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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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A.V.Smirnov, A.S. Ryzhkova
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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 N., Yu, 2012).
A study using a genetic reporter showed that cohesin knock-
down 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 X. et al., 2009; Chang et al.,
2020). Defects in condensin assembly lead to chromosomal
aberrations and sister chromatid interlinks in mitotic chromatin
(Wu N., Yu, 2012; Baergen et al., 2019). Evidence suggests
that yeast condensin cooperates with topoisomerase-II to dis-
solve 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 N.,
Yu, 2012). So far, we have not found any significant stimula-
tory 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 BUAOB HaCEKOMbIX U LIECTN BUAOB MO3BOHOYHBIX XMBOTHbIX. B JaHHOM 0630pe paccmMaTpumBaloTCA CTPYKTypa
MeTanoNLEHTPOMEP N BO3MOXHblE MeXaHM3Mbl UX BO3HWKHOBEHMA 1 3Bonoumun. MeTanonuuyeHTpoMepbl MoryT
pasnnuaTbCA MO KONNYECTBY LI@HTPOMEPHbIX JOMEHOB, nocnefosatenbHocTam [IHK 1 snurenetnueckum mogndu-
Kaumam. OfHaKo 3TV pasnnymns, BEPOATHO, He BNUAIOT Ha X GyHKLMI0. MoABNEHNe MeTanonmueHTpoMep 06 bACHAT
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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chromatin
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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

594

Structure and evolution
of metapolycentromeres

(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
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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 J.,
Jackson, 2006). They might result from unequal crossing over,
gene conversion, duplicate transposition, satellite transposi-
tion, and illegitimate recombination (Copenhaver et al., 1999;
Ma J., 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 B. et al., 2023). It was suggested that holocen-
tromeres 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 anti-
bodies, 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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HoBpbiln

reH onyuleHus aucra Hl1™, yHTporpeccupoBaHHbII

B MSITKVIO ITIIeHUIy oT Thinopyrum ponticum,
1 ero GeHOTUNNYEeCKoe ITPOosSIBJIeH e
IIPY TOMEOJIOTUYHBIX XPOMOCOMHBIX 3aMelleHUSIX
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AHHoTauuA. Ha ocHoBe copTa ApoBoi MsArko nwexuubl CapatoBckas 29 (C29) 6biin co3gaHbl roniy6o3epHble NMHUN
C29_4Th(4B) n C29_4Th(4D) ¢ cooTBeTCTBYOLMM 3ameLleHnem xpomocom 4B n 4D xpomocomoin 4Th oT nbipes Buga
Thinopyrum ponticum. Y 3TUX NIVHWIA ONyLLEHNe NNCTa OTIMYAETCA OT pPeLnnueHTa 1 pasnmnyaeTca Mexay cobon, B cBA3N
C YyemM HaMu NPOBeAEHO nccnepaoBaHne 3ddekTa 3amelleHniA Ha NPoABNEHNE AAaHHOTO NpU3HaKa. [na KonmyecTBeHHOW
OLeHKY onyLlleHna 6bina npumeHeHa nporpamma LHDetect2, onpegensiowasn AnuHy 1 YACo TPUXOM Ha MruKpodoTorpa-
duax. OnyweHve nucta y copta C29 onpefenserca rnaBHbiM reHom HIT B xpomocome 4B 1 elle 0gHUM reHOM CO Cabbim
3¢$PeKTOM C HEM3BECTHOWN XPOMOCOMHOI floKanm3aumnen. Vix B3anmogenctame npuBoamnT K GopmrpoBaHnio TPUXOM An-
Holi Ao 300 MKM. 3amelLeHMe Napbl XpomocoMm 4B Ha napy xpomocom 4Th nbipea MoanduLmMpyeT onyLleHre N1CTa y TMHUN
C29_4Th(4B). XapakTepHoe gna copta C29 onyweHune nucta y nuHumn C29_4Th(4B) ctaHoBUTCA pexe, Mpy STOM 06pa3ytoTcs
TPUXOMbI ANMHON A0 600-700 MKM. 3amelieHue reHa HIT na HI Tt y nnHum C29_4Th(4B) Tak>ke NoaTBep)KAaeTcA ansienbHbIM
COCTOSHMEM CLIEMSIEHHOTO € reHoM HIT MUKpocaTenanTHOro Mapkepa Xgwm538. Hamu 6bina onucaHa Mmogudurkauuma ony-
WeHnA y 3ameleHHon nuHmum C29_4Th(4D), roe npom3oLwsio 3aMelleHne napbl XpoMocom 4D, He cofiepKallel reHa ony-
WeHuA. JKCpeccmpyiolmecs COBMeCTHO rembl HIT u HIT! y annnun C29_4Th(4D) B xpomocomax 4B 1 4Th cooTBETCTBEHHO
dopmupytoT TpMXOMbI AnHOM 6onee 400 MKM. OfHaKO B TaKOM FreHOTUME CHIXKAeTCA CPeAHAA A/IHA TPUXOM B CPaBHEHUN
C peuyunnreHTom. Takum obpasom, B pesynbraTe NPOBeAEHHbIX NCCNef0BaHNI MAEHTUOULMPOBAH HOBbLIN FreH onyLleHns
JINCTa, UHTPOrPeCccMpoBaHHbIil 13 Brga Th. ponticum B MArKYIO MLEHILY, KOTOPbIV Mbl 0603Haunnm kak HI1™. ina segeHuns
oT6opa Mbl NpeAnaraem UCMoJb30BaTh HaXOAALMECA B OTKPLITOM JOCTYNe NHPOPMATUBHbIE MUKPOCATENUTHbIE MapKe-
pbl Xgwm538 n Xgwm 165, no3sondtoLime pasnmyatb Xpomocombl 4A, 4B, 4D n 4Th.

KnioueBble cnoBa: TPUXOMbI; LMPPOBbIE XapaKTEPUCTUKM ONyLUEHNs; GeHOTUMNNYECKMEe MapKepbl; MAKPOCaTeIUTHbIe
MapKepbl; B3aMMOJeCTBUE FreHOB.
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A new leaf pubescence gene, HI1?" | introgressed into bread wheat
from Thinopyrum ponticum and its phenotypic manifestation
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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
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lMposBneHne HOBOTO reHa onyLeHus nnucra HiTth
oT Th. ponticum y 3ameLLeHHbIX MMHUI MATKOW MLUEeHWLbI

microphotographs. The key gene HI7 on chromosome 4B and another unidentified gene with a weak effect determine
the leaf pubescence of the recipient 529. 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 S29 becomes more sparse, and trichomes
of up to 600-700 pum 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 um 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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BBepeHune

Otnanennasi rHOpUAN3AIHS IMPOKO TPUMEHSETCS B CEJICK-
IMOHHBIX TpOrpamMMax JJisl Mepeaadn B MSTKYIO IIICHHILY
(Triticum aestivum, AABBDD, 2n = 6x = 42) HOBBIX IO-
JIE3HBIX KayecTB. [t 9TOro MCTIONB3YIOTCS KaK OJIM3KOpO/I-
CTBEHHbIEC BUJIbI U3 pona Iriticum L. cO CXOKMMM I€HOMa-
MH, Takue Kak Aegilops, Tak 1 BUIBI U3 JIPYyTHX POIOB Ce-
MmeiictBa Poaceae. [lekarionanslii Buj neipes Thinopyrum
ponticum (Podp.) Barkworth & D.R. Dewey (2n = 10x = 70,
StStStStEeEeEbEbEXEx cun. Agropyron elongatum Host.,
Elytrigia pontica (Podp.) Holub) nmpuHaaiexuT K TpeTHIHOMY
reHO(OH1y POACTBEHHUKOB IMIICHUIIBI U C ceperHbl XX B.
CIJTy’KMT UCTOYHUKOM IT10JI€3HBIX TCHOB B CEJICKIINH ITIIICHHUIIBI
(Kpymus u 1ip., 2019). Mimest BBICOKY10 yCTOWYHBOCTH K OHO-
THYECKUM U a0MOTHYCCKUM (akTopam ctpecca, Th. ponticum
CTaJ TOHOPOM 3P (HEKTHBHBIX TEHOB YCTOHIMBOCTH K pa3iind-
HBIM 3200JICBaHUSIM IIIEHHUIIBI — KOPHEBOW I'HUIIN, JINCTOBOM
1 cTe0IeBOM pKaBIMHAM, TIOIOCATOH pXKABIMHE, MyUYHHCTON
poce (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).

B Nucturyte nutonorun u reuetuku CO PAH Ha nports-
skeHuH 30 JIeT TTOTONMHSETCS] KOJUIEKIUS 3aMEIICHHBIX, H30-
TCHHBIX M aJUIOIUIa3MaTHYECKNX JIMHUEM MSATKOH IIISHUIIBI
Ha ocHOBe ApoBoro copra Caparosckas 29 (C29) u apyrux
coproB. OHH HECYT JIHOO OTACTBHBIE XPOMOCOMBI, JTHOO OTpe-
JICTICHHBIC TIEPECTPONKN B MIICHUYHBIX XpPOMOCOMaXx, JINO0
LUTOILIA3MY POACTBEHHBIX BHJIOB, TPUOOPETEHHBIX ITOCPEI-
CTBOM OTHAJICHHOW rudpuansanuyu. MHOTHE W3 TaKUX WH-
Tporpeccuil ObUTH NACHTH(UIIMPOBAHBI C HCIIOJIB30BAaHHEM
LUTOJOTUYECKUX MM MOJIEKYJISIpHBIX MeTonoB (Leonova et
al., 2008; Adonina et al., 2021; Shchukina et al., 2022; ITep-
myHa u 1p., 2023). [lapa xpomocom 4Th Buna Th. ponticum
6pL1a epeHeceHa B reHoM copta C29 oT 03MMOM MIITEHUIIBI
copra Meropa, co3nanHoii B borrapuu (Gordeeva et al., 2019).
B pesynbrare Obuia mosydeHa 3amMeleHHast JMHUSE ¢ TOITy00it
AHTOI[MAHOBOM OKpACcKOU 3epHa. YCTaHOBIIEHO, YTO I'€H IOy~
0oit okpacku aneiiporoBoro ciosi Ba (Blue aleurone) pacrio-
noxeH B xpoMmocome 4Th meipest Th. ponticum (Zeven, 1991).

C nomorneto ananuza GISH (genome in situ hybridization)
OBUIO MOKA3aHO, YTO IEHTPOMEPHBIEC U MEPUIICHTPOMEPHBIE
obnactu xpomocomsl 4Th npoucxonst u3 xpomocoms! E-re-
HOMa, JTUCTaJIbHbIE 00JIACTH JIBYX €r0 IUIeY — U3 XPOMOCOMBI

St-reroma (Zheng et al., 2006). ITociie otdOopa THOPUIHBIX
pactennii B mokonenusx BC;F,_; mo pe3ymnbraram IUTOIO0TH-
YEeCKOTO M MOJIEKYJISIPHOTO aHalIN3a He ObIII0 HaliIeHO PEKOM-
OMHAIMI MEX/y MIICHUYHBIMH XPOMOCOMaMH U XPOMOCO-
MOM IBIpes |, CIEJ0BATENIbHO, TPOU30IILIO MOJIHOE 3aMellie-
HHe rapsl xpomocoM 4B nim 4D nmapoii xpomocom 4Th (Gor-
deeva et al., 2022). [Tomumo rosy0oii oKpacku 3epHa, y 3a-
memeHHBIX THHAH C29 4Th(4B) u C29 4Th(4D) BusyansHO
W TaKTHJIBHO OBIIM OOHAPY)KEHBI KOHTPACTHBIC M3MEHEHUS
OITYIICHUS JINCTOBBIX IUIACTUHOK B CPABHEHUH C PELIUITHEHTOM
(Gordeeva et al., 2022).

W3BecTHO, YTO OMYyIICHHE JINCTA SIBISCTCS aAaNTHBHBIM
npusHakoM (Kaur, Kariyat, 2020). Onymienue y prica Biusi-
€T Ha TPAHCIMPALUIO U 3aCyXOyCTOWIMBOCTb, TEM CaMbIM
noBeIas ypoxaiHocts (Hamaoka et al., 2017). Harrpumep,
MOKa3aHO MOJIOKUTENBHOE BIMSHUE JaHHOTO TpPHU3HAKa Ha
YpOXaHOCTb PACTEHUH MIIIEHUIIBI B yCIIOBHSAX 3acyxH (Pshe-
nichnikova et al., 2019; Ocunosa u ap., 2020). Onymenne
JIMCTHEB 3JIAKOB XapaKTePHU3yeTCsl BIPOCTAMH dIHIepMalib-
HBIX KJIETOK — TPUXOMaMH HECEKPETHPYIOLIETO TUIIA, THHA
Y TUIOTHOCTb PACHPE/ICNICHNs] KOTOPBIX CHIIBHO BapbHPYeET y
HocuTesel pasubix reHomoB (Pshenichnikova et al., 2017).
Tax, HanpuMep, A1 COPTOB O3UMOMW IMILEHULBI ONYIIEHUE
Ha JINCTBSIX HE XapakTepHO (HeoIyOIMKOBAHHBIC JTaHHBIE),
HO CpeH SIPOBBIX (DEHOTUITHMYECKOE PA3HOOOpa3HUE TI0 ITOMY
MPU3HAKY MOXKET 3aBUCETh OT PErnoHa co3anus copros (I'e-
HaeB u ap., 2011).

BerpeuaeMocTh 3TOro Npu3HaKa y 3J1aKOB COOTBETCTBYET
3aKOHY TOMOJIOTHYECKUX PsIIOB, CHOPMYITHPOBAHHOMY B
1920 r. H.W. BaBunosbemM (1935). Cpenu BUIOB 1 pOIIOB 371a-
KOBBIX PAaCTeHHMH — PXKH, SYMEHs, puca W ApYyrux, Oojee
OT/IJIEHHBIX, BUJOB MOXHO HaiTH 0Opa3Lbl ¢ OMyIICHHEM
JIMCTHEB, AHAIOTHYHBIM TOMY, KOTOPOE UMEETCSl y MIICHUIIBI
(IIBauxo u ap., 2020). Y nmenunsi copra C29 B xpomMocome
4BL HaxoauTCst OCHOBHOM JOMUHAHTHBIN rex H/ I, oTBeuaro-
MUK 3a GOPMHUPOBAHNE YACTHIX TPUXOM CPEIHEH JUTMHEI
(Maiicrpenko, 1976; Dobrovolskaya et al., 2007). Taxxe u3-
BECTCH HEJIOKAIN30BaHHBI MUHOPHEIH reH H/3, popmupyro-
WA MEJKHE TPUXOMBI U HEMHOTO YCHIIMBAIOMINN 3()heKrT
rena HI1 (Maiictpenko, 1976). B nuruion1HoM reHOME stame-
Hs1 (Hordeum vulgare L.) TeH-pETYIATOD OIyIICHHS THCTOBON
TUTACTUHKY KapTHPOBaH Ha [UIMHHOM IIjIede XpoMocoMbl 3H,
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T€H OMyIICHHUS JMCTOBOTO BiArajuiia — Ha JUIMHHOM IuIede
xpomocomsl 4H (Saade et al., 2017; IIBauko u ap., 2020).
Y CHHTETHYECKHX T'€KCAIUIOM/IHBIX IIICHHI] OIYIICHHUE JH-
CTOBOTO BJIaraJluilia ¥ Kpas JUcTa ObLIO CBA3aHO C TEHOMOM
A. tauschii Coss., 00HapyKEHHBIM B JUTMHHOM IUIEYE XPOMO-
comer 4D (Dobrovolskaya et al., 2007; Wan et al., 2015).

Hacrosiiast pabora HaripaBiieHa Ha M3y4YeHHe (eHOTHITHYEe-
CKOTO TPOSIBIIEHUSI HOBOTO aJlIelisi reHa [/ ormyIieHus 1ncra,
nepereceHHoro ¢ xpomocomoii 4Th or Buna Th. ponticum B
TeHOM SIPOBOI MATKO#H TieHuIsl copta C29. OnHOBPEMEHHO
OpLTa IpOBeieHa paboTa Mo UISHTHU(HIKAIIINH 3aMETICHUS XPO-
MocoMHOM naps! 4B nim 4D neipelinoit mapoit xpomocom 4Th
C TIOMOII[bIO MOJICKYJISIPHBIX MapKepoB. L{enbro padboThl ObLIO
M3y4eHHe B3aNMOJICHCTBUS FeHa Oy eHust H// ¢ BBEICHHBIM
TEHOM TIbIpesi, 0003HaYeHHbIM Hamu 11", pu pasmuuHbIx
3aMenieHusax xpomocoM 4B u 4D nmyTteMm KonmdecTBEHHOU
OLIEHKH JJTMHBI U YHCIIA TPUXOM.

MaTtepwuanbl n metogbl

PacTuTenbHbIii MaTepuas ObUI TIPEICTABIEH SPOBBIM COP-
TOM-pEUIUEHTOM MArkoi nmenuns! C29, a Takxke ABY-
Msl 3aMEIIEHHBIMU JINHUSIMU 3Toro copta, C29 4Th(4B) u
C29 4Th(4D) (mpyrue paHee HCIIOIH30BaHHBIE CHHOHUMBI:
$:529 4Th(4B)us:S29 4Th(4D) coorBercTBenHO) (Gordeeva
et al., 2019, 2022). CorntacHO IIUTOJIOTHYCCKAM U MOJICKY-
nspueM qaHHBIM (Gordeeva et al., 2019, 2022), 3amemnieHHbIe
JIMHUY CTaOMITBHBL.

AHaJu3 n306paskennii cruda smcra. Mukpodororpaduun
MIOTIEPEYHBIX CTHOOB C BEpXHEW M HIDKHEH CTOPOHBI MPE-
(hiraroBoro smcTa OBUIM MCTONB30BAHBI JJISI OTIPEICIICHUS
KOJIMYECTBA M JUIMHBI TPUXOM 110 pazpadoranHomy B MLIul"
CO PAH npotoxomy ([Jopomxos u ap., 2009). M3o6paxenus
noryuensl B LIKIT muxpockonueckoro anannsa dnoiornye-
ckux 00bexroB CO PAH UIul" CO PAH na mukpockorne Carl
Zeiss Axioscop 2 plus uepe3 o6vexTuB 5x/0.12. Mukpockor
ocHateH nudposoit kamepoit AxoCam HRc ¢ agantepom
TV2/3C 0.63x. ®uznueckuii pa3mep HoJIsi 3pEHUsI TPU ChEMKE
coctapyst 2730 % 2163 MM, paspenierne nuppoBoi hoto-
rpaduu 1300 x 1030 nukceneit. Pu3ndeckuii pazmep MUKCeNs
cocraBui 2.1 MkM. M300paxeHus 11 1oy 4eHHs HU(POBBIX
XapaKTEPUCTHUK OITyIIEHHUS JINCTA AHATTM3UPOBAIIN HA BEIUHUC-
murenbHbIX pecypeax LIKIT «brnonnpopmarrkay mpu momoru
pa3paboTaHHOIl B TAOOPATOPUHU IBOJIFOLIMOHHON OHOUH(OP-
MaTuku 1 Teoperrdeckoii renetuku UIul” CO PAH nporpam-
mbl LHDetect 2 (Genaev et al., 2012). IIporpamma oro3Haet
TPHUXOMBI, ONIPEEIISIET UX JUIMHY U BBIIACT Pe3yJIbTaT B BUJIE
MOCIIE0BATENILHOCTH YUCET B TEKCTOBOM (haiire.

[Ipoananm3upoBano no 12 muxpodororpaduii ¢ mecru
CruboB ¢ BEepXHEil M HIKHEH CTOPOHBI MpezdIaroBbIX Jn-
cTbeB. TPUXOMBI B Ipejienax Kask10ro Kiacca, popMupyeMble
TI0J1 BO3/ICHCTBUEM Pa3HBIX I'€HOB, PA3JINYAIOTCS MHOTOKPATHO
o JuinHe. [1o3ToMy 3HaueHus JUIMH ObLIM TIposorapudmu-
poBaHbl. Berurciaenne cpeaneil JUIMHBI IPECTAaBICHO KaK B
a0COJIOTHBIX 3HAYEHUAX (MUKPOHBI), TAaK ¥ B BHJIC JICCATHY-
Horo siorapudma. Taxxke ObLIIO IOCTPOCHO PACIIPEICICHHE
TPUXOM IO JUITUHE ¥ KOJINYECTBY.

Crarucrnueckas o0padorka. OneHka 10CTOBEPHOCTH
pa3nuuii MEXJly I€HOTHIIAMH 110 JUIMHE M YHCIY TPUXOM
IIPOBEJCHA C MOMOINBIO /-KpuTepust CTbIOAEHTA, ISl 4ero
ucnonb3zoBan MS Excel co craructudeckoit HamcTpoHkon
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AgCStat (I'onuap-3aiikun, Yepros, 2003). Kpurepuii 3na4un-
Moctu pazmmanii p < 0.05, 0.01 u 0.001 o6o3HaTATH OTHIIM,
JIBYMsI U TPEMsI CHMBOJIaMH COOTBETCTBEHHO: ¢ pa3HHIIa MEX-
Jly 3aMeIeHHOM THHUel 1 perunueHToM; P pasHuia Mexy
JBYMsl 3aMELICHHBIMH JINHUSAMU; * pa3HHUIA C BEpXHEH U
HIDKHEH CTOPOHBI JICTA B MpeJiesiaX TeHoTHna. JlnarpaMmmal
pacrpe/iesIeH!s] TPUXOM IO JJTMHAM IOCTPOEHBI B CTaTUCTH-
yeckoM makete PAST v. 3.0, 1711 4ero ncmnoab30BaHbl JaHHEIE
pacro3HaHHBIX TPUXOM CyMMapHO C IIECTH KaJPOB JUIS KaX-
JIOTO T€HOTHIIA.

T'enorunuposanue. J[HK BbIaessnm n3 MonoabIX JIMCTHEB
o (Plaschke et al., 1995). IHK o6pa3uos nuarHoctTupoBain
¢ nomoubto P, mpuMeHssi MUKpOCATEIIUTHBIE MaPKEPhI
(SSR, simple sequence repeats) A XpOMOCOM HYETBEPTOMH
TOMEOJIOTHYECKOH IPYIIIBI 0 PEKOMEHIOBAaHHBIM TIPOTpaM-
mam amruindukanun (Roder et al., 1998). J{ns storo Obutu
BBIOpaHBI Mapkepsl Xgwm3538 u Xgwm165.

Mapkep Xgwm538 pacnionoxeH B ATMHHOM IIJIEYE Ha XPO-
Mocome 4B npumepHo B 2.1 ¢cM mpokcuMaibHO OT rena Hil
y mmrenutsl (Dobrovolskaya et al., 2007). On mokassiBan
MPOAYKTHI aMIUTH(UKamu pasmepoM 157 1. H. U1 reHOMa
copra C29 u 155 n.H. st copra nuenunsl Purple Feed
(Dobrovolskaya et al., 2007). Harnsrii mapkep y Chinese
Spring nemoHCcTpHpoBa Tpu Gpparmenta, 137, 147 u 152 0. 1.,
MIpUYEM MOCIEAHUN TPOTYKT COOTBETCTBYET XpoMocome 4B,
a pyrue aMununupyorces ¢ 4D, 9To moka3aHo Ha HYIIIH-
TeTpacoMHbIX JMHHAX (Brooks et al., 2006). Otor mapkep
Y4acTO NPUMEHSIETCS, HalpUMep, Il KapTHPOBAHHS I'€HOB
ycroitunBocTH K mHpekuusam (Sukhwinder-Singh et al., 2003;
Brooks et al., 2006; Singh et al., 2012). B nammeit pabote uc-
MOJIb30BaHbI KJIACCHYECKUE MpaiMepsl Mapkepa Xgwmi3S8
(Roder et al., 1998), moka3pIBaromiie IPOIYKTHI C XPOMOCOM
4B n 4D. 3TOT Mapkep K TOMY K€ IPOSBIST MHO)KECTBEHHBIN
NONMUMOP(U3M Y IBYX BUIOB MbIPESt U MILIEHUYHO-TIBIPEHHBIX
rubpunos (Kpymun u mp., 2011). Mapkep Xgwm 165 pacmo-
JIOKEH Ha JUIMHHBIX IUIe4ax B xpoMocoMmax 4B, 4D u xopot-
KOM TIIJIede XPOMOCOMBI 4A ¢ epHLIeHTPpUYIECKON HHBepCHEH
(Roder et al., 1998), on wacTo mpuMeHsieTcs I KapTHPO-
BaHMs pazHooOpasHbIX reHoB 1 QTL (Pshenichnikova et al.,
2012; Salem, Mattar, 2014; Shchukina et al., 2018).

st nposenenus [P 3anelicTBoBaHa roroBasi CMeCh pe-
arearoB buoMacrep HS-Taq or OOO «buonadbmuxcy. IIpo-
nykrel TP pasnensiu anekrpodopesom B 3.5 % arapos-
HOM rejie ¢ 100aBIeHneM OpoMUCTOTro 3THANSA. I sIeKTpo-
(opesa ucnonnzoBanmu Oydep TBE (Tpuc-6opar-O[ATA) u
JIHK-mapxep amunbl pparmentoB StepS50+ («buomabmukcy,
Hoocubupck, Poccns).

YeaoBusi BbipamuBanus. PacTUTENbHBIN MaTepual Bbl-
pameH B ruapononHoit teruuie LIKII penponykuuu pacre-
uHuit UactutyTa uronorun u reetukn CO PAH. Venosus
BeIpamuBanys: ocsemenue namnamu J{HaT 600 Bt ¢ pery-
nupyeMoit BeicoToit monseck (10 45—-50 000 mrokce Ha ypoBHE
BEPXHUX JIMCTHEB) TUTEFHOCTHIO 12—14 1 ipu Temmeparype
18-20 °C noubto u 24-26 °C nuem. [TouBeHHbIH cyOcTpar —
KepaM3HT, YBJIQXKHIEMbIH IUTaTeNIbHBIM pacTBOpoM KHora.

Pe3ynbratbl

OnyieHue JIMHUK ¢ 3aMerieHrneM xpomocombl 4B Ha 4Th
TaKTWIBHO OTIMYAJo ee OT peuunueHta. [lo pesynsraram
MHUKPOCKOITHUECKUX HAOIIONEHUH 1 IETaIbHOTO MCCIIe/I0Ba-
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HUSI MOP(OJIOTHH OYIICHHS JIUCTHEB (METOJI OIMCAH BhILIE),
o6e 3amemenusie muHUN, C29 4Th(4B) u C29 4Th(4D),
OTIMYAIIUCh OT copTa-perunuenta C29 u apyr ot apyra. Ha
puc. 1 mpexacrasieHbl MUKpodoTorpadgun crudoB JIMCTHEB
TpeX TeHOTUIIOB, Ha KOTOPBIX BU3YaJIbHO MOXHO BBIZICTIHTh
TPHUXOMBI, TPUHAJUISKAIINE pa3HbIM sipycaMm. Llndposas 00-
pabotka mukpodortorpaduii nucree C29 mokasana, 4yTo
CpeIHssl ITMHA TPUXOM COCTaBisuia 64.5 MKM Ha HIDKHEH
cTopoHe JucTta 1 67.1 MKM — Ha BepxHel (cM. Tabmumy). Mx
MaKcuMajbHas JyinHa He mpesbimana 306 MmxM. HecmoTps
Ha TO 4TO HanOoJee ATMHHBIE TPUXOMBI (POPMHUPOBAINCH HA
BEpXHEH CTOPOHE JINCTA, TUNIOTHOCTH OITYIICHHS M CYMMA JUTHH
BCEX TPUXOM C HIDKHEH CTOPOHBI JINCTA OBUIH B ITOJITOpA pa3a
BBIIIIE, YEM C BepXHEH (CM. TabimILy).

KomnuectBo Tpuxom y muaun C29 4Th(4B) B cpaBHeHNN
¢ coproM-penunreHToM C29 ObIJIO CHIKEHO B IISITh pa3 (CM.

CapatoBckas 29

500 MKm
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28-6

lMposBneHne HOBOro reHa onyLueHvs nucta HI1th
oT Th. ponticum y 3ameLLeHHbIX JIMHNIA MATKOW NLIEHNLbI

Tabnuiy). Ha BepxHel cTOpoHEe HAOIIONAIKNCH CAUHUYHBIC
TPHUXOMBI JUTHHOH 710 705.3 MKM, a Ha HIDKHEH — 10 539.8 MKM,
YTO B JIBa Pa3a MPEBOCXOIMIIO MAKCUMAIBHYIO JUTHHY TPHXOM
y copra C29. C HIKHEH CTOPOHBI JHMCTA y TaHHOM JTUHUU
TPUXOMBI BCTPEUANIUCh Yallle, YeM C BEpXHEIl CTOPOHBI, U
CyMMa BceX JUTMH BJBOE MPEBBIIIAIa CyMMY JUTHH BCEX TPHU-
XoM cBepxy. CpeHue JJIMHBI TPUXOM Ha BEpXHEH CTOpOHE
JucTa y THHUH Uy copTta C29 10CTOBEpHO HE pa3IHyaliCh,
OJIHAKO C HIDKHEH CTOPOHBI JIMCTa pasHHIA CPEJHUX JUIUH
TpHUXoM ObLIa locToBepHOH. CyMMa JUIMH BCEX TPUXOM JIHC-
ta y muauA C29 4Th(4B) OpUTa 3HAUNTENHHO CHIKEHA TIO
cpaBHeHuto ¢ C29.

Ha cru6e mucra muauu C29_4Th(4B) (cwm. puc. 1, 6) BuaHO,
YTO MEJKHE M KPYNHBIE TPUXOMBI PA3IMYAIOTCS 10 JTHHE
MHOTOKpaTHO. Ha puc. 2 mpeicraBieHsl pacrpeaeieH s Tpu-
XOM Pa3IMYHOM JUIMHBI B COOTBETCTBHH C UX KOJMYECTBOM.

C29_4Th(4B)
.

C29_4Th(4D)

Puic. 1. Bnuaxue Ha peHOTUN OnyLLeHKsA NNCTa 3ameLLeHns Xxpomocom 4B 1 4D y copTa C29 Ha xpomocomy 4Th.

Ha doTorpadusax npefcraBneHbl TPUXOMbl CO CrMGOB BEPXHEN YacTyv IMCTa B MPOXOAALLEM CBETE.

MopdomeTprueckne xapakTeprucTMKm onyLieHns nncta copta C29
1 3aMELLEeHHbIX JIMHUI C HTporpeccueit ot Th. ponticum

[eHoTMN

c29

C29_4Th(4B) C29_4Th(4D)

BepxHsaa cTopoHa nucta

KonuuecTso Tpuxom 32.8+2.7 6.8+1.122 39.8+3.13bbb
[nuHa Tprxom, MKm 67.1+2.7 71.5+16.5 46.2+1.97%a
JlorapndmmpoBaHHas gfiviHa TPUXOM 1.72+0.02 1.41+£0.06%2 1.56+0.01222bb
Mpenenbl pAVH TPUXOM, MKM 8.1-306.6 8.4-705.3 9.5-426.8
CymMMa AsIMH TPUXOM, MKM 2204 +240 482+ 1043 1840 + 140°Pb
HwkHAA cTopoHa nncTa
KonuuecTso Tpuxom 49.8+2.2 10.0+1.07222 52.6+4.5Pbb
[InHa TPYXOM, MKM 64.5+1.56 100.8+13.9122 54.4 + 2 022abbb
JlorapnpmmpoBaHHas gfiviHa TPUXOM 1.74+0.01 1.59+0.05% 1.63+0.012a
Mpenenbl pAVH TPUXOM, MKM 11.2-265.3 9.5-539.8 10.4-421.3
CyMMa J/IVH TPYXOM, MKM 3215+173 1008+ 1332 2861 +239bbb

[locToBEepHOCTb pasnnunii Mexay BepxXHemn 1 HUXKHel CTOPOHaMK1 ICTa

Konnuectso Tprxom

ﬂﬂMHanMXOM,MKM -

Cymma AJIviH TpUXOM **

n pumeyaHune. 3HaueHuA ¢ HagCTPOYHbIMA 6yKBaMVI

KKK

uyn

a CywecCTBEHHO pas3nnyaroTca Mmexay 3aMelleHHbIMU NTNHUAMN U pelunmueHTomMm

* *

*%

*% *%

C29; 3HaYeHNA C HAACTPOUHbBIMM GyKBaMU “b” CyLLLECTBEHHO Pa3INYAIOTCA Y 3aMELLEHHbIX IMHUI; 3HAYEHUA C HAACTPOYHBIMUA CMMBONa-
MU “*¥” CylleCTBEHHO Pa3NNYaAlOTCA MEXAY CTOPOHAMU NINCTA Yy OFHOTO FeHOTUMA; YNCIO CMMBOJIOB COOTBETCTBYET YPOBHSAM 3HaUMMOCTU

p < 0.053b%, p < 0.012abb** p, < 0,00 7aaabbbxsx,
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Kon-Bo TPWUXOM Ha crnbe CYMMapHO C 13 Mm LUVPWHbI TNCTa

o

10 15 20 25 Log

<10 MKM 10-30mMkm  30-100 Mkm  100-300 MKM > 300 MKm

Puc. 2. Pacnpepenexve nnoTHOCTM TPUXOM MO A/IMHAM Y Pa3HbIX reHO-
TUMNOB.

Llkana no ocu X norapnpmuyeckas. LLikana no ocu Y otpakaet KonnyecTso
TPWXOM MO Knaccam C LWEeCTV CHUMKOB CYMMAapHOW LUMPVHOM NPUMEPHO C
13 MMm (lWWMpMHa OJHOro CHMMKa cocTasnsAeT 2.163 mm). [laHHble npeacTaBne-
Hbl 419 HUXKHE MOBePXHOCTMN NNCTA.

V auann C29 4Th(4B) (cMm. puc. 2, KpacHBIE CTOIOIBI) KO-
JIUYECTBO TpUXOM ¢ JIHHOM oT 30 10 300 MKM MHOTOKPAaTHO
CHUKEHO, HO IOSIBUJICS KJIaCC TPUXOM C JUIMHOI Oosee
300 mMxMm, orcyTeTBytommi y C29. Takum oOpas3om, pactpe-
JIeTIeHNe TPUXOM T10 JUIMHE Y TOW 3aMEIIeHHON JINHUN BbI-
IJISIAT CIVI2XKeHHBIM. PazHuIa cpeiHNX JIorapupMUpPOBAHHBIX
mmH y muann C29 4Th(4B) n penmnuenTta oxa3pIBaeTCs
CYIIECTBEHHOI ¢ 00enx cTOpOH JiicTa (cM. Tadnuiry). Cymma
JUIMH TPUXOM Y JIaHHOM 3aMELICHHOM JIMHUH TaKXkKe C 00enx
CTOPOH MeHbIIe B 3—4 paza 1o cpaBHEHHIO ¢ copToM C29.
Wnas mopdomnorust TpuxoM HadIr0a1aCh HA MUKpOdoTO-
rpadusix smctbeB y suHun C29 4Th(4D). IlnoTHblii mosor
omymenns copra C29 y Hee coxpaHseTcsl, HO IOTIOTHUTEIFHO
oOpa3zoBasinch Oosee JUIMHHBIC TPUXOMBI. TaKTHIIBHO OHH
OBLIH MaJI03aMEeTHBI Ha 001eM (hoHe, HO Ha MUKpOdOTOrpa-
(husIX BBIIABAIIMCH HAJl OCHOBHOM MacCON TPHXOM, TUITHIHBIX
qutst C29 (cMm. puc. 1, 6). MakcumanbHast JITMHA TPUXOM Y JIH-
Hun C29 4Th(4D) npessiana 400 MkM Ha 00eMX CTOPOHAX
mcTa, Torna kak y C29 ona Opiia uyTs 6ombire 300 MM Ha
BepxHeii cropoHe u Oobire 200 MkM — Ha HIDKHEH. B cpaBHe-

a Xgwm538

C29 C29
4Th(4B)

4Th(4D)

Manifestation of a new gene HI1th for leaf pubescence
from Th. ponticum introgressed into bread wheat substitution lines

HuH ¢ coprom C29 00111ee KOIMIECTBO TPUXOM YBEINYHUIOCH
HEI0CTOBEPHO. B TO e BpeMst pa3HHUIA 10 TaHHOMY IT0Ka3a-
tenro Mexy TuHAIME C29 4Th(4D) u C29_4Th(4B) 6puta
JIOCTOBEPHO# ¢ 00EMX CTOPOH JIUCTA B T10JIb3Y TIEPBOM JIMHHUH.
Cymma e TpuxoM y muaun C29 4Th(4D) B cpaBHEHUH ©
C29 ymeHbIIMIaCh HE3HAYUTENBHO, OHAKO OHA B 3—4 pasza
obuta Beimie, yem y auaund C29 4Th(4B). Tem He MeHee y
muarn C29 4Th(4D) nabmroganach JOCTOBEPHO MEHBINAS
CpedHsisl AMMHA TPUXOM, 4yeM y copra-penunuenta C29. Ilo
MIOKa3aTello cpeHel JIorapu()MUPOBAHHOMN JTTMHBI TPUXOMBI
muann C29 4Th(4D) ommmuanuce u ot C29, u OoT nUHUK
C29 4Th(4B). Ha puc. 2 pacnpeneneHue TpUXOM y JIMHUH
C29 4Th(4D) HarsiiHO AEMOHCTPHUPYET KPAaTHOE CHIKEHUE
YHcIa TPUXOM CPEIHEH JUIMHBI M HaIM4ne KJlacca TPUXOM
JuHHEee, yeM y C29.

C renom HII na xpomocome 4B y MSITKOH NILIEHUI[BI COpTa
C29 TecHO cuerieH MUKPOCATEIINTHRIA Mapkep Xgwmi38,
aMIIGUIAPYONHH TpoayKT pazmepom 157 1. H. C ucnosns-
30BaHUEM HYJUIM-TETPACOMHBIX JHHUI copTa Chinese Spring
MOKA3aHO, YTO JaHHBIH Mapkep aMIUTHUIIPYeT HparMeHT
pasmepom 174 1. H., ciennUIHBIHN I XpoMocoMbl 4B, 1 1Ba
(dparmenra, 147 u 137 m.H., — wist Xxpomocomsl 4D. YV C29
JIETEKTHPYETCs TONBKO OIMH NPOAYKT MeHbIne 150 1. H., co-
0TBeTCTBYIOIMI XpoMocoMme 4D. Mapkep Xgwm538 B Hamielt
paboTe MOATBEPIUII HAINYHUE XPOMOCOMHOTO 3aMELICHHS B
reaome copra C29 y obenx 3amMemeHHbIX JJHHUH (puc. 3, a).
Y munnn C29 4Th(4B) orcyTcTBOBaN (parMEeHT pazMepomM
>150 11. H., YTO COOTBETCTBYET AUATHOCTHYECKOMY (hparMeH-
Ty st XxpomocoMsl 4B. YV muamm C29 4Th(4D), HanpoTus,
He 0bUT0 pparMeHTa MeHbmie 150 1. H., KOTOPBIN CBHICTEIh-
CTBYET O HAJIMYUU XpOoMOCcoMbI 4D. Takum 00pa3oM, JaHHBIN
nonruMopHEIA Mapkep Xgwm3538 NeTeKTUpyeT NIIeHIYHbIe
xpomocomsl 4B 1 4D copra C29 u He ammmndunmpyercs Ha
xpomocome 4Th nbipest.

MuxkpocaTeunTHBII Mapkep Xgwm 65, nCTIoIb3yeMBbIii B
Hamel padote, aMIuMpUIupyeT pparMeHTs XPOMOCOM YET-
BEpTO roMeosorudHoi rpynmnsl 4A, 4B n 4D. Ha arapoznom
rezne (cM. puc. 3, ) mocne anekTpodopesa B reHome copta C29
MBI JICTEKTHPOBAJIH SIPKUE CUTHAJIBI TPOTYKTOB aMIUTH(HKa-
LIUU JaHHOTO Mapkepa pasmepamu ~200, 260 1. H., a Takxe
MeHee BhIpakKeHHBIH cUTHaJI pazMepoM ~ 350 1. H.

@parment IILP pazmepom oxono 200 m.H. HaOmIOKANCSH
U B TeHOME 00eX 3aMEeIICHHBIX JIMHUI{, YTO COOTBETCTBYET
Hanmnauio xpomocoMsl 4A. B renome nuamm C29 4Th(4B)
orcyrcTBoBan npoaykt IIIP pasmepom 260 m.H., oqHaKo

Xgwm165

C29 C29
4Th(4B) 4Th(4D)

Puc. 3. Snektpodoperpamma npopyktos MNLP, nonyueHHaa npu amnnudurkaumm [HK copta CapatoBckas 29 1 3aMeLeHHbIX
nuHuin C29_4Th(4B) n C29_4Th(4D) c nomoLubto MUKpOCaTENIUTHBIX MapKkepoB Xgwm538 (a) n Xgwm165 (6).
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ObUT 0OHapykeH (parMeHT pazmepom 180 m. H. PparmMeHT
Takoi ke AauHbI (180 m.H.) BBIABIAETCS B TCHOME JIMHHUU
C29 4Th(4D) B couerannu ¢ mpoxykramu [ I[P pazmepom 200
1 260 . 1., kak y copta C29, Ho curHana pasmepom 350 1. H.
He Obuto (cM. puc. 3, 6). Pesynsrarsr 1P, momyuennsie ¢
UCIONb30BaHUEM Mapkepa Xgwml65, NO3BOISIOT MPearo-
JIOXKHTH, 4TO pparmeHT 180 I1. H. CHHTE3UPYETCs C XPOMOCO-
Mbl 4Th 1 TOTOMY MOXKET OBITh UCIIOJIB30BaH B ONPEICICHUH
JTAHHBIX XPOMOCOMHBIX 3aMEIIEeHHH.

O6cyxpeHue

[TepBbiM MIEHTH(UIIMPOBAHHBIM T'€HOM OITYILEHUS JINCTA
MUIEHULBI ¢ YCTAHOBJIEHHON XpPOMOCOMHOM JIOKaIu3aLuen
6w11 TeH HII B xpomocome 4B copra C29 (Maiictpenko,
1976). 3amerenne xpoMmocoMbl 4B 3Toro copra Ha XpoMoco-
My HeolynreHHoro copta Suerkuc IIpodar nzmensier Mmop-
(hostoruio omynieHus. Y TaKoro reHOTHUITa 3aMETHO CHUKEHBI
yucio TpuxoM u ux pasmep (Doroshkov et al., 2016). Dtot
(heHOTHT OOYCIIOBJICH HATMYUEM I'eHa co cladbiM 3 dekTom
HI3. B orcyrctBue reHoB H// w HI3 TpuXOoMbI Ha JHUCTE
n3oreHHo# nmuHUK C29 npakTHuecku He (GOpMUPYIOTCS, KaK
OBLIO MOKA3aHO CO3/1aHNEM M30TCHHOH JIMHUHU 03 OITyIIIeHHS
(Doroshkov et al., 2016).

JIMHHBIE pellkue TPUXOMBI HE XapaKTEpHbI [l JTUCTHEB
copta C29. VX nosiBIeHUEe y ABYX 3aMEIICHHBIX JTHHUH, 04e-
BUJIHO, OTIPEZEIISIETCS] HOBBIM BapHAaHTOM I'€HA OIyIICHUS,
MIepeHeCEeHHOT0 U3 reHoma 7h. ponticum. [IpoBeaeHHbBIC HAMH
MCCIIEeI0BaHNS YKa3bIBAIOT Ha TO, 4T0 XxpoMocoMma 4 Th meipest
HECET ATOT HOBBIN aJIIEIbHBIN BAPHAHT IeHa, OPTOJIOTHYHBIH
reHy MuieHubl H//, Ho ¢ UHBIM (EHOTHITNYECKUM HPOsIBIIE-
HueM. ['eH mbipes, 3aMeCTUBIINNA MIICHUYHbIN H]] y nTuHuN
C29 4Th(4B) nmm momomumBmmii ero y C29 4Th(4D), e
TOJBKO (POPMHPYET UIMHHBIE TPUXOMBI, HO M CHIDKAET HX
o011ee KOJIMYECTBO. B cOOTBETCTBIY € ITpaBMIIaMH KaTaiora
reHHbIX cuMBoIoB (Mclntosh et al., 2003) HOBBIH antens ObLT
0003Ha4eH HaMK cuMBOJIoM HI[™. Panee y sumens (H. vul-
gare L.) Bxpomocome 4H B conocTaBUMO¥ 00J1IaCTH C XPOMO-
comamu 4B u 4D ObL1 HaliieH TeH onmyeHus Kpas gucta Hsh
(maaue Hs) (Korzun et al., 1999). Jlokyc KOTHYECTBEHHOTO
MPU3HAKa, aCCOIMMPOBAHHOTO C OMYIICHUEM Kpast JIucTa, 00-
HapyxkeH B XxpomocoMme 4D ¢ moMmoIbso kapTupyromeil mo-
nymsiiun [TMI (Dobrovolskaya et al., 2007). B nacrosieit
paboTe MbI IOTIOTHUIIA TOMOJIOTHUECKHI PsiJl TEHOB OITyIIIe-
HUSL 47151 YE€TBEPTOH TPYMITBEI XPOMOCOM 3JIaKOBBIX PACTEHHUI.

Panee MBI npennonoxuimm, 9To TeH H// OTBETCTBEHEH 3a
YHCIIO TPUXOM Ha TOBEPXHOCTH JIUCTA, T.€. 32 IUNIOTHOCTh
omymrenus ([Jopomikos u np., 2014). B 3ameneHHOM TUHUA
C29 4Th(4B) ren meipes HlI™ B orcyTcTBHE MIIEHMYHOTO
reHa Hll cTumynupoBai 3aKiajKy €IUHUYHBIX JIIMHHBIX
TpuxoM. IIpu oObeaMHEHNN B OZHOM TE€HOTHUIIEC JIMHHUHU
C29 4Th(4D) ren H/I" oxa3bIBaeT, MO-BHINMOMY, CYIIPEC-
CHBHOE JICHCTBHE 110 OTHOUICHUIO K I/, CHUXasi CPETHIO0
JUTMHY TPUXOM 1 CYMMY HX JUIMH Ha JIUCTE. | €HbI, BIHUSIONINE
Ha (bOPMI/lpOBaHI/Ie JUIMHHBIX PCAKUX TPUXOM Ha TIOBEPXHOCTHU
JIUCTA y Pa3HBIX COPTOB, OBLIM JIOKAJTM30BAHBI U B JIPYTHX
xpomocomax. ['en HI2, pacronoxeHHBIH B Xpomocome 7B
MIIICHUIB, OBLT HaleH y KuTaiickoro copra Hong-mang-
mai (Taketa et al., 2002). I'en H/29¢P ©bl1 HHTPOTPECCUPO-
BaH U3 XpoMocoMbl 7S A. speltoides Taush. B copt Poxuna
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lMposBneHne HOBOTO reHa onyLeHus nnucra HiTth
oT Th. ponticum y 3ameLLeHHbIX MMHUI MATKOW MLUEeHWLbI

(Pshenichnikova et al., 2007). Y Buna Triticum timopheevii
red HI/" ¢ aHanornYHBIM (PEHOTHIIMYECKUM MPOSBICHUEM
oOHapy»keH B xpomocome SA (Simonov et al., 2021).

[Nomyuennsie 3aMerieHnbIe TuHUN copTa C29 Ob1H co3/a-
HBI JUT U3YYEHHS TCHOB PETYIISIINKI OMOCHHTE3a aHTOIINAHOB.
Xpomocoma 4Th nbIpest HeceT reH roiyOoi OKpacKH ajei-
poHoBOroO ciosi 3epHoBKHU, Ba (Gordeeva et al., 2019), uto
TaKxKe sBIsieTcsl PEHOTUITMYSCKUM MapKepOM MPUCYTCTBUS
3TOM XpoMOCcOMbI B TeHoMe. OIHaKo OKpacka 3epHa OfiMHa-
KOBO TIPOSIBIISICTCS TIPH 3aMEIIEHIH XPOMOCOMEI Kak 4B, Tak
n 4D. ®enorunmyeckuii 3p(HEeKT UHTPOTrPECCUPOBAHHOTO
OITYIICHUS] MOXKET CIIY)KUTh MapKepOoM JUIsi 0TOOpa pacTeHui
P CO3/IaHKH TOITy003epHBIX (POPM C OIPEICNIEHHOM XPOMO-
COMHOM 3aMEHOM y COPTOB C OmymIeHueM, mogaoousm C29.

B namei#t paboTe u3y4eH moaTuMoppu3M 110 MUKpOCcaTe-
JUTHBIM MapKepam, KOTOpbIE paHee ObIIIM acCOLMHPOBAHbI C
XPOMOCOMaMH YETBEPTOH IPYIIIbL, U ¢ reHoM M1/ B XpomMoco-
Me 4B B uactaoctu (Dobrovolskaya et al., 2007). Ha puc. 3, a
npeacTaBieH Mapkep Xgwm538, psarioM ¢ KOTOPBIM ObLI
KaptupoBad red Hl/, y C29 oH neMoHCTpupoBai (GpparMeHT
157 m. 1. (Dobrovolskaya et al., 2007). DToT Mapkep MOXKET
OIHO3HAYHO MTOKA3bIBaTh, KAKasi ©3 XpOMOCOM ITIICHHUIIB, 4B
wm 4D, 3amemena Ha 4Th ot Th. ponticum. XoTst ObIIO OTME-
YEHO, YTO MapKep Xgwm3 38 NeMOHCTPHUPYET CHEeIUPHICCKIE
JUIsl TEHOMOB TIBIpEsi CPEAHET0 U TbIpest YAJIMHEHHOTO (par-
MeHTsI (Kpymua u nip., 2011), oHM He aMIUTH(UITIPOBATIHCE C
nepecTpoeHHoit xpomocombl 4Th, cocrosimeii u3 pparmMeHTOB
xpomocoM reHoMoB St u E mbIpest, mepeHeceHHON B TEHOM
meHnns! (Zheng et al., 2006).

[ockonbky xpomocoma mbipest 4Th He pekomMOUHMpPYET ©
MIIEHUYHBIMU XPOMOCOMaMHU, B pabOTe MCIOIb30BaH CIICTI-
neHHsli ¢ Hl1 mapkep Xgwm 165, aMmunpuIupy o mpo-
IYKTHI, crienuudase 1 xpomocoM 4A, 4B u 4D (Roder
et al., 1998). CorracHo pa3nUIHBIM MOJNEKYISIPHBIM KapTam
6a3er manHbX GrainGenes (https://graingenes.org/cgi-bin/
GG3/browse.cgi), 3toT Mapkep Ha xpomocome 4B pacrio-
JIOKEH MpOKCUMalibHee Xgwm538, Ha pacCTOSHUM MOpPsIKA
20-30 cM. B rerome sipoBoro copta mieHu s C29 qanHbIi
MapKep CHHTe3upoBal pasHblie mpoxykTsl [P (cwm. puc. 3, 6)
JUISL XpPOMOCOM YETBEPTOM TOMEOJIOTMUECKOM Ipynmbl: 4A —
ok0j10 200 1. H., 4B — oxomno 260 1. H. 1 caadblii CUTHAI T0-
psaka 350 1. H., IPeaNoNI0KUTENBHO, AT XPOMOCOMBI 4D.
Taxoxe Xgwm165 nemonctpuposai ¢pparment 180 m. H. ist
xpomocomsl 4Th. Dto mo3Bonster auddhepeHIpoBaTh pac-
TEHMs MIIEHHUIBI C PA3HBIMH XPOMOCOMHBIMH 3aMEHAMHU B
Ipe/esax YeTBEPTON TOMEOIOTHYECKOH IPYTIITBI B TOM CITydae,
€CJI POIUTENBCKUAM COpTaM He CBOICTBEHHO omymieHue C29.

Tpuxomsl GopMHUPYIOT 0COOBIH MUKPOKIIMMAT Yy JIMCTHEB,
CHIOCOOHBI BJIMSATH Ha CTA0MJIBLHOCTH MOBEPXHOCTHOTO BO3-
JTYILTHOTO CII0SI, ©3MEHsIs JTAMHHAPHBIE TEUSHHUs! Ha TypOyJIeHT-
ueie (Schreuder et al., 2001). TypOyreHTHBIE TEUSHHS, B CBOIO
odepesib, CriocoOCTBYIOT Ooee TMHAMHUYHOMY T'a3000MeHY.
CoOTBETCTBEHHO, U3MEHEHHUE TTapaMeTpOB OITYIIEHHs I10-
BEPXHOCTH JIOJDKHO CKa3bIBaThCs Ha IIapaMeTpax yCThHYHOM
MPOBOIMMOCTH, YCBOCHHH YIJIEKHCIIOTO ra3a U MHTEHCHBHO-
CTH MCIIapeHus1 Biary. B Oyjiyiiem miaHupyeTcst i3y4uTh JIaH-
HBIE JJMHUHM 110 JUHAMHKE (DOTOCHHTETHYECKHUX MOKa3aTeseit
B Pa3IMYHBIX YCIOBUSAX BBIPAIIMBAHUSI, B YACTHOCTH IIPH
a/IanTaIyH K 3acyXxe.

FEHETUKA PACTEHUI / PLANT GENETICS 607



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

3aknioueHue

B narmeii pabote BriepBbic 0OHAPYKEH U C TOMOIIBIO ITU(PPO-
BOTO (DEHOTUITMPOBAHUS ONKCAH HOBBIH aJUICIbHBIA BAPHAHT
reHa OIyNICHHs JucTa H/ 1", nepeneceHHblil U3 JEKaIIONI-
Horo BUna Th. ponticum B MATKYyIO nmieHuity. HaOmonaemoe
Q)CHOTI/IHI/I‘ICCKOC MPOABJICHUE HOBOT'O aJIJICIIA I'CHA OIMMYIICHUA
Ha (OHE MIICHUYHOrO TeHOMa 3HAYMTENLHO OTINYAIOCh OT
JICHCTBUS TeHA MIICHUIBI H// ¥ 10 CTCTICHU BBIPAXKCHHOCTH
JTAHHOTO MPU3HAKA, CKOPEe, HAITOMUHAJIO MTPOSIBJICHUE IPYTUX
reHoB, HI" n HI[29¢P noKaIM30BaHHBIX B XpOMOCOMax S5A
U 7S POICTBCHHBIX 31MakoB 1. timopheevii u Ae. speltoides.
COB}]aHHLIe JIMHUU TIO3BOJIAIOT IPOBCCTH CPABHECHUE aaarl-
TUBHOM IICHHOCTH CXOXHX [PU3HAKOB OMYIICHHS JIUCTA,
KOHTPOJIUPYEMBIX PAa3IMYHBIMH TCHAMH B MPEJENIaX OTHOTO
MOJICJILHOTO TCHOTHIIA.
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BausHue xpoMmocoMm 1A u 1D T. aestivum
Ha QepTIWIbHOCTD a/IJIOIIJIa3MaTUUYECKNX
peKOMOVHAHTHBIX JIMHUM (H. vulgare)-T. aestivum
B 3aBMCUMMOCTY OT IUTOSALEPHOI COBMECTUMOCTU
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AHHoTauuA. M3yueHo BnvsHue xpomocom 1A n 1D T. gestivum L. Ha GepTUNbHOCTb PEKOMOVHAHTHBIX anNONNHIA
MSATKOW MLEHULbI OAHOTO NMPOUCXOXKAEHWA, UMEIOLWMX LMToNNasmy aumeHa H. vulgare L. n pasHbi ypoBeHb LUTO-
AfepPHON COBMeCTUMOCTU. AnnonuHua J1-56 BKouaeT npenMyLLeCcTBEeHHO NONMHOCTbIo cTepusbHble (MC) n yactuy-
Ho cTepunbHble (YC) pacTteHus; annonnHus J1-57 — yactnyHo deptunbHble (YD) pacteHus, a nuHua J1-58 — dep-
TUnbHble (O) pacteHuns. PesynbTtaThl aHanm3sa MophoOMoNornyeckimx NprsHaKoB 1 OKPACKY MblibLbl YKa3blBaloT Ha
nposBJIeHNe MOMHOW NN YaCTUYHOW MYXCKOW CTEPUABbHOCTA Yy pacTeHui annonuHum J1-56 n J1-57. [ina pasgene-
HMA reHOTUMNOB C LMTOALEPHO KoaaanTaLmen 1 reHOTUMOB, Y KOTOPbIX LMTOAEePHaA COBMECTUMOCTb HapyLUeHa,
BbinonHeH MLUP-aHann3 185/5S mutoxoHApuanbHoro (MT) noetopa. MokasaHo, yto MNC, YC, YO 1 yacTb O pacteHuin
XapakTepu3yTca reteponnasmven (Hanuumem konun mtTAHK AumeHa v nweHnLpbl), YTO aCCOLUMNPOBAHO C Hapy-
LeHNeM LUTOALEPHON COBMECTMMOCTU. Y OCHOBHOIN YacTu GepTUnbHbIX PacTEHUI BbiiBNIeHa romoniasmus (rm)
NWeHNYHOro TUMa, YTO acCOLMMPOBAHO C LMTOAAEPHON KoadanTauunen. PacTeHna annonuHnin, cnonb3oBaHHbIe
B KaueCTBe MaTePUHCKNX reHOTUMOB, ObiNv CKpeLleHbl C MEHNYHO-PXKaHbIMK 3aMeLLeHHbIMU TuHMAMA TR(TA) n
1R(1D). B F, Bce pacteHua kombuHaumn YOxT1R(TA) n YHOx1R(1D) 6binn peptunbHbiMK, a B F, Habnioganu paciie-
nnexue, 6nmskoe K 3 (bepTunbHbie) : 1 (CTepunbHble). 3TV pe3ynbTaTbl BriepBble Nokasanu, YTo B Xxpomocomax 1A
1 1D nokanv3oBaHO Mo OAHOMY AOMUHAHTHOMY FeHy Rf, KOHTPONVpPYioLEMY BOCCTAaHOBIIEHME MYXXCKON depTusb-
HOCTV MAFKOW MLUEeHNLb, Hecyleln uutonnasmy H. vulgare. Bce pacteHus F, kom6uHauwmin MCX1R(1A), MCx1R(1D),
YCXTR(TA), YCx1R(1D) cTepusnbHbie, 4TO YKa3blBAeT Ha TO, YTO OAHON A03bl FEHOB, JIOKA/IM30BaHHbIX B XPOMOCOMaXx
nweHunubl 1A nnn 1D, He[oOCTaTOYHO ANA BOCCTaHOBNEHUA MycKol depTunbHocTh y NC n YC pacteHuir. Bee pacte-
HUA rMbpuaHbIX KomouHaumn O, xTR(1A) n ®,,x1R(1D) n B F; n B F, 661111 depTrnbHbIMUY, T.€. y anionvHni ¢ LuTo-
AfepHON KoadanTalumet HeT 3aBUCUMOCTI NPOABReHNA GepTUIbHOCTIN OT BAUAHUA XPOMOCOM nweHunubl 1A n 1D.
KnioueBble cnoBa: annonvHuu (H. vulgare)-T. aestivum; xpomocombl 1A n 1D; mTAHK; HapylieHne uuToagepHo co-
BMECTUMOCTU; LUTOAAEPHAA KoafanTauus; reHbl Rf.
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TUNBbHOCTb a/NTONa3MaTUYECKKX PEKOMOUHAHTHBIX TMHWIA (H. vulgare)-T. aestivum B 3aBUCUMOCTU OT LUTOAZEPHON
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The effect of T. aestivum chromosomes 1A and 1D on fertility
of alloplasmic recombinant (H. vulgare)-T. aestivum lines
depending on cytonuclear compatibility
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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-
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B.K. WymHbIn

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

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 PFxTR(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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BeepeHmne

AnoniazMaTHYeCcKie JTUHUM (AJUIOIMHUHM) 00pasyroTcs B
pe3yabTare HOBTOPSIIOIINXCS CKPEIMBAHUN OTAATEHHBIX I'H-
OpuoB F| ¢ IBIIBLEBBIM POJUTEIIEM M COUETAIOT LIUTOILIA3MY
MaTEPUHCKOI'0 BUAa € AACPHBIM 'CHOMOM OTIIOBCKOI'O I'€HO-
tuna (Tsunewaki, 1996). 3aMernenne MUTOMIIA3MBI TIPUBO-
JIIT K HApYIICHHUSIM PETYISIIHN SIePHO-MUTOXOHAPHATBHBIX
U sIZICpPHO-XJIOPOIUIACTHBIX B3aumopeicTuil (Yang et al.,
2008; Crosatti et al., 2013; Soltani et al., 2016), 9T0 MOXET
BBI3BIBATH U3MEHEHNMS B pa3BUTHH pactenuii (bagaesa u np.,
2006), ux yCTOHYUBOCTH K cTpeccoBbIM (akropam (bynoitunk
u ap., 2002; Talukder et al., 2015; Takenaka et al., 2019), B
MPOSIBIICHUH MOP(OJIIOTHYECKUX M arpOHOMHYECKHX TPH-
3nakoB (Liu C.G. et al., 2002; Atienza et al., 2008; Tao et al.,
2011; Knmumymmaa u ap., 2013). Haubonee xapakTepHbIM
BBIP2KEHHEM LIUTOSIEPHOTO KOH(IIMKTA, B TOM YUCIIE Y aJIJI0-
HI/IHPII>’I, ABJIAACTCA LTUTOINIa3MaTHYCCKasA MY>KCKasd CTCPUIIb-
HOcTh (UMC) (Tsunewaki, 1996), cBsa3aHHas ¢ MyTalusIMH
TEHOB MUTOXOH/IPHAIEHOTO FeHOMa, OKa3bIBAIOIINX HEraTHB-
HOE BIMSHUE HA pa3BUTHE OPTAHOB I[BETKA U MBUIBIIHI (Yang
et al., 2008).

VY psna S5KOHOMHUYECKH BaKHBIX KynbTyp LIMC-nmunuu B
COYCTAHUHU C JIMHUAMHU, TOAACPKUBAIOIITUMHN HMC, H JIMHUS-
MH-HOCHTEJSIMHU TeHa (TCHOB) BOCCTAHOBIICHUSI MYKCKOH (ep-
TUIIBHOCTH (RYf, restorer-of-fertility) ncrionb3yloT B THOPUIHOMN
ceneknuu (Islam et al., 2014; Bohra et al., 2016; Gupta et al.,
2019). B 3Toii TeXHOJOTHH KIIIOYEBAS POIH MPUHAIICKUAT
ncrounnkam LIMC u reHoB Rf. Kpome Toro, 3amerenue nu-
TOIIJIa3MbI CHOCO6CTByeT YBEIIMYCHUIO HUTOILUIa3MaTUICCKOT'O
pa3Ho00pa3ust pacTEeHHIA, YTO CYUTAIOT BOSMOXKHBIM H HEO0-
XOJMMBIM JUUISl TAKHX KYJBTYp, Kak puc (Liu Y. et al., 2016),
caxapublii TpocTHuk (Rafee et al., 2010), msirkas miieHuma
(Liu C.G. et al., 2002; Kimumymmaa u ap., 2013; INepmmaa
u np., 2018).

B cBsi3u ¢ 3THM H3y4YeHHEe 0COOCHHOCTEH 00pa3oBaHMs al-
JIONTMHUN ¥ TeHETHYECKOTO KOHTPOJISI BOCCTAHOBJICHUSI NX (ep-
THJIBHOCTH CYMTACTCSl BAYKHOH 3a/1aueid KaK JUIs TOMCKA HOBBIX
reHetnueckux cucreM LIMC-Rf'B ruOpHIIHOI CeNeKInu, Tak
W JUIS TIOJyYeHHS HOBBIX T€HOTHIIOB JUIS TPAJAWLMOHHBIX
CEJICKITMOHHBIX MPOrpamMM. Y MSITKOH MIICHHIBI BHUMaHUE
Y/EJIEHO BOCCTaHOBJICHHIO MYKCKOW (DepTHIBHOCTH T€HOTH-

OB, HeCyIuX Iuroriasmy 1. timopheevii (Sinha et al., 2013),
H. chilense (Martin et al., 2010), BunoB Aegilops (Tsunewaki,
2015; Hohn, Lukaszewski, 2016), a B Hamux paborax — re-
HOTHIIOB C IIUTOIUIA3MOM KyIbTYpHOTO stuMeHst H. vulgare
(ITepmmnHa u ap., 2012; Trubacheeva et al., 2021). OcHoBHas
4acTh F€HOB Rf Yy NILIEHMIBI OPraHW30BaHa B KJIACTEPbl HA
xpomocomax 1, 2 i 6-ff TOMEOIOTUYHBIX TPYII, a CaMOi Ha-
CBIIIEHHOM siBIIsieTcst Xpomocoma 1 (Gupta et al., 2019).

B npenpiiynieM ucciieIoBaHuU Mbl BIIEPBbIC YCTAaHOBHIIH,
YTO B KOPOTKOM IUIEUE XPOMOCOMBI 1B MArKo# mImeHums
JIOKQJIN30BaH IOMHHAHTHBII T'eH, KOHTPOJIIMPYIOIINI BOCCTa-
HOBJICHUE MYKCKOH (DepTUIILHOCTH IIICHUIIBI Ha [IUTOIIIa3Me
H. vulgare (Trubacheeva et al., 2021). B macTosmeit pabote
MBI ITPOJIOJIKHIIM UCCIIEIOBATh POJIb IEPBOI TOMEOIOTHYHOM
IPYIITB B BOCCTAHOBJICHUH (DEPTHIIHHOCTH Y AITOTMHUM MSIT-
KOU MIIICHHUIIBI ¢ IUTOIUTa3Moit H. vulgare. bpina mocrasieHa
3ajaua U3y4uTh BIusHUE XpomocoM 1A u 1D T aestivum
Ha MPOSIBJIICHHE MYKCKOW (hepTHUIILHOCTH PEKOMOMHAHTHBIX
AJUTOJIMHUN MSATKOM MIIEHULIbI, HOCUTENEN HIUTOILIA3MBbl KyJIb-
TYPHOTO SIYMEHSI, B 3aBUCHMOCTH OT YPOBHSI X (hePTHIIbHO-
CTH U LUTOSIAEPHOM COBMEeCTUMOCTH. Takoil moaxox naj Bo3-
MOXXHOCTH BBIIBUTH aymonwHuu (H. vulgare)-T. aestivum —
MOJIENH JJISl OTIPE/ICIICHHS JIOKAIN3AIuY TeHOB Rf B XpoMo-
comax 1A u 1D.

MaTtepwuanbi n metopbl

PacTtuTesabHBI MaTepuaJ M 0COGEHHOCTH €ro moJyve-
HuA. V3ydeHsl Tpu peKOMOMHAHTHBIE aiionuHuu (H. vul-
gare)-T. aestivum, copMHpOBaHHBIC OT OTJEIBHBIX pacTe-
Huil 6exkpoccHbIX (BC) nmokoneHnit S4MEHHO-IIIIEHUYHOTO
rubpuna H. vulgare (Henonerarommuit) X T. aestivum (Capa-
TOBCKast 29), Mocie0BaTesIbHO ONBIIICHHOTO COPTaMHU ITIIe-
Hutp! Caparosckas 29, Muponosckast 808, ITuporpukc 28,
Caparosckas 29, [Tuporpuxc 28 (puc. 1). B mpempraymmmx
paboTax ObIIO ycTaHOBIEHO, 4To CapaTtoBckas 29 sBisieTcst
3aKpenuTesIeM CTEPHIBHOCTH Y OEKKPOCCHBIX TIOTOMKOB ST4-
MeHHO-NeHNnIHBIX THOpuaoB ([lepmuHa u ap., 2012), a
Muponosckast 808 u IIuporpukc 28 — BOCCTaHOBHUTENISAMU
MYKCKOH (DepTHIBHOCTH AJJIOJIMHUH ITIIEHHIIBI C IIUTOILIA3-
Moii KynbTypHOTO stamers (Pershina et al., 1998; Ilepmmnaa
u ap., 2012). BC,—BCy-nokonenust, Kak ¥ s’IMEHHO-IIIIIE-
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H. vulgare (2n = 14) (Henoneratowuin) X T. aestivum (2n = 42) (CapaTtoBckas 29)

v

SMbpuoKynbTypa

F1 (2n = 28) x Capatosckas 29

v

BC; (2n = 49) x MupoHosckas 808

v

BC, (2n = 46) x MNupoTpuKc 28

v

BC3 (2n = 43) x CapatoBsckasn 29

v

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

| e

BCs(2n=42) — > FBCs — > F4BCs — > FsBCs
n-56 n-57 n-58

Puc. 1. Cxema nonyyeHus annonnasmaTmieckmx pekoMOUHAHTHbIX Nn-
Hun (H. vulgare)-T. aestivum 11-56, 1-57, J1-58.

HUYHBIA THOPHJ, XapaKTepU30BAINUCh MYKCKOH CTEPHIIb-
HOCTBIO, HO JKEHCKOH (hepTUIIBHOCTBIO, a B 1okojeHun BCs
OBbUIM BBIACIEHBI OT/ENIbHbIE 42-XpOMOCOMHbBIE PACTEHUS
C YaCTHYHO BOCCTAHOBJICHHONH MYKCKOH (DepTHIBHOCTBIO.
OT 3THX PacTEeHHH MOIYyYECHBI CAMOOIIBIICHHBIC ITOKOJICHUS
F,BCs—FsBCs, nCTOUHUKM M3Y4YEHHBIX aJUIOIUHUHA. AJIO-
muaus JI-56 Beinenena u3 F,BCs mokonenus, a ayuioMHAN
JI-57 1 JI-58 —u3 F4,BCs u FsBC5 nokonenuii COOTBETCTBEHHO.
Haunnast ¢ F3BCs 1uist popmupoBaHust Kaykaoro clieayrore-
TO CaMOOIIBIIEHHOTO TTOKOJICHUS UCTIONb30BAJIN PACTEHUS C
MaKCUMaJIbHOW TPOAYKTHBHOCTBIO.

MeToab! n3y4eHust MOP(OOHOTOTHYECKNX XapaKTepH-
CTHK aJUIOMJIA3MATHYeCKHX PeKOMOMHAHTHBIX JHHMIA.
Pacrenus nmHMN OXapaKTepHU30BaHBI 110 YPOBHIO ()epTHIIb-
HoctH: IIC — monHocThIo cTepuibHbie (HeT 3epeH); UC — ua-
ctraHO cTepribHbIe (1-9 3epen); YD — yacTuaHO PepTHIIH-
ueie (10-19); @ — deprunbnbie (6onee 19 3epen B rmaBHOM
kojoce). OnennBanu He MeHee 20 pacTeHuil Kax /101 JINHUH,
BBIPAIICHHBIX B THJIPOTIOHHON TEILTHUIIE.

VY pacreHnii ¢ pa3HbIM YpOBHEM (EepTHIILHOCTH IpOaHa-
JIM3UpOBaHa (hePTHIBHOCTB IBLIBLBI, KOTOPAsk UCIIOIb3YETCs
B KadeCTBE OCHOBHOTO KPUTEPHUS OLEHKH MY>KCKOH ¢ep-
THWJIBHOCTH/CTEPWIIBHOCTH. 1Sl 3TOW e U3 NBUILHUKOB,
BBIYWJICHEHHBIX BO BPEMsI LIBETEHHS U3 TPEX Pa3HbIX LIBETKOB
OIIHOTO KOJIOCa, Ha TIPEIMETHOM CTEKJI€ TOTOBHJIN AaBJICHBIE
npenaparsl B pactBope Jlroromns (1 % pactBop iona B BonHOM
pacTBope Hoauaa kajaus). Y pacTeHUH KaKJI0W ajuIoONMHUAN
OTIPEAEIIAIN BBICOTY, YHCIIO KOJIOCKEB, JUTHHY ITIABHOTO KOJIO-
ca, 9MCII0 KOJIOCKOB B IVTABHOM KOJIOCE, YHCIIO 3€PEH B INIAaBHOM
Kojoce u pacteHuu, maccy 1000 3epen. Pasnuuusa mexny
CpeIHIMH 3HAYECHUSIMU N3YIECHHBIX IPU3HAKOB Y aJUIOIMHUT
JI-56 no cpaBuenuto ¢ suHuen JI-57, a y annonunun JI-57
10 CPaBHEHUIO C ajutonuHuel JI-58 orieHnBanu ¢ UCToab30-
BaHMeM f-kputepusi CThrofieHTa. [laHHbIC aHATU3UPOBAIIH C
nomorneio Statistica v.7.0.61.0.

I P-ananu3 18S/5S MUTOXOHAPHUAJIBLHOTO MOBTOPA.
B xauectse I11{P-MapkepoB MUTOXOHIPHATBHOTO (MT) T€HO-
Ma OBUIM MCHOJIB30BaHBI MpaiiMepsl K 18S/5S moTopy. Mx
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The effect of T. aestivum chromosomes 1A and 1D
on fertility of alloplasmic (H. vulgare)-T. aestivum lines

cTpykrypa u ycnosus I[P onucanst B padore (Coulthart
et al., 1993). Paznenenne npoxaykros [1L{P mpoBoamiocek B
1.5 % arapo3HoM rese, copepsKameM OpOMUCTBIN 3THINI;
BH3YaJIU3aIMI0 OCYIIECTBIISUIN C IMOMOIIBIO CHCTEMBI Tellb-
nmoxkymenTupoBanus Gel Doc XR+ (Bio-Rad, CIIIA). Toramns-
nast JIHK Obli1a BbI/IeNIeHa U3 3€JICHBIX JINCTHEB, CPE3aHHBIX /10
KOJIOILICHUSI, COIVIACHO paHee OIyOJINKOBAHHOMY MPOTOKOIY
(Current Protocols..., 1987). AHanm3upoBaIu OT OZHOTO 10
BOCBMH 00pa3IOB OT OT/ENBHBIX I'€HOTHIIOB. B »T0M wactn
paboThl KOHTPOJIEM MPU U3YYEHUH PEKOMOMHAHTHBIX aJlIO-
JIMHUH CITY>KWJIM JIMHMSL sSTAMeHs copTta Henoneraronuii, uc-
TOYHUK IIUTOTUIA3MBI aJUTOJIMHUH, U COPT MSTKOHM MIICHUIIBI
[Tuporpukc 28, HCTOYHUK IUTOILIA3MbI MIIEHHUIBI (OUH U3
PEKYPPEHTHBIX TEHOTHIIOB).

Ounenka ¢gepTUIbLHOCTH THOPHIOB MEXy AJUIOIIa3Ma-
TUYECKUMHU JIMHUSIMU ¥ MIIEHUYHO-PYKAHBIMH 3aMELIeHHBIMU
muausMu 1A(1R) m 1D(1R) B Fy u F,. Ins1 oieHKYW BIUSTHUS
xpomocoM meHunsl 1A n 1D Ha deprmibHOCT ayutonu-
uuit (H. vulgare)-T. aestivum B 3aBUCUMOCTH OT YPOBHSI HX
LUTOSIIEPHON COBMECTHMOCTH PACTEHUS 3TUX JUHUHA Kak
MaTepUHCKNE TEHOTHUIIBI CKPEIINBAIIN C TIICHUYIHO-PKAHBI-
mu 3amereHHbIME JuHUSAMHA 1A(1R) n 1D(1R), uToOBbI 3a-
MecTuTh B F; 1o omHoi xpomocome 1A u 1D ammonmaui
Ha Xxpomocomy pku |R. Mcnone3oBanHble B paboTe JTMHUU
1IA(IR) u 1D(1R) momyueHs! B pe3ynbTaTe 3aMeIIeHUs COOT-
BETCTBYIOIINX XPOMOCOM MIIIeHHUITBI copTa CapaToBckas 29 Ha
xpomocoMy pxku 1R copra Onoxoiickas (Shchapova, Krav-
tzova, 1982). B rubpuausanuto Obuti BktoueHs! [1C u UC
pactenus amtonuann JI-56, Y pacrenus amtonuanm JI-57
u otnenbHble @ pacrenus amonunuu JI-58. Jlo uBerenus
KOJIOChSI MAaTEPUHCKUX PACTEHU, a Takke pactenuil Fy u Fy,
BBIPAIIMBAEMbIX B THAPONOHHON TEIUTHIIE, TIOMEIIAIH MOA
MIepraMeHTHBIC H30JISITOPEL. Y HHANBHYaJIbHBIX pacTeHui F
u F, olieHuBanu 3aBA3bIBa€MOCTb CEMSIH B ITIABHOM KOJIOCE.
Paznenenne Ha crepuibHBIE U (epTUIbHBIE pacTeHHus B F,
MIPOBOJIMIIN COIIacHO pekoMeHanusM (Sinha et al., 2013):
MOJTHOCTBIO CTEPUIIbHBIE PACTEHHS U PACTEHHUS, 3aBsI3aBIINe
He 0oJIee YeThIPEX 36PEH B ITTABHOM KOJIOCE, OTHOCHIIH K CTe-
PHWIBHBIM; PaCTEHUSI, 3aBSI3aBIINE B ITTABHOM KOJIOCE OT IIATH
3epeH u Ooee, — K GepTHiIbHbIM. J[J1s1 OLICHKH COOTBETCTBHUS
MEX]y HaONIOZaeMBIM U TEOPETHYECKH OXKHIAEMBIM pac-
meruieHneM B F, Ha QepTuiibHbIe U CTEpUIIBHBIE PACTCHUS
ucnonb3oBanu kpurepuit [Tupcona (Xu-kBazapar) (o= 0.05).

Pesynbratbl

XapaKrepuctmka peKoMOMHaHTHbIX a/IONVHNIA
Annonunus JI-56 npencraBieHa B OCHOBHOM YaCTUYHO CTe-
pribHEIME (60 %) ¥ TIOMTHOCTBIO CTEPUIIBHBIME PACTEHUAMH
(35 %); yacTora yacTUYHO (PePTIIILHBIX PACTCHNH COCTABHUIIA
5 % (tabm. 1).

BonbmmbcTBO pactenuil y amonuHuu JI-57 — yactuuHO
(eprunbabie (85 %), OcTaNbHBIE — YACTHYHO CTEPUIILHBIC
(5 %) u deprunpbabie (10 %). Amnonunuto JI-58 cocraBumu
¢deprunpabie (92 %) M 9acTHYHO (EPTUIBHBIE PACTECHUS
(8 %). Obpa3iBl KOJIOCHEB PAaCTEHUI C Pa3HBIM YPOBHEM
(hepTUIIBHOCTH TPEICTABICHBI Ha PHC. 2.

Y MOJTHOCTBIO CTEPHUIIBHBIX PACTEHHUH PBIIbLIa HOPMAJILHO
Pa3BUTHI, HO BUTBHUKN OTCYTCTBYIOT. Y YaCTHYHO CTEPHIIb-
HBIX 1 YaCTHYHO (PePTUIIbHBIX PACTEHUI TBUTLHUKH MO CPaB-
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Ta6nuua 1. YpoBeHb GepTUNbHOCTU pacTeHN PEKOMOMHAHTHBIX annonuHuia (H. vulgare)-T. aestivum J11-56, J1-57, 1-58

AnnonuHua Konuuectso Yumcno n yactoTa (%) pacteHun
M3yUYEHHbIX PACTEHUA - - uc 4o o
(0) (1-9)# (10-19)* (>19)*
J1-56 20 7 (35 %) 12 (60 %) 1(5%) 0
N-57 20 0 1(5 %) 17 (85 %) 2 (10 %)
J1-58 25 0 0 2 (8%) 23 (92 %)

#

— 4YNCNO 3epeH B NMaBHOM

Mpumeuanue. NC - nonHas crepunbHOCTb; YC — yacTnuHas cTepunbHOCTb; YD — yacTuuHas GpepTunbHOCTb; O — GepTrabHOCTD.
Konoce.

HCHUIO C (l)epTI/IJ'leblMI/I paCTCHUAMU HEAOCTATOYHO PAa3BUThBI
1 HE BCE MBUTBIIEBBIC 3€pPHA OKpareHsl (puc. 3).

CpaBHeHHE CpeHNX 3HAYCHUH MMOKazaTenell M3y4eHHBIX
MIPU3HAKOB y ayu10IHHKH JI-56, mpeacTaBineHHON CTepUIbHBI-
MU ¥ YaCTUYHO CTEPHIIBHBIMU PACTEHUSIMH, TI0 CPAaBHEHUIO C
JI-57, cocTosieit B OCHOBHOM M3 YaCTUYHO (DePTHIILHBIX pac-
TEeHUH, nokazaiyo, yto atonunus JI-56 npeBocxonut JI-57
TOJIBKO IO YHCITy KOJIOCHEB Ha pacTeHHE. 3HAYEHNE OCTAIBHBIX
TOKa3aresieil MPU3HaKoB (BHICOTA PACTEHUI, JUTHHA [TaBHOTO
KOJIOCa, YHCIIO KOJIOCKOB B INIAaBHOM KOJIOCE, YHCIIO 3epeH B
TJIABHOM KOJIOCE U B pacTeHnu) y JI-56 mocTtoBepHO HIIKE,
yeMm y JI-57 (tabm. 2).

V anmnonaunuu JI-57 pivHa I1aBHOTO KOJI0Ca, YUCII0 KOJIOC-
KOB B IYITaBHOM KOJIOCE, YHCJIO 3€PEH B ITIABHOM KOJOCE U
YHCIIO 3€pPEH B PACTCHHU JJOCTOBEPHO HIDKE IO CPABHEHUIO
¢ amtonuHuen JI-58, nmpencraBieHHON IpenMyNIECTBEHHO
(eprunpabIME pacTernsMu. [1o macce 1000 3epen pasnuuuii  Puc. 2. Konocbs pactetuii: 1, 2 — GepTunibHbIX; 3 — 4acTUYHO GepTib-
MEXy N3yUYCHHBIMH aJUIOTHHUSMH HE 06Hapy>KeH0. HOrO; 4 — YaCTUYHO CTEPUITbHOTO; 5 — MOAIHOCTbIO CTEPUSTBHOTO.

1 2 3

Puc. 3. Poisiblie (1) MOSIHOCTbIO CTEPUIBHOTO PACTEHUSA; PbISibLE U MbIIbHKKK (2), NblibLieBble 3epHa (3) YaCTMUHO GepTUIbHOIO PacTeHWS; pPbinbLie 1
NbITbHMKM (4) 1 NblNbLeBble 3epHa (5) GepTUNbHOro pacTeHus.

Tabnuua 2. Xapaktepuctnka peKoMOUHaHTHbIX annonuHuii (H. vulgare)-T. aestivum no mopdobuonornyecknm npusHakam

Mpur3HaK pacTeHun J1-56 N-57 J1-58

BbicoTa pacTeHuit, cm 76.38£2.66%% 87.81+1.97 89.55+2.0
Yncno Konocbes B pacTeHnn 4.78+0.32* 3.92+0.24 3.85+£0.22
[nnHa rnaBHOro Kosoca, cm 6.07 £0.41%*% 8.12+0.34% 9.14+0.23
Ymcno KONoCKoB B FMaBHOM Komnoce 13.21£0.67%*% 16.50+0.25"* 18.15+0.65
Ymncno 3epeH B rMaBHOM Konoce 3.76+1.98%%%) 16.35+1.66/***/ 33.10+£2.56
Yuncno 3epeH B pacTeHnu 15.57 +6.35%*% 52.50+7.84/%*%/ 115.74+13.67
Macca 1000 3epeH, r 3532+1.18 34.25+1.12 35.67+1.31

MpumeuaHue. PasHnua no cpasHeHuto ¢ J1-57 goctoBepHo 60osbLue npu * p < 0.05; focToBepHO MeHbLie npu **) p < 0.01 n ***) p < 0.001; no cpaBHeHuo ¢ J1-58 —
[OCTOBEPHO MeHblue npu */p < 0.05 n***/p < 0.001.
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PesynbraTbl aHanusa nocnegosatenbHocTn 185/5S mTAHK
Yy PeKOM6MHAHTHBIX annonnHni

'V Bcex M3yUeHHBIX 00pa3noB ayutoanHun JI-56, BKITiogast mod-
HOCTBIO CTEPHIIbHBIE, YACTHYHO CTEPUIILHBIC PACTCHHS U OJTHO
4acTHYHO (epTUiIbHOE, OOHApYKEeHA TeTeporutasmMus (Ha-
mane kormit 18S/5S mT/IHK stamens u mmenutsl) (puc. 4,
tabm. 3). Y autonunanu JI-57 y 00pasioB MeCTH H3y4eHHBIX
4acTUYHO (DePTUIILHBIX PACTEHUH U ABYX PACTEHHI, OTHECEH-
HBIX K TpyTIe (PePTHUIIBHBIX, TAKXKE BBISIBICHA FETEPOIIIA3MHUSI.
VY annonuann JI-58 00pasie! 1BYX 4aCTHYHO (PePTHIIBHBIX U
JBYX (DepTHIIBHBIX PACTCHHUI MMOKa3aly IreTepoIlia3MuIo, a
mecTy (QepTUIBHBIX PACTEHNH — TOMOIIa3MHUIO IIEHUIHOTO
Turna. Pe3yasTaTsl BEIMOIHEHHOTO aHAIN3a, CONNIACHO JTAHHBIM
(Aksyonova et al., 2005; Trubacheeva et al., 2021), mociy»xu-
TV JJ1S pas3IeNieHNs] aJuIoIIa3MaTHIECKIX TeHOTUITOB Ha Ka-
TETOPUH € PA3HBIM YPOBHEM IIUTOSIICPHOI HECOBMECTUMOCTH
(cm. Tabi. 3). Y pacreHwuii ¢ TeTepoIIa3MHuei UTOsICPHAS
COBMECTUMOCTb HAapyLIEHA, y pACTEHUH C TOMOIJIa3MHUEN — HE
HapyIIeHa.

AHanus rubpunaos, Nony4YeHHbIX
MeXAY PEKOMOMHaHTHbIMY annoNMHNAMN
1 NWeHNYHO-PXKaHbIMY 3aMeLLeHHbIMM
nuHunamn 1R(1A) n 1R(1D)
OT/enbHbIE TIOMTHOCTBIO CTEPHIIBHBIC W YaCTUYHO CTEPUIIb-
HblE pacTeHHs: aioNuHuu JI-56 ObUIM ONBUICHBI MBUIBIIOH
MIIEHUIHO-PKaHBIX 3aMenieHHbIX tuHui [R(1A)  IR(1D).
CeMeHa 3aBs3aJIMCh BO BCEX KOMOWHAIMAX CKpEIIMBAHUS,
YTO ONPENENNIIOCH MPOSIBICHUEM KEHCKOH (DepTHILHOCTH
y IIC u YC pacrennii. M3 3aBs3aBOImxcst ceMsH OBLIO BEI-
pamiero 18 pacrennit F; xomounanuu JI-56(I1C) x 1R(1A),
20 pactenuii komOunauu JI-56(I1C) x 1R(1D), 15 pacrennit
xomOmHarmn JI-56(YC) x 1R(1A) u 17 pactenuit komOnHa-
in JI-56(YUC) x 1R(1D). Bee pacrennst Fy atux ruOpuanHbix
KOMOWHAIIMI HE 3aBsI3aJIH CEMSIH OT CaMOOITbIICHUS (Ta01. 4).
[Nonnas crepmibHOCTh THOPUAOB F|, TeTepO3UTroTHHIX IO
Xxpomocomam mnureHuns! 1A u 1D, ykassiBaet Ha To, uTO (ep-
TUJIBHOCTB YaCTUYHO cTepuibHBIX (UC) pacTeHuii 3aBUCHUT OT
BIHSHUS XpOMOCOMBI 1A 1 xpomocomsl 1D. OnHako ogHOMH
JI03bI T€HA, JIOKAJIM30BAaHHOT0 Ha KayKJ0M U3 ITUX XPOMOCOM,

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

Puc. 4. Snektpodoperpamma lMLP-npoayKTOB, NONYYEHHbIX C UCMONb30-
BaHmeM mapkepa MTHK 185/5S.

1 - AaumeHb H. vulgare copT Henoneratowuit; 2 — nwenuya T. aestivum copT
MupoTpukc 28; 3 — NOAHOCTbIO CTepUnibHOe pacTeHne annonuHum J1-56; 4 —
YaCTUYHO CTEPUIIbHOE pacTeHue aanonuHum J1-56; 5 — YacTMuHo pepTuibHoe
pacTteHue annonuHun J1-57; 6, 7 — dbepTunbHble pacteHns annonnHum J1-58.

HEJJOCTATOYHO JUIsl BOCCTAHOBIICHUS MYKCKOH (pepTHIBHOCTH
pacTeHuil.

W3 amnonuauu JI-57 B rubpuau3anuio ¢ NieHuYHO-prKa-
HBIMH 3aMEIIEHHBIMU JTUHUSIMHU ObUTH BKITIOYEHBI YaCTUIHO
(eprunbHBIE pacTeHus. 13 cemsiH THOpUIHON KOMOWHAINI
JI-57(U®) x 1R(1A) 6bu10 BbIpamieHo 15, a koMOuHAIUN
JI-57(4®) x 1R(1D) — 12 pacrennii F;. Bce pacterns F; Opim
(hepTHIIBHBIMHU, YTO TOBOPUT O TOM, YTO BOCCTAaHOBJICHUE
(hepTHIBHOCTH Y 9THX JUIOJIUHUHN SBIISIETCS TOMUHAHTHBIM
MIPU3HAKOM. AHa/IN3 3aBS3bIBAHMS CEMSH B IIIABHOM KOJIO-
ce 74 pacteHuil momynsiuuu F, ruOpuaHON KOMOWHAIIUN
JI-57(4®) x 1R(1A) BeisiBun 51 pactenue u3 rpymist dep-
TUJIBHBIX ¥ 23 pacTeHUsI U3 TPYNITbI CTepUiIbHBIX. Habmomae-
MOE COOTHOIIICHHE IIPH paclIeIIeHNH Ha (pepTHIIbHbIC U CTe-
pHUIIBHBIE pacTeHUs B F, COOTBETCTBYET TEOPETHUECKU OXKH-
nmaemomy 3 (eprunbHbIe) @ 1 (CTEpHIBHBIE) CO 3HAUCHHEM
qu)m =1.46, 9TO HMKE CTAaTUCTHYECKOIO 3HAYCHUS X205 =3.84.

AHaNOrMYHBIN Pe3yJIbTaT NONYUYeH U JUIsi THOPUIHOM KOM-
onnarmm JI-57(4®P) x 1R(1D). 3 61 nzyuenHoro pactenus F,
JTAaHHOI KOMOWHAIH 45 pacTeHU OTHECCHHI K Tpyte dep-
TUJIBHBIX, a 16 pacTeHu — K rpyIIe CTePUIbHBIX: 3HAUCHHE
xfbm = 0.05 (cM. Tabn. 4). OTu pe3ynbTaThl yKa3bIBalOT Ha
3aBUCHMOCTh (PepPTHIILHOCTH aiIoNuHuu JI-57 oT BausHus
xpomocoM 1A u 1D nenunpt. CooTHomeHHe HepTHIBHBIX

Ta6nuua 3. Pesynbratbl n3yyeHuna 185/5S MTAHK y pekombrHaHTHbIX annonuHuii (H. vulgare)-T. aestivum

JIvHna YpoBeHb GpepTunbHOCTM Yucno nsyyeHHbix pactedun  185/5S mtHK LiutoapepHasa coBMecTMMocTb
J1-56 nc 5 A+N HapyweHa
4c 8
4o 1
J1-57 4o 6 A+ HapyweHa
0} 2
N-58 4o 2 A+N HapyweHa
0} 2
0} 6 n He HapyweHa
Henoneratownin 0} 2 A He HapyweHa
MupoTpukc 28 0} 2 Mn He HapyweHa

MpumeuaHue. A - aumeHb; 1 - nweHunua; Henoneratowmn — copt AUMeHS; NMMPOTPUKC 28 — COPT MATKOW MLIEHNLLbI.
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BrnusaHue xpomocom 1A n 1D T. aestivum Ha GepTunbHOCTb
annonnasmaTuyeckux nuHui (H. vulgare)-T. aestivum

Ta6nuua 4. 3aBA3biBaeMOCTb ceMAH Y rnbpuaos F; 1 paciienneHne no 3aBaAsbiBaHNIO ceMAH y rnbpraos F,,
NMOMYYEHHBIX OT CKpeLYBaHNA PeKOMOUHAHTHbBIX annonuHui (H. vulgare)-T. aestivum
C NMWeHNYHO-PXKaHbIMK 3ameleHHbIMK nnHuAMKM TR(TA) n 1R(1D) copta nweHmubl CapaTtoBcKas 29

[mbpurpgHas MNokonexune PacteHnin
KoM6UHaL WA BCero bepTnnbHbIX
J1-56(MNC) x 1R(1A) Fy 18 0
J1-56(INC) x 1R(1D) Fy 20 0
J1-56(4C) x 1R(1A) Fs 15 0
J1-56(4C) x 1R(1D) Fy 17 0
JI-57(40) x TR(1A) Fy 15 15
F, 74 51
J-57(4®) x 1R(1D) Fy 12 12
F, 61 45
N-58(®,,,) x TR(TA) F, 14 14
F, 75 75
N-58(®,,,) x 1R(1D) Fy 15 15
F, 86 86

U CTEpUJIbHBIX pacTeHuil B F, momymsnusx KoMOWHAIUH
JI-57(U®) x IR(1A) u JI-57(HD) x 1R(1D) moka3sIBaeT, 4To
BOCCTaHOBIICHNE MYKCKOH (eptribpHocTH Yy UD pacrennit
ajutoninHuu JI-57 B KasKIOM Ci1y4yae KOHTPOJIUPYETCS OJHUM
JOMMHAHTHBIM reHoM. OJIMH U3 TaKUX TE€HOB JIOKAJIM30BaH B
xpomocome 1A, a npyroii — B xpomocome 1D msrkoi mie-
HUIIBL.

WHoi pe3ynbTar Nojly4eH Mpu CKPEIMBaHUU TOJHOCTBIO
(bepTrnBHBIX pacTeHnit aytonuanu JI-58, y KOTOpBIX BEISIBIIE-
Ha FOMOTIJIa3MUS MIIEHNYHOTO TUIIA, C MIIEHUYHO-PKAHBIMU
3aMeIIeHHBIMH TNHISIMU. Bee pactenus F u F, komOnnarmm
JI-58(®) x 1R(1A) u komOunarym JI-58(®) x 1R(1D) 6bpun
(dheprunbHBIME (M. Ta01. 4). VI3 3TOTO CiIenayeT, 4To PepTriib-
HOCTb BKJTFOUEHHBIX B CKPEIIUBAHUS C MIICHUIHO-PKAHBIMHU
3aMENCHHBIMY JIMHUSIMI PACTEHUH PEeKOMOMHAHTHOM aio-
suHAN JI-58 He 3aBUCHUT OT BIUSHUS XPOMOCOM MSATKOM Mie-
Hunel [An 1D.

O6cyxpeHue
Mexay KynbTypHBIM sSTaMeHeM H. vulgare i MATKOW TIIICHH-
neii 7. aestivum CUIIBHO BhIpaXKeHA MEXI'€HOMHAsl HECOBMe-
CTUMOCTb, TIPETSITCTBYIOIIAst KAK CKPELLMBAHHIO MEXK/Ty HUMH,
TaK W BOCCTAHOBICHHIO (pepTHiIbHOCTH THOpHI0B. OmHAKO
Orarogapst HCIOJIB30BAHHUIO METOIOB IPEOIOJICHHST HECOBME-
CTHMOCTH U NOJ00PY POAUTEIBCKUX T'€HOTHIIOB OKa3aloCh
BO3MOKHBIM TTOJTYYUTb KHU3HECTIOCOOHBIE SIMEHHO-TIIIICHNY-
Hble THOpuB! F| ¢ )keHckolt ¢peprrnbHocThio (Pershinaetal.,
1998). DT0 MO3BOJIMIIO BKIIOUUTH IMOPUABI B BO3BpaTHbIE
CKPEIIMBAHUS C PA3HBIMH COPTAMH MATKOW MIIECHUIIBI, YTO
MIPUBEIIO K BBITECHEHHIO XPOMOCOM STMEHs1, 00pa30BaHHIO pe-
KOMOMHAHTHOTO SIIEPHOTO F€HOMA IMIISHHIIBI U 3aMELICHHIO
IIUTOILIa3MBbl MIICHUIBI HA IUTOMJIA3MY SUMEHS y (hopMu-
pYyIOIUXCcs aJuToIIa3MaTndecKux reHotunos (Aksyonova et
al., 2005; Ilepumna u np., 2012).

W3yuennsie B HacTosAMIEH paboTe peKkOMOWHAHTHBIE aJlIo-
munun (H. vulgare)-T. aestivum JI-56, JI-57 n JI-58 umetot

Oxunpaemoe X2¢am p-value

CTepUTbHBIX pacwennexve B F,

18 -

20 -

15 -

17 -

23 31 1.46 0.227
16 31 0.05 0.824

OJIMHAKOBOE MPOUCXOXKACHHE, HO XapaKTEepU3YIOTCs pa3Hoil
BBIPKEHHOCTBIO MOP(OOHOIOTNUECKIX ITPU3HAKOB U Pa3HBIM
ypoBHEM (GepTIIIEHOCTH. PeKOMOMHAHTHBIN SA€PHBIA TeHOM
ITUX JIMHUH C()OPMUPOBAH C YUACTHEM COPTOB MSITKOH ITIIIe-
uunpe! CaparoBckas 29, Mupornosckas 808 u [Tuporpukce 28.
[posiBenne Mop(hoONOIOrHIECKIX MPU3HAKOB Y TMHIK JI-56
OTHOCUTEJILHO aJu10auHuu JI-57, npecTaBIeHHOM YaCTUYHO
(hepTUNBHBIMH pacTEHUSMH, MofaBieHo. Amnonuaus JI-56
pacIieruisieTcs: Ha MOJIHOCTBIO CTEPHIIbHBIE PACTEHHS U pac-
TEHHsI C HU3KUM YpoBHeM (eptumibHocTH. [To-BHmuMomy, y
aymonwHAN JI-56 B simepHOM reHOMe TpeodiiafaeT TeHeTHYe-
cKuil Marepuan copra nmeHuns! CaparoBckas 29, KOTOpBIT
CJIIYXKUT 3aKpCHUTCIIEM CTCPUIIBHOCTU MSTKON IIIICHUIIbI Ha
uToIIasMe KynsrypHoro stamens (Ilepmmna u ap., 2012).
OTcyTCTBHE NMBUILHUKOB Y MOJTHOCTHIO CTEPHIIBHBIX pac-
TCHUI M HETOJIHOE OKpalIMBaHUC NbUILLEBLIX 3€PCH Y 4Ya-
CTHYHO (hepTUIIBHBIX pacTeHnii o0ycrosneHo [IMC, xotopas
€CTh pe3yibTaT HapYIICHUsS SJIEPHO-MHUTOXOHIPHUAIBHBIX
B3aumoneiicteuil (Yang et al., 2008). T1L{P-anamu3 18S/5S
MT-TI0BTOpa y ayutonuauid JI-56 u JI-57 oGHapyXwi1 reTepo-
TUIA3MHI0 — Halmuue IByX BapuanTtoB MTIHK, samMeHHBIX
n nmeHnyHbiX. [erepomnasmust MTAHK y stamenHo-mie-
HUYHBIX THOPUIOB U MOTYYEHHBIX HA X OCHOBE aJUTOJIMHUI
SIBIISIETCSL CIIEICTBUEM JIByponuTenbekol nepeaaun MtIHK
HauynHas ¢ Fy (Aksyonova et al., 2005). AHanoru4ssie aaH-
HbIE TIPUBEJCHBI U Ul THOpUAOB (Ae. crassa X TIIEHUIA
copra Chinese Spring) (Kawaura et al., 2011) n amuronunnit
(de. longissima)-T. turgidum (Noyszewski et al., 2014). Ha-
CJI/IOBAaHNE IUTOTIIIA3MATHYECKUX TEHOMOB CO CTOPOHBI 000-
UX POJUTEIICH IO CPABHEHHUIO CO CTPOTO MAaTEPUHCKUM JAeT
Oonbliee pasHooOpasue BapuanToB MT- 1 X1 {HK y rubpuios.
CUnTaroT, 9TO HACIIE0BAHHE XIJIOPOIIIIACTOB OT JIBYX POJHTE-
JIel y TOKPBITOCEMEHHBIX MOJKET CITY)KHTh CITACCHUEM BUIOB
¢ nedextHpiMu wactuaamu (Zhang, Sodmergen, 2010), a
TAKKe MEXaHU3MOM, KOTOPBIH CMATYaeT HETaTUBHOE BIIMSTHNE
IIUTOSIEPHON HECOBMECTUMOCTH Ha pa3BHUTHE rHOpnaoB F
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(Barnard-Kubow et al., 2016). MoXHO IpeIIONI0KUTh, YTO
y U3y4aeMbIX B Haieil pabote aymuronuanid JI-56 u JI-57 Ha-
nuune nueHnyHsix konud MTAHK, Hapsay ¢ suMeHHbIMH,
TAKOKe MPUBOJIUT K HEHTPaIN3alNK LU TOSIEPHOTO KOH(IIMKTA
MEKLy IIUTOTIIA3MOI SIMEHS U AAEPHBIM I'€HOMOM ITIIEHHITBI,
00eCIIeunBaIOINM Pa3BUTHE KU3HECTIOCOOHBIX AJIOJIMHHH,
XOTSI ¥ C IOHMKEHHOH (pepTHIILHOCTBIO.

[Ipu 6eKKpOCCHPOBAHUH OTIIOBCKHM BUAOM (TIIICHHIICH)
rubpunoB H. vulgare X T. aestivum, 1J1s1 KOTOPBIX XapakTepHa
rereporuiazmust Mt/ IHK, HaOmromaeTcst M3BMEHYUBOCTh HE
TOJIBKO SIIEPHOTO TEHOMA, HO I MUTOXOHApHAIBHOTO (Aksyo-
nova et al., 2005; Trubacheeva et al., 2012, 2021). ITpu Boc-
CTaHOBJICHUHU (EePTHILHOCTH aJUIOIMHUIN IPOMCXOUT yBEIIHU-
yenne yncia konuit Mt/IHK mimeHnaHoTo (0TIIOBCKOTO) THIIA,
1 TIEPBUYHOE AJUIOIIIa3MaTHYECKOE COCTOSIHUE YTPaunBaeTCsI
(Aksyonova et al., 2005; Trubacheeva et al., 2021). Takyto
K€ 3aKOHOMEPHOCTH HAOITIOATN 1 TP 00pa30BaHNH aJLIOIH-
HUH MIICHAIBI, HECYIINX LUTOIIIa3MYy OIIpEIeICHHBIX BU/IOB
Aegilops (Tsukamoto et al., 2000; Hattori et al., 2002). AJuto-
mHus JI-58 ¢ MOTHBIM BOCCTaHOBIIEHHEM (DEPTUIBHOCTH U
orcyrctBueM npusHakoB [IMC Beiesnena npu ordope pac-
TeHUI ¢ MakcUMabHOH (epTriibHOCTBIO B F5BC5 nokonennn
STIMEHHO-ITIIEHUIHOTO THOpra (cM. puc. 1). MoxkHO mpea-
TIOJIOXKHTB, UTO y JI-58 peKkOMOMHAHTHBIH SIepHBII TeHOM, 3
KOTOPOTO XPOMOCOMBI STYMEHS1 AITMMUHUPOBAHBI, IIPEIICTABIICH
B OCHOBHOM T'€HETHYECKHM MaTE€pPHaIOM COPTOB IIIECHHUIIBI
Mupounosckast 808 u ITuporpukc 28, KOTOpbIE OTHOCATCS K
BOCCTaHOBUTEIISIM (DEPTHIIEHOCTH MSITKOW HINEHHIIBI Ha [TUTO-
ra3Me KynsTypHoro stamens (Ilepmaraa u np., 2012, 2018).
B nponiecce ordopa 1o hepTHIBHOCTH, TaK e KaK 1 pr Oek-
KpoccupoBanuu, nsmenunBocts MTJJHK ot retepo- k romo-
IUIA3MHH MIIEHUYHOTO THITA KOPPETUPYET C U3MEHUUBOCTHIO
xnopomuiactHoi JIHK oT romMorniaaMuu saMEHHOTO THIIA K TO-
Moruia3mMuH mnieHnyHoro tumna (Aksyonova et al., 2005; Tru-
bacheeva et al., 2021).

Kak ciemyer U3 gaHHBIX, OJyYEHHBIX B HACTOSILEM HC-
clle/IoBaHUM U paHee onyOnnkoBaHHbIX (Aksyonova et al.,
2005; Trubacheevaetal., 2012, 2021), rerepo- ¥ TOMOTIIa3MHUS
muenngaoro tuna 18S/5S mtIHK, obnapyxeHHbIC y anio-
muauit (H. vulgare)-T. aestivum, MOTYT CIY)KUTh MapKepamu
JUIS pa3[eNeHNs] AJUIONMHUNA ¢ HapyIIEHHEM LUTOSICPHOMN
COBMECTUMOCTH W AJUIOJMHUN C IUTOSIEPHON KoajaariTa-
LIMEH, OCKOJILKY HE BO BCEX CIIy4asiX yPOBEHb (PePTHILHOCTH
MOXKET OBITh HAJEKHBIM MPU3HAKOM JUISI TAKOTO pasjelie-
Hust. Hanpumep, u B Hactosimiel, u B 6oiee panHei pabore
(Trubacheeva et al., 2021) y yactu pacTeHuUil, OTHECCHHBIX
K (QepTuiapHBIM, 00HapyxeHa reteporasmus MTIHK, T.e.
MMEJIOCh HapyIIeHUE [IUTOSAEPHON COBMECTHMOCTH.

YeTkue pa3iuuusi MeX1y aJUIOJHHUSMU C HapylIeHHEM
IIUTOSIEPHON COBMECTUMOCTH | AJIJIOJIMHUSMHE C IIUTOSIIEP-
HOH KoaJanranueil oOHapyKeHbI 10 Pe3ynbTaTaM H3ydeHUs
BiMsiHUSL XpoMocoM 1A u 1D Ha GepTHiibHOCTh ATHUX JINHUH.
V ammonmuauit JI-56 u JI-57 (c HapyIIeHHOW IHUTOSACPHON
COBMECTHMOCTBIO) MY>KCKasi pepTHIILHOCTh 3aBUCHT OT BIIHS-
HUSL 9TUX XPOMOCOM MIIEHUIIBI, a y annoauHun JI-58 (6e3
HapyIICHUS [IUTOSAICPHON COBMECTUMOCTH) HE 3aBUCHUT. JTO
MOXKHO OOBSICHUTB TeM, 4T0 y ajuonunuii JI-56 u JI-57 c rere-
poIuIa3Mueit U1st HeUTpalTu3aluy CTEPHIN3YoLIero ddQexra
IIUTOIIa3Mbl HEOOXOIMMO BIIMSIHAE T€HOB-BOCCTAHOBHUTENEH
Rf, pacnionoxenHsix B xpomocomax 1A u 1D. Jlunus JI-58
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(c unTOsAEPHON Koamanranuei) uMeeT BHOBb C(HOPMHUPO-
BaHHYIO [IUTOILIA3MY MIIEHMYHOTO THIA, TI03TOMY Pa3BUTHE
MYKCKO(EpPTUIBHBIX PACTEHUH HE 3aBHCUT OT HAIWYUS Te-
HOB Rf'Ha JaHHBIX XPOMOCOMaX.

AHanornuHbIe pa3Tuyus Mbl HAOIIOIAIH U B TIPEIBIILYIIIEM
uccnenoBannu (Trubacheeva et al., 2021): kopoTkoe mIedo
xpomocombl 1B oka3sbiBaeT BiusiHue Ha QEepTHILHOCTD aJljIo-
JIMHUH ¢ HapyLIEHUEM LUTOSEPHON COBMECTUMOCTH, HO HE
BIIMSICT HA (PEPTHIILHOCTD AJUIOIMHUM, y KOTOPBIX IIUTOSIIEP-
Hasi COBMECTUMOCTb HE HapyllIeHa.

3aknioyeHue

J1Jist BBITIOJTHEHUSI HACTOsIIEH padOThI Cpean OEKKPOCCHBIX
MTOTOMKOB STYMEHHO-NIIEHNYHOTO THOpuna H. vulgare X
T aestivum, TIOCIIEIOBATEIIbHO ONBUICHHOTO Pa3HBIMH COP-
TaMH MSTKOW NIIEHUIbI, ObUIM BBIJCICHBI TPU AIIOIUHUN
MSITKOH MIIEHHIIbI, HOCUTENN IUTOIIA3MbI KYJIBTYpPHOTO sS4~
MEHs. DTH aJUTOJIMHUH — OTHOTO MPOMCXOXK/ICHNUS, HO C pas-
HOHU (DePTHIBHOCTBIO U PA3HBIM YPOBHEM LIUTOSJIEPHOM CO-
BMECTHMOCTH — ITOCITY’KHJIHM B KAYECTBE a/I€KBATHBIX MOZIEIIEH
JUISL OTIpENECNICHNS JIOKAIN3AIH TeHOB, KOHTPOIUPYIOLIINX
BOCCTaHOBJICHUE (DEPTUIILHOCTH MSTKOH MIIICHUIBI, HECYIIICH
IIUTOILIA3MY KYJIBTYPHOTO SIUMEHSI.

OCHOBBIBasICH Ha pe3yibTarax paciierienns B F, rubpu-
JIOB, TIOJTyUY€HHBIX OT CKPEIUBaHUS aJUIOJIMHUM, Y KOTOPOH
HapyIIeHa IUTOsIEpPHast COBMECTUMOCTb, C MIIEHIYHO-PKa-
HBIMU 3aMenieHHbIMU THHUIME [R(1A) i 1R(1D), mbI Briep-
BbIE C/ENIAIM 3aKII0UeHue, 4To XpoMocombl 1A u 1D HecyT
[0 OAHOMY JOMHHAHTHOMY T€HY Rf, KOHTPOJIUPYIOIIEMY
BOCCTaHOBJICHUE MYXCKOH ()epTHIIEHOCTH MATKOH MIIICHUIIBI
Ha LUTOIUIa3Me KyJIbTYpHOro sstuMeHs. Ilokaszano, 4ro onHou
JI03bI 3TUX TEHOB HEAOCTATOYHO UISi BOCCTAHOBIICHHUS (hep-
THIIBHOCTH YaCTHYHO CTEPWIIBHBIX pacTeHU. JlaHHbIe HAaImmX
MCCIICIOBAaHUN JIOTIONHUIIM MHPOPMALIUIO O JIOKAJIN3alUH
TeHOB Rf B XpOMOCOMax IEpBOH TOMEOJIOTHIHOW TPYTIITEI,
cootBercTBeHHO 1A, 1D (B Hacrosmeit padore) u 1BS (Tru-
bacheeva et al., 2021).

IlosydeH BaxHBIN pe3ysbTat, IEMOHCTPUPYIOIINI HE3aBU-
CHUMOCTB TIPOSIBIICHUS (PEPTHIILHOCTH JIMHUH C IUTOSIICPHOI
COBMECTHMOCTBIO OT BIUSHHSI XPOMOCOM, B KOTOPBIX JIOKaJTH-
30BaHbI TeHBI Rf. DTO 00BSICHACT TOT (DaKT, YTO HHTPOTPECCHS
Yy>KEPOJHOTO TeHETHYECKOTO Marepraja y TakuxX JIMHHH, B
TOM YHCJIE 3aMEIIeHHEe KOPOTKOTO IjIeya XPOMOCOMBI IIIe-
HuIp! 1B Ha KopoTKoe mieqo xpomocomsl pxku 1R, He Hapy-
IaeT MUTOSICPHYIO COBMECTUMOCTD M AJUIOJIMHUH COXpa-
HsitoT pepruibHocTh ([lepmna u ap., 2018; Pershina et al.,
2020). bomee Toro, Ha OCHOBE WHTPOTPECCHBHBIX AJITOJH-
nuit (H. vulgare)-T. aestivum TOJy4eHbl AUTATUIOUIHbIC
muauu (benman u ap., 2021), ucnonab30BaHHbIE B KaueCTBE
MaTepUHCKNX T€HOTHIIOB MPHU CO3/1aHUN KOMMEPUECKUX BBbI-
COKOYpOXalHBIX COPTOB SPOBOH MSATKOH mHieHuns! Curma,
VYpanocubupckas 2, Curma 5.
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CogepskaHye MeTabO0JINTOB U IIPOQUIIb SKCITPECCUY I'€HOB
COOTBETCTBVIONINX MeTab0oJIMYeCcKX IMyTeli B KOHTPACTHBIX
10 OKpackKe 1yiogax 6akinakaHa (Solanum melongena L.)
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AHHoTaumA. baknaxaH (Solanum melongena L.) 3aHMMaeT NATOe MeCTO MO 3HAYNMOCTU CPefi OBOLLHbIX KyNbTyp ce-
MmelncTBa lMacneHoBbIX, B TOM yncie 6narogapa aHTMOKCMAAHTHBIM CBOMCTBaM M0AA 3@ CYET BbICOKOTO COAepKaHuA
pasnnuHbIX GeHosbHbIX coeanHeHnn. Hapagy ¢ nonynapHbiMy GrioneToBoNnogHbIMK copTamu S. melongena nmetotca
CopTa, NIoAbI KOTOPbIX CUHTE3UPYIOT GEHONbHbIE COeAVMHEHNA, OQHAKO XapaKTepu3ytoTca 6enon oKpackoi 13-3a oT-
CYTCTBUA BMOCMHTE3a aHToUMaHOB. OnpefeneHne KONMYeCTBa aHTOLMAHOB U ApYrinx GEHONbHbIX COEANHEHW, @ TaK-
e KapOTVHOWAOB 1 CaxapoB BXOAWT B OLIEHKY KauecTBa MoAoB GaknaxaHa KOMMepPUYECKOW (TEXHUYECKON) crneno-
cTn. Kpome aHTUOKCUAAHTHBIX 1 BKYCOBbIX KauecTB, 3TV MeTabonTbl CBA3aHbl C YCTONYMBOCTbBIO MI0AA K Pa3fIMYHbIM
cTpeccoBbIM PpakTopam. B gaHHOM nccnepoBaHUm NpoBeeH CPaBHUTENbHDBIN aHanu3 CoAepKaHnA aHTOLMaHOB, Kapo-
TUHOMZOB 1 PACTBOPMMbIX CaxapoB (Caxapo3bl, MOKO3bl, GPYKTO3bl) B KOXKULIE Y MAKOTU NNOAA KaK TEXHNYECKON, TaK
1 buonornyeckoi cnenoctn y dronetosonnogHoro (copt Bnac) n 6enonnogHoro (copt CHeXHbIin) 0bpa3LoB Hakna-
»KaHa oTeyecTBeHHON cenekummn. Koxnua n MAKoTb nnoga G1uonornyeckon cnenoctn coptoB Bnac n CHeXHbIl 6binu
MCMNONb30BaHbl AN CPAaBHUTENIbHOTO TPAHCKPUNTOMHOIO aHanm3a. lNokasaHo, 4To KntoyeBble reHbl $paBoOHOMAHOMO
nyTy, MeTabonnsma KapoTMHOMAOB, MMAPOM3a Caxapo3bl, a TakXKe TPaHCMopTa PacTBOPUMbIX CaxapoB AnddepeH-
LManbHO 3KCNpeccmpyoTca Mexay TKaHAMU Nofa Kak BHYTPUW KaxAoro copTa, Tak 1 mexay coptamu. MNoatsepae-
Ha cBA3b GMONETOBON OKPACKM KOXMLbI Mioda copTa Bnac ¢ npucyTcTBueM 3HaUUTENbHbIX KOIMYECTB aHTOLMAHOB.
OnpepeneHo, Yto B cpaBHeHMM ¢ copToM CHEXHbIN cnenblil nnof copTa Bnac xapakTepusyeTcs cyliecTBeHHO 6onee
HU3KUM YPOBHEM 3KCMPeccumn reHoB brocrHTesa ¢naBoHoraos. OfHako y 060Mx COPTOB B CMENOM M/IOAE He BbiAB-
NeHbl TPAHCKPUNTLI reHOB 6roCKHTE3a aHToumaHoB (DFR, ANS, UFGT). Take NnoKasaHo, YTo B CPaBHEHUU C Gesbim
nnogom copta CHeXHbl prioneToBbIN MoA copTa Bnac HakannmBaeT 60nblue KaPOTUHOWAOB M Caxapo3bl U MeHbLUe
NI0KO3bl 1 GPYKTO3bl. Broxnummyeckme aaHHble COOTBETCTBYIOT Npodunio AnddepeHUmanbHON SKCNPeccun Kioye-
BbIX F€HOB, KOAUPYIOLWKMX CTPYKTYPHble 6enKkn meTabonmama 1 TpaHCNopTa aHann3npyembix COefUHEHMA.

KnioueBble cnoBa: copTa 6aknaxaHa; Solanum melongena L.; KapoTMHOWAbI; aHTOLMaHbI; PacTBOPUMbIE Caxapa; SKC-
npeccus reHoB MeTabonMyecKmnx nyTen.

IOna yutuposanua: OGunownH M.A., Ixoc E.A., LeHHukoBa A.B., Koumnesa E.3. CopepkaHne meTabonmTtoB 1 npo-
dUnb 3KCNPECCN reHOB COOTBETCTBYIOLMX METAOONMYECKUX NMYTEN B KOHTPACTHBIX MO OKpacke niopax baknaxaHa
(Solanum melongena L.). Basunosckuli xypHan 2eHemuku u cenekyuu. 2024;28(6):619-627. DOI 10.18699/vjgb-24-69

®uHaHcmpoBaHue. PaboTa BbinosiHeHa npu noagep»ke MuHobpHayku Poccum B pamkax cornatuenms Ne 075-15-2022-
318 ot 20.04.2022 o npefocTaBieHUN rpaHTa B popme cybcmanin n3 degepanbHoro 6iogxKeTa Ha OCyLLeCcTBIEHME Fo-
Cy#apCTBEHHON NOAAEPKKY CO3AAHUA 1 Pa3BUTUA HAYUYHOTO LIEHTPA MPOBOTO YPOBHA «ArpoTexHoorim 6yayLuero».

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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" Federal Research Centre “Fundamentals of Biotechnology” of the Russian Academy of Sciences, Moscow, Russia
2 Federal Scientific Vegetable Center, VNIISSOK village, Moscow region, Russia

@ michel7753@mail.ru

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-
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Metabolite concentrations and expression
of metabolic pathway genes in eggplant fruits

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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BBepeHmne

baknaxan (Solanum melongena L.) — oBolIHAsT KyJIbTypa,
3aHUMAIOIIAs MATOE MECTO TI0 YKOHOMUYECKON 3HAYNMOCTH
B cemeiictse [TacneHoBbIx (Solanaceae). Hecmotpst Ha Teruio-
JIFOOMBOCTb, 9Ta KYJIbTYPa BBIPAILMBAETCS HE TOJIBKO B TPO-
MUYECKUX U CYOTPOMMYECKAX KIMMATHUECKAX 30HaX, HO U
KaK TeIUINYHAsI KyJIbTypa B PETHOHAX C XOJIOIHBIM KIIMMaToM,
Biurovas Poccuiickyto @enepanuio. Hanbonbiryro u3Bect-
HOCTPH MMEIOT TUTOBI OaKiTaXkaHa ¢ KOXKHIIeH, OKPAaIIeHHOH B
pas3HbIe OTTEHKH (PHOJICTOBOTO IIBETA, YTO OTPEEIISIETCS CO-
JIepKaHWEM aHTOIMAHOB. JlaHHBINA (aKT B COBOKYIHOCTH C
TEM, YTO MSKOTB IIOIOB O0OTaIeHa ()eHOTEHBIMH KUCTIOTAMH,
npuaeT Oakyia)kaHaM MOIIHbBIE aHTHOKCHIAaHTHBIE CBOICTBA
M CTaBUT UX B OJIMH P/l C IPOAYKTAMH C BEICOKOU MUILIEBOI/
JMeTHIeckoi eHHocTrio (Glrbiiz et al., 2018; Akhbari et al.,
2019; Condurache et al., 2021; Saha et al., 2023).

Kpome copToB ¢ prosieToBOOKpaIIeHHBIMU TIOJJAMH, UMe-
I0TCS Takoke copra S. melongena, 00pa3yromye TIOABI C KO-
JKUIIEH Oeoi MM 3eJIeHON OKpacKH M3-3a MHIMOWPOBAaHUS
ouocunresa anronnanos (Condurache et al., 2021; Yang et
al.,2022; You et al., 2022). Okpacka 6emnasi, 3e1eHast WU Ipo-
MEKYTOYHBIX OTTEHKOB OIPEAEIISIETCSI COOTHOLIEHHEM JIBYX
THUIIOB IUIACTH/I B KJIETKAX IUIO/IA — XJIOPOIUIACTOB M JICHKO-
mracToB (Tao et al., 2023). C Touku 3peHUs TOTPEOUTEIIST BaxK-
HO, YTO OEJIOTIOIHBIE COPTA MOTYT OBITh IIPEATIOYTHTEIBHEH,
TaK Kak JIMLIIEHbl TOPEYH, CBOMCTBEHHOM IJI0ZaM ¢ TEMHOU
OKpackoH, Omaromaps U3MEHEHHIO COJCPIKAHUS TIINKOAJIKA-
nounos (Lelario et al., 2019; Saha et al., 2023).

KommMmepueckum copram OakjiakaHa MpHUCyIina MopQosio-
TUYeCKasi BAPHATHBHOCTH, M CKPHHUHT CYIIECTBYIOMINX KOJI-
JIeKIWH 110 HA0OPy XapaKTEPUCTUK BKIIOYAET TPYNITHPOBKY
10 OKpacKe KOXKHIIbI I1J10/1a KaK HanboJjiee BaKHOTO ITpU3HaKa
(Martinez-Ispizua et al., 2021). OeHka kagecTBa II0H0B (Ho-
KyCHUpPYEeTCsl Ha MX aHTHOKCHJIAHTHBIX CBOMCTBAaX, BKJIIOUAs
orpezieieHue cosiepxanus HeHONBHBIX COeTMHEHHI/ (I1aBo-
HOWJIOB, KAPOTHHOW/IOB U CaxapoB, U B JAHHOM acCIIeKTe Ha-
OmnromaeTcs mupokoe pasHoodpasue (Martinez-Ispizua et al.,
2021). ®nosIeTOBOILIOAHBIC COPTA B CPABHEHHH € OCIIOTION-
HBIMH XapaKTEePHU3YIOTCS OOJbIICH aHTHOKCHIaHTHOMN aKTHB-
HOCTBIO M TOBBIIICHHBIM COJICpKaHUEM (PEHOJIOB M KapOTH-
HOWJIOB KaK B KOXKHIIE, TAK M B MSKOTH U CJ1a00 OTIMYAIOTCSI

WM CXOAHBI MO O0IIeMy KoiamdecTBy caxapoB (Martinez-
Ispizua et al., 2021; Colak et al., 2022).

Koppensiiuit Mexy copepxanueM (IaBOHOUJIOB, Kapo-
TUHOWOB U caxapoB B IUToJax Oakyia)kaHa He HaOIomaeTcs
(Martinez-Ispizua et al., 2021). C npyroii CTOpOHBI, UMEIOTCS
KOCBEHHBIE CBUJICTEIbCTBA CYIECTBOBAHUS TAaKOW 3aBHCH-
MOCTH, OTIOCPEIOBAaHHOI ()UTOTOPMOHAMH, B ATOAAX BHUIIHH
(Teribia et al., 2016), a iMeHHO: 0OpaTHAst KOPPEISILIUSI MEKTY
coziep)KaHueM PaCTBOPUMBIX CaxapoB U TPaHC-3eaTHHa, a TaK-
xe rudoepemmaa GA4 1 aHTOIMaHOB. AGCTIN30Bast KUCIIOTA
(ABK), HanpotuB, cBsi3aHa MOJOKUTEIBHO C KOJINYECTBOM
AHTOI[MAHOB U pacTBOpuMbIX caxapoB (Teribia et al., 2016).
I[Tpu 5TOM HaKOIUIEHHE aHTOLMAHOB KOPPEIUPYET C KOIn4e-
CTBOM CaxapoB y KuTaickoro ¢punuka Ziziphus jujube (Jiang
et al., 2020).

Bce ynomsiHy ThIe aHTHOKCHIAHTHBIE COSTMHEHNS, a TAKIKEe
pacTBOpPUMBIE caxapa TECHO CBSI3aHBI C YCTOWYMBOCTBIO K
Pa3IMuHBIM CTPECCOBBIM (PAKTOpPaM KaK BEreTaTHBHOM yac-
T pactenns (Keunen et al., 2013; Pérez-Torres et al., 2021;
Waadt et al., 2022), Tak u counoro twiona (Shi et al., 2019;
Jiang et al., 2020). K nmpumepy, moka3aHo, 4TO MOBBIIICHHAS
HapaboTKa (EHONBHBIX COSAWHEHHUH OTPENesieT yCTOWYH-
BOCTH IUT0/1a OakyiakaHa K HU3KUM Temrieparypam (Shi et al.,
2019). ITobIieHHAs TEMIIEPaTypa MOJIOKUTEIHHO BINSAET HA
collep)kaHne caXxapoB, aHTOLUAHOB, (pIIABOHOM/IOB U KAPOTH-
HOWJIOB B TUIOAAX KHTakckoro GpmHMKA Z. jujube, OMHAKO B
COYETaHUM C 3aCyXO BbI3bIBACT 00paTHI a3 dekt (Jiang et
al., 2020).

Lenp HacTosmeit paboThI — XapaKTEPUCTHKA TUIOA0B JIBYX
COpTOB Oakia)kaHa, KOTOpasi BKIIOYaja OIpe/elieHHe COo-
JepKaHUsl aHTOLMAaHOB, KAPOTHHOUIOB U PACTBOPUMBIX Ca-
XapoB, a TAKXKe MPOQIIIS IKCIIPECCHN KITFOYEBBIX T'€HOB CO-
OTBETCTBYIOIMX MeTabonndyeckux myrteid. /st aToro ObutH
BBIOpaHBI /IBa COPTA OTEUYECTBEHHON CEJEKIHH, HMEIOIINX
pa3HyI0 OKpacKy Iuiofa — Oenyro M (PUOIETOBYIO COOTBET-
cTBeHHO. CyIIIeCTBEHHBIM OTJIMYHEM OT NPOBOJMMBIX paHee
MMOJOOHBIX MCCIIENOBAHUN OBIIO TO, YTO U1 aHajJnu3a OBLIA
UCIIOIb30BaHbI TUIO/BI HE TOIBKO TEXHUYECKOH (TOBApHOH),
HO ¥ OMOJIOTMYECKOM CIIENIOCTH.

Jnst TOCTYDKEHHUs Lenn OBIIIM MOCTAaBIICHBI CIIEAYIONINe
3aJ1a4M: TIOTyYCHHNE PACTUTEILHOTO MaTepraa (TUI0bI ABYX
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COPTOB Ha CTAJMsIX TEXHUYCCKON U OHMOJIOrMYECCKOM Crielo-
CTH), ONpEIeNIeHNE COACPKAHUS IIETICBBIX METAaOOINTOB B
KOXKHUIIE U MSAKOTH IIJIOJIOB TEXHUYECKOH W OMOJOTHUYeCKOM
CIICJIOCTH, aHAJIHM3 TPAHCKPUIITOMOB KOXKHIIBI X MSIKOTH TLIO-
JIOB Ha CTaANN OWOJIOTHYECKOH CIIENOCTH ¢ (POKYCHPOBKON
Ha TPAHCKPUNTAX I'CHOB ICJICBBIX META0OINICCKIX ITyTCH,
Bajyuaarus TpaHCKpl/IHTOMHle JAaHHBIX.

MaTtepwuanbi n metopbl
J1J1s1 CpaBHUTENBHOTO MCCIIEIOBAHMUS MCIIONB30BaIN 00pa3Ibl
JIBYX paHHECIIENbIX COPTOB OakiakaHa Buaa S. melongena
cenekin denepasbHOr0 HAYYHOTO IIEHTPaA OBOIIEBOJCTBA
(®HIIO, MockoBckast 001aCTh), Pa3INYAOIINXCS OKPACKOU
cnenoro mioaa. [Imoast copra CrexHbIi (Ko copta 9905014,
https://gossortrf.ru/registry/) Ha cTagnu TEXHUYECKOI cIIeno-
CTH UMEIOT OEIyI0 OKpaCKy KOXKHUIbI U MakoTH. [Toze1 copra
Brac (xox copra 8057522) B TEXHHUYECKOH CIIEIOCTH UMEIOT
TEMHO-()MOJIETOBYIO KOXKHUILy M Oenyro MsikoTh. Ha craanu
OHOIOTNYECKON CIENIOCTH MSAKOTh IUIOJIOB OCTaeTcs Oenoi
y 000MX COPTOB, a KOXKHIIa IPUOOPETALT KENTOBATHIN (COPT
CHexHbIH) ni KopuaHeBbIi (copT Biac) orrenku (puc. 1).

Pactenus uccnemyeMbix copToB BbipamuBainu (2023 1.)
JIO CTaJuU IUIOMOHOIICHUS B TuieHouHOM Terumuiie @HIO.
B aBrycre cobupanu 1ioasl B TexHudeckor (commercially
mature, CM) u 6uonoruueckoii (physiologically ripe, PR) crie-
JIOCTH, PA3eNsIA X Ha KOKHUITY (IK30KapT) U MAKOTH (Me-
30KapIr), U3MEIbYaIN PacCTHpaHueM B (aphopoBOii CTyTIKE B
JKHJIKOM a30T¢C U UCITIOJIb30BaAJIN AJIA 6I/IOXI/IMI/I'-ICCKOFO, METa-
60JIOMHOTO ¥ TPAHCKPUIITOMHOTO aHAIH30B.

CozeprkaHne aHTOLMAHOB W KapPOTHHOMJIOB OIIPEEIISITN
CHEKTPOPOTOMETPUUECKH B XJIOPO(OPM-METAHOIBHBIX IKC-
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CopepxaHue MeTaboNNTOB 1 SKCNpeccus
reHoB MeTabonmMyeckux nyTein B niofax 6aknaxaHa

TpakTax cornacHo (PuitonmH u ap., 2020). [Tockonbky cpenu
AHTOLIMAHOB, HAKATUTMBAIOIINXCS B KOJKHUIIE TII0/1a OaKIIaxa-
Ha, TOMUHUPYIOT TIHKO3UIBI nenbduauanHa (93-98 % ot
oomeit cymmnl) (Condurache et al., 2021; Yang et al., 2022),
CoJIepKaHNEe aHTOIMAHOB PACCUUTHIBAIN B IIEPECUETE Ha
JeNb(QUHUIIH-3-Py THHO3HU L.

CozeprkaHue caxapoB: TIIIOKO3bI, HPYKTO3bI U CaXapo3bl —
OTIpENIeNSIIH TI0 JAHHBIM METa00IOMOB (HE OIYyOJIHKOBAHO),
kotopble nonyyanu cornacHo (Filyushin et al., 2023). Bkpar-
1e: oxono 0.2 r THIaTeNbHO M3MEIBUYEHHON TKaHM JIMCTHEB
JBax bl skcTparupoanu 200 mkn 80 % meranomna. Cymmap-
HBI DKCTPAKT yrapuBaiy, pactBopsiin B 30 % meranosne (13
pacuera 50 Mr cbipoit Macchl Ha 100 MKJI 9KCTpakTa) U Moj-
BEprajf Macc-CIEeKTPaIbHOMY aHAIN3y C HCIIOIb30BaHUEM
cBepXd(P(PEKTUBHOTO METOAA KHUIKOCTHOH Xpomartorpaduu
C KBaJpYIOJIbHOW BPEMSIPOJIETHON Macc-CIIEKTpOMETpUE
(UPLC-qTOF-MS/MS) cormacuo mpotoxomy [https://lcms.
cz/labrulez-bucket-strapi-h3hsga3/1866243 lcms 148
how potato_fights_its enemies 02 2019 ebook rev 01
9d3990d6c4/1866243-1cms-148-how-potato-fights-its-
enemies-02-2019-ebook-rev-01.pdf]. B xauecTBe oTHOCHTEB-
HBIX TOKa3aTeseil 1Mo COAEPIKaHMIO CaxapoB HCIIOIb30BaIIH
ypoBeHb curHana/100 Mr aHHOTHPOBAHHBIX COCTUHEHUH.

Juddepenunanbao sxecnpeccupytonyecs rensl (J1317), ko-
JPYIOIIUE OCJIKH, y4aCTBYOLIHE B THAPOJIN3E U TPAHCIIOPTE
PacTBOPUMBIX caxapoB (MHBEPTA3bI M YHUIIOPTEPHI CaXapoB),
OTIPEAEIISIIH 10 JJAHHBIM TPAHCKPUIITOMOB KOXKHIIBI M MSIKO-
i wiofga PR (e onyOmukoBano). JlJisi TpaHCKPUIITOMHOTO
aHanm3a BeLAENsM nperapatsl cymmapHoii PHK (RNeasy
Plant Mini Kit, Qiagen, CIIIA), mociry>KuBIIre 0CHOBOI st
outmorexk MPHK (NEBNext® mRNA Library Prep Reagent

Puc. 1. Mnopabl copToB 6aknakaHa CHexHbll (a) v Bnac (6) B TexHnueckoi (CM; cnea) n 6ruonorunyeckon (PR; cnpasa)

cnenoctun.

CopTa pasnnyatoTcs No okpacke KoxuLibl nnoaa — 6enon (CHexxHbIN) 1 druonetosoii (Bnac). MaclutabHaa nMHUA 5 cm.
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Set for Illumina; New England BioLabs, CIIIA), koTopsie
3arem cexBeHnpoBanu (Illumina HiSeq2500; Illumina Inc.,
CIIIA). Inst cOOpKH U OTIpe e IeHUs] KOAUPYIOIIHNX MOCIIEIO0-
BaTenabHOCTEH ncnonp3oBanu Trinity v3.5.13 (https:/github.
com/trinityrnaseq/trinityrnaseq/wiki) u TransDecoder v5.1.0
(https://github.com/TransDecoder/TransDecoder); annoru-
posaiu ¢ nomorisio NCBI-Blast (https://www.ncbi.nlm.nih.
gov/). OtHOcuTensHBIe YpoBHU TpaHCcKpurtoB (FPKM; ko-
JIM4YecTBO ()PAarMeHTOB Ha | KO TPAHCKPHUIITOB HA | MITH Kap-
TUPOBaHHBIX ()PArMEHTOB) OLIEHUBAIH ¢ nomolnklo RSEM
(https://github.com/deweylab/RSEM). [lns onpeneneHus
JOI' kak BHYTpHU copTa (KOKHIIA VS MSKOTB), TaK U MEXKIY
copramu (KOXKHIA VS KOXKHIIA; MSIKOTh VS MSIKOTH) JAaHHbIE
TPaHCKPHUIITOMOB HOPMAJIM30BAJIH HA YPOBEHb TPAHCKPHIITOB
pedepencuoro rena GAPDH.

CrpyKTypHBIH aHanu3 nocnenosarenbHocTeit J[O1 BeImo-
usn ¢ momornisio NCBI-BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) u MEGA 7.0 (https://www.megasoftware.net/)
¢ npumenenreM reHomubix (GCA_000787875.1) (Hirakawa
et al., 2014) u TpaHCKPUNTOMHBIX JaHHBIX S. melongena
(https://www.ncbi.nlm.nih.gov/).

Banuaanuio TpaHCKPUIITOMHBIX JJAHHBIX TIPOBOIUIIH METO-
noM xonmmaectBeHHoit [1L[P B peansrom Bpemenu (I1LIP-PB)
Ha ammmgukarope CFX96 Real-Time PCR Detection System
(Bio-Rad Laboratories, CILIA); nporpamma [95 °C — 5 muH;
40 maxmoB (95 °C—15 ¢, 62 °C —50 ¢)]. [l aToro Ha OCHOBE
uMmeromuxcs npenaparos cymmaproir PHK cunTtesupoBanu
k/IHK (GoScript™ Reverse Transcription System, Promega,
CIIIA) u 3 Hr HCTIONB30BAJH B PeaKInio. PeaknnmonHas cMech
BKJIFO4asia Habop «PeakipionHas cmech st mpoBenerust [TL[P-
PB B npucyrctBun SYBR Greenl u ROX» (OOO «CunTtony,
Poccnst) n ren-cnermduynabie mpaitmepsl. Peakmm mpoBo-
JIVJTH B TPEX TEXHUUYECKHX U JBYX OMOJIOTMYECKUX TIOBTOPAX
1 HOPMaJIM30BAJIM Ha YPOBEHb TPAHCKPUIITOB pe(hepEeHCHOTO
reHa GAPDH (Zhang et al., 2014).

st cratucTudeckolt 00pabOTKU MOTyYSHHBIX OMOXUMH-
YECKUX U SKCIIPECCHOHHBIX JaHHbIX Hcnoib3oBany GraphPad
Prism v. 8 (GraphPad Software Inc., CIIIA; https://www.graph
pad.com/scientific-software/prism/). [lyist onieHkn gocrosep-
HOCTH paznuunii npumeHsu ¢-test (p < 0.05 ykasbIBaeT Ha
CTATHCTHUYECKYIO 3HAUUMOCTD PA3IHIHNA).

Metabolite concentrations and expression
of metabolic pathway genes in eggplant fruits

Pe3ynbratbl

HccnenoBanue OblI0 cpOKycHPOBAHO HA CPaBHHUTEIBHOMN
XapaKTEePUCTUKE MI0/Ia TEXHUUECKON 1 OMOJIOTHYEeCKOi crie-
JIOCTH JIBYX COPTOB OakiakaHa, MPUHAIICIKAIUX OJHOMY
BUnYy, S. melongena, M pa3IMYaIONIMXCS MO0 OKPACKE KOXKHUIIBI
10713, @ MMEHHO copToB CHEXXHBIN 1 Briac COOTBETCTBEHHO
¢ 6enoii/sKenToBaToH 1 (HHOITETOBOH/KOPUIHEBO-(PHOIECTOBON
OKpPacKOH KOXKMIIBI IJIOIa B TEXHUYECKOH/OMOIOrHYeCKOM
crienoct (cM. puc. 1).

[IpoBeneHHbIIT OMOXUMUYECKHI aHATTN3 KOKUIIB U MSIKOTH
B JIMHAMHKE CO3PEBaHMS IUIOJA ITOKa3all, YTO COJEpKaHUE
AHTOIMAHOB COOTBETCTBYET OKPACKE aHATU3UPYEMBIX TKaHEH
IUI01a OMOJIOTUYECKOM CIETOCTH. B KeaToBaToil KOXKHUIE U
Oeroit MsikoTH TTo/1a copTa CHEXHBIHN, a TaKkKe 0eJI0l MSKO-
TH TIJIOAA copTa Brac KoIMYecTBO aHTOLMAHOB MMEJO Clie-
JIOBBIE 3HAYCHUS, TOTAA KaK B KOPUYHEBO-(PHOJIETOBOH KO-
JKHIIE TI0/Ia copTa Bilac X KoJIM4YecTBO 0Ka3ajaoch BHIIIE B
~300 pa3 (puc. 2, a).

[T7061 000WX COPTOB KaK B TEXHHYECKOH, TaK U OMOJIOTH-
YECKOM CIIEIOCTH COZICPIKAITH CIIE/IbI KAPOTHHOM/IOB B MSIKOTH.
B KOXKHIE KApOTHUHOU Bl HAKATIJIMBAJIUCh AKTUBHEEC, B CITy4dac
copra Biac xommdecTBO KapOTHHOHIOB OBLIO BBIIIE B ~25 pas,
geM y copta CHEXHBIH (M. puc. 2, 6).

Eciu paznuyue B conepkaHiy aHTOIMAHOB y aHAITM3HPYe-
MBIX COPTOB OBUIO MPEICKAa3yeMbIM, TO HECKOIBKO HEOXKH-
JTAaHHBIMH OKa3aJIMCh 3HAYUTEILHBIC PACXOXKICHHS IO COZIep-
JKaHUI0 PaCTBOPUMBIX caxapoB. [Io 1aHHBIM IPOBEAECHHOIO
MeTabOoJIOMHOTO TTPOPHUINPOBAHUS KOKUIBI U MSIKOTH OBLIIO
o0OHapyxeHo, 4To B TwIone copra CHEXHBIH MPHUCYTCTBYET
B ~2 (KOXHIA) U ~5 (MSIKOTH) pa3 OoJbIIe rekco3 (TIIF0KO03a,
(hpykTO3a), a TakKe B ~2 (KOXKHIA U MIKOTH) pa3a MEHBIIE
caxapo3bl, 4eM y copta Bunac (cMm. puc. 2, 6).

IIpoBeneHHbIN CpaBHUTEIBHBIN AHAIN3 TPAHCKPUIITOMOB
KOXKHIIBI U MSIKOTH Tu1ofa coptoB CHexHBbIN 1 Biac mosso-
v BRISIBUTH psif JOI, Kyna oxumaeMo 1o pesyinbraram
OMOXMMHUYECKOTO U METabOJIOMHOTO aHaJM3a MOMaJN T'eHbI,
CBsI3aHHBIE C META0OIM3MOM aHTOIIMAHOB, KAPOTHHONIOB 1
caxapos (cM. Tabnuiy).

Bb110 00HApyKEHO, YTO OCHOBHBIE TeHbI (DIIABOHOUIAHOTO
mytu (Zhang et al., 2014; Alappat B., Alappat J., 2020) no
cunresa antouuanoB (CHS1, CHS2, F3H), BBICOKO TpaHCKpU-
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Puc. 2. Cofiep>aHvie CyMMbl aHTOLIMAHOB (d), CyMMbl KapOTUHOMAOB (6), FeKCO3 (CYyMMapHO IIoKO3bl U GPYKTO3bI) (8) U Caxapo3bl (2) B KOXKMLE 1 MAKOTY
nnopa TexHnyeckon (CM) n buonoruyeckon (PR) cnenoctu coptos 6aknaxaHa CHexHbln 1 Bnac (S. melongena).

B KauecTBe OTHOCUTENbHbIX MOKa3aTeseli Mo COAEPKaHNI0 CaxapoB, NOJTyYEHHbIX NPW HETapPreTVPOBAHHOM METAabOIOMHOM NMPOGUANPOBAHNM, NCMONb30BaANM

ypoBeHb curHana/100 Mr aHHOTMPOBaAHHbIX COeAVHEHNIA.
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CopepxaHue MeTaboNNTOB 1 SKCNpeccus
reHoB MeTabonmMyeckux nyTein B niofax 6aknaxaHa

Cnuncok [3r, cBA3aHHbIX C MeTabonmsmom CaxapoB, KapOTUHONAOB 1 aHTOLMAHOB

leH ID, TpaHckpuntom S. melongena

lomonory S. lycopersicum, NCBI ID

CemenctBo GH32 (Kncnble MHBepTasbl; TMAPONN3 caxapo3bl)

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

Cemeiicteo GH100 (HeTpanbHO-LEeNOYHbIE MHBEPTAa3bl; MTMAPON3 Caxapo3bl)

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

Cemernicto SWEET (yH1nopTepbl pacTBOPMMbIX CaxapoB)

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

MyTb MeTabonuama KapoTMHOMAOB

phytoene synthase 1, NP_001234812.1
phytoene synthase 2, NP_001234671.1
9-cis-epoxycarotenoid dioxygenase, NP_001234455.1

®naBoHOUAHbBIN NYTb

VINV1 TRINITY_DN2044_c0_g1_i1.p1
CWINV1 TRINITY_DN7423_c0_g1_i23.p1
CWINV2 TRINITY_DN29292_c0_g1_il.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/AINVS5 TRINITY_DN6803_c0_g1_i6.p1
N/AINV6 TRINITY_DN9045_c1_g1_i1.p1
SWEETT 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
SWEETS 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

O6upyrorcs B KoXkuIle mioja coprta CHEXHBIN U JETEKTUPY-
IOTCS B 3HAUUTEIBHO MEHBIINX M CXOTHBIX MEXIY COOOM
KOJTMYECTBaX B MAKOTH (00a copra) u koxurie (Bnac) (puc. 3).
IIpu paccMOTpeHUM YacTH IYTH, OTHOCALLEHCS K CUHTE3Y
AHTOIMAHOB, OKa3aJI0Ch, YTO YPOBEHB SKCIPECCHH TIEPBOTO
reHa BeTBH, DF'R, B KOXKHIIE U MAKOTH 1102 copTa CHEKHBIN
3HAYUTENIBHO BBIIIE, 4eM y copTa Biac. OHaKo KOJIHYECTBO
TpaHcKkpunToB B 3HaueHur FPKM nnst DFR npenenbHo HU3-
KO€ BO BceX ueThIpex obpasnax (0.49-3.44), mostomy o cy-
IIIECTBEHHOH Pa3HHUIIE MEKAY COPTaMU TOBOPUTH HEIb34, TaK
KaK ypOBEHb TPAHCKPUIITOB T€HA MpUOIIKaeTcs K Hy 0. [Tpn
9TOM TPAHCKPUNTHI IIOCIICTYIONINX TCHOB BETBH OMOCHHTE3a
aHTOIMaHOB, ANS (anTorManuauHcuHTa3a) U UFGT (UDP-
TTI0K030(IaBoHONA-3-O-TroKo3uITpancdhepasa), He BOILIA
B criucok JIOT 1 neTekTupoBanuCh B CIEOBBIX KOTHUECTBAX
(cm. puc. 3).

AHanu3 TPaHCKPUTIITOB T€HOB (PUTOMHCHHTA3 — KITFOYEBBIX
n3o(epMeHTOB MeTabosmsMa kapoTuHonaoB (Rosas-Saa-

chalcone synthase 1, NP_001234033.2
chalcone synthase 2, NP_001234036.2
flavanone 3-dioxygenase, NP_001316412.1
dihydroflavonol 4-reductase, NP_001234408.2

vedra, Stange, 2016) — mokasau cienoBsie koiuyectsa MPHK
PSYI B xoxwure (CHexHBIN) 1 MAKOTH (00a copTa) TIoaa u
MX CYIIECTBEHHBIH YPOBEHB B KOXKHIIE T1J10/1a copTa Biac (cm.
puc. 3). B To sxe Bpemst TpaHCKpunThl PSY2 npUCyTCTBOBAIN B
OTHOCHTEIILHO 3HAYMMBIX KOJIMUECTBaX B KoxkHIle (CHEXHBIH,
Bnac) n msikotn (CHesxHbIH) motona. [Ipu 3Tom yncno TpaHe-
kpurtoB PSY2 Obuto cymiecTBeHHO Oodbie y copra CHex-
HBIH (cM. puc. 3). dpyroii 19T, cBs3aHHBIH ¢ KaTaboTu3MOM
KapOTHHOMIOB, T'eH 9-y1/C-3TOKCHKAPOTHHONJTHOKCUT €HA3bI
(NCEDI), xaranusupyroreii cuare3 ABK u3 kcanTohmiios
B,B-BeTBu myTtu (Rosas-Saavedra, Stange, 2016), BEICOKO
TPaHCKpUOMpPOBAJICS B KOKHUIIE M MSIKOTH IL1oa copra Biac,
TOr/1a KakK B mi1oie copra CHEXHBIN 1eTEeKTHPOBAIUCH TOJIILKO
CIIeZIOBBIE KOMM4ecTBa (cM. puc. 3).

B cricok /10T, cBsi3aHHBIX ¢ HEOOPATHUMBIM THAPOJIN3OM
caxaposbl M TPAHCIIOPTOM MOHO- U JHMCaxapHJIOB, BOIILIH
TeHBI BaKyoJIsIpHO# nHBepTassl (VINV1), naBepTa3 KIeTod-
Hol creHku (CWINV1-3), HeHTpallbHBIX/IIEIOYHBIX HHBEP-
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Puc. 3. Tennosasa KapTa 3kcnpeccumn L3I, cBA3aHHbIX ¢ MeTabonnamom
AQHTOL|MAHOB 1 KapOTMHOWAOB, @ TaKXKe C r’MAPONN30M Caxapo3bl U TPAHC-
NMOPTOM PacTBOPUMbIX CaxapoB B KOXKNMLE 1 MAKOTY Gronornyecku cne-
noro nnopa (PR) coptoB CHexHbI 1 Bnac (S. melongena).

nOCTpOGHO no AaHHbIM TPAHCKPUNTOMHOIO aHanusa.

ta3 (N/AINV1-6) n yuunoprepoB caxapoB (SWEETI-6) (cum.
TaOMHILy).

B xoxwure miomga copra CHEXHBIM Hamboyee BBICOKHA
YPOBEHb 3KCIPECCUU UMENH T'eHbI ueThIpex nuBepras (VINVI,
CWINVI, N/AINVS5 n 6) u Tpex YHHIOPTEPOB CaxapoB
(SWEETI, 3 u 5); B MAKOTH TIJIOJIa — I'€HBI YEThIPEX MHBEP-
ta3 (VINVI1, N/AINV1, 5 v 6) u IByX YHUIIOPTEPOB CaxapoB
(SWEETS u 6) (cm. puc. 3).

B nenom copr Bnac otnuuancs ot copra CHeXHBIN 3Ha-
YUTEILHBIMU YPOBHSIMHU DKCIIPECCHU U OOJIBIINM YHCIIOM aK-
TUBHBIX T€HOB HHBEPTA3 M YHUIIOPTEPOB caxapoB. B xoxwuiie
rofa copra Bilac Hanbosnee BHICOKO TPaHCKPHOMPOBAINCH
renbl mect uaBepra3 (CWINV3, CWINVI n 2, N/JAINV2—4)
1 OJJHOTO YHHIIOpTepa caxapoB (SWEETG6); B MAKOTH IUTOA —
rensl yetbipex uusepra3 (CWINVI, N/AINVI, 5 u 6) u Tpex
yHHUIIOpPTEepoB caxapoB (SWEET2—4) (cM. puc. 3).

Taxum 06pazom, TPO(UITH FIKCTIPECCHH TEHOB METa00IH3-
Ma aHTOILMAHOB, KAPOTHHOWJIOB M CaXapoB pazinvajcs Kak

624

Metabolite concentrations and expression
of metabolic pathway genes in eggplant fruits

CHS1
Koxnua MakoTb

CHS1

Koxnua MsakoTb

010
0.08
0.06
0.04
0.02

60

OTHOCUTENbHAA
3KCnpeccun
FPKM

CHS2 CHS2

05r Koxuua MsakoTb 1500~ Koxunua MsakoTb

1000

FPKM

500

OTHOCUTENbHAA
3Kcnpeccusn

F3H F3H

020+ Koxunua MsakoTb 300 Koxunua MsakoTb

200

100

OTHOCUTENbHAA
3Kcnpeccusn
o
=
FPKM

PSY1
Koxunua MsakoTb

PSY1

Koxunua MsakoTb

0.006

o o
o 1)
S S
o =
FPKM

OTHOCUTENbHAA
aKcnpeccus

PSY2
Koxnua

PSY2
Koxnua

MsakoTb MsakoTb

40
30

20

OTHOCUTENbHAA
3KCnpeccun
FPKM

CHEXHbIIA
CHeXHbli
CHEXHbII
CHeXHbIi

Puc. 4. Mpodunu skcnpeccumn no gaHHbim MLUP-PB (cnesa) n TpaHcKpun-
TOMHOrO aHanu3a (cnpasa) reHos CHS1, CHS2, F3H, PSY1 n PSY2.

OrtcyTcTBue akcnpeccum reHoB DFR, ANS Takxke noatsepxaeHo [MLP-PB; rpa-
duKkn He npusepeHsl. MocnegoBatenbHOCTM NpaiMepoB Ansa reHos CHST,
CHS2, F3H, DFR, ANS n pedepeHcHoro reHa GAPDH B3aTbl U3 cTaTbyt (OuntowumH
1 ap., 20236); ana reHos PSY1 n PSY2 - n3 (Kynakosa v ap., 2023).

BHYTPH KaXKIOTO copTa (KOKHIA VS MSIKOTB), TaK U MEXKIY
copTaMu (KOXKHIIA VS KOKHUIA, MIKOTh VS MSIKOTB ).

TpaHCKpUNITOMHBIC JaHHBIC ObUIM BaJHIUPOBAHBI C I10-
morrsio [TIP-PB: B Tex e TKaHAX 110/ Oblila onpeieneHa
skcnpeccus reHoB CHSI, CHS2, F3H, DFR, ANS (¢mnaBo-
HOMJHBIN 1yTh), PSYI u PSY2 (xapotuHorenes) (puc. 4).
Bruto mokaszaHo, 9T0O XapakTep SKCIPECCHH ATUX T€HOB CO-
IJacyeTcsl ¢ TPAHCKPUIITOMHBIMH JaHHBIMH, 32 HCKITIOUCHH-
€M HECYLIECTBEHHBIX PA3JIMYUN B COOTHOILICHUM YPOBHEH
skcupeccnu reHoB PSY/ u PSY2 B MSKOTH TUIOA MEXKIY
copramu (cM. puc. 4).
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O6cyxpeHue

Mopdornoruueckoe pazHooOpa3ue cOpToB OakiakaHa CTa-
JIO IPEAMETOM MHOTHX HCCIIEOBAaHU, YTO CIIOCOOCTBYET
ONTHMH3AIUHN CEJICKIINN HOBBIX COPTOB C YIyUIICHHBIMU
xapakrepuctukamu (Martinez-Ispizua et al., 2021). Ocoboe
BHUMAaHHUE yIeNseTcs MeTaboauTaM (Coaep kaHne, perymsius
CHHTE3a/HaKOIIJICHHUS ), 00JIaIalOINM aHTHOKCHIaHTHBIMU
CBOMCTBAaMH W/MJIH OIPEACIAIONINMI OHTOT€He3/cTpeccoyc-
TOWYMBOCTH M BKYCOBbIC KadecTBa mioaa (Martinez-Ispizua
et al., 2021). PaccmarpuBaemMble HYTPHIIEBTUKH TIABHBIM
00pa3zoM BKIIIOYAIOT MO (EHOIBI, aCKOPOWHOBYIO KHCIIOTY,
KapOTHHOMIBI U, Peke, TNIHKoanKaIonu sl u caxapa (Glirbiiz
et al., 2018; Akhbari et al., 2019; Condurache et al., 2021;
Martinez-Ispizua et al., 2021; Saha et al., 2023).

B nariem uccienoBanum ObLIH OXapakTepu30BaHbl 00pa3-
IBI IBYX COPTOB OaknaxxaHa S. melongena, pa3immdaromuecs
OKpackoi KokH1IbI 1utoza: CHEXXHBIH (Oernas okpacka) 1 Biac
(dmoneroBas okpacka) (cM. puc. 1). XapakTepucTrka BKIIO-
yasa coJepkaHne CyMMBI aHTOITHAHOB, CYMMBI KAPOTHHOHIOB
U PacTBOPUMBIX CaxapoB B KOXKHUIlE U MskoTH miona (CM u
PR) B conpoBokaeHNN aHAIN3a SKCTIPECCUH T€HOB, KOAUPYIO-
MIUX KITFOYEBBIC CTAJNU METaOOIM3Ma TaHHBIX COSNUHCHHUN
B TKaHsIX OnoJormdecku creioro mioaa (PR).

C nOMOIIIBI0 OMOXUMHYECKOTO aHATN3a TOATBEPIKICHO, UTO
(hmomeToBast OKpacka KOXKHIIBI TUT0/[a copTa Biac ompenenser-
Csl IPUCYTCTBUEM QHTOLMAHOB (CM. pHC. 2, ). 3HAYNTEIBHO
Ooliee BHICOKOE COZIEpKAHUE KAPOTHHOWJIOB B KOXKHIIE III0/1a
copta Biac B cpaBHEHUH ¢ MAKOTBIO, @ TAKXKE TUIOIOM COpTa
CHEXHBII (CM. puC. 2, 0), HE CKa3bIBACTCS HA OKPACKE IUIOAA,
BUIUMO, B CUITY HAJTUYWA 60J'[BI_HOFO KOJIMYECTBA aHTOILIMAHOB.

B ciyuae mona copra Biac conepikaHue u Tex, U Ipy-
THX TTMTMEHTOB CYIIECTBEHHO CHIIKAJIOCH IPH MEPEX0JIE OT
TEXHUYECKOM K OMOJIOTHYECKOM CriesiocTu (cM. puc. 2, a, 6).
DTO MOXET OBITh CBSI3aHO CO CHIDKEHHEM JKCIIPECCHU Te-
HOB OMOCHHTE3a JaHHBIX META0OJIHMTOB MM C YCKOPEHHBIM
KaTa6OJ'II/13MOM IIUI'MCEHTHBIX COGHHHGHHﬁ. YMeHblIeHHE
KOHIIEHTPAINX HaOIIFONAI0Ch U IS PAaCTBOPUMBIX CaXapoB
(cm. puc. 2, 8, 2). DTH pe3ynbTaTbl COOTBETCTBYIOT CHHYKEHHUIO
BKYCOBBIX U aHTUOKCUJAHTHBIX XapaKTCPUCTHUK ILJI0/Ia Ha CTa-
JTUH OMOJIOTUIECKOH CIEIOCTH U OOBSICHIIOT KOMMEPUECKOe
UCIIOJIb30BaHNE IIOJIOB TEXHUYECKOH CHETOCTH.

CornacHO TPaHCKPUIITOMHOMY aHaJIN3Y, TeHbI METa00I3Ma
AHTOIMAHOB, KAPOTHHOHIOB U caxapoB Iu((hepeHIaIbHO
IKCIIPECCUPYIOTCS KaK MEX/Ty TKaHSIMH I1I0/1a BHYTPH OJJHOTO
copTa, TaK ¥ MKy copTamMu (cM. Tabmuiry). D10, IPEAono-
JKUTEIHHO, ONPEICIIICT BHYTPH- U MEKCOPTOBBIC PA3IHYIMS B
COJiep’)KaHUH COOTBETCTBYIOIINX COSTMHEHUH B TKAHSX TUIO/A.

B 11e10M mosty4eHHbIe JaHHBIE TI0 SKCIIPECCHH TeHOB (iia-
BOHOHJIHOTO ITyTH COOTBETCTBYIOT paHee IOKa3aHHOMY TIpO-
(mITI0 MX DKCIIpeccHy y copToB OaxiiakaHa ¢ 0enoi u ¢puo-
JeToBOH KoykuIer (PumrommuH u 1p., 202306). CormacHo 3TUM
JTAaHHBIM, IMEHHO ME)K/Ty TEXHIIECKOH 1 OMOIIOTHYECKOM CTa-
JIISIMU CO3PEBAaHUS TUTO/Ia IPOUCXOJISIT 3HAYUTEIILHBIE N3Me-
HCHUSA OKCIPECCHUU T'CHOB (bJ'IaBOHOI/II[HOFO IIyTH, 3a CUCT YE€TO
CHIDKAETCSI COMIEpKaHNEe aHTOIIMAHOB B KOXKHUIIE TIoaa (hro-
JIETOBOILIIOTHOTO COpTAa.

HeoxuIaHHOCTBIO cTajia CyHeCTBEHHO 0OoJiee BBICOKas
SKCIPECCHs KITFOYEBBIX TeHOB (DTABOHOMIHOTO MyTH (70 aH-
TOILMAHOBOH BETBH) B I10/1¢ copTa CHEXXHBIN B CPABHECHUH C
mionoM copta Biac (cm. puc. 3), 4T0 TOBOPUT O BOZMOKHOCTH
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cuHTe3a B 110/1e copra CHEXHBIH OolbIero konnuecTsa uia-
BOHOWJIOB, NCKJTIOYAs aHTOIIMAHBI. [I0CKOJIBKY B IJI0/IE COpTa
CHEXHBIHN cofep)kaHne KapOTHHOWI0B MHHUMAJIBHO, a 3KC-
npeccus TeHOB ()JIaBOHOUIHOTO ITyTH CPABHUTEIBHO BBICOKA,
MOKHO TPEIMOJNIOKHTE, YTO KEITask OKpPacKa 3pEIIoro mioja
(PR) copra CHexHBII (cM. pHc. 1, @) cBs3aHa C HAKOIIICHHEM
(hmaBoHOM10B (OCCLBETHBIX MIJIH HMEHOIIUX JKEIITYEO OKPACKY).
OT0 OTAMYAeT MOl OaKIaXkaHa OT IUIOJOB POJCTBEHHBIX
BU10B ToMara (S. [ycopersicum) n iepua (Capsicum annuum),
OKpacKka KOTOPBIX CBS3aHA C HAKOIJICHUEM KapOTHHOMJIOB
(@wumrommH 1 ap., 2020).

Kpome Toro, 3TH pe3ynbraTsl IPOTHBOIIONOKHBI JTAHHBIM
HEMHOTOYHCIICHHBIX NCCIIEA0BAHMH M0 CPAaBHEHHIO COJIepIKa-
HUS PEHOTBHBIX COSTMHEHUH Y OeNBIX 1 (PHOJIETOBBIX TUIOJIOB
OakiaxxaHa, KOTOPBIEC CBUJICTEIILCTBYIOT O OOJIBIIEM HaKOILIe-
HUU uX QuoneToBbIMHU I0aMu (Martinez-Ispizua et al., 2021;
Colak et al., 2022). O6e 3TH pabOTHI BKIIOYAIIH aHAIN3 TOJIEKO
oxHOTO OesorutonHoro copra (Martinez-Ispizua et al., 2021;
Colak et al., 2022), kak u B HamieM ciydae. Takum oOpazom,
GenoruTonHbIe copTa OaKIakaHa MOTYT CYIIECTBEHHO Pa3iIH-
4arhCs JIPYT ¢ APYTOM MO COACPKAHMIO (DEHOIBHBIX COCIH-
HEHUI1 U, CIIeJOBaTENIbHO, [10 aHTHOKCHIAHTHOM aKTHBHOCTH.

[Toxa3zaHHEIHA B paboTe MPo(nITh IKCIIPECCHH TEHOB, C KO-
TOPBIX HAYMHAETCS OMOCHHTE3 KapOTHHOWIOB, — TCHOB (H-
touHcuHTas, PSYI, PSY2, cOOTBETCTBYeT U3BECTHOM CIie-
U(GUIHOCTH aKTUBHOCTH KaXKJJOT0 U3 JBYX M30()epPMEHTOB
K ompezeneHHoMy THry ruractun (Rosas-Saavedra, Stange,
2016). Tax, PSYI, xopupyromuii XpoMoruiacT-crenuduy-
HBII ()EPMEHT, SKCTIPECCUPOBAIICS B CIIEAOBBIX KOJTUIECTBAX,
TOTa Kak XJopomact-crienupuanomy PSY2 coorBeTcTBO-
BaJI0 HA MOPSIOK OOJIBIIE TPAHCKPUITOB (CM. puc. 3, 4).
B TO ke Bpems BBICOKHIT YPOBEHb dKCIIPECCHUU TeHa 9-yuc-
SMOKCUKapoTHHOMIHOKecureHassl (NCED ), karanu3upyo-
el npespaieHue kapornHouos f,3-BerBu B ABK (Rosas-
Saavedra, Stange, 2016), B toae copra Biac, u ero cienoBsie
KoJm4ecTsa B rutofie copra CHeXHBIH (cM. puc. 3) npenmnosna-
raloT noBeIlIeHHoe copepxkanue ABK B ¢puoneroBoM rmioze.
C yugetom komrutekcHBIX (yHkunit ABK (Waadt et al., 2022)
9TOT (haKT MOXKET TOBOPHUTH O OOJIbIIIECH 3 (PEKTUBHOCTH IIPO-
LIECCOB Pa3BUTHsI, CO3PEBAHMS M OTBETA HA CTPECCOBBIE (hak-
TOPHI y (PHOJIETOBOTO TUTO/A TT0 CPABHEHHUIO C OEITBIM TTOZIOM.

Conepxanne ABK nomoXuTenbHO CBA3BIBAIOT C KOIHYE-
CTBOM aHTOIIMAHOB U pacTBOpuMbIX caxapos (Teribia et al.,
2016), XOTS KOMTUYECTBO MOCIEIHUX HE KOPPEIHpyeT ¢ Ha-
KOIUICHUEM (DEHOJIBHBIX COSTMHEHNH, @ TAK)KE KAPOTHHON/IOB
(Martinez-Ispizua et al., 2021).

KoHneHTpamust pacTBOPUMBIX CaxapoB peryIupyercs, B
TOM YHCJIIE, THAPOIIN30M (C IIOMOIIBIO0 MHBEPTA3) U TPAHCIIOP-
TOM MEX/y TKaHSIMH (C IIOMOILIBIO TPAHCIIOPTEPOB CaxapoB)
(Liu et al., 2022; Ren et al., 2022; ®wrromuH u ap., 2023a).
CemMeiicTBO MHBEpTa3 BKIIOYACT HEHTpaJIbHbIC/IEIOYHbIC
(N/AINV) u xucible (BaKyOJIsSpHbIE U KJIETOUHBIE CTEHKH;
VINV/CWINV) ¢depMeHTH, Y4acTBYIOIIHE B PETyISIINN
OHTOTeHEe3a M cTpeccoycToiunBocTH pacteHuit (Qian et al.,
2016), xax u yaunoptepsl caxapoB cemeiictea SWEET (Fan
et al., 2023; Filyushin et al., 2023).

B cpaBnenunu ¢ coprom Bnac moasr copra CHexHBI co-
Jiep>Kaiy OoJIbIIe FeKCO3 U MEHbIIE caxaposbl (CM. pHc. 2),
YTO, HA MEPBBIN B3IIIs1, HAXOAUTCS B IIPOTHBOpEYHH ¢ Oosee
HHU3KOH aKTHBHOCTBIO T€HOB MHBEpTa3 (M. puc. 3). OnHako
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9TU PACXOXKIACHUSI MOTYT OBITh CIIEACTBHEM HETIOIHOTO COOT-
BETCTBUSI IJIOJIOB JBYX aHAIN3UPYEMBIX COPTOB IO CTETIEHU
O6uonorndeckoit cenocTr. Criesble COUHbIE TUIO/BI XapaKTe-
PU3YIOTCA YBEJIMYCHHBIMUA KJIICTKaMH C KPYITHBIMU BaKyOJIIMU,
KOTOpBIE aKTHBHO HAKAIUTMBAIOT W XpaHAT caxapa (Hedrich
etal., 2015). B xoxxurie u MmskoTa wiona copra CHeXHBIH Ha-
OnrogaeTcs Haubosee BHICOKHI YPOBEHb HKCIIPECCHH €/IHH-
cTBeHHOTO HaiinerHoro /{91 BakyonspHo# mHBepTassl VINV ]
(cM. puc. 3), 9TO COOTBETCTBYET HauOOJIEE BEICOKOMY COJIep-
JKaHUIO TaM TeKc03 (CM. pUC. 2) U, BEPOSITHO, SIBIISIETCSI TPU3HA-
KOM TIOJTHOH OMOJTOTHYECKOH CTIeTOCTH II0/a. B To ske Bpems
B IUIOZIE copTa Biiac BBICOKO 3KCIPECCHPYIOTCS HHBEPTA3bI
KJIETOYHOM CTEHKHM W HEWTpalibHbIE/IIEeJI0UHbIE WHBEPTA3bI
(cm. puc. 3), paboTtaronie B MATOIUIa3ME M XJIOPOILIACTaxX
(Qian et al., 2016), T1e TeKCO3bI AKTUBHO YTHIU3UPYIOTCS
Jutst npouieccoB pazeutus (Hedrich et al., 2015). To ectb ana-
JM3UPYEMBIN TIJIO/ JaHHOTO COPTa, BO3MOXHO, €IIE HE JI0-
CTHT TIOJTHOTO CO3PEBAHMUS M HAXOJUTCS HA IIPOMEKYTOUHOH
CTaJH, MPEIIeCTBYIONIEH Onosornueckoii crnenoctu. Ha-
Oromaemast MEKCOPTOBAst pa3HMIIA 110 COEPIKAHHIO CaXapoB
B IIJIOJIC MOXKET OBITh CJICICTBHEM TPAHCIIOPTHOHN PEryssiinu
UX KOJMYECTBA, B TOM YHCIIE C OMOIIBIO YHUIIOPTEPOB Ce-
meiictBa SWEET (Filyushin et al., 2023).

3aknioyeHue

B Hactosmeii pabote mpoBeneHa CpaBHUTEIbHAS XapakKTe-
PHICTHKA CIIEJIOTO TII0NIA IBYX COPTOB OakakaHa S. melongena
¢ Genott (CHexHbIN) 1 proneToBoi (Biac) okpackoit KoxXHIIbI
C MCHOJIb30BaHHEM OMOXUMHYECKOTO W TPAHCKPUITOMHOTO
aHanm30B. [loka3aHo, uTo (hroneToBas OKpacka IUIoAa copTa
Birac cBsizaHa ¢ mpuCyTCTBHEM aHTOLIMAHOB U COITPOBOYK/IACT-
CA MMOBBLIIICHHBIM HAKOIIJICHUEM KapOTHUHOUAOB U CaxapO3hbl,
YTO comIacyeTcs ¢ NpoduiieM 3KCIpeccuy TeHOB, CBA3aHHBIX
C KJIFOYEBBIMU CTAJJMSIMHU META00IM3Ma JaHHBIX COCANHEHNH
Y TPAHCIIOPTOM PacTBOPHMBIX caxapoB. B cpaBHeHHu ¢ cop-
ToM Biac ruron copra CHEXHBIN XapaKTepU3yeTcs OONbITHM
KOJIMYECTBOM T'€KCO3 M, BO3MOXKHO, (pJIABOHOMJIOB.
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AHHOTauusA. MimnyTtauma — 3To MeToj, MO3BONAIOLWMI BOCCTaHaBMBaTb HEAOCTaloLLYI0 MHPOPMaLIMIO O reHeTnue-
CKUX BapuaHTax, KOTopble He YAanoCb reHOTUNMPOBaTb HanpAMYto ¢ nomoLlbio [JTHK-MMKpounnos unmn cekseHu-
pPOBaHMA C HU3KMM MOKPbITYEM. ViMnyTauma urpaeTt BaxkHeNLWyo Posb B NMOJIHOFEHOMHOM aHasn3e accouuauunia
(genome wide associations study, GWAS). OHa Np1BOAMT K CyLLeCTBEHHOMY YBENNUYEHWIO KONNYECTBA N3yYaeMblxX
BapMaHTOB, YTO MOBbILLIAET Pa3peLLaloLLyto CNOCOOHOCTb MeTofja 1 YBENMUMBAET COMOCTaBUMOCTb AaHHbIX, MoJy-
YeHHbIX B Pa3HbIX KOropTax 1/Wiam C MOMOLLbIO Pas3HbIX TEXHOMOTMIA, YTO BaXKHO NPW NPOBeAEeHNN MeTaaHaM30B.
Mpwu ee BbINONHEHNN NHGOPMALIMIO O FEHOTUMAX B MCCNeyeMoii BbIGOPKe, y KOTOPOI M3BeCTHa TOJTbKO YacTb reHe-
TUYECKUX BapUAHTOB, AOMOJHAIOT 3a CUET 3TafloHHOW (pedepeHCHOI) BbIGOPKY, MetoLlell 6oree NoNHbIe AaHHble
0 reHoTMNax (Yalle BCEro 3To pe3ysbTaTbl MOIHOFEHOMHOTO CEKBEHVPOBaHMA). IMnyTauma ctana HeoTbememon
4acTblo reHOMHbIX NCCIe0BaHNIA YenoBeKa bnarofapa npenmyLlecTsam, KOTopble OHa AaeT, a TakxKe yBeNMyeHunio
JOCTYNMHOCTV MHCTPYMEHTOB AA MMMyTaUMmU 1 AaHHbIX pedepeHCHbIX BbIOopok. O630p NOCBALLEH MMMyTaLmu B
reHOMHbIX NCCNeJOBaHNAX YenoBeKa. B nepBom pasfene npmBoAATCA onvcaHne TeEXHONOrMI NonyvyeHna nHpop-
MaLMn O reHOTUMaX YesloBeKa 1 XxapakTepuCTUKa Noyyvaemblx TUMOB JaHHbIX. Bo BTOpom pasgene npefcrasneHa
MeTo[OoNIorMA NMMNYyTaLum, NepeyncaatoTca STanbl ee NPoBefeHNA 1 COOTBETCTBYOLME NPOrpaMMbl, JaeTcA Onu-
caHve Hambonee NonynApHbIX pedepeHCHbIX NaHenen 1 cnocoboB OLeHKN KayecTBa uMnyTauun. B 3aknioueHun
npeacTaBieHbl MPUMEPbI NCMONb30BaHUA MIMYTaLMU B FEHOMHbIX MCCNefoBaHNAX BbIbopok 13 Poccun. HacTos-
LM 0630p NOKa3blBaeT BaXKHOCTb MPOBeAEHNA MMMy TaLmK, faeT UHGOPMALIMIO O TOM, Kak ee BbIMOHATb, 1 CUCTe-
MaTU3MpyeT pe3ynbTaTbl e NPYMEeHEeHUsA Ha NPYIMepe POCCUNCKIX BbIGOPOK.

KnioueBble cnosa: uMnyTaLus; reHOTUNMPOBAHNE; CEKBEHNPOBAHMNE; MOTHOrEHOMHbIV aHann3 accoumaLuii; Yeno-
BeK; AHK-mukpouun.

[Ana uutnposaHua: bepgHnkosa A.A., 3opkonbuesa W.B., Llenunos A.A. Enraesa E.E. imnyTauma renotunos
B FeHOMHbIX MCCNeAoBaHNAX YenoBeKka. Basusiosckuli xypHan eeHemuku u cenekyuu. 2024;28(6):628-639. DOI
10.18699/vjgb-24-70

OuHaHcupoBaHue. Pabota BAA n EEE noppepkaHa rpaHTom Poccmiickoro HayyHoro ¢oHaa N2 22-15-20037 u
MpasuTtenbctBom HoBocnbupckon obnactu. Pabota 3VB n LAA duHaHCMpoBaHa 3a cyeT GIOAKETHOro MpoeKTa
Ne FWNR-2022-0020.

BnarogapHocTu. ABTOpbI BbipaxkatoT GnarogapHoctb B.C. DuiumaHy 3a pekomeHAauuy Mo yyylleHuio TeKcTa
cTaTbl.

Genotype imputation in human genomic studies

A.A. Berdnikova (912, LV. Zorkoltseva (91, Y.A. Tsepilov (91, E.E. Elgaeva (D1 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
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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.

Key words: imputation; genotyping; sequencing; genome-wide association study; human; DNA-microarray.
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TexHonornn nosilydeHnA faHHbIX

O reHoTUIMe YesioBeKa N UX 0COBEHHOCTH

JlaHHBIE TEHOTHIIA YETOBEKA SIBISIFOTCS KITFOUCBBIM ACIICKTOM
JUISI MHOTHX T€HETHYCeCKUX nccrneqoBannii. CyIiecTByer He-
CKOJIBKO TEXHOJIOT Ui, pa3pabOTaHHbIX IS [IPOYTCHHS, aHAIIH-
3a M MHTEpIPETALH FeHeTH4ecKoit nHpopmannu. Hanbomnee
9YaCcTO UCIOJIb3yEMbIC METO/IBI BKIIIOYAIOT B CE0sT CEKBEHUPO-
BaHue 110 CIHTePY, CCKBEHUPOBAHHUE CIICIYOIIETO MTOKOJICHHS
(next generation sequencing, NGS) u JIHK-mukpouunsr.

leHoTUNUpoBaHue c nomoubio JHK-mnkpouunnos
JIHK-Mukpouun (Win IpocTo «MUKPOUYHID», «UHID», OTHAKO
He cienyert mytarb ¢ PHK-Mukpounmom, uto siBisiercst Apyroi
TEXHOJIOTHEH ), peICTaBIIAeT COOOH HEOOBIIYIO CTEKIITHHYIO
WJIN KPEMHHUEBYIO MOMAJIOKKY, K KOTOPOM B 33J]aHHOM IOPSiJI-
K€ ¢ OOJBIION MIIOTHOCTBIO MPUKPEIUICHBI AECATKH THICAT
30HI0B (KOpOTKUX (pparmeHTOB omHomenouewHoi JTHK,
KOMIIJICMEHTApPHBIX ONPEACTICHHBIM HYKJIICOTUIHBIM ITOCJIC10-
BaTEIBbHOCTSIM). DTH 30H/IbI PACTIOJIOKEHBI HA YUIIE TAK, YTOOBI
KKIBIH ()parMeHT MOXKHO OBIIIO HACHTH(UIIMPOBATH I10 €r0
MecTononomkeHuto (puc. 1).

B xone ananu3za k uccaenyembiM monekyiaam JHK, pasz-
pe3aHHBIM Ha (parMeHTHl YHAOHYKJICa3aMH PECTPHUKINH,
MPUCOEIUHSIOT (IyOpECIIEHTHBIE MapKephl U TOMEIAIOT UX
Ha g [{enessie pparmentsr JHK cBs3pIBatoTCs ¢ KOMITIe-
mernTapHbsiMu JIHK-30H1aMH, @ BCce ocTaBmInecs yaasioT ¢
yuna. [lns gerexiun uryopecueHnnu GpparMeHToB, 3aucH
KapTUHBI YMUCCUH (M3TTYUCHNS) U ITOCIEAYIOMeH HACHTH(H-
KallM{ TOCIIEA0BATEILHOCTEH HCIONB3YIOT JIa3ePHBIC JIydl
1 KOMIBIOTEPHYIO0 00paboTKy. DTO 04€Hb OBICTPBII METO,
MO3BOJISIFONINH OJHOBPEMEHHO ONPENENATh HYKICOTHIHYIO
MOCIIEA0BATENILHOCTD Cpa3y HEeCKOJIbKUX (parmentoB JJHK
(Govindarajan et al., 2012).

AJNBTepHATUBHBIA MOAXO/ K PEIICHUIO 33/1a4l TCHOTUIIN-
poBaHHs ObLT peanu3oBaH akagemukoMm A.J[. Mup3abdeko-

Puc. 1. IHK-mukpouun.

BbIM B OTE€UECTBEHHBIX Pa3pabOTKax MO CO3JaHUIO TeJIEBBIX
MukpountioB (Mup3abexos, 2003 ). OHE peaCTaBISTIOT cOOOH
MO/ITIOKKY M3 CTEKJIa, MJIaCTHKA MM CHJIMKOHA ¢ (pukcupo-
BaHHBIMH Ha €€ MOBEPXHOCTH MOIYCHEPUUSCKUMHU KATUIIMH
ruaporesnst. OTIMYHEM 3TOr0 METO/IA SIBIISETCS TO, UTO (par-
menTsl [IHK oka3siBatoTcss ”NMMOOMIN30BaHHBIMH B TpEX-
MEpPHOM TMPOCTPAHCTBE, YTO O0ECIEUNBAET OOJBIIYIO UYB-
CTBHUTEJILHOCTD M EMKOCTh MUKpOUHNIIa. JJaHHAS TEXHOIOTHSI
TaKKe Haluia cBoe npumeHenne B ananmse PHK, GenkoBbix
Y KJICTOYHBIX OHOYHIIaX.

Cy1mecTByeT HECKOIIBKO CTpaTeruii ACHTU(HUKALIMH OTHO-
HyKJIeoTuiHOTO osimmop¢usma (single nucleotide polymor-
phism, SNP) st Mmukpouurnos (puc. 2).

Annenab-cnenupuyunas rudpuauzamus (allele discrimi-
nation by hybridization) (puc. 2, @). Meuenas nienesast JJHK
THOpUIN3YETCS C 30HJaMH, COJACPIKAIIUMHE MOTUMOPQHBIH
caiiT B ieHTpe. [IpaBUIIbHO CrIapeHHbIE OJMTOHYKICOTHABI MTO-
JydaroTcsi crabmiibHee (MMEIOT OOJIBIIYI0 TEMIIEpaTypy TIaB-
JICHUS), TI0 CPABHEHHUIO C AYIUIEKCAMH C HEKOMILJIEMEHTap-
HBIM OCHOBaHHEM. [103ToMy mocIIe MPOMBIBKH YnIIa B KECT-
KHX TEMIIEPaTypHBIX YCIOBHSX Ha HEM OCTAIOTCSI JIUIIb BEPHO
criapeHHble [eno4KH. [IpUHITO UCIONB30BaTh HECKOJIBKO
(hparMeHTOB AJIsI KAYKIOTO aJUIeNst, 9YTOOBI YTy dIINTh Ka9eCTBO
curHaia no otHomenuto k mrymy (Wang D.G. et al., 1998).

GoldenGate-ananu3 komnanuu Ilumina (puc. 2, 6) —
JIBa aJUIENb-CHEIU(PUIECKUX OJIMTOHYKIICOTHAA, KaXKIbIiH U3
KOTOPBIX UMEET 5'-KOHEIl C pa3HbIMU YHHBEPCAILHBIMU TIpaii-
mepamu, P1 u P2 (npaiimepsl MeTST yHUKAITBHBIM (I1yopodo-
POM JUTS TOCIEAYIOIIETO PA3IMYHS CAHTOB), THOPUIM3YIOTCS
B pactBope ¢ reHomHoi JJHK. Tpetuil onuronyxneorun,
MIOMUMO YHHMBEPCAIBbHOTO Tpaiimepa, P3, nMeeT XBOCTOBYIO
4acTh C MOCIE0BATEIBHOCTBIO «INTPHX-KOA», KOMIIIEMEH-
TapHylo (parMeHTy Ha 4YWIle. YIJIMHEHHBIC MOJIMMEpa3oi
aJenb-crenupuIHble paiMepbl JIMTHPYIOTCS ¢ TPEThbUM
OJIMTOHYKJIEOTHIOM, ITOCJIE YEero IMOJy4YECHHBIC (ParMEHTHI

MonHocTbio .
KomnnemeHTapHbii | 1POMaPKMPOBaHHbIN
bparmeHT " obpazey
Hactnuro " PasnnyHble /
KOMMeMeHTapHbIi
dparmeHT 30HAb!

MNceBpougeT (KpaCHbIIZ, KENTbI NN 3eNeHbln) onpefenAaeTca Kom4yecTBoM CBA3aBLUMXCA C 30HAOM MONEKYJ, MOMeYeHHbIX pas-
HbIMK KpacuTenamn. [lanbHenwwmne noACHEHNA K PUCYHKY CM. B TEKCTE.
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aMIUTHUIUPYIOT C TIOMOIIIBIO TIOJTMMEPA3HOH LIEMTHOM peak-
MM 1 THOPUIU3YIOT Ha 4uil. VICTomb30BaHNE HECKOIBKHX
IITPUX-KOZOB (TI0 OJTHOMY JUISl Ka>KI0TO MHTEPECYIOIIETo JI0-
Kyca) T03BOJISIET NPOBOJUTH aHAIM3 Cpa3y Uil HECKOJIBKHUX
ydacTtikoB reHoma (Fan et al., 2003).

MarpuyHoe yuiMHeHHe nmpaiimepa (arrayed primer ex-
tension, APEX) (puc. 2, 6). 31ech 4uI COnepKUT GpparMeHT
JIHK, 5'-koHeI1 KOToporo 3aKperuieH Ha MOIIOKKE, a 3'-KoHeI
3aKaHYMBACTCS] HYKJICOTHIOM, HPEAIISCTBYIOMINM OMpesie-
nsiemomy SNP. @parmentst renomuoit JIHK rubpunusyrores
C YHIIOM, TIpH 3TOM HCcKOMBIH SNP ocTaercss HeclrapeHHBIM.
B xone peaknun CeKBEHHPOBaHMS MPUKPEIUIEHHAs K ITOJI-
JIO)KKE TMOCJIE0BATEIBHOCTh HYKIJICOTHJIOB Y/UIMHSETCSl Ha
OIIMH TEPMHUHHUPYIOMNI HYKJICOTH I, TOMEUECHHBIN KpacuTe-
nem (Kurg et al., 2000). DToT HYKI€OTHI MPEAOTBpAIIACT
nanpHeimui poct nenu JIHK, a nset ero kpacurens no3Bo-
JISIST OTPEeICTNTh, Kakoi 3 HykiIeoTunoB (A, T, I nmm 1) Ha-
XOJHTCS B JAHHOH MO3HIUH.

OnHo u3 ocHOBHBIX npenmyinects JIHK-Mukpounnos — BbI-
cokas mporryckHas cocodnocts (Hayat, 2002; Brown et al.,
2024). Mukpouun obecrednBacT OCHOBY UIsl OJHOBPEMEH-
HOT'O TCHOTUITUPOBAHUS THICAY pa3JIMYHBIX JIOKYCOB U BbISIB-
JIEHUSI OTHOHYKJIEOTH/IHBIX 3aMeH. Tak, MUKPOUIHITBI HCTIONb-
3yIOTCSI JUISl aHaJl3a BBIOOPOK OOJIBIINX OOBEMOB C IIEIIBIO
TFEHOTHUIIUPOBATH YaCTO BCTPEYACMbBIC 'CHECTUYCCKNUE BapraH-
THI (C YaCTOTOW MHHOPHOTO aijens B momyssiiun >0.01).

OnHaKo CyIIECTBYIOT M HEKOTOpPbIE OTPAHUYCHUS B MH-
TepIpeTaIy Pe3yabTaToB. [laHHBIC MHUKPOYUIIOB OOBIYHO
SBJISTIOTCS] OMHAPHBIMU (YKa3bIBAIOT HA HAJMYHME WK OTCYT-
CTBHE ONPE/IEIICHHOTO AJIJIENI), BEICOKOIIPON3BOANTEIBHBIMH
(TI03BOJIAIOT MPOAHATU3UPOBATH THICSIYM U MUIUTHOHBI SNP)
1 TpeOYyIONIMMH CIIENNAIBHBIX METO/IOB aHAIM3a ATl H3BJIe-
YeHUs 3HaYMMOH nH(popMamu. Peus B TaHHOM ciIydae uieT
0 mporpaMMHOM obecrieduenuu (Hampumep, GenomeStudio
(Illumina Inc., San Diego, CA, CIIIA)), koTopoe BKJIIOYaeT
B ce0st MHCTPYMEHTBI JJIs1 KOHTPOJISI KauecTBa, OTPECICHUS

630

IrC€HOTHIIA, BU3yaJIU3alluu U aHaJIi3a JaHHbIX. KpOMe TOro,
MUKPOYHUIIBI MOTYT NaBaTh KaK JIOXKHOIIOJIOKHUTEJIBHBIC, TaK
1 JIO)KHOOTPUIATCIIbHBIC PC3YJIbTAThI. Ot HpO6J'I€MBI noa-
YEPKHUBAIOT BAXKHOCTH TIIATEJIbHOM HUHTEPIIPECTALNU JaHHBIX
n HeO6XOZ[I/IMOCTB HCTIOJIB30BaHUS COOTBETCTBYIONINX CTa-
TUCTUYCCKUX METOAOB JISI KOHTPOJISL Ka4€CTBa U IMMOATBEPIK-
JCHUS pC3YyJIbTAaTOB.

CekBeHUpoOBaHuNe reHoma

B aTom nozpasnene onvcaHbl pa3iduHble TEXHOJIOTHU CeK-
BeHupoBanus. [Ipumepro B 1976 1. G110 pazpaboTaHo 1Ba
METO/Ia, KOTOPbIE MOIJIN JICKOJUPOBAaTh COTHH OCHOBAHHH 3a
nosaHs — o0pbIB 1enu Canrepa u Koyicona u XuMuueckoe
pacmerienne Makcama u ['mnbepra (Maxam, Gilbert, 1977;
Sanger et al., 1977). B o6oux meronax uccienyemyio JJTHK
pacIpeiesstoT 0 YeThIPeM ITPOOUPKaM C Pa3HbIM COCTaBOM
PEaKIMOHHOM CMeCcH TSl KOHKPETHOTO TUIIA a30THCTOTO OC-
Hosauus (A, T, I wmu I). B merone ['mnbepra rcnonb3yror-
cs JIHK, paanoakTuBHO MeueHHast ¢ OHOTO KOHI[a, U CMECh
(hepMeHTOB, CTICITU(IYHO e pa3pe3aroInuX Mepea HyKIeo-
THJIOM ompesienieHHoro Buia. CekBeHupoBanue 1o CaHrepy,
HAaIIPOTUB, COAEP>KUT IIpaiiMepbl U JUAEC30KCUHYKICOTUIBL,
MPUBOJISIINE K PEKPAICHNIO CHHTE3a IIETH ITPY BKITIOUCHUHT
paaroaKTHBHO-MEUEHOTO ANAC30KCHHYKIeo3uaTprdochara
(ddNTP; B xaxxno# mpodupke cBoii). Takum oOpa3oM, B pe-
3yIbTaTe MPUMEHEHHUSI 000MX METONIOB B KaXK/I0i IpoOmpKe
obpasytorcst Meuensle ¢pparments! JJHK pasnudanoit nmHbl,
3aKaHUMBAIOLIMECs] OJIMHAKOBBIM ocHoBaHMeM. [locnenoBa-
TEJILHOCTH PA3AEIIAIOT 110 JUIMHE C TOMOIIBIO AIeKTpodopesa
Ha TOJTMaKpHIaMUIHBIX TUIACTUHYATBIX TelisiX (110 OiHOU 1o~
POXKKE Ha Ka)<[bI THII OCHOBaHHMsI) C pa3pelieHHeM B OANH
HyKieoTua. M3o0paxkeHue, MOMydeHHOE Ha PEHTTEHOBCKOH
IUICHKE ITocJIe AIeKTpodopesa, Mo3BOISET BOCCTAHOBUTH HC-
XOJIHYO TIOCJIEIOBATENIbHOCTh. OMICaHHbIE METOJIBI CPa3y ke
BOIITH B 00mxof, a kK 1987 1. aBToMaTH3mpoBaHHBIE (ITyO-
peclieHTHBIe ceKBeHaTopbl CIHTEpa MOTIIH TPOYHUTHIBATH YK

BaBunosckuii xKypHan reHeTuku u cenekuum / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 6
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Puc. 3. CekBeHVpOBaHWe TPETbErO NMOKONEHNA.

a - Pacific Biosciences; 6 - Oxford Nanopore Technology. MosicHeHusA cm. B TEKCTe HKe.

okoio 1000 ocHoBanuii B neHb (Smith et al., 1986; Connell
et al., 1987).

B 2005 r. BiepBBIe OBITH MPEICTaBICHBI TEXHOJIOTHH CEKBe-
HUPOBaHMS BTOPOTO ITOKOJIEHUSI (next generation sequencing,
NGS), B 0cHOBE KOTOpBIX JI€XaT JBa mnoaxona. [lepsoiit u3
HUX — CEKBEHHUPOBaHUE ITyTeM THOpUIN3ayy (sequencing by
hybridization, SBH). CyTs MeTOma cOCTONT B CIIEIYIOMIEM:
cHauasa kopotkue yyactku JJTHK dukcupyror Ha cTekisiHHOM
nognoxkke (JAHK-unme). 3atem ¢parMeHTsI, moiexanune
UIeHTU(GUKAINH, METIT (IryopoopoM 1 HAHOCAT Ha YHIT IS
rubpuau3anyy ¢ 3agUKCUPOBAaHHBIMU y4yacTKaMu. OmHolie-
nouyeunyto JIHK cMbIBatoT, 1 KapTrHa THOPUAN3AIINH CIUTHI-
BACTCSI 110 IBETHBIM METKaM U UX SIPKOCTH. AJIFTCPHATHBHBIM
noaxoioM B NGS siBnsieTcsi CeKBEHUPOBaHHUE MTyTeM CHHTE3a
(sequencing by synthesis, SBS) (Shendure et al., 2017).

B Texnonorusx, ucnonap3yromux Metonuky SBS, kak npa-
BUJIO, 3apaHee (parMeHTUPOBAHHBIE TTOCIIEI0BATEILHOCTH
3aKPEIIISIOT B IPOTOYHOI sTueiike, I71e IPONUCXOIUT IUKIIH-
YyecKHii CHHTE3 HOBOH 1ienu. [TyTeM mocienoBarenbHOTo J10-
0aBJIeHHs OJJTHOTO U3 YEThIPEX JIE30KCUHYKIICOTH/IOB B CMECH,
IIPY YJIaJICHNH 3apaHee U3 Hee MPEbIIYIINX, MOXKHO CUUTATh
CHUTHAJIBI M3 TEX STUEEK, T7IC PEaKIUsI CHHTE3a IIPOIIIa yCIIeT-
HO. Tem cambIM Ha BBIXOJIE MOJIY4aIOT HH(POPMALIMIO O TOM,
TJIe ¥ KaKOi HYKJICOTH HaXOIUTCS.

TexHOMOrMM CEKBEHNPOBAHUS C TTOJIXO/IOM, OTIIMYHBIM OT
NGS, 6611 BriepBble onncanbl B 20082009 rr. v oty ymim Ha-
3BaHUE «CEKBEHHUPOBaHHUE TpeThero nokoneHms» (Check Hay-
den, 2009). OHn BKITIOYAIOT 1Ba OCHOBHBIX 1OX0/1a (pHc. 3).

Iepsas rexuonorusi, Pacific Biosciences (PacBio) (Rhoads,
Au, 2015), 3akmodqaercst B ONTHYECKOM HAOIIOICHIH CHHTE3a
JHK ¢ momorbro mosmMepasbl B peXkUMe PeabHOTO BpeMe-

HU. B KOHCTPYKIINY UMEETCsl OTBEPCTHE MEHBIIIEC ITOJTOBUHEI
JUIMHBI CBETOBOM BOJIHBI, OTpaHUYMBaIoLIee (IIyopeclieHTHOE
BO30yK/IeHHE HEOONBIINM 00BEMOM, B KOTOPOM HAaXOMSATCS
TOJIBKO ITOJIMMeEpa3a 1 ee Marpuua (cM. puc. 3, a). IIpu rakom
YCTPOMCTBE TONBKO (IIyOPECHEHTHO-MEUESHbIE HYKJICOTH/IbI,
BKJIIOYEHHBIE B pactyiyto uens JJHK, usnyqaror curnans
JIOCTaTOYHOW JUTUTENbHOCTH, YTOOBI OBITh CUNTAHHBIMHU.
Yacrora omMOOK Ipy TOM METOJIe CEKBEHHPOBAHUSI OYEHb
BbeIcOKa (0kosio 10 %), HO OHH pacIpeneneHbl CITydalHbIM
obpazom. brarogapst JUIMHHBIM NPOYTEHHUSAM U TOJIEPAHTHO-
CTH K BbICOKOMY cozepxkanuto GC u cirydaiiHbIM OIIMOKam,
texHonorus PacBio mo3Bomnser momyunTs cOopku de novo
OecrnpereIeHTHOTO KauecTBa B OTHOIICHUH TOYHOCTH M He-
MPEPLIBHOCTH.

BTtopast u3 OCHOBHBIX TEXHOJIOTUI CEKBEHUPOBAHUS Tpe-
thero mnokonenusi — Oxford Nanopore (ONT) (Deamer et
al., 2016). Jlannas MeToaMKa BIEpBbIE ObLIa MPEJIOKEHA B
1980-x rr. CriertnanbHasi Kamepa, T7ie IPOMCXOIUT TpoIiecc
CCKBCHHMPOBAHUS, 3allOJHEHA 3JIEKTPOIIMTHIECKHM PaCTBO-
POM U TIO/IEJICHA IBYXCIIOMHON MeMOpaHOii ¢ HAHOMIOPOii (ee
pa3Mepsbl HaxosATCs B HaHoAuana3oHe). [Tocie nonkimoueHus
HanpsHKeHUs HOHBI AleKTpouTa 1 Mosiekyina JJHK Haunnaror
JBUTAThCS uepes mopy. HykienHoBas kucnora GU3HIECKH
MEIIaeT MUTPAIlUY MOHOB, YTO MPHUBOAUT K KOJIEOAHUSIM
CHUJIbI TOKA, IO KOTOPBIM MOXXHO OIPCACIIATL HYKJICOTUAHY IO
MOCIIEIOBATENFHOCTE (CM. pHC. 3, 6). OCHOBHBIM OTIIHYHEM
OT IPYTUX TEXHOJIOT NI CEKBEHUPOBAHUSI SIBJISIETCS HCKITIOUH-
TCJIbHas MOPTATUBHOCTH yCTpOﬁCTB C HaHOIIOpaMH, KOTOPhIE
MOTYT OBITB pa3MepoM ¢ kapTy nmamsté (USB), mockoisKy oHn
OCHOBaHBI Ha 0OHAPYKEHHUH HIEKTPOHHBIX, & HE ONITHYECKUX
CHTHAJIOB.
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CpaBHeHMe TeXHONOrni U X NPUMeHeHNA

[ANA pelleHns pasHbiX 3agay

Hawubosnee gacTo Juist KpymHOMAacITaOHbIX IPOEKTOB (IIOJIHO-
TeHOMHOTO CEKBEHHPOBAHUS, aHAIM3a TPAHCKPUITOMA U
ATMUTEHETHYIECKOTO MPOGUITNPOBAHHS ) UCTIONB3YIOT NGS Tex-
Hoynoruu [llumina, omHako 1y MpoBeaeHus COOPKH de novo
Ooubie coorBeTcTBYeT PacBio, a 1yt mopTaTHBHOTO CEeKBe-
nupoBanus — ONT. Metox CoHrepa MOAXOAUT AJIsi CEKBEHHU-
poBanus kopoTkux pparmenros JJHK, Takux kak oTaenbHbIC
T€HBI, IUIa3MH/Ibl WM BUPYCHBIC TCHOMBI.

Crnemyer Takke YHIOMSHYTh KOHKypupytomuii ¢ [llumina
CeKBeHaTop, pa3paborannbii kommanusmu Complete Ge-
nomics 1 MGI Tech, DNBSEQ-T7 (panee n3BecTHBIN Kak
MGISEQ-T7). ¥ DNBSEQ-T7 mpotiecc KJIOHaJIbHOW am-
TUIM(HUKALIH TPOUCXOIUT 0 TUILY KaTSIIErocs KOJbLa, T. €.
BCETJIa C HICXOAHON MaTPHUIIb, YTO MTO3BOJISIET UCKITIOUUTD Ha-
xoruteHne ommbox JIHK-mommmepassr (Drmanac et al., 2010).
OcHoBHble npenmymiectBa MGI BKIIIOUAIOT MEHBUIYIO B
cpaBHenud ¢ I[llumina cronmocTh 1 BO3MOXHOCTH 00padoT-
KM OoJblero oobema o0pasloB 3a KOpoTKoe Bpems. Kak
MOKa3bIBAIOT MOCJICHNE HCCIIEI0OBAHNS, HOBBIH CEKBEHATOP
MGISEQ-2000 MokeT OBbITh HCIOIb30BaH B KAU€CTBE MOJIHO-
IIEHHOH aJbTepHATHBEI cekBeHaTopaM I[llumina mpu mpose-
JICHUU TIOJTHOTCHOMHBIX HCCIICIOBAaHUH (TTOMCK BapHaHTOB,
BBISIBIICHUE MHJICIIOB); PA3IMYMS MEXKY IBYMs IU1aT(hopMaMu
HesHaunrtenbHbl (Korostin et al., 2020; Jeon et al., 2021; Feng
et al., 2024).

HenaBuo Obuta moxaszana 3((EKTHBHOCTh MPUMEHEHHS
TTOJTHOTEHOMHOTO CeKBeHHpOBaHMs (Whole-genome sequenc-
ing, WGS) ms nposenennss GWAS (DePristo et al., 2011; Chat
et al., 2022). DToT MoAX0 — MHOTOOOCIIAIOIIAs albTepHa-
THBa JJIsl TeHOTUNIMpoBaHus ¢ nomonisio JIHK-mukpoun-
TI0B, OCKOJIBKY JIA€T BO3MOXKHOCTb ITOJIYYUTh HH(OPMALIUIO
0 OOJBIIeH J0JIe TEHETUIECKUX BapHAaIlHid, TIOBBIIIIAsT MOTII-
HOCTB TECTOB ACCOIMAIINH 1 TTOCIIETYIOMIETr0 aHAIN3a TOHKOTO
kaprupoBanus (fine-mapping) (Wang Q.S., Huang, 2022).
OnHaKo, HECMOTPSI Ha CHI)KEHNE CTOMMOCTH TEXHOJIOTHI Ha
ocHoBe NGS, mis GWAS ucnonb3yroTces IJIaBHBIM 00pa3oM
BBICOKOIIPOU3BOMTENbHBIC U OTHOCUTENBHO JemieBbie JJHK-
MHUKPOYHITBI, COAEPKAIINE OT COTEH THICSY 10 MIJIJTHOHOB
00IMMX TeHETHYECKUX MapKepOB, KOTOPBIE JAIOT BO3MOXK-
HOCTb ITPOTECTUPOBATH MPAKTUIECKH BECh T€HOM Ha HAJINYNE
accolManuii ¢ U3y4acMbIM IPU3HAKOM.

I'enotunupoBanue SNP ¢ nmomomsto JTHK-mukpounmnon
MOXET cojiepXkKaTth 10 5 % OomMOOoK B 3aBUCUMOCTH OT IPO-
m3Bonutens (Lamy et al., 2006; Yang et al., 2011; Guo et al.,
2014). OmHako CyMIECTBYIONINE TPOTOKOIEI IO KOHTPOIIO
KayecTBa IOJyYEHHbIX JIAHHBIX TI03BOJISIIOT 3aMETHO CHU3HUTh
KOJIMYECTBO OmIHOOK (B cpenHeM Ha 1.7 %) (Zhao et al., 2018).
Takum 00pa3oM, MUKPOUHITBI AAI0T BO3MOKHOCTB JIOCTaTOYHO
TOYHO F€HOTHUIINPOBATH 00PA3IIbI IAXKe JIJIsl BUJIOB C BBICOKOM
TeTepPO3UTOTHOCTHIO (T.€. C OOJbIIeH TEHETHUECKON N3MEH-
YUBOCTBIO TI0 CPAaBHEHMIO C OKHIAEMOIl TPH PaBHOBECUH
Xapmu—Baita6epra) (Bourke et al., 2018). bonee Toro, Ha
koHert 2023 1. 1ieHa rFeHOTHITUPOBaHKs 00pa3iia Ha MUKPOYH-
ne OblTa Ha MOPSJOK MEHBILE CTOMMOCTH CEKBEHHPOBAHUS
NGS, uTo 103BOJISET IPH OJJHOM U TOM K€ OFOJPKETE IIPOEKTa
OXBaTUTh OOJIBITUI pa3mep BbIOOpKU. OCHOBHOHM WX HEHO-
cratok npu nposeneHnn GWAS — oHEH He maroT 0O0Hapy-
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JKUTH accouuanuio Mexay SNP u nmpu3HakoMm B TOM ciiydae,
€CIM JaHHBIM TeHeTHYeCKUH BapHaHT HE IMPEJCTaBICH Ha
MHUKPOYHIIE.

JonosnHuTenbHblE TPYAHOCTH B ucnoib3oBanuu JHK-
MHUKPOYHIIOB MOTYT OBITH BBI3BaHBI TEM, YTO MH(OpMAIUL
(manpumep, pacronoxeHrne SNP Ha XpomocoMme), UCTIONb-
30BaHHasl IS AM3aiiHa YMIla, yCTapesia WM OTIHYaeTCs y
Ppa3HBIX IPOU3BOANTENEH. BhimenepeurncieHnbie mpo0ieMbl
MOTYT OBITh pEIIEHBI IMITyTAIMEl JaHHBIX TCHOTHITHPOBAHUS
(Pasaniuc et al., 2012). 3TOT mOAXO MMO3BOJAET YBEIUIUTh
TUTOTHOCTB 0XBaTa M3y4aeMbIX TeHETHUECKHUX BapuaHToB (00-
I11ee YMCII0 MAapKEPOB) U JIOIIO OOLIMX BApHAHTOB MPH IIPO-
BEJICHUU MeTaaHaiu3a (00beIMHEHHs JaHHBIX Pa3HBIX HC-
cieoBaHuii w/wiu miatrdopm renorunuposanusi) (Li Y. et
al., 2009).

3amenoii JIHK-muxpounmoB Mmoxet ctath WGS ¢ HU3KHM
nokpeitieM (low-coverage, IcWGS), B koTopoM CekBeHH-
pyroTcs ciaydaiineie oonmactu reHoma (Chat et al., 2022). Hc-
CJIeZI0BaHMsI TOKA3bIBAIOT, 4To IcWGS 3HaYMUTEIbHO TIPEBOC-
XOZUT MUKPOUHIIBI 10 IUIOTHOCTH paclpeielieHNsi MapKepoB,
YTO TAKXKE €T BO3MOXKHOCTb OOJIEe TIATEIbHO OLCHUBATh
accoIMaINy C MEHee PacpOCTPaHEHHBIMY BapuaHTamMu. Ta-
KHe JaHHBIE TaKOKe TPeOYIOT HMITyTalllH C UCTIOIB30BAaHUEM
TaruIoTHIIOB (Harpumep, u3 rmpoekTa « 1000 reHomMoB») (Auton
et al., 2015). 3arparst WGS €O CBEpXHU3KHUM THOKPHITHEM
(Tmy6una cexBeHnpoBaHus < 0.5x) MOTYT OBITH CPaBHUMBI
WJIN HUDKE, yeM Npu ucnonb3oanuu JJHK-Mukpounnos, ogHa-
KO €r0 MOTEHINAJ B KAYE€CTBE AIGTEPHATUBBI €I1I€ TIIATEIBHO
He orieHeH (Martin et al., 2021).

CexsenupoBanue JIHK u renorunupoBanue pemaror 3a-
Jlady aHajKM3a reHeTHYeckol nHdopmanuu no-pasuomy. Tak,
CEKBEHHpPOBaHUE 1M03BoJIsIeT ynTarh pparmentst JJHK nenu-
KOM 1 IOTOMY MPUMEHSIETCSI JJIs BBISIBIICHUSI PEAKHX (4acToTa
muHOpHOTO amens < 0.01 %) u de novo MyTanuii, MMUPOKO
UCTIONB3YETCS JUIS N3YHYEHUsI CTPYKTYPBI OT/ICIBHBIX TCHOB
WJIN y4acTKOB reHoMa. [ eHoTHUnMpoBaHue, ¢ Ipyroi cropo-
HbI, — OoJ1ee OBICTPBII M SKOHOMHYHBIH METO]I aHAJIM3a IeHe-
TUYECKOM M3MEHYMBOCTH, YTO OCOOCHHO TOJIE3HO I KPYyTI-
HOMACIITAaOHBIX T€HOMHBIX HCCIIEOBAHUN, BKIIOUAOIINX
TBICSYM WIN JaKe MUJIIMOHBI 00pa3ioB. Takum oOpazom,
€CIIH L1eJTb CCIICIOBAHMUS COCTOUT B TOM, YTOOBI BCECTOPOHHE
MCCIIEeI0BaTh TeHETHYECKYI0 apXUTEKTY Py MTpU3HaKa MITH 3a-
OoJieBaHUs, CEKBEHUPOBAHKE, BEPOSITHO, SIBJSIETCS JIyUIIUM
noxaxonoM. OHako eciu GoKyc HCCIST0BAHUS COCPEIOTOUCH
Ha YacThIX T€HETHYECKUX BapHaHTaX MIIHM aHAJIN3E MOITyIIs-
IIMOHHOW WJIM POJCTBEHHOW CTPYKTYpBI BHIOOPKH, TO T€HO-
TUIMPOBAHUE YacTO ObIBAaCT OCTATOYHBIM M Oosee rdek-
tuBHBIM (Gresham et al., 2008).

MmnyTauma gaHHbIX reHOTUNUPOBaHUA

XOTsl CEeKBEHNPOBAHHE BCETO TEHOMA Y COTEH THICSY JIIOfIeH
MIOKa TPYAHOOCYIIECTBIMO, MOYKHO JIOOMTHCS 3HAYUTEIILHO-
TO IIporpecca, Onpesessist JUIIb OTHOCUTENIFHO HeOObIIoe
KOJIMYECTBO FTeHETHYECKUX BAPUAHTOB Y KayKIOTO YeJIOBEKA.
Taxoif THI «HEMOIHOM» MH(OPMAIH BCE PaBHO MOJIE3CH,
MOTOMY YTO JTaHHBIE 0 JII0O0oM Habope SNP B rpyme moneit
JIAIOT BO3MOXKHOCTH JI€JIaTh BBIBOJBI O MHOTHX JPYTHX Ba-
pHuaHTax, He HaOMIOAaeMbIX y Tex ke mropeit. [loaxon, aTo
OCYIIECTBIIAIONINH, HAa3bIBACTCS] UMITy TAIIEH.
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MeTtogonorus

[Tpouenypa UMITyTaIlK TPEIIIONATAET CJIEITYIOLINE dTallbL:
KOHTPOJIb Ka4eCTBa JAHHBIX TeHOTUITMPOBAHMS, (ha3upoOBaHHE,
COOCTBEHHO MMITyTallUs ¥ Ha 3aBEPIIAIOIIEM JTale — KOHT-
POJIb KauecTBa UMITYTHPOBAHHBIX TEHOTHIIOB (pHC. 4).

I'eHeTHUeckne BapHaHTHI, PACHOJIOKEHHBIE PAOM Ha
XPOMOCOME, UMEIOT OOJIBIIYIO BEPOSTHOCTH HACIEI0BATHCS
BMECTE, Y4TO [TPOMCXOAUT U3-3a TOTO, YTO HA KAKIYIO XPOMO-
COMY TIPIXOIUTCSI BCETO HECKOJIBKO peKOMOMHAITHA. JlaHHBIN
TIPUHIIMII TTOJTYYHJT Ha3BaHNE «HEPABHOBECHE O CLETIIICHHIO
(linkage disequilibrium, LD). braronapst aTomy npuHIHITY
MBI HaOMromaeM OJTOKHM TaIluTOTHTIOB (TAaTUTOOIOKH) — HaOOPHI
0JIM3KO PacIONIOKEHHBIX TeHETHYECKNX BAPUAHTOB, KOTOPHIE
B XOJI€ 9BOJIIOLIMH HACJIEJOBAIUCH BMECTE.

B nmmyTanuy rarno0I0Ky HCTIONB3YIOTCS IS BBISIBICHUS
o0mux koporkux ydactkos JIHK Ha xpomocomax, KoTopble
WHAWBHUBI B cnyqaﬁﬂo BBI6paHHOI71 MOMMyJIAMUK MOIJIM YHa-
cJies1oBath OT 001ero npeka. [lyrem cpaBHEHUs TaluIOTHITOB
B JIBYX BBIOOpKaX (MccieLyeMol U peepeHCHOM) 1o Habopy
O6H.[I/IX TFCHETUYCCKUX BApHWAHTOB aJTOPUTMbI UMITyTallUN
MPEIOCTABIISIIOT BBIBOJ] O TEHOTHITAX MCCIIEyEeMbIX HHINBHU-
J10B. O6e 3TH BEIOOPKH JJOJIKHBI OTHOCHTBCS K OJJHOW ATHHYE-
CKOI#1 rpyriIie, 4TOObl MMy TallUs JaBaJia TOUHbIE PE3YIIbTaThI
(Mills et al., 2020).

XOTsl JaHHBIE TCHOTUIIMPOBAHNS HE COfIep KaT HH(POpMaIu
O raruioTumnax, uX MOXXHO BBIBECTU Y pEKOHCTPYHUPOBATH C I10-
MOIIIBIO TTO3TANTHOTO aHanm3a. Pa3upoBaHKue — 3TO MPOLECC
CTaTUCTUYECKOW OICHKM TarjoOTHIIOB. MIMITyTanus: MoxeT
OBITh peaJiM30BaHa Kak Ha He0OPaOOTaHHBIX IAHHBIX He(a3u-
POBAHHOTO FEHOTUITMPOBAHNS, TAK ¥ HA PEKOHCTPYHUPOBAHHBIX
CMEUIaHHBIX TaIIOTHIIAX, XOTsl U3BECTHO, YTO (ha3upoBaHUE
MPUBOJIUT K MOBBIICHHIO TOUHOCTH UMITyTaruu (Anderson et
al.,2010). Kpome Toro, dazupoBaHre 3a9acTyI0 HEOOXOTUMO
BBUJIy TOTO, YTO CTAHAAPTHHIC AJITOPUTMBI Ul UMITyTalluK
(mompobHee Hirke) paboTalT UMEHHO C rarIo0J0KaMu.

KoHTposnb KauecTBa faHHbIX reHOTUNMPOBaHUA
Ba)kHbIM 11aroM J11000r0 FeHOMHOTO HCCIIEIOBAHUS SIBJISIETCSI
MPOBEAECHNE KOHTPOJIS KadeCTBa JaHHBIX. 3HAYNMOCTH 3TOTO
JTara WIUTIOCTPUPYET MPUMEP CO CTaThel, OIMyOINKOBaHHON
B “Science”, koTopas OblIa 0TO3BaHa M3-32 HEJOCTATOUHOTO
y4ueTa TEXHHIECKHX OIIMOOK MPH TeHOTUITUPOBAHUHN Ha YHIIE
[llumina (Marees et al., 2018).

Kontpons kauectBa nanaeix JJHK-MukpounmnoBoro reso-
TUIHPOBAHMS MOPA3AEIACTCS Ha /IBA OCHOBHBIX II1ara: KOHT-

V3yuyaemble 06pastpl

MmnyTauma reHotTnnos 2024
B reHOMHbIX NCCeJoBaHMAX YeloBeKa 286

POJIb Ha YPOBHE MH/IMBH/IOB ¥ KOHTPOJIb Ha YPOBHE MapKEPOB.
KoHTposp Ha ypoBHE HHAMBHIOB 3aKIIOYACTCS B YIAJICHUU
n3 BBIOOpKHM 00Opa3ua B ciemyromux ciaydasx (Anderson et
al., 2010):

— Ha0IomaeTcs HECOOTBETCTBHE MEXIY (DEHOTHIIOM H Te-
HOTHITOM (B YaCTHOCTH, (DCHOTUITMIECKHUI 11O OTIINYACTCS
OT T€HETUYECKOI0);

— KOIIMYIECTBO I'€TEPO3UTOTHBIX JIOKYCOB B TEHOME OTKJIOHSET-
Cs1 OT O’KM/IAEMOT0 3HAUCHUS (3aBbIIIICHNE WIIH 3aHKCHHE
9TOrO MOKa3arelisi MOXKET CBHJIETEIbCTBOBATH O KOHTAMHU-
HaIu o0pasia Wik 00 HHOPUANHTE COOTBETCTBEHHO);

— B BBIOOPKE NMPUCYTCTBYIOT JYOJIHMKAThI, POJICTBEHHUKN
MEepPBOM MM BTOPOM CTENEHH POACTBA (CXOXKHE F€HOTUIIBI
OyIyT TpenCcTaBIeHbl M30BITOYHO, BCICACTBUE YETO Yac-
TOTHI aJJIeIel B TOMYJISIIAU MOTYT OBITh OTOOPa’KeHBI He-
JIOCTOBEPHO);

— HMEET JPYroe THUYECKOE MPOUCXOKICHUE, T.€. HAOI0-
Jaercst cTparnuKanys momyssinny (Hanbosiee pacmpo-
CTpPaHEHHBIH TOJIXO/ AJIS BBISIBJICHUS TAKUX MHAMBUIOB —
aHa/M3 TJIAaBHBIX KOMITOHEHT (principal component ana-
lysis, PCA) na marpwuiie poacrTsa).

KoHTposb kadecTBa JaHHBIX Ha YPOBHE OTAEIBbHBIX MapKe-
POB TaKXkKe COCTOUT U3 HECKOJILKUX ITyHKTOB, KOTOPBIE MTPE/I-
nonaratoT yaanenue SNP B ciryuae, ecnu:

— yacTora MUHOpHOTO ajiess (minor allele frequency, MAF)
<0.01;

— OHM OTCYTCTBYIOT y OOJIBIIION YaCTH MHIUBHIOB B BEIOOPKE;

— 3HAUUTENIbHO OTKJIOHAIOTCS OT paBHOBecUs Xapau—Baiin-
Oepra.

Jlis mpoBesieHNsT KOHTPOJISI KauecTBa MCIIOJIB3YIOT AL
TOTOBBIX TPOrPaMM, HaXOMSLIMXCS B OTKPBITOM JIOCTYIIE:
PLINK 1.9/PLINK 2 (Purcell et al., 2007; Chang et al., 2015),
RICOLI (Lam et al., 2020), SMARTPCA (Price et al., 2006)
u FlashPCA (Abraham et al., 2017).

WHCTpYMeHTbI s MnyTaumum

3a nocnennue 20 JeT HECKOIBKO PA3IMYHBIX UCCIIEA0BATENb-
CKHUX TPYIII pa3padoTali i OITyOJTUKOBAIIH PSIT HHCTPYMCHTOB
Uit (ha3upOBAHUS M MOCICIYIONICH UMITyTalluu, OOJIbIINH-
CTBO U3 KOTOPBIX OCHOBAHO HA CKPBHITOM MapKOBCKOM MOJIENH
(Hidden Markov Model, HMM) JIn u Ctusenca (LS) (Li N.,
Stephens, 2003). Dta cTatucTu4eckas MOAEIb, BIIEPBhIC OITH-
cannas B 2003 ., mpennonaraert, 4To rarnjoTHIIbI HACIEIYIOTCS
B BH/JIC TaIIOOIOKOB U COOBITUST PCKOMOUHAIINH ITPOUCXOJIST
Ha uX rpanuiax. Mojienb BEpOsITHOCTHO PEKOHCTPYUPYET UC-

V13yyaemble 06pasLipl M3yuaemble 0bpasLbl

G. ... A . G. ... .. A . T cgaGatcccgActcTg
cA e T A e e T cgaAgctcttTctcTg
1 2
PedepeHcHble rannotunsbl —_— PedepeHcHble rannotunbl —_ PedepeHcHble rannotunbl

CGAGATCCTTCTTCTG
CGAGATCCCGACTCTG
TGGGATCTCGAGTCTG
CGAGATCCTTCTTCTG
CGAAGCTCTTTCTCTG

CGAGATCCTTCTTCTG
CGAGATCCCGACTCTG
TGGGATCTCGAGTCTG
CGAGATCCTTCTTCTG
CGAAGCTCTTTCTCTG

Puc. 4. I/ImnyTauvm AAHHbIX T’eHOTUNNPOBaHUA.

1 - dpasmpoBaHme; 2 — COBCTBEHHO MMMy TaLs. [TOACHEHNS CM. B TEKCTe.

CGAGATCCTTCTTCTG
CGAGATCCCGACTCTG
TGGGATCTCGAGTCTG
CGAGATCCTTCTTCTG
CGAAGCTCTTTCTCTG
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1{ X x|x| | Ix]|x x| x X
2{ x| | [x] [x][x X X
x| | [x]x x| | Ix] | [x] | [x] | [x]x
3{ x| x| x|x|x X X X X
x| | [x[x] | [x X|x X

XXX XX ] [x x| x| [x[x[x

x|x

Puc. 5. Busyanusauma paboTbl anropuvTMOB, OCHOBaHHbIX Ha HMM,
AN YeTblpex HANBMIOB 13 pedepeHCHOI BbIOOPKU.

Kaxpan KonoHka — otfenbHblin SNP ¢ AByMA annenamu (nycTble 1 3a4epKHY-
Tble KBaApaTbl 0603HaualoT pasHble annenu ogHoro SNP), a Kaxgas napa
CTpOK npefcTaBnseT cobon ase konum OHK (oT Kaxkgoro w3 pogwutenen).
TecHo cBsizaHHble SNP 06befjuHeHbI B rpynnbl Mo LBeTaMm; Kaxblil ranioTtvn
MoAenupyeTca Kak Mo3anka LiBEeTHbIX KomOrHaumii (Scheet, Stephens, 2006).

CJlelyeMble TalUIOTUIIBI B BUJIE MO3aWKH, COCTaBICHHON M3
raroTHIIOB HEOONBIION pedepeHcHol BbIOOpKH (pHcC. 5).
bruto nokazano, uto Metoasl, ocHoBaHHble HAa HMM Jlu u
Crusenca, Tounee u a3pdexrnBree (Weale, 2004) Taxux moa-
XOJIOB, KaK, HanpumMep, anroput™ Knapxka (Clark, 1990) nmun
EM-anroputm (expectation-maximization — MaKCUMH3aLUsI
oxunanust) (Dempster et al., 1977) (Browning S.R., Brow-
ning B.L., 2011). B nactosimiee Bpemst HanOosiee 4acTo MmpH-
MEHSIEMBIMU Iporpammamu, ucroinsdyromumu HMM JIu u
CruBenca, sBistorest Beagle 5 (Browning et al., 2021), Eagle 2
(Lohetal.,2016) n ShapelT (Delaneau et al., 2012) ns pazn-
poBanusi, a Takxke Beagle 5 (Browning et al., 2018), Impute 5
(Rubinacci et al., 2020) u Minimac 4 (Das et al., 2016) — st
nmmyTtaimu. Beagle 5 u ShapelT 2 npu 5ToM 1103BOJISAIOT 1IpO-
BOJIUTH 00€ 3TH MPOLEAYPHI.

CpaBHHUTENBHBINA aHAJIH3 TEKYIIETO MPOrPaMMHOTO 00ec-
neyenust (I10) st hazupoBaHys ¥ MMITy TAllUH ITOKA3aJ1, YTO
B 11e710M Beagle5.4 Heckonbko syuine, yem Impute5 u Mini-
mac4. Ota mporpaMMa oTJINIaeTcs 6osree BEBICOKUM KO3 Q-
IIMEHTOM KOHKOPJALMK W BBICOKOW MPOM3BOIUTEIEHOCTHIO
Jlaske Ha 6orbInx Habopax ganHbix (De Marino et al., 2022).
Opnnako Minimac4 u Impute5, xkak mpaBmito, Jgydirne padoTaroT
C PEIKMMH BapHaHTaMH, IOTOMY 4TO, B OTinuue ot Beagle5.4,
KOTOpAasi BBIYMCIISIET KIIACTEPHI TAIJIOTUIIOB U BBITIOJIHSIET BbI-
YHCJIEHUSI HA UX OCHOBE, 3TU MPOTPAaMMBI BBITTOIHSIOT HOUCK
BO BCEM MPOCTPAHCTBE rarioTunoB. IIporpamma Minimac4
TpeOyeT HauMEHbILEero 00beMa IMaMsITH, HO BEIYMCIICHUS 3a-
HUMaIOT Oonblne BpemMeHH. Eciin mcmonb3oBaHuE MaMsITH
OIpaHUYEHO, a IOTEPsI TOYHOCTH TIpHeMiIeMa, Torna Minimac4
MOXET OBITh ONTHMAJIBHBIM BHIOOPOM IPOTrPaMMHOIO 00eC-
TIEYCHUS ISl UMITY TalliH.

BeimenepeurcieHHbIe TPOrpaMMBI ITPEATIONAraloT 3ayCcK
C JIOKaJIBHOTO cepBepa 1 TpeOyIoT HaIu4us pe()epeHCHBIX Ta-
1oTunoB. Ho GonbIIMHCTBA TAKMX KPYITHOMACIITAOHBIX Ha-
00pOB MaHHBIX HET B OTKPBITOM foctymne. 1o aToit mpuunne
HanOoJIee YacTo [yl MMITyTalluy JaHHBIX YeJIOBEeKa HCIIOJIb-
3yIOTCSI CIIELHAIbHBIE CEPBEPBI, COZIEPrKaIie HH(YOPMALIUIO O
pa3HBIX pePepPCHCHBIX MMaHEIsIX, Takue Kak Michigan Imputa-
tion Server! (Das et al., 2016) u TOPMed Imputation Server?

! https://imputationserver.sph.umich.edu/index.html#!pages/home
2 https://imputation.biodatacatalyst.nhlbi.nih.gov/#!pages/home
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(Das et al., 2016). VccnenoBarenu MOTyT 3arpyxarb Tyna
CBOM HaOOPBI IaHHBIX, HACTPAUBATh APAMETPBI YEPE3 MOJIb-
30BaTeNbCKUN BeO-uHTEpdeiic (BHIOMpPATh HHCTPYMEHTHI,
pedepeHCcHbIe MaHeIn U T.J.), BBINOIHATH (asupoBaHHE U
UMITyTaIMIO TEHOTHIIOB HA CEPBEPE U 3arpy’KaTh BBHIXOIHBIE
(hatibr.

B kadecTBe HEIOCTATKOB JAHHOI'O MOJX0JIa HY>KHO OTMe-
TUTb HEOOXOIMMOCTh OTHPABKH CBOMX JAHHBIX 32 MPEAEITbI
JIOKJIBHOTO cepBepa (XOTsI M C UCIIOIb30BaHIEM O0€301TaCHBIX
MIPOTOKOJIOB COEUHEHMsI) U BO3MOXKHBIE ouepenu. Kpome
TOT0, TT0JIb30BATENIN YACTO OTPAHNIEHBI BELIOOPOM ITPOTPaMM
W pepepeHCHBIX MaHEeNeH, He MOTYT 00bETUHSATH HECKOJIBKO
MaHeled WM MHTerpupoBarh cBou. OJJHAKO €CTh BO3MOXK-
HOCTb 000ITH JaHHbBIE OTPAHUYEHHNS, HATPUMED C TIOMOIIBIO
ITO Docker (Das et al., 2016), u 3amyckaTb UIMIyTanuio Ha
cBoeM cepBepe. [IpobiiemMa aBTOHOMHOTO 3aIlycKa 3aKjIIo4a-
eTcs B UyTh OOJNBIIIEH CIOKHOCTH M3-32 HACTPOEK BPYUHYIO,
TJIe TIOJIB30BATENI0 HY)KHO yCTaHABJINBATh TOMOJTHUTEIbHBIC
MPOTrpaMMBI 1715 KOHBEHepa M YU ThIBaTh KOHQIUKTHI OHOIHO-
tek. B [punoxennu 13 MOXHO CpaBHUTH HHCTPYMEHTAPHH,
JIOCTYIHBIN Ha JBYX ONMCAHHBIX BBIIIE CEpBEpax.

PedepeHcHble naHenu gns umnyTtauum

[aHHbIX FeHOTUMMPOBAHMUA YeioBeka

OnuH 13 BaKHBIX BOIIPOCOB IPH UMITyTal[M T€HOTHIIOB 3a-
KITIOUaeTCs B TOM, KaK BBIOpaTh peepeHCHYIO TaHelb, 00ec-
MIEYMBAIONIYIO BBICOKYIO TOUHOCTH UMITYyTAlliH B HHTEPECYIO-
el monyssiumu. Tak, 6bu10 nokazano (Huang, Tseng, 2014),
YTO Ha KQYECTBO UMITYTAIIUH BIMSAET HE TOJIBKO pa3Mep MaHe-
JIM, HO W 3THUYECKHUH cocTaB pedepeHcHoil BeiOopku. Han-
0oJiee 4acTO MCIOJIb3YEMBIMU TAHEISIMH JIJIsl €BPOIIEHCKUX
TOIYJIANINH Ha ceroqHsamHui AeHb sBmaorcs: 1000 Genomes
(Sudmant et al., 2015), Haplotype Reference Consortium
(HRC) (Haplotype Reference Consortium, 2016) u Trans-
Omics for Precision Medicine (TOPMed) (Taliun et al., 2021).

Pedepencnas manens 1000 Genomes Phase 3 Version 5
Obula MoAroTOBNIeHa B pamkax npoekra «1000 reHoMoB» B
2008 r. (Auton et al., 2015). Bcero B 3TOM mpoekTe myTeM
UCTIONIb30BaHMsI KOMOWHAIIMK TIOJIHOTEHOMHOTO CEKBEHHPO-
BaHMS C HU3KUM MOKPBITHEM, DK30MHOI'O CEKBEHHUPOBAHHSI C
BBICOKHMM ITOKPBITHEM U T€HOTHUIIMPOBAHUS HA MUKPOYUIIAX
YAAJIOCh OXapaKTepnu30BaTh 88 MIIH TeHETHYECKHX BaphaH-
ToB (84.7 M SNP, 3.6 MIIH KOPOTKHX BCTaBOK/JeNeluil 1
60000 cTpyKTypHBIX BapHaHTOB). JlaHHAs BepCHsI pedepeHc-
HOH IaHen BKJItouaeT B ce0st 49 mutH MapkepoB oT 2504 un-
JIMBHJIOB M3 CMELIAHHOM MOIYJISILIUH.

Pedepencuas manens HRCrl.1 2016 nabpana KoHCOPITHY-
moM HRC (The Haplotype Reference Consortium) ¢ mienbro
CO3J1aHMsl KPYITHOM CIpaBOYHOM mMaHenu raruiorunos. [la-
Henrb HRC oGbennnseT HaOOpHI JaHHBIX U3 20 pasiIudHBIX
nccie0BaHnii, OOJIBIIMHCTBO U3 KOTOPBIX MOIYYEHHI C TO-
MOIIIBIO TIOJTHOTEHOMHOTO CEKBEHHPOBAHUSI C HU3KHUM ITOKPBI-
THeM (4—8X) M COCTOSAT M3 BHIOOPOK MHIWBHIOB TPEUMY-
IIECTBEHHO EBPOIIECHCKOTO NMpoucxokaeHus. PedepencHas
MaHeNlb COCTOUT U3 64976 ramnoTunos 32 ThIC. HHANBUIOB
¢ 39235157 SNP, nenennii 1 BCTaBOK HE COEPIKHUT.

IIpoexr TOPMed (The Trans-Omics for Precision Medi-
cine) 6611 nHULMKEPOoBaH B 2010 1. ¢ 11esbt0 cOopa U aHamM3a

3 Mpunoxexuna 1-3 cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2024-28/appx22.pdf
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JIAaHHBIX MTOJIHOTEHOMHOTO cekBeHnpoBanusi. [1o cocTosiHuio
Ha ceHTsi0pb 2021 . TOPMed nacuuthiBaet okoso 180 Thic.
YYaCTHHUKOB, MIPEHMYIIECTBEHHO HEEBPOMEHCKOTO MPOUC-
XOXKICHUA u3 Oojee 85 pa3nuyHbIX nccienoBannid. Ha 6aze
nanaeix TOPMed Obina cos3nana pedepeHcHas MaHemsb,
kotopas BkiouaeT 286068980 SNP; 5815513 BcraBok u
16222592 nenenuit B reHotunax 97256 WHAUBUAOB. DTH
TeHETHUYECKHE BapHUAHTHI PacHpeeseHbl Mo 22 ayTocoMaM
n X-xpomocome. TOPMed (Version r3) — mepBas maHenb,
KOTOpasi OCHOBaHA HMCKIIOUMTEIFHO HA JAaHHBIX IITyOOKOTO
MIOJTHOTEHOMHOTO CEKBEHHPOBAHUS ¥ TIPH 3TOM 3HAYNUTEIHHO
MIPEBOCXO/INT paHee OIyOIMKOBaHHbIE aIbTEPHATUBHI.

Hecmotpst Ha TO 4TO OOJIBIIMHCTBO TEHETHYECKUX UCCIIe-
JIOBaHUI U peEePCHCHBIX MAHEICHi OPUCHTUPOBAHBI Ha BbI-
OOpKH MHIWBUIOB €BPOIEHCKOTO TPOUCXOXKACHUS, HYKHO
OTMETHUTH CYIICCTBOBAHHE PA3IUYHBIX IPOCKTOB, HAIIPaB-
JICHHBIX HAa M3yYCHHE TeHETHYECKOTO Pa3HOOOpas3yst NPYTux
nomyssiiuid. B ux yucno Bxogsat ChinaMAP (10588 o6pas-
noB u 136.7 man SNP) (Li L. etal., 2021), NARD (1779 unau-
Bu0B, 40.6 MitH SNP) (Yoo etal., 2019), GAsP (1739 o6pas-
1oB, | M aytocomusix SNP) (Wall et al., 2019), SG10K
(4810 ob6pasmos, 89.1 ma SNP) (Wu et al., 2019) ams Bei6o-
POK Jrtozieit azmarckoro npoucxoxaeHus; AFAM (2269 06-
pasnos, 45 vt SNP) (O’Connell et al., 2021) u UGR
(4778 oOpa3sios, 2.2 mia mapkepoB) (Fatumo et al., 2022)
nns adppoamepukanies. [lanenr TOPMed Takxe moxer
OBITH MCIIOTB30BAHA [T HMITY TAIIH HEEBPOTIEHCKUX BBIOO-
POK MHIWBUAOB KaK a)pUKAHCKOTO, TAK U a3MaTCKOTO TIPO-
HCXOXKICHHSI.

W neanbHbIM pelieHreM Mpyu BEIOOPE MaHeN! JUIs UMITyTa-
LM CTAJI0 00bEIMHEeHNE IaHHBIX OT HECKOJIBKUX pedepeHc-
HBIX BBIOOPOK JIJIsI TOCTPOSHUSI KOMOMHHPOBAHHOM ATaJIOHHOI
na”eny. OTHAKO B Pa3MTUYHBIX MCCIIETOBAHUAX, KaK MPaBH-
JI0, UCTIONB3YIOTCS pa3HbIEe CTPATETHH KOHTPOJIS KadyecTBa U
(bUIIBTpaLK BAPUAHTOB, YTO MOXKET 3aTPYJHUTH 00bETUHEHNE
pEe3yabTaToB.

Emre onHa BaxkHas npoOiiemMa — OrpaHHyYeHus] Ha COBMECT-
HOE MCIIONb30BaHME JaHHbIX. Hampumep, uHpopmarus o
TEHOTHIIE HA MHMBHIYaJIbHOM YPOBHE BO MHOTHX pedepeHc-
HBIX TIAHEISX HE SBIIETCS 00IIEI0CTYITHO; ITOATOMY MOXKET
OBITH HEBO3MOYKHO HAINPSIMYIO OOBETMHUTD €€ C Pe3Y/IbTaTaMu
CEKBEHHPOBAHUS APYTUX BEIOOPOK. B cBsi3M ¢ 3THM OB Ipe-
noxeH Mero MetanmiryTanuu (Yu et al., 2022). Bmecto Toro
4TOOBI OOBEANHSTH ATATIOHHBIE [TAHEIH, CHauaJIa UMITY THPYIOT
TEHOTHITHI C HCIIOTIH30BAaHNEM HECKOJIBKUX STAIOHHBIX MTaHe-
JIeH IO OTJETHFHOCTH, a 3aTeM OOBETUHSIIOT UMITYyTHPOBaHHBIC
pe3yabTaThl B COIIACOBAHHBIN HAOOP JaHHBIX.

OueHKa KayecTBa mmnyTauum
KadecTBO MMmyTanuy JaHHBIX TEHOTHIIMPOBAHUS MOXHO
OLICHHTH: 1) C TOMOIIBIO CTAaHJAPTHBIX METPHUK KadecTBa HM-
MyTaluy; 2) ONBITHEIM IyTeM (Harpumep, mposectd GWAS
Ha MCCIIelyeMOM MPHU3HAKE U IPOBEPUTH BOCIPOU3BOJUMOCTh
W3BECTHBIX U3 JINTEpaTyphbl CUTHAJIOB ACCOLMAIIUN UJIH BbI-
YHCITUTH MOJIUTCHHYIO OIICHKY NpH3HAaKa M CPAaBHUTH €€ C
peasbHBIMU (PCHOTHTIAMH).

MeTpHKH KauecTBa UMITY TALIMH TAKKE MOYKHO PA3ACIUTh HA
nBe Oospmme rpymmsl (Stahl et al., 2021): 1) Te, 4ro onenu-
BAIOT Ka4€CTBO UMITyTallMH Oe3 UCIIONb30BaHMsI T€HOTHITHPO-
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BaHHBIX HAIIPAMYI0 SNP U BEIUHCIIAIOTCS aBTOMAaTUYECKH ITPU
3amycke cooTBeTcTBytorero 110 ms uMmmyTarmm, u 2) Te, 9To
MO3BOJISIFOT CPAaBHUTH UMITyTHpOBaHHbIE SNP ¢ reHOTHIIaMU
Y BBIUHUCIISIFOTCS] BPYUHYIO.

Mertpukn KadecTBa U3 MEPBOH IPyIIBI CIICHU(DUIHBI IS
Ka)XJI0M OTHeNbHON mporpaMmbl. Tak, HampuMep, Juis po-
rpamMm Minimac4 u Beagle 5 ouenuBaercs nokasarens R2
(Marchini, Howie, 2010), KoTOpblii IpK 5TOM CUUTAETCS TO-
pazHOMY JUIsl KaX /10 U3 IIporpamm, B TO BpeMs Kak Impute 5
BeaucisieT napametp Info (Marchini, Howie, 2010). M3-3a
cBOCH crerM(GpUIHOCTH OHU HE TOAXOJAT JJISI CPAaBHEHHS
KauecTBa JaHHBIX, UMITyTUPOBAHHBIX Pa3HBIMH METOIAMHU.
C aT0i1 3a1aueil yCIeIIHO CIPABISIOTCS METPUKU U3 BTOPOH
IPYIIIBI, K KOTOPBIM OTHOCSTCS: KOO (UIIMEHT KOHKOPALIUH
(concordation rate, CR), mokasarens kauecTBa MMITyTalllu{
IQS (imputation quality score) (Lin et al., 2010), moxa3arens
Xemmnrepa (Hellinger score) (Roshyara et al., 2014), kBagpar
eskimnoBoil HopMbl (SEN, squared Euclidean norm score)
(Roshyara et al., 2014) u npyrue. Ha npakruke yaiie Bcero
HCIOJIb3YIOT CTAHJAPTHBIE METPUKHU IIEPBOM IPYIIIILL.

[Tpn MMITyTanMy OIEHMUBAIOTCS AlIOCTEPHOPHBIE BEPOSIT-
HOCTH reHorumna. Tak, 1t Onamiensabix SNP B ainTUBHOK
Mozenu (Tre TeHOTHN 3aKoxuposaH Kak 0, 1 1 2, a pedepenc-
HBII ¥ aJbTepHATHBHBINA amienab — 0 u 1 COOTBETCTBEHHO)
OLICHCHHAsA BEPOATHOCTb MHAUBUAY I UMETh FeHOTI/IHj B
KOHKPETHOM JIOKyce 0003HaYaeTcs Gji (j=0,1,2). Oror
MOKa3aTelb PacCUNTHIBAETCS cOOTBeTCTBYomuM 110 mis
UMITyTaIlMX 110 JaHHBIM pe)epeHCHON U IeTIeBOi BHIOOPOK
C TIOMOIIBIO BCTPOCHHBIX aJITOPUTMOB (HAIPHMEp, CKPBITOH
MapKOBCKOW MOJIEJIH, KaK oIrcaHo BbIe). /lo3a ansrepHa-
THBHOTO aJlIe/Is PACCUNTBIBACTCA Kak D; = G} +2Gj.

Merpuka R? npencTapisieT coboii anmpoOKCUMAINIO KBaI-
para KOppemsuy MeXIy 10301 NMITyTHPOBAHHOTO aJUIEIIs U
0’KI/IAEMBIM T€HOTUIIOM ¥ CYMTAETCSI KAK OTHOILICHHUE JHCTIEP-
CHH JIO3bI aJUTEJISl M O)KUAAEMOM INCTIEPCHH TIPH PABHOBECUH
Xapnn—BaitnGepra

1 N AND
YN (D-2p)
R‘21=N l/\l A

2p(1-p)

A:ZN D;
P=/ - 2N

rae N — KOMH4ecTBO MHINBUAOB B BRIOOpKE; D; — m103a MM-
Ty TUPOBAHHOTO aJIEIIS IS i-TO MHIUBUIA; ;A? — OIICHKA Yac-
TOTHI aJIICIIA.

MHorue COBpeMEHHBIC AITOPUTMBI (Kak, Harmpumep, Mi-
nimac), IPOBOMSAT UMITYTAI[UIO HA MPEIBAPUTEIILHO (ha3upo-
BaHHBIX TCHOTHUIIAX, T. €. pa0d0TatoT ¢ rarutotuamMu. ®opmyia
mpeTeprieBaeT HeOOIbINEe N3MEHEHHS, TaK KaK TETIeph MHO-
JKECTBO TCHOTHIIOB OIMCBHIBACTCS Kak ITya u3 2N OMHApHO
3aKOIMPOBAHHBIX ajljienen

1 2N A2

p2 N2, P

h ™ T A Al
p(1-p)
A=Z2Ni
Pl 2N

e H; — BepoSTHOCTh UMITYy THPOBAHHOT'O aJUICIIS B i-M TaIlio-
tune (Bappupyercs oT 0 10 1 1 olleHMBaeTCs BCTPOSHHBIMU

(1)

@
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AIrOpUTMaMH CKPBITBIX MapKOBCKHUX Mogeneit); N — pazmep
BBIGOPKH; D — OLIEHKA YaCTOTHI aslyiesis (BBIBOJ (hOpMyJI Ipe-
cragieH B [Ipmnoxenusx 2 u 3).

[Ipu pacyere METPHUK BTOPOTO TUIIA YAaCTh HH(OPMAIHU O
TeHOTHIIaX B HCCIIEAYeMOil BEIOOPKE HCKYCCTBEHHO «MaCKH-
pyetcs» (ymansercst u3 odmero Habopa JaHHBIX C COXpaHe-
HueM nHpopmannu o6 >tux SNP). [Tocie uero nmomy4yeHHbIe
MIPOITYCKH UMITy THPYIOT ¥ CPABHUBAIOT C PeaIbHBIMU T€HOTH-
namu. Hapumep, CR nipencraBnseT co0oif 10T MPaBIIEHO
paccuntanubix SNP ko Bcem SNP. TTokazarens XemHrepa
SBIISCTCSA MEPOI PACCTOSTHUSA MEXKTy IByMS pacTIpeieICHUsIMI
BEPOATHOCTEH F'€HOTHIIA, B €I'0 OCHOBE JIEKUT KOIPPUITHEHT
bxarrauapuu (Bhattacharyya, 1946), koTopslii n3mepsier cre-
MIEHb MEPEKPBITUS MEXITy ABYMs pacmpenencHusMu. [Toka-
3atens SEN nperncrapisiet codoi MacTadMpOBaHHOE CBKITH-
JIOBO PAcCTOSIHUE MEXKIY PACHpeleTIeHUEM UCTUHHON J03bI
u ummytapoBaHHON. Kak moka3zarens XeumHrepa, Tak 1 1o-
kazatenb SEN paccunThIBaroTCs 1151 OTACTBHBIX SNP Kax1o-
ro uaauBuaa. Merpuka IQS ocHOBaHa Ha Kanma-cTaTUCTH-
ke KosHa U 1Mo3BoJIseT yUUTHIBATh CIy4YaiiHbIC COBIAJCHHUS
UMIYTHPOBAHHBIX U peabHBIX SNP.

Kak 0buTO cKa3aHO BBINIE, TOMUMO IIEPEYHCICHHBIX MET-
PHK, ST KOHTPOJIS Ka9eCTBA UMITYTallud MOXKHO HCTIONB30-
BaTh MOJMTCHHYIO OIICHKY Mpu3HaKa (polygenic score, PGS)
(Choi et al., 2020). Ona npencrasiseT coO0¥ MOKa3aTelb
WHAWBUIYAIbHOTO TEHETUYECKOTO PHUCKA B OTHOIICHUH He-
KOTOPOTO MPU3HAKA, OJyYSHHBIH ITyTEM CYMMHPOBAaHUS KO-
JIMYECTBEHHO OIIeHKH d(peKTa MHOTUX PACIIPOCTPAHEHHBIX
BapHaHTOB (OOBIYHO C YACTOTOW MUHOPHBIX ajueneit > 1 %)
B T€HOME, KaXK/Iblii U3 KOTOPBIX MOXKET AeaTh HeOOIbIIOH
BKJIaJ] B TeHETHUECKHI PUCK YeJI0BeKa ISl JaHHOTO TIPH3HAKA
nnu 3a0or1eBanus. [Tokazarens PGS 00BIYHO BEIMHCITIETCS KaK
B3BEIICHHAsl CyMMa Ha0Opa T€HETHYECKUX BapHaHTOB, KaK
npasuio, SNP, onpenensemMsix Kak BapHallud OAHOI mapbl
ocHOBaHMH U3 pedepeHcHoro renoma. [lomydennas omnenka
UMEET paclpesesieHne, OIM3Koe K HOPMaJIbHOMY B OOIIEeH
TIOMYJISILIAH, TIPUYEM BBICOKHE OIIEHKH YKa3bIBAIOT Ha Oosiee
BBICOKHMI pHUCK.

B o01mmem Buze ypaBHEHHE [UIS pacieTa B3BEIICHHON OLICH-
KU TIOJIMTEHHOTO PUCKA JUISl OTIEJIEHOTO MH/INBH/IA BBITIISLANT
cneayromm obpaszom (Collister et al., 2022):

PGS, :Zﬁ/]ﬁ*dosageij,
rine M — xonumaectBo SNP B Mmozaenu; fs ), — OLICHKA pasmepa a¢h-
¢exra j-ro Bapuanta; dosage;; — renoTun B koauposke 0, 1, 2
JUIsl j-TO BapUaHTa B TEHOTHIIE /-0 MHAMBUAA. Bennuuny a¢-
(exra SNP (B) yacro nonyuator u3 pesynsraroB GWAS.

[Tocne pacuera PGS onenky npu3Haka ee 3HAUCHHS CPaAB-
HHBAIOT CO 3HAYEHHUSIMH PealibHBIX (DeHOTHIIOB. B cityuae ecin
HaOII01aeTCst TOCTOBEPHAS KOPPEIAIHA MEXTy STUMH AByMs
Ha0OpaMu JTaHHBIX, MBI MOXXEM CJIENIaTh BBIBOJ O BBICOKOM
KauecTBE JJAHHBIX MOCJIE UMITY TAIlHH.

MpuMepbl MNyTauyy B reHOMHbIX UCC/IeA0BaHUAX

Ha POCCUICKUX BbIGOPKax

HecMoTps Ha omricaHHbBIE BHIIIE TPEUMYIIECTBA IMITY TAITUH
1 (a3upoBaHUs, CYIIECTBYET KpaliHe Maslo YIOMHHAHUH FX
UCIIONTb30BaHHUS B UCCIICIOBAHUSIX POCCHUCKUX BBIOOPOK. Tak,
B pabote (Pinakhina et al., 2022), nocasiieHHON N3YYEHUIO
JIETIPECCHH B BBIOOpKE 13 4520 WHAWBHIOB U3 Pa3IMIHBIX

636

Genotype imputation
in human genomic studies

perroHoB Poccuu, mpoBeseHa UMITyTalusl ¢ TIOMOIIBIO pe-
tdepencupix maneneit HRC u 1000G ¢ mcnonb3oBaHuEM
nporpammsl Beagle 5.1. AnanorudHo B Mccie10BaHUM TeHe-
THUYECKOW CTPYKTYPBI 3aI1aJHOPYCCKON MOMYJISIIUK (BHIOOpKA
n3 4145 WHINBUIOB) B Ka4eCTBE MAHENH I WMITyTallud
Obuta BIOpana manens HRC, cama mpouexypa nposonu-
nack ¢ oMouipio Beagle 4.0 1 mo3Bosimiia paccMarpuBarh B
aHaym3e, TOMUMO 623249 TeHOTHNHPOBAHHBIX BapPHAHTOB,
eme 10454514 umnytupoBannsix (Usoltsev et al., 2023).
A B pabore (Moreland et al., 2022) mo u3y4eHHIO MapKe-
POB, aCCOLIMMPOBAHHBIX C MBIILIEYHON CUIJION U MOILHOCTBIO
y 292 poccusiH (M3 HEX 83 mpodeccHoHanbHBIC aTJIETHI),
MIPOBENIEHB! He TONbKO uMmyTanus Ha nmanenu 1000G, Ho u
(hazuposanwue ¢ momorsio SHAPEIT.

OnuH U3 BaXHEHIINX (HAaKTOPOB VISl OCYIIECTBICHUS Ka-
YeCTBEHHOM MMITyTallM1 — IPaBUIIbHBIH BEIOOD pedhepeHCHO
nanenn. N. Kolosov ¢ komneramu (2022) orieHUBaIM HAAEK-
HOCTh UMITyTallil T€HOTHUIIOB BHIOOPKH M3 230 MOXKHIIBIX
moneit u3 Cankr-Ilerepoypra (501100 SNP) takumu nane-
nsmu kak HRC, 1000G, HGDP (Human Genome Diversity
Project (Cann et al., 2002) — pechepeHcHas maHens Ha OCHOBE
929 yenoBek pa3IMYHON ATHUYECKON MPUHAATIEKHOCTH). VM
yAaI0Ch YBEIMUYHUTH ¢ TIoMomibio Beagle 5.1 (manuble OpUH
3apaHee (a3upoBaHbl) 00IIee KOINIECTBO HCCIIeyeMbIX Ba-
puanToB 10 37.6, 37.5 1 26.6 muin SNP 17151 kax 01t U3 naxe-
neit coorBeTcTBeHHO. [Tomumo storo, HRC, o cpaBHennto ¢
JIByMs1 IPYTHIMU TTaHETISIMH, TIOKa3aJia HanOOJIBIITYI0 TOYHOCTh
nmnytaiun (Metpuku 1QS u CR).

Bce ot pabothl B kKadecTBe pedepeHCHBIX MaHeIel nc-
nonb3ytoT HRC nm 1000G, onHako AaHHBIA OAXO HECKOJIb-
KO YCTapes U TOJUICKUT NEPECMOTPY B CBS3U C MOSIBICHUEM
6ornee kpymHOTO Habopa nanHsIx TOPMed, mprMeHeHue KOTo-
POIf CITy’KUT CBOETO PO7Ia 30JI0THIM CTAHAPTOM B 3apYOSIKHBIX
HCCIIEJOBAHMSX HA CEroAHsIIHUN IeHb. M3 nporpaMMHoOro
obecrniedeHnsT B paCCMOTPEHHBIX paboTax MPUMEHSIOT pa3-
JT4HbIe Bepcun Beagle.

B ynoMsiHy ThIX UCCIIE0BaHUSX Ha POCCUHCKIX BBIOOPKaxX
HE MPOBOAMINCH METAaHAIN3bl MM TOHKOE KapTHPOBAHUE
TeHOB, OJIHAKO, KaK ITOKa3bIBAIOT NMPUMEPHI APYTHX padoT
(Barton et al., 2021), umeHHO Oiarogapsi UMIyTalMy U Qa-
3MPOBAHUIO TAKWE aHATHU3bI MOTYT OBITh BBITIOIHEHBI CYIIe-
CTBEHHO 0oJiee KaueCTBEHHO.

3aknioyeHune

B Hacros1ee BpeMst IpOBEIEHUE UMITY TAllUHU TaHHBIX TEHOTH-
MMAPOBAaHUA — HCOThEMJIEMAs 4aCTb MHOTUX T'€HOMHBIX UCCJIC-
noBaHui yenoBeka, B yacTHocT GWAS. Ona o0ecrnieunBaer
yYBEIMUYEHHUE YUCIIA aHAIU3UpyeMbIX SNP 1 1aeT BO3MOXKHOCTB
00BEIMHATH PE3YJIBTAThl PA3HBIX UCCIIEN0BaHUN. MMy Tarust
TaKXKe CYIIECTBEHHO YIy4IIaeT Pe3yIbTaTbl TOHKOTO KapTH-
POBaHWUsL, TO3BOJISISI HAMOOJIEE TOUHO ONPE/IEATH KOHKPETHBIC
IeHETUYECKUE BAPUAHTHI U I'€HbI, 00YCIIOBJINBAOIIHE aCCO-
[IUALNI0 BCEr0 Yy4acTKa I'€HOMa C M3y4aeMbIM MPU3HAKOM
(Chundru et al., 2019).

Crenyer OTMETUTb, YTO ISl KPYITHOMACIITAOHBIX HCCIICIO0-
BaHMH, I7Ie BayKHBI pa3Mep BIOOPKN M MOKPHITHE TEHOTHUIIN-
poBanusi, komOuHanus JJHK-Mukpounios/cekBeHIpOBaHUS
C HU3KUM IOKPBITUEM U JAJIbHEHIIEH UMIIyTallue sIBIIIET-
csl HanboJee ONTUMAIFHON M IEIIEBOM CTpaTeTHel momyde-
HUSI TAHHBIX, TTOAXO/SIINX JJIsl OOJBIIMHCTBA JU3aiHOB Te-
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HOMHBIX MCCIIEIOBaHUH. DTa KOMOWHALIUS UCIIOJIB3YETCS BO
BCEX KPYIHBIX HAIIMOHAIBHBIX OMOOAaHKaX, KaK, HaIpumep,
UK Biobank (Sudlow et al., 2015), AllOfUs (Ramirez et al.,
2022) n apyrue.

Hapsiny ¢ mepeurcieHHBIMH JJOCTOMHCTBAMH METOJ M-
MyTallly UMEET psiJi HEJOCTATKOB M OrpaHnyeHuii. B wacr-
HOCTH, OIIMOKM YTEHUS NPU HU3KOM MOKPBITUH, & TAKXKE
HEKOPPEKTHBIN BLIOOD MapaMeTpoB JJIsi UMITyTallii HapaBHE
C HEMOoAXOMAIIeH pedepeHCHON MaHEeNbI0 YaCTO MPUBOIAT
K HM3KOW TOYHOCTH MMITyTUPOBAHHBIX JaHHBIX, YTO MOXET
OTPHUIATENILHO BIMATH HA PE3YIBTATHl AAJbHEHIINX JTaroB
aHanm3a. HeoOXoquMo Takke IIOMHUTB, YTO UMITy Talus Hc-
MOJIB3yeT MHPOPMALIMIO O raryioThnax u3 pedepeHcHO! Bbl-
0OpKH, TIO3TOMY NPH €€ yCTapeBaHWH FTeHETHYECKHE BapHaH-
TBI, KOTOPBIE CTAJH YaCTHIMHU B TOIMYJSIIUN CPABHUTEIHHO
HEe/TaBHO, MOTYT UMIyTHpoBaTbes xyxe (Ali et al., 2022).
[TomuMoO 3TOTO, BBICOKHH YPOBEHb PEKOMOMHAIIMN CHUKACT
TOYHOCTH (ha3MpPOBAHMUS U TOCIIEAYIONIEH UMITyTaI[A T€HO-
THUIIOB, B CBSI3H C Y€M B HEKOTOPBIX CIIy4asX HEOOXOAUM J10-
MOJTHUTEIbHBIN aHamu3 pexomouHarmii (Weng et al., 2014).

Kpome Toro, nMITyTaIust MOXET CIIaJuTh TeHETHIECKHE
pa3Iuuus MEeXy HHANBUIAMH B BHIOOpKAX THIIA «CITydai—
koHTposb» (Lau et al., 2024): B My THPOBAaHHBIX JTAaHHBIX
MOT'YT BO3HHKHYTh HETOUHBIE TEHOTHITBI B PETHOHAX, TIIE 0XKH-
JIAFOTCS pa3Jinyusi MKy citydaeM u koHtposieM. [Tpu stom
Takoi 3((eKT MPOSIBIAETCS HE3aBUCUMO OT TOTO, HACKOJIBKO
BEJMKa U pa3HOo0Opa3Ha pedepeHcHas nanenb. Hakoner, mpu
HCTIONIb30BaHUU METO/Ia BaXKHO ITOMHHTh, YTO TO, YTO BEPHO
JUISL TIOMYJISIIMY B 1IEJIOM, HE BCETIa MOXKET OBITH BEPHO ISt
KOHKPETHOTO MHANBHU/IA.

CyiecTByeT 0O0JIBIIOE Pa3HOOOpa3He MporpamMmm u pede-
PCHCHBIX TaHeJNel JJIsl TPOBEJCHUSI UMITYTallil T€HOMHBIX
JTAHHBIX YEJIOBEKa, U, KaK CIEICTBUE, MHOKECTBO MX KOM-
Omnanwmii. brarogapst aToMy y mcciemoBareneii €cTh BO3-
MOXKHOCTB 1TOZ00paTh ONTHMANIBHBII HA0Op MHCTPYMEHTOB
JUISl IMITyTalluy, HanOoJiee MOAXOSIIHIH 110 0COOCHHOCTH
BBIOOPKH M 33124l KOHKPETHOTO HccienoBanus. O030p pabot
Ha POCCHICKHX BBIOOpKAx IMOKa3aj, 4To Hamboiee moIy-
nsproe [10 g mvmytanun — Beagle pa3mmyaHbIX Bepcuid, a
cpemu pedepeHCHBIX MaHese yarie Bcero nenoib3yioT HRC
1 1000G, 9T0 HECKOJIBKO OTJIMYAETCS OT 3apyOeKHON Mpak-
THKH, TJIe JUJIEPOM Cpey peepeHCHBIX MaHeNel sSBIseTcs
TOPMed.

Borbiiiast 0CBEJIOMICHHOCTh O TOHKOCTSIX TIPOBE/ICHUS UM-
MyTallld U OCO3HAHHBIN MOJXOJ K MOAOOPY MHCTPYMEHTOB
MO3BOJISIT YITYyUIIUTh Ka4eCTBO TEHOMHBIX JIaHHBIX 0€3 yBe-
JMYEHUS] CTOMMOCTH MX TIOJy4eHUs], 00Jeryar ux MHTerpa-
IIUIO C pe3yJbTaTaMu JIpyTUX UCCIEAOBaHUMN U JanyT Oolee
TOYHYI0 HH(OPMALHIO O TEHETHYECKOM KOHTPOJIE IIPU3HAKOB
YyeJIoBeKa.
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[TOMICK CUTHAJIOB IIOJIOXKUTEIbHOT'O OTOOpa
reHOB IMpKagHbIX puTMOB PER1, PER2, PER3
B PA3JINYHBIX IIOIIVISLIVSIX TI0OEeN
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LleHTp cTpaTernyeckoro niaHMpPOBaHUA 1 YNpPaBAeHNa MEANKO-OMONOTMYECKUMI PUCKAMI 300POBbIO
DepepanbHOro Meguko-bmonornyeckoro areHTcTBa, Mocksa, Poccus

@arinamishina32@yandex.ru

AHHoTauuA. Pa3Hoobpa3me reorpaduyeckn pacnpefeneHHbIX YeloBeYeckmx nonynaumin JeMoHCTpupyeT 60nb-
WYI0 Bapuauuio BHELWHWX N BHYTPEHHMX MPU3HAKOB WHAMBMAOB. Takme pasnnyunAa B 3HAUUTESIbHOW CTemneHu
06BACHAIOTCA reHeTNYeCKoW ajanTauren K pasfiMyHbiM BO34ENCTBMAM OKpY»KatoLe cpefpl, K KOTOPbIM OTHOCAT
N3MEHEHNA KNMMATUYECKNX YCIOBUI, KonebaHna yCroBrin CHa 1 60ApCTBOBaHUA, BapraLuy paumoHa 1 gpyrue.
MosHOreHOMHblEe JaHHbIE, MOSlyYEHHbIe OT JIIOAEN PasNnYHbIX NOMNYyNAUMNA, AalT BO3MOXHOCTb UAEHTUOULMPO-
BaTb KOHKPETHblE FeHETUYECKME yYacTKLN, OTBETCTBEHHbIE 3a 3TV ajanTauuu, 1 ry6xe NoHUMaTb reHeTUYecKyo
CTPYKTYpY, NeXallyto B OCHOBE aflanTUBHbIX XapaKTEPUCTUK YesloBeKa. B faHHOI paboTe npoBefeH NOUCK CUrHa-
NOB OJHOHYKNeOoTMAHbIX nonnmopduramos (SNP), HaxoaAawmxca nof AaBneHnem otbopa y Niloaen pasanyHbIX no-
nynAauuin. na BbIABAEHUA CUrHanoB oTOopa B pa3nnyHbIX NONYNALMOHHBIX rpynnax 6binv nccnefosaHbl reHbl PERT,
PER2 v PER3, nrpatolyme BaxkHeWLLYI0 pOfb B KOOPAUHALMM TEPMOFEeHHbIX GYHKLMNIA U PEerynaumm UmMpKagHbiX pyT-
MOB, UTO HaMpPAMYIO OTpa)KaeTcsA Ha afanTaUVMOHHbIX CMOCOBHOCTAX OpraHn3ma. AHanM3 AaHHbIX OCYLLECTBAANMN Ha
OCHOBe 00LLefOCTYMNHbIX JaHHbIX 13 NpoekTa «1000 reHomoB» (1000 Genomes Project) no 23 nonynsauyuam. Ans
rnovicka cniefoB otbopa 6bin BbibpaH cTaTucTuyeckunin metog XP-EHH (expanded haplotype homozygosity score).
MpoBeneHHbIN CpaBHUTENbHBIN aHanU3 NO3BOAUN UAEHTUPMLMPOBATL TOUKNM, NOABEPKEHHbIE JaB/ieHMI0 oTbopa.
HaiipeHHble SNP 6binv aHHOTMpPOBaHbI Yepes Katanor GWAS, a Takxe BpyUHyIo, MyTeM aHann3a MHTepHeT-pecyp-
coB 1 ny6nukauuii. iccnegoBaHve no3BonAeT cAenaTb BbIBOA O TOM, UTO YCIOBUA NPOXKUBAHWSA, KNUMAT 1 gpyrue
BHeLWHVEe GaKTopbl HaMPAMYIO BMAIOT Ha FreHeTUYECKYo CTPYKTYPY NOMyNALMA U BapbUpyoT B 3aBUCUMOCTUA OT
pacbl 1 reorpadpryeckoro MecTononoXeHus. Kpome toro, MHorve 13 BapraHToB oT6opa B reHax PER1, PER2, PER3,
Nno-BUAUMOMY, PEFYNVPYIOT BMONOrMYecKme NPoLEeCChl, CBA3aHHbIE C OCHOBHbIMY COBPEMEHHbIMI 3aboneBaHnaMU,
BKJIIOYAA OKMPEHME, OHKONOTMI0, METaboMYeCcKunii CUHAPOM, GVNONAPHOE PacCTPOMCTBO IMYHOCTY, AENPECCHIO,
peBMaTOVAHbIN apTPUT, CaxapHblil AnabeT, KpacHyto BONYaHKY, MHCYNbT 1 6onesHb AnblureriMepa, YTo fenaet mnx
KpaiHe nHTepecHbIMU O6beKTaMu ANA AanbHENLWNX NCCe[0BaHNIA, HanPaBNeHHbIX Ha AEHTUMKALMIO reHeTuYe-
CKI 00YCNOBAIEHHBIX MPUYUH 3a6051eBaHNI YenoBeka.

KnioueBbie cnosa: nonynauun; SNP; agantauus; PERT; PER2; PER3.
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Search for signals of positive selection of circadian rhythm genes
PER1, PER2, PERS3 in different human populations

AL Mishina ()@, S.Y. Bakoev (), A.Y. Oorzhak, A.A. Keskinov (%), Sh.Sh. Kabieva (%), A.V. Korobeinikova (%),
V.S. Yudin (1*), M.M. Bobrova (%), D.A. Shestakov, V.V. Makarov (%), L.V. Getmantseva

Centre for Strategic Planning and Management of Biomedical Health Risks of the Federal Medical Biological Agency, Moscow, Russia
@ arinamishina32@yandex.ru

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
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MoWCK CMrHaNoB NOMIOXKUTENbHOTO OTOOPA reHOB LMPKaAHbIX
putmoB PER1, PER2, PER3 B pa3nnyHbIX NONYNALNAX Ntofei

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 PERT, 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.
Key words: populations; SNP; adaptation; PER1; PER2; PER3.
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BBepeHune

JocTmwxkenust B MeToaax reHotunupoBanust SNP npusenu
OBICTPOMY IIEPEXO/TY OT UCCIICIOBAHMIA, COCPEIOTOYCHHBIX Ha
MIPOCTPAHCTBEHHO SBHBIX HEHTPAIbHBIX TEHETHYCCKUX TIPO-
1eccax, K UCCIICIOBAHMSIM, MTOCBSIIICHHBIM aJIalITUBHBIM T¢-
HeTudeckuM mponeccam (Ahrens et al., 2018). Ogaum U3 uH-
CTPYMEHTOB OTCIIC)KUBAHHS STHX IIPOIIECCOB SBIIIETCS TIOUCK
JIOKycOB ToJ1 faBieHueM otoopa (Carlson et al., 2005). Yau-
KaJIbHBIC TCHETHYCCKUE MATTEPHBI HJIH CJICIbI, OCTABJICHHBIC
B TEHOMHBIX PETHOHAX, ITOJBEPTTIUXCS 0TOOPY, HA3bIBAIOTCS
«moxamucu oTdopa» (selection signatures) (Nielsen, 2005;
Jensen et al., 2016; Bakoev et al., 2021). [Toxmucu or6opa
MIPEACTABISIOT OO0 TeHOMHBIE 00IACTH, CONEePIKAIIIE TT0-
cnegoBarenpHoCcTH JJHK, QyHKIIMOHAIEHO yYacTBYONIUC B
TCHCTHYCCKON W3MEHUMBOCTHU MTPU3HAKOB, MOICIKAIIUX OT-
6opy (Lopez et al., 2015; Bakoev et al., 2023). Takue ygacT-
KH TIPEIICTABIISIOT HHTEPEC B CBS3H C UX 3HAYMMOCTBIO JJIS
OTCIICKUBAHHMSI DBOJTIOIMOHHON OMOIOTHH ¥ TIOTEHITHATBHON
CBSI3U C TEHAMH, KOTOPbIE KOHTPOIUPYIOT (PEHOTHUTIBI B AUKHX
u oManrHuX nonysinusix (Xu et al., 2015).

st uaeHTH(UKALIMK JIOKYCOB IO JaBJICHUEM 0TOOpa
MIPUMEHSIOT Pa3INYHbIC CTATHCTHYECKUE TIOAXO/BI, OIMH U3
HUX — aHAJTU3 TOMO3UTOTHOCTH 1O PACIITHPEHHOMY TaITOTUITY
(EHH — extended haplotype homozygosity). Ciemyer oTme-
TUTB, YTO CJIOBO KTOMO3UTOTHOCTB» Kak 4acTh TepmuHa EHH
03HAYaeT BEPOSITHOCTh TOTO, YTO JIBE CIIy4allHO BEIOPaHHBIC
XPOMOCOMBI U3 MOMYJISALUN UACHTHYHBI (B ONPEICICHHOM
nokyce win peruone) (Klassmann, Gautier, 2022). Pesynsrar
UHTEPIIPETUPYETCS M3 TCOPUH O TOM, YTO OCHOBHBIC TaTTOTH-
bl ¢ HeoObIYHO BhiIcOkUM EHH 1 BeICOKOH MOy ASIIMOHHON
YaCTOTOW YKa3bIBAIOT HA HAJMYHE MYTAIlUH, KOTOpas cTaia
3aMeTHOU B TeHO(OH/IC YeIIOBEKa OBICTpEE, YeM 0XKUIATI0Ch
npu HelTpanbHOit ABouonmy (Sabeti et al., 2002).

Jis m3ydeHus TeHeTHYECKOTO Pa3HOOOpa3Us U SBOIIOIIH
YEJIOBEUYCCKUX MOMYIISAIHANA XOPOIIO 3apEKOMEHI0BA cebs
meton XP-EHH (expanded haplotype homozygosity score),
MTO3BOJISIFOINUH BBISIBUTH MMOTEHIHMAIFHBIE MECTa TEHETHYE-
CKUX U3MCHCHUIA, KOTOPBIC MOT'YT OBITH CBSI3aHBI C aJJaNTallueh
K M3MEHSIOIIMMCS YCIOBUAM OKpYy»karoteii cpennl (Voight et
al., 20006).

T'enst PERI, PER2 u PER3 BOBJIEUEHBI B KOOPJIUHAIIMIO
[UPKATHBIX PUTMOB, PETYJISIIIUIO aIalITHBHBIX CIIOCOOHOCTEH

OopraHnima, a TakKe CBsA3aHbI C pa3JINYHBIMU 3a6OHeBaHI/lHMI/I
(Liberman et al., 2017; Rijo-Ferreira, Takahashi, 2019). Ha-
IpUMeEp, B HEKOTOPBIX UCCIIEA0BAHUIX OOHAPYKEeHa BHICOKAs
CBAI3b 3KcIpeccuu reHa PER2 ¢ apanrtaieil opraHu3MoB K
HU3KUM Temmeparypam. S. Chappuis ¢ komreramu (2013) mo-
Ka3aJIi, 9YTO MBIIIH C BHIKIFOUCHHBIM TeHOM Period2 (PER?2)
YYBCTBUTCJIbHBI K X0JIOAY, TaK KaK UX CUCTEMA aIalITUBHOTO
TepMOTeHe3a CTAaHOBUTCS MeHee Y pexTnBHON. UTo KacaeTcs
rena PERI, o Y. Shi ¢ xomneramu (2021) yTBepkaaroT, 4To
cBeToBas ajganranus, reaepupyemas myrem CRTC1-SIK1, B
KOTOPYIO BOBIIeueH reH PER /, B Cynpaxna3MaTHIeCcKOM Spe
obecriednBacT HaAEKHBIN MEXaHN3M, TO3BOJISIOMIN IUpKa/I-
HOM cucTeMe MOAACPIKUBATL TOMEOCTA3 B IIPUCYTCTBUUN CBEC-
TOBBIX BO3MYILEHHUH. DTOT MEXaHU3M, IO-BUMMOMY, BaXKEH
JUTsl OBICTPOH aJanTannuy K U3MEHSIOIUMCS yCIOBHSIM OKpY-
JKarotiei cpenpl. Onupasich Ha ganHbie L. Zhang ¢ komieramu
(2013), ymanoce yCTaHOBHTB, UTO TOTUMOPGhU3M B rere PER3
CBsI3aH C ypPOBHEM aJIalTallii K CMEHHOMY TpauKy paboThI 1
4yepenoBaHuio (a3 CHa y MeICeCTep, PadOTAOIIIX TIOCMEHHO.

Taxnm o6pazom, TeHs! U3 Tpynnbl PER sBistrores nepemnek-
THUBHBIM OOBEKTOM JUISl IOMCKA CHTHAJIOB TTOJIOKUTEIBHOTO
oTOopa B paz3InuHbIX Momyisinusx. Kpome Toro, HHTEpEC BbI-
3BIBAET HAJIMUHE CBSA3U MEKY a/lallTallMOHHBIMH CTIOCOOHO-
CTSIMH, CUTHaJIaM1 0TOOpa 1 OCHOBHBIMH COBPEMEHHBIMH 3a-
6oeBaHUAMM.

MaTtepwuanbi n metopbl

Jlis aHaM3a UCIOJIb30BAIH ITyOIMYHbBIC JAHHBIC U3 IIPOCKTA
«1000 reromoB» (1000 Genomes, 2008), mpencTaBnsionme
23 MOMyJISIIAN, CTPYIIIUPOBAHHBIC B COOTBETCTBYIOIINE Kila-
cTepsl (CM. Ta0IHILy).

C nmomomipio Plink 1.9 (Purcell et al., 2007) 61111 00611~
HEHBI Bee aHHbIe. C ncmonbp3oBanreM beftools ObuTH yaaneHs!
SNP-ny6smkate! 1 SNP ¢ 0O1MHAKOBBIMHE [TO3HUIIUSMHE, a TAKKE
HOPMAJIN30BaHBI BCE TaHHBIE B COOTBETCTBHH C pehepeHcoM
GRCh38. KoopanHaTel HaYaIEHOTO M KOHEYHOTO MOJIOKECHHUN
Juist oonacteii renoB PER 1, PER2 u PER3 (coopka GRCh 38)
nony4ensl n3 NCBI, CIIIA (National Library of Medicine).

Jis naeHTHHUKANY CUTHAJIOB 0TOOPA HCITOTh30BAIH Me-
ton XP-EHH, peanuzoBaunblii B nporpamme selscan (Szpiech,
2021). HecranmapTu3npoBaHHBIE OIEHKH HOPMAaJIHU30BaIN
C HCIIOJIb30BaHUEM CKpUIITa “norm”, MpeAoCTaBIECHHOTO B
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Coobuectso LKkonbl 3g0poBba CuwyaHb6aHbHa B CuwwyaHb6aHbHe, lOHbHaHb, KnTali (Chinese Dai in Xishuangbanna,

lpynna N MecTo npoxmBaHWA/3THNYECKaA camomaeHTUdUKaLmuaA

AdpukaHubl (AFR)
ESN 97 tOr Hurepwmu (Esan in Nigeria)/acaH (MwaH)
GWD 113 3anagHbin okpyr Ffambum (Gambian in Western Division — Mandinka)/maHavHka
MSL 83 Cbeppa-JleoHe (Mende in Sierra Leone)/meHze
YRI 108 M6apaH, Hurepus (Yoruba in Ibadan, Nigeria)/iopy6a
LWK 108 Bebyiie, okpyr bByHroma B 3anagHoi KeHuu (Luhya in Webuye, Kenya)/nyxbs

Esponeniubl (EUR)
GBR 89 BenvikobpwuTaHusa (British from England and Scotland)/koHTponbHas nonynauus BennkobputaHum
FIN 96 OuHnangus (Finnish in Finland)/duHHbI
TSI 107 TockaHa, Wtanusa (Toscani in Italia)/TockaHupl
IBS 107 Wcnanua (Iberian Populations in Spain)/ncnaHubl

CmelaHHble amepuKaHLbl (AMR)
CLM 94 CronnyHblii painioH MegenbuH, Konym6usa (Colombian in Medellin, Colombia)/konymb6uiiubl
MXL 64 Noc-Anpkenec, wrat Kanndoprus, CLLA (Mexican Ancestry in Los Angeles, CA, USA)/MeKcmKaHLibl
PEL 85 CronunuHbin pervoH Jlnuma-Kanbsao, MNepy (Peruvian in Lima, Peru)/nepyaHupi
PUR 104 MyspTo-Puko (Puerto Rican in Puerto Rico)/nyapTopuKkaHLbl
MKutenun BoctouHown Asnm (EAS)
GIH 103 CTonunuHbIf parioH XblocToHa, wrat Texac, CLUA (Gujarati Indians in Houston, Texas, USA)/rygxapatu
STU 102 Benukobputanus (Sri Lankan Tamil in the UK)/wpur-naHkninckme tTamumnbl
ITU 102 Benukobputanusa (Indian Telugu in the UK)/Tenyry
PJL 92 Naxop, MakuctaH (Punjabi in Lahore, Pakistan)/nengxa6ubl
BEB 84 BaHrnapew (Bengali in Bangladesh)/6eHranbupl
Kutenu l0xHom Asunn (SAS)
CHS 105 MposuHUKA XyHaHb 1 Oyu3aHb KOxHoro Kutas (Han Chinese South, China)/xaHbLpbl
CHB 103 *Kunnow paiioH MeknHckoro neparornyeckoro yHusepcuteta (Han Chinese in Beijing, China)/xaHbLibl
CDX 93
China)/gaiiybi

KHV 96 XowwumuH, BoetHam (Kinh in Ho Chi Minh City, Vietnam)/BbeTHamubl
JPT 103 CronuuHbi parioH Tokno (Japanese in Tokyo, Japan)/anoHupl

nporpamme selscan. SNP co 3nauenusimu crit = 1/—1 paccmar-
pHBAIINCh KaK TeHETHYECKHE BApPUAHTBI, HAXOMAIINECS 101
JlaBJieHueM oTOopa (BBIOpOCH!) (Crit = 1 — MpeaAKoBEIi ajens
I0J] TaBJICHHEM 0TOOPA, Crit = —1 — MPOU3BOIHBIN aJIICIb).
CurHaisl 0TO0pa ONPEEISUIH ITyTeM MEKITOITYIISIIIOHHBIX
CpaBHEHHUH, B KaueCTBE I'PYIIIBI CPAaBHEHUS MCIOJIB30BAIIH
YRI u3 adpprkanckoro kinacrepa. To MO3BOHIIO ONPEACTUTh
BBIOPOCHI MEXTy ayprKaHCKOM momyrsiiei Hopyoa (YRI) u3
Wbanana v ipyruMu rpynnamy (B TOM YHCIIE ¥ apPUKAHCKOTO
knactepa, a umenHo ESN, GWD, MSL u LWK). Kpowme Toro,
MHTEepeC MPEACTAaBIUIA ¥ BapUaHTBl 0TOOpPa, CBA3aHHBIC C
BHYTPUKJIACTEPHON M3MEHYMBOCTBIO. [IJIs1 3TOTO B KaXKJ0M
Kjactepe Obliia BhIOpaHa TPpyIIa CPaBHCHUS, HA OCHOBE KO-
TOPOW MPOBOAWIIN aHAIHM3 C APYTUMHU TPYIIIIAMH JTOTO JKe
knacrepa. Tak, B kimactepe EUR B kauecTBe rpymnmsl AJ1s cpaB-
HeHus npuHanu GBR u coOTBeTCTBEHHO NMpOBENH aHAIU3
Mexay GBR&FIN, GBR&IBS nu GBR&TSI. B knactepe
AMR B KauecTBe rpyMIbl Ui CPABHEHUSI IPUHSIIH PYIIITY

642

PUR u nposenu ananu3 mexay PUR&CLM, PUR&MXL
n PUR&PEL. B kmactepax EAS u SAS Opitn omnpeneneHsl
rpynnsl CHB 1 BEB coOTBETCTBEHHO U NMPOBEACH aHAIU3
mexy CHB&CDX, CHB&CHS, CHB&KHV, CHB&JPT
n BEB&PJL, BEB&ITU, BEB&STU, BEB&GIH coot-
BETCTBCHHO.

Pe3ynbraTbl n 06cykaeHne

['eHOMUKA U MOJICKYJISIpHAST OMOJIOTHSI CYIIECTBEHHO MTOBJIHS-
JIM Ha UCCJIEJIOBAHUS «OTOOpa M afanTalun» MoCPEICTBOM
WIeHTH(UKAIUE TEHETHUYECKUX OCHOB Pa3lIMuHbIX TPH3HA-
KOB, CBSI3aHHBIX C MOAJEPKAHUEM KHU3HEICSITSIBHOCTH U
310pOBbs Y Jroziei u xuBOTHBIX (Hancock et al., 2010; Gintis
et al., 2012). Hapsigy ¢ 3TUM pe3ynbTaThl TeHETHYECKOU U
TEHOMHOM «PEBOJIONUN» 00ECIEUUITH BOBMOKHOCTh CEKBE-
HUPOBAHUS FCHOMOB U MPEIOCTABUIIN HOBBIC HHCTPYMEHTBI
M3MEPEHUs KaK MpPOIIUIBIX, TaK M, BO3MOXHO, MPOIOJIKAI0-
mmxes agantanuid (Zheng et al., 2023).
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Puic. 1. TeHeTyecKune BapuaHTbl NOA faBneHem otbopa B reHe PERT.

3pecb 1 Ha puc. 2 1 3 pos — no3muumsa.

[Ipennonararot, 4T0 MOBENECHUE UYENOBEKA ONpEAEIsIeTCs
B3aUMO/ICHCTBHEM MEXK/y IPUPOIOI M pa3BUTHEM 00LIeCTBa
(Saravanan et al., 2020). Mo)XHO TOITyCTUTH, YTO OCOOCH-
HOCTH T€HETHYECKON CTPYKTYPBI B Pa3IUUHBIX MOIYISIIHAX
JIIOJEH, B TOM YMUCIIE CBSI3aHHBIE C MUIPALUEH JIIONEH U3
Adpukn, B qanbHEHIIEM JETIH B OCHOBY HHAWBUIYaIbHBIX
ocobenHocreit nx passurus (Benton et al., 2021). Tak, pac-
cmarpuBaeMble Hamu redsl PERI, PER2 u PER3 noka3anu
CUTHAJIBI MOJIOKHUTEIFHOTO 0TOOPA, YaCTh U3 KOTOPBIX IPO-
CIIeKUBAJIACh B HECKOJIBKHUX MOMYJSAIMIX (3TH BapHUaHTHI
B OCHOBHOM JIOKaJIN30BaHbl B reHe PER?2), a apyras 4acTb
BCTpEYaach TOJIbKO B OAHON TTOIYISIIUH.

B pesynbrare aHannsa MOJHOTCHOMHBIX NpoQuiei mc-
CIeAyeMbIX MOMYISIMOHHBIX TPy BhIsABIeHO 110 m0KycoB
(78 Touex B rene PER2, 25 — B PER3 n 7 — B PERI), Haxo-
TIIIAXCS O] AaBlieHreM otoopa. [Ipu anammse rena PER]
0o0OHapyxeHO 8 BBHIOPOCOB MPHU MEXIPYIIIOBOM CPaBHEHUU
xkuteneit FOxuoi Asun, npoxkuBatonmx B [lekune (CHB),
¢ xurenaMu HOxxHol Aszum, npoxusaromumu B FOHbHAHU
(CDX) (puc. 1). Kpome Toro, mpu MeXTpyIinoBOM CpaBHEHUT
skuteneld BoctouHoil A3uu, IpoKHMBaOIUX HA TEPPUTOPUN
Banrnanema (BEB), ¢ sxutensmu BocTounoii A3un, TIpoxKu-
BatormuMu Ha teppuropun llpu-Jlanku (STU), u xurenen
Bocrounoii A3nu, mpoXUBaAIOMIMX Ha TeppuTopnu banrtae-
ma (BEB), ¢ xxutensiMu BocTounoit A3un, mposkuBaroOIIMMI
Ha Tepputopun XbloctoHa, mrar Texac (GIH), taxxe naeH-
TH(UIMPOBAHBI YETHIPE YIACTKA IO TaBIeHHEM 0TOopa (CM.
puc. 1).

OOHapy>KeHHbIE yYaCTKH BOBJICYEHBI B ITPOIIECCHI, CIIOCO0-
CTBYIOIIME TIPEAPACTIONOKEHHOCTH K PA3BUTHIO OOJIBIIIOTO Jie-
MIPECCUBHOTO paccTpoicTBa, Ooe3nu IlapkuHcoHa, Gose3HH
AublreiiMepa, 3aBUCUMOCTH OT yIIOTPEOICHHSI aJIKOTOJIbHBIX
HAIIITKOB, pPaka TPyau U gonroneTuio (cM. [punoxenmue)'.

Xoresioch OBl YIETUTh BHUMAHHE TOYKAM, HaXOSIIIMCS
T0J1 JIaBJIEHHEM 0TOOpa y HECKOJIbKUX CPAaBHUBAEMBIX IPYIIIL.
Taxwe SNP uneHTH(GUAIIIPOBAHBI TIPH MEKTPYIITIOBOM CPaB-
HeHuu xutened Boctounoit n KOxHoit Asun. Halinennsle
TOYKH JJAI0T OCHOBAHUE MPEIoararb, 4YTo Ha CpaBHUBAEMbIE
TPYTIIBI OKa3bIBAIN BO3AECHCTBHE CXOKUE BHEIITHNE (DAKTOPHI,
KOTOPBIE, B CBOIO OY€PE/b, UMEIIU OIUHAKOBOE BIUSHUE, HE-
00X0MMO€ JUTS aJarnTalnuy UCCIeayeMbIX 3THOCOB. HyxHO
00paTUTh BHIMaHHE Ha BEIOPOCHI B To3uIwsax chrl17:8149097
(TIpepacoNnoXeHHOCTh K Pa3BUTHIO paka rpysu). BosmoxHo,
3aKpeIlICHUE ajulelield B TpyIax CpaBHEHUs xxutenei Boc-

" NMpunoxenne cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2024-28/appx23.pdf

tounoit Aszum u3 banrmanenr (BEB) n xwureneit Boctounoit
Asun u3 lIpu-Jlanku (STU), a Taxoke sxuteneit FOxxHON A3zun
n3 [lexkuna (CHB) u xxureneit IOxuol Asuu u3 FOHbHAHU
(CDX) MorI1o MpOM30MTH BCIICACTBUE TIPEOOTATaHuUs BIIAXK-
HOT'O KJIUMaTa Ha TEPPUTOPUSX, T/I€ MPOXKUBAIIU UCCIIEAyEMbIe
3THOCHI. COIIaCHO MHEHMIO HEKOTOPBIX YUEHBIX, BIAKHBIN
KJIMMaT MOXKET CTaTh (paKTOPOM PHCKa MpPU Pa3BUTUH psiia
OHKOJIOTHUeCKuX 3a0oneBanuii (Maryanaji, 2020; Guo et al.,
2021; Pan et al., 2023).

[Tpu ananmze rena PER2 nneHTH(UINPOBAHO 78 TOUCK, Ha-
XOJSIIMXCS [0 IaBlieHneM oTOopa. BeIOpocsk! ObLIH HIeH-
TU(QULUIPOBAHBI TIPH CPABHEHUHU BCEX HCCIIEyEMBIX ITHOCOB
¢ appuKaHIaMH, a TAKXKE B CAMHUYHBIX y4acTKax IPH MEX-
IPYIIIOBOM cpaBHEHUH sxuTernel FOxHoM A3un u eBporneiines
(puc. 2). [Ipu aHanm3e TOYEK B CPAaBHIUBAEMBIX MTOITYIISIIOH-
HBIX TPYIIaX MOXKHO CJIeNIaTh BBIBOJ O CHIIbHON U depeH-
ranuy adpUKaHCKOM MOIYJISILIMY 110 CPABHEHHIO C APYTUMH
M3y4aeMbIMH THOCAMH. AHHOTAIINS Y4aCTKOB, HAXO/SIIIUXCS
T0/1 ZIaBJIEHHEM 0TOOpa y HECKOJIBKMX CPaBHUBAEMBIX TPYTII,
BbisiBUIIa yyactre SNP B hopmMupoBaHu# XpOHOTHUIIOB, KOOP-
JIMHALUH CHA, TIPEAPACTIONIOKEHHOCTH K PA3BUTHIO CaXapHOTO
Jradera, MHCYIIBTa, KPACHOM BOJYAHKH M OUIIOISIPHOTO pac-
CTpOIicTBa, A0COPOLINY XOJIECTCPUHA B KUIIICYHUKE, & TAKKE B
(hopmupoBaHUK MeTabommIeckoro Gpenoruna. bonee moapoo-
HO cBs131 SNP ¢ paznuaubIMu 320051eBaHISIMU U (DCHOTHUITAMH
y Jnrozeu npezacTtasieHsl B [Ipuioxenun.

Hammume o6miero xomudecTBa BEIOPOCOB MPH CPaBHEHUH
MOMYJISIMMOHHON TPyNnbl adpUKaHIEB U APYTHX 3THOCOB
YKa3bIBaeT Ha JUIMTEIIbHBIN IEPUOJ] BO3AEHCTBHUS ONIPEEIICH-
HBIX BHEITHHUX (JAKTOPOB HA BCE U3ydaeMble MOMyIsiuu. M-
TEPECHO OTMETHTh, YTO BCE aJUICIIH, HAXOSIIUECS MO aB-
JIieHHueM 0TOopa, OKa3aJuCh NPOU3BOAHBIMHE BapUaHTAMHU.
Tax kak Bemymas QyHkuus reaa PER2 — ¢opMmupoBaHue
XPOHOTHIIOB, MOYKHO IIPEIIOJIOKUTD, YTO BBISIBIICHHE OOILIETO
MaccHBa TOYEK, HAXOSIIUXCS IO/ JaBJIeHHeM 0TOopa, Tak-
e 00BSCHSIETCS IeHCTBUEM BHEITHUX (haKTOPOB, TPHCYIITUX
MECTHOCTH, Ha KOTOPOW NMPOXXUBAIHM M3y4aeMbIe 3THOCHI.
K Taxum (hakTropam MOXKHO OTHECTH 00IIee KOJINYECTBO Ya-
COB CBETOBOTO JIHSI, ZICHCTBHE MArHUTHOTO MOJISl, 0OCOOEHHOCTH
KJIMMara " pyTue.

WnenTtndukanus JOKycoB I0J| JaBjIeHUEM 0TOOpa y He-
CKOJIBKHX TPYIII CPABHEHUS MEX Ty kuTesiMu FOxHOM A3nn
n adpuKaHIAMHM, a TaK)Ke BHYTPH TpymIl sxutenei FOxxHo#
A3zuu, npoxuBatomiux Ha teppuropun Ilexuna (CHB) u
OnpHanN (CDX), 06Hapyxwma SNP, oTBeTCTBEHHBIE 3 IPEI-
PAacIIoIOKEHHOCTh K Pa3BUTHIO psifa 3a00JeBaHUN Kely-
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Puc. 2. leHeTuueckme BapunaHTbl Noa AaBneHem otbopa B reHe PER2.

Toukamu 0603HaUEHbI BapyaHTbl Mog AaBfeHVemM oT6Opa; YepHbIN LBET TOYeK O3HauaeT, YTo Noj AaBreHnem otbopa
0Ka3asnca NpeaKoBbli annenb, CUHWIA LBET — MPOV3BOAHbIN annesb.

644 BaBunoBcKuii XXypHan reHeTukn n cenekuyum / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 6



AW, MnwnHa, C.10. bakoes, A.l0. Oopxak...
[.A. WecTakos, B.B. Makapos, J1.B. leTmaHueBa

YRI_GWD
YRI_MSL
YRI_LWK
CHB_CHS
CHB_KHV
CHB_JPT
YRI_KHV
YRI_JPT
PUR_CLM

YRI_ESN
CHB_CDX
YRI_CDX

pos
chr1:7785635
chr1:7786032
chr1:7786210
chr1:7786246
chr1:7786247
chr1:7818574
chr1:7829744
chr1:7829881
chr1:7830004
chr1:7830204
chr1:7830741
chr1:7830896
chr1:7834820
chr1:7834955
chr1:7835009
chr1:7835218
chr1:7835358
chr1:7835512
chr1:7836122
chr1:7836157
chr1:7837073
chr1:7837168
chr1:7837562
chr1:7837869
chr1:7837928

2024
286

MoWCK CMrHaNoB NOMIOXKUTENbHOTO OTOOPA reHOB LMPKaAHbIX
putmoB PER1, PER2, PER3 B pa3nnyHbIX NONYNALNAX Ntofei

PUR_MXL
YRI_MXL
YRI_PEL
YRI_PUR
BEB_PJL
BEB_ITU
BEB_STU
BEB_GIH
YRI_BEB
YRI_PJL
YRLITU
YRI_STU
YRI_GIH
GBR_FIN
GBR_IBS
GBR_TSI

® |0 |0 (0o (0o (0 0|0 |00 (0o 0|00 |0 0 e e e | |PURPEL

Puic. 3. TeHeTnyecKkmne BapuaHTbl NoA faBneHvem otbopa B reHe PER3.

Touykamu 0603HayeHbI BapuaHTbl NoA4 faBneHnem 0T6opa; l'IEIC)HI:II?I LBET TOYEeK O3HaYaeT, YTO NoA AaBneHunem 0T6opa OKasancsa npegko-

BbllA annesb, CUHUI LUBET — NPOW3BOAHbBIV anenb.

JIOYHO-KHIIEYHOTO TPAKTa ¥ CEPAEYHO-COCYIUCTON CUCTEMBI.
IIpu sToM B rpynmnax cpaBHeHUs xurteneit FOxxHoit Asuu ¢
adpuKaHIIaMH OBUTH HIICHTH()UITUPOBAHBI TPON3BOIHBIC AJI-
JIeNH, a TP cpaBHeHUU >xutenelt FOxHol A3un BHYTpHU NOA-
rpyni (B 3aBUCUMOCTH OT PETHOHA MPOXKUBAHNUS) — IPEAKO-
BBI ayutens. HanOompmmii mHTEpec MpecTaBaseT BEIOPOC B
chr2:238289684, oOHapy>KeHHBIN ITPH CPaBHEHHUU >KUTEJICH
[OxHOIT A3un ¢ aprKaHIIAMU: OH ACCOLMUPYETCS C CHCTEM-
HOM KpacHOW BOJYaHKOM, KOTOPYIO BBI3BIBAIOT TAKUE HAPY-
IICHHs, KaK TOPMOHAJIBHBINA rcOaanc B MEPHOJL MTOJIOBOTO
CO3pEBaHMs, CTPECC, @ TAKIKE BHEILITHUE CPEIOBbIE (PaKTOpBI, a
MMEHHO BO3/ICHCTBIE COHITA U BHpyCHBIe HHpekiwm (Quaglia
et al., 2021; Kim et al., 2022; Molina et al., 2022).

Ha nam B3misi1, pa3nuuHbIil ypOBEHb BUPYCHOM HAarpy3Ku, a
TaKKE ay TEHTUYHbIE KJIMMATHIECKHUE YCIIOBUS MOTVIN ChITPaTh
KITIOUEBYIO POJIb B Pa3sBUTHH aJANTHBHBEIX CHOCOOHOCTEH
9THX 3THOCOB, TAKUM 00pa30M, 3aKpENUB JaHHbIE aJIEIIH 32
UCCIIEyeMbIMU MOMYISAIUsIMU. Takas ke THIIoTe3a MOXET
OOBSICHUTH 3aKpEIUICHHE JIOKYCOB, aCCOLMMPOBAHHBIX C 3a-
0o0JIeBaHUSMH JKEITYJOUHO-KHILEYHOr0 TpakTa. B pesynbrare
MUTpalnU JTIoAeH ¢ a)pUKaHCKOTO KOHTHHEHTa B ApPYTHE
MECTHOCTH MX TaCTPOHOMHUYECKHE MPEANOYTCHHS MEHS-
JIMCh, MOIU(PHULUPYST MUKPOOHYIO KOCHCTEMY KHIIEUHUKA
(Clemente et al., 2015; Syromyatnikov et al., 2022). Vcxons
13 TOTO, MOYKHO TIPEJIIOJIOKHTH, YTO OOJIE3HN KETyI0UHO-
KHUIIEYHOr'0 TpakTa cpeu xureneit FOxHoi A3nu u AQpuku
Pa3IMYAINCh BCIIEICTBIE OTIINYUH B MUKPOONOME KHIIIEYHUKA
(Donin et al., 2010; Porras et al., 2021).

IIpoBenenHoe nccienoBaHue BBIIBUIO 42 TOUKH, HAXOMsI-
mmecs MMoJ JaBlieHneM oTOopa B rene PER3, ipyu cpaBHEHUH
sutene BoctouHoil A3y, IpOXKUBAIOIUX HA TEPPUTOPHU

Banrnanem (BEB), ¢ xurtensmu Boctounoit Asum, nmpoxu-
BaroLMMH B XbrocToHe, mtat Texac (GIH); cmemanHbIx ame-
PUKaHLEB, NMPOXKUBAOIIMX Ha Teppuropun Ilyspro-Puxo
(PUR), co cMemaHHBIME aMEepUKaHIIAMH, ITPOKUBAOIIIIMHI
Ha tepputopuu [lepy (PEL); appukannes ¢ komymouiinamu
(YRI_CLM) u appuxantes ¢ myspropuxaniamu (YRI PUR)
(puc. 3). [Tocne npoBeaeHNs aHHOTAINMU OBUTH OOHAPY>KEHBI
CleAyIolMe acconuanuu ¢ HaiineHHsIMu SNP: peakius Ha
MIPUMEHEHNE MTPENapaToB JUTHS TIPH JI€U€HUN OUITOISIPHOTO
paccTpoiicTBa, (HOpMHUPOBAHUE XPOHOTUIIOB PA3HBIX THIIOB,
MIPEAPACIIONOKEHHOCTh K JIETIPECCUBHBIM PacCTpOicTBaM,
MPEIPACIIONIOKEHHOCTD K PA3BUTHIO METAOOINUECKOTO CHH-
JIpoMa, BEPOSITHOCTh PA3BUTHS KOJIOPEKTAIBHOTO PaKa, Ipeji-
PacIoNOoKEHHOCTh K Pa3BUTHIO O’KUpeHusi. bonee moapooHo
cBsi3u SNP ¢ pasnnaabiMy 3a0051eBaHUAMHI B (DEHOTHITAMH Y
Jrofel pezcTaBieHsl B [IpunoxeHnn.

OcHoBHasi GpyHKIUSI y4acCTKOB, HIECHTH(GHUIINPOBAHHBIX
HaMH KaK HaXOAIINECs TIOJ JaBJIeHHEeM 0TOopa, — (hopMu-
poOBaHME XpOHOTHIIA yTpeHHEro Tuna. Hy)HO OTMETHTB, 4TO
IIPY BHYTPEHHEM CPaBHEHHH TPYIII CMEIIAHHBIX aMEepHKaH-
1eB ¥ xuTeneid Bocrounoit Asmm ObputH MIeHTH(DUITIPOBa-
HBI IPE/IKOBBIE aJIeNH, a IPU CPaBHEHUH a()pHUKAHIIEB CO
CMEUIaHHBIMHU aMEpUKaHLIAMH — IIPOU3BOJIHBIE. Bo3MOXKHO,
KJTIOUEBBIM OTINYMEM a(pPHUKAHIIEB OT CMELTAHHBIX aMEPUKaH-
IIeB SIBJISIETCS 0COOCHHOCTh PEXXMMa CHA y MpeacTaBUTENCH
JIAHHBIX Monyysinuid. Tak, cpeny cMelaHHbIX aMepUKaHLIEB
yaie npeodinagaeT BeuepHUd XPOHOTHIL, B TO BpeMs Kak y
adpuKaHIeB HanodoJee 4acTo Becrpedaercs yrpennuid (Egan
etal.,2017). BeposiTHO, 3TO CBSA3aHO C BIUSHUEM Pa3JIMIHBIX
BHEITHMX ()aKTOPOB, TAKMX KakK IIMPOTA, JAOJITOTa, AHCTBUE
MarHMTHOTO TIOJISl MM aKTHBHOCTH COJTHIIA.

FEHETUKA YEJTIOBEKA / HUMAN GENETICS 645



A.l. Mishina, S.Y. Bakoev, A.Y. Oorzhak...
D.A. Shestakov, V.V. Makarov, L.V. Getmantseva

Kpome Toro, mnosydeHHbIE JaHHBIC MO3BOJISIOT CAEIATh
MIPE/ONIOKEHUE O BIMSHUM BHEITHNX (PaKTOPOB Ha (hopMu-
pOBaHME HCCIEAyeMbIX TOMYJSIHMN, KOTOPOE B pe3yibTare
MIPUBEJIO K Pa3InuHOMY JCHCTBHIO MEXaHU3MOB UX aJiarTa-
IIHOHHBIX criocobHocTel. Hampumep, 000CO0IEeHHOCT 1T0-
MYJSIAN CMEIIaHHbIX aMepuKanies u3 Jinma-Kanssio (PEL)
oT a)prKaHIIEB MOXKET ObITh 00YCIIOBIIEHA OTIAaJICHHOCTHIO
HAaXOKJIEHUS JaHHOW TPYIIIBI JIFOAEH 110 CPABHEHMIO C JIPY-
TUMHJ U3Y49aeMbIMH 3THOCaMH. J[0CTOBEpPHO M3BECTHO, YTO
HapOIHOCTH U3 APYyrux pailoHoB JlaTuHCKOM AMEpUKH MOA-
BEprayrch OONBIIEH aCCHMUIIAIINH C €BPOTIEHIIAMH, TIO CPaB-
HeHuto ¢ xurensimu u3 [lepy (Chacon-Duque et al., 2018).
Takum 00pa3om, caMOOBITHOCTh 00pa30BaBIICHCS MOITYIIsi-
mun copmupoBaia Hauboaee 000COOTCHHBINH TeHeTHIe-
CKHH KJ1acTep.

[IporpeccuBHBIE CTAaTUCTUYECKHE METO/IbI, HAIIPABJICHHBIE
Ha TIOMCK JIOKYCOB, HAXOJSIIMXCS MOJ JAaBIEHHUEM 0TOOpa,
MIO3BOJISIFOT YUEHBIM M3 Pa3HBIX CTPaH MPOBOJUTH HUCCIIEO-
BaHMs B 9TOH oOnactu. B ux padorax BCTpevaroTcs yrnoMu-
HaHus 00 oTaensHBIX SNP, naeHTHOHINPOBAaHHBIX HAMH B
JTAHHOM HCCJICIOBAaHUH KaK HaXOASAIIMECs MO JaBJICHUEM
orbopa. B 0011eii cio)kHOCTH HAMU aHHOTHPOBAHO 35 TaKUX
Y4acTKOB.

HWccrenoBarensimu BEITIOTHEHA padoTa 1o anHOTaImu SNP,
HaXOXKICHHUIO CBSI3M C NMOJIMMOp(HU3MAMU B JaHHBIX TOYKAX
1 KOPPEIAIUN C HEKOTOPHIMH 3a00JIeBaHUAMHU U (PH3HOIIO-
rudeckuMu ocodenHoctsiMu. Hampuwmep, S.E. Jones ¢ koin-
JleraMy MPOBEJIH aHAIMU3 MOBEIEHUYECKUX TOKazaTeIel nup-
Ka/IHBIX PUTMOB ITyTE€M aHAJIN3a TIOTHOT€HOMHBIX JTaHHBIX Y
697828 xuteneit Coenunennoro Koponescrsa. Mccnenosa-
HHE I03BOJIMIIO OOHAPYKUTh HOBBIE JIOKYCHI, CBSI3aHHBIE C
XPOHOTHUIIOM yTpeHHero THma. Cpenn Takux JIOKyCOB ObII
naeHTnunmposan rs58574366 (2:238286196). IIposenen-
HbIe HAMH aHaIU3bl IPOJEMOHCTPUPOBAJIH, YTO JAHHBIH
SNP naxomutcs oz AaBJIeHUEM 0TOOpa y TPYII CPaBHEHHUS
esporeiines n3 Coenuaennoro Koponescrsa (GBR) ¢ eBpo-
neiinamu u3 Ounnsaaaun (FIN). OTpunarensHble 3Ha4SHUS
mokasaresneit pacuera xpehh manm BO3MOXKHOCTB CHETIaTh BbI-
BOJ 00 BBISIBJICHUH MPOM3BOJHBIX aJUIeNied B JIBYX CpaBHH-
BaeMbIX BbIOOpKax (Jones et al., 2019).

Emmte omna Touka, mpeacTasisiomas uarepec, — 1s74508725
(2:238278568). Taxoii BBIOpOC BCTpedaeTCst IPH CPAaBHEHUH
rpynn esponeiinie u3 CoennnenHoro Koponesctsa (GBR)
¢ esponeiinamu n3 Ounnsaaann (FIN) u Hecer B cebe oTpH-
aTeJIbHbIC 3HAUCHNUS, YTO MOJKET CBUJICTEIIbCTBOBATH O AU(-
(hepeHIMaIY ITAHHOTO Y4acTKa BHYTPU HCCIIEyEMBbIX TPYIIIL.
B pa6ore (Kichaev et al., 2019) oGHapy)eHBI acCOITMAINN
JTAaHHOTO y4JacTkKa ¢ ()eHOTHIIOM POCTa.

Jlokyc 152585399 (17:8151441) 6bu1 naeHTHUINPOBAH
HaMHU KaK HaXOASIMIMICS 10J] AaBIE€HHEM 0TOOpa IpH COMO-
CTaBJICHUM CPa3y HECKOJIBKHX HCCIEIYeMbIX I'PYIII JIIO/ICH:
skureneit Bocrounoit Asun n3 banrnanem (BEB) ¢ sxutensimu
Bocrounoii A3uu n3 mrarta Texac (GIH) u xuteneit FOx-
Hoit Azun u3 Ileknna (CHB) c sxurensmu FOxHo#t A3nn u3
OnbHanu (CDX). UuTepecHbIM (akToM SIBISIETCS TO, UTO B
HCCIIEI0BaHNN aBTOPOB OBUIN HAlIEHbI ACCOIMAIINH JJAHHOTO
SNP ¢ Gospmmm 1enpecCUBHBIM PacCTPOMCTBOM. AHaN3
TPAHCKPUIITOMHBIX aCCOIHAIMI MMO3BOJIUI OOHAPYIKUTH
3HAYHUTENbHBIE accorranuy ¢ skcnpeccueir NEGR1 B rumo-
tanamyce 1 DRD2 B npunesxamem siape (Levey et al., 2021).
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Ewe oyiHuM curHasioM oToopa, U3yueHHbIM paHee, OKa3ajcs
15228654 (1:7837168). OnHako HEOOXOIUMO OTMETHTD, UTO B
pe3yabTare CpaBHEHHS MOITYIIIIOHHBIX TPYIII apPUKAHIICB H
cmemanHbIx amepukanieB Y RI (M6anane, Hurepus) c CLM
(Menensun, Komymous) u YRI (M6anane, Hurepus) ¢ PUR
(ITy»pTo-PuKo) OBUIM BBISABICHBI OTPHUIIATCIFHBIC 3HAYCHUS
nokasaresied EHH, 4T0 roBoput 0 Hamuuuu Ipou3BOAHOIO
aJIeNst MeXAy rpynmamMu. HarmpoTus, MeXay TpymimaMu Ki-
tenerr Bocrounoit Asmm, mpoxuBaromux B Texace (BEB),
u xuteneir Bocrounoii A3uu, npokuBaromux B banrmaaemn
(GIH), 6511 00HApPYKEH MOIOKUTENBHBIN 0TOOp, YTO CBHIE-
TEJNBCTBYET O HAMYUU MPEIKOBOTO ajuteis. [ pymma uccie-
noBareneil Bo niase ¢ P.R. Jansen nposena ananu3 reHoma
YeIIoBeKa C LENbI0 MTOyYeHU HH(OPMAIINH O Iy TAX, TKAHIX
W THIAX KJICTOK, yYaCTBYIOIINX B PETYISAINAN OCCCOHHUIIBI
(Jansen et al., 2019). OaHOHYKJICOTUIHBIH MOTUMOPHUIM
1r$228654 Bo1IelN B UMCIIO JIOKYCOB, aCCOIIMUPOBAHHBIX C Pa3-
BHUTHEM JAHHOTO 3a00JICBAHUIS.

3aKkno4yeHne

Hacrosinee rcciieioBaHre 03BOMSCT ClI€aTh BEIBOJ O TOM,
YTO YCJIOBHS NPOXKMBAHMS, KIIMMaT U Jpyrue BHENIHUe (ax-
TOPBI HATIPSIMYO BIMSIOT HA TEHETHYECKYO CTPYKTYPY TOITy-
JSIIUE U BAPbUPYIOT B 3aBUCUMOCTH OT PAChI M reorpadude-
CKOTO rojiokeHust. Kpome Toro, MHOTHe U3 BApHaHTOB 0TOOpa
B reHax PERI, PER2, PER3, no-BUIUMOMY, PETrylIHupYIOT
OHMOJIOTHYECKHE TIPOIIECCHI, KOTOPHIEC CBSA3aHBI C OCHOBHBIMU
COBpeMeHHblMI/I 336OHeBaHI/ISIMI/I, BKJIKOYaAa O)KI/IPEHI/IC, OHKO-
JIOTHYECKHe 3a00IeBaHMs, METa0OIMYECKII CHHIPOM, OHITO-
JISIPHOE PaCCTPOMCTBO IMYHOCTH, JACPECCHIO, PCBMATOUIHBIN
apTPUT, CaxapHbI J1a0eT, KpacHyl0 BOJYAHKY, MHCYJIBT U
6ome3np Anprrelimepa, 9To AefaeT X KpaifHe HHTePECHBIMU
00BEKTAMHU JUTS TATTbHEHIIIUX UCCIIEIOBAHUI, HATPABICHHBIX
Ha I/IZ[CHTI/I(I)I/IKB,HI/IIO TCHECTUYCCKU O6yCJ'IOBJ'leHH])IX HpI/I'-II/lH
Oone3Hel yenmoBeKa, B TOM YHCIEe KapAHMOMETa00INIeCKIX
U TICUXHUYECKHUX PACCTPOWCTB, a TAK)KE OHKOJIOTHUYCSCKUX 3a-
0oJICBaHUIA.
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FeHeTUYeCKMEe acIleKThl JIaKTa3HO HeJOCTAaTOUYHOCTU
YV KOpeHHOro HacejieHus1 Cubupun

B.A. Maasipuyk

NHCTUTYT 6rionornyecknx npobnem Cesepa [anbHEBOCTOUHOrO oTaeneHuns Poccrinckoii akagemun Hayk, MarapaH, Poccun
malbor@mail.ru

AHHoTaumA. CNoco6HOCTb MeTaboNM3MpPOoBaThb IAKTO3Y BO B3POC/IOM COCTOAHMUY CBA3aHa C COXPaHEHNeM akTUBHO-
TV depmeHTa NakTasbl. B eBponeicknx nonynauuax NnepcucTeHLna naktasbl eTePMUHMPYETCA FnaBHbIM 0bpa3om
Hanuumnem BapuaHTa rs4988235-T B reHe MCM6, KOTOpbIN yBennUMBaeT 3Kcnpeccuio reHa LCT, KogupyioLero nakTasy.
Hanbonee BbICOK/E MOKa3aTeN NEPCUCTEHLMI NaKTa3bl XapaKTepHbl Ans eBPOMNeNLEB, a cCaMmble HU3KME — AN Ha-
ceneHns BoctouHoi Asun. AHanus onybnrKoBaHHbIX AaHHbIX O pacnpeaeneHny BapuaHTa rs4988235-C, cBazaHHOro
c runonakTasuer, y HaceneHnmsa LieHtpanbHoi A3nm n Cubupwm BbIABWA, YTO YacToOTa 3TOrO BapuaHTa yBeNMunMBaeTca
B CEBEPO-BOCTOYHOM HanpaneHun. B LleHTpanbHol A3um yactoTta 3Toro annensa coctasnsaet 87 %, Ha tore Cnbupu —
90.6 % 1 Ha ceBepo-BocToKe Cnbrpm — 92.9 %. COOTBETCTBEHHO, B TaKOM e reorpaduyeckom HanpasieHnmn yobiBaet
CNoCoBHOCTb HaceneHusa MeTabonn3npoBaTb NaKTo3y. AHaNM3 NaneoreHOMHbIX JaHHbIX NOKas3as, YTo 6onee BbicoKan
YyacToTa annens rs4988235-T B nonynauuax LieHTpanbHoi Asum n KOxHoin Cnbupu cBA3aHa ¢ pacnpoCcTpaHEeHMEM Ha
BOCTOK [IpEBHEr0 HaceneHUs BOCTOYHOEBPOMNENCKIX CTeMnel HaumnHas ¢ 3Moxm 6poH30BOro BeKa. PesynbraTbl aHanm-
3a nonmmopdunsma 3K30HOB 1 NPUNEraloLUX K HUM UHTPOHOB reHoB MCM6 1 LCT y kopeHHOro HaceneHuns Cnbnpun
CBMAETENbCTBYIOT O BO3MOXKHOCTM CyLLECTBOBaHMA B BOCTOYHOA3MATCKMX MOMNYNALMAX BapuaHTOB nonmmopounsma,
NOTeHLMaNbHO CBA3aHHbIX C MeTabosIM3MOM NakTo3bl. B nonynauyumax BoctouHon A3um, B TOM uncie B CUBUPCKMX
STHUYECKNX rpynnax, 0bHapyeH yyacTtok reHa MCM6 nnvnHowm ~26.5 TbiC. Map HYKMeoTVAOB, BKIOYaOLWNiA KOMOMHa-
uuto anneneii rs4988285-A, rs2070069-G, rs3087353-T, rs2070068-A. JTokycbl rs4988285 1 rs2070069 HaxoaaTca B 06-
NacTN 3HXaHCepa, perynupytowero akTMBHOCTb reHa LCT. AHanu3 naneoreHOMHbIX NOCnefoBaTeNbHOCTEN NoKasarn,
YTO yKasaHHOW Bbllle KOMOuHaLuue annenei reHa MCM6 xapaKkTepusyloTCA reHOMbl IeHNCOBLIEB U HeaHAepTabLEeB.
Takum o6pa3om, 06Hapy»>KeHHbI ranioTuM, Mo BCeN BUAUMOCTU, ABNAETCA apxanyHbiM. OH Mor OblTb YHacnefoBaH
oT obLiero npefka COBpeMEHHbIX Ntofel, HeaHAepTanbLeB U AeHNCOBLEB, UM e 6bll NprobpeTeH B pesynbrate
rmépuansaumm C LEHNCOBLAMY UKW HeaHAepTanbuamu. NonyyeHHble JaHHbIe CBUAETENbCTBYIOT O BO3MOXHOW QYHK-
LMOHANbHOM 3HAYMMOCTV apXanyHbIX BapraHTOB nonvmopdusma reHa MCM6.

KnioueBble cnoBa: reHeTnyeckunin nonumopdursm; nepcucteHuna naxktasbl; reH MCM6; red LCT; nonynAaymmn YenoBeka;
Crbrpb; apxanyHble BapraHTbl nonumopdusma.

[Ana untnposaHua: Manapuyk b.A. feHeTnyeckme acnekTbl SIaKTasHOM HEJOCTaTOYHOCTU Y KOPEHHOro HaceneHus
Crbupw. Basusnosckull XypHas 2eHemuku u cenekyuu. 2024;28(6):650-658. DOI 10.18699/vjgb-24-72

Genetic aspects of lactase deficiency
in indigenous populations of Siberia

B.A. Malyarchuk

Institute of Biological Problems of the North of the Far Eastern Branch of the Russian Academy of Sciences, Magadan, Russia
@ malbor@mail.ru

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
MCME6 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
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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.

For citation: Malyarchuk B.A. Genetic aspects of lactase deficiency in indigenous populations of Siberia. Vavilovskii
Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2024;28(6):650-658. DOI 10.18699/vjgb-24-72

BBepeHmne

JlakTo3a (MOIOUHBIIN caxap) — OCHOBHOM JMcCaxapu]l MOJIOKa
Pa3IMYHBIX MJICKOIUTAIOMINX, I THAPOINA3a KOTOPOTO He-
00xoauM (pepMeHT JlakTasa, kogupyemsiit renom LCT, koTo-
PBIii SKCIIPECCHPYETCs IPEUMYIIIECTBEHHO B TOHKOM KHIIIEY-
HUKE. AKTUBHOCTb JIAKTa3bl CHIDKACTCS B TIPOIIECCE OHTOTE-
He3a TaKuM 00pa3oM, 4TO MHOTHE B3pOCIIbIe HE MOTYT YCBau-
BaTh JlakTo3y (Ségurel, Bon, 2017). [TepBuuHas runonaxTasus
(OMIM: 223100) mposiBIsETCS LENbIM PSIOM CHMIITOMOB
(B3MyTHEM KHINICYHUKA, TOITHOTOU, THAPECH) TIOCIIE YIIOTPeO-
JICHUSI MOJIOKA M MOJIOYHBIX TPOIYKTOB. BMecTe ¢ Tem oOHa-
PY’KEHO, YTO STHOPETHOHAIBHBIC TPYIIIBI HACEICHUS MUPA
pas3INyaroTcs 1Mo CIIOCOOHOCTH METabOIM3UPOBATh JIAKTO3Y
(Evershed et al., 2022). OTa criocoOHOCTD, WK IEPCUCTCHIINS
naxtassl (I1I), nmeet HacnencTBeHHYO pupoxy. OTHIM U3
OCHOBHBIX BAPHAHTOB FeHETHYECKOTO TTOJIMMOP(HU3Ma, CTPO-
ro accouunporanHoro c I1J1, asnsercs Bapuant T B jokyce
rs4988235 rena MCMO6, KOTOPBIN PETYIHUPYET IKCIIPECCUIO
rera LCT (Enattah et al., 2002; Olds, Sibley, 2003; Troelsen
etal.,2003). HecMOTpst Ha TO YTO 3TOT FTCHETHYCCKHI BApHAHT
HAXOAWTCS Ha PACCTOSHUH MIPUMEPHO B 14 THIC. Tap HYKIICO-
TtioB (1. H.) ot reHa LCT (u3-3a 4ero 4acto o003HaYaeTcst
kak —13910*T), oH OTBETCTBCHEH 32 MOBBIIIICHUE (hepMEHTa-
TUBHOW aKTUBHOCTH JIAKTa3bl, PACHICTUIIONICH JIAKTO3y Ha
MOJIEKYJTBI TIIIOKO3BI U TaJIaKTO3BI.

Cample Hu3kue nokazarenu [1JI xapakTepHsbl 111 Hacene-
Hust Boctounoit Azuu, a camble BBICOKHE — JUIsl €BpONIEHIIEB
(Liebert et al., 2017). DT0 cBs3aHO C TEM, UTO, COTJIACHO apXeo-
JIOTUYECKHUM JIAHHBIM, MOJIOYHOE )KUBOTHOBOJICTBO BO3HHKIJIO,
0 Bcell BUAMMOCTH, B cTemHOH 30He CeBepHoro KaBkasa u
[TpraeprOoMOpbs mpuMepHO 4-5 ThIC. NeT Ha3ax (1. H.) (Scott
etal., 2022). ITaneoreHOMHbIE JaHHBIE CBUACTEIBCTBYIOT, UTO
gacTtoTa cBszanHoro ¢ [1JI BapuanTa rs4988235-T nauama
YBEIMYHMBATHCS] IPUMEPHO 6 THIC. JI. H. B COCTABE MPEIKOBBIX
reHoMHbIX KomroHeHToB EHG n CHG, xapakTepHbIX 17151 BOC-
TOYHOEBPOTICHCKUX M KaBKa3CKUX OXOTHHUKOB-COOMpAaTesei
cootBeTcTBeHHO (Segurel et al., 2020; Irving-Pease et al.,
2024). bbuto BBIABICHO TaKXkKe CIEIUICHHE MEXAY BapuaH-
TamMu monuMop¢usMa B Jokycax 1s4988235 u rs1438307,
npudeM pocT yacToTsl aens rs1438307-T navancsa HaMHOTO
panbliie — npuMepHo 12 thic. ;1. H. (Irving-Pease et al., 2024).
B ornHomrenun BapuanTa rs1438307-T BbicKa3zaHO MPEIITONO-
JKEHHE O TOM, UTO OH BO3HHK B PE3YJIbTATE aJalTalH JPEBHIX
JIIOZIEH K IOJIOIAaHUIO U BO3/IEHCTBUIO N1aTOI€HOB, IIOCKOJIBKY
OTMEUAJIOCh €T0 YYaCTHE B PETYJISIHUN SHEPTETHICCKIX 3a-
TpaT OpraHu3Ma M pa3BUTHH META00IMUECKHIX 3a00IeBaHNI
(Evershed et al., 2022).

HecmoTpst Ha BBICOKMI MHTEpEC K TEHETUUECKUM acIeK-
TaMm TPOOIEMBl THITOJIAKTAa3UH B TOMYJSIIMAX YEJIOBEKa CO
CTOPOHBI TEHETHYECKOI0 ¥ MEMIIMHCKOT0 HayYHOTO co0011Ie-
CTBa, MHOTHE PETHOHBI MUPa OCTAIOTCSl MAJIOUCCIICIOBAHHBI-
mu (Liebert et al., 2017; Anguita-Ruiz et al., 2020). Llens
HACTOsIICH PaOOTHI — MOIBITKA 000OIIUTE PE3YJIBTAThI UCCIIC-
nmoBaHuit momumopgusma renoB LCT u MCM6, nmeronux
HETIOCPE/ICTBEHHOE OTHOIICHHUE K MEPCUCTEHINH JIAKTAa3bl,
B IIOIYJISIMSX KOPEHHOTro HacesneHuss CHOMpU — OJJHOTO M3
MaJION3y4IEeHHBIX PETHOHOB.

PacnpocTtpaHeHHOCTb BapuaHTOB
nonumopdusma nokyca rs4988235

B COBPEMEHHbIX 1 APEBHUX

nonynaumnax CesepHon Asun
['eHETHKO-31TH1IEMHOJIOTHYECKNE UCCIIEOBAHMS TTOKa3aH,
YTO B MOMYJSIIUSX eBporeiickoil yactu Poccun mepBudHas
runoJjakTasusda JETCPMUHUPYCTCA NPCUMYHICCTBCHHO WA
uckognTensHo ayureneM 1s4988235-C rera MCM6 (bopus-
ckas u 1ip., 2006; Kovalenko et al., 2023), 11, cOOTBeTCTBEHHO,
IUT onpenensercs amnenem rs4988235-T. OgHako B BOCTOU-
HOAQ3MATCKUX IOIYJISILUX, BKIIFOUasi CHOMPCKHUE TPYIITIBI, 3Ta
B3aUMOCBSI3b HE CTOJIb OUEBHJIHA — HEKOTOPBIE MOMYJISINH,
Harnpumep OypsIThl U YHUTYPBI, JJIEMOHCTPHUPYIOT BBICOKHE
(na ypoBHe 95 %) dactors! BapuanTa rs4988235-C na done
MOHIDKEHHON pacnpocTpaHeHHOCTH runonakra3un (bopun-
ckas u ap., 2006; Cokonosa u ap., 2007). B cBsi3u ¢ 3tum
BBICKa3bIBAJIOCH MPEIIONOKEHHE O TOM, YTO MEHBIIAs Jac-
TOTa TUIOJNAKTa3HH Y HEKOTOPBIX HaponoB Cubupu u Llen-
TpaJbHON A3MU CBS3aHa C IPUCYTCTBHEM HE TOJIBKO BapHUaH-
Ta rs4988235-T, HO U KaKuX-TO Apyrux reHerndeckux [1JI-
mapkepoB (Coxkornosa u zp., 2007).

K HacCcTOoAIEMY BPEMEHU YCTAHOBJICHO, YTO B O THHYCCKUX
rpyrmax Adpuku u bamxaero Boctoka pacpocTpaHeHs, 1Mo-
MuMmo amens rs4988235-T, HekoTopble Apyrue BapuaHThI re-
HETHYECKOT'0 MOJMMOp(H3Ma, OIPEISIISIOIINE CIOCOOHOCTD
pacIierieHust JTaKTO3bI, HanpuMep B Jiokycax 1s41525747,
rs41380347, rs145946881 u rs182549 rena MCM6 (Ingram
et al., 2007; Tishkoff et al., 2007). Mexny TeMm cBeacHus 00
ACCOIMATUBHBIX CBSI35IX MEXK/Ly BapUaHTAMH F€HETHIECKOTO
nomumopdusma u I1J1 y nacenenns Bocrounoit Asum no-
BOJIBHO IIPOTUBOpeurBbl. Tak, B nonynauusax LleHTpaibHON
A3un — B cCMeIIaHHOH BRIOOPKE TaPKUKOB M Y30€KOB, a TAKKe
y Ka3axoB — Cilydau oOHapyxeHust BapuaHTa rs4988235-T
(c wacroroit 10 n 16.5 % cOOTBETCTBEHHO) TOBOJIBHO XOPO-
10 KOPPEIMPOBAIN CO CIIOCOOHOCTHIO YCBAWBATh JIAKTO3Y
(11-30 % y TamxukoB 1 y30ekoB 1 25-32 % y ka3axoB) (Heyer
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et al., 2011). Taxxe Ha ypoBHe 30 % ycBaMBaIOT JAKTO3y U
THOETIBI, CPEN KOTOPBIX PAcIHpOCTPaHEHA TPAAULHS YIIO-
TpebiIeHys, HaprMep, MOJIOKA SIKa, OTHAKO y HUX OTCYTCTBY-
10T BapuaHThl mosumopdusma rs4988235-T u rs182549-T,
BBIBJIEHHBIE B coceqHuX nomynsusax CesepHoro Kutas ¢
yacTotoit 3.8 1 6.9 % coorBercTBeHHO (Xu et al., 2010; Peng et
al.,2012). Y tubetiieB 0OHAPYKEH CBOM COOCTBEHHBIHN CIICKTP
ajtesielt SHXaHCepHOTO yyacTka reHa MCMO6, Ipearnonoxu-
TeJIbHO, cBsA3aHHbIX ¢ I1J], cpeau koTophIX peobnagaeT Ba-
puant —13838* A ¢ wacroroii okoso 6.5 % (Peng et al., 2012).

Boitee neranpHOE HcciieqoOBaHNE TeHETHYECKOM ajanTalliu
K IOTpeOJIeHNIO MOJIOKa y HapoaoB LlenTpanbHoil A3um,
XapaKTePHU3YIOLIMXCs PA3IMYHBIM X03SHCTBEHHBIM YKIIAJIOM,
BBISIBUJIO, YTO CKOTOBOABI (Ka3axH, KAPTU3bl, KapaKajlaky,
OypsITBI, MOHTOJIBI, aATANIIBI), PALIOHBI MMTAHUS KOTOPBIX
B 3HAYUTEIBHON CTENIEHH 3aBUCST OT MOJIOYHBIX MTPOYKTOB,
B OOJIBIIMHCTBE CBOEM HE 00JIaarOT BBICOKOM CIIOCOOHO-
CTBIO META0OJIM3UPOBATH JIAKTO3Y B CPABHEHUH C 3EMJIC/ICITb-
namu (TypKMEHaMH, TaJDKUKaMH, y30eKaMu), KOTOpbIe T0-
Ka3bIBAIOT 00JIEe BBICOKYIO PACIIPOCTPAHEHHOCTh BapHAHTA
rs4988235-T (Sequrel et al., 2020). OTHOCHTENBHO HU3KOH
4acToToH, ~10 %, 3TOro reHeTHYEeCKOro BapruaHTa TaKkKe Xa-
PaKTEepU3YIOTCS AITHUYECKHE TPymITel xuTenei FOxuoit Cu-
OupH (XaKackl, IOPIEL, TyOaIapsl), BEAYIIUX MOTYKOUCBOM
00pa3 KM3HHM U 3aHUMAIOIINXCS JIECHBIMH ITPOMBICIAMHU U
TaexxHoi oxoroit (Sequrel et al., 2020). Takum obpazom, u3
MOJTyYCHHBIX JIAHHBIX CJICYET, YTO YacTOTa BCTPEUAEMOCTH
BapuaHTa rs4988235-T B monmynsanusax LlenTpansHoit A3un
n Cubupn He 0c000 3aBHCHT OT XO3SHCTBEHHOTO yKIaja u
YPOBHS TOTPEOICHNS MOJIOKA.

B tabmn. 1 npuBonsTCS AaHHBIE O pacnpeelieHNU BapuaHTa
1rs4988235-C B pa3nuUHBIX BEIOOPKAX KOPEHHOTO HACETICHUS
Cesepo-Bocrounoro Kuras, L{enrpansaoit Asun u Cubn-
pu. YacTora 3TOro BapuaHTa B MOMYJSILUSAX U3MEHSIETCS OT
70 mo 100 %, omHako eciu BBIOOPKH Pa3AeinTh Ha TPH pe-
THOHAJIBHBIE TPYHIIBI, TO 3aMETEH POCT YacTOThl BapHaHTa
1rs4988235-C c rora Ha ceBepo-BocToK CHOMPH (CM. PUCYHOK).

B HentpansHoit A3un gactoTa amnens rs4988235-C co-
crasister 87.0+2.0 %, B FOxnoit Cubupu — 90.6+1.7 % n B
Cesepo-Bocrounoii Cubupu —92.9+2.3 %. CoOOTBETCTBEHHO,
B TaKOM jke TeorpadnaeckoM HalpaBiIeHUN yOBIBAET CIIOCO0-
HOCTb HAaCEJICHHS METa0O0IN3UPOBaTh JIaKTo3y. BMecTe ¢ Tem
HEOOXO0IMMO OTMETHTh, YTO PA3JIMYMs 110 YaCTOTE ajulelieit
nokyca rs4988235 craTucTHYeCKH 3HAYMMBI TOJTBKO MEXKITY
nonynsiusmu LlentpansHoit Asun u Cubupu (1 100KHOH, U
CEBEPOBOCTOUHOM ee uacTeit; P < 1075, Tounblii Tect Ouie-
pa), a IBe CHOMPCKUE TPYIIIHI MOMYJSIIAN MEXTy co00i He
pazmuarorcs (P =0.09). Tem He MeHee HY)KHO 3aMETUTb, 4TO
4acToTa aJuleliell MOXKET BapbUPOBATh B PA3HBIX BBIOOPKAX
B Ipejesiax OJHOW 3THUYECKOW IpyIIbl — Kak, HaIpUMEp,
B CiTydae Ka3axoB, OypsIT ¥ 0COOEHHO uykueil (cM. Tadu. 1).
[Tomumo ciyvaitHbIX (haKTOpOB (IPEHMYIECTBEHHO JUIsI Ma-
JIBIX BEIOOPOK), BKJIAJI B TAKOTO POZIa FETEPOT€HHOCTD YacTOT
MOKET BHOCHTh METHCAIHS C TIPE/ICTABUTEISIMU 3THHYECKUX
IPYIIL, Ul KOTOPBIX XapakTepHa Ooliee BHICOKasi BCTpevae-
MOCTb BapuaHTa 1s4988235-T.

OueHp HaIAIHO TO MPOJEMOHCTPUPOBAHO B UCCIIEA0BA-
HUH oiuMopdu3ma j1oKyca rs4988235 y HeHIIeB, OCHOBHBIM
3aHSATHEM KOTOPBIX SABJIAETCS OJICHEBOACTBO, OIHAKO HEHIIbI
nmpakTr4ecku He 0T Mojioko (Khabarova et al., 2012). ITo
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Cunbupb

PacnpepneneHve BapuaHTa rs4988235-C B pervioHasnbHbIx rpynnax Cnbu-
pv n UeHTpanbHon Asunu.

lMokasaHa CpepfHsis 4acToTa reHeTNYECKOro BapuaHTa (B %) U rpaHumLbl CTaH-
[APTHOTO OTK/IOHEHVS YaCTOTI.

BCEil BUIMMOCTH, TJIABHBIM 00pa3oM 3TO CBSI3aHO C OYEHb
BBICOKOH HETIEPEHOCHMOCTBIO JTAKTO3bI — 4AaCTOTa BAPHAHTA
rs4988235-C y HeHIEB, NMEIOIIMX BCEX YETHIPEX 0adymiek
U IeAyIIEK HeHEeIKOTO MPOUCXOXKACHUs, cocTaBsieT 92.7 %
(gactota reHoruna rs4988235-CC — 90 %). Mexmy Tem gac-
tota amnens 1s4988235-C B rpymnne HeHIIEB, UMEIOUIUX Of1-
HOTO ¥ 00Jiee pOACTBEHHUKA HE HEHEI[KOTO IPOMCXOXK/ICHHUS,
camkaetcst 10 73 % (Khabarova et al., 2012). B mexaTHE-
YecKHX Opakax ¢ HEHIIaMU B OCHOBHOM YYaCTBYIOT KOMH U
ceBepHbIe pycckue, yactota amiens r1s4988235-T y koTopsix
HaxozxuTcst Ha ypoBHe 35-42 % (Khabarova et al., 2011).
Takum 00pa3om, HEKOTOPOE CHIDKEHHE THTIONIAKTAa3|H y Hapo-
1o Kpaiinero Cesepa EBporisl u CuOHpu MOXKHO OOBSCHHUTH
OpadHBIMU KOHTAKTaMH C IPUIIUIBIM HACEJIEHNEM BOCTOUHO-
€BpONEICKOro npoucxoxaenus HaunHas ¢ XVII B. B cBsi3u
C MPOJIBMYKEHUEM PYCCKUX IEPBONPOXOJIEB U OCOOCHHO
MHTEHCHBHO B COBETCKOE BPEMSI.

JnmiTenbHOCTD M MFHTEHCUBHOCTD KOHTAKTOB C BOCTOUYHBIMHU
eBpoIIeiiliaMu, OueBHIHO, ObLIH BbIlIE Ha TeppuTopun FOro-
3amagnoit Cubupn u LleHTpanbHOit A3un, TpUHUMAS BO BHH-
MaHHE MUTPALMN HACEJICHUS] BOCTOYHOEBPOIICHCKUX CTeTIeH
B 310Xy OpOH30BOro Beka. Kak oTMeuaioch BbIllIe, COINIACHO
MTAJIEOTEHOMHBIM JTAHHBIM, TIOSIBIICHHE MyTarun rs4988235-T
perucTpupyeTcs IPUMEPHO 6 THIC. JI. H., IPEIIOI0KUTEIBHO,
y apeBHero HaceneHust CeBepHoro IIpuuepHoMopss, a mo3-
K€ 3TOT BapHAHT MOIUMOP(HHU3Ma PacipoCTPAHUIICS O Beei
CesepHoii EBpazun — ot Ucnannu 1o Kazaxcrana (Segurel et
al., 2020; Irving-Pease et al., 2024). [Ipuuem B EBporne yge-
JUYEHUIO YacTOTH BapuaHTa rs4988235-T, onpenensromniero
CTaOMIIbHYIO aKTHBHOCTB JIAKTA3bI, HEOOXOIMMOI [UIsl yCBOEG-
HUSI MOJIOKa B3POCJIBIMH, CITIOCOOCTBOBAJI MOJIOKHTEIbHBIN
0TOO0p, 00yCIIOBIEHHBIH HEAOCTATKOM BUTaMHHa D B BBICOKHX
MIAPOTaX U HEOOXOJMMOCTBIO TTOBBIIICHHOTO ITOCTYTIIICHUS
Kasbius u3 Mosoka (Kosnos, Bepryockas, 2017).

AHanmu3 naneoreHOMHBIX JAaHHBIX, HAXO[AIIUXCsS B 0aze
nmaHHbIX AADR (Allen Ancient DNA Resource, https://reich.
hms.harvard.edu/), noka3zai, 4o nepBble Ciryuau HOSBICHUS
amens rs4988235-T perucTpupyroTcs y APEBHETO HACETICHUS
EBpomnbl — Ha Tepputopun Ykpaussl (~6 ThIC. 1. H.), Upnananu
(5.5 TBIC. 11.H.), a 0T 4.5 THIC. J1. H. ¥ TTOKE — B JIuTBe, ['epma-
uun, Yexnn, dctonun, Poccun. B Boctounoit A3nn BapuasnT
rs4988235-T BnepBbIe OOHAPYXKEH Y NpEICTaBUTENS OOTai-
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CKO#l apxeonornueckod KynbTypbl CeBepHoro Kaszaxcrana
(5.3 toIC. 71.1.). B LlenTpansHoit A3un (y IpeaKoB Ka3axos,
KHPTHU30B, MOHTOJIOB, TYPKMEH, Y30€KOB, Ta/UKUKOB) B HHTEP-
Basie oT 0.5 10 5.3 ThIC. 11. H. yacToTa BapuaHTta rs4988235-T
cocrassuia 4.2 %, a, 1o COBpEeMEHHBIM JaHHBIM (CM. Ta0dI. 1),
€€ BelIMUMHa OlleHuBaeTcs npuMepHo B 13 %. [Ipeanonaraer-
cs1, uto B LleHTpanbHO# A3un 3Ta MyTalus yxKe C KeJIe3HOrO
BEKa Obli1a pacpocTpaHeHa ¢ 9acToToi okono 5 % (Segurel et
al., 2020). Takum o6pa3om, ecim ObI 3TOT BAPHAHT ITOIUMOP-
(1)[/13Ma HaXOoJHUJICA 110J] CHJIBHBIM CCJICKTUBHBIM JIaBJICHHUCM,
TO y HETO JIOJDKHO OBIIO OBITH TOCTATOYHO BPEMEHHU, YTOOBI
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leHeTUYeCKMe acneKTbl laKTa3HOWM HEOCTaTOYHOCTM
y KOpeHHoro HaceneHuna Cnéupu

JO0CTUYDb BBICOKHUX YaCTOT B COBPECMCHHLIX MONYIANUAX —
51 %, no omenkam L. Segurel ¢ xommeramu (2020). OnHako
9TOTO HE TPOU30ILIO, B CBSI3H C Y€M IPABOMOYEH BBIBOJ O
TOM, 4TO BapHaHT rs4988235-T He ucnbITan CyleCTBEHHOTO
CEJIEKTUBHOTO JaBlieHUs y HaceneHus LleHntpanbHoi A3um,
B OTJINYHME OT €BPONEHIIEB M HEKOTOPBIX MOIYIISLUH ADPUKT
u Biimxaero Bocroka (Segurel et al., 2020).

CornacHo cBeqeHnsM 0a3sl qanHBIX AADR, y 1peBHero Ha-
cenennst Cubupu 1 Ypana (B uarepsaie 0.5-10 Teic. 1. H.) Ba-
puanT rs4988235-T Obu1 pacnpocTpaHeH ¢ yacroroi 1.8 %,
HO TOJIBKO Ha 3amajie 3Toi Tepputopuu. Bee ciydan storo

Ta6bnuua 1. YactoTa annensa rs4988235-C B nonynaymsax CeBepHoli A3nm

DTHMYecKana rpynna Pa3smep BblbopKY, N

Tapkukm (Y36ekuncTaH, TagKUKNCTaH) 254
Y36eku (Y36ekncTaH) 45
TypkmeHbl (Y36eKuncTaH) 50
Kazaxu (Kntai) 94
Kasaxu (Y36ekncTaH) 83
Kasaxu (Y36ekncraH) 159
Kazaxu (KasaxcraH) 34
AnTtanckune Kasaxm 128
Knpruzbl (Kuprusumsa) 201
Kapakannaku (Y36ekncraH) 45
Ynrypeol (KasaxctaH) 30
MoHronbl (Kutain) 82
MoHronbl (MoHronus) 32
MaHbuxypbl (KuTar) 75
OpoueHbl (KuTai) 45
Hanariubl (Kutai) 77
AnTanubl 1>KHbIE 24
AnTanubl 10>KHble 62
AnTaiubl ceBepHble 29
Wopubl 24
LLopupbl 29
Xakacbl 29
Xakacbl 64
BypAaTbl 78
Bypatbl 24
Bypsatbl 28
AKyTbl 22
AKyTbI 55
AKyTbI 25
DBEHKU 3anaiHble 24
OBeHbI 24
Kopsakn 25
Yykun 35
Yykun 14
DCKMMOChI 19

YacrtoTa annens rs4988235-C JInTepaTypHbIN NCTOYHMK

0.82 Segurel et al,, 2020
0.76 Segurel et al., 2020
0.80 Segurel et al., 2020
0.95 Sun et al., 2007

0.83 Heyer et al.,, 2011

0.79 Segurel et al,, 2020
0.88 Cokonosa u gp., 2007
0.91 Munnnenko n gp., 2016
0.88 Segurel et al,, 2020
0.93 Segurel et al,, 2020
0.95 Cokonosa u gp., 2007
0.98 Sun et al., 2007

0.88 Segurel et al., 2020
1.0 Sun et al., 2007

0.99 Sun et al.,, 2007

1.0 Sun et al., 2007

0.85 Cardona et al., 2014
0.92 Segurel et al., 2020
0.93 Segurel et al., 2020
0.94 Cardona et al., 2014
0.90 Segurel et al,, 2020
0.86 Segurel et al,, 2020
0.92 MNMunnnenko n gp., 2016
0.95 Cokonosa u gp., 2007
0.98 Cardona et al., 2014
0.82 Segurel et al,, 2020
0.93 Cardonaetal., 2014
0.95 Liebert etal., 2017
0.94 Bersaglieri et al., 2004
0.96 Cardona et al., 2014
0.96 Cardona et al., 2014
0.96 Cardona et al., 2014
0.94 BbopuHckas n gp., 2006
0.75 Cardona et al., 2014
0.97 Cardona et al., 2014
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Tabnuua 2. YactoTbl anneneit rs4988235-T 1 rs182549-A B nonynaymax Cnbmpu, no gaHHbIM (Cardona et al.,, 2014)

STHMYecKasa rpynna Pa3mep BblbopKkn, N

rs4988235-T

AnTanubl lOXKHble 24 0.15
Lopupbl 24 0.06
BypsaTbl 24 0.02
AKyTbI 22 0.07
DBEHKM 3anagHble 24 0.04
OBeHbl 24 0.04
Kopskn 25 0.04
Yykum 14 0.25
SCKMMOCbI 19 0.03

aJulensl 3aperucTpupoBanbl npuMmepHo 3.1-3.8 ThIC. . H. ¥
npenacrtaBurenei kapacykckoir (FOro-3anamnas Cubups) u
cuHTamTHHCKOH (FOXHBIH Ypair) apXeonornieckux KyabTyp.
Y coBpeMEHHOT0 KOpEeHHOTO HaceneHuss CHOUPH CPEIHSIs Yac-
Torta BapuanTa rs4988235-T cocrasmset 0.8 % (cM. Tabm. 1).
Takum 00pa3om, y CHOMPCKHX HApOJIOB 3 MPOIIE/IIIHNE 3 THIC.
JIET 4acTOTa aJuielis, ClIOCOOCTBYOIIET0 yCHUIICHHIO (pepMeH-
TaTUBHOHN aKTMBHOCTH JIAKTA3bl, HE YBEIHUMIACH, HECMOTPS
Ha IPON30LIE/IINE U3MEHEHHSI B IMETE M POCT MOTPEOICHUS
MOJIOYHBIX ITPOAYKTOB. Bce ato CBUACTCIILCTBYET O TOM, YTO
B nomyisinusax Cubupn amnens rs4988235-T Bexer ceds kak
HEWTpaJIbHBIH BAPUAHT TEHETHUECKOTO ITOIMMOpHHU3MA.

BosBpainasice kK BOIpOCy O BO3MOXKHBIX JIOTIOJIHUTEIIb-
HBIX BapHaHTaX MoIMMophU3Ma YHXaHCEPHOI 001acTH reHa
MCMG6 y nacenenus Boctounoit A3un, HEOOXOAMMO OTMe-
TUTb, YTO TAKOI'O poJia CKPpUHUHT IIPOBOAUJICA B OTHOLICHNUHU
HECKOJIBKHX JIOKyCcOB, Harpumep 1541525747, rs41380347,
1$869051967, rs145946881, rs182549 (Xu et al., 2010; Lie-
bert et al., 2017; Anguita-Ruiz et al., 2020). [Toumopduzm
SHXaHCEpHOTo AeMenTa reHa LCT n3ydancs Takke B IByX
MOMYJSIUSAX KOpeHHOTo Hacenenus FOxnoit Cubupu —y an-
Talickux ka3zaxoB u xakacoB (IIununenxo u np., 2016). On-
HaKO 4aCTOTHI aJlJIeJIeH, MOTEHIIMAIbHO CBA3aHHbIX ¢ [1J], kak
MPaBWJIO, OBUTH OYEHb HU3KUMHM. VICKIIOUeHHE COCTaBIsIET
TOJIBKO JIOKYC s 182549, B OTHOIIEHHH KOTOPOT'O COOOIIATIOCH,
YTO B HEKOTOPBIX BOCTOYHOA3MATCKHUX MOIMYIALMIX aJICNb
rs182549-A naxe Gonee nndopmaruseH, yeM 1s4988235-T,
MOCKOJIBKY ajuiesib 1s182549-A otmeuarncs qaxe B OTCyTCTBHE
amrens rs4988235-T (Sun et al., 2007; Mattar et al., 2010;
Xu et al., 2010). AHATOTHYHBIN BBIBOA MpEAIaraics U JUis
HEKOTOPBIX MOMYISIUK a)pUKaHCKOTO, €BPOIEHCKOro 1 3a-
maIHOoa3maTcKoro npoucxoxaeHus (Bersaglieri et al., 2004;
Coelho et al., 2005; Raz et al., 2013). OqHaKo 3TO IPOTHUBO-
PEYHUT NPEIIOKEHHOMY PaHee 3aKIIIOYEHHIO O CYIIECTBOBAHUI
MIOJTHOTO HEPABHOBECHSI T10 CIICTUICHHUIO MEKIY BapUAHTAMHU
nommmopdusma 1s4988235-T n rs182549-A (Enattah et al.,
2002; Troelsen et al., 2003), B TOM YKCIie B BOCTOUHOA3HAT-
ckux momyssiusax (Kato et al., 2018).

AHanu3 JaHHBIX O PaCHpEeeIICHHH YacTOT BapHaHTOB
rs4988235-T u rs182549-A B stHHueckux rpynnax Cudu-
pu, mo nauubM (Cardona et al., 2014), Taxxe mOKa3bIBaeT
HaJIM4YME CUCTUICHHUS MEXIY YKa3aHHBIMU aJUICIISIMU — W3
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rs182549-A
0.15
0.06
0.02
0.07
0.04
0.04
0.04
0.25
0.05

JCBATU UCCJIICIOBAHHBIX HOHyJ'ISII_lI/lﬁ JIMIb B OJHOM CJiy4dac
(y ackumocoB) yacTtoTa ayurens rs182549-A Orpuna BeIe, yem
y amenst 1s4988235-T (tabu. 2). Takum oOpazoM, npencTas-
JIAETCA MaJIOBEPOATHBIM, UTO MNEPCUCTCHL M JIaKTa3bl y KO-
perHOTO HaceneHus: CuoUpM MOXKeT OBITH 00yCIIOBJICHA aJl-
nenem rs182549-A.

MonumopdHbie BapraHTbl,

B TOM umncie apxanyHblie, reHoB LCT u MCM6

y KOpeHHoro HaceneHusa Cnbupm

Pe3ynbraTsl aHann3a MOMIUMOpP(hU3Ma SK30HOB U MPUIIETato-
HIUX K HUM UHTPOHOB reHoB MCM6 u LCT'y KOpEeHHOTO Ha-
cenennsi CHOMPH CBHJIETENILCTBYIOT O BO3MOXKHOCTH CyIIIe-
CTBOBAHMSI B BOCTOYHOA3MATCKUX TMOIYJSIHUAX BapUAHTOB
nonuMop(hu3Ma, MOTCHINAIBHO CBSI3aHHBIX ¢ METa00IN3MOM
nakto3bl. B Tabn. 3 npuBeeHbl 1aHHBIE O PaCHPOCTPAHEH-
HOCTH BapuaHTOB monumoppusma rera LCT u MCM6 y
102 npencraButeneil kopenHoro HaceneHnus: CeBepo-Boc-
TOYHOU (ICKUMOCHI, YyK4H, KOPSIKH), LleHTpasibHOI (3BEHBI,
9BEHKH, SKYTHI), KOXHOW (TYBHHIIBI, MOPIIEI, anTaiIpI, Oy-
pATHI) 1 3anajHol (KeThl, XaHTbI, MAHCH, CEJIbKYTIbI, HEHIIBI)
Cubupu 1o pesyiabrataM UCCIIeOBaHHS NOJIHOT€HOMHOM
m3menunBoctu (Pagani et al., 2016). B rene LCT BbIsiB-
neH 21 nomumopdusrit nokye, B rene MCM6 — 7 10KycOB.
bonbas gacTb nonmMopHBIX BAPHAHTOB, OOHAPYKEHHBIX Y
KOpeHHOTro HaceseHust CuoupH, OTHOCUTCS K YUCITY TTOINMOp-
(hm3MOB, pacTIpOCTPaHEHHBIX KaK B BOCTOYHOA3UATCKHUX, TAK
U B €BPONECHCKUX NOMysuusaX. Peqkue BapuanTsl, Xapakrep-
HBIE TOJIBKO JIJI HaceaeHusT BocTouHoM A3nH, HalCHBI B JIO-
kycax rs201668742,rs144864087 nrs3739021; xapakrepHble
TOJIBKO JUIsI eBporeiines — B jokyce 1s34307240.

OpnHako oOpaiaeT Ha ce0s BHUMaHUE TPYTIa MOJTUMOpPd-
HBIX BapUaHTOB B JI0Kycax 1s79023654 rena LCT n rs4988285,
152070069, rs3087353 n rs2070068 — rena MCM6 (OTMEUEHBI
MOy XKUPHBIM B Ta01. 3). Jlokycer rs79023654, rs4988285 u
1rs2070069 npuCyTCTBYIOT B HEKOIUPYIOMIEH 00JIacTH T€HOB,;
sokycsl 1$3087353 n rs2070068 — B 9K30HAX, HO HyKJIE€OTU-
HBIE 3aMEHBI B HUX HE MPHUBOIIT K 3aMEHaM aMUHOKHCIIOT.
YkazaHHBIC B Ta0J. 3 ajIesl HAXOSTCS B CLETTICHHOM BHUJIE
Kak y IpejicTaBuTelNiell KopeHHOro HaceseHus Cudupu, Taxk
U B IPYTHUX NMOMyALsix BocTouHoit Azun — y simoHIes, Ko-
peiitieB, BbeTHamIIeB (cM. Taou. 3 u 4). B orHomennu cnbup-
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Ta6nuua 3. BapnaHTtbl nonnmopdriama 3K30HOB 1 NPUAEraoWwmnx K HAM MHTPOHOB reHoB LCT u MCM6 v nx yacToTa (B %)
B nonynauunax Eepasun

BapuaHT nonumopousma leH CBC (N=25) LUC (N=29) IOC (N =28) 3C (N =20) BA3 EBP
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

Mpumeuarune. CBC - Ceepo-BoctouHaa Cubupsb; LIC - LleHTpanbHaa Cubupb; KOC - tOxHaa Cubupb; 3C - 3anagHaa Cnbupb; BA3 - BocTouHas A3wus;
EBP - EBpona. insa nonynaumnii Cnbmpwm yactoTbl NpuBoAATca no pabote (Pagani et al., 2016), ana BoctouHon Asnun n EBponbl — no 6ase gaHHbix dbSNP.

Ta6nuua 4. YacTtoTa (B %) BapnaHTOB rs79023654-A, rs4988285-A, rs2070069-G, rs3087353-T 1 rs2070068-A B nonynaumax mmpa

Pernon/ctpana rs79023654-A rs4988285-A rs2070069-G rs3087353-T rs2070068-A
Espona 0 0 0 0 0

Cnbupb 8.3 8.3 8.3 8.8 8.8
BoctouHas Asuna 16.2 16.2 16.2 15.7 15.8
AnoHua 13.9 13.9 13.9 13.9 13.9
BbeTHam 171 171 11.2 12.8 13.1

IOxHana Kopes 18.4 18.5 18.6 18.5 18.5

lOxHas A3zua 1.1 0.58 0.58 0.58 0.58
Adpuka 0 0 0 0 24.7

MpumeyaHwue. NonynAyMOHHbIE YacTOTbl MPUBOAATCA No 6a3e AaHHbIX dbSNP, ana nonynaumin Cnbrpu — no pabote (Pagani et al., 2016).
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CKUX WH/MBH/YYMOB U3BECTHO, YTO BCE 3TH aJUICIIU BXOIST
B cocTaB reHotuna 1s4988235-CC, onpenensioniero cocTos-
HUe nepBu4HON runonakrasuu. Jlokyc rs79023654 rena LCT
HAXOAMUTCS Ha PACCTOSTHUU NMPUMEPHO 29.7 ThIC. 1. H. OT JIO-
Kyca 1s4988285 rena MCM6, a camu mouMop(hHBIE TOKYCHI
BHYTpHU reHa MCM6 pacnionoKeHs! APYT OT Apyra Ha pacCTosl-
HUH IpUMepHO 26.5 ThIC. 1. H. [Tpnyem nokycel 1s4988285 u
rs2070069 HaxonATCs B 00/1aCTH YHXAHCEPA, PETYIHUPYIONIETO
akTuBHOCTB reHa LCT. Bce 9To CBUAETENBCTBYET O BO3MOXK-
HOH (yHKIMOHAIBEHOM 3HAUMMOCTH BapUAHTOB ITOJIMMOPhuU3-
Ma BBISBJIEHHOTO TaIIOTHIIA.

Amnanus cBelieHni u3 0a3pl reHeTudeckux naHubix dbSNP
(https://www.ncbi.nlm.nih.gov/snp/) mokasai, 4To BapraHThI
1s79023654-A, rs4988285-A, 1s2070069-G u rs3087353-T
XapaKTepHBI TOJILKO JUIsl HaceIeHust BocTouHoi A3un 1 ¢ He-
Ooutb1oi yacToTol (0koio 1 %) OTMeYa uch B MOIMYIISIHAX
OxHo# Asum (tabn. 4). OgHAKO TATHIH U3 3TOW TPYIIIHI
amens — 1s2070068-A — oOHapyeH C BBICOKOH 4acTOTOM
(24.7 %) B adpuKaHCKHUX MOMYJSILUSIX (CM. Tabu. 4). 13 Takoro
pacripesiesnieHuss MOXKHO CAEIaTh BBIBO, €CIIM OCHOBBIBATHCS
Ha CIIEHapHH 3aceleHus yesnoBekoM EBpasum n3 Adpukw,
0 TOM, YTO BOCTOYHOA3MATCKUM rarmiorun rs79023654-A,
rs4988285-A, 1s2070069-G, rs3087353-T chopmuposancs
Ha OCHOBE IPEAKOBHIX (a()pUKaHCKUX ) TAITIOTUIIOB, KOTOPHIE
xapaxTepu3oBaiuck BapuanToM 1s2070068-A. OgHako aHa-
JIU3 TTaJIe0TeHOMHBIX JaHHBIX (0a3a maHnHeix AADR) mokasa,
yto BapuaHT 1s2070068-A mosiBuiicss B Adprke HAMHOTO
nosxe, ueM B EBpazuun. Camast paHHsisl HAX0/[Ka 9TOTO aJljIesIst
B A¢dpuKe CcBs3aHA C CEBEpPOM KOHTHHEHTA (Ha TePPUTOPUHN
Mapokko) nmpumepHo 14.5 ThIC. JI. H., OCTaJIbHbIE CIIy4an 00-
Hapy>KeHbI IPUMEPHO 9 THIC. JI. H. U MO3XkKe. 3aTO 0Ka3aJI0Ch,
gt0 B EBpasum sTuMm BaprnanToM onumopduzma reaa MCM6
XapaKTepU30BAINCH JACHUCOBIIBI U HEaHIEPTAIbIBI (0CO0H,
JKUBIIKE B MHTepBajie npumepHo oT 40 no 110 Teic. 1.H.),
a TaKXKe MHOTHE Hauboiiee IPEBHUE NpeAcTaBUTeNN Homo
sapiens B EBponie u BocTounoit A3uu (Bo3pacToM mpuMepHO
ot 34 no 44 ThiC. 1. H.).

Bonee neranbHbI aHANN3, BBITIOJIHEHHBIH C TOMOIIBIO HH-
(hopmariu 13 6a3 JaHHBIX, BKIFOYAIONIUX [TAJICOTeHOMHBIE MTO-
cinenoBarensHOCTH (Denisova Variants Track Settings; https://
genome.ucsc.edu/cgi-bin/hgTrackUi?db=hg19&g=dhcVcf
DenisovaPinky), mokasai, 4To y JEHUCOBIIEB ¥ HEaH IEPTalb-
1eB ObL1 pacnpoctpanen MCMG6-ramnorui: rs4988285-A,
1s2070069-G, rs3087353-T, rs2070068-A. Jloxyc rs79023654
rena LCT nonan B 001acTh CEKBEHUPOBAHMS C OYCHb HU3-
KHM TIOKPBITHEM, TI0ATOMY HAJIMUUE MOIUMOP(HU3Ma B 3TOM
JIOKyce y JIEHHCOBLIEB U HEAH/IEPTANIbIIEB OCTAETCS TTOJ] BO-
MIPOCOM.

Takum 00pa3om, oydeHHbIE Pe3yJIbTaThl CBUICTEIbCTBY-
0T O TOM, 9TO OOHAPY>KeHHBIN y HaceleHns: BocTounoit Azun
(1 B 3HAUUTEIBHO MeHbIICH Mepe FOkHOM A3uM) TaruioTum
reHa MCMG6 siBnsiercst apxanuHbiM. OH MOT OBITB JIMOO yHa-
CJIEIOBAaHHBIM OT 00111eT0 TIpenika . sapiens, HeaHAEPTAIbLECB
n nenncoBleB (mpumepHo 600 ThIC. 1. H. OT MOMEHTa ANBep-
TeHIUN Tpenka H. sapiens OT MPEAKOB HEaHJEPTANbLEB U
neHncoBIeB (Zeberg et al., 2024)), mi0o nproOpETEHHBIM B
pesyabrare THOPUIM3ALUK C HeaHAepTalblaMi WIH JICHH-
COBLIAMHU. YYHTBIBasI BOCTOYHOA3HATCKOE PACIPOCTPaHEHUE
apXanvHOTo TraruioTuma, 0ojaee BEPOSTHON MPENCTaBISIETCS
MHTPOTPECCHs OT JACHUCOBIEB. B CBOIO 0uepe/b, ycTaHOBIIE-
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HO, 4TO HEaHAEPTaJbIbl U JICHUCOBIIBI TOKE OOMEHHBAJINCH
reHamu, HarpuMmep, mpumepHo 80-90 Tric. 1. H. Ha tore Cu-
6upu (Slon et al., 2018). I[TosToMy nepexos BapHaHTOB MOJHU-
MopdHu3Ma OT JICHUCOBIIEB K HEaHepTajIbliaM TOXKE BIIOJIHE
BEPOSATEH.

B nocneanue rozsl mpoBoguTCs paboTa 1o KaTauoru3ayun
apXanyvHbIX BAPUAHTOB T€HETUUECKOro NOIMMOp(hu3Ma, Hai-
JIEHHBIX B TeHO(oHAe coBpeMeHHBIX moaeit (https://bioinf.
eva.mpg.de/catalogbrowser), ofHaKo HEITOIHOTA TAKOT'O PoJia
CBEJICHUH 3aBUCUT OT CTENEHU U3YUYECHHOCTH IOINYJISILUN
(Zeberg et al., 2024). OgeBugHO, 4TO 1O Mepe reorpadude-
CKOTO PaCIIMPEHHs] TEHOMHBIX MCCIIEIOBAaHM 3Ta 6a3a aaH-
HBIX CTAaHET HAaMHOTO TOJIHEE. YKe ceifuac ecTh HHTEPECHbIE
HAaXOJIKM PEAKHUX TPEIKOBBIX BAPHAHTOB MOIUMOpP(pU3MaA B
JTAJICKO Pa300IICHHBIX TOMYJISIINSIX, HATPUMEP WACHTUIHBIX
ajiesnield psijia reHoB y IKHOA(PPUKAHCKUX KOHCAHOB U (u-
JUMNIAHCKUX adTa (Zeberg et al., 2024).

Wmeercst MHOTO HH(OPMAIMK O TEHETHYECKUX BapHAHTaX,
YHACJIEI0OBaHHBIX COBPEMEHHBIMU JIFOZIBMU OT HEaH IepTalb-
IIEB, OCOOEHHO B CBSI3U C IIPEUMYILECTBAMH, KOTOPBIE JIFOIN
MOJYYMIIH B PE3YyNIbTaTe CMEIICHHS, B OTHOILICHUH METa0o-
JU3Ma, pabdoThl OPraHOB YYBCTB, B YACTHOCTH OLIYHICHUS
6omn, mmmyHuTeTa (B ToM yncie SARS-CoV-2), sxcripeccnn
HekoTopsix reHoB (Telis et al., 2020; Zeberg et al., 2020, 2024;
Pairo-Castineira et al., 2021; Haeggstrom et al., 2022).

3HaYNTENTFHO MEHBIIIE N3BECTHO O (DYHKIIMOHATILHOM TIPO-
SIBICHUHM TEHETHUYECKOTO BIMSHUS JICHHCOBLEB. OCHOBHBIC
MPUMEPBI TAKOTO BIIMSIHUS CBSI3aHBI C aJalTAlMeH K yCIOBUSIM
BBICOKOTOPBS | XoJofy. Tak, y xkureneir Tubera oOHapy eH
yuactok JJTHK nenucoBueB minHo# npumepHo 33 ThIC. M. H.,
KOTOPBI KOJMPYEeT HHAYLIUPYEMBIi TMITOKCHer (hakTop TpaHc-
kpunmn EPAS1, ygacTBylommii B afganTaiiii K HU3KOMY
ypoBHIO Kuciopona (Zhang et al., 2021). Y ackumocos ['pen-
JIaHTUH C BBICOKOH uactoroi HaiieH yuactok JIHK nenncos-
1[eB JUTMHON TPUMEPHO 28 THIC. TI. H., BKIIIOYAIOIII B COCTaB
rensl WARS u TBX15; npeanonaraercs, 4To 3TH BAPHAHTBI
noauMopusMa crocoOCTBYIOT aJlalTallMl apKTUYECKUX
abopureHoB K HU3KUM Temreparypam (Racimo et al., 2017).
ITo Bceii BUIMMOCTH, 1 B CITy4ae apXanyHOTO TAIIOTHIIA TeHa
MCMG6, obHapy)eHHOTO y HaceleHuss BocTounoit Aszwuw,
MIPE/ICTABISIETCS. BIIOJIHE BEPOSATHBIM, YTO C €r0 MOMOIIBIO
peanmzyeTcs HeKast IporpamMMa peryisiuy (epMEeHTaTHBHON
AKTHBHOCTH JIaKTa3bl, KOTOpast HE MOTEpsJIa aKTyaIbHOCTH 1
B Hare Bpems. J[i1s1 mposicHeHns feTanei ee paboTel He0OX0-
JIIMO TIPOBEJICHHE KOMIICKCHBIX MEJJUKO-T€HETHYECKUX, O10-
XUMHUYECKHX U (PU3UOJIOTHUYECKHUX HCCIIEIOBAHUN HOCHTEIICH
JTAHHOTO TaruIoTHUIIA.

3aknioyeHne

Pesynprarer 0030pa naHHBIX 00 m3MeHYHBOCTH TeHoB LCT 1
MCM6 cBUIETENBCTBYIOT O TOM, YTO KOPEHHOE HacCeJeHHE
Cubupu u3peBiie XapaKTepu30BajIoCh HU3KOI 4acTOTOM Ba-
puanTa rs4988235-T, crtocoOCTBYIOIETO YCHIICHHIO (pepMeH-
TaTUBHON aKTUBHOCTH JaKkTa3bl. HekoTopoe yBenmueHne co
BPEMCHEM YAaCTOThBI 3TOI'0 aJUJICJIsA B OMYJIALUAX LIeHTpam)—
Hoi Asmn u FOro-3amaanoit Cubupu cBsi3aHO ¢ pacmpocTpa-
HEHHEM Ha BOCTOK JIPEBHETO HaceJeHus creneil BocTounoit
EBponbl HaunHas ¢ snoxu OponsoBoro Beka (Heyer et al.,
2011; IMumunenxo u 1p., 2016; Segurel et al., 2020). Oxrako
BapuaHT 1rs4988235-T He AOCTUT BBICOKHX YaCTOT B IO-
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nynauusax LlentpansHoit Asun, B oinuue ot EBporsl, uTo
CBHJIETENBCTBYET 00 OTCYTCTBUH CYIIECTBEHHOTO CENIEKTHB-
HOTO JIaBJICHHS Ha 3TOT BAPHAHT NOJIMMOp(pH3Ma Y HACETICHUS
LlenTpanbHoit Azuu (Segurel et al., 2020). [lo cux nop HesiCHO,
MOYEMY B Pa3IMUHBIX IPYIIIaX BOCTOYHOA3HATCKOTO Hacee-
HUSL, TPAJUIHOHHO YIIOTPEOIISIONIETO MOJIOYHBIE MTPOYKTHI,
He BBIpa0OTANINCH Clieln(UUECKUE BapUAHThl TEHETHYECKO-
T0 ToMMopdr3Ma, MO3BOIISIONINE META00IN3UPOBATH JIAKTO-
3y. OnHUM U3 O0BSICHEHHUH SBIISETCSI TUIIOTE3a O KYJIBTYpHOI
ajantanuu HaceneHus LleHTpanbHONM A3uu, BKIIIOYAIOUIEH
B ce0st popMHpOBaHHE KyIBTypBI HCIIOIB30BAHMS OaKTepuit
JUIs cOpaXMBAaHMUS JaKTO3bI BO BpeMs (pepMEHTAINH, YTO
CHOCOOCTBOBAJIO 3aCEJICHUIO KHUIICYHHUKA crielu(uyecKoit
Mukpodopoii (Segurel et al., 2020).

BMmecTe ¢ TeM B peryisimio 3KCIpeccHn TeHOB MeTalo-
JIM3Ma JIAKTO3bI MOTYT OBITH BOBJICUEHBI U HEKOTOPBIE AIIH-
TEHETUIECKHE MEXaHU3MbI (B OCHOBHOM METHIIMPOBAaHUE
JHK) (Labrie et al., 2016). [IpogeMOHCTPHPOBAHO TaKKe, 4TO
xapakrep MetuiaupoBanusa JJHK B aHxaHCEpHBIX 1 IPOMOTOP-
HBIX y9acTKax reHa LCT 10CTaTOYHO XOPOIIIO TPECKA3hIBAET
(heHOTHITBI JTAKTA3BI U, TIO BCEH BUAMMOCTH, SIIUTCHETHIECKUE
M3MEHEHHUS UTPAIOT OOJIBIIYIO POJIb B PETYIISIIIUHU JIAKTa3HOU
HenoctarounoctH (Leseva et al., 2018). Takum o6pazom, 06a
MO/IX0/Ia — M TEHETUYECKUH, U MUTCHETHYECKUH — TOJKHEI
OBITH UCIIOJIB30BAHbI JUIsl UCCIIEI0BAaHUI (yHKIMOHAIBHOM
3HAUMMOCTH BAPUAHTOB MOIUMOP(U3Ma, TOTEHINAIBHO CBS-
3aHHbIX ¢ [1JI, — B TOM 4nciie apXandHbIX TeHETHYECKHUX Ba-
PHAHTOB, KOTOPBIE, KaK MOKA3aJ10 HACTOsIIIee UCCIIeI0BAHUE,
BCE €IIe IMEIOT HEKOTOPOE PACHIPOCTPAHEHNE B MOIMYIISAIMAX
YeJloBeKa.
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Crepl MajeoJTNUECKO 9KCIIaHCUU B TeHO(POHJe HIBXOB
I10 JaHHBIM O MoJMOopdu3Me ayTocOMHbBIX SNP 1 Y-XpOMOCOMbI

B.H. Xapskos (D1 @, H.A. Koaecrukos ()1, A.B. Baauxosal, A.A. 3apy6un (91, A.A. Cyxomscosa (92,

W.IO. Xutpunckas (91, B.A. Crenanos ()1

1 HayuHo-nccnepoBaTenbCKMm MHCTUTYT MEANLIMHCKON reHeTUKKN, TOMCKMI HaUMOHaNbHbIN NccnefoBaTebCKMin MeAULIMHCKNI LIeHTP
Poccuminckon akagemnm Hayk, Tomck, Poccna
2 CeBepo-BocTouHblii defiepanbHbiii yHrBepcuTeT nm. M.K. AMMocoBa, IkyTck, Poccus

@ vladimir.kharkov@medgenetics.ru

AHHOTauuA. HUBXU — ManouyncneHHbI KopeHHoW Hapog JanbHero BocToka, NpouBatoLmin Ha Tepputopun Xabapos-
CKoro Kpas 1 octpoBa CaxanuH, KOTOPbI OTHOCUTCA K MOTOMKaM LPEBHEro HaceNeHns 3TUX TeppuTopurii. Y HUBXOB
npeob6nagaet cneyndryHbIN caxanmHoO-aMypCKUI aHTpononornyeckuin Tmn. OHM ABNAIOTCA JOCTaTOYHO 060CO6NEH-
HbIMW 33 CYET ASIMTENbHON U30NALMUN OT KOHTAKTOB C APYrMMK Hapoaamu. leHopoHA HMBXOB OXapaKTepu3oBaH Mo
NOSTHOr€HOMHOW NMaHeNM ayTOCOMHbIX OJHOHYKIEOTUHbIX MONNMMOPGHbBIX MapKepoB 1 rannorpynnam Y-XpoMoCOMbl
B CPaBHEHWM C APYTMU JanbHEBOCTOYHBIMM U CMOMPCKMMM nonynaumammn. bBronHopmatyeckas obpaboTtka yactot
ayTocoMHbIx SNP, rannorpynn Y-xpomocombl 1 YSTR-rannot1noB nokasana, Yto reHoGoHz HMBXOB CYLLIECTBEHHO OT-
NnyaeTca ot reHopoHZOoB Apyrux nonynaumi. Mpu aHanuse yactotr SNP metogom PCA fanbHEBOCTOUHbIE NOMYNALMUN
pacnonaratoTca B MOSIHOM COOTBETCTBMU C TEPPUTOPUAMM UX NPOXKNBAHUA 1 AENATCA Ha CEBEPHYIO TPy YyKyen n
KOPAKOB U H0>KHY0, BK/IOYAIOLLLYI0 HUBXOB Y ya3renLeB. YaaneHHOCTb HUBXOB COBMAAaeT C NX reorpadnyeckon noka-
nun3auueit, Npy STOM HUBXW 1 YA3TelLbl AEMOHCTPUPYIOT Hanbosbluee POACTBO. Y HUBXOB BbiAeNAeTcs cneynuduyHbli
ANA HAX KOMMOHEHT reHopOoH/a, KOTOPbIV C ropasAo MeHbLUeR YaCcTOTON NPUCYTCTBYET y yasreiLeB 1 3abankanbCcKux
3BeHKOB 1 OypaToB-A. Mo IBD-6n0Kam reHoTurMbl HBXOB AEMOHCTPUPYIOT OYeHb HeGOMbLUYO JOMI0 COBMafeHUsA C
yAsreLamu, KopskaMu, SBeHKaMm1 1 YyKyamu, 3HaUeHre KOTOPbIX ABIAETCA CaMbIM HU3KUM MO cpaBHeHuto ¢ IBD-6510-
Kam MeXay ApYrumy cmbrpcknummn nonynaumamu. MNokasaH cneynduryHbiin Ans HUBXOB cocTaB rannorpynn un YSTR-
rannotunos. fannorpynna C2al y HUBXOB pa3feneHa Ha TPy Cy6IMHMM, KOTOPbIE MMEIOT JOCTaTOYHO APEBHEE NPOKC-
XOXKAEHNe 1 CBA3aHbI C NpefKamy COBPEMEHHbIX CEBEPHbIX MOHrononaoB. Huexckas rannorpynna O2alb1a2a-F238
ectb y xutenein Kntaa n MbaHmbl. JluHua Qlalal-M120 B nccnegoBaHHbIX B JaHHON paboTe BblbopKax npeacTas-
NeHa Y H/BXOB, KOPAKOB, 9BEHKOB U 1oKarnpoBs. OunoreHeTUYeCKnii aHann3 oTAeNbHbIX Y-XPOMOCOMHbIX ransiorpynn
LEeMOHCTpUpYeT 6nMn30CTb reHoGOHAA HMBXOB C KOPAKaMM 1 TYHIYCCKAMM HapodamMi, a TakKe pOLCTBO B MEHbLUei
CTeneHn ¢ ApeBHUM HaceneHuem Mpuamypbs 1 NMproxotba 1 HaceneHnem KOro-BoctouHon Asnu. leHopoHA HMBXOB
NOATBEPXKAAET OTHOCUTESNIbHYIO MafIOUYMNCIIEHHOCTb UX MPEAKOBOW rpymnnbl 63 CMeLleHns ¢ APYrmy NonynAUMaMA.
KnioueBble cnoBa: reHoGOHA; MONyNALMUM YeNTOBEKA; FEHETMYECKOe Pa3HOOOpa3sune; reHeTMYecKnue KOMIOHEHTDI;
Y-XpOMOCOMa; HUBXM.
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CrenaHoB B.A. Criebl NaneonuTnyeckomn 3KCnaHcm B reHodoHLe HUBXOB MO AaHHbIM O NofMMopdu3me ayTOCOMHbBIX
SNP 1 Y-xpomocombl. Bagusosckuli XypHan ceHemuku u cenekyuu. 2024;28(6):659-666. DOI 10.18699/vjgb-24-73

OurHaHcpoBaHue. ViccnepoBaHue BbINOMHEHO 3a cyeT rpaHTa Poccuiickoro HayyHoro ¢poHaa N2 22-64-00060,
https://rscf.ru/project/22-64-00060/.

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

V.N. Kharkov ()@, N.A. Kolesnikov ()1, L.V. Valikhoval, A.A. Zarubin ()%, A.L. Sukhomyasova (52,
LYu. Khitrinskaya (91, V.A. Stepanov ()}

T Research Institute of Medical Genetics, Tomsk National Research Medical Center of the Russian Academy of Sciences, Tomsk, Russia
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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
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V.N. Kharkov, N.A. Kolesnikov, L.V. Valikhova, A.A. Zarubin
A.L. Sukhomyasova, I.Yu. Khitrinskaya, V.A. Stepanov

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

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 Q1a1a1-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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BsepeHune

Hurxu — 310 HEOONBIIOI HAPOIT, HACEIIAIONIHNI paiioHbI [laib-
Hero Bocroka: octpoB CaxanuH u 6acceiiH HiKHEro Amypa.
UYucnernnocts HUBXOB Ha 2022 1. coctaBmina 3842 denoBeka.
CamoHa3BaHnue — HUBXTY (4esnoBek). CoceqHne Hapobl Ha-
3bIBAJIM UX T'HJIAXa, T'MJIbAMMU. DT0 Ha3BaHUE 3aMMCTBOBAIU
pycckue, npuias eMy GopMy «TIsikny. CI0BO «THIISIKH Ha
TYHTyCO-MaHBIKYPCKUX SI3bIKaX 03HAUAET «JIIO/IU, IEPEe/IBUra-
OLIHECs MTPU TIOMOIIH MAPHBIX BeCe Ha OOJIBIINX JIOAKAX).

ITo TeppuTopranbHOMY NPU3HAKY HUBXH JENATCS HA JBE
TPYIITBI — OCTPOBHYIO (CaXaJIMHCKYIO) M MaTepUKOBY10. B ripo-
[IUIOM HUBXHU 3aHMMalld BeChMa OOIIUPHYIO TEPPHUTOPHIO.
Apean ux pacceneHus Ha MaTepUKe IpocTupayics oT AMypa
Jio 6acceitna Yipl, Ha CaxajanHe — 10 BCeMy 3araHOMy ¥ BOC-
TOYHOMY TIOOEPEKbI0 U B ycThe peku [loponaii. B HacTosmiee
Bpemst HuBXHu CaxajnHa pacceeHbl B CEBEPHON 4acTH OCTPO-
Ba M B Oacceiine pexu TeiMb. Ha MaTepuke oHM KOHIIGHTpPH-
pyroTcs B IBYX paifoHax XabapoBckoro kpas — HukonaeBckom
1 YAbuCKOM. [0BOPSIT Ha HUBXCKOM SI3BIKE, UMEIOLIEM JIBa IHa-
JIEKTa: aMypCKU U BOCTOYHO-CaxaduHCKU. HUBXCKU S3bIK
BMECTE C KETCKUM M IOKarMPCKUM MPHUHAATICKUT K U30IUPO-
BaHHBIM S3bIKaM. PaHee ero OTHOCHIIN K IpyIIIE Nalle0a3nar-
CKHUX SI3BIKOB B CBSI3M C HEUETKOH BBIPAXKEHHOCTBIO T'€HEallo0-
THYCCKOI'0 Ha4vaja. I_IOBOJ'[I)HO CUJIbHas B3aUMOCBA3b MCXKIY
HHUBXCKHMM M 9yKOTCKO-KaMUYaTCKIMH SI3bIKaMU ObLTa [TOKa3aHa
B pabore (Fortescue, 2011).

HuBxu — npsiMble TOTOMKH JpeBHeimero Hacenenus Ca-
XalliHa U HU30Bb AMYypa, PacCEIIEHHOIO B MIPOILIOM 3Ha-
yuTenbHO mupe. OHU BXOAAT B MAJIC0A3UATCKUI THII MOHTO-
JIOUIHOM packl. Y HUBXOB Ipeo0iagaeT caxalnHO-aMyPCKHHA
AHTPOIIOJIOTMYECKUH THIT, KOTOPBIH YACTUUHO €CTh U Y YIIBYEH.
BwMmecre ¢ uykuamu, xopsikamu U apyrumu Hapogamu Cese-
po-BocTtoka Cubupu OHH BXOIAT B TPYIILY IAl€0a3HuaToB.
Hmeercs Touyka 3peHUs, 4TO NMPEJKU COBPEMEHHBIX HUBXOB,
CEBEPO-BOCTOUHBIX NaJIe0a3UaToOB, ICKUMOCOB M MHJEHIEB
AMepHKH — 3BeHbs OTHON STHUYECKOI! I1eTTH, OXBAaThIBAaBIICH
B JIAJIEKOM IIPOLIJIOM ceBepo-3amnaubie oepera Tuxoro oxe-
aHa. Ha coBpeMeHHBII ATHUUECKHI 00JIMK HUBXOB OOJBIIIOE
BJIMAHUEC OKa3aJIl UX OTHOKYJIBTYPHBIC KOHTAKTBI C TYHI'YCO-

MaHBYKYPCKHUMHU Hapojaamu, aiiHamu U snoHnamu (Haposst
Poccnn, 1994; Cynsuamsura u ap., 2003; Hapomsr Cesepo-
Bocrtoxa Cubupwu, 2010).

[Tomy4eHHbIe B pe3ynbTaTe FeHOTUITUPOBAHHS BBICOKOILIOT-
HBIX MUKPOUHIIOB IaHHBIE 110 ayTOCOMHBIM SNP B BEIOOpKax
HHUBXOB M IPYTMX KOPEHHBIX JATbHEBOCTOUHBIX N CHOMPCKHUX
HapoAOB MO3BOJISIOT TOYHEE ONUCAaTh KOMIIOHEHTHBIN CO-
CTaB MX TCHO(OH/IOB, BBIABUTH OOIINE MO MPOUCXOKIACHHUIO
OJI0KH cLIeTIeHNS ¥ OJIOKHA TOMO3HTOTHOCTH 10 CPAaBHEHUIO C
orpaHu4YeHHbIMH Habopamu pazinndnbix JJHK-mapkepos. 'e-
HOTHIIMPOBAHUE PACIIMPEHHOTO Habopa cennuaabx SNP
Y-XpOMOCOMBI 1a€T BO3MOXHOCTB TOpa3/io Oojee moapooHo
0XapaKTepru30BaTh MOJIEKY/ISIPHO-(DHIOT€HETHYECKYIO CTPYK-
TYpY OTAENBHBIX TAIIOrPyHI Y-XpoMocoMbl. COBpeMEHHBIE
OronH(pOpMaTHUECKIE METOIbI aHAJIN3a TCHOTUITOB Ha yPOB-
HE OT/IeJIbHBIX MHUBH/IOB ITO3BOJIAIOT MAKCHUMAJIBHO JIETajb-
HO OXapaKTepHU30BaTh FTeHO(POHI HCCIETOBAHHBIX BEIOOPOK C
MIPUMECHEHHUEM Pa3IIMIHBIX METO/UK.

B renome yenoBeka HACUUTHIBAETCSI OTPOMHOE KOJTUYECTBO
SNP, 4T0 I03BOJISET UCTIONB30BATH UX B KaueCcTBE APPEKTUB-
HOTO MHCTPYMEHTA B CTPYKTYpE aHaJIN3a TeHETHUCCKHX B3au-
MOOTHOIICHUH Mekay nonmyasaiusMu. CoBpeMeHHas MOIyIIs-
IIMOHHAsI TCHETHKA YeJIOBEKa MMEET MINPOKHI BBIOOP pa3iiny-
HBIX MApPKEPHBIX CUCTEM: ayTOCOMHBIX 1 OJJTHOPOANTEIBCKUX
JIHK-mapkepoB (onpeaensironux (UIOreHUI0 TariorpyIin
Y-xpomocoMbl 1 MUTOXOHIpHaIsHOI JITHK).

CrneunpnaHoit 0COOEHHOCTHIO MUTOXOHIPUAIBHBIX TEHO-
(honznoB Beex nomyJsinuit [IpuMopks siBIsieTCs: IPUCYTCTBUE
quauid MTAHK ramnorpynmns! Y, MakCUMaJIbHbIE YaCTOTHI
KOTOpOii oTMeueHsl y HuBX0B CaxanuHa (66.1 %) u ynsueit
(37.9 %) (Starikovskaya et al., 2005). Beicoka ee yacToTa y
aitHoB (25.5 %), nerumansies (21.2 %) (Starikovskaya et al.,
2005), xopsikoB (5.7 %), 3BeHOB (8.1 %), BOCTOYHBIX 9BEHKOB
(8.9 %) (Hepenko, Mamspuyk, 2010). B npyrux azuarckux
MOMYJIALAX YacTOTA ITOM JIMHUN 3HAYUTEIBLHO HIKE U ITOCTe-
TICHHO I13/1a€T, [0 MEpPe YAAICHHUS OT TEPPUTOPHH TTPOXKUBAHUS
OCHOBHBIX €€ HocuTeseil. IMEHHO ¢ TeppUTOPUAMU HUKHETO
TeueHnss AMypa u CaxannHa CBSI3BIBAIOT NPOUCXOXKICHUE
cneuuduunbix TuHUi MT/IHK nanxoi ramiorpymsl.
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l'eorpaduueckoe pacrpocrpanenue noarpymmsl Y lal orpa-
auaeHo Cesepo-Bocrounoit Asmeil. Bee muanm, mpucyTcT-
BYIOIIHE B MOMYJISALUIX KOPSIKOB, 2BEHOB, UTEIbMEHOB, HETH-
JaJIbI€B, HUBXOB, OPOKOB U aﬁHOB, OTHOCATCA HCKIIIOYU-
tenpHO K moarpymme Y lal (Horai et al., 1996; Schurr et al.,
1999; Bepmumesa u ap., 2005; Starikovskaya et al., 2005;
Hepenxo, Manspuyk, 2010). OcHOBHOI apean 3TOH MHUTO-
XOHJIPHATHFHOHN JIMHUHM M 9aCTOT CYONMHUH Y-XpOMOCOMHON
rarmnorpynmns! C2al Xxopomo cOOTHOCATCS APYT C IPYTOM, sIB-
JISS1Ch IIPUMEPOM I1apAJUIEIbHON SKCIIAHCUH Y-XPOMOCOMHOMU
¥ MUTOXOH/IPHAIBHOM TAIIOT Py B IIPEZETaX OJHOTO B TOTO
JKE€ PETUOHA. DTHU PE3yNbTaThl COIMIACYIOTCA C MOTYyYEHHBIMU
paHee JaHHbIMU 11O APCBHUM I'CHOMAaM KOPCHHOT'O HACCJICHUA
GacceitHa AmMypa, KOTOpble OPMUPYIOT OTACTHHBIN TC€HETH-
YECKUII KJIacTep, BKIIOUAIOIINI IPEBHUE U COBPEMEHHBIE I10-
mynsiyy [puamypes (Hapozs! TYHIYCCKOM SI3bIKOBOM MPYIIITBI
n HuBxM) (Wang et al., 2021).

[enbro HACTOSIIIETO MCCIIeJOBaHMS ObLIT KOMITJIEKCHBIN aHa-
JIM3 CTPYKTYPbI FeHO()OH/Ia HUBXOB B CPABHEHUH C IPYTHMHU
MOMYJISIUSAMH KOpeHHOro HaceneHust Cubupu u [lambHero
Bocroka. [lns perieHust BONpOCOB TeHETHUECKOH OIM30CTH
HUBXOB C APYrUMH KOPEHHBIMH HapOAdaMH BBIINIOJIHCHO TI'C-
HOTHITHPOBAHHE IIUPOKOTO TEHOMHOTO Ha0Opa ayTOCOMHBIX
MapKepoB Ha BBICOKOILIOTHBIX Mukpomarpunax JJHK, a taxoke
pacumpennoro Habopa SNP u STR-mapkepoB Y-XpoMocombl
Y Pa3MUYHBIX 3THUUECKHUX IPYII: yASTEHIIEB, YyKIeH, KOps-
KOB, SIKyTOB, 9BEHKOB, OypsITOB, TYBUHIIEB, XaKaCOB, FOXKHBIX
aﬂTaﬁHeB, KETOB, YYyJILIMIEB U XaHTOB.

MaTtepwuanbi n metopbl

Marepuan uccienoBanust cocraBuiin oopasisl JJHK myxunn
1 KSHIIIH oMYy HUBXoB (N = 155) u3 mocenkos He-
KkpacoBka U MockanbeBo OxuHckoro paiiona CaxanuHCKON
oOnactu. 3a00p MEPBUYHOTO OMOJIOTMYECKOTO Marepualia
(BEeHO3HOI KPOBH) Y IOHOPOB MPOM3BOIMIIN C COOTIOICHUEM
MPOLETyPBl MNCHbMEHHOTO MH()OPMHUPOBAHHOTO COIVIACHS Ha
npoBeneHue uccienoBanus (mporoxon Ne 10 Komurera mo
onomenuuHCcKoi dtnke HUM mMenuumHCKoi TEHETHKHA OT
15.02.2021). Ha ka)x1oro JOHOpa COCTABIISIIN aHKETY C Kpar-
KOM pO1I0CIIOBHOM, YKa3aHUEM ITHUUECKOW MPUHA UIEKHOCTH
M MECT POXK/IeHHs MpeaKoB. IHOMBHIA OTHOCWIIN K JaHHOH
STHUYECKOH TpyIIle HA OCHOBAHUM €T0 COOCTBEHHOW 3THH-
4eCKOM UJICHTU(HUKALMH, €T0 POJIUTENEH 1 MECTa POXK/ICHUSI.

Jst ananmn3a Y-XpOMOCOMHBIX TaruIorpyiil U FalIOTUIIOB
MY>KYHH U3 BEIOOPKH HUBXOB OBLIH UCIIONIB30BaHbI 52 00pasiia
JHK. Jlns reHOTUIIUPOBAHUS Ha BBICOKOIIJIOTHBIX MHUKPO-
MaTpHIax OBUTH BEIOPAHBI HEPOICTBEHHBIE 00Pa3Ilbl HUBXOB
(N=13), He UMCIOIUX METUCAIINH C TPECTABUTEISIMH JPY-
r'HX HapoJoB. Takoe HeOOIbIIOEe KOIMYECTBO 00pa3IloB st
TEHOTHIIUPOBAHUS CBSI3aHO C TEM, YTO CYIIECTBEHHAs OIS
COOpaHHBIX MHIMBUIOB SIBISIOTCS IIOTOMKaMH MEXITHHYE-
CKHUX OpaKoB 3a IOCIIeIHIE HECKOJIBKO MTOKOJICHHUH, a TaKKe C
OTHOCHUTEIBHON MaJOUHCICHHOCTBIO 3TUX HAPOJOB U HaJU-
YHEeM B BBIOOpKaX KPOBHBIX POJACTBEHHHKOB 10 MATEPUHCKOM
1 OTLOBCKOH JINHUU.

Jpyrue nomynsnuu KOpeHHoro HaceneHus Cubupu s
TCHOTHITUPOBAHUS MPECTABIICHEI yuarenamu (N = 15, cena
KpacHusrit Sp IToxkapckoro paitona u Arsy TepHelickoro paiio-
Ha Ha ceBepo-BocToke [Ipumopckoro kpast), kopsikamu (N =20,
Kopsikcknit aBronoMHBIH 0kpyT Kamuarckoii 06:1acTh), gykda-
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mu (N =25, nocenku Jlopuno, Cupenux, SInapsixot u HoBoe
YarmmmHo YyKOTCKOTO aBTOHOMHOTO OKpyTa — OTHOCSTCS K Oe-
PpEeroBoii rpymie), IKHBIMU anTaiiaMu (N = 24, c¢. bemmens-
Tup Yemansckoro paiiona; N = 25, c¢. Kynana Onrynaiickoro
paifona), keramu (N = 15, moc. Kemutor TypyxaHckoro paiiona
KpacHostpckoro kpast), Tomcknmu Tatapamu (N = 20, mocesku
UYepnas Peuxa, Dymra u TaxrameimeBo ToMckoro paiioHa),
tTyBuHIAMu (N = 28, ¢. Tr3mu baii-TalruHCKOTO KOXKYYyHA),
Oypsitamu (N =23, moc. AruHCKOe ATHHCKOTO paiioHa; N =28,
c. Kypymkan Kypymxanckoro paiiona), xantamu (N = 30,
c. Kaszemm benosipckoro paiiona; N = 26, nep. Pycckunckas
Cypryrckoro paiioHa), xakacamu (caraiiiiaMmu TamThIrcko-
ro paiiona, N = 29, u kauunuamu lllupunckoro paiona,
N=26), ayneimuamu (N = 22), s3BeHKaMH (3 — 3a0alikanbCKue,
noc. Yapa Kanmapckoro paiiona, cena Moknakan u Tynux
Tynrupo-OnékmuHcKoro paiiona, N = 25; 5 — axyTckue,
N =28) u axyramu (N = 26, c. Uepukreii B YcTh-AITaHCKOM
yiryce). Marepunall 1enoHHpOBaH B OMOPECYpCHON KOJUICKIINT
«bunobank Hacenenusi CeBepHoit EBpazumy.

JlaHHBIE MIMPOKOT€HOMHOTO T€HOTHIINPOBAHUS MOTyde-
HBI C UCTIONIb30BaHWEM MHUKpounrioB Infinium Multi-Ethnic
Global 8 (Illumina) mst SNP-reHOTHITHPOBaHMS, BKITIOYAIO-
miero cBeime 1.7 mitH MapkepoB. Kiactepuzarmro MaccrBa re-
HoTH1OoB ayTocoMHBIX SNP (single nucleotide polymorphism)
1 KOHTPOJIb KAaueCTBa BBIMOJIHSIN C IOMOIIBIO NMPOTOKOA,
pazpaborarsoro Y. Guo ¢ komteramu (2014), ¢ ucrons3oBa-
aueM GenomeStudio (Illumina, GenomeStudio, Moyis reHO-
tunupoBanus v2.0.3). JIns ¢unsrpannu, HopManuzanuu u
pacdeTa CTaHIAPTHBIX TCHOMHBIX CTATHCTHK M MOKa3areseit
ONTHUMAIGHBIM OBUT CTaHJApTHBIA HAOOp MPOrpamM, BKITIO-
yaronuit veftools, beftools u plink.

VneHTHYHBIE 110 TIPOUCXOXKICHHIO OJIOKH CLIETICHHUS aHa-
JU3UPOBAIN C HMCIonb3oBaHueM anroputma Refined IBD
(Browning B.L., Browning S.R., 2013), mokassiBatorero 60-
Jiee TOYHBIE PE3YIbTaThl 0 CPABHEHUIO CO BCTPOCHHBIMH B
plink anropurmamu. IpenBapuTeabHO TeHOTHIIBI OBIIH (ha3u-
POBaHBI € IOMOIILIO TPOrpaMMHOT0 odecnieueHus Beagle 5.1
(Browning S.R., Browning B.L., 2007). [l cpaBHEHHS 110-
MYJSIIAH OBITH OJTyYeHbI CYMMBI CPEJTHUX JUTHH WICHTHYHBIX
O MPOUCXOKICHHIO 0510KOB (cermenToB IBD — identical by
descent) Mex Iy TapaM¥ WHAWBUIOB.

AHanU3 TeHETHYECKUX B3aUMOOTHOIICHWH MEXIy IO-
OyasusIMu ocyiecTBisi MetogoM PCA. KoMmnoHeHTHBII
COCTaB M KOJIWYECTBO MPUMECEH y OTAEIbHBIX WHANBHUJIOB
W TIOIYJISIUI OTIPENeNsIA C UCIOIb30BAHUEM METOAHNKH
NGSadmix (Skotte et al., 2013) u mporpammsl Admixture
(Alexander et al., 2009; Alexander, Lange, 2011).

Jnst u3ydeHus coctaBa M CTPYKTYpBI TaluIorpym Y-Xpo-
MOCOMBI B HCCJIE/IOBAaHHE OBbLIN BKJIIOUEHBI IBE CUCTEMBI T'e-
HETHYECKHX MAPKEPOB: ANAJIIEIBHBIE JIOKYCHI, IIPEACTABIICH-
Hble SNP, 1 monmasuresibHbIe BBICOKOBaprualeIbHbIe MUKpOCa-
temmuThl (YSTR). C momomsio 589 SNP-mapkepoB onpenens-
T IPUHAIEKHOCTD MY KUIHH K Pa3IMIHBIM TaIUIOTPYIIIaM.
I'enotunuposanne SNP-mapkepoB MpoBOAMIN C IPUMEHE-
HUEM IOJINMEPa3HOl HEeMHOW peakIuu U MOCIETyIOIIero
ananm3a ¢pparmentoB JIHK ¢ momomsro [T1/IP®D-ananmsa (1mo-
JTUMOp(U3M JUTHH PECTPUKIMOHHBIX (hparMeHToB). [y cre-
U pUIHBIX TepMUHATBHBIX SNP 110 OT/IeNBbHBIM CYOIMHUSIM
MPOBOANIOCH TEHOTUIIMPOBAHNE HEOOJBIIOTO KOJIHMYECTBA
00pa3ioB 1o 1aHHeM uX Y STR-ramioTumos u pesyasraram
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NGS-cekBeHupoBanusi Y-xpoMocombl. O003HAUCHHE TaIlIo-
rpymm npuBoauTcs ¢ npussskoit k ISOGG 2019 Y-DNA Hap-
logroup Tree. Anann3 STR-ramioTnnoB BHYTpH raruiorpyImn
BBITIONHSUIN C UcTionib3oBanueM 44 STR-MapkepoB HEpeKoM-
omamMpyromei gactu Y-xpomocoMbl (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, YCAIIb, GATA H4.1, Y-GATA-A10, GGAAT1BO07).
STR-Mapkeps! TeHOTUIMPOBAIH € TTOMOMIBIO KaMIISIPHOTO
anexTpodopesa Ha mprudopax ABI Prism 3730 u Hanoop-05.

OKCHepUMEHTAIbHBIC MCCIIEJOBAaHHS OCYIIECTBICHB Ha
6aze lleHTpa KOJUIEKTHMBHOTO IOJb30BaHUSI HAy4YHO-HCCIIE-
JIOBaTeJIbCKUM 000pynoBaHuEM «MequIuHCKasi TeHOMUKa»
(HMU menummaCcKoi reretku Tomckoro HUMI). IToctpoe-
HHE MEJIMaHHBIX CeTEel rarIoTUIIOB Y-XpPOMOCOMBI BBITIOJIHSI-
mm B mporpamme Network v.10.2.0.0 (Fluxus Technology Ltd;
www.fluxus-engineering.com) 1o MeTOy MEIMAaHHbIX CeTEH
banpensra (Bandelt et al., 1999). Bo3pacTt renepariiuu HaOJ1r0-
JTaeMOTO0 Pa3HOOOPa3usl TAINIOTHUIIOB B rariorpymax OLeHH-
Baym MetoioM ASD (Zhivotovsky et al., 2004) Ha ocHOBaHUHT
CPEAHEKBAAPATUUHBIX OTJIMYUHA B YUCIIE TIOBTOPOB MEXKIY
BCEMH MapKepaMmH.

PesynbraTbl n 06CyxaeHne

[Tocne 06paboTKM JaHHBIX IO PE3yAbTaTaM MHUKPOYUTIOBOTO
MCCIEI0BaHUs JUIsl (UIBTPALIMY TeHOTUITMPOBAHHBIX 00pa3-
LIOB U NPOBEACHUSI JAIBHEWIINX PacueToB ObUI BBIIOJIHEH
MOUCK CPE/I HUBXOB METHCOB C UCIIOJIb30BaHUEM POTPAMMBI
NGSadmix. Meton NGSadmix mpwu 3amycke Ha copMupo-
BAaHHOM HaMH MacCHBE JIaHHBIX [10Ka3aj, YTO BCE 00pasiibl
YHCTBHIX HUBXOB HE MIMEIOT METHCAIINH C IPYTHMH HAPOJIAMH,
YTO COBIIA/IACT C PE3yJIbTaTaMN X aHKETHPOBAHMS.

leHeTUYeCKne B3aMOOTHOLLIEH NS HUBXOB

c Hapogamu BoctouHoi n CeBepo-BocTtouHor Cubupm
IIpu aHanmu3e JaHHBIX MO YacToTaM ayTocoMHBIX SNP ¢
nmomornibio Metoga PCA Ha ypoBHE OTAENBHBIX 00pasIoB
(puc. 1) BumHO, YTO HUBXM HamboJee OIHM3KU yHdTeHIIaM,
a TarKke K 3BeHKaM M3 3abaiikanbs u Skytun. Uykun u Ko-
PSIKM 3HAQYUTENIBHO YAJE€Hbl OT OCTAJbHBIX MOMYJIALUM, YTO

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

COIVIaCyeTcsl ¢ UX CHIJIbHOM reorpaduyeckoll M3oisiuei Ha
teppuropuu Cesepo-Boctounoit Cubupu. imenno PC2 ot-
JIeNsieT MX OT BCEX MPOaHAIM3UPOBAHHBIX BBIOOPOK, HO TIO
PC1 4ykuu 1 KOpsiIKM OueHb OJIM3KH K HUBXaM M y/areiuam.
HNx ynanenue ot 6osee F0KHBIX HApPOJOB TOBOPUT O HAIMYNHT
B 4YKOTCKO-KOPSIKCKOM TeHO(OoHie Oosiee TPEeBHETO, CIeTH-
(hbUYHOTO /ISl HUX TEHETHYECKOI0 KOMIIOHEHTA, CBSI3aHHOTO
¢ a0OpUTEHHBIM NAJIEOTUTHIECKIM HACEIIEHUEM TEPPUTOPHUH
UX TPOKUBaHUs. J{abHEBOCTOUHBIE 00pa3lbl pa3aeieHbl B
TIOJIHOM COOTBETCTBHH C TEPPUTOPUSIMH UX NPOKUBAHUS HA
CEBEPHYIO TPYMITy YyKYel U KOPSKOB U IOXKHYIO, BKIIIOUAIO-
IIYIO HUBXOB U YIATEHIICB. DBCHKH U3 3a0aiikambs U SIkyTun
TakKe ONU3KH IpyT K Apyry. HemMHoro 6osiee ynaaeHb! sIKy ThI
u OypsIThL. YIAJICHHOCTh HUBXOB OT OCTAJbHBIX TTOMYIISIINI
COBITQJIAET C MX reorpaduueckoi jokanu3amuei (cM. puc. 1).
HuBxwu, ynsreiupl, 4yK4d U KOPSKU COCTaBIISIIOT JAJIBHEBOC-
TOYHYIO TPYIMITy MOMYJISIHNA, IPU 3TOM HUBXU M yASTEHIIbI
JIEMOHCTPHUPYIOT HanOOJIbIIEe POACTBO.

[IpakTryecku Bce 00pasiibl OTACIBHBIX 3THOCOB (GopMH-
PYIOT cTIeIu(pHIHBIE KITacTephl (CM. puc. 1), KOTOpbIE MOTYT
YaCTHUYHO TIepPeceKaThCsl, 32 MCKIIOUYCHHEM TOMCKHX Tarap,
MUMEIOIUX JTOCTaTOYHO IeTePOreHHBIH cOCTaB reHo(poHIa
(BanmuxoBa u mp., 2022). IIpn TpeXKOMIIOHEHTHOM aHAIN3e
n Ha rpaduke meronoM t-SNE Bce saTHOCTIeIMpHIHbIE KITa-
CTepbl HAMHOTO OOJIbILIE YIAJICHBI APYT OT Apyra. OTienbHble
00pasIpl pa3HBIX BEIOOPOK, BBIIEIAIONTHECS U3 ITHX OOIITIX
TPYII, TOKa3bIBAIOT METHCAIMIO TIPH UX aHAJIN3E METOJIOM
NGSadmix, 4To Kak pa3 U BIMSET Ha UX PACIIOIOKEHHE Ha
rpaguke.

KomnoHeHTHbIIi cocTaB reHodpoHAa nonynauuin

Jlns ompeneneHusl TeHETHIECKIX KOMIIOHEHT B T€HO(OHEe
M3y4aeMBIX TOMYJSNHA OblIa MCIIONb30BaHA MMPOTpaMMa
Admixture, o3BOJISOIIAs BEISIBISITH FETEPOTCHHOCTh KOMITO-
HEHTHOTO COCTaBa F'€HOMA MHJIMBUJOB Ha OCHOBE JAHHBIX O
TEHOTHUIAaX ¥ TOYHO OINPENEIATh UX PaCIpEEICHUE Ha YPOB-
HE MOMYJISIUIA U OTAEIBHBIX 00pa3ios. [Ipu 3ananuu uncia
MIPEIKOBBIX KOMITOHEHT OOJBIIIE YETHIPEX TOYTH BO BCEX IT0-
MYJISNASAX BBIBISICTCS CIICIUGUYHBIA 11 HUBXOB T'CHETH-
YECKUI KOMIIOHCHT, 0COOCHHO OTYCTIIMBO MPOSBIISIOLIHIACS
Ha aHAJIM3UPYEMOM MacCHBE MOMYJISIIHOHHBIX BEIOOPOK TIPH

TomcKue Tatapbl

0 ;;:"' . = . S, ls® P
L) t..q_,-:,'f &, . e 4 . . ] o
JBeHKu Yynbimupl o

-0.02 s ¥ . po 4 " .
o~ [ o,
< KeTbl N R
O v Ll
& 004 M ¢

XaHTbl o *
-0.06 "
-0.08
0 0.02 0.04 0.06
PCA_1

Puc. 1. InddepeHunanus reHomos HaceneHns [JanbHero Boctoka n Cnbrpu no oBym komnoHeHTam PCA.
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Variable
M x1
M x2
M x3
M x4
W x5
M x6
M x7
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Puc. 2. YnopsagoueHHan KapTHa KomnoHeHT Admixture npu paHXupoBaHuy nonynaunii Cnbvpu c 3anaga Ha BocTok, K= 8.

3pecb 1 Ha puc. 3: xakacbl C — caraubl ACKM3CKOro paloHa; xakacbl T — caranubl TawTbinckoro panoHa; xakacbl K — kaunHubl LnpuHckoro
paiioHa; uynbiMubl K — KpacHospckuin Kpait; yynbimupl T, TaTapbl T — Tomckas obnactb.
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Puc. 3. YnopagoueHHasa KapTHa KomnoHeHT Admixture npu paHxuposaHuy nonynaumnin Cnbripm ¢ 3anaga Ha BocTok, K = 10.

K = 8, KoTOpbIif MO)KHO HHTEPIIPETHPOBATh KaK «CAXaIHHO-
aMyPCKHi» TeHETHYECKHI I1aCcT B TEHO(OH 1 COBPEMEHHBIX
TomyJsuii (puc. 2).

ITpu K = 8 3TOT KOMIOHEHT MOTHOCTHIO JOMUHUPYET y HUB-
xoB (0.92) u ymareiines (0.61), Bctpeuaercs y Oypsr (0.50),
anrtai-kmwku (0.34), xakacoB-kaunHIeB, TyBuHIEB (0.30), ai-
taiues noc. bemmmensTup (0.23), Tomcknx tarap (0.11), aBeH-
koB (0.02—0.09), xakacos-caraiie (0.07) u sikyros (0.01).
Bo3M0OXHO, 3TOT TeHEeTHYECKHH TUIACT CBSA3aH C JPEBHIM CyO-
CTPaToM B PacCMaTPUBAEMBbIX ITOITY/ISIIUX.

ITpu K = 10 npoucxoaut Oosiee aeTaibHOE pasjelieHne
(puc. 3): y HUBXOB BBIJICISICTCS CHICHUPUYHBIN [T HUX KOM-
roHeHT (0.98), BBIACICHHBIH TOlyOBIM I[BETOM HA pHC. 3,
KOTOpBIN npucyTcTByeT y yasrennes (0.22) u B HeOobLIOH
cTerieHu y 3abaiikanbcknx 3BeHKOB (0.05), sBeHKOB SKyTHH,
XakacoB, TOMcKux tarap u oypst (0.02). lomnHupoBanue o
4acTOTe TOr0 KOMIIOHEHTa y BceX 00pasloB HUBXOB MOJI-
TBEPXKIAET, UTO UX IPEKH JJOJITOE BPEMsI HE KOHTAKTUPOBAIIH
C IpyTMMHU HapOJaMHu U POKMBAIIU B U30JIALIUH HA OCTPOBE
CaxanuH. [Tony4yeHHbIe JaHHbBIE JOKA3bIBAIOT, YTO KOPEHHOE

Hacenenue CaxanuHa AJIUTENBFHOE BPEMs HE CMEIINBAIOCH
C IpyTHMH 3THOCAMH.

MpeHTYHbIE MO NPONCXOXKAEHNIO 6NOKM cLenneHns

Jiist o1ieHKH 00X 1Mo poucxoxaeHuio OokoB JTHK Obut
MIPOBEICH aHAJIM3 COBMAICHHS HA YPOBHE OTJCIBHBIX MHIH-
BHJIOB U ONYJALMNA. OparMeHT, UMEIOIINIA UIEHTUYHBIE HY-
KJICOTH/IHBIC ITOCIIEI0BATENILHOCTH, Y PA3HBIX JIFOJCH SIBIISCTCS
HaclieueM ux o01iero mpezaka. Pasmep takoro cermenta IBD
COTIOCTABHM C YHCIIOM ITOKOJICHHH 32 CIET PEKOMOMHAIIN XPO-
MOCOM ITpY OPMUPOBAHUH NOJIOBBIX KIIETOK. Mcronb3oBaHne
uHpopmain 06 0OLIMX 10 MPOUCXOXKICHUIO Y4aCTKaX F'eHO-
Ma Ha YPOBHE OTJENbHBIX WHAWBUAOB U MOMYJSIHNA TTO3BO-
JSIET KOJIMYECTBEHHO OLEHUTH CTETEHb TEHETHYECKOTO POJI-
CTBa MEX/1y JIFObMH H J]ACT JIOTIOJIHUTEIbHYI0 HH(POPMALHIO
0 TeHETHYECKUX CBA3AX momyismii (Gusev et al., 2012).

I'eHOTHIIBI HUBXOB TIOKa3anu coBmaneHue no IBD-0imo-

KaM Mexay codoit >1.5 ¢cM (11 %), nanee — ¢ ynareiinamu
(0.58 %), xopsikamu (0.47 %), aBerxamu (0.28 %) 1 aykqamu
(0.18 %). C npyriuMu cnOMpPCKUMH TOMYJISIIUSIMU JTOJIST UX CO-
BIIaJeHUI HaMHOTO HIKe (puc. 4). COBIageHNs MEX Ty HUB-
XaMH U IPYTUMH UCCIIETOBAHHBIMH MOITYIISIIIASIMH SBISTFOTCS
CaMBIMHU HU3KHUMHU I10 CPABHCHHIO C JIPYTHMHU STHOCAMHU. ITO
MOATBEPIKIACT X OYEHb JOJITYIO MO BPEMEHH H3OJALUI0 U
OTCYTCTBHE KOHTAKTOB C APYTUMH Hapomamu. J{oist MexXITo-
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Traces of Paleolithic expansion in the Nivkh gene pool
based on data on autosomal SNP and Y chromosome
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Puc. 4. Cymma anviH cermenToB IBD > 1.5 cM mexpay napamvi UHAVBULAOB HUBXOB 1 CUOVMPCKUMU MOMYNALUAMU.

myTSnAoHHEIX [BD-0110KOB MKy HUBXaMH, YIATCHIIAMH,
KOPSIKAMH, YyK4aMH 1 9BEHKAMH COINIACYeTCs C pe3ysibTaTaMu
PCA u Admixture. Aranu3 IBD BHYTpH HOMyIAnnii HUBXOB,
KOPSIKOB ¥ YyKYEH TIOKa3ajl, YTO OHU UMEIOT OOJBIIE OOIIIX
IBD, 4em stonu u3 npyrux BeiOopok. [Ipu sTom y vykueit
(55 %), xopsixoB (57 %) 1 HEBXOB (59 %) HanOOMBIINIT BKITA]T
BHOCST KopoTkue IBD-(pparMeHThI, 4T0 MOXKET TOBOPHTH O
«OyTBUIOYHOM TOPIIBIIIKE» B MIPOILIOM, BO BpeMsl MUTpaIUil
Ha CeBep M CEBEPO-BOCTOK MIIM 00 M3OISAIUH OT OCTATBHBIX
MOITYJISIIIAI, HACISIONINX Tepputoputo CHompH.

KoadpdpuumeHT reHomHOro MUH6pMAnHra

[Tpn ouenke ko3 duIHEHTa TEHOMHOTO MHOPUAMHTA JUIS
niauH ROH > 1.5 M.1.0. y HUBXOB BBISIBJIEH OTHOCHUTEIBHO
HEBBICOKHMH ypoBeHb KpoBHOTO pozactea (FROH = 0.0268).
V¥ xopsikoB (FROH = 0.0446) u uykueit (FROH = 0.0431)
OH MaKCHUMaJIeH AJIsi CHOUPCKUX MOIMYJSIIUN U MOYTH BIBOE
BBIIIE X CPEAHECTATHCTHUYECKOTO 3HAUCHNS HA TEPPUTOPUH
Cubupu u Hansaero Bocroka. /11 HUBXOB, YyK4el U Kopsi-
KOB ITOKa3aHO 3HAYUTEIbHOE YBEJINUEHUE CyMMapHOU THHBI
cpexnnero kimacca ROH Ha mHIUBHIA TIO CPAaBHEHHIO C OCTAITh-
HBIMH TTOITYJBSIUSME. DTH JaHHBIC BHOCSIT JIONIOJTHEHNE K CPaB-
HEHUIO C KjtaccoM KopoTkux ROH B CHOMPCKUX MOIJISLUSIX.
[TomyueHHBIE Pe3yNbTaThl CBUAETEIBCTBYIOT 00 OTHOCHTEIb-
HO HEOOJBIION YMCIEHHOCTH MPEIKOBBIX TPYII YKAa3aHHBIX
HapoI0OB HAa MPOTSIKEHUM MHOTHX MOKOJIEHWH M OpauHBIX
KOHTAKTaX MEKIy POACTBEHHHKAMHU, & O TAK)KE BO3ZMOKHOM
a¢dekre «OyTHUIOYHOTO TOPIIBIIIKAY. YPOBEHb TOMO3UTOTHO-
CTH B TeHOMAax IpeAcTaBUTeNeH JalIbHEBOCTOYHBIX HAPOOB
OTIINYaeTCsl HanbosIee BHICOKMMU NTOKa3aTeIsIMU HHOPHIWH-
ra cpeJy BceX KOPEHHBIX cHOMpCKnX HapoaoB. OHM UMEIOT
JUTMHHBIE TOMO3UTOTHBIE YYACTKH [Tl BCEX KaTerOpHUil JUTHHBI
ROH y 6onpmmHCTBa 00CIEIOBAaHHBIX 00pa3IOB. DTH JaH-
HBIC TIOATBEP)KIAIOT OTHOCUTENIBHYIO MAJIOYUCIIEHHOCTD MX
MIPEIKOBBIX TPYII HA MPOTSHKEHUH JUIUTEIEHOTO BPEMEHH U
TEPPUTOPUANIBHYIO U30JIMPOBAHHOCTD, KOTOpPAsi MCKIIOUYaa
CMEIIeHUE C IPYTHMH MOIYIISISIMH.
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Fannorpynnbl Y-XpomMOCOMblI

B pesynsrare renorunuposanust SNP u YSTR-mapkepos u
OIpEICIICHUsI TaruIorpyIi Y-XpOMOCOMBI Y BCEX 00pa3lioB
MY’KYIHH HIBXOB OBIJIO TIOKa3aHO COBITAJICHUE TAaHHBIX HX aH-
KET 0 OTHOBCKOH JINHUH. My’KUMHBI, SIBIISIOIINECS METHCAMHU
€ BOCTOYHO-EBPOIIEHCKUMH HapOIaMU 110 OTLIOBCKOM JINHUU,
OTHOCSITCS K CHEN(UIHBIM €BPONIEHCKUM CYOIMHIUSM raIiio-
rpymn E, I1, Nlal, N1a2 u Rlal. I'annorpynmel MeTHCOB ¢
KopeHllaMi 1 OpOYOHAMH MPUHAAJIEKAT K BOCTOYHO-a3HaT-
ckuM BapuaHnTam knag C2, O1 u O2. Bee ocranpHbIe 00pasIibl
HHMBXOB OTHOCSITCSI K CHELIM(DUIHBIM ISl HUX CyOIIMHUSIM TPEX
rarIorpyI.

Hambonee gactoii rarmorpymnmoii y HUBXoB siBisieTcs C2al
(86 %). Takast BBICOKasi 4aCTOTA ITOH Y-XPOMOCOMHOM JIMHUN
He 3a(UKCHpPOBaHA HU Y OJHOTO U3 IPOaHAIM3MPOBAHHBIX
sTHOCOB. ['amorpynma C2al MakcnManbHA y YUCTOKPOBHBIX
10 MYXCKOH JINHIH HUBXOB I10 CPABHEHHMIO C IPYTMMH Hapo-
Jqamu. OHa SIBISIETCS] CyOCTPaTHBIM JIEMEHTOM UX reHO(OH-
J1a, CBSI3aHHBIM C aBTOXTOHHBIMHM IpyIIaMu HaceneHus [Ipu-
OXOTbSL.

N3 37 Myx4uH HUBXOB 0€3 METHCALUHU MO OTIIOBCKOM
nuHUA 16 "ermoBek oTHOcATCS K cyOmmamm C2ala (B90,
732902,732912,732919,732926, 7232937 (xB93, Z32958))
(cm. Tabmuiy). Ee Bo3pact panee O0bu1 onpezesicH B 4216 set
(3700—4667) (Liuetal., 2021). Ota BeTBb (hopMHUpyET 0COOBII
kiactep Y STR-ramioTuIos, CieliuMyIHbIH 11 HUBXOB U KO-
PSIKOB, KOTOPBIM XapaKTepU3yeTcsl COKpAIEHHEM JI0 JeCSITH
YHcIIa TaHAEMHBIX TOBTOPOB B Tokyce DY S3891. [Napamnens-
Has el nuHus C2ala-B93 mpucyTcTByeT Takke y 3BEHKOB,
9BEHOB, KOPSKOB, IOKATHPOB U SIKYTOB. Y SIKYTCKHX 9BEHKOB
" 10KarupoBs oHa coctasisieT 15-20 %. B ouens Oonpmioit
BBIOOPKE SIKYTOB K HEH ITPHUHA UIKAT BCETo YeThIpe 00pasia;
OI1H 00paser; 00HAPYKEH TAKKE y 3a0aiKaIbCKUX 3BEHKOB.
Hammawe y stux nomymsmunit cnennduaraoit Betsu C2ala2b
(B93) cBsizaHo ¢ JpeBHUMU KOPEHHBIMH romyssitusiMu [Tpu-
amypbsi 1 [IprHOX0Tbsi, KOTOPbIE O4YEHb JABHO OT/EIUIUCH OT
A3MaTCKUX MPEIKOB U3 Oosee F0XKHBIX pernoHoB. [1o JanHbIM
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YacToTbl BCTpeY4YaeMoCTn rariorpynn Y-XpOMOCOMbI Y HNBXOB

lannorpynnbl % (N=37)
C2alalbla~-B473,F10085, F13958 o
(xZ32848, FGC28920, BY186309) 324%(12)
C2ala-B90, 232902, 232912, Z32919, 232926

2 . , ’ , o
732937 (xB93, 232958) 43.2%(16)
C2a1-F3447,ACT1932, ACT1942 10.8 % (4)
0O2albla2a - F238 54 % (2)
Q1lalal - M120, F746,Y34108, Y34449 8.1% (3)

Hay4yHOTO KosuiekTuBa u3 Tapty (Karmin et al., 2015), y Tpex
00pa310B MY>XYHH KOPSIKOB, IPUHA/IJICKAIINX K TaIIOrpyIie
C3c2, ratuIoTUIIEI TOYTH TTOJTHOCTHIO COBIA/IAIOT C HAINMHU
oOpasiamMu U3 3TOW JIMHKUU. Y IBYX 9BEHKOB M3 MoHrommu
(Liuetal., 2021) u ognoro u3 Poccuu Toxke Obliia 0OHapyxe-
Ha cyonmuans C2ala2b-B90 (Karmin et al., 2015). Ota BeTBb
u poxctBeHHas et C2ala2b-M86 pa3mgeniiuce ¢ BETBBIO
C2a-M48 okoso 11.6 teic. et Haszan (Liu et al., 2021). Pac-
npoctpanerne C2ala2b-M86 ma teppuropun Bocrounoi
Cubupu CBSI3aHO C OTHOCHTEIILHO HEIaBHEH MUTpalliei TyH-
rycckux ruiemen u3 [Ipuamypest 1 Manswxypuu. Crienuuy-
Has Juis HUBXOB cyOomumans C2ala2b (xB93) ormenmmach ot
o01ero npezka eme 10 popMuposanus Mmytauu B93 y Tyn-
I'YCCKHX HapOJIOB.

Bropoii mo wactore y HUBXOB sABysteTcs muans C2alalbla~
F13958 (32.4 %). Ora nmuHns oOHapyKeHA Y OJHOTO Ka3axa
" TpEX KUPIru3oB, HO IO rarjioTuriaM OHU 3HAYUTECJIBHO OT-
nyaioTcst ot HuBXoB. [lo manubM cafita YFull, Bo3pact ee
obmrero npenka cocrasiset 4300 ner (U = 5200-3500). K
muanu C2al (F3447, ACT1932, ACT1942) otHOCSATCS UeThIpe
nuBxa. CormacHo ganHeIM caiita YFull, Bo3pact ee obmiero
npeaka 16 000 met (A = 17 300—14 800). Dta qpeBHsSA 1O
MPOUCXOMKICHUIO JIMHUSI OOHAPY)KeHa y JBYX KUTAWLEB W3
npoBUHLKHU JISIOHNH, KOpellia U SIIOHLA.

Bonbioe paznooOpasue nunuit C2al y HUBXOB 1 MX BO3-
pacT CBUAETEIbCTBYIOT 00 OUEHb PAHHEM IOSIBJICHUH JAHHON
raruIorpyIibl Ha yKa3aHHOU TeppuTopuu. PacpocTpanenue
9TOH TMHNY TP POPMHUPOBAHNH TCHO(POH 1A APEBHETO Hace-
nenust CeBepo-BocTounoil A3um CBSI3aHO C PaHHUMH MH-
TpaIsIMi MOHTOJIONAHBIX IeMeH. Taknm obpazom, C2al sB-
JSIeTCSl MAPKEPHOW JUISl PACCENICHUS IPEIKOB COBPEMEHHBIX
CCBCPHBIX KOHTUHCHTAJIbHBIX MOHI'OJIOUI0B U KX ,uanbﬂef/imeﬁ
muddepennmanun B CHOMpH, a Tak)Ke BTOPOU BOIIHBI 3ace-

C2a1
(F3447, ACT1932, ACT1942)

Puc. 5. MegmnaHHas cetb YSTR-rannotunos rannorpynnbl C2al y HUBXOB.

C2ala2b
(B90, Z32902)
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Cnepbl NaneonmTUYeCkon 3KCnaHCcun B reHOGpOHAE HUBXOB
no AaHHbIM 06 ayTOCOMHbIX SNP 11 Y-xpoMocombl

JIeHUs] AMEPUKH, TPEJCTABUTENN KOTOPOW COXPaHUIIM MOP-
(homorngeckre 0COOCHHOCTH JIPEBHUX MPOTOMOHTOJIOUIOB
A3zum.

B nesiom reHogonx HUBXOB 10 ayTocoMHbIM SNP u ra-
IJI0rpyINnaM Y-XpOMOCOMBI, ¢ OAHOW CTOPOHBI, 3aHUMAET
MIPOMEKYTOYHOE TIOJIOKEHHE MEX/Ty TeHO(OHIAMH KOPSIKOB
W yIdTeHIeB, ¢ APyroil — MeHee pa3HooOpa3eH Mo COCTaBy U
OTIIMYAETCs] HATMYHMEM TPeX crienu(puIHbIX BapuanToB. Camast
BBICOKAs CPEIN CHOMPCKUX MOMYISALNH YacTOTa TalIorpyIIT
C2ala-B90 (xB93) nmenaeT ero yHUKaJIbHBIM OOBEKTOM ISt
MCCIIEI0BAHNS AICONNTHIECKHX IIACTOB CYMMapHOTO JaJlb-
HEBOCTOYHOTO TeHO(OH 1A U PEKOHCTPYKIINHM Hanbosree paH-
HUX 9TanoB 3acesienus yenoBexkom Cerepo-Bocroka Aszum.

OOmrast MeqaHHas CeTh TalIOTUIIOB rartorpymnmsr C2al
OYEHb Pa3BETBIICHHAS U COCTOMT M3 TPEX KIIACTEPOB TaIlIOTH-
OB, COBNAAArOMIUX MO T€HOTHUIIAM TCPMHUHAJIbHBIX SNP JJIsL
9THX CyOnuHUH (pUC. 5). DTO COOTBETCTBYET OIICHKE BPEMEHH
uX paszenenus. Bee Tpu kitactepa AeMOHCTPHPYIOT HAJTMYHUE
O0IIUX TIPEIKOB 110 MYXXCKOH JIMHUH, IOTOMKaMH KOTOPBIX
SBJISTIOTCSI BCE NTPOAHAIN3UPOBAHHbBIE 00Pa3IIbl HUBXOB.

Taknm 00pazoM, MOMyISALMN, TPUHECIINE TaIUIOTPYTIITY
C2al na repputoputo Ilpnamypss u Kamuarku, mo-BuauMo-
MY, MUTPHPOBAJIA Ha CEBEP BIOJIb THXOOKEAHCKOTO Io0e-
pexbst. Beicokoe rammorunuueckoe pasnoodpazue C2al Ha
JanbHeM BocCTOke TOBOPHUT O 3HAUUTEIBHO 0OJiCe paHHEM
MOSIBIICHUH 3TOH ratuIorpyInsl Ha yKa3aHHON TEPPUTOPHH B
cpaBHenun ¢ FOxxnoi Cubupsio. PactipocTpanenue qanHoi
JUHAY TTpU GOPMHUPOBAHUH TeHO(OH 1A IPCBHETO HACCICHUS
CeBepHOIT A3uH CBSI3aHO, BEPOATHO, C MUTPALAIMH MOHTO-
JIOU/THBIX TUIEMEH, CIIOKHBIINXCS B IIEHTPAIbHOA3UATCKYIO,
0alKaJIbCKYIO ¥ aPKTHUECKYIO TPYIIITbI aHTPOTIOIIOTMYECKUX
THIIOB.

JBa HuBxa nMmeroT ramiorpymmy O2albla2a-F238 (cm.
tabmuiy). OHa mpejcTaBiceHa y xxureneit Kuras u oqHoro u3s
Mpssumsl. BospacT ee obmrero npeaka 7500 sret (JJU = 8600—
6400). Eme Tpn HUBXa OTHOCSTCS K peakoi muann Qlalal —
M120, F746,Y34108, Y34449, k koTOpOH PUHAJIEIKUT OTUH
KOPSK, 3BEHK U3 SIKyTUH U YEeThIpe I0Karupa.

3aknioyeHune

Pacnpoctpanenne Hocureneit C2al mponcxoauno, HeCOMHEH-
HO, C acCUMMIJISIIAEI Oostee IpeBHETO MECTHOTO HACEIICHUSI.
Takum o0Opazom, reHO(OH]I HUBXOB SIBJSIETCS OCTATOYHO
crenuUYHBIM TI0 COCTaBY TalUIOTPYHII Y-XpPOMOCOMBI H
mt/IHK, HO OueHb ONIM3KHM IO 2y TOCOMHBIM MapKepaM MEKITy
BCEMU UCCJICIOBAHHBIMH HUBXAaMHU. Amnanus o6pa3u0B CBUJIC-
TENBCTBYET O OJM3KOM I'€HETHYECKOM POICTBE HUBXOB C KO-

C2alalbla~
(B473,F10085)
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V.N. Kharkov, N.A. Kolesnikov, L.V. Valikhova, A.A. Zarubin
A.L. Sukhomyasova, I.Yu. Khitrinskaya, V.A. Stepanov

psIKamMu, 9yK4aMH, yadreinamu u 9BeHkamu. Crierin(puaHOCTh
cyommani Y-xpoMocomsl B Y STR-TarioTunoB T0Ka3bIBaeT,
YTO HUBXU JIOJTO HE KOHTAKTUPOBAJIH C IPYTUMH STHOCAMH
" MMPOXHUBAJIU B OTHOCHUTEJIBbHOU H30JIIMU Ha NPOTAKECHUU
MHOTHUX CTOJIETHH. DTO MOATBEPKIACTCS M Pe3yIbTaTaMH
MHUKPOYHIIOBOTO aHa3a. JlaHHbIe 0 TCHO(OH /1€ HUBXOB 0~
IIOJIHAKOT I/IH(bOpMaLII/I}O naJICOrCHECTHYCCKUX, TUHI'BUCTHUYC-
CKHX, aHTPOIIOJIOTHYECKUX 1 3THOJIOTNYECKHUX HaIlPaBICHUH
uccnenoBanuii. [lo JaHHBIM ATHOTEHE3a HHUBXH SIBIISIOTCS
naneoasuaramu. VIMEHHO Ha WX IeHETHYECKOM cyOcrTpare
noszHee (HOPMHUPOBAIHCH U IPYTHE aMypCKHe HapOIbl, YTO
XOPOIIIO COTIacyeTcs C pe3ybTaTaMH HACTOSIIETO HCCIIe0-
BaHUsI UX TCHO(POH/IOB.
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[TonuMopdHbIe BapMaHThI I'eHa pelierrTopa nodpamMmnHa
DRD2 (rs6277,rs1800497) vy IOAPOCTKOB
C IIp06/IeMHBIM JICIIOJIb30BaHEM KOMIIbIOTEPHbBIX BIUIEOUTD

C.IO. Teperenxo (%), K.B. Abonnuesa (12, VI.B. Mapuenxko (12), M.B. lllyouna (), M.B. CMoABHUKOBa

HayuHo-vccnenoBaTenbCknii MUHCTUTYT MeAULMHCKMX Npobnem CeBepa — 060cobneHHoe nopapasaeneHme GeaepanbHOro NcciefoBaTeNbCKOro LieHTpa
«KpacHoApCKMiA HayuHbli LeHTp Cnbupckoro otaeneHna Poccuiickolh akagemumn Hayk», KpacHoapck, Poccna

@ smarinv@yandex.ru

AHHoTauus. [pobneMHoe NCNoNib3oBaHVe BUAEOUTP Kak creyudurueckas popma npobreMHOro ncrnonb3oBaHmus VH-
TepHeTa WMPOKO PacnpoCTpaHeHO Cpefmn NMOAPOCTKOB U MOXET OKa3blBaTb HeraTvBHbIN 3GdeKT Ha UX NCUxmyeckoe
1 comaTtnyeckoe bnarononyune. POCT 3aBMCMMOCTY OT MOJSIb30BaHWA BUAEOUTPamu, Kak U VIHTepHeToM, cpefin Moso-
[lOrO HaceneHus JenaeTt akTyanbHbIM n3ydeHne GakTopoB MOABEPMKEHHOCTU K HUM, B TOM YMCSIE FeHeTUYEeCKon Co-
ctaBnsaiowen. CywecTByeT pag NCCNefoBaHNN, NOCBALEHHbIX N3YUYEHWUIO BOBIEUYEHHOCTM NONUMOPPHBIX BapUaHTOB
reHOB CCTeMbl HePOMeANaToOPOB B pa3BuTMe VIHTepHEeT-3aBUCMMOCTH, pe3ysibTaTbl KOTOPbIX PasnyaloTca B pasHbIX
3THUYeCKMX rpynnax. leH peuentopa godpammHa BToporo Trna DRD2 ABnAeTCA OAHMM U3 KaHAWAATHBIX FeHOB NoABep-
MKEHHOCTU K MaTOSIONMUYeCcKon 3aBUCMOCTY OT UCMOJb30BaHWA Bugeourp. Lienbto paboTbl 6b110 nccnefoBaHme nonu-
MOpP®dHbIX Bap1aHTOB reHa peuientopa godamvHa DRD2 (rs6277, rs1800497) y pyCCKMX NOAPOCTKOB C NPO6aemMHbIM UC-
Nnosib30BaHMEM KOMMbIOTEPHbIX Bugeourp. NpoTtecTrpoBaHa Bbibopka 13 407 nogpocTkos B Bo3pacTte 14.1+ 1.8 roga,
y 56 (13.8 %) 13 KOTOPbIX Ha OCHOBAHUW Pe3yNbTaToB OLeHKM LKarbl GASA 6blio BbIABEHO NPOGNEMHOE KCMOb-
30BaHVe Bugeonrp. Manburikn B BbIOOPKe yalle OblIn 3aBUCUMbI OT BULEOUTpP, YeM AeBoUku (p = 0.041). B pesynb-
TaTe CpaBHEHWA YacToThl anneneil DRD2 rs6277 obHapy»KeHa TeHAEHLUA K Gosblueil YacToTe MUHOPHOTo annena T B
rpynne NoApOCTKOB C NPOOGIEMHbIM NCMONb30BaHNEM BULEOUTP MO CPaBHEHUIO C MoapocTKkamu 6e3 npobnemHoro
ncnonb3oBaHua Buaeonrp (0.563 n 0.466 cooTBeTCTBEHHO, p = 0.06). B AOMMHAHTHON Moaenu HacnefoBaHUA y Nog-
POCTKOB C NPOGIEMHbIM UCMONIb30BaHMEM BUAEOUTP CTaTUCTUYECKM 3HAUMMO Yalle BCTPeYanocb HOCUTENbCTBO al-
nena T (CT+TT) (p = 0.04, OR 2.14, Cl = 1.01-4.53). HocutenbctBo annena T DRD2 rs6277 acCoLUMMPOBAHO C HU3KOM
aKcnpeccnenn godammHoBoro perentopa D2 n NprMBOANT K CHUXKEHMIO MAOTHOCTY 1 adpPUHHOCTU SKCTPACTPUAPHbIX
[0paMUHOBBIX PeLIenTOPOB BTOPOro TUMA, YTO COMPAXEHO B TOM UKC/Ie C HapyLleHeM COLManbHON KOMMYHUKaLMN.
Mbl nonaraem, uto Hanuuve reHotnnoB CT M TT rs6277 reHa DRD2 mo»KeT BbICTyNaTb NOTeHUManbHbIM GakTOpoM prcka
pasBuTVA NPOBIEMHOr0 NCMONb30BaHNA BUAEOUTP Y MOAPOCTKOB.

KnioueBble cnoBa: nonmmopor3m reHoBs; fodpaMuH; MOAPOCTKY; NPOGIEMHOE NCMONb30BaHNe KOMMbIOTEPHbIX BUAEO-
UrpP; NFPOBas 3aBUCUMOCTb; MHTEPHET-3aBUCMOCTb.

[na yntnposaHusa: TepeweHko C.HO., ApoHnyesa K.B., Mapuenko W.B., LLy6rnHa M.B., CmonbHukoBa M.B. Monumopd-
Hble BapuraHTbl reHa peuentopa gopammHa DRD2 (rs6277, rs1800497) y NOAPOCTKOB € NPOGSIEMHbBIM UCMOMNb30BaHNEM
KOMMbIOTEPHbIX BUAeoUrp. Basunosckuli xypHasn 2eHemuku u cenexkyuu. 2024;28(6):667-674. DOI 10.18699/vjgb-24-74

OunHaHcpoBaHue. ViccnefoBaHvie BbIMOIHEHO B paMKax TeMbl rocyfapCcTBeHHOro 3agaHua N2 124020100064-6 «Mcu-
XOCOMaTUYeCKMNe PacCcTPoCTBa y NogpocTkoB LieHTpanbHom Cnbrpu: pacnpocTpaHeHHOCTb, CTPYKTYpa, NCUXONoru-
yeckne paKTopbl prCKa U HeMporeHeTUYeCKne NpeanKTopb».

Polymorphic variants of the dopamine receptor gene
DRD2 (rs6277,rs1800497) in adolescents
with problematic video game use

S.Yu. Tereshchenko (%), K.V. Afonicheva (), LV. Marchenko (), M.V. Shubina (), M.V. Smolnikova () &

Scientific Research Institute of Medical Problems of the North — a separate division of the Federal Research Center “Krasnoyarsk Science Center”
of the Siberian Branch of the Russian Academy of Sciences, Krasnoyarsk, Russia

@ smarinv@yandex.ru

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

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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BBepeHmne

[TpoGneMHOE KCTIONB30BaHHE KOMITBIOTEPHBIX BUICOUTD Cpe-
I TTIOZIPOCTKOB SIBJISIETCSI aKTyaJIbHOM MPOOJIEMOi COBPEMEH-
HOT'0 O0IIIECTBA U XapaKTePHU3yeTCsl Ype3MEPHBIM YBIICYEHHEM
BUACOUTPAMHU, YTO MIPUBOAUT K HETATUBHBIM IMOCJICICTBHUAM B
Pa3NUYHBIX Cepax KHU3HU — COIUATBHON, 00pa30BaTeIHHOM,
comarnyeckort u mcuxonoruueckoit (Griffiths et al., 2012;
Paulus et al., 2018; Mannikko et al., 2020).

[TockonbKy B HacTosiee BpeMsi B OOJIBIIMHCTBE CIIy4aeB
UCIIOJIb30BaHNE BHJICOUTDP COIPSHKEHO C aKTUBHBIM HCIOJIb-
30BaHKeM MHTepHeTa, 0oJIbIIIas 4acTh IKCIIEPTOB pacCMaTpH-
BAIOT IIPOOJIEMHOE HCIIOIB30BAaHUE KOMITBIOTEPHBIX BHJEO-
UTp KakK crienuduieckyro Gopmy nMpodIeMHOT0 HCI0JIb30Ba-
Hust UntepHera, i MHTepHeT-3aBucuMOCTh. B mureparype
MOKHO BCTPETHThH HECKOJIBKO CHHOHUMUYHBIX TEPMHUHOB, 10
CYIIECTBY ONHCHIBAIOIINX €AWHBIH ICUXOJIOTHYECKHH KOH-
crpykt: game addiction (MKB-11), Internet gaming disorder
(DSM-5), gaming disorder, pathological video gaming, exces-
sive video game use, compulsive gaming, problematic digital
gaming, problematic online gaming, problematic video game
use (PVGU). B Hay4HBIX MyOIMKaNUAX STH TEPMUAHBI 9aCTO
MPUMEHSIOT KaK B3aUMO3aMEHsIEMbIC, OJJHAKO OHH MOTYT
HUMCTb HCKOTOPLIC CMBICJIOBBIC HIOAHCHI B 3aBUCUMOCTHU OT
KOHTEKCTa U TEOPETUUECKONH OCHOBBI HUccienoBanus. EBpo-
TelicKast UCCIIE/I0BaTENbCKas TPYIIa PEKOMEHIYET HCIIOIB30-
Barh TepMHH “‘problematic use of the Internet” s renepa-
TU30BaHHOHN (opmMbl HTEPHET-3aBUCIMOCTH U €€ CIEIH-
(uueckux Gopm, Takux, HaIIpUMep, kKax “problematic social
media use” u PVGU (Fineberg et al., 2022). Tosbko oquH U3
MHOXXECTBA CIIEIU(PUIECKIX BUIOB AANKTUBHOTO MIHTEpHET-
nosesieHus1, a MeHHo PVGU, ceituac opuimanbsHo paccMmar-
pHBaeTcs Kak MEeHTallbHOe paccrpoiicTBo (Internet gaming
disorder, DSM-5; American Psychiatric Association, 2013;
gaming disorder, MKb-11, 2019).

Kak nokasano B cucremarudeckom o63ope (Mihara, Higu-
chi, 2017), pactpocrpanennocts PVGU Bapsupyet ot 0.7
10 27.5 % u, Tak ke KaKk U reHepanu3oBaHHas MHrepHeT-3a-
BUCHUMOCTD, CUJIBHO 3aBUCHUT OT UCITIOJIb30BAHHBIX OITPOCHU-
KOB U OIICHOYHKIX KpuTepueB. Pacnipoctpanernocts PVGU,
Kak M B ClTy4ae reHepaln30BaHHOM MHTepHeT-3aBUCHMOCTH,
JIEMOHCTPHUPYET OONbIINe 3HAYCHUS B a3MaTCKUX CTPaHax ¢

MPEUMYILECTBEHHO MOHTOJION/JHBIM HACEJICHUEM B CPaBHEHUH
¢ IpyruMu peruoHamu (Sussman et al., 2018).

B otuuue ot apyrux BUIIOB aJAMKIUEN (Hampumep, 3710-
YIOTPEOICHHUSI ICUXOAKTUBHBIMH BEIIIECTBAMH HIIH a3aPTHBI-
MH WTpaMi) OYeHb HEOOJbIIOEe KOJIMYECTBO MCCIEIOBAHUI
OBUIO TIOCBSILEHO MOUCKY F€HETHYECKUX OCHOB MHTEepHeT-
3aBHCUMOCTH. TaK, mepBoe OIM3HEII0BOE HCCTIeJOBAaHNE OBIIIO
npoBeneHo B 2014 1.: aBTOpaM Ha OCHOBaHHHU 00CIICIOBAHUS
825 nereit 10—12 neT kUTACKON MOMYNSIIMK YAAIOCH OIle-
HUTH JONI0 00IIeH M3MEHUYNBOCTH, 00yCIOBICHHYIO TeHE-
THYEeCKUMH 3((exTamu, KOTopasi B 3aBUCUMOCTH OT I10JIa
BapbupoBaia ot 58 1o 66 % (Li M. et al., 2014). [TogoOHbIe
pe3yabTaThl HEMHOTO MO3/{HEE OBUIN MOTyYEHBI MPU HCCIe-
noBauuu typenkoit (19-86 %) (Deryakulu, Ursavas, 2014),
Huaepianackoi (48 %) (Vink et al., 2016), aBcTpanuiickoit
(41 %) (Long et al., 2016) u nemenxoii (21-44 %) (Hahn et
al., 2017) Gnu3HEnOBBIX KOTOpT. XOTS yKa3aHHBIC TaHHBIC
JMMHUTHPOBaHbI 00EMOM BBIOOPOK M pa3IMYHBIMK 3THOT€0-
rpaUYeCKUMH YCIOBUSIMHU, BEPOSITHOM SIBIISIETCS TEHACHIINS
K OOJIbIIIEMY BKJIJTy TEHETHYECKUX (PAKTOPOB Y JIMI] MY»KCKOTO
nona. Takum 00pazoM, HaJIMYKHE FTEHETUYECKOTO KOMITOHEHTa
thopmupoBaaus MHTEpHET-3aBUCUMOCTH OBLTO YOCIUTEh-
HO ITOKa3aHO OJIM3HEIIOBBIMH MCCIICIOBAaHUSIMH Ha ITpUMepe
Pa3IMYHBIX MOIMYIISIMN, OJJHAKO K HACTOSIIIIEMY BPEMEHHU KOH-
KpPETHBIE TE€HBI, BOBICUECHHBIC B MEXaHU3MBbI TaKOW Hacle-
JIyeMOCTH, TOYHO HE WACHTU(HUINPOBAHBI.

B cBsi3u ¢ 3TUM aKTHBHO M3y4arOTCsl KaH/MaTHbIC TeHBI,
nonuMop(QHbIE BapHAHTBI KOTOPBIX MOTYT Hapymath (hyHK-
[IMOHUPOBAHNE CUCTEM HEHPOMEANATOPOB U 00y CIOBIUBAT
NICUXMUYECKUE U MOBEJCHYECKHE paccTpoicTBa. ONHUM M3
TaKHUX SIBJIETCS T€H penenTopa nodaMuHa BTOPOro THIA
DRD?2 (Kim et al., 2022). JloamuH — TOPMOH, OTBEHYAFOIIIHI
32 MOTHBALIUIO, CTPEMJICHUE U IPUCTPACTHS, PYHKIIHOHAIBEHO
CBSI3aH C IIEHTPOM YIOBOILCTBUsY. JlopaMuHepruueckne
HEWPOHBI B TOJIOBHOM MO3Tre ()OPMHUPYIOT HUTPOCTPHAPHBIH,
ME30JMMOMYCCKHII, ME30KOPTUKAIIbHBIH, TYOepOrH(YHAUOY-
nspueit myTH (KomoTtmmosa u ip., 2014). Penenrrop D2, xac-
cuduIMpyeMblii KAk TOPMO3SIINI, B BBICOKOH KOHIIGHT ALK
MPUCYTCTBYET B I1OJIOCATOM TeJjie, OOOHSITEIBHOM Oyropke,
MHUHJAJICBUIHOM TeEJe, MPUIIEXKAIIEM sIpe, TUIIoTaIaMyce,
YepHOW CcyOCTaHIMU M BEHTPAJIBbHOW 00JIaCTH MOKPBIIIKH
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(Ford, 2014; Arnsten et al., 2015). I'en nodamunoBoro pe-
menTopa gemoBeka DRD?2 pacmonoxeH Ha xpomocome 11
(922-q23) u siBnsieTcst NONMMMOP(HBIM, Pa3JIMYHbIC TeHETHYC-
CKHUE BapHAHThI U3MEHSIOT JIOCTYITHOCTb M SKCIIPECCUIO I'eHa
peuenropa nodamuna D2, 9TO BIMSAET HA TyBCTBUTEIBHOCTh
U IJIOTHOCTH penentopoB (Magistrelli et al., 2021). IMTomu-
Mopdusm rs6277 B sx3oHe 7 rena DRD2 npencrasisiet co0oit
3aMeHy aMHHOKHCIIOTHI ceprHa Ha nuctenH (Ser311Cys). To-
mozurotHbI reHoturt CC rs6277 DRD2 00ycioBIUBaeT HU3-
KYIO YyBCTBUTEIBHOCTh HEHPOHOB K JI0(haMHHY B [10JIOCATOM
tene (crpuaryme) (Hanninen et al., 2006). B 1o ke Bpems BHe
TI0JIOCATOTrO TeJIa (IKCTpacTpuaTyMHOM 001acTi) TaHHBIN Te-
HOTHII OTIpe/IesIsieT BhICOKYI0 apduHHOCTB penentopoB D2 k
nmodamvuny (Liu et al., 2014; Smith et al., 2017; Della Torre et
al., 2018). [ToTeHnuan cBsI3pIBaHMS O(paMHHA PEIEITOPAMHU
D2 B crpuaryme Boiie y Hocutenei TT rs6277 DRD2, B dkc-
TpacTpuaTyme Habronaercst oopatHbIif a¢d ekt (Hanninen et
al., 2006). M3BecTHO, 4TO CHIKCHHUE TIOTHOCTH DRD2 B 00-
JIaCTH CTpHATyMa U BIMsHUE (DaKTOPOB OKPY’KaroIleH cpe/ibl
MPUBOAAT K (POPMHUPOBAHMIO 3aBHCUMOCTEH, HAIPHIMeEp, OT
AJIKOTOJIS, HAPKOTHKOB, KoMIbioTepHBIX urp (Hill et al., 2008;
Bhaskar, Kumar, 2014; Gao etal., 2017; Anoxun et al., 2019;
Picci et al., 2022). OgHako HaOmMoAaeTCS HEOAHO3HATHOCTD
OITyOJIMKOBAaHHBIX JITAHHBIX B TOM, Kakod ayutens (C mm T)
156277 DRD?2 accouuupoBaH ¢ 3aBUCUMOCTBIO OT MICUX0aK-
tuBHBIX BemectB (Hill et al., 2013). B psine nccnenoBanmii
yKa3bIBaeTcsl, uto aymens T 1s6277 DRD2 accouuupoBaH ¢
[OBBILIEHHOM CKJIOHHOCTBIO K [1aTOJIOTMYECKOM 3aBUCUMOCTH
ot Buzpeonrp (Kim et al., 2022).

Hano ormMeTnTb, 4TO reHeTHdYecKre (haKTopbl IPEICTABIISA-
0T JIMIIb OJIMH M3 aCIIEKTOB CKIIOHHOCTH K 3aBUCHMOMY TIO-
BEJICHHIO; BAYKHYIO POJIb UTPACT TAKKE BIMSHNE OKPY’KaroIIei
Cpesibl M COLMOKYIBTYPHBIX (hakTopoB. Tak, U3BECTHO, YTO
cTpeccoBas cpefa B couetanuu ¢ aymeneM T rs6277 DRD2
CIOCOOCTBYET CHIKEHHUIO TTOAABICHUS TATH K KOMIIBIOTEPHBIM
urpam (Kim et al., 2022). BeisiBneno, 4To jmia ¢ ToMO3HTOT-
HbeIM reHotunoM TT rs6277 DRDZ2 BoCIpUHUMAIOT HUKOTH-
HOBYIO 3aMECTHTEJIbHYIO TEPAIHIO JTy4IlIe OTHOCHTEIHLHO HO-
cureneit asutens C (Hill et al., 2008). Annenbabiii Bapuant C
rs6277 DRD2 00ycnoBauBaeT rumoao(GpaMuHepruyecKoe co-
CTOSIHUE, TTPOSIBIISIONIEECS] B CHUPKEHHON CITOCOOHOCTH K TO-
JIABJICHUIO PEAKIUK Ha CTUMYJIBI, CBSI3aHHBIC C BO3HArPaX-
nenreM (Machulska et al., 2016; Richter et al., 2017; Ryt et
al., 2024). [TokazaHo, 9TO HOCHUTEIM TOMO3UTOTHOTO T€HOTH-
na CC rs6277 DRD2, xoTopsle B I€TCKOM BO3pacTe MOABEp-
raJiCh KECTOKOMY OOpaIlEHHIO MM HCIBITHIBAIN TPaBMHU-
pYyIOIIHe JKH3HEHHbBIE COOBITHS, BO B3POCIIOM BO3pacTe 00ma-
JIAfOT BBICOKOH CTENEHBIO MMITYJIBCHBHOCTH U OTIMYAIOTCS
Oonee yacTbM yrniorpednenuem ankoroist (Klaus et al., 2021).
Puck pa3Butus Takoi 3aBHCHMOCTH BBIIIE y B3POCIHBIX HO-
cutenert amnens C rs6277 DRD2, Torga Kak y MoJIpOCTKOB
11-13 5ieT aHHBIH aJUICIIbHBIA BApUAHT MOXKET OBITh ITPOTEK-
THUBHBIM B OTHOLIEHUH (DOPMHUPOBAHUS 3aBUCUMOCTH OT IICH-
XOAaKTHBHBIX BEIIECTB, a TAaKXKe Ipeapacronarare K Ooiee
MO3/IHEMY Havajly yroTtpeonenus ankoroist (Picci et al., 2022).

Homumopdmsm rs1800497 rera DRD?2 BBI3BIBa€T aMHHO-
KHCJIOTHYIO 3aMeHy mviiHa Ha in3uH (Glu713Lys), uto npu-
BOJIUT K U3MEHEHUIO CIIEHU(UIHOCTH CBSI3bIBAHUS PELETITOpa
¢ nodamuHOM. [T0 HEKOTOPBIM TaHHBIM 3TOT HOIUMOPHU3IM
HasbiBaercst DRD2/ANKKI TaqlA, mOCKOIBbKY PacIioioXeH

2024
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Monnmopdnsm rena DRD2 y nogpocTKoB
C NPO6EMHbIM 1CMOMIb30BaHNEM BULEOUTD

B Ipezesax reHa nporenHkuHassl PKK2 (Ankyrin Repeat
And Kinase Domain Containing 1, ANKK1), 6enka cucteMsI
repesiady MOCTPENENTOPHBIX BHYTPHKIICTOUHBIX CHUTHAJIOB
(Tadapos u np., 2019). IMonumopdusm rs1800497 DRD?2
YacTO MCCIEAYIOT TAKKE B KOHTEKCTE HEPBHO-TICUXHYECKUX
paccrpoticts u 3aBucumocteii (Volkow et al., 1996; Pohjalai-
nen et al., 1998). YcranosneHo, 4to y Hocutenei Al-amie-
ns (T) nabmromaeTcs CHIKEHHE TUIOTHOCTH TO(PAaMHUHOBBIX
peuentopos D2 B ctpuaryme rososHoro mosra Ha 30 %, yto
MMPUBOAUT K CHU’)KCHUIO BHUMAaHUA U O6y‘laeMOCTI/I, IIOBBIIIIC-
HUIO TPEBOKHOCTH, HAOJIFOIAETCS aCCOLMANNS C CHHAPOMOM
«HeocTaTKa BOZHATpXKICHN» U «Toncka HoBru3HBD (Klein
et al., 2007; Kymnapes, 2022). B pabore (Pohjalainen et al.,
1998) anamorngHO MOKa3aHO, YTO HAJMYNE MUHOPHOTO aj-
nens T rs1800497 cBsi3aHO ¢ YyMEHBIIEHHBIM KOJIMYECTBOM
caiiToB cBsi3bIBaHMs NodamuHa B Mo3re. CyIIecTByeT CBsI3b
renotunioB A1/Al (TT) mu A1/A2 (TC) rs1800497 rena
DRD?2 ¢ cunapomom nedunmra BozHarpaxaenus (Klein et
al., 2007). Cunznpom aeduiiuTa BOSHAPAXKICHHS BBI3bIBACT
pa3IUYHbIE NICUXMYECKHE U MTOBEACHUYECKUE PACCTPOIMCTRA:
HUKOTHHOBYIO 1 HAPKOTHUYECKYIO 3aBHCUMOCTb, HTPOBYIO 3a-
BucuMocTth, C/IBT, paccTpoiicTBa ayTHCTHUECKOTO CIIEKTPa,
paccTpoNCTBa MUIIEBOTO MOBEICHNS C KOMITYJILCHBHBIM IIE-
peenanmeM (Pohjalainen et al., 1998). Bersiieno, uto Myx-
YUHBI-HOCUTENN ajutenbHoro Bapuanta T rs1800497 uare
CTpaIaroT 3aBUCHMOCTHIO oT oHnaH-urp (Paik et al., 2017).
DTOT aenbHbIN BapUaHT TAKKE Yallle BCTPEYaeTCs y JIIo/eH
C IMPUCTPACTUCM K BUACOUTpAM IJIsA YIOBJICTBOPCHUSA CTPEM-
nenns kK Bo3Harpaxaenuto (Werling, Griinblatt, 2022). Takum
00pa3oMm, JTFO/IN C TIOHMKEHHBIM KOJIMYECTBOM J10(DaMHHOBBIX
petienTopoB D2 CKIIOHHBI K TIOMCKY 9KCTPEMAJIbHBIX CIIOCO-
00B MOTyueHHUsI YAOBOJIBCTBHS OT KU3HU. Hapymenue qys-
CTBHUTEIILHOCTH JO(aMHUHOBBIX PEIETITOPOB 00YCIIOBINBACT
CHIKEHHE CIIOCOOHOCTH n}o,ueﬁ JCJ1aTh MMPpaBUJIIbHBIC BHIBObI
U3 OTPULATENBEHOTO OIIBITA, MOCKOIBKY H0(aMHH yIacTBYeT B
nporeccax 00yueHus 1 00ecIIeunBaeT BOZMOKHOCTH 3 (hek-
TUBHO YUYUTLHCA Ha CBOUX OIIHNOKaXx.

Henpro manHON paboTHI OBLIO MCCIENOBAHIE TTOIUMOPd-
HBIX BapHaHTOB reHa peuenropa nohpamuna DRD2 (1s6277,
rs1800497) y moapoCTKOB ¢ MPOOIEMHBIM HUCIIOIb30BAaHHEM
KOMITBIOTEPHBIX BHJICOUTD [UISl BBISIBICHHS BO3MOXKHOM CBS-
31 MEXKIy TeHETHUECKHMHU BapHaHTaMHU U TIOBEJCHIECKUMHU
aCIeKTaMU UI'POBOM 3aBUCHMOCTH.

MaTepuan n metogabl

[TpoBeneHo NCHXOI0rNUECKOe U TeHETHUECKOE TECTHPOBAHUE
407 moapocTkoB B Bo3pacTe 12—-18 ner. HannonampHOCTB
BCEX BKIIIOYCHHBIX B HCCIIEJJOBAHNE MTOAPOCTKOB — PYCCKHUE
(Bepu(UIMPOBAHO 110 HAIIMOHAILHOCTH MAaTEPH U OTLIA OJTHO-
BpeMeHHO). OT OAPOCTKOB WM WX POAUTENEH (3aKOHHBIX
Mpe/ICTaBUTENEH) MOTydeHbl HHPOPMHUPOBAHHBIE COTIIACHSI.
[Tocne nomyuenns: ”HGOPMHUPOBAHHOTO COIIACUST YUCHUKH
OBLTH YBEOMIICHBI O TOOPOBOIBHOCTH U KOH(PHICHIINATEHO-
CTH HCCIIeIOBAaHMS. Y4JacTHUKaM OBLIO NMPEATIOKEHO 3aIoll-
HHUTb aHKETY, KOTopas BKJIIoYasa geMorpaduieckue JaHHble
(11011, BO3pACT, HAITMOHAIEHOCTH MaTePH U OTIIA), F IEPEBO-
HYIO BEPCHIO OTIPOCHHKA ISl OIIEHKH UTPOBOI 3aBUCHMOCTH
“Game Addiction Scale for Adolescents” (GASA) (Lemmens
et al., 2009). Onpocank GASA COCTOHUT U3 CEMH BOIIPOCOB,
KacarolUXcsl HapyIIeHUH MOBE/ICHHS Y TIOJIPOCTKA, BBI3BAH-
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HBIX YpEe3MEpPHBIM yBiiedeHneM MHTepHeT-urpamu. Kaxplit
13 BOTIPOCOB OIICHUBACTCS M0 S-0aTBHOM ITKAJIe: «HIKOTIIa
(0 6amnoB), «peaxox» (1 6amn), «uHOTAAY» (2 Oania), «4acTo»
(3 6amna), «oueHsb yacto» (4 6ayia). CoriacHO MPeIOKEH-
HBIM aBTOpaMu ompocHuKa kputepusMm (Lemmens et al.,
2009) onpenemnsimu Hamnune PVGU (ecin Ha 11100bIe YeThipe
wm 0oJiee U3 CEMH BOIIPOCOB MOJPOCTOK OTBETHI «HHOTTIAY,
«4JaCTO» WM «OYEHb JaCTOM).

[Toce 3amoaHEeHNs OMPOCHHKA MOIPOCTKAM MpeyIarajoch
c1aTb 00pasLbl CIIOHBI B CHIELUAIbHbIE KOHTEeHHEephl. O0pas-
IIBI CITFOHBI OBUTH 3a0paHBI C MCIIOIB30BAaHUEM «YCTPOMCTB
qutst coopa u coxpanenns JJHK cironsn (Kar. Ne RU 49080,
Norgen Biotek Corp., Kanana). JIHK Boiaesnsiin u3 o0pasios
ciroHsl ¢ momormbio Habopa DIAtom DNA Prep (Isogene
Lab, Poccus). I'enoTunupoBanue nmoaruMopdHbEIX BapuaH-
TOB 156277 u rs1800497 DRD2 npoBOAUIN 1O TEXHOJIOTHU
TagMan ¢ ucronb3oBaHHEM 30HIOB U mpaiiMepoB («IHK-
Cunres», Pocenst) u peakunonnoi cmecu («CunTony, Poccus)
Ha pudope Rotor-Gene 6000 (Qiagen, I'epmanus). Mccnemno-
BaHHE 0700peHo sTnuecknM kKomuretom DUILL «KpacHosip-
CKUil Hay4HbIH 1eHTp Cubupckoro oraenenust Poccuiickoit
akageMuu Hayk» (mpotokos Ne 12 ot 18.12.2018).

CraTucTUYecKUi aHaIN3 BBHIOJIIHEH C HCIONb30BaHUEM
mporpaMmMmHOTO obecrieueHus Statistica v.10 (StatSoft Inc.,
CHIA). Paznuuus xaTeropuaibHbIX JaHHBIX OIICHUBAIH C
nomonibio kputepus y2 [Tupcona ¢ monpaskoii Meiirca, pas-
JUYUST KOJIWYECTBEHHBIX JIAHHBIX OICHUBAIN C ITOMOIIBLIO
t-kputepus CThIOJCHTA.

Pe3ynbratbl

OmnucarenbHast CTATUCTHKA OCHOBHBIX NEPEMEHHBIX Mpe-
ctapieHa B Tabm. 1. Cpemanii BozpacT 407 mpoTeCTHPOBAHHBIX
noapocTKoB cocTaBuil 14.1+ 1.8 roga, cOOTHOLIEHHE MATBUU-
ku/neBouku — 174 (42.8 %)/233 (57.2 %). Y 56 nonpocTkoB

Ta6mn|.|a 1. OnuncatenbHasa CTaTUCTUKA OCHOBHbIX nepemMmeHHbIX

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

(13.8 %) BersABNeHO PVGU Ha 0CHOBaHMU pe3yabTaTOB OLEHKU
mkansl GASA (cMm. Tabm. 1). Y MansauKoB cpeHue moKasa-
Tenu OaJuta Mo MKaJle UTPOBOH 3aBUCHMOCTH 3HAYMMO BBIIIE,
4yeM y neBodek. [lToMumo 3Toro, cpein MaJIBAMKOB BBISIBICHO
6ompmie moapocTkoB ¢ PVGU 1o cpaBHEHUIO C IEBOYKAMHU.

YacroTa pacnpenesieHusi TCHOTHIIOB TTOJIMMOP(HBIX Ba-
puanToB rena DRD2 rs6277 u rs1800497 y oGcneioBaHHBIX
B paboTe MOJPOCTKOB COOTBETCTBYET MX PACIIPECICHHIO
B CBPOIICOMIHBIX MOMYJSIHUAX (COINIACHO JaHHBIM pecypca
ensembl.org). PacmpeneneHuie 4acTOT T€HOTHIIOB COOTBET-
CTBOBAJIO paBHOBeCHIO Xapan—BaifnOepra kak i cirydaes
PVGU, Tax u s rpynmst 6e3 PVGU. Takum o6paszom, 4a-
CTOTBI ajulesiell BHIOPAHHBIX IMOJIMMOP(QHBIX BapUAaHTOB B
M3Y9IEeHHOH MOMyJISIINHU cOATaHCHPOBAHBI X TPUMEHUMBI TS
ACCOIMATUBHBIX MCCIICTOBAHHM.

Pacnipenenenue 4acToT reHOTHIIOB U aJutesiel noiaumMopd-
HBIX y4acTKOB 156277 n rs1800497 rena DRD2 B 3aBUCHIMOCTH
ot Haymuws 1 orcyteTBust PVGU npencrasnens! B Ta0n. 2 1 3.
Jiis momumopdHbIX BapranToB DRD2 rs6277 4actoTa reHOTH-
OB CYIIECTBEHHO HE OTIINYaIach Mexay rpymmoii ¢ PVGU n
ee orcytcTtBueM (p = 0.12) (cm. Tabm. 2). B To e Bpemst npu
CpaBHEHHMH 4yacToT aeneid DRD2 rs6277 HaMu BBISIBIIEHA
OTYETIINBAs TEHAEHINS K OONbIIIei 4acTOTe MUTHOPHOTO aJijie-
1s T B rpynne noapoctkos ¢ PVGU B cpaBHeHMH ¢ rpynmnoi
6e3 PVGU (p = 0.06). Ananu3 nonuMopdHbIX BapUaHTOB
rs1800497 rema DRD2 He TOKa3aj 3HAYMMBIX PAa3IUIAi B
4acTOTax TeHOTHIIOB M ajuIeNIell MEeXK/Ly TPYNIIaMH C OTCYT-
creueM u HanmuuneM PVGU (cMm. tab6m. 3).

Janee Hamu ObUT IIPOBEJECH aHAIN3 PACTIPECICHUS da-
CTOT TeHOTHUIIOB MOJIUMOpPdHOTO yuacTka rs6277 rena DRD?2
C UCIIOJIb30BaHMEM JIOMUHAHTHOW MOJIENIM HacJeJ0BaHUsl,
TJI€ TETEPO3UTOTHl M TOMO3HUTOTHI IO MHUHOPHOMY aJUIEIIO
1s6277 DRD2 (CT u TT cooTBETCTBEHHO) OBLITH OOBCTMHECHBI
(Tabm. 4).

Mapametp ObLyee KONMYeCTBO
Bo3pact 12-14 net 241
Bo3pact 15-18 net 166
ObLee KONNYECTBO 407

GASA pe3synbrat (n = 407)

LLikana nrposon 3aBnucnumocTu gnsa nogpoctkos  10.8 £6.8
(GASA), 6ann
MNpo6nemHoe ncnonbsosaHue sugeourp (PVGU) 56 (13.8 %)

Manbumnku [leBouku p (ManbUvKN-JeBOYKN)
95 (39.4 %) 146 (60.6 %) -
79 (47.6 %) 87 (52.4 %) -
174 (42.8 %) 233(57.2 %) -
122+6.7 9.8+6.9 0.0005
t=3.5
31(17.8%) 25(10.7 %) p=0.041
2=421,df=1

n pumMmedaHune. [aHHble npeacTtassieHbl B BUAe n (%) n CpeaHero x CTaHAapTHOE OTK/IOHEeHe.

Ta6nuua 2. PacnpegeneHue 4actoT reHOTUNOB U annenew rs6277 reHa DRD2 y NoApOCTKOB C Hanmunem v otcyTcterem PYGU

[eHoTUNBI M annenn OtcyTctBune PVGU Hannune PVGU
rs6277 n=351 n=56
leHoTun CC 0.291 (102) 0.161 (9)
lfenotnn CT 0.487 (171) 0.554 (31)
femotunTT 0.222(78) 0.285 (16)
Annenb C 0.534 0.437
Annenb T 0.466 0.563

670

2 p OR 95 % Cl

4.6 0.12 047 0.22-0.99
1.31 0.74-2.30
1.40 0.74-2.30

3.62 0.06 0.68 0.45-1.01
1.47 0.99-2.20
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Ta6bnuua 3. PacnpepeneHve yacTtoT reHoTUNoB rs1800497 reHa DRD2 y nofpoCTKOB € Hanmumem n otcyTcTBrem PVGU
leHoTUNBI M annenn OrcyTcTBMe PVGU Hannune PVGU e p OR 95 % Cl
rs1800497 n=351 n=56
lenotnn CC 0.638 (224) 0.714 (40) 1.24 0.54 1.42 0.76-2.63
lfenotun CT 0.342(120) 0.268 (15) 0.70 0.37-1.32
lfeHotn TT 0.020 (7) 0.018 (1) 0.89 0.11-7.40
Annenb C 0.809 0.848 0.98 0.32 1.32 0.76-2.28
Annenb T 0.191 0.152 0.76 0.44-1.31
Ta6bnuua 4. PacnpefeneHvie 4acToT FeHOTUMOB NONMMOPPHOTO yyacTKa rs6277 reHa DRD2
y NOAPOCTKOB C Hannumem n otcyTcTenem PVGU
leHoTUN OrcyTctBre PVGU Hannune PVGU e p OR 95 % Cl
n=351 n=>56
CcC 0.291 0.161 411 0.04 0.47 0.22-0.99
CT+TT 0.709 0.839 214 1.01-4.53

CornacHO MONMy4EHHBIM pe3yabTaTaM, B TPyIIe MOJPOCT-
koB ¢ PVGU crarrcTideckn 3HaUNMO JaIie BCTPedanoch HO-
curenseTBo aytens T (rerorun CT+TT) B cpaBHeHNY ¢ IOz
poctkamu 0e3 PVGU. Pacuer noka3saresisi OTHOIICHUSI IIAHCOB
MOKa3aJI 3HAUMMYIO aCCOIMAIINI0O HOCUTENBCTBA ayutens T u
Hannuus y nogapoctkos PVGU.

O6cyxpaeHue

O6mas yacrora PVGU B 00ciieoBaHHOM BBIOOPKE PYCCKHX
MopoCTKOB cocTaBmia 13.8 %, 4To CyliecTBEHHO HE OTINYa-
eTcs oT OoJiee paHHNX HAIIUX JAHHBIX PACIPOCTPAHEHHOCTH
3aBHCUMOCTH OT KOMIIBIOTEPHBIX UIp, TOJyYEHHBIX B pe-
3yJbTare KpyImHoMaciTabHOro SMHUAEMHOIOT HYECKOTO IPOEK-
ta (n = 4514, pactipoctpanennocts PVGU — 10.4 %) (Tere-
shchenko et al., 2022). Hamu moka3zaHo, 4TO MaJTBYUKH YaIie
3aBHCHUMBI OT BUEOUTD, 4eM JieBoukH (p = 0.041), uTo co-
OTBETCTBYET JaHHBIM YIIOMSHYTOTO MPOEKTa U pe3yabTaTaM
JPYTHUX 3MHIEMUOIOTHYECKUX PadOT ¢ MCIOJIB30BaHUEM
onpocurka GASA (Mihara, Higuchi, 2017; Tereshchenko et
al., 2022). Pacnpenenenne TeHOTUTIOB U ajUiesiell B Mccie-
JIyeMO# BBIOOpPKE CXOXE C MX 4acTOTOH B IIOOAIBHOH €B-
POIEOHTHOI MOMYJISLUK B COOTBETCTBUH C 0a3aMU JIaHHBIX
“1000 Genomes Project” m HapMap (pecypc ensemble.org),
Kak i 186277, Tak st rs1800497. Takum 06pa3oM, C TOUKH
3pEHHUsI PacpPOCTPAHEHHOCTH OCHOBHBIX NMEPEMEHHBIX H3Y-
YEeHHAast HAMH MOITYJIALHSI SIBJSIETCS IOCTATOYHO TUITMYHOM, U
JTaHHBIC aHAJIM3a MOTYT OBITh YCIHEIIHO 3KCTPAIOINPOBAHbI
Ha JIpyryue eBpOINeOH IHbIE I0IPOCTKOBBIC TTOIYJISIIINH.

Hawmu ycranoBneno, uro Hocurenn renotunoB CT u TT
nonmmopdHoro y4yacrtka rs6277 rena DRD2, T.e. HOCUTEIH
aiesst T, coriacHO pe3ynibraram, MoJIyYeHHBIM IIPH UCIIO0JIb-
30BaHWH JOMUHAHTHOM MOJIETM HACJIEIOBAHMS, 3HAYMMO JaIlle
nposBIsoT Npu3Haku PVGU OoTHOCUTENBHO MOAPOCTKOB C
resorunom CC.

W3BecTHO, uTo HOCuTenu amnens T rs6277 rena DRD2 nme-
10T OoJlee HM3KYIO, B CpaBHEHUM ¢ HocuTessimu amiens C,
IUIOTHOCTH M a(PUHHOCTH AO(PaMUHOBBIX PELIEITOPOB BTO-
poro THIa BO BCEX OOJIACTAX TOJOBHOTO MO3ra (BKIHOUas
pePOHTAIBHYIO KOPKOBYIO 00J1aCTh), 32 HCKITIOYEHHEM T0-

nocaroro tena (crpuaryma) — C/C > C/T > T/T (Hirvonen et
al., 2009; Smith et al., 2017). Huskast mmorHocth DRD2 B 9KcC-
TPacTpPHAPHBIX OOJIACTSIX TOIOBHOTO MO3TI'a MOXKET IPUBOIUTH
K OIpPEEICHHBIM MCUXO(PHU3HOIOTHIECKUM TTOCIIEICTBUSIM.
B uacTtHOCTH, B CTaThe, NOCBSALIEHHON POJIM SKCTPACTPUAPHBIX
DRD2, paccmarpuBaroTcsi (yHKIMOHAIBHBIE MOCIEACTBUS
HAJIMYMS 3TUX PELENTOPOB B HKCTPACTPUAPHBIX OOJIACTSX,
BKITodast kopy u taimamyc (Takahashi et al., 2006). O630p
BKJIIOYAET IMOCMEPTHBIC JIaHHBIE, a TAK)XKE HCCIEeTOBAHUS
in vivo Ha JIIONSX M KUBOTHBIX, (DOKYCHPYSCh Ha POJIM HU3-
KoM (DyHKIIMOHATBHOM aKTUBHOCTH 3KCcTpacTpruapHbix DRD2
npu nmzodpennn (Takahashi et al., 2006). C. Murayama c
KOJIJIETaMH B CBOEH paboTe yKa3bIBalOT Ha TO, YTO HU3KAs J10-
CTYIHOCTH penenTopoB D2/3 B sSKCTpacTpHapHBIX 00IaCTIX Y
B3POCIIBIX MY>KUYHH C COITMOKOMMYHHUKATHBHBIM J€()UIINTOM
Ipy ayTu3Me ObLIa CBsS3aHa C YMEHBIIEHHEM IUIOTHOCTH J10-
(hamuHOBBIX perienitopoB (Murayama et al., 2022).
Hocwurenu anmnens T rs6277 rena DRD2 menee 3G ekTHBHO
MO/IABJISIIOT MUMITYJIbCUBHBIC TEHJICHIIMU K HEXKeJaTelbHbIM
JIeWCTBHAM 110 cpaBHeHHTo ¢ Hocutersamu ajtens C (Colzato et
al., 2010). YcranosieHo, uto HocuTenu aiviens T rs6277 reHa
DRD?2 (618 net) XxapaKkTepu3yI0TCs TPYIHOCTIMH B KOHTPOJIE
HMMITYJIbCOB, CAMOKOHTPOJIE 3MOLIMH U BOJIEBON KOPPEKTUPOB-
ke moBenenus (Della Torre et al., 2018). B kauectBe TeopeTn-
YEeCKOH MOJIEJIH, MOATBEPKIAIONIeH reHeTHYECKHEe JaHHbIE,
aBTOPBI ATOTO HccenoBanms MpuBoAiT MEeHHE G.S. Dichter
¢ xoyuteramu (2012) o TOM, 4TO CHIXKCHHUE aKTUBHOCTHU JI0-
(haMHMHEpPru4ecKoil CHCTEMbI aCCOLIMMPOBAHO C IPoOIeMaMu
B 00y4YEHUH 1 HEZOCTATOUHBIM CAMOKOHTPOJIEM TOBEICHNUSI.
Hamm nanHble 00 acconnarnBHOW CBSI3M HOCHUTENBCTBA
amtens T rs6277 rena DRDZ2 ¢ PVGU y noapocTKoB Koppec-
TMOHAMPYIOT ¢ TaHHBIMHK paboTs (Kim et al., 2022), B koTopoit
C TTOMOIIBIO PErPECCHOHHOTO aHAIM3a YCTAaHOBJICHA MTpSMast
cBa3b BeIpakeHHOCTH PVGU ¢ HocutenscTBOM amensa Ty
ctynenToB komtemka (b = 19.58, p = 0.04). /Ia npyrux uc-
CJIC/IOBAaHMS, TIPOBE/ICHHBIX HA BHIOOPKAX B3POCIBIX JINII, HE
MOATBEPXKAAIOT M0J00HO0# accounaruBHoil cBszu (Paik et
al.,2017; Ryt et al., 2024). IIpoTHBOPEYNBOCTH MOTYICHHBIX
Pe3yabTaTOB MOXKET OBITH OOBSICHEHA Pa3IMYUEM BO3PaCT-
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HOT0, TI0JIOBOTO, STHUYECKOI0 U KOJIMYECTBEHHOT'O COCTaBa
BBIOOPOK. B uacTHOCTH, BIMSIHME TEHETHUECKOTO KOMITOHEHTA
AIIUKIAH MOXKET I0-Pa3HOMY IPOSIBISITHECS Y MOAPOCTKOB
1 B3pocCibIX Jiul. [IogpocTKOBEIM NEPUOA B Pa3BUTUU IO-
JIOBHOTO MO3Ta XapaKTEPU3YETCsl Pa3IMIHBIMU 110 BPEMEHHU
TPAeKTOPHUAMHU (HOPMHUPOBAHUS JINMOMUCCKONH CHCTEMBI U
npedpoHTaIBHBIX KOPKOBBIX oTAeioB (Casey et al., 2008).
3arsHyBIIEeCS pa3BUTHE MPEPPOHTATHHON KOPHI ITO CpaBHE-
HUIO C JUMOWYECKOH CHCTEMOW B TEUEHHUE MOAPOCTKOBOTO
reprosia MPUBOAUT K OCIIa0IECHHOMY TOPMOXKEHHIO CO CTO-
POHBI KOPKOBBIX OT/IETIOB B OTHOILICHNH HIDKEIIEKAIIX MOA-
KOPKOBBIX CTPYKTYP M TOBBIIICHHOW UMIYJIbCHBHOCTH, YTO
CHIOCOOCTBYET BBICOKOMY PHCKY (DOpPMHPOBAaHUS aIUKTHB-
noro noBenenus (He, Crews, 2007).

Mgl cuntaem, 4to ycranoieHHas Hamu 1 E. Kim ¢ kome-
ramu (2022) accorpaTuBHAs CBsI3b HOCUTENbCTBA ajuiens T
1s6277 rena DRD2 ¢ PVGU y moapoCTKOB U CTYIEHTOB HIMEET
OTIpeIeTIEHHOE TEOPETHYECKOE U AMITUPUIEcKoe 000CHOBa-
Hue. HocurensctBo anens T rs6277 npuBOIUT K CHUKESHUIO
TUTOTHOCTH ¥ a(UHHOCTH IKCTPACTPHUAPHBIX TO(PaMUHOBBIX
penenrropos Broporo tuna (Hirvonen et al., 2009; Smith et al.,
2017) u cBoeoOpazHoMy (HEHOMEHY «10(haMUHOBOM ICCCHTH-
3aIUI», YTO COMPSIKEHO CO CHIYKEHNEM YyBCTBUTEIBHOCTH K
BO3HArpak/ICHUIO, MOBBIIICHHON UMITYIIbCHBHOCTBIO, HEO-
CTaTOYHBIM caMokoHTposieM noBeneHust (Colzato et al., 2010;
Della Torre et al., 2018; Weinstein, Lejoyeux, 2020; Kim et al.,
2022), a Tak)Ke C BO3MOYKHBIM HapyIIEHHEM COLMaIbHON KOM-
mynukaiuu (Takahashi et al., 2006; Murayama et al., 2022).

I'mnopeakTHBHOCTH OPOUTOPPOHTATHHOI KOPHI M CHIDKE-
Hue nodamMuHeprudeckoil GyHKIMK B 3TOH 00IaCTH TOJIOB-
HOTO MO3ra CBSI3aHBI C THUIIOYYBCTBUTEIBHOCTHIO CHCTEMBI
BO3HATrPaKI€HUs, CIIOCOOCTBYIOIIEH TPAaHCTPECCUBHOMY TO-
BEJICHHUIO, JICIMHKBEHTHOCTHU | 3JI0YIIOTPEOJICHHIO TICHX0aK-
TUBHBIMU BemiectBamu (Matthys et al., 2013). MccnenoBanus
MTOKA3BIBAIOT, YTO HEKOTOPHIE BapHaHTHI TeHa DRD2 MOTyT
CHIO0COOCTBOBATH PA3BUTHIO T'MITOA0(aMUHEPIHIECKOTO CO-
CTOSIHUS, TIPY KOTOPOM YacTHYHAs JIOCTYITHOCTh JJ0(aMHUHO-
BBIX PELENITOPOB OMPEIEIISET CHIKEHIE TyBCTBUTEIbHOCTH
K Bo3HarpaxaeHuro (Alcaro et al., 2021). [Tocnemaee MoxeT
MIPUBECTH K TOMY, YTO ITOAPOCTOK Oy/JIeT CTPEMHTHCS K JJOTIOJI-
HUTEJIBHON CTUMYIISIIIMN 0(aMIHEPTUYECKOH CHCTEMBI, KO-
TOpast MOXKET MPOSIBIISITHCS B BUJIC 8 IMKTHBHOTO ITOBE/ICHHS,
BKJIIOYAIOIIET0 KOMIIOHEHT aKTUBHOI'O NEPCUCTHUPYIOIIETo
BO3HATrPaKICHNs, HAIIPUMEP KOMITYIbCHBHOTO HCIIOJIb30Ba-
HUsI KoMIbIOTepHBIX Buaeonrp (Weinstein, Lejoyeux, 2020;
Kim et al., 2022) wiun a3apTHBIX UTp.

B cBoro ouepenp, MOBBINICHHAS UMITYJIbCUBHOCTh U Ha-
PYILICHHE COIMANIBHBIX CBS3CH SBISIOTCS BAKHEHIIUMH TIpe-
JKTopamy (hOpMUPOBaHUS TeHepaiu3oBaHHOW WMHTepHeT-
3aBHCHMOCTH U €€ crenupuaeckoi GopMbl — 3aBUCUMOCTH
ot xomnbloTepHbIX Buaeonrp (PVGU). MmnynscuBHOCTD U
CaMOKOHTPOJIb CBSI3aHbI C IMPOKKUM CIIEKTPOM 0COOCHHOCTEH
MOBE/ICHNS. DMITUPUUECKHIE UCCIIEI0BAHMUS TOKA3BIBAIOT, UTO
JIIOY C BBICOKMM CaMOKOHTPOJIEM JIy4Ile KOHTPOIHPYIOT
CBOM MBICIIH, PETYJIHPYIOT CBOU AMOLIMH U MOJABISIOT CBOH
HUMIIYIIBCHI, 9eM JIFOIH ¢ HI3KUM caMokoHTposeM (de Ridder
et al., 2012). Hu3kuii ypoBeHb CAaMOKOHTPOJISI U BBICOKAs
UMITYJIbCUBHOCTb ACCOLIMUPYIOTCS C ICTMHKBEHTHOCTBIO, ITpe-
CTYMHOCTBIO, aHTHUCOIMAIBHBIM TTIOBEICHUEM, SKCTEPHAIU-
3UPYIOLIUM ITOBEACHUEM, BUKTUMH3ALNCH U aINKTHBHBIMHU
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paccrpoiicTBamu. M3BeCTHO, 4TO OHUM U3 HanOoJiee 4YacTo
BCTPEUAOLINXCS KOMOPOUAHBIX ¢ VIHTEpHET-3aBUCHMOCTHIO
TICUXUATPHYECKUX PACCTPOUCTB SBISIETCS CHHIPOM JIepUITa
BHUMaHHMS C TUIIEPAKTUBHOCTBIO, JJIsl KOTOPOTO XapaKTepHa
BBICOKasl UMITYJIbCUBHOCTD B IGHCTBUAX M ocTynkax (Wang
et al., 2017). Bo MHOTHX IICHXOJIOTHYECKAX HCCIICIOBAHISIX
yKa3bpIBaeTcs, 4To VIHTepHET-3aBUCHUMOE MOBEJECHHUE TECHO
ACCOLIMUPOBAHO C HU3KUM YPOBHEM CAMOKOHTPOJIS/BBICOKUM
yposHeM ummynbcuBHocTr (Li W. et al.,, 2016; Li S. et al.,
2021; Yu et al., 2021). Meraananu3 40 Helipodusuogornye-
CKHX HUCCIICIOBAHHH TPOOJIEMHOTO NCTIONB30BaHMs MIHTepHETa
TMOKa3aJl, 4TO HE3aBUCUMO OT KOHTeHTa MHTepHeT-3aBrCcnMOe
MOBEJICHNE XapaKTePU3yeTCs CYLIECTBEHHBIM HapylICHUEM
MPOLIECCOB MHTMOUTOPHOTO KOHTPOJIS, MPUHSTUS PEIICHNH
n paboueii mamatu (loannidis et al., 2019). IIpoBenenubIi
B pabore (Zhang et al., 2021) MeTaaHa)In3 BBISIBUI HAIAYHE
00IIIETO MaTTepHA CTPYKTYPHBIX M3MEHEHHH TOJIOBHOTO MO3Ta
IIPU XUMHUYECKUX U MOBEICHUYECKUX 3aBUCHMOCTSIX — H3Me-
HeHUs B IPePPOHTAIBHON U MHCYJISIPHOM 00J1aCcTSIX, KOTOPbIE
CBSI3aHBI C TOBBINICHHON UMITYJIbCHBHOCTBIO.

Penxuit annensusii Bapuant T rs1800497 rena DRD?2 Toxe
ACCOLIMMPOBAH C HU3KOH IKCIIpeccheii 1o(haMuHOBOIO perer-
Topa D2 B mpedponTansHOi Kope u, cormacHo (Paik et al.,
2017), yame BcTpeyaercs y Kopeiicknx mysxuut (1947 ner)
C 3aBHUCHUMOCTBIO OT MHTepHeT-urp. JTOT BapHaHT TaKXKe
yalie BCTpedaeTcs y KOPpeHCKIX MOJIOBIX JItofeH (YUEeHUKOB
crapiueil mkonsl U ctyneHToB) ¢ PVGU n BeIcokoi 3aBu-
CUMOCTBIO OT Bo3Harpaxzieuuii (Han et al., 2007). Onnako
pe3yabTaThl HAIIETO MCCIIEOBAHUS HE TOKA3aIH CTAaTHCTH-
YEeCKH 3HaYMMBIX OTIMYMN MEXIY pasHbIMU FCHOTHIIAMH U
ayensiMu nosmmopdusma rs1800497 rena DRD?2 B rpymnmax
C IpU3HAKaMHU IPOOJIEMHOTO HCIIONB30BaHNS BUICOUTP U
6e3 Hux. [IpoTHBOpEUNs B pe3ynbraTax aHaJIM3a MOTYT OBITH
00yCIIOBJICHBI STHUYECKUMH M ITOJIOBBIMH OCOOCHHOCTSIMH
BBIOOPOK, a TaKkKe MPUMEHEHHEM DPa3HBIX IICHXOMETpHYe-
CKUX MHCTpYMeHTOB Juis Bepupukanuu PVGU. B wactaocTn,
CYIIECTBEHHOE BJIMSHHE MOXKET OKa3biBaTh (DakT BhIpaXKeH-
HBIX THUUECKHX PA3JINYUH B 4aCTOTAaX TEHOTHIIOB U aJuteneit
rs1800497 rena DRD2 y npencTaBuTeneil eBpOneouIHbIX U
MOHTOJIOMTHBIX TTOITYJISILIAH.

3aknioyeHue

Pe3ynbraThl HACTOSILErO MCCIIEA0BAHUS MMOJIUMOP(HBIX Ba-
pHaHTOB reHa penentopa nodpamuaa DRDZ2 y IOAPOCTKOB €
MIPOOIEMHBIM HCTIOIB30BAHUEM KOMITBIOTEPHBIX BHJICOUTD
MIO3BOJISIFOT CJIEJIaTh BHIBOJ O BYKHOCTH M€HETHYECKUX (hak-
TOPOB B PA3BUTHH JJAHHOTO MOBEJCHYECKOTO PacCTPONCTBA.
Hamnune renorunos CT u TT nomumopdnoro nokyca rs6277
reHa DRD2 MOXeT BBICTYarh MOTEHIMAIBHBIM IIPEUKTOPOM
pHCKa pa3BUTHUS MPOOIEMHOTO MCIONB30BAHUS BUACOUTD Y
MOIPOCTKOB. V3ydeHre reHeTHIeCKUX OCHOB ITOBEACHUECKUX
pPaccTpoiCTB B JalbHEHIIEM AacT BO3MOXKHOCTh MHAMBH-
JyaJIbHO TIOAXOAUTH K MPO(MIAKTHKE M JIEYEHUIO UTPOBOI
3aBUCHMOCTH C YYE€TOM I'€HETHUECKOTO TPOQHIIS MAIMEHTA.
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