al., 2009; Bayer-Giraldi et al., 2011).
In contrast, this property is strongly expressed in animal
AFPs (Kristiansen et al., 1999, 2011). In wheat leaves,
thermal hysteresis measured in February is about 0.2 °C
(Duman, Olsen 1993).

Ice recrystallization occurs during one of the water
freezing stages, when latent heat is slowly released as a
result of ice formation (Puchkov, 2017). The ability of
plant IRI proteins (IRIPs) to inhibit ice recrystallization
lies in the binding of a protein molecule to the surface
of a growing ice crystal and its incorporation into the
crystal, which shapes the crystal as a hexagonal disk (at
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low IRIP concentrations) or a bipyramidal prism (at high
IRIP concentrations) (Griffith et al., 2005). Importantly,
this prevents the formation of large ice conglomerates
(Yang et al., 2024), which are likely to damage the li-
ving tissues.

The level of IRI activity depends on the concentration
of IRIPs in the freezing solution (Regand, Goff, 2006).
The ability of plant IRIPs to inhibit ice recrystalliza-
tion was first described in rye (Griffith et al., 1992) and
later in other cold-tolerant species (Antikainen, Griffith,
1997). This property turned out to only be characteris-
tic of frost-hardy plants (Hon et al., 1995; Antikainen,
Griffith, 1997).

As an overwintering cold-tolerant species, wheat con-
tains /R/ genes. The accumulation of IRIPs in wheat is
especially relevant in late autumn and early winter, pre-
ceded by cold acclimation at low positive temperatures.
At temperatures ranging from —6 to —8 °C, cold-accli-
mated wheat plants exhibit intercellular ice formation
in the vascular transition zone of crowns, where large
quantities of water migrate from the meristem zone. This
water redistribution contributes to the better protection of
the meristem zone from ice damage and ensures winter
survival (Willick et al., 2019). IRIPs accumulate prima-
rily in the vascular transition zone of crowns compared
to the stem meristem zone (Willick et al., 2018).

It is worth noting that the minimum temperature at
which meristematic cells survive in the overwintering
wheat is close to the LT50 (Lethal Temperature 50 — the
temperature at which 50 % of the test plant population
dies), whereas IRIP accumulation correlates with the
overall winter survival (Chun et al., 1998). In spring, IR/
genes affect growth, heading, and the onset of flowering
in wheat by stimulating the activity of genes responsible
for vernalization (Cao et al., 2021).

Snow cover creates favorable conditions for the sur-
vival of pathogenic fungi (Gaudet, Laroche, 1997). As
a result of tissue damage caused by growing ice con-
glomerates, there is a high risk of pathogenic infection
in winter wheat plants after the loss of snow cover at
the end of winter. In response to pathogen attack, plants
synthesize PR proteins (PRPs), which are released into
the apoplast upon infection to inhibit fungal enzymes or
enzymatically degrade their cell walls (Jain, Khurana,
2018).

The LRR amino acid sequence, which is common
among PRPs, is also contained in wheat IRIP molecules
(Tremblay et al., 2005), where it is responsible for the
PR activity (Juurakko et al., 2022). Some wheat PRPs,
such as -1,3-glucanases, chitinases, thaumatin-like pro-
teins, and polygalacturonase-inhibition proteins, exhibit
antifreeze activity (Hon et al., 1995; Kontogiorgos et al.,
2007). In response to cold, wheat accumulates specific
PRP isoforms acting as IRIPs, modifying ice growth
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during freezing, and ensuring pathogen resistance even
before infection (Griffith, Yaish, 2004).

Wheat IRIPs have been found in plant organs such as
roots, stems, leaves, and crowns (Duman, Olsen, 1993;
Willick et al., 2018, 2019; Jin et al., 2022; Vaitkevicitte
et al., 2024). The initial activation of Ta/RI genes after
cold exposure occurs in the leaves and then propagates
to roots and stems (Jin et al., 2022), which is likely due
to leaves being above-ground organs, and as such, the
first to be affected by freezing. For example, the TalRI1
transcript was detected in leaves, crowns, and roots,
while the TalRI2 transcript was only found in leaves
(Tremblay et al., 2005).

A significant accumulation of IRIPs in the extracel-
lular space is observed in winter cereals during cold ac-
climation (Antikainen, Griffith, 1997). PRPs, the genes
of which are regulated by cold acclimation/deacclima-
tion, are likely to act as IRIPs and may be localized in
the extracellular space, plasma membrane, nucleus, or
cytoplasm (Vaitkeviciiite et al., 2024).

Amino acid sequence of T. aestivum IRIPs

It was previously shown that the mature 7. aestivum
IRIPs TalRI-1 and TalRI-2 with molecular masses of
26.8 and 40.7 kDa respectively, share 40.4 % sequence
identity (Tremblay et al., 2005). A conserved fragment
located at the C-terminus and consisting of NxVxxG
or NxVxG repeat motifs, where “x” represents a non-
conserved residue, is recognized as the main conserved
fragment of plant IRIPs, including those of wheat
(Tremblay et al., 2005; Middleton et al., 2012; Jin et al.,
2018). This conserved amino acid sequence, repeated
several times at the C-terminal region, forms a B-helix
structure. The two sides of this helix make it possible for
IRIPs to bind to the surfaces of two forming ice crystals
(Middleton et al., 2009).

Presumably, the number of repeats of this conserved
sequence evolved through duplication events during the
acquisition of cold tolerance in plants, and an increased
number of repeats is likely associated with enhanced
resistance to ice formation (Sandve et al., 2008). The
number of repeats of the conserved C-terminal motif may
vary. For example, TalRI-1 and TalRI-2, the two IRIPs
of T' aestivum, exhibit five and six repeats, respectively
(Tremblay et al., 2005). In a later study, the six identified
T. aestivum IRIPs were found to contain 9 to 13 repeats
(Jin et al., 2018).

The N-terminal region of IRIPs contains a leucine-
rich segment (Jin et al., 2018). The LRR amino acid
sequence, which is common among both eukaryotic
and prokaryotic organisms, is known to determine the
properties of protein-protein and ligand-binding interac-
tions. In plants, it is incorporated into protein molecules
synthesized in response to stress caused by pathogenic
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organisms (McHale et al., 2006). The LRR domain of
T. aestivum proteins TalRI-1 and TalRI-2 turned out to
be homologous to receptor-like kinases (Tremblay et al.,
2005) involved in signaling pathways triggered by the
emergence of pathogen-associated elicitor molecules
(He, Wu, 2016).

Another region of TalRI molecules turned out to be
homologous to the receptor kinase of the phytosulfokine
peptide phytohormone (Tremblay et al., 2005) involved
in differentiation of the plant immune response depend-
ing on the pathogen type (Sauter, 2015). T. aestivum
proteins coded for by genes 7r001 B19 and Tr001 M19
showed high similarity to cold-regulated IRIP sequences
and were annotated as protein kinases with LRR se-
quences (Monroy et al., 2007). Although IRIPs with
kinase domains do not exhibit protein kinase activity
(Tremblay et al., 2005), these findings indicate a similar-
ity between IRIPs and PRPs. The N-terminal region of
T. aestivum IRIPs also contains a signal peptide directing
proteins to the extracellular space or to the membrane
(Tremblay et al., 2005).

Eight wheat IRIPs were grouped based on the
similarity of their amino acid sequences. According to
phylogenetic analysis, the amino acids located at the
C- or N-terminal regions determine the classification
of some wheat IRIPs into group 2 (TalRI-6, TalRI-7,
and TalRI-8). Group 1 includes the proteins TalRI-1,
TalRI-3, TalRI-4, and TalRI-5. TaIRI-2 protein having
a distinct LRR domain was attributed to the third group
(Jin et al., 2018).

T. aestivum IRIP gene organization

The IRI gene family in cold-tolerant grasses of the
Pooideae subfamily began to form and acquire specific
features approximately 75 Mya, following the diver-
gence of this subfamily into a separate taxon (Sandve
et al., 2008). According to the prevailing evolutionary
hypothesis with regard to LRR-IRI-like genes, the most
recent common ancestor of /R/ genes in Pooideae was
the OsLRR-PSR-like gene identified in rice. This gene
contained at its 5’ end an LRR sequence characteristic
of the phytosulfokine receptor kinase. Notably, this se-
quence is also present in 7a/RI genes (Houde et al., 20006).
It is assumed that the IRI-coding fragment appeared in
TalRI genes as a result of an insertional event (Tremblay
etal., 2005). The major expansion of the IRI gene group
in Pooideae occurred around 36 Mya due to duplications
of a specific IRI region within the genes (Sandve et al.,
2008). In various studies, 7. aestivum was found to pos-
sess two (Tremblay et al., 2005), six (Jin et al., 2018), or
eleven /RI genes (Sandve et al., 2008) containing both
LRR and IRI coding fragments. The sequence identity
between TalRII and TalRI2 is 74.7 and 54.1 % at the 5’
and 3’ ends, respectively (Tremblay, 2005).

Factors of wheat frost hardiness —
ice recrystallization inhibitor proteins

With few exceptions, the grouping of /R/ genes in
monocotyledons based on genomic sequence similarity
generally corresponds to genus affiliation and phyloge-
netic relationships between the taxons. It is noteworthy
that the organization of /R/ genes in Triticum is closely
related to that of Aegilops genus plants, which are the
progenitors of allohexaploid wheat. Differences in cha-
racteristic regions of 7alRI (T. aestivum) gene sequences
were found when compared against 7dilRI1 (T. dicoc-
coides), TmIRII (T. monococcum) and TulRI1 (T. urartu),
but not against TdIRII (T. durum) (Jin et al., 2018).

Eight TalRI gene sequences are divided into four
groups, with one gene each in groups Ill and IV (7alRI6
and 7alRI2, respectively), four genes in group 1 (7alR!1,
TalRI3, TalRI4, and TalRI5), and two genes in group I
(TalRI7 and TalRI8) (Sandve et al., 2008; Jin et al.,
2018).

The promoters of TalRI genes contain typical core
cis-acting elements as well as elements responsive to
abiotic stress and hormones. These responsive elements
include three elements in charge of responses to low
temperature and drought stresses, one element specifi-
cally in charge of stress response at low temperatures,
two elements involved in methyl jasmonate signaling
response, four light-responsive elements, one abscisic
acid-responsive element (ABRE), and several additional
regulatory elements (ARE, CAT-box, O2-site and TC-
rich repeats) (Jin et al., 2022).

Mapping of T. aestivum IRIP
and cold-activated PRP genes
To date, a substantial amount of information has been
obtained regarding the chromosomal localization of
traits associated with wheat frost hardiness. Relevant
traits for frost hardiness are located in QTL (Quantita-
tive Trait Loci) regions on chromosomes 1D, 2A, 2B,
6D, and 7B (Baga et al., 2007); 5B and 5D (Chun et
al., 1998); 5A, 2D, 2A, and 4B (Case et al., 2014); 5A
and 4B (Kruse et al., 2017); as well as in chromosomes
from group 5, 2B, and 4B (Sutka, 1994, 2001). The Fri
and Fr2 genes controlling frost hardiness have been
mapped on chromosomes 5A and 5D, respectively (Sutka
et al., 1997). Substitutions of chromosomes from the
Cheyenne variety for chromosomes 4A, 6A, 3B, 5D, and
3D ofthe frost-sensitive Chinese Spring variety resulted
in increased protein accumulation in the apoplast, while
the substitutions of chromosomes 1A, 5A, 4B, 5B, 6B,
1D, and 5D resulted in increased antifreeze activity.
The key regulatory genes responsible for increasing
both the antifreeze activity and protein accumulation in
the leaf apoplast were observed on chromosomes 5B and
5D (Chunetal., 1998). Two TalRI genes were mapped on
the same chromosomes obtained from the leaves of the
cold-acclimated Zhoumai variety of 7. aestivum (Zheng
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et al., 2020). The 7r015 M14 and Tr017 MI15 genes
coding for IRIPs in the Chinese Spring variety, were
located in the 4A locus (Monroy et al., 2007). Notably,
the analysis was conducted using plant parts that included
both the crown and leaves, despite the fact that the hig-
hest IRIP content in wheat plants exposed to freezing is
found in the vascular transition zone of crowns, while the
meristematic zone and leaves exhibit their own specific
responses to freezing (Willick et al., 2018).

Since IRIPs contain a fragment related to PRPs, it is
reasonable to search for loci that simultaneously control
responses to cold and pathogen attack. QTL regions in
T aestivum associated with resistance to both stress
factors have been identified on chromosome 5A and are
closely linked to the F72 locus. Separate QTLs associated
with freezing hardiness were found on chromosomes SA
and 4B, while a QTL associated with snow mold resis-
tance was identified on chromosome 6B (Kruse et al.,
2017). The accumulation of B-1,3-glucanases, chitinases,
and thaumatin-like proteins under freezing conditions
was reduced in plants with chromosome substitutions
2A, 3A, 6B, and 7A. Substitution of chromosome 7A
led to a significant prolongation of the freezing period
followed by PRP gene activation (Chun et al., 1998).

It can be seen that the composition of QTL regions
responsible for frost hardiness and antifreeze activity in
wheat varies among varieties. In addition, the specific
plant part used for mapping plays a significant role.
Therefore, when genome organization of wheat plants
is analyzed in studies of proteins with IRI activity, it is
essential to take these factors into account.

Effect of low temperatures

on the activity of T. aestivum IRIP genes

To date, substantial evidence has been accumulated
showing that the expression of 7. aestivum AFPs is in-
duced by cold exposure (see the Table) and is associated
with cold and frost hardiness of the variety.

The expression of three TalRI genes (TalRI16,
TalRI17, and TalRI18) in stem, leaf, and root tissues of
young 7. aestivum plants was induced by cold (+4 °C,
from 2 to 72 hours), and 7a/RI/16 showed the most sig-
nificant induction among them (Jin et al., 2018, 2022).
The TalRI1 transcript in soft wheat begins to accumulate
after low temperature exposure (+4 °C) and reaches its
maximum level after 36 days of acclimation. Further
exposure to low temperature does not lead to a higher
transcript level. The 7a/RI2 transcript also accumulates
immediately after the onset of cold hardening, but it
reaches its peak earlier in the acclimation period. Af-
ter deacclimation, transcript levels return to those of
non-acclimated plants (Tremblay et al., 2005).

Cold hardening (1-6 days) of seedlings from the
Jagger and Alabaskaya varieties showed increased
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transcript levels of the 77001 B19 (GB ID CK197231)
and 77001 _M19 (GB ID CK201227) genes exhibiting
high sequence similarity with cold-regulated IRIPs
(Monroy et al., 2007). The activity of 7a/RI genes related
to genes coding for Lolium perenne IRIPs more than
doubled after moving cold-hardened 7. aestivum plants
to subzero temperatures (Herman et al., 2006). The acti-
vity of the AFP I precursor gene (represent sequence 1D
CK197682) was more than eight times as high within
one day of freezing young wheat plants at —5 °C and
reached even higher levels by the third day of freezing
(Kang et al., 2013).

Levels of TalRI-1 and TalRI-2 transcripts increase
significantly in response to both gradual and abrupt tem-
perature drops. Their induction occurs later than that of
PRP-encoding genes. The highest accumulation levels
are observed in leaves, especially when it comes to the
TalRI-2 transcript (Winfield et al., 2010).

Much of the evidence for the role of IRIPs in cold and
frost hardiness has been obtained using wheats varying in
their cold tolerance. Enhanced expression of 7a/RI-1 and
TalRI-2 in response to low temperatures was observed in
winter wheat cultivars compared to spring ones (Winfield
et al., 2010). The more cold-tolerant cultivar Mironovs-
kaya 808 has demonstrated higher 7a/RI gene activity
under all tested cooling regimes (Jin et al., 2022). After
the first six hours of cold acclimation, transcript levels of
Tr015 M14and Tr017 _M15 coding for AFPs were lower
in the winter cultivar CDC Clair (LT50 —17 °C) than in
the spring cultivar Quantum (LT50 -8 °C). However,
the gene activity in the winter cultivar exceeded that in
the spring cultivar after the first day of hardening, with
almost three times the difference in 7+017 M15. Expres-
sion of the 7r015 J17 gene, annotated as IRIP-encoding,
was two times as high in winter wheat seedlings after
one day of acclimation at +4 °C compared to the spring
cultivar, and this difference increased with longer ac-
climation up to day 14. Transcript levels of 7+001 B19
in the winter cultivar CDC Clair exceeded those in the
spring cultivar Quantum at all stages of acclimation (from
6 hours to 14 days) (Monroy et al., 2007).

Additional evidence for the role of IRIPs in 7 aesti-
vum cold tolerance was obtained through gene transfer
experiments. Expression of the TalR/4 and TalRI6 genes
from the frost-resistant cultivar Mironovskaya 808 in
transgenic tobacco under freezing conditions led to
reduced membrane permeability (with the transforma-
tion of Tau/RI4) and decreased lipid peroxidation activity
(with transformations in both 7a/RI4 and TalRI6) (Jin
etal., 2018).

These studies provide convincing evidence that the
expression of 7. aestivum IRIP genes is activated by both
subzero and low positive temperatures and contributes
to the development of frost hardiness in this species.
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IRIP- and PR-encoding genes, the activity of which increases in response to cold exposure

Gene name Treatment conditions Stage of development Reference
or plant organ

IRIP
TalRI4, TalRI16, TalRI17, TalRI1 +4°C,2-72h leaves, stems, roots Jinetal, 2018, 2022
TalRI-1 +4°C,36d leaves, roots crowns Tremblay et al., 2005
TalRI-2 +4°C,6d leaves
Tr001_B19 (GB ID K197231); +4°C,1-14d seedlings Monroy et al., 2007
Tr007_M19 (GB ID K201227);
Tr015_M14 (GB IDY742123);
Tr017_M15 (GB ID Y742648)
Tr015_J17 +4°C,1-6d seedlings
Contig3670_at; +3°C,3 weeks - -3°C,6 h-3d - Herman et al., 2006
Contig3668_at;
Contig7221_s_at
Ta.12663.1.51_at (CK197682) -5°C,1-3d leaves Kang et al,, 2013
TalRI-1; TalRI-2 “shock” (temperature decline from leaves Winfield et al., 2010

+16 to +4 °C during 2 d);
“acclimation” (temperature decline from
+16 to +4°C during 5-9 weeks)

TalRI-1 +3 °C, 3 weeks leaves Livingston et al., 2021
PRP

Pathogenesis-related protein 1-21 +2 °C, 7 weeks — +10 °C, 24 h-1 weeks — crowns Vaitkeviciate et al., 2024
(TraesCS7B03G0275300) +2°C, 24 h-2 weeks

PRP - chitinases
CL386Contig5* +4°C,14d - Houde et al., 2006
CL386ContigT*
CL1911Contig1*
CL40Contig11*
CL40Contig9*
CL754Contig1*
JC5845 +3°C, 3 weeks - -3°C,6 h-3d - Herman et al., 2006
Chitinase (ID AB029936.1) -5°C,1-3d leaves Kang et al,, 2013
Chitinase (class II) +2°C,1-28d crowns Gaudet et al., 2000
TaCHT-1 +3 °C, 3 weeks leaves Livingston et al., 2021
Chitinase EC 3.2.1.14 +2 °C, 7 weeks — +10 °C, 24 h-1 week — crowns Vaitkeviciute et al., 2024
(TraesCS1B03G0732400) +2°C, 24 h-2 weeks leaves

(TraesCS3A03G0663800)
(TraesCS4D03G0756500)

PRP - thaumatin-like proteins

TraesCS5B03G1182300 +2°C, 7 weeks — +10 °C, 24 h-1 week — crowns Vaitkevicilte et al., 2024
TraesCS2A03G0227600 + 2 °C, 24 h-2 weeks leaves
TraesCS4A03G0142000

TraesCS4A03G0750400

TraesCS4A03G1252200

TraesCS4D03G0549700

TraesCS5A03G0810000

TraesCS5A03G0043700

TraesCS7B03G1303000

TraesCS7B03G1122500

TraesCS5B03G0034800

TraesCS7A03G1360800

TraesCS6B03G1288000

PRP - glucanases
TaGLB2b +16 — +4 °C during 5-9 weeks leaves Winfield et al.,, 2010
3-1,3-glucanase +2°C,1-28d crowns Gaudet et al., 2000

*The Arabidopsis TAIR database was used to find homologues (Hannah et al., 2005).
GB ID - GenBank Identification Description.
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Regulation of T. aestivum PRP gene activity

by low temperatures

A number of PRP-encoding wheat genes are activated by
low temperatures (see the Table). It is assumed that such
genes code for PRP isoforms with IRI activity. M. Houde
et al. (2006) obtained high-quality ESTs (Expressed
Sequence Tags) from wheat cDNA libraries associ-
ated with cold stress. A set of 75,488 unique sequences
(31,580 contigs and 43,908 singletons/singlets) enriched
with stress-regulated genes was obtained. Among them
were ESTs containing contigs coding for chitinases,
B-1,3-glucanase, and thaumatin-like proteins. Fifteen of
these sequences were annotated as precursors or actual
chitinases, six of which being cold-inducible. The trans-
cript level of the TuGLB2b gene coding for glucanase
significantly increases only in response to gradual tem-
perature decrease, while no increase is observed under
sudden cold shock. Its induction occurs earlier than that
of TalRI genes, i. e. between the third and the fifth weeks
of cooling (Winfield et al., 2010).

The activity of the JC5845 gene coding for chitinase
more than doubles after moving cold-hardened 7. aesti-
vum plants to subzero temperatures (Herman et al., 2006).
The gene coding for chitinase 3 (represent sequence 1D
AB029936.1) was among those, the activity of which
was more than eight times as high in response to freezing
young wheat plants at —5 °C. Its expression level rose
significantly depending on the duration of exposure, with
nearly a 20 times difference between the measurements
taken on days 1 and 3 of freezing (Kang et al., 2013).

Differences in PRP gene expression levels in response
to cooling were observed between wheats varying in
PR and frost hardiness. When comparing the genomes
of spring and winter wheat cultivars under cold accli-
mation (+4 °C, from 6 hours to 14 days), no significant
differences were found in the activity of genes coding for
thaumatin or chitinase. However, the increase in trans-
cript levels of the 7r017 C17 gene coding for chitinase
I precursor in response to hardening was higher in the
winter cultivar (Monroy et al., 2007).

A number of chitinase and B-1,3-glucanase genes are
regulated by autumn cold acclimation: their expression
begins in late autumn, peaks in mid-winter, then de-
creases, and reaches maximum levels again in spring.
Under cold acclimation, -1,3-glucanase gene transcripts
are weakly expressed during short-term exposure, but
the expression increases significantly with prolonged
exposure and remains elevated after returning to control
conditions. The chitinase-encoding gene begins active
expression immediately after the onset of cooling, and
its expression decreases after returning to control con-
ditions. Differences in expression levels of these genes
between cultivars resistant and less resistant to snow
mold began to manifest themselves during autumn cold
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acclimation, with higher expression observed in the more
resistant cultivar (Gaudet et al., 2000).

D.P. Livingston et al. (2021) found that cold accli-
mation of young wheat plants enhances the expression
of genes coding for chitinase-1 (7aCHT-1) and IRIPs.
However, the relationship between the freezing tem-
perature of leaves from pre-acclimated plants and the
expression levels of these genes turned out to be nega-
tive, i. e. the expression was lower in leaves that froze
at lower temperatures.

Since plant AFPs lower the freezing point by only
a fraction of a degree (Tremblay et al., 2005), the ab-
sence of a direct positive correlation between TalRI-1
and 7TaCHT-1 expression and leaf freezing temperature
is understandable. Expression levels of 7a/RI-1 and
TaCHT-1 show positive correlation with the abundance
and complexity of bacterial and fungal communities,
likely due to the structural and functional similarities
between AFPs and PRPs.

These findings indicate the existence of differential
expression of PRP genes regulating their activity depen-
ding on the wheat cultivar’s cold tolerance, the duration
and direction of exposure, and organ-specific features.

G. Vaitkeviciiite et al. (2024) studied the effects of cold
deacclimation and reacclimation on genome activity in
frost-hardy and frost-sensitive 7. aestivum cultivars. It
was shown that a significant number of genes associated
with pathogen response reacted to both deacclimation
and repeated cold exposure, with gene activity affected
by the duration of exposure. For example, both short-
and long-term deacclimation of crowns led to reduced
activity of the thaumatin-like protein gene, while longer
exposure additionally reduced the activity of chitinase-
encoding genes.

During reacclimation, differential expression of genes
coding for PRPs with similar action was observed.
Among the genes coding for chitinase in crowns, some
exhibited decreased activity during reacclimation, while
others showed increased activity. Reacclimation in
crowns also resulted in differential activity in thaumatin-
like protein genes depending not only on the direction of
change but also on the duration of exposure.

A significantly more diverse set of genes coding for
thaumatin-like protein and chitinase in 7. aestivum
leaves compared to crowns responded with differential
expression to deacclimation and reacclimation depending
on the duration of exposure. The activity of PR genes
in the crowns of the resistant cultivar Lakaja DS was
less affected by temperature fluctuations compared to
the more sensitive cultivar KWS Ferrum. In contrast, a
greater number of genes were regulated by temperature
fluctuations in the leaves of the more resistant cultivar
compared to the more sensitive one, many of them
being thaumatin-like protein genes (Vaitkevicitite et al.,
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2024). These findings reveal a link between wheat cold
tolerance and the transcription of PRP genes presumably
also acting as IRIPs.

Given the above, we can conclude that wheat genes
coding for PRPs are activated by cold and reacclimation
and contribute to enhanced cold and frost hardiness. At
the same time, genes belonging to the same PRP sub-
group (chitinases, thaumatin-like proteins) are regulated
differentially, and not all of them are activated by cooling.

Regulatory pathways of T. aestivum

IRIP and cold-induced PRP gene expression

It has been shown that wheat /R/ genes begin to express
in response to decreasing temperatures. The activity of
plant genes responsible for cold tolerance is regulated
through both ABA-dependent and ABA-independent
pathways. Among the latter, the ICE-CBF—COR sig-
naling pathway is considered the primary one. This
includes cold-regulated genes (COR — COld Related),
which activated by C-repeat Binding Factor (CBF) with
the activity of CBF controlled by a dedicated inducer
(ICE — Inducer of CBF Expression) (Chinnusamy et
al., 2003). The role of this pathway in activating cold
adaptation genes in 7. aestivum is widely recognized.
However, the regulation of /R/ genes by the [ICE-CBF—
COR transcription factor group has not been definitively
proven, despite the fact that ICE proteins in T. aestivum
bind to MYC elements (Badawi et al., 2008) present in
TalRI promoters (Jin et al., 2022). The literature search
revealed one research suggesting a possible link between
the ICE-CBF-COR pathway and /R/ regulation in 7. aes-
tivum (Tchagang et al., 2017).

Another known regulatory pathway for cold adaptation
is ABA-dependent (Xue-Xuan et al., 2010). Although
ABA plays an important role in the development of cold
and frost hardiness in 7. aestivum (Zheng et al., 2020),
some factors responsible for these traits are activated
independently of ABA (Wang W. etal., 2017). The ABA
involvement in the activation of 7a/RI and PRP genes
has not been confirmed, although 7a/RI gene promoters
contain elements associated with ABA-responsiveness
(Jinetal., 2022). No activation of the Ta/RI1 and TalRI2
genes was observed after spraying 6-day-old 7_ aestivum
seedlings with ABA (Tremblay et al., 2005).

In T monococcum, ABA levels in leaves and crowns
increase during the initial phase of non-lethal cold expo-
sure, but the adaptation begins on the third day of expo-
sure. Notably, the decrease in ABA levels coincides with
an increase in salicylic acid content. Thus, it is possible
that ABA’s influence on 7a/R[ and cold-induced PRP
gene expression during cold exposure is limited based
on exposure duration, and ABA may not be involved
in the adaptive response during later phases requiring
IRIP accumulation, when the regulatory role in adaptive
changes may shift to other factors (Vankova etal., 2014).

Factors of wheat frost hardiness —
ice recrystallization inhibitor proteins

Wheat IRIPs are structurally similar to PRPs, and its
PRPs (B-1,3-glucanases, thaumatin-like proteins, and
chitinases) also exhibit AFP properties. It is reasonable
to assume that PR-associated factors, particularly the
WRKY transcription factor family, may act as gene
transcription factors for plant AFPs (Pandey, Somssich,
2009). Several findings indirectly support this possibi-
lity. For example, WRKY gene expression is associated
with increased wheat resistance during the early stages
of cold acclimation (Talanova et al., 2008; Winfield et
al., 2010); some WRKY genes are activated by cold only
in winter wheat (Winfield et al., 2010); and WRKY gene
activity increases at subzero temperatures and depends
on exposure duration (Herman et al., 2006). In addition,
some wheat genes coding for glucanases, chitinases,
and thaumatin-like proteins are co-regulated with genes
coding for WRKY transcription factors (Winfield et al.,
2010). The TaWRKY1 gene is activated by both patho-
gen attack and cold (Wang W. et al., 2017), and some
WRKY proteins exhibit IRIP-like properties on their
own (Huang, Duman, 2002).

It was shown that phytohormones involved in pathogen
response, such as ethylene, jasmonic acid, and salicylic
acid, also participate in the AFP gene regulation. These
phytohormones are also involved in regulating IRI gene
activity in wheat (Tremblay et al., 2005), although their
role in cold and frost hardiness is not always definitively
confirmed (Kurepin et al., 2013). In addition, it has been
shown that ethylene is not associated with wheat cold
tolerance (Machacckova et al., 1989).

Expression of the TalRI17, TalRI1S8, and especially
TalRI16 genes in stem, root, and leaf tissues of young
T. aestivum plants increased after exogenous treatment
of wheat shoots, roots, and leaves with methyl jasmo-
nate combined with cold exposure (+4 °C, 24 h) (Jin et
al., 2022). Exogenous methyl jasmonate treatment also
stimulated the activity of 7a/RI gene promoters (Jin et
al., 2022). However, jasmonic acid had different effects
on TalRI1 and TalRI2 expression in 6-day-old seedlings
of a frost-hardy 7. aestivum cultivar, it induced TalRI1
expression but not 7a/RI2 (Tremblay et al., 2005).
Analysis of motif activity of 7a/RI gene promoters in
tobacco and their expression in A. thaliana after the
respective transformations showed that MYB, Mybb,
MYC, CGTCA, and TGACG motifs from the TalRIpl
promoter were highly active and inducible by cold and
methyl jasmonate (Jin et al., 2022).

The role of salicylic acid in AFP gene regulation still
remains to be confirmed. No activation of 7a/RII/ and
TalRI2 was observed after spraying 6-day-old seedlings
of the frost-hardy 7. aestivum cultivar with salicylic
acid (Tremblay et al., 2005). Treatment of young wheat
plants of cultivar Yangmai 16 with salicylic acid solu-
tion followed by 6 days of field freezing (at the average
temperatures of +5.3 °C and minimum of —7 °C) did not

398 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 3



H.E. KopoTaeBa, A.B. Depsesa, K.K. MycnHos
A.C. CypHaués, Ib. Boposckun

increase /R12 (AY968589) expression compared to con-
trol temperature conditions (average +12 °C) (Wang W.
et al., 2021). At the same time, freezing without sali-
cylic acid solution treatment led to a twofold increase in
gene expression compared to control. According to the
authors, previous experiments showed that pretreatment
with salicylic acid could increase 7a/RI2 expression
during 48-hour cold exposure (Wang W. et al., 2020).
Thus, it may be suggested that salicylic acid regulation
of TalRI2 expression may depend on exposure duration,
though this requires further study.

Ethylene is involved in regulating antifreeze acti-
vity in winter rye in response to cold and drought, with
B-1,3-glucanases, chitinases, and thaumatin-like proteins
accumulating in the leaf apoplast (Yu et al., 2001). In
T aestivum, spraying 6-day-old seedlings of a frost-
hardy cultivar with ethylene solution led to differential
regulation of the 7a/RI1 and TalRI2 genes: specifically,
it induced 7alRII expression but not that of 7alRI2
(Tremblay et al., 2005). However, ethylene turned out
to have a negative association with wheat cold tolerance
(Machacckova et al., 1989).

Overall, data on transcription factor involvement in
AFP gene expression regulation remain limited, and
information on phytohormonal regulation is often
contradictory. It appears that the duration, intensity,
and phase of cold exposure play a significant role in
phytohormonal regulation. It also remains unclear why
the studied phytohormones do not enhance wheat cold
tolerance despite their ability to activate 7alRI genes.
This aspect of antifreeze activity regulation requires
further investigation.

Practical application of T. aestivum IRIPs
and cold-induced PRPs
The use of plant AFPs is limited by their reduced ther-
mal hysteresis capacity compared to animal AFPs and is
primarily justified by their ice recrystallization inhibition
(IRI) activity. One of the most promising directions for
the practical application of AFPs is the development of
more frost-hardy plants and cultivars. Although gene
transfer studies involving wheat AFPs have yielded en-
couraging results (Jin et al., 2022), practical use of the
available knowledge on wheat IRIPs remains limited.
In present, the main area of practical application for
plant AFPs is cryopreservation in medicine and food in-
dustry. Naturally derived AFPs are less toxic than dimet-
hyl sulfoxide (DMSO), which is commonly used today,
making them promising cryoprotectants (Chow-Shi-Yée
etal., 2020). A crude extract from wheat seedlings turned
out to protect rat hepatocytes during cryopreservation;
the effect could be successfully enhanced by further pu-
rification of the extract or by using recombinant TalRI-2
protein, which enabled longer storage of hepatocytes
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and recovery of a greater number of viable cells restor-
ing their functions upon thawing (Grondin et al., 2009).

When recombinant TalRI-2 was used for cryopreser-
ving insulin-secreting INS832/13 cells, it was found that
TalRI-2 could penetrate these cells as well as hepato-
cytes. This likely contributed to improved cell survival
after thawing and reduced cell death (Chow-Shi-Yée
et al., 2016). However, it is important to consider that
plant-based cryoprotectants may have immunogenic
properties, potentially triggering unwanted immune
or allergic reactions, which is a significant limitation
for medical cryopreservation uses (Kostyaev et al.,
2016).

In the food industry, natural AFPs are widely used
in ice cream production, with several patents granted,
including one for the use of AFPs from winter rye
(Boonsupthip, Lee, 2003). AFPs extracted from cold-
acclimated wheat significantly improved ice cream
texture, and this effect was not diminished by shock
freezing (Regand, Goff, 2006). Adding AFPs extracted
from flour of frost-hardy winter wheats to bread dough
reduces water flow and migration during freeze-thaw
cycles, helping to preserve the dough’s internal structure
and gluten network, increase viscosity and elasticity,
and improve textural properties (Wang X. et al., 2024).

Direct use of raw plant extracts in the food industry
is preferable to using purified extracts due to their low
yield and the complexity of the purification process.
However, using concentrated extracts can be problematic
due to the presence of enzymes that may negatively af-
fect the taste or texture of the final product. Undesired
enzymatic activity in the extract can be eliminated by
heat treatment, so thermal stability becomes necessary
for natural AFPs used in food production. A promising
thermostable thaumatin-like AFP was identified in the
leaf apoplast extract of cold-acclimated 7. aestivum
(Kontogiorgos et al., 2007).

Conclusion

The relationship between the expression of AFP genes
(with the subsequent accumulation of their respective
products) and increased frost hardiness in winter wheat
has been convincingly demonstrated in a number of
model experiments. It has been shown that the accumula-
tion of apoplastic proteins and AFPs correlates with the
survival of winter wheat plants under field conditions
(Chun et al., 1998). However, it remains unclear how
significant the contribution of antifreeze activity is to
plant survival compared to other known factors (e. g.,
accumulation of free proline and oligosaccharides, depth
of occurrence of the crown). Therefore, including AFP
accumulation as a target trait in breeding programs still
requires more solid justification. Wheat AFPs exhibit
dual antifreeze and antipathogenic activity. On the one
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hand, this duality complicates the assessment of the
specific contribution of AFPs to wheat survival; on the
other hand, it makes the presence of this trait particu-
larly valuable, as it reflects the presence of two types of
resistance and yield-enhancing factors.

In the vast majority of model experiments, the effect
of low positive temperatures on the expression of IRIP
and cold-induced PRP genes was assessed, while only
a few studies examined the impact of subzero tempera-
tures (Herman et al., 2006; Kang et al., 2013; Willick
et al., 2018). As a result, researchers can currently draw
conclusions only about the association of these genes
with cold tolerance. However, the actual need for these
proteins arises under freezing conditions. Simulating
field-like subzero temperatures in experimental setups
could not only deepen our understanding of IRIP and
PRP gene expression but also bring us closer to under-
standing how their functions are realized in real-world
conditions.

Understanding the regulatory mechanisms control-
ling AFP gene activity remains a relevant problem, as
the overall picture of their regulation is still unclear,
especially regarding the protein factors involved in gene
expression. The hormonal regulation patterns of wheat
AFPs are also not fully understood. It is highly likely that
the dual nature of plant AFPs has led to the development
of a regulatory system in which signaling pathways for
both biotic and abiotic stress responses are involved. This
hypothesis requires particularly thorough investigation.

The promising results of practical applications of
wheat AFPs, along with evidence linking cold tolerance,
gene expression, and protein accumulation in winter
wheat, support the need for continued research into this
group of low-temperature adaptation proteins.
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Adaptive responses of pear cultivars
to low-temperature stress in the spring period
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Abstract. The pear is one of the most famous pome crops. It occupies about 7 % of the total area of perennial fruit crops
in Russia. Orchard plantings are predominantly composed of foreign European cultivars. Spring frosts, which are typical
for the southern regions of the country, lead to significant crop losses. This study determined the response characteristics
of pear flower buds to low-temperature stress. The Crimean cultivar Dzhankoyskaya Pozdnyaya, two cultivars — Leven
and Flamenco - of Krasnodar selection and the interspecific hybrid Kieffer were investigated. Flower buds at different
developmental stages were exposed to a climatic chamber for 12 hours at temperatures -1.5...-2 °C. After stress
exposure, the activity of certain antioxidant enzymes was determined, along with the content of phenolic compounds,
malondialdehyde, and the gene expression level of its enzymes and proteins involved in cold adaptation. It was revealed
that the autumn-ripening cultivar Kieffer, under conditions of the Krasnodar region, begins to bloom earlier than other
studied cultivars, making it more susceptible to recurrent frosts. This is evidenced by high values of malondialdehyde
and the activity level of superoxide dismutase. The Russian cultivars, Leven (winter cultivar) and Flamenco (summer
cultivar), showed the highest activity of peroxidase and gene expression of PCDREB2, PcCAP160, PcCOR413, PcPOX1, with
a reduced level of malondialdehyde. These cultivars typically emerged from dormancy later compared to Kieffer. The
Crimean winter-ripening cultivar was closer to the interspecific hybrid in terms of the studied parameters but showed
lower enzyme activity and gene expression levels. The obtained results suggest that under pear cultivation conditions
in the southern region of the country, where spring frosts are possible, cultivars with flowering starting in the second-
to-third decade of April and high indicators of antioxidant enzyme activity (primarily peroxidase) and gene expression
levels of PcDREB2, PcCAP160, and PcCOR413 demonstrate greater resistance.
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ITyTy aganTaliiyi pasHbIX COPTOB I'PYIIN
K H3KOTEeMIIepaTyPHOMY CTPecCy B BeCeHHUI I1epuos,

A.E. Mumxo () @, A.B. Karokuna

CeBepo-KaBKka3ckuii pepepanbHblii HayUHbI LIEHTP CaAoBOACTBA, BUHOTPaAapCcTBa, BuHoaenus, KpacHopap, Poccna
@ mishko-alisa@mail.ru

AHHOTaLuA. XOPOLUO M3BECTHAA CEMeYKOBas KynbTypa — rpyLua — Ha Tepputopumn Poccum 3aHUMaeT okono 7 % obLyux
nnowagen HacaxaeHNn MHOTONETHUX MAOA0BbIX KynbTyp. OCHOBHYIO A0 FPYLUEBbIX CafloB COCTaBAAT 3apybexHble
eBponeickne copta. Bo3BpaTHble 3aMOPO3KM, KOTOpble XapaKTepHbl ASIA I0XKHbIX PErMoHOB CTpaHbl B BECEHHMM
nepwuog, NPVBOAAT K 3HaUMTENbHLIM NOTEPAM YporKas. B HacTosALweln paboTe n3yuyeHbl 0CO6EHHOCTI OTBETHbIX peakLui
LIBETOYHbIX MOYEK COPTOB FpyLM Ha HU3KOTEMMepaTypHbI cTpecc. MccnepgoBann KpbIMCKUA cOPT [KaHKoWCKas
Nno3aHAsA, ABa KpacHofapckmx copTa JleeeH n OnameHKo, a TakKe mexxsmaoBoi rnopug Kuddep. LiBeTouHblie noukm Ha
pasHbIX CTaAMAX Pa3BUTUA NMPOMOPAXMBaN B KNMMaTUYECKOW Kamepe B TeueHure 12 4 npu Temnepatype —-1.5...-2.0 °C.
Mocne cTpecca onpeaensny akTMBHOCTb HEKOTOPbIX pePMEHTOB aHTUOKCUAAHTHON CUCTEMbI, CofepKaHve GeHONbHbIX
CoefIMHEHWIA, MafloOHOBOIO AvanbAerMaa U ypoBeHb SKCMNPEeCccMmn reHoB Tex e GepMeHTOB U 6enkoB, yuYacTBYOWMX B
XON00BOW afanTauuu. BbiaBneHo, uto oceHHUn copT Knddep B ycnosuax KpacHogapckoro Kpas GbicTpee Apyrmx
N3yYeHHbIX COPTOB HaUMHAET LBECTM, BCIEACTBUE Yero Hanbonee noaBepKeH BO3AENCTBMIO BO3BPATHbIX 3aMOPO3KOB,
0 YeMm CBUAETENbCTBYIOT BbICOKME 3HaUYeHVA MajlOHOBOIO Ananbaernja U ypoBeHb akTUBHOCTU CYNepOoKCUIANCMYTasbl.
OTeyvecTBeHHble copTa JleBeH (3vMHUI copT) 1 OnameHKo (neTHWI) obnagany CambiMU BbICOKUMYM MOKa3aTensimm
AKTMBHOCTUN NepoKcmuaasbl 1 skcnpeccun reHoB PCDREB2, PcCAP160, PcCOR413, PcPOXT Ha ¢OHe CHMXEHHOTO YPOBHSA
ManoHoBOro Avanbaernpa. Kak npaBuno, AaHHble copTa MO3AHee BbIXOAWIN M3 COCTOAHMA MOKOA MO CPaBHEHMIO
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Adaptive responses of pear cultivars
to low-temperature stress in the spring period

c coptom Kuddep. KpbIMCKMIA COPT 3MMHEro Cpoka co3peBaHuA Obin Onvke No mccnepyeMbiM MapameTpam K
MEXBMAOBOMY rmMbpuay, HO OTINYANCA MEHbLUMMMK MoKasaTenaMn GepMeHTaTUBHON aKTUBHOCTM W 3SKCnpeccuei
paccmaTpuBaemblx reHoB. [onyyeHHble pe3ynbTaTbl MO3BOAAIT 3aK/UUTb, YTO B YC/IOBMAX NPOM3PACTaHUA TpyLIm
Ha TeppUTOPUM KXKHOTO PErMoHa CTPaHbl, rAe BO3MOXHbl BO3BPaTHble 3aMOPO3KU B BeCEHHWI nepuog, Gonbluen
du3monornyeckon ycTonumBoCTbio O6GNafaloT copTa C HayanoM LBETEHUA BO BTOPOM-TpeTbel AeKadax anpens,
XapaKkTepusylowmecsa BbICOKMMM NOKa3aTeNAMM aHTUOKCMAAHTHON GpepMeHTaTMBHOW aKTUBHOCTM, B NePBYI0 oyepelb
nepokcnaasbl, 1 ypoBHem sKkcnpeccumn reHoB PcDREB2, PcCAP160 n PcCOR413.

KnioueBble cnoBa: rpyLua; Xof0A0BOIN CTPECC; YCTONUMBOCTb; aHTUOKCUAAHTHAA CCTEMA 3aLUWTbl; SKCNPECCUA reHoB

Introduction

Pome crops, and pears in particular, are a valuable resource
for the horticulture of the Krasnodar region. The share of pears
in the total plantings of perennial fruits is extremely small
and amounts to about 7 % of the total, though the economic
interest in the crop keeps growing. The reasons for its limited
distribution, even under the most favorable conditions of
southern Russia, are obvious: compared to apple trees, pears
are more demanding of growing conditions, mainly water
supply, especially at the beginning of the growing season and
throughout fruit ripening (Asayesh et al., 2023). The frost re-
sistance of the crop is high: according to various researchers,
in a state of organic dormancy, pear flower buds can withstand
temperatures up to —25 °C (Sotnik et al., 2017; Bandurko,
2024). Not only sub-zero temperatures and frost duration are
critical, but also the phase of the development of generative
organs (Xiao et al., 2022).

One of the essential features of adaptation to growing condi-
tions is the resistance of fruit crop cultivars to low-temperature
stress during the growing season. In the Krasnodar region,
late-spring frosts, which have become more common recently,
cause significant economic losses. Based on the long-term
weather monitoring, the main stress factors for pears during
the winter—spring period have been revealed: the absence of
low temperatures in December—January that are necessary for
plant hardening, and frosts at the beginning of the growing
season (March—April). Each of these stress factors might lead
to a reduction in yield or a complete loss of harvest in pear
cultivars (Evers etal., 2021; Lee et al., 2023; Zhao et al., 2023).
It has been shown that any crop — and any particular cultivar —
has its own threshold of critical minimum temperatures that
may trigger the death of flower buds (Klyukina et al., 2024).
Moreover, different cultivars are characterized by different
timeframes of the deep dormancy period: its duration under
certain temperature conditions will determine the speed of
dormancy release (Gabay, Flaishman, 2024).

The resistance of cultivars to low-temperature stress is
composed of the complex interaction of physiological, bio-
chemical, and molecular genetic processes that are reflected
in a number of indicators. Any significant stress experienced
by a plant provokes secondary oxidative stress caused by an
increase in reactive oxygen species (ROS) in cells (Suzuki et
al., 2012). One of the key protective reactions to such a nega-
tive impact is the increased activity of antioxidant enzymes
that inhibit the accumulation of free radicals, which might lead
to the destruction of lipids, proteins, and nucleic acids, to the
point of cell death. Superoxide dismutase neutralizes super-
oxide anion, while peroxidases neutralize hydrogen peroxide
(Dumanovic et al., 2021). Polyphenol oxidase catalyzes the

oxidation reactions of various phenolic compounds, synthe-
sizing or degrading the metabolites necessary for maintaining
plant homeostasis (Zhang S., 2023).

Along with enzymes, numerous phenolic compounds also
perform a protective function (Dumanovic et al., 2021). Fla-
vonoids are one of the main phenolic antioxidants. They are
capable of reducing ROSs to stable and less harmful forms
(Treml, Mejkal, 2016). At the genetic level, low-temperature
stress induces the expression of functional and regulatory
genes, the products of which either directly protect cells from
damage (osmolite biosynthesis enzymes, detoxification
enzymes, etc.) or participate in signal transduction and the
regulation of gene expression (Yang, Huang, 2018; Zhang Y.
etal., 2023).

Due to the increased frequency of late frosts in the Kras-
nodar region, the aim of this research is to study the response
of pear cultivars to low-temperature stress during the spring
season.

Material and methods

The survey was conducted in the Kuban horticultural zone
of the Krasnodar region (45°16'N, 38°93’E) in March—April
2023-2025 on the genetic collection of the North Caucasian
Federal Scientific Center of Horticulture, Viticulture, Wine-
making (NCFSCHVW). The objects of the study were the
pear (Pyrus communis L.) cultivars of domestic origin Leven
and Flamenco (NCFSCHVW breeding), the Crimean cultivar
Dzhankoyskaya Pozdnyaya and the American cultivar Kieffer
(an interspecific hybrid of P communis x P. pyrifolia Nakai).
The cultivars were grafted onto the BA-29 rootstock. The
planting year was 2007, and the planting pattern was 5 x 2 m.
Ten shoots with flower buds were selected from 57 trees of
each cultivar.

The response of generative organs to low spring tempera-
tures was analyzed by the critical minimum temperatures for
each phase of flower bud development in the BPC500D/
CVSI-Spector climate chamber (Fujian Jiupo Biotechnology
Co, China) using the standard methodology (Program and
Methodology of Varietalization..., 1999; New Methods...,
2023). Phases of flower bud development were determined ac-
cording to the generally accepted techniques (Kolomiyts, 1952;
Shitt, 1958). The temperature data for the studied period were
obtained from a local weather station (synoptic index 34927).
Natural late frosts were simulated under laboratory conditions,
with a gradual decrease in temperature to a critical level of —1.5
to —2.0 °C over 24 hours. Control samples were not exposed
to low-temperature stress. Upon completing the experiment,
the plant material was frozen in liquid nitrogen for further
use in a series of biochemical and molecular genetic analyses.
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The total content of phenolic compounds and flavonoids
was determined in pear flower buds (Ainsworth, Gillespie,
2007; Hikmawanti et al., 2021). The extraction of soluble
proteins was conducted using the method outlined by Z. Wei
and colleagues (2018). The concentration of soluble proteins
was assessed by coloring with Coomassie solution (Bradford,
1976). The activity of superoxide dismutase (SOD), peroxidase
(POX), and polyphenol oxidase (PPO) enzymes was measured
according to standard colorimetric methods (Boyarkin, 1951;
Queiroz et al., 2011; Efimova et al., 2018). The content of
malondialdehyde (MDA) was identified by the reaction with
thiobarbituric acid (Bonyanpour, Jamali, 2020).

To analyze gene expression levels, RNA was extracted from
pear flower buds using a modified CTAB method (Sundyreva
et al., 2018). cDNA synthesis was carried out using MMLV
reverse transcriptase (Eurogen, Russia) according to the
manufacturer’s instructions. Real-time PCR was conducted
by means of the gPCRmix-HS SYBR kit (Eurogen, Russia).
The primers were selected from literature sources (Table 1).
A conservative fragment of the actin gene sequence was used
as a reference gene. The relative expression of the studied
genes was calculated via the 2-24Ct method (Livak, Schmit-
tgen, 2001).

Measurements were taken in 2—4-fold analytical repetition.
The statistical significance of differences was determined
based on the results of the Tukey test of one-way ANOVA at
the 0.05 significance level. Statistical analysis was carried out
using the STATISTICA 12 software. The results are presented
as mean values and their standard errors.

Results

The temperature conditions during the study period were
variable (Table 2), as can be seen in the phases of flower bud
development (Fig. 1). The plant material was selected in the
third decade of March or the first decade of April, when the
pear starts blossoming.

The conditions for bursting of generative buds were favor-
able in 2023. After spring frosts in March (down to —6.3 °C),
the temperature grew up to +5.4 °C in April, and this resulted
in the early start of blossoming for the Kieffer cultivar, while
Flamenco, Leven, and Dzhankoyskaya Pozdnyaya remained
in the phase of flower bud separation.

The development of generative organs in 2024 was
different from that in 2023. Temperatures in March dropped as

2026
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Table 1. Sequences for primers used in quantitative
real-time PCR

Gene Primer sequence 5'—3' Reference

PPOT F CCTACTCACAAAGCCCAAGC  Busattoetal., 2021
R CCTCCAAGACCAAGAAGCAC

SOD1 F  GGGAGATGGCCCAACTACTG  Azarabadietal, 2017
R CCAGTTGACATGCAACCGTT

POX1 F  AAGGCATGCATGTGGTCAGT  Zhaietal, 2018
R CGACATATCCACCATGCCCA

DREB2 F GCAAAGAAACAGACCTTGTGC Nhametal., 2017
R GCATATAAGTCGTCCATCAACC

COR413 F GGTCGAACAGCACTGAAGGA
R CTCAAATGGGTTGCCTCCCT

CAP160 F GCCACTACTGCTATTGCCGA
R ATACCCTGTTGCTCAGGTGC

Actin F  CTGCTGGCATTCATGAGACT Sahin et al.,, 2022
R TCTGGTGGAGCTACAACCTT

Note. F - forward primer sequence, R - reverse primer sequence.

low as —4.3 °C, while in April the minimum temperature was
only +2.0 °C. Most of the cultivars (Leven, Dzhankoyskaya
Pozdnyaya, and Flamenco) remained in the phase of bud burst,
whereas Kieffer was in the phase of flower bud separation.

Over the three years of the study, the lowest temperature
was recorded in March (down to —13.9 °C) only in 2025.
The minimum air temperature in the first ten days of April
was +0.2 °C. Under these conditions, it was found that
Dzhankoyskaya Pozdnyaya and Flamenco were in the phase
of bud burst, while Kieffer and Leven reached the phase of
flower bud separation.

The total phenolic content in pear flower buds varied in
different years of the study (Fig. 2a). The maximum values
for most cultivars were recorded in 2023, averaging from 17.2
to 18.6 mg/g FW. The minimum values were registered in
the spring of 2025: 5.1-11.7 mg/g FW. Upon short-term low-
temperature stress, a significant increase in this parameter was
observed only in 2025. Flamenco, Dzhankoyskaya Pozdnyaya,
and Leven had almost a twofold increase in phenols. Through-

Table 2. Temperature regime in the winter-spring period of 2023-2025

Month Minimum air temperature, °C
2023 2024 2025
| Il 1l | Il 1] | Il 1]

January -13.4 -9.7 -8.1 -11.3 -14.2 -12.0 -6.2 -5.5 -3.1
February -14.5 -11.5 -84 -29 -1.6 -4.5 -83 -84 -18.6
March -6.3 23 1.5 -4.3 -35 -0.8 -13.9 -0.6 0.2
April 0.2 54 52 2.0 10.1 2.0 0.2 0.3 3.1
Note. I-lll - decades of the months; the absolute minimum temperatures for the month are shown in bold.
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Fig. 1. Phases of pear flower bud development.
a - bud burst; b - flower bud separation; ¢ - start of blossoming.
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Fig. 2. Content of total phenols, flavonoids, malondialdehyde in pear flower buds under low-temperature stress

conditions.

Here and in Figures 2-5: F — Flamenco, K - Kieffer, D - Dzhankoyskaya Pozdnyaya, L - Leven; C - control, St - stress; 2023-2024 - years;
significant differences of the data are shown by different lowercase letters based on the results of the Tukey test at p < 0.05.

out the study period, Leven on average was characterized by
the lowest values of this parameter, i. e. ~12 mg/g FW.

With respect to the flavonoid content, the highest values
were recorded in 2024, ranging from 0.8 to 1.1 mg/g FW
(Fig. 2b). In 2025, the accumulation of flavonoids in pear

flower buds reached its minimum (0.4-0.6 mg/g FW). Due to
the stress, the flavonoid content increased by more than 30 %
in 2025, except for Kieffer, which surged by 1.5 times in 2023.
Thus, during the three-year experiment, the maximum levels
of flavonoids after stress were found in different cultivars: in
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Fig. 3. Activities of peroxidase, superoxide dismutase, polyphenol oxidase in pear flower buds under low-temperature

stress conditions in 2023-2025.

2023, in Kieffer and Leven; in 2024, in Dzhankoyskaya Pozd-
nyaya and Leven; and in 2025, in Flamenco, Dzhankoyskaya
Pozdnyaya, and Kieffer.

Significant differences in the malondialdehyde accumu-
lation were found depending on the year of the study. The
highest values were specific to 2023, averaging 0.03 uM/g
FW, and the lowest values were observed in 2025, averaging
0.004 uM/g FW (Fig. 2¢). Low-temperature stress caused
an increase in MDA by 1.5-2 times for all pear cultivars in
2025; for Flamenco and Dzhankoyskaya Pozdnyaya, by 45
and 65 %, respectively, in 2024; and by 30 %, for Kieffer in
2023. The analysis of the mean values of this parameter for
the 2023-2025 period showed the maximum stress values in
Leven, Dzhankoyskaya Pozdnyaya, and Kieffer.

Changes in the activity of the studied enzymes also depended
on the year of the study. Peroxidase activity reached its maxi-
mum in the springs of 2024-2025 (from 5.9 to 18.3 unit/mg
protein/min), and its minimum in 2023, ranging from 0.5 to
1.4 unit/mg protein/min (Fig. 3a). Most times stress led to an
increase in POX activity, in some cases more than twofold.
The highest enzyme activity levels were observed in Leven

YCTONYMBOCTb PACTEHUN K ABUOTUYECKOMY CTPECCY / ABIOTIC STRESS TOLERANCE IN PLANTS

after exposure to low air temperatures under simulated con-
ditions, averaging 11.6 units/mg protein/min over the entire
study period.

The dynamics of superoxide dismutase activity were oppo-
site to the changes of peroxidase activity, with peak growth in
2023 and its minimum in 2024. Throughout the study period,
the highest SOD values were recorded in Kieffer, averaging
6.8 unit/mg protein (Fig. 3b). After stress, the enzyme activity
in pear flower buds increased by 1.4-2.4 times only in 2025.
In the course of three years, the highest values after short-term
negative effects were found in Kieffer and Dzhankoyskaya
Pozdnyaya, averaging 8.0 unit/mg protein.

The activity of polyphenol oxidase also varied from year to
year: the maximum was in 2024, and the minimum was in 2023
and 2025 (Fig. 3¢). Cultivar differences were not great; only
for Dzhankoyskaya Pozdnyaya PPO values were the lowest
in 2024 and 2025, 7.1 and 3.0 unit/mg protein, respectively.
Low-temperature stress did not lead to a significant change in
enzyme activity, except for two cases: a 2-fold PPO increase in
Kieffer in 2023 and a 60 % PPO decrease in Dzhankoyskaya
Pozdnyaya in 2024.
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Fig. 4. Relative expression of the PcPOX1, PcSOD1, PcPPO1 genes in pear flower buds under low-temperature stress

conditions in 2023-2025.

According to the level of relative gene expression of the
same antioxidant enzymes, the highest mean values of PcPOX1
and PcSOD1 were found in 2023 (Fig. 4a, b). Meanwhile, the
maximum relative expression of the peroxidase gene was re-
corded for Kieffer in 2025. Regarding the PcPPO1 gene, a high
level of expression was observed in 2025, with a maximum
in Kieffer (Fig. 4c). Subsequent to the stress, the expression
level of antioxidant enzyme genes did not change significantly,
except for certain cases: a spike in PcSOD1 was observed in
Kieffer in 2023 and 2025; PcPOX]I also increased in Leven
in 2024; a decrease was recorded in PcPOX]I for Flamenco
and Dzhankoyskaya Pozdnyaya in 2023, then in PcSOD1 for
Flamenco in 2025, and in PcPPO1 for Kieffer in 2024-2025 (in
2023, on the contrary, an increase in this parameter was noted).

Genetic analysis was also conducted for a group of genes
responsible for resistance to low-temperature stress: the tran-
scription factor PcDREB?2 (Fig. 5a) and the proteins of cold
acclimation PcCAP160, PcCOR413 (Fig. 5b, c) were studied.
No cultivar differences were found under the control conditions
throughout the study, except for PcCOR413 in Flamenco in
2023, which exceeded the values of the others by 78 %.

The exposure of pear generative buds to low temperatures
caused a significant increase in the level of relative expression
for PcCOR413 — by 2-5 times in 2023 alone for all the studied
cultivars. In Flamenco, an increase in stress values of this gene

was detected in 2024 (by two times), since in the first year of
the study, as noted earlier, the reference indicators were quite
high. As for the level of relative expression for PcCAP160,
its values under stressful conditions surged in 2023, espe-
cially in Kieffer, as well as in Flamenco and Leven in 2024
by 8-14 times, and in the latter cultivar, by three times in
2025. The changes in indicators for PcDREB2 were even
more dynamic. In 2023, the reference values were exceeded
by 30—46 times for Flamenco and Dzhankoyskaya Pozd-
nyaya, by 109 times for Leven, and by 122 times for Kieffer
with minimal values. In the following year, the growth of
PcDREB? indicators was not so significant — by 2—17 times,
though the expression level in Flamenco increased by 68 times.
The maximum values for PcDREB?2 were recorded after the
stress in Flamenco and Leven in 2025. An increase in expres-
sion, but less significant, was also registered in Kieffer and
Dzhankoyskaya Pozdnyaya.

Discussion

According to the data obtained, it was revealed that physio-
logical, biochemical, and molecular genetic characteristics
of the generative bud are defined by its developmental stage.
The “bud burst” stage is characterized by a high activity of
POX and PPO enzymes, as well as accumulation of flavo-
noids. Under colder conditions in the spring of 2025, at the
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Fig. 5. Relative expression of the PcDREB2, PcCOR413, PcCAP160 genes in pear flower buds under low-temperature stress

conditions in 2023-2025.

same development stage of the generative structures, a more
pronounced stress response was observed, taking the form of
increased activity of peroxidase and superoxide dismutase,
more intense accumulation of total phenols, flavonoids, MDA,
and high expression of the PcDREB2 gene. Similar results
regarding the increase in antioxidant enzyme activity during
the budding of pear P. pyrifolia were presented in the work
by S. Hussain and colleagues (2015).

The “flower bud separation” stage is defined by the maxi-
mum accumulation of total phenols and MDA, the highest
SOD activity, and a relatively high level of PcCOR413 expres-
sion. Under stress, POX activity increased, and the expres-
sion of the PcPPOI1, PcDREB2, PcCOR413 and PcCAP160
genes spiked. The “start of blossoming” stage, which was
recorded only in Kieffer in 2023, is characterized by a more
intense response to stress, including increased synthesis of
flavonoids, PPO activity, and high levels of expression for
all studied genes. When studying the response of flowers of
different Asian pear genotypes to low-temperature stress from
+2 to —4 °C for four hours, Chinese researchers observed an
increase in SOD activity and in the proportion of gene tran-
scripts related to flavonoid biosynthesis (Li et al., 2023; Lin
et al., 2023). In another study, exposure of apple cell culture
to low temperatures led to the activation of DREB/CBF gene
expression (Du et al., 2015).

YCTONYMBOCTb PACTEHUN K ABUOTUYECKOMY CTPECCY / ABIOTIC STRESS TOLERANCE IN PLANTS

As shown above, the expression level of the PcDREB?2 gene
in pear flower buds after stress was characterized by maximum
growth (up to 100-fold increase), which corresponds to the
data on the Ussuri pear (P. ussuriensis Maxim. ex Rupr.) —
with the highest expression of the DREBI and DREB?2 genes
in the first 12 hours under hypothermia (Yang, Huang, 2018).
At the same time, in the fruits of the Williams cultivar, under
exposure to low temperatures, no increase was detected in
the expression of the CBFI, CBF4, DREB2, COR413 genes,
except for CAP160 (Nham et al., 2017).

Based on the comparative analysis of the studied pear culti-
vars, it can be concluded that the autumn cultivar Kieffer has
the ability to quickly emerge from a state of deep dormancy,
which determines its earlier flowering period. As noted by
G. Gabay and M.A. Flaishman, this is linked with the cultivar
origin, since one of its parent forms is P. pyrifolia, which does
not require low temperatures to enter a deep dormancy phase
and quickly emerges from it after warm winters (Gabay, Flaish-
man, 2018). The relatively high stress levels of MDA are likely
to contribute to its increased susceptibility to low temperatures
during spring, resulting in a rapid response. Dzhankoyskaya
Pozdnyaya, a winter-ripening cultivar, like Kieffer, is defined
by a high content of phenolic compounds, as well as an increase
in MDA content and SOD activity under stress conditions,
but a less pronounced antioxidant defense system and lower
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expression of cold resistance genes. Although Flamenco is a
summer-ripening cultivar and Leven is winter-ripening, both
cultivars had similar responses to low-temperature stress. On
average, SOD activity and MDA content were at or below
the reference values during the entire study period, while
POX values and the expression of the PcPOXI, PcDREB2,
PcCAP160 and PcCOR413 genes reached their maximum.

Conclusion

The conducted study revealed a difference in how pear cultivars
of various ripening period and origin adapt to low-temperature
stresses during winter and spring both at the ecological and at
the physiological level. Pear plants with earlier flowering, such
as Kieffer, are more susceptible to low temperatures due to
increased SOD activity and high levels of MDA accumulation.
In cultivars with later flowering (II-11I decade of April), the
protective mechanisms for containing oxidative stress in plant
cells were activated more quickly: the maximum expression
levels of cold resistance genes and peroxidase activity were
observed at low MDA levels.

The obtained results will enable further evaluation of pear
cultivars by cold resistance markers in order to create the lat-
est inventory of promising cultivars and ensure their rational
distribution in the southern regions of Russia that will result
in stable and high-quality yields.
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Characteristics of galacturonate reductase (GalUR) genes
in garlic (Allium sativum L.) and changes in their expression
in response to abiotic stressors
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Abstract. In plants, the synthesis of L-ascorbic acid (Aa), in addition to the main L-galactose pathway, is carried out by
three known alternative pathways. One of them, the D-galacturonic acid pathway, is thought to be specific for tissues
with excess D-galacturonate, the substrate of D-galacturonate reductase (GalUR), which belongs to the Aldo-Keto
Reductase (AKR) superfamily. In this study, the AKR gene family of garlic Allium sativum L. was identified and seven genes,
AsGalUR1-7, presumably encoding GalUR enzymes, were determined. The structure and phylogeny of the AsGalUR1-7
genes and the proteins they encode, as well as the AsGalUR1-7 expression pattern in different organs of the garlic
plant (in silico and qRT-PCR), were characterized. Based on the obtained data, the genes were conditionally divided into
root (AsGalUR1-4) and leaf (AsGalUR5-7) groups depending on the highest expression level in the underground and
aboveground parts of the plant, respectively. The AsGalUR expression in leaves and roots was analyzed in response to
drought, salt and cold stresses, as well as exogenous phytohormones (abscisic acid, methyl jasmonate), accompanied by
the AsA content measurement. It was shown that hormone treatment suppresses the expression of all analyzed genes in
both organ types. Cold conditions stimulate the expression of root group genes and suppress that of leaf group genes
in roots, and have the opposite effect in leaves. Osmotic stressors (NaCl, PEG) suppress the transcription of all genes in
leaves, but do not change (NaCl) or stimulate (PEG) it in roots, which is accompanied by an increase in AsA accumulation
in organs of both types. A positive correlation between the expression of the AsGalURT and 4 genes and the AsA content
is found in leaves under stress conditions. The data obtained can form the basis for further study of the mechanisms
regulating AsA synthesis in garlic and other Allium species.
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GalUR
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XapaKTepUCTMKa reHOB rajakrypoHarpenykras (GalUR)
yecHoKa (Allium sativum L.) 1 U3MeHeHle X SKCIIPeCCun
B OTBET Ha a0MOTUUYECKIEe CTPEeCCOPHI

M.A. OuaroumH @, T.M. Cepeaun, A.B. lllennuxosa (%), E.3. Kounesa

NHcTuTyT 6rontkeHepun um. K.I. CkpsabrHa, OepepanbHblii nccnefoBaTtenbckunin LeHTp «DyHaameHTalbHble OCHOBbI OMOTEXHONOTNY
Poccuinckon akagemunn Hayk, Mocksa, Poccua

michel7753@mail.ru

AHHoTaumA. [ToOMMMO OCHOBHOTO L-ranakTo3Horo nyTv cuHte3a L-ackop6uHosow KncnoTbl (AcK) B pacTeHuMsX, N3BECTHO
TPW anbTepHaTMBHbIX MyTW. OAMH 13 HUX, D-ranakTypoHOBbIN, cumTaeTca cneunduyHbIM ANA TKaHel C 136bITKOM
D-ranaktypoHata — cybcTtpata D-ranaktypoHatpepaykTasbl (GalUR), oTHocALencA K ceMelicTBy anbfernaketopesyKkras
(AKR). B HacTosAwwen paboTte naeHTuduumposaHo cemenctso reHos AKR uyecHoka Allium sativum L. n onpepeneHo cemb
reHoB, AsGalUR1-7, npeanonoxutenbHo kogupytowmux depmerTbl GalUR. OxapakTepr3oBaHbl CTPYKTypa v dunoreHus
reHoB AsGalUR1-7 n Kogupyembix UMK GefKoB, a TakxKe npodusb skcnpeccun reHos AsGalUR B pa3nnyHbIX opraHax
pacteHua yecHoka (in silico n MUP-PB). Ha ocHOBe MonyYeHHbIX AaHHbIX FeHbl YCIIOBHO pasfeneHbl Ha KOpHeBYto
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leHbl ranaktypoHatpeaykTas (GalUR) uecHoka

(AsGalUR1-4) n nuctoByto (AsGalUR5-7) rpynnbl MO NPU3HAKY HanbOoMbLUel SKCNPeccum B NOA3EMHOM M HaA3€MHOW
YacTAX pacTeHWsA COOTBETCTBEHHO. [MpoBefjeH aHanu3 sKkcnpeccun reHoB AsGalUR B NUCTbAX N KOPHAX B OTBET Ha
BO3[ECTBME 3aCyXV, COJIEBOTO 1 XONOAOBOr0O CTPECCOPOB, a TakKe 3K30reHHbIX GUTOropMOHOB (abcLM30Basn KUCIOTa,
MeTUMKacMoHaT), BKyrne c namepeHuem cogepxanua AcK. MokasaHo, 4To 06paboTKka ropmMoHamMM NMOAABAET SKCMPeCCHio
BCEX aHaNM3MpyeMbIX FeHOB B 060UX TUMax OpraHoB. XON0A0Bble YC/I0BUA B KOPHAX CTUMYNIUPYIOT SKCMPECCUI0 KOPHEBBIX
reHOB 1 NOAABAAT — IMCTOBbIX M OKa3blBaloT MPOTUBOMONOXKHbIN 3ddeKT B nncTbax. OcmoTnyeckme ctpeccopbl (NaCl,
PEG) nopaBnstoT TpaHCKPUNUKMIO BCeX reHOB B INCTbAX, HO He MeHAtoT (NaCl) nnn ctumynupyiot (PEG) ee B KOPHAX, 4TO
conpoBoOXAaeTcA pocTom HakonneHna AcK. B nincTbaAx B CTPeCCOoBbIX YC/IOBUAX BbiABNEHA NONOXMUTENIbHAA Koppenauma
mexay akcnpeccuen reHoB AsGalURT n 4 n copepxaHnem AcK. lMNMonyyeHHble JaHHble MOTyT CTaTb OCHOBOW ANA
JaNibHeliLlero n3yyeHna MexaHu3moB perynaumm cuHtesa AcK y yecHoka u apyrux sugos Allium.

KnioueBble cnoBa: yecHok; Allium sativum L.; 6nocuHTe3 L-ackop6UHOBO KNCNOTbI; D-ranakTypoHoBbIN nyTb; D-ranak-

TypoHaTpepykTa3sa; GalUR

Introduction

L-ascorbic acid (AsA, ascorbate) is a major component of
the non-enzymatic antioxidant system in plants (Smirnoff
and Wheeler, 2024). The required level of ascorbate in cells
is maintained through a balance between the biosynthesis,
degradation, and recycling (reduction of oxidized forms) of
AsA, as well as ascorbate transport (Smirnoff, 2018). AsA is
synthesized primarily in leaves (Franceschi, Tarlyn, 2002;
Badejo et al., 2012) and transported via the phloem to vari-
ous plant parts in the form of stable and oxidation-protected
ascorbyl glycosides (Richardson et al., 2021; Huang et al.,
2025).

In plants, AsA biosynthesis occurs primarily via the Smir-
noff-Wheeler L-galactose pathway. However, there are three
alternative pathways — D-galacturonic, L-gulose, and myo-
inositol (Broad et al., 2020; Smirnoff, Wheeler, 2024), which
also significantly contribute to ascorbate accumulation in some
organs or at certain stages of plant development. For example,
in strawberry (Fragaria * ananassa Duchesne ex Rozier),
the L-galactose pathway is characteristic of leaves, while
the D-galacturonic pathway is characteristic of ripe berries
(Agius et al., 2003; Cruz-Rus et al., 2011; Liu et al., 2022).
Similarly, in tomato (Solanum lycopersicum L.), leaves and
growing fruits synthesize AsA via the L-galactose pathway,
whereas ripe fruits, via the D-galacturonic pathway (Badejo
et al., 2012). The transition from the main AsA biosynthetic
pathway to an alternative variant in ripe fruits is associated
with the active degradation of cell wall pectin, formed mainly
by galacturonic acid residues, and the conversion of its main
monomer, D-galacturonate, to AsA (Peltonen, Richard, 2022).

Of the alternative pathways, the D-galacturonic acid
pathway is the best studied. It begins, as mentioned above,
with the breakdown of pectin, resulting in the formation of
D-galacturonic acid, which is converted to D-galacturonate
(D-GalUA), followed by reduction to L-galactonate catalyzed
by D-galacturonate reductase. L-galactonate is converted by
aldonolactonase to L-galactono-1,4-lactone, which is oxidized
to AsA by L-galactono-1,4-lactone dehydrogenase (Ishikawa
et al., 2008; Peltonen, Richard, 2022).

Galacturonate reductases (EC 1.1.1.365; GalUR) structur-
ally belong to the Aldo-Keto-Reductase (AKR) superfamily
(Duan et al., 2020), one of 16 subfamilies of which, AKR4,
includes AKR proteins of plant origin (Penning, 2015). The
number of AKR genes identified in higher plants (Sengupta et
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al., 2015) varies significantly depending on the species. For
example, the genome of Arabidopsis thaliana L. contains
22 AKR genes, that of S. lycopersicum, 25 genes, and that of
F x ananassa, 80 genes (Duan et al., 2020; Liu et al., 2022),
and the functions of their protein products are not limited to
participation in the synthesis of AsA. Plant AKRs also control
the formation of other secondary metabolites and osmolytes,
including vitamin B6, sorbitol, isoflavones, phytoestrogens,
and others (Sengupta et al., 2015; Ha et al., 2019). Such
functional differentiation of AKR proteins is considered to
enhance plant adaptation to various environmental conditions,
including stress factors. Regarding the AsA synthesis, it should
be noted that the AKR family includes not only the GalUR
enzymes of the D-galacturonic pathway, but also L-galactose
dehydrogenase (L-GalDH) of the main L-galactose pathway
(Vargas et al., 2022).

Garlic (Allium sativum L.) is an economically significant
vegetable crop with an annual production of approximately
30 million tons (FAO; http://www.fao.org). The ascorbate
content in leaves and bulbs has been extensively studied in
various garlic varieties and accessions (Skoczylas et al., 2023;
Snirc et al., 2023; Popa et al., 2024; Yenealem et al., 2025).
However, currently available information on the molecular
regulation of AsA metabolism in 4. sativum and equally eco-
nomically valuable related Allium species is limited to research
data from our laboratory. Namely, in 4. sativum, individual
genes of monodehydroascorbate reductases (MDHAR) of the
ascorbate recycling pathway were identified and characterized
(Anisimova et al., 2022), and changes in the expression of AsA
biosynthesis and recycling genes in response to infection of
garlic plants with the pathogenic fungus Fusarium prolifera-
tum were shown (Shchennikova et al., 2025). In leek (Allium
porrum L.), the variability of the GDP-L-galactose phosphory-
lase gene GGP1 of the L-galactose pathway was determined
(Anisimova et al., 2021a), and possible dependences of the
AsA content on the expression level of the MDHAR genes
(Anisimova et al., 2021b; Filyushin et al., 2021) and some
other genes of the L-galactose and AsA recycling pathways
(Filyushin et al., 2025) were identified.

The present study was aimed to identify and characterize
D-galacturonate reductase (GalUR) genes in the genome of
garlic A. sativum and to determine their expression pattern in
various plant organs, as well as in response to abiotic stress
factors and exogenous phytohormones.
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Materials and methods

Identification and structural characterization of garlic
AsGalUR genes. The D-galacturonate reductase gene se-
quences were searched for in the genomic and transcriptomic
data of garlic A. sativum cv. Ershuizao (PRINA606385, as-
sembly Garlic.V2.fa) available in the AlliumDB database
(https://allium.qau.edu.cn/). The GalUR sequences of tomato
(LOC101256763 and LOC101250974 (=SIAKR4B)) (Sueka-
wa et al., 2016) and strawberry (FaGalUR; AF039182.1)
(Agius et al., 2003) were used as reference.

Sequence alignment and analysis were performed using
MEGA 7.0 (https://www.megasoftware.net/). For the AsGalUR
proteins, conserved domains and motifs (NCBI-CDD,
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi;
MEME 5.5.7, http://meme-suite.org/tools/meme), molecular
weight (Mw) and isoelectric point (pI) (ExPASy, https://web.
expasy.org/protparam/), molecular function and cellular loca-
lization (in terms of Gene Ontology, GO, PANNZER, http://
ekhidna2.biocenter.helsinki.fi/sanspanz/) were determined.
Phylogenetic analysis was performed using AKR sequences
of A. sativum, S. lycopersicum and A. thaliana (MEGA 7.0,
Neighbor-Joining method, bootstrap based on 1,000 repli-
cates).

Analysis of AsGalUR gene expression in different garlic
organs. The organ-specific expression pattern of the identified
AsGalUR genes was determined using two methods: in silico
and real-time PCR (qRT-PCR).

In silico analysis of AsGalUR gene expression was per-
formed using available transcriptome data of different organs
of the garlic cv. Ershuizao (roots, leaves, stems, seedlings,
buds, flowers, and bulbs at developmental stages 1-8) (Sun et
al., 2020). The data were visualized as a heatmap (Heatmap-
per, http://www.heatmapper.ca/expression/), where expression
levels were presented as fragments per kilobase per million
mapped reads (FPKM).

Using qRT-PCR, the expression of AsGalUR genes was
determined in the roots, base, bulb, pseudostem, and leaves
of garlic cv. Scorpion plants grown in soil under greenhouse
conditions (ECCF, Federal Research Center of Biotechnol-
ogy, Russian Academy of Sciences; 16-h photoperiod (light
phase from 8:00); day/night — 22/16 °C; lighting intensity
190 uM/m?/s). The plant material was ground in liquid ni-
trogen and used for the isolation of total RNA with purifi-
cation from DNA impurities (RNeasy Plant Mini Kit and
RNase-free DNasy set; QIAGEN, Germany) and cDNA syn-
thesis (GoScript™ Reverse Transcription System, Promega,
USA).

Based on the identified AsGalUR sequences, specific
primers for qRT-PCR were developed (Table 1). GAPDH
(MZ171220.1) and UBQ (MZ171222.1) were used as refe-
rence genes. The reaction mixture included 3 ng of cDNA and
the “Reaction mixture for qRT-PCR in the presence of SYBR
Green I and ROX” kit (Synthol LLC, Russia). The reaction
was carried out in a CFX96 Real-Time PCR Detection Sys-
tem (Bio-Rad Laboratories, USA), in six technical replicates
of two biological replicates under the following conditions:
95 °C for 5 min; 40 cycles (95 °C for 15 s, 62 °C for 50 s).
Data were statistically processed using one-way ANOVA

Galacturonate reductase (GalUR) genes in garlic

Table 1. Primer sequences for qRT-PCR

Gene Primer sequences (5'—3’)
AsGalUR1 TGCCATCCGAAGGAGTCTTGT
AGCATTTGGCACTCCTCCATC
AsGalUR2 TGCCATCCGAAGGAGTCTTGT
AGCATTTGGCACTCCTCCATG
AsGalUR3 GAGGAGTGCCAAATGCTTGGAT
CGTCCACCCAAAGGAGAGTG
AsGalUR4 GTGTAACGATGCCCATCCTGAT
CTACTGGAAATGGGTGTGATCC
AsGalUR5 CTGCTGTTAATCAGGTGGAGT
ACACTTCCCCACGGAGCTC
AsGalUR6 CTGCTGTTAATCAGGTGGAGC
ACACTTCCCCACGGAGCTC
AsGalUR7 TCGGTGTGAGCAATTTCTCATC
ACACTTCCCCACGGAGCTC
GAPDH CCATGTTTGTTGTTGGTGTGAATGAG
TGGTGCAGCTAGCGTTGGAGAC
UBQ AAGCCAAGATACAGGACAAG
GCATACCACCTCTCAATCTC

with Bonferroni correction (“multiple comparisons, corrected
with Bonferroni test”) and visualized in GraphPad Prism v. 8
(https://www.graphpad.com).

Analysis of the AsGalUR gene expression dynamics in
garlic seedlings exposed to various stressors (drought, sa-
linity, cold) and exogenous phytohormones. Garlic cv. Scor-
pion plants were grown in transparent glass beakers in water
until 15-day-old seedlings were obtained; cloves were fixed in
a porous polyethylene substrate so that only the lower part of
the clove (the root zone) was submerged in water. At 9:00 and
15:00 of the light growth phase, leaf and root samples were
collected (stored at—80 °C) for subsequent analysis (QRT-PCR)
of AsGalUR gene expression.

To imitate stressful conditions, experimental plants were
transferred to the corresponding aqueous solutions for 24 h
(100 mM NaCl for salinity; 10 % PEG-6000 for drought;
100 uM abscisic acid (ABA) and 100 uM methyl jasmonate
(MeJA) for exogenous phytohotmones). Control plants re-
mained in water. For cold exposure, experimental plants were
placed in a climate chamber (+4 °C, without light), while the
control plants were maintained in the dark at 22 °C. After 6 h
and 24 h of exposure to the stressor/hormone, roots and leaves
were collected from plants in the experimental and control
groups and stored at —80 °C.

The collected plant material was ground in liquid nitrogen
and used to obtain RNA/cDNA preparations and perform
gRT-PCR as described above.

Determination of ascorbate content in plant tissues. The
AsA content (mg/g fresh weight) was measured in the roots and
leaves of garlic plants subjected to stress and treatment with
phytohormones. Analysis was performed using the L-Ascorbic
acid kit (R-Biopharm AG, Germany), and absorption spectra
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were recorded on an Eppendorf BioSpectrometer® basic spec-
trophotometer (Eppendorf, Germany). Regression analysis of
the data (search for correlations between the expression level
of AsGalUR genes and ascorbate content) was performed using
GraphPad Prism v. 8 (https://www.graphpad.com).

Results

Identification and structural characterization

of garlic D-galacturonate reductase genes

Twenty-seven genes encoding AKR family proteins were
identified in the 4. sativum genome, seven of which were ho-
mologous to GalUR in S. lycopersicum (LOC101256763 and
LOC101250974) and F. % ananassa (AF039182.1) and anno-

Table 2. Characteristics of AsGalUR genes

leHbl ranaktypoHatpeaykTas (GalUR) uecHoka 2026

30-3

tated in AlliumDB as “KEGG pathway: D-galacturonate reduc-
tase”. These seven garlic genes were numbered AsGal/UR -7
in the order of their localization on chromosomes 5, 6, and 7.
The genes differed in the number of exons — 3 (4sGalUR5-7)
or 4 (AsGalUR1—4), and in size — from 1,105 bp (4sGalURY5)
to 4,085 bp (4sGalUR7). The genes were similar in terms
of the length of the coding sequence (CDS) and the pre-
dicted physicochemical properties of the encoded proteins
(Table 2).

To construct a phylogenetic dendrogram, the amino acid
sequences of all 27 identified AKRs from A. sativum were
compared with AKR homologs from S. lycopersicum and
A. thaliana. In the resulting dendrogram, the proteins were
divided into two subfamilies, AKR4A and AKR4B (Fig. 1).

Gene Gene ID / Transcript ID Genome localization Gene, Exon CDS, Protein, Mw, pl
bp number  bp aa kDa
AsGalURT ~ Asa5G02985/ Asa3G05397.1 chr5:764719171..764720824 1,654 4 945 314 350 573
AsGalUR2  Asa5G05896/ Asa5G00222.1 chr5: 1607364860..1607366708 1,849 4 969 322 362 548
AsGalUR3  Asa6G06508/ Asa1G06086.1 chr6: 1808233236..1808234881 1,646 4 945 314 35.1 573
AsGalUR4  Asa6G06509/ Asa1G06085.1 chré: 1808295357..1808297099 1,743 4 951 316 355 5.21
AsGalUR5  Asa7G05242.1/ Asa5G04903.1  chr7: 1457744393..1457745497 1,105 3 963 320 36.1 6.39
AsGalUR6  Asa7G05243.1/ Asa5G04902.1  chr7: 1457746950..1457748486 1,537 3 975 324 36.7 596
AsGalUR7  Asa7G05244.1/ Asa4G05086.1  chr7: 1458214446..1458218530 4,085 3 963 320 36.1 6.18
s
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Fig. 1. Dendrogram constructed based on the amino acid sequences of AKR family proteins from garlic (A. sativum),
Thale cress (A. thaliana), and tomato (S. lycopersicum) (MEGA 7.0, Neighbor-Joining method, 1,000 bootstrap replicates,
significant bootstrap values (%) are indicated at the base of the branches).
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The AsGalUR1-7 sequences formed a separate clade within
AKR4A, dividing into subclades I (AsGalUR1-4) and II
(AsGalURS5-7). The first (I) turned out to be homologs of
D-galacturonate reductases from A. thaliana (AT1G59950
and AT1G59960 (Duan et al., 2020)) and S. lycopersicum
SIAKR4B (LOC101250974 (Suekawa et al., 2016)), as well as
of an uncharacterized S. lycopersicum AKR (LOC101254364).
The second (II) clustered with known S. /ycopersicum GalUR
(LOC101256763 (Suekawa et al., 2016)) (Fig. 1). The homol-
ogy of AsGalUR sequences was 8699 % (I) and 89-95 % (II)
within subclades, and 48—52 % between subclades I and 11.

All the AsGalUR1-7 proteins were found to contain the
conserved AKR domain PF00248.18 (the domain position was
determined by comparison with homologs from S. lycopersi-
cum, Vitis vinifera L., F. X ananassa, and A. thaliana) and,
according to (Suckawa et al. 2016), 10 functionally important
amino acid residues (aa), including the plant AKR cofactor
binding sites (Fig. 2).

In the same proteins, conserved motifs were also identified
(Fig. 3). The composition and position of the motifs were simi-
lar within the group of analyzed proteins, with the exception of
slightly different C-terminal consensuses, which is associated
with variability in the extra-domain region. Namely, individual
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proteins lacked motif 7 (AT1G59950 and AT1G59960) or
8 (S1_LOC101256763, FaGalUR, and VvGalUR), or both
motifs (AsGalUR2).

Analysis of AsGalUR1-7 sequences in PANNZER pre-
dicted that all seven proteins possess oxidoreductase activity
(GO:0016616) and are localized in the cytosol (GO:0005829).

Determination of the AsGalUR1-7 gene expression pattern
in garlic plants

Using A. sativum cv. Ershuizao transcriptome data (Sun et
al., 2020), the expression profiles of the AsGalURI-7 genes
were determined in various garlic organs (including stages 1-8
of bulb growth and development) (Fig. 4). It was found that
the A4sGalURI, 3, and 4 genes (subclade I) were expressed
in all analyzed organs, with the highest levels in roots (all
three genes), leaves (4sGalUR3 and 4), stems (4sGalURI
and 3), and buds (4sGalUR3). Transcripts of the fourth gene
of subclade 1, AsGalUR2, were not detected in any of the
organs analyzed.

Transcripts of the AsGalUR5—7 genes (subclade II) were
present predominantly in aboveground organs (except flowers),
with a maximum in seedlings (all three genes). AsGalURS
and 7 (but not AsGalUR6) were also highly expressed in leaves,
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Fig. 2. Alignment of the amino acid sequences of D-galacturonate reductases from A. sativum (As), F. X ananassa (Fa), V. vinifera (Vv),

A. thaliana (AT), and S. lycopersicum (SI).

The background color corresponds to the level of amino acid conservation in the analyzed proteins (green - 100 %, blue - 80 %, pink — 60 %). The
position of the AKR domain PF00248.18 is indicated by red underlining. Blue asterisks indicate active sites and cofactor-binding sites of plant AKRs

(according to (Suekawa et al., 2016)).
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Fig. 3. Phylogenetic relationships and comparative profiling of conserved motifs of D-galacturonate reductases from
A. sativum (As), F. x ananassa (Fa), V. vinifera (Vv), A. thaliana (AT) u S. lycopersicum (SI).
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Fig. 4. Heatmap of AsGalUR1-7 expression in different organs of garlic A. sativum cv. Ershuizao based on transcriptome data (Sun et
al,, 2020).

Numbers in boxes indicate the average FPKM values for three biological replicates. For bulbs, stages 1-8 (corresponding to 192, 197, 202, 207,212,217,
222, and 227 days of development) are shown.

stems, and buds. In bulbs and roots, the expression level of contrast to the transcriptome data (Fig. 4), transcripts of the
the 4sGalUR5-7 genes was low relative to the aboveground AsGalUR?2 gene were detected everywhere, while 4sGalUR6
parts of the plant (Fig. 4). was not expressed. Subclade I genes (4sGalUR [-4) were ex-
Overall, based on the preferred expression profile (Fig. 4), pressed in all analyzed organs, with a maximum in the roots
the genes were conditionally assigned to the root (4sGalURI, and clove base. Transcripts of subclade II genes (4sGalURS
3, and 4, despite a significant number of transcripts also being and 7) were detected only in the leaves (maximum) and pseu-
expressed in leaves/stems) and leaf (4sGalUR5—7) groups, dostem (Fig. 5).
which corresponded to their distribution among phylogenetic Thus, the results of qRT-PCR (Fig. 5) made adjustments to
subclades I and II (Fig. 1). The exception was the 4sGalUR2  the in silico expression profile of the AsGalUR2 and 6 genes
gene of subclade I (Fig. 1), for which no expression was de-  (Fig. 4) and confirmed the possibility of dividing the genes
tected in garlic organs (Fig. 4). of subclades I and II into genes with predominant expres-
In the organs of garlic cv. Scorpion plants, AsGalURI-7 sion in the underground (I) and aboveground (II) parts of
gene expression was determined using qRT-PCR (Fig. 5). In  the plant.

YCTONYNBOCTb PACTEHUIA K ABUOTUYECKOMY CTPECCY / ABIOTIC STRESS TOLERANCE IN PLANTS 417



M.A. Filyushin, T.M. Seredin
A.V. Shchennikova, E.Z. Kochieva

Galacturonate reductase (GalUR) genes in garlic

AsGalUR1 AsGalUR2 AsGalUR3 AsGalUR4

0.00020

5 a

g 0.00015

Qo

% 0.00010

[

=

S 0.00005

&

000000""”36'0"’ g & 4 9 of g ¢ 8 9 of g € 8 9 of
8 § 2z & 3§ 8 § 3 5 %8B 8 § 3 5 %§ 8 § 3 5 %8
 &n ] g a% c & ] g a% c & ] g ab% c & ] g 34

a a. [= [=
AsGalUR5 AsGalUR6 AsGalUR7

c 0.15 a 0.15 0.20

2 015 a

o 010 0.10

Q

3 0.10

Y o005 0.05

= 0.05

© b

[7] - - - - - - - -

000 0.00 T r T 0.00 . r
g g 38 & of 2 g & ¢ of 2 g & ¢ of
5 5§ 3 & %8 8 5§ 3 & %8 8 5 3 & %8
o V) @ g av & @ Y aw & @ g ab%

a. [= [=

Fig. 5. Expression profile (qQRT-PCR) of the AsGalUR1-7 genes in cv. Scorpion garlic plants.

Significant differences in gene expression levels between different organs at “%p < 0.05.
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Fig. 6. Heatmap of the expression (based on gRT-PCR results) of the AsGalURT-5 and 7 genes in the roots and leaves of
15-day-old garlic cv. Scorpion seedlings at two time points of the plant growth light phase — 9:00 and 15:00.
The numbers in boxes indicate the average values of the AsGalUR gene expression levels, normalized to the expression of the reference

genes GAPDH and UBQ.

Determination of the expression pattern

of the AsGalUR1-7 genes in garlic seedlings:

6-h dynamics during the light phase

of plant growth and response to stress factors

and exogenous phytohormones

The AsGalURI-5 and 7 gene expression levels were deter-
mined in roots and leaves of 15-day-old garlic cv. Scorpion
seedlings at two time points (9:00 and 15:00) of the light
growth phase (Fig. 6). It was confirmed that the genes of root

subclade I (4sGalUR1-4) are most active in roots, while the
genes of leaf subclade II (4sGalURS and 7) are most active in
leaves. Moreover, over the 6-h light phase of plant growth, the
gene expression level changed insignificantly, maintaining or-
gan specificity. Interestingly, the transcripts of the “leaf” genes
AsGalURS and 7, which in adult plants were present only in
aboveground organs (Fig. 5), were also detected in the roots
of seedlings, although with a significantly lower (20-25 times)
expression level than in the leaves (Fig. 6).
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Fig. 7. Dynamics of AsGalUR gene expression in roots (a) and leaves (b) of garlic seedlings in response to abiotic stressors
(salinity, 100 mM NaCl; drought, 10 % PEG-6000; cold stress, +4 °C) and exogenous phytohormones (100 uM ABA; 100 uM
MelJa). Changes in the AsA content (c) in the roots and leaves of the same garlic seedlings in response to abiotic stressors

and phytohormones.

Values significantly (p < 0.05) different from the control are shown in bold. Gradient coloring of cells corresponds to changes in gene
expression level towards a decrease (shades of red) or an increase (shades of green) in relation to the control (yellow).

To determine the involvement of D-galacturonate reduc-
tases in the stress response of garlic plants, 15-day-old
cv. Scorpion seedlings were exposed to various stressors (sa-
linity, drought, cold, and the exogenous phytohormones ABA
and MeJA). After 6 h and 24 h of exposure, gene expression
of AsGalURI-5 and 7 was analyzed in the roots and leaves
(Fig. 7).

In roots, it was shown that excess NaCl either did not
change (4sGalUR1, 3-5, and 7) or suppressed (AsGalUR2,6 h
under stress conditions) gene expression. Dehydration (PEG)
significantly stimulated gene expression (by 1.5-9.3 times)
at both time points, with the exception of AsGalUR7, the
transcript levels of which approached control values after
24 h. Six hours of cold exposure affected individual genes,
decreasing (4sGalUR3, 4, and 5) or increasing (AsGalUR?7)
their expression. However, after 24 h, the expression of all
genes changed in a subclade-specific manner: it increased
(AsGalUR1-4, subclade 1) or decreased (AsGalUR5 and 7,
subclade II) compared to the control level. Phytohormone
treatment significantly reduced the expression of all genes,
reaching zero for AsGalURS5 and 7 (Fig. 7a).

In leaves, 6 h of exposure to salt stress stimulated the ex-
pression of AsGalUR7 (by 1.5 times), while 24 h of exposure
suppressed the activity of all genes (except AsGalUR2). Six
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hours of drought did not change (4sGalUR5 and 7) or led
to a decrease (4sGalUR1—4) in gene expression; after 24 h,
the transcript levels of AsGalURI-5 and 7 decreased by
2.5-3.4 times. In response to 6 h of cold conditions, gene ex-
pression increased (AsGalURS and 7), decreased (4sGalUR3),
or did not change (4sGalURI, 2, and 4); 24 h of exposure led
to an increase in the expression of AsGalUR1, 3, and 5. Treat-
ment with ABA and MeJA, as in roots, negatively affected the
expression of the AsGalUR -5 and 7 genes (Fig. 7b).

In garlic seedlings exposed to stress factors and exogenous
phytohormones, the ascorbate content was determined to be
1.4-2.2 and 12.1-24.3 mg/100 g in roots and leaves, respec-
tively (Fig. 7¢). In roots, AsA content increased at both time
points (6 h and 24 h of stress) in response to drought (PEG),
whereas it did not change under the influence of other stressors
and phytohormones. In leaves, increased ascorbate accumu-
lation was observed after 6 h of exposure to NaCl, drought,
and cold stress; at 24 h, the AsA content returned to control
values (Fig. 7¢).

In the leaves of garlic seedlings, the correlation analysis
revealed a significant (p < 0.05) dependence of the ascorbate
content on the expression level of the AsGalURI (correlation
coefficient » = 0.63) and AsGalUR4 (r = 0.66) genes under
stress conditions.
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Discussion

The D-galacturonic pathway for L-ascorbic acid biosynthesis
in plants was first discovered in the 1950s, and the enzyme
D-galacturonate reductase was discovered at the same time. It
catalyzes the reduction of D-galacturonic acid methyl ester to
L-galactonic acid (Isherwood, Mapson, 1956), which is con-
verted in several stages to AsA (Ishikawa et al., 2008; Peltonen,
Richard, 2022). In 2003, the first gene of the Gal/UR family
encoding D-galacturonate reductase was cloned in strawberry
F. x ananassa (FaGalUR), in which ripe berries ascorbate is
synthesized predominantly via the D-galacturonic pathway
(Agius et al., 2003; Cruz-Rus et al., 2011).

In this study, the AKR4 gene family (Fig. 1) was identified
for the first time in the genome of garlic 4. sativum. Seventeen
of the 27 identified 4s4AKR genes belonged to the AKR4A
subfamily, which was consistent with the higher number of
AKR4A genes compared to AKR4B in higher plants (Duan et
al., 2020). Seven AKR4A genes, AsGalUR1-7 (Fig. 1, Table 2),
encoded homologs of known GalUR proteins from S. [ycoper-
sicum (Suekawa et al., 2016), A. thaliana (Duan et al., 2020),
and F. X ananassa (Agius et al., 2003).

Based on structural homology, it was suggested that
AsGalUR1-7 proteins may function as D-galacturonate
reductases in garlic plants. The presence of functionally im-
portant sites and a conserved domain specific for AKR in all
AsGalURI1-7 proteins (Fig. 2), along with the results of GO
analysis, also indicates the presence of oxidoreductase activ-
ity characteristic of AKR in AsGalUR1-7 when localized in
the cell cytosol. The predicted localization of AsGalUR1-7
was consistent with the fact that the two-step conversion of
D-galacturonate to L-galactono-1,4-lactone involving GalUR
occurs precisely in the cytosol (Smirnoff et al., 2001).

Based on the number of exons, the genes were divided
into two groups: AsGalURI—4 (4 exons) and AsGalUR5—7
(3 exons) (Table 2), which suggested the existence of func-
tional differences between them, possibly associated with
the specificity of expression for individual organs/tissues/
developmental stages and/or with the adaptive reactions of
the garlic plant. This division was confirmed by phylogenetic
analysis. In the dendrogram, the AsGalUR 1-7 proteins formed
two subclades: I (AsGalUR1-4) and IT (AsGalURS5-7) (Fig. 1),
although the set of conserved motifs looked identical, with the
exception of the C-terminal part of AsGalUR2 (Fig. 3). The
variability of the AsGalUR2 C-terminal sequence may indicate
the presence of individual functional properties in this protein,
but does not exclude its involvement in the synthesis of AsA.
The different numbers of subclade I and II GalUR genes in
A. sativum and, for example, S. lycopersicum, A. thaliana
or Brassica rapa L. (Duan et al., 2020) (Fig. 1) suggests the
emergence of precursors of these genes before the separation of
the monocot and dicot classes and subsequent species-specific
duplication evolution of the corresponding gene families.

As mentioned above, activation of D-galacturonic acid path-
way of AsA synthesis as an alternative to the main L-galactose
pathway occurs in ripe, juicy fruits, which is associated with
the degradation of cell wall pectin in the pulp with the release

Galacturonate reductase (GalUR) genes in garlic

of D-galacturonate (a substrate for GalUR) (Cruz-Rus et al.,
2011; Badejo etal., 2012). Growing and ripening fruits obtain
the required amount of ascorbate through internal synthesis via
the main pathway and translocation of AsA from the leaves
(Badejo et al., 2012). Softening of ripe fruits is accompanied
by the destruction of cell walls. During this, pectin, which
makes up ~35 % of the primary walls in dicotyledons and
non-cereal monocots (including garlic) (Mohnen, 2008) and
consists of ~70 % galacturonic acid residues (Mwolhgj et al.,
2004; Cruz-Rus et al., 2011; Badejo et al., 2012), is degraded.
There is a significant increase in the amount of substrate for
GalUR, which stimulates a switch to an alternative pathway
for AsA synthesis in fruits (Peltonen, Richard, 2022).

Thus, to activate the D-galacturonic acid pathway, plants
require D-galacturonate as a substrate for GalUR (Peltonen,
Richard, 2022). However, in vegetative tissues, as well as
in growing storage organs, this compound is strictly neces-
sary for the synthesis of cell wall pectin, since plant growth
and development are accompanied by active cell division
(Mohnen, 2008). Nevertheless, the constant presence of high
concentrations of D-galacturonate in the cytosol of vegetative
tissue cells suggests that D-galacturonic acid pathway of AsA
synthesis may also occur there as a minor addition to the main
L-galactose pathway. This is indirectly confirmed by the posi-
tive correlation between the content of AsA and the expression
level of D-galacturonate reductase genes found in the leaves of
B. rapa (Duan et al., 2020) and tea bush (Camellia sinensis (L.)
O. Kuntze) (Li et al., 2017).

Based on the above, in this study, we analyzed the expres-
sion of the AsGalURI-7 genes in various organs of the 4. sa-
tivum cv. Ershuizao plant (in silico, using transcriptome data
(Sun et al., 2020)) (Fig. 4), as well as in the leaves and roots
(qRT-PCR) of the garlic cv. Scorpion, including in response to
abiotic stressors and exogenous phytohormones (Fig. 5-7). In
addition to vegetative organs, bulb samples (as a storage organ)
at several stages of growth and maturation were included in
the in silico analysis (Sun et al., 2020).

The analysis confirmed that the groups of 4sGalUR genes
belonging to subclades I and II differ in their expression pro-
files and, presumably, in their functional specialization. So, the
transcript levels of genes AsGalUR1—4 (1) were significantly
higher in the underground part of the garlic plant compared
to the aboveground organs, while the opposite pattern was
observed for genes AsGalURS5—7 (II) (Figs. 4-6). This suggests
organ-specific involvement of these genes in the D-galac-
turonic pathway; subclade I and II genes were provisionally
named as root (4sGalUR 1—4) and leaf (4sGalUR5—-7) genes.
A question remains regarding the AsGalUR2 and 6 genes,
which showed different expression patterns depending on the
type of analysis, but based on the totality of the data (Fig. 4
and 5), these genes correspond to the characteristics of their
groups, although they require further study. In our further
work, we relied on the results of qRT-PCR, that is, we excluded
AsGalURG6 from the study.

As expected, in the bulb, the root genes AsGalUR[—4 were
expressed significantly higher than the leaf genes; however,
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no significant trends in transcript level changes were observed
as the bulbs approached maturity (Fig. 4). This may be due
to differences in the definition of full ripeness between juicy
fruits and root vegetables. While in fruits biological ripeness
is accompanied by softening of the pulp (Badejo et al., 2012),
in root vegetables it means enlargement and vacuolization of
cells for nutrient accumulation and the onset of physiological
dormancy (Teper-Bamnolker et al., 2012). Softening of root
tissue may be a sign of dormancy release, wilting, or rotting.

Consistent with the fact that 12 Gal/UR genes of B. rapa
exhibit obvious divergence of expression under different stress
conditions (Duan et al., 2020), in our study, the 4sGalURI-5
and 7 genes also responded diversely and organ-dependently
to both abiotic stressors and exogenous ABA and MeJA
(Fig. 7a, b). Despite the conditional division of genes into root
and leaf groups, in most cases their expression in response
to stress changed in both roots and leaves (Fig. 7a, b). This
indicates the involvement of all AsGalURI-5 and 7 genes in
AsA synthesis via an alternative pathway under stress condi-
tions throughout the plant, but with predominant specificity
in the underground or aboveground parts.

Exogenous phytohormones suppressed the expression of
genes of both group in both tissue types (Fig. 7a, b), which
is consistent with the role of ABA and MeJA as plant growth
regulators and cell division stimulators (Fattorini et al., 2009;
Xie et al., 2020). It is possible that hormone treatment accele-
rates cell division, which requires increased pectin synthesis,
reduces the amount of substrate for GalUR and, as a result,
downregulates the expression of AsGalUR genes. On the
other hand, exogenous ABA has been shown to stimulate AsA
synthesis (Xu et al., 2022); however, this most likely relates
to the main ascorbate synthesis pathway. In addition, we did
not observe an increase in ascorbate content in response to
phytohormones (Fig. 7¢), which may suggest the absence
of an effect or a delayed stimulatory effect of ABA on AsA
synthesis.

The effects of abiotic stressors on gene expression were
more diverse than those of hormones (Fig. 7a, b). The main
difference between the reaction of root (AsGalUR [—4) and leaf
(4sGalUR5, 7) genes was the opposite expression dynamics
under low temperature exposure. In roots (as expected from
conditional gene specialization), after 24 h of treatment, the
expression of root genes increased, while that of leaf genes
decreased (Fig. 7a). In leaves, on the contrary, after 6 h of
exposure, the expression of leaf 4sGalUR5 and 7 sharply in-
creased, while the expression of root AsGalUR 1—4 decreased
or remained unchanged (Fig. 7b). This is consistent with the
positive dependence of plant cold resistance on AsA content
(Fu et al., 2023) and emphasizes the organ specificity of the
increase in AsGalUR gene expression in response to cold,
which led to a significant (leaves) or weaker (roots) increase
in ascorbate content (Fig. 7¢).

Ascorbic acid promotes plant tolerance to salinity and
drought (Younis et al., 2010). Accordingly, the expression of
AsGalUR genes changed in response to osmotic/ionic stress
(PEG, NaCl) with a more pronounced effect in the roots,
which is associated with the specificity of stress conditions
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created (roots immersed in a PEG or NaCl solution). However,
no functional differences were found between leaf and root
AsGalUR genes: in leaves, the expression level of all genes
decreased, while in roots it did not change (NaCl) or increased
(PEG) (Fig. 7a, b), which was accompanied by an increase in
AsA accumulation in organs of both types (Fig. 7¢). It should
be noted that the correlation between the gene expression
level and the ascorbate content under stress conditions was
found only in leaves and only for the 4sGalURI and 4 genes
assigned to the root group, which confirms the conventionality
of the functional division of 4sGalUR genes in the adaptive
responses of garlic plants.

The data we obtained are fully consistent with the activa-
tion of alternative pathways for ascorbate synthesis in plants
under stressful conditions shown in other studies (Xu et al.,
2012; Ruggieri et al., 2016). In particular, this may be due
to a decrease in the flux of the main L-galactose pathway in
response to stressors (due to the active involvement of this
pathway precursor, D-glucose, in plant stress responses), which
was demonstrated in the analysis of the vtc/ and v¢c2 mutants
of A. thaliana (Quifiones et al., 2024).

Conclusion

In this study, we identified the 4. sativum AKR gene family and
defined seven AsGalUR1-7 genes, which presumably encode
D-galacturonate reductases — key enzymes in the alternative
D-galacturonic acid pathway of L-ascorbic acid biosynthesis.
We characterized the structure and phylogeny of the genes
and encoded proteins, as well as the organ-specific expression
profile of the 4sGalURI-7 genes. Based on this, the genes
were conditionally divided into root (4sGalURI—4) and
leaf (AsGalURS5-7) groups. We analyzed gene expression in
response to abiotic stress factors (salinity, drought, and cold)
and exogenous phytohormones (ABA, MeJA), which revealed
additional functional features of the genes in determining garlic
plant stress tolerance.
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Abstract. One of the current research directions in plant-microbe interactions focuses on the mechanisms of plant
adaptation to environmental stress through symbioses with various microorganisms. While the role of arbuscular
mycorrhizal fungi in plant adaptation to drought is well-known, the underlying mechanisms of these processes remain
poorly understood, particularly in leaf tissues. It is suggested that certain genes from the aquaporin family play a critical
role both in adaptation to water deficit and in the development of an effective arbuscular mycorrhizal symbiosis. Thus,
the important task in this study of plant-microbe symbioses is to assess the effect of arbuscular mycorrhizal fungal
inoculation on the expression of aquaporin genes in leaves. This study utilizes the highly effective plant-microbe model
system “Medicago lupulina + Rhizophagus irregularis” under drought stress conditions. A comparative assessment of
gene transcription was carried out using the 2-2ACT method based on real-time quantitative PCR results: normalization
was performed relative to the actin reference gene with non-inoculated plants serving as the control. The study was
conducted both at the initial development stage (the 2nd leaf stage), and at the stage of active plant-microbe interaction
(the flowering stage). The study revealed genes with significant differential expression under drought conditions when
comparing mycorrhizal and non-mycorrhizal Medicago lupulina plants: NIP3;1, NIP4;2, specific NIP7;1, TIP5;1 at the 2nd
leaf stage; genes NIP3;1, NIP5;1, NIP6;4, NIP7;1 (specific), PIP1,4, TIP2;3 and specific XIP1;1 at the flowering stage. Previously,
in a similar experiment, under well-watering conditions, the same genes did not have differential expression between
mycorrhizal and non-mycorrhizal plants. Thus, the listed genes likely participate in the adaptation of the studied plants
to drought conditions. The obtained information can be used to develop highly productive plant-microbe systems
involving arbuscular mycorrhizal fungi, aimed at transitioning to organic farming, minimizing negative environmental
impact, and enhancing plant resistance to water deficit.
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Vi3MeHeHle TPaHCKPUIIIINY F'eHOB aKBaIllOPpMHOB
B JIMCTBSIX JIIOIIePHBI XMeJIeBUIHOI B pe3y/IbTaTe MUKOPU3aI UM
I'pu6OM apOVYCKVYISIPHOV MUKOPW3bI B VCIOBUSX JeduIiiuTa BOObI

A.TL. IOpxos (2), T.P. Kyapsimosa (2, A.V1. Beastesa, A.A. Kprokos () @

Bcepoccrinckmnin HayuHoO-NCCNefoBaTENbCKUIA MHCTUTYT CeNbCKOXO3ANCTBEHHON MUKpobuonorum, CaHKT-TMeTepbypr, Poccua
rainniar@rambler.ru

AHHoTauuA. OQHUM 13 aKTyasbHbIX HanpaBaeHW CCefoBaHNI PaCTUTENIbHO-MUKPOOHbBIX B3aMMOAENCTBUN ABNAETCA
M3yyeHvie MexaH13MOoB afanTaumn pacTeHnin K cTpecc-pakTopam cpefibl 3a CHeT Pa3BUTKA CUMOMO30B C PasIUYHbIMK
MMUKPOOPraH1M3mamu. XopoLlo 13BeCcTHa posib rprboB apOyCKyNAPHOW MMKOPU3bl B aaanTaLlymn pacTeHn K 3acyxe, HO
MeXaHV3Mbl AaHHbIX NPOLIECCOB A0 CKX MOP PACKPbITbI HE MOHOCTbIO, 0COBEHHO B TKaHAX NNCTbeB. Mpenonaraercs, Yto
HeKoTopble 13 reHOB akBaropUHOB MOTYT UrpaTh BaXKHYHO POSb Kak B aAanTaLumn pacTeHnin K He[oCTaTKy Braru, Tak U B
pa3BuTHM 3dPeKTUBHOrO CUMGMO3a C rpubdamm apbycKynapHON MUKOPKU3bl. TaKM 06pa3oM, BaxKHON 3ajayeli B U3yUYeHnmn
pPacTUTENIbHO-MUKPOOHbIX CUMOMO30B ABNAETCA OLEHKa BAVSAHUA UHOKYNALUN FPUOOM apbyCKynsipHO MUKOPU3bI Ha
3KCNPeCcCuio reHOB akBarnopPVHOB B NINCTbAX PACTEHUI B BbICOKOIPOEKTUBHON MOAENBbHOW PacTUTENbHO-MUKPOGHOI
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M3MeHeHVA TpaHCKPUNLMY reHOB akBarnopyHOB B MYKOPU30BaHHbIX
pacTeHWAX NoLEePHbI XMeNEeBUAHON Npu 3acyxe

cucteme “Medicago lupulina + Rhizophagus irregularis” B ycnosusx 3acyxu. CpaBHUTENbHaA OLEHKa TpaHCKpunuum
reHOB BbiMosHeHa meTopoM 2722CT no pesynbratam KonuuectseHHoi MLUP B peanbHOM BpeMeHW: HOpManu3aums
npoBefieHa Mo OTHOLIEHNIO K pedepeHCHOMY FreHy — aKTVHY, KOHTPOIEM BbICTYMasl BapuaHT 6€3 MHOKYNALUnM rpnbom.
WccnenoBaHne npoBeAeHO Kak B HavyanbHylo ¢asy pa3suTuaA — dasy pas3BuTMA 2-TO NINCTa, Tak U B Ppasy aKTUBHOro
pacTUTeNbHO-MMKPOBHOro B3anmoaencTauna — dbasy LueTeHUs. B pesynbtaTte BbiABNEHbI FeHbl, UMelOLWMe AOCTOBEPHYIO
anddepeHUmanbHy0 SKCNPeccuo B YCIOBUAX 3acyXy NPU CPaBHEHWM MUKOPU30BAHHBIX U HEMUKOPM3OBaHHbIX
pacTeHwuin nouepHbl xmenesugHon: NIP3;1, NIP4,2, cneunduueckuin NIP7;1, TIP5;1 - B dpa3sy pa3sutua 2-ro nucta; NIP3;1,
NIP5;1, NIP6;4, NIP7;1 (cneuundunueckuin), PIP1,4, TIP2;3 n XIP1;1 (cneunduuecknii) — B ¢pasy LseTeHus. PaHee B nogo6HOM
SKCMEPVIMEHTE, HO B YCJIOBMSAX HOPMAsNbHOrO MOMIMBA 3TU e reHbl He umenn anddepeHumanbHON SKcnpeccnn B
CpaBHEHVNM MWKOPU30BaHHbIX W HEMWKOPWU30BaHHbIX pacTeHWid. BepoATHO, MnepeumcneHHble reHbl MNPUHMMAlOT
yyacTue B ajantaumy U3yYeHHbIX PacTeHUI K YCNIOBMAM 3acyxu. [lonyyeHHble cBefileHnA MOryT ObiTb MCMONIb30BaHbI B
pa3paboTKe BbICOKOMPOAYKTUBHBIX PAaCcTUTENbHO-MUKPOOHBIX CUCTEM C yyacTUem rprboB apbyCcKynapHOM MUKOPK3bI
C Lenbto nepexofa K 61MonorMyeckomy 3emneaenmio, MUHUMU3auumy HeraTVBHOMO BAIMAHNA Ha OKpYXKatoLyto cpefy 1
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MOBBILEHWNIO YCTOMYMBOCTN PAaCTEHWIA K HEAOCTATKY BAaru.
KnioueBble cnoBa: akBanopuiHbl; AQP; apbyckynsipHas mrkopusa; Medicago lupulina; Rhizophagus irregularis; 3acyxa

Introduction

The problem of water deficit in crop production has become
increasingly acute due to the disruption of natural ecosystems
by intensive agriculture, excessive water withdrawal, and the
weather conditions in various regions. To solve the problem
of drought, a number of measures are employed, including
not only irrigation, the introduction of new methods of no-till
farming, shelterbelts, and crop rotation but also biological
methods aimed at enhancing plant adaptation to environmental
stress factors using symbiotic microorganisms. The role of
arbuscular mycorrhiza (AM) fungi is well known; they likely
played a key role in the colonization of land by plants approxi-
mately 400 million years ago (Remy et al., 1994). During that
period, these fungi performed part of the functions of the root
system, actively supplying plants with water and minerals. AM
fungi support the ionic homeostasis of the host plant, provide
osmotic protection and increase water use efficiency (Mam-
madov et al., 2018; Luo et al., 2022). Currently, more than
80 % of terrestrial plant species form AM with fungi from the
class Glomeromycetes (Smith, Read, 2008). In this regard, a
highly relevant area of research is to identify the mechanisms
that control the adaptation of plants to soil moisture deficiency
and the role of AM fungi in this process.

It should be assumed that plant adaptation to drought is
closely related to the regulation of water transporters in plant
tissues, among which the most represented group are aquapo-
rins, small membrane proteins of the Major Intrinsic Proteins
(MIP) family that form channels for transporting molecules
across biological membranes (Maurel et al., 2015). In plants,
they play a key role in adaptation to drought, salinity, and
growth regulation (Daneliia et al., 2024; Kudriashova et al.,
2025). The greatest diversity of aquaporins is characteristic
of angiosperms, resulting from gene duplication via polyploi-
dization (Singh et al., 2020), a process common to nearly all
angiosperms. Polyploidization leads to gene duplication and
the emergence of new isoforms. In particular, 35 aquaporin
genes were found in Arabidopsis thaliana, 46 in Medi-
cago truncatula, and 120 in rapeseed Brassica napus (Min
et al., 2019; Daneliia et al., 2024). Aquaporins have a con-
servative structure. An important feature in their structure is

that they form tetramers where each monomer functions as
an independent channel (Kudoyarova et al., 2022). Aquaporin
activity can be regulated by phosphorylation, pH, and redox
reactions.

Not all aquaporins are equally effective in water transport.
Thus, aquaporins of angiosperms are divided into the five sub-
families: (1) NIP (nodulin 26-like intrinsic proteins) with low
water permeability participate in the exchange of metabolites
with microsymbionts (Kruse et al., 2006), and are localized
in the plasma membrane and membranes of the endoplasmic
reticulum (Ma et al., 2006; Mizutani et al., 2006; Lopez et al.,
2016); (2) PIP (plasma membrane intrinsic proteins), perme-
able to water, hydrogen peroxide, and carbon dioxide, are
localized in the plasma membrane, the inner membrane of
chloroplasts, thylakoid, and the endoplasmic reticulum (Zhou
et al., 2024); (3) SIP (small basic intrinsic proteins) with low
permeability to water are localized on the membrane of the
endoplasmic reticulum, and are poorly studied (Hussain et al.,
2020; Zhou et al., 2024); (4) TIP (tonoplast intrinsic proteins),
permeable to water, hydrogen peroxide, ammonium, and urea,
are localized in the tonoplast (Maurel et al., 2008; Zhou et al.,
2024); (5) XIPs (uncharacterized/X intrinsic proteins) with low
water permeability are localized on the plasma membrane, and
are poorly studied (Lopez et al., 2016; Noronha et al., 2016).

An analysis of the literature data suggests that the functions
of aquaporins require significantly more investigation. Some
studies indicate that mycorrhization increases plant resistance
to drought. However, the mechanisms of aquaporin regulation
remain unclear, especially regarding the species and tissue
specificity. In particular, their expression in leaves is still
under-researched (Daneliia et al., 2024; Kudriashova et al.,
2025). Changes in aquaporin regulation mediated by mycor-
rhization remain an enigma (Sharma et al., 2021). Promising
research directions include the identification of marker genes
for effective symbioses (including AM symbiosis) that ensure
plant adaptation to a lack of water in the substrate, the analysis
of aquaporin gene expression under water stress, as well as
the study of posttranslational modifications. From a practical
perspective, such research will enable the development of
symbiotically highly efficient and productive plant-microbial
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systems (PMS) necessary for the implementation of soil-
protective resource-saving agriculture and, as a result, the
production of environmentally friendly agricultural products.

Based on the above, the purpose of this study is to identify
aquaporin genes in leaves that serve as markers of effective
symbiosis. We employed a highly efficient model — PMS
“Medicago lupulina + Rhizophagus irregularis” — under
conditions of substrate moisture deficiency at the early and
late stages of symbiosis development. For this purpose, the
authors selected the highly responsive to mycorrhization line
MIS-1 of Medicago lupulina. Previous transcriptomic analy-
sis using the Massive Analysis of cDNA Ends (MACE-Seq)
on this line identified over 4,500 differentially expressed
genes (pyq; < 0.01) in leaves upon colonization by the highly
effective strain of the AM fungus Rhizophagus irregularis
RCAMO00320 (Yurkov et al., 2023).

Materials and methods

Plant and fungal materials. Black medic (Medicago lupu-

lina L.), which is a widespread species of the genus Medicago,

diploid and self-pollinating, was used as a model plant. The

MIS-1 line, which was bred from the VIK32 cultivar popula-

tion and is characterized by its high sensitivity to mycorrhi-

zation, was selected as the object of the study (Yurkov et al.,

2015). In the absence of arbuscular mycorrhizal (AM) fungal

inoculation, plants of this line show signs of dwarfism under

conditions of low plant-available phosphorus in the substrate

(Yurkov et al., 2020). The RCAMO00320 Rhizophagus irre-

gularis strain from the ARRIAM collection, which has high

symbiotic efficiency, was used for inoculation.

Pot experiment. The experimental procedure was based
on the protocol described by A.P. Yurkov et al. (2015). To
prevent spontaneous infection by nodule bacteria and other
microorganisms, the soil-sand mixture was sterilized (the
substrate ratio was 2:1) by double autoclaving at 134 °C and
2 atm for 1 hour with an interval of 2 days. No substrate toxicity
was detected after treatment of the mixture. Two Medicago
seedlings were planted per pot, each containing 210 g of a
soil-sand mixture. Half of the pots were inoculated with Plec-
tranthus verticillatus roots colonized by R. irregularis, and in
the other half (in the control), no inoculation was performed.
Agrochemical parameters of the used soil were reported in the
work of A.P. Yurkov et al. (2020): P,O; content was 23 mg/kg
and the pH was 6.44. The humidification conditions were se-
lected based on a preliminary drought trial. The experimental
design included variants with different moistening of plants,
both with and without AM R. irregularis inoculation:

— “normal”, watering maintained at 0.6 of the total water-
holding capacity (WHC);

— “drought, variant 17, transition from normal watering in the
first 8 days to 0.4 of WHC for 16 days (until the 2nd leaf
stage) and for 40 days (until the flowering stage);

— “drought, variant 2”, transition from normal watering to
0.4 of WHC, for 7 days before harvesting at the 2nd leaf
stage and the flowering stage (i. e., the drought regime was
maintained for a plant for 7 days before harvest).

Alterations in aquaporin gene transcription
in mycorrhizal black medic in drought conditions

The third variant of drought (continuous 0.4 of WHC) was
excluded due to high mortality rates in preliminary tests. In
this preliminary experiment (Table S1)!, shoot fresh weight,
symbiotic efficiency, plant mortality rate, and mycorrhizal
infection frequency in the root were determined. Based on
these indicators, drought variant 2 was selected for the analysis
of the relative level of aquaporin gene expression in leaves.

In the main experiment, the first harvest was carried out
24 days after planting and inoculation, during the stage of the
2nd true leaf, and the second harvest — on day 48, during the
flowering stage. Productivity parameters (shoot and root dry
weight) and the effectiveness of symbiosis were evaluated ac-
cording to previously described methods (Yurkov et al., 2015).
The roots were stained with trypan blue (Phillips, Hayman,
1970). The calculation of mycorrhizal parameters, including
the intensity of mycorrhizal infection in the root (M, %) and
the abundance of arbuscules in the mycorrhizal part of the
root (a, %), were carried out according to (Trouvelot et al.,
1986) using specialized software (Vorobyev et al., 2016). To
analyze gene expression levels, plant material was frozen
in liquid nitrogen immediately after harvesting and stored
at —80 °C until RNA extraction.

Isolation of RNA and analysis of gene expression. The se-
lection of genes and primers for their amplification (Table S2)
was carried out on the basis of M. truncatula data from the
Phytozome genetic sequence database (https://phytozome-
next.jgi.doe.gov/) and transcriptomic analysis of M. lupulina
(Yurkov et al., 2023). The study included 30 genes from
46 known orthologs in M. truncatula, reported by K. Min et
al. (2019). 16 genes had very low expression levels across
all experimental variants, ranging from three to six orders of
magnitude lower than the reference gene (with quantifica-
tion cycles appearing more than 10 cycles later). Such low
expression levels in the analysis are associated with a high
error rate; therefore, these genes were excluded from further
analysis. The absence of non-target PCR products was con-
trolled by gel electrophoresis and analysis of melting curves.
The efficiency of the primers was calculated using serial cDNA
dilutions, primers with an efficiency close to 100 % (>95 %)
were included in the work. The primers were tested at both
sampling time points.

Total RNA from plant material was isolated using TRIzol
reagent (Thermo Fisher Scientific, USA) with modifications
(MacRae, 2007). Before cDNA synthesis, the quality of
DNAase treatment was checked by PCR, cDNA synthesis was
carried out from ~1 microgram of total RNA per sample using
the Maxima First Strand cDNA Synthesis Kit with dsDNase
according to manufacturer’s instructions (Thermo Fisher Sci-
entific, USA). The quality of the obtained cDNA was checked
by ubiquitin gene amplification. The level of gene expression
was assessed by PCR-RT using a C1000 thermal cycler with
a CFX-96 module (BioRad, USA) and a SYBR Green I rea-
gent kit (Syntol, Russia). The amplification conditions were:

! Supplementary Tables S1 and S2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Yurkov_Engl_30_3.pdf
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initial denaturation — 95 °C, 5 min; 40 cycles — 95 °C, 15 s;
60 °C, 30 s; 72 °C, 30 s; followed by melt curve analysis.
To compare the expression levels of the analyzed aquaporin
genes, the 222CTmethod was used: the expression level in the
variant with mycorrhization was compared against the control
without AM. Normalization was performed relative to the
reference gene, actin, according to (Yurkov et al., 2020). The
PCR mix (volume — 10 pl) included: 1 pl of 10x B + SYBR
Green buffer, 1 ul of 2.5 mM dNTP, 1 ul of MgCl, (25 mM),
0.3 pl of each primer (10 mM), 0.125 pl (0.625 units) SynTaq
DNA polymerase (Syntol, Russia), 4.275 pul of deionized water
and 2 pl of cDNA. Each sample (both with and without AM)
was analyzed in three biological and four technical replicates.

Statistical data processing was performed using ANOVA
followed by Tukey’s post-hoc test with significance defined
at p < 0.05. Student’s ¢-test (p < 0.05) was used to compare
the expression levels between the “+AM” and “—~AM?” groups.

Results

The indicators of mycorrhization of M. lupulina and the effect
of inoculation by the AM fungus on the growth, development
of the host plant, and expression of aquaporin genes in leaves
under drought conditions were evaluated. To simulate water
stress, a drought regime was selected (based on a preliminary
experiment; Table S1), consisting of watering at the rate of
0.4 of the total water-holding capacity (WHC) for one week
prior to each experiment harvest, conducted 24 and 48 days
post-inoculation.

M. lupulina productivity analysis (Fig. 14, B) showed that
plants inoculated with the fungus R. irregularis showed a sig-
nificant increase in the shoot dry biomass at both the 2nd leaf
stage (day 24) and the flowering stage (day 48). On the other
hand, an increase in the root dry weight during mycorrhization
was observed only at a late stage of development (at 48 days).
Notably, the symbiotic efficiency of AM (MGR, Mycorrhizal
Growth Response) was significant and high during the flowe-
ring stage (more than 100 %; Fig. 1C, D).

Microscopic analysis of M. lupulina roots showed the ac-
tive development of mycorrhiza and arbuscules in the mycor-
rhized part of the root (Fig. 1E, F)). There was an increase in
the intensity of AM in the root (M) from 24 days to 48 days,
and the abundance of arbuscules in the mycorrhized part of
the root (a) was already high starting from the 2nd leaf stage;
these results indicate a high activity of AM symbiosis under
simulated drought conditions and provide a reliable basis for
evaluating the effect of mycorrhization on the expression of
aquaporin family genes in the leaves. Water stress was suf-
ficient to induce mechanisms of adaptation to drought, but not
critical for the survival of M. lupulina and maintaining a high
level of mycorrhization.

The indicators of AM efficiency and activity in conditions of
lack of moisture (watering 0.4 MC of WHC) were comparable
to the results obtained earlier with standard humidification
(0.6 of WHC), in the model PMS “MIS-1 M. lupulina line +
RCAMO00320 R. irregularis strain” (Yurkov et al., 2021). This
confirms that even under drought stress, it is possible to main-
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tain a highly functional mycorrhizal symbiosis; furthermore,

moderate drought stress stimulated a change in the transcrip-

tion of aquaporin genes without suppressing the effectiveness
of AM symbiosis.

To address the study’s objectives, primers were selected
and tested (Table S2). The analysis revealed that a subset of
30 aquaporin genes showed differential expression in M. lupu-
lina leaves in response to mycorrhization under drought
conditions (Fig. 2 and 3). Among these, genes with specific
expression patterns were identified (marked with “+” for pre-
sence and “n. d.” for not detected, Fig. 2 and 3).

On day 24 (the stage of the 2nd true leaf), the following
expression changes were observed in the leaves of mycor-
rhized plants (light columns) compared to the control (dark
gray columns):

— significant upregulation during mycorrhization (expression
during mycorrhization was significantly (p < 0.05) higher
than that in the control without inoculation by the AM
fungus) for the NIP3;1, NIP4,2, TIP2;2 genes, as well as
specific expression of NIP7; 1,

— significant downregulation during mycorrhization (expres-
sion during mycorrhization was significantly (p < 0.05)
lower than that in the control without inoculation with
the AM fungus) for the PIP2;3, TIPI;1, TIP1;4, TIP2;3,
TIP4;1 genes.

On day 48 (the flowering stage), the following was detected in
the leaves of plants inoculated with the AM fungus:

— significant upregulation during mycorrhization of the
NIP3;1, NIP5;1, NIP6,4, PIP1;2, PIP1;4, PIP2;1, TIP2,3
genes, as well as specific expression of NIP7;1, XIPI;I;

— significant downregulation during mycorrhization of the
NIP1;2, NIP1:5, NIP2; 1, NIP4;2, PIP2;3, SIP1;3, TIPI;1,
TIP2;2, TIP4,1 genes.

Thus, the most significant aquaporin genes involved in the
development of effective AM symbiosis under water deficit
have been identified. In particular, NIP7; 1 demonstrated spe-
cific or induced expression during mycorrhization in both the
vegetative and reproductive phases of the host plant. Special
attention should also be paid to the XIP1; I gene with specific
expression during the flowering stage.

The genes of the NIP subfamily generally exhibited up-
regulation (increased expression level (p < 0.05) relative to
the level in the control without inoculation with AM fungus)
in the early stage of AM symbiosis development, but by the
late stage of development, the flowering stage, both up- and
downregulation were observed for the genes of this family.
This suggests complex regulation of aquaporins depending on
the vegetative/reproductive stage of the host plant and with a
restructuring of water metabolism under drought conditions
during mycorrhization.

Discussion

The results indicate that aquaporins of the NIP and TIP subfa-
milies are actively involved in the development of AM symbio-
sis under drought conditions. However, according to research,
only TIP aquaporins significantly affect the transmembrane
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Fig. 1. Indicators of productivity (A — shoot dry weight, mg, B — root dry weight, mg), symbiotic efficiency calculated by
shoot weight, % (C) and root weight, % (D), and indicators of mycorrhization: E - intensity of mycorrhizal infection in the
root (M); F—abundance of arbuscules in mycorrhizal part of the root (a) on days 24 and 48 after planting and inoculation.

a, b, c - different letters above the columns indicate significant (p < 0.05) differences.

water transport (Zhou et al., 2024). At the same time, NIP aqua-
porins transport diverse substrates, including metalloids, but
have low water permeability. It is assumed that NIP proteins
are involved in the exchange of metabolites between the host
plant and symbiotic microorganisms (Kruse et al., 2006). It
is also known that plants may downregulate aquaporin gene
expression under drought to conserve water; therefore, special
attention should be paid to genes, the expression of which is
suppressed under conditions of water deficit (Quiroga et al.,
2019). At the same time, according to other data, water deficit
can trigger the activation of certain aquaporin genes that play
a key role in plant resistance to drought (Jia, Liu, 2020; Zhou
et al., 2024). Thus, the relationship between the expression
of these genes, the effectiveness of plant symbiosis with AM
fungi, and drought resistance remains poorly understood
(Sharma et al., 2021). Further investigation could elucidate
the mechanisms of adaptation of AM plants to water stress.

The results of this study indicate that the selected irrigation
regime (0.4 of WHC for 7 days prior to harvest) was sufficient
for the development of symbiosis, as evidenced by the sig-
nificant response to mycorrhization and the high frequency
of AM fungal colonization in the roots of the host plant (refer
to “drought, variant 2”, Table S1). Meanwhile, productivity
indicators were reduced compared to those under standard
watering conditions at 0.6 of WHC (Yurkov et al., 2020). It
was shown that the symbiotic efficiency of the model system
“M. lupulina + R. irregularis” under water deficit (0.4 of
WHC) was high at both the early and late developmental
stages. At 24 days (2nd leaf stage), a significant increase
in shoot biomass due to mycorrhization was observed. At
48 days (flowering stage), the system was characterized by
higher symbiotic efficiency in terms of both shoots and roots
dry weight, as well as a higher activity of AM development,
reflected in increased root mycorrhization intensity (M, %).
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Fig. 2. The relative level of transcripts (normalized value 2-22<T) in M. lupulina leaves 24 days after sowing and inoculation
with the AM fungus R. irregularis (during the 2nd leaf development stage) under drought condition.

Here and in Figure 3: * Significant (p < 0.05) differences in the variant with and without AM. “+" the presence of specific expression in

the variant.”n. d" not detected.

Meanwhile, the abundance of arbuscules in the mycorrhizal
part of the root (a, %) was already high at the early stage of
symbiosis development.

It was previously shown that under well-watered conditions
(0.6 of WHC) (Yurkov et al., 2021), the indicators of AM ef-
ficiency and activity were also high. Thus, the selected drought
regime caused stress sufficient to change the expression of a
number of genes, but not critical for the functioning of the
AM symbiosis itself. However, the role of aquaporins in the
development of effective PMS under water deficit, as well as
their regulation during mycorrhiza in general, has not been suf-
ficiently studied. This is due to the broad substrate-specificity
of these transporters, and their diverse functions depending
on the type of tissue and subcellular localization (Daneliia et
al., 2024; Kudriashova et al., 2025). The data obtained in this
study revealed multidirectional changes in gene expression
depending on the subfamily and phase of development: in the
carly phase (24 days), upregulation of NIP subfamily genes
(NIP3;1, NIP4,2, and specific expression of NIP7;1) was ob-

served against the background of general downregulation of
TIP subfamily genes (7/P1,1, TIP1;4, TIP2;3, TIP4,1). At the
late stage (48 days), the parity between up- and downregulation
was found in the NIP subfamily (four genes each, including one
gene with specific expression during mycorrhiza — NIP7;1).
The TIP subfamily, as in the early phase, was characterized by
the predominance of downregulation (three genes). Further-
more, a gene from the XIP subfamily (XIP1, 1) with specific
expression upon mycorrhization during the flowering stage
was also identified. It should be noted that the XIP subfamily
remains poorly understood, though. XIP proteins are known
to be localized on the plasma membrane (Lopez et al., 2016;
Noronha et al., 2016).

It is of particular interest to compare the data obtained in
this study under drought conditions (at 0.4 of WHC) with the
transcriptomic analysis of mycorrhizal and non-mycorrhizal
M. lupulina plants under normal watering conditions (at 0.6 of
WHC; Yurkov et al., 2023). Only one gene, 7/P2;2 (one of
four upregulated genes under drought conditions), also had
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Fig. 3. The relative level of transcripts (normalized value 2-22°T) in M. lupulina leaves 48 days after sowing and inocula-
tion with the AM fungus R. irregularis (during the flowering stage) under drought condition.

upregulation under normal watering conditions during the
2nd leaf stage, as well as PIPI,;2 and PIP2;1 (two of eight)
during the flowering stage (Yurkov et al., 2023). Among the
genes characterized by a decrease in expression under drought,
only the NIP1;5 gene (one out of nine) had a similar reduction
in transcription under normal watering (Yurkov et al., 2023).
Thus, the remaining genes that exhibited differential expres-
sion under drought conditions in the current study, but showed
no such response under normal watering conditions in the
2023 experiment, may be considered candidate genes for the
adaptation of M. lupulina plants to drought conditions. This
list includes: NIP3, 1, NIP4,2, specific NIP7;1, TIP5; 1 —at the
2nd leaf stage; NIP3;1, NIP5;1, NIP6;4, NIP7;1 (specific),
PIP1;4, TIP2;3 and XIP1, I (specific) — at the flowering stage.

A comparative analysis with other PMS revealed seve-
ral parallels (Asadollahi et al., 2023; Daneliia et al., 2024;
Wang et al., 2024; Kudriashova et al., 2025). In the PMS
“Zea mays + R. irregularis”, the ZmTIP2;3 gene was also
upregulated during mycorrhization and presumably played an
important role in increasing the resistance of corn to drought
stress. However, this PMS was characterized by a lower re-

sponsiveness to inoculation by the AM fungus, since only a few
maize genes (ZmPIP1,;6, ZmPIP2;2, ZmTIP2;3, ZmTIP4,1)
exhibited significant expression changes in response to mycor-
rhization. On the other hand, downregulation was observed
in maize leaves during mycorrhization at the development
stages of the 2nd and 13thleaves for some TIP subfamily genes
(ZmTIP3;1, ZmTIP4,4 — in both phases; ZmTIP4,;3 — only in
13th leaf stage) (Wang et al., 2024). The downregulation of
certain TIP subfamily genes (PtTIP2;1 and PtTIP 5;1) under
drought conditions was also shown in the roots of the PMS
“Poncirus trifoliata + F. mosseae” (He J.-D. et al., 2019).
So, while the results for PMS “Z. mays + R. irregularis” (on
day 56) are consistent with our results for PMS “M. lupulina +
R. irregularis” (on day 48) for the TIP2;3 gene, it is necessary
to note the phase-dependent nature of the effects (dependence
on the stage of plant development), as well as species- and
tissue-specific patterns in aquaporin expression.

Supporting this high tissue specificity, previous assess-
ment of expression in the roots of the PMS “M. lupulina +
R. irregularis” (Kryukov et al., 2025) showed that during
the vegetative stage (2nd leaf stage), mycorrhization led to
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the upregulation of the NIPI;2, NIP1;5, TIP2;1 genes, the
specific expression of NIP4;2, and the downregulation of
NIP2;1, NIP3;1, PIP1;4, TIP3,1, XIP1;1. At the same time,
during the generative phase (flowering), only two genes with
specific expression were identified (NIP4, 1, NIP7, 1), whereas
a large group of 14 genes across the NIP, PIP, SIP, TIP, and XIP
subfamilies was downregulated (Kryukov et al., 2025). Thus, a
comparative analysis revealed tissue-specific expression of the
aquaporin family genes: only the NIP4,2 gene had upregula-
tion in both roots and leaves in the PMS “M. lupulina + R. ir-
regularis” in the vegetative stage; and only the NIP7;1 gene
had specific expression during mycorrhization in the generative
phase. However, a spectrum of genes with downregulation in
both leaves and roots during mycorrhization in the flowering
stage was broader — NIP2;1, SIP1;3, TIP2;2, TIP4;1. The
phase-dependent effect of marker genes for the development
of effective AM symbiosis has also been identified in other
gene families, for example, in the SWEET sugar transporters
(Kryukov et al., 2023; Kudryashova et al., 2024; Kudriashova
et al., 2025). Notably, T7P2;3 was the only gene in the TIP
subfamily that switched from downregulation to upregulation
between the early (24 days) and the late (48 days) stages of
mycorrhization. It is possible that 7/P2;2 functionally com-
pensates at the stage of the 2nd leaf, since the latter showed a
reverse switch from up- to downregulation. Similar hypotheses
about the compensatory mechanism of transcription of other
aquaporins have been proposed by R. Porcel et al. (Porcel et
al., 2005; Sharma et al., 2021). The tissue-specific expression
of TIP and PIP aquaporins is often linked to increased water
exchange and subsequent plant growth stimulation (He F. et
al., 2016). For example, the expression levels of RpTIP2, I and
RpPIP2; 1 consistently increased in different tissues — leaves,
stem, and roots under mycorrhization and drought, direct-
ing water flows toward plant tissues, whereas RpTIPI,3 and
RpPIPI1;3 were downregulated in the leaves of the PMS
“Robinia pseudoacacia + R. irregularis” (He F. et al., 2016).

In the present study, downregulation of the PIP subfamily
(PIP2;3 gene) was shown in the PMS “M. lupulina + R. ir-
regularis” both at the early (2nd leaf stage) and late (flowering)
stages of development. Interestingly, according to literature
data, higher activity of PIP proteins should enhance water con-
ductivity under drought conditions. However, this hypothesis
was challenged by experiments in the PMS “Glycine max +
F. mosseae” and “Lactuca sativa + F. mosseae’: in those studies,
downregulation of PIP genes (GmPIPI, GmPIP2, LsPIP]I,
LsPIP2)was observed (Porcel et al., 2006). This AM-mediated
effect represents a regulatory mechanism that allows the host
plant to conserve metabolic resources and minimize water loss
under stress conditions. According to J.M. Ruiz-Lozano and
R. Aroca (2010), the AM fungi help-the plant retain absorbed
water by reducing membrane permeability through the sup-
pression of PIP aquaporin expression. On the other hand, since
the hyphae of the fungus can supply the host plant with water
themselves, this may be a strategy that allows AM plants to
depend less on the intensive expression of their own aquapo-
rins and thus save energy (Sharma et al., 2021). Based on the
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functional studies of aquaporins, it can be assumed that the
TIP subfamily includes the main water transporters through
the vacuolar membrane (tonoplast) (Zhou et al., 2024). Their
suppression at the late stages of symbiosis likely contributes
to minimizing water loss and optimizing cellular homeostasis
(Quiroga et al., 2019). In other words, the downregulation of
TIP genes at the flowering stage may reflect the strategy of
water conservation in the PMS “M. lupulina + R. irregularis”.

Aquaporins of the NIP subfamily are involved in the trans-
port of various substrates, including toxic metalloids and plant
glycerol (Dean et al., 1999). They play an important role in the
development of interaction between host plant and symbiotic
microorganisms (Kruse et al., 2006). Aquaporins research
began with the study of the NLM protein from the NIP sub-
family, discovered in the peribacteroid membrane of symbiotic
soybean root nodules (Sandal, Marcker, 1988). Aquaporins of
the NIP subfamily are also found in non-leguminous plants
(Kruse et al., 2006). Thus, it can be assumed that aquaporins
of the NIP subfamily play an active role in the formation
and development of effective symbiosis with the AM fungus
in the PMS “M. lupulina + R. irregularis”. It is known that
NIP aquaporins are closer in structure to bacterial AqpZ than
to glycerol transporters from the GLP subfamily (Heymann,
Engel, 1999). This indicates that the ancestral plant aquaporin
probably did not have the ability to transport glycerol, and this
function arose later in the evolution as compensation for the
lack of GLP in plants (Murata et al., 2000). During adaptation
to drought, the transport of glycerol in the leaves of the host
plant in the PMS “M. lupulina + R. irregularis” may play an
important role.

The upregulation of NIP3, 1, NIP4;2 as well as the specific
expression of NIP7; 1 suggest that they play a role in the early
stages of the symbiosis of “M. lupulina + R. irregularis”. The
parity between up- and downregulation in the NIP subfamily
in the leaves at the late stage of the symbiosis “M. lupulina +
R. irregularis” indicates a phase-dependent effect of mycorrhi-
zation on the expression of aquaporins. At the same time, aqua-
porin genes — NIP3;] and the specific NIP7;] — maintained
upregulation across the change of developmental stages. Thus,
mycorrhization by the AM fungus R. irregularis modulates the
expression of aquaporins in a phase-specific manner. We pro-
pose that the NIP3; I and specific NIP7; 1 may serve as positive
markers for effective AM development under drought. This
activation of NIP is probably related to the active metabolic
exchange in AM symbiosis. The proportion of downregulated
aquaporins under drought during mycorrhization may depend
on the duration of stress. For example, in the experiments of
G. Barzana et al. (2014), in the PMS “Zea mays + R. intradi-
ces”, the downregulation of only ZmNIP2;1, and ZmNIP2;2
was observed during short-term drought (4 days), whereas
extended drought (up to 12 days) led to the suppression of a
significant part of aquaporin genes (ZmPIP1;1, ZmPIP1;2,
ZmPIP1;3, ZmPIP1;4, ZmPIP2;2, ZmPIP2;4, ZmNIP2;1,
ZmNIP2;2, ZmTIPI1;1, ZmTIP1;2). A subsequent increase in
the duration of drought (up to 42 days) in the PMS “Poncirus
trifoliata + F. mosseae” resulted in the suppression of all
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studied aquaporin genes in the roots (Zou et al., 2019). Varia-
tions in the expression of the same isoforms of aquaporin may
stem not only from the type of plant tissue, but also from the
specific features of plant interaction with different AM fungal
species (Barzana et al., 2014; Sharma et al., 2021).

On the other hand, it is possible to assume the existence
of other mechanisms for drought resistance in mycorrhizal
plants due to the upregulation of the PIP and TIP subfamilies
(in this study, upregulation of PIPI;2, PIPI;4, PIP2;1, and
TIP2;3 in the flowering stage was observed). So, according
to K. Sharma et al. (2021), the increased activity of PIP and
TIP proteins is directly related to the resistance of plants to
drought through several pathways: (1) increasing the efficiency
of water transport (root hydraulic conductivity); (2) intensifica-
tion of nutrient metabolism, in particular, nitrogen absorption;
(3) enhancing photosynthesis (by the participation of aquapo-
rins in CO, diffusion) and increased production of photosyn-
thetic substances (Uehlein et al., 2003; Barzana et al., 2012);
(4) maintaining osmotic pressure and turgor, including through
regulation of stomata, improving the aquatic status of plants
by increasing water use efficiency (Sharma et al., 2021). It is
noteworthy that there are few studies elucidating the reasons
for the downregulation of aquaporins under drought in mycor-
rhizal conditions (Asadollahi et al., 2023), which underlines
the relevance of our analysis.

Thus we demonstrate that mycorrhizal symbiosis signifi-
cantly influenced the water status of the host plant in the PMS
“M. lupulina + R. irregularis” by modulating aquaporins
expression under drought conditions.

Conclusion

This study showed that; despite the water deficit conditions,
the plant-microbial system “M. lupulina + R. irregularis”
demonstrated high rates of mycorrhization and symbiotic effi-
ciency. In the early stage (day 24, 2nd leaf), a multi-directional
regulation was observed: activation of the NIP3,1, NIP4,2,
TIP2;2 genes, specific expression of NIP7; 1, and suppression
of other genes (PIP2,3, TIP1;1, TIP1,;4, TIP2;3, TIP4;1). The
SIP subfamily showed no significant changes. In the late phase
(day 48, flowering), a more pronounced downregulation of
the expression of most genes was revealed (NIP1;2, NIPI,5,
NIP2;1, NIP4;2, PIP2; 3, SIP1;3, TIP1;1, TIP2;2, TIP4,1).
The upregulation among the main water transporters was
maintained for PIPI;2, PIP1;4, PIP2;1, TIP2;3. Two genes
(NIP7,1, XIP1,1) remained active, which may indicate their
specific role in the symbiosis. However, the TIP2,2, PIPI,?2,
PIP2;1 and NIPI;5 genes cannot be markers for effective
AM development under drought due to the fact that they have
similar regulatory patterns under well-watered conditions
based on a comparative analysis with previously published
transcriptomic profiles of M. lupulina leaves.

Functionally, the TIP subfamily genes, which encoded
proteins that regulate water transport across the vacuolar
membrane, showed the most significant downregulation,
both at an early and late stages. They are probably involved
in osmoregulation during water stress. The NIP genes are
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presumably involved in the processes of interaction with the
symbiotic fungus, as evidenced by their selective activation.
The role of the genes of the XIP subfamily in the response
to drought during mycorrhization has yet to be studied. Our
findings expand the current understanding of the mechanisms
of adaptation of mycorrhizal plants to drought, in particular:
(1) confirm the key role of aquaporins of the TIP subfamily in
the regulation of water balance; (2) indicate the possible speci-
ficity of NIP genes for mycorrhizal symbiosis; (3) demonstrate
the phase-dependent nature of regulation of aquaporin expres-
sion, which emphasizes the complexity of their interaction
with the symbiont fungus. Thus, the study contributes to the
understanding of the molecular basis of drought tolerance in
mycorrhizal plants and opens new perspectives for further
analysis of the role of individual aquaporin genes in symbiotic
systems.
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A production strain of soybean nodule bacteria RZ300
Bradyrhizobium japonicum resistant to drying on the seed surface:
cultural properties and genomic features
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Abstract. Pre-sowing treatment of cultivated legume seeds with nodule bacteria preparations is a standard
agronomic practice. This is particularly important in soybean cultivation, as effective microsymbionts of soybeans are
often absent from the soil. However, as many studies have shown, the efficacy of biopreparations depends largely on
the survival of rhizobial cells on seeds during drying. In this study, we analyzed the viability of three production strains
of Bradyrhizobium japonicum Kirchner (634b, 640 and RZ300) on soybean (Glycine max L.) seeds of various origins
(varieties: EN Argenta, Bara and Prudence). The experiments evaluated several parameters: inoculant concentrations
(10 and 100 %), drying temperatures (5, 15, and 25 °C), and protective polymer-carbohydrate formulations. The
experiments revealed that the soybean variety had no noticeable effect on the viability of the studied rhizobial
strains, while the strains themselves differed significantly in this regard. The RZ300 strain demonstrated the
highest resistance to drying on soybean seeds. A comparative genomic analysis of this strain and the less resistant
B. japonicum strain 634b revealed the presence of the opgC gene in the RZ300 strain (encodes the OpgC protein
involved in the biosynthesis of osmoregulated periplasmic glucans (OPGs)). This gene is absent in strain 634b and
may potentially determine the increased resistance of nodule bacteria to drying on seeds. An evaluation of various
protective formulations demonstrated that formulations based on 50 % sucrose provide the best protection, with
rhizobia showing the highest resistance to drying at +5 °C. The results obtained in this study can be used both in
the selection of effective inoculant strains and for providing technological support in the development of biological
products. The genomic data support the development of genetic screening systems to identify promising strains and
the potential introduction of the opgC gene into promising rhizobial strains to improve their manufacturability, i.e. to
enable effective early seed inoculation.
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genome-wide sequencing; osmotic stress resistance genes
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ITpom3BOACTBEHHbBIN ITAMM KIYOeHbKOBBIX 60aKkTepuii com RZ300
Bradyrhizobium japonicum, YCTOMUYMBBIN K BbICBIXaHUIO

Ha [TOBEPXHOCTY CEMSH: KY/IbTYpaJibHbIe CBOVICTBA
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A production strain of soybean nodule bacteria RZ300
B. japonicum, resistant to drying on the seed surface

nccnepoBaHus, 3pdeKT oT NprMeHeHNA bruonpenapaTta BO MHOTOM 3aBUCUT OT BbXKMBAEMOCTY pU300U1anbHbIX KNETOK
Ha ceMeHax npu BbiCbixaHUW. B HacToALeln paboTe NpoBefeH aHann3 »KN3HeCNoCcoOHOCTUN Y TPeX MPON3BOACTBEHHbBIX
wrammos Bradyrhizobium japonicum, 6436, 640 n RZ300, Ha cemeHax cou Glycine max L. pa3HOro MpoucxoxaeHuns
(copta OH ApreHTa, bapa u lpygeHc) B onbiTax, pasfMyaloMXcA MO PasHbIM NapameTpam: KOHLEHTpaumam
MHoKynAHTa (10 n 100 %), TemnepaTypam BbicywsaHua (5, 15, 25 °C) n coctaBam 3aLUTHbIX NONMMEPHO-YTNEBOAHbIX
KOMMO3MUMIA. B pe3ynbTaTe 3KCMEPUMEHTOB OGHapy»eHO, UYTO COPT COM He OKasblBas 3aMeTHOro BAMAHUA Ha
MKM3HECNnoCcoBHOCTb M3yyaeMblX LUTAMMOB PU300UiA, B TO BpeMA Kak LUTaMMbl CYLLLeCTBEHHO pasnnyanncb no sTomy
npu3Haky. Hanbonbluyto yCTONUMBOCTD K BbICbIXaHMIO Ha cCeMeHax cou nokasan wramm RZ300. CpaBHUTENbHbI aHanu3
reHoma 3TOoro LTamma C reHOMOM ci1abo YCTONUMBOTO K BbICbIXaHWIO WTaMma B. japonicum 6346 no3sonun BbiABUTb
Hannuve y wrtamma RZ300 reHa opgC (kopmpyeT 6enok OpgC, yyacTByowmin B 6UOCHHTE3e OCMOPEerynnpyembix
nepunnasmaTmyeckmx riokaHos (OPGs)), KOTOpbI OTCYTCTBYeT Yy WTamMMa 6346 1, BO3MOXHO, MOXeT onpefendaTb
MOBbILIEHHYI0 YCTOMYMBOCTb KNy6eHbKOBbIX 6aKTepuii K BbICbIXaHUIO Ha cemeHax. [Mpu usyueHnmn sppekta pasnnyHbIx
3aLlMTHBIX KOMMO3ULMIA ObIIO OTMEYEHO, YTO NYYLIMMK 3alUTHBIMK CBOWCTBaMK 06N1aaloT COCTaBbl Ha OCHOBe
50 % pacTBOpa caxapo3bl, a Haubonblaa YCTONYMBOCTb PU306UIA K BbICbIXaHWIO NPOABAAETCA NpY Temnepatype
+5 °C. MNonyyeHHble B 3TON paboTe pe3ynbTaTbl MOrYT ObiTb MCMOMIb30BaHbl Kak B ceneKLymn 3GPeKTUBHbIX LWTaMMOB-
WNHOKY/AHTOB, TaK 1 B TEXHOJIOTMYECKOM COMPOBOXAEHMN NP co3haHnmn bronpenapaTos. [laHHble, MolyYeHHble npn
M3yYeHNN reHOMOB LITaMMOB, NPEACTaBAAT MHTEPeC Kak AN1A pa3paboTKM CUCTEM FreHeTUYeCKoro CKpUHWHMa npu
rouncke nepcrnekTUBHLIX LUTAMMOB, TaK 1 ANA U3yYeHNA BO3MOXHOCTN BBEAEHNA FEHETUYECKNX KOHCTPYKLMIA C reHOM
opgC B MepcrneKTVBHbIE WTaMMbl PU306UIA ANA YNyYlleHNA UX TeXHONOrMYHOCTH, T.e. 0becneyeHnA BO3MOXHOCTM
3¢bdeKTUBHON 3a6n1aroBpeMeHHON NHOKYNALUN CEMSH.

KnioueBble cnosa: knybeHbKoBble 6akTepunu; con Glycine max L.; Bradyrhizobium japonicum; mukpo6Hble 6uonpenapa-
Tbl; OCMOTUYECKNI CTPECC; MOSIHOTEHOMHOE CeKBEHNPOBAHME; FreHbl YCTOMUYNBOCTU K OCMOTUYECKOMY CTpeccy

Introduction

An important agrobiological feature of soybeans is the
ability to form a nitrogen-fixing legume-rhizobial sym-
biosis with nodule bacteria (Vavilov, Posypanov, 1983;
Regar et al., 2017). At the same time, an effective sym-
biosis only occurs when active virulent soybean symbiont
bacteria are present in the soil in sufficient quantities,
which is rarely the case under field conditions and, thus,
reduces the legume yield (Lamptey et al., 2014). To fully
realize the potential of legume-rhizobial symbiosis,
it is necessary to artificially introduce symbiotically
effective nodule bacteria strains into the rhizosphere,
which in agricultural practice is achieved through the
pre-sowing inoculation of soybean seeds with rhizobial-
based biopreparations. A biopreparation based on the
Bradyrhizobium japonicum 634b strain under the trade
name Rhizotorphin is widely used in domestic agriculture
and provides high yield increases across various soybean
varieties (Vasilchikov, Gurev, 2018; Volobueva et al.,
2023). Strain 634b is frequently used as a reference for
assessing new rhizobial candidates, including strain 640
(Magomedov et al., 2011).

When analyzing the effectiveness of rhizobial strains,
seed inoculation is carried out on the day of sowing, as
it is known that nodule bacteria are sensitive to drying.
However, in agricultural practice, for both technologi-
cal and economic reasons, pre-sowing seed treatment is
carried out well in advance, which can lead to the death
of the applied rhizobia even before the seeds are planted.
A review of this problem was provided by J. Vriezen et
al. (2007). As early as 1932, E.B. Fred et al. reported a
decrease in the number of viable nodule bacteria cells

on seeds and suggested that the nutrient medium com-
position, pH and temperature are factors determining the
resistance of cells to desiccation.

Later, J.M. Vincent et al. (1961) studied the culture of
Rhizobium trifolii during its drying on glass beads and
proposed that the decrease in the number of viable rhizo-
bia was due to both “seed factors” and the drying factor
itself. It was shown that the negative effect of drying
could be partially offset by the addition of saccharides,
particularly maltose, which indicates that the availability
of nutrients, and potentially other dissolved substances,
affects the survival of bacterial cells.

Several studies have shown the difference in the sur-
vival dynamics for nodule bacteria on various matrices
such as glass beads, seeds, soil, nitrocellulose filters,
etc. (Vriezen et al., 2006). One possible reason for the
observed differences is that dry inoculated seeds have
a water activity ranging from 0.45 to 0.6 (Smith, 1992)
and, thus, still contain a relatively large amount of water
compared with completely dry surfaces of glass beads
or nitrocellulose filters.

From a practical point of view, given the high sen-
sitivity of nodule bacteria to drying, it is important
either to sow the treated seeds on the day of treatment
(Vasilchikov, Gurev, 2018), or to use special polymer
and carbohydrate protectors that increase the resis-
tance of bacteria to osmotic stress (Skorupska et al.,
2006; Deaker et al., 2007; Reina-Bueno et al., 2012).
In particular, we have previously shown that the water-
soluble polymer polyvinylpyrrolidone combined with
activated carbon significantly improves rhizobial survi-
val on inoculated seeds. This combination is more ef-
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fective that polyvinylpyrrolidone alone and it reduces
bacterial mortality on inoculated seeds by 20-30 %
after the first 5-7 days of seed storage (Laktionov et
al., 2019).

Finally, it should be noted that studies on the survival
of rhizobia during pre-sowing inoculation should become
an important part in the selection of effective inoculant
strains. A key element of such research should be the
investigation of the mechanisms of rhizobia resistance
to desiccation. While a number of studies have explored
the molecular and genetic aspects of osmotic resistance
in nodule bacteria (Vriezen et al., 2007), especially in the
context of climate change (Zhang et al., 2024), relatively
few studies have evaluated the viability of rhizobial col-
lection strains on legume seeds or explored methods to
enhance the resistance of cells to osmotic stress (Lak-
tionov et al., 2019).

The aim of this study was to evaluate the resistance
of three production strains of soybean nodule bacteria:
strain 634b (used to produce inoculants for Risotorphin),
strain 640 (identified in several studies as more effective
than strain 634b) and a new promising strain RZ300. The
evaluation was conducted on various soybean varieties
under different storage temperatures and using protective
polymer-carbon formulations of varying compositions.
Furthermore, the study aimed to elucidate the mecha-
nisms underlying the desiccation resistance of these
rhizobial strains using comparative genomics.

Materials and methods
The study used B. japonicum strains 634b, 640 and
RZ300 from the network bioresource collection in the
field of genetic technologies for agriculture (Russian
Collection of Agricultural Microorganisms RCAM).
Strain 634b was isolated from four soybean (cv. Kol-
khida 4) nodules at the Natshakai Station in Georgia.
This strain is used to produce inoculants for soy under
the trademark Risotorphin (Vasilchikov, Gurev, 2018;
Volobueva et al., 2023). Strain 640 was isolated in 1976
from soybean (cv. Smena) nodules in the meadow-
chernozem soil of the Amur region at the All-Russian
Soybean Research Institute. A number of studies
have identified the strain as more effective than 634b
(Magomedov et al., 2011). The RZ300 strain was iso-
lated in 2022 in the Krasnodar Territory from soybean
(cv. Bara) nodules and has hardly been studied to date.
Strain RZ300 exhibits stable nodulation in both chamber
and field experiments under normal and extreme condi-
tions (including presence of chemical pesticides, and lack
of moisture). Patent No. 2806593 “Method of cultivation
of nodule bacteria of soy Bradyrhizobium japonicum
RZ300” was obtained for strain RZ300.

Mpoun3BoACTBEHHDIN WTaMM Ky6eHbKOBbIX 6akTepuii con RZ300 2026
B. japonicum, yCTOMYMBbBIV K BbICbIXaHWIO Ha MOBEPXHOCTU CEMAH 3.3

B. japonicum strains 634b, 640 and RZ300 were
grown for inoculation in a liquid semi-synthetic medium
(Yadav et al., 2011): Mannit — 10.0 g/L; yeast extract —
1 g/L; K,HPO,— 0.5 g/L; MgSO,-7H,0 — 0.2 g/L;
NaCl-0.1 g/L; CaCO; — traces. Cultures were grown for
7 days at 28 °C in 250 mL glass flasks with cotton stop-
pers on an orbital shaker at 180 rpm. After cultivation,
the flasks were stored at +5 °C. To obtain experimental
liquid cultures, a 2 % (v/v) inoculum from the flasks
was aseptically transferred to a BIORUS laboratory
fermenter using the same medium composition (Yadav et
al., 2011).

The microorganisms were cultured to the stationary
phase, in which the cells are most resistant to osmotic
stress (Soria et al., 2006), in a periodic regime for 7 days
at 28 °C with mechanical mixing (150 rpm) and aeration
(1 L air/1 L medium per min). The resulting experimental
preparations were aseptically poured into sterilized glass
flasks with cotton stoppers and stored in a refrigerator. To
determine the titer of the resulting bacterial suspensions,
a series of consecutive 10-fold dilutions were prepared,
followed by inoculation on Petri dishes with an agar
medium (Yadav et al., 2011); the number of colonies was
counted after 10 days of incubation at 28 °C.

To study the resistance of strains to drying, glass beads
and Glycine max L. soybean seeds from three varieties
of different origin — EN Argenta (Deriglazova, Morozov,
2022), Bara (Parakhin et al., 2017), Prudence (Bobkova,
2020) — were used.

The dynamics of nodule bacteria viability during
drying were monitored for 24 hours following inocu-
lation with rhizobium preparations. To determine the
effect of the “seed factor”, glass beads of a similar size
to the seeds were used. The preparations were applied
in concentrations of 10 % (aqueous solution) and 100 %
(undiluted inoculant) at the rate of 10 L per 1 ton of seeds,
following standard agricultural practice (Kincharova,
Matvienko, 2021). An undiluted preparation was applied
to assess the effect of exopolysaccharides and residual
media, as well as a high cell density. The treatment of
seeds and beads with tank solutions followed by an as-
sessment of the dynamics of bacterial viability over time
was carried out according to the author’s methodology
(Laktionov et al., 2019). Experiments were conducted
in triplicate.

To evaluate the effectiveness of polymer-carbohydrate
compositions as bacterial protectors on seeds drying
at various temperatures, the following formulations
were prepared: 1 % solution of carbokimethylcellulose
(CMC); 50 % solution of sucrose; a mixture of 1 % so-
lution of carbokimethylcellulose (CMC), 50 % solution
of sucrose; a mixture of 1 % solution of carbokimethyl-
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cellulose (CMC), 50 % solution of sucrose and 1 %
activated carbon.

The purity of microbial cultures was determined by
both morphological characteristics (morphology of
colonies on plates and rhizobium cells in a fixed smear)
and molecular genetic identification (16S rRNA gene
sequence analysis).

Rhizobium DNA was isolated by the CTAB method
(Doyle J.J., Doyle J.L., 1987, 1990). Whole-genome se-
quencing for strains RZ300 (BioProject PRINA1266151)
and 634b (BioProject PRINA1334995) was performed
using 3rd generation sequencing (Oxford Nanopore
Technologies, UK). Genome assembly and annotation
were conducted using bioinformatic tools including:
flye, SPAdes, mauveAligner, GeneMark, Prokka, and
EggNOG-mapper. Annotated whole-genomic sequences
were deposited GenBank.

Statistical analysis was performed using the SciPy
library, and data visualization was performed using the
matplotlib library in Python.

Results

At the first stage of the research, the cell titers of the
bacterial suspensions were determined at the time
of the working solution preparation. The titers were:
1.8+0.24-10° CFU/mL for strain 634b; 1.77 +0.29-10°
CFU/mL for strain 640; 2.0 + 0.19-10° CFU/mL for
strain RZ300.

To evaluate the specific effects of drying on the sur-
vival of the studied strains, rhizobial viability on soybean
seeds (cv. EN Argenta) and glass beads was compared
(the results are shown in Figure 1). It has been shown
that viable cells on glass beads remained at levels of
several thousand CFU per bead only for three hours after
inoculation and almost completely died within a day after
treatment. In contrast, tens of thousands of viable cells
remained on the seeds a day after treatment. At the same
time, the differences in cell viability between different
strains were not statistically significant, the calculated
F-statistic (2.67) was less than the critical F-value (3.89)
at a 5 % significance level.

In the second stage of the research, the potential in-
fluence of three soybean varieties on the dynamics of
nodule bacteria viability was studied without the addition
of protective formulations (Fig. 2). When seeds were
treated with a 10 % inoculant solution at a rate of 10 L/t,
168 hours post-inoculation, the cells of the RZ300 strain
remained on soybean seeds of the EN Argenta, Bara and
Prudence varieties in the amount of 16, 14 and 21 thou-
sand CFU per seed, respectively. At the same time, for
strains 634b and 640, these values did not exceed 3, 6
and 2 thousand CFU per 1 seed, respectively.

A production strain of soybean nodule bacteria RZ300
B. japonicum, resistant to drying on the seed surface

50

40 |

y "R
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KOE-103/seeds

RZ300 - seeds
RZ300 - balls
634b - seeds

634b - balls
640 - seeds
640 - balls h
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Fig. 1. Cell viability of B. japonicum strains on EN Argenta soybean
seeds and glass beads 24 hours after inoculation.

Viability analysis of the three B. japonicum strains
across different soybean varieties 168 hours after treat-
ment showed that for the EN Argenta variety, the number
of viable cells of the RZ300 strain (X = 15.67 thou-
sand CFU/seed) was significantly higher (LSD = 5.19,
p < 0.05) than that of strains 634b (X = 2.00 thousand
CFU/seed) and 640 (X = 2.67 thousand CFU/seed).
Similar patterns were observed for the Bara and Prudence
varieties. The RZ300 strain demonstrated statistically
higher cell viability in the Bara (X = 14.00 thousand
CFU/seed; LSD = 4.85) and Prudence (X = 21.33 thou-
sand CFU/seed; LSD = 3.20) varieties compared to strains
634b and 640, between which no significant differences
were found. After 336 hours, the number of bacteria of
the RZ300 strain on seeds of all varieties was estimated
at thousands of CFU/seed, while viable cells of strains
634b and 640 could not be isolated from seeds. A similar
pattern was observed for the 100 % inoculant solutions,
accounting for the higher initial cell densities.

In the third stage of the study, the effect of various
protective formulations and temperature conditions on
cell viability of the RZ300 strain, which demonstrated
the best survival rates in inoculated seeds, was studied.
Figure 3 shows that the rate of cell mortality increased
with increasing temperature. At the same time, car-
boxymethylcellulose was a relatively ineffective cell
protector, while sucrose and sucrose-based composi-
tions significantly increased the resistance of bacteria to
drying on seeds. At +5 °C, the temperature exhibiting
the least contrast between treatment means, it was shown
that the sucrose variants provided significantly higher
cell viability (at 5 % significance level) compared with
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Fig. 2. Survival dynamics of B. japonicum strains on soybean seeds (cv. EN Argenta, Bara, Prudence), inoculated with 10 and 100 %
solutions of preparations without the addition of protective formulations.
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Fig. 3. Dynamics of the viability of RZ300 cells on soybean seeds of the EN Argenta variety during two weeks of storage at different
temperatures (+5, +15, +25 °C) and with various protective formulations (1 = 1 % CMC; 2 — 50 % sucrose, 3 - 1 % CMC + 50 % sucrose;

4 -1 % CMC + 50 % sucrose + 0.5 % activated carbon).

1 % carboxymethylcellulose, while the differences
among various sucrose-based formulations were not
significant. Thus, it can be assumed that sucrose has the
greatest protective effect for bacteria undergoing drying
on seeds. Consequently, sucrose-based compositions
can further enhance the resistance of the RZ300 strain
to drying on seeds.

Finally, to identify the genomic features that may be re-
sponsible for resistance of strain RZ300 to desiccation, a
comparative analysis of its whole genome was performed
against the genome of the less resistant strain 634b.

The results of whole-genome sequencing for the
RZ300 strain have been deposited in NCBI (BioProject

PRINA1266151). The size of the circular chromosome
is 9,199,961 bp. The total number of genes is 9,643,
of which there are 5,736 coding ones, and a significant
part is identified as pseudogenes — 3,842. The results
of whole-genome sequencing for strain 634b have also
been deposited in NCBI (BioProject PRINA1334995).
The genomes of the RZ300 and 634b strains were
compared using the RAST (Rapid Annotation using
Subsystem Technology) server. The Table shows the
differentially represented genes specific to each studied
strain. The genes putatively associated with the increased
stress resistance of the RZ300 strain are highlighted
in bold.
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A production strain of soybean nodule bacteria RZ300
B. japonicum, resistant to drying on the seed surface

Comparative analysis of functional genes groups in drying-resistant RZ300 and drying-sensitive 634b

of B. japonicum strains

Functional group of genes Represented in the
RZ300 strain
Stress response opgC, opgG2, bphP, hflX

Carbohydrates

Subsystem-based clustering tseT, rny, fixO, trmE, dgkA

DNA metabolism vsr
RNA metabolism rpoE, mucD
Nitrogen metabolism narB, narK, ntrC, norB
Protein metabolism Igt, trnV

Membrane transport

nhaA
Amino acids and derivatives potA, potl, urtA, urel, tdh
Breath cydA, resA
Fatty acids, lipids, isoprenoids hbd
Metabolism of aromatic compounds mucl, estA, hbaP, maoA

Virulence, disease and defense

Sulfur metabolism gshT, trkA
Iron metabolism tonB, fhuA
Cofactors, vitamins, prosthetic groups, pdhA, btuB
pigments

Phages, prophages terL
Mobility and chemotaxis cheA
Various cdhA, gpmA

nagk, nagB, nagA, hatA, livK, malF, thiH,
hbd, bdh, ribB, gadh, gcdC, gcd, deoC

oppF, oppD, oppA, dppC, livH, livM, livG, livF,

634b strain
LTC4S, katA, tehA

bkdA, bkdB, bkdC, bkdD, actP, hpr, ppsA, malkK,
fixX, xyIR

aepA, rtxC, minE, rad50, mre11

yieH, yrrC, rep, pcrA, hup

rpoH3, rnpA, mbl

nosD, nosF, nosR, nosL, nosY, nosZ, cynD, cynB, cynA
hypC, ere

mgtA, trbB, trbC, trbD, trbE, trb), lapB, lapC, lapE,
flpA, hrcU

prpA, atzA, arcA, arcD, odc, antA, hmg

hupV, hupU, hoxX, hoxT, hoxA, hoxJ

bkdA

lodB, lodA, czcD, cusA, czcA, nccB, merR, cueO -

bcd

flis

Note. Genes presumably related to the increased stress resistance of strain RZ300 are highlighted in bold.

Discussion

In agricultural practice, the productivity potential of
legume-rhizobial symbiosis can be realized only if high
bacterial survival is maintained on the seeds prior to sow-
ing. At the same time, despite the high practical impor-
tance of the issue of nodule bacteria resistance to drying
on seeds, this area of research remains poorly studied in
both Russian and international scientific literature.

The use of glass beads has shown that the surface of
seeds is a more favorable environment for nodule bac-
teria than the inert surface of glass. This indicates that
the evolutionary history of symbiosis, in addition to the

well-known functions related to virulence and nitrogen
fixation, may have included the development of specific
functions related to maintaining the viability of rhizobia
on the seed surface, which is obviously of great impor-
tance for ensuring the stability of symbiosis.

Notably, our findings indicate that the seed variety does
not significantly affect the dynamics of the decrease in the
number of cells, whereas bacterial strains differ signifi-
cantly in their resistance to desiccation. This highlights
two points: first, the conservative nature of the plant-side
mechanisms that ensure the preservation of rhizobia
on the surface of seeds, and second, the potential for
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selecting inoculant strains based on resistance to desic-
cation as a way to increase their manufacturability, that
is, integration with existing agrotechnological schemes,
which has received very little attention so far.

In this study, we have shown that the selection of
effective protective formulations and seed treatment
methods significantly contributes to ensuring the survival
of rhizobia on inoculated seeds. Thus, for instance, a
10-fold increase in the consumption rate of the inoculant
led to a proportional increase in the number of viable cells
on the seeds throughout the study period. However, the
overall dynamics of cell death remained similar to that
when using 10 % solutions. This suggests that there is
no pronounced protective effect of exopolysaccharides
applied with an increased volume of the inoculant on the
osmotic resistance of the strains.

It has been shown that the dynamics of reducing the
number of viable bacteria on seeds slows down signifi-
cantly with decreasing temperature, as well as with the
addition of protective polymer-carbohydrate composi-
tions, in particular, based on 50 % sucrose. Thus, the
combination of lowering the temperature and adding
sucrose during the processing of soybean seeds can
ensure a significantly higher number of viable cells per
seed at the time of planting.

Comparative analysis of the genomes of strain RZ300
and strain 634b revealed the following differences. Ac-
cording to the group of “stress response” genes, the
drying-resistant strain RZ300 has the opgC and opgG2
genes responsible for the synthesis of osmoregulated
periplasmic glucans, which directly explains its osmotic
stress tolerance, while the osmosensitive 634b lacks these
genes. OpgC is a protein involved in the biosynthesis of
osmoregulated periplasmic glucans (OPGs), occurring
in a number of bacteria. These glucans play an im-
portant role in adaptation to osmotic stress, cell enve-
lope integrity, biofilm formation, and pathogenicity. It
is likely that the role of this gene in the formation of
biofilms determines the resistance of bacteria to desic-
cation on seeds. Mutations in the opgC gene can lead
to changes in OpgC synthesis, which, in turn, affects
bacterial survival under osmotic stress (Bontemps-Gall,
Lacroix, 2015).

Among other genes that could potentially be involved
in the control of stress resistance, the RZ300 strain con-
tains a gene encoding a GTP-binding protein related to
Hf1X. The results of recent studies indicate the role of
HfIX in determining bacterial resistance to macrolides
and lincosamides (Rudra et al., 2020). Another important
candidate gene for stress control represented in strain
RZ300 is dgkA. 1t is known that the expression of the
dgkA gene is associated with accelerated bacterial growth

Mpoun3BoACTBEHHDIN WTaMM Ky6eHbKOBbIX 6akTepuii con RZ300 2026
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and survival in response to adverse environmental fac-
tors (Baker et al., 2021). In the context of membrane
transport, the drying-resistant strain RZ300 demonstrates
more advanced import systems, including transporters
for oligopeptides (oppA, oppD, oppF genes), dipeptides
(DDPPC genes) and amino acids (/ivH, livM, livG, livF),
and also has the nhaA gene for regulating Na+/H+-
antiport. It is noteworthy that the regulation of the HAA
gene of Escherichia coli is used to produce transgenic
rice plants (Oryza sativa L. ssp. japonica) with increased
resistance to salinity, but reduced one to drought (Wu et
al., 2005).

A notable feature of the RZ300 is the presence of the
Igt gene encoding an enzyme involved in lipoprotein
biosynthesis, which is critically important for main-
taining the integrity of the cell wall and, consequently,
for resistance to stress factors. It has been shown that a
decrease in Lgt levels in a clinical strain of uropathogenic
E. colileads to increased permeability of the outer mem-
brane and increased sensitivity to serum and antibiotics
(Diao et al., 2021). Finally, the cdhA gene encoding
choline dehydrogenase and the gpmA gene responsible
for phosphoglycerate mutase were found in the RZ300
strain, which indicate its ability to maintain the integrity
of cell membranes.

A number of studies have shown that pathogenic
bacteria mutated by the cdhA gene have reduced viru-
lence and resistance to antibiotics acting on the cell wall
(Pancholi et al., 2010). It is known that a deletion in the
gpmA gene in E. coli leads to a specific hypersensitiv-
ity to H,0,, comparable to the deletion of the main
H,0, scavenger gene katG. Exposure to H,O,enhances
the transcription of gpmA, which highlights its role
in protecting against oxidative stress. Thus, the gpmA
gene can be defined as an element of the bacterial
defense mechanism against oxidative stress (Roth et
al., 2022).

Thus, the analysis of the genetic differences between
the osmosis-resistant strain RZ300 and the osmosen-
sitive 634b identified a large group of differentially
represented genes, putatively associated with resistance
to drying control. Among these, opgC and opgG2 are
of the greatest interest, responsible for the synthesis of
osmoregulated periplasmic glucans, which can play an
important role in determining the resistance of nodule
bacteria to desiccation on inoculated seeds. These data
not only clarify the mechanisms of rhizobia resistance to
desiccation, but also provide future research directions
such as transferring of genetic constructs containing
these genes into symbiotically effective rhizobia strains
to meet the requirements of modern agricultural tech-
nologies.
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Conclusion

In this study, the problem of ensuring the resistance of
rhizobial inoculant strains to drying on the surface of
inoculated soybean seeds is investigated in detail. We
demonstrated that the survival rate of rhizobia strains
on soybean seeds, firstly, is significantly higher than
on a neutral carrier (glass beads), and secondly, does
not depend on the soybean variety. It has been shown
that the main differences in survival are related to the
strains themselves, which indicates the importance
of selecting promising inoculant strains based on this
feature. Optimal technologies have been developed
for the use of protective compositions that increase the
resistance of strains to drying on seeds. To clarify the
underlying mechanisms of strain resistance to desicca-
tion, a comparative whole-genome analysis was per-
formed on resistant and less resistant strains. Candidate
genes potentially involved in the control of this trait
were identified.

Of particular interest is the presence of the opgC gene
in the resistant RZ300 strain, which is absent in the less
resistant 634b strain and likely plays a role in bacterial
resistance to desiccation on seeds. We assumed that this
gene may serve as a molecular marker of resistance to
desiccation of bacteria on seeds and can be used in the
future for targeted breeding or genetic modification of
rhizobial strains for microbial biopreparations.

References

Baker B.R., Ives C.M., Bray A., Caffrey M., Cochrane S.A. Undeca-
prenol kinase: function, mechanism and substrate specificity of a
potential antibiotic target. Fur J Med Chem. 2021;210:113062. doi
10.1016/j.ejmech.2020.113062

Bashan Y., de-Bashan L., Prabhu S.R., Hernandez J. Advances in plant
growth-promoting bacterial inoculant technology: formulations and
practical perspectives (1998-2013). Plant Soil. 2014;378:1-33. doi
10.1007/s11104-013-1956-x

Bobkova Yu.A. Reaction of OAK Prudence soybeans to foliar fertil-
ization with macro- and micro fertilizers in the conditions of the
Orel region. Vestnik Agrarnoy Nauki = Bulletin of Agrarian Science.
2020;5(86):11-18. doi 10.17238/issn2587-666X.2020.5.11 (in Rus-
sian)

Bontemps-Gallo S., Lacroix J.M. New insights into the biological role
of the osmoregulated periplasmic glucans in pathogenic and sym-
biotic bacteria. Environ Microbiol Rep. 2015;7(5):690-697. doi
10.1111/1758-2229.12325

Deaker R., Roughley R.J., Kennedy I.R. Desiccation tolerance of rhizo-
bia when protected by synthetic polymers. Soil Biol Biochem. 2007,
39(2):573-580. doi 10.1016/j.50ilbi0.2006.09.005

Deriglazova G.M., Morozov A.N. Competitiveness of the domestic soy-
bean variety EN Argenta compared with the Canadian breeding va-
riety of OAK Prudence in the conditions of the Central Black Earth
region. Zernobobovye i Krupyanye Kultury = Legumes Groat Crops.
2022;4(44):49-57. doi 10.24412/2309-348X-2022-4-49-57 (in Rus-
sian)

Diao J., Komura R., Sano T., Pantua H., Storek K.M., Inaba H., Oga-
wa H., ... Yanagida H., Nishikawa J., Reid P.C., Cunningham C.N.,
Kapadia S.B. Inhibition of Escherichia coli lipoprotein diacyl-

442

A production strain of soybean nodule bacteria RZ300
B. japonicum, resistant to drying on the seed surface

glyceryl transferase is insensitive to resistance caused by deletion
of Braun’s lipoprotein. J Bacteriol. 2021;203(13):e00149-21. doi
10.1128/JB.00149-21

Doyle J.J., Doyle J.L. A rapid DNA isolation procedure for small quanti-
ties of fresh leaf tissue. Phytochem Bull. 1987;19(1):11-15

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

Fred E.B. Some factors which influence the growth and longevity of the
nodule bacteria. In: Fred E.B., Baldwin L.L., Mccoy E. (Eds) Root
Nodule Bacteria and Leguminous Plants. Madison; Wisconsin: Uni-
versity of Wisconsin, 1932;104-117

Kincharova M.N., Matvienko E.V. The effectiveness of pre-sowing seed
treatment in the fight against diseases of grain sorghum. Agrarnyy
Vestnik Urala = Agrarian Bulletin of the Urals. 2021;9(212):2-10.
doi 10.32417/1997-4868-2021-212-09-2-10 (in Russian)

Laktionov Yu.V., Kosulnikov Yu.V., Dudnikova D.V., Yahno V.V., Ko-
jemyakov A.P. Pre-sowing protection of inoculated soybean Gly-
cine max (L.) Merr. seeds by water-soluble polymer compositions
and their solid-phase modification. Sel skokhozyajstvennaya Biolo-
giva = Agricultural Biology. 2019;54(5):1052-1059. doi 10.15389/
agrobiology.2019.5.1052rus (in Russian)

Lamptey S., Ahiabor B.D.K., Yeboah S., Asamoah C. Response of soy-
bean (Glycine max) to thizobial inoculation and phosphorus applica-
tion. J Exp Biol Agric Sci. 2014;2(1):72-77

Magomedov R.D., Tsekhmeistruk N.G., Shelyakin V.A., Ryabukha S.S.,
Didovich S.V. The influence of various strains Rhizobium japonicum
(Kircher) Buchanan on soybean yield. Maslichnyye Kul tury = Oil
Crops. 2011;2(148-149):159-162 (in Russian)

Pancholi V., Boél G., Jin H. Streptococcus pyogenes Ser/Thr kinase-
regulated cell wall hydrolase is a cell division plane-recognizing and
chain-forming virulence factor. J Biol Chem. 2010;285(40):30861-
30874. doi 10.1074/jbc.M110.153825

Parakhin N.V,, Lysenko N.N., Petrova S.N., Kuzmicheva Yu.V., Ryzhov
I.A. Evaluation of herbicide system efficacy in agrocenosis of dif-
ferent soybean varieties depending on tillage method. Zemledeliye.
2017;2:39-43 (in Russian)

Regar M.K., Meena R.H., Jat G., Mundra S.L. Effect of different rhi-
zobial strains on growth and yield of soybean [Glycine max (L.)
Merrill]. Int J Curr Microbiol App Sci. 2017;6(11):3653-3659. doi
10.20546/ijcmas.2017.611.427

Reina-Bueno M., Argandofia M., Nieto J.J., Hidalgo-Garcia A., Igle-
sias-Guerra F., Delgado M.J., Vargas C. Role of trehalose in heat
and desiccation tolerance in the soil bacterium Rhizobium etli. BMC
Microbiol. 2012;12(1):207. doi 10.1186/1471-2180-12-207

Roth M., Goodall E.C.A., Pullela K., Jaquet V., Frangois P., Hender-
son LR., Krause K.-H. Transposon-directed insertion-site sequenc-
ing reveals glycolysis gene gpmA as part of the H,0O, defense mecha-
nisms in Escherichia coli. Antioxidants (Basel). 2022;11(10):2053.
doi 10.3390/antiox 11102053

Rudra P., Hurst-Hess K.R., Cotten K.L., Partida-Miranda A., Ghosh P.
Mycobacterial HfIX is a ribosome splitting factor that mediates anti-
biotic resistance. Proc Natl Acad Sci USA. 2020;117(1):629-634. doi
10.1073/pnas.1906748117

Skorupska A., Janczarek M., Marczak M., Mazur A., Krél J. Rhizobial
exopolysaccharides: genetic control and symbiotic functions. Microb
Cell Fact. 2006;5(1):7. doi 10.1186/1475-2859-5-7

Smith R.S. Legume inoculant formulation and application. Can J
Microbiol. 1992;38(6):485-492. doi 10.1139/m92-080

Soria M.A., Pagliero F.E., Correa O.S., Kerber N.L., Garcia A.F. Tole-
rance of Bradyrhizobium japonicum E109 to osmotic stress and
the stability of liquid inoculants depend on growth phase. World J
Microbiol Biotechnol. 2006;22(1):1235-1241. doi 10.1007/s11274-
006-9166-9

Vasilchikov A.G., Gurev G.P. Adaptation of soybean varieties with
different growing seasons to the soil and climatic conditions of the
Oryol region. Zernobobovye i Krupyanye Kultury = Legumes Groat

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 3


https://doi.org/10.1016/j.ejmech.2020.113062
https://doi.org/10.1016/j.ejmech.2020.113062
https://doi.org/10.1007/s11104-013-1956-x
https://doi.org/10.1007/s11104-013-1956-x
https://doi.org/10.17238/issn2587-666X.2020.5.11
https://doi.org/10.1111/1758-2229.12325
https://doi.org/10.1111/1758-2229.12325
https://doi.org/10.1016/j.soilbio.2006.09.005
https://doi.org/10.24412/2309-348X-2022-4-49-57
https://doi.org/10.1128/jb.00149-21
https://doi.org/10.1128/jb.00149-21
https://webpages.charlotte.edu/~jweller2/pages/BINF8350f2011/BINF8350_Readings/Doyle_plantDNAextractCTAB_1987.pdf
https://doi.org/10.32417/1997-4868-2021-212-09-2-10
https://doi.org/10.15389/agrobiology.2019.5.1052rus
https://doi.org/10.15389/agrobiology.2019.5.1052rus
https://www.jebas.org/wp-content/uploads/2014/09/Lamptey-et-al-JEBAS.pdf
https://elibrary.ru/item.asp?id=17889541
https://doi.org/10.1074/jbc.m110.153825
https://elibrary.ru/item.asp?id=29040596
https://doi.org/10.20546/ijcmas.2017.611.427
https://doi.org/10.20546/ijcmas.2017.611.427
https://doi.org/10.1186/1471-2180-12-207
https://doi.org/10.3390/antiox11102053
https://doi.org/10.1073/pnas.1906748117
https://doi.org/10.1073/pnas.1906748117
https://doi.org/10.1186/1475-2859-5-7
https://cdnsciencepub.com/doi/10.1139/m92-080
https://doi.org/10.1007/s11274-006-9166-9
https://doi.org/10.1007/s11274-006-9166-9

10.B. KocynbHukos, A.A. Kptokos, K.H. bepapiluesa
AMN. Kosanbuyk, A.lN. KOpkos, [0.B. JlakTnoHos

Crops. 2018;4(28):49-53. doi 10.24411/2309-348X-2018-00001 (in
Russian)

Vavilov P.P., Posypanov G.S. Legumes and the Issue of Vegetable Pro-
tein. Moscow, 1983 (in Russian)

Vincent J.M., Thompson J.A., Donovan K.O. Death of root nodule bac-
teria on drying. Aust J Agric Res. 1961;13(2):258-270. doi 10.1071/
AR9620258

Volobueva O.G., Trukhachev S., Belopukhov C., Seregina I. Compara-
tive study of symbiotic activity of legumes when using Risotorphin
and Epin-extra. Braz J Biol. 2023;83(3):¢264218. doi 10.1590/1519-
6984.264218

Vriezen J.A., de Bruijn F.J., Niisslein K. Desiccation responses and
survival of Sinorhizobium meliloti USDA 1021 in relation to growth
phase, temperature, chloride and sulfate availability. Lett Appl Micro-
biol. 2006;42(2):172-178. doi 10.1111/j.1472-765X.2005.01808.x

Mpov3BOACTBEHHDBIN LWUTaMM KIybeHbKoBbIX 6akTepuii com RZ300 2026
B. japonicum, yCTOMYMBbBIV K BbICbIXaHWIO Ha MOBEPXHOCTU CEMAH 3.3

Vriezen J., Bruijn F., Niisslein K. Responses of rhizobia to desic-
cation in relation to osmotic stress, oxygen, and temperature.
Appl Environ Microbiol. 2007;73(11):3451-3459. doi 10.1128/
AEM.02991-06

Wu L., Fan Z., Guo L., Li Y., Chen Z., Qu L. Over-expression of the
bacterial nhad gene in rice enhances salt and drought tolerance.
Plant Sci. 2005;168(2):297-302. doi 10.1016/j.plantsci.2004.05.033

Yadav J., Verma J.P., Rajak V.K., Tiwari K.N. Selection of effective
indigenous Rhizobium strain for seed inoculationof chickpea (Cicer
aritenium L.) production. Bacteriol J. 2011;1(1):24-30. doi 10.3923/
bj.2011.24.30

Zhang Y., Ku Y.S., Cheung T.Y., Cheng S.S., Xin D., Gombeau K.,
Cai Y., Lam H.M., Chan T.F. Challenges to rhizobial adaptability in a
changing climate: genetic engineering solutions for stress tolerance.
Microbiol Res. 2024;288:127886. doi 10.1016/j.micres.2024.127886

Conflict of interest. The authors declare no conflict of interest.

Received July 11, 2025. Revised December 4, 2025. Accepted December 4, 2025.

CUMBUOTUYECKUE CUCTEMbI / SYMBIOTIC SYSTEMS 443


https://doi.org/10.24411/2309-348X-2018-00001
https://doi.org/10.1071/AR9620258
https://doi.org/10.1071/AR9620258
https://doi.org/10.1590/1519-6984.264218
https://doi.org/10.1590/1519-6984.264218
https://doi.org/10.1111/j.1472-765x.2005.01808.x
https://doi.org/10.1128/aem.02991-06
https://doi.org/10.1128/aem.02991-06
https://doi.org/10.1016/j.plantsci.2004.05.033
http://dx.doi.org/10.3923/bj.2011.24.30
http://dx.doi.org/10.3923/bj.2011.24.30
https://doi.org/10.1016/j.micres.2024.127886

ANIMAL GENETICS Vavilovskii Zhurnal Genetiki i Selektsii
Original article Vavilov Journal of Genetics and Breeding. 2026;30(3):444-450

doi 10.18699/vjgb-26-48

Comparative cytogenetic analysis of the germline-restricted
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Abstract. An additional germline-restricted chromosome (GRC) has been found in the germline cells of all studied
passerine bird species. It is eliminated from somatic cells during early embryogenesis and from spermatocytes after the
first or second division of male meiosis. The GRC is transmitted across generations predominantly via the maternal line.
It contains amplified and rearranged copies of genomic regions from the standard chromosome set. Some of these genes
are expressed in the gonads of both males and females. However, the function and evolutionary dynamics of the GRC
remain unknown. We conducted a comparative cytogenetic analysis of the GRC in five closely related finch species - the
Eurasian bullfinch Pyrrhula pyrrhula, the common greenfinch Chloris chloris, the European goldfinch Carduelis carduelis,
the common redpoll Acanthis flammea, and the pine grosbeak Pinicola enucleator - using fluorescent in situ hybridization
(FISH) with a whole-chromosome DNA probe derived from the bullfinch GRC on spread spermatocytes of these species
and immunolocalization of synaptonemal complex (SC) and centromere proteins. We described for the first time the
SC karyotype of the pine grosbeak (2n = 82 + GRC). The standard chromosome set consists of nine submetacentric
bivalents (seven macro- and two microbivalents) and 32 acrocentric microbivalents. All acrocentric microbivalents
contain centromeres composed of multiple centromeric domains (metapolycentromeres). The grosbeak GRC is a large
acrocentric macrounivalent. Cross-species in situ hybridization of the bullfinch GRC DNA probe showed only weak signals
on the GRC of the grosbeak and redpoll, whereas no signal was detected on the greenfinch and goldfinch GRCs. These
data are consistent with published results for two other representatives of this family and indicate rapid divergence and
high species specificity of GRC sequences within the family Fringillidae. We also detected interspecies differences in the
localization of sequences homologous to the bullfinch GRC on the bivalents of the standard set of these species. Thus,
our data indicate rapid evolution of the GRC's genetic composition and reveal species-specific dynamics of increase and
decrease in the copy number of detected sequences in the standard chromosome set during the evolution of songbird
species.

Key words: germline-restricted chromosome; GRC; chromosome evolution; fluorescent in situ hybridization; centromere;
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CpaBHUTESbHBIV LUTOreHETUYECKIIA aHaNIN3 XPOMOCOMbI,
OrpaHMYEHHO KNeTKaMu 3apOofbILLEBON NMHNW, Y BbIOPKOBbBIX NTUL]

AHHoTauuA. [lobaBOUHas XpPOMOCOMa, OFpaHUYEeHHasA KneTkamu 3apoabieBoi nuHum (germline-restricted chromosome,
GRC), obHapy»xeHa y BCex MccnefoBaHHbIX BOPOO6bUHOOOPasHbIX NTuL. OHa SAUMUHMPYETCA U3 KNETOK COMaTUYecKom
NNHWN B paHHeM 3MbpuroreHese 1 U3 CNepMaToLUTOB NOC/ie NepBOro nnm BToporo aeneHna meno3a. GRC nepepaetca
B pALy MOKONEHWI MPerMyLeCTBEHHO MO MaTEPUHCKON NIMHUW, COREPXKUT aMnandUUNPOBaHHbIE U MepecTPOeHHbIe
KOMUM NocnefoBaTeNbHOCTEN XPOMOCOM OCHOBHOTrO Habopa. HekoTopble M3 HUX 3KCMPEeCcMpyoTcs B FrOHajax caMLoB
n camok. OpgHako GyHKLMA 1 3BONMOLMOHHaA AnHammnka GRC ocTaloTcA HensBecTHbIMWU. Mbl MpOBeNV CpaBHUTESNbHbIV
unToreHeTuuyeckuii aHanns GRC naty Bugos nNTuL cemeinctea BblopkoBble — 06bIKHOBEHHOrO cHerupa Pyrrhula pyrrhula,
06bIkHOBEHHOW 3eneHywku Chloris chloris, o6bikHoBeHHOTO Werna Carduelis carduelis, 06bIKHOBEHHOW YeuéTkn Acanthis
flammea n obbikHOBeHHOrO LWypa Pinicola enucleator - ¢ wcnonb3oBaHWeM ¢nyopecueHTHON rmMbpugmsauun in situ
[HK-30Hpa k uenon GRC O6bIKHOBEHHOIO CHErvpsA C MaTepuanom sfep pPacniacTaHHbIX CNepMaToOLMTOB AaHHbIX
BMLOB U MMMYHOJIOKaNIM3aLummn 6eflKoB CMHANTOHEMHOIO KOMMJeKca 1 LeHTpomepbl. Mbl BepBble onvcanu Kapuotun
CMHANTOHEMHbIX KOMM/IEKCOB OObIKHOBEHHOrO wypa (2n = 82+ GRC). buBaneHTbl OCHOBHOro Habopa COCTOAT W3
LeBATU CyOMeTaLeHTPUYeCKMX (CeMb MaKpo- U ABa MUKPOOMBaneHTa) U 32 aKpOLEHTPUUYECKUX MUKPOOMBaNEHTOB.
Bce aKkpoueHTpuuyeckme MUKpoOMBaneHTbl OCHOBHOrO Habopa cofep)KaT LeHTPOMEPbl, COCTOAWME W3 HECKONbKUX
LieHTPOMEpPHbIX [OMeHOB (MeTanonuueHTpomMepbl). GRC wypa npenctaBnseT cobol KPYMHbIA aKpOLEHTPUYECKUiA
MaKpoyHwuBaneHT. MepekpecTHaa rmbpuamnsaumsa in situ JHK-3oHaa kK GRC cHernpsa nokasana TonbkKo cflabble cuMrHanbl
Ha GRC wypa n yeuétkn, Torga Kak Ha GRC 3eneHywwKu 1 werna curHanabl OTCYTCTBOBANW. DTV faHHbIe COrnacyTca C
ony6MKOBaHHbIMI pe3ynbTaTaMu, MONYUYEeHHbIMY ANs ABYX APYrux npeacTaBuUTENeil STOro CemelcTBa, U CBUAETENb-
CTBYIOT O BbICOKOW BUAOBON crneuuduryHocTy nocnegosatenbHocTelt GRC B npeaenax cemeinctea BotopkoBble. Mbl TakxKe
06HaPYXUNN MEXBUAOBbIE Pa3NnMuMA B NOKanM3auumn nociefoBaTesibHOCTeN, CXO4HbIX ¢ nocnegoBatenbHocTaMU GRC
cHerunps, Ha 6rBaneHTax OCHOBHOIo Habopa nccnegyembix BUAOB. TakM 06pa3om, Hallm AaHHble YKa3biBatloT Ha GbiCTpyto
3BOMIOLMIO TeHeTuyeckoro coctaBa GRC v BupocneumduyuHylo AVHaAMUKY YBENMYEHUA W COKPaLLeHUA KOMUAHOCTU
BbIABMIEHHbIX MOC/ejOBaTeNIbHOCTEN Ha XPOMOCOMax OCHOBHOIO Habopa B xofie 3BONLMUM NeBYMX NTHL,.

KnioueBble cnoBa: germline-restricted chromosome; GRC; xpomocomHasa 3Boniouus; dbnyopecLeHTHas rmbpransaumsa

in situ; UEHTPOMepPa; BbIOPKU

Introduction

The Germline-Restricted Chromosome (GRC) has been identi-
fied in all studied passerine birds, indicating a monophyletic
origin (Torgasheva et al., 2019). The GRC in all examined
species contains amplified and rearranged copies of sequences
from the standard (A) chromosomes. Some of these sequences
are expressed in the gonads of both males and females (Bieder-
man etal., 2018; Kinsella et al., 2019). The GRC is eliminated
from somatic cell lineages during early embryogenesis and
from spermatocytes after the first or second meiotic division
(Pigozzi, Solari, 2005). The GRC is transmitted predominantly
through the maternal line (Pei et al., 2022).

The elimination of the GRC from somatic cells allows genes
located on it to escape the selective pressure characteristic of
genes on the standard chromosomes. This is expected to lead
to rapid changes in the GRC’s genetic composition. Indeed,
the size and genetic content of the GRC vary widely among
species. In some species, the GRC is one of the largest mac-
rochromosomes (macro-GRC), while in others, it is one of
the smallest microchromosomes (micro-GRC) (Borodin et
al., 2022).

Results of cross-species fluorescent in situ hybridization
(FISH) using whole-chromosome DNA probes derived from
the GRC of the zebra finch (Taeniopygia guttata), the sand
martin (Riparia riparia), the Eurasian siskin (Spinus spinus),
and the great tit (Parus major) demonstrated an astonishingly
low level of similarity between the GRCs of different species
(the divergence time between the most distant species being
~25-30 million years) (Torgasheva et al., 2019, 2021). This
indicates extremely rapid evolution of this chromosome’s
genetic content. This conclusion is supported by comparative
sequencing data of the micro-GRC in closely related spe-

cies, such as the thrush nightingale (Luscinia luscinia) and
the common nightingale (L. megarhynchos), which revealed
substantial differences in GRC composition despite their
relatively recent divergence (approximately 1.8 million years
ago) (Schlebusch et al., 2023).

Many genes on the GRC are present in a fragmented, likely
non-functional state, with the exception of a small number of
highly conserved and presumably essential genes. This rapid
change in genetic composition and the abundance of duplica-
tions, deletions, and pseudogenes stand in sharp contrast to
the generally conserved avian karyotype, making the GRC
the most rapidly evolving chromosome in the passerine bird
genome (Borodin et al., 2022).

The rapid changes in the size and genetic composition of
the GRC and the consequent diversity of its gene content —
including genes involved in reproductive system develop-
ment — have prompted the formulation of several hypotheses.
One posits that the GRC resolves germline-soma conflict by
isolating genes with mutually antagonistic effects. Another
hypothesis views the GRC as a highly efficient genomic para-
site. A third considers this chromosome a potential driver of
speciation, as rapid divergence of its genetic content in isolated
populations is expected to lead to genetic incompatibilities.
In our view, these hypotheses are not mutually exclusive. It
is highly probable that the GRC fulfills all of these roles si-
multaneously (Borodin et al., 2022; Borodin, 2023; Vontzou
etal., 2023).

The scale and patterns of GRC variability at the cytogenetic
level within narrow taxonomic groups, such as a family, re-
main insufficiently studied. Cross-species FISH experiments
comparing GRC genetic content within a single family have
so far encompassed only two or three species (Torgasheva
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Comparative cytogenetic analysis of the germline-
restricted chromosome in Fringillidae species

Eurasian bullfinch

Pyrrhula pyrrhula

Pine grosbeak

Pinicola enucleator

European greenfinch

Chloris chloris

- European goldfinch
O Carduelis carduelis

Common redpoll
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Fig. 1. A cladogram of bird species from the family Fringillidae used for the comparative analysis of the GRC.

A black circle denotes a macro-GRC, a white circle denotes a micro-GRC. The cladogram was constructed using the Timetree.org
resource (Kumar et al., 2017) (last accessed December 3, 2025).

et al., 2019). A more systematic comparative analysis of the
GRC across multiple members of a single clade has not been
previously conducted.

The aim of the present work was a comparative cytogenetic
analysis of the GRC in five species of the family Fringillidae
and an assessment of the pattern of in sifu hybridization of
a DNA probe derived from the whole macro-GRC of the
Eurasian bullfinch (Pyrrhula pyrrhula) with nuclear spreads
of spermatocytes of several species with varying degrees of
phylogenetic relatedness and different GRC morphology. For
this purpose, we selected four species representing different
genera within this family (Fig. 1): the European greenfinch
(Chloris chloris) (micro-GRC), the European goldfinch (Car-
duelis carduelis) (micro-GRC), the common redpoll (Acanthis
flammea) (macro-GRC), and the pine grosbeak (Pinicola
enucleator), the karyotype and GRC morphology of which
had not been described until now.

The selected species represent different evolutionary
lineages within the family: the divergence time between the
bullfinch and the pine grosbeak is approximately 11 million
years, and between the bullfinch and the greenfinch, goldfinch,
and redpoll, it is approximately 13 million years (Price et al.,
2014; Hooper, Price, 2017). Integrating the results of this ex-
periment with data previously obtained from the analysis of
two other species in this family — the Eurasian siskin (Spinus
spinus) (macro-GRC) and the European goldfinch (Carduelis
carduelis) (micro-GRC) (Torgasheva et al., 2019), which
diverged approximately 8.5 million years ago (Price et al.,
2014; Hooper, Price, 2017), — will allow for a more detailed
assessment of GRC variability within a single family.

Materials and methods
Biological material was obtained from birds delivered with fa-
tal injuries to the Wildlife Rehabilitation Center (Novosibirsk)
between April and May 2022-2023. This study examined one
male of each species: the Eurasian bullfinch (Pyrrhula pyrrhula),
pine grosbeak (Pinicola enucleator), European greenfinch
(Chloris chloris), European goldfinch (Carduelis carduelis),
and common redpoll (Acanthis flammea). Euthanasia was
performed by isoflurane overdose (Laboratories Karizoo,
S.A., Barcelona, Spain). Handling of birds and euthanasia
were conducted in accordance with national regulations for the
care and use of laboratory animals. The experimental protocol
was reviewed and approved by the Bioethics Commission of
the Institute of Cytology and Genetics, Siberian Branch of
the Russian Academy of Sciences (Protocols No. 114 dated
December 17,2021, and No. 199 dated November 21, 2024).
Synaptonemal complex (SC) spreads were prepared ac-
cording to the method of A.H. Peters et al. (1997). Immu-
nocytochemical detection of SC proteins and centromeres
was performed following the protocol of L.K. Anderson et
al. (1999) using the following primary antibodies: rabbit
polyclonal antibodies to SYCP3 (dilution 1:500; Abcam, UK;
cat. No. ab15093), anti-centromere antibodies from the serum
of patients with CREST syndrome (dilution 1:100; Antibo-
dies Inc., USA; cat. No. 15-234). The following secondary
antibodies were used: goat anti-rabbit IgG conjugated with
Cy3 (dilution 1:500; Jackson ImmunoResearch, USA; cat.
No. 111-165-144), donkey anti-human IgG conjugated with
AMCA (dilution 1:100; Jackson ImmunoResearch, USA; cat.
No. 709-155-149).

446 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding « 2026 « 30 + 3



J1.MN. ManuHoBcKas
K.B. Tuwakosa, M.M. BopoanH

Slides were incubated overnight at +4 °C with primary
antibodies and for one hour at +37 °C with secondary an-
tibodies in a humid chamber. To prevent photobleaching,
Vectashield mounting medium (Vector Laboratories, USA;
cat. No. H-1000-10) was applied to the slides.

The DNA probe for the whole bullfinch GRC was obtained
by microdissection of five micronuclei copies from meiotic
chromosome spreads, as described by A.A. Torgasheva et al.
(2019). Slides were preliminarily stained with a 0.1 % Giemsa
solution (Sigma, USA) for 3—5 minutes at room temperature.
DNA from the microdissected micronuclei was amplified and
labeled with biotin-11-dUTP (Sigma, USA) using the Genome-
Plex Whole Genome Amplification Kit (Sigma-Aldrich, USA;
cat. No. WGAL).

FISH using the bullfinch GRC DNA probe was performed
according to a standard protocol (Liehr et al., 2017) with some
modifications. The hybridization mixture (32 pl) contained hy-
bridization buffer (50 % formamide, 2x SSC), 0.2 % Tween 20,
and 40 ng of labeled probe. DNA on slides pretreated with
RNase A was denatured in 70 % formamide with 2% SSC at
+72 °C for 3 minutes. The probe was denatured at +95 °C for
S minutes. Hybridization was carried out overnight at +39 °C in
a humid chamber. The biotin-labeled probe was detected using
avidin-FITC (dilution 1:400) and anti-avidin-FITC (dilution
1:200) (Vector Laboratories, USA). Slides were mounted in
Vectashield medium with DAPI (Vector Laboratories, USA,
cat. No. H-1200-10).

Images of SCs after immunolocalization and FISH were
captured using a CCD camera mounted on an Axioplan 2
microscope (Carl Zeiss, Germany) with filters No. 49 (DAPI),
10 (FITC), and 15 (TRITC) (ZEISS, Germany) and ISIS4
software (METASystems GmbH, Germany). Brightness and
contrast of the images were adjusted using Corel PaintShop
Photo Pro X6 (Alludo, Canada).

For the construction of the SC karyotype idiogram for the
pine grosbeak, 28 cells were measured. The length of SCs and
the position of centromeres were determined in micrometers
using the MicroMeasure 3.3 program (Reeves, 2001). All raw
data are provided in the Supplementary Material'. In each cell,
SCs were ranked by relative length and centromeric index, and
average values across all cells were calculated.

Descriptive statistics were obtained using Statistica 6.0
(StatSoft Inc., Tulsa, OK, USA, 2001). The text presents values
as mean =+ standard deviation.

Results

Neither the somatic nor the synaptonemal complex (SC) karyo-
type of the pine grosbeak (Pinicola enucleator L.) had been
previously described. We found that the SC karyotype of this
species comprises 41 pairs of bivalents from the standard set
and a GRC (2n = 82 + GRC; fundamental number (FN) = 50)
(Fig. 2). The total SC length was 334 + 47 um. Macrobivalents
1-7, as well as microbivalents 9 and 16, are submetacentric;
microbivalents 8 and all other microbivalents are acrocen-
tric (Fig. 3). All acrocentric microbivalents of the standard

' Supplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Mal_Engl_30_3.xlsx
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Fig. 2. Photograph of an SC spread from a pine grosbeak
pachytene spermatocyte after immunolocalization of the SYCP3
protein (red) and centromeric proteins (green).

Arrowheads indicate submetacentric bivalents 1-7, 9, 16, and the GRC.
Scale bar =5 pm.

set contain centromeres composed of multiple centromeric
domains. Such centromeres are conventionally referred to as
metapolycentromeres (Grishko, Borodin, 2024). The GRC of
the pine grosbeak is a large acrocentric macrochromosome.
At the pachytene stage, it forms an acrocentric univalent that
is recognized by antibodies against the SYCP3 protein, which
forms the lateral element of the SC (Fig. 2).

To assess the similarity between the GRC sequences of the
bullfinch and the GRCs of other finch species, cross-species
FISH was performed using a DNA probe for the bullfinch
GRC obtained previously (Grishko et al., 2025). The probe
hybridized weakly to the macro-GRC of the pine grosbeak
and common redpoll, and did not hybridize to the micro-GRC
of the European greenfinch and European goldfinch (see
the Table).

In all four species, the probe labeled several regions on the
standard bivalents. In SC spreads from the pine grosbeak,
hybridization signals were observed on the short arm of mac-
robivalent 4 and in the long arm region of macrobivalent 5
(Fig. 4a). The probe also produced weak signals on many other
bivalents. In SC spreads from the European greenfinch and
common redpoll, the probe hybridized to the pericentromeric
regions of several microbivalents and all macrobivalents, with
the exception of a single metacentric macrobivalent (likely
77) (Fig. 4b, d). In SC spreads from the European goldfinch,
the hybridization signal was detected in the pericentromeric
region of macrobivalent 1 and on the short arm of macrobiva-
lent 6 (Fig. 4c¢).
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Fig. 3. SCidiogram of the pine grosbeak karyotype, excluding the GRC.

TheY axis shows the average SC length in pm. The X axis shows bivalents ordered by decreasing size. Black circles indicate the location
of monocentromeres, white circles indicate metapolycentromeres.

Pinicola enucleator Chloris chloris

Carduelis carduelis Acanthis flammea

Fig. 4. Photographs of SC spreads from pachytene spermatocytes of the pine grosbeak (a), European greenfinch (b),
European goldfinch (c), and common redpoll (d) after FISH with the bullfinch GRC DNA probe (green),immunolocalization
of the SYCP3 protein (red), and centromeric proteins (blue).

Arrowheads indicate the GRC and standard bivalents labeled by the bullfinch GRC DNA probe. Scale bar =5 pm.
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Detection of hybridization signal after FISH
with the bullfinch GRC DNA probe on SC spreads of finch species

Species Signal
on GRC on macrobivalent®
Bullfinch Pyrrhula pyrrhula®  Strong cl,6
Pine grosbeak Weak p4, g5
Pinicola enucleator
European greenfinch Absent c1-3,5-7
Chloris chloris
European goldfinch Absent cl,p6
Carduelis carduelis
Common redpoll Weak c1-3,5-7

Acanthis flammea

%c - centromere, p - short arm of the bivalent, g - long arm of the bivalent.
B (Grishko et al., 2025).

Discussion

In the present study, we have described, for the first time, the
synaptonemal complex (SC) karyotype of the pine grosbeak,
demonstrating that it, like the karyotypes of half of the studied
finch species (Borodin et al., 2022; Malinovskaya et al., 2022),
contains a macro-GRC. We established that many bivalents
in this species possess metapolycentromeres. The presence
of metapolycentromeres was previously demonstrated in the
Eurasian bullfinch and the common linnet (Linaria cannabina)
from the same family, Fringillidae (Grishko et al., 2023).

The primary result of this investigation is the detection of
high interspecific variability in the genetic composition of
the GRC among representatives of the family Fringillidae.
Despite the relatively close phylogenetic relatedness among
these finches (with divergence time between the bullfinch
and the other studied species ranging from approximately 11
to 13 million years (Price et al., 2014; Hooper, Price, 2017)),
the DNA probe for the bullfinch macro-GRC yielded a weak
hybridization signal on the macro-GRC of the pine grosbeak
and common redpoll and produced no detectable signal on
the micro-GRC of the European greenfinch and European
goldfinch.

The absence of a detectable signal on the micro-GRC of the
greenfinch and goldfinch, in contrast to the weak signal on the
macro-GRC of the pine grosbeak and redpoll, suggests that
GRC size may be one of the factors influencing the degree of
detectable sequence similarity, at least within a single family.
This pattern aligns with data from the literature: for instance,
with a shorter divergence time (~9 million years), a DNA
probe for the micro-GRC of the Eurasian siskin produced a
weak hybridization signal on the macro-GRC of the Euro-
pean goldfinch (Torgasheva et al., 2019). It is likely that over
~9—13 million years of divergence, micro-GRCs lost most of
their shared sequences, resulting in the absence of a hybridiza-
tion signal, whereas macro-GRCs retained a sufficient number
of homologous sequences to produce a weak signal.

In our cross-species FISH experiments, we identified dif-
ferences in the hybridization patterns of the bullfinch GRC

CpaBHUTESbHBIV LUTOreHETUYECKIIA aHaNIN3 XPOMOCOMbI,
OrpaHMYEHHO KNeTKaMu 3apOofbILLEBON NMHNW, Y BbIOPKOBbBIX NTUL]

2026
30-3

DNA probe with the standard bivalents among different finch
species. It was previously shown that this probe hybridized
to the pericentromeric regions of specific macrobivalents
and a number of microbivalents in the bullfinch (Grishko et
al., 2025). In our cross-species FISH experiments, this probe
demonstrated a different hybridization pattern. The observed
interspecific differences in hybridization patterns indicate rapid
evolution of the repetitive sequences located on the standard
chromosomes, occurring against the backdrop of the overall
conservation of avian genomes.

The hybridization of the bullfinch GRC DNA probe to the
pericentromeric regions of all macrobivalents, except mac-
robivalent 4, in the greenfinch and redpoll may indicate the
conservation of these sequences in these two species. This
pattern contrasts with that observed in the pine grosbeak and
goldfinch, where the probe hybridized specifically only to
distinct regions of certain macrobivalents. This points to a
more limited and species-specific distribution of the detectable
sequences across the standard bivalents in these species. The
weak diffuse signals detected on most bivalents in the pine
grosbeak may represent “ghost” sequences that were once
more widely distributed but have subsequently degraded or
been replaced in most genomic regions.

Thus, the GRC is a rapidly evolving genomic element in
passerine birds, showing a low degree of similarity even among
species within the single family Fringillidae. The differences
in the hybridization pattern of the bullfinch GRC DNA probe
on spermatocyte nuclear spreads from different finch species
indicate a species-specific dynamic of amplification and reduc-
tion in the copy number of the detectable sequences on the
standard bivalents over the course of evolution.

Conclusion

Our study has demonstrated that the genetic composition of
the germline-restricted chromosome (GRC) in individual
representatives of the family Fringillidae is highly species-
specific, indicating rapid evolution of the GRC. The presence
of shared sequences between the bullfinch GRC and the
standard bivalents of different finch species, coupled with
the species-specific patterns of their localization, aligns with
similar results from cross-species FISH experiments utilizing
DNA probes derived from the GRC of other bird species.
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Abstract. The multidisciplinary approach is in increasing use in modern science for solving complicated problems.
Molecular genetics not only helps us understand biological processes, such as evolution and speciation, but also sheds
light on numerous historical questions as to the directions of peoples’ migrations, the degree of interpenetration
of contemporaneous cultures, and their continuity. In particular, investigation of phylogenetic relationships of
domestic animals allows us to detail the interactions between bearers of different archaeological cultures. In the
Bronze Age, Inner Asia and adjacent territories were characterized by intense human migrations and rapid spread
of productive economies, including livestock farming. Here we examine the phylogenetic patterns of horses from
two important Bronze Age Ob-Irtysh cultures in Western Siberia, the Sargarinsko-Alexeevskaya and Irmen ones, and
the degree of their genetic proximity to horses from earlier (Andronovo and Eluninskaya) and later (Khereksur and
“Deer Stone”, Biykenskaya, Bystryanskaya and Pazyryk) cultures in the region and adjacent territories. Data obtained
from sequencing and analysis of mitochondrial genomes reveal differences in the mitochondrial gene pool of horses
from the Sargarinsko-Alexeevskaya and Irmen cultures of the south of Western Siberia, highlighting the unique
mitochondrial genetic diversity of the original horse herds of these cultures and the lack of close breeding contacts
between them. We demonstrate an overlap between the mitochondrial gene pools of horses from the Khereksur and
“Deer Stone” cultures of Mongolia and the Andronovo culture. We also established continuity between many of the
obtained haplotypes of horses from the Early, Developed, Late Bronze Age, and Early Iron Age in southern Western
Siberia, indicating the preservation of a significant part of the maternal gene pool diversity of domestic horses in the
region across several historical and cultural periods. The similarity of mitochondrial haplotypes among horses of the
Sargarinsko-Alexeevskaya culture, modern horses of the Akhal-Teke breed of Central Asia, and indigenous breeds of
East Asia and Southern Europe, as well as between horses of the Irmen culture and modern horses of local breeds in
Northern Europe, may reflect the migration routes of bearers of these cultures after their disintegration in the region
under study. It also characterizes features of the formation of these breeds in ancient times. However, nuclear genetic
markers should also be investigated to corroborate these hypotheses.
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AHHOTaLUuA. B coBpeMeHHOW HayKe AnA pelleHna CIOXKHbIX 3aA4ay BCE valle MCNonb3yeTca MybTUANCLUIIMHAPHDIN
nopaxop. Tak, MoneKynsipHas reHeTKa MOMOraeT HaM MOHATb HE TONbKO TaKme 61MOoNornyeckime NPoLEeccsl, Kak 3BoJto-
uMa 1 BMAOOOPa3oBaHMe, HO 1 MPOACHAET MHOTOUYMCIIEHHbIE NCTOPMYECKMe BOMPOCHI O HanpaBieHUAX MUrpauui
HapoZOB, CTEMEHN B3aVMOMPOHUKHOBEHMNA CUHXPOHHbBIX KYNbTyp U UX MPEeeMCTBEHHOCTU. B yacTHOCTM, n3yyeHune
dunoreHeTNYECKMX B3aMMOOTHOLLEHWIA AOMALLIHUX XXNBOTHbIX MO3BOSIAET AeTaIM3MPOBaTh KapT/HY B3aUMOAeCTBIA
HocuTenel pa3HblX apXeonornyecknx Kynbtyp. BHyTpeHHAA A3na n conpepenbHble TeppUTOpUnN B 6POH30BOM Beke
XapaKTepr30BannCb akTUBHLIMU MUTPALMAMU NIOAEN 1 GbICTPbIM PacnpPOCTPaHEHNEM MPOU3BOAALLErO XO3ANCTBA, B
TOM YnCne XMBOTHOBOACTBA. B Halwe paboTe 6binm n3yyeHbl GpunoreHeTMYeCKne NaTTePHbI OWagen ABYX BaxHbIX
KynbTyp O6b-UpThiwba 3anagHorn Cnbupwy 3noxm 6poH3bl: CaprapuHCKO-aNeKCEEBCKOW 1 UPMEHCKON, @ TaKXKe CTeneHb
NX reHeTnyeckon 6nm3ocTy C nowapbmu 6onee paHHWUX (aHAPOHOBCKOW, eNyHUHCKOW) 1 6onee MO3AHMX KynbTyp
(XepeKcypoB 1 "“0NleHHbIX" KaMHel, BUNKEHCKO, BbICTPAHCKO 1 Na3blpbIKCKOW) pervoHa 1 conpeenbHbIX TePPUTOPUIA.
[laHHble, MONyYyeHHble MOCNe CEKBEHWPOBAHUA W aHanu3a MUTOXOHAPWANIbHbIX FEHOMOB, CBULETENbCTBYIOT O
pasnnunAx B MUTOXOHAPUATIbHOM reHOodOHAe Nolafeli capraprHCKO-anekceeBCKOM M MPMEHCKOW KynbTyp iora
3anagHon Cnbupw, 4To NOAYEPKMBAET CBOEOBPA3ME MUTOXOHAPMANIBHOMO FreHETUYECKOro Pa3HOO6pas3na NCXOHbIX
TabyHOB NlowWwagen BbilenepeyncyieHHbIX KyNbTyp U OTCYTCTBME MeXAY HUMU TECHbIX KOHTaKTOB B cdepe pa3BefeHua
nowagen. bbino nokasaHo nepeceyeHVe MUTOXOHAPUANbHBIX FeHOPOHAOB nowWafelt KynbTypbl XepeKCypoB U
“oneHHbIX” KamHe MOHronun 1 aHAPOHOBCKOW KynbTypbl. TakKe HaMu YCTaHOBNEHa MPeeMCTBEHHOCTb MeXAy
MHOTVIMY MOJTyYEHHBIMY ranioTNaMm NoLaaein paHHero, pasBmUToro, No3AHero 6POH30BOT0 BeKa, PaHHETO »Kesle3HOro
BEKa C Tepputopuu tora 3anagHon Cubrpu, UTo CBUAETENbCTBYET O COXPaHeHWM GOMbLIOM YacTU pa3HOO6pasms
MaTEPUHCKOro reHOpOoHAa AOMALIHUX SoWafe B PermoHe Ha MPOTAXKEHUN HECKONbKUX WCTOPUKO-KYNbTYPHbIX
nepuonos. bAn3ocTb MUTOXOHAPUANbHBIX TFAMAOTUMOB MeXAY JIOWaAbMU CaprapvHCKO-anekceeBCKOM KynbTypbl
1N COBPEMEHHbIMMN NOoWabMM axanTeKnHCKon nopogbl LieHTpanbHol A3um n abopureHHbIx nopoa BoctouHom Azum
n tOxHol EBponbl, a Takke mexxay NoLWaabMU MPMEHCKOW KySbTypbl 1 COBPEMEHHbIMY NTOLIAAbMI MECTHbIX Mopos
CeBepHol1 EBponbl MOXeT yKa3blBaTb Ha MyTW MUrpaLun HOCUTENEN STUX KyNnbTyp NOCe NX pacrajga Ha Tepputopumn
paccmaTprBaemMoro pervmoHa, a Takke XapakTepu3oBaTb 0COOEHHOCTVM GOPMMPOBaAHMA 3TUX MOPOL B APEBHOCTU.
OpHako AN NoATBePXKAEHUA STUX MMNOTe3 HEOOXOAMMO NCCNeA0BaTb AAEPHbIE FEHETUYECKME MapKepbl.

KnioueBble cnosa: apeBHAa [HK; MUTOXOHAPWaNbHbLIN reHoM; GpunoreHeTuKa; JOMALLHAA noLwaab; 6POH30BbIN BeK;
caprapuriHCKo-aneKkceeBCKas KynbTypa; MpMeHCKas KynbTypa

Introduction

In the context of equine genetic research, the Bronze Age
(BA) has been less studied than the Iron Age (Keyser-Tracqui
et al., 2005; Dawei et al., 2007; Cai et al., 2009; Lei et al.,
2009; Cieslak et al., 2010; Benecke et al., 2017; Fages et al.,
2019; Vorobieva et al., 2020; Kusliy et al., 2021; Librado et
al., 2021; Kusliy, 2023). However, some important data have
already been obtained. Regarding the territory of Inner Asia,
it has been found that horses of the Sintashta culture, which is
associated with the first ritual burials of horses together with
parts of chariots with spokes, made a significant contribution
to the equine gene pool of many subsequent Central Asian
cultures, including the Khereksur and “Deer Stone” culture
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of Mongolia (Fages et al., 2019) and the Altai Biykenskaya
culture (Librado et al., 2021). It should be noted that the
Sintashta culture was the earliest stage in the development
of the Andronovo cultural and historical community, which
spread across the territory of the Southern Urals, the south of
Western Siberia, Kazakhstan, and the western part of Central
Asia (Zubova et al., 2014).

In this study, we examined the mitogenome diversity in
horses of the Irmen and Sargarinsko-Alexeevskaya cultures,
widespread in the Ob-Irtysh region of Western Siberia in the
Late Bronze Age (Grushin, 2020). Bone materials for genetic
analysis had been obtained from the sites of Chekanovsky
Log-I (Demin, Sitnikov, 1998), Barsuchikha-IV of the
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Sargarinsko-Alexeevskaya culture, Kaltyshino V (Kovtun,
2022), Barsuchikha-IV, Gusinaya Lyaga-1 (Demin, 2015) of
the Irmen culture. Researchers of some of these sites had noted
the important role of horses in various spheres of life of the
inhabitants of these sites; for example, the majority of bone
remains of domestic animals found at the Gusinaya Lyaga-1
site belonged to horses (Demin, 2015). Materials from both
cultures studied were identified at the archaeological sites of
Barsuchikha-IV and Gusinaya Lyaga-1, so the researchers
classified these complexes as mixed-type sites (Sitnikov,
Gel’mel’, 2017). The results of our study highlight differences
in the horse maternal genetic lineages of the Sargarinsko-
Alexeevskaya and Irmen cultures, which allows us to hypo-
thesize different maternal origins of horses of these cultures
and the absence of intensive exchange of horses between
them. It is also shown that the horses of mixed sites on the
border between these cultures are closer in mitogenomes to
the Sargarinsko-Alexeevskaya culture horses. However, this
hypothesis requires confirmation based on more sample sets
from each culture.

Thus, according to archaeological data (Grigor’ev, 2018;
Kovalevsky, 2020), the Andronovo culture made a great
contribution to the formation of the Irmen and Sargarinsko-
Alexeevskaya cultures. We included samples from Altai and
Kazakhstan sites of this culture in our study in order to trace
possible continuity. Archaeological data provide no compre-
hensive answer to questions about other ancestral cultures or
the continuity of the cultures under consideration in relation
to later cultures of the region (Sitnikov, 2013; Papin et al.,
2018; Popova, 2019). In order to strengthen the evidentiary
base for resolving these issues, we supplemented our materials
with samples of the Early BA Eluninskaya culture, formed in
the Forest-Steppe Altai as a result of the migrations of Indo-
European tribes to the eastern and southern regions of Eurasia
(Kiryushin, 2002; Grushin, 2019), and from synchronous and
later sites of the Altai and Mongolia (Tishkin, 2007).

Materials and methods

Materials studied. Our material included two bone samples
ofthe Eluninskaya culture from Altai (Berezovaya Luka site),
two bone samples of the Andronovo culture from Altai and
Kazakhstan (Chekanovsky Log-2 site (Altai), Tasty-Bulak site
(Kazakhstan)), six bone samples from Altai mixed sites of the
Irmen and Sargarinsko-Alexeevskaya cultures (Barsuchikha-
IV and Gusinaya Lyaga-1 sites), two bone samples of the Irmen
culture from southern Western Siberia (Kaltyshino V sites),
four bone samples of the Sargarinsko-Alexeevskaya culture of
Altai (Chekanovsky Log-I site), and one bone sample of the
Bystryanskaya culture (Manzhikha-2 site (Altai)). Detailed
information about the samples studied is given in Supple-
ment 1. Supplement also provides information on radiocarbon
dates of samples whose archaeological dating was ambigu-
ous. Radiocarbon dating was performed at the AMS Golden
Valley (Novosibirsk, Russia). Accurate dating of a sample
is necessary to prevent errors in the cultural assignment of
samples.

1 Supplements 1-3 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx25.zip
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Genetic relationships of horses from the Bronze Age
archaeological cultures of Western Siberia

Ancient mitogenome sequencing. All experiments were
performed at the Institute of Molecular and Cellular Biology
(IMCB SB RAS), Siberian Branch of the Russian Academy of
Sciences, in a special ancient DNA laboratory, in accordance
with the basic authenticity criteria for ancient DNA research
(Willerslev, Cooper, 2005), which presently remain relevant:
(1) The work areas for ancient DNA experiments before the
PCR stage and after it were separated. (2) Laboratory rooms
for experiments with ancient DNA before the PCR stage
were equipped with a ventilation system that created elevated
pressure; experimenters wore special laboratory suits and
two pairs of gloves, the outer one of which was constantly
changed; the gloves and all work surfaces were constantly
wiped with decontaminants (DNArid (Biomedical Innova-
tions), Dezomax (Maxima LLC)) before, during, and after
work; ultraviolet lamps (30 W) and an air sterilizer (recircula-
tor ORB-2N (POZIS)) were also used to decontaminate work
surfaces; tubes with samples and reagents were opened only
inside laminar-flow cabinets (BAVnp-01-“Laminar-S”-1.5
LORICA (LANSYSTEMY)) with the ventilation turned on.
(3) We added negative controls at the stages of isolating ancient
DNA and preparing genomic libraries, which we conducted
through all processes of the experiment to verify the absence of
cross-contamination and foreign contamination in the samples.
(4) At the stage of sequencing data analysis, the sizes and base
deamination profiles of ancient DNA fragments were evaluated
(subsection Statistics and authenticity of sequencing data of
the Results and Discussion section). (5) The ancient origin of
the samples was proven based on the archaeological context
of related materials and direct and indirect radiocarbon dating
(Supplement 1).

The preparation of bone samples for DNA extraction and
the DNA extraction process itself, as well as the method used
to prepare double-stranded, dual-index libraries for sequenc-
ing, are described in detail in (Kusliy et al., 2021).

Two rounds of library enrichment were performed using
hybridization with biotinylated modern mtDNA of Equus
caballus, immobilized on Dynabeads M-280 Streptavidin
magnetic particles (Life Technologies, USA). The method
reported in (Maricic et al., 2010) was modified as follows:
(1) When preparing biotinylated samples, we ligated a double-
stranded adapter with a 3’ single ‘T’ nucleotide overhang
(5'-CCTGCCTCGGATGTCCTTGAT-3") to modern horse
DNA fragments using a TruSeq Nano DNA Sample Prepara-
tion Kit (Illumina) according to manufacturer’s recommenda-
tions. (2) Modern horse mitogenome fragment libraries were
amplified using biotinylated primers (Biotin-5-CCTGCC
TCGGATGTCCTTGAT-3"). (3) Biotinylated probes were
immobilized onto magnetic beads with streptavidin according
to the Dynabeads™ Streptavidin Trial protocol using sodium
citrate saline (SSC) as binding and washing buffer. (4) The final
purification of magnetic particles after the enrichment proce-
dure was carried out in SSC (3 times with 100 uL of 2x SSC
at 65 °C for 5 min, 2 times with 100 pL of 0.2x SSC at room
temperature). (5) At the final stage of the procedure, 20 cycles
of amplification of enriched libraries were conducted. Ampli-
fication of the enriched libraries was performed in a volume
of 50 uL containing 1x Phusion HF Buffer, 0.2 mM of each
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The GenBank accession numbers
of the obtained nucleotide sequences

Sample name GenBank accession numbers

Bar4-1 PV926031
Berl-3-2 PV926032
BerlL-4 PV926033
Chek1-1 PV926035
Chek1-2 PV926036
Chek1-3 PV926037
Chek1-4 PV926038
Chek1-6 PV926039
Gus1-2 PV926040
Gus1-3 PV926041
Gus1-4 PV926042
Gus1-5 PV926043
Gus1-6 PV926044
Kalt5-2 PV926045
Kalt5-3 PV926046
Man2-1 PV926047
Tas-1 PV926048

dNTP, 1 uM of each primer for library fragment adapters (SuD
Nano DNA Library Prep Kit for [llumina), and 1 U of Phusion
DNA polymerase. The PCR program was as follows: 30 s ini-
tial denaturation at 95 °C; 20 cycles, each of which included
20 s denaturation at 98 °C, 20 s primer annealing at 65 °C,
20 s elongation at 72°C; and final 5 min elongation at 72 °C.

Quantification of the obtained libraries was performed using
a Qubit 4 Fluorometer (Invitrogen) and a Qubit dsSDNA HS
Assay Kit, according to manufacturer’s recommendations.
To check for contamination at the stages of DNA isolation,
library preparation, and amplification, blanks were used that
showed the absence of target DNA during final data analysis.
Paired-end sequencing of the enriched libraries was carried
out on the MiSeq platform (Illumina, USA) using a MiSeq v2
Reagent Kit (300-cycles, 2x150bp). Library sequencing was
performed at Genomics Core Facility ICBFM SB RAS, Novo-
sibirsk).

Sequence data analysis. Secondary data analysis performed
in PALEOMIX BAM Pipeline v1.3.2 (Schubert et al., 2014)
is described in detail in (Kusliy et al., 2021).

Phylogenetic analysis. Multiple alignment of the mi-
togenome consensus sequences was conducted using the
MAFFT v1.4.0 multiple sequence alignment program (Katoh
et al., 2002) (plugin MAFFT in Geneious Prime v2024.0.4).
PartitionFinder v2.1.1 (Lanfear et al., 2012) was used to select
the best-fit partitioning schemes and models of molecular
evolution for phylogenetic analyses. In the alignment of horse
mitochondrial genome sequences, five partitions were identi-
fied with the following evolutionary models of nucleotide
substitutions: HKY+I for the second codons of protein-coding

[eHeTYecKmne CBA3M NOLIALEN apXeoNIOrMUYeCcKnX KynbTyp
3anagHo Cnbupn 6poH30BOro BeKa

genes; HKY+G+I for RNA coding genes, first and third co-
dons of protein-coding genes; GTR+G+I for hypervariable
regions. The Bayesian phylogenetic tree was constructed with
the MrBayes v.3.2.6 program (Ronquist, Huelsenbeck, 2003)
using the above partitioning schemes and evolutionary models
and the following parameter values: 8 million generations of
Markov chain Monte Carlo, sampling frequency 800; the first
25% of trees discarded. The tree visualization was performed
with the FigTree v1.4.4. program (“http://tree.bio.ed.ac.uk/
software/figtree/).

Haplotype diversity analysis. The haplotype median
joining network and haplogroup map were generated in the
PopART population genetics software version 1.7 (Bandelt et
al., 1999; Leigh, Bryant, 2015) with standard parameter values.

Analysis of genetic differentiation of populations. The
Fgr values, reflecting the measure of population differentiation
(10,000 permutations), as well as nucleotide diversity values,
were obtained with the Arlequin v3.5.2.2 integrated software
package (Excoffier, Lischer, 2010).

Data availability. All bone samples were obtained from
the collection in the repository of the Institute of History and
International Relations of Altai State University (Barnaul,
Russia) (collection manager Dr. Alexey A. Tishkin). The
described study complies with all relevant regulations. The
GenBank accession numbers of the mitogenome consensus
sequences are given in Table.

Results and discussion

Statistics and authenticity of sequencing data. The ancient
origin of the obtained sequences is proven by the profiles of
nucleotide misincorporation in DNA fragments of the sequenc-
ing libraries obtained in the MapDamage v2.2.0 computational
framework (Jonsson et al., 2013). The percentage of nucleotide
substitutions therein increases towards the ends of the frag-
ments due to the presence of protruding ends in the fragments
of ancient DNA (Green et al., 2006; Sawyer et al., 2012). The
distribution graphs of the sizes of the sequenced libraries also
confirm the data authenticity, since the average fragment size
of each library is extremely small (less than 100 bp), which is
typical for degraded ancient DNA (Sawyer et al., 2012). The
graphs of postmortem damage and fragmentation patterns are
shown in Supplement 2. The statistical parameter values of
the obtained sequencing data are given in Supplement 3. The
frequency of deamination at the ends of DNA fragments, which
is on the average 2—3 times higher than in the middle of the
fragment (Supplement 3), also points to the ancient origin of
the DNA under study.

Haplotyping and haplogroup diversity assessment
among the ancient horses studied. We compared the con-
sensus sequences of the mitogenomes of the ancient horses
studied here and in previous works (Vorobieva et al., 2020;
Kusliy et al., 2021) with each other, determined their charac-
teristic nucleotide variants relative to the reference sequence
and assigned them to previously determined haplogroups
(Achilli et al., 2012). Based on this data, a map of the geo-
graphical distribution of these mitochondrial haplogroups in
Inner and Central Asia in ancient times was constructed. The
map is shown in Figure 1.
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Fig. 1. Map of the geographical distribution of haplogroups of ancient and medieval horses in Inner Asia and adjacent territories
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As can be seen from the figure, the haplotype of the Paleo-
lithic Altai horse is not found among the studied ancient or
medieval horses in Inner Asia and adjacent territories.

The most ancient haplotypes of domestic horses, namely
those of the Early and Developed Bronze Age (Andronovo cul-
ture (Chekanovsky Log-2, purple sector; and Tasty-Bulak sites)
and Eluninskaya culture (Berezovaya Luka site)), belong to
haplogroups A, I, and M. These ancient haplogroups were also
found in the Altai Krai (Irmen + Sargarinsko-Alexeevskaya
cultures) and Mongolia horse groups in the Late Bronze Age,
and in the mountain and steppe Altai in the Early Iron Age,
which may point to a certain genetic continuity of horses of
the corresponding cultures.

The figure also shows significant differences in the com-
position of haplogroups between the ancient horses of Altai
and Mongolia, which share only haplogroup M, present in
the Andronovo group. In contrast to the small overlap in mi-
tochondrial genetic diversity shown between ancient horses
of the Mongolia and Altai regions, modern horses of these
regions show a much greater degree of genetic closeness
(Kusliy et al., 2023). This observation is most likely indicative
of a common origin and the absence of close contacts between
horses associated with the cultures of these territories after the
Developed Bronze Age.

Turning attention to the Irmen and Sargarinsko-Alexeev-
skaya cultures of the Late Bronze Age, which are in the focus
of this study, we note that the mixed-type sites in the northern
Altai Krai are close in haplogroup diversity to the sites of the

Sargarinsko-Alexeevskaya culture of the southern Altai Krai,
and they both differ greatly in these indicators from the sites
of the Irmen culture, located in the north-eastern direction. As
can be seen from the map, the mitochondrial haplogroups of
horses from the Irmen sites coincide only with the haplogroups
of horses from the Pazyryk (Verkh-Kaldzhin-1) sites of Early
Iron Age, located in the south of the Altai Republic. Since,
according to archaeological data, the Irmen culture did not
contribute to the formation of the Pazyryk culture, this close-
ness of haplogroups most likely traces the common origin of
the horses of these cultures but not continuity between them.
In order to determine the differences between the mitogenome
haplotypes of the studied ancient and medieval horses of Inner
Asia and the adjacent territories from each other, we built a
median joining haplotype network (Fig. 2).

As can be seen from the network, the most ancient haplo-
types of domestic horses in the sample (Early and Developed
Bronze Age, brown) are closest to the haplotypes of Mongolian
horses of the Late Bronze Age (blue) and haplotypes of Altai
horses of Early Iron Age (green). The constructed network
shows the proximity of horse haplotypes of the Sargarinsko-
Alexeevskaya culture and mixed sites of this and Irmen cul-
tures (pink and red, respectively) and their remoteness from
horse haplotypes of the Irmen culture, which cluster together
with haplotypes of Early Iron Age Pazyryk horses from the
territory of the Altai Mountains. The resulting haplotype net-
work also visualizes the differences between the haplotypes
of the ancient Mongolian horses under study and most of the
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other haplotypes of the sample and the similarity of the Bronze
Age Mongolian horses to the Andronovo horse, which is most
likely related to their origin. The described figure shows a more
detailed history of the studied ancient horse haplotypes, whose
key features are outlined above.

Our analysis of population differentiation in the culture
groups of Sargarinsko-Alexeevskaya (samples Chekl-1,
Chekl1-2, Chekl-3, Chekl-4) and Irmen (samples Kalt5-2,
Kalt5-3) and in the group of mixed sites of these two cultures
(samples Bar4-1, Gusl-2, Gusl1-3, Gusl-4, Gusl-5, Gusl-6)
revealed a high degree of differentiation between the Mixed
and Irmen groups (Fgr = 0.24, p-value > 0.05) and a very
high degree of differentiation (Fgr = 0.52, p-value > 0.05)
between the Sargarinsko-Alexeevskaya and Irmen groups.
Their Fgranalysis also showed an insignificant degree of dif-
ferentiation between the Mixed and Sargarinsko-Alexeevskaya
groups. However, since the sample sizes were small, and the
p-values were unreliable (p-value > 0.05), this can only be
considered an additional evidence.

Phylogeographic reconstructions. In order to see a more
detailed picture of the relationships between haplotypes within
haplogroups and to trace phylogenetic relationships to the
present, we constructed a Bayesian phylogenetic tree based
on mitogenome sequences of ancient, medieval, and modern
horses from different regions of the world, including our

samples and previously published ones (GenBank sequence
database). The constructed tree is shown in Figure 3.

In the above discussion of phylogeographic reconstructions,
only clades with high Bayesian posterior node probabilities
are considered in the analysis of reliable phylogenetic rela-
tionships.

The constructed phylogenetic tree shows that haplogroup I
represents the intersection of haplogroups of the Eluninskaya
and Andronovo cultures of the Bronze Age. One of the Elu-
ninskaya horses we studied is located basal to the clade of
all other domestic horses of haplogroup A, which supports
the origin of horses of this haplogroup from horses of this
culture. However, since the Andronovo horses not included
into our study could also occupy a basal position within this
haplogroup, we cannot rule out the Andronovo origin. The
Eluninskaya culture is known to form earlier (Early Bronze
Age) than the Andronovo one (Developed Bronze Age). Most
of the animal bones found in the Berezovaya Luka settle-
ment (samples BerL-3.2, BerL-4) belong to domestic species
(Kiryushin et al., 2011), but it has not been shown whether
the horses of Berezovaya Luka site were domesticated or wild
(hunted). Our data (Fig. 3, haplogroup I) clearly indicate that
some horses of this settlement were domesticated, because
the corresponding haplotypes are located within the clade of
modern domestic horses. Since the development of animal

456 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 3



M.A. Kusliy, A.A. Yurlova, N.V. Vorobyeva ... Genetic relationships of horses from the Bronze Age 2026
A.S. Graphodatsky, A.S. Molodtseva, A.A. Tishkin archaeological cultures of Western Siberia 30.3

Name The Early and Developed Bronze Age Altai culture

ABAltalRuss%NorthemAslﬁ*MCalrlﬁ lé#B{it a;kri\s/lkaﬁ "1%%;5)%*0
i 0,93 ebao aotongGuizhouChinaEastAsi
Name. The Late Bronze AgeAIta!Irmen Fulture rzewaPinIYI ridSar 1egoZ001nst?tuteUS Non(;’xAmenca*KT368757*0
Name The Late Bronze Age Altai Sargarinsko-Alexeevskaya Maremmanoltal SouthernEurope*JN398379*0 .

culture 051 AnAltalRussmNonhemAma*Ak 5#MK449358.1#Blykenska¥a*2720

. X . osir AnAltaiRussiaNorthernAsia*Ak 1-4#MK467453. 1# Turkic* 1220 A

Name Mixed sites (Irmen + Sargarinsko-Alexeevskaya 'Y KuznetRussial (frther sm*H 4394 *()

cultures Iramanlraan leEast*JN3983383

Mongoly nM? liaEastA iyl
Name The Early Iron Ages Altai culture ll{lsein(l)‘ri(%ﬁ"? % (;llﬁ ell?n ut SIQ"JﬁI3§§ ?Q *08
Name Ancient Mongolian culture Aa kutR usg;l;urorrltaegl}gt/glsagentra A51a JN398385 0

1C

D

AnUralRuss1aEastemEuropeNorthemAsm*KT757756*35 100
—AnTaymyrRussiaNorthernAsia*K1757743*29.115
MaremmanolteTl\l]ySouthernEuroEe*JN39840
 AnAltaiRussiaNorthernAsia*Chek 1-4#Sargarinsko-Alexeevskaya*LateBronzeAge
AnAltaiRussiaNorthernAsia*Chek 1-3#Sargarinsko- Alexeevskaya*LateBronzeAge
AnAJtaiRussiaNorthernAsia*Gus| - 4#l|menSarvarmsk0 Alexeévskaya*3124 E

I_lJ1an%(ChmaEastA51a"‘MGOO 1428*0

1

YakutRi NorthernA, *KT368724*230
tasRS uli\slSIa ?.nAesTl_I%ﬁ 4- |#lrmenSargarinsko-Alexeevskaya*3028
| F*Przewalskii

G (AnMongolianMongoliaEastAsia*KhereksurXiongnu)
AnUralRusmaEfIsternEuropeNorthemAs1a*KT7 57758*20,504

AnUrallﬁussnaEastemEuropeNorthemAsw*I§T757754*34 272
AnUra|RussiaEasternEuropeNorthernAsia KT757759*f9 014
AnYakutRussiaNorthernAsia*KT757747

39
0KT757740*43 073

0,87

Tramaniref( lJﬁleﬁaSt’P
Przewalski
FanalKazakhst nCentralﬁAsm*H 439476*0
AnAltaiRussiaN emAsm BerL-4#E unmskaﬁa*4024
- AnAltaiRussiaNorthernAsia*Ak1-1#KT985979 2#Pazyryk*2420 ©| 1
I*MiddleEastNothernAsia
09WestemKazakhstanCentralAsna Tas- 1#Andronovo*3371
JejuSouthKoreaEastAsia*KF0381

Yal kutRu551ghNorthemA51a*KT3687
. AnYakutR sstaNorthernAsia*K'1757750*

i)
r tRussiaNort emA51a*KT36872’3
AnYaljulthul;SIaNorthemAsna KT368725*5093

lPr ewals
AnUraF uss1aEastemEuropeNorthernA51a*KT757755*3 1,035
AnYakutRussiaNorthernAsia*K'T757
nTaymyrRussiaNorthernAsia*K'T7
nTaymyiRussiaNorthernAsia*KT757741*1
L (AnMongolianMon ollaEastASla* hereksur)
AnYakutRussiaNorthernAsia*KT757746*4250
AnTaym rRussiaNorthernAsia*KT757742*27,590
i nAltalRus gaNorthemA*sna*Chekl -6#Andronovo*3600
. BalseponyC ra astAsna MGOO 447*0

E JN398437*0
¢ i;i[eménfnScot S ko
An

0

an Nort ernEurope*JN398439*0 M

ongoli anMongolllaEastAsm an-1#MW534079.1#Khereksur*2853

AnMongo 1anMo oliaEastAsia*Gan-3#MW534080. 1 ereksur*2853

Cas ianPonylranMiddleEast* JN398436 0

AnA 1Russ|aNonhun/\sm *Gus1-2#1 Hn(.nSarvarmsko Alexeevskaya*3124

0,53 Engl1shSh1reUn1tedegd0mN0rthemEuro§ 8440%0
nAltaiRussiaNorthernAsia*Ver1- [#KT985980. 1#Pazyryk*2420

SaddlebredUnitedStatesNorthAmerica*JN398441

AnKemerovoRussiaNorthernAsia*Kalt5- J#lll]lell LateBlonzeAﬂe

/\nKunuovoRusuaNmthun/\sld Kalt3-2#Irmen*3048

<] % d;‘IL_emELLerQMlsiglgEasiEasiA ia

— TlBetanZ ongdianChinaEastAsia*EF597512%*

AnAltalRussnaNor’(hernA51a*Ak2 4#MK467454.1#Biykenskaya*27208 p
- A]l(talRussmNorthemASIa*HO 39444*0

hal'leke TurkmenistanCentralAsia*JN398453%*0
AnAltaiRussiaNorthernAsia*ChekI-2#Sargarinsko- Ale‘{eevskaya*LateBlonzeAge
AnAltaiRussiaNorthernAsia*Chek 1 - l#Sa%annsko Alexeevskaya*3214
leetan equhmaEastA51a EF59751

4
tﬁé ussm herl%Asm Ak2-6#MK449357.1#Biykenskaya*2720
2
%

e astCentra stAsia
alTekeTur meantanCentra sia*JIN398449*() Q
a Te eTur menistanCentralAsia*JN398450*0

/\n/\ltleussm ﬁlthun(\;ﬁld*&usl O#Jlmc.nSargbaunsko -Alexeevskaya*3124
YakutRussiaNorthernAsia 36§732

Sk B
1 20\ 1n 1
xlrﬂecmanisf}fmas R0 10+

] R*ChinaEastAsia*MG0014XX*0
AnAltaiRussiaNorthernAsia*Gus|-5#IrmenSargarinsko- Alexeevskaz{a*3016 R
/\n/\ltd]RussmNmtReslln/\smggxsuslza#llmenSangaunsko Alexeevskaya*2
AnUra ussiakastern ur%‘)f orthernAsia*KT757757*41,456

- o AnYaku&ussm%%ll?t ern 51aA[2?7?§:74é9 92%92

0.003

Fig. 3. Bayesian phylogenetic tree of ancient, medieval and modern horses from different regions of the world, constructed on the
grounds of mitogenome sequences. The names of the samples consist of three parts, separated by an asterisk: (1) the geographical
origin of the sample (the An prefix at the beginning denotes ancient and medieval samples, and the His prefix indicates historical
horses); (2) registration number of the GenBank database or name of the sample and culture; (3) age of the sample. Letters A-R to the
right of the clades correspond to the names of equine mitochondrial genome haplogroups according to the classification by Achilli et
al. (2012). The colors of the sample names are associated with different semantic groups of horses (according to historical and cultural
periods, belonging to a specific culture and/or region); the correspondence is described at the upper left of the figure. For better
clarity, some clades of the tree have been collapsed. The Bayesian posterior probability of the tree topology is shown as numbers next
to the tree nodes (probability less than 0.7 (confidence level) is highlighted in red). The numeral under the horizontal scale bar at the
bottom of the figure indicates the number of nucleotide substitutions related to a segment of equal length on a tree branch.
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husbandry in the Altai steppe zone is primarily associated
with the bearers of the Eluninskaya culture, who migrated
there at the beginning of the Early Bronze Age (Kiryushin
et al., 2012), the South Siberian origin of some ancient do-
mestic horses of Asia remains questionable. However, since
the Eluninskaya and Andronovo cultures overlapped in time,
and horses of the Andronovo culture spread very quickly to
adjacent territories (Koryakova, Epimakhov, 2007; Lindner,
2020; Epimakhov, 2020), the question of local domestication
or Andronovo origin of the Eluninskaya culture horses will
remain relevant until whole genome data on horses of these
cultures are obtained. Based on our data, we conclude that
some domestic horses from both cultures are genetically very
close. It should also be noted that, according to our results,
the haplogroups of the Eluninskaya culture horses were found
only among horses of Early Iron Age from the south of the
Altai Republic (Biykenskaya, Pazyryk, Turkic cultures), and
the haplogroups of the Andronovo culture were widespread
not only among the Pazyryk horses of Altai, but also among
the horses of the Late Bronze Age from the Ob-Irtysh region of
Western Siberia (Irmen + Sargarinsko-Alexeevskaya cultures)
and Mongolia (the Khereksur and “Deer Stone” culture). The
closeness of the haplotypes of horses of the Khereksur and
“Deer Stone” culture of Mongolia and the Andronovo culture,
detected by us for the first time on the basis of mitogenome
data, is most likely associated with continuity between the
horses of these cultures. A horse of the mixed site of the [rmen
and Sargarinsko-Alexeevskaya cultures, which occupied the
basal position in clade M, is also quite close to the mitochon-
drial haplotypes under consideration (samples Gan-1, Gan-3,
Chek1-6). The closeness between the haplotypes of domestic
horses of the Andronovo culture, from which most domestic
horses of Asia originated, and horses of later cultures of Mon-
golia and Siberia more likely points to their common origin
from horses of the Andronovo cultural-historical community.
The intersection of the mitogenome gene pools of horses of
cultures later than Andronovo in Siberia and Mongolia is
more likely to point to close contacts between archaeological
cultures of these regions.

Within haplogroup I, the BerL-4 horse of the Eluninskaya
culture, one of the most ancient in our sample occupies the
closest position to horses of the Kustanai local breed of Ka-
zakhstan and the indigenous Iranian breed. This observation
looks consistent with the migration of part of the population
of the Eluninskaya culture to the west after the arrival of the
Andronovo population to their territory (Grushin, 2018).

Within haplogroup E (Fig. 3), which turned out to be one
of the key haplogroups of the Sargarinsko-Alexeevskaya
culture and mixed sites (Irmen+Sargarinsko-Alexeevskaya),
the domestic horses of the latter-listed cultures we studied
are located next to modern horses of the indigenous breeds of
Italy (Maremmano), China (Jinjiang), and historical Yakutian
horses. The last of these horse breeds migrated to Yakutia from
southward regions together with the Yakut people several
centuries ago (Librado et al., 2015). The genetic closeness
we identified between the ancient domestic horses of the
mixed sites we studied and the Yakut horses is also noticeable

[eHeTYecKmne CBA3M NOLIALEN apXeoNIOrMUYeCcKnX KynbTyp
3anagHo Cnbupn 6poH30BOro BeKa

within haplogroup Q. There is evidence that the Maremmano
horse breed was formed in the 8th century BCE by Etruscans
(Giontella et al., 2020; Vernesi et al., 2004), an ancient people
primarily of South European origin (Ghirotto et al., 2013;
Vernesi et al., 2004). Previous studies have shown maternal
genetic closeness between modern Maremmano horses and
domestic horses of the Altai Biykenskaya culture of Early
Iron Age (Vorobieva et al., 2020). The Jinjiang horse is a
breed indigenous to Central and Southeast China; it formed
at the end of the 1st millennium CE and developed with a
small genetic infusion from foreign breeds (Ma et al., 2019).
The similarity of mitochondrial haplotypes of horses of the
Sargarinsko-Alexeevskaya culture, mixed sites, and modern
domestic horses of indigenous breeds from different regions
of China (Yangqi, Yimen, Yili, Sanhe) can also be traced within
the Q and R haplogroups. The basal position of one of the
horses from the mixed Irmen and Sargarinsko-Alexeevskaya
culture site Barsuchikha-IV in relation to the other horses of
clade E and clade M indicates that some horses of the Marem-
mano, Jinjiang, and Yakutian breeds might derive from ancient
domestic horses of these cultures, with migration occurring in
both the eastern and western directions.

As can be seen from the phylogenetic tree we constructed,
the horses of the Sargarinsko-Alexeevskaya culture and the
mixed sites of the Irmen and Sargarinsko-Alexeevskaya
cultures are also very close in mitochondrial DNA to modern
Akhal-Teke horses (haplogroup Q), one of the most ancient
riding breeds of Central Asia (Szontagh et al., 2005).

Horses of the Irmen culture were assigned to clade N, which
is mainly represented by modern horses of local breeds of
Southern and Northern Europe and breeds formed on their
basis. Within this haplogroup, horses of the Irmen culture
are located in the subclade that also contains horses of Early
Iron Age Pazyryk culture in Altai and modern horses of the
English Shire breed and the American Saddlebred breeds. The
English Shire breed is native to England (Stephens, Splan,
2013), and the American Saddlebred breed was developed
on the basis of many riding and draft horse breeds of English
and Spanish origin in North America in the late 18th to early
19th centuries (Regatieri et al., 2016). The described geo-
graphical distribution of haplotypes of clade N may reflect
the predominant distribution of ancient haplotypes of this
haplogroup in the western direction. It should be noted that
clade N is not included in the haplogroup diversity of horses
of the Sargarinsko-Alexeevskaya culture or mixed sites of both
of the above-mentioned cultures under study.

The obtained data reflect the proximity of the mixed sites
to the Sargarinsko-Alexeevskaya culture at the level of the
gene pools of domestic horses, as well as differences in the
mitogenome genetic diversity of domestic horses of the
Sargarinsko-Alexeevskaya and Irmen cultures, but how strong
they were can only be understood by expanding the sample
of Irmen culture horses. The phylogenetic closeness of the
mitogenome haplotypes of the studied ancient and modern
horses from different regions of the world most likely points
to features in the migration directions of bearers of the Irmen
and Sargarinsko-Alexeevskaya cultures after their collapse.
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Conclusions

The study of mitochondrial genomes of ancient horses of the
Sargarinsko-Alexeevskaya and Irmen cultures in the south of
Western Siberia, mixed sites of these cultures located on the
border between their areas, older cultures (Eluninskaya and
Andronovo) in Western Siberia and Kazakhstan, and later
cultures of Western Siberia and Mongolia revealed the pre-
sence of horse haplogroups of the most ancient of the studied
cultures among horses of the Earle Iron Age Mountains and
Forest-steppe Altai cultures. Our phylogenetic reconstructions
are first to show the closeness of haplotypes of Mongolian
horses of the Khereksur and “Deer Stone” and Andronovo
cultures on the grounds of mitogenome data. They have also
identified differences between the horses of the Sargarinsko-
Alexeevskaya and Irmen cultures. The horses of the mixed
sites with ceramics of both of the aforementioned cultures are
closer in mitochondrial DNA to the horses of the Sargarinsko-
Alexeevskaya culture, some haplotypes of which, in turn, fell
into the haplogroup with the highest content of Akhal-Teke
horses. Other haplotypes of this culture turn out to be geneti-
cally close to horse haplotypes of ancient indigenous breeds
of Southern Europe and China. In contrast, the horses of the
Irmen culture show a closer relationship to the horses of the
native breeds of Northern Europe. The differences between
the mitochondrial gene pool of horses of the Sargarinsko-
Alexeevskaya and Irmen cultures may be associated with the
origin of the studied horses of these cultures from different
stock populations, as well as with the absence of a strong ex-
change of horses between them, which most likely correlates
with the different histories of the cultures under consideration.
The close mitochondrial relationship between Bronze Age
Mongolian and Siberian Andronovo horses is most likely
connected with the origin of the former from the latter. Fur-
ther study of horses of the cultures under study is required to
understand how strong the differences in their mitochondrial
gene pools were.

References

Achilli A., Olivieri A., Soares P., Lancioni H., Kashani B.H., Pere-
go U.A,, Nergadze S.G., ... Silvestrelli M., Giulotto E., Pereira L.,
Bandelt H.-J., Torroni A. Mitochondrial genomes from modern
horses reveal the major haplogroups that underwent domestication.
Proc Natl Acad Sci USA. 2012;109(7):2449-2454. doi 10.1073/pnas.
1111637109

Bandelt H.J., Forster P., Rohl A. Median-joining networks for infer-
ring intraspecific phylogenies. Mol Biol Evol. 1999;16(1):37-48. doi
10.1093/oxfordjournals.molbev.a026036

Benecke N., Pruvost M., Weber C. Horse skeletons: archaecozoological
and genetic research. In: The Royal Mound of the Scythian Time
Arzhan-2 in Tuva. Novosibirsk, 2017;250-256 (in Russian)

Cai D., Tang Z., Han L., Speller C.F., Yang D.Y., Ma X., Cao J., Zhu H.,
Zhou H. Ancient DNA provides new insights into the origin of the
Chinese domestic horse. J Archaeol Sci. 2009;36(3):835-842. doi
10.1016/j.jas.2008.11.006

Cieslak M., Pruvost M., Benecke N., Hofreiter M., Morales A., Reiss-
mann M., Ludwig A. Origin and history of mitochondrial DNA
lineages in domestic horses. PLoS One. 2010;5(12):e15311. doi
10.1371/journal.pone.0015311

Dawei C., Lu H., Chengzhi X., Shengnan L., Hui Z., Hong Z. Mito-
chondrial DNA analysis of Bronze Age horses recovered from Chi-

2026
30-3

Genetic relationships of horses from the Bronze Age
archaeological cultures of Western Siberia

feng region, Inner Mongolia, China. Prog Nat Sci. 2007;17(5):544-
550. doi 10.1080/10020070708541034

Demin M.A. Some results of the study and residential complexes on the
territory of the Northern Kulunda. Vestnik Altaiskoy Nauki = Vestnik
of Altai Science. 2015;(1):67-70 (in Russian)

Demin M.A., Sitnikov S.M. The Chekanovsky Log-I settlement is a
new site of the Late Bronze Age in the Southwestern Altai. Drevnosti
Altaya. Izvestiya Laboratorii Arkheologii = Altai Antiquities. News
of the Archaeology Laboratory. 1998;6(3):43-54 (in Russian)

Epimakhov A.V. Radiocarbon arguments for the Abashevo origin of
the Sintashta traditions in the Bronze Age. Ural Hist J. 2020;69(4):
51-60. doi 10.30759/1728-9718-2020-4(69)-51-60 (in Russian)

Excoffier L., Lischer H.E.L. Arlequin suite ver 3.5: a new series of pro-
grams to perform population genetics analyses under Linux and Win-
dows. Mol Ecol Resour. 2010;10(3):564-567. doi 10.1111/j.1755-
0998.2010.02847.x

Fages A., Hanghej K., Khan N., Gaunitz C., Seguin-Orlando A., Leo-
nardi M., McCrory Constantz C., ... Barrey E., Willerslev E., Out-
ram A.K., Librado P., Orlando L. Tracking five millennia of horse
management with extensive ancient genome time series. Cell. 2019;
177(6):1419-1435.e31. doi 10.1016/j.cell.2019.03.049

Ghirotto S., Tassi F., Fumagalli E., Colonna V., Sandionigi A., Lari M.,
Vai S., Petiti E., Corti G., Rizzi E., De Bellis G., Caramelli D., Bar-
bujani G. Origins and evolution of the Etruscans’ mtDNA. PLoS
One. 2013;8(2):¢55519. doi 10.1371/journal.pone.0055519

Giontella A., Cardinali 1., Lancioni H., Giovannini S., Pieramati C.,
Silvestrelli M., Sarti F.M. Mitochondrial DNA survey reveals the
lack of accuracy in Maremmano horse studbook records. Animals.
2020;10(5):839. doi 10.3390/ani10050839

Green R.E., Krause J., Ptak S.E., Briggs A.W., Ronan M.T., Simons J.E.,
Du L., Egholm M., Rothberg J.M., Paunovic M., Pddbo S. Analy-
sis of one million base pairs of Neanderthal DNA. Nature. 2006;
444(7117):330-336. doi 10.1038/nature05336

Grigor’ev S.A. The settlement of Mochishche in the Southern Trans-
Urals and the problms of periodization of the cultures of the An-
dronovo cultural-historical community. In: Vybornov A.A. (Ed.).
XXI Ural Archaeological Meeting. Samara, 2018;100-102 (in Rus-
sian)

Grushin S.P. Cultural Interaction and Migration Processes in the Forest-
Steppe Altai Region during the Early Bronze Age (22nd-18th Cen-
turies BC). In: Eurasianism: Theoretical Potential and Practical Ap-
plications. Barnaul, 2018;53-57 (in Russian)

Grushin S.P. Eluninskaya culture and Utkul group of sites. In: Tish-
kin A.A. (Ed.). Histore of Altai. V 1. The most ancient era, antiquity
and the Middle Ages. Barnaul, 2019;124-141 (in Russian)

Grushin S.P. The main stages of metallurgy development in Altai during
the Bronze Age. In: Proceedings of the VI (XXII) All-Russian Ar-
chaeological Congress in Samara. V. I. Samara State Social and
Pedagogical University. 2020;266-267 (in Russian)

Katoh K., Misawa K., Kuma K., Miyata T. MAFFT: a novel method
for rapid multiple sequence alignment based on fast Fourier trans-
form. Nucleic Acids Res. 2002;30(14):3059-3066. doi 10.1093/nar/
gkf436

Keyser-Tracqui C., Blandin-Frappin P., Francfort H.-P., Ricaut F.-X.,
Lepetz S., Crubézy E., Samashev Z., Ludes B. Mitochondrial DNA
analysis of horses recovered from a frozen tomb (Berel site, Ka-
zakhstan, 3rd Century BC). Anim Genet. 2005;36(3):203-209. doi
10.1111/5.1365-2052.2005.01316.x

Kiryushin Yu.F. The Eneolithic and Early Bronze Age of the South of
Western Siberia. Barnaul: Altai State University, 2002 (in Russian)

Kiryushin Yu.F., Grushin S.P., Tishkin A.A. Berezovaya Luka — The
Settlement of Bronze Age Epoch in the Aleiskaya Steppe. V. II. Bar-
naul: Altai State University, 2011 (in Russian)

Kiryushin Yu.F., Kosincev P.A., Grushin S.P., Papin D.V. Cattle breed-
ing in Altai during the Bronze Age. Problems Archaeology, Ethno-
graphy, Anthropology Siberia Neighboring Territories. 2012;18:
180-183 (in Russian)

FEHETUKA XUBOTHbIX / ANIMAL GENETICS 459


https://doi.org/10.1073/pnas.1111637109
https://doi.org/10.1073/pnas.1111637109
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1016/j.jas.2008.11.006
https://doi.org/10.1016/j.jas.2008.11.006
https://doi.org/10.1371/journal.pone.0015311
https://doi.org/10.1371/journal.pone.0015311
https://doi.org/10.1080/10020070708541034
https://www.elibrary.ru/item.asp?id=23788011
https://e-lib.gasu.ru/da/archive/1999/03/st6.pdf
https://doi.org/10.30759/1728-9718-2020-4(69)-51-60
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1016/j.cell.2019.03.049
https://doi.org/10.1371/journal.pone.0055519
https://doi.org/10.3390/ani10050839
https://doi.org/10.1038/nature05336
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1111/j.1365-2052.2005.01316.x
https://doi.org/10.1111/j.1365-2052.2005.01316.x
https://www.elibrary.ru/item.asp?id=18259913
https://www.elibrary.ru/item.asp?id=18259913

M.A. Kycnun, A.A. IOpnosa, H.B. Bopobbesa ...
A.C.Tpadopatckuir, A.C. Monopuesa, A.A. TULLIKNH

Koryakova L., Epimakhov A.V. The Urals and Western Siberia in
the Bronze and Iron Ages. Cambridge University Press, 2007. doi
10.1017/CB09780511618451

Kovalevsky S.A. The study of Late Bronze Age sites in the south of
Western Siberia within the unified Irmen culture (the 1970s — the first
half of the 1980s). Theory Pract Archaeol Res. 2020;(3):18-32. doi
10.14258/tpai(2020)3(31).-02 (in Russian)

Kovtun 1.V. The period of transition from the Developed to the Late
Bronze Age in the Lower Tom Region. Uchenyye zapiski muzeya-
zapovednika “Tomskaya Pisanitsa” = Research Notes of the Tomsk
Pisanitsa Museum-Reserve. 2022;(15):5-41. doi 10.24412/2411-
7838-2022-15-5-41 (in Russian)

Kusliy M.A. Genetic diversity of ancient and modern horses of Altai
and adjacent territories. Biodiversity and Ecology. Université Paul
Sabatier — Toulouse III; Académie des sciences de Russie, 2023.
Available: https://theses.hal.science/tel-04391016v1/file/2023TOU
30188b.pdf

Kusliy M.A., Vorobieva N.V., Tishkin A.A., Makunin A.l., Druzhko-
va A.S., Trifonov V.A., Iderkhangai T.-O., Graphodatsky A.S. Traces
of Late Bronze and Early Iron Age Mongolian horse mitochondrial
lineages in modern populations. Genes (Basel). 2021;12(3):412. doi
10.3390/genes12030412

Kusliy M.A., Yurlova A.A., Neumestova A.l., Vorobieva N.V., Gutoro-
vaN.V,, MolodtsevaA.S., Trifonov V.A., ... Iderkhangai T.-O., Kova-
lev A.A., Erdenebaatar D., Graphodatsky A.S., Tishkin A.A. Genetic
history of the Altai breed horses: From ancient times to modernity.
Genes (Basel). 2023;14(8):1523. doi 10.3390/genes14081523

Lanfear R., Calcott B., Ho S.Y.W., Guindon S. PartitionFinder: Com-
bined selection of partitioning schemes and substitution models for
phylogenetic analyses. Mol Biol Evol. 2012;29(6):1695-1701. doi
10.1093/molbev/mss020

Lei C.Z., Su R., Bower M.A., Edwards C.J., Wang X.B., Weining S.,
Liu L., Xie WM., Li F,, Liu R.Y., Zhang Y.S., Zhang C.M., Chen H.
Multiple maternal origins of native modern and ancient horse popu-
lations in China. Anim Genet. 2009;40(6):933-944. doi 10.1111/
j-1365-2052.2009.01950.x

Leigh J.W., Bryant D. POPART: full-feature software for haplotype
network construction. Methods Ecol Evol. 2015;6(9):1110-1116. doi
10.1111/2041-210X.12410

Librado P., Der Sarkissian C., Ermini L., Schubert M., Jonsson H.,
Albrechtsen A., Fumagalli M., ... Nielsen R., Willerslev E., Kan-
tanen J., Prokhortchouk E., Orlando L. Tracking the origins of Yaku-
tian horses and the genetic basis for their fast adaptation to subarctic
environments. Proc Natl Acad Sci USA.2015;112(50):E6889-E6897.
doi 10.1073/pnas.1513696112

Librado P., Khan N., Fages A., Kusliy M.A., Suchan T., Tonasso-Cal-
viére L., Schiavinato S., ... Kroonen G.J., Kristiansen K., Wincker P.,
Outram A., Orlando L. The origins and spread of domestic horses
from the Western Eurasian steppes. Nature. 2021;598(7882):634-
640. doi 10.1038/s41586-021-04018-9

Lindner S. Chariots in the Eurasian Steppe: a Bayesian approach to the
emergence of horse-drawn transport in the early second millennium
BC. Antiquity. 2020;94(374):361-380. doi 10.15184/aqy.2020.37

Ma H., Wang S., Zeng G., Guo J., Guo M., Dong X., Hua G., Liu Y.,
Wang M., Ling Y., Ding X., Zhao C., Wu C. The origin of a coastal
indigenous horse breed in China revealed by genome-wide SNP data.
Genes (Basel). 2019;10(3):241. doi 10.3390/genes 10030241

Maricic T., Whitten M., Pdabo S. Multiplexed DNA sequence capture of
mitochondrial genomes using PCR products. PLoS One. 2010;5(11):
¢14004. doi 10.1371/journal.pone.0014004

[eHeTYecKmne CBA3M NOLIALEN apXeoNIOrMUYeCcKnX KynbTyp
3anagHo Cnbupn 6poH30BOro BeKa

Papin D.V,, Stepanova N.F., Fedoruk A.S. Late Bronze Age ceramics
from a steppe region between the Ob and Irtysh rivers as a source for
reconstructing ethnocultural interaction processes. Vestnik Arheolo-
gii, Antropologii i Etnografii. 2018;(3):19-31. doi 10.20874/2071-
0437-2018-42-3-019-031 (in Russian)

Popova B.S. The monuments of the Irmen culture of the Lower Tom
river area. The historiographical review. Tomsk State Univ J Hist.
2019;57:163-169. doi 10.17223/19988613/57/27 (in Russian)

Regatieri 1.C., Eberth J.E., Sarver F., Lear T.L., Bailey E. Comparison
of DMRT3 genotypes among American Saddlebred horses with re-
ference to gait. Anim Genet. 2016;47(5):603-605. doi 10.1111/age.
12458

Ronquist F., Huelsenbeck J.P. MrBayes 3: Bayesian phylogenetic in-
ference under mixed models. Bioinformatics. 2003;19(12):1572-
1574. doi 10.1093/bioinformatics/btg180

Sawyer S., Krause J., Guschanski K., Savolainen V., Pddbo S. Temporal
patterns of nucleotide misincorporations and DNA fragmentation in
ancient DNA. PLoS One. 2012;7(3):e34131. doi 10.1371/journal.
pone.0034131

Schubert M., Jonsson H., Chang D., Der Sarkissian C., Ermini L., Gi-
nolhac A., Albrechtsen A., ... Nielsen R., Excoffier L., Willerslev E.,
Shapiro B., Orlando L. Prehistoric genomes reveal the genetic foun-
dation and cost of horse domestication. Proc Natl Acad Sci USA.
2014;111(52):E5661-E5669. doi 10.1073/pnas. 1416991111

Sitnikov S.M. On the origins and the cultural-historical contacts of
Sargara-Alexeevo population. In: Beisenov A.Z. (Ed.). Begazy-Dan-
dybai culture of steppe Eurasia. Almaty, 2013;417-425 (in Russian)

Sitnikov S.M., Gel’mel’ Yu.l. Some results of the research into ‘Gusi-
naya Lyaga-1’ settlement. Theory Pract Archaeol Res. 2017;(1):
49-61. doi 10.14258/tpai(2017)1(17).-04 (in Russian)

Stephens T.D., Splan R.K. Population history and genetic variability of
the American Shire horse. Anim Genet Resour. 2013;52:31-38. doi
10.1017/S2078633613000052

Szontagh A., Ban B., Bodo 1., Cothran E.G., Hecker W., J6zsa C., Ma-
jor A. Genetic diversity of the Akhal-Teke horse breed in Turkmeni-
stan based on microsatellite analysis. In: Bodo 1., Alderson L., Lang-
lois B. (Eds). Conservation Genetics of Endangered Horse Breeds.
Wageningen Academic Publishers, 2005;123-128

Tishkin A.A. Making of periodizational and cultural and chronological
schemes: historical experience and modern conception of study of
ancient and medieval nations of Altay. Barnaul: Altai State Univer-
sity, 2007 (in Russian)

Vernesi C., Caramelli D., Dupanloup I., Bertorelle G., Lari M., Cap-
pellini E., Moggi-Cecchi J., Chiarelli B., Castri L., Casoli A., Mal-
legni F., Lalueza-Fox C., Barbujani G. The Etruscans: A population-
genetic study. Am J Hum Genet. 2004;74(4):694-704. doi 10.1086/
383284

Vorobieva N.V., Makunin A.Il., Druzhkova A.S., Kusliy M.A., Trifo-
nov V.A., Popova K.O., Polosmak N.V., Molodin V.I., Vasiliev S.K.,
Shunkov M. V., Graphodatsky A.S. High genetic diversity of ancient
horses from the Ukok Plateau. PLoS One. 2020;15(11):¢0241997.
doi 10.1371/journal.pone.0241997

Willerslev E., Cooper A. Ancient DNA. Proc Biol Sci. 2005;272(1558):
3-16. doi 10.1098/rspb.2004.2813

Zubova A.V., Chikisheva T.A., Pozdnyakov D.V. Anthropological as-
pects of the genesis of representatives of the Andronovo cultural and
historical community. In: Molodin V.I., Epimakhov A.V. (Eds). The
Aryans in the Eurasian Steppes: the Bronze and Early Iron Ages in
the Steppes of Eurasia and Contiguous Territories. Barnaul: Altai
State University, 2014;541-554 (in Russian)

Conflict of interest. The authors declare that they have no known competing financial interests or personal relationships that could have appeared

to influence the work reported in this paper.

Received October 7, 2025. Revised December 28, 2025. Accepted January 1, 2026.

460 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 3


https://doi.org/10.1017/CBO9780511618451
https://doi.org/10.1017/CBO9780511618451
https://doi.org/10.14258/tpai(2020)3(31).-02
https://doi.org/10.14258/tpai(2020)3(31).-02
https://www.elibrary.ru/item.asp?id=49915195
https://www.elibrary.ru/item.asp?id=49915195
https://doi.org/10.3390/genes12030412
https://doi.org/10.3390/genes12030412
https://doi.org/10.3390/genes14081523
https://doi.org/10.1093/molbev/mss020
https://doi.org/10.1093/molbev/mss020
https://doi.org/10.1111/j.1365-2052.2009.01950.x
https://doi.org/10.1111/j.1365-2052.2009.01950.x
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1073/pnas.1513696112
https://doi.org/10.1038/s41586-021-04018-9
https://doi.org/10.15184/aqy.2020.37
https://doi.org/10.3390/genes10030241
https://doi.org/10.1371/journal.pone.0014004
https://doi.org/10.20874/2071-0437-2018-42-3-019-031
https://doi.org/10.20874/2071-0437-2018-42-3-019-031
https://doi.org/10.17223/19988613/57/27
https://doi.org/10.1111/age.12458
https://doi.org/10.1111/age.12458
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1371/journal.pone.0034131
https://doi.org/10.1371/journal.pone.0034131
https://doi.org/10.1073/pnas.1416991111
https://doi.org/10.14258/tpai(2017)1(17).-04
https://doi.org/10.1017/S2078633613000052
https://doi.org/10.1017/S2078633613000052
https://doi.org/10.1086/383284
https://doi.org/10.1086/383284
https://doi.org/10.1371/journal.pone.0241997
https://doi.org/10.1098/rspb.2004.2813

HUMAN GENETICS Vavilovskii Zhurnal Genetiki i Selektsii
Original article Vavilov Journal of Genetics and Breeding. 2026;30(3):461-469

doi 10.18699/vjgb-26-50

Toxic metals and genetic polymorphism in indigenous
populations of northern Asia and America

B.A. Malyarchuk () @&, N.V. Pokhilyuk
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Abstract. The polymorphism of genes encoding enzymes involved in heavy metal metabolism was analyzed in
indigenous Siberian populations based on the mercury, lead, and cadmium contents in the blood of Canadian Inuit
carrying different genotypes. Additionally, we examined the polymorphism of genetic loci associated with sensitivity
to arsenic exposure in indigenous Siberian populations using data on inorganic arsenic content in the urine of
indigenous Andean populations who had consumed drinking water with elevated arsenic levels for thousands
of years. A population genetic approach was used to seek genetic markers of toxic metal exposure in humans by
analyzing genetic differences between populations living in different natural environments and under different
conditions of toxic element contamination. Statistically significant differences were primarily observed between
indigenous populations in Northeast Siberia (Siberian Eskimo (Yupik), Chukchi, and Koryaks) and samples from
the central (Evens, Evenki, and Yakuts) and southern (Altaians, Shors, and Buryats) regions of Siberia. The maximum
population branch statistics (PBS) values, which indicate the probable effect of selection on genetic loci sensitive
to mercury exposure, were identified in seven gene loci: MTHFR (rs2274976 and rs1801131), GPX4 (rs713041),
ABCB1 (rs1128503), AHR (rs2066853), TXNRD2 (rs5748469), and SEPHS2 (rs1133238). Loci rs713041 (GPX4), rs7483
(GSTM3), and rs2282143 (SLC22AT1) can be considered genetic markers of lead exposure. Loci rs2274976 (MTHFR) and
rs1056836 (CYP1B1) provide information about cadmium distribution in blood. It was found that protective variants
of the AS3MT gene polymorphism are widespread (65.8 %) in the indigenous populations of Northeast Siberia. This
is despite the lack of information regarding the long-term consumption of arsenic-contaminated drinking water by
indigenous peoples along the Chukotka and Priokhotye coasts. It is hypothesized that seafood, which constitutes the
core of the traditional “Arctic” diet of the indigenous populations inhabiting the coastal regions of the northern seas,
may potentially be a significant source of arsenic and other toxic elements in Northeast Siberia. Further molecular,
biochemical, and toxicological studies are necessary to elucidate the mechanisms by which toxic metals impact the
genetic structure of indigenous populations in the Far North over long periods of time.

Key words: genetic markers; genetic differentiation; human populations; Siberia; mercury; lead; cadmium; arsenic

For citation: Malyarchuk B.A., Pokhilyuk N.V. Toxic metals and genetic polymorphism in indigenous populations
of northern Asia and America. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov J Genet Breed. 2026;30(3):461-469. doi
10.18699/vjgb-26-50

Acknowledgements. The authors are grateful to A.N. Litvinov (IBPN FEB RAS) for assistance in this study.

TOKCUUYHBIE METaJI/Ibl I TeHEeTUYECKUN MMOANMOPd13M
Yy KOpeHHOro HaceneHuda Cesepa A3 1 AMepUKu

B.A. Maaspuyk ®), H.B. IMoxuaok

WHCTuTYT 6ronornyecknx npobnem Cesepa [lanbHEBOCTOYHOIo oTAeneHus Poccuinickoin akapemun Hayk, MaragaH, Poccus
@ malbor@mail.ru

AHHoOTauusA. B HacToAwei paboTte y KopeHHoro Hacenenua Crnbvipy npoaHanv3vpoBaH MOAMMOPOU3M reHOB,
Koaupytowmx depmeHTbl MeTabonmM3mMa TAXKENbIX MeTalnoB, Ha OCHOBE AaHHbIX O COfep)KaHUW PTyTu, CBUHLA
M KagMuA B KPOBM Yy KaHaACKMX 3CKMMOCOB — HOCUTENel pasfivyHbIX reHOTUMOB; U3yUYeH Takxe nonammopdusm
reHeTUYeCKMNX SIOKYCOB, CBA3AHHbIX C YyBCTBUTENIbHOCTbIO K BO3AENCTBMIO MbllUbAKA MO AAHHbLIM O COAepXKaHWUU
HeopraHMYecKoro MbillbAKa B MOYe y KOPEHHOro HaceneHua AHf, ANUTeNIbHOe BpemMsA (B TeYeHMue TbicAYeneTnin)
noTpebnAloLEero NMTLEBYI0 BOAY C MOBbIWEHHbIM COAePXKaHNeM MbllibsAKa. [1A MoncKa reHeTUYecKnx MapKkepos
BO3[eMCTBNA TOKCUUYHBIX METa/IIOB Ha OpraH13m YenoBeKa UCMOJMb30BaH MOMYNALVMOHHO-TEeHETUYEeCKUIA NOAXOA,
HanpaBneHHbI Ha aHanM3 reHeTUYeCKNX Pasfnynii Mexzay nonynAuuaMr, NPOXMBAIOLWMUMUN B Pa3HbIX YCIOBUAX
NPUPOAHOI cpeabl (U B pa3HblX YCIOBUAX 3arpPA3HEHUA TOKCMUYHbIMK dfiemeHTamu). CTaTUCTUYECKN 3HauMMble
pasnnunA rnaBHbIM 06pPa3oM 0OHaPYKeHbI MeXAY KOPeHHbIM HaceneHrem CeBepo-BocTtouHomn Cnbmpn (3cKMmocsl,
YyKUM 1 KOPAKHM) U BBIGOPKaMU 113 LIeHTPasbHOM (3BEHbI, 9BEHKM, AKYTbl) 11 I0XKHO (anTaLibl, LWOPLbl, BypATbl) YacTen
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Crbrpun. MakcrmarnbHble 3HaueHnaA ctaTucTuky PBS (population branch statistics), cBuaeTenbctsytoLivie 0 BEpOATHOM
AencTBMM oTbopa Ha reHeTUYeCKme JIOKYCbl YyBCTBUTENIbHOCTU K BO3LENCTBUIO PTYTH, BbIABIEHbI B CEMU NTOKYCaxX
reHoB MTHFR (rs2274976 n rs1801131), GPX4 (rs713041), ABCB1 (rs1128503), AHR (rs2066853), TXNRD2 (rs5748469) n
SEPHS2 (rs1133238). K reHeTUueCcKMM MapKkepam BO34eNCTBMA CBUHLIA MOTYT OblTb OTHeCeHbl NoKycbl 15713041 (GPX4),
rs7483 (GSTM3) n rs2282143 (SLC22AT). B oTHOwWeHNW pacnpeaeneHna Kagmna B KPoBU MHGOPMATVBHBI TOKYCbl
rs2274976 (MTHFR) n rs1056836 (CYP1B1). ObHapy»eHo, UTo B NOMynsALmuAX KOPeHHoro HaceneHna Ceepo-BocToka
Crbrpmn ¢ BbICOKOW YacToTon (65.8 %) pacnpocTpaHeHbl BapuaHTbl nonumopdusma reHa AS3IMT, 3awmwatowme
OT BO3LENCTBMS HEOPraHWUYECKOrO MbIlWbAKA, XOTA CBEAEHUS O [LONITOBPEMEHHOM YMOTPeOBIeHNM KOPEHHbIMU
XuTtenamu nobepexnii YykoTkr 1 MNproxoTbsa NUTbEBOI BOAbI, 3arPsi3HEHHON MbILUbSKOM, OTCYTCTBYIOT. lMpegnona-
raeTcs, YTO BEPOATHbIM MCTOYHUKOM MbILLbAKA, @ TaK»Ke APYrMX TOKCUYHbIX 3neMeHToB Ha CeBepo-BocToke Cnbupu
MOTyT 6blTb MOPENpPOAYKTbI, ABNAIOLMECA OCHOBON TPAANLMOHHOW «apKTUYeCKOo» AMeTbl KOPEHHOIo HaceneHna
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Introduction

Toxic metals such as mercury, lead, cadmium, and arsenic
(a semimetal) are among the most widespread environmental
pollutants. They are also toxic to humans and pose a health
threat. The pollution of ecosystems in the Far North is of
particular concern. As shown in a number of studies, various
pollutants accumulate there and enter the human body through
water, food, and air (Fernandez-Llamazares et al., 2020;
Basu et al., 2022; Adlard et al., 2024). The traditional diets
of indigenous peoples in the far northern regions of Asia and
America, particularly in coastal areas, consist of foods (e. g.,
marine mammals, fish, and shellfish) that contain high levels
of contaminants (Becker, 2000; Gamov et al., 2022). The
industrial regions of Siberia also face the problem of heavy
metal pollution, which endangers human health.

Despite the ongoing biomonitoring of pollutants in human
biological tissues, primarily hair and blood, the interpretation
of'its data may be complicated by genetic differences between
human populations living in different natural and climatic
zones. Meanwhile, few population genetic studies are being
conducted to identify genetic markers indicative of the impact
of pollutants on the body. The Inuit of Canada and Greenland
are the most studied populations in this regard (Ayotte et al.,
2011; Ghisari et al., 2013; Parajuli et al., 2018, 2021).

The obtained data suggest that blood pollutant levels are
associated with polymorphisms in genetic loci for several
biological pathways, including folic acid, lipid, and xenobiotic
metabolism. For instance, genetic variants linked to increased
or decreased concentrations of heavy metals (mercury, cadmi-
um, and lead) and organic pollutants (4,4’-DDE and PCB-153)
in the blood have been identified in Canadian Inuit populations
(Parajuli et al., 2018, 2021). It has been established that the
indigenous populations of the Andes in Argentina, Chile, and
Bolivia have genetically adapted to the toxic effects of drink-
ing water with high concentrations of arsenic over thousands
of years (Engstrom et al., 2011; Apata et al., 2017; De Loma
et al., 2022). As a result, these populations have experienced
a significant increase in the frequency of protective variants
that encode enzymes metabolizing and eliminating arsenic
from the body more efficiently.
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In light of this, studies of the distribution of genetic va-
riants related to the metabolism of toxic metals in other ethnic
groups are relevant. Here we analyze the frequency distribution
of polymorphic variants of genes involved in toxic element
metabolism and associated with sensitivity to mercury, arsenic,
cadmium, and lead in regional groups of indigenous Siberians.

Materials and methods

The study used the previously published results of the ge-
notyping of 200 indigenous Siberian individuals, which had
been obtained using the Illumina OmniExpress Bead Chips
marker panel (Cardona et al., 2014). The northeast Siberian
indigenous population sample (N = 58) included residents
of the Bering Sea coast (Eskimo (Yupik) and Chukchi) and
the Sea of Okhotsk coast (Koryaks). The Central Siberian
sample included Evens from the Magadan Region, Evenks
from the Krasnoyarsk Krai, and Yakuts from various regions
of Yakutia (N = 70). The Southern Siberian sample included
Shors from the Kemerovo Region, Southern Altaians from
the Altai Republic and the Kemerovo Region, and Buryats
from various regions of Buryatia (N = 72). Despite coexisting
in the Severo-Evensk District of the Magadan Region since
approximately the 16th century, the Koryaks and Evens are
genetically distinct and classified into different regional groups
(Cardona et al., 2014).

We examined indigenous Siberian populations, analyzing
polymorphism in 78 loci presumably associated with interin-
dividual differences in heavy metal (mercury, cadmium, and
lead) concentrations in the blood of Canadian Inuit (Parajuli
etal., 2018, 2021). The results are shown in Table S1'. These
loci are located in genes that encode enzymes involved in
key biological pathways, including antioxidant properties,
folic acid metabolism, glutathione metabolism, hemoglobin,
ion transporters, oxidative stress, selenoproteins, xenobiotic
metabolism, metal-sensitive mechanisms (metallothioneins),
lipid metabolism, and inflammatory processes.

Allele and genotype distribution, heterozygosity, and genetic
differentiation of populations (F'st differences) were studied

1 Supplementary Tables S1-S7 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx26.xIsx
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using the Arlequin 3.5 software package (Excoffier, Lischer,
2010). Deviations from the Hardy—Weinberg equilibrium in
populations and differences in allele and genotype frequencies
were assessed using Fisher’s exact test. The degree of link-
age disequilibrium between alleles at two different loci on a
chromosome was determined using 72 statistics. To assess the
effect of selection on autosomal loci, the Population Branch
Statistics (PBS) was used. This statistic is based on F'st dif-
ferences between three compared populations (Yi et al., 2010).
High PBS values may point at strong selective pressure on the
locus, causing allele frequencies to change faster than would
be expected by drift alone.

Results and discussion

Genetic markers of mercury exposure

Mercury (Hg) is a toxic chemical element that threatens
the health of people around the world. The high toxicity
of inorganic and organic mercury compounds, especially
methylmercury, is due to their interaction with thiol (-SH)
groups of cysteine amino acid residues. This interaction
causes disturbances in protein structure and enzyme active
centers, as well as damage to cell membranes and organelles,
resulting in increased oxidative stress (Arefieva et al., 2010;
Basu et al., 2022).

Analysis of polymorphisms in loci associated with
mercury metabolism in Canadian Inuit (according to data
from R.P. Parajuli et al. (2018; 2021)) revealed statistically
significant differences in allele distribution in 47 of 78 loci in
pairwise comparisons of regional groups in Siberia (Table S1).
Polymorphic variants of the seven loci with the highest
PBS values, indicative of a probable selective effect on the
locus (ranging from 0.266 to 0.043), had previously been
demonstrated to be associated with blood mercury levels
in Canadian Inuit carrying different genotypes (Table 1).
These are loci rs2274976 (MTHFR gene), 1s713041 (GPX4),
rs1801131 (MTHFR), 151128503 (ABCB1), 152066853 (4HR),
1s5748469 (TXNRD?2), and rs1133238 (SEPHS?). The results
of the analysis point to an increase in the frequency of alleles
associated with elevated blood mercury levels from South
to Northeast Siberia (Table S2). The highest frequencies of
marker alleles (rs2274976-T, rs713041-C, rs1801131-G,
rs1128503-A, rs2066853-G) were recorded among both
Canadian Inuit and the indigenous populations of the coastal
regions of Northeast Siberia (the Yupik, Chukchi, and Koryak
peoples).

Additionally, the rs5748469-A variant of 7TXNRD2 and
the rs1133238-A variant of SEPHS2 were only identified at
maximum frequency in Northeast Siberia. Furthermore, the
rs1133238-A allele primarily occurred in heterozygotes, who
had the highest mercury concentrations in their blood. In terms
of GG and GA+AA frequency, the Northeast Siberian sample
significantly differs from other Siberian samples (P < 1074,
Fisher’s exact test).

The genetic loci identified as being associated with changes
in blood mercury levels in Canadian Inuit are related to the
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following biological pathways: folate metabolism (MTHFR
gene), selenoprotein metabolism (GPX4 and SEPHS2), transport
of various molecules (4BCBI), xenobiotic metabolism (4HR),
and oxidative stress (ZXNRDZ2). According to ClinVar Miner
(https://clinvarminer.genetics.utah.edu/), the polymorphism
of the MTHFR gene (1s2274976, Arg594Gln) is functionally
neutral, although a slight increase in blood homocysteine
concentration was observed in heterozygotes (Melo et al.,
2006). The MTHFR gene encodes methylenetetrahydrofolate
reductase, which converts homocysteine into the biologically
active form of folic acid.

Similarly, the polymorphism of the rs1801131 locus
(Glu429Ala) leads to a slight decrease in the activity of the
encoded enzyme but does not affect homocysteine levels in
blood plasma. It is also considered a neutral change (Weisberg
et al., 2001). Conversely, the Ala222Val substitution at the
rs1801133 locus is associated with a significant decrease
in MTHFR activity (Frosst et al., 1995). This results
in an increased risk of hyperhomocysteinemia due to
methylenetetrahydrofolate reductase deficiency. It should be
noted that the indigenous populations of Northeast and Central
Siberia have a lower frequency of the rs1801133-A variant,
associated with lower enzyme activity, than other regions of the
world (Table S1). The MTHFR gene has a block organization
(Trifonova et al., 2012). In particular, the polymorphism
variants at loci rs2274976 and rs1801131, located at a distance
of 3.5 thousand base pairs (kbp) from each other, are in a state
of linkage.

Our analysis demonstrated that the indigenous population
of Northeast Siberia exhibited significantly higher linkage
disequilibrium between these loci (r* values ranging from 0.6 in
the Chukchi to 1.0 in the Yupik) than more southerly populations
(r? values ranging from 0.2 to 0.3). Therefore, the elevated
frequencies of the rs2274976-T and rs1801131-G variants
and pronounced linkage disequilibrium in the indigenous
northeastern Siberians may be of functional significance,
potentially linked to alterations in methylenetetrahydrofolate
reductase activity.

The rs713041-C variant of the glutathione peroxidase GPX4
gene, whose frequency increases to more than 80 % in northern
Asia and America, appears to be important in protecting
the body from the effects of peroxides, which are formed
when exposed to various factors, including mercury. Studies
have shown that GPX4 expression is higher for transgenes
containing the rs713041-C variant when selenium levels are
sufficient (Gautrey et al., 2011).

The SEPHS?2 gene encodes selenophosphate synthetase 2,
responsible for selenium metabolism, which in turn plays an
important role in protecting against the toxic effects of mercury
and methylmercury (Jorge et al., 2024). Thus, the association
of the rs1133238-A variant with elevated blood mercury
concentrations observed in Canadian Inuit may be related to the
protective significance of this allele. The ABCBI gene encodes
P-glycoprotein, a transporter that removes various substances
from cells, possibly including mercury (Sdnchez Rodriguez et
al., 2020). Therefore, the rs1128503-A variant, which is highly
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Toxic metals and genetic polymorphism in indigenous
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Table 1. Distribution of polymorphism variants associated with sensitivity to heavy metal exposure

among the indigenous populations of Siberia and Canadian Inuit

Metabolic Gene Polymorphism  Frequency of polymorphism variant P (Fst) PBS
pathway variant
Canadian Northeast  Central South
Inuit Siberia Siberia Siberia
(1) () (3)
Hg
Folate MTHFR  rs2274976-C 0.488 0.595 0.871 0.944 (1-2)0(1-3)0(2-3) 0.039  0.266
metabolism
Selenoprotein GPX4 rs713041-T 0.113 0.152 0.321 0.410 (1-2) 0.0019 (1-3) 0 0.106
(2-3) 0.137
Folate MTHFR  rs1801131-T 0.425 0.543 0.721 0.674 (1-2) 0.0054 (1-3) 0.04 0.045
metabolism (2-3)0.44
Metabolism AHR rs2066853-A 0.119 0.112 0.221 0.264 (1-2) 0.033 (1-3) 0.0028 0.05
of xenobiotics (2-3) 0.41
Oxidative stress ~ TXNRD2 rs5748469-C 0.192 0.079 0.193 0.187 (1-2) 0.01 (1-3) 0.016 0.043
(2-3) 0.99
Selenoprotein SEPHS2  rs1133238-A 0.143 0.32 0.13 0.125 (1-2) 0 (1-3) 0 (2-3) 0.99 0.102
Transporters ABCB1 rs1128503-G 0.233 0.224 0.336 0.437 (1-2) 0.052 (1-3) 0.0006 0.051
(2-3) 0.084
Pb
Selenoprotein GPX4 rs713041-T 0.113 0.152 0.321 0.410 (1-2)0.0019 (1-3) 0 0.106
(2-3)0.137
Glutathione GSTM3  rs7483-C 0.32 0.198 0.421 0.41 (1-2) 0 (1-3) 0.0004 0.101
metabolism (2-3) 0.908
Transporters SLC22A1 rs2282143-T 0.129 0.129 0.014 0.028 (1-2) 0.0003 (1-3) 0.0016  0.084
(2-3) 0.69
(@]
Folate MTHFR  rs2274976-C 0.488 0.595 0.871 0.944 (1-2)0(1-3) 0(2-3) 0.039  0.266
metabolism
Metabolism CYP1BT  rs1056836-C 0.099 0.070 0.207 0.174 (1-2) 0.0021 (1-3) 0.016 0.054

of xenobiotics

(2-3) 0.547

Note. The data for the Canadian Inuit were obtained from R.P. Parajuli et al. (2018, 2021). P (Fst) is the statistical significance of Fst differences in allele

frequency between Siberian populations in pairwise comparisons.

prevalent (approximately 80 %) in the Far North, may offer
protection by reducing the toxic effects of mercury.

The AHR gene encodes the aromatic hydrocarbon receptor,
which regulates the transcription of genes for enzymes that
promote the metabolism of xenobiotics, including mercury,
cadmium, arsenic, and nickel (Mohammadi-Bardbori et al.,
2015; Algahtani et al., 2024). The TXNRD?2 gene encodes
mitochondrial thioredoxin reductase 2, an enzyme involved
in the antioxidant defense system. Polymorphisms in these
genes appear to influence susceptibility to mercury poisoning
(Crespo-Lopez et al., 2023).

Genetic markers of lead exposure

The main mechanism of lead (Pb) toxicity involves the inhibition
of enzymes by binding to thiol groups of cysteine residues
(Gonzalez-Villalva et al., 2025). There is no defined safety
threshold for lead in the blood because even low concentrations
of this chemical element can cause serious problems, such as
damage to cell membranes, impaired hemoglobin synthesis,
and oxidative stress. Studies of Canadian Inuit populations
have revealed that their susceptibility to lead exposure is
linked to several genes involved in selenoprotein metabolism
(GPX4 gene), oxidative stress (TXNRDZ2), transport of various
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molecules (SLC22A41 and SLCO1BI), xenobiotic metabolism
(CYP2C19), and other pathways (Parajuli et al., 2018, 2021).

Among indigenous Siberian populations, the greatest
differentiation (PBS values ranging from 0.106 to 0.08) was
found between the northeastern Siberian sample and other
groups at loci rs713041 (GPX4), rs7483 (GSTM3), and
12282143 (SLC22A1) (Tables S3 and S4). Thus, the rs713041
locus of the GPX4 gene for glutathione peroxidase appears
to protect the body not only from mercury exposure but also
from lead toxicity (Table 1).

The GSTM3 gene encodes glutathione S-transferase
mu 3, which plays an important role in the detoxification
of xenobiotics. The rs7483-T variant has been shown to
significantly increase the activity of this enzyme by leading
to the amino acid substitution Val224lle, allowing for more
efficient metabolism of drugs (Tetlow et al., 2004). This
increased activity may also affect the metabolism of heavy
metals, particularly lead. Therefore, the increased frequency
of the rs7483-T variant of the gene, which encodes the more
active form of GSTM3, among the indigenous northeastern
Siberians, compared to other regional groups in Siberia and
Canadian Inuit, is apparently associated with its protective
role against the toxic effects of lead.

The SLC22A41 gene encodes organic cation transporter 1
(OCT1), which plays an important role in transporting various
substances, including drugs, across cell membranes. The
1s2282143-T variant has been shown to reduce the ability
of OCT1 to transport drugs into cells without significantly
affecting SLC2241 gene expression (Chen et al., 2018).
Therefore, the increased frequency of the rs2282143-T allele
in indigenous populations of Northeast Siberia and Canadian
Inuit may be associated with the protective role of this genetic
polymorphism variant in response to heavy metal exposure.

The ALAD gene is the best known gene associated with
increased sensitivity to lead poisoning (Stajnko et al., 2024).
This gene encodes §-aminolevulinic acid dehydratase (ALK
dehydratase), which plays a role in the synthesis of porphobi-
linogen, the precursor of tetrapyrroles (heme and other com-
pounds). The ALK dehydratase enzyme is highly sensitive to
inhibition by heavy metals (Perini et al., 2024). Polymorphism
at the rs1805313 locus has been shown to be closely associated
with blood lead levels and to influence the expression of ALK
dehydratase in blood cells (Warrington et al., 2015). Although
no differences in blood lead and mercury concentrations were
found among Canadian Inuit with different rs1805313 geno-
types, comparative analysis revealed increased frequencies
of the rs1805313-A variant in Canadian Inuit and indigenous
peoples of Northeast Siberia (PBS value = 0.143) (Table S4).
This may be due to the protective role of this ALAD gene
polymorphism against lead.

Genetic markers of cadmium exposure

Cadmium (Cd) is one of the most common environmental
pollutants, and it exerts several toxic effects. These include
changes in gene expression, inhibition of DNA repair pro-
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cesses, interference with apoptosis and autophagy, oxidative
stress, and interaction with trace elements necessary for the
catalytic activity of enzymes (Qu, Zheng, 2024; Wang et al.,
2025). Cadmium can compete with trace elements (e. g., Zn,
Mn, Fe, Se, and Mg) for binding sites in the active centers of
antioxidant enzymes, damaging them in the process (Pukic-
Cosi¢ et al., 2020).

For people living in Arctic regions, the main sources of
cadmium exposure are not only the consumption of traditional
foods but also smoking (Becker, 2000; Adlard et al., 2024).
For instance, Canadian Inuit individuals have been found to
have blood cadmium concentrations eight times higher than
normal (Parajuli etal., 2021). They also identified associations
between cadmium levels and polymorphisms in genes associ-
ated with antioxidants (7XNRD?2 and SELS), oxidative stress
(NOS1I), transport (ABCC1), cytochrome P450 (CYP2D6 and
CYP24A1), and folate metabolism (MTHFR). We analyzed
the distribution of polymorphism variants at several loci as-
sociated with cadmium metabolism in indigenous Siberians.
However, the analysis revealed only one variant of the MTHFR
gene, 152274976-T. A statistically significant increase in the
frequency of this variant is observed in both Northeast Siberia
and among Canadian Inuit (Table 1 and Table S5). Among the
latter group, the increased frequency of the rs2274976-T allele
is accompanied by increased blood concentrations of cadmium
and mercury, as noted above.

Statistically significant differences between the sample from
Northeast Siberia and other Siberian groups were also found in
the distribution of alleles of the rs1056836 locus of the CYPIB1
gene. This locus also proved to be associated with differences
in blood cadmium distribution among Canadian Inuit (Table 1
and Table S2). The rs1056836-G variant frequency is highest
(over 90 %) among indigenous peoples in Northeast Siberia
and the Canadian Inuit. This variant is associated with lower
blood cadmium levels.

Also, our research identified genetic loci potentially associ-
ated with heavy metal exposure. These loci are characterized
by relatively high PBS (ranging from 0.087 to 0.043). Statisti-
cally significant increases in allele frequencies were found in
Canadian Inuit and indigenous peoples of Northeast Siberia
for cadmium (rs688 of the LDLR gene) and mercury (rs62803 1
of the SLC22A41 gene and rs732774 of the ATP7B gene), and
only in northeastern Siberians for mercury (rs4895441 of the
HBSIL gene) (Table S6). However, no differences in heavy
metal content were found among Canadian Inuit carriers of
different genotypes at these loci. Nevertheless, these loci are
promising for further research in the field of environmental
genetics of indigenous Siberian populations.

Genetic markers of arsenic exposure

Arsenic (As) is an element that can pose a threat to human
health. Most seafood has elevated levels of arsenic. However,
marine animals such as whales and seals mainly contain ar-
senic in the form of arsenobetaine, which appears to be non-
toxic and harmless to humans (Becker, 2000). Nevertheless,
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small amounts of other organic forms of arsenic are present
in seafood and may be more toxic than inorganic arsenic
(Bagryantseva, Khotimchenko, 2021). It has been shown that
organic forms of arsenic can be converted into methylated and
inorganic forms during metabolism. These forms can damage
biological molecules and induce negative effects in metabolic
processes (Bagryantseva, Khotimchenko, 2021).

Previous studies indicated that long-term consumption of
water with high arsenic concentrations led to the selection
of genetic variants that promote arsenic detoxification in
indigenous Andean populations (Schlawicke Engstrom et al.,
2009; Eichstaedt et al., 2015; Apata et al., 2017; De Loma
et al., 2022). First, these changes affect the AS3MT gene for
arsenic methyltransferase, which converts inorganic arsenic
(1As) into monomethylarsonic acid (MMA) and less toxic
dimethylarsinic acid (DMA).

The activity level of AS3MT can be assessed from the ratio
between DMA and MMA in urine: the more active the enzyme,
the lower the percentage of MMA and the higher the percentage
of DMA. Studies of female residents of San Antonio de los
Cobres (SAC) in northern Argentina who consume water with
a high concentration of arsenic (approximately 0.2 mg/L) have
shown that other enzymes besides arsenic methyltransferase
are involved in arsenic detoxification. These enzymes include
those involved in one-carbon metabolism (MTRR and CHDH
genes) and antioxidant protection (PRDX2 and GLRX genes)
(Schlawicke Engstrom et al., 2009).

To date, a number of mutations in the AS3MT gene have
been identified that affect the enzymatic efficiency of dif-
ferent forms of arsenic methyltransferase. We examined
the population distribution of polymorphism frequencies at
seven AS3MT gene loci and nine loci inthe CYP17A41, PRDX2,
DNMTla, INMT, MTRR, CNNM2, WBPIL, and N6AMT!
genes (Table S7). Statistically significant differences and maxi-
mum PBS values ranging from 0.217 to 0.083 were identified
between indigenous populations of Northeast Siberia and other
regions at the AS3MT gene loci rs7085104 and rs10786719 and
the CYP17A1 gene loci rs743572 and rs17115100.

Toxic metals and genetic polymorphism in indigenous
populations of northern Asia and America

It has been shown that a widespread protective haplo-
type is prevalent among Argentinians and Bolivians as a
result of their adaptation to elevated levels of arsenic in
their drinking water. Allelic variants of this haplotype are
associated with the lowest MMA levels in urine (De Loma
et al., 2022). One of the marker variants of this haplotype
is rs7085104-G, which occurs at a frequency of 72.9 %
in Argentinians (Engstrom et al., 2011). Our analysis of
AS3MT and CYP17A41 gene polymorphisms in the indig-
enous Siberian population also demonstrated close linkage
between polymorphism variants at the rs743572, rs7085104,
and rs10786719 loci, which are separated by 40.8 kbp (see
the Figure).

The rs7085104-G variant had the highest frequency (65.8 %)
and the GGG haplotype was most prevalent in northeastern
Siberians (Table 2). Thus, the results show that the frequency
of the polymorphic AS3MT and CYP17A1 variants sensitive
to the effects of arsenic increases in the northeastern direction
in indigenous Siberian populations.

The main cause of this trend seems to be the traditional
diets of indigenous peoples in the coastal regions of Northeast
Siberia, such as the Eskimo, Chukchi, and Koryaks. Their an-
cestors have long consumed seafood (fish, shellfish, algae, and
marine mammals), and the indigenous peoples of the northern
seas still focus their diets on seafood. However, it is known
that seafood contains high concentrations of heavy metals and
arsenic (Becker, 2000; Gamov et al., 2022).

Arsenic in such products is primarily found in an organic
form that is less toxic (mainly as arsenobetaine and arseno-
choline), though it is also present in small amounts in an inor-
ganic form (e. g., in animal liver and kidneys) (Bagryantseva,
Khotimchenko, 2021). Constant seafood consumption over
generations could have led to the selection of AS3MT variants
that allow for more efficient elimination of iAs. Interestingly,
our results showed that the optimal variants of genetic poly-
morphism in Northeast Siberia were the same as those found in
indigenous Andean populations, who had consumed water with
elevated concentrations of inorganic arsenic for a long time.

Northeast Siberia (66 %) 1s743572-G rs7085104-G rs10786719-G
100 823
81.9
Central Siberia (28 %) rs743572-G rs7085104-G rs10786719-G
50 421
84.4
South Siberia (37 %) rs743572-G rs7085104-G rs10786719-G
749 75

89.5

Linkage disequilibrium (r?) between polymorphism variants at loci rs743572 of the CYP17A1 gene and rs7085104 and
rs10786719 of the AS3MT gene in the indigenous population of Siberia.
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Table 2. Frequencies of genotypes and alleles of locus rs7085104 of the AS3MT gene in indigenous populations

of Siberia and Argentina

2026
30-3

Population (N) Genotypes

GG GA
Argentina (170) 0.547 0.365
Northeast Siberia (58) 0.456 0.404
Central Siberia (70) 0.071 0.414
South Siberia (72) 0.181 0.375
Siberia, in total (200) 0.221 0.397

Alleles He P
AA G A
0.088 0.729 0.271 0.396 0.33
0.14 0.658 0.342 0.45 0.39
0.515 0.279 0.721 0.405 1.0
0.444 0.368 0.632 0.468 0.13
0.382 0.42 0.58 0.489 0.009

Note. N - sample size. H, - expected heterozygosity; P - statistical significance of deviation from Hardy-Weinberg equilibrium (significant at P < 0.05).

Data for the Argentine sample are taken from (Engstréom et al., 2011).

Conclusion

This study analyzes genetic polymorphisms associated with
sensitivity to toxic metals (mercury, lead, cadmium, and arse-
nic) in indigenous Siberian populations. Statistically signifi-
cant differences were primarily observed between populations
in Northeast Siberia (Eskimo (Yupiks), Chukchi, and Koryaks)
and those in Central and Southern Siberia. The maximum PBS
values indicating the probable effect of selection on genetic loci
sensitive to mercury exposure were identified in seven gene
loci: MTHFR (rs2274976 and rs1801131), GPX4 (rs713041),
ABCBI (rs1128503), AHR (rs2066853), TXNRD?2 (1s5748469),
and SEPHS?2 (rs1133238). Loci 15713041 (GPX4), rs7483
(GSTM3), and 152282143 (SLC22A41) can be considered ge-
netic markers of lead exposure. Loci 1s2274976-T (MTHFR)
and rs1056836 (CYPIBI) may provide insight into cadmium
distribution in the blood.

It should be noted that, in most cases, indigenous Siberian
populations show an increase in genetic variants associated
with elevated levels of mercury, lead, and cadmium in the
northeastern direction. Furthermore, this trend aligns with
the findings regarding Canadian Inuit populations (Parajuli
etal., 2018, 2021). In our opinion, the most likely reason for
this is the long-term adaptation of indigenous peoples along
the Bering, Chukchi, and Okhotsk Sea coasts to their specific
natural environment. This adaptation occurred over several
millennia, and it is mainly due to their high seafood consump-
tion. Seafood is rich in beneficial micronutrients, omega-3
polyunsaturated fatty acids, and selenium. However, it also
contains toxic substances.

The widespread occurrence of genetic variants associated
with elevated levels of heavy metals in the blood among
Eskimo, Chukchi, and Koryaks is likely due to the forma-
tion of relatively harmless complexes of heavy metals with
selenium and other detoxifying agents, such as glutathione
and thioredoxin. These complexes reduce the bioavail-
ability of metals and minimize their harmful effects. How-
ever, additional molecular-genetic and biochemical studies
of indigenous populations are needed to determine the true
causes. The available literature on the mechanisms of heavy

metal detoxification and the risks of diseases caused by ex-
posure in indigenous peoples of the Far North is insufficient
(Ayotte et al., 2011; Ghisari et al., 2013; Parajuli et al., 2018,
2021).

The genetic consequences of human adaptation to environ-
mental exposure to inorganic arsenic appear to be a better-
studied issue (Gonzalez-Martinez et al., 2024). Studies of
indigenous populations in mountainous regions of Argentina,
Chile, and Bolivia have shown that long-term consumption
of drinking water with elevated arsenic levels has resulted
in the selection of AS3MT gene polymorphism variants that
enable more efficient arsenic methylation and elimination
(Schlebusch et al., 2015).

Our study shows that the prevalence of 4S3MT gene poly-
morphisms that protect against exposure to inorganic arsenic
is significantly higher in indigenous northeastern Siberians.
However, we have no information about long-term consump-
tion of arsenic-contaminated drinking water by indigenous
inhabitants of the Chukotka and Priokhotye coasts. Seafood is
likely a source of arsenic in Northeast Siberia because it con-
tains organic and inorganic arsenic. Further molecular-genetic
and biochemical studies of indigenous Far North populations,
as well as the microelement composition of groundwater and
traditional food sources, are necessary in this regard.
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Abstract. The development of musical abilities, including absolute pitch, musical memory, rhythm sense, and musicality,
at a high degree is determined by a hereditary component (up to 68 %). The studies implementing a genome-wide
linkage and association approach to musical aptitude have revealed more than 100 genetic loci. This spectrum is
comprised of the genes encoding for transcription factors and those responsible for neurogenesis and synaptic plasticity,
genes fixed as a result of positive selection of musicality, and those related to inner ear formation. Since no studies
linking musical aptitude with genes have been previously conducted in Russia, the present study aimed at replicating
the association of 17 previously identified genetic variants with developing musical abilities in Russians. Genotyping
of SNPs in the GATA2, PCDH7, UNC5C, ASAP1, SBSPON, DCBLD2, KALRN, VLDLR, OTOF, GRIN2B, FoxP1, FoxP2, BDNF, EGR1,
and SNCA genes was performed using competitive allele-specific PCR in a sample of students who underwent rigorous
contest selection at admission to the conservatory and in the corresponding control group. A series of logistic regression
analyses were used both to evaluate the main effect of SNP and to identify the best prognostic model based on various
loci. The mathematical model obtained by including only statistically significant SNPs consisted of GATA2 rs9854612,
SNCArs356168, 153910105, ASAP1 rs3057, and VLDLR rs1454626 (p = 0.0018, pseudo r2 =0.188, AUC = 0.791). The addition
of all examined SNPs as predictors enabled the construction of a statistically significant model with a higher predictive
ability (p = 0.012, pseudo r? = 0.380, AUC = 0.889). The results revealed indicate a potential cumulative gene effect,
confirming the involvement of dopaminergic and GABAergic neurotransmission, the reelin pathway and the role of
alpha-synuclein in musicality formation.

Key words: music; logistic regression; mathematical model; cognitive abilities; a-synuclein; dopamine; thickness of
Heschl’s gyrus
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HccnemoBaHMe accolyialliyi TeHeTUYeCcKX BapaHTOB
C pa3sBUTMEM MY3bIKAJIbHBIX CIIOCOOHOCTE UueioBeKa

A.B. KasaniieBa 1'2@, A.B. Topomnosa 3 9K XyCcHyTAMHOBA 1 C.B. Maapix (9% 5

T YIHCTUTYT BUOXUMUI U FeHETVKN — 060CoBNIeHHOe CTPYKTYpPHOE NoapasaeneHme YOUMcKoro deepanbHOro NccneqoBaTeNibckoro LeHTpa
Poccuiickoin akagemun Hayk, Yéa, Poccusa

2 YHUMCKINIA rocyfapcTBEHHbIN HedTAHON TeXHMUECKMi yHuBepeuTeT, Yda, Poccun

3 MOCKOBCKMI Neaarornyeckmil rocyapCTBeHHbIN yHuBepcuTeT, Mocksa, Poccus

4 Mcuxonornyecknin MHCTUTYT Poccuinckoil akagemumn obpasosaHus, Mocksa, Poccun

5 MOCKOBCKMI1 rOCYyAapcTBEHHDIN yHUBEPCUTET nM. M.B. JlomoHOCOBa, pakynbteT ncuxonoruu, Mocksa, Poccus

@ Kazantsa@mail.ru

AHHoTauuA. QopMnpoBaHUe My3blKaSibHbIX CMOCOBHOCTEN, BKMOYAIOLWMNX abCOMOTHBIN CIYX, My3blKasbHYO MamsATb,
YYBCTBO PUTMA, My3blKanbHOCTb, B 3HAUNTENIbHOWN CTEMEeHW onpeaenaeTca HacneACcTBEHHON cocTaBnALen (o 68 %).
MpoBefeHHbIe K HAacTOALLEMY BPEMEHM PaboTbl C NCNONb30BaHNEM NOHOrEHOMHOIO aHaM3a CUeneHrs 1 accoumaumin
C My3blKaNlbHOW OfjAapPEHHOCTbIO NMO3BOUAN BbIABUTL 6osiee 100 reHeTUUYeCKrX NOKYCOB. B 3TOT cneKkTp BXOAAT reHbl
TPaHCKPUMLUOHHBIX aKTOPOB, PErynAaunM HelporeHesa U CMHANTUYECKON MAACTUYHOCTY; TeHbl, 3aKpernyieHHble B
Xo[e MO3UTUBHOWN CEeNeKLUMN My3blKaJIbHOCTY, a TakKe CBfA3aHHble C OCOOEHHOCTAMU GOPMUPOBAHNA BHYTPEHHENO
yxa. MockonbKy paHee B Poccuiickon Mepepauymun nMccnefoBaHW MO M3YYEHUIO CBA3M My3blKanbHOrO TanaHTa C
reHeTUYeCKon KOMMOHEHTOW He MPOBOAWUNOCH, HAaCTOALAA PaboTa HanpaBieHa Ha PennKauuio accoumaummn paHee
NOEHTUOULMPOBAHHBIX 17 OLHOHYKNEeOTUAHbIX BapuaHToB (SNP) ¢ dopmupoBaHmeM My3blKaibHbIX CMOCOBHOCTEN Y
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MccnenoBaHmve accoumalny reHeTuyeckrix BapuaHToB
C pa3BUTMEM MY3bIKanbHbIX COCOOGHOCTE YenoBeKa

pycckux. leHoTMNMpPOBaHKe NOAMMOPGHbIX IOKYCOoB B reHax GATA2, PCDH7, UNC5C, ASAP1, SBSPON, DCBLD2, KALRN,
VLDLR, OTOF, GRIN2B, FoxP1, FoxP2, BDNF, EGR1, SNCA npoBoAMIOCh C MOMOLLbI0 KOHKYPEHTHOI annenb-cneunuduyHomn
MUP B BbIbOPKe CTYAEHTOB, MPOLUIEAWNX CTPOFMUIA KOHKYPCHbIA OTOOP MpU MOCTYMNEHUN B KOHCEpBaTOpWW, U B
COOTBETCTBYIOLLEN KOHTPONbHON rpynne. MeToA fIOrMcTuyeckon perpeccuy NpUMEHANCA Kak Ansa OLeHKM OCHOBHOTO
sbdekTa oTaenbHbIX MONUMOPPHBIX BAapMAHTOB, Tak W ASA BbIABMEHWUSA Hauyyllel NPOrHOCTUYECKON MOAenu,
cofepxallen pasfinyHble reHeTuyeckne NIoKyCbl. MaTemaTnyeckas mMofenb, MoslyyeHHasa B pe3ynbraTe BK/OYeHUA
TONbKO accoummpoBaHHbiXx SNP, coctoana n3 reHeTnyeckmnx nokycos GATA2 rs9854612, SNCA rs356168 un rs3910105,
ASAP1 rs3057 w VLDLR rs1454626 (p = 0.0018, ncesgo-r> = 0.188, AUC = 0.791). [Jo6aBneHne BCeX M3yYeHHbIX
reHeTUYeCKux NOKYyCOB B KayecTBe MpPefMKTOPOB B PErpecCMOHHbIN aHanv3 Mo3BOSIMIO CO3AaTb CTaTUCTUYECKU
3HauUMMylo0 Mogerb, obnafatollyto 6onee BbICOKON NPOrHOCTUYECKON cnocobHocTbio (p = 0.012, ncesao-r? = 0.380,
AUC = 0.889). MonyueHHble pe3ynbTaTbl yKa3blBalOT Ha NMOTEHLMANbHBIN KyMYIATUBHbIA 3PpdeKT 6enKoBbIX MPOAYKTOB
N3yYeHHbIX TEeHOB, MOATBEPXKAAA BOBMEYEHHOCTb podamuHepruyeckon n FAMKeprunyeckon HempoTpaHCMUCCUN,
PUNUHOBOIO NYTW 1 POSIb anbda-CrHyKernHa B GOPMMPOBaHMIN My3blKaJIbHOCTH.

KnioueBble cnoBa: My3blKa; NIOMMCTAYECKas perpeccus; mMatemMaTnyeckas Mopesnb; KOTHUTUBHbIE CMOCOGHOCTU;
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Introduction

Music is an integral part of cognitive and social interaction
between humans, which was used as an important component
in the information transfer even before the speech formation.
It is assumed that music existed more than 35,000 years ago,
evidence of which is found in archaeological excavations of
caves in Germany, Austria, and France (Conard et al., 2009).
Despite the fact that currently this function mainly belongs to
verbal communication, musical abilities are closely related to
cognitive and mental activity. Musical abilities cover a signifi-
cant range of various individual psychological characteristics,
including absolute hearing, musical memory, rthythm sense,
and musicality (Aikina, 2017), and represent quantitative pa-
rameters, the distribution of which in a population corresponds
to the law of normal distribution.

The ability to perceive and reproduce music is assumed to
be caused by a hereditary component, which initiated research
seeking to identify the genes responsible for the development
of musical abilities (musical talent). The results from twin
studies as the primary stage of examining the role of genes and
the environment in the formation of behavioral and cognitive
abilities (Kazantseva, 2008) indicate a significant contribution
of the hereditary component: genes determine up to 68 % of
variance in musical aptitude (Oikkonen et al., 2015).

Some of the pioneer studies in the field of genetics of high-
level musical aptitude were based on the examination of large-
sized pedigrees of Finnish origin, which were characterized
by accumulated skills of musical aptitude in families (Pulli et
al., 2008). Using the genome-wide linkage approach (GWLS),
the abovementioned and other research teams succeeded in
identifying chromosomal regions 3q21.3 (including the GATA2
gene), 4p15.1 (including the PCDH7 gene), 4q22 (including
the UNCS5C gene), 8q24.21 (including the ASAPI gene), and
8g21.11 (including the SBSPON gene) as linked with speci-
ficity of music perception (Pulli et al., 2008; Oikkonen et al.,
2015) and absolute pitch (Theusch et al., 2009).

Published genome-wide association studies (GWAS)
identified genetic loci, which determine individual variance

in thickness of Heschl’s gyrus, i. e., the central region of the
auditory cortex, responsible for speech and music perception,
including the DCBLD2 rs72932726 and the KALRN rs333332
(Cai et al., 2014). On the other hand, GWAS enabled the
detection of SNPs related to positive evolutionary selection
of musical abilities (Liu et al., 2016). Namely, the study of
Finnish respondents with high-degree musicality resulted
in the detection of several genomic regions, including the
VLDLR, FOXP1, OTOF, and GRIN2B genes, which formed
the haplotypes being statistically more frequent among musi-
cally talented persons. The involvement of the abovementioned
genes is unsurprising, since specific changes in their nucleotide
sequences have been previously linked with speech impairment
in humans (Rappold et al., 2023), vocalization and changes
in gene expression in songbirds (Adam et al., 2016; So et al.,
2019; Heim et al., 2023).

A development of any quantitative trait is known to be
caused by the effects of multiple genetic loci, which requires
research devoted to musical abilities to be conducted using
data on a large number of genes and their structural variants.
Therefore, together with GWAS and GWLS data, the results
of functional studies, which were carried out with the use of
model animals and enabled the estimation of the expression
levels of annotated genes, are of great interest. In particular, a
differential expression of the FoxP2, BDNF, and EGR1 genes
was observed in songbirds during learning and vocalization
and in model mice via listening to music (Li et al., 2010; Drn-
evich et al., 2012; Shi et al., 2013). Moreover, changes in the
expression patterns of the alpha-synuclein gene (SNCA), the
mutations of which are linked to predisposition to Parkinson’s
disease and other synucleinopathies (Jarveld et al., 2018), were
determined in humans as a result of listening to classical music
(Kanduri et al., 2015).

Within the present study we have selected SNPs in the genes
related to the development of musical abilities and character-
ized by changes in gene expression observed via listening to
music. Gene polymorphisms were obtained either directly
from the GWAS and GWLS or —in case information on certain

FTEHETUKA YEJIOBEKA / HUMAN GENETICS 471



A.V. Kazantseva, A.V. Toropova
E.K. Khusnutdinova, S.B. Malykh

SNPs being linked with musical abilities was absent — from the
studies reporting the impact of genetic loci on the development
of related behavioral traits (Crawford et al., 2008; Hu et al.,
2011; Koks et al., 2021). The final information on the genes
and their genetic variants selected as the objects of the present
study is provided in Table 1.

The present study represents the extension of our previous
research, which estimated a probability to develop high-level
musical aptitude based on 10 genetic variants (Kazantseva
et al., 2023). Accordingly, the present research is aimed at
replicating the involvement of the extended panel of genetic
variants in developing musical talent in ethnic Russians from
the Russian Federation.

Materials and methods

The experimental part of the study included a selection of
individuals characterized by musical talent who were students
at conservatories (Moscow) and passed a severe competitive
contest upon admission, during which they demonstrated
outstanding abilities in entrance exams on solfeggio, harmony,
polyphony, reading scores, etc., depending on the chosen
specialty.

The sample consisted of ethnical Russians aged 18-22 years
(N =100, 66 % women; mean age 19.36 + 1.44 years). The
control group was comprised of Russian students at the Uni-
versities of Moscow and Ufa corresponding by age and sex
to the sample of musicians (N = 200, 67 % women; mean
age 19.84 + 1.85 years). All the examined subjects were not
observed in neuropsychiatric institutions and denied a family
history of mental disorders. Voluntary consent to participate
in the study was obtained from all the respondents. The study
was approved by the Bioethical Committee at the Institute of
Biochemistry and Genetics of UFRC of RAS.

A collection of biological material (5 ml saliva) was carried
out in the tubes containing a preserving agent according to
the manufacturer’s recommendations (Oragene DNA, DNA
Genotek, Canada). Subsequent DNA isolation was performed
using specific kits (PrepI T, DNA Genotek, Canada), followed
by the assessment of DNA quality via spectrophotometer.
Genotyping of examined SNPs was conducted via endpoint
real-time PCR on the CFX96 DNA Analyzer (BioRad, USA)
using KASP chemistry (LGC Genomics, UK).

A correspondence of observed genotype frequencies
distribution to the theoretically expected one based on the
Hardy—Weinberg law was carried out in the control group and
revealed a deviation of the PCDH7 rs13109270; therefore,
this SNP was excluded from subsequent steps of the analysis.
Statistical analysis was based on testing of various regression
models of analyzed genetic loci, including additive, dominant,
recessive, overdominant, and codominant (PLINK v.1.09).

The use of the additive model demonstrates whether the
effect of the alternative allele is accumulative; the dominant
model shows whether the effect of the tested allele is observed
in the presence of at least one copy (i. e. in the heterozygous
state and in the homozygote of the effect allele); the reces-
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sive model shows whether the effect of the examined allele is
prominent with the presence of both copies. The overdominant
model describes a state when the highest effect is observed
when both alleles are present (i. e. in the case of a heterozy-
gous genotype) compared with both reference or alternative
alleles (i. e. in the case of any homozygous genotype). The
codominant model assumes that any genotype demonstrates
a significant effect on developing the examined trait in a
non-additive manner, i. e., independently of other genotypes
(Kutikhin et al., 2017).

Multiple logistic regression analysis was used to test for dif-
ferent models (including all the SNPs) and to design the final
mathematical model, which included statistically significant
predictors and explained the highest proportion of variance in
developing high musical aptitude (R v.4.4.2). To estimate the
models’ quality, the Akaike information criterion (AIC) was
used: the lower its value, the higher the model’s quality. The
best model was visualized as the ROC (Receiver Operating
Characteristic) curve reporting a quantitative measure of the
AUC (area under curve) parameter.

Results

At the first stage of association analysis between genetic
variants and high-level musical aptitude, we confirmed the
involvement of the ASAP1 rs3057 (p = 0.032) in developing
musical abilities at a statistically significant level (Table 2).
In particular, enhanced chances of demonstrating musical
abilities were characteristic of heterozygous carriers of the
ASAPI 133057 C/T genotype compared with homozygotes
(T/T and C/C genotypes) (OR = 1.94, 95 % CI 1.05-3.56),
which stands in evidence of a higher effect of the heterozygous
genotype of this SNP exactly on manifesting musical talent.
Other genetic variants failed to demonstrate an association with
musicality at a single-locus level in any analyzed model: the
additive, dominant, recessive, and deviation from dominance
models.

Since the development of high-level musical aptitude, like
any other complex trait, represents a result of the interaction
of proteins encoded by various genes, the subsequent stage
was based on a series of multiple regression analyses, which
consisted of 16 SNPs as predictors at the initial level (model 1
(Table 3) x> =46.24, p=0.012). After the exclusion of statisti-
cally insignificant SNPs, we obtained a model that included
the GATA2 159854612, SNCA 1356168 and rs3910105, ASAP1
1rs3057, and VLDLR rs1454626 gene polymorphisms (model 2
(Table 3) > =24.61, p=0.0018).

According to the final model, the highest chances of
manifesting musical talent will be realized in the case of si-
multaneous presence of the following genotypes: the GATA2
159854612 A/G (p = 0.026), SNCA 15356168 T/T (p = 0.007)
and 13910105 T/T (p=10.043), ASAP1 rs3057 C/T (p =0.027),
and VLDLR 151454626 A/A (p = 0.027).

Therefore, the highest genetic effect linked to developing
musical abilities will be observed in the case of the presence
of a heterozygous variant compared with the carriers of any
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Table 1. Polymorphic variants associated with developing musical abilities
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No. Region
1 3qg213

2 4pl15.1

3

4 8q24.21
5  8g21.11
6 49223

7 3ql2.1

8  3g21.1-g21.2

9  9p242
10 3p13
11 2p23
12 12p13.1
13 7g31.1

Gene (protein)

GATA2
(GATA-binding
protein 2)

PCDH7
(protocadherin 7)

ASAP1
(ankyrin repeat
and PH domain 1)

SBSPON

(somatomedin B and
thrombospondin type 1
domain containing)

UNC5C
(unc-5 netrin receptor)

DCBLD2
(discoidin, CUB and LCCL
domain containing 2)

KALRN
(kalirin RhoGEF kinase)

VLDLR
(very low-density
lipoprotein receptor)

FOXP1
(transcription factor
forkhead box P1)

OTOF
(otoferlin)

GRIN2B

(glutamate ionotropic
receptor NMDA type
subunit 2B)

SNP Related trait

Genome-wide linkage analyses (GWLA)

rs9854612  Music perception (the ability
to distinguish pitch, dura-
tion, and sound patterns)

rs13146789

rs13109270

rs3057 Absolute pitch

rs1007750

rs9307160  Musical aptitude

Genome-wide association studies (GWAS)

rs72932726 Thickness of Heschl's gyrus,
i. e, the central region of the
auditory cortex, responsible
for sounds perception

rs333332

rs1454626° Positive evolutionary
selection of musical
aptitude

rs6803008

rs4416176°

rs3764030

Protein function

Involved in the develop-
ment of inner ear cells

Regulates membrane
transport and cytoskeleton
remodeling

Extracellular matrix
component

Participates in axons
elongation and cell
migration; interacts with
ROBO family receptors
associated with dyslexia

Regulates cell growth; is
associated with develop-
mental delay

Interacts with the HTT
protein, the expansion

of which is the cause of
Parkinson’s disease;
mutations are linked with
changes in the neurons’
morphology

A target for the FoxP2
involved in the formation
of singing and speech

Associated with speech
impairments, ASD; with
music and singing in song-
birds

Involved in exocytosis of
inner ear cells; mutations in

the gene are associated with

hearing loss

Responsible for regulation
of synaptic plasticity and
learning; linked with music
perception and singing

in songbirds

Functional studies (estimation of expression level)

FoxP2
(transcription factor
forkhead box P)

rs2396753  Decreased expression
disrupts learning in song-
birds; mutations in the gene
cause autosomal-dominant

speech disorder
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Transcription factor, which
regulates the expression

of 300-400 genes; is highly
expressed in the striatum
and involved in the
development of brain
regions related to speech
development during
embryogenesis

Reference

Oikkonen et al.,
2015

Theusch et al.,,
2009

Pulli et al., 2008

Caietal, 2014

Liu et al,, 2016;
ASD Working
group et al.,
2017

Shietal., 2013
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Table 1 (end)

The association study of genetic variants
with developing musical aptitude in humans

No. Region Gene (protein) SNP Related trait Protein function Reference
14 11pl14.1 BDNF rs6265 Increased expression Regulates neurogenesis Lietal, 2010
(brain-derived of the BDNF (Met/Met) gene  and synaptic plasticity
neurotrophic factor) in the prefrontal cortex,
amygdala, and hippocampus
in transgenic mice during
listening to music
15 4q22.1 SNCA rs356168 Increased gene expression Regulated by the GATA2 Kanduri et al.,
16 (alpha-synuclein) r$3910105¢ in humans via listening 2015
to music
17 5g31.2 EGR1 rs7729723  Increased gene expression Transcriptional Drnevich et al.,

(early growth response 1)

in songbirds during song

regulator of FoxP2 2012

listening and vocalization

Note. We have selected polymorphisms in genes with a previously reported link with: 2 lipoprotein levels (Crawford et al., 2008); ® social abilities in
patients with autism spectrum disorder (ASD) (Hu et al., 2011);  differential gene expression caused by various allelic variants (Koks et al., 2021).

homozygote (4SAP1 rs3057, overdominant model) or the car-
riers of both copies of the alternative allele (GATA2 1s9854612,
codominant model).

The results of logistic regression also point to the potential
positive accumulated effect of the T allele (in both SNPs of
the SNCA gene: rs356168 and rs3910105, recessive model,
the effect will be observed only in the presence of both alleles
of this gene) and the C allele (VLDLR rs1454626, dominant
model, it will be evident in the presence of at least one copy
of the effect allele) on musical talent.

Construction of ROC curves and the calculated area un-
der curve (AUC) testify that model 1, which consists of all
16 SNPs, has the highest prognostic ability (AUC =0.889) (see
the Figure), although not all included predictors demonstrate
a statistically significant effect on developing musical abili-
ties. Despite the lower predictive ability of the final model
(model 2) (AUC = 0.791) (see the Figure), it is characterized
by better quality parameters (AIC = 131.31 for model 1,
AIC = 123.94 for model 2).

Discussion

Within the framework of the present study, we carried out
a replication association analysis of gene polymorphisms,
which had previously demonstrated their relation to musical
aptitude and music perception. The inclusion of all examined
genetic variants as predictors in the regression analysis en-
abled the construction of the statistically significant model
with high predictability (area under the ROC curve = 0.889).
However, the final model consisting of the data from five gene
polymorphisms, i. e. the GATA2 1s9854612, SNCA 15356168
and rs3910105, ASAPI rs3057, and VLDLR rs1454626, de-
monstrated more statistical significance and better quality (area
under the ROC curve = 0.791).

Genetic loci identified in GWLA
In the present study we have analyzed genetic loci rs9854612,
rs13146789, and rs13109270 located in proximity to the

GATA2 and PCDH7 genes, which demonstrated a linkage
with the specificity of music perception at a genome-wide
level (Oikkonen et al., 2015). It is known that GATA bind-
ing protein 2, encoded by the same gene, is involved in the
development of inner ear hair cells, which are important
for tonotopic mapping (Oikkonen et al., 2015). Moreover,
GATA2 participates in dopaminergic neurotransmission and
regulates the expression of the alpha-synuclein gene (SNCA),
the enhanced transcription of which is observed together with
dopamine release during listening to music (Jarveld, 2018),
pointing to the involvement of the brain reward system in
this process.

The present study demonstrated a positive effect of the
simultaneous presence of single copies of reference and
alternative alleles in the GATA2 rs9854612 gene polymor-
phism on increased chances of developing musical talent. In
turn, protocadherins regulate neuronal migration, differen-
tiation, and synaptogenesis and participate in the formation
of cochlear-nuclear and amygdaloid complexes (Oikkonen et
al., 2015), promoting their impact on musical abilities. The
opposite effect was mentioned during a segregation analysis
of a deletion of a cluster of protocadherin genes in the 5q31.1
genomic region in large pedigrees, which resulted in reduced
musical creativity (Ukkola-Vuoti et al., 2013).

Interesting data were obtained in a recent study indica-
ting a link between plasma hypermethylation of the gene
cluster, including PCDH7, and lead concentration in the blood
of pregnant women whose previous pregnancy resulted in
the birth of an ASD child (Aung et al., 2022). Based on gene
ontology analysis provided by the authors, the level of this
toxic metal is related to such biological processes as neuronal
development and changes in the immune system regulation,
which may cause abnormal development of the fetal nervous
system. Since no findings on a functional role of allelic vari-
ants of the examined SNPs in the GATA2 and PCDH?7 genes
were published to date, it cannot be unambiguously concluded
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Table 2. Allele and genotype frequencies of examined polymorphisms in the group of musicians
and in the control group and the results of association analysis

Gene SNP Frequencies p Puwe
genotype? allele®

OTOF rs4416176 GG AG AA G A 0.843 0.977
0.013 0.253 0.734 0.139 0.861
0.010 0.200 0.790 0.110 0.890

FOXP1 rs6803008 AA AG GG A G 0.616 0.679
0.115 0.436 0.449 0.333 0.667
0.150 0.510 0.340 0.405 0.595

DCBLD2 rs72932726 AA AG GG A G 0.983 0.761
0.038 0.288 0.674 0.181 0.819
0.050 0.317 0.633 0.208 0.792

KALRN rs333332 T cT CcC T C 0.951 0.651
0.138 0.424 0.438 0.350 0.650
0.119 0.416 0.465 0.327 0.673

GATA2 rs9854612 AA AG GG A G 0.357 0.631
0.051 0.449 0.500 0.276 0.724
0.057 0.314 0.629 0.214 0.786

PCDH7 rs13109270 Ccc cT T C T 0.427 <0.001
0.324 0.188 0.488 0.419 0.581
0317 0.238 0.445 0.436 0.564

rs13146789 T TG GG T G 0.816 0.835

0.202 0.494 0.304 0.449 0.551
0.152 0.494 0.354 0.399 0.601

SNCA rs356168 CcC cT T C T 0.897 0.681
0.175 0.512 0.313 0.431 0.569
0.260 0.532 0.208 0.526 0.474

rs3910105 CcC cT 1T C T 0.110 0.655

0.291 0.405 0.304 0.494 0.506
0.215 0.532 0.253 0.481 0.519

UNC5C rs9307160 CcC CcT 1T C T 0.958 1.000
0.118 0.448 0.434 0.342 0.658
0.079 0.406 0.515 0.282 0.718

EGR1 rs7729723 GG AG AA G A 0.441 0.229
0.227 0.506 0.267 0.480 0.520
0.170 0.560 0.270 0.450 0.550

FoxP2 rs2396753 CcC AC AA C A 0.724 0.410
0.128 0.487 0.385 0.372 0.628
0.152 0.535 0.313 0.419 0.581

SBSPON rs1007750 Ccc AC AA C A 0.247 0.997
0.182 0.376 0.442 0.370 0.630
0.099 0.426 0.475 0.312 0.688

ASAP1 rs3057 T cT CcC T C 0.032 0.842
0.152 0.645 0.203 0.475 0.525
0.228 0.485 0.287 0.470 0.530

VLDLR rs1454626 CcC AC AA C A 0.702 0.995
0.039 0.368 0.593 0.224 0.776
0.089 0.426 0.485 0.302 0.698

BDNF rs6265 AA AG GG A G 0.711 0.995
0.013 0.237 0.750 0.131 0.869
0.040 0.313 0.647 0.197 0.803

GRIN2B rs3764030 AA AG GG A G 0.753 0.755
0.038 0.418 0.544 0.247 0.753
0.030 0.343 0.627 0.202 0.798

Note. Pyye—a level of significance for the Hardy-Weinberg equilibrium test in the control group; p - a level of significance based on regression analysis
is given for comparative models between a heterozygous genotype with a combined sample of homozygotes (overdominant model); genotype (a)
and allele (b) frequencies are reported for the group of musicians (upper lane) and the control group (bottom lane), respectively. Statistically significant
differences are marked in bold.
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Table 3. Predictive models of liability to developing high-level musical abilities detected as a result
of multiple logistic regression analyses

Predictor Group Reference Model 1 Model 2

group B p B p
GATA2 rs9854612 AG GG 29 0.002 1.2 0.026
SNCA rs356168 T CcC 35 0.004 23 0.007
SNCA rs3910105 T TC 2.6 0.043 1.5 0.043
ASAPT rs3057 CcT TT+CC 2.2 0.007 1.1 0.027
VLDLR rs1454626 CC+AC AA -1.4 0.079 -1.2 0.020
DCBLD2 rs72932726 AA+AG GG -1.1 0.153 - -
KALRN rs333332 T CC -1.2 0.238 - -
FoxP2 rs2396753 AC AA -1.2 0.149 - -
PCDH7 rs13146789 TG+TT GG -0.03 0.970 - -
UNC5C rs9307160 CcT CcC 0.4 0.574 - -
SBSPON rs1007750 CcC AA 0.9 0.441 - -
BDNF rs6265 AG GG -1.3 0.084 - -
GRIN2B rs3764030 AG GG 1.1 0.166 -
EGRT rs7729723 AG AA 0.01 0.983 -
FoxP1 rs6803008 AG GG -1.1 0.110 -
OTOF rs4416176 AG AA 1.5 0.158 - -
Pseudo-r? 0.380 0.188
x2 Model 46.24 24.61
AIC 131.31 123.94
Model p-value 0.012 0.0018

Note. r?- proportion of variance explaining a predictive ability of the model; - regression coefficient; AIC — Akaike information criterion. Statistically
significant differences are marked in bold.

ROC-curves for regression models
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The results of modeling ROC curves for logistic regression models. Including various combinations of the examined
genetic loci as predictors (model 1 contains all 16 SNPs; model 2 contains five most significant SNPs in the GATA2, SNCA,
ASAP, and VLDLR genes).

A detailed description of variables included in the models is given in Table 3. The values of areas under the curves (AUC) for each model
are reported in the legend.
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that a differential expression of these genes accompanies
the formation of musical talent in the examined sample
of Russians.

The assessment of a single-locus effect resulted in the
detection of a statistically significant increase in the ASAPI
rs3057 C/T genotype frequency in students with high-degree
musical abilities compared with the control group, which as-
sumes the existence of an overdominant model of inheritance
characteristic for this SNP, since the highest positive effect
was observed in the case of the simultaneous presence of
both reference and alternative alleles. The examined gene
polymorphism is known for its regulatory effect (Bryzgalov et
al., 2013) and was previously detected as linked with absolute
pitch (LOD = 3.46 in Europeans) (Theusch et al., 2009).

Existing data signify that the ASAP/ gene is one of 30 genes
differentially expressed in the prefrontal cortex as a response
to ADHD treatment (dela Pefia et al., 2014), indicating its
relevance to the regulation of cognitive processes. In addition,
published findings reported a link between other polymor-
phisms in the ASAPI gene with behavioral characteristics in
normal and pathological states, including schizophrenia (Goes
et al., 2015), cognitive decline (Mega Vascular Cognitive
Impairment and Dementia (MEGAVCID) consortium, 2024),
and education level (Okbay et al., 2022).

The examined SBSPON rs1007750 was initially identified
as linked with absolute pitch segregation (Theusch et al.,
2009) and, in addition, was present in a set of differentially
expressed genes in postmortem tissues of the prefrontal cortex
of schizophrenia patients (Maycox et al., 2009).

Another genetic variant, which was included in a prognostic
model of musical talent, is rs9307160 located in the netrin
receptor gene (UNC5C), which was linked with accumulation
of musicality in Finnish families (Pulli et al., 2008). The netrin
receptor UNCS5C is expressed in dopaminergic neurons and
participates in netrin signal transfer within neuronal migra-
tion during development and axonal guidance (Treccarichi et
al., 2024). Previous research evidences a relation of certain
mutations in the UNC5C gene to developing familial forms
of Alzheimer’s disease, schizophrenia, bipolar and depressive
disorders, and other mental disorders (Treccarichi et al., 2024)
due to shifted neuronal sensitivity to apoptosis.

Preserved cognitive functioning at the elderly age is related
to polymorphisms in the UNC5C gene as well as to changes
in its methylation and diminished levels of its expression in
the dorsolateral prefrontal cortex, which predominantly me-
diates the changes in the presynaptic terminal (White et al.,
2017). Despite the unknown functional significance of the
rs9307160 in the regulation of the UNC5C gene expression,
the abovementioned findings indicate its potential involvement
in the development of both cognitive and behavioral reactions
mediated by dopaminergic neurotransmission.

Genetic loci identified in GWAS
Genetic variants in the VLDLR, FOXP1, OTOF, and GRIN2B
genes, which were included in our regression model, have been
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initially identified as connected with positive evolutionary
selection of musical abilities (Liu et al., 2016). The VLDLR
gene encodes low-density lipoprotein receptor involved in the
reelin signaling cascade and representing the FoxP2 target. The
latter is a transcription factor playing a significant regulatory
role in vocalization and speech formation. In particular, a
knockout of the FoxP2 gene promotes a decline in the level of
target VLDLR protein in model animals, whereas an enhanced
expression of the VLDLR gene was determined in specific brain
region of songbirds during learning and vocalization (Adam
et al., 2016), which points to a potential role of the reelin
signaling cascade in cognitive processes related to musicality.
In addition, increased expression of the genes controlled by
FoxP2 was observed in human peripheral blood as a result of
listening to music (Kanduri et al., 2015).

According to previous research, the selected VLDLR
rs1454626 gene polymorphism (C allele) is associated with
enhanced lipoprotein level and body mass index; interestingly,
this effect was strengthened with a simultaneous presence of
the “risky” €4 variant in the apolipoprotein E (APOE) gene
(Crawford et al., 2008). The data obtained by our groups on the
association of the rs1454626 C allele with a lower probability
to develop musical abilities coincide with representations
of the link between cognitive functioning and high-density
lipoprotein-to-low-density lipoprotein ratio (Poliakova,
Wellington, 2023) and tend towards a dominant model of
inheritance of a negative effect of the C allele on developing
high-level musical aptitude.

Transcription factor genes examined within the present
study, i. e. FoxP1 (rs6803008) and FoxP2 (rs2396753),
regulate the expression of a high number of genes, including
reelin pathway genes (VLDLR). De novo mutations in the
FoxPI gene underlie the etiology of FoxP1 syndrome — an
autosomal-dominant disease characterized by abnormalities
in the cognitive and language abilities, communication, and
behavior, including ASD, ADHD, anxiety disorders, and oro-
motor dysfunctions (Rappold et al., 2023). Moreover, FoxP1
mediates vocal preferences and motivation for active listening
to bird singing in female zebra finches (Heim et al., 2023),
which may indicate a potential role of this transcription factor
in the formation of human musicality.

Another significant member of the processes of cognitive
functioning and synaptic plasticity is the glutamatergic system,
an important component of which is the GRIN2B gene enco-
ding the glutamate receptor subunit, examined in the present
study. An increase in the mRNA level of this gene was re-
corded as a result of songbird vocalization (in particular, zebra
finches) (So et al., 2019). According to published studies, the
examined allelic variant rs3764030 (A allele) in the GRIN2B
gene was also associated with improved information process-
ing speed due to enhanced gene expression (Jiang et al., 2017).
Based on our findings, the rs3764030 A allele is linked with a
positive prognostic effect toward musical abilities under the
framework of the regression model, which is consistent with
the abovementioned data.
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The otoferlin gene was also identified as one with a selective
advantage for evolutionary consolidation of musical abilities
(Liuetal., 2016). This gene encodes a transmembrane protein
involved in the exocytosis of the inner ear cells, indicating its
potential involvement in musicality. Since no previous research
demonstrated an association of a distinct polymorphism in the
OTOF gene with musical traits, we have selected rs4416176,
since its allelic variants had an earlier reported association with
social abilities in ASD patients (Hu et al., 2011).

The role of the OTOF in hearing impairment gene has
been repeatedly examined, whereas the introduction of the
OTOF gene therapy in children with congenital deafness
demonstrated a pronounced positive effect on hearing res-
toration, improvement of auditory and speech abilities, and
music perception, even compared with patients with cochlear
implantation (Cheng et al., 2025).

Genetic loci in the DCBLD?2 (1rs72932726) and KALRN
(rs333332) genes have been selected based on GWAS results
as associated with the thickness of Heschl’s gyrus (Cai et al.,
2014) — an auditory cortex region involved in sounds and
speech perception, linguistic tone, and regulating inner ear de-
velopment. It should be noted that musicians are characterized
by exaggerated gray matter volume in the right and left parts
of the auditory cortex, while an increase in the right Heschl’s
gyrus is typical for musicians with absolute pitch (Wengenroth
et al., 2014). rs72932726 in the DCBLD?2 gene, which was
introduced in the final regression model in the present study, is
also linked with the structural changes in brain regions related
to speech and language processing (Cai et al., 2014).

Another examined gene is KALRN, encoding kalirin ki-
nase — a synaptic regulator, which is responsible for dendrite
morphogenesis, axonal growth, and brain connectivity (Parnell
etal., 2021). Impaired regulation of the KALRN gene was ob-
served in cognitive deficit, schizophrenia, and ASD (Parnell et
al., 2021), while the genetic variant rs333332 in the KALRN
gene demonstrated the association with the thickness of the
left Heschl’s gyrus (Cai et al., 2014).

Polymorphisms in differentially expressed genes

The final regression model of liability to musical aptitude
consisted of gene variants previously demonstrating func-
tional changes in the level of gene expression. Namely, lower
expression of the transcription factor FoxP2 gene, known for
its important role in neuronal differentiation, brain and speech
development, was observed in the case of impaired songbird
vocalization (Shi et al., 2013), while structural changes in
this gene were related to clinical symptoms of schizophrenia
(Salmén-Gomez et al., 2025) and speech perception (Ocklen-
burg et al., 2013). In addition, based on a recent systematic
review, the rs2396753 C allele was associated with a reduced
gray matter density in the brain and was more frequent in
individuals with verbal hallucinations accompanying schizo-
phrenia (Salmén-Gomez et al., 2025). At the same time, our
findings indicate the association of the rs2396753 C allele
with absent musicality.

The association study of genetic variants
with developing musical aptitude in humans

It is known that early growth response protein (EGR1)
involved in neuronal plasticity and mediated by differential
expression microRNAs miR-23a and miR-23b is a transcrip-
tional regulator of the FoxP2 gene (Nair et al., 2021). Multiple
studies point to the involvement of EGR1 protein in memory
and learning, while its expression in different brain regions
demonstrates a stress-inducible pattern, thus accompanying
such mental disorders as schizophrenia, depression, and Al-
zheimer’s disease (Gallo et al., 2018).

Brain-derived neurotrophic factor (BDNF) is one of the
most frequently analyzed genes in the context of cognitive
abilities and disabilities involved in the regulation of neu-
rogenesis and synaptic plasticity, enhanced expression of
which is observed after listening to music (Li et al., 2010).
According to model 1, the rs6265 (Val66Met) A/G (Met/Val)
genotype is characterized by a lower odds ratio of developing
musical talent compared with the G/G (Val/Val) genotype.
Multiple studies evidence that the rs6265 Met variant (coded
by the A alelle) is linked with reduced gene expression and
diminished gray matter volume in brain regions participating
in memory formation, self-control and emotional regulation
(Kunikullaya et al., 2025).

Previously, a positive effect of musical listening on increased
BDNF level was also determined, which promoted a decline
in depressive symptoms (Yeh et al., 2015). Such dependence
is suggested to be caused by the involvement of rs6265 in
the regulation of neuroplasticity in the auditory cortex of
the brain. The analysis of mismatch negativity (MMN) as a
value reflecting the process of automatic error detection by
the auditory cortex and preconception processes, which was
conducted during electroencephalography, revealed that the
most significant changes in MMN peaks were characteristic
of musicians carrying the Val/Val genotype compared with
musicians with the Met allele (Bonetti et al., 2023).

In turn, music perception affects changes in alpha-synuclein
(SNCA) gene expression at the molecular level (Kanduri et al.,
2015). Encoded protein is involved in regulation of dopamine
biosynthesis via altering its reuptake from the synaptic cleft
by transporter protein and demonstrates its link with the ethio-
pathogenesis of Parkinson’s disease (PD). At the SNPs level,
existing data evidence the association of the SNCA rs356168
C/C genotype with increased risk of PD and an enhanced alpha-
synuclein level in CD45+ blood cells of patients (Emelyanov
et al., 2018). It is assumed that rs356168 regulates a ratio
between long (based on the 3" region) and short transcripts of
alpha-synuclein, therefore determining its ability to oligomer-
ize and PD development (Rhinn et al., 2012).

In the present study we demonstrated the effect of alterna-
tive rs356168 and rs3910105 T/T genotypes on musical talent
within a recessive model of inheritance, which suggests that a
favorable effect can be observed only in the presence of both
copies of the T allele. The data obtained are unsurprising,
since they coincide with conclusions published in a recent
systematic review (Navarro et al., 2023) pointing to a link
between dopaminergic neurotransmission, alpha-synuclein
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level, the positive effect of music listening and reproduction
(Kanduri et al., 2015; Jarveld, 2018), and clinical manifesta-
tions of neurodegenerative diseases.

Moreover, the obtained evidence on a significant cumula-
tive effect of the examined genes coincides with the data of a
meta-analysis (Kunikullaya et al., 2025), which confirmed the
role of brain-derived neurotrophic factor, alpha-synuclein, and
GATA2 in modified neurogenesis and neuromediation caused
by music listening and reproduction. The last one initiates
exaggerated levels of neurotrophins, neuroprotectors, and
synaptic plasticity regulators, improves immune functions,
and reduces stress.

The conducted study has several limitations. Firstly, the ana-
lyzed sample has a small size; nevertheless, it is homogeneous
by age, ethnic origin, and level of musical education. Secondly,
the number of the studied genetic variants is limited and should
be expanded for future research. In addition, several genetic
loci were taken based on literature data on their association
with similar phenotypes without information on their func-
tional significance. Thirdly, despite the multifactorial nature
of musical abilities, we had no data to conduct mathematical
modeling accounting for potential environmental predictors
such as the qualitative and quantitative specifics of musical
education in childhood, the presence of a musical environment,
socioeconomic status, etc. Fourthly, it is necessary to consider
the pilot character of the present study and insufficient statis-
tical power in the analysis of the predictive mode, including
16 SNPs, which may reflect the presence of type I and II errors.

Further research in this field should focus on expanding
the panel of examined genetic loci to study the predisposition
to high-level musical abilities and assessing their functional
significance in the context of regulating gene expression.

Conclusion

Within the framework of replication association analysis,
using a set of genetic loci previously identified in European
samples, we constructed a prognostic model including five
SNPs estimating a liability to musical aptitude in Russians at
a significant level of sensitivity and specificity.

Despite polymorphic loci being selected based on various
approaches (GWAS, GWLS, differential expression data),
the examined genes frequently overlap, and encoded proteins
are frequently included in the same molecular pathways.
Moreover, a significant part of the examined genes encode
transcription factors, pointing to a potential impact of various
molecular pathways regulated by these factors in developing
musical abilities.

The data obtained indirectly evidence the interaction of the
examined genes, confirming that musical aptitude is related to
the specificity of dopaminergic and GABAergic neurotrans-
mission, synaptic plasticity, neurogenesis, and reelin signaling
cascade. Moreover, a commonality of molecular genetic factors
involved in the ethiopathogenesis of schizophrenia, cognitive
impairments, ASD, affective disorders, and musical talent was
determined.
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Abstract. Whole-exome sequencing (WES) has revolutionized the diagnostics of hereditary diseases, yet its efficacy
varies across populations. Data on the genetic architecture of rare hereditary disorders in many Russian regions,
including the ethnically diverse Khanty-Mansi Autonomous Okrug (Yugra) are scarce. The aim of this study was to
evaluate the diagnostic yield of WES for identifying genetic variants associated with hereditary disorders in this
ethnically heterogeneous population. The study involved 286 probands with suspected hereditary disorders observed
by regional geneticists in the years 2021-2024. WES was performed on the DNBSEQ-G50 platform (MGI, China).
Bioinformatic analysis included variant calling and annotation using population databases and pathogenicity prediction
tools. Identified variants were classified according to ACMG/Russian Medical Genetics Society guidelines and correlated
with clinical phenotypes. Molecular genetic diagnoses were categorized as definitive, partial, potential (based on variants
of unknown significance), or unknown. The examined cohort was predominantly pediatric, the most common clinical
indications were neurological, dysmorphic, and metabolic disorders. Definitive molecular diagnoses were established
in 24.8 % of patients. Inclusion of potential diagnoses increased the total yield to 48.6 %. Diagnostic efficacy varied
significantly among disease categories ranging from 58.3 % for renal disorders to 0 % for neurodevelopmental disorders.
A total of 420 unique variants were analyzed, and missense changes were the most frequent among clinically significant
findings. The most commonly implicated genes were ATP7B, GJB2, ABCA4, and GALT. The study results indicate that WES
is an effective first-tier molecular tool for a wide range of suspected hereditary diseases in the Yugra population, with a
diagnostic yield comparable to similar studies abroad. The findings support the utility of WES in diverse populations and
highlight the potential for increasing yield through trio-WES and periodic data reanalysis.
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O deKTUBHOCTb NOMHO3K30MHOMO CEKBEHMPOBaAHNA
B AMArHOCTUKe HaceaCcTBEHHbIX 3aboneBaHunin 8 XMAO-HOrpe

AHHoTauuA. [oNHO3K30MHOE CEKBEHMPOBAHWE MPOM3BENO PEBOIOLMIO B AUArHOCTUKE HAacNeACTBEHHbIX 3a60neBaHui,
ofHako ero 3¢pPeKTMBHOCTb BapbMpyeT B pPasHbiX nonynAumaAx. [JaHHble O reHeTUYeCKOW apXuUTeKType pefKkmx
HacneAcTBeHHbIX 3a0601eBaHMI BO MHOTMX pernoHax Poccuu, BKtoYasa 3THUYECKM pa3sHOobpasHbIi XaHTbl-MaHcuiAcKnia
aBTOHOMHbIN OKpyr — lOrpy, orpaHuuyeHHbl. Hactoswee nccnefoBaHve HanpaBfieHO Ha OLEHKY AMarHOCTMYeCKoun
LIEHHOCTU MOJIHOSK30MHOIO CEeKBEHVMPOBaHMA [ANA BbIABNEHUA TeHEeTUYeCKMX BapVaHTOB, aCCOLMMPOBAHHBIX C
HacneACcTBeHHbIMY 3aboneBaHUAMK B 3TOM 3THMYECKM HEOAHOPOAHON mnonynAumn. B uccnefoBaHue BKmounnu
286 npobaHAoB C MpepnonaraeMbiMy HacNeACTBEHHbIMU 3aboneBaHMAMK, HabnloAaeMblX reHeTKaMu pervioHa B
nepvop ¢ 2021 no 2024 r. NoNHO3K30MHOe CeKBeHVPOBaHYe Obino BbiNonHeHo Ha nnatdopme DNBSEQ-G50 (MG, Kutan).
BrionHdopmaTyecKnin aHanm3 BKOYan BbIABIEHWE 1 aHHOTALMIO BapuaHTOB C MCMOMb30BaHUEM MOMYNALUOHHbIX
6a3 AaHHbIX M WHCTPYMEHTOB MPOTrHO3MPOBaHMA MaTOreHHOCTU. HailigeHHble BapuaHTbl ObliM  pacnpepeneHb
Nno KaTeropusm B COOTBETCTBUM C pekomeHZauuamyu ACMG/Poccminckoro obliectBa MeAWLUHCKUX TeHETUKOB U
KOPpenupoBany C KanHuyeckumn deHoTvnamm. MonekynapHo-reHeT/yYeckme AmarHo3bl 6binmn KnaccudmuumpoBaHbl
KaK MOJHble, YaCTUYHble, MOTeHLMaNbHble (Ha OCHOBaHUWN BapMaHTOB HEV3BECTHOWM 3HAaUMMOCTI) UK OTCYTCTBYIOLME.
O6cnenoBaHHasA Koropta MpenmyLyecTBEHHO COCTOANa 13 AeTeil, Hambosee YacTbIMU KIUHWYECKMMU MOKa3aHWAMU
6blN HeBposiormyeckune, gucmMopduyeckme n metabonnyeckre HapyuweHus. OKOHYATENbHbBIA MONEKYNAPHO-TeHeTH-
Yyeckumin amarHos 6bin yctaHoBneH y 24.8 % naumeHToB. C yyeTOM MOTEHLMANbHbIX 3aK/IoYeHUn obLasa 3HauMMoCTb
nccnefoBaHnaA ysenuuunach fo 48.6 %. unarHoctmyeckasn 3¢ peKTMBHOCTb 3HaUNTENbHO BapbupoBana B 3aBUCUMOCTY OT
KaTeropuu 3aboneBaHnii: ot 58.3 % ana 3abonesaHmi noyek go 0 % Ana HapyleHnn HelporeHesa. MpoaHann3npoBaHoO
B 06LLe CNoXHOCTY 420 YHVKanbHbIX BapaHTOB reHOB, NPV 3TOM MUCCEHC-BapMaHTbl ObIIN CaMbiMU BCTPEYAOLMMNCA
cpenun KNMHMYEeCKN 3HaUUMbIX pesynbTaTtoB. Hanbonee yacto BbiABNANUCH reHbl ATP7B, GJB2, ABCA4, GALT. PesynbtaTbl
nccnefoBaHNA NoKasasu, YTo MOSIHO3K30MHOe CeKBEHUPOBaHME — 3POEKTUBHBIN MONEKYNAPHbIA TECT NEPBON NHUK
ONA WMPOKOro crekTpa MpeanosiaraemMblX HacNefCTBEHHbIX 3aboneBaHun y xutenen HOrpbl C AMarHOCTUYECKON
LIeHHOCTbIO, COMOCTaBMMOMN C aHaNOrMYHbIMK UCCRefoBaHNAMU 3a pybexom. [onyyeHHble AaHHble NMOATBEPXKAAOT
pe3ynbTaTBHOCTb MOSIHO3K30MHOMO CEKBEHWPOBAHWA B reTeporeHHoV MonynAauuyM 1 MOoAYepKMBaAOT MOTeHuMan
NOBbILEHUA ANArHOCTUYECKON LLIeHHOCTY 3a cyeT popmata «Tpro» U NEPUOANYECKOro MOBTOPHOIO aHanm3a AaHHbIX.

KnioueBble cnoBa: NOHO3K30MHOE CEKBEHUPOBAHMNE; HAaC/IleACTBEHHbIE 3ab01eBaHNA; CEKBEHVPOBaHKE HOBOFO MOKO-

NeHVsI; TeHETNYECKOE KOHCYNbTUPOBAHNE; 3GPEKTUBHOCTb ANArHOCTUKI; MOSIEKYSIIPHASA ANArHOCTUKA

Introduction

Due to the development of molecular genetic diagnostic
methods, especially high-throughput sequencing, significant
progress has been made in determining the molecular nature
of hereditary diseases over the past 15 years. In particular,
the introduction of whole-genome (WGS) and whole-exome
(WES) sequencing has enabled both large-scale population
projects to describe the frequencies of genetic variants and
the analysis of complex clinical cases with unclear disease
etiology.

Although technological advances allow for more precise
results and cheaper research, the clinical interpretation of
genomic data necessary for a specific patient has become a
new challenge (Petersen et al., 2017). Given the enormous
amount of data obtained from WGS, the main obstacles to
implementing this method are the difficulty of interpretation
in the context of a specific disease, the high cost, and the bur-
den on laboratory infrastructure with the general diagnostic
efficiency of about 40 % (Stranneheim et al., 2021).

In terms of diagnostic efficiency, WES allows focusing on
the analysis of protein-coding regions of genes. It is hardly
inferior to WGS, and its advantage is less laborious interpreta-
tion. However, its key disadvantages are the loss of information
outside of exons, the uneven coverage of gene sequences by
probes, and limitations in analyzing copy number variations
(CNVs) (Wang et al., 2017; Ross et al., 2020).

Since the diagnostic efficiency of WES for hereditary di-
seases significantly exceeds that of targeted panels, its main
niche includes cases with suspected rare genetic diseases,
diseases with recently identified or extended genes, a suspected
heterogeneous disease in a young child, and negative results
from other diagnostic methods (Okuneva et al., 2020).

According to OMIM Morbid Map Scorecard (www.omim.
org/statistics/geneMap, accessed September 25, 2025), there
are currently 6,619 phenotypes with 4,661 involved genes
corresponding to single gene disorders and traits with known
molecular basis. Most common forms of monogenic diseases
vary significantly not only among different countries but also
within distinct regions of a country. Therefore, it is of utmost
importance to study the spectrum of genetic variants and
monogenic diseases in all regions of Russia (Zinchenko et al.,
2019), taking into account the vast diversity of subpopulations
that have been practically unexplored by large-scale studies
(Barbitoff et al., 2024).

The aim of this study was to identify the genetic causes of
the most common hereditary diseases in the West Siberian
Russian Khanty-Mansi Autonomous Okrug (Yugra) and to
assess the diagnostic efficiency of WES in this population.

Materials and methods

Patient enrollment. Patient selection was carried out from
2021 to 2024 inclusive, as they were admitted for consulta-
tion at the regional medical genetic service located in Surgut
(Yugra). For the study, 286 probands of various ages and
ethnicities were selected according to the following inclu-
sion criteria: the suspected monogenic nature of the disease
(early age of manifestation, indications in the family history,
inherited nature of the disorder, rare and specific symptoms of
multiple organ damage), as well as already diagnosed heredi-
tary diseases with an unspecified molecular cause based on
clinical picture and common biochemical tests. For molecular
genetic testing, 5 mL of peripheral blood (with EDTA) were
taken from patients and transferred for processing to the Yugra
biobank laboratory, established at the Surgut State University.
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All participants (or their official representatives) provided
informed consent for participation in the study and personal
data processing. The study was conducted in accordance with
the Helsinki Declaration.

DNA extraction, library preparation, and sequencing.
Genomic DNA was extracted from peripheral blood using a
MagPure Blood DNA Kit (Magen, China). Whole-exome libra-
ries were prepared using a KAPA HyperPlus Kit and KAPA
HyperExome probes (Roche, United States). The libraries
were converted with a MGIEasy Universal Library Conversion
Kit (MGI, China) and sequenced on a DNBSEQ-GS50 system
(MG]) in the paired-end mode with the read length of 150 bp,
following the manufacturer’s recommendations.

Bioinformatics analysis. Samples with an average 70x
coverage of target regions and at least 10x coverage width of
98 % were included in further analysis. Samples that did not
pass quality control were sent for repeated library preparation
and sequencing.

Mapping of obtained reads to the human reference genome
(hg19in 2021-2022 and hg38 in 2023-2024) was performed
using BWA (0.7.16) (L1, 2011). Post-processing steps of align-
ments, variant calling, and filtering were carried out using
the Genome Analysis Toolkit (Van der Auwera, O’Connor,
2020).

Variant annotation for all known transcripts of each gene
from the RefSeq database was performed using snpEff (v.5.1)
(Cingolani et al., 2012), with population frequencies of identi-
fied variants from The 1000 Genomes Project and gnomAD
samples added to the annotation. Pathogenicity prediction of
sequence variants was performed using DANN (Quang et al.,
2015), GERP (Davydov et al., 2010), REVEL (Ioannidis et
al., 2016), SIFT (Kumar et al., 2009), PolyPhen2 (Adzhubei
et al., 2010), PrimateAl (Sundaram et al., 2018). Algorithms
AdaBoost (Pashaei et al., 2016) and SpliceAl (Strauch et al.,
2022) were also used for assessing the impact of variants on
the splice site function.

Clinical data interpretation. To assess the clinical relevan-
ce of identified sequence variants the following resources
were used: OMIM database, disease-specific databases (if
available), and scientific literature data. Reports included only
variants that had a possible relationship to the patient’s clinical
manifestations or met other criteria specified in the physician’s
referral. Polymorphisms classified as benign or likely benign
were excluded from the report.

Identified variants were categorized according to criteria
from ACMG guidelines (Richards et al., 2015) and the Rus-
sian Society of Medical Genetics (Ryzhkova et al., 2019) as
pathogenic (P), likely pathogenic (LP), variants of unknown
(clinical) significance (VUS), and asymptomatic carriers (AC).
The last category included heterozygous pathogenic and likely
pathogenic variants not causing the disease in the proband but
strongly associated with other monogenic diseases.

Classification of molecular diagnoses. Based on the num-
ber of identified variants in each gene and inheritance type,
molecular testing results were categorized as follows:

— complete molecular genetic diagnosis (MGD): at least one
heterozygous or hemizygous P/LP variant with a dominant

Efficiency of WES in diagnosing hereditary diseases
in Yugra (West Siberia, Russia)

or X-linked type of inheritance, as well as one homozygous

P/LP variant or two (potentially) compound heterozygous

P/LP variants with a recessive type of inheritance;

— partial MGD: one heterozygous P/LP variant in a gene as-
sociated with an autosomal recessive disease;

— potential MGD: one VUS clearly associated with the phe-
notype with autosomal dominant or X-linked inheritance,
or two VUSes clearly associated with the phenotype with
autosomal recessive inheritance;

— no MGD: absence of identified variants, one P/LP variant
or VUS in a gene with autosomal recessive inheritance,
incomplete relation of VUS associated with autosomal
dominant, or X-linked inheritance to clinical presentation;

— incidental findings: only AC variants.

Statistical analysis and graph plotting were performed us-
ing the RStudio programming environment. Patient data and
genetic variants were imported from a proprietary database
(Glotov et al., 2025). They are available upon request.

Results

Characteristics of the examined cohort of patients

From 2021 to 2024 inclusive, 286 probands with suspected ge-
netic diseases were referred from the regional medical genetics
counseling service for whole-exome sequencing. The gender,
age, and ethnic compositions of the subjects are presented
in Table 1. The majority of patients (86.7 %) belong to the
child-adolescent age group, the mean age of the cohort being
10.9 years. The most represented ethnic groups are Russians
(65.4 %) and Tatars (11.5 %).

Regarding the structure of symptom categories (Table 2),
neurological disorders occupy the leading position in Yugra
(41.3 %). They are followed by dysmorphic syndromes
(12.2 %) and metabolic disorders (11.2 %). It should be noted
that psychiatric disorders are the only category not represented
in the study group.

Clinical and molecular characteristics

of identified genetic variants related to the phenotype

A total of 420 genetic variants (SNVs, InDels) were identi-
fied in patients. These variants were associated either with the
observed phenotype or with the asymptomatic heterozygous
carrier status (AC) of various monogenic diseases. Although,
as shown in Figure 1, most of the identified variants are not
of confirmed clinical significance, their potential contribution
to disorder manifestation cannot be ignored.

The clinically significant variants detected (194 out 0f 420)
(Fig. 2) belong to the following classes: missense, 43.3 %;
stop-gained, 21.6 %; frameshift deletions, 20.1 %; splice donor/
acceptor variants, 8.2 %; frameshift insertions, 5.2 %; inframe
deletions, 1.5 %. It should be noted that the class of repeat
length variation is not represented in our study, as the bioin-
formatics algorithm used has not undergone strict validation
for the analysis of this variation type.

The inheritance patterns of identified clinically significant
variants are presented in Figure 3. Gene variants with the
autosomal recessive inheritance pattern have a significant
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Table 1. Demographic characteristics of the studied cohort (N = 286)
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Characteristic
Gender
Male
Female
Onset age
Neonatal
Infancy
Childhood
Adolescent
Adult
Median onset age [Q1; Q3]
Age at sampling
Neonatal
Infancy
Childhood
Adolescent
Adult

Median age at sample accession [Q1; Q3]

Patients, no. (%)

159 (55.6)
127 (44.4)

38(13.3)
85(29.7)
128 (44.8)
18 (6.3)
17(5.9)
2[0.5; 4.5]

1(0.4)

4(1.4)

180 (62.9)

64 (22.4)
37(12.9)
8.4[3.8;14.9]

Table 2. Categories of clinical symptoms (N = 286)

Characteristic
Ethnic structure
Russians
Tatars
Azerbaijanis
Tajiks
Ukrainians
Chechens
Dagestanis
Uzbeks
Kumyks
Armenians
Belarusians
Germans
Kazakhs
Moldovans
Bashkirs

Lezgians

Patients, no. (%)

187 (65.4)
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Symptom category

Patients, no. (%)

Neurological disorders 118 (4.3)
Dysmorphic and congenital abnormality syndromes 35 (12.2)
Metabolic disorders 32(11.2)
Hearing and ear disorders 16 (5.6)
Skeletal disorders 15(5.2)
Renal and urinary tract disorders 12(4.2)
Neurodevelopmental disorders 9(3.1)
Hematological and immunological disorders 8(2.8)
Dermatological disorders 8(2.8)
250 59 %
200
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Pathogenicity class

Fig. 1. Pathogenicity classes of the identified variants.
AC - asymptomatic carrier; LP - likely pathogenic; P - pathogenic; VUS -

variant of unknown significance.

Symptom category

Autoimmune or rheumatological disorders
Cardiovascular disorders

Gastrointestinal and hepatic disorders
Endocrine disorders

Ophthalmological disorders

Respiratory disorders

Growth disorders

Tumor syndromes

Missense
Stop gained
Frameshift deletion

Splicing 82%

Variant type

Frameshift insertion 5.2%

Inframe deletion || 1.5 %

21.6%

20.1%

Patients, no. (%)

0 25

Number of variants

Fig. 2. Molecular classes of clinically significant variants.
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Efficiency of WES in diagnosing hereditary diseases
in Yugra (West Siberia, Russia)
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o I 20+ 429% 401 40.7 %
75+ I I
g 7| 15} 30
S 5ol I I
37 10 20+
S I I
S 25t 5| 10F 8.1%
7.1%
=z
0. 8.9% 4% 1% i 24% o 35% 129
AD DD DR AD XLD XLR AD DD XLD XLR

Type of inheritance

Fig. 3. Distribution of pathogenicity classes by inheritance types.

AR - autosomal recessive; AD — autosomal dominant; DD - digenic dominant; DR - digenic recessive; XLD - X-linked dominant; XLR - X-linked recessive.
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Fig. 4. Human genes with the largest numbers of variants in the studied cohort.
Table 3. The most common clinically significant variants in the studied cohort
cDNA variant Patho-  Inheritance Position (hg19) gnomAD Mutation No. Relationship
genicity AF, % type of patients  with diseases
ATP7B c.3207C>A P, AC AR chr13:52518281G>T 0.1524 Missense 6 Wilson disease
GJB2 c.109G>A P, AC AR, DD chr13:20763612C>T 0.1392 Missense 4 GJB2-related
deafness
GJB2 c.35delG P, AC AR, DD chr13:20763685AC>A 0.9578 Frameshift 4 GJB2-related
deletion deafness
PAH c.1222C>T P, AC AR chr12:103234271G>A 0.1719 Missense 4 Phenylketonuria
NEB c.23989C>T AC AR chr2:152357937G>A 0.05838 Stop gained 3 Nemaline
myopathy 2
(€2 c.841_868del AC AR chr6:31902065ATGGTGGACAG 0.7159 Frameshift 2 C2-complement
GGTCAGGAATCAGGAGTC>A deletion deficiency
CFTR c.274G>A AC AR chr7:117170953G>A NA Missense 2 Cystic fibrosis
KIAA0586 c.392del  AC AR chr14:58899156AG>A 0.4773 Frameshift 2 Joubert syndrome
deletion

OTOA ¢.2359G>T LP AR chr16:21747639G>T 0.03104 Stop gained 2 Autosomal recessive

weight in the cohort studied (47.6 % for LP and 46.5 %
for P). Autosomal dominant inheritance is observed for a
substantial number of P/LP variants (40.7 and 42.9 %, respec-
tively). X-linked inheritance has a relatively low prevalence
in the cohort, accounting for no more than 10 % of all likely
pathogenic variants and no more than 5 % of all pathogenic
variants.

Among the genes with the greatest number of detected va-
riants, as shown in Figure 4, the most prominent are ATP7B,
GJB2,ABCA4, and GALT, which are associated with Wilson’s

deafness 22

disease, GJB2-related deafness, Stargardt disease, and galac-
tosemia, respectively.

The most frequent clinically significant variant, as presented
in Table 3, is ¢.3207C>A in the ATP7B gene, associated with
Wilson’s disease. However, the majority of the most frequent
variants were detected in the AC (asymptomatic carrier)
state. All most frequent variants detected are described in
the literature as pathogenic, including the CFTR ¢.274G>A
(p.Glu92Lys) variant (Chuvash mutation), which is absent
from the gnomAD database.
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Total: 286 patients

-

Patients with clinically significant variants: 120 Negative results: 54 Patients with VUS only: 112
Side findings Individuals with pathogenic
(only asymptomatic carriers): 14 and likely pathogenic variants: 106
/v Y. )
Molecular genetic Partial molecular No molecular Potential molecular genetic diagnosis
diagnosis: 71 genetic diagnosis: 13 genetic diagnosis: 134 (strong clinical correlation): 68
Y ¢ ¢ ¢

Final diagnostic yield: 48.6 % (139/286)

Fig. 5. WES testing summary.

Others (3) 54.5% 3% 152% 273%

Dermatological disorders (8) 62.5% 125 % 25 %

Haematological and immunological

disorders (8) 37.5% 37.5% 25%

Neurodevelopmental disorders (9) 88.9 % 11.1% Diagnostic type
MGD

Renal and urinary tract disorders (12) 333 % 8.3 % 58.3 %
Potential MGD

Skeletal disorders (15) 533 % 6.7 % 13.3% 26.7 % Partial MGD
No MGD

Hearing and ear disorders (16) 50 % 6.2% 6.2% 375%

Metabolic disorders (32) 46.9 % 31% 15.6% 344 %

Dysmorphic and congenital o o o

abnormality syndromes (35) 60% 20% 20%

Neurological disorders (118) 37.3% 5.9 % 373% 19.5 %

0% 25% 50 % 75 % 100 %

Fig. 6. Types of molecular genetic diagnosis (MGD) in the most common disorder groups.

Clinical effectiveness of WES in the examined cohort

As shown in Figure 5, WES results produced no findings in
54 out of 286 examined patients. Variants of P/LP and AC
classes were found in 120 patients, with 14 of them having
only AC as a secondary finding. Among 106 patients with
phenotype-relevant variants, 71 received a molecular genetic
diagnosis, and 13 had only a partial diagnosis. Among the 112
studied samples with only VUS, 68 patients had variants that
allowed for a potential molecular genetic diagnosis. Thus, the
diagnostic effectiveness of WES in the examined cohort was
48.6 % (139/286).

The distribution of molecular genetic diagnosis types va-
ries significantly across different symptom categories (Fig. 6).
The highest percentages of patients with confirmed molecular
genetic diagnosis belong to the following categories: Renal
and urinary tract disorders, 58.3 % (7/12 patients); Hearing
and ear disorders, 37.5 % (6/16 patients), and Metabolic
disorders, 34.4 % (11/32 patients). The lowest diagnostic ef-

fectiveness among the most common categories is observed
in the Neurodevelopmental disorders group, where 88.9 % of
patients (8/9) received no molecular genetic diagnosis.

The most ambiguous molecular diagnoses are observed in
Haematological and immunological disorders —37.5 % with
potential MD (3/8 patients) and Neurological disorders —
37.3 % with potential MD (44/118 patients). The presence of
a large number of variants of uncertain clinical significance
(VUS) explains the ambiguity in these groups.

Discussion

We performed whole-exome sequencing for 286 probands with
suspected hereditary diseases to clarify the molecular genetic
diagnosis. The majority of patients (86.7 %) belonged to the
child-adolescent age group, which is associated with the early
manifestation of hereditary diseases. Male subjects were more
numerous in the group studied (55.6 %), owing to the presence
of X-linked recessive disorders.
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The diagnostic effectiveness of the method was 24.8 % for
cases with complete molecular genetic diagnosis and increased
up to 48.6 % when taking into account variants of uncertain
significance that have a close relationship with the observed
phenotype. These variants may be reclassified using updated
information in the foreseeable future, as with similar findings
from studies in other countries (Han et al., 2025).

As long as WES testing was conducted only for probands,
the experience of other researchers brought us to the assump-
tion that diagnostic effectiveness could be increased signifi-
cantly through the implementation of duo- and trio-WES (Lai
et al., 2024), mainly due to more reliable identification of
compound heterozygous variants and de novo variants (Tan et
al., 2019). This is particularly relevant for the studied popula-
tion, where the proportion of autosomal recessive pathogenic
or likely pathogenic variants is close to 50 %

Additionally, diagnostic effectiveness could be improved
through re-analysis of exome data due to the constant emer-
gence of new data about the relationships between variants
and phenotypes (Arteche-Lopez et al., 2022). Finally, since
approximately 13 % of genetic variability is associated with
copy number variations (CNVs) (Stankiewicz, Lupski, 2010),
we conceive that it would be desirable for patients with ne-
gative WES results to undergo whole-genome sequencing
(WGS) or low-coverage genome sequencing in combination
with re-analysis of WES (Moey et al., 2025).

We found that the most common symptom categories of
hereditary diseases in Yugra were Neurological disorders
(118 out 0f 286 cases), Dysmorphic and congenital abnormali-
ty syndromes (35/286); and Metabolic disorders (32/286).

Our study shows significant differences in WES diagnostic
effectiveness among different symptom categories: from zero
yield for percentage of confirmed molecular genetic diagnosis
cases in the Neurodevelopmental disorders group to 58.3 %
in the Renal and urinary tract disorders group. Thus, the high
occurrence of neurological disorders in our cohort presumes
that just nervous system disorders pose the greatest challenge
to productive WES analysis. Such differences may be related
to yet uncharacterized molecular causes of these diseases
(Adams, Eng, 2018), and generally they are consistent with
results obtained from the analysis of 3,040 WES samples,
where a wide range from 4 to 55 % of positive reports (Retterer
et al., 2016) was also observed in different disease groups.

It is also important to consider the relevance of applying
special molecular genetic methods to specific inherited di-
seases, such as search for duplications on chromosome 17 in
cases of hereditary motor-sensory neuropathies (Shchagina et
al., 2020), which was not conducted within the scope of our
study. Other studies note the effectiveness of duo- and trio-
WES for patients with intellectual disability, developmental
delays, and epilepsy due to the high number (up to 80 %) of
de novo variants in these cases (Lai et al., 2024).

It is particularly important to emphasize the significance of
providing sufficient data on clinical picture by referring physi-
cians (mostly by geneticists), as incomplete understanding of
the symptoms by the interpreter may lead to false elimination
of many genes from the search criteria and produce false-ne-
gative results. Additionally, for multiethnic populations deter-

Efficiency of WES in diagnosing hereditary diseases
in Yugra (West Siberia, Russia)

mining the patient’s ethnicity (at least based on a questionnaire)
is an important aspect, which was considered in our study,
involving 16 ethnic groups.

Furthermore, the importance of secondary findings classified
in our study as the asymptomatic carrier state (about 20 % of
all identified variants) should not be underestimated, as they
provide insight into the genetic burden of the population and
should be appropriately considered during genetic counseling
of families, particularly for planning future pregnancies.

It can be noted that 8.9 % of asymptomatic carrier cases
among the examined patients are referred to genes with an
autosomal dominant inheritance pattern. However, for these
cases no significant effect on the phenotype was observed,
which may be due to the different inheritance patterns of the
variant depending on its belonging to a particular protein
domain, as in the case of GJB2 (Xiang et al., 2023). Another
consideration is the risk of mutation manifestation at an older
age, as in the case of mutations in the BRCA! and BRCA2
genes (Azzollini et al., 2016).

Conclusions

In our study of 286 residents of the KHMAO-Yugra region, we
accurately established molecular genetic diagnoses in 24.8 %
of patients by using the whole-exome sequencing approach
and identified the possible genetic nature of inherited diseases
in 48.6 % of cases within the ethnically heterogeneous group.
We characterized 420 gene variants, excluding benign and
likely benign ones. Thus, whole exome sequencing should be
considered a sufficiently effective first-tier diagnostic method
for unveiling the genetic causes of a broad range of presum-
ably hereditary diseases. However, some specific cases may
demand duo- or trio-WES, whole-genome sequencing, or
additional specific methods well proven in revealing the mo-
lecular background of certain classes of molecular disorders.
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Abstract. Cardiovascular diseases are the leading cause of death both in Russia and in the world. One of the factors
predisposing to the development of cardiovascular diseases is lipid metabolism disorders (dyslipidemias), which contribute
to the progression of atherosclerosis. Currently, there are known genes associated with the development of monogenic
forms of lipid metabolism disorders characterized by marked changes in lipid levels. However, identifying individuals with
an increased genetic risk of dyslipidemia remains an unsolved problem, due to the polygenic nature of most cases. The aim
of this work was to study the spectrum of rare variants in the cholesterol transporter genes ABCA1, ABCG1, ABCG5, ABCG8
and NPCTL1 that occur in patients with lipid metabolism disorders in the population of the Northwestern region of Russia.
The search for rare variants (gnomAD frequency less than 1 %) in the ABCAT, ABCG1, ABCG5, ABCG8 and NPCITL1 genes was
performed using targeted sequencing data for 169 patients with lipid metabolism disorders. 14 variants were identified
in the ABCAT gene (17 patients); 4 variants, in the ABCGT gene (5 patients); 11 variants, in the ABCG5 gene (18 patients);
and 7 variants, in the ABCG8 gene (11 patients). The frequency of some of them, according to the RUSeq database, is
higher than in the global population. 19 patients (11 %) were carriers of the p.(Val177lle)/p.(His221Tyr)/p.(Ala271Phe)
haplotype in the NPC1L1 gene, which may be specific to the Russian population, meaning that these variants are not rare,
but polymorphic, and occur more frequently in patients with impaired lipid metabolism. Influence of the p.(Val177lle)
variant of the NPC1L1 gene on the development of atherosclerosis was assessed using additional sample sets (a group
of patients with atherosclerosis, a control group), but no significant differences in genotype frequencies were revealed.
Thus, at present, there are insufficient data to support the role of the p.(Val177lle)/p.(His221Tyr)/p.(Ala271Phe) haplotype
of the NPC1L1 gene in the development of dyslipidemia and atherosclerosis. The study draws attention to the population
specificity of a number of variants in cholesterol transporter genes, in particular in the NPC1L1 gene, for the Northwestern
region of Russia. The data can be further used for design and calculation of genetic risk scores for dyslipidemia.

Key words: familial hypercholesterolemia; dyslipidemia; targeted sequencing; genetic risk scale; reverse cholesterol
transport
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PepKune BapraHTbl B reHaX TPaHCMOPTEPOB XONeCTeprHa
y NaLMeHTOB C HapyLEeHUAMY MNMAHOro obmeHa

AHHoTauuA. CepaeyHo-cocyaucTble 3aboneBaHnsa ABNATCA OCHOBHOW MPUYMHON cMepTn B Poccum n mupe. OpguH
13 npeppacrnonaralwWmx K pasBUTUIO CepAeyYHO-COCYAMCTbIX 3aboneBaHuin GakTOpPOB — HapyLWeHUA UMUAHOTO
obmeHa (gucnnnuaemmn), cnocobCTBylOLME MPOrPecCUPOBaHUNI0 aTepockiepo3a. Ha HacTOALMA MOMEHT M3BECTHbI
reHbl, aCCOUUNPOBAHHbIE C PA3BUTMEM MOHOTFEHHbIX (GOPM HApyLWeHWI NUMULHOTO OOMEHA, XapaKTepU3yoLnXCs
BbIpPa)KEHHbIM M3MeHeHneM YpPoBHA nunuaoB. OAHAaKO BbIABMEHWE UL C MOBbLIWEHHbIM FeHETUYECKMM PUCKOM
pasBuUTUA AUCAUNULEMUN OCTAETCA HEpEeLIeHHOW 3afjauyell, YTo CBA3AHO C MOJIMFEHHONW MPUPOLON GONbLIMHCTBA
cnyyvaes. Llenbio HacToAwen paboTbl 6bI10 U3YyUnTb CNEKTP PEAKMX BapUAHTOB B reHax TPaHCMOPTEPOB XofecTepmHa
ABCA1, ABCG1, ABCG5, ABCG8 n NPCIL1, KOTopble BCTPeYalTCca Y NMauMeHTOB C HapyLIEHUAMY NUNUAHOrO obMeHa B
nonynauun Cesepo-3anafgHoro pervioHa Poccun. MNpoBeeH NoUCK peakmx BapraHToB (4actota gnomAD meHee 1 %)
B reHax ABCAIT, ABCGI1, ABCG5, ABCG8 n NPCIL1 ¢ ncnonb3oBaHWeM [aHHbIX TapreTHOro CeKBeHVpPOBaHMA AJiA
169 NaUMeHTOB C HapyLIEHUAMY MMNULHOTO 0bMeHa. BbiasneHo 14 BapraHToB B reHe ABCAT (17 naumeHToB), 4 BapraHTa
B reHe ABCGT (5 naumeHToB), 11 BapuaHToB B reHe ABCG5 (18 naumneHToB) 1 7 BapraHToB B reHe ABCGS8 (11 nayuneHToB).
YacToTa HeKOTOpbIX U3 HUX, cornacHo 6a3e AaHHbIx RUSeq, 6bina Bbile, Yem B 06LLeMUPOBOI nonynauun. 19 nauneHTos
(11 %) 6bInn HocuTenamu rannotuna p.(Val177lle)/p.(His221Tyr)/p.(Ala271Phe) rena NPCIL1, koTopbli npepnoso-
XKNUTENbHO MOXeT ObiTb cneunduyeH ANA POCCUACKON MONYNAUMMW, T.€. 3T BapUaHTbl ABMAIOTCA He pPeaKumMu,
a NoNMMOPGHBIMI 1 BCTPEUAKOTCA Yalle Y MaLVEHTOB C HapyLUeHAMM NUNugHoro obmeHa. ina BapuanTa p.(Val177lle)
reHa NPCTLT 6bin MpoBeAeH aHanM3 ero BKMaja B Pa3BUTME aTeEPOCKIepo3a C UCMONb30BAaHNEM AOMONHUTENbHbIX
BbIGOPOK (rpynna nayneHToB C aTepOCKIEPO30M, KOHTPOJIbHAA FPynna), KOTOPbI He BbIABW JOCTOBEPHBIX Pasnnynii
B YacToTax reHoTunoB. Takum obpa3om, B HacTodllee BpemsA AaHHbIX B Mofb3y BavAHUA rannotuna p.(Val177lle)/
p.(His221Tyr)/p.(Ala271Phe) rena NPCTL1 Ha pa3BuTVe AUCANMUAEMUN 1 aTepOCKNepo3a HefocTaTtouHo. MNpoBeaeHHoe
nccnefoBaHne 3actaBfifAeT 06paTWTb BHUMaHME Ha MONYNAUMOHHYIO CneundnyHOCTb pAfa BapuaHTOB B reHax
TPaHCMOPTEPOB XonecteprHa, B YacTHoctu B reHe NPCIL1, pna Ceepo-3anagHoro pervoHa Poccun. MNonyyeHHble
[aHHble B JanbHenwemM MOryT ObITb YUTeHbI B pa3paboTKe LKas FeHETUYECKOrO prcKa Pa3BUTHA JUCTUNMAEMUIA.

KntoueBble croBa: cemenHaa runepxonectepuHeMus; AUCIMNNLEMUA; TapreTHoe CeKBEHUPOBaHMeE; LLKana reHeTmnye-
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CKOTO purCKa; 06paTHbIi TPaHCMOPT XonecTepuHa

Introduction

Cardiovascular diseases (CVDs) are the leading cause of death
in Russia and worldwide (Danilova et al., 2021; Heron, 2021).
The multifactorial nature of CVDs underscores the importance
of studying new markers of the pathological process initia-
tion, including genetic ones. The contribution of the genetic
component to the development of heart and vascular diseases
is estimated at 40-50 % (McPherson, Tybjaerg-Hansen, 2016;
Roberts et al., 2021). Hypercholesterolemia, which often has
a hereditary nature, promotes the formation of atheroscle-
rotic plaques in the coronary vessels, which in turn leads to
the developvent of coronary artery disease (CAD) and acute
myocardial infarction (AMI) (Prasad, Mishra, 2022). Familial
hypercholesterolemia (FH) occupies a special place among he-
reditary lipid metabolism disorders, as it significantly increases
the risk of developing CVDs (Tokgozoglu, Kayikcioglu,
2021). We and other authors have shown that in most cases,
FH is caused by pathogenic variants in the LDLR and APOB
genes. However, depending on the severity of hypercholestero-
lemia, the genetic cause of the disease cannot be identified in
40-60 % of cases (Shakhtshneider et al., 2021; Miroshnikova
et al., 2023a, 2025). Thus, discovering rare genetic variants,
which, in combination, can have a cumulative effect on the
development of polygenic cases of hypercholesterolemia and
associated CVDs, remains relevant.

In a study by A.N. Meshkov and co-authors, an increased
risk of CAD in carriers of rare and low-frequency variants
in genes associated with lipid metabolism disorders was
demonstrated (Meshkov et al., 2022). Rare functional genetic
variants associated with cholesterol metabolism were found in
60 % of patients with AMI (Pan-Lizcano et al., 2022). It has
been shown that 25 % of loci associated with AMI belong to
lipid metabolism genes (Musunuru, Kathiresan, 2016). Rare

genetic variants have a population prevalence of <l % and
may not be statistically associated with diseases of interest
in large sample sets. However, even a small increase in allele
frequency (1-5 %) in patients may indicate its influence on
complex diseases and traits (Cross et al., 2022; Li et al., 2024).
Moreover, such genetic variants may be population-specific
and should be taken into account during development of ge-
netic risk scores for a specific population.

Atherogenic imbalance of blood plasma lipid fractions mani-
fests as an increase in the concentration of total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), and a
decrease in high-density lipoprotein cholesterol (HDL-C).
Transmembrane cholesterol transporters play an important
role in regulation of cellular cholesterol levels, in the forma-
tion of lipoprotein particles, intestinal cholesterol absorption,
and cholesterol excretion from the body (Yu, Tang, 2022).
ATP-binding cassette (ABC) transporters — ABCA1 and
ABCGI1 - transport cholesterol to anti-atherogenic high-den-
sity lipoproteins (HDLs) (Yu, Tang, 2022). Mutations in the
ABCA1 gene lead to the development of an autosomal reces-
sive disorder — Tangier disease — characterized by an almost
complete absence of HDLs in blood plasma and premature
development of atherosclerosis (Koseki et al., 2021). Trans-
porters ABCGS5 and ABCGS regulate the absorption of choles-
terol and plant sterols in the intestine. Mutations in these genes
lead to the development of sitosterolemia, which has clinical
manifestations similar to FH (Tada et al., 2022). The NPC1L1
transporter, known as Niemann-Pick C1-like protein 1, is also
involved in intestinal cholesterol absorption and is a target for
the lipid-lowering drug ezetimibe (Zhang et al., 2022). It can be
hypothesized that combinations of rare variants in cholesterol
transporter genes may contribute to the development of dyslipi-
demias and CVDs (Ghaleb et al., 2022; Meshkov et al., 2022).
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Rare variants in cholesterol transporter genes
in patients with lipid metabolism disorders

1st stage

Search for rare variants
in cholesterol transporter genes in a group
of patients with lipid metabolism disorders

2nd stage

Assessment of the contribution of the p.(Val177lle)
variant of the NPCTL1 gene to the development
of atherosclerosis (case-control study)

—

N=169

Rare variants
(gnomAD frequency
less than 1 %)

RUSeq

i
( ( sequencing ))
o 2023-2024 _//j/
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Fig. 1. Research design.

The aim of this study was to investigate the spectrum of rare
variants in the cholesterol transporter genes ABCA1, ABCGI,
ABCGS5,ABCGS, and NPC1L1 that occur in patients with lipid
metabolism disorders in the population of the Northwestern
region of Russia.

Materials and methods
The study was approved by the Local Ethics Committee of
the Pavlov First Saint Petersburg State Medical University of
the Ministry of Health of the Russian Federation (Protocol
No. 275 dated September 4, 2023). All participants provided
written informed consent.

The overall study design is presented in Figure 1.

Sequencing data analysis

The search for rare variants in the cholesterol transporter genes
ABCAI, ABCG1, ABCG5, ABCGS and NPCILI was carried
out using NGS sequencing data obtained for 169 patients with
lipid metabolism disorders: 13 adults (aged 24 to 85 years,
mean age 52.3 + 14.6; 65 men and 69 women); 35 children
(aged 3 to 17 years, mean age 9.7 & 3.8; 18 boys and 17 girls).
These patients were referred for genetic diagnosis of hereditary
dyslipidemias to the Department of Molecular Genetic and
Nanobiological Technologies from various clinical diagnostic
centers in Saint Petersburg (including Pavlov First Saint Pe-
tersburg State Medical University) during 2023-2024.

Criteria for genetic testing prescription were as follows:
1) possible/probable/definite FH in patients over 18 years of
age in accordance with Dutch diagnostic criteria (Kukharchuk
etal., 2020); 2) probable/definite FH in patients under 18 years
of age in accordance with Simon Broome criteria (Yezhov et
al., 2019); 3) pronounced hypertriglyceridemia (individuals
with triglyceride concentrations from 3.3 to 10.5 mmol/L
were included).

Libraries were prepared using a set of Prep&Seq reagents
(Parseq Lab Co, Russia) and a custom panel “Dyslipidemia
and CVD risk”, including coding regions of the following
genes: ABCA1,ABCG1,ABCG5,ABCGS,ANGPTL3,APOAl,
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APOA4, APOAS5, APOB, APOC2, APOC3, APOE, CETP,
CREB3L3, GCK, CYP2741, CYP7Al, GPDI, GPIHBPI,
HNF1A,LCAT, LDLR, LDLRAPI, LIPA, LIPC, LIPG, LMF1I,
LPL, LRP6, MTTP, MYLIP, NPCILI, PCSKY9, PNPLAS,
SARIB, SCARBI, SORTI, STAPI and TTR (VariFind LM
assay IL-v1.1.1, Parseq Lab Co, Russia). Sequencing was
performed on a MiSeq instrument (Illumina, Inc., USA). The
sequencing data were processed using the automated Seq&Go
Software (Parseq Lab Co, Russia). Identified genetic variants
were annotated and described according to the guidelines of the
Human Genome Variation Society (HGVS) (www.hgvs.org)
and presented in tabular format. Next, we selected rare variants
(gnomAD frequency less than 1 %) in the cholesterol trans-
porter genes ABCA1,ABCG1,ABCGS5,ABCG8 and NPCIL].
The frequencies of the selected variants were compared with
the Russian database of genetic information RUSeq (http://
ruseq.ru/#/) (Barbitoff et al., 2024). The OMIM (https://omim.
org/), gnomAD (https://gnomad.broadinstitute.org/), ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/), HGMD (https://
www.hgmd.cf.ac.uk/ac/index.php), LOVD (https://www.
lovd.nl/) databases and literature data were used to assess
the clinical relevance of the identified nucleotide sequence
variants. The assessment of the clinical significance (patho-
genicity) of the identified variants was carried out on the
basis of Russian recommendations for the interpretation of
data obtained by mass parallel sequencing methods, as well
as the recommendations of ACMG2015 (Ryzhkova et al.,
2019).

The verification of the p.(Vall771le), p.(His221Tyr) and
p-(Ala271Phe) variants of the NPCILI gene, which were
considered to compose a haplotype, was carried out by Sanger
sequencing on a Nanophor-05 sequencer (Syntol, Russia)
using the BigDye™ Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, USA). The results were analyzed using
the Mutation Surveyor software (Soft Genetics, USA). The
primers for sequencing were selected using the online program
Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/) (Table 1).
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Table 1. The nucleotide sequences of the primers
used for Sanger sequencing

Genetic variant Sequence 5'-3'

2 exon, p.(Val177lle) F-TTGGGACTCATTGCAACGTG

R-CCCCAATCAGAGCCTCTTCA

2 exon, p.(His221Tyr) F-CCTTCTTGGGGTCCACCATC

R-ATGTGTGGCGTGTATGGCTCT

2 exon, p.(Ala271Phe) F-CCTTCTTGGGGTCCACCATC

R-CTTCCACCTCTTGGAGCCTG

Evaluating the contribution of the p.(Val177lle) variant

of the NPC1L1 gene to the development of atherosclerosis
Characteristics of the groups. Genotyping of the p.(Val1771le)
variant of the NPCILI gene was performed for a total of
443 patients who were examined or treated at different times
at Pavlov First Saint Petersburg State Medical University and
whose DNA was available from the biobank of the Depart-
ment of Molecular Genetic and Nanobiological Technologies:
1) patients with atherosclerosis of various localization
(N =209), 2) control group (N = 234).

The group of patients with early atherosclerosis included
209 patients (146 (70 %) men and 63 (30 %) women; aver-
age age 54.6 £ 8.5 years; the average age of the first clinical
manifestations was 48.2 = 6.8 years) with atherosclerosis of the
arteries of various localization (coronary, cerebral, lower limb
arteries), confirmed by angiographic examination (Table 2).
The selection criterion was the presence of hemodynami-
cally significant stenoses in at least one artery of one of the
three main arterial basins — the cerebral, coronary, and lower
extremities. It should be noted as a limitation that the sample
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set was formed based on the principle of confirmed atheroscle-
rosis, regardless of whether patients had dyslipidemia, since
the duration and effectiveness of statin treatment in most cases
was difficult to evaluate.

The control group included 234 individuals (154 (66 %)
men and 80 (34 %) women; average age 48.3 = 5.8 years — the
age corresponded to the average age of onset of the disease in
patients with atherosclerosis) without lipid metabolism disor-
ders, obesity and cardiovascular diseases. Control group indivi-
duals were examined by a cardiologist, and the examinations
performed included electrocardiography, bicycle ergometry,
and echocardiography.

Identification of the p.(Vall771le) variant of the NPCI1L1
gene using polymerase chain reaction and restriction
analysis. Genotyping of the rs149017550 chr7:44539868C>T
¢.529G>A p.(Vall771le) variant of the NPC1L1 gene was per-
formed by polymerase chain reaction (PCR) and subsequent
restriction analysis. The primers for PCR were selected using
the online program Primer-BLAST (https://www.ncbi.nlm.
nih.gov/tools/primer-blast/). The nucleotide sequence of the
primers was (5-3'): forward - TTGGGACTCATTGCAAC
GTG, reverse - CCCCAATCAGAGCCTCTTCA. As aresult
of amplification with these primers, a PCR product with a size
of 352 bp was obtained.

For restriction analysis, the PCR product was incubated
with 1 unit of Fok I endonuclease in buffer Y containing:
33 mmol Tris acetate (pH 7.9 at 25 °C), 10 mmol magnesium
acetate, 66 mmol potassium acetate, 1 mmol DTT, at +37 °C
overnight. The results were visualized using polyacrylamide
gel electrophoresis: depending on the genotype, DNA frag-
ments of 352, 224, and 128 bp in length were obtained (for
GG, only a fragment of 352 bp; for GA, fragments of 352, 224,
and 128 bp; for AA, fragments of 224 and 128 bp).

Table 2. Clinical and biochemical characteristics of the studied groups

Parameters A group of patients with Control group p
atherosclerosis (N = 209) (N=234)
Lipid profile, mmol/L*
TC 5.20 (4.46 + 6.15) 4.56 (4.02 + 5.14) 0.000
LDL-C 2.76 (2.45 +3.39) 2.66 (2.19 +3.23) 0.129
HDL-C 1.06 (0.80 + 1.10) 1.45 (1.26 + 1.66) 0.000
TG 2.00(1.18 +2.28) 0.81(0.59 + 1.02) 0.000

Parameters of atherosclerotic lesions, N (%)

Coronary atherosclerosis 112 (53.6) - -
Cerebral atherosclerosis 43 (20.6) - -
Atherosclerosis of the lower extremities arteries 76 (36.4) - -
Lesions in 2-3 arterial basins 21(10) - -
Multivessel atherosclerosis (3 or more arteries) 164 (78.5) - -

Note. TC - total cholesterol, LDL-C - cholesterol of low-density lipoproteins, HDL-C — cholesterol of high-density lipoproteins, TG - triglycerides.

*The median and interquartile range (IQR) are indicated.
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Statistical analysis

The statistical analysis was performed using the SPSS ver-
sion 17.0 software. The chi-square test was used to compare
categorical variables. The correspondence of the data to the
normal distribution was checked using the Kolmogorov—
Smirnov test. The nonparametric Mann—Whitney test was used
to compare quantitative indicators between two independent
groups (patient-control). The assessment of the possible
influence of the NPCILI genotype on the development of
atherosclerosis, adjusted for gender and age, was performed
using multifactorial logistic regression analysis.

Results

Analysis of the prevalence of rare variants

in the ABCA1, ABCG1, ABCG5, ABCG8 and NPC1L1 genes

in patients with lipid metabolism disorders

We analyzed targeted sequencing data for 169 patients with
hyperlipidemia, specifically searching for rare variants
(gnomAD frequency <1 %) in the cholesterol transporter
genes —ABCA1,ABCG1,ABCG5,ABCGS8 and NPCILI. The
results are presented in Tables 3—7.

Rare variants in cholesterol transporter genes
in patients with lipid metabolism disorders

14 variants in the ABCAI gene were identified in 17 pa-
tients, and four variants in the ABCG1 gene were found in five
patients (Tables 3 and 4). All identified variants are classified
as benign in public databases. The ABCALI transporter is an
important regulator of HDL biogenesis, mediating the transfer
of cholesterol from cells to nascent pre-beta-HDL particles.
Therefore, ABCA 1 gene variants affecting protein function may
be associated with reduced plasma HDL-C levels, contribu-
ting to the development of atherogenic dyslipidemia (Shim et
al., 2021). A female patient with a clinical presentation of FH
and low HDL-C levels (1.2 mmol/L, below the lower normal
limit for women) was a carrier of two rare ABCAI variants:
rs187652566 p.(Cys887Phe) and rs138422574 p.(Val1674lle).
It is noteworthy that the frequencies of two ABCA variants
in the Russian population are higher than the gnomAD
frequencies: rs764824326 p.(Glu450Lys) and rs138422574
p-(Vall674lle) (Table 3).

The ABCG1 transporter provides saturation of mature HDL
cholesterol for subsequent transport to the liver. According to
the RUSeq database, two variants of the ABCG/ gene are more
common in the Russian population: rs4148108 (c.292+4G>A)
and rs143199611 p.(Ala265Thr) (Table 4).

Table 3. ABCAT rare variants identified in patients with lipid metabolism disorders

Number rsID The genomic coordinate Substitution Frequency Frequency RUSeq

of patients (GRCh38) NM_013389.3/ protein gnomAD

1 rs199976989 chr9:104903705T>G c.—26A>C 0.0001511 -

1 rs1408196930 chr9:104928007A>T c—-165T>A 0.000006569 -

1 rs1015644827 chr9:104840350T>C c.983A>G 0.000001368 0.0002962
p.(Asn328Ser)

1 rs764824326 chr9:104832735C>T c.1348G>A 0.00001232 0.0002998
p.(Glu450Lys)

1 rs186911476 chr9:104832706T>G c.1377A>C 0.0002719 0.001574
p.(Thr459=)

1 rs142342160 chr9:104832616G>A c.1467C>T 0.0000314 0.0005928
p.(Asn489=)

1 rs145582736 chr9:104825781T>C C.2444A>G 0.0001826 0.0008339
p.(Glu815Gly)

2 rs370414528 chr9:104824558G>A c.2563C>T 0.00001232 0.0001044
p.(Pro855Ser)

1 rs187652566 chr9:104822664C>A €.2660G>T 0.0003932 0.001469
p.(Cys887Phe)

1 rs41277767 chr9:104820060G>A c.2970C>T 0.00003765 0.0002089
p.(Val990=)

1 rs138422574 chr9:104798522C>T c.5020G>A 0.0004845 0.001780
p.(Val1674lle)

1 rs13306077 chr9:104796059G>A c.5376C>T 0.0024642 0.001195
(Thr1792=)

3 rs142688906 chr9:104791982C>T c.5774G>A 0.002204 0.009880
p.(Arg1925GIn)

1 rs144588452 chr9:104784371C>T C.6730G>A 0.0002198 0.0004175
p.(Val2244lle)

Note. All variants are likely benign.
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Number rsID The genomic coordinate Substitution Frequency Frequency
of patients (GRCh38) NM_013389.3/ protein gnomAD RUSeq
1 rs141619254 chr21:42225766G>A c.144G>A 0.001088 0.0002413
p.(Thr46=)
2 rs4148108 chr21:42225918G>A €.292+4G>A 0.001545 0.005481
1 rs143199611 chr21:9.42284612G>A c.793G>A 0.0001834 0.0009681
p.(Ala265Thr)
1 rs138421137 chr21:42290169C>T c.1350C>T 0.001220 0.002301
p.(Phe450=)
Note. All variants are likely benign.
Table 5. ABCG5 rare variants identified in patients with lipid metabolism disorders
Number rsID The genomic Substitution Frequency Frequency Clinical significance
of patients coordinate (GRCh38)  NM_013389.3/ protein  gnomAD RUSeq according to the ClinVar
database
3 rs56204478  chr2:43838600C>G €.80G>C 0.00308 0.004534 Likely benign
p.(Gly27Ala)
1 rs560839317  chr2:43838755G>A c-76C>T 0.0006295 - Uncertain significance
1 rs373819340 chr2:43837861G>T c238C>A 0.00007 0.0001042
p.(GIn80Lys)
2 rs145164937  chr2:43832056G>C €.293C>G 0.00237 0.002706
p.(Ala98Gly)
1 rs1250295912 chr2:43831947C>T c.402G>A 0.000003578 0.0001044  Likely benign
p.(GIn134=)
1 rs1044946422 chr2:43828090C>T c.527G>A 0.000007 - Uncertain significance
p.(Ser176Asn)
1 rs141828689 chr2:43828024C>T Cc.593G>A 0.00140 0.004739
p.(Arg198Gin)
1 rs72796720  chr2:43826460G>A c.696C>T 0.00199 0.002380 Likely benign
p.(Val232=)
1 rs552803459 chr2:43824988C>T c.805G>A 0.000007 - Uncertain significance
p.(Gly269Arg)
1 rs150716811  chr2:43813266G>A c.1806C>T 0.0003297 0.0004180  Likely benign
p.(Phe602=)
5 rs140374206  chr2:43813208T>C c.1864A>G 0.00602 0.007414
p.(Met622Val)

11 variants were identified in the ABCGS gene in 18 pa-

tients, and seven variants in the ABCGS8 gene were found
in 11 patients, including two pathogenic variants (4BCG8
rs137852987 p.(Trp361Ter) in three and ABCGS8 1769576789
p-(Leu572Pro) in two patients) and nine variants of uncertain
significance (VUS) (Tables 5-6). Thus, pathogenic variants in
the ABCGS gene were identified in five patients (3 %). Variants
of uncertain clinical significance, rs141828689 p.(Arg198Gln)
and rs145164937 p.(Ala98Gly) in the ABCGS5 gene, previously
described in patients with FH (Toton-Zuranska et al., 2023),
were identified in this study in two patients with hypercholes-
terolemia and early-onset CVD; the frequency of these genetic

variants is higher in the Russian population according to the
RUSeq database (Table 5). However, there is currently insuf-
ficient data to classify these variants as pathogenic. In addition,
our study identified variants of uncertain clinical significance:
rs1167870780 p.(Leul95GlIn), rs776335488 p.(Ser569Pro)
and rs113005049 p.(Ala642Thr). Variants rs1167870780
p-(Leul95GIn) and rs776335488 p.(Ser569Pro) were pre-
viously described in patients with sitosterolemia (Measi¢
et al., 2021; Chubykina et al., 2025), variant rs113005049
p-(Ala642Thr) — in a patient with FH (Averina et al., 2018).
Variants in the ABCGS8 gene, rs776335488 p.(Ser569Pro),
rs189249032 p.(Tyr613His) and rs113005049 p.(Ala642Thr),
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Table 6. ABCGS rare variants identified in patients with lipid metabolism disorders

Number rsID The genomic Substitution Frequency  Frequency Clinical significance according

of patients coordinate (GRCh38) NM_013389.3/ protein gnomAD RUSeq to the ClinVar database

1 rs1167870780 chr2:43852376T>A c.584T>A 0.000003810 - Uncertain significance
p.(Leu195GlIn)

3 rs137852987  chr2:43872094G>A c.1083G>A 0.00102 0.0005935  Pathogenic
p.(Trp361Ter)

1 rs115227860  chr2:43873940C>T c.1365C>T 0.00169 0.0003131  Likely benign
p.(lle455=)

1 rs776335488  chr2:43875362T>C c.1705T>C 0.00001 0.0003132  Uncertain significance
p.(Ser569Pro)

2 rs769576789  chr2:43875372T>C c.1715T>C 0.00007 0.0005924  Pathogenic
p.(Leu572Pro)

1 rs189249032  chr2:438776417>C c.1837T>C 0.00006 0.0002962  Uncertain significance
p.(Tyr613His)

2 rs113005049  chr2:43877815G>A  ¢.1924G>A 0.0008841 0.008137
p.(Ala642Thr)

Table 7. NPC1L1 rare variants identified in patients with lipid metabolism disorders

Genetic variant Number The level of TCin blood The level of LDL-C in blood Manifestation of Frequency  Frequency
of patients plasma, mmol/L plasma, mmol/L atherosclerosis  gnomAD RUSeq
Haplotype p.(Val177lle) 13 adults 8.5+0.9 6.2+1.3 7 of 13 (54 %) 0.0063* 0.042*
/p.(His221Tyr) 6 children 7309 5.8+0.8 adults
/p.(Ala271Phe)®
Haplotype p.(His221Tyr) 2 adults 8.7 6.2 No - -
/p.(Ala271Phe) 8.0 49
1 child 6.9 43
rs375614485 1 5.1 3.4 Yes 0.0018 0.0015
chr7:44541254C>T
c.6G>A p.(Ala2=)
rs116204045 2 9.1 6.8 No 0.0009 0.0011
chr7:44539876C>T 9.1 7.4
c.521G>A p.(Arg174His)
1s757263723 1 - - - 0.00001 -
chr7:9.44538977G>A
¢.1420C>T p.(Pro474Ser)
rs758137107 1 9.3 5.5 Yes 0.0003 0.0005
chr7:44534597C>T
¢.2016G>A p.(Gly672=)
rs137889714 2 10.0 7.0 Yes 0.0005 0.0022
chr7:44533515G>A 9.3 6.6
¢.2325C>T p.(Thr775=)
chr7:44533487G>A 1 child 6.7 - - - -
¢.2353C>T p.(Leu785Phe)

Note. § Combination of genetic variants: chr7:44539868C>T ¢.529G>A p.(Val177lle) (rs149017550), chr7:44539736G>A c.661C>T p.(His221Tyr)
(rs114376659) and chr7:44539585_44539586GC>AA ¢.811_812delinsTT p.(Ala271Phe) (rs117724326/rs139533378).
* TC - total cholesterol; LDL-C — low-density lipoprotein cholesterol. The frequency is stated for rs149017550 chr7: 44539868C>T ¢.529G>A

p.(Val177lle).

as well as the pathogenic variant rs 1167870780 p.(Leu572Pro),
are found in the Russian population more often than it is indi-
cated in the gnomAD database (Table 6).

Nine NPCILI rare variants were identified in 29 patients
(Table 7). 19 patients were carriers of three variants —
p-(Vall771le), p.(His221Tyr) and p.(Ala271Phe) — which, as

we assume, are in linkage disequilibrium and in combination
compose a haplotype (Fath et al., 2020) with an increased fre-
quency in the Russian population (Table 7). This assumption
is supported by the results of Sanger sequencing performed in
two families, where relatives of the patients were available for
analysis (Fig. 2). We also identified a homozygous carrier of
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Fig. 2. Sanger sequencing for two familial cases of haplotype
p.(Val177lle)/p.(His221Tyr)/p.(Ala271Phe) in the NPCIL1 gene.

A, B - pedigrees of patients carrying the p.(Val177lle)/p.(His221Tyr)/
p.(Ala271Phe) haplotype of the NPC1L1 gene; C — example of Sanger veri-
fication of the p.(Val177lle), p.(His221Tyr) and p.(Ala271Phe) variants of
the NPC1L1 gene.

the NPCIL1 p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe) hap-
lotype. Note that the single-nucleotide substitutions described
in the database — rs117724326 p.(Ala271Val) (frequency ac-
cording to RUSeq: 0.04729) and rs139533378 p.(Ala271Ser)
(frequency according to RUSeq: 0.04729) — in adjacent
nucleotides are in fact a single variant, ¢.811_812delinsTT
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p-(Ala271Phe) (Fig. 3). It should be noted that the NPCILI
p-(Vall771le)/p.(His221Tyr)/p.(Ala271Phe) haplotype is typi-
cally found in patients in whom monogenic dyslipidemia can-
not be confirmed. In our study, only 1 carrier of this haplotype
also had a mutation in the LDLR gene.

Evaluation of the contribution

of the p.(Val177lle) variant of NPC1L1 gene

to the development of atherosclerosis

The NPCILI gene variants p.(Vall771le), p.(His221Tyr) and
p.(Ala271Phe) are located in the N-terminal domain of the
NPCIL1 protein, which is responsible for cholesterol bin-
ding (Hu et al., 2021). Carriage of this haplotype may lead
to enhanced intestinal cholesterol absorption and may be
associated with the development of dyslipidemia and arterial
atherosclerosis (Fath et al., 2020). A method based on PCR
and restriction analysis was developed for the identification
of the p.(Vall77lIle) variant of the NPCILI gene. Genotyp-
ing was performed in a group of patients with atheroscle-
rosis of various localizations, as well as in a control group
(Table 8).

The frequency of the p.(Vall771le) variant of the NPCIL1
gene in the control group was 0.043, what is comparable with
the frequency reported in the RUSeq database (0.042). In the
group of patients with atherosclerosis, the frequency was
0.067, which is higher than in the control group; however,
the differences did not reach statistical significance. When
performing regression analysis using the entire dataset — and
additionally accounting for factors such as sex, age, and the
presence of atherosclerosis — we were unable to demonstrate an
association between the p.(Vall771le) variant of the NPCIL1
gene and the development of atherosclerosis on the base on
dyslipidemia. This result may be attributed to the insufficient
size of the study sample sets; further research is required.
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Fig. 3. Results of NGS-sequencing for the p.(Ala271Phe) variant of the NPC1L1 gene (bam-file).
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Table 8. Comparison of the frequency of the rs149017550 p.(Val177lle) variant of the NPCT1L1 gene across all studied groups

Genotype Homozygote GG
(Val/Val)

Control group, N =234 214

Group of patients with atherosclerosis, N =209 182

Group of patients with lipid metabolism disorders 150

(sequencing data), N =169

Carriers of the p.(Val177lle)
variant (including homozygous)

Frequency
of the p.(Val177lle) variant

20 (0) 0.043
27 (1)* 0.067
19 (1)** 0.059

* p =0.136 when compared with the control group; the groups are comparable in age and gender.
** p =0.366 when compared with the control group; the groups are not comparable in age and gender.

Discussion

Due to the high prevalence of CVDs, the impact of various
factors on the development of this pathological process re-
mains a relevant issue. A significant genetic contribution to
the progression of CVDs highlights the prospects of clarifying
the status of rare variants associated with lipid accumulation
and subsequent vascular damage (Meshkov et al., 2022). The
complexity of the genetic architecture of dyslipidemias un-
derscores the importance of implementing modern diagnostic
approaches for screening and early identification of carriers
of rare genetic variants (Kalwick, Roth, 2025).

The most common hereditary dyslipidemia is FH (Mirosh-
nikova et al., 2023a). FH is an autosomal dominant genetic
disorder characterized by high levels of cholesterol and LDL-C
in blood plasma. Typical phenotypic manifestations include
xanthomas, xanthelasmas and corneal arcus. Genetic diagno-
sis in patients with FH can be discovered in only 40-60 % of
cases with a monogenic nature of the disease (Medeiros et al.,
2024; Miroshnikova et al., 2025). The prevalence of FH varies
from 1:250 to 1:173 depending on the population (Meshkov
et al., 2021; Toft-Nielsen et al., 2022). Additionally, there
are more rare monogenic dyslipidemias, such as lipoprotein
lipase deficiency (Hegele et al., 2015), dysbetalipoproteinemia
(Heidemann et al., 2022), sitosterolemia (Miroshnikova et
al., 2023b), and others (Ivanova et al., 2020). The remaining
cases of lipid metabolism disorders may be of polygenic nature
(Futema et al., 2015).

As previously shown in GWAS studies, common genetic
variants play an important role in predisposing to lipid metabo-
lism disorders (Ripatti et al., 2016), but rare and low-frequency
variants may also significantly contribute to the development
of dyslipidemia and subsequent progression of atherosclerosis
(Hindy et al., 2022). The population-specific distribution of
genetic variants highlights the need to assess allele frequencies
separately for each population (Read et al., 2021; Senftleber
et al., 2024; Fan et al., 2025). In this study, we examined the
spectrum of rare variants (gnomAD frequency <1 %) in cho-
lesterol transporter genes —ABCA1,ABCG1,ABCGS5,ABCGS8
and NPCIL]I — in patients with lipid metabolism disorders in
the population of the Northwestern region of Russia.

We identified several variants in the ABCGS5 and ABCGS8
genes previously reported in patients with FH or sitosterolemia
(ABCGS5 15141828689 (p.Arg198Gln); ABCGS rs776335488
p-(Ser569Pro), rs769576789 p.(Leu572Pro), rs189249032

p-(Tyr613His), rs113005049 p.(Ala642Thr)), several among
them were more prevalent in the Russian population (Tables 5
and 6). Homozygous and compound heterozygous pathogenic
variants in these genes cause a rare autosomal recessive ge-
netic disorder, sitosterolemia, with an estimated prevalence
of 1:200,000 (Pshenichnikova et al., 2024). This condition is
characterized by elevated blood levels of plant sterols, as well
as total cholesterol and LDL-C. Patients with sitosterolemia
often present with xanthomas and early-onset cardiovascular
diseases, making the clinic signs similar to FH. Heterozygous
carriage of pathogenic ABCGS5 or ABCGS variants does not
cause sitosterolemia but may increase the risk of hypercho-
lesterolemia (Reeskamp et al., 2020). In our study, heterozy-
gous carriers of pathogenic and likely pathogenic variants in
ABCGS5 and ABCGS accounted for 3 %, which is consistent
with previously published data (Reeskamp et al., 2020; Me-
deiros et al., 2024).

Our study allowed us to pay attention to the increased
frequency of the p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe)
haplotype of the NPCILI gene both in patients with lipid
metabolism disorders in the Northwestern region of Russia
and in the Russian population overall. Active investigation of
the NPCILI transporter is driven by the potential for dysli-
pidemia therapy. Currently, ezetimibe — an NPC1L1 inhibitor
that blocks intestinal cholesterol absorption — is widely used.
Ezetimibe acts as an allosteric inhibitor of NPC1L1, inducing
a “closed” conformation of the transporter, which disrupts
cholesterol binding (Valdivia et al., 2023). Polymorphic vari-
ants in the NPCILI gene have been shown to account for
inter-individual differences in sensitivity to ezetimibe (Liao et
al., 2022) and may lead to a complete lack of response (Mau-
riello et al., 2023). Therefore, studying NPCILI genetic vari-
ants as risk factors for dyslipidemia and as pharmacogenetic
markers for predicting the efficacy of lipid-lowering therapy
is an important goal (Liao et al., 2022). Typically, variants in
this gene are associated with reduced protein activity and are
therefore protective, but variants that increase cholesterol ab-
sorption are also known — for example, p.(Argl74His), which
we identified in two patients (Mokhtar et al., 2022).

Substitutions p.(Argl74His), p.(Vall771le), p.(His221Tyr),
and p.(Ala271Phe) are located in the N-terminal domain of
the NPCI1L1 protein, which plays a key role in cholesterol
uptake (Valdivia et al., 2023; Yoon et al., 2023). Variability in
cholesterol absorption and plasma LDL-C levels has been pre-
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viously demonstrated to depend on a combination of rare vari-
ants in the NPCIL1 gene (Simonen et al., 2023). In the study
by F. Fath et al., the NPCILI p.(Vall771le), p.(His221Tyr)
and p.(Ala271Phe) variants were described in a patient with
hypercholesterolemia, and their combination was classified
by the authors as a possible cause of the disease (Fath et al.,
2020), which is consistent with our findings. For the Russian
population, the p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe)
haplotype has been shown to be population-specific: it is
not rare but rather polymorphic. We also assessed for the
first time the contribution of one of the haplotype variants,
p-(Vall77lle), to atherosclerosis development. However,
differences in genotype frequencies between patients with
atherosclerosis and the control group did not reach statistical
significance, which does not allow us to draw a conclusion
about the impact of the p.(Vall771le) variant in the NPCIL1
gene on atherosclerosis. Our results do not indicate a definitive
absence of contribution from either the individual variant or
the p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe) haplotype to
the polygenic background; thus, expanding the sample size
in future studies may allow a more precise verification of the
significance of these variants. Further research is needed to
investigate the contribution of both individual variants and the
haplotype to the polygenic risk of hypercholesterolemia and
the efficacy of ezetimibe treatment.

Conclusion
Currently, in the absence of monogenic variants, polygenic hy-
percholesterolemia is assumed: when no significant pathogenic
genetic variants are present, the accumulation of common and
rare genetic variants with small effects may lead to dyslipide-
mia. This study examined the spectrum of rare variants in cho-
lesterol transporter genes —ABCA1,ABCG1,ABCGS5,ABCGS8
and NPCILI — in patients with lipid metabolism disorders
who underwent genetic testing. Our work indicates a higher
frequency of some rare variants in these genes — particularly
NPCILI — in the Russian population. However, to determine
their contribution to CVD risk, their prevalence must be as-
sessed in larger patient groups. Additional studies are needed
to develop population-specific genetic risk scores that account
for the cumulative contribution of risk and protective alleles
in lipid metabolism-related genes and can be used to predict
individual risk of dyslipidemia and cardiovascular diseases.
Study limitations. The limitations of the study include: rela-
tively small sample sizes for investigating population-specific
patterns of genetic variant distribution; specific features of
sample formation. In particular, the first sample set included
individuals with severe dyslipidemia who were prescribed ge-
netic testing. Consequently, the proportion of individuals with
monogenic forms of dyslipidemia — primarily familial hyper-
cholesterolemia (FH) — in this sample set was relatively high,
accounting for 30 %. On the other hand, it should be noted that
the haplotype p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe) of
the NPCIL1 gene was detected predominantly in individuals
without an identified monogenic cause of dyslipidemia, with
the exception of one patient. A limitation of the sample set
used in the second stage of the study is that the group of pa-
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tients with atherosclerosis was formed based on the presence
of the disease, regardless of whether the patients initially had
dyslipidemia. This is because the duration and effectiveness
of statin treatment were difficult to track in most cases.
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Mathematical and computational modeling
of biosystems at different levels of organization
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Abstract. Modern biology increasingly relies on mathematical and computational modeling to describe complex
hierarchically organized biological systems. This review considers models that cover the main levels of biological
organization, from the molecular-genetic and cellular levels to tissue/organ, organismal, population and ecological ones.
The aim of the work is to systematize the key modeling approaches at each of these levels, to analyze their capabilities
and limitations, and to discuss strategies for constructing multiscale and hybrid models that consistently link processes
operating at different spatial and temporal scales. We survey classical deterministic and stochastic models based on ordinary
and partial differential equations, logical and graph-based models of regulatory networks, cellular automata, agent-based
models, as well as flux-balance approaches. Typical examples are given for the modeling of gene regulatory and metabolic
networks, chemotaxis, tissue and organ growth, population dynamics and genetic structure, and ecosystem functioning.
Special attention is paid to comparing approaches with respect to the scale of description, complexity of modeled processes,
data requirements, computational cost and interpretability of results. The analysis shows that hybrid and multiscale models
provide an adequate framework to account for nonlinearity, stochasticity and structural heterogeneity of biosystems, but
require substantial computational resources and careful data-driven calibration. Methodological and technological trends
are outlined, including the development of specialized platforms and model repositories, standards for model representation
and tools for reuse of model components.
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MaTeMaTuuecKoe 1 KOMIIbIOTepHOe MOoJe/lpOoBaHue
610JIOTMYECKIUX CHCTEM Ha PasHbIX MepapXmuecKux
VPOBHSX OpraHmu3aiim
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DepepanbHblii NCCNefoBaTENbCKUNIA LeHTP VIHCTUTYT umTonorum u reHetnkn Cnbrnpckoro otaeneHns Poccuinckoli akagemum Hayk, HoBocnbupck, Poccus
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AnHoTauusa. CoBpemeHHasa 6vonorus Bce B Gonblueii CTEMeHW OMNMpPaeTcs Ha MaTemaTMueckoe 1 KOMIMbloTepHoe
MOAENMPOBaHMe N1 ONUCAHNA CJTIOXKHbIX MepapXrYecKn OpraH130oBaHHbIX GriocrcTem. B gaHHOM 0630pe paccmaTtpriBatoTcs
MaTeMaTU4YecKne MOAENN, OXBaTbiBalolyie OCHOBHbIE YPOBHM OUONOTMYECKON OpraHM3aumMm — OT MOJNEKYNAPHO-
TEeHETUYECKOrO 1 KNIETOUYHOTO [0 TKaHEBOro/OpPraHHOro, OPraHW3MEHHOro, MOMYMALMOHHOTO W 3Konoruyeckoro. Llenb
paboTbl COCTOUT B CMCTEMATM3aLMV KNIOUEBbIX MOAXOAOB K MOLENMPOBAHMIO Ha KaXAOM U3 3TUX YPOBHEl, aHanuse
MX BO3MOXHOCTE M OrpaHMYEHUid, a Takxe B OOCYXKAEHUW CTpaTeruii NOCTPOEHWS MHOrOMAacLlITabHbIX U TMOPUAHBIX
MOAenen, CBA3bIBAOWMX BOEAMHO MNPOLECChl pa3HbiX MPOCTPAHCTBEHHO-BPEMEHHbIX MacluTaboB. PaccmaTtpuiBaloTcs
Knaccmuyeckme OeTepMUHMPOBAHHbIE U CTOXAaCTMUYECKME MOLenn Ha OCHoBe AnddepeHUmanbHbIX YPaBHEHWI B YaCTHbIX
NPOU3BOAHDIX, TOrMYeckme 1 rpadoBble MOAENN PETYNIATOPHbIX CETel, KNeToUHble aBTOMaTbl, areHTHO-OPUEHTUPOBAHHbIE
1 UHOUBWYaNbHO-OPVEHTUPOBAHHbIE MOLENU 1 MOAXOAbI, 6asupytowmecs Ha 6anaHce NOTOKOB. MPUBOAATCA TUMMUHbIE
npuMepbl MOLENVMPOBAHNA MOJEKYAPHO-TEHETUYECKUX CeTel, MeTabonn3mMa M XeMOTAKCKCa, POCTa TKAHEN 1 OPraHoB,
OUHAMVKU NONYNALMUIA Y FEHETUYECKOW CTPYKTYPbI, a Takke yHKUMOHMPOBaHWA skocucTem. Ocoboe BHUMaHMWe yaensaeTcs
COMOCTaBMIEHNIO MOAXOAOB MO KPUTEPUAM MACLUTA6OB OMMCAHUA, CIIOXKHOCTU MOAENMPYEMbIX MPOLECCOB, AOCTYMHOCTM
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MogenvpoBaHvie 61MONOrMUYecKrx CUcTem
Ha Pa3HbIX MepapXMYecKnX YpoBHAX OpraHmu3auum

NCXOAHbIX AaHHbIX, BbIYNCIINTENBHON TPYOOEMKOCTU N NUHTEPNPETUPYEMOCTN Pe3YNbTaTOB. 0630p 0606u4aeT OTeYeCTBEHHDIN
n 3apy6€)KHbll7l onbIT, nNogyepkKkmBaa BKNag pOCCMMCKMX N, B 4aCTHOCTW, HOBOCI/I6I/IpCKI/1X KONNeKTNBOB B pasButne
I'VI6pVI,EleIX MeTOoLOB MoAeNnpoBaHNA, NMOCTPOEHUA MHOFOMacCLUTaOHbIX mopenen n peannsaunm nporpamMmmHbIX HHaT¢OpM
OnA CUCTEMHON 6uonorun. B pe3ynbrate NpoBeAeHHOro aHaJjin3a nokasaHo, YTo r|/|6p|/|,qu|e 1N MHOTroMacLiTabHble mopenun
Nno3BoONAT Hanbonee MosHO yyecTb HENIMHENHOCTb, CTOXaCTUYHOCTb U CTPYKTYPHYIO HEOOHOPOAHOCTb 61ONOrNYECKmX
cancTem, HO Tpe6y10T 3HAYUTENIbHbIX BbIYUCINUTENbBHbBIX PecypcoB ” TWaTenbHOM KaJ'II/I6pOBKVI Nno AaHHbIM. OTmeuyatoTcA
mMetToanyeckme 1 nporpamMmHo-TexHonornyeckme TeHAeHUWMW, BKKYaA pa3Butne cneynanmsmpoBaHHbIX nnachopM n
penosnTopunes MO,EleJ'IeVI, cpencTs CtTaHapTM3aunm onncaHnA N NOBTOPHOIO NCMOJIb30BaHNA MOAEIbHbIX KOMMNOHEHTOB.

KnioueBbie crioBa: MaTemMaTnyeckoe Mo,qenmposaHme;6V|onor|/|quK|/|e CUCTEMbI; MHOTOMACLUTA6Hble MoAeNnn; KoMnbloTeEPHAA
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Introduction

Biological systems are complex, hierarchically organized sys-
tems where differences in the characteristic sizes of objects
span up to ten orders of magnitude, and differences in the
characteristic timescales of processes span up to 18 orders of
magnitude (Riznichenko, 2003; Shumnyi et al., 2006).

Highlighting the levels of biological organization that are
most developed in terms of mathematical description, we note
the following:

* Molecular-genetic;

e Cellular;

* Tissue/organ;

* Organismal;

* Population;

* Ecological/biocenotic.

Each of these levels is characterized by specific objects and
processes and, accordingly, requires its own mathematical
and computer models for description. It should also be noted
that concepts such as genotype and phenotype, being among
the most frequently used terms in biology, can be described
from the perspective of mathematical modeling in completely
different ways. Depending on this description, they may for-
mally belong to different levels of biological organization.
Depending on the context of the situation under consideration,
these allelic variants can be described as symbolic sequences,
numbers, etc. The diversity of ways to describe phenotypic
traits of an organism is even broader — these can be discrete
traits (e. g., eye or hair color, flower color) or continuous traits
(e.g., height or weight). Traits can be the result of measure-
ments conducted using both simple instruments like rulers or
scales, and complex physical and/or biochemical instruments
(e. g., morphophysiological traits).

The aim of this review is to systematize the main mathemati-
cal and computer methods for modeling biological systems at
various levels of organization, analyze their capabilities and
limitations, and consider approaches to constructing multiscale
and hybrid models that combine several levels within a unified
conceptual and computational framework.

Molecular-genetic level of organization

The Molecular-Genetic Control System (MGCS) of a cell is
the set of its irregular polymers (DNA, RNA, and proteins), as
well as molecular subsystems performing various biochemical
processes on these irregular polymers (Ratner et al., 1985):
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 Synthesis;

 Transformation;

* Decay;

 Transport, etc.

Among the methodological approaches for studying the
MGCS, three main ones can be noted:

1. Structural-functional approach — focuses on the material
properties of macromolecules and the MGCS in relation to
their function. It studies structural, physicochemical, and
energy patterns of macromolecule structure, thermodyna-
mics and kinetics of processes, etc.

2. Information-cybernetic approach — focuses on identifying
the principles of organization and control of the MGCS,
abstracting from their structural features. It studies self-re-
production, information processes, coding, memory, reli-
ability, regulation systems, etc.

3. Evolutionary approach — identifies the paths of origin and
evolution of the MGCS as a whole, various subsystems
and fractions of macromolecules, as well as evolution fac-
tors, types of evolutionary dynamics, etc. (Ratner et al.,
1985).

A particular case of the MGCS is the so-called gene net-
works — groups of coordinately functioning genes interacting
with each other both through their primary products (RNA
and proteins) and through various metabolites and other se-
condary products of gene network functioning (Kolchanov et
al., 2013).

Models of biological systems at the molecular-genetic
level include simple ODEs (Ordinary Differential Equations)
and systems of ODEs consisting of several equations, discrete
models built using various formalisms (Boolean networks,
Petri nets, cellular automata, etc.), discrete-continuous mo-
dels, as well as various computer simulation and agent-based
models.

The simplest MGCS models were built based on chemical
kinetics equations of the form (Eq. (1)), representing various
ways of presenting the kinetic law of mass action and the
Generalized Chemical Kinetic Modeling Method (GCKMM)
proposed by Vitaly Likhoshvai (Likhoshvai et al., 2000):

dX

- "y, K), 1

where X — vector (list) of controlled variables, ¥ — vector (list)
of controlling variables, K — list of parameters.
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The inclusion of the same variables in both lists is allowed,
but, in general, the lists X and Y do not coincide and may not
intersect at all. Variables usually represent concentrations
of substances or probabilities of realizing selected states of
substances. Variables from the list ¥ not included in the list X
are parameters for the current elementary model. The func-
tional V" describes the law of rates of change of concentrations
of substances from the list X.

The kinetic law of mass action is derived based on collision
theory. Let there be a biochemical reaction:

A+B o C. @)

Then the rate V,p_, ¢ of formation of complex C at current
time ¢ is equal to:

Vaspoc() =k [Al[B], A3)

and the rate V¢ _, o, g of decay of complex C into components
A and B at current time ¢ is equal to:

Veoasp (@) =klCI. 4

If there is a specific biochemical reaction scheme of the
form (Eq. (2)), then the instantaneous rate of change of con-
centration of any substance equals to the sum of local rates
of change of concentration of this substance in each reaction
in which this substance participates (Kazantsev et al., 2009;
Akberdin et al., 2013). This simple rule allows easily writing
down the final system of differential equations describing the
target biochemical scheme, using only first and second-order
polynomials as the right-hand sides of the system equations
(Eq. (1)). The theoretical basis for it is the Korzukhin theorem,
which is crucial for modeling chemical kinetics: “For any
set of non-negative curves defined on a finite time interval,
and any given accuracy, there exists such (perhaps not the
one) biochemical scheme, composed only of bimolecular
and monomolecular reactions, that the mathematical model
built according to this biochemical scheme approximates the
given set of curves with the given accuracy” (Zhabotinskii,
1974).

The most important element in constructing more complex
MGCS models using GCKMM (Likhoshvai et al., 2000) is
the rule of summation of local rates of biochemical reactions:
the total rate of change of component concentrations in the
system is the sum of the rates of change of concentration of
this component in all elementary processes (see Supplementary
Materials, Table S1 for details)!.

Logical approaches for modeling MGCS, introduced back
in the 60s of the 20th century, are based on applying logic
and discrete mathematics terms to describe molecular-genetic
mechanisms (Kauffman, 1969). Let us give an example of
describing gene network operation in terms of Boolean logic.
A gene network is represented as a Boolean network — a di-
rected graph where vertices represent gene states, and edges
represent regulatory events, i.e., the action of genes on other
genes (Ratushnyi et al., 2005; Tran, 2016; Barbuti et al., 2020).

T Supplementary Table S1 and Figures S1-S7 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Lashin_Engl_30_3.pdf

Mathematical and computational modeling
of biosystems at different levels of organization
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Boolean Functions
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Example of a simple Boolean gene network.

The right side lists Boolean functions of state changes; the dashed line
means the source gene are inhibited; the solid line means the source gene
are activated (according to: (Chen et al., 2018)).

The current state of the gene network is described by a list of
expressed (working) and non-expressed (non-working) genes
at discrete moments in time. It is assumed that genes can be
in only two states: “expressed” (true,1), or “not expressed”
(false,0). The state of the gene network, thus, represents a
Boolean vector:

X=(4), ielN, ®)
where A, is the state of the i-th gene. The change of network
states is described using a Boolean vector-function -

X+1) =f(X(@) =
= (fa, (X)), Lo, (X@)), ... L1, (X)), (6)

where f;:{0,1}¥ — {0,1} —describes the impact of expression
of all genes on the expression of the i-th gene. An example of
a simple Boolean gene network is shown in the Figure.

It should be noted that the approaches mentioned above
have limited applicability in quantitative forecasting due to
their simplification. Therefore, at present, the most frequently
used approaches for describing MGCS are various hybrid
methods combining continuous, discrete, and stochastic model-
ing methods. One of the first such methods is the generalized
threshold modeling method developed in Novosibirsk by
Rustem Churaev back in the 70s of the 20th century (Churaev,
Ratner, 1972; Churaev, 2005). This method combines ap-
proaches of automata theory and linear ODEs. The core idea
lies in dividing the system’s phase space into regions, within
which a system behavior is described by linear ODEs, while
transition conditions between regions are described by Boolean
functions. The solutions of linear systems are “stitched” at
zone boundaries. Another example of hybrid approaches is a
rule-based modeling, where the model is defined indirectly via
a specific set of rules (Blinov et al., 2004; Harris et al., 2016).
Further development of GCKMM and numerical modeling
methods of MGCS based on it at the Institute of Cytology and
Genetics was also carried out within the paradigm of hybrid
approaches (Kazantsev et al., 2009, 2018).
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Cellular level of organization

Mathematical modeling at the cellular level of organization
considers biological processes such as transport of substances
and energy from the environment into the cell and back, their
metabolism, cell movement in space, and their division. Re-
garding modeling metabolic processes, the cellular level of
organization is directly linked to the molecular-genetic level
discussed in the previous section. The term “Electronic Cell”,
which appeared in the late 20th—early 21st century (Tomita et
al., 1999; Tomita, 2001; Ishii et al., 2004; Price et al., 2004;
Karr et al., 2012; Akberdin et al., 2013), implies modeling
the cell primarily at the molecular-genetic level of biological
organization.

Nevertheless, unlike the models discussed in the previous
section, where the MGCS themselves, their states, function-
ing modes, etc., are of interest, cell models can focus on other
events and processes, considering the MGCS models included
in them as “handy tools”. For example, Japanese systems bi-
ologist and bioinformatician Masaru Tomita, the leader of the
E-CELL project — one of the first successful projects modeling
an electronic bacterial cell — highlights among cellular level
organization processes that can be modeled using MGCS
processes: substance transport across the membrane, cell cycle
and cell division, as well as the development of pathological
states (e. g., for human erythrocyte cells) (Tomita et al., 1999;
Tomita, 2001; Hucka et al., 2003). Programs developed within
the E-CELL project use a hybrid approach to modeling cell
viability; in particular, version E-CELL 3 uses ODE systems,
stochastic modeling using the Gillespie algorithm, as well as
special algorithms for “stitching” solutions.

Another important cellular process for modeling which the
MGCS models can also be used is chemotaxis — cell movement.
Bacterial chemotaxis represents one of the simplest and well-
studied examples of microbial behavior. It allows swimming
bacterial cells to follow chemicals in the environment along a
concentration gradient. Molecular mechanisms of chemotaxis
in the model bacterium E. coli have been studied in great detail
over the last 50 years, using a wide spectrum of experimental,
mainly biophysical, methods (Berg, Purcell, 1977; Vladi-
mirov, Sourjik, 2009; Kaizu et al., 2014). The accumulation
of experimental data in this area led to the creation of several
chemotaxis models. For example, the model published by the
group (Bray et al., 1993) is a hybrid block-modular model
where the molecular-genetic component is described using
chemical kinetics equations, and the physical component —
rotation of special motor proteins — using a finite automaton.
A schematic diagram of this model is provided in Figure S1.
The model reproduces the behavior of over 30 mutants, indi-
cating its high quality. The model was developed and imple-
mented as the BCT (BacterialChemoTaxis) software package
(Bray, Bourret, 1995), which subsequently allowed describing
over 60 mutants (Bray et al., 2007). Additionally, agent-based
models combining this approach with stochastic modeling of
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MGCS were used to study chemotaxis (AgentCell (Emonet
et al., 2005)); hybrid modeling combining ODE blocks and
stochastic modeling, as well as mean-field approximation for
the Monod—Wyman—Changeux model? (RapidCell (Vladi-
mirov et al., 2008), see also Fig. S2).

Molecular mechanisms of movement in more complex
eukaryotic cells differ fundamentally from those in bacteria.
Nevertheless, the methodological repertoire for mathemati-
cal modeling of these processes is generally the same. For
example, a mathematical model of hair cell regulation —recep-
tors of the auditory system and vestibular apparatus of animals
and humans, describing ion transport, membrane potential, and
cell movement (O’Beirne, Patuzzi, 2007), was implemented
based on the Boltzmann equation.

Despite the significant background in modeling biological
systems at the cellular level of organization, in most studies
currently being conducted, single-cell models are used as
auxiliary tools. This applies to levels of biological organiza-
tion considering models of cell ensembles — tissue, organismal,
and population levels.

Tissue/organ level of organization

Biological zissue is a system of cells similar in origin, structure,
and functions performed in the organism, as well as intercel-
lular substances and structures — products of their vitality
(Gilyarov et al., 1986). Animal tissues are divided into four
main types: connective, muscle, nervous, and epithelial. Plant
tissues are divided into simple, consisting of cells of one type
(e.g., collenchyma), and complex, consisting of different types
(e. g., epidermis). Depending on the classification, two or three
types of plant tissues are distinguished. In the first case, tissues
are subdivided into meristematic (actively dividing cells, e. g.,
in roots or stem tips) and permanent (having lost the ability
to divide). In the second case, tissues are divided into zissue
systems: epidermis, mechanical tissue, and conducting tissue
(Gilyarov et al., 1986). A combination of various interacting
tissues forms organs.

Given such diversity of properties and functions of bio-
logical tissues and organs, the repertoire of mathematical and
computer models representing this level of biological orga-
nization is extremely large. The methodological arsenal for
constructing such models is broad and includes both classical
modeling methods using systems of ODEs and partial dif-
ferential equations (more often used for modeling biological
tissues), and modern hybrid modeling methods including
agent-based approaches, etc.

Mathematical and computer modeling of biological tissues
and organs arouses the greatest interest among medics and
biologists in the following contexts: (1) modeling develop-
ment, i.e. morphogenesis, embryogenesis, etc.; (2) modeling

2 The Monod-Wyman-Changeux model describes the regulation of en-
zymatic activity in a protein composed of identical subunits through al-
losteric structural changes (Monod et al., 1965).
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pathologies (diseases) and strategies for their correction. In
some cases, the same model can be considered in both contexts
simultaneously, for example, a cancer tumor development
model allowing numerical investigation of various treatment
strategies.

The classical model of morphogenesis theory is the “reac-
tion-diffusion” model proposed in the mid-20th century by
Alan Turing (Turing, 1952):

ox 0%x
T =P(x,y)+ D,

d arz’ 7
oy e 2%y (7
ac ~ Qe+ Dyas

where 7 — spatial coordinate, D,02x/0r? and D,0%y/0r* de-
scribe diffusion of substances x and y along this coordinate.
Diffusion of non-linearly linked components x and y in this
system leads not to averaging, but to a distribution periodic in
time and non-uniform in space (Riznichenko, 2003).
Modifications of the “reaction-diffusion” model have been
actively studied and applied to a wide range of biological
tasks, including modeling tissues and organs. In particular, a
mathematical model implemented as system (8) was used to
study animal skin coloration patterns. Depending on model
parameters, which correspond to different combinations of
morphogens (substances affecting individual organism de-
velopment), coloration patterns vary within a wide range

(Fig. S3).
G} d
6_l: =yf(u,v) + Vzu,a—: =yg(u,v) + dV?v,
fu,v)=a—u—h(u,v),glu,v)=alb—v)—h(w,v), (8)
hu,v) = —
WY Ty ur K2’

where f, g, h — functions describing reaction kinetics; a, b, a,
p and K — positive parameters describing reaction kinetics,
representing ratios of kinetic constants (detailed derivation of
these parameters is provided in (Murray, 2003)); d — ratio of
diffusion coefficients; y determines the region size.

Another approach to modeling biological systems at the
tissue and organ level of organization was proposed by Vitaly
Likhoshvai and later developed in works under the supervision
of Victoria Mironova on modeling plant tissues (Likhoshvai
et al., 2007; Fadeev et al., 2008; Mironova et al., 2010, 2012;
Novoselova et al., 2013; Pasternak et al., 2019). Its essence
lies in describing plant tissue as a system of ODEs of suffi-
ciently large dimension — from hundreds to several thousand
equations. Here, a separate tissue cell corresponds to several
equations; in most works — just four equations describing the
dynamics of substances of interest to the researcher: proteins
and hormones. Cells are considered as systems with complete
mixing. Redistribution of substances between cells via diffu-
sion and active transport processes is described by substance
transport equations. An example of such equations for the
hormone auxin is given in the following fragment of system (9)
from the article (Likhoshvai et al., 2007) (model scheme is
shown below in Fig. S4).

Mathematical and computational modeling
of biosystems at different levels of organization

d(;tn =a+t Ptan—l - Ptan - Kdan + KOanf(an)a
da, =P(ap + a;i 1) + Ko flai) —
g~ @) Ko fla ©)

—2P,a;— Kqa;,— Koa; fla;), i=n—12,

% =-Pa; - Kqa, + P,a; + Koas flay),

where a; — concentration of hormone auxin in the i-th cell of
the plant root (the root itself is considered in this model as a
one-dimensional array of cells, see also Fig. S4a); parameter o
describes constant auxin inflow into the system; P, — auxin
diffusion between cells; K; — auxin degradation parameter in
the cell; function f(a;) describes active directed transport of
auxin across the membrane via special transporter proteins

(Eq. (10)):

i)t
f( i) = ( ql;,- 51 | X anpz |
. 1+($) 1+(q—;)

In this function, in turn, g;; — activation threshold constant
for auxin-dependent transport; ¢, — saturation threshold con-
stant for auxin-dependent transport; ¢, — inhibition threshold
constant for auxin-dependent transport; p; and p, —nonlinearity
coefficients of activation and inhibition mechanisms, respec-
tively. In the aforementioned series of works on modeling
plant organs and tissues, both one-dimensional (1D) and
two-dimensional (2D) models were considered (Fig. S4).
Although these models represent systems of ODEs (often
of large dimension), ideologically they are close to cellular
automaton models, which are also frequently used for mo-
deling biological systems at tissue and organ levels of orga-
nization.

Thus, modeling using cellular automata was used to study
ontogenesis processes (Markus et al., 1999; Akberdin et al.,
2007; Vitvitsky, 2014; Patubicki et al., 2019) and vegetation
(Komarov et al., 2003; Colasanti et al., 2007) of plants. This
approach is also actively used for modeling tissues and organs
of animals and humans, in particular, pathological states such
as oncological diseases (Gevertz, Torquato, 2006; Szabo,
Merks, 2013; Briiningk et al., 2019; Salguero et al., 2019),
immune (Bezzi et al., 1997), infectious (Slimi et al., 2009)
and others (Talaminos-Barroso et al., 2020).

In most of the works listed above, as well as in many others
not included in this review, the cellular automaton modeling
methodology is used in combination with other approaches,
in particular, agent-based modeling and rule-based modeling
(Fig. S5), mentioned earlier in section “Molecular-genetic
level of organization”. Such hybrid models, used primarily
for modeling tissues and organs, received the name Cellular
Potts Models (Glazier, Graner, 1993; Marée et al., 2007; Voss-
Boéhme, 2012).

Further development of methods for modeling biological
tissues and organs led to the emergence of software packages,
libraries, and platforms adapting Potts models and agent-based
modeling for solving specific content-related tasks in biology.

(10)
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We note such software packages as CellSys (Hoehme, Drasdo,
2010), EPISIM (Siitterlin et al., 2013, 2017), CompuCell3D
(Swatetal., 2012), and others. We separately note projects on
modeling whole organs, for example, the platform for mod-
eling the human liver VirtualLiver (Holzhiitter et al., 2012;
Drasdo et al., 2014). The development of methods for modeling
biological tissues and organs prepared the background for the
emergence of computer models of whole multicellular orga-
nisms, which will be discussed in the next section.

Organismal level of organization

The history of mathematical and computer modeling of in-
dividual organism functioning dates back to the 60s of the
20th century. The first and simplest tree model was presented
by Igor Poletaev and his students in 1965 (Poletaev, 1965,
1966). Despite its simplicity, the model, based on physical
principles, answered the question “why does a tree not grow
infinitely in height?”” Subsequently, more complex model va-
riants were built and investigated based on the simplest model
(Karev, Skomorovsky, 1999; Kolobov, Frisman, 2008). The
real flourishing of detailed models of individual multicellular
organisms occurred in the last 10—15 years. This was largely
due to the colossal progress achieved in computer performance,
namely — processing speed, RAM volume, and storage device
capacities. It became possible to create realistic models of
living organisms. The term “Digital Twins of Biological Or-
ganisms” appeared (Barnabas, Raj, 2020; Tellechea-Luzardo
et al., 2020; Miehe et al., 2021), etc.

The methodological arsenal used for modeling at the or-
ganismal level of biological organization naturally includes
all approaches discussed in previous sections. Depending on
the goals and tasks that authors of “digital organisms” set for
themselves, some levels of biological organization, as well
as corresponding biological processes, may be described in
the model in more detail, and others — less. For example, in
the well-known OpenWorm project, dedicated to creating a
computer model of the worm Caenorhabditis elegans (Szigeti
etal.,2014; Sarma et al., 2018; Palyanov, 2019), main attention
is paid to modeling movement biomechanics and biophysics
of neuroimpulse transmission. Whereas, for example, the
Digital Salmon project (Omholt et al., 2013) is more focused
on salmon metabolism and ontogenesis processes.

It should be noted that the work on creating computer mo-
dels of whole organisms — “digital twins” — is currently being
carried out by large scientific teams, and often by consortia
consisting of many teams. As a rule, within these works, entire
software packages and even software platforms are developed,
which contribute to the development of the methodological
base of mathematical and systems biology.

Population level of organization

Biological population — a collection of individuals of one
species possessing a common gene pool and occupying a
certain territory (Gilyarov et al., 1986). The history of ma-
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thematical biology is primarily linked to modeling biological
populations. Starting with Leonardo Fibonacci, who in his
arithmetic book “Liber Abaci” proposed a model of rabbit
population size change over time (the model solution — the
famous Fibonacci numbers), continuing with Thomas Robert
Malthus’s work “An Essay on the Principle of Population”
(Malthus, 1978) and Pierre Frangois Verhulst’s “Notice on the
Law that Population Follows in its Growth” (Verhulst, 1838),
it is precisely population dynamics modeling that becomes
the driving force of mathematical biology development. The
models described in the mentioned works are, of course,
very simple (see Eq. (11) and (12)), but they have served as a
foundation for more complex models not only in biology but
also in other fields of science — physics, chemistry, etc. Below
is the Malthus equation:

dN

E=aN, a>0, (11)

where N — population size, a — population growth rate coef-
ficient.
The Verhulst equation looks as follows:

(2—];]=rN{1 —%} >0, K>0, (12)
where r — population growth rate coefficient, K — maximum
population size.

Models of interacting populations were first proposed by
Alfred J. Lotka (Lotka, 1909, 1920, 1925) and Vito Volterra
(Volterra, 1928, 1976) and subsequently received the names

“Lotka—Volterra models” or “predator—prey models”:

dN _
E - x(gx - 'nyy),
13)

% :y(nyx - 8y)n
where x —number of prey, y —number of predators; coefficients:
&, — natural prey growth, g, — natural predator decline (in
absence of prey), v,, — impact of predators on prey numbers,
Y,x — impact of prey on predator numbers.

The generalized Volterra model (Eq. (14)) allows consider-
ing other types of interactions between two populations besides
“predator—prey” relationships.

% =a)N, + b,N\N, — ¢, N{,

% = a)N, + by N\N, — ¢;N3,

(14)

where N, N, — size (density) of corresponding population,
ay, a, — growth rate of corresponding population, ¢;, ¢, — mor-
tality coefficient of corresponding population, b, b5, — coef-
ficients of population influence on each other. Depending on
the values of parameters b, and b,;, the type of interaction
between populations is determined (see the Table).
Functioning modes realized in models (13, 14) boil down
to two types — stationary states of the system and oscillating
modes (Riznichenko, 2002, 2017). When several (more than

507



S.A. Lashin, R.A. Ivanov
Y.G. Matushkin

Mathematical and computational modeling
of biosystems at different levels of organization

Types of interactions between populations considered in the generalized Volterra model (Eq. (14)),

according to: (Odum, 1975)

Type of relationship Influence of species 1

Symbiosis +
Commensalism +
Predator-prey +
Amensalism 0
Competition -
Neutralism 0

two) populations interact with each other, the richness of
dynamic modes of models increases sharply. For example, in
the “predator—two prey” system, the possibility of existence
of chaotic modes was shown (Aponina et al., 1982).

In the book by Alexander Bazykin “Nonlinear Dynamics
of Interacting Populations”, an exhaustive analysis of models
of three interacting populations of the generalized Volterra
model type is conducted (Bazykin, 2003). Discrete analogs
of the continuous population dynamics models discussed
above — Moran and Ricker models — consider population size
as a discrete quantity changing at certain discrete moments
in time, which corresponds to experimental data on census
of real populations. If we assume that population size at
time ¢ (N, t=0, 1, 2, ...) depends on sizes at some preceding
moments in time, then to describe population dynamics one
can apply the apparatus of recurrent or difference equations
(mappings):

Ni=FNi 1, N, . Ny (15)

The solution of this equation is a sequence of values N,
satisfying equation (15) at each 7. The Moran and Ricker model
(Eq. (16)) was proposed to describe population dynamics of
insects (Moran, 1950) and fish (Ricker, 1958):

N,
N,=N, exp {r[l - %]}

Interestingly, even in such a simple model, very different
functioning modes are found (Fig. S6).

Another large direction in population modeling — popula-
tion genetics modeling — was laid by classics of mathematical
biology: Ronald Fisher, John Haldane, Sewall Wright, and
others (Haldane, 1924, 1926, 1990; Fisher, 1930; Wright,
1931, 1949). Unlike population dynamics models describing
changes in population sizes, population genetics models focus
on describing changes in allele frequencies (gene variants)
in populations. The mathematical apparatus used in classical
population genetics models largely resembles that used in
population dynamics models — these are either recurrent equa-
tions or ODEs. As an example, below is a model of a Mendelian
asexual diploid panmictic population with one diallelic locus
(a gene having only two states — A; or A,):

(16)

Influence of species 2 Parameters
+ b5 b5, >0
0 by,>0,by; =0
- b:,>0,b,,<0
- b,,=0,b5,,<0
- by by <0
0 by by =0

where p — frequency of allele A; in the population (then fre-
quency of allele A,, ¢ =1 — p), gamete fitness is defined as wy,
wy, and their difference: s = w; — w,. Equation (17) describes
the change in allele frequencies over time.

Another class of models — matrix models of population
structure dynamics with complex age-sex structure or popu-
lations including individuals of one species with differing
physiological or biological characteristics, first proposed by
Patrick H. Leslie (Leslie, 1945, 1948), were thoroughly in-
vestigated in studies (Gimelfarb et al., 1974; Logofet, Belova,
2008). The model is represented by an equation of the form:

x(t+1)=Lx(t), t=0,1,2, ..., (18)

where column-vector x(7) = [x,(£), x5(¢), ..., x,(f)]” describes
population structure (numbers of separate groups of indivi-
duals), and matrix L, also called the Leslie matrix, has
the form:

b, b, bp-1 by
L=|5 0 0 . 0|,
0 0 Sp-1 0

where b, — birth rate coefficients, s; — survival coefficients.

Until recently, due to the lack of large-scale genomic data,
such models were built primarily based on certain biologically
meaningful assumptions, which allowed conducting theoretical
research in this area only at a qualitative level. The develop-
ment of sequencing methods and the subsequent emergence
of large volumes of experimental data led to the appearance
of computer models of population-genetic processes taking
these data into account at a quantitative level. Simulation
modeling of genetic sequence evolution received the name
“coalescence simulation”.

Methodologically, coalescence modeling represents a va-
riety of stochastic modeling using various approaches (Monte
Carlo methods, Markov chains, etc.) (Salem et al., 2005). Most
works in this area are based on the development and modi-
fication of classical population genetics models, such as the
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Wright—Fisher model (Hudson, 2002), island model (Wakeley,
2001), and others. A scheme of sequential complication of
the population-genetic model by adding additional biological
parameters to it was proposed (Schaffner et al., 2005) together
with an algorithm for verifying values of these parameters.
Currently, a number of software packages have been created
for such modeling: SIMCOAL 2.0 (Laval, Excoffier, 2004),
GENOME (Liang et al., 2007), Migrate-n (Beerli, Palczewski,
2010), CoaSim (Mailund et al., 2005), and others. Biologi-
cally significant results were obtained using these packages.
In work (Bataillon et al., 2006), an assessment of the effective
population size of Iceland, recombination rate, and a number
of other population parameters was conducted. Testing new
methods of analyzing genetic associations with human dis-
eases using computer modeling is provided in (Guan et al.,
2009). Statistical assessment of alternative human evolution
scenarios using modeling was conducted in study (Fagundes
et al., 2007).

Ecological/biocenotic level of organization
Ecology (from Ancient Greek oikos — “house” and logos —
“study”), according to Ernst Haeckel — is the science of re-
lationships of organisms and their populations with each
other and with the habitat (Haeckel, 1866). Ecology studies
biocenoses and ecosystems as a result of interdependent evo-
lution of organisms (biota) and biocenological environment,
taking into account activities of populations carried out at
different trophic levels, determining the power of energy and
substance flows in ecosystems and the general circulation
of substances, as well as autoregulation of ecosystems and
their role in the planet’s biosphere (Bykov, 1983). Currently,
the functioning of the planet’s ecosystems depends on social
factors and anthropogenic influences. In any limited space,
usually many species inhabit, between which constant and
complex relationships have been established. In other words,
various types of organisms existing in a certain space with a
complex of physicochemical conditions form a complex sys-
tem, more or less persistently preserved in nature. In ecology,
they are called ecosystems (Tansley, 1935) or biogeocenoses
(Sukachev, 1972).

The term “ecological modeling” includes consideration
of both models of interaction of individual organisms with
the environment (autecology), interaction of population with
the environment (demecology), and whole communities or
biocenoses (synecology). Ecological models are based, first
of all, on describing the transfer of substance, energy, and
information between different parts of the ecosystem. Main
attention is paid to how these parts interact, how they are con-
nected to each other and influence each other, including the
physical environment.

Dimensional units used in ecological modeling are usually
the amount of energy or matter moving through the system.
This is one of the main differences of ecological models from

BMONHOOPMATUKA N CUCTEMHAA BUONIOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY

2026
30-3

MogenvpoBaHvie 61MONOrMUYecKrx CUcTem
Ha Pa3HbIX MepapXMYecKnX YpoBHAX OpraHmu3auum

population ones, where measurement units are usually popula-
tion size (Jorgensen, 2009).

The methodological arsenal of ecological modeling largely
repeats methods used for describing molecular-genetic, cel-
lular, organismal, and population levels discussed in previous
sections of this work. In particular, ecological modeling uses
the flux balance analysis method (FBA) (Allen, Gillooly, 2009;
Orth etal., 2010). The main idea of the method lies in describ-
ing substance conversion flows as a linear programming task
with constraints, which gives opportunities to estimate synthe-
sis and degradation rates of these substances. An example of a
schematic image of a model based on flux balance principles
is provided in Figure S7.

ODE methods (Tskhai et al., 2001; Owolabi, Patidar, 2016;
Lavaud et al., 2020) and systems of PDEs (Holmes et al.,
1994; Tskhai et al., 2001), cellular automata (Gomez Esteban,
Rodriguez-Paton, 2011), stochastic modeling (Kutalik et al.,
2005; Phillips et al., 2006; Khatri et al., 2012), graph analysis
(Fath et al., 2007), and other methods are also actively used
in ecological modeling.

Ecological modeling is also one of the directions in which
multiscale and multilevel/multilayer modeling received the
strongest impulse for development (Grimm et al., 2005, 2010;
Grimm, Berger, 2016).

A particular case of multiscale models are agent-based
models, which in ecological modeling are traditionally called
individual-based models. Being essentially simulation models,
they cover a significant spectrum of ecosystem functioning
questions both at the level of individual organisms and their
populations and communities (Kreft et al., 1998; Doebeli,
Dieckmann, 2003, 2004; Hellweger et al., 2016; Widder et
al., 2016). In the individual-based paradigm, modern software
packages have been developed, in particular, for modeling
bacterial communities. For example, the simulator program
BacSim (Kreft et al., 1998, 2001), as well as the software
package developed in work (Xavier et al., 2005), describe
such bacterial life processes as substrate uptake (transport),
metabolism, cell division, and cell death, highlighting a sepa-
rate cell as an object, considering communities as ensembles of
such objects. They are oriented, first of all, towards studying
bacterial communities in the form of biofilms. The program
Micro-Gen Bacteria Simulator models the life cycle of a grow-
ing bacterial culture and its interaction with various molecules,
for example, antibiotics (Murphy, Walshe, 2011). In these
programs, ecological, metabolic, and population components
are described in detail, but description of genetic processes
and inheritance is absent.

Conclusion

Modern methods of modeling biological systems at different
hierarchical levels of organization are based on both traditional
approaches (differential, algebraic, and stochastic equations,
graph theory, cellular automata, etc.) and hybrid techniques
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combining object-oriented and agent-based (individual-
based) approaches with the traditional ones mentioned above.
Although collectively they cover practically all aspects of
ecological (Jorgensen et al., 2009) and evolutionary (de Jong,
2002; Ferrer et al., 2008) processes, the combination of eco-
logical and evolutionary components within one model still
remains quite rare.

Comparing traditional approaches to building mathemati-
cal models with simulation modeling, we can see that in both
cases certain limitations exist, significant for such a model-
ing object as a complexly organized biological system, such
as, for example, a microbial community. In the first case, the
static structure of the model acts as a limitation: the number
of equations, variables, and model parameters does not change
during the calculation. In the case of simulation modeling,
the problem of model structure staticity is solved, as simula-
tion models can contain a variable number of objects (e.g.,
individuals). However, simulation models of evolution and
population dynamics are very demanding on RAM size and
also have high computational complexity.

Based on the above, development of modeling methods for
complex hierarchically organized biological systems, taking
into account multiscale processes occurring in these systems,
as well as taking into account their evolution — is an important
task of modern mathematical biology. No less important is
the task of developing software packages allowing effective
solving of content-related biology tasks using mathematical
and computer modeling.

It should be separately emphasized that the role of mathema-
tical and computer models in biotechnology will only grow.
Modeling biotechnological processes — from kinetics of en-
zymatic reactions and bioreactor operation to rational design
of metabolic pathways and optimization of producer strains —
allows not only reducing the cost and duration of experimental
search but also purposefully forming the solution space. Such
models serve as a basis for in silico screening of cultivation
conditions and genetic modification constructs, supporting
technological decision-making and scaling processes from
laboratory to industrial levels. Inclusion of biotechnological
applications into the contour of systemic modeling of complex
biological systems appears to be an important direction for
further development of interdisciplinary research at the in-
tersection of mathematics, biology, and engineering sciences.
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Abstract. The SARS-CoV-2 virus continues to evolve and remains a significant public health threat, while the worldwide
monitoring and sequencing of its genomic variants provide a unique opportunity to study its evolution and better
understand its molecular mechanisms. In our work, we analyze its replication-transcription complex (RTC) over a
5.5-year period (December 2019-July 2025). This complex is significantly more conserved (as any alteration impairing
its function prevents viral replication) than the S-protein (directly impacting infectivity and immune evasion) but
still dynamically evolving part of the genome. The study focuses on high-frequency substitutions, their temporal
behavior, co-occurrence, and structural context. Using genomes from GISAID, we identified 22 amino acid point
mutations present in at least 1 % of currently available sequences, analyzed their weekly dynamics, revealed three
distinct temporal patterns, and enumerated frequent co-occurring groups (pairs, triplets, and larger sets) within the
same genomes. We mapped the affected residues onto an RTC 3D structure and reviewed the literature to examine
the reported functional consequences. Notably, all these substitutions were single-nucleotide. One of the mutations,
nsp12:G671S, showed a unique dynamic feature: it emerged, dominated globally for months, disappeared twice, and in
2025 reappeared for the 3rd time, always accompanied with other mutations in the RTC. Thus, it was interesting to trace
its dynamics as an indicator of probable changes. In addition, our analysis of mutation and variant timelines suggests
that the Delta variant may have emerged 7-8 months earlier than commonly reported. Taken together, these results
provide a consolidated view of recurrent RTC variation, its temporal classes, co-occurrence, and structural context,
underscoring the value of systematic surveillance of nsp7-nsp14 alongside analyses focused on structural proteins.
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OBOJIIOILIVIOHHBIE aCIIeKThI AMMTHAMUKIN MYTal[Wii
B PEIIMKAIL[MMIOHHO-TPAHCKPUIILIMOHHOM KOoMILIekKce SARS-CoV-2

A .IO. ITaapsiHOB 1’2@, A.TL ,A,eBﬂTepMKOBl, H.B. Maabsinosa (92, A.M. Illecromaaos (15)2

! NHctutyT cnctem nidopmatukm um. A.M. Eposa Cnbrpckoro otaeneHnsa Poccuiickon akagemnmn Hayk, HoBocnbrpck, Poccna
2 HayuHo-MCCNe0BaTeNbCKMi UHCTUTYT BUpyconoruu, QeepanbHbiil UCCE0BATENbCKIAI LIeHTP dyHAaMEHTaNbHOM 1 TPaHCIALMOHHOM MeVNLIHBI,
HoBocnbupck, Poccun

@ palyanov@iis.nsk.su

AHHoTauuAa. Bupyc SARS-CoV-2 ocTaeTcA 3aMeTHOW Yrpo3om [nA YenoBeyecTBa, MOCKONbKY MNpPOAoKaeT
LMPKYIMpOBaTb U 3BOJSIIOLMOHMPOBaTb. [py 3TOM MNPOAOIKAWNIACA TNOGaNbHbI MOHUTOPWHI W HaKomMieHne
reHOMHbIX AaHHbIX MO3BOMAIT AETajIbHO M3yyaTb SBOMIOLMOHHbIE MexaHU3Mbl. B Hawen paboTe Mbl aHanusmpyem
pennnKauroHHO-TPaHCKPUNUMOHHbIN Komnnekc (RTC, nsp7-nsp14) — 60nee KOHCEPBATHBHYI0, YeM S-6en0oK, HanpAMyto
CBA3AHHbIN C UHOEKLMOHHOCTbIO M M36eraHMem WMMYHWUTETa, HO BCe-TakM AUHAMUYHO SBOIOLMOHUPYHOLLYIO
YyacTb reHoMa — B TeueHue 5.5-neTHero nepuopa (gekabpb 2019 r. — nionb 2025 r.). MiccnegoBaHue cocpefoToYeHO
Ha aMVMHOKMCJIOTHBIX 3aMeHaX, NMPUCYTCTBYIOWMX MO KpainHei mepe B 1 % JocTynHbix B 6a3e GISAID reHomOB, nx
BPEeMEeHHON [MHaMMKe, COBMECTHOW BCTPEYAEMOCTM U CTPYKTYPHOM KOHTeKcTe. Mbl ngeHtuduumnposany 22 Takmx
TOYEUHbIX aMUHOKMCIOTHBIX 3aMeHbl, MPOaHaNN3MPOBaNN UX HEAENbHYI0 AWHaMWKY, BbIABMAM TPU PasinyHbIX
BPEMEHHbIX MAaTTEPHA U PacCUMTaNM YacTOTbl A1 FPYN MyTauui (Mapbl, TPOMKM 1 T..), OAHOBPEMEHHO MPUCYTCTBYHO-
WKUX B reHomax. MNprmMeyaTenbHo, YTo BCe M3YUYeHHbIE 3aMeHbl Obl OAHOHYKNEOTUAHbIMU. Mbl BU3yann3npoBanu
AMVHOKUCIOTHbIE OCTaTKK, COOTBETCTBYIOLME PAaCCMOTPEHHBIM MyTaLMAM, Ha TpexmepHol cTpykType RTC, onncanu
X OCOBGEHHOCTM 1 0606WMAN AaHHble NUTEPaTYpbl ANA U3YYeHVs WM3BECTHbIX (GYHKLMOHANbHBIX MOCIeACTBUIA.
OpHa 13 myTaumia, nsp12:G671S, NPOAEMOHCTPUPOBaNa yHUKaNbHYI0 AUHAMUKY: OHa MOABAANAChb, AOMUHMPOBasa B

© Palyanov A.Yu., Devyaterikov A.P, Palyanova N.V., Shestopalov A.M., 2026

This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0003-1108-1486
https://orcid.org/0000-0002-1783-5798
https://orcid.org/0000-0002-9734-0620
https://orcid.org/0000-0003-1108-1486
https://orcid.org/0000-0002-1783-5798
https://orcid.org/0000-0002-9734-0620

A.Yu. Palyanov, A.P. Devyaterikov
N.V. Palyanova, A.M. Shestopalov

Evolutionary insights from mutation dynamics
in SARS-CoV-2 RTC

rnobanbHOM MacliTabe B TeUeHMe HEeCKOSbKMX MecALEeB, 3aTem Mcyesana asaxapl, a B 2025 r. nosaBunacb B TpeTuin
pas. Mpu 3TomM OHa Bcerga CoOnpoBoXAanacb HAbOPOM COMyTCTBYOWMX MyTaumin B Komnnekce RTC, uto fenaet ee
NoTeHUUANbHbIM UHANKATOPOM M3MEHEHWIA B TEHOME, T.€. HEOOXOAMMO NMPOJOIIKNTb OTCIIEXUBaAHME e AVHAMUKM.
Kpome Toro, Hall aHann3 BPeMEHHbIX JIMHWIA MyTaLmWii 1 BapyaHTOB MO3BOJIAET NPeANoNoXKNTb, YTO BapuaHT [enbta
MOT NMOABUTLCA Ha 7-8 MecALEeB paHbLLe, YeM MPUHATO CUUTaTb. B COBOKYMHOCTM 3TW pe3ynbTaTbl JalOT LeNocTHoe
npeacTasieHne o NOBTOPALWMXCA Bapuaumax B RTC, x BpeMeHHbIX Knaccax i COBMECTHON BCTPEYAeMOCTH, @ TakKe
O CTPYKTYPHOM KOHTEKCTe, NofyepKmBas LLleHHOCTb CUCTEMaTUYeCKOro MOHUTOPUHIa Nsp7-nsp 14 Hapaay C aHann3om,

CPOKYCUPOBAHHBIM Ha CTPYKTYPHBbIX BenKax.

KntoueBbie cnoBa: SARS-CoV-2; RdRp; RTC; aBontouusa; 3ameHbl; MyTaLmm; UHaMWKa; aHanu3; nsp12:G671S; [enbta

Introduction

The COVID-19 pandemic catalyzed a sustained global effort
in next-generation sequencing, virology, and bioinformatics,
yielding an unprecedented corpus of SARS-CoV-2 genomes
over the past five years. As the virus continues to evolve and re-
mains a major public health concern, continuous genomic sur-
veillance and further investigation of its molecular mechanisms
are of considerable importance. The 29.9-kb positive-sense
RNA genome encodes structural (S, E, M, N), nonstructural
(nspl-nsp16), and nine small accessory proteins (Bai et al.,
2022; Yan W. et al., 2022), with approximately two-thirds of
the coding capacity assigned to the nonstructural machinery on
the 5" end (Eriani, Martin, 2022). A similar genomic structure,
in terms of both gene composition and gene order, is observed
across multiple related coronaviruses, including those hosted
by humans, bats, and pangolins (Brant et al., 2021, Fig. 1;
Temmam et al., 2022, Fig. 1). Approximately two-thirds of
the genome on the 5’ part codes for non-structural proteins
and one-third of the genome on the 3' part codes for structural
and accessory proteins (Eriani, Martin, 2022).

Mutations in the S-protein gene (~13 % of the 29.9 kb
genome) attract the greatest attention due to their direct
impact on infectivity and immune evasion. However, muta-
tions in other structural and nonstructural proteins, as well
as recombination events and other genomic alterations, can
also lead to diverse consequences that affect virus adapt-
ability. SARS-CoV-2 exhibits a complex interplay between
antigenicity, transmissibility, and virulence, which usually
has unpredictable consequences for the future trajectory of
evolution of the virus (Carabelli et al., 2023). In the present
study, we continue our investigation of SARS-CoV-2 evolu-
tion, using genomic sequences that have been collected and
deposited in public databases since the virus first emerged in
late 2019. In our previous works, we analyzed SARS-CoV-2
evolution at several scales: globally (Palyanov, Palyanova,
2024), regionally across Siberia (Palyanova et al., 2023), and
within the genomic variant landscape of the virus (Palyanov,
Palyanova, 2023). Here, we focus on a mutational analysis
of the replication-transcription complex, which carries out
several essential viral functions, including genome replication
and proofreading, and constitutes a substantial portion of the
viral genome (Romano et al., 2020).

Among nonstructural proteins, the replication-transcription
complex (RTC) is central to RNA synthesis and error control.
The nsp12 RNA-dependent RNA polymerase (RdRp) operates
with cofactors nsp7 and nsp8. Together they form a subcom-
plex (holoenzyme), which is the minimal core component
for mediating coronavirus RNA synthesis (Peng et al., 2020;

Singh et al., 2025). In this work we analyze an extended,
structurally characterized RTC assembly spanning nsp7—nsp14
(PDB: 7EIZ) (Yan L. et al., 2021), which enables assessment
of substitutions not only within RdRp but also across its bind-
ing interfaces and the exonuclease proofreading module. The
analysis of this extended configuration may provide additional
insights into the structural and functional consequences of
mutations, particularly in cases where multiple substitutions
occur in close spatial proximity. For example, point mutations
at specific sites of the nsp12—nsp8 interface dramatically affect
the RNA polymerization activity of SARS-CoV-2 (Ferrer-Orta
et al., 2024). In the same year 2024, it was discovered that
the combination of nsp8:A21V and nsp12:P323L mutations
resulted in an approximately 50 % increase in polymerase
activity (Danda et al., 2024). The authors described this as the
first biochemical study demonstrating the functional impact of
amino acid substitutions involving all components of the RARp
complex in emerging SARS-CoV-2 subvariants.

The evolution of SARS-CoV-2 proceeds through a mixture
of point mutations, insertions, deletions, and recombinations,
and its consequences are highly diverse and difficult to pre-
dict. For instance, mutations in nonstructural proteins such as
nsp6:ASGF(3675-3677) (Fengetal., 2023) and nsp12:P323L/
G671S (Kim et al., 2023) have been shown to increase vi-
ral replication efficiency. Next, nspl:(Y154A/F157A) and
nspl:(R171E/R175E) mutations have been found to abolish
protein translation inhibition in a cell free system (Schubert
et al., 2020). The single mutation nsp14:F60S in the exoribo-
nuclease (ExoN), responsible for replication proofreading,
accelerates viral evolution by increasing the mutation rate
(Mack et al., 2023). Moreover, the evolutionary rate of SARS-
CoV-2 varies considerably among variants, and the emergence
of new lineages often coincides with episodic accelerations
of this rate. In certain periods, the evolutionary rate increased
up to fourfold relative to the background phylogenetic rate,
leading to the emergence of new variants within weeks rather
than months, as would be expected from the baseline tempo of
viral evolution (Tay et al., 2022).

While early global surveys mapped common substitutions
across the genome (Abbasian et al., 2023), a focused and time-
resolved analysis of RTC variation at population scale is still
warranted given its functional importance. Genes encoding
RTC are among the most conserved in viral genomes, as mal-
function of the replication machinery prevents the production
of viable virions. Nevertheless, SARS-CoV-2 (2019) exhibits
four to eight point amino acid substitutions compared to its
closest relatives (e. g., BANAL-20-52 (Temmam et al., 2022;
Ou et al., 2023) and RaTG13 (Rahalkar, Bahulikar, 2020;
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Zhou et al., 2020)), a range similar to the divergence observed
between the RTC genes of the ancestral SARS-CoV-2 and of
a typical 2023 Omicron descendant (Table S1)!. The RNA-
dependent RNA polymerases (RdRps) of viruses and cellular
organisms share a conserved structural core, most notably
the canonical palm domain that forms the catalytic center of
the polymerase, underscoring the universality of the RNA
synthesis mechanism. However, they diverge significantly in
their structural details and a variety of accessory proteins — so,
there is scope for variation, and the virus exploits it during
evolution. Therefore, it is crucial to monitor the rate and con-
sequences of these changes to identify emerging, functionally
significant RTC substitutions that rise above the background
noise in global surveillance data.

In this study, we aimed to identify RTC substitutions that
eventually attain population-level peaks and to characterize
their post-peak behaviors, including distinct cycles of re-
emergence and decline or extinction, while also assessing
co-occurrence within the extended complex. Using all publicly
available genomes from late 2019 to July 2025, we quantified
amino acid substitutions in nsp7-nspl14 occurring in >1 %
of sequences; profiled their weekly and monthly dynamics
to classify persistent, transient, and recurrent patterns; and
analyzed co-occurrence. We then interpreted these population-
scale signals in structural and functional terms by centering
the analysis on the structurally resolved RTC (nsp7-nspl4;
PDB 7EIZ), with the broader genome-wide context provided
by prior surveys (Abbasian et al., 2023).

Materials and methods

We performed a secondary analysis of SARS-CoV-2 genomic
surveillance data in the public domain to quantify the amino
acid (AA) substitution dynamics in the proteins of the replica-
tion-transcription complex (RTC: nsp7/8/9/10/12/13/14) from
the start of the pandemic through July 15, 2025. The primary
outcome was the weekly global fraction of genomes carrying
a given A A substitution; secondary outcomes included (i) geo-
graphic stratification by continent, (ii) co-occurrence patterns
among substitutions within RTC genes, and (iii) lineage/clade
context for substitutions with notable temporal behavior. The
pre-specified gene set and date horizon are described in the
main text and the Results sections.

Data sources

1. GISAID (https://gisaid.org) (Khare et al., 2021): the source
of genome sequences and metadata used for lineage context
and targeted queries by mutation, date, and location. All
GISAID queries used the web interface (EpiCov—Search)
with the filters complete + low coverage excluded + collec-
tion date complete for reliability, as detailed in the Results
and Materials sections of the manuscript. It retains 15.5
of 17.5 million of genome samples, whereas the stronger
variant, high coverage instead of low coverage excluded
(entries with <1 % of Ns vs entries with <5 % of Ns), keeps
only 5.7 million genomes. Text input fields for collection

' Supplementary Materials 1-4 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx28.pdf
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(from) and collection (to) dates were used to specify the
necessary time interval, A4 Substitutions, to input single
or multiple mutations in proteins (for example, nsp9_T35I,
nspl2 G671S,nspl3_S36P), and Nucl. Mutations, to input
single or multiple mutations in genome nucleotides.

2. CovidCG (https://covidcg.org) (Elbe, Buckland-Merrett,
2017): weekly counts of genomes carrying specified
AA substitutions, and tools for comparing/combining
substitutions within a gene (the Compare AA mutations
module), used to obtain mutation frequency time-series
and co-occurrence tallies. As of July 15, 2025, CovidCG
reported 21,082,039 analyzable genomes (vs. 17,413,645
in the GISAID’s own counter).

3. Nextclade (https://clades.nextstrain.org) (Aksamentov et al.,
2021): used for clade assignment and recombinant flags on
downloaded FASTA selections.

4. PDB structure 7EIZ from the Protein Data Bank, PDB
(https://www.rcsb.org) and PyMOL v3.1 (https://www.
pymol.org) were used solely for structure-mapping of resi-
dues corresponding to substitutions.

5. SARS-CoV-2 (COVID-19) stores the genome map of the
Wuhan-Hu-1 isolate, with complete nucleotide and amino
acid sequences (https://www.snapgene.com/plasmids/
coronavirus_resources/SARS-CoV-2 (COVID-19)
Genome); together with GISAID’s genome sequences lists
of nucleotide and corresponding amino acid mutations
available for all genome samples. We used it to create the
table, showing which specific codon triplets in nucleotide
sequences represent protein sequences in the reference
genome.

Inclusion criteria and quality control

Sequences: human SARS-CoV-2 genomes flagged as com-
plete, with low-coverage entries excluded, and complete col-
lection dates (YYYY-MM-DD) required. These exact GISAID
web interface options are enumerated in the Results/Methods
narrative and were applied to every targeted query (e. g., first
occurrence tables).

Time frame: December 2019 — July 15, 2025, matching
the scope stated in the paper. Access dates for all web tools
were within July 1-15, 2025 (final extraction and checks on
July 15, 2025). All queries (filters, date ranges, and mutation
lists) are specified in the main text (Tables/Figures).

Gene set: RTC proteins nsp7/8/9/10/12/13/14.

Data acquisition for single-point mutation frequencies
Data on amino acid substitution frequencies in SARS-CoV-2
RTC proteins (nsp7-nspl4) were obtained from the Com-
pare A4 Mutations section of the CovidCG platform (https://
covidcg.org). This tool provides aggregated daily/weekly/
monthly/annual counts of genomes carrying specific amino
acid substitutions based on submissions to the GISAID da-
tabase.

For each RTC protein (nsp7 through nsp14), amino acid—
level data were selected. The grouping parameter was set
to mutation, and the genomic coordinate system defined by
protein. The analysis was performed using the full residue
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range for each protein and included all geographic regions.
The time range was set to cover the entire pandemic period
(from December 2019 to July 2025) according to the Since
pandemic start preset.

We extracted the information on all single amino acid sub-
stitutions with a total global frequency exceeding 1 % from
the resulting datasets. This threshold is not a biological or
statistical boundary. It was chosen as a pragmatic, operational
cutoff to suppress locality-driven and unstable low-frequency
noise and to keep the population-scale analysis tractable.
Functionally important sub-1 % changes can exist, but these
fall outside the scope of our population-scale focus. For each
mutation, the CovidCG interface provides the number and
proportion of genomes carrying the substitution relative to
the total number of genomes available for the corresponding
week, and the figures were used in further analysis of temporal
dynamics.

Construction of weekly frequency-time series

Building on the dataset described above, we investigated
the weekly dynamics of each identified mutation using
the A4 Mutation Co-occurrence module of the mentioned
CovidCG platform. For each selected amino acid substitution
within RTC proteins (nsp7-nspl4), we examined the New
AA Mutation Percentages by Week chart, which displays
the proportion of SARS-CoV-2 genomes carrying a given
substitution over time. The data are shown as percentages and
grouped by week to visualize the mutation prevalence dynam-
ics throughout the entire observation period. The resulting time
series for each substitution were exported via the CovidCG
Download function and used to assess temporal trends in
mutation frequencies.

Classification of dynamic types

Each mutation identified within the RTC (nsp7-nsp14) was
represented as a weekly series reflecting the proportion of
genomes carrying that substitution relative to the total number
of genomes reported globally for the same week.

The observed temporal trajectories were categorized into
three distinct dynamic types based on their characteristic
shapes and relative frequency changes over time.

Persistent or fixation-like pattern. The frequency of
the mutation exhibited a rapid increase from near 0 % to
>90-100 %, followed by a consistently high level for the
remainder of the observation period. These trajectories cor-
respond to mutations that became fixed or near-fixed in the
global SARS-CoV-2 population.

Transient pattern. The mutation frequency increased
noticeably (typically reaching 10-60 %) but subsequently
declined to near 0 %, indicating the rise and disappearance of
a temporary lineage or variant in which the substitution was
predominant.

Recurrent pattern. The mutation frequency showed
multiple distinct peaks separated by intervals of decline, i.e.,
a pattern of emergence, near-complete disappearance, and
subsequent re-establishment of high frequency (>80-100 %).
In our dataset, this behavior was observed only for the
nsp12:G671S substitution. This mutation was accompanied by

Evolutionary insights from mutation dynamics
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different sets of co-occurring substitutions during individual
peaks, each exhibiting highly correlated frequency profiles
throughout their respective intervals.

Lineage and clade context

Nextclade was run on representative FASTA samples exported
from the GISAID for periods of rising and falling phases to
obtain Nextstrain clades and recombinant flags. The Pango
lineage labels shown in tables/figures were taken from the
GISAID metadata of the same records (e. g., B.1.617.2/Delta,
XBB.*, IN.1, etc.).

Structural mapping

Substitutions with a weekly peak frequency of over 25 %
were mapped onto 7EIZ (extended RTC) with residue atoms
rendered as spheres in PyMOL v3.1 (The PyMOL Molecular
Graphics System, Version 3.1 Schrodinger, LLC, https://
www.pymol.org). Figures were rendered directly from these
models and used solely to visualize the spatial dispersion and
proximity to RNA. No structural inference beyond visualiza-
tion was performed.

Results and discussion

Mutations in SARS-CoV-2 RTC (nsp7-nsp14) proteins

with overall average frequencies >1 % in the population
The list of mutations in nsp7-nspl14 proteins with the to-
tal average frequency exceeding 1 % in the global dataset
during the period from January 1, 2020 to July 15, 2025 was
obtained from CovidCG.org (Elbe, Buckland-Merrett, 2017),
as described in “Data acquisition for single-point mutation
frequencies” (section Materials and Methods). The results are
presented in Table 1. The rightmost column contains values
of peak weekly frequency of the same mutations, obtained as
described in “Construction of weekly frequency-time series”
(section Materials and Methods). In total, 22 mutations were
identified.

Dynamics of SARS-CoV-2 mutation frequencies within RTC
The data on the weekly dynamics of mutation frequencies
(from CovidCG.org) presented in Table 1 were obtained as
described in “Construction of weekly frequency-time series”
(section Materials and Methods) . The analyzed time interval
is from January 1, 2020 to July 15, 2025.

We classified the curves presented in Figure 1 into three dy-
namic patterns: (1) persistent or fixation-like, (2) transient and
(3) recurrent, as described in “Classification of dynamic types”.
We noticed only one mutation out of 22, nsp12:G671S, with
two specific properties that distinguished it from all the others.

First, upon its emergence, it reached a 100 % frequency,
remained dominant for months and then disappeared; however,
the cycle repeated, and the mutation appears to be undergoing
this process for the third time at present. Second, during each
round of emergence, it was accompanied by other RTC muta-
tions during either a single tide (nsp13:S36P, nsp14:A394V)
or two subsequent tides (nsp13:S36P). Their mutation fre-
quency curves during this period also reach high values (up to
90-100 %) and closely resemble that of nsp12:G6718S.
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Table 1. High-frequency substitutions in the RTC proteins
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B pennKkaLMOHHO-TPaHCKPUNLUMOHHOM Komnnekce SARS-CoV-2

RTC protein Protein Mutation name Number of genomes % of genomes Peak % in weekly
length, aa with this mutation with this mutation dynamics
nsp7 83 - - - -
nsp8 198 N118S 218,846 1.0 129
nsp9 113 T351 1,181,871 6.8 100.0
nsp10 139 - - - -
nsp11 14 - - - -
nsp12 932 F192v 484,275 23 9.6
(RdRp) P227L 313,050 1.5 17.2
Y273H 199,613 3.1 53.6
P323L 20,916,671 99.3 100.0
G671S 7,424,696 353 100.0
F694Y 328,845 1.6 10.9
L838I 325,059 1.5 8.1
nsp13 601 S36P 1,452,092 6.9 894
(helicase) P77L 5,810,196 27.6 100.0
T127N 501,924 24 23.0
H164Y 370,389 1.8 6.4
M233I 792,615 3.8 53.9
N268S 490,535 23 40.6
1334V 600,127 2.8 13.1
E341D 207,872 1.0 10.0
R392C 8,622,554 40.9 100.0
K460R 335,412 1.6 15.7
nspl14 527 142V 11,613,863 55.1 100.0
(ExoN) N129D 274,952 13 24.0
A394V 5,197,852 24.7 95.6

Note. Substitutions present in at least 1 % of genomes were collected globally for the period from December, 2019 to July 15, 2025. For each mutation,
the number of genomes with this mutation, the percentage of genomes with this mutation in the global population, and the weekly peak percentage

are presented.

The dynamics of nsp12:G671S frequency in the population -
two and a half tides

The first tide of nsp12:G671S

The atypical dynamics of nspl12:G671S frequency in the
population showed two complete “tides” (by analogy with
the SARS-CoV-2 pandemic waves), each consisting of an
emergence phase, growth, a plateau, and a decline to near-zero
level. Early in 2025, a third tide appeared to have begun, and it
is still ongoing. As we needed to better understand the process
dynamics, we conducted an investigation to determine the
connection between these events and the dominance periods
of the Delta, Omicron, and other variants.

Since the frequency curves of genomes with nsp12:G6718S,
nsp13:P77L and nsp14:A394V almost completely overlapped
during the first tide (May 2021 — May 2022), rising from near
0 % to nearly 100 % level and back, it is highly probable that
these three mutations tended to occur together. Indeed, among
4.12 million genomes with nsp12:G671S, 4.19 million with
nsp13:P77L and 3.81 million with nsp14:A394V (collection
dates between May 1, 2021 and May 1, 2022 in GISAID),
3.75 million contained all the three amino acid substitutions
simultaneously. Moreover, all samples collected in mid-May
2021 (during the rise of the tide) belonged to the Pango
lineage B.1.617.2+AY.*, also known as the Delta variant. Our

BMONHOOPMATUKA N CUCTEMHAA BUONIOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY

analysis aimed to determine whether the genomes carrying
the nsp12:G671S +nsp13:P77L +nsp14:A394V combination
or the Delta variant appeared first, or whether they appeared
simultaneously. The results indicate that the latter is likely.
Supporting details and evidence for this conclusion are shown
in Figure 2.

By March 2020, the SARS-CoV-2 genome variants carrying
nspl12:G671S, nspl13:P77L, and nsp14:A394V already existed.
However, according to GISAID data, none of the samples
contained them all simultaneously. When this combination
first appeared in August 2020, the earliest genome identified
as belonging to the Delta variant was detected, and it carried
precisely these three mutations. Nearly all Delta genomes col-
lected and sequenced thereafter also contained this mutation
trio, suggesting that these mutations may have been required
for the emergence and/or fitness advantage of Delta. Literature
analysis revealed that this mutation trio had been mentioned
in two articles describing variants detected in Iran (Ahmadi et
al., 2023) and India (Bokolia, Gadepalli, 2022), but apparently
received little attention at the time.

Timing the emergence of the Delta variant

The analysis of samples corresponding to the Delta variant
(including early events classified as B.1.617.2 / Delta based
on GISAID Pango metadata) and containing the trio of muta-
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Fig. 1. Global frequency dynamics of mutations within RTC.
Weekly frequencies of 22 substitutions in the RTC proteins (listed in Table 1) from January 2020 to July 2025. g, Trajectories of mutations
that reached a peak frequency between 25 and 100 %. b, Trajectories of mutations with a peak frequency below 25 %. Frequencies were

calculated as the proportion of all GISAID genomes per week containing a specific mutation.
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Fig. 2. Dynamics of the number of genomes with three key mutations in RTC genes related to the Delta variant.

Shortly after their simultaneous appearance in the Delta genomes, their number started to increase rapidly. Monthly numbers of genomes
(GISAID) carrying only one of the mutations (nsp12:G671S, nsp13:P77L or nsp14:A394V), genomes with all three mutations and genomes
belonging to Delta variant during the latent period (less than 10 cases per month) before the apparent rise of Delta in May 2021 are shown.
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tions in question led us to an accidental finding: according to
these data the Delta variant may have emerged 7—8 months
earlier than commonly reported in the literature, and in a dif-
ferent geographical location. This observation is based on the
GISAID data, which includes hundreds of genome samples
(filtered by complete + low coverage excluded + collection
date complete for reliability). Detailed data providing the
evidence and explaining this conclusion are presented in
the Supplementary Materials, Table S2 and Figure SI. In
brief, the earliest B.1.617.2 (Delta) genome was collected
on April 26, 2020 in “Europe/Germany/Freiburg” (GISAID
EPI ISL=852796). This contradicts the statement that “The
Delta (B.1.617.2) variant was first identified in Maharashtra,
India, in late 2020 (Cherian et al., 2021), which is frequently
cited in earlier (Mlcochova et al., 2021), later (Rahman et al.,
2023), and very recent (Kandhasamy et al., 2025) publications.
According to GISAID data, during the period from April 26,
2020 to December 9, 2020 — that is, before the first Delta case
reported in India (Maharashtra) in “late 2020 (December 10,
2020, GISAID EPI ISL 2131509) — the Delta (B.1.617.2)
variant was not only detected but also collected and fully
sequenced in various locations across multiple continents, in-
cluding North America, South America, Europe, Asia, Africa,
and Oceania, with a total of 275 genome records. Notably,
254 of these contained the nsp12:G671S mutation. During the
subsequent period from April 26, 2020 to April 26, 2021, a
total of 12,157 Delta genomes were collected and sequenced,
of which 11,135 (92 %) also carried the nsp12:G671S substitu-
tion. A pronounced and rapid increase in the number of Delta
genomes began only in mid-May 2021, marking the onset of
its global expansion. The accompanying details and contextual
events are described in “The first tide of nsp12:G671S”.

The second tide of the nsp12:G671S

The SARS-CoV-2 variants with the mutations nsp13:P77L,
nspl14:A394V and nspl12:G671S, which were discovered
almost simultaneously and dominated at the peak of the
first nsp12:G671S tide, completely disappeared in early
2023 (Fig. la). However, in contrast to nsp13:P77L and
nsp14:A394V, which have not been detected since then,
nspl12:G671S reappeared about six months later and once
again reached a 100 % prevalence. This time, its rise almost
coincided with the emergence of a new mutation, nsp13:S36P,
which peaked at 89 %. The details and illustrations are pro-
vided in Supplementary Material 3 (Fig. S2).

We analyzed two sets of SARS-CoV-2 genome samples col-
lected worldwide. The first set (499 samples) was collected on
January 1, 2023, during the period of nsp12:G671S frequency
increase, and the second set (1,497 samples) was collected in
August 2023, at the onset of its frequency decline. During the
rise, almost all samples (91 %) belonged to the XBB lineage
(from XBB.1 to XBB.9), with the largest fraction (39 %)
corresponding to XBB.1.5. During the decline, eight months
later, the set of genomes was represented by XBB.* (31 %),
EG.* (30 %), FL.* (9.3 %), GK.* (3.2 %), and several other
sublineages. However, almost all of them were descendants
of earlier XBB, and XBB itself was derived from Omicron,
not Delta, which was the carrier of the nsp12:G671S muta-
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tion during the tide 1. Thus, it appears that in the tide 2 the
nspl12:G671S emerged de novo. The cause of the subsequent
extinction of all these variants was the emergence of the
IN.1(24A) lineage, which appeared at the end of 2023 and
took over almost the entire population by early 2024.

Additionally, within the considered period, another
group of three mutations (nsp12:Y273H, nsp13:M2331, and
nsp13:N268S) emerged and began to spread rapidly, coinciding
with the rise of the nsp12:G671S + nsp13:S36P combination
(Fig. 1a, b). Globally, the mutations nsp12:Y273H (a total of
493,881 samples), nsp13:M2331 (489,239) and nsp13:N268S
(377,576) showed similar dynamics and in most cases ap-
peared in genomes together. This trio therefore represents a
somewhat less extensive, but still substantial process: at one
point, over 40 % of all genomes carried all three mutations.
Variants harboring these substitutions mainly belonged to the
BQ.1.* lineage.

The third tide of the nsp12:G671S, in progress

In autumn 2024, the frequencies of the nsp12:G671S and
nsp13:S36P mutations declined for the second time to only
a few percent, dropping below 1 % by the end of the year.
However, this line did not disappear completely and continued
to persist at low levels through late 2024. At the beginning of
2025, for the third time, the proportion of nsp12:G671S and
nsp13:S36P in the population began to grow again, reaching
50 % in July 2025. The dynamics of nsp13:S36P in 2025
completely coincides with that of nsp12:G6718S, i.e. these
mutations occurred mostly together during this period. This
pattern suggests that, unlike the disappearance of the carriers
of the nsp12:G671S mutation after the first tide, it persisted
after the second tide, albeit in small numbers in individual
variants and then, under favorable circumstances and/or after
advantageous mutations, began to spread again.

The analysis of samples collected in early 2025 showed that
the vast majority of them originated from the JN.1 variant,
which gave rise to such lineages as NB.1(24B), NB.1.8.1(25B),
LP.8.1(25A), KP.3.1.1(24E), XFG(25C), LF.7(24H),
XEC(24F) and XDV (24D), as well as to the recombinants
XDA and XEV. Among them, the largest number of genomes
carrying the nsp12:G671S mutation (42 %) corresponded to
the lineage NB.1.8.1 (clade 25B) and 35 %, to PQ.1-PQ.9
(also clade 25B). Since JN.1 is a descendant of XBB, the
suggestion that the nsp12:G6718S and nsp13:S36P mutations
have been preserved and their proportion in the population has
grown again appears quite plausible.

Overview of all three tides of nsp12:G671S

At the start of both tide 1 and tide 2, a rapid and significant
change in the proportion of nsp12:G671S in the population
occurred, accompanied by the emergence of new co-occurring
mutations in the RTC genes (and sometimes in the rest of the
virus genome) or noticeable changes in their mutation fre-
quencies. This trend also holds for tide 3 due to nsp13:S36P,
which co-occurred with nsp12:G671S in 2025 (Fig. la).
Additionally, we identified a recent mutation, nsp12:D284Y,
which accompanied the two mutations and exhibited the same
frequency dynamics in 2025. It is not included in Table 1,
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because its prevalence among all genomes in GISAID in the
time span from December 2019 to mid-July 2025 is below 1 %.
However, in 2025, the frequency of this mutation followed the
same pattern as nsp12:G671S and nsp13:S36P, reaching 50 %
by mid-July 2025.

In addition, we noticed that during tide 3 (from early 2025
to mid-July 2025), the frequency curves of nsp12:G671S and
nsp9:T351 were in antiphase (Fig. 1a). As the frequency of
nsp12:G671S increased, that of nsp9:T351 decreased, and to-
gether, they consistently accounted for >80 % of all genomes in
the weekly global samples. Based on these observations, a ge-
neral trend can be inferred: when the fraction of nsp12:G671S
mutation in the population changes rapidly, an emergence of
new mutations in the RTC genes or changes in the frequencies
of existing ones becomes more likely.

In contrast to nsp12:G6718S, there are mutations with no
obvious relation to others. One of them, nsp9:T35I, which
emerged shortly after the onset of tide 2, displayed a nearly
linear increase in frequency, from 0 to 100 %, in the interval
between early 2023 and early 2024. This rise was much slower
than any other curve in Figure 1, and it showed no correlation
with any of them, which is quite unusual. The analysis of the
genome samples carrying this mutation revealed the follow-
ing. At the beginning of the growth phase in early 2023, it
was represented by 51 % of FL.*, 25 % of XBB.1.9*, 20 %
of EG.*, and 4 % others, including XCC recombinants. At the
beginning of the decline phase in early 2025, the distribution
shifted to its descendants: 29 % LP.*, 21 % XEC.*, 12 % NY.*,
7% LP.*, 7% MC.*, and the remaining 23 % comprised other
lineages, including various recombinants: XFL, XFJ, XFH,
XFC, XFB, XEW, XER, XEQ, and XEK.

Evolutionary insights from mutation dynamics
in SARS-CoV-2 RTC

Specific properties of the considered mutations

in the RTC nsp7-nsp14 proteins

Each single mutation in amino acid sequences encoded by
nucleotide triplets can include one to three changes within the
triplet. Due to the degeneracy of the genetic code, there may
be synonymous substitutions in RNA/DNA that do not change
the amino acid, but even such mutations can have a noticeable
effect on the fitness of their carrier, as shown by Shen et al.
(2022). They came to this conclusion by experimenting with
yeast, but they found “no particular reason why their results
would not generalize to other organisms”.

From the list of the previously considered mutations, we
selected those with peak proportions >25 % of the population.
By comparing their nucleotide and amino acid sequences in
the reference genome and after mutation, we determined which
mutated triplets appeared in the initial states and how they
changed after mutation (Table 2).

All 13 mutations examined involved only a single nucleotide
substitution within the codon encoding the affected amino acid;
no double or triple substitutions were detected. This is not
surprising, since if p is the probability of a single rare random
event, then the probability that another similar event with the
same probability occurs within the two adjacent nucleotides
is ~p? or less. The probability of a single point nucleotide
substitution in SARS-CoV-2 is quite low since its replication
mechanism includes a proofreading system. According to data
from (Amicone et al., 2022), during one cell infection cycle
(i.e., from virus entry into a cell until the release of new viri-
ons), on average, 1.3-1070+ 0.2+ 1076 substitutions occur per
nucleotide position. The actual number of observable cases of
2 substitutions at once will be less than p? because there will

Table 2. Properties of most prevalent mutations in RTC genes (peak frequency = 25 %)

Mutation Change Changes at RNA level
name atamino (bold indicates changed triplet,

acid level underline - changed a.a.)
nsp9:T35I Thr—lle (ACU,ACC,ACA,ACG) — (ATT,ATC,ATA)
nsp12:Y273H  Tyr—His (TAT,TAC) — (CAT,CAQ)
nsp12:D284Y Asp—Tyr (GAT,GAC) — (TAT,TAC)
nsp12:P323L Pro—Leu (CCT,CCC,CCA,CCG) — (TTATTG,CTT,CTC,CTACTG)
nsp12:G671S Gly—Ser (GGT,GGC,GGA,GGG) —

(TCT,TCC,TCA,TCG,AGT,AGC)

nsp12:L838lI Leu—lle (TTA,TTG,CTT,CTC,CTA,CTG) — (ATT,ATC,ATA)
nsp13:536P Ser—Pro (TCT,TCC,TCA,TCG,AGT,AGC) — (CCT,CCC,CCA,CCG)
nsp13:P77L Pro—Leu (CCT,CCC,CCA,CCG) — (TTATTG,CTT,CTC,CTA,CTG)
nsp13:M233| Met—lle ATG — (ATT,ATC,ATA)
nsp13:N268S Asn—Ser (AAT,AAC) — (TCT, TCC,TCA,TCG,AGT,AGC)
nsp13:R392C  Arg—Cys (CGT,CGC,CGA,CGG,AGA,AGG) — (TGT,GTC)
nsp14:142V lle—Val (ATT,ATC,ATA) — (GTT,GTC,GTA,GTG)
nsp14:A394V  Ala—Val (GCT,GCC,GCA,GCG) — (GTT,GTC,GTA,GTG)

Change of AA physico-chemical properties

polar, hydroxylic — non-polar, aliphatic

polar, aromatic — polar(+), heterocyclic
polar(-) — polar, aromatic

non-polar, heterocyclic — non-polar, aliphatic

non-polar, aliphatic —
non-polar, oxymonoaminocarboxylic

non-polar, aliphatic — non-polar, aliphatic

non-polar, oxymonoaminocarboxylic —
non-polar, heterocyclic

non-polar, heterocyclic — non-polar, aliphatic
non-polar, sulfur-containing — non-polar, aliphatic
polar, amide — non-polar, oxymonoaminocarboxylic
polar(+) — polar, sulfur-containing

non-polar, aliphatic — non-polar, aliphatic

non-polar, aliphatic — non-polar, aliphatic

Note. Substitutions of amino acids, changes in their physico-chemical properties and changes in RNA triplets encoding amino acids before and after
mutations, are presented. In RNA triplets, the original combinations (among possible variants due to degeneracy of genetic code) are shown in bold-

face; changed points are underscored.
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be only those variants which leave the virus viable despite
caused changes in the replication-transcription complex, and
the probability of this appears to be so small that it is practi-
cally unlikely to occur even over years. Nevertheless, it was
not obvious in advance that all mutations would consist only
of single-nucleotide substitutions, so this observation also
brings some new knowledge of mutation patterns. However,
changes can accumulate sequentially over multiple genera-
tions, experiencing only up to one nucleotide substitution per
triplet in each replication cycle.

Additionally, the amino acid substitutions derived from the
mutations examined frequently result in pronounced alterations
of physicochemical properties.

The groups of co-existing mutations
in the RTC nsp7-nsp14 proteins
Since we noticed co-occurring mutations in RTC proteins, we
decided to identify all such groups in an attempt to reveal the
underlying processes and possible connections between them.
Using GISAID web interface queries (as described in “Data
sources”, section Materials and Methods) for the time interval
from December 24, 2019 to July 15, 2025, we obtained the
numbers of genome sequences containing all possible pairwise
combinations of the mutations from Table 2, with the excep-
tion of nspl12:P323L (because it is present in 99.3 % of all
sequences in GISAID). The results are presented in Table 3.
For a pair of mutations, for example, i = nsp12:G671S
(34.9 % of total genomes) and j =nsp13:P77L (27.3 % of all
genomes), the value in cell [i][j] of the colored matrix corre-
sponds to 98.6 % of the smaller of the two proportions (34.9
and 27.3 %). Thus, the number of genomes carrying both muta-
tions simultaneously is approximately 0.273-0.986 - 15.5 mil-
lion = 4.2 million. In the global dataset, the most frequent
pairs include:

2026
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nspl13:R292C + nsp14:142V (41.2 %),

— nspl2:G671S + nsp13:P77L (26.9 %),

nspl3:P77L + nspl14:A394V (24.7 %),

nspl2:G671S + nspl4:A394V (24.4 %).

Extending to triplets, representative high-frequency sets
(among the 15.5 million GISAID genomes analyzed) are:

— nspl2:G671S + nspl3:P77L + nsp14:A394V (24.3 %),

— nspl13:R392C + nsp14:142V + nsp13:M2331 (3.6 %),

— nspl13:R392C + nsp14:142V + nsp12:Y273H (2.9 %).

A notable triplet here is nspl12:G671S + nsp13:S36P +
nsp12:D284Y (0.08 %), as nsp12:D284Y emerged only in
2025, and the number of genome samples carrying this muta-
tion continues to increase, with its peak frequency reaching
50 % (see “The second tide of the nsp12:G671S”, section
Results and Discussion).

Finally, there are groups of genome samples with four or five
mutations occurring simultaneously. Illustrative sets include:
— nspl3:R392C+nsp14:142V +nsp13:M2331+nsp12:Y273H:

(2.89 %),

— nspl13:R392C +nsp14:142V +nsp13:M2331 +nsp12:Y273H
+ nsp13:N268S: (2.23 %).

Three-dimensional visualization of the selected mutations
We rendered the examined mutations listed in Table 2 in the
3D structure of the RTC to learn about their spatial location,
specific features, and distances between mutated amino acids,
as well as between amino acids and RNA threads (Fig. 3).
According to Figure 3, the highest concentration of muta-
tions is observed in nsp9 and nsp13 (helicase): 0.88 and 0.83
substitutions per 100 amino acids, respectively. Half as many
mutations, 0.43 and 0.38 per 100 aa, occur innsp12 (RdRp) and
nsp14 (ExonN), correspondingly. In the remaining proteins, no
mutations with a peak frequency exceeding 25 % of the popula-
tion size were found. Three of four shown mutations in nsp12

Table 3. Pairs and larger groups of simultaneous mutations in RTC proteins

mutation i = nsp9: nspld: nspl2: nspl2: nspl2: nspl3: nspld: nspl2: nspl3: nspld: nspld: nspl3:
T351 S36P D284Y G671S L8381 P77L A394V Y273H M2331 N268S 142V R392C
% in the
mutation j population>| 7.1 6.7 0.1 34.9 2.0 27.3 24.7 3.0 3.7 2.3 55.5 41.8
v %
nsp9:T351 7.1 0.7 34.3 0.3 0.8 0.7 0.3 0.3 0.2
nsp13:536P 6.7 35.1 0.0 0.0 0.0 0.1 0.1 0.0
nspl12:D284Y 0.1 0.7 0.2 7.2 6.8 0.3 0.3 0.2
nspl12:G671S 34.9 34.3 0.2 1.1 0.2
nsp12:18381 2.0 0.3 0.0 0.0 0.1 0.0
nspl3:P77L 27.3 0.8 0.0 7.2 0.1 1.0 0.1
nspl4:A394V 24.7 0.7 0.0 6.8 0.1 0.8 0.1
nspl2:Y273H 3.0 0.3 0.1 0.3 0.2
nsp13:M2331 3.7 0.3 0.1 0,3 1.1 0.1 1.0 0.8
nspl13:N268S 2.3 0.2 0.0 0.2 0.2 0.0 0.1 0.1
nspl4:142V 55.5 22.4 0.0 0.0 0.0
nsp13:R392C 41.8 _ 22.7 0.3 0.2 0.2

Note.The percentage of genomes in the GISAID (collected from December 2019 to July 15, 2025) that simultaneously contain mutation i and mutation j,
relative to the minimum value between the percentages of genomes with mutation i and genomes with mutation j.
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Fig. 3. 3D structure of the RTC, and its amino acids with mutations under consideration shown.

Distribution of the mutations from Table 3 over the replication-transcription complex (PDB:7EIZ) including nsp7, 2xnsp8, nsp9, nsp10, RdRp(nsp12),
2xnsp13, and nsp14 together with template RNA and product RNA. Cases with specific features are shown in the insets. The generated PyMOL files
based on PDB RTC 3D structures and examined mutations, are available upon request.

(RdRp) are located on the surface of the polymerase, on the
side closer to RNA. There are several proximity-based (within
~6-14 A) potential relationships that may merit functional
follow-up. The mutated amino acid closest to the template
RNA (9.1 A) is nsp13:M2331 (Fig. 3, inset). In nsp13, P77L
is positioned 10.1 A from the RNA strand coursing through
the complex and 9.1 A from an nsp8 o-helix, placing it in a
location where effects on replication kinetics and/or fidelity are
plausible. Next, nsp8:N118S resides 6.1 A from nsp7, which
may affect the interaction between them.

RTC includes two copies of nsp8 and two copies of nsp13,
with different neighborhoods for each protein of a couple. In
one nsp8, the amino acid N118 (mutation N—S) lies near two
nspl2 amino acids corresponding to the P323L and Y273H
mutations: the distance between N118 and P323 is 5.1 A, be-
tween N118 and Y273 is 9.8 A, and between P323 and Y273
is 10.2 A. This triangle (Fig. 3, inset) constitutes a cluster of
three amino acids involved in mutations, close to each other,
and we flag this cluster as a priority for subsequent functional
investigation.

Search for literature on SARS-CoV-2 RTC mutation effects

To complement our mutational analysis, we performed a lite-
rature search for all substitutions listed in Table 2. The goal
was to identify any previously reported structural, biochemi-

cal, or phenotypic effects associated with these mutations.
Brief summaries of the available evidence are provided in
Supplementary Material 4. Overall, the collected publications
describe diverse potential impacts, including changes in RTC
stability, replication efficiency, drug response, and enzymatic
activity, although for many mutations experimental validation
remains limited.

Conclusions

We surveyed the evolution of the SARS-CoV-2 RTC (nsp7—
nspl4) over a 5.5-year horizon (December 2019 — July 15,
2025), identified 22 amino acid substitutions with a global
average frequency >1 % and quantified their weekly dynamics.
Compared to earlier global overviews that used higher preva-
lence thresholds (Rodriguez et al., 2023, 2025), this extended
window and finer temporal resolution revealed three charac-
teristic dynamic patterns: persistent, transient, and recurrent.
Interestingly, one notable mutation, nsp12:G6718S, exhibited
a unique multi-phase trajectory (“three tides”) marked by a
rise, near-disappearance, and re-emergence.

Re-analysis of early records indicated that SARS-CoV-2
genomes deposited to GISAID database and assigned to Delta
(B.1.617.2) variant have submission dates that are 7-8 months
carlier than commonly reported date of the first appearance
of Delta. GISAID’s first samples of Delta appear for the first
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time on April 26, 2020, they spanned multiple continents by
the end of 2020 (and frequently carrying the trio of mutations
nspl12:G671S+nspl13:P77L + nspl14:A394V). This observa-
tion motivates a reassessment of the widely cited timeline
stating that “Delta was first identified in Maharashtra, India,
in late 2020” (Cherian et al., 2021) and emphasizes the value
of stringent filtering of public surveillance datasets.

In the course of systematically scanning RTC varia-
tion, we revealed a robust linkage between Delta and the
nspl12:G671S + nsp13:P77L + nsp14:A394V trio. Tracing
these substitutions back showed that each appeared separately
before Delta, and that early genomes labeled as Delta appeared
sporadically for several months but had little immediate ef-
fect on global frequency among sequenced genomes. The
subsequent co-occurrence of all three substitutions around
August 2020 coincided with a marked shift to rapid expansion
and, soon after, global dominance. This perspective emerges
specifically from an RTC-centered analysis (traditionally
viewed as a conserved, lower-visibility target) and, in our
view, illuminates otherwise overlooked contingencies in the
evolutionary dynamics of the virus.

Across waves, nspl12:G671S re-emerged with different
companions: first with nsp13:P77L and nsp14:A394V, later
with nsp13:S36P, and most recently with nsp12:D284Y. In
contrast, nsp9:T35I followed a slow, largely independent,
monotonic rise, longer period of 97-100 % prevalence, and
a slow decline that began in 2025. A codon-level inspection
of the 13 highest-peak substitutions (=25 %) showed only
single-nucleotide changes (no double/triple codon substitu-
tions), yet many corresponding amino acid replacements entail
substantial physicochemical shifts. Co-occurrence analysis
highlighted frequent groups of co-existing mutations, ranging
from two to five. Structural mapping onto RTC assemblies
showed a relatively even spatial distribution without dense
clusters; only nsp13:M233I had a notable feature — it lay
directly adjacent to the template RNA. The repeated rise and
fall in the number of genome samples with the nsp12:G671S
mutation, given the accompanying events, probably represents
an example of natural selection in action. We can propose as a
hypothesis for discussion that it may be not a neutral change,
but a key player in the evolutionary “strategy” that provides
a short-term fitness advantage (compensating for proofread-
ing errors) at the expense of long-term stability (increasing
mutation load). This creates a predictable cycle of emergence
and extinction — a pattern that is the hallmark of selection, not
random drift.

Independent population genetic analyses have shown that
the evolutionary rate of SARS-CoV-2 varies among lineages
and can undergo episodic accelerations, up to fourfold exceed-
ing the baseline phylogenetic rate, with new variants emerg-
ing within weeks rather than months (Tay et al., 2022). The
recurrent G671S tides with changing co-mutation partners
documented in this study are consistent with such episodic
phases. Given that several high-prevalence co-mutations lie
in nsp14 (ExoN), these patterns raise the question of whether
fluctuations in effective error correction could accompany pe-
riods of rapid diversification. Targeted assays will be required
to test this hypothesis.
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To contextualize these findings, we reviewed the available
literature on all substitutions from Table 3 (Supplementary
Material 4). Reported effects encompass altered polymerase
stability/transmissibility for nsp12:P323L/G671S (Kim et
al., 2023), lineage-linked occurrences and additional RTC
changes documented through mid-2023 (Rodriguez et al.,
2023,2025), and mixed evidence regarding drug response and
enzymatic activity for several sites. While suggestive, many
substitutions still lack a definitive experimental validation
of their functional impact. Protein-protein and protein-RNA
interactions are complicated, and they involve many factors
even if a single protein is considered (for example, (St Laurent
etal., 2012, Fig. 5)). Our study is focused on one of the most
intricate protein complexes with a critically important func-
tion, RNA replication.

To sum up, our results refine the timeline of early Delta
emergence and dissemination, document repeated large-scale
shifts centered around nsp12:G6718, and provide a reproduc-
ible catalog of RTC mutation dynamics, co-occurrence, coding
changes, and structural context. The continued integration of
high-quality genomic surveillance with targeted biochemical
and virological assays will be essential to resolve the functional
consequences of these substitutions and to anticipate future
shifts in the RTC mutational landscape.
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Abstract. A comprehensive description of plant phenotypes of certain taxa is an important task when describing genera
and species, as well as when setting their natural taxonomies. The development of modern technologies of effective
phenotyping makes it possible to obtain a large amount of data with a quantitative and/or qualitative description
of various traits in plants, mainly based on the analysis of their digital images. The study compared the results of the
F, hybrids assessment - visually and using machine learning methods - of two endemic tetraploid (2n = 4x = 28) wheat
species which are Ethiopian wheat (Triticum aethiopicum Jakubz.) and Kartalian or Dika wheat (T. carthlicum Nevski). In
the latter case, it is proposed to use the method of a mixture of Gaussian (normal) distributions in plant morphometry
in order to identify groups that differ in character values. Most taxonomically important (species-specific) traits are
controlled oligogenically and have a clear phenotypic manifestation, so hybridological analysis was an indispensable and
basic type of analysis for subsequent detailed phenotyping of wheat spikes using machine-learning methods. According
to a number of criteria, the estimates of patterns of inheritance obtained by different methods coincide. Based on the
conducted research, we can state that the trait “tetraaristatum” (the presence of awns on both flower and spike glumes)
is species-specific (taxonomically important) for T. carthlicum and it can be effectively used for taxonomic purposes both
in carrying out hybridological analysis and in experiments using machine learning. Such a species-specific character
is the “character (type) of awnedness” for T. aethiopicum. Our study demonstrates that a combination of automatic
phenotyping methods and a model of a mixture of Gaussian distributions can, in principle, lead to an automatic analysis
of the allocation of classes in F, hybrids. It allows, in turn, to detect the presence of genes associated with species-specific
traits of wheat plants. Further, the improvement of the applied artificial intelligence (Al) algorithms is required.
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Genetic analysis of wheat ear architecture
in F, hybrid of tetraploid wheats

KauyeCcTBeHHbIM OMMCaHeM Pas3fINYHbIX MPU3HAKOB Yy pacTeHWi, NPenMyLLeCTBEHHO Ha OCHOBE aHanM3a ux udpoBbIxX
n3obpaxeHnii. B nccnepoBaHnv NpoBeAeHO CpaBHeHWE pe3ynbTaToB OLeHKU paclienneHus B F, rmbpupos apyx
SHAEMUYHBIX TeTpaniouaHbix (2n = 4x = 28) BUAOB NweHnl — nweHuubl 3puonckon (Triticum aethiopicum Jakubz.) n
nweHnubl KapTtanuHckon (T. carthlicum Nevski), nonyyeHHbIX BM3yanbHO 1 C MOMOLLbIO METOLOB MALUMHHOIO 0byyeHus.
B nocnepgHem cnyyae ona aHanmsa pacliensieHnin NpeasioKeHo 1Cnosb30oBaTbh METOA CMECU raycCoBbIX (HOPManbHbIX)
pacnpepeneHunin B MOpGoMeTpuUn pacTeHnin Ana TOro, YTobbl BbiAeNnTb FPYMMbl, KOTOPbIE Pa3fiMYaOTCA MO 3HAYEHNAM
npu3HakoB. Beyay Toro uto GONBLUMHCTBO TAaKCOHOMMYECKM 3HAuMMbIX (BMAOOOpPa3yoWMX) NPU3HAKOB y MLIEHUL
KOHTPONMPYETCA OJIMTOrEHHO U UMEET 4YeTKoe (GEeHOTUMMYECKoe MPOsBNeHWe, TMOPUAONOrMYEeCKNin aHanm3 6bin
He3aMEHUMbIM U OCHOBHbIM BUAOM aHanv3a [is Nocsefylero AeTanbHOro GeHOTUNMPOBAHMA KOIOCbEeB BUAOB
MNWeHNL C UCMONb30BaHNEM METOLOB MAaLUMHHOFO 0byuyeHus. o psagy NPrY3HAKOB OLEHKM XapaKTepa Hac/lefoBaHus
TaKMX MNPU3HAKOB, MOMyYEHHble pPa3HbIMU MeTodamMu, coBnafalT. Ha ocHoBaHUM pe3ynbTaToB NPOBeAeHHOro
nccnefoBaHNA Mbl MOXEM YTBEpPXKaTb, UTO MPU3HAK «TETPAOCTOCTb» (Hanmume ocTeil OQHOBPEMEHHO Ha LiBETKOBOW 1
KOJIOCKOBOW YeLlysx) Bugocneunduruyecknii (TakCoHoMmyeckn 3Haumm) gna T. carthlicum v oH moxeT 6biTb 3peKTUBHO
MCMOMNb30BaH NCCIefoBaTENAMN B TAKCOHOMUYECKUX LieNiAX Kak Npu NpoBeAeHnn rmbpraonornyeckoro aHanmsa, Tak n B
JKCneprMeHTax C MCMosib30BaHNeEM MALLMHHOTO 0byueHuam. Ana T. aethiopicum Takum BUAoCNeLMGUUYeCcKMM NprisHakom
ABNAETCA «XapakTep (Tvn) ocTMcToCTU». Hawa paboTa AEMOHCTPUPYET, YTO KOMOMHaUMA METOAOB aBTOMAaTMYECKOro
beHoTNMPOBaHUA, MOAENN CMeCu FayCCoBbIX pacnpeneneHuii B NpUHLMMIE MNO3BOSIMT NPOBOAMTb aBTOMATUYECKUIA
aHanus BbigeneHns Knaccos B F, rmbpraoB., pasnnyaowmxca no BennyrHam GeHoTUnMYecknux Npu3HaKkos. TO NO3BOJINT,
B CBOIO oUepefb, BbIABMATb Ha/lMuMe reHOB, aCCOLMNPOBaHHBIX C BUAOCNeUndUYECKMM NPr3HaKaMmn pacTeHni. Tem He
MeHee TpebyeTca CoBepLUEHCTBOBaHME NPUMEHAEMbIX anrOPUTMOB UCKYCCTBEHHOTO MHTENEKTA.

KnioueBble cnoBa: TeTpanioungHble nwexnubl; Triticum aethiopicum; T. carthlicum; reHeTUYeCKnn aHanu3; rMbpuansaumns;
pacuienneHue; umppoBoe GEeHOTUMNPOBAHME; MaLLMHHOE ObyUYeHne

Introduction
A comprehensive description of the phenotypes of plants in
specific taxa is an important task for effectively describing
of species and constructing natural taxonomy (Hodac et al.,
2023; Ran et al., 2024). However, this is a labor-consuming
task. In some cases, there is very little information about a
particular species, or the species is very rare (Goncharov,
Adonina, 2024). In other cases, there is so much informa-
tion that researchers disagree on the taxonomy of specific
accession (Lyapunova, 2021). In addition, information on
the species and volumes of genus varies significantly in a
number of taxonomies that are still used today. Examples
include Solanum L. by S.M. Bukasov (1971) and J. Hawkes
(1963); Aegilops L. by P.M. Zhukovsky (1928) and A. Eig
(1929); Triticum L. by N.P. Goncharov (2011) and K. Ham-
mer et al. (2011). Therefore, researchers may experience
inaccuracies in the taxonomy of species, even knowing
which species-specific (taxonomically important) traits
are characteristic of a certain taxon. The solution of this
problem is to create a system of species-specific characters.
Using cereals (Poaceae Barnhart) as an experimental
material, specifically wheat (genus Triticum), one can
encounter all the difficulties described above. In addition,
it should be borne in mind that wheat is a polymorphic
crop, which implies significant inter- and intraspecific
variability (Dorofeev et al., 1979). That is, in the process
of studying it, one may encounter the fact that the plants
inside the specific species will be phenotypically dissimilar
and require conducting an experimental assessment of their
species affiliation (Zuev et al., 2019). In such cases, we are
talking about the unambiguous taxonomies of lower taxa,
such as subspecies and subvarieties (Dorofeev et al., 1979;
Goncharov, 2009).

Currently, there are a number of methods that allow
to assign a specific wheat accessions to a particular spe-
cies with a high degree of certainty. Using cytological
methods, you can accurately assign an accessions to a
specific ploidy group by counting the number of chro-
mosomes (Dolezel et al., 2007), while molecular-biology
methods can be used to assign accessions to a specific
species (Golovnina et al., 2007). However, the use of
molecular methods requires a large amount of information
about each species, including a description of species-
specific genes, their localization, and information about
their nucleotide sequence. In wheat, species-specific
genes have been described only in all hexaploid species
(2n = 6x = 42) (Goncharov, 2011). This is the source of
troubles for taxonomists. First, not each species of wheat
that has been described so far has a species-specific gene(s).
Second, even if a gene(s) is known, there may be difficul-
ties in identifying its nucleotide sequence. Third, in some
cases, a gene may be known, as well as its sequence, but its
molecular function and phenotypic expression may not be
studied. In addition, the information about the inheritance
of a particular gene may vary among different authors
(URL: http://shigen.nig.ac.jp/wheat/komugi/genes/symbol
ClassList.jsp Accepted October 20, 2025). Furthermore,
it should be noted that molecular biological methods for
analyzing large accessions lead to significant costs.

There are other methods that allow us to clarify informa-
tion about species-specific genes. One of these methods is
hybridological analysis. This method helps us to understand
how species-specific traits are inherited in certain wheat
species. By analyzing the patterns of inheritance in hybrid
populations, we can gain insights into the way traits are
passed down.
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It should be noted that the development of modern tech-
nologies for effective phenotyping allows to obtain a large
amount of data with quantitative or qualitative descriptions
of various plant characteristics, primarily based on the
analysis of digital images (Afonnikov et al., 2016; Awada et
al., 2024). The data obtained through the analysis of digital
images can be successfully utilized for the taxonomy and
classification of plants (Chouhan et al., 2024; Mulugeta et
al., 2024).

Approaches based on the analysis of large volumes of
data and machine learning are also used to analyze the
morphological characteristics of wheat. It has been shown
that data obtained using image analysis and machine
learning methods can successfully solve problems of the
taxonomies of wheat species and their relatives (Martinek,
Bednar, 2001; Pronozin et al., 2021; Artemenko et al., 2024;
Komyshev et al., 2024). This is a promising area of research
on hybrids using methods of bioinformatics, which is cur-
rently being developed. So the question remains open of
how reliably it is to use characters, the characteristics of
which are obtained on the basis of the analysis of digital
images, for species taxonomies and how they are inherited.

The purpose of the investigation is to combine the pos-
sibilities of the hybridological method with the analysis
of the splitting of the hybrid population manually with
the analysis of digital characteristics of plants (spikes) to
solve the problem of dividing plants into groups carrying
different genes of plant traits control. The study is based
on plant hybrids obtained by crossing two endemic wheat
species, T. aethiopicum Jakubz. and 7. carthlicum Nevski.

Materials and methods

Hybridological analysis. The work identified the geno-
types of tetraploid (2n = 4x = 28) wheat and their F, hybrids
based on species-specific (taxonomically important) traits
(Supplementary Table S1)!. Since most of these traits
are controlled by oligogenes and have a clear phenotypic
manifestation, the hybridological method was an indispens-
able and primary type of analysis for subsequent detailed
phenotyping spikes of wheat species using machine learn-
ing methods.

Plant material. The object of study was interspeci-
fic hybrids obtained by crossing two endemic tetraploid
wheat species 9T aethiopicum Jakubz. (k-19301/2) with
AT carthlicum Nevski (k-32496). The experiment was pro-
duced in spring sowing in the greenhouses of the Breeding
and Genetics Complex (BGC) of the Institute of Cytology
and Genetics of the Siberian Branch of the Russian Aca-
demy of Sciences (Novosibirsk). F; hybrids were planted
and phenotyped in a greenhouse, and F, hybrids were grown
in greenhouses in 2022. 185 F, hybrids were studied.

Phenotyping of spike. Image acquisition of spike was
carried out according to the “on a clothespin” protocol de-

1 Supplementary Tables S1-53 and Figure S1 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Kruch_Engl_30_3.pdf
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scribed earlier (Genaev et al., 2018, 2019). The spike was
fixed in an upright position with a clothespin on a blue back-
ground. The shooting was done with a Canon 350D digital
camera and an EF-S 18-55 mm /3.5-5.6 lens. An X-Rite
Mini ColorChecker Classic marker (http://xritephoto.com/
colorchecker-targets) was placed in the frame to assess the
scale and color calibration. The spikes were shot in four
projections. The first projection corresponded to the front
(widest) side of the spike, and the remaining projections
were obtained by rotating the spike on the clothespin 90°:
the second and fourth projections were the side projections,
and the third projection was the back projection.

Each spike image was segmented into background, color
palette, spike body, and awns using a deep machine learning
method developed by us earlier (Artemenko et al., 2024).
The obtained masks were used by the WERecognizer pro-
gram (Genaev et al., 2019) to calculate the morphometric
characteristics of the spikes. We considered a reduced set of
characters, which included a description of the spike based
on a model of two quadrilaterals symmetrized with respect
to the axis of the spike, characteristics of the contour of the
spike (perimeter, area, roundness, etc.), and the area of the
awns in the image (Komyshev et al., 2024). The diagram
of the quadrilateral model and the parameters of the spike
used are provided in the Supplementary Materials (Fig. S1).
In total, 19 characters of the size and shape per spikes were
analyzed independently for each projection (Table S2).

Statistical analysis of the signs of colossus. In our work,
we assumed that the population of F, hybrid plants can be
divided into classes not only based on qualitative (discrete)
characteristics (Table 1), but also in quantitative terms. In
the second case, it was assumed that each class of plants is
characterized by a distribution of the magnitude of the trait
with a different expectation and variance. Thus, the distri-
bution of the character value for the entire accessions is a
mixture of two Gaussian distributions with different means
and variances (Merezhko, 2005; Rechkin, 2024). It should
be noted that the method of Gaussian distribution mixture
is used in plant morphometry to identify groups that differ
in character values, as well as for taxonomy (Kim et al.,
2024; Tiburtini et al., 2025).

We used the sklearn.mixture.GaussianMixture function
from the scikit-learn v. 1.7 package (https://scikit-learn.
org/stable/index.html) to identify mixtures of two Gaussian
distributions. This function allows us to analyze a mixture
model of Gaussian distributions using the maximum likeli-
hood method, estimating the number and parameters of the
distributions in the mixture, and classifying accessions in
the dataset based on their belonging to these distributions.
In this study, we assumed that the distribution of each cha-
racter was a mixture of two distributions for each projection
of the spike. Using the sklearn.mixture.GaussianMixture
function, the mean values, variances, and the number of
ears belonging to each distribution were estimated. After
determining the number of spikes in each class, a Pearson
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Table 1. The phenotypic description of the parent forms

Genetic analysis of wheat ear architecture
in F, hybrid of tetraploid wheats

Trait

Q T. aethiopicum (k-19301/2)

Tetraaristatum (the presence of awns on both the flower -
and spike glume), ta

Color of the spike -
Character (type) of awedness
Teeth at the top of the spike glume +
Hairy glume, Hg -

Baldness in the trichomes on the spike glume, Hg® -

Note. Trait: — recessive, + dominant.

v? test was performed to check for compliance with the
theoretically expected ratio. It was assumed that the ob-
served and Al-generated splits corresponded to the spike
traits if the latter was reliable for all four spike projections.
The Past v 5.3 package (Hammer . et al., 2001) was used
for statistical processing (tests for equality of means and
analysis of variance) and data visualization.

Results
Examples of images of the spikes of the parent species, F,
and F, hybrids (projection 1) are shown in Figure 1.

A principal component analysis (PCA) was performed
for four projections to assess the diversity of the “size”
and “shape” of the spikes. The results are presented in
Figure 2. Of the 76 variables used for the analysis, the first
two components accounted for 45 % of the variance, with

The awns are directed sideways

Species/accession

& T. carthlicum (k-32496)

+

+
The awns are directed vertically
+
+

+/-

35 % accounted for by PC1 and 10 % accounted for by PC2
(Fig. 2). The main contributors to the variability were the
traits related to the size of the ear (its length and area). The
second principal component of variability is related to the
shape of the spike and reflects its roundness. The diagram
(Fig. 2) shows that the spikes of the mother, father, and F,
hybrid plants are compactly arranged, occupying partially
overlapping areas and demonstrating the similarity of the
spike shape/size (Fig. 1a—c). The F, hybrid plants exhibit
significantly greater variability in spike characteristics
(primarily in size). It contains a large number of plants
with a spike size larger than the average for the first three
lines.

In the second stage of our research, we analyzed the F,
hybrid segregation based on the species-specific charac-
teristics of the spikes (Table 1). For each characteristics of

Fig. 1. The spikes of the parent species, F, and F, hybrids, presented in the same scale and projection.
The mother T. aethiopicum (k-19301/2) (a) and the father T. carthlicum (k-32496) (b) plants; the F,(c) and F, (d) hybrid plants.
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E T aethiopicum
E & T. carthlicum

o

Ska;e area”

.._ 5 =

PC1 (35 %)

Fig. 2. Scatter plot in the space of the first two principal components (PC1, PC2) for the spikes, whose size and shape
parameters were independently estimated for the four projections. The symbols are located in the upper right corner.
The proportions of the variance accounted for by the first (PC1, horizontal axis) and second (PC2, vertical axis) principal
components are given in parentheses. The averaged directions of the projection of the main groups of traits of the spike

are indicated by orange arrows.

traits, we evaluated the reliability of the segregation in the
population using proportions that reflect the type of genetic
control (3:1, 13:3, 15:1, 61:3, and 63:1) the value of the
Pearson 2 criterion was calculated (Table 2).

Based on the results presented in Table 2, it can be
concluded that tetraaristatum and the character (type) of
awness are split in F, hybrids in a 3:1 ratio (monogenic
inheritance), the presence of spike colored in a 13:3 ratio
(digenic inheritance with incomplete dominance), and the
teeth of awn in a 15:1 ratio (digenic inheritance). For such
traits as the hairy glume and the baldness in the trichomes
on the spike glume, no significant similarity was found for
the F, hybrids.

We evaluated 19 spike traits per each F, hybrid plants
that are of interest for identifying those that may produce
a split corresponding to specific types of inheritance. We
used a mixture model of two Gaussian (normal) distribu-
tions to investigate this issue. Each projection was evaluated
independently. Since a reliable estimate of the Gaussian
distribution parameters depends on the accession size
(the number of accessions studied), we decided to limit

BMONHOOPMATUKA N CUCTEMHAA BUONIOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY

ourselves to testing the 3:1 ratio in this work. For a total
samples of 187 spikes, the theoretically expected number of
plant groups is 140 to 47. Table S3 shows the mean values
and variances for the first and second group of ears for each
character and projection (columns meanl, varl, mean2,
var2), the estimated number of spikes in the first and se-
cond group (num1, num?2), the ratio of the number of spikes
(numratio_1vs2), the value of ¥2, and the significance level
(chisq, chisq_p). It can be seen from the results presented
in Table S3 that for two to seven traits in each projection,
the ratio of the number of spikes in the two groups is close
to 3:1. For example, for the first projection, these traits
are the area of the awns (SAA) and the integrity (SSO)
of the spike. For the second projection, the width of the
spike model and its area (q_ym, q_S), the perimeter of the
spike projection contour (SP), its area (SA), the area of the
awns (SAA), and the roundness (SRO), etc. It is important
to note that only for one character, namely, the “area of the
awns” on the image (SAA), a significant split in the ratio
of approximately 3:1 is observed for all four projections
of the spike. The characteristics of the split for this trait for
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Genetic analysis of wheat ear architecture
in F, hybrid of tetraploid wheats

Table 2. Values of the 2 statistic for different proportions of occurrence of species-specific spike traits

in F, hybrids of T. aethiopicum and T. carthlicum

Traits with categories

1 2
Tetraaristatum, no (1), yes (2) 125 54
Colored spike, no (1), yes (2) 28 144
Character (type) of awness, 46 133
T. aethiopicum (1), T. carthlicum (2)
Teeth of awn, no (1), yes (2) 10 175
Hairy glume, no (1), yes (2) 69 116
Baldness in the trichomes on the spike glume, 120 65

no (1), yes (2)

Number of plants
in categories 1, 2

Type of inheritance and corresponding them y? values

3:1 13:3 15:1 61:3 63:1
2.549 15317 174.758 260.114 952.268
6.977 0.689 29.526 51.728 242193
0.047 5.673 115.549 176.868 677.948

37.883 21.626 0.225 0.213 17.763

14.921 41.774 304.346 440.328 1,535.938

10.135 32.602 263.432 383.873 1,355.695

Note. The left column lists the spike characters and the corresponding category numbers (in parentheses). Xzoos = 3.84.The values of %2 ratios that do
not significantly differ from the corresponding proportions are highlighted in bold. ’

Table 3. Characteristics of spike splitting in F, hybrids based on the “area of awns” in the image (SAA)
For each spike projection, the estimates of the mean values (SAA, and SAA,) and variances for the two groups of spikes
(Var(SAA,), Var(SAA,)) identified based on the mixture model of two Gaussian distributions are given.

Projection of the spike image SAA, Var(SAA;)  SAA,
1 792.3 151,092.6  244.6
2 574.1 119,803.5 1475
3 759.0 136,893.6 2299
4 578.4 127,534.0 1335

Var(SAA,) N, N, 2 p

323931 41 146 0.80 037
125177 42 145 053 0.47
300793 48 139 0.09 0.76
11,2562 51 136 0.66 0.42

Note. N;, N, are number of accessions of groups of spikes, and p is the probability.

four projections and estimates of the number of spikes for
two groups, ¥2, and the probability of the 3:1 monogenic
inheritance ratio hypothesis are shown in Table 3.

From the results presented in Table 3, it can be seen that
the average values of the spike area are slightly larger for
the projection of the front (1) and back (3) sides than for
their two lateral projections (2, 4), for both the first and
second studied groups. For the group of spikes with a larger
area of spikes (and a large number of them, group 1), their
number is smaller and varies between 41-51. For a group of
plants with a smaller area of awness, the number of spikes
varies from 136 to 146. The example of a histogram of the
distribution of SAA values for the 4th projection, showing
two Gaussian distributions, is shown in Figure 3a.

The histogram area is visually divided into two parts:
the right part, with fewer plants and a higher SAA value,
and the left part, with lower SAA values (more plants)
(Fig. 3a). Itis in good agreement with the data presented in
Table 3. The data presented in Table 3 and in Figure 3a are
in agreement with the results of the manual assessment of
splitting of spikes in I, hybrids on the basis of “tetraarista-
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tum” (Table 2). Although, based only on such a parameter
as the area of the spikes, it is impossible to determine the
tetraaristatum of the spike (the presence of spikes simultane-
ously on the flower and on spikelet glimes), tetraaristatum
spikes generally have a larger number of spines, which leads
to an increase in their SAA parameter. This is confirmed
by the shift in the area of the awns in tetraploid spikes
towards higher values compared to conventional awned
spikes (Fig. 3b). We also calculated the average values of
the SA A parameter for the four projections of the spikes in
the images of the F, hybrids and performed a test for the
equality of the means in three groups of plants: awnless,
awned, and tetraaristatum spikes (Table 4).

Note that the average value of the spinous area is the
smallest in spineless plants, the maximum — in tetraarista-
tum plants, and the intermediate value — in spinous plants,
in accordance with the distribution results (Table 4), shown
in Figure 3b. The analysis of variance demonstrates sig-
nificant differences in the averages for the three groups of
spikes (p<10-*). A pairwise comparison of averages using
the Mann—Whitney paired test also shows significant dif-
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Fig. 3. Distribution of the area of the awns. a — histogram of the distribution of the area of the awns on the image (SAA) of the spikes in
F, hybrids (projection No. 4). The X axis shows the value of the trait, and the Y axis shows the number of spikes. The red lines show the
probability density distributions for two groups of spikes, namely, those with more (group 2) and fewer (group 1) awns. b — distribution
of the area of the awns on the image of the spikes in the 4th projection for the awnless, awned, and tetraaristatum spikes, shown as
diagrams. The X axis shows the types of awns, and the Y axis shows the area of the awns.

Table 4. Comparison of the statistics of the distributions of the spikes by the average value of the area

of the awns (mm?) in four projections

Statistics Awnless spikes
Number of ears 6

SAA 13.79

Var(SAA) 25.59

Std. deviation 5.06

Std. error 2.07

Note. SAA is the area of the spikes in the image; Var is the variance.

ferences between all three groups of spikes on the basis
of “tip area” (p<0.001). Thus, the splitting of the ears in
F, hybrids by the area of the awns is due to the fact that
the tetraaristatum spikes have a larger area of the awns on
average (Fig. 3b).

As for other characters of the spike, which demonstrate
a monogenic 3:1 inheritance not for all projections, it is
higher for the character associated with the area of the spike
contour in the image (SA), which gives a split for three
projections out of four. The perimeter of the spike contour
(SP), its length (SL), the area of the quadrilateral model
(q_S), and the length (q_L) demonstrate a close split to the
3:1 proportion for two projections of the spike out of four.
It is possible that these characters are also controlled by a
single gene, but the inaccuracy (ambiguity) of defining the
parameters of the spike characters in the image may result
in incomplete correspondence for different projections,
making analysis more difficult.

BMONHOOPMATUKA N CUCTEMHAA BUONIOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY

Awned spikes Tetraaristatum spikes

127 54
280.13 481.03
73,082.20 129,227.80
270.34 359.48
23.99 48.92

Discussion

The most important result of this investigation is the answer
to the question of how much the results obtained by dif-
ferent methods, namely, hybridological analysis and
machine learning, coincide, and whether it is possible to
judge the stage at which machine learning methods can
be used in the context of working with species-specific
characters.

Analysis of tetraaristatum. Among the studied hybrid
plants, we obtain a split of 125 (normal) to 54 (tetraarista-
tum), y% 3:1 = 2.549, p<0.05. The results are consistent
with the hypothesis of monogenic inheritance of the tetra-
aristatum in a recessive manner. Earlier, in the works of
E.F. Migushova and P.M. Zhukovsky (1969), M.A. Haque et
al. (2011), R.V. Rozhkov (2014), and O.B. Dobrovolskaya
et al. (2020), the recessive nature of the inheritance of this
trait has been shown. The gene controlling the tetraarista-
tum trait, fa, is located in the long arm of chromosome 5A
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(Haque et al., 2011). Despite the fact that V.F. Dorofeev et
al. (1979) noted the presence of tetraploid spike forms, in
addition to 7. carthlicum, in a number of subvarieties of
the tetraploid species T. aethiopicum, most authors agree
that the trait “tetraaristatum” is species-specific only for
one tetraploid wheat species, namely for 7. carthlicum
(Haque et al., 2011; Goncharov, 2012; Dobrovolskaya et
al., 2020).

In addition to tetraploid species, a trait phenotypically
similar to tetraaristatum is characteristic of the hexaploid
wheat species T. aestivum ssp. petropaviovskyi (Udacz. et
Migusch.), however, in this case, it is a slightly elongated
awn-like appendages on the spike glume (Goncharov,
2009). Nevertheless, we can argue that “tetraaristatum” is
a species-specific trait only for 7. carthlicum and can be
effectively used for taxonomic purposes.

Color analysis of the spike. Among the studied hybrid
plants, we obtain a cleavage of 144 (black + red spike) to
28 (white spike), ¥* 13:3 = 0.689, p<0.05. These results
illustrate the phenomenon of dominant epistasis. The genes
controlling spike coloration, Bg and Rgl/, are located in
chromosome 1AS, while Rg2 is located in chromosome
2BS. The digenic control of the red spike in wheat has been
previously shown by a number of authors (Sobko, Sozinov,
1993; Kudryavtsev, Popova, 1994; among others).

Analysis of the type (character) of the awnedness. In
the studied combination of F, hybrids, there was a split of
46 plants with “T. aethiopicum-type” awns to 133 plants
with “T. carthlicum-type” awns, which is consistent with the
hypothesis of monogenic inheritance by the recessive type
(¥*=0.047). The “awnedness type” trait is inherited mono-
genic, and the gene controlling it is located on chromo-
some 3A (Goncharov et al., 2003). The variation observed
in this investigation in the severity of the “awnedness”
trait (Fig. 3) is due to the presence of a significant number
of modifier genes that control its severity (Sourdille et al.,
2002; Wang et al., 2019). It is known that modifiers lead to
“partial awnedness” (semi-awnedness, etc.) or changes in
the length of the awns (from short to very long, exceeding
the length of the spike) in some wheat varieties.

Analysis of the shape of the teeth on the spike glime.
The presence/absence of a teeth on the spike glume is cha-
racteristic of all tetraploid wheat species, and the trait is not
species-specific. However, it may have different degrees
of expression in different varieties. According to the data
obtained, the 175 (teeth present) to 10 (teeth absent) ratio
corresponds to the 15:1 dihybrid inheritance hypothesis
(x*=0.225). The “Wheat manual book” (1980) states that
both T. aethiopicum and T. carthlicum have a teeth, and that
the shape of the teeth varies from short to long, and from
blunt to sharp. However, only 7. aethiopicum has a teeth
that can be so long that it becomes an awn-like appendages.

Analysis of the hairy glume and the baldness in the
trichomes on the spike glume. The hairy glume is an

Genetic analysis of wheat ear architecture
in F, hybrid of tetraploid wheats

important taxonomic trait (Goncharov et al., 2007). It is
controlled in tetraploid wheat species by the Hg gene, which
is located in chromosome 1AS (Goncharov, 2012). In ad-
dition, for 7. carthlicum, the absence of continuous hairy
glume is shown, namely, the baldness in the trichomes on
the spike glume in its lower part (Gandilian, 1972). Due to
the different types of hairy glume, for the species 7. carth-
licum, trichomes with a baldness is a species-specific trait,
and for their distinction, we have assigned the symbol “C”
to the Hg gene according to the species symbols (Hg®).
Considering these traits, we did not obtain reliable results
for the 3:1 inheritance hypothesis, so additional research is
required, as the severity is difficult to assess both visually
and using Al

Nevertheless, digital methods allowed us to evaluate the
diversity of ears by 19 traits. And a much greater diversity
of them in F, hybrid plants was demonstrated than in the
parental and F, ones. It may be related to the presence of
modifier genes (Bersimbaev, Shulembaeva, 2014). With the
species-specific traits studied by us (Table 1), tetraaristatum,
only one of the quantitative characters can be directly as-
sociated — the area of the awns in the image (SAA). The
remaining 18 traits characterize the shape of the spike and
its size and are not related to the color and glume traits. Our
analysis of the mixture of Gaussian distributions showed
that the F, hybrid plants exhibit a 3:1 split into two classes
based on the area of the awns, which is consistent with the
tetraaristatum trait. Similar effects of population splitting
into classes based on grain mass distribution have been
described in triticale xTriticosecale Wittm. ex A. Camus.
(= syn. xTriticale Tscherm.-Seys. ex Miintzing) (Kim et
al., 2024). It should be noted that triticale is the result of
intergeneric hybridization between wheat Triticum spp.
and rye Secale cereale L. The splitting of different triticale
varieties by grain weight was observed on different days
of maturity (2-5 days after earing) for different seeding
densities (150-300 kg/ha). However, the authors did not
check the ratio of the number of plants in the grain weight
classes. Our investigation demonstrates that a combination
of automatic phenotyping methods and a mixture types of
Gaussian distributions can, in principle, allow for automatic
analysis of the separation of classes in F, hybrids that differ
in the values of phenotypes and exhibit a split depending
on the inheritance model. This, in turn, can help identify
genes associated with species-specific wheat plant traits.

Conclusion
Based on the produced research, we can state that “tetra-
aristatum” is a species-specific traits only for 7. carthlicum
and can be effectively used for taxonomic, as well as in
experiments using machine learning. The same applies to
the nature of awnedness for 7. aethiopicum.

The search for algorithms to solve the problem of auto-
mated classification of phenotypes in hybrid populations
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into classes continues (Merezhko, 2005; Rechkin, 2024).
The method proposed in this investigation of using two
Gaussian (normal) characters is effective for class dis-
tribution in oligogenic (mono- and di-genic) inheritance
of traits.
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