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A new combination of 5'- and 3’-untranslated regions
increases the expression of mRNAs in vitro and in vivo

D.N. Antropovl, O.V. Markov!, A.S. Domel, PA. Puchkov?, E.V. Shmendel?, D.V. Gladkikh!, V.M. Golyshevl,
A.M. Matveeval, M.A. Maslov, G.A. Stepanov 1@

T Institute of Chemical Biology and Fundamental Medicine of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
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Abstract. mRNA vaccine technologies have been actively developing since the beginning of the 21st century and
have received a major boost from new findings about the functioning of the immune system and the development
of efficient vehicles for nucleic acid delivery. The mRNA vaccine demonstrates superior properties compared to the
DNA vaccine, primarily due to accelerated mRNA vaccine development, enhanced flexibility, and the absence of in-
tegration into the genome. Artificial mRNAs have biotechnological and medical applications, including the develop-
ment of antiviral and anticancer mRNA therapeutics. The effective expression of therapeutic mRNA depends upon
the appropriate selection of structural elements. Along with the addition of the 5'-cap, appropriate polyadenylation,
and sequence codon optimization, 5’- and 3’-untranslated regions (UTRs) play an important role in the translation
efficiency of therapeutic mRNAs. In this study, new plasmids containing a novel combination of UTR pairs, namely
5'-UTR-4 and 3’-UTR AES-mtRNRT1, were constructed to obtain artificial mMRNAs encoding green fluorescent protein
(GFP) and firefly luciferase (FLuc) with new structural elements and properties. The novel combination of the UTRs,
which is described in this article for the first time, in addition to sufficient polyadenylation and pseudouridinilation of
mMRNA, was demonstrated to strongly increase the translation of codon-optimized sequences of reporter mRNAs. We
generated lipoplexes containing the aforementioned reporter mRNAs and liposomes composed of cationic lipid 2X3
(1,26-bis(cholest-5-en-3beta-yloxycarbonylamino)-7,11,16,20-tetraazahexacosane tetrahydrochloride) and helper
lipid DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine). For in vivo experiments, the liposomes were decorated
with 2 % of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG, ).
The translation efficiency of mMRNAs was found to be superior for the novel UTR combination compared with HBB
gene UTRs, both in vitro and in vivo. When mRNA is administered intramuscularly, the proposed combination of UTRs
provides lasting expression for more than 4 days. The results demonstrated that the novel UTR pair combination
could be useful in the development of artificial MRNAs with enhanced translation efficiency, potentially reducing the
dose for mRNA-based therapeutics.
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HoBast KomOuHanus 5'- 1 3’-HeTpaHCAUPYeMbIX 06jiacTeii
CIIOCOOCTBYET ITOBBIINIeHMI0 3KcIipeccuyt MPHK in vitro u in vivo
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AHHoTauua. TexHonorna MPHK-BakLMH Havyana akTMBHO pa3BuBaTbcA B Havyane XXI B. 1 nonyymna XopoLmnn cTu-
Myn 3a CYeT pacLUMPEHNA 3HaHU O GYHKLMOHNPOBaHNM MMMYHHOI CUCTEMbl YeSIOBEKa 1 YCMeXoB B CHHTE3e Ba-
PUaAHTOB MOJEKY/-AOCTaBLMKOB. ViIMMyHM3auma ¢ nomolbio MPHK-BakunH ABnAetca 6onee s3dpdekTBHON, YeM
nMMyHM3auma ¢ nomouwbto IHK, 6naropgapsa 6onee 6bIcTpolt pa3paboTke, MMOKOCTY TEXHONOMMN U OTCYTCTBUIO MH-
Terpaumm B reHom. B Hawm gHu nckycctseHHble MPHK ncnonb3ytoT B pasnnyHbiX 6MOTEXHONOMMYECKNX U MEANLINH-
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increases the expression of mMRNAs in vitro and in vivo

CKUX Lensx, BKMoYasa pa3paboTKy NPOTUBOBMPYCHbIX U MPOTMBOPAKoBbIX MPHK-BakumH. Ana nx spdeKTnBHOM aKC-
npeccun HeobXoANMO MpaBMSIbHO NofobpaTb CTPYKTYpHble 3nemeHTbl MPHK. NMomumo fobaBneHua B CTpyKTypy
MPHK 5’-Kkana, 4OCTaTOYHOro YPOBHA NOIMAAEHUIMPOBAHUA Y ONTMMU3ALMN NOCNE[0BATENbHOCTM KOAOHOB, 5'- 1
3'-HeTpaHcpyemble obnact (HTO) nrpatoT BaxkHYy0 posb B TPAHCALNOHHON 3POEKTUBHOCTU TepaneBTUYECK X
MPHK. B HacTosALlem nccnenoBaHum ans nosyyeHus NCKycCcTBeHHbIX MPHK 6bifiv CKOHCTPYMpPOBaHbI MiasmMuaHble
KOHCTPYKLMW, COAep>KaLlme B CBOEM COCTaBE HOBYIO KOMOMHALMIO HETPAHCIMpyeMbix obnacTein — 5-UTR-4 n 3'-UTR
AES-mtRNR1. Ins HoBoi kombuHauun HTO, BnepBble ONMCcaHHOW B JaHHON paboTe, ObiNO NMOKa3aHO 3HauYUTESb-
HOe yBeNlMYeHne YPOBHA TPaHCIALUMM KOAOH-OMTMMU3MPOBAHHBIX MOCiefoBaTeNlbHOCTen penopTtepHbix MPHK,
Koaupytowmx GFP (3eneHbin dpnioopecueHTHbIN 6enok) 1 FLuc (noundepasa cBetnauka), cogepxalimx B cBOeM
cocTaBe MceBfoypuAnH 1 nonn(A)-nocnepgoBaTtenbHOCTb. B xone paboTbl 6bin chOpMMpPOBaHbl KOMMEKChI Bbl-
LeyNOMAHYTbIX penopTepHbix MPHK ¢ nvnocomamu, coctoalwmMy U3 KaTMoHHoro nunuga 2X3 (1,26-6uc(xonect-
5-eH-3fB-unokcmkapboHunammHo)-7,11,16,20-TeTpaasorekcakosaH TeTparugpoxnopua) v nunupa-xennepa DOPE
(1,2-gnonenn-sn-rnnuepo-3-pochoataHonamuH). [na sKCNeprMEHTOB in Vivo B COCTaB JIMNMOCOMANIbHOM KOMMO-
3y gobasnann 2 % 1,2-gucteapoun-sn-rnuuepo-3-pocpoataHonammH-N-[aMUHO(MONNSTUAEHTIMKONB)-2000]
(DSPE-PEG, (). HoBas kombuHauma HTO npogemoHcTpupoBana 6osee BbicoKyto 3ddeKTUBHOCTb TpaHcnAumMn MPHK
B CpaBHeHUu ¢ B-rnobuHosbiMy HTO Kak in vitro, Tak w in vivo. Mpn BHyTpuMbIleYHOM BBeaeH MPHK npennoxeH-
Has KombuHauua HTO obecneumBaeT pMTenbHYIO SKCNpeccuio 6omnee YeTbipex CyToK. PesynbTaTbl nccnegoBaHus
NMoKasasnu BbICOKYH 3pdeKTUBHOCTb HOBOM KOMOMHaLmy HTO Aans noBbIWEeHWs YPOBHA TPAHCIALMMN UCKYCCTBEHHBIX
MPHK, 4To MOXeT 6bITb NCNONb30BAHO AJIA CHUKEHMA TepaneBTUYeckon fo3bl MPHK B cocTaBe BaKLMH.

KnioueBble cnoBa: cnHTeTnyeckaa MPHK; foctaska PHK; moandukaumm Hykneotngos; HeTpaHcanpyemasa obnactb

MPHK; nunungHble HaHoYaCTUL b

Introduction

mRNA vaccine technologies are emerging every year to
defend humans from viral pathogens and even cancers.
The COVID-19 pandemic proved the necessity of the fast
development of vaccines targeted against a certain species
of viruses. The release of different mRNA vaccines, such as
BNT162b2, mRNA-1273, and others, has enabled effective
vaccination of the population. It is clear that for effective
and prolonged expression of antibodies, specific structure of
mRNA is crucial (Fig. 1).

The necessity of UTRs in mRNA for various mRNA models
is widely recognized (Chatterjee, Pal, 2009; Morais et al.,
2021; Chen et al., 2022; Kirshina et al., 2023), along with
such components as the Kozak sequence, which is required
for translation (Kozak, 1989). The incorporation of 5'-UTR
sequences enhances translation not only by protecting the cod-
ing sequences from nucleases but also by recruiting ribosomal
machinery to a translation start site (Chatterjee, Pal, 2009).
The most common method for enhancing translation is the
addition of IRES (internal ribosome entry site) elements with
complex secondary structure to the 5’ end of mRNA, which
promotes the recruitment of translational complexes at vari-
ous stages of translation (Andreev et al., 2009). Sample et
al. (2019) have successfully identified a high-ribosome-load
sequence of a 5'-UTR (designated as “5’-UTR-4") using ma-
chine learning methods. The application of computationally
selected sequences enabled the researchers to enhance transla-
tion intensity more than 100-fold, thus proving the efficacy of
machine learning techniques.

3'-UTRs provide the mRNA molecule with a defense against
nucleases, including the prevention of poly(A) tail degrada-
tion, which can influence the half-life of mRNA and the yield
of the encoded protein. Derived from the human HBB gene,
B-globin UTRs have been commonly used and demonstrated
remarkable efficacy in both reporter and viral mRNA applica-
tions (Zhuang et al., 2020). The incorporation of a chimeric
3'-UTR called AES-mtRNR1, which comprises a part of 16S
ribosomal rRNA of archaea (AES: amino-terminal enhancer of
split) and a part of a mitochondrial IRNA (mtRNR1), allowed
for 3-fold higher translation intensity in vifro in comparison
to the standard B-globin 3’-UTR (Orlandini von Niessen et
al., 2019). Their result was confirmed by in vivo application
to a luciferase model (Orlandini von Niessen et al., 2019),
indicating the universality of such a tandem UTR sequence.
Thus, the previous investigations directed at the selection of
the most effective UTR structures allow to design combina-
tions and test their translational effectiveness.

In this study, we introduced a novel combination of 5'-
UTR-4 and 3'-UTR AES-mtRNRI1 (hereafter, “synthetic
UTRs”) into a single mRNA for the first time. We constructed
reporter mRNAs, encoding GFP or FLuc, containing the
novel combination of UTRs for delivery into human cells
in vitro and live animal tissues in vivo. Cationic liposomes
composed of the cationic lipid 2X3, the helper lipid DOPE,
and DSPE-PEG2000 (for in vivo experiments) were used to
deliver mRNAs. The expression of the reporter mRNAs with
synthetic UTRs was demonstrated to be 5—6-times higher than
that of B-globin UTRs in vitro and in vivo.

5’-untranslated Coding 3’-untranslated 3"-poly(A)
5 region region region tail
s-ap [ AUG ¥ ¥ W ¥ oy oy (A);50.2000H
Initiation
codon

Fig. 1. The mRNA design optimal for effective translation. Inserted pseudouridines are indicated by the “$" sign.
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Materials and methods

Plasmid design, construction, and synthesis. Sequence of
the hyperactive T7 promoter was taken from (Conrad et al.,
2020). Sequences of B-globin 5'- and 3'-UTRs and those of
UTRs 5’-UTR-4 and AES-mtRNR1 (3'-UTR) (see Supplemen-
tary Table S1)! were obtained from NCBI and (Andreev et
al., 2009; Leppek et al., 2022), respectively. A multiple clon-
ing site (MCS) between 5'- and 3’-UTRs was designed using
several most popular unique restriction sites. Downstream of
3'-UTRs, an Xbal restriction site was inserted to generate a
linearized DNA template for in vitro transcription.

Fragments containing MCS and UTRs were synthesized by
the Laboratory of Synthetic Biology at the Institute of Chemi-
cal Biology and Fundamental Medicine (ICBFM) SB RAS
and cloned into the pPCMV 6-Entry vector (OriGene, USA; see
Supplementary Fig. S1) by means of restriction sites Psp124BI
and Xmal (SibEnzyme, Russia). Two parallel cloning reactions
resulted in plasmid vectors: pCMV6_T7 bglob AGG (con-
taining 5’- and 3'-UTRs of the human HBB gene; see Supple-
mentary Fig. S2) and pCMV6_T7 synth AGG (containing
5'-UTR-4 and AES-mtRNR1; see Supplementary Fig. S3).

ORFs of GFP and FLuc were PCR-amplified from plasmids
phMGFP (Promega, USA) and pCDH-EFla-Luc2-IRES-
mKate2 (Yuzhakova et al., 2022), respectively, with primers
containing restriction sites, the Kozak sequence, and start
and stop codons and were cloned by the restriction—ligation
method into plasmids pCMV6_T7 bglobUTR _AGG and
pCMV6 T7 synthUTR AGG.

In vitro transcription and mRNA purification. GFP and
FLuc with B-globin UTRs and the synthetic UTRs were
obtained by in vitro transcription using T7 polymerase (Bio-
labmix, Russia). The Anti-Reverse Cap Analog (ARCA)
(Biolabmix, Russia) and pseudouridine triphosphate (Biolab-
mix, Russia) were added during the transcription to modify
mRNA structure. After the RNA synthesis, the DNA template
was removed with DNase I (Thermo Fisher Scientific, USA).
Poly(A) polymerase (New England Biolabs, USA) was used to
polyadenylate 3’ termini of the synthesized mRNA by the stan-
dard protocol. The RNA products were purified via precipita-
tion with 2.5 M LiCl followed by storage of the precipitate at
—20 °C for 30 min and subsequent centrifugation at 16,000 x g
for 15 min at 4 °C. The pellet was washed with 70 % ethanol
and dried for 10 min at room temperature with subsequent
dilution in diethylpyrocarbonate (DEPC)-treated H,O.

Preparation of cationic liposomes. A solution of 1,26-
bis(cholest-5-en-3B-yloxycarbonylamino)-7,11,16,20-tetra-
azahexacosane tetrahydrochloride (2X3; see Supplementary
Fig. S4) in a CHCl;—CH3OH mixture (1:1, v/v) was added to
a solution of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) in CHClj; at a molar ratio of 1:3 and gently stirred.
To obtain PEG-containing cationic liposomes, a solution
of DSPE-PEG,, (Lipoid, Germany) (2 % mol.) in CHCI,
was added to the 2X3-DOPE solution at a molar ratio of 1:3.
Organic solvents were removed in vacuo, and the obtained
lipid film was dried for 4 h at 0.1 Torr to remove residual
organic solvents. Then, it was hydrated using deionized water
at 4 °C overnight. The liposomal dispersion was sonicated

T Supplementary Table 51 and Figs S1-57 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx24.pdf
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for 15 min at 70-75 °C in a bath-type sonicator (Bandelin
Sonorex Digitec DT 52H, Berlin, Germany), filtered (0.45 pm
Chromafil® CA-45/25; Macherey—Nagel, Diiren, Germany),
flushed with argon, and stored at 4 °C.

Size and zeta-potential measurement. Lipoplexes were
pre-formed via mixing of equal (25 puL) volumes of the RNA
and liposome solutions at appropriate concentrations in saline
(154 mM sodium chloride). Lipoplex formation was carried
out for 20 min at 25 °C. Next, 10-puL aliquots of lipoplexes
were diluted in 1 mL of DEPC-treated water. To measure
physicochemical parameters, I mL of a lipoplex or liposome
suspension was placed into a DTS1070 folded capillary
cuvette (Malvern Instruments, Malvern, UK). The size and
polydispersity index (PDI) of lipoplexes were measured in
three biological replicates by dynamic light scattering (DLS)
on a Malvern Zetasizer Nano instrument (Malvern Instru-
ments, Malvern, UK) ata 173° scattering angle and 25 °C. The
measurements were performed in Malvern’s Zetasizer v7.11
software (Malvern Instruments). A viscosity of 0.8872 centi-
poses (cP), a refractive index (RI) of 1.330 for the dispersant,
and an RI of 1.020 and absorption of 1.335 for the material
in suspension were chosen as settings in the software. An
equilibration duration of 30 s was selected before the total
measurement. {-Potential was measured at 25 °C in three
biological replicates. Before the measurement, the equilibra-
tion duration was set to 120 s. Each measurement was paused
for 30 s before the next one.

Atomic force microscopy (AFM) imaging. AFM images
were captured in ambient air. Sample preparation for AFM was
as follows: (1) dilution of samples to desired concentration,
(2) deposition of 6 pL of a sample onto a freshly prepared
mica slide (1 % 1 cm) for adsorption for 60 s, (3) rinsing with
100-1,000 pL of MilliQ water, and (4) drying the specimen
with a gentle argon stream. Images were acquired on a Mul-
timode 8 (Bruker) atomic force microscope in “ScanAsyst in
Air” mode using ScanAsyst-Air probes (Bruker) or in tapping
mode with a diamondlike carbon NSG-10 series AFM canti-
lever (NT-MDT, Zelenograd, Russia) having a tip curvature
radius of 1-3 nm. Images were processed, prepared, and
analyzed in the Gwyddion software.

Cell lines. The HEK293T/17 cell line was purchased from
ATCC (cat. # CRL-11268). Cells were cultured at 37 °C in
the DMEM/F12 (1:1) medium supplemented with 10 % of
fetal bovine serum (FBS), 1x sodium pyruvate, 1x GlutaMax,
1% antibiotic/antimycotic, and 1x non-essential amino acids
(all solutions from Gibco, USA) in a humidified atmosphere
with 5 % of CO,.

Cell transfection in vitro. The transfection was performed
on HEK293T/17 cells. For the assay, cells were seeded in
24-well plates at 1.4 x 10° cells/well and cultured to 60—70 %
confluence in the medium described above. To avoid the de-
gradation of RNA in the lipoplexes, the FBS-containing cul-
ture medium was replaced with the 450 uL/well of FBS-free
culture medium (the cells were washed with PBS in-between).
For the formation of lipoplexes, both RNA (500 ng per well)
and liposomes 2X3-DOPE (1:3) were diluted with PBS to a
volume of 25 puL per sample with their subsequent mixing. The
mixture was incubated for 20 min for lipoplex formation. The
lipoplexes were added to the FBS-free cell medium, and the
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transfection lasted for 5 h. To stop the transfection, the FBS-
free medium was replaced with the FBS-containing medium
(with intermediate washing with PBS).

Flow cytometry. The transfection of GFP mRNA was
carried out as described above in 24-well plates. At 24 h post-
transfection, the cells were detached with TrypLE (Gibco,
USA), centrifuged for 5 min at 500 x g, washed with PBS
once, and resuspended in 1 mL of PBS containing 0.5 % of
FBS. To assess the level of GFP expression, 10,000 events per
sample were acquired on a BD FACSCanto II flow cytometer
(BD Biosciences, USA). Transfection efficiency was measured
by flow cytometry with the help of two parameters: transfec-
tion percentage and mean fluorescence intensity (MFI). The
transfection percentage was calculated as the percentage of
GFP-positive singlets. The MFI was computed as the mean
for a gated cell population. The results were analyzed in the
FlowJo software and are presented as the mean and standard
deviation (SD) from three replicates.

The time course of luminescence detection in vitro. The
transfection of Fluc2 mRNA was carried out as described
above in 24-well plates. 24h post-transfection medium was
removed and 200 pL of cold Luciferase Assay Buffer (25 mM
Tris-HCI pH 7.8, 1 % Triton-X100, 5 mM EDTA, 15 mM
MgCl,, 75 mM NaCl, 2 mM DTT, 2 mM ATP) was added.
The plates were incubated at +4 °C for 20 min. After lysis,
the suspension from each well was centrifuged in a separate
1.5 mL tubes at +4 °C, 12,000 g, 5 min, then 190 pL of each
supernatant was transferred into a new 24-well plate. The lu-
minescence level (represented in relative luminescence units,
RLU) was measured with ClarioStar Plus (BMG Labtech,
Germany) after injecting 10 uL of 3 mg/mL D-luciferin sub-
strate solution (D-luciferin Potassium Salt, GoldBio, USA) per
well. The data were analyzed in BMG Labtech CLARIOstar
MARS Software.

The time course of luminescence detection in vivo. For
in vivo experiments, female 4-6-week-old BALB/c mice were
obtained from the vivarium of the ICBFM SB RAS (Novo-
sibirsk, Russia). The animal experiments were conducted in
accordance with the recommendations for the proper use and
care of laboratory mice (ECC Directive 2010/63/EU). All
experimental protocols were approved by the Animal Research
Ethics Committee at the Institute of Cytology and Genetics SB
RAS (Novosibirsk, Russia) (protocol No. 173 of 7 May 2024).

The experiments with mice were conducted in three bio-
logical repeats. BALB/c mice were intramuscularly (i.m.)
injected with lipoplexes of FLuc mRNA with liposomes in
PBS (N/P = 6/1, 10 ng of mRNA, 150 pL per animal). Lu-
ciferase expression in vivo was assessed 4, 8, 24, 48, 72, and
96 h after administration of lipoplexes to mice. The animals
were injected intraperitoneally (i. p.) with 150 puL (3.6 mg per
mouse) of freshly prepared D-luciferin potassium salt (Gold
Biotechnology, CA, USA) in PBS. After 15 min, the animals
were anesthetized with isoflurane, and bioluminescence was
visualized using IVIS Lumina X5 (Perkin Elmer, Waltham,
MA, USA) with an exposure time of 3 min. The intensity of
the luminescent signals was estimated by densitometry using
Living Image software v.4.7.4 (Perkin Elmer, Waltham, MA,
USA).

Statistical analysis. All data plotted with error bars are
expressed as the mean with standard deviation, unless other-
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wise indicated. GFP signal data were analyzed using one way
ANOVA, FLuc signal — using a two-tailed unpaired #-test.
Significance was evaluated at p < 0.05.

Results and discussion

Construction and synthesis

of the reporter mRNAs (GFP and FLuc mRNAs)

with different types of UTRs

To correctly evaluate the effectiveness of the mRNA deliv-
ery in different conditions, the mRNA structure containing
5'-cap, UTRs and poly(A)-tail was suggested. The artificial
pseudouridinilated and capped mRNAs were synthesized
from linearized plasmids coding for a respective RNA with
subsequent T7-mediated transcription and purification (Fedo-
rovskiy et al., 2024).

The abundance of the nucleotide modifications and the com-
bination of modifications in mRNAs with different UTRs were
typical (100 % substitution of uridine by pseudouridine); there-
fore, they did not affect the expression level when comparing
mRNAs with different UTRs. For all mRNAs, polyadenylation
was carried out under identical conditions, which also could
not alter the expression level. Thus, the mRNA synthesis was
varied only in terms of the UTR combination.

The purity and integrity of the synthesized in vitro poly-
adenylated mRNAs for the subsequent assays were tested
by electrophoresis in a 1.5 % agarose gel (Supplementary
Fig. S5).

The physicochemical characterization

of the liposomes and their complexes

with reporter mRNAs

Upon mRNA characterization, we tested the characteristics of
their complexes with the lipid carriers (lipoplexes). The 2X3-
DOPE composition at a 1:3 ratio (Fedorovskiy et al., 2024)
was used as the carrier in this work as one of the most efficient
liposomes tested in previous studies (Markov et al., 2015;
Gladkikh et al., 2021), particularly due to the positive impact
of the high content of helper lipid DOPE on efficient lipoplex
formation and delivery (Vysochinskaya et al., 2022). For the
subsequent in vivo assays, the polyethyleneglycol (PEG)-
decorated lipoconjugate was added to the liposome composi-
tion for more prolonged circulation in the blood stream and
better clearance. The N/P ratios of 4/1 for the in vitro and 6/1
for the in vivo delivery were used. Physicochemical proper-
ties of the lipoplexes containing FLuc mRNA were examined,
including hydrodynamic diameters and {-potentials of the
liposomes and lipoplexes as described in (Fedorovskiy et al.,
2024) (see the Table).

It was shown that the formed lipoplexes were characterized
by a small diameter of <200 nm and a positive surface charge
of +25...+45 mV, which facilitates their permeabilization
through the cell membrane. Additionally, the diameters of
the lipoplexes were evaluated by AFM (see Supplementary
Fig. S6). The lipoplexes were shown to form homogenous
nanoparticles sized 100-200 nm, which confirms the dynamic
light scattering measurements. The results demonstrated that
the characteristics of the formed lipoplexes were appropriate
for in vitro and in vivo delivery (Vysochinskaya et al., 2022;
Fedorovskiy et al., 2024).
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Diameters and -potentials of 2X3-DOPE 1:3 and 2X3-DOPE 1:3 + 2 % DSPE-PEG,qq liposomes

and their lipoplexes with FLuc mRNA (synthetic UTRs)

Lipid nanoparticles

2X3-DOPE 1:3

2X3-DOPE 1:3 + FLuc mRNA

2X3-DOPE 1:3 + 2 % DSPE-PEG,q,

2X3-DOPE 1:3 + 2 % DSPE-PEG (4o + FLuc mRNA

Note.The data are presented as the mean + SD of three replicates.
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Fig. 2. The comparative analysis of fluorescent signal intensity in GFP
mRNA transfected HEK293T/17 cells.

a, The mean fluorescence intensity (RFU) in transfected cells; b, the proportion
of GFP-positive cells in transfected cells. The data are shown as the mean + SD
of three biological replicates. Data were statistically analyzed using ordinary
one-way ANOVA. * p = 0.0191; 0.0474 for comparison of cells transfected with
GFP with B-globin UTRs or GFP mRNA without UTRs; cells transfected with GFP
with B-globin UTRs or GFP with synthetic UTRs respectively (mean GFP+ RFU);
*** p = 0.0009; 0.0005; 0.0001 for comparison of cells transfected with GFP
with synthetic UTRs or GFP mRNA without UTRs (mean GFP+ RFU); GFP with
-globin UTRs and GFP without UTRs; GFP with synthetic UTRs and GFP with-
out UTRs respectively (GFP-positive cells, %), respectively; ns — for comparison
of cells transfected with GFP with B-globin UTRs or GFP with synthetic UTRs
(GFP-positive cells, %).

The in vitro comparison

of reporter mRNA expression levels

To identify the most effective mRNA structure upon lipo-
plex delivery, two mRNA models, namely, GFP and FLuc,
were used to test the reporter protein expression in vifro on
HEK293T/17 cells. Initially, we examined expression ef-
ficiency of GFP mRNAs constructed with either 3-globin or
synthetic UTRs. To confirm the necessity of 5’- and 3'-UTRs
in mRNA structure, we estimated the expression level for
mRNAs without UTRs in the same experiment (Fig. 2).

The crucial role of UTRs for the prominent expression
of synthetic mRNA was confirmed by the increase by 3.9—
4.7 times in the number of GFP-positive cells and a 1.5-2.0-
fold increase in the mean fluorescence intensity after the
addition of UTRs to the mRNA structures. The fluorescence
assay revealed a 1.5-fold increase in the fluorescence level of
the cells transfected with mRNAs containing the novel UTR
combination as compared to mRNAs carrying the commonly
used B-globin UTRs. Moreover, this finding supports the idea
of more effective expression due to the higher ribosome load
at the 5’ end of mRNA (Orlandini von Niessen et al., 2019)
and shows effective interaction of nucleotide motifs from
these UTRs.
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Fig. 3. The luciferase assay and luminescence analysis of FLuc mRNA
containing B-globin or synthetic UTRs.

a, The schematic illustration of the luciferase assay in vitro. b, The average
luminescent signals of the transfected cells. The data are presented as the
mean =+ SD of three biological replicates. Data were statistically analyzed using
two-tailed Student’s t-test. * p = 0.00009 as compared with FLuc mRNA con-
taining B-globin UTRs.

To further confirm the efficacy of the novel UTR com-
bination in the translation of reporter mRNAs within cells,
an alternative mRNA encoding FLuc was used. The results
demonstrated that mRNA flanked by the synthetic UTRs
exhibited a luminescent signal intensity that was 6—7 times
greater than that observed in mRNA containing B-globin
UTRs (Fig. 3b). The more sufficient growth of the specific
signal in the luminescent assay could be explained by the
more significant sensitivity of the luminescence detection
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Fig. 4. In vivo luminescence analysis of BALB/c mice injected with FLuc mRNA.

a, The scheme of the experiment with key time intervals; b, the mean luminescence intensities of regions of interest (ROIs) in mice. The blue and orange bars
represent the mice immunized with the FLuc mRNA containing synthetic or $-globin UTRs, respectively. The results are presented as the mean + SD of three
replicates. ¢, Representative IVIS images of Fluc luminescence in mice after the injection of lipoplexes. Data were statistically analyzed using two-tailed Student’s

t-test. * p = 0.0001 compared with FLuc mRNA containing 3-globin UTRs.

(Troy et al., 2004). Indeed, the luminescence detection tends
to be 100-fold more sensitive than the commonly investigated
fluorescent detection; thus, the result allows a more precise
evaluation of the comparative effectiveness of the investigated
combination of UTRs. On the other hand, the higher signal for
the luminescence assay upon the substitution of the B-globin
UTRs with synthetic UTRs could be caused by the higher
expression level of the FLuc gene rather than GFP. Mrksich
et al. showed that the longer hydrophobic tail of the cationic
lipid facilitates the higher translation level of the more pro-
longed mRNA. As 2X3 used in our assays is quite compact
and less branched even compared with C12-200 (Mrksich et
al., 2024), it promotes the higher expression of FLuc mRNA
with more prolonged UTRs.

The in vivo comparison

of reporter mRNA expression levels

To evaluate the influence of different UTRs on the efficiency
of mRNA translation in vivo, lipoplexes of PEGylated lipo-
somes with FLuc mRNAs containing either 3-globin or syn-
thetic UTRs were intramuscularly injected into BALB/c mice
(Fig. 4).

The in vivo results demonstrated that mRNA containing a
novel combination of 5'-UTR-4 and 3'-UTR AES-mtRNR1
exhibited dramatically elevated luminescence signal at late
time points (=72 h post injection) that was six times higher
compared to B-globin-UTR-containing mRNA. /n vivo find-
ings revealed a dramatic increase in the luminescent signal
observed at 72 h post injection, whereas for the 3-globin UTRs,
the specific signal tended to decay at 48 h post injection. It is
worth noting that in our study, the signal peak shifted from se-
veral hours post injection (as shown e. g. (Panova et al., 2023))
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to 48 h post injection and later. This shift could be caused
not only by the carrier molecules used in this work and their
properties but also by the specific translation pattern resulting
from the novel UTR combination. According to (Ruis de los
Mozos et al., 2013), 5" and 3’ components of mRNA tend to
interact with each other, providing stabilization of the mRNA.
Moreover, the extension of 3'-UTR length could have a posi-
tive effect on the half-life of the mRNAs through interactions
with RNA-binding proteins. The specific luciferase signal was
detected even 174 h post injection of artificial mRNA with
the novel UTR combination (Supplementary Fig. S7), which
may indicate a longer half-life of the mRNA. These results
really merge with the in vitro assays, indicating the advan-
tages of the novel UTR combination. Long-term presence of
mRNA in mammalian tissues and long-term expression of
the target gene have been previously described, but for other
delivery systems, which explains the difference between our
data and other studies (Hassett et al., 2024). The expression
enhancement accomplished in our research may facilitate the
development of antiviral or anticancer mRNA vaccines pos-
sessing higher immunogenicity than the existing analogues.

Conclusion

Overall, the results of this study indicate that the novel combi-
nation of synthetic 5'-UTR-4 and 3'-UTR AES-mtRNR1 UTRs
introduced into reporter mRNAs demonstrated enhanced
mRNA translation in comparison with mRNA containing
B-globin UTRs in both in vitro and in vivo experiments. The
optimization of the mRNA structure should improve the
development of effective antiviral and anticancer mRNA
modalities, which can compete with other types of vaccines
and therapeutics.
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MHTepakToM 6enka HOXB13 B KJIeTKax pakKa IIpoOCTaThI:
oMoxyuMmnueckue 1 (QyHKIMIOHaJIbHbIe B3aIMOIEeiCTBIS
MEKIY TPAaHCKPUIIIIMOHHBIMU (pakTopaMuyt HOXB13 u TBX3

M.M. Epoxux 1, H.A. KOSEAB‘{YKl, P.X. 3uranumu?, B.B. Tarapcknit L A.A. YerBepuHa 1

1 NHCTUTYT 6rionorum reHa Poccuiickoin akagemmm Hayk, Mocksa, Poccus
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AHHOTauuA. TpaHCKPUNLUMOHHbIE GaKTOPbl OTHOCATCA K OAHOW W3 IMaBHbIX rpynn 6enKoB, NofaBsieHre akTMBHOCTY KO-
TOPbIX MPUBOANT K OCTAHOBKE POCTa onyxoseit. B pas3nnuHbix TMnax paka sKcnpeccupyeTcsa onpefeneHHbln Habop TpaHc-
KPMMNUMOHHbIX $akTOPOB, KOTOPble CO3Aat0T M NOAAEPKMBAIOT Cneumdryeckre naTTepHbl SKCNPeCccun reHoB. B kneTkax
paKa NpocTaThl KNtoYeBbIM TPAHCKPUMLMOHHBIM perynatopom asnsetca 6enok HOXB13 (Homeobox B13). 3BecTHO, uto
HOXB13 - BaXHbI perynatop SM6PrOHaIbHOro Pa3BUTUA U TEPMUHANIbHON KneTouHol fuddepeHunpoBkr. OH pery-
NNPYeT TPaHCKPUMLUIO MHOTUX FEHOB B HOPMasbHbIX 11 TPaHCPOPMMPOBAHHDBIX KNeTKax NPoCTaThl, @ Takke CnocobeH
[leICTBOBATb KaK NMMOHEPHbIV GaKTOp, KOTOPbIV OTKPbIBAET XPOMATWH B PErynsTOPHbIX 061acTAX reHoB. OfHaKo AaHHbIX
0 6enKoBbIX MapTHepax 1 ¢yHKuuax HOXB13 B KneTkax paka NpocTaTbl o4eHb Mano. B HacToswwen paboTe Mbl NpoBenu
nounck 6enkoBbix naptHepos HOXB13 mMeTofom MMMYHOadpOUHHOWM OUMCTKN C MOCNEAYOWM BbICOKONPOU3BOANTENb-
HbIM Macc-cneKkTpomeTpuryecknm aHanmsom (IP/LC-MS), ncnonb3ys B KauecTBe MOENU KNETOYHYIO JIMHUIO paka NpocTa-
Tbl PC-3. BblNno 06HapyKeHo, YTo OCHOBHbIMM NapTHepamu HOXB13 ABnAOTCA TPaHCKPUMNLMOHHbIE GaKTOPbI C PasHbIMM
Tnamun [JHK-cBA3bIBatoLLMX LOMEHOB, B TOM uncie 6enkn TBX3, TBX2, ZFHX4, ZFHX3, RUNX1, NFAT5. C nomolybto pecyp-
ca DepMap Mbl noKasanu, YTo OfAVIH 13 YCTaHOBJIEHHbIX MAPTHEPOB, 6enok TBX3, kak 1 HOXB13, KpuUTYeCKn BaxeH ana
pocTa 1 nponudepaLnmn KNeTouHbIX IMHUIA paka NpoCTaThl in vitro. AHann3 oTAeNbHbIX KNETOUYHbIX IMHMIA paka npocTaThl
BbISBWJ1, YTO HOKayT 060oumx reHoB, HOXB13 n TBX3, npuBoaunT K rmbenu ogHux u Tex e nuHuii: VCaP, LNCaP (clone FGCQ),
PC-3 n 22Rv1. Takum o6pazom, HOXB13 1 TBX3 MOryT COBMECTHO pacCMaTPMBaTbCA Kak NMOTEHLMANbHbIe MULLIEHW 4N
co3faHvA cneynudUUecknx MHIMOGUTOPOB, MOAABAAOLMX POCT KNETOK paka NpocTaThl.

KnioueBble cnoBa: pak NpocTaTbl; TPAHCKPUMNUMOHHbIE pakTopbl; perynauma TpaHckpunuuy; HOXB13; TBX3; TBX2;
ZFHX4; ZFHX3; RUNX1; NFAT5

Ana untuposanHna: Epoxud M.M., Koszenbuyk H.A., 3uraHwmH PX., Tatapckuin B.B., YetBeprHa [.A. iHTepakTom Genka
HOXB13 B kneTkax paka npocTaTbl: 6roxnummyeckune n GyHKLMOHabHble B3aUMOAENCTBUA MEXAY TPAHCKPUMLUMNOHHBIMU
¢dakTopamm HOXB13 v TBX3. Basunosckuli xypHas 2eHemuku u cesiekyuu. 2025;29(6):744-752. doi 10.18699/vjgb-25-82
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HOXB13 interactome in prostate cancer cells:
biochemical and functional interactions
between the transcription factors HOXB13 and TBX3

M.M. Erokhin 1@, N.Y. Kozelchuk?, R.H. Ziganshinz, V.V. Tatarskiy L D.A. Chetverina 1@

TInstitute of Gene Biology of the Russian Academy of Sciences, Moscow, Russia
2 Shemyakin and Ovchinnikov Institute of Bioorganic Chemistry of the Russian Academy of Sciences, Moscow, Russia

@ yermaxbio@yandex.ru; daria.chetverina@gmail.com

Abstract. Transcription factors represent one of the major groups of proteins, whose suppression leads to tumor growth
arrest. Different types of cancer express a specific set of transcription factors that create and maintain unique patterns
of gene expression. In prostate cancer cells, one of the key transcriptional regulators is the HOXB13 (Homeobox B13)
protein. HOXB13 is known to be an important regulator of embryonic development and terminal cell differentiation.
HOXB13 regulates the transcription of many genes in normal and transformed prostate cells and is also capable of acting
as a pioneer factor that opens chromatin in the regulatory regions of genes. However, little is known about the protein
partners and functions of HOXB13 in prostate cells. In the present study, we searched for protein partners of HOXB13 by
immunoaffinity purification followed by high-throughput mass spectrometric analysis (IP/LC-MS) using the PC-3 pros-
tate cancer cell line as a model. The main partners of HOXB13 were found to be transcription factors with different types
of DNA-binding domains, including the TBX3, TBX2, ZFHX4, ZFHX3, RUNX1, NFAT5 proteins. Using the DepMap resource,
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NHTepakTom 6enka HOXB13
B K/IeTKaX paka npocTaTbl

we have shown that one of the identified partners, the TBX3 protein is as critical for the growth and proliferation of pros-
tate cancer cell lines in vitro as HOXB13. Analysis of individual prostate cancer cell lines revealed that knockout of both
genes, HOXB13 and TBX3, leads to the death of the same lines: VCaP, LNCaP (clone FGC), PC-3 and 22Rv1. Thus, HOXB13
and TBX3 can be considered together as potential targets for the development of specific inhibitors that suppress pros-

tate cancer cell growth.

Key words: prostate cancer; transcription factors; regulation of transcription; HOXB13; TBX3; TBX2; ZFHX4; ZFHX3;

RUNX1; NFAT5
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BBepeHune

Pak mpocTatsl 3aHIMaET BaYKHOE MECTO B IIPHYMHAX MYKCKOU
CMEPTHOCTH OT OHKOJIOTHYECKHX 3a00JICBaHUI. DTO OIUH U3
HauOoJIee YacTo BCTPEUAIOIUXCS THUIIOB OHKOIIATOJIOTHU Y
myxunH (Siegel et al., 2023). B Hacrosiiee Bpems caMbIM
pacmpocTpaHeHHBIM CIIOCOOOM XUMHYECKOTO BO3ACHCTBUS HA
KJICTKU PaKa IMPOCTATHI IBJSIETCS OJIOKHPOBAHHE aHIPOTCHHO-
ro penenropa, AR. OnHako B OOJBIIMHCTBE CITyYacB OMyX0-
JICBBIC KJICTKH Yepe3 HEKOTOPOE BPEeMsI PHOOPETAIOT YCTOM-
YUBOCTh K JJAHHOMY THILY TEPAIlMH, YTO XapaKTePU3yeTCs
00pa30BaHNEM «KaCTPAI[MOHHO-PE3UCTEHTHOTO paka Mpea-
crarenpHol xene3sD» (KPPIDK — castration-resistant prostate
cancer, CRPC) (Crona, Whang, 2017). B cBs3u ¢ 3TuM ak-
TyaJIeH TIOUCK MHIICHEH JIJIsl CO3IaHMsI HOBBIX HHTHOUTOPOB
OITyXOJICBOH MPOTPECCHH TIPU PaKe MPOCTATHI.

Tpanckpununonnstit pakrop HOXB13 oxapakrepruzoBan
KaK TMOTCHIIMAIbHAS MUIICHB MPH TEPAIUU paKa MPOCTAThI.
JlarHbIA 6e70K KomupyeTcs ogHUM U3 39 TeHOB ceMeicTBa
roMeo3ucHBIX (akTopoB (comepkar JHK-cBsa3pBaromuit
HOX-noMeH, Ha3pIBaGMEBI TaK:Ke TOMEOOOKCOM), KOTOpBIC
KOHTPOJIUPYIOT TPAHCKPHUITITUOHHBIC KaCKabl B PA3IMIHBIX
TKaHsX B HOpMe 1 ipu narosorusx (Feng et al., 2021; Hubert,
Wellik, 2023). HOXB13 — 310 nroHepHsIi (akTop; ero caii-
THI CBSI3BIBAHUS 9acTO MepeKpriBatoTcs ¢ caittamun FOXAL,
GATA2 u npyrux JTHK-cBs3piBaronix OSIIKOB B KIIETOYHBIX
JTUHAAX, TIPOUCXOIIINME U3 TKaHel mpocratel (Hankey et
al., 2020; Pomerantz et al., 2020). [ToBbimieHrE YPOBHS JKC-
npeccuu HOXB13 nabnromgaercst mpumMepHo B 85 % ciryuacs
aJICHOKAPIIUHOMBI [TPOCTAThI U KOPPEIUPYET C PE3UCTCHTHO-
cThI0 K AR-TapreTHoli Tepanuu, METaCTa3UPOBAHUEM U pe-
[IUIMBaMHU B JIeYeHUH omyxoiu (Zabalza et al., 2015; Yao et
al., 2019; Weiner et al., 2021). Taxxe ObLTO ITOKa3aHO, YTO MY-
tauuu HOXB13 B reHOME OIyXOJIEBbIX KJIETOK CBSI3aHbI C HE-
TaTUBHBIM MPOTHO30M BBIKMBAEMOCTHU MAIIMEHTOB MIPU PaKe
npocrarsl (Ewing et al., 2012; Cai et al., 2015; Adashek et
al., 2020).

Hecmortps Ha Baxknyro poars HOXB13 B mponmudeparim
PaKOBBIX KJICTOK ITPOCTATHI, €T0 OMOXUMHUYCCKUE U (DYHKIINO-
HAJTbHBIC CBOVICTBA U3YYEHBI HEJIOCTATOYHO. B HacTOsIIIeM uc-
CJIeI0BaHHMY NIPOBEJICH aHan3 uHTepakroma oesika HOXB13
B KJIETOUHOMW JTMHUU paka npoctatsl PC-3. YcTaHOBIEHO, UTO
oxanM u3 naptaepoB HOXB13 aensercsa 6enok TBX3. O6a
6emka, HOXB13 nu TBX3, HE0OX0MUMBI TSI POCTa U TIPOITH-
(hepanuu OMHUX M TEX K€ KIICTOUHBIX JIMHUH paka MPOCTATHL.
Taknm o6pazom, HOXB13 u ero mapraep TBX3 moryT pac-
CMaTPHBAThCsI KAK MOTCHIIMAILHBIC MUIICHU MPH CO3MaHUU
HHTUOMTOPOB Il OHKOTEPAIIMH PaKa MPOCTATHIL.
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MaTepmanbl n metoabl
HNmmyHonpenunuTanust. KCIEpUMEHTHI 110 IMMYyHOahGrH-
HOH ouKcTKe OBITH POBEEHBI Kak onrcaHo panee (Chetve-
rina et al., 2022). SInepHblil SKCTPaAKT MOJIYYEH U3 KIETOK
auann PC-3. 10° kneTok ObLIM IBaX Ikl IIPOMBITBI B OXJIA%K-
JICHHOM BO JTbay Oydepe PBS u cycnennuposanst B 10 mu
nensHOTO caxapo3Horo 6ydepa (10 MM Tris, pH 7.5, 10 MM
NaCl, 10 MM MgCl,, | MM DITA, | MM OI'TA, 1 MM ATT,
250 MM caxapo3bl, KOKTCHIIF HHTHOUTOPOB MpoTeas 0e3
OJITA). Knetku roMoreHM3upoBaiIy C MOMOIIbIO MECTHKA
Dounce u uaky6upoBay Ha 161y 10 MuH. 3aTeM siipa ocax-
nmanmn neHtpudyruposanuem npu 3000g, +4 °C B Teuenue
10 mun. Ocanok cycnenmupoBamu B 1 mu Oydepa IP-500
(10 MM Tris, pH 7.5, 500 MM NaCl, 10 MM MgCl,, 1 MM
OATA, 1 MM OI'TA, 1 MM TT, 0.1 % NP-40, 10 % rume-
PHH, KOKTEIJIb THTHOUTOPOB 1poTeas 6e3 DJTA), romorenu-
3HPOBAJIH C TOMOIIBIO iecTrka Dounce n nukyOuposanu | 4
nipu +4 °C Ha portatope. JIn3aTs 0CBETISITH IEHTpH(YTHpOoBa-
aueM ipu 18000g, +4 °C B Teuernne 10 mun. Jlanee saepHbIit
IKCTPaKT ObLT pa3zdasieH 10 KoHIeHTpanuu NaCl 150 MM ¢
ucrionb3oBanuem Oydepa IP-0 (10 MM Tris, pH 7.5, 10 MM
MgCl,, 1 MM DJITA, 1 MM OI'TA, 1 MM ATT, 0.1 % NP-40,
10 % runeprH, KOKTEHIb HHTHOUTOPOB mpoTeas 6e3 DJTA).
MonoxknonansHble anTuTena mporus HOXB13 (EPR17371,
ab201682, Abcam) 1160 IMMYHOTTIO0YTHHEI HEBUMMYHU3UPO-
BaHHBIX KpoiKoB (Jackson ImmunoResearch #011-000-002),
UCIIOJIb3yEeMbIE B KaUeCTBE OTPUIATEIILHOTO KOHTPOJISI, OBLITH
KOBaJICHTHO MpPUIIKUTHI K cedapo3e A (Pierce) ¢ moMoIimio
DMP (Sigma). SnepHblit skcTpakT, conepxammii 150 MM
NaCl, nakyOupoBanu ¢ aHTUTeNaMH U cedapo3oii 14 1 mpu
+4 °C. Ilocme mporenyp OTMBIBOK MOJTYYCHHBIE UMMYHO-
MPEIMITUTATH] OBUTH AIFOMPOBAaHEI C TIOMOIIbI0 Oydepa, co-
nepxamero 2 % SDS, 100 MM Tris, pH 8.0, 0.5 MM D/ITA.
SHIOI/IpOBaHH]:le HUMMYHONPEUUIIUTATBI OCaXKJaaJInu € IMOMO-
mpto TXY u ganee aHanu3upoBaau METOJIOM >KMJKOCTHOM
xpomarorpadpuu/TanaeMHol Macc-cekTpomerpun (liquid
chromatography/tandem mass spectrometry, LC-MS).
Macc-cneKTpoMeTpUYeCKUil aHa U3 npod. AHaIu3 no-
JIy4eHHBIX 00pa3I0B MPOBOJIMIH, Kak onncano paHee B (Chet-
verina et al., 2022). Bydep a1t BoccTaHOBIICHHS U aJIKHITHPO-
BaHus ¢ ne3okcuxonatom Hatpus (SDC), pH 8.5, conepkan
100 MM Tris, 1 % (w/v) SDC, 10 MM TCEP 1 20 MM 2-x710p-
areramupa. [To 20 Mk Takoro 6ydepa modasmsmm k 20 MKT
Kaxoro oopasna Oenka. Kaxxaprit o0pasen oOpadarsiBain B
YABTPa3BYKOBOH BOJSIHOM OaHe B TeueHne | MUH, HarpeBajiu
10 muH npu 95 °C, oxmmaxaanu 10 KOMHATHON TeMIIepaTypsl 1
JI00aBIISUTH paBHbIH 00beM pacTBopa Tpuricuna B 100 MM Tris,
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pH 8.5, B cootHomenuu 1:50 (w/w). Peakuuto octaBisiig Ha
Houb 1ipu 37 °C, 3areM k nmentugam godasmsumn 40 Mk 2 %
tpudropykcycnoit kucnorsl (TFA), cmemmuBamu ¢ 80 MK
stunanerara u ouniianu Ha SDB-RPS StageTip. [Tocine nBy-
KpaTHOM MpoMbIBKH cMechio 1 % TFA/atunanerar (1:1) m on-
HokpaTHOH npoMbiBKU 0.2 % TFA nmenTtuas! saronpoBaiu B
YHCTYIO0 POOUPKY C moMoIbio Oydepa, cogepxariero 50 %
areToHuTprna/5 % ammuaka. CoOpaHHBIN MaTepral BHICYIIH-
BaJIM B BaKyyMme 1 Xxpanunu npu temmneparype —80 °C. Ilepen
JIATbHEHIIMM aHAJIM30M HENTHbl PacTBOPs B Oydepe,
coxepsxarieM 2 % arnerorntpua u 0.1 % TFA.

HeobOpaOorannble gaHHBIE W MOAPOOHBINH TPOTOKOJ IKC-
MEPUMEHTOB 110 KHKOCTHON XpoMarorpapuu 1 Macc-CrieK-
TPOMETPHUH HAXOISTCS B OTKPBITOM JIOCTYIIE€ B JIETIO3UTO-
pun PRIDE (http://www.ebi.ac.uk/pride), HoOMep mpoekTa
PXDO059115. Ton-20 sinepHbIX OENKOB ObLIM OTOOpPAHBI 10
crenyromemy mapametpy: HOXB13 Spectral count/IgG Spec-
tral count>=2. [l mpoBenenuns GO-aHaIM3a HCIIOIH30BAIICS
pecypc TNMplot (Bartha, Gyo6rfty, 2021).

AHa/IM3 YyBCTBHTEIbHOCTH PAKOBBIX KJIETOYHBIX JIH-
HHIl ¥ YPOBHSI IKCIIPECCHH I'eHOB B KIMHHYECKHX 00pa3-
ax MpoBOMJIICS Ha OCHOBe 0a3bl nanHbix DepMap (https://
depmap.org/portal/). lng ananu3za ZaHHBIX, TOTYyYEHHBIX
mertozioM CRISPR, ncnions3oBamu Bepeuto CRISPR (DepMap
Public 24Q4+Score, Chronos), [jisi MOJTYYEHHBIX METO-
moMm RNAi — Bepcuro RNAi (AchillestDRIVE+Marcotte,
DEMETER?2).

DKCIpecCuo reHoB B 00pasiiax OIyXO0JIH U COOTBETCTBYIO-
WX HOPMaJbHBIX TKAHAX OLEHUBAIU C MOMOIIBIO TECTA
Manna—YurHu, 6a3a nanusix TNMplot (https:/tnmplot.com),
ceenennst u3 Cancer Genome Atlas (TCGA) u peniozutopust
Genotype-Tissue Expression (GTEx) (Bartha, Gyorffy, 2021).

BbDKMBaEMOCTh TAIMEHTOB aHATU3UPOBAIN C HCIIONIB30-
BanueM 0a3bl ganHbix UCSC Xena (https://xena.ucsc.edu/)
(Goldman et al., 2020), xoropra TCGA Prostate Cancer
(PRAD), Illumina HiSeq 2000 RNA (dataset ID — TCGA.
PRAD.sampleMap/HiSeqV2) u ¢punstp “Primary tumor”.

Pesynbratbl

UHTepakTtom ¢pakTopa HOXB13
B KNleTKax paKka npocratbl nuHuu PC-3
[Touck GenkoBeIx mapTHEpoB ¢akTopa HOXB13 6511 0OCy-
IIECTBIICH ¢ MoMomIblo nMmyHoadduuHoit ounctkn (IP) c
MOCJIEAYIOIIUM aHAITM30M 00pa310B METOJIOM BBICOKOIIPOU3-
BOAHUTENBbHON Macc-ciekTpomerpr (IP/LC-MS). B xauectse
MOJIENIN MBI NCTIONIb30BANIN JIMHMIO paka npocrtarsl PC-3, B
KOTOPOM JICTEKTUPYETCsI BBICOKUI YPOBEHb SKCIIPECCHHU T'eHa
HOXB]13. VI3 x1eTOK JaHHOW JTMHUY BBIACIHIN SICPHBII SKC-
TPAKT, KOTOPBIH OBUT IPOMHKYOHMPOBAH C aHTUTEIAMH ITPOTUB
HOXB13 unu ¢ I[gG HenMMyHHU3HPOBaHHOTO KUBOTHOTO (OT-
pHLATENbHBIN KOHTPOIIb), KOBAJICHTHO CBSI3aHHBIMHU C ceda-
pozoii A. ITociie IMMyHOIIPEIMIUTAILIMNA U CEPHU OTMBIBOK
0es1Kku OBbLIM MIOUPOBaHbI ¢ ce(hapO3HBIX OYCHH C TIOMOIBIO
SDS-conepxariero Oydepa u mpoaHaTH3UPOBAHEI METOIOM
Macc-criekrpomerpuueckoro ananuza LC-MS. Hapuc. 1, 4, 5
npezacTapieHsl 20 6e1KoB ¢ HauOOIBIIUM 000TaIIEHHEM CO-
macHo pesynbraram [P/LC-MC-ananu3a.

GO-anamm3 20 sepHbIX OCNKOB ¢ HAUOOIBIIMMHU 00OTa-
[IEHUSIMU CUTHAJIOB B MacC-CIIEKTPOMETPUYECKOM aHalln3e
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nokasai, uto MHorue u3 Hux (11 u3 20) npencrasnens JTHK-
CBSI3BIBAIONIUMH (haKTOPaMH TPAHCKPHIIHH (CM. puc. 1, B).

JBa Genka-romonora, ZFHX4 u ZFHX3 (zinc finger ho-
meobox 3 u 4), UMEIOT B CBOSH CTpyKType 1o 17 HekmacTe-
PHU30BaHHBIX MOTHBOB «IIMHKOBBIE Manblbely C2H2-tnma, a
Taoke mo 4 JIHK-cBA3BIBafOIKMX JOMEHA THIIA TOMEOOOKC
(HOX-nomenst) (cM. puc. 1, 4). Heckonpko HekacTepu-
30BaHHBIX MOTHBOB «IIMHKOBEIE Manblbely C2H2-tHuma co-
nepxut takke 0enok TRPS1. benok HMG20A conepxur
JIHK-cBsizpiBaronumii jomen Trna “High mobility group”. Tpu
thaxtopa, MGA (MAX gene-associated protein) i 1Ba 6emka-
romosiora TBX3 n TBX2 (T-box transcription factors), Bkiro-
qarot JIHK-cBsi3biBaromuii qomen tumna T-box. benok TCF20
nmeeT A.T.hook gomen, RUNX1 — Runt nomen, NFATS —
RHD nomen, a MRE11 — Mrell nomen (cm. puc. 1, 4).

Takum 00pa3oM, MHOTHE TOIOBBIE OEJIKOBBIE MAapTHEPHI
HOXBI13 gBngroTcsi TPaHCKPUNIHOHHBIMHU (haKTOpamMu ¢
pazubivu TunaMu JIHK-cBs3pIBatonnx J0MEHOB.

AHanus 6a3bl gaHHbIX DepMap:

npoayKTbl reHoB HOXB13 n TBX3 Hanbonee 3Haunmbl

AnA nponudepaummn KNeToYHbIX IMHUIA paka npocTaTbl
st onpenenennst pyHKINOHAIBHON 3HAUMMOCTH BBISIBIICH-
HbIX nmapTHepoB HOXB13 Ha cnegyromeM sTane Mbl IpoBe-
JIM TTIOUCK THIIOB paka, HanboJiee 4yBCTBUTEIbHBIX K HOKAy-
Ty (CRISPR) mnmu HOknayHy reHoB (RNAI), xogupyrommx
HOXB13 un ero GenxoBbIe TapTHEPHI, HCIOIB3Ys 033y JaHHBIX
DepMap (cm. Tabauiy). B npoexre DepMap cymMmupoBaHbI
JTaHHbIE CKPHUHMHTA 3aBUCHMOCTH YPOBHS Nponudepanun
OITyXOJICBBIX KJICTOK PA3IMYHON STHOJIOTHH OT TOJABICHUS
AKTUBHOCTH MHIMBUIYyaNbHBIX reHoB MeTogamu CRISPR
nm RNAI (Tsherniak et al., 2017; Vazquez, Sellers, 2021).
BeposrHocts 3aBucumoctr (Dependency) xaxkmoi kierod-
HOW JINHUM OT OIPEeICHHOTO I'eHa BBIPAXKEHA B BUJIE KOJIH-
YECTBEHHOTO TIoKa3aTens «d¢dext reray (Gene effect): vem
HIDKE 3TOT HapameTp, TeM BBIIIE YPOBEHb THOCIN KIETOK
paccMarpuBaeMoOU KJIIETOYHOW JIMHUM IIPYU WHAKTUBALUU CO-
OTBETCTBYIOILIETO TEHA.

Amnanu3 ganabix DepMap BeISIBIUIL, UTO KIIETOYHBIE JIMHUN
Pa3HBIX TUIIOB OITyXOJIEH MO-pa3HOMY PearupyroT Ha JernJie-
MO TECTHPYeMBbIX reHOB. Hanbosee BaskHO, 4TO HapyIIeHUE
AKTMBHOCTH OJIHOTO M3 (hakTopoB, reHa 7BX3, Kak M reHa
HOXB13, npuBOANT K MPEUMYILECTBEHHOI I'MOeH KIeTo4-
HBIX JJUHUH paka npocrarsl. [Ipu 3TOM HapylieHue pocrta u
nporepanyy Oy XOoIeBbIX KJIETOK ITPOCTATHI HAOII0aeTCst
kak npu Hokayte (CRISPR), tak u npu Hoknayne (RNAI)
reroB HOXB13 u TBX3 (puc. 2, A, b, cM. Tabawiy).

J171s1 TOTO 94TOOBI MOHSATH, KAKME UIMEHHO KJICTOYHBIC JINHUU
HauboJIee YyBCTBUTEIbHBI K JenenusM reHoB HOXBI3 u
TBX3, orn OBLIN TIPOAHATM3UPOBAHBI IO OTIEIBHOCTH (CM.
puc. 2, B). B pecypce DepMap nmerorcst JaHHBIE O BIUSTHUT
CRISPR-onocpenoBanHoro HokayTa B 10 THHUAX, IPOUCXO-
IAmuX w3 TKaHed mpoctarel. [1ate 3 HEX, VCaP, LNCaP
(clone FGC), PC-3,22Rv1 nu DU145, noiyuens! n3 arpeccus-
HbIX ajieHoKapuuHoM. JIunuu P4E6, Shmac 4, Shmac 5 BbI-
JIENICHbI U3 KIETOK BBICOKOAM(D(EepeHINPOBaHHBIX HEMETa-
CTaTHYECKHUX KApIIHOM ITPOCTATHI, TOTIOJHUTEILHO HMMOP-
TaJM30BaHHBIX C TOMOMIBIO 3Kcnpeccuu reHa £6 HPV (Lang
et al., 2006). WPE1-NA22 0bia momydeHa w3 HOpMaIbHBIX
kietok npoctarel TuHnd RWPE-1 mytem Tpancdopmannu
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NHTepakTom 6enka HOXB13
B K/IeTKaX paka npocTaTbl

A DNA-binding protein
IP/LC-MS spectral count
Protein HOXB13 [e]€} HOXB13-IgG  Structural domain/function
HOXB13 14 2 12 HOX-domain
Top 20 proteins purified by HOXB13 antibody
1 KCTD18 108 3 105 BTB/POZ domain
2 XRN2 100 33 67 5'—3’exoribonuclease activity
3 TCF20 87 36 51 DNA binding, A.-T.hook domain, PHD domain
4 ZFHX4 40 1 39 DNA binding, Zinc Fingers C2H2-type, HOX-domains
5 PHF14 36 1 25 PHD domain, Histone-binding protein
6 RAD50 24 3 21 Double-strand break (DSB) repair
7 ZFHX3 21 1 20 DNA binding, Zinc Fingers C2H2-type, HOX-domains
8 POLR3A 18 1 17 DNA-directed RNA polymerase Ill subunit
9 MGA 26 10 16 DNA binding, T-box domain
10 RPAP3 15 0 15 RNA polymerase Il-associated protein
11 | TRPSI1 23 8 15 DNA binding, Zinc Fingers C2H2-type
12 | TBX3 14 1 13 DNA binding, T-box domain
13 HMG20A 18 5 13 DNA binding, HMG domain
14 ANKRD17 17 5 12 Cell cycle and DNA regulation
15 | TBX2 10 0 10 DNA binding, T-box domain
16 URI1 11 1 10 Chromatin binding
17  RUNX1 9 0 9 DNA binding, Runt-domain
18 | NFATS 8 0 8 DNA binding, Rel homology domain (RHD)
19 | MRET1 10 2 8 Mre11-DNA-binding, Double-strand break (DSB) repair
20 PHC3 12 5 7 Polycomb Group protein
b HMG20A  1cppp  KCTD18  XRN2
POLR3A
PHF14 URIN
ZFHX4
RPAP3
ZFHX3
TBX2
RAD50 TBX3
MRE11 MGA
ANKRD17
NFAT5
RUNX1 PHC3
B RNA Polymerase Il Transcription Regulatory Region Count
Sequence-Specific DNA Binding (GO:0000977) r ® . g
Cis-Regulatory Regiqn S.equence—Speciﬁc | ® :g
DNA Binding (GO:0000987) 6
RNA Polymerase Il Cis-Regulatory Region | pe o7
Sequence-Specific DNA Binding (GO:0000978) Adjusted p-value
Double-Stranded DNA Binding (GO:0003690) | ° ggg?g
DNA-Binding Transcription Repressor Activity, 0.0015
RNA Polymerase ll-specific (GO:0001227) | ¢ 0.0020
0.10 0.15 0.20 0.25 0.30 0.35
Gene Ratio

Puc. 1. TpaHcKpunymoHHble GpakTopbl B MHTepakToMe HOXB13 B KneTkax paka npoctatbl PC-3.

A - cnekTparnbHble curHanbl (spectral count) 20 AaepHbIX 6eNKOB ¢ HanbonblMm oboralleHnem B pesynbratax IP/LC-MC-aHanu3sa (Top 20).
Cron6ubl HOXB13 1 IgG — pe3ynbTaThl aHanm3a AfepHOro 3KCTPaKTa, NPouHKYy6upoBaHHOro ¢ aHTuTenamu npotms HOXB13 nnu ¢ Hecne-
undunueckumn IgG HEUMMYHU3MPOBAHHOIO XXNBOTHOFO COOTBETCTBEHHO. B OTAeNbHOM CTONGLE yKasaHa pasHMLa Mexay CurHanamm B
npobax HOXB13 1 IgG (HOXB13-1gG). Cnpasa npvBeaeH Tvn [JHK-cBA3bIBalowwero gomeHa. b5 — cxema nHtepaktoma HOXB13; B - GO-aHa-
nu3 20 afepHbIX 6€NKOB ¢ HaMGONbLIMMMN 06OraLLEHNAMY CUTHASIOB B MAacC-CMEKTPOMETPUYECKNX SKCNEPUMEHTaX.
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A HOXB13 TBX3
CRISPR (DepMap Public 24Q4+Score, Chronos) CRISPR (DepMap Public 24Q4+Score, Chronos)
All All

 — O .
o e | o

-2.0 Sl -1.0 -0.5 0 0.5 -1.0 -0.5 0 0.5

Gene Effect (Chronos) Gene Effect (Chronos)
1. Prostate Adenocarcinoma (6.81e-36), n =5 1. Prostate Adenocarcinoma (1.61e-15), n =5
2. Prostate (1.72e-18),n=10 2. Prostate (9.58e-18),n=10
b HOXB13 TBX3
RNAi (Achilles+DRIVE+Marcotte, DEMETER2) RNAi (Achilles+DRIVE+Marcotte, DEMETER2)
All All

+ — - — I
: — : — -

-08 -06 -04 -02 0 0.2 0.4 0.6 -08 -06 -04 -0.2 0 0.2 0.4 0.6

Gene Effect (DEMETER2) Gene Effect (DEMETER2)
1. Prostate Adenocarcinoma (1.16e-08), n =6 1. Prostate Adenocarcinoma (7.41e-06), n =6
2. Prostate (1.12e-04),n =8 2. Prostate (3.47e-04),n=8
B VCaP LNCaP PC-3 22Rv1 DU145 P4E6 Shmac4 Shmac5 WPE1-NA22 BPH-1
05 (clone FGQ)
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VCaP LNCaP -3 22Rv1 DU145 P4E6  Shmac4 Shmac5 WPE1-NA22 BPH-1
(clone FGC)

Puic. 2. KneTouHble nMHUN paka NpocTaTbl Hanbosnee YyBCTBUTENbHBI K HOKayTy 1 HOKfayHy reHoB HOXB13 1 TBX3. AHanu3
BbIMOJIHEH C UCMosb3oBaHMeM 6a3bl JaHHbIX DepMap.

A - HokayT (CRISPR) reHoB HOXB13 1 TBX3 cneunduyHo BAUAET Ha POCT U XKM3HECNOCOBHOCTb KNETOK, MPOUCXOAALMX 13 NPO-
cTaTbl. IPpdeKTbl yaaneHna TeCTpyeMoro reHa Afia Bcex JIMHMIN KNeToK OKpalleHbl B cepbliii LBeT (Bcero 1178 nnHuiA KneTok), 3¢-
beKTbl yaaneHna TeCTUPyeMoro reHa Ana KNeTouHbIX VHWIA, NPOUCXOAALIMX U3 NPOCTaThl, — B CMHWIA. Mo ocu abeumcc npefcTas-
NeHbl 3HaueHnn reHeTnyecknx apdektos (Gene Effect), oTpaxaiowme ypoBeHb nponudepalin pakoBbiX KNeTOK Npv Aeneuum
TeCTMPYEMOro reHa: YeM MeHbLLEe 3HaueHne JaHHOro NnokasaTens, TeM 6obliuee HeraTMBHOE BAVAHME Ha POCT KJIETOK OKasblBaeT
MHIMOMPOBaHNE aKTUBHOCTU reHa. benbii npoben o3HauaeT MearaHHoe 3HauyeHve nokasatens Gene Effect. Avanus DepMap Bbi-
ABNAeT Be Hanbonee CneUnPUUHO YyBCTBUTENbHBIE K HOKAYTY rPYNMbl AMHWIA: 1 — cpefHnin 3GdeKT 5 NMHWIA, COOTBETCTBYIOLLIMX
afeHoKapLMHOMe NpocTaThl; 2 — cpefHNin 3GdeKT 10 KNeTOUHbIX JIMHNIA, MPOUNCXOAALLMX U3 MPOCTaThl, BKIOYAA MMHUM aileHO-
KapumHombl. b — HokaayH (RNAI, drioneToBbliii LBET) BAINAET Ha POCT 1 MN3HECMOCOOHOCTb KNETOK, MPOUCXOAALLMX 13 NPOCTaThI.
[1Be Hanbonee cneyndrUUHO YyBCTBUTENbHBIE K HOKayTy rpynmbl MNHWIA: 1 — cpefHuin 3GdeKT 6 NMHUIN ageHoKapLUMHOMbI MPo-
cTaThl; 2 — cpefHNiA 3$deKT 8 KNETOUHBIX JIMHUIA, NPOUCXOAALMX 13 NPOCTAThI, BKIOYAA NMMHUN ajeHOKapLMHOMbI. B — BiuAHe
HokayTa (CRISPR) reHoB HOXB13 1 TBX3 Ha nHruérposaHue nponudepauymn 10 KNeTOUHbIX MMHUIA, MTPOUCXOAALLMX 13 MPOCTaThl,
NpoaHanM3npPoBaHHbIX Mo OTAeNbHOCTY. o OcK OpAMHaT yKasaHbl 3HaueHnA napametpa Gene Effect npu geneyun reHos meto-
nom CRISPR. I - ypoBeHb TpaHCKpUNLum (BbipaxeH B 3HaueHUaAX log,(TPM+1)) B 10 KNETOUHbIX IMHNAX, IPOUCXOAALLNX U3 TKaHel
npocTatbl. AHann3 BbINOAHEH 6e3 HoKayTa reHoB.
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NHTepakTom 6enka HOXB13
B K/IeTKaX paka npocTaTbl

Haunbonee uysctButenbHbie K HokayTy (CRISPR) nnu HokgayHy (RNAI) Trnbl onyxonei
npw genneunn HOXB13 1 ero napTHePOB cornacHo 6ase aaHHbIx DepMap

Ne n/n leH CRISPR knockout RNAi knockdown
KoHTponb HOXB13 Prostate Prostate

1 KCTD18 Ovary Kidney

2 XRN2 No No

3 TCF20 No No

4 ZFHX4 No No

5 PHF14 No Mesothelioma
6 RAD50 Lymphoma No

7 ZFHX3 Rhabdoid Cancer No

8 POLR3A No No

9 MGA Head and Neck Solid

10 RPAP3 Head and Neck No

Ne n/n leH CRISPR knockout RNAi knockdown
11 TRPS1 Breast Breast

12 TBX3 Prostate Prostate

13 HMG20A No No

14 ANKRD17  Rhabdomyosarcoma Breast

15 TBX2 Neuroblastoma Rhabdoid Cancer
16 URIT No Head and Neck
17 RUNX1 Lymphoma Lymphoma

18 NFATS Stomach Melanoma

19 MRET1 No No

20 PHC3 Ovary No

I'Ipmmeanl/le. 0O603HaueHne “No” YKa3blBaeT, YTO TuM ONnyxonwu, KNeTkn KOTOoporo 6bIIM 6bl Hanbonee YyBCTBUTEJIbHbI K WHaKTUBaLUW OaHHOrO reHa,

He BbIABJIEH.

xumudeckuM kanreporenom (MNU) (Webber et al., 2001),
BPH-1 — u3 HeTpaHc(hOpMHPOBAHHBIX SIUTEIHATHHBIX KIIe-
TOK MPOCTATHI ITyTEM IMMOPTAIM3AMH OOJIBIIM aHTUTCHOM
Bupyca SV40 (Hayward et al., 1995).

BbICOKOW 4yBCTBHUTEIBHOCTBIO K JIETICIIUU T€HOB Kak
HOXBI13, tak u TBX3 obnananu 4eThIpe U3 IMSATH KICTOUHBIX
nuHUi aneHokapuuHombl nipocrarel: VCaP, LNCaP (clone
FGC), PC-3 u 22Rvl. B 1o e Bpems nenerust HOXB13 u
TBX3 He sBIsIIACH 3HAUMMOW ISl pocTa W Npoiudepannu
xierounsix auauii DU145, WPE1-NA22, P4E6, Shmac 4,
Shmac 5. Knerkn muaun BPH-1 o6mamanm 9yBcTBUTENTBHO-
cThio K neneunu TBX3, no ne HOXB13. AHanu3 3Kcipeccuu
reHoB HOXBI3 u TBX3 B ucciaenyeMbIX JUHUIX (TaHHBIE
pecypca DepMap) moka3ai, 9To Hanbosiee BEICOKHHA YPOBEHB
TPAHCKPUIINH 3TUX (AKTOPOB JETEKTUPYETCSI B JIMHUAX
VCaP, LNCaP (clone FGC), PC-3 u 22Rvl (cwm. puc. 2, '),
YYBCTBUTEIBHBIX K HOKAyTy 000MX reHoB. TakuM o0pazom,
npoxykTel reHoB HOXB13 u TBX3 npenuMyliecTBEHHO He-
00X0oaMMBI Juisl ipoiudepaluy KISTOUYHBIX JIMHUI, TpouC-
XOJSIINX U3 00pa3IoB aJeHOKAPIIMHOM MPOCTATHI.

Ha cnemyromem sTare Mbl IpOaHAM3UPOBAIN YPOBEHB
TpaHckpunuuu renoB HOXB13 n TBX3 B KIMHUYECKHUX 00-
pasmax ¢ momomrsio pecypca TNMplot. Tpanckpurius reaa
HOXBI3 B HOpMe OrpaHIYeHa TKaHAMH pocTatsl (puc. 3, 4).
IIpu maronoruu BBICOKHI YPOBEHb TPAHCKPUIITOB IE€Ha
HOXB13 nabnronaercs B OITyXOJIEBBIX TKAHAX MPOCTATHI
npssmoit kumku. I'en 7BX3 Tpanckpubupyercst B O0sbIemM
4KCJIe TKAHCH, IPU 3TOM HauboJee BBICOKUI YPOBEHb DKC-
MPECCHU AaHHOTO (paKTOpa XapaKTepeH AJIsl HAATOYCUHHUKOB,
MPOCTAThl U IIUTOBUAHON >kee3bl (cM. puc. 3, b). B omyxo-
JIEBBIX TKAHSAX YacTO MIPOUCXOAUT CHUKEHUE YPOBHS TPaHC-
kpunuuu 7BX3 1o cpaBHEHHUIO ¢ HETPaHC(HOPMUPOBAHHBIMHU
oOpasiamu, 4To HaOIIOfaeTCs U B CIydae paka MpOCTaThHI.
[TonpoOHbIe 1aHHbIE U3MEHEHUH YPOBHEH IKCIIPECCUY TEHOB
HOXB13 w TBX3 B 310pOBBIX U TpaHC(HOPMUPOBAHHBIX TKa-
HSIX IPOCTATHI MIPECTABICHEI Ha pHC. 3, B. DKkcnpeccus reHa
HOXB13 3nauntensHo u goctoBepHo nossimeHa (FC = 3.8,
p-value =2.28e—69), Torga kak ypoBeHb TpaHCKpummu 7BX3
nocroBepHo cHikaercst (FC = 0.84, p-value = 2.47e¢—04).
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B TO ke BpeMs JOCTOBEPHbIX KOPPEJSLUN YPOBHEH TpaHC-
kpunuuu reHoB HOXB13 n TBX3 ¢ mpOoIoKUTENFHOCTHIO
JKU3HU TTAIUCHTOB C aICHOKAPIIHHOMOM MPOCTATHI BEIIBICHO
He Obu10 (eM. puc. 3, ).

O6cyxpeHue

B mnpoBeseHHOM ucClieJOBaHUM C TIOMOIIbI0 MeTona [P/
LC-MS 6pumn ompeneneHsl 0eIKoBbIe TapTHEPHI pakTopa
HOXB13 B knerounoit auHuM paxa npocrarsl PC-3, mHOTHE
n3 KoTopbix oTHOCsTCs K JIHK-cBsi3bIBaronmum Oenkam.

Opnuum u3 ycraHoBineHHBIX mapTHepoB HOXB13 sensercs
6enokx TBX3, nmetommmii B cBoeii crpykrype JJHK-cBsi3piBato-
i qomer T-box Tuma. AHanu3 gaHHbIX moptana DepMap
mokasai, 4yto HokayT (CRISPR) u Hoxmayn (RNA1) kak reHa
HOXB13, tax n rena TBX3 nanboiee 3HaYNMO OJIOKHpYyET
pocT u npoaudepanuo KISTOUHbIX JTHHUH, TPOUCXOASIINX
U3 a/ICHOKapIIHOM MIPOCTAThl. YPOBEHb TPAHCKPHITIINY I'eHa
HOXBI13, no ne TBX3, NOCTOBEPHO BbIILIE B KIMHUYECKUX
o0pasiax, Mojay4eHHbIX OT MAlHUEHTOB C aJeHOKAPLIMHOMO
MPOCTAThI, 10 CPABHEHMIO C 00pa3laMu 340POBBIX TKaHEH
npocTarkl. BMecTe ¢ TeM KOppensiun MeKay NOBBIIIEHHBIM
ypoBHeM TpaHckpunuuu reHa HOXBI3 vnu TBX3 u He-
TaTUBHBIM NIPOTHO30M OOIIIel BEIKHBAEMOCTH MAI[IEHTOB C
a/ICHOKapIIHHOMOH TPOCTAThl HE BBISBICHO.

MorkHO TIpeIoNnoxuTh, uto oeiaxn HOXB13 u TBX3 Tec-
HO CBsI3aHbI (DYHKIIMOHAIBHO U Y9aCTBYIOT B OTHHAKOBBIX Ka-
CKaJlax peryisiiuu Tpanckpunuuu. [loteHnnansHo, coBmect-
Hoe nHruouposanue akrusHocteit HOXB13 u TBX3 moxer
OKa3bIBaTh 00JI€e CHIIbHOE MHIMOMPYIOIIee BIUSTHNE Ha TIPO-
nM(eparuio KIETOK paka MPpoCTaThl, YeM HHAKTHBALIS OCITKOB
o otaenbHoCTU. [t pakTopa TBX3 panee ObuI0 MOKA3aHO,
YTO OH MOJKET MOJIABIISATH TPAHCKPUIILIHIO TEHOB-CYIPECCOPOB
omyxoueit, Takux kak p14ARF (Lingbeek et al., 2002; Yarosh et
al., 2008). Bo3moxHo, koonepanus mexgy HOXB13 u TBX3
CTHOCOOHA YCHITUBATD PENIPECCHIO TPAHCKPHUIIIIUH OTIACTBHBIX
onkocympeccopoB. Ponrs TBX3 gocrarouno nmoppobHO wnc-
CcJie/loBaHa B OITYXOJISIX MEeYeHU M MoJiouHoM xkese3sl (Khan
et al., 2020), oqHako maHHBIE 0 (DYHKIHUAX 3TOTO (pakTOopa B
KJIETKaX paKa IpOCTaThl Ha CETOHS OTPAaHNYEHBI OJTHIM HC-
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Puc. 3. YpoBeHb TpaHcKpunuuy reHoB HOXB13 n TBX3 B KNIMHMYECKNX 06pasLax.

A, b - pnddepeHumanbHan SKCNPeccna reHoB B HOPManbHbIX (CNIeBa) v onyxoneBbix (Crpasa) 06pasLiax pasHbIX TKaHel, aHanus nposefeH
¢ nomolybio pecypca TNMplot. KpacHbiM LiBeTOM o0TMeueHbl ciyyam ¢ p-value < 0.05 (tect MaHHa-YWTHWM) 1 aKkcnpeccueld >10 B onyxone-
BbIX W HOPMarbHbIX 06pasLax. B — n3meHeHns ypoBHA TpaHcKpunummn reHoB HOXB13 1 TBX3 npefcTaBnieHbl B BUAE CKPUMUYHBIX fna-
rpamm. p-value, Tect ManHa-YutHu; FC (fold change median) — meagraHa n3ameHeHUsA 3KCNpeccum, aHanmns NpPoBEeAEH C MOMOLLbIO pecypca
TNMplot. [ — koppenaunn mexay ypoBHeM TpaHckpunuum reHoB HOXB13 n TBX3 1 nporHo3om obuen npogomkutenbHocTn (OS) Xn3Hn

NaLVEeHTOB B KIIMHUYECKMX 06pa3Lax; aHanm3 NpoBefeH C nomolpbio pecypca UCSC Xena. KpacHbiM LIBETOM BbleneHbl KOropTbl C BbICO-
KOW 3KCcnpeccmein reHoB, CUHUM — C HU3KOW.
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cienoBanreM (Hwang et al., 2022). Mcnonb3ys KIETOYHYIO
muanto LNCaP, J.H. Hwang ¢ koimeramu mokasaim, 9To B
MHTEPAKTOME TPaHCKpHUIMIIMOHHOTO Koakropa CREBS ne-
TekTupytores pazauunsle JJHK-cBs3biBatomue 0enku, B ToM
gucne TBX3, HOXB13, FOXA1 u AR. Hokayt TBX3, xak
FOXAL1, npuBommn k rudenu kinetok muann LNCaP.

JBa OenkoBbix maptHepa pakropa HOXB13, Oenku-romo-
noru ZFHX4 u ZFHX3, comgepskar B CBOEH CTPYKType 4eThIpe
TOMEOOOKCHBIX JIoMeHa. V3BeCTHO, 4TO TOMEOOOKCHBIC J10-
MEHbI MOT'YT 00pa30BBIBATh JAPYT C JPYroM OEJIKOBbIE KOH-
takthl (Ortiz-Lombardia et al., 2017). Bo3amoxxHo, romeo10-
med HOXB13 u romeonomensr ZFHX4/ZFHX3 criocoOHbI
B3aMMOJICHCTBOBATh HAMPSIMYIO, YTO HEOOXOIUMO IPOBEPHUTH
B Oymy1em.

Panee ¢ ucnons3oBanueM kierounoil auHuu VCaP, mpo-
UCXOJSIIeN M3 paKa MpoCTaThl, ObLIO YCTaHOBIJICHO, YTO
HOXB13 npermmutupyetcs ¢ 6enkom EED, xommoHeHTOM
pernpeccoproro komruiekca PRC2 (Cao et al., 2014). ABropst
Taxxke nokaszaiu, yro EED addexTrBHO B3auMoelcTByeT U
¢ npyruMm Polycomb-kxommiexcom, PRC1. B nameit pabore
MBI HE OOHAPYKHIIM KOMITOHEHTHI KoMiuiekca PRC2 B ummy-
Honpeuunutare HOXB13, ogHako neTekTHpoBaIuCh 1Ba
npyrux Polycomb-daxropa: 6enmkn PHC3 n RUNX1. PHC3,
kak u ero romosioru PHC 1 u 2, sBnseTcss KOpOBBIM KOMITO-
Herrom nogxomiuiekca PRC1, vazpiBaembiv cPRC1 (Schuet-
tengruber et al., 2017), Torna Kak A7 TPAHCKPHUIIIMOHHOTO
(paxropa RUNXI1 Obl1a panee nokasaHa BO3MOXKHOCTB B3au-
mozeiictBus ¢ Polycomb-dakropom BMII (Yu et al., 2012).
Bosmoxxro, HOXB13 ygacTByeT B perymsaiun TPAaHCKPHTIIIHA
BMecTe ¢ penpeccopamu rpymisl Polycomb, Ho futs u3yuenust
JTAHHOTO BOIIPOCA HEOOXOAMUMO MPOBECTH JOMOIHUTEIBHBIE
UCCIICOBAHUSL.

Ha cerogusimiamii 1eHp O0NbIIOe BHUMAHHUE YIEISAETCS
MOUCKY HOBBIX MUIICHEH JJIsl HANIPABJICHHO! (TapreTHOM) Te-
paruy OHKOJIOTHYECKHX 3a00JIeBaHNH, IPU 3TOM OAHUMH U3
MIEPCIICKTUBHBIX THUITOB MUIIICHEH SBIISFOTCS TPAHCKPHITIIMOH-
Hble Gaktopsl (Bouhlel et al., 2015; Hagenbuchner, Ausser-
lechner, 2016; Lambert et al., 2018). B mocnennee Bpems 1mo-
SIBJISIETCSI BCE OOJIBIIIE TAHHBIX, CBU/ICTEIIBCTBYIOIINX O KITIO-
yeBoii posn JIHK-cBs3bIBaOInX TpaHCKPUIIIMOHHBIX (hak-
TOPOB B MPOIECCaX PA3BUTHS 3JI0KAYECTBEHHBIX OITyXOJei
(Vishnoi et al., 2020; Zhang et al., 2020). K npumepy, ananus
6a3p1 DepMap BBISIBIISICT TPAHCKPUIILIMOHHBIE (PAKTOPBI KaKk
KJIaCC T€HOB, MHAKTHBAIMSI KOTOPBIX KPUTUYECKN Ba)KHA JITIST
nponmdeparun ormyxosneBbix kiaetok (Chetverina et al., 2023).
OmnmcaH psii areHTOB, MO3BOJIONIMX HHIHOUpoBars JTHK-
CBSI3BIBAOIIYI0 aKTUBHOCTH TPAHCKPHUIIIIHOHHBIX (PAKTOPOB,
YTO JIEJIAeT aKTyaJbHBIM UX U3Y4YEHHE B KaueCTBE MOTEHIIH-
aJIbHBIX MUIIICHEH 117151 JieueHust onkonarosoruii (Bushweller,
2019; Li et al., 2022; Zhuang et al., 2022; Xie et al., 2023).

[NomyueHHBIC B HACTOSIIIEM UCCIICIOBAHUH PE3YIIBTAThI I10-
Ka3bIBAIOT, YTO OOJIBIIAS YACTh TOMOBBIX OEJIKOB HHTEPAKTOMA
HOXBI13 npencrasnena JJHK-cBs3pIBatommumMu paxTopamu.
CBOICTBO TPaHCKPUIIIMOHHBIX (DAKTOPOB B3aHMMOJECHCTBO-
Barb ¢ apyrumu JJHK-cBsi3bIBaronmMu Oesikamu, BEpOsITHO,
SBJISIETCSI OIHUM M3 OOIIMX MEXAHU3MOB PETYISIINU TPaHC-
KPUIIIAU TeHOB Kak y MiekonuTatomux (Jolma et al., 2013,
2015), Tak u y npyrux muorokserounsix (Erokhin etal., 2018).
ITo Bcelt BUAMMOCTH, MHOKECTBEHHBIE B3AUMOIEHCTBUS MEXK-
JIy TPAaHCKPHUIIIMOHHBIMA (haKTOPaMH ITO3BOJISIIOT UM 00pa3o-
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BBIBATh YIIOPSII0YCHHBIC MAKPOKOMILICKCHI, KOTOPBIC Y3HAIOT
HE TOJIBKO eTUHUYHBIE, 9aCTO BBEIPOXKICHHBIC CAHTHI CBSA3BI-
BaHUS IS OTACTHHOTO (haKkTopa, HO M OoJiee MPOTSHKCHHBIC
obnactu JIHK, cocrosiime u3 Habopa MOTUBOB HECKOJIBKHX
6enkoB. CriocoOHocTh JIHK-CBA3BIBAOMINX OCITKOB K B3aUMO-
JICHCTBHIO MOXKET OBITB KITFOUEBOH TS CIICI(UIHOTO BEIOOPA
MECT OCA/IKU PETYIATOPHBIX KOMIUIEKCOB Ha XpoMaTuH. Mo-
JTylTMPOBaHUE BO3MOKHOCTH OTaesbHBIX JIHK-cBs3bIBatOmMX
OCTKOB PEKPYTUPOBATHCS HA XPOMATHH SIBIISIETCSI CIIOCOOOM
Oosiee JIOKaIbHOTO BO3/ICHCTBUS HA CUCTEMY PETYIISALIUHU IKC-
MIPECCHU TEHOB, YTO JieNlaeT TPAHCKPUIIIMOHHBIE (HaKTOPHI
MIEPCTICKTHBHON MHIIICHBIO [UTS TIOI00pA Pa3INIHBIX IIPOTHBO-
paKOB])IX KOMIIOHCHTOB.

3aknioyeHue

[Tony4yeHHble AaHHBIE TIO3BOJIAIOT CIEJATh CIEAYIOLINE OC-
HOBHEIC BBIBOAHL. 1. [maBHBIe mapTHEpHI pakTopa HOXBI13
MPEJICTABICHbI TPAHCKPHUITIIHOHHBIMH (DAKTOPaMH C Pa3HBIMH
tunamu JIHK-cBsi3piBaromux 1oMeHoB. 2. KineTouHble THHUH,
MPOHMCXOAIINE M3 00PA3II0B aICHOKAPIIMHOMBI IIPOCTATHI, HaK-
Ooee YyBCTBUTENBHBI K nenerun reHoB HOXB13 u TBX3.
3. IlopaBnenue aktuBHOCTel reHoB HOXBI3 u TBX3 npu-
BOJMT K OCTAaHOBKE POCTa U Mposndepanuyl OJHNX U TEX JKe
KJICTOYHBIX JIMHUHM aJeHOKapLIUHOMBI MpocTaThl. JlambHei-
IIM€ UCCIIEI0BAHNS HEOOXOANMBI ISl TOHUMaHHs 3()(PEKTOB
coBmecTtHoro narHOMpoBanus HOXBI13 u TBX3 in vitro n
in vivo.
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AHHOTaLmA. Ha NpoTaXXeHny MHOTUX NeT OLleHKa BHYTPVBMAOBON N3MEHUYMBOCTM NLIEHWLbI HE TepAeT CBOe akTyaslb-
HOCTW. XOTA GOMbLMHCTBO COBPEMEHHbIX COPTOB MLIEHMLblI OTHOCAT K YACTOSIMHENHBIM, FreTepOreHHOCTb COPTOBbIX
nonynAunA BbICTYNaeT OAHUM U3 MeXaHU3MOB NOAAepPKaHUA MOMNyNALUMOHHOrO romeocTasa. Bo3moxHO, BbicoKas
3BOJNIIOLUMOHHAA CTabUNbHOCTb KOHCTUTYTMBHOIO reTepOoXpoMaTUHA 1 €ro YCTOMUMBOE pacrpefeneHrie Ha XpomMocCo-
Max No3BONAT 3PPEeKTUBHO NCMONb30BaTb KaPUONOrMYECKMIA aHanmn3 He TONbKO ANA UCCNefoBaHNA reHe3nca 1 Tak-
coHomuun poga Triticum L., HO 1 ANA U3yYyeHUs BHYTPUBULOBOrO pa3sHoobpasua nieHuLbl. B 3Toln ¢BA3n nposeaeHa
Knaccndukauma 87 pocCcUnCcKMx COPTOB MAMKON MLUEHNLbl Pa3/IMYHOrO CeneKLMOHHOro cTaTyca (CTapoMeCTHble 1 Co-
BPEMEHHbIe copTa) 1 TUMa pPa3BUTUA (APOBbIE 1 03MMble) Ha OCHOBaHMV OLIEHKM Kapyorpamm, BbINOIHEHHOW C UCMONb-
30BaHVeM [IByX NoAXoAo0B. [epBbifi MOAXOM OCHOBaH Ha KaueCTBEHHOW OLeHKe Kaprorpamm no pacrnpegeneHuio re-
TepOXpomMaTrHOBbIX C-6/10KOB Ha XpOMOcoMax. Mbl TakXKe NPenonoXuK, YTO KONMYeCTBEHHAA OLEHKa Kapruorpamm
no pasmepy nHAMBMAYanbHbIX C-6110K0B (BTOPOW Noaxoa) chenaet Knaccudukaumio coptoB 6onee ageksaTHom. Mc-
cnefoBanvcb BaprabenbHoCTb, MHGOPMATVBHOCTD M pa3peLuatoLllan CnoCo6HOCTb AMAarHOCTUYECKUX MPU3HAKOB, TeH-
[EeHUMM B rpyNnyMpoBaHnv COPTOB, a Tak»Ke UX accoLmaLlmny € CeNeKLMOHHbIM CTaTyCOM ¥ TUMOM pa3BuTUA. PesynbraTbl
BbIABUV BbICOKUI NoTeHuman C-OKpackn B JUCKPUMUHALMM COBPEMEHHbBIX COPTOB MAMKOW MLUEHULbI MO TUMY pas-
BUTNA 1 060CO6NEHNN X 03UMbIX GOPM OT MECTHbIX KyNbTyp. [OMOreHHOCTb COBPEMEHHBIX COPTOB MO TeCTUPYEMbIM
Kapuonornyeckum npnsHakam 6bina Bbille, YeM CTAPOMECTHBIX, @ 03UMbIX — YeM APOBbIX. [lonyueHHan Knaccnomkaums
oTpa)kaeT CoXpaHeHVe BbICOKON OOLHOCTY B Kapmorpammax COBpeMeHHbIX APOBbIX KyNbTYp 11 COPTOBbIX NOMYNALMIA
MECTHOIO BO3JeNblBaHNA, a TakKe cnabylo pa3nnyMMoCTb KaprMorpaMm CTapoOMECTHbIX COPTOB, KOHTPACTHbLIX MO THMy
pa3BuTnA. CpaBHUTENbHBIN aHann3 knaccudurkaumii 20 BbIGOPOUHbIX COPTOB Mo AaHHbIM C-oKpawwmBaHua n OHM-reHo-
TMNMpoBaHusA (3126 NONUMOPPHBIX MapKepoB) NpeAnosnaraeT, YTo N3yyeHne KapuoTUNUYECKON N3MEHUMBOCTM NO-
MOraeT CoCTaBUTb 6osiee BepHoe NpeAcTaBnieHne o anddpepeHumaLm CopToBbIX COBOKYMHOCTEN NMIWEHNLbI MO Cenek-
LIMOHHOMY CTaTyCy, Yem npu ncnonb3oBaHun OHIM-mMapKepoB, AETEKTUPYIOLNX FEHHYIO U3MEHUMBOCTb, OCO6EHHO NpK
OorpaHVYeHHOM KOIM4ecTBe ANAarHoCTUYECKMX NPU3HAKOB.

KnioueBble csioBa: MArkas ApoBas 1 03VMas MLLEHNLA; CTAPOMECTHbIE U COBPEMEHHbIE COPTa; CeneKUs; Kapuonoru-
YeCKmM aHanms; KapuocmcrTemaTtka; C-oKkpacka XpoMoCoM
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Karyological differentiation among bread wheat cultivars
(Triticum aestivum L.) with distinct breeding statuses
and growth habits
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Abstract. The assessment of intraspecific variability of wheat has been relevant for years. Although most modern wheat
cultivars are considered to be pure lines, the heterogeneity of varietal populations is one of the mechanisms for main-
taining population homeostasis. It is possible that the high evolutionary stability of constitutive heterochromatin and
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Karyological differentiation
among bread wheat cultivars

its stable distribution within chromosomes will allow us to use karyological analysis not only for studying the genesis
and taxonomy of Triticum L., but also for studying the intraspecific diversity of wheat. In this regard, a classification of
87 Russian cultivars of common wheat differing in breeding status (landraces and modern cultivars) and growth habit
(spring and winter) was carried out using two alternative approaches for assessing karyograms. The first approach
uses the qualitative assessment of karyograms based on the distribution of C-bands on chromosomes. We also pro-
posed that quantification of karyograms based on the size of C-bands would make the classification of cultivars more
adequate. The variability, informative value and resolution of diagnostic features, trends in grouping cultivars, and their
associations with the breeding status and growth habit were studied. A high potential of karyotyping with C-banding
in discriminating modern cultivars by growth habit, as well as in separating winter cultivars from landraces has been
revealed. In terms of the tested karyological features, the homogeneity of modern cultivars was higher than that of
local cultivars, and the homogeneity of winter wheat was higher than that of spring wheat. The obtained classification
reflects the preservation of high similarity in the karyograms of modern spring cultivars and landraces, as well as the
low distinguishability between the karyograms of landraces differing in growth habit. A comparative analysis of the
classifications of 20 cultivars using C-banding and SNP genotyping (3,126 polymorphic markers) suggests that study-
ing the karyotypic variability allows us to infer a more accurate differentiation of wheat varietal populations based on
the breeding status than using SNP markers that detect genetic variability, especially when the number of diagnostic
features is limited.

Key words: common winter and spring wheat; modern and local cultivars; landrace; breeding; karyological analysis;
karyosystematics; C-banding
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BBepeHmne

BoszpenbiBanue mArkoul nuwenuus! Triticum aestivum L.
(2n = 6x =42, BBAADD) B pa3nuuHbIX 3K0j10T0-reorpadu-
YECKHUX PETHOHAX IPH €€ UCKITIOUUTENIBHO HINPOKOM PACIPO-
CTPaHEHHH TPHUBEJIO K HAKOIUICHHUIO CTPYKTYpPHBIX, [EHETH-
YEeCKHUX M (PU3UOJIOTHYECKUX M3MEHEHUH N BOSHUKHOBEHUIO
OTPOMHOTO Pa3HOO00pa3usi BHYTPUBUAOBBIX (opm (Zohary
et al., 2012; Zhao et al., 2023). B 3T0ii cBsA3U aKTyalbHBIM
MPE/ICTABIISIETCS] UCCIICI0BAHNE U3MEHUYHMBOCTH IILIICHUIIBI B
npezienax Buaa. XOoTs OONBIIMHCTBO COBPEMEHHBIX COPTOB
IIIEHAIBI OTHOCAT K YMCTOJIMHEHHBIM, HEOThbEMJIEMasi TeTe-
POT€HHOCTH COPTOBBIX OIS BBICTYTIACT OTHIM H3 Me-
XaHU3MOB TOJIEP KaHMS MO/ ISIIMOHHOTO ToMeocTasa (Pa-
neesa, HapOyt, 1969; Kudriavtsev, 2006; Serpolay-Besson
et al., 2011), 4TO MPUBOIMT K TIOXO BOCIPOHU3BOJHMBIM pe-
syneTataM npu ux nudpdepennnanuu (Kudriavtsev, 2006;
Metakovsky et al., 2024). Bricokast BOITIOIIMOHHAS CTAOHITh-
HOCTH I'€TepOXPOMaTHHOBBIX OJIOKOB, a TAK)KE UX YCTOHUHBOE
pacrpesiesieHie Ha XpOMOCOMax CO3/at0T MPEATOCHITKH IS
YCIIEIIHOTO PUMEHEHHUSI XPOMOCOMHBIX MapKepoB MpH pe-
IICHUH TTOI00HBIX 3a1a4.

Panee kapuonornueckuil aHaJIu3 YCIEUIHO 3apEKOMEH0-
BaJI ceOsl B M3yUCHNHU T'€HE3UCa ¥ TAKCOHOMUH MILICHUIIBI B
npenenax pona (lordansky et al., 1978a, b; Zurabishvili et
al., 1978; Badaevaetal., 1986, 1994, 2007, 2015a, 2022; Gill
et al., 1991; Jiang J. et al., 1993, 1994; Friebe, Gill, 1996;
Dedkova et al., 2004, 2007, 2009), ogHako TPaBOMOYHOCTD U
MEPCIIEKTUBHOCTh €r0 MPUMEHEHUS B OIEHKE TOMYJISIINOH-
HOW M3MEHUYMBOCTH 3TOH KYJIBTYPBHI OCTAIOTCS MPEAMETOM
o0cysxaeHuii. Bo MHOroM 3T0 00yCIIOBIICHO KaK JI0CTATOYHO
BBICOKOH TPYIOEMKOCTBIO KAPHOJIOTNYECKOTO aHAIN3a, TaK U
CJIOKHOCTBIO OIIMCAHMsI KApHOTHUIIa cOpTa B JOopMe, TOCTYII-
HOU 151 cTaTUCTHYeCKol 00padoTku. Tak, kKaprorpamma Xpo-
MocoM MozenbHoro copra Chinese Spring Ciry>KuT cTaHmap-
TOM TIpH onrcanuy neneruonHbX auani (Endo, Gill, 1996)
U COCTaBIICHUH Pu3MUecKuX KapT xpomocoM (Delaney et al.,
1995; Mickelson-Young et al., 1995), Ho B cBsi3u ¢ OTCYTCT-

BreM psiga C-0J0KOB, MPUCYTCTBYIONINX Y IPYTUX BUIOB WIIH
COPTOB TIIICHHIIBI, OHAa HE MOXKET OBITh HAIIPSAMYFO HCIIONB30-
BaHa JUTS XapaKTePUCTUKU BHYTPUBHIOBOTO TIOIAMOP(HU3MA.
B TO ke Bpems, XOTS MHOTHE aBTOpPBI OTMEYAIOT IIMPOKOE
pasHooOpasue pUCYyHKOB aAuddepeHIInaIbHOr0 OKpaIinBa-
Hust xpomocoM msirkoit mmeHuibl (lordansky et al., 1978a;
Zurabishvili et al., 1978; Seal, 1982; Friebe, Gill, 1994),
MIPUBOANMBIC UMW KapHUOTPAMMBI HETIPUTOIHBI JUISA CTaTH-
CTHYECKOl 00pabOTKH M aHAJIN3a CTPYKTYPBI MOITYIISIHHA.

CoBepiieHCTBOBaHUE MeTo/1a (pIIyopecieHTHOM THOpHIH-
3aLU in situ, pa3paboTKa CUCTEMbI OJTUTO30H/I0B CYIIICCTBCH-
HO yNPOCTWIN U YJCIICBUIN IPOBEACHUE aHAM3a U CJIela-
JIM BO3MOXKHBIM HCCIIeIOBaHNE O0NbIMX BEIOOpOK (Jiang M.
et al., 2017; Huang et al., 2018; Guo et al., 2019; Hu et al.,
2022). I1pu 5TOM OIlEHKa YacTOTHI M PaCIIpe/IeICHUS MO~
MOP(]HBIX BApHAHTOB CITYXKHJIA JUIS BBIACICHHS TPYII POJI-
ctBennbIx coptoB (Huang et al., 2018; Guo et al., 2019; Hu et
al., 2022). MHo# nmoaxo — «XpoOMOCOMHast TaCIIOPTH3ALU,
OCHOBaHHAs Ha CPABHEHUH KapHOTHITa KOHKPETHOTO 00pasia
¢ 0006meHHO BII0BOM nanorpammoii (Badaeva et al., 1990).
B omniume ot paccMOTpEHHOTO paHee OIX0/1a, THarHOCTH-
YEeCKUM ITPU3HAKOM 3]1€Ch BBICTYIIAeT WHIMBHIYaIbHBIN OJIOK
KOHCTHTYTHBHOTO rerepoxpomaruta (C-6110k). Briepsbie aToT
TO/1X0/1 OBLT KCIIOJIB30BAH JIJIsl OLIGHKH Pa3HO00pa3usl MIIeHHU-
usl-ciensTel (Dedkova et al., 2004) u eBponelckoil TpyIIBI
monosl (Dedkova et al., 2009), a momy4deHHas € €T0 TOMOIIBIO
CTpyKTYypa nomyssnuit 7. dicoccum Xopouio cOoTBETCTBOBA-
Jla CYIIECTBYIOIIEH TaKCOHOMUYECKOH I'pYNIIMPOBKE BHIOB
(F'onuapos, 2012; Badaeva et al., 2015b). Ctpykrypa mnory-
nsiumu T, araraticum, BBISIBICHHAS! C TIOMOIIBIO XPOMOCOM-
Horo aHanm3a (Badaeva et al., 2022), mOJTHOCTBIO COOTBET-
CTBOBaJIa TaHHBIM MOJICKYIIIPHO-TCHETHIECKOTO UCCIIEI0BA-
HUS TeX K€ 00pasloB, BBIIIOJHEHHOTO C MCHOJIb30BaHUEM
SSAP-mapkepos.

B 3aBHCHMOCTH OT CEJIEKIIMOHHOIO CTaTyca pa3jindyaioT
CTapoOMeCTHBIC (MECTHBIE) U COBPEMEHHBIE COpPTA MIITCHUIIBI.
MecTHBIE COpTa-TIOMYIISAIIH JIOKAJIFHO aallTHPOBAHbBI, OHU
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TpaJUIIMOHHO BO3JCJILIBAIOTCA Ha U30JIMPOBAHHBIX TEPPUTO-
PHSIX, @ UX CEMEHOBOJICTBO OCYILIECTBIISIETCsI Oe3 mpeaHame-
pEeHHOW THOPHUAN3ALNN U LIEJICHANPABICHHOTO N3MEHEHUS
rerotuna (Zeven, 1998). Tem He MeHee TeHETHUECKOE PAa3HO-
00pa3ne MECTHBIX MIIEHHII ITOIEP’KHBAIIOCH BO3/IEIIHIBAHIEM
CMECH 13 pa3HbIX TEHOTHITOB MJIM YaCTO JIAKE CMECH PAa3HBIX
KyJIBTYp, YTO CO37[aBaji0 BO3MOXKHOCTh OOMEHa I'eHeTHYe-
CKHM MaTepuaioM Mexay pacteHusmu (Zeven, 1980, 1998;
Feldman, 2001). [1epexox k HaydHO 000CHOBaHHOH CENEKITHN
MSTKON HIICHMIBI C IIeJICHANPaBICHHBIM HOA00POM POJIH-
TEJICKUX T€HOTHUIIOB, HHTPOTPECCHEH UyKEpOTHBIX I'€HOB,
HCIIOJIb30BaHNEM MyTareHes3a npowusomien B koHe XIX—Ha-
gane XX B. (Feldman, 2001). ITockosbKy Ipu CO31aHUU COP-
TOB 9acTO MPUBJIEKAINCH 00pas3iibl U3 reorpaduyuecku pazoo-
IIEHHBIX MOIYIISAIH, a TAKKe MPEICTABUTENHN POJCTBEHHBIX
takcoHOB (Mujeeb-Kazi et al., 2013; Sharma M. et al., 2020;
Sharma S. et al., 2021; Boehm, Cai, 2024), He UCKIIIOYCHA
BO3MOXXHOCTH 00pa30BaHMsI KaueCTBEHHO HOBBIX, Clierudu-
YCCKUX KapuOTHUIIOB, U30JIUPOBAHHO NOAACPIKUBACMBIX B
IyJIe CENEKIMOHHBIX COPTOB. /laHHOE 00CTOATENHCTBO aKTya-
JIM3UPYET OLIEHKY MOTEHIMAIa KAPUOIOTNIECKOTO aHAIN3a B
T PepeHITHAIH U KIacCH(PUKAIINHA COPTOBBIX COBOKYITHO-
CTCH MIIICHMIIEL.

B3anmocBs3b MexK/1y KapHOTUIIOM COPTA U €T0 MTPOHCXOXK-
JACHHUEM UMECT €CTCCTBCHHBIC OCHOBAHUS, [IOOTOMY IMMPUHIU-
MMUAJIbHO BAXXHO TCCTHPOBATH aCCONHAIIMN KapuOTHIIA U C
JpYTUMH, MEHEE OYEBUIHBIMHU, HO CYIIECTBEHHBIMH B €TO
tdhopmupoBaruu pakropamu. OTHIM U3 TAKUX (PAKTOPOB SB-
JSIETCSI KITMMATHIECKUH PeXUM PEruoHa BO3/ICIIbIBaHNUS, OKa-
3BIBAIOIINI HETIOCPECTBEHHOE BIMSHIE Ha ()OPMHUPOBAHNE
TUIIA PA3BUTU NIIECHULIBI. TaK, O3MMBbIE€ COPTa BBICCBAIOT 10
HaCTYIUICHUA 3UMHUX XOJIOA0B, MOAACPKUBAIOIIUX ITPOLECC
SPOBU3ALNH B YCIOBUSX HU3KOH TEMITEPaTyphl U COKpAIICH-
Horo ¢oToreproza. Mix Bereranust pogoKaeTces ¢ HacTyTIe-
HHEM TETUIOTO MepHOo/ia To/1a, ¥ BBIKOJIAIINBAIOTCS] OHU PaHbIIe
SIPOBBIX KYJIBTYD, KOTOPbIE BECHOM TOJILKO BBICEBAIOT. Takum
00pa3oM, pa3HHUIA B CPOKAX KOJIOIICHHS O3UMBIX U SPOBBIX
KYJIBTYD MOXECT OBITH OTHUM M3 MCXAaHU3MOB PCIIPOAYKTHB-
HOW HM30JISIUH TIPH (POPMHUPOBAHUN CIICITU(PUIESCKUX TPH-
3HAKOB KaPHOTHUIIOB y COPTOB C aJIBTEPHATHBHBIM [TOCEBHBIM
ce30HOM. MccnennoBanus 1mogo0HOro posa, OfiHaKo, HaM He-
W3BECTHBI.

B nHacrosiieit pabore onpenessieTcsi MOTCHIIMAT KapHo-
TUIIUPOBAHUA 10 KOHCTUTYLIMUOHHOMY T'€TEPOXPOMATHHY
(C-oxpacka) B TUCKPIMUHAIIAH COPTOBBIX TTOITYJIAIINI MATKON
MIIEHHUIB! POCCHICKOH cenekimn. Mccnemyercs CoOoTHOIEeHnEe
MOJTYYEHHON KJIaCCH(UKAIMH C CEJICKIMOHHBIM CTaTyCOM
(crapoMecTHBIE ¥ COBPEMEHHBIE) U THIIOM Pa3BHTHUS COPTOB
(o3umble U sipoBbIC). TecTUpyroTCs /IBa MOAX0/Aa B U3BIIEUE-
HUU JUaTrHOCTUYCCKUX ITPU3HAKOB. HepBLIﬁ I10aX0J OCHOBAH
Ha KaueCTBEHHOM OIIEHKE KapuOorpaMM IO paclpeneiIeHHI0
reTepoXpoMaTHHOBBIX C-0JI0KOB Ha XpoMocoMax. MBI Takke
MIPE/ITONIOXKIIIN, YTO KOJIWYECTBEHHAs OIICHKa KapHoTpaMm
M0 pa3Mepy MHAWBUAYalbHBIX C-O0JIOKOB (BTOPOI IOAXON)
cleraeT KI1acCHU(UKAIIUI0 COPTOB Oosiee anekBaTHoM. O0Cy k-
JIAIOTCSl IPEUMYIIECTBA M HEOCTATKH KapHUOCUCTEMATHKU
COPTOBBIX TIOMY/SIIMI B CPABHEHHU C T€HOTUIHPOBAHUEM,
OCHOBAHHBIM Ha OTHOHYKJICOTHIHOM normMopdusme (OHIT-
TCHOTHITNPOBAHUE).

2025
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Kapuvonornyeckas guddepeHuymnaums
COPTOB MATKOW MLIEHNLbI

MaTepmanbl n metoabl

Pacrurenbubiii MaTepuad. Kapuonornyeckuid anaiaus nmpo-
BeJieH Ha 87 copTax MSTKOW MIIESHUIIBI U3 Pa3HBIX PETHOHOB
Poccun. OOpasipl npeacTaBieHbl IPOU3BOJILHBIMU BHIOOP-
KaMH 13 44 cTapoMecTHBIX (BBIBEIEHHBIC ITyTeM 0TOOpa U3
MECTHBIX MONYJISILMHI U IOCTYUBIINE B Kojulekuno B1P nmun
paitonuposanubie Ha Tepputopr CCCP mo 1940 1) 1 43 co-
BPEMEHHBIX COpTOB (co3ganHble mocie 1940 1. ¢ ydyactuem
ruOpuAn3anyy, B TOM YHCIIE OTAAJICHHOH), COlepKauMU
paBHbIe (pakiyu poBbIX U 03uMbIX (hopm (IIpunoxenue,
tabm. S1)L.

Kapuosnornueckuii anaams. JlJis mojydeHus: U OKpalu-
BaHMSI XPOMOCOMHBIX MPETAapaToB IPHMEHSIIACH CTaHapTHAs
metonuka C-0ouamaTa (Badaeva et al., 1994). Xpomocomsl
KJ1acCH(UIIMPOBAIIM B COOTBETCTBUH C T€HETUYECKOH HO-
menkinarypoii (Gill et al., 1991). Ouenka kapuorpamm ObLia
BBITIOJTHEHA C UCIIONB30BAHUEM JIBYX I10/IX0/10B. KauecTBeHHast
OLIEHKAa OCHOBAaHA Ha JAUCKPUMMHAINU THIIOB XPOMOCOM II0
Hanmmunto C-6110k0B, 0003HAYEHHBIX Ha peepeHCHOH Kapro-
rpamMe. KonmaecTBeHHast OIIEHKa Ipeioiaraia BU3yaiabHOe
ompeneneHue pazmepa C-0J0KOB MO MIeCTHOATFHOMN IITKaIe
(ot 0 10 5) B COOTBETCTBUH C MPEATOKEHHBIMU PAHEE PEKO-
menpausivu (Badaeva et al., 1990). [Iyist 3T0oro XxpoMocombl
KOHKPETHOTO COpTa CPaBHUBAIHM C 0OOOIICHHON BHIOBOM
UIMOTPAMMOM 1 KaXJIOMY BBISIBICHHOMY OJIOKY IIPHCBAaNBaJIH
HoMmep oT 0 10 5 B 3aBUCUMOCTH OT pazMepa: 1 — MenKui,
2 — HeOOJIBIIOH, HO YETKO BUIHBIN, 3 — cpenHuit, 4 — Kpym-
HBIH, 5 — oueHb KpynHbIid. Eciau B kakol-100 no3unuu 010k
OTCYTCTBOBaJI WJIM OBbLI €Ba PaziMYuM, eMy MPUCBaUBAIH
3Hagenue «0». KoncrantHsie O6J0KH, HE BapbHUPYIOIINE IO
pa3mMepy, U3 aHaJIM3a UCKITIOYAIIHCh.

Anaymm3 1anHbIx. KitlacrepHblil anams npoBesieH MeToa-
MU HepapXu4eckoi kiacrepusanuu u K-cpeaHnx Ha eBKIn-
JIOBBIX JIUCTAHIIMSX, PACCUUTAHHBIX [10 HCXOHBIM OMHAPHBIM
JaHHbIM. AHann3 metonoM K-cpeqHuX BBITIOJIIHEH Ha CTaH-
JMApTU3UPOBAHHON (IICHTPUPOBAHHON W IIKAJTUPOBAHHOM)
MaTpHIe TUCTaHIMH. B onpenenenny onTiManbHOTO Konye-
CTBa KJIACTEPOB JIJIsl MHUIMAIHU3ALMH anroputma K-cpemanx
WCIIOJIb30BaHa CTaTUCTUKA paspbiBa (pyHkums fviz nbclust,
nakeT R factoextra). Busyanuzanus kiaacTepoB Ha INIOCKOCTH
MPOBEIeHA METOIOM MHOT'OMEPHOI'O IIKATUPOBAHHS UCXOI-
Ho¥ OnHapHOW MaTpuIls! (QyHKIMSA cmdscale, maket R stats)
(Becker et al., 1988).

Bri0op MeTona arnmoMepaTuBHON HepapXHUIecKoi KiIacTe-
pH3aIN OCYIIECTBIISIICS CPEI BOCEMH aITOPUTMOB, UMILJIE-
MEHTUPOBAHHBIX B GyHKUNH Aclust (makeT R stats) ¢ ucnosns-
30BaHMEM CIIEYIOIINX MOAXOMO0B. . DMIupHUecKkas orieHKa
METO/Ia OCHOBBIBAJIACH HA €r0 CIOCOOHOCTH PA3AEIATh COpTa
M0 paccMaTpHBaeMbIM IIpHU3HAKaM (CEIEKIMOHHBIM CTaTyc,
THIT Pa3BUTHA U UX KoMOmHanws). [TockonbKy HambosbIree
KOJIMYECTBO COCTOSTHUH IPH3HAKa PaBHO YETHIPEM (UeThIpe
BapHaHTa KOMOMHAIMI CEJIEKIIMOHHOIO CTaTyca ¢ THIIOM
Pa3BUTHS), TPOBOMIICS CPE3 TECTUPYEMOI TOIOJIOTMH Ha Ye-
TBIpE KJIacTepa 00bEMOM HE MEHEE TPEX COpPTOB. B Kaxom
KJIacTepe MOJICYUTHIBAIIOCH KOJTMIECTBO COPTOB C OJMHAKOBBIM
COCTOSIHUEM TIPH3HAKa 1 OTOMpasioch HanOOJIbIIee, 3aTEM 3TH
3HA4YEHUS] CYMMHPOBAJIKCH 110 BCeM KyacTepam. 2. J{jist oreH-

T Ta6n. S1-56 v puc. S1-511 Mpunoxenna cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2025-29/appx25.pdf
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K1 OepexITMBOCTH KJIaJ0TrPAMMBI, BEIPXKEHHON HAUMEHBIINM
KOJINYECTBOM M3MEHEHUH, OOBSICHSIFOIMX €€ TOMOJIOTHIO, TIPH-
MeHsICsA aroput™ duTya, NMIIIEMEHTUPOBAHHbIN B (DyHK-
un parsimony u3 makera R phangorn (Schliep, 2011).

Knanorpammsel paccuntansl GyHKInCH Aclust n BU3yanu-
3MpOBaHBI ¢ HcToNb30BaHNeM R makera dendextend (Galili,
2015). Ouenka coxpaHeHusl KJaJ Ha JeHApoOrpamme, MoJ-
JIepyKKa UX MOHO(DUIIUH MTpoBe/ieHbl MeTo1oM OyTeTpar (Fel-
senstein, 1985) ¢ 1000 ureparuii, IMITIEMEHTHPOBAHHBIM
B (yaxmmn boot.phylo m3 R makera ape (Paradis, Schliep,
2019). 3anmyTaHHOCTH TOMOJIOTHH PacCUUTaHa C TIOMOIILIO
dyskuuu untangle (R maket dendextend) B Tpu payHia MeTO-
JIoM random, 1 JTOTIOJHUTEIBHBIN payHI METO/IOM step2side.
Tomnonoruyeckast AUCTAHIMS MEXKTY JICHAPOTpaMMaMHu (CHM-
MeTpuyHas pasxuna) (Robinson, Foulds, 1987) Beranciena
dyskuweit dist.dendlist (R maket dendextend).

Beinesnenne rpyni cCopToB U3 KJ1aI0rpaMMBbl OCYIIECTBIISIIN
IyTEeM Cpe3a ee TOMOJIOTHH O] 33/IaHHOE YHCIIO KITACTEPOB,
ucnonb3yst GyHKIMIO cutree n3 nakera R stats (Becker et al.,
1988), 11eHTPBI KOTOPBIX PACCUUTHIBAIH IS KAKIOTO COpTa
13 MaTpULbl AUCTAHLIUN KaK CpeAHEE 3HAYEHUE PACCTOSHUI
MEXIy AaHHBIM COPTOM M COPTAMH M3 TEKYILETO KiacTepa.
CranaapTU3UpOBaHHBIC KOOPAWHATHI IIEHTPOB KIACTEPOB HC-
TIOJTb30BaHbI B (PAKTOPHOM aHaIU3e.

DakTOpHBIN aHAIU3 POBEIEH METOJOM INIABHBIX KOMIIO-
HEHT, yTUIIU3UPYs TECTUPYEMBbIe IPU3HAKHU B KauecTBe 100a-
BOYHBIX KauecTBeHHBIX (pyHKIMsA PCA, maket R FactoMineR)
(Husson et al., 2010). Koaddummentst koppemsituu [Tupco-
Ha (r) MeX1y N100aBOYHBIMU NEPEMEHHBIMHU (ITpU3HAKAMH)
W U3MEPEHHUSIMU PACCUNTHIBAINCH KaK KBaJpaTHbIE KOPHHU
13 1oKasareieil efa2, a KOppeIsLul MEKILy U3MEPEHUSIMH 1
3HAUCHUSIMH ATHUX TIEPEMEHHBIX — KaK KBaJIpaTHbIe KOPHH U3
mokazareneit cos2. Ilpenmnonarass HOpMalIbHOE pacHpenese-
HUE KOX(PPHUINEHTOB KOPPEIIUH (COTTIAaCHO ICHTPATBbHON
MIPECIBbHON TeopeMe), aCHMITOTUYECKUE p-3HAYCHUS JUIS
r>0.40 mpu 87 Habmonenusx Opuu <0.01 (MorHOCTE = 0.9).

J1J1s1 MHOXKECTBEHHOTO KOPPECTIOHICHTHOTO aHalIi3a Obuia
ucnonb3oBana Gyukuus MCA (R naker FactoMineR) na uc-
XOJHBIX OMHAPHBIX TAHHBIX, TPE0OPA30BAHHBIX B IOTUUECKHE
ypoBHH. TecTupyeMble IPU3HAKK yTHIIM3UPOBAHBI B KAUECTBE
JTI00aBOYHBIX NTEPEMECHHBIX.

Craructnyeckasi 3Ha4MMOCTh IPEATIONIOKEHNIH O CBEpX-
MIPE/ICTaBICHHOCTH OLIEHHBAJIACH C TOMOLIBIO TOYHOTO TECTa
Oumepa (pyukuust fishertest u3 R nakera stats), ¢ nocie-
Tyrorel GpuiasTpauei pe3yasTaToB 1o p-3Hadernto > 0.05.

Jlorucrrueckast perpeccust paccunTaHa ¢ HOMOIIBIO (PyHK-
i glm (R maker stats), yTunu3upyroniei KBaznonHOMAaIIb-
HYIO MOJIENTb ¢ (DYHKIMEH CBsI3M [ogit.

ITepBuunsie gannbie OHII-renotunupoBanus 20 copToB
13 TECTHPYEMOH BBIOOPKH MOTyUYeHbI U3 padoThl (Afonnikova
et al., 2024).

Pe3ynbratbl

Pesynbrarel kapuonornyeckoi guddepennnanuu 87 poc-
CHICKHX COPTOB, & TAK)KE aHAITH3 COTPSKEHHOCTH UX CEIICK-
IIMOHHOTO CTaTyCca M THIIA Pa3BUTHS C MONyYEHHON KITaCCH-
(uKarmeit mocaea0BaTeNbHO MPEACTABISHBI [0 IBYM THITAM
JIMAaTHOCTUYECKHUX MPU3HAKOB: THUIl XPOMOCOM U pazMep
C-010KOB.
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KauecTBeHHas oLeHKa Kapuorpamm.
Tun xpomocom Kak guddepeHumnpyoWwmini NpusHak

Accoyuayus muna XxpoMOCoM ¢ cesleKYUOHHbIM CMamycom

U munom passumus copmos

[Tpn mcronb30BaHUM THIIA XPOMOCOM B KaueCTBE JHATHO-
CTHYECKOTO NPH3HAKa CyMMapHO JieTeKTupoBano 205 yHu-
KallbHBIX KapUOTPAMM JIJISl XpPOMOCOM U3 reHoMOB A, B u D
(puc. S1). Xpomocomsr 4D u 5D ObITM UCKITIOUYEHBI U3 aHa-
TM3a, TIOCKONBKY MCIIONB30BaHHBINA BapuaHT C-OKpacKu He
TTO3BOJISUT HAZICIKHO PasIeIsATh UX MOTHUMOP(HBIC BAPHAHTEL.
XOTsl 4acTOTa BCTPEYAEMOCTH OTAEIBHBIX TUIIOB XPOMOCOM
CHIILHO BapbHUPOBaJia B 3aBUCHMOCTH OT CEJIEKI[HOHHOTO CTa-
TyCa COPTOB, UX THUIIA PA3BUTHUA, a4 TAKKE KOM6I/IHaI_[I/II/I 3TUX
MpHU3HAKOB (puc. S2), MEXIy TEHOMaMH U TPYIIIAMHA TOMEO-
JIOTHYHBIX XPOMOCOM Pa3INYHi B HX PaCIIpPeIeICHUH TI0 Te-
CTHpYEMBIM TIPH3HAKaM HE BBIABICHO. B rpymmax copToB ¢
AJIBTEPHATUBHBIMH IPOSIBJICHUSIMU TIPH3HAKOB IPE/ICTABICHO
MIOYTH PABHOE KOJIMYECTBO THIIOB XPOMOCOM U3 Ka)K0TO FeHO-
Ma MJIM TOMEOJIOTMYECKOH IPYIIIIbL, YTO YKa3bIBAET HA OTCYT-
CTBHE CMEIIICHHUS B ICXOAHBIX JaHHBIX. OOHapy»keHo 12 rpymm
ACCOITMIPOBAHHBIX THUTIOB XPOMOCOM, XapaKTEPHU3YIOIINXCS
WJICHTHYHBIMHI HA0OpaMu BO Beex coprax (Taom. S2). B 6oib-
IIMHCTBE CITy4aeB IPYIIbI IPEICTABICHbI TApaMH, TPH IPYTI-
Tl COZIEPIKAIIN TPH ACCOLMMPOBAHHBIX THIIA, & OJIHA — YETBIpE.

I[J'[H OLICHKH CTATUCTUYECKON 3HAYNMOCTHU acconuanuu Tu-
OB XpOMOCOM C IMPU3HAKaMH IPUMEHEH TOUHbII TecT Duiiie-
pa Ha CBEPXIIPEICTABICHHOCTh B BRIOOPKE COPTOB, TOMOTECH-
HBIX 110 TECTHPYeMOMY pu3HaKy (Tadmn. S3). bomemmHCTBO
TUIoB xpoMocoM (144, umu 70 %) Obun HeMH(POPMATHBHBI,
MOCKOJIbKY TECT Ha UX CBEPXIIPE/ICTABICHHOCTh PE3yJIbTH-
poBajl ¢ YpOBHEM 3HAYMMOCTH aJ'IBTCpHaTPIBHOfI THUITOTE3bI
p > 0.05. KonmruecTBO CBEPXIIPENCTABICHHBIX TUIIOB XPOMO-
COM B COBPEMEHHBIX COPTax OBIITO OOBIIE, YEM B CTAPOMECT-
HBIX COPTaxX WACHTUYHOTO THUMA Pa3BHUTHUS, IPU OTCYTCTBUU
Pa3HUIIBI MEX/Ty KOHTPACTHBIMH I10 TECTUPYEMbIM IIPH3HAKaM
BeIOOpKamu (puc. 1, a, 6).

AHanoruyHsie PE3YNBTATHI MMOJYYCHBI ITPU OLCHKE CBECPX-
MIPEICTaBIEHHOCTH TUTIOB XPOMOCOM CPE/TH O3MMBIX H SPOBBIX
COPTOB C MJICHTUYHBIM CEIEKIIMOHHBIM CTaTyCOM, M HA000POT,
CpeIH CTApOMECTHBIX U COBPEMEHHBIX COPTOB UICHTUIHOTO
Tuna pa3Butus (cM. puc. 1, 6, 2). OTcrona ciemyer, 4To ro-
MOT€HHOCTh COBPEMEHHBIX COPTOB BBINIE, YEM MECTHBIX, a
O3UMBIX — Y€EM APOBBIX.

KnacmepHelti aHaiuz copmos no muny XxpoMocom
KnacrepHblil aHanu3 npoBelieH METOaMH HEPapXHUECKOH
kiacrepu3anuu 1 K-cpeaHux ¢ nenpio BeIOOpa Mmoaxona,
JIao1Iero Haubosee aIekBaTHO MHTEPIIPETUPYEMOE IPEIICTaB-
nerne o auddepeHuanuyi COpTOB MO TECTUPYEMBIM IPH-
3HaKaM.

CornacHoO CTaTUCTHKE Pa3pbhiBa, ONTHMAIBHOE KOJIHUYEC-
CTBO KJIACTEPOB, Ha KOTOPBIE pa30MBaeTCsl BEIOOPKA COPTOB
anroputMoM K-cpesHux, COOTBETCTBYET TpeM. XOTs BHU3ya-
JIM3alusl KJIaCTepOB Ha IJIOCKOCTH TNIAaBHBIX KOOPAMHAT MO/~
TBEP)KAAET XOpOIllee pa3pelieHne MexKay HuMH (puc. 2, a),
BBICOKOI TOMOTEHHOCTBIO IO pPACCMATPHUBAEMBIM MTPH3HAKAM
OTJIMYAJICS TONBKO TpeTH Kiactep (cM. puc. 2, 6). B Hero
Bomied 21 MCKIIOYUTENIFHO COBPEMEHHBIN COPT MpenMyliie-
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Puc. 1. Accoumauma Tuna XxpoMoCom € CeNeKUMOHHbIM CTaTyCcoOM 1 TUMNOM Pas3BUTUA COPTOB.

KonnuecTBo TMNOB XPOMOCOM, aCCOLIMMPOBAHHbIX C CeNeKUMOHHbIM cTaTycom (VT), Tunom passutus (GH) n kombuHauwven stnx nprsHakos (VTGH) B o6Lueit Bbl-
60pke (a) n cpegm o3umbix (W) n apoBbix (S) ctapomecTtHbix (WEL, SSL) n coBpemeHHbix (WEC, SEC) copToB, 1 HA060POT, cpean MecTHbIX (L) 1 coBpemeHHbIx (C)
KynbTyp Aposoi (LSS, CSS) n o3umoit (LEW, CEW) nwenuubl (6). 3HaueHnsa p < 0.05 TecTa Ha CBepXNPEACTaBNEHHOCTb B BbIGOPKE COPTOB, FOMOIeHHbIX MO
TeCTMpyeMOoMy NPU3HaKyY, U3 reHepanbHON COBOKYMHOCTA (8) 1 NOABBIGOPOK (2).

CTBEHHO o3uMoro Tumna pa3Butus (20 coptoB). IlepBbrii kia-
ctep comeprxkai 30 copToOB ¢ IpeodIagaHneM CTapOMECTHBIX
(27 copTOB), OIMHAKOBO IPECTABICHHBIX T10 THITY Pa3BUTHUS
(16 o3umbIx 1 14 spoBeIX). BTopoii kmactep, cocTosmmii u3
36 copToB, ObIIT HanOOIEE TETEPOreHHBIM (CM. pHC. 2, 0).
BaxHO OTMETHTB, YTO 110 UTOr'aM IPOBEICHHOTO aHAIN3a
BEIOOpKA COPTOB ONTUMAIIBHO pa3/eniach Ha TPH KJacTepa,
a HEe Ha OKMJAEMbIC YeThIpe, KaKk 3TO MPEIoIaraioch 1o
YHCITy PACCMaTPUBAEMBIX KOHTPACTHBIX MPOSIBICHUN TPH-
3HAKOB (CTApOMECTHBIE/COBPEMEHHBIE, 03MMBIE/IPOBbIE HIIH
HX KOMOMHAIMN ), ¥ YTO COBPEMEHHBIE COPTa pa3IeIIHINCh 10
THITY Pa3BUTHSI C OTAENIECHHEM 00JIbLIei yacTh 03UMBIX (87 %),
TOTZa KaK MECTHBIE KyJIBTYPhl HE PA3IMYUMBI 10 JaHHOMY
npusHaky. [Ipu sTom CS rpynmupyrorcsi co cTapoMeCTHBIMHU

COpTaMH U OOJIBIICH YaCThIO COCPELOTOYEHBI BO BTOPOM KJla-
cTepe, ¢ IpeodIaganueM MECTHBIX SIPOBBIX KYJIBTYD.

Bri0op MeTona arnmoMepaTuBHON HepapXUYecKkol KiacTe-
PH3AIMHU OCYIIECTBISIICS SMIMPUYECKH, COITIACHO HAMIYd-
IeMy pa3/IeSICHUIO COPTOB TI0 paCCMATPHBAEMbIM ITPU3HAKAM,
a TaK)Ke MO HaUMEHbIIEMY KOJIIMUECTBY M3MEHEHUH, 00bsc-
HSIOIINX TECTHPYEMYIO ToroJoruio (Tadi. S4). Oba mogxona
MIPEACKA3bIBAIOT HAWITY I PE3yIIbTaT JUTsl TOTIOJIOTUH KiIa-
JIOrpaMMBl, pacciuTaHHOW MeTozoM Bapna, ¢ yuerom kpute-
pus kiactepusanun (Meton “ward.D2”).

Ha nennporpamme copToB JBe Ma>KOPHBIE KIIaJbl, XapaK-
TepU3yIOIIMecs HanOONbIINM YIAJICHUEM APYT OT Jpyra,
pa3mensioT 0O3UMBIE COPTa COBPEeMEHHOH cenekiw (22 u3 23)
W OCTaJIbHBIE TPyNIbl (CM. pHc. 2, ). bonee 70 % nucrmep-
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Dim1 (33.7 %)

Puc. 2. KnacTtepHbiin aHann3 COpTOB MO TUMY XPOMOCOM.

a - Br3yanv3auus KacTepoB, pacCUMTaHHbIX METOAOM K-CpeAHMX Ha NNOCKOCTM MaBHbIX KoopauHar; 6 — ppakuum coptos (W — 03umble, S — ApoBble, L — ctapo-
MecTHble, C — COBpeMEHHbIe) C aibTePHaTUBHbBIMV NPOABNEHNAMI TECTUPYEMbIX MPU3HAKOB B 3TUX KnacTepax; 8 — IeHAPOrpaMma nepapxmyeckon Knacrepusa-
LMK COPTOB, BblUMCNIEHHaA MeTofoM Bapaa. [1na HarnagHOCTY LIBETOM BbifeNieHbl NepBble NATb KNag C MX NPefCcTaBleHneM Ha MIOCKOCTY MaBHbIX GakTopos (2)
1 COOTBETCTBYOLMMY ppakLUAMY COPTOB C anbTepHaTUBHbBIM NPOABEHVEM TECTUPYEMbIX MPU3HAKOB (0).

CHH B CPETHHUX JUCTAHILUIX MEX/y COPTaMU ¥ MasKOPHBIMHU
KJIaJlaMH1 OOBSICHSIETCSI JJAHHBIM pa3/ieJIeHHeM, a UMEHHO
BeiennenneM CW B oTensHEIN Kinactep. [Ipu nanpHeimei
00pe3Ke TOMOJIOTHH BBLICIISIOTCS HeOObIIIas TPyTINa N3 CEMHU
CS u kpynHbIi Ki1acTep, 00beANHSIOIMN OYTH BCE CTapo-
MecTHBIe 00pa3isl (42 u3 44). CoBepIIeHHO TOMOTEHHBIN
knactep CS (kmactep 1), XOTs M XapaKTepH3yeTcsl HAMHOTO
OOJIBLINMM yaJIeHHEM KaK OT CTapOMECTHBIX (Ki1actep 3), Tak 1
OT COBPEMEHHBIX O3MMBIX COPTOB (KJ1acTep 2) 10 CPaBHEHHIO C
yAAJICHHEeM TOCIIEIHUX JIBYX JIPYT OT IpyTa, CHIIbHEE TATOTEET

758

K TPYIIIE COPTOB ITPEUMYIIECTBEHHO MECTHOTO BO3/ICIIBIBAHUS
(cymmapHasi JutnHa BeTBed Mexay kiuacrepamu 1 u 3 B 2.4 pasa
Kopode, 9eM MeX Iy KiIacTepamu | u 2), cpean KOTOPBIX yke
HacunthiBaercs 40 % ot CS (cM. puc. 2, 0). JTa TeHICHIU
OoJiee HaNISIHO OTPAaXKEHA Ha INIOCKOCTH IVIaBHBIX (DaKTOpOB
TATOTEHUS COPTOB K KJTacTepaMm (CM. puc. 2, 2). 31ech nepBhIid
(haKTOp TMOJOKUTEIEHO KOPPEIUPYET C BXOKICHHUEM COPTA B
kiactep 2 (» = 0.85), a Bropoii (pakTop OTPHUIATEIBHO KOP-
penupyer ¢ BXoXxaAeHueM copta B kiactep 1 (» =—-0.94). Ha
rpaduKe TIaBHBIX KOMIOHEHT Oombmas yactb CS (75 %)
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JIOKQJIN30BaHa B OTPUIIATEIBHBIX KOOPJIMHATAX TIEPBOTO M3-
Meperus. CS BEICOKO KOPPETHPYIOT CO BTOPHIM H3MEPEHUEM
(r=0.98), KoppeIsIHs ¢ KOTOPBIM TakKe 00JIee BEIpakeHa y
LW (r=0.63)u LS (r=0.31), uem y CW (r = 0.13). Takum
o0paszom, MaxopHast Kiazaa u3 kiaactepoB | u 3 oObequHsIeT
6onpmmHCcTBO CS co crapomecTHBIMU copTamiu. [Ipumeda-
TeNbHO, 4TO B kiactepe 3 CS rpynnupyroTcs ¢ MECTHBIMU
KyJIBTYpaMH [IPEHMYIIECTBEHHO SIPOBOTO THITA. MOXHO mpet-
T0J1araTh, YTO COBPEMEHHBIE SIPOBBIE COPTA MO/IBEPIIINCH Me-
Hee MHTEHCHBHOM CEJIEKIINH, COXPAHUB OOJIBIYIO OOIIHOCTD
KapuorpaMM co CTapOMeCTHBIMH copTamu. HecMoTpst Ha io-
J001e pe3ylbTaToB aJbTEPHATHBHBIX MTOAXO0/I0B KIIACTEPHOTO
aHaimn3a, uepapxuiecKas KiiacTepu3alys gaet 0osee ajeKBar-
HO WHTEPIpPETHpyeMOe IpeAcTaBIeHne o tudhepeHmanin
coptoB. [Togmepxka MoHO(MIMK OONBIIMHCTBA KAl ObLIa
HU3KOH, OJTHAKO CTaTUCTHUYECKH J0cTOBepHOH (9.3-99.3 %)
JUTS BCeX KJIaJl BBICIIEro paHra (puc. S3).

Onrumu3aIys JIMHB BeTBeH (KO()EHETHUECKUX JUCTaH-
LU MEXIy cOpTaMH) TEeKyIleH TOMOJOTHH ASHAPOTPaMMBI
METOJJOM MAaKCHMM3ALUH TIPaBIONOA00us mpuBena K cka-

2025
29-6

Kapuvonornyeckas guddepeHuymnaums
COPTOB MATKOW MLIEHNLbI

THUIO KJIACTEPOB U JIy4IlIEeMy MX Pa3pelIeHHUI0 Ha IIOCKOCTH
TIaBHBIX KoopauHAT (puc. S4). Jlorapudm mpaBgonogodus
(logLik) mpu sTom Bozpactaer ot —12355 no —4115. B at0it
cucteme Oonee yOeqUTEIbHBIM, HO MO-TIIPEXKHEMY HECOBEp-
IICHHBIM CTAaHOBUTCS Pa3/ieJICHUE COPTOB I10 CENIEKLIHOHHOMY
CTaTycCy, TOrJa KaK 110 THUILy Pa3BUTHs CTApOMECTHBIC COpTa
HOJTHOCTBIO CIIMBAIOTCSA, HO PACIIEIIICHUE COBPEMEHHBIX COP-
TOB I10 JTAHHOMY NPU3HAKY YCHIMBAETCH.

KoppecnoHOeHmHeili aHanuz copmos no muny XpoOMocom
Pacnpenenenne copToB Ha MIIOCKOCTH MEPBBIX JBYX H3Me-
peHuit npeacTaBieHo Ha puc. 3, a. Ppaxuus oObICHUMON
JUCIIEPCUU PAaBHOMEPHO paclpesesieHa MeXIy MIaBHBIMU
m3meperusiMa (3.7 1 3.6 % cooTrBeTcTBeHHO). OTHAKO IENTBI0
HACTOSIIEr0 KOPPECIOHIEHTHOIO aHAIN3A SIBJISIETCS HE OLIEH-
Ka BKJIaZa OTJENBHBIX THUIIOB XPOMOCOM B pacrpeneseHne
COpPTOB, a UCCIIEA0BAHNE B3aNMOCBSI3H MEXK/Ly ITUM pacIipe-
JIeTICHUEM M TECTUPYEMBIMH ITPU3HAKAMH, TTPEACTABICHHBIMHU
31eCh 100aBOUYHBIMU Ka4€CTBEHHBIMH ITEPEMEHHBIMH, HCXO/IS
U3 UX KOPPEISINI ¢ U3MEPEHHUSIMU.
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Puc. 3. KoppecnoHaeHTHbIN aHanm3 COPTOB MO TUMY XPOMOCOM.

a - pacnpepenexune coptos (W - o3uMble, S — ApoBble, L — ctapomecTHble, C — cOBpeMeHHble) Ha NMIOCKOCTU NepPBbIX ABYX MMaBHbIX N3Me-
peHuid; 6 — aeHAporpamMmma, BblYMCIEHHaA MO KOOPAMHaTaM COPTOB Ha NIOCKOCTM MMaBHbIX U3MEPEHNIA.
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[lepBoe M3MepeHHe BBICOKO KOPPEIHPYET C MPU3HAKOM,
00BEIMHSIOIINM CEJIEKIIOHHBIHN CTaTyC U THIT Pa3BUTHS COPTOB
(r=0.66), mpy 3TOM B OOJIBIICH CTETICHH C UX TUIIOM PA3BUTHS
(r=0.47), uem ¢ cenexMoHHBIM cTatycoM (= 0.29, p>0.14).
Co BTOpPBIM U3MEpPEHHIEM TOXKE HAWITYUIIINM 00pa3oM Koppe-
JMpYeT MpHU3HAK, OOBETUHSIOMNI CENeKIIMOHHBIN CTaTyC U
Tun pa3sutus copros (» = 0.80), HO, B OTIIMYME OT HEPBOTO U3-
MEpEHHS, IPEUMYIIIECTBEHHO 3a CYET CEJIEKIIMOHHOTO CTaTyca
(r=0.64), a ne Tuna pazsurtust (» = 0.43). Takum oOpazom, THI
pa3BUTHUS B PaBHOM CTEIIEHH KOPPEIUPYET C 00OMMHU M3Me-
PEHUSIMHU, TOT/Ia KaK KOPPEISAINN MTPU3HAKA «CENEKIIMOHHBIN
CTaTyC COPTOBY C IIIaBHBIMU M3MEPEHHUSIMHU PA3INIaloTCs 00-
Jiee 4yeM B JiBa paza. Kpome Toro, nmpu3HaK, 00beAUHSOIHIA
CEJICKIIMOHHBIN CTaTyC M TUI Pa3BUTHS, CUIbHEE TATOTEET K
Pa3IENeHNIO COPTOB IO CEJICKIIMOHHOMY CTaTyCy (KOPPEJISIIns
CO BTOPBIM U3MepeHueM Ha 21 % Goublie, 4eM C IIepBbIM), T. €.
pasJienieHne COpToB cKopee 00yCIIOBIEHO UX CENEKIIMOHHBIM
CTaTyCcOM, YeM THUIIOM Pa3BUTHS. XapaKTepHO, YTO TEHACHIIHS
K TPYyNIIMPOBAHUIO MO CEJIEKIIMOHHOMY CTaTrycy Hamboliee
BeIpakeHa 1t CW (7 = 0.75 co BropeiM n3mepenuem) u LS
(r =0.47 co BrOpBEIM M3MepeHueM), Ho He st CS (= 0.03
[p > 0.89] co Bropem uzmepenuem). Koppensuuu CW u LS ¢
TUTIOM pa3BUTHA HacTOIbKO Mansl (# = 0.28 u 7= 0.08 ¢ mep-
BBIM U3MEPEHHEM ), UTO CTATUCTUUECKH He3HAYUMBI (p > 0.17
u 0.87), B otuune ot CS (r = 0.64 [p < le—4] ¢ nepBeIM
n3mepenuem). CTapoMecTHBIE 03UMbIe KynbTyphl (LW) ou-
HaKOBO €J1a00 M CTATHCTUYECKN HE3HAYNMO KOPPEINPOBAIIH C
o6onmu n3mepenusimu (= 0.27 1 0.25 [ p > 0.20] co BropbIM
W TIEPBBIM M3MEPEHHEM COOTBETCTBEHHO). Takmm oOpazom,
pacIIeIuIeHIe BBIOOPKH IETEKTHPYETCS TOJIBKO CPEIH COBPE-
MEHHBIX COPTOB, HO HE CTapoMeCTHBIX. [Ipu 3TOM BbIIENIeHNE
CW 00yc0BI€HO TIIaBHBIM 00Pa30M UX CENEKITMOHHBIM CTa-
TycoM, ()aKTOPOM CEJIEKIIUH (MCKYCCTBEHHBIM 0TOOPOM), KO-
TOPBIN HE CKa3bIBAETCS, OHAKO, Ha pacnpeneneHuu CS.

Ha niockocTy I1aBHBIX N3MEPEHUH MOXKHO TaKXKe BUIETD,
KaK XOpOIIIO PA3JIMYAIOTCS 110 THUITY Pa3BUTHSI COBPEMECHHbBIE
copTa (TUIoMIaIu KJIIACTEPOB 03UMBIX U SIPOBBIX 00PA3IIOB HE
MEPEKPBIBAIOTCS) M HACKOJIBKO IJIOTHO CIIUTHI TI0 3TOMY K€
MPU3HAKY CTAPOMECTHBIE KyAbTyphL. 3a uckimoueHneM CWO03,
copra CW naubonee romorennsl (KB = 0.42), onu 00pazyior
KOMITaKTHYIO TPYTINY, B KOTOPOH MOKHO BBIJEIUTH TNIOTHOE
spo u3 cemu coptoB (CW02, CW09, CW 14, CW15, CW18,
CW21, CW23). CrapomecTHbIC 00pa3iibl TOXKE CIPYIITUPO-
BaHbI oTHOCUTENHLHO KommakTHO (KB = 0.89), Torma kak CS
(dhopmupyror Hanbonee nuddysnsiii knacrep (KB = 1.02) n,
ClIe/IoBaTeIbHO, HAN0O0JIee TeTePOTreHHBI.

BBuny oOHapyxeHHUS HOBBIX (PaKTOPOB, BBISBISIOMINX
CKpBIThIC TCHACHIMU B PACIIPEEICHUN COPTOB, BBHIITOJIHEH
CPaBHHTEIILHBIH aHAJIN3 X HePAPXUUECKON KIlaCTepU3alINH.
B 3Toii CBsI3M KOOPAMHATHI COPTOB HA TNIOCKOCTH TJIABHBIX
N3MEPEHUH yTHIN3NPOBAHBI ISl pacdyeTa MaTpHIbl AUCTaH-
LU 1 KJITaCTepU3alMsi COPTOB IPOBEJICHA C UCTIONb30BAaHUEM
AQHAJIOTMYHOTO METO/a PacueTa TOMOJIIOTHH, YTO U HA OPUTH-
HaJIbHBIX JaHHBIX (MeTox Bapna). B HoBoM BapnanTe kiano-
rpaMMsl (CM. puc. 3, 6), HECMOTPSI Ha TIOJIHYIO TIEPECTPOHKY
TOMOJIOTHH (3aITy TAHHOCTB TOTOJIOT Uit 97 %, TOTOIOTHYeCKast
JicTaHyst 166 BeTBel ), 3HAYNTEIBHO YITyUIINIOCH paszere-
HHUE COBPEMEHHBIX cOpToB. B wactHOocTH, Kitactep CW cTan
60J1ee TOMOTEHHBIM. 113 HETO MOTHOCTHIO HCKITFOUEHBI CTapO-
MECTHBIE COpTa U Bce sipoBble, kpome CS11; Beienuics 00-
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Karyological differentiation
among bread wheat cultivars

pazent CWO03, Hecyiuii Tpu XpOMOCOMHBIE HHTPOTPECCUU OT
T. miguschovae,a CW07 meperien B KTacTep CTapOMECTHBIX
coproB. Knacrep CS pacmenuics, HO copra Mo-npexxHeMy
IPYIIIAPYIOTCSA ¢ MECTHBIMU KYJIBETYpaMU IIPEUMYIIECTBEH-
HO SpOBOr0O THIA. VI3MEHWIHCH TakKe NUCTAHIHH MEXIy
COpTaMHu, ITPU 3TOM HX KOPPEJIIIUS COXPaHUIIACh Ha BEICOKOM
yposHe (= 0.80, p < le-5).

KonuuyecTBeHHas oLeHKa Kapuorpamm.
Pasmep C-6noKoB Kak guddepeHumpyowmin npnusHak

Accoyuayus C-6710K08 ¢ cesleKyUOHHbIM CMamycom

U munom pdssumus copmos

B xome konmm4ecTBEeHHOH OIEHKH KapHoTpaMM II0 pasMepy
C-6110K0B OBIIO BBIAEICHO 98 MMAarHOCTUYECKUX KaTeropui
(puc. S5). Ouenka accormarim C-010Ka ¢ TECTHPYEMBIM TTPH-
3HAKOM MPOBE/ICHA C TIOMOIIBIO JIOTHCTUIECKOH perpeccuy, B
X07Ie KOTOPO# PacCUMTHIBAIACH CTATUCTUYECKAsS 3HAYUMOCTb
TTOBBITIICHU ITIAHCOB 0O0HapykeHus C-010Ka B cOpTaxX ¢ KOH-
KPETHBIM COCTOSIHUEM TECTHPYEMOTO TIPU3HAKA NP yBEIH-
YEHUH ero pazMepa Ha eIUHHMILY.

[Ipu oreHKe OTHOIIEHHS IMIAHCOB AeTeKInu C-OI0KOB B
coprax, pa3JMYarolnXcs 10 CEICKIHOHHOMY CTaTycy, cTa-
TUCTHUYECKHU 3Ha4MMble pe3yasTarsl (p < 0.05) momyueHsl
o 22 C-0okam, MpH 3TOM KOJHYECTBO ACTEKTHPYIOIINXCS
C-0110oK0B O0J1ee BRIPRKEHO B CTAPOMECTHBIX COPTax 1 OBLIO
B 1.4 paza Oomblie, 4eM B COBPEMEHHBIX. JTOT XK€ aHAJH3
BEIIBIII 27 C-0J10KOB, aCCONMUPOBAHHBIX C THIIOM Pa3BUTHS
MIICHUIBI, OobInast uxX 9acTh (60 %) OTOXKICSCTBISIACH C
03UMBIM TUIIOM (Ta0i1. S5). AHAJIOTUYHO CPEAH KaK 03UMBbIX,
TaK U IPOBBIX COPTOB Mpeodranano KonmndecTBo C-OI0KOB,
ACCOIMUPOBAHHBIX CO CTAPOMECTHBIMH COPTaMH, a KOJIn4e-
ctBO C-0JI0KOB, aCCOLIMMPOBAHHBIX C O3UMbIM THIIOM Pa3BH-
THsI, OBITIO OOJIBIIE TTO CPABHEHUIO C IPOBBIM THUIIOM M CPEITU
COBPEMCHHBIX, U CPEIH CTAPOMECTHBIX COpTOB (puc. 4, a).
OnHaKo B COBPEMEHHBIX COpTax WACHTU(HUIMPOBAHO BABOE
6ompmie C-010KOB, aCCOMMMPOBAHHBIX C ATBTEPHATHBHBIMHU
TUITAMH PA3BUTHSA, YEM B CTAPOMECTHBIX, & B O3UMBIX JICTEK-
THUPOBAHO OobIee KonmuiecTBO C-0J0KOB, aCCOIIMUPOBAHHBIX
C aJIbTEPHATHBHBIM CEJIEKI[HOHHBIM CTAaTyCOM, YEM B SIPOBBIX.
370 %€ OBUIO CHPABEUIMBO MPH TECTUPOBAHMH aCCOUAIINHT
C-0J10KOB ¢ KOMOMHAIMSIMH MPU3HAKOB (CM. puc. 4, a).

[NomyueHHbIe pe3ysbTaThl HOIHOCTHIO COTIACYIOTCS C ACCO-
[UaIel TECTUPYEMBIX MPU3HAKOB C THIIOM XPOMOCOM (CM.
puc. 1), moareepxas 00jee BEICOKYIO0 TOMOT'€HHOCTb COBPE-
MEHHBIX COPTOB, YEM CTAPOMECTHBIX, 4 03UMBIX, UEM SPOBBIX,
TaKKe 1 ITPY KOJIMIECTBEHHOH OlleHKe Kaprorpamm. OaHako
IIpU CONOCTABJICHUHN CTAPOMECTHBIX U COBPEMCHHBIX COPTOB,
0€30THOCHUTEIBHO X THITA PA3BUTHUS HIIH B ITOABBIOOPKAX €0
AJBTEPHATUBHBIX COCTOSIHUI, B MECTHBIX KYJIBTypax BBICO-
Kasi BEpPOSITHOCTb OOHAPYKEHHS CYILIECTBYET JUIsl OOJIBIIETrO
kosmaecTsa C-0510xoB. OTMEUEHHAsI K€ BBIIIIE TOMOTEHHOCTD
BBIOOPKH COBPEMEHHBIX COPTOB IPH TECTUPOBAHNT KOMOWHA-
UM MTPU3HAKOB JIOCTUTACTCS 33 CUET YBEJIMUCHHs (PPaKLIUK
HyNb-aiieneil (BeposSTHOCTE OTCYTCTBH C-010Ka Ha XpOMO-
come, oddFC < 1), a B cirydae TecTHpOBaHHs ITOJBBIOOPOK 13
COBPEMEHHBIX U CTAPOMECTHBIX KYJIBTYP — 3a CUET JIydllel
QG depeHITMPOBAHHOCTH KapHOTPaMM COBPEMEHHBIX COPTOB,
pas3yaroIMXcs 0 TUITY pa3BUTHs. Takum oOpasom, moa-
TBEPIKJIACTCS HE TOIBKO 0OJbINast pa300IEHHOCTh IPOBBIX U
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Puc. 4. Accounauna C-6510K0B C CeNnekKUMOHHbIM CTaTyCOM N TUMOM Pa3BUTUA COPTOB.

a - konunyectBo C-6/10K0B, aCCOLIMNPOBAHHbIX C CENEKLMOHHbBIM CTaTyCOM, TUMOM Pa3BUTUA U KOMOUHALMEN STUX NPU3HAKOB, B 06LLei Bbl-
60pKe 1 B noaBblbopkax 03nmbIx (W), ApoBbix (S), cTapomecTHbIX (L) 1 coBpeMeHHbIX (C) COPTOB, a TaKXKe Cpefmn 03MMbIX U APOBbIX GOpM
ctapomecTtHbix (WEL, SCL) n coBpemeHHbix (WESC, SCC) copToB, 1 HA060POT, Cpen MECTHbIX 1 COBPEMEHHbIX KynbTyp sipoBoi (LSS,
CCSS) n o3umoit (LEW, CEW) nweHnLpbl. 6 — MynbTUMAVKATUBHDIN paKTOp OTHOLLEHNSA WaHCcoB BcTpeyaemocTn C-6noka (oddFC) B BbIbopke
COPTOB, FOMOTEHHbIX MO TECTUPYEMOMY NPY3HaKY, 13 reHepanbHON COBOKYNMHOCTY 1 NOABLIGOPOK.

03UMBIX (OPM B I1yJI€ COBPEMEHHBIX COPTOB 10 CPAaBHEHHIO
CO CTAPOMECTHBIMH, HO U CIIOCOOHOCTH €€ BBISIBIICHUS B XO/I&
ACCOITMATUBHOTO aHAJIN3a MPH KOJIMYCCTBEHHOU OICHKE Ka-
pHorpamm, B OTJIMYHE OT Ka4eCTBEHHOM.

Hamo oTMeTHTh, YTO CTeleHb acCOolUaluy (MyJIbTHILIH-
KaTUBHBIN ()aKTOp OTHOIICHUS MIAHCOB) ObLTA BBIMIC IS
Oonpurel wactu C-0iokoB, accounupoBanHbix ¢ CW (cm.
puc. 4, 6). Takum 06pazom, 60IBIIMHCTBO C-OI0KOB (MX TIPH-
CYTCTBHUE WJIH OTCYTCTBUC), aCCOIIMUPOBAHHBIX C COBPEMCH-
HBIMHU COPTAMHU MJIH O3MMbIM THIIOM Pa3BUTHSI, CIICIIUPHYHBI
s CW. CrenoBaTenbHO, COBPEMEHHBIE COPTa 03UMOM Ce-
JICKIIMU 00JIaJAF0T BABOE OOBITHM HAOOPOM CIICIIH(UIECKUX
KapHUOJOrHYeCKuX Mpu3HaKoB (C-0J10KOB), KOTOPBIC MTO3BOJISI-
FOT BBIACIUTH UX B OTJCNbHYIO rpymniy. CyMMapHO o BceM
BEINICIIPUBEICHHBIM BapHaHTaM aHAllM3a Ha acCOLHUAIUI0
C-0JIOKOB ¢ TeCTHPYEMbIMU TPU3HAKAMH MEHEE MOJOBUHBI
(45 %) 6b11M HeMH(OPMATHBHBI.

KnacmepHesil aHanus copmos no pasmepy C-6710ko08

XOTsl aNTOPUTM CTATHCTHKH pa3pblBa MPEICKa3bIBAET ONTH-
MaJIbHOE pa30OHneHHe BBIOOPKH COPTOB HA CEMb KIIACTEpOB,
Jydlllee paspelieHne MojydeHo MpH BblIelieHuu Tpex. Ho
Jla’Ke B ATOM CITy4ae IMOYTHU MOJTHOCTBIO PA3EIISIFOTCS TOIBKO
JIBa U3 HUX (pHc. 5, a, 6). B onHOM M3 3THX KJIaCTEPOB IIpe-
oomagaror CW (74 %), B Hero Bonwid 17 u3 23 COBpEMEHHBIX
03UMBIX COpTOB. Jlpyroii, Haubomee KPymHBII Ki1acTep co-
JICP’KUT MTPEUMYIIIECTBEHHO CTapOMECTHBIE copTa (68 %), Ko-
TOpPBIE B PaBHOH CTEIICHHU MPECTABIICHBI 10 THITY PA3BUTHSI.
Croma xe Bonta u 6ompirast gacts CS (80 %), 9To monTBepx-
JIaeT X TATOTEHHE K CTApOMECTHBIM, a HE K COBPEMEHHBIM

copram. Bbicokasi reTeporeHHOCTb KJIacTepoB 0 TECTUpYe-
MBIM TIPU3HAKAM JIeJIaeT JaHHBIA METOJl KIacTepHU3aIliy Ma-
JIONOJIC3HBIM st TN PEPeHITHALINH pacCMaTPUBAEMON BbI-
OOpKH COPTOB.

Pe3ynbraThl nepapxu4eckoil KiacTepu3anny, BHIIOIHEH-
HOW MerozoM Bapaa (mpezckasbpiBaromuyii HawuTydiiee pas-
JIeJICHNE COPTOB 10 TECTUPYEMBIM IIPU3HAKAM U OLICHKY Oe-
PEKITMBOCTH TOMIOIOTHH, Ta0M. S6), B 11eJIOM (TI0 pa3AeTIeHUI0
Ha MaXOPHBIE KJIA/IbI) TOI00HBI BHIIICIPUBEICHHON KITaCCH-
(huKanuy COPTOB IO THITy XPOMOCOM, XOTSI TOIIOJIOTHU CO-
OTBETCTBYIOIIUX JICHAPOTPAaMM COBEPIIEHHO 3aIlyTaHbI (10
90 %, Tomonorudeckas aucrannus 144 sersu, puc. S6, S7),
U COXPAHUJIOCH TOJIBKO 13 0OIIMX Ki1aJ], KOTOPBIC, BIPOUYCM,
pacmyThIBaroTCsl Ha 62 %, HO COXPaHSAIOT TOMOJIOTHYECKYIO
nucTaHnuio B 14 Beseit (puc. S§). B HoBOM BapuaHTe clieayer
OTMETUTDH OOJIBIIYI0 FTOMOTeHHOCTh Kiaasl CW, a Takke ee
pasneneHne Ha JBa HEpPaBHOIICHHBIX 110 00beMy Kitactepa (CM.
puc. 5, 6). [IpaBoMepHOCTB 3TOTO pa3/eNeHUs TOATBEPIKAACT-
Csl BBICOKOH CONPSKEHHOCTBIO pazMepoB psijia C-00koB Ha
xpomocomax 1BS u 3BS (puc. S9). Kpome toro, CS u LW
TPYIIIHPYIOTCS IUIOTHEE U otHOpoaHee. Hakoner, Tormomorus
JICHJIpOrpaMMbl OTIIMYAJIACh JIyUIIeH MOAJIeP)KKOH MOHO(H-
mn knag (Q3 = 43.5 %, puc. S10), uto cnexyer n3 myqmeit
CONPSHKEHHOCTH TNarHOCTUYECKUX IPH3HAKOB, TOTYYEHHBIX
IIPY KOJIMYECTBEHHOW OLIEHKE KAPHOTPaAMM.

®akmopHsIl aHanus no pasmepy C-6710k08

DakTOPHBIN aHATTU3 TPOBEIECH METOOM INIABHBIX KOMIIOHEHT,
C MCIIOJI30BaHUEM TECTHPYEMBIX IPU3HAKOB B KAYECTBE J10-
0aBOYHBIX TIEPEMEHHBIX. Ha MI0CKOCTH TIIABHBIX KOMITOHCHT
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Puc. 5. KnactepHbiin aHanus coptos no pasmepy C-6110KoB.

a — BMU3yannsauuna Knactepos, pacCHNTaHHbIX METOLO0M K-Cpe,CI,HI/IX, Ha NJIOCKOCTU MaBHbIX KOOPAWHAT; 6- ¢paKLlI/II/I COpPTOB C anbTepHa-
TUBHbIMU NPOABNEHNAMU TECTUPYEMbIX MPU3HAKOB B 3TUX KnacTepax (W - o3umble, S — ApOBble, L — cTapomecTHble, C- COBpeMeHHble
copTa); 8 — [eHaporpamMmma MepavameCKoPl Knacrtepusauynm COpTOB, BblYMCIEHHaA MeToaoM Bapna (I'IepBbIe NATb Kfaj BblAeneHbl LIBETOM

[J19 HArNAgHOCTN).

(puc. 6, a) xopomo otaenstoTcst Tobko CW, ¢ MIOTHBIM
SIPOM M3 BOCHMHU COPTOB. SIpOBBbIE COBPEMEHHBIE COpPTa I10-
YTHU TIOJHOCTBIO NEPEKPBIBAIOTCS C MECTHBIMU KYJIBTYPaMHU,
MIPEUMYIIECTBEHHO TOXKE SIPOBBIMH. DTO CYIIECTBEHHO OTIIHN-
YaeTcs OT PacIpe/IeNieHUs] TAaHHbBIX KJIACTEPOB, HAOIFOIaeMOT0
B XOJI€ aHaJIM3a I10 TUITy XPOMOCOM, IJie KJIACTePhl SPOBBIX
COPTOB aJBTEPHATHBHOTO CEJIEKIIMOHHOTO CTaTyca IepPeKphI-
BAJIMCh B 3HAUMTENILHO MeHbIIeH crerneHu. K apyroii otnu-
YHUTEIBHOW OCOOEHHOCTH PE3YJbTaTOB aHAIM3a OTHOCHTCS
HaMETHBIIASCS TCH/ACHIUS B pa3fAciCHUH CTapOMECTHBIX
KyJIBTYp I10 THITY pa3BuTHsi. HakoHell, B CBSI3U € IEPEXOIOM OT
OMHAPHOM IIKAJIbI K IIeCTHOAIUTEHOM H3MEHeTCs INIOTHOCTD
KJIaCTEPOB — OHHM CTAHOBSATCS Pa3peKCHHEE, pa3peIICHNE B
pasJenieHnu copToB Bo3pacTaer. [loist 00bsICHUMOM auctep-
CHH, NIPUXOJSAIIASACST Ha KaXKIbIH U3 (aKkTOpOB, COCTABISACT
meree 10 %, 4To monTBepKAaeT ciadylo CONIaCOBAHHOCTh
JINarHOCTUYECKUX ITPU3HAKOB, OTHAKO UX CyMMapHOE 3Ha4e-
uue (18.7 %) B 2.6 pa3a OopliIe MOTYYEHHOTO MO IIABHBIM
N3MEPEHUSIM B X0J1¢ KOPPECIIOHACHTHOTO aHAJIM3a COPTOB T10
THUITY XPOMOCOM.

OTMeTHM, YTO B JaHHOM aHAJIU3€ HHTEPECHO HE BIIMSHHE
KOMOMHaIMH Npu3HakoB (pa3mepa C-0JI0KOB) HA pa3IMUYCHUC

762

COPTOB, a BBISIBIICHUE TCHACHIMN B TPYIIIMPOBAHUH COPTOB
[0 TECTUPYEMbIM IIPU3HAKaM, KOTOPbIE, BIPOYEM, CIa00 U
CTaTHCTHYECKN He3HAUNMO ( p > 0.24) KoppenmpyroT C IepBBIM
(haxTopom. B 3T0i1 CBSI3M IMEET CMBICI PACCMOTPETH pacIpe-
JIeJIeHHEe COPTOB B IMPOCTPAHCTBE, 0OPA30BAaHHOM BTOPOH U
TpeTbeil KOMITOHEHTaMH (CM. pHUC. 6, 6, 8), BRICOKO KOPPEITH-
PYIOIIUMH C TECTHPYEMBIMH ITpHU3HAKaMU. Tak, KOppessius
TUIIA Pa3BUTHS MAKCHMaJIbHA CO BTOPBIM (pakTopom (r=0.71),
B TO BPEMsI KaK CEJICKIIMOHHBIN CTaTyC COPTOB CHIIbHEE KOp-
penupyet ¢ TpetbuM (r = 0.57). [ockoibKy KOppessius ¢
THUIIOM Pa3BUTHS BBILIE, YEM C CEJICKIIMOHHBIM CTaTyCOM, TO
U pa3/ielIeHne COPTOB 10 JIaHHOMY IPU3HAKY 3HAYUTEIBHO
nyye (cos2 = (.78 1ist 03UMOT0 | IpOBOTO THIIA, cos2 = 0.52
JUISI CTAPOMECTHOTO 1 COBPEMEHHOI'0 CTaTyca), B 3TOM 3aKJIF0-
YaeTCsl OYEPEAHOE OTIINIHE OT KOPPECTIOHJEHTHOTO aHAIN3a
110 THITY XpoMocoM. ClieioBaTesibHO, KpOMe OTYETIIHBOTO BbI-
nenennst CW, cyliecTByeT TeHCHIHS K Pa3AeIeHUI0 COPTOB
TI0 THITY pa3BUTHA (CM. pHC. 6, 8), KOTOpasi mpeodragaeT Hal
UX CEJCKIIMOHHBIM CTaTycoM (CM. puc. 6, 0), 1 B 0COOCH-
HOCTH 3TO OTHOCHUTCS K COBpeMeHHbIM copram. CS cunbHee
TaroreroT k LS, wem CW k LW, B pesynbrare crapoMecTHBIE
copra IpynnupyroTcs IIOTHEE, YeM coBpeMeHHbIe. JBrxe-
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PacnpeneneHmne copToB NpefCcTaBAeHO Ha NAIOCKOCTY NepBbiX ABYX (a), @ TakKe BTOPOro 1 TpeTbero (6, 8) raBHbIX pakTopoB. B nocneaHem criyyae BbiaenieHbl
rpynnbl coptoB (W — o3umble, S — ApoBble, L — ctapomecTHble, C — COBpeMeHHbIe) C MAEHTUYHBIM CENTEKLMOHHbBIM CTaTycoMm (6) 1 TUMom pa3BuTus (8).

Hue kiacrepa LW B HanpaBiieHUM 03MMOTO THIIA Pa3BUTHUS
(W, mosIo’KUTEIbHOE HAITPaBIEHHE BTOPOTo m3MepeHms Dim2)
CMEIIAeT HaNpaBICHHOE IEPIEHINKYISIPHO BIUSHUE UX
crapomectHoro craryca (L, monokuTenbHOe HalpaBieHue
TpeTbero m3mMepernus Dim3), B pesynbsraTe TaHHBIN KIacTep
JIBIDKETCS] IO [uaroHanu (cMm. puc. 6, a). aTepecHo ot-
METUTh BIMSHHE COBPEMEHHOW CEJeKIMU Ha 000cobIeHue
o3uMoii nmenunsl. Ha knactep LW cenleKIIMOHHBIN cTaTyc
OKa3bIBaCT HAMHOTO OoJiee CHIIBHOE BIMSHHE, YEM TUII pas-
ButHs (cos2 = 0.32 ¢ Dim3, cos2 = 0.008 ¢ Dim2), Torna
Kak B kimactepe CW BIHMsHHE THIIa pa3BUTHSA IpeodiagaeT
(cos2=0.08 ¢ Dim3, cos2 = 0.74 ¢ Dim2).

CpaBHUTENbHbIV aHaNN3 Kaprosiormyeckoi
knaccudurkauum c OHM-reHoTMNUpoOBaHUEM
J1J1s1 OLIeHKH IPEeUMYIIECTB U HEI0CTATKOB KapHOIOTHUECKOTO
MO/IX0/IA B KJIACCU(UKALIUK COPTOB TIIIEHUIIBI CPABHUTEIBHO
¢ OHII-reHOTHNIMPOBaHHEM TECTHPOBAIACH UX pa3pelIatomast
crocoOHOCTh B auddepeHuanuu BoIOOPKH U3 16 03UMBIX
KyJIBTYp, KOHTPACTHBIX MO CEJIEKI[HIOHHOMY CTaTycy, U ue-
TBIPEX COBPEMEHHBIX SIPOBBIX COPTOB. AHAJIN3 ITPOBEICH TI0
120 mpu3HaKaM MpH OLEHKE M0 TUITY XPOMOCOM, o 88 mpu-
3HAKaM TP KOJIMYECTBEHHOMN OIIEHKE KapUOTPAMM T10 pazMepy
C-6mnoxkoB u 1o 3126 npuznakam npu OHII-renotunpoBanuy.
B nocnennem ciy4ae HCIONb30BaHbI TOJIBKO OJHO3HAYHO HH-
teprperupyembie OHII-Mapkepsl, HCKITIOYasi TeTePO3UTOTEHI.
[Ipu comocTaBneHNN Ka4eCTBEHHOTO METO/A OILCHKU Ka-
puorpamm ¢ OHII-renoTunupoBaHueM KOppemsus AUCTaH-
U MKy copTaMu o9eHb Hu3kas (r=0.22, p > 0.07), 3amy-
TAHHOCTB TOTIOJIOT U1 ICHAPOTPaMM, BEIYMCIIEHHBIX METO/IOM
Bapna, cocrasnsger He meHee 40 % Ipu TOMOIOTHUECKOM JTH-
ctaHnuy B 32 BeTBH. [laxke MUHUMAaJIbHASI OLICHKA COXPAHEHUS
MOHO(MWIINH KJIaJ], PaCCYMTaHHBIX 1O pe3ynsraram OHII-re-
HotunuposaHus (48.7 %), npesblianga TPETUH KBapTHIIb IO
JTAHHOMY IOKAa3aTeJto MPH UCTIOIb30BAaHUU THIIA XPOMOCOM
B KauecTBE JUarHocTHdeckux npusHakoB (Q3 = 34.5 %)
(puc. 7, a, 6). Ha miockocT IIaBHBIX U3MEPEHUH 10 THUILY
XPOMOCOM TOJIHOCTBIO Pa3/IENAIOTCs BCE TPH IPYIIIIBI COPTOB
(M. puc. 7, ). ITo pesyasraram OHII-renorunupoBanus cop-

Ta XOPOLIO pa3/IeNIMIIKCh TOJIBKO M0 THITY Pa3BUTHS, TOT/IA KaK
TpyIIIa 03UMOH MIIIEHUIIBI HE Pa3JINYMMAa [0 CEJIEKIIMOHHOMY
crarycy (cM. puc. 7, 6). B 310l CBsI3M Ka)XeTCsl OUEBHIHBIM
MPEUMYIIECTBO KAPHOJIOIHIECKOT0 aHAJIN3a 110 TUITY XPOMO-
COM B KJIacCH()MKAIMU COPTOB IO CENEKIIMOHHOMY CTaTycy,
B CHJIy €ro OoJbIIel pa3peraromneil CiocoOOHOCTH TpH AaH-
HBIX KPpUTCPUAX AUCKPUMHUHALIUH, HECMOTPSA Ha MCHBUICC
KOJIMYECTBO ANArHOCTHYECKHUX NPU3HAKOB M UX HU3KYIO CO-
IIACOBAaHHOCTb.

[Tpumenenue pazmepa C-0JIOKOB B KauecTBE JUArHOCTH-
YECKOTO NMPHU3HAKA MPUBEJIO K €lle OONbIIeMy CHHKECHHUIO
CXOJICTBa MEXIY JICHAPOrpaMMaMH, OBBICHB 3aITyTAHHOCTb
ToroJoruii 10 6osee uem 80 % U yBEINYUB TOMOIOTHYCCKYIO
JTUCTAHITUIO 10 36 BETBEH, ¢ MOIHOM yTpaToil KOppemsun
JWCTAaHIMH. B ocTasbHOM paznuyus MeX.Iy anbTepHaTHB-
HBIMU IIOAXOJaMU B OLICHKE KapuorpamMm 1o OTHOIICHUIO
Kk OHII-reHOTHITHPOBAHNIO CXOAHBI C PaHee OTMEYCHHBIMU
0COOCHHOCTSMH KOJTMYECTBEHHOTO METO/IA: 3TO H JIy4IIasi Co-
MN1aCOBAaHHOCTb UCXOAHBIX JAHHBIX B MTOAACPIKKE MOHO(bI/lJ'II/II/I
knanx (Q3 = 56.4 %, cm. puc. 7, 0), u Beraeneane CW Goree
pa3peKeHHBIM KJIACTEpOM, U Iepecedenne kiactepoB CS ¢
LW (cm. puc. 7, e). Takum 00pa3zom, HE3aBUCHMO OT ITOAXO0/1a
B OILIEHKE KapuorpaMM, K CYIIECTBEHHBIM OTIMIHAM KapHo-
norudeckoil knaccuukanun or OHII-renornnupoBanus
OTHOCSITCS OTYETIIMBOE 000COOJICHNE COBPEMEHHBIX COPTOB
03UMO¥i cenekuu i TaroTenne CS K cTapoMeCTHBIM COPTaM,
KOTOPOE CHIIbHEE BBIPAYKCHO B KJIACCH(HMKALINH 110 pasMepy
C-010KOB.

O6cyxpeHue

Hacros1uee ucciaenoBanye HapasIeHO HA OL[EHKY OTEHIU-
ajyia KapuOJOTHYECKOTO aHaIH3a B JU(PPEepeHINAIIIH TaKIX
CJIOXHBIX OOBEKTOB, KAK COPTOBBIC COBOKYITHOCTH, Ha IPHU-
Mepe OTEYECTBEHHBIX COPTOB MSITKOH IMIIEHUIBI MECTHOTO
BO3/ICTIBIBAHHS U COBPEMEHHBIX CEJICKIIMOHHBIX 00pa3IoB.
B aroii cBsi3u: 1) mpoTecTHpOBaHBI 1Ba CIIOC00a M3BICYCHUS
JIMarHOCTHYECKUX MPU3HAKOB M3 KapuoOrpaMM Ha MPHIOJI-
HOCTb K JUCKPHMHUHAIIMH UCXOIS M3 IPEIENIOB MX BapHa-
GenpHOCTH (CcTereHn nomMophu3mMa), THYOPMATHBHOCTH 1
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Karyological differentiation
among bread wheat cultivars
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Puic. 7. CpaBHUTENbHDIN aHanu3 Kapronornyeckoin knaccudurkaumm ¢ OHM-reHoTUNMpoBaHreM.

[leHaporpammbl 1 pacnpegenexune coptos (W — 03umble, S — ApoBble, L — cTapomecTHble, C — COBPEMEHHDBIE) Ha MIOCKOCTY MaBHbIX KOOPAMHAT NPeACTaB/EeHb!
no pesynbratam OHIM-reHoTMNMpPOBaHUA (a, 6), aHanu3y TMNa XpoMocom (8, 2) u pasmepy C-6n1okos (0, e).

paspeniaroliei ciocoOHOCTH; 2) IPOBE/ICHA OLICHKA IPEHMY-
IIECTB ¥ HEJOCTATKOB JaHHOTO rmofxo/a B cpaBHeHnn ¢ OHII-
TEHOTHITUPOBAHKEM; 3) BBITTOJIHEH aHAIN3 KAPHOJIOTHYECKUX
KiaccuduKauid Ha MpeMET HaJM4YKs TEHISHIIUI B paciipe-
JIETICHNH COPTOB B COOTBETCTBUH C MX CEJIEKIIMOHHBIM CTaTy-
COM U THIIOM Pa3BHUTHSI, @ TAK)KE OLICHEHBI BKJIA/T ITOCIIETHUX
B HaOJI0/IaeMy10 KJIaCTEpPH3aLUIO U €€ CTaTUCTUYeCKasl 3Ha-
YHMOCTb.

B ocHOBe HCMONB3yeMbIX JHATHOCTHYECKUX MPU3HAKOB
JIOKUT BapuadeIbHOCTb OJIOKOB KOHCTUTYTUBHOTO FE€TEPOXPO-
MaTHHa. /|Ba albTepHATHBHBIX MTOIXO0/1A B €€ OLIEHKE TECTHPO-
BAJINCh HA Pa3peIAIONIyI0 CITIOCOOHOCTh B TUCKPUMHUHALINI
POCCUICKHX COPTOB MSATKOM MILIEHUIIBI I10 UX CEJIEKIIUOHHOMY
cTarycy W THIy pa3BuTHi. [loxxon, 6asmpyromuiics Ha Ka-
YECTBEHHOW OIEHKE KapHOTPaMMBbI, HCIOJIB3YeT OMHApHYIO
IIKaJIy, OTPaKarollyto NpucyTcTBue/orcyrcTBre C-010Ka Ha
xpomocome (pacmpenenenne C-070KOB 1O JITHHE XPOMOCO-
MbI). HeocTaTrkom 3TOro mojxxozaa sBIsieTest To, YT0 XpOMO-
COMBI, Pa3IMYaloUIuecs: TOIbKO 1Mo ogHoMy C-01oKy, OyayT
OTHECEHBI K pa3HbIM TUIIAM, TIPH 3TOM Pa3HHIA MEKITY HUMHU
Oy/IeT OIIeHMBATHCS TAK XK, KaK M MEXy XPOMOCOMAaMH C Cy-
IIECTBEHHO Pa3IMYalONMMHUCS KapuorpaMmmamu. Tak, B Kjiac-
CU(UKAINT, OCHOBAaHHOM Ha JaHHOM MeToze, oopazery CW03
C TpeMsl YHUKaJIbHBIMU HHTpOTpeccusiMu ot 1. miguschovae
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BBIJACIACTCA OT}IeHbHOﬁ BCTBBIO Ha ACHAPOrpaMMeE U BbICO-
Ko 000calnMBaeTcs OT OCTANBHBIX COPTOB B MPOCTPAHCTBE
IIaBHBIX U3MEPEHUH B X0J1¢ KOPPECIIOHICHTHOTO aHAJIH3a.
[Ipearnonaras coxpalleHne KOJINYeCTBa BBLACIIEMbIX Ka-
TErOpHii 32 c4eT 0OBEANHEHHS CXOIHBIX THIIOB XPOMOCOM H,
CJIC/IOBATEIILHO, OOJIeE aIeKBaTHYIO KJIACCH(HUKAIINIO COPTOB,
MBI OCYIIECTBIIIN TIEPEXO]] K IECTUOAIITLHOM IKaJle OleH-
KH KaproTpaMM T10 pa3Mepy WHANBUAYaTbHBIX C-00KOB (KO-
JIMYECTBEHHAs! OLICHKA). JIeHCTBUTENBHO, TIPH TAKOM MOJIXO-
J€ KOJIMYECTBO BBIACIACMBIX KaTCFOpI/lﬁ COKpaTUJIOCh BABOC
(c 205 mo 98), HO B cpemHEM BO CTOJIBKO K€ pa3 BO3POCIIO
paspemrenue coptoB (puc. S11). ITocaennee oOycioBieHO
TPOEKPATHBIM PACIIUPEHHEM JHara3oHa OLEHOYHOW IIKa-
JIBI, 9TO MO3BOJISIET O0JIee yITyOJIeHHO HCCIIeI0OBaTh TEHE3NC
COPTOB, IOCKOJIBbKY Y€M BBIIIE Pa3pelIeHHe METo/1a, TeM O0ITb-
e OOIIMX MPU3HAKOB CPelu KIIacCUPHUIUPYESMbIX 00pas-
IIOB OH CIIOCOOEH JeTeKTHPOBaTh. B Xone aHanm3a riiaBHBIX
KOMIIOHEHT 3TO TPHUBEJIO HE TOJIBKO K YBEIWYCHHIO JIOIH
00BSICHUMOH JHUCTIEPCHHU B KAPHOTPAaMMax, HO U K BCKPBITHIO
CYILIECTBEHHOCTH MEHee OYEBUIHBIX (PAaKTOPOB B CHCTEMa-
TH3aLIX UCCIIEAYEMOro MaTteprana. B yacTHoCTH, B Kilaccu-
(buKanuy COpPTOB 110 TUITY XPOMOCOM (KaueCTBEHHAs! OLIEHKA
KaproTrpaMM) TIepBOCTEIICHHOE 3HAYCHHE UMeeT (hakTop ce-
JICKLMHM, TOT/Ia KaK B KIaCCH(HKAINK, OCHOBAHHOH Ha KO-
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JIMYCCTBCHHOM olleHKe Kaprorpamm (pasmep C-0110K0B), 00-
Hapy)XuBaeTcs 0oJiee CyIeCTBEHHBIN BKJIA]] THITA Pa3BUTHSI.
B nepapxuueckoii Kiiactepusanyuy NpeuMyLIeCcTBO epexoia K
IecTHOAIUTEHOM [TKaJIe BEIPa)KEHO B 00JIee MIIOTHOM M O/THO-
POZIHOM TPyTITUPOBKE COPTOB IO pacCMaTpUBAEMbIM PU3HA-
KaM, YTO OTPaB/IbIBAET O’KH/IAEMOE IOBBIIICHHE 8/IeKBATHOCTH
nx kaccuduxarmu. [Tomepxka MoHOGHIMY Kita]| ObLIa TOXKE
BBIIIEC, YKa3blBasd Ha JIYUHUIYIO COIIIACOBAHHOCTH MCXOAHBIX
JAHHBIX (COMPSHKEHHOCTh TUArHOCTHYECKUX IPU3HAKOB).
Hakoner, B Mccie0BaHUN acCOIMANNN aIbTEePHATHBHBIX
muddepeHIMPYIOINX MPU3HAKOB C CEIEKIMOHHBIM CTaTy-
COM M THIIOM pa3BHUTHUSI COPTOB, HECMOTpPS Ha COKpalleHUE
JIMarHOCTUYECKUX Kareropuid, HenHdopmaTusHas Qpaxuus
coxpatuiack ¢ 70 1o 45 %. Tem He MeHee, HECMOTPS Ha BbI-
IIeNepEeYHCIIEHHbIE TPEUMYIIIECTBA 3TOTO MOAXO0a, €TO pas-
pemiaroniasi ciocoOHOCTh B Pa3TPaHUYCHUH SIPOBBIX COBpE-
MEHHBIX COPTOB 1 CTAPOMECTHBIX KYJIBTYP 3HAUUTEIILHO YCTY-
MaeT Ka4eCTBEHHOMY TTOJIXO/Ty B OIIeHKe Kapuorpamm. Kpome
TOI'0, B UHTEPIPETALIMH PE3YIBTATOB CIENYET IPUHATH PUCKU
OT BJIMSIHUS CYOBEKTHBHOTO (pakTopa MpH OILCHKE pa3mepa
C-6710KOB.

ITockonbky C-0710KH NPEACTABISIOT CETMEHTH HEAKTHB-
HOTO XpOMaTHHa, OTJIMYAIONIETOCs! BBICOKOH CTENEHBIO HBO-
JIIOIIMOHHOTO KOHCEepBaTU3Ma, UX NMPHMEHEHUE B KadecTBE
KJ1accu(pUKAIIMOHHBIX IIPU3HAKOB O0JIee ONPaBIaHHO B HCCIIe-
JIOBAaHWH I'€HE3UCA COPTOB, YeM CHEUU(PUUHOCTH X TE€HOTH-
noB. Kapuonornieckne mpu3HaKu JaHHOTO THIA MPEUMY-
IIECTBEHHO CEJICKIIMOHHO HEUTPAJIbHBI M HE IOABEPKEHBI
a/IaNTHBHOMY JCHCTBHIO €CTECTBEHHOTO 0TOOpA. B 3101 CBSI3M
mro0ast acconmanusi KapuorpaMMBbl M COTIPSDKEHHOTO ¢ (op-
MUPOBAHHUEM cneumbnqecmro JJId JaHHOT'O TUIIa Pa3BUTHA
TFCHOTHIIA OTPAXXaCT TOJBKO O6H_IHOCTB HX INPOUCXOKACHUA.
BBumy ocoGeHHOCTEH MHTEHCHUBHOW CEIEKINH, BEPOATHO,
YTO MOJOOHBIE acconnanuy OyayT CHIbHEE BBIPAKCHBI Cpe-
JI COBPEMEHHBIX COPTOB, YEM CPEIH MECTHBIX MOITYIISIHH.
CopToBBIE COBOKYITHOCTH JIOKQJIBHO a/IalITUPOBAHBI K HKO-
JIOrO-reorpauueckuM yCIOBUSIM PErHoHa BO3ZEIIbIBAHMUS,
MMO3TOMY OXKHJAACTCA B3aUMOCBA3b MCKIAY THIIOM pa3sBUTHUA
MIIEHNIBI ¥ €€ TPOMCXOXKICHNEM. MBI TaKKe IPEToI0KHI-
11, 9T0 00JIee TOMOTEHHBIE COBPEMEHHBIE COPTa, B CO3JaHNHT
KOTOPBIX HEPEJIKO UCTIOJIb30BAIINCH CXOJHBIC HAOOPBI SIIMTHBIX
COPTOB-OCHOBATeJeH, OyayT XapaKTepu30BaThCsl OObIIEH
CONPAKCHHOCTBIO KapuorpaMMbl C THUIIOM Pa3BUTHA, YEM
TFETEPOrCHHBIC 1 JIOKAJIbHO aJalITUPOBAHHBIC CTAPOMECTHBIC
copTa. DTO MPEInoIOKEeHIEe OCHOBBIBACTCA HA TOM (aKTe,
YTO B IIPOIIECCE OKYIBTYPHUBAHUS HMEIOT MECTO COOBITHS Te-
HETHYECKOTO JIpeiida, TaKhe KaKk «OyThIIIOUHOE TOPIIBIIIKO
n «3dexT ocHOBaTENs», IPUUEM COBPEMEHHBIE COPTa UCITHI-
ThIBAKOT BO3ﬂeﬁCTBHe OTUX 3BOJIFOLIMOHHBIX CO6])ITI/II>1 B O4Uc-
pellHOﬁ pa3, Korga BeIMICTIIAIOTCA U3 ITyJia IMMIIICHUI] MECTHOI'O
Bo3nenbiBanus (Ladizinsky, 1985; Tanksley, McCouch, 1997;
Feldman, Levy, 2023). Tak, uccieqoBaHue BEIOOPKH KUTaii-
CKHX COPTOB MATKOM MuieHu1bl Ha ocHoBanuu FISH-ananusa
BBISIBUJIO CYIIECTBEHHYIO POJIb «(eKTa OCHOBATEIS» B HX
knacrepuzanuu (Huang et al., 2018; Hu et al., 2022). B ka-
YEeCTBE IMAarHOCTUPYIOLIETO MIPU3HAKA ABTOPBI YIIOMAHYTBIX
paboT Opay CXOACTBO PUCYHKOB PacIIpeIeICHISI HECKOIBKUX
nomumopduex JIHK 30H70B, U4TO B HalleM HCCIIETOBaHUU
COOTBETCTBYET Ka4E€CTBEHHOMY IPU3HAKY «THI XPOMOCOMBI».

2025
29-6

Kapuvonornyeckas guddepeHuymnaums
COPTOB MATKOW MLIEHNLbI

Kpome Toro, ueM HHTEHCUBHEE COPTa 3a/I€HCTBOBAHBI B CE-
JIEKIIMH, TEM CHJIbHEE OHH IMBEPTUPYIOT U 000CabInBaoTCs,
YTO MPUBOIUT K CYKCHHIO T€HETHUYECKOTO Pa3HOOOpa3us
coBpemeHHBIX copToB (Reif et al., 2005; Haudry et al., 2007,
Sindhu, 2022). Ucxoast 3 TOro, 4T0 KOJIWYECTBO COPTOB
03MMOM MSITKOH MIIEHHIIBI, OMYIIEHHON K HCIOIb30BaHHIO
Ha Teppuropun PD, 3aMeTHO NPEBBIIAECT KOJIUYECTBO SIPO-
BbIX copToB (432 u 336 coorBeTcTBeHHO (I'OCYTapCTBEHHBIN
peectp..., 2024)), MOKHO TIPEAIOIOKHATH, YTO CEIEKITUSI
OTEYECTBEHHOI 03UMOM MIICHUIIBI TPOBOUTCS O0JIee MHTEH-
CHBHO U JOJDKHA OBITH O0siee 000c00IeHa OT CTAPOMECTHBIX
coproB. JlelicTBUTENBHO, B X0/ (PaKTOPHOTO aHaIn3a MOo-
Ka3aHa CHJIbHAsI aCCOLMALIMS TUIIA Pa3BUTHUS C KiacCU(HKa-
[II/ICfI COBPEMECHHBIX COPTOB IO TUITY XPOMOCOM, TOrga Kak
KapuorpaMMBbl CTAPOMECTHBIX COPTOB CJIa00 Pa3INIUMBI 110
JTAaHHOMY TIpU3HAKY. [Ipy 3TOM C MOBBIMIEHUEM Pa3pelIao-
el crocoOHOCTH METOAa CONPSHKEHHOCTh THIA Pa3BUTHS
¢ XpoMocoMHOH nuddepeHnuanuei ciado yCcuiIniach, ¢
0003HaYEHNEM TEHICHIIMH K Pa3JeJICHUIO 110 TUILY Pa3BUTHSI
1 MECTHBIX KynbTyp. Panee npu ananmuse 20 poccuiickux cop-
TOB ¢ Hcmoib3oBanueM SSR- n ISBP-mapkepoB Ob110 Takxke
OTMEUEHO pa3/elieHne 10 CyOKIacTepaM O3MMBIX M SIPOBBIX
¢opm (Anonuna u nip., 2016).

B xoz1e nccienoBaHus BEISIBICHO Pa3iIMuHOE BIMSHUE CO-
BPEMEHHOI CeNeKIMM Ha 000co0ieHHe 03UMOH U SIPOBOIi
MIIEHUIBI. Tak, COBpEMEHHbIE 03MMBbIE COPTA, HE3aBUCHMO
oT tuna AuddepeHIupyomero mpru3HaKa (THI XPOMOCOMBI
n pa3mep C-6oka) u crrocoda kiaccrupukanuu, Onarogaps
OoubIeil OOITHOCTH KapHOTUIIOB BBIICIISIOTCS CTPOTO pas-
TPaHUYEHHOW IPYIIION, B KOTOPOH OOHAPYKUBAETCS IIIOTHOE
SIIPO U3 CEMHU-BOCBMHU COPTOB CO CXOIHOM KapHOIpaMMOM.
Taxum 006pa3oM, THUI Pa3BUTHSA ITHX COPTOB ACCOLMUPOBAH
HE TIPOCTO C aJUIEITbHBIM COCTOSHUEM KOHTPOIHMPYIOIINX €r0
TEHOB, a OTpaXxaeT 000COOICHHBIH OT APOBBIX U CTAPOMECT-
HBIX KYJIBTYP KAPHOTHII, CIIOKUBILIHICS B XOJI€ MHOTOJIETHETO
U 1leJIeHapaBlIeHHOro otOopa. JlaHHoe HabironeHue moj-
TBEPIKIACT OOJIBIIYIO OOIIHOCTh B TEHEAIOT MU COBPEMEHHBIX
coproB o3umoii ceekiuu (Novoselskaya-Dragovich et al.,
2015). O6 >TOM CBHAETENBCTBYET M MX BBICOKAsi TOMOTCH-
HOCTb, COITIACHO KOJIMYECTBY ACCOLMHPOBAHHBIX KAPHOJIOT U~
YEeCKHX MPU3HAKOB 000X TUTIOB M MEXKCOPTOBBIM JANCTAHIIH-
su. JlefictBurenbHO, 60MbIHCTBO CW COPTOB, BOMICIIINX
B HACTOALLEE UCCIEA0BAHUE, UMEIU B CBOEH POLOCIOBHON
copr be3ocras 1, 4To, BEpOSITHO, TOXKE MOIJIO CKa3aThCs Ha
000CO0NIeHNN 3TOH TPYIIIHL.

SIpoBBIE COBpEMEHHBIE COPTA, B OTIIMYHUE OT O3UMBIX, MEHEE
MHTEHCUBHO 33JeHCTBOBAHBI B ceseKunu. OHU UCIIBITAIH
MEHbIIIee BIUSHHE HCKYyCCTBEHHOTO OTOOpa M COXpaHMIH
6omblIe CpoACTBa CO CTAPOMECTHBIMU KYJIBTYpaMH, IpU4eM
MPEeUMYIIECTBEHHO TOXe sipoBoro Turna. [locneanee ocodeH-
HO OTYETIMBO MPOSABIAETCS B KIacCH()PUKAINU, OCHOBAHHOM
Ha KOJIMYECTBEHHOM OLICHKE Kapuorpamm. B nanHoii cucre-
Me KJIacTep COBPEMEHHBIX COPTOB SIPOBOIl CEJEKIINU MOYTH
MOJTHOCTBIO TTEPEKPHIBACTCSI COPTAMH MECTHOTO BO3/IEJIbIBA-
HUs, IPU OTOM HU OJUH U3 HUX HE BXOAUT B KJIACTEP COBpEC-
MEHHBIX COPTOB 03UMOM CEJEKIUH (CM. puc. 3, a, puc. 6, a).
@DaKTOPHBIN aHAIN3 10 3TUM JAHHBIM TAKXKe MOAYEPKUBACT
npeo0iajaHne TUIIA Pa3BUTHS HAJ CEEKIIMOHHBIM CTaTyCOM
B pacnpeseneHun coptoB. ClieryeT OTMETUTb, 4TO, HECMOTPSI
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Ha OJIM30CTh COBPEMEHHBIX SIPOBBIX K COPTaM MECTHOTO BO3-
JIeITbIBaHusI, 00a 1Mo/IX0/1a KapHOJIOTHIECKOH KilacCH(pUKaInu
BBISBIISIIOT TEHJICHIUIO B UX 000COOIEHUH OT MOCIIECTHHX.
DTO BhIpa)kaeTcsi Kak B OJHOPOAHOCTH kiactepusanuu CS
CpeJ/ii CTApOMECTHBIX KYJIBTYD, TaK U B BBIJICIICHUN UX YaCTH
B CAMOCTOSITCIHHYIO KJIAy. YUUTHIBAs MOJTHOE pa3/eiCHUC
CW u CS 1 TeHIEHIHIO B pa3/eIeHUH 110 JaHHOMY NpH3Ha-
Ky Y CTapOMECTHBIX COPTOB, THUI PA3BUTHSI MIPEICTABIISIETCS
CYIIECTBEHHBIM (aKTOpOM B MU GEPEHITHANN KYIBTYypHON
IIIEHHIIbI, PENPOAYKTHBHON M30JIMPOBAHHOCTH COPTOBBIX
MOMYJISIIUH, KX 9KOJIOTO-Teorpad)iueckoM pacipoCcTpaHeHHH.

IIpu conocraBnenun kapuonoruueckoro meroaa ¢ OHII-
TEHOTHIIMPOBAHUEM OBLIM BBISBICHBI KaK €ro KIIOUeBbIE
HEJI0CTaTKH, TAK U IPEUMYIIeCTBa B KJIacCU(UKAIIUI COPTOB
mreHuIBl. Cpey HeJJOCTaTKOB BBIJICISIOTCS TIIaBHBIM 00-
pa3oM OrpaHMYEHHOE KOJIMYECTBO JIMAarHOCTHYECKUX IPH-
3HAKOB M MX HU3Kasl COTIACOBAaHHOCTb. ECin Kom4yecTBeHHOE
orpaHudeHue 0OyCIIOBJICHO MPUPOIOH MPHU3HAKOB TAHHOTO
TUIA, TO ciiabasi moajaep)kka MOHO(MIETHYHOCTH KJIaJ Ha
JICHJIPOrpaMMe CBsI3aHa He TOJBKO C UX HU3KOW CONPSIKEHHO-
CTBIO B BBIOOPKE, HO U BBITCKACT U3 UX MIEPBOTO HEIOCTATKA
(Rokas, Carroll, 2005). Hu3kyto cornacoBaHHOCTb KapHOJIO-
THYECKHUX MPHU3HAKOB MOYKHO OOBSICHUTH BBICOKOM 4acTOTOM
pexomOnHanuu C-010K0B, 00yCITOBICHHON KaK UX OOIbIION
Pa300LIEHHOCTHIO HA XPOMOCOME, TaK U KOMOMHATOPHBIMHU
COOBITHSIMU B pacIpe/ie]ICHUNH TOMOJIOTHYHBIX XPOMOCOM
B xoze Meitosa (Blary, Jenczewski, 2019; Koo et al., 2020;
Mason, Wendel, 2020; Fan et al., 2021), a Takxe n3MeHe-
HUSIMH B PUCYHKaxX OKpAIIMBAHHUSI XPOMOCOM B PE3yJIbTare
HHTPOTPECCHI ¥ XPOMOCOMHBIX TIepecTpoeK. OnpeaeneHHbIH
BKJIaJ] BHOCUT TEXHOJIOTHSI IPUTOTOBJICHHS M OKPAILIUBAHUSI
npenaparoB MeTagasHbIX MIIACTHHOK, & TAK)KE HeMauiast J10JIst
CyOBEKTUBHOCTH TIPH OLICHKE pazmepa C-O0I0KOB.

CoobpaxeHus: 0 MOHOMDMIIMK KJTaJ] UCXOJST U3 CHCTEMa-
TUKHU BHJIOB, OCHOBAaHHOM Ha uX ¢uorenun. OHaKoO mmpes-
MTOJIOKEHUE O MOJTHOW PETPOAYKTHBHOHN U3OJSAINH, OOBITHO
MPUMEHsIEMO€E K BHJaM, HEJIOMYCTHMO JIJIsl CBOOOJHO CKpe-
IIMBAIOIIMXCST MEXKIY COOO0 COPTOB IMIIEHUIIBL, & B CO3JAHUE
COPTOB, KaK OTMEUCHO BO BCTYITUTEIEHON YaCTH CTAaThH, YaCTO
MPUBJICKAIUCH 00pa3iibl U3 reorpaduueck pa3o0IICHHbBIX
MOMYJISIIMN U JJaXKe TIPEICTABUTENN POICTBEHHBIX TAKCOHOB.
OrneHka MOHO(DHIUH KT Ha JCHAPOTpaMMaX, IMPHBEICH-
HBIX B HACTOSIIIIEM HUCCIIE/IOBAHUH, OTPAKAET TPEHUMYIIIECTBEH-
HO CTeleHb CONPSHKEHHOCTH THArHOCTUYECKUX MPHU3HAKOB.
JleficTBUTENBHO, MTOICPIKKAa MOHO(DMIICTHYHOCTH KJ1aJ1 OblTa
HECKOJIbKO BBIILIE P MCII0JIb30BAaHUH KOJINYECTBEHHOTO Me-
TO/Ia KAPUOTHITUPOBaHHMsL. M XOTs cTaTuCTHYeCKast I0CTOBEP-
HOCTH MOHO(DMIINH OBLTa 3HAYMMOM TS BCEX KJIAJ BBICIIIETO
paHra, He3aBHCUMO OT ITOJX0/1a B OLIEHKE Kapuorpamm, OHa
pe3Ko yObIBasia JI0 TOJIHOTO MCUE3HOBEHHS TIPH TIEPEXofie K
KJaiaM 0oJiee HU3KHUX PaHToB. B To e BpeMst 000CHOBaHUE
MOHO(HINH OBbLIO HECOIOCTABUMO CHIIbHEE Y CTATHCTUYECKH
3HAUYUMBIM JIJIS1 BCEX KJIaJ1 ICHAPOrPAMMBI, PACCUUTAHHOM 110
nmaaaeiM OHII-reHoTHIIHpOBaHUSA, B KOTOPOM KOJIHYECTBO
JIUArHOCTUYCCKHX MPH3HAKOB OBLIO HA MOPSIOK OOJIBIIE, a
UX COMPSHKEHHOCTB BBIIIIE, BBUIY 00JIee BHICOKOH IIIOTHOCTH
KapTUPOBaHHS HA XPOMOCOMaX.

Tewm He MeHee LIeHHOCTh M PEepeHIUPYIONINX IIPH3HAKOB
B 3a/1a4aX KIACCU(PHUKAINN OMPENEISIETCS X CIIOCOOHOCTHIO
K TUCKPUMUHAIIAN BEIOOPKH MO TpeOyeMbIM KauecTBaM. B To
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Bpemsi kak OHII-mapkeps! garoT npeacrasieHue 00 ayuielb-
HOMW, TEHHO M3MEHYHUBOCTH, MMOTUMOP(HU3M MO XPOMOCOM-
HBIM MapKepaM OTpakaeT H3MEHUYNBOCTb KapHOTHIIA B IIEJIOM.
[TockonbKy CTpyKTypa reTepoxpoMarnHOBbIX C-OJIOKOB He
TMO/IBEP)KEHA TCHETHYECKOH PEKOMOWHAIINY U KOHBEPCHUH, OHU
9BOJIIOIIMOHHO O0JIee CTaOMIbHBL. XPOMOCOMHBIC abeppalii,
TAK)K€ OTHOCSIIIIMECS] K XPOMOCOMHBIM MapKepam, IPUBOIST
K 3HaUUTENIbHBIM HapYLIEHUSIM B MEHO03€ TeTepO3UTOT, TeM
CaMbIM HHBEJIUPYs TeTEPOTeHHOCTH IMOIYIISINN, U CIIOCcO0-
CTBYIOT COXPAHCHUIO aYTCHTUYHOCTHU UCXOAHBIX HOHyﬂﬂHI/Iﬁ
B TEUCHUE BPEMEHH, KaK, HAlPUMEP, OTMEUEHO JUIs TPYIIIIbI
eBpOIIeHCKOM 1oJI0kl ¢ MapkepHOi 5SB-7A TpaHciokanmeit
(Dedkova et al., 2009; Badaeva et al., 2015b). Takum o6pa3zom,
XPOMOCOMHBIE MapKePhI IPECTABIISIIOTCS O0Jee HaJeKHBIMU
JUISL CHCTEMATH3aIlMH COPTOBBIX COBOKYITHOCTEH MILICHUIIBI C
TOYKH 3PEHUSI JOCTOBEPHOCTH U BOCIPOU3BOAMMOCTH KJlac-
cuduKamm, 0cOOCHHO KOT/Ja KOJIMUECTBO ANarHOCTHYECKUX
MPU3HAKOB orpaHndeHo. KomOnHaTopHast N3MEHYMBOCTD Ha
YPOBHE XpOMOCOM (OPMHUPYET HOBbIE KAPUOTHIIBI (KIACCH-
(huKanMOHHBIE KATETOPHH B KapHOIOTHUECKOH nuddhepernma-
1M1 ), HO HEe N3MEHsIeT KOMOMHAIINK PH3HAKOB B TPYIITAX CIie-
TUICHUSI, KOTOPBIE YaCTO OTPAKEHBI B CONPSKEHHBIX MapKepax
npu OHII-renoTunupoBannu. B pesynsrare u3 Gonbmiero
KOJINYECTBA CONIACOBAHHBIX JAMArHOCTUYECKHX IPH3HAKOB
elLe He CIIe/IyeT JIydIast JTUCKPUMUHALMS X HOCUTEIIeH, TaK
KaK TOCJICTHIS 3aBUCUT 1 OT TUIIA 3TUX MPU3HAKOB. [leficTBu-
TespHO, conocrasnenne OHII- 1 XpOMOCOMHBIX MapKepoB,
B YaCTHOCTH IIPU HUCIIOJIB30BAHUU THUIIA XPOMOCOM, HO HC
pa3mepa C-010KOB B Ka4eCTBE TUATHOCTUIECKOTO IPU3HAKA,
MIO/ITBEP/IIIO TIPEBOCXO/ICTBO MOCIIETHUX B TUCKPUMHUHALINI
BBIOOPOYHBIX 20 COPTOB MIICHUIIBI KaK MO CEJICKIUOHHOMY
CTaTycCy, Tak U MO THUITy Pa3BUTHUS, HECMOTPS Ha UX HU3KYIO
COIVIACOBaHHOCTb.

Cy1eCTBEHHO, YTO IPUMEHEHHE XPOMOCOMHBIX MapKEePOB
JIOCTOBEPHO Pa3JIMuacT cOpTa O3MMOM IIIEHHIBI B 3aBUCH-
MOCTH OT UX CEJIEKIIMOHHOTO cTaryca, Torna kak npu OHII-
TEHOTHITUPOBAHHUH ITH JKE COPTA IPYIIUPYIOTCSI COBMECTHO.
JlaHHOE 0OCTOATETHCTBO, BOSMOKHO, 00y CIIOBIICHO, KaK OTME-
YEHO BBIIIE, PA3IMYUEM B TUIIC I3MEHUUBOCTH, IETEKTHPYE-
Moit OHII- n xpoMocoMHBIMH MapkepaMu. /IpyriMu clI0BaMH,
KapUOTHITBI PA3HOTO MPOMCXOXKICHNS MOTYT HE Pa3INuaThCst
10 AJJIETHHOMY COCTOSTHHIO MHOTHX T€HOB (OTCIOZIa BBICO-
kas connacoBanHocTh OHII-mapkepoB). He uckitoueno, uto
yBenuuerne yrncina OHII-mapkepoB MOBBICHT pa3penIaionyio
CIOCOOHOCTB ATOTO METO/IA B ANCKPUMHUHAIIMN TECTUPYEMOI
BBIOOPKH COPTOB IO CEJICKIIMOHHOMY cTarycy. OmHaKko Ko-
JMYECTBO TAKHX MAapKEpOB yke OoJiee 4eM Ha TTOPSA0K Tpe-
BBIIIIAET MUHUMAJIBHBII HA0Op KapHOJIOTHYECKUX XapakTe-
PHUCTHK, JOCTATOUHBIH JUIsl YCIEIIHOIO pa3pelleHus JaHHOU
POOIIEMBI, TIOTYEPKUBAs TPEUMYIIIECTBO KAPHOJIOTHIECKOTO
METO0/Ia, OCOOCHHO IPU OTPAHUYCHHOM, MaJIOM KOJIMYECTBE
JAUAarHoCTUYCCKUX MMPU3HAKOB.

3aknuyeHue

HpOBe}IeHHOG HUCCIICA0OBAHUC BbBISIBUIIO BbICOKI/II71 IIOTCHIIMAJI
KapHOTUIIMPOBAHMS 110 KOHCTUTYTUBHOMY I'€T€POXPOMATUHY
B JUCKPUMHHAIIUU COBPEMCHHBIX pOCCHfICKPIX COpPTOB MSIFKOﬁ
IIIICHULbI 110 THUITY pa3BI/lTI/lﬂ nu OGOCO6J’IGHI/II/I UX O3UMBIX
(hopM OT CTapOMECTHBIX KyabTyp. [Ipn 3TOM roMoreHHOCTh
COBPEMCHHBIX COPTOB IO TECTUPYCMbIM KAapHOJOTHYCCKUM
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IIpU3HAKaM 6bIJ'Ia BbIIIEC, YEM MECTHBIX, @ O3UMBIX — YEM SAPO-
BbIX. [TomydeHHas KaccnuKaius oTpaskaeT COXpaHEHHUE BbI-
COKO OOIITHOCTH B KAPHOTHUIIAX COBPEMEHHBIX COPTOB SIPOBO
CCJICKIIUU 1 COPTOBBIX HOHyJ'lHLII/Iﬁ MCCTHOTI'O BO3/1CJIbIBAHU S,
a TaKoKe cIa0yro pa3nunauMOCTh KAPHOTHUIIOB IOCTEAHNX, KOH-
TPACTHBIX O TUITY pa3BUTHL. B cBs3M ¢ Oosee ogHO3HAUYHOM
accoranueit pucyHkoB auddepeHInaibHOro OKpanBaHus
XPOMOCOM C TIPOUCXOXKICHHUEM COPTOB, a TAKXKE X BBICOKON
9BOJIIOLIMOHHON CTaOMIBHOCTBIO MTPEAIIONAraeTCsl, YTO aHa-
JIN3 KapPIOTPIHH‘IeCKOﬁ U3MCHYUBOCTHU IIOMOra€T COCTaBUTh
Ooree BepHOE Ipe/IcTaBIeHAE O TU(PEepeHINAITNN COPTOBBIX
COBOKYIHOCTEH MIIEHUIIBI IO JAHHOMY MPU3HAKY, 9eM TpH
ucnonbs3oBanuu OHII-mMapkepoB, AETEKTUPYIOMIUX TEHHYIO
W3MEHYHNBOCTh, OCOOCHHO TIPH OTPAHWYCHHOM KOJIMYECTBE
JIMarHOCTUYECKNX XapaKTEPHCTHK.
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FTEHETUKA PACTEHUI BaBMnoOBCKUI XypHan reHeTuKkn 1 cenexkumnm
Vavilov Journal of Genetics and Breeding. 2025;29(6):769-778

doi 10.18699/vjgb-25-84

KapTupoBaHue JTOKYCOB U I'eHOB, OIIpeae/SolX BpeMs
KOJIOLIEHS U CO3peBaHMS SIPOBOI MATKOM ITIIIEHUIIbI
B VCIOBUSIX OJIVIHHOTO IHS, U OlLI€HKA X BAVSHUS Ha VPOXKANMHOCTD

A.A. Kuceaésa , A.. Cracmwok (1), VI.LH. Aeonosa (%), E.A. Caauna

DepnepanbHblil NccneaoBaTeNbCkui LeHTp NHCTUTYT uutonorum n reHeTrkn Cnbupckoro otaeneHns Poccniickon akageminn Hayk, Hosocnbupck, Poccnsa
@ antkiseleva@bionet.nsc.ru

AHHoTauuA. NPoAoMKNTENBHOCTb BEreTaLMOHHOro Nepuoaa okasbiBaeT 3HauMTelbHOe BAVAHME Ha popMmMpoBa-
HUe ypoxasn 1 ABNAETCA OJHOW M3 BaXKHbIX XapaKTePUCTMK COPTOB APOBOM MArKon niweHuubl (Triticum aestivum L.).
K oCHOBHbIM MeXda3HbIM nepriofam, BANAIOWMM Ha NMPOACIKUTENBHOCTb BEreTalun, OTHOCATCA BPeMA OT BCXO-
[l0B 40 KOJIOLLEHUA 1 OT KOMOLLEHNA 4O CO3peBaHUA. [1nA BbIABNEHNA reHOB 1 JIOKYCOB, aCCOLMMPOBAHHBIX C 3TUMU
npri3HakaMm B yCNIOBUAX AJIMHHOTO [IHA, XapakTepHoro Ana 3anagHon Cnbupw, 1 oLeHKN UX BANAHUA Ha CTPYKTYpPY
ypoxas Mbl nposenu KapTupoaHue QTL ¢ nocnepyioLien OLeHKON NPU3HAKOB YPOXANHOCTA Y INHWI, HECYLLnX
pas3fninyHble anfienn reHoB, onpefenAlwWmX CKOpoCTb pa3BuTuA. B KauyecTBe KapTupylowen nonynaumm mbl KC-
nonb3oBanu pacteHns F,, NonyyeHHble OT CKpeLMBaHNA KOHTPACTHbIX MO CKOPOCTH pa3Butua coptos Obckas 2 1
TynyH 15. QTL aHanu3 BbIABU HOBbIN IOKYC Ha ASIIHHOM Mjleye XPOMOCOMbI 7B, accoLmmnpoBaHHbIi CO BpeMeHem
co3peBaHuA, 1 ABa JIOKyca Ha Xxpomocome 2D 1 KopoTKOM rsieye XPOMOCOMbI 7B, accoLMnMpoBaHHbIX CO BpeMeHeM
KonoleHnA. AHann3 reHoB, BXOAALLMX B COCTaB JIOKYCOB, MO3BOM BbIABUTb FeHbl-KaHANAATbI 4NA NPU3HaKa «BCXO-
[bl-CO3peBaHVey, NaTTePHbl SKCNPeCCU KOTOPbIX COOTBETCTBOBAJIM FreHaM M3BECTHOrO perynAatopa CKOpoCTH CO-
3peBaHua NAM-1. Jlokanusauma NOKyCoB 1A NPU3HaKa «BCXOAbl—KOJIOLEHVE» NO3BONUIIA NPEeANONIOXNTb, YTO OHN
COOTBETCTBYIOT U3BECTHbIM reHam Ppd-D1 n Vrn-B3. AHann3 notomcTBa NMHWUIA C coyeTaHuem anneneii Ppd-Dia v
Vrn-B3a nokasan, uto Ppd-D1a oka3biBaeT 60nbwmnin 3GPeKT Ha Bpems KonoweHus, yem Vrn-B3a, a coueTaHne 3Tmx
ABYX annenein NpuBoauT K Hanbonee paHHeMy KOJIOWEHMIO, B CPEAHEM Ha NATb AHEN paHblUe NMHWUIA C annenamm
Ppd-D1b v vrn-B3. OueHKa Npu3HaKkoB CTPYKTYpbl ypoxasa (KonmM4yecTBO 1M Macca 3epeH C raBHOro Kosoca v ¢ pac-
TeHuA, macca 1000 3epeH) Nokasana, uto reH Ppd-D1 accoummpoBaH co BCeMM Npr3HakaMun Ha BbICOKOM YPOBHE 3Ha-
YMMOCTH, NPV 3TOM B OONBLUMHCTBE CilyyaeB annenb Ppd-D1a HeraTyBHO BNUAN Ha YPOXaNHOCTb. [eH Vrn-B3 Banan
Ha NPY3HAKM YPOXKaMHOCTY B MeHbLLEN CTEMEHU MO CpaBHeHWIo € Ppd-D1.

KntoueBble cnoBa: MArkasa MniieHnLa; BPeMa KOJOLWEHNA; BpeMa Co3peBaHusa; ypoxanHocTb; QTL KapTupoBaHue;
Ppd-D1; Vrn-B3

[Ana untnposanua: Kucenéea A.A., Cractok AW, JleoHosa W.H., Canuna E.A. KapTnpoBaHue f0KyCOB 1 reHOB, onpe-
LEenALNX BPeMA KOSOWEHWA 1 CO3PeBaHNA APOBON MATKOW MWEHULb B YCIOBUAX AMMHHOTO HA, N OLEHKa 1X
BAVAHMWSA Ha YPOXKaNHOCTb. Basunosckuli XypHasi eeHemuku u cenekyuu. 2025;29(6):769-778. doi 10.18699/vjgb-25-84

OuHaHcnpoBaHue. QTL aHanm3 1 n3yyeHne NOKYCOB BPeMeHY KOSTOLWEHWA 1 CO3peBaHA NPOoBeeHbl B pamKax 6ioa-
eTHoro npoekTta «MonogexHble nabopatopum» FWNR-2024-0009. OueHKka BAnsHUA annenen Ppd-Dia v Vrn-B3a
Ha rokasaTenu MpoAyKTMBHOCTM BbINOMHEHA 3a cyeT rpaHTa Poccuiickoro HayuHoro ¢oHga N° 21-76-30003-11,
https://rscf.ru/project/21-76-30003/<https://rscf.ru/project/21-76-30003/>.

Mapping loci and genes controlling heading and maturity time
in common wheat under long-day conditions
and assessing their effects on yield-related traits

A.A. Kiseleva @, AL Stasyuk (12), LN. Leonova (%), E.A. Salina

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

Abstract. The duration of the vegetation period significantly impacts yield formation and is one of the important
characteristics of spring common wheat (Triticum aestivum L.) varieties. The primary developmental phases influenc-
ing the vegetation period include the time from seedling emergence to heading and from heading to maturity. To
identify genes and loci associated with these traits under long-day conditions typical of Western Siberia and to as-
sess their impact on yield components, we conducted QTL mapping followed by an evaluation of yield-related traits
in lines carrying different alleles of key heading time genes. For mapping, we used an F, population derived from a
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Mapping loci and genes controlling heading
and maturity time in wheat under long-day conditions

cross between the varieties Obskaya 2 and Tulun 15, which contrast in their heading and maturity times. QTL analysis
identified a novel locus on the long arm of chromosome 7B associated with maturity time, as well as two loci on
chromosome 2D and the short arm of chromosome 7B associated with heading time. Gene analysis within these
loci revealed candidate genes for the “seedling-maturity” trait, with expression patterns corresponding to the known
maturity time regulator NAM-1. The localization of loci for the “seedling-to-heading” trait suggested their correspon-
dence to the well-known genes Ppd-D1 and Vrn-B3. Analysis of progeny carrying the Ppd-D1a and Vrn-B3a allele
combination demonstrated that Ppd-D17a had a stronger effect on heading time than Vrn-B3a, and their combined
presence resulted in the earliest heading - on average, five days earlier than in lines with the Ppd-D1b and vrn-B3
alleles. Evaluation of yield-related traits (number and weight of grains per main spike and per plant, and 1,000-grain
weight) indicated that Ppd-D1 was significantly associated with all traits, with the Ppd-D1a allele generally exerting a
negative effect on yield. In contrast, Vrn-B3 had a comparatively smaller effect on yield traits than Ppd-D1.

Key words: common wheat; heading time; maturity time; yield traits; QTL mapping; Ppd-D1; Vrn-B3
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BBepeHmne

YpoxallHOCTh MILEHUIBI U €€ aJalTUBHBIM MOTEHIMAN K
Pa3IMYHBIM YCIOBUSAM CPEIbl BO MHOTOM CBSI3aHEI C TIPOIOT-
JKUTEITHHOCTHIO OCHOBHBIX CTaauil pa3Butus. OcoOOCHHO Ba-
KCH IEPEX0/ OT BErCTAaTUBHOI'O pa3BUTUA K TCHCPATUBHOMY —
BpeMs KOJIOIICHHSI, a TAKKe BpeMsl co3peBaHus. Yare Bcero
MIPH aHAJIA3E COPTOB IS MPEACKA3aHUs CPOKOB KOJIOIICHUS
HCCIIeAYIOT aJJIeTIbHBIN COCTaB CIeAYIONMX TeHOB: Vin-Al,
Vrn-Bl1, Vin-D1, Ppd-D1 n pexe Vin-B3 (1aFT-1), mOCKOTb-
Ky OHH OKa3bIBaIOT HAWOOJbIIICe BO3ICHCTBUC HA JAaHHBIN
npusHak (Zhang Y. et al., 2010; Kiss et al., 2014; Chen S.
et al., 2018; Mizuno et al., 2022; Palomino, Cabrera, 2023).
OCHOBHBIC TCHBI, BIUSIONINE HA BPEMs CO3PEBAHUS, — ITO
reubl NAM-B1 u NAM-AI (Hagenblad et al., 2012; Alhabbar
etal., 2018b).

BonbmmHCcTBO amneneit Ppd-1, onpenensiomux HEdyB-
CTBUTEIBHOCTH K (OTONEPHOY (HIOMUHAHTHBIC aJIJIeIH ), Xa-
pakTepu3yeTcs M3MEHEHISAMH B MMPOMOTOPHON OOIAcTH —
nenersivu i uHcepimsmu (Beales et al., 2007; Wilhelm
et al., 2009; Nishida et al., 2013), rae pacnosararoTcs pas-
JUYHBIC PETYISATOPHBIEC MOCenoBaTensHOCTH. KpoMe Toro,
st Ppd-B1 W3BeCTHBI TOMHHAHTHBIC QJIJICITH, XapaKTCPH-
3yrolecs yBelmueHHbIM urciiom konuii (Diaz et al., 2012).
JlomuHaHTHBIN amutens Ppd-D1a B HacTosIee BpeMs dYare
BCErO HCIOJB3YETCS B MUPOBOW CENICKIIMU U3 BCEX T'CHOB
Ppd-1 (Seki et al., 2011). Tak, cormacuo (Guo et al., 2010),
3TOT aJutesib OOHapyXeH y 33 % COpTOB MATKOH MIICHUIIBI B
IOxnolt Amepuke, y 45.5 % copToB, BO3/I€TIbIBAEMBIX B FOXK-
Hoii yactu EBpomnsl, 1y 8 % copToB B CeBepHOI U 3amaiHON
gactsax EBpombl. Camoe BRICOKOE pacipOCTpaHEHUE JaHHBIH
annens noxyuus B Asun — 57.4 % xynstuBupyeMsix B Kurae
copToB. Cpeu SATOHCKUX COPTOB 84 % SBIISIOTCS HOCUTENSIMHU
9TOTO TOMUHAHTHOTO ajutens (Seki et al., 2011). B To »xe Bpemst
CpeIl COPTOB OTEUCCTBEHHOW CeleKimu ajmens Ppd-Dla,
KOTOPBIH MOKET HE TOJILKO YCKOPSATH IIEPEXOJT K KOJIOMICHHIO,
HO ¥ OKa3bIBATh ITOJIOKHUTEIBHOE BIFSIHAE HA APYTHE XapaK-
TEPUCTUKU PACTCHUH, BCTPEUACTCs JOBOIBHO peko (JIuxen-
KO ¥ Ap., 2014; JIbicenko u np., 2014). B 6onpmmHCTBE Hc-
cienoBaHuid YPQPEKT TaHHOTO aJIeNs U3YYaroT B YCIOBHIX
KOPOTKOTO JIHSI, B TAKUX YCIIOBUSX OH COKpAIIIACT BPeMsI Iiepe-
xofa k xojomrennto Ha 20-30 nueit. Tem He MeHee UMEIOTCS
HEMHOTOYHCIICHHBIC CBEICHUS, YTO alutenb Ppd-D1a moxer
YCKOPSATH BpeMs KOJIOIICHUS Ha 3—5 JHEH JaKe B YCIOBUSIX
maHoro nHs (Worland et al., 1998; Kiseleva et al., 2014).
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Eme omgme BakHbI TeH — Vrn-B3, KOTOPHIN cUMTaeTCs
[EHTPAIBHBIM PETYIATOPOM BPEMEHH KOJOMICHHUS. AJIICIb
Vrn-B3a o0ycnoBsiuBaeT paHHee 1BeTeHue. Ero skcmpeccust
YCHIJIEHA B PE3YNbTaTe HHCEPIMN PETPOIEMEHTA IPOTSKEH-
HocThio 5300 1. H. B mpomoTopHoii oonacth (Yan et al., 2006).
DTOT aJuIeNb OUeHb PEJIKO BCTPEUYACTCS Y KYJBTUBHPYEMBIX
coptoB (Zhang X K. et al., 2008; Igbal et al., 2011; Chen F.
et al., 2013; JIpicenko u ap., 2014). M3BecTHBI emie YeThIpe
amsens rena Vin-B3, o0o3HaueHHbIe nuTepamu b/c/d/e, HO
OHH UMEIOT TOPa3I0 MEHee BRIPAKEHHBIN 3(h(ekT Ha BpeMs
xororreHust (Chen F. et al., 2013; Berezhnaya et al., 2021).

Aunens iukoro tuna rena NAM-B1 cBsizaH ¢ 0osee paHHUM
CO3pEBaHMEM, TIPH ITOM y COBPEMEHHBIX COPTOB OH Ipak-
TUYECKH HE BCTPEUACTCS M3-32 €r0 HEraTHMBHOTO BIMSHUS
Ha ypoxaitHocTs (Lundstrom et al., 2017). [lns ero romeo-
nora NAM-A1 toxe Obputn onmcansl amnenn (NAM-Ala n
NAM-A1b), acconnmpoBaHHbIE ¢ 60JIee pAHHUM CO3pPEBAHUEM
(Alhabbar et al., 2018a).

YcnoBus BHEIIHEHN CPebl B 3HAUUTEILHON CTENEHHN BIIUS-
10T HA CKOPOCTH PAa3BHUTHSI MATKOW MIIeHUNBI. [t pasHbIX
PErHMOHOB BBIPALIMBAHMS MIIEHUIBI B Poccun XapakTrepHbI
paznudMs B KIIMMAaTHUECKUX ycIoBHAX. HecMoTpst Ha oueBna-
HYIO B&XKHOCTB W3YUYCHUSI PETYJISIIIUHI BPEMEHH KOJIOIICHUS 1
CO3pEBaHMs B YCIOBHSAX JUIMHHOTO JIHS, XapaKTePHOTO JJIs
OoNBIIMHCTBA PETHOHOB Poccny, reHeTn4ecKkne MeXaHn3Mbl,
MIPOSIBIISIIONINECS TIPU TAaKOM (POTOTIEPHOE, MAJIO U3YUCHBI.
Hampumep, B HEKOTOpPBIX paboTax 1moka3aHo BIUsHUE Vin-1,
Vrn-B3 m NAM-A1 na Bpems co3peBanus (Zaitseva, Lemesh,
2015; Alhabbar et al., 2018a; Whittal et al., 2018), Ho B HamemMm
MPE/IBIIYIIEM UCCICIOBAHNN HE OOHAPYKEHO CBSI3U MEKIY
AJIJIETbHBIM COCTOSTHUEM 3THX F'€HOB M BDEMEHEM CO3PEBAHUS
Ha SIPOBBIX COPTaX B YCJIOBUSIX 3anaaHoi CHONPH 1 BBISIBICHBI
HOBBIE JIOKYChI Ha XpoMocomax 2A, 3B, 4A, 5B, 7A u 7B,
accorrpoBaHHbIe ¢ 3TuM npusHakoM (Kiseleva et al., 2023).

Takum 00pa3om, TEHETHUECKHH KOHTPOJIb CKOPOCTH Pa3-
BUTHSI PACTEHHH IIICHUIbI CHIIBHO 3aBHCHUT OT YCJIOBUI BbI-
palMBaHus, ¥ B Pa3HBIX KIMMAaTHYECKUX 30HAX Ha MPU3HAK
OymyT BIUSATE pasHble rensl. [ 3anannoit Cubupm aktyas-
HbI CKOPOCIIEJIBIE COPTa MATKOH IMIIEHUIIBI C BBICOKOH YPO-
JKaHHOCTBIO, TOCKOJIbKY B HACTOSILIEE BPEMS CPEAN 3apPETH-
CTPUPOBAHHBIX JUIsl JAHHOTO PETHOHA COPTOB OOJIbIIAs YaCTh
OTHOCHTCSI K CPETHECIIEIbIM, a BO3/ICIIBIBAHUE SIPOBBIX COPTOB
C Pa3INYHBIMH CPOKAMH CO3PEBAHUSI TO3BOJISIET BAPHHPOBATh
BpeMs1 YOOPKH ypokasi, YTO HEOOXOJMMO IJISI yMEHBIICHUS
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norepu yposkas ot nepectos (benan u ap., 2021). D1o onpe-
JIeNsieT HEOOXOANMOCTh JIOTIOTHUTENLHOTO aHANM3a U U3Y-
YEHHsI U3BECTHBIX U BBISBICHHS HOBBIX JIOKYCOB M T'€HOB,
KOHTPOJIMPYIOIUX IMTPOJOLKUTEIIbHOCTE OCHOBHBIX IIEPUOI0B
pa3BHUTHS, a TAK)KE CO3/JaHUS COPTOB M JIMHUM IMIICHUIIBI,
CPOKHU KOJIOIIEHUSI U CO3PEBAHMs KOTOPBIX COOTBETCTBYIOT
KOHKPCTHBIM YCJIOBUAM CPCABI.

enp Hamreit paboTHI — OTpeieeH e IOKYCOB U BXOSIINX
B UX COCTaB F€HOB, ACCOLIMMPOBAHHBIX C MPOAOJIKUTENBHO-
CTBIO OCHOBHBIX (Da3 pa3BUTHS SIPOBOH MSTKOM MIIEHHIIBL, 1
OLIEHKA UX BIIMSHUS HA yPOXKAaHHOCTD B YCIIOBHSX 3amaJHOM
Cubnpn.

MaTtepwuanbl n metofpl

Marepuan. Kaprupytomas nomyisiust Obuia MoJydeHa OT
CKpPCIUBAHUS COPTOB IPOBOW MSITKOH miieHuIpl O0ckas 2 u
Tynyn 15. Copt OOckas 2 BXOAWUT B TPYMITY CPETHECIIEITBIX
1 XapaKTepH3yeTCs BBICOKOH ypOXKalfHOCTBIO 1 XJieborekap-
HBIMH Kaue€CTBaMU Ha YPOBHE IIeHHOW mieHuIbl. TymyH 15
OTHOCHUTCSI K PAaHHECIIENIBIM COPTaM, UMEET BBICOKOE Kade-
CTBO 3epHa, HO ycTymnaeT copty OOckast 2 1o ypokaiHOCTH.
['mOpuamM3anust COpToB, IMOCIEAYIONIEe CaMOOIbIIICHUE TH-
6punoB F, u BeipammBanue pactenuii F, ObIn mpoBeeHb!
B ycnoBusx termnyHoro kommiekca UL Nul" CO PAH.
[Mocnenyroume nokonenust (F3 u F4) Obuty Taroke nomyyeHsl
CaMOOMBUIEHHEM TPH TOCIIEIYIOMIEM BBIPAIMBAHUN B TIO-
neBbIX yenoBusx (puc. S1)L.

Anann3 ¢enoruna. Pacrenus noxonenuit F3 u Fy, momy-
YeHHBIC B pe3ylbTaTe CKpenuBanus copToB O6ckas 2 x Ty-
ayH 15, BeiceBanm B 2018 1 2019 rr. Ha onbrTHOM nosie Cubup-
cxoro HUU pactrenueBocTBa u cenekimu (moc. KpacHooOck,
Hosocubupckas odmacts, 54.914070°N, 82.975379°E).

Koromienne pacteHuid NMIICHUIBI ONPEIEISUTN KaK BpeMst
BBIXO0/Ia KoJIoca U3 TPYOKH Ha 1/2, a BpeMst KOJIOLIEHHSI — KaKk
MPOAOIKUTENBHOCT ITepro/ia (KOITMUYECTBO THEH ) OT BCXOI0B
JIO MOMEHTA KOJIOIIECHUS JJISl KAYKAOTO OTACIBHOTO PACTCHUS
B panake. Co3peBaHue ONMpPEIesUId TBEPABIM 3€pPHOM, IO-
JKEIITEHHEM M BBICBIXaHHEM KOJIOCHEB M CTEONel I Kax-
JIOTO OTJIENILHOTO pacTeHus B psike. [lepuon HanuBa 3epHa
BBIUNCIISTM KaK Pa3HUILy MEXAYy BPEMEHEM CO3PEBaHUA U
KostomeHus. [109YBa ONBITHOTO y4acTKa — YePHO3EM BBIIIETIO-
yeHHbI. [ToneBoii ONbIT 3aK1aAbIBaI Ha JeNITHKaX IUPUHON
0.5 M, o 20 3epeH B psiy. BoiceBanu mo aBa psja Kaxaoro
o0pasma ¢ paccrosanemM Mexay psgamu 20 cm. Cospesime
pacTeHus yOupaiu B CHOIIBI, ITOACYIINBAIIH, TOCIIE YETO PO~
BOJIMJIN OLIEHKY 3JIEMEHTOB CTPYKTYpHI ypoxas. OneHnBanu
YHCIIO 3€PEH B IIIABHOM KOJIOCE, Maccy 3epHa C INIaBHOTO
KO0JI0Ca, YHCIIO U Maccy 3epeH ¢ pacTeHus, maccy 1000 3epeH.
CTpyKTypHBIN aHATN3 BRIMOMHIHN 1711 20 pacTeHHH KaX/10ro
oOpasma.

[Moromusie ycnous B HoBocnOupckoit odmacti B mepros
BEreTaly OTINYAINUCh OT CPETHEMHOTONEeTHUX. Tak, B Mae
2018 1. (hakTHUecKas cpemHeMecsUHas TemIeparypa Obuia
7 °C npu HopMme 12.5 °C, a KOIMUYECTBO OCAIKOB COCTABUIIO
82 MM, 4TO B 2.5 pasa Bhblllle HOPMBL. Temreparypa B UIOHE,
utone u aprycre 2018 1. Opi1a 6773Ka K CpeIHEMHOTOJICTHUM
3HayeHUsIM. 1o KoMM4YecTBy Oca/koB MIOHB M HMIONb CyIIle-
CTBEHHO HE OTIIMYAJIMCh OT HOPMBI. B aBrycre Habmonanach

T Puc. S1, 52 n tabn. S1-S8 cm. no appecy:
https://vavilovj-icg.ru/download/pict-2025-29/appx26.xIsx
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Teruiask cyxXasi 1oroja ¢ KOJMYECTBOM BBIIABIIMX OCAKOB
35 mm mpu HOpMme 53 M. B 2019 1. Bech BereTanmoHHBIN
MePUOJ] TEMIIEPATYPHBIH PEKUM COOTBETCTBOBAJ CpE/IHE-
MHOTOJIETHUM HaOJoneHusM. [1o BiaroodecreueHHOCTH Maii
2019 r. cymiecTBeHHO HE OTIAYAJICS OT CPETHEMHOTOICTHIX
JTaHHBIX. B mione u aBrycre nHaOmionancst neuuuT Biard,
TaK Kak BbINajgo 26 u 22 MM 0caJIkoB pu HOpMeE 59 u 53 Mm
COOTBETCTBEHHO. B mrosne Oblna Teruias n BIaXKHas MOTOja,
BbINango 98 MM ocajakoB mpu HOpME 69 MM.

Boigenenne JHK u ITIP. I'enomuyto JIHK Beigensig u3
JIMCTHEB PACTEHUH MIIEHUIIBI C UCII0JIb30BaHUEM MO (UIIH-
POBaHHOTO ITPOTOKOIA, OITyOIMKoBaHHOTO B padoTte (Plaschke
etal., 1995). [lyis onpenenenus ayieseii renos Vin-1, Vin-B3
u Ppd-D1 6p1mn BEIOpaHBI OMyOIMKOBaHHBIE paHee ajlieib-
cnenuduanbie npaiimepsl (Yan et al., 2004, 2006; Fu et al.,
2005; Beales et al., 2007; Shcherban et al., 2012). Ammiu-
¢uxanmro mpooauau Ha mpudope T100 Thermal Cycler
(BioRad, CIIIA) ¢ npumenenuem peaktuBoB buoMactep
HS-Taq ITIIP-Color («buomadmukcy, Poccust) cortacHo mpo-
TOKOJIaM, OITyOJIMKOBAaHHBIM B COOTBETCTBYIOIINX CTATHSIX.

I'enoTunMpoBaHue, MOCTPOEHHE FreHETHYECKUX KapT 1
kapTupoBanue QTL. B xone uccnenoBanus kapTupyromei
F, nonynsuun MArkod MILEHULBI, TOTYYEHHON OT CKpEIIH-
BaHus copToB Obckast 2 x Tymyn 15 (84 muanu) JJHK stx
JIMHUN U POJIUTENILCKUX COPTOB ObLJIa TEHOTUITMPOBAHA Ha BbI-
coxomnponsBonuTensHoM gnre [llumina Infinium 20K Wheat
(TraitGenetics GmbH, I'epmanus). Beero npoananmsupoBaHo
17267 mapkepoB.

['ereTnueckue KapThl HOCTPOCHHI B porpamme MultiPoint
UltraDense (Mester et al., 2003). Ynansim MapKepsl ¢ KOJIH-
yecTBOM 0mmboK Gosee 25 u cerperaimeii (%) Gonee 42. Mu-
HUMaJbHBIA pa3Mep JUIs TPYTIITbl KOCETPErHPYOLINX MapKepPOB
(creTIeHHBIE MapKEPBI, JIOKATU3YIOIIHECS B OJTHOH MO3UIINN)
Obu1 paBeH 2. [Tpu nenennu Ha knacrepsl rf = 1.5. Ynopsno-
YEeHHE MapKEPOB B KJIACTEPAX OCYIIECTBIIIIOCH 110 JITOPUTMY
GES (guided evolutionary strategy) ¢ peceMIIMHIOM METOJIOM
cxiagHoro Hoxa (jackknife). Jlanee myist mosy4eHus CTaOuIb-
HBIX KapT BBITIOIHSAJICS KOHTPOJIb MOHOTOHHOCTH C YIaJI€HHEM
BBIOMBAIOIINXCSI MAPKEPOB U ITOCIICI0BATEIBHBIM Y/IAICHHEM
JIeCTaObMIIN3NPYIOLIMX MapKepOB.

C nomo1ipio pa3pabOTaHHBIX TEHETHIECKHUX KapT U TAaHHBIX,
MOJTyYCHHBIX B pe3yJbTare aHaiu3a ()eHOTHUIIa, ObLIO IIPOBe-
JICHO KapTUPOBAHHKE JIOKYCOB, OIPEJIEIISIIOIINX BPEMSI KOJIOIIe-
HHS, BpEMSI CO3PEBaHMs M TIEPHO]] HAJTNBA 3€pHA Ha MaTeprae
nomnysiui ot ckpermBanus O0ckast 2 x Tymyn 15. s kap-
THUPOBAHUS JIOKYCOB UCIIOJIb30BasH porpaMmmy MultiQTL o
anroputmy CIM (Compositive Interval Mapping).

IIpuopuTH3anus reHoB u3 J0KycoB. OyHKINOHAIBHYIO
XapaKTepPUCTUKY I'€HOB-KaHIAMJATOB M aHHOTAIMIO IOCIIe-
JIOBaTENbHOCTEH MPOBOAMIN Ha ocHOBE naHHBIX IWGSC
RefSeq v.1.0. JInst OLIEHKH NAaTTEpHOB 3KCIIPECCHU T'€HOB
MCTIONB30BAJIH JaHHbIE CEKBEHUPOBAHHS TPAHCKPHIITOMA MSIT -
KOH TIIIEHUIIBI cOpTa AXKypHasi, OJIydYeHHBIEC Ha MaTepHare
Pa3INYHBIX YacTel PaCcTEHUS B XO/I€ Pa3BUTHS OT MPOPACTa-
HUs 10 nosiHOH cnenoctu (Ramirez-Gonzalez et al., 2018).
B kagectBe «pedepeHCHBIX» TPAHCKPHUIITOB OBLIN BBRIOPAHBI
nocnenoBatenbHOCTH NAM-A1 (TraesCS6A402G108300.1/.2)
u NAM-D1 (TraesCS6D02G096300.1), nockonsky NAM-B1'y
CS npencrapieH He(yHKIMOHATBHBIM ajuienem, ID ams Hero
B aHHOTanWu reHoB 1o RefSeq He npencrasneno.
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Crarucrnyeckuii ananau3. OnucarenbHas CTaTUCTHKA,
ANOVA, anann3 Treroku, k03¢ GurmenTs! koppemsmuun [Tnp-
coHa (r) ObUTM pacCUMTaHBI C IPUMEHEHHEM 0a30BBIX (DYHK-
L si3bIKa porpaMmupoBanus R. Bee rpaduku moctpoeHs
¢ momomnipio maketa R ggplot2 (Wickham, 2016).

Pe3ynbratbl

OueHKa npofomKuTeNnbHocTH das

pa3BuTMA pacTeHNil KapTupyloLen nonynauum

Bpewmst kononieHus pacTeHUH B OMYJISIIAK BApbUPOBAJIO OT
34 no 41 nus. JlanHbIe onUCcaTEeIbHON CTAaTUCTUKY TS TPEX
MIPU3HAKOB TIpe/CTaBiIeHBI B Tabn. S1. Pactipenenenue mpu-
3HaKa «BPEMS KOJIOMICHUS» OBUIO MPHOIIKEHO K HOPMaJlb-
HoMy (puc. 1), pactipeniesieHne BpeMEeHHU CO3PEBaHUs U IIEPUO-
Jla HaJIMBa 3€pHA CMEILECHO B CTOPOHY MEHBIIIET0 3HAUYCHHMSI.
Koppensinnst Mex 1y BpeMeHeM CO3peBaHMs M EPHOIOM Ha-
JIMBa 3epHa OblIa OYeHb BBICOKOIL: 72 = 0.96.

leHeTnuyeckue Kaptbl u QTL KapTupoBaHue
JI1g mocTpoeHus reHeTUYeCKUX KapT nomyssiiyu O6ckas 2 X
Tynyr 15 Obutu otoOpansl 3323 monuMOpQHBIX MapKepa.
Kapruposano 2629 mapkepos, u3 Hux 534 ckeneTHsIx. Beero
ObLTO pa3paboTaHo 25 rPyMIl CIEIICHUS, B XPOMOCOMBI 3B,
3D, 5D mpezncTaBieHbl HECKOIBKUMHE TpymmamMu. O6001eH-
HBIC JaHHBIC TPUBEICHBI B Ta0n. S2, rpaduueckoe n3odpa-
JKeHHe KapT — Ha puc. S2.

C ucnonp3oBanreM Moznenu CIM Ob1TH KapTHPOBAHEI 3HA-
4YUMBIE JIOKYCHI Ha XpoMocoMmax 2D u 7B, accouunpoBaHHbIe
C TPOJOJDKUTENBHOCTBIO (ha3 Pa3BUTHSI MSTKOW IMIICHHIIBI

F,.3 O6ckan 2 X TynyH 15

Mapping loci and genes controlling heading
and maturity time in wheat under long-day conditions

(puc. 2). Ilpu srom sokyc Ha xpomocome 2D Obur cBsizaH
TOJIBKO CO BPEMEHEM KOJIOIIEHUsI 1 00bsiCHs 37 % Bapuannu
nanHoro npusHaka (PEV). JIokyc Ha KOpOTKOM IuIede XpoMo-
combl 7B Toke ObUT aCCOLIMMPOBAH CO BPEMEHEM KOJIOILICHNS,
00bsicHss 20 % Bapuanuu. A 1Ba JOKyca Ha JJTHHHOM TUIeYe
9TOM XPOMOCOMBI OBIIM CBSI3aHBI CO BPEMEHEM CO3PEBaHUS 1
MIEpHOJIOM HAJIMBA 3€pHA M COBIA/IANIU MEXK1y c000ii. 3Haue-
uust PEV s Bpemenn cospesanust coctasuio 11.5 %, s
nepuoja Hanuaa 3epHa — 18 %.

Jlokyc Ha xpoMocome 2D, accomrpoBaHHbIN CO BpeMEHEM
KOJIOILICHHUSI, TIPUXOJIMIICSI HA WHTEPBAI MEXIy MapKepamu
BS00022276 51 (mo3unmsa Ha RefSeq v.1.0 29454345) u
wsnp CAP12 c1503 764765 (nmo3uuus na RefSeq v.1.0
35683599). Takum oOpa3zom, HambOoJIee BEPOSTHBIM T€HOM-
kaaguaaroM s 3toro QTL saBmsiercst Ppd-D1 (mo3umust
33952048-33956269), nokanu3zanus KoToporo Ha ¢uznye-
CKOH KapTe Kak pa3 COOTBETCTBYET MIPOMEKYTKY MEXK/IY BbI-
SIBJICHHBIMH MapKepaMHu.

Jlokyc Ha xpomocome 7B, acCOUMMPOBAHHBIN CO BPEMEHEM
KOJIOILICHHMSI, TIPUXOJIMIICSI HA WHTEPBAI MEXIy MapKepamu
Tdurum_contig5352 556 (mo3unus aa RefSeq v.1.0 5061935)
n AX-95248379 (no3umust Ha RefSeq v.1.0 12717101). Hau-
Gomee BepOATHBIN reH-kaHauaar aust 3toro QTL — Vin-B3
(mo3umus 9702354-9704354), mokanu3anus KOTOPOTO Ha
(hu3nUECKOii KapTe COOTBETCTBYET MPOMEXKYTKY MEXKTY Map-
KepaMH.

Jliis TOKyCOB BpEMEHH CO3pPEBaHMS M NEpPHOJA HAIHNBA
3€pHA Ha JJIMHHOM IIJIeYe XpOMOCOMBI 7B M3BECTHBIX I'€HOB
He obHapykeHo. [Tonck B 6a3e qanneix WheatQTLdb Taxoke
HE BBISIBUJI JIOKYCOB CO CXO)KHUM PaCIOIOKECHUEM.
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Puc. 1. KoadpduumeHT koppenaumm NMupcoHa Mexay nprsHakamm CKopoCcTy PasBuTUS.

HT - Bpems konoweHus; MAT - Bpema co3peBaHus; GFP - neprioa HanvBa 3epHa. [loctoBepHble pa3nuumsa: * p < 0.05, *** p < 0.001.
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Chr 2D Chr7B
0.0~ AX.04301187 10 20 30 40 50 60 7.0 80 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
D = A et 0.0 Excalibur_c8486_419 TR E E L1
127 AX-94645278 3.6~ — Tdurum_contig98005_272
5.1— [~ Tdurum_contig5352_556 g T
8.7~J_|— Excalibur_c35611_446 2
9.3= |- BS00049514_51 '§. g
13.0 AX-94761296 224 AX-95248379 S
239 BS00081132_51 3
27,0\ / BobWhite_c44404_312
28.2~\Y// AX-94978456
22.5~]_|~BS00011425_51 \ / wenp Ex c2103 3947695
23.1— ™ tplb0030j08_1960 §313\§ ; T§0%§655?1 Aye
31.1—=k— RAC875_c46751_112
280 BS00022276._51 31.7 7 :§ Tdurum_contig49572_643
329 / AX-94587603
T 347/ || \ BobWhite_c20266_115
§ ? 202-7/EN- RAC875_c2889_273
2 I3 408 / \CAP11_C106_97
39.7 wsnp_CAP12_c1503_764765 &5 P / \ GENE 93 211
SH 432 BS00062967_51
@
54.2 AX-95124335 713 AX-94589253
59.1~ 1 ,BS00022211_51 71.9 BS00101087_51
59-7\ / AX-94966893 73.1 RACB875_c89312_61
60.9\+ BS00039210_51 73.7 JAAV6659
65.2~\ | | , wsnp_BE444144D_Ta_1_1 743 BS00047083_51
65,8&_% BS00065946_51 75.5 Tdurum_contig12525_769
66.3—F=F— IACX5670 76.7 Ku_c5789_1180
67.67—§ RFL_Contig5917_2433 77.2 BobWhite_c14736_188
68.8 BS00021718_51 78.4 Kukri_rep_c69900_197
79.0 IAAV3313
80.8 Tdurum_contig93425_441 £ S
85.7 BS00040283_51 SHITH
86.3 GENE-4528 455 s ES
88.1 IAAV4582 JENRE
101.0 AX-95242246 NS IH3
101.6 BS00065265_51 ERN I
102.8 AX-94769899 §
95.1 \ Excalibur_c30328_713 105.2 Kukri_c35975_593
95.7 ~\—t/~ Excalibur_c23239_961 1064 AX-94385063
96.3 /St BobWhite_rep_c51247_189 107.0 Kukri_c18148_1177
96.9 tplb0021€03_713 107.6 AX-94467581
110.6 Tdurum_contig8448_363
1118 RAC875_c34939_467
113.0 tplb0045c05_547

Puc. 2. TeHeTuyecKne KapTbl xpomocom 2D u 7B (NpeacTaBnieHbl TONbKO CKeNeTHble MapKepbl) C 0603HaYE€HHbIMM Ha HIX JIOKYCaMu BPEMEHM KosloLue-
HUA (3eneHbll LBET), BpeMeH co3peBaHna (60paoBbIi) 1 Nepuoga Hanvea 3epHa (KpacHbIi).

leHbl-kaHAMAATLI U3 COCTaBa JIOKyca

BpemMeHM co3peBaHunA U Nepuopa HainBa 3epHa

Jloxyc OMat.icg-7BL pacnionoxeH B uHTepBaie 712618516—
721195460 (RefSeq v.1.0), B Hem Haxogutcs 141 ren
(Tabm. S3). AHanu3 MAaTTEPHOB AKCIPECCHH ITUX TEHOB B
Pa3HBIX TKAHIX B XOJIC PA3BUTHI PACTCHUS TI03BOJIHII BEISIBUTH
HECKOJIBKO KaHauaaroB (Tadim. S4).

Bcero Obuto omrcaHo BOCeMb T'eHOB, NMPEHUMYIIECTBEH-
HO JKCIIPECCUPYIOMMUXCS BO (DIaroBOM M ISATOM JIMCTE
nocie KojouieHust uinu B 3epHe: TraesCS7B02G455300,
TraesCS7B02G459500, TraesCS7B02G459600,
TraesCS7B02G460500, TraesCS7B02G460300,
TraesCS7B02G454000, TraesCS7B02G461300 n
TraesCS7B02G461400.

OT60p pacTeHNIN C Pa3ANYHBbIMMN ANNIENAMM

reHoB Ppd-D1 v Vrn-B3

T'enst Ppd-DI1 w Vrn-B3 Obuin BBISIBJICHBI KaK OCHOBHBIC
KaHAWJAThI, OTIPENIENIAIONINE BPEeMs KOJIOIMEHHS Y PACTCHUN
n3ydaeMoi monyrsiun B pesyasrare QTL ananm3sa, mosTomy
6bu1a nposeseHa TP st npenTndukanmm ux anenei. Ie-
HOTUITUPOBAHKE MTOKA3aJI0, YTO paHHu# copt TynyH 15 conep-
*KuT ammenu Ppd-D1aw Vin-B3a, a copt O0ckas 2 — aymrenn
Ppd-D1b v vrn-B3. Ilpu 5T0M 002 cCOpTa XapaKTepH30BaIHCh
OJIMHAKOBBIM aJIICIBLHBIM COCTaBOM I'eHOB Vrn-1: Vin-Ala,
Vin-Blc, vin-D1.

Jlanee ObUTH FE€HOTHNUPOBAHBI PACTEHHS MOMyIsAuu F,.
B pesynbrare otobpano 34 pactenust, y KoTopsix Ppd-DI n
Vrn-B3 HaXoquIKMCh B TOMO3UTOTHOM cocTossHUU. [To asens-
HOMY COCTaBYy OTOOpaHHbIE PaCTEHHUsI ObIIN pacIIpe/ie/ICHbl Ha
yersIpe Tpynmsl (cM. puc. S1). [Toromerso F; u F4atux pac-
TEHHH BBICESTHO B IOJIE IS OTIPEJIEJIEHHS CPOKOB KOJIOIICHHUS
JUISL KQKJIOM IPyTIIIBL.

OueHKa BpeMeHU KomnoLieHuA
y pacteHui nonynauum Fz m Fy
OueHka BpeMeHH OT BCXOJI0B J10 KoJomieHus B 2018 r. moka-
3aja, YTO paHblIe BCEX BBIKOJIAIIMBAINCH PACTEHHS U3 TPYII-
mel 1 (34.5 mus), HEcynHe JOMHHAHTHEIC aivienn Ppd-Dla
u Vrn-B3a (puc. 3). Pactenus, necymue amnens Ppd-Dla
u amnenb vrn-B3 (rpymnmna 2), BBIKOIAIIMBAIUCE Ha 2.8 JHS
no3ke pacternit u3 pynmsl 1 (37.3 gus). Pactenus u3 rpym-
sl 3 (Ppd-D1b w Vin-B3a) Beikonocunuch Ha 38-i I6Hb OT
Bcxoz0B. [To3ke BceX BBIKONANIMBAINCH PACTEHUS U3 TPYTI-
el 4 (40.3 gHS), y KOTOPBIX 00a TeHa OBUIH B PEIIECCHBHOM
cocrosnuu. Komomenne ponutensckoro copra Obckas 2,
HECMOTPS Ha OJJMHAKOBBII aJlIeTIbHBIN cOCTaB ¢ TPyHNoi 4,
65UT0 caMbIM TTO31HUM — 42.9 nHs, a 'y copra Tymys 15 — Ha
3 1HS MO3XKE pacTeHWi U3 TPyl | ¢ TAaKUM K€ COCTAaBOM
amnenedt (Ppd-Dl1a w Vin-B3a).

OreHka IPONOMIKUTEILHOCTH NEPHOAA OT BCXOAOB 10
kosyowieHust B 2019 r. mokasaia, 4To caMbIM KOPOTKUM 3TOT

FEHETUKA PACTEHUI / PLANT GENETICS 773



A.A. Kiseleva, A.l. Stasyuk
I.N. Leonova, E.A. Salina

2018
551

501

451

40

351

MpogomKknTenbHOCTb Neproaa
OT BCXO[I0B [10 KOJIOLEHUS, fAHeN

Mapping loci and genes controlling heading
and maturity time in wheat under long-day conditions

304
lpynna1 Tlpynna2 T[pynna3 T[pynna4 O6ckaa2 TynyH 15
Ppd-Dla  Ppd-Dla  Ppd-D1b  Ppd-D1b  Ppd-D1b  Ppd-Dia
Vrn-B3a vrn-B3 Vrn-B3a vrn-B3 vrn-B3 Vrn-B3a

lpynna1 Tpynna2 T[pynna3 T[pynna4 O6ckaa2 TynyH 15
Ppd-Dla  Ppd-Dla  Ppd-D1b  Ppd-D1b  Ppd-D1b  Ppd-Dla
Vrn-B3a vrn-B3 Vrn-B3a vrn-B3 vrn-B3 Vrn-B3a

Puc. 3. CpaBHeHMe NPOJOMKNTENBHOCTM NEPVOAA OT BCXOL0B A0 KOJOLEHNA Y pacTeHni nonynauuii F3—F,, NonyyeHHbIX OT CKpeLLMBaHus COpToB

O6ckan 2 n TynyH 15.
*** [loCTOBEPHble OTNNYNA MMOPYAOB OT POAUTENBCKUX COPTOB Npm p < 0.001.

nepron (37.1 nust) Obu1 y porurensckoro copra TymyH 15 (em.
puc. 3). Pactenus u3 rpymnnsl 1, uMerolme Takoi ke ajieib-
HBII cOCTaB TeHOB Vrn 1 Ppd, BRIKOIOCHINCE Ha 39-1 A€HB OT
BCXOJIOB, T. €. Ha 5.8 [THS paHbIIe, YeM pACTCHUS U3 TPYIIITEI 4
(peueccusHblie vin-B3 v Ppd-D1b). Y pactenunii u3 rpymisl 2,
HECYIINX JOMHHAHTHBIA ayuens Ppd-DIa n peneccUBHBIN
annens vrn-B3, mepruos oT BCXOAOB 10 KOJOMICHUS OBLT Ha
2.5 nua nuHHee, yeM B rpymme 1, u cocraBun 41.5 qus. Eme
Oonee mo3mHUE CpokH KomomieHus (42.8 mHA) OTMEUeHBI B
rpymre 3, paCTeHUsS KOTOPOU COIEPIKaT PeIeCCUBHEIH alIeib
Ppd-D1b v nomunanTHblit Vrn-B3a. V3 Bceit TuOpuaHOIMA MO-
MTYJSAIAH TTO3KE BCEX BHIKOJIANTHBAINCH PACTCHHUS TPYTITHI 4,
coJiepKaIne pereccuBHble amienu Ppd-DI1b w vrn-B3, —
44.8 nust ot BcxomoB. Copr OOckas 2 mokasan camoe Ipo-
JTOJDKUTENTFHOE BPEMsI OT BCXOZOB 710 KoJomeHnus — 46.8 mHsl.

ANOVA nonTBepAnII, 94T0 aiwiesu reHoB Ppd-D1 u Vin-B3
BIIMSIIOT HAa BPEMsl KOJIOIIEHHs B 00a Tojia MCCIIeIOBaHU C
BBICOKMM YpOBHEM 3HaunmMocTH (Tabm. S5). IlpucyrcrBue
annenst Ppd-D1a yckopsino xononrenue B 2018 1. va 3.5 nns,
a B 2019 — na 4.4 nus. [pucyrctBue amnens Vin-B3a ycko-
psino kosorrenue B 2018 1. va 2.3 gust, a B 2019 — Ha 2.5 mHS.
Coueranue 3TuX ajienei NpUBOAMIIO K KOJIOIIEHHUIO Ha 5.5
(2018) 1 6.5 nus (2019) paHbliie O CPABHEHHUIO C COYETAHUEM
PEIeCCUBHBIX aJUIeel ATUX TSHOB.

BnuaHwve annenen reHos Ppd-D1 v Vrn-B3
Ha KOMMOHEHTbI YPOXKalnHOCTH
B 06a roga ObIiH TakKe OLEHEHBI TapaMeTPhl «IHCIIO 3ePeH
B IVIABHOM KOJIOCE», «Macca 3epeH C ITIaBHOTO KOJIOCa», «UUC-
JI0 3€pEH C PACTEHHs», «Macca 3epeH C PacTeHHA», «Macca
1000 3epen» (Tabi. S6). ITo pesynsraram ANOVA, rpymra,
K KOTOPO OTHOCATCS pacTeHHUs (Ha OCHOBAHUHU COUETAHUS
amneneit Ppd-D1 u Vin-B3), 3HaunMo BvsIa Ha BCE IPU3HA-
KM, a TO/I BRIPAIIUBAHUS — HA BCE, KPOME KOJIMUYECTBA 3E€PEH C
pacTeHus U MacChl 3epeH ¢ pacTeHus (tadi. S7).
KonnyecTBo 3epeH ¢ IIaBHOIO KOJIOCa Y pacTeHUil copTa
O6ckas 2 B 2018 1. 661710 caMbIM BBICOKHM, 39.25, ¥ 3HAYNMO
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(p-value <0.001) oTmryanock OT pacTeHUH U3 BCEX YETHIPEX
n3ydaeMbIxX rpyni. Camoe HU3K0e YHCII0 3epeH ¢ Kojloca Ha-
Omromanocs y pacteHuii u3 rpynmsl 1 (25.65 3epHa), KoTopas
JIOCTOBEPHO OTJIIMYAJIaCh MO 3TOMY NpPHU3HAKY OT Ipymi 3
(29.08 3epna) u 4 (28.56 3epHa). Y pacTeHHid U3 TPYyNIbI 2 U
y copta Tymys 15 gncio 3epen B komoce 66110 26.83 1 31.60
COOTBETCTBEHHO, HO JIOCTOBEPHBIX PA3JIMUNH C PACTCHHSIMHU
JIpyTUX Tpynn He BbIABICHO. B 2019 r. 3Haunmsble pa3iu-
49Ul OTMEUEHBI TOJbKO Mexay rpymmamu 1 (38.68 3epHa)
3 (43.67 3epHa).

Macca 3epeH ¢ maBHOTo kosoca y copta O0ckast 2 B 00a
roza OblTa 3HAYMMO BBIIIE, YEM Y BCEX JIPYTHX PACTCHUH B
skcriepumente: 1.99 r 8 2018 . m 2.21 r B 2019 . Pacrenus
copra TynyH 15 nMmenu caMmyro HU3KYIO Maccy 3epeH ¢ Kojoca
kak B 2018 (0.94 1), Tak uB 2019 1. (1.38 7). OmHako B 2018 1.
y 9TOT0 COpTa CYIIECTBEHHBIX PA3IMYMN C PACTCHUSIMU U3
BCEX 4eThIpex rpymm He Obuto, a B 2019 . 3Ha4MMBbIe pas-
Tans HaOMIomamich ¢ pacTeHusIMHA u3 rpymmsl 3 (1.76 1).
[Ipu cpaBHeHUN pacteHuil Mex 1y rpynmnaMu B 2018 . ator
MpU3HaK 06T 3HauuMo Hike y rpynn 1 (1.04r)u 2 (1.02 1),
gem y rpym 3 (1.25 ) u 4 (1.20 ). B 2019 1. Mmacca 3epeH ¢
m1aBHorO Kosoca y rpyrnn 1 (1.51 1) u 2 (1.40 r) Ob11a 3HAYNMO
HIDKE, YeM y pactenuii u3 rpynmsl 3 (1.76 ).

Uwmceno 3epen ¢ pacterns B 2018 1. ObU10 HAMMEHBIIAM Y
rpymmsl 1 (45.54 3epHa) M 3HAYUMO OTIIMYAIIOCH B CpaBHE-
Huu ¢ rpynnamu 2 (63.18), 3 (66.52), 4 (59.91) u coptom
O6ckas 2 (72.30 3epna). C coprom Tymyn 15 (54.60 3epHa)
JIOCTOBEPHBIX pa3nuuuii He BeisiBIIeHO. B 2019 . mexty Bcemu
M3y4YaeMbIMU PACTCHHUSMHU 3HAYMMBIX PA3IUUUIl 110 ATOMY
MIPHU3HAKY HE OBLIO.

Macca 3epeH ¢ pacrerus B 2018 1. ObI1a camMoif BBICOKOH Y
copra O6ckast 2 (3.56 T) ¥ 3HAUUMO OTIIMYAJIACh OT OCTaJb-
HBIX TPYMIl. 3HaYNMbIe OTIINYNS HAOIIOIANINCh U Y PACTCHUI
n3 rpymmsl 1 (1.78 1) ¢ pacrenusimu u3 rpynm 3 (2.71 1) u
4(2.441). B2019 1. copr ObcKas 2 Taroke XapakTepu30Bancs
JIOCTOBEpPHO OorbIIeil Maccoit 3epeH ¢ pacteHus (3.53 1) B
CPaBHECHUM CO BCEMHU JPYTMMH PACTEHHSIMH B HKCIICPUMEH-
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Te. Macca 3epeH ¢ pactenus B rpynnax 1, 2, 3,4 u y copra
Tynyn 15 6puta 2.03 1, 2.13, 2.39, 2.28 u 2.34 T cooTBeT-
CTBEHHO, HO JOCTOBEPHBIX pa3Iuuuil Mexxay HUMH B 2019 1.
HE 0OHAPYKEHO.

Haubomnee Bricokwmii mokaszarens Maccsl 1000 3epen B 06a
rona (48.95rB 2018 . 1 45.94 r B 2019 1) oTMeueH y copTa
O6ckas 2, 94To 3HAYMMO BBIIIIE, YEM Y JPYTUX PACTCHUHN B IKC-
nepumenTe. Y copra TyayH 15 3TOT mokazaTens ObLT CaMbIM
Hu3kuM: 29.58 r B 2018 . u 34.15 r B 2019 ., a 3HauUMBIe
pasnuuust B 2018 r. Obuu ¢ pactenusmu u3 rpymm 1 (38.86 1),
2(36.51t)u4(38.621),aB 2019 1. — C pacCTCHUAMH U3 TPYTI-
sl 3 (39.28 ). B 2018 1. pacrenns u3 rpynmsl 1 (38.86 1)
3HAYUMO HE OTIIMYAJIUCh OT pacTeHuit u3 rpymnm 2 (36.51 r),
3(40.96T) m 4 (38.62 ). Takke HE BBISBICHO Pa3THINA MEX-
ny rpymmnamu 3 u 4. B 2019 . He ObIIO TOCTOBEPHBIX OTAWIHI
y rpynnst 1 (37.70 1) B cpaBHenuu ¢ rpynnamu 3 (39.28 1) u
4 (37.15 ). Y pacrenuii u3 rpymmsl 2 macca 1000 3eper co-
craBuiia 32.93 1, 4TO 3HAYMMO HUKE, 4eM B rpynnax 1, 3 u 4.

Bce 3T HaOrOCHUST TOATBEPKIAAOTCs (DAKTOPHBIM aHa-
JIM30M, TZI€ B KauecTBe (DaKTOpa MCIIOIb30BAIIH AJUIEIIH TEHOB
Ppd-D1 w Vrn-B3 (cm. Tabn. S7). Tak, ANOVA nokasai, 4to
aJUIeNIbHOE COCTOsIHUE reHa Ppd-D 1 3Ha9uMo acColMUpOBaHO
CO BCEMH OIICHEHHBIMH ITPU3HAKaMH B 002 I'0/1a NCCIIEI0BaHNH
Ha BHICOKOM ypPOBHE 3HAYNMOCTH, KPOME KOJINYECTBA 3€PEH C
pactenust B 2019 r. [Ipu 3TOM BAMSIHHE alIETBHOTO COCTOS-
HUS TeHa Vrn-B3 nemoHCcTprpoBasio 0ojiee HU3KHUIA yPOBEHB
3HAYMMOCTH JUTSl BCEX MPU3HAKOB MO CpaBHEHUIO ¢ Ppd-D1.
N B 2019 . Vin-B3 noka3an 3HaunMbIi YPOBEHb aCCOLIUAIIUU
TobKo ¢ Maccor 1000 3epeH. B mienmoM MOKHO cKa3ark, 9TO
JIMHUY U3 TPy 3 ¥ 4 UMEIOT BBICOKUH MOTEHIINAIT yPOXKaHO-
CTH, HO BCE PaBHO MCHBIIIHIA, YeM UCXOAHBINA copT OOCKast 2.

O6cyxpeHue

HoBbI NOKyc, accoynpoBaHHbIN

CO BpeMeHeM co3peBaHusA

Koppemnsmus Mexty BpeMeHeM CO3pEBaHMsI U IEPUOAOM Ha-
JMBa 3epHa ObLI1a 0ueHb BBHICOKOH (0.96), 4TO TOBOPHUT O TOM,
YTO OCHOBHOH BKJIa]] B OpMHpOBaHKE 00IEro BpEMEHH CO-
3pEBaHUsI B CITy4yae AaHHOM MOMYISIUN U B YCIOBHAX JUTHH-
HOTO JHS BHOCHT MMEHHO BTOpas (aza — MepHoj HaluBa
3epHa, a He BpeMsI KOJIOILICHHS, XOTs pa30pOC ATOro MpH3HaKa
COCTaBHJI OKOJIO 7 THEH, UTO SIBISIETCSI TOBOJIBHO 3HAYUTEIb-
HBIM pa3nnureM. PaHee HEKOTOpBIE aBTOPHI OTMEYAIH, YTO
BpEMsI CO3PEBAHUsI HE BCET/Ia 3aBUCUT OT BPEMEHH KOJIOILICHUSI
1, BEPOATHO, (POpMHUPYETCsI 10| BIMSIHUEM HE3aBUCHMBIX Me-
xanu3moB (May, Van Sanford, 1992; Kajimura et al., 2011).
OnHaKo reHoB, creu(uIecky acCOMMPOBAHHBIX CO BpeMe-
HEM CO3pPEBaHNS, Y MATKOH MIIEHUIIBL, TOMUMO NAM-1 TeHOB,
npakTrdeckn HemsBecTHO (Hagenblad et al., 2012).

B Hacrosiieit pabote Mbl BBISIBHIIM Ha JUIMHHOM IUIeuYe
xpomocomsl 7B moxyc OMat.icg-7BL, accOonnupOBaHHBINA
CO BpPEMEHEM CO3PEBAaHMS; OH JIOKAIM30BAaH B MHTEpPBAJC
712618516-721195460 (RefSeq v.1.0). HecmoTps Ha HamH-
YK€ 3HAIUTEBHOTO Ynciia paboT 10 ONPEIENICHNIO MAPKEPOB
M JIOKYCOB BPEMEHHU CO3PEBaHMs, B PE3YJIbTaTe KOTOPBIX
OBLIN OMUCAHBI JIOKYCHI Ha OOJIBIIMHCTBE XPOMOCOM MSITKO#
mmreHuIs], kpome 3A u 6A (Kulwal et al., 2003; McCartney
etal.,2005; Huang et al., 2006; Kamran et al., 2013; Yu et al.,
2015; Perez-Lara et al., 2016; Zou et al., 2017), accouunarmii
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BbiABneHune JIOKYCOB 1 reHOB BpeMeHN KonoLeHnA
1 Co3peBaHnA MAFKOW NiLEeHNLbl B YCNoBUAX ONTMHHOTO AHA

MMEHHO Ha 7B [y1sl BpeMeHU CO3pEBaHUsl U3BECTHO BCEIO He-
CKOJIBKO. MBI TIPEIIOJIOKUIIH, YTO 3TOT JOKYC COBIA/IAET C
paHee yCTaHOBJICHHBIM HaMU JIOKYCOM BPEMEHH CO3PEBaHMS,
BBISIBJICHHBIM ¢ TToMo1bio GWAS Ha marepuasie nonynasiuu
OTEUECTBEHHBIX COPTOB sIPOBOif MaATKoi1 mreHuts! (Kiseleva
etal., 2023). Ho kapTupoBaHHbIi B Hameil pabote QMat.icg-
7BL 6bL1 pacroioxKeH OJIFKe K TeJIOMEpE U HE IePeceKacs ¢
JIOKycOoM Ha 7B, KapTHpOBaHHBIM B YIIOMSHYTOH ITyOTHKAIINH.
CorocTaBieHHE €ro JOKaJIU3aIHH C JIPYyTHM JIOKYCOM Ha Xpo-
MocoMe 7B, accOLMUPOBAHHBIM CO BPEMEHEM CO3PEBAHMS
(Kulwal et al., 2003), Tak»ke He BBISIBIIO IepeceueHnit. Takum
00pa3zoM, MOYKHO TOBOPHTH, YTO MBI BBISIBUJIM HOBBIH JIOKYC
BPEMEHHU CO3PEBAHUS.

B rpannmnax manHOTO JOKyca OblT oOHapykeH 141 reH.
Ha ocHoBanum ananmsa maTTepHOB HKCIIPECCHUU B PA3HBIX
TKaHSAX B XOJ€ Pa3BUTHs PAacTEHUs] ObUIM BBISBICHBI HE-
CKOJIBKO T'€HOB, KaH/IW/IATOB JJIsl BpEMEHN co3peBaHus. [eH
TraesCS7B02G455300 xapakTepu3oBajics MaTTEPHOM IKC-
npeccuu, Haubosiee OJIM3KUM K marTtepHy reHoB NAM-A1
u NAM-DI, — ik BO (1arOBOM JIUCTE Ha CTAIUH MTOTHON
CHEJOCTH. DTOT TeH KoaupyeT 12-okcopuToaueHoarpe-
nykTasy 1, BaHbIH (QepMeHT, y4acTBYIOLIMA B OMOCHH-
Te3e JKaCMOHOBOW KHCIOTHL. B mureparype oH OBIT Tpea-
JIOKEH B Ka4eCTBE OJHOTO M3 T€HOB-KAHAWUIATOB JUIS pe-
rylupoBaHus IioTHOCTH cojomuubl (Taria et al., 2025).
Tennr TraesCS7B02G459500, TraesCS7B02G459600,
TraesCS7B02G460500 v TraesCS7B02G460300 Taxxe dKc-
MPECCUPOBAIUCH BO (PI1aroBOM JIMCTE IOCIIE CTAINH KOJIOIIe-
HUSL 1 JOTIONTHUTENILHO MMEIN TTOXOJKUH AaTTEPH SKCTIPECCUH
B nAToM mucre. TraesCS7B02G454000 >kcnpeccupoBaics
CUJIbHEE M0 Mepe CO3pPEBaHMs B ISTOM JIUCTE M B IIEPBOM
JUCTE TONBKO Ha cTaauu KymieHus. TraesCS7B02G461300
u TraesCS7B02G461400 annorupoBansl kak Pseudo-Re-
sponse Regulators, T. €. OHH OTHOCSITCSI K TOMY K€ CEMEWCTBY,
YTO M OJJUH U3 OCHOBHBIX T€HOB BPEMEHU KoJoIeHust, Ppd-1.
OTH TeHBbl UMENN XOTS M CJIa0bIi yPOBEHb AKCIIPECCHHU, HO
XapaKTepHbIA TOJBKO JJIs 3€pHA Ha CTaAUAX MOJIOYHOM U
BOCKOBOM CIIEIIOCTH.

Annenv Ppd-D1a v Vrn-B3a 3Haunmo BAvsoT

Ha Bpems KOJIOLIEeHUA B YC/IOBUAX AJIMHHOTO AHA

IIpu ogunakoBoM coueranuu amneneu Vrn-Ala, Vin-Blc u
vrn-D 1 Hann4ne NTOMUHAHTHBIX ayuteneit Ppd-Di1awn Vin-B3a
TIPUBOINT K CAMOMY OBICTPOMY BBIKOJIAIITMBAHHUIO B YCIIOBHSIX
JUTMHHOTO AHSA. ECIIM MpUCYTCTBYeT MOMWHAHTHBIA ajlIeib
Ppd-D1a v peneccuBHblii vim-B3, BpeMs KOJOILCHNUS yBEIH-
ymBaeTcs Ha 2.5—-3 qHA. Y pacTeHHH C PerieCCUBHBIM aylIeIeM
Ppd-D1b v noMuHaHTHBIM V7n-B3a NpOUCXOINUT YIITHHECHUEC
Neproja «BCXObl—KoNoIeHney» eme Ha 1-1.3 aHs.

[Tomy4yeHHBIE pe3yNBTaThI TO3BOJISIOT TOBOPHUTH O TOM, UTO
JIOMUHAHTHBIN ayutenb Ppd-Dla oka3piBaeT Oojee CHIBHOE
BJIMSIHUE HAa CKOPOCTH MEPEX0ia K reHepaTuBHON (hase pa3Bu-
THS paCTEeHHH MIIICHUIIBI, YeM JOMUHAHTHBIHN aiens Vrn-B3a,
YTO TaKke cornacyercs ¢ pesyinpraramMu QTL anamusa, ko-
TOPBI TOKa3al, 4To JIOKYC Ha XxpoMocome 2D oObsicHseT
OONBIIHIA IPOIICHT BapHallly TaHHOTO MPH3HAKA.

Pactenus, y koTopbIx 00a TeHA HAXOATCS B PEIICCCUBHOM
(dopme (rpynma 4), Hanbosiee NO3AHO, TI0 CPABHEHHUIO C APY-
TUMH TPYTIIIAMH, TIepexomsT K konomrennto. Copt O6ckas 2,
TaK e KaK 1 PaCTCHHS U3 TPYIIITHI 4, COICPIKUT PEIIECCHBHBIC
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amenu Ppd-D1b v virn-B3 1 BBIKOTAIIIMBACTCS TO3XKE CIIC Ha
2-2.5 gus. QTL aHanu3 He BBISIBUII JPYTHX 3HAUUMBIX JIO-
KyCOB, aCCOIIMHPOBAHHBIX CO BPEMEHEM KOJIOIIEHHs. DTO
MOXKET OBITH CBSI3aHO C HAIMYNEM MHUHOPHBIX JIOKYCOB, KO-
TOpbIe HE OBLIM OIPEAENIEHBl B aHAIN3E TPH JOCTATOYHOM
YPOBHE 3HaUUMOCTH H, BEPOSITHO, YHACIIEAOBAHbI PACTCHHS-
MU U3 rpymisl 4 oT panHecnenoro copra Tynyn 15. Tak, Ha
CPOKH KOJIOIIEHHMS, KpOME U3YUYEHHBIX B HACTOsIIEH paboTe
TEHOB, MOT'YT OKa3bIBaTh BIMSHNE TAKHE N3BECTHBIC TCHBI, KaK
TaELF3, PhyC, PhyB, WPCL, u maorouncinernsie QTL Ha
BCEX XPOMOCOMax, aCCOLIMUPOBAHHbBIE CO CKOPOCTHIO Tepe-
xona K reHeparnBHOU (ase pazutus (Chen A. et al., 2014;
Milec et al., 2014; Mizuno et al., 2016; Pearce et al., 2016;
Wang et al., 2016; Zikhali et al., 2016).

[pu comnocraBieHnH pe3y IbTaTOB OLIEHKH CPOKOB KOJIOIIIE-
HUSI 32 [1Ba rojia (CM. pHC. 3) MOXKHO OTMETHTb, YTO BO BTOPOH
TOJl MCCIICZIOBAaHUH Y THOPUIHBIX PACTCHUI BCEX TPYII Uy
copra O06ckas 2 KoJOIIeHNe HACTYIIHIIO Ha 4—5 THeH To3xe.
Uckmouennem siBisiercst copt TynyH 15, y kotoporo mpo-
JIOJDKUTENILHOCTD MEPUO/Ia «BCXOJIbI—KOJIOIICHHE)» 0CTAIACh
Hen3MeHHOW — 37 nHell. BeposiTHO, yBenn4eHue 3Toro me-
pHO/a CBA3aHO C pa3IMYMsIMH MTOTOAHBIX ycioBuid B 2018 n
2019 rr. Tax, o JaHHBIM caiiTa gismeteo.ru, CpeTHeMeCIHas
Temmeparypa Bo3ayxa B uroHe 2018 1. 661ma 21.3 °C, a B mrone
2019 1. — 18.5 °C, uro Ha 2.8 °C Hiwke. CTaOMIBHOCTD Bpe-
MEHH IIepexoa K kojomenuto copra TymyH 15 moxer cBue-
TEIBCTBOBATH O €0 BHICOKOM YKOJIOTHUSCKOM MIaCTHYHOCTH.

Msl BuanmM, 9To 3QQEKTH IIpU coueTaHnu ayieield Ppd-
Dlawn Vin-B3a cknagsiBatores (cM. Tadm. S5). [To mpunasTOM
cxeMe MHUIMAuK (QIIopaJbHONH MEPHUCTEMBI, KOTOpast BE/IET K
xosomrexuro (Li C. et al., 2024), Ppd-D1 sBnsieTcst OCHOBHBIM
UHYKTOpOM reHa Vrn-B3. BoamoxHo, Ppd-D1a ne Biusiet Ha
Vrn-B3a, NOCKOIBKY €T0 SKCIPECCHs yKE YCUIIEHA B Pe3yib-
TaTe M3MEHEHHH (MHCEPITUH) B TPOMOTOPHOH oOnacTu. Takum
00pa3zoM, MO>KHO IIPEJIIIOJIOKHTE, YTO B CITydae MPUCYTCTBUS
amnens Vin-B3a Ppd-D1a BivsieT Ha BpeMsI KOJIOIIICHHS Ye-
pe3 rewsl-romeonioru Vrn-3 Ha Xpomocomax 7A u 7D. Xots
MCCIIC/IOBAaHUH, MOKA3bIBAIOIINX BO3JEHCTBUE ITHX T'€HOB
Ha BpeMsl KOJIOIIEHHsI Masio, B pabore (Bonnin et al., 2008)
OBLIO MOKA3aHO, YTO HYKJICOTH/IHBIC IIOJIMMOP(PH3MBI B TEHAX
Vrn-A3 u Vin-D3 acCOIMIPOBAHBI CO BPEMEHEM KOJIOTICHHS.

BnusiHne annenei paHHero KonowueHus

Ha Apyrue X03ANCTBEHHO LieHHble NPU3HaKK

O¢ddexr reroB Ppd-1 Ha pa3aHIHBIC CEITHCKOXO3SHCTBEHHO
3HaYMMBIE NIPU3HAKH ke 00cyxknasncs panee. Hanpumep, B
pabote (Boden et al., 2015) mokazaHo, 4TO 3TH T€HBI UTPAIOT
BaXHYIO POJIb B (JOPMUPOBAHUM apPXUTEKTYPHI COLBETHH U
Pa3BUTHH MapHBIX KOJOCKOB Y MIIEHHIBL. Takke MoKazaHo
Oomnee KOMIUIEKCHOE BIUsSHHUE Ppd-I Ha XapaKTEepUCTHKH
KOJIOCa, @ UMEHHO Ha JUTMHY KOJIOCa, YHCIIO KOJIOCKOB, JUTHHY
neutbHUKOB (Okada et al., 2019), u3ameHenne guciia moOeroB
n xosnockoB (Li W.L. et al., 2002). B psne uccnenoBanuit
OTMEYEHO BIMsHNE Ppd-1 Ha KOIMYECTBO 3epHA C IIaBHOTO
kooca 1 Maccy 1000 3epen (Wu et al., 2021). CormacHo Ha-
KM pesyibraram, Ppd-Dla Obul 3HaYMMO OTPHULIATEIHHO
ACCOIIMMPOBAH C TAKMMH MPHU3HAKAMH, KaK KOJINYECTBO H
Macca 3epeH ¢ kojoca u ¢ pactenusi, macca 1000 3epeH.
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O BIUSHUM TCHOB Vrn-3 Ha 3TH TpU3HAKU HHDOpMAaIu
Mauto. [To HammM gaHHBIM, 3d ekt amtens Vrn-B3a Ha uzy-
YeHHbIE MPU3HAKKM ObUT MEHee BBIPAXKEH 10 CPABHEHHIO C
Ppd-Dla, v ero nposiBIIeHUE CHIBHEE 3aBUCEIIO OT YCIOBHUI
BEIPAIINBAHIS.

B GonbrmHCTBE City4aeB, €CIu pa3iuyust ObUIA 3HAYHMBbIE
(p-value < 0.001), TOMHHAHTHBIC AJJICITH U3YICHHBIX TCHOB
OBUIM acCOIMMPOBAHbI C MEHBIIMM 3HAYCHHUEM MpPHU3HAKA
(MeHbIIIee KOJIMYECTBO M Bec 3epeH). [Ipu aTomM 3HaueHus
JUTS POIUTENBCKOTO copTa TymyH 15 6butH errie MeHbIIe, 9To
TOBOPHT O JIOTIOJIHUTEIbHBIX T€HETHYECKIX MEXaHU3MaX pe-
TYJIUPOBAaHUS (POPMUPOBAHHUS JaHHBIX IPU3HAKOB, HE 3aBUCS-
IIMX OT MPOJIOJDKUTENLHOCTH BEreTaTUBHON (pasbl.

OT6OpP NMHUI U3 PasHbIX FPYNM CNeoCcTy

C XOPOLUNMMW NOKa3aTeNnAMmM NPOAYKTUBHOCTM

Cpenu pacteHuii mokosieHus Fy ObLI Mpou3BeieH MOKUCK Bbl-
COKOTIPOJYKTHBHBIX JINHAH BO BCEX YETBIPEX I'pyIax, pas-
JIUYAFOIIHUXCS TI0 CPOKaM KoJtotieHust. OTOOp POBOIUIICS TIO
MpHU3HaKaM «Macca 3epeH ¢ pacTeHus» u «macca 1000 3epen»,
XapaKTepU3YIOIUM YPOXKalHOCTb U KPYITHOCTb 3epHa. Kpome
TOTO, MPU OTOOPE YUUTHIBAJIACH U BU3yaslbHAsl OLIEHKA pac-
TeHUH B 11o11e. MI3BeCTHO, 4TO ypOXKaiHOCTH MIICHHUIIBI UMEET
BBICOKYIO KOPPEJISIHIO C IIPOJIOIKUTEIBHOCTHIO BEreTaI[MOH-
HOTO Irepuosa. B Hamem skcriepuMenTe B KaX/J10M U3 Py
HaOJTI0ATI0Ch BapbUPOBAHKE KaK IT0 MAacCe 3E€PEH C PACTEHHS,
Tak u o Macce 1000 3epen. HecMoTpst Ha TO 4TO B IEJIOM
HanOosiee paHHecHenast Tpynmna | XapakTepu3yeTcsi CHIXe-
HUEM II0Ka3aTesield NPOLYyKTUBHOCTH, CPEIN PACTEHUM 3TON
TPYIIIBI BBLACTHINCH JINHAH, HE YCTYTAIOINE TI0 TIPU3HAKAM
«macca 3epeH ¢ pacteHus» U «macca 1000 3epen» pacre-
HUSIM U3 IPYNIBI 4 ¢ IO3HUM CPOKOM KOJIOIIGHHS U CyIIle-
CTBEHHO IPEBHIIIAIOIIIE PAHHECTICIYIO POAUTETBCKYTO (hop-
my Tynyn 15. Y pacrenuii u3 rpynist 3 Toke ObUIN BbIICICHBI
JIMHUM C XOPOIINMH MOKA3aTeNsIMH STHX TpU3HAKoB. Cpenu
pacTeHUi U3 TpymIbl 2 OTMEUYCHBI JIMHUH ¢ KOHKYPEHTHBI-
MU TI0Ka3aTeIIMM Macchl 3¢peH C pacTEeHHs, HO 110 CpaBHe-
HUIO C IPyTUMH TPyTIIaMu Toka3atels «macca 1000 3epen»
Obu1 HanmeHbIMM. [To pesysnbraram aHamusa ObUTIO 0TOOpA-
HO 19 nuHMI U3 BceX YEThIpEX TPy PacTeHU, KOTOPbIE
MpU3HAHBI EPCIEKTUBHBIMU JJIsI JalibHEUIIEH CeNeKIun

(Tabm. S8).

3aknioyeHune

[Tony4deHHbIe pe3ynbTaThl MO3BOJSIIOT CAEIATh BBIBOM, YTO
annenu Ppd-D1aw Vin-B3a 0ka3bIBaloOT CYIIECTBEHHOE BIIU-
STHUE Ha CPOKH KOJIOIICHHUS SIPOBON MATKOMU IMIIIEHHIIBI B YCIIO-
BUsIX JUTMHHOTO AHA. [Ipu aToM Ppd-D1a cuiibHee ycKopsieT
KOJIOIICHUE, HO OKa3bIBaeT OoJiee BEIpA)KEHHOE HEraTHBHOE
JICUCTBHUE HA TPU3HAKH, XapAKTEPHU3YIOLINE TPOTYKTHBHOCTb.
CrenaHo npenoioKeHue, 4To B CiIydae NpUCYTCTBHS allie-
ns Vim-B3a Ppd-D1a MOXeT BIUSATh Ha BPEMsI KOJIOIICHHUS
yepe3 ero romeosnoru Vrn-A3 u Vren-D3. IlpuxnagHoit xa-
paxTep pe3ylIbTaToB JaHHOW pabOTHI CBSA3aH C IMONyYeHHEM
HOBBIX TIEPCIIEKTUBHBIX CEJICKIIMOHHBIX JIMHUH SIPOBOM IIIIe-
HUIIBI, CPOKH KOJIOMICHHS KOTOPBIX OYIyT ONTHMAalbHBIMU
JUIsi MHOTHX PErHOHOB Poccuu n Mupa ¢ mpoIoyKUTENbHBIM
(hoTtomepromoM.
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CENNEKLIMA PACTEHUIA HA UMMYHUTET U KAYECTBO BaBWNOBCKUI )XypHan reHeTUKIN 1 cenekumnm
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[Tpe6GpuaMHIOBbIE CCIIEeJOBAHMS

TIOYTY M3OT€HHBIX JINMHUN SIPOBOI MATKO IMIIIEeHUIIbI,
OT/IMYAIOIINXCS T10 HAJINMYNIO/OTCYTCTBUIO

XPOMOCOMHOTIO 3aMellleHs 3R(3D) oT copTa TpuTukKasae Satu

C.H. Cubukeesn 1@, VI.T. ApoHuHa 2 AE. ApyXuH 1 3.E. ®uruaera (91, O.A. bBapaHoBa 3
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AHHoTauuA. OQHUM 13 UCTOYHMKOB YCTONUMBOCTY K BO3OYANUTENAM IMCTOBON 1 CTEONEBOW PXKaBUVH AN MATKOW
NweHnLbl ABNAETCA aBCTPANUNCKNIA COPT APOBOro TpUTMKane Satu, Hecywunii BbICOKOI$dEKTUBHbBIE CLeMNNeHHble
reHbl SrSatu/LrSatu, nokanv3soBaHHble B xpomocome 3R. OfHaKo OHM Mano MCNonb3yTcA B MPaKTUYeCKOW ceneKkumm
Triticum aestivum L. n3-3a HeAOCTAaTOYHOWN N3YYEHHOCTW BAUAHUA 3TUX Fr€HOB Ha NPOAYKTUBHOCTb 1 KayecTBO 3ep-
Ha. B HacTosALwwen paboTe npeAcTaBneHbl pesynbTaTbl CPAaBHUTENBHOMO UCCIef0BaHNA arPOHOMNYECKOW LLEHHOCTN
NMOYTU N30TeHHbIX TMHWA-COCOB APOBO MAFKON MeHuLbl J116 1 J117, nonyyeHHbIX C yyacTmem copTa Satu u pas-
nuyatowmxca Hanuuvem (J116) nnn otcytctemem (J117 (3D3D)) 3ameweHuns 3R/3D. XpomocomHoe 3amelteHne 3R(3D)
y J116 BbIfIBNEHO NpK LMTOreHeTYeCckom aHanmse, coyetatowem GISH ¢ meyeHoln reHomHon HK Secale cereale n
FISH c 3oHgamn pSc119.2, pAs1. Jlunua J116 BbicokoycTonumBa K Puccinia triticina v P. graminis, BKNo4Yasa NMHENKY
pacbl Ug99. MLP-anann3om ¢ JHK-mapkepamu reHoB Sr ycTaHOB/IEHa HEMAEHTUYHOCTb reHa yctonumsoctn y J116
reHam Sr: Sr2, Sr24, Sr25, Sr28, Sr31, Sr32, Sr36, Sr38, Sr39, Sr47 v Sr57. YpoxalHoCTb 3epHa y J116 B 06a ropa nccnego-
BaHWi 6bina Huxe, yem y J117 n copta-ctaHgapta CapaToBckas 76. o macce 1000 3epeH J116 ycTynuna Kak J117, Tak
n CapatoBckol 76. AHanu3 31emMeHTOB NPOAYKTUBHOCTY MaBHOro Kosioca nokasarn, uto 3amelyeHune 3R(3D) y 116
3HAYMMO YMEHbLUMIO ANIMHY KONOCa, MOBLICUB €ro NMIOTHOCTb, Y MPAKTUYECKM He MOBAMANO Ha KONMYECTBO KOJMO-
CKOB U 3€peH B KOJIOCe 1 Maccy 3epHa c konoca. o cogepkaHuio 6enka B 3epHe nnHWA J116 3HaYMMo He oTmyanach
HY OT cBoero cnbca J117, Hu oT copTa CapaTtoBckas 76. Cxoxnm 06pa3om He 0OHaPYKMNCb 3HaUYVMble Pa3nnyma no
cofepaHuio KnenkosuHbl. OaHaKo KnerkoBrHa y J116 6bina 6onee cnaboii no cpaBHeHUMIO Kak ¢ J117, Tak 11 C COPTOM
CapatoBckasa 76. o komnnekcHomMy nokasatento SDS-cegumeHTaumn J116 yctynuna J117, HO He3HauMMoO pasnuya-
nacb ¢ copTom-ctaHgapTom. o nokasatenam anbeeorpada y J116 6onee HU3KMeE yNpyroctb Tecta U cuna MyKu, HO
Mo CPaBHEHMIO C COPTOM-CTaHAAPTOM MOHWKEHUE CUMbl MyKN He3Hauumoe. Mo o6bemy xneba J116 ¢ 3D(3R) nmena
6onbluee 3HauYeHve, yem CapaToBCKas 76, HO HE3HAYMMO OT/IMYanach oT cBoero cmbca J117 ¢ 3D3D. Mo nopuctocTn
BCe TP obpasLa He OTIMYannCb APYr OT Apyra. B Lenom no Komnniekcy Xo3ANCTBEHHO LieHHbIX MPU3HAKOB IMHWA
ApoBoi Markol nweHuupbl J116 (3R(3D)) TpebyeT AanbHelweln paboTbl MO YNyULIEHUIO ee CeNeKLVOHHON LLeHHOCTU.
KntoueBble cnosa: TpuTrKane Satu; NOUYTU N30reHHble MHUY MATKON MiueHnLbl; 3aMeLleHne 3R(3D); yctonumsoctb
K NINCTOBOW 1 CTe6IEBON PKaBUMHaM; BAVSHUE Ha MPOAYKTVBHOCTb M KaYeCTBO 3epHa

Ana untnposaHua: Cnbukees C.H., AgoHura W.I, OpyxumH A.E., ®utunesa 3.E., bapaHosa O.A. NpebpnanHrosbie
NCCNefoBaHUA NOYTU U30reHHbIX JINHWUI APOBON MATKON MWEHNLbl, OTIMYAIOWMXCA NO HANIMYMIO/OTCYTCTBUIO XPO-
MocomHoro 3ametteHna 3R(3D) ot copTa TpuTuKane Satu. Basunosckuli XypHan eeHemuku u cenekyuu. 2025;29(6):
779-788. doi 10.18699/vjgb-25-85

OuHaHcpoBaHme. LinToreHeTnyecKnin aHanns BbINonHeH Npy noanepx ke npoekta MUHNCTEPCTBA HayKu 1 BbiCLLE-
ro obpazoBaHusa Poccuiickon Oepepaunn FWNR-2022-0017.
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Prebreeding studies of near isogenic spring bread wheat lines,
differing by 3R(3D) substitution from Satu

Abstract. One of the sources of resistance to leaf and stem rust pathogens for bread wheat is the Australian spring
triticale cultivar Satu, which carries highly effective linked SrSatu/LrSatu genes localized on chromosome 3R. How-
ever, they are little used in the practical breeding of Triticum aestivum L. The main reason for that is a low level of
knowledge regarding the 3R(3D) chromosomal substitution. This paper presents the results of a comparative study
of the agronomic value of near-isogenic spring bread wheat siblings, L16 and L17 = Satu/Saratovskaya 70//Saratov-
skaya 74/3/Saratovskaya 74, differing by presence (L16 (3R(3D))) or absence (L17 (3D3D)) of chromosome 3R from Satu
in 2023-2024. The 3R(3D) chromosomal substitution in L16 was detected by cytogenetic analysis combining GISH
with labeled Secale cereale genomic DNA and FISH with probes pSc119.2, pAs1. Line L16 is highly resistant to Puccinia
triticina and P. graminis, including the Ug99 race. PCR analysis with DNA markers of Sr genes revealed the non-identity
of the resistance gene in L16 to Sr genes: Sr2, Sr24, Sr25, Sr28, Sr31, Sr32, Sr36, Sr38, Sr39, Sr47 and Sr57. L16 was inferior
to both L17 and the standard cultivar Saratovskaya 76 in terms of 1,000-grain weight. An analysis of productivity ele-
ments of the main ear revealed that the 3R(3D) substitution in L16 significantly reduced the length of the ear, increased
the density of the ear and did not significantly affect the number of spikelets and the number of grains per ear and
the grain weight per ear. The grain protein content in L16 did not significantly differ from its L17 siblings or Saratov-
skaya 76. Similarly, there were no significant differences in gluten content. However, gluten in L16 was weaker in com-
parison with line L17 and Saratovskaya 76. According to the complex trait of SDS sedimentation, L16 was inferior to
L17, but did not significantly differ from the standard cultivar. According to the alveograph, L16 had significantly lower
dough elasticity and flour strength, but in comparison with the standard cultivar, the decrease in flour strength was
not significant. L16 showed a higher bread volume than Saratovskaya 76, but did not significantly differ from its L17
sibling. There was no difference in porosity for all three samples. In general, in terms of the complex of agronomically
valuable traits, the spring bread wheat line L16 (3R(3D)) requires further work to improve its breeding value.

Key words: triticale Satu; near isogenic lines of bread wheat; 3R(3D) substitution; resistance to leaf and stem rust; influ-
ence for productivity and grain quality
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BsepeHune

Msrkas mnenuna (7riticum aestivum 1L..) OTHOCUTCS K OCHOB-
HBIM ITPOJIOBOJILCTBEHHBIM KyIbTypaM. M3 00111ero MupoBoro
IIPOM3BOJICTBA 3€PHA HA JOJIIO MIISHUIIBI TPUXOIUTCS CBHIILIE
27 %. Ilo momaan MOCEBOB OHA 3aHUMAET OTHO U3 MEPBBIX
MECT CpPEJIM APYTUX 3€PHOBBIX KYJIBTYP M COCTABISICT BaXKHEH-
MW TPOAYKT MTUTAHUS YISl TPETH HACEITICHHUS 36MHOTO II1apa.
WHTeHcrnBHAs CeNeKIysl Ha TOBBIIICHHE NPOAYKTHBHOCTH B
XX Beke npHBeia K 3HAYUTEIILHOMY 00CTHEHHIO TeHO(POH 12
9TOH KyJIBTYpBI IO T€HaM YCTOHYMBOCTH K OOJIC3HSIM U Bpe-
nqutensam (pivuenko u ap., 1990).

ITo cBoMM OHONIOTHYECKNM OCOOCHHOCTSIM MATOTEHBI 00-
JaIat0T OOJIBIION TeHETHIECKON M3MEHYHBOCTEIO, U JIJISI TIpe-
OZIOJICHUSI T€Ha YCTOWYNBOCTH PACTCHUSI-X035MHA JIOCTATOYHO
JByX-Tpex snudutoTnii n miomaan 50-100 TeIc. TeKTapoB
nocesa. B HacTosIee BpeMs B 30HaX BhIpAlIUBaHUS MATKOH
TIIEHUIIB] OCHOBHBIMHU 0OJIE3HAMHU IPOJOKAIOT OCTaBaThCs
cTebreBast, INCTOBAS U JKEINITasl PKaBUMHBI, MyUHHUCTAs poOca,
CETTOPHO3 JIMCTBEB U KOJIOCA, PA3IMYHBIE BUJIBI BUPYCHOMH
nHpeknur. BocmpruuMYnBOCTS COPTOB MSTKOW ITIICHHUIBI K
00JIe3HSIM MTPUBOAMT K OTPOMHBIM ITOTEPSIM B ypOXKae 3epHa
U CHIDKCHHUIO Tokasareineii kadecta (Cubukees, KpymnHos,
2007).

Jlvkue poaCTBEHHUKN MATKOH MIIEHUIIB! 00J1a/1aF0T MHOTH-
MU Te€HaMH, IPEJICTABIAIONINMEI arpOHOMHUYECKHI HHTEpEC,
1 MOTYT OBITh IIEHHBIMH NCTOYHHKAMH yCTOHYMBOCTH K 0O-
JIE3HSIM, HACEKOMBIM 1 DKCTPEMAaJIbHBIM (haKTOpaM OKpyKaro-
et cpezapt (Cubukees u ap., 2019). Jlist 3amuThl MsITKOM
TIIICHUIIBI OT TTATOTCHOB, U B IIEPBYIO 0YEPEb OT PIKABINHHBIX
0oe3He, MUPOKO TPUBIEKAIOT TeHBI YCTOHYNBOCTH, JIOKA-
JIM30BaHHBIC B Uy KEPOIHBIX XPOMOCOMAX U TPAHCIOKALUSIX.
Tak, 39 n3 82 uaeHTHPUIMPOBAHHBIX TEHOB L7 mepeHece-

HBI OT «IHUKapei», 26 u3 63 TeHOB Sr HHTPOTPECCHPOBAHBI
(Mclntosh et al., 2013, 2018, 2022). U3 Secale cereale L.
TIepeHEeCeHBI U UICHTH(GUINPOBAHEI TeHbl: Sr27, Sr31, Sr50,
Sr1RS"mige (MclIntosh et al., 2013), a ot Tputukaie — SrSatu,
SrBj, SrNin, SrLal, SrLa2 u SrVen (Mclntosh et al., 1995;
Adhikari, 1996).

OnvH U3 TOHOPOB YCTOHUMBOCTH K BO3OYIUTEISM JIUCTO-
BOM 1 cTeOIIEBO PyKAaBUMH JIJIsI MATKOH MIIICHHUIIBI — aBCTPa-
JIMACKUN COPT SIPOBOTO TPUTHKAJIE Satu, HECYLIMH BBICOKO-
3¢ peKTUBHBIE clerIeHHble Tensl SrSatu/LrSatu, nokann3o-
BaHHbIE B XxpoMocoMme 3R. TIpudem SrSatu npeanonoxuTensHO
SIBJISICTCS QJUICNBHBIM I'eHy Sr27, 00Hapy>KeHHOMY BO MHOT'HX
coprax tpurukaie (Mclntosh et al., 1995). T'en SrSatu BbI-
coxoddextuBer mpotus pac Puccinia graminis f. sp. tritici
Erikss. & Henning n3 CIIA, Kenun u FOAP, B ToM uncie mu-
Heiiku pacst Ug99, a umenno — k TTKSK, TTKST, TTTSK,
TRTTF, TTTTF, RKQQC, QTHJC, TPMKS, TKTTF,
MCCFC (Rahmatov et al., 2016). B Poccuiickoiit ®eaepariu
ren SrSatu 3 dexrureH k nonyssiiusaMm P, graminis CpenHero
n Hwxnaero IloBomkes u Ceepo-3ananHoro pernona (Ba-
ranova et al., 2023; Bapanosa u ap., 2024). OgHaxo SrSatu
KpaiHe PeaKO UCTIONB3YETCS B CENICKIIMN MATKOH MIIICHUIIBI.
['maBHas npu4rHa — MaJiasi U3y4EHHOCTh BIIMSHHS XPOMOCO-
MbI 3R ¢ renamu SrSatu/LrSatu Ha IIUTOIOTHYCCKYIO CTA0MITb-
HOCTb ¥ TI0Ka3aTel MPOyKTUBHOCTH 3ePHA, KA4eCTBA MyKH
u xJyeda.

Jnst Mcronb30BaHuUsT UyXKEPOTHBIX 3aMELICHUH U TpaHc-
JIOKAIMH B CEJIEKIINU HEOOXOANMBI TPEOPHIMHTOBBIE HCCTIe-
JIOBaHMs1, KOTOPBIE ONPEEIISIOT X CTA0MIBHOCTh B TEHOME,
BIIMSIHUE HA a/lallTalliOHHBIE CBOMCTBA PACTCHMI, a TAKIKE HA
AIIEMEHTBI IPOAYKTUBHOCTH, YPOXKAWHOCTH 3€pHA M KaueCTBa
koHeuHo npoxykunu (Cubukees, HpyxwuH, 2015).

780 BaBunoscKkuii XXypHan reHeTtukm u cenekuymum / Vavilov Journal of Genetics and Breeding - 2025-29 6



C.H. Cnbuikees, .I. AgoHuHa, A.E. IpyxuH
3.E. ®utunesa, O.A. bapaHoBa

Lenp HaIMX MCCIENOBAHUN — IO pe3yjibTaTaM M3y4eHUs!
MOYTH U30TCHHBIX IMHUH-CHOCOB APOBOM MATKOH MITEHUIIBI
JI16 (3R(3D)) u JI17 (3D3D) onpenennTh UX HUTOIOTHYEC-
CKYIO CTaOMIJIBHOCTb U MEPCIIEKTUBHOCTB IS IIPAKTUUECKOM
CeJIeKINH KaK 110 3G ()EKTUBHOCTH MPOTHB PIKABINHHBIX 3a-
OoJieBaHMi, TaK U 110 BIMSHHUIO Ha MPOAYKTHBHOCTh 36pHA
KauecTBO MYKH U XJieOa.

MaTtepwuanbi n metopbl
Hcrionb3yeMblii MaTepral BKITIOUAI II0YTH H30T€HHBIE JIMHUH-
cuOCH sipoBoi MsTKOH mmeHuIs! JI16 u JI17, momydeHHsie
OT CKpEIIMBAHMSI yCTOHYNBOTO K BO3OYIUTEIISIM JINCTOBOW U
cTe0s1eBOM PIKaBUMHBI aBCTPAIUICKOTO COPTa SIPOBOTO TeKca-
IUTOUHOTO TPUTHKAJIE Satu 1 BOCHPUUMYNBBIX K YKa3aHHBIM
BU/IaM PKaBYMHBI COPTOB SPOBON MsATKOW mmeHunsl Capa-
toBckast 70 u CaparoBckasi 74. PopocnoHast: Satu/Caparos-
ckas 70//CaparoBckas 74/3/CaparoBckast 74. Jluann-cuOCs
JI16 u JI17 coznanbl ¢ IPUMEHEHUEM METO/A IPUHYIUTENb-
HBIX TETEPO3UTOT. B reTepo3uroTHOM COCTOSTHUN OHU MOJIAEP-
JKMBAJIUCH JI0 CEIbMOTO MOKOJICHUS], 3aTE€M B TEIEHHE TPEX T10-
KOJICHMH JIOCTUTAJIM U TTOJTBEPK 1IN TOMO3UTOTHOCTb pac-
TeHui cubcoB. O0E TMHUY MPUHAIIEKAT K PAa3HOBUIAHOCTH
anbOUIyM, Pa3INYaloTCs 0 YCTOWIUBOCTH K BO3OYAUTEINSIM
JTMCTOBOH M cTebieBoil pxasunt (JI16 — ycroitunsast, JI17 —
BOCIIPHUMYHBAA K pKaBIMHAM). TakuM 00pa3oM, MapKepHbI-
MU TpU3HAKaMH HaJTU4gus TeHoB SrSatu/LrSatu oT TpUTHKA-
ne B JI16 ObuM yCTOHYMBOCTD K BO3OYANUTEISIM JTUCTOBOH U
cTebeBoii prkaBuMH. J11st XapaKTepUCTHKH MPOAYKTHBHOCTH
3epHa M KauecTBa MyKkH u xJyeba muaun JI116 u JI17 cpaBHuBa-
JIM MEXTy COOO, a TAKIKE C COPTOM SIPOBOI MSTKOH MIICHUIIBI
CaparoBckas 76 — cTtaHzapToM, IpuUHATEIM [ockoMuccuen
Poccuiickoit ®denepanyy M0 MCIBITAHUIO U OXPaHE CEJIEK-
IIUOHHBIX MOCTIKEHUH 1Mo CapaToBCKOW 00JacTH.
HuTorenernyeckue uccae 0BaHus. AHaIN3 KapHOTHIA
JIMHUH IPOBOANIN METOJOM (IyOPECHEHTHOH in situ THOpH-
mu3aryn (FISH) 30H10B Ha 0CHOBE MOBTOPSFOIIIXCS TIOCTIC-
nosaresibHOCTEeN pScl19.2 (Bedbrook et al., 1980) u pAsl
(Rayburn, Gill, 1986) ra MuTOTHYEeCKIX MeTaa3zHBIX XpO-
Mocomax. [Ipernaparsl MUTOTHYECKHX XPOMOCOM TOTOBHIIN M3
MEPUCTEMBI KOPHEH IPOPOCTKOB B COOTBETCTBUU C METOJUKON
(Badaevaetal., 2017). s FISH npuMeHsn METOIHUKY, OTTH-
caHHyo B padote (Salina et al., 2006), ¢ He3HAUUTEITLHBIMH
MoaubukanusiMu. ['eHomuyto in situ rudpuanzanmio (GISH)
¢ ucnojib3oBaHuemM MmeueHoi renomuoi JIHK S. cereale B xa-
4yecTBe 30H1a B codeTanuu ¢ 10—-30-kpaTHBIM H30BITKOM HEMe-
yenoit pparmentupoBannoii [IHK 7. aestivum ocyuiectrisiiu
B COOTBETCTBHUH ¢ paboToii (Schubert et al., 1998). [Ipenaparst
M3Yy4aJH C TIOMOIIbI0 MUKpockomna Axio Imager M1 (Zeiss,
I'epmanust), ocHateHHOro nudpoBoii kamepoit ProgRes MF
CCD (Jenoptik, I'epmannst) ¢ HCHIOTB30BaHUEM TIPOTPAMMBI
aHanu3a n3obpaxenus Isis (Meta Systems, I'epmanmus).
Pa6ots! Bemonuanu B LIKIT Mukpockonuyeckoro aHamusa
6monormuecknx 06vexToB CO PAH (HoBocubupcek, Poccus).
O1eHKy IUTOJIOTNYECKON CTaOMIBHOCTH TPOBOAMIN MPU
U3y4eHUH MOBEACHHUS XPOMOCOM B MHUKPOCIIOPOTEHE3e B
Mmeiioze. Ctamnu Melio3a B MUKpPOCIIOPOTEHE3e M3ydaid Ha
BPEMEHHBIX JABICHBIX IMpernaparax NMbUIbHUKOB. Komochs
saui JI16 u JI17 cpe3aiu 10 BBIXO/A U3 JIMCTOBOM 000JI0UKA
1 (puKcHupoBany B cMecu 96 % 3TaHoNA U JIETHON YKCYCHOM
kucnotsl (3:1). Uepes cyTku nocie Gpukcanuy Marepuall re-
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peHocuin B 70 % STUIIOBBIN CIUPT, TJI€ OH XPAHUIICS J0 MPO-
BeJICHMS aHaim3a npu Temmeparype +2—4 °C. B kadectBe
Kpacuress npuMeHsin peakTus Hndda. st kax ot muanm
uccaenosanu 100200 MUKPOCTIOPOIIMTOB CTaAMi Meiio3a
(meracdazsr 1 u 11, anadassr I u 11, Tenodassr 1 u 11, Terpa-
nb1). Craiiasl M3ydanuchk Ha MHKpockorie Axio Scope A 1
(Carl Zeiss) ¢ oobekruBamu N-ACHROPLAN 40x/0.65 u
N-ACHROPLAN 100x/1.25 0;1.

duTonarojiornyecKkne uccjaeqoBanmus. Tak Kak JTHMHUSA
JI17 orOupasnach Kak BOCHPUMMYMBLIN K P. triticina v P. gra-
minis cuoc JI16, B GUTONATOIOTMUECKUX HCCICTOBAHMIX UC-
M0JIb30BaJIM TOJbKO JI16. JIJist OLleHKH yCTOMYHUBOCTH JIMHUU
JI16 x Bo30ynuTeto cTed1eBol pKaBUMHBI B JIADOPATOPHBIX
ycaoBUsX Bcepoccuiickoro Hay4HO-MCCIIEA0BATENBCKOTO
MHCTHUTYTA 3alIUTHl PACTCHNUH Opay HOMyISIUK, COOpaHHbIC
B 2022 1. B Apckom paiione Pecriyonuku Tatapcras (¢ copra
Hanmpa) u CamoiinoBckom pairione CapaToBCkoi obiacTh
(c copra BoeBona). Ananus BupyiaeHTHoctu P. graminis f. sp.
tritici TIPOBOJMIIM C UCTIONB30BAaHUEM CTaHapTHOTO Habopa 13
20 muauit-muddepennnaropos: Sri, Sr21, Sre, Sr7b, Sril,
Sr6, Sr8a, Sr9g, Sr36, Sr9b, Sr30, Sri7, Sr9a, Sr9d, Sri0,
SrTmp, Sr24, Sr31, Sr38, SrMcN, a Taxke JOMOTHUTENIbHBIX
muHAN ¢ reHamu Sr: Sr2compl, Sr8b, Sri2, Sri3, Sri5, Sr20,
Sr22, Sr25, Sr26, Sr27, Sr28, Sr29, Sr32, Sr33, Sr35, Sr37,
Sr39, Sr40, Sr44, SrWLD, Sr24+31, Sr36+31, Sr24+36,
Sr7a+12, Sri7+13, Sr7b+18, Sr26+9g u Sr33+5 u coptoB
ABpopa (Sr31) n Xakacckasi (BOCIIPUUMYHUBBII KOHTPOJIb).
AHanu3 BUPYJIEHTHOCTH MOMYJISLKHN MaToreHa ¢ coptoB Ha-
nmupa u BoeBoma ommcan Hamu panee (Baranova et al., 2023).

Pa3zmHOXEeHUE MOMYISIIAN BO30yIUTENs CTEOIEBON pKaB-
YMHBI U aHAJIU3 PACTEHUH Ha YCTOMYMBOCTB Ha CTAAMU IPO-
POCTKOB OCYIIECTBIISIIIA IO METOANKAM, IPHUHATHIM B MUPOBOH
npakTuke (Jin et al., 2007). Peakuuio mpopocTKOB Ha HHOKY-
JISIUIO CYCTICH3HEH CIIop BO3OYIUTEINS CTEONEBOM pKABUMHBI
TIPOBOIFIIH Ha 12-€ CYTKH 10 CTaHAapTHOH 4-0aJThHOM ITIKaIe
E.C. Stakman ¢ xomeramu (1962). O6 ycroiunBocTu/Boc-
MPUMMYHMBOCTH 00pa3lia Cy/IHJIM HA OCHOBAHUH THIIOB Peak-
IIMX B IBYX MIOBTOPHOCTSIX. YCTOHYMBBIMY CUUTAIH PACTEHUS
¢ Tunamu peakuuu «0», «0;», «1», «2»; BOCIPUUMYHUBBIMHU —
«3», «dy», «X».

VYeroitunBocts k pace Ug99 (TTKSK) 6puta mpoBepena Ha
cTaanu B3pocioro pacteHus B 2023 . B pUTONATOIOTNUSCKUX
MMUTOMHUKAX pacTeHU MeXyHapoJHOTO LIEHTpa yiydllie-
HUS KagecTBa KyKypy3sl U mmeHuns! (CIMMYT) B Kennn,
B HayuHo-nccnenoBarenbckolf OpraHu3anuy CelIbCKOTO
xo3siicTBa u sxuBoTHOBONCTBA (KALRO) B Hmxopo (Njoro).
JIJIs OTICHKH peaKkInuy pacTeHUI MCIIOIb30BaHa MOAU(DUITH-
poBanHas mkana Ko66a (Peterson et al., 1948). OcHoBHOU
OTIIMYUTENBHON uepToii marotumnos pacsl Ug99 spnsercs Bu-
PYJICHTHOCTB 110 OTHOIICHUIO K HOcuTemsiMm reHa Sr31. Cre-
TMIeHb MOBpesKAeHHs copToB ¢ renom Sr3/ 8 KALRO B duro-
MATOJIOTHYECKUX MUTOMHUKAX PAaCTEHHH B BEreTallMOHHbIH
nepuoz 2023 r. Ob11a: st copra [Ipoxoposka (Sr317) — 60 %
(60MSS), st copra FOro-Boctounast 2 (Sr317) — 80 % (80S),
it copra CaparoBckast 74 (0e3 WACHTU(PHUIIMPOBAHHBIX I'e-
HOB S7') — 80 % (80S), Caparosckas 70 (6e3 uaeHTHHUIIPO-
BaHHBIX TeHOB S7) — 40 % (40MSS).

MouiekyasipHo-reHeTnueckui ananus. /s [11[P-ananu-
3a JIHK Bbizensn U3 NATUAHEBHBIX IPOPOCTKOB MIIEHUIIBI
metonoM CTAB ¢ mpuMeHeHreM e THITPUMETHIIAMMOHITY M-
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opomuaa (Murray, Thompson, 1980). s uaeHTudukamu
TeHOB ycTounBoCTH (S72, Sr24, Sr25, Sr28, Sr31, Sr32, Sr36,
Sr38, Sr39, Sr47 n Sr57) ncnons3oBanmu JJHK-mapkepsr, pe-
KOMEHJIOBaHHBIE ISl MApKEeP-OpPHEHTHPOBAHHOMN CEIEeKINU
(MAS): Sr2 — CAPS-mapkep csSr2 (Mago et al., 2011); Sr24/
Lr24—STS-mapxkepst Sr24#12 u Sr24#50 (Mago et al., 2005);
Sr25/Lr19—STS-mapkep Gb (Prins et al., 2001); Sr26 — STS-
Mapkep Sr26#43 (Mago et al., 2005); Sr28 — DaRT-mapkep
wPt-7004-PCR u SSR-mapkep Xwmc332 (Rouse et al., 2012);
Sr31/Lr26 — STS-mapkep SCM9 (Weng et al., 2007); Sr32 —
STS-mapkep csSr32#2 (Mago et al., 2013); Sr36 — SSR-map-
kep Xstm773-2 (Tsilo et al., 2008); Sr38/Lr37 — STS-mapkep
VENTRIUP-LN2 (Helguera et al., 2003); Sr39/Lr35 — STS-
Mapkep Sr39#22 (Mago et al., 2009); Sr47 — Xgwm501,
Xgpw4043 (Faris et al., 2008; Klindworth et al., 2012); Sr57/
Lr34 — STS-mapkep csLV34 (Lagudah et al., 2000).

AMITH(QUKAIUIO OCYIIECTBISIIN Ha aMIUTH(HUKATOpax
C1000 Thermal Cycler (Bio-Rad, Cunramyp), pa3zaenenue
MPOJYKTOB aMIUTH(UKALUK IPOBOAMIN B 2 % arapo3HbIX
8 % moNMaKpUIaMHIHBIX I'eJIsIX, OKPALICHHBIX OPOMHUCTBIM
stuaueM. [10J0XKUTENBbHBIM KOHTPOJIEM CIYKUIH M30TEH-
HBI€ JIMHUH U COPTA C U3BECTHBIMHU T'€HaMH S7, HETaTHBHBIM
KOHTPOJIEM — BOCIIPUMMYHBBINA COPT XaKaccKast, KOHTPOJIEM
Ha koHTamuHanuio — [1[P-cmech Oe3 mobaBnenus JHK.
B kadectBe Mapkepa MOJEKYJISPHOTO Beca HCIIOJIb30BaJIH
GeneRulerTM 50 bp DNA Ladder (Fementas GmbH, St. Leon-
Rot, I'epmanmst). Busyanuzariro mpoIyKToB aMILTH(HKAITAN
MIPOBOJIMIIN C TTOMOIIBIO T'€JIbIOKYMEHTHPYIOIIEH CHCTEMbI
ChemiDoc XRS+ (Bio-Rad). ITL{P cTaBmiu B AByX MOBTOP-
HOCTSIX.

OuieHKa roKasaresnei mpoayKTUBHOCTH 3epHa, (PH3NUECKUX
1 xJIeboTneKapHBIX CBOIMCTB TecTa u xieba y nunuii JI16, JI17
u copta-cragmapra CapaTtoBckas 76 BemmomHeHa B 2023 u
2024 rT. DKCIIepUMEHTaIBHBIN MaTeprall paHIOMHA3HPOBaH-
HO BBICEBAJIM HA JIEJIAHKAX [UIOMIAAbI0 7 M? B TPEXKPATHOU
MOBTOPHOCTH Ha 3kcnepuMeHTansHoM none GAHIL FOro-
Bocroka (r. Caparos). Hopma BeiceBa — 400 3epen na 1 m2.

Kpome (heHoMOrnyecKkux HAOMIOACHUN U IPSIMOM OICHKH
YPOXaiHOCTH 3€pHA, OCYIIECTBIUINCH NCCIIEJOBAHUS dIIe-
MEHTOB TPOAYKTUBHOCTH IJIABHOTO KOJIOCA: JJIMHA KOJOCa,
KOJIMYECTBO KOJIOCKOB ¥ 3€PEH, BEC 3epHa C KOJIOCA, INIOTHOCTh
KOJIOCa, 03€pHEHHOCTh KOJIOCKA (KaK 0OOOIIEHHBIN MMOKa3a-
TeNb (PePTUIIBHOCTH), KOTOPbIE ONpeaAessuid y 15 KoJocheB
M3y4yaeMbIX JIMHUI U copTa-cTangapra. Kauecrso Myku u
xJ1e0a OI[EHNBAJIHN IO COACPKAHUIO CHIPOI KICHKOBHHBI, Kpe-
MOCTh KOTOPOH ompeaersiii Ha npudope «M3mepurens je-
(hopmanmu knerikoBuHbl — MIK-3M» (OO0 «ITJIAYH», Poc-
cust), a TakKe 1o Nokaszareisiv ajnbpeeorpada llonena (Cho-
pin Technologies, ®paHniiust) ¢ BBIIEUKOit ONBITHBIX 00pa3L0B
xneob1ieB. Comeprxanue Oemnka B 3epHe ypoxkaes 2023 12024 i
ompenernsiun Ha aHanmuzatope 3epHa Foss Infratec TM 1241
(Foss Analytical A/S).

Merteoposnorudeckasi XapakTepHCTHKA JIET BhIPAIIMBAHUS
no I'TK (runporepmuueckuit koadduiment) CenssHUHOBa
(www.agrometeo.online/articles/gtk.htm, nara oOparenus
28.01.2025) mo Mecs1iaM BereTaloHHOTo epro/a rmokasaia
cnexytoree: B 2023 r. I'TK 3a maif coctasmn 0.8, mrons — 1.1,
ntoib — 0.6 u aBrycr — 0.4. B 2024 . I'TK 3a anpens cocra-
Buna 0.3, maii — 0.1, utons — 0.8 u uronp — 0.1. 13 nByx ner

782

Prebreeding studies of near isogenic spring bread wheat lines,
differing by 3R(3D) substitution from Satu

MCCIIe/I0BaHUH 110 METE0YCIIOBUSIM Hanbosee OJaronpusiTHbIM
66112023 1. B 00a rozia uccienoBanuii Habmonanuch snudu-
TOTHH JINCTOBOH PyKaBUMHBI.

ITonyuyennsie nanubie o auausaM JI16 u JI17 u copry-
cranapty CaparoBckast 76 moaBepIiii OAHO(AKTOPHOMY JIHC-
MIEPCHOHHOMY aHaJIM3y CO MHOYKECTBEHHBIMHU CPaBHEHHSIMHU
o /lyHkaHy, a Tak)Ke [POBEJIH aHAJIN3 B3aUMOJICHCTBUS «Te-
HOTHUII—CPEAa» ¢ HCIOIb30BAHMEM MAKeTa CEICKIIMOHHO-Te-
HeTHYEeCKUX mporpamMm Agros-2.09 (Mapteiaos, 1999).

Pe3ynbratbl

LiuToreHeTnueckuin aHanus

NNHWIA APOBOW MArKom niwieHnubl J116 n 117
KapuotunupoBanue nunuit ocymectsisuiin meronom FISH
C WCIIOJIb30BAHUEM IS UIACHTHU(HUKAIIUH XPOMOCOM KOM-
omnarmy 3010B pScll19.2 u pAsl (Schneider et al., 2003).
Hurorenernueckuii ananus suauu JI16 nokazan orcyTcTBUE
mapbl XxpoMocoM 3D (OHH ONPEIENsIOTCS M0 XapaKTePHBIM
curnanam pAsl) (puc. 1, @) u BBISIBWI Mapy KPYIHBIX XpoO-
MOCOM ¢ IpKHUMHU curHanamu pScl19.2 Ha koHIax 1ied, 4To
XapakTepHO g xpomocoM pxku 3R. XpomocomHoe 3ame-
menne 3R(3D) y auann JI16 Obuto Taxke MOATBEPIKICHO
npu npoBenenun GISH ¢ JIHK S. cereale B xauectBe 30H1a
(cMm. puc. 1, a). Ananu3 nuann JI17 HUKaKUX XpPOMOCOMHBIX
MepecTpoeK He mokasai (cM. puc. 1, 6).

LuTonornueckasa ctrabunbHoctb nuHuin J116 nJ117
I'maBHBIN (hakTOp, OrpaHUYMBAIOIINN MPAKTHYECKOE TPHU-
MEHEHHE OT/IAJICHHBIX THOPU/IOB, — MX HECTAOMIBHOCTB, Be-
Jiymiast K ObICTPOH IOTEpe Yy»KEePOIHOI0 TeHETHIECKOTO Ma-
Tepuaia. B ocHOBe 3Toi HeCTaOMITBHOCTH JIe)KAT HAPYILICHUS
MEHOTHYECKOTO ITUKIIa THOPUIHBIX PACTCHUH, BEI3BIBAIOIIHE
hopmupoBanue HeQYHKIHOHATHHBIX TaMeT (OprioBckas u
Ip., 2015). M3BecTHO, 94TO B TCHOME OTHAJICHHBIX THOPUIOB
1 aM(UANTUIONI0B IPUCYTCTBYIOT CHCTEMBI TeHETHYECKOTO
KOHTPOJIS MEi03a Pa3HbIX POAUTEIHCKUX BHJIOB, KOTOPBIE HE
TOJIBKO CaMOCTOSITENILHO JICHCTBYIOT B THOPHHOM T'€HOME,
HO ¥ B3aUMHO BIUSIIOT Ipyr Ha apyra (Naranjo et al., 1979;
Lelley, Larter, 1980; OpnoBckas u ap., 2015). B cBsi3u ¢ aTuM
HEOOXOANMO OTIPEIEIISAT IUTOIOTHYECKYIO CTa0MIBHOCTD Kak
Y OT/IQJICHHBIX THOPHUJIOB, TAaK U Y HHTPOTPECCUBHBIX JINHHH.
Tak xax qunust JI16 xapakrepusyercs 3amerienremM 3R(3D),
a xpomocoma 3D sBisiercst Hocutenem rena Ph2 (Mclntosh
et al., 2013), ecTs OCHOBaHME OKUAATH y HEE HAPYIICHUS B
MenoTnueckoM nukiie. Kpome Toro, Hamu npoBeieH CpaBHU-
TEJNBHBIA aHATH3 CTA0MIIbHOCTH Meiio3a y uHui JI16 u JI17.
Jist onleHKH cTaOMIBHOCTH Melo3a MCIONb3YIOT WHTE-
rpajibHbIN MOKa3aTeiab — MEHOTUYECKUI MHIEKC, KOTOPbIH
MPE/ICTaBISIET COOOM MPOIIEHT HOPMAJIBHBIX TETpas K ol1ie-
My 4MCIly U3Y4YEHHBIX KJIETOK. lccnenoBaHus nmokasanu y
JI16 (3R(3D)) meitoTrueckuii mHACKC — 95 %, B TO BpeMs Kak
yJI17 (3D3D)—94 %, 1. e. MEX 1y JTMHUSIMH 10 ITOMY MOKa3a-
TeIto He 0110 paznuunid. [1pu meiiorrnyueckom unexce 90 %
U BBIIIE PACTCHUE CYUTACTCS IIUTOJIOTUUECKU CTaOMIBHBIM,
T. €. 00¢ HCCIIeTyeMbIC JIMHUU SIBJISTFOTCS CTa0MIbHBIMEU. OTHA-
KO Y HEKOTOPBIX TeTPaJ TUX JIMHUI 00Hapyx)eHo |—2 BKIIIO-
YeHHS M HaWJeHbI Tpuaabl. B 6oee paHHNX cTagmsx Meiiosa
y 00enX TMHUH BBISIBICHBI aCHHXPOHHOCTB, PAHHEE PACX0XK-
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Puc. 1. Pe3ynbtathl in situ rubpuamnsanmm ¢ pasHbiMyv KOMOGUHALUAMM NPO6 Ha MeTadasHbIX XPOMOCOMAX IMHUI APOBOI MATKOM
nweHnubl J116 (a) n 1117 (6).

Mpo6bi: (a, 6) pAs1 (KpacHbi curHan); a — GISH ¢ reHomHom [IHK S. cereale (3eneHblii curHan); 6 — pSc119.2 (3eneHbli curHan).

JICHHE OJIHOTO OvBajieHTa B MeTadase 1, IBe OTCTAIOIIHE XPO-
MOCOMEI B aHa(aze | u IBe XpOMOCOMBI, HE BKJIIOUECHHBIEC B
sanapa, B Tenodase 1. B omHosnepHo# meuteie y JI16 u JI17
obHapyxeHa MUKponbUiblia — 1.5 u 2.1 % COOTBETCTBEHHO.

®uTonaTonornyeckuin aHanns nuHUN J116 Ha ycTonumBocTb
K BO36yauTeNnsam cte6neBovi 1 NNCTOBON pPrKaBUMH.
NpeHTudunKaLma reHoB YCTOMUYMBOCTY K CTeOneBo
prKaBUMHe C NCMOJIb30BaHNEM MOJIEKYNIAPHbIX MapKepoB
Bo Bpemsi co3maHus TOYTH M30TCHHBIX cuOCOB yimHus JI17
oTOMpanach Kak CTaOMIHHO BOCIPUUMYHUBAS K BO3OYAUTEIISIM
cTe0IIeBOM 1 JINCTOBOI prKaBUMH HA BCEX CTA/IMSIX POCTA pac-
TeHuit (tun peakuuu [T = 33%) B yCIOBHSAX TEIUTHIIBI U OIS,
B cBsI31 ¢ 3TUM OIIEHKY Ha yCTOWYMBOCTH K P. graminis f. tri-
ticin P, triticina npoBommmy Ha JI16 ¢ 3amemenueM 3R(3D)
u copte-crangapre Caparosckas 76 (Tabm. 1).

Heo6xommMo 0TMETHTB, UTO aHAIN3 BUPYJICHTHOCTH TTOITY-
nsiimu P graminis f. tritici ¢ copra @aBoput mokasai, 9To 3¢-
(heKTHBHBI CIIEAYIOIIHME I'eHbl U UX KOMOMHauuu: Sr2compl,
Srl3, Sr22, Sr26, Sr27, Sr31, Sr32, Sr33, Sr35, Sr39,

Sr24+S8r31,Sr36+Sr31, Sr26+Sr9g, Sri7+ Sri3, Sr33+ Sr5.
[Momynsmus nmaroreHa ¢ copra @aBopuT Ha TUHUU ¢ Sr27
(reH, nepeHeceHHbIN OT PKKU OCEBHOM U JTIOKAJIN30BaHHBIN B
xpoMocome 3R, MIUPOKO MPUCYTCTBYET B COPTAX TPUTHKAIE
(Mclntosh et al., 1995)) naBana Tum peakiuu «2», a ¢ MOITy-
nsinuii ¢ coproB Hammpa u BoeBoa — tumbl peakiuu «2™» u
«1» COOTBETCTBEHHO.

Kak BumHO 13 Tabmd. 1, JI16 moka3ana BEICOKYIO YCTOHUIH-
BOCTh KO BCeM MONyIsiusaM P. graminis f. tritici, BKiTtodast
pacy Ug99. B ycnoBusix ecrecTBeHHbIX anudurtoTuit P. tri-
ticina B 2023 u 2024 rr. JI16 niposiBuiIa pe3UCTEHTHOCTh K
MECTHOI capaToBCKOM MOIYISIHH. [Ipu 3TOM cCOpT-CTaHIapT
CapatoBckas 76 OblJI BOCIPHMMYUB K MOMYIAUSIM Kak P, gra-
minis f. tritici (MCKJIIOYeHNE — MOMYJISIIKU ¢ copTta Hammpa
IT=0;), Tak u P, triticina.

Bricokast ycTOWYHBOCTh K 000MM BO3OYAUTEISIM PIKaBYHH,
KO BCEM TOMYJIAIUSAM IaTOT€HOB M3 PasHBIX Touek Poccun
u Kenuu gemaer pe3ncTeHTHOCTH K 3aboneBaHusM y JI16
MIPUBJIEKATENIBHON JUTSL AaTbHEHIIIeH CeeKIIMOHHOM PadoTHI.
Heobxomumo otMeTnTsh, 9to JI16 B hutonuromunke Hmkopo

Ta6bnuua 1. XapaktepucTunka no ycToNnurMBOCTM JIMHUN APOBOI MATKOW NiweHnubl J116 1 copTa-ctaHaapTta CapaTtoBcKas 76
K P. graminis f. tritici v P. triticina B none (ecTeCTBEHHbIN UHGEKLMOHHDIN GOH) 1 nabopaTopui (MCKYCCTBEHHOE 3apakeHue)

CopT, nnHuA Tuin peakuwuu Ha P. graminis f. tritici
Monynauum ¢ coptoB*
Hagupa BoeBopga Oasoput
CapaToBckan 76 0; 3,4 3
ne 1 0; 0;

Tvn peakuuu Ha P. triticina

Ug99 (TTKSK)**  CapaToBcKas nokanbHas nonynayus, none***
2023 2024

30MS 3 3

0 0; 0;

* Monynauwum P. graminis f. tritici, cobpaHHble C COPTOB APOBOIA MArKoW NiweHuLbl Hagupa (Apckuii paiioH,TatapcTaH), Boesoaa (CamoinoBckuii paiioH, CapaTos-
cKkas obnactb) n GaBoput (Apkagakckuii parioH, CapaToBckas o6nacTb). labopaTopHas oLeHKa B CTagun 3 NNCTbEB.

** OueHKa Ha NIMHeliKy natotunos pacbl Ug99 nposoannu B putonmutomHmke Hoxxopo KALRO, KeHus.

**¥ OueHKa oCyLLecTBNAMACh MPU eCTeCTBEHHbIX AnnduToTHsAX P. triticina Ha akcneprmeHTanbHom none GAHL| KOro-BocToka, . CapaTos.
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KALRO (Kenus) nokasasna Takxke yCTOHYUBOCTb K MECTHOH
nomynstuu P, striiformis f. sp. tritici West. — 5R, a copr
CaparoBckast 76 — SM. Pe3ynbrarsl HICHTH(QHUKAIMNA TEHOB
Sr B aHanu3upyemoit nuxun JI16 ¢ ucrnons3oBaHueM Moje-
KYJSIPHBIX MapKepoB uist TeHoB Sr2, Sr24, Sr25, Sr28, Sr3l,
Sr32, Sr36, Sr38, Sr39, Sr47 u Sr57 NpoaeMOHCTPUPOBAIH
UX OTCYTCTBHE.

DeHonorna n NnokasaTtenu NPoAyKTUBHOCTMN 3epHa,
dursmnyecknx n xnebonekapHbIX CBONCTB TeCTa 1 xneba

y nuHnin J116, 117 n copta-ctaHgapta CapatoBckas 76

Ha puc. 2 npuBeseHs! OKa3aTeny Mepruoaa «BCXOAbI—KOJIO-
LICHKUE», BBICOTBI PACTCHUM, YCTOMYMBOCTH K IOJIETaHUIO B
BereTaroHHbIe ce30HbI B 2023 1 2024 rr. y JI16, JI17 u cop-
Ta-cTaHAapTa. 3a BereralMoHHble ce30Hbl 2023 u 2024 rr.
MEPHOJL «BCXO/BI—KOJIOLIEHHE» Y JTnHui crbcoB JI16 u JI17
u copra cragaapra CapatoBckas 76 OYTH OAWHAKOB, U Pa3-
nu4usi ObTM He3HaYMMBIMHU. Takum 00pa3omM, 3aMelleHne
xpomocombl 3D Msarkoil mieHuisl Ha xpomocomy 3R ot
copra sIpoBOTO TpUTHKaJE Satu MOYTH HE BIHSET HA MEPHUO
«Bcxoabl—Konouenue». [lo Beicotre pacrenuit B 2023 1. niu-
Hust JI16, cubc ¢ 3amenierreM 3R(3D), Obuia 3HAYMMO HUKE
CBOCH Maphl ¢ HOpMaIBHBIM cocTaBoM 3D3D xpomocoMm n
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copra-crannapta Caparosckas 76, a B 2024 1. 3HaYMMO HIKE
sann JI17, HO HaXoAMTack Ha YPOBHE C COPTOM-CTaHAAPTOM.

3amermienue xpomocomsl 3D Ha xpomocoMy 3R mpuseno
K CHMIXCHHUIO BBICOTBI PACTCHHS, YTO ITOBJIMAJIO HA OLICHKY
YCTOWYMBOCTH K ITOJICTAaHHIO B BET€TAIIMOHHBIN ce30H 2023 T,
KOTOpast ObLTa 3HAYMMO BEIIIIE y cubca ¢ 3amenieHueM 3R(3D)
[0 CPABHEHHUIO C CHOCOBCKOM Mapoil U COPTOM-CTAHIAPTOM.
B 2024 r. ycroitunBocTs K moneranuto JI17 Opima 3HAUNMO
Huxe CapaTtoBckoil 76, a JI16 ne ominyanace Hu ot JI17, Hu
oT copra-cragaapta. Ognako JI16 ¢ XpoMOCOMHBIM 3aMeltie-
HueM 3R(3D) mo aGCcoMrOTHOMY 3HAYCHHUIO YCTOWIMBOCTH
K MOJIEraHUIO MpeBbllIaia 3HaueHue y aunuu JI17. Ananus
B3aUMOJIEHCTBUSL «TEHOTUI—Cpena» Mexay auHusimu JI16,
JI17 u coprom CaparoBckas 76 10 IEPUOTY «BCXOIBI—KOIIO-
IICHHE», BBICOTE PACTEHHUH M yCTOHUMBOCTH K ITOJIETaHHIO MO-
Kasaj, 4To 3TO B3auMoielicTBUe He3HaunMo. CpaBHEHUE JTTH-
Huit J116 1 JI17 0 mpoXyKTUBHOCTH 3epHA U €€ DJIEMEHTOB Y
IIaBHOT'O KOJIOCA MO3BOJIMIIO BBISIBUTD BIIMSTHHE YYKEPOIHOTO
3aMenieHus ¢ xpomocomoit 3R Ha 3tu mpusHaku (Tadm. 2).
YcranosneHo, uto 3amenieHue 3R(3D) B o0a rona mcciemno-
BaHMH TIOHMKAJIO YPOXKAHHOCTB 3€pHA 110 CPABHEHUIO KaK C
JI17 (3D3D), Tak u ¢ coprom-cranaaprom Caparosckas 76.
OnuuM u3 (GakToOpoB, KOTOPBIH MOHU3WI MPOLYKTHBHOCTD

2024r.

ne mz CapatoBckas 76

Puc. 2. lNoka3aTenn neproaa «BCXofbl-KOSOLWeHNe», BbICOTbl pacTeHU, yCTOIZ‘-IVIBOCTVI K noseraHnto B BeretalMoOHHble Ce30HbI

B 2023 1 2024 rr.y J116, 117 n copTa-ctaHfapTa CapaTtoBckas 76.
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MpebpnnNHroBble NCCNeAoBaHNA NOYTN U3OTEHHBIX INHNIA
APOBOW MATKON NLIEHNLbI, pa3nunyatowmxca 3ametteHrem 3R(3D)

Tabnuua 2. YpoxaiiHocTb, Macca 1000 3epeH 1 351eMeHTbl MPOAYKTUBHOCTY F1aBHOrO KoJsloca
y IMHMI APOBON MArKom nweHnubl J116,J7117 n copta CapaToBcKas 76 3a BeretalMoHHble ce30Hbl 2023 1 2024 rr.

Copr, SnemeHTbl NPOAYKTUBHOCTY MMaBHOIO KONOCa,

NMHMA B CpefHem 3a 2023-2024 rr.
OnuHa  KonnuyecTBo, WT. MnotHocTb Bec 3epHa
KOnoca, Konoca cKonoca, r
i KOJIOCKOB  3epeH

c Konoca

e 67.8 173 424 24 1.3

nmz 92.8 16.5 394 1.7 1.5

HCPys 229 NS NS 0.6 NS

C76 98.6 17.3 424 1.7 1.6

HCPys  23.5 NS*** NS 0.6 NS

Macca 1000 3epeH, r YpoxalnHoCTb 3epHa, T/ra

O3epHeHHOCTb 2023 T. 2024r1. Cp. 2023r. 2024r. Cp.
KOJIOCKa, WT.

25 327 296 312 2.078 1.698 1.888
24 400 380 39.0 2569 2565 2.567
NS 3.7 33 7.0 0.206 0501 NS
25 389 316 353 2776  2.042 2409
NS 2.8 NS 3.5 0.622 0300 NS

* HammeHbLwasA cyliecTBeHHasA pasHuua ana 5 % ypoBHA 3HaummocTy mexay J116 n J117.
** HameHbLuan cyljecTBeHHasA pasHula Ana 5 % ypoBHsA 3HaummocTty mexay J116 n CapatoBckoin 76.

*** NS — pa3nunumna oTCyTCTBYIOT.

Ta6bnuua 3. MokasaTenu KauecTBa MyKm 1 xneba y NTMHNUIA APOBOI MArKon nwexuupbl J116, 117 n copta-ctaHaapTta CapaTtoBcKas 76

B CpefHeM 3a BereTaLMoOHHble ce30Hbl 2023 n 2024 rr.

Copr, Benok KneiikoBuHa SDS,mn  Anbseorpad™ Xne6**

JHNA B 3epHe, % % MaK 3, eq. n. P, Mm P/L W,en.a. V,mn NopPUCTOCTb, Gann LBeT MAKNLIA
e 171 36.7 88 67 60 0.7 205 820 4.8 Bbenbin

mz 17.5 374 78 86 91 1.0 345 890 5.0 benbin
HCPys NS¥*¥** NS 8 13 20 NS 70 NS NS

c76 16.2 315 79 75 109 2.0 261 715 4.8 Benbin
HCPys ™™ NS NS 8 NS 25 NS NS 100 NS

* MNokasatenu anbeeorpada: P — ynpyroctb TecTa, P/L — OTHOLLEHMe ynpyrocTu Tecta K pactaxumoctu, W — cuna Myku; ** nokasatenm oLeHku xneba; V — obbem
xneba; *** HaMeHblUan CylecTBeHHasA pasHuLa Ana 5 % ypoBHA 3HaUMMOCTU Mexay JT16 1 J117; **** HaumeHbluan CyllecTBeHHaa pasHuua Ana 5 % ypoBHA

3HaummocTy mexxay J116 n CapatoBckon 76; ***** NS — pa3nunuma oTCyTCTBYIOT.

3epHa, Obl1a Oosiee Hu3kas macca 1000 3epen y JI16 B 2023
n 2024 rT. (cm. Tadm. 2).

AHanM3 3JIEMEHTOB MPOYKTHBHOCTH ITIABHOTO KOJIOCA I10-
Kazaj, 4to 3amenieHue 3R(3D) yMeHbIIaeT [UIMHY KOJOCa,
TIOBBICHB TIPH 3TOM €ro II0THOCTh. OxHako JI16 He oTnnya-
nack ot JI17 u copra CaparoBckast 76 O KOTUYECTBY KOJIOC-
KOB, 3€P€H U BeCy 3epHa ¢ kojoca. [1o 03epHeHHOCTH KOJIOCKa
(06006m1eHHEIH KpuTepuii peprunsHOCTH) JI16 HEe oTIIMYaIach
Hu ot JI17, Hu ot copra CapartoBckast 76. AHaNHU3 B3aUMO-
JIEHCTBUA «TreHOoTUI—cpea» Mexnay auHusmu JI16, JI17 n
coprom CaparoBckasi 76 IO BCeM TOKAa3aTesIM CTPYKTYPHI
MPOTYKTUBHOCTH K0JIOCa, a Takxke Macchl 1000 3epeH u ypo-
JKalfHOCTH 3epHa MPOAEMOHCTPUPOBAJ, YTO 3TO B3aUMOJIEH-
CTBHE HE3HAYHNMO.

Mo kayecTBy MyKH U XJ1e0a y U3y4aeMbIX JJMHUH Oy IEHBI
cienytoiue pesynbrarsl. [1o conepkanuio Oenka B 3epHE
JI16 (3R(3D)) 3HauMMoO HE OTIMYANIaCh HU OT CBOETO crbca
JI17 (3D3D), uu ot copra Caparosckast 76. CXouM 00pa3zom
He OOHAPYXWJIMCh 3HAYMMBbIE PA3JINYHSI TI0 COJEPIKAHUIO
KieikoBuHBL. OqHako KielikoBuHa y JI16 mo mokasarensm
npubdopa NJIK-3M Ob1na 6osee c1aboi Mo cpaBHEHHIO KaK C
JI17, rak u ¢ CaparoBckoii 76 (tabm. 3).

[To xommurekcHOMY TOKasaremo SDS-ceqmenTtanum, xa-
pakrepu3ylomemMy (Gpu3ndeckue cBolcTBa Tecra, JI16 yery-

CEJIEKLMA PACTEHUA HA UMMYHUTET U KAYECTBO / PLANT BREEDING FOR IMMUNITY AND QUALITY

nuia JI17, Ho He3HaUMMO pasznuvaiach C COPTOM-CTaHIap-
toM CaparoBckas 76. Ilo moka3sarensam amsBeorpada y JI16
3HAYMMO 00JIee HU3KHUE YIPYrOCTh TECTA U CHJIA MYKH, HO T10
CPaBHEHHUIO C COPTOM-CTaHAAPTOM ITOHMKEHHE CHJIBI MYKH
He3HaunMoe (cM. Tabn. 3). ITo oobemy xmeba JI16 umena
Oonbinee 3HaveHue, yem CaparoBckas 76, HO HE3HAYUMO OT-
nuyanack ot coero cudca JI17. ITo mopucTtocTu Bce Tpu 00-
pasiia JIOCTOBEPHO HE OTIMYAINCH APYT OT APYra, HO HaW-
BhIcIHi O0art, 5.0, 6611 y mianu JI17. Bamenienue 3R(3D) ve
M3MEHMUIIO 11BeT Msikuia xjeda, JI16 (3R(3D)) umena Genbrit
mskur, kak JI17 (3D3D) u Caparockas 76.

O6cyxpeHue

Kax y)xe oTMedanoch BbIIIE, COpTa TPUTHKAJIE TIPUBIICKAIOT
CEJIEKIIMOHEPOB HAOOPOM LEHHBIX JUISI CEJIEKIIUU MSTKOH
MILIEHUIBl arPOHOMUYECKUX MTPU3HAKOB, B TOM YHUCIIE TCHOB
YCTOMYHBOCTH K 3a00JIeBaHMUsIM. TaK, B TPUTHKAJIE BBISBIICHBI
TeHBI YCTOHYMBOCTH K BO30YINTEIIO CTCOICBOM PXKABIMHBI:
Sr27, SrSatu, SrBj, SrNin, SrLal, SrLa2 w SrVen (Mclntosh
et al., 1995; Adhikari, McIntosh, 1998). Ilpuuem rensr SrBj
u SrVen KOHTPONMPYIOT YMEPEHHYIO BOCIIPHUMYHBOCTD B
CTaJMK MPOPOCTKOB B TOJIEBBIX YCJIOBHSX, a r'eHbl Srlal,
SrLa2 onpenensioT yCTOMYMBOCTE B CTAANU MTPOPOCTKOB KaK
B ITOJIEBBIX YCIOBUSIX, TaK U B yciaoBusx Terunis! (Adhikari,
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Mclntosh, 1998). I'ensl Sr27, SrSatu KOHTPOIUPYIOT yCTOHYH-
BOCTB B TE€UCHHE Bcel BereTanuy pacteHni (Singh, Mclntosh,
1988). HecmoTpst Ha TO uTo rens! Sr27 u SrSatu cautaior an-
nenbHbIMU (Singh, Mclntosh, 1988), onu pasusie no sddek-
THUBHOCTH K BO30YIUTEITIO cTeOIeBOH paKaBunHbI. B HacTosee
BpEMS B CapaTOBCKOHM MOMYISIMU WAET HAapacTaHHE cojep-
JKaHWSI BUPYJICHTHBIX MATOTUIOB P. graminis f. tritici x reny
Sr27 (82016 1.—10 %, 82019 . — 20 %, B 2020 . — 90 %), B
TO BpeMsI KaK He 00HapY KUBAIOTCS MATOTHITBI, BUPYJICHTHBIE
K SrSatu (Konbkona, 2021).

Pe3ymiprare HaIMX MccienoBanmii rena SrSatu 'y J116 mon-
TBEPKJIAIOT BBIBOJIBI O ero 3¢ dexTuBHOCTH. bonee Toro, BbI-
sIBJIEHA TaKke 9 PEKTUBHOCTH TPOTHUB NOIYISIMHU P. graminis
f. tritici ¢ copra Hagmpa, cobpannoii B Tatapcrane: IT = 1,
B TO BpeMst Kak y nuHuu ¢ Sr27 IT = 2*. Pesynbrarsl coBna-
JIAI0T C JAHHBIMU UCIIBITAHUS APYTUX JIMHUN IPOBOM MATKOU
muenunsl, J1968 = Satu/S70//S74/3/S70/4/S70 n J1935 = Satu/
S70//S70 ¢ 3R(3D), oT ckpenuBaHuii copTa TpUTHKAIIE Satu
¢ copTamH sipoBoii Marko# menuisl cenexkunu @AHIL FOro-
Bocroka nuHNM nokasanyu Tun peaknuu «0» Ha MOIMyIISIHIo
¢ copra Hanupa (bapanosa, HeolryOIMKOBaHHBIE JaHHbBIE) U
oneHky «—0» k pace Ug99 P. graminis f. tritici (bapanosa
u ap., 2024). B mammx uccrnempoBaHusax auHus JI16 Opia
YCTOWYMBA TaKkKe K CapaTOBCKUM MOy sinusaM P. triticina
Kak BO Bpems BoiAencHus cudcos ¢ 3R(3D) u 3D3D xpomo-
COMHBIM COCTAaBOM, TaK U B TIOJIEBBIX dKCTIepuMeHTax B 2023
n 2024 rr.

Takum obpazom, reusl SrSatu/LrSatu B xpomocome 3R y
ymann J116 BeicokodddexkTuBHBI TpoTHB P. graminis f. tritici
u P, triticina B nonynsiuusix u3 HuwxueBomxckoro u Cpenne-
BOJIKCKOI'O PETUOHOB, 4 TAKIKE YCTOWYMBBI K IMHEUKE 1aTOTH-
noB Ug99 P. graminis . tritici. CiemoBaTenbHO, TIPH TepeHoce
xpoMocoMmsbl 3R oT copTa Tputukane Satu B TeHOTHIIBI SPOBOH
MSATKOW TIIeHUIbl JuHuK JI16 He Hapymuiaach SKCIPECCHs
TeHOB yCTOWYnBOCTH SrSatu/LrSatu. Harmm nOMBITKA HACHTH-
(bukanuy reHoB Sr B aHaIM3upyemoit muaun JI116 ¢ nernons3o-
BaHHEM MOJICKYJIIPHBIX MapKepoB AJ1s reHOB Sr2, Sr24, Sr25,
Sr28, Sr31, Sr32, Sr36, Sr38, Sr39, Sr47 v Sr57 BLIIBUIN UX
orcyrcTBue. bruto mokaszano, uro JI16 Hecer cBoit (SrSatu)
HenaeHTH(HULIMPOBAHHBIN reH ycToiunBocth. K coxalenuto,
K HacTostmemy Bpemenu HeT JJHK-mapkepa mns renos Sr27
n SrSatu (Mclntosh et al., 2013).

B Hammx uccie0BaHusIX IIUTOJIOTHYECKON CTa0MIBHOCTH
y muauit JI16 u JI17 BeIsBIIeH pA HapyIISeHNH BO BpeMs IIPo-
X0 IeHns (a3 Meiio3a. OHaKo 10 MEHOTHYECKIM HHIEKCAM
y JI16 (3R(3D)) u JI17 (3D3D) — 95 1 94 % cOoOTBETCTBEHHO
9TH JIMHUM XapaKTepHU3yroTcsl Kak crabmibHbIe. ECTh 0CHO-
BaHMS NPEIIoararh, YTo oTcyTcTBHe reHa Ph2 y JI16 (myn-
JICOMHOE COCTOSIHHE 10 XpoMocoMe 3D) KoMIteHcHpoBaioch
HaJIM9HeM XpOMOCOMBI 3R pykr IOCEBHOI 1 1O CTaOMIBHOCTH
(a3 meiioza JI16 ne ommuanacs or JI17.

K coxanenuto, B 1OCTynHOIl HaM JHUTepaType MBI HE
HAllUTH HU OJTHOTO MCTOYHHKA, IIe ObI M3y4asoCch BIIHSHUE
xpoMocoMsbl 3R oT copra TpuTHKane Satu B TEHOTHIIAX SIPO-
BOU MSATKOH IIIEHUIbI HA IPOLYKTUBHOCTb 36pHA U Ka4€CTBO
MyKH, xJ1e6a. OTHAKO NCCIIETOBAHO BIMSHIE XPOMOCOMBI 3R
ot muann 86-741 (F¢ rexcamnongnoe tputukaite Guangmai 74
(AABBRR)/Fan 6 (msrkast miiennia)). Yuensie usydanu 185
Fg pekoMOMHAHTHBIX MHOPEIHBIX TMHUH OT CKPEIIUBAHUS
copra msrkoi nmenuipl Chuanmai 42 Ha nmaMI0 86-741.
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Xpomocoma 3R maentudunuposanacs metogamu FISH u
GISH (Wan et al., 2023). O6napy>xeHO0, 9TO 3aMeIlIeHne
3R(3D) 3naunMo ymeHbInaer ypoxai 3epaa, maccy 1000 3e-
PEH, KOJINYeCTBO KOJIOChEB Ha PACTEHHUE, BEC 3epHa C KoJloca
1 HEHTpaIbHO BIUSET Ha KOJHMUYECTBO 3epeH ¢ komoca (Wan
etal., 2023).

B Hammx vccienoBaHusIX TaKkKe OTMEYCHO YMEHBIICHHE
Macchl 1000 3epeH, ypoxxaliHOCTH 3€pHa, HO TIOKa3aHbI HE-
TpaJIbHOE BIMSHKE Ha BEC 3€pPHA C KOJIOCA, KOJIMIECTBO 3€peH
C KOJIOCA, 03€PHEHHOCTh KOJIOCKA M 3HAYMMOE TOBBIIICHHUE
IUIOTHOCTH Kojoca. Takum oOpa3oM, €CTb HEKOTOpOE pac-
XOK/IeHHe 1o BimsiHUIo 3aMernenns 3R(3D) Ha Bec 3epHa ¢
Kostoca. Bo3aMOXKHO, 3TO BBI3bIBAETCS PA3IMUUSIMU TEHOTHIIA
MSTKON MIIEHUIBI, B KOTOPOM H3Yy4aloCh 3TO 3aMEICHHUE.
Kpome Toro, HeoOXomuMo yuuThIBaTh 3()(PEKT HYUTHCOMUHN
no 3D. B nHopme 3D siBnsieTcss HOCUTENEM TOMHHAHTHOTO
reHa cepoxokkongHoctu S-D/a (Mclntosh et al., 2013),
COOTBETCTBEHHO, HYJZIACOMHOE COCTOSTHHE 3TOH XPOMOCOMBI
ornpeneseT pereccuBHoe cocTosiHue reqa S-D1b. M3BecTHO
o tueiiorponHoM 3¢ dexte rena S-D1b, KOTOPHII yMEHb-
HIaeT BBICOTY pacTeHUi, AIHHY Konoca, Maccy 1000 3epen,
YBEJIMUYMBACT IJIOTHOCTH Kosoca (Sears, 1947, no: Salina
et al., 2000). Bce »Tu moka3areiay Mbl OTMETHIIN Y JHMHUN
JI16 (3R(3D)). Ucxons n3 31010 €CTh OCHOBAHUE OKU/IATD,
4yt0 Mopdobuoornueckue npusHaku y JI16 hopmupyrorcs
IIPU COBMECTHOM BIIMSTHUM PELIECCHBHOTO COCTOSIHUSI T'€Ha
S-D1b v npsimoro neiictBust Xxpomocomsl 3R.

OtcyTcTtBHe XpoMocoMbl 3D u Hammuue XxpomocoMsl 3R
y JI16 moBmsI0 HA TMOKAa3aTeNnd KadecTBa MyKH W Xieba.
B 0CHOBHOM IPOM30IIIO YXYIIICHNE 3THUX ITOKa3aTeel 1o
cpaBHeHuto ¢ JI17. 3HaunMO MOHU3UIUCH MOKazarenb SDS
CeIMMEHTALNH, YIIPYTOCTh TeCTa U cuiia Myku. 1o ocrans-
HBIM TIPU3HAKaM — «CofepKaHue Oellka B 3epHE», «cojep-
JKaHWE U KPerocTh KieikoBuHb (110 npudopy UAK-3M),
«OTHOIIIEHUE YIPYTOCTH K JUTMHE TECTa», «00beM Xieba» 1
«ITOPHCTOCTH» — OTMEUEHO HE3HAYNMOE ITOHIKEHHE.

3aknioyeHune

Jlunust sipooit msirkoit mmennis: JI16 (3R(3D)) necer Brico-
K02((heKTUBHBIE T€HbI yCTOIYMBOCTH K BO30YAUTEISIM JINCTO-
BOM 1 cTe0JIEBOM P’KaBUMH, TIPUBIICKATEIbHBIC JJISl CETICKIINT
Ha IMMYHHTET K TaTOT€HaM MSTKoi niieHuls! B PO. Oxgnako
B 1I€JIOM IO KOMIUIEKCY XO3SHCTBEHHO IIEHHBIX MPU3HAKOB
9Ta MUHUSA TpeOyeT HambHEeHIel paboTHI IO ee YIyqIIeHHIO.
OTO BO3MOXKHO TIPH YMEHBIICHUH KOJIMYECTBA TyXKEPOIHO-
ro Marepuaia, T.e€. 3a CUeT IOJyYCHHUs] PeKOMOMHALMH HITH
TPAHCIIOKAIUI MEXy XPOMOCOMAaMH MSTKOH TIIEHUIBI U
xpomocomoii 3R, a Taxoke moadopa reHoTHIIa MSATKOH MIIeHH-
11bl, KOTOPBIH OyJIeT KOMIIEHCHPOBATh OTPHLIATEILHOE BIIMSIHUE
XPOMOCOMBI P>KH Ha TIPOLyKTHBHOCTH 3€PHA M KAYECTBO MYKH
u xieoa.
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AHHOTauuA. MMHepanbHbI COCTaB 3epHa MNLEeHNLbl UrPaeT KoYeBYIO POSb B OnpefeNieHnI ero nuTaTesibHOW LieH-
HocTu. B paHHol paboTe NpoBefieHa oLeHKa Konnekumn 13 133 CopToB 1 CeNeKUMOHHbIX JIMHWI APOBOIA TBepAON
MNLWEeHNLbl OTEYECTBEHHOIO M MHOCTPAHHOIO NMPOUCXOXAEHWA MO COAEPXKaHMI0 B 3epHe MakpoanemeHToB (Ca, Mg,
K), mukpoanemeHToB (Cu, Mn, Zn, Fe, Na) n TokcnuHbix metannos (Pb, Cd, Cr) npu BblpalynBaHUN B SKONOTMYECKUX
ycnosusax Camapckor n HoBocnbrpckon obnacteir. Pe3ynbTtaTbl MoKasanu LWWNMPOKUIA pa3Max BapbMPOBAHMNA KOHLEH-
Tpaummn BCEX N1EMEHTOB B 3aBUCUMOCTY OT FEHOTUMMYECKUX Pa3fiMumnin mexay obpasuamm 1 pervioHa BbipaLiBaHuA.
3HaumnTenbHOE npeBbieHne KoHueHTpauun Ca n Mg B 3.1 1 1.5 pa3a COOTBETCTBEHHO OTMEYEHO Y COPTOO6Pa3L0B,
BblpaLleHHbix B Camapckoi obnactu. KynbTmBmpoBaHue 06pa3uoBs B ycnoBuax HoBocnbupckon 061acTvi ConpoBoxX-
[anocb npesblleHnem cogepxaHua Zn, Pb n Cr B 3epHe 6onee uem B fiBa pa3a. CTaTUCTNYECKMIN aHann3 cogepx aHmns
MUHEpPanbHbIX 37IEMEHTOB Y 06pa3sLi0B Pa3NYHOIO MPONCXOXKAEHUA CBUAETENBCTBYET O TOM, UTO POCCUINCKIME Cenek-
LIMOHHbIE NMHUI OCTOBEPHO MPEBbILLAIOT OTeYeCTBEHHble CopTa No coaep»kaHuto Mg, HO MPK 3TOM YCTYNaloT MO KOH-
ueHTpauymm K, Cu n Mn. Coptoo6pasLibl UHOCTPAHHOW CeNeKLMM OTINYAINCD OT POCCUIACKUX COPTOB M NIHUIA MOBbI-
WeHHbIM cogepxaHmem K n Taxkenbix meTannos Cd v Cr. AHanu3 Koppenawuuii, NpoBefeHHbI Ha OCHOBaHWM CPeaHNX
3HayeHWI NoKasaTesnel No AByM permoHam, ykasblBaeT Ha Hanmure BbICOKOJOCTOBEPHBIX (p < 0.001) MONOXUTENbHbBIX
B3aMMOCBA3€eN MeXAay copepxaHneM MukposnemeHTos Fe/Mn (r2 = 0.69), Fe/Zn (r2 = 0.49) n Zn/Mn (r2 = 0.46), uto
npegnonaraeT BO3MOXHOCTb MNPOBeAeHNs 0TO0pa reHOTUMOB MO HECKOJNIbKMM 3f1IeMEHTaM OAHOBPEMEHHO. MHoro-
MEpPHbI CTaTUCTUYECKINIA aHann3 pasaenvn obpasLbl Ha fiBe rpynrbl, OAHa 13 KOTOPbIX BK/lOYana poccuinckmne copra
N CeNneKLMOHHbIE NIMHUM, @ TaKXKe YaCcTb MHOCTPaHHbIX 06pa3uoB. OTAeNbHbIN KNnacTep COCTOAN U3 CEMM POCCUNCKINX
CeNeKUMOHHbIX JIMHWUIA, PAaCONOXEHHbIX AVCTAHTHO OT OCTallbHbIX 06Pa3sLi0B, YTO NpefnonaraeT Ux PasfMumns Ha re-
HeTnyeckoM ypoBHe. CpaBHeHMe 3TUX IMHWIA MO MUHEPanbHOMY COCTaBy MOKasasno, YTO JIMHWMW B CPeiHEM XapaKTe-
pu3yioTca 6onee BbICOKMMU KoHUeHTpauuamu Mg, K, Zn v Fe. laHHble MO cofiepkaHnio MUKPO- Y MaKpO3SIEMEHTOB
B 3yUYEHHbIX COPTOO6Pa3Lax APOBOI TBEPLON NLIEHMLbI MOTYT ObITb MCMOMIb30BaHbI Af1A reHeTUYEeCKNX NCCefoBa-
HUI Y NPaKTUYeCKo ceneKkumm Ana ynyyleHna CyLwecTBYOLWMX COPTOB MO M1HEPaNbHOMY COCTaBY.
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Variability of the mineral composition of durum wheat grain
(Triticum durum Desf.) under different environmental conditions

Abstract. The composition of wheat grain plays a key role in determining its nutritional value. In this work, a collection
of 133 durum wheat varieties and breeding lines was assessed for the content of macroelements (Ca, Mg, K), microele-
ments (Cu, Mn, Zn, Fe, Na) and toxic metals (Pb, Cd, and Cr) in grain under the environmental conditions of Samara
and Novosibirsk regions in 2023. The results showed a wide range of variations in the concentration of all elements
depending on genotypic differences between the samples as well as the growing region. Ca and Mg contents in the
varieties grown in Samara region showed a significant excess of 3.1- and 1.5-fold, respectively. Zn, Pb, and Cr content
in the varieties cultivated in Novosibirsk turned out to be two times as high. Statistical analysis of element concentra-
tions in the varieties of different origin indicates that Russian breeding lines significantly outperform Russian culti-
vars in Mg content, while being inferior in K, Cu, and Mn. Compared to Russian cultivars and breeding lines, foreign
varieties demonstrated higher contents of K and heavy metals Cd and Cr. Correlation analysis using mean values of
indicators for two environments showed highly significant (p < 0.001) positive relationships between the content
of microelements Fe/Mn (2 = 0.69), Fe/Zn (r? = 0.49), and Zn/Mn (r? = 0.46), which suggests a feasibility of selecting
genotypes for several elements at once. Multivariate statistics divided the durum wheat collection into two groups,
one of them including Russian cultivars and breeding lines as well as some foreign genotypes. A separate cluster
included seven Russian breeding lines placed at a distance from the other varieties, which suggested their potential
differences at the genetic level. Comparing these lines with respect to mineral composition showed that they were, on
average, characterized by higher Mg, K, Zn, and Fe contents. The data obtained in this study can be used for genetic
research and breeding to improve the grain mineral composition of the modern durum wheat varieties.

Key words: durum wheat; macroelements; microelements; heavy metals
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BeepeHmne
MuHepanbHble MUKPO- H MaKPOJIEMEHTBI HMEIOT OOJIBLIOE
3HAYCHUE B MOAJICPIKAHUN JKU3HEICATEILHOCTH OpraHu3Ma
YeJIOBeKa U OKa3bIBAIOT CYLIECTBEHHOE BIUSHUE HA €0 3710~
poBbe. OyHKIMOHAIBHAS POJIb OOJIBIIMHCTBA MUHEPAIBHBIX
5JIEMEHTOB Pa3HOOOpa3Ha 1 3aKIIFOYACTCSI B yHaCTUH B Pa3ny-
HBIX (DEPMEHTATHBHBIX PEAKIMIX B Ka4eCTBE KO(AKTOPOB, B
OKHUCJIUTEIBHO-BOCCTAHOBHUTEIBHBIX PEAKLIHUSX IIPH IIEpEHOCe
SJICKTPOHOB, CBSI3BIBAHHM M TPAHCHOPTHUPOBKE KUCIOPOJA
B TKaHiIX, BO B3aHMOHeﬁCTBHH MOJIEKYJI C PEUCIITOPHBIMHA
CTPYKTypaMH KIETOK M PETYISIUN dKCIpeccun TeHoB (Sigel
etal., 2013; Jomova et al., 2022; Islam et al., 2023).
Hecmorpst Ha BakHYIO pOJib MUHEPAJIbHBIX BELIECTB, IS
HOPMAJIBHOTO (D)YHKLIOHUPOBAHUS OPraHN3Ma HEOOXOIUMBI
OINITHMAJIBHBIE 103bI, TOCKOJIBKY Kak H30BITOK, TaK M HEA0CTa-
TOK OTACJIbHBIX MUHEPAJIOB MOXKET MMPUBOAUTH K PA3JIMYHBIM
(hu3noIOTUIeCKUM paccTporcTBaM. Jlehurmr makpoIneMeH-
TOB, TAKHMX KaK KaJIbINI, MarHUH, KaJIvi, BEI3BIBACT HApyIIIe-
HUC pa6OTBI MBIIIEYHOUN CHUCTEMbI, UBMCHCHNE IOPMOHAJIb-
HOT'O CTaryca M NPUBOIMT K IOSBICHHIO 3JI0KA4€CTBEHHBIX
omyxouieii (Zoroddu et al., 2019; Ali, 2023). dedumur xemne3a,
BXOJISIIIIETO B COCTAB OEJIKOB M3 KJlacca reMONPOTEnHOB, Ta-
KHX KaK TeMOTIIOONH M (epMEHTHI METa0OIH3Ma SHIOTCH-
HBIX COEIMHEHUH U KCEHOOMOTHKOB, — OJIHA U3 TIPUYHH aHe-
MUH, CEPIEYHO-COCYIUCTHIX 3a00IEBaHUNA U PAacCTPONHCTB
nmmyHHOHU cuctemsl (Camaschella, 2019; Dixit et al., 2020).
Henocrarok morpeOneHnst IUHKA BICYET 32 COOOH 3aepiK-
Ky poCTa M MOJIOBOTO pa3dBUTHA, CHH)KCHUE UMMYHHUTETA U
pasmuuHble cuxnyeckue HapymeHus (Hambidge, 2000).
K cumntomam pedunmra Meu MOXXHO OTHECTH pa3iinuHbIe
MOpaXXE€HHA CYyCTaBOB, HAPYIICHUE MUIMCHTAIIUU KOXHU U
Boroc (Olivares, Uauy, 1996). C npyroii cTOpOHBI, H30BITOY-
HOE TIOTpeOJIeHNe INHKA, JKeJie3a U M MOKET MTPUBOAUTD
K Gubpo3y U IUPPO3y MEeUEHHU, HEUPOJETEHEPATUBHBIM pac-
CTpOiicTBaM, HAPYLICHHIO IMMYHHBIX U KOTHUTHBHBIX (DyHK-
i u TsokensiM popmam anemuu (Wessling-Resnick, 2017;
Schoofs et al., 2024).
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Kpome MUKpO- H MaKpOdIJIEMEHTOB, HEOOXOIUMBIX IS
JKU3HEICSITCIBHOCTH B ONITUMAJIbHBIX KOHIICHTPAIHSIX,, YSJI0-
BEK MOABEPTACTCS BO3ACHCTBHIO Psila TOKCHYHBIX METAIIIIOB
(cBUHEN, KaAMUH, PTYTh, XPOM, AFOMHHHN), KOTOPBIE MO-
I'yT MOCTYNaTh B OPraHU3M Yepe3 MUIICBbIC MPOIYKTHI U
OKa3bIBaTh HETaTUBHBIN APPeKT. K 0CHOBHBIM MeXaHH3MaM
TOKCHUYECKOTO JIEHCTBUS TSHKEIBIX METAJIOB OTHOCST MUTO-
XOHJIPHUAJIBHBIN aI0INTO3, BMEIIATEILCTBO B PA3IMYHBIC CUT-
HaJBHBIC ITyTH U OKUCIUTEIBHBIN CTPECC, M3MEHEHHE Pery-
TSI aKTHBHOCTH TEHOB 32 CUCT PA3ITUYHBIX ITOBPEIKICHHHA
JIHK, 4To npuBOIUT K pa3BUTHIO XPOHUUECKHX 3a001€BaHN I
1 BO3HMKHOBEHHIO pakoBhIx omyxoneit (Kiran et al., 2022;
Jomova et al., 2025).

OCHOBHBIC UCTOYHUKHU MOCTYIUICHUS B OPraHU3M 4Yelio-
BEeKa MHHEPAIIbHBIX BEIIECTB — MUINEBbIC MPOTYKTHI. Jliis
OOJBIIIMHCTBA HACEIICHHSI 36MHOTO IIapa MPOIYKTHI ITUTAHS,
MIPOU3BOJIIMBIC U3 MSATKOH U TBEPIOH IMIIICHHUIIBI, SBISIFOTCS
TJIABHBIM ITOCTABIIUKOM O€llka, BATAMUHOB M MHUHEPAJIHHBIX
BemecTB. Msrkas nennna (7riticum aestivum L., 2n = 42,
reaoM AABBDD) npuHaiIe:)KUT K 4UCITy HAanOOJIee IICHHBIX
TIPOZOBOIECTBEHHBIX 36PHOBBIX KYJIBTYP M 3aHUMAET BETyIITHe
MTO3UIIAHU B OONBIIIMHCTBE CTpaH Mupa. EsketHeBHOE TOTpEO-
JICHHE TMPOIYKTOB U3 MATKOH MIICHUIBI TACT YCIIOBEKY 110
20 % neobxonuMbIX Kasmopuit u 1o 10—15 % xene3a u nmuHKa
(Tadesse et al., 2019; Aghalari et al., 2022).

Teepnas muenuna (7riticum durum Desf., 2n =28, renom
AABB), B omiimune OT MSTKOW, SIBJSETCS €AWHCTBEHHBIM
CBIPHEM [UTS U3TOTOBJICHUS MAaKapOHHBIX H3CIUH BBICOKO-
IO Ka4eCTBa, C STHTAPHBIM LIBETOM M IPEBOCXOIHBIM BKYCOM.
3epHO TBEPIO MIIEHUIIBI XapaKTepH3yeTcs 0oiee BEICOKUM
cofieprkaHUeM OeJka; 3HAYUTEIILHOE YHCIIO KYTETHBHPYEMBIX
COPTOB TBEPIOH MIIICHHIIBI TPEBBIIIACT COPTA MIATKOM MIICHHU-
ITBI TTO COZICPIKAHUIO IIMHKA, KeJle3a, KAJbIs, MaTHUS U JIPY-
rux MuHepaibHbIX BemecTB (Cakmak et al., 2010; Del Coco
etal., 2019; Saini et al., 2023). K 0CHOBHBIM IIPOX3BOUTEIISIM
1 TOTPEOUTENAM MTPOITYKIIMH U 3€pPHA TBEPOH MIIICHUITBI OT-
HOCsITCS cTpaHbl Cpenn3eMHOMOPCKOro Oacceitna: Mramnms,
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Typuwus, I'penust, Tynuc, @paniys, re cocpeoToueHo donee
50 % 3anaTeIx miomangei. Cpeny Opyrux perHoHOB BbIpa-
IIIMBAaHUS TBEPIOH MINICHUIBI KPYITHBIMHU TPOM3BOAUTEISIMA
seisitorcest Kanana, CIIA, Mekcuka, Munus u Kazaxcras.
Poccus mo cepenunpt XX B. OblTa OTHAM W3 KPYITHBIX TIPO-
W3BOJUTENCH TBEPIOH MIIICHUIIBI ¥ 3aHUMAJIa ICPBOC MECTO B
MHUpE TI0 TIOIAJISIM [TOCEBOB, KOTOpBIE HocTUrany 20 MIIH ra
(Martinez-Moreno et al., 2022; MansaukoB, MsICHHKOBA,
2023). 3HaunTeNFHOE COKpAIeHNE OCEBOB M cOopa 3epHa
npousonuio B Hayane 1990-x ronos nocne pacnaga CCCP; B
HaCTOsIIIee BpeMs 3aHNMaeMble TBEPIOH MIICHHIISH III0Maan
oreHuBaroTCs B ~ 0.5 MiTH ra, uTo cocrassieT He 6oinee 1.7 %
ot MupoBbIX noceBoB (I'onuapos, Kypamos, 2018).

B nocnenane ronsr 00IbII0€ BHUIMAHHUE YACTACTCS YIyd-
IICHUIO0 MUHEPAJIFHOTO COCTaBa 3epHA MIICHHIEL. B pamkax
CCJICKIIMOHHBIX MPOTPaMM M0 OMO0OOTAIICHUIO 3epHA TIIIe-
HUIIBI OBUTH CO3/1aHBI 00PAa3IIbl MATKOW MIIIEHUITH! C TEHETH-
YECKU 00YCIIOBJICHHBIM IMOBBIIICHHBIM COICPYKAaHHEM ITHHKA
u xene3a (Khokhar et al., 2018; Virk et al., 2021; Tanin et al.,
2024). PaboTsl o momy4eHuio 610000TaleHHBIX CETeKITHOH-
HBIX JIMHUIA MSTKOW MIICHUIIBI ¥ IOMCKY JTOHOPOB BBICOKOTO
coziepkaHus OeJIKa, MUHEPAJIOB U aHTHOKCHIAHTOB BEAYTCS U
B Poccniickoit @enepanuu (Morgounov et al., 2022; Potapova
et al., 2023; Gordeeva et al., 2024). beun cucTemMaTH3UpoO-
BaHbl JaHHBIC 10O MHOT'OJICTHUM HCHBITAaHUAM CTAapOJaBHUX,
COBPEMEHHBIX COPTOB, CETEKITMOHHBIX H HHTPOTPECCUBHBIX
JUHANA MSATKOW TIICHUIBI 110 MPU3HAKAM KauecTBa 3epHA U
MHHEPAIILHOMY COCTaBY, HA OCHOBaHUU KOTOPBIX BBIACIICHBI
00pasIel ¢ MeNeBBIMA MPU3HAKAMHU IUIS MCIIOIB30BAaHUS B
ceneKIMoHHBIX cxeMmax (Shepelev et al., 2022; Orlovskaya et
al., 2023; Leonova et al., 2024; Shamanin et al., 2024). Yto
KacaeTcs TBeP/IOH MIIIEHHIIBI, TO aHAJIOTHIHBIE paObOTHI B 00-
JACTH U3YUYCHHS TCHETHICCKOTO Pa3sHOOOPa3Hs POCCUHCKUX
COPTOB U CCJICKIIMOHHBIX JIMHUH 110 MUHEPAJIBHOMY COCTaBY
3epHa mpakTHaecku oTcyTeTByIOT (IToTomkas u mp., 2023; Co-
4ayioBa u zip., 2023).

Lenp HacTOsIIIIEH PAOOTHI COCTOSIIIA B U3YyYCHUH TeHETHYE-
CKOH BapraOeTbHOCTH KOJUIEKIINH COPTOB U CENEKIIMOHHBIX
JUHAN SPOBOW TBEPIOHN MIIICHUIIBI TI0 COACPIKAHUIO B 3¢PHE
MHUKPO- (LIMHK, KeJIe30, MeJib, MapraHell) 1 MaKpO3JICMEHTOB
(KaJbITMiA, MAarHUH, Kauii) 1 TOKCHYHBIX METaJIOB (CBUHEII,
KaJMHI, XpOM) B 3KOJIOTHYCCKUX yCIOoBUsX Camapckoil u
HoBocubupckoii oonacTei.

MaTtepwuanbi n metopbl

PacTurenbHbIii MaTepHas U yCJI0BHS MOJEBbIX HCIBITA-
Huii. B pabote ucmonp3oBana xomtekus u3 133 oOpasmnos
TBEPJOH MIIEHUIIBI, KOTOpast BKJIIoYaa 35 poCCUHCKUX COp-
TOB, 68 POCCUICKUX CENICKIIMOHHBIX JIMHUH, 29 copTooOpas-
I[OB MTHOCTPAHHOTO MPOUCXOXKICHNS X TYPAHCKYIO MIIEHHUILY
Xopacan (ITpunoxenne, tabn. S1)!. Cpean poccuiickux
CEJISKIIMOHHBIX JIMHUKA 39 00pa3ioB co3nano B Camapckom
HUNCX, 29 o6pa3noB MMeTH TPOUCXOXKACHHE U3 IPYTUX
CENIeKIIMOHHBIX HEeHTPOB. OOpasIbl BBIPAIIUBAIIH B yCIOBHIX
HoBocubupckoii u Camapckoii oonacreii B 2023 r. [Toces 006-
pasioB B ycrnoBusax HoBocnbupckoit 001acT mpoBOTMIN Ha
noiie CuOHUNPC — pummmana ULul CO PAH (54°54'51.4"N,
82°58'37.1"E). [1ouBBI ONBITHOTO y4acTKa IPEACTABIEHBI B

T Ta6n. S1-54 MpUNoXeHa CM. Mo aapecy:
https://vavilovj-icg.ru/download/pict-2025-29/appx27 xlsx
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BapuabenibHOCTb MMHEPaIbHOrO COCTaBa 3€pHa TBEPAON NLLEHNLbI
(Triticum durum Desf.) B pa3nunuHbIX 3KONOMMUYECKUX YCIIOBUAX

OCHOBHOM Y€PHO3eMaMH BBIIIEIIOYEHHBIMH, CPETHEH MOIITHO-
ctu. CoziepkaHne ryMyca B BEpXHEM CIIO€ TIOUBBI COCTABIIACT
5.7-6.9 %. I1o copeprkaHnIo NOABMKHBIX (POCHaTOB U KaJIHs
oYBbI BeIcOKoOOecneueHHbIe. Comepikanue Ha 100 r moyBbI:
P,Os5 — 42 mr, K,O — 35 mr. Coneprxanne oOrmiero a3ora B
mouse niepen noceBom 0.31 mr/kr. [ToceB poBommmm 15 mMast
BPYYHYIO B 00p03/bl Ha TIyOuHy 5—7 cM. Pa3mep nensHku
0.4 M2, B IByX TIOBTOPEHHSIX.

OkcniepuMenTanbHbIe ot Camapekoro HUMCX, dunmana
CamHII PAH, pacnionoxxens! B 11. . T. bezenuyk (52°05'85.5"N,
49°02'55.9"E). OcHOBHas 9acTh MOYB TPE/ICTaBICHa OOBIK-
HOBEHHBIMH YEPHO3EMaMHU, CPE/IHE- U TSKEIIOCYTTIHHICTOTO
MexaHuuyeckoro cocrara. CopeprkaHue rymyca COCTaBIIsSeT
B cpeaneM 4.8 %, azora — 5.9 Mr/kr, pocdopa — 279 Mr/kr,
kaymst — 203 Mr/kr. CopTrooOpasiibl ObLTH MTOCESTHBI PEHAOMH-
3UPOBAHHBLIM Pa3MENICHUEM Ha JENSHKAX [UIOMAIBI0 7.4 M2,
B kauecTBe crangapra Ha 0OOMX TONSX HCIONB30BAH COPT
besenuykckas 210.

CpaBHEHHE KIMMaTHYECKUX YCJIOBHUI BETETAallMOHHOIO
MepHo/ia B PETHOHAX CO CPEHEMHOTOIETHUMH 3HAUCHUSMHU
poZeMOHCTpHpoBano, 4ro B 2023 r. B HoBocubupckoii 00-
JIACTH OTMEYEHBI IOBBILICHHBIE TEMIIEpaTyphbl BO3/lyXa B Te-
YEHHE BCETr0 BETeTAMOHHOTO MEePHOJa B CPEAHEM U JIUIIb
BO BTOPOM JieKaJiec Masi ¥ aBrycTa TeMIeparypbl ObIIIN HIDKE
cpennemuoroietHux (—1.3 u —2.0 °C k cpeqHeMHOroneTHe-
My 3HadeHnio) (Tabi. S2). Camoe 3Ha4UTENFHOE TPEBHIIICHIE
(+8.4 °C) cpeaHEeMHOTONICTHUX 3HAYCHUH TeMIIepaTyphl OT-
MEUEHO B MEePBOM JIeKajie UIOHS, IIPU 3TOM OCAJKOB 3a JaH-
HBII IEpHO/ BEITANO JIUIIb 27.8 % OT CpeTHEMHOTOJIETHETO.
B nienom nepBast H0JIOBHHA BETETAMOHHOTO ITepruoaa (Maii—
UIOHB) XapaKTePHU30BaJIaCh OCTPON HETOCTAaTOUHOCTHIO OCa-
koB (14.9 1 47.5 %), TorIa KaK B HIOJIe 0CAIKOB OBLIO B TIpe/e-
nax HopMbI (102.1 %), a B aBrycre — 3HaYUTEIBHO OOJIBIIIE
cperHeMHoroneTHUX 3HaueHu# (167.6 %). B Camapckoit
0051acTH B 11€JIOM B IIEPUOJ BETETAIIMN UMET MECTO Ie(DUIIUT
0CaJIKOB Ha ()OHE YMEPEHHBIX TeMIIepaTyp. 3a BEreTalnio —
OT BCXOZIOB JI0 BOCKOBOH CIEJIOCTH — KOJIMYECTBO OCAIKOB
coctaBmwio 89.3 MMm. 3a BeCh MepHOA BEeTeTallMU Hanboiee
OnaronpusATHBIE YCIOBHS JUIS MPOAYKIIMOHHOTO TIpoliecca
TBEPAOH NIIEHULBI CJIOKUINCH B IIEPBOM U TPEThEN JeKagax
WIOHS B NIEPHO/IBI BBIXOJA PACTEHUH B TPyOKY M KOJIOIIEHUS
COOTBETCTBEHHO.

Onpenenenne coaepaHusa MUKPO- M MAKPO3J1eMeHTOB
U TSI7KeJIbIX MeTaJJI0B. 3epHO 00pa3I0B TBEPAOH MITEHHUIIBI
AQHAIM3UPOBAIIN IO COJCPIKAHUIO BOCBMU MUKPO- M MaKpo-
ANIEMEHTOB (IIMHK, JKeNe30, Me/lb, MapraHell, HaTpui, Kajb-
I, MarHWH, KaJuil) ¥ TpeX TOKCHYHBIX METAJIIOB (CBUHETI,
KagMu# 1 Xxpom). J{ist aToro Kk HaBecke 3epHa Maccoit 300 Mr
nob6asisiu 1 M nepekucu Bogopoza (60 %) u S mit KOHIEH-
TPUPOBAHHON a30THON KHCIOTHL. MUHEpaInu3amuio npod
MIPOBOJWIIA B MUKPOBOJIHOBOH Ieuu B TeueHue 40 mu. lanee
00beM mpoOs! ToBoamIH 10 50 MJI JCHOHM30BAaHHON BOIOU
U JIUTsI I3MEPEHHUS KOJIMYECTBA SJIEMEHTOB NPO0OY Pa3BOIMIIH
B 50 pa3. AHanmu3 cofepKaHnsl XMMUYECKNX BEIIECTB IPO-
BOJMJIM METOJIOM aTOMHO-a0COPOIIMOHHOW CIEKTPOMETPUH
(AAC) c arommzarmeii B otaMern Ha ipuoope ContrAA 800 D
(Analytik Jena, I'epmanmust). AHanmu3 Kaxa0ro odopasna BbI-
MOJTHEH B 2-KPaTHOH MOBTOPHOCTH.

CrarucTunyeckasi o0pa6oTka pe3yabTaToB. CTaTHCTH-
YEeCKHI aHaJIN3 BBITIOJIHSIIN C HCTIOJIb30BAaHUEM ITaKeTa Ipo-
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rpamm Statistica v. 10 (StatSoft, Inc., CIIIA). Craructudeckas
JIOCTOBEPHOCTh PA3JIMUMNA MEXKy CPEIHUMH 3HAUCHUSMHU
MIPU3HaKa OLCHNBAJIH C TOMOIIBIO KpuTepreB MaHHa—YUTHH
u t-xputepus CrbrofenTa. [Tokazareny mpru3HaKoB BEIPaKEHBI
B BHJIE CpeIHUX 3HaueHuit (M) u cTaHIapTHOTO OTKIOHEHUS
(+ SD). /ly1s1 OLIeHKH BIMAHUS TeHOTUIA U (PaKTOPOB BHEII-
Heli cpe/ibl UCIIOJIb30BaU ABYX(DaKTOPHBII AUCIIEPCUOHHBII
anamm3 (ANOVA, Analysis of Variance). Bzaumocssisn Mexxay
rapamMeTpamu COAEPKAHMs Pa3IIMIHBIX HIIEMEHTOB OLICHUBAIIN
¢ moMolIkko Koppessiuit Cniupmana. J{jst anaiau3a rnosydeH-
HBIX PE3yJBTAaTOB METOIOM IJIaBHBIX KOMIOHEHT (principle
component analysis, PCA) 1 mocTpoeHus 1eHporpaMMBbI 3a-
neiicrBoBana nporpamma PAST v. 4.03 (Hammer et al., 2001).
Jlis mocTpoenus neHporpammel mpuMeHsn metox UPGMA
(unweighted pair group method with arithmetic mean); amns
OLIEHKH JIOCTOBEPHOCTH KJIACTEPU3AIIMU UCIIOJIb30BAIIN TECT
nepectaHoBku B 1000 urepariiii.

Pesynbratbl

Or1eHKa copepKaHusl MUHEPATIBbHBIX JJIEMEHTOB B 3€pHE TIPH
BBIPALIMBAHUN COPTOOOPA3IOB TBEPJOH IMIICHUIBI B yCIIO-
BUsIX 1BYX pernoHoB (Camapckas u HoBocubupckas oonacTn)
MOKa3asia 3HaYNTEIbHBIN HaNa30H BapbUPOBAHUS KOHIICH-
TpaLUii BCEX AJIEMEHTOB B 00pasiiax 1 pa3indus M0 KOHICH-
TpaLUH B 3aBUCHMOCTH OT PErHOHa BhIpalniuBanus (Tadi. 1;
Tabm. S1). Hanbomnee cymiecTBeHHBIE PErnOHATBHBIE PA3THIHS
OTMEYEHBI JUIsl TAKUX JIEMEHTOB, Kak Ca n Mg, conepxanue
KoTopbiX B Camapckoil o0acTH MPEBBIIIATI0 COACpPIKAHUE
7THX meMeHToB B HoBocmOupckoii obmactu B 3.1 u 1.5 paza
COOTBETCTBEHHO. /7151 00pa3IoB, BEIPALICHHBIX B YCIOBHAX
HoBocubupckoii 00:1acTH, yCTaHOBJICHO MTPEBBIIIEHHE 10 CO-
nepxananto Zn, Pbu Crs 2.5, 2.3 u 2.2 paza COOTBETCTBEHHO.
Bce paznuumst 1o KOHIIEHTpanuy AJIEMEHTOB B 00pasiiax Iiire-
HUIIBI MEXK/Ty perHoHaMu ObLTH A0cToBepHEI (p < 0.0001), 32
UCKJTIOYeHNEeM cofepkanus Na (cM. Tabm. 1), KoHIeHTpanus
KOTOpOoro ObllIa OJMHAKOBa. PacmpeneneHue conepkaHus
OOJIBIIMHCTBA MUHEPAJIOB Y 00pa3Il0B, BRIPAIIICHHBIX Ha 000-
WX TIOJISIX, OBIIIO MPUOIMKEHHBIM K HOPMAJIbHOMY, HCKITIOUe-
HHUE COCTABJISIIO pacipeiesieHHe 10 KOHIIEHTPau! CBHHIA
Ha nosie B Camapckoii 061acti, KOTopoe ObLIO 3HAYUTEIBHO
CMEIIECHO B CTOPOHY 00J1ee HU3KNX 3HAYCHUH.

Anammz ANOVA, UCIions30BaHHBIH TS OTICHKH 3 PEKTOB
reHoTHIIa U (JaKTOpOB BHEUIHEH cpezbl Ha (peHOTHITHYECKOe
MIPOSIBIIEHHE PU3HAKOB, YCTAHOBHII, YTO OCHOBHOE BIIHSIHUE
Ha coneprkanne Ca 1 Zn OKa3bIBaJI MTOJIEBBIC YCIOBHSL, IPH
9TOM JIs1 KOHIECHTpaluu Ca oTMeueH HU3KHI HEOCTOBEP-
HBIN BKJIa reHoTHmna (Tadn. S3). Haoboport, Ha comepxanne
Na B 3epHE B OCHOBHOM BJIMSUIA TEHOTUITNYECKNC PA3ITHYMSL.
JlocToBepHBII BKJIAJ T€HOTUIIA [1I0KA3aH ISl KOHLEHTPALUU
Takux 3meMeHToB, kKak Mg, K, Cu, Fe u Cd, xoTopsrii cymie-
CTBEHHO TIPEBHINIAN BIUSIHUE (JaKTOPOB BHELIHEH CPEIbI.

[TockonbKy n3ydaeMast KOJUIEKIIUS COCTOSIIA U3 HECKOIBKUX
TPy 00pa3oB Pa3IMIHOTO IPOUCXOXKICHNS, TO UHTEPECHO
OBUIO BBISICHUTH, OTIIMYAIOTCS JIM OTH TPYIIBI O KOHIICH-
Tpauuu Beuiects. M3 tabn. 2 BUaHO, YTO POCCUHCKHE CeleK-
IIMOHHBIE JTUHUH JOCTOBEPHO HPEBBIMIAIOT OTEUECTBEHHbIE
copra 1o cozepKaHuio Mg, HO TIpH 3TOM YCTYIAIOT COpTam
o conepxkanuio K, Cu u Mn. CoprooOpasisl HHOCTpaHHO
CEJIEKLMHU OTINYAIUCH OT POCCUICKUX COPTOB M JIMHUH MO-
BBIIIIEHHBIM COZIEpXKaHUEeM Kaius. KoHIeHTpanus Tokcnye-
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Ta6bnuua 1. CopeprkaHne MUKPO- 1 MaKPO3JIEMEHTOB

1 TOKCUYHBIX MeTanoB (Mr/Kr) B 3epHe 06pa3LioB TBEpAON
NLeHNLbl NP BblpalLMBaHNM B SKONIOrMYECKIMX YCII0BUAX
Camapckoi n HoBocnburpckon obnactein B 2023 r.

dnemeHT Camapckas obnactb HoBocunbupckasa obnactb
MakpoanemeHTbl (M £ SD)

Ca 920.4 + 170.7%*** 297.4+£116.9

Mg 1327.0 £ 178.2%** 8914+ 276.8

K 3977.6 + 402.9%** 4356.7 +577.9
MwukpoanemeHTbl (M £ SD)

Cu 3.2+£0.9*% 37+1.1

Mn 37.1£7.9% 27.0+6.5

Zn 25.8 + 8.1*¥¥* 64.0+12.7

Fe 47.2 £ 6.0%** 422+88

Na 27.2+6.3™ 273+12.1

TokcmyHble meTannbl (M + SD)

Pb 0.23 £ 0.05*** 0.52+0.02

Cd 0.05 £ 0.004*** 0.03 +0.002

Cr 0.82 £ 0.05*** 1.79+£0.11

MpumeuaHue. [aHHble npeacTaBneHbl B ¢dopmaTte: cpefHee 3Haue-
Hue (M) £ cTaHgapTHOe oTKNnoHeHue (SD); * p < 0.05, ** p < 0.01, *** p < 0.001,
¥*#% p < 0.0001, ns (non significant) — pa3nnuma HeJOCTOBEPHDI.

ckux semenToB Cd u Cr ObLiia JOCTOBEPHO BBILIE, B CPEHEM
B 1.9 u 1.8 pa3a, y ”HOCTpaHHBIX COPTOOOPA3IOB B CpaBHE-
HHUH C POCCHUHCKUMH. He BBISBICHO JOCTOBEPHBIX pa3ininii
MEXy TpyIIIaMu 110 KOHLeHTpauuu Zn u Fe.

CornacHO ycpeTHEHHBIM JaHHBIM TI0 JIByM PErMOHAM Hau-
OoJiee BEICOKMMH TTOKazaressiMu coziepskanust Ca (> 700 mr/kr)
oTnyaiuch poccuiickue copra ITamsatun Yexosuua, XKem-
gyxwnHa Cubupn, Auaymka, KpacHokytka 13 u poccuiickue
cenexkuuonnsle auauu J173, JI75 u JI76, co3mannsie B An-
taiickom HUUCX. Ilo conepxanuto B 3epHe Mg MOXKHO BbI-
NeNINTH celleKuroHnkie nunnn JI21, JI23, J124, JI125 u J126
Camapckoro HUMCX, koHIIEHTpanus 3TOro IeMeHTa Mpe-
Boeimana 2000 mr/kr. Poccuiickue copra AHHyika, be3eH-
YyKCKas CTeNHas1, BoibHOIOHCKAs M 00pa3ibl HHOCTPAHHOTO
npoucxoxaeHust Hyperno n Tamaroi omiHgannch BHICOKUM
coziep)KaHueM LMHKa | kene3a (> 54 u 51 Mr/kr coorBer-
CTBEHHO). Bricokne kornenTparmu Cd, B psize cirydaes mpe-
BBIIIAIONINE MTPEAETHHO JOIyCTUMbIC KOHIIEHTPAIINH, BBISB-
JIeHbl y MHOCTpaHHbIX 00pasnoB Tessadur, Achille, Fuego u
cenekoHHBIX THUH JIS 1, JIS6 (cm. Tabm. S1). Takke HyKHO
OTMETHUTb BBICOKHH YPOBEHB COJCPIKaHNS TAKUX JIEMECHTOB,
kak Mg (1598.2 mr/kr), K (4536.5 mr/kr) u Zn (56.1 Mr/kr)
B 3€pHE JIpEBHEU MILIEHUIBI XOpacaH, 4TO MOATBEPKIAAET
JTaHHBIC, TTOTYYCHHBIC APYTUMH aBTOPAMH, U CBUJICTEIILCTBY-
€T O MOTEHIIHAJe STOr0 BHJIA AT MOBBIIICHUS MTUTATEIbHON
IIEHHOCTH COBPEMEHHBIX COPTOB TBep 1o mreHuIs! (Bordoni
etal., 2017).

Koppensaimonnslit anann3 Crimpmana, MpoBeAESHHbIH Ha oc-
HOBAHUU CPEIHUX 3HAUCHUH [TOKa3aTese 110 IByM PETMOHAM,
yKa3bIBaeT Ha HAJIMUYHNE BBICOKOJOCTOBEPHBIX MOJIOKUTEIb-
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Tabnuua 2. KoHuUeHTpauma MUKPO- M MaKpO/1eMEHTOB U TOKCUYHbIX METaTIOB B 3€pHE COPTOB U CeNeKLMOHHbIX IMHWIA
POCCUINCKOrO 1 MHOCTPaHHOrO npouncxoxaeHust (Camapckaa n Hosocnbrpckas obnactu, 2023 1.)

2025
29-6

OnemeHT (Mr/kr)  Poccuiickne MHocTpaHHble copToo6pasLbl®
copTa cenekynoHHble MMHUK?

Ca 625.1 +398.3 626.2+315.9 5483 +336.3

Mg 1178.9 + 330.8**b 1225.1 + 644.5%*P 1017.6 +317.4

K 42224 +718.2% 4026.5 + 382.2%***D 4428.4 + 456.1

Cu 3.73 £ 0.9%* 3.15 £ 0.9%**b 3.76+1.2

Mn 34.1 £8.2% 30.5+9.1 33.2+8.1

Zn 488+ 19.4 439+232 425+216

Fe 439+84 449+7.2 449+89

Na 28.5 £ 10.1%%%¥b 20.1 & 13.2%%x%xb 21.6£5.5

Pb 0.49 #+ 0.19%*x20 0.35+0.11 0.29 +0.01

cd 0.035 + 0.008****b 0.030 + 0.002%***b 0.064 + 0.005

Cr 1.0 & 0.4%x¥xb 1.2 £ 0.6**¥*b 1.9+06

n pumedyaHne. ,U,aHHbIe npeacTaB/ieHbl Kak cpefHee + CcTaHAapTHOE OTKIIOHEeHMe. EyKBbI (a' b) YKa3blBalOT Ha CTaTUCTUYECKU 3HAYMMYIO pasHULYy nokasatenem

Mexay rpynnamu o6pasuyos. * p < 0.05; ** p < 0.01; ***p < 0.001; **** p < 0.0001.
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Puc. 1. TeHoTMNMYecKne Koppenauumn mMexay KOHUeHTpaunaMmm MNKpo- 1
MaKpO3/1IEMEHTOB U TOKCUYHbIX METAJIJIOB B 3€pHE Konnekumnm CoOpToB n
CeneKUMOHHbBIX IMHWI TBEPAOW MEeHULbl Pa3fIMYHOrO MPOUNCXOXKAEHNA.

HBIX KOPPEJSAINI MeX Ty conepxkanueM Fe m Mn (2 = 0.69),
Fe/Zn (r* = 0.49), Zn/Mn (> = 0.46), Zn/Pb (2= 0.41), Cr/K
(#2=10.41) (puc. 1, Tadn. S4). Huskue oTpuLaTENbHBIE CBI3H
otmeuensl Mexxy Cu/Ca, Cu/Mg, Cu/Nau Pb/Cr (2 =-0.22,
—0.24, —0.27 n —0.34 COOTBETCTBEHHO).

Pe3ysbTarhl OLIEHKU COAEPKaHNS MUHEPAJIBHBIX AJIEMEHTOB
B JIBYX pETHOHAaX OBLIN MCIIOIB30BAHBI [T BBIIBICHUS BO3-
MOXXHOH TPYIIHPOBKH 00pa3oB. METOIOM IJIaBHBIX KOM-
nmoueHT (PCA) MbI poaHATM3UPOBAIA B3aUMOCBSI3b MEIKIY
KOHIIEHTpAIEel AIIEMEHTOB B 3€pHE M MPHHAIUICKHOCTHIO
00pas3IoB K pa3HBIM IO MPOUCXOKICHUIO TPYIIIIaM: POCCHI-
CKHe copTa, cenekunoHHble quHuu Camapckoro HUMCX,
CEJIEKIIMOHHBIC INHUH IPYTUX POCCUICKIX OPUTHHATOPOB U
MHOCTpaHHBIE COPTOOOpa3ubl (puc. 2).

B npocrpaHcTBe ABYX IVIaBHBIX KOMIIOHEHT, ONPEAEIISIO-
mx 64.7 u 18.7 % reneTrmyecKoi BapruaIy COOTBETCTBEHHO,
BCE U3YUYCHHBIC 00pa3IIbl pa3/IeisIFOTCS Ha IBE TPYIIIBL. boib-

CEJIEKLMA PACTEHUA HA UMMYHUTET U KAYECTBO / PLANT BREEDING FOR IMMUNITY AND QUALITY

Puc. 2. KomnoHoBKa 06pa3LioB TBepAol NLUeHWLbl B MPOCTPaHCTBE [BYX
rNaBHbIX KOMMOHEHT.

O6pasubl TBEPAONA NEHWLbI 0603HAUYEHbI LIBETOM: YEPHbIM — POCCUIACKME
COpPTa; CYHVM — CENEKLVOHHbIE NIVHWU POCCUIACKMX OPUTMHATOPOB; 3ene-
HbIM — cenekymoHHble MHUM Camapckoro HUNCX; KpacHbIM — MHOCTpaHHble
copToo6pasupbl.

IIMHCTBO 00pa3LoB 00BEMHEHO B OJMH OOJIBILION KiacTep,
IIPU 3TOM B JIEBOM YacCTH JAAHHOTO KJlacTepa TPyMIUPYIOTCS
poccuiickue copra TBEpIoH MIIEHHIIbI, CEICKIIMOHHbIE TNHUN
POCCHICKUX OPUTMHATOPOB M YaCTHYHO JUHUK CamMapcKkoro
HUNCX. CopTroobpa3nbl HHOCTPaHHOTO MTPOMCXOKICHAS Ha-
XOJISITCS TIPEUMYIIECTBEHHO B ITPABON HIKHEH YaCTH Ki1acTe-
pa. Cemb nunwuit, J122, J124, J125, J126, J127, J137 u JI39, 00b-
€IMHEHBI B OTACIBbHYIO IPYTIITY U IOCTATOYHO JAJIEKO OTCTOSIT
OT OCTaJIbHBIX 00Pa3loB, YTO MOXKET CBH/ECTEIHCTBOBATH O
pasNuuusaX Ha TeHeTHYeCKOM ypoBHE. CpaBHEHUE 3THX JIMHUN
10 MUHEPAJILHOMY COCTaBY ITOKa3aJio, YTO JIMHUHU B CPEAHEM
XapaKTepU3yIoTcs OoJiee BHICOKUMU KOHIIEHTpauusiMu Mg,
K, Zn u Fe (cm. Tabm. S1).

Knacrepuzarms o0pasnos mo metomy UPGMA nonTepau-
Ja Haymmaue AByX rpyn (puc. 3). Kimacrep 1 Birtouaer ceMb
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CEJICKIIMOHHBIX JTUHUH, JI122, J124, JI125, J126, J127, JI37 u JI39,
n3 Camapckxoro HUMCX u AMCTaHIIMOHHO OTCTOUT OT IPYTHX
obpasmoB. Knacrep 2 pacmagaercs Ha 1Ba cyOkmactepa (Ha
puCyHKe 0003Ha4YCHHI Kak 2 U 3), OMWH U3 KOTOPHIX BKIIFO-
YJaeT B OCHOBHOM POCCHHCKHE COPTa M CEJICKIIMOHHBIC INHUT
poccuiickux opuruHaropos. CopTooOpasisl HHOCTPAHHOH
CEeJIEKLIUY FPYIIUPYIOTCS IPEUMYILECTBEHHO B [TPaBOM 4acTH
cyOkmacrepa 3.

O6cyxpeHue

B nanHO# paboTe MbI HCCIIeI0BaIHi KOHIICHTpaIHto 11 Mukpo-
1 MaKpO3JIEMEHTOB U TOKCUYHBIX METAJUIOB B 3€PHE KOJIIEK-
MY 00pa3IoB MIIEHUIIBI, COCTOSIICH UX POCCHMCKUX M MHO-
CTPaHHBIX COPTOOOPA3IIOB, BBIPAIIEHHBIX B Pa3HBIX IKOJIOTU-
geckux ycnoBmsx Camapcekoir 1 HoBocubupcekoit obmacreii.
J1J1s1 BCex 21eMEeHTOB MTOKa3aH BHICOKUH Tana30H BapHaIliH,
3aBUCSIIMIA OT BIMSHHS W T€HOTHIIA, U YCJIOBUI BHEIIHEH
cpenbl. 3HaUNTEIIbHbIE PETHOHANIBHBIE OTJIMYHS BbISIBICHBI
HaMH 10 KOHIIEHTPAIMU HEOOXOANMbBIX MaKpO- U MUKpPO3JIe-
MenToB (Ca, K u Zn) u Tokcnunsix metamios (Pb, Cd u Cr)
(cm. Tabm. S1). CnexyeTr OTMETHTB, YTO pa3Max BapbUPOBAHMUS
K, Mg, Cu, Mn u Fe B 06oux pernonax Obl1 CpaBHUAM C pe-
syapraramu U.B. Ioroukoii ¢ komteramu (2023), momydeH-
HBIMHU IIpU BbIpauBaHuy 20 poCcCUICKUX U Ka3aXCTAaHCKHX
COPTOB TBEPI0M MieHUIsl B OMcKoi obnactu. Mckirouenue
COCTAaBJISIIN TapaMeTphl copepxkanus Ca v Zn, KOHIEHTPaLHs
KOTOPBIX ObIIa cymecTBeHHO Bbime it Ca 1 HibKe 11t Zn
Ha noisix OMckoi obmacth, B cpaBHeHnH ¢ HoBocnOupckoit
o0IacTslo.

Ba)KHBIM MOMEHTOM SIBJISIETCSl KOHI[EHTPALHMS TSOKEIBIX
METAaJUIOB B 3epHE, TOCKOJIBbKY, HAIPUMED, TPEBBIIICHNE B ITH-
IIEBBIX TPOIYKTAX MPEIEIbHO JOMYCTHMBIX KOHIIEHTpanni
(ITJK) Takux HEOOXOIUMBIX IJIsl OpraHU3Ma YeJI0BEKa MUKPO-
AIEMEHTOB, Kak Zn 1 Cu, MOXXET MPUBOANTH K TOKCHYECKUM
a¢pdexram. [yt GonbIIMHCTBA 00Pa3LlOB, BHIPALICHHBIX B
ycnoBusix HoBocnOupckoit 00:1acTH, KOHIEHTpALUs [IMHKA
B 3epHe npessbimiana [TJK (50 mr/kr), Torna kak B o0pasiax
n3 CaMapcKoro perHoHa ero cofepKanne ObUTO B Ipeaeax
HOPMEI (cM. Tabm. S1). Bo3Mo)kHO, UTO Takue pa3Iudus CBs-
3aHBI C COJCP)KAaHMEM IIMHKA B TIOYBE. AHAIOTHYHO MOXHO
OTMETHUTD ¥ IOBBIIICHHBIH YPOBEHb CBUHIIA B 3€pPHE MTOYTH Y
TMIOJIOBUHBI COPTOOOPA3LIOB, BHIPAIIEHHBIX B 000MX PErnoHax.

ITo nanubiM 30-J1€THETO MOHUTOPUHTAa MUHEPAJIHLHOTO CO-
CTaBa TIOYBHI B UepHO3eMax 3amaaHoii CHOMpH He BEIIBICHO
npebimeHus [1/IK moaBImKHBIX OPM TSHKETBIX METAIIOB
Cu, Zn, Pb, Cd u Cr (Kpacuuukwuii u np., 2024). Aramu3
nouB B CaMapcKoif 001aCTH TaK)Ke CBHETEIBCTBYET, 4TO CO-
Jiep KaHHe TTOJIBIKHBIX ()OPM CBHHIIA, HUKEIIS, XPOMa, ME/In
M [IMHKA Ha BCEX TUIAX U MOJTHIIAX I0YB PA3HOTO COCTaBa U
C pa3HBIM cofepkaHueM rymyca He npebimaet [IIK (O6y-
menko, ['Heaenko, 2014). OqHako aHAIWU3 TOKCUIHBIX Me-
TAJJIOB B TIOYBE I0JICH, MCHOJIB30BAHHBIX /IS ITPOBEIACHUS
9KCIIEPUMEHTA, HE MTPOBOIMIICS, W JIAHHBI BONIPOC TpedyeT
JIOTIOTHUTEIBHOTO U3yUCHHUSL.

V3meHeHre KOHIIGHTPAIMU TSXKEIbIX METaJIOB B MOYBE
MOXKET OBITh CBA3aHO C TAKMMH (paKTOpaMu, Kak CHCTEMa MO~
TOTOBKH ITOYBBI, BHECEHHE OPTaHOMUHEPATBHBIX YIOOPEHHH,
UCIIONIb30BaHNE TECTHUINIOB U CPEACTB 3alIUTHl PACTCHHH,
arMocepHbIe 0Ca/IKi, pa3INyHbIe aHTPOIIOT€HHbIE BO3/ICH-
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CTBUS OT IIPOMBILIUICHHBIX HPEAPUATHH, TPAHCIIOPTA U JP.
B psine pabot rnokazaHo, 4To CUCTEMAaTH4ECKOE BHECCHNUE MU~
HEpaJbHBIX U OPTaHMUYECKUX yIOOpPEHHI CIIOCOOCTBYET I0-
CTYIICHUIO B TTIOYBY TSDKEIIBIX METAJIJIOB M MOXKET BIIMATH Ha
MHUHEPaJIbHBIN COCTAB 3epHA MIICHUIIBI ¥ €70 KOHLICHTPALHIO
(Ryan et al., 2004; Pandino et al., 2020; Wysocka et al., 2025).
KopHeBble 1 BHEKOpHEBbIE 00paOdOTKH a30THBIMH YI00pEHHU-
AMHU B PA3JIMYHBIX KOHIEHTPpAIUAX MOTYT IMOBBIIIATH ITOITIO-
mienre u HakoruieHre Cd B 3epHax TBEPIOH MIIEHHUIIBI TaXKe
1pu HU3KoM ypoBHe conepskanns Cd B mouse (Ozkutlu, 2024).
Brecenne opraHoMuHepaibHBIX YI0OOPEHUH O] TOCEBHI ST4-
MeHs B mouBax Camapckoi o0yacTé IPUBEJIO, HAIPUMeEp, K
YBEJITUUEHHIO BaJIOBOTO COAIepKaHUs TsKebIX MeTasuios (Cu,
Cd, Pb, Zn) 1 uX MOABMKHOCTH, & TAKXKE TIOBBICHJIO MUTPAIIAIO
Pb B pacrenus sposoii mmenurs! (Tpor B.b. u ap., 2015;
Tpou H.M., Bokoga, 2024).

3arpsi3HeHNE TSHKEIBIMHA METAJUTAMH MOYKET TIPOUCXOUTh
B I0YBaX, HAXOJSIIMXCS B 30HE BIMSHHS MPOMBIIICHHBIX
npeanpustuit (ITpocsaankos, 2014). MexaHnu3Msl nepeHoca
1 HAKOIUICHUA TAXKEIIbIX METAJIJIOB B CUCTEMAX «I104YBa—pacTe-
HHE» SIBIISIFOTCS OYEHb CIIOKHBIMH, 1 NHTEHCUBHOCTD NX HAKO-
IUICHHS 3aBUCHT KaK OT THIIA TOKCHYHOTO JIEMEHTa, TaK ¥ OT
MIOTOJIHBIX YCIIOBHI U CTPYKTYpPbI TOUBBI. OJTHAKO, HECMOTPSI
Ha MOBBIIIEHNE KOHIIEHTPALUH TSDKEIIBIX METAJUIOB B TTaXO0T-
HBIX TI0YBaX, OOJIBIIMHCTBO KCCIICOBATEICH YTBEPIKIALOT,
YTO 3TO HE CKA3bIBACTCA HAa YPOBHEC HAKOIIJICHHUA TOKCUYHBIX
BEILIECTB B KOHEUHOMN CEJIbCKOXO3SIIICTBEHHON MPOAYKIIUU
(ITporacogsa, 2005; Wang et al., 2017; Ugulu et al., 2021).

JlanHble, MoMy4YeHHbIe ISl KOHIIGHTPAlMd MUKPO- M Ma-
KPOBJIEMEHTOB U TSDKEJIBIX METAJIJIOB, HCIIOJIB30BaHBI JIJISI HC-
CJIe/IOBAaHMsI TPYIITUPOBKH 00Pa30B B POCTPAHCTBE IIABHBIX
KOMITOHEHT W JUISl IOCTPOCHUS (PUIOTeHETHYECKOTO JIpeBa.
Pe3ynbTrarsl moka3aiy OTCYTCTBHE YETKOTO PACTIPE/ICNICHUS Ha
KOHTpACTHBIE TPYIIIbI, 33 HCKJIFOUCHHEM HEOOIBIIOTO YnCiIa
muHuH, coznanHbix B Camapckom HUMCX, u coproobpas-
IIOB MHOCTpaHHOH cesiekiuu (cM. puc. 2 u 3). Poccuiickue
JIMHUHU, IPOUCXOAAIIUC U3 PAa3HBIX CCIICKIIMOHHBIX LICHTPOB,
00pasyroT eMHbII KJIacTep ¢ COPTaMHU TBEPAOH MIICHHUIIBI,
BHEJIPEHHBIMHU B TPOU3BOAICTBO B Pa3HBIC TOABI, YTO MOXKET
CBHJICTEIECTBOBATH O HEBBICOKOM T'€HETHUECKOM Pa3HO00pa-
31U KaK COPTOB, TAaK M CO3/1aBacMbIX JTMHNH. COBpEMEHHBII
MHPOBOM ITyJI TBEP/IOH MIIIEHUIIBI XapaKTEePU3YeTCsl yMEPEH-
HBIM T€HETHUECKHM Pa3HOO0pa3heM, UTO HOATBEPIKIAACTCS
pe3ynbTaTaMy, MOJYyYeHHBIMH Ha IMIMPOKOM Habope copro-
00pa3moB B pa3HbIX cTpaHax (Zhao et al., 2009; Hakki et al.,
2014; Hocaoglu et al., 2020; Naseri et al., 2024).

IeneTnueckoe pasHOOOpa3ne POCCUICKNX COPTOB SIPOBOMH
TBEpAOHN MIIEHUIIBI, CO3aHHbIX 3a nepuon 1929-2004 rr.,
OBUIO OIIEHEHO C HMCIOJIb30BAHUEM JIAHHBIX POJOCIIOBHBIX.
AHann3 ycTaHOBUII, 4TO 0K0J10 20 % Imys1a pyCCKUX HCKOHHBIX
COPTOB, PaHEE UCTIONB30BAHHBIX [UIsl THOPUAN3ALINH, YTEPSTHO
(Martynov et al., 2005). AHaTOTHYHBIA BEIBOJ MOJKHO CIIENIATh
M B OTHOUIEHUHM WHOCTPAHHBIX COPTOB TBEPIOW MIICHUIIBI,
MOCKOJIBKY OCHOBHBIM HAIpaBJICHUEM CENICKIIMU B TEYCHUE
JUINTEJIBHOTO BPEMEHH OBUIO CO3/[aHUE BBICOKOYPOXKAHHBIX
FEHOTUIIOB, JOIIOJHUTEIBHO XapaKTEPU3YIOIUXCs yCTONYN-
BOCTBIO K Ooxe3nsiM u monerannio (Hernandez-Espinosa et
al., 2020; Xynias et al., 2020). Jlo HacTosMIETO BpeMEHU
KOMITJIEKCHBIX MCCIICIOBAHUH TC€HETHYECKOTO ITyla sIPOBOH
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BapuabenibHOCTb MMHEPaIbHOrO COCTaBa 3€pHa TBEPAON NLLEHNLbI
(Triticum durum Desf.) B pa3nunuHbIX 3KONOMMUYECKUX YCIIOBUAX

TBEPAOH IIIEHULBI POCCUICKOIO IIPOUCX0XKICHUS 110 MUHE-
paTbHOMY COCTaBY HE ITPOBOANIIOCH, TOITOMY C/IENIaTh BEIBOJ
0 NPEBOCXOJCTBE CTAPOJABHUX COPTOB MOKA HE IPEICTaB-
JSIETCST BO3MOYKHBIM.

[Toncky NCTOYHNKOB FEHETHYECKOTO Pa3HOO0pa3ns 3acTaB-
JSFOT 00palaTh BHUMaHNE Ha BOBJIEYEHHE B THOPHIU3AIINIO
COPOIMUEH IMIIEHHIIbI, KOTOPBIE MOTYT OBITh UCIIOJIb30BaHBI
JUISL TIOBBIIICHHSI COJIEPXKAHUSI B 36pHE HEOOXOAUMBIX MH-
KpoO- 1 MakposieMeHToB. Terparonnnsie Buanl 1. dicoccum,
T dicoccoides, T. timopheevii n THOpUIHBIC TUHUH, TIOTY-
YEeHHBIE C NX yYacTHEM, OTIINYAIOTCS 3HAYUTEIILHO 00JIee BbI-
COKHMM YpOBHEM ILIMHKa W kene3a B 3epHe (Cakmak et al.,
2010; Del Coco et al., 2019; Tekin et al., 2022; Leonova et
al., 2024). CBeneHust 0 MPOUCXOKIEHUH CEMH CETIEKITMOHHBIX
mmanit Camapcekoro HUVICX, BbIIeNUBIIIXCS B OTIENBHBINA
KJIacTep, CBUAETENLCTBYIOT O TOM, YTO B IPOLIECCE UX CO3/1a-
HUSI OBUTN UCTIONB30BaHbI TETPAIIONIHbIe BUBI 1. dicoccum
u T. timopheevii. IIpoBeieHHBIN paHee MUKPOCATEITUTHBII
aQHAJIM3 PaHHUX IIOKOJEHUM 3TUX JMHUHI II0Ka3ajl HaJludue
YyXKEPOAHBIX TpaHCIoKauuit ot 7. timopheevii B XpoMoco-
Me 6B (MansaukoB u 1ip., 2015). OnHako 11 yCTaHOBICHUS
CBSI3M MEXK/Ty HAJIMYHEM Ty KEPOIHBIX BCTABOK B TEHOM M MX
BIIMSTHUEM Ha COZIEPKaHNE OTPE/ICICHHBIX 2JIEMEHTOB HE00-
XOJIUMBI IOTIOJIHUTENbHBIE UCCIIEJOBAHMSL.

3aknioyeHune

OreHka cofep kaHuss MHKPO- U MaKpO3JIEMEHTOB M TOKCHY-
HBIX METAJJIOB B 3¢pHE COPTOB SIPOBOM TBEPJION ITIICHHUIIBI
BBISIBHJIA 3HAYUTEIILHOE BAPbUPOBAHNE OOJIBITMHCTBA HJIEMEH-
TOB B 3aBHCHMOCTH OT T€HOTHIIA ¥ BHELIHEH cpenbl. Hanndue
JIOCTOBEPHBIX MOJOKUTENbHBIX Koppessiiuii Fe/Mn, Fe/Zn n
Zn/Mn 1o3BOMISIE€T BECTH OTOOP TEHOTHIIOB IO HECKOIBKHM
MHUKpPOJIEMEHTaM OHOBPEMEHHO. AHAJIN3 TIOJyYEHHBIX pe-
3yJBTAaTOB CBU/ICTEIBCTBYET O TOM, YTO POCCHUICKHE COpTa U
CEJICKITMOHHBIC JINHUU OTIMYAIOTCSl YMEPEHHBIM T'€HeTH4e-
CKUM pa3HoO00pa3ueM, OJHAKO pa3Max BapbHUpPOBAHMS IMPH-
3HaKa IM03BOJISIET 0TOOpaTh 00pasibl, KOTOPbIE MOTYT OBITh
MCTIOJIB30BAHBI JUIS YITy4IICHUSI MUHEPAJIbHOTO COCTABA 3EPHA.
ITokazaHo, uto conepkanne Cd B 3epHE y BCeX M3yUCHHBIX
00pasIoB, 3a UCKJIIOUYCHUEM IISITH 00pa3OB WHOCTPAHHOM
kosekuy, He npessliinaet [TJK. J{1s ycraHOBREeHUS y psiia
M3YyYeHHBIX 00Pa3I0B MPUYUHBI BBICOKOTO coziepkanusi Zn, Pb
n Cr, npesbimatonux [1/IK, HeoOXoauMBbl JOTTOITHUTEIBHBIE
CBEJICHUS O KOHIIEHTPAIMU ATUX METAJUIOB B ITOYBE SKCTIEPHU-
MEHTAJIbHBIX Y4aCTKOB.
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FTEHETUKA XXUBOTHbIX BaBnnoBcKMI XypHan reHeTuKkn n cenexkuum
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K reHeTn4eCcKoO CTPYKTYype U IIPOMCXOXAEHIIO MaJIOro CYC/JanKa
Spermophilus pygmaeus (Pallas, 1778) Ha CeBepHoM KaBKase

@.A. Tem6oToBa (%), A.X. Ammokosa (%), M.C. I'ypoBa

MHCTUTYT 3KoNOrum ropHbix Tepputopuii um. A.K. TemboToBa Poccuiickon akaaemun Hayk, Hanbumk, Poccua
@ mpapieva@inbox.ru

AHHoTauuA. Manbin cycnuk Spermophilus pygmaeus (Pallas, 1778) — nonutunuueckuin Bug, NpeacTaBnsiowmin cyule-
CTBEHHbIN UHTEPEeC ANA N3yYeHNA TaKCOHOMUYECKOTro pa3HOO6pa3smns, reHeTUYECKOWM CTPYKTYPbl, MOTOKa reHoB 1 re-
HETMYECKOro pasHoobpasna. HecmMoTpsa Ha ANIMTENbHYIO UCTOPUMIO U3YYEHUs, CUCTEMATUKA NpeAcTaBUTENeN pona
Spermophilus Ha CeBepHom KaBKa3e ocTtaetca cnabo paspaboTaHHON. HepaspelueHHbIM BOMPOCOM OCTalTCa U ¢u-
NoreHeTNYecKne OTHOLLUEHWA MEXAY «FOPHbIMU» N «PaBHUHHbIMKY cycnnkamn CesepHoro KaBkasa. He meHee Bax-
HbIM acrneKTom PaboTbl ABNAETCA OLEHKA reHeTUYeCKoro pa3Hoo6pasmna Manoro Cycinka, NockomnbKy BUL CYMTaeTCA
HeOoTbeMSIEMbIM KOMMOHEHTOM CTEMHbIX U MYCTbIHHBIX 3KOCUCTEM, obecneurBas UX BaxkHelwWwmne GuoLeHoTnYecKmne
dyHKUMK. Ha ocHoBaHWK aHanu3a ¢parmeHTa reHa cyt b MTAHK gnnHon 840 n.H. nonyyeHbl HOBblE JaHHbIe MO reHe-
TUYECKON n3MeHUYMBoCTU Spermophilus pygmaeus BOCTOYHOM OKOHeYHOCTM 3anagHoro KaBkasa. B otnmume ot paHee
npoBefeHHbIX PaboT, NOKa3aBLUNX 06UTaHMe B ropax KaBkasa Tak Ha3blBaEMOro rOPHOro CyC/IKa, B HacTosLwen pabo-
Te Ha NCCIeOBaHHbIX TeppuTopuAax Ha BbicoTe 1400-1700 M Haf yp. MOpA BbiAiBNEHbI ABe ranaorpynnbl S. pygmaeus,
ofHa 13 KOTOPbIX 6/IM3Ka K PaBHUHHbLIM (BOCTOYHO-KaBKa3CKMM), a BTOpaA — K FOPHbIM (LEeHTPasibHO-KaBKa3CKMM)
rpynnupoBKam Manoro cycnmka. leHeTnyeckaa guctaHuma mexgy ABymaA ransorpynnamu coctasuna 1.54 %. Pa3Hbin
SBOJIOLMOHHBI BO3PACT TPEX BbIAABNEHHbIX TPYMNNMPOBOK S. pygmaeus Ha CeBepHom KaBkase (A1, A2 n B), ckopee Bce-
ro, CBA3aH C MHOrO3TarMHbIM 3acefieHneM UcceyeMon Tepputopun ManbimM Cycnnkom. [laHHble MONeKynapHOro fa-
TUPOBAHWUA NO3BONAIT NPEAMNONOKNUTL, YTO 3anafHanA raniorpynmna NPOHNKNIA CNIOWHONM NONocon Ha LieHTpanbHbIn,
BocTouHbIn KaBKa3 1 BOCTOUHYIO OKOHeYHOCTb 3anafgHoro KaBkasa yepe3 CTaBpoOnobCKyo BO3BbILEHHOCTb 1 [pu-
KacnuincKyo HU3MeHHOCTb MeHee 400 TbiC. 1eT Ha3ag. B npouecce nepBow BOMHbI paccenieHns cycnmka ¢ Pycckon pas-
HWHbI BUA 3aKPenuica B BOCTOYHOWN OKOHeYHOCTM 3anafgHoro KaBkasa B panoHe c. XacayT, a Ha BoctouHom KaBkase —
Ha ceBepe Horanckow ctenu (CyXOKyMCK) 1 B 10XKHbIX OKpanHax Mpukacnminckom H1u3meHHocTn (fonvHa Kap-Kap 1).
Bbonee monopow Bo3pact rannorpynnbl A2 (meHee 300 ThiC. N1eT), Tak»Ke nponcxopaLen ¢ Boctounoro Kaskasa (Xymron,
3eneHomopck, JlbBoBckmin 13, Kap-Kap 2), BepoaTHee Bcero, 00ycsioBfieH NOBTOPHbIM 3acesieHnemM Cycimkom lNpurka-
CMUNCKON HU3MEHHOCTW, PerynapHo 3atanansaemon Bogamu Kacnma B nctopmyeckoe Bpems. OTCyTCTBME CNIOLWHOIo
nosca necos Ha LleHTpanbHom KaBkase, B yacTHocTv B KabapanHo-bankapuu, no3sonmno nosxe, meHee 200 TbiC. neT
Ha3afl, MPOHUKHYTb S. pygmaeus B ropbl No TpeMm yulenbam: Yepekckomy, bakcaHckomy n MankuHckomy. bonee Bepo-
ATHO, UTO B cybanbnuky 3anagHoro KaBkasa (Xyp3yka 1 YukynaHa) BUA NpoHUK yxe ¢ LieHTpanbHoro KaBkasa, o uem
CBUAETENbCTBYET OAUH U TOT e SBOJIOLIMOHHBIN BO3PACT XXMBOTHbIX 3anagHoro (YukynaH, Xyp3yK) v LleHTpanbHoro
KaBka3a. KacaTeslbHO TaKCOHOMMYECKOro CTaTyca KaBKa3CKOro FOPHOro Cyc/iMKka CUMTaeM NpexkaeBpeMeHHbIM fenaTb
KaKue-nmbo BbIBOAbI, TaK KaK He Bce TeppuTopun KaBkasa Obinin 0XxBaueHbl NCCIEA0BAHUSMN.

KnioueBble cnosa: Spermophilus pygmaeus; cyt b; reHeTnyeckoe pasHoobpasme; 3anagHblil KaBkas

[na untuposanusa: Tem6oTtoa ®.A., AMwwokosa A.X., ['yaoea M.C. K reHeTnYeCcKo CTPYKTYPE U MPOUCXOXKAEHMWIO Maso-
ro cycnuka Spermophilus pygmaeus (Pallas, 1778) Ha CeBepHoM KaBKa3se. Basusio8ckuli XypHan 2eHemuKu U cenekyuu.
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On the genetic structure and origin of the little ground squirrel
Spermophilus pygmaeus (Pallas, 1778) in the North Caucasus

F.A. Tembotova ((#), A.Kh. Amshokova (1?), M.S. Gudova @

Tembotov Institute of Ecology of Mountain Territories of the Russian Academy of Sciences, Nalchik, Russia
@ mpapieva@inbox.ru

Abstract. Little ground squirrel Spermophilus pygmaeus (Pallas, 1778) is a polytypic species of significant interest for the
study of taxonomic diversity, genetic structure, gene flow and genetic diversity. Despite the long history of study, the
taxonomy of representatives of the genus Spermophilus in the North Caucasus remains poorly developed. Among the
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manoro cycnvka Ha CesepHom KaBkase

unresolved issues are the phylogenetic relationships between the “mountain”and “plain” ground squirrels of the North
Caucasus. An equally important aspect of the work is the study of the genetic diversity of little ground squirrel, given
that the species is considered an integral component of steppe and desert ecosystems, providing their most important
biocenotic functions. Based on the analysis of the 840 bp mtDNA cytochrome b gene fragment, new data on the genetic
variability of S. pygmaeus from the eastern extremity of the Western Caucasus were obtained. Unlike previous stud-
ies that showed the so-called mountain ground squirrel to inhabit the Caucasus Mountains, this work identified two
haplogroups of S. pygmaeus in the studied areas at an altitude of 1,400-1,700 m above sea level, one of which is close
to the lowland (East Caucasian) and the other to the mountain (Central Caucasian) groups of the little ground squirrel.
The genetic distance between the two haplogroups was 1.54 %. The different evolutionary ages of the three identified
groups of S. pygmaeus in the North Caucasus (A1, A2, and B) are most likely associated with the multi-stage settlement
of the studied area by the little ground squirrel. The results of molecular dating suggest that the western haplogroup
penetrated as a continuous strip into the Central, Eastern Caucasus and the eastern extremity of the Western Caucasus
through the Stavropol Upland and the Caspian Lowland less than 400 thousand years ago. As a result of the first wave
of dispersal of the ground squirrel from the Russian Plain, the species became established in the eastern extremity of
the Western Caucasus in the area of the village of Khasaut, and in the Eastern Caucasus - in the north of the Nogai
Steppe (Sukhokumsk) and in the southern outskirts of the Caspian Lowland (Kar-Kar 1 Valley). The younger age of
haplogroup A2 (less than 300 thousand years), also originating from the Eastern Caucasus (Khumtop, Zelenomorsk,
Lvovsky 13, Kar-Kar 2), is most likely due to the re-colonization of the Caspian lowland by the ground squirrel, which
was regularly flooded by the Caspian Sea in historic times. The absence of a continuous forest belt in the Central Cau-
casus, in particular in the Kabardino-Balkarian Republic, allowed S. pygmaeus to penetrate into the mountains later, less
than 200 thousand years ago, through three gorges: Cherek, Baksan and Malkinsky. It is more likely that the species
penetrated into the subalpics of the Western Caucasus (Khurzuk and Uchkulan) from the Central Caucasus, as evi-
denced by the same evolutionary age of animals of the Western (Uchkulan, Khurzuk) and Central Caucasus. Regarding
the taxonomic status of the Caucasian mountain ground squirrel, we consider it premature to draw any conclusions,
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since not all areas of the Caucasus were covered by research.
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BBepeHmne

Mamnstit cycniuk Spermophilus pygmaeus (Pallas, 1778) —
MOJUTUITNYECKUH BHJ], TIPEACTABISIIONINI CyIeCTBEHHBII
MHTEpeC Uil U3Y4YEeHHUs] TAKCOHOMHUYECKOTr0 pa3zHoo0pasusi,
TEHETHYECKOH CTPYKTYPBI, OTOKA TEHOB M T€HETHYECKOTO
pazHooOpasus. HecMoTps Ha TMTEIBHYIO HCTOPHIO UCCIIENO0-
BaHWH, CHCTEMAaTHKa MpecTaBuTeNei poaa Spermophilus na
Ceeprom KaBkase ocraercs crabo pazpadotanHoi. [opHBIi
CYCJIMK OBUI BIIEPBBIE JOOBIT Ha CEBEPHOM CKJIOHE DIbOpyca
B Tosice cyOanbMUICKUX JIYTOB M onucaH J. MeHeTpue Kak
caMmocTosTeNnbHBIN BuI (Menetries, 1832). B xauecTBe camo-
CTOSITEJIFHOTO BHUJ1a TOPHOTO CYCJINKA BBIJIEIISUIM MHOTHE HC-
cienoBaresu (Brandt, 1843; CBupuaenko, 1937; Bunorpaos,
Aprupomyro, 1941; Mnekonmrarommue. . ., 1963; ®ayna CCCP,
1965; Bopounos, JIsimynosa, 1969; I'pomoB, bapanosa, 1981;
Kopa6iies, 1983; Harrison et al., 1993; Hoffmann, 1993; I'po-
MoB, EpbGaesa, 1995; Lisupka u nip., 2003; L{supka, Kopabnes,
2014). 1o MHeHHIO IPYTrHX aBTOPOB, TOPHBIH KaBKA3CKUH
cycnuk sBisiercst noasuaoM manoro (Carynun, 1907; O60-
nerckuid, 1927; Orues, 1947; Bepemarus, 1959; OpnoB u
np., 1969; Usanos, 1976; Epmaxos u nip., 2006; Hukonbckuit
u 1p., 2007). N.5. ITaBaunoB 1 A.A. JIucosckuii (2012) BbI-
TenstoT Spermophilus (pygmaeus) pygmaeus (I€BOOEPEKHBINA
MaJlblii CyCIIMK OTHOCHTENIBHO peku Bounrw), Spermophilus
(pygmaeus) planicola (mpaBoOepeKHBIA MaJbIi CYCIHK) U
Spermophilus (pygmaeus) musicus (KaBKa3CKAN (TOPHBI)
MaJIbIi CYCITHK) KaK IMOJTyBH/IbI B HAJIBUJIE pygmaeus. JJaHHbIH
BUJI JaBHO TPHBJICKAET BHUMAHHUE HCCIIEIOBATENCH, OTHAKO
paboT, OCHOBaHHBIX HA aHAIHM3E y4acTKa I'eHa ¢yt b Maioro
cycirka Ha 0003Ha4eHHOI TeppUTOpuH, odeHb Masio (Harrison
et al., 1993; Ermakov et al., 2023; Tem0otoBa u ap., 2024).

K uncity HepaspeleHHbIX BOIPOCOB, KaK CIIPAaBEINBO OTME-
qatoT O.A. Epmaxos ¢ coaBropamu (2018), oTHOCSTCS 1 (hrsio-
TEHETHUECKHE OTHOLIEHHS MEXK/Ly KTOPHBIMI U «PAaBHUHHBI-
mu» cycnrkamu CeBepaoro KaBkasa. Takoke octarioTcs He /10
KOHIIA BBISICHEHHBIMH BOIIPOCHI, KACAIOIHECs IBOIIOLIMOHHOM
HCTOPHUH, 3aKOHOMEPHOCTEN PaclpoCTPaHEHUs] PABHUHHOM 1
TOpHOH ()OpPM MaJIoro CyciHKa. PeleHuio BhIeHa3BaHHBIX
BOITPOCOB IPETISITCTBOBANIA KpaiiHe HepaBHOMEPHAs N3y4eH-
HOCTb TEPPUTOPUH C BOBJICUEHIEM B aHATIN3 HE3HAYNTEIIBHBIX
10 00BbEMY BBIOOPOK.

Bce nonyssiiyy Majioro cyciiika, 0OMTarolye K 3anay ot
Bonru no Husosuii Hemnpa, a takxke B Kpeimy u Ilpenkas-
Ka3be, ObUTH OTHECEHBI K CECTPUHCKOMY BHAY S. musicus Mé-
nétries, 1832, MOCKOJIBKY OH SIBIISICTCS CTAPIIIMM CHHOHHUMOM,
MPUMEHUMBIM K 3amajHoi JuHuU S. pygmaeus sensu lato
(Simonov et al., 2024). CormnacHo ynoMmsiHyToii padore, S. mu-
Sicus — He TOJIBKO TOPHBIH CYCIIHK, HO M BCE MaJIble CYCIIMKH
npaBoOepexbs Bonru. [Tpn 3ToM BcTaeT BOIPOC, SBISIOTCS I
BCE IIPaBOOEPEKHBIC MaJIbIC CYCIMKH B TCHETHUECKOM ILIaHE
OIHOPO/IHBIMU. BO3HUKHOBEHHE JJaHHOTO BOITPOCA CBS3AHO C
pe3ynbraraMy, MOTy4YeHHBIMI HAMH PaHee Ha OCHOBAaHWH aHa-
m3a Gpparmenta rena cyt b mT/IHK cycnukos Bocrounoro u
entpansuoro Kaskasa (TemboToBa u ap., 2024).

B xozme nmpoBeaeHHOT0 aHAM3a OBITI0 0OHAPYKEHO, 9TO HA
Tepputoprn Boctounoro KaBkasa o0uTaroT 1BE reHETHIECKH
paziMyaroIMecs IpyniupoBKY Malioro cycimka. Kpome toro,
CpaBHEHHUE IIEHTPAIbHO-KaBKAa3CKNUX (TOPHBIX) M BOCTOYHO-
KaBKa3CKHX (PaBHUHHBIX ) TPYIIHPOBOK MAJIOTO CyCIIMKA BbI-
SIBUJIO TEHETUYECKYIO IUCTAHIINIO, COCTaBsitonyto 1.34 %, u
OTCYTCTBHE HJCHTUYHBIX TAIUNIOTUIIOB Y CPABHUBAEMBIX TPYTI-
ITUPOBOK, YTO B IIEJIOM YKa3bIBAaCT Ha TCHETHYECKYIO TeTepo-
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TeHHOCTb S. pygmaeus Ha PacCMaTPUBAEMbIX TEPPUTOPHSIX.
Taxoro >xe mopsaka auctanmun (1.29—1.72 %) momydeHs!
MEKy TOPHBIMU MaJIBIMH CYCJIIMKaM{ U TIOMYJISIIUSIMH CyC-
JIUKOB C TIpaBoro Oepera Bonru. Ha nepBblii B3MIs, 9TH AKC-
TAQHIUU MOTYT ITOKa3aThCsl HE3HAYMTEIBHBIMU, OTHAKO OHHU
JIOCTHTAIOT HHKHUX MPEJIENIOB MEKBHUJIOBBIX Pa3JINIUii, €CITH
COIOCTABIISITh C AUCTAHIMSMHU, TIOJTyYSHHBIMH JUIS TIPE/ICTa-
BUTENEH pona Spermophilus: MuanmansHas — 1.4 % (mexny
Bugamu S. major u S. selevini (=S. brevicauda)), makcu-
MmanbHas — 10.7 % (mexny S. dauricus u S. xanthoprymnus)
(Simonov et al., 2024). Taxxe He BIIOJHE SICHO, BCE JIA TI0-
MYJSIANA TaK HAa3bIBAEMOT'0 KaBKA3CKOTO TOPHOTO CYyCIIHKA,
HaceJsIIoIINe TopHble TeppuTopur KaBkaza, TeHeTHYeCKH
Onmu3KK MeXIy coOOi M B PaBHOM CTENEHU OTIMYAIOTCSA OT
PaBHUHHBIX.

B GonbrmHeTBE paboT /1l yTOYHEHHSI TAKCOHOMHUYECKOTO
cTaTyca KaBKa3CKOTO TOPHOTO CYCJIMKa M3ydalics MaTepHhai
npenMyniecTBeHHo u3 Llentpansnoro KaBkasa, B yacTHOCTH
u3 okpectHocTel moc. Diupopyc (Harrison et al., 1993; Epma-
KOB 1 J1p., 2006; Hukonsckwii u np., 2007; @pucman u ap.,
2014; Lpupka, Kopabnes, 2014), bakcana, yuienbst [[>KubI-
Cy, ypounia [1lamkarmas (Ermakov et al., 2023). OtcyrcTBHe
KaK JINTEPaTYPHBIX CBEICHHH, MOIYIECHHBIX HA OCHOBAHUH
aHaJIM3a yJacTKa reHa ¢yt b manoro cyciuka 3anagHoro Kas-
Ka3a, TaK U MoCcje0BaTelIbHOCTEH, JeOHMPOBAHHBIX B 0a3e
Ienbank, ompenenseT HEOOXOAUMOCTh M3YYECHHUS BEIOOPOK
MaJIOTO CYCJIMKa C JIaHHOH TEPPUTOPUH ISl ONpEIeTeHUs
craryca S. pygmaeus, HACEISIOIUX TOPHBIC PAiOHBI.

K umciay Hanbonee 4acTo MCIOIB3YEMBIX TCHETHUECKHX
MapKepoB B (prtoreorpa(uuecKux NCCIIeIOBaHUSX TO3BOHOU-
HBIX XXMBOTHBIX OTHOCHUTCsl MuTOXOHApHanbHast JIHK (Avise,
2000; Jlykamos, 2009; Xonomosa, 2009), ato 00yciioBIE€HO
TaKMMH CBOHCTBaMH, KaK HACJIEIOBaHHE MO MaTEPHHCKON
JIMHUH, OTCYTCTBHE ITpOllecca PEKOMOMHAIINH, BEICOKAsI CKO-
POCTB 3BOJIOLMH IO CPABHEHMIO C SIIEPHBIMH T€HaMH, 00JTb-
I10€e KOJIMYECTBO Konui u T.11. Cyt b 3apekomMeHoBai ce0s
Kak MH(OPMATHBHBIN M YCIICIIHO UCTIONb3YETCSI B TEPHOIIO-
THYECKHX paboTax Ha YPOBHAX OT POIOBOTO JIO BHYTPUBHIO-
Boro (baraukoBa, 2004; Abpamcon, 2007; Xomoaosa, 2009).
Kpowme Toro, 310 reH, AJ1si KOTOPOro AOCTYIHO OOJIbIIE BCEro
HHPOPMAITUH B TCHETHUECKUX 0a3ax TaHHBIX.

Bropoii, He MeHee BaXHBIH aclekT paboThl — M3ydeHHE
TEHETHYECKOTO Pa3HOOOpa3usi reorpagpuyecKix BBIOOPOK Ma-
JIOTO CcyciuKa. MI3BeCTHO, Y4TO CYCIIMKH SIBIISIIOTCS HEOTBEM-
JIeMbIM KOMIIOHEHTOM CTEHHBIX M ITYCTBIHHBIX DKOCHCTEM,
obecrieunBas UX BaKHEHIIHe OMOLIEHOTHYECKHE (YHKIIMH,
OJIHAKO C JJABHUX BPEMEH OHM MPUBIICKAIOT BHUMAaHNE B OC-
HOBHOM KaK BPEANTEIH CEIILCKOTO X035HCTBA 1 TIEPEHOCUMKHI
paznunbIx 3a0oseBanuii. C 1920-x rogoB 6opbda ¢ cycimka-
MH KaK CeJIbCKOXO35ICTBEHHBIMU BPEUTEIAMHE OblTa MOTHATA
Ha TOCY/IapCTBEHHBIH ypoBeHb. | paHI1O3HbBIE 110 MacIITady
UCTpEOUTENbHBIC PA0OTHI TPOTUB MAJIOTO CYCIIMKa Pa3BepHY-
TUch B apuaHbIX JaHamadTax osmero CCCP, mpupoaapix
ouarax uyyMsl. B nepBoii noinoBune XX B. mosyuusia pa3Bu-
THE KOHIEMIHS TOJTHOW JIUKBUAAIMH 04aroB 3TON HHPEKIIMN
IyTEM YHHUYTOKECHUS TPBI3YHOB — HOCHTEINIEH BO3OYAMUTENS.
Ha Ceepuom Kaskasze u B Ceepo-3anagnom Ilpukacnun
PEKOMEH/I0BAJIOCh MPAKTUYECKH MOJHOE YHHYTOXKEHNE MaJIO-
ro cyciuka (KamaOyxos, 1933; ITactyxos, 1959). Haganoce
«O03710pOBJIEHIE» TIPUPOITHOTO 0Yara B COOTBETCTBUH CO CIIe-
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[[HAJILHOU [TPOTPAMMOIi, KOTOPOE IPHUOOPENIO OeCIpereICHT-
HbIe MacmTa0b! (nuT. To: [1lmmosa, 2011). B utore crmonrHast
OYHCTKa TEPPUTOPUH OT CYCIHMKOB, pachaimika CTeneu, u3-
MCHCHHEC MHTCHCHUBHOCTH BbIllaCa CKOTA, Pa3BUTHUC JICCHBIX
MOJIE3AIUTHBIX MOJOC ¥ MCKYyCCTBEHHOTO OPOIIEHMS IpPHU-
BEJIM K YHUUTOXKEHHUIO CYCIIMKOB He TolbKo Ha KaBkase, HO
u Bo MHOrux peruoHax Poccun. ITo nanasmv C.A. [lunosoit
(2011), rmy6okas nenpeccus YUCISHHOCTH ITPaBOOEPEKHOTO
MaJIoro cycirKa Hadyayiach Ha rore Poccun B KOHIIE IIPOIIIIOTO
BeKa M NpojoinkaeTcs 10 cux nop. B Kabapauno-bankapuu
CEITbCKOXO3HCTBEHHOE OCBOEGHHE PAaBHUHHBIX H ITPEITOPHBIX
TEPPUTOPHUH BBI3BAJIO MOYTH IOJIHOE MCUYE3HOBEHHE IOITY-
JSIIME MaJloro cyciuka. B yacTHOCTH, IperopHo-paBHUH-
HBIE ITOMYJISIIUAK MaJIOTO CyCIIMKa 3aHeceHb! B KpacHyto KHUTY
Kabapanno-bankapckoit Pecriyonmku (2018) ¢ nmprcBoennem
craryca ((HaXOﬂHmHﬁCﬂ Ha rpaHd UCUC3HOBCHUS.

Cremyer OTMETHUTB, 9TO TpaHC(HOPMAIHI MECTOOOUTAHUH 1
nX (hparMeHTAIMS B CBSI3H C JCATEILHOCTHIO YEJIOBEKA CTAIIH
PE3YIBTATOM COKpAIICHUSA ITPUTOAHBIX IJI O6I/IT3HI/IH MaJioro
CyCJIMKa IUIOLIAAEH, UTO IPUBEJIO K YPE3BBIYANHO BBICOKOM
pa3apoOIeHHOCTH oMYA Buja. [Ipn 3TOM H3BECTHO, 4TO
(hparmMeHTaIMs ¥ COKpAILICHUE apealioB 4acTO OTPAXKAIOTCS
Ha TCHETHYECKOW CTPYKTYpEe MOIMYIALUHA TUKUX )KUBOTHBIX,
3aTpyIHsIE OOMEH TeHaMHU MEKTy Pa3HBIMHU YacTAMH apeaa,
cHIKast YPPEKTUBHBIA pa3Mep MOIYISIUH U CIIOCOOCTBYSI
BO3PACTaHUIO YPOBHS HHOPUANHTA.

B cBsI131 ¢ BBINIEH3IIOKEHHBIM LETh UCCIIEIOBAHUS 3aKITI0-
4yaJlach B U3YyYCHUU I€HETUUYECKOU CTPYKTYpPbl U T€HETHYE-
CKOTO pa3HooOpa3us S. pygmaeus BOCTOUHOW OKOHEUHOCTH
3ananHoro KaBkasza Ha OCHOBaHMHM aHayn3a ()parMeHTa reHa
cyt b mT/IHK u cpaBHEeHHM pe3ysIbTaToB C paHee MOJydYeH-
ueiMu (Ermakov et al., 2023; Tem6otoBa u np., 2024) s
OLICHKH TaKCOHOMHYECKOTO Pa3HOOOpa3usi Majioro CyciuKa
Ha CeBepHoM Kagkase.

Matepwuanbl n metogbl

B pabote ucronb3oBainch 00pasiibl TKAHEH MBIIII] MAJIOTO
cyciuka S. pygmaeus U3 pa3HbIX reorpaMuecKux MyHKTOB
BOCTOYHOM OkoHeuHOCTH 3amnajnHoro Kaskasza: Kapauaeso-
Yepkecckast Pecryonuka — BepxoBbs p. KybaHb, OKpecTHO-
cTH aynaoB Xyp3ykK U YUKyJaH; ypouuile p. XacayT IPUTOKa
p. Maixka, okpectHOoCTH c. XacayT (puc. 1). OTJIOB 3BepbKOB
npoBovIM TyroBbiMu Kankanamu Ne 0. Karnkansl paccrabiisi-
JIF BOKPYT KHJIBIX HOp cycnukoB (Kapacesa, Temmmmna, 1996).

B anammsupyemMyio BEIOOPKY BOIILTH 32 MOCIEA0BATEIBHO-
CTH MUTOXOHJIPHAJIBHOTO TeHa cyt b S. pygmaeus u3 Kapauae-
BO-Yepkecckoif PecryOmukm: okpecTHOCTH ¢. XacayT U ayJoB
Xyp3yk n Yukynas (tabn. 1). Kpome Toro, mist mpoeaeHus
CPaBHUTEJIBHOTO aHAJIM3a UCTIOIb30BAJIMCH MAIUIOTHITBI MaJIo-
ro cyciuka Ceseproro KaBkasza u3 panee omyOIMKOBaHHON
Hamu pabotsl (TemboroBa u n1p., 2024).

OcrajbHble TIOCIIEI0BATEIBHOCTH TIPEICTaBUTEICH poja
Spermophilus, BKIO9ast BHEIIHIOIO TPYIIILY, B3STH U3 0a3bl
Genbank (ncbi.nlm.nih.gov): S. pygmaeus — OP588846—
OP588904 (Ermakov et al., 2023), AF157907, AF157910
(Harrison et al., 1993); S. musicus — AF157900, AF157904
(Harrison et al., 1993); Spermophilus taurensis Glindiiz et
al., 2007 — KY938064, KY938069, KY938073 (Giir et al.,
2017); Spermophilus citellus Linnaeus, 1766 — AM691632—
AM691640; Spermophilus xanthoprymnus Bennett, 1835 —
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Puc. 1. KapTa nponcxoxpaeHua matepuana Spermophilus pygmaeus Ha CeBepHom KaBkase.
3anafHbiii KaBkas (KapauaeBo-Yepkecckas Pecnybnuka): 1 - YukynaH, 2 — Xyp3yk, 3 — XacayT (HoBble AaHHble); LleHTpanbHbii KaBkas
(KabapguHo-bankapckas Pecny6numka): 4 — Iokunbl-Cy, 5 — Snbbpyc, 6 — TbipHblay3, 7 — AkTonpak, 8 — beseHry; BocTouHbin Kakas

(Pecny6nuka arectaH): 9 — JlsBoBckmin 13, 10 — Xymton, 11 - Kap-Kap, 12 - 3eneHomopck (TemboTtoBa 1 ap., 2024).

AM691658—-AM691663 (Glindiiz et al., 2007) u AF157902,
AF157909 (Opsios u ap., 1969); Marmota monax Linnaeus,
1758 — AF157953 (Harrison et al., 1993).

Okerpaknuio JJHK ocymecTBisiin ¢ moMoImbo Habopa
“Diatom™ DNA Prep100” (OOO «JIaboparopust M3oren»,
MockBa) B COOTBETCTBHHU C MPOTOKOJIOM IIPOU3BOAUTEIS.
Ammmndukanmio ¢parmenros JJHK npoBoanmmm ¢ ucrnos-
3oBaHKeM Habopa MasterMix X5 («/Iuanar», Mocksa). s
[IOJIMMEPA3HON LIETTHON peakuy UCIOIb30BaJIN MPaiMEpBIL:
L14725 TGAAAAAYCATCGTTGT (Steppan et al., 1999),
H15915 TCTTCATTTYWGGTTTACAAGAC (Harrison et
al., 1993) mpu mapamerpax mukia 1P, pexoMeHT0BaHHBIX
B niepBoii padote. Ilomyuennsie TP mpomykTs! ounmanu
nepeocaxxaeHuemM B 0.15 M pactBope amerara HaTpus, B
90 % sTanone ¢ mocienyomiel npoMeiskoi 70 % 3TaHOIOM.
Kauectso ILIP mponyKTOB OLIEHMBAIU METOIOM 3JIEKTPO-
(opesa B 1.5 % arapo3HOM reje B IPUCYTCTBUU OPOMHCTOTO
stuaust. CeKBEHUPOBAHUE HYKJICOTHIHBIX MOCIIEI0BATENb-
HOCTEH MPOBOIMIOCH B 00OMX HAIPaBICHUAX B KOMIAHUHU
«Cunrom» (Mocksa). PenakTipoBaHue U BEIpaBHUBAHUE I10-
Jy49EHHBIX TTOCJIEI0BATEIbHOCTEH OCYIIECTBISIIN C UCIIONb-
3oBanueM nporpammsl BioEdit 7.0.9.0 (Hall, 1999) no anro-
putmy Clustal W BpyuHyto.

CratucTuyeckyio 00paboTKy MaHHBIX, BKIIOYAs pacder
YHciIa NOMMMOP(QHBIX caliTOB, KOJIMYECTBA I'AIUIOTUIIOB, HY-
KJICOTH/IHOTO U TalyIOTUIIMYECKOTO pa3sHooOpas3us, a TaKkKe
TECTOB Ha HeHTpabHOCTh Tamkumel (Tajima, 1989) u @y (Fu,
1996), Bemonusn B nporpamme Arlequin v.3.5 (Excoffier,

Lischer, 2010). B sroii e mporpamme aHaqu3upOBAIH
pacnpeeneHre HabII0AaeMbIX U 0XKHIAaeMbIX 3HAYCHUI 110-
MapHbIX HYKJI€oTUIHBIX pasnnuuil MTJHK B cooTBeTCTBUY C
Mmozensamu gemorpaduyeckoit (Rogers, Harpending, 1992) u
poCTpaHCTBEHHOM skcnancuu (Ray et al., 2003). B3sewien-
HBIe (net distance) MeXTPYTIIOBBIE TEHETHIECKHE IUCTAHIINN
C UCTIONIb30BaHNEM JIByXITapaMeTpruieckoi Mozenu Kumypsr
(K2P) (Kimura, 1980) paccuunrtsiBanu B nporpamme Mega 6.

MenuaHHbIE CETH TAIUIOTHIIOB OBUIM MOCTPOEHBI B TPO-
rpamme Network 4.6.1 merogom median-joining (Bandelt et
al., 1999), najnee ux peaakTUPOBAIU CPEACTBAMH CTaHIAPT-
Horo mnakera Paint.

OwIoreHeTHYECKUH aHaIN3 HYKJICOTHIHBIX MOCIEI0-
BareapHOCTeH Metogom baiteca MCMC npoBoauiu B
MrBayes v3.2.6. (Ronquist, Huelsenbeck, 2003).

Bpewms pacxoxxaenust ouenuBanu B nporpamme BEAST
1.10.4 (Suchard et al., 2018) ¢ moMOIIbIO CICAYIOIIUX Ka-
rOpoBok: 10.9 MITH 1eT — I KOPHEBOTO Y3714 PACXOKICHHUS
Marmota n npyrux BunoB Spermophilus (Yin et al., 2014),
5 MJIH JIeT — BpeMsl IMBEPIreHLUN MeXIy S. xanthoprymnus
u S. citellus + S. taurensis, 2.5 MitH netT — Mexay S. citellus n
S. taurensis (Glindiiz et al., 2007). [laHHBIC aHAIU3UPOBAIH
C MCIIOJB30BAaHUEM HEKOPPEJIUPOBAHHOHU JIOTHOPMAJIbHOU
MoJenn pacciablIeHHBIX MOJEKYISIpHBIX yacoB. Hambomee
onTUMalbHast MOJIENTb HYKIIeOoTHIHBIX 3ameH (HKY + 1) 6puta
BbIOpaHa ¢ momolipio nakera mnporpamm MEGA 6. [y
MapkoBckux 1ierieli (Markov Chain Monte Carlo, MCMC)
ycraHasiInBasv paBHoi 100 MiTH moKosIeHHH € 0TOOPOM Kax-
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Tabnuua 1. Xapaktepuctnka nccnefoBaHHOro Matepurana S. pygmaeus BOCTOUHOWM OKOHeYHOCTU 3anagHoro Kaekasa (KYP)

Homep B 6aze O6pasLbl MecTo nponcxoxgeHus KoopgaunHarbl MpeHTuueH rannotunam us leH6aHKa
[eH6aHK (rannoTtun)
PV539552 3730Has OkpecTHOCTM . XacayT N 43.701667°,
3730Has 137Has E 42.512304°,
3734Has H=1776 m Hag yp. m.
138Has
PV539556 3727Has
3727Has
PV539557 3733Has
3733Has
PV539558 3729Has
3729Has
PV539559 3728Has
3728Has
PV539560 141Has
141Has
PV539561 135Has
135Has
PV539579 3707Hurz OKpecTHOCTU ayna Xyp3yk N 43.415534°,
3707Hurz 3710Hurz E 42.162560°,
PV539581 3653Hurz H = 1484 M Han yp. M.
3653Hurz
PV539562 3709Hurz
3709Hurz 3706Hurz
3652Hurz
3651Hurz
3656Hurz
3650Hurz
3654Hurz
3659Hurz
3713Uchk OkpecTHOCTU ayna YukynaH N 43.455450°,
3712Uchk E 42.090520°,
3715Uchk H=1367 M Hag yp. M.
3711Uchk
3716Uchk
3714Uchk
3661Uchk
3663Uchk
3665Uchk
PV539582 3660Uchk
3660Uchk
PV539583 3705Uchk AF157904, OP588865-0P588868,
3705Uchk OP588903, OP588904

JIOTO THICSTYHOTO COCTOSTHUS ¥ 3HadeHneM burn-in 10 %. Cxo-
JIMIMOCTbH T1apaMEeTPOB OICHUBAJIM HAa OCHOBE JOCTHKEHUS
ESS (effective sample size) 3nauennii >200 ¢ ncrosb3oBa-
HHEeM mporpamMMmHoOro obecredenus Tracer 1.7 (Rambaut et
al., 2018). Bpems pacxoxeHus y37I0B ICHAPOTPaMMEI Sper-
mophilus paccunTaHo JUIs IECTH BApUAHTOB HYKIIEOTHUIHBIX
3aMeH 3a mujutnioH siet: 0.5, 0.9, 1.2,2.4,3.2 u 6.7 %.

Pesynbratbl

Ha ocHoBanum ananmsa oOpa3IoB TKaHEH Majloro CyclnKa
BOCTOYHOI OKOHe4YHOCTH 3anagHoro Kaskasa Obumn momyde-
HbI 32 HYKJICOTHIHBIC MIOCIICI0BATCIBHOCTH (pparMeHTa reHa
cyt b nmuaoi 840 1. H. Bee oHNM 3arpykeHbI B 0a3y JaHHBIX
GenBank ox Homepamu PV539552-PV539583. Ananmsu-
pyeMBbIe MOCIIeA0BaTEeNIbHOCTH ColepKain 24 BapruadeaIbHbIX
caiiTa, u3 KOTOpBIX 14 GBI MapCHMOHNATBHO-UH(POPMATHB-
HBIMH.
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Pe3ynbrarhl (UIOreHETHYECKOTO aHATN3a TOKA3aITH TaKyIo
K€ TOTIOJIOTHIO iepeBa (pHc. 2), Kak ¥ B IPEIbLAYIINX HCCIIe-
JIOBAHMSIX, BHIIIOJIHEHHBIX HA JIAHHOW IPYIIIE U BBIIBUBIIMX
pasneneHue S. pygmaeus Ha 3al1aJHyI0 1 BOCTOYHYIO IPYIIIIBI
(Ermakov et al., 2023).

Panee Hamu ObUIO 1MOKa3aHO 000COOJIEHHOE TMOJIOKEHHE
LEHTPATbHO-KaBKa3CKUX (TOPHBIX) M BOCTOYHO-KaBKa3CKUX
(paBHHMHHBIX ) BBIOOPOK Ha (hrtoreneTndeckoM aepese (Tem-
6otoBa u jip., 2024). AHanu3MpyeMble B HacTosIei padore
HOBBIe rartoTunsl n3 KapauaeBo-Uepkecckoil PecmyOmukn
pacrnaiuch Ha JBE TaIuIorpynmnsl. Tak, MUTOTHIIBI ABYX BbI-
60opok (Yukysan u Xyp3yK) U3 TPEX aHATU3UPYESMbIX TOTAIH
B raruiorpymniy B, 00pa3oBaHHy10 ralyioTHIAMU LIEHTPaIbHO-
KaBKa3CKHX 3BEPHKOB. B oTmiime oT Apyrux ropHbIX BBIOOPOK,
MaJible CYCJIIMKHM U3 OKPECTHOCTH C. XacayT OKa3bIBaIOTCS
Omke K paBHUHHBIM TaIIOTHIIAM U (JOPMUPYIOT BMECTE C
HUMHM OJHY ramtorpynmy Al.

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 202529+ 6



O.A. TemboTOBa, A.X. AMLLOKOBa

M.C.TypoBa

K reHeTnyecKom CTPYKType 1 MPOUCXOXKAEHUNIO

MaJioro cycsmnka Ha CeBepHOM KaBkase

AF157953 CILIA, Helo-lopx _] Marmota monax _

E 3727 KapauaeBo-Yepkecckas PeciyOnuka, c. XacayT |

AF157910 Caparobckas o0nacth, 0. [lepradu
OP588878 Actpaxanckad o01acTh, II. backyHuak
OP588873 CaparoBckas oonacte, c. HopoTynka
OP588877 Bonrorpazackas o0nacts, ¢. Kpacsocenen
OP588872 CaparoBckad o0nacte, c. HopoTynka
OP588875 Bonrorpazckas o0nacte, ¢. KpacHocenen
AF157907 CaparoBckas 00nacTs, c. Ko3moBka
OP588869 Caparobckast 001acTh, ¢. PaxMaHOBKa

OP588874 CaparoBckas oonacte, c. HopoTynka
OP588882 OpenOyprekas 00nacte, c. Amedyrak
OP588889 Kaparanmuackas oonacte, r. Kapaxan
OP588891 Kaparanmuackas o0nacTb, Ap3a0aii
OP588892 KaparaHaHHCKas o0nacTs, Ap3sadait
OP588894 Kaparanmuackas 0051acTh, I. Kapaxan
OP588888 AkTro0HHCKaA 06nacTs, I. IMGa
OP588886 AkTroOHHCKas 00mnacTs, T. IMba

% OP588846 KpriM. I. JlxKaHKOMH -

OP588847 XapskoBckas oOnacte, 1. KaHHoe
OP588848 XaprkoBckast 00nacTe. II. KanHoe
OP588853 Bomrorpaackas o0macTs, ¢. POOHHCKOE
OP588850 PocToBckas obnacTth, ¢. JIakeqeMOHOBKa
OP588852 Bonrorpanckad o6mnacTs, ¢. PoauHcKoe
OP588856 Bonrorpazckast oonacte, c. I opHbmi bansikieit
OP588854 Bonrorpazckas 00nacTe, ¢. POAHHCKOE
OP588861 Bonrorpazckas oonacte, c. J[yOOBEIi oBpar
OP588895 PecnryGmuka Jlarectan, r. CyXOKyMCK
[12 Pecny6nuka JTarectan, qoinsa Kap-Kap | Al

0 8_11 PecnyGmika J{arectan. nomina Kap-Ka

‘T B730 KapauaeBo-UepKeccKasl Pecyoiiika, ¢. xacayT

B729 Kapauaero-UepKeccKas PecnydiHka, ¢. XacayTl |

h [135 Kapauaepo-Yepkecckas Pecryonuka, c. XacayT
[4TKapauaceo-UepKkecckas PeciyOinKa, . XacayT
3728 KapauaeBo-UepKkecckas PeClyOlnHKa. C. xacayT
3733 KapauacBo-YepKecckas PecoyonnKa, ¢. XacayT |
OP588862 AcTpaxaHckas 00J1acTh. . HUKOIBCKOE
OP588864 AcTpaxaHckasd oOnacts, c. HEKombckoe
OP588897 PecmryOmuka JarecTa, I. CyXOKyMCK —
OP588863 Actpaxanckas o6nacte, c. Hukombckoe |
’_[ [66 Pecnybnika J{arectaH, ¢. XyMTOI |
1

=

|22 PecnyGnnka Jlarectad, n. JIbBoBckui Nol3 |
LEZ? PecrryOnuka Jlarectad. 1. JIbeosckuit Nol3

19 PecrryGnuka JlarectaH, 1. JIbBOBCKHIE Nol3 |
25 Pecnyomnka Jlarectad, I1. JIbBOBCKHI Nel3 ] A2
23 Peciryonuka Jlarecrad, 1. JIbBBOBCKHH Nel3
68 Pecrrybmnuka JlarecTtad, c. XyMTOn

20 Pecnvonuka JTarectaH. 1. JIbBOBCKHi Nel3

16 PecriyOnuka Jlarecras. c. 3¢I€HOMOPCK

OP588859 Bonrorpanckas o0nacts, XyT. [Tomos 2

OP588858 Bonrorparckast o6nacte, xyT. [lomoB 2 |
E <|;ﬁE OP588860 Bonrorpazckas 00nacte, XyT. ITomos 2 A3
1

OP588896 PecrryOnuka Jlarectan, r. CYXOKyMCK |
[3709 KapauaeBo-Uepkecckas Pecnydimika, ayll Xyp3yK |
[3707 Kanauaeep-Tepkecckas Pecnvonuka. avil XvVD3vK |
3660 Kapauaero-UepKecckasi PecryOiIHKa, ayll Y UKVIIaH
3653 KapauacBo-Uepkecckas PecnyOnHKa, aynm Xyp3ykK

[3693 KabGapauHo-bankapckasi PecyolnHKa, Iep. AKTONpaK |
n l[ 4058 KabapnuHo-bankapckas Pecnvonuka. Vil JLKHIE-Cy
|3743 Kabapnuno-bankapckas PeciyOnuka, c. beseHrH
|3268 KabapauHo-bankapckas PecinyOmika, 1. SIs0pyc
{3744 KabGapjiuro-bankapckas PeciiyOlHKa, C. beseRrn
[3702 Kabapmuao-bankapckas PecriyOnuka, I. TBIDHBIAY3!
[3255 KaGapauHo-bankapckas Pecny6iuka, mep. AKTONpaK

[4057Katapnuno-bankapckas Pecnvoiik 2 HITEI-C
14059 KaGapauHo-bankapckad PecryOonuka, yuI. JKIIE-Cy

KY938073 Typuus, r. Kanpaman
4‘;[11(‘{938069 Typuma, T. AHTambA S. taurensis
KY938064 Typums, r. AHTabs

AM691640 Typims, 1. Fenmuomy

AM691632 PymbransA, nensTa JyHas

AM691637 Typuus, c. Kymem

0.9" AM691639 Typuus, ¢. [IbHapcixap

AM691638 Typrus, r. JlroneGypras S. citellus
AM691636 Typmua, nep. Hemkarne

AM691635 Typuus, r. Keman

AM691634 PymbiHus. p. Bupoara

AM691633 PymbranA, nensTa JyHas

1
AF157909 Apmenus, r. Tanmun
’—E AF157902 ApMenus, r. Tanmua

AM691663 Typunst, fnep. STHIKCHPT
AM691662 Typumst. ropa [NanaHnoken
AM691661 Typums, m. BaiiGypt
0:84M691660 Typums, T. Kembkut
AM691659 Typuua, r. Kenskur
AM691658 Typuud. I. Y30MI0

S.xanthoprymnus

OP588879 Opendyprckas o6nacTs, ¢. lllecTakoBKa S. pygmaeus 1

2025
29-6

S. pygmaeus 2

Puc. 2. bailecoBckoe ¢punoreHeTnyeckoe flepeBo npeacTaBuTenein poga Spermophilus, ocHoBaHHOe Ha aHanu3se reHa cyt b
MTAHK (840 n. H.), no (Temb6oToBa u gp., 2024), C AONONHEHUAMMN.
Yucna B y3nax BeTBNEHUA — 3HAUYEHWA anoCTePVOPHbIX BepoATHOCTel (6onblue 0.70), uncna B KBaapaTax — HoMepa y310B. Xentbim
LIBETOM BblfjefIeHbl ranioTumnbl Manoro cycnmka Pecnybnvku [larectaH, ronybbim — KapauaeBo-Yepkecckoi Pecrny6nmku, po3osbiv —
KabappunHo-bankapckoi Pecny6nmku.
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Puc. 3. MegnaHHasa cetb rannotunos MTAHK S. pygmaeus, nocTpoeHHana Ha OCHOBe aHanu3a yvacTka cyt b

(anropmtm median-joining, Network 4.6.1).

BennunHa Kpyra nponopLyoHanbHa KONMYecTBY MAEHTUYHbIX ranaoTUnoB. fannoTunbl, BbIABNEHHbIE Ha TeppUTOpUn
KapauaeBo-Yepkecckon Pecnybnuku: Hurz (okpectHocTy ayna Xyp3yk), BbigeneHbl 6enbim ysetom, Uchk (okp. ayna
YukynaH) — cepbiM, Has (oKkp. c. XacayT) — cupeHeBbIM. Y1CI0 MonepeyHbIX LTPUXOB Ha BETBAX COOTBETCTBYET YNCY
HYKNIEOTMAHBIX 3aMEH, MapPKNPOBKOM “mv” 0603HauYeHbl rMMOTETUYECKNE ranioTuMbl.

MenuaHHasi CeTh rarioTHIIOB TAKXXe JEMOHCTPHPYET Cy-
IIECTBYIOIIEE pacrpe/esieHne 0OHapy)KEHHBIX Ha TEPPUTO-
pun KapauaeBo-Uepkecckoit PecryOnuky rarioTumnos Ha iBe
OCHOBHBIE TaruIorpynmsl (puc. 3). OTaeNbHYI0 KOMIIAKTHYIO
rarorpymniry GOpMHUpPYIOT MUTOTHITEI N3 OKPECTHOCTH €. Xa-
cayT. Bo BTOpyIo ramiorpymniy BOIUIM MHTOTHIIBI MajlOTO
cycimka u3 YukysnaHna u Xypayka. [enerndeckast JUCTaHIUS
MEXJy AByMs ramiorpynnamu coctasuia 1.54 %.

ITonyuennsie 32 mocnenoBarenbHocTH U3 KapauaeBo-
Yeprecckoii Pecniybnuku chopmupoBanu 12 rarioTuros,
U3 KOTOPBIX JEBSTH OBUIM YHWKaJIbHBIMH, @ TPU ONHCAHBI
y 2—17 oco0eil. MakcnuManbHOE KOJTHYECTBO YHUKAIHHBIX
rarotunoB (60 %) orMeuyaeTcs B BBIOOPKE U3 OKPECTHOCTEH
c. XacayT (cM. Tabn. 1, puc. 3). Haubomnee yacto BcTpevaro-
muiicst mutotun 3709Hurz otmeden y BochMu ocobeit u3
OKpecTHOCTeH ayna Xyp3yK M JAEBATH 0COOEi M3 OKPECTHO-
creif ayna Yukynas. s 22 ucciegoBaHHBIX 0cobeit 3 Y-
KyimaHa ¥ Xyp3yKa OIHCAaHO BCEro IISITh TalUIOTUIIOB, B TOM
YHCIIe TP YHUKAJIBHBIX. BO3MOXKHO, yTpara rarsioTuios cBsi-
3aHa ¢ OOLIMM CHIKEHUEM YHCIICHHOCTH.

Jnist yTOUHEHUs! KJIaCTepU3allii aHAIN3UPYEMbIX TaIlio-
THUIIOB OblJIa MOCTPOEHA JONOJIHUTENIbHAS MEIHAHHAs CETh
(puc. 4) ¢ BKIIIOYEHHEM B aHAJIN3 paHee TONyYCHHBIX HAMHU
(TembotoBa u np., 2024) u O.A. EpmakoBsIM C KOJUTETraMu
(Ermakov et al., 2023) nocnienoBarenbHOCTEH Maoro cyc-
JIMKA.

AHani3 MeJJMaHHO# CeTH JIGMOHCTPHUPYET pa3/ielieHHe ra-
TUTOTHUITOB MAJIOTO CYCJIMKA Ha JIBE TPYIIIBL: pAaBHUHHYIO (A),
KOTOpasi B CBOIO OUEPE/Ib ITOPA3/CNACTCS Ha TPH IaIuIorpyTI-
el (Al, A2, A3), u ropayto (B). Kak 6s110 mokazano panee,
BBIOOPKA M3 OKPECTHOCTEH C. XacayT KJIacTepHU3yeTcs BMECTe
¢ Mmutotunamu u3 ramnorpynmsl Al. Crofa sxe monanu u ra-
mwiotunsl 11Kar u 12Kar u3z Bocrounoro Kaskasa (Peciy6iu-
ka Jlarectan, nonmuaa Kap-Kap 1). ['enetndeckas nuctanius
Mexay 3BepbkaMu n3 noiauHel Kap-Kap 1 u okpectHocreit
c. Xacayt cocrasuia Bcero 0.36 %. ['arutoTumsl 3B€pbKOB U3
VYukynana n Xyp3yka BMeCTe C IEHTPaJIbHO-KaBKa3CKUMHU
BbIOOpKamu (c. be3eHru, AKTONMPaKCKUI mepeBali, OKPECT-
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HoctH I. TeipHbIay3, ymiense Mpukuar, ypounmie Jxmis-Cy)
chopmupoBaIK OT/IENIBHYIO ramiorpymy B. Haubonee yacto
BeTpeuaromuiics: raruiotun 3709Hurz u3z KapauaeBo-Yep-
KeCHH oTIu4aercs oT ramtoruna 3743Bez, onmmcanHoro y
39 ocobeit n3 pa3HbIX reorpadudeckux Touek L{eHTpansHo-
ro n 3amagnoro KaBkasza, Bcero JuiIb Ha ofgHY 3amMeny. Kpo-
Me TOr0, BaXHO OTMETHUTh, 4To ramiotumn 3705Uch okazancs
UJAEHTUYHBIM LEHTPaJIbHO-KaBKa3CKoMy rariotuiy 3743Bez.
larmorpymnmna A2 oOpa3oBaHa rarioTUIIaMH TOJIBKO BOCTOYHO-
KaBKa3CKHX KUBOTHBIX.

AHanu3 reHeTHYeCKOH W3MEHYMBOCTH TOKA3aj, YTO JUIS
BBIOOPOK MaJIOTO CYCIIMKA U3 OKPECTHOCTEH aysoB Y UKyIaH 1
Xyp3yK XapakTepHbl HU3KHE 3HaueHus rarutorunuyaeckoro (h)
1 HYKJICOTHJHOTO (1) pasHooOpasus (Tadin. 2). B BeIOOpKe
U3 OKPECTHOCTEH ¢. XacayT, HaMpPOTUB, HAONIOAAOTCS OT-
HOCHUTEIBHO BBICOKHE 3HAUYEHMs HyKJICOTHIHOTO U rarjioTu-
nraeckoro pasnoodpasus: 0.0028 u 0.867 cOOTBETCTBEHHO.
YunTeIBast, 4TO AaHHAs BEIOOPKA KIIACTEPU3YETCS OTICIBHO
OT OCTallbHBIX BBIOOpOK U3 KapauaeBo-Uepkecuu, Mbl pac-
CUUTAJIM MTapaMEeTPbl FTeHETUYECKOH M3MEHUYMUBOCTH TOITYJIsI-
U TOJBKO ISl IBYX OOBEAMHEHHBIX BBIOOPOK — YUKylaH
u Xyp3yk. B urore mist coBokymHO# BeIOOpKH (11 = 22) ram-
JoTUIHYeCcKoe pasHoodpasue coctaBmuio 0.407+0.128, Hyk-
neotugnoe — 0.0006+0.0006.

3nauenust rectoB Tamkumel (Tajima’s D) u @y (Fu’s Fs) Bo
BCEX TpeX BHIOOpKaxX ObLIM OTpHLATENLHBIMH (CM. TalI. 2),
a JIOCTOBEPHBIMH — B BBIOOpKax YuKysaH u XacayT U B 00b-
ennHeHHOH BrIOOpKe (YuKymaH+Xyp3yK).

W3 Tpex oTMEeUeHHBIX TaIluIoTpyI Majxoro cycimka (Al,
A2 u B) B OonbIelt CTENIEHH IeHETHYECKH 000COOICHHBI-
MU OKkasbiBaloTcs Al u B, MeX1y KOTOpBIMH T'eHeTHYecKast
jquctaHius cocraBuna 1.46 %. IToutu Takas ke AUCTaHIUA
(1.41 %) nmomyuena mexay ramnorpynnamu A2 u B. 1 Ha-
KoHel, MuUHIManbpHOoe 3HadeHue (0.74 %) momydeHo mpu
cpaBHeHUH rpynmupoBok Al n A2. KacarenpHO reHeTHYe-
CKUX JAVCTAHIMHA MEXJTy TPEMS HCCIIEyeMBbIMH BEIOOPKaMHU
n3 KapauaeBo-Uepkecckoil PecryOnuku ciieryeT OTMETHTS,
YTO TPU CPABHEHUH MAJIOrO CyCIHKa U3 YUKyaaHa u Xyp3y-
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Puc. 4. MeanaHHan cetb rannotunos MTAHK S. pygmaeus, nocTpoeHHas Ha OCHOBe aHanm3a yJyacTtka cyt b (anroputm median-joining,

Network 4.6.1).

BennunHa Kpyra nponopLnoHanbHa KONMYeCcTBy MAEHTUYHbIX FranioTUNoB. BuiasieHHble 2anijomunsl: Ha Tepputopun Pecnybnmkn [larectaH:
Kar (nonunna Kap-Kap) - KopuuHeBbit LBeT, Zelen (oKp. c. 3eneHoMopcK) — YepHblid, Hum (okp. c. Xymton) — rony6oii, Lvov (okp. noc. JIbBoB-
cKuin 13) — po30Bbiit; Ha Tepputopun KabapauHo-bankapckoi Pecny6nuku: Tyr (oKp. I. ToipHblay3) — CvHWI UBeT, Bez (oKp. c. beseHrn) — )enTbii,
Akto (AkTonpakckuii nepesan) — KpacHbiin, Elb (okp. noc. Inbbpyc) — opanxkebil, Dzhi (ypouuniie Ixunbl-Cy) — canaToBblii; Ha TeppuUtopumn
KapauaeBo-Yepkecckon Pecnybnuku: Hurz (okp. ayna Xyp3yk) — 6enbiin uget, Uchk (okp. ayna YukynaH) — cepbliid, Has (okp. c. XacayT) — cupeHe-

~ou

BbI. Yncno nonepeyHbIX WTPUXOB Ha BETBAX COOTBETCTBYET YNC/Y HYKNEOTUAHbIX 3aMeH, MapKUpPOBKOW mv” 0603HauYeHbl TMNOTETUYECKNE

rannoTunbl.

Tabnuua 2. Mokasatenu rannotunuyeckoro (h) n HykneoTnaHoro () pa3Hoobpasna 1 3HauyeHWs TecToB TagKumbl 1 Qy

ana S. pygmaeus 13 KapauaeBo-Yepkecckoli Pecny6nvku

leorpaduueckne rpynnupoBKu N n+S.E h +S.E. Tajima’'s D Fu's F
(pa3mep BbIGOPKM)

XacayTt (n=10) 7 0.0028 +0.0019 0.867 £0.107 -1.765 -2.756
Xyp3yk (n=11) 3 0.0006 + 0.0006 0.473 £0.162 -0.778 -0.659
YukynaH (n=11) 3 0.0004 + 0.0005 0.346 £0.172 -1.430 -1.246
Ina Spermophilus 6e3 XacayTa (n = 22) 5 0.0006 + 0.0006 0.407 £0.128 -1.667 -2.662

n pumedyaHne. N - uncno rannotunos; S.E. - CTaHOapTHaA olwmnbKa. CTaTncTnyeckm AOCTOBEpPHbIE 3HaYEeHUA TECTOB BblAe/IeHbI NOJTY>KUPHbIM LIJpVI¢TOM.

Ka e¢ 3HAuCHHEe PaBHUIOCH HYJIO. A BBIOOpKa m3 XacayTa B
PaBHOM CTeNeHH OTIMYalach OT TPYNIUPOBOK S. pygmaeus
n3 Yukynana u Xyp3yka ¢ gucrannuen 1.53 %.
leHeTHYeCKHEe OUCTAHIIMHA MEXKTY TeorpaguIecKUME BbI-
6opkamu S. pygmaeus CeBepHoro KaBkaza npuBeneHbl B
Tabm. 3. Kak BuaHO, BEIOOpPKA U3 OKpEeCTHOCTEH C. XacayT OT-
JUYACTCS OT OCTANBHBIX IIEHTPaThbHO-KaBKa3CKUX BBIOOPOK
(Axrompak, besenru, Upukuar, Teipubliay3, xuns-Cy) ¢
muctaniusaMu 1.5-1.7 %, Torma Kak OT BOCTOYHO-KaBKa3-
ckux — ¢ puctanuusamu 0.4—1.0 %. [Ipu cpaBHeHuU BYX 3a-

TaTHO-KaBKa3CKUX BEIOOPOK (YukyiaH, Xyp3yK) C IIEHTPab-
HO-KaBKa3CKMMU 3TH 3HaueHus cocraBuiu Bcero 0-0.2 %,
a TPU aHAJOTMYHOM CPAaBHEHHU C BOCTOYHO-KABKA3CKUMHU
BBIOOpKAMH MUHUMAIbHAs TUCTAHIUS Obl1a paBHa 1.2 %, a
MakcuMmaibHas — 1.7 %.

AHanmu3 pacrpeeNeHns] YacToT MapHbIX HYKICOTHUIHBIX
pa3IuIHil MEKAY TaIUTOTUIIAMH (PHC. 5) IPOBEICH TAKKE IS
JIBYX BBIOOPOK: U3 OKPECTHOCTEH ¢. XacayT u Jisi 00be/Iu-
HEHHOH BBIOOpKM YukynaH+Xyp3yk. B oObennHeHHOH BBI-
0OOpKe 0OTMEYaeTCsl YHUMOIABHBIN XapaKTep pacipe/IeCHus,
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Ta6nuua 3. eHeTMYeCKMe QUCTAHLUM MeXaY reorpadurueckumm Bbibopkamm S. pygmaeus CesepHoro KaBkasa

(yuacTok reHa cyt b mTOHK)

Bbibopka 1 2 3 4 5
1. MNepesan AKTonpak 0.004 0.000 0.000 0.001
2. Okp. c. XacayT 0.015 0.004 0.004 0.004
3. OKp. c. bezeHru 0.000 0.017 0.000 0.001
4. OKp. noc. nbbpyc 0.000 0.017 0.000 0.001
5. Okp. ayna Xyp3yk 0.001 0.015 0.001 0.001
6. OKp. ayna YukynaH 0.001 0.015 0.001 0.001 0.000
7.Yui. Ixunnbi-Cy 0.000 0.017 0.000 0.000 0.002
8. OKp. noc. Xymron 0.012 0.009 0.013 0.013 0.012
9. Okp. noc. JlbBoBcknn 13 0.014 0.008 0.015 0.015 0.014
10. OKp. ¢. 3eneHOMOpPCK 0.015 0.010 0.017 0.017 0.015
11. JonuHa Kap-Kap 1 0.017 0.004 0.018 0.018 0.017
12. flonnHa Kap-Kap 2 0.016 0.010 0.017 0.017 0.016
13. Okp. r. TolpHblay3 0.000 0.017 0.000 0.000 0.001

6 7 8 9 10 1 12 13
0.001 0.000 0.004 0.004 0.004 0.004 0.004 0.000
0.004 0.004 0.003 0.003 0.003 0.002 0.003 0.004
0.001 0.000 0.004 0.004 0.004 0.005 0.004 0.000
0.001 0.000 0.004 0.004 0.004 0.005 0.004 0.000
0.000 0.001 0.004 0.004 0.004 0.004 0.004 0.001

0.001 0.004 0.004 0.004 0.004 0.004 0.001
0.001 0.004 0.004 0.004 0.005 0.004 0.000
0.012 0.014 0.000 0.000 0.004 0.000 0.004
0.014 0.015 0.000 0.001 0.004 0.001 0.004
0.015 0.017 0.000 0.001 0.004 0.000 0.004
0.017 0.019 0.010 0.010 0.011 0.004 0.005
0.016 0.017 0.000 0.001 0.000 0.011 0.004
0.001 0.000 0.013 0.015 0.017 0.018 0.017

n pumMmedaHune. Mopa anaroHanbto npuneefeHbl 3Ha4YeHUA MeXrpyrnnoBbIX ONCTaHUWIA, Hap ANaroHanbio — COOTBETCTBYyOLWE 3HaYeHNA CTaHﬂapTHOﬁ oLN6KM.

OKpecTHOCTH aynoBs YukynaH v Xyp3yk
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Puc. 5. [uctorpammbl pacnpefeneHns napHolx pasnunumii (mismatch dis-
tribution) S. pygmaeus okpecTHocTeln aynoB YukynaH+Xyp3yK 1 oKpecT-
HocTel c. XacayT (gemorpaduyeckas dKCMaHCKMA M NPOCTPaHCTBEHHas
3KCnaHcma).

OMM3KHI K 0XKUIAHUSM JUIS PACTYIISH IOIYIISLIIH, YTO MOYXKET
YKa3bIBaTh Ha HEAABHIOO IEMOTpa(hMUECKYTO SKCITAHCHIO UITH
MIPOCTpaHCTBEHHOE pacipenue (MeHnee 200 ThIC. 1T Ha3am)
THOCIIe TaJJeHHs YUCIICHHOCTH. AHAJIN3 pacIIpeieNieH s Yucia
HYKJICOTH/IHBIX 3aMCEH B BBIOOPKE M3 OKPECTHOCTEH C. XacayT
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BBISIBUJI MYJIBTUMOJAIIbHOCTD, YTO, BEPOSITHO, TOBOPHT O Ha-
JIMYMH JIBYX U OoJiee CyOIomyIIsiiuii.

Kak ormeueno panee (TemOoroBa u nip., 2024), pesymsra-
TBI MOJICKYJIIPHOTO JaTUPOBAHWSI OBUIM MOJYyYEHBI Ha OC-
HOBaHMHU TpeX KaIMOpOBOYHBIX Touek: 10.9 MiH seT — as
KOPHEBOTO y3Jla PacXoxaeHus Marmota U IpyTuX BHUJIOB
Spermophilus (Yin et al., 2014); 5 M= et — BpeMst TUBeEp-
reHiuu Mexay S. xanthoprymnus u S. citellus + S. taurensis;
2.5 M= net — Mexnay S. citellus n S. taurensis (Glindiiz et
al., 2007). Bxitouenne B aHam3 JIOMOJTHUTEIBHBIX BEIOOPOK
n3 KapauaeBo-YUepkecnuu He MOBIHSIIO CYILIECTBEHHO HA 3TH
Ppe3yabTaThl, ¥ BO3PACT MHOTHX Y3JIOB OCTAJICS MPAKTHUECKH
npexXHuM (Tabdm. 4).

UYro kacaercs BeiOopok u3 KapayaeBo-Uepkecckoit Pe-
CIyOJIMKH, 3BOJIIOIMOHHBIA BO3PACT TPYMIUPOBKH MAaJIOTO
cyciimKa U3 XacayTa BMECTE C HEKOTOPBIMH TalVIOTHIIAMH W3
Harecrana (11, 12, nonuna Kap-Kap, OP588895, OP588897,
CyxokyMcK), a Takxe Kpsima, XapproBckoid, Boirorpaackoit,
PocToBckoii, AcTpaxaHckoii obnactei coctaBui 369 ThIC. J1eT
(95 % HPD: 0.217-0.538 mmun ner) (y3en 9) mis mozaenu,
paccauTaHHOHN U1 9acTOTHI MyTanuii 0.5 % 3a MIJUTHOH JIET.
OcrajbHbIe TAIUIOTHITEI 3BepbKoB M3 KapauaeBo-Uepkecuu
(Yuxynan, Xyp3yk) nonanu B kiactep B, chopmupoBaHHbIit
MHUTOTHIIAMH IIEHTPaIbHO-KaBKAa3CKUX 3BEPHKOB. Bo3pacT
JlaHHOTO Ki1actepa coctasmi 182 teic. et (95 % HPD: 0.080—
0.300 miH ner) (y3en 11).

O6cyxpeHue

Ha ocHoBaHuM nosy4eHHbIX 32 Mociie1oBaTenbHOCTeH ObLIO
onucaHo 12 TamIoTHIIOB, PAaCTIPENENUBIINXCS 10 JBYM Ta-
wrorpynnam (A n B). @unoreHeTnueckuii aHamu3 mokasai,
4qTo 06Hapy)1<eHHme TaIrlIOTUIIbI BOIJIM B COCTAaB OITMCAHHBIX
HaMHU paHee TOPHOH (eHTpaTbHO-KaBKa3CKOM) M paBHUHHON
(BOCTOYHO-KaBKa3CKoil) TpynupoBok. Kak BUIHO U3 MenaH-
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K reHeTnyecKkol CTpyKType 1 NMPONCXOXKAEHUIO
manoro cycnvka Ha CesepHom KaBkase

Ta6bnuua 4. Bpemsa pacxoxaeHna (MH 1€T) TAaKCOHOB U OTAENbHbIX KnacTtepos Spermophilus

C lWeCTblo BapnaHTamun CKOpOCTeVI aBosiloUnn

Homep y3na Ha gepese

1. Marmota / Spermophilus
2.S.xanthoprymnus / S. taurensis+S. citellus
3.S. taurensis / S. citellus
4.S. pygmaeus 1 (<BOCTOUHasA») / S. pygmaeus 2 («3anafHasn») rpynmbl
5.S. pygmaeus 1 (<BoCTOUYHas» rpynna)
6. S. pygmaeus 2 («3anagHas» rpynna)
7.S. citellus
8. S. xanthoprymnus
9.S. pygmaeus (rannorpynna A1)

10. S. pygmaeus (rannorpynna A2)

11. S. pygmaeus (rannorpynna B)

12. S. taurensis

HOH CETH TaIyIOTHIIOB, BEIOOPKA U3 OKPECTHOCTEH ¢. XacayT
000C00JICHA OT PYTUX FOPHBIX 3aI1aTHO- U IICHTPaIbHO-KaB-
Ka3KUX BBIOOPOK 1 Hanbosee On3Ka K BOCTOYHO-KaBKa3CKUM
PaBHUHHBIM BBIOOPKaM MaJIOTO CyCIIHKa. | eHeTHUeCKHe 1H-
CTaHIMH, TIOJIyYESHHbIE IPH CPABHEHUU TpeX BbIOOpOK 13 Ka-
pagaeBo-Yepkecckoit PecryOmmkm, TonTBEp)KIal0T TeHETHYe-
CKYI0 000CO0IEHHOCTB BBIOOPKH M3 OKPECTHOCTEH . XacayT.
JlanHas BbIOOpKa OTIIMYAETCsl OT ABYX Apyrux (YukynaH,
Xyp3yk) ¢ auctanmueit 1.54 %. Takum oOpazoM, pe3ynbTaTs
MIPOBEJICHHOTO MCCIIEIOBAHMSI TTO3BOJISIIOT 3aKIIFOUUTh, YTO
Ha paccMaTpuBaeMbIX TeppuTopusx (YukymnaH, Xyp3yk, Xa-
cayT) Bua S. pygmaeus He SBIISICTCS TOMOTCHHBIM U IIPEJICTAB-
JIeH ByMsI TEHETHUYECKH Pa3INYalONINMUCS TPYNITHPOBKaA-
MU MaJioro cyciuka. [Ipu 3Tom ofiHa U3 rpynmupoBOK OmKe
K BOCTOYHO-KAaBKa3CKUM (pPaBHMHHBIM), a pyras — K [EHT-
palibHO-KaBKa3CKUM (TOpHBIM) BeIOOpKaM. Cenenne XacayT
HaXOJIMTCS Ha JIEBOM Oepery OJIHOMMEHHOMN PEKH, Uy Th HIKE
BIIAJICHUS B Hee p. bepmaMmebIT, B 6 kKM 0T BepmnHb! boipmion
Bbepmampit. Cornacuo ganusiM AWM. JIsTiioBa ¢ koisieramu
(1980), B okpecTHOCTSIX Topbl bepMaMbIT ropHBIE Majble
CYCIJIMKH B HECKOJIBKHMX MecTax (TIATh NOCEeIeHUHN ) TPOHUKITN
ceBepHee CkanncToro xpeOTa, 4ero He OTMEYAETCsl B JIPYTOi
4acTH apeasa. DTo eAMHCTBEHHOE MECTO B 30HE pa3phiBa, I7e
pexu He 00pa3yIoT Mperpaj MeXIy MOMyISLUsIMA B TOpax U
Ha paBHUHAX.

W3 Tpex n3yueHHBIX IPYIIHUPOBOK S. pygmaeus n3 Kapagae-
BO-YUepkecun HU3KUMH 3HAYEHHUSIMU TTOKa3aTeJel ramioTu-
naeckoro (h =0.346-0.473) u nykneornanoro (= 0.0004—
0.0006) pa3HOOOpa3us XapaKTePU3YHOTCsI BRIOOPKH Y UKYJIaH U
Xyp3yk (cM. Tab. 2). AHaJIOTHYHBIE JAHHBIE OBLTH IOy YEHBI
paHee M JIs [IEHTpaJIbHO-KaBKa3CKMX BeIOOpok (KabapanHo-
bankapckas PecryOirka) Maioro Cyciuka, IpOUCXOISIIUX C
BbICOTHI 12001500 M Han yp. mops (TemboroBa u ap., 2024).

Huskoe renernyeckoe pazHooOpasue B Ab0PYyCCKOit BEIOOP-
Ke ObLTO BhIsSIBIICHO Takke B padote (Ermakov et al., 2023):
rarmIoTHIgecKkoe pazHooodpasue —0.333+0.215, HykneoTna-
Hoe — 0.03 %. Iyl cpaBHEHUSI OTMETHUM, YTO Y TPYIIIHPOBOK

CkopocCTb 3BONIOUUN

0.5% 0.9% 1.2% 24 % 31% 6.7 %
8.479 7.625 7.351 6.491 6.244 5.532
4.708 4.270 4135 3.676 3.536 3.254
2.624 2410 2.340 2.109 2.037 1.829
2.287 2.014 1.923 1.638 1.545 1.224
0.349 0.309 0.295 0.252 0.240 0.194
0.735 0.646 0.617 0.526 0.498 0.400
0.740 0.657 0.629 0.546 0.516 0.421
0.415 0.366 0.351 0.302 0.286 0.234
0.369 0.325 0310 0.266 0.252 0.203
0.262 0.230 0.221 0.189 0.179 0.146
0.182 0.161 0.155 0.133 0.127 0.103
0.108 0.096 0.092 0.081 0.077 0.063

MaJloro CyCIIMKa C 3araHOi ¥ BOCTOYHOI JIMHUU 3HAYCHUS
MOKa3aresis TalIOTHITMYECKOTO PasHo00pasusi BApbUPOBAIIH
ot 0.859 mo 0.964, a ypoBeHb HYKJICOTHIHOTO pa3zHOOOpa-
3us © usMmeHscs ot 0.17 go 0.76 %, 4ro B mecTs pas u
Oouiee BbIIE, YeM B abOpycckoii Beioopke (Ermakov et al.,
2023). Takum 00pa3oM, pe3yasTaThl KaKk HACTOSIIETO, TaK U
MIPE/BITYIIETO UCCIC0BAaHNS MTOKA3bIBAIOT, YTO ISl OOJIb-
IIMHCTBA TOPHBIX BBIOOPOK MaJIOro CyCJIMKa 3amaJHoro M
Hentpanxsaoro Kapkasza (3a MCKITIOUEHHEM BBICOKOTOPHOTO
ymenbst Jpxunel-Cy) XxapakrepeH HU3KUH ypOBEHb TEHETH-
yeckoro pasHooOpasusi (TemboToBa u ap., 2024). Huskue
3HaYeHUst h ¥ T MOTYT OBITh CIIEACTBUEM CEPHE3HOTO Ma/ICHUS
YHCIICHHOCTH B TEYCHHUE JUTUTEIILHOTO BpeMeHH (3 PeKT «Oy-
TBUIOYHOTO rOpIIbINIKay ) (Xononosa, 2006; Adpamcon, 2007).
He uckiroueHo, 4T0 ropHbIe MOMYJISIINY MaJIoTo CyCInKa He-
OIHOKPATHO MCTIBITHIBAIN CHIDKCHHE YnciIeHHocTH. Huskoe
IeHETHUYECKOE Pa3HO00pa3nue MOXKET IPUBOANTD K CHHIKEHHIO
a/IalITUBHBIX BO3MOKHOCTEH OTIEIBHBIX 0CO0EH M momyis-
LW ¥ yBEINYNBaTh PUCK MX ncue3HoBeHus (Gitzendanner,
Soltis, 2000; Willi et al., 2006). B Beibopke U3 okpecTHOCTEH
c. XacayT BBIABICHBI OTHOCUTEIBHO BBICOKHE 3HAUCHHUS OT-
MEYCHHBIX MoKa3aresnel. Tak, rarmoTunuaeckoe pazHooopa-
3ue OBLIO TIOYTH B JIBa, a HYKJICOTHIHOE B IISITh pa3 U Oosee
BBIIIIE, UM B OCTAIBHBIX JIBYX BBIOOpKax (YuKkymaH, Xyp3yK)
Masoro cyciuka. [1o ypoBHIO TeHETHYECKOTO pa3HOO0pasus
BBIOOPKa U3 OKPECTHOCTEH C. XacayT oKa3bIBaeTCsl OJIMKe K
paHee U3y4eHHBIM PABHUHHBIM BEIOOPKaM U3 I0)KHON OKpau-
Hbl [Ipukacnuiickoil Hu3mMennoctu Bocrounoro Kaskasa,
Hexelu K TopHbIM. [TogoOHOe cooTHolIeHue mokas3aresneit
TEeHETHYECKOTO pa3sHooOpa3us (BbICOKKE h U 1) XapakTepHO
HE TOJIBKO IS TTOITYJISIIIA I, MMEIOIINX BHICOKYFO YMCIICHHOCTD
Ha MPOTSHKEHUH [UTUTEIILHOTO BPEMEHH, HO | [T ¢(hopMUpO-
BaBILIUXCS B Pe3ysibTaTe 00BETMHEHHS PEKIC N30INPOBAH-
HBIX M TeHETHYECKH HEOAHOPOAHBIX TpynmupoBok (Rogers,
Harpending, 1992).

JlocToBEepHO OTpHULATENbHBIE 3HAUEHUS TecTa TalKUMBI,
HaOJro1aeMble IPaKTHUECKH BO BCEX BEIOOPKaxX S. pygmaeus,
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MOTYT CBUJICTEIBCTBOBATH O HEJJABHEH MOIMY/SAIIMOHHOMN JKC-
MTAHCHH TI0CJIE CHIDKEHHUS YUCICHHOCTH (3¢ (deKT «OyThITou-
HOTO TOPJIBIIIK).

['ucrorpaMMbl MOKa3bIBAIOT (CM. PHUC. 5), UTO B BBIOOPKE
13 OKpECTHOCTEN c. XacayT pacnpeneneHue HyKJIeOTUIHbIX
pa3IMuuil HOCUT MYJIBTHMOJAJIBHBIN XapakTep, 4To HE CO-
OTBETCTBYET OXKHJAEMOMY paclpejeneHuto. PacxoxaeHus
MEK/Ty OKHMJAEMBIM 1 HAOIIOAAEMbIM PACTIPEAEICHHEM TOBO-
PSIT O BBICOKOH TeTepOreHHOCTH BEIOOPKH. B 00betmHenHOM
BbIOOpKe (YukynaH u Xyp3yK) JBe KpUBbIE TOKA3bIBAIOT XO-
poliiee CoBNaicHNE U UMEIOT YHUMO/IAIBHBII XapakTep pac-
npezenenus (cM. puc. 5).

Bospact Tax Ha3pIBaeMOM paBHUHHON TPyHIHUPOBKH (Ta-
wrorpymnmna Al), B KOTOPY!O BOIIUTH MUTOTHITEI MaJIOTO CyC-
muka u3 Xacayra, coctaBuil MeHee 400 ToIc. neT. Bo3pact
KJaael A2, mpeacTaBiaeHHoH cycnukamu Bocrounoro Kasxka-
3a, —Menee 300 TrIC. steT. [ pymia MasbIX CyCIIMKOB 3armaHoTo
(Yuxynan, Xyp3yk) u Llearpansnoro Kaskasa, oOpasyrommx
knany B, sisercs dunorenernyecku Oonee monooil. Ee
Bo3pacT Meree 200 TrIc. 1eT. BEraucIeHHbIN BO3pacT He Tpo-
THUBOPEYNT JJAHHBIM M MHEHHIO PYTHUX aBTOPOB, CYMTABIINX,
YTO MPEIKU COBPEMEHHBIX TOPHBIX CYCIIHKOB B Pa3HOE BpeMs
IIPOHUKAJIN B BBICOKOTOPhE U3 PAaBHUHHBIX paiioHOB (I[Bupka,
Kopabnes, 2014). YuuTeiBas BICKa3bIBaHHS MHOTUX YUEHBIX
(Csupuaenxo, 1927; Modd, 1936; Baprasckuii, 1963) o Tom,
YTO B HOBOW MCTOPHWH apeaia Majloro CyCIIMKa MPUXOAUTCS
UMETB JICJIO HE C NIEPBUYHBIM, a TIO CYIIECTBY C MOBTOPHBIM
pacceneHreM JaHHOTO IPhI3yHa, MOYKHO MPEINOI0KUTh, YTO
Pa3HbIH BOITIONMOHHBIN BO3PACT TPEX BBISIBICHHBIX TaIlIO-
rpymn S. pygmaeus CBsI3aH C MHOTO3TAITHBIM PacCelICHHEM
MaJIoro CyCJIMKa MO UCCIeTyeMOH TepPUTOPHH.

JlaHHBIE MOJIEKYJIIPHOTO IaTUPOBAHUS MO3BOJISIOT IIPEIIIO-
JIaratk, 4To 3arta {Hasi raruiorpyrna Majoro CyCIlIiKa IIPOHUKIIA
crutonrHo# nonocoi Ha LlenTpanbubiii, Boctounsrii KaBkas u
BOCTOUYHYIO OKOHEUHOCTH 3amnagHoro Kaskasza uepe3 CtaBpo-
TIOJIECKYIO BO3BBIIICHHOCTH 1 [ IprKactiniickyto HI3MEHHOCTb
meHee 400 TbIC. JIeT Ha3al.

Bo3MoxHO, B pe3yabTare IepBOro 3ramna 3acesIeHus Majbli
CYCJMK 3aKpEeNuiIcs Ha BOCTOYHON OKOHEUHOCTHU 3amajHoro
KaBkasa B paifone XacayTa, a Takke Ha paBHUHE U B MPE-
ropesax Kabapanuo-bankapum, riae 10 1990 1. cymecTBoBamm
crabmipHble Tonysiun cycnuka (TemGoToB U n1p., 1969;
Tem60T0OBa, KoHOHeHKO, 2017), koTophIe ¢ KOHIIA XX B. HE
peructpupytorcs B Kabapauno-bankapckoit Pecmybmmxe.
Menee 200 TbIC. €T Ha3a/] B XOJ€ PACCEIICHUs BU TOJHSIICS
B ropsl Ha BbIcOTy 2000 M Haj yp. MOps U BhImIe o bakcaH-
ckoMy, MasikuHckomy U Yepekckomy yiuenbsiMm. Buaumo,
0 CyOAIBIHUICKOMY TOSICY OH NPOHHMK W Ha TOTPAHUYHbBIE
Tepputopuu KapadaeBo-Uepkecuu, 0 4eM CBUAETEIBCTBYET
OZIMH 1 TOT K€ YBOJIFOLIMOHHBIN BO3PACT JKUBOTHBIX 3aMaJHOTO
(Yuxynan, Xyp3yk) u LlentpansHoro KaBkasa.

Ha Bocrtounom KaBkase B mporiecce mepBoii BOJTHBI pac-
CeJIeHMsl CyciauKa ¢ Pycckoll paBHUHBI BUJI 3aKpENMJICS Ha
ceBepe Horatickoii creny (CyXOKyMCK) 1 FOXKHBIX OKpanHax
[Tpuxacnuiickoit HU3MeHHOCTH (T0iMHa Kap-Kap). OueBua-
HO, YTO IPOHUKHOBEHUE B 10’KHBIE pailoHbl [Ipukacnmiickoi
HU3MEHHOCTH MaJIOro CyCJIMKa IPOUCXOIMIIO uepes Beto [pu-
KaCIHUHICKYI0 HU3MEHHOCTh, HCXOS U3 UEr0 MOYKHO OXKU/1aTh,
YTO MHUTOTHITBI BUJa HA BCEH €€ TEPPUTOPUH OyIyT OZHOTO
9BOJIOIIMOHHOIO Bo3pacTa. Onnako Kacnnii B reonorngeckoe
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BPEMsI OYCHB J0JITO MEHAJI OUE€PTaHUsA, HUBMCHHOCTD PETyJIsp-
HO 3aTarnBajach, a 3aTeM 0CBOO0XK1aIach OT BOJIBI, IIO3TOMY
CTaOMILHOM TTOIYJISALIUY 3/1€Ch HE cyliecTBoBasio. M3 n3mo-
JKEHHOI'0 CIIEAYET IIPEAIIONoKEeHNE, uTo [Ipukacnuiickas HU3-
MEHHOCTH B paifoHax XymTomna, JIbBOBCKOTO 11 3eTIeHOMOpCKa
y’Ke ITOBTOPHO Obli1a 3acesiena cyciaukoM cirycts 100 Teic. e
u OoJiee BEpOSTHO, YTO 3acelieHue 1110 ¢ Pycckoli paBHUHBI.

3aknioyeHue

Ha Cesepnblit KaBka3 cycnuk NpoHHMK U3 3amagHON 4acTh
0o0IMpPHOTO apeaiia, OXBAaTHIBAIOIIETO paBHUHY BocTouHOM
Eporsr, ceBeproro Kpsima, [IpekaBkas3bs 1 ceBEepHBIX Ya-
creit Cpenneii Asuu (Bepemarun, 1959). Bospact 3anaanoi
rarmIorpymirs! coctasisieT okono 800 Tric. net. PacnpocTpane-
Hue B ceBepHble yacTu Cpennelt Asun n Ha CeBepHblil KaBkas
MIPOMCXOIUIIO, CKOPEE BCETo, MapajieabHo, TaK KaK BO3pacT
BOCTOYHOH TaIuIOTPYNNH S. pygmaeus 1 v caMblii cCTapImInit
BO3pacT raruiorpyi, nossusinuxcs Ha CeepHom Kaskase,
UMEIOT Onm3kue 3HadeHus: B mpezenax 350—400 Teic. yet
s S. pygmaeus 1 n ramnorpynmnsl Al (em. puc. 2). Ipn
stoM Ha CeBepHblii KaBka3 cycnuk 3acessyicsi CIUIOUIHON
nonocoit Ha [lenTpanbubiii, Bocrounsiit KaBkas u BocTouHyo
oKkoHeyHOCTh 3amagHoro Kaskaza gepe3 CTaBpOMONBCKYIO
BO3BBIIICHHOCTH U [IpHUKAaCcIHUICKYI0 HU3MEHHOCTb.

B pesynbrare nepBoil BOJIHBI 3aCE€NEHUSI MaJlblid CYCIIHK
3akpenwics Ha 3amagHoMm KaBkase B paiione XacayTa, a Ha
[lenTpansnom KaBkase — Ha paBHHHE 1 B IpeAropbsix Kabap-
nuHo-bankapuu, rne 10 1990 r. cymecTBoBanu crabusibHbIe
noryssiinu cyciuka (Tem6otoB u ap., 1969; TemboToBa, Ko-
HOHEHKO, 2017), koTopsle ¢ koHIIa XX B. HE PETHCTPUPYIOT-
cs. OTCYTCTBHE CIUIOLIHOIO Mosica jiecoB Ha l{eHTpansHoM
Kaskase, B wactnoctn B Kabapanno-bamkapuu, mo3Boimio
nosxke, MmeHee 200 ThIC. T€T Ha3al, IPOHUKHYTbH S. pygmaeus
B IOpbI 10 TpeM yuienbsaM: YepekckoMy, bakcanckomy u Maii-
KHHCKOMY. bornee BeposTHO, 4TO B CyOaibIMKy 3amaJHoro
Kagskasza (Xyp3ayka n Yukynana) BUJ paccersuics yxe ¢ Llen-
TpansHoro KaBkasa.

[omynsusa B XacayTe, O-BUANMOMY, SIBIISIETCS TCHETH-
YECKHUM H30JIATOM, YTO TMOATBEPIKIACTCS T€HEeTHUECKUMHU
nuctaHiusamu (B mpenenax 1.54-1.69 %) (cm. Tabdn. 3) ¢
JKUBOTHBIMM U3 coceaHuX pailoHoB KapauaeBo-Uepkecuun
(Yuxynan, Xyp3yk) n Kabapnuno-bankapun (besenrn, Akro-
npak, Jxuisl-Cy, Mpukuart, TeipHbIay3), 0THAKO HEOOXOAUMBI
JanbHEHIINe NCCIIe0BaHNS.

[lepBas BontHa paccenenus cyciauka Ha Bocrounom Kaskaze
(B Marectane) coxpaHuiach 10 Halmux JHeH Ha ceBepe Ho-
raiickoii crenu B paiione CyxokymMmcka u Ha rore [Ipuxacmuii-
ckoll Hu3MeHHocTH B fonuHe Kap-Kap 1, uro noareepkaaer
9BOJIOIMOHHBIN Bo3pacT ramiorpynmns!l Al. bonee mononoi
Bo3pact ramiorpynmnsl A2 (meHee 300 ThIC. 1eT), TakXKe TPO-
ucxozsmei ¢ Bocrounoro Kaskaza (XymTor, 3e1eHOMOPCK,
JIbBoBckuii 13, Kap-Kap 2), Bo3M0OKHO, 00y CIIOBIIEH TOBTOP-
HBIM 3acesieHrneM IIpukacnuiickoil HU3MEHHOCTH, PETYIsIp-
HO 3aTaruimBaeMoi Bojamu Kacnust B ucropudeckoe Bpemsi.
OO0 >TOM CBUJIETENBCTBYET U reHeTndeckast nuctanms (0.76—
1.1 %, cm. Ta0mn. 3) Mex 1ty KUBOTHBIMH 13 JonuHbI Kap-Kap 1
U LEeHTpanbHBIX paiioHoB IIpukacnuiickoil HU3MEHHOCTHU
(Xymrom, 3eneHoMopck, JIbBoBckuit 13). OT0 naeT ocHOBaHME
CUMTATh, YTO 3aCEJIEHUE, BUAUMO, 1110 ¢ Pycckoil paBHUHBI
1 MEXIY HOMYJSIIUSMH CYIIECTBYET CIa0BIil MOTOK T'€HOB,
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4TO, BEPOSITHO, CBS3aHO KaK C MaJIOW MOJIBUWKHOCTBIO BUJIA,
CE30HHBIMH IIEPEMEIIEHUSIMU €TO MOJIOHSIKA Ha HEOOIIbIIINE
paccTostHus, He npesbimaronme 5 kM (Haymos, 2010), Tak 1
C HU3KOH YUCIEHHOCTBIO.

KacarenbHO TAKCOHOMHYECKOTO CTaTyca KaBKa3CKOTo rop-
HOTO CYCJIMKa, CYMTAaeM HPEKIAECBPEMEHHBIM JIeJIaTh KaKHe-
71100 BBIBO/IBI, TOCKOJIBKY HE Bee TeppuTopuu KaBkasa Obuin
OXBadeHbI NCCIIEN0BAHMSIMU. TeM He MEHee Pe3yIbTaThl, OJTy-
YeHHBIC KaK B HacTosIel padore, Tak u panee (TembOoToBa
u 7ip., 2024), mo3BOJSAIOT NPENOI0KNTh, YTO TCHETHYECKHE
qucrannun (1.33-1.67 %) Mex oy paBHUHHBIMHA U TOPHBIMHU
BeIOOpKamMu Masioro cycinka CeepHoro Kaskasa coorsert-
CTBYIOT TOJILKO YPOBHIO BHYTPUBHIOBBIX Pa3JIMNuHii, COITIACHO
rpaganyu, IPUBOANMON st pona Spermophillus o (Baker,
Brandley, 2006). 3nmech MOKHO COTJIACUTBCS C MHCHUEM
H.H. Boponnosa u E.A. JIsnynoBoit (1969), cnenanHbiM Ha
OCHOBaHHMHM KapHOJIOTUYECKOTO aHalN3a, 4To S. musicus siB-
nsiercst nepuBaroM S. pygmaeus. Cornacno nanueM (L{Brpka,
Kopa0iieB, 2014), 3HaunTenbHble NpeoOpa3oBaHus KAPUOTHIIA
TOPHOTO CYCJINKa TPOUCXOAMIIN YK€ TOCIIE 3aCEeNICHUS UM
TOPHBIX paiioHoB. C TedyeHreM BpeMEeHH BOSHUKIIINE TPU3HAKU
3aKPENWINCh U NPUBEIN K YCTOMUMBOM M30JSLIUM TOPHOIO
KaBKa3CKOT'0 CYCJIMKa OT PaBHUHHBIX MOMYIIsiuid Masoro. Ha-
OxromaeMast HaMu y BUJa S. pygmaeus B yciaoBusix CeBepHOTO
Kagkaza renernueckas iuddepeHuunanyis u CTpyKTypUpOBaH-
HOCTB, BO3MOYKHO, 00YCITOBIICHBI TAKXKe TeorpaaecKoi n30-
JSIIMeH paBHUHHBIX U TOPHBIX MOIYIISIMN, BHI3BABIICH BO3-
HUKHOBEHHE JIOKAIBHBIX 1alTalMi K yCIOBUSIM OOUTaHMS B
pe3ynbTaTe COKpaIleHUs YUCICHHOCTH U ()parMeHTalny apea-
J1a, 9TO HAaOJIOAaeTCs ¥ B HACTOSIIIIEE BPEMSL.

Cnucok nutepatypbl / References

Aobpamcon H.U. ®unoreorpadusi: urorn, mpodIeMbl, MEPCICKTUBBI.
Hnghopmayuonnwiii secmnux BOI'uC. 2007;11(2):307-331
[Abramson N.I. Phylogeography: results, issues and perspectives.
Informatsionnyy Vestnik VOGiS = The Herald of Vavilov Society for
Geneticists and Breeders. 2007;11(2):307-331 (in Russian)]

bannukoBa A.A. MosekynspHble MapKepbl U COBpEMEHHasi (uiore-
HETUKa MIeKonuTammux. JKypuan oowet douonoeuu. 2004;65(4):
278-305
[Bannikova A.A. Molecular markers and modern phylogenetics of
mammals. Zhurnal Obshchey Biologii = Journal of General Bio-
logy. 2004;65(4):278-305 (in Russian)]

Bapmasckuit C.H. Bo3pacT noceneHuii Manoro cyciika B pa3inYHbIX
naHAmagTHRIX 30HAX B CBSI3M C PacCelieHHeM W MCTOpHel apea-
na Bupa. bronnemens MOMUII. Omoenenue duonocuueckoe. 1963,
68(5):3-14
[Varshavskii S.N. The age of little souslik settlements in different
landscape zones in connection with the dissemination and history of
the species range. Byulleten MOIP = Bulletin of Moscow Society of
Naturalists. Biological Series. 1963;68(5):3-14 (in Russian)]

Bepemtarun H.K. Muexonuratomue Kaskasa. Mcropus gpopmupoBanus
¢aynbl. M.; JI.: Akanemust nayk CCCP, 1959
[Vereshchagin N.K. The Mammals of the Caucasus. A History of the
Evolution of the Fauna. Moscow; Leningrad, 1959 (in Russian)]

Bunorpanos b.C., Apruponyno A.J. Onpenenurens rpeisyHoB. dayHa
CCCP. Mnexonuratonme. M.: Hayxka, 1941
[Vinogradov B.S., Argiropulo A.I. Guide to Rodents. Fauna of the
USSR. Mammals. Moscow: Nauka Publ., 1941 (in Russian)]

Boponmos H.H., JIamyrosa E.A. Xpomocomsl cycnukoB [laneapkrukn
(Citellus, Marmotinae, Sciuridae, Rodentia). B: Muexonuratorie:
9BOJIIOLIMS, Kapuosorus, (hayHucTHKa, cucreMaruka. HoBocubupcek,
1969;41-47

2025
29-6

K reHeTnyecKkol CTpyKType 1 NMPONCXOXKAEHUIO
manoro cycnvka Ha CesepHom KaBkase

[Vorontsov N.N., Lyapunova E.A. Chromosomes of Palaearctic
ground squirrels (Citellus, Marmotinae, Sciuridae, Rodentia). In:
Mammals: Evolution, Karyology, Faunistics, Systematics. Novosi-
birsk, 1969;41-47 (in Russian)]

I'pomos 1.M., Bapanosa I"1. Karanor mnexonuratonmx CCCP (rutmo-
neH—coBpeMeHHocTb). JI.: Hayka, 1981
[Gromov .M., Baranova G.I. Catalogue of Mammals of the USSR
(Pliocene—Recent). Leningrad: Nauka Publ., 1981 (in Russian)]

I'pomos U.M., Epbaea M.A. Miekonuratomue ¢daynsl Poccuu u co-
MpelieNbHBIX TeppuTopuil. 3aiineodpasusie u rpei3yHbl. CI16., 1995
[Gromov .M., Erbaeva M.A. Mammals of the Fauna of Russia and
Adjacent Territories. Hares and Rodents. St. Petersburg, 1995 (in
Russian)]

Jarnos AWM., Ilerpos I1.A., Tony6es I1./1., Tpydanos I'B. O crpykry-
pe apeana mainbix cycnukoB (Citellus pygmaeus Pall., 1778) B I1pu-
anbopycbe. Ixonoeus. 1980;5:77-83
[Dyatlov A.L., Petrov P.A., Golubev P.D., Trufanov G.V. On the
structure of the range of small gophers (Citellus pygmaeus Pall.,
1778) in the Elbrus region. Ekologiva = Ecology. 1980;5:77-83 (in
Russian)]

EpmakoB O.A., Tutos C.B., Caunenxuii A.b., Cypun B.JI., 360-
posckmii C.C., JlsmynoBa E.A., Bpanmrep O.B., ®opmozos H.A.
MonekynspHO-TeHETHYCCKUE H HaJICOIKOJIOTHYCCKHUE apTyMEHTBI
B TOJIB3Yy KOHcHeuupuuHocTn manoro (Spermophilus pygmaeus)
u TopHOTO (S. musicus) cycaukoB. 3oonoeuueckuii scypran. 2006;
85(12):1474-1483
[Ermakov O.A., Titov S.V., Savinetskii A.B., Surin V.L., Zborov-
sky S.S., Lyapunova E.A., Brandler O.V., Formozov N.A. Molec-
ular-genetic and paleoecological arguments for conspecificity of
little (Spermophilus pygmaeus) and Caucasian mountain (S. musi-
cus) ground squirrels. Zoologiceskij Zhurnal = Zoological Journal
(Moscow). 2006;85(12):1474-1483 (in Russian)]

EpmakoB O.A., CumonoB E.I1., Cypun B.JI., Turos C.B. BuyTpusu-
JIOBO# MONMMMOP(U3M KOHTPOJIBHOTO PErHOHa MHTOXOHIPHAIBHON
JIHK n ¢unoreorpadus manoro cyciuka (Spermophilus pygmaeus,
Sciuridae, Rodentia). [lenemuxa. 2018;54(11):1316-1326. doi
10.1134/S0016675818110048
[Ermakov O.A., Simonov E.P., Surin V.L., Titov S.V. Intraspecific
polymorphism of the mitochondrial DNA control region and phylo-
geography of little ground squirrel (Spermophilus pygmaeus, Sciuri-
dae, Rodentia). Russ J Genet. 2018;54(11):1332-1341. doi 10.1134/
S1022795418110042]

MBanos U.B. Mausrii cycimk CeBeproro Kaskaza. B: @ayna, sxomorus
n oxpana xuBoTHbIX CeBepHoro Kaskasa. Bein. 3. Hanbuuk, 1976;
36-88
[Ivanov I.V. Small ground squirrel of the North Caucasus. In: Fauna,
Ecology and Protection of Animals of the North Caucasus. Iss. 3.
Nalchik, 1976;36-88 (in Russian)]

Hodpd W.I'. O reorpaduueckom pacrpocTpaHEHUH CYCIMKOBBIX OJIOX B
CBSI3U C HCTOpHEH pacceneHus cycinukos. B: Ilapasuronorundeckuit
coopuuk 3oonornyeckoro nHcruryra AH CCCP. JI.: AH CCCP,
1936;6:313-361
[Ioff I.G. On the geographical distribution of gopher fleas in con-
nection with the history of settlement of gophers. In: Parasitological
Collection of the Zoological Institute of the USSR Academy of Sci-
ences. Leningrad: AN USSR Publ., 1936;6:313-361 (in Russian)]

Kana6yxos H.I. [TnoTHOCTH 3acesieHus CyCIMKaMU YyMHBIX PailOHOB
CeBepo-KaBkaszckoro kpasi 1 BOSMOKHOCTb CIUIOIIHOW OYHCTKH OT
cyciukoB. Tpyowt no 3awume pacmenuti. 1933;4(2):65-86
[Kalabukhov N.I. Ground squirrel population density in plague re-
gions of the North Caucasus region and the possibility of total exter-
mination of ground squirrels. Works on Plant Protection. 1933;4(2):
65-86 (in Russian)]

Kapacesa E.B., Tenmunuaa A.}O. Metoasl u3ydeHns: TPBI3YHOB B IO-
neBbIX ycnoBusix. M.: Hayka, 1996
[Karaseva E.V., Telitsina A.Yu. The Methods of Studying Rodents in
the Wild Nature. Moscow: Nauka Publ., 1996 (in Russian)]

FEHETUKA YXMBOTHbIX / ANIMAL GENETICS 809


https://vavilovj-icg.ru/download/07_Abramson.pdf
https://vavilovj-icg.ru/download/07_Abramson.pdf
https://elibrary.ru/item.asp?id=17640465
https://elibrary.ru/item.asp?id=17640465
https://elibrary.ru/item.asp?id=17640465
https://www.google.ru/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22Nikola%C4%AD+Kuz%CA%B9mich+Vereshchagin%22&source=gbs_metadata_r&cad=5
https://www.elibrary.ru/item.asp?id=9467248
https://www.elibrary.ru/item.asp?id=9467248
https://www.elibrary.ru/item.asp?id=9467248
https://www.elibrary.ru/item.asp?id=36362025
https://www.elibrary.ru/item.asp?id=36362025
https://link.springer.com/article/10.1134/S1022795418110042
https://link.springer.com/article/10.1134/S1022795418110042

F.A. Tembotova, A.Kh. Amshokova
M.S. Gudova

Kopa6nes B.I1. LluToreneTnyeckue pa3indusi MEK/Ly TOPHBIM M MaJIbIM
cycnukamu. B: TlonysnnoHHas N3MEHYMBOCTE BUJa ¥ IPOOIEMBI
oxpaHnsbl reHo(oHAa MiekonuTaromux. M., 1983;91-92
[Korablev V.P. Cytogenetic differences between the mountain and
little ground squirrels. In: Population Variability of Species and
Problems of Protecting the Gene Pool of Mammals. Moscow, 1983;
91-92 (in Russian)]

Kpacnas xuura Kabapanno-bankapckoit Pecrnyonuku. Hampuuk: Ile-
4aTHbIN 1BOp, 2018
[Red Book of the Kabardino-Balkarian Republic. Nalchik: Pechat-
nyi Dvor Publ., 2018 (in Russian)]

Jlykamos B.B. MonekynsipHast 3BOMIOLHS U (UIOrCHETHUCCKUI aHa-
3. M.: buaom, 2009
[Lukashov V.V. Molecular Evolution and Phylogenetic Analysis.
Moscow: Binom Publ., 2009 (in Russian)]

Miexkonutatomue ¢aynst CCCP. M.; JI.: Hayka, 1963
[Mammalian Fauna of the USSR. Moscow; Leningrad: Nauka Publ.,
1963 (in Russian)]

Haymos H.I1. MexaHn3msl B3anMOIEHCTBHS MOMY/ISIIUH (HA IpuMepe
HEKOTOPBIX MJIEKONUTAIONMX U NTUL). Pycckuil opnumonocuyeckuii
orcypran. 2010;19(576):1003-1024
[Naumov N.P. Mechanisms of interaction of populations (some
mammals and birds taken as an example). Russian Journal of Orni-
thology. 2010;19(576):1003-1024 (in Russian)]

Hukonbckuit A.A., Epmaxos O.B., Tutos C.B. ['eorpaduueckas n3meH-
YHBOCTb MAJIOTO CyciuKa (Spermophilus pygmaeus): bnoakycride-
ckuit aHanus. 3oonoeuueckuil scypran. 2007;86(11):1379-1388
[Nikol’skii A.A., Ermakov O.V., Titov S.V. Geographical variability
of the little ground squirrel (Spermophilus pygmaeus): a bioacous-
tic analysis. Zoologiceskij Zhurnal = Zoological Journal (Moscow).
2007;86(11):1379-1388 (in Russian)]

O6onenckuii C.U. [IpenBaputenbHblii 0030p ManeapKTUUECKUX CyCIU-
koB (q.q. Citellus w Spermophilopsis). /Jokiaoer AH CCCP. 1927,
188-193
[Obolenskii S.I. A preliminary review of the palaearctic sousliks
(Citellus and Spermophilopsis). Doklady Akademii Nauk SSSR =
Proceeding of the USSR Academy of Sciences. 1927;188-193 (in
Russian)]

Orues C.U. Pox Citellus Oken. 3Bepu CCCP u npunexanmx crpas.
T. 5. M.; JI.: AH CCCP, 1947;11-215
[Ognev S.I. Genus Citellus Oken. Animals of the USSR and Adja-
cent Countries. Vol. 5. Moscow; Leningrad, 1947;11-215 (in Rus-
sian)]

Opuos B.H., PonoBa M.A., Korenkosa E.B. Xpomocomuas quddepen-
uanust cycnukoB nojapoaa Citellus. B: Miekonurarorine: 3BOI0O-
s, Kapuosorus, payHucrrka, cucremarnka. HoBocubupck, 1969;
48-49
[Orlov V.N., Rodova M.A., Kotenkova E.V. Chromosome differ-
entiation of the ground squirrels subgenus Citellus. In: Mammals:
Evolution, Karyology, Taxonomy, Fauna. Novosibirsk, 1969;48-49
(in Russian)]

ITaBaunos U.51., JIncosckmii A.A. Muexonuraromue Poccun: cucrema-
THKO-reorpaduueckuii cipaBounuk. M.: T-o nayu. n3n. KMK, 2012
[Pavlinov I.Ya., Lisovsky A.A. The Mammals of Russia: A Taxo-
nomic and Geographic Reference. Moscow: KMK Scientific Press
Ltd, 2012 (in Russian)]

[TactyxoB b.H. Dnu3ooronornueckoe COCTOSHHE MPUPOIHBIX OYaroB
gymbl CCCP B 19541956 rogax 1 aHayin3 NpOBEAEHHBIX MEPOIIPHSI-
tuii. B: I[IpuposHas ouaroBocTs M AMUAEMUONIOTHS 0CO0O0 ONACHBIX
unpekumii. Caparos, 1959;5-17
[Pastukhov B.N. Epizootological state of natural plague foci in the
USSR in 1954-1956 and analysis of the measures taken. In: Natural
Foci and Epidemiology of Especially Dangerous Infections. Saratov,
1959;5-17 (in Russian)]

Carynnn K.A. Miexonuraromye ceBepo-BocTo4HOro IIpenkaBkasbs
o coopy skcneauin Kakasckoro my3ses ietom 1906 . Mzeecmus
Kasxasckoeo mysesn. 1907;3(2-3):94-142

810

On the genetic structure and origin
of Spermophilus pygmaeus in the North Caucasus

[Satunin K.A. Mammals of northeastern Ciscaucasia according to
the collection of the expedition of the Caucasian Museum in the
summer of 1906. Izvestiya Kavkazskogo Muzeya = Proceedings of
the Caucasian Museum. 1907;3(2-3):94-142 (in Russian)]

Caupunenko I1.A. Pacnpocrpanenue cycinukoB B CeBepo-KaBkaszckom
Kpae U HEKOTOpbIE COOOpPaXKEHMsI O MPOUCXOXKICHUN (hayHbI TIpea-
KaBKa3CKUX M KaJIMBIIKUX cteneil. M3secmusn Cesepo-Kagkasckou
Kpaesotl cmanyuu 3awumsl pacmenuu. 1927;3:123-171
[Sviridenko P.A. Prevalence of ground squirrels in the North Cau-
casus region and some considerations on the origin of the fauna of
Ciscaucasian and Kalmyk steppes. Izvestiya Severo-Kavkazskoy
Krayevoy Stantsii Zashchity Rasteniy = Proceedings of the North-
Caucasian Plant Protection Unit. 1927;3:123-171 (in Russian)]

Ceupugenko I1.A. Cycnuk 6onbiuoro Kaskasa Citellus musicus Menet.
U TPOUCXOXKJEHHE TOpHOU crenu. 3oonocuueckuti sucypuan. 1937;
16(3):448-482
[Sviridenko P.A. The greater Caucasus ground squirrel Citellus mu-
sicus Menet. and the origin of the mountain steppe. Zoologiceskij
Zhurnal = Zoological Journal (Moscow). 1937;16(3):448-482 (in
Russian)]

TemboroB A.K., lBanos B.I"., Banos 1.B., Tem6otoBa 2.K. O pac-
MPOCTPAHEHUH U TeorpaguuecKoll N3MEHUYMBOCTH MAJIOTO CYCIIUKA
CesepHoro Kaskaza. bronremens MOUII. Omoenenue buonozuue-
ckoe. 1969;74(5):28-41
[Tembotov A.K., Ivanov V.G., Ivanov L.V., Tembotova E.Zh. On the
distribution and geographical variability of the little ground squirrel
of the Northern Caucasus. Byulleten MOIP = Bulletin of Moscow
Society of Naturalists. Biological Series. 1969;74(5):28-41 (in Rus-
sian)]

Temboroa ®.A., Kononenko E.IT. MiiekonuTaroMe CTEMHBIX JKO-
CHCTEeM T0J] yrpo3oii ncuezHoBeHns Ha CeBepHoM KaBkase. M3sec-
mus Camapcrozo Hayunozo yeumpa PAH. 2017;19(5/2):253-259
[Tembotova F.A., Kononenko E.P. Mammals of steppe ecosystems
under threat of extinction in the North Caucasus. [zvestiya Samar-
skogo Nauchnogo Tsentra RAN = Izvestia of Samara Scientific Cen-
ter of the Russian Academy of Sciences. 2017;19(5/2):253-259 (in
Russian)]

TemboroBa ®.A., I'ynoBa M.C., AmmokoBa A.X., Xamuos A.X. Ie-
HEeTHUYecKoe pasHooOpasue Spermophilus pygmaeus Pallas, 1779
(Sciuridae, Rodentia) na CeBeprom Kaskaze. [enemurxa. 2024;
60(7):62-74. doi 10.31857/S0016675824070056
[Tembotova F.A., Gudova M.S., Amshokova A.Kh., Khalidov A.Kh.
Genetic diversity of the little ground squirrel Spermophilus pyg-
maeus Pallas, 1779 (Sciuridae, Rodentia) in the Northern Cauca-
sus. Russ J Genet. 2024;60(7):908-919. doi 10.1134/S102279542
4700340]

®ayna CCCP. Munekonuraromue. T. 3, Bein. 2. Hazemuble Oenmuubu
(Marmotinae). M.; JI.: Hayxka, 1965
[Fauna of the USSR. Mammals. Vol. 3. Ground Squirrels (Marmo-
tinae). Moscow; Leningrad: Nauka Publ., 1965 (in Russian)]

®pucman JI.B., Kopa6nés B.I1., Lisupka M.B., Bpaumnep O.B., Jlsmy-
HOBa E.A. DKCIeIMIIMOHHBIC MaPUIPYTHI IEBIHOCTBIX — BKJIA]] B HC-
CIICZIOBaHKME TEHETHYCCKOH nuddepeHupanun cyciukos Ilaneapk-
TUKH. 300n0zuueckuil scypran. 2014;93(7):939-950. doi 10.7868/
S0044513414070071
[Frisman L.V., Korablev V.P., Tsvirka M.V., Brandler O.V., Lyapu-
nova E.A. Expeditions of the 1990s as a contribution to research of
genetic differentiation of Palaearctic ground squirrels. Zoologiceskij
Zhurnal = Zoological Journal (Moscow). 2014;93(7):939-950. doi
10.7868/S0044513414070071 (in Russian)]

XonomoBa M.B. Hcnone3zoBanne coBpemennoi n apesaeit JJHK mms
H3YYeHUS AUHAMUKH dKocucTeM. B: JIiHaMHKa COBPEMEHHBIX KO-
cucteM B rojouene. M.: T-Bo nayd. uza. KMK, 2006;261-266
[Kholodova M.V. Use of modern and ancient DNA for studying
ecosystem dynamics. In: Dynamics of Modern Ecosystems in the
Holocene. Moscow: Sci. Publ. House KMK, 2006;261-266 (in
Russian)]

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 202529+ 6


https://www.elibrary.ru/item.asp?id=9554760
https://www.elibrary.ru/item.asp?id=9554760
https://lib.cntb-sa.ru/node/6427
https://lib.cntb-sa.ru/node/6427
https://www.elibrary.ru/item.asp?id=32839301
https://www.elibrary.ru/item.asp?id=32839301
https://www.elibrary.ru/item.asp?id=73160228
https://link.springer.com/article/10.1134/S1022795424700340
https://link.springer.com/article/10.1134/S1022795424700340
https://www.elibrary.ru/item.asp?id=21699159
https://www.elibrary.ru/item.asp?id=21699159
https://www.elibrary.ru/item.asp?id=21699159
https://www.elibrary.ru/item.asp?id=21699159

®.A. TemboTOBa, A.X. AMLIOKOBa
M.C.TypoBa

Xononosa M.B. CpaBuurenbHast guioreorpadus: MOJIEKYJISIPHbIC Me-
TOJIBI, 9KOJIOTHYECKOE OcMbIceHue. Monexyasipnas ouonozusi. 2009;
43(5):910-917
[Kholodova M.V. Comparative phylogeography: molecular me-
thods, ecological interpretation. Mol Biol. 2009;43(5):847-854. doi
10.1134/S002689330905015X]

IBupxa M.B., Kopat6aes B.II. K Borpocy 0 xpoMocoMHOM BHI000pa-
30BaHUM Ha IpuUMepe Masioro (Spermophilus pygmaeus (Pallas 1832))
U TOPHOTO KaBKa3cKoro (Spermophilus musicus (Menetries 1832))
cycimkoB (Rodentia, Sciuridae). 3oonocuueckuii scypnan. 2014;
93(7):917-925. doi 10.7868/S0044513414070150
[Tsvirka M.V., Korablev V.P. A case of chromosomal speciation in
little suslik (Spermophilus pygmaeus (Pallas 1832)) and Caucasian
mountain suslik (Spermophilus musicus (Menetries 1832)) (Roden-
tia, Sciuridae). Zoologiceskij Zhurnal = Zoological Journal (Mos-
cow). 2014;93(7):917-925. doi 10.7868/S0044513414070150 (in
Russian)]

IlBupka M.B., Kopatnes B.I1., Yenomuna I"H. 'enetnueckas nudde-
peHImanus OIU3KUX BUIOB CYCIHKOB Spermophilus musicus, S. pyg-
maeus, S. suslicus (Rodentia, Sciuridae). B: Cucremaruka, ¢uio-
TeHHs M TaICOHTONOTHsS MeIkux miekomutaromux. CII6., 2003;
228-230
[Tsvirka M.V., Korablev V.P., Chelomina G.N. Genetic differentia-
tion of closely related ground squirrel species Spermophilus musicus,
S. pygmaeus, and S. suslicus (Rodentia, Sciuridae). In: Systematics,
Phylogeny and Paleontology of Small Mammals. St. Petersburg,
2003;228-230 (in Russian)]

Innosa C.A. Bonpock!l KOHTPOJISL YHUCICHHOCTH W OXPAHBI CYCIHKOB
Poccun (pon Spermophilus). Apuonvie sxocucmemsr. 2011;17(4):
104-112
[Shilova S.A. Abundance control and conservation of sousliks in
Russia (g. Spermophilus). Arid Ecosyst. 2011;1(4):267-272. doi
10.1134/S2079096111040147]

Avise J.C. Phylogeography: the history and formation of species. Cam-
bridge, Mass: Harvard Univ. Press, 2000. doi 10.2307/j.ctvInzfgj7

Baker R.J., Brandley R.D. Speciation in mammals and the genetic
species concept. J Mammalogy. 2006;87(4):643-662. doi 10.1644/
06-MAMM-F-038R2.1

Bandelt H.J., Forster P., R6hl A. Median-joining networks for infer-
ring intraspecific phylogenies. Mol Biol Evol. 1999;16(1):37-48. doi
10.1093/oxfordjournals.molbev.a026036

Brandt I.F. Observations sur les differentes especes de sousliks de
Russie, suivies de remarques sur 1’arrangement et la distribution
geographique du genre Spermophilus, anse que sur la classifica-
tion de la familie des ecureuils (Sciurina) en general. Bulletin Sci-
entifique |’Academie Imperiale des Sciences de Saint-Petersbourg.
1843;2:357-381

Ermakov O.A., Brandler O.V., Ivanov A.Yu., Ivanova A.D., Ke-
syan A.A., Khalidov A.Kh., Lotiev K.Yu., Lukonina S.A., Tsap-
ko V., Titov S.V. Riverine barriers and geographic variation in little
ground squirrel (Spermophilus pygmaeus, Sciuridae, Rodentia)
based on mitochondrial cytochrome b gene sequences. Russ J The-
riol. 2023:22(1):24-31. doi 10.15298/rusjtheriol.22.1.03

Excoffier L., Lischer H. Arlequin suite ver 3.5: a new series of programs
to perform population genetics analyses under Linux and Windows.
Mol Ecol Resources. 2010;10(3):564-567. doi 10.1111/5.1755-0998.
2010.02847.x

Fu Y. New statistical test of neutrality for DNA sample from a popu-
lation. Genetics. 1996;143(1):557-570. doi 10.1093/genetics/143.
1.557

Gitzendanner M.A., Soltis P.S. Patterns of genetic variation in rare and
widespread congeners. Am J Bot. 2000;87(6):783-792. doi 10.2307/
2656886

2025
29-6

K reHeTnyecKkol CTpyKType 1 NMPONCXOXKAEHUIO
manoro cycnvka Ha CesepHom KaBkase

Giindiiz 1., Jaarola M., Tez C., Yeniyurt C., Polly P.D., Searle J.B.
Multigenic and morphometric differentiation of ground squirrels
(Spermophilus, Scuiridae, Rodentia) in Turkey, with a description
of a new species. Mol Phylogenet Evol. 2007;43(3):916-935. doi
10.1016/j.ympev.2007.02.021

Giir H., Perktas U., Giir M.K. Do climate-driven altitudinal range shifts
explain the intraspecific diversification of a narrow ranging montane
mammal, Taurus ground squirrels? Mamm Res. 2017;63(2):197-211.
doi 10.1007/513364-017-0347-8

Hall T.A. BioEdit: a user-friendly biological sequence alignment editor
and analysis program for Windows 95/98/NT. Nucleic Acids Symp
Ser. 1999;41:95-98

Harrison R.G., Bogdanowicz S.M., Hoffmann R.S., Yensen E., Sher-
man P.W. Phylogeny and evolutionary history of the ground squir-
rels (Rodentia: Marmotinae). J Mamm Evol. 1993;10(3):249-276.
doi 10.1023/B:JOMM.0000015105.96065.f0

Hoffmann R.S. Order Lagomorpha. In: Mammal Species of the World.
Washington—London: Smithsonian Institution Press, 1993;807-827

Kimura M. A simple method for estimating evolutionary rates of base
substitutions through comparative studies of nucleotide sequences.
J Mol Evol. 1980;16(2):111-120. doi 10.1007/BF01731581

Menetries E. Catalogue raisonne des objets de zoologie recueillis dans
un voyage au Caucase et jusqu’aux frontieres actuelles de la perse
Entrepris par ordre de S.M. Lempereur. St. Petersbourg: Academie
Impériale des Sciences, 1832

Rambaut A., Drummond A.J., Xie D., Baele G., Suchard M.A. Poste-
rior summarization in Bayesian phylogenetics using Tracer 1.7. Syst
Biol. 2018:67(5):901-904. doi 10.1093/sysbio/syy032

Ray N., Currat M., Excoffier L. Intra-deme molecular diversity in spa-
tially expanding populations. Mol Biol Evol. 2003;20(1):76-86. doi
10.1093/molbev/msg009

Rogers A.R., Harpending H. Population growth makes waves in the dis-
tribution of pairwise genetic differences. Mol Biol Evol. 1992;9(3):
552-569. doi 10.1093/oxfordjournals.molbev.a040727

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

Simonov E., Lopatina N.V., Titov S.V., Ivanova A.D., Brandler O.V.,
Surin V.L., Matrosova V.A., Dvilis A.E., Oreshkova N.V., Kapus-
tina S.Yu., Golenishchev F.N., Ermakov O.A. Traditional multi-
locus phylogeny fails to fully resolve Palearctic ground squirrels
(Spermophilus) relationships but reveals a new species endemic to
West Siberia. Mol Phylogenet Evol. 2024;195:108057. doi 10.2139/
ssrn.4609201

Steppan S.J., Akhverdyan M.R., Lyapunova E.A., Fraser D.G., Vo-
rontsov N.N., Hoffmann R.S., Braun M.J. Molecular phylogeny of
the marmots (Rodentia: Sciuridae): tests of evolutionary and bio-
geographic hypotheses. Syst Biol. 1999;48(4):715-734. doi 10.1080/
106351599259988

Suchard M.A., Lemey P., Baele G., Ayres D.L., Drummond A.J., Ram-
baut A. Bayesian phylogenetic and phylodynamic data integration
using BEAST 1.10. Virus Evol. 2018;4(1):vey016. doi 10.1093/ve/
vey016

Tajima F. Statistical method for testing the neutral mutation hypo-
thesis by DNA polymorphism. Genetics. 1989;123(3):585-595. doi
10.1093/genetics/123.3.585

Willi Y., Van Buskirk J., Hoffmann A.A. Limits to the adaptive po-
tential of small populations. Annu Rev Ecol Evol Syst. 2006;37(1):
433-458. doi 10.1146/annurev.ecolsys.37.091305.110145

Yin Y., Jiang W., Zhang Z., Li Y., Twenke B., Turghan M., Yang W.,
Liu B. The divergence of small mammals in Xinjiang, China, as re-
vealed by phylogentic analyses of COI and Cytb. Anim Biol. 2014;
64(2):163-176. doi 10.1163/15707563-00002435

KoHbnuKT nHTepecoB. ABTOPbI 3as1BAAIOT 06 OTCYTCTBUM KOHGNIMKTA MHTEPECoB.
Moctynuna B pegakumio 14.03.2025. Mocne gopabotkm 06.05.2025. MpuHaATa K ny6nnkauyum 12.05.2025.

FEHETUKA YXMUBOTHDbIX / ANIMAL GENETICS 811


https://www.elibrary.ru/item.asp?id=12902012
https://www.elibrary.ru/item.asp?id=12902012
https://www.elibrary.ru/item.asp?id=15297001
https://www.elibrary.ru/item.asp?id=15297001
https://www.elibrary.ru/contents.asp?id=33604791
https://link.springer.com/article/10.1134/S002689330905015X
https://link.springer.com/article/10.1134/S002689330905015X
https://www.elibrary.ru/item.asp?id=21699157
https://www.elibrary.ru/item.asp?id=21699157
https://www.elibrary.ru/item.asp?id=17213035
https://www.elibrary.ru/item.asp?id=17213035
https://link.springer.com/article/10.1134/S2079096111040147
https://link.springer.com/article/10.1134/S2079096111040147
https://www.jstor.org/stable/j.ctv1nzfgj7
https://pubmed.ncbi.nlm.nih.gov/19890476/
https://pubmed.ncbi.nlm.nih.gov/19890476/
https://pubmed.ncbi.nlm.nih.gov/10331250/
https://pubmed.ncbi.nlm.nih.gov/10331250/
https://zmmu.msu.ru/rjt/articles/ther22_1_024-031.pdf
https://pubmed.ncbi.nlm.nih.gov/21565059/
https://pubmed.ncbi.nlm.nih.gov/21565059/
https://pubmed.ncbi.nlm.nih.gov/8722804/
https://pubmed.ncbi.nlm.nih.gov/8722804/
https://pubmed.ncbi.nlm.nih.gov/10860909/
https://pubmed.ncbi.nlm.nih.gov/10860909/
https://pubmed.ncbi.nlm.nih.gov/17500011/
https://pubmed.ncbi.nlm.nih.gov/17500011/
https://link.springer.com/article/10.1007/s13364-017-0347-8
https://link.springer.com/article/10.1023/B:JOMM.0000015105.96065.f0
https://link.springer.com/article/10.1007/BF01731581
https://pubmed.ncbi.nlm.nih.gov/29718447/
https://academic.oup.com/mbe/article/20/1/76/1016333
https://academic.oup.com/mbe/article/20/1/76/1016333
https://pubmed.ncbi.nlm.nih.gov/1316531/
https://pubmed.ncbi.nlm.nih.gov/12912839/
https://www.sciencedirect.com/science/article/pii/S1055790324000496?ssrnid=4609201&dgcid=SSRN_redirect_SD
https://www.sciencedirect.com/science/article/pii/S1055790324000496?ssrnid=4609201&dgcid=SSRN_redirect_SD
https://pubmed.ncbi.nlm.nih.gov/12066297/
https://pubmed.ncbi.nlm.nih.gov/12066297/
https://pubmed.ncbi.nlm.nih.gov/29942656/
https://pubmed.ncbi.nlm.nih.gov/29942656/
https://pubmed.ncbi.nlm.nih.gov/2513255/
https://pubmed.ncbi.nlm.nih.gov/2513255/
https://www.annualreviews.org/content/journals/10.1146/annurev.ecolsys.37.091305.110145
https://brill.com/view/journals/ab/64/2/article-p163_5.xml?srsltid=AfmBOorqzxnXEm35EsYfDvYyTHBbW88pFRt3eDLNWvapZbayT86BMtHF

FTEHETUKA XXUBOTHbIX BaBnnoBcKMI XypHan reHeTuKkn n cenexkuum

Vavilov Journal of Genetics and Breeding. 2025;29(6):812-818

doi 10.18699/vjgb-25-88

MeTabonmnueckue 3(p@peKThl Tperaaosbl
vy Mbliiel muHuu C57BL/6 ¢ oxXupeH1meM, BbI3BAHHbIM
IVeTOV C BBICOKUM COZepyKaHVeM VIJIEBOOB U KMPOB

A.B. Tympimes (9! @, H.M. Baxan (92, A I0. Kazanuesa?, T.B. fikoaea (92, B.M. Beanuenko?,

H.B. Tonuaposal, T.A. Kopoaenxo!, M.A. Tuxoxosa ()1

1 HayuHo-nccnefoBaTenbCKnin MIHCTATYT HEMPOHayK 1 MefuuUmMHbl, HoBocnbnpck, Poccns
2 DepeparnbHblii NCCNefoBaTENbCKUIA LeHTP VIHCTUTYT umTonorum n reHetnkn Cnbrpckoro otaeneHnsa Poccminckolt akagemum Hayk, HoBocnbupcek, Poccua

@ pupyshevab@neuronm.ru

AHHoTauuA. MoKasaHo, YTo CMOCOOGHOCTL TPeranosbl yayywaTb MeTabonnyeckre NoKasaTeny y *KUBOTHbIX C SKCMe-
PUMEHTaNbHbIM OXKUPEHVEM 3aBUCUT OT MoAenn oxnpeHuna. Y mblwen nnHun db/db oHa cHuKaeT Bec Tena, ypoBHU
VNHCYNVHA, FOKO3bl 1 XOecTepriHa B KPOBU. Y MbiLLeN C OXKUPEHMEM, BbI3BaHHbIM NOTPe6/IeHNEM BbICOKOXKUPOBON
[VeTbl, OHa He BNNAET Ha BeC Tesa, HO CHMXKaeT ypPOoBEeHb UHCY/IMHA B KPOBU, KOMNEHCAaTOPHO YCUMBasA KCMPeccuio
reHOB UHCYJIMHOBOWN CUrHanm3aumun. Hamm npeanpuHATO uccnefoBaHve AeCTBMA Tperanosbl Ha BeC 1 MeTabonu-
yecKme rnokasartenu y mbiweit ImHum C57BL/6 ¢ n36bITOYHBIM BECOM, BbI3BaHHbIM ANETON C NOBbILWEHHbIM COAepPXa-
HUEM >KUPOB U YINEBOAOB — «AneTol KadpeTepusay. [lneTa KapeTepus BKtoUYana cBO60AHLIN AOCTYN Ha NPOTAXEHUN
18 Hepenb K BoAe, CTaHAAPTHOMY KOPMY, *KMPHOW nulle (cany) 1 yrneBofam (cLo6HOMY nedeHblo). Bce mbiwm 6binn
pPaHLOMHO pa3fenieHbl Ha YeTblpe Fpyrmbl, COAEPKaBLUMECA B Pa3HbIX YCNIOBUAX B TeueHne 4 Hepenb: 1) NUTbe BOAbI;
2) nuTbe 3 % Tperanosbl; 3) AneTa KapeTepua 1 NUTbe BoAabl; 4) AveTa KadeTepua n nutbe 3 % Tperanosbl. Miccnegosa-
NN U3MeHeHWA Maccbl Tena, noTpebneHne KOpMa, XKNJKOCTY, MULLEBLIX KaNIopuiA, BUOXMMMYECKMe NoKa3aTeny KpoBm
(ypoBeHb rntoKo3bl, TPUFMLEpPULoB, xonectepuHa, JINBIM, AJTT, KpeaTuHKHA), SKCNPEeCCMio FeHOB YrIeBOAHOIO obme-
Ha (Slc2a2, Insr) n aytodarum (Atg8, Becn1, Park2) B neueHn. Mogenb OXXMPeHUs C MOMOLLbIO AneTbl KadeTepus conpo-
BOXKAanacb npusHakamy MeTabonnyeckoro CUHAPOMA, MOCKOMbKY Y 3TVX MbiLLel Obinv NOBbIWEHbI: Macca Tena (Ha
25 %), KONIMYECTBO NOTPEGNEHHDBIX Kanopwuid (Ha 20 %), ypOBHM B KPOBMU INOKO3bI (Ha 35 %), xonectepuHa (Ha 66 %),
Tpurnuuepuaos (Ha 23 %). Ha KOHTPOsbHbIX Mbillei Tperano3a AelicTBOBaa cabo, Bbi3biBasA NKLUb CHUKEHNE MO-
TpebneHnA cTaHAAPTHOrO KOPMa U MOBbILIEHWe NOTPebeHNA NULLEBbIX KaNIOPUIA Ha BETMYNHY KanopUNHOCTN CaMoi
Tperano3bl. Y Mblllei C OXKMpPEHNeM Tperanosa noBbillana obuiee Yncio NoTpebeHHbIX Kanopuin n notpebnexHune
NneyeHbs, HO CYLLECTBEHHO He BAMAMIA Ha MacCy Tenla, MeTabonmnyecKre NoKasaTeny KPoBY 1 SKCMPECCUMIo B MeYEHU re-
HOB, PErynmpyioLmx TPAHCNOPT roKo3bl (S/c2a2), 4yBCTBUTENIbBHOCTb K MHCYNUHY (Insr) v npouecchl aytodarum (Atgs,
Becn1, Park2). MockonbKy aneta kadeTtepumsa ABndeTca Hanbonee afeKBaTHON MoAeNbio GOPMUPOBAHUA OXUPEHNA Y
nofen, NonyyeHHble HaMK Pe3ynbTaTbl CTaBAT MO COMHEHME BO3MOXHOCTb MCMOJIb30BaHWA TPerano3bl ANna Koppek-
Ly MOLENNPYEMOro OXKNPEHUA Y Nofen.

Kniouesbie cnosa: mbiwm C57BL/6; yrneBogHOXMPOBana AneTa; AneTta Kadetepus; oxXupeHne; Tperanosa; aytodarms;
MLP; rnioko3a; Tpurnnuepuibl; XonectepuH
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KoponeHko T.A., TuxoHoBa M.A. MeTabonuueckue 3¢pdeKkTbl Tperanosbl y mbiwei nnHum C57BL/6 ¢ oxupeHuem,
BbI3BaHHbIM [JMETON C BbICOKMM COAEpPXaHMeM YrneBOAOB U »KUPOB. Basunosckull XypHaa 2eHemuKku u cesekyuu.
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Metabolic effects of trehalose in mice of the C57BL/6 strain
with obesity induced by a high carbohydrate-fat diet
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Abstract. The ability of trehalose to improve metabolic parameters in mice with experimental obesity has been
shown to depend on the type of obesity model. In db/db mice, it reduced body weight, insulin, blood glucose, and
cholesterol levels. In mice with obesity induced by high-fat dietary intake, it had no effect on body weight but re-
duced blood insulin levels with compensatory upregulation of insulin signaling gene expression. We studied the
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Tperanosa He CHUXaeT oXnpeHne y mbien nuHun C57BL/6,
BbI3BaHHOE Yr1eBOAHO-KNMPOBOW ANETON

effect of trehalose on overweight and metabolic parameters in C57BL/6 inbred mice with obesity induced by a high
carbohydrate-fat diet, the “cafeteria diet” The cafeteria diet consisted of free access to water, standard chow, fatty
foods (lard), and carbohydrates (biscuits) for 18 weeks. All mice were then randomly divided into four groups for four
weeks of treatment: (1) water drinking, (2) drinking 3 % trehalose, (3) cafeteria diet and drinking water, (4) cafeteria
diet and drinking 3 % trehalose. Alterations in body mass, food intake, fluid intake, dietary calories, blood biochemi-
cal parameters (glucose, triglyceride, cholesterol, HDL, ALT, creatinine levels), expression of carbohydrate metabolism
(Slc2a2, Insr) and autophagy (Atg8, Becn1, Park2) genes in the liver were studied. The cafeteria diet obesity model was
accompanied by some signs of metabolic syndrome as it induced an increase in body weight (by 25 %), calorie intake
(by 25 %), blood levels of glucose (by 35 %), cholesterol (by 66 %), and triglycerides (by 23 %) in mice. Trehalose had
little effect on control mice, causing a decrease in standard food intake and an increase in dietary caloric intake by the
number of calories from trehalose itself. In obese mice, trehalose increased total caloric intake and biscuit consump-
tion but had no substantial effect on body weight gain, blood metabolic parameters, or expression of liver genes
regulating glucose transport (S/c2a2), insulin sensitivity (Insr), and autophagy processes (Atg8, Becn1, Park2). Since the
cafeteria diet is the most adequate model of alimentary obesity development in humans, our results question the use
of trehalose to correct the dietary type of obesity in humans.

Key words: C57BL/6 mice; carbohydrate-fat diet; cafeteria diet; obesity; trehalose; autophagy; qPCR; glucose; trigly-
cerides; cholesterol
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BBepeHune

Tperanoza (TP) obnagaer MHOXKECTBEHHBIMH TepareBTHYC-
CKUMH CBOﬁCTBaMH, TJIaBHBIMU U3 KOTOPBIX, MMO-BUAUMOMY,
SIBJIIIOTCS IIANEPOHOII000HOE IeiiCTBHE U aKTHBALIHS ayTO-
(barum, ocodbenHo BaxkHas It Heiponporekiuu (Hossein-
pour-Moghaddam et al., 2018; Pupyshev et al., 2022b).
Jpyrue 1noje3Hple CBOMCTBA BKIIIOYAIOT TO3UTUBHOE BIHMSHUE
Ha KJICTOYHBII MeTab0JIM3M, YITICBOAHBIN 1 JIMITH/HbIA OOMEH
(Arai et al., 2019; Yaribeygi et al., 2019; Kobayashi et al.,
2021), mpu 3TOM H3BECTHO, YTO JHA0ET, OXKUPEHHE M HEHpO-
JIereHepaIys TECHO CBsI3aHbl Mexay coboit (Pugazhenthi et
al., 2017). [Tonararot, TOpMOXKEHHE HEHPOACTEHEPAIIUHU Tpe-
Tayi0301 OCyIIeCTBIIeTCS mocpencTBoM aktuBaru mTOR-
He3aBucuMoi aytodaruu (Sarkar, 2013; Tamargo-Gomez,
Marifio, 2018).

Bwmecre ¢ Tem TP cymiecTBeHHBIM 00pa30M BIHSET HA YIIe-
BOJHBI 0OMEH, TaK KaK MOXKET CHHMKAaTh YPOBEHb TIIIOKO3BI
B KPOBH U PE3UCTEHTHOCTh K MHCYIMHY (Zhang et al., 2018;
Zhang, DeBosch, 2019; Korolenko et al., 2021). Ona mo3u-
THUBHO BJIMSICT Ha JKUPOBOH OOMEH: CHHYKAET yPOBEHB TPHUIJIH-
LIEpUIOB B reueHu u KpoBu (Stachowicz et al., 2019; Zhang,
DeBosch, 2019; Korolenko et al., 2021) u B KOHEYHOM cUeTe
MPEMSTCTBYET Pa3BUTHIO CTEATO3a, 3aBUCSIIEMY OT aKTUBHO-
ctu ayrodaruu (Zhang et al., 2018; Ren et al., 2019; Su et
al., 2025). Hopmanmsyromiee neiicTBAE Ha JINMTUIHBIA OOMEH
TP oxa3bIBaeT 4aCTHYHO ITOCPEICTBOM BIIMSIHUS HA OCBOOOXK-
JICHUE aJTATIOHEKTHHA, CIIOCOOCTBYIOIIETO CKUTAHUIO KUPOB
(Araietal., 2013; Mizote etal., 2016), Ha CHI)KEHHE CEKpeIn
JKETyJJ0uHOTO MHrHOMpytomero nojunentuna GIP, crioco6-
crByoiiero oxxupenuo (Yoshizane et al., 2017), na sxcrpec-
curo simnokcureHa3sl ALOXE3 u apruHasbl 2, TOBBIIIAIOIITIX
sHepronorpednenue (Higgins etal., 2018; Zhang etal., 2019).

Ha monenu oxupeHus, BBI3BAaHHOTO BBICOKOKUPOBOM Jine-
toii (HFD), TP camxaet runepTpoduio OpbKEeIHOTo U Ta-
XOBOTO JKMpa 1 MpupocT Oyporo xwupa (Arai et al., 2019), uto
COITPOBOXKAACTCA MOBBIICHUEM TEPMOI'CHE3a KaK y MBIIIEN
mmany C57BL/6, Tak U1 'y TeHETHYECKOM Moenn quadeTnde-
CKOTO OXXMPEHUs! Mbllel tuHun ob/ob (Zhang et al., 2018).
[Tpu 5TOM B IIOCIIEIHEM Clly4ae pe3yJIbTarT 3aBUCES OT aKTHB-

Hoct MeaunaropoB AMPK, TFEB u 6enka UCP1, HO He oT
ayrodarmu (Zhang et al., 2018; Rusmini et al., 2019). B rienmom
JTAaHHBIC 110 BIUsTHAIO TP Ha N30BITOYHEI BEC OpraHU3Ma J10-
CTaTOYHO MPOTUBOpeunBHI (Arai et al., 2010, 2019; Liu et al.,
2013; Sahebkar et al., 2019; Korolenko et al., 2021). YV oganx
ABTOPOB UTSI MBIIICH, CONEPIKABIINXCS HAa BHICOKOKUPOBOU
nuere, 8-HenenbHOe noTpedieHue 2 % TP BrI3bIBaIO JTHUIIE
TEH/ICHITIIO CHIDKEHUS MacChl 00IIET0 BUCIIEPATBHOTO JKUPa
(ae 6osee 5 %) ¥ CYIIIECTBCHHO HE BIIMJIO HA BEC MBIIICH (Arai
et al., 2013; Liu et al., 2013). CoriacHo APYruM JaHHBIM
(Korolenko et al., 2021), y mprmieii muaun db/db (MoHOTEeHHAS
MOJICITTb TUA0CTHYCCKOTO OXKUPCHHUS) TPEXHEICIFHOE CKapM-
nuBanue 2 % TP BbI3bIBaIO 3aMETHOE CHUKEHUE Beca (0osiee
10 %) u oxa3wIiBao oOIIee TepaneBTHYECKOe NeiCTBHE, B
YaCTHOCTH CHW)KAJIO YPOBHH XOJCCTEPHHA, TPUTIHIICPUIOB
U TJIFOKO3BI TJIa3MbI KPOBH.

OcTtaeTcsi HESCHBIM, B KaKOW Mepe KHPOTOHMKATOIINN
3¢ ekt TP 3aBHCHT OT XapaKTepa TUCTHI WIH OT MyTaIlui,
BBI3BIBAIONINX OKUPEHHUE. B cBOCH paboTe MBI MPUHUMAIA
BO BHUMAaHHE, YTO Y MBIIIEH pa3BUTHE ATAMEHTAPHBIX (hopM
0KHPEHHSI MOXKET OBITH BEI3BAHO NOTPEOJICHNEM KaK BBICOKO-
skupoBoid uiny (HFD), Tak 1 koMOMHMPOBAHHOTO KOpMa C
TIOBBIIIEHHBIM COJIEPKAHWEM W JKHPOB, W YIIIEBOIOB (yIUIe-
BOJHOKUPOBAs IHETa, «aueTa kaderepus», IKad), uto damie
BCTPEYAETCS B YEJIOBEUECKOM MOMYISIHN.

B cBs3u ¢ 3THIM HaMU OBLTa TOCTaBIICHA 3aa9a Ha MbIIIaxX
mann C57BL/6 ¢ oxxupennemM, 00yCIIOBIEHHBIM COlepKaHH-
€M YKMBOTHBIX Ha yIJIeBOIHOKHPOBOit quete ([IKad), onenuts
BIUSHUE aTuMeHTapHoro norpebnenus TP Ha ocHOBHBIE
MeTa0OTMYECKHUE TOKa3aTeNH (BeC Tea, MOTPeOICHUE TIHIITH,
KaJiopuii 1 Bojibl). McciienoBanu Takke OHOXUMHYCSCKHIN U JTH-
TTUTHBINA CIIEKTP TUTa3MbI KPOBH M ayTO(aruro, OI[CHNBAEMYIO
IO SKCTIPECCHH TEHOB ayTO(haruy B IICYCHU.

MaTtepwuanbl n metoapl

MopenupoBanue oxkupeHus. Bce MaHUNYIAIUY C KHUBOT-
HBIMH, IPOBE/ICHHBIE B XO/IC UCCIIE/I0BaHUS, COOTBETCTBOBAIIH
STUYECKUM CTaHAAPTaM, YTBEPKICHHBIM ITPABOBBIMH aKTAMHU
P®, mpunnunam bazenbckoil gexyapaluu U peKOMEHIAIM-
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sIM He3aBrcuMoOn OuosTrueckoi komuccuu UI{ul" CO PAH
(mporoxon Ne 76 ot 07.04.2021). DKcIepuMEHTHI TTPOBOIH-
JINCHh Ha camiax Mblmend Juaun C57BL/6 koHBEHIIMOHAB-
Horo BuBapus MHctutyTa ruronorun u reuetuku CO PAH,
HoBocubupck.

JKMBOTHBIX B BO3pacTe TPEX MECSIEB PACCAKHUBAIH I10
OJTHOMY B KJIETKY IPH CBETOBOM pexkuMe 12 u ceT : 12 1 TeM-
HoTa, TeMmeparype 22—-24 °C u cBOOOZHOM JOCTyTIE K BOJE
U TpaHynupoBaHHOMY KopMy (3AO «AccopTHMEHT-ATpo).
Yepes 2 HelenH )KUBOTHBIX JINOO OCTABIISUIN HAa CTAaHAAPTHOM
KopMme (7 =22), Tr60 MepeBOIMIN Ha JUETY C BRICOKUM COZIEP-
JKaHUeM XHpoB 1 yriieBoaoB ([IKad) (n = 19), cocrosimryto u3
HECOJIEHOTO CBUHOTO CaJla, CIOOHOTO IIEUEeHbsI ¥ CTaHIAPTHOTO
TPaHyJIMPOBAHHOTO KOpMa JJIsl Ta00PaTOPHBIX KMBOTHBIX B
cBobomHOM Hoctyre. B Teuenne 18 venens JIKad BrI3biBaeT
pasBuTHE OKMpeHHs y AaHHbIX Mbleil (Makarova et al.,
2013). Ona Hanbomnee MpUOIIKEHA ITO COCTABY K €KESTHEBHO-
MY paloHy COBPEMEHHOTO YeJIOBeKa, KpPOME TOT0, TO3BOJISIET
OLICHHUTH NMOTPEOICHUE PA3TMYHBIX KOMIIOHEHTOB JIUETHI.

Crycrs 18 menmens mocne conepxanns Ha {Kad xuBoT-
HBIX JICTMIM Ha 4YeTelpe rpynmsl (puc. 1): 1) morpebnenne
CTaHAapTHOTO KopMa 1 Bojbl (1 = 11); 2) norpebiienne craH-
nmaptHoro kopMa u 3 % pacteopa TP (Pupyshev et al., 2024)
(n=11); 3) conepxxanue Ha JIKad u Boge (n = 9); 4) comep-
skanue Ha JIKad u 3 % pactBope TP (n = 10). B xome Bcero
SKCTEPUMEHTA y MbIIIEH e)KeHEIENbHO OLICHUBAIIN MACCy TEIa,
TPH paza B HEJEIIO — MOTPEOICHUE MHIIIH.

Buoxumust kpoBu. Uepes 4 Henenu norpedieHus Tpera-
JI03bI )KUBOTHBIX BBIBOJIUITH U3 SKCIIEPUMEHTA, Opaiv KPOBb U
poOsbI edeHu. 3a00p KpOBH, HOATOTOBKA U XPAHEHUE CHIBO-
POTKH KPOBH BBITIOJIHSUTUCH Kak ortucaHo panee (Goncharova
et al., 2016). B ceIBOpOTKE KPOBH C TIOMOIIIBIO OMOXIMHYE-
ckoro ananmuzaropa AU 680 (Beckman Coulter, CI1IA) ompe-
nensiii Metabomrueckue nmokasarenu AJIT, kpeaTuHUH, TITHO-
KO3y, TPUIIMLIEPHU/IBI, XOJIECTEPHH, JINIONPOTEHHBI BBICOKOI
wrotHocTH (JITIBIT).

Anauu3 3xcnpeccun reioB. Metonom [1LIP B peanbHOoM
BPEMEHHU OIICHUBAIN OTHOCHTENILHBIN YPOBEHb SKCIIPECCUHU
TeHOB II€YEHHU, yYaCTBYIOUINX B PETrYJSLUN YTICBOJHOTO
obmeHa (/nsr, Komupyrolero perentop uncynuna; Slea2,
KOAMPYIOIIETO TPaHCTIOPTEp MT0K03kI 2-ro Tna GLUT2) u
akTHBHOCTH ayTodarun (A¢g8, Koqupyromero OeloK ayTo-
daruu LC3-1I; Becn, xonupytoriero 6enok Beclin 1; Park2,
koxmpytorero 6emok Parkin), a Takxke peepeHCHBIX TEHOB
Hprtl, B2m, Ppia.

1)cT 1)cT
3 6\ 2)cT 2)cT+ TP
cs7BL 3) AKad 3) AiKad
4) OKad 4) OKad + TP

Trehalose does not attenuate carbohydrate-fat
diet-induced obesity in C57BL/6 mice

Toransnyto PHK Beiensimu u3 00pasnoB nedeHu ¢ moMo-
mipio Habopa ExtractRNA («EBporen», Mocksa, Poccus) B co-
OTBETCTBUU C HHCTpYKIUsAMH npousBoautesis. Cunres k/IHK
TMIepPBOi HUTH NIPOBOAMIIN ¢ HabopoM peakTnBoB MMLYV RT kit
(«EBporen») B COOTBETCTBUH C ITPOTOKOIIOM MPOU3BOANTEIS
(https://evrogen.ru/products/cdna/synthesis/mmlv). TTomy-
yeHnHbie 00pasibl kKJJHK ananusuposaiu ¢ momorisio qPCR
Ha Tepmorukiepe LightCycler-480 II (Roche, IBeiimapust)
¢ ucroibp30BanueM Habopa pearenToB BioMaster HS-qPCR
SYBR Blue (2x) («buonadbmuxcy», HoBocubupck, Poceus), ¢
nmobasnenneM npsambiX (F) u o6patabix (R) mpaiimepos (o
150 BM kaxneriii). Vicnonp3oBany mpaiiMepsl sl [EIEBhIX
reHoB A1g8 (FW: 5-AAA GAG TGGAAGATG TCC GGC-3'
n REV: 5-ACC AGG AAC TTG GTC TTG TCC-3'), Becnl
(FW: 5'-GAA CTC ACA GCT CCATTA CTT A-3'u REV:
5'-ATCTTC GAG AGA CAC CAT CC-3'), Insr (FW: 5'-ATC
CTC GAAGGTGAGAAGAC-3'uREV: 5-TGATAC CAG
AGC ATA GGA GC-3"), Park2 (FW:5'-GGT CCAGTTAAA
CCCACCTAC-3'uREV: 5-TTAAGA CAT CGT CCCAGC
AAG-3"),Slc2a2 (FW: 5-GGCTAATTTCAGGACTGGTT-3'
nREV: 5-TTTCTTTGCCCTGACTTCCT-3") n reHOB cpaB-
Henusa B2m (FW: 5'-GTC TTT CTA TAT CCT GGC TCA-3'u
REV: 5'-ATG CTT GAT CACATG TCT CG-3"), Hprtl (FW:
5'-TAC CTAATC ATTATG CCG AGG A-3' u REV: 5'-GGT
CAG CAA AGA ACT TAT AGC C-3'), Ppia (FW: 5'-AAA
GTT CCAAAGACA GCAGAAAA-3'uREV:5-GCCAGG
ACCTGTATG CTT TAG-3'). OTHOCHTENBHYO KOHIIEHTPA-
nuto Tectupyemort kJIHK onpenensuin ¢ ucnoinb30BaHUEM
nporpammuoro obecrnieuenus LightCycler 480 (Bemmyck 1.5.1)
1 KaJTMOPOBOYHBIX KPUBBIX.

Crarucruyeckasi 00padorka. /laHHbIEe aHATU3UPOBAIU
B iporpamme STATISTICA 10.0 (StatSoft, TIBCO Software
Inc., ITano-Ansro, Kammdopuus, CIHA). [Ipumensu auc-
KPUMUHAHTHBIN aHaIU3. Pe3ynbTaTsl BEIpaKaiy Kak CpeHEe
3HauCHUE + CTaHJapTHasI OMMOKa cpeanero. /s cpaBHEHUS
BBIOOPOYHBIX CPETHUX UCTIOIb30BAIIH IBY CTOPOHHUI KpHUTE-
puit CtprofieHTa (#-test). CTaTUCTHUECKU 3HAaUUMBIN YPOBEHb
paznmumii onpenernsy Kak p < 0.05 (1BycTOpOHHMIA).

Pe3ynbratbl

MopenupoBaHue AnabeTnyecKoro oXxXnpeHna

Jlo Hagana notpednenns 3 % pactsopa TP (18 Hexens conep-
»kanus Ha [{IKad) mbimm u3 1-# u 2-i rpymn cpaBHEHUS, Tak
JKe Kak U JKUBOTHBIC ¢ OKMpeHHeM M3 3-if u 4-if rpymnm, He

« OueHKa MeTabonmyecKkmx
napameTpoB KpoBu

=

P

« OueHka SKCnpeccnmn reHos
B nneyeHu

] 1K ad

22 Hep.

0 18 Hep.

® |

Y
OueHKa macchbl Tena,
n0Tpe6neva ANLWN N XXNJKoCTn

Puc. 1. Cxema aKcnepumeHTa.

3pecb u panee: cT (CT) - cTaHgapTHas nabopatopHan avieta; [Ikad — aneta Kadetepus; TP - Tperanosa.
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Tperanosa He CHUXaeT oXnpeHne y mbien nuHun C57BL/6,
BbI3BaHHOE Yr1eBOAHO-KNMPOBOW ANETON

Macca Tena, I'IOTpE6J'I€HVIe BOAbl, 06Lee I'IOTpe6J1€HI/Ie SHEePrnm N KOMNOHEHTOB ANETbl MbillaMK YeTblpeX rpynn cpaBHeHUA

MNokasaTtenb lpynna 1 lpynna 2 lpynna 3 [pynna 4
Cr(n=11) Cr+TP(n=11) OKad (n=9) OKad + TP (n=10)
Macca tena, r 27.2+04 273%0.3 334+1.0 336%13
KanopuimnHocCTb NUTaHnA, KKan 13404 13.3+£0.5 158+0.3 159+0.2
CTaHZapTHbIN KOPM, T 45+0.1 44+0.2 1.1+£0.1 1.3+0.1
Cano, r - - 1.0+0.1 09+0.1
[MeyeHbe, r - - 1.1+0.1 1.1+0.1
Bopa, mn 56+0.2 51+03 33+0.1 34+0.1

MpumeyaHune. Mbiww 1-11 1 2-1 rpynn coaepkanncb Ha ctaHgapTHoi guete (CT), Mbilwn 3-11 1 4-11 rpynn cofepkanuck Ha aveTe KadeTepua (JKad) B TeueHne
18 Hepenb Ao Havana noTpebneHua 2-it 1 4-i rpynnamm 3 % pactBopa Tperanosbl (TP). B ckobKax ykazaHO UM XKMBOTHbIX. [1oTpebneHne KOMMOHeHT npuseae-

HO B pacueTe Ha 1 AeHb. Pe3ynbTaTbl BblpaxeHbl kKak M = m.

Ppa3IMYaInCh 10 Macce Teja, MOTPEOISHHIO THIIHN U BKYCOBBIM
MPEANOYTEHUSIM (pUC. 2, CM. TaOIuILy).

YV mprmieit, cogeprkasmuxcs Ha J{Kag B Teuenue 18 Henens,
(hopmupoBazack H30BITOUHAS Macca Tela (OKUPEHHE): Macca
Tena Bo3pacraia Ha 25 % (p < 0.001), noTpedieHue SHepruu
kanopuii — Ha 20 % (p < 0.001), a morpebneHne BOAbI, Ha-
NpOTHB, ObUTO CHIKEHO Ha 40 % 10 CpaBHEHHUIO ¢ MBILIAMH
KOHTposibHOU Tpymsl (p < 0.001) (cm. puc. 2).

Y ’KHUBOTHBIX, cofeprkaBimmxcs Ha J{Kad, mokazarens dhop-
MHUPOBAHUS THIIEPIIIMKEMUHN — YPOBEHbD [IFOKO3bI B KPOBU —
yBenmuuuiics Ha 35 % (cM. Huke). D10 oTiryaercs oT 3 dekra
JKa B 1pyrux UcCIeI0BaHUSX, TIIE YPOBEHD [IIIOKO3bI B KPO-
BU Bo3pactal 6onee cymecrBenHo (Parafati et al., 2015), nmu
y TeHETHYECKHX MOJieliel oxkupeHus Mpliei ob/ob u db/db
(Pelletier et al., 2020; Korolenko et al., 2021). B nHamewm skc-
MepHMEHTE POCT U30BITOYHOTO Beca He CONPOBOXKacs (op-
MHUPOBAaHHEM BBICOKOW THIIEPIIIMKEMHH.

BnusaHue TP Ha noka3aTenn metabonunsma y mbiwein,
cofiepXKaBLUMXCA Ha cGanaHCpoOBaHHOI aueTe
ITorpebnenue 3 % pactBopa TP B TeueHue 4 Henenb y KOH-
TPOJBHBIX MBIIICH HE BIHUIO Ha Maccy Tesla KUBOTHBIX
(puc. 3). Takue mblu chenain MeHblie kopma (p < 0.05),
TIPY 5TOM Y HUX HAOJIOIaIN TEHICHITHIO POCTa ITOTPEOIeHUS
xuakocTr Ha 10 % (puc. 4). C yuerom kanopuiinocta TP B
MUThE CyMMapHOE MOTpedIeHNe KHIOKIOPHH Y KOHTPOJIb-
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Puc. 2. Macca Tena, notpebneHne Bofapl, 0buiee NoTpebneHne sHeprum
MblLLaMW, COAePXKaLLNUMUNCA Ha CTaHAAPTHON AneTe (n = 22) n aneTe Kade-
Tepus (n = 19) B TeueHne 18 Hepenb A0 Havana NpefocTaBnexHns um 3 %
pacTBopa Tperanosbl.

**¥¥ p < 0.001 N0 CpaBHeHUIO C FPYNMOWA, NOTPe6NABLLEN CTaHAAPTHBIN KOPM
1 Bogy.
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Puc. 3. Macca Tena n cymmapHoe notpebnieHvie SHeprum y mbiller, co-
[epXKallyxca Ha CcTaHdapTHOW ameTe n auete KadeTtepusa, 3a 4 Hegenu,
B TeUeHMe KOTOPbIX KUBOTHblE NOTPe6nAnu Bogy unu 3 % pactsop Tpe-
ranosbi.

lony6bIM LiBETOM NMOKa3aHO KOIMUECTBO KWIOKaNOoPWiA, MOSTyYeHHbIX C MTbeM
3 % pacTBOpa Tperanosbl.

*** p < 0.001 NO CpaBHeHUIO C FPYNMoWA, NOTPebNABLLEN CTaHAAPTHBIN KOPM
n Bogy; & p < 0.001 no cpaBHeHMIO € rpynnoin, notpebnasweii IKad n Bogy
(t-test).
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Puc. 4. CymmapHoe notpebneHmne XnaKkocTv 1 pasinyHbIX KOMMOHEHTOB
KOpMa MbllliamMu, cofiepallMICA Ha CTaHAAPTHON AneTe 1 guete Kade-
Tepus, 3a 4 Heflenu, B TeYEHME KOTOPbIX XKUBOTHble NOTPe6NANN BOAy u
3 % pacTBOp Tperanosbi.

*p < 0.05, *** p < 0.001 No cpaBHEHUIO C FPYNMNOIA, NOTPEONABLUEN CTaHAAPT-
HbI1 KOpM 1 BoAy; & p < 0.05 no cpaBHeHMto C rpynnoi, notTpebnasiuein Kad
n oy (t-test).
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HBIX MblLEH, plonmx 3 % pacteop TP, Obuio Oosiee uem Ha
30 % BbIIIIE, Y€M Y KOHTPOJIBHBIX )KUBOTHBIX, COJIEPKABIITNXCSI
Ha Boze (p < 0.001) (cm. puc. 3).

BnusHue TP Ha noKa3aTenu metabonnsma y mbiwern,
cofiepXaBLUMXCA Ha aneTe Kapetepua

Bomnpeku HammM 0XXMIaHUSIM, Macca Tejla MbIIIeH, couep-
kasmmxes Ha [{Kad, mox nefictuem TP He m3MeHsmach (CM.
puc. 3). Ha moTtpebienne MplaMyu CTaHAAPTHOTO KOPMa,
sKunKocTH win casia TP Takke oka3biBaia ciiadblid 3 QeKT, HO
TOBBIIIIAJIA TOTPEOJICHUE YITIEBOIHOM KOMITIOHEHTHI, CIOOHOTO
nedeHbst (cM. puc. 4). Ha ¢oHe HEeM3MEeHHOW Macchl Tena y
Takux )kuBOTHBIX TP nocroBepHo, Ha 18 %, yBenn4uBama ko-
JUYECTBO MOTPEOIIIEMBIX KaJIOPHH (C y4eTOM KaJOPHHHOCTH
camoit TP) (cm. puc. 3).

B orHoOmienun Merabonnueckux rnokasarened kposu TP
HE BBI3bIBAJIA CYIIECTBEHHBIX N3MEHEHHUH y MBIIIEH, conep-
skaBmmxcst Ha JIKad, 1 KOHTPOIIBHOI rpyIIIBI MBIIIEH, KpoMe
3ameTHON TeHaeHuuH (p < 0.07) pocta ypoBHS INTIOKO3bI B
kpoBH (puc. 5). Camo conepxanne mpreit Ha J{Kad B ompe-
JISTICHHON Mepe BIIMSUIO HA OOHIMH MeTaboIHu3M, ITOBBIIIAs
ypoBeHb oko3bl (p < 0.01), Tpurmuuepunos (p < 0.05) n
ocobernHo xonectepura kposu (p < 0.001), T.e. perucTpu-
POBaJIOCH M3MEHEHUEM YIJIEBOAHOTO M JIMIIMHOTO OOMEHa.

BnunaHue TP Ha TpaHCKpUNuUuIo reHoB

yrneBogHoro o6meHa 1 aytoparum y mbilien,
cofiepKaBLUMXCA Ha AneTe Kadetepua

Hu conepxanne mprmeit Ha IKad, au norpedbnerne TP we
BIIMSJIO HA DKCIIPECCHIO B TIEYCHU T'€HOB, PETYIMPYIOMINX
3axBaT IJIIOKO3bI U3 KpoBH (SIc2a2, Insr) Wiy CBSI3aHHBIX C
aKTUBHOCTHIO ayTodaruu (A1g8, Becnl, Park2) (puc. 6).
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Trehalose does not attenuate carbohydrate-fat
diet-induced obesity in C57BL/6 mice

O6cyxpeHue

Coneprxanne Mpieit Ha /IKad B Treuenne 18 nenens comnpo-
BOXJIAJIOCH POCTOM MoTpediieHust kanopuit (Ha 20 %) u, kak
ciencTere, GopMHpPOBaHUEM H30BITOYHON Macchl Tena (Ha
25 %), TO3BOJISIBILIMM HCCIIE/IOBATh HOPMAIN3YIOMINH S PerT
TP, BbLsiBIICHHBIN B OoJiee paHHHUX paboTax Ha Mbiiax db/db
(Korolenko etal., 2021). Tperaino3a, sIBISSICh JHEPTeTHICCKAM
cyocrparom (Sato etal., 1999), noslana norpedieHue sHep-
MU KaJOPUH KaK y KOHTPOJIBHBIX MBILIEH, TaK U y MBILLIEH,
nony4asmux J[Kad. Baxkno, 9T0o B 00euX Tpymmax pocT Io-
TpeOJIeHNUS KaJIOPHH, CBSI3aHHBIN B OCHOBHOM C TipeMoM TP,
HE IPUBOJIMII K YBEITMUICHHUIO Macchl Tena (cM. puc. 3). To ecThb
npumeHenue TP cTuMmynupyeT pacxonoBaHUE SHEPIUH KaJl0-
puii O6e3 BIUMSIHUS Ha Maccy Tela. B onpenenenHoi Mepe 910
COOTBETCTBYECT AaHHBIM JIUTEPATYPhI, KOTOPHIC ITOKA3bIBAIOT
crocobHOCTh TP Tipn POJOIKUTETTFHOM IPHUEME CTHMYJTH-
pOBaTh pacxoZ0BaHUE KaJOPHUH B IpoOlleccax TepMOTeHe3a U
ckuranus Oyporo sxupa y Mbiedd suanun C57BL/6 kak Ha
CTaHIApTHOH, TaK W Ha BBICOKOXKUPOBOH muere (Arai et al.,
2013,2019) u y mbimeii ob/ob ¢ quabeTHIecKUM 0XKHPCHHEM
(Zhang et al., 2018).

Hpyroil BapuaHT pearupoBaHMsi COCTOUT B TOM, UTO aJlu-
MeHTapHo npuHnMaemast TP criocoGHa BEI3bIBaTH B OCHOBHOM
KJIETOUHOE TOJIOJ[aHUEe, COMPOBOXK/IAIOIICECs aKTHBAIMEH 111~
TonpoTeKTHBHOM ayTodarmu (DeBosch et al., 2016; Mayer et
al., 2016; Zhang, DeBosch, 2019). MexaHu3M CBS3BIBAIOT C
MHrUOMPOBaHNEM TPaHCMEMOPaHHOTO TPAHCIIOPTEPA IITHOKO-
361 GLUTS, BBI3BIBaBIINM B KJICTKAX MIEICHN YSHEPTETUIECKYIO
HEJI0CTaTOYHOCTh, BEAYIIYIO K aKTHBAIMHU a/ICHO3UH-MOHO-
(docdar-3aBucumoni knuHazel AMPK u ee rueiiorporHoMy
MeTabommaeckoMy IPQPEKTy, BKIFOYAIOIIEMY TOPMOKEHHE
OMoCHHTE3a, PHEPrONOTPEOICHUS M aKTHBAIHMIO ayTodaruu.
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Puc. 5. Broxmmunyeckune napameTpbl KPOBUM Y MblLLEN, COAEPXKALUMXCA Ha CTaHOAPTHOWN aueTe u guete Kadete-

pvA 1 nonyyaBlNX B TedeHne 4 Heaenb oAy nnv 3 % pacTBOp Tperanosbi.

*p <0.05,* p <0.01,** p <0.001 No cpaBHEHMIO C rPYNMON, NOTPeONABLLE CTaHAAPTHbIN KOPM U BOAY.
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Tperanosa He CHUXaeT oXnpeHne y mbien nuHun C57BL/6, 2025
BbI3BaHHOE Yr1eBOAHO-KNMPOBOW ANETON 29.6
Slc2a2 150 Insr
[ Jer
B cr+TP
[ aKa
10 AKad
B8 nKao+TP
3956398
R
100
Possaes
SR s
e ]
K B
ototats R
R o
KR KX
00 % %% KXRK
gk B
0.5 o B
g8t RS
[odee%! 50 [Sodeeds
[ oesess! regesess
RS B
[Seootess R
K300 (XXX
to%utes R
[55%505% o50etes
IR KRR
(S Posossss
[Seo0te%s R
K064 (XXX
RRRKA KRR
ke K3
RS Posossss
0 53 0 R

Puc. 6. YposeHb MPHK reHoB aytodaruu (Park2, Atg8, Becn1) n yrneBofHoro obmeHa (S/c2a2, Insr) B neyeHn y Mbilleit, cofepKaliyxca Ha cTaHAapTHOM
IueTe 1 anete KadeTepursa 1 NOydYaBLINX B TeUeHUe 4 Hefenb BoAy unu 3 % pacTBOp Tperanosbl.

[To-Bunmmomy, B Hammx yciaoBusix TP Tepsier cBoro crioco6-
HOCTh MojienpoBars 3ddext ronoganus (Zhang, DeBosch,
2019), npuBomsmuil k akTuBanuu aytodarnu. OcrmadbneHne
perynsTopHbIx cBoiicTB TP 31€Ch cormacyeTes ¢ OTCYyTCTBHEM
ee BJIMSHUS Ha TPAHCKPHIILMIO FTeHOB ayTo(aruu, pearupyo-
mux Ha TP MoBBIIEHNEM B IPYTHX HAIINX MCCIIETOBAHHUAX
(Pupyshev et al., 2022a). [IpuunHa ociabneHus peryasTop-
HbIX cBolcTB TP y mprmeit muanun C5S7BL/6 noka ocraercs
HesicHO#. Cxopee Bcero, mogo0Hoe nepeximodeHne 3ddexra
TP He 3aBUCHT OT AWETHI, TOCKOJBKY PE3yNbTaT JCHCTBUS
TP Obu1 IPaKTHYECKH OIMHAKOBBIM KaK Y KOHTPOIIBHBIX, TaK
W y MBIIIeH, conepxkasmuxcs Ha [[Kad. BosmoxHo, B man-
HOoM ciyqae (3 % Ttperainosa, 28 cyT) IPOUCXOIUT KaKOE-TO
YCKOJIb3aHUE TPErajo3bl OT KOJINYECTBEHHOIO 3HEpreTuye-
CKOTO pacIIeIuIeH s, ONFcanHoro panee (Sato et al., 1999), u
TOT/Ia IIPOTHBOPEUHE MEK/TYy POCTOM MOTPEOIIEMBIX KaIOpUit
U OTCYTCTBHMEM IpHUBECa CIIaKUBACTCS.

Ilotepst peryastopHbix cBoiicTB TP y Mplieil B HacTos-
IIEM MCCIICIOBaHNN He comtacyercs ¢ apdekramu TP, BbI-
siBIICHHBIMU Ha MbIiiax db/db ¢ muabeTHyecKuM OKUpEeHHEM
(Korolenko etal., 2021). Ha aTux MpImieii Tperaiaosa AeHCTBO-
BaJIa CHIDKeHHeM Oonee yeMm Ha 10 % macchl Tena, ypoBHS
[TFOKO3bI KPOBU M OOIIUM BOCCTAaHOBUTEIBHBIM 3(dexrom
10 CHHXKEHHIO YPOBHS XOJIECTEPHHA U TPUIINIIEPHIOB KPO-
Bu. OHaKO B MCCIICIOBaHMHU Ha Kponukax (Sahebkar et al.,
2019), kak 1 B HallIEeM SKCIIEPUMEHTE, TAK)KE BBISIBJICHO C1a00e
BiausiHue TP Ha cekTp JUnuI0B KPOBH.

[Tpn HamMuMK CXO/ICTBA HAIIEH MOJIENIN OXKUPEHHS Y MBI-
meit Ha JIKap ¢ tunuyabiM (HOpMUpOBAHHEM OXKUPEHHS Y
YeJI0BEKa ITOTyYeHHbIE PE3YIIBTAThI CTaBST 11071 COMHEHHUE BO3-
MO>KHOCTb HCIIOJIb30BaHMS TPETATI03bI IS KOPPEKIIH 3TOTO
€aMOro MOIYJIIPHOIO BUAA OKUPEHUs y Jirozel. B 1o e Bpemst
HAIlIM Pe3yJIbTaThl HE OTBEPratoT BO3MOXKHOCTB JICUEHHUS Tpe-
Ta030i MaMeHTOB ¢ BEIPAKCHHBIM OKUPEHHUEM, ITOCKOJIBKY
1o100HOe JiedeHue ObLIO Ya4HbIM JUIsl MBILIEH C IPUMEPHO
50 % wn36sITOuHOM Maccoii Tena (Korolenko et al., 2021).

3aknioyeHune

OcHoBBIBasAch Ha U3BecTHOM 3¢ dexre TP mo nmuranmu ro-
nonanus (MHIYKIUKM ayTo(arnu) U CHWKCHHS M30BITOUHOMN
Mmacchel Tesna y mbiieit db/db, npoBeneHo uccienoBanue ee
nericteus Ha MbIeii C57BL/6, comepxaBIIuxcs Ha yTIIEBOA-
HoxwupoBoit muere (JIKad), cBoiicTBeHHOI 111 popMupoBa-

HUSI OOKUPCHHUS Y YeTIOBEKA. Y KOHTPOIBHOU IPYIITIBI H MBITIICH
¢ 25 % oxxupeHueM Halwm, 4to noj aeicteuem TP (3 % pac-
TBOp B ITUTKE, 28 CYT) CYIIECTBEHHO BO3PACTAJIO KOJTHMYECTBO
MOTPEOIEHHBIX KaJIOPHUH, HO 3TOT POCT 3HEPronoTpedIeHust
HE CONPOBOXK/IAJICS YBEIMUEHUEM MACChl Tejla Mbliel. Poct
MOTpeOIeHIsT KaJOpHHA, TO-BUANMOMY, PACX00BAaJICS Ha I0-
BBIIIIEHHE [TPOIIECCOB TEPMOTECHE3a M CXKUTaHNE Oyporo >Kupa
(Araietal., 2013, 2019). Tperano3a BbI3bIBajIa JHIIb TEH/ICH-
IIUI0 YBEIMYCHUS 3HAUYCHUHA METaOOIMUECKUX IOKa3aTenei
KpOBH (YPOBHEH TIIFOKO3BI, XOJIECTEPHHA, TPUIUICPUIIOB,
JITIBIT) u c1abo BiMsiIa Ha SKCIPECCHIO TEHOB, PEryIUPYIO-
MIUX YIIIeBOMHBIN oOMeH (Slc2a2, Insr), n TeHOB ayTodaruu
(Atg8, Becnl, Park2). B nacrosem uccrnenoBanuun TP He
MPOSIBHJIA CIOCOOHOCTH K OCIIA0JICHUIO Ta0eTa 1 O)KUPEHUS,
BBI3BAaHHBIX AUETON KaeTepus, y MBIIICH, CONePKaBIINXCS
Ha J[Kad, 1 He moKa3arna moxe3HBIX CBOMCTB TSt BOSMOXKHOMH
KOPPEKIIMHU PacipoCTPaHEHHOTO IMETOTEHHOTO OXKUPEHUSI Y
YeIIoBeKa.
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AHHOTauusA. [eHOMHble UCCNefoBaHNA NOCNefHUX NeT BbIABUAM accoumnaumto reHa RAB29 ¢ 6onesHbto MapKuH-
coHa (B). benok Rab29, koaupyembiii reHom RAB29, — ofnH 13 perynatopos 6oratoi neiLMHOBbIMU MOBTOPaMM
KnHa3bl 2 (LRRK2). MyTauunm B reHe LRRK2 accoLmmpoBaHbl C yBefIndeHNneM KnHa3HoW akTmBHOCTM LRRK2 v npuso-
[AT K pa3BUTUIO ayTOCOMHO-AOMMHAHTHbIX $opm BIl. HegaBHO nokasaHo, UTo N3MeHeHne KUHA3HON aKTUBHOCTM
LRRK2 moeT 6bITb CBA3aHO C M3MEHEeHVEeM aKTUBHOCTM JIM30COMHbIX MMAPONa3 U KOHLEHTPauum nm3ochprHronu-
nupoB. Llenb gaHHOro uccnegoBaHuA 3aknioyanacb B oueHKe accoumnaumm rs823144 B npomoTtope reHa RAB29 ¢
Bl ¢ skcnpeccren reHa RAB29, akTUBHOCTbIO IM30COMHbBIX MMAPOa3 U KOHUEHTpaumen Nu3ocOUHronmnngos B
KpoBwu npwu BI1. B xofge nccnenosaHna npoBedeHbl CKPMHUHE BapuaHTa rs823144 reHa RAB29 B rpynne nauneHToB
¢ B (N =903) n B koHTpone (N = 618) c Mcnonb3oBaHNeM METOAOB MAacCOBOMO NapannenbHOro CeKBeHNPOBaHNA
1 nonumepasHan uenHaa peakums (MLUP) c nocnegyowmm pecTpUKUMOHHBIM aHannM3oM. Kcnpeccusa reHa RAB29
oLeHrBanacb B MOHOHyKJeapax nepudepuyeckon kposu metogom MNLIP B pexrme peanbHOro BpemeHun. AKTUB-
HOCTU NIM30COMHbIX rmaponas (rnokouepebposmaasa (GCase), anbda-ranakrosmgasa (GLA), kucnaa couHromme-
nuHasza (ASMase), ranakrosumnuepe6posmaasa (GALC)) n KoHUeHTpauumn nm3ochuHronnnmaos (rnobotpuaosms-
couHrosuH (LysoGb3), copnHrommenuH (LysoSM), rekcosmncdurHrosmH (HexSph)) oueHrBanmcb B KpOBM METOAOM
BbICOKO3PDEKTVBHOM KNJKOCTHON XpomaTorpadum c TaHaeMHoM macc-cnektpomeTpuent (BIXKX-MC/MC). Annenb
Crs823144 reHa RAB29 accoummpoBaH C MOHMMXeHHbIM puckom bl B ceBepo-3anagHon nonynaumm Poccuiickon Qe-
nepauvn (OLL: 0.7806, 95 % [N: 0.6578-0.9263, p = 0.0046), UTO COOTBETCTBYET MUPOBbLIM AaHHbIM. OfiHaKO B xoze
paboTbl He BbisBNeHOo accounaumm annens C rs823144 reHa RAB29 ¢ yposHem MPHK reHa RAB29 B MOHOHYKeapax
nepudepunyeckor Kposu. B 1o xe Bpems HocutenbcTBo annens C rs823144 6b110 acCOLMUPOBAHO C NOBbLILLEHHOW
AKTUBHOCTbIO GLA 1 CHMXeHHOI KoHUeHTpauuen LysoGb3 B kKposu npu BIl. Takum o6pa3om, Hamu Bnepsble no-
Ka3aHa accouuauma annena C rs823144 reHa RAB29 ¢ noHw»keHHbIM puckom Bl B ceBepo-3anagHom nonynauunn
Poccuniickon Oepepaunn. Annenb C rs823144 accoummpoBaH C MOBbILEHHON aKTUBHOCTbIO GLA 1 CHUMEHHOW KOH-
ueHTpaumenn LysoGb3 B KpoBu npu BI1. MNMonyyeHHble pe3ynbTaTbl MO3BONAT MNPEAMNONOXKUTL aCCOLMALMIO TeHa
RAB29 ¢ meTabonn3mom cHUHronnnmngos.

KntoueBble cnoBa: 6one3Hb MapkuHcoHa; RAB29; nn3ocoMHble ruaponasbl; nnsochuHronunuabl; LRRK2

[na untuposaHua: bawaposa K.C., bespykosa A./., CeHkeBuy K.A., baiipakosa I'B., Poibakos A.B., MuntoxmHa U.B.,
Tumodeesa A.A., 3axaposa E.IO., MuennHa C.H., YceHko T.C. Accoumnauuma BapraHTa rs823144 reHa RAB29 ¢ akTuB-
HOCTbIO JIN30COMHBIX MMAPONa3 B KeTKax KPOBY 1 prckoM 6one3Hm MapKrHcoHa. Baguiosckuli XypHasa 2eHemuku
u cenekyuu. 2025;29(6):819-827. doi 10.18699/vjgb-25-89
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RAB29 rs823144 and lysosomal hydrolase activity
in Parkinson’s disease

Association of the rs823144 variant of the RAB29 gene
with the activity of lysosomal hydrolases in blood cells
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Abstract. Recent genome-wide association studies have identified a link between the RAB29 gene and Parkinson’s
disease (PD). The Rab29 protein encoded by RAB29 regulates leucine-rich repeat kinase 2 (LRRK2). Mutations in the
LRRK2 gene increase its kinase activity and contribute to autosomal dominant forms of PD. Previous research has
shown that altered LRRK2 kinase activity may correlate with the activity of lysosomal hydrolases and the concen-
tration of sphingolipids. This study aimed to assess the association of the rs823144 variant in the promoter region
of the RAB29 gene with PD risk, and to evaluate RAB29 expression, lysosomal hydrolase activity, and sphingolipid
concentrations in the blood of PD patients. We screened the rs823144 variant of the RAB29 gene in a cohort of
PD patients (N = 903) and controls (N = 618) using next-generation sequencing (NGS) and polymerase chain re-
action (PCR) followed by restriction fragment length polymorphism analysis. The expression of the RAB29 gene
was measured in peripheral blood mononuclear cells (PBMCs) using qPCR. We assessed the activities of lysosomal
hydrolases (glucocerebrosidase (GCase), alpha-galactosidase (GLA), acid sphingomyelinase (ASMase), and galac-
tosylcerebrosidase (GALC)) and the concentrations of sphingolipids (globotriaosylsphingosine (LysoGb3), sphin-
gomyelin (LysoSM), and hexosylsphingosine (HexSph)) in blood using high-performance liquid chromatography
with tandem mass spectrometry (HPLC-MS/MS). The RAB29 rs823144 C allele was associated with a reduced risk of
PD in the Northwestern Russian population (OR = 0.7806, 95 % Cl: 0.6578-0.9263, p = 0.0046), which is consistent
with global data. However, no significant association was observed between the rs823144 Callele and RAB29 mRNA
expression in PBMCs. Notably, the C allele was associated with increased GLA activity and decreased concentrations
of LysoGb3 and LysoSM in the blood of PD patients. In conclusion, we demonstrate for the first time an association
between the RAB29 rs823144 C allele and a reduced risk of PD in the Northwestern Russian population. Moreover,
the RAB29rs823144 Callele is associated with altered lysosomal enzyme activity and sphingolipid profiles, suggest-
ing a potential role of RAB29 in sphingolipid metabolism relevant to PD pathogenesis.

Key words: Parkinson’s disease; RAB29; lysosomal hydrolases; lysosphingolipids; LRRK2
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BeepeHmne

Bornesns I[Tapkuucona (BIT) — pactipocTpaneHHOE MEIIEHHO
MPOTPECCUpPYIOIICe HelpoereHepaTuBHOE 3a00ICBaHuUE, Xa-
pakTepusylolieecs: Tuoebo J0paMUHEPrHIeCcKUX HeHpo-
HOB uepHoii cyoctanmmu (UC) romosroro mosra (Lill, 2016).
B ocnoBe narorenesa BIl snexar HakomieHne W arperamus
Oenka anbda-cunykieruaa B YHC rosoBHOro Mo3ra. B ocHoOB-
HOM 3a00JIeBaHHE HOCUT CIIOPaTUIECKUN XapaKTep, OTHAKO
oxoto 15 % nanuenTos ¢ BI1 umeroT oTsromeHHbIi ceMelHbIi
aHamHe3. MonekymsipHsle Mexann3Mbl bI1 HensBecTrsl. Of-
HAaKO Bce OOJBINE JaHHBIX CBHICTECIBCTBYET O AUCHYHKIIUU
JIM30COM Kak o KimodeBoM 3BeHe rnartorenesa bI1 (Nechushtai
etal., 2023). B yactHOCTH, HAMH U APYTUMH HCCIIEOBATEIIIMA
MMOKa3aHbI HAPYIICHNE aKTUBHOCTH JIN30COMHBIX THAPOTIA3 U
N3MEHEHHE YPOBHS C(OMHTOINIHIOB B EpH(EPHIESCKUX JKHUI-
KOCTSIX MAIMEHTOB ¢ uauonarndeckoit hopmoii BIT (Alcalay
etal., 2015; Galper et al., 2022; Usenko et al., 2022). A Taxxe
00Hapy>XeHO U3MEHEHHE aKTMBHOCTH JIN30COMHBIX THIPO-
J1a3 ¥ ypoBHs cuHronunuaos npu BI1, accormupoBaHHO ¢

MyTalusMu B rene LRRK?2, koTopas SIBIsETCS OHOM U3 Hau-
Ootee pactipoctpaneHHbIX GpopM BIT ¢ u3BecTHOM 3THONOTHEH
(Alcalay et al., 2015; Usenko et al., 2023, 2024).

I'en LRRK2 xomupyeT 000TaleHHy o JeHIIMHOBBIMH ITOBTO-
pamu kuHa3y 2 (LRRK?2) (Zimprich et al., 2004). OcHoBHBbIC
cyoctparet LRRK?2 — mainsie I'T®as3sr cemeiictBa Rab (Ste-
ger et al., 2016), ygacTByiomue B peryssiiuy Be3UKYJISIpPHO-
T0, B YaCTHOCTH HIOJIM30COMHOTO0, TpaHcmopTa (Wang et al.,
2014). U3menenne kuna3Hoit aktusHOCcTH LRRK2 mprBouT k
HaPYIICHHUIO YH/I0IN30COMHOTO TPAHCIIOPTA THAPOIIA3 K CAUTY
ux neiicteus B m3ocombl (MacLeod et al., 2013; Ysselstein
et al., 2019; Rivero-Rios et al., 2020; Kedariti et al., 2022).

Cpenu cyocrparoB LRRK2 oco0brit mHTEpEC peacTaBiseT
oesok Rab29, konupyembiii renom RAB29 (Steger et al., 2016).
Opnna 3 Gyaxmmii Rab29 3akimrouaercs B aKTHBAI[H KHHA3HI
LRRK2 (Liu et al., 2018; Madero-Pérez et al., 2018; Purlyte
et al., 2018; Kuwahara, Iwatsubo, 2020). beiok Rab29 cpsi-
3BIBaETCA C MeMOpaHaMH JTM30COM H ammapaTa [ omsmku, Te
PEKPYTHPYET HEAKTHBHBIC ITUTOIIA3MATHUCCKAC MOHOMEPBI
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LRRK2, uHuIMNpYS UX OJUTOMEpPU3AIUIO, B X0O/1€ KOTOPOH
00pa3yroTcst akTHBHBIE AnMepHs! Wi TeTpamepsl LRRK2 (Pur-
lyte et al., 2018; Zhu et al., 2023). ['er RAB29 pacnonoxeH
B Jokyce PARK16, xoTopslii paHee ObUI acCOLMMPOBAH C
puckom BIT (Satake et al., 2009; Pihlstrem et al., 2015; Nalls
et al.,, 2019). B 2024 1. ¢ moMomIbI0 MYJIBTHITPU3HAKOBOTO
aHaJIM3a MOJIHOTEHOMHBIX accolManuii Oblia OATBEPIKACHA
panee oOHapyxeHHas accouuarnms rena RAB29 ¢ BII xax Ha
TPAHCKPUIITOMHOM, TaK ¥ Ha IPOTEOMHOM ypoBHsX (Shi et
al., 2024).

B psine uccnenoBanuil BIsIBIEHA acCOLMALIMSI BADUAHTOB,
PacIoNIOKEHHBIX B IPOMOTOPHOM obnactu rena RAB29, co
cHukeHHbIM puckoM BII. Ilpenmnosnaraercs, 4To Takue Ba-
PHAHTBI MOTYT BIMATH HA YPOBEHB dKCTIpeccuy reHa RAB29
(Gan-Or et al., 2012; Khaligh et al., 2017; Sun et al., 2021)
1, BO3MOYKHO, IPUBOJIUTH K U3MEHEHHUIO CTEIIEHH aKTUBALIUH
LRRK2, uto, B CBOIO 0Yepensb, MOKET OBITh CBS3aHO C Ha-
PYIICHHEM aKTUBHOCTH JIN30COMHBIX THJIPOJIa3 Py O0JIE3HU
ITapkuHCoHa.

Lens ucciaenoBaHus 3aKII0YAIach B OLEHKE aCCOIMAINN
rs823144 B mpomorope rena RAB29 ¢ puckom BII, ypos-
HEM dKcrpeccuu reHa RAB29, akTHUBHOCTBIO JIN30COMHBIX
runposnas (Tmoxonepedposunassl (GCase), 0-ramakTo3uaassl
(GLA), ranakronepebdposunasel (GALC) u chunromuenu-
Ha3bl (ASMase)) U KOHLEHTpAIMeH JIN30C)UHTOTUITHIOB
(rexcasmncdunarosnna, HexSph (cmeck mmko3micuaro-
suHa (GlcSph) n ramakrosmichunrosuna (GalSph), auzo-
counromuenuna (LysoSM), nuzornoborprao3uichuHrosnta
(LysoGb3)) B xpoBu marienToB ¢ bI1 n koHTpOmIS.

MaTtepwuanbi n metopbi
XapakTepucTHKH HCCJIeAyeMbIX rpynn. B nccienoBanme
Bouwin 903 mauuenTa co crnopaauueckod BII u 618 unnu-
BUJIyYMOB KOHTPOJIBHOH I'PYIIIIbL, COIIOCTABUMBIE 110 IOy U
BO3pacTy. Bce mammenTs! ObTH HaOpaHBI HAa 6a3e KIMHUKA
OI'BYH «MHucTuTyT MO3ra yenosexa um. H.IT. bexrepeBoit»
Poccuiickoit akanemun Hayk. KoHTposibHas rpyrina cocTaB-
JIeHa M3 WHAWBHUIYYMOB, HAOMIOMABIIUXCS B KOHCYJIBTAaTHB-
Ho-nuarHoctraeckoM reHrpe [leproro Cankr-IletepOypreko-
o rocyJapCTBEHHOI'0 MEJUIIMHCKOI'O YHUBEPCUTETA UM. aKall.
WL.II. [TaBnoBa. C nenbto nckirodeHns auaraosa bI1 u mpyrux
HEeWpOIeTeHEPATHBHBIX 3a00JICBaHII BCE MHIMBUIYYMBI KOHT-
POJIBHOI TPyIIBI ObUTH 00CIIe0BaHbI HEBpOoroM. KitnHu-
YEeCKHe U JeMoTpauecKue XapaKTePHCTHKN HCCIIEAYeMbIX
TPYII TPUBEACHEI B Ta0N. 1. YYaCTHUKH B MCCIEIYCMBIX
rpyImmax He OTJIMYaJIMCh T10 1Moy U Bo3dpacty (p > 0.05).
Bce nporienypbl, BBITOJTHEHHBIE B HCCIIEIOBAHUAX C ydac-
THEM JTFONICH, COOTBETCTBYIOT ITUICCKAM CTaHIAPTaM HAIIHO-
HaJIbHOT'O KOMHUTETA IO MCCIIEIOBATENIbCKON ATUKE U XeJlb-
CHHKCKOH aexyapannu 1964 . U ee MoCIeayonuM H3Me-

2025
29-6

Accoumauma rs823144 RAB29 c akTUBHOCTbIO
NTM30COMHbIX rMAPONa3s 1 puckom 6onesHm MapKMHCoHa

HEHMSIM WJIM COMOCTAaBUMBIM HOpMaM STHKH. OT KaKaoro
BKJIFOYEHHOTO B MCCIIEJOBAHNE YIaCTHUKA ITOIy4eHO HH(Op-
MHpOBaHHOE 100poBoNIbHOE cortacue. McenenoBanue 0100-
peno sTndyeckum komuretoM [lepBoro Cankr-IletepOypreko-
IO FTOCYAapCTBEHHOTO MEIUIIMHCKOTO YHUBEPCUTETA M. aKal.
W.II. ITaBnoBa (mpotoxoin Ne 275 ot 04.09.2023).

I'enernueckuit ananau3. /i1 cKkpuHUHIra BapuaHTa
rs823144 rena RAB29 nmpuMeHeHO 1Ba METO/Ia: MacCOBOE Ta-
pamensHoe cekBeHnpoBanue (NGS) u monumepasHas ienHas
peakuus (I1LP) ¢ mocneayonmm pecTpUKIIMOHHBIM aHAJIH-
30M. OT BCeX MHANBUIYYMOB, BKIIFOUEHHBIX B ICCIIE/I0BAHIE,
TMOTy4eHbI 00pa3ibl epudepruiecKoil KpOBH U BbIJIC/ICHA T'e-
nomHasi JIHK metonom ¢eHobHO-XT10pOhOPMHO IKCTpaK-
UM, Kak orucano panee (Manuaruc u ap., 1984).

B uccnenosanue no ckpuHUHTY BapuaHTa 1s823144 rena
RAB29 metonom NGS, ¢ MONEKyIIPHBIMUA HHBEPCHOHHBIMHU
30H1aMH, Kak ormrcaHo panee (Rudakou et al., 2021), 6pun
BiumtoyeHs! 521 nanuent ¢ BII u 420 uHaAMBUAYYMOB KOHT-
posnbHOI Tpynnbl. CeKBeHUpOBaHKUE MPOBOJMIIN Ha ILIAT-
tdopme Illumina NovaSeq 6000 SP PE100. ITpourenust BbI-
paBHUBaIHN Ha pedepeHcHbI TeHoM hg19 ¢ momorkio anro-
purma Burrows—Wheeler Aligner (Li, Durbin, 2009). dus
WACHTU(HUKAIINY TeHETHUECKUX BapruaHToB (variant calling)
M TIOCTBBIPABHUBAIOIIETO KOHTPOJISI KaueCTBa MPUMCHSIIH
Genome Analysis Toolkit (GATK, v3.8). (McKenna et al.,
2010). [Tocne BBI30Ba BAPHAHTOB MCITOIB30BATH (PUIIBTPHI TIO
TyOMHE TOKPBITUS U KadecTBY. B aHaIM3 BKIIFOYAIH TOJIBKO
BapUaHThl ¢ TIyOMHON NOKpBITHs Oosiee 30 mpouTeHUi u
OLIEHKON KauecTsa BoIme 20.

B nononnenne x NGS-aHanu3y CKpUHUHI BapHaHTa
1s823144 npooaunu metonom 1P ¢ mocaenyrommm pe-
CTPUKIMOHHBIM aHaMu30M. B nccnenoBanme Bonum 473 ma-
nuenta ¢ BII u 384 uHaMBUAYyMa KOHTPOJIBHOH TPYIIIBL
[TocnenoBaresnbHOCTH MpaiiMepoB ObUIM MOAOOPaHBI € TO-
Moo mporpammsl Primer3 v0.4.0 (http://bioinfo.ut.ee/
primer3-0.4.0/) (FOR: 5'-CCCTGCACGTGACGCTTG-3',
REV: 5-GAATCCCAGTCAGCTCCTTACA-3"). lns nmoce-
JYIOIIETO PECTPUKIMOHHOTO aHAJIN3a C UCIOIb30BAHUEM
nporpammsl NEBCutter (Vincze et al., 2003) 6pu1a nomgo6pa-
Ha HAOHYyKJea3a pectpukiun BstAC I (puc. 1).

JHessrocTo onmH narwedT ¢ bIT n 186 mHAnBHIYyMOB KOHT-
POJIBHOI TPyIIIBI OBIIIM TPOCKPHUHNPOBAHBI HA HOCUTEIHCTBO
Bapuanra 1s823144 rena RAB29 ¢ npumenenuem kak [P
C TIOCTIETYIOIINM PECTPHUKIIMOHHBIM aHaJIH30M, Tak 1 NGS-
CEKBEHHPOBAHUS, YTO OBUIO YYTEHO B XOJI€ JaJbHEHIIEro
aHaJIn3a.

Pe3ynbraThl CKpHHUHTA IBYMSI METOJAMH TIOTBEPKACHBI
C TTIOMOIIBIO CEKBEHNPOBaHMs 10 CoHTEpy Ha FEHETHYECKOM
ananuzarope Hanodop-05 («Cunromn», Pocenst). Buzyanusa-
IUsI PE3YJIbTAaTOB CEKBEHUPOBAHUs 110 CeHrepy OCyIIeCTBIIs-

Ta6nuua 1. KnvHnyeckune n femorpaduyeckme xapakTeprucTuky Ncciegyembix rpynn

lpynna Mon Bo3spacrt, rogpbl
(MY>KUMHbIKEHLMHDI)

BN (N =903) 378:525 65 (25-90)

KoHTponb (N =618) 228:390 64 (40-96)

BospacT Hauana 3aboneBaHus, [nuTenbHOCTb 3aboneBaHus,
ropbl ropbl

59 (20-88) 3(1-36)

MpumevaHue. B - 6one3Hb MapKNHCOHA; faHHble NPeACTaBeHbl Kak MeanaHa (MUH-MaKc).
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161 n.H.

110 n.H.

51 n.H.

Puc. 1. dnektpodoperpamma, otobpaxatoLas pesynbraTbl FeHOTUNMPO-
BaHMA BapuaHTa rs823144 B reHe RAB29.

1,2 - romosurota no annenio A (reHotun AA); 3, 4 — reteposuroTa (reHotun AC);
5 — romo3swurota no annento C (reHotun CQ).

JIach ¢ MOMOIIBIO ITporpaMMHOT0 obecrieuenus Tracy (Rausch
et al., 2020) (puc. 2).

OneHka OTHOCHTEJILHOTO YPOBHS 3KCIPECCHH IeHa
RAB29 B MoHOHYKJIeapax nepudepuyeckoii KpoBu ma-
unenToB ¢ BIT u kouTpoJisi. 13 00pa3ioB cBexel BEHO3ZHON
nepudepudeckoit kposu nanueHTos ¢ BIT (N =30) u koHTpons
(N=43) nomy4yeHna MOHOHYKJIEapHas (paKIysi METOIOM IICH-
Tpu(YrupOBaHUs B TPaJEHTE INIOTHOCTH pacTBOpa PHUKOIIT
(Ficoll-Paque PLUS, GE Healthcare) npu 400g B Teuenne
40 MuH O MeTonMKe, onucaHHOW panee (BOoyum, 1968),
u aBaxel npombita PBS («buonor», Cankr-IlerepOypr) ¢
mocnenyromuM eHTpudyruposanueM npu 3000 06./MuH B
teuenue 10 mun. Toransaas PHK Obuia Beienena u3 MOHO-
HYKJIeapoB neprdeprieckoil KpoBH C IIOMOILIbIO Habopa st
Beienennss PHK RNeasy Mini Kit (Qiagen, 74104, CIIA).
k/IHK Ob11a nomyuena MeToioM 00paTHOH TPAHCKPHIIIIHH C
ucronb3oBanrem Habopa Revert Aid First cDNA Synthesis
kit (K1622, Thermo Scientific, JInuTsa).

OTHOCUTENBHBIN YPOBEHb IKCIpeccur rena RAB29 B Mo-
HOHYKJICAPHOI (pakLnU KJIETOK NepUupepruiecKkoil KpoBH
nareHToB ¢ BIT (N = 30) u rpymmsr koHTpoms (N = 43) ore-
HuBain MetogoM [11[P B pexnme peasbHOTO BpeMeHH ¢ IpH-
MeHeHHeM HHTepkanupymomero kpacurens SYBR Green 1.

C>A
(G>T)

ol Nl

RAB29 rs823144 and lysosomal hydrolase activity
in Parkinson’s disease

B kadecTBe pehepeHCHBIX T'€HOB HCIIOJIIb30BaHbI KOHCTH-
TyTHBHO 3KCIIPECCUPYIOMINECS B KIeTKax reHsl RPLP0O u
GAPDH. TlocnenoBarenbHOCTH NMpaliMepoB pa3padoTaHbl
¢ omo1ibio nporpammsl “Primer3 v. 0.4.0” (https://bioinfo.
ut.ee/primer3-0.4.0) (FOR: 5'-CGGTTTCACAGGTTGGA
CAG-3',REV: 5'-CCCTTGGGTGGACAA AGACA-3"). Or-
HocuTenbHbIN ypoBeHb MPHK 1151 Kaxmoro reHa paccuuThbl-
BaJIM METOZIOM CPaBHEHMSI ITIOPOTOBBIX yPOBHEH aMIUTH(HKa-
un AACt (Livak, Schmittgen, 2001).

OneHka aKTHBHOCTH JIN30COMHBIX TH/APOJ1a3 M KOHIIeH-
TpaluH JU30cPUHIoINNNI0B B epudepuyeckoil KpoBH
nauueHToB ¢ BII u kourpoas. Ot nauuenTos ¢ bII u unau-
BU/1yYMOB KOHTPOJILHOHM TPYIITbI ObUIM MOTYyUYEHBI 00pa3iibl
nepugepruIeckoil BeHO3HOH KpoBH B mpooupku ¢ ATA. s
MO/ITOTOBKH CYXHUX TISIT€H KPOBH 40 MKJI IEeJIbHOM KPOBH Ha-
HOCHJIM Ha KaXKJ10€ IIITHO Ha TeCT-OJaHKe 13 (PHIIBTPOBAILHOM
Oymaru, TocJie 4ero MSATHAM J[aBajld BHICOXHYTb Ha OTKPBI-
TOM BO3/IyX€ IIPH KOMHATHOI TeMIepaType B TeueHue 2 4, a 3a-
TeM xpaHwid npu +4 °C 10 SKCTpaKIuu. AKTUBHOCTD Y€ThI-
pex TU30COMHBIX THAPOIa3, Tmokonepedposnaassl (GCase),
a-ranmakro3unassl (GLA), ranakronepeoposnnassl (GALC),
chunromuenuHasbl (ASMase), 1 KOHIEHTPALUIO TPeX JIU-
3ocuHTONMMIIIIOB, Tekcasmichuurosnaa (HexSph) (cmech
rmuko3micunrosnna (GleSph) u ramakrosminchuHroznHa
(GalSph)), nuzochunromuernuna (LysoSM) u 1u3011000TpH-
aosmicounrosnHa (LysoGb3), orieHrBaIN METOIOM BBICOKO-
3¢ PEKTUBHON KUAKOCTHOM XpoMaTorpaguu B COUYCTaHUU
¢ TangeMHoi macc-cnekrpomerpueii (BIXX-MC/MC) no
panee omyOnMKoBaHHOMY Hamu mpotokoiny (Pchelina et al.,
2018).

Crarncruyeckyo 06padoTKy JaHHBIX IPOBOUIIH B Cpe-
nie mporpammuposanus R Bepcnn 4.0.5. OTHOIIEHKE IAHCOB
(OII) 66110 paccuutaHo ¢ 95 % NOBEpUTETHHBIM HHTEPBAJIOM
(AN) ¢ moMOIIbIO JTOrHCTHUECKOTO aHAIN3a C MTONPaBKOi Ha
TI0JT ¥ BO3pacT. [J1s1 OIeHKH OTIIMYIHI OTHOCUTEIILHOTO YPOBHS
JKcrpeccuu rena RAB29, akTMBHOCTH JIM30COMHBIX THAPOIIA3 U
KOHIIEHTPALIMH JIN30C(UHTOIIUITNI0B MEXKTY UCCIIEAYEMbIMH
rpynnamu MCIosIb30Balu Henapamerpuueckuilt U-kputepuid
Manna—VYutHu. [ns oneHkn accomuanuu rs8§23144 rena
RAB29 ¢ aKTUBHOCTBIO JTU30COMHBIX THPOJIa3 MPUMEHSIIH
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Puc. 2. dnektpodoperpamma, nosyueHHas B xofe cekBeHMpoBaHua no CaHrepy, oTobpaaroLas pesynbraTbl FeHOTUMMPOBAHNA

rs823144 reHa RAB29.

a - romo3surorta no annento C (reHotun CC); 6 - reteposuroTa (reHotun AC); 8
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—romo3uroTa no annenio A (reHotun AA).
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K.C. bawaposa, A.. bespykosa, K.A. CeHkeBM ...
E.lO0. 3axapoBa, C.H. MuenuHa, T.C. YceHko

METO/I MHOYKECTBEHHOM JINHEHHOM perpeccuu ¢ onpaBKoi Ha
T0J1, BO3PACT U ATUTENLHOCTH 3a001eBanus. Pa3znuaus npu-
3HABAJIM CTATUCTHYECKU 3HAYUMBIMHE 11pH p < 0.05. JlaHHBIC
MIPEACTaBICHABI Kak MeruaHa (MIHH—MaKc).

Pe3ynbratbl

OueHka accouvauum rs823144 reHa RAB29 c puckom bl

B pesynbrare ckpununra rs823144 rena RAB29 cpenu mna-
1MeHTOB ¢ bIT 1 B KOHTPOIBHOM rpyTe 0OHAPY>KEHO, YTO JIJIS
nomyssimuy CeBepo-3amagHoro pernona Poccun MakopHBIM
saBIsieTcs ayutebh A. Hamu mpoBeneHa mpoBepka paBHOBECHS
Xapmou—Baitn6epra st rs823 144 rena RAB29 B ricciieryeMbIX
rpymmnax. [loka3aHo, YTO JTaHHOE PABHOBECHE COOIOIACTCS
(p > 0.05). IlonyyeHHoe pacmpesesneHne reHOTUIIOB B UC-
cJelyeMbIX TpyImax MpeacTaBieHo B Tadi. 2. B pesynsrare
HaMM BeIsSBIIEHA accormanys 1s823144 rena RAB29 co cHU-
skeHHbIM pruckoM BIT B CeBepo-3amagHom pernone Poccun
(OI1I: 0.7806, 95 % AU: 0.6578-0.9263, p = 0.0046).

OueHKa oTHocuTenbHoro yposHa MPHK reHa RAB29

B MOHOHYKNeapHoui ¢ppakLmmn KneTok

nepudepunyeckoin Kpou naumeHToB ¢ bl n KoHTpona

B xone nanHOro mccnenoBaHMs BIIEPBBIE MPOBEAEHA OLEH-
Ka accouuanuu rs823144 ¢ orHocurensHbIM ypoBHeM MPHK
reHa RAB29 B MOHOHYKJIeapHOW (DpaKIMH KIIETOK nepudepu-
4yeckol KpoBH narueHToB ¢ bIT u kouTposst. OTHOCUTETHHBIN
ypoerb MPHK rena R4B29 B MOHOHYKITeapax repudepude-
ckoit kpoBu y manueHToB ¢ BbII cocramn 1.0 (0.22-1.75), a
B KoHTpoibHOU rpymme — 0.96 (0.13—1.79). Crarucruuecku
3HAYUMBIX pa3auuuil B otHocutensHoM ypoBHe MPHK rena
RAB29 B MOHOHYKJICApHO#l (pakiMK KIETOK Tepudepu-
yeckod KpoBHW marueHToB ¢ bIl u KOHTpoOJs He BBISBICHO
(p > 0.05). IIpu meneHnn MCCIEAYEMBIX TPYII IO TEHOTH-
nam 1s823144 rena RAB29 otHocutenbHbl yposenb MPHK
reHa RAB29 cocrasui B rpymnme nanueHTos ¢ bIT: AA—1.09
(0.55-1.68), AC+CC — 1.13 (0.36—1.75); B KOHTPOJIbHOU
rpymnme: AA —1.05 (0.58-1.28), AC+CC —0.97 (0.55-1.33).
[Tpu geneHnn UcciIexyeMbIX TPYII 10 TeHoTHUIam rs823144
reHa RAB29 ornocurensHeii ypoBenb MPHK rema RAB29
O0p11 B rpymme manueHtoB ¢ BIT: AA — 1.09 (0.55-1.68),
AC+CC — 1.13 (0.36-1.75); B KoHTpONIBHOI Tpynme: AA —
1.05 (0.58-1.28), AC+CC — 0.97 (0.55-1.33). Accouunanuu

2025
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Accoumauma rs823144 RAB29 c akTUBHOCTbIO
NTM30COMHbIX rMAPONa3s 1 puckom 6onesHm MapKMHCoHa

1s823144 rena RAB29 c¢ otHocuTenbHbIM ypoBHeM MPHK
reHa RAB29 BO Bcex HCCIENYEMBIX TPYNIax HE BBIIBICHO
(p>0.05).

Accounauynsn rs823144 reHa RAB29
C aKTMBHOCTbIO JIN30COMHbIX rnpaponas
1 KOHLUEeHTpauunen nn3ochuHronunngos
B nepudepunyeckoin Kposu naumneHTos ¢ bl n KoHTpona
B xoze 1anHO# paboTHI BIIEpBBIE B MUPE MPOBECHO ACCOLNA-
TUBHOE HccienoBanue 1s823144 rena RAB29 v aKTUBHOCTHU
JIM30COMHBIX THAPOIIAa3, a TAK)Ke KOHLIEHTPALUH JTM30C(HUH-
TOJIMIIAJOB B KPOBU NaliueHTOB ¢ bII u koHTposs.
ITarmmenTsi ¢ BI1 xapakTepr30Baiich MOBBIIIEHHON aKTHB-
HocThi0 GALC m cHIKeHHO# KoHIeHTparuei LysoSM o
cpaBHeHHIO ¢ KoHTpoJeM (p = 0.008, p =0.01 cooTBeTCTBECH-
HO) (Tabm. 3). [Ipn nenenuu rpymnm rmo reHotunam rs823144
reHa RAB29 ObII0 MOKa3aHO, YTO HOCUTENbCTBO ajeis C
1s823144 rena RAB29 accoluupoBaHO C MOBBIIIICHUEM aKTHB-
HocT GLA u cHmkeHneM KoHueHTpaiun LysoGb3, koTopbrii
saBisieTca cyoctparoM ruaponassl GLA, B kpoBH B rpymie
mareHToB ¢ BIT (p =0.038, p =0.022 cooTBETCTBEHHO) (CM.
Tabn. 3). OOHapyXeHHHBIE acCONMaNrH ObLIM MOATBEPIKIC-
HBI PErPECCUOHHBIM aHAJIM30M C MONIPAaBKOil Ha MOJI, BO3pacT
U amuTenbHocTh 3aboneBanus (GLA: B = 1.11, p = 0.024;
LysoGb3: = -0.23, p = 0.015 cootBeTcTBEeHHO) (TabIMI. 4).
CratucTHueckr 3HaYNMBIX pa3amdauil B aktuBHOCTH GCase,
GLA 1 ASMase, a Tarxoke B KoHIIeHTparn HexSph n LysoGb3
B 00BbEAMHEHHBIX TPYMIax KOHTPOJIS U manueHToB ¢ bIT He
HallleHo. AHAJIOTMYHO MpPU AEJIEHUU TPYII 10 TeHOTHIIaM
rs823144 rena RAB29 pa3nuuuii B aktuBHOocTH GCase,
ASMase, GALC u konnenTpaimun HexSph He BbIsIBICHO.
ITokazaHo Takxe, 4To HOocuTenu ajmiens C cpeay nannueH-
ToB ¢ BII xapakrepn3oBalnuCh CHMKEHHEM KOHICHTPALUH
LysoGb3 u LysoSM B kpoBH 110 CpaBHEHUIO ¢ 00 TMHEHHON
rpymmoit koutpoist (p = 0.045, p = 0.015 cooTBEeTCTBEHHO).
B 10 e Bpems nanuenTsl ¢ BII ¢ renotunom AA rs823144
reHa RAB29 xapaKTepHu30BaJIUCh MOBBIIICHUEM KOHIICH-
Tpanuu LysoSM 1o cpaBHEHHIO ¢ 00BEIMHEHHON TPYIION
koHTpoNs (p = 0.022). [IpuMedaTenbHO, YTO TOBHIIICHUE
akTuBHOCTH GLA M CHIKeHNe KOHIIEHTpanuy ee cyocTpara,
LysoGb3, B kpoBu ObUIH XapaKTepHBI 11 HocuTeseit atens C
1rs823144 rena RAB29 Tonpko B rpymnne nanueHTos ¢ bII, Ho
HE B KOHTpOJIE.

Tabnuua 2. YacToTbl reHOTUNOB 1 annenei rs823144 B uccnepyemblx rpynnax

leHoTUNBI M annenn B, % (N =903) KoHTponb, % (N=618)
AA 63.3 (N=572) 57 (N=352)

AC 31.5 (N=284) 354 (N=219)

cC 52 (N=47) 7.6 (N=47)

AC+CC 36.7 (N=331) 43 (N = 266)

AA+AC 94.8 (N = 856) 92.4 (N =571)

A 79.1 (N =1428) 74.7 (N =923)

C 20.9 (N=378) 25.3(N=313)

Mpumeuarue. b - 6one3Hb MapKnHCcoHa; OLL - oTHOLWeHWe LWAHCOB.

OLLI (95 % W), p-value

AC+CCvs AA: 0.7658 (0.6213-0.9438), p = 0.0123;
CCvs AA+CC: 0.6671 (0.4392-1.0132), p=0.0576

Cvs A:0.7806 (0.6578-0.9263), p = 0.0046
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K.S. Basharova, A.l. Bezrukova, K.A. Senkevich ...
E.Yu. Zakharova, S.N. Pchelina, T.S. Usenko

RAB29 rs823144 and lysosomal hydrolase activity
in Parkinson’s disease

Ta6nuuya 3. AKTUBHOCTb JIM30COMHbIX MAPOSIA3 U KOHLEHTPaLWW IM30COUHIONNMNNL0B

B Nepudepmryeckoi Kposu nauneHTos ¢ bl 1 KoHTpons

[eHoTun AKTUBHOCTb JIM30COMHbIX rvaponas, MM/n/y KoHLeHTpaumsa nM3ochUHronunmngos, Hr/mn
GCase GLA ASMase GALC HexSph LysoGb3 LysoSM
O6beanHEHHbIe rpymnnbl
BN 6.78 4.8 4,54 2.13 2.63 0.8 3.62
(N=211) (2.07-23.08) (1.33-36.39) (1.53-13.25) (0.21-12.68) (0.49-13.23) (0.04-40.77) (0.72-16.08)
*p =0.008 *p=0.01
KoHTponb 6.29 4.18 4.14 1.86 297 0.78 3.98
(N=179) (1.55-32.13) (1.03-14.81) (1.4-12.39) (0.24-9.35) (0.57-15.36) (0.03-2.31) (0.59-11.6)
lpynnbl, pa3geneHHble no reHoTunam rs823144 reHa RAB29
BITAA 5.67 4.05 4.28 2.17 2.55 0.93 3.84
(N=91) (2.07-19.52) (1.2-13.93) (1.67-11.83) (0.12-12.68) (0.5-13.81) (0.02-2.49) (1.65-16.08)
*p =0.022

BN AC+CC 5.78 5.39 476 2.2 2.89 0.61 345

(N=155) (2.42-23.08) (1.61-13.72) (1.53-9.31) (0.52-7.28) (0.87-13.08) (0.04-3.73) (0.72-15.34)
**p=0.038 *p = 0.045 *p=0.015

**p =0.022

KoHTponb AA 6.92 4.23 4.35 2.19 2.37 0.77 437

(N=52) (1.55-32.13) (1.86-12.94) (1.5-10.99) (0.58-9.35) (0.57-12.11) (0.16-2.27) (0.59-14.87)

KoHTponb AC+CC 8.11 442 4.4 2.19 2.54 0.86 4.44

(N =40) (3.9-17.23) (2.17-12.6) (1.82-12.03) (0.96-8.37) (0.69-9.87) (0.03-2.31) (2.03-11.75)

Mpumevarue. Bl - 6onesHb MapkuHcoHa; GCase - rnokouepebposmngasa; GLA - a-ranaktosnpaasa; GALC - ranaktouepe6po3sungasa; ASMase - couHrommenu-
Ha3a; HexSph - rekcasuncduHrosmt; LysoSM — nusocpmHromvienut; LysoGb3 — n13orno6otprao3nncduHrosmH.
* Mo cpaBHeHUO C 0O6beAMHEHHON rPyNnoli KOHTPONs; ** no cpaBHeHWio ¢ nauveHTamun ¢ Bl ¢ reHotvnom AA. [laHHble NpefcTaBneHbl B BUAE MefuaHbl

(MMH-MAKC).

O6cyxpeHue

I'en RAB29 — oavH U3 NSITH TEHOB, PACIIONIOKEHHBIX B paHee
accornmupoBaHHoM ¢ puckoM BIT moxyce PARK16, noxanu-
30BaHHOM Ha JJIMHHOM IlJIeye XpoMOcOoMEI 1, cerment 1q32
(Simon-Sanchez et al., 2009; Tucci et al., 2010). B accorua-
TUBHBIX UCCJIE/IOBAHUSIX II0KA3aHO, YTO HOCUTEIECTBO MHHOP-
Horo amens C rs823144, pacmonokeHHOTO B IPOMOTOPHOMH
obnactu reHa RAB29, acconnMpoBaHO CO CHU)KCHUEM PUCKa
bI1 B paznuunbix nomyisiiusix (Gan-Or et al., 2012; Xia et al.,
2015; Khaligh etal.,2017; Sun et al., 2021). IIpennomaraercs,
yro ayuiens C rs823144 rena RAB29 MOXeT BIUATH Ha CANT
CBSI3bIBAHUSI TPAHCKPUIIIMOHHBIX (pakropoB (Gan-Or et al.,
2012; Khaligh et al., 2017).

In silico npenckasano, uro amrens C rs823144 rena RAB29
MOTEHLMAIILHO MOXET YCTPAHSTh CAWT CBSI3bIBAHUS IS
TPaHCKPUNIIIMOHHOTO (akTopa c-Ets-1 U 100aBIATh CalThI
cBs3bIBaHMs A Tpex Apyrux: p300, GATA-1 u Spl, uto
MOXET MPHUBOANUTH K YBEIMYCHUIO 3KCIIPeccuu reHa RAB29
(Gan-Or et al., 2012). C ucnosp3oBaHueM 0a3bl JTaHHBIX
GTeX (https://www.gtexportal.org/) moka3aHa CBsi3b TCHOTHIIA
CC 1823144 co cHmwkeHHneM ypoBHs dKcnpeccun RAB29 B
LENBHON KPOBH U B ToioBHOM Mo3re (p < 0.0001). B cBoro
odepe/ib, yBeIMUEHUE dKCIIpeccur reHa RAB29, onHoro U3 oc-
HOBHBIX perynaTtopoB kuHa3sl LRRK2, moreHnnansHo MoXeT
Hapymate ee aktuBaruio. Knaaza LRRK2, dpocdopummpys
Oenku cemelicTa Rab, perynmupyer 9H/101130COMHBIN TpaHC-
mopt (Reczek et al., 2007; Wei et al., 2023). Takum o6pazom,
HapylleHue rnpouecca aktuBauuu kuHazbl LRRK2 moxer
BBI3BIBATH AUCYHKINIO TPAHCIIOPTA JIM30COMHBIX I'H/IPOIa3
U, KaK CIIe[ICTBUE, HAPYIICHHE UX aKTHBHOCTH.

824

B naHHOM HcclieoBaHuM BbIsiBIIeHa accouuanus ayuiesst C
rs823144 rena RAB29 co cumxkeHHbIM prckoM BIT B Cesepo-
3ananHoM pernone Poccum, 4To commacyercsi ¢ MEPOBBIMHU
nmanabivE (Gan-Or et al., 2012; Khaligh et al., 2017; Sun et
al.,2021). B To >xe Bpemst HaM1 He 0OHAPYKEHO aCCOITUAIINN
annenst Crs823144 rena RAB29 ¢ ypouem MPHK rena RAB29
Kak B rpymnne nauueHros ¢ bll, Tak u B koHTpoIIE.

JuchyHKInsS TM30COM CUMTAETCS] OHUM M3 KITIOYEBBIX
3BEHBEB, JIEXKAIINX B OocHOBe martoreHeza bII. Panee namu
W IPYTHMMH HCCIIEJOBATENISIMH ObUTH NPOAEMOHCTPHPOBAHEI
WU3MEHEHUS] aKTUBHOCTH JIM30COMHBIX THUAPOJIA3 M YPOBHS
C(OUHTONMUIINIOB B MEPUPEPHUCCKUX KHUJIKOCTIX, a TAKKe
B IIOCMEPTHBIX 00paslax YepHON CyOCTaHIIMU M BUCOYHOI
kopsl Mo3ra manueHToB ¢ BIT (Alcalay et al., 2018; Nelson et
al., 2018; Huebecker et al., 2019; Chang et al., 2022; Usenko
etal., 2022, 2024). Tak, HaMU [TOKa3aHbI YBEIUUCHUE AaKTHB-
Hoctr GALC u cHmkeHHne KoHIeHTparun LysoSM, sBistro-
merocs cyocrparom ASMase, BOBICYEHHBIX B METa00JIN3M
JM30C(UHTOIUITNIOB, B IEpH(EpUIeCKOil KPOBH TTALIEHTOB
¢ BIT (Usenko et al., 2022, 2024). B cBoto ouepes, Hapy1ie-
HUEe MeTa0oIM3Ma JIM30C(HUHTOIMIH/IOB, B TOM YHCIE TO-
CpPE/ICTBOM M3MEHEHHsI aKTUBHOCTH JIN30COMHBIX THJIpOJIas,
MOYKET CIIOCOOCTBOBATH arperamnuy Oenka anbha-cHHyKIenHa
(Mazzulli et al., 2011; Marie et al., 2015).

OO0cysKnaercsi, 4YTO HAKAIUIMBAIOUIMECs JIN30C(HUHIOIN-
U6l B HEHPOHAX MOTYT HalpsIMyo CTaOMIIN3UPOBATh HEH-
POTOKCHYHBIE OJTMTOMEpHI anb(a-cunykiienna (Battis et al.,
2023). Panee B ayronTarax rojOBHOTO MO3ra MAaI[MEHTOB C
BI1 Opun HalimeHBI TipsIMasi KOPPEISIINs KOHIIEHTPAIIIH H30-
thopm mm3ochunrommmuna LysoGb3 u oOparHas Koppesiust
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K.C. bawaposa, A.. bespykosa, K.A. CeHkeBM ... Accoumnaums rs823144 RAB29 c aKTUBHOCTbIO 2025
E.lO0. 3axapoBa, C.H. MuenuHa, T.C. YceHko NN30COMHbIX MMAPOsa3 N PUCKom 6onesHu MapKMHCoHa 29.6
Tabnuua 4. AKTVBHOCTb IM30COMHbBIX FTMAPONa3s 1 KOHLEHTPaLuy NM30CcGUHronnnmaos
B nepudepryeckon KpoBu nauneHToB ¢ b1 (perpeccnoHHbI aHanms)
[mpponasbi/nuso- TleHoTtnn/ BN KoHTponb
chuHronunuapl Apyrve XapakTepucTrkm B 95 9% AV pvalue B 95 9% A p-value
GCase AC+CC -0.95 -2.32-0.43 0.17 1.44 -0.25-3.14 0.09
Mon (My>XUMHbIKEHLLMHDBI) 0.55 -0.81-1.90 0.43 0.12 -1.61-1.85 0.89
Bo3pacrt, roapl -0.03 —-0.094-0.028 0.29 -0.06 -0.17-0.05 0.30
LnutenbHocTb 3a6onesanna, rogbl  0.004 -0.042-0.049 0.87 - - -
GLA AC+CC 1.11 0.15-2.07 0.02 -0.29 -1.52-0.95 0.64
Mon (My>XUMHBIKEHLLMHDbI) 0.03 -0.93-0.98 0.96 0.93 -0.33-2.18 0.14
Bo3pacrT, rogbl -0.03 -0.07-0.01 0.16 -0.00001 -0.080-0.080 1
OnuTtenbHOCTb 3a6oneBaHns, rogbl  —0.002 -0.03-0.03 0.93 - - -
ASMase AC+CC 0.23 -0.53-0.98 0.55 0.31 -0.85-1.46 0.60
Mon (My>XUMHbIKEHLLMHBbI) 0.05 -0.69-0.80 0.87 -0.20 -1.38-0.97 0.73
Bo3spacrt, rogbl 0.06 0.03-0.09 0.0005 -0.021 -0.096-0.054  0.58
LnutenbHocTb 3a6onesaHna, rogbl  0.025 0.0005-0.050 0.046 - - -
GALC AC+CC 0.080 -0.57-0.72 0.81 0.07 -0.64-0.77 0.85
Mon (My>XUMHbIKEHLLMHDbI) 0.16 -0.48-0.80 0.62 -0.15 -0.87-0.57 0.67
Bo3pacrT, rogbl -0.017 -0.046-0.012 0.25 -0.011 -0.057-0.035  0.63
[OnuTtenbHoOCTb 3a6oneBaHns, rogbl  —0.0051 -0.027-0.016 0.64 - - -
HexSph AC+CC -0.014 -0.92-0.90 0.97 0.12 -0.80-1.04 0.80
Mon (My>XUMHbIKEHLLMHBbI) 0.35 -0.55-1.24 0.45 0.49 -0.44-1.43 0.30
Bo3spacrt, rogbl -0.028 -0.069-0.013 0.18 0.011 -0.048-0.071 0.71
[nuTtenbHoCTb 3a6oneBaHns, rogbl  —0.028 -0.058-0.0022 0.069 - - -
LysoGb3 AC+CC -0.23 -0.41-0.044 0.015 0.039 -0.16-0.24 0.70
Mon (My>XUMHbIKEHLLMHBbI) -0.08 -0.26-0.10 0.39 -0.043 -0.25-0.16 0.67
Bo3spacT, rogpbl -0.007 -0.015-0.0016 0.11 -0.0039 -0.017-0.009 0.55
OnuTtenbHoCTb 3a60neBaHns, rogbl  —0.001 -0.007-0.004 0.66 - - -
LysoSM AC+CC -0.17 -1.18-0.84 0.74 -0.25 -1.51-1.014 0.70
Mon (My>XUMHBIKEHLLMHDI) -0.82 -1.82-0.17 0.10 -0.63 -1.91-0.65 0.33
Bo3pacrT, rogbl -0.064 -0.11-0.018 0.006 0.070 -0.011-0.15 0.089
[nuTtenbHoOCTb 3a6oneBaHns, rogbl  —0.028 -0.061-0.0056 0.10 - - -

Mpumeuarue. bl - 6one3Hb MapkuHcoHa; GCase - rmokouepebposmngasa; GLA - a-ranaktosnaasa; GALC - ranaktouepebposmngasa; ASMase - chuHrommen-
Ha3a; HexSph - rekcasnncduHrosun; LysoSM - nusocprHrommenut; LysoGb3 — n13orno6oTprao3nncGrHrosunH.

axktuBHOCTH GLA ¢ ypoBHewm Oenka anbda-curyxiiensa, hoc-
(dopupoBaHHOTO 110 cepuHy 129 — narosnormueckoi popme
Oeska, mpeBanupyoiiei B 0enkoBbix arperarax npu bIT (Nel-
son et al., 2018). B nanHOM nccrienoBaHny OOHApYKEHHAS
HaMH BIIEPBBIC B MUPE B KpOBH y nanimeHToB ¢ bI1 acconmanust
amnens C rs823144 rena RAB29 ¢ noBbIIEHUEM aKTHBHOCTH
GLA u camxennem xoHmeHTpanuu LysoGb3, a Taxxe BbI-
SIBICHHOE MOBBIIIEHNE KOHIIeHTpanuu LysoSM y HocuTeneit
renotuna AA rs823144 rena RAB29 noO3BOJSIIOT TPEANON0-
XKUTb poitb reHa RAB29 B meTabonm3Me COUHTOTHITHAOB MTPH
6onesnn [lapkuncona.

Cne,uyeT OTMETHUTDH, YTO BBIPAKCHHOC CHUIKCHUEC aKTHB-
Hoctu GLA BcnencTBue myTaruii B reHe GLA TIpUBOINT K
PeKoi TM30COMHOI O01e3HN HAaKOIIIeHUs — Ooste3Hu Pabpu.

IIpumeuarensHO, 9TO MOBBIIIIEHHAsS KOHIIEHTparwms LysoGb3 —
(haxTop prcKa MopakeHuns1 0EI0ro BelecTBa F'OJIOBHOTO MO3Ta
npu 6onesun ®adbpu (Rombach et al., 2010). Hamu nokasa-
HO, uT0 HakoruieHne LysoGb3 MoxeT mponcxoanTs He CTPOTo
cnenuduyaHo mpu Oone3nn Padpu, a HaAOTIOAATHCS TAKXKeE
Ipy HeipoHomnaTHyecKkux (Gopmax MyKOIMOJUCAXapHu1030B
(Baydakova et al., 2020). Mo>XHO TIPEAIIONIOKHTE, YTO BBISB-
nenHast Hamu acconmanus aymress C rs823144 rena RAB29 ¢
noBbIlIeHHEM akTUBHOCTH GLA 1 cHIKeHueM ee cyocTpara
LysoGb3 B xpoBu nipu BII Taxske MOXET BIHUSTH Ha KIMHH-
YyecKoe TeueHHe 3a00JIeBaHMs.

Hacrosiiee nccieoBaHie IMEET HECKOJIBKO OTPaHUYSHHUH.
Pa3smep BrI6OpoK marrienToB ¢ BII 1 KOHTPOIBHOM TPyTIIEI,
BKJTIOUCHHBIX B 9KCIIEPUMEHT I10 OLICHKE aCCOIMAINK BapHaH-
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tars823144 rena RAB29 c ypouem MPHK rena RAB29, 6611
orpanndeH. CpaBHUBaeMbIE TPYIIBI OBUIM TETEPOTCHHBIMHU
O MOMYJSLUOHHOMY cocTaBy. Kpome Toro, B pamMkax 3T0oro
UCCJIEZIOBaHUS HE OLICHEHA ACCOLMALHS] H3y4aeMOro FeHEeTH-
YECKOTO BapHaHTa ¢ aKTHBHOCTHIO KiHA36I LRRK2.

3aknioyeHune

Taknm 00pa3oM, B X071 JTaHHOTO UCCIICIOBAHNS HAMH BIIEp-
BbI€ B MHpe Noka3aHa accouunanus amiens C rs823144 rena
RAB29, panee oxapakT€pHU30BaHHOTO KaK MPOTEKTUBHOTO B
otHommeHnn BII B aApyrux momyssinusix, CO CHIPKEHHBIM PHC-
koM BIT u B CeBepo-3anagnom pernone Poccun. Brnepsoie
MIPOIEMOHCTPUPOBAHO, YTO HOCUTENLCTBO ayenist C rs823144
ACCOITMIPOBAHO C MOBBIIMIEHHON akTHBHOCTHI0O GLA 1 cHE-
JKeHHOH KoHueHTpanueil LysoGb3 B kpoBu npu Ooneznu
ITapkuHcoHa.

[TomydeHHbIE HaHHBIE YKa3bIBAIOT HA BO3MOXHYIO POIIb
reHa RAB29 B MeTabomm3Me 30 C(HUHTOIUTIHIOB U TIO3BOJISI-
0T MIPEATNONOKNUTD, UTO 15823 144 MOXKET BIMSTH Ha KITHHUYE-
ckoe Teuenne BI1. HeoOxonume! nanpHENIIINe CCIeN0BaHus,
MOCBSIIEHHbIE U3y4YeHUI0 acconnanuu nokyca PARKI16 n
reHa RAB29 ¢ MeTaboIM3MOM JIN30C(HUHTOIUITUIOB U KIIMHHU-
YecKHM TedeHneM Oonesnu [lapknHcona.
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AHHoTauuA. XpoHnyeckas o6CTpYKTBHAA 6onesHb fierkmux (XOBJT) — MHoropakTopHoe 3aboneBaHvie AblxaTeNnbHOM
CUCTeMbl, ABNAETCA TpeTbel (Nocne nwemmnyeckorn 6onesHn cepaua U MHCYNbTa) BeayLein IPUYUHON CMePTN B MUPE.
B pamkax Hanbonee akTyasnbHbIX KOHLeNumin natoreHesa XOBJ1 KnoueBoe 3HauyeHVe yaenaeTca YyCKOPEHHOMY Kie-
TOUYHOMY CTapeHuIo. TpaHCKpUNUMOHHble dakTopbl cemericTBa FOXO — BaXHble KitoueBble KOMMNOHEHTbI CUTHAMbHBIX
nyTen KneToyHoro ctapeHus. Lienb nuccnegosaHna — BoiABNeHMe accoumaLmm nonumMopdHbix BapraHTos reHoB FOXOT
(rs12585277, rs9549240) n FOXO3A (rs 2253310, rs3800231) ¢ pa3suTtriem XOBJ1 n peHoTunamu 3abonesaHus. B pabo-
Te ucnonb3oBaHbl 06pa3ubl JHK 60nbHbIx XOBJT (N = 710) 1 3g0posbix nHAnBKMAOB (N = 655). NonrmopdHble NoKycbl
aHanusnposanu metopom MLP B peanbHoM BpemeHU. BnepBble NokasaHbl 3HauYMMble accoumaymmn noanMopPHbIX
nokycoB reHoB FOXOT (rs12585277) n FOXO3A (rs2253310) ¢ XOBJ1 n peHoTmnamm 3abonesaHus. Accoumaums ¢ XOBJ1
YCTaHoBMeHa ¢ Nokycamu reHos FOXOT (rs12585277) (P,q; = 0.0018, OR = 1.44 renotun AG) n FOXO3A (rs2253310)
(Pagj = 5.926X 1077, OR = 1.99 reHoTun GG). O6Hapy>keHa BapuabenbHOCTb NoKasaTener UHAEKCa KypeHus (B nay-
Kax/ner), >KM3HeHHOWN eMKOCTU Nerknx 1 GopcmpoBaHHOM XN3HEHHOW EMKOCTY NIEFKMX B 3aBUCMMOCTY OT Noanmopd-
HbIX BapuaHToB nokycoB FOXOT (rs9549240 v rs12585277) n FOXO3A (rs2253310). WoeHTndruymposaHa 3Hauynmas
MHOrodakTopHas perpeccmoHHas mogenb dopmrposaHua XOBJ1, B kKoTopyto BOwWM NonvmMopdHble BapuaHTbl FeHOB
FOXOT (rs12585277) n FOXO3A (rs2253310), nHAEKC KypeHua 1 Bo3pacT obcnefyemblx (P =5.25x 10-93, AUC = 0.864).
MHorodakTopHasa perpeccmoHHasa mogenb pa3suTna deHotuna XOBJT ¢ yacTbiMy 060CTPEHUAMM BKJIKOYaIa reHoTuIn
AG nokyca FOXO1 (rs12585277), uHpekc KypeHusa n Bospact (AUC = 0.897, P = 4.1 x 10-86). CBA3aHHble c ayTodaruen,
OKMC/INTENbHBIM CTPECCOM U KNeTOYHbIM FOMEeOCTa30M TPaHCKPUMLMOHHbIe dpakTopbl cemericTBa FOXO Kak notex-
UmanbHble 6BuoMapKepbl U MULLEHW ANA Tepanuy MOTYT CTaTb OCHOBOW ANA pa3paboTKy HOBOW CTpaTerny ANarHoCTu-
KW 1 NeYeHNA XPOHNYECKOWN OBCTPYKTUBHON 6ONE3HN Ierkmx.

KnioueBble cnoBa: xpoHunyeckas o6CcTpyKTBHaA 6onesHb nerkmx (XOBJ); kneTouHoe cTapeHue; aytodarus; okncnu-
TesbHbIN CTPECC; TPAaHCKpUNUUOHHbIe dpakTopbl cemelicTBa FOXO; FOXO1; FOXO3

Ina yntuposaHusa: Mapkenos B.A., Axmaguniwmna J1.3., Hacmbynnun T.P, A3Habaesa tO.I., KoueTtoBa O.B., XycHyTAnHO-
Ba H.H., Uamainosa C.M., 3arnpgynnun H.LL., KopbitrHa I.®. BKnag reHoB TpaHCKPUNLUMOHHBIX paKTOPOB cemeicTaa
FOXO (FOXO1, FOX03) B pa3BuTME XPOHMNYECKOW OOCTPYKTUBHON O0Ne3Hn nerkunx. Basunosckul XypHan eeHemuku
u cenekyuu. 2025;29(6):828-837. doi 10.18699/vjgb-25-90
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The contribution of FOXO family transcription factor genes
(FOXO01, FOXO03) to chronic obstructive pulmonary disease
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Abstract. Chronic obstructive pulmonary disease (COPD) is a multifactorial disease of the respiratory system and is the
third leading cause of death worldwide. In the framework of the most relevant concepts of COPD pathogenesis, the
key focus is on accelerated cellular senescence. FOXO family transcription factors are important hub components of
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Bknag renos FOXOT n FOXO3 B pa3sutne
XPOHMYECKOW 06CTPYKTUBHOI 6OME3HN Nerkmx

cellular senescence signaling pathways. The objective of the study is to identify the association of FOXOT (rs12585277,
rs9549240), and FOXO3A (rs2253310, rs3800231) genes polymorphic variants with COPD and disease phenotypes.
DNA samples from COPD patients (N = 710) and healthy individuals (N = 655) were used, polymorphic loci were
analyzed by real-time PCR. For the first time, significant associations of FOXO1 (rs12585277) and FOXO3A (rs2253310)
gene polymorphic loci with COPD and disease phenotypes were shown. Association with COPD was established
with FOXOT (rs12585277) (P,q; = 0.0018, OR = 1.44 for the AG genotype) and FOXO3A (rs2253310) (P,q; = 5.926 x 107,
OR = 1.99 for the GG genotype). A significant genotype-dependent variation of smoking index (in pack/years), vital
capacity and forced vital capacity was revealed for FOXOT (rs9549240, rs12585277) and FOXO3A (rs2253310) loci. Mul-
tiple regression and ROC analysis identified highly informative COPD risk model, which included polymorphic variants
of the FOXO1 (rs12585277) and FOXO3A (rs2253310) genes, smoking index and age (P =5.25x 10-93, AUC = 0.864). The
multivariate regression model of the COPD “frequent exacerbator” phenotype included the AG genotype of FOXO1
(rs12585277), smoking index and age (AUC = 0.897, P = 4.1 x10-8¢6). FOXO family transcription factors involved in
autophagy, oxidative stress and cellular homeostasis may provide a platform for a new diagnostic and treatment
strategy for COPD as potential biomarkers and targets for therapy.

Key words: chronic obstructive pulmonary disease; cellular senescence; autophagy; oxidative stress; FOX transcrip-
tion factor family; FOXO1; FOXO3
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BBepeHune

Xponundeckast 00cTpyKkTHBHas 6051e3Hb Jierkux (XOBJI) — mHO-
roakTopHOE 3a00J€BaHUE JIBIXAaTEJIbHOI CHCTEMBI, 3a-
TparuBaroIee TUCTANBHBIC OTACTBI PECIUPATOPHBIX ITyTeH
W JIETOYHYIO MAapeHXUMY C Pa3BUTHEM 3M(U3EMBI JIETKUX
(Agusti et al., 2023). XOBJI — tpeTbst (110CIIE UIIEMUYECKOI
0oe3HH cepla W WHCYIBTA) Bemylias MpUIWHA CMEPTH B
MUpE, YTO OOBSICHSET MOCTOSIHHBII TPOIIECC TTOMCKA HOBBIX
MIOAXOJIOB K TMarHOCTHUKE, JISUCHHUIO U TPEIYIPEKICHUIO pa3-
BUTH TaHHOU maronormn (Agusti et al., 2023). HecmoTps Ha
MHTEHCHBHBIC UCCIIEI0BAHUS KaK MOJICKYIJISIPHBIX OCHOB, TaK
Y Pa3MUYHBIX KIMHUYeCKHX acrekToB XOBJI, MexaHusmbl, jie-
Karue B ocHoBe rarorere3a XOBJI v pa3nnyHbIX (eHOTHUTIOB
3a00JIeBaHMsI, OCTAIOTCS JI0 CHX ITOP HE MOJHOCTHIO TIOHSATHIMU
(Brandsma et al., 2020).

Pasurne XOBJI nmpoucxoant B pe3ynsraTe BO3ACHCTBHS
KOMIUIeKca (paKTOpPOB pHCKA B TEUCHHUE JTUTEIEHOTO BPEMEHH,
IIPU 3TOM OCHOBHBIM CUHMTAaeTCs TabakokypeHue. Bozmeii-
CTBHE CHTapETHOTO JbIMa Ha JIbIXaTebHBIC ITyTH MPUBOAUT
K OKHCJIMTEIIFHOMY CTPECCY W aKTHBAIIMU BOCTIAINTEIBHBIX
KJICTOK 1 TIOBPEXKICHHUIO JierouHoii Tkanu (Domej et al., 2014).
B pamkax nHambonee akTyadpHOW KOHIEIIINU MaTOTeHE3a
XOBJI ocoboe BHIMAaHHE YIEISCTCS YCKOPCHHOMY KIICTOYHO-
my crapenuto (Luo et al., 2024). Bynyun dyHnameHTalbHBIM
MEXaHU3MOM TOAIEPYKaHUSI TOMEOCTa3a TKAaHEeH W OpPTraHoB,
KJIETOYHOE CTapEHUE OMOCPEIOBAHO MHOXKECTBOM IIPOIIECCOB.
K nanGoniee 3HAYMMBIM U3 HUX OTHOCSTCS MOBPEXKICHHE
JHK, ucromenne tenomep, TUCHYHKINS MUTOXOHAPHUH, a
TaKoKe HapylIeHus ayrodaruy u nporeocrasa (Lietal., 2024).
Panee Hamu OBLT TOKa3aH BKJIal TEHOB CEMEHMCTBA CHPTYHHOB
u PI3K/AKT curnansaoro kackamga B passurue XOBJI (Ko-
puITHHA H 1p., 2023). Tpanckpumnuonnsie paxropsl FOXO
SBJIAIOTCSI OCHOBHBIMHM MHINIECHSAMH CHUTHAJIBHOTO Kackana
PI3K/AKT, ocymiecTBisis HHCYIMH-3aBUCUMYIO PETYIISAINIO
kierognoro Metabomm3ma (Farhan et al., 2020). Kiracc Tpanc-
KpHIIHOHHBIX (hakTopoB FOXO MiteKONMUTAOMIMX HA TaHHBIN
MOMeHT BKIrodaeT yeTsipe 6enka: FOXO1 (FKHR), FOXO03a
(FKHRLT1), FOX04 (AFX) u FOXO6 (Santos et al., 2023).
Tpanckpurnuuonusie Gpakropsl FOXO perynupyroT skcmnpec-

CHUIO psjia TCHOB aHTHOKCl/IHaHTHOﬁ 3al0UThI, KJICTOYHOI'O
IIUKJIa ¥ anonTo3a, nponrudepannu, MeTaboIm3Ma, a TaKkxKe
YUYaCTBYIOT B PENPECCUH OCIKOB MUTOXOHAPHAIBHON JbIXa-
tenpHO# nenu (Hagenbuchner, Ausserlechner, 2013).

Llenp HacTOSMIETO MCCIICNOBAHNS — BBISBICHHE aCCOLUaA-
MU TTOIMMOP(HBIX BAPUAHTOB T'CHOB TPAHCKPUIILIUOHHBIX
(hakropos cemeiictea FOXO (FOXO1, FOXO3) ¢ pa3ButreM
XOBJI u henoTHTamMu 3a060IEBAHHUS.

MaTtepwuanbl n metopbi

Ju3aiiH uccnenoBaHus — 0 NPUHLIKITY «CIIy4ali-KOHTPOIbY.
HWcnonp3oBanm o6pasisr JJHK HepoIcTBEeHHBIX HHIUBHIOB,
Tarap 1o 3THUYECKOH IMPUHAAJICI)KHOCTH, IMMPOXKUBAIOIINX HA
tepputopuu Pecrrybnukn bamkoprocran. Pabora ogobpena
KOMHUTETOM 110 3ThKe IHCTHTYTa OMOXNMHH 1 TeHETUKH — 000-
COOJICHHOTO CTPYKTYPHOTO Topa3sieieHus Y puMcKoro ¢ere-
PaJILHOTO MCCIEN0BATENbCKOT0 LIEHTpa Poccuiickoil akagemun
Hayk (mportokost Ne 19 ot 01.11.2022). OT Bcex y4acTHHKOB
MOJIy4eHO HH(POPMHUPOBaHHOE J0OPOBOJIBHOE COIVIACHE Ha HC-
MOJIb30BaHNE OMOJIOTHYECKOTO MaTepraina. Kpurepuu Bkitto-
YEeHUS! U UCKITIOUCHNUS B MCCIIEJOBAHNE ONMCAHBI HAMH paHee
(Korytina et al., 2019). JInarnoz XOBJI ycranaBnuBamu ¢
y4eToM pekoMeHZanui pabodeit rpymnmsl o «ImobanbHOM
CTpaTeruy JUarHOCTUKH, JICUCHHS U TPO(UIIAKTUKH XpPOHHYE-
cKoit oOcTpykTHBHOMU Oosne3nu jerkux» (http://goldcopd.org)
Ha OCHOBAHUHM KIIMHUYECKHX U TA00PaTOPHO-NHCTPYMEHTAIb-
HBIX MCCIICIOBAHMH, BKITIOYast KOMITBIOTEPHYIO TOMOTPa(hHIO
BBICOKOT'O Pa3pelIeHUs] U CIIUPOMETPHIO.

B KOHTPOJIBHYIO TPYIITY BONIUIM HEPOACTBEHHbIC MHAN-
BU/IbI, HE IMEBILINE XPOHUYECKHUX 3a00/ICBaH B aHaMHE3e,
B TOM 4HCIIe OOJIE3HEH OpPraHoB JbIXaHUs, a TAKIKE OCTPBIX
pecnmpaTtopHBIX 3a00eBaHU HA MOMEHT cOopa OGuomare-
puana, mogoOpaHHbIE 110 MOy, BO3PACTY, CTaTyCy KypeHH,
BO3JICHCTBHIO (DAKTOPOB PHCKA, PETHOHY IIPOKUBAHUS, STHHU-
YECKOW MpHUHAIEKHOCTH. KpuTepusiMu BKITFOUEHUST ObLTH
HOpMaJbHBIC TOKa3aTeNIn (PYHKIMH BHEHIHETO JBIXAHMS
(ODBI1/DXKEJT > 70 %, ODB1 > 80 %) u BO3pacT crapiie
45 nert. C 11e11b10 BBISIBICHUS T€HETUYECKUX MAapKEPOB, aCCO-
rurpoBaHHBIX ¢ penotunamu XOBJI, mpoBoawmu cpaBHEHNE
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IPYIIIBI KOHTPOJISL M MALMEHTOB, AU PEPEHIIMPOBAHHBIX T10
(henorumy 3a00neBaHus1, Kak onrcano Hamu paHee (KopbitrHa
u z1p., 2020) (Ilpunoxenne, Tadn. S1)'. Beuto BBITENEHO NBA
(heHoTHIIA: TIEpBast TPyIINa — TsHKEast popma ¢ 9acThIMH 000-
CTPEHMSIMH; BTOpast rpynia — OOJIbHBIE ¢ PEAKUME 000CTpe-
HUSIMU M CTaOWMJIBHBIM TeueHHeM 3aboneBanus. B Tabm. Sl
NPE/ICTaBJICHA XapaKTEPUCTUKA IPYIIIIL.

I'enorunuposanme. JIHK Brigensnm u3 nekonuToB me-
pudepudeckoil KPOBH € MCTIOIB30BaHNEM (DEHOIBHO-XIIOPO-
(hopMHOH 3KCTpakmy. beiTi BEIOpaHBI TOMUMOPQHBIE JI0-
Kychl TeHoB FOXO! (rs12585277, 1s9549240) n FOXO3A4
(rs2253310, rs3800231), ¢pyHKIIMOHANTBHAS 3HAYUMOCTh KO-
TOPBIX HMccnenoBaiack 1o 6azam RegulomeDB Version 1.1
(https://regulomedb.org), SNPinfo Web Server (https://snp
info.niehs.nih.gov) u HaploReg v3 (Ward, Kellis, 2016)
(Tabm. S2). buonHpopMaTHUECKUil aHAIH3 TTOKA3all, YTO BhI-
Opannble SNP oka3piBasn BiIMsHUE HA (DYHKIIMOHUPOBaHUE
TeHa B Pa3IMYHBIX THUIAX TKaHEH WM OBUINM CIEIUICHBI C
(yHKIMOHANBHBIMY JIOKycamu reHa. [ToinumopdHsie 1oKkych
AHAJIM3UPOBAIU NIPU IIOMOIUM MOJIUMEPA3HON LIENHOU pe-
akuuu (ITHP) B peanpHOM BpeMeHH KOMMEpPYECKUMH Ha0o-
pamu ¢ uryopectieHTHOM nerexmuei (https://www.oligos.ru,
000 «IHK-Cunres», Poccust) na npudope BioRad CFX96™
(Bio-Rad Laboratories, Inc, CHIA). I[Togpo6Ho MeTob! aHa-
nu3a oncansl B pabore (Korytina et al., 2019).

CrarucTnyeckasi o0padorka pesyiabraTroB. Onucanue
CTaH/IAPTHBIX METOJJOB CTAaTUCTUYECKOTO aHAJIN3a IPUBEICHO
Hamu paHee (Korytina et al., 2019). AHanu3 OTKIIOHEHHS TOTY-
YEHHBIX YaCTOT TEHOTHIIOB OT paBHOBecHs Xapan—BaiinOepra
1 aHanM3 acconmanuii otaensHeIXx SNP ¢ 3a0oneBannem B
0a30BOM aJUIeJIbHOM TECTE M PErPEeCCUOHHBIX MOAEIISIX (JIOMHU-
HaHTHOM, PEeLIECCUBHOM, aIMTUBHOM (Ha 103y PEIIKOTO ajie-
JIsl — YBEIMYEHNE JO3bI PEJIKOTO aJUIENIst B PAY: TOMO3UTOTA IO
gactomy ayiento (0) —rerepos3urota (1) — roMo3urora mo pea-
KOMY aJiIeIto (2)) ¥ CBEepXIOMUHUPOBAHHMS (7151 TETEPO3UTOT))
MPOBOAMIIM C HCMONb30BaHUeM nakera SNPassoc v. 2.0-2
s R (Gonzalez et al., 2007). [ToiumopdHbIi Mapkep cunTa-
JIM aCCOIIMMPOBAHHBIM ¢ pu3HaKkoM rpu P < 0.05. [Tompasky
Ha MHOKECTBEHHOE TECTHPOBAHME BBITIOIHSIIN C IPUMEHE-
HHEM METO/A OLIEHKH JIOJIN JIOKHOTIOJIIOXKHUTEIBHBIX Pe3yilb-
taroB FDR (false discovery rate) ¢ momomipro mporpammsl
(https://tools.carbocation.com/FDR). HYacToTbl rarioTunos,
crangaptHele Kod(pduuuents! cuemienus mis LD (D', #2)
paccuuransl B mporpamme Haploview 4.2. Bkiag monumopd-
HBIX BAPHAHTOB N3Y4aEMbIX TEHOB B BAPHAOEIbHOCTh KOJIHIE-
CTBEHHBIX IPU3HAKOB, XapaKTEPU3YIOLINX TSHKECTb 00CTPYK-
IIH JIBIXaTeIbHBIX MyTel (TToKa3areny (GyHKINU BHEIIHETO
JIBIXaHUsl — KU3HeHHas eMkocTh Jerkux (OKEJI), dopcupo-
BaHHas )KM3HEHHAs eMKOCTh Jierkux (DXKEJT), oobem dhopcu-
POBaHHOTO BBIZIOXA 3a MepByIo ceKyHIy (ODB1)), n nnaexc
KypEHUS ONPENENSIIN C IOMOLIbIO JIMHENHOM perpeccuu. [pu
MIOCTPOCHUN MHOTO()AKTOPHBIX PErpPEeCCHOHHBIX MOeNeH
MIPUMEHSUIIA METOJT JIOTHCTHUECKOH PETPECCHH C ITOITarOBBIM
BKJIFOYEHHEM HE3aBHCHUMBIX NIEPEMEHHBIX, B KAY€CTBE KOTO-
PBIX BEIOMPAINCH OT/IEIIbHBIE TEHOTHITBI/aJIJIEI N HCCIIELYEMbIX
I'€HOB, a TAKKe KIMHUYECKUe/ IeMorpadHuecKux napameTpal
(BO3pacT, MHAEKC KYpPEeHHUs, CTaTyC KypeHHs, IO).

T Tabn. S1-S5 MpunoxeHus cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2025-29/appx28.pdf
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The contribution of the FOXO17 and FOXO3 genes
to chronic obstructive pulmonary disease

Perpeccruonnas mMonenb — ypaBHEHHE, B KOTOPOM 3aBH-
cUMasi epeMeHHast ipe/ICTaBlIeHa B BUe ()YHKIIMH OT He3a-
BHCHMBIX TIEPEMEHHBIX (IIPEANKTOPOB). YpaBHEHHE JIOT-pe-
TPECCHU UMEET BUL:

Y= logit (P) = In(P/(1-P)) = PO+P1.X1 +B2.X2+... Bi.Xi,

rae Y — 3aBucumas nepeMmeHHas (ctaryc: 0 — 310poBbIid, 1 —
OomnpHOI), X — He3aBucUMas TiepeMeHHas1, B0 — KOHCTaHTa,
B —xoaddurrenT perpeccuu st He3aBUCUMON TTEPEMEHHOM,
Xl1...i — 3HaYeHUE HE3aBUCUMON MEPEMEHHOMN. DKCIIOHEHTY
OT/IEIBHOTO Kod(hHIMEeHTa perpeccun 3 MHTepIPETHPOBAIIH
kak otHomeHue mancoB (OR). [IpoBepky rumoressr o cyie-
CTBEHHOCTH TIOCTPOCHHOI MOJIENHN B IEJIOM C YYETOM BCEX
HE3aBHCUMBIX ITEPEMEHHBIX ITPOBOIIIIN Ha OCHOBAHUH T€CTa
oraomenus npasnomnonobus (likelihood ratio (LR) test).
Jiist otieHKY 3 PEKTUBHOCTH PErpecCHOHHBIX MOJIENel pac-
cuuThiBany mokasarens Harenbkepke R? (Nagelkerke R?) u
npoBonwy anainn3 ROC-kpuBoit. CriocoOHOCTh perpecCHOH-
HOM MOJCJIN pa3invdaTh MOJIOXKHUTEIbHBIC U OTPULATCIILHBIC
ciy4au (ctatyc 00JbHON—3I0POBBIi) OTICHUBAIIH IIIOMIAIBIO
mox ROC-kxpusotii (AUC); 3nauerne AUC BappupoBaiio ot 0.5
(AUCKPUMIHAIIMOHHAS CIIOCOOHOCTh MOJETH OTCYTCTBYET)
o0 1.0 (upeanpHast QUCKPUMHMHALMOHHAS CIIOCOOHOCTB).
Pacuersl npoBomiiv ¢ moMoOIIBIO porpamMmbl SPSS v. 22.

Pe3ynbratbl

B cthopmupoBanubIx BEIOOpKax marueHToB ¢ XOBJI 1 KoHT-
POJIBHOM T'pyIIIe BBIMOJHEH aHAIN3 IOJUMOPQHBIX JOKY-
coB reHoB FOXO! (rs12585277, rs9549240) u FOX03A4
(rs 2253310, rs3800231). YacTOTHI TEHOTHIIOB BCEX UCCIIE0-
BaHHBIX MOJIMMOP(HBIX JIOKYCOB B TpYyTIIe KOHTPOJS HAXO-
IUIACH B COOTBETCTBHH paBHOBECHIO Xapan—BaitnOepra:
FOXOI (rs12585277) (Px_g = 0.597), FOXO1 (rs9549240)
(Px_g = 0.341) u FOXO034 (rs 2253310) (Px_g = 0.3191),
(rs3800231) (Px_g =0.3831). /lanee mpoBejicHa OIICHKA CTa-
TUCTUYECKON 3HAUMMOCTH Pa3IMuUil MEXay rpynmnamu 1o
pacrpeneneHnio 9acToT ajlieNeld U TeHOTUIIOB U PACCUUTAHBI
TIOKA3aTeJIN OTHOIICHUS IIIAHCOB IS PEIKOTO aJLIeNs KasKIO0TO
nokyca (06a30BbIif alIeNbHBIN TecT) (cM. Tabm. 1).

Ha cnenyromieM sTane MeTO10M JIOTHCTUUECKOI perpeccuu
aQHAJIM3MPOBAIIH ACCOLMALMIO OTACIBHBIX MOJIUMOP]HBIX JIO-
KyCOB C y4ETOM KOJMUECTBEHHBIX M OMHAPHBIX MPU3HAKOB
(11011, BO3pACT, CTAaTYC M MHICKC KYPEHHS ), BBOIUMBIX B YPaB-
HEHHE PErpecCchy B KaYeCTBE HE3aBUCUMBIX TIEPEMEHHBIX (CM.
Taom. 1).

BbIsBIIEHBI CTATUCTHYECKU 3HAYUMBbIC PA3IMyus B pac-
MIPEJICNICHUN YaCTOT TeHOTUIIOB MEXKAY TPYIIIaMHU 110 JIOKY-
cy FOXOI (rs12585277) (P = 0.002). Accoruanus ¢ pas-
ButreM XOBJI Obl1a ycTaHOBJIEHA B JOMUHAHTHOW MOJAETH
(Pagj=0.003, OR = 1.42), yacTOTa r€TEPO3UTOTHOTO FEHOTHTIA
B rpymie 6onpHbIX XOBJI nocturana 56.06 nporus 46.87 %
B KOHTpOIIE (Pyq = 0.0018, OR = 1.44).

3HauMMBbIE pa3lInyus B paclpe/ielieHHH YacTOT TeHOTUTIOB
1 ajuienielt Mexay TpynmaMu OONBbHBIX M 3A0POBBIX HHJIU-
BHJIOB yCTAHOBJIEHBI s okyca FOXO3A4 (rs2253310)
(P=9.733x10"7uP=1.54 %1077 cooTBeTCTBEHHO). Accomua-
must ¢ XOBJI BeIsiBIIeHa B JOMUHAHTHOM (Padj =5.926%x107,
OR = 0.52), peneccuBHoii (P, = 3.360 <1073, OR = 0.32),
JOr-aJIMTHBHOM MoiensiX (Pyg = 1.451x 1077, OR = 0.54)
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Ta6bnuua 1. YacToTbl annenei 1 reHOTMNOB NOANMOPPHbIX NoKycos reHoB FOXOT n FOXO3A
B rpynnax 6onbHbix XOBJ1 1 300poBbIX MHAMBWAOB, aHaNU3 accoumalum ¢ pa3suTreM 3aboneBaHus

leH Pepkunin  TeHoTunbl, XOBN KoHTponb Pagj Por-FDR OR, g
RefSNP annenb  annenu, Moaenb n (%) n (%) (95 % Cl)
(N=710) (N =655)
FOXO1 A GG/GA/AA 202/398/110 236/307/112 0.002 0.006 -
rs12585277 (28.45/56.06/15.49) (36.03/46.87/17.10)
G>A G/A 802/618 779/531 0.123 0.208 0.88 (0.76-1.03)
(56.48/43.52) (59.47/40.53)
GG 202 (28.45) 236 (36.03) 0.003 0.008 1.00
GA+AA 508 (71.55) 419 (63.97) 1.42(1.11-1.82)
[omuHaHTHaA
GG+AA 312 (43.94) 348 (53.13) 0.0018 0.006 1.00
GA 398 (56.06) 307 (46.87) 1.44 (1.14-1.81)
GG+GA 600 (84.51) 543 (82.9) 0.5 0.54 1.00
AA 110 (15.49) 112(17.10) 0.90 (0.66-1.23)
PeueccrBHas
Jlor-apantreHan - - 0.12 0.208 1.15(0.97-1.36)
FOXO1 T GG/GT/TT 414/244/52 356/240/59 0.32 0416 -
rs9549240 (58.31/34.37/7.32) (54.35/36.64/9.01)
T>G G/T 1072/348 952/358 0.101 0.202 1.15(0.97-1.37)
(75.49/24.51) (72.67/27.33)
GG 414 (58.31) 356 (54.35) 0.17 0.209 1.00
GT+TT 296 (41.69) 299 (45.65) 0.85 (0.67-1.07)
[JomuHaHTHaA
GG+TT 466 (65.66) 415 (63.36) 0.43 0.516 1.00
GT 244 (34.37) 240 (36.64) 0.79 (0.52-1.21)
GG+GT 658 (92.68) 596 (90.99) 0.52 0.54 1.00
T 52(7.32) 59(9.01) 0.85 (0.67-1.07)
PeueccuBHas
Jlor-apantreHan - - 0.13 0.208 0.87 (0.73-1.04)
FOXO3A A GG/GA/AA 184/380/146 199/336/120 0.22 0.31 -
rs3800231 (25.92/53.52/20.56)  (30.38/51.30/18.32)
A>G G/A 748/672 734/576 0.86 0.86 0.87 (0.75-1.02)
(52.68/47.32) (56.03/43.97)
GG 184 (25.92) 199 (30.38) 0.096 0.202 1.00
GA+AA 526 (74.08) 456 (69.62) 1.25 (0.96-1.63)
JoMunHaHTHan
GG+AA 330 (46.48) 319 (48.70) 0.47 0.537 1.00
GA 380 (53.52) 336 (51.30) 1.09 (0.86-1.38)
GG+GA 564 (79.44) 535(81.68) 0.33 0.416 1.00
AA 146 (20.56) 120 (18.32) 1.16 (0.86-1.57)
PeueccuBHas
Jlor-ananTBHas - - 0.097 0.173 1.16 (0.97-1.38)
FOXO3A C GG/GC/CC 572/129/9 447/183/25 9.733x 1077 5.8398x10°% -
rs2253310 (80.56/18.17/1.27) (68.24/27.94/3.82)
G G/C 1273/147 1077/233 1.54x107  1.848x107  0.53 (0.43-0.67)
(89.65/10.35) (82.21/17.79)
GG 572 (80.56) 447 (68.24) 5.926x107 4.7408x10° 1.00
GC+CC 138 (19.44) 208 (31.76) 0.52 (0.40-0.67)
JoMunHaHTHan
GG+CC 581 (81.83) 472 (72.06) 4111x107 0.0001 1.00
GC 129 (18.17) 183 (27.94) 0.57 (0.44-0.75)
GG+GC 701 (98.73) 630 (96.18) 0.0003 0.0012 1.00
CcC 9(1.27) 25(3.82) 0.32(0.14-0.72)
PeueccrBHan
Nor-apautneHas - - 1.451x107 1.848x10°° 0.54(0.43-0.68)

MpumeuaHue. P - 3HaUNMOCTb Pa3NNUMIA MEXAY FPYNMNamm No YacToTam anseneil U reHOTUMOB (TeCT y2 Ha FOMOreHHOCTb BbIBOPOK); PErpeccMOHHbIN aHanus —
KOMNYECTBO UHAVBIUAOB, BKIOYEHHBIX B PErPECCUOHHBIN aHanus (N = 1365); P,qj -~ 3HaYNMOCTb [/ TECTa OTHOLUEHUA NPABAONOA06US SIOT-PErpeccnoHHO
MOofenu C y4eToM BO3pacTa, CTaTyca 1 MHAEKCa KypPeHNsa B Pa3INYHbIX MOAeNsX; ORadj — OTHOLLEHMeE LIAHCOB C yyeTom Bcex pakTopos; 95 Cl % — 95 % fosepu-
TefbHbIN UHTepBan aAnda OR; P, Fpgr — 3HAYMMOCTb TecTa nocse koppekuun FDR.
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U ¢ reTepo3uroTHbIM reHoTUnoM GC (Pyg = 4.111 103,
OR = 0.57). IIpu s1oM uacteiii amtens G (P = 1.54x 107,
OR = 1.87 95 % CI 1.50-2.33) n renotun GG (Pyq; = 5.926 %
x1077,0R = 1.99 95 % CI 1.57-2.47) yauie BCTpeYanuch B
rpyrmme OOJBHBIX XPOHWYECKOH OOCTPYKTHBHOW OOJIC3HBIO
JIETKUX.

Has nonmumopdHBIX JToKycoB FOXO!I (rs9549240) u
FOX034 (rs3800231) craTucTHYECKH 3HAUNMBIX Pa3TUIAN
MEXIy TPyIIIaMi OOJBHBIX U 3OPOBBIX HHAMBHUIOB HE 00-
Hapy>KeHO.

AHanns rannoTunoB no NonMMop¢HbIM NoKycam

reHoB FOXO1 n FOXO3A

BeIsiBIeHBI HEpaBHOBECHE MO CIETIICHUIO MEKAY JIOKyca-
Mu 1512585277 u rs9549240 rena FOXOI (D' = 0.6183,
72=0.429) ¥ CTATUCTUYECKH 3HAYUMBIE PA3IIUYUKS B XaPAKTE-
pe pacrpeneneHus 4acToT raruioTunoB reva FOXOI mexay
rpymamu 00sbHBIX XOBJI 1 kouTposis (P = 0.045) (tadi. S3).
UYacrora rarmoruna A-G 1o mokycam rs12585277 n rs9549240
Opu1a 3HaYMMO BHIIE B Tpymiie 0oapHBIX XOBJI (24.26 mpoTtus
18.81 % B KoHTpOIE, P,gi = 0.011, OR = 1.33).

[ToxazaHo HepaBHOBeCHE MO CLEMIEHHUIO MEXIy MOIU-
MopdubIMH ToKycamu 1s3800231 u rs2253310 rena FOXO3A
(D'=0.3315, 72=10.1452) (cM. Tabn. S3). YcTaHOBIIEHBI CTa-
TUCTUYECKH 3HAUMMBIC Pa3NuYMs B XapakTepe pacmpenese-
HUS 9aCTOT TAIUTOTUIIOB MEX Ty TpymaMu 6omsHBIX XOBJI n
xoHTpOoIst (P = 0.00001). YacToTa ramnoruma A-G 10 J0Ky-
cam rs3800231 u rs2253310 Obuta 3HAYMMO BBIIIE B TPYTI-
ne XOBJI (40.27 nporus 32.56 % B KoHTpOIE, Pygi = 0.03,
OR = 1.25), torna xak ramnotunsl A-C u C-C BcTpeua-
JUCH Yalle B TPYTINE 3T0POBBIX UHAUBUIOB (Pyq; = 0.0076,
OR = 0.65 1 Py4; = 0.0072, OR = 0.51 COOTBETCTBEHHO).

AHanus accoumauuy NonMMop@HbIX BapruaHTOB

reHoB FOXO1 n FOXO3A c pasnuuHbimu ¢peHoTunamu XOBJ1
C 1enbio BBISBICHUS TEHETHYECKHX MapKepOB, aCCOLUHPO-
BaHHBIX ¢ peroTunamu XOBJI, mpoBoawIN cpaBHEHHE TPYTI-
IIBI KOHTPOJIS U MAIMCHTOB, MU (GEpEHITNPOBAHHBIX TIO (e-
HoTHIIaM 3aboneBanust o kinaccupukanuu (http://goldcopd.
org), KOTopasi BKJIIOYaJla MHTErPaJIbHYIO OLICHKY (heHOTHIIa
XOBJI ¢ yuetoM KoiuuecTBa 0OOCTPEHUHN B TOM, pe3yabTa-
TOB CIELUATM3UPOBAHHBIX OIPOCHUKOB: OLEHOYHBIN TECT 10
XOBJI (COPD assessment test, CAT), mrkairy OIIeHKH OBIIIKA
METUIITHCKOTO HCCITeioBaTenbekoro coBeta (medical research
council dyspnea scale, MRC) u moka3areneii uccieroBaHus
(byHKIMM BHEIIHETO JbIxaHus (Tadm. 2).

CraricTHYeCKH 3HaYMMBbIEe aCCOLMAINN C Pa3BUTHEM (e-
Hotuna XOBJI ¢ yacTeIMH 00OCTPEHUSAMH TONYYEHBI IS
nmonuMop(dHBEIX JToKycoB TeHoB FOXO! (rs12585277) B no-
MHHAHTHOH MOZIENH (Py¢ = 0.001, OR = 1.65) n s retepo-
3UroTHOro renoruna (P,g = 0.0005, OR = 1.653); FOX034
(rs2253310) B momuHaHTHOMU (P,g; = 0.0002, OR = 0.55) u
JOT-aIUTUBHON MOTIENsIX (Pyg; = 0.0001, OR = 0.58), npu
9TOM TOMO3HMTOTHBIN 10 YacTomy ajutento renotun GG jo-
kyca FOXO3A (1s2253310) gamie BcTpedasics cpeau 00b-
HBIX (OR = 1.81 95 % CI 1.32-2.49). Hacrora ramioruna A-G
mo Jiokycam rs12585277 u rs9549240 rena FOXO! Obuna
Beiie B rpynne XOBJI (24.29 npotus 18.81 % B xoHTpOUIE,
Pygj = 0.022, OR = 1.36 95 % CI 1.05-1.76) (tabn. S4).
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The contribution of the FOXO17 and FOXO3 genes
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Y 6onbHbIX XOBJI ¢ pexumMu 000CTpeHUSIMU 3HAYMMast ac-
conuarys Oblja MOATBEePKIeHA TOIBKO s ToKyca FOXO34
(rs2253310) B mOMUHAHTHOH (P,gj = 0.00001, OR = 0.48) un
JIOT-aUIMTUBHON (P,g; = 0.00001, OR = 0.5) Mogensx. I'eno-
tun GG nokyca rs2253310 (OR =2.09 95 % CI 1.53-2.88)
u ramwtorun A-G no nokycam rs3800231 u rs2253310 rena
FOX034 (P, =0.032,OR = 1.31 95 % CI 1.02-1.67) 4yame

BCTPEYAJINCH B TPYIIE OOJIBHBIX.

Accoumauma nonnmopHbIX IOKYCOB

reHoB FOXO1 n FOXO3A c nokasatenamm

GYHKLMN BHELIHETO AbIXaHUA 1 IHAEKCOM KypeHUs
Kypenue — ocHoBHO#1 daktop prcka pazsutus XOBJI u ny-
CKOBOHM MEXaHM3M Pa3BUTHUs OKHCIUTEIBHOTO CTpecca, Mpu-
Bozsero k mospexxaeHmo JJHK n anontosy kierok (Dome;j
et al., 2014). [IpoBeneH aHaIN3 KOJTUYECTBEHHOTO MTOKa3aTe-
JI51, OTPAXKAIOIIETO HHTEHCUBHOCTD M CTaX KypeHUs! (HHIEKC
KypeHus) B 0o0LIeil TpyIe KypuIbIMKOB, BKJIIOYAIOIIEH
Kak OOJIbHBIX, TaK U 3I0POBBIX UHJMBHIIOB, B 3aBUCHMOCTH
OT MOAMMOP(HBIX BAPHAHTOB M3y4eHHBIX TeHOB FOXOI n
FOXO3A (tabmn. S5). Yeranosieno, uro resotun GT 1o Jo-
kycy FOXOI (r39549240) u renorun GG no nokycy FOXO3A
(rs2253310) accouuupoBaHbl ¢ 00OJIee BBICOKAMHU ITOKA3a-
TEJISIMU MHJIEKCa KypeHHUsi B OOIIeH TpyIIe KypHIIbIIUKOB
(P=0.0042u P=0.012).

INoka3zarenu (GyHKIINN JIETOYHOTO ABIXaHUS, TAKHE KaK KH3-
HeHHas eMkocTh Jerkux (JKEJI), dpopcupoBaHHast KU3HEH-
Hast eMkocTh Jierkux (PXKEJI), oobem dopcnpoBaHHOTO BBI-
Jnoxa 3a epByro cekyuay (ODB1), cootHomerue oobema hop-
CHUPOBAHHOTO BBII0Xa B | ¢ M )KU3HEHHOW €MKOCTH JIETKHX
(ODB1/7KEJ]), — xiroueBbiec KIMHHYCCKUE MTOKA3aTeIH, OT-
pakarolue CTeTeHb OOCTPYKIINHU JBIXaTeNIbHBIX MTyTeil pu
XOBJI u mporpeccupoBanue 3aboaeBaHms. boee HI3KHE 3Ha-
yenus JKEJI nmeny MHAMBHIBI ¢ TOMO3UTOTHBIM T€HOTHIIOM
GG no nokycy FOXO! (rs9549240) (P = 0.0071); Huzkue
snauenust @IKEJI Obutn y HocuTenei ayiesnst A B TOMO3HIOT-
HOM U T€T€PO3UTOTHOM COCTOSIHUSIX (JJOMMHAHTHAsI MOJIEJb)

1o stokyey FOXOI (rs12585277) (P = 0.04).

MHoO>»KeCTBEHHbIN perpeccMoHHbi aHanu3 u ROC-aHanus
Ha 3axsmrounTesibHOM 3Tare ¢ UCIoJIb30BAHUEM METO/ia MHO-
’KECTBEHHOT'0 PErPECCUOHHOTO aHAJIN3a C IOIIArOBbIM BKIIO-
YEHHEM TPEIUKTOPOB (HE3aBUCUMBIX MEPEMEHHBIX) U MO-
cnemytrorero ROC-ananu3a mpoBeIeH MOMCK KOMITIEKCHBIX
KJIIMHUKO-TEHEeTUYeCKUX Mozeneil pucka pazsutus XOBJI.
B kauecTBe HE3aBUCHMBIX ITEPEMEHHBIX OBUTH OT/IEIIbHBIE Te-
HOTHITBI WJIM aJIJIEIIH UCCIIEIOBAaHHBIX T'€HOB, 1ajiee 100aBs-
JM KIIMHUKO-JIeMorpaduieckue mokasarenu (o, BO3pacr,
CTaTyC M MHJIECKC KYPEeHHs1) U BEIOMpaI Hanbonee 3HaYnMbIe
MHOTO(aKTOpHBIE perpeccuoHHble Monaenu. IlapameTpsl
(DYHKIIMM JIETOYHOTO JIBIXaHUs OBIIM HMCKIIOUEHBI, TAK KaK
OHU SIBJISIFOTCSI KJIACCHYECKUMH M XOPOUIO MIACHTH(OUIMPO-
BaHHBIMH NpeaukTopamu XOBJI u TsxecT 3a001eBaHuUs.

B uH(pOpMaTHBHYIO perpecCHOHHYI0 MOjieNnb (GopMHUpOBa-
uHust XOBJI B menom, 6e3 nuddepeHnuanni Ha GEHOTHITHL,
BOIILTH TTIOJTUMOP(HBIE BapuaHThl TeHOB FOXO1 (rs12585277)
(renorunn AG) u FOX0O3A4 (1s2253310) (ammens C), nHACKC
KypeHust 1 BO3pact obceayeMsix (P=5.25x10-93) (tabm. 3).
ROC-ananu3 noryueHHOM MOJIeITH MOKa3aJl €€ BBICOKYIO CII0-

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 202529+ 6


http://goldcopd.org
http://goldcopd.org

B.A. Mapkenos, J1.3. AxmaguwuHa, T.P. HacubynnuH ...
C.M. Namannosa, H.LL. 3aruaynnun, [.O. KopbiTuHa

2025
29-6

Bknag renos FOXOT n FOXO3 B pa3sutne
XPOHMYECKOW 06CTPYKTUBHOI 6OME3HN Nerkmx

Tabnuua 2. Pe3ynbtaThl aHanM3a accoumanmm nonnMopdHbix nokycos reHos FOXOT n FOXO3A

B rpynnax, anddepeHunpoBaHHbIx no ¢eHotunam XOBJ1

leH, SNP Penkun annenb [eHoTMN, MOfEenb

XOBJ1 ¢ pegkumun obocTpeHuamu (N =991)

FOXO1 A GG
rs12585277 GA+AA
G>A [omuHaHTHasA

JNor-apanTnBHas

FOXO1 T GG

rs9549240 GT+TT

>G [omMWHaHTHasA
Jlor-ananTeHas

FOXO3A A GG

rs3800231 GA+AA

A>G [omVHaHTHas

JNor-aganTnBHas

FOXO3A C GG
rs2253310 GC+CC
G [omuHaHTHaA

JNor-apanTnBHas

XOBJ1 ¢ yacTbiMmn obocTpeHuamm (N = 1029)

FOXO1 A GG

rs12585277 GA+AA

G>A [oMnHaHTHasA
GG+AA
GA
Jlor-ananTeHas

FOXO1 T GG

rs9549240 GT+TT

>G [oMnHaHTHasA

Jlor-apantreHas

FOXO3A A GG
rs3800231 GA+AA
A>G [omMWHaHTHas

Jlor-apontnBHas

FOXO3A C GG
rs2253310 GC+CC
G [JomuHaHTHas

Jlor-apontnBHas

OR,; (95 % CI) Pagj Peor-FoR
1.00 0.16 0.18
1.22(0.93-1.60)

1.06 (0.89-1.28) 0.51 0.51
1.00 0.099 0.148
0.80 (0.61-1.04)

0.84 (0.68-1.03) 0.094 0.148
1.00 0.12 0.154
1.27 (0.94-1.72)

1.20 (0.99-1.46) 0.063 0.148
1.00 4.961x1077 2.232x10°°
0.48 (0.35-0.65)

0.50 (0.38-0.67) 1.373x1077 1.235x10°°
1.00 0.001 0.0022
1.65 (1.22-2.24)

1.00 0.0005 0.0015
1.63 (1.24-2.15)

1.32(1.12-1.49) 0.045 0.081
1.00 0.44 0.44
0.90 (0.68-1.18)

0 0.33 0.371
0.90 (0.73-1.11)

1.00 0.19 0.28
1.24 (0.90-1.71)

0 0.31 0.371
1.12 (0.90-1.38)

1.00 0.0002 0.0009
0.55 (0.40-0.76)

0.58 (0.44-0.77) 0.0001 0.0009

Mpumeyanune. N - KONNYECTBO NHAMBIAOB, BKIOUYEHHDIX B PErPECCUOHHDIV aHaNU3; Pyg; — 3HAYMMOCTb AR TeCTa OTHOLLEHNA npasgonoaobusa nor-perpec-
CMOHHOW MOAeNM C y4eTOM BO3pacTa, Nosa, cTaTyca U MHAEKCa KypeHus; ORadj — OTHOLLEHMe LAHCOB € y4yeToM Bcex dpakTopos; 95 Cl % — 95 % foBepuTeNbHbI

nHTepBan ana OR; P, rpg — 3HAUMMOCTb TeCTa NOC/e KOppeKLMK.

COOHOCTH TUCKPUMUHHUPOBATH 60MbHBIX ¢ XOBJI 11 3mopoBbIx
naauBuaoB (AUC = 0.864, ayBcTBUTENBEHOCTE — 78.3 %,
cneruduarocTs — 82.3 %) (CM. pUCYHOK, a).

3HaunmMasi MHOro()akTopHasi perpecCHOHHasi MOJIEIb Pa3-
ButHs perornna XOBJI ¢ gacTbiMu 000CTPEHUSMH BKITIO-
gana reHotunt AG nokyca FOXOI (rs12585277), nanexc
KypEHUS ¥ BO3PACT, XapaKTEepHU30BAIaCh BHICOKOH CITIOCOOHO-
CTBIO IMCKPUMHHHUPOBATH OOJBHBIX U 37I0POBBIX HHANBHUJIOB
(AUC=0.897, P=4.1x107%). Onnako 4yBCTBUTENLHOCTD —
MOKa3aTelb, XapaKTePU3YIOIIUI CIIOCOOHOCTh MOJICTH Bep-
HO KJIacCH(HUIIMPOBAHHBIX OONBHBIX C JaHHBIM (DEHOTHIIOM

XOBJI oT 3M0pOBBIX HHAUBHUIOB, ObLTa Bcero 69.6 %; B TO
JKe BpeMs MOJIETh TOYHO KITaCCU(PHUIIMPOBAIA 30POBBIX HH-
JUBUJIOB, TAK KaK UMeJIa BBICOKYIO crieriupuaaocTh (90.9 %)
(cM. PHUCYHOK, 6).

MHuorodakropHasi perpecCHuOHHass MOJENb ISl (PeHOTH-
na XOBJI ¢ penxkumu obocTpeHusiMH BKITtoyana ayuienb C
nokyca FOXO3A4 (rs2253310), nHOCKC KypeHHUS M BO3pacT
(P = 1.4x10*%). ROC-aHanu3 moJy4eHHONH MOIENHU II0-
Ka3zall e¢ YMEPCHHYIO AMCKPUMHUHAIIMOHHYIO CITIOCOOHOCTH
(AUC =0.823), HU3KYIO 4yBCTBUTENBHOCTH (54.5 %), HO BBI-
cokyto crienupuaHocThb (91.7 %) (cM. pUCYHOK, 8).

MEOUUMHCKAA TEHETUKA / MEDICAL GENETICS 833



V.A. Markelov, L.Z. Akhmadishina, T.R. Nasibullin ...
S.M. Izmailova, N.Sh. Zagidullin, G.F. Korytina

The contribution of the FOXO17 and FOXO3 genes
to chronic obstructive pulmonary disease

a 6 8
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2 0.6 0.6 '(/
=
()
=
=
o
S 04 04 /
= |

XOBJ1 c vactbimm P XOBJ1 ¢ pegkummn
0.2 060CTPEHVAMM 0.2 060CTpeHNAMY
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

1 - cneunduyHoCTL 1 - cneymounyHoCTb 1 - cneymounyHocTb

lpaduk nnowaam noa kKpueoin (ROC-kprBan) Ans oueHKM 3GPeKTUBHOCTM MPOrHOCTUYECKNX PErPeCcCUOHHbIX Moaenei pa3sutusa XOBJT (a), deHoTuna
XOBJ1 ¢ yacTbiMun o6ocTpeHuamu (6), deHotmna XOBJT ¢ pefKummn 060CTpeHNAMY (8), BKIOYAIOLMX 3HAUNMbIE KNUHUKO-AeMOrpaduryeckme n reHeTu-
yeckre NpeavKTopbI.

AUC - nnowagab noa Kpusoii. MosiHble XapakTepUCTUKN MOAenel NpeacTaBeHb! B Tabs. 3.

Ta6nuua 3. Pe3ynbTaTbl MHOXXECTBEHHOIO PErpPeCcCUOHHONO aHan3a

HesaBncuman nepemerHas B Peanoa OR 95 % Clog
XOBJ
MHaekc kypeHus 0.04 4x107%0 1.04 1.03-1.05
BospacT 0.08 1.55%1073! 1.08 1.07-1.1
FOXOT1 (rs12585277) AG 0.33 0.0415 1.39 1.01-1.91
FOXO3A (rs2253310) C -0.46 0.0037 0.62 0.46-0.86
KoHcTaHTa -5.66 9.4x10™4 0.003
x?>=435.74,P=525x 107
AUC = 0.864 (4yBCTBUTENbHOCTb — 78.3 %, cneumduuHocTs — 82.3 %, R? = 0.483)
XOBJ1 ¢ yacTbiMU 060CTPEHMAMN
VHpekc KypeHus 0.050 1.96x 1078 1.05 1.04-1.06
BospacT 0.115 2.46x 10730 1.12 1.1-1.14
FOXO1 (rs12585277) AG 0.530 0.0123 1.7 1.12-2.57
KoHcTaHTa -8.756889 6.5x 1074 0.0002
x*=398.76,P=4.1x 1078
AUC = 0.897 (4yBCTBUTENbHOCTb — 69.6 %, cneumduyHocTb — 90.9 %, R? = 0.57)
XOBJ1 ¢ pegkMmn 060CTPEHNUAMM
VHaeKc kypeHus 0.035 84x107" 1.04 1.03-1.05
BospacT 0.064 57x107"° 1.07 1.05-1.08
FOXO3A (rs2253310) C -0.469 0.0168 0.63 0.43-0.92
KoHcTaHTa -4.992 4.7x107% 0.01

x> =22529,P=14x10"8
AUC = 0.823 (uyBCTBUTENLHOCTb — 54.5 %, cneumnduuHocTb — 91.7 %, R? = 0.384)

MprmeuaHme. B - 6eTa KOIGPULIMEHT A1 HE3ABUCKMON NEPEMEHHON B YPaBHEHWUWN PErpecci; Peanyy — YPOBEHD 3HAUMMOCTH 1A CTaTUCTVKK Banbaa (cTa-
TUCTVKa Banbaa — 3To KoadpPULMEHT perpeccuu, AeNeHHbI Ha KBaapaT CTaHAapPTHOW OLINGKM: B/SEZ), YKa3blBaeT Ha 3HaUYMMOCTb He3aBUCUMOW NepeMeHHOI;
OR - OTHOLLEHWE LIAHCOB, NPEACTABNAET IKCMOHEHTY 6eTa KoadduLmeHTa (expf) Ana He3aBrCMMON NepemeHHoM; 95 % Cl — foBepuTenbHbIn 95 % UHTepBan
nna OR; xz - 3HauyeHMWe AnA TecTa oTHolweHwuA npasgonono6us (likelihood ratio (LR) test), Heo6xofMMm ANis NPOBEPKU MMMNOTE3bI O CYLECTBEHHOCTH MOCTPOEHHOM
PerpeccyoHHON MOLENM B LIENIOM C YYETOM BCEX HE3aBUCUMBIX NMEPEMEHHBIX; P — 3HaueHe AnA TecTa OTHOLLIEHWA Npasaonoao6us; R? — Harenbkepke R? (Nagel-
kerke R?) nokasaTenb kauecTBa MOfJeN — OTpaxaeT A0MI0 BapuabenbHOCTM NpU3HaKa; KOHCTaHTa — 1A YpaBHEHWA Perpecciii, 3HaueH!e 3aBUCKMOl NepemMeH-
HOM, NPU KOTOPOM He3aB1CcMMan nepemeHHas pasHa Hynio; AUC - nnowaab nog ROC-KprBOIt; UyBCTBUTENBHOCTb — AOMA BEPHO KNaccuuLMpoBaHHbIX 60SIbHbIX
C laHHbIM AMarHo3oMm; creundryHOCTb — A0NA BEPHO KNaccuduLmpoBaHHbIX 380poBbix. ROC-KpuBble NpeAcTaBneHbl Ha PUCYHKE.
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O6cyxpeHue

VYeranosnena accoruanus jokyca rs12585277 rena FOXO!
¢ XOBJI u denorunom XOBJI ¢ yacTeiMu 000CTPEHUAMHU;
rariotun A-G mo mokycam 1512585277 u rs9549240 rena
FOXOI ¢ 6onee BBICOKOW 4acTOTOM BCTpedajcs B OOMICH
rpymnie 0oibHbIX XOBJI u cpenyt 60NBHBIX ¢ (PEHOTUIIOM C
gacTeiMu oboctperusmMu. [enorun AG nokyca 1512585277
rera FOXOI sBnseTcs COCTaBHON 4acThIO MHOTO(AKTOP-
HOH perpeccronHoi Mozenu pazsutust XOBJI u ¢penoruna c
Y4acTBIMH 000CTPEHUSIMHU, HApSAY C TAKUMH HMPEIUKTOPaMH,
KakK BO3pacT M MHJIEKC KypeHus. OOHapyXeHO CHU)KEHHE
nokaszaresneil )yHKIMHU JIETOYHOTO JIbIXaHHsI, XapaKTePU3YI0-
IIUX CTEMEeHb 0OCTPYKIUM IbixaTtenbHbIX myTeir: OXEJL y
HOCHUTEJIeH TOMO3UTOTHOTO ¥ T€TEePO3UTOTHOTO T€HOTHIIA T10
penxomy amiento A okyca rs12585277 w XXEJI y Hocutenei
rerotuma GG nokyca rs9549240 rena FOXO1. YcraHoBneHa
BapuabeIbHOCTD ITOKa3aTelsl HHEKCa KypeHHUs! B 3aBHCUMO-
CTH OT T€HOTHUIOB JIoKyca 1s9549240 rena FOXOI.

I'er FOXO1 noxamzosan Ha xpomocome 13q14.11 (https://
www.ncbi.nlm.nih.gov/gene/2308). Panee Obuta mokaszana
accommarys psaa moTuMopQHbIX JToKycoB rena FOXO] ¢ pas-
BUTHEM CcaxapHOTro aradera 2-ro Tuma u oxxupenns (Hussain et
al., 2022; Santana et al., 2024). iccienoBanuii 1o accormanuu
nonumopdHeix BapuantoB reHa FOXO! ¢ XOBJI He mpoBo-
muinock. T. Xue ¢ komieramu (2024) BBISSBHIIN TIOBBIIICHHE
ypoBHst MPHK u 6errka FOXO1 B jierouHol TKaHU MEIIIEH ¢
MOJIeTBI0 dMu3eMbl JIeTkux. C Ipyroi CTOPOHBI, TOKA3aHO,
yto 3kcnpeccuss FOXO1 cHmkeHa B KPOBH TAIEHTOB C
XOBJI (Zhu et al., 2020).

Haubonee 3naunmeie acconmaruu ¢ XOBJI momydensr ¢
nokycoMm 152253310 rera FOXO3A4; amnens G u reHotin GG
yare BCTpEYaInCh B rpyme OonbHBIX. [laHHas accorma-
ST COXPaHsiia CBOO 3HAYMMOCTh HE3aBUCUMO OT (DeHOTHIIA
3aboneBanus. [enorun GG accoumupoBai ¢ yBETHUCHHEM
KOJIMYECTBEHHOTO IMOKA3aTEeNsl, XapaKTePU3YIOIETro CTaX |
MHTEHCHUBHOCTh KypEeHHUsI, — MH/IEKCOM KypEeHUsI, CPEIN BCEX
KyPHJIBIIIKOB. YBEIMUCHNE MH/EKCA KYPEHUSI — 3HAYNMBII
(akrop pucka passutrus XOBJI, moxydeHHbIC pe3yIbTaThI
MOT'YT OBITH CBsI3aHbI C OOJIbIICH J10J1eH HHANBUJIOB C BBICO-
KM HHIEKCOM KypeHust (6omnee 40 madex/neT) cpenu O0IbHBIX
XOBbJI, uMmeromux 4acThlii TOMO3UroTHEIN reHotunn GG mo
nokycy 152253310 rena FOXO3A. Ilo pe3yasrataMm MHOXe-
CTBEHHOIO PErPECCUOHHOIO aHaAJIN3a, JIOKYC 152253310 — onuH
n3 3HaYUMBIX (hakTopoB pazButust XOBJI B 1ienom Hapsiy ¢
TaKUMH TIOKa3aTeIsIMu, Kak JIOKyc 1512585277 rena FOXOI,
BO3pAcT M UHJEKC KypEHHUsL.

I'en FOXO3A nokannzoBaH Ha xpomocome 6q21 (https://
www.ncbi.nlm.nih.gov/gene/2309). breina mokazana acco-
nuanus noaruMop(HEIX BapuaHToB TeHa FOXO3A ¢ mpo-
JOJDKUTEIFHOCTRIO Km3HU (Soerensen et al., 2015) u psimom
BO3pacT-acconuupoBanubix 3adoneBanuil (Klinpudtan et
al., 2022; Cao et al., 2023). MccaenoBanuii o acconuauu
nonmuMopdHBIX JToKycoB reHa FOX0O3A4 ¢ XOBJI panee He
MIPOBOIMIIOCE.

Juit XOBJI cBOCTBEHHO Pa3BUTHE CHCTEMHBIX (P (PEKTOB,
00yCIIaBIMBAOLINX PA3BUTHE TSXKEIBIX OCIIOKHEHUH, OTIO-
HHUTEJBHO OTATYAIONIMX TeUueHHEe OOJIE3HH Y OTACNIbHBIX I1a-
mueHToB (Agusti et al., 2023). B cBs3u ¢ U3MEHEHUEM CTpaTe-
ruu 1o quarHoctuke u npogmnakruke XOBJI (http://goldcopd.
org) 6obIII0e BHUMAHUE UCCIICI0BATEIICH B HACTOSIIIEE BPEMsI

2025
29-6

Bknag renos FOXOT n FOXO3 B pa3sutne
XPOHMYECKOW 06CTPYKTUBHOI 6OME3HN Nerkmx

yAesieTcsl UISHTU(PHUKALMKE MapKepoB Pa3iIMYHbIX (eHOTH-
moB 3a0o0neBanus U Y3PPEKTHBHOMY BBISBICHHIO MAIINEHTOB
C 4aCTBIMHU 00OCTPEHUSIMH, TaK Kak JJIs JaHHOM KaTeropuu
6onpHBIX XOBJI xapakTepHBI pe3Kkoe MporpeccupoBaHue
00CTPYKINH JIIXaTeNIbHBIX ITyTEH ¥ MOBBIIEHNE CMEPTHOCTH
(Geerdink et al., 2016). Hamu rmoka3aHo, 4TO T€TepO3UTOTHBIH
resotunn AG nokyca FOXO! (rs12585277) n renotun GG
nokyca FOX03A (1rs2253310) BcTpeyannch 3HaYNMO Yarie B
rpymme 6oapHBIX XOBJI ¢ yacteiMu o6ocTpernsiMu. MHoTo-
(haKTOpHBIN PEerpecCHOHHbII aHAIN3 MPOJEMOHCTPUPOBAI,
4yTO Hamboee BBHICOKHE OIEHKH 3()()EKTHBHOCTH perpec-
CHOHHOM MozenH, BKIrogaromue nokasareaa AUC u R, o
quckpumuHanuu 00sbHBIX XOBJI 0T 310pOBBIX WHAUBUIOB
nmeet moxens 1t XOBJI ¢ gacTeIMi 000CTPEHUSMH, UTO,
BEPOSITHO, MOXKET OBITH 0OBSICHEHO OOJIbIIIEH TOMOTEHHOCTHIO
aToi rpynibl. [loigydyeHHbIe HaMK JaHHBIE CBUAETENLCTBYIOT
0 TOM, 9TO HanOoee MH()OPMATHBHEIA TeHETHIECKIIA MapKep
pasutust Gpenoruna XOBJI ¢ wacTeiMu 060CTpeHHAME Cpe-
JIM TeX, YTO TOKa3alIu accouualuto, — renotun AG mokyca
FOXOI (rs12585277).

HccnenoBannii mo acconuanyy NOIMMOP(HBIX JIOKYCOB
reHoB FOXO!I u FOXO3A ¢ XObJI unu dheHoTrnamu 3adosie-
BaHMS paHee HE MPOBOIMIOCH, HAMHU BIIEPBbIEC H3YyUCH BKIIAL
TEHOB, KOAIMPYIOLIMX TPaHCKpUIIMOHHBIE (akTopsl FOXO,
B pa3BuTHE 3a0oseBanHus. MIHTepec kK HUM 00YyCJIOBIICH TEM,
yto FOXO peryampyioT SKCIpeccuio OekoB, CBI3aHHBIX C
ayTodarneil, OKMCIUTEILHBIM CTPECCOM M KJIETOYHBIM METa-
oommsmom (Hagenbuchner, Ausserlechner, 2013; Gui, Bur-
gering, 2022).

ITokazano, yto akruBauus FOXO1 nonasiasier uHAYLUPO-
BaHHBIN OKUCIIMTEILHBIM CTPECCOM alloNTO3 MU TENATBHBIX
KJIETOK B MOJIEN OpOHXOJIETOYHOHN nuciiia3uu (Zang et al.,
2023). FOXO1 ctumynupyeT 3KCIpecCHIo KHCIOPOI-PEryIn-
pyemoro Oeska ¢ MoJeKysipHoi Maccoit 150 k/la (oxygen-
regulated protein, ORP150) u Takum oO6pa3zom obecrieunBaeT
3aIIUTY ATMHUTEIHAIBHBIX KIJIETOK JBIXaTeIbHBIX IyTEH OT
cTpecca SHAOIUIA3MAaTHYECKOTO PEeTUKYIyMa, OTTOCPEA0BaH-
HOTO Bo3zelcTBHeM curapeTHoro neiMa (Liu et al., 2018).
Wurnduposanne FOXO1 crumynupyer conpsbKeHHbIE TIPO-
Hecchbl ayroaruu ¥ crpecca dHJ0IUIA3MaTHYECKOrO0 PeTH-
kyayma (Guo et al., 2022) u uaAyIIIpYeT HEHOTHITNIECKYIO
KOHBEPCHIO JIETOYHBIX MaKpo(haroB, 4TO CrIocOOCTBYET BOC-
MaJICHUIO U PEMOJICIIMPOBAHHIO JIbIXaTenbHbIX myTeit (Chung
etal., 2019).

Brrasieno, uto aktuBHOCTE FOX O3 mogasiseT KII€TOYHOE
CTapeHHE U MaTOJIOrNYeCKOe PEMOICTTUPOBAHHUE JbIXaTeIbHbIX
MyTeil, BEI3BaHHBIE BO3/ICHCTBHEM CHTapeTHOTo apiMa (Yao et
al., 2012), ¢ apyroii cTOpOHBI, HHTHOMPOBAHHE SKCIIPECCUH
FOXO3 cnocob6erByer Hakomienuto NF-xB B siape u cru-
MYJIHPYET €Tr0 MPOBOCHATUTEIbHYI0 TPAHCKPUIIIHOHHYIO
aktuBHOCTH (Di Vincenzo et al., 2018). Bee st poriecesr —
Ba)KHbBIE ATOrCHETHYECKUE MEXaHU3MbI, IPUBOJISIIIINE K pa3-
BuTHI0 XOBJI. OKHCANTENBHBINA CTpEeCcC, BRI3BAHHBIN CHTapeT-
HBIM JIBIMOM, CTUMYITUPYET TPAHCKPHUITIIHOHHYIO aKTHBHOCTb
FOXO3, kotopsrii aktuBupyeT 3xcnpeccuto FOXO1 u ctumy-
JMPYET €0 CBSI3bIBAHNE C IPOMOTOPAMH T'€HOB OEIIKOB ayTO-
tarun (4TG5, ATG12,ATG16), 6enka 6exiuHa | (BECLINT)
W TeHa JIETKO# 1emnu 3 anbga Oenka 1, acCONUUPOBAHHOTO C
MuKpoTpyooukamu (LC3) (Bagam et al., 2021). AHTHOKCH-
nantHast ¢pyHkms FOXO3 o0ycnoBieHa yBeIHIeHUEM JKC-
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npeccunt reHoB SOD2, CAT u GPXI, urparoiux KiItoueByrO
poitb B peryssinun romeoctasa ADK B KieTKax JErKuX B OTBET
Ha OKHCINTENbHBIH cTpece (Mahlooji et al., 2022).

H. Jiang ¢ xomuteramu (2023) ycTaHOBMIIH, YTO aKTHBAIIHSI
FOXO3A nipu BO3AEHCTBHN CTPECCOBBIX (DAKTOPOB IIPHBOIUT
K aJanNTallliy KJIETOK M YMEHBIIECHUIO YPOBHS KIETOUHOTO
CTapeHus, B TO BpeMs Kak noaasieHue akTuBHOCTH FOXO3A
CBSI3aHO C OOJIBIINM MOBPEKACHIEM MUTOXOHIPHHI B KIIETKAX
nerouHoro snutenus. Hepocrarounsiii yposens FOXO3, ko-
TOPBIN B TOM YHCJIE MOXKET OBITh CBSI3aH C (PyHKIIMOHAIBHBIMU
MOJIUMOP(HBIMHA BapuaHTaMH, IPUBOANUT K MOJABICHHIO
SKCHPECCUH F€HOB AaHTHOKCUIAHTOB, B PE3YJIBTATE YETO Pas-
BHUBACTCS OKUCIUTEIbHBIM CTPECC B OTBET HA BO3JCHCTBUE
curapetHoro neiva (Hwang et al., 2011).

Takum obpazom, TpaHckpuniuonHsle dakroper FOXO
UTPAIOT KITIOYEBYIO POJIb B HOPMAJIbHOM ()YHKIIMOHHPOBAHUH
MHUTOXOHAPHH, TPEAOTBPALIAIOT PA3BUTHE OKUCIUTEIHEHOTO
CTpecca U TeM CaMbIM MPEMATCTBYIOT PA3BUTHIO KIETOYHOTO
crapenus snurenus Jerkux (Chen et al., 2021) — nporecca,
SBIISIOLIETOCS] BaXKHBIM MTaTOTC€HETUYECKUM MEXaHH3MOM
Pa3BUTHS XPOHUUECKOW OOCTPYKTHBHOM OOJE3HU JIETKHX.

3aknioyeHune

BriepBbie mokazaHbl 3HAYMMBIE ACCOLMALMN ITOTUMOP(HBIX
nokycoB reHoB FOXO1 (rs12585277) u FOXO3A (1s2253310)
¢ XOBJI u penornnamu 3aboneBanns. CBsi3aHHBIE C ayTOda-
THel, OKUCIUTEILHBIM CTPECCOM U KIIETOUYHBIM FTOMEOCTa30M
TPaHCKPHUIIIUOHHBIC (pakTophl cemericTBa FOXO kak moreH-
[ aJIbHBIE OMOMapKePBhl M MUIICHHU AJIsl TEPATINU MOTYT CTATh
OCHOBOH ISl pa3pabOTKH HOBOHM CTPATerMy AMArHOCTHKH
1 JICYCHUS] XPOHUUECKOH 0OCTPYKTUBHOM OOJIE3HU JIETKHX.
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Abstract. To date, several genome-wide association studies (GWAS) of antisocial behavior (ASB) have been con-
ducted in Europeans, which promoted research aimed at evaluating liability to ASB-related phenotypes in indepen-
dent samples. Such studies implemented a polygenic score (PGS) approach, which represents a composite score
considering a number of “risky” alleles. Since no GWAS of ASB has been conducted in Russians, the present study
aimed to perform a replication study of liability to severe criminal behavior (homicide) in individuals from Russia us-
ing PGS. Moreover, we sought to obtain the best model considering PGS and potential social factors as predictors.
Genotyping of the “top”ten SNPs previously identified in GWAS meta-analysis of ASB (CADM2, REV3L, FOXP1, FOXP2,
BDNF, FURIN, XKR6, TMEM 18, SORCS3, and ZIC4 genes) was conducted via real-time PCR in 227 homicide offenders
and 254 healthy donors from the Volga-Ural region of Russia. Multiple regression models included “weighted” and
“unweighted” PGS and potential social factors as predictors. The best regression model of liability to severe ASB was
based on genetic effects of examined SNPs and social predictors, including traumatic brain injury, severe chronic
disease, and tobacco smoking, which was more pronounced among subjects with a family history of mental illness
(p=2x107"3). PGS alone explained a small proportion of variance in liability to ASB (1.1-1.5 %), while the inclusion
of social parameters increased variance explained (16.2-21.2 %). Revealed findings evidence a higher impact of
social factors than a composite effect of selected “top” SNPs in predicting liability to ASB in the examined cohort.
A higher probability of ASB was linked to comorbid substance abuse, traumatic brain injury, and family history of
mental illness, which may also represent a result of a “risky” genetic profile.

Key words: aggression; homicide; G X E interaction; polygenic score; regression model; ROC-analysis; social factors

For citation: Kazantseva A.V.,, Yakovleva D.V., Davydova Yu.D., Khusnutdinova E.K. Using polygenic scores to assess
liability to antisocial behavior. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J Genet Breed. 2025;29(6):838-846. doi
10.18699/vjgb-25-91

Funding. The study was supported by the State Contract of the Ministry of Science and Higher Education of the
Russian Federation (No. 1022040500074-9).

Vicrionb30BaHuMe MMOJANTeHHBIX ITOKa3aTesien
OJISd OHEeHKU ITPpEeapPaCIIO/IOCKEHHOCTI K MaHI/[(l)ECTaI_H/II/I
dHTMCOLIMA/IBHOT'O ITOBEAEHNA

A.B. Kazauuesa (D@, A.B. Sikosaesa (D12, 10.A. Aasbiposa (91, 9.K. Xycuyrannosa ()1

T MHCTUTYT GOXMMIM 1 TeHETUKM — 060COGIIEHHOE CTPYKTYPHOE MnofpasaeneHme YGumMckoro GeaepanbHOro 1CCie[oBaTelbCKoro LieHTPa
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AHHoTauuA. [lpoBefeHHble K HaCTOALLEMY BPEMEHW MONIHOreHOMHbIe aHanu3bl accouymnaumii (GWAS) aHTrucoumans-
Horo noefieHuA (Al) B eBponenckmx Nonyaaumnax CTanu npeanocbiKon Ana AanbHenWwmx NCCnefoBaHun no
OLeHKe NpeapacnonoXeHHOCTU K Pa3BUTUIO CXOXKMX GEHOTUMOB B HE3aBUCKMbIX BbIGOPKaXx. B Takmx paboTtax uc-
Nosb3yloTCA NOMNIeHHbIe NoKa3aTeny, KoTopble NpeacTaBnaioT co6oi 0606LeHHbIV 6ans, yuYnTbiBaOLWMA YACIO
«PUCKOBbIX» annesiell No KakAoMy BKIIOUEHHOMY reHeTryeckomy Nokycy. MNockonbky B PO He 6biio npoBeneHO
GWAS A, uenb HacToALEero NccnefoBaHWA — MPoBefeHre PENIMKAaTUBHOMO UCCIeAOBaHNA NPeapacronoXeHHo-
CTW K MaHndecTaumm KpaiHux dopm Al (y6rINCTB) B pOCCUIACKON KOropTe C MCMONIb30BaHMEM NOACYETa NOSIUIeH-
HbIX NoKa3aTesieil. Kpome Toro, 3ajauert 66110 TaKkKe BblBNEHWE HaWyJLlell MOAeNv, OCHOBaHHOW Ha BKIOYEHUN
NMOMIMFEHHOrO NOKa3saTena 1 counanbHbix GakToOpoB B KauecTBe NpefukTopoBs. feHoTunposaHye 10 «TOMOBbIX»
SNP, naeHTMounUMpoBaHHbIX paHee B MeTaaHanne GWAS Al (B reHax CADM2, REV3L, FOXP1, FOXP2, BDNF, FURIN,
XKR6, TMEM 18, SORCS3, ZIC4), npoBefeHo ¢ nomolubio MLP B peanibHOM BpemMeHU y NnL, COBEPLUMBLLNX YOUACTBA
(N=227), n B KoHTponbHow rpynne (N = 254) n3 Bonro-Ypanbckoro pernoHa PO. MHOXeCTBEHHbIN perpecCcUOHHbI
aHann3 OCHOBbIBANCA Ha BKIOYEHUN «B3BELLUEHHbIX» 1 <HEB3BELUEHHbIX» MONIMIeHHbIX MoKa3aTenemn u noTeHumanb-
HbIX coOLManbHbIX GaKTOPOB B KauecTBe NPeanKTOpoB. Hannyulwan perpeccMoHHasa Mogenb npeapacrnono)XeHHo-
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MonvreHHble NokasaTenn Ans oUeHKN NPeapacronoXeHHOCTH
K MaHudecTaumy aHTUCOUManbHOro NoBeeHNs

CTN K MaHndecTaummn KpaHux popm All conepana faHHble reHeTnyeckoro npoduna no 10 noKycam v coumasb-
HbIM PpaKkTOpam (YepenHo-Mo3roBas TpaBMma, TAXKeNble XPOHMYeCcKe 3aboneBaHnA B aHaMHe3e, TabakoKypeHue) 1
6Gbia HanGoee 3HaUMMON 1l NIULL C CEMEHOM OTATOLLEHHOCTBIO NCUXMYECKMI paccTpoicTBamm (p = 2x 10713).
BBefieHMe TONbKO NOJIMIEeHHOro nokasaTena B Mofesib 06bACHANO HeOONbLION NPOLEHT Bapraummn B npeapac-
nonoxeHHoctn K Al (1.1-1.5 %), Toraa kak fobaBnieHne coumanbHbIX NPeJUKTOPOB YBENYMBANO NPOLIEHT 06b-
ACHeHHOI Bapuaumm (16.2-21.2 %). MonyyeHHble pe3ynbTaTbl YKa3biBaloT Ha 6OMbLUYI0 3HAUMMOCTb COLManbHbIX
$aKTOPOB MO CPaBHEHNIO C KYMYNATMBHbIM 3pdekTom 10 TOKYCOB B NpeanKLmmn pa3sutua All B uccneayemon Bbi-
60pKe. MoBblleHHanA BEPOATHOCTb €ro MaHUdecTaLmm cBA3aHa C Hanmymem KOMopOUAHOro aiANKTNBHOIO NoBe-
[eHVA, YepenHoO-MO3roBol TpaBMbl U CEMEIHON OTATOLEHHOCTN MCUXONaTONOrNAMM, YTO MOXKET ObITb pe3ynbTa-

TOM Haln4ynA «PUCKOBOro» reHeTn4yeckoro I'IpOd)I/U'Iﬂ.

KnioueBble cnoBa: arpeccus; y6VIl7ICTBO; reH-cpenosble B3aVIMOLENCTBUA; MONUIreHHas OLEHKa; perpeccnoHHan

mopgenb; ROC-aHanus; coymanbHble GakTopbl

Introduction

Aggressive behavior (AB) and antisocial behavior (ASB) re-
present a destructive form of social interaction aimed at caus-
ing damage to another object and resulting in its frustration.
From the evolutionary point of view, enhanced aggression was
required for the survival of human groups (Baron, Richardson,
2004), thus promoting certain biological benefits. Although
it is suggested that the aggression level in modern society
is decreased compared with early humans, it still remains
significant. To be more precise, the level of severe crimes,
including homicides and intentional inflictions of severe
harm, accounted for 117.3 and 567.1 thousand cases in 2022
in Russia (according to the data from the Ministry of Internal
Affairs of the Russian Federation, http://www.crimestat.ru).
According to the data from the World Health Organization
(https://www.who.int/data), the homicide rate remains signifi-
cant worldwide and was estimated at 5.8 cases per 100,000
of population in 2021 in the United States (in comparison,
6.7 cases in Russia; 0.5-4.5 cases in Europe; 5-100 cases in
South American countries, and 5-20 cases in Africa).

In turn, during past years, several specifically cruel cases
of murder, domestic violence, and antisocial behavior at
schools have shocked Russia and the neighboring countries.
However, it remains impossible to predict the occurrence of
severe cruelty before the crimes have been conducted. In this
regard, it seems important to determine significant factors
underlying ASB, which can help to predict a higher probabil-
ity of manifesting cruelty and antisocial behavior. It should
be noted that ASB usually manifests in the form of certain
psychiatric diseases, including oppositional defiant disorder,
conduct disorder, and antisocial personality disorder (Pezzoli
et al., 2025). Therefore, these phenotypes can share etiology
and underlying factors.

According to previous research, the main factors predis-
posing to ASB or related phenotypes include biological,
psychological, and environmental ones (Fritz et al., 2023).
Examination of biological factors, which contribute 50 to 80 %
of variance in aggression (Manchia, Fanos, 2017; Odintsova et
al., 2023), is mainly focused on the analysis of genetic and epi-
genetic effects. Logically, genetic variants (SNPs) in the genes
attributed to neurotransmitter release, reuptake, and binding
(Davydova et al., 2020a; Anton-Galindo et al., 2023), oxytocin
and arginine vasopressin signaling (Davydova et al., 2020b;
Kazantseva et al., 2021), and others (Pezzoli et al., 2025)
have been tested for their relation to individual variance in
aggressive behavior. However, the results of multiple studies
demonstrate inconsistent findings. Another methodological

approach, i.e., genome-wide association studies (GWAS),
enables to identify associated SNPs under a hypothesis-free
paradigm. Although to date several GWASs of antisocial
behavior have been carried out, these studies differ in the
examined phenotypes frequently linked with ASB (combined
phenotype of externalizing behavior (Karlsson Linnér et al.,
2021), impulsivity (Deng et al., 2023), problems with self-
regulation (Heilbronner et al., 2021), irritability (Mbatchou
etal., 2021), risky behavior (Karlsson Linnér et al., 2019)) or
age groups (children (Pappa et al., 2016), adults (Tielbeek et
al., 2017)). Moreover, summarized findings from ~ 1.5 million
subjects identified more than 500 SNPs related to liability to
externalizing behavior, including antisocial behavior, atten-
tion-deficit/hyperactivity disorder (ADHD), and addiction in
a European cohort (Karlsson Linnér et al., 2021).

One of the possible applications of GWAS findings is to
use them for the calculation of polygenic scores (PGS) on the
basis of effect estimates obtained for each SNP in the training
sample. In turn, inclusion of PGS in mathematical models
can gain prediction of enhanced risk of certain complex phe-
notypes. To date, several attempts seeking to replicate GWAS
findings in an independent sample using PGS from ASB
phenotype have been made (Karlsson Linnér et al., 2021;
Li et al., 2023; Tesli et al., 2024; Acland et al., 2025), which
succeeded in determining some proportion of variance in li-
ability to conduct disorder, substance use disorders, smoking,
ADHD, criminal behavior, depression, posttraumatic stress
disorder, unemployment, and suicidal attempts. One of the
possible limitations of using PGS for predicting ASB is the
ethnic origin of the examined population, since differences in
allele and genotype frequencies between ethnic groups can
change SNPs’ effect (Kazantseva et al., 2016). To date, no
GWAS of liability to homicidal conduct has been carried out
in subjects from Russia. Therefore, it is relevant to check if it is
applicable to use the effect estimates obtained from combined
ASB phenotype and different ethnic groups to predict the
probability of conducting severe ASB in the Russian cohort.

Undoubtedly, specific environmental/social factors acting
at various stages of ontogenesis affect genes’ activity via epi-
genetic changes in regulation of genes responsible for mani-
festing aggression (Borinskaya et al., 2021). In this context,
the analysis of potential social factors together with genetic
effects (PGS) can help to increase the prognostic significance
of the final model. In addition, it is established that ASB is
highly accumulated in certain groups, including subjects
with comorbid mental disorders (Ip et al., 2021; Wang et al.,
2024; Pezzoli et al., 2025), family history of mental illness
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(Han et al., 2024), addiction (Karlsson Linnér et al., 2021;
Antén-Galindo et al., 2023), and unfavorable rearing condi-
tions (Burt, 2022).

Considering the existing findings of ASB meta-analysis of
European populations (Karlsson Linnér et al., 2021) and absent
GWAS data for individuals from Russia, the present study
aimed to evaluate the applicability of calculated polygenic
scores based on existing GWAS data to predict severe ASB
(homicide) in the Russian cohort. Moreover, to enhance the
prognostic ability of regression models, we sought to obtain
the best model with the optimal sensitivity and specificity,
which assumes PGS and potential social factors as predictors.

Materials and methods
The study sample comprised 227 criminal offenders who
conducted homicide and were directed to a forensic exami-
nation of present mental disorders in the Republican Clinical
Psychiatric Hospital (Ufa, Russia). Only individuals without
mental illness who were proven to be sane by the Court were
included in the study. The examined sample consisted mainly
of men (93 %) with a mean age of 41.5+14.5 years. Ethnic
content of the sample was the following: 48 % Russians,
34.8 % Tatars, and 17.2 % Bashkirs. The data on the social/
clinical background of enrolled subjects were obtained via a
survey and included the information on present and past to-
bacco smoking, alcohol/opiate abuse, family history of mental
illness or criminal behavior, suicidal attempts, level of edu-
cation, maltreatment in childhood, severe chronic disease in
anamnesis, and type of ASB (proactive or reactive aggression).
The control group was selected on the basis of correspon-
dence to the group of criminal offenders by age, ethnicity, and
gender. In total, we examined DNA samples obtained from
254 individuals who reported no family history of mental
illness and were non-registered in the psychiatric database of
the Republic of Bashkortostan. The study was approved by the
local bioethical committee at the Institute of Biochemistry and
Genetics — Subdivision of the Ufa Federal Research Centre
of the Russian Academy of Sciences (Ufa, Russia) (protocol
code 15, date of approval, October 12, 2017) in accordance
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with the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards.

SNP selection for PGS calculation from GWAS meta-ana-
lysis of ASB (Karlsson Linnér et al., 2021) was based on the
following criteria: the lowest level of significance (p < 10-'8);
selection of a single SNP from a set of proxy SNPs; minor
allele frequency (MAF) above 0.05 in Europeans (based on
1000 Genomes); and known regulatory effect of the SNP
based on the RDB (Regulome Database, https://regulomedb.
org/regulome-search) and CADD (Combined Annotation De-
pendent Depletion, https://cadd.gs.washington.edu) databases.
The final list of selected SNPs included CADM?2 rs993137,
REV3L 15458806, FOXP1 rs11720703, FOXP2 rs1476535,
BDNF 156265, FURIN 154702, XKR6 154240671, TMEM18
rs6711254, SORCS3 1511596214, and ZIC4 rs2279829, which
were used for PGS calculation, and is reported in Table 1.
Genotyping of previously extracted DNA of the control group
and criminal offenders was carried out using real-time PCR
with KASP chemistry (LGC Genomics, UK).

All examined SNPs corresponded to the Hardy—Weinberg
equilibrium (p > 0.05). At the second stage, we calculated PGS
based on effect estimates obtained from R. Karlsson Linnér et
al. (2021). Namely, PGS for each individual from our sample
was calculated on the basis of inclusion of 1) SNPs under
p < 0.1 (“weighted” effect), 2) all SNPs (using “weighted”
effect), 3) all SNPs (using “unweighted” effect). Calculation of
“weighted” and “unweighted” PGS was previously explained
in detail (Kazantseva et al., 2023a). Briefly, individual PGS
was calculated as the weighted/unweighted sum of the num-
ber of effect alleles at a certain SNP multiplied by the effect
estimate (PLINK v.1.09).

Subsequently, a series of multiple logistic regressions was
performed to obtain models that can predict liability to ASB in
the total groups of homicide offenders, as well as in subgroups
of subjects with proactive forms of aggression, comorbid sub-
stance use, or known family history of mental illness or crimi-
nal behavior. Initially, only PGS as a predictor was included,
which was followed by a backward selection procedure to
obtain a list of statistically significant social parameters to be

Table 1. Examined top SNPs linked to antisocial behavior: data from previous ASB GWAS and the VUR cohort

Gene SNP EA/OA EEK EAFK EAFASB EAFCT pK pVUR

CADM2 rs993137 /T 0.020 0.383 0.251 0.302 4.61x10-53 0.081
REV3L rs458806 /T 0.016 0.178 0313 0.252 1.30x10-29 0.043
FOXP1 rs11720703 T/C 0.013 0.471 0.391 0.382 2.87x10-%7 0.795
FOXP2 rs1476535 T/C 0.013 0.451 0.459 0.445 3.41x10-26 0.688
BDNF rs6265 c/T 0.015 0.814 0.841 0.852 1.78x10-24 0.647
FURIN rs4702 G/A 0.012 0.442 0.405 0.461 1.08%x10-23 0.075
XKR6 rs4240671 G/A 0.012 0.509 0.563 0.543 4.80%x10-23 0.528
TMEM18 rs6711254 A/G 0.015 0.173 0.190 0.161 1.89x10-22 0.257
SORCS3 rs11596214 G/A 0.011 0.606 0.593 0.533 6.25x 10721 0.065
ZIC4 rs2279829 c/T 0.013 0.788 0.801 0.771 2.88x10-18 0.247

Note. EA/OA - effect allele/other allele; EE - effect estimate; EAF - effect allele frequency; ASB - criminal offenders from VUR; CT - control group from VUR; VUR -
Volga-Ural sample; K — data from R. Karlsson Linnér et al. (2021); p - p-values. P-values obtained in the present sample at a trend level (p < 0.1) are marked in bold.
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included as predictors together with PGS (R v.4.4.2). To select
the best predicting model, we have compared data on the low-
est p-value, the highest proportion of variance (Nagelkerke
pseudo-R?) explaining liability to ASB, and the highest area
under the ROC curve (AUC) for each model.

Results

At the initial stage of the study, we examined the presence
of significant differences between the criminal offenders and
the control group in the examined social factors (Table 2). We
have observed the differences in the proportion of individuals
characterized by severe somatic diseases and traumatic brain
injuries in anamnesis (p = 1.2 x 10-12), depending on education
level (p = 4.5x1071%) and present smoking (p = 4.0x1077)
between the groups.

For the genetic part of the present study we selected the
“top” ten SNPs (p < 2.9x107'8) identified in the previous
meta-analysis GWAS of ASB (Karlsson Linnér et al., 2021).
Effect estimates for alleles used for calculation of “weighted
PGS” as well as effect allele frequencies in the VUR sample
are given in Table 1. In addition, we have tested for statisti-
cally significant differences in allele frequencies of examined

2025
29-6

MonvreHHble NokasaTenn Ans oUeHKN NPeapacronoXeHHOCTH
K MaHudecTaumy aHTUCOLManbHOro NoBeeHns

SNPs between criminal offenders and the control group in the
examined cohort from the VUR, which enabled us to confirm a
coincidence of four SNPs, although at a trend level (p <0.1):
CADM? 1rs993137, REV3L rs458806, FURIN rs4702, and
SORCS3 rs11596214.

Primary logistic regression models that included PGS
(based on four SNPs) revealed a small proportion of variance
in liability to antisocial behavior in the total group (2= 0.9 %,
p = 0.014), among subjects with a proactive form of aggres-
sion (2= 0.9 %, p = 0.017), with comorbid substance abuse
(= 0.9 %, p = 0.027), and with a family history of mental
illness (> = 1.5 %, p = 0.014) (Table 3, Fig. 1). At the ini-
tial stage of regression analysis, we have included all social
factors, including sex and ethnicity as covariates, together
with PGS.

As expected, inclusion of potential social parameters as
predictors enabled an increase in the statistical significance
of the models, which resulted in 14.5 % (ASB), 15.8 % (pro-
active ASB), 21.0 % (ASB with comorbid addiction), and
21.2 % of variance (ASB with family history of mental ill-
ness) being explained. It should be mentioned that valuable
social factors comprised of traumatic brain injury (TBI) or

Table 2. Characteristics of the examined groups of criminal offenders and healthy donors

and analysis of differences in social factors between the groups

Social factor Group ASB (N =227)
N %
Sex Men 211 92.9
Women 16 7.1
Ethnicity Russians 109 48
Tatars 79 348
Bashkirs 39 17.2
Aggression type Proactive 211 929
Reactive 16 7.1
Family history of mental iliness Yes 88 38.8
No 139 61.2
TBl/disease Yes 136 59.9
No 91 40.1
Education level High 92 40.5
Low 135 59.5
Present smoking Yes 160 70.4
No 67 29.6
Past smoking Yes 179 78.9
No 48 21.1
Alcohol/opiate abuse Yes 150 66.1
No 77 339
Maltreatment in childhood Yes 31 13.7
No 196 86.3
Suicidal attempts Yes 45 19.8
No 182 80.2

Control group (N = 254) B p-value
N %
235 92,5 -0.11 0.73
19 7.5
120 47.2 -0.003 0.99
92 36.2 -0.06 0.83
42 16.6 0.03 0.91
254 100
62 24.4 1.53 1.2x107"2
192 75.6
213 83.9 -2.0 4.5x107'6
41 16.1
112 44.1 1.1 4.0x1077
142 55.9
202 79.5 -0.05 0.84
52 20.5
254 100
24 9.4 0.36 0.73
230 90.6
254 100

Note. Statistically significant differences between the groups based on p-value < 0.05 are shown in bold. TBl/disease - traumatic brain injury or severe chronic

disease in anamnesis. Dashes indicate non-applicable data.
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Table 3. Regression models of liability to ASB based on a polygenic score and social factors as predictors

Model | Predictor ASB (N =227) Proactive ASB (N=211) Addictive ASB (N = 150) FamPsy ASB (N = 88)
B ‘ SE ‘p—value B ‘ SE ‘p—value B ‘ SE ‘p—value B ‘ SE ‘p—value

1 PGS_0.1 1050 428 0014 1066 448 0017 1061 481 0027 1414 579 0014
Model p-value 0.014 0.017 0.027 0.014
Adjusted r2 0.009 0.009 0.009 0015
AUC 0.569 0.569 0.571 0.589

2 PGS_0.1 848 554 0126 866 574 0131 982 635 0122 1487 752 0048
TBI/disease 14 02  98x10° 13 02 1Ix107 13 03  57x107 16 03  19x107
Past smoking 1303 88x104 -14 04  4x104 11 05 0031  -12 06  0.048
Presentsmoking 17 03  14x107 17 03  41x107 22 04  41x107 18 05  44x10%
Model p-value 4.24x10-14 7.7%x10-16 <10-16 1.3x10-13
Adjusted r2 0.145 0.158 0.210 0.212
AUC 0.752 0.744 0.788 0.780

3 PGS_W 2204 694 14x103 2231 723 0002 1958 777 0011 2066 940 0.028
Model p-value 1.3%x1073 0.002 0.011 0.028
Adjusted r2 0.015 0015 0.011 0.012
AUC 0.579 0.580 0.577 0.576

4 PGS_W 1933 924 0036 1919 953 0044 1788 1044 0086 2452 1258 0051
TBI/disease 14 02 13x10® 13 02 13x107 13 03  57x107 16 03  21x107
Past smoking 1203 14x103 -13 04  7.0x104 -11 05 0034  -12 06 0045
Presentsmoking 17 03  28x107 16 03  9x107 22 04  69x107 18 05  53x104
Model p-value <10-16 3.3x10-16 <1016 1.4x10-13
Adjusted r2 0.170 0.162 0.211 0.212
AUC 0.758 0.751 0.792 0.800

5 PGS_UW 2009 0002 29 10 0003 25 11 0019 26 13 0045
Model p-value 0.002 0.003 0.019 0.045
Adjusted r2 0.013 0013 0.010 0.010
AUC 0.588 0.589 0.584 0.584

6 PGS_UW 25 13 0047 25 13 0053 22 14 0131 31 0,078
TBI/disease 14 02 12x10® 13 02 12x107 14 03  56x107 16 03  21x107
Past smoking 12 03 00013 -13 04  65x104 -11 05 0032  -12 06 0044
Presentsmoking 1.6 03  31x107 16 03  96x107 22 04  69x107 18 05  57x104
Model p-value <10-16 ‘ 3.3x10-16 ‘ <1076 ‘ 2.0%x10-13
Adjusted r2 0.169 0.161 0210 0210
AUC 0.760 0753 0.794 0.802

Note. ASB - antisocial behavior; FamPsy ASB — ASB in individuals with a family history of mental illness; § — regression coefficient for each predictor in the
model; SE - standard error of 3; AUC - area under curve; TBI/disease — traumatic brain injury or severe chronic disease in anamnesis. PGS_0.1 was based on
effect estimates for REV3L rs458806, FOXP1 rs11720703, XKR6 rs4240671, and SORCS3 rs11596214; PGS_W and PGS_UW were PGS based on “weighted” and

“unweighted” effect estimates for ten SNPs, correspondingly.

severe chronic disease in anamnesis (B = 1.4, p = 9.8 x1079)
and present smoking (B = 1.7, p = 1.4 x 10~7) were associated
with enhanced liability to aggression, while past smoking
demonstrated a positive effect on ASB decrease (f = —1.3,
p=28.8x107*). The impact of other social factors together with
sex and ethnicity remained insignificant after the backward
selection procedure. Therefore, inclusion of the mentioned
social parameters allowed us to explain up to 16.1 % of vari-

ance in developing ASB. According to determined models, we
can conclude that they possess the highest prediction ability
for developing ASB in individuals who have relatives with
mental disorders or criminal behavior (AUC =0.780) or have
alcohol/opiate addiction (AUC = 0.788) (Table 3).

At the second stage of our analysis, we calculated PGS
based on effect estimates for all examined SNPs, even if they
were non-significant in the VUR sample (Table 1). Therefore,
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Fig. 1. Proportion of variance (adjusted r2) in liability to antisocial behavior in the examined cohort explained by predictors in-
cluded in multiple regression models based on PGS calculation of SNPs with p < 0.1 (PGS_0.1), “weighted effects” of all SNPs
(PGS_all_W), “unweighted effects” of all SNPs (PGS_all_UW) with inclusion of social predictors (PGS_0.1 + cov, PGS_all_W+ cov,

PGS_all_UW +cov).

Examined groups of ASB: total group of homicide offenders (ASB); homicide offenders with a proactive type of ASB (Proactive ASB), family
history of mental iliness or criminal behavior (FamPsy ASB), or substance abuse (Addictive ASB).

ROC-curves of regression models

PGS_0.1; AUC=0.589
PGS_all_W; AUC=0.576
PGS_all_UW; AUC =0.584
PGS_0.1 + cov; AUC = 0.780
PGS_all_W + cov; AUC = 0.800
PGS_all_UW + cov; AUC = 0.802
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Fig. 2. ROC curves and areas under the curves (AUCs) for various regression models predicting liability to manifest ASB in individu-
als with a family history of mental illness or criminal behavior (abbreviations are given as in Fig. 1).

regression models, which implemented “weighted” (PGS_W)
and “unweighted” (PGS_UW) PGS, slightly enhanced the pro-
portion of variance in liability to ASB compared to previous
models 1 and 2 (Table 2). Namely, a combined effect of ten
genetic variants explained 1.1-1.5 % (“weighted effect”’) and
1.0-1.3 % (“‘unweighted effect”) of variance in predisposition
to homicide violence. Previously mentioned social predictors
remained significant and, together with PGS, enabled to en-
hance the proportion of variance explained (16.2-21.2 % in
“weighted” PGS, 16.1-21.0 % in “unweighted” PGS).
However, it seems that the inclusion of a larger number of
non-significant SNPs had a very small effect on improving the

predicting abilities of the models. Nevertheless, models with
ten vs. four SNPs in PGS demonstrated slightly higher prog-
nostic ability for ASB in the total sample and in individuals
with a proactive form of aggressive behavior or comorbid
substance abuse (Table 2, Models 4, 6). We have also con-
structed ROC curves and calculated comparative areas under
the curves (AUCs) for all analyzed models (Fig. 2). Finally,
our findings indicate that the best regression model has higher
prognostic ability (> = 21 %) and a moderate measure of
classifier performance (AUC = 0.802) to designate subjects
at high risk for developing ASB if they have family history
of mental disorders.
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Discussion

In the present study, we tested different logistic regression
models, which were based on calculated polygenic scores,
aimed at predicting liability to homicide in individuals from
the Volga-Ural region of Russia. Based on our findings, the
highest prediction ability for developing ASB was observed
for individuals with a family history of mental disorders and
those with substance abuse comorbidity. The data revealed are
not surprising, since externalizing pathology is frequently ac-
cumulated in families (Acheson et al., 2018; Han et al., 2024)
due to shared genetic profiles between biological parents and
offspring. On the other hand, it was reported that the same
genes/genetic variants were linked to different psychiatric
conditions, addiction, and antisocial behavior (Ip etal., 2021;
Anton-Galindo et al., 2023; Li et al., 2023; Wang et al., 2024;
Pezzoli et al., 2025), which can be explained by genes’ pleio-
tropy in various complex traits (Watanabe et al., 2019).

Since no significant difference in predicting ASB risk in the
VUR sample was observed among models based on “weight-
ed” and “unweighted” effects of SNPs, it can be concluded
that effect estimates from GWAS of Europeans seem to be
inappropriate for individuals from Russia. Therefore, future
research should be focused on conducting GWAS of ASB in a
Russian cohort followed by verification in the same-ethnicity
independent sample. Published studies, which sought to re-
plicate findings obtained for different populations, succeeded
in using PGS from ASB to predict liability to externalizing
behavior in both Europeans and African Americans (Brislin
et al., 2024), although representing a small cumulative effect
of genetic variants.

Our findings indicate a very small impact of selected SNPs
on predicting ASB, which was based on the effect estimates
from the study of summarized phenotype of externalizing
pathology. The data obtained support previous findings on the
small effect (0.1-4.0 %) of analyzed genetic variants (even at
a genome-wide level) as polygenic scores on predicting ASB
(Tielbeek et al., 2017, 2022; Tesli et al., 2024). Our previous
research also revealed a small proportion of variance explained
in aggression level in a general population of Russia, which
was attributed to the combined effect of 30 genetic variants
(Kazantseva et al., 2023b).

It is known that environmental factors play a modulating
role in establishing specific patterns of behavior (Kazantseva
etal., 2014), including ASB-related ones. In particular, harsh
parenting (Burt, 2022), school violence (Acland et al., 2025),
and affiliation with delinquent peers (Schwartz et al., 2019)
were assumed to increase a risk for manifesting ASB. Regres-
sion models designed in the present study also point to a more
pronounced effect of environmental factors in establishing
ASB than that of the genetic component. These findings are
at odds with existing studies, which also depicted valuable
impact of such social factors as community violence (Musci
et al., 2019), harsh parenting (Acland et al., 2025), and low
parental education level (Barnes et al., 2019) under gene-by-
environment interactions.

In the present study, we have observed a significant effect of
present smoking and history of traumatic brain injury/severe
chronic disorders on manifesting criminal behavior. One of the
probable links between smoking and ASB is attributed to the
influence of nicotine on the CNS via exaggerated stress sensi-
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tivity (Weltens et al., 2021) and changed in epigenetic regula-
tion (Gould et al., 2023). It should be noted that the usually
accepted environmental effects can also be due to the impact
of certain genetic and epigenetic profiles, which are inherited
(McAdams et al., 2013). In this regard, present smoking may
represent the result of activity of the genes responsible for
developing addiction and externalizing behavior. Moreover,
the negative effect of smoking promoting the development
of ASB later in life was only evident for individuals with
predisposing genetic patterns. Namely, individuals who were
subjected to prenatal smoking exposure (their mothers smoked
during pregnancy) demonstrated an enhanced risk of ASB only
if they were genetically related to their mothers. At the same
time, no link between maternal smoking and offspring” ASB
was observed if children were developed from a donated egg
(van Goozen et al., 2022).

Another significant factor affecting liability to ASB in our
cohort is traumatic brain injury in anamnesis, which confirms
previous data (Ryan et al., 2021; Theadom et al., 2024). It
was suggested that TBI can cause abnormal morphometry of
the central executive network in the brain, which can result
in worsening of executive functions (Ryan et al., 2021) or
exacerbate other valuable triggers, including social depri-
vation (Guskiewicz et al., 2003), thus promoting ASB. In
summary, reported findings on the higher effect of social fac-
tors on developing ASB in the Russian cohort can probably
capture the effect of other genes on the occurrence of such
an “environment”.

Future research should integrate various methodological
approaches, including those measuring brain activity and
connectivity underlying specificity of individual behavioral
responses, and consider the impact of genetic and environ-
mental factors. For instance, there is some evidence of a link
between amygdala hyper-reactivity and increased impulsivi-
ty and reduced self-regulation as a response to threatening
stimuli (Dotterer et al., 2017). Another study identified a link
between diminished P3(P300) amplitude of electrical poten-
tial, which was obtained as a response to a visual oddball task,
and manifestation of externalizing phenotypes (Iacono, 2018;
Brislin et al., 2024).

The present study has several limitations. First, the set of
SNPs used for PGS calculation is rather small, which can mir-
ror the low proportion of explained variance in liability to ASB
attributed to genetic impact. To be more precise, calculated
PGS in the previous meta-analysis (Karlsson Linnér et al.,
2021) enabled to explain 3—4 % of variance in manifesting a
combined phenotype of antisocial behavior when PGS was
estimated on genetic data from 579 SNPs at the genome-wide
significance level.

In turn, the present study has been focused on biallelic po-
lymorphisms only, while other structural variations in the
genome, such as tandem repeats and microdeletions/dup-
lications, which can also contribute to genetically caused
manifestations of aggression, remained unstudied within the
present research. Although the examined sample represents
a specific cohort of individuals with a severe form of aggres-
sive behavior (homicide), the sample size is small, which
can result in type I and II errors and requires future enlarge-
ment of the examined sample. Moreover, the obtained PGS
models are limited to a number of analyzed social factors,
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while other probably relevant factors including child-parent
relationship, belonging to a criminal organization, physical or
sexual violence, social isolation, personality type, etc. were
non-examined. Finally, since the majority of enrolled offenders
were characterized by excessive alcohol/opiate use, we cannot
rule out whether the reported findings are attributed to present
heavy alcohol drinking.

Conclusion

In summary, the present study represents an attempt to create
a prognostic model for developing antisocial behavior in a
Russian cohort based on genetic data reported for European
populations. Revealed findings present evidence for a higher
impact of social factors rather than a composite effect of the se-
lected “top”” SNPs in predicting liability to ASB. Nevertheless,
the best model was able to explain up to 21.2 % of variance in
liability to ASB, especially in subjects with a family history
of mental illness or criminal behavior, which was based on
the genetic profile of ten SNPs and such social parameters as
traumatic brain injury, severe chronic disease in anamnesis,
and tobacco smoking. Future research in this field has to be
focused on performing GWAS in a Russian cohort of criminal
offenders (or persons with other types of antisocial behavior)
to identify genetic loci and their effect estimates specific to
the main ethnic groups from Russia. Obviously, such analyses
will enable the design of models of liability to manifest ASB
with higher prediction probabilities.
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OHOOTeHHbIN OKCUTOILIMH I MeXCaMIIOBble€ B3aIMOOEeCTBIS
ITIOCJ/I€ BBEOEHNA OKCUTOLMHA YV CEPBLIX KPBbIC,
CCJICKUMOHMPYEMBIX 11O IIOBECHIIIO

C.I. llInxesnu (1@, PB. Koxemsxuna (D)1, PT. yaesuu (D)1, 10.9. Tep6ex (1 2

1 DepepanbHblii NCCNeROBATENbCKUI LeHTP UHCTUTYT yutonorum u reHetnkn Cnbrpckoro otaeneHnsa Poccuinckol akagemmnmn Hayk, HoBocnbupck, Poccus
2 Xaindckuin yHuBepcuteT, Xaida, M3pannb

@ shikhsvt@bionet.nsc.ru

AHHoTauuA. M3BecTHO, uTo Hemponentug okcntoumH (OT), cekpeTrpyembli cneumann3vpoBaHHbIMU HENPOHaMU
B rMrnoTanamyce, okasblBaeT [0303aB/CUMOe BAVAHME Ha COLManbHOe NOBeAEHNE 1 arpeccuio Y pasfnyHbIX BUAOB
KMBOTHbIX. PaHee Hamu 6bINo NOKa3aHo, YTO Y B3POC/IbIX U HEMOIOBO3PEbIX CaMLIOB CEPbIX KPbIC, CENEKLNOHN-
pyeMmbix Ha yCUneHre arpeccMBHOro NOBeAEHUA MO OTHOLLUEHMIO K YeIOBEKY, Ha3allbHble anmanKauumy OKCUTOLMHA
BbI3bIBa/IN aHTUArPECCUBHDBIN SPEKT MO OTHOLLEHUIO K OMMOHEHTY B TECTE Pe3UAEHT-UHTPYAEP, B TO BPEMSA KaK Y
KPbIC, CENeKLMOHNPYEMbIX Ha PYYHOe MoBefeHUe, annavKaLMm OKCUTOLMHA WY He BAUANN Ha NOBEAeHME, Un
BbI3bIBaNN ycuneHne arpeccnBHocT. OfHaKo 0CTaBanoCb HEM3BECTHBIM, Kak BANAET OTO0P Mo NOBEAEHMIO Ha SH-
LOTreHHYI0 OKCUTOLIMHEePrYeCKyto cucTemy y KpbiC. B aaHHo paboTe nccnenoBasnm KOnmM4yecTBoO COAepKaLLyx OKCU-
TOLMH KneToK B napaBeHTpuKynapHom (MBA) n cynpaontuueckom (COA) appax runotanamyca y MHTaKTHbIX PYUHbIX
1 arpeccrBHbIX KPbIC, yunTbiBas $pakTop natepanunsaumm, NocKoNbKy 6biio 3BECTHO O PYHKLMOHANbHOM acuMme-
TpuUK runoTanamyca. Hapagy c 3Tum oueHnBanu, Kak N3MeHAETCA yPOBEHb OKCUTOLMHA B KPOBU NMOCSIE Ha3anbHbIX
annanKaumin 3Toro HemponenTuaa y Kpbic, CEneKLMOHPYEMbIX MO NnoBefeHuto. Tak Kak 3ddeKTbl OKCUTOLMHA Ha
arpeccrBHOCTb KPbIC MOTYT 3aBUCETb OT CTeMNeH ee NPOABIEHWS, B JaHHON paboTe nccnefoBany BINAHKE anniu-
KaLluii OKCMTOLMHA Ha MOBEAEHME Y PYUHbIX 1 arpeccuMBHbIX KPbIC NPY B3aMMOAENCTBMN Ha HeTPanbHON Teppu-
TOpUW, Fae arpeccrBHOCTb CaMLIOB NPOABIAETCA Clabee, YemM Npu 3aLmTe CO6CTBEHHOW TEPPUTOPUM B TECTE pe3u-
AeHT-UHTpyAep. MoKa3aHo, YTO TOMbKO ANA PYUHbIX KPbIC XapakTepHa aCUMMETPUWA MO KONNYECTBY COAepKaLmx
OKCUTOLMH KJIETOK, JIOKann30BaHHbIX B NpaBbixX 1 neBblx Yactax COA v MBA runotanamyca. lNpuuem KonnyecTso
TaKuUX KNeTok B npaBoi nonoBuHe COfl y pyyHbIX KPbIC OKa3anocb 6onbLue, YeM y arpeccrBHbIX, B TO BpeMA Kak
YPOBEHb OKCUTOLIMHA B KPOBM Y PYUHbIX KPbIC Kak B KOHTPONbHOW Fpynmne, Tak 1 nocsie annavkauuii OKCMTOLMHA,
HanpoTUB, 6blS1 LOCTOBEPHO HMXKE, YEM Y arpecCUBHbIX. ANMANKaLMN OKCMTOLMHA Y arpeCccrBHbBIX KPbIC Bbl3blBanu
YMeHblLUEeH/Ee NPOAOSIKUTENIBHOCTI arpecCBHbIX B3aMOAENCTBUN 1 GOKOBbIX CTOEK Yrpo3, a Tak»Ke KonmyecTsa
nocnefHNX MO CPABHEHMIO C XKMBOTHbIMM TOTO »e NoBefeHUA, NonyyaLwmmy Gru3pacTBop, YTO MOXKET CBUAETE Tb-
CTBOBaTb 06 aHTMArpeccMBHOM 3bdeKTe OKCUTOLMHA, TOFAA KaK Y PYUYHbIX KPbIC anmavKaLMm OKCUTOLMHA, Ha060-
POT, NPUBOANN K YBEIMYEHUNIO KONMYECTBA YAAPOB 3afHNMUN flanamun 1 UX NPOAOIKUTENIbHOCTY. [o-Buarmomy,
HaleHHble HaMN Pa3NNUMA B SHAOTEHHOWN OKCUTOLIMHEPrMYeCcKon CUCTeMe rnnoTanamyca MoryT GbiTb CBA3aHbI
1 ¢ noBefeHnem, cbopMMpOBaHHbIM B NpoLecce oT6opa, 1 C pasfIMYHON peakumen Ha BBEAEHE OKCUTOLMHA Y
PYYHbIX 11 arpeCcCUBHBIX KPbIC.

KnioueBble croBa: OKCMTOLMH; OTOOP; NOBEAEHUE; KPbICa; arpeCcCMBHOCTb; UMMYHOTMCTOXVMIS; FUMNOTalamyc

[Ansa untupoBanus: LUnxesny C.I., KoxxemsakuHa P.B., l'ynesny P, Tep6ek t0.3. DHOOreHHbIN OKCUTOLMH 1 MeXKcam-
LioBble B3aMMOAENCTBIA NOC/e BBEAEHNA OKCUTOLIMHA Y CePbIX KPbIC, CeNeKUMOHMPYeMbIX NO nosefeHuio. Basu-
J108CKUU XXypHA 2eHeMUKU U cenekyuu. 2025;29(6):847-855. doi 10.18699/vjgb-25-92

OuHaHcnpoBaHue. CofepKaHre NCNOoNb30BaHHbIX JIMHUI KPbIC B BUBAaPUW KOHBEHLMOHANbHbIX XUBOTHbIX VLI
CO PAH (HoBocnburpck) noaaepxmsanoch 6roaxetHbiM npoektom FWNR-0259-2022-0019.

WccnepoBaHMe 3HAOrEHHOWM OKCUTOLMHEPrMYeCKON CUCTEMbI 1 MOBELEHNA y CepbIX KPbIC MOC/e BBEeHMA OKCUTO-
LMHa NpoBoAMIoCh Npy noaaep»ke rpaHta PHO 21-44-04405.

BnaropgapHocTtu. Boipaxaem 6narogapHocTb LIKIM MruKpockonmyeckoro aHanmsa bronornyecknx o6bektos CO PAH
(http://www.bionet.nsc.ru/microscopy/) 3a npefocTtaBieHHoe obopyaoBaHue, a Takxke A.A. CopokoymoBoOI1 3a no-
MOLLb B 0POPMIEHNN PUCYHKOB.

Bknap aBTopoB. Miges paboTbl 1 nnaHMpoBaHve skcnepumenTa (K0.3.1, PI.IL), coop aaHHbix (C.ILL., PB.K.), o6paboT-
Ka faHHbix (C.ILL.), HanucaHne n pegaktnposaHune manyckpunta (C.ILLL., P.B.K., PI.I,, t0.3.T).
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Abstract. The neuropeptide oxytocin (OT) secreted by specialized neurons in the hypothalamus affects social
behavior and aggression in various animal species in a dose-dependent manner. Our earlier studies showed that
OT administration by nasal application to adult and adolescent Norway rat males selected for enhanced aggressive
response to humans reduced aggression upon the opponent in the resident-intruder test. By contrast, OT admin-
istration to rats selected for tame behavior exerted no effect on behavior or even enhanced aggression. It was still
unknown how selection for behavior affected the endogenous oxytocinergic system in rats. Here we study the
populations of OT-containing cells in the paraventricular and supraoptic nuclei of the hypothalamus in intact tame
and aggressive rats with regard to lateralization, as the hypothalamus is known to be functionally asymmetrical.
We have also assessed blood OT changes after nasal OT application to rats selected for behavior. As it is known that
the effect of OT on rat aggressiveness may depend on the basal level of the latter, we have analyzed the effect of
OT administration on behavior in tame and aggressive rats interacting on neutral ground, where the aggressive-
ness of males manifests itself less than in the defense of territory in the resident-intruder test. The asymmetry in the
numbers of OT-containing cells in the left and right halves of the paraventricular and supraoptic nuclei has been
observed only in tame rats. The number of such cells in the right half of tame rats is greater than in aggressive. In
contrast, the blood OT level in tame rats is significantly lower than in aggressive ones both in the intact animals
and after OT administration. Oxytocin administration to aggressive rats shortens aggressive interactions and late-
ral threats and reduces the number of the latter as compared to animals of the same behavior pattern having
received saline. This observation may point to an anti-aggressive effect of OT. In tame rats, though, OT administra-
tion increases the number of hind leg kicks and kicking duration. It appears that the differences in the endogenous
OTergic system of hypothalamus found in this study are associated with both the behavior formed during selection
and different responses to exogenous OT in tame and aggressive animals.

Key words: oxytocin; selection; behavior; rat; aggressiveness; immunohistochemistry; hypothalamus

For citation: Shikhevich S.G., Kozhemyakina R.V., Gulevich R.G., Herbeck Yu.E. Endogenous oxytocin and intermale
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BsepeHune
JlnurenbHOE BpeMsi TOPMOH OKCHTOIIMH aCCOMMPOBAIICS MC-
KJIFOYUTENIBHO C PENIPOAYKTHBHOU (YyHKIIMEH, MATEPHHCKUM
MIOBE/ICHUEM U TPYAHBIM BCKapMiMBaHHeM. MccienoBanus
BCETO CIIEKTpa PHU3MOIOTHIECKUX I(P(PEKTOB JAHHOTO FOPMO-
Ha MPHOOpeNN MUPOKOE pa3BUTHE B cepennHe XX Beka. Pe-
3yJBTAThI, TOJyYeHHBIC Ha )KUBOTHBIX, & [TO3/JHEE U HA YeJI0-
BEKE, CBUJICTEILCTBYIOT O TOM, YTO OKCUTOIIMH MI'PAET BaXK-
HYyIO pOiib B CHIDKEHHH TpeBokHOcTH (Neumann, Slattery,
2016; Yoon, Kim, 2020; Takayanagi, Onaka, 2021) u arpeccun
(Calcagnoli et al., 2013; de Jong, Neumann, 2018; Herbeck,
Gulevich, 2019; Marsh et al., 2021), a Taike yny4iueHud
nmamsaT U odydaemocti (Aydogan et al., 2018).
l'unoranamudecknii HelponenTH ] OKCUTOIIMH CUHTE3UPY-
eTCsi TIPEeK/Ie BCETO B HeHpoHax mapaBeHTUKY sipHOTO (ITBST)
u cynpaonTraeckoro (COS) simep rumoranamyca, 3aTeM TpaHC-
MOPTHPYETCSI 110 aKCOHaM B 3aJHUH OT/eN runodusa, e Xpa-
HUTCA B BE3UKYJIaX 10 MOMCHTa BBICBO60)K}1€HI/I5[ B CUCTEMHBIN
kpoBoToK (Castel et al., 1984). Hapsiy ¢ TUM OKCHTOLIMH IO
KoJIJTaTepalisiM akCOHOB THIIOTaJIaMO-HEHPOrunopu3apHoro
TpaKTa IoMajaeT B Pa3IudHbIC OTACTHI IEPETHETO MO3Ta, T/Ie
HKCIIPECCUPYIOTCS PELENITOPHI K HEMY, X OKa3bIBACT BIUSIHUE
HAa pa3HbIC MoBeIeHYeckue acnekThl (Jurek, Neumann, 2018;

Grinevich, Neumann, 2021). B otBet Ha ¢usnonorndeckne
CTUMYIIBI (POJBI, JTAKTALHUS, CTPECC, YMOLUN) TMPOUCXOIUT
OBICTPBII BBIOPOC NPEIBAPUTEILHO HAKOIUIEHHOTO OKCHTO-
IIMHA KaK B KPOBb, TAK U B pa3nu4HbIe oTaenbl Mo3ra (Eliava
et al., 2016; Tang et al., 2020; Grinevich, Neumann, 2021).

B ¢opmupoBannn MOTHBANMi U MHUIIMHPOBAHUM ITOBE-
JICHHSI OCHOBOIIOJIATAIOIILYIO POJIb HrpaeT runoraitamyc (Cu-
MOHOB, 1987, 1993; Cynakos, 1993). B ntuteparype nmerorcs
HEMHOT'OYHCJIICHHBIC TaHHBIE O q)yHKLIHOHaHI;HOfI ACUMMET-
pun runoraiamyca (ITasmosa, 2001; Kiss, 2020). B gact-
HOCTH, IPHU COIOCTABICHUU IPPEKTUBHOCTH CTUMYIISAIIUN
[paBoM U JIEBOM yacTel ruroraiamMmyca y KpoJuKOB METO0M
CONPSKEHHON UMITYJIbCALMU HEHPOHOB C LIEJIBIO BBI30BA MO-
TUBAIIIOHHBIX W SMOIMOHATBHBIX PEAKIMH OTMEYCHO, UTO
HauOosee d3PEKTUBHOM I BbI30Ba 00OPOHHUTEIBHON MO-
THBAIMH OBIJIa JIeBasi YaCTh TUIIOTATAMYCa, a JUIS IOy YeHUS
SMOIMOHAIEHO-TTOJIOKHUTEIBHBIX PEaKIuii — MpaBasi 4acTh
runotainamyca (ITasnosa, 2001). ccnenyembie HaMu cepbie
KPBICHI, CEIEKIIMOHUPYEMBIE TI0 OTHOIICHHIO K YETIOBEKY, Cy-
IIECCTBEHHO OTIMYAIOTCS MO OOOPOHHUTEIBHON peakinu Ha
MepuaTKy SKCIEPUMEHTATOpa, YTO MOXKET OBbITh CBSI3aHO C
0COOCHHOCTSAIMH JIOKATU3AI[NHA HEHPOHOB, CEKPETHPYIOIIIX
OKCHTOIIMH, Y 3TUX )KHUBOTHBIX.

848 BaBunoBckuii XXypHan reHeTuku n cenekuyum / Vavilov Journal of Genetics and Breeding - 202529 -6


https://orcid.org/0009-0008-6580-994X
https://orcid.org/0000-0001-8948-1127
https://orcid.org/0000-0002-4666-1125
https://orcid.org/0000-0001-5158-4817
https://pubmed.ncbi.nlm.nih.gov/?term=Yoon+S&cauthor_id=32002925
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+YK&cauthor_id=32002925
https://www.frontiersin.org/articles/10.3389/fnins.2022.858070/full#B47
https://www.frontiersin.org/articles/10.3389/fnins.2022.858070/full#B32

C.I. lUnxeBwny, P.B. KoxxemsiknHa
PI. TyneBuny, t0.3. lepbek

[TokazaHo, 4TO MHTpaHa3aJIbHOE BBEJEHHE OKCUTOIIMHA
camiaMm kpsic Buctap m C57B1/6 mpimieii gyepe3 70 MUH BbI-
3bIBAaCT MapauIeIbHOE TIOBBIIICHUE YPOBHSI OKCHTOLIMHA KaK
B KPOBHM, TaK M B AMAIM3aTax JOP3ajbHOTO THUMNOKaMIa U
MuHIaIAHEL [. Neumann ¢ xomeramu yTBepsxaaroT (2013),
YTO 9K30T€HHBIN OKCUTOIIWH, BBE/ICHHBIH HHTPaHa3aJIbHO, J10-
CTHUraeT 00JacTel Mo3ra, B 103aX, 3HAUUMBbIX ISl PEryJISILUH
MIOBE/ICHMSI.

CornacHo JaHHBIM, MTOJTYYEHHBIM Ha cepbIX Kpbicax Gro-
ningen aukoro tuma (u3 nonyasiuuu B ['ponunren, Hunep-
JIaHIBI), KOTOPbIE OTIMYAIOTCSI OT KPbIC JIAOOPATOPHBIX JIH-
HUH TOBBIIIEHHON MEKCaMIIOBOI arpeccueil u ee MUPOKOH
BapuadenbHOCThI0, ypoBeHbh MPHK okcuronuua B [1BSI ru-
noraramyca, Ho He B COSI, oTpuIarenbHO KOPPEIHpyeT co
CTETCHBIO arpeCCUBHOCTH 3THX KUBOTHBIX (Calcagnoli et al.,
2014). Tak, y caMIIOB KpbIC ¢ MAKCUMaJIbHBIM MPOSIBICHUEM
arpecCUBHOCTU OTMe€Ualu NOHWXEHHbIH ypoBeHb MPHK
oxcuronnHa B [I1BS] mo cpaBHeHMIO ¢ MEHEe arpecCHBHBIMU
camIlaMy. BBeneHune okcuTOIMHA B JKETyI0YEK MO3ra caM-
I[aM CEPBIX KPBIC BBI3BIBAJIO J0303aBUCUMOE TOHIKEHHE
arpecCcUBHOCTH, KOTOpoe ObIIIO HanOoJIee 3aMETHO Y CaMIIOB
C MaKCUMaJIbHBIM ITposiBiieHneM arpeccuBHocTH (Calcagnoli
et al., 2013). B uccnemoBaHusaX Ha YEJIOBEKE TAK)KE OTMEYa-
TM pa3Hyo 3()(HEKTUBHOCTD BIUSHUS HAa3aJIbHOTO BBEJICHUS
OKCHUTOIIMHA Ha POCOIMAIbHOE TOBEACHHUE (MU MPOSIBICHHE
MO3UTHBHBIX B3aUMOJEHCTBUH C JPYTMMHU UHIUBHIYyMaMN)
B 3aBUCHMOCTH OT MCXOJIHOTO YPOBHS COI[MAJIbHONW MOTHBA-
LIUH y UCIIBITYeMOT0. MIHTpaHa3aabHOE BBEJEHHE OKCUTOIIHA
C1oco0CTBOBAJIO MTPOCONNATHHOMY MOBEACHUIO, 0COOEHHO Y
Jrofel, UIMEIOIINX HU3KYTO HCXOAHYIO COIIMAIBHYIO MOTHBA-
LIHI0, HO MOXKET YCYT'yOUTh MEKIIMYHOCTHYIO TPEBOT'Y Y JIFOCH
C HU3KUM YPOBHEM colManbHOM Oe3omacHocTH (Bartz et al.,
2015; Soriano et al., 2020).

HccnenoBanus Ha cepbIX KpbIcaX, CEIEKIIMOHUPYEMbIX Ha
arpecCUBHOE U TOJIEPAHTHOE OTHOLICHUE K YEJIOBEKY, MOTIIH
OBl BHECTH BKJIaJl B MOHUMaHHE 0COOCHHOCTEH (YyHKIHO-
HUPOBAHUS PHIOT€HHON OKCUTOLUMHEPTUYECKOW CHCTEMBI
U POJIM OKCUTOIIMHA B PETYIISIMN MOBEICHUECKUX PEaKInii.
B pesynbrare oT00pa y py4HBIX KpbIC HAOIIOAAIOTCS TTOTHOE
OTCYTCTBHE 00OPOHUTEIBHBIX PEAKIHI U BHICOKAs TOJICPAHT-
HOCTB K 4€JIOBEKY TPH B3ATHH B PyKH, TOT/1a KAK CEPBIE KPBICHI
arpecCUBHOM JIMHUN XapaKTEPU3YIOTCS HE TOJBKO BBICOKOM
arpeccueil o OTHOILEHHIO K YEJIOBEKY, HO M YCTOHUUBBIM
1 KpallHUM INPOSIBJIEHUEM BHYTPUBUIOBOM MEXKCaMLIOBON
arpeccun (I[Imrocamna, ComosbeBa, 2010; Plyusnina et al.,
2011).

ITokazaHo, 4TO y py4HBIX KPbIC HOHMKEHA (DYHKIIMOHAb-
Hasi aKTUBHOCTh TMIIOTAJIAaMO-TUNIO(H3apHO HAAIIOYCUHH-
koBoii cucrembl (I'THC) kak B nepudepuyeckux, Tak U B
LIEHTPAJIbHBIX €€ 3B€HbSAX 110 CPABHEHHUIO C ArPECCHBHBIMU U
HecenekunonupyembiMu (Plyusnina, Oskina, 1997; Herbeck
et al., 2017). B Tecte Ha HEWTpaIbHOU TEPPUTOPHUU arpec-
CHBHOCTb K OIIIIOHEHTY TPH B3aUMOJECHCTBUN CaMIIOB KPBIC,
CEIIeKIIMOHUPYMBIX Ha arpeCcCHBHOE IIOBEICHHE, ITPOSIBIISIETCS
ciiabee, 4eM B TECTE Pe3UICHT—HMHTPYIEP, KOT/[a UCIIBITYEMbIM
JKMBOTHBIM MTPUXOANTCS 3aIIUIIATh COOCTBEHHYIO TEPPHUTO-
puto (ILmtocauna, ConoBreBa, 2010). HazanpHbIe anrmiika-
UM OKCUTOIIMHA KaK B3POCIBIM, TaK U HEMOJOBO3PEIBIM
arpecCHUBHBIM CaMIIaM BBI3bIBAJIN aHTHATPECCUBHBIN A(dexT
B TECTE PE3UJCHT-UHTPYAEP, B TO BPEMs KaK Y PyUHBIX KPBIC
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DHAOreHHbIV OKCUTOLIMH N arpeccnBHOCTb
y CepbIX KpbIC, CeNeKLMOHNPYEMbIX MO NOBEAEHWNIO

BBCJICHHUC OKCHUTOILIMHA HJIKM HC BJIMAJIO Ha NNOBCACHUC, WU
Jla’Ke yCUIIMBAJIO MPU3HAKH arPECCHH Y B3POCIBIX CAMIIOB C
aNuUIMKAIMAME PacTBOpa ¢ KOHIeHTpanuei 2 Mxr/Mki (Gu-
levich et al., 2019; Kozhemyakina et al., 2020).

HewnsBecTHO, Kak BIUsIET OTOOP KPBIC MO TTOBEJCHUIO HA
rapaMeTpbl OKCUTOIIMHEPTUYECKOM CUCTEMBI THITOTaIamMyca
Y YPOBEHb OKCUTOILIMHA B TIEpH(EPUIECKOil KPOBH, a TaKKe
OymeT u coXpaHAThCs APQPEKT anTuTHKAINKA OKCUTOIIMHA Ha
MIOBE/ICHHE Y KPBIC B TECTE HAa HEUTPAJILHOI TEPPUTOPHH, T/IE
arpeccMBHOCTh CaMIIOB IPOSIBISIETCS ciiadee, YeM B TecTe
PE3UACHT-UHTPYZIEP.

Lenpto aHHOM paboThI OBIIO HCCIIEI0BAaHUE 0COOCHHOCTEH
(DYHKIMOHAJILHON aKTHBHOCTH DHJIOT€HHON OKCHUTOLIMHEp-
THYECKON CHCTEMBI y CaMIIOB PYyUYHBIX U arPECCHBHBIX KPBIC,
a TaKkKe BIMSHUS HA3QJIBHBIX ANIUIMKAIMKH OKCHUTOLMHA Ha
YPOBCHL €TI0 B KPOBU U IMTPOABJICHUA arpe€CCUBHOIO TOBEACHUA
B TECTE Ha HEUTPAIBHON TEPPUTOPHUHN Y ITHX KUBOTHBIX.

MaTtepwuanbl n metopbi

JKCcHepUMeHTANIbHbIE ;KUBOTHbIE. DKCIIEPUMEHTHI IPOBO-
JIJIH B KOHBEHIIMOHAJIBHOM BUBapHH MIHCTHTYTA IIUTOJIOTUH 1
renerrku CO PAH (HoBocubupck, Poccust) Ha B3pociibix cam-
1ax ceprIX KpbIC (Rattus norvegicus) 84-93-ro mokoneHui ce-
JICKIIMK HA OTCYTCTBHE U YCUIICHUE arPECCUBHOM PEaKIK Ha
YenoBeKa (Py4HBIX U arpeCCUBHBIX COOTBETCTBEHHO). JKUBOT-
HBIX COAEPIKaIH B MeTaITHUeCKUX KineTkax (50 % 33 x20 cm)
TI0 YETHIPE caMIia B YCIOBHUSIX HCKYCCTBEHHOTO (hoTOnIepro/ia
12:12 1 cBOOOAHOTO JT0CTYNA K BOJIE U ITHIIE. TecThl BBIIOI-
Hsmn ¢ 14:00 go 18:00 mecTHOTO BpeMeHHN.

Bce MexryHapoiHble, HallMOHAIBHBIC H/UIIN HHCTUTYIINO-
HaJIbHbIE TIPUHIUIIBI YX0/1a ¥ UCTI0JIb30BaHHSI )KUBOTHBIX CO-
OmroneHbl. Bee mporieypsl, BHITTOTHEHHBIE B HCCIIEIOBAHUAX
C y4acTHEM >KHBOTHBIX, COOTBETCTBOBAIIM STHYCCKUM CTaH-
JlapTaM, yTBEP KJICHHBIM NPAaBOBbIMH aktamu Pd, npuHim-
naM basenbckoil aexiapanuu U pekoMeHgauusam buostuue-
ckoro komutera Mucruryra nuronoruu v renetuku CO PAH
(mporoxon Ne 8 ot 19.3.2012).

HNmmyHorucroxumuyeckoe uccienopanue COS u IIBSA
THIOTAJAMyCa Y UHTAKTHBIX PYYHBIX U arpecCHBHBIX
Kpbic. MccnenoBanue mpoBoauiIn Ha Kpbicax 89-ro moko-
JeHus cenekiuu. [ ¢pukcammum Mo3ra KphIC HCHONb30Ba-
T MeToA nepdy3un 4epe3 aopTy JICBOTO JKEITylaouKa Cep-
[[a C IOMOIIBIO MEPUCTAIBTHYECKOr0 Hacoca. B TeueHue
5—10 MHH TIPOW3BOAMIN OTMBIBKY (hOC(aTHO-COJEBBIM Oy-
(epom (1xDCB), a 3arem 4 % pacTBOpoM mapadopmalbie-
ruga (IIOA) 5-10 mun. g neruapartanuyl U3BJIEUEHHBIH
mosr nomentanu B 30 % pacTBop caxapossl Ha 3—4 Henenu
Ha +4 °C. OOpa3sipl XpaHWIHCh B Cpele KPUOIPOTEKTOpa
Tissue-Tek® O.C.T™ Compound na—70 °C 10 M3roTOBIEHHS
cpe3oB. @poHTanbHBIE cpe3bl Mo3ra (30 MKM) M3TOTaBIH-
Bas B kpuocrare Microm HM-505N (Microm, I'epmanns)
npu —20 °C. Cpe3sl MOHTHPOBAIN HA MPEIMETHBIE CTEKJIa
Polysine® (Menzel-Gldser, 'epmannst). [Ipemapars! XxpaHu-
quck npu —20 °C 10 ganbHERIINX UCCIIEIOBAHUM.

OxpamrBaHie Cpe30B MPOBOAWIN O CTAHJIAPTHON Me-
TOIWMKE C MCIOJh30BaHMEeM Habopa peakTmBoB (Rabbit spe-
cific HPR/DAB (ABC) Detection IHC kit ab64261, dupmbt
“Abcam”, Benmkoopuranus). Antutena (Anti-Oxytocin-neu-
rophysin 1 antibody ab2078 (Abcam)) pazsomgumu 1/10000,
Cpe3bl MHKYOMpPOBaIM C aHTUTEIAMH B TEUCHHUE 3 CYTOK.
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Puc. 1. VIMMyHOTCTOXMMUYECKOE OKpaLLVBaHNE COAEPKALYMX OKCUTOLMH KNETOK NapaBeHTPUKYNAPHOrO (a) 1 cynpaonTuyeckoro (6)
Afep runoTanamyca Kpbic.

06bekTyB: X40.

Janee ¢ nomoIiipko ontruyeckoro mukpockona AXIO (Zeiss,
T'epmanmst) Ha cpe3ax OIEHUBAIN KOJTUIECTBO COAEPKALINX
okcuTonnH Kietok B obmactr COS n T1BS runoranamyca
(puc. 1). BIIBS runoranamyca OKCUTOLIMHEPTUUECKHE KIIET-
K Pacnonarajgich KOMIIAaKTHBIMU IPYIITIAMH; B CBSI3U C 3TUM
Obu1a BBIOpaHa 00J1acTh C MAKCHMAJIBHOHN TNIOTHOCTBIO OKpa-
HIEHHBIX KJIETOK. DTa 06nacth coctaBuna 4.7 MkM2, B Hell U
OTIPEAETSIIOCH KOIMUECTBO KJIETOK HA BCEX MCCIIETOBAHHBIX
cpezax. B COS equnO#t 00macTy s MOCYeTa KIETOK BEI-
JICTTUTH HE YaJI0Ch, TO3TOMY OIPEAETIIN KOTUIECTBO KIETOK
B pacuere Ha | MKM? ruIomaam cpesa.

Ha3zanbHble anMmIMKAIIH OKCHTOIMHA M ONpeie/ieHHe
YPOBHSI OKCHTOLIMHA B KPOBH NocJe anmimkanmii. Mccie-
JIOBaHKE BBITIOJIHSUTH HA KPBICAX 93-TO MOKOIEHHS CEJIEKIHH.
OKCnepUMEeHTaIbHbIE TPl COCTABIIN 10—12 5KUBOTHBIX.
JIJist CHU)KEHMSI CTPECCOPHOTO BIMSIHHS TIPOLIEYPBI BBEIC-
HHS OKCUTOIIMHA 1 (PU3pacTBOpa IKCIEPUMEHTATBHBIX )KUBOT-
HBIX JI0 SKCIIEPUMEHTA B TeUeHUE 7 THEH NPUyJaIn K pyKam.
Ha 8-i1 neHp sKcriepuMeHTaIbHON TPYIIe KPbIC POBOIMIN
OJTHOKPATHYIO alTUIMKAIUIO Ha 001acTh BOKPYT Hoca 20 MKJI
OKCHTOIIMHA C KOHLIEHTpaKel 2 MKI/MKJI (TPyIITa OKCUTOLIHH )
i 20 Mkt puspactBopa (rpymmna dpuspactsop). Uepes 40 mux
TI0CIIe BO3AEHCTBYS y )KUBOTHBIX Opaiii KPOBB ITOCIIE JICKaIH-
TaIWK IS OTIPE/IeNICHIST U3MCHEHNS COAEPIKAHNST OKCUTOLIMHA
B 11azme nepudepruueckoil KpoBu. st KOHTPOJIST UCHOJIb-
30BaJId MHTAKTHBIX KpbIc. [IpoObI KpoBH Opaiy B IpoOHpKH
(4 v, 13 x75 mm, VACUETTE ¢ K3 D/ITA u uarn6éutTopomMm
nporeonu3za arnporuauHom, PREMIUM). Kposb nentpudy-
THpOBaI He Oosee geM gepe3 20 MIH MOoCIIe B3STHS, TOTyIeH-
HYIO TUIa3My HEMEUICHHO 3aMOPayKMBAJIM TIPH TEMIIEpaType
—20 °C. JlanbHel1ee xpaHeHHe MPOXOIUIIO IIPU TEMIIEpaType
=70 °C.

ConeprkaHne OKCHTOLMHA B IJIa3ME KPOBHU OIPEACISUIH
¢ nmomomipio Habopa DetectX® Oxytocin ELISA Kit (Arbor
Assays, CIIIA) ¢ mpeaBapUTeNbHOM SKCTPAKINEH OKCHTOIH-
Ha. J{s aToro x 100 Mk turasmer mobasisimu 200 mxit 0.05 M
Tris HCl pH = 8.0 u 5 mxn DTT (BioChemica, [Takucran),
cmech mHKyonpoBamu 45 mus npu 37 °C. Iocne gero no-
6asmsmu 15 mxut 0.5 M ionaneraMusia ¢ mocieyomnei nH-

850

KyOarueii B Teuenue 20 MUH NPU KOMHATHON TeMIIepaType.
ITo oxonuannu BHOCHIHM 640 Mxi 80 % aneronutpuia. [Tocie
nentpudyruposanus Ha 14000 g B Tedenue 15 mun cymep-
HaTaHT OTOMpAM U BBICYIIUBaIK ¢ oMol Concentrator
plus (Eppendorf, ®PT).

HccaenoBanue Me:xkcaMIOBBIX B3aMMOJeiicTBUI Ha
HelTpaJbHoIl TeppuTopuu. VccienoBanue BHITIOMHSIIA HA
KpbIcax 84-TO TOKOJEHHUS CENeKINH. DKCIIePHUMEHTAIbHBIC
rpynmsl cocTaBisuin 9—10 >KMBOTHBIX. 3a JIBE€ HEAETH /10 Ha-
Yajia 9KCIIEPUMEHTa YXMBOTHBIE OBUTH PAcCa)KeHb! B MH/MBHU-
JyaJlbHBIE KJIETKH. BceM Kpbicam MpoBOAMIN OHOKPATHYIO
MHTPaHa3aJIbHYIO alTUIMKALMIO Ha SIIUTEIHI BOKPYT HO3/Ipei
20 MKJI OKCHTOLIMHA B KOHLEHTpanuu | MKr/mMkia (rpymmna
okcutonuH) miu 20 M1 puspactBopa (rpymmna GpuzpacTsop).
Yepes 40 MHUH 1ociIe anmIMKalUHd 3KCIIEPUMEHTAIBHOTO
camla IoMeIaiIy B He3HaKoMyo KieTky (40x40x60 cm),
pa3zeneHHyIo MeperopoKoii Ha 1Ba paBHBIX oTceka (I1mroc-
nuHa, Conossesa, 2010). OMHOBPEMEHHO C TIEPBBIM CAMIIOM
BO BTOPOH OTCEK MOMELIajH camua JuHuKM Bucrap ¢ npu-
MEpHO paBHOM Maccoil Tela, a 3aTeM MeperopoaKy youpau.
JnurensHoCTh TecTa coctabisiia 10 mun. [loBenenue peru-
CTPUPOBANIM Ha BUJEOKaMepy IS MOCIEIYIOIero aHaIu3a.

ATOHHUCTHYECKOE TTOBEACHNE CaMI[OB OIIEHHWBAJOChH I10
CJIC/TYFOLIIM MTOBE/ICHUECKUM ITOKa3aTeNsIM: JIATCHTHOMY T1e-
pHO/y NEPBOTO arpecCHBHOTO B3aUMOJACHCTBUSI, YUCITY U
BpPEMEHHM aTak, NMpeceOBaHUN, yIapoB 3aJHUMH JIallaMHu,
BEPTUKAJBbHBIX CTOCK, ONMPOKUIBIBAHUN HA CIIMHY, arpec-
CUBHOIO IPYMHHIa, BpeMeHH OOKOBBIX 103 yrpo3sl (ITmtoc-
nuHa, ConoBbeBa, 2010; Soriano et al., 2020). CymmapHoe
BpEMsl arpecCUBHOTO MOBEACHUS BKIIOYAIO JIUTEIHFHOCTh
BCEX MEPEYMCICHHBIX BBINIE 1103 U JBUKEHHM, CBSI3aHHBIX
C KOHKYpEHIHel MM KOHQIMKTOM KUBOTHBIX. Kpome Toro,
OLICHMBAJIOCH CyMMapHOE BPEMsI COLIMAIbHOTO Hearpeccus-
HOTO IOBE/ICHHS, KOTOPOE BKJIIOUAJIO BPEMsl IIPHOIMIKEHUI
1 OOHIOXMBAHHH.

Crarucruyeckasi 00padoTka pe3yiabraroB. CTaTncTh-
YeCKUI aHaJIM3 Pe3yJIbTaToB IPOBOIMIIN C IIOMOILIBIO TIAKETa
nporpamm Statistica 10.0 (Statsoft™, CIIIA). HopmansHOCTh
pacripeseneHust MpoBepsUIN ¢ TpUMEHeHueM Kputepust Koi-
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MoropoBa—CmMupHoOBa. [y JaHHBIX MO KOJMYECTBY COAEP-
KAIIX OKCUTOLMH KJIETOK B SiApaxX THIOTajJIaMyca i YPOBHIO
OKCHTOIIMHA B KPOBH, IMEIOIINX HOPMAJILHOE PACIIPE/IEIICHIE,
HCTIONb30BAJIM METOIbI TApaMETPUIECKOI CTaTHCTHKH: KPHU-
tepuil CTbrofieHTa U nucnepcuoHHbid aHanu3 ANOVA as
HE3aBHCUMBIX U3MEPEHUIT U TOCIIEYIOIINH post-hoc aHaIu3
¢ nomouipto kpurepust Gumiepa (Fisher LSD).

JlaHHBIE 11O KOJMYECTBY COACPIKAIINX OKCUTOIIMH KIICTOK
B rieneix COS u [1BS rumoTanamyca y pydHBIX H arpecCHB-
HBIX KPBIC aHAIN3UPOBAJIH 110 {-KpuTeprio CThIONCHTA, a IS
PE3yIBTaTOB TI0 KOJIMYECTBY MCCIIETyEMBIX KICTOK B IPABOM
u nesoit uactu COS u I1BS runoranamyca npuMeHsIH 1By X-
(haKTOpHBII ICIEPCUOHHBIN aHAIIH3, T1IE OTHUM U3 ()aKTOPOB
BIUSHUS ObLT 0TOOP MO TIOBEEHUIO, a IPYTUM — (HaKTop J10-
KaJHM3alny KIeTOK B paBoi wim jeBoit wactu COS u [1BA
THIoTajamyca (WM JaTepaan3alin), CBUAETEIbCTBY 0N
0 BIIMSTHAM JIOKAJIM3AIMY KJICTOK B IIPABON MJIM JIEBOH YacTH
sJIep Ha UX KOJMUYECTBO.

J1s pe3ysbTaToB M0 YPOBHIO OKCUTOIIMHA B KPOBU HUCTIONb-
30BN ABYX(aKTOPHBIH AUCTICPCHOHHBIN aHAIN3, T/ OJJHUM
13 (GaKToOpoB OBLT OTOOP MO MOBEACHUIO, a IPYTUM — BITHSI-
HUE aNuUIAKauil OKCUTOIMHA mwin (uspactBopa. [IpoBepka
JTAaHHBIX 110 MOBEICHYECKUM IOKa3aTeisiM He TOJITBEp/IuIa
HOPMAJILHOCTh paclpeieNieHus], MO3TOMY NpU JajdbHenIen
00paboTKe IPUMEHSIIN METO/I HellapaMeTPHUYECKOI CTaTHCTH-
ku — U-TtecT ManHa—YutHu. JlaHHbIE 110 TOBEIEHYECKUM I1a-
pamMeTpam NpeAcTaBIeHb! B Bue box-plot ¢ MakcHMaIbHBIMH,
MHUHUMAJIBHBIMU U MEIMaHHBIMH 3HaYCHUSIMU 11apaMETPOB,
TJIe B IIpezienax rpanui 6okca pacronaraercst 50 % nomyuen-
HBIX PE3YyNBTAaTOB JUIsl JIAaHHOW BBIOOPKH, OT MHHUMAJIBHBIX
3HAYEHMH J10 HIYKHEH rpaHuiibl 0okca — 25 % pe3ysbraToB, Kak
M OT MAaKCUMAJIbHBIX 3HAYCHUI IO BEpXHEH TpaHuIlbl OOKca.

Pesynbratbl

MmmyHorncroxmmmyeckoe ncciefosaHme

[oyueHHbIE TaHHBIE CBUIETEILCTBYIOT, UTO KOJIMYECTBO CO-
JIep KaIuX OKCUTOLMH KiIeToK B LesioMm [1BSI runoranamyca
JIOCTOBEPHO HE OTIIMYACTCS Y PYUYHBIX U arpeCCHUBHBIX KPBIC
(774.76+38.98 1 826.16+35.80 COOTBETCTBEHHO), TOT/1a KaK
B riertoM COSI 3TOT mokazarenb y pydHbIX Kpbic 434.10+£28.76
Ha YpOBHE TEHICHLUH ObLI OOJBIIE, YEM y arpecCHBHBIX
331.68+37.16 (p < 0.06).

AHanu3 JaHHbBIX 110 KOJIMYECTBY COAEPIKALINX OKCUTOIIMH
KJIETOK B OTHenbHbIX TIoJoBuHax COSI u IIBS runortanamyca
MPOBO/IMIIN C TIOMOIIBIO JIBYX()aKTOPHOTO AMCIIEPCHOHHOTO
aHAJIN3a, T7Ie OMHIM U3 (PaKTOPOB OBLT OTOOP TIO0 TOBECHHUIO,
a ApyruM — (pakTop JIOKAIN3AIMN B TPABOH MM JIEBOH YacTH
CO#I u [1BS runoranamyca (uiam ¢axTop jJarepann3amnim).

[TokazaHo, 4TO OTOOP IO MOBEICHUIO HE BIMSII HA KOJIH-
YECTBO COJEPIKAIMX OKCUTOIMH KJIETOK B OT/IEJIbHBIX MOJI0-
BuHax [1BS runoranamyca, Toraa Kak BiusHue (akropa ja-
Tepanmzanuu 66110 noctosepro (F, = 8.08, p < 0.01), no
He ObUTO B3amMopeHcTBHUs 3THX (akTopoB. [Tocnenyrommuii
post-hoc aHann3 TIOKa3al, 9YTo TOJIBKO y PyUHBIX KPBIC KOJIH-
YECTBO COZEPIKALIMX OKCHTOLMH KJIETOK B JIEBOH ITOJIOBHHE
[1BSI 60mb111e, uem B ero npasoi onoBuHe (p < 0.05) (puc. 2).

B otimruue ot I1BS, akrop oT60pa 110 MOBEICHHIO T0CTO-
BEPHO BIIMSUI HA OTHOCHUTEIBHOE KOJIMYECTBO COAEPIKALINX
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500 + [l ArpeccusHble
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Puc. 2. KonnuyecTtBo cofepallix OKCUTOLMH KNETOK B NIeBOI 1 NpaBom

nonosuHax MBA runotanamyca y cepbix Kpbic.

+ p < 0.05 no cpaBHeHuto ¢ npasbiM MBA; ABYXPaKTOPHBIN ANCIEPCUOHHBIN
aHanu3 ANOVA c nocneaytowmm post-hoc Tectom Ouiwepa. N — Yncno KNeTok.

300 [l ArpeccusHble

v [ PyuHble

200 -
150 1
100

50

JleBasa nonosnHa  [MpaBas NonosnHa

Puc. 3. KonnyecTtBo cofeprkallymx OKCUTOLMH KNEeTOK B JIeBOW 1 NpaBoii
nonosuHax COA runoTanamyca y cepbix KpblC.

**p < 0.01 NO CpaBHEHMIO C arpeccrMBHbIMU Kpbicamui; * p < 0.05 No cpaBHEHMIO
¢ npasoi nonosuHoi COS; ABYXdaKTOPHBbIN ANCNEPCUOHHDIN aHann3 ANOVA
¢ nocnepyowmm pos-hoc Tectom Ouiepa. N — UNCNO KNETOK.

OKCHTOIMH KJIETOK B oTAeNbHBIX nTosioBuHAX COSI (F 56=4.2,
p < 0.05), HO He ¢akTOp NaTepanu3anui. B3aumoaercTBIE
3TUX (haKTOPOB OBLTO HeocTOBepHO. [Tocieayroruii post-hoc
aHaJIM3 CBUJETELCTBOBAI, YTO B paBoii mojosuae COS ko-
JMYECTBO COACPIKAIINX OKCUTOIMH KIIETOK Y PYYHBIX KPBIC
JTOCTOBEPHO OOITBIIe, 4eM y arpeccuBHBIX (p <0.01) (puc. 3),
YTO COIIIACYETCsI C ONIMCAHHOMW BBIIIE TEHICHIIMEH K OoJIbIIe-
MY KOJIMYECTBY THX KieToK B 1iesioM COSl y py4HBIX KpbIC,
YeM y arpeccuBHBIX. KpoMe TOro, TOJBKO y PYYHBIX KpBIC
OTHOCHUTEIIBHOE KOJINUECTBO COZIEPIKAINX OKCUTOLIMH KJIETOK
B mipaBoii mooBuHe COS nocToBepHO OOMBINE, YEM B JICBOU
nmonoBuHe COA (p < 0.05).

OnpepfeneHne ypoBHA OKCUTOLIMHA B KPOBU

nocne HasanbHbIX anminKauuin

JIByX(paKTOpHBIN AUCTIEPCHOHHBIH aHAIIN3 TIOKa3aJl JOCTOBEP-
HOE BJIMSTHUE 0TOOPA 110 ITOBEICHHIO Ha YPOBEHb OKCHTOIINHA B
ta3Me KpoBu y Kpeic (F; s5=23.65, p <0.001) u oTrcyTcTBHE
KakK BIMSHMS (DaKTOpa BBEJICHUSI OKCHUTOLIMHA, TaK M B3au-
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Puc. 4. CopepKaHve OKCMTOLMHA B Nia3Me KPOBY KpbIC cnycTa 40 MuH
nocse annavKaunm HeporopmoHa (20 MK € KOHLeHTpaLwmeit 2 MKr/mMKn)
unu 20 MKn ¢uspacTeopa, nNr/min.

*p <0.05; *** p < 0.001 no cpaBHeHMI0 € arpeccmBHbIMY; * p < 0.05 no cpaBHe-
HUWIO C KOHTPOMbHOWM FPYNMOW, COrNacHoO ABYX$aKTOPHOMY ANCNEPCUOHHOMY
aHanu3y ANOVA u pos-hoc Tecty Ouepa.

MozeicTBUS GakTopoB. COTIaCHO MOCIENYIOMIEMY post-hoc
aHaJIM3Y, YPOBEHb OKCHTOIIMHA B IUIA3ME KPOBU Y PYYHBIX
JKHUBOTHBIX 6])1.]'[ JOCTOBCPHO HUIKE, YEM Y arp€CCUBHLBIX, BO
BCEX MCCIIeNOBAaHHBIX rpymmax (p < 0.05 — 171 KOHTPOIBHOH
TPYIIIBI U TPYIIIEI C BBEIeHHEM (u3pacTBopa, p < 0.001 mist
TPYMIIBl ¢ BBEJCHUEM OKCHTOLMHA) (puc. 4). Anmiukanuu
(uzpacTBOpa HE BIHSIM HA yPOBEHb OKCUTOIMHA B KPOBH Y
PYYHBIX ¥ arpECCUBHBIX KPBIC. Y PYYHBIX KPBIC, MOITYYaBIIHX
OKCHUTOIIMH, YPOBEHb HEHPONENTHAA B KPOBU OBLT BBILIE, 110
CpPaBHEHHIO C MHTAKTHBIM KOHTpoJeM (p < 0.05).

JlaTeHTHbIN Nnepurog ObLee Bpems
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Endogenous oxytocin and aggressiveness
in Norway rats selected for behavior

BnusiHne Ha3sanbHbIX anMIMKaLMin OKCUTOLMHA

Ha noBefleHNe KPbIC B TECTE Ha MeXXCaMLOBble
B3aMMOAENCTBNA Ha HEeNTPasibHOW TeppuTopnn

Ha puc. 5 npencraBieHbl JaHHBIE 110 TATTEPHAM ITOBEJCHUS
B TECTE HA MEKCaMIOBbIE B3aUMOJECICTBYS HA HEUTPaAJIbHON
TEPPUTOPUH, B KOTOPHIX HAOIIOAAINCH JOCTOBEPHBIE PA3IIH-
ypst. Haim nccneioBanmst mokasaiiy, 4To B KOHTPOIBHOM IpyTi-
e ¢ BBeJleHHeM (U3pacTBOpa y arpecCUBHBIX KpbIC 00IIee
BpEMsI arpeCcCUBHBIX B3aUMOICHCTBHUI, YUCIIO M BpeMs OOKO-
BBIX 1103 YTPO3 JIOCTOBEPHO OOJIbIIE, YeM Y py4uHbIX (p < 0.03,
U=17.5,2=22;p<0.035,U=18,Z=2.16; p<0.04,U=19,
Z =2.08 cooTBeTCTBEHHO). ToT/Ia KaK JTaTeHTHBIN ITEPHOT 10
arpecCUBHOTO B3aUMOJICHCTBHS Y arpecCUBHBIX JKUBOTHBIX
JIOCTOBEPHO MEHBIIIE, YEM Y PYUHBIX TT0CJIE aNIIUKAIMN (u3-
pactBopa (p <0.02, U =16, Z =-2.33).

[Tocne anmMKanuy OKCUTOLMHA y arpECCUBHBIX KPBIC J10-
CTOBEPHO yMEHBIIAIOTCS 00Illee BPEMsI arpeCcCUBHBIX B3au-
MOJICHCTBHI, YHCII0 U BpeMsi OOKOBBIX CTOEK yTPO3 IO CpaB-
HEHHUIO C KPbICaMH TOTO )K€ TIOBeJIeHNUs nocie (pu3pacTBopa
(p<0.04,U=19,Z=2.08;p<0.035,U =18, Z =2.16;
<0.025,U=17,Z=2.24 cOOTBETCTBEHHO). Y py4YHBIX KPBIC
MOCJIe BO3JEHCTBUSI OKCUTOLMHA JOCTOBEPHO BO3PACTAOT
YHUCJIO YAapOB 3aJHUMU JIarlaM1 U UX IIPOJOJDKUTEIbHOCTD 11O
CpaBHEHHIO C TPYIIIOH, orydJatomiei puspactop (p < 0.02,
U=16,Z=-2.33 nns o6oux napamerpos). Hapsiny ¢ oaTum y
PYUHBIX KPBIC [10CJIE aNllJIMKAUUi OKCUTOLIMHA OTMEUYAOTCs
TEHJICHIIUH K O0Jiee POIOIDKUTEIBHBIM arpeCCUBHBIM B3aH-
MOZICHCTBUSIM 1 OOKOBBIM 1103aM yTPO3, a TAKKE K O0JIbIIEMY
KOJIMYCCTBY NOCIICAHUX, IO CPABHEHUIO JKUBOTHBIMU, ITOJTY-
YarOMUMHU (QHU3PACTBOP.

CpaBHEHHNE NTOBEJICHUSI aTPECCUBHBIX U PYYHBIX KPBIC TTOCTIE
anIUIMKAIMi OKCUTOLMHA MOKa3bIBACT, YTO Y arpeCCHBHBIX

Yucno O6Lwee Bpems
60KOBbIX M03 yrpo3 60KOBbIX M03 yrpo3
150
15F

o N o 100f
e o} | —— £ .
N * ] *
I 1 fg_ —

sl 50t

(0] 3 — : (0] 3 — —
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AQ® - arpeccusHble ($pu3pacTeop)
AO - arpeccrBHble (OKCUTOLUH)
PO - pyuHble (pr3pacTop)

PO - pyuHble (OKCUTOLMH)

= MegnaHa
I Min-Max

Puc. 5. BnuaHne Ha3anbHbIX aI'II'IJ'II/IKaLl,I/IVI OKCUTOLMHa (20 mKkn ¢ KOHLIEHTpaLlI/Ieﬁ 1 MKr) Ha NnaTTePHbI NOBeAEHNA B TECTE Ha MeXCaMLOBbl€ B3alIMO-

[eCTBUA Ha HENTPasIbHOW TepPUTOPUN.

*p < 0.05, cornacHo U-tecty MaHHa-YnTHW.
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KPBIC YUCIIO M IIPOJIOJDKUTEIIBHOCTD YAAPOB 33 THIMH JIallaMH
CTaHOBSTCS 3HAUNTEIFHO MEHBIIIE, 9eM Y py9IHbIX (p < 0.02,
U =16, Z = -2.33 na oboux mnapamerpoB). Beenenue ok-
CUTOLIMHA HUBEJIMPYET PA3IIMUMsI Y PyUHBIX U arpeCCHBHBIX
KpBIC 10 00LIEMY BPEMEHH arpecCHBHBIX B3aHUMOJCHCTBUIA,
KOJIMYECTBY M BPEMEHH OOKOBBIX CTOCK yrpo3, KOTOPbIE OT-
MEYaJnCh II0CIe BBEACHHS (pHU3pacTBOpa.

O6cyxpeHue

[To raHHBIM IMMYHOTHCTOXUMHYECKOTO HCCIICIOBAHUS SIEP
THIIOTAJIAMYCa, Y PYYHBIX KPbIC OTMEUAETCsl aCHMMETPHS 110
KOJIMYECTBY COAepKammx okcuTolnH kietok B COS u [1BS,
TOT/Ia KaK y arpecCHBHBIX KPBIC TAaKOW aCHMMETpPUH HE Ha-
6mronaercs. JlanHbIe 0 (PyHKIIMOHAIBHON aCHMMETPUH TUITO-
Tajamyca y KpOJIMKOB, TOJy4YEeHHBIE METOIOM COTIPSKECHHON
UMITYJIbCAIIMM HEHPOHOB C LIENbI0 BHI30BA MOTHBAIIMOHHBIX
U OMOIMOHAJILHBIX PCaKIUi, MOKa3aiu, 4To Haubosee 3¢-
(DEeKTHBHBIM JJIS1 BBI30BA OOOPOHUTEIBHONW MOTHBAILMH OBLT
JIEBBIH TMITOTAJIAMYC, & IS SMOLIMOHAILHO-TTOJIOKUTEIBHBIX
peakuuii — npasslit runoranamyc (ITasiosa, 2001).

W3 Hammx TaHHBIX CIEAYET, 4TO KOJIMYECTBO COJCPIKAIINX
OKCHUTOLMH KJIeTOK B 1mpaBoM COSI y KpbIC, CeNeKIIMOHUpYye-
MBIX Ha Py4YHOE TOBEACHHUE, JOCTOBEPHO OOJBIIE, YEM y
arpeccuBHBIX (cM. puc. 2). [Tockonmsky B pe3ynbrare oTdopa
T10 TTOBEACHHIO PYYHBIE U arPECCUBHBIE KPHICHI 3aMETHO pa3-
JIMYA0TCs TI0 00OPOHUTETBHOM PEAKIINN Ha YEI0BEKa, MOKHO
Mpe/Iroararhb, 4To HalloaaemMast HAMH aCHMMETPHSI T10 KOJIH-
4eCcTBy coaepkamux okcutoruH kiaetok B COS u I1BS ru-
roTajiaMmyca y pyuHbIX KpbIC, a Takke OoJblIee KOJHYeCTBO
HCCIIeyeMbIX KJIeTOK B mpaBoit yactu COS y pydHBIX KH-
BOTHBIX, 110 CPAaBHEHHUIO C arpeCCUBHBIMU, BHOCST BKJIAJ| B
0COOCHHOCTH MX PEaKLi Ha YeIoBeKa.

JlanHbIe 0 OOJBIIIEM KOJIMYECTBE COJIEPIKAIINX OKCUTOIIMH
kietok B paoM COSl runoranamyca y pydHbBIX KpBIC, 11O
CPaBHEHUIO C arpECCHBHBIMH, COIIACYIOTCS ¢ HAOII0MaeMOi
TEH/ICHIMEH OOJBIIEr0 KOJMYECTBA ITHX KIETOK B IIETIOM
COA (p = 0.07). apIME cTOBaMH, MOYKHO TIPENITOJArarh,
YTO KOJMUYECTBO COJCPIKAMINX OKCUTOIMH KIETOK OTpPHIA-
TEJNBHO KOPPETHPYET C arPECCUBHOCTHIO KPBIC, UTO B I[EJIOM
CoIyIacyeTcs ¢ 0CIa0IeHHEM arpeCCUBHOCTH y arPeCCUBHBIX
KPBIC 110CJIE BBE/ICHHSI OKCUTOLIMHA B XKEITYI0UEK MO3Ta HIIH
C TIOMOIIBIO Ha3abHbIX anmutukaiui (Calcagnoli etal., 2013,
2015; Gulevich et al., 2019).

Pesynbrarel, nmomydeHHble Ha camiax kpbic Groningen,
CBUJICTEILCTBYIOT 00 OTPHIATEIFHON KOPPEISIIUN YPOBHS
MPHK okcutonuna B I1BI u crenenu arpecciBHOCTH CaMLIOB
(Calcagnoli et al., 2014). Cyns mo TaHHBIM 3THX aBTOPOB U
MOTYYCHHBIM HaMH, (YHKIHOHAJIbHbBIE ITapaMETPhl IHO0-
TEHHOH OKCHTOLMHEPTHUYECKOW CHCTEMBI B THIIOTANIAMYCE Y
Gosiee arpecCUBHBIX KPBIC HUKE, YEM Y MEHEE arpeCCHBHBIX
(B ciyuae kpbic Groningen) WM pydHBIX (B cllydae Halueit
CeJIEKIIMOHHOM Mojienn ). BMecTe ¢ Tem, eciii B TaHHOM HCCIie-
JIOBAaHWH arpecCUBHBIC CAMIIbl KPBIC OTIIMYAINCH OT PYYHBIX
M0 KOJIMYECTBY COZAEPIKAIIMX OKCHTOIMH KJIETOK B MPaBOM
COf{I runoranamyca, To Kpbichl Groningen ¢ pa3Hoii CTeNEeHbO
arpecCUBHOCTH OTIaMYaIich 1o yposHio MPHK okcnTonmna
B [1BSI runoranamyca (Calcagnoli et al., 2014). Takue oco-
OEHHOCTH B JIOKJIM3ALNH Pa3IMINi MEXLy KPbICAMH, HCCIIe-
JyeMbIMH HaMH, 1 Kpeicamu Groningen ¢ pa3HON CTENECHBIO
arpeccUBHOCTH MOTYT OBITh CBSI3aHBI C PA3HBIMH MOJIXOIAMH K
(hopMIPOBAHHUIO arPECCHBHOTO IOBEICHHS U €T0 OLICHKOH. Tak,
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arpecCUBHOCTH Yy KpbIc Groningen ONpeaessuIn 10 BpEMEHU
HaITaJIeHUH Ha OTNIOHEHTa B MPOIIEHTaX OT BCETO BPEMEHHU
skcriepuMenTa B 10 TecTax pesnieHT-HHTPYAEP, @ aTPECCHB-
HOE TTOBE/ICHHUE KPBIC, HCCIEAYEMBIX B JAHHOH paboTe, ObII0
chopMupoBaHO B pe3ysbTarTe IUTEIHLHOTO 0TOOpa 1O peak-
IIH Ha YeJIOBEKa.

[TokazaHo, 4TO Y arpecCUBHBIX KPbIC YPOBEHb OKCUTOLH-
Ha B KPOBHU JIOCTOBEPHO BBIIIE, YeM y pyuHbIX. [Tockonbky
BBIJICJICHUE OKCUTOIIMHA B KPOBb HE BCETJa KOPPEIHPYET C
JIOKaJTbHBIM BBIJICIICHUCM OKCUTOIIMHA M3 aKCOHAJBHBIX Tep-
MHHAJICH B Pa3IM4HBIX 001acTsX rojoBHOro mo3ra (Knobloch
et al., 2012; Grinevich et al., 2015), orleHKa aKTHBHOCTH OK-
CHUTOIIMHOBOH CHICTEMBI MO3Ta IO YPOBHIO TOPMOHA B KPOBH
HE BCeTZa OJJHO3HAYHA, U N3MEHEHHE YPOBHS OKCHTOIIMHA B
TUTa3Me He 003aTeIbHO COOTHOCHTCS C TIOBEACHUEM KHUBOT-
HeIX (Neumann, 2008). Coycts 40 MHH mociie Ha3aJdbHBIX
anIuUIMKalMi OKCHTOIMHA TOJBKO y PYYHBIX KPBIC YPOBEHb
ATOTO HEHPOIIENTH/Ia B KPOBHU OBLI BBIIIE, YEM Y HHTAKTHBIX
JKUBOTHBIX, HO HE Y KPBIC C amuIMKanusMu Quspactsopa
(cM. puc. 4), X0Ts ATOT MapaMeTp JOCTOBEPHO HE OTIHUATICS
Y MHTAKTHBIX ¥ IOJYYAIOMKUX (PU3PacTBOP KpbIC. Torma kak
y KpbIc Bucrap nocie anmkanuii OKCHTOIMHA YPOBEHB €T0
B kpoBu mnosbrmacs ciycetrst 70, 100 u 130 muna (Neumann
etal., 2013). [To-Bumumomy, OCIe alTUTAKAITIA OKCUTOIIHHA
JUTS PETUCTPAIMX TOBEIIICHHS YPOBHS €T0 B KPOBU HEOOXO-
UM OoJtee TPOIOIDKUTEIBHBIA MPOMEKYTOK BPEMEHH, YeM
B TaHHOM HCCJIEJIOBAaHUH, U VI perucTpanuu 3¢HexToB Ha
MOBEJICHNE, HabmomaeMbIx yxe depe3 40 MUH Kak Ha HE-
TPaJbHOW TEPPUTOPHUH, TaK U B TECTE PE3UICHT—UHTPYIECP
(Gulevich et al., 2019; Kozhemyakina et al., 2020).

[IpexncraBneHHbIe JaHHBIE [0 TIOBEJCHUIO Y arPECCUBHBIX
KPBIC B TECTE MEKCAMIIOBBIX B3aMOJICHCTBUI Ha HEHTpaJIb-
HOH TEpPUTOPUH CBHJIETEIILCTBYIOT 00 aHTHAT PECCHBHOM 3(-
(hexTe OKCUTOLMHA, TOCKOJIBKY TOCIIE OJJHOKPATHOMN arIuin-
Karu okcuronuHa (20 MK ¢ KOHIICHTpanued 1 MKr/MKIT) y
9THUX YKHUBOTHBIX CTAHOBSITCS JOCTOBEPHO MEHEE TPOIOIIKH-
TENBHBIMA arPECCUBHBIC B3AUMOJICHCTBHS 1 OOKOBBIE CTOM-
KH yTPO3, 8 TAK)KE YMEHBIIIACTCS KOIMNIECTBO OOKOBBIX CTOCK
YTPO3 TI0 CPABHEHHIO C JKUBOTHBIMH TOTO K€ TOBEICHHUS, T10-
aydaommMu GuspactBop. Takoit ke addexT ammmkanni
OKCHTOI[MHA OTMEYAJIH B TECTE PE3UACHT—MHTPYACP Y CAMIIOB
kpbic Groningen (Calcagnoli et al., 2015) u y kpsbic, cenek-
[MOHUPYEMBIX Ha arpeCCUBHOE ITOBE/ICHUE, B YCIIOBHSX B3au-
MOJICHCTBUS KaKk C CaMIIOM-ONIIOHEHTOM, TaK M C DKCIIEpH-
MEHTaTopoM (B TecTe «Ha rnepuarky») (Gulevich et al., 2019;
Kozhemyakina et al., 2020). [Ipuuem y arpeccuBHBIX KpBIC
arpecCHBHOCTH TIOHIKATACh KaK MPU OJHOKPATHBIX aIlILIH-
KaI[UsIX pacTBOPa OKCUTOIIMHA C KOHIIEHTPAIIUEH 2 MKI/MKIL,
TaK U B CITydae 5-THEBHBIX allTUTUKAIIAN PACTBOPA C MCHBIICH
KOHIIEHTpaImeil, | MKI/MKJI, T. €. ¢ BApBUPYIOIIUMHICS KOHIICH-
TPaLUsIMH PacTBOPA B OTIPEICIIEHHOM fuana3oHe. [IoCKombKy
paHee OBLIO IMOKA3aHO, YTO Y arPECCUBHBIX KPBIC HAa HEHTPalIh-
HOW TEPPUTOPHUHU arpeCCUBHOCTH K OMIOHEHTY MPOSIBISIETCSI
crnabee, 4eM MpH 3alUTe CBOCH COOCTBEHHON TEPPUTOPHUHU B
ycnoBusix Tecta pesuneHT-unTpynep (Ilmtocanna, ConoBbe-
Ba, 2010), MOXKHO MoJIarath, 4YT0 OKCUTOIMH BBI3BIBAET MO-
HIDKEHUE arpeCCUBHOCTH Y 9THX KMBOTHBIX HE3aBHCHUMO OT
CTEIICHH €€ TPOSIBIICHUS B Pa3JIMUHbBIX TECTaX.

Cyist 110 TOBE/ICHHIO Y PYYHBIX KPBIC B TECTE HA HEUTpaJIb-
HOW TEPPUTOPUH, aNIUIUKAIIMK OKCUTOIMHA (20 MKJI C KOH-
HeHTpanuel | MKI/MKIT), HAPOTHB, BBI3BIBAIIN Y HUX JIOCTO-
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BEPHOC YBEJIMUCHUC KOJIMYECTBA U TPOAOJKUTECIIBHOCTH yaa-
POB 3a/HIMHU JIallaMH, a TAKXKe Ha YPOBHE TEHACHINH Oosiee
MIPOJOJDKNTEBHBIC arpeCCHBHBIC B3aNMOICHCTBYSI, OOKOBBIE
T103bI YI'PO3 U MOBBILIEHHE KOJIMYECTBA ITIOCIIESAHUX 110 CpaBHE-
HUIO )KHBOTHBIMH, ITOTyYarOInMH (pu3pacTtBop (cM. puc. 5).
M3MeHeHne 3THX OT/IENBHBIX MMOBEACHYECKUX MapaMeTpOB
MI03BOJISIET CYJJUTh B 1I€JIOM 00 yCHJIEHHU arpecCUBHOTO MO-
BEJICHNs y PYUHBIX KpbIC. M3 paHee MOTydeHHBIX JaHHBIX B
TECTE PE3UJICHT—HMHTPYAEP MOCIE S-THEBHBIX allUIMKalni
OKCHUTOIIMHA C TAKOM K€ JI030H, Kak 1 B TaHHOM padote (20 MK
C KOHIIEHTpaIHeil | MKI/MKIT), y pyYHBIX KPbIC yBEJIMUHBACTCS
HE TOJIBKO KOJIMYECTBO YAAPOB 33/THIMH JIallaMH, HO 1 TIPOJIOJI-
JKUTEJIBHOCTD arpeCCUBHBIX B3aUMOICHCTBHI, OOKOBBIX CTOEK
YTPO3, a TAK)KE KOJTMIECTBO aTak, TOTAa KaK OJIHOKPATHBIE all-
TUTMKAIMN OKCUTONIMHA C OOJIbIIIeH KOHIIEHTpaen 2 MKI/MKJII
HE OKa3bIBaJIU JOCTOBEPHOT'O BIIMAHWA HAa TIOBCACHUEC PYUHBIX
KpHIC B TecTe pesuaeHT-uuTpyaep (Gulevich et al., 2019).

Just nonnManus peHomeHa odparHoro 3¢ ¢exra yBeu-
YEHHUs J03bl OKCUTOLIMHA TPeOYyIOTCs JallbHeHIe nccie-
JIOBaHMs. YCUIIEHHE OTIEIBbHBIX MapaMeTPOB arpeCcCHBHOTO
MIOBE/ICHHS Y PYYHBIX CAMIIOB KPBIC IO/ BIUSHUEM 9K30TCH-
HOTO OKCHTOIIMHA I10 CPAaBHEHHUIO C KOHTPOJIEM HpHU CTpec-
CHPYIOIINX YCIOBUSAX B3aUMOJEHCTBHS C ONIOHEHTOM Ha
HE3HAKOMOH HEWTpaJbHOH TEPPUTOPHH HE MPOTHBOPEUUT
JIAaHHBIM JIpyTrux uccienosareneil. K npumepy, uccnenosa-
HUSI Ha JOMECTHIIMPOBAHHBIX KUBOTHBIX (COOAKH, KOPOBBI
CBHMHBH) M YEJIOBEKE TAK)KE CBU/ICTEICTBYIOT, YTO OKCHTOIINH
B YCJIOBHSIX CTpecca MOXKET CliocOOCTBOBATh MapaJioKCallb-
HOMY OTBETY Ha HEHTpalbHOE WIH Jake apPUInaTHBHOE
(WM TTIO3UTHBHOE) B3aMMOJACHCTBUE, YCHIIMBAs arpecCHio 1
crpecc-otBet (Rault et al., 2013; Hernadi et al., 2015; Yayou
etal., 2015; Crespi, 2016; Shamay-Tsoory, Abu-Akel, 2016).

Mertonom aBropaauorpadun y caMmios Kpbic Groningen ¢
MaKCHUMaJIbHBIM NPOABJIICHUEM arp€CCUBHOCTU TOKa3aHO, YTO
9KCIIPECCHS PEIIENTOPOB OKCUTOIMHA B [IEHTPAIbHON MUH/1a-
JIMHE U S7Ipe JIOKA TePMUHAILHOM ITOJIOCKHU ObliIa BBIIIE, 4YeM
Yy MEHee arpecCUBHBIX KpbIC, 4T0, 1o MHeHHI0 F. Calcagnoli
¢ xommeramu (2014), MOXeT YaCTHIHO KOMITEHCHPOBATh I10-
HIDKCHHYIO ceKkpenuio okcurounHa B I1BS rumoramamyca
Y NEPBBIX, a TAKIKC MOBBINIATE UX YYBCTBUTCIBHOCTH K BBC-
JICHUIO HJIOTEHHOTO OKCHUTOIMHA. [Ipruem skcnpeccus pe-
LIENTOPOB OKCUTOLIMHA B 00OMX PErMOHAX KOPPEIHPOBaIIa C
MIPOAODKUTENBHOCTRIO HACTYNATENbHON arpeccuu B 10-Mu-
HYTHOM TECTE€ PE3UJCHT-MHTPYAEP. B CBA3M C 3TUM MOXKHO
0XHJATh, YTO Y KPBIC, CEJICKIIMOHMUPYEMbIX Ha arpecCUBHOE
MOBEJICHHE, DKCIIPECCHsI PEIENTOPOB OKCUTOLMHA B ILIEH-
TpajbHON MUHJAJIMHE U SAPE JIOKA TEPMUHAIBHOM MTOJIOCKH
TAKKE BBIIIE, YeM y PYUHBIX KpbIC. JlJIst onpeiesieH st ypoBHS
HKCIIPECCHH PELETITOPOB OKCUTOLIMHA B 9THX OT/AEIaX MO3ra
Y KpBIC, CEIEKIIMOHUPYEMBIX TI0 MTOBEAECHHIO, HEOOXOIUMbI
JlaTbHEHIIINe NCCIIe0BaHNSI.

Kak yxe oTMe4anoch BbIlIe, Y YelI0BeKa MaKCUMAaJIbHO
BBIPAKEHHBIE MTPOCOIHANBHBIE 3 (EKTH Ha3aIbHOTO BBE/IE-
HUSI OKCUTOIIMHA HAONIONANN Yy JIMI C HU3KOH cOlMalIbHOM
MOTHBAIIMCH WA H30ETaOIIHX COIMaIbHOro o01eHus (Bartz
etal., 2015; Soriano et al., 2020). [TockonbKy B HaIIINX UCCIIe-
JIOBaHMSIX aHTHAT PECCUBHBIN (P (PEKT OKCHTOIIMHA OTMEYACTCS
TOJIBKO Y arp€CCUBHBIX KPBIC, TIOBEACHUEC KOTOPBIX OTIINYACTCA
HE TOJIbKO BBICOKOW arpeccueil Mo OTHOUIEHHIO K YEJIOBEKY,
HO M YCTOMYMBBIM U KPaiHUM IPOSIBIICHUEM BHYTPHBUI0BOI
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MEXCaMIIOBOH arpeccu, Mo-BUAMMOMY, ITUX KPBIC MOKHO
paccMaTpuBaTh B Ka4eCTBE MOJAETBHBIX UIS WCCIICTOBAHUS
MEXaHHM3MOB, a TAK)XE MTOJXOA0B K JICUCHHUIO CIIEKTPa TaKHX
HeWpOoIrCcuXuaTpuyeckux 3a001eBaHui, KaK ayTH3M, COLHallb-
Hasi TPEBOKHOCTD U JICTIPECCHSI.

HWccnenoBanus, MpoBeICHHBIC HA KPHICAX H MTOJICBKAX, CBU-
JIETEIBCTBYIOT O (DYHKIIMOHAIBHON B3aMMOCBS3U OKCHUTOIH-
HoBoii cuctembl 1 [ THC (Neumann et al., 2000; Engelmann et
al., 2004; Smith, Wang, 2014). [Ipu moBBITIICHUH aAKTUBHOCTH
SHJIOTEHHOM OKCUTOLIMHOBOM CHUCTEMBI B CJydyae JIaKTalluu
WM TIOCJIE COIMAIBHBIX B3aMMOIEHNCTBHIA OTMEUArOT 0CIa0-
JICHHUE CEKPEIIUH aJpEHOKOPTUKOTPOITHOTO TOPMOHA M KOPTH-
KOCTEPOHA B IIOKOE U I10CJIE CTPECCUPYIOIIUX BO3AECUCTBUN,
KaK, HaIpUMep, MPUCYTCTBUS OINIMOHEHTa KOHCICIH(IKA
(Neumann et al., 2000; Engelmann et al., 2004; Smith, Wang,
2014). Uurubupyromee aeicreue okcuronuna va [ THC npu
CTpecce MOXKET OCYIIECTBIATHCS ITyTEM TOPMOXKEHHS TPAHC-
KPUIIIIUU TeHA KOPTHKOTPONUH-PIIIH3UHT TopMoHa Crh B
runoraiamyce (Jurek et al., 2015). MoxxHo nipezosiarars, 4to
MTOBBIIIEHHOE KOJMYECTBO COACPIKAIINX OKCUTOIIMH KIIETOK
B 11paBoil nosnoBuHe COS y pydHBIX KPBIC, 10 CPABHEHHUIO C
arpecCUBHBIMU, CBSI3aHO C TIOHMKEHHOW JKCTpeccHel reHa
Crh B runoTanamMmyce, 0 4eM COOOIIANIOCH HAMU paHee Kak
JUTST MHTaKTHBIX, TaK W JIJIS )KHBOTHBIX TIOCIE aNTUTHKAIIHA
okcuronuHa (Herbeck et al., 2017; Gulevich et al., 2019).

3aknioyeHue

Takum 00pa3oM, ociiadieHue Wik, Ha000POT, YCUIICHUE arpec-
CHBHOTO ITOBEAEHHS MO/ BIMSIHUEM 9K30I'€HHOTO OKCUTOIIMHA
Y KPBIC, CENCKIIMOHNPYEMBIX TI0 TOBEACHHUIO, 00yCIOBICHO
Pa3IMYMSIMH B aKTHBHOCTH DHAOTCHHOI OKCUTOLIMHOBOI! CHC-
TEMBI U, BO3MOXXHO, €€ (DyHKIMOHAJILHONH B3aMMOCBSI3U C
I'THC, xotopast Urpaer Ba>KHYIO pOjb B PEryJIsAIUH MOBEE-
HUSI ¥ CYILIECTBEHHO U3MEHSETCs MO/ BIMSIHUEM OTOOpa 110
MIOBE/ICHHUIO.

Cnucok nutepaTtypbl / References

[TaBnoBa U.B. ®yHKuMOHaIbHAs acCUMMETpHUsl MO3ra IpU MOTHBa-
LHOHHBIX M AMOIMOHAIBHBIX COCTOSHUSX: ABTOped. AUC. ... I-pa
6uon. Hayk. M., 2001
[Pavlova 1.V. Functional brain asymmetry in motivational and emo-
tional conditions: Doctor Sci (Biol.) Dissertation. Moscow, 2001 (in
Russian)]

ITmocauna M.3., ConoBbeBa M.IO. BHyTpuBHiOBas MecaMmIioBast
arpeccus y py4HbIX U arpecCHUBHBIX CEPBIX KPBIC. JKypHan sbicuiell
Heperou desmenvrocmu um. .11, Ilasnosa. 2010;60(2):175-183
[Plyusnina 1., Solov’eva M. Intraspecific intermale aggression in
tame and aggressive Norway rats. Zhurnal Vysshei Nervnoi Deyatel-
nosti imeni I.P. Paviova. 2010;60(2):175-183 (in Russian)]

Cumonos I1.B. MotusupoBanuslit Mmo3r. M.: Hayka, 1987
[Simonov P.V. The Motivated Brain. Moscow: Nauka Publ., 1987
(in Russian)]

Cumonos I1.B. O HepBHBIX LIeHTpax aMouwid. JKypHan evicuiell Heps-
Hou Oesmenvrocmu um. U.11. I1asnosa. 1993;43(3):514-529
[Simonov P.V. The nerve centers of the emotions. Zhurnal Vysshei
Nervnoi Deyatelnosti imeni I.P. Pavlova. 1993;43(3):514-529 (in
Russian)]

CynakxoB K.B. Helipodusnonornueckue 0CHOBBI JIOMUHUPYIOLIUX MO-
tuBaimil. Becmuux Poccutickoti akademuu meouyunckux Hayk. 1993;
7:42-48
[Sudakov K.V. The neurophysical grounds of dominating motiva-
tion. Vestnik Rossiiskoy Akademii Meditsinskikh Nauk = Annals of the
Russian Academy of Medical Sciences. 1993;7:42-48 (in Russian)]

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 202529+ 6


https://elibrary.ru/item.asp?id=13726061
https://pubmed.ncbi.nlm.nih.gov/20469592/
https://pubmed.ncbi.nlm.nih.gov/8362559/

C.I. lUnxeBwny, P.B. KoxxemsiknHa
PI. TyneBuny, t0.3. lepbek

Aydogan G., Jobst A., Loy F., Dehning S., Zill P., Miiller N., Kocher M.
The effect of oxytocin on group formation and strategic thinking in
men. Horm Behav. 2018;100:100-106. doi 10.1016/j.yhbeh.2018.
02.003

Bartz J.A., Lydon J.E., Kolevzon A., Zaki J., Hollander E., Ludwig N.,
Bolger N. Differential effects of oxytocin on agency and commu-
nion for anxiously and avoidantly attached individuals. Psychol Sci.
2015;26(8):1177-1186. doi 10.1177/0956797615580279

Calcagnoli F., de Boer S.F., Althaus M., de Boer J.A., Koolhaas J.M.
Antiaggressive activity of central oxytocin in male rats. Psychophar-
macology. 2013;229(4):639-651. doi 10.1007/s00213-013-3124-7

Calcagnoli F., de Boer S.F., Beiderbec D.I., Althausc M., Koolhaas J.M.,
Neumann I.D. Local oxytocin expression and oxytocin receptor
binding in the male rat brain is associated with aggressiveness. Be-
hav Brain Res. 2014;261:315-322. doi 10.1016/j.bbr.2013.12.050

Calcagnoli F., Kreutzmann J.C., de Boer S.F., Althaus M., Koolhaas J.M.
Acute and repeated intranasal oxytocinadministration exerts anti-
aggressive and pro-affiliative effects in male rats. Psychoneuroendo-
crinology. 2015;51:112-121. doi 10.1016/j.psyneuen.2014.09.019

Castel M., Gainer H., Dellmann H.D. Neuronal secretory systems. Int
Rev Cytol. 1984;88:303-459. doi 10.1016/50074-7696(08)62760-6

Crespi B.J. Oxytocin, testosterone, and human social cognition. Biol
Rev Camb Philos Soc. 2016;91(2):390-408. doi 10.1111/brv.12175

de Jong T.R., Neumann I.D. Oxytocin and aggression. Curr Top Behav
Neurosci. 2018;35:175-192. doi 10.1007/7854 2017 13

Eliava M., Melchior M., Knobloch-Bollmann H.S., Wahis J., da Silva
Gouveia M., Tang Y., Ciobanu A.C., ... Poisbeau P., Seeburg P.H.,
Stoop R., Charlet A., Grinevich V. A new population of parvocellu-
lar oxytocin neurons controlling magnocellular neuron activity and
inflammatory pain processing. Neuron. 2016;89(6):1291-1304. doi
10.1016/j.neuron.2016.01.041

Engelmann M., Landgraf R., Wotjak C.T. The hypothalamic-neuro-
hypophysial system regulates thehypothalamic-pituitary-adrenal
axis under stress: an old concept revisited. Front Neuroendocrinol.
2004;25:132-149. doi 10.1016/j.yfrne.2004.09.001

Grinevich V., Neumann I. Brain oxytocin: how pazzle stones from ani-
mal studies translate into psychiatry. Mol Psychiatry. 2021;26(1):
265-279. doi 10.1038/541380-020-0802-9

Grinevich V., Desarménien M., Chini B., Tauber M., Muscatelli F. On-
togenesis of oxytocin pathways in the mammalian brain: late matu-
ration and psychosocial disorders. Front Neuroanat. 2015;8:164. doi
10.3389/fnana.2014.00164

Gulevich R., Kozhemyakina R., Shikhevich S., Konoshenko M., Her-
beck Yu. Aggressive behavior and stress response after oxytocin ad-
ministration in male Norway rats selected for different attitudes to
humans. Physiol Behav. 2019;199:201-218. doi 10.1016/j.physbeh.
2018.11.030

Herbeck Y.E., Gulevich R.G. Neuropeptides as facilitators of domesti-
cation. Cell Tissue Res. 2019;375(1):295-307. doi 10.1007/s00441-
018-2939-2

Herbeck Y.E., Amelkina O.A., Konoshenko M.Yu., Shikhevich S.G.,
Gulevich R.G., Kozhemyakina R.V., Plyusnina I.Z., Oskina [.N. Ef-
fects of neonatal handling on behavior and stress response in rats
selected for their reaction towards humans. Russ J Genet Appl Res.
2017;7(1):71-81. doi 10.1134/S2079059717010051

Hernadi A., Kis A., Kanizsar O., Toth K., Miklési B., Topal J. Intra-
nasally administered oxytocin affects how dogs (Canis familiaris)
react to the threatening approach of their owner and an unfamiliar
experimenter. Behav Processes. 2015;119:1-5. doi 10.1016/j.beproc.
2015.07.001

Jurek B., Neumann . The oxytocin receptor: from intracellular signal-
ing to behavior. Physiol Rev. 2018;98(3):1805-1908. doi 10.1152/
Physrev.00031.2017

Jurek B., Slattery D.A., Hiraoka Y., Liu Y., Nishimori K., Aguilera G.,
Neumann I.D., van den Burg E.H. Oxytocin regulates stress-induced
Crf gene transcription through CREB-regulated transcription co-

2025
29-6

DHAOreHHbIV OKCUTOLIMH N arpeccnBHOCTb
y CepbIX KpbIC, CeNeKLMOHNPYEMbIX MO NOBEAEHWNIO

activator 3. J Neurosci. 2015;5(35):12248-12260. doi 10.1523/
JNEUROSCI.1345-14.2015

Kiss D.S., Toth I., Jocsak G., Barany Z., Bartha T., Frenyo L.V., Hor-
vath T.L., Zsarnovszky A. Functional aspects of hypothalamic asym-
metry. Brain Sci. 2020;10(6):389. doi 10.3390/brainscil 0060389

Knobloch S., Charlet A., Hoffmann L.C., Eliava M., Khrulev S., Ce-
tin A.H., Osten P., Schwarz M.K., Seeburg P.H., Stoop R., Grine-
vich V. Evoked axonal oxytocin release in the central amygdala at-
tenuates fear response. Neuron. 2012;73(3):553-566. doi 10.1016/
j-neuron.2011.11.030

Kozhemyakina R.V., Shikhevich S.G., Konoshenko M.Yu., Gule-
vich R.G. Adolescent oxytocin treatment affects resident behavior in
aggressive but not tame adult rats. Physiol Behav.2020;224:113046.
doi 10.1016/ j.physbeh.2020.113046

Marsh N., Marsh A.A., Lee M.R., Hurlemann R. Oxytocin and the
neurobiology of prosocial behavior. Neuroscientist. 2021;27(6):
604-619. doi 10.1177/1073858420960111

Neumann I. Brain oxytocin: a key regulator of emotional and social
behaviours in both females and males. J Neuroendocrinol. 2008;
20(6):858-865. doi 10.1111/j.1365-2826.2008.01726.x

Neumann L.D., Slattery D.A. Oxytocin in general anxiety and social
fear: a translational approach. Biol Psychiatry. 2016;79(3):213-221.
doi 10.1016/j.biopsych.2015.06.004

Neumann 1., Wigger A., Torner L., Holsboer F., Landgraf R. Brain
oxytocin inhibits basal and stress-induced activity of the hypotha-
lamo-pituitary adrenal axis in male and female rats: partial action
within the paraventricular nucleus. J Neuroendocrinol. 2000;12(3):
235-243. doi 10.1046/j.1365-2826.2000.00442.x

Neumann I., Maloumby R., Beiderbeck D.I., Lukas M., Landgraf R. In-
creased brain and plasma oxytocin after nasal and peripheral admini-
stration in rats and mice. Psychoneuroendocrinology. 2013;38(10):
1985-1993. doi 10.1016/j.psyneuen.2013.03.003

Plyusnina I., Oskina I. Behavioral and adrenocortical responses to
open-field test in rats selected for reduced aggressiveness toward
humans. Physiol Behav. 1997;61(3):381-385. doi 10.1016/s0031-
9384(96)00445-3

Plyusnina I.Z., Solov’eva M.Y., Oskina I.N. Effect of domestication on
aggression in gray Norway rats. Behav Genet. 2011;41(4):583-592.
doi 10.1007/s10519-010-9429-y

Rault J.-L., Carter C.S., Garner J.P., Marchant J.N., Richert B.T.,
Lay D.C. Jr. Repeated intranasal oxytocin administration in early life
dysregulates the HPA axis and alters social behavior. Physiol Behav.
2013;112-113:40-48. doi 10.1016/j.physbeh.2013.02.007

Shamay-Tsoory S.G., Abu-Akel A. The social salience hypothesis
of oxytocin. Biol Psychiatry. 2016;79(3):194-202. doi 10.1016/
j.biopsych.2015.07.020

Smith A.S., Wang Z. Hypothalamic oxytocin mediates social buffer-
ing of the stress response. Biol Psychiatry. 2014;76(4):281-288. doi
10.1016/j.biopsych.2013.09.017

Soriano J.R., Daniels N., Prinsen J., Alaerts K. Intranasal oxytocin en-
hances approach-related EEG frontal alpha asymmetry during en-
gagement of direct eye contact. Brain Commun. 2020;2(2):fcaa093.
doi 10.1093/braincomms/fcaa093

Takayanagi Y., Onaka T. Roles of oxytocin in stress responses, allo-
stasis and resilience. Int J Mol Sci. 2021;23(1):150. doi 10.3390/
ijms23010150

Tang Y., Benusiglio D., Lefevre A., Hilfiger L., Althammer F,
Bludau A., Hagiwara D., ... Stern J.E., Leng G., Neumann L.D.,
Charlet A., Grinevich V. Social touch promotes interfemale com-
munication via activation of parvocellular oxytocin neurons. Nat
Neurosci. 2020;23(9):1125-1137. doi 10.1038/s41593-020-0674-y

Yayou K., Ito S., Yamamoto N. Relationships between postnatal plasma
oxytocin concentrations and social behaviors in cattle. Anim Sci J.
2015;86(8):806-813. doi 10.1111/asj.12363

Yoon S., Kim Yu. The role of the oxytocin system in anxiety disorders.
Adv Exp Med Biol. 2020;1191:103-120. doi 10.1007/978-981-32-
9705-0 7

KoH}pnuKT nHtepecos. ABTOpbI 3aABNAOT 06 OTCYTCTBUM KOH(IIMKTa MHTEPECOB.
Moctynuna B pepakuuio 04.12.2024. Mocne gopabotku 12.03.2025. MpuHaATa K ny6nnkauum 06.06.2025.

FEHETUKA NOBEAEHWA / BEHAVIORAL GENETICS 855


https://pubmed.ncbi.nlm.nih.gov/29526749/
https://pubmed.ncbi.nlm.nih.gov/29526749/
https://pubmed.ncbi.nlm.nih.gov/26122122/
https://pubmed.ncbi.nlm.nih.gov/23624810/
https://pubmed.ncbi.nlm.nih.gov/24406721/
https://pubmed.ncbi.nlm.nih.gov/25305547/
https://pubmed.ncbi.nlm.nih.gov/6203862/
https://pubmed.ncbi.nlm.nih.gov/25631363/
https://pubmed.ncbi.nlm.nih.gov/28864975/
https://pubmed.ncbi.nlm.nih.gov/26948889/
https://pubmed.ncbi.nlm.nih.gov/26948889/
https://pubmed.ncbi.nlm.nih.gov/15589266/
https://www.frontiersin.org/articles/10.3389/fnins.2022.858070/full#B32
https://pubmed.ncbi.nlm.nih.gov/32514104/
https://pubmed.ncbi.nlm.nih.gov/25767437/
https://pubmed.ncbi.nlm.nih.gov/25767437/
https://pubmed.ncbi.nlm.nih.gov/30472394/
https://pubmed.ncbi.nlm.nih.gov/30472394/
https://pubmed.ncbi.nlm.nih.gov/30357546/
https://pubmed.ncbi.nlm.nih.gov/30357546/
https://link.springer.com/article/10.1134/S2079059717010051
https://pubmed.ncbi.nlm.nih.gov/26165175/
https://pubmed.ncbi.nlm.nih.gov/26165175/
https://www.frontiersin.org/articles/10.3389/fnins.2022.858070/full#B47
https://pubmed.ncbi.nlm.nih.gov/29897293/
https://pubmed.ncbi.nlm.nih.gov/29897293/
https://pubmed.ncbi.nlm.nih.gov/26338335/
https://pubmed.ncbi.nlm.nih.gov/26338335/
https://pubmed.ncbi.nlm.nih.gov/32575391/
https://pubmed.ncbi.nlm.nih.gov/22325206/
https://pubmed.ncbi.nlm.nih.gov/22325206/
https://pubmed.ncbi.nlm.nih.gov/32619528/
https://pubmed.ncbi.nlm.nih.gov/32981445/
https://pubmed.ncbi.nlm.nih.gov/18601710/
https://pubmed.ncbi.nlm.nih.gov/26208744/
https://pubmed.ncbi.nlm.nih.gov/23579082/
https://pubmed.ncbi.nlm.nih.gov/9089756/
https://pubmed.ncbi.nlm.nih.gov/9089756/
https://pubmed.ncbi.nlm.nih.gov/21184164/
https://pubmed.ncbi.nlm.nih.gov/23481917/
https://pubmed.ncbi.nlm.nih.gov/26321019/
https://pubmed.ncbi.nlm.nih.gov/26321019/
https://pubmed.ncbi.nlm.nih.gov/24183103/
https://pubmed.ncbi.nlm.nih.gov/24183103/
https://academic.oup.com/braincomms/article/2/2/fcaa093/5869432
https://pubmed.ncbi.nlm.nih.gov/35008574/
https://pubmed.ncbi.nlm.nih.gov/35008574/
https://pubmed.ncbi.nlm.nih.gov/32719563/
https://pubmed.ncbi.nlm.nih.gov/25599597/
https://pubmed.ncbi.nlm.nih.gov/?term=Yoon+S&cauthor_id=32002925
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+YK&cauthor_id=32002925
https://pubmed.ncbi.nlm.nih.gov/32002925/
https://pubmed.ncbi.nlm.nih.gov/32002925/

OUNOTEHETUKA U TAKCOHOMUA BaBMNOBCKUI XXypHan reHeTUKN 1 cenekumnm

Vavilov Journal of Genetics and Breeding. 2025;29(6):856-867

doi 10.18699/vjgb-25-93
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AHHoTauuA. ArpobakTtepuranbHas TpaHchopmaums — Hanbonee pacnpPoOCTPaHEHHbIN METOA MOyUYeHNA TPAHCTeHHbIX
pacTeHuii. MeTop 0CHOBaH Ha CMOCOGHOCTU OnpefeneHHbIX NOYBEHHbIX 6akTepuii pogos Agrobacterium v Rhizobium
NnepeHoCUTb U MHTErPUPOBaTb B XPOMOCOMY pacTeHUA-peLnnmeHTa GparMeHT cBoel nnasmugbl. IToT dparmeHT
nonyuun HasaHue T-OHK (transferred DNA - nepeHocrmas HK). B nabopaTopHbix ycnoBursAx 6bi10 NOKa3aHo, YTo
13 TPAHCreHHbIX KNETOK MOXHO pereHepupoBaThb Lienible pacteHus. Bckope cTano ACHO, YTo nofobHble mpoueccs
NPONCXOAAT U B NPUPOLE, NPUBOAA K NOABNEHNIO MPUPOAHO-TPAHCTEHHbIX PaCTEHNI NN NPUPOLHbBIX FeHHO-MHXe-
HepHO-MoANPULMPOBAHHbIX opraHn3mos (FTMO). Takum 06pa3om, MPUPOAHO-TPAHCTEHHbIMM Ha3bIBAOTCA PacTeHNA,
y KOTOPbIX B FeHOMax MpucyTcTaytoT romonoru reHos T-JHK arpo6aktepuin (knetouHble T-AHK, knT-OHK). 371 no-
cnefoBaTeNlbHOCTU HaCEAYyoTCA B ALY MOSOBbIX MOKOMEHWI 1 COXPaHAT CBO YHKLMOHaNbHOCTb. Kpome Toro,
NPOAEMOHCTPUPOBaHA BO3MOXHOCTb MCMOMb30BaHNA HOBONPUOOPETEHHbIX PAaCTEHUAMYM MOCNeA0BaTeNbHOCTEN B
dunoreHeTNYECKMX NCCNefoBaHUAX, NOCKoNbKy KNT-AHK ABnaoTca ueTko onpegeneHHbIMU, BbiIcoKocneLnduyHbIMM
1 y3HaBaembiMun dparmeHtamm [HK, He noxoxmmm Ha nocneposatenbHocTy HK pacteHumin. OHM He BCTpeyaloTcs y
HeTpaHCHOPMUPOBAHHbIX MPEAKOB, U UX UHTErpauua B onpeneneHHOM XPOMOCOMHOM caiiTe MapKupyeT MOHobU-
neTnyeckyto rpynny BugoB. B npeactaBneHHoM 0630pe ocBelleHbl BONpochl pasHoobpasna knT-AHK, Bo3amoxxHOCTM
NX NPYIMEHeHNA Kak GUNoreHeTNYeCKMX MapKepoB, B TOM YKC/ie ONMCaHbl OCHOBHbIE METOAMYECKME NOAXOAbI TaKNX
pPaboT, Ha KOHKPETHbIX NMPUMepax PacCMOTPEHbI BO3MOXHOCTY YTOUYHEHNA CMOPHbIX MOMEHTOB B GpUIOreHUN POAOB
Nicotiana, Camellia, Vaccinium wn Arachis. BaxHbIM MOMEHTOM GpUNOreHeTMYeCKoro aHanm3sa Ha ocHose KNT-AHK ana-
€TCA PEKOHCTPYKLMA OTAENbHbBIX annesieit. 370 AaeT BO3MOXHOCTb OTC/eXMBaTh GpaKTbl MEXBVAOBON rMbpuamsanmn.
MimeHHO 3TOT mofxof MO3BOAWA NPOAEMOHCTPUPOBATL He3aBepPLUEHHbIN NPoLEecc BUAOO6pa3oBaHMA B npegenax
cekuyun Thea popa Camellia, a Takxxe NOATBEPANA UCMONb30BaHNE MEXBMAOBON rMOPUAM3aLMM B XO4e cenekumm
ceBepoamepUKaHCKUxX ronybmk. B o63ope paccMoTpeHbl BOMPOChI AAaTUPOBKIM COObITUI TpaHCHOpMaLIMN Ha OCHOBE
knT-OHK, opraHn3oBaHHbIX B BUAE HECOBEPLLEHHBIX MOBTOPOB, @ TaKXKe MNCMoNb30BaHNA GUNOreHeTUYECKMX ncche-
LOBaHWI NpU N3y4yeHnr BoNpocoB 6ropasHoobpasms reHos T-[HK arpobakTepuanbHOro NPOnNCXOXKAEHNA.
KnioueBble cnoBa: arpobakTepuanbHaa TpaHchopmauus; knetouHaa T-AHK; ¢unoreHetuka; Nicotiana; Camellia;
Vaccinium; Arachis
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Abstract. One of the main methods for obtaining transgenic plants is Agrobacterium-mediated transformation. This
process relies on the ability of certain soil bacteria, specifically from the genera Agrobacterium and Rhizobium, to
transfer and integrate a fragment of their plasmid into the chromosome of the recipient plant. This transferred DNA
is referred to as T-DNA. Laboratory studies have demonstrated that whole plants can be regenerated from transgenic
cells. It soon became evident that similar processes occur in nature, leading to the emergence of naturally transgenic
plants, or natural GMOs. Thus, naturally transgenic plants possess homologues of the T-DNA genes from agrobacteria
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MocnegosatenbHocTy IHK arpobakteprianbHOro NPOUCXOXAeHNA
B GUNOreHeTNYECKNX NCCNefoBaHMAX PacTeHNN

in their genomes (cellular T-DNA, or cT-DNA). These sequences are inherited through multiple sexual generations
and retain their functionality. Furthermore, the potential for using newly acquired plant sequences in phylogenetic
studies has been established, as cT-DNAs are clearly defined, highly specific, and recognizable DNA fragments that
differ from typical plant DNA sequences. They are not found in untransformed ancestors, and their integration at
specific chromosomal sites marks a monophyletic group of species. This review highlights the diversity of cellular
T-DNAs and their potential use as phylogenetic markers. It includes a description of the main methodological ap-
proaches to such studies and discusses specific examples that clarify controversial points in the phylogeny of the
genera Nicotiana, Camellia, Vaccinium, and Arachis. An important aspect of phylogenetic analysis based on cT-DNA
is the assembly of individual alleles, which enables the tracking of interspecific hybridization events. This approach
demonstrated the incomplete process of speciation within the Thea section of the genus Camellia and confirmed the
role of interspecific hybridization in the breeding of North American blueberries. The review also addresses the dat-
ing of transformation events based on cT-DNA, which are organized in the form of imperfect repeats, as well as the
application of phylogenetic studies to investigate the biodiversity of agrobacterial T-DNA genes.

Key words: agrobacterium-mediated transformation; cellular T-DNA; phylogenetics; Nicotiana; Camellia; Vaccinium;
Arachis
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BeepeHmne

Arpo0OakTepuasibHas TpaHChOpMaIus — HauboJee pacipo-
CTpPaHEHHBII HA CETOAHSIIHNIN I€Hb METO/ IOJTyIeHHS TPaHC-
TEHHBIX PACTEHHH JUISl HYK/I CEIILCKOTO XO3SIMCTBA, MEINIIH-
HbI, BETEPUHAPHH U APYTUX OTpaciIell HAPOIHOTO X03sHCTBA.
Metozn 0CHOBaH Ha CITIOCOOHOCTH ITOYBEHHBIX OaKkTepuii Agro-
bacterium tumefaciens (Smith and Townsend 1907) Conn
1942 (Approved Lists 1980) u Rhizobium rhizogenes (Riker
et al. 1930) Young et al. 2001 mepeHocuts (hparMeHT cBOEH
TuTa3Mu Il 1 nHTerpupoBars ero B JIHK pacrenns (Schell, Van
Montagu, 1977; Bahramnejad et al., 2019). DT nocnenora-
tenpHOCTH rTonmy4mnu Ha3zBarue T-/IHK (T-DNA, transferred
DNA — nepenocumas JITHK).

B npupoaHbIX yCI0BUSX IPOLIECC IEPEHOCA U MHTErPaLuU
T-JHK B XxpoMOCOMY pacTECHHSA-XO35IHA OOBIYHO BBI3BIBACT
pa3pacraHue TPaHCTCHHOW TKaHW Ha HOPMaJbHOM PacTCHUH
o npuyuHe Kkcnpeccuu reHos T-/IHK, oTBeTcTBEHHBIX 3a pe-
rymsiaio Mopdorenesa (Nester, 2015). Oqraxo onricaHa BO3-
MO>KHOCTh pETreHEPAINH ITOJTHOCTHIO TPAHCT€HHBIX PACTCHUH
n3 takux Tkaneit (Tepfer, 1990; Christey, 2001). MuoxecTBO
(haKTOB yKa3bIBAaET Ha TO, YTO ATOT IIPOLIECC TPOUCXOANT U B
npupoze, 6e3 yuacTus 4eJoBeKa, B pe3ysIbTaTe 4ero MmosBiis-
10TCs POPMBI, COZIepIKallIe B TEHOMAX ITOCIIEI0BATEIIbHOCTH
0GaKTepHaTLHOTO TIPOUCXOXKICHNS U TIEPEIAIOINE HX B PSILY
MOJIOBEIX MoKoieHuit (MatBeesa, 2021). [TepBbie mpupomaHO-
TpaHCIeHHbIE PACTEHNUs ObLIN OOHAPYIKEHBI CPE/IU ITPE/ICTABH-
tenelt pona Nicotiana B 1983 r. (White et al., 1982, 1983), ak
HACTOSIIEMY BPEMEHH H3BECTHBI JIECATKH POJIOB JIBY/I0TBHBIX,
B IIPEZIEIIax KOTOPBIX OIUCAHBI IPUPOJHO-TPAHCTEHHBIE BUIbI
(Matveeva, Otten, 2019; Matveeva, 2021). T-JIHK B cocTaBe
reHomoB npupoHbx MO (nI MO) nosnmyuniia Ha3BaHHUE Kile-
tounoit T-JIHK (xnT-JITHK) (MartBeeBa, 2021). Conocrasinss
KOJIMYECTBO BU/IOB C CEKBEHUPOBAHHBIMI FT€HOMAaMH U KOJIU-
yectBo NI’ MO cpeay HUX, MOXKHO CKa3aTh, YTO CIIEIBI arpo-
OakTepuaibHOM TpaHchOopMaLK COXPAHMIIICH Y CEMU TPO-
IIEHTOB BHIIOB IBYAOJBHBIX pacTeHuil (Matveeva, Otten, 2019).
Takum 00pa3zom, B pyKH yUCHBIX ITOTIAJI OOIIMPHBIH MaTepHa
JUTSE M3ydeHus QYHKIUI OaKTepUaIbHBIX TCHOB B PACTCHHUSX,
MX 3BOJIIOIIMOHHOHN Cy/IBOBI.

He menee nHTEepecHbIe JaHHBIC OBUINM MOJYYCHBI C HMC-
nosb3oBanueM T-J[HK kak ¢uiioreneTnueckoro mMapkepa,
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MOCKOJIBKY HOBOTIPHOOPETEHHBIE TIOCIIEI0BATEIbHOCTH Me-
10T HECKOJIBKO IPEUMYIIECTB ISl H3YUEHHS TPOUCXOKICHUS
u sBosonuu Bugo 1l MO (MatseeBa u ap., 2011; Chen
et al., 2022; Zhidkin et al., 2023; Bogomaz et al., 2024).
Tax, k1T-AHK sBASIOTCS 4ETKO OIpeNeIeHHBIMU, BbICOKO-
cneunuuHbIMU U y3HaBaeMbiMu (parmentamu JJHK, He
moxoxumu Ha ocnenoBarensHoctr JIHK pactennit. Onn He
BCTPEYAIOTCS y HETPAHC()OPMHUPOBAHHBIX IIPEJIKOB, U UX WH-
Terpanus B ONpeaeIeHHOM XPOMOCOMHOM CaiiTe MapKupyeT
MoHOpHIEeTHIECKYT0 rpymTy BuaoB. Kak mpaswmio, ki T-/JHK
MIPE/ICTABICHBI SIMHUYHBIMHU BCTABKaMH, YTO CIIYKUT 3HAYH-
TENbHBIM IPEUMYIIECTBOM IO CPABHEHUIO C KJIACCUYECKUMU
saepHsiMu Mapkepamu. Hakoner, ki T-JIHK mMoryT ObITE 110-
CTAaTOYHO TPOTSHKEHHBIMH M JPEBHUMH, HAKATUTUBAIOIIAMHU
oJHOHYKJIeoTHAHbIe 3aMeHbl (OH3), 4To mo3BosIseT CTPOUTH
(unoreneTndeckne nepeBbsa. BeposTHOCTB TOTO, UTO B IBYX
HE3aBHCUMBIX (PMIIOTEHETHYECKUX BETBSAX OJHA U Ta e TO0-
cnenoBarenbHOCTh T-/IHK BcTpouTcs B reHOM B OfIHY U Ty ke
MHUIIIEHb, C NICHTHYHBIMU TPAHULIAMH, KaXKETCsI HaM COOBITH-
€M He HCKJIFOYEHHBIM, HO MaJIOBEPOSITHBIM. DTO AENaeT HHCEp-
nuu T-JIHK, Tak sxe kak WHCepIHUU B TEHOM TPAHCIIO30HOB,
ype3BBIYaliHO BaKHBIMHU cuHanoMopdusmu (Shedlock, Oka-
da, 2000; Doronina et al., 2022) u, cieoBaTenbHO, MOIITHBIMA
MHCTPYyMEHTaMHU JUIs cucTeMariky. VX ananu3 B Macmradax
TEHOMa TAaKXKe MOXKET ITOMOYb BBISIBUTH TPUINHBI KOH(IUKTA
(PMIIOTEHETHYECKOTO CHIHANIA B CIy4ae €ro BO3ZHMKHOBEHUS
(Kuritzin et al., 2016). HakoHer, moBTopstonuecs nocieno-
BarenbHOCTH B K1 T-JIHK MoryT ncnons3oBarecs 4J1s OLIEHKH
BpPEMEHN C MOMEHTA TpaHC(HOpPMAINH WK B Ka4€CTBE OTHO-
CHUTEJIbHBIX BpeMeHHbIX MapkepoB (Chen et al., 2022).

Crpyktypbl T-OHK

Ousnueckas crpykrypa T-JIHK pasnugaercs mexnay mmas-
MHJIaMH U3 Pa3HBIX MITAMMOB arpoOaKkTepuil 1 MOXeT OBITh
Kaccu(UIIMPOBaHa B 3aBUCUMOCTH OT KOJIMYECTBA ITEPEHO-
CHUMBbIX B 'CHOM pAaCTCHUSA q)paFMeHTOB, 3aKOJAUPOBAHHLIX B
oxnoit mnasmuae. T-JIHK mMoxer ObITh HEeNpephIBHOH, Kak,
HaIpuMep, y MaHHOITHHOBBIX, MUKIMOIIMHOBBIX 1 KYKYMOIIH-
HOBBIX mTamMMOB (Jouanin, 1984; Hansen et al., 1991). Ona
npeacTaBisieT coboif HenpeprBHEIHN yaacTok JJHK, pmanku-
POBaHHBIH NOTPAHUIHBIMHE ITOCIIEI0BATEIILHOCTIMU Ha 000X
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koHIaxX (kak B wiasMuzae pRi8196). B mrasmumax apyroro
tuna, Hanpumep B pRiA4, T-IHK pasnenena Ha 18a cermen-
ta — TL-AHK u TR-/ITHK (White et al., 1985), mexxay xKoTo-
PBIMM HaXOJUTCS B Ka4eCTBE clielicepa HE IIEPEHOCUMBIN B
pacrenns yaactok JJHK pasmepom okomo 15 kb. Hesasucumo
OT pa3IU4Mi UX CTPYKTYPBI, BO BCEX YNMOMSIHYTBIX BBIIIE
T-JIHK conepxxarcst reHbl CUHTE3a OIIMHOB, UCIIOJIB3yEMBbIX
arpo0akTepusIMH KaK HCTOUHHK NTAHUS, ¥ TaK Ha3bIBAEMbIE
OHKOT'€HBI, IPOAYKTHI KOTOPBIX 3aCTaBISIOT PACTUTEIIBHBIE
KJIETKH JIETUTHCA.

Crpyxrypsl K1T-/IHK il MO 6onee paznoodpasusr. Cpean
HUX NPeo0I1alaloT Te, YTO COJep)KaT TOJIBKO TeHbl CHHTE3a
OMUHOB. DTOT ()EHOMEH MOYKHO OOBSICHUTB, 110 KpaiiHel Mepe,
Tpems crioco6aMu. Bo-TiepBbIX, B M3BECTHBIX K HACTOSIIEMY
Bpemenn T-JIHK reHsl cHTe3a ONMMHOB HAXOSTCS OJIMDKE K
npaBoii rpanutie. [Ipu Beipe3anun ogHouenoueunoi T-JTHK
13 TUTA3MHUIBI B X07ie TpaHchopmarmu 6emok VirD2 koBaneHT-
HO cBs3bIBaeTcs ¢ 5'-konnoM T-JIHK y ee npaBoii rpanuiel,
a 3areM HampasisieT T-1erb yepe3 cucTeMy CeKpennu Oesnka
tuna IV B pacturensHyo kinetky (Gelvin, 2021). [TockonbKy
Jenenuy npoucxonar npu unrerpanuu T-JITHK B xpomocomy
pacTeHusi, To OHU OoJiee OOIIUPHBI HA 3'-, yeM Ha 5'-KOHIIE,
KOTOPBIH MTPOCTPaHCTBEHHO 3amuiieH oernxoM VirD2 (Gelvin,
2021). Bo-BTOpBIX, MOXKHO 0KU/1aTh HAJTMIHE IITAMMOB arpo-
Oakrepuii, B T-JJHK KOTOpBIX NPUCYTCTBYIOT TOJILKO T€HBI
ONMH-CHHTA3. B-TpeThHX, HENb3s NCKII0YaTh BO3ZMOKHOCTD
norepu Oonbmei yactu T-J{HK yxe nmocne ee naTerpannu
B XPOMOCOMY B ITPOIIECCE IBOIIOLUHU TOTOMKOB ITPUPOJAHOTO
TpaHC(OPMaHTa C COXPAHEHHEM TOJILKO FT€HOB CHHTE3a OIH-
HOB, TIOCKOJIBKY OHHM HE BIIMSIIOT Ha MOp(OTeHe3 B TOH crerre-
HU, KaK OHKOT€HBI, HHBIMHU CIIOBAMH, HE MTPUBOJIAT K aHOMa-
JusM pocta u pa3Butusa (Matveeva, Otten, 2021).

Ha Bropom MecTe 1o pacnpoCTpaHEHHOCTH HaXOAATCS IIPO-
TsokeHHbIe parmenTsl T-/IHK ¢ oHKOreHamu 1 renamu CUH-
Te3a onmHOB. Ot KIT-JIHK, Kak mpaBwiio, mpeacTaBiIeHbI
HUHBEPTUPOBAHHBIMY HECOBEPLIEHHBIMH ITOBTOPaMU. JlaHHYIO
0COOEHHOCTh MOXHO HCIOJIB30BATh MPH JaTUPOBKE aKTOB
TpaHchopmaru. Hanmenee pactipocTpaHeHHBIMH SBIISIFOTCS
ki T-JIHK, comeprxammme Tonpko orkorensl (Matveeva, Otten,
2019; Matveeva, 2021).

PaccmorpumM nogpoOHee BOMPOC JaTUPOBKH aKTOB BO3-
HukHOBeHHS I MO B X0J1€ BOIIOINH.

nOp,XOHbI KonpepeneHnio BpemeHu

co6bITui TpaHcpopmauuin y nfMO

JarupoBka coobiTuii Tpancopmanuu y 1l MO MoxeT ObITh
MIPOBEIEHA HA OCHOBE METOJa MOJEKYIIPHbBIX dacoB. Oco-
O6ennoctr Mmexanm3ma naTerparyn T-JIHK B renom nabUIH-
POBaHHOTO PACTEHUsI IIPUBOJAT K 00PAa30BaHHIO ITOBTOPSIIO-
mmxcs mocnenoBarensHocTel T-/THK i ee ygactros (Tzfira
etal., 2004, Singer, 2018). DTr TOBTOPHI SBISIFOTCS JTMHHBIMI
ki T-JIHK, koTopsle npeicTaBneHs! HeCOBEPIIEHHBIMU HHBEP-
THUPOBAHHBIMHU ITOBTOPAMH WJIH NX YaCTSIMU, 00Pa30BaBIINMH-
Cs1 B XOJI€ JICJICIIMY Y9acTKa WK ero BcrpanBanust (Matveeva,
Otten, 2019; Matveeva, 2021). Hcnionb3yst pa3ianuus mociie-
JIOBAaTENIbHOCTH HYKJIEOTH/IOB TAKHX TIOBTOPOB, MOKHO OTIpE-
JISTTUTH € TIOMOIIbIO KO3(h(UIMEHTa HYKICOTUAHBIX 3aMeH
MPUONN3UTEIBHOE BPEMSI PACXOXKICHHUSI JaHHBIX TIOBTOPOB U,
Kak criesicTsre, Bpems narerpanuu T-JJHK B rerom Gyytero
nl'MO (Gaut et al., 1996).
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rne 7 — npubnusnurtenbHoe BpeMs uaTerpanun ki T-JAHK; d —
OTHOIIICHHUE HYKJICOTUIHBIX Pa3IMYNi IBYX TOBTOPOB; 7 —
cpemHuii KO3 OUIMEHT HYKIEOTUIHBIX 3aMeH, 6.5 % 1079 3a-
MeHBI Ha caift B rox (Gaut et al., 1996; Lynch, Conery, 2000).
Ha ocHoBe 3TOT0 MIOAX0/1a OBIIIA TIPOBEICHA JaTHPOBKA MH-
terpatmu T-/IHK y npencrasureneit pona Camellia, kotopsie
cozepxkar paznuutbie cTpykrypHbie Tuibl ki1 T-JJHK (Chen
et al., 2022, 2023). CormacHo 3TO# maTUpoBKe, Hamboiee
JIPEBHISI U3 BCTABOK ObLIa MHTEIPHPOBaHA B I'€HOM OKOJIO
7.5 MJIH JIET Ha3a[, TOrga Kak HanboJsee MoJiofas Obljia HHTE-
rpuposana 0.04 mun siet Hasazn (Chen et al., 2023)'.

OnHaKo ATOT MOJXO/ UMEET PsJl OTpaHHUYCHUH, KOTOpbIE
HE MO3BOJIAIOT UCIIOIB30BATh €T0 IS OIPEICICHUS BPEMEHU
nnrterpanuu Muorux kinT-JHK. IlepBoe u3 orpannuenuit —
HEBO3MO)KHOCTH 0OHAPYKEHNSI MHBEPTHPOBAHHBIX TOBTOPOB
y Bcex knT-/IHK, Tak xak Gompmas gacts BunoB nl MO He
conepkuT npotskeHHbIX K1 T-AHK, roe MoxkHO HallTH Mo-
BTOPSIIOIIMECS TIPSIMbIE M HHBEPTHPOBAHHbIE MOCIIE/I0BATEb-
HoctH (Matveeva, 2021). Bropbim siBisieTcst TO, 9TO JIaxke HE
Bce npotspkenusie ki T-JIHK umeror noeropel. Tak, ToJabKO 6
n3 12 tunos xknT-J{HK y npencrasuteneit pona Camellia co-
JIepKaT MOBTOPHI, KOTOPHIE TTO3BOJISAIOT ONPEACIUTh BPEMs
uaTerpamun (Chen et al., 2023). Emie ogHO BakHOE yCITOBHE
U BBIOOPE TIOCIIEIOBATEIBHOCTEH JUIsl TaTUPOBKH — HEOO-
XOIUMOCTH HCKITFOYUTB, YTO 3TH ITOBTOPHI MOIIIN 00Pa30BaTh-
sl B TIpOIlecce APYTHX TeHOMHBIX MEPECTPOCK, HApuMep B
pe3yabrare akTHBHOCTH MOOMIIBHBIX 3JIEMEHTOB T€HOMA.

Meron natuposku kinT-/{HK, HecomHenHo, cienyer uc-
TIOJTE30BaTh BMECTE C JPYTUMH ITOIXOJAMH, KOTOPBIE TIO3BOJISAT
TOYHO OIIEHUTh CKOPOCTh HYKIJICOTHJHBIX 3aMEH UMEHHO B
9TOM BHJIE, CPABHUTH BPEMs AUBEPICHIINU C IPYTUMHU OIH3-
KOPOJICTBEHHBIMH TAKCOHAMH TSI BATMAAIINH ITOTYYCHHBIX
JIAaHHBIX. XOTS TaHHBIH METOJ JaTUPOBKH BPEMEHM TpPaHC-
dbopmanmun nI’ MO eme TpeOyeT manpHelIeld 1opadoTKu U
BepHu(UKAIIIH, OH MOXKET MTO3BOJIHTE JIYYIIIE TOHATH BOJIO-
LIUOHHBIN Tpouecc, KoTopslil nperepnesanu nl' MO mnocine
arpo0aKTepHaIbHON TPAHC(POPMAIUH.

MHoXecTBeHHble aKTbl TpaHchopMaLun

B 3Bosouuun poga Nicotiana

W3zyuyenne eHoMeHa TeHETHYECKON TpaHCopMaluu pac-
TCHUI B mpuUpojae 0e3 ydacTHs YeIOBeKa HadajloCh C BUA
Nicotiana glauca Graham, B siiepHOM reHOME KOTOPOTO ObLITH
0OHApYKEHBI TOCIEI0BATEIBHOCTH, TOMOJIOTUYHbBIE arpOOaK-
tepuanbHbiM T-JJHK (White et al., 1983). [TepBas naiinennas
ki T-JIHK Ormma vazana gT. Ona Oputa opraHM30BaHa Kak
HECOBEPIIECHHbI HHBEPTUPOBAHHBIH TOBTOP M COCTOSLIA W3
OJTHOM KOTIMH TOMOJIoTa 70lB 1 IBYX Komwii ToMoJioroB rolC,
ORF13, ORFI u mis (Suzuki et al., 2002). ITociemxoBareb-
HOCTh gT MOCTy)XHila OTIPABHOW TOYKOHM JUTS ITPOBEICHUS
noucka ki T-/IHK B renomax apyrux BusoB poaa Nicotiana L.
(Furner et al., 1986; Intrieri, Buiatti, 2001). Ha cerogasimauii

! B pesynbTaTe 06lieHNA C aBTOPaMIA CTaTbil BbII0 YTOUHEHO, UTO NpUBE/EH-
Hble B CTaTbe AaHHble O BPEMEHU BCTaBOK PacCuMTaHbl Mo owmbouHow dop-
MyJie, @ IMEHHO 3aBbllleHbl B ABa pa3a. B Halem o63ope npuBogaTca Kop-
peKTHble 3HaueHuA.
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JICHb U3BECTHO O 16 MPUPOJHO-TPAHCTEHHBIX BUAX JIAHHOTO
pona (Otten, 2020). Pox Nicotiana Bkmo4aeT NBEHAANATh
cexnuii (Knapp et al., 2004), B mecT U3 KOTOPBIX OTMHCAHBI
MPUPOIHO-TPAHCTEHHBIE MTPEACTaBUTEIH.

ITouck u ananu3 knT-JITHK B pacTuTensHbIX reHOMaX J10J1-
roe BpeMsi OCYIIECTBIISIICS Ha yPOBHE OT/IeNbHBIX reHoB (Fur-
ner et al., 1986; Meyer et al., 1995; Intrieri, Buiatti, 2001).
B TOT ke nepros ObUTH IPEIPHHSTHI TTOIBITKA PEKOHCTPYK-
U puoreHeTndeckux cBszeid mexay Kil-IHK paznex
BuzoB Tabaka u T-J{HK arpobakrepuii. OmHako qampHEHIIE
MCCIICIOBaHUS TIOCTaBHIIM 10/ COMHEHNE HEKOTOphIe Ooiee
paHHHE HBOJIIOIMOHHBIE TOCTpoeHus. [lepexox k momHore-
HOMHBIM JIaHHBIM TO3BOJIMJI HE TOsbKO uckarh KiT-JIHK u
M3y4aTh UX COCTaB, HO TAKXe OI[CHUBATh UX KOJMYECTBO M
CalThl JOKAJIM3aLUHU B PACTUTEILHOM reHoMe. I1epBblii Takoi
aHanu3 0611 ipoBeneH At N. tomentosiformis Goodsp. (Chen
etal., 2014), B reHOMe KOTOPOTO OBLIN HAM/ICHBI YETHIPE pa3-
Hble 1o cocraBy ki T-JIHK (TA, TB, TC u TD) (cm. Tabnmiy),
OTJIMYHBIC OT paHee uccienosannoii g1 B N. glauca (Suzuki et
al., 2002). Takum 06pazom, CTaio SICHO, YTO UCIIOJIB30BaHUE
yaactroB k' T-JIHK B kauecTBe proreHeTHIEeCKOro Mapkepa
HEO0OX0IMMO Ha4YMHATH ¢ OIEeHKW koimmdectBa KiIT-JIHK B
TEHOME W UX CalTOB JIOKAJIM3ALINH, MAPKUPYIOIINX ITOTOMKOB
KOHKPETHBIX COOBITHI TpaHC(hOpMaIHy.

MHmuoxectBenHble npotsbkeHHble K T-JIHK y BuioB Tabaka
OBLTN KCIIOIB30BAHBI [UIsl IATUPOBKHU COOBITHI TpaHchopma-
IIUM B 9BOMIONUH. bbUTO MOKa3aHo, uto y N. fomentosiformis
Bce yerbipe K1 T-AHK siBisitorcst pe3yasraraMu He3aBUCUMBIX
AKTOB arpo0aKTepuaIbHON TPaHC(HOPMALINH, TIPOU30IIEIIHX
B pasHoe Bpems. Knerounast T-JTHK TC Obua onpenenena
Kak camast JpeBHsisi. [1o mpuOIM3uTebHOI OLIEHKE €€ BO3PacT
cocraBua 1 mun et (Chen et al., 2014). [Toxe B reHome
Buga N. ofophora Griseb., pMIOTEeHETHIECKH OIU3KOTO K
N. tomentosiformis, 6pun HalimeHbl qBe kormu TC, pas3mu-
Yaromuecss Mexay cobor Ha 4 % W pacIOIIOKCHHBIC B TOM
ke caiite, uto u TC N. tomentosiformis. OOl calT JIoKa-
NU3alny yKkaseiBaeT Ha 1o, uto ki T-/IHK TC, ckopee Bcero,
ObuTa MOJy4YeHa HeKUM oOuwM Jutst N. tomentosiformis u
N. otophora nipenxoBsIM BHIOM (pHC. 1).

B xoze »BorONNY JAHHOTO BH/Ia, BEPOSITHO, CITyYHIIach JIy-
wmkamus TC, mocne yero odpaszoBanuchk Bun N. ofophora,
Hecymuil B reHome nBe koruu TC, u N. tomentosiformis,
yrparuBmuii ogHy kornuio TC B Xxoxe BHaooOpa3zoBaHUS
(Chen et al., 2018). ITonbITKH BOCCTAHOBHUTD XOJI IBOJIFOIIH-
OHHBIX COOBITHI, B TOM YHCIIe BUJ000pa30BaHU, B POAY
Nicotiana OCIOXHSET CBOUCTBEHHBIM €My PETUKYJISPHBIH,
WJIN CeTYaThIH, THUI SBOJIOIMH, JUI KOTOPOTO XapaKTEPHO
YaCTHYHOE CJIMSIHHE NPEIKOBBIX BETBEH ¢ 00pa3oBaHHEM
rubpunHbix Gpopm (Knapp et al., 2004). Tak, narnpumep,
M3BECTHBIN TpencTaBuTenb poaa Nicotiana, N. tabacum L.
(KynbTYpHBIN Tabak), SBISIETCS MEXKBUAOBBIM THOPHIOM
N. tomentosiformis u N. sylvestris Speg. (Yukawa et al., 2006).
T'enom N. tabacum conepxut Tpu u3 yersbipex ki T-JAHK, Haii-
neHHbIX y N. tomentosiformis (TA, TB, TD), Ha ocHOBaHHH
9YEero MOXKHO MPEATOIOKHTh, YTO COOBITHS arpodaKTepruaib-
HOW TpaHchopmanuu N. tomentosiformis NpeANICCTBOBAIN
BunooOpazoBaumio N. tabacum (Chen et al., 2014). B mons3y
JTAaHHOTO MTPEATIOI0KEHHUS CBUACTEIbCTBYET OLICHKA BPEMEHH!
BU1000pazoBanust N. tabacum, TpoBeieHHAst METOJaMH ITPO-

OUNOTEHETUKA N TAKCOHOMUA / PHYLOGENETICS AND TAXONOMY

MocnegosatenbHocTy IHK arpobaktepranbHOro nponcxoxaeHna 2025

B dpunoreHeTUYECKNX NCCNEJOBaHNAX PacTEHN 29.6
CrpykTypbl KnT-OHK y N. tomentosiformis
HasBaHue [lepeyeHb reHOB (B CKOOKax OTMeUeHbl nneyn
HeCcoBepLUEHHBIX MHBEPTUPOBaHHbIX MOBTOPOB)
TA (orf8, orf3, rolA, rolB, rolC, orf13, orf14, mis)
(mis, orf14, orf13, rolC, rolB, rolA, orf8)
TB (mis, orf14) (orf14, mis, ags-like, mas1’, mas2')
TC (ocl, orf2, orf3, orf8, rolA, rolB) (rolB, rolA, orf8, orf3, orf2, c)
D (orf14), orf55,0rf 15, orf511, (orf1)
N. setchellii

N. otophora

BctpansaHune TC
B reHOM pacTeHus N. tomentosiformis
Aynnukauna TC *
Motepa
TC1,7C2 TC2 N. tabacum
Motepa
TC1 )
N. sylvestris

Puc. 1. Mogenb agontouyumn knT-AHK TC B reHomax Nicotiana.

TonwyHa NMHWIA oTpa)kaeT MPUCYTCTBME B FeHOME BUAA OAHOWN WA ABYX KO-
nun TC nn6o ee otcytctaue, no (Chen et al,, 2018).

TOYHON IUTOMETPHH U TEHOMHOM THOPHUIN3AINH, COTIACHO
KOTOpO# Bo3pacT Buja cocrarisieT meHee 600 ner (Leitch et
al., 2008). KnT-/IHK TC, xonust KOTOpO# COep>KUTCS B Te-
HOMeE Ipe/IkoBOro Buaa N. tomentosiformis, BEeposiTHO, Obli1a
yTpaueHa B xojie BunoodpaszoBanus N. tabacum (Chen et al.,
2014) (cm. puc. 1). Ucnonb3yst nanabie narupoBok ki T-/IHK u
PE3yIbTaThI OLIEHKH BPEMEHH BUA000Pa30BaHMs, MOXKHO MPO-
cneauth myTh TC OT mepBOro MepeHoca ee B paCTUTEIbHBIN
TEHOM JI0 yTparThl JIMOO 3aKperyIeHUs] B Pa3IMIHbIX BUIAX,
MPOM30MIEAIINX OT NPEIKOBOH (pOpMBI Ha pa3HBIX dTArax
SBOJIIOIUH POJIA.

Bce BbllICONMCaHHBIE MTPEACTABUTENN OTHOCSATCS K CEK-
uusiM Tomentosae v Nicotiana. J1n1s ipeicTaBUTENEeN CEKLUU
Noctiflorae (N. glauca, N. noctiflora Hook.) Toxe omnmcaHo
npucyTcTBue Tpex paznnyaromumxcs KiT-JAHK, nomyueHHbIx
B X0J1¢ HE3aBUCHMBIX aKTOB TpaHC(hOpManny (0JHa BCTABKa B
reaome N. glauca, nBe npyrue — B N. noctiflora) (Khafizova
et al., 2023), omHaKo Jis1 BOCCTAHOBJICHUS (DUIIOICHETHYC-
CKHUX OTHOIIEHWH B JaHHOH BETBU HEOOXOJUMO OOJIbIIE ITPU-
POHO-TPAHCTEHHBIX MTPEACTABUTEINECH C CEKBEHUPOBAHHBIMHU
TeHOMaMH.

Takum 006pa3om, cTeneHb H3y4eHHOCTH TaKCOHA HAIPSIMYIO
CBsA3aHa C JIOCTYIIHOCTbIO MATepHalla U €ro X03siCTBEHHON
3HaUUMOCTBIO. BHYTpHBHI0BOE pa3HOOOpa3He KyJIbTYPHOTO
Ta0aKa TakKe MPEeICTaBIsIET HHTEPEC, TOITOMY B CIEAYIOLIEM
pazzese Mbl OCTaHOBUMCS Ha ucnofib3oBanuu kiT-JJHK B
HCCIIEI0BaHUH 3TOTO BOIIPOCA.
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Puc. 2. KnT-JHK TA B reHomax N. tabacum.
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a - cxema TA; LieHTpanbHas 4acTb He MOKa3aHa, YepHbIMY MPAMOYTOSIbHUKAMU OTMEUeH reH orf13, LUTPUXOBBIMU IMHWAMU — rpaHnLbl Aenenun. OTMeyeHbl npaii-
Mepbl, nofobpaHHble B pabote (Xadusosa, MateeeBa, 2020); 1 — knT-AHK TA 6e3 peneunu; 2 - knT-AHK TA ¢ geneuveir, 6enbiM NPAMOYrofibHUKOM NMOKasaHa
nocsieAoBaTesIbHOCTb HEVM3BECTHOrO MPOUCXOXKAEHNA ANMHON 42 M.H.; 6 — dparMeHTbl, Nosly4YeHHble C ncnonb3oBaHnem npanmepos F u innR (1), F n R (2) npu

MNLP-aHanu3e Bocbmu coptoB N. tabacum, no (Xadusosa, MaTeeesa, 2020).

BHyTpunBunpoBas nsmeHuynBoctb KnT-[IHK y Tabaka
Nicotiana tabacum, Wi KyJabTYpHBIH Tabak, — aJuloTeTpa-
TuTon 1, 00pa30BaBLINICS B X0/1€ MEXBHIOBOI rHOpHIN3aNT
BUI0B N. tomentosiformis u N. sylvestris (Yukawa et al., 20006).
KonnuecTBo CyliecTBYOLUX COPTOB U PA3HOBUJHOCTEMN
N. tabacum HaCUNTBHIBACT ICCATKH THICSY, ITPU 3TOM POJICTBEH-
HbI€ OTHOLICHUSI MEXIYy HUMH yCTaHOBJICHBI JaJIEKO HE BO
Bcex cimydasx (Moon et al., 2009; Fricano et al., 2012; Sierro
etal.,2014). B ocHOBE camMOii IIMPOKO HCIIOIB3YEMOH CEroIHs
BHYTPUBHI0BOU KiTacCH(UKALIMH KyJIBTYpHOTO TabaKa jexar
pasnuuus B MOP(HOIOTUH PaCTEHHH, a TAKXKE B KOJTMIECTBEH-
HOM M Ka4Y€CTBEHHOM COCTABE MX BTOPUYHBIX METaOOINTOB.
JlaHHbBIE TIOKA3aTeIN OMPEIEIISIOT KIIIOUEBbIE XapaKTePUCTH-
K1 TaOaqHOTO CHIPHsI, & CaMy KIIACCHU(PHUKAIINIO HA3bIBAIOT PhI-
nounoit (Lewis, Nicholson, 2007). Bcero BeLIEISIFOT BOCEMB
PBIHOUHBIX KJIacCOB: bepiu, HaroJIHUTENb IS curap, Tabaxk
JUISl 3aKPYYHMBAHMS CUTAp, TEMHBIH TabaK BO3AYIIHOHN CyII-
K1, TEMHBII Tabak ITapoBOi CYIIKH, TabaK JIBIMOBOH CYIIKH,
Mbpunenn u Boctounslid Tabak (Moon et al., 2009). [Tpu Tom,
YTO CPEAr COPTOB KYIBTYPHOTO Tabaka HaOIIOIAeTCs BBICO-
Kni ypoBeHb (peHOTHITMUECKOH m3menunBoct (Lewis, Ni-
cholson 2007), ypoBeHb HYKJICOTUIHONH H3MEHYMBOCTH, BbI-
SIBJICHHBIM METOAaMH MOIUMOp(H3Ma JITHMHBI PECTPUKIMOH-
Horo ¢parmenta (RFLP), ciaydaiino amMrumunmupoBaHHOM
nonumopduoii IHK (RAPD), mapkepamu nonumopduzma
JurHBI aMmiuaduupoBarHoro Gpparmenta (AFLP) u momHo-
TEeHOMHBIM TIOMCKOM acconmanuii (GWAS), cpaBHUTEIBHO
HeBbIcok (Brandle, Bai, 1999; Ren, Timko, 2001; Rossi et al.,
2001; Tong et al., 2020).

Jast mpoBenienust prIIoreHeTHIeCcKoro aHannu3a | ocTpoe-
HHS1 KapThl, OTPAKAIOIIEH UCTHHHBIE POJCTBEHHBIE OTHOIICHUSI
BHYTpPHU BH/1a, HEOOXOIMMO HCIIONIb30BATh JONOJIHUTEIbHBIE
MOJIEKYIISIpHBIE MapKepbl. OJTHIM U3 TaKUX MapKepOB MOXKET
ciyxuth kKn1T-JIHK. Mzydenne knT-JHK B momTHOreHOMHBIX
JTAHHBIX TPeX copToB N. tabacum TO3BOJIWIO BBISIBUTH IPO-
TSOKEHHYIO JIeNelnio B nenTpanbHoi yactu ki T-JAHK TA y
copra Basma/Xanti. [Tpu 3tom B coprax K326 u TN90 6pu1a
oOHapy»KeHa rmocienoBarenbHOCTh TA 0e3 nenerm (Chen et
al., 2014). Paznuuus B cTpykrype TA yxe ObUTH MOKa3aHbI
panee metomom [P mist copros N. tabacum Basma Drama 2,
Samsoun u Xanthi, knT-AHK koTOpbIX comepkaT HETTOTHBIE
MOCJIeIOBATEIBHOCTH ToMoJiora reHa orf13, B OTIMYue OT
knT-JIHK B coprax Wisconsin 38 u Havana 425, a Taxxe B
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Buzie N. tomentosiformis (Mohajjel-Shoja et al., 2011). ITozxe
¢ momorsio Metona [P 6butH poaHaTu3upOBaHEI CIIie BO-
CeMb COpTOB KyIbTypHOTO Tabaka: Vuelta abajo, Suifu, Black
Indian, Havana 307, Typeuxkwuii, Opuentans, bpsackuii 91 u
Virginia X Berley 38 (puc. 2). B pe3ynbrare npoBeneHHOro
aHaJM3a ONMHCAHHAs paHee JeNenus Oplia OOHAapyXeHa B
coprax bpsiackuit 91 n Virginia x Berley 38, npu aTom caift
JIOKAJIM3aINK JIeJICIMHU COBIAJ C cCalfTaMu €K B TeHOMaX
coptroB Basma Drama 2, Samsoun, Xanthi m Basma/Xanti ¢
TOYHOCTBIO 710 HyKieotnaa (Xaduzosa, Marseesa, 2020).

Takum 00pa3zom, UCTIOIB30BAHUE CTPYKTYPHOTO BapUaHTa
kiT-JJHK B xauecTtBe MOJIEKyISIPHOIO MapKepa I03BOJIWIO
OTJICJIUTD COPTA, TPUHAJISKAIIIE K PRIHOYHOMY KJIaccy BOC-
TOYHBIX TA0AKOB, B OT/IEIBHYIO IPYIIITY MO IPU3HAKY ACJICIHU
B TA. MOXXHO TIPEIIONOXKUTh, 9TO IEHTpanbHas yacTb TA
OblTa yTpadeHa rpekoBoi hopmoit N. tabacum, kotopasi 1ana
HayaJlo AJaHHOMY Kiaccy. K HacTosmeMy BpeMeHH Aenenus
B TA ommcaHa TOJBKO y MATH COPTOB KyJIBTypHOTO Tabaka.
Ha ocHoBanum ananmsa 1mogoOHOH BBHIOOPKH pPaHO JieNaTh
BBIBOJI O TOM, SIBJISIETCS JIM HAJIMUUE JAHHON JENICIIH MapKe-
POM, TIO KOTOPOMY COPT MOXET OBITh OTHECEH K BOCTOUHBIM
Tabakam. [Ipu 3TOM pe3yinbTaTsl NCCIEJOBAaHNH yKa3bIBAIOT
Ha TO, YTO cTpyKTypHbIi nonumopdusm ki T-JJHK B coprax
N. tabacum MOXeT OBITh UCIIONB30BAH B KAU€CTBE OHOTO U3
MOJIEKYJISIPHBIX MapKepoB ISl U3yYeHHs BHYTPHUBHUIOBBIX
POACTBEHHBIX OTHOIIEHHH copToB. C pacuIMpeHreM CIucka
cexkBeHUpoBaHHBIX K1 T-/IHK pa3nuyHbix COPTOB KyIbTYpHO-
ro TabaKa B IepCHEeKTUBE, BO3MOXKHO, Oy/IyT HaliIeHbI HOBBIE
CTPYKTYpHBIE pa3iauuus B nocienoareabHocTsax ki T-JIHK,
Ha OCHOBAaHUM KOTOPBIX MOTYT OBITH pa3pabOTaHBI HOBBIE
MapKepsl JUIsl PEIIeHHs TIOCTABICHHO 3a1a4n.

ToHknin nonumopoéusm KnT-AHK

B punoreHeTUYECKUX NCCefoBaHnAX

Toukwuii nomumop¢usm kiT-JJHK obiero mpoucxoxacHus
B reHoMe (C OOIIMM CaiTOM JIOKATH3AI[uH) MOKET OBITh HC-
TIOJTH30BaH TSI U3YUCHUST MEKBUIOBON H3MEHYHBOCTH U Pe-
KOHCTPYKLUH (DUIIOTEHETHYECKUX CBSI3eH BHY TP MOHO(HIIE-
THUYECKOW IPYIIIbI BUIOB-IIOTOMKOB JIPEBHETO TpaHC(HOpMaH-
Ta. BayKHO MOHUMATh, UTO 11 KOPPEKTHOW OLICHKH 3aBEPIIICH-
HOCTH TIpoIiecca BHI000pa30BaHUs y PACTCHHI UMEET CMBICIT
OLICHHUTH M COIMOCTaBUTh KaK BHYTPH-, TAK U MEXKBHIOBYIO
W3MEHUYUBOCTH IO M3y4aeMbIM Mapkepam. C 3TOU LEIbIo
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OBUIO TPEUIOKEHO PEKOHCTPYUPOBATH OTJIENIbHBIE AJLIEIH
M3y94aeMbIX MapKepOB, 0COOCHHO ISl IEPEKPECTHO-OIbLIsIC-
MbIx BuoB (Chen et al., 2022). JIns Ha4ana 0cTaHOBHMCS Ha
METOJIOJIOTHHU Pa3/ielieHHs ajlIeseH.

MeTopbl nccnegoBaHuA

B HayuHol nuTeparype pazaeneHueM ajijieneil Ui rarjioTu-
noB (aur. allele phasing/haplotype phasing) Ha3bBaroT mM0-
JTydeHue nocienosarenabHocTeit pparmenros IHK, naxons-
IIMXCSl HA OJIHOW XPOMOCOME CPEAM IMapbl TOMOJIOTHYHBIX
W, B CITy4Yae MOJIUIUION/IOB, €I U CPEIH TOMEOIOTNIHBIX
xpomocoMm. [Tpu 3Tom 00 ayurensix Jarie roBOpsT, UMest B BULY
KOPOTKHE (pparMeHThI, TOT/Ia KaK PO rarIOTHITBI — €CJIH PEYb
UJeT 0 OoJiee MPOTSHKECHHBIX yJacTKax.

Pazznenenue TamioTHIIOB 1aeT AOTOJHUTEIBHYIO HHOP-
MallMIo 110 CPaBHEHHIO ¢ MH(OpMaLUel, TT0JIy4eHHOH TOJIBKO
Ha OCHOBAaHMHY KOHCEHCYCHOH MOCIIE0BATEIbHOCTH TEHOMA.
TouHbIe MOCIIEIOBATEIIEHOCTH TAIUIOTHUIIOB MCIIOIB3YIOTCS
B CaMbIX PA3JIMYHBIX HUCCJICAOBAHUAX, BKJIHOUASL (bl/IJ'IOFeHe-
tnaeckyto pexkoHctpyknuio (Tiley et al., 2024) u uzyuenue
rudpunos (Sun et al., 2020).

CyliecTByIOT pa3Hble MOAXO/bI ISl pa3/ielieHHs TarlIoTH-
noB (Snyder et al., 2015). Tax, MO>KHO TTpOBECTH (PHU3HIECKOE
pasnenenue (GpparMeHTOB TOMOJIOTUYHBIX XPOMOCOM C TO-
MOII[BK0 METOI0B MOJICKYJISIPHOW OHOJIOTHH C JajbHEUIIINM
CEKBEHMPOBAHHEM (PPArMEHTOB 110 OTAEIBHOCTH. [j1s1 3TOTO
MO>KHO MCIIOJIB30BaTh, HAIIPHUMED, OaKTeprualibHOE KJIOHUPO-
BaHUC. prFHM MOAXOAO0M SBJIACTCA pa3CJICHUE IrallJIoOTUIIOB
Ha OCHOBAaHWHM JJAHHBIX TCHOTUIHPOBAHHS O YacTOTaxX HYy-
KJICOTH/IOB B MTOJMMOP(HBIX MTO3UIUIX B NOMYJSIHN. B 3TOM
cllydae UCIIOJIb3YIOT pa3jInYHbIe CTaTHCTUYECKHE METOJIbI
(Browning S.R., Browning B.L., 2011). Oxnako Hanbonee
AKTHBHO Pa3BHBACTCS MOIXOM, UCTIONB3YIOIINH JTaHHBIC BbI-
COKOIIPOU3BOJUTEIBHOTO CEKBEHUPOBaHUs. BHyTpH 3TOTO
MO/IX0/Ia MO’KHO BBIAEIUTH METO/IbI, OCHOBAaHHbIE Ha COOpKe
KOPOTKHX MPOYTEHUH MM Ha KapTHPOBAHUN KOPOTKHX ITPO-
4yTeHUH Ha pedepeHcHbli reHoM (Zhang et al., 2020). Pac-
CMOTpPHM TIOAPOOHEE TOCTISTHIN CITydai.

Ecnu nBe moiauMopQHbIe TO3UIIMN HAXOAATCS HAa OJHOM
cexBeHnpoBanHoM (parmente JJHK (mpountanHoM c onHO-
TO WM 000MX KOPOTKUX MPOYTEHUI), TO OHHU NPHUHAIEKAT
omHOMY rarutoTuity. [TocneoBarenbHOCTh TalIOTHIIA MOYKHO
MPOJIOIDKATH PEKOHCTPYHPOBATh, OKA HAXOASATCS (hparMeHThl,
COCIMHSAIONIIE COCENHUE MTONNMOPQHBIE TO3UIIH. COOTBET-
CTBEHHO, YeM OOJIbIlIe TTIOTHOCT MOIUMOP(HBIX TTO3UINH,
JJIMHHEC MCEPEKPBITUA MCEKAY KOPOTKUMU MNPOUYTCHUAMU U
Oosnpine TTyOWHA IPOYTEHUS, TEM HaJIS)KHEE U JTMHHEE TI0-
CIIEJIOBATEIILHOCTD TAIIOTHIIOB, KOTOPYIO MOYKHO PEKOHCTPYH-
poBarb. DTH MapamMeTpbl 0COOEHHO BaYKHBI IIPH aHAIIU3E I10-
JUIJIONIHBIX TEHOMOB, IJIe HEOOXOIUMO Pa3einTh Oosee
JIBYX TaIIOTHIIOB, HEKOTOPBIE U3 KOTOPBIX MOTYT MaJlo pas-
JIMYaThCs Ha IOCTATOYHO NPOTSHKEHHBIX yyacTKkax (Schrinner
et al., 2020).

[epeunciennple BbIIIE ITOKA3aTeNN OyAyT 3aBHCETh U OT
TEXHOJIOTMHU CCKBECHUPOBAHUA. .Hy‘lHJI/IX PE3YyIbTaTOB MOXKHO
Joctrudb ¢ TexHonmoruer Hi-Fi, koTopas mo3Bomsier momy4arsb
JUTMHHBIE POYTEHHS MPOTSHKCHHOCTHIO HECKOJIBKO JIECATKOB
TBICSIY NIap HYKJICOTHIOB BBICOKOTO KaueCTBa C TOYHOCTBIO
npourenus 6omnee 99 % (Wenger et al., 2019). C momonipro
cexBeHnposanust Hi-Fi MokHO moiy4aTs cOOpKH POTSKEH-
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HbIX YYaCTKOB I'allJIOTUIIOB, BIIJIOTH 10 JJIMHBI BCETO rCHOMA
(Tanaka et al., 2023). C ucrions3oBanueM Texuonoruu Oxford
Nanopore MOXHO IMOJy4aTh OYEHb JUIMHHBIC NPOYTEHUS,
,Z[J'll/lHOﬁ A0 HECCKOJIbKUX MUJIJIMOHOB Map HYKJICOTUIO0B, HO C
6ornee HU3KHM KaueCTBOM IPOYTEHHS — TOYHOCTH 0KoJ1o 90 %
(Wang Y. etal., 2021). C moMOIIbI0 9THX ATIMHHBIX TPOYTCHUH
IPU JIOCTAaTOYHOW IIIyOWHE CEKBEHHPOBAHUSI MOXKHO TaKKe
YCIENIHO pa3fessaTh Ha TaluIOTHIIB MPOTSHKEHHBIE YYacTKH
reHoma. [loMUMO JUIMHHBIX TPOYTCHMUH, /IS pa3zesICHUs
rarIoTHUIIOB MOYKHO UCIIOJIB30BATh U KOPOTKHE, MMOJIYyHaCMbIC
¢ mpumenenueM texunosnoruu [llumina. Onraxo Takue ¢par-
MEHTBI OyIyT OrpaHUYCHBI KOHCEPBAaTHBHBIMH PETHOHAMH,
rae NEepEKpPbITHUA HpO‘lTeHHf/II HEA0CTAaTOYHO 1A COCAUHCHNUA
COCEeHUX ITOTMMOP(GHBIX MO3UIHUH.

OJHOI1 U3 TTOTTYJIIPHBIX IPOTPaMM JIsl pa3/IelICHHs TaIlio-
turnoB seisercst WhatsHap (Martin et al., 2016). Ona ymeer
paboTaTh ¢ IPOYTEHHUSMH OT BCEX IEPEUNCICHHBIX METOI0B
CCKBCHMPOBAHUSI KaK JJIsl AUTUTOUIHBIX, TaK ¥ JUIS TIOJTUITIO-
WJIHBIX opranu3MoB. Ha BXox nporpamma tpedyer mnocieno-
BaTEIBHOCTH peepeHCHOTO TeHOMa, (aiin B popmare bam ¢
KapTUPOBAHUEM MTPOYTCHUI HA pe(ePSHCHBIN TeHOM U (aiin
B (hopmare vcf, conepxaruii nHGOPMALIUIO O TOJTUMOP(HBIX
HO3HIMAX, OTINYAIONIUX KapTHPOBAHHBIE IPOYTEHUS OT pede-
peHca. Pesynsrarom paszaenenus OyneT MoauduIpoBaHHbII
vef daiin, cogepikanmii HHPOPMAIIUIO O MPUHAIICKHOCTH
HOMMMOP()HBIX MO3UINH K raruiotunaM. Ha ocHoBaHMH 3TOTO
(haitma MOXKHO MONXYYNTHh MH(GOPMAIMIO O JJIMHAX U KOOp-
JnuHatax pasneneHHbix pparmenToB (haplotype blocks), mo-
CIIeZIOBATEIHHOCTH TaITIOTUIIOB B popmate fasta, 106aBUTH B
BU3YAJIN3AIMI0 KaPTHPOBAHMS MIPOYTEHUH MHOpMALIUIO 00
HX MPUHAJIC)KHOCTH K rallIOTHUIIaM XU MHOT'O€ APYTOE€.

Pa3nensts ayuieny MOXKHO U IIyTEM aHallh3a Pe3ysIbTaToB
cexBeHnposanust no Conrepy. [Ipu cexBenupoBanun Qpar-
menToB JIHK rereposuror Ha xpomarorpamMmax B OfHOM U
TO¥ e ITO3NIINH NOSIBIISIOTCS JBa «ITHKa», COOTBETCTBYIOIIHNX
orpeneneHHbIM HykiteotraaM (Carr et al., 2009; Dehairs et al.,
2016; Xie et al., 2019). UToObI onpeeuTh 10 3TUM JaHHBIM
TIOCJIEIOBATEIILHOCTH aJlleliell H3ydaeMoro I'eHa, 0Ty YeHHbIe
CHKBEHCBHI OT KaXJIOr0 00pa3iia MOXKHO TPECTABUTh B BHIE
BEKTOPA, KaXK/Iasi siuelika KOTOPOro COOTBETCTBYET IMOIUMOP(-
HOI1 MO3HIMHU B TeHE I N3Y4aeMOro BHAA. 3aTeM KaKaylo
SYEHKY 3aIOJHSIOT 1Mo TpaBmily: «11» — ecnm y maHHOTO
o0pasia B JaHHOHM MO3MIMK Hanboliee pPacipoCTpaHeHHbIH
Hykiaeotun; «00» — ecau HamMeHee PacHpOCTPaHCHHBIN
HyKJIeoTus; «10» — eciti B 3TOH NMO3UIMK B TeHOME 00beKTa
BCTPEYAIOTCS JiBa pa3HbIX HyKJIeOTH A (TIpezroaraemast re-
Tepo3uroTa). [lomydeHHbIe TAKMM 00pa30M BEKTOpa BIIOCIIEA-
CTBHH MOXKHO paciucaTh 110 BCEBO3MOXKHBIM KOMOWHAIIUSAM
TeTePO3UTOTHBIX MO3UIHH «10», 0CTaBUB HETPOHYTHIMH OJTHO-
3Ha4HbIe TO3UINH « | 1» 1 «00». [TockombKy cpenn 06pas3IoB
HUMEIOTCS TOMO3UTOTHI M 00pa3ubl ¢ oxHoir OH3, To ux mo-
CJIEIOBATEILHOCTH (DOPMUPYIOT TICPBUYHBIN Iy aJUICIICH,
KOTOpBIE B JaJIbHEHUIIEM MOTYT OBITh OOHAPY)KEHBI B OCTaJIb-
HBIX 00Opa3uax. Kaxnas n3 aTux ajieneit B JUIUIOUIE JOJDKHA
COOTBETCTBOBATH AJJICJIM C aJIbTCPHATUBHBIMU 3HAYCHUSIMU
B MOJIMMOPQHBIX TO3HLHAX, T0ITOMY TOMOJOTHYHYIO T1apy
MO>KHO HalTH Jurs iepBuaHoi amenu (Zhidkin et al., 2023).
[TepeOupas Takum 00pa3oM BO3MOXKHbIE KOMOMHAIIMH aJliie-
J1eit 1 BBIOMpas Te, 9bst 4aCTOTa BCTPEYAeMOCTH BBILIE, MOKHO
OIIPEAETUTH TCHOTHITBI 00PA3IIOB.
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OnrcaHHbIC BBIIIIE TIOAXO0/IbI OBLTH HCIIOIb30BaHbI IS H3Y-
YEeHUSI BHYTPHU- 1 MEKBH/I0BOW H3MEHYMBOCTH PACTEHUI pO-
noB Camellia, Vaccinium, Arachis. OctanoBuMcs TogpoOHEe
Ha 3TUX IpUMepax.

Nonumopousm knT-OHK y Bupos poga Camellia

Pon Camellia L. npunaexut k cemeiictBy Theaceae u co-
JIEP)KUT HECKOJIBKO SKOHOMUYECKH U KYIBTYPHO 3HAYMMBIX
BunoB. Camellia sinensis (L.) Kuntze cocTouT U3 1ByX OCHOB-
HBIX Pa3HOBHHOCTEH. var. sinensis (0ObIYHO MCIIOIb3yeTCsI
JUTS TIPOU3BOJICTBA 3€JIEHOTO Yast) U Var. assamica (B OCHOBHOM
UCIIONB3YETCs JUIsl TIPOM3BOICTBA YepHOro 4asi). B padore
(Chen et al., 2023) npoaHaiu3upoBaHo 72 BUA, OTHOCSIIIHXCS
K 12 u3 14 cexmmii pona Camellia, tne onmcano He MeHee
12 pazmnunsbix BcraBok kinT-JJHK. CymmapHo 31 nocneno-
BareJIbHOCTH 3aHuUMaloT 374 kb u conepkar 47 OTKPBITBIX
pamMok cunTeiBaHnil. OOHapYKEHHBIE TEHBI MOYKHO Pa3eIINTh
Ha YeThIpe TUMa: K mepBoMy oTHocsTes 19 Plast reHOB, KO
BTOpPOMY — 6 T€HOB CHHTE3a OIHMHOB, K TpeTheMy — 4 TeHa,
KOZIMPYIOUIUX TPUNITO(aH MOHOOKCUTEHA3bI, K YETBEPTOMY —
BCE OCTaJIbHBIC TEHBI C HEN3BECTHBIMU (PyHKIMMH. benkoBbie
nocnenoBarensHocTy reHoB K1 T-/IHK obnanaror pasnuuHbsiM
YPOBHEM CXOJCTBA C M3BECTHBIMHU arpo0aKkTepHaIbHBIMU
nocienoBarenbHOCTIMH. CpeHUi YPOBEHB CXOJICTBA PABEH
73.8 % (crangaptHoe oTkioHeHue 12.8 %), Torna kak MUHHU-
MaJIbHOE U MAaKCHMAaJIbHOE 3HAUEHNUS COCTaBISIOT 46 1 92 %
COOTBETCTBEHHO.

JIro0OIBITHO, YTO HEKOTOPBIE I'€Hbl, TOMOJIOTUYHBIC Haii-
JICHHBIM Yy KaMeJINH, ObIIT 00HAPYKEHBI TAKKE B HECKOIBKHUX
BU/IaX T'PUOOB, ITPUYEM KaK y aCKO-, TaK M y 0a3HIMOMHUIIETOB.
B 7 u3 12 BcTaBOK NpHUCYTCTBYIOT BHYTPEHHUE HHBEPTUPO-
BaHHBIE TIOBTOPBI, BO3HUKIIINE, BEPOSITHO, H3-32 BCTPANBAHUS
onHoBpeMeHHO Heckonbkux konuid T-JAHK. Paznuunsa mexny
MOBTOpaMH BapbHpOBaIU JUisi pa3HbIX ¢gparmentoB ot 0.05
10 10 %. YuutsiBasi, 4T0O Ha MOMEHT BCTPAUBAHUS TIOBTOPbI
ObUTM MJICHTUYHBI, ¥ MCIOJB3Yys YHUBEPCAJILHOE 3HAYCHHUE
YaCTOTHI 3aMEH Ha IO3ULHIO B rof 6.5 X 102 (Gaut et al., 1996)
1 KOJIMYECTBO 3aMEH MEX/ly TIOBTOPaMHU, MO>KHO PacCUUTATh
nmpuMepHoe BpeMst BctaBku ¢parmentoB (Haubold, Wiehe,
2001). Ono cocrapmsier ot 0.04 10 7.5 MutH JieT Hazaz (M. JI. H.)
(Chen et al., 2023).

[TockonbKy Ha pa3HBIX ITaNax BOIIOLUH poa (PparMeHTsI
BCTPaMBAJIMCh B pa3Hble (PUIOTeHETHYECKHE JIMHUH, TO OHH
OKa3bIBAIOTCS CHENN(HIHBIMU IJIsI COBPEMEHHBIX TAKCOHOB
paznunoro ypoBHst. [TokazaHo, 4To 9acTh (hparMeHToB Obl1a
yTepsiHa B OINPEJCICHHBIX JIMHUSAX U YTO CaMble MOJIOJbIE
(hparMeHTHI e111e He yCIIeH OKOHIATENbHO 3a(UKCHPOBAThCS
B IOMYJISIIMSX CBOMX BUIOB, IPUCYTCTBYSI TOJBKO B Psi/e
oco0eit.

IIpu uzBecTHBIX nocnenosarenbHocTxX KiIT-JIHK nx Ha-
JIMYHE/OTCYTCTBHUE B PA3HBIX (PHIIOTCHETHYECKUX JIMHUSIX HC-
CJIE/lyeMOro TAKCOHA TOXKE SIBJISIETCS YIOOHBIM MPU3HAKOM,
COCTOSTHAE KOTOPOTO MOKHO JIETKO OLIEHHTh. Tak, mociueno-
BaTeNIbHOCTH JUBEPTECHIINH CEKIIMH BHYTPH POJia, Oy YCHHAS
Ha OCHOBAaHUHU JAHHBIX O Hanuuuu pasnuysbix kiT-JHK,
comacyercsi ¢ UIOreHETHIECKUM JEPEBOM, OCTPOCHHBIM
TI0 pe3yJIbTaTaM ITOJTHOIK30MHOT0 cekBeHupoBanust (Wu et al.,
2022). Paznuunst Mexay IOBTOPaMHU TaK)Ke MOTYT OBITh HC-
TIOJIb30BaHBI ISl yTOYHEHNUS] OTHOCUTENILHOTO M 20COIIOTHOTO
BPEMEHH JIUBEPTCHIIUH.
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VY mpencraButencit cexiuu Thea onucaHa TOJNBKO OIHA
passoBuaHOCTH K1 T-IHK, KoTOpas Obu1a ncmons3oBana is
YTOYHEHHS (PMIIOTEHETHYECKNX OTHOIICHHUH BUJIOB 9TOH CeK-
1un. JlaHHas CeKIMs COACPIKUT OAMHHAIIATh BuaoB (Min,
Bartholomew, 2007), Bxnrouas gaiiusiit kycT C. sinensis (L.)
O. Kuntze u nukue Buabl yasi. C. sinensis najnee noapasjie-
JISICTCS HA Pa3HOBUIAHOCTH sinensis, assamica, pubilimba u
dehungensis. JIns nesati BunoB cexin 1 hea poga Camellia
Obu1a MocTpoeHa (PMITOTeHUSI Ha OCHOBAHWHM OJIHOW M3 BCTa-
BOK, onucanHbIx Beiile (Chen et al., 2022). BcraBka umeer
mmny 5.5 kb, BkimouaeT Tpu rena, acs-like, sus-like u ¢par-
MeHT rolB-like, 1 nMeeT Ha KOHIIaX WHBEPTUPOBAHHEIE TO-
BTOPBI JUTMHOM 1 kb Ka)/1p1ii. AHAIIN3 OCIIEI0BATEIBHOCTEH
TOKa3aJ, 9To TeHsl acs-like u sus-like comepskaT cTON-KOIOHEL,
OJIHAaKO OBUIO OTMEYEHO, YTO Y YAaCTH BHJOB OHHM BO3HHKIIH
HE3aBHCHMO B pa3HbIX Mo3unusix. [IpumepHoe BpeMst BCTaBKU
(hparmMeHTa cocTaBisgeT 7.5 M. II. H., 9TO IPUMEPHO COBITATAET
CO BpeMEeHEM BO3HUKHOBEHNS ceknnu Thea — 6.7 M. 1. H. (Wu
etal., 2022). Takum 0Opa3om, TaHHAsI BCTABKa, OT KOTOPOU MbI
0XHJAEM, YTO OHA JINIICHA BO3MOXHBIX NCKaKEHHUH, CBSI3aH-
HBIX C HETOJTHOHM cOpTUpOBKOi ayutenel (incomplete lineage
sorting), SIBISITCS TIOIXOISIIUM MapKePOM IS 3TOM FPYIITIbI.

B npomniecce c60pku hparMeHTOB U3 KOPOTKUX MPOYTEHHHA
00OHapyKeHO, YTO MHOTHE 00pa3Ibl cojepyKaT JBa ajuiens,
pu 3TOM OT 2 110 7 % MO3HULIKH SIBIISIOTCS TOJTUMOP(QHBIMH.
B pesynerare pasmenenus 142 oOpas3moB ObUIO MOTYYEHO
225 amreneii, HA OCHOBAHHH KOTOPBIX ITOCTPOCHO (IUIOTE-
HeTHn4eckoe jepeBo (puc. 3). B OoibmIMHCTBE CityyaeB moy-
YEHHBIE KJIa/Ibl HE COBIAJIAJIN C TPAHUIIAMH BUIOB, & Y MHO-
THX TeTePO3UTOTHBIX 00Pa3IoB MPHUCYTCTBOBAIH aJUICIH U3
Pa3HbIX OTIAJIICHHBIX Ki1aa. OCOOEHHO 3aMETHO MPHUCYTCTBHE
B 4acTH 00pa31IoB aJlIesiel U3 KilaJl, yIaJeHHbIX Ha 3HAIUTENb-
HOE 3BOJTIOIMOHHOE paccTosiHIEe. MaKCHMalbHOE KOJIMYECTBO
3aMeH MEX/1y aJUICIISIMHU U3 Pa3HBIX KJ1aJ], BCTPEYAIOIINXCS B
oxHOM 00pasiie, cocTaBmiio okoio 4 %. Ckopee Bcero, Takas
JIMBEPTeHINS ajureseil Oblta Obl HEBO3MOXKHA B TIOTYJISIIIUK
OJTHOTO BHUJA, MOATOMY BBIIIBUHYTO TPEAINOJIOKECHUE, YTO
9BOJTIONINS AJUIETIEH 13 OCHOBHBIX KA1 IPOUCXONIIA B TPAHH-
I1axX OT/AEBHBIX IIPEKOBBIX BUIOB CEKIMN 1/ea, TIOCIIe Yero
COBpEMEHHBIC BUJIbI, C BHICOKUM Pa3HOOOpa3ueM ajuiesneil B
MOMYISIIHSAX, 00pa30BaINCh B PE3YIbTaTE HHTPOTPECCUBHBIX
ckpeniBanui. Ecim mpennoiaokuTh, YTO KOJINIECTBO OC-
HOBHBIX KJIa] COBIAIAET C KOJIMYECTBOM MPEIKOBBIX BUIOB,
TO TI0 TOTIOJIOTUH /IePEBa MOKHO OLIEHUTh CTENEHb POJCTBA
9THX BHJIOB, 110 KOJIMYECTBY 3aMEH MEXKTy aJUIEIISIMHU — BPEMsI
JIMBEPTeHIIHH, a [10 YaCTOTE aJUIeNIeil — BKJIAJl B COBPEMEHHBIE
nonyssinud. Tak, HapuMep, MOXHO BBIJICTIHTH JBE OCHOBHBIE
napsl pUIIOreHETHYECKH OTIAJICHHBIX KJIa]], MEX/Ty KOTOPHI-
MU npoucxoania rudpuausanus. CooTBeTCTBEHHO, B PE3ylb-
TaTre OAHUX CKpemuBaHuii copmuposaincs sug C. sinensis,
MIPUYEM OT OJHOTO M3 IMPEAIONAraeMbIX IPETKOBBIX BHJIOB
MIPUCYTCTBYET B J[Ba pa3a 0oJIblle ajieel, 4eM OT BTOpOro.
Paccrostane mexnay amtensmu B 2.5 % MO3BOJISIET TPEAIIO-
JIOKUTb, YTO 3TH BUJIBI TuBepruposany 1.9 m. 1. 1. Toraa xak
B pe3ysbTare CKpEeIMBaHUW C PaBHBIM y4acTHEM BHYTPH
BTOPOHW TMapsl, JUBEPrHPOBABIIEH 2.9 M.J. H., BOSHUK BHJ
C. tachangensis.

Harra pabota no3Bosmiia mocTaBUTh BOIPOC O [EPECMOTpE
TPaHMI] BU0B, THTEHCHBHOCTH MEKBHU/IOBBIX CKPEIIINBAHUI
1 JIPyTHX OCOOEHHOCTSX HBOJIIOIMH BHJIOB CEKIIHH.
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Puc. 3. QunoreHeTnyecknin aHanus cekumn Thea ¢ ucnonb3oanuem KnT-AHK: a - unoreHetnyeckoe pepeso 225 annenen knT-AHK nesatn Bnpos
pogpa Camellia cekunn Thea; 6 — NUHUAMYK COeVHEHbI annenu, Haxogsawuecsa B ogHom obpasue C. sinensis.

[1Be OCHOBHble KNlaAbl Ha 0601X pUCyHKax 0603HaueHbl NaTUHCKMK 6ykBamu A 1 B. LiBeToBble 0603HaueHus BuaoB: C. sinensis (Bkntouyaet C. sinensis var. sinensis,
C. pubilimba, C. angustifolia) — rony6oii, C. sinensis var. assamica — ¢unonetosbiii, C. tachangensis — TemHo-xenTbiia, C. crassicolumna — 3enenbiii, C. gymnogyna —
xentbiid, C. taliensis — po3osbini, C. leptophylla - TemHo-3eneHbIl, C. kwangsiensis — opanxesbiii, C. ptilophylla — kpacHbi, C. fangchengensis — 6e3 ugeTa. MiHgensbl
0603HayeHbl LBETHbIMU TOUKaMW. 3HaueHVsA ByTcTpena nokasaHbl LBETOM: 3eneHblii — 85-100 %, xenTbiii — 50-85 %, KpacHbili — MeHee 20 %. PUCYHOK co3aaH Ha
ocHoBe unnioctpauuii n3 (Chen et al.,, 2022), onyb6nukoBaHHbIx nog nuuexsuen CC BY 4.0.

Nonumopdousm knT-AHK y Bugos popa Vaccinium
[TepBBIM OMTICAHHBIM B JIUTEPAType MPHUPOTHO-TPAHCTCHHBIM
BUJIOM U3 pona Vaccinium L. Oblia KITFOKBA KPYITHOIUTOTHAS,
V. macrocarpon Aiton (Matveeva, Otten, 2019). [Tpu nomoru
BLAST-anropuT™a B IOTHOM T€HOME KITIOKBEI OBITa Hal/IeHa
nocnenoBarenbHocTh KIT-JAHK, npencraBnennas eaunuy-
HOU, UHTaKTHOH Komueit rolB/C-niogo0Horo rexa. JlaHHbli reH
OTHOCHTCS K plast-reHaM, B KoIupyeMasi UM aMHHOKHCIIOT-
Hasl TIOCJICIOBATEIILHOCTE Ooiee cxoxa ¢ Plast-Oenkamu Ta-
KHUX OPraHu3MOB, Kak Laccaria bicolor (Matre) Orton, Nyssa
sinensis Oliver u Ensifer sp., 4eM C aHaJIOTHYHBIMH TTOCIIE-
JTIOBAaTCILHOCTSME M3 TEHOMOB M3BECTHBIX BHUJIOB arpoOak-
Tepuid. 3TO MOXKET TOBOPHUTH O MPOUCXOXKICHIH YKa3aHHBIX
MOCTIEIOBATENIFHOCTEH B XOJIE pa3IMYHBIX aKTOB TpaHC(Op-
MAIIM{ OJTHUM H TeM K€ HEU3BECTHBIM BHJIOM arpoOakTepuit
(Matveeva, Otten, 2019). BTopsIiM mocie KIIOKBBI KPYITHO-
TUTOMHOW BUAOM Vaccinium, comepamuM TOMOJIOT H3yJae-
MOTO TeHa, ObUTa TOyOHMKa BBICOKOpOCHast, V. corymbosum
(Matveeva, 2021). [Tozxe HaM yaanoch MokKazaTh HAIMYUE
rolB/C-niogo6HOTO TeHa emie y 26 BUIoB Vaccinium, a Taxxe
y Buna Agapetes serpens (Wight) Sleumer, otHOCsIIIETOCS K
ToMy ke cemeiicTBy BepeckoBbie — Ericaceae (Zhidkin et al.,
2023). XapaKkTepHBIM SBISCTCS U OOIMINH CalT JTOKATH3aIuN
00OHapy>KeHHBIX ITOCIIE/IOBATEILHOCTEN Yy BUIIOB Vaccinium n
A. serpens. Takoe IMPOKOE pacrpoCcTpaHeHHe TPAHCTEHA 1O
POIy ¥ OOIITHIA CAlT TOKATH3AINH YKa3hIBAIOT Ha TPAHC(OP-
MAIIHFO OOIIETo MPEIKa N3yYaeMbIX BUIOB. A 3HAYHUT, IOCTIC-
JIOBATEIIbHOCTH 70/B/C-110100HOTO T'eHa MOKHO UCIIOJIb30BaTh
B KaueCTBE MapKepa I PpeKOHCTPYKITHH (PHITOTeHETHIEeCKIX
B3aMMOOTHOIICHUN MEXIy HUMU. JlaHHas 3ajjada BEChbMa
aKTyaJibHa, TIOCKOJIbKY (DHITOTeHHUS pofa Vaccinium octaetcs
npotuBopeunBoii (Becker et al., 2024).

VY Bcex M3y4eHHBIX BUAOB rol/B/C-onoOHBIN T'eH mpea-
CTaBJIEH IOJIHOPA3MEPHOM MOCIEeN0BATEIbHOCThIO. VICKIIIO0-
YeHHEe COCTaBMIIA KITFOKBAa OOBIKHOBEHHAS V. oxycoccos L.,y
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60NBIIMHCTBA 00PA3II0B KOTOPOH NMEIHCH KPYITHBIE IEJICINT
Pa3IUYHON JUTMHBI B IIEHTPAJIBHOM 9acTH TeHa, HO B TO )K€
BpeMs CyILIECTBOBAJIM U 00pasLbl C MOJHOPA3MEPHOI Io-
CIIEOBATENILHOCTEIO 70/B/C-110m00HOTO TeHa. Y OCTaIbHBIX
BUOB MoIUMOpdu3M ro/B/C-moqoOHOT0 TeHa TPEICTaBICH
OJHOHYKJICOTUJIHBIMU 3aMC€HAMH U HUHACIaMH, KPAaTHbIMH
TpPEM, T. €. HE HapyIIaIOIINMH OTKPBITYIO PAMKY CUHUTHIBAHHS.
[larTepH TakMX HYKJICOTHIHBIX pa3Induil ObII BUIOCIICIH-
(uueH.

HecMmoTpst Ha TO YTO TakuWe NMPEICTABUTENN POAA, Kak
KJTFOKBA, TOTyOHKa, YepHUKA 1 OPYCHUKA, N3/1aBHA NCTIOJIB30-
BaJIMCh YCJIOBCKOM B IMUIIY U B MEIUIIMHCKHUX LEJIAX, CCICKIUA
JTAaHHBIX KyJIBTYp OTCUUTHIBaeTcs ¢ Hayana XX B. (Wang H. et
al., 2017; Vorsa, Zalapa, 2019; Sultana et al., 2020). imeHnHO
C HAYaJIOM CeJIeKIIMOHHOW palboThl CBsi3aHa pa3paboTKa cu-
CTEMBI poJia, TIepBast M3 KOTOPHIX OblIa mpeaokeHa B 1945 1.
(Camp, 1945). IIpeacrasnenHas KjIaccHIeckas CHCTEMa pojia
onupasach Ha pa3jIMYHble MOP(POIOTHYECKHUE NPU3HAKH U
Jlenuiia poa Ha ceKUuM. B panpHeleMm cucreMa peryssip-
HO JIOIOJIHSUIACh U M3MEHSUIACH, ITOCKOJIBKY B POAY PacIpo-
CTpaHCHbI MEKBHU10BasA rn6p1/m1/13au1/1;1 U INOJIMILIONAU3als
(Camp, Gilly, 1943; Hancock et al., 2008). Ot ocobenHOCTH
HE TTO3BOJISUIM OJJHO3HAYHO OTIPE/CIHUTh (PHIOTCHETHIECKHUE
OTHOILICHUA MCKAY BUAAMU, YTO HO6y,[[I/IJ'IO C pa3sBUTHUEM MO-
JIEKyISIPHOM (PUIOTeHETHKHN PUMEHHTS TS PEIIESHHS TPOo0-
nem meroabl JIHK-mrpuxxoauposanus (Kron et al., 2002;
Powell, Kron, 2003). [Tony4eHHast 110 MOCIEA0BATEIBHOCTSIM
ITS (internal transcribed spacer — BHyTpeHHHIA TPaHCKPHUOH-
pyemslii crieiicep) u matK (maturase K — miaacTuaHbIi reH
marypasbl K) nenaporpaMma 1iia Bpazpes ¢ TpaJilHOHHbIMH
MPE/ICTABICHUSIMU O PA3JelIeHUH PoJa Ha CEKINH, a TaKKe
yKa3bIBajia Ha MOMU(WICTHIHOCTE poaa Vaccinium. OgHako
UCIIOJIb30BaHKE KJIACCUUECKUX (DUIIOTEHETHYECKUX MapKEPOB
B KJTQJMCTUIECKOM aHAJIM3€ A7l BUIOB, B HBOJIFOIINHI KOTOPBIX
CYIIECTBEHHYIO POJIb MI'PAIM MPOIECCH THOpUAN3ANU U
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MOJIMTUIONAN3AIMH, MOXKET ITPUBOAUTH K ottnOkam (Soltis et
al., 2008). B 1o e BpeMs TaHHBIE, TIOTYYEHHBIE C TOMOIIBIO
SSR-mapkepoB (simple sequence repeats — MEKpOCATEIITHT-
nas JIHK) (Zalapa et al., 2015; Schlautman et al., 2017),
¢umorenomuku (Diaz-Garcia et al., 2019; Kawash et al., 2022)
n xemorakconomuu (Leisner et al., 2017), umenn MeHbIIe
MIPOTHBOPEYUHNH C KITACCUUECKUMHU TipesicTaBieHusiMu. CekBe-
HUpPOBaHHE T€HOMOB BEChMa TPYAOEMKO W JOPOTOCTOSAIIE,
MTO3TOMY TIPOBOAMIOCH TOJIBKO Ha DKOHOMHUYECKH 3HAYHMMBIX
BUaX. rolB/C-iom00HbIi FeH B Ka4eCTBE (PHIOICHETHUECKOTO
MapKepa MO3BOJIHI BOBIIEYb B pabOTy OOIBIIIEe BUIOB.

Y aHaTM3UpyeMBIX BHIIOB BHYTPUBUIOBAS H3MEHYHBOCTh
TpaHcreHa (B OTJIMYME OT BUJAOB KaMenui cekuuu Thea)
OKa3anxach HMXKE, YeM MEKBHIOBas, a MO3AMIHOCTH HEKO-
TOPBIX K] MOIJIa OBITh 0OBsICHEHA aKTaMU THOPHIU3AIIH
MEXK]y BUJaMH, BXOMISAIIMMU B 3TH Kbl JlaHHbIe (rutore-
HETHYECKOTO aHAJIH3a IEMOHCTPUPOBAIH O0OBEANHEHHE B OT-
JlenbHbIE KIIaibl IpecTaButenei cekuuii Oxycoccus, Vacci-
nium, Myrtillus v Conchophyllum, Torna Kax BUIbI U3 CCKIHU
Cyanococcus He 00pa30BBIBAIM MOHO(UIETHIECKOW TPyTI-
TTBI, YTO MOYKET OBITH CBSI3aHO C €€ MONMU(UICTHIHOCTHIO WITH
COOBITUSIMY THOPUAM3ALINH B XOJIC CO3/IaHUSI COPTOB CEBEPO-
aMepUKaHCKUX roxyonk. OcTajabHbIE UCCIETOBAHHBIC B pa-
00Te BUIBI SIBISAIOTCS CIMHUYHBIMU MPEICTABUTEISIMA CCK-
uuit Bracteata, Hemimyrtillus, Vitis-idaea, Oxycoccoides u
Praestantia, mosToMy A1 N3y4eHUS 3THX CEKIMNA TpeOyeTcst
JTOTIOTHUTEITHBIN MaTepuall. Y YUThIBas IIPOCTOTY U JICIIICBH3-
HY pa3pab0TaHHOTO MOJICKYJIIPHOTO MapKepa, HOBBIC BH/IbI
MOTYT OBITh JIETKO BKJIIOYEHBI B JOTIOJHHUTEIBHBIA aHAIIN3.
Wupivu cioBaMu, GprtoreHus pona Vaccinium, onpeneieHHas
[0 MOCJIEI0BATENBHOCTIM r0lB/C-11000HOT0 TeHa, UMEET
GoIpIiee CXOACTBO C KIACCHYECKOM CHCTEMOW poa, 4eM ¢
MOCTPOEHHO! Ha 0cHOBe MapkepoB I TS u matK. Pe3ynbrarsl,
CXOXHE C IMOJyYCHHBIMH TPU KCIIOIB30BAaHUKM MapKepa Ha
ocHOBe 70/B/C-mono6HOTO TeHa, OBUIHA TONYyYeHB! U APYTH-
MU aBTOpamu Ha ocHoBe NGS-moaxonoB (next generation
sequencing — CEKBCHHPOBAHUE CJICAYIOIICIO MMOKOJICHUS)
(Diaz-Garcia et al., 2019; Kawash et al., 2022).

Monumopdodusm knT-AHK y BupoB poga Arachis

Pon Arachis L. nacunteiBaet 80 BHIOB M IOApa3ieisieTcs Ha
JIEBATh TAKCOHOMHUECKUX CeKIMi: Arachis (c reHomamu A,
B, K), Erectoides (renom E), Extranervosae (reaom EX),
Procumbentes (renom PR), Caulorrhizae (reaom C), Hete-
ranthae (renom H), Rhizomatosae (renom R), Trierectoides
(renom TE) u Triseminatae (rernom T) (Stalker, 2017). Cope-
MEHHOE TTOHNMAaHHE 3BOJIFOIIMOHHBIX CBS3€H MpeicTaBuTeNei
pona Arachis ocHOBaHO Ha MOP(OIOTHYECKHUX, Teorpadude-
CKHX, MOJICKYJISIPHO-TEHETHYECKHUX U [IUTOTeHETUYECKHX JIaH-
HBIX, HO JIO CHX TIOp CYIIECTBYET MHOTO ANCKYCCHOHHBIX BO-
IIPOCOB OTHOCHUTENIFHO CTPYKTYpHI posia (Krapovickas, Gre-
gory, 2007; Koppolu et al., 2010; Stalker, 2017; Tian et al.,
2021).

Wznagansao nl' MO Obii 0OHapyKEHBI B ITPEEIax ceK-
UK Arachis y TeTpaIuiOnIHOTO KYJIBTYPHOTO apaxuca (4ra-
chis hypogaea L.) u ero nipenkoB: A. duranensis Krapov. &
W.C. Greg. u 4. ipaensis Krapov. & W.C. Greg., 6113K0r0 K
KyJIBTYpPHOMY apaxucy TeTparuionfHoro Buja A. monticola
Krapov. & Rigoni (Matveeva, Otten, 2019) u qurmionna A. ste-
nosperma Krapov. & W.C. Greg. (Matveeva, Otten, 2021).
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Apaxuc KyIsTypHBId U A. monticola conepxar nperKkoBbie
TEHOMBI, U3BeCTHbIE Kak A u B. eHoM A mpucyTcTByeT Tak-
ke B A. duranensis n A. stenosperma, Torna Kax A. ipaensis
conepxut renom B (Matveeva, Otten, 2019, 2021). B nanb-
Heimem crimcok I’ MO OBl pacmIMpeH MpeacTaBUTEISIMA
cekumii Erectoides, Extranervosae, Procumbentes, Caulor-
rhizae w Heteranthae (Bogomaz et al., 2024).

Bcero ceiigac u3BecTHO 23 MPUPOAHO-TPAHCTEHHBIX BUAA
13 9TOTO poyia. Benmika BeposITHOCTH TOTO, YTO B OivKaiiee
BpEMs MCPCUCHDb 6y;:[eT TMOMOJHEH, MMOCKOJIbKY HM3Yy4YCHHBIC
' MO 06pa3yoT MOHO(DHIETHYECKYIO TPYTIITY, OOIINH Ipe-
JIOK KOTOPO# OB TpaHC(OPMHPOBAH JIO TOTO, KAK H3y9acMble
CCKIIMN OAUBEPTHUPOBAJIN. Bo Bcex HUCCJIICAOBAHHBIX BHUJaX
OBLT OOHApPYKEH TOMOJIOT TeHa KYKYMOITMHCHHTA3HI (Cus).
B nomonHenue k cus-mogo0HOMy TeHy BHJIBI C TeHOMOM B
CoJIepKalli OCTaTKU reHa mas2', Bujpl ¢ reHoMoM PR — ocrar-
ku reHa masl', A. macedoi comepian OCTaTKH Te€Ha ags, a
A. pusilla — octatku xak reHoB mas2’, Tak u ags (Bogomaz
et al., 2024). Bce 3TH TeHbl KOAUPYIOT (EpPMEHTHI, OTHOCS-
IUECs K OMHOMY ¥ TOMY k€ OMOCHHTeTHYeCKOMY ITyTH. OHI
KaTaJM3UPYIOT LETOYKY PeaKlui, MPUBOASAIINX K CHHTE3Y
arpomnuHa, 1 00HapyKUBAIOTCS CIPYIIHPOBAHHBIMU BMECTE
B Of1HOM 1 TO¥i *xe arpobakrepuansHoit T-JIHK (Ellis et al.,
1984). O6umii npenok BunoB Arachis, BeposiTHO, ObUT TpaHC-
(hopMHUPOBaH ILITAMMOM, COAEPIKAIMM BCE TPH I'eHa, HO B Ka-
KOI-TO MOMEHT 3TH I'€HbI [IEPECTAIIN 00ECTICUNBATh CENEKTHB-
HBIE ITPEUMYIIECTBAa CBOMM X035€BaM, HAKOIIMIIN MyTaIlUH 1
ObLIN YTpauCHbl, OCTAaBUIMCH B BUAC OTACIIbHBIX q)paFMeHTOB
y MpeACTaBUTENICH PA3HBIX KA.

CoBepIIeHHO WHas KapTHHA XapakTepHa JJIsi TOMoJora
réHa KyKyMOIIMHCUHTAa3bI. On COXpaHUJICA WHTAKTHBIM Y
OOJIBIIMHCTBA U3YUIEHHBIX BHIOB. Y KYJIBTYPHOTO apaxmca,
SIBJISTIOIIIETOCSI TETPATIONIOM € TeHOMaMK A 1 B, cus-11o1006-
HBII I'eH MPHUCYTCTBYET B 00OMX F€HOMax, HO B TeHOME A OH
WHTAKTHBIN, a B TeHOMe B — myTtanTHeIi (Matveeva, Otten,
2019). bonee neranbHBIE UCCIIEI0BAHNS TOKA3aJIH, YTO CPEIH
29 ommcaHHBIX ajuieseil reHa u3 reHoMa A TOJBKO TPHU CO-
JIepIKa MyTalni, HECOBMECTHMEIE ¢ (pyHKuuei (Bogomaz
et al., 2024). KynsTypHbIii apaxuc IeIUTCS Ha JIBa MTOJBH/IA:
hypogaea u fastigiata (Krapovickas, Gregory, 2007; Bertioli
etal., 2011). Hambonee pactipocTpaHeHHas aJUIeNb A CUS-T10-
JIOOHOTO reHa OOHapyXKeHa y mpeICTaBuTeNel 0001X MOBH-
JIOB, a TaKxkKe Yy A. duranensis, 4To TIONTBEPIKAALT UX OIN3KOE
poactBo. OnmHako y Buma 4. monticola 3Ta annenpb MOKa HE
BBISIBIICHA, A €TO ITPOYHE 1N ObIIN PABHOMEPHO pacrpee-
JICHBI 110 OT/IETIBHBIM CYOKJIalaM BHYTPH KJIAIbI, COAEpIKalei
anyenu A reHoMa KyJIbTyPHOTO apaxica i POACTBEHHBIX EMy
Bu10B (Bogomaz et al., 2024), monTBepskaast TECHOE POJCTBO
A. monticolaw A. hypogaea, onucaHHOe U APYTUMHU aBTOPAMHU
(Tian et al., 2021). Ha ocHOBe maHHBIX, TOJYYCHHBIX C UC-
TIOJTE30BaHUEM CUS-TTIOOOHOTO reHa Kak (prIIoreHeTHYeCKOTo
MapKepa, Helb3sl MCKJII0YaTh, YTO TeHETHYECKHH MaTepHal
A. paraguariensis Chodat & Hassl. 6b1u1 BoBiteueH B op-
MHUPOBaHHE 110 KpalHelW Mepe HEKOTOPBIX Pa3HOBHIHOCTEH
A. hypogaea. JlaHHbIe APYTHUX yYEHBIX TMOATBEPHKAAIOT TEC-
HYIO CBSI3b MEXIY A. paraguariensis u A. duranensis (ipea-
KOBBIH BUJI KyJIbTYpHOTO apaxuca) (Moretzsohn et al., 2013).

BwmecTte ¢ TeM QuiioreHeTHYECKHE HCCIISIOBAHUS apaxy-
ca Ha OCHOBE CUsS-TIOI0OHOTO TeHa MOKa3ajM, YTO Hanbosee
YyeTkasl Ki1aja Ha (UIOr€HEeTHYECKOM JIpEeBE IpeJICTaBIeHa
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MYTAaHTHBIMHA aJUICJISIMA U3 I'CHOMA B. Ot II0CJICA0BATCIIb-
HOCTH OBICTpEe IUBEPTHPYIOT U SBIISIOTCS 0ojee YIO0OHBIM
MaTepHaIoM JUTsl U3yueHus! (PHIIOTeHHH, YeM Te, B OTHOIICHUHT
KOTOPBIX JICUCTBYET CTAOMIM3UPYIOIIUI 0TOOP.

Taxum obpa3oMm, Ha ipuMmepe poxa Arachis ObITH TIpOJE-
MOHCTPHPOBAHBI HEKOTOPHIE OTPAHUYEHHS HCIIOJIB30BAHUS
ki T-JIHK B dhutoreHeTHYECKUX UCCICIOBAHUSX.

DdunoreHeTnyecKkune cBA3N

reHoB T-OHK arpo6aktepuii n nfMO

B mpensiaymux pasnenax MbI paCCMOTPEITH BOIIPOCHI, CBSI-
3aHHBIC C U3yUCHUEM (DHIIOTCHUY PACTCHHIA C TPUMCHCHHEM
T-IHK xax monekyssipHoro Mapkepa. OqHako 1moio0HbII
MapKep MOXET OBITh MCIOJB30BAH U IS TPOCIS)KUBAHUS
ponctea mexay kiT-JJHK nI'™MO u T-IHK HbiHe n3BecTHbBIX
mramMmmoB arpodakrepuii (Suzuki et al., 2002; Matveeva,
Otten, 2021). B omgnoit u3 pabot Hamreit rpynms! (Matveeva,
Otten, 2021) ObUTH TOCTPOCHBI (PMIIOTCHETUYECKUE JICPEBhS
Ha OCHOBE OT/ICJIbHBIX TEHOB CHHTE32a OIMHOB U3 BCEX N3BECT-
HBIX K 2021 . 1’ MO, a Taxke oXapakTepu30BaHHBIX Ha TOT
MOMEHT IITaMMOB pu3o0uii. B pesynerare Obu10 MOKa3aHo,
4to y napactnonuu Parasponia andersonii Planch. knT-JIHK,
cofieprKaIye TOMOJIOTH TeHa SusL, IOIy9eHBI OT Pa3InIHBIX
IITAMMOB arpoOaKkTepuii Ha pa3HbIX dTanax BOIIOIUH. AHa-
JIOTWYHAs KapThHA ObLIa XapakrepHa Uit XypMbl Diospyros
lotus L. B 1o xe Bpemsa ki1 T-{HK, comepkamue romonorun
MHUKHMOIIMHCHHTA3bI, CKOPEE BCET0, ObLIH IOIY4YEHBI Pa3HbI-
MU Busiamu Tabaka Nicotiana L. v nenstakamu Linaria Mill. ot
OJTHOTO MJTH OYeHB OJIF3KOPOACTBEHHBIX MTaMMOB (Matveeva,
Otten, 2021). OTi HAOTIONCHUS MO3BOJISIOT JIYYIIC MTOHATH
Oropa3Ho00Opa3ue arpoOaKTEPHii U TOJONTH OJIMKE K TIOHUMA-
HHUIO MEXaHN3MOB HX X03AHCKOH crierdraHocT (Anderson,
Moore, 1979), koTopas 4acTo 00ycII0OBICHA 0COOCHHOCTIMHI
CTPYKTYpbI ¥ (D)YHKIIMOHUPOBAHHS Vir-r€HOB, HACIEAyEMbIX
ciemierno ¢ T-JIHK B cocrase Ti(Ri)-mnasmun. U3yuenne
BOITPOCOB X035HCKOH CTIeIM()UIHOCTH BaKHO JJIsl ONITUMHU3a-
I[UH [TPOTOKOJIOB TCHETUYECKOM TPpaHC(HOPMAIIUN PACTCHUIA.

3aknioyeHue

Takum o6pasom, knT-JJIHK momoraroT yTOYHHUTH MHOTHE
CTIOpPHBIE MOMEHTHI B (DMIIOTCHETHUECKUX HCCIIEJOBAHMSAX.
BceraBku pasnuunbix T-JITHK MapkupyroT 3BONIOIMOHHBIE
COOBITHSI, YKa3bIBasi HAM Ha IPYIIIbI BUI0B, HIMEIOLINX O0LIEro
npenka. IHBepTHpOBaHHbBIE TOBTOPBI MOTYT JaTh HH(OpPMa-
LIUIO O BO3PACTE 3TOTO NPEeAKa U BEICTPOUTH MOPSIOK MOMa-
nanus HezaBucuMbIX T-/IHK B renombl pactenuit. Uzyuenue
ToHKOTO monnMopdm3ma knT-JJHK ¢ ygerom ammempHBIX
COCTOSIHUI MapKepa MO3BONSIET OTCIEKUBATE MUKPOIBOIIIO-
LIMOHHBIE COOBITHUS, TOCIECTBUS aKTOB TMOPUAN3AIINH TIPH
HE3aBepIIEHHOM BU1000pa3oBanuy. K HacTosAIeMy BpeMeHH
MOJICKYJIIpHBIE MapKepbl Ha ocHoBe K1 T-/{HK Obin ycrienao
MCIIOJIB30BaHbI NP U3y4YeHUU ponoB Nicotiana, Camellia,
Vaccinium n Arachis. B cnydae pona Nicotiana ¢ TOMOIIBIO
ki T-JIHK ynanocs MapkupoBaTh M JaTHPOBAaThb OCHOBHBIE
9TaIbl BOJIOLMH B TIpezenax cekuuu Tomentisae. Y Camellia
IIaBHBIM MUTOTOM HCIIONBb30BaHMS MapKepa Obuia deTKas Je-
MOHCTpAIHS He3aBEPIICHHOTO BU1000pa30BaHMs B TIpe/ieax
cekuuu Thea, y npencraButencit pona Vaccinium mapkep
MI03BOJIHJI TOATBEPANTH HEKOTOPBIE KIIACCHUECKHE TIPEICTAB-
JIEHHUS O CUCTEME POJa, KOTOpBIE WM Bpa3pe3 ¢ JaHHBIMU
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MocnegosatenbHocTy IHK arpobaktepranbHOro nponcxoxaeHna 2025
B GUNOreHeTNYECKNX NCCNefoBaHMAX PacTeHNN 29.6

Ha ocHoBe ITS, HO cornacoBbiBaauch ¢ gaHHbIMU NGS Ha
HeOOoITBIII0 BRIOOPKE BUIOB. Y apaxuca nzyuenue kil-/JHK
MIO3BOJIMJIO YETKO ITPOJIEMOHCTPUPOBATh PA3IMYHbIE HBOIIIO-
LIMOHHBIE CY/IbObI TPAHCTEHOB B Clly4ae CTaOMIN3UPYIOIETro
otbopa u 6e3 HeTo, a TAK)KE HAMETUTH HEKOTOPBIE HEJTOCTaTKU
pasperaronieii cnocoOHOCTH MapKepa, HaXOASIIErocst Mo
CHJIbHBIM JIaBJICHUEM CTAOMIN3UPYIOIIETo 0TO0pa.
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Abstract. In spite of recent substantial progress in genomic approaches, there is still a need for molecular markers
convenient for Sanger sequencing and providing good phylogenetic reconstructions at short evolutionary distances.
A new molecular marker, the histone H3-H4 region, containing partial coding sequences of the genes for histones
H3 and H4 and the non-coding spacer between them, is proposed. This marker is potentially useful for molecular
phylogenetic studies at the generic, species, and even intra-species level in insects and some other organisms, even
from other phyla. The highly conserved histone-coding sequences ensure the universality of primers and the ease of
primary alignment, while the highly variable non-coding spacer provides enough variation for analyses at short evo-
lutionary distances. In insects, the histone genes reside in the histone repeat which is tandemly repeated in dozens
to hundred copies forming the so-called histone cluster. This ensures a high concentration of the template for the
marker in genomic DNA preparations. However, the order and orientation of the histone genes in the histone repeat is
variable among orders, which puts some limitations on the use of the proposed marker. The marker efficacy is hereby
shown for Odonata (dragonflies and damselflies), where it provided good resolution at the family, genus and species
levels. The new marker also provided an interesting pattern in the relationship of two Sympetrum species, S. croceolum
and S. uniforme, showing the sequences of the latter as a branch nested among those of the former. The same combi-
nation of the proposed original primers should also work in Diptera.
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HOBBIV MOJIEKV/ISIPHBIN MapKep A1 PUIoreHeTU4YeCKmMX
ncciaemoBaHuii crpekos (Insecta, Odonata),

BKJIIOUAIOIIMI YaCTy KOHCePBATUBHLIX reHOB I'mcTOHOB H3 1 H4
U CIiericep MexXay HUMU, IIPYMEHVIMBIN U K APYIM OpraHnu3Mam
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1 DepepanbHblii NCCNeROBATENbCKUI LeHTP UHCTUTYT ymutonorum u reHetnkun Cnbrpckoro otaeneHns Poccuinckolt akagemmnmn Hayk, HoBocnbmpck, Poccus
2 HoBocnbrpcKmin HaLumMoHanbHbIN NCCnefoBaTeNbCKUIA FOCYAaPCTBEHHbIN yHUBepcuTeT, HoBocnbrpck, Poccna
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AHHOTaLuA. HecMOTps Ha 3HAUUTENbHBIA NPOrPecc B reHOMHbIX UCC/IEA0BAHMSAX, [0 CUX MOP CyLIeCTBYeT NoTpeo-
HOCTb B MOMNEKYNIAPHbIX MapKepax, YAOOHbIX AN CEKBeHMpPOoBaHWA Mo CaHrepy 1 No3BONALWYX AenaTb GunoreHe-
TUYECKMEe PEeKOHCTPYKLUMM Ha KOPOTKUX SBOIOLMOHHBIX AUCTaHUMAX. [peanoXkeH HOBbLIN MONEKYNAPHBIA MapKep,
parioH reHoB rmctoHos H3 n H4, copepxalumin 4acTy Kogupyowmx nociefoBaTeslbHOCTeN reHoB rmcToHoB H3 1 H4 n
HeKkoaupylowmin cnencep Mexay HAMuU. OH MOXeT 6biTb yao0eH AnA MoseKynApHO-GUNoreHeTUYECKMX NCCIe[0BaH
Ha POJOBOM, BULOBOM 1 axe BHYTPVBMAOBOM YPOBHE Yy HACEKOMbIX 1 HEKOTOPbIX APYruX rpynm, B TOM yucne u3s
LpYrux TMMNoB. BbICOKOKOHCepBaTUBHbIE KOAMPYIOLLME NOCIeA0BaTENbHOCTM MMCTOHOBbIX FTeHOB 06eCneymBatoT YHU-
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HoBblln MOneKynapHbI Mapkep
AnA GyunoreHeTUYECKNX UCCNeOBaHNI CTPEKO3

BEPCanbHOCTb MpaiMepoB 1 OAHO3HAYHOCTb NMEPBUYHOMO BbiPaBHMBaHWSA, TOTAA Kak BapuabesibHbI HeKoAMPY LU
cnelicep COfepXXMT AOCTAaTOYHO N3MEHUYMBOCTY [J1l aHaNM3a Ha KOPOTKUX SBOSIIOLMOHHbIX AUCTAHLUMAX. Y HACEKOMbIX
reHbl TMCTOHOB HAXOZATCA B TMCTOHOBOM MOBTOPE, TaHAEMHO MOBTOPEHHOM B JECATKAX UM COTHAX KOMWI B TaK Ha-
3bIBaEMOM MMCTOHOBOM KJlacTepe. To 06ecrneyrBaeT BbICOKYIO KOHLIEHTPaLMIO MaTpuLbl A1 HOBOTO MapKepa B npe-
napatax reHomHou [JHK. OfHako NopsAAoK 1 OpUeHTaLMsa KOHKPETHbIX FeHOB Y Pa3HbiX OTPALOB M3MEHUMBA, YTO Ha-
naraet onpepeneHHble OrPaHNYEHUNS Ha UCMOMNb30BaHKe NpeanaraeMoro Mapkepa. B Hawein pabote 3$ppeKTMBHOCTL
MapKepa NPOAEMOHCTPYPOBaHa Ha MaTepuane oTpsaaa cTpekos (Odonata), roe OH XOpOLO paspeLlns CeMencTBa,
popbl 1 BAbl. HOBbI MapKep Take BbIABUI MHTEPECHbI NaTTEPH B3aUMOOTHOLLEHMWsA ABYX BUAOB poaa Sympetrum,
S.croceolum v S. uniforme, nokasaB NocnefoBaTeNIbHOCTU NOCIEAHETO B KAUeCTBe BETBU CPefy NoCNefoBaTeIbHOCTEN
nepsoro. Ta e KombuHaLma pa3paboTaHHbIX HAMU OPUTMHASbHBIX MpaiMepoB BygeT paboTaTb 1 B OTpALE ABYKPbI-

nbix (Diptera).

KntoueBble cnioBa: rMCTOHOBbIM MOBTOP; FTMCTOH H3; ructoH H4; mexreHHbIl cnencep; Odonata; cTpeKo3bl; HaceKoMble;
MONeKYNAPHbIN MapKep; unoreHeTnyecKne nccnefoBaHna

Introduction

Analysis of DNA variation is a powerful tool in reconstructing
phylogenetic history of living creatures, so the use of molecu-
lar methods has provided a profound progress in phylogenetic
analysis, with applications in taxonomy, paleobiology, paleo-
geography and evolutionary theory. Particular sequences used
for this purpose, traditionally called ‘phylogenetic markers’,
differ in their rate of fixation of mutations thus permitting
phylogenetic resolution at different time scales, with resolution
of most recent divergences being possible with most variable
markers; for those applied to Odonata see Y.C. Cheng et al.
(2018).

Mitochondrial DNA in animals is on average more vari-
able than nuclear DNA, so the popular mitochondrial marker
cytochrome oxydase I (COI) is widely used for barcoding of
animals (Ballard, Whitlock, 2004; Avise, 2009). However,
the phylogenies reconstructed from mitochondrial markers
quite frequently meet serious problems. They often contradict
both phylogenies reconstructed from nuclear markers and
traditional taxonomy based on morphology. In some groups of
organisms (Cheng Z. et al., 2023), including the family Coe-
nagrionidae in Odonata (Dow et al., 2019; Deng et al., 2021;
Galimberti et al., 2021; Geiger et al., 2021), mitochondria
seem to ‘live a life of their own’. The most drastic patterns
were revealed in Coenagrion Kirby, 1890, where mitochon-
drial haplotypes cross species barriers but seem unable to cross
the Hybraltar Strait (Ferreira et al., 2016; Galimberti et al.,
2021, Geiger et al., 2021), and in Ischnura elegans (Vander
Linden, 1820) where the Japanese population appeared to
be strongly divergent from the continental ones (Deng et
al., 2021). Such drastic patterns can hardly be explained by
incomplete lineage sorting or introgressive hybridisation,
the phenomena usually supposed to explain such cases. The
reason could be co-selection of mitochondria with strains of
the intra-cellular bacterial endosymbiont Wolbachia Hertig,
1826 (Deng et al., 2021). Horizontal transfer of mitochondria
via an unknown agent is also postulated but not proved (Gur-
don et al., 2016). Another problem of using markers based
on mitochondrial DNA is the sporadic occurrence of mtDNA
fragments adopted by the nuclear genome (NUMT), which
are variably divergent from the actual mtDNA and may result
in false phylogenetic results; for examples in Odonata, see
Ozana et al. (2022) or Lorenzo-Carballa et al. (2022). For
the purpose of revealing evolutionary history at short time
distances, microsatellite or SSR markers have been popular
for a long time and applied also to Odonata (e. g. Lowe et al.,

OUNOTEHETUKA N TAKCOHOMUA / PHYLOGENETICS AND TAXONOMY

2008). These are tracts of very short (one to few nucleotides)
repeats with the number of copies frequently changing be-
cause of slippage mispairing and unequal crossing over. Such
markers suffer from a high rate of homoplasy, when different
events of copy number change result in the same alleles, here
understood as particular numbers of repeats, but are still the
marker of choice for population genetic studies.

The modern next-generation high-throughput sequencing
and genomic approaches offer ample phylogenetic data (for
examples in Odonata, see Futahashi et al., 2015; Bybee et
al., 2021; Kohli et al., 2021), potentially useful for analysis
even at short evolutionary distances, but are expensive and
more demanding in sample preparation. Although the prices
are getting lower, these technologies still remain unaffordable
for many researchers in countries which harbour the richest
biodiversity. Therefore, there is still a need for easily anal-
ysed and cheap nuclear markers based on Sanger sequencing
which would provide good resolution at the species level and
could be useful at least for fast preliminary tests revealing the
evolutionary history of populations, subspecies and closely
related species. Besides, such markers make it possible to
analyse regular collection specimens, not specially collected
for DNA analysis.

Non-coding sequences, the variability of which is mainly
determined by physical properties of DNA replication, are
useful candidates for variable phylogenetic markers. Their
use is limited by possibility of working out universal primers,
which could be achieved by involvement of bordering con-
served sequences. Besides, non-coding sequences demonstrate
a high rate of indels, which bring about difficulties as to their
alignment. Of such markers, the so-called /7S region including
internal spacers between the conserved ribosomal RNA genes,
ITS1 and ITS2, is the most popular among nuclear markers;
for its use in Odonata, see Hovmoller and Johansson (2004),
Dumont et al. (2010), Karube et al. (2012), Schneider et al.
(2023). The highly repetitive nature of the nucleolus organiser
provides an advantage of high concentration of the template in
preparations of genomic DNA and a disadvantage of possible
heterozygosity as well as cis-heterogeneity between individual
repeat copies (Hovmoller, Johansson, 2004).

Recently, a useful approach has been proposed, focusing on
introns of nuclear genes (Ferreira et al., 2014). The primary
structure of introns has scarce adaptive constraints save muta-
tions affecting splicing. At the same time, the bordering exons
are usually conserved enough to allow for universal primers
design. These markers have a disadvantage of low concen-

869



A.V. Mglinets, V.S. Bulgakova
O.E. Kosterin

H1 H3 H4

Hex_AR LH4_2R

H2A

— ===

A new molecular marker
for phylogenetic studies in dragonflies

H2B

— o

Fig. 1. Positions of the primers used to amplify the histone H3-H4 region in the histone repeat as exemplified by a fragment of the
assembly of the Ischnura elegans genome (NW_025791746). White arrowheads indicate the direction of transcription.

tration of template genomic DNA, since the genes involved

are unique and present in the genome only in two copies, so

they may be less readily amplifiable from specimens with
somewhat degraded DNA as compared to the highly repeated
sequences of the /7S region.

In the present work, we propose and test the usability of
a new phylogenetic marker, the spacer between the genes of
the conservative core histones H3 and H4 and partial cod-
ing sequences of these histones, which we designate as the
histone H3—H4 region. It resembles the popular ITS region
mentioned above.

In animals, the genes for five histones (H1, H2A, H2B, H3,
H4) are included into the so-called histone repeat, tandemly
repeated copies of which form the histone cluster (Eirin-Lopez
etal., 2009). Several important circumstances should be noted
in this respect:

(i) Histones H3 and H4 are among the most conserved proteins
in eukaryotes (Stein et al., 1984; Doenecke et al., 1997;
Eirin-Lopez et al., 2009), so their coding sequences al-
low primers of very broad applicability across taxonomic
groups.

(i1) In insects, genes of these two histones are disposed in the
histone repeat relatively close to each other (Eirin-Lopez
et al., 2009). The order of histone genes and orientation
of their reading frames is variable among different insect
orders. For instance, their order is H1, H3, H4, H2A, H2B
in Drosophila melanogaster (Goodenough, 1984: p. 304;
Eirin-Lopez et al., 2009) and in all Odonata species tested
in this work (Fig. 1). Although this variation may also
take place at lower taxonomical levels and is sometimes
observed even in different copies of the histone repeat in
the same chromosome, in all species of Odonata tested by
us (see below) we obtained a PCR product using the same
primer pair matching histones H3 and H4. So the original
primers we suggest are useful at least across dragonflies
and damselflies.

(iii1) The spacer between H3 and H4 histone genes is non-cod-
ing and therefore is expected to undergo neutral evolution,
hence being a kind of molecular clock.

(iv) Insects have hundreds of copies of the histone repeat
(Stein et al., 1984; Solovyev et al., 2022), which facilitates
amplification from total genomic DNA preparations, but
may also bring about problems related to cis- (within-
cluster) and trans- (allelic, between homologous chromo-
somes) heterogeneity.

(v) Most insects have only one histone cluster, whereas in
some of them and in other animal groups there is a number
of paralogous clusters (Eirin-Lopez et al., 2009). A single
histone cluster is an advantage since this avoids trans-
cluster heterogeneity which would complicate an analysis.
To develop and test the marker, we chose the order Odonata

and designed original primers which worked in all tested spe-
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cies. We tested its resolution at different taxonomical levels,
by sequencing amplicons from representatives of different
families (Calopterygidae, Coenagrionidae, Aeshnidae, Gom-
phidae, Corduliidae, and Libellulidae), from several species
of some genera and from a number of specimens of some
Sympetrum spp. The latter involved a series of three species
from the same danae species group (Pilgrim, Dohlen, 2012),
namely S. croceolum (Selys, 1883), S. danae (Sulzer, 1776)
and S. uniforme (Selys, 1883), including those collected in
the same populations.

Materials and methods

Material. The specimens of S. croceolum, S. danae, S. flaveo-
lum (Linnaeus, 1758), and S. uniforme were preserved in 96 %
ethanol, other specimens were treated overnight with acetone
and then dried out. The species and specimens from which
the histone H3—H4 region was sequenced in the course of this
study and the GenBank accession numbers of these sequences
are enumerated (in parentheses) in the Table.

Sequences from public databases. To expand our sample,
we downloaded sequences of the H3—H4 region from the
Whole Genome Sequence datasets available in public da-
tabases of 16 more Odonata species: Hetaerina americana
(Fabricius, 1798), H. titia (Drury, 1773) (Calopterygidae),
Argia fumipennis (Burmeister, 1839), Ceriagrion tenellum
(De Villers, 1789), Ischnura elegans, 1. senegalensis (Rambur,
1842) Pseudagrion microcephalum (Rambur, 1842), Pyrrho-
soma nymphula (Sulzer, 1776) (Coenagrionidae), Platycnemis
pennipes (Pallas, 1771), Prodasineura notostigma (Selys,
1860) (Platycnemididae), Tanypteryx hageni (Selys, 1879), Ta-
chopteryx thoreyi (Selys, 1889), Uropetala carovei (White in
Dieffenbach, 1843) (Petaluridae), Brachytron pratense (Miil-
ler, 1764) (Aeshnidae), Pachydiplax longipennis (Burmeister,
1839), Pantala flavescens (Fabricius, 1798), (Libellulidae).

Besides, the histone H3—H4 region was assembled from
SRA archives available at GenBank, with the use of the MIRA
software (Chevreux et al., 1999) for the following 20 spe-
cies: Archilestes grandis (Rambur, 1842) (Lestidae), Calop-
teryx splendens (Harris, 1780), Hetaerina vulnerata (Hagen
in Selys, 1853), Mnais tenuis (Oguma, 1913), Neurobasis
kaupi (Brauer, 1867) (Calopterygidae), Agriocnemis femina
(Brauer, 1868) (Coenagrionidae), Anax parthenope (Selys,
1839), A. strenuus (Hagen, 1867) (Aeshnidae), Gomphus
vulgatissimus (Linnaeus, 1758), Lanthus parvulus (Selys,
1854), Onychogomphus forcipatus (Linnaeus, 1758), Ophi-
ogomphus mainensis (Packard in Walsh, 1863) (Gomphidae),
Cordulegaster boltonii (Donovan, 1807) (Cordulegastridae),
Macromia manchurica (Asahina, 1964) (Macromiiddae), La-
dona fulva (Miiller, 1764), Leucorrhinia albifrons (Burmeister,
1839), Libellula angelina (Selys, 1883), L. quadrimaculata
(Linnaeus, 1758), Nannophya pygmaea (Rambur, 1842),
Orthetrum coerulescens (Fabricius, 1798) (Libellulidae). The
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Species (by families) and specimens sequenced for the histone H3-H4 region, their origin and the GenBank accession numbers
of the sequences. Coordinates are given in decimal degree format

Species name

Atrocalopteryx atrata
(Selys, 1853)

Coenagrion johanssoni
(Wallengren, 1894)

Aeshna juncea
(Linnaeus, 1758)

Nihonogomphus ruptus
(Selys in Hagen, 1858)

Cordulia aenea
(Linnaeus, 1758)

Somatochlora arctica
(Zetterstedt, 1840)

Somatochlora graeseri Selys,
1887

Macromia amphigena
fraenata Martin, 1906

Macromidia rapida Martin,
1907

Cordulegaster picta Selys,
1854

Orthetrum albistylum
(Selys, 1848)

Orthetrum glaucum
(Brauer, 1865)

Rhyothemis phyllis
(Sulzer, 1776)

Sympetrum arenicolor
Jédicke, 1994

Sympetrum cordulegaster

Locality

Calopterygidae

Latitude (N)

Longitude (E) Date

Specimens, their
codes (if any)
and accession
numbers of their
sequences

Russia, Khabarovskiy Kray, 48.19 134.68 15.07.2014 1 3 (PQ498535)
44 km SE of Khabarovsk, Chirki
Coenagrionidae
Russia, Khabarovskiy Kray, 48.19 134.68 15.07.2014 138 (PQ498539)
44 km SE of Khabarovsk, Chirki
Aeshnidae

Russia, Khabarovskiy Kray, 48.30 134.83 9.07.2014 13 (PQ498536)
28 km SE of Khabarovsk, Bychikha village

Gomphidae
Russia, Khabarovskiy Kray, 44 km SE 48.19 134.68 15.07.2014 13 (PQ498542)
of Khabarovsk, Chirki ranger station

Corduliidae
Russia, Novosibirsk, Academy Town 54.8473 83.1072 1.07.2015 1 & (PQ498537)
Russia, Novosibirsk, Academy Town, 54.8314 83.0538 30.06.2015 1 Q (PQ498546)
Zvezda Beach
Russia, Primorskiy Kray, Khanka District, 45.062 131.995 4.07.2014 1 Q (PQ498561)
Lake Khanka W bank 2 km N
of Platono-Aleksandrovskoe village

Macromiidae
Russia, Khabarovskiy Kray, 48.19 134.68 15.07.2014 1 8 (PQ498540)
44 km SE of Khabarovsk, Chirki

Synthemistidae sensu lato
Cambodia, Mondulkiri Province, a left 12.441 107.159 13.06.2014 1 & (PQ498541)
tributary of the Monorom Waterfall River,
3.5 km SE of Sen Monorom
Cordulegastridae

Russia, Krasnodarskiy Kray, Kabardinka 44.671 37.918 30.07.2015 1 Q (PQ498538)
village, the Krasnaya Shchel'Valley

Libellulidae
Russia, Primorskiy Kray, Khanka District, 45.062 131.995 4.07.2014 1 9 (PQ498543)
Lake Khanka W bank 2 km N
of Platono-Aleksandrovskoe village
Cambodia, Mondulkiri Province, a brook 12.570 107.418 10.06.2014 18 (PQ498544)
downstream of the Buu Sraa Waterfall
Cambodia, Kampot Province, a left oxbow  10.672 104.137 21.08.2011 1 @ (PQ498545)
of the Kampot River downstream
of Tek Chhou Rapids
Iran, Lorestan, Khorramabad County, 33.33 48.88 26.05.2017 1 & (PQ498547)
3.2 km NNW Pasil village
Russia, Khabarovskiy Kray, 28 km SE 48.292 134.829 21-22.08.2016 1 & (PQ498588)

of Khabarovsk, a pond S of Bychikha village
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Species name

Sympetrum croceolum

(Selys, 1883)

Sympetrum danae
(Sulzer, 1776)

Sympetrum flaveolum

(Linnaeus, 1758)

Sympetrum fonscolombii

(Selys, 1840)

Sympetrum pedemontanum
(Mller in Allioni, 1766)

Sympetrum sanguineum

(Mdller, 1764)

Sympetrum striolatum

(Charpentier, 1840)

Sympetrum vulgatum

(Linnaeus, 1758)

Sympetrum uniforme

(Selys, 1883)
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Locality

Russia, Khabarovskiy Kray,
Amursk District,
Bolon'skiy Nature Reserve,
Kirpu ranger station

Russia, Khabarovskiy Kray,
28 km SE of Khabarovsk, Bychikha village

Russia, Altai Republic, Mayma District,
Lake Manzherok SE bank

Russia, Novosibirsk, Academy Town,
Botanical Garden

Russia, Novosibirsk, Academy Town,
Botanical Garden

Russia, Primorskiy Kray,
Lake Khanka W bank just N
of Platono-Aleksandrovskoe village env.

Iran, Esfahan Province, Golpayegan City,
the Ghomrood (Anaarbar) River

Russia, Krasnodarskiy Kray,
Bol'shoy Utrish village env.

Russia, Novosibirsk, a glade in a pine forest
between Nizhnyaya El'tsovka and Pravye
Chyomu estates

Russia, Novosibirsk Province,
Kyshtovka District, a roadside swamp
in the Kyshtovka village NW suburbs

Russia, Krasnodarskiy Kray, Lake Krugloe

Iran, Lorestan, Borujerd County,
Chenar Chashmah

Russia, Krasnodarskiy Kray, Kabardinka
village env., Krasnaya Shchel' Valley

Russia, Khabarovskiy Kray,
28 km SE of Khabarovsk, Bychikha village

Russia, Khabarovskiy Kray,
Amursk District,
Bolon’skiy Nature Reserve,
Kirpu ranger station

Latitude (N)

49.506

48.292

51.82

54.825

54.825

45.06

33.46

44.76

54.864

56.579

44.677

33.798

44.672

48.292

49.506

Longitude (E)

136.028

134.829

85.81

83.114

83.114

131.99

50.26

37.39

83.051

76.603

37.594
48.905

37.922

134.829

136.028

Date

15.09.2016

21-22.08.2016

16.09.2016

8.10.2015

8.10.2015

4.07.2014

21.05.2017

5.08.2015

4.08.2018

14.07.2015

10.06.2016

25.05.2017

6.07.2016

21-
22.08.2016

15.09.2016
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Specimens, their
codes (if any) and
accession numbers
of their sequences

10338

(Sc-1 -Sc-10;
PQ498574-
PQ498582)

299
(Sc-31, Sc-32;
Q498583,
PQ498586)

2438

(Sc-41, Sc-42;
PQ498584,
PQ498585)

1238

(Sd-1,5d-3 - Sd-12;
PQ498549-
PQ498557)

18 (5f-1;
PQ498558),
19Q (5f-2;
PQ498559)

1Q (5F-3;
PQ498560)

18 (No. 1)

14 (No.2;
PQ498589)

1 & (PQ498591)

183 (Ss-1,
PQ498590)

18 (Ss-2)
1 & (PQ498592)

1 & (PQ498593)

5838499
(Su-21-Su-29;
PQ498565-
PQ498573

1& (Su-1;
PQ498563),
1Q (Su-2;
PQ498564)
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:I Platycnemididae

Calopterygidae

fl Lestidae

Fig. 2. Phylogenetic tree of the studied species of Odonata reconstructed with Maximum Likelihood method from the
histone H3-H4 region sequences. Bootstrap values are shown at the respective nodes. Three species of Diptera, Culicidae

serve as the outgroup.

accession numbers of the database entries used as sources of
these sequences are indicated at species names in Figures 2
and 3.

Primer design. We designed 14 original primers to match
different parts of insect histone genes coding for H1, H2B,
H3, H4, comprising the histone gene cluster. At the start of the
present work we did not know the precise order and orienta-

OUNOTEHETUKA N TAKCOHOMUA / PHYLOGENETICS AND TAXONOMY

tion of the histone genes in the cluster, so we tested different
primer combinations to select primer pair(s) which would
produce an amplification product containing the fragments of
the genes of histone H3 and H4 and the spacer between them.
We found out that the pair of primers Hex AR matching the
3’ portion of the H3 gene (in the orientation opposite to that
of transcription) and LH4 2R matching the 3’ portion of the
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Fig. 3. Phylogenetic tree of the studied Odonata species reconstructed with the Maximum Likelihood method from fragments of
the coding sequences of histone H3 and histone H4 genes involved into the proposed ‘histone H3-H4 region’ marker. Bootstrap

values are shown at the respective nodes.

H4 gene (also in the orientation opposite to that of transcrip-
tion) (Fig. 1) produced the expected product, indicating that
the H3 and H4 genes were oriented anti-parallel as to their
reading frames, with 5’ ends of their coding chains oriented
towards each other (Fig. 1). The primer sequences are as
follows:

Hex_ AR: 5’ atatccttgggcatgatggtgac (forward)

LH4 2R: 5’ ttaaccgccgaaaccgtacagggt (reverse).
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The primer LH4 2R, matching the coding region of the
histone H4 of the moth Bombyx mori (Linnaeus, 1758) (Lepi-
doptera: Bombycidae) (GenBank accession AADKO01010708),
was worked out in the course of our previous study of the
variation of the histone H1 gene in some Lepidoptera (So-
lovyev et al., 2015), although this particular primer was not
mentioned in the cited work and is published here for the
first time.
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The Hex AR primer was worked out to match the coding
sequences of the histone H3 gene of Ophiogomphus severus
(Hagen, 1874) (Odonata: Gomphidae) taken from GenBank
(accession AY 125228).

The coding sequences of histones H3 and H4 are well con-
served (Stein et al., 1984; Doenecke et al., 1997; Eirin-Lopez
et al., 2009), so the primers worked out to match a particular
sequence, one of which was from Odonata and the other from
Lepidoptera, worked well for all tested species of Odonata.

DNA isolation, sequencing and analysis. Dragonfly legs
were homogenized in a mortar in 0.2 ml of isolation buffer
(0.1 Tris-HCI, pH 8.0; 0.05 M EDTA; 1.25 % SDS; 0.5 M
NaCl) with Al,O5 as grinding particles, then mixed with
0.8 ml of the same buffer. The mixture was incubated for 1
hat 55 °C, then 350 pl of 5 M potassium acetate was added,
the mixture was incubated for 30 min on ice and centrifuged
at 16.1 g for 10 min. The supernatant was transferred to fresh
tubes, mixed with 0.6 ml of isopropanol, incubated at room
temperature for 1 h and centrifuged at 12.2 g for 10 min. The
precipitate was washed twice with 0.1 ml 70 % ethanol with
subsequent centrifugation at 12.2 g for 5 min, dried at 50 °C
for 5 min and dissolved in 50 pl of deionized water.

PCR reaction was carried out in a volume of 20 pl with
2 ul of 10x ammonium sulphate buffer, 2 pl of 25 mM
MgCl,, 0.3 ul of the Hot Start Taq polymerase produced by
SIBENZYME company, Novosibirsk (5 U/ul), 0.15 ul BSA
(10 mg/ml), 1 ul of forward and reverse primers (10 pM) each,
2 ul of 2 mM dNTPs, 2 pl of diluted DNA (20-60 ng) and
10.55 pl of deionised water. For PCR, BIO-RAD MyCycler
thermal cycler was used, with the reaction parameters as fol-
lows: denaturation at 95 °C for 3 min followed by 32 cycles
including denaturation at 94 °C for 30 s, annealing at 55 °C
for 25 s, elongation at 72 °C for 45 s. The PCR products were
purified with Invisorb® Spin Filter PCRapid Kit and Sanger
sequenced using Big Dye Terminators version 3.0 or 1.1 at
SB RAS Genomic Core Facility.

Raw trace files were visualized and translated into nucleo-
tide sequences with the use of the Gap4 software (Staden et
al., 2003). The sequences were aligned with Clustal W (Larkin
et al., 2007) using the MEGA 6.0 software package (Tamura
et al., 2013) with default parameters. For a separate analysis
of the non-coding spacer between the histone H3 and H4
genes, the relevant part of the alignment of the entire histone
H3-H4 region was used, since separate alignment of the spacer
sequences as such is less reliable.

The phylogenetic relationships were reconstructed with the
Maximum Likelihood method using MEGA 6.0, with Kimura
2-parameter substitution model, as default in the package; rate
among sites: gamma-distributed with invariant sites. Bootstrap
values from 100 replications were calculated. The sequences of
the histone H3—H4 region of three species of Diptera, dedes
notoscriptus (Skuse, 1889), Anopheles funestus (Giles, 1900)
and 4. marshalli (Theobald, 1903) from GenBank, were used
as the outgroup for the order Odonata-wide phylogenetic re-
construction (Figs 2—4), because in Diptera we found the same
order and orientation of the genes of histones H3 and H4.

The uncorrected p-distances between different alleles of
the histone H3—H4 regions within species of Sympetrum were
calculated with the MEGA 6.0 software (the entire matrix is
not shown).
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Results

The histone H3—H4 region was successfully amplified with
the above suggested primer pair and sequenced from DNA
isolated from specimens of Odonata enumerated in the Table,
59 individuals of 24 species. Together with the 36 sequences
adopted from public databases, this comprised a sample of
95 sequences of 60 species.

The sequences of the histone H3—H4 region contained parts
of the conservative coding sequences of the genes of histones
H3 (351 b.p.) and H4 (288 b.p.) and the spacer between them
of a variable length of about 250 b.p. All substitutions revealed
in the coding sequence fragments were synonymous except for
the substitution T > A in the first position of the second codon
of the histone H4 gene, which changes threonine to serine, in
both sequenced specimens of S. fonscolombii (Selys, 1840)
(not shown). As expected, the sequences of bordering coding
sequences were unambiguously aligned. At the same time the
spacer is expectedly hyper-variable and exhibits a high rate
of indels, so its alignment was much less certain and retained
some ambiguity. The alignment involving one sequence per
each studied species, including the outgroup, used for recon-
struction of the phylogenetic tree of Figure 2, was 1019 b.p.
long and had 583 (57 %) variable sites, 529 (52 %) parsi-
moniously informative sites and 42 (4 %) singletons. These
numeric estimates, however, are conventional and should be
taken with caution because of uncertainty of the alignment
of the non-coding sequence of evolutionary distant species.

One specimen of S. sanguineum (Miiller, 1764) (Ss-2), one
specimen of S. fonscolombii (No. 1), and one specimen of
S. uniforme (Su-23) appeared to be heterogeneous containing
reads with and without deletion of a number of nucleotides
in the spacer. One of those indels found in S. sanguineum
(Ss-2) concerned just one base pair; so we were able to infer
both sequence variants from the chromatogram but used for
further analysis only one of them, chosen randomly. Indels
found in the other two species were longer, about 5 and 10 b.p.
Although the sequences beyond the deleted region could be
reconstructed, we preferred to exclude these specimens from
further analyses.

In some positions, the chromatograms revealed two peaks
of comparable height suggesting within-specimen heterogene-
ity for nucleotides occupying these positions. Those positions
reflected either heterozygosity for different alleles or cis-
heterogeneity for the histone repeat along a histone cluster,
quite expectable in the case of repeated units. Such positions
made uncertain the exact number of unique alleles found in
a species. A few chromatograms did not resolve nucleotides
in a number of positions adjacent to the primers; we never-
theless involved the shortened, well resolved sequences into
phylogenetic reconstructions.

First, we reconstructed a phylogenetic tree based on the
sequence of the H3—H4 region from one representative of
each involved species, both newly sequenced and available
or reconstructed from public databases (Fig. 2). The tree
was rooted with the sequences of mosquitoes Anopheles and
Aedes used as the outgroup. The overall tree topology well
corresponded to the family system of Odonata (Dijkstra et
al., 2013), except for the odd position of the genus Ischnura,
which is attributed to Coenagrionidae but clustered with Pla-
tycnemididae, although with a weak bootstrap support of 83.
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Fig. 4. Phylogenetic tree of the studied Odonata species reconstructed with the Maximum Likelihood method from the intergenic
spacer between histone H3 and histone H4 genes. Bootstrap values are shown at the respective nodes.

Our tree included 10 currently recognised families of Odonata
(Dijkstra et al., 2013) represented by several species. Seven
of them were revealed as monophyletic clades well supported
by high bootstrap values: Libellulidae (95), Corduliidae (100),
Macromiidae (100), Aeshnidae (100), Petaluridae (100), Cor-
dulegastridae (100) and Calopterygidae (100). Two families
appeared monophyletic with weak support: Gomphidae (82)
and Platycnemididae (74). The cluster of Coenagrionidae
without Ischnura had the highest support of 100. Even re-
presentatives of the three families (Corduliidae, Macromiidae
and Synthemistidae s. 1.), previously considered in the family
Corduliidae in the broad sense, also grouped in a cluster with
the maximum support of 100.

Archilestes grandis is the only involved representative of
Lestidae, the family considered to retain most plesiomorphic
characters among Odonata (Dijkstra et al., 2013). Hence
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its position as the most basal branch of Odonata was rather
expected. If we were to exclude this branch formally attrib-
uted to Zygoptera, both suborders Anisoptera and Zygoptera
would appear monophyletic but weakly supported (67 and
84, respectively).

The tree of Figure 2 includes nine genera represented by
more than one species. Seven of them (Orthetrum Newmann,
1833, Somatochlora, Macromia Rambur, 1842, Anax Leah
in Breuster, 1815, Cordulegaster Leah in Breuster, 1815,
Ischnura Charentier, 1840, Hetaerina Hagen in Selys, 1853)
had the highest support of 100. The genus Sympetrum, re-
presented by 11 species, formed a monophyletic cluster with
weak support (72). However, if we were to exclude the prob-
lematic (see below) divergent species S. fonscolombii, the
remained 10 species would cluster together with the maximum
support of 100. The genus Libellula Linnaeus, 1758 would

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 202529+ 6



A.B. Mrnnteu, B.C. Bynrakosa
0.3. KoctepuH

70

M:

2025
29-6

HoBblln MOneKynapHbI Mapkep
AnA GyunoreHeTUYECKNX UCCNeOBaHNI CTPEKO3

Sympetrum_vulgatum_AF549605
Sympetrum_striolatum_LC366258
Sympetrum_danae_EU243974
Sympetrum_pedemontanum_JQ772563
7 sympetrum_cordulegaster_AB707222
Sympetrum_flaveolum_AB707260
Sympetrum_croceolum_AB707223
Sympetrum_uniforme_LC366306
Sympetrum_sanguineum_JQ772565
Leucorrhinia_albifrons_AF549593
Pachydiplax_longipennis_JAVFKFo10000250 | Libellulidae
Sympetrum_fonscolombii_LC366140
Nannophya_pygmaea_AB707106
Libellula_quadrimaculata_AB707092
Cibellua_angeina_AB707090
Ladona_fulva_APVN02016370

% Orthetrum_glaucum_AB781476

1900 rthetrum_albistylum_AB707121
Orthetrum_coerulescens_MN9G3710
Pantala_flavescens_LC366076
Rhyothemis_phyllis_LC366255
Macromidia_rapida_FN356129
Cordulia_aenea_FN356074

7] Synthemistidae s.l.

Corduliidae

Somatochlora_graeseri_FN356166
100
Somatochlora_arctica_FN356164

] Macromiidae
_] Platycnemididae

Macromia_amphigena_FN356127
lacromia_manchurica_SRR15092394
Prodasineura_notostigma_SRR1695278

58 Ischnura_elegans_FN356103

Ischnura_senegalensis_LC743973

Coenagrion_johanssoni_KME60068

92

100

Anax_parthenope_LC366167
100 P Anex_strenuus_ERR14121423
100 Aeshna_juncea_OR133840
Brachytron_pratense_LC366120

Agriocnemis_femina_AB706566 Coenagrionidae
Pseudagrion_microcephalum_SRR1695279

Ceriagrion_tenellum_CAUJGUO10000403

Pyrthosoma_nymphula_FN356160 .
Platycnemididae

Coenagrionidae

Platycnemis_pennipes_AJ459230

Argia_fumipennis_GCKK01003208
Hetaerina_vulnerata_KM383821

0

LI

Hetaerina_americana_KM383826
Hetaerina_titia_KM383797
Mnais_tenuis_AJ459212
Neurobasis_kaupi_SRR31865398
Atrocalopteryx_atrata_AB706426

Calopterygidae

Calopteryx_splendens_AJ308368

Aeshnidae

7] Petaluridae
_I Lestidae

05

4|7—Urope«ala,carovequCHBmoaoo423
93
Archilestes_grandis_ERR14379143

Cordulegaster_boltonii_FN356072
Cordulegaster_picta_AB706955

100
100
o7
100

] Cordulegastridae
:| Petaluridae

_FN356091

Tanypteryx_hageni_JAJPWW010000376
Tachopteryx_thoreyi SRR1695289

‘ Gomphus_
100

Lanthus_parvulus_SRR17808851

Gomphidae

B! Onychogomphus_forcipatus_FN356138

Ophiogomphus_mainensis_SRX13970897

{ 100

Anopheles_marshallii_CALSDX010000077

05

Aedes _r

_PQ112577

Fig. 5. Phylogenetic tree of the species of Odonata as in Figure 2 (with two omissions) reconstructed with the Maximum Likelihood method from the ITS
region sequences adopted from GenGank. Bootstrap values are shown at the respective nodes. Two species of Diptera, Culicidae serve as the outgroup.

become monophyletic but weakly supported (68) if we were
to assume Ladona Needham, 1897 to be its synonym, as it is
often considered.

It was interesting to evaluate separate inputs into this
phylogenetic resolution of the histone coding sequences and
spacer, so we reconstructed phylogenetic trees based on these
two components separately (Figs 3, 4). In both trees, terminal
branches uniting close species or genera are mainly well sup-
ported. The support of families is somewhat lower than in the
tree based on the entire histone H3—H4 region (Fig. 2), with the
values in the tree based on the concatenated coding sequences
of both histone genes (Fig. 3) being in general higher than in
the tree based on the non-coding spacer (Fig. 4). The principal
topology of the tree based on the spacer sequences (Fig. 4)
remained similar to that of the tree based on the entire H3—-H4
region (Fig. 2), but is not supported. The overall topology with
respect to positions of families of the tree based on the coding

OUNOTEHETUKA N TAKCOHOMUA / PHYLOGENETICS AND TAXONOMY

sequences (Fig. 3) is different, does not reflect dichotomy for
the two suborders and is even less supported than in the spacer
tree (Fig. 4). This can be attributed to saturation of conserva-
tive histone gene sequences by synonymous substitutions at
long evolutionary distances. Altogether, we may conclude that
both parts of the histone H3—H4 region have their input into
its resolving power, but the best result is produced by the two
parts taken together.

As stated above, the phylogenetic marker proposed here,
the histone H3—H4 region, is similar to the popular /7S region
containing rRNA genes and two non-coding spacers between
them. To compare phylogenetic resolution of these two mar-
kers, we reconstructed a phylogenetic tree based on the /7S
region sequences adopted from GenBank, which contains the
same species except for N. ruptus and S. arenicolor (Fig. 5).
The alignment of these sequences was 1048 b.p. long and
had 878 (84 %) variable sites, 529 (71 %) parsimoniously
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Fig. 6. Phylogenetic tree of the studied Sympetrum species reconstructed with the Maximum Likelihood method from the histone H3-H4 region
sequences. Bootstrap values are shown at the respective nodes. Orthetrum albistylum, O. glaucum and Rhyothemis phyllis serve as outgroup.

informative sites and 118 (11 %) singletons. These data are
also affected by the ambiguity of the alignments of the non-
coding spacers as those for the histone H3—H4 region and
should be taken with caution. The /TS region contained a
somewhat greater share of parsimoniously informative sites
than the histone H3—H4 region, 71 vs 52 %. However, the /TS
marker appeared substantially inferior in resolving odonate
families as compared to the histone H3—H4 region, as seen
in the phylogenetic tree reconstructed from the ITS region
(Fig. 5). This tree contains a number of awkwardly placed spe-
cies. The zygopteran Archilestes grandis occurs among Ani-
soptera where it clusters with U. carovei, which in turn does
not cluster with the two other Petaluridae. P. pennipes does
not cluster with the second Platycnemididae, P. notostigma,
but occurs among representatives of Coenagrionidae. The
branch of Macromiidae does not cluster with other Anisoptera.
S. fonscolombii is far decoupled from other Sympetrum spp.
We may conclude that the /7S region is unable to adequately
resolve the phylogeny at the level of Odonata families.

To test the applicability of the proposed marker, the histone
H3-H4 region, to evaluating intra-generic and intra-species
variation, we estimated its variation and reconstructed a phy-
logenetic tree for 45 specimens belonging to 11 species of the
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genus Sympetrum involved, using the sequences of Rhyothe-
mis phyllis (Sulzer, 1776), Orthetrum albistylum (Selys, 1848)
and O. glaucum (Brauer, 1865) as the outgroup (Fig. 6). The
magnitude of intra-species variation of the histone H3—H4 re-
gion sequence appeared quite substantial. For the three species
represented by 10 to 14 specimens, S. croceolum, S. uniforme
and S. danae, the maximum uncorrected p-distances (that is,
the share of variable positions among all positions) between
different alleles within a species appeared to be respectively
0.0216, 0.0037 and 0.0011, that is ca 2.1, 0.4 and 0 %. The
averaged differences between any two sequences within
S. croceolum, S. uniforme and S. danae were 0.0165, 0.0009
and 0.0003, respectively.

In the reconstructed phylogenetic tree (Fig. 6), ten se-
quences of S. uniforme, ten sequences of S. danae and three
sequences of S. flaveolum expectedly clustered with the
maximum bootstrap support of 100. Strikingly, the cluster of
S. uniforme appeared to be nested inside that of S. croceolum,
with the united cluster of these two species also having the
support of 100. S. pedemontanum (Miiller in Allioni, 1766)
and S. cordulegaster clustered with a support of 76. At the
same time, S. fonscolombii showed a very deep divergence
from the rest of Sympetrum. We may conclude that sequences

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 202529+ 6



A.B. Mrnnteu, B.C. Bynrakosa
0.3. KoctepuH

of different specimens of a species clustered together with the
maximum support or nearly so, and cases of tight clustering of
different species corresponded to the notion of their relatedness
based on morphology.

It is noteworthy that the sequences of two specimens of
S. croceolum from its West Siberian isolate (specimens Sc-41
and Sc-42) (Kosterin, 2002) did not show divergence from
those from the main Far Eastern range of the species (the rest
of the specimens) but were nested among them.

Discussion

The marker proposed

We may conclude that the phylogenetic information provided
by the proposed marker well resolved the overall phylogenetic
relationships of Odonata at taxonomic levels of families, ge-
nera and species (Fig. 2), with few notable exceptions, which
could actually reflect weak points of the currently accepted
taxonomic system (Dijkstra et al., 2013).

The high conservation of the histone H3 and H4 proteins is
paralleled by the high conservation of their coding sequences,
the variation of which is nearly confined to synonymous
substitutions (Stein et al., 1984; Doenecke et al., 1997; Eirin-
Lopez et al., 2009). This allowed us to design primers highly
specific to these particular genes but of a very broad applicabil-
ity to biological objects. It is noteworthy that the substitutions
in the histone coding sequence, the overwhelming majority of
which are synonymous, provide enough variation for satisfac-
tory resolution of phylogenetic relations between the studied
species (Fig. 3). Because of this, the histone H3 gene coding
sequence has been broadly used as a phylogenetic marker for
short evolutionary distances, e.g. in Odonata by Carle et al.
(2015), with conserved positions permitting universal primers
whereas the phylogenetic signal being mostly provided by
synonymous substitutions.

The marker proposed here, the histone H3—H4 region, has
an advantage of possibility to design highly universal primers
matching the most conserved eukaryotic coding regions, those
of histones H3 and H4. Note that we used the LH4 2R primer
designed to match the sequence of a lepidopteran, B. mori.
The amplified fragment contains most of the coding region
of histone H4 and about a half of that of histone H3, and ca
250 b.p. long spacer between them. No significant adaptive
constraint is expected for variation of the spacer, except for
the origins of transcription of both genes (in opposite direc-
tions, with the transcribed sequences not overlapping), which
the spacer contains judging from transcriptome data in public
databases (not shown). Hence, the spacer enjoys mostly a neu-
tral regime of evolution and may serve as a molecular clock.

The histone H3—H4 region includes both highly conserved
coding sequences and a neutrally variable non-coding spacer,
and is tandemly repeated; this makes the proposed phylogene-
tic marker similar in biological and technical respects to such
a popular nuclear marker as the ITS region of the nucleolus
organiser (for its use in Odonata, see Hovmdller, Johansson,
2004; Dumont et al., 2010; Schneider et al., 2023) including
the internal spacers /7S and /752 and the functional 5.8 S
rRNA between them. The length of ca 250 b.p. of the spacer
in the marker proposed here is comparable to ca 200 b.p. of
ITS1 and ca 160 b.p. of ITS?2 (these figures are for Odonata).
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Both markers, the /7S and the histone H3—H4 region, have
comparable lengths (ca 900 b.p.) and suffer from the same
drawback of certain ambiguity of alignment because of fre-
quent indels. Both are encoded by the nuclear genome but
functionally unrelated. Hence the histone H3—H4 region can
be used for the same purposes as the /7S region. Moreover,
comparison of phylogenetic resolution of Odonata at the fami-
ly level (Figs 2, 5) showed that the H3—H4 region adequately
resolved the phylogeny of the Odonata families (Fig. 2) while
the /TS region rather failed to do this (Fig. 5), so the use of
the former is preferable at this level.

Therefore, the use of the histone H3—H4 region can update
the traditional analysis of the /7S region with about the same
amount of independent phylogenetic information of the same
nature. A joint analysis of both similar but unrelated nuclear
markers, the ITS and H3—-H4 regions (by their concatenation
or, better, involving software specially designed for simulta-
neous analysis of different markers), is expected to provide a
more robust phylogenetic inference than the analysis of ITS
alone. Judging by the phylogenetic trees obtained (Figs 2, 6),
the use of the histone H3—H4 region as a phylogenetic marker
is highly recommendable at the levels of species and genera.
Since it correctly resolves the family structure of the order,
with few exceptions, it could also be useful at the level of
families as well, but better as an additional marker analysed
together with other phylogenetic markers.

Applicability of the new marker beyond Odonata

Because of conservativeness of the histone H3 and H4 genes,
the new marker can be used with the primers provided herein
for any Odonata and other insects with the same order and
orientation of the histone H3 and H4 genes in the histone
repeat. Our investigation of public databases revealed the
same order and orientation of these two genes in the histone
repeat in a number of species of Diptera. In the present study,
they are exemplified by such genera as Aedes Meigen, 1818
and Anopheles Meigen, 1818, used as the outgroup in the
phylogenetic trees of Figures 2—4. The same order was found
in D. melanogaster (Goodenough, 1984), which represents
another suborder of Diptera. Besides, the same was found in
the Formica Linnaeus, 1758 ants representing Hymenoptera.

For the use of the marker proposed here in insects with other
order or orientations of these genes, other relevant primers
have to be worked out. For example, in Lepidoptera, where
the genes of histones H3 and H4 have parallel orientation,
the same LH4-2R primer can be used in combination with a
primer of the sequence which is a reverse complement of that
of the Hex-AR primer. In this case, the portion of the coding
sequence of the H3 gene will be smaller, 37 b.p., and the spacer
will be somewhat longer — about 900—1400 b.p.

Histone genes are organised in tandem repeats in a broad
range of large groups of organisms such as amphibians,
fish, echinoderms, arthropods and annelids (Eirin-Lopez et
al., 2009). Among the examples given by Eirin-Lopez et al.
(2009), beyond insects, the genes of histones H3 and H4 are
adjacent in the histone repeat in the rainbow trout (fish), Xeno-
pus spp. (amphibians), starfish (species not indicated, echino-
derms), Asellus aquaticus (Linnacus, 1758) (crustacean) and
three species from different genera of annelids (Eirin-Lopez
et al., 2009: Fig. 8.2). All these groups are potential targets
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Fig. 7. Males of Sympetrum croceolum (top - Russia, Novosibirsk Aca-
demy Town env., 24.08.2023) and S. uniforme (bottom — Russia, Primorye,
Gornye Klyuchi env., Draguchina Arm of the Ussuri River, 30.07.2020) in
nature. Photos by O. Kosterin.

for the use of versions of the marker proposed here based on
the coding sequences of the histone H3 and H4 genes and the
spacer between them, taking into account orientation of the
two genes. Moreover, among the organisms mentioned, the
crustacean A. aquaticus and the annelids Platynereis dumerilii
(Audouin, Milne-Edwards, 1834) and Chaetopterus vari-
opedatus (Reiner, 1804) have the same orientation of the two
genes as Odonata (Eirin-Lopez et al., 2009: Fig. 8.2). Taking
into account the high conservativeness of the histone H3 and
H4 genes, it is not excluded that the marker proposed here is
applicable to these objects with the same primers.

Phylogenetic relationships among Sympetrum spp.

The analysis of the new marker yielded two rather unexpected
results at once, both concerning the species S. croceolum and
S. uniforme (Fig. 6). First, S. uniforme appeared to be an in-
ner branch nested inside S. croceolum. This result appeared
robust regardless of the methods and models of phylogenetic
reconstructions (not shown). These species are obviously
related but well distinguishable by the morphology of the
male genitalia and female vulvar scale, wing coloration (dull,
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complete but gradually changing in intensity in S. uniforme
versus bright but with gaps in S. croceolum) (Fig. 7) and size
(in the former it is somewhat larger). In East Asia, they usually
co-exist in a wide range of lentic habitats (Onishko, Kosterin,
2021), while S. croceolum also has an isolated range fragment
in the southern West Siberia (Kosterin, 1987; 2002; Popova,
Haritonov, 2020). It should be stressed that specimens of
S. uniforme, identified by external characters, formed a highly
supported cluster (Fig. 6). There is no doubt that S. croceolum
and S. uniforme are bona species. The phylogenetic pattern
obtained, where the sequences of S. uniforme are nested
inside those of S. croceolum, suggests S. uniforme being a
phyletic descendant of S. croceolum, which hence appeared
paraphyletic. This contradicts the cladistic approach in sys-
tematics and the phylogenetic concept of species. At the same
time, this pattern fits well the so-called punctuated equilibria
mode of speciation (Eldredge, Gould, 1972), suggesting that
speciation takes place for short time periods in evolutionary
scale (tens to hundreds of thousand years) in small, isolated
populations in the periphery of parental species’ ranges,
while species exist almost unchanged for millions of years
(evolutionary stasis). This concept better fits the basics of
evolutionary genetics (Mayr, 1963; Berdnikov, 1999) than
the earlier prevailing model of gradual divergent evolution.
In the punctuated evoltion point of view, species ‘propagate’
as if being individuals, with younger species often co-existing
with their parental species.

In the phylogenetic tree based on the histone H3—H4 region
(Fig. 6), two analyzed specimens of S. croceolum from its
West Siberian isolate (specimens Sc-41 and Sc-42 from Lake
Manzherok) lacked supported divergence from specimens
from the main Far Eastern range of the species (the rest of
the specimens), which is quite remarkable. Specimens from
the West Siberian isolate (Kosterin, 2002) differ from the Far
Eastern specimens by a much more developed wing amber
colour and an appearance of a brown infumation in the wing
apical parts and so were for a long time supposed to represent
a separate subspecies (Kosterin, 1987; Popova, Haritonov,
2020), which, however, has not been named yet. This lack of
divergence at the molecular level suggests the West Siberian
isolate to be very young in evolutionary time scale and well
fits its hypothetic Holocene age, implying the range split after
Atlantic time (Kosterin, 2002), as well as in some nemoral
species of Lepidoptera (Dubatolov, Kosterin, 2000; Solovyev
etal.,2015,2022). This, however, does not exclude a subspe-
cies rank of the West Siberian population(s), since subspecies
are entities of well-defined geographical variation for some
phenotype characters, which implies specific divergence of
the genes determining these characters rather than those of
the entire genome.

In all phylogenetic reconstructions from sequences of the
histone H3—H4 region (Figs 2, 6), S. fonscolombii is strongly
diverged from the rest of the genus Sympetrum. The same
result was earlier obtained by Pilgrim and von Dohlen (2012)
who undertook a molecular phylogenetic study of Sympetrum
and related genera based on the joint analysis of the nuclear
marker EF-1o and ITS2, and the mitochondrial genes /68,
tRNA valine, 1285, and COI. This divergent position of S. fon-
scolombii has long ago been recognised at the level of phe-
notype, resulting in a suggestion to move S. fonscolombii to
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the genus Tarnetrum Needham and Fischer, 1936 (Schmidt,
1987). This genus was erected for two Nearctic species,
Mesothemis corrupta Hagen 1861, and M. illota Hagen, 1861
(mentioned in (Schmidt, 1987) as well as presently considered
in combinations S. illotum and S. corruptum), with M. illota
(sub. S. illotum) indicated as the type species (Needham,
Fischer, 1936). However, according to Pilgrim and von Dohlen
(2012), S. corruptum is quite closely related to S. fonscolombii
(together with S. villosum Ris, 1911 and Nesogonia black-
burni (McLachlan, 1883)) while S. illotum is not. Since the
type species of the genus Tarnetrum is not closely related to
S. fonscolombii, this genus is not suitable for the latter species
(Dijkstra, Kalkman, 2015). Therefore, the genus Sympetrum in
the current sense deserves further reconsideration, maybe with
erection of a new genus at least for the fonscolombii-group
sensu Pilgrim et al. (2012).
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Abstract. Lonicera L. is one of the largest and economically significant genera in the family Caprifoliaceae Juss., with
a controversial taxonomy. To contribute to its molecular taxonomy, we sequenced the plastomes of Lonicera spe-
cies: Lonicera caerulea (two subspecies), L. tatarica, and L. micrantha — using next-generation sequencing techno-
logy and conducted a comparative analysis. Plastome sizes ranged from 153,985 bp in L. micrantha to 164,000 bp
in L. caerulea subsp. pallasii, each containing 130 genes, including 85 protein-coding, 37 tRNA, and 8 rRNA genes.
Five protein-coding (rps7, rps12, ndhB, ycf2, and ycf15), 7 tRNA (trnA-UGC, trnl-CAU, trnl-GAU, trnL-CAA, trnN-GUU,
trnR-ACG, and trnV-GAC), and 4 rRNA (rrn4.5, rr5, rr 16, and rrn23) genes were duplicated. Comparative analysis of
Lonicera plastome boundaries revealed structural variations in L. caerulea subsp. altaica and L. caerulea subsp. pallasii,
particularly in ndhA gene distribution. Three highly variable, two intergenic (ycf1-trnN-GUU and trnN-GUU-ndhF) and
one genic (accD) region were identified. A total of 641 simple sequence repeats were detected in four plastomes.
Phylogenetic analyses grouped Lonicera samples into two clades corresponding to subgenera Periclymenum and
Chamaecerasus. In this study, the plastid genomes of two subspecies of L. caerulea and species L. micrantha were se-
quenced for the first time. The maximum likelihood tree derived from complete plastid genome sequences proved to
be the most informative, showing a topology consistent with previous studies. The nucleotide sequences of variable
regions (accD-ycf1-ndhF-trnN-GUU) demonstrate high potential for use in DNA barcoding and may serve as valuable
molecular markers for species phylogenetic studies within the genus Lonicera.
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ITonHbIe rTocjaeg0oBaTeIbHOCTU IIJIAaCTOMOB BUAOB Lonicera L.:
3HaueHue OJis1 (PUJIOreHn 1 CpaBHUTEJIbHBIN aHA/IN3
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AHHoTauuA. Pog Lonicera L. — ofiH U3 KpyNHENLWNX 1 SKOHOMUYECKM 3HaUMMbIX B cemelicTBe Caprifoliaceae Juss.,
TaKCOHOMUA KOTOPOro ocTaeTcA cnopHow. C Lenblo BHECEHWA BK1afa B MONEKYNAPHYI0 TaKCOHOMUIO fl)’RHHOTO poaa
Mbl CEKBEHMPOBANN NiactoMbl BUAoB Lonicera - L. caerulea (pBa nopswvpa), L. tatarica v L. micrantha — ¢ ncnonb3osa-
HMEeM TEXHONOTUM CEKBEHNPOBAHNA HOBOTO MOKOJIEHWA 1 NMPOBENM CPaBHUTENbHbIN aHanu3. Pa3mepbl nnacToMoB
BapbupoBanu ot 153985 n.H.y L. micrantha po 164000 n.H. y L. caerulea subsp. pallasii; kaxpgblin nnactom copeprkan
130 reHoB, BKtouas 85 reHoB, koanpytowux 6enok, 37 TPHK 1 8 pPHK reHoB. MATb 6enok-kogupyowux (rps7, rps12,
ndhB, ycf2 v ycf15), 7 TPHK (trnA-UGC, trnl-CAU, trnl-GAU, trnL-CAA, trnN-GUU, trnR-ACG v trnV-GAC) n 4 pPHK (rrn4.5,
rrn5, rrn16 v rrn23) reHa 6biny AynavMumMpoBaHbl. CpaBHUTENbHbIV aHaNIM3 rpaHKL, N1acTOMOB Y BUAOB Lonicera BbiABUN
CTPYKTYpHble Bapuauum y L. caerulea subsp. altaica v L. caerulea subsp. pallasii, ocobeHHO B pacnpepeneHnn reHa
ndhA. bbinv ngeHTUGMLNPOBaHbI TPY BbICOKOBapUabenbHble 06nacTu: aBe mexreHHble (ycf1-trnN-GUU n trnN-GUU-
ndhF) v ogHa reHHas (accD). B ueTbipex nnactomax obHapy»keHo Bcero 641 npocTas NoBTOPAOLWAACA NociefoBaTesb-
HOCTb (SSR). dunoreHeTnyecKnin aHanm3 crpynnupoBasn obpasubl Lonicera B fiBa Knaaa, COOTBETCTBYOLMX MOAPOAAM
Periclymenum v Chamaecerasus. B HacToALeM nccnefoBaHUY BnepBble CEKBEHNPOBaHbI NNACTUAHbIE TEHOMbI ABYX
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nonsuaos L. caerulea v Buga L. micrantha. JpeBo, noctpoeHHoe meTtogoM maximum likelihood Ha ocHoBe NMonHbIX
nocnefoBaTeNnbHOCTEN MIACTOMOB, OKa3anocb Hanbosiee MHPOPMATUBHBIM U AEMOHCTPUPOBANIO TOMOJMIOTNIO, CO-
rnacyioLyca ¢ npeablayWwmmn ncciefoBaHmamMmn. HykneotmnaHble nocnefoBaTenbHOCTM BaprabenbHbIX pernoHoB
(accD-ycf1-ndhF-trnN-GUU) obnagatoT BbICOKMM NOTEHLMANoM Ana ucnonbsosaHus B [HK-6apkogmposaHmum n mo-
ryT CAYXWUTb LEHHbIMU MOJNIEKYNAPHBIMUA MapKepamun Ans GUIoreHeTMYecKnx UcciefoBaHUii BUAOB BHYTPU poja

Lonicera.

KntoueBblie cnoBa: Lonicera; KasaxcTaH; CeEKBEHMPOBaHME HOBOTO NMOKONEHUA; Bapma6eanble PErnoHbl; MapKepbl
,£|,HK—6apKon|/|pOBava; NpPOoCTble MOBTOPAKLWMECA NocsieaoBaTe/ibHOCTU

Introduction

Lonicera L. is the largest genus in the family Caprifoliaceae
Juss., comprising approximately 140 species (Wang G.Q. et
al., 2024), which are widely distributed across North America,
Europe, Asia, and Africa (Donoghue et al., 2001; Wen, 2001).
Lonicera species exhibit diverse constituents, including sa-
ponins, flavonoids, iridoids, phenolic acids, alkaloidal glyco-
sides, etc. (Lin et al., 2008; Ali et al., 2013; Yang Q.R. et al.,
2016; Ni, 2017). Moreover, it exhibits a range of biological
activities, including antioxidant, anti-inflammatory, antiviral,
anti-hepatoma, and hepatoprotective effects (Yoo et al., 2008;
Park et al., 2012; Kong et al., 2017; Ge et al., 2018; Liu M.
etal., 2020). Besides their biological activities, species of the
Lonicera genus also hold significant ornamental value and
are widely used in landscaping (Hayes, Peterson, 2020; Var-
lashchenko et al., 2021).

In Kazakhstan, the genus is represented by 22 species
(Abdulina, 1999), two of which are listed in the Red Book of
Kazakhstan (Baitulin, Sitpayeva, 2014). The species Lonicera
caerulea subsp. altaica (Pall.) Gladkova, L. caerulea subsp.
pallasii (Ledeb.) Browicz, L. tatarica L., and L. micrantha
Trautv. ex Regel are widely distributed across Kazakhstan.
According to the Plants of the World Online (https://powo.
science.kew.org/) L. caerulea subsp. altaica is native to a vast
range extending from Eastern Europe to Siberia and Mon-
golia, while L. caerulea subsp. pallasii is found in Northern
and Eastern Europe, Siberia, and Central Asia. L. tatarica
occurs naturally from Eastern Europe to Central Siberia and
northeastern China; in contrast, L. micrantha is native to Ka-
zakhstan. These species play a crucial role in the region’s floral
biodiversity and are of particular ecological and conservation
significance. Additionally, they possess medicinal properties
and have been traditionally used in folk medicine for various
therapeutic applications (Golubev et al., 2022; Boyarskikh,
Kostikova, 2023; Taldybay et al., 2024). In Kazakhstan,
Lonicera species have been studied using botanical (Ametov et
al., 2016; Vdovina et al., 2024), phytochemical (Kushnarenko
et al., 2016), and biochemical (Vdovina, 2019) assessments.

The phylogenetic relationships within Lonicera remain
incompletely resolved, presenting ongoing systematic chal-
lenges and requiring revisions to its classification (Wang G.Q.
et al., 2024). Over time, various classification systems for
Lonicera have been proposed (Maximowicz, 1877; Rehder,
1903; Nakai, 1938; Hara, 1983). According to A. Rehder
(1903), Lonicera is divided into two subgenera, Chamae-
cerasus (L.) Rehder and Periclymenum (Mill.) Rehder; within
the subgenus Chamaecerasus, it is further classified into four
sections: Isoxylosteum Rehder, Isika DC., Coeloxylosteum
Rehder, and Nintooa DC. H. Hara (1983) proposed a clas-
sification, which was based on the study by C.J. Maximow-
icz (1877), dividing Lonicera into subgenera Lonicera and
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Caprifolium (Mill.) Dippel, with further subdivision of sub-
genus Lonicera into four sections (Isika (Anderson) Rehder,
Caeruleae (Rehder) Nakai, Lonicera and Nintooa (Sweet)
Maxim) and five subsections (Purpurascentes, Monanthae,
Isika, Bracteatae, and Rhodanthae). Later, P.S. Hsu et al.
(1988) classified Lonicera into subgenera Chamaecerasus
and Lonicera; further, subgenus Chamaecerasus was divided
into four sections (Coeloxylosteum, Isika, Isoxylosteum, and
Nintooa).

With advancements in molecular genetic technologies,
numerous studies have focused on the phylogenetics of
Lonicera. For instance, M. Nakaji et al. (2015) investigated the
phylogenetic relationships among 23 Japanese Lonicera spe-
cies using nucleotide sequences of five plastid non-coding re-
gions (rpoB-trnC, atpB-rbcL, trnS-trnG, petN-psbM, and
psbM-trnD). The findings support the fundamental validity
of the classification by H. Hara (1983) of higher taxonomic
groups for Japanese Lonicera species. M. Srivastav et al.
(2023) conducted a phylogenetic analysis using restriction
site-associated DNA sequencing (RADSeq). The RADSeq-
based phylogenetic tree revealed that the Coeloxylosteum,
Isoxylosteum, and Nintooa sections within subgenus Chamae-
cerasus were monophyletic, whereas the Isika section was
found to be paraphyletic. Using nuclear ribosomal DNA
cistron and plastid genome data, X.L. Yang et al. (2024) con-
firmed the paraphyly of section Isika and the monophyly of
sections Coeloxylosteum, Isoxylosteum, and Nintooa within
subgenus Chamaecerasus, aligning with the findings of
M. Srivastav et al. (2023). All of the above-mentioned studies
have contributed to the classification of the genus Lonicera.
However, due to widespread hybridization and introgres-
sion, the precise taxonomy of Lonicera remains unresolved
(Wang H.X. et al., 2020).

The plastid is a vital organelle for photosynthesis in plants
and possesses its own genome (Howe et al., 2003). The
plastome is uniparentally inherited and highly conserved in
gene content and organization (Howe et al., 2003). It ranges
in size from approximately 120 to 160 kb and exhibits a quad-
ripartite structure consisting of two identical inverted repeats
(IR) and two single-copy regions: a large single-copy (LSC)
region and a small single-copy (SSC) region (Palmer et al.,
1988; Ruhlman, Jansen, 2014).

Advancements in high-throughput sequencing technolo-
gies have greatly facilitated plastid genome research, mak-
ing it more accessible and enabling comprehensive genomic
analyses. To date, only a few studies have been conducted on
the comparative analysis of Lonicera plastid genomes. For
example, seven plastid genomes (L. ferdinandi, L. hispida,
L. nervosa, L. fragrantissima var. lancifolia, L. stephanocarpa,
L. tragophylla, and L. japonica) (Liu M.L. et al., 2018) and
three plastid genomes (L. japonica, L. similis, and L. acumi-

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 202529+ 6


https://powo.science.kew.org/
https://powo.science.kew.org/

L.C. AnbmepekoBa, M.M. EpmarambeToBa
[.E. Epbonatos, M.IO. MumypaToBa, E.K. Typycnekos

nata) (Yang C. et al., 2023) have been comparatively analyzed.
Recent studies have demonstrated that nucleotide sequences
of the plastid genome can provide valuable insights for phy-
logenomic analysis (Luo et al., 2021; Zhao et al., 2023) taxo-
nomic classification (Li Q., 2022; Oyuntsetseg et al., 2024),
and species identification, utilizing plastome sequences as a
super barcode (Chen X. et al., 2018; Zhang Z. et al., 2019).
Moreover, plastid genome nucleotide sequences serve as a
valuable resource for identifying species-specific genetic
markers, such as DNA barcoding (Hong et al., 2022; Tang et
al., 2022; Almerekova et al., 2024), microsatellite (Zhu M. et
al., 2021; Yermagambetova et al., 2023), and single nucleotide
polymorphism (SNP) markers (Dong et al., 2021). Therefore,
we believe that sequencing and comparative analysis of
Lonicera plastomes can contribute insights into the taxonomic
classification and phylogenetic relationships of the genus.

In this study, we sequenced the plastid genomes of Lonicera
species (L. caerulea subsp. altaica, L. caerulea subsp. pallasii,
L. tatarica, and L. micrantha) using Illumina Next Genera-
tion Sequencing technology. Among them, L. caerulea subsp.
altaica, L.caerulea subsp. pallasii, and L. micrantha have
been sequenced for the first time to date. We conducted a
plastome-based analysis to characterize the plastomes of the
selected Lonicera species. Our analysis included comparative
plastome assessments with previously sequenced Lonicera
species from GenBank, identification of potential molecular
markers valuable for DNA barcoding and population gene-
tics, and evaluation of the taxonomic positions of the studied
Lonicera species.

Materials and methods

Plant leaf material collection and DNA extraction. Fresh
leaf samples were collected from the eastern and central parts
of Kazakhstan. Detailed information on the collection sites
is provided in Table 1. The leaves were dried in silica gel and
subsequently used for DNA extraction. Genomic DNA was ex-
tracted from the dried Lonicera leaves using the cetyltrimethyl-
ammonium bromide (CTAB) method (Doyle J.J., Doyle J.L.,
1987). The quality and concentration of the extracted DNA
were assessed using a NanoDrop™ One spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA).

Plastid genome sequencing, assembly, and annotation.
DNA samples that passed Quality Control (QC) analysis
were used for subsequent library preparation. The libraries
were constructed using the TruSeq Nano DNA Kit (Illumina
Inc., San Diego, CA, USA). Plastid genome sequencing was
performed on the [llumina NovaSeq 6000 (Illumina Inc.) plat-
form at Macrogen Inc. (Seoul, Republic of Korea). The quality
of raw sequencing data was assessed using FastQC 0.11.7
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc,
accessed on 02 December 2024). The adapter sequences
were removed from the raw reads using Trimmomatic 0.38
(Bolger et al., 2014). De novo assembly was conducted using
NOVOplasty (Dierckxsens et al., 2017), and plastome an-
notation was performed using the Plastid Genome Annotator
(PGA) (Qu et al., 2019). Gene maps of the annotated plastid
genomes of L. caerulea subsp. altaica, L.caerulea subsp.
pallasii, L. tatarica, and L. micrantha were drawn using the
OrganellarGenomeDRAW tool 1.3.1 (OGDRAW) (Lohse et
al., 2007). The newly sequenced plastomes of these species
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Table 1. Information on the collection sites
of studied Lonicera species in Kazakhstan

Species Collection sites

L. caerulea subsp.
altaica

Kazakhstan, East Kazakhstan region,
Western Altai, foothills of the Ivanovsky ridge

L. caerulea subsp. Kazakhstan, Karaganda region,

pallasii Karkaraly district, Karkaraly Mountains

L. tatarica Kazakhstan, Karaganda region,
Bukhar-Zhyrau district

L. micrantha Kazakhstan, Karaganda region,

Karkaraly district, Karkaraly Mountains

have been deposited in GenBank under the accession numbers
PV026015-PV026018.

Comparative plastome analysis. Comparative plastome
analysis of the studied Lonicera species was conducted using
mVISTA (Frazer et al., 2004) in Shuffle-LAGAN mode, with
the plastid genomes of L. caerulea (0Q784224) and L. tatarica
(0Q784187) serving as references. Additionally, the junction
sites of the four Lonicera plastomes were examined using
the IRscope online tool (Amiryousefi et al., 2018), utilizing
the same reference genomes, L. caerulea (0Q784224) and
L. tatarica (OQ784187).

Nucleotide variability analysis. The complete plastid
genome sequences of the Lonicera species were aligned
using Geneious Prime® 2025.0.3 (https://www.geneious.com,
accessed on 10 February 2025). The aligned sequences were
then analyzed for nucleotide variability (P7) using a sliding
window approach in DnaSP v6 (Rozas et al., 2003). The slid-
ing window analysis was performed with a window length of
600 bp and a step size of 200 bp.

Simple sequence repeats analysis and comparative
genome analysis. Simple sequence repeats (SSRs) in the
nucleotide sequences of the four studied Lonicera plastomes
were identified using MISA software (Beier et al., 2017). The
detection thresholds were set as follows: eight repeats for
mononucleotide SSRs, four repeats for di- and trinucleotide
SSRs, and three repeats for tetra-, penta-, and hexanucleotide
SSRs.

Phylogenetic analysis. Phylogenetic analysis was con-
ducted using alignments of complete plastid genome sequen-
ces, protein-coding gene sequences, and variable region gene
sequences from L. caerulea subsp. altaica, L. caerulea subsp.
pallasii, L. tatarica, and L. micrantha, along with GenBank
samples, including outgroup species (Heptacodium miconioi-
des and Triosteum himalayanum). A total of 24 complete plas-
tid genomes were selected to construct phylogenetic trees in
order to determine the phylogenetic placement of the studied
species within the genus Lonicera. The sequence alignment of
the complete plastid genomes was conducted using Geneious
Prime® 2025.0.3 (https://www.geneious.com, accessed on
12 February 2025). Phylogenetic relationships were inferred
using the maximum likelihood (ML) and Bayesian inference
(BI) methods. Maximum likelihood trees were generated
using IQ-TREE 2.2.2.6 (Nguyen et al., 2015). The software
was also used to determine the optimal tree-building model,
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identified as GTR+F+1+R2 for complete plastid genome
and variable region genes data, and as TVM+F+I1+R3 for
protein-coding genes data, which were then applied to recon-
struct the ML phylogenetic tree. BI phylogenetic trees were
reconstructed using MrBayes 3.2.7 (Ronquist et al., 2012).
The resulting phylogenetic trees were visualized using FigTree
(Rambaut, 2009). The network analysis was performed in
SplitsTree4 (Huson, Bryant, 2006) with the Neighbor-Net
algorithm.
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Complete plastome sequences of Lonicera L. species:
implications for phylogeny and comparative analysis

Results

General features of the four Lonicera plastomes

[llumina sequencing generated paired-end reads with an ave-
rage length of 150 bp for the four Lonicera plastomes. The
lengths of the plastid genomes of L. caerulea subsp. altaica,
L. caerulea subsp. pallasii, L. tatarica, and L. micrantha
were 163,889; 164,000; 154,587, and 153,985 bp, respectively
(Fig. 1).
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Fig. 1. Plastid genome maps of L. caerulea subsp. altaica (a), L. caerulea subsp. pallasii (b), L. tatarica (c) and L. micrantha (d) species.

Genes positioned outside the outer circle are transcribed in a counterclockwise direction, while those inside the circle are transcribed in a clockwise direction.
The inner circle represents GC and AT content, with darker gray indicating GC content and lighter gray representing AT content. Genes are color-coded according
to their functional categories. The plastid genome map displays a large single-copy (LSC) region, small single-copy (SSC) region, and inverted repeat regions (IRA

and IRB).
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Table 2. General characteristics of the plastid genomes of the studied Lonicera species
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Genome features L. caerulea subsp. altaica L. caerulea subsp. pallasii L. tatarica L. micrantha
GenBank numbers PV026015 PV026016 PV026017 PV026018
Genome size (bp) 163,889 164,000 154,587 153,985
LsC 88,119 88,813 88,185 88,040
SSC 10,172 10,169 18,750 18,589
IRA 32,799 32,509 23,826 23,678
IRB 32,799 32,509 23,826 23,678
Number of total genes (unique) 130 (115) 130 (115) 130 (115) 130 (115)
Protein genes 85 (80) 85 (80) 85 (80) 85 (80)
tRNA genes 37 (30) 37 (30) 37 (30) 37 (30)
rRNA genes 8 (4) 8 (4) 8 (4) 8 (4)
GC content (%) 38.05 38.12 38.42 38.40
in LSC 36.95 36.92 36.88 36.83
in SSC 32.90 32.84 3294 33.06
in IRA 40.34 40.59 43.44 4343
in IRB 40.34 40.59 43.44 43.43

The plastid genome structure consisted of a large single-
copy (LSC) region, ranging from 88,040 bp in L. micrantha to
88,813 bp in L. caerulea subsp. pallasii, a small single-copy
(SSC) region varying from 10,172 bp in L. caerulea subsp.
altaicato 18,750 bp in L. tatarica, and an inverted repeat (IR)
region, spanning from 47,356 bp in L. micrantha to 65,598 bp
in L. caerulea subsp. altaica. The two inverted repeat regions
were designated as IRA and IRB. The total GC content of
the four Lonicera plastid genomes was relatively consistent,
ranging from 38.05 % in L. caerulea subsp. altaica to 38.42 %
in L. tatarica plastome. The IR regions exhibited higher GC
content (40.34-43.44 %) compared to the single-copy regions,
with the LSC region ranging from 36.83 to 36.95 % and the
SSC region from 32.84 to 33.06 % (Table 2).

The four assembled plastid genomes of Lonicera exhibited
identical gene content, intron numbers, and gene order. The
plastid genomes of the studied Lonicera species comprised
130 genes, including 85 protein-coding genes, 37 tRNA genes,
and eight RNA genes. Among them, five protein-coding genes
(rps7,rpsi2, ndhB, ycf2, and ycf15), seven tRNA genes (trnA-
UGC, trnl-CAU, trnl-GAU, trnL-CAA, trnN-GUU, trnR-ACG,
and trnV-GAC), and four rRNA genes (rrn4.5, rrnS, rrnl6,
and rrn23) were duplicated within the IR regions of the four
Lonicera plastid genomes. A total of 17 genes contained in-
trons, of which 16 genes (rpsi2, rpsi6, rpl2, rpll6, rpoCl,
atpF, ndhA, ndhB, petB, petD, trnA-UGC, trnG-UCC, trni-
GAU, trnK-UUU, trnL-UAA, and trnV-UAC) had a single
intron, while ycf3 was the only gene containing two introns.
The rps12 gene exhibited trans-splicing, with its 5" end located
in the LSC region, while its 3’ end was positioned in the IR
regions (Fig. 1, Table 3).

Comparative analysis of the four Lonicera plastomes

A comparative analysis of the complete plastid genomes of six
Lonicera species was conducted using mVISTA, with L. cae-
rulea (0Q784224) and L. tatarica (OQ784187) as reference
genomes. The alignment revealed high sequence conservation

OUNOTEHETUKA N TAKCOHOMUA / PHYLOGENETICS AND TAXONOMY

across the plastomes, with most variations occurring in non-
coding regions. Among the coding regions, accD exhibited
the highest level of divergence. The IR regions were the most
conserved, while the LSC and SSC regions displayed higher
levels of sequence divergence (Fig. 2).

Inverted repeat expansion and contraction

A comparative analysis of the LSC/IRB/SSC/IRA boundary
regions was conducted in the plastomes of Lonicera species
(L. caerulea subsp. altaica, L. caerulea subsp. pallasii, L. ta-
tarica, and L. micrantha), using L. caerulea (0Q784224)
and L. tatarica (0Q784187) from GenBank as reference se-
quences. There were structural differences in LSC/IRB/SSC/
IRA boundaries of Lonicera plastomes. The length of the
IR regions ranged from 23,678 to 32,799 bp in four studied
Lonicera plastomes with some expansion. A notable differ-
ence was found in L. caerulea subsp. altaica and L. caeru-
lea subsp. pallasii plastomes, where the gene ndhA, which
crossed over the IRA/SSC boundaries, was similar to those
in GenBank (L. caerulea). The ycfl gene’s distance from the
IRA region was 246 and 268 bp in L. tatarica, and L. micran-
tha, respectively. At the IRB/SSC border, the ndhF' gene was
fully present within the SSC region in all Lonicera plastomes,
extending into the IRB region with lengths ranging from 41
to 84 bp (Fig. 3).

Nucleotide diversity analysis

To assess nucleotide diversity values, the four Lonicera
complete plastid genomes in this study were aligned. The
aligned nucleotide sequences were then analyzed to calculate
the nucleotide diversity of the plastid genome using DnaSP.
The results revealed that the Pi values in the four Lonicera
plastomes ranged from 0 to 0.15222. Three highly variable
regions were identified: two intergenic regions (ycfI-trnN-
GUU and trnN-GUU-ndhF) and one genic region (accD).
Among these, the accD gene region exhibited the highest
Pi value (0.15222), followed by the ycfI-trnN-GUU region
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Table 3. Gene composition and functional categorization of the L. caerulea subsp. altaica, L. caerulea subsp. pallasii,

L. tatarica, and L. micrantha plastid genomes

Category Group of genes

Self-replication Ribosomal RNA

Transfer RNA

Names of genes
rrn4.5 (2), rrn5 (2), rrn16 (2), rr23 (2)
trnA-UGC* (2), trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnfM-CAU, trnG-GCC,

trnG-UCC¥, trnH-GUG, trnl-CAU (2), trnl-GAU* (2), trnK-UUU?, trnL-CAA (2), trnL-UAA¥,
trnL-UAG, trnM-CAU, trnN-GUU (2), trnP-UGG, trnQ-UUG, trnR-ACG (2), trnR-UCU,
trnS-GCU, trnS-GGA, trnS-UGA, trnT-GGU, trnT-UGU, trnV-GAC (2), trnV-UAC¥,
trnW-CCA, trnY-GUA

Small subunit of ribosome
Large subunit of ribosome
RNA polymerase
Translation initiation factor infA
Photosynthesis ATP synthase
NADH dehydrogenase

Subunits of cytochrome

Photosystem |

Photosystem Il

Rubisco rbcL
Other genes Maturase matK

Protease clpP

Envelope membrane protein cemA

Subunit of acetyl-CoA-carboxylase accD

C-type cytochrome synthesis gene ccsA

Genes of unknown
function

Conserved hypothetical
chloroplast ORF

rps2,rps3,rps4, rps7 (2), rps8, rps11, rps12* (2), rps14, rps15, rps16*, rps18, rps19
rpl2*%, rpl14, rpl16*, rpl20, rpl22, rpl23, rpl32, rpl33, rpl36
rpoA, rpoB, rpoC1*, rpoC2

atpA, atpB, atpE, atpF*, atpH, atpl

ndhA*, ndhB* (2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, ndhJ, ndhK

petA, petB*, petD*, petG, petL, petN

psaA, psaB, psaC, psal, psaJ

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ

ycf1,ycf2 (2), ycf3**, ycf4, ycf15 (2)

* Genes containing a single intron, genes containing two introns; (2) - duplicated genes.

(0.10250) and trnN-GUU-ndhF (0.09722). Notably, the accD
region with the highest nucleotide diversity was concentrated
in the LSC region of the plastid genome (Fig. 4).

Repeat sequence analysis

This study identified 163, 163, 158, and 157 SSRs in the plas-
tid genomes of Lonicera caerulea subsp. altaica, L. caerulea
subsp. pallasii, L. tatarica, and L. micrantha, respectively,
resulting in a total of 641 SSRs. Five types of SSRs were iden-
tified, including mono-, di-, tri-, tetra-, and hexa-nucleotide
repeats. Most of the identified SSR markers were located
within the intergenic regions of the plastid genome’s LSC
region. Detailed information is provided in Supplementary
Table S1!. Mononucleotide repeats were the most abundant
SSR motifs, comprising approximately 72.70 % of the total
SSRs, followed by dinucleotide repeats (18.72 %) and tetra-
nucleotide repeats (5.93 %). The most abundant SSR motifs
were mononucleotide repeats, which accounted for approxi-
mately 72.70 % of the total SSRs, followed by dinucleotide
(18.72 %) and tetranucleotide (5.93 %) repeats. Most of the
mononucleotide repeats consisted of A/T (451) rather than
C/G (15), while the majority of dinucleotide repeats were
composed of AT/AT (75) rather than AG/CT (45). Trinucleo-

T Supplementary Table S1 and Figs $1-53 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx29.xIsx
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tide (1.25 %) and hexanucleotide (1.40 %) repeats were rare
across the studied plastid genomes but were present in all four
plastomes. Pentanucleotide repeats were not found in any of
the studied plastomes (Table 4).

Phylogenetic analysis

The ML method was used to reconstruct the phylogenetic trees
based on nucleotide sequences of complete plastid genomes
(Fig. 5a), protein-coding genes (Fig. 5b), and variable region
genes (Fig. 5¢). H. miconioides and T. himalayanum were
used as outgroups, while 22 Lonicera samples were included
as ingroups. The ML trees showed that the analyzed Lonicera
species were grouped into two clades: the Periclymenum sub-
genus clade and the Chamaecerasus subgenus clade. There
were five subclades in the ML phylogenetic trees (Fig. Sa—c),
which represented the sections Eucarpifolia and Phenianthi
(Subclade I) within subgenus Periclymenum, section Isika
(Subclades II and III), sections Isika and Coeloxylosteum
(Subclades 1V), and section Nintooa (Subclade V) within
subgenus Chamaecerasus. The phylogenetic tree reveals that
L. tatarica forms a subclade (IV) consisting of species from
the Coeloxylosteum section, clustering with the L. tatarica
(MK970584) sequence from GenBank and indicating a close
relationship with L. maackii (MN256451) from GenBank.
Furthermore, L. caerulea subsp. altaica and L. caerulea
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Fig. 2. Comparison of complete plastid genomes of six Lonicera samples using mVISTA, with L. caerulea (0Q784224) and L. tatarica (OQ784187) as refer-

ence genomes.
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Fig. 3. Comparison of the junctions between the LSC, IR, and SSC regions in Lonicera plastomes. Species highlighted in blue were analyzed in this study.

JLB represents the junction between the LSC and IRB regions, JSB marks the boundary between the IRB and SSC regions; JSA indicates the junction between the
SSC and IRA regions, and JLA denotes the boundary between the IRA and LSC regions.
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Fig. 4. Nucleotide diversity of the four Lonicera plastid genomes using sliding window analysis (window length — 600 bp, step

size — 200 bp).

The X-axis represents the midpoint position of each window, while the Y-axis denotes the nucleotide diversity (Pi) value for each

window.

Table 4. The number and types of identified simple sequence repeats in the four Lonicera plastid genomes

Type Repeat unit L. caerulea subsp. altaica L. caerulea subsp. pallasii L. tatarica L.micrantha Total %
Mono- A/T 118 116 109 108 451 72.70
C/G 4 4 5 2 15
Di- AG/CT 10 10 14 11 45 18.72
AT/AT 19 20 17 19 75
Tri- AAC/GTT 1 1 0 1 3 1.25
AAG/CTT 1 1 1 1 4
AAT/ATT 0 0 1 0 1
Tetra- AAAG/CTTT 2 2 1 2 7 5.93
AAAT/ATTT 2 3 3 5 13

AATC/ATTG 1 1 1 1
AATT/AATT 1 1 1 1
AGAT/ATCT 2 2 3 3 10

Hexa- AAAATG/ATTTTC 2 2 0 2 6 1.40
AATGAT/ATCATT 0 0 0 1 1
AAACAT/ATGTTT 0 0 1 0 1
AAGGGT/ACCCTT 0 0 1 1

Total 163 163 158 157 641 100

subsp. pallasii samples analyzed in this study clustered in one
subclade (IIT) with the L. caerulea (0Q784224) and L. cae-
rulea subsp. edulis (OP345475) sequences from GenBank.
Also, L. micrantha is positioned within the Chamaecerasus
subgenus in subclade II and clusters closely with species
from the Isika section, particularly L. tangutica (MZ962399)
and L. microphylla (OP936076) from GenBank. Most of the
described subclades exhibit strong bootstrap support (100 %)
at the corresponding nodes, except for subclade II in the ML
phylogenetic tree based on complete plastid genome data
(Fig. 5a), which has moderate support (53 %), indicating high
confidence in their overall phylogenetic relationships.
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The BI phylogenetic trees were constructed using the same
set of samples based on nucleotide sequences from complete
plastid genomes (Fig. S1), protein-coding genes (Fig. S2), and
variable region genes (Fig. S3). The resulting trees consistently
divided the analyzed Lonicera species into two distinct clades
corresponding to the subgenera Periclymenum and Chamae-
cerasus. The topologies of the BI phylogenetic trees were
largely congruent with those obtained using ML methods.

To further investigate the relationships and potential reticu-
lation within Lonicera species, we constructed a SplitsTree
phylogenetic network (Fig. 5d) based on complete plastid ge-
nome sequences from 22 Lonicera and two outgroup samples.
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Fig. 5. Maximum likelihood phylogenetic tree of the genus Lonicera inferred from nucleotide sequences of the complete plastid genome (a), protein-
coding genes (b), and variable region genes (c). Numbers at the nodes of the phylogenetic trees represent bootstrap support values.
Roman numerals (I-V) at the nodes of the phylogenetic trees denote subclade numbers. Splitstree neighbour-net network of 22 Lonicera and 2 outgroup plastid

genomes (d). Species highlighted in red were sequenced in this study.

In this analysis, relationships were generally congruent with
those in ML and BI phylogenetic trees. The results of the
phylogenetic network coincided with the ML dendrogram
(Fig. 5a—c). The network indicates that L. micrantha has
evolved significantly earlier than L. microphylla and L. tangu-
tica. Also, three subspecies of L. caerulea (altaica, pallasii,
and edulis) seem to be hybrid forms of the species (Fig. 5d).

Discussion

In the present study, the complete plastid genomes of the
L. caerulea subsp. altaica, L. caerulea subsp. pallasii, L. ta-
tarica, and L. micrantha were sequenced using next-generation
sequencing technology. These genomes were then compared
with those of other Lonicera species to enhance our under-
standing of the molecular taxonomy of the genus.

The plastid genomes of the studied Lonicera exhibited
the typical circular structure found in angiosperms (Palmer
et al., 1988; Ruhlman, Jansen, 2014), consisting of an LSC
region, an SSC region, and two IR regions (Fig. 1). Our an-
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notation identified a total of 130 genes, including 115 unique
genes, consisting of 85 (80 unique) protein-coding genes, 37
(30 unique) tRNA genes, and eight (4 unique) rRNA genes
(Table 3). Previous studies have reported slightly different
numbers of annotated protein-coding genes, with 82 and
83 genes identified in earlier analyses (He et al., 2017; Liu
M.L. et al., 2018; Yang C. et al., 2023). The discrepancies in
gene annotation primarily arise from differences in the ycf15
gene, which are lost in L. japonica, L. ferdinandi, L. hispida,
L. nervosa, L. fragrantissima var. lancifolia, L. stephanocarpa,
L. tragophylla, L. acuminata, and L. similis plastomes. Addi-
tionally, we identified the #7rnM-CAU gene, which was not
annotated in previous Lonicera plastome studies (Frazer et
al., 2004). These variations underscore the importance of an-
notation accuracy, indicating that further comparative analyses
are necessary to refine gene identification within the genus.
The genome sizes varied among species, ranging from
153,985 bp in L. micrantha to 164,000 bp in L. caerulea
subsp. pallasii. Notably, the plastid genome sizes of L. cae-
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rulea subsp. altaica (163,889 bp) and L. caerulea subsp.
pallasii (164,000 bp) were larger than those of the other two
(L. tatarica, and L. micrantha) studied species (Table 2). The
variations in the total length of plastid genomes are typically
associated with the expansion and contraction of IR regions
(Zhang X.F. et al., 2021). In this study, the IR regions of
L. caerulea subsp. altaica (32,799 bp) and L. caerulea subsp.
pallasii (32,509 bp) were found to be longer than the SSC and
LSC regions, contributing to their relatively larger plastome
sizes (Fig. 3). These results align with the previously reported
plastid genome size of L. caerulea (165,065 bp) (Yang X.L. et
al., 2024), suggesting that the specific plastid genome lengths
observed in the studied L. caerulea subspecies may be a com-
mon evolutionary characteristic with the L. caerulea species.

Molecular markers are essential tools in modern biological
research, playing a crucial role in unraveling genetic diver-
sity, phylogenetic relationships, and population dynamics
(Wang X.R., Szmidt, 2001; Al-Hadeithi, Jasim, 2021). Among
them, DNA barcoding markers offer an efficient approach to
species identification by targeting short, conserved regions of
the genome (Chac, Thinh, 2023). These markers have made
one of the most significant contributions to advancing our
understanding of evolutionary processes, establishing DNA
barcoding as a core methodology in plant taxonomy (Purty,
Chatterjee, 2016; Zhu S. et al., 2022). The highly variable
regions in nucleotide sequences of the plastid genome can be
used as potential specific DNA barcoding markers for specific
plant genera. Using mVISTA (Fig. 2) and sliding window
analysis (Fig. 4), we identified three highly variable regions
in this study: two intergenic regions (ycfI-trnN-GUU and
trnN-GUU-ndhF) and one genic region (accD). These regions
show promise as DNA barcoding markers for the phylogenetic
analysis of Lonicera species. Notably, the trnN-GUU-ndhF
region has been reported as particularly useful for developing
molecular markers in Lonicera species (Liu M.L. etal., 2018;
Yang C. et al., 2023).

Our study found that the accD gene region is the most vari-
able, a finding consistent with previous studies in Asteraceae
(Kim et al., 2020) and Fabaceae (Zhang T. et al., 2024). Two
intergenic regions (ycfI-trnN-GUU and truN-GUU-ndhF)
identified in this study were also reported in other plant species.
For example, ycfI-trnN-GUU was a highly variable region in
the plastid genomes of Parasenecio (Liu X. et al., 2023) and
Medicago (Jiao et al., 2023) species. Z. Cao et al. (2023)
and W. Xing et al. (2024) reported that the trnN-GUU-ndhF
intergenic region is hypervariable in the plastid genomes of
Neocinnamomum taxa and Pinellia ternata, respectively. This
study identified two highly variable intergenic regions and
one genic region as promising candidates for DNA barcoding
markers in future research. Nonetheless, further studies are
needed to assess the effectiveness of these divergent markers
in the phylogenetic analysis of Lonicera species.

Another important class of molecular markers is the simple
sequence repeat (SSR) markers, which are widely recognized
for their value in plant population genetics in assessing genetic
diversity, population structure, and evolutionary relationships
(Chen F. et al., 2015; Yermagambetova et al., 2024). In our
study, we identified a total of 641 SSR markers across the
plastid genomes analyzed, with individual counts ranging from
158 in L. tatarica to 163 in both L. caerulea subsp. altaica
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and L. caerulea subsp. pallasii plastid genomes (Table 4).
Notably, the majority of these SSRs were located in the in-
tergenic regions of the LSC region, a distribution pattern that
aligns well with previous findings on angiosperm plastomes
(Xia C. et al., 2022; Nyamgerel et al., 2024).

Our results reveal that mononucleotide repeats are the most
prevalent SSR motifs across the four Lonicera plastomes
analyzed, which are common for Caprifoliaceae representa-
tives (Liu H. et al., 2022; Wang L. et al., 2024). Notably, the
majority of the mononucleotide repeats were composed of
A/T (451) rather than C/G (15), while dinucleotide repeats
were predominantly composed of AT/AT (75) as opposed
to AG/CT (45). This distribution is consistent with patterns
observed in plastid genomes of many other plant species
(Li X.Q. et al., 2019; Souza et al., 2019). Numerous studies
have demonstrated that SSR markers derived from plastid
genome sequences are effective for assessing genetic diversity
in plant populations (Jo et al., 2022; Lacis et al., 2022; Guo
et al., 2025). The SSR markers identified in our study hold
potential for population genetic analyses within the genus
Lonicera. However, further validation is required to confirm
their efficacy and reliability in elucidating the genetic structure
of Lonicera species populations.

Plastid genome nucleotide sequences have become a power-
ful tool in phylogenetic studies of different plant genera (Wu
et al., 2021; Xia Q. et al., 2023). Their conserved structure,
uniparental inheritance, and relatively slow mutation rate
make them ideal for resolving evolutionary relationships
across diverse plant lineages (Chen J. et al., 2022; Feng et
al., 2024). With the development of next-generation sequenc-
ing technologies, the rapid and cost-effective sequencing of
entire plastid genomes has become increasingly accessible,
enhancing their utility in plant taxonomy by providing greater
phylogenetic resolution and a deeper understanding of plant
evolutionary history. This study utilized complete plastome
sequences, protein-coding gene sequences, and variable region
gene sequences for the phylogenetic analysis of the studied
Lonicera species (L. caerulea subsp. altaica, L. caerulea
subsp. pallasii, L. tatarica, and L. micrantha), along with
publicly available sequences from GenBank, to contribute to
a better understanding of phylogenetic relationships within the
genus. The ML trees based on the sequences of the complete
plastid genome (Fig. 5a), protein-coding genes (Fig. 5b), and
variable region genes (Fig. 5¢) of the 22 Lonicera samples and
two outrgoup samples (H. miconioides and T. himalayanum)
was reconstructed.

The phylogenetic analyses in this study revealed that the
Lonicera species were grouped into two major clades, cor-
responding to the subgenera Periclymenum and Chamaece-
rasus, which is consistent with previous phylogenetic studies
(Srivastav et al., 2023; Yang X.L. et al., 2024). Furthermore,
the larger clade representing subgenus Chamaecerasus was
further divided into four distinct subclades corresponding
to sections Isika (Subclades II and III), sections Isika and
Coeloxylosteum (Subclades V), and section Nintooa (Sub-
clade V). Within subgenus Chamaecerasus, species are sub-
clustering into four subclades and align with recognized sec-
tional classifications (Srivastav et al., 2023).

The placement of L. micrantha, L. caerulea subsp. altaica
and L. caerulea subsp. pallasii, which had not been previously
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assigned to a section, suggests their belonging to the Isika
section based on their close clustering with other members of
this section. Additionally, the finding supports the assumption
that L. caerulea subsp. altaica and L. caerulea subsp. pal-
lasii share a common evolutionary history with L. caerulea,
which is also supported by the plastid genome structure of
these species. Furthermore, L. fatarica forms a subclade (IV)
with L. tatarica (MK970584) and L. maackii (MN256451)
from GenBank, grouping within the Coeloxylosteum section.
Notably, these samples are positioned between the species of
section Isika, suggesting a possible evolutionary relationship
between these two sections.

The phylogenetic analysis aimed to clarify the phylogenetic
positions of the studied Lonicera species from Kazakhstan
using plastid genome nucleotide sequences, including three
newly sequenced ones (L. caerulea subsp. altaica, L. caerulea
subsp. pallasii, and L. micrantha) in this study. The genomic
data obtained in this study provide valuable resources for fu-
ture phylogenetic research, contributing to an understanding
of evolutionary relationships within the genus Lonicera and
supporting further taxonomic revisions. Based on the compari-
son of phylogenetic trees reconstructed using different datasets
and methods, we conclude that the maximum likelihood tree
derived from complete plastid genome sequences was the most
informative, and its topology is consistent with those reported
in previous studies (Srivastav et al., 2023; Yang X.L. et al.,
2024). Furthermore, the nucleotide sequences of variable
regions such as accD-ycf1-ndhF-trnN-GUU also demonstrate
high potential for use in DNA barcoding, and may serve as
valuable molecular markers for species phylogenetic studies
within the genus Lonicera.

Conclusion

The complete plastid genomes of L. caerulea subsp. altaica,
L. caerulea subsp. pallasii, L. tatarica, and L. micrantha
exhibited the typical circular structure with four distinct re-
gions. Structural variations were observed in the plastomes
of L. caerulea subsp. altaica and L. caerulea subsp. pallasii,
particularly in genome sizes, which were larger than in the
other two species (L. tatarica and L. micrantha) due to an ex-
tended IR region. This finding aligns with previous studies
on L. caerulea plastomes, further supporting their shared
evolutionary history. The nucleotide sequences of variable re-
gions such as accD-ycf1-ndhF-trnN-GUU demonstrate high
potential for use in DNA barcoding, and may serve as valuable
molecular markers for species phylogenetic studies within
the genus Lonicera. Further studies are required to assess the
effectiveness of the identified simple sequence repeats.
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YBenudeHue Ooju JajbHero KpacHoOro cBeTa cokpamiaeT
BereTaliOHHBIN Mepnoj, TPUTHKAIEe B YCIOBUSIX COUAOPUAMHIA
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AHHoTauuA. PaboTa No co3faHrio HOBOFO NEPCNEKTUBHOIO COpTa 3aHMMaeT B cpeaHem 12-15 neT. OLHUM U3 BO3MOX-
HbIX peLeHni Npobnembl COKpaLLeHUa AMTENbHOCTIN CETIEKLMOHHOTO MpoLecca CTaHOBUTCS TEXHOMOMA CNMaGpUANHL
(speed breeding). MeTog, HanpaBfeHHbIV Ha COKpaLLeHMe BereTaLyioHHOro neproaa, No3BoAEeT NosyyaTb A0 WeCTn
nocnefoBaTeNbHbIX MOKONEHWNI APOBbLIX 31aKOB 3a OA4MH rof. K coxaneHuio, B NpOTOKoNax cnuabpuanHra yaeneHo mano
BHUMAHUA fanbHeMy KPacHOMY CBETY — LUIMPOKO M3BECTHOMY UHAYKTOPY GbICTPOro nepexopa K LBeTeHuio. B Hawen pa-
60Te Mbl OLIEHWIN BO3MOXKHOCTb UCMOMb30BaHMA AaflbHEro KpacHOro cBeTa AfiAa onTMMU3aummn cnuabpranHra aApoBoi
TpUTMKane. JKCNeprMeHTanbHble pacTeHMA BbIPALLMBANMN B TPEX BapMAHTAX OCBELLEHUS, Pa3nNYaloWMXCsA COOTHOLe-
HMeM YypOBHel n3nyyeHuna B obnactu 660 Hm (K — kpacHbin) 1 730 Hm (OK - panbHuin kpacHbin): 1) K/OK 3.75 (K > AK);
2) K/OK 0.8 (K = OK) n 3) K/OK 0.3 (K < [K). B pe3ynbTtate yCTaHOBNEHO, YTO Hayano LBETeHWA TpUTMKaae HacTynano
3HAUNUTENbHO paHblle NPU CaMOM HU3KOM COOTHOLLEHMUN KPacHOro K AanbHemy KpacHomy ceeTy (K/AK 0.3). B cpegHem
npw K/OK 0.3 pacteHus, Beretmpyowire Ha MUHepanbHOI BaTe 1 MOYBEHHOW CMeCK, 3aLBeTany COOTBETCTBEHHO Ha 2.6
1 4.1 cyToK bbicTpee, yem npu BapuaHTe K/[K 3.75. CTaTUCTMUECKN 3HAUMMOI Pa3HULIbl MO NPOJOIXKNTENBHOCTY Nepro-
[a oT noceBa A0 LBeTeHusA mexay BapuaHtamu K/OK 3.75 n K/OK 0.8 He BbiABneHo. [loka3aHO HeraTvBHOe BAUAHUE
YBENIMUYEHHOWN [ONN AaNbHEro KPacHOrO CBETa Ha PEMNpPOAYKTUBHYIO CUCTEMY TpUTHKane. Y ceMsaH, chopMUpoBaBLLIMXCA
npwu K/OK 0.3, Habntoganacb 3HaUNTeNIbHO MEHbLLAA SHEPrnsA NPOPACTAHUA U BCXOXECTb. Pa3nnunii B pereHepaLioHHbIX
CNOCOBHOCTAX N30AIMPOBAHHbIX iN Vitro 3apofblLLeil, MonyYeHHbIX OT TPUTKKAsE, BbIPOCLLEN MO CBETOM C Pa3HbIM CreK-
TpasibHbIM COCTaBOM, He O6HApPY»KeHO. MNonyyYeHHble HAMU PE3yNnbTaTbl AEMOHCTPUPYIOT, UTO /15 COKPALLEHUA BPEMEHU
OT NOCEBa [10 LBETEHUS TPUTUKASIE BaXXHO He TOSIbKO Hanlnyue JanbHero KpacHOro CBeTa, HO U ero COOTHOLLEHME C Kpac-
HbIM, @ UMEHHO VCMOMb30BaHMe coCTaBa, 6im3Koro K cootHowweHuto K/AK 0.3. MogmdnumpoBaHHbI Mo CreKTpasbHOMY
COCTaBY CBETa NPOTOKOJ CNUAOPVAVIHTA NO3BONU UHULUMPOBATL LiBETEHME YKe Ha 33.9 + 1.2 CYyTKM C MOMEHTa NoceBa.
AHANOIMYHBIN COPT TPUTMKANE B NOMEBbIX YCI0BMAX KpacHOAapCKOro Kpas 1 Knaccnyeckrx TabopaTopHbIX YCIOBUAX
BblpalyunBaHua ¢ otonepuroaom 18/6 4 feHb/HOUb 3aLBeTas Ha 25-29 CyTOK Mo3e, YeM B YCNOBUAX CNMNAOPUANHTa.
KntoueBble cioBa: fanbHWI KPacHbIN CBET; KPACHbIV CBET; CMMAGPUANHT; TpUTKKane
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CnenuoB H.H., ®penmatrc A.B., NMaHueHko B.B., YepHook A.l., Kapnos 'W., Ansawyk M.I. YBenuueHvne gonun fanbHero
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A higher far-red intensity promotes the transition
to flowering in triticale grown under speed breeding conditions
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Abstract. It typically takes 12 to 15 years to develop a new promising variety. One of the ways to reduce this time is
through speed breeding. This method allows for up to six consecutive generations of spring cereals in a single year. Al-
though far-red light is often overlooked in speed breeding protocols, it serves as a potent inducer of accelerated flower-
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YBenvueHne JoNM AanbHEro KPacHOro CBeTa COKpallaeT
BereTalMOHHbBIN Neprog TPUTUKase B yCIOBUAX CMMAOPVANHIA

ing in various plant species. In this study, we explored the advantages of far-red light as a means to optimize the speed
breeding of spring triticale. Experimental plants were cultivated under three conditions with different red to far-red
ratios at 660 nm (R - red) and 730 nm (FR - far red): 1) 3.75 (R > FR); 2) 0.8 (R = FR) and 3) 0.3 (R < FR). We found that the
onset of triticale flowering occurred significantly earlier at the lowest red to far-red light ratio (R/FR 0.3). On average,
plants bloomed 2.6 and 4.1 days earlier in a mineral wool and a soil mixture at R/FR 0.3, respectively, than those grown
at R/FR 3.75. A negative effect of higher-intensity far-red light on the reproductive system of triticale was observed. Ad-
ditionally, seeds obtained from plants grown under higher-intensity far-red light showed significantly lower germination
energy and capacity. No differences were found in the regenerative capacity of isolated embryos in vitro obtained from
plants grown under the different spectral compositions. Our results demonstrate that the accelerated triticale develop-
ment requires not only the involvement of far-red light, but also a specific red to far-red light ratio close to 0.3. A modified
speed breeding protocol relying on this ratio enabled flowering to commence as early as 33.9 + 1.2 days after sowing.
The same triticale variety grown under field conditions in the Krasnodar region and in traditional laboratory growing
conditions with a photoperiod of 18/6 h day/night flowered 25 to 29 days later than those cultivated under the speed
breeding conditions.

Key words: far-red light; red light; speed breeding; triticale
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BBepeHmne

CenekImoHepsl U TEHETUKH BCEerJa CTPEMIUIHCH K Ooiee
OBICTPOMY TOJIYYEHHIO TOMO3MTOTHBIX JIMHUH 3JIaKOB C 3a-
JaHHBIMHU CBOﬁCTBaMH, B CBA3HU C YEM B IPAKTHUKY BOIIIN
TaKWe MOAXO/bI, KaK YeTHouHas cenekius (Mergoum et al.,
2009), mony4eHue yIBOCHHBIX raruionjoB (TumoHoBa u nip.,
2022), ucnions3oBanue sMopuokyasTypsl (Liu et al., 2016) u
MoseKyIpHbEIX MapkepoB (Fedyaeva et al., 2023). Ograko >tn
METOJIbI He BCeT/Ia AOCTYITHBI Ul KOHKPETHOH J1abopaTopuu
WJIN CEJIEKIIMOHHOTO IIEHTPa, MOT'YT TpeOOBaTh UCIIOJIb30Ba-
HUSI BBICOKOKBAJIM(HUIIMPOBAHHOTO MEPCOHAA, PS U3 HUX
HE TPUBOJUT K JKEJIAEMOMY COKPAIICHHIO CPOKOB CO3IAHUS
YUCTBIX JIUHUH.

B nocnennue rogsl HaOMpaeT MOy PHOCTh CHUAOPUANHT
(speed breeding) — MeTo1, OCHOBaHHEII Ha COKPAIIICHUH BETC-
TAI[MOHHOT'O NepUo/ia pacTeHui 1o AByx Mecsies (Ghosh et
al., 2018; Watson et al., 2018). 3a cuet cokparieHus BereTaru-
OHHOTO NIEPHO/Ia OJTHOTO IMOKOJICHHUSI CTTUIOPH/IMHT O3BOJISIECT
MOJTyYarh JI0 MIECTH MOCICA0BATEIbHBIX TOKOJICHHH SIPOBBIX
371aKO0B 32 12 Mecs1eB, IpyruMHU CIOBaMH, YUCTHIEC JIMHUN 32
omuH rof. CyTh CUIOpUIMHTA 3aKITIOYAETCS B MCIOJIB30-
BaHNM (hr3NYeCKUX (PaKTOPOB, BIHUSIIOIINX HA COKPAICHHUE
BPEMEHH OT I10CEBA JI0 IIBETCHNUS, YMEHBIICHNE POIOIKHU-
TEJILHOCTH I'€HEPaTUBHOM CTaJlMK Pa3BUTHUS U MTPEOJOJICHHE
HOCHey60quHOFO TIOKOsA U TEM CaMbIM MUHUMU3AlIH BPEMEC-
HU Ha BBIPAIIMBAHKE OTHOTO TIOKOJIEHHsI. TeXHOIOT 1S IPOCTa,
MaJlo 3aTpaTHa ¥ MM03BOJIsIeT paboTaTh C TEHOTHUIIAMHU, aJarl-
TUPOBAHHBIMH K Pa3HbIM IPHUPOAHO-KIIUMATUYCCKUM 30HaM,
YTO CIIOCOOCTBYET €€ aKTHBHOMY BHEAPECHHUIO B Pa3INUHBIC
CEJICKIIMOHHBIC M HccieoBaresnbekre nporpammsl (Hickey
etal., 2017; Li et al., 2019; Vikas et al., 2021).

Jlnst cokpaleHnst BpeMeHH OT T10CeBa J0 LBETEHHS 371a-
KOB HMCIIOJIB3YIOT JUTMTEJBHBIN (POTOMEPHO]], CIICKTPAIIbHBIH
COCTaB CBETa, BKIOYAIONINN y4aCTOK BHIUMOIO CBETOBOTO
n3nydenus B quarnazone 400—700 HM U HHTEHCHBHOCTD CBE-
Ta, paBuyo 450-500 mxmons/(M? - ¢) (Watson et al., 2018),
OTpaHMWYCHHYIO MIomans nutanus (Zheng et al., 2023),
cTporuii KoHTpoib Temmepatypsl (Ficht et al., 2023), Beicokue
koHneHTpanuu CO, u ynanenue noderos Kymenus (Tanaka
et al., 2016). {nst cokpaiieHns nepruoaa co3peBaHust IPOBO-

JUIT IPUHYUTEIFHOE BHICYIIMBAHUE HE3PEJIBIX CEMSH C I10-
CJIC/TYIOLIMM IIPEOJIOJICHHEM Y HUX [0CIeyO0POUHOTO TOKOSI
(Marenkova et al., 2024) uu HCIOAB3YIOT SMOPHOKYIETYPY
(Zheng et al., 2023). OgHako CyIIECTBYIOT TapaMeTphl, POJIb
KOTOPBIX B COKpPAILEHUHU BETeTAI[MOHHOTO TIEPHO/Ia PACTEHUI
MIOKa HE COBCEM sicHa. K OflHMM M3 HUX OTHOCHTCS HaJIMYUE
JTAITHETO KPacHOTO CBETA B IIEPUOJ BBIPAIMBAHMSI.

Hanbunii kpacusiil (JIK) cet (730 HM) cunTaeTcsi CUILHBIM
WHAYKTOpOM GoToMopdorenesa. B 3aBUCHIMOCTH OT COOTHO-
menus K ¢ xpacuemv (K) cBerom (660 HM) OH TIO-pasHOMY
BJIMSIET Ha MPOPACTAHHE CEMsIH, YUIMHEHHE M0OEroB, poCT
JIMCTOBOM MJIACTHHBI, KyILIEHUE, & TAKXKE HA COKPAIIICHUE Bpe-
MEHH OT rocesa J1o 3arseranns (Rajcan et al., 2004; Ugarte et
al., 2010; Kegge et al., 2015; Demotes-Mainard et al., 2016).
CBeToBOE M3ITyYeHHE Ha TAaKUX [UIMHAX BOJH M MX COOTHO-
IIEHHE JPYT C IpyroM (IpuHATO onuchiBaTh Kak K/JIK) natot
OIIPEACIICHHBIM CUTHAJ JUI1 PACTEHUH, KOTOPbIM BOCIIPUHU-
MaeTcs ceMercTBOM (DOTOPETeNITOPOB (PUTOXPOMOB. Y OTHO-
JIOJNBHBIX (PUTOXPOMBI TPEACTABICHBI TPEMs PELEIITOPAMHU:
PhyA, PhyB w PhyC (Demotes-Mainard et al., 2016; Kippes
et al., 2020). HanpHMA KpacHBI MOXET OBITH B MEHBIIIEM
(K/OK > 1), 6ombmem (K/IK < 1) 1 paBHOM COOTHOIICHHA
(K/IK = 1) ¢ kpacHbIM cBeTOM. JIHEBHOI CBET COJICPIKUT MPH-
MEPHO paBHBIE MPOMOPIUU KPACHOTO M JAIBHETO KPACHOTO
csera (1.0-1.3). O1o cooTHOIIEHNE yMeHbIIaeTcs 710 ~ (.6 BO
BpEeMsi paccBETOB M 3akaroB. Hu3koe cooTHOIIEHHE KpacHO-
TO CBETA K JJAJIbHEMY KPACHOMY TaKXKe 110l HABECOM JINCTHEB
U B TIOJIOTE JIECA, YTO CBSI3aHO C AKTHUBHBIM IOIVIOIICHUEM
KpacHOro cBeta (POTOCHHTETHYECKUMH ITMIMEHTaMH ¥ 0Tpa-
JKEHHMEM JIAJIbHETO KPAaCHOTO CBETA OT JINCThEB. B tanHOM City-
yae HU3Koe cooTHomenue K//IK kak mHamkarop Onmm3octu
KOHKYPHPYIOILHMX COCE/Iei MHULIMUPYET CHHIIPOM N30eraHust
TEHHU, KOTOPBIN TPOSIBIISIETCSI B yCUIIEHHOM POCTE B JUTHHY, TTe-
PECOPHEHTALINH JINCTHEB B YCIIOBUS JIyUIIel OCBEIICHHOCTH, a
TaKKe YCKOPEHHOW MHYKIMH 3al[BETAHHUSI, YTO YBEITUUUBACT
BBEDKHMBaeMocCTh pacteHnid (Demotes-Mainard et al., 2016;
Smith, 2000).

B nabopaTtopHbIX yCIIOBHSIX HAaHOOJIbIIIEe BIMSHUE Ha POCT
U pa3BUTHE 3]1aKOB OKAa3bIBAET COOTHOIIEHHUE, IPU KOTO-
POM JanbHUI KpacHBIN nmpeobiagaeT Haa KPacHbIM CBETOM
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(K/AK < 1). [Ipu cBete ¢ TakuM CIIEKTPaIbHBIM COCTABOM
3HAUUTENIBHO COKPAIAETCsl BPEMsI OT MMOCEBa JI0 IIBETCHUS
1 yMeHbIIaeTcsi poct nodero kymenus (Davis, Simmons,
1994; Ugarte etal., 2010; Toyota et al., 2014; Lei et al., 2022).
OHaKo, HECMOTPSI Ha PSIJT TIOJIOKUTEIBHBIX TSI CITMAOPH I H-
ra BO3MO)KHOCTEH, KOTOPbIE MOXKET JIaTh JAlbHUN KPacHBIN
CBET, YBEJIUYCHHUE €r0 JOJU CIIOCOOCTBYET YMEHBIICHUIO
(hepTHITHHBIX IIBETKOB, a TAKKe 03epHEHHOCTH Kooca (Ugarte
et al., 2010; Dreccer et al., 2022).

B nporokonax criui0puarHra KyJabTypHBIX 3]1aKOB UCTIONb-
30BaHUIO AJIbHETO KPACHOTO CBETA Y/ICJICHO MAJIO BHUMAHUSI:
Ha rpadukax CeKTPalIbHOTO COCTAaBa CBETA UCCIISI0BATEIb-
CKHX pabOT MOXKHO HaOJIFOIaTh KaK MOJHOE €ro OTCYTCTBHE
(Watson et al., 2018; Ficht et al., 2023), Tak 1 ero pa3TudHbIC
COOTHOIICHHSI ¢ KPACHBIM CBETOM, B KOTOPOM IMOCIJIEAHUIN
3HaunTeNbHO npeodnanaet (Ghosh et al., 2018, Watson et al.,
2018; Chaet al., 2022). JIums B HeMHOTHX paboTax TaTbHAN
KPACHBIHN CBET MOJIKIIFOUEH B PABHOM COOTHOIICHHH C KPACHBIM
(Zakieh et al., 2021).

Cy1ecTByeT psiJ| yOIUKaIii O BIUSHUHU JaJIbHET0 KPaCHO-
ro Ha mueHuty (Toyota et al., 2014; Dreccer et al., 2022; Lei
et al., 2024), sumens (Deitzer et al., 1979; Davis, Simmons,
1994; Kegge et al., 2015) u npyrue 3naku (Rajcan et al., 2004;
Markham et al., 2010; Huber et al., 2024). ITo Tputnkane
9TOH TeMe yAEJICHO MaJI0 BHUMAaHUS, U MOJO00HBIC UCCIIEIO-
BaHU pakTHIeckn He mposommnck (Kalituho et al., 1997).
AHanoruyHasi CUTyarus u ¢ pabotamMu 1o CuAOPUANHTY: B
OTKPBITOM AOCTYIIE€ MOXKXHO HaWTH JINIIb CIAUHUYHBbIC pa60T1>1
quisa sipoBoii (Cha et al., 2021) u o3umoit (Zheng et al., 2023)
TpUTHKaJe. B CBsI3M ¢ 3TUM Iielb Halliei paboThl — OIIEHKA
BJIMSIHUSL JTAJIBHETO KPACHOI'O CBETAa M €r0 COOTHOIICHUS C
KPaCHBIM CBETOM B YCJIOBHSIX CITUIOPH/IMHTA HA COKpAII[CHUE
BETreTAIMOHHOTO MEPUOIA, CTPYKTYPY YPOKasi U PEIpOIyK-
TUBHYIO CUCTEMY TPUTHUKAJIC.

MaTtepwuanbl n metogbl
Hcnoab3yeMblii pacTUTETbHBIN MaTepHaJl U YCJI0BHSI BbI-
pauuBanus. OObEKTOM HCCIENTOBAHUS CITY’KHI COPT SIPO-
Boii Tputnkane (x Triticosecale Wittm.) [lyomner (Danko Ho-
dowla Roslin, [Tosbmia). CopT OTHOCHTCS K HAanOO0JIee CKOPO-
CIETIBIM CpEeIH COPTOB sIpoBoii TpuThkaine (Losert etal., 2017),
MI03TOMY JIaHHBIE, TIOJIyYCHHBIE Ha 3TOM COPTE, BO3MOXHO
HCIOJB30BATh B KAYCCTBC IMOKA3aTcjid MUHUMYMa BPEMCHU,
3aTpaunBacMOT0 Ha MOJIHBIA IUKJI BETE€TAI[MH B YCIOBHAX
cnuaOpuanHTa y TpUTHKAJE. Jlyoner — yaABOCHHBIH rariony
(Arseniuk, 2019), oH X0pOI1110 BBIPOBHEH 110 HACTYILICHHIO (a3
pa3BuTHI U MOp(hOIOTHYECKNM MoKa3aressiM. CopT mMupoKo
pacrnipoctpanen B EBporne (JIexonuesa u ap., 2019; Paguson,
JKykosckuii, 2023; Faccini et al., 2023) u u3BeCTeH Kax10-
MY CIIEIHATNCTY B OOJIACTH CEJIEKIHH 3€PHOBBIX KYIBTYP.
[Iporpasnennslie npenaparom Makcum (Syngenta, @pan-
IMs1) CeMEHa IPEBAPUTEIHLHO MTPOPAIIMBAIN HA CMOYEHHON
BOJIOH (DPMITBTPOBATIFHOI OyMare B TEMHOTE IIPH TEMITEPaType
+25 °C. Yepes CyTKH IIEPEHOCUIIN B CYOCTpPAT NCKITIOUUTEIb-
HO mpopociire cemena. J[jisi BeIpaluBaHus UCIIOIb30BAIH
KacceTsl ¢ oopemMoM staeek 110 mur. B xagectBe cyOctpara
UCTIONb30BaIHN: |) MOUYBEHHYIO CMECh, COCTOSIIYIO U3 TOp(a,
YepHO3eMa, NeCKa U BEpMHUKYJIUTa B coOTHoImeHuu 5:3:1:1
(50 r yBna)XHEHHOH CMeCH Ha OHY STYEHKy KacCeThl); 2) Ky-
OMKKM MHHEpaNbHOH BaThl pasmMepoM 50 %45 %45 mm (oxnH
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KyOHUK Ha OIHY sTueiiKy KacceThl). B kaxayto sueiiky kacceTsl
MIOMEIIAJH 110 OAHOMY NPOPOCIIEMY CEMEHHN Ha TITyOuHy 1 cM.
B nomerieHusx ¢ pacTeHUSME NOCPKUBAIN TEMIIEPATypy
+25-26 °C KpyIJIOCYTOYHO, BIaXHOCTh Bo3ayxa 3545 %.

IlepBble ABE Hemenu pacTeHMsI B IIOUBEHHON CMECH I10-
JMBAJIH 110 Mepe HEOOXOIUMOCTH, MOJKOPMKH TPOBOIMIN
1 pa3 B Heaento ynoopenuem Tripart (General Hydroponics
Europe, @panius) cortacHO HHCTPYKIUU TPOW3BOAUTEIS,
yepe3 2 HEIeIN ¢ MOMEHTA [0CEBa PACTEHHS IEPEBOININ Ha
MOJIMB ynoOpeHueM 3 pasza B Heaelno. KyOuku MUHepaibHOM
BaThI IIPOJIMBAIIN YI0OpEHHEM exXelHEBHO. Pa3 B Hezxeo mpo-
M3BOJIMITH BHEKOPHEBYIO TIOJIKOPMKY TnpenaparoM CHITUITIaHT
(Nest-M, Poccust) cornacHo peKOMEHJAIMSM TPOU3BOIUTEIIS.
O06paboTku 0T 60NIe3HEH U BpeIUTEeH TPOBOAMIIH IO Mepe
HeoOxoauMocTu. B iepros Beretanny cpe3aii JOMOTHATEb-
Hble 1o0eru KyieHus. doronepro moaep>KUBaIn NPOIoI-
KUTEIBHOCTBIO 22/2 4 nenb/Houb (Watson et al., 2018). Jlns
OCBEILCHUSI HCTIOIb30BAJIN PETYINPYEMBbIC MYJIBTHCIICKTPaAITb-
uble IHUM nummupyembie LED-namns (PrometheusVNIISB
by Gorshkoff, Poccust), unn-uzmygarenu 460, 660, 735 HMm,
white4000K (EPIstar, Kurait); KoHTpOIIIEp MIMPOTHO-UM-
nylnbcHOM Momynsiiuu MHorokananbHbid (BK]I, Poccus);
o6Omas momHocTh 800 BaTT.

B kayecTBe KOHTPOJIBHBIX YCIOBHH TPUTHKAJIC BBIpAIIH-
Baju B kiuMmarndeckoi kamepe Fitotron SGC 120 (Weiss
Technik, Hunepnanasr) ¢ TIOMAHECIICHTHBIMH JTaMITaMH TIPH
¢oroneprosne 18/6 4 neHb/HOYb W MHTEHCHUBHOCTH CBETa
285 MKMOIIB/(M? - ¢) Ha ypOBHE cTellaxa, Temneparype +22 °C
U BIAKHOCTH Bo3ayxa 65 % kpyrnocyrouno. IToces u yxon 3a
pacTeHUsIMH OBUT aHAJIOTHYHBIM, KaK ONMUCAHO BbIIIe. B Ka-
YECTBE JIONMOJHUTEIBHOTO KOHTPOJISI HCIIOJIB30BANIN JaHHbIE
MHOTOJIETHHX TTOJIEBBIX UCTIBITaHNH HanmonansHOTO IEHTpa
3epua um. [LI1. JIykesuaenxo (Kpacnomapckuii kpait, Poccus).
ATpOTEeXHHKa ¥ CPOKHU BbICEBA OOLIECTIPUHSATHIC [UIsl PETHOHA.

Buinsinue 1anbHero KpacHoOro cBeTa Ha Iepuoj Bere-
TalMM ¥ CTPYKTYPY ypo:kasi. CTEIICHb BINSHUS JAIBHETO
KpaCHOI'0 CBC€Ta Ha TPUTHUKAJIIC ONPEAC/IAIN NIYTEM KYJIbTU-
BUPOBAHUSI PACTEHUH TIPH TPEX BAPHAHTAX OCBEIICHUSI, pa3-
JIMYAIOMINXCS COOTHOIICHHEM YPOBHEH N3ITydeHHUs B 00I1aCTH
660 uM (K — xpachsrit) u 730 um (JIK — ganpHUA KpacHbIH):
1) K/IAK 3.75 (K > JIK) (puc. 1, a); 2) K/IK 0.8 (K = JIK)
(em. puc. 1, 6); 3) K/AK 0.3 (K < AK) (cm. puc. 1, 8).

HTEeHCUBHOCTD OCBCLICHUA BO BCECX BapUaHTaxX BbICTABJIA-
7 paBHOM 330 MKMOME/(M2 - C) Ha ypoBHE cTemnaxa. Jlab-
HUH KpacHBIN MOAKIIIOYATN Yepe3 OJIHY HeJeNlo ¢ MOMEHTa
npopactanus cemsiH. [lapameTpsl ocBelleHNsT HacTpauBaliu
W TIPOBEPSIIN C UCIONb30BaHUEeM criekTrpomerpa PG200N
(United Power Research Technology Corp., TaiiBaus).

Hactymuienue genonornueckux (a3 oleHUBAIN WHINBU-
JyaJTbHO Yy Ka)XKJI0T0 pacTeHus cormacHo (Zadoks et al., 1974).
Hacrynnennem ¢assl KonomeHus ObUT JICHb, KOTJa KOJIOC
MOJTHOCTHIO BBIXOMJI U3 BiIaraiuina ¢aroBoro jucta (¢pasa
75.9). HactymeHneMm ¢assl IBETEHUS CUUTAIH I€Hb, B KOTO-
PBIi y KOJIOCHEB TOSIBISUTICH IIEPBBIE MBLTHHUKH ((haza Z6.1).

I[J'IH OLICHKHU BJIMAHUA JAJIBHETO KPACHOI'O CBE€TAa HA TPUTHU-
KaJie IPOBOAMIIN CTPYKTYPHBII aHAJIM3 BCEX IKCIIEPUMEHTAb-
HBIX PACTEHHH 110 OCHOBHBIM TIOKa3aTeJIsIM: BBICOTA PACTCHUH
(cm), anuHA Kojoca (cM), BereTaTUBHAsI Macca Kojioca U co-
JIOMHUHHI (T), 9UCIIO KOJIOCKOB (IIT.) U 3epeH (IIT.) Ha KOJIOC,
YHCII0 36PEH Ha KOJIOCOK (IIT.), a Takxke Macca 1000 3epeH ().
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Puic. 1. CneKkTpasnbHblil COCTaB CBETa, CMOMb3yemblli B 3KcnepumenTe: a — K > [IK, K/AK 3.75; 6 - K= 1K, K/0K 0.8; 8 - K < IK, K/AK 0.3.

BiansiHue JaJibHEro KPacHOro CBeTa Ha KHU3HeCIoco0-
HOCTb CeMsIH. BinsiHue 1anpHero kKpacHOro cBeTa Ha JKU3He-
CrOoCcOOHOCTH CEMSTH OIICHUBAITM ABYMS criocodami: 1) mytem
KyJIETHBUPOBAHMS HE3pEJbIX 3apOJbIIICH; 1 2) mpopaluBa-
HHEM ceMsiH Ha GHIIbTpoBajIbHOW Oymare. B nepBom nozaxose
3apOJIBIITN M30JIMPOBAN Ha 15-¢ CyTKM mocie IBEeTCHHS.
3epHOBKH cTepuin3oBanu B 50 % pacTBOope KOMMEpYECKO-
ro cpenctBa «benusHay, mocie 4ero Tpu pasa MpoOMbIBAIU
CTEPUIILHOW AMCTUIUIMPOBAHHOM Bozmol. M3onupoBanue 3a-
ponBIIIel TPOBOAMIIN TIOJl CTEPEOCKOITMUECKIM MHKPOCKO-
nom Olympus SZ61 (Olympus, SInonus). Kyiastusuposaiu B
gamkax [leTpu, comepxamux arapu3oBaHHylo cpexy Mypa-
cure—Ckyra (Murashige, Skoog, 1962), B Teuenue 10 cyrox
npu otorieprose 22 4 1eHb /2 4 HOUb, THTEHCUBHOCTHU CBETa
pasHo#i 80 MkMoIB/(M2 - ¢) 1 Temneparype +24 °C.

Bo Bropom noaxose HaurHas ¢ 17-X CyTOK C MOMEHTA I1BE-
TEHHS IJIABHO COKPAIIIAJIH KOJIMUYECTBO MOJIKBA 10 €T0 MOIHO-
TO MIpEeKpaIeHus B ICHb CPE3KU KOJIOChEeB, Ha 20-€ CYyTKH I10-
cire uBeteHust. CpezaHHbIe KOJIOChS TOMEINANIN B OyMaskKHbIE
MaKeThl, KOTOPBIE MOABEPrali NPUHYAUTEILHOMY BBICYIIIN-
BaHMIO Ipu Temneparype +28 °C B Teuenne 7—10 cyTok B 3a-
BHCHMOCTH OT CKOPOCTH BbIChIXaHUsL. [Tocie cymku Komochst
00MOJIaYMBaIM U CEMEHA XPaHWIIN B OyMayKHBIX ITAKeTax MpH
KOMHATHOW TeMIleparype B TedeHHe OAHOM Hexenu. Jlanee
ceMeHa roMernainy B yamku llerpu Ha QuIbTpoBaNbHYIO
Oymary, cMoueHHyo 0.5 Mr/J1 pacTBopa ru00epesioBoii Kuc-
notsl (Sigma-Aldrich, CIIIA) n mHKyOUpOBaJIM B YCIOBHUIX
X0II0[10BO# mpenodpadorku (+4 °C, TeMHOTa, TpOE CYTOK)
C MOCIEAYIONIMM IpopaliuBaHieM B TeMHoTe npu +25 °C.
DHEepruro NpopacTaHus OIIEHUBAIIN HA TPETHH CYTKH, a BCXO-
JKECTh Ha CEIbMBIC CYTKH TTOCIIC TIOMEIIeH s yamek [lerpu ¢
cemeHamu Ha +25 °C.

Craructuyeckasi 00padoTka pe3yasTaroB. s oneHkn
CTETICHHU BJIMSIHUS CIIEKTPAIBHOTO COCTaBa CBETa HA IMEPHOL
BEreTalyy TPUTHKAJE MCIIOIb30BaM JBYKPATHYIO MOBTOP-
HOCTh Ha Ka)XXIIbI BapHaHT, o 10 pacTeHHi B Ka)KTOH Io-
BropHOCTH. MTOro ananusuposanu 120 pacrennii. OueHuBa-
JIM KOJIMYECTBO JTHEH OT I0CeBa 70 [IBETEHMs KaXKI0TO HHIIH-
BHYaJbHOTO PACTCHHSA. B IMONEBBIX yCIOBHAX OICHUBAIN
KOJIMYECTBO JTHEH OT MOCceBa IO MaCCOBOTO I[BETCHHMSI.

J111st OLIeHKH pereHepalioHHON CIOCOOHOCTH M KM3HECTIO-
COOHOCTH M30IMPOBAHHBIX 3aPO/IBIIICH HCIIOTH30BAIH YEThI-
PEXKPATHYIO TOBTOPHOCTB O 10 M30JIMPOBAHHBIX 3apObIIIEH
B Ka)X10. OILIEHKY HEpI U POPACTAHUS U BCXOKECTH CEMSIH

IIPOBOJIUIIM B YETBIPEXKPATHOM MOBTOPHOCTH. B Kax a0l no-
BTOPHOCTH OBLIO 110 50 CeMsIH.

Craructiuueckyto 00paboTKy OCYLIECTBISUIN C UCIIONB30-
BaHMEM s13bIKa IporpammupoBanus R (Bepcus 4.3.2). Bws-
HHUE CHEKTPAIbHOIO COCTaBa CBETA HA MOKA3aTeI PACTCHUN
TPUTHKAJIE OLIEHUBAJIN C UCIIOJIb30BAaHUEM OJHO(PAKTOPHOTO
JMICTIEPCHOHHOTO aHallN3a, MOCJIE YeT0 TMPOBOAMIN MHOXKE-
CTBEHHBIE CPAaBHEHHS CPETHUX 3HAYEHUH C UCIIONb30BaHHEM
kputepus ThIOKM A ONpENeNeHNs 3HAUUMBIX pa3iuduit
MEXIy TPYIIIaMH PACTCHHUH.

Pe3ynbratbl

BnusHMe fanbHero KpacHoro ceeTa

Ha CPOKU LiBeTeHUA TpuUTUKane

OmHO(paKTOPHBIN AUCTICPCUOHHBIN aHATN3 PE3YIBTATOB IPO-
BE/ICHHOT'O SKCIICPUMEHTA MTOKAa3aJl CTATUCTUYCCKH 3HAYNMOE
COKpaIlleHHe BPEeMEHH OT ITOCeBa JI0 Hadalla [IBETCHHS Y pac-
TEHHH, KYJTBTHBHPOBAHHBIX ITO]] CBETOM CO CIICKTPAITBHBIM CO-
crasom, re K/JIK 0.3, o cpaBHEHHIO € IpyrMH BapUaHTaMH
ocserieHHOCTH (p < 0.05). Takas TeHIEHITHS HAOIIOAIach
Ha 000MX BapHaHTaX cyOCTpaToB. PacTeHus 1moj CBETOM CO
crnekrpaibHbiM coctaBoM K/JIK 0.3 3anBeranu B cpeiHeM Ha
2.6 n 4.1 cyTok OBICTpee IPH NCIOTH30BAaHIH MUHEPAIEHON
BaTHl ¥ TIOYBEHHON CMECH COOTBETCTBEHHO, YEM I10]T CBETOM
CO CIieKTpaibHbIM cocTaBoM, Tie K/JIK 3.75. Cratuctudecku
3HAYMMOMW Pa3HUIIBI 10 IPOIOKATEIFHOCTH IIEPHO/IA OT T10-
cesa 110 nBeTeHus Mexxy BapuanTamu K/JIK 3.75 u K/IK 0.8
He BbIsiBIICHO (p > 0.05) (Tadm. 1).

BnuaHune panbHero KpacHoro ceeta

Ha NpoAyKTNBHOCTb TPUTUKane

[Tpn cTpyKTYpHOM aHanIM3€ PacTCHWH TPUTHKAIE, KYJIbTH-
BHUPOBAHHBIX IOJ{ CBETOM CO CIIEKTPAIEHBIM COCTaBOM, pas-
JIMYAIOMIMMCSI COOTHOIICHNEM KPacHOTo K JalbHEMY Kpac-
HOMY, HE HAOIIONAIN W3MEHEHUH B BET€TaTHBHOW Macce U
BBICOTE cOMIOMHHBI (p > 0.05). [lons mampHETO KpacHOTO
CBETa 3HAYUTEIHHO IMOBIHUANA HA MPOLYKTHUBHOCThH KOJloOca
(Tabn. 2). [Ipu BeipammBanun Tputhkane mon K/JIK 0.3 Ha
o0omx BapmaHTaX cyOcTpara pacTeHus (GOpMHUPOBAIH Oosee
KOPOTKHUI KOJIOC C MEHBIINM YHCJIOM KOJIOCKOB, YTO IIPUBO-
JWJIO K CHIDKCHHMIO BEr€TaTUBHOM MacChl KOJIOCA, A TAaKKe
KOJTM4YeCTBa 3epHa ¢ Konoca (p < 0.05). [Ipu yBennueHHOU
JI0JIe JANTbHEr0 KPacHOro CBeTa y pacTeHui (hopMHUPOBAIOCH

AKTYAJNIbHbIE TEXHOJIOTUW / MAINSTREAM TECHNOLOGIES 899



A.O. Blinkov, V.M. Nagamova, Y.V. Minkova ...
A.G. Chernook, G.I. Karlov, M.G. Divashuk

A higher far-red intensity promotes the transition to flowering
in triticale grown under speed breeding conditions

Ta6nuua 1. CpefHuie 3HaueHus + 95 % foBepUTENbHbIV MHTEPBAN NOKa3aTesell CPOKOB KOMOLEHUA 1 LBeTeHus y copta [y6nerT,

BblpallleHHOro noA CBeToM C pa3HbIM CNeKTpasibHbIM COCTaBOM

Cy6cTpat Cnektp cseTa (K/OK)

MuHepanbHas BaTa 3.75 335+ 1.0a'
0.8 340+ 1.6a
0.3 31.1+0.8b

MouBeHHasn cmecb 3.75 34.1 £0.9a
0.8 337+ 1.7a
0.3 30.5+1.2b

BpeMﬂ OT NoceBa A0 KOJTOWEeHNUA, CYTKN

Bpems oT noceBa A0 LBETEHNSA, CYTKM
373+ 1.1a
373+ 1.9a
34.7 £0.9b
38.0+ 1.0a
369+ 1.2a
33.9+1.2b

Mpumeuanue.3aech 1 BTabn. 2 1 3: | 3HaueHNs, 32 KOTOPLIMK CIIEAYET OfHa 1 Ta e GyKBa, CyL|eCTBEHHO He PasnuuaioTcs (p > 0.05) COrNacHo KPUTEpPHIo ThIoKM.
MonyXMPHbIM HauepTaHNeM OTMeUeHbl 3HAUEHWA, CYLLECTBEHHO OTIMYaIOLLMECA OT APYrX BapunaHTos (p < 0.05).

Ta6nuua 2. CpeaHue 3HauUeHUA + 95 % AOBEPUTENbHBIV MHTEPBaN NMoKasaTenei CTPYKTYPHOro aHanvsa
31EMEHTOB NPOAYKTUBHOCTY copTa [lybneT, BbipalleHHOro Nnoj CBETOM C pa3HbiM CeKTPasibHbIM COCTAaBOM

Moka3zaTenb Cnektp cBeta (K/[K)
3.75 0.8 0.3
MwHepanbHas BaTa
BbicoTa pacTeHuit, cm 579+ 18a' 60.5+2.2a 59.1+ 1.6a
BeretatmsHasa macca CONOMUHbI, T 0.34 +0.08a 0.37 £0.04a 0.36 £ 0.02a
[nvHa Konoca, cm 5.5+0.3ab 5.7+0.4b 5.2+0.1a
BeretaTtuBHaa macca Konoca, r 1.24£0.15ab 1.40+0.18b 1.15+0.13a
Macca 1000 3epeH, r 32.6+2.0a 36.3 +£4.9a 41.9+2.0b
Yucno 3epeH/konoc, Wr. 30.1+4.1ab 32.1+43b 24.7 +2.3a
Ymcno Konockos/Konoc, Wr. 142+ 1.2a 13.7+0.7a 12.2+0.3b
Yumcno 3epeH/KoNnocok, Wr. 2.1+£0.2a 23+0.2a 20+0.2a
lNouBeHHaA cmecb
BbicoTa pacteHun, cm 60.8 £ 3.0a 60.5 £+ 1.6a 58.4 +2.2a
BeretatmsHasa macca CONOMUHbI, T 0.41 +£0.03a 0.46 = 0.03a 0.44 +0.03a
[nvHa Konoca, cm 6.1+0.3a 6.1+0.3a 5.6 +0.2b
BeretaTtuBHaa macca konoca, r 144 +£0.11ab 1.52+0.08b 1.34£0.08a
Macca 1000 3epeH, 1 35.7+2.9a 40.4+1.7b 414+23b
Yuncno 3epeH/Konoc, Wr. 33.1+2.6a 30.6+2.1a 26.1+2.6b
Yncno KonockoB/KoNog, LWT. 158+ 1.1a 14.8 £ 0.7ab 13.9£0.5b
Yncno 3epeH/Konocok, LUT. 2.1+0.1a 2.1+0.7a 1.9+0.1b

MEHbIIIE 3€PEeH B KOJOCKE, HO TOJBKO IPH BBIPAIIMBAHUH
pacTeHuil Ha MoYBeHHOH cmecu. HecMoTps Ha 310, OTMEue-
HO cTatucTHdeckn 3HaunMoe (p < 0.05) yBenuueHne Macchbl
1000 3epen y pacreHuid, KynsruBrpoBanHbIx npu K/JIK 0.3
Ha o0oWX BapmaHTax cyocTpara. B GombImIMHCTBE CiydaeB
He 00Hapy»KEHO CTATHCTHYECKH 3HAYMMOM pa3HUIBI MEKITY
Bapuantamu K/JIK 3.75 u K/IK 0.8 mo mokasareism 1po-
IYKTHBHOCTH.

BnusHue panbHero KpacHoro ceeta

Ha XM3HeCnoco6HOCTb 1 NpopacTaHne CeMsAH

OTMEUEHO CTaTHCTHYECKH 3HAYMMOE YMEHBIICHUE SHEPTUHN
[IPOpaCTaHUsI U BCXOXKECTH CEMsIH, CHOPMHUPOBABIIUXCS TIPH
YBENWYEHHOHN J0NM JambHEro kpacHoro ceta (p < 0.05).
VY in vitro N30MMPOBAHHBIX 3aPO/IBIIICH, TOTYYEHHBIX OT pac-

200

TEHUH, BETEeTUPYIOIINX O/ TPEMs BapUaHTAMHU CIEKTpPajb-
HOTO COCTaBa CBETA, OTCYTCTBOBAJIN CTATHCTHUECKH 3HAYHU-
MBIE Pa3IIN4Hs [0 PEreHepaoHHOH criocodHocTH (p > 0.05)
(Tabim. 3). Yke Ha TPEThU CYTKH C HaYaJia KyJIbTUBAPOBAHHUS,
BHE 3aBHCHUMOCTH OT YCIIOBHH OCBEIIEHHOCTH JOHOPHBIX
pacTeHunil y 3apoAbIIIe MOSBISIINCH KOJICONTHIIb U KOPHH, a
gyepes3 JIecATh CYTOK C Hadasla KyJbTUBUPOBAHUS 3apOJBIIIN
MMEJH OJIH TTOJHOIIEHHBIH JIUCT U XOPOIIO Pa3BUTYIO KOp-
HEBYIO CHCTEMY.

BbipalyiBaHie KOHTPOJIbHbIX pacTeHn

Pacrenus Bo BceX KOHTPOJIBHBIX YCIOBHSIX OTIIMYAIUCH MTPO-
JOJDKUTCIIBHBIM IIEPUOIOM «BCXOAbI—LIBETCHUECY. MaccoBoe
[[BETCHNE TPHUTHKajie copTa JyOmeT, mo MHOTOJIETHUM JaH-
HBIM BbIpaluBaHus B yciaoBusix KpacHonapckoro kpas, Ha-
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YBenvueHne JoNM AanbHEro KPacHOro CBeTa COKpallaeT
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Ta6nuua 3. 3HepI'VIﬂ npopacTaHnA, BCXOXKeCTb CEMAH N YaCTOTa pereHepaunn N3oJIMpoBaHHbIX 3apoqb|Lue|7|,
NoyYeHHbIX OT paCTEHVIVI, KyNnbTUBUPOBAHHbIX MO CBETOM C Pa3sHbIM CreKTpaJibHbIM COCTaBOM

CybcTtpat CnekTp cBeta (K/AK)

MwHepanbHan BaTa 3.75 97.1 +4.,0a’
0.8 85.5+8.5a
0.3 44.1 £21.9b

MouBeHHana cmecb 3.75 93.3 +4.5a
0.8 51.3+15.8b
0.3 68.5+17.3b

crymnaino Ha 60—64-e cyTky IIpu TTOCEBE B Ha4alle MapTa U Ha
50-52-e cyTKH NpH TIOCEBE B Hadaye ampensd. B ycroBmsx
KIIMMaTHYECKON KaMmepsl ¢ ¢oTtonepuonom 18 4 nenn/6 4
HOYb TPUTHKaNE gocTuraia ¢assl nBereHus Ha 62.5 £ 2.0 u
59.242.6 cyTKH mocIe moceBa Ha MUHEPAIBHOM BaTe U TMO-
YBEHHOH CMECH COOTBETCTBEHHO.

O6cyxpaeHue

B Hacrositiee Bpemst cUIOPUIMHT aKTUBHO NPHMEHSIOT B
Pa3IMYHbIX HAIPABJICHUAX T'CHCTUKHU, CCIICKIIUN U 6I/IOTeXHO-
noruu (Ghosh et al., 2018). IIpoBogsTcs MogudHUKaIns U3-
BECTHBIX ITPOTOKOJIOB, YIIPOIIEHHE UX OPraHU3alliH, IEPEBOJ
Ha BBICOKOIIPOITYCKHYIO CIIOCOOHOCTB, BOBJICUEHHE METO/IOB
MOJIEKYISIPHON T€HETHKH U CBSI3BIBAHHE C CEJIEKIIHOHHBIM
npoueccom (Kigoni et al., 2023; Marenkova et al., 2024).
[TpoTokosbl CIMAOPUIMHTA YCIIEIITHO OIIPOOOBAHBI Ha 371aKaX
(Watson et al., 2018; Cha et al., 2021). Ognako, HECMOTpPS
Ha OOJBIIYI0 PadOTy B ATOM HAIlPaBICHHUH, B OOJIBIIMHCTBE
OITyOJIMKOBAHHBIX PA0OT IO CIIUIOPUIMHTY 3JIaKOB HE YACICHO
JIOJDKHOTO BHUMAHUSI OTHOMY M3 CHJIbHEHIINX WHIYKTOPOB
COKpaIICHUs Mepro/ia OT TI0CEBA JI0 [BETEHUS — JAIbHEMY
KPacHOMY CBETY, XOTsI B YCJIOBHSIX CIUIOPUIMHTA [TOKa3aHa
3G PEKTUBHOCTD €r0 MPUMEHEHUs Il TaKUX KYyJIbTyp, Kak
paric (Song et al., 2022), amapanrt (Jdhne et al., 2020) u mepery
(Choi et al., 2023).

CoxpaleHue nepuosia BereTanud — OJHO U3 OCHOBHBIX
MPOSIBIICHNH CHHApPOMa M30€raHus TEHU, HHUIIMHPYEMOE
JIaJIbHUM KPAaCHBIM CBETOM B (DOTOIIEPUOANYUECKON PETyIIsIINI
1BeTeHnsA. CBET C MOBBIIIEHHON 0N JalbHEero KpacHOTO
CBETa yJIaBIMBACTCS JIUCThSIMU M aKTUBUPYET (POTOPELETITO-
Pl GUTOXPOMBI, TIIaBHBIM 00pazom PhyA u PhyB. dutoxpo-
MBI 3aITyCKaIOT YKCIIPECCHIO I'eHa LEHTPAIBHOIO PETYINSATO-
pa userenust CONSTANT (CO), KOTOpBIii, B CBOIO OYEpPE/b,
unnyuupyetr FLOWERING LOCUS T (FT) — ¢unopurex B
COCYIMCTBIX Iyukax JucTtheB. benok FT nepememaercs ot
JMCThEB K 1MOOETOBOM annKaJbHON MEpHCTeMe M BMECTe C
6enxom FD (mpoxyxrom rena FLOWERING LOCUS D (FD))
3amyckaet paboty renos, B yactHoctd SUPPRESSOR OF
OVEREXPRESSION OF COI (SOCI)n APETALAI (API),
OIIpeeIISIIONIMX pa3BuTHE (riopasibHbIX MepucteM (Demotes-
Mainard et al., 2016; Sheerin, Hiltbrunner, 2017; Jlebenena
u 1p., 2020).

Jist otieHku BiusiHUS 3 (ekra TagbHEero KpacHOro CBeTa
B YCIIOBUSIX CTIMAOPUANHTA HAMU IPOBEIEH SKCIIEPHMEHT T10
BBIPAIIMBAHMIO IPOBOM TPUTHKAJIE Ha JIBYX BUAAX cyOcTpara

DHeprua npopacTtaHus, %

BcxoxecTb, % PereHepaLna n3onmpoBaHHbIX

3apogbiwen, %

96.5 +4.0a 97.5+3.7a
96.8 + 2.5a 100 = 0a
77.7+12.7b 100 + 0a
989+ 1.6a 100 + 0a
81.4+11.5b 100 = 0a
89.0 + 10.8ab 100 +0a

W [IPY TPEX BapUaHTaX OCBELICHUS, PA3JINYAIOIINXCS MEKTY
€0001i COOTHOIIEHHEM KPACHOTO C JaTbHIM KPAaCHBIM CBETOM.

[TpoBeneHHBIN HAMH 3KCHEPUMEHT MTPOJICMOHCTPUPOBAI
3HAUUTENILHOE BIMSHHUE YBEINYEHHOH /10N AajbHEro Kpac-
Horo csera (K < IK, K/JIK 0.3) Ha Hactyruienue ¢assl 1iBe-
TEHHs y TpUTHKaje. PacTeHus, HaXOASIIHECs O/l CBETOM CO
CIIEKTpaJIbHBIM coCcTaBoM, B koropoM K/JIK 0.3, 3aiieranu Ha
33.94+1.2u34.7+0.9 cyTKu c MOMEHTA ITOCEBA ITPH HCIIOTb-
30BaHUH TTOYBEHHON CMeCH U KyOMKOB MUHEPalIbHOM BaTHI,
YTO COOTBETCTBEHHO Ha 4.1 u 2.6 cyTOK ObICcTpee, ueM MpH
WCTIONB30BaHMH criekTpa cBeta, rae K/JIK 3.75. Craructuye-
CKH 3HAYMMOTO PA3TIHIH 110 TPOJOJDKUTEIEHOCTH BETeTalluy
TpuTukaie noj ceeroM co crnexkrpamu K > JIK u K = JIK ne
oOHapyskeHo. [lomydeHHbIe pe3yabTaTsl TOBOPSAT O TOM, YTO
JUISL COKPAILICHHMS TIEPHOAA OT TIOCEBA J10 IBETEHHS TPUTHKAIIC
B)XHO HE TOJILKO HAJIMYME JaJbHEr0 KPacHOIO CBETa, HO U
€ro COOTHOIIIEHUE C KPACHBIM, @ IMEHHO HCIIOIb30BaHUE CO-
craBa, Onuskoro k coornomenuto K/JIK 0.3 (puc. 2). Hamm
pe3yabTarhl COINIACYIOTCS C BHIBOJIAMH, OIIMCAHHBIMU B JIPY-
THX HCCIIEIOBAaHUSX, AEMOHCTPUPYIOLINX CX0XKNH 3(h(EeKT Ha
smakax (Deitzer et al., 1979; Davis, Simmons, 1994; Toyota
etal., 2014).

Hecmotpst Ha pa3HHIly CPOKOB Hadaja [[BETEHHS, COCTAB-
nsitomyto 2.6 u 4.1 cyTok, TanbHUI KPACHBIA MOXKHO CUUTATh
XOPOIINM JIOTIOJTHEHHEM K CO3/IaHHIO YCIIOBUI, HalpaBJeH-
HBIX Ha COKpAIIEHHE BETEeTAIlNM PAaCTECHMI: TaK KaK €ClIU B
OJTHOM TTOKOJICHHH BO3MOXXHO COKPATHTbH MEPUOM «IIOCEB—
BeTeHue» Ha 3—4 CyToK, TO cyMMapHbIid d(dekT mpu BbI-
palMBaHUM TTOCIEIOBATENBHO IIECTH TOKOJIEHUH (cpenHee
KOJIMYECTBO, CIIOCOOCTBYIOIIIEE MTOTYICHHIO YHCTOMH JIMHHN)
MOET J1ocTUrath 20 cyToK.

B nacTosimiee BpeMst COUAOPHUINHTY SIPOBOW M O3UMOM
TPUTHKAJIE TOCBSIICHBI SIMHUYHBIE PA0OTHI, TEMOHCTPUPYIO-
IIM€ BBICOKYIO OT3BIBUMBOCTH ATOW KYJIBTYPBHI K (hakTopam,
BIMAIONINM Ha COKpaleHune BereranuonHoro mepruona (Cha
et al., 2021; Zheng et al., 2023). [TokazaHo, 4To JUIs SIPOBOI
TPUTHUKAJIE BPEMsI OT IOCEBA J0 KOJIOUIEHUsI COCTABISIET B
cpemaeM 33-42 mus B 3aBucuMocTH ot reHoTuma (Cha et al.,
2021), B TO BpeMsl KaK sipoBasi MArKast MILICHNIA B YCITOBHUAX
CcuIOpHUIMHTA 3alBETACT B 3aBUCHMMOCTH OT I'€HOTHIIA Ha
35.7-75 cytku ¢ momenTa mocesa (Ghosh et al., 2018; Watson
et al., 2018; Cha et al., 2020). Hama pabora noxrsepxaaet
3HAYUTENILHOE BIMSHUE METoJa CIUAOpPHIMHra Ha COKpa-
IMIEHNE BETeTAMOHHOTO MEPHo/ia y TPUTHKAIE: MOAN(HUIN-
POBaHHBIN MO CIEKTPAIBHOMY COCTaBY IPOTOKOJI MO3BOJIHII
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A higher far-red intensity promotes the transition to flowering
in triticale grown under speed breeding conditions

Puic. 2. PacTteHus Ha 30-e CyTKM C MOMeHTa NnoceBa (Bce pacTeHus NocesiHbl B OVH AeHb), KyNbTUBUPYEMbIe MNOJ TPems BapuaH-
TaMK OCBeLLeHs C pa3HbIM CNieKTpasibHbIM COCTAaBOM CBETa U HaxogsAwmecs B dase: a, 6 — Hauana Konowerus, K/OK 3.75 (a),
K/[K 0.8 (6); 8 - nonHoro konowexwus, K/0K 0.3.

MHUIMNPOBATh IBETeHUE yxke Ha 33.9 &+ 1.2 cyTku ¢ MOMEHTa
rocesa. AHaJIOTHYHBIH COPT TPUTHKAJIE B ITOJIEBBIX YCIOBHUSIX
KpacHozmapckoro kpast ¥ KJIaCCHYeCKUX JJAOOPaTOPHBIX yCIIO-
BUSIX BBIPAIIMBAHUs 3aLBeTal Ha 25—29 CyTOK MO3Ke, YEM B
YCIIOBUSIX CITUIAOPHIUHTA.

Pe3ynbraThl OLIEHKH CTPYKTYpBI ypoKasi TPUTHKAIE He
MOKA3aJIM 3HAYNTEIBHBIX N3MEHEHHH B BBICOTE M3yYaeMBIX
pacTeHuit NPy BBIPAILIMBAHKY 0] CBETOM CO CIIEKTPaIbHBIM
COCTaBOM C YBEJIMYEHHOH J0JIeH 1ajJbHEr0 KPacHOIO CBETA,
XOTSI B MHOTOUHCIICHHBIX paboTax coo0ImaeTcst 00 y/UIMHEHU!
cTe0J1s1 371aKOB IIPH HCTIOJIb30BaHUH JIAJIbHET0 KPACHOTO CBETa
(Kegge et al., 2015; Lei et al., 2022). Cunapom u3bderanus
3aTCHEHNSI, BBI3BIBAIOIINH AJIOHTAIUIO TI00ETOB, OTCYTCTBYET U
B JIPYTuX paboTax, Irjie JalbHUI KPacHbIH CBET ObLI JI0TOJIHE-
HHUeM K Oosee KOpoTKuM aimiHaM BosH (400—-680 am) (Huber
etal., 2024). T0 CBUACTEIBCTBYET O TOM, YTO UCIIOIB30BAHNE
YBEJIMYEHHON JTOJM JaJbHETO KPacHOTO CBETA B YCIIOBHSX
cnuaOpUAMHTA TPUTHKAJIE HE PUBOJUT K TAKOMY BBI3bIBa-
IoIIeMy HeynoOCTBO B pabote dakropy, kak GopmupoBaHue
BBICOKHX PACTCHHUI U UX MOJIEraHKe.

[omydeHHbIe HAMM JTaHHBIE MTPOJEMOHCTPHUPOBAIIN BECO-
MOE BIIMSIHUE JTAJIBHETO KPAcHOTO CBETa Ha MPOIYKTUBHOCTD
KoJI0ca TpuTHKae. Y pacTenuit copra J{yonet mpu ocserie-
HHUH CO CIIEKTpaJbHBIM cocTaBoM, rae K/JIK 0.3, dopmupo-
BaJICcsi 00JIee KOPOTKHUIT KOJIOC, C MEHBIINM YHCIIOM KOJIOCKOB,
YTO NPUBOJAWIIO K 3HAYMTEIILHOMY YMEHBILICHHIO BETeTaTHB-
HON MacChl KOJOCa, a TaKXKe KOIWYECTBY 3€pPHA B KOJIOCE.
Cxo0Xwue pe3ynbTaThl ObIIIM ONMCAHbI Uy MSATKOW MIICHHUIIH,
y KOTOPOH NP yBEITMUEHHOH J0JIe JaIbHETro KPacHOTo CBETa
YMEHBIIAETCsI KONNYECTBO (DEPTHIBHBIX I[BETKOB, a TAKKE
o3epuenHocTh Konoca (Ugarte et al., 2010; Dreccer et al.,
2022), 4T0, BEPOATHO, CBS3aHO C MHTUOUPYIOUIMM BO3/IEH-
CTBHMEM JalIbHETO KPACHOTO CBETA HA YCBOEHHE PaCTEHHEM
asora (Lei et al., 2024).

Bormpeku HerariBHOMY BIMSTHHIO IAJIBHET'O KPACHOTO CBETA
Ha JIEMEHTHI MPOAYKTHBHOCTH Koioca, macca 1000 3epen
y TPUTHKAJIE, BBIPOCIICH NP YBEJINYECHHOM J10JI€ TAIBHETO

9202

KPacHOT'O CBETA, 0KA3aJ1aCh HAMHOTO BBIIIIE. DTO MOXKET OBITH
cBsi3aHo ¢ 3(pdexkrom DMepcoHa, 3aKITFOIAIONUMCS B YBEIIH-
yeHnH 3()(HEeKTUBHOCTH (OTOCHHTE3a MPH HCIIOIB30BAHUH
JTAJIBHETO KPAacHOTO CBETA COBMECTHO ¢ Oosiee KOPOTKUMH
munHamu BouH (400—680 um) (Huber et al., 2024).

B xone Hamei paboThl Takke 0OHAPYKEHO CTATHCTHIECKA
3HAUMMOE HETaTHBHOE BIUSHHE NAJIBHEr0 KPAaCHOTO CBETa
Ha HEPrHI0 NPOpacTaHusi U BCXOXKECTh CeMsiH. BexoxkecTb
CEeMsIH, MOJyYEeHHBIX OT TPUTHKAJIE, BEIPOCIIEH MO CBETOM
co cnekrpom, rne K/IK 0.3, BapsupoBana or 77.7 + 12.7
1o 89.0 £ 10.8 % B 3aBUCHMOCTH OT cybcTpara Jyist BeIpa-
muBaHud. [Ipu 3TOM pereHepallMOHHBIE CBOMCTBA M30JIU-
POBaHHBIX i1 Vitro 3apojibIliell ObUIM OJMHAKOBO XOPOIIN Y
BCE€X CEMSAH BHE 3aBUCUMOCTU OT OCBCILCHUS, ITIPHU KOTOPOM
POCIH TOHOPHBIE pacTeHus. Tak KaK y 371akOB CHHAOPHUIMHT
COBMECTHM C OJHOCEMSIHHBIM MeToioM oToopa (Alahmad et
al., 2018; Watson et al., 2018), mpu KOTOPOM IS KaxJI0TO
CJICIYIOLIETO MOKOJIECHUS OTOMPAIOT 10 OXHOMY CEMEHH C
KOJIOCA JUISI COXPAHEHUsI TeHETHYECKOTO Pa3HOOOpa3us H
NPEIOTBPAIICHHS PACHIMPEHHs TUIOMIA/IeH, UCIIOIb30BaAHUE
0OJIBIIOrO KOJMYECTBa JalbHEro KpacHOTO CBETa HE CTaHeT
OTpaHMYMBAIOINM (PAaKTOPOM IPH BBHIPAIIUBAHUK PACTCHUI
TakuM MeTosioM. OJTHAKO CJIeyeT OTMETUTb, YTO, €CIIH IJIaB-
HOM I1eJTBI0 BEIPAIIUBAHNS PACTECHUH SBIIIOTCS Pa3MHOXKEHUE
1 TIOJYYEHHE CEMSTH C XOpOIIeH BCXOXKECThbI0, HEOOXOIMMO
YMEHBIIUTD OO0 JAJIBHETO KPACHOT'O CBETA 10 YPOBHS, ITPU
kotopom K/JIK > 1.

3aKnoueHune

Hamu mokasaHo, 4TO MCHOJIB30BaHUE YBEIMYEHHOW 0NN
nansHero kpacHoro csera (K/JIK 0.3) mo cpaBHeHuIo ¢ Ba-
puanToM ocsetennst K/JIK 3.75 B ycnoBusix ciunOpuanira
MPUBOANT K CTATHCTHYECKH 3HAYMMOMY COKpAIIEHHIO Bpe-
MEHH OT [TOCEBa JI0 IIBETeHUs Ha 2.6 U 4.1 CyTOK y pacTeHUi,
KyJIbTUBUPYEMbIX Ha MHUHEPAJILHOM BaTe M MOYBEHHOH CMe-
CH, COOTBETCTBEHHO. CTaTUCTUYIECKH 3HAYMMOTO Pa3IHIus
IO ITPOJIOJDKUTEIBHOCTH TIEPHO/ia OT TOCEeBa JI0 LBETCHUS
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mexay Bapuantamu K/JIK 3.75 n K/IK 0.8 He BbIsBIICHO.
MonnunrpoBaHHBII IO CIIEKTPATFHOMY COCTaBY CBETA MPO-
TOKOJI CIIMIOPUINHTA MO3BOJIMI MHUIMUPOBATH I[BETCHUE
yxke Ha 33.9+1.2 cyTku ¢ MOMEHTa nmoceBa. AHAJIOTUYHBIN
COPT TPHUTHKAJIE B IIOJIEBBIX YCIOBUIX KpacHomapckoro kpas
1 KJIACCHUYECKHX J1a0OPaTOPHBIX YCIOBHUSX BBIPAIMBAHUS C
dhoronepuomom 18/6 u neHb/HOYB 3arBeTa] HAa 2529 CyTOK
HO3KE, YeM B YCIOBUSIX MOIH(HIIMPOBAHHOTO CIIUIOPUIMHTA.
[Tpu ucrionbp30BaHNM YBEITMUESHHOH JI0IH JATBHETO KPACHOTO
CBCTa HC 06Hapy>KeHo CTaTUCTUYCCKU 3BHAYUMOTO YBECIIMUCHU A
BBICOTBI paCTEHHMIA, OTHAKO OOHAPY)KCHO HEraTUBHOE BIIMSHUE
JIAITbHEr0 KPacHOTO CBETa Ha MapaMeTphl KOJoca — JUINHY U
BEreTaTHBHYI0 MaccCy KOJIOCa, YHCIIO KOJOCKOB M 3€pEH Ha
KOJIOC, @ TAKXKE PHEPTHUIO MIPOPACTAHHS M BCXOXKECTh CEMSH.
C BBICOKO#1 JJ0JIeH yBEPEHHOCTH ITPEAIIONIATracM, 4TO yBeInde-
Hue J1o1u asibHero kpacHoro cera (K/JIK 0.3) moker ObITh
TIOJIE3HBIM JIOTIOJTHEHUEM IIPU BBIPAIINBAHUU B YCJIOBHSX
CcUAOpUAMHTA HE TOJIBKO TPUTHKAIE, HO U JIPYTHX 3JIaKOB.
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