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Effects of the auxin-dependent degradation
of the cohesin and condensin complexes on the repair
of distant DNA double-strand breaks in mouse embryonic stem cells

A.V. Smirnov , A.S. Ryzhkova (12, A.M. Yunusova

Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
hldn89@gmail.com

Abstract. The SMC protein family, including cohesin and condensin I/Il, plays a pivotal role in maintaining the topo-
logical structure of chromosomes and influences many cellular processes, notably the repair of double-stranded DNA
breaks (DSBs). The cohesin complex impacts DSB repair by spreading yH2AX signal and containing DNA ends in close
proximity by loop extrusion. Cohesin supports DNA stability by sister chromatid cohesion during the S/G2 phase,
which limits DNA end mobility. Cohesin knockdown was recently shown to stimulate frequencies of genomic dele-
tions produced by distant paired DSBs, but does not affect DNA repair of a single or close DSBs. We examined how
auxin-inducible protein degradation of Rad21 (cohesin) or Smc2 (condensins I+ll) changes the frequencies of rear-
rangements between paired distant DSBs in mouse embryonic stem cells (mESCs). We used Cas9 RNP nucleofection
to generate deletions and inversions with high efficiency without additional selection. We determined optimal Neon
settings and deletion appearance timings. Two strategies for auxin addition were tested (4 independent experiments
in total). We examined deletion/inversion frequencies for two regions spanning 3.5 and 3.9 kbp in size. Contrary to
expectations, in our setting, Rad21 depletion did not increase deletion/inversion frequencies, not even for the region
with an active Ctcf boundary. We actually observed a 12 % decrease in deletions (but not inversions). At the same time,
double condensin depletion (Smc2 degron line) demonstrated high biological variability between experiments, com-
plicating the analysis, and requires additional examination in the future. TIDE analysis revealed that editing frequency
was consistent (30-50 %) for most experiments with a minor decrease after auxin addition. In the end, we discuss the
Neon/ddPCR method for deletion generation and detection in mESCs.

Key words: CRISPR/Cas9; mouse embryonic stem cells; auxin; cohesin; condensin; DNA repair.

For citation: Smirnov A.V,, Ryzhkova A.S., Yunusova A.M. Effects of the auxin-dependent degradation of the cohesin
and condensin complexes on the repair of distant DNA double-strand breaks in mouse embryonic stem cells. Vavilovskii
Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2024;28(6):583-591. DOI 10.18699/vjgb-24-65

Funding. This work was supported by Russian Science Foundation grant No. 22-74-00084. Cell culture was performed
at the Collective Center of ICG SB RAS “Collection of Pluripotent Human and Mammalian Cell Cultures for Biological
and Biomedical Research’, project number FWNR-2022-0019 (https://ckp.icgen.ru/cells/; http://www.biores.cytogen.
ru/brc_cells/collections/ICG_SB_RAS_CELL). Droplet digital PCR was performed using the QX100 equipment (project
number FWNR-2022-0015). Sanger DNA sequencing was performed at the Genomics Core Facility (ICBFM SB RAS,
Novosibirsk).

BausiHe ayKCUMH-3aBUCUMO Aerpaganinm
KOres3rHa 1 KOHJEeHCHOB Ha perapalinio IBVIeII0OUeUHbIX
pa3pbiBOB [JTHK B sMOpMOHAaJIbHbIX CTBOJIOBBIX KJIE€TKAaX MbIIIN

A.B. CmupHOB @, A.C. Popxxosa (2, A.M. IOnycosa

DefepanbHblii UCCeROBATENbCKUI LeHTP VHCTUTYT uutonornm n reHetnkn Cnbrpckoro otaeneHnsa Poccuitckoi akagemmnmn Hayk, HoBocnbrpck, Poccnsa
hldn89@gmail.com

AHHoTauusA. Cemenctso SMC-6enKoB, BK/tOUaloLLlee KOre3uH 1 KoHAeHCUHbI I/11, urpaet Knouyeyto ponb B popmMunpo-
BaHWUV TOMONOMMYECKON CTPYKTYPbl XPOMOCOM V1 KOCBEHHO BAINAET Ha LUMPOKUIA CNEKTP KETOYHbIX MPOLLecCcoB, B TOM
yncne 1 Ha penapauuio asyLenoyveyHbix pa3pbios [1HK (DSB). Komnnekc koresnHa perynupyet penapaumto DSB Ha
HeCKONbKIX YPOBHSAX, Hanpumep, pacnpocTpaHas curHan YH2AX n yaepxusas koHupbl [JHK B HenocpefctBeHHOM 6111-
30CTV 3a CYET IKCTPY3MU NeTesb Bo3se pa3pbiBa. KoresnH Takxe CKpennaeT CeCTPUHCK/E XpoMaTubl BO BpemMs dasbl
S/G2, uTo OrpaHMyYMBaET NOTEHLMANIbHYIO NOABUXHOCTb KOHL0B [IHK. Mo umetowmca gaHHbIM, B drbpobnacTax ye-
noBeKa HOKJayH KoresvHa CTUMYNpyeT o6pa3oBaHme reHOMHbIX Aeneumin mexay yaaneHHbimy DSB (3.2 Tbic. n1.0.),
HO He BNMAET Ha penapawyio OANHOYHbIX 1y 65n3kmx DSB (34 n.o.). Mbl pelunny npoBepuTb 3To HabNoAeHNEe Ha SM-
6PMOHANBbHbBIX CTBOMOBbIX KNETKAX MbILLN, HECYLLMX ayKCUH-UHAYLMGenbHbIA fgerpoH Rad21 (cybbeanHmua KoresuHa)
nnm Smc2 (cy6bemHuLa KoHaeHcHOB I+I1). 1na 3Toro mbl ucnonb3oBanu Hykneodpekumto RNP Cas9 v napbl raingosbix

© Smirnov A.V,, Ryzhkova A.S., Yunusova A.M., 2024
This work is licensed under a Creative Commons Attribution 4.0 License
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SMC complexes depletion and the repair
of distant DNA double-strand breaks

PHK ana reHepauun feneuunn n nHBepcuii ¢ BbICOKon 3$pdeKTUBHOCTbIO 6€3 AoNoNHUTENbHON cenekummn. Mbl onpe-
Lenunu onTumMasbHble ycnoBua ana 3GpdeKTVBHON 3neKTponopauny, BKIoYaa HacTpoiky Neon, a Takke TallMUHIM
noABneHUA aeneyunin. bbinu npoTecTpoBaHbl ABe CTpaTeErMn 406aBNEHUA ayKCHa (CYMMApHO YeTbipe He3aBUCUMbIX
3KcneprmeHTa). bbinu nccnepoBaHbl YacTOTbI MepecTPoeK B ABYX CaliTax pa3mepom okono 3.5 1 3.9 Teic. n.0. Bonpekn
oXxugaHunam, genneuna Rad21 He yBennumnsana yacTtoTy feneLuini/MHBEPCUIA, faxe ANA PerroHa C akTUBHOW rpaHuLei
Ctcf. ®akTueckn HabnoaaNoCb CHUXKEHVE YacToTbl Aeneunii (Ho He UHBepcui) Ha 12 %. Oenneumsa Smc2 He npu-
BOAWSIA K 3aMETHOMY YBEIMYEHUIO YacTOT Aeneunii/UHBEPCUA, BO3MOXKHO, 13-3a BbICOKOIN GMONIOrMYeCcKon n3meHum-
BOCTU Mexay dKcreprmeHTamu. AHanu3 TIDE nokasan, uto yactota pefakTMpoBaHUA Gbina NOCTOAHHON AnA 60/b-
LUIMHCTBA 3KCNepumeHToB (30-50 %), C HE3HAUUTENbHBIM CHUXKEHVEM Mocsie fJo6aBNeHNa ayKcrHa. B ctatbe Takxke
ob6cyxpaeTca npumeHumocTtb metoga Neon/ddPCR ans co3gaHus n getekumm geneumin B SMOPUOHaNbHbIX CTBOSIOBbIX

KNneTkax MblLln.

KnioueBble cnosa: CRISPR/Cas9; ambproHanbHble CTBOMOBbIE KMETKU MbILUW; ayKCWH; KOTe3MH; KOHAEHCUH; pena-

pauna JHK.

Introduction

Properly joining the two ends of a double-strand break (DSB)
is crucial for preserving genome integrity. Unprocessed DNA
ends can degrade, leading to loss of genetic information.
Moreover, because DNA repair occurs in the vast space of
the nucleus, incorrect ligation of multiple DSBs can result in
chromosomal rearrangements, such as translocations, inver-
sions, deletions, mitotic bridges and even chromothripsis.
One-sided breaks that arise during replication are also highly
dangerous and must be restrained and connected to the ap-
propriate DNA molecule.

SMC complexes (cohesin, condensin-I, condensin-II) con-
sist of several proteins organized into a ring-shaped structure
(Kabirova et al., 2023). They utilize ATP-driven motor activity
to shape and organize the genome into topological domains
(TADs). Cohesin is an integral part of cellular homeostasis,
regulating DNA conformation and topology, thus governing
most vital processes from replication and cell division to
gene expression and programmed DNA breaks in meiosis or
V(D)J recombination. Although many reports have linked
cohesin to DNA repair, its exact role therein remains unclear.
Cohesin is attracted to DSB foci (Strom et al., 2004; Unal et
al., 2004), but is probably not essential for DNA end-joining
perse (Gelotetal., 2016). Early cytogenetic and microscopic
evidence suggests that cohesin limits DNA end mobility and
prevents genomic rearrangements (Wu, Yu, 2012). A study
using a genetic reporter showed that cohesin knockdown
leads to an increased frequency of deletions when two
DSBs are introduced at a distance of 3.2 kbp but does not
affect the ligation of closely located breaks (34 bp) (Gelot et
al., 2016).

Importantly, these observations were only relevant to the
S phase, where cohesin is required for sister chromatid cohe-
sion. Knockdown of cohesin in G1-synchronized cells did
not have an effect on deletion frequencies, probably because
cohesin molecules physically limit the mobility of the DSB
ends to preserve genome integrity only during S phase (Sup-
plementary Material 1)!. Generally speaking, cohesin removal
does not affect deletion frequencies in G1, because it does not
hold fragments together; but in the S phase, the excised frag-
ments and the DSB ends are “stapled” to a sister chromatid
(Supplementary Material 1). Cohesin acts on multiple levels
to organize DSB repair, including retaining sister chromatids
for homologous recombination (HR) and replication fork re-

1 Supplementary Materials 1-7 are available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx20.pdf
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start (Wu, Yu, 2012); limiting the mobility of the DSB for a
better homology search within confined “repair domains”
(Piazza et al., 2021); and amplifying the YH2AX signal by
asymmetrically extruding flanking chromatin in the vicinity
of Ataxia-telangiectasia mutated (ATM) kinase at the DSB
(Arnould et al., 2021).

At the same time, cohesin promotes replication stress by
interfering with replication during loop extrusion (Minchell et
al., 2020), which complicates the picture even further. Another
insight comes from the DIVA (DSB Inducible via AsiSI)
U20S cells. This cell line expresses AsiSI restrictase with
attached estrogen receptor ligand-binding domain (Aymard et
al., 2014). After induction by 4-hydroxytamoxifen (4OHT),
AsiSI translocates into the nucleus and introduces around
100-200 DSBs in annotated genomic loci (Dobbs et al., 2022).
Multiple breaks induced with AsiSI tend to cluster together
and form special kinds of D-compartments, but cohesin is
not required for this process or any other kind of chromatin
compartmentalization (Schwarzer et al., 2017; Arnould et al.,
2023). Trans-interactions of multiple AsiSI-induced DSBs
were also not affected by the Rad21 knockdown, but cohesin
was required to reinforce affected TADs locally (Arnould et
al., 2023). Thus, the connections between cohesin, chroma-
tin compartmentalization, sister chromatid cohesion, DSB
restraining and end joining are highly complex.

The role of condensins, another SMC family of DNA orga-
nizers, in DSB repair is still unclear. Their primary function
is genome compaction before mitosis and they are mostly
not active during interphase, although the complex resides in
the nucleus throughout the cell cycle. Recent photobleaching
experiments indicated that during interphase condensin II is
very efficiently blocked from chromatin by the primary bind-
ing partner — the microcephalin protein (Mcphl) (Houlard et
al., 2021). Mcphl plays an important but poorly understood
role in DSB repair, such as facilitating HR repair through
Rad51 filament stabilization (Wu et al., 2009; Chang et al.,
2020). Defects in condensin assembly lead to chromosomal
aberrations and sister chromatid interlinks in mitotic chromatin
(Wu, Yu, 2012; Baergen et al., 2019). Evidence suggests that
yeast condensin cooperates with topoisomerase-II to dissolve
DNA knots (Dyson et al., 2021) and condensin II could be
directly or indirectly involved in homology-directed repair
(Wood et al., 2008).

Does cohesin directly impact the joining of close and distant
DSBs? How do TAD features (size, borders, chromatin) influ-
ence deletion frequencies? Do condensin complexes play any
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role in DSB repair? In a series of pilot experiments presented
here, we begin to explore some of these glaring questions.

Previously, we obtained and extensively characterized
mouse embryonic stem cells (mESCs) with auxin-inducible
degron (AID) knock-ins for Rad21 (cohesin) and Smc2 (both
condensins I+II). These cells exhibit rapid depletion of the
target protein within 1-2 hours of auxin addition (Yunusova
et al., 2021). Cas9 activity generates blunt ends at the target
sites. Using a pair of gRNA frequently leads to an excision of
an intermediate DNA segment, which could lead to deletion or
inversion after non-homologous or microhomology-mediated
end joining (NHEJ/MMEJ) (Canver et al., 2014;Watry et al.,
2020; Li et al., 2021). The cell lines were nucleofected with
Cas9 and paired gRNAs, and studied using droplet digital
PCR (ddPCR) to detect deletions and inversions in the mESCs
population. This approach allowed us to assess the influence of
the spatial organization of DNA and chromatin on the joining
of two distant DNA ends. Overall, the method demonstrated
high efficiency and sensitivity for detecting deletions and
inversions. At the same time, the results were somewhat
inconsistent, and the method we used might be more chal-
lenging than we had anticipated. We discuss its potential and
limitations in the following chapters.

Materials and methods

gRNA design and cloning. We selected two genomic re-
gions to induce paired DSBs: the Ace2 gene locus (ChrX:
162.922.328-162.971.416) and a distinct TAD border that
shows strong Ctcf signals in ChIP-seq data for mESCs (Chr5:

Oligonucleotides used in the study

2024
286

Henneuna SMC-komnnekcos 1 penapauna
OTAaNeHHbIX ABYyLenoYeyHbix pa3pbisos AHK

49.487.342-49.557.342) (GRCm39). High scoring gRNA
sites were chosen using Benchling and Aidit algorithms. The
sequences of the optimal gRNAs are listed in the Table. All
oligonucleotides used in the study were purchased from
DNA-Synthesis (Russia). 100 nt gRNAs were synthesized
by the T7 in vitro transcription system from a PCR product
amplified from a gRNA vector with the T7-primer (overhang
5'-GTTAATACGACTCACTATAG-20nt(gRNA)-3’) and the
reverse primer (see the Table) (HiScribe® T7 High Yield RNA
Synthesis Kit, E2040S, protocol for short products). After
4 hours at 37 °C, the reaction volume (20 pl) was diluted to
100 pl and treated with 2 ul (4U) of DNasel (NEB #M0303)
in the corresponding buffer. RNA was purified with Monarch®
RNA Cleanup Kit (50 pg) (T2040L) and diluted in 30 pul water
to achieve concentrations of 2 pg/ul or higher.

mESCs nucleofections. Both mESCs auxin degron cell
lines were characterized in our laboratory earlier (Rad21-
minilAA7-eGFP, Smc2-minilAA7-eGFP) (Yunusova et al.,
2021). Cells were cultured on plates coated with a 1 % gelatin
solution under 2i conditions (1 uM PD, 3 uM CHIR) in DMEM
(Thermo Fisher, USA), supplemented with 7.5 % ES FBS
(Gibco, USA), 7.5 % KSR (Gibco), 1 mM L-glutamine (Sig-
ma, USA), NEAA (Gibco), 0.1 mM B-mercaptoethanol, LIF
(1000 U/ml, Polygen), and penicillin/streptomycin (100 U/ml
each). Upon reaching appropriate confluence (70-80 %), the
cells were passaged every two days.

Single nucleofection sample consisted of 5 ul Buffer R with
300000 cells which were mixed with 5 pl of RNP complex
diluted in Buffer R in a 10 pl tip. Nucleofections were carried

Oligonucleotide Sequence 5'-3’ Application

gRNA Ace2 F cacctgataaagtcagctgt gRNA sequence

gRNA Ace2 R2 ataagggcaacgaattgaca

gRNA Ctcf F ccttgacaagggcaccatgg

gRNA Ctcf R2 aagaggctcatcagggactc

T7 Ace2-F F gttaatacgactcactatagcacctgataaagtcagctgt T7 in vitro transcription

T7 Ace2-R2 F gttaatacgactcactatagataagggcaacgaattgaca

T7 Ctcf-FF gttaatacgactcactatagccttgacaagggcaccatgg

T7 Ctcf-R2 F gttaatacgactcactatagaaaagcaccgactcggtgcc

gRNA31 Rev aaaagcaccgactcggtgcc

Ace2 F gcagagtcattattacttccttg ddPCR for deletions (149 bp)

Ace2 R caacctgggttcagaccctc and inversions (154 bp) at the Ace2 locus
Ace2 InvR ggcacaaagagttcatattacttac

Ace2 Probe HEX-tacctgcttacaactcagctgagaac-BHQ2

CtcfF ggaggcataataacaactgctc ddPCR for deletions (205 bp)

CtcfR cagaggttagaacctatgaatcgg and inversions (227 bp) at the Ctcf locus
CtcfInvR ggcacaaagagttcatattacttac

Ctcf Probe HEX-agacagagctgatcaagacagcatggt-BHQ2

Emid1 F gccaggactgggtagcac ddPCR for the reference region (79 bp)
Emdi1 R aggaggctcctgaatttgtgacaag

Emid1 Probe FAM-cctgggtcatctgagctgagtcc-BHQ1

Ace? TIDE F gtcatggatgcgctttggat TIDE PCR (412 bp)

Ace2 TIDER aatggagagaatggggcagg
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out at Neon preset condition #10 (Pulse voltage 1000, Pulse
width 100, Pulse No. 1). Other tested conditions included #2
(1400, 20, 1), #6 (1100, 30, 1), #7 (1200, 30, 1), #13 (1100,
20, 2), #17 (850, 30, 2). The RNP mix consisted of 0.2 pl of
concentrated Cas9-NLS protein (30 pmoles) (Biolabmix, Rus-
sia) and 2000 ng of each gRNA (1:2 ratio each). We aimed to
set two replicates for the technical experiments (see Fig. 2)
and three replicates for deletion/inversion frequencies (DIF)
measurements (see Fig. 3). Auxin (500 uM of indole-3-acetic
acid (IAA)) was added either 2 hours before nucleofection or
right after cell plating after nucleofection, and was kept in the
culture medium for the whole period. Target protein degrada-
tion was confirmed by microscopic analysis of GFP fluores-
cence loss (Supplementary Material 2). Cells were collected
24 hours after nucleofection. Genomic DNA was isolated from
cells using phenol-chloroform extraction.

ddPCR assays. Droplet digital PCR (ddPCR) was per-
formed using a QX100 system (Bio-Rad, USA) with primers
and probes specific for the Ace2 and Ctcf regions, as well as
the reference gene Emidl (see the Table). ddPCR reactions
were set in 20 pl volumes containing 1% ddPCR Supermix for
Probes (no dUTP), 900 nM primers and 250 nM probes, and
50 ng genomic DNA. ddPCR reactions for each sample were
performed in duplicates. PCR was conducted according to the
following program: 95 °C for 10 min, then 45 cycles of 94 °C
for 30 s and 58 °C for | min, with a ramp rate of 2 °C per
second, and a final step at 98 °C for 10 min. The results were
analyzed using QuantaSoft 1.7.4 (Bio-Rad). The resulting
number was presented as mean +/— combined SEM. For Ace2
DIF calculations, the initial ddPCR results were multiplied by
two, because the gene is located at the X chromosome (the
mESCs DGES-1 line used in the study has male XY origin).
Statistical analysis for relative differences between DIF across
the experiments was performed with the Student test (control
sample frequencies were set as 1).

TIDE sequencing. We PCR-amplified genomic site cor-
responding to gRNA sites F for Ace2 (412 bp) from 50 ng of
mESCs genomic DNA (samples from Fig. 3) (see the Table).
PCR products were purified at 2 % agarose gel and Sanger
sequenced using forward primer (reverse primer produced
similar estimates in small-scale experiment). Sanger files
were compared with wild-type control locus in the TIDE
application with mostly default parameters (the start of the
alignment window was switched to 91 instead of 100 bp)
(http://shinyapps.datacurators.nl/tide/) (Brinkman et al.,
2014). Average mutation percentage was calculated for three
replicates for each degron.

Results

Implementing ddPCR assay at the mouse Ace2 locus

First, we set out to optimize the Neon nucleofection para-
meters for mouse embryonic stem cells (mESCs). The outline
of a typical experiment is shown in Fig. 1. Following pilot
tests, we estimated the average deletion frequency at multiple
sites (based on two replicates) across two genomic regions
(Fig. 2a). We selected one site (Ace2 F/R2) for Neon optimiza-
tion. Initially, we tested the nucleofection parameters for wild-
type mESCs on a Neon device across 24 basic settings with
an EGFP plasmid (data not shown). From this experiment, we
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identified six conditions demonstrating higher survival rates
and GFP fluorescence (conditions #2, 6, 7, 10, 13, 17, 18).
Control mESCs were then nucleofected with Cas9 RNP, and
the frequencies of deletions were analyzed by droplet digital
PCR (ddPCR) (Fig. 2b). We observed a general inverse cor-
relation between cell survival and the efficiency of deletion
generation (Fig. 2b; Supplementary Material 3). Consequently,
we selected condition #10 for further experiments, since high
cell mortality is undesirable in our approach. Overall, the de-
tection of deletion alleles with ddPCR proved to be specific,
enabling reliable analysis of genomic DNA from the total
mESCs population (Supplementary Materials 4, 5).

To optimize auxin addition time points, we conducted a
small experiment to evaluate the timing of the appearance
of deletions after nucleofection. It is known that in RNP
nucleofection experiments mutations accumulate gradually.
In our observations with mESCs, a small percentage of de-
letions (~2 % of the 48-hour level) appeared already in the
first 3 hours after nucleofection (Fig. 2¢). After 24 hours, ap-
proximately 63 % of deletions from the 48-hour level were
observed. Considering the limited survival of mESCs beyond
24 hours without Rad21 or Smc2, this time frame was selected
for subsequent experiments with all auxin degron lines. We
also performed additional tests of the RNP stability during
pre-incubation at 25 °C, revealing that DPBS buffer could
effectively substitute the original Buffer R (Neon) without
diminishing efficiency (Fig. 2d).

Deletion/inversion frequencies in mESCs degron lines
Using the established protocol, we measured deletion/inver-
sion frequencies (DIF) at two genomic sites in various chro-
matin contexts. The Ace2 region was considered a “neutral”
region located in the middle of a large TAD and showing no
expression in mESCs. Here we focused on the 3495 bp deletion
(F-R2) (Fig. 2a). We also analyzed DIF at another genomic
site — a strong Ctcf boundary (Chr5:49.487.342-49.557.342)
(Fig. 2a; Supplementary Material 6). To account for biologi-
cal variability, we analyzed two independent experiments that
were set with different cell batches and gRNA preparations
(Day A, B). We validated these observations with two alterna-
tive auxin treatment strategies (Fig. 15, ¢). In the first strategy,
we first nucleofected the cells, then plated them in six wells
and added auxin to half of them. This way, degradation starts
simultaneously with Cas9 cutting. In the second strategy, auxin
was added 2 hours prior to nucleofection to reliably remove
all protein complexes (Fig. 1¢). However, this necessitates
separate nucleofections for control and treated samples, intro-
ducing additional handling variability. Furthermore, protein
depletion prior to nucleofection could potentially increase
cellular sensitivity to the procedure, possibly affecting ddPCR
outcomes.

Surprisingly, we did not observe a Rad21-dependent DIF
increase (Fig. 3a). More specifically, we documented a small
but reproducible decrease in Ace2 deletion frequencies in all
experiments (mean relative decrease across four experiments:
—12.1 %, p = 0.0423). Inversion frequencies remained unaf-
fected. It is noteworthy that despite the distinct topological
characteristics of the examined regions, there was no visible
difference for Rad21-related effects, as the Ctcf region also
showed minor and not statistically significant alterations in
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Fig. 1. Experimental approach to study deletion/inversion frequencies in mESCs.

a - mESCs degrons lines were nucleofected with Cas9 and paired gRNAs; After 24 hours, genomic DNA was extracted and analyzed with
ddPCR: we measured relative concentrations of the deletion and inversion alleles against the reference gene (Emid1). Two different nucleo-
fection strategies with respect to auxin addition were tested; b - in the first approach, all cells were mixed together after nucleofection and
then splitin two sample groups (3+3 X 24 w). Auxin was added immediately after plating to half of the wells; c - in the second strategy, cells
were preincubated with auxin for 2 hours and then nucleofected independently of control cells. In both cases, auxin was kept in culture
medium for the duration of the experiment (24 hours). Degradation of the Rad21 and Smc2 proteins could be tracked by the loss of eGFP
fluorescence (Supplementary Material 2); d - scheme of the droplet digital PCR modification designed to detect genomic rearrangements
(ddXR method) (Watry et al., 2020). Induction of paired DNA breaks could lead to excision of the intermediate fragment, resulting in dele-

tion or inversion. The loss or inversion of the fragment allows to efficiently amplify PCR product, activating probe fluorescence.

deletion frequencies (mean relative decrease across four expe-
riments: —10 %, p = 0.109) (Fig. 3a).

Conversely, Smc2 depletion showed a trend towards DIF
increase in one of the days (Day A, auxin added 2 hours be-
fore nucleofection (Fig. 3)), where it reached +33 % (Ace2
deletions), +75 % (Ace2 inversions), +61 % (Ctcf deletions),
+63 % (Ctcf inversion). This effect, however, was not re-
plicated in the subsequent trial (Day B, auxin added 2 hours
before nucleofection) (Fig. 3b) upon switching to a diffe-
rent Cas9 batch. Depletion effect on Ace2 deletions was not
statistically significant, nor were changes in Ace2 inversion
frequencies at a significance level of 0.05 (mean relative

increase across four experiments: +39 %, p = 0.088). These
discrepancies could be caused by some unaccounted biological
factors, such as varying Cas9 batch efficiencies or differences
in cell survival post-nucleofection between experiments (see
Discussion). The role of the condensin complexes in distant
end joining needs additional examinations in the future.

DSB repair efficiency in degron lines

Our objective was to investigate the impact of SMC protein
depletion on DSB repair efficiency, particularly at a single
DSB site or at closely positioned pairs of DSBs. Previous
research indicated that 34 bp deletions are repaired differently
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Fig. 2. Optimization of Neon conditions for deletion generation.

a - deletions examined in the study. Primers and the probe for ddPCR are shown for the Ace2 locus; b-d — optimizing mESCs Neon nucleofection conditions with
the F-R2 (Ace2) gRNA pair.
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Fig. 3. Deletion/inversion frequencies (DIF) for different genomic regions before and after addition of auxin.

a - DIF for Ace2 F-R2 and Ctcf F-R2 regions in Rad21 degron line; b — DIF for Ace2 F-R2 and Ctcf F-R2 regions in Smc2 degron line. Data presented as average
between three nucleofection replicates and combined SEM. Statistical analysis for mean relative values across four biological experiments is provided in the
main text.
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Fig. 4. DSB repair efficiency at a single site Ace2 F, measured by TIDE.
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a - demonstration of Sanger data for the control unedited locus and the mutated locus in the cells from Fig. 2, d. Cut site is marked with a dotted line. Editing
efficiency measured with TIDE is shown as %; b - frequencies of site modifications in various degron lines from Fig. 3. Data shown as average and SEM.

from larger 3200 bp deletions in Rad21-deficient cells (Gelot
et al., 2016). One of the drawbacks of the ddPCR method is
its inability to detect small deletions, due to interference with
the wild-type locus amplification. The authors of the ddXR
method recommend digesting genomic DNA to selectively
eliminate wild-type genomic loci from ddPCR amplification.
With this trick, they were able to amplify deletions as small
as 91 bp (Watry et al., 2020).

We managed to apply restriction to a region of 192 bp at
the Ace2 locus (Supplementary Material 7), although attempts
to apply it to other short deletions were less successful (data
not shown). Given these limitations, the ddPCR method was
deemed unsuitable for analyzing 34 bp deletions. Instead, to
screen how SMC-protein depletion affects DSB repair at a
single end we utilized the Tracking of Indels by DEcomposi-
tion (TIDE) method (Brinkman et al., 2014), a straightforward
approach based on Sanger sequencing of the break site. This
method facilitates the demultiplexing and calculation of Cas9
cut signatures at the break, thereby estimating DSB repair
efficiency as a percentage of mutant alleles. Estimating indel
mutation signatures at the break site serves not only as an in-
dicator of Cas9 activity but also as a measure of nucleofection
efficiency (Fig. 4). We PCR amplified and sequenced regions
at the Cas9 target site for the Ace2 F gRNA (Fig. 2a) (the same
samples analyzed with ddPCR (Fig. 3)).

MOJIEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY

For the Smc2 experiments, we did not detect any significant
differences in editing efficiency. The slight decrease in efficien-
cy post-auxin treatment was counterbalanced by an increase
in DIF (since deletion/inversion events eliminate Ace2 F sites
from PCR amplification in TIDE analysis) (Fig. 4b). For
Rad21 depletions, a decrease in editing efficiencies was noted,
potentially reflecting increased cell vulnerability under high
RNP loads in the absence of Rad21. Notably, one experimental
condition (Rad21/Smc2, Day A, auxin added 2 h before nu-
cleofection) exhibited a 2-fold reduction in editing efficiencies.
In this scenario, auxin addition paradoxically enhanced Cas9
editing for both degron lines (Fig. 4b), yet DIF were impacted
differently in Rad21 and Sme2 lines (Fig. 3). This suggests that
at lower editing efficiencies (RNP load), cells might respond
differently to protein depletion. For example, Smc2 depletion
could permeabilize cells for nucleofection, possibly due to a
cell cycle shift or chromosome decondensation. We plan to
perform nucleofections with various RNP concentrations in
the future to verify this effect.

Discussion

We have performed a series of experiments with auxin de-
gradation and CRISPR/Cas9-induced DSBs using a collec-
tion of mESCs with the SMC degrons. mESCs represent an
interesting object for studying DNA repair. For instance,
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mESCs mostly rely on HR to preserve genome stability (Choi
etal., 2017) and have different end-joining mechanisms based
on specialized polymerases (Schimmel et al., 2017). Since
mESCs are difficult to edit with lipofection, we adapted a
protocol to generate deletions with Neon nucleofections. This
method, in conjunction with ddPCR, demonstrated high ef-
ficiency and sensitivity in detecting deletions and inversions,
with an average modification rate of 60 % for the Ace2 locus
after Neon nucleofection (TIDE at the F site + deletions +
insertions) (Fig. 3, 4). This level of editing is notable com-
pared to plasmid transfection outcomes without selection.
However, we encountered significant variability in deletion/
inversion frequencies (DIF) across experiments, highlighting
the influence of numerous biological factors on experimental
outcomes.

Cas9, a crucial component in our experiments, can sig-
nificantly impact DSB repair dynamics. Variations in the
Cas9:gRNA ratio can dramatically alter editing outcomes
(Chenouard et al., 2023), with repair processes potentially
delayed up to 20 hours due to persistent Cas9-DNA binding
(Kim et al., 2014; Brinkman et al., 2018). Furthermore, Cas9
retention at break sites can modify blunt ends into 3’-overhang
trimmed ends (Stephenson et al., 2018; Jones et al., 2021),
necessitating different polymerases for non-homologous end-
joining. Variability was also observed between different lots of
Cas9-NLS (Biolabmix) even at identical molar concentrations.
To account for all these issues, we performed experiments
with two strategies of auxin addition and set three nucleofec-
tion replicates. We also performed two biological replicates
with different mESCs batches, gRNA preps and Neon tips.
From our experience, such experiments require very careful
examination of the optimal experimental conditions, especially
when the gene of interest has strong pleiotropic effects on cell
homeostasis.

Our timing analysis indicated that cells accumulate 70 %
of deletions within 24 hours, and only 2 % in the first 3 hours,
suggesting that auxin could be added within a 0—3 hour win-
dow after nucleofection without significantly compromising
deletion generation. Furthermore, we confirmed that DPBS
incubation does not compromise RNP activity, providing a
viable alternative to Buffer R. Notably, immediate post-nuc-
leofection auxin addition exhibited lesser variability com-
pared to a 2-hour pre-incubation strategy (Fig. 3), demonstrat-
ing the feasibility of its use in future setups due to its uniform
experimental conditions.

Analysis of data on the frequencies of deletions and inver-
sions for various mESCs clones with degrons allowed us to
draw the following conclusions. We expected that Rad21 dep-
letion will cause elevated rates of deletions and inversions
due to unconstrained movement of the DSB ends, as it was
reported by another group. In their report, there was a 30 %
increase in the amount of cells with a 3 kb deletion (Gelot et
al., 2016) after Rad21 siRNA knockdown. Some other reports
using cytogenetic and microscopic analysis also suggested that
Rad21 knockdown provokes DNA rearrangements (Wu, Yu,
2012). So far, we have not found any significant stimulatory
effects of Rad21 depletion on DIF (Fig. 3). Given that the
authors of the initial report (Gelot et al., 2016) worked with
a different experimental setting (plasmid transfection with
inducible I-Scel, siRNA Rad21 knockdown, SV40-trans-
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formed GM639 human WT fibroblasts) and had an alterna-
tive detection strategy, our results may reflect differences
between the experimental systems. In our setting, the protein
was removed almost completely after 2 hours (Yunusova et
al., 2021) and Cas9 RNP was active from the beginning (see
timings, Fig. 2¢). Also, mESCs are more sensitive to DNA
damage and may react to DSB differently than immortalized
fibroblasts (Choi et al., 2017).

It is possible that the absence of Rad21 sensibilizes cells to
DNA damage resulting in a decreased opportunity for distant
end-joining events to happen, hiding the stimulatory effect.
This would lead to a lower amount of TIDE signal, as we see in
our data (Fig. 4b). However, this does not explain why inver-
sion frequencies are not negatively affected (Fig. 3). In theory,
the effect of Rad21 degradation may be more noticeable for
extremely distant DSBs, such as a 26 kbp deletion that we
plan to analyze in the future (Supplementary Material 6). Cor-
relation between topology and DSB is another long-standing
question. In our case, deletion over the Ctcf site at the TAD
border was not noticeably affected by cohesin depletion.

Unexpectedly, our findings hint at a significant role of
Smc2 depletion in promoting genomic rearrangements, al-
though data variability necessitates further investigation. Con-
densins are not directly involved in DNA repair, but could
affect it via side effects (defects in chromosome segregation,
chromatin decondensation in G2/M). Cell cycle is an important
determinant of a DSB repair outcome. It is well known that
G1 DSBs are repaired with slower kinetics (Arnould et al.,
2023). Synchronization of human fibroblasts in the G1 phase
showed no end-joining stimulation from Rad21 knockdown
(Gelot et al., 2016). We and others analyzed cell cycles in
mESCs with Rad21 and Smc2 depletion and found that after
6 hours they accumulate in the G2/M phase (manuscript under
preparation). Judging from these data, Rad21 and Smc2 clones
have the same cell cycle profile. Thus, cell cycle shift alone
would not explain the difference between Rad21 and Smc2
depletion effects. In this study, we could only work with an
unsynchronized mESCs population. Synchronization of mESCs
is very challenging and imposes additional cell lethality mak-
ing this approach unsuitable for our goal.

We plan to expand our investigations with the repertoire
of deletions at other genomic regions with interesting topolo-
gical organization. We will also try other improvements, such
as NGS sequencing with Unique Molecular Identifiers (UMIs)
for Cas9 target sites to account for editing efficiency. In the
future, we will also extend our findings to simpler, synchro-
nizable human cell lines such as HAP1 and HCT116, which
also harbor Rad21/Smc2 degrons, to further dissect these com-
plex dynamics.

Conclusion

Cohesin facilitates genome stability by limiting DNA move-
ments during replication. By this logic, supported by experi-
mental data, the frequencies of deletion between paired distant
breaks will increase after cohesin removal. We could not re-
produce these findings in the Rads21 auxin-degron cell line as
we did not see an increase in deletion or inversion frequencies.
This may reflect differences between experimental systems.
Both Rad21 and Smc2 degron studies will require more itera-
tions to account for biological variability.
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Abstract. Metapolycentromeres consist of multiple sequential domains of centromeric chromatin associated with
a centromere-specific variant of histone H3 (CENP-A), functioning collectively as a single centromere. To date, they
have been revealed in nine flowering plant, five insect and six vertebrate species. In this paper, we focus on their
structure and possible mechanisms of emergence and evolution. The metapolycentromeres may vary in the number
of centromeric domains and in their genetic content and epigenetic modifications. However, these variations do not
seem to affect their function. The emergence of metapolycentromeres has been attributed to multiple Robertsonian
translocations and segmental duplications. Conditions of genomic instability, such as interspecific hybridization and
malignant neoplasms, are suggested as triggers for the de novo emergence of metapolycentromeres. Addressing the
“centromere paradox” — the rapid evolution of centromeric DNA and proteins despite their conserved cellular func-
tion - we explore the centromere drive hypothesis as a plausible explanation for the dynamic evolution of centromeres
in general, and in particular the emergence of metapolycentromeres and holocentromeres. Apparently, metapolycen-
tromeres are more common across different species than it was believed until recently. Indeed, a systematic review
of the available cytogenetic publications allowed us to identify 27 candidate species with metapolycentromeres. The
list of the already established and newly revealed candidate species thus spans 27 species of flowering plants and
eight species of gymnosperm plants, five species of insects, and seven species of vertebrates. This indicates an erratic
phylogenetic distribution of the species with metapolycentromeres and may suggest an independent emergence
of the metapolycentromeres in the course of evolution. However, the current catalog of species with identified and
likely metapolycentromeres remains too short to draw reliable conclusions about their evolution, particularly in the
absence of knowledge about related species without metapolycentromeres for comparative analysis. More studies
are necessary to shed light on the mechanisms of metapolycentromere formation and evolution.
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CprKTypa N 3BOJJIIOLIVA METAaIIOJIMIOEHTPOMEDP

E.O. I'pyxo (12, IT.M. Bopoaun @

DepepanbHblii NCCNeROBATENBCKUI LeHTP UHCTUTYT yutonorum u reHetnkn Cnbrpckoro otaeneHnsa Poccuinckol akagemmnmn Hayk, HoBocnbupck, Poccus
@ borodin@bionet.nsc.ru; grishko@bionet.nsc.ru

AHHOTaumA. MeTanonnueHTPOMEpPbl COCTOAT U3 HECKOJIbKMX MOCeA0BaTe/IbHbIX IOMEHOB LIEHTPOMEPHOro Xpoma-
TUHA, CBA3aHHbIX CO CneumMPnyHbIM ANA LeHTpoMepbl BapuaHTom ructoHa H3 — CENP-A, koTopble BMecTe GpyHKLMO-
HMPYIOT KaK ofiHa LieHTpomepa. OHY 6Gbinn OTKPbITbI HelaBHO 1 0GHapY»KeHbl Y AeBATU BUAOB LiBETKOBbIX PacTeHNN,
NATW BUJOB HACEKOMbIX U LUECTU BUAOB MO3BOHOYHBIX XXUBOTHbIX. B ;JaHHOM 0630pe paccmaTprBaloTca CTPYKTypa Me-
TanoNnLEeHTPOMEP 1 BO3MOXHbIE MEXaHM3Mbl NX BO3HUKHOBEHUA 1 3BOAOLNA. MeTanonnueHTpomepbl MOryT pas-
NNYaTbCA MO KOIMYECTBY LIeHTPOMEPHbIX AOMeHOB, nociefosatenbHocTaM [IHK n snurenetnuecknm moandukaum-
AM. OfHAKO 3TV Pasnuuns, No-BUAUMOMY, He BIMAIOT Ha X GyHKUMIO. MoABNeHVe MeTarnonmueHTpoMep 06bACHAIT
MHOKeCTBEHHbIMY POOEPTCOHOBCKMMM TPAHCIOKALMAMU 1 CErMEHTHBIMM AYNANKaLUaMA. B yC1oBUAX FeHOMHOW He-
CTabunbHOCTY (MPU MEXBMOBO rMbpMAN3aLUM 1 B XOAe KaHLeporeHe3a) MeTanonrLeHTPOMEePbl MOTyT BO3HUKaTb
de novo. [MnoTesa LIEHTPOMEPHOrO fipaliBa NpeAcTaBnAeTca yoeanTenbHbIM 06bACHEHNEM SBOJTIOLIMN LIEHTPOMEP B
LieslomM 1 06pa3oBaHUA METanoMLEHTPOMEP U FOIOLEHTPOMEDP B YaCTHOCTU. [0-BUAMMOMY, MeTanonLeHTpoMe-
pbl BCTPeYaloTCA Yalle, YeM NPUHATO cunTaThb. CUCTEMATUYECKM 0630P [OCTYMHbIX LUTOreHeTUYecKmx nybamkaumi
MO3BOMWIT HaM [JONONTHUTENbHO NAEHTUONLMPOBATL 27 BUAOB-KaHANAATOB C MeTanonuueHTpomepamm. Takm obpa-
30M, CMUCOK Y>Ke YCTaHOBJIEHHbIX 1 BHOBb Hal€HHbIX BUOB-KaHAM1aTOB OXBaTbiBaeT 27 BUAOB LIBETKOBbIX 1 BOCEMb
BW/I0B r0/I0CEMEHHbIX PAaCTEHNI, NATb BUOB HACEKOMbIX 1 CEMb BU/I0B MO3BOHOYHbIX XXNBOTHbIX. Bufibl, BKNOUEHHbIe
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CTpyKTypa 1 3sonouna
MeTanosMueHTpomep

B 3TOT CMUNCOK, Crnopagnyeckn pacnpeesieHbl no d)VIJ'IOI'eHeTVI‘-IECKOMy apesy. OTO MOXKeT YKa3blBaTb Ha HE3aBUCMOE
SBOJTIOUMOHHOE BO3HMKHOBEHKE MeTanonnmueHTpomMmep. OpHako CyLI.l,eCTByIOLI.I,VII‘/'I CnMnCoK BUAOB C VI,U,eHTVId)VILlVIpOBaH-
HbIMW 1 npeAnonaraemMmbiMn MeTanoiMyeHTpomepamn CJINLWKOM KOpOTKVIl7I, uTOObI cAenatb HafjeXKHble BblBObl 06 nx
sBonounu, 0CO6EHHO B OTCyTCTBUNE 3HaHWI O POACTBEHHDbIX BMAax 6e3 MeTanonmueHTpomep AnAa CpaBHUTENIbHOIO
aHanuM3sa. HeO6XO,D,VIMbI AONOJIHUTENIbHbIE NCCNEfOBaHNA ONA TOrO, yToObI NPOANTb CBET Ha MEXaHN3Mbl o6pa3OBava

1 3BOTIOL NN MeTanoJingeHTpomep.

KnioueBbie cnoBa: LEHTPOMEpPaQ; pasmep LUeEHTPOMEPDI; TN LEeHTPOMepPbl; METAaNMOJIMLEHTPOMEPDI.

Four main types of centromeres

The centromere is the region of the chromosome to which
spindle filaments attach during mitosis and meiosis. It con-
sists of centromeric DNA and a kinetochore protein complex
through which the spindle microtubules attach to the chromo-
some. Centromeres play a critical role in maintaining chro-
mosome integrity and controlling chromosome segregation
during cell division. Disruption of the structure and func-
tion of centromeres in mitosis can lead to cell death, and in
meiosis, to the formation of unbalanced gametes and sterility.
Despite this conserved function, common to all eukaryotes,
the centromeres of different organisms can vary significantly
in both structure and size (Talbert, Henikoff, 2020). The only
epigenetic mark of the centromere, characteristic of the vast
majority of species, is the centromere variant of histone H3,
the CENP-A protein (Mendiburo et al., 2011).

There are four main types of centromeres: regional cen-
tromeres, point centromeres, metapolycentromeres and holo-
centromeres (Talbert, Henikoff, 2020) (Fig. 1).

Regional centromeres are the most common type of centro-
mere. Cytologically, the regional centromere can be detected
as a primary constriction (Flemming, 1882). It is built on
centromeric chromatin, marked by CENP-A. Based on cen-
tromeric chromatin, the kinetochore is assembled (Cleveland
et al., 2003) (Fig. 2). The length of centromeric chromatin
varies significantly among different species and can range
from several thousand to millions of base pairs (bp) (Haupt
et al., 2001; Kanesaki et al., 2015). Usually, centromeric and
pericentromeric chromatin consists of highly repeated DNA
sequences: satellite DNA or mobile genetic elements. How-
ever, centromeres based on non-repeated sequences have also
been found (Glockner, Heidel, 2009; Kanesaki et al., 2015;
Talbert et al., 2018). The centromeric sequences of most spe-
cies consist predominantly of satellite DNA.

Centromeric tandem repeats vary in the number, length, and
nucleotide composition of repeating fragments (monomers),
but usually have a length of 100-400 bp (Melters et al., 2013).
This size ensures DNA coiling around 1-2 nucleosomes. The
monomers of the satellite DNA are often A/T rich (Melters et
al., 2013), which presumably reduces DNA bending energy
and promotes nucleosome folding. The sequences of centro-
meric repeats can vary even between closely related species
(Lee et al., 2005; Talbert et al., 2018). Moreover, even within
the same species, centromeres of different chromosomes can
consist of either tandem repeats belonging to the same family
or completely different repeats (Ahmad et al., 2020; Balzano,
Giunta, 2020).

It is known that centromeric repeats are actively transcribed,
and the resulting transcripts play an important role in maintain-
ing centromere structure (Talbert, Henikoff, 2018).
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Point centromeres are found only in the chromosomes of
the budding yeast Saccharomyces cerevisiae (Nagpal, Fierz,
2021). They contain only one centromeric nucleosome, the
so-called hemisome (heminucleosome), consisting of histones
H4, H2A, H2B, and Cse4 (CENP-A homolog) in a single
copy (Furuyama, Biggins, 2007; Henikoff et al., 2014). Only
one spindle microtubule is attached to the point centromeres
(Winey et al., 1995).

— =4 &

Chromosome arm

Microtubule

' Centriole

C d éé (O Kinetochore
O

Fig. 1. Four main types of centromeres: regional centromeres (a); point
centromeres (b); metapolycentromeres (c), and holocentromeres (d).
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Fig. 2. Regional centromere structure, according to H. Nagpal and B. Fierz
(2021), modified.
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Holocentromeres do not form a primary constriction since
the spindle microtubules have attachment points along the
entire length of the chromosome. Some holocentromeres have
no centromeric chromatin at all and CENP-A is distributed
evenly along the entire length of the chromosome. In other
holocentromeres, the centromeric chromatin forms small,
equally spaced, repeated clusters along the entire length of
the chromosome (Senaratne et al., 2022). Holocentromeres
were detected in 700 species of plants and animals with ho-
locentromeres (Melters et al., 2012). More information about
this topic can be found in the reviews (Senaratne et al., 2022;
Wang et al., 2022; Castellani et al., 2024; Kuo et al., 2024).

Metapolycentromeres consist of several sequential do-
mains of centromeric chromatin associated with CENP-A
and functioning as a single centromere. They are considered
a transitional type between regional centromeres and holo-
centromeres (Neumann et al., 2012).

Here we review the structural features and evolution of
metapolycentromeres, the most recently discovered and ex-
tremely rare type of centromere.

CENP-A as a centromere identifier

The position of the centromere is determined epigenetically,
not by a specific DNA sequence, and the centromeric variant
of histone H3 is considered the universal epigenetic mark of a
functional centromere (Mendiburo et al., 2011). Centromeric
histone H3 has several taxon-specific synonyms: CENP-A
in animals, CENH3 in plants, CID (centromere identifier) in
drosophila, HCP-3 in nematodes, Cnp] in fission yeast, and
Cse4 in budding yeast. In this article, for convenience, we
will use the term CENP-A, as it is the most commonly used.
CENP-A or its homologues are found in the centromeres of all
eukaryotic species studied, with very rare exceptions includ-
ing some species of lepidopterans and hemipterans, trypano-
somes, and fungi (Drinnenberg et al., 2014; van Hooff et al.,
2017; Navarro-Mendoza et al., 2019; Senaratne et al., 2021).
The presence of CENP-A on a chromosomal site is necessary
and sufficient for the formation of a functional centromere and
for ensuring its inheritance (Mendiburo et al., 2011).

CENP-A, like canonical histone H3, includes two domains:
an N-terminal domain and a C-terminal domain. The latter is
integrated into the nucleosomal octamer and forms the nucleo-
some body (Sullivan K.F. et al., 1994). This domain contains
the following regions (from the N end to the C end): aN-helix,
al-helix, Loopl, a2-helix, Loop2, a3-helix, and C-terminal
disordered tail (Black et al., 2004; Tachiwana et al., 2012).
Human CENP-A shows 48 % homology with the canonical
histone H3, making it the most distinct histone H3 variant.
The N-terminal domain of human CENP-A is much shorter
than that of canonical H3, and the amino acid sequence has
the least homology to the canonical H3 sequence of all regions
of the protein. The C-terminal domain is 68 % identical to the
canonical one (Sullivan K.F. et al., 1994).

Typically, histones are highly conserved, but the amino
acid composition of CENP-A varies significantly between
different species (Maheshwari et al., 2015). The N-terminal
domain and loop 1 of the C-terminal domain interact with
centromeric DNA and show signs of positive selection in
some organisms, for example, in Drosophila melanogaster and
Arabidopsis thaliana. The main part of the C-terminal domain
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(except loop 1) is typically conserved (Malik, Henikoff, 2001;
Talbert et al., 2002; Maheshwari et al., 2015).

Thus, the centromere’s position is epigenetically marked by
CENP-A, which is essential for centromere function across
eukaryotes. It shows significant interspecies variation and
adaptive evolution, highlighting its critical role in centromere
functionality and inheritance.

Structure and characteristics

of metapolycentromeres

Metapolycentromeres are found in a few species (see the
Table). The number of chromosomes containing metapoly-
centromeres differs between species. In some species, all
chromosomes contain metapolycentromeres. In others, meta-
polycentromeres are present on a few chromosomes or on
just one, while the remaining chromosomes contain regional
centromeres (Huang Y.-C. et al., 2016; Malinovskaya et al.,
2022). Moreover, between populations of the ant species 7ra-
chymyrmex holmgreni, variation in the number of chromo-
some pairs containing metapolycentromeres was observed,
from 1 to all 20 pairs (Cardoso et al., 2018). Metapolycentro-
meres also vary in size. They may occupy from 5 to 40 % of
the chromosome length (Malinovskaya et al., 2022).

On routinely stained preparations of metaphase chromo-
somes, metapolycentromeres appear as elongated primary
constrictions (Fig. 3a) (Drpic et al., 2018; Malinovskaya et
al., 2022). Immunolocalization of CENP-A provides a more
accurate identification of metapolycentromeres. This method
of identification has been applied to the metaphase chromo-
somes of Pisum sativum, P. fulvum, Lathyrus spp., Tribolium
castaneum, and Muntiacus muntjak (Neumann et al., 2012,
2015; Drpic etal., 2018; Grzan et al., 2020). Recently, L.P. Ma-
linovskaya et al. (2022) and E. Grishko et al. (2023) detected
metapolycentromeres in five species of songbirds: Gouldian
finch, European pied flycatcher, Eurasian bullfinch, domestic
canary, and common linnet, using non-specific antibodies to
the human centromere (ACA) on preparations of surface-
spread synaptonemal complexes (Fig. 3b).

In all cases, the signals from centromeric chromatin do-
mains were distributed in a paired bead-like pattern, with
anticentromere antibodies always binding to the outer side of
the primary constriction. In some cases, in legumes and song-
birds, centromeric chromatin domains were fused, forming a
linear structure (Neumann et al., 2012, 2015; Malinovskaya
et al., 2022; Grishko et al., 2023). In the songbirds, unequal
spacing between domains and unequal numbers of domains
on homologous chromosomes of the same karyotype were
observed (Grishko et al., 2023).

The use of ChIP-seq with antibodies to CENP-A showed
that the centromeric chromatin of peas metapolycentromeres
consists predominantly of AT-rich satellite DNA 150—400 bp
long. A combination of ChIP-seq with long-read sequencing
demonstrated that the centromeric chromatin of metapoly-
centromeres also contains various retrotransposons. At the
moment, the sequence of only one metapolycentromere has
been established. The metapolycentromere of P. sativum
chromosome 6 is 81.6 Mb long and includes nine families
of satellite DNA. Satellites from three of these families form
up to 1 Mb clusters of centromeric chromatin marked by
CENP-A. Except for the enrichment with satellite DNA, the

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 6



E.O. Tpuwko CTpyKTypa 1 3sonouna 2024
M.M. bopoawnH MeTanonnueHTpomep 286
Species with metapolycentromeres

Species Reference Species Reference

Flowering plants
Allium cepa”®

Allium erdelii*

Allium neapolitanum®
Allium gasyunense®
Allium sativum®
Allium subhirsutum™®
Allium trifoliatus™
Allium trioliatum™
Arachis viliosa*
Chamaelirium luteum™
Colchicum ritchii*
Colchicum schimperi®
Dioscorea deltoidea*
Filipendula ulmaria*®
Filipendula vulgaris*
Lathyrus clymenum
Lathyrus latifolius
Lathyrus niger
Lathyrus ochrus
Lathyrus sativus
Lathyrus sylvestris
Lathyrus vernus
Pisum fulvum

Pisum sativum

Rutidosis leiolepis™®

Fiskesjo et al., 1981
Kollmann, 1970

Badr, Elkington, 1977
Kollmann, 1970

Panda et al., 1979
Badr, Elkington, 1977
Miceli et al., 1984
Badr, Elkington, 1977
Stalker, Dalmacio, 1981
Tanaka, 2020
Feinbrun, 1958
Feinbrun, 1958

Bhat, Bindroo, 1980
Baker H.G., Baker ., 1967
Baker H.G., Baker I, 1967
Neumann et al., 2015
Neumann et al., 2015
Neumann et al., 2015
Neumann et al.,, 2015
Neumann et al.,, 2015
Neumann et al.,, 2015
Neumann et al.,, 2015
Neumann et al., 2015
Neumann et al., 2012

Young et al.,, 2002

Flowering plants
Strophanthus divaricates™
Strophanthus sarmentosus™
Gymnosperm plants
Cryptomeria japonica®
Cunninghamia lanceolata™
Metasequoia glyptostroboides™
Phyllocladus trichomanoides™
Sequoiadendron giganteum™
Taiwania cryptomerioides™
Taxodium distiehum™

Tsuga longibracteata®
Insects

Mycetomoellerius urichii
Solenopsis geminate
Solenopsis invicta
Trachymyrmex holmgreni
Tribolium castaneum
Vertebrates

Chloebia gouldiae

Ficedula hypoleuca

Linaria cannabina
Mesoplodon carlhubbsi*
Muntiacus muntjak

Pyrrhula pyrrhula

Serinus canaria

Note.The newly mined species with potential metapolycentromeres are indicated by asterisks.

Beentje, 1982
Beentje, 1982

Schlarbaum, Tsuchiya, 1984b
Schlarbaum, Tsuchiya, 1984a
Schlarbaum, Tsuchiya, 1984b
Davies et al., 1997
Schlarbaum, Tsuchiya, 1984b
Schlarbaum, Tsuchiya, 1984a
Schlarbaum, Tsuchiya, 1984b
Li, 1991

Teixeira et al., 2022
Huang Y.-C.etal., 2016
Huang Y.-C. et al,, 2016
Cardoso et al., 2018
Grzan et al., 2020

Malinovskaya et al., 2022
Malinovskaya et al., 2022
Grishko et al., 2023
Kurihara et al.,, 2017
Comings, Okada, 1971
Grishko et al,, 2023
Malinovskaya et al., 2022

Fig. 3. Mitotic metaphase (a) and synaptonemal complexes (b, ) of the male domestic canary after DAPI staining (a) and immunostaining using anti-
bodies against SYCP3, the main protein of the lateral elements of the synaptonemal complex (red), human centromere proteins (green) (b) and SYCP3
(red), and H3K9me2/3, histone H3, di- and trimethylated at lysine 9 (green) (c).

Numbers indicate macrochromosomes with metapolycentromeres. Arrows indicate extended primary constrictions (a) and metapolycentromeres (b, ¢). GRC in-
dicates germline restricted chromosome. Bar 5 um. After L.P. Malinovskaya et al. (2022), modified with permission.
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metapolycentromere does not differ from the adjacent regions
of the chromosome in DNA methylation patterns, the location
of transcriptionally active genes, and retrotransposons (Macas
etal., 2023).

E. Grishko et al. (2023) and L.P. Malinovskaya et al. (2022)
demonstrated that the metapolycentromeres of the songbirds
do not differ from their regional centromeres in the H3K9
methylation patterns (Fig. 3¢). For example, all macrochromo-
somes of the domestic canary contain metapolycentromeres,
and all of them except the Z chromosome are hypermethylated
at H3K9, as well as the regional centromeres of all macrochro-
mosomes except the Z chromosome in several other songbird
species studied.

Meanwhile, P. Neumann et al. (2016) revealed a striking
similarity between metapolycentromeres and holocentromeres
in the patterns of histone modifications H3S10ph, H3S28ph,
and H3T3ph distributions in L. sativus and P. sativum chro-
mosomes. The metapolycentromeres showed a unique pattern
of H2AT120ph distribution, significantly different from that
of both regional and holocentromeres. The genomes of Pisum
and Lathyrus contain two variants of the CENP-A gene, named
CenH3-1 and CenH3-2 (Neumann et al., 2012), the sequences
of which show 55 % homology, while corresponding proteins
differ in length and amino acid sequence and show 72 % ho-
mology (Neumann et al., 2012). Both forms of CENP-A are
localized on functional chromatin clusters of metapolycentro-
meres in these species (Neumann et al., 2015).

Simultaneous immunodetection of CENP-A and tubulin
in P. sativum revealed colocalization of these proteins in the
centromeric region, indicating that each cluster of centromeric
chromatin within the metapolycentromere forms a functional
kinetochore (Neumann et al., 2012). Regional and metapoly-
centromeres do not differ in the strength of their suppressive
effect on meiotic recombination in the pericentromeric chro-
mosome regions (Grishko et al., 2023).

Thus, metapolycentromeres may vary in the number of
centromeric domains and in their genetic content and epi-
genetic modifications. However, these variations do not seem
to affect their function.

Origin of metapolycentromeres

At the moment, several mechanisms for the formation of
metapolycentromeres were suggested: multiple Robertsonian
translocations in the Indian muntjac (Huang L. et al., 2006),
segmental duplications in legumes (Macas et al., 2023), epi-
genetic charges in the interspecies marsupial hybrids (O’ Neill
etal., 1998) and expansion of centromeric chromatin and over-
expression of the CENP-A protein in the malignant neoplasms
(Sullivan L.L. et al., 2011, 2016; Perpelescu et al., 2015).

In the Indian muntjac (M. muntjak vaginalis), the meta-
polycentromere is located on the X chromosome (Drpic et al.,
2018). This species has the smallest number of chromosomes
among mammals: 2n = 6 in females and 27 = 7 in males
(Wurster, Benirschke, 1970). The reduction of the chromo-
some was determined by a fusion of chromosomes in an
ancestor with a karyotype of 2n = 70 (Yang et al., 1997; Chi
etal., 2005). The elongated centromere of the X chromosome
was suggested to result from several successive Robertsonian
translocations (Chang et al., 2001; Huang L. et al., 20006).
However, it remains unclear why all autosomes of this species,
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which also resulted from multiple Robertsonian translocations,
have the standard regional centromeres.

In legumes, metapolycentromeres may have arisen through
a mechanism associated with the duplication of the centro-
meric histone H3 gene (Neumann et al., 2015). However, the
presence of two CENP-A variants is not a determinant of the
presence of metapolycentromeres in Pisum and Lathyrus.
Several plant species have two CENP-A variants but no meta-
polycentromeres, for example, 4. lyrata and Mimulus spp.
(Kawabe et al., 2006; Finseth et al., 2015). Thus, in peas,
sequencing of long reads combined with ChIP-seq with anti-
bodies to CENP-A showed the emergence of the newest do-
main of centromeric chromatin through segmental duplication
and subsequent inversion of an existing domain 5.2 Mb long.
However, the origin of the remaining domains of centromeric
chromatin is unclear (Macas et al., 2023).

Multiple tandem duplications play a major role in the ho-
mogenization of centromeric repeat monomers in rice (Ma,
Jackson, 2006). They might result from unequal crossing over,
gene conversion, duplicate transposition, satellite transposi-
tion, and illegitimate recombination (Copenhaver et al., 1999;
Ma, Jackson, 2006).

Typically, dicentric and polycentric chromosomes cannot
ensure the attachment of unipolar spindle microtubules to
their chromatids, which causes chromosome breakage and
nondisjunction. Thus, there are mechanisms that select against
such a chromosome structure (for example, the elimination of
one of the centromeres) (Zhang et al., 2010). However, this
does not occur in the case of metapolycentromeres due to the
close proximity of the centromeric domains (Neumann et al.,
2012). It is known that the distance between two functional
centromeres should not exceed 20 Mbp for them to function
as one centromere during cell division (Higgins et al., 2005).
Apparently, this condition is also satisfied for metapolycen-
tromere domains.

Metapolycentromeres can arise de novo from regional
centromeres under conditions of genomic instability. Such
destabilizing conditions may include interspecific hybridiza-
tion and malignant neoplasms (Metcalfe et al., 2007; Sulli-
van L.L. et al., 2011).

The elongated centromeres have been observed in some
chromosomes of interspecific hybrids of several marsupial
species (kangaroos and wallabies), while the chromosomes of
the parental species contained regional centromeres. Interest-
ingly, the elongated centromeres were only present on the
maternally derived chromosomes (O’Neill et al., 1998, 2001;
Metcalfe et al., 2007; Schroeder-Reiter, Wanner, 2009). This
phenomenon was observed in hybrids between the closely re-
lated species Macropus rufogriseus and M. agilis, as well as in
those between the phylogenetically distant species M. eugenii
and Wallabia bicolor (O’Neill et al., 1998; Metcalfe et al.,
2007). In all these hybrids, the expansion of centromeric chro-
matin occurred due to an uncontrolled increase in the number
of copies of centromeric retrotransposons, and for different
hybrids, the families of retrotransposons that facilitated the
expansion differed (O’Neill et al., 1998; Metcalfe et al., 2007).
Apparently, the changes in the epigenetic context due to hy-
bridization disrupt DNA methylation patterns that normally
restrain the activity of centromeric retrotransposons. This,
in turn, leads to their repeated copying and the expansion of
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the centromeric region (O’Neill et al., 1998). However, it is
still not clear why this phenomenon is limited to maternally
derived chromosomes.

Expansion of centromeric chromatin also occurs in some
human cancer cells (Sullivan L.L. et al., 2011, 2016; Perpeles-
cuetal., 2015). Thus, in cell line GM08148, a rearrangement
on chromosome 17 resulted in the centromere entering the
euchromatic environment; as a result, CENP-A spread into the
short arm and formed an elongated functional centromere on
anon-centromeric DNA sequence (Sullivan L.L. et al., 2016).
Additionally, overexpression of the CENP-A protein and its
chaperone HJURP, along with the disruption of the interaction
of the tumor suppressor protein Rb with chromatin in cancer
cells, can lead to centromere elongation (Sullivan L.L. et al.,
2011; Perpelescu et al., 2015). Altered epigenetic landscapes
and uncontrolled proliferation of centromeric sequences may
trigger dysregulated expansion of centromeric chromatin.

Metapolycentromere evolution

and the centromere drive hypothesis

The conservative centromere function — the attachment of
spindle microtubules and subsequent chromosomal segrega-
tion — implies strict purifying selection on the components of
the centromere: centromere DNA and centromere proteins.
However, in reality, we observe a completely opposite pic-
ture — both centromeric DNA and centromeric proteins evolve
rapidly and often differ significantly even between closely
related species. This contradiction is called the “centromere
paradox” (Henikoff et al., 2001).

To resolve the centromere paradox, S. Henikoff et al. (2001)
suggested the centromere drive hypothesis. This hypothesis
suggests that in asymmetric female meiosis, the centromeres
segregating in the egg rather than in the polar body (“the strong
centromeres”) would be favored. However, male meiosis is
symmetric. In this case, inequality in centromere strength
might lead to chromosome nondisjunction and spermatogenic
arrest (Malik, Henikoff, 2001). The resulting conflict might
be resolved by a selection for centromeric proteins, which
are able to equalize the centromeres and compensate for the
fitness costs (Fig. 4). This perpetual tug-of-war between male
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and female meiosis should result in the rapid evolution of
centromeric sequences and proteins (Dawe, Henikoff, 2006).

Selection for “stronger centromeres” in female meiosis
might favor variants of the centromeric DNA sequences
with enhanced potential to recruit centromeric proteins (in
particular CENP-A) and form kinetochores to which more
microtubules are attached. This effect may also be enhanced
by a selection for an increase in the copy number of such
sequences. These processes could cause the occurrence of
metapolycentromeres. The suppression of centromeric drive
in male meiosis may limit centromere size. Probably, this is
why metapolycentromeres are so rare. They have been found
in several ant species (Huang Y.-C. et al., 2016; Cardoso et
al., 2018) with haploid males. For this reason, there should
be no selection for suppression of centromeric drive in male
meiosis. This makes Hymenoptera a promising group for the
search for new metapolycentromeres.

Thus, the centromere drive hypothesis provides a plausible
explanation for the dynamic evolution of centromeres in ge-
neral and the emergence of metapolycentromeres in particular.

Do metapolycentromeres represent

an intermediate stage of evolution between
regional centromeres and holocentromeres?

P. Neumann et al. (2012) suggested that metapolycentromeres
might represent an intermediate stage of evolution between
regional centromeres and holocentromeres. According to
this hypothesis, the satellite DNA sequences of the regional
centromere, under the influence of centromere drive, might
expand so much that they capture the entire chromosome,
rendering it holocentric.

During evolution, holocentromeres arose from regional
centromeres at least 13 times: four times in plants and nine
times in animals (Melters et al., 2012). Despite the common
morphological feature (i. e. the absence of a primary con-
striction for the attachment of spindle filaments), holocentric
chromosomes differ from each other in their origin and
structure (Melters et al., 2012; Senaratne et al., 2022). Holo-
centromere centromeric units (chromosomal regions marked
with CENP-A) can be based on either satellite or non-repeated
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Fig. 4. The model of centromere drive according to S. Henikoff et al. (2001), modified.
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DNA sequences (Gassmann et al., 2012; Marques et al., 2015).
In turn, satellite holocentromeres are divided into holocen-
tromeres with a large number of small centromeric units and
holocentromeres with a small number of large centromeric
units (Kuo et al., 2024). Large centromeric units comparable
in size to regional centromeres have been discovered in the
plants Chionographis japonica and Morus notabilis (Kuo et
al., 2023; Ma et al., 2023). It was suggested that holocentro-
meres in C. japonica formed through multiple misrepaired
DNA double-strand breaks associated with the insertion of
extra-chromosomal circular DNA (Kuo et al., 2024). These
insertions of regions of centromeric chromatin might not oc-
cur simultaneously throughout the genome, but evolve from
metapolycentromeres.

The genera Juncus, Drosera and Cuscuta include both
species with holocentromeres and species with regional cen-
tromeres (Pazy, Plitmann, 1994; Shirakawa et al., 2011a, b;
Guerra et al., 2019; Neumann et al., 2021; Mata-Sucre et al.,
2023). Recently, using ChIP-seq with anti-CENP-A antibod-
ies, it was found that the chromosomes of J. effusus bear both
regional centromeres and polycentromeres with multiple
CENP-A domains (Dias et al., 2024). Such centromeres are
similar in structure to metapolycentromeres, but they do not
form elongated primary constrictions due to the small number
of centromeric domains and their close proximity to each other.
The presence of holocentromere and regional centromere
species in the genus Juncus led to the suggestion that this
species represents a transitional form from regional centro-
meres to holocentromeres. However, not a single “transitive
karyotype” containing both metapolycentric and holocentric
chromosomes has been discovered.

Even if this hypothesis holds true, it would only explain the
origin of holocentricity in a small number of species with holo-
centric chromosomes, because most holocentric chromosomes
do not possess centromere-specific DNA sequences (Talbert,
Henikoff, 2020; Senaratne et al., 2021, 2022).

Backward and forward
search for metapolycentromeres
We suspect metapolycentromeres are more common than
believed. However, finding them is problematic. They can
be reliably revealed by immunostaining chromosomes with
antibodies to CENP-A or by ChIP-seq with anti-CENP-A anti-
bodies. Metapolycentromeres may also be indirectly detected
by the analysis of the copy number of centromeric repeats,
by immunostaining for kinetochore proteins, and, in the case
of particularly large metapolycentromeres, by routine chro-
mosome staining, which reveals them as elongated primary
constrictions. However, indirect methods do not reveal the ac-
tual number of functional domains of centromeric chromatin.
The term metapolycentromere was suggested by P. Neu-
mann et al. (2012), and before that date, elongated primary
constrictions were not termed metapolycentromeres and often
were not mentioned at all. In the backward search for poten-
tial metapolycentromeres, we carried out data mining for the
cytogenetic articles in the scholar.google.com database (last
access: 7th of July 2023) using 18 keywords (Supplementary
Material)'. We selected all articles written in English that men-

T Supplementary Material is available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx21.pdf
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tioned long primary constrictions in the text or showed them
in the micrographs. Table shows the list of already known and
newly mined candidate species with metapolycentromeres.

It spans 27 species of flowering and eight species of gym-
nosperm plants, five species of insects and seven species of
vertebrates. It indicates an erratic phylogenetic distribution
of the species with metapolycentromeres. This, in turn, may
suggest independent evolutionary occurrences of metapoly-
centromeres. However, the current catalog of species with
identified and suspected metapolycentromeres remains too
short to draw reliable conclusions about their evolution,
particularly in the absence of knowledge about related spe-
cies without metapolycentromeres for comparative analysis.
More studies are necessary to shed light on the mechanisms
of metapolycentromere formation and evolution.

Conclusion

The systematic study of new species with and without meta-
polycentromeres is important for understanding their evolu-
tion. Species with karyotypes containing both regional cen-
tromeres and metapolycentromeres are especially interesting.
A comparison between the centromeric DNA of metapoly-
centromeres and regional centromeres may shed light on the
mechanisms of metapolycentromere formation.
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Abstract. Blue-grain lines were created on the basis of the spring bread wheat variety Saratovskaya 29 (529) with chromo-
some 4B or 4D replaced with chromosome 4Th from Thinopyrum ponticum. The leaf pubescence of the two lines differs
from S29 and from each other. In this work, we studied the effect of these substitutions on the manifestation of this trait.
To quantify pubescence, the LHDetect2 program was used to determine trichome length and number on the leaf fold
microphotographs. The key gene HIT on chromosome 4B and another unidentified gene with a weak effect determine
the leaf pubescence of the recipient S29. Their interaction leads to the formation of trichomes of up to 300 microns in
length. Replacement of both copies of chromosome 4B with two copies of wheatgrass chromosome 4Th modifies leaf
pubescence in line S29_4Th(4B) so that the leaf pubescence characteristic of 529 becomes more sparse, and trichomes
of up to 600-700 um in length are formed. Additionally, we described modification of pubescence in the substitution
line S29_4Th(4D) where chromosome 4D that does not carry any pubescence gene was replaced. Under this substitution,
trichomes of up to 400 pm in length were formed and the average length of trichomes on the underside of the leaf was
reduced. The replacement of the HIT gene in the lines was also confirmed by the allelic state of the linked microsatellite
marker Xgwm538. Thus, as a result of the studies, a new leaf pubescence gene introgressed from Th. ponticum into bread
wheat was identified. We designated it as H/7™. For the purpose of selection, we propose to use the unlicensed informative
microsatellite markers Xgwm538 and Xgwm 165, allowing chromosomes 4A, 4B, 4D and 4Th to be distinguished.

Key words: trichome; digital characteristics of pubescence; phenotypic markers; microsatellite markers; interactions of
genes.
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reH onyiueHus aucra Hl1™, yHTporpeccupoBaHHbI

B MATKVIO IIIIIeHUITY OT Thinopyrum ponticum,
1 ero QeHOTUIMYECKOe ITPOsIBIEeHNE
IIPY TOMEOJIOTUYHBIX XPOMOCOMHBIX 3aMeIleHMSIX
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AHHoTauuA. Ha ocHoBe copTa ApoBoi MArkon nweHuubl CapatoBckas 29 (C29) 6binn cosgaHbl rony6o3epHble MHUN
C29_4Th(4B) n C29_4Th(4D) ¢ cOOTBETCTBYIOWMM 3ameLleHneM Xpomocom 4B 1 4D xpomocomoi 4Th oT nbipes BuAaa
Thinopyrum ponticum. Y 3TUX AIVHWUIA ONYyLLEHNE NNCTA OTIMYAETCA OT PelnnueHTa 1 pas3nnyaeTca Mexay cobon, B CBA3N
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lMposBneHne HOBOTO reHa onyLeHus nnucra HiTth
oT Th. ponticum y 3ameLLeHHbIX MMHUI MATKOW MLUEeHWLbI

C YyemM HaMu NPOBeAeHO nccnefoBaHne 3¢deKTa 3amelleHNiA Ha NPOoABIEHNE AAaHHOTO NpM3HaKa. [Ana KonmyecTBeHHOWN
OLeHKM onyLueHna 6bina npumeHeHa nporpamma LHDetect2, onpegenaiowasn AnnHy 1 YACIO TPUXOM Ha MUKpodoTorpa-
dunAx. OnyweHue nucta y copta C29 onpepensetca rnasHbIM reHom HIT B xpomocome 4B 1 ele ofHUM reHOM €O cnabbim
3¢ PeKTOM C HEM3BECTHON XPOMOCOMHOW NIoKanm3auunen. Vix B3anmopenctame npuBogmuT K GopmMrMpoBaHnio TPUXOM ANn-
Holi Ao 300 MKM. 3amelLieHMe Napbl XpomMocoMm 4B Ha napy xpomocom 4Th nbipea MognduLmMpyeT onyLleHre N1CTa y TMHUK
C29_4Th(4B). XapakTepHoe ana copta C29 onyweHwne nucta y nuHumn C29_4Th(4B) ctaHoBUTCA pexe, Mpy 3TOM 06pa3sytoTcs
TPUXOMbI ANIHON f0 600-700 MKM. 3amelleHue reHa HIT Ha Hith y nuHun C29_4Th(4B) Takke nogTBep)KaaeTcaA ansefbHbIM
COCTOAIHMEM CLieMyIeHHOTO ¢ reHoM HIT M1KpocaTennuTHoro Mapkepa Xgwm538. Hamu 6bina onvcaHa moamdurkaums ony-
WweHnA y 3amelteHHoln nuHumn C29_4Th(4D), roe npomr3sowno 3amelleHmre napbl Xpomocom 4D, He copepikallelt reHa ony-
LweHNA. DKCnpeccupyoLmecs coBMecTHO reHbl HIT n HITH y nunnm C29_4Th(4D) B xpomocomax 4B 1 4Th cooTBETCTBEHHO,
bopmmpytoT TpMXOMbI AHOM 6onee 400 MKM. OfHaKO B TaKOM FreHOTUME CHIXKAeTCA CPeAHAA /IHA TPUXOM B CPaBHEHUN
C peunnvieHTom. Takum obpa3om, B pesynbTate NPOBEAEHHbIX NCCNIEAOBAHNI NAEHTUOULMPOBAH HOBbIV FeH OnyLUeHs
JICTa, MHTPOrPeCCMPOBaHHbIN U3 Braa Th. ponticum B MATKYIO NLLEHILLY, KOTOPbIN Mbl 0603Haunau Kak HI1t. [ina seneHus
oTbopa Mbl NpeAnaraem NCMosib30BaTb HAXOAALLMECA B OTKPbITOM JOCTyrne MHPOPMATUBHbIE MUKPOCATESINTHbIE MapKe-
pbl Xgwm538 n Xgwm165, no3sonatoLwme pasnmnyatb XpomMocombl 4A, 4B, 4D n 4Th.

KnioueBble cnoBa: TPMXOMbl; LMGPOBbIE XapaKTePUCTUKM OnyLieHns; GeHOTUNNYECKe MapKepbl; MUKpOCaTeITHbIe

MapKkepbl; B3aVIMOAENCTBME reHOB.

Introduction

Alien hybridization is widely used in breeding programs to
transfer new useful traits into bread wheat (7riticum aestivum,
AABBDD, 21 = 6x =42). For this purpose, both closely related
species from the genus 7Triticum L. with similar genomes, such
as Aegilops, are used, and species from other genera of the
family Poaceae. Decaploid wheatgrass species Thinopyrum
ponticum (Podp.) Barkworth & D.R. Dewey (2n = 10x = 70,
StStStStEeEeEbEbEXEX syn. Agropyron elongatum Host.,
Elytrigia pontica (Podp.) Holub) belongs to the tertiary gene
pool of wheat relatives, and since the mid-20th century it has
served as a source of useful genes in wheat breeding (Kroupin
etal., 2019). With its tolerance to biotic and abiotic stress fac-
tors, Th. ponticum has become a donor of effective genes for
resistance to various wheat diseases: root rot, leaf, stem and
stripe rust, powdery mildew (Li H. et al., 2004; Li H., Wang,
2009; Niu et al., 2014; Wang et al., 2019; Li M. et al., 2021;
Yang et al., 2023).

For 30 years, the Institute of Cytology and Genetics
SB RAS has been expanding the collection of substituted,
isogenic and alloplasmic lines of bread wheat based on the
spring variety Saratovskaya 29 (S29) and other varieties.
They carry either individual chromosomes, or certain rear-
rangements in the wheat chromosomes, or the cytoplasm of
related species acquired through alien hybridization. Many
of these introgressions have been identified using cytological
or molecular methods (Leonova et al., 2008; Adonina et al.,
2021; Shchukina et al., 2022; Pershina et al., 2023). The 4Th
chromosome pair of the species Th. ponticum was transferred
into the genome of S29 from the winter wheat variety Meropa
developed in Bulgaria (Gordeeva et al., 2019). As a result, a
substitution line with blue anthocyanin grain color was ob-
tained. It has been established that the Ba gene responsible for
the blue color of the aleurone layer (Blue aleuron) is located on
chromosome 4Th of wheatgrass Th. ponticum (Zeven, 1991).

Using GISH analysis, it was shown that the centromeric
and pericentromeric regions of chromosome 4Th originate
from the E-genome chromosome, and the distal regions of
its two arms, from the St-genome chromosome (Zheng et al.,
2006). After the selection of hybrid plants in the generation
BC,F,_3, according to the results of cytological and molecular

analyses, no recombination was found between the wheat and
wheatgrass chromosomes. Therefore, a complete replacement
of 4B or 4D chromosome pair with 4Th chromosome pair oc-
curred (Gordeeva et al., 2022). In addition to the blue color
of the grain, the changes in the pubescence of leaf blades
were visually and tactilely detected in comparison with the
recipient in the obtained substitution lines S29 4Th(4B) and
S29 4Th(4D) (Gordeeva et al., 2022).

Leaf pubescence is known to be an adaptive trait (Kaur,
Kariyat, 2020). Hairiness in rice affects transpiration and
drought tolerance, thereby increasing the yield (Hamaoka
et al., 2017). A positive effect of this trait on photosynthetic
parameters of wheat plants under drought conditions has been
shown (Pshenichnikova et al., 2019; Osipova et al., 2020).
The pubescence of cereal leaves is presented as outgrowths
of epidermal cells — non-secretory trichomes; their length and
density varies greatly among the carriers of different genomes
(Pshenichnikova et al., 2017). For example, for winter wheat
cultivars, leaf pubescence is not typical (our unpublished
data), but the phenotypic diversity for this trait among spring
wheat cultivars may depend on the region where they were
developed (Genaev et al., 2012a).

The occurrence of this trait among cereals corresponds to
the “law of homological series”, which was formulated in 1920
by N.I. Vavilov (Vavilov, 1935). Among the cereal species,
such as rye, barley, rice, and other, more distant species, the
accessions may be found with leaf pubescence similar to that
found in wheat (Shvachko et al., 2020). The main dominant
gene HII of cv. S29 is located on chromosome 4BL and is
responsible for the formation of medium-length trichomes
(Maistrenko, 1976; Dobrovolskaya et al., 2007). The non-lo-
calized minor gene HI3 is also known to form small trichomes
and slightly enhances the effect of the H// gene (Maistrenko,
1976). In the diploid genome of barley (Hordeum vulgare L.),
the genes for leaf blade and for leaf sheath pubescence were
mapped on the long arms of chromosomes 3H and 4H, respec-
tively (Saade et al., 2017; Shvachko et al., 2020). In synthetic
hexaploid wheat, the leaf sheath and leaf margin pubescence
was associated with Aegilops tauschii Coss genome and the
responsible gene was found in the long arm of 4D chromosome
(Dobrovolskaya et al., 2007; Wan et al., 2015).

FEHETUKA PACTEHUI / PLANT GENETICS 603



A.V. Simonoy, E.l. Gordeeva, M.A. Genaev
W. Li, I.0. Bulatov, T.A. Pshenichnikova

The present work is aimed at studying the phenotypic mani-
festation of a new allele of the H// gene for leaf pubescence
transferred with chromosome 4Th from the species Thino-
pyrum ponticum to the genome of wheat cultivar S29. At the
same time, work was carried out to identify the substitution of
chromosomes 4B or 4D with chromosome 4Th of wheatgrass
using molecular markers. The aim of the work was to study
the phenotypical interaction between two genes during the
replacement of chromosomes 4B and 4D by quantifying the
length and number of trichomes.

Materials and methods

The plant material was represented by the spring recipient
cultivar Saratovskaya 29 (S529) and two single chromosome
substitution lines S29 4Th(4B) and S29 4Th(4D) (other
previously used synonyms, respectively: s:S29 4Th(4B) and
$:S29 4Th(4D), Gordeeva et al., 2019, 2022). According to
cytological and molecular data (Gordeeva et al., 2019, 2022)
the substitution lines are stable.

Analysis of leaf fold image. Microphotographs of trans-
verse folds on the upper and lower sides of a boot leaf were
used to determine the number and length of trichomes ac-
cording to the protocol developed at the Institute of Cyto-
logy and Genetics SB RAS (Doroshkov et al., 2009). Images
were obtained at the Center for Microscopic Analysis of the
Institute of Cytology and Genetics SB RAS on a Carl Zeiss
Axioscop 2 plus microscope through a 5x/0.12 lens. The mi-
croscope was equipped with an AxoCam HRc digital camera
with a TV2/3C 0.63x adapter. The physical size of the field
of view during shooting was 2730 x 2163 pm, the resolution
of digital photography was 1300 x 1030 pixels. The physical
pixel size was 2.1 microns. To obtain digital characteristics of
leaf pubescence, the images were analyzed using the comput-
ing resources of the Bioinformatics Center for Common Use
using the LHDetect2 program developed at the Laboratory
of Evolutionary Bioinformatics and Theoretical Genetics of
the Institute of Cytology and Genetics SB RAS (Genaev et
al., 2012b). The program identifies trichomes, determines
their length and produces the result as a sequence of numbers
in a text file.

For each of two plants of the same genotype, 12 micropho-
tographs were analyzed, with six folds from the upper and
lower sides of the boot leaves. Trichomes formed under the
influence of different genes within each class differ greatly
in length. Therefore, the length values were presented in
logarithmic scale. The calculation of the average length was
carried out both in absolute values (microns) and as a decimal
logarithm. Additionally, the distribution of trichome lengths
and numbers was analyzed.

Statistical processing. The significance of differences
between genotypes in length and number of trichomes was
assessed using Student’s ¢-test, for which MS Excel with the
statistical add-in AgCStat was used (Gonchar-Zaykin, Chertov,
2003). The criterion for the significance of differences p <0.05,
0.01 and 0.001 was indicated by one, two and three symbols,
respectively:  — the difference between the substitution line
and the recipient, ® — the difference between the two substi-
tution lines, * — the difference between the upper and lower
sides of the leaf within the genotype. Diagrams of trichome
length distribution were constructed in PAST v.3.0 statistical
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package. The data on the trichomes recognized from a total
of six images were used for each genotype.

Genotyping. DNA was isolated from young leaves ac-
cording to J. Plaschke et al. (1995). Samples diagnostic was
made using PCR with microsatellite markers (SSR, simple
sequence repeats) developed for chromosomes of the fourth
homoeologous group according to recommended amplification
programs (Roder et al., 1998). For this purpose, the markers
Xgwm538 and Xgwm 165 were chosen.

The Xgwm538 marker is located on the long arm of chromo-
some 4B approximately 2.1 ¢cM proximal to the HI// gene in
wheat (Dobrovolskaya et al., 2007). It showed amplification
products of 157 bp in size for cv. S29 genome, and 155 bp for
cv. Purple Feed (Dobrovolskaya et al., 2007). For cv Chinese
Spring, it showed three fragments of 137, 147 and 152 bp,
with the last product corresponding to chromosome 4B, and
the others amplified from chromosome 4D as shown in null-
tetrasomic lines (Brooks et al., 2006). This marker is often
used, for example, to map the genes for infection resistance
(Sukhwinder-Singh et al., 2003; Brooks et al., 2006; Singh
et al., 2012). In our work, we used classical primers of the
Xgwm538 marker (Roder et al., 1998), which show PCR
products from chromosomes 4B and 4D. This marker also
showed multiple polymorphisms in two species of wheatgrass
and wheat-wheatgrass hybrids (Kroupin, 2011). The Xgwm 165
marker is located on the long arms of chromosomes 4B and
4D and on the short arm of chromosome 4A with pericentric
inversion (Roder et al., 1998). It is often used to map different
genes and QTLs (Pshenichnikova et al., 2012; Salem, Mattar,
2014; Shchukina et al., 2018).

For PCR, a ready-made mixture of BioMaster HS-Taq
reagents from BiolabMix LLC was used. PCR products
were separated by electrophoresis in 3.5 % agarose gel with
the addition of ethidium bromide. For electrophoresis, TBE
buffer (Tris-borate-EDTA) and DNA fragment length marker
Step50+ (BiolabMix, Novosibirsk, Russia) were used.

Growing conditions. The plant material was grown in a
hydroponic greenhouse at the Center for Collective Use of
Plant Reproduction of the Institute of Cytology and Genetics
SB RAS. Growing conditions: lighting with 600W HPS lamps
with adjustable suspension height (up to 45-50,000 lux at the
level of the upper leaves) for 12—14 hours at a temperature of
18-20 °C at night and 24-26 °C during the day. Soil substrate:
expanded clay, moistened with Knop nutrient solution three
times a day.

Results

The pubescence of line S29 4Th(4B) with the replacement of
chromosome 4B by chromosome 4Th tactilely distinguished
it from the recipient. According to the results of microscopic
observations and a detailed study of the leaf pubescence
morphology (the method described above), both substitution
lines, S29 4Th(4B) and S29 4Th(4D), differed from S29
and from each other. Figure 1 shows microphotographs of
leaf folds of the three genotypes, which demonstrate visually
distinguished trichomes of different lengths. Digital processing
of microphotographs of S29 leaves showed that the average
length of trichomes was 64.5 um on the underside of the leaf
and 67.1 pum on the top (see the Table). Their maximum length
did not exceed 306 um. Despite the fact that the longest tri-
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$29_4Th(4B)
.

S29_4Th(4D)

Fig. 1. Effect of substitution of chromosomes 4B and 4D with chromosome 4Th on the leaf pubescence phenotype in S29.

The photographs show trichomes from the folds of the upper part of the leaf in transmitted light.

chomes were formed on the upper side of the leaf, the density
of pubescence and the sum of the lengths of all trichomes on
the lower side of the leaf were one and a half times higher
than on the upper side (see the Table).

The number of trichomes in line S29 4Th(4B) was reduced
fivefold in comparison with the recipient (see the Table). On
the upper side, single trichomes up to 705.3 um long were
observed, and on the lower side —up to 539.8 um, which was
two times greater than the maximum length of trichomes in
S29. Trichomes were more common on the underside of the
leaf than on the upper side, and the sum of lengths was twice
the sum of the lengths of trichomes from the upper side. The
average length of the trichomes on the upper side of the leaf

in the line and in S29 did not differ significantly; however, on
the lower side of the leaf, the difference in the average lengths
of the trichomes was significant. The sum of the lengths of
trichomes on both leaf sides in line S29 4Th(4B) was signifi-
cantly reduced compared to S29.

Small and large trichomes differ in length greatly on the
leaf fold of line S29 4Th(4B) (Fig. 1b). Figure 2 shows the
distribution of trichomes of different lengths according to
their number. In line S29 4Th(4B) (red bars), the number of
trichomes with a length from 30 to 300 um is significantly
reduced, but a class of trichomes with a length of more than
300 um has appeared, which is absent in S29. The difference in
the average trichome logarithmic lengths of line S29 4Th(4B)

Average morphometric characteristics of leaf pubescence of cv. 529 and substitution lines with introgression from Th. ponticum

Genotypes S29

S29_4Th(4B) $29_4Th(4D)

Upper side of the leaf

Average trichome number 328+27
Average trichome length, um 67.1+2.7
Logarithmic trichome length 1.72+0.02
Trichome length limits, um 8.1-306.6
Sum of trichome lengths, um 2204+ 240

6.8+1.12 39.8+3.13bbb

71.5+£16.5 46.2+1.97%@

1.41+0.06%2 1.56+0.0122abb

Lower side of the leaf

Average trichome number 49.8+2.2

Average trichome length, um 64.5+1.56
Logarithmic trichome length 1.74£0.01
Trichome length limits, pm 11.2-265.3
Sum of trichome lengths, um 3215+173

8.4-705.3 9.5-426.8
482+104%@ 1840+ 140P0P
10.0+1.07%@ 52.6:+4.5P0b
100.8+13.913 54.4+2,0333bbb
1.59:+0.05% 1.63+0.012
9.5-539.8 10.4-421.3
1008+ 133%2 2861 +239P0P

Significance of differences between the upper and lower sides of the leaf

Average trichome number i
Average trichome length, um -

Sum of trichome lengths, pm **

* *

*%

*% *%

Note. Values marked with superscript “a” are significantly different between the substitution lines and the recipient $29; values marked with superscript “b” are
significantly different among the substitution lines; values with superscript asterisks “*” are significantly different between the leaf sides in the same genotype;
numbers of superscript symbols indicate significant levels: p < 0.053b*, p < 0.013abb** p < 0,0013aabbb**x_
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W Saratovskaya 29
W 529_4Th/4B

150 @ S29_4Th/4D

1.0 15 20 25 Log

<10 um 10-30 um 30-100 pm 100-300 pm > 300 um

Fig. 2. Distribution of trichome density by length in different genotypes.

The X-axis scale is logarithmic. The Y-axis scale presents the number of tri-
chomes by class from six images with a total width of approximately 13 mm
(the width of one image is 2.163 mm). The data is presented for the lower sur-
face of the leaf.

and the recipient was significant on both sides of the leaf (see
the Table). The sum of the trichome lengths of the substitution
line is also 3—4 times smaller on both sides compared to S29.

A different morphology of trichomes was observed on
microphotographs of leaves in line S29 4Th(4D). The dense
canopy of pubescence of S29 is preserved, but additional
longer trichomes have been formed. Tactilely, they were
hardly noticeable against the general background, but in mi-
crophotographs they stood out above the main trichome layer
typical of S29 (Fig. 15). The maximum trichome length in line
S29 4Th(4D) exceeded 400 microns on both sides of the leaf,
whereas in S29 it was slightly more than 300 microns on the
upper side and more than 200 microns on the lower. In com-
parison with S29, the total number of trichomes increased in-
significantly. At the same time, the difference in this indicator
between lines S29 4Th(4D) and S29 4Th(4B) was significant
on both sides of the leaf in favor of the first line. The sum of
the trichome lengths in line S29 4Th(4D) decreased slightly
compared to S29, but it was 3—4 times higher than that of line
S29 4Th(4B). Nevertheless, the line with S29 4Th(4D) had a

a Xgwm538 b

S29
4Th(4B)

S29
4Th(4D)

Manifestation of a new gene HI1th for leaf pubescence
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significantly lower average trichome length than the recipient
variety with S29. In terms of the average logarithm length of
trichomes, line S29 4Th(4D) differed from both S29 and line
S29 4Th(4B). In Figure 2, the distribution of trichomes in line
S29 4Th(4D) clearly demonstrates a multiple decrease in the
number of trichomes of average length and the presence of a
class of trichomes longer than in S29.

The microsatellite marker Xgwm538 amplifying a 157-bp
product is closely linked to the HI/ gene on chromosome 4B in
S29. Using Chinese Spring nulli-tetrasomic lines, it was shown
that this marker amplifies a fragment 174 bp in size, specific
for chromosome 4B, and two fragments (147 and 137 bp) for
chromosome 4D. In S29, only one product less than 150 bp
is detected, corresponding to chromosome 4D. The Xgwm538
marker confirmed in our work the presence of chromosomal
substitution in the genome of S29 in both substitution lines
(Fig. 3a). Line S29 4Th(4B) lacked a fragment larger than
150 bp, which corresponds to the diagnostic fragment for
chromosome 4B. On the contrary, line S29 4Th(4D) did not
have a fragment smaller than 150 bp, which indicates the
presence of chromosome 4D. Thus, the polymorphic marker
Xgwm538 detects wheat chromosomes 4B and 4D of S29 and
is not amplified on wheatgrass chromosome 4Th.

The microsatellite marker Xgwm/65 used in our work
amplifies fragments on chromosomes 4A, 4B and 4D. We
detected bright signals of amplification products of this marker
for S29 in an agarose gel (Fig. 3b) with sizes of ~200, ~260 bp,
as well as a less pronounced signal with a size of ~350 bp.

A PCR fragment about 200 bp was also observed in both
substitution lines, which corresponds to chromosome 4A.
Line S29 4Th(4B) lacked a 260 bp PCR product, but a
180 bp fragment was detected. A fragment of the same length
(180 bp) was detected in line S29 4Th(4D) in combination
with PCR products 200 and 260 bp in size as in S29, but there
was no signal of 350 bp (Fig. 3b). PCR results obtained using
Xgwml165 suggest that 180 bp fragment is synthesized from
chromosome 4Th and therefore can be used in determining
this chromosomal substitution.

Discussion

The first identified wheat leaf pubescence gene with estab-
lished chromosomal localization was the H// gene on chromo-
some 4B of cv. S29 (Maistrenko, 1976). The replacement of
chromosome 4B of this variety with the chromosome of the
non-pubescent cultivar Yanetzkis Probat changes the mor-

Xgwm165

S29
4Th(4B)

S29
4Th(4D)

Fig. 3. Electrophoregram of PCR products obtained as a result of DNA amplification of S29 and substitution lines S29_4Th(4B) and

S29_4Th(4D) using microsatellite markers Xgwm538 (a) and Xgwm165 (b).
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phology of pubescence. This genotype has a noticeably re-
duced number of trichomes as well as their size (Doroshkov
etal., 2016). This phenotype is determined by the presence of
gene HI3 with a weak effect. In the absence of H// and HI3,
trichomes are practically not formed on the leaves of the S29
isogenic line, as was shown by the development of a glabrous
isogenic line of this cultivar (Doroshkov et al., 2016).

Long, sparse trichomes are not typical for leaves of S29.
Their appearance in the two substitution lines is apparently
determined by a new variant of the pubescence gene trans-
ferred from Th. ponticum. Our studies indicate that wheatgrass
chromosome 4Th carries a new allelic variant of the gene,
orthologous to the wheat H/I gene, but with a different phe-
notypic manifestation. The wheatgrass gene, which replaced
wheat gene HI/ in line S29 4Th(4B), or was added to it in
line S29 4Th(4D), not only forms long trichomes, but also
reduces their total number. In accordance with the rules of the
Catalog of Gene Symbols for Wheat (McIntosh et al., 2013),
we designated the new allele with the symbol H/I™. Previ-
ously, the leaf margin pubescence gene Hsh (otherwise Hs) was
found on chromosome 4H of barley (Hordeum vulgare L.) in
a region comparable with chromosomes 4B and 4D (Korzun
etal.,, 1999). A QTL associated with leaf margin pubescence
was identified on chromosome 4D using the ITMI mapping
population (Dobrovolskaya et al., 2007). In this work, we
supplemented the homologous series of pubescence genes for
the fourth group of chromosomes of cereal plants.

Previously, we suggested that the HI// gene is responsible
for the number of trichomes on the leaf surface, that is, for pu-
bescence density (Doroshkov et al., 2014). In the substitution
line C29_4Th(4B), the wheatgrass gene HII™ in the absence
of HlI stimulated the formation of single long trichomes.
When combined in one genotype in line S29 4Th(4D), the
HII™ gene apparently has a suppressive effect on Hl/, reducing
the average length of trichomes and the sum of their lengths.
Genes promoting formation of long, rare trichomes on the leaf
surface were also localized on other chromosomes of different
cultivars. The HI2 gene located chromosome on 7B, was found
in the Chinese cultivar Hong-mang-mai (Taketa et al., 2002).
The HI29¢ gene was introgressed from chromosome 7S of
Aegilops speltoides Taush. in cv. Rodina (Pshenichnikova et
al., 2007). In the species Triticum timopheevii, the HI" gene
with a similar phenotypic manifestation was found on chro-
mosome SA (Simonov et al., 2021).

The substitution lines of S29 were obtained to study the
genes regulating anthocyanin biosynthesis. Wheatgrass chro-
mosome 4Th carries the Ba gene responsible for the blue color
of the grain aleurone layer (Gordeeva et al., 2019), which is
also a phenotypic marker of the presence of this chromosome
in the genome. However, the grain color is manifested both
during the replacement of chromosome 4B and chromoso-
me 4D. The phenotypic effect of introgressed pubescence
can serve as a morphological marker for plant selection when
obtaining the blue-grained forms with a certain chromosomal
substitution in cultivars having the S29-like type of pubes-
cence.

In this work, we studied polymorphism in microsatellite
markers that were previously associated with chromosomes
of the 4th group and with the H// gene on chromosome 4B in
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particular (Dobrovolskaya et al., 2007). Figure 3a shows the
Xgwm538 marker, which is located near the HI/ gene; in S29,
it showed a 157 bp fragment (Dobrovolskaya et al., 2007).
This marker can clearly indicate which of the wheat chromo-
somes, 4B or 4D, is replaced by 4Th from Th. ponticum. 1t
was previously noted that the Xgwm 538 marker demonstrates
specific fragments for the genomes of Th. intermedium and
Th. elongatum (Kroupin et al., 2011). But in our work, no
signals were detected from chromosome 4Th consisting of
fragments of the St and E genomes of Th. ponticum (Zheng
et al., 2006).

Since the wheatgrass chromosome 4Th does not recombine
with homeologs, the Xgwm 165 marker was used in this work,
amplifying products specific to chromosomes 4A, 4B and 4D
(Roder et al., 1998). According to various molecular maps
of the GrainGenes database (https://graingenes.org/cgi-bin/
GG3/browse.cgi), on chromosome 4B this marker is located
proximal to Xgwm538 at a distance of about 20-30 cM. In
the genome of S29, this marker synthesized different PCR
products (Fig. 3b) for chromosomes of the 4th homoeologous
group: for 4A, about 200 bp, for 4B, about 260 bp, and a weak
signal of about 350 bp, presumably for chromosome 4D.
Xgwm165 also exhibited a 180 bp fragment for chromosome
4Th. This makes it possible to differentiate wheat plants with
different chromosomal substitutions within the fourth group if
the parent varieties are not characterized by S29 pubescence.

Trichomes form a special microclimate on the leaf surface;
they are able to influence the stability of the surface air layer,
changing laminar flows to turbulent ones (Schreuder et al.,
2001). Turbulent flows, in turn, contribute to more dynamic
gas exchange. Accordingly, changes in the parameters of
surface pubescence should affect the parameters of stomatal
conductance, the absorption of carbon dioxide and the inten-
sity of moisture evaporation. In the future, it is planned to
study these lines on the dynamics of photosynthetic param-
eters under various growing conditions, in particular, during
adaptation to drought.

Conclusion

In our work, for the first time, a new allelic variant of the leaf
pubescence gene H/1" transferred from the decaploid species
Thinopyrum ponticum to bread wheat was discovered and
described using digital phenotyping. Its observed phenotypic
manifestation against the background of the wheat genome
was significantly different from the effect of the wheat gene
HII. In its morphology, it is similar to that of the genes H/"
and HI2¢ Jocalized in chromosomes 5A and 7S of the related
cereals 7. timopheevii and Ae. speltoides. The created lines
make it possible to compare the adaptive value of similar leaf
pubescence morphotypes controlled by different genes within
the same model recipient genotype.
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Abstract. The effect of T. aestivum L. chromosomes 1A and 1D on fertility of recombinant bread wheat allolines of
the same origin carrying the cytoplasm of barley H. vulgare L. and different levels of cytonuclear compatibility was
studied. Alloline L-56 included mainly fully sterile (FS) and partially sterile (PS) plants, alloline L-57 included par-
tially fertile (PF) plants and line L-58 included fertile (F) ones. Analysis of morphobiological traits and pollen paint-
ing indicated complete or partial male sterility in plants of allolines L-56 and L-57. To differentiate genotypes with
cytonuclear coadaptation and genotypes with cytonuclear incompatibility, PCR analysis of the 185/5S mitochon-
drial (mt) repeat was performed. Heteroplasmy (simultaneous presence of barley and wheat mtDNA copies) was
found in FS, PS, PF and some F plants, which was associated with a violation of cytonuclear compatibility. Wheat-
type homoplasmy (hm) was detected in the majority of the fertile plants, which was associated with cytonuclear
coadaptation. The allolines used as maternal genotypes were crossed with wheat-rye substitution lines 1R(1A) and
1R(1D). In F,, all plants of PFx1R(1A) and PFx1R(1D) combinations were fertile, and in F,, a segregation close to
3 (fertile) : 1 (sterile) was observed. These results showed for the first time that chromosomes 1A and 1D carry one
dominant Rf gene, which controls the restoration of male fertility of bread wheat carrying the cytoplasm of H. vul-
gare. All plants of F; combinations FSx1R(1A), FSx1R(1D), PSx1R(1A), PSx1R(1D) were sterile, which indicates that
a single dose of genes localized on wheat chromosomes 1A or 1D is not enough to restore male fertility in FS and
PS plants. All plants of hybrid combinations F(hm)x1R(1A) and F(hm)x1R(1D) in both F; and F, were fertile, that is,
fertility of allolines with cytonuclear coadaptation does not depend on wheat chromosomes 1A and 1D.

Key words: allolines (H. vulgare)-T. aestivum; chromosomes 1A and 1D; mtDNA; violation of cytonuclear com-
patibility; cytonuclear coadaptation; Rf genes.
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BausitHue xpomocoM 1A u 1D T. aestivum
Ha QepTWIbHOCTD a/IJIOIIJIa3MaTUUYECKNX
peKOMOVHAHTHBIX JIMHUM (H. vulgare)-T. aestivum
B 3aBUICIMOCTU OT LIUTOSIIEPHO COBMECTUMOCTIU
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AHHoTauuA. M3yyeHo BnnsaHue xpomocom 1A n 1D T. aestivum L. Ha GepTUAbHOCTb PEKOMOMHAHTHBIX annoanHKMA
MSATKOW MLWEHULbI OBHOTO NMPOUCXOXKAEHWSA, UMEIOLWMX LMTONNa3My aumeHa H. vulgare L. n pasHblil ypoBeHb LUTO-
AfepHol coBMecTUMOCTU. AnnonunHma J1-56 BKIlOYaeT NpenumyLLeCcTBEHHO NONHOCTbIo cTepuibHble (MC) n yacTny-
Ho cTepunbHble (YC) pacteHus; annonnuua J1-57 — yactnyHo ¢peptunbHble (YD) pacteHus, a nuHna J1-58 - dep-
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B.K. WymHbIn

BrnusaHue xpomocom 1A n 1D T. aestivum Ha GepTunbHOCTb
annonnasmaTuyeckux nuHui (H. vulgare)-T. aestivum

TUnbHble () pacteHuns. PesynbTtaThl aHanm3a mop$pobronornyeckmnx Npr3HaKkoB 1 OKPACKKM MblibLibl YKa3blBaloT Ha
NposBJIeHNE MOMHOW NN YaCTUYHOW MYXCKOW CTEPUIIbHOCTW Y pacTeHni annonuHum J1-56 v J1-57. ina paspene-
HWA FTeHOTUMOB C LMTOAAEPHON KoaaanTaumen 1 reHOTUMNOB, Y KOTOPbIX LUTOAAEePHasA COBMECTUMOCTb HapyLLEHa,
BbinosnHeH MNUP-aHanu3 185/5S mutoxoHapuanbHoro (mT) noetopa. MNokasaHo, uto MNC, YC, YO n yactb O pacteHun
XapaKkTepu3yloTca reteponnasmumen (Hanuunem konum MTAHK aumeHA 1 NweHnLbl), 4TO aCCOLMMPOBAHO C Hapy-
LeHeM LUTOAREPHON COBMECTMMOCTH. Y OCHOBHOIN YacTu GepTUbHbIX pacTeHUIA BbiABNEHa romonnasmua (rm)
MWEeHNYHOro TUMa, YTO acCOLMMPOBAHO C LIUTOAAEPHON KoaaanTaumen. PacTeHna annonvHuii, Ncnonb3oBaHHbIe
B KaueCTBe MaTePUHCKNX reHOTUMOB, ObiNv CKpeLleHbl C MEHNYHO-PXKaHbIMK 3aMeLLeHHbIMU uHMAMA TR(TA) n
1R(1D). B F, Bce pacteHusa kombuHaumin YOX1R(1A) n YOX1R(1D) 6binu depTunbHbiMu, a B F, Habnopanu paclue-
nneHue, 6nnskoe K 3 (bepTunbHbie) : 1 (CTepunbHbIe). 3TV pe3ynbTaTbl BriepBble NoKasanu, YTo B Xpomocomax 1A
1 1D nokanv3oBaHO No 0Of4HOMY AOMUHAHTHOMY FeHy Rf, KOHTPONVpPYtoLWEeMy BOCCTaHOBMIEHME MY>KCKON bepTusib-
HOCTV MAFKON MLUeHWLbl, HecyLleln umtonnasmy H. vulgare. Bce pacteHusa F; kombuHauwmin MCx1R(1A), MCx1R(1D),
YCXTR(TA), YCx1R(1D) cTepusnibHble, UTO YKa3blBaeT Ha TO, YTO OAHON A03bl FEHOB, TOKANIM30BaHHbIX B XPOMOCOMAX
nweHunubl 1A nnn 1D, He[oOCTaTOYHO ANA BOCCTaHOBIEHNA MyXcKol pepTunbHocTn y NC n YC pacTteHunin. Bce pacTe-
HWA rnbpuaHbIX KombrHaumin O, x1R(1A) n ®,,xTR(1D) n B F; 1 B F, 6binn depTUnbHbIMY, T.€. y annoanHni ¢ LMTo-
ALEPHOW KoaganTaumnen HeT 3aBUCMMOCTM NPOABAEHUA GepPTUNbHOCTM OT BANAHMA XPOMOCOM nweHunubl 1A n 1D.
KnioueBbie cnosa: annonuHuu (H. vulgare)-T. aestivum; xpomocombl 1A n 1D; MTAHK; HapyLweHne uutoaaepHo co-
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BMEeCTUMOCTU; UMTOAAEPHAA KoadanTauuaA; reHbl Rf.

Introduction

Alloplasmic lines (allolines) are resulted from repeated
crosses of wide F, hybrids with a pollen parent. These lines
combine the cytoplasm from the maternal species with the
nuclear genome from the paternal species (Tsunewaki,
1996). The replacement of cytoplasm affects nuclear-mito-
chondrial and nuclear-chloroplast interactions (Yang et al.,
2008; Crosatti et al., 2013; Soltani et al., 2016) leading to
changes in plant development (Badaeva et al., 2006), resis-
tance to stress factors (Buloychik et al., 2002; Talukder et al.,
2015; Takenaka et al., 2019), morphological and agronomic
traits (Liu C.G. et al., 2002; Atienza et al., 2008; Tao et al.,
2011; Klimushina et al., 2013). The most relevant manifes-
tation of cytonuclear conflict is cytoplasmic male sterility
(CMS) (Tsunewaki, 1996), which is associated with aberrant
mitochondrial genes that negatively affect the development
of flower and pollen organs (Yang et al., 2008).

In a number of economically important crops, CMS lines
in combination with maintainer and restorer lines carrying
male fertility restoration genes (Rf— restorer-of-fertility) have
been used in hybrid breeding (Islam et al., 2014; Bohra et
al., 2016; Gupta et al., 2019). The sources of CMS and re-
storer genes are a critical tool in this technology. In addition,
cytoplasmic substitution results in an increase of cytoplasmic
diversity, as has been shown for crops such as rice (Liu Y. et
al., 2016), sugar cane (Rafee et al., 2010), and bread wheat
(Liu C.G. et al., 2002; Klimushina et al., 2013; Pershina et
al., 2018).

In this regard, studying the process of allolines develop-
ment and the genetic control of fertility restoration is an
important task both for identifying new CMS-Rf systems
for hybrid breeding and for obtaining new genotypes for
conventional breeding programs. In bread wheat, male fer-
tility restoration of genotypes carrying the cytoplasm of
T. timopheevii (Sinha et al., 2013), H. chilense (Martin et
al., 2010), Aegilops species (Tsunewaki, 2015; Hohn, Luka-
szewski, 2016) and cultivated barley H. vulgare (Pershina

et al., 2012; Trubacheeva et al., 2021) has been studied.
Most Rf genes in bread wheat were located in clusters on
chromosomes of the homeologous groups 1, 2 and 6, and
the largest number was located on chromosome 1 (Gupta et
al., 2019).

In a previous study, we established for the first time that
the dominant gene controlling the male fertility restoration
of wheat carrying H. vulgare cytoplasm was located on the
short arm of wheat chromosome 1B (Trubacheeva et al.,
2021). In this work, the role of homeologous group 1 for
fertility restoration of bread wheat allolines carrying H. vul-
gare cytoplasm continues to be studied. The aim of the work
was to study the effect of 7. aestivum chromosomes 1A and
1D on the male fertility of recombinant wheat allolines car-
rying cultivated barley cytoplasm depending on the level of
their fertility and cytonuclear compatibility. This approach
allowed us to identify allolines (H. vulgare)-T. aestivum
as models for studying the localization of the Rf genes on
chromosomes 1A and 1D.

Materials and methods

Plant material. Three recombinant allolines (H. vulgare)-
T. aestivum derived from individual plants of backcross
(BC) generations of a barley-wheat hybrid H. vulgare (Ne-
polegaushii) X T. aestivum (Saratovskaya 29), sequentially
pollinated with wheat varieties Saratovskaya 29, Mironov-
skaya 808, Pyrotrix 28, Saratovskaya 29, Pyrotrix 28, were
studied (Fig. 1). In previous studies, Saratovskaya 29 was
found to be a sterility fixer in backcrossed progenies of
barley-wheat hybrids (Pershina et al., 2012), while Mironov-
skaya 808 and Pyrotrix 28 were identified as male fertility
restorers for wheat alloplasmic lines carrying cultivated
barley cytoplasm (Pershina et al., 1998, 2012). BC,-BC,
generations and the barley-wheat hybrid were male-sterile,
but female-fertile, and in BC;, some 42-chromosomal
plants with partially restored male fertility were isolated.
Self-pollinated generations F,BC.—FBC; were obtained
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H. vulgare (2n = 14) (Nepolegaushii) x T. aestivum (2n = 42) (Saratovskaya 29)

v

Embryo culture

'

F; (2n = 28) x Saratovskaya 29

v

BC, (2n =49) x Mironovskaya 808

v

BC, (2n = 46) x Pyrotrix 28

v

BC3 (2n = 43) x Saratovskaya 29

v

BC,4 (2n = 42) x Pyrotrix 28

BCs(2n=42) __5 F,BCs 5 F4BCs 5 FoBCs

L.

L-56 L-57 L-58

Fig. 1. Production of the alloplasmic recombinant lines (H. vulgare)-
T. aestivum L-56, L-57, L-58.

from these plants, which became the sources of the studied
allolines. Alloline L-56 was isolated from F,BCj, and allo-
lines L-57 and L-58 were isolated from F,BC; and F,BC,,
respectively. Beginning from F;BCj, plants with the highest
level of productivity were used to obtain each subsequent
self-pollinated generation.

Methods for studying morphobiological characteris-
tics of alloplasmic recombinant lines. Plants of the lines
used were characterized by fertility level: FS — fully sterile
(no seeds); PS — partially sterile (1-9 seeds); PF — partially
fertile (10—19 seeds); F — fertile (more than 19 seeds per main
spike). At least 20 plants of each line grown in a hydroponic
greenhouse were evaluated.

Pollen fertility as the main criterion for assessing male
fertility/sterility was analyzed in plants with different ferti-
lity levels. For this purpose, crushed preparations in Lugol’s
solution (1 % iodine solution in an aqueous solution of
potassium iodide) were prepared on a slide from anthers
isolated during flowering from three different flowers of
the same spike. Plant height, the number of spikes, main
spike length, the number of spikelets per main spike, grain
number per main spike and per plant, and 1,000-grain
weight were determined for the plants of each alloline. The
differences between the average values of the studied traits
in alloline L-56 compared with the L-57 line and in alloline
L-57 compared with alloline L-58 were statistically evalu-
ated by Student’s #-test. Data were analyzed using Statis-
tica v.7.0.61.0.
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The effect of T. aestivum chromosomes 1A and 1D
on fertility of alloplasmic (H. vulgare)-T. aestivum lines

PCR analysis of the 18S/5S mitochondrial (mt) repeat.
Specific primers for the 18S/5S repeat were designed based
on the mitochondrial genome sequences published earlier
(Coulthart et al., 1993). The PCR products were electro-
phoresed in a 1.5 % agarose gel with 1xTAE buffer and
visualized with ethidium bromide. Gel images were captured
using the gel documentation system Gel Doc XR+ (“Bio-
Rad”, USA). Total DNA was isolated from green leaves cut
before earing according to a previously published protocol
(Current Protocols..., 1987). From one to eight samples
from individual genotypes were analyzed. In this part of
the work, the control was the barley variety Nepolegaushii
as a source of cytoplasm for allolines and the bread wheat
variety Pyrotrix 28 as a source of wheat cytoplasm (one of
the recurrent genotypes).

Evaluation of the fertility of hybrids between alloplas-
mic lines and wheat-rye substitution lines 1A(1R) and
1D(1R) in F, and F,. To assess the effect of wheat chromo-
somes 1A and 1D on the fertility of allolines depending on
the level of their cytonuclear compatibility, plants of these
lines (as maternal genotypes) were crossed with wheat-rye
substitution lines 1A(1R) and 1D(1R) to replace in F, one
1A or 1D chromosome of allolines with rye chromosome
IR. The 1A(1R) and 1D(1R) lines used in the work were
obtained as a result of substituting wheat Saratovskaya 29
chromosomes with rye chromosome 1R of variety Ono-
khoyskaya (Shchapova, Kravtzova, 1982). In hybridization,
FS and PS plants of alloline L-56, PF plants of alloline L-57
and some F plants of alloline L-58 were used. The spikes
of mother plants, as well as F, and F, plants grown in a
hydroponic greenhouse, were bagged before flowering. In
individual plants of F, and F,, the seed set in the main spike
was assessed. Based on the seed set in the F, generation,
the individual plants were classified into fertile and sterile
groups according to the recommendations of P. Sinha et al.
(Sinha et al., 2013): completely sterile plants and plants that
set no more than four grains in the main spike were classi-
fied as sterile, while those that set five or more grains in the
main spike were classified as fertile. Pearson’s chi-squared
test (o = 0.05) was used for the deviation of the observed
data from the theoretically expected segregation into fertile
and sterile plants in F,.

Results

Characteristics of the recombinant allolines

Alloline L-56 consisted of partially sterile (60 %) and com-
pletely sterile plants (35 %); the frequency of partially fertile
plants was 5 % (Table 1).

The majority of plants in alloline L-57 were partially
fertile (85 %), the rest were partially sterile (5 %) and fertile
(10 %). Alloline L-58 consisted of fertile (92 %) and par-
tially fertile plants (8 %). Figure 2 shows plant spikes with
different fertility levels.

In fully sterile plants, stigmas were normally developed,
but anthers were absent. In partially sterile and partially
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Table 1. Fertility level of recombinant allolines (H. vulgare)-T. aestivum L-56, L-57, L-58

Allolines Number
of plants studied
FS
(0)
L-56 20 7 (35 %)
L-57 20 0
L-58 25 0

Number and frequency* (%) of plants

PS PF F
(1-9)* (10-19)* (>19)*

12 (60 %) 1(5%) 0

1(5%) 17 (85 %) 2(10 %)
0 2(8%) 23 (92 %)

Note. FS - full sterility; PS - partial sterility; PF — partial fertility; F - fertility. * - grain number per main spike.

fertile plants, anthers were not fully developed compared to
fertile plants, and not all pollen grains were stained (Fig. 3).

The comparison of the average values of the studied traits
in L-56, represented mainly by sterile and partially sterile
plants, compared with L-57, consisting mainly of partially
fertile plants, showed that L-56 exceeded L-57 only in terms
of the number of spikes per plant. The value of other traits
(plant height, length of the main spike, number of spikelets
per main spike, grain number per main spike and per plant)
in L-56 is significantly lower than in L-57 (Table 2).

In alloline L-57, the values of main spike length, number
of spikelets per main spike, grain number per main spike
and per plant were significantly lower compared to alloline
L-58, represented mainly by fertile plants. Thousand-kernel
weight did not differ between the studied allolines.

PCR analysis of 185/5S mtDNA in recombinant allolines

Heteroplasmy (simultaneous presence of barley and wheat
mtDNA copies) was found in all studied plants of alloline
L-56, including fully sterile, partially sterile plants and one
partially fertile plant (Fig. 4; Table 3). Heteroplasmy was
also detected in six partially fertile and two fertile plants of
alloline L-57. In alloline L-58, two partially fertile and two
fertile plants were found to have heteroplasmy, and six fertile
plants had wheat-type homoplasmy. These results were used
to divide alloplasmic genotypes into groups with different
levels of cytonuclear incompatibility according to the data
(Aksyonova et al., 2005; Trubacheeva et al., 2021) (Table 3).

1 2 3 4 5

Fig. 2. Plant spikes: 1, 2 - fertile; 3 - partially fertile; 4 — partially sterile;
5 - fully sterile.

In plants with heteroplasmy, cytonuclear compatibility was
disrupted, while in plants with homoplasmy it was not.

Analysis of hybrids between recombinant allolines
and wheat-rye substitution lines TR(1A) and 1R(1D)
Individual fully sterile (FS) and partially sterile (PS) plants
of alloline L-56 were pollinated with pollen of wheat-rye

Fig. 3. Stigma (1) of a fully sterile plant; stigma and anthers (2), pollen grains (3) of a partially fertile plant; stigma and anthers (4) and pollen grains (5)
of a fertile plant.

FTEHETUKA PACTEHUI / PLANT GENETICS 613



L.A. Pershina, N.V. Trubacheeva
V.K. Shumny

The effect of T. aestivum chromosomes 1A and 1D
on fertility of alloplasmic (H. vulgare)-T. aestivum lines

Table 2. Agronomic characteristics of recombinant (H. vulgare)-T. aestivum lines

Traits L-56
Plant height, cm 76.38+2.66%**
Tiller number 4.78+0.32*

Main spike length, cm 6.07 +£0.410*%

Spikelet number per main spike 13.21+0.67%*

Grain number per main spike 3.76+1.98%*%)

Grain number per plant 15.57 £6.35%%%)

Thousand-kernel weight, g 3532+1.18

L-57 L-58
87.81+£1.97 89.55+2.0
3.92+0.24 3.85+0.22
8.12+0.34* 9.14+0.23
16.50+0.25* 18.15+0.65
16.35+1.66/***/ 33.10£2.56
52.50+7.84/%**/ 115.74+13.67
34.25+£1.12 35.67+1.31

Note. The difference compared to L-57 is significantly greater at * p < 0.05; significantly less at ** p < 0.01 and ***'p < 0.001; compared with L-58, significantly

less at*/p < 0.05 and ***/p < 0.001.

Table 3. Results of the study of the 185/5S mtDNA repeat in recombinant allolines (H. vulgare)-T. aestivum

Lines Fertility level Number of plants studied 185/5S mtDNA Cytonuclear compatibility
L-56 FS 5 B+W Disrupted

PS 8 B+W Disrupted

PF 1 B+W Disrupted
L-57 PF 6 B+W Disrupted

F 2 B+W Disrupted
L-58 PF 2 B+W Disrupted

F 2 B+W Disrupted

F 6 W Not disrupted
Nepolegaushii F 2 B Not disrupted
Pyrotrix 28 F 2 W Not disrupted

Note. B - barley; W — wheat; Nepolegaushii is a variety of barley; Pyrotrix 28 is a variety of bread wheat.

substitution lines 1R(1A) and 1R(1D). Seeds were set in
all combinations of crossing due to female fertility of FS
and PS plants. F, plants were grown from the set seeds:
18 plants of combination L-56(FS) x 1R(1A), 20 plants
of combination L-56(FS) x IR(1D), 15 plants of combi-

Fig. 4. Agarose gel electrophoresis of PCR products using the 185/5S mt
repeat marker.

1 - barley H. vulgare variety Nepolegaushii; 2 - wheat T. aestivum variety Pyro-
trix 28; 3 - completely sterile L-56 plant; 4 — partially sterile L-56 plant; 5 —
partially fertile L-57 plant; 6, 7 - fertile L-58 plants.
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nation L-56(PS) x 1R(1A) and 17 plants of combination
L-56(PS) x 1R(1D). All F, plants of these hybrid combina-
tions did not set seeds from self-pollination (Table 4).

The complete sterility of F, hybrids heterozygous for
wheat chromosomes 1A and 1D indicates that the fertility
of partially sterile plants depends on chromosomes 1A and
1D. However, a single dose of the gene localized on each
of these chromosomes is not sufficient to restore the male
fertility of these plants.

Partially fertile (PF) plants of alloline L-57 were included
in hybridization with wheat-rye substitution lines. Fifteen
plants were grown from seeds of the hybrid combination
L-57(PF) x 1R(1A), and twelve F, plants were grown from
the combination L-57(PF) x 1R(1D). All F, plants were
fertile, which indicates that fertility restoration in these
allolines is a dominant trait. The analysis of the seed set in
the main spike of 74 F, plants of the hybrid combination
L-57(PF) x 1R(1A) revealed 51 plants that were classified
as fertile and 23 plants — as sterile. The observed ratio when
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Table 4. Seed setting in F, hybrids and segregation for seed setting in F, hybrids derived from the crossing
of allolines (H. vulgare)-T. aestivum with wheat-rye substitution lines TR(1A) and 1R(1D) of variety Saratovskaya 29
Hybrid combination Generation Plants Expected x2 p-value
Total number  Fertile Sterile segregation ratio In F;
L-56(FS) x TR(1A) Fy 18 0 18 -
L-56(FS) x TR(1D) Fy 20 0 20 -
L-56(PS) x 1R(1A) F, 15 0 15 -
L-56(PS) x 1R(1D) F, 17 0 17 -
L-57(PF) x 1R(1A) F, 15 15 -
F, 74 51 23 3:1 1.46 0.227
L-57(PF) x 1R(1D) Fy 12 12 -
Fy 61 45 16 3:1 0.05 0.824
L-58(F homoplasmy) X TR(IA)  Fy 14 14 -
F, 75 75 -
L-58(Fpomopiasmy) X 1R(1D)  F, 15 15 -
F, 86 86 -

segregated into fertile and sterile plants in F, fitted well with
the theoretically expected segregation ratio of 3 (fertile) :
1 (sterile) with an %2 value of 1.46, which is lower than the
statistical value of x5 = 3.84.

A similar result was obtained for the hybrid combination
L-57(PF) x 1R(1D). Out of the 61 F, plants studied in this
combination, 45 were classified as fertile and 16 were ste-
rile, resulting in a value of ¥? = 0.05 (Table 4). These results
indicated that the fertility of L-57 was dependent on wheat
chromosomes 1A and 1D. The ratio of fertile and sterile
plants in F, of the combinations L-57(PF) x 1R(1A) and
L-57(PF) x 1R(1D) showed that male fertility restoration
in partially fertile plants of L-57 was controlled by a single
dominant gene. One of these genes is localized on chromo-
some 1A, and the other, on chromosome 1D.

A different result was obtained when crossing fully fertile
plants of L-58, in which wheat-type homoplasmy was detect-
ed, with wheat-rye substitution lines. All F, and F, plants of
the combinations L-58(F) x 1R(1A) and L-58(F) x 1R(1D)
were fertile (Table 4). This means that the fertility of alloline
L-58 included in crosses with wheat-rye substitution lines
does not depend on bread wheat chromosomes 1A and 1D.

Discussion

There is a strong intergenomic incompatibility between
cultivated barley H. vulgare and bread wheat 7. aestivum,
which prevents both crossing between them and fertility
restoration of hybrids. However, due to the use of methods
to overcome incompatibility and the selection of parental
genotypes, it was possible to obtain viable barley-wheat F,
hybrids with female fertility (Pershina et al., 1998). This

made it possible to include hybrids in backcrosses with dif-
ferent varieties of bread wheat leading to the elimination of
barley chromosomes, the creation of a recombinant wheat
nuclear genome and the replacement of a wheat cytoplasm
with the cytoplasm of barley in alloplasmic genotypes (Ak-
syonova et al., 2005; Pershina et al., 2012).

The recombinant allolines (H. vulgare)-T. aestivum 1.-56,
L-57 or L-58 had the same origin, but differed in morpho-
biological characteristics and fertility level. The recombinant
nuclear genome of these lines was obtained using the va-
rieties of bread wheat Saratovskaya 29, Mironovskaya 808,
and Pyrotrix 28. The expression of morphobiological traits
in the L-56 line, compared to the L-57 line, represented by
partially fertile plants, was suppressed. The L-56 alloline
segregated into fully sterile plants and plants with a low
fertility level. Apparently, the genome of Saratovskaya 29
prevailed in the nuclear genome of the L-56 line. This variety
was a fixer of sterility of bread wheat carrying the cytoplasm
of cultivated barley (Pershina et al., 2012).

The absence of anthers in fully sterile plants and incom-
plete staining of pollen grains in partially fertile plants
was caused by CMS, which resulted from disruption of
nuclear-mitochondrial interactions (Yang et al., 2008).
PCR analysis of the 18S/5S mt repeat in the L-56 and L-57
allolines revealed heteroplasmy, that is, the coexistence
of two mtDNA variants, the barley and the wheat type.
Heteroplasmy of mtDNA in barley-wheat hybrids and al-
lolines derived from them is a consequence of biparental
transmission of mtDNA beginning from F, (Aksyonova et
al., 2005). This phenomenon has been described for hybrids
(de. crassa x wheat Chinese Spring) (Kawaura et al., 2011)
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and allolines (Ae. longissima)-T. turgidum (Noyszewski et
al., 2014). Inheritance of cytoplasmic genomes from both
parents, compared with strictly maternal one, results in a
greater diversity of mt- and cpDNA variants in hybrids. It
has been suggested that biparental inheritance of chloroplasts
in angiosperms leads to rescue species with defective plas-
tids (Zhang, Sodmergen, 2010). This mechanism can also
reduce the negative impact of cytonuclear incompatibility
on the development of F, hybrids (Barnard-Kubow et al.,
2016). It can be assumed that in the L-56 and L-57 allolines,
the presence of wheat copies of mtDNA, along with barley
copies, was also a manifestation of neutralization of the
cytonuclear conflict between barley cytoplasm and wheat
nuclear genome, ensuring the development of viable allo-
lines, albeit with reduced fertility.

When backcrossing hybrids with mtDNA heteroplasmy
with the paternal species (wheat), variability was found not
only in the nuclear genome, but also in the mitochondrial
genome (Aksyonova et al., 2005; Trubacheeva et al., 2012,
2021). When the fertility of the allolines was restored, the
number of mtDNA copies of the wheat (paternal) type in-
creased and the original alloplasmic condition appeared to
be lost (Aksyonova et al., 2005; Trubacheeva et al., 2021).
The same process was observed in the production of wheat
allolines carrying the cytoplasm of some Aegilops species
(Tsukamoto et al., 2000; Hattori et al., 2002). The fully
fertile L-58 alloline without CMS was isolated by selecting
plants with maximum fertility in the F;BC; generation of
the barley-wheat hybrid (Fig. 1). It can be assumed that in
L-58, the recombinant nuclear genome without barley chro-
mosomes contains mainly the genomes of the wheat varieties
Mironovskaya 808 and Pirotrix 28, which are restorers of fer-
tility in bread wheat with the cytoplasm of cultivated barley
(Pershina et al., 2012, 2018). During selection for fertility,
as well as during backcrossing, the variability of mtDNA
from heteroplasmy to wheat-type homoplasmy correlates
with the variability of chloroplast DNA from barley-type
homoplasmy to wheat-type homoplasmy (Aksyonova et al.,
2005; Trubacheeva et al., 2021).

As follows from the data obtained both in this work and
in previously published ones (Aksyonova et al., 2005; Tru-
bacheeva et al., 2012, 2021), heteroplasmy and wheat-type
homoplasmy detected in allolines can be used as markers for
dividing allolines into groups with cytonuclear incompatibi-
lity and cytonuclear coadaptation, since it is not in all cases
that the fertility level can be a reliable trait for such a divi-
sion. For example, in both this and a previously published
work (Trubacheeva et al., 2021), mtDNA heteroplasmy was
found in some fertile plants, that is, there was a violation of
cytonuclear compatibility.

Clear differences between allolines with cytonuclear
incompatibility and cytonuclear coadaptation were found
when studying the effect of chromosomes 1A and 1D on
the fertility of these lines. In allolines L-56 and L-57 with
cytonuclear incompatibility, male fertility depends on these
wheat chromosomes, but in alloline L-58 without cytonuc-
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lear incompatibility, it does not. This can be explained by
the fact that in allolines L-56 and L-57 with heteroplasmy,
the Rf genes located on chromosomes 1A and 1D are ne-
cessary to neutralize the sterilizing effect of the cytoplasm.
In line L-58 with cytonuclear coadaptation, wheat-type
cytoplasm was formed, so the production of male-fertile
plants did not depend on the presence of the Rf genes on
these chromosomes.

We observed similar differences in our previous work
(Trubacheeva et al., 2021): the short arm of chromosome
1B affected the fertility of the allolines with cytonuclear
incompatibility, but did not affect the fertility of the allolines
with cytonuclear compatibility.

Conclusion

To perform this work, among the backcrossed progenies of
the barley-wheat hybrid H. vulgare x T. aestivum, sequen-
tially pollinated with different varieties of bread wheat, three
allo-lines of bread wheat with the cytoplasm of cultivated
barley were isolated. These allolines of the same origin but
differed by fertility and cytonuclear compatibility were used
as adequate models to determine the localization of genes
controlling the restoration of fertility of bread wheat carrying
the cytoplasm of cultivated barley.

Based on the results of segregation in F, hybrids obtained
from crossing alloline L-57 with wheat-rye substitution lines
IR(1A) and 1R(1D), it was concluded for the first time that
chromosomes 1A and 1D carry one dominant Rf gene, which
controls male fertility restoration of bread wheat with the
cytoplasm of cultivated barley. However, a single dose of
these genes is not enough to restore the fertility of partially
sterile plants. The results of our work supplemented the
information on the localization of the Rf genes in wheat
chromosomes 1A, 1D (this work) and 1BS (Trubacheeva et
al., 2021).

An important finding was that the fertility of the line with
cytonuclear compatibility did not depend on the chromo-
somes in which the Rf genes were located. This explains the
fact that the introgression of alien germplasm into the lines,
including the replacement of the short arm of wheat chro-
mosome 1B by the short arm of the rye chromosome 1R,
does not violate cytonuclear compatibility, and allolines
maintain fertility (Pershina et al., 2018, 2020). Moreover,
based on introgression (H. vulgare)-T. aestivum allolines,
DH lines were obtained and used as maternal genotypes to
develop commercial high-yielding spring wheat varieties
Sigma, Uralosibirskaya 2, Sigma 5 (Belan et al., 2021).
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Metabolite concentrations and the expression profiles
of the corresponding metabolic pathway genes in eggplant
(Solanum melongena L.) fruits of contrasting colors
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Abstract. Eggplant (Solanum melongena L.) ranks fifth in importance among vegetable crops of the Solanaceae family,
in part due to the high antioxidant properties and polyphenol content of the fruit. Along with the popular purple-
fruited varieties of S. melongena, there are cultivars, the fruits of which are rich in phenolic compounds, but are white-
colored due to the lack of anthocyanin biosynthesis. Determination of the amount of anthocyanins and other phenolic
compounds, as well as carotenoids and sugars, is included in the assessment of the quality of eggplant fruits of com-
mercial (technical) ripeness. In addition to antioxidant and taste properties, these metabolites are associated with fruit
resistance to various stress factors. In this study, a comparative analysis of the content of anthocyanins, carotenoids
and soluble sugars (sucrose, glucose, fructose) in the peel and pulp of the fruit of both technical and biological ripe-
ness was carried out in purple-fruited (cv. Vlas) and white-fruited (cv. Snezhny) eggplant accessions of domestic selec-
tion. The peel and pulp of biologically ripe fruits of the cvs Vlas and Snezhny were used for comparative transcriptomic
analysis. The key genes of the flavonoid and carotenoid metabolism, sucrose hydrolysis, and soluble sugar transport
were shown to be differentially expressed between fruit tissues, both within each cultivar and between them. It has
been confirmed that the purple color of the peel of the cv. Vlas fruit is due to substantial amounts of anthocyanins. Fla-
vonoid biosynthesis genes showed a significantly lower expression level in the ripe fruit of the cv. Vlas in comparison
with the cv. Snezhny. However, in both cultivars, transcripts of anthocyanin biosynthesis genes (DFR, ANS, UFGT) were
not detected. Additionally, the purple fruit of the cv. Vlas accumulated more carotenoids and sucrose and less glucose
and fructose than the white fruit of the cv. Snezhny. Biochemical data corresponded to the differential expression
pattern of the key genes encoding the structural proteins of metabolism and transport of the compounds analyzed.
Key words: eggplant cultivars; Solanum melongena L.; carotenoids; anthocyanins; soluble sugars; expression of meta-
bolic pathway genes.
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ConepykaHye MeTabOIUTOB U ITPOMPUIb SKCIIPECCUN T'€HOB
COOTBETCTBYIOLIVX MeTa00IMNYEeCKUX ITyTell B KOHTPACTHBIX
10 OKpacke 1yIogax 6akinaxkaHa (Solanum melongena L.)

M.A. OuaromnH 1@, E.A. ,A,)KOCLZ,A.B. lllenHukoBa 1 E.3. Kounera (91

1 MepepanbHbii ccnefoBaTeNbCKUiA LeHTp «DyHAaMEHTabHbIE OCHOBbI GIOTeXHONOTMM» Poccuiickoi akagemun Hayk, Mocksa, Poccus
2 DepiepanbHblii Hay4HbI LIEHTP OBOLLEBOACTBA, noc. BHUMCCOK, MockoBckas obnacTtb, Poccun

michel7753@mail.ru

AHHoTaums. baknaxat (Solanum melongena L.) 3aHMMaeT NATOE MECTO MO 3HAUYMMOCTU CPefU OBOLLHbIX KybTYp ce-
MericTBa lMacneHoBbIX, B TOM ymncie 6narofapsa aHTMOKCMAAHTHBIM CBOVCTBAM M10/a 3a CYET BbICOKOTO COAePKaHmA
pa3nunuHbix GpeHoNbHBIX coeauHeHuin. Hapsaay ¢ nonynsapHbiMy GroneToBoniogHbIMU copTamu S. melongena nmetotcs
CopTa, MIofbl KOTOPbIX CUHTE3UPYIOT GEHOMbHbIE COeAUHEHNSA, OAHAKO XapaKTepuaytoTca 6enoi oKpackom 13-3a oT-
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Metabolite concentrations and expression
of metabolic pathway genes in eggplant fruits

CyTCTBUA BUOCKHTE3a aHTOLMaHOB. OnpefienieHne KonmyecTBa aHTOLVAHOB 1 APYTX GeHONbHbIX COeAVHEHWIA, a TaK-
e KapOoTVHOUJOB 11 CaxapoB BXOAUT B OLIEHKY KauecTBa MiofoB 6akna)kaHa KOMMEepPUYEeCKon (TeXHMYecKom) cneso-
cTn. Kpome aHTMOKCUAAHTHBIX 11 BKYCOBbIX KauecTs, 3T MeTabonnTbl CBA3aHbI C YCTONUYMBOCTbIO MIOAA K PasfMUHbIM
cTpeccoBbiM dakTopam. B JlaHHOM UccneoBaHM NPOBEAEH CPaBHUTENbHDIN aHANN3 COAEPMXaHUA aHTOLMAHOB, Kapo-
TVHOWZAOB 1 PACTBOPVIMbIX CaXapoB (Caxapo3bl, MOKO3bl, GPYKTO3bl) B KOXKNLIE 1 MAKOTM N10Aa Kak TEXHUYECKOM, Tak
1 6uonornyeckoi cnenoctn y ronetoBonnogHoro (copt Bnac) n 6enonnogHoro (copt CHexHbl) obpa3uoB Hakna-
»KaHa oTeuecTBeHHOI cenekuun. Koxnua 1 MAKOTb nnofa 6uonornyeckoi cnenocty coptoB Bnac n CHeXHbli 6bin
MCMOMb30BaHbl AJ1 CPAaBHUTENbHOIO TPAHCKPUNTOMHOTO aHanm3a. MokasaHo, YTo Kouesble reHbl Gpr1iaBOHOUAHOTO
nyTv, MeTabonnsma KapoT1HOMAOB, MMAPOIIM3a Caxapo3bl, @ TaKXKe TPaHCNopTa PacTBOPUMbIX CaxapoB AnddepeH-
LanbHO 3KCMPECCMPYIOTCA MEXAY TKaHAMY Mofa Kak BHYTPU KaXA0ro copTa, Tak 1 mexay copTtamu. Mogreepxae-
Ha cBA3b GUONETOBON OKPACKM KOXNMLbI Niofa copTa Bnac ¢ nprcyTcTBreM 3HaUMTENbHbBIX KOMMYECTB aHTOLIMAHOB.
OnpepeneHo, 4To B cpaBHeHUU ¢ copTom CHEXHbIN cnenblil nog copTa Bnac xapaktepursyeTtca cyliecTBeHHO 6onee
HM3K/IM YPOBHEM 3KCMPEeCccrn reHoB 6rocnHTesa ¢prnaBoHorAoB. OfHaKo y 060Mx COPTOB B CMesIOM Myofe He BbisiB-
NeHbl TPAHCKPUNTbI reHoB 6rocnHTe3a aHTouraHoB (DFR, ANS, UFGT). Take NoKasaHo, 4To B CPaBHEHWW C GenbiM
nnopom copta CHexHbil dproneToBbI Nnog copTa Bnac Hakannueaet 6osbliue KaPOTUHOUAOB U Caxapo3bl Y MeHbLUe
r0KO3bl 1 GPYKTO3bl. Brioxmmmueckme gaHHble COOTBETCTBYIOT Npodunio aAnddepeHLmanbHOM SKCNpeccum Kioye-
BbIX FEHOB, KOAVPYIOLWMX CTPYKTYpHble 6enky MeTabonm3ma 1 TpaHCMopTa aHann3npyembiX CoeIVHEHWIA.

KntoueBble cnoBa: copta 6aknaxaHa; Solanum melongena L.; KapoTMHOUABI; aHTOLMAHbI; PacTBOPUMbIE Caxapa; dKC-

npeccnAa reHos MeTabonnyecknx I'IyTeVI.

Introduction

Eggplant (Solanum melongena L.) is a vegetable crop that
ranks fifth in economic importance in the nightshade family
(Solanaceae). Despite its heat-loving nature, this crop is grown
not only in tropical and subtropical climate zones, but also as
a greenhouse crop in regions with cold climate (including the
Russian Federation). The most famous are eggplant fruits with
peel colored in different shades of purple, which is determined
by the content of anthocyanins. The presence of anthocyanins
and the fact that the fruit pulp is enriched with phenolic acids
indicate powerful antioxidant properties of the eggplant fruit,
classifying it as a product with high nutritional/dietary value
(Giirbiiz et al., 2018; Akhbari et al., 2019; Condurache et al.,
2021; Saha et al., 2023).

In addition to purple-fruited varieties, there are also S. me-
longena varieties that produce fruits with white or green peel
due to inhibition of anthocyanin biosynthesis (Condurache et
al.,2021; Yangetal., 2022; You et al., 2022). The color (white,
green, or intermediate shades) is determined by the ratio of
two types of plastids in the cells of the fruit — chloroplasts and
leucoplasts (Tao et al., 2023). For consumers, white-fruited
varieties may be preferable because they lack the bitterness
associated with dark-colored fruits due to changes in the con-
tent of glycoalkaloids (Lelario et al., 2019; Saha et al., 2023).

Commercial eggplant varieties are characterized by mor-
phological variability, and screening of existing collections
for a set of characteristics includes grouping by fruit peel
color as the most important trait (Martinez-Ispizua et al.,
2021). The assessment of fruit quality focuses on their anti-
oxidant properties (including the determination of phenolic
compounds/flavonoids, carotenoids and sugars), and there is
wide variation in these terms (Martinez-Ispizua et al., 2021).
Purple-fruited varieties, compared to white-fruited varieties,
are characterized by greater antioxidant activity and increased
content of phenols and carotenoids (both in the peel and in the
pulp), and there is little or no difference in the total amount
of sugars (Martinez-Ispizua et al., 2021; Colak et al., 2022).

There is no correlation between the content of flavonoids,
carotenoids and sugars in eggplant fruits (Martinez-Ispizua et

al., 2021). On the other hand, there is indirect evidence for
the existence of such a phytohormone-mediated dependence
in cherries (Teribia et al., 2016). Namely, there is an inverse
correlation between the content of soluble sugars and trans-
zeatin, as well as gibberellin GA4 and anthocyanins; in
contrast, abscisic acid (ABA) is positively associated with
the amount of anthocyanins and soluble sugars (Teribia et
al., 2016). Moreover, the accumulation of anthocyanins is
positively correlated with the amount of sugars in the Chinese
date Ziziphus jujube (Jiang et al., 2020).

All of the antioxidant compounds mentioned, as well as
soluble sugars, are closely related to resistance to various stress
factors both in the vegetative part of the plant (Keunen et al.,
2013; Pérez-Torres et al., 2021; Waadt et al., 2022) and in the
fleshy fruit (Shi et al., 2019; Jiang et al., 2020). For example,
it has been shown that increased production of phenolic
compounds determines the resistance of the eggplant fruit
to low temperatures (Shi et al., 2019). Elevated temperature
has a positive effect on the content of sugars, anthocyanins,
flavonoids and carotenoids in the fruits of the Chinese date
Z. jujube, but in combination with drought it causes the op-
posite effect (Jiang et al., 2020).

This work aimed to characterize the fruits of two eggplant
varieties, including the determination of the content of an-
thocyanins, carotenoids and soluble sugars, as well as the
expression profile of key genes in the corresponding metabolic
pathways. We chose two cultivars of domestic selection that
have different fruit colors — white and purple, respectively.
A significant difference from similar studies was that we
analyzed fruits of not only technical (commercial) ripeness,
but also those of biological ripeness.

The following tasks were set: to obtain plant material (fruits
of two varieties at the stages of technical and biological ripe-
ness); to determine the content of target metabolites in the
peel and pulp of fruits of technical and biological ripeness;
to analyze transcriptomes of the peel and pulp of fruits at
the stage of biological ripeness, focusing on transcripts of
genes of target metabolic pathways; to validate transcripto-
mic data.
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Materials and methods

In a comparative study, we used accessions of two early-
ripening eggplant varieties (S. melongena), originated by
the Federal Scientific Vegetable Center (FSVC, Moscow re-
gion) that differed in the color of the ripe fruit. The fruits of
cv. Snezhny (ID 9905014, https://gossortrf.ru/registry/) at the
stage of technical ripeness have white peel and pulp. The fruits
of cv. Vlas (ID 8057522) at technical ripeness have dark purple
peel and white flesh. At the stage of biological ripeness, the
fruit pulp remains white in both cultivars, and the peel acquires
yellowish (cv. Snezhny) or brown (cv. Vlas) shades (Fig. 1).

Plants of the studied varieties were grown (2023) until the
fruiting stage in a film greenhouse of the Federal Research
Vegetable Center. In August, fruits were collected at technical
(commercially mature, CM) and biological (physiologically
ripe, PR) ripeness, separated into peel (exocarp) and pulp
(mesocarp), grinded in a porcelain mortar in liquid nitrogen
and used for biochemical, metabolomic and transcriptomic
analyses.

The content of anthocyanins and carotenoids was deter-
mined spectrophotometrically in chloroform-methanol ex-
tracts according to (Filyushin et al., 2020). Since delphinidin
glycosides (93-98 % of the total) dominate among the antho-
cyanins accumulated in the peel of eggplant fruit (Condurache
et al., 2021; Yang et al., 2022), the anthocyanin content was
calculated in terms of delphinidin-3-rutinoside.

The content of sugars (glucose, fructose and sucrose) was
determined according to metabolome data (unpublished),
which were obtained according to (Filyushin et al., 2023a).

v
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In short, approximately 0.2 g of finely ground tissue was
extracted twice with 200 pl of 80 % methanol. The total
extract was evaporated, dissolved in 30 % methanol (at
the rate of 50 mg wet weight per 100 ul of the extract) and
subjected to mass spectral analysis using ultra-performance
liquid chromatography-quadrupole time-of-flight mass spec-
trometry (UPLC-qTOF-MS/MS) according to the protocol
[https://lcms.cz/labrulez-bucket-strapi-h3hsga3/1866243
lcms 148 how potato_fights its enemies 02 2019 ebook
rev_01 9d3990d6c¢4/1866243-1cms-148-how-potato-
fights-its-enemies-02-2019-ebook-rev-01.pdf]. The signal
level/100 mg of annotated compounds was used as a relative
indicator for sugar content.

Differentially expressed genes (DEGs) encoding proteins
involved in sucrose hydrolysis and transport of soluble su-
gars (invertases and sugar uniporters) were determined from
transcriptome data for the peel and pulp of the PR fruit (un-
published). For transcriptomic analysis, preparations of total
RNA were isolated (RNeasy Plant Mini Kit, Qiagen, USA)
and used for mRNA libraries (NEBNext® mRNA Library
Prep Reagent Set for [llumina; New England BioLabs, USA),
which were then sequenced (Illumina HiSeq2500; Illumina
Inc., USA). Trinity v3.5.13 (https://github.com/trinityrnaseq/
trinityrnaseq/wiki) and TransDecoder v5.1.0 (https://github.
com/TransDecoder/TransDecoder) were used to assemble
and determine coding sequences; CDSs were annotated using
NCBI-Blast (https://www.ncbi.nlm.nih.gov/). Relative tran-
script levels (FPKM; number of fragments per kb transcripts
per million mapped fragments) were estimated using RSEM

Fig. 1. Photographs of the fruit of the eggplant cultivars Snezhny (a) and Vlas (b) in technical (CM; left) and biological (PR;

right) ripeness.

The cultivars differ in the color of the fruit peel — white (cv. Snezhny) and purple (cv. Vlas). Scale =5 cm.
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(https://github.com/deweylab/RSEM). To determine DEGs
both within varieties (peel vs. pulp) and between varieties (peel
vs. peel; pulp vs. pulp), transcriptome data were normalized to
the transcript number of the reference gene GAPDH.

Structural analysis of DEGs was performed using NCBI-
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and
MEGA 7.0 (https://www.megasoftware.net/) using genomic
(GCA _000787875.1) (Hirakawa et al., 2014) and transcrip-
tomic (https://www.ncbi.nlm.nih.gov/) S. melongena data.

Transcriptomic data were validated using quantitative real-
time PCR (qQRT-PCR) and a CFX96 Real-Time PCR Detec-
tion System (Bio-Rad Laboratories, USA); qRT-PCR program
[95°C -5 min.; 40 cycles (95 °C—15s, 62 °C—50s)]. Based
on available total RNA preparations, cDNA was synthesized
(GoScript™ Reverse Transcription System, Promega, USA)
and 3 ng was used in the reaction. The reaction mixture in-
cluded the “Reaction mixture for qRT-PCR in the presence
of SYBR Greenl and ROX” (Sintol LLC, Russia) and gene-
specific primers. Reactions were performed in three technical
and two biological replicates and normalized to the transcript
level of the reference gene GAPDH (Zhang et al., 2014).

The obtained biochemical and expression data were statisti-
cally processed in GraphPad Prism v.8 (GraphPad Software
Inc., USA; https://www.graphpad.com/scientific-software/
prism/). To assess the significance of the differences, a #-test
was used (p < 0.05 indicates statistical significance of the
differences).

Results
The study was focused on the comparative characteristics of
the fruit (technical and biological ripeness) of two eggplant
varieties belonging to the same species, S. melongena, and
differing in the color of the fruit peel. Namely, cv. Snezhny and
cv. Vlas with white/yellowish and purple/brown, respectively,
colors of the fruit peel at technical/biological ripeness (Fig. 1).
Abiochemical analysis of the peel and pulp in the dynamics
of fruit ripening showed that the content of anthocyanins cor-
responds to the color of the analyzed fruit tissues of biological
ripeness. In the yellowish peel and white pulp of the fruit of
cv. Snezhny, as well as the white pulp of the fruit of cv. Vlas,

Metabolite concentrations and expression
of metabolic pathway genes in eggplant fruits

the amount of anthocyanins showed trace values, while in the
purple-brown peel of the fruit of cv. Vlas anthocyanins amount
was ~300 times higher (Fig. 2a).

The fruits of both varieties, both in technical and biological
ripeness, contained traces of carotenoids in the pulp. In the
peel, carotenoids accumulated more actively: in cv. Vlas, the
amount of carotenoids was ~25 times higher than in cv. Snezh-
ny (Fig. 2b).

If the differences in the content of anthocyanins in the
analyzed varieties were predictable, then the significant dif-
ferences in the content of soluble sugars were somewhat un-
expected. According to metabolomic profiling of the peel
and pulp, it was found that the fruit of cv. Snezhny contains
~2 (peel) and ~5 (pulp) times more hexoses (glucose, fructose),
as well as ~2 (peel and pulp) times less sucrose than the fruit
of cv. Vlas (Fig. 2¢).

A comparative analysis of the transcriptomes of the peel and
pulp of the fruit of the Snezhny and Vlas varieties identified a
number of DEGs, which, as expected (according to the results
of biochemical and metabolomic analyses), included genes
associated with the metabolism of anthocyanins, carotenoids
and sugars (see the Table).

It was found that the key genes of the flavonoid pathway
(Zhang et al., 2014; Alappat B., Alappat J., 2020) before
anthocyanin synthesis (CHSI, CHS2, F3H) are highly tran-
scribed in the peel of the fruit of cv. Snezhny and are detected
in significantly smaller and similar quantities in the pulp (both
varieties) and peel (cv. Vlas) (Fig. 3). Considering the branch
of the pathway related to anthocyanin synthesis, the level of
expression of the first gene of the branch, DFR, in the peel
and pulp of the fruit of cv. Snezhny is significantly higher
than that of cv. Vlas. However, the number of transcripts
in the FPKM value for DFR is extremely low in all four
samples (0.49-3.44), so we cannot speak of a significant dif-
ference between varieties, since the level of gene transcripts
approaches zero. At the same time, transcripts of subsequent
genes of the anthocyanin biosynthesis branch — ANS (antho-
cyanidin synthase) and UFGT (UDP-glucosoflavonoid-3-O-
glucosyltransferase) — were not included in the list of DEGs
and were detected in trace amounts (Fig. 3).
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Fig. 2. The content of the sum of anthocyanins (a), the sum of carotenoids (b), hexoses (total glucose and fructose) (c) and sucrose (d) in the peel and
pulp of the fruit of technical (CM) and biological (PR) ripeness of eggplant cultivars Snezhny and Vlas (S. melongena).

The signal level/100 mg of annotated compounds was used as a relative indicator for sugar content obtained from non-targeted metabolomic profiling.
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List of DEGs associated with the metabolism of sugars, carotenoids and anthocyanins

S. lycopersicum homolog, NCBI ID

Family GH32 (acid invertases; sucrose hydrolysis)

acid vacuolar invertase ASK06213.1
beta-fructofuranosidase, insoluble isoenzyme CWINV3-like XP_004241885.1
beta-fructofuranosidase, insoluble isoenzyme CWINV1 XP_019068732.1

cell-wall invertase AAM22409.1

Family GH100 (neutral/alkaline invertases; sucrose hydrolysis)

neutral/alkaline invertase 3, chloroplastic, XP_004249987.1
probable alkaline/neutral invertase D, XP_004241837.1
alkaline/neutral invertase A, mitochondrial, XP_004230329.1
alkaline/neutral invertase A, mitochondrial, XP_004230329.1
neutral/alkaline invertase 3, chloroplastic, XP_004249987.1

probable alkaline/neutral invertase D, XP_004238357.1

Family SWEET (uniporters of soluble sugars)

bidirectional sugar transporter SWEET1-like XP_004237723.1
bidirectional sugar transporter SWEET1, XP_004242009.1
bidirectional sugar transporter N3, XP_019068532.1
bidirectional sugar transporter SWEET 1-like, XP_004237724.1
bidirectional sugar transporter N3, XP_019068532.1

bidirectional sugar transporter SWEET2a, XP_004233011.1

Carotenoid metabolism pathway

phytoene synthase 1, NP_001234812.1
phytoene synthase 2, NP_001234671.1

9-cis-epoxycarotenoid dioxygenase, NP_001234455.1

Flavonoid pathway

Gene ID, S. melongena transcriptome
VINV1 TRINITY_DN2044_c0_g1_i1.p1
CWINV1 TRINITY_DN7423_c0_g1_i23.p1
CWINV2 TRINITY_DN29292_c0_g1_i1.p1
CWINV3 TRINITY_DN3426_c0_g1_i16.p1
N/AINVT TRINITY_DN5049_c0_g1_i2.p1
N/AINV2 TRINITY_DN5579_c0_g1_i2.p1
N/AINV3 TRINITY_DN5658_c1_g1_i7.p1
N/AINV4 TRINITY_DN6542_c0_g1_i11.p1
N/AINV5 TRINITY_DN6803_c0_g1_i6.p1
N/AINV6 TRINITY_DN9045_c1_g1_i1.p1
SWEET1 TRINITY_DN316_c1_g1_i1.p1
SWEET2 TRINITY_DN2271_c0_g1_i1.p1
SWEET3 TRINITY_DN1022_c0_g1_i7.p1
SWEET4 TRINITY_DN13252_c0_g1_i6.p1
SWEET5 TRINITY_DN1022_c0_g1_i4.p1
SWEET6 TRINITY_DN10403_c0_g1_i2.p1
PSY1 TRINITY_DN59246_c0_g1_i2.p1
PSY2 TRINITY_DN6268_c0_g1_i3.p1
NCED1 TRINITY_DN3512_c2_g1_i3.p1
CHS1 TRINITY_DN6959_c0_g2_i2.p1
CHS2 TRINITY_DN6763_c0_g1_i3.p1
F3H TRINITY_DN5746_c0_g1_i2.p1
DFR TRINITY_DN49807_c0_g1_i1.p1

Analysis of transcripts of phytoene synthase genes, key iso-
enzymes of carotenoid metabolism (Rosas-Saavedra, Stange,
2016), showed trace PSYI values in the peel (cv. Snezhny)
and pulp (both varieties) of the fruit and significant PSY/ ex-
pression level in the fruit peel of cv. Vlas (Fig. 3). Relatively
significant numbers of PSY2 transcripts were found in the fruit
peel (both varieties) and pulp (cv. Snezhny). At the same time,
the number of PSY2 transcripts was significantly higher in
cv. Snezhny compared to cv. Vlas (Fig. 3). Another DEG asso-
ciated with carotenoid catabolism, the 9-cis-epoxycarotenoid
dioxygenase gene (NCEDI), which catalyzes the synthesis
of ABA from xanthophylls of the ,3-branch of the pathway

chalcone synthase 1, NP_001234033.2
chalcone synthase 2, NP_001234036.2
flavanone 3-dioxygenase, NP_001316412.1

dihydroflavonol 4-reductase, NP_001234408.2

(Rosas-Saavedra, Stange, 2016), was highly transcribed in the
fruit peel and pulp of cv. Vlas, while in the fruit of cv. Snezhny,
only trace values were detected (Fig. 3).

The list of DEGs associated with irreversible hydrolysis of
sucrose and transport of mono- and disaccharides included
genes for vacuolar invertase (VINV1), cell wall invertases
(CWINV1-3), neutral/alkaline invertases (N/AINVI-6) and
sugar uniporters (SWEETI—-6) (see the Table).

In the peel of the fruit of cv. Snezhny, the highest level
of expression was observed for the genes of four invertases
(VINV1, CWINVI1, N/AINVS and 6) and three sugar uniporters
(SWEETI, 3 and 5); in the fruit pulp — for the genes of four
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Fig. 3. Heatmap of the expression of DEGs associated with the metabo-
lism of anthocyanins and carotenoids, as well as with the hydrolysis of
sucrose and the transport of soluble sugars in the peel and pulp of bio-
logically ripe fruit (PR) of the Snezhny and Vlas cultivars (S. melongena).

The heatmap was constructed based on transcriptomic analysis data.

invertases (VINVI, N/AINVI1, 5 and 6) and two sugar uni-
porters (SWEETS and 6) (Fig. 3).

In general, cv. Vlas differed from cv. Snezhny in higher
expression levels and a larger number of DEGs for invertases
and sugar uniporters. In the fruit peel of cv. Vlas, the genes
of six invertases (CWINV3, CWINVI and 2, N/AINV2—4) and
one sugar uniporter (SWEET6) were most highly transcribed,
while in the fruit pulp, four invertases (CWINVI, N/AINV1,
5 and 6) and three sugar uniporters (SWEET2—4) (Fig. 3).

Thus, the expression profile of genes for the metabolism
of anthocyanins, carotenoids and sugars varied both within
each cultivar (peel vs. pulp) and between cultivars (peel vs.
peel, pulp vs. pulp).

Transcriptomic data were validated using qRT-PCR.
Namely, in the same fruit tissues, the expression of CHS/,
CHS2, F3H, DFR, ANS (flavonoid pathway), PSY! and PSY2

Metabolite concentrations and expression
of metabolic pathway genes in eggplant fruits
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Fig. 4. Relative expression of the CHS1, CHS2, F3H, PSY1 and PSY2 genes
based on qRT-PCR (left) and transcriptome (right) data.

The absence of the DFR and ANS transcripts was also confirmed by qRT-PCR;
graphs are not shown. The primer sequences for CHS1, CHS2, F3H, DFR, ANS
and the reference gene GAPDH were taken from the paper (Filyushin et al,,
2023b); for the PSY7 and PSY2 genes, from (Kulakova et al., 2023).

(carotenogenesis) was determined (Fig. 4). It was shown that
the expression pattern of these genes is consistent with tran-
scriptomic data, with the exception of insignificant differences
in the ratio of expression levels of the PSY/ and PSY2 genes
in the fruit pulp between varieties (Fig. 4).
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Discussion

The morphological diversity of eggplant cultivars has been
the subject of much research, facilitating the optimization
of breeding new cultivars with improved characteristics
(Martinez-Ispizua et al., 2021). Particular attention is paid to
metabolites (content, regulation of synthesis/accumulation)
that have antioxidant properties and/or determine the onto-
geny/stress resistance and taste of the fruit (Martinez-Ispizua
et al., 2021). Nutraceuticals considered mainly include poly-
phenols, ascorbic acid, carotenoids and, less commonly,
glycoalkaloids and sugars (Giirbiiz et al., 2018; Akhbari et
al., 2019; Condurache et al., 2021; Martinez-Ispizua et al.,
2021; Saha et al., 2023).

In this study, accessions of two eggplant S. melongena va-
rieties were characterized, which differ in the color of the fruit
peel: cv. Snezhny (white color) and cv. Vlas (purple color)
(Fig. 1). The characterization included the content of the sum
of anthocyanins, the sum of carotenoids and soluble sugars
in the peel and pulp of the fruit (CM and PR), accompanied
by an analysis of the expression of genes encoding the key
stages of metabolism of these compounds in the tissues of the
biologically ripe fruit (PR).

Biochemical analysis confirmed that the purple color of the
fruit peel of cv. Vlas is due to the presence of anthocyanins
(Fig. 2a). The significantly higher content of carotenoids in
the fruit peel of cv. Vlas in comparison with the pulp, as well
as with the fruit of cv. Snezhny (Fig. 2b), does not affect the
color of the fruit, apparently due to the presence of a large
amount of anthocyanins.

In the fruit of cv. Vlas, the content of both pigments de-
creased significantly during the transition from technical to
biological ripeness (Fig. 2a, b). This may be due to a decrease
in the expression of genes for the biosynthesis of these metabo-
lites or to the accelerated catabolism of pigment compounds.
A decrease in concentration was also observed for soluble
sugars (Fig. 2c, d). These results correspond to a decrease
in the taste and antioxidant characteristics of the fruit at the
stage of biological ripeness and explain the commercial use
of fruits of technical ripeness.

According to transcriptomic analysis, genes for the metabo-
lism of anthocyanins, carotenoids and sugars are differentially
expressed both between fruit tissues within the same variety
and between varieties (see the Table). This presumably deter-
mines intra- and intervarietal differences in the content of the
corresponding compounds in fruit tissues.

In general, the obtained data on the expression of flavonoid
pathway genes correspond to the previously shown profile of
their expression in eggplant varieties with white and purple
peel (Filyushin et al., 2023b). According to these data, between
the stages of technical and biological ripeness, significant
changes occur in the expression of genes of the flavonoid
pathway, resulting in decrease of the content of anthocyanins
in the peel of the purple fruit.

An unexpected result was the significantly higher expres-
sion of key genes of the flavonoid pathway (up to the antho-
cyanin branch) in the fruit of cv. Snezhny in comparison with
the fruit of cv. Vlas (Fig. 3), which indicates the possibility of
more flavonoids (excluding anthocyanins) being synthesized
in the fruit of cv. Snezhny. Since the content of carotenoids in

2024
286

CopepxaHue MeTaboNNTOB 1 SKCNpeccus
reHoB MeTabonmMyeckux nyTein B niofax 6aknaxaHa

the fruit of cv. Snezhny is minimal, and the expression of fla-
vonoid pathway genes is relatively high, it can be assumed that
the yellow color of the ripe fruit (PR) of cv. Snezhny (Fig. 1a)
is associated with the accumulation of flavonoids (colorless or
yellow in color). This distinguishes eggplant fruits from the
fruits of related species, tomato (S. [ycopersicum) and pepper
(Capsicum annuum), the color of which is associated with the
accumulation of carotenoids (Filyushin et al., 2020).

In addition, these results are contrary to the few studies
comparing the content of phenolic compounds in white and
purple eggplant fruits, which indicate a greater accumulation
of phenolic compounds in purple fruits (Martinez-Ispizua
et al., 2021; Colak et al., 2022). Both studies included the
analysis of only one white-fruited variety (Martinez-Ispizua
et al., 2021; Colak et al., 2022), as in our case. Thus, white-
fruited eggplant varieties can differ significantly from each
other in the content of phenolic compounds and, consequently,
antioxidant activity.

The shown expression profile of the phytoene synthase
genes (PSY1, PSY2) initiating the biosynthesis of carotenoids
(Fig. 3, 4) corresponds to the specificity of each of the two iso-
enzymes to a certain type of plastid (Rosas-Saavedra, Stange,
2016). Thus, PSY1, encoding a chromoplast-specific enzyme,
was expressed in trace amounts, while chloroplast-specific
PSY2 corresponded to an order of magnitude more transcripts
(Fig. 3, 4). At the same time, a high level of expression of the
9-cis-epoxycarotenoid dioxygenase (NCEDI) gene, which
catalyzes the conversion of ,3-branch carotenoids into ABA
(Rosas-Saavedra, Stange, 2016), in the fruit of cv. Vlas, and
its trace amounts in the fruit of cv. Snezhny (Fig. 3) suggest
increased ABA content in the purple-colored fruit. Taking into
account the complex functions of ABA (Waadt et al., 2022),
this fact may indicate a greater efficiency of development,
ripening, and response to stress factors of the purple fruit
compared to the white fruit.

ABA content is positively associated with the amount
of anthocyanins and soluble sugars (Teribia et al., 2016),
although the content of the latter does not correlate with the
accumulation of phenolic compounds, as well as carotenoids
(Martinez-Ispizua et al., 2021).

The concentration of soluble sugars is regulated, among
other things, by hydrolysis (invertases) and transport between
tissues (sugar transporters) (Liu et al., 2022; Ren et al., 2022;
Filyushin et al., 2023c). The invertase family includes neutral/
alkaline (N/AINV) and acidic (vacuolar and cell wall; VINV/
CWINV) enzymes that are involved in the regulation of plant
ontogeny and stress tolerance (Qian et al., 2016), as well as
sugar uniporters of the SWEET family (Fan et al., 2023;
Filyushin et al., 2023a).

In comparison with cv. Vlas, the fruits of cv. Snezhny
contained more hexoses and less sucrose (Fig. 2), which, at
first glance, contradicts the lower activity of invertase genes
(Fig. 3). However, these discrepancies may be a consequence
of incomplete correspondence of the fruits of the two analyzed
varieties in terms of the degree of biological ripeness. Ripe,
fleshy fruits are characterized by enlarged cells with large
vacuoles that actively accumulate and store sugars (Hedrich et
al., 2015). In the peel and pulp of the fruit of cv. Snezhny, the
highest level of expression of the only found DEG of vacuolar
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invertase, VINV1, is detected (Fig. 3), which corresponds to
the highest content of hexoses there (Fig. 2) and is probably
a sign of complete biological ripeness of the analyzed fruit.
At the same time, in the fruit of cv. Vlas, cell wall invertases
and neutral/alkaline invertases are highly expressed (Fig. 3),
operating in the cytoplasm and chloroplasts (Qian et al.,
2016), where hexoses are actively utilized for development
processes (Hedrich et al., 2015). That is, the analyzed fruit of
a given variety may not have yet reached full ripening and is
at an intermediate stage preceding biological ripeness. Also,
the observed intervarietal difference in the content of sugars
in the fruit may be a consequence of transport regulation of
their concentration, including with the help of uniporters of
the SWEET family (Filyushin et al., 2023a).

Conclusion

Thus, in this study, a comparative characterization of the ripe
fruit of two varieties of eggplant S. melongena with white
(cv. Snezhny) and purple (cv. Vlas) peel color was carried
out using biochemical and transcriptomic analyses. It was
shown that the purple color of the fruit of cv. Vlas is asso-
ciated with the presence of anthocyanins and is accompanied
by an increased accumulation of carotenoids and sucrose.
This is consistent with the expression profile of genes linked
to the key stages of the metabolism of these compounds and
the transport of soluble sugars. Compared to cv. Vlas, the fruit
of cv. Snezhny is characterized by a large content of hexoses
and, possibly, flavonoids.

References

Akhbari M., Hamedi S., Aghamiri Z.S. Optimization of total phenol and
anthocyanin extraction from the peels of eggplant (Solanum melon-
gena L.) and biological activity of the extracts. J. Food Measure.
Character. 2019;13:3183-3197. DOI 10.1007/s11694-019-00241-1

Alappat B., Alappat J. Anthocyanin pigments: beyond aesthetics. Mo-
lecules. 2020;25(23):5500. DOI 10.3390/molecules25235500

Colak N., Kurt-Celebi A., Gruz J., Strnad M., Hayirlioglu-Ayaz S.,
Choung M.G., Esatbeyoglu T., Ayaz F.A. The phenolics and antioxi-
dant properties of black and purple versus white eggplant cultivars.
Molecules. 2022;27(8):2410. DOI 10.3390/molecules27082410

Condurache N.N., Croitoru C., Enachi E., Bahrim G.E., Stanciuc N.,
Rapeanu G. Eggplant peels as a valuable source of anthocyanins:
extraction, thermal stability and biological activities. Plants. 2021,
10:577. DOI 10.3390/Plants 10030577

Fan X.W.,SunJ.L.,Cai Z., Zhang F., LiY.Z., Palta J.A. MeSWEET15a/b
genes play a role in the resistance of cassava (Manihot esculenta
Crantz) to water and salt stress by modulating sugar distribution.
Plant Physiol. Biochem. 2023;194:394-405. DOI 10.1016/j.plaphy.
2022.11.027

Filyushin M.A., Dzhos E.A., Shchennikova A.V., Kochieva E.Z. De-
pendence of pepper fruit colour on basic pigments ratio and ex-
pression pattern of carotenoid and anthocyanin biosynthesis genes.
Russ. J. Plant Physiol. 2020;67(6):1054-1062. DOI 10.1134/S1021
443720050040

Filyushin M.A., Anisimova O.K., Shchennikova A.V., Kochieva E.Z.
Genome-wide identification, expression, and response to Fusarium
infection of the SWEET gene family in garlic (Allium sativum L.).
Int. J. Mol. Sci. 2023a;24(8):7533. DOI 10.3390/ijms24087533

Filyushin M.A., Shchennikova A.V., Kochieva E.Z. Coexpression of
structural and regulatory genes of the flavonoid pathway reveals
the characteristics of anthocyanin biosynthesis in eggplant organs
(Solanum melongena L.). Russ. J. Plant Physiol. 2023b;70:27. DOI
10.1134/S1021443722603147

Metabolite concentrations and expression
of metabolic pathway genes in eggplant fruits

Filyushin M.A., Slugina M.A., Shchennikova A.V., Kochieva E.Z. Dif-
ferential expression of sugar uniporter genes of the SWEET family
in the regulation of qualitative fruit traits in tomato species (Solanum
section Lycopersicon). Russ. J. Plant Physiol. 2023c; 70(4):70. DOI
10.1134/S102144372360023X

Gurbiiz N., Uluisikb S., Frarya A., Fraryc A., Doganlara S. Health
benefits and bioactive compounds of eggplant. Food Chem. 2018;
268:602. DOI 10.1016/j.foodchem.2018.06.093

Hedrich R., Sauer N., Neuhaus H.E. Sugar transport across the plant
vacuolar membrane: nature and regulation of carrier proteins. Curr.
Opin. Plant Biol. 2015;25:63-70. DOI 10.1016/j.pbi.2015.04.008

Hirakawa H., Shirasawa K., Miyatake K., Nunome T., Negoro S.,
Ohyama A., Yamaguchi H., Sato S., Isobe S., Tabata S., Fukuoka H.
Draft genome sequence of eggplant (Solanum melongena L.): the
representative solanum species indigenous to the old world. DNA
Res. 2014;21:649. DOI 10.1093/dnares/dsu027

Jiang W., Li N., Zhang D., Meinhardt L., Cao B., Li Y., Song L. Elevated
temperature and drought stress significantly affect fruit quality and
activity of anthocyanin-related enzymes in jujube (Ziziphus jujuba
Mill. cv. ‘Lingwuchangzao’). PLoS One. 2020;15(11):¢0241491.
DOI 10.1371/journal.pone.0241491

Keunen E., Peshev D., Vangronsveld J., Van Den Ende W., Cuypers A.
Plant sugars are crucial players in the oxidative challenge during
abiotic stress: extending the traditional concept. Plant Cell Environ.
2013;36(7):1242-1255. DOI 10.1111/pce.12061

Kulakova A.V., Shchennikova A.V., Kochieva E.Z. Expression of ca-
rotenoid biosynthesis genes during the long-term cold storage of
potato tubers. Russ. J. Genet. 2023;59(8):794-807. DOI 10.1134/
S1022795423080094

Lelario F., De Maria S., Rivelli A.R., Russo D., Milella L., Bufo S.A.,
Scrano L. A complete survey of glycoalkaloids using LC-FTICR-
MS and IRMPD in a commercial variety and a local landrace of
eggplant (Solanum melongena L.) and their anticholinesterase and
antioxidant activities. Toxins (Basel). 2019;11(4):230. DOI 10.3390/
toxins11040230

Liu Y.H., Song Y.H., Ruan Y.L. Sugar conundrum in plant-pathogen
interactions: roles of invertase and sugar transporters depend on pa-
thosystems. J. Exp. Bot. 2022;73(7):1910-1925. DOI 10.1093/jxb/
erab562

Martinez-Ispizua E., Calatayud A., Marsal J.I., Mateos-Fernandez R.,
Diez M.J., Soler S., Valcarcel J.V., Martinez-Cuenca M.R. Pheno-
typing local eggplant varieties: commitment to biodiversity and
nutritional quality preservation. Front. Plant Sci. 2021;12:696272.
DOI 10.3389/pls.2021.696272

Pérez-Torres 1., Castrejon-Téllez V., Soto M.E., Rubio-Ruiz M.E.,
Manzano-Pech L., Guarner-Lans V. Oxidative stress, plant natural
antioxidants, and obesity. /nt. J. Mol. Sci. 2021;22(4):1786. DOI
10.3390/ijms22041786

Qian W., Yue C., Wang Y., Cao H., Li N., Wang L., Hao X., Wang X.,
Xiao B., Yang Y. Identification of the invertase gene family (INVs)
in tea plant and their expression analysis under abiotic stress.
Plant Cell Rep. 2016;35(11):2269-2283. DOI 10.1007/s00299-016-
2033-8

Ren R., Wan Z., Chen H., Zhang Z. The effect of inter-varietal variation
in sugar hydrolysis and transport on sugar content and photosyn-
thesis in Vitis vinifera L. leaves. Plant Physiol. Biochem. 2022;189:
1-13. DOI 10.1016/j.plaphy.2022.07.031

Rosas-Saavedra C., Stange C. Biosynthesis of carotenoids in plants:
enzymes and color. Subcell. Biochem. 2016;79:35-69. DOI 10.1007/
978-3-319-39126-7_2

Saha P., Singh J., Bhanushree N., Harisha S.M., Tomar B.S., Rathina-
sabapathi B. Eggplant (Solanum melongena L.) nutritional and
health promoting phytochemicals. In: Kole C. (Ed.). Compendium
of Crop Genome Designing for Nutraceuticals. Singapore: Springer
Nature Singapore, 2023;1463-1493. DOI 10.1007/978-981-19-
4169-6_53

Shi J., Zuo J., Xu D., Gao L., Wang Q. Effect of low-temperature con-
ditioning combined with methyl jasmonate treatment on the chil-

626 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 6



M.A. GuniowmH, E.A. xkoc
A.B. LLleHHnKOBa, E.3. KouneBa

ling resistance of eggplant (Solanum melongena L.) fruit. J. Food
Sci. Technol. 2019;56(10):4658-4666. DOI 10.1007/s13197-019-
03917-0

Tao T., Hu W., Yang Y., Zou M., Zhou S., Tian S., Wang Y. Transcrip-
tomics reveals the molecular mechanisms of flesh colour differences
in eggplant (Solanum melongena). BMC Plant Biol. 2023;23(1):5.
DOI 10.1186/s12870-022-04002-z

Teribia N., Tijero V., Munné-Bosch S. Linking hormonal profiles with
variations in sugar and anthocyanin contents during the natural de-
velopment and ripening of sweet cherries. Nat. Biotechnol. 2016;
33(6):824-833. DOI 10.1016/j.nbt.2016.07.015

Waadt R., Seller C.A., Hsu P.K., Takahashi Y., Munemasa S., Schroe-
der J.I. Plant hormone regulation of abiotic stress responses. Nat.

2024
286

CopepxaHue MeTaboNNTOB 1 SKCNpeccus
reHoB MeTabonmMyeckux nyTein B niofax 6aknaxaHa

Rev. Mol. Cell Biol. 2022;23(10):680-694. DOI 10.1038/s41580-
022-00479-6

Yang G., Li L., Wei M., Li J., Yang F. SmMYBI113 is a key transcrip-
tion factor responsible for compositional variation of anthocyanin
and color diversity among eggplant peels. Front. Plant Sci. 2022;13:
843996. DOI 10.3389/fpls.2022.843996

You Q., Li H.,, Wu J,, Li T., Wang Y., Sun G., Li Z., Sun B. Mapping
and validation of the epistatic D and P genes controlling anthocyanin
biosynthesis in the peel of eggplant (Solanum melongena L.) fruit.
Hortic. Res. 2022;10(2):uhac268. DOI 10.1093/hr/uhac268

Zhang Y., Hu Z., Chu G., Huang C., Tian S., Zhao Z., Chen G. Antho-
cyanin accumulation and molecular analysis of anthocyanin bio-
synthesis-associated genes in eggplant (Solanum melongena L.).
J. Agric. Food Chem. 2014;62:2906. DOI 10.1021/jf404574¢

Conflict of interest. The authors declare no conflict of interest.
Received May 13, 2024. Revised June 27, 2024. Accepted June 28, 2024.

FEHETUKA PACTEHUI / PLANT GENETICS 627


https://doi.org/10.3389/fpls.2022.843996

HUMAN GENETICS Vavilovskii Zhurnal Genetiki i Selektsii
[Review | Vavilov Journal of Genetics and Breeding. 2024;28(6):628-639

DOI 10.18699/vjgb-24-70

Genotype imputation in human genomic studies

A.A. Berdnikova (191 2, IV. Zorkoltseva (91, Y.A. Tsepilov L E.E. Elgaeva 1’2@

TInstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia

@ elizabeth.elgaeva@gmail.com

Abstract. Imputation is a method that supplies missing information about genetic variants that could not be direct-
ly genotyped with DNA microarrays or low-coverage sequencing. Imputation plays a critical role in genome-wide
association studies (GWAS). It leads to a significant increase in the number of studied variants, which improves the
resolution of the method and enhances the comparability of data obtained in different cohorts and/or by using dif-
ferent technologies, which is important for conducting meta-analyses. When performing imputation, genotype in-
formation from the study sample, in which only part of the genetic variants are known, is complemented using the
standard (reference) sample, which has more complete genotype data (most often the results of whole-genome
sequencing). Imputation has become an integral part of human genomic research due to the benefits it provides
and the increasing availability of imputation tools and reference sample data. This review focuses on imputation
in human genomic research. The first section of the review provides a description of technologies for obtaining
information about human genotypes and characteristics of these types of data. The second section describes the
imputation methodology, lists the stages of its implementation and the corresponding programs, provides a de-
scription of the most popular reference panels and methods for assessing the quality of imputation. The review
concludes with examples of the use of imputation in genomic studies of samples from Russia. This review shows
the importance of imputation, provides information on how to carry it out, and systematizes the results of its ap-
plication using Russian samples.
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I/IMHVTaI_H/ISI I'€eHOTHUIIOB B 'EHOMHDIX INCCIIEJOBAHMAX YE€JIOBEKA

A.A. Beppnukosa (91 2, 1.B. 3opxoabuesa (01, A.A. Llermaos ()1, E.E. Earaesa ()1 2 &

1 DepepanbHblii NCCNeROBATENbCKUI LeHTP VHCTUTYT ymtonorum u reHetnkn Cnbrpckoro otaeneHnsa Poccuinckoln akagemmnm Hayk, HoBocnbnpck, Poccus
2 HoBOCMBUPCKIII HALMOHASBHBIN UCCTIEA0BATENBCKII FOCYAaPCTBEHHDII yHuBepcutet, HoBocnburpck, Poccna

@ elizabeth.elgaeva@gmail.com

AHHoTaumsA. VimnyTauusa — 3To MeTog, NO3BONAIOLLMIA BOCCTaHaBIMBaTb He[OCTaloLLyto MHPOPMALIMIO O reHeThYe-
CKMX BapuaHTax, KOTopble He yfasiocb reHOTUNMPOBaTb HaNPAMYIO C NomoLbio [IHK-MUKPOUMMOB mnun cekBeHw-
POBaHNA C HU3KUM MOKPbITUEM. VIMnyTaums nrpaeT Ba)kHeNLYi0 POJib B MOIHOreHOMHOM aHanv3e accoumauui
(genome wide associations study, GWAS). OHa NpuBOANT K CyLLeCTBEHHOMY YBEIMUEHMIO KONMYECTBa N3yyaemblx
BapPVaHTOB, YTO MOBbILLAET Pa3peLLaloLLyto CMOCOGHOCTb METOAA 1 YBENMYMBAET COMOCTABMMOCTb AAHHbIX, MONY-
YeHHbIX B Pa3HbIX KOropTax W/vnm C MOMOLLbIO Pa3HbIX TEXHOMOIMIA, YTO BaXHO NP MPOBefeHNN MeTaaHaIN30B.
Mpw ee BbINONHEHNN HOPMALIMIO O FeHOTUMaX B UCCIIEAYEMOI BbIGOPKE, Y KOTOPOI N3BECTHA TONIbKO YacTb reHe-
TUYECKNX BapMaHTOB, OMOJHAIOT 3a CYET 3TaJIOHHON (pedepeHCHO) BbIGOPKY, MMetoLLeit 6onee NosHble AaHHble
0 reHoTMMax (Yalle BCero 3To pesysnbTaTbl NOIHOFEHOMHOIO CeKBEeHMPOBaHMA). iMnyTauma cTana HeoTbememMon
Y4aCTbtO reHOMHbIX I/ICCJ'Ie,EI,OBaHVIVI yenoBeka 6naro,qapﬂ npenmyliecTtesam, KOToOpble OHa [a€eT, a TakXKe yBeNMYeHnto
[OCTYMHOCTV MHCTPYMEHTOB ANA UMMYTaUMM N AaHHBIX pedepeHCHbIX BbIbopok. O630p MOCBALLEH MMMyTaLumn B
reHOMHbIX UCCIIeAOBaHUAX YenloBeKa. B nepBom pasaene NpuBOAATCA ONMCaHUE TEXHONOTWIA NMonyyYeHna nHdop-
MaLMu O reHOTUMaxX YenoBeka U XapakTepMUCTINKa NoslyyaeMblX TUMOB AaHHbIX. Bo BTopom paspene npeacTasnieHa
MeTOLOMOMVIA UMMy TaLuK, MEePeUnCIAIOTCA 3Tanbl ee NPOoBeJeHNA 11 COOTBETCTBYIOLME NPOrpamMMmbl, JaeTCA Onwi-
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caHune Hambonee nonynAapHbIX ped)epeHCHle naHesen n cnoco6os OUEeHKN Ka4vyecTBa nMmnyTtaynn. B 3akntoueHunn
npeacrtaBneHbl NprMepbl NCNONb30BaHNA NMMNYTauN B TEHOMHbIX NCCNefoBaHUAX Bbl60p0K n3 Poccun. Hactos-
U.WIVI O630p NoOKa3blBaeT BaXXHOCTb NpoBeAeHNA nMnyTaunn, naet mnd)opmal_wno O TOM, KaK ee BbIMOJIHATb, N CNCTe-
MaTU3NPYET pe3ynbTaTbl €€ NPpUMeHeHUA Ha npumepe pOCCI/II7ICKI/IX BbI60pOK.

KnioueBblie cnoBa: nmvnyTauua; reHoTunnpoBaHue; CeEKBEHNPOBaHNE; NOJIHOreHOMHbI aHaNn3 accounaLlumi; Yyeno-

Bek; AHK-munkpounn.

Technologies for obtaining

human genotype data and their features

Human genotype data are a key aspect for many genetic stu-
dies. There are several technologies developed to read, analyze
and interpret genetic information. The most commonly used
methods include Sanger sequencing, next generation sequenc-
ing (NGS), and DNA microarrays.

Genotyping using DNA microarrays

A DNA microarray (or simply a “microchip” or “chip”, not
to be confused with an RNA microarray, which is a different
technology) is a small glass or silicon substrate, to which tens
of thousands of probes (short single-stranded DNA fragments
complementary to certain nucleotide sequences) are attached.
These probes are arranged on the chip in such a way that each
fragment can be identified by its location (Fig. 1).

During the analysis, fluorescent markers are attached to the
studied DNA molecules, which were cut into fragments by
restriction endonucleases, and placed on the chip. The target
DNA fragments are bound to complementary DNA probes,
and all remaining fragments are removed from the chip. Laser
beams and computer processing are used to detect the fluores-
cence of fragments, record the emission (radiation) patterns
and subsequently identify the sequences. This method is very
fast and allows to simultaneously determine the nucleotide se-
quence of several DNA fragments (Govindarajan et al., 2012).

An alternative approach to solving the problem of genotyp-
ing was implemented by academician A.D. Mirzabekov in
domestic developments to create gel microchips (Mirzabekov,
2003). They are a substrate made of glass, plastic or silicone
with hemispherical drops of hydrogel fixed on its surface.
The distinction of this method is that DNA fragments are im-
mobilized in three-dimensional space, which provides greater

Fig. 1. DNA microarray.

sensitivity and capacity of the microchip. This technology
has also found its application in RNA analysis, protein and
cell biochips.

There are several strategies for identifying single nucleotide
polymorphism (SNP) for microarrays (Fig. 2).

Allele distinction by hybridization (Fig. 2a). The labeled
target DNA hybridizes with probes containing a polymorphic
site in the center. Correctly paired oligonucleotides are more
stable (have a higher melting temperature) compared to
duplexes with a non-complementary base. Therefore, after
washing the chip under harsh temperature conditions, only
correctly paired chains remain on it. It is common to use
multiple fragments for each allele to improve the quality of
the signal relative to noise (Wang D.G. et al., 1998).

“Golden Gate” analysis by the Illumina company
(Fig. 2b). Two allele-specific oligonucleotides, each of which
has a 5" end with different universal primers (P1 and P2) (the
primers are labeled with a unique fluorophore for subsequent
site discrimination), hybridize in solution with genomic DNA.
The third oligonucleotide, in addition to the universal primer
(P3), has a tail with a “barcode” sequence complementary to
the fragment on the chip. The allele-specific primers extended
by a polymerase are ligated to a third oligonucleotide, after
which the resulting fragments are amplified using the poly-
merase chain reaction and hybridized onto the chip. The use
of multiple barcodes (one for each locus of interest) allows for
analysis of several genomic regions at once (Fan et al., 2003).

Arrayed Primer Extension (APEX, Fig. 2¢). Here, the
chip contains a DNA fragment, the 5" end of which is fixed
to the substrate, and the 3’ end finishes with the nucleotide
preceding the SNP being detected. Fragments of genomic
DNA are hybridized to the chip, while the desired SNP re-
mains unpaired. During the sequencing reaction, the nucleo-

Fully
complementary
fragment

Fluorescent marker

Different /

probes

Partially
complementary
fragment

Pseudocolor (red, yellow or green) is determined by the number of molecules bound to the probe and labeled with different dyes. For

further explanation of the figure, see the text below.
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Fig. 2. SNP detection strategies for DNA microarrays.

a - allele-specific hybridization; b - “Golden Gate” analysis by the lllumina company; c — arrayed primer extension.

tide sequence attached to the substrate is extended by one
terminating nucleotide labeled with a dye (Kurg et al., 2000).
This nucleotide prevents further growth of the DNA chain,
and the color of its dye allows you to determine which of the
nucleotides (A, T, G or C) is located at the given position.

One of the main advantages of DNA microarrays is their
high throughput capability (Hayat, 2002; Brown et al.,
2024). The microarray provides the basis for simultaneous
genotyping of thousands of different loci and detection of
single nucleotide substitutions. Thus, microarrays are used
to analyze large samples in order to genotype frequently oc-
curring genetic variants (with a minor allele frequency in the
population > 0.01).

However, there are some limitations in interpreting the
results. Microarray data are typically binary (indicating the
presence or absence of a specific allele), high-throughput (al-
lowing the analysis of thousands or millions of SNPs), and
requiring specialized analysis techniques to extract meaning-
ful information. In this case, we are talking about software
(for example, GenomeStudio (Illumina Inc., San Diego, CA,
CIIIA)), which includes tools for quality control, genotype
identification, visualization and data analysis. In addition,
microchips can produce both false positive and false nega-
tive results. These issues highlight the importance of careful
data interpretation and the need to use appropriate statistical
methods to control quality and validate results.

Genome sequencing

This chapter describes various sequencing technologies.
Around 1976, two methods that could read hundreds of
bases in half a day were developed — Sanger and Coulson
strand termination and Maxam and Gilbert chemical cleavage

(Maxam, Gilbert, 1977; Sanger et al., 1977). In both methods,
the analyzed DNA is placed into four test tubes with different
compositions of the reaction mixture for a specific type of
nitrogenous base (A, T, G or C). Gilbert’s method uses DNA,
radioactively labeled at one end, and a mixture of enzymes
that specifically cut it before a certain type of nucleotide.
Sanger sequencing, in contrast, involves primers and dide-
oxynucleotides that stop chain synthesis when radiolabeled
dideoxynucleoside triphosphate (ddNTP; different in each
tube) is included. Hence, as a result of implementing either
method, labeled DNA fragments of different lengths that end
with the same base are formed in each tube. Sequences are
separated by length using polyacrylamide plate gel electropho-
resis (one lane per base type) at single nucleotide resolution.
The image obtained on X-ray film after electrophoresis allows
researchers to restore the original sequence. The described
methods immediately came into use, and by 1987, automated
fluorescent Sanger sequencers could read about 1,000 bases
per day (Smith et al., 1986; Connell et al., 1987).

In 2005, next generation sequencing (NGS) technologies
were first introduced, which are based on two approaches.
The first of these is sequencing by hybridization (SBH). The
essence of the method is as follows: first, short sections of
DNA are fixed on a glass substrate (DNA chip). Then the
fragments to be identified are labeled with fluorophore and
applied to the chip for hybridization with the fixed areas.
Single-stranded DNA is washed away, and the hybridization
pattern is read from the color marks and their brightness. An
alternative approach in NGS is sequencing by synthesis (SBS)
(Shendure et al., 2017).

As arule, in technologies that use the SBS technique, pre-
fragmented sequences are fixed in a flow cell, where cyclic
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synthesis of a new chain occurs. By sequentially adding one
of the four deoxynucleotides to the mixture, having removed
the previous ones in advance, it is possible to read signals
from the cells where the synthesis reaction was successful.
Therefore, the output provides information about where which
nucleotide is located.

Sequencing technologies with an approach other than NGS
were first described in 20082009 and named “third generation
sequencing” (Check Hayden, 2009). They include two main
approaches (Fig. 3).

The first technology, Pacific Biosciences (PacBio) (Rhoads,
Au, 2015), is designed to optically monitor DNA synthesis
using a polymerase in real time. The structure has a hole less
than half the light wavelength that limits fluorescent excita-
tion to a small volume containing only the polymerase and
its template (Fig. 3a). With such a device, only fluorescently
labeled nucleotides included in the growing DNA strand emit
signals of sufficient duration to be read. The error rate in this
sequencing method is very high (about 10 %), but the errors
are distributed randomly. With long reads and tolerance for
high GC content and random errors, PacBio provides de novo
assemblies of unprecedented quality in terms of accuracy and
continuity.

The second major third-generation sequencing technology
is Oxford Nanopore (ONT) (Deamer et al., 2016). This tech-
nique was first proposed in the 1980s. The special chamber
where the sequencing process takes place is filled with an
electrolytic solution and divided by a two-layer membrane

with a nanopore (its dimensions are in the nanorange). Once
voltage is applied, the electrolyte ions and the DNA molecule
begin to move through the pore. Nucleic acid physically inter-
feres with the migration of ions, which leads to fluctuations
in current strength, which allows the nucleotide sequence to
be determined (Fig. 3b). The main difference from other se-
quencing technologies is the extreme portability of nanopore
devices, which can be as small as a memory stick (USB), as
they rely on detecting electronic rather than optical signals.

Compearison of technologies

and their application to solve different problems

Most often, Illumina NGS technologies are used for large-
scale projects (whole-genome sequencing, transcriptome ana-
lysis and epigenetic profiling), but PacBio is more useful for
de novo assembly, and ONT is more applicable for portable
sequencing. The Sanger method is suitable for sequencing
short DNA fragments such as individual genes, plasmids or
viral genomes.

Also worth mentioning is a sequencing technology com-
peting with Illumina, developed by Complete Genomics and
MGI Tech, DNBSEQ-T7 (formerly known as MGISEQ-T7).
In DNBSEQ-T7, the clonal amplification process occurs as a
rolling circle, i.e., always from the original template, which
eliminates the accumulation of DNA polymerase errors
(Drmanac et al., 2010). The main advantages of MGI include
lower cost compared to Illumina and the ability to process a
larger volume of samples in a shorter time. As recent studies
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show, the new MGISEQ-2000 sequencer can be used as a full-
fledged alternative to Illumina sequencers when conducting
whole-genome studies (search for variants, identification of
indels), the differences between the two platforms are insignifi-
cant (Korostin et al., 2020; Jeon et al., 2021; Feng et al., 2024).

Recently, the effectiveness of using whole-genome sequenc-
ing (WGS) for GWAS has been demonstrated (DePristo et al.,
2011; Chatetal., 2022). This approach is a promising alterna-
tive to genotyping using DNA microarrays, as it allows one
to obtain information on a larger proportion of genetic varia-
tions, increasing the power of association tests and subsequent
fine-mapping analyses (Wang Q.S., Huang, 2022). However,
despite the decreasing cost of NGS-based technologies, GWAS
mainly use high-throughput and relatively cheap DNA micro-
arrays containing hundreds of thousands to millions of com-
mon genetic markers, which make it possible to test almost
the entire genome for associations with the trait being studied.
SNP genotyping using DNA microarrays can contain up to
5 % errors depending on the manufacturer (Lamy et al., 2006;
Yang et al., 2011; Guo et al., 2014). However, existing proto-
cols for quality control of the obtained data can significantly
reduce the number of errors (on average by 1.7 %) (Zhao et al.,
2018). Thus, microarrays allow fairly accurate genotyping of
samples even for species with high heterozygosity (i.e., with
greater genetic variation than expected at Hardy—Weinberg
equilibrium) (Bourke et al., 2018). Moreover, at the end of
2023, the cost of genotyping a sample on a microchip was an
order of magnitude lower than the cost of NGS sequencing,
which makes it possible to cover a much larger sample size
with the same project budget. Their main disadvantage when
conducting GWAS is that they do not allow detection of an
association between an SNP and a trait if the genetic variant
is not represented on the microarray.

Additional difficulties in using DNA microarrays may arise
because the information (such as the location of SNPs on the
chromosome) used to design the chip is out of date or differs
between manufacturers. The above problems can be solved
by imputation of genotyping data (Pasaniuc et al., 2012).
This approach allows us to increase the density of coverage
for the genetic variants studied (total number of markers)
and the proportion of common variants when conducting a
meta-analysis (combining data from different studies and/or
genotyping platforms) (Li Y. et al., 2009).

Genotype imputation
in human genomic studies

A replacement for DNA microarrays could be low-coverage
WGS (IcWGS), in which random regions of the genome are
sequenced (Chat et al., 2022). Research shows that IcWGS
significantly outperforms microarrays in marker density,
which also allows for a more thorough assessment of asso-
ciations with less common variants. Such data also require
imputation using haplotypes (e.g., from the 1000 Genomes
Project) (Auton et al., 2015). The costs of ultra-low coverage
WGS (sequencing depth < 0.5x) may be comparable to or
lower than those of using DNA microarrays, but its potential
as an alternative has not yet been sufficiently assessed (Martin
etal., 2021).

DNA sequencing and genotyping solve the task of analyzing
genetic information in different ways. As such, sequencing
allows you to read entire DNA fragments and is therefore
applied to identify rare (minor allele frequency <0.01 %) and
de novo mutations, and is widely used to study the structure
of individual genes or genome regions. Genotyping, on the
other hand, is a faster and more cost-effective method for
analyzing genetic variation, which is particularly useful for
large-scale genomic studies involving thousands or even mil-
lions of samples. Thus, if the goal of a study is to comprehen-
sively examine the genetic architecture of a trait or disease,
sequencing is likely the best approach. However, if the focus
of the study is on common genetic variants, or analysis of the
population or kinship structure of the sample, then genotyping
is often sufficient and more effective (Gresham et al., 2008).

Imputation of genotyping data

Although sequencing the entire genome of hundreds of
thousands of people is not yet feasible, significant progress
can be made by identifying only a relatively small number
of genetic variants in each person. This type of “incomplete”
information is still useful because data on any set of SNPs in
a group of people allow inferences to be made about many
other unobserved variants in the same people. The approach
to accomplish this is called imputation.

Methodology

The imputation procedure includes the following stages:
quality control of genotyping data, phasing, imputation itself,
and at the final step — quality control of imputed genotypes

(Fig. 4).

Study sample

Reference haplotypes
CGAGATCCTTCTTCTG
CGAGATCCCGACTCTG
TGGGATCTCGAGTCTG
CGAGATCCTTCTTCTG
CGAAGCTCTTTCTCTG

Study sample

Reference haplotypes
CGAGATCCTTCTTCTG
CGAGATCCCGACTCTG
TGGGATCTCGAGTCTG
CGAGATCCTTCTTCTG
CGAAGCTCTTTCTCTG

Study sample
cgaGatcccgActcTg
cgaAgctcttTctcTg

Reference haplotypes
CGAGATCCTTCTTCTG
CGAGATCCCGACTCTG
TGGGATCTCGAGTCTG
CGAGATCCTTCTTCTG
CGAAGCTCTTTCTCTG

Fig. 4. Imputation of genotyping data.
1 - Phasing; 2 - Imputation itself. See the text below for explanations.
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Genetic variants that are located nearby on a chromosome
are more likely to be inherited together, which occurs because
there are only a few recombinations per chromosome. This
principle is called “linkage disequilibrium” (LD). Due to this
principle, we observe blocks of haplotypes (haploblocks) —
sets of closely spaced genetic variants that were inherited
together during evolution.

In imputation, haploblocks are used to identify common
short stretches of DNA on chromosomes that individuals in
a randomly selected population may have inherited from a
common ancestor. By comparing haplotypes in two samples
(study and reference) based on a set of common genetic
variants, imputation algorithms provide inferences about the
genotypes of the studied individuals. Both of these samples
must be from the same ethnic group for imputation to produce
accurate results (Mills et al., 2020).

Although genotyping data do not contain haplotype infor-
mation, it can be inferred and reconstructed using stepwise
analysis. Phasing is the process of statistically estimating hap-
lotypes. Imputation can be performed on both raw unphased
genotyping data and reconstructed mixed haplotypes, although
phasing is known to improve imputation accuracy (Anderson
et al., 2010). In addition, phasing is often necessary due to
the fact that standard imputation algorithms (more about them
below) work specifically with haploblocks.

Quality control of genotyping data

An important step in any genomic study is to conduct data

quality control. The importance of this step is illustrated by the

example of a paper published in Science that was retracted due
to insufficient consideration of technical errors in genotyping

on an [llumina chip (Marees et al., 2018).

Quality control of DNA microarray genotyping data is di-
vided into two main steps: control at the individual level and
control at the marker level. Individual-level control involves
removing a sample in the following cases (Anderson et al.,
2010):

— there is an observed discrepancy between the phenotype
and the genotype (in particular, the phenotypic sex differs
from the genetic one);

— the number of heterozygous loci in the genome deviates
from the expected value (an overestimation or underestima-
tion of this indicator may indicate sample contamination or
inbreeding, respectively);

— the sample contains duplicates, relatives of the first or se-
cond degree (similar genotypes will be overrepresented, as
a result of which allele frequencies in the population may
be displayed unreliably);

— has a different ethnic origin, that is, there is a stratification of
the population (the most common approach for identifying
such individuals is principal component analysis (PCA) on
a kinship matrix).

Data quality control at the level of individual markers also
consists of several points that involve the removal of SNPs if:
— minor allele frequency (MAF) < 0.01;

— they are absent from a large part of individuals in the
sample;

— they deviate significantly from Hardy—Weinberg equilib-
rium.
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Fig. 5. Visualization of the performance of HMM-based algorithms for
four individuals from the reference sample.

Each column is a separate SNP with two alleles (empty and crossed out squares
represent different alleles of the same SNP), and each pair of rows represents
two copies of DNA (from each parent). Closely related SNPs are grouped
by color, and each haplotype is modeled as a mosaic of color combinations
(Scheet, Stephens, 2006).

To carry out quality control, a number of publicly available
programs are used: PLINK 1.9/PLINK 2 (Purcell et al., 2007,
Changetal., 2015), RICOLI (Lam et al., 2020), SMARTPCA
(Price et al., 2006) and FlashPCA (Abraham et al., 2017).

Imputation Tools

Over the past twenty years, several different research groups
have developed and published a number of tools for phasing
and subsequent imputation, most of which are based on the
hidden Markov model (HMM) of Li and Stephens (Li N.,
Stephens, 2003). This statistical model, first described in 2003,
assumes that haplotypes are inherited as haploblocks and that
recombination events occur at their boundaries. The model
probabilistically reconstructs the studied haplotypes in the
form of a mosaic composed of haplotypes from a small refe-
rence sample (Fig. 5). It has been shown that methods based on
Li and Stephens’ HMM are more accurate and efficient (Weale,
2004) than approaches such as Clark’s algorithm (Clark, 1990)
or the EM algorithm (Expectation-Maximization) (Dempster
etal., 1977) (Browning S.R., Browning B.L., 2011). Currently,
the most commonly used programs implementing Li and
Stephens’ HMM are Beagle 5 (Browning B.L. et al., 2021),
Eagle2 (Lohetal., 2016) and ShapelT (Delaneau et al., 2012)
for phasing, and also Beagle 5 (Browning B.L. et al., 2018),
Impute5 (Rubinacci et al., 2020) and Minimac4 (Das et al.,
2016) for imputation. Beagle 5 and ShapelT2 allow you to
perform both of these procedures.

A comparative analysis of current phasing and imputation
software showed that, overall, Beagle 5.4 performed slightly
better than Impute5 and Minimac4, with a higher concordance
rate and high performance even on large data sets (De Marino
etal., 2022). However, Minimac4 and Impute5 tend to perform
better on rare variants because, unlike Beagle 5.4, which com-
putes clusters of haplotypes and performs calculations based
on them, Impute5 and Minimac4 search the entire haplotype
space. Minimac4 requires the least amount of memory, but
calculations take longer. If memory usage is limited and the
loss of accuracy is acceptable, then Minimac4 may be the
optimal choice of imputation software.
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The above programs can be run from a local server and
require reference haplotypes. Nevertheless, most of these
large-scale datasets are not publicly available. For this reason,
special servers that contain information about different refe-
rence panels are most often used for imputation of human data,
such as Michigan Imputation Server! (Das et al., 2016) and
TOPMed Imputation Server? (Das et al., 2016). Researchers
can upload their datasets there, configure parameters through
the web user interface (select tools, reference panels, etc.),
perform phasing and genotype imputation on the server, and
download the output files.

As disadvantages of this approach, it is worth noting the
need to send your data outside the local server (albeit using
secure connection protocols) and possible queues. In addition,
users are often limited in the choice of programs or reference
panels, and cannot combine multiple panels or integrate their
own. However, it is possible to bypass these restrictions, for
example, using Docker software (Das et al., 2016), and run
imputation on your server. The problem with standalone run-
ning is a little more complexity due to manual settings, where
the user needs to install additional programs for the pipeline
and account for library conflicts.

In Supplementary Material 13 compares the tools available
on the two servers described above.

Reference panels for imputation

of human genotyping data

One important issue in genotype imputation is how to select
a reference panel that provides high imputation accuracy in
the population of interest. As it was shown (Huang, Tseng,
2014), the quality of imputation is affected not only by the size
of the panel, but also by the ethnic composition of the refe-
rence sample. The most commonly used panels for European
populations currently are 1000 Genomes (Sudmant et al.,
2015), Haplotype Reference Consortium (HRC) (Haplotype
Reference Consortium, 2016) and Trans-Omics for Precision
Medicine (TOPMed) (Taliun et al., 2021).

The 1000 Genomes Phase 3 Version 5 reference panel was
prepared as part of the 1000 Genomes Project in 2008 (Auton
et al., 2015). In total, while using a combination of low-co-
verage whole-genome sequencing, high-coverage exome
sequencing and microarray genotyping, this project was able
to characterize 88 million genetic variants (84.7 million SNPs,
3.6 million short insertions/deletions and 60,000 structural
variants). This version of the reference panel includes 49 mil-
lion markers from 2,504 individuals from a mixed population.

The HRC rl.1 2016 reference panel was compiled by the
HRC (The Haplotype Reference Consortium) to create a large
haplotype reference panel. The HRC panel combines data-
sets from 20 different studies, most of which were obtained
using low-coverage (4-8x) whole-genome sequencing and
consist of samples of individuals of predominantly European
ancestry. The reference panel consists of 64,976 haplotypes
of 32 thousand individuals with 39,235,157 SNPs; it does not
contain deletions or insertions.

T https://imputationserver.sph.umich.edu/index.html#!pages/home

2 https://imputation.biodatacatalyst.nhlbi.nih.gov/#!pages/home

3 Supplementary Materials 1-3 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Berd_Engl_28_6.pdf
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Genotype imputation
in human genomic studies

The TOPMed (The Trans-Omics for Precision Medicine)
project was initiated in 2010 with the goal of collecting and
analyzing whole-genome sequencing data. As of September
2021, TOPMed has approximately 180 thousand participants,
predominantly of non-European origin, from more than 85
different studies. A reference panel was created based on
the TOPMed database, which includes 286,068,980 SNPs;
5,815,513 insertions and 16,222,592 deletions in the genotypes
0f 97,256 individuals. These genetic variants are distributed
across 22 autosomes and the X chromosome. TOPMed (Ver-
sion r2) is the first panel that is based solely on deep whole-
genome sequencing data and is significantly superior to
previously published alternatives.

Although most genetic studies and reference panels focus
on samples of individuals of European ancestry, it is worth
noting that there are various projects aimed at studying the
genetic diversity of other populations. These include China-
MAP (10,588 samples and 136.7 million SNPs) (Li L. et al.,
2021), NARD (1,779 individuals, 40.6 million SNPs) (Yoo et
al., 2019), GAsP (1,739 samples, 1 million autosomal SNPs)
(Walletal., 2019), SG10K (4,810 samples, 89.1 million SNPs)
(Wu et al., 2019) for samples of people of Asian descent,
AFAM (2,269 samples, 45 million SNPs) (O’Connell et al.,
2021)and UGR (4778 samples, 2.2 million markers) (Fatumo
et al., 2022) for African Americans. The TOPMed panel can
also be used to impute non-European samples of individuals
of both African and Asian descent.

The ideal solution when selecting a panel for imputation is
to combine data from multiple reference samples to construct
a combined reference panel. However, different studies tend
to use different quality control and variant filtering strategies,
which can make pooling results difficult.

Another major issue is restrictions on shared data use. For
example, individual-level genotype information in many refe-
rence panels is not publicly available; therefore, it may not be
possible to directly combine it with sequencing results from
other samples. In this regard, the meta-imputation method was
proposed (Yu et al., 2022). Instead of combining reference
panels, genotypes are first imputed using multiple reference
panels separately and then the imputed results are combined
into a consistent data set.

Assessment of imputation quality

The quality of genotyping data imputation can be assessed:
1) using standard imputation quality metrics; 2) empirically
(for example, conduct a GWAS on the trait of interest and
check the reproducibility of association signals known from
the literature, or calculate a polygenic estimate of the trait and
compare it with real phenotypes).

Imputation quality metrics can also be divided into two large
groups (Stahl et al., 2021): 1) those that assess the quality of
imputation without using directly genotyped SNPs and are
calculated automatically when running the corresponding
imputation software, and 2) those that allow the comparison
between imputed SNPs and genotypes and are calculated
manually.

Quality metrics in the first group are specific to each in-
dividual program. For example, for Minimac4 and Beagle 5,
the R? indicator is estimated (Marchini, Howie, 2010), which
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is calculated differently for each program, while Impute5
calculates the Info parameter (Marchini, Howie, 2010). Be-
cause of their specificity, they are not suitable for comparing
the quality of data imputed by different methods. This task is
successfully accomplished by metrics from the second group,
which include: concordation rate (CR), Imputation Quality
Score (IQS) (Lin et al., 2010), Hellinger score (Roshyara et
al., 2014), squared Euclidean norm score (SEN) (Roshyara et
al., 2014) and others. In practice, standard metrics of the first
group are most often used.

While conducting imputation, the posterior probabilities
of the genotype are estimated. Thus, for biallelic SNPs in an
additive model (where the genotype is coded as 0, 1 and 2, and
the reference and alternative allele are 0 and 1, respectively),
the estimated probability of individual i to have genotype j at
a particular locus is denoted as Gji (=0, 1, 2). This indica-
tor is calculated by appropriate imputation software based
on data from the reference and target samples using built-in
algorithms (for example, a hidden Markov model, as described
above). The dose of the alternative allele is calculated as
D;=G/+2G;.

The R? metric is an approximation of the squared correlation
between the imputed allele dose and the expected genotype
and is calculated as the ratio of the allele dose dispersion and
the expected dispersion under Hardy—Weinberg equilibrium

| RN AND
IAQf, _ ﬁzijl(Dijzp)
2p(1-p)

A N D;

p _Z i=1 2N?
where N is the number of individuals in the sample; D, is the
dose of the imputed allele for the i-th individual; p is the allele
frequency estimate.

Many modern algorithms (such as Minimac) carry out
imputation on pre-phased genotypes, that is, they work with
haplotypes. The formula undergoes slight changes, as the set
of genotypes is now described as a pool of 2N binary encoded
alleles
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where H; is the probability of the imputed allele in the i-th
haplotype (varies from 0 to 1 and is estimated by built-in hid-
den Markov model algorithms); N is the sample size; p is the
allele frequency estimate. The derivation of the formulas can
be found in Supplementary Materials 2 and 3.

When calculating metrics of the second type, part of the
information about genotypes in the sample under study is ar-
tificially “masked” (removed from the general data set, while
maintaining information about these SNPs). Then the result-
ing gaps are imputed and compared with real genotypes. For
instance, CR represents the proportion of correctly calculated
SNPs to all SNPs. The Hellinger exponent is a measure of
the distance between two genotype probability distributions
and is based on the Bhattacharyya coefficient (Bhattacha-
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ryya, 1943), which measures the degree of overlap between
two distributions. The SEN metric is the scaled Euclidean
distance between the true and imputed dose distributions.
Both the Hellinger score and the SEN score are calculated
for each individual’s distinct SNPs. IQS is based on Cohen’s
kappa statistic and allows for random co-occurrence between
imputed and real SNPs.

As mentioned at the beginning, in addition to the listed
metrics, a polygenic score (PGS) of the trait can be used to
control the quality of imputation (Choi et al., 2020). It is a
measure of an individual’s genetic risk for a trait, obtained
by summing the quantified effect of many common variants
(typically with minor allele frequencies > 1 %) in the genome,
each of which may make a small contribution to an individual’s
genetic risk for that trait or disease. PGS is typically calculated
as a weighted sum of a set of genetic variants, usually SNPs,
defined as single base pair variations from a reference genome.
The resulting score has a distribution close to normal in the
general population, with higher scores indicating higher risk.

In general, the equation for calculating a weighted polygenic
risk score for an individual is as follows (Collister et al., 2022):

M A
PGS, =Zj [S*dosageij,

where M is the number of SNPs in the model; f’,j is an estimate
of the effect size of the j-th variant; dosage;; is the genotype
encoded 0, 1, 2 for the j-th variant in the genotype of the
i-th individual. SNP effect sizes () are often obtained from
GWAS results.

After calculating the PGS score for a trait, its values are
compared with the values of real phenotypes. If there is a
significant correlation between these two data sets, we can
conclude that the data is of high quality after imputation.

Examples of imputation

in genomic studies on Russian samples

Despite the advantages of imputation and phasing described
above, there is very little reference to their use in studies of
Russian samples. As such, in a 2023 study on depression in a
sample of 4,520 individuals from various regions of Russia,
imputation was carried out using the HRC and 1000G refe-
rence panels using Beagle 5.1 (Pinakhina et al., 2022). Simi-
larly, in a study of the genetic structure of the Western Russian
population (sample of 4,145 individuals), the HRC panel was
chosen as the panel for imputation; the procedure itself was
carried out using Beagle 4.0 and allowed to consider another
10,454,514 imputed genotyped variants in the analysis, in ad-
dition to 623,249 genotyped ones (Usoltsev et al., 2023). And
in a 2022 study of markers associated with muscle strength
and power in 292 Russians (83 of them professional athletes),
not only imputation on a 1000G panel, but also phasing using
SHAPEIT was carried out (Moreland et al., 2022).

As stated earlier, one of the most important factors for
performing high-quality imputation is the correct choice of
reference panel. The authors of one work (Kolosov et al., 2022)
assessed the reliability of imputation of genotypes of a sample
of 230 elderly people from St. Petersburg (501,100 SNP) by
such panels as HRC, 1000G, HGDP (Human Genome Diver-
sity Project (Cann et al., 2002) — a reference panel based on
929 people of various ethnic backgrounds). They were able
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to increase the total number of variants studied to 37.6, 37.5
and 26.6 million SNPs for each of the panels, respectively,
using Beagle 5.1 (the data were pre-phased). In addition,
HRC, compared to the other two panels, showed the highest
imputation accuracy (IQS and CR metrics).

All of these works use HRC or 1000G as reference panels,
but this approach is somewhat outdated and is subject to revi-
sion due to the emergence of a larger TOPMed data set, the
use of which serves as a kind of gold standard in international
studies at the moment. As for the software, various versions
of Beagle are used in the reviewed works.

In the mentioned studies on Russian samples, meta-analyses
or fine mapping of genes were not carried out; however, as
examples from other works show (Barton et al., 2021), thanks
to imputation and phasing such analyzes can be done with a
significant quality improvement.

Conclusion

From the above, we can conclude that, at the moment, impu-
tation of genotyping data is an integral part of many human
genomic studies, in particular GWAS. It provides an increase
in the number of SNPs analyzed and makes it possible to
combine the results of different studies. Imputation also sig-
nificantly improves the results of fine mapping, allowing the
most accurate identification of specific genetic variants and
genes that determine the association of the entire genome
region with the trait being studied (Chundru et al., 2019).

It is worth noting that for large-scale studies where sample
size and genotyping coverage are important, the combina-
tion of DNA microarrays/sequencing with low coverage and
further imputation is the most optimal and cheapest data
acquisition strategy suitable for most genomic study designs.
This combination is used in all major national biobanks, such
as UK Biobank (Sudlow et al., 2015), AllOfUs (Ramirez et
al., 2022) and others.

Along with the listed advantages, the imputation method
has a number of disadvantages and limitations. In particular,
reading errors due to low coverage, as well as incorrect selec-
tion of parameters for imputation along with an inappropriate
reference panel, often lead to low accuracy of the imputed
data, which can negatively affect the results of further stages
of analysis. It must also be remembered that imputation uses
information about haplotypes from the reference sample, so
when it becomes outdated, genetic variants that have become
frequent in the population relatively recently may be imputed
worse (Alietal., 2022). In addition, a high level of recombina-
tion reduces the accuracy of phasing and subsequent imputa-
tion of genotypes, and therefore, in some cases, additional
recombination analysis is necessary (Weng et al., 2014).

Also, imputation can smooth out genetic differences be-
tween individuals in case-control samples (Lau et al., 2024):
imputed data may introduce inaccurate genotypes in regions
where differences between case and control are expected,
and this effect appears regardless of how large and diverse
the reference panel is. Finally, when using the method, it is
important to remember that what is true for the population
as a whole may not always be true for a specific individual.

Currently, there is a wide variety of programs and reference
panels for imputation of human genomic data, and, as a conse-
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quence, many combinations of them. Due to this, researchers
have the opportunity to select the optimal set of imputation
tools for the characteristics of the sample and the objectives
of a particular study. A review of works on Russian samples
showed that the most popular software for imputation is
Beagle of various versions, and among reference panels, HRC
and 1000G are most often used, which is somewhat different
from international practices, where the leader among reference
panels is TOPMed.

Greater awareness of the intricacies of imputation and a
deliberate approach to the selection of tools will improve
the quality of genomic data without increasing the cost of
obtaining them, facilitate their integration with the results of
other studies, and provide more accurate information about
the genetic control of human traits.
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Abstract. The diversity of geographically distributed human populations shows considerable variation in external
and internal traits of individuals. Such differences are largely attributed to genetic adaptation to various environ-
mental influences, which include changes in climatic conditions, variations in sleep and wakefulness, dietary varia-
tions, and others. Whole-genome data from individuals of different populations make it possible to determine the
specific genetic sites responsible for adaptations and to further understand the genetic structure underlying human
adaptive characteristics. In this article, we searched for signals of single nucleotide polymorphisms (SNPs) under
selection pressure in people of different populations. To identify selection signals in different population groups,
the PER1, PER2 and PER3 genes that are involved in the coordination of thermogenic functions and regulation of
circadian rhythms, which is directly reflected in the adaptive abilities of the organism, were investigated. Data were
analyzed using publicly available data from the 1000 Genomes Project for 23 populations. The Extended Haplotype
Homozygosity Score statistical method was chosen to search for traces of selection. The comparative analysis per-
formed identified points subject to selection pressure. The SNPs were annotated through the GWAS catalog and
manually by analyzing Internet resources. This study suggests that living conditions, climate, and other external
factors directly influence the genetic structure of populations and vary across races and geographic locations. In ad-
dition, many of the selection variants in the PER1, PER2, PER3 genes appear to regulate biological processes that are
associated with major modern diseases, including obesity, cancer, metabolic syndrome, bipolar personality disorder,
depression, rheumatoid arthritis, diabetes mellitus, lupus erythematosus, stroke and Alzheimer’s disease, making
them extremely interesting targets for further research aimed at identifying the genetic causes of human disease.
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[TOMICK CUTHAJIOB IIOJOXNUTEIbHOT'O OTO0pa
reHOB IMpKagHbIX puTMOB PER1, PER2, PER3
B PA3JINUYHBIX IIOIIVISLIVSIX TI0OEeN
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LleHTp CTpaTtern4yeckoro njiaHMpPoOBaHUA N ynpasneHna MeAnKo-61onornyecknmm prcKkammn 34OpOBbIO
GJen,epaanoro MeAnKo-61onornyeckoro areHTcTBa, Mockea, Poccus

@arinamishina32@yandex.ru

AHHoTauusA. PazHoo6pasve reorpaduyeckn pacrnpefeneHHbIX YeioBeyeckrx nonynaumii AeMoHCTprpyeT 6ob-
WYl Bapuaumnio BHELWHWX U BHYTPEHHUX MPU3HAKOB WMHAMBMAOB. TakMe pasfnvuna B 3HAUUTENbHOW CTeneHu
0ODBACHATCA reHeTUYeCKon afanTauyeil K pasinuHbiM BO3LENCTBUAM OKpY»KatoLei cpefbl, K KOTOPbIM OTHOCAT
M3MeHEHNA KNMMATUYECKUX YCITOBUIA, KonebaHna ycioBuid CHa 1 60APCTBOBaHUA, BapuaLuy pauyioHa 1 apyrue.
MoNHOreHOMHble fJaHHble, MOJlyYeHHble OT JIAEN PA3NNYHbBIX MONYALNIA, AAOT BO3MOXHOCTb MAEHTUGULMPO-
BaTb KOHKPETHbIE reHeTUYECKME YYaCTKU, OTBETCTBEHHbIE 3@ 3TW ajanTauuu, U ry6xe NMoHWMaTbh reHeTUYeCKyHo
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MoWCK CMrHaNoB NOMIOXKUTENbHOTO OTOOPA reHOB LMPKaAHbIX
putmoB PER1, PER2, PER3 B pa3nnyHbIX NONYNALNAX Ntofei

CTPYKTYpY, Nexalllyto B OCHOBe afanTUBHbIX XapaKTeprCTUK YenoBeKa. B gaHHom paboTte npoBefeH NoncK curHa-
NOB OJHOHYKNeoTMAHbIX nonrmopdramos (SNP), Haxogawmxca nog AaBneHMem oTbopa y NIIoAeN pasnnyHbIX no-
nynauuii. ns BbIABNEHUA CUrHaNoB oT6opa B pa3nnyHbIX NONYNsALMOHHBIX rpynnax 6biiv nccnefosaHbl reHbl PERT,
PER2 v PER3, vrpatolyme BaxKHelLLYyio pofb B KOOPAUHALMUM TEPMOTFEHHbIX GYHKLNIA U Perynaumm UmpKagHbiX puT-
MOB, UTO HaMpPAMYIO OTpa)kaeTCsA Ha afanTaLMOHHbIX COCOBHOCTAX OpraHmn3ma. AHanm3 AaHHbIX OCYLECTBAANMN Ha
OoCHOBe 006LLefOCTYMNHbIX AaHHbIX 13 npoekTa «1000 reHomoB» (1000 Genomes Project) no 23 nonynauunam. Ana
rnowvcka cniefoB otbopa 6bin BbibpaH cTaTucTuueckunii metog XP-EHH (expanded haplotype homozygosity score).
MpoBefeHHbIVi CPaBHUTENbHDBIV aHaNIM3 MNO3BONI MAEHTUOULMPOBATL TOUKN, MOLABEPKEHHbIE JAaBNEHNIO OTOOPA.
HaingeHHble SNP 66111 aHHOTPOBaHbI Yepes KaTanor GWAS, a Takxe BPYUHY0, MyTeM aHann3a MHTEPHET-pecyp-
coB 1 ny6nukauuii. iccnegosaHve No3BonAeT CAeNaTb BbIBOA O TOM, UTO YC/IOBUA NPOXKUBAHWSA, KNUMaT 1 gpyrue
BHelWHMe GaKTopbl HaNPAMYIO BVAIOT Ha FeHeTUYECKYo CTPYKTYPY NOMyNAALMUiA 1 BapbUpyoT B 3aBUCUMOCTA OT
pacbl 1 reorpadpryeckoro MecTononoXeHus. Kpome toro, MHorve 13 BapraHToB ot6opa B reHax PER1, PER2, PER3,
No-BMAMMOMY, PErynvpytoT 61onornyeckime NpoLecchl, CBA3aHHblE C OCHOBHBIMI COBPEMEHHbIMU 3a601eBaHNAMY,
BKJ/II0UAA OXKUPEHWE, OHKOMOT IO, METABONIMUECKUIA CUHOPOM, GUMONAPHOE PACcCTPONCTBO IMYHOCTY, AENPECCHUIO,
pEeBMaTOVAHBIV apTPWT, CaxapHblil AnabeT, KpacHyto BOMUYaHKY, MHCYNbT U 6onesHb Anblurelimepa, UTo fenaet mux
KpaliHe MHTepeCHbIMN 06bEKTaMM ANA AaNbHENWMX NCCef0BaHNIA, HanpaBeHHbIX Ha MAeHTUOUKALWIO reHeTnYe-
CKI 06yCNOBAIEHHbIX MPUYUH 3ab05eBaHMI YenoBeka.

Kntouesbie cnosa: nonynauuu; SNP; agantauuns; PERT; PER2; PER3.
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Introduction

Advances in SNP genotyping methods have led to a rapid shift
from studies focused on spatially explicit neutral genetic pro-
cesses to those focused on adaptive genetic processes (Ahrens
etal.,2018). One tool for tracking these processes is the search
of loci under selection pressure (Carlson et al., 2005). Unique
genetic patterns or traces left in genomic regions subjected
to selection are called selection signatures (Nielsen, 2005;
Jensen et al., 2016; Bakoev et al., 2021). Selection signatures
are genomic regions containing DNA sequences functionally
involved in the genetic variability of the traits subject to selec-
tion (Lopez et al., 2015; Bakoev et al., 2023). Such parts are
of interest because of their relevance for tracing evolutionary
biology and potential links to genes that control phenotypes
in wild and domestic populations (Xu et al., 2015).

Various statistical approaches have been used to identify
loci under selection pressure, one of them being extended
haplotype homozygosity (EHH) analysis. It should be noted
that the word “homozygosity”, as part of the term EHH, refers
to the probability that two randomly selected chromosomes
from a population are identical (at a particular locus or region)
(Klassmann, Gautier, 2022). The result interpreted from the
theory is that major haplotypes with unusually high EHH and
high population frequency indicate the presence of a mutation
that became prominent in the human gene pool faster than
expected under neutral evolution (Sabeti et al., 2002).

To study the genetic diversity and evolution of human
populations, the XP-EHH (Extended Haplotype Homozygo-
sity Score) method is well established to identify potential sites
of genetic variation that may be associated with adaptation to
different environments and conditions (Voight et al., 2006).

The PERI, PER2 and PER3 genes are involved in the coor-
dination of circadian rhythms, regulation of the body’s adap-
tive abilities, and are also associated with various diseases
(Liberman et al., 2017; Rijo-Ferreira, Takahashi, 2019). For
example, a study found a high association of PER2 gene ex-
pression with the adaptation of organisms to low temperatures.
S. Chappuis and co-authors (Chappuis et al., 2013) proved that

mice with the Period2 (PER?2) gene turned off are sensitive to
cold because their adaptive thermogenesis system becomes
less efficient. Regarding the PERI gene, Y. Shi et al. (2021)
claim that light adaptation generated by the CRTC1-SIK1
pathway, in which the PER gene is involved, in the suprachi-
asmatic nucleus provides a robust mechanism that allows the
circadian system to maintain homeostasis in the presence of
light perturbations. This mechanism appears to be important
for rapid adaptation to changing environmental conditions.
According to the findings of L. Zhang et al. (2013), a poly-
morphism in the PER3 gene is associated with the level of
adaptation to shift work schedules and alternating sleep phases
in nurses working in shifts.

Thus, genes from the PER group are a promising target
for finding signals of positive selection in different human
populations. In addition, the existence of a link between adap-
tive abilities, selection signals and major modern diseases is
of interest.

Materials and methods

Public data from The 1000 Genomes Project Consortium
(1000 Genomes, 2008) representing 23 populations grouped
into their respective clusters were used for analysis (see the
Table).

Plink 1.9 (Purcell et al., 2007) was used to merge all data.
Using beftools, we removed SNP duplicates and SNPs with
identical positions, and normalized all data according to the
GRCh38 reference. Start and end positions for the PERI,
PER2, and PER3 gene regions (GRCh 38 assembly) were
obtained from NCBI (National Library of Medicine (USA)).

The XP-EHH (Extended Haplotype Homozygosity Score)
method implemented in the selscan program (Szpiech, 2021)
was used to identify selection signals. Non-standardized
scores were normalized using the “norm” script provided in
the selscan program. SNPs with values crit = 1/-1 were con-
sidered as genetic variants under selection pressure (outliers)
(crit=1—ancestral allele under selection pressure, crit=—1 —
derived allele).
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Populations from the 1000 Genomes Project selected for analysis

Search for signals of positive selection of circadian rhythm genes
PER1, PER2, PER3 in different human populations

Group N Place of residence/ethnic identity
Africans (AFR)
ESN 97 Southern Nigeria (Esan in Nigeria)
GWD 113 Western District of The Gambia (Gambian in Western Division — Mandinka)
MSL 83 Sierra Leone (Mende in Sierra Leone)
YRI 108 Ibadan, Nigeria (Yoruba in Ibadan, Nigeria)
LWK 108 Webuye Bungoma County in western Kenya (Luhya in Webuye, Kenya)
Europeans (EUR)
GBR 89 UK (British from England and Scotland) / UK control population
FIN 96 Finland (Finnish in Finland) / Finns
TSI 107 Tuscany, Italy (Toscani in Italia) / Tuscans
IBS 107 Spain (Iberian Populations in Spain) / Spanish
Mixed-race Americans (AMR)
cLm 94 Medellin Metropolitan Area, Colombia (Colombian in Medellin, Colombia)
MXL 64 Los Angeles, California, USA (Mexican Ancestry in Los Angeles, CA, USA)
PEL 85 Lima-Callao Metropolitan Area, Peru (Peruvian in Lima, Peru)
PUR 104 Puerto Rico (Puerto Rican in Puerto Rico)
East Asians (EAS)
GIH 103 Houston metropolitan area, Texas, USA (Gujarati Indians in Houston, Texas, USA)
STU 102 UK (Sri Lankan Tamil in the UK)
ITU 102 UK (Indian Telugu in the UK)
PJL 92 Lahore, Pakistan (Punjabi in Lahore, Pakistan)
BEB 84 Bangladesh (Bengali in Bangladesh)
South Asians (SAS)
CHS 105 Hunan and Fujian Province of South China (Han Chinese South, China)
CHB 103 Residential area of Beijing Normal University (Han Chinese in Beijing, China)
CDX 93 Xishuangbanna Health School Community in Xishuangbanna, Yunnan, China (Chinese Dai in Xishuangbanna, China)
KHV 96 Ho Chi Minh City, Vietnam (Kinh in Ho Chi Minh City, Vietnam)
JPT 103 Tokyo metropolitan area (Japanese in Tokyo, Japan)

Selection signals were determined by inter-population com-
parisons, using YRIs from the African cluster as the compari-
son group. This allowed us to determine the outliers between
the Yoruba African population (YRI) from Ibadan and other
groups (including the African cluster, namely ESN, GWD,
MSL and LWK). In addition, selection choices related to
within-cluster variability were also of interest. For this pur-
pose, a comparison group was selected in each cluster and
analyzed with other groups in the same cluster. Thus, in the
EUR cluster, GBR was taken as the comparison group and
accordingly analyzed between GBR&FIN, GBR&IBS and

GBR&TSI. In the AMR cluster, the PUR group was taken and
analyzed between PUR&CLM, PUR&MXL and PUR&PEL.
In the EAS and SAS clusters, CHB and BEB groups were
defined, respectively, and analyzed between CHB&CDX,
CHB&CHS, CHB&KHV, CHB&JPT and BEB&PIJL,
BEB&ITU, BEB&STU, BEB&GIH, respectively.

Results and their discussion

Genomics and molecular biology have strongly influenced
research on “selection and adaptation” through the identifi-
cation of the genetic basis of various traits associated with
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Fig. 1. Genetic variants under selection pressure in the PERT gene.

Here and in Fig. 2 and 3 pos - position.

maintenance and health in humans and animals (Hancock et
al., 2010; Gintis et al., 2012). Alongside this, the results of
the “genetic and genomic revolution” have enabled genome
sequencing and provided new tools to measure both past and
possibly ongoing adaptations (Zheng et al., 2023).

Human behavior is assumed to be determined by the inter-
action between nature and societal development (Saravanan
et al., 2020). It can be assumed that the features of genetic
structure in different human populations, including those as-
sociated with the exit of people from Africa, further formed
the basis of individual features of human development (Ben-
ton et al., 2021). Thus, the PERI, PER2, and PER3 genes
we considered showed signals of positive selection, some of
which were seen in several populations (these variants are
mainly localized in the PER2 gene), while others were found
in only one population.

Analysis of the full-genome profiles of the studied popu-
lations revealed 110 loci (78 points in the PER2 gene, 25 in
PER3 and 7 in PERI) under selection pressure. When analyz-
ing the PER] gene, eight outliers were detected in an inter-
group comparison of South Asians living in Beijing (CHB)
with South Asians living in Yunan (CDX) (Fig. 1). In addi-
tion, four selection pressure sites were also identified in an
intergroup comparison of East Asians living in Bangladesh
(BEB) with East Asians living in Sri Lanka (STU) and East
Asians living in Bangladesh (BEB) with East Asians living
in Houston, Texas, Gujarat (GIH) (Fig. 1).

The sites discovered are involved in processes such as: pre-
disposition to the development of major depressive disorder,
Parkinson’s disease, Alzheimer’s disease, alcohol addiction,
and breast cancer, as well as longevity (see Supplementary
Material)!.

We would like to pay attention to points under selection
pressure in several of the compared groups. Such SNPs were
identified in an intergroup comparison of East and South
Asians. The points found suggest that similar external factors
acted on the compared groups, which had the same effect
necessary for the adaptation of the ethnic groups under study.
Significant signals at positions chr17:8149097 (predisposition
to breast cancer) are worth noting. It is possible that the fixa-

T Supplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Mishina_Engl_28_6.pdf

tion of alleles in the comparison groups of East Asians from
Bangladesh (BEB) and East Asians from Srilanka (STU), and
South Asians from Beijing (CHB) and South Asians from
Yunnan (CDX) could have occurred due to the prevalence of
humid climate in the territories where the ethnicities studied
lived. According to some authors, humid climate may be a risk
factor in the development of a number of cancers (Maryanaji,
2020; Guo et al., 2021; Pan et al., 2023).

In the analysis of the PER2 gene, 78 points under selec-
tion pressure were identified. Outliers were identified while
comparing all of the ethnicities studied with Africans and
in single sites in the intergroup comparison of South Asians
and Europeans (Fig. 2). Analyzing the points in the compared
population groups, it can be concluded that the African popula-
tion is strongly differentiated from the other ethnicities studied.
Annotation of sites under selection pressure in several of the
compared groups revealed SNP involvement in the formation
of chronotypes, sleep coordination, predisposition to diabetes,
stroke, lupus erythematosus and bipolar disorder, intestinal
cholesterol absorption, and associations with metabolic phe-
notype. The associations of SNPs with various diseases and
phenotypes in humans are presented in more detail in Supple-
mentary Material.

The presence of the total number of outliers when compar-
ing the population group of Africans and other ethnic groups
indicates a long period of influence of certain external factors
on all the studied populations. It is interesting to note that
all alleles under selection pressure turned out to be derived
variants. Since the leading function of the PER2 gene is the
formation of chronotypes, it can be assumed that the finding
of the total array of points under selection pressure is also
explained by the action of external factors inherent in the area
where the studied ethnic groups lived. Such factors include the
total number of daylight hours, magnetic field action, climatic
peculiarities and others.

Identification of loci under selection pressure in several
compared groups between South Asians and Africans, as well
as within the groups of South Asians living in Beijing (CHB)
and Yunnan (CDX) revealed SNPs responsible for predisposi-
tion to the development of a number of gastrointestinal and
cardiovascular diseases. At the same time, derived alleles are
identified in groups comparing South Asians with Africans,
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Fig. 2. Genetic variants under selection pressure in the PER2 gene.

Dots represent variants under selection pressure; black color of the dots means that the ancestral allele was under selec-
tion pressure, blue color stands for the derived allele.
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Fig. 3. Genetic variants under selection pressure in the PER3 gene.

Dots represent variants under selection pressure; black color of the dots means that the ancestral allele was under selection pressure, blue

color stands for the derived allele.

and when comparing South Asians within subgroups based
on the region of residence, an ancestral allele is detected.
Most interesting is the outlier in chr2:238289684 that was
found when comparing South Asians to Africans: it is asso-
ciated with systemic lupus erythematosus, which is caused by
disorders such as hormonal imbalance during puberty, stress,
and environmental factors, namely sun exposure and viral
infections (Quaglia et al., 2021; Kim et al., 2022; Molina et
al., 2022).

In our opinion, different levels of viral load as well as
authentic climatic conditions may have played a key role in the
development of adaptive abilities of these ethnic groups, thus
fixing these alleles in the studied populations. The same theory
may explain the fixation of loci associated with gastrointesti-
nal diseases. As people migrated from the African continent
to other areas, their gastronomic preferences changed, thus
modifying the gut microbial ecosystem (Clemente et al., 2015;
Syromyatnikov et al., 2022). This suggests that gastrointestinal
diseases differed between South Asians and Africans due to
differences in the gut microbiome (Donin et al., 2010; Porras
etal., 2021).

This study identified 42 points of selection pressure in the
PER3 gene when comparing East Asians living in Bangla-
desh (BEB) with East Asians living in the Houston, Texas
area (GIH), mixed Americans living in Puerto Rico (PUR)
with mixed Americans living in Peru (PEL), and when com-
paring Africans with YRI_CLM Colombians and Africans
with YRI PUR Puerto Ricans (Fig. 3). After annotation, the
following associations with the SNPs found were identified:

response to the use of lithium medications in the treatment
of bipolar disorder, formation of chronotypes of different
types, predisposition to depressive disorders, predisposition
to metabolic syndrome, likelihood of developing colorectal
cancer, and predisposition to obesity. More details of SNP as-
sociations with different diseases and phenotypes in humans
are presented in Supplementary Material.

The main function of the sites identified by us as being
under selection pressure was the formation of the morning-
type chronotype. It is worth noting that the internal com-
parison of the groups of mixed Americans and East Asians
identified ancestral alleles, while the comparison of Africans
with mixed Americans identified derived alleles. Perhaps the
key difference between Africans and mixed Americans is the
sleep specificity of these populations. For example, mixed
Americans are more likely to have an evening chronotype
while Africans have the most frequent morning chronotype
(Egan et al., 2017). This may be due to the influence of vari-
ous external factors such as latitude, longitude, magnetic field
action or solar activity.

In addition, the data obtained suggest the influence of
external factors on the formation of the studied populations,
which, as a result, led to different action of mechanisms of
their adaptive abilities. For example, the isolation of the Lima-
Callao mixed American (PEL) population from Africans may
be due to the remoteness of location of this group of people
compared to the other ethnic groups under study. It is reliably
known that ethnicities from other parts of Latin America were
subjected to more frequent mixing with Europeans compared
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to those from Peru (Chacén-Duque et al., 2018). Thus, the
identity of the resulting population formed the most isolated
genetic cluster.

Discussion

Progressive statistical methods aimed at finding loci under
selection pressure have allowed scientists from different coun-
tries to conduct studies on this topic. In the authors’ works,
there are references to individual SNPs that we identified in
this study as being under selection pressure. In total, we an-
notated 35 such sites.

Researchers have done the work of annotating SNPs, finding
association with polymorphisms at these sites and correlation
with some diseases and physiological features. For example,
S.E. Jones et al. analyzed behavioral indicators of circadian
rhythms by analyzing whole-genome data in 697,828 residents
of the United Kingdom (UK). The study uncovered novel loci
associated with the morning-type chronotype. Among these
loci, rs58574366 (2:238286196) was identified. Our analyses
revealed that this SNP is under selection pressure in compari-
son groups of Europeans from the United Kingdom (GBR)
with Europeans from Finland (FIN). The negative values of
the xpehh calculation indices led us to conclude that derived
alleles were detected in the two compared samples (Jones et
al., 2019).

Another point of interest is rs74508725 (2:238278568).
This outlier is found when comparing groups of Europeans
from the United Kingdom (GBR) with Europeans from Fin-
land (FIN) and carries negative values, which may indicate
differentiation of this site within the studied groups. In the
works of G. Kichaev and co-authors (Kichaev et al., 2019),
this locus was associated with the phenotype expressed in
participants’ height.

Locus rs2585399 (17:8151441) was identified by us as
being under selection pressure when comparing several groups
of people under study at once. These groups include compari-
sons of East Asians from Bangladesh (BEB) with East Asians
from Texas (GIH) and South Asians from Beijing (CHB) with
South Asians from Yunan (CDX). An interesting fact is that
this SNP was associated with major depressive disorder in the
authors’ study. Transcriptome association analysis revealed
significant associations with NEGR1 expression in the hy-
pothalamus and DRD?2 expression in the contiguous nucleus
(Levey et al., 2021).

Another selection signal studied previously was rs228654
(1:7837168). However, it is worth noting that comparisons
between African and mixed American YRI (Ibadané, Nigeria)
to CLM (Medellin, Colombia) and YRI (Ibadané, Nigeria)
to PUR (Ruerto Rico) populations revealed negative EHH
values, suggesting the presence of a derived allele between
the groups. In contrast, positive selection values were found
between the groups of East Asians living in Texas (BEB) and
East Asians living in Bangladesh (GIH), indicating the pre-
sence of an ancestral allele. A group of researchers led by
P.R. Jansen (Jansen et al., 2019) analyzed the human genome
to gain insights into the pathways, tissues, and cell types in-
volved in the regulation of insomnia. The single nucleotide
polymorphism rs228654 was among the loci associated with
the development of this disease.

Search for signals of positive selection of circadian rhythm genes
PER1, PER2, PER3 in different human populations

Conclusion

This study suggests that living conditions, climate, and other
external factors directly influence the genetic structure of
populations and vary by race and geographic location. In
addition, many of the selection variants in the PERI, PER2,
PER3 genes appear to regulate biological processes that are as-
sociated with major modern diseases including obesity, cancer,
metabolic syndrome, bipolar personality disorder, depression,
rheumatoid arthritis, diabetes mellitus, lupus erythematosus,
stroke and Alzheimer’s disease, making them extremely inte-
resting targets for further research aimed at identifying causal
variants of human diseases, including cardiometabolic and
psychiatric disorders, as well as cancer.
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Abstract. The ability to metabolize lactose in adulthood is associated with the persistence of lactase enzyme activity.
In European populations, lactase persistence is determined mainly by the presence of the rs4988235-T variant in the
MCM6 gene, which increases the expression of the LCT gene, encoding lactase. The highest rates of lactase persistence
are characteristic of Europeans, and the lowest rates are found in East Asian populations. Analysis of published data
on the distribution of the hypolactasia-associated variant rs4988235-C in the populations of Central Asia and Siberia
showed that the frequency of this variant increases in the northeastern direction. The frequency of this allele is 87 % in
Central Asia, 90.6 % in Southern Siberia, and 92.9 % in Northeastern Siberia. Consequently, the ability of the population
to metabolize lactose decreases in the same geographical direction. The analysis of paleogenomic data has shown
that the higher frequency of the rs4988235-T allele in populations of Central Asia and Southern Siberia is associated
with the eastward spread of ancient populations of the Eastern European steppes, starting from the Bronze Age. The
results of polymorphism analysis of exons and adjacent introns of the MCM6 and LCT genes in indigenous populations
of Siberia indicate the possibility that polymorphic variants may potentially be related to lactose metabolism exist
in East Asian populations. In East Asian populations, including Siberian ethnic groups, a ~26.5 thousand nucleotide
pairs long region of the MCM6 gene, including a combination of the rs4988285-A, rs2070069-G, rs3087353-T, and
rs2070068-A alleles, was found. The rs4988285 and rs2070069 loci are located in the enhancer region that regulates
the activity of the LCT gene. Analysis of paleogenomic sequences showed that the genomes of Denisovans and Nean-
derthals are characterized by the above combination of alleles of the MCM6 gene. Thus, the haplotype discovered
appears to be archaic. It could have been inherited from a common ancestor of modern humans, Neanderthals, and
Denisovans, or it could have been acquired by hybridization with Denisovans or Neanderthals. The data obtained
indicate a possible functional significance of archaic variants of the MCM6 gene.

Key words: genetic polymorphism; lactase persistence; MCM6 gene; LCT gene; human populations; Siberia; archaic
variants of polymorphism.
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I'eHeTUYeCKMe acleKThl JJaKTa3HO HeJOCTaTOUHOCTU
V KOpeHHOro HacejieHus1 Cubupun

B.A. Maasipuyk

MHcTnTyT 6ronornueckux npobnem Cesepa [lanbHEBOCTOYHOIO OTAeNeHNUA Poccninckon akagemun Hayk, MaragaH, Poccus
@ malbor@mail.ru

AHHoTaumA. CNoco6HOCTb MeTaboNM3MpPOoBaThb IAKTO3Y BO B3POC/IOM COCTOAHMUY CBA3aHa C COXPaHEHNeM akTUBHO-
CTn depmeHTa NnakTasbl. B eBponenckux nonynauuax nepcucTeHUmMs akTasbl JETEPMUHMPYETCA rMaBHbIM 06pa3om
Hanuumnem BapuaHTa rs4988235-T B reHe MCM6, KOTOpbI yBeNMUMBAET 3Kcnpeccuio reHa LCT, KogupyloLlero nakTasy.
Hanbonee BbICOK/E MOKa3aTeN NEPCUCTEHLMI NaKTa3bl XapaKTepHbl AN eBPOMNeNLUEB, a cCaMble HU3KME — ANiA Ha-
ceneHusa BoctouHon Asun. AHanu3 ony6arMKoBaHHbIX AaHHbIX O pacnpeaeneHny BapraHTa rs4988235-C, cBAzaHHOro
C runonakTasuei, y HaceneHus LleHtpanbHoi Asnm n Cubupwm BbIABKA, YTO YacToOTa STOrO BapuaHTa yBeNMunMBaeTca
B CEBEPO-BOCTOYHOM HanpaneHuwn. B LleHTpanbHol A3um yactoTta 3Toro annensa coctasnsaet 87 %, Ha tore Cnbupu —
90.6 % U Ha ceBepo-BocTOKe Cnbmpu — 92.9 %. COOTBETCTBEHHO, B TaKOM Xe reorpadpryeckom HarnpasieHuy yobiBaet
CNOCOBHOCTb HaceneHna MeTabonn3npPoBaTh NakTo3y. AHanM3 NaseoreHOMHbIX JaHHbIX MOKasan, uTo 6osee BblCOKas
YacToTa annens rs4988235-T B nonynauuax LieHTpanbHoi Asum n KOxHoin Cnbupu cBA3aHa ¢ pacnpoCcTpaHEHMEM Ha
BOCTOK [JPEBHEr0 HaceneHnsa BOCTOYHOEBPOMENCKUX CTeNel HauMHan ¢ 3roxun 6poH30BOro Beka. Pesynbtatbl aHanm-
3a nonmmopdun3ma 3K30HOB 1 NpUNEralLnxX K HUM UHTPOHOB reHoB MCM6 1 LCT y kopeHHoro HaceneHna Cnbnpu
CBMAETENbCTBYIOT O BO3MOXKHOCTM CyLECTBOBaHMA B BOCTOYHOA3MATCKMX MOMNYNALMAX BapuaHTOB nonmmopodunsma,
NnoTeHLUManbHO CBA3aHHbIX C MeTaboNM3MOM NakTo3bl. B monynaAumsax BoctouHoi A3vun, B TOM ymncie B cMOUPCKNX
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leHeTUYeCKMe acneKTbl laKTa3HOWM HEOCTaTOYHOCTM
y KOpeHHoro HaceneHuna Cnéupu

3THUYECKMX rpynnax, obHapy»eH yyacTtok reHa MCM6 pgnnHowm ~26.5 TbiC. Nap HyKNeOoTWAOB, BK/IOYaIoLLNiA KOMOMHa-
uuto anneneii rs4988285-A, rs2070069-G, rs3087353-T, rs2070068-A. Jlokycbl rs4988285 1 rs2070069 HaxoaaTca B 06-
NacTV 3HXaHCepa, PerynmpyioLero akTuBHoCTb reHa LCT. AHann3 naneoreHOMHbIX NocneaoBaTenbHOCTEN NoKasan,
YTO yKasaHHOW Bbllle KOMOUHaLUMet anneneil reHa MCM6 xapakTepusytoTcs reHOMbI IEHUCOBLIEB U HeaHAepTaNbLEB.
Takum o6pa3om, 0bHapy»KeHHbIN ranaoTuM, Mo BCe BUAUMOCTM, ABAAETCA apXanyHbiM. OH Mor ObITb yHacneaoBaH
oT obLiero npefka coBpeMeHHbIX Jtofel, HeaHAepTanbLeB U AeHUCOBLEB, UK e 6bln NprobpeTeH B pesynbrate
rmépuansaumm C JEHNCOoBLLAMYM UV HeaHAepTanbLamMu. lNonyyeHHble faHHble CBUAETENIbCTBYIOT O BO3MOXHOW QYHK-
LIMOHaJIbHOW 3HAYMMOCTI apXanyHbIX BapuaHTOB nofimmopdusma reHa MCM6.

KnioueBble cnoBa: reHeTNYecKunin nonmopdusm; nepcucTeHUmaA nakTasbl; reH MCM6; reH LCT; nonynauum YenoBeka;

Cunbupb; apxanyHble BapraHTbl NonnmMopdramMa.

Introduction

Lactose (milk sugar) is the main disaccharide in the milk
of various mammals and its hydrolysis requires the enzyme
lactase, encoded by the LCT gene, which is predominantly ex-
pressed in the small intestine. Lactase activity declines during
ontogenesis, which can lead to difficulties digesting lactose
in many adults (Ségurel, Bon, 2017). Primary hypolactasia
(OMIM: 223100) is characterized by a range of symptoms
(bloating, nausea, diarrhoea) after ingestion of milk and dairy
products. However, ethnoregional populations around the
world have been found to differ in their ability to metabolize
lactose (Evershed et al., 2022). It is thought that this ability,
or lactase persistence (LP), is inherited. One of the most im-
portant genetic polymorphisms that have been linked to LP
is the T variant at the rs4988235 locus of the MCM6 gene,
which regulates the expression of the LCT gene (Enattah et
al., 2002; Olds, Sibley, 2003; Troelsen et al., 2003). Although
this genetic variant is about 14,000 nucleotide pairs away from
the LCT gene (which is why it is often called —13910*T), it
is responsible for increasing the enzymatic activity of lac-
tase, which breaks down lactose into glucose and galactose
molecules.

It would appear that the lowest LP values are characteris-
tic of East Asian populations, while the highest are found in
Europeans (Liebert et al., 2017). This is due to the fact that,
according to archaeological data, dairy farming may have
emerged in the steppe zone of the North Caucasus and the
Black Sea region around 4—5 thousand years ago (kya) (Scott
et al., 2022). Paleogenomic data suggests that the frequency
of the LP-associated variant rs4988235-T began to increase
around 6 kya within the ancestral EHG and CHG genomic
components characteristic of Eastern European and Caucasian
hunter-gatherers, respectively (Segurel et al., 2020; Irving-
Pease et al., 2024). The linkage between the polymorphism
variants in the rs4988235 and rs1438307 loci was also re-
vealed, and the increase in frequency of the rs1438307-T
allele may have begun much earlier than previously thought,
around 12 kya (Irving-Pease et al., 2024). With regard to the
rs1438307-T variant, it has been suggested that it may have
arisen as a consequence of the adaptation of ancient humans
to starvation and exposure to pathogens; this is based on the
observation that it is involved in the regulation of the body’s
energy expenditure and the development of metabolic diseases
(Evershed et al., 2022).

Despite the great interest of the genetic and medical com-
munities in the genetic aspects of hypolactasia in human
populations, many regions of the world remain poorly studied
(Liebert et al., 2017; Anguita-Ruiz et al., 2020). The aim of
this paper is to attempt to review the results of studies on the

polymorphism of the LCT and MCM®6 genes, which are di-
rectly related to lactase persistence, in indigenous populations
of Siberia, one of the least studied regions.

Distribution of rs4988235 locus polymorphisms

in modern and ancient North Asian populations
Genetic and epidemiological studies have indicated that in
populations of the European part of Russia, primary hypo-
lactasia is determined predominantly or exclusively by the
rs4988235-C allele of the MCM6 gene (Borinskaya et al.,
2006; Kovalenko et al., 2023), and accordingly, LP is defined
by the rs4988235-T allele. However, in East Asian populations
(including Siberian ones), this relationship is not as clearly
evident — some populations (e. g., Buryats and Uyghurs) show
very high (at the level of 95 %) frequency of the rs4988235-C
variant, which is associated with a reduced prevalence of
hypolactasia (Borinskaya et al., 2006; Sokolova et al., 2007).
In this context, it has been proposed that the lower frequency
of hypolactasia in some ethnic groups of Siberia and Central
Asia may be associated with the presence of not only the
rs4988235-T variant, but also some other genetic LP markers
(Sokolova et al., 2007).

To date, it has been found that in addition to the rs4988235-T
allele, several other genetic polymorphism variants that deter-
mine the ability to break down lactose are common in African
and Middle Eastern ethnic groups, for example they include
the rs41525747, rs41380347, rs145946881 and rs182549
loci of the MCM6 gene (Ingram et al., 2007; Tishkoff et al.,
2007). However, data on the association between genetic
polymorphisms and LP in East Asian populations is somewhat
more conflicting. For instance, in Central Asian populations,
a mixed sample of Tajiks and Uzbeks, as well as Kazakhs,
showed that the rs4988235-T variant (with frequencies of 10
and 16.5 %, respectively) correlated quite well with the ability
to digest lactose (11-30 % in Tajiks and Uzbeks, and 25-32 %
in Kazakhs) (Heyer etal., 2011). It would appear that Tibetans,
who have a long-standing tradition of consuming yak milk,
also digest lactose at a level of around 30 %, but they appear
to lack the rs4988235-T and rs182549-T polymorphism va-
riants that are found in neighbouring populations in northern
China at a frequency of 3.8 and 6.9 %, respectively (Xu et al.,
2010; Peng et al., 2012). Tibetans have been found to have
their own spectrum of alleles of the enhancer region of the
MCMG6 gene, which may be associated with LP, among which
the —13838*A variant appears to predominate with a frequency
of about 6.5 % (Peng et al., 2012).

A more detailed study of the genetic adaptation to milk
consumption in Central Asian populations, distinguished by
their economic patterns, has demonstrated that pastoralists
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(Kazakhs, Kyrgyz, Karakalpaks, Buryats, Mongolians and
Altaians), whose diets rely heavily on dairy products, do
not have a higher ability to metabolize lactose than farmers
(Turkmens, Tajiks and Uzbeks), who have a higher prevalence
of the rs4988235-T variant (Sequrel et al., 2020). The rela-
tively low frequency (~10 %) of this genetic variant is also
observed in ethnic groups in southern Siberia (Khakasians,
Shorians and Tubalars) who lead a semi-nomadic lifestyle
and are engaged in forestry and taiga hunting (Sequrel et al.,
2020). The data indicate that the frequency of occurrence of
the rs4988235-T variant in Central Asian and Siberian popula-
tions is not significantly influenced by economic structure or
milk consumption levels.

Table 1 presents the distribution of the rs4988235-C va-
riant in various indigenous populations from Northeast China,
Central Asia and Siberia. As can be observed, the frequency of
this variant in the populations varies from 70 to 100 %. How-
ever, when the samples are divided into three regional groups,
there is an increase in the frequency of the rs4988235-C variant
from the south to the northeast of Siberia (see the Figure).

The frequency of this allele is 87.0+2.0 % in Central Asia,
90.6+1.7 % in Southern Siberia and 92.9+2.3 % in Northeast-
ern Siberia. Consequently, the population’s capacity to me-
tabolize lactose diminishes in a similar geographic direction.
It is also noteworthy that the observed differences in the allele
frequency of the rs4988235 locus are statistically significant
only between the populations of Central Asia and Siberia (both
its southern and northeastern parts; P < 1073, Fisher’s exact
test). Furthermore, the two Siberian populations do not differ
from each other (P = 0.09). It is important to note that allele
frequencies may vary in different samples within the same
ethnic group. This is exemplified by the case of the Kazakhs,
Buryats, and especially Chukchi (Table 1). In addition to ran-
dom factors, which are particularly relevant in small sample
sizes, admixture with individuals belonging to ethnic groups
exhibiting a higher frequency of the rs4988235-T variant may
contribute to the observed heterogeneity in allele frequencies.

This was clearly demonstrated in the study of the rs4988235
locus polymorphism in the Nenets, who have been reindeer
herders for generations and who practically do not drink
milk (Khabarova et al., 2012). It appears that this is prima-
rily due to a high prevalence of lactose intolerance. The
frequency of the rs4988235-C variant in the Nenets with all
four grandparents of Nenets origin is 92.7 % (the frequency
of the rs4988235-CC genotype is 90 %). Concurrently, the
prevalence of the rs4988235-C allele among the Nenets with
at least one relative of Nenets origin has declined to 73 %
(Khabarova et al., 2012). The majority of interethnic marriages
with Nenets involve Komi and North Russians, in whom the
frequency of the rs4988235-T allele is 3542 % (Khabarova
et al., 2011). A certain decrease in hypolactasia among the
populations of the northernmost regions of Europe and Siberia
can be attributed to intermarriage contacts with immigrant
populations of Eastern European origin, which commenced
in the 17th century in conjunction with the expansion of the
Russian pioneers and reached its peak during the Soviet period.

The duration and intensity of contacts with Eastern Euro-
peans were evidently greater on the territory of Southwestern
Siberia and Central Asia, taking into account the migrations
of the populations of the Eastern European steppes during the
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Distribution of the rs4988235-C variant in regional groups of Siberia and
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Bronze Age. As previously stated, paleogenomic data indicates
that the rs4988235-T mutation emerged approximately 6 kya
in the ancient population of the northern Black Sea coast,
and later this variant of the polymorphism spread throughout
northern Eurasia, from Spain to Kazakhstan (Segurel et al.,
2020; Irving-Pease et al., 2024). Furthermore, in Europe,
the increased frequency of the rs4988235-T variant, which
determines stable lactase activity required for milk digestion
in adults, was favored by positive selection due to vitamin D
deficiency at high latitudes and the need for increased calcium
intake from milk (Kozlov, Vershubskaya, 2017).

Areview of paleogenomic data in the AADR database (Al-
len Ancient DNA Resource, https://reich.hms.harvard.edu/) re-
vealed that the first documented instances of the rs4988235-T
allele were observed in ancient European populations, includ-
ing those in Ukraine (~6 kya), Ireland (5.5 kya), and from
4.5 kya and later in Lithuania, Germany, Czech Republic,
Estonia, and Russia. In East Asia, the rs4988235-T allele was
first identified in an individual from the Botai archaeological
culture in northern Kazakhstan (5.3 kya). In Central Asia (in
the ancestors of the Kazakhs, Kyrgyz, Mongolians, Turkmens,
Uzbeks, and Tajiks), the frequency of the rs4988235-T variant
was 4.2 % between 0.5 and 5.3 kya. According to modern data
(Table 1), its value is estimated to be approximately 13 %. It
is hypothesized that this mutation was already prevalent in
Central Asia with a frequency of approximately 5 % since the
Iron Age (Segurel et al., 2020). Consequently, if this variant of
genetic polymorphism was subject to strong selective pressure,
it should have had sufficient time to reach high frequencies
in modern populations. This is estimated by L. Segurel et al.
(2020) to be 51 %. However, this was not the case, which leads
to the reasonable conclusion that the rs4988235-T variant did
not experience significant selective pressure in Central Asian
populations, in contrast to Europeans and some populations in
Africa and the Middle East (Segurel et al., 2020).

The AADR database indicates that in the ancient popula-
tions of Siberia and the Urals (between 0.5 to 10 kya), the
rs4988235-T variant was distributed with a frequency of
1.8 %, although only in the westernmost region of this terri-
tory. All cases of this allele were registered around 3.1-3.8 kya
in representatives of the Karasuk (Southwestern Siberia) and
Sintashta (Southern Urals) archaeological cultures. The mean
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Table 1. Frequency of the rs4988235-C allele in North Asian populations
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Ethnic group Sample size
Tajiks (Uzbekistan, Tajikistan) 254
Uzbeks (Uzbekistan) 45
Turkmens (Uzbekistan) 50
Kazakhs (China) 94
Kazakhs (Uzbekistan) 83
Kazakhs (Uzbekistan) 159
Kazakhs (Kazakhstan) 34
Altaian Kazakhs 128
Kyrgyz (Kyrgyzstan) 201
Karakalpaks (Uzbekistan) 45
Uyghurs (Kazakhstan) 30
Mongolians (China) 82
Mongolians (Mongolia) 32
Manchurians (China) 75
Orochen (China) 45
Nanai (China) 77
Southern Altaians 24
Southern Altaians 62
Northern Altaians 29
Shorians 24
Shorians 29
Khakasians 29
Khakasians 64
Buryats 78
Buryats 24
Buryats 28
Yakuts 22
Yakuts 55
Yakuts 25
Western Evenki 24
Evens 24
Koryaks 25
Chukchi 35
Chukchi 14
Eskimo 19

Frequency of the rs4988235-C allele

0.82
0.76
0.80
0.95
0.83
0.79
0.88
0.91
0.88
0.93
0.95
0.98
0.88
1.0

0.99
1.0

0.85
0.92
0.93
0.94
0.90
0.86
0.92
0.95
0.98
0.82
0.93
0.95
0.94
0.96
0.96
0.96
0.94
0.75
0.97
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frequency of the rs4988235-T variant in the contemporary
indigenous population of Siberia is 0.8 % (Table 1). This
suggests that, over the past 3,000 years, the frequency of the
allele responsible for the enhancement of lactase enzymatic
activity has remained unchanged in Siberian populations,
despite changes in dietary habits and increased consumption

of dairy products. This evidence indicates that in Siberian
populations, the rs4988235-T allele behaves as a neutral va-
riant of genetic polymorphism.

In light of the possibility of additional variants of the en-
hancer polymorphism of the MCM6 gene in the East Asian
population, it is worth noting that this kind of screening was
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Table 2. Frequencies of the rs4988235-T and rs182549-A alleles in Siberian populations (according to Cardona et al., 2014)

Ethnic group Sample size, N

Southern Altaians 24 0.15
Shorians 24 0.06
Buryats 24 0.02
Yakuts 22 0.07
Western Evenki 24 0.04
Evens 24 0.04
Koryaks 25 0.04
Chukchi 14 0.25
Eskimo 19 0.03

performed for several loci, including rs41525747, rs41380347,
1869051967, rs145946881, and rs182549 (Xu et al., 2010;
Liebert et al., 2017; Anguita-Ruiz et al., 2020). The enhancer
element of the LCT gene was also investigated in two indi-
genous populations of Southern Siberia — the Altaian Kazakhs
and Khakasians (Pilipenko et al., 2016). Nevertheless, the
frequencies of alleles potentially associated with LP were
generally quite low. The sole exception to this is the rs182549
locus. In some East Asian populations, it has been reported that
the rs182549-A allele is more informative than rs4988235-T.
This is due to the observed occurrence of the rs182549-A al-
lele in the absence of the rs4988235-T allele (Sun et al., 2007,
Mattar et al., 2010; Xu et al., 2010). A similar conclusion has
been reached for some populations of African, European, and
West Asian origin (Bersaglieri et al., 2004; Coelho et al., 2005;
Raz et al., 2013). However, this is at odds with the previous
conclusion that a complete linkage disequilibrium exists
between the rs4988235-T and rs182549-A alleles (Enattah et
al., 2002; Troelsen et al., 2003), which included East Asian
populations (Kato et al., 2018).

The data on the frequency of distribution of rs4988235-T
and rs182549-A variants in ethnic groups of Siberia (Cardona
et al., 2014) also indicate that these alleles are linked. The
only exception is the Eskimo group, where the frequency of
the rs182549-A allele exceeds that of the rs4988235-T allele
(Table 2). Therefore, it is highly unlikely that the rs182549-A
allele is responsible for maintaining lactase persistence in the
indigenous Siberian population.

Polymorphic variants (including archaic ones)

of the LCT and MCM6 genes

in indigenous Siberians

The results of the polymorphism analysis of exons and ad-
jacent introns of the MCM6 and LCT genes in the indigenous
populations of Siberia clearly indicate the existence of poly-
morphic variants potentially related to lactose metabolism in
East Asian populations. Table 3 presents data on the distribu-
tion of LCT and MCM6 gene polymorphisms in 102 indi-
viduals from various regions of Siberia. These include the in
digenous populations of Northeastern (Eskimo, Chukchi, Ko-
ryaks), Central (Evens, Evenki, Yakuts), Southern (Tuvinians,
Shorians, Altaians, Buryats), and Western (Kets, Khanty,

654

Frequency of the rs4988235-T allele

Frequency of the rs182549-A allele
0.15
0.06
0.02
0.07
0.04
0.04
0.04
0.25
0.05

Mansi, Selkups, and Nenets) Siberia. The data were obtained
from a full-genome variability study (Pagani et al., 2016). The
LCT gene contains 21 polymorphic loci, while the MCM6 gene
has seven. The majority of polymorphic variants identified
in indigenous Siberians belong to alleles that are commonly
found in both East Asian and European populations. Rare va-
riants characteristic only of the East Asian population were
found in the rs201668742, rs144864087, and rs3739021 loci.
Similarly, variants characteristic only of Europeans were re-
vealed in the rs34307240 locus.

However, it is noteworthy that a group of polymorphic
variants in the rs79023654 locus of the LCT gene and the
rs4988285, rs2070069, rs3087353, and rs2070068 loci of the
MCMG6 gene (highlighted in bold in Table 3) warrant further
investigation. The rs79023654, rs4988285, and rs2070069
loci are located in the noncoding region of the genes. The
rs3087353 and rs2070068 loci are situated within exons, yet
nucleotide substitutions within them fail to result in amino
acid substitutions. The alleles listed in Table 3 are linked in
both indigenous Siberians and other East Asian populations,
including Japanese, Koreans, and Vietnamese (Tables 3 and 4).
In individuals from Siberia, all these alleles are known to be
present in the rs4988235-CC genotype, which is associated
with primary hypolactasia. The rs79023654 locus of the
LCT gene is located at a distance of ~29.7 thousand nucleo-
tide pairs from the rs4988285 locus of the MCM6 gene. The
polymorphic loci within the MCM6 gene are located at a
distance of ~26.5 thousand nucleotide pairs from each other.
Furthermore, the rs4988285 and rs2070069 loci are located in
the vicinity of the enhancer that regulates the activity of the
LCT gene. This suggests the potential functional significance
of the identified haplotype’s polymorphic variants.

The analysis of the dbSNP data (https://www.ncbi.nlm.
nih.gov/snp/) indicated that the rs79023654-A, rs4988285-A,
rs2070069-G, and rs3087353-T variants were characteristic
of the East Asian population and were observed with a low
frequency (approximately 1 %) in the South Asian popula-
tions (Table 4). However, the fifth allele from this group,
rs2070068-A, was detected with a relatively high frequency
(24.7 %) in African populations (Table 4). From this distri-
bution, it can be concluded that the East Asian haplotype
1s79023654-A, rs4988285-A, 1s2070069-G, and rs3087353-T
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Table 3. Polymorphic variants of exons and adjacent introns of the LCT and MCM6 genes and their frequency (in %)
in Eurasian populations

Polymorphic variant Gene NES (N = 25) CS(N=29) SS (N =128) WS (N =20) EAS EUR
rs62170085-G LCT 6.0 0 0 25 0.26 2.84
rs1042712-C LCT 0 6.9 143 10.0 21.7 19.4
rs2278544-G LCT 60.0 51.7 64.3 67.5 433 68.6
rs3213890-A LCT 0 6.9 143 10.0 20.1 19.5
rs2322659-C LCT 62.0 58.6 64.3 70.0 45.6 66.5
rs2304371-G LCT 0 8.6 21.4 125 22.6 233
rs3739022-A LCT 36.0 3238 125 20.0 21.5 13.9
rs201668742-T LCT 0 5.2 0 0 0.03 0
rs144864087-C LCT 4.0 6.9 7.1 5.0 1.03 0
rs79023654-A LCT 4.0 10.3 10.7 7.5 16.2 0
rs35093754-C LCT 0 1.7 7.1 25 5.04 2.92
rs6719488-T LCT 60.0 483 57.1 62.5 39.7 62.6
rs2322812-G LCT 36.0 3238 125 17.5 21.5 13.9
rs2874874-C LCT 36.0 32.8 125 17.5 215 13.9
rs7579771-A LCT 40.0 51.7 44.6 375 60.4 374
rs2164210-C LCT 60.0 483 55.4 62.5 39.7 62.6
rs60376570-A LCT 36.0 3238 125 17.5 21.5 13.9
rs3816088-C LCT 0 1.7 7.1 25 5.04 3.0
rs3754689-T LCT 4.0 19.0 26.8 20.0 37.7 20.2
rs2236783-A LCT 54.0 483 51.8 57.5 37.01 62.7
rs34307240-A LCT 2.0 0 1.8 0 0 0.95
rs4988285-A MCMeé 4.0 10.3 10.7 7.5 16.2 0
rs3739021-A MCM6 0 17 3.6 25 0.17 0
rs3087350-T MCMé6 0 1.7 7.1 25 5.2 3.0
rs2070069-G MCMeé 4.0 10.3 10.7 7.5 16.2 0
rs3087353-T MCMé 4.0 10.3 12.5 7.5 15.7 0
rs2070068-A MCMé 4.0 10.3 12.5 7.5 15.8 0
rs1057031-A MCM6 0 8.6 143 7.5 21.3 20.5

Note. Designations: NES - Northeastern Siberia; CS - Central Siberia; SS - Southern Siberia; WS - Western Siberia; EAS - East Asia; EUR — Europe. For Siberian
populations, frequencies are given according to Pagani et al. (2016), for East Asia and Europe, according to the dbSNP database.

Table 4. Frequency (in %) of variants rs79023654-A, rs4988285-A, rs2070069-G, rs3087353-T and rs2070068-A in world populations

Region/country rs79023654-A rs4988285-A rs2070069-G rs3087353-T rs2070068-A
Europe 0 0 0 0 0

Siberia 83 83 83 8.8 8.8

East Asia 16.2 16.2 16.2 15.7 15.8

Japan 13.9 13.9 13.9 13.9 13.9

Vietnam 17.1 17.1 11.2 12.8 13.1

South Korea 18.4 18.5 18.6 18.5 18.5

South Asia 1.1 0.58 0.58 0.58 0.58

Africa 0 0 0 0 247

Note. Population frequencies are given according to the dbSNP database; for Siberian populations, according to Pagani et al. (2016).
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was formed on the basis of ancestral (African) haplotypes,
which were characterized by the rs2070068-A variant. How-
ever, an analysis of paleogenomic data (AADR database)
revealed that the rs2070068-A variant emerged in Africa at a
later point in time than in Eurasia. The earliest documented
occurrence of this allele in Africa is associated with the
northern region of the continent (in the territory of Morocco)
at approximately 14.5 kya. Subsequent cases were identified
at approximately 9 kya and later. However, it became evident
that in Eurasia, this variant of MCM6 gene polymorphism was
observed in both Denisovans and Neanderthals (individuals
who lived between ~40 and 110 kya), as well as in numerous
most ancient representatives of Homo sapiens in Europe and
East Asia (aged between ~34 and 44 kya).

Further analysis of paleogenomic sequence databases
(Denisova Variants Track Settings; https://genome.ucsc.edu/
cgi-bin/hgTrackUi?db=hg19&g=dhcVcfDenisovaPinky) re-
vealed that the MCM6 haplotype rs4988285-A, rs2070069-G,
rs3087353-T, rs2070068-A was common among Denisovans
and Neanderthals. The rs79023654 locus of the LCT gene
fell into a sequencing region with low coverage. Hence the
presence of polymorphism at this locus in Denisovans and
Neanderthals remains uncertain.

The results obtained thus suggest that the MCM6 haplotype
detected in the population of East Asia (and, to a much lesser
extent, South Asia) is archaic. It is possible that this haplo-
type was inherited from the common ancestor of H. sapiens,
Neanderthals, and Denisovans (approximately 600 kya, at
the time of the divergence of the ancestor of H. sapiens from
the ancestors of Neanderthals and Denisovans, as reported
by H. Zeberg et al. (2024)). Alternatively, it may have been
acquired as a result of hybridization with Neanderthals or
Denisovans. Given the distribution of the archaic haplotype
in East Asia, it seems more probable that introgression from
Denisovans occurred. It has been demonstrated that Neander-
thals and Denisovans also exchanged genes — for example,
approximately 80-90 kya in southern Siberia (Slon et al.,
2018). Consequently, the hypothesis that polymorphic variants
were transferred from Denisovans to Neanderthals is also a
plausible one.

In recent years, there has been a considerable amount of
work done to catalogue archaic variants of genetic polymor-
phisms that have been identified in the gene pool of modern
humans (https://bioinf.eva.mpg.de/catalogbrowser), but the
incompleteness of this type of information may be dependent
on the extent to which populations have been studied (Zeberg
et al., 2024). It seems likely that this database will become
much more comprehensive as genomic research continues to
expand geographically. There are already some interesting
findings of rare ancestral polymorphism variants in widely
separated populations — for example, identical alleles of a
number of genes in the South African Khoisan and the Philip-
pine Aeta (Zeberg et al., 2024).

There is a great deal of information about the genetic va-
riants that modern humans have inherited from Neanderthals.
In particular, there is much to be gained from an understanding
of the advantages that humans have gained from admixture,
in terms of metabolism, sensory function (especially pain
perception), immunity (including SARS-CoV-2), and the
expression of some genes (Telis et al., 2020; Zeberg et al.,
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2020; Pairo-Castineira et al., 2021; Haeggstrom et al., 2022;
Zeberg et al., 2024).

Much less is known about the functional manifestations of
Denisovan genetic influence. The main examples of such influ-
ence are related to adaptation to high altitude and cold condi-
tions. For instance, a~33,000 bp fragment of Denisovan DNA
has been found in Tibetans that encodes the hypoxia-inducible
transcription factor EPAS1, which is involved in adaptation
to low oxygen levels (Zhang et al., 2021). In Greenland Eski-
mos, a ~28,000 bp fragment of Denisovian DNA containing
the WARS and TBX15 genes has been identified with high
frequency —it is believed that these polymorphic variants may
play a role in the adaptation of Arctic indigenous peoples to
low temperatures (Racimo et al., 2017). It seems plausible to
suggest that the archaic haplotype of the MCM6 gene found
in East Asian populations may be used to implement a specific
programme for regulating the enzymatic activity of lactase,
which is still relevant today. Further studies are needed to gain
a deeper understanding of the specific role of this haplotype
in regulating lactase activity. These studies should consider
a range of factors, including medical genetics, biochemical
and physiological aspects.

Conclusion

Thus, the results of the review of the data on the variability of
the LCT and MCM6 genes indicate that from ancient times the
indigenous populations of Siberia have been characterized by
a low frequency of the rs4988235-T variant, which may con-
tribute to the enhancement of the enzymatic activity of lactase.
A certain increase in the frequency of this allele over time in
the populations of Central Asia and Southwestern Siberia is
associated with the eastward expansion of the ancient popula-
tions of the Eastern European steppes starting from the Bronze
Age (Heyer et al., 2011; Pilipenko et al., 2016; Segurel et al.,
2020). However, it seems that the rs4988235-T variant did
not reach high frequencies in Central Asian populations, in
contrast to Europe. This may suggest that there is no significant
selective pressure on this variant of polymorphism in Central
Asian populations (Segurel et al., 2020). It is still unclear why
different groups of East Asian populations that traditionally
consume dairy products have not developed specific variants
of genetic polymorphisms for lactose metabolism. One pos-
sible explanation is the hypothesis of cultural adaptation of
Central Asian populations, including the development of a
culture using bacteria to digest lactose during fermentation,
which may have contributed to the establishment of specific
microflora in the gut (Segurel et al., 2020).

It is also worth noting that some epigenetic mechanisms
(mainly DNA methylation) may also be involved in regulat-
ing the expression of lactose metabolism genes (Labrie et al.,
2016). It has also been suggested that the type of DNA methy-
lation in the enhancer and promoter regions of the LCT gene
may be a useful indicator of lactase phenotypes, and it appears
that epigenetic modifications may play an important role in the
regulation of lactase deficiency (Leseva et al., 2018). Thus,
both genetic and epigenetic approaches should be used to in-
vestigate the functional significance of polymorphic variants
potentially associated with LP, including archaic genetic va-
riants, which the present study has shown to still have some
prevalence in human populations.

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 6


https://genome.ucsc.edu/cgi-bin/hgTrackUi?db=hg19&g=dhcVcfDenisovaPinky
https://genome.ucsc.edu/cgi-bin/hgTrackUi?db=hg19&g=dhcVcfDenisovaPinky
https://bioinf.eva.mpg.de/catalogbrowser

B.A. Manapuyk

References

Anguita-Ruiz A., Aguilera C.M., Gil A. Genetics of lactose intole-
rance: an updated review and online interactive world maps of phe-
notype and genotype frequencies. Nutrients. 2020;12(9):2689. DOI
10.3390/nu12092689

Bersaglieri T., Sabeti P.C., Patterson N., Vanderploeg T., Schaftner S.F.,
Drake J.A., Rhodes M., Reich D.E., Hirschhorn J.N. Genetic signa-
tures of strong recent positive selection at the lactase gene. Am. J.
Hum. Genet. 2004;74:1111-1120. DOI 10.1086/421051

Borinskaya S.A., Rebrikov D.V., Nefedova V.V., Kofiadi I.A., Soko-
lova M.V., Kolchina E.V., Kulikova E.A., Chernyshov V.N., Ku-
tsev S.I., Polonikov A.V., Ivanov V.P., Kozlov A.I., Yankovsky N.K.
Molecular diagnosis and frequencies of primary hypolactasia in
populations of Russia and neighboring countries. Mol. Biol. 2006;
40(6):931-935. DOI 10.1134/S0026893306060124

Cardona A., Pagani L., Antao T., Lawson D.J., Eichstaedt C.A., Yngva-
dottir B., Shwe M.T.T., Wee J., Romero L.G., Raj S., Metspalu M.,
Villems R., Willerslev E., Tyler-Smith C., Malyarchuk B.A., De-
renko M.V., Kivisild T. Genome-wide analysis of cold adaption in
indigenous Siberian populations. PLoS One. 2014;9:¢98076. DOI
10.1371/journal.pone.0098076

Coelho M., Luiselli D., Bertorelle G., Lopes A.I., Seixas S., Destro-Bi-
sol G., Rocha J. Microsatellite variation and evolution of human lac-
tase persistence. Hum. Genet. 2005;117(4):329-339. DOI 10.1007/
s00439-005-1322-z

Enattah N.S., Sahi T., Savilahti E., Terwilliger J.D., Peltonen L., Jér-
veld I. Identification of a variant associated with adult-type hypolac-
tasia. Nat. Genet. 2002;30(2):233-237. DOI 10.1038/ng826

Evershed R.P,, Davey Smith G., Roffet-Salque M., Timpson A., Diek-
mann Y., Lyon M.S., Cramp L.J.E., ... Tasi¢ N., van Wijk L., Vostrov-
ska 1., Vukovi¢ J., Wolfram S., Zeeb-Lanz A., Thomas M.G. Dairy-
ing, diseases and the evolution of lactase persistence in Europe.
Nature. 2022;608(7922):336-345. DOI 10.1038/541586-022-05010-7

Haeggstrom S., Ingelman-Sundberg M., Paébo S., Zeberg H. The clini-
cally relevant CYP2C8*3 and CYP2C9*2 haplotype is inherited
from Neandertals. Pharmacogenomics J. 2022;22(4):247-249. DOI
10.1038/s41397-022-00284-6

Heyer E., Brazier L., Ségurel L., Hegay T., Austerlitz F., Quintana-
Murci L., Georges M., Pasquet P., Veuille M. Lactase persistence in
Central Asia: phenotype, genotype, and evolution. Hum. Biol. 2011,
83(3):379-392. DOI 10.3378/027.083.0304

Ingram C.J., Elamin M.F., Mulcare C.A., Weale M.E., Tarekegn A.,
Raga T.O., Bekele E., Elamin F.M., Thomas M.G., Bradman N.,
Swallow D.M. A novel polymorphism associated with lactose to-
lerance in Africa: multiple causes for lactase persistence? Hum.
Genet. 2007;120(6):779-788. DOI 10.1007/500439-006-0291-1

Irving-Pease E.K., Refoyo-Martinez A., Barrie W., Ingason A., Pear-
son A., Fischer A., Sjogren K.G., ... Korneliussen T., Werge T., Al-
lentoft MLE., Sikora M., Nielsen R., Racimo F., Willerslev E. The
selection landscape and genetic legacy of ancient Eurasians. Nature.
2024;625(7994):312-320. DOI 10.1038/s41586-023-06705-1

Kato K., Ishida S., Tanaka M., Mitsuyama E., Xiao J.Z., Odamaki T.
Association between functional lactase variants and a high abun-
dance of Bifidobacterium in the gut of healthy Japanese people.
PLoS One. 2018;13(10):¢0206189. DOI 10.1371/journal.pone.
0206189

Khabarova Y., Tornianen S., Tuomisto S., Jarveld 1., Karhunen P., Iso-
koski M., Mattila K. Lactase non-persistent genotype influences
milk consumption and gastrointestinal symptoms in Northern Rus-
sians. BMC Gastroenterol. 2011;11:124. DOI 10.1186/1471-230X-
11-124

Khabarova Y., Grigoryeva V., Tuomisto S., Karhunen P.J., Mattila K.,
Isokoski M. High prevalence of lactase non-persistence among in-
digenous nomadic Nenets, north-west Russia. Int. J. Circumpolar
Health. 2012;71(1):1-6. DOI 10.3402/ijch.v71i0.17898

Kovalenko E., Vergasova E., Shoshina O., Popov I., Ilinskaya A.,
Kim A., Plotnikov N., Barenbaum I., Elmuratov A., Ilinsky V.,

2024
286

leHeTUYeCKMe acneKTbl laKTa3HOWM HEOCTaTOYHOCTM
y KOpeHHoro HaceneHuna Cnéupu

Volokh O., Rakitko A. Lactase deficiency in Russia: multiethnic ge-
netic study. Eur. J. Clin. Nutr. 2023;77(8):803-810. DOI 10.1038/
s41430-023-01294-8

Kozlov A.L, Vershubskaya G.G. D-vitamin status and lactase persis-
tence in European populations (review with the elements of meta-
analysis. Vestnik Moskovskogo Universiteta. Seria XXIII. Antropo-
logia = Moscow University Anthropology Bulletin. 2017;3:68-75 (in
Russian)

Labrie V., Buske O.J., Oh E., Jeremian R., Ptak C., Gasiunas G., Ma-
leckas A., Petereit R., Zvirbliene A., Adamonis K., Kriukiené E.,
Koncevicius K., Gordevicius J., Nair A., Zhang A., Ebrahimi S.,
Oh G,, Sikénys V., Kupcinskas L., Brudno M., Petronis A. Lactase
nonpersistence is directed by DNA-variation-dependent epigenetic
aging. Nat. Struct. Mol. Biol. 2016;23(6):566-573. DOI 10.1038/
nsmb.3227

Leseva M.N., Grand R.J., Klett H., Boerries M., Busch H., Binder A.M.,
Michels K.B. Differences in DNA methylation and functional ex-
pression in lactase persistent and non-persistent individuals. Sci.
Rep. 2018;8(1):5649. DOI 10.1038/541598-018-23957-4

Liebert A., Lopez S., Jones B.L., Montalva N., Gerbault P., Lau W.,
Thomas M.G., Bradman N., Maniatis N., Swallow D.M. World-wide
distributions of lactase persistence alleles and the complex effects of
recombination and selection. Hum. Genet. 2017;136(11-12):1445-
1453. DOI 10.1007/s00439-017-1847-y

Mattar R., Monteiro M., Silva J.M., Carrilho F.J. LCT-22018G>A
single nucleotide polymorphism is a better predictor of adult-type
hypolactasia/lactase persistence in Japanese-Brazilians than LCT-
13910C>T. Clinics (Sao Paulo). 2010;65(12):1399. DOI 10.1590/
s1807-59322010001200030

Olds L.C., Sibley E. Lactase persistence DNA variant enhances lac-
tase promoter activity in vitro: functional role as a cis regulatory
element. Hum. Mol. Genet. 2003;12(18):2333-2340. DOI 10.1093/
hmg/ddg244

Pagani L., Lawson D.J., Jagoda E., Morseburg A., Eriksson A., Mitt M.,
Clemente F., ... Thomas M.G., Manica A., Nielsen R., Villems R.,
Willerslev E., Kivisild T., Metspalu M. Genomic analyses inform
on migration events during the peopling of Eurasia. Nature. 2016;
538(7624):238-242. DOI 10.1038/nature19792

Pairo-Castineira E., Clohisey S., Klaric L., Bretherick A.D., Rawlik K.,
Pasko D., Walker S., ... Maslove D., Ling L., McAuley D., Mont-
gomery H., Walsh T., Pereira A.C., Renieri A.; GenOMICC Inves-
tigators; ISARIC4C Investigators; COVID-19 Human Genetics
Initiative; 23andMe Investigators; BRACOVID Investigators; Gen-
COVID Investigators; Shen X., Ponting C.P., Fawkes A., Tenesa A.,
Caulfield M., Scott R., Rowan K., Murphy L., Openshaw P.J.M.,
Semple M.G., Law A., Vitart V., Wilson J.F., Baillie J.K. Ge-
netic mechanisms of critical illness in COVID-19. Nature. 2021;
591(7848):92-98. DOI 10.1038/s41586-020-03065-y

Peng M.S., He J.D., Zhu C.L., Wu S.F,, Jin J.Q., Zhang Y.P. Lactase
persistence may have an independent origin in Tibetan popula-
tions from Tibet, China. J. Hum. Genet. 2012;57(6):394-397. DOI
10.1038/jhg.2012.41

Pilipenko 1.V., Pristyazhnyuk M.S., Kobzev V.F., Voevoda M.I., Pili-
penko A.S. Polymorphism of the LCT gene regulatory region in
Turkic-speaking populations of the Altay-Sayan region (southern
Siberia). Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Jour-
nal of Genetics and Breeding. 2016;20(6):887-893. DOI 10.18699/
VJ16.209 (in Russian)

Racimo F., Gokhman D., Fumagalli M., Ko A., Hansen T., Moltke I.,
Albrechtsen A., Carmel L., Huerta-Sanchez E., Nielsen R. Archaic
adaptive introgression in TBX15/WARS2. Mol. Biol. Evol. 2017,
34(3):509-524. DOI 10.1093/molbev/msw283

Raz M., Sharon Y., Yerushalmi B., Birk R. Frequency of LCT-13910C/T
and LCT-22018G/A single nucleotide polymorphisms associated
with adult-type hypolactasia/lactase persistence among Israelis of
different ethnic groups. Gene. 2013;519(1):67-70. DOI 10.1016/
j-gene.2013.01.049

FEHETUKA YEJIOBEKA / HUMAN GENETICS 657


https://doi.org/10.1086/421051
https://doi.org/10.1007/s00439-005-1322-z
https://doi.org/10.1007/s00439-005-1322-z
https://doi.org/10.1038/ng826
https://doi.org/10.1038/s41586-022-05010-7
https://doi.org/10.3378/027.083.0304
https://doi.org/10.1007/s00439-006-0291-1
https://doi.org/10.1038/s41586-023-06705-1
https://doi.org/10.1371/journal.pone.0206189
https://doi.org/10.1371/journal.pone.0206189
https://doi.org/10.1186/1471-230X-11-124
https://doi.org/10.1186/1471-230X-11-124
https://doi.org/10.3402/ijch.v71i0.17898
https://doi.org/10.1038/s41430-023-01294-8
https://doi.org/10.1038/s41430-023-01294-8
https://doi.org/10.1007/s00439-017-1847-y
https://doi.org/10.1590/s1807-59322010001200030
https://doi.org/10.1590/s1807-59322010001200030
https://doi.org/10.1038/jhg.2012.41
https://doi.org/10.1016/j.gene.2013.01.049
https://doi.org/10.1016/j.gene.2013.01.049

B.A. Malyarchuk

Scott A., Reinhold S., Hermes T., Kalmykov A.A., Belinskiy A., Bu-
zhilova A., Berezina N., ... Krause R., Karapetian M., Stolar-
czyk E., Krause J., Hansen S., Haak W., Warinner C. Emergence and
intensification of dairying in the Caucasus and Eurasian steppes. Nat.
Ecol. Evol. 2022;6(6):813-822. DOI 10.1038/541559-022-01701-6

Ségurel L., Bon C. On the evolution of lactase persistence in humans.
Annu. Rev. Genomics Hum. Genet. 2017;8:297-319. DOI 10.1146/
annurev-genom-091416-035340

Segurel L., Guarino-Vignon P., Marchi N., Lafosse S., Laurent R.,
Bon C., Fabre A., Hegay T., Heyer E. Why and when was lactase
persistence selected for? Insights from Central Asian herders and an-
cient DNA. PLoS Biol. 2020;18(6):¢3000742. DOI 10.1371/journal.
pbio.3000742

Slon V., Mafessoni F., Vernot B., de Filippo C., Grote S., Viola B.,
Hajdinjak M., Peyregne S., Nagel S., Brown S., Douka K., Higham T.,
Kozlikin M.B., Shunkov M.V, Derevianko A.P., Kelso J., Meyer M.,
Priifer K., Pddbo S. The genome of the offspring of a Neanderthal
mother and a Denisovan father. Nature. 2018;561(7721):113-116.
DOI 10.1038/s41586-018-0455-x

Sokolova M.V., Vasilyev E.V., Kozlov A.l, Rebrikov D.V., Sen-
keeva S.S., Kozhekbaeva Zh.M., Lyundup A.V., Svechnikova N.S.,
Ogurtsov P.P., Khusnutdinova E.K., Yankovsky N.K., Borin-
skaya S.A. Polymorphism C/T-13910 of the LCT gene regulatory
region and lactase deficiency in Eurasian populations. Ekologiche-
skaya Genetika = Ecological Genetics. 2007;5:25-34. DO110.17816/
ecogen5325-34 (in Russian)

Sun H.M., Qiao Y.D., Chen F., Xu L.D., Bai J., Fu S.B. The lactase gene
—13910T allele can not predict the lactase-persistence phenotype in
north China. 4sia Pac. J. Clin. Nutr. 2007;16(4):598-601

Genetic aspects of lactase deficiency
in indigenous populations of Siberia

Telis N., Aguilar R., Harris K. Selection against archaic hominin ge-
netic variation in regulatory regions. Nat. Ecol. Evol. 2020;4(11):
1558-1566. DOI 10.1038/s41559-020-01284-0

Tishkoff S., Reed F., Ranciaro A., Voight B.F., Babbitt C.C., Silver-
man J.S., Powell K., Mortensen H.M., Hirbo J.B., Osman M., Ibra-
him M., Omar S.A., Lema G., Nyambo T.B., Ghori J., Bumpstead S.,
Pritchard J.K., Wray G.A., Deloukas P. Convergent adaptation of
human lactase persistence in Africa and Europe. Nat. Genet. 2007;
39(1):31-40. DOI 10.1038/ng1946

Troelsen J.T., Olsen J., Moller J., Sjostrom H. An upstream polymor-
phism associated with lactase persistence has increased enhancer
activity. Gastroenterology. 2003;125(6):1686-1694. DOI 10.1053/
j-gastro.2003.09.031

Xu L., Sun H., Zhang X., Wang J., Sun D., Chen F., Bai J., Fu S. The
—220184 allele matches the lactase persistence phenotype in north-
ern Chinese populations. Scand. J. Gastroenterol. 2010;45(2):168-
174. DOI 10.3109/00365520903414176

Zeberg H., Dannemann M., Sahlholm K., Tsuo K., Maricic T., Wiebe V.,
Hevers W., Robinson H.P.C., Kelso J., Padbo S. A Neanderthal
sodium channel increases pain sensitivity in present-day humans.
Curr. Biol. 2020;30(17):3465-3469.e4. DOI 10.1016/j.cub.2020.
06.045

Zeberg H., Jakobsson M., Pddbo S. The genetic changes that shaped
Neandertals, Denisovans, and modern humans. Cell. 2024;187(5):
1047-1058. DOI 10.1016/j.cell.2023.12.029

Zhang X., Witt K.E., Banuelos M.M., Ko A., Yuan K., Xu S., Nielsen R.,
Huerta-Sanchez E. The history and evolution of the Denisovan-
EPASI1 haplotype in Tibetans. Proc. Natl. Acad. Sci. USA. 2021;
118(22):¢2020803118. DOI 10.1073/pnas.2020803118

Conflict of interest. The author declares no conflict of interest.
Received April 26, 2024. Revised May 31, 2024. Accepted June 3, 2024.

658 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 6


https://doi.org/10.1038/s41559-022-01701-6
https://doi.org/10.1053/j.gastro.2003.09.031
https://doi.org/10.1053/j.gastro.2003.09.031

HUMAN GENETICS Vavilovskii Zhurnal Genetiki i Selektsii
Original article Vavilov Journal of Genetics and Breeding. 2024;28(6):659-666

DOI 10.18699/vjgb-24-73

Traces of Paleolithic expansion in the Nivkh gene pool
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Abstract. The Nivkhs are a small ethnic group indigenous of the Russian Far East, living in the Khabarovsk Territory and
on Sakhalin Island, descending from the ancient inhabitants of these territories. In the Nivkhs, a specific Sakhalin-Amur
anthropological type is prevalent. They are quite isolated, due to long isolation from contacts with other peoples. The
gene pool of the Nivkhs and other Far Eastern and Siberian populations was characterized using a genome-wide panel
of autosomal single-nucleotide polymorphic markers and Y chromosome haplogroups. Bioinformatic processing of
frequencies of autosomal SNPs, Y chromosome haplogroups and YSTR haplotypes showed that the Nivkh gene pool
is very different from the other populations’ Analysis of the SNP frequencies using the PCA method divided the Far
Eastern populations in full accordance with the territories of their residence into the northern group of the Chukchi
and Koryaks and the southern group, including the Nivkhs and Udege. The remoteness of the Nivkhs coincides with
their geographic localization, with the Nivkhs and Udege demonstrating the greatest kinship. The Nivkhs have a spe-
cific component of their gene pool, which is present with much less frequency in the Udege and Transbaikal Evenks.
According to the IBD blocks, the genotypes of the Nivkhs show a very small percentage of coincidence with the Udege,
Koryaks, Evenks and Chukchi, the value of which is the lowest compared to the IBD blocks among all other Siberian
populations. The Nivkh-specific composition of haplogroups and YSTR haplotypes was shown. In the Nivkhs, the C2a1
haplogroup is divided into three sublines, which have a fairly ancient origin and are associated with the ancestors
of modern northern Mongoloids. The Nivkh haplogroup O2al1b1a2a-F238 is found among residents of China and
Myanmar. The Q1ala1-M120 line is represented among the Nivkhs, Koryaks, Evenks and Yukaghirs. Phylogenetic ana-
lysis of individual Y chromosomal haplogroups demonstrated the closeness of the Nivkh gene pool with the ancient
population of the Amur and Okhotsk regions, the Koryaks, the Tungus peoples and the population of Southeast Asia.
The Nivkh gene pool confirms the relative smallness of their ancestral groups without mixing with other populations.
Key words: gene pool; human populations; genetic diversity; genetic components; Y chromosome; Nivkhs.
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10 TaHHBIM O moauMopdu3Me ayTocOMHbIX SNP 11 Y-XpOMOCOMBbI
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AHHOTaLUuA. HUBX1 — ManouyncieHHbli KopeHHow Hapona JanbHero BocToka, NpouBatowmii Ha Tepputopun Xabapos-
CKOro Kpasi u ocTpoBa CaxanunH, KOTOPbIi OTHOCUTCA K MOTOMKaM APEeBHEro HaceneHus 3Tux Tepputopuii. Y HNBXOB
npeo6napaet cneyndryHbIN caxannmHo-aMypCKUin aHTpononornyeckuin Tmn. OHY ABNAIOTCA JOCTaTOYHO 060CO6neH-
HbIMM 3@ CYeT ASINTENbHON U30MALUN OT KOHTAKTOB C APYrMM Hapodamu. [eHOGOHA HVBXOB OXapaKTepr3oBaH Mo
NOSTHOr€HOMHOW NMaHeN ayTOCOMHbIX OJHOHYKIEOTUAHbIX MONMMOPGHbBIX MapKepoB 1 rannorpynnam Y-XpoMoCOMbl
B CPaBHEHVM C APYrMU JanibHEBOCTOUHBIMM U CUOMPCKUMM nonynsaunammn. bruonHdopmaTyeckas o6paboTka yacToT
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Traces of Paleolithic expansion in the Nivkh gene pool
based on data on autosomal SNP and Y chromosome

ayTtocoMHbix SNP, rannorpynn Y-xpomocombl 1 YSTR-rannoTmnoBs nokasana, Yto reHopoH HMBXOB CYLLECTBEHHO OT-
nnyaetca oT reHopoHAoB Apyrux nonynauuin. Mpu aHanuse yactot SNP metogom PCA fanbHEBOCTOUHbIE MONYNALMY
pacnonaratoTca B MOSIHOM COOTBETCTBMU C TEPPUTOPMAMY UX NPOXKUBAHUA N AENATCA Ha CEBEPHYIO rpynmny YyKyen n
KOPAKOB 1 I0XKHY0, BKJTIOUAIOLLYO HUBXOB U ya3reiues. YAaneHHOCTb HMBXOB COBMAAAET C UX reorpadunyeckon noka-
nun3auueit, Npy STOM HUBXM Y YA3TelLbl AeMOHCTPUPYIOT HanbonbLuee POACTBO. Y HUBXOB BbigenaeTca cneynuduyHblin
[NA HAX KOMMOHEHT reHopOoH/a, KOTOPbI C ropa3A0 MeHbLUeR YacTOTON NPUCYTCTBYET y yAsreiLeB 1 3abankanbCckmx
3BeHKOB 1 OypaToB-A. Mo IBD-6n0Kam reHOTUMbl HUBXOB JEMOHCTPUPYIOT O4YeHb HeOOosMbLLYyIo JOJI0 COBMafieHUsA C
yAsreiLamu, Kopsikamu, 3BeHKaMI 1 YyK4amul, 3HaYeHVe KOTOPbIX ABMSETCA CaMbIM HA3KUM MO cpaBHeHuIo ¢ IBD-6110-
Kam mexgy Apyrumu cmbmpckumm nonynauuamu. MokasaH cneunduyHblii Ans HUBXOB cocTaB ranmnorpynn u YSTR-
rannotunos. fannorpynna C2al y HUBXOB pa3feneHa Ha TPy Cy6IMHMM, KOTOPbIE NMEIOT JOCTaTOYHO APEBHEE NPOUC-
XOX[IEeHNe 1 CBA3aHbl C NpeAKaMn COBPEMEHHbIX CEBEPHbIX MOHronongos. Huexckas rannorpynna O2alb1a2a-F238
ectb y xutenein Kntaa n Mbanmbl. JlnHua Qlalal-M120 B uccnepgoBaHHbIX B JaHHON paboTe BblbopKax npeacTas-
NeHa y H/BXOB, KOPAKOB, 9BEHKOB U 1oKarnpoB. OunoreHeTUYeCcKnii aHanmn3 oTAeNbHbIX Y-XPOMOCOMHbIX raniorpynn
LEMOHCTPUPYET 6AN30CTb reHOPOHAA HMBXOB C KOPSIKaMU 1 TYHIYCCKAMU HapoZaMUy, a TakKe POLCTBO B MEHbLUEN
CTENEeHU ¢ APeBHUM HaceneHuem MNpuamypbs n Mpuoxotba 1 HaceneHnem KOro-BoctouHoi Asnu. leHopoHA HUBXOB
NOATBEPXKAAET OTHOCUTESNIbHYIO MafIOUYMNCIIEHHOCTb UX MPEAKOBON rpymnnbl 63 CMeLleHus ¢ ApYrumy NonynALMAMA.

KnioueBble cnoBa: reHodoHA; MOMyNALMM YenoBeKa; reHeTuyeckoe pasHoobpasue; reHeTUYeckre KOMMOHEHTbI;

Y—xpomocoma; HUBXW.

Introduction

The Nivkh people are a small ethnic group that lives in the
Far Eastern regions of Sakhalin Island and the lower Amur
Basin. In 2022, there were about 3,842 Nivkh people. They
self-identify as nivkhgu. Neighboring ethnic groups call
them Gilyak or Gilyami, and the Russians adopted this name,
calling them Gilak. In Tungusic and Manchu languages, the
word “Gilyaki” means “people who move with the help of
oar-powered boats”.

Based on their territory, the Nivkhs can be divided into two
groups: the island group (Sakhalin) and the mainland group. In
the past, they occupied a much larger territory. On the main-
land, their settlement area extended from the Amur River to
the Uda Basin, and on Sakhalin, they lived along the western
and eastern coastlines and at the mouth of the Poronai River.
Nowadays, the Sakhalin Nivkhs live in the northern part of the
island and the Tym River basin. In the mainland, the Nivkh
people are concentrated in two districts of the Khabarovsk
Territory: Nikolaevsky and Ulchsky. They speak a language
called Nivkh, which has two dialects: Amur and East Sakhalin.
Nivkh is an isolated language, along with Ket and Yukaghir.
It was previously classified as part of the Paleoasiatic lan-
guage family due to its unclear genealogical origins. A strong
relationship between Nivkh and the Chukchi-Kamchatkan
languages was found in the work of M.D. Fortescue (2011).

The Nivkh people are direct descendants of the ancient
population that inhabited Sakhalin and the lower reaches of
the Amur River in the past. They are part of the Paleo-Asiatic
group of the Mongoloid race, and their anthropological type
is similar to that of the Sakhalin-Amur people, which can also
be found among the Ulchi people. Together with the Chukchi,
Koryaks, and other people of Northeastern Siberia, the Nivkhs
belong to the Paleoasian group. There is a theory that the
ancestors of the modern Nivkhs, as well as the Eskimo and
Native American peoples, were all links in the same ethnic
chain that once covered the northwestern coast of the Pacific
Ocean. The modern appearance of the Nivkhs has been sig-
nificantly influenced by their cultural and ethnic interactions
with the Tungus-Manchu, Ainu, and Japanese people (The
Peoples of Russia, 1994; Sulyandziga et al., 2003; Peoples
of North-East Siberia, 2010).
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The data obtained from genotyping high-density microar-
rays for autosomal SNPs in the Nivkhs and other Far Eastern
and Siberian indigenous peoples allow us to more accurately
describe their gene pool composition, identify common hap-
lotype blocks, and homozygosity patterns compared to limited
sets of DNA markers. Genotyping a larger set of specific
Y-chromosome SNPs enables a more detailed characterization
of the molecular phylogenetic structure of Y-haplogroups.
Modern bioinformatics methods for individual genotype
analysis allow us to characterize the gene pool of the studied
samples as thoroughly as possible using various techniques.

There are a vast number of Single Nucleotide Polymor-
phisms (SNPs) in the human genome, which makes them
an effective tool for analyzing genetic relationships between
populations. Modern population genetics has various marker
systems, including autosomal and homologous DNA mar-
kers that determine the phylogeny of the Y-chromosome and
mitochondrial DNA haplogroups.

A specific feature of the mitochondrial gene pools in all
Primorye populations is the presence of mtDNA lines be-
longing to haplogroup Y. The maximum frequencies of these
lines were noted in the Sakhalin Nivkh (66.1 %) and Ulchi
populations (37.9 %). The frequency of this line is also high
in the Ainu (25.5 %), Negidal (21.2 %) (Starikovskaya et al.,
2005), Koryak (5.7 %), Even (8.1 %), and Eastern Evenk
(8.9 %) populations (Derenko, Malyarchuk, 2010). However,
the frequency of this mtDNA line in other Asian populations
is significantly lower and decreases as one moves away from
the territories where the main carriers of this line reside. The
origin of these specific mtDNA lines is associated with the
lower reaches of the Amur River and Sakhalin.

The distribution of the Y1al mitochondrial DNA (mtDNA)
subgroup is limited to the Northeast Asian region. All the
mtDNA lines found in the Koryak, Even, Itel’'men, Negidal,
Nivkh, Orok, and Ainu populations belong exclusively to this
subgroup (Horai et al., 1996; Schurr et al., 1999; Bermisheva
etal., 2005; Starikovskaia et al., 2005; Derenko, Malyarchuk,
2010). The main area of this mtDNA line and the frequencies
of its sublineages correlate well with the distribution of the
C2al Y-chromosome haplogroup. This is an example of pa-
rallel expansions of Y- and mtDNA haplogroups in the same
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region. These findings are consistent with previous research
on ancient genomes from the Amur River basin, which formed
a distinct genetic cluster including both ancient and modern
populations from the region (people speaking Tungusic lan-
guages and Nivkh) (Wang et al., 2021).

The purpose of this study is to conduct a comprehensive
analysis of the genetic structure of the Nivkh population in
comparison with other indigenous populations of Siberia and
the Far East. In order to address questions about the genetic
affinity of the Nivkhs to other indigenous groups, we have
performed genotyping for a wide range of autosomal markers
on high-density DNA microarrays, as well as for a larger set
of SNPs and STR markers on the Y chromosome, in various
ethnic groups such as the Udege, Chukchi, Koryak, Yakut,
Evenk, Buryat, Tuvinian, Khakass, Southern Altai, Ket,
Chulym, and Khant.

Materials and methods

The research material consisted of DNA samples from men
and women from the Nivkh population (N = 155) living in
the settlements of Nekrasovka and Moskalvo, in the Okhinsky
district of the Sakhalin region. Venous blood was collected
from donors in accordance with the written informed consent
procedure for conducting the study (Protocol No. 10 of the
Biomedical Ethics Committee of the Research Institute of
Medical Genetics, dated 02/15/2021). For each donor, a ques-
tionnaire was completed with a brief family history, indicating
ethnicity, ancestral place of birth, and other relevant informa-
tion. Individuals were assigned to an ethnic group based on
their own ethnic identity, their parents’ ethnic background,
and the place of their birth.

52 DNA samples from the Nivkh population were used
to analyze Y-chromosomal haplogroups and haplotypes in
men. For high-density genotyping, unrelated Nivkh samples
(N = 13) without intermarriage with other ethnic groups
were selected. This small number of samples is due to the
significant proportion of interethnic marriages among the
collected individuals over the past few generations, as well
as the relatively small size of the Nivkh population and the
presence of close relatives on both the maternal and paternal
sides in the samples.

Other populations of the indigenous people of Siberia in-
cluded in this study are represented by the Udege (N = 15),
Koryaks (N = 20), and Chukchi (N = 25). Samples of the
Udege were collected from the villages of Krasny Yar and
Agzu, in the Pozharsky and Terneysky districts of Primorsky
Krai, respectively. The Koryak samples were collected in the
Koryak Autonomous Okrug in the Kamchatka region, and the
Chukchi samples were collected from various settlements in
the Chukotka and Chukotkan Autonomous Okrugs, including
the coastal regions of Lorino, Sireniki, Yanaryk, and Novoe
Chaplino. Southern Altaians were also included in the study,
with samples collected from the Beshpeltir (N = 24) and
Kulada (N = 25) villages in the Chemalsky and Ongudaysky
districts, respectively. Finally, the Ket samples were collected
(N =15) in the Kellogg settlement of the Turukhansky district
in the Krasnoyarsk region; other samples were collected in
Tomsk Tatar (Chernaya Rechka, Eushta, and Takhtamyshevo
in the Tomsk area, N = 20), Tuvinian (Teeli in Bai-Tayga
kozhuun, N = 28), Buryat (Aginskoe in the Aginsky district

2024
286

Cnepbl NaneonmTUYeCkon 3KCnaHCcun B reHOGpOHAE HUBXOB
no AaHHbIM 06 ayTOCOMHbIX SNP 11 Y-xpoMocombl

N = 23 and Kurumkan in the Kurumkan district, N = 28),
Khanty (Kazym village in the Beloyarsk district N = 30 and
Ruskinskaya in Surgut district N = 26), Khakass (Tashtypsky,
N = 29 and Shirinsky N = 26 districts), Chulym (N = 22),
Evenk (Zabaikalsky villages Chara, Moklakan, and Tupik,
N = 25; Y — Evenks of Yakutia, N = 28), Yakut (Ust-Aldan
district village Cheriktey, N = 26) settlements. The material is
stored in the bioresources collection “Biobank of the Popula-
tion of Northern Eurasia”.

Genome-wide genotype data were obtained using the In-
finium Multi-Ethnic Global 8 microarrays (Illumina), which
include over 1.7 million single nucleotide polymorphisms
(SNPs). Clustering of the SNP genotype array and quality con-
trol were performed using a protocol developed by Y. Guo et al.
(2014), using GenomeStudio software (Illumina GenomeStu-
dio, version 2.0.3). A standard set of tools, including vcftools,
beftools, and plink, were used for filtering, normalization, and
calculation of standard genomic statistics and metrics.

The Refined IBD algorithm (Browning B.L., Brow-
ning S.R., 2013) was used to analyze cluster blocks that are
identical in origin. This algorithm produced more accurate
results than the algorithms built into plink. The genotypes had
been previously phased using the Beagle 5.1 software (Brow-
ning S.R., Browning B.L., 2007). To compare populations, we
obtained the sums of the average lengths of clusters that were
identical in origin between pairs of individuals.

PCA was used to analyze genetic relationships between
populations. The NGSadmix technique (Skotte et al., 2013)
and ADMIXTURE program (Alexander et al., 2009; Alexan-
der, Lange, 2011) were used to determine the component
composition and amount of impurities in individuals and
populations.

To study the composition and structure of the Y chromo-
some, two systems of genetic markers were used in the study:
diallelic loci represented by single nucleotide polymorphisms
(SNPs) and polyallelic microsatellites with high variability
(YSTRs). Using 589 SNPs, men were classified into diffe-
rent haplogroups. Genotyping of SNPs was performed using
the polymerase chain reaction (PCR) method and subsequent
analysis of DNA fragments through RFLP analysis (restriction
fragment length polymorphism). For specific terminal SNPs,
a small number of samples were genotyped for individual
sub-haplogroups according to their YSTR haplotypes, and
the results were obtained through NGS (next-generation
sequencing) of the Y chromosome. Haplogroups were desig-
nated based on the ISOGG (International Society of Genetic
Genealogy) 2019 Y-DNA Haplogroup Tree classification.
Analysis of STR haplotypes within haplogroups was carried
out using 44 STR markers of the non-recombining part of the
Y chromosome (DYS19, 385a, 385b, 388, 3891, 38911, 390,
391, 392, 393, 426, 434, 435, 436, 437, 438 , 439, 442, 444,
445, 448, 449, 456, 458, 460, 461, 481, 504, 505, 518, 525,
531, 533, 537, 552, 570, 576, 635, 643, YCAIla, YCAIID,
GATA H4.1,Y-GATA-A10, GGAAT1B07). STR markers were
genotyped using capillary electrophoresis on ABI Prism 3730
and Nanofor-05 devices.

Experimental studies were conducted at the Center for
Collective Use of Scientific Research Equipment “Medical
Genomics”, which is part of the Research Institute of Medi-
cal Genetics at the Tomsk Scientific Center. The median net-
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works of Y-chromosome haplotypes were created using the
Network v10.2.0.0 software (Fluxus Technology Ltd.; www.
fluxus-engineering.com), using the Bandelt median network
method (Bandelt et al., 1999). The age of the haplotype di-
versity observed in haplogroups was estimated using the ASD
method (Zhivotovsky et al., 2004), based on the average square
difference in the number of repeats between all markers.

Results and discussion

After processing the data based on the results of the microarray
study to filter the genotyped samples and carry out further cal-
culations, a search was carried out among the Nivkhs for mes-
tizos using the NGSadmix program. The NGSadmix method,
when launched on the data array we generated, showed that
all samples of pure Nivkhs do not have crossbreeding with
other peoples, which coincides with the results of their survey.

Genetic relationships of the Nivkhs

with the peoples of Eastern and Northeastern Siberia
When analyzing data on the frequencies of autosomal SNPs
using the PCA method at the level of individual samples
(Fig. 1), it is clear that the Nivkhs are closest to the Udege,
as well as to the Evenks from Transbaikalia and Yakutia.
The Chukchi and Koryaks are very distant from all other
populations in the figure, which is consistent with their strong
geographic isolation in Northeastern Siberia. It is PC2 that
separates them from all analyzed samples, but according
to PC1 they are very close to the Nivkhs and Udege. Their
strong distance from more southern peoples indicates the pre-
sence in the Chukchi-Koryak gene pool of an older, specific
genetic component associated with the aboriginal Paleolithic
population of the territories where they lived. The Far Eastern
samples are divided in full accordance with the territories of
their residence into the northern group of the Chukchi and
Koryaks and the southern group including the Nivkhs and
Udege. The Evenks from Transbaikalia and Yakutia are also
close to each other. The Yakuts and Buryats are a little more
remote. The distance between the Nivkhs and all other popu-
lations in the figure coincides with their geographic location.
The Nivkhs, Udege, Chukchi and Koryaks make up the Far

Traces of Paleolithic expansion in the Nivkh gene pool
based on data on autosomal SNP and Y chromosome

Eastern group of populations, with the Nivkhs and Udege
showing the greatest kinship.

Almost all samples of individual ethnic groups form specific
clusters (Fig. 1), which can partially overlap in this figure,
with the exception of the Tomsk Tatars, who have a fairly
heterogeneous composition of the gene pool (Valikhova et
al., 2022). In the three-component analysis and in the t-SNE
plot, all ethnospecific clusters are much more distant from
each other. Individual samples from different samples that
stand out from these general groups show crossbreeding when
analyzed by the NGS-Admix method, which affects their
location on the graph.

Component composition of the gene pool of populations
To determine the genetic components in the gene pool of
the studied populations, the Admixture program was used,
which makes it possible to identify the heterogeneity of the
component composition of the genome of individuals based
on genotype data and accurately determine their distribution at
the level of populations and individual samples. When setting
the number of ancestral components to more than four, in most
studied populations a genetic component specific to the Nivkhs
is revealed, most clearly manifested in the analyzed array of
population samples at K = 8, which can be interpreted as the
“Sakhalin-Amur” genetic layer in the gene pool of modern
populations (Fig. 2).

At K = 8§, this component completely dominates among
the Nivkhs (0.92) and Udege (0.61), and is found among the
Buryats (0.50), Altai-Kizhi (0.34), Khakass-Kachins, Tuvi-
nians (0.30), Altaians of the village of Beshpeltir (0.23), Tomsk
Tatars (0.11), Evenks (0.02—0.09), Khakass Sagais (0.07) and
Yakuts (0.01). It is possible that this genetic layer is associated
with an ancient substrate in these populations.

At K =10, a more detailed separation occurs (Fig. 3): the
Nivkhs have a component specific to them (0.98), highlighted
in blue in Figure 3, which is present among the Udege (0.22),
and to a small extent among the Transbaikal Evenks (0.05), the
Evenks of Yakutia, Khakassians, Tomsk Tatars and Buryats
(0.02). The dominance in the frequency of this component
in all Nivkh samples confirms that their ancestors had no

0.02 Wi ¢ e o, Naless - . Tomsk Tatars
M Yo SRR SR Cad L - S RO A
Nivkhs | ..;\0.',‘- . Tuvinians b Khakass * » ot S ) :
0 PO . - ".".I‘:;;h oo o .‘ . l-‘o
Evenks Chulyms'ﬁ' ¥ o o
-0.02 S Y SR
o~ ! *e
< Kets Gy o fge
& _004 2T N AN
Khanty" 1%
-0.06 P
-0.08 —Koryaks ,‘,;1-.’, -
¢ % Chukehi
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PCA_1

Fig. 1. Differentiation of genomes of the population of the Far East and Siberia according to two PCA components.
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Fig. 3. Ordered picture of Admixture components when ranking Siberian populations from west to east, K= 10.

contact with other peoples for quite a long time and lived in
isolation on Sakhalin Island. The data obtained prove that
the indigenous population of Sakhalin did not mix with other
ethnic groups for a long time.

Blocks identical by descent
Coincidence analysis was carried out at the individual and
population levels to assess common ancestry DNA blocks.
A fragment that has identical nucleotide sequences in different
people is the legacy of their common ancestor. The size of this
IBD segment is comparable to the number of generations due
to chromosome recombination during the formation of germ
cells. The use of information about these genomic regions of
common origin at the level of individuals and populations
makes it possible to quantify the degree of genetic relatedness
between people and provides additional information about
the genetic connections of populations (Gusev et al., 2012).
The genotypes of the Nivkhs showed a coincidence in IBD
blocks with each other >1.5 ¢cM (11 %), then with the Udege
(0.58 %), Koryaks (0.47 %), Evenks (0.28 %) and Chukchi
(0.18 %). With other Siberian populations, their share is much

lower (Fig. 4). The agreement between the Nivkhs and other
studied populations is the lowest compared to other ethnic
groups. This confirms their very long isolation and lack of
contact with other peoples. The proportion of interpopulation
IBD blocks between the Nivkhs, Udege, Koryaks, Chukchi,
and Evenks is consistent with the results of PCA and Admix-
ture. Analysis of IBD within the Nivkh, Koryak and Chukchi
populations showed that they have more common IBD than
people from other samples. At the same time, among the
Chukchi (55 %), Koryaks (57 %) and Nivkhs (59 %), the
greatest contribution is made by short IBD fragments, which
may indicate a “bottleneck” in the past during migrations to
the north and northeast or isolation from other populations
inhabiting the territory of Siberia.

Genomic inbreeding coefficient

When estimating the genomic inbreeding coefficient for
ROH lengths >1.5 Mb, the Nivkhs have a relatively low level
of consanguinity (FROH = 0.0268). Among the Koryaks
(FROH = 0.0446) and Chukchi (FROH = 0.0431), it is maxi-
mum for Siberian populations and is almost twice as high as
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Fig. 4. Sum of segment lengths IBD >1.5 cM between pairs of Nivkh individuals and Siberian populations.

their average value in the territory of Siberia and the Far East.
For the Nivkhs, Chukchi and Koryaks, a significant increase
in the total length of the average ROH class per individual
has been shown compared to other populations. This adds to
the comparison with the short ROH class in Siberian popula-
tions. The results obtained indicate a relatively small number
of ancestral groups of these peoples over many generations
and marriage contacts between relatives, as well as a possible
“bottleneck” effect. The level of homozygosity in the genomes
of representatives of these Far Eastern peoples shows the high-
est level of inbreeding among all indigenous Siberian peoples.
They have long homozygous stretches for all ROH length
categories in most samples examined. These results confirm
the relatively small size of their ancestral groups over a long
period of time and their territorial isolation, which precluded
mixing with other populations.

Y-chromosome haplogroups

The results of genotyping of SNP and YSTR markers and de-
termination of Y-chromosome haplogroups in all samples of
Nivkh men have been shown to match the data of their ques-
tionnaires on the paternal side. All men who are mestizos
with Eastern European peoples on their father’s side belong

Frequencies of Y-chromosome haplogroups among the Nivkhs

to specific European sublines of haplogroups E, 11, Nlal,
Nla2 and Rlal. Haplogroups of mestizos with Koreans and
Orochons belong to the East Asian variants of the C2, O1 and
02 clades. All other Nivkh samples belong to sublines of three
haplogroups specific to them.

The most common haplogroup among the Nivkhs is C2al
(86 %). With such a high frequency, this Y-chromosomal line
has not been recorded in any of the analyzed ethnic groups, and
is maximum in purebred male-line Nivkhs compared to other
peoples. It is a substrate element of their gene pool, associated
with autochthonous population groups of the Okhotsk region.

Of the 37 Nivkh men without paternal crossbreeding,
16 people belong to the C2ala subline (B90, 232902, 232912,
732919, 7232926, 232937 (xB93, Z32958)) (see the Table).
The age of this lineage was previously determined to be
4,216 years (3,700-4,667) (Liu et al., 2021). This branch
forms a special cluster of YSTR haplotypes, characterized
by a reduction to ten in the number of tandem repeats in the
DYS3891 locus, specific for the Nivkhs and Koryaks. The
parallel line C2ala-B93 is also present among the Evenks,
Evens, Koryaks, Yukaghirs and Yakuts. Among the Yakut
Evenks and Yukaghirs, it is 15-20 %. In a very large sample
of Yakuts, only four samples belong to it. One example of this

Haplogroup

C2alalbla~-B473,F10085, F13958 (xZ32848, FGC28920, BY186309)
C2ala-B90, 232902, 732912, 232919, 232926, 232937 (xB93, Z32958)
C2a1-F3447, ACT1932, ACT1942

O2albla2a - F238

Qlalal-M120, F746,Y34108, Y34449

% (N =37)
324 % (12)
43.2% (16)
10.8 % (4)
54%(2)

8.1% (3)
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Fig. 5. Median network of YSTR haplotypes of haplogroup C2a1 in the Nivkhs.

branch has also been found among the Transbaikal Evenks.
The presence of a specific branch C2ala2b (B93) in these
populations is associated with the ancient indigenous popula-
tions of the Amur and Okhotsk regions, which separated from
the Asian ancestors from more southern regions a long time
ago. According to the research team from Tartu (Karmin et al.,
2015), three samples of Koryak men belonging to haplogroup
C3c2 have haplotypes almost completely identical to our
samples from this line. In two Evenks from Mongolia (Liu et
al.,2021) and one from Russia, the C2ala2b—B90 subline was
also discovered (Karmin et al., 2015). This branch is related
to C2ala2b—M86, which previously split with the C2a—M48
branch about 11.6 Kya (Liu et al., 2021). Its spread in East-
ern Siberia is associated with the relatively recent migration
of Tungus tribes from the Amur region and Manchuria. The
Nivkh-specific subline C2ala2b (xB93) separated from the
common ancestor even before the formation of the B93 muta-
tion among the Tungusic peoples.

The second most common line among the Nivkhs is
C2alalbla~ F13958 (32.4 %). This line was found in one
Kazakh and three Kyrgyz, but in terms of haplotypes they
differ significantly from the Nivkhs. According to the YFull
website, the age of its common ancestor is 4,300 years (CI:
5,200-3,500). The C2al lineage (F3447, ACT1932,ACT1942)
includes four Nivkhs. According to the YFull website, the age
of its common ancestor is 16,000 years (CI: 17,300—14,800).
This line of ancient origin was found in two Chinese people
from Liaoning Province, a Korean and a Japanese person.

The large diversity of C2al lines among the Nivkhs and
their age indicate a very early appearance of this haplogroup
in the indicated territory. The spread of this line during the
formation of the gene pool of the ancient population of North-
east Asia is associated with the early migrations of Mongo-
loid tribes. Thus, C2al is a marker for the settlement of the
ancestors of modern northern continental Mongoloids and
their further differentiation in Siberia, as well as the second
wave of settlement of America, the representatives of which
retained the morphological features of the ancient proto-Mon-
goloids of Asia.

In general, the Nivkh gene pool, in terms of autosomal
SNPs and Y-chromosome haplogroups, on the one hand,
occupies an intermediate position between the gene pools of
the Koryaks and Udege; on the other hand, it is less diverse
in composition and is distinguished by the presence of three
specific variants. The highest frequency of haplogroups
C2ala—B90 (xB93) among Siberian populations makes it a

unique object for studying the Paleolithic layers of the total
Far Eastern gene pool and reconstructing the earliest stages
of human settlement of Northeast Asia.

The overall median network of haplotypes of haplogroup
C2al is very branched, and consists of three clusters of hap-
lotypes that match the genotypes of terminal SNPs for these
sublineages (Fig. 5). This corresponds to an estimate of the
time of their separation. All three clusters demonstrate the
presence of common male ancestors, the descendants of which
are all analyzed Nivkh samples.

Thus, the populations that brought haplogroup C2al to
the territory of the Amur region and Kamchatka apparently
migrated north along the Pacific coast. The greatest haplotype
diversity of C2al in the Far East indicates a significantly
earlier appearance of this haplogroup in this territory, in com-
parison with Southern Siberia. The spread of this line during
the formation of the gene pool of the ancient population of
North Asia is apparently associated with the migrations of
Mongoloid tribes that formed the Central Asian, Baikal and
Arctic groups of anthropological types.

Two Nivkhs have haplogroup O2albla2a — F238 (see the
Table). It is represented among residents of China and one
person from Myanmar. The age of its common ancestor is
7,500 years (CI: 8,600—6,400). Three more Nivkhs belong
to the rare line Qlalal — M120, F746, Y34108, Y34449, to
which one Koryak, an Evenk from Yakutia and four Yukaghirs
belong.

Conclusion

The spread of C2al carriers undoubtedly occurred with the
assimilation of the more ancient local population. Thus,
the Nivkh gene pool is quite specific in the composition of
Y-chromosome and mtDNA haplogroups, but very similar in
autosomal markers. The results of the analysis of the samples
indicate a close genetic relationship of the Nivkhs with the
Koryaks, Chukchi, Udege and Evenks. The specificity of the
Y-chromosome sublines and YSTR haplotypes proves that the
Nivkhs had no contact with other ethnic groups for a long time
and lived in relative isolation for many centuries. The results
of microarray analysis also confirm this. Data on the Nivkh
gene pool complement the results of paleogenetic, linguistic,
anthropological and ethnological research areas. According
to ethnogenesis, the Nivkhs are Paleo-Asians. It was on their
genetic substrate that other Amur peoples were later formed,
which is in good agreement with the results of this study of
their gene pools.
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Polymorphic variants of the dopamine receptor gene
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Abstract. Problematic video games use, as a specific form of problematic Internet use, is widespread among adoles-
cents and can have negative effects on their mental and somatic well-being. An increasing incidence of addictive video
gaming, as well as the overuse of the Internet, among the young population makes the current study of susceptibility
factors, including the genetic component, relevant. There has been a number of investigations related to the involve-
ment of gene variants of the neurotransmitter system in the development of Internet addiction, with the results being
different for various ethnic groups. The dopamine type 2 receptor gene (DRD2) is one of the candidate genes for sus-
ceptibility to video game addiction. The aim of the work was to study polymorphic variants of the dopamine receptor
gene DRD2 (rs6277, rs1800497) in Russian adolescents with problematic use of computer video games. A sampling
of 407 adolescents aged 14.1+ 1.8 years was tested, of which 56 (13.8 %) were identified as having problems with the
pathological use of video games use based on the GASA scale results. Boys in the sample proved to be addicted to
video games more than girls (p = 0.041). As a result of comparing the allele frequency of DRD2 (rs6277), a tendency to
a higher frequency of the minor allele T was revealed in the group of adolescents with problematic video game use
compared with adolescents without problematic video game use (i.e. 0.563 and 0.466, respectively, p = 0.06). When
using the dominant inheritance model, it was revealed that adolescents with problematic use of video games were
statistically significantly more likely to carry the T (CT+TT) allele (p = 0.04, OR = 2.14, Cl = 1.01-4.53). The T allele DRD2
(rs6277) is associated with low expression of the dopamine receptor D2 and leads to decreasing the density and affinity
of extrastriatal dopamine type 2 receptors, which is associated with impaired social communication as well. We suggest
that the presence of CT and TT genotypes of rs6277 DRD2 may be a potential risk factor for developing problematic
video game use in adolescents.

Key words: gene polymorphism; dopamine; teenagers; problematic video game use; game addiction; Internet
addiction.
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AHHoTauus. [pobneMHoe 1cnonb3oBaHKie BUAEOUTP Kak crneuundurueckas ¢popma npobreMHoro ncrnonb3oaHus VH-
TepHeTa WMPOKO PacipoCTPaHEHO Cpefyn MOAPOCTKOB 1 MOXKET OKasblBaTb HeraTMBHbIN 3GGEKT Ha UX Ncuxmnyeckoe
1 comaTuyeckoe 6naronosyume. PoCT 3aBUCMOCTY OT MOJb30BaHWA BULEOUTPAMK, Kak 1 VIHTEpHETOM, cpeay Moso-
[Or0 HaceneHns AenaeT akTyasbHbIM U3ydeHne GaKTOPOB NMOABEPKEHHOCTY K HUM, B TOM YMC/IE FEHETUYECKON CO-
crasnsowen. CywectsyeT pag UCCNEAOBaHNIA, NOCBALLEHHbIX N3YUYEHUI0 BOBIEUEHHOCTM NONMMOPQHbIX BapuaHTOB
reHoB CUCTEMbI HEIPOMEMAaTOPOB B Pa3BUTME VIHTEPHET-3aBUCMMOCTY, pe3y/ibTaTbl KOTOPbIX Pa3NMyYaloTCA B PasHbIX
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Polymorphism of the DRD2 gene in adolescents
with problematic video game use

3THUYeCKNX rpynnax. leH peuentopa godpamuHa BToporo Tmna DRD2 ABnAeTCcA OAHMM 13 KaHANAATHbIX TeHOB NoABep-
YKEHHOCTU K MaTONIOMMUYeCcKo 3aBUCMOCTY OT UCMONb30BaHKA Bugeourp. Lienbio paboTsl 6b110 nccnefgoBaHue nonu-
MOPdHbIX BapUaHTOB reHa pelientopa godamviHa DRD2 (rs6277, rs1800497) y pyCCKMX NOAPOCTKOB C NPO6NEMHbIM UC-
Nnosib30BaHMEM KOMMbIOTEPHbIX Bugeourp. MpoTtecTrpoBaHa Bbibopka 13 407 nogpocTkos B Bo3pacTte 14.1+ 1.8 roaa,
y 56 (13.8 %) 13 KOTOPbIX HAa OCHOBaHWW PEe3yNbTaToOB OLEHKM LWKanbl GASA 6bi510 BbiABNEHO NpobnemHoe UCrnonb-
30BaHVe Bugeonrp. Manbuvkn B BbIOOpKe yalle 6blin 3aBUCUMMbI OT BUgeourp, yem aeBoukn (p = 0.041). B pesynb-
TaTe CpaBHEHUA YacToTbl annenet DRD2 rs6277 obHapyxeHa TeHAeHUUA K 6onbluei yacToTe MUHOPHOro annena T B
rpynmne NoApOCTKOB C NPOOGSIEMHbIM NCMONb30BaHNEM BULEOUTP MO CPABHEHMIO C MOAPOCTKaMU 6e3 NpobiemMHOro
ncnonb3oBaHua Buaeourp (0.563 n 0.466 cooTBeTCTBEHHO, p = 0.06). B fOMMHAHTHOM Moaenu HacneaoBaHUA y noa-
POCTKOB C NPOGIEMHbIM NCMONIb30BaHMEM BUAEOUTP CTaTUCTUYECKM 3HAUMMO Yalle BCTPeYanocb HOCUTENbCTBO af-
nena T (CT+TT) (p = 0.04, OR 2.14, Cl = 1.01-4.53). HocutenbctBo annena T DRD2 rs6277 accoummpoBaHO C HU3KOM
aKcnpeccuen godammHoBoro perentopa D2 n NpMBOANT K CHUMXEHWIO MAOTHOCTU 1 abPUHHOCTM SKCTPACTPUAPHbIX
[0paMUHOBBIX PeLienTOPOB BTOPOrO TUMA, YTO COMPAXEHO B TOM UKC/Ie C HapyLleHeM COLManbHON KOMMYHMKaLMN.
MbI nonaraem, 4to Hanuuyme reHoTUNoB CT N TT rs6277 reHa DRD2 moXeT BbICTyNaTb NOTeHUManbHbIM pakTOpoOM pUcka
pasBuTHA NPOBAEMHOrO NCMOMb30BaHKA BULEOUTP Y MOAPOCTKOB.

KnioueBble cnosa: nonnmopdrsm reHoB; AodamuH; MOLPOCTKY; NPO6IEMHOE NCMOMIb30BaHKE KOMMbIOTEPHbIX BUAEO-
Urp; NrpoBas 3aBMCUMOCTb; MHTEPHET-3aBUCMOCTb.

Introduction

Problematic video game use among adolescents is a pressing
challenge in modern society and is characterized by excessive
passion for video games, leading to negative consequences in
various areas of life: social, educational, somatic and psycho-
logical (Griffiths et al., 2012; Paulus et al., 2018; Mannikko
et al., 2020).

Since video games are currently associated with high In-
ternet use in the vast majority of cases, the problematic use
of video games is considered by most experts to be a specific
problematic use of the Internet, or Internet addiction. Several
synonymous terms can be found in the literature available,
essentially describing a single psychological construct: game
addiction (ICD-11), Internet gaming disorder (DSM-5), gam-
ing disorder, pathological video gaming, excessive video
game use, compulsive gaming, problematic digital gaming,
problematic online gaming, problematic video game use
(PVGU). These are the terms that are often used interchange-
ably in scientific publications, however, there may have some
semantic aspects depending on the context and the theoreti-
cal background of the study. The European Research Group
recommends using the term “Problematic Use of the Internet”
for generalized Internet addiction and its particular types, i.e.
“Problematic Social Media Use” and PVGU (Fineberg et
al., 2022). Only one of the many specific types of addictive
Internet behavior, namely PVGU, is currently considered to
be a mental disorder (Internet Gaming Disorder, DSM-5;
American Psychiatric Association, 2013; Gaming Disorder,
ICD-11, 2019).

As shown in a systematic review by S. Mihara and S. Higu-
chi (Mihara, Higuchi, 2017), the prevalence of PVGU varies
from 0.7 to 27.5 % and, like generalized Internet addiction,
is highly dependent on the questionnaires used and addiction
assessment criteria. As with generalized Internet addiction,
the prevalence of PVGU shows higher prevalence values in
Asian countries with predominantly Mongoloid population
compared to other regions (Sussman et al., 2018).

Very few studies have been devoted to finding the genetic
basis of Internet addiction as opposed to other types of ad-
dictions (e. g. substance abuse or gambling). For example,
the first twin study based on an examination of 825 children
aged 10—12 years in the Chinese population was conducted in

2014, with the authors being able to estimate the proportion of
total variability due to genetic effects, which varied from 58 to
66 % depending on gender (Li M. et al., 2014). Similar results
were obtained a little later in the study of Turkish (19-86 %)
(Deryakulu, Ursavas, 2014), Dutch (48 %) (Vink et al., 2016),
Australian (41 %) (Long et al., 2016) and German (2144 %)
(Hahn et al., 2017) twin cohorts. Although these data are
limited by the sample size and different ethno-geographic
conditions, there is likely to be a tendency towards a greater
contribution of genetic factors in males. Thus, the presence
of a genetic component in developing Internet addiction has
been convincingly demonstrated by twin studies using various
populations as an example, however, to date, specific genes
involved in the mechanisms of such heritability have not been
precisely identified.

Therefore, candidate genes are in active study, their poly-
morphic variants can disrupt the functioning of neurotransmit-
ter systems and cause mental and behavioral disorders. One of
them is the dopamine receptor gene DRD2 (Kim et al., 2022).
Dopamine is a hormone responsible for motivation, desire and
addiction, functionally associated with the “pleasure centers”.
Dopaminergic brain neurons form the nigrostriatal, mesolim-
bic, mesocortical, tuberoinfundibular pathways (Kolotilova et
al., 2014). The D2 receptor, classified as inhibitory, is present
in high concentrations in the striatum, olfactory tubercle,
amygdala, nucleus accumbens, hypothalamus, substantia
nigra and ventral tegmental area (Ford, 2014; Arnsten et al.,
2015). The human dopamine receptor gene DRD? is located
on chromosome 11 (q22-q23) and is polymorphic, with dif-
ferent genetic variants altering the availability and expression
of the dopamine D2 receptor gene, which affects receptor
sensitivity and density (Magistrelli et al., 2021). The rs6277
polymorphism in exon 7 of the DRD2 gene is a substitution of
the amino acid serine for cysteine (Ser311Cys). The homozy-
gous CC genotype of 16277 DRD?2 causes low sensitivity to
dopamine in the striatum (Hénninen et al., 2006). However,
outside the striatum (extrastriate area), this genotype has a
high affinity to dopamine D2 receptors (Liu et al., 2014; Smith
et al., 2017; Della Torre et al., 2018). The dopamine binding
potential by D2 receptors in the striatum is higher in carriers
of'the TT genotype of 156277 DRD2, while the opposite effect
is observed in the extrastriate area (Hanninen et al., 2006).
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A decrease in DRD2 density in the striatum and environmental
effect are known to result in the development of addictions,
including alcohol, drugs, computer games (Hill et al., 2008;
Bhaskar, Kumar, 2014; Gao et al., 2017; Anokhin et al., 2019;
Picci et al., 2022). However, according to the published data,
it is debatable which allele (C or T) of 1s6277 DRD? is asso-
ciated with addiction to psychoactive substances (Hill et al.,
2013). The T allele of rs6277 DRD2 is shown in some studies
to be associated with an increased tendency to pathological
addiction to video games (Kim et al., 2022).

However, it is worth noting that genetic factors represent
only one aspect of the tendency to addictive behavior, and the
influence of the environment and sociocultural factors also
play an essential role. Thus, it is known that a stressful envi-
ronment combined with the T allele of rs6277 DRD?2 causes a
decrease in the ability to control craving for computer games
(Kim et al., 2022). Individuals with the homozygous TT geno-
type of rs6277 DRD2 have been shown to respond better to
nicotine replacement therapy than carriers of the C allele (Hill
et al., 2008). The C allele variant of rs6277 DRD?2 causes a
hypodopaminergic state manifesting as a reduced ability to
suppress responses to reward-related stimuli (Machulska et
al., 2016; Richter et al., 2017; Ryt et al., 2024). Carriers of
the homozygous CC genotype of 156722 DRD2, who were
abused or experienced traumatic life events in childhood,
have been demonstrated to have a high degree of impulsivity
and more frequent alcohol consumption in adulthood (Klaus
et al., 2021). It is reported that the risk of developing such
addiction is higher in adult C allele carriers of rs6277 DRD2,
whereas in adolescents (11-13 years old), this allelic variant
may be protective against the development of dependence on
psychoactive substances, as well as predispose to a later onset
of alcohol consumption (Picci et al., 2022).

The rs1800497 polymorphism of the DRD2 gene causes
an amino acid substitution of glycine for lysine (Glu713Lys),
which leads to a specificity change of dopamine receptor
binding. According to some data, this polymorphism is called
DRD2/ANKK]I TaqlA because it is located within the protein
kinase PKK2 gene (Ankyrin Repeat and Kinase Domain Con-
taining 1 — ANKK1), a protein of the post-receptor intracel-
lular signal transmission system (Gafarov et al., 2019). The
rs1800497 DRD?2 polymorphism is also frequently studied
in the context of neuropsychiatric disorders and addictions
(Volkow et al., 1996; Pohjalainen et al., 1998). The A1 allele
(T) carriers were found to have a 30 % decrease in the density
of dopamine D2 receptors in the brain striatum, resulting in
poor attention and learning ability, an increase in anxiety, and
an association with “reward deficiency” and “novelty seek-
ing” syndrome (Klein et al., 2007; Kushnarev, 2022). The
presence of the minor T allele of rs1800497 was similarly
shown in the work (Pohjalainen et al., 1998) to be associated
with a reduced number of dopamine binding sites in the brain.
It has been suggested that there is an association between the
A1/Al (TT) and A1/A2 (TC) genotypes of rs1800497 of the
DRD? gene with “reward deficiency” syndrome (Klein et al.,
2007). “Reward deficiency” syndrome causes various mental
and behavioral disorders, i.e. nicotine and drug addiction,
gambling addiction, ADHD, autism spectrum disorders, eat-
ing disorders with compulsive overeating (Pohjalainen et al.,
1998). It was found that male carriers of the allelic T variant
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of rs1800497 are more likely to suffer from addiction to online
games (Paik et al., 2017). This allelic variant is also more
common in people addicted to playing video games to satisfy
their seeking of reward (Werling, Griinblatt, 2022). Thus,
people with a low number of dopamine D2 receptors tend to
search for extreme ways to enjoy life. Impaired sensitivity of
dopamine receptors causes a decrease in people’s ability to
draw the right conclusions from negative experiences, since
dopamine is involved in learning processes and provides the
opportunity to effectively learn from mistakes.

The aim of this study was to investigate polymorphic vari-
ants of the dopamine receptor gene DRD? (16277, 1s1800497)
in adolescents with problematic video game use for possible
associations between genetic variants and behavioral aspects
of gaming addiction to be identified.

Material and methods

In the present study, psychological and genetic testing of
407 adolescents aged 12—18 years was carried out. All ado-
lescents involved in the study were Russians (verified by both
mother and father nationality). Informed consent was obtained
from the adolescents or their parents (legal representatives),
followed by notification of the voluntary and confidential
nature of the study. The study participants were asked to fill
out a demographic data questionnaire (gender, age, nationality
of mother and father), and a translated version of the Game
Addiction Scale for Adolescents (GASA) questionnaire (Lem-
mens et al., 2009). The GASA questionnaire includes seven
questions concerning behavioral disorders in adolescents
caused by overuse of Internet games. Each question is as-
sessed on a S-point scale: “never” (0 points), “rarely” (1 point),
“sometimes” (2 points), “often” (3 points), “very often”
(4 points). According to the criteria proposed by the authors
of the questionnaire (Lemmens et al., 2009), having PVGU
was determined (if the teenager answered any four or more
of seven questions — “sometimes”, “often” or “very often”).

After completing the questionnaire, adolescents were
asked to provide saliva samples in special containers. Saliva
samples were collected using the “Saliva DNA Collection and
Preservation Devices” (Cat. No. RU 49080, Norgen Biotek
Corp., Canada). DNA was isolated from saliva samples using
the DIAtom DNA Prep kit (Isogene Lab, Russia). Genotyping
of polymorphic variants rs6277 and rs1800497 DRD?2 was
performed using TagMan technology with probes and prim-
ers (DNA Synthesis, Russia) and a reaction mixture (Syntol,
Russia) on a Rotor-Gene 6000 device (Qiagen, Germany). The
study was approved by the Ethics Committee of FRC KSC
SB RAS (Protocol No. 12 dated 12.18.2018).

Statistical analysis was performed using Statistica v.10
software (StatSoft Inc., USA). Differences in categorical data
were evaluated using Pearson’s y? test with Yates’s correction,
and the differences in quantitative data were evaluated with
Student’s #-test.

Results

Descriptive statistics of the main variables are presented in
Table 1. The mean age of the 407 tested adolescents was
14.1+1.8 years, the ratio of boys/girls = 174 (42.8 %)/233
(57.2 %). PVGU was detected in 56 adolescents (13.8 %)
based on the GASA scale assessment results (Table 1). Boys
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Table 1. Descriptive statistics of main variables

Polymorphism of the DRD2 gene in adolescents
with problematic video game use

Parameter Total Boys Girls p (boys—girls)
Age 12-14 241 95 (39.4 %) 146 (60.6 %) -
Age 15-18 166 79 (47.6 %) 87 (52.4 %) -
Total number 407 174 (42.8 %) 233 (57.2 %) -
GASA result (n = 407)
Gambling addiction scale 10.8+£6.8 122+6.7 9.8+6.9 0.0005
for adolescents (GASA), score t=35
Problematic Video Game Use (PVGU) 56 (13.8 %) 31(17.8 %) 25 (10.7 %) p=0.041
2=421,df =1

Note. Data are presented as n (%) and mean + standard deviation.

Table 2. Distribution of genotype and allele frequencies of rs6277 for the DRD2 gene in adolescents with and without PVGU

Genotypes and alleles Without PVGU With PVGU %2 p OR 95%Cl
of rs6277

n=351 n=>56
Genotype CC 0.291 (102) 0.161 (9) 4.26 0.12 0.47 0.22-0.99
Genotype CT 0.487 (171) 0.554 (31) 1.31 0.74-2.30
Genotype TT 0.222 (78) 0.285 (16) 1.40 0.74-2.30
Allele C 0.534 0.437 3.62 0.06 0.68 0.45-1.01
Allele T 0.466 0.563 1.47 0.99-2.20

Table 3. Distribution of genotype frequencies of rs1800497 for the DRD2 gene in adolescents with and without PVGU

Genotypes and alleles  Without PVGU With PVGU ha p OR 95 % Cl
of rs1800497

n=351 n=>56
Genotype CC 0.638 (224) 0.714 (40) 1.24 0.54 142 0.76-2.63
Genotype CT 0.342 (120) 0.268 (15) 0.70 0.37-1.32
Genotype TT 0.020 (7) 0.018 (1) 0.89 0.11-7.40
Allele C 0.809 0.848 0.98 0.32 1.32 0.76-2.28
Allele T 0.191 0.152 0.76 0.44-1.31

had significantly higher mean scores on the game addiction
scale than girls. In addition, more PVGU adolescents were
detected among boys compared to girls.

The genotype distribution frequency of the polymorphic
variants of the DRD2 gene (rs6277 and rs1800497) in the
adolescents studied corresponds to their distribution in Cauca-
sian populations (according to the website ensembl.org). The
distribution of genotype frequencies was consistent with the
Hardy—Weinberg equilibrium, both for PVGU cases and for
the group without PVGU. Thus, the allele frequencies of the
selected polymorphic variants in the study population were
balanced and, therefore, applicable to association studies.

The distribution of genotype and allele frequencies of the
rs6277 and rs1800497 polymorphisms of the DRD2 gene

depending on the PVGU presence and absence is given in
Tables 2 and 3, respectively. The genotype frequency dis-
tribution of polymorphic variants of rs6277 (DRD2) did not
differ significantly between the PVGU group and in the group
without PVGU (p = 0.12) (Table 2). At the same time, when
comparing the frequencies of alleles of DRD2 156277, a clear
trend towards a higher frequency of the minor T allele in the
group of adolescents with PVGU was found compared to the
group without PVYGU (p = 0.06). Analysis of polymorphic
variants of rs1800497 of the DRD2 gene showed no significant
differences in the frequencies of genotypes and alleles between
the groups with and without PVGU (Table 3).

Then, we analyzed the distribution of genotype frequen-
cies of the rs6277 polymorphism of the DRD2 gene using
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Table 4. Distribution of genotype frequencies of the rs6277 polymorphism of the DRD2 gene
in adolescents with and without PVGU
Genotypes Without PVGU With PVGU e p OR 95% Cl
n=351 n=>56
CcC 0.291 0.161 4.11 0.04 0.47 0.22-0.99
CT+TT 0.709 0.839 2.14 1.01-4.53

the dominant model of inheritance, where heterozygotes and
homozygotes for the minor allele of rs6277 of the DRD2 gene
(CT and TT, respectively) were combined (Table 4).

According to the obtained results, in the group of adoles-
cents with PVGU, carriage of the T allele (genotype CT+TT)
was statistically significantly more common compared to
adolescents without PVGU. Calculation of the odds ratio (OR)
demonstrated a significant association between carriage of the
T allele and the presence of PVGU in adolescents.

Discussion

The overall PVGU frequency in the studied sample of Rus-
sian adolescents was 13.8 %, which is not significantly dif-
ferent from our previously obtained data on the prevalence
of computer game addiction, resulting from a large-scale
epidemiological project (n = 4,514, PVGU prevalence —
10.4 %) (Tereshchenko et al., 2022). Boys in the sample of
the present study were more often addicted to video games
than girls (p = 0.041), which is consistent with the data of
the mentioned project and the results of other epidemiologi-
cal studies using the GASA questionnaire (Mihara, Higuchi,
2017; Tereshchenko et al., 2022). The genotypes and alleles
distribution in the studied sample is similar to their frequency
in the global population of European descent according to
the 1000 Genomes Project and HapMap databases (website:
ensemble.org), both for rs6277 and rs1800497. Thus, in
terms of the prevalence of the main variables, the population
studied is typical enough, and the findings can be successfully
extrapolated to other adolescent of European populations.

We have found that the CT and TT genotype carriers of the
1rs6277 polymorphism of the DRD?2 gene, that is, the T allele
carriers, according to the results obtained using the dominant
model of inheritance, exhibit signs of PVGU significantly
more often than adolescents with the CC genotype.

The T allele carriers of rs6277 of the DRD?2 gene are known
to have a lower density and affinity for dopamine D2 recep-
tors in all brain regions (including the prefrontal cortex),
excluding the striatum, compared to carriers of the C allele —
C/C > C/T > T/T (Hirvonen et al., 2009; Smith et al., 2017).
Low DRD2 density in extrastriatal brain region can lead to
certain psychophysiological consequences. In particular, the
functional effects of the availability of these receptors in
extrastriatal regions, including the cortex and thalamus, have
been considered in the study devoted to the role of extras-
triatal DRD2 (Takahashi et al., 2006). The review includes
postmortem examinations as well as in vivo studies in humans
and animals, considering the role of low functional activity of
extrastriatal DRD2 for schizophrenia (Takahashi et al., 2006).
Low availability of D2/3 receptors in extrastriatal regions in
adult males with socio-communicative deficits in autism has

been indicated by C. Murayama et al. to be associated with
reduced dopamine receptor density (Murayama et al., 2022).

The T allele carriers of rs6277 of the DRD2 gene were
shown to be less active in suppressing impulsive tendencies
to undesirable actions than the C allele carriers (Colzato et al.,
2010). In the study by O.H. Della Torre et al., it was found that
the T allele carriers of 156277 of the DRD?2 gene (6—18 years
old) were characterized by problems with impulse control,
self-control of emotions and volitional personality change
(Della Torre et al., 2018). As a theoretical model confirming
the genetic data, the authors of the study cite the opinion of
G.S. Dichter et al. that a decrease of the dopaminergic acti-
vity is associated with learning problems and a lack of self-
discipline (Dichter et al., 2012).

Our data on the association between the T allele carriage
of 156277 of the DRD?2 gene and PVGU in adolescents cor-
respond with the study results of E. Kim et al. directly relating
the PVGU severity and the T allele carriage in college students
(b =19.58, p = 0.04) using regression analysis (Kim et al.,
2022). Two other studies conducted on samples of adults
didn’t show such an association (Paik et al., 2017; Ryt et al.,
2024). The inconsistency of the results obtained can be ex-
plained by the differences in age, gender, ethnicity, and number
of sampling size of the aforementioned studies. In particular,
the influence of the genetic component on addictions may be
manifested differently in adolescents and adults. Adolescence
is characterized by different time trajectories in developing
the limbic system and prefrontal cortex (Casey et al., 2008).
Delayed development of the prefrontal cortex compared to the
limbic system during adolescence results in weakened cortical
inhibition on underlying subcortical structures and increased
impulsivity, which contributes to a high risk of developing
addictive behavior (He, Crews, 2007).

We believe that the association between the T allele carriage
ofrs6277 DRD2 and PVGU in adolescents and students, which
Kim et al. (Kim et al., 2022) and our research team have found,
provides the theoretical and empirical background. Carrying
the T allele of rs6277 leads to a decrease in the density and
affinity of extrastriatal dopamine D2 receptors (Hirvonen
et al., 2009; Smith et al., 2017) and a peculiar phenomenon
of “dopamine desensitization”, which is associated with a
reduced sensitivity to reward, increased impulsivity, lack of
self-discipline (Colzato et al., 2010; Della Torre et al., 2018;
Weinstein, Lejoyeux, 2020; Kim et al., 2022), as well as a
possible impairment of social communication (Takahashi et
al., 2006; Murayama et al., 2022).

Hyporeactivity of the orbitofrontal cortex and decreased
dopaminergic function in this brain region are associated with
hyposensitivity of the reward system, promoting transgressive
behavior, delinquency, and substance abuse (Matthys et al.,
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2013). Certain DRD?2 variants were suggested to possibly
contribute to the development of a hypodopaminergic state,
with partial availability of dopamine receptors determining
reduced sensitivity to reward (Alcaro et al., 2021). The lat-
ter may lead to the adolescent aiming to receive additional
stimulation of the dopaminergic system, which manifests as
addictive behavior including an active persistent reward com-
ponent, such as compulsive use of video games (Weinstein,
Lejoyeux, 2020; Kim et al., 2022) or gambling.

Increased impulsivity and impairment of social connection
turn out to be the most important predictors of the development
of generalized Internet addiction and its specific form —i.e.
PVGU. Impulsivity and self-control are associated with a
wide range of behavioral characteristics. Empirical studies
have shown that people with high self-control are better at
controlling their thoughts, regulating their emotions and sup-
pressing their impulses than individuals with low self-control
(de Ridder et al., 2012). Low self-control and high impulsivity
are closely related to delinquency, crime, antisocial behavior,
externalizing behavior, victimization and addictive disorders.
One of the psychiatric disorders most associated with Internet
addiction has been known to be Attention Deficient Hyperac-
tivity Disorder, characterized by high behavioral impulsivity
(Wang et al., 2017). A large number of psychological studies
have shown that Internet-addicted behavior is closely as-
sociated with low self-control/high impulsivity (Li W. et al.,
2016; Li S. et al., 2021; Yu et al., 2021). A meta-analysis of
40 neurophysiological studies of problematic Internet use have
shown that, regardless of content, Internet-addicted behavior
is characterized by significant impairment in inhibitory con-
trol, decision-making and working memory (loannidis et al.,
2019). A meta-analysis by M. Zhang et al. has demonstrated
a common pattern of structural brain changes in chemical
and behavioral addictions, i.e. changes in the prefrontal and
insular cortex, associated with increased impulsivity (Zhang
etal., 2021).

Arare T allele of the r1s1800497 DRD?2 polymorphism is also
associated with low expression of the dopamine D2 receptor
gene in the prefrontal cortex and has been found by S.-H. Paik
et al. to be more common among Korean men (1947 years
old) with Internet gaming addiction (Paik et al., 2017). This
variant is also more common in Korean young adults (high
school students and college students) with PVGU and high
reward dependence (Han et al., 2007). However, our study
results did not provide any statistically significant differences
between different genotypes and alleles of the rs1800497
polymorphism of the DRD?2 gene in groups with and without
signs of PVGU. The inconsistency in the analysis results may
be due to the ethnic and gender characteristics of the samples,
as well as the use of different psychometric tools to verify
PVGU. In particular, there are pronounced ethnic differences
in the genotype and allele frequencies of the rs1800497 DRD?2
polymorphism in representatives of Caucasian and Mongoloid
populations that may have a great impact.

Conclusion

The research results of polymorphic variants of the dopamine
receptor gene DRD?2 in adolescents with PVGU allow one to
conclude that genetic factors are important for developing this
behavioral disorder. The availability of CT and TT genotypes
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for the polymorphic locus rs6277 of the DRD2 gene may be a
potential risk prediction of developing PGVU in adolescents.
Further study of the genetic basis of behavioral disorders will
provide personalized approach to the prevention and treatment
of game addiction, taking into account the patient’s genetic
profile.

References

Alcaro A., Brennan A., Conversi D. The SEEKING drive and its fixa-
tion: a neuro-psycho-evolutionary approach to the pathology of
addiction. Front. Hum. Neurosci. 2021;15:635932. DOI 10.3389/
fnhum.2021.635932

Anokhin P.K., Veretinskaya A.G., Davidova T.V., Shamakina I.Yu.
Dopamine D2 agonists in the treatment of experimental alcoholism.
Patologicheskaya Fiziologiya i Eksperimental 'naya Terapiva = Pa-
thological Physiology and Experimental Therapy. 2019;63(1):33-
39. DOI 10.25557/0031-2991.2019.01.33-39 (in Russian)

Arnsten A .F.T., Wang M., Paspalas C.D. Dopamine’s actions in primate
prefrontal cortex: challenges for treating cognitive disorders. Phar-
macol. Rev. 2015;67(3):681-696. DOI 10.1124/pr.115.010512

Bhaskar L.V.K.S., Kumar S.A. Polymorphisms in genes encoding do-
pamine signalling pathway and risk of alcohol dependence: a sys-
tematic review. Acta Neuropsychiatrica. 2014;26(2):69-80. DOI
10.1017/neu.2013.27

Casey B.J., Jones R.M., Hare T.A. The adolescent brain. Ann. N.Y.
Acad. Sci. 2008;1124:111-126. DOI 10.1196/annals.1440.010

Colzato L.S., van den Wildenberg W.P.M., Van der Does A.J.W., Hom-
mel B. Genetic markers of striatal dopamine predict individual dif-
ferences in dysfunctional, but not functional impulsivity. Neuro-
science. 2010;170(3):782-788. DOI 10.1016/j.neuroscience.2010.
07.050

de Ridder D.T.D., Lensvelt-Mulders G., Finkenauer C., Stok F.M., Bau-
meister R.F. Taking stock of self-control: a meta-analysis of how
trait self-control relates to a wide range of behaviors. Pers. Soc. Psy-
chol. Rev. 2012;16(1):76-99. DOI 10.1177/1088868311418749

Della Torre O.H., Paes L.A., Henriques T.B., de Mello M.P., Cele-
ri E.H.R.V,, Dalgalarrondo P., Guerra-Jinior G., Santos-Jinior A.D.
Dopamine D2 receptor gene polymorphisms and externalizing be-
haviors in children and adolescents. BMC Med. Genet. 2018;19(1):
65. DOI 10.1186/512881-018-0586-9

Deryakulu D., Ursavas O.F. Genetic and environmental influences on
problematic Internet use: a twin study. Comput. Hum. Behav. 2014;
39:331-338. DOI 10.1016/j.chb.2014.07.038

Dichter G.S., Damiano C.A., Allen J.A. Reward circuitry dysfunction
in psychiatric and neurodevelopmental disorders and genetic syn-
dromes: animal models and clinical findings. J. Neurodev. Disord.
2012;4(1):19. DOI 10.1186/1866-1955-4-19

Fineberg N.A., Menchon J.M., Hall N., Dell’Osso B., Brand M., Po-
tenza M.N., Chamberlain S.R., Cirnigliaro G., Lochner C., Bil-
lieux J., ... Cataldo I., Riva G.M., Yiicel M., Flayelle M., Hall T.,
Griffiths M., Zohar J. Advances in problematic usage of the internet
research — a narrative review by experts from the European network
for problematic usage of the internet. Compr. Psychiatry. 2022;118:
152346. DOI 10.1016/j.comppsych.2022.152346

Ford C.P. The role of D2-autoreceptors in regulating dopamine neu-
ron activity and transmission. Neuroscience. 2014;282:13-22. DOI
10.1016/j.neuroscience.2014.01.025

Gafarov V.V,, Gromova E.A., Panov D.O., Maximov V.N., Gagulin L.V,
Gafarova A.V. Association of DRD2/ANKK1 Taq1A polymorphism
with depression in an open 45-64 year-old male population (inter-
national epidemiological HAPIEE and WHO MONICA programs).
Nevrologiya, Neiropsikhiatriya, Psikhosomatika = Neurology, Neu-
ropsychiatry, Psychosomatics. 2019;11(2):37-41. DOI 10.14412/
2074-2711-2019-2-37-41

Gao X., Wang Y., Lang M., Yuan L., Reece A.S., Wang W. Contribu-
tion of genetic polymorphisms and haplotypes in DRD2, BDNF, and

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 6



C.10. TepelyeHko, K.B. AboHnueBa
N.B. MapueHko, M.B. LLly6uHa, M.B. CmonbHuKoBa

opioid receptors to heroin dependence and endophenotypes among
the Han Chinese. OMICS. 2017;21(7):404-412. DOI 10.1089/omi.
2017.0057

Griffiths M.D., Kuss D.J., King D.L. Video game addiction: past,
present and future. Curr. Psychiatry Rev. 2012;8(4):308-318. DOI
10.2174/157340012803520414

Hahn E., Reuter M., Spinath F.M., Montag C. Internet addiction and
its facets: the role of genetics and the relation to self-directedness.
Addict. Behav. 2017;65:137-146. DOI 10.1016/j.addbeh.2016.10.018

Han D.H., Lee Y.S., Yang K.C., Kim E.Y., Lyoo .K., Renshaw P.F. Do-
pamine genes and reward dependence in adolescents with excessive
internet video game play. J. Addict. Med. 2007;1(3):133-138. DOI
10.1097/ADM.0b013e31811f465f

Héanninen K., Katila H., Kampman O., Anttila S., I1li A., Rontu R., Mat-
tila K.M., Hietala J., Hurme M., Leinonen E., Lehtiméki T. Associa-
tion between the C957T polymorphism of the dopamine D2 receptor
gene and schizophrenia. Neurosci. Lett. 2006;407(3):195-198. DOI
10.1016/j.neulet.2006.08.041

HeJ., Crews F.T. Neurogenesis decreases during brain maturation from
adolescence to adulthood. Pharmacol. Biochem. Behav. 2007;86(2):
327-333. DOI 10.1016/j.pbb.2006.11.003

Hill S.Y., Hoffman E.K., Zezza N., Thalamuthu A., Weeks D.E., Mat-
thews A.G., Mukhopadhyay 1. Dopaminergic mutations: within-fa-
mily association and linkage in multiplex alcohol dependence fami-
lies. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2008;147B(4):
517-526. DOI 10.1002/ajmg.b.30630

Hill S.Y., Lichenstein S., Wang S., Carter H., McDermott M. Cau-
date volume in offspring at ultra high risk for alcohol dependence:
COMT Vall58Met, DRD2, externalizing disorders, and working
memory. Adv. J. Mol. Imaging. 2013;3(4):43-54. DOI 10.4236/ami.
2013.34007

Hirvonen M.M., Lumme V., Hirvonen J., Pesonen U., Nagren K., Vahl-
berg T., Scheinin H., Hietala J. C957T polymorphism of the human
dopamine D2 receptor gene predicts extrastriatal dopamine receptor
availability in vivo. Prog. Neuropsychopharmacol. Biol. Psychiatry.
2009;33(4):630-636. DOI 10.1016/j.pnpbp.2009.02.021

loannidis K., Hook R., Goudriaan A.E., Vlies S., Fineberg N.A.,
Grant J.E., Chamberlain S.R. Cognitive deficits in problematic inter-
net use: meta-analysis of 40 studies. Br. J. Psychiatry. 2019;215(5):
639-646. DOI 10.1192/bjp.2019.3

Kim E., Lee D., Do K., Kim J. Interaction effects of DRD2 genetic
polymorphism and interpersonal stress on problematic gaming in
college students. Genes (Basel). 2022;13(3):449. DOI 10.3390/
genes13030449

Klaus K., Vaht M., Pennington K., Harro J. Interactive effects of DRD2
156277 polymorphism, environment and sex on impulsivity in a po-
pulation-representative study. Behav. Brain Res. 2021;403:113131.
DOI 10.1016/1.bbr.2021.113131

Klein T.A., Neumann J., Reuter M., Hennig J., von Cramon D.Y., Ull-
sperger M. Genetically determined differences in learning from er-
rors. Science. 2007;318(5856):1642-1645. DOI 10.1126/science.
1145044

Kolotilova O.I., Koreniuk LI., Khusainov D.R., Cheretaev 1.V. Dopa-
minergic brain system. Vestnik Bryanskogo Gosudarstvennogo Uni-
versiteta = The Bryansk State University Herald. 2014;4:97-106 (in
Russian)

Kushnarev A.P. The study of polymorphism of the dopamine receptor
type 4 (DRD4) and dopamine transporter (DAT) genes in individuals
with antisocial behavior and representatives of extreme professions.
Meditsina. Sotsiologiya. Filosofiva. Prikladnyye Issledovaniya =
Medicine. Sociology. Philosophy. Applied Research. 2022;3:40-47
(in Russian)

Lemmens J.S., Valkenburg P.M., Peter J. Development and valida-
tion of a game addiction scale for adolescents. Media Psychology.
2009;12(1):77-95. DOI 10.1080/15213260802669458

LiM., ChenJ., LiN,, Li X. A twin study of problematic internet use: its
heritability and genetic association with effortful control. Twin Res.
Hum. Genet. 2014;17(4):279-287. DOI 10.1017/thg.2014.32

2024
286

Monnmopdnsm rena DRD2 y nogpocTKoB
C NPO6EMHbIM 1CMOMIb30BaHNEM BULEOUTD

Li S., Ren P., Chiu M.M., Wang C., Lei H. The relationship between
self-control and internet addiction among students: a meta-ana-
lysis. Front. Psychol. 2021;12:735755. DOI 10.3389/fpsyg.2021.
735755

Li W.,, Zhang W., Xiao L., Nie J. The association of Internet addic-
tion symptoms with impulsiveness, loneliness, novelty seeking and
behavioral inhibition system among adults with attention-deficit/
hyperactivity disorder (ADHD). Psychiatry Res. 2016;243:357-364.
DOI 10.1016/j.psychres.2016.02.020

Liu L., Fan D, Ding N., Hu Y., Cai G., Wang L., Xin L., Xia Q., Li X.,
Xu S., Xu J., Yang X., Zou Y., Pan F. The relationship between
DRD2 gene polymorphisms (C957T and C939T) and schizophre-
nia: a meta-analysis. Neurosci. Lett. 2014;583:43-48. DOI 10.1016/
j-neulet.2014.09.024

Long E.C., Verhulst B., Neale M.C., Lind P.A., Hickie [.B., Martin N.G.,
Gillespie N.A. The genetic and environmental contributions to Inter-
net use and associations with psychopathology: a twin study. Twin
Res. Hum. Genet. 2016;19(1):1-9. DOI 10.1017/thg.2015.91

Machulska A., Zlomuzica A., Rinck M., Assion H.-J., Margraf J.
Approach bias modification in inpatient psychiatric smokers.
J. Psychiatric Res. 2016;76:44-51. DOI 10.1016/j.jpsychires.
2015.11.015

Magistrelli L., Ferrari M., Furgiuele A., Milner A.V., Contaldi E.,
Comi C., Cosentino M., Marino F. Polymorphisms of dopamine re-
ceptor genes and Parkinson’s disease: clinical relevance and future
perspectives. Int. J. Mol. Sci. 2021;22(7):3781. DOI 10.3390/ijms
22073781

Minnikkd N., Ruotsalainen H., Miettunen J., Pontes H.M., Kéaridi-
nen M. Problematic gaming behaviour and health-related outcomes:
a systematic review and meta-analysis. J. Health. Psychol. 2020;
25(1):67-81. DOI 10.1177/1359105317740414

Matthys W., Vanderschuren L.J.M.J., Schutter D.J.L.G. The neurobio-
logy of oppositional defiant disorder and conduct disorder: altered
functioning in three mental domains. Dev. Psychopathol. 2013,
25(1):193-207. DOI 10.1017/S0954579412000272

Mihara S., Higuchi S. Cross-sectional and longitudinal epidemiological
studies of Internet gaming disorder: a systematic review of the litera-
ture. Psychiatry Clin. Neurosci. 2017;71(7):425-444. DOI 10.1111/
pen.12532

Murayama C., Iwabuchi T., Kato Y., Yokokura M., Harada T., Goto T.,
Tamayama T., Kameno Y., Wakuda T., Kuwabara H., Senju A.,
Nishizawa S., Ouchi Y., Yamasue H. Extrastriatal dopamine D2/3
receptor binding, functional connectivity, and autism socio-commu-
nicational deficits: a PET and fMRI study. Mol. Psychiatry. 2022,
27(4):2106-2113. DOI 10.1038/s41380-022-01464-3

Paik S.-H., Choi M.R., Kwak S.M., Bang S.H., Chun J.-W., Kim J.-Y.,
Choi J., Cho H., Jeong J.-E., Kim D.-J. An association study of
TaqlA ANKKI and C957T and —141C DRD2 polymorphisms in
adults with internet gaming disorder: a pilot study. Ann. Gen. Psy-
chiatry. 2017;16:45. DOI 10.1186/s12991-017-0168-9

Paulus F.W., Ohmann S., von Gontard A., Popow C. Internet gaming
disorder in children and adolescents: a systematic review. Dev. Med.
Child Neurol. 2018;60(7):645-659. DOI 10.1111/dmen. 13754

Picci G., Fishbein D.H., VanMeter J.W., Rose E.J. Effects of OPRM1
and DRD2 on brain structure in drug-naive adolescents: genetic
and neural vulnerabilities to substance use. Psychopharmacology
(Berl.). 2022;239(1):141-152. DOI 10.1007/500213-021-06030-3

Pohjalainen T., Rinne J.O., Nagren K., Lehikoinen P., Anttila K.,
Syvilahti E.K., Hietala J. The Al allele of the human D2 dopamine
receptor gene predicts low D2 receptor availability in healthy vo-
lunteers. Mol. Psychiatry. 1998;3(3):256-260. DOI 10.1038/sj.mp.
4000350

Richter A., Barman A., Wiistenberg T., Soch J., Schanze D., Deibele A.,
Behnisch G., Assmann A., Klein M., Zenker M., Seidenbecher C.,
Schott B.H. Behavioral and neural manifestations of reward me-
mory in carriers of low-expressing versus high-expressing genetic
variants of the dopamine D2 receptor. Front. Psychol. 2017;8:654.
DOI 10.3389/fpsyg.2017.00654

MEOAUUMNHCKAA TEHETUKA / MEDICAL GENETICS 673



S.Yu. Tereshchenko, K.V. Afonicheva
1.V. Marchenko, M.V. Shubina, M.V. Smolnikova

Ryt A., Tomska N., Jakubowska A., Ogrodniczak A., Palma J., Rotter .
Genetic aspects of problematic and risky Internet use in young men —
analysis of ANKKI1, DRD2 and NTRK3 gene polymorphism.
Genes (Basel). 2024;15(2):169. DOI 10.3390/genes15020169

Smith C.T., Dang L.C., Buckholtz J.W., Tetreault A.M., Cowan R.L.,
Kessler R.M., Zald D.H. The impact of common dopamine D2 re-
ceptor gene polymorphisms on D2/3 receptor availability: C957T
as a key determinant in putamen and ventral striatum. Transl. Psy-
chiatry. 2017;7(4):¢1091-e1091. DOI 10.1038/tp.2017.45

Sussman C.J., Harper J.M., Stahl J.L., Weigle P. Internet and video
game addictions: diagnosis, epidemiology, and neurobiology.
Child Adolesc. Psychiatr. Clin. N. Am. 2018;27(2):307-326. DOI
10.1016/ j.chc.2017.11.015

Takahashi H., Higuchi M., Suhara T. The role of extrastriatal dopamine
D2 receptors in schizophrenia. Biol. Psychiatry. 2006;59(10):919-
928. DOI 10.1016/j.biopsych.2006.01.022

Tereshchenko S., Kasparov E., Semenova N., Shubina M., Gorbache-
va N., Novitckii I., Moskalenko O., Lapteva L. Generalized and
specific problematic internet use in Central Siberia adolescents:
a school-based study of prevalence, age-sex depending content
structure, and comorbidity with psychosocial problems. Int. J. En-
viron. Res. Public Health. 2022;19(13):7593. DOI 10.3390/ijerph
19137593

Vink J.M., van Beijsterveldt T.C.E.M., Huppertz C., Bartels M.,
Boomsma D.I. Heritability of compulsive Internet use in adoles-
cents. Addict. Biol. 2016;21(2):460-468. DOI 10.1111/adb.12218

Polymorphism of the DRD2 gene in adolescents
with problematic video game use

Volkow N.D., Wang G.J., Fowler J.S., Logan J., Hitzemann R.,
Ding Y.S., Pappas N., Shea C., Piscani K. Decreases in dopamine
receptors but not in dopamine transporters in alcoholics. Alco-
hol Clin. Exp. Res. 1996;20(9):1594-1598. DOI 10.1111/j.1530-
0277.1996.tb05936.x

Wang B.-Q., Yao N.-Q., Zhou X., Liu J., Lv Z.-T. The association
between attention deficit/hyperactivity disorder and internet ad-
diction: a systematic review and meta-analysis. BMC Psychiatry.
2017; 17(1):260. DOI 10.1186/s12888-017-1408-x

Weinstein A., Lejoyeux M. Neurobiological mechanisms underlying
internet gaming disorder. Dialogues Clin. Neurosci. 2020;22(2):
113-126. DOI 10.31887/DCNS.2020.22.2/aweinstein

Werling A.M., Griinblatt E. A review of the genetic basis of prob-
lematic Internet use. Curr: Opin. Behav. Sci. 2022;46:101149. DOI
10.1016/j.cobeha.2022.101149

YuY., Mo P.K.-H., ZhangJ., LiJ., Lau J.T.-F. Impulsivity, self-control,
interpersonal influences, and maladaptive cognitions as factors of
internet gaming disorder among adolescents in China: cross-sec-
tional mediation study. J. Med. Internet. Res. 2021;23(10):e26810.
DOI 10.2196/26810

Zhang M., Gao X., Yang Z., Wen M., Huang H., Zheng R., Wang W.,
Wei Y., Cheng J., Han S., Zhang Y. Shared gray matter alterations
in subtypes of addiction: a voxel-wise meta-analysis. Psychophar-
macology (Berl.). 2021;238(9):2365-2379. DOI 10.1007/s00213-
021-05920-w

Conflict of interest. The authors declare no conflict of interest.
Received April 6, 2024. Revised June 30, 2024. Accepted July 15, 2024.

674 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 6



Mprem cTaten yepes 3neKTPOHHYIO pefakuumio Ha canTe http://vavilov.elpub.ru/index.php/jour
MpenBapuUTenbHO HYXKHO 3aPErMCTPUPOBATLCA Kak aBTOPY, 3aTEM B MPABOM BEPXHEM Yy CTPAHULbI
Bbl6paTh «OTNPaBnTb PyKONUCb». Moc/e 3aBepLIeHUS 3arpy3Kun MaTepUanos 06s3aTesibHO BbIGpaTb
onuuio «OTNPaBUTb NCbMO», B STOM CJlyyae peAakLms aBTOMAaTMUecky byaet yBeaomsieHa

0 MoJTyYEeHNN HOBOW PYKOMMUCK.

«BaBWIOBCKMI XypHas reHeTUkn 1 cenekumm»/“Vavilov Journal of Genetics and Breeding”
L0 2011 r. BbIXOAMA Nog Ha3BaHMeM «/IHGOPMaLMOHHBIN BECTHUK BOTMC»/
“The Herald of Vavilov Society for Geneticists and Breeding Scientists”.

CeteBoe n3aaHue «BaBUNOBCKMIA XKypHas reHeTUKN 1 cenekuum» — peectposas 3anucb CMU
3n Ne ®C77-85772, 3apernctpupoBaHo OepaepanbHON ciny601 no Haa3opy B chepe cBA3N,
NHOOPMALIMOHHbIX TEXHOMOT NI 1 MAaCCOBbIX KOMMYHMKaumin 14 aBrycTa 2023 1.

M3paHue BknioueHo BAK MuHo6pHaykm Poccuu B MepeyeHb peLieH3upyemMbix HayUHbIX N3AaHNI,

B KOTOPbIX JOSIHbI 6bITb 0Ny6AMKOBaHbl OCHOBHbIE pe3ynbTaTbl AUCCepTaLMi Ha COMCKaHNe YYeHoN
CTeneHn KaHAuaaTa Hayk, Ha CoMCKaHue yYeHol CTeneHn AoKTopa HaykK, Russian Science Citation Index
Ha nnatdopme Web of Science, Poccuickunin nHaekc HayuyHoro umtrposaHus, BUHUTI, Web of Science CC,
Scopus, PubMed Central, DOAJ, ROAD, Ulrich’s Periodicals Directory, Google Scholar.

OTKpPbITbIN JOCTYN K MOSIHBIM TEKCTaM:
pycckoAasblyHasA BepcuA — Ha canTe https://vavilovj-icg.ru/
1 nnatdopme HayuHo anekTpoHHoI 6ubnuoTtekuy, elibrary.ru/title_about.asp?id=32440

aHrNos3blYHas Bepcus — Ha caite vavilov.elpub.ru/index.php/jour
n nnatdopme PubMed Central, https://www.ncbi.nlm.nih.gov/pmc/journals/3805/

I'Ipm nepeneyaTtke MmatepunasioB CCblJika obnA3aTenbHa.

X email: vavilov_journal@bionet.nsc.ru

V3patenb: ®epeparnbHoe rocyfapcTBEHHOE OIOfXKETHOE HayUHOe yupexaeHne

«DepepanbHbI NCCNE[OBATENbCKUIA LIEHTP VIHCTUTYT LIUTONOrN U FreHETUKN

Cnbrpckoro otaeneHnsa Poccninckon akaieMuy Hayk,

npocneKkT Akagemuka JlaBpeHTtbeBa, 10, HoBocnbupck, 630090.

Appec pegakuuu: npocnekT Akagemuka JlaBpeHTtbeBa, 10, HoBocnbupck, 630090.

CeKpeTapb Mo opraHu3auroHHbIM Bonpocam C.B. 3y6oB.a. Ten.: (383)3634977.

M3aaHmne noarotoBneHo nHGpopmaLmoHHo-n3aatenbckum otgenom ULl CO PAH. Ten.: (383)3634963*5218.
HauanbHuk otaena: T.O. Yankosa. Pegaktopsi: B.[l. AxmeToBa, W.10. AHydpuesa. [lusaiiH: A.B. Xapkesuu.
KomnblotepHas rpaduka n Bepctka: T.6. KoHaxuHa, O.H. CaBBaTeeBa.



