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YBakaemble KOJIETH, YUTATETH U ABTOPbI!

B 2024 rony ncnonHmiiock 60 JeT co AHS BOCCTAaHOBIICHUS KadeIphl UTOIO-
THH U TEHETUKN TOMCKOr0o TOCyJapcTBEHHOTO YHUBEPCHTETA, KOTOPAsi CETOMHS
HMeHyeTcsl Kadeapol TeHEeTHKH M KIIETOUHOW OMoNoruu. bruonornueckas Hayka
UMEET [UIMHHYIO HCTOPHIO, HO HH OIHO HAay9YHOE HampasiieHHe B XX BeKe HE HC-
MIBITHIBAJIO TAK MHOI'O OTPSICEHUH, KaK MOJIoJasi HayKa — reHeTuka. Poccuiickas
MBICITb TIPABHECTIA 3HAYNTENBHBIN BKJIAl B Pa3BUTHE HAYK O HACIEICTBCHHOCTH,
0 KJIETKE, 0COOCHHO 3HAYMMEBIH B IIEPBOU ITOJIOBHHE MTPOILIOr0 BEKa: TOCTATOUHO
BCIIOMHUTH TaKUX YUYCHBIX ¢ MUPOBEIM mMeHeM, kak H.U. Basunos, H.K. Konb-
oB, A.C. Cepebposckuii, C.C. UerBepukoB u MHorue npyrue. B 1931 rony B
MEPBOM CHOMPCKOM YHHBEPCHUTETE OTKPHIBACTCS MEpBasi 32 Y PaJoM 1, B TCUCHHE
psima JeT, eqMHCTBeHHAs Kadeapa CeNeKINH, HUTOIOTHH U TeHETUKH PacTeHU
mon pykoBonucTBoM Biamummupa Ilerpornya Uexoma (1898—1937). OcHoBHBIE
HampaBJieHHs paOOTHI KadeIpbl B TO BpeMs OBLIM CBA3aHBI C H3YYEHHUEM KapHO-
JIOTWW, WHTPOAYKIINH M CEJCKIHNU LBETKOBBIX, U, TMPEXKAE BCETO, IMEHHBIX IS
CEITLCKOT'0 XO03SIMCTBA PaCTEHUI. DT PabOTHI UMENIH OOJIBIIIOE 3HAYCHUE JUIS CO-
BETCKOI M MHPOBOH HayKH, arpapHOrO MPOW3BOJACTBA CTPAaHBI, OJHAKO BCKOPE
riociie mevanbHo 3HamenuTon ceccuu BACXHUII B aBrycre 1948 rona Hay4dHbIC
WCCIICZIOBaHUS M O0y4YeHHE CTYACHTOB Ha Kadeape OBLIM MPHOCTAHOBJICHBI, a
cama Kadenpa 3aKpbITa.

Boccranosiienue kadenpsr mponsoruio o6iaromaps ycrmmsM Hamex el Hiko-
naeBHBI Kapramroroit (1907—1998), yaenunpt B.I1. Uexoa, kotopas, Oyaydu 1o-
eHTOM Kadeapsl OOTaHHMKH, IPOMOIDKalla 00yJYaTh CTYICHTOB 3aKOHAM TeHe-
THUKH, HECMOTPS Ha PE3KyI0 KPUTUKY Hayku Ha ¢axynbrere. C 1 ceHTIOps
1964 rona kadenpa IpoaorKUIa CBOIO paOdOTy M HE OCTAHOBHIIA €€ HU Ha OJMH
neHb. OCHOBHBIME HAINPABICHUSMH JESTEILHOCTH SIBIITIOTCS IINTOT€HETHKA Pac-
TEHW U XKUBOTHBIX, MUKPOOHOIIOTHS, a B TIOCTIEIHEE BPeMs — TEHOMUKA, HHKe-
HepHas OHOJIOTHS U OMOTEXHOJIOTHSI.

Brimmyck Ne 69 sxypuana «Bectauk ToMcKoro rocy1apcTBEHHOTO YHHBEPCH-
Teta. buonorus» nocBsimen 60-yeTuio kKadeapsl FTEeHETUKHA M KJIETOYHON OHOIIo-
rur TOMCKOTO TocyIapcTBEHHOTro yHUBepcuteTa. [IpencraBieHHbIE MaTeprabI
OCBEIIAIOT IIMPOKUI KPYT BOIPOCOB B OOIACTH MEIUIIMHCKON T€HETHKH, TeHe-
THUKU PACTCHHI, HACEKOMBIX, YEJIOBEKA, a TAKKE KIICTOUHON OMOJIOTUN M MUKPO-
onomnoruy.

I'.H. Apmemos,
U. 0. 3aBeNyIolIero kadeapoit reHeTHKN U KJIETOYHOW OMOJIOTHH,
JIOLIEHT, KaHH. OMOII. HayK
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AnHorauust. Anopheles plumbeus — enuHcTBeHHbIN B EBpoOre By, CiocoOHbBIH Tie-
penaBath Bo30yauTens HanOoJIee CMEPTOHOCHOH Tporuyeckod mansapuu. 1o Henas-
HEro BPEMEHHU OH CUMTAJICS BUIOM, PEIKO HAIIaJAIOLIMM Ha YelIoBEKa, IIPUYPOUCHHBIM
K IIMPOKOJIMCTBEHHBIM JIECaM M HE 00pa3yrOLIUM MONYJISLUNA ¢ BBICOKOH IIOTHOCTBIO.
Llenbto HacTosei paboOTHl ObLIO M3YdEHHE M3MEHEHHMS SKOJIOTMYECKHX NPEaroyuTe-
HUH ¥ reorpadM4ecKoro pacipocTpaHeH s QyIUIIHOrO MaJIIpUHHOrO KoMapa Ha Tep-
puropuu Poccun u Benopyccuu. Coopst komapos nposoamiu ¢ 2017 mo 2024 r. B npu-
POIHBIX M aHTPOIIOI€HHBIX MECTOOOUTAHUX. BUIIOBYIO HACHTU(UKALIMIO IPOBOIMIN
MOPGOJIOTHYECKMM M MOJICKY/IAPHO-TE€HETHYECKUM MeToiamu. PaspaboraHsl npaid-
Mepbl Ha ¢parmenTsl mocienoBarensHoctd 752 pudocomuoir THK u BOLD-¢par-
MEHTBl MHUTOXOH/IpUAJIbHOTO TeHa cox1 s uneHrubukauuu An. plumbeus. bsuio no-
Ka3aHO, YTO B HACTOSIUMH MOMEHT An. plumbeus pacliupui CBOI IKOJIOTHYECKYIO
Huily. Kpome THITMYHBIX MECT BBIIUIONA BHZQ, JyIEJ, MHEeH U PasBUIIOK JAEPEBBLEB,
CaMKHM KOMapoOB CTaJIM OTKJIAJBIBAaTh fillia B EMKOCTH aHTPOIIOI€HHOI'O MPOMCXOXKIe-
HUS: aBTOMOOWJIbHBIE MOKPBIIIKH, Ba30HbI U T.II. JTO MO3BOJIMIIO BUIY PaclpocTpa-
HUTBCS 3a MPEAEbl HATUBHOTO apeajia, OrPAaHUYSHHOI0 PaHee IIHPOKOIMCTBEHHBIMU
JIeCaMH, ¥ CHJIbHO MOBBICUTh YHCIEHHOCTD. An. plumbeus Obu1 Haiinen Ha YepHOMOp-
ckoM nobepexbe KaBkasza Ha ypOaHH3UPOBAHHBIX TEPPUTOPHSIX, OT FPaHUIBl AOXa3un
¢ I'pysueii no r. [Ixy6ra, a Takxe B mapke r. Morunesa Pecniyonuku benapyces. Boiio
YCTaHOBJICHO, YTO CaMKH An. plumbeus cTany HanaaaTh Ha denoBeka. JlaHHbie 00 3K0-
JIOTMYECKHX MPEIIIOYTEHUSIX U CTAaTyCe BU/IA KaK MOTEHIHAIBHOIO IIEPEHOCYHKA M-
puu TpeOYIOT NepecMoTpa M BHUMAHHUS IIPOTUBOINUIEMHOJIOTMYECKUX CITYXKO.

© Bbera AT, Jlorunos JI.H., I'opnees M.U., I'opsiuesa N.1., Bopomun JI.C., JIu E.1O., Mockaes A.B., 2025
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Summary. The malaria mosquito, Anopheles plumbeus Stephens, 1828, is the only spe-
cies in Europa, capable of transmitting the pathogen of the most deadly tropical malaria.
Until recently, it was considered a species that rarely attacks humans, is confined to broad-
leaved forests and does not form high-density populations. The aim of the present work was
to study changes in the ecological preferences and geographical distribution of An. plumbeus
in Russia and Belarus. Our team studied breeding sites and collected An. plumbeus in natural
and anthropogenic habitats between 2017 and 2024. Species affiliation was determined by
morphological parameters, using standard keys. A part of randomly selected individuals
from each sample was subjected to molecular genetic analysis. We obtained fragments of
1TS2 ribosomal DNA sequence and BOLD-fragments of mitochondrial gene cox1. We de-
veloped primers for molecular genetic identification of An. plumbeus using the Primer3 pro-
gramme (https:/primer3.ut.ee/). ITS2 sequence fragments of An. plumbeus ribosomal DNA
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were obtained from primers of 5,8S (5“TGTGAACTGCAGGACACAT-3") and 28S (5-
ATGCTTAAATTTAGGGGGTA-3"). BOLD fragments of the mitochondrial cox1 gene of
An. plumbeus were obtained using our designed primers An.pl F (5“TTTCAACAAA
TCATAAGGATATTGG-3") and Anpl R (5-TATACTTCTGGGTGTCCAAAA
AATCA-3"). Until 2019, we found 4n. plumbeus larvae only in natural brood sites such
as fallen large leaves, old stumps, forks and tree hollows. Starting from 2019, we started
to find An. plumbeus larvae in urbanized areas. The number of detected brood sites in
anthropogenic habitats increased from year to year: in 2019, 1; 2020, 6; 2021, 14. - 6;
2021 - 14; 2024 - 50. Some populations of An. plumbeus have retained their predilection
for laying eggs in tree hollows in urban parks and alleys. Other populations in urbanised
areas began to lay eggs only in containers of anthropogenic origin. In 2024, as a result
of an expedition, we confirmed the presence of An. plumbeus in the Republic of Bela-
rus. An. plumbeus larvae were found in a car tyre in the city park in Mogilev on the
border of broad-leaved forest. Together with changes in preferences for choosing egg-
laying sites, we observe changes in behavioural preferences for selecting a feeder. In
2020 and 2021, we captured 2 and 4 adults of An. plumbeus on our own during
30 minutes of counting, respectively. All captured adults swarmed without attack. In a
similar survey in 2024, we captured 8 adults, including 5 attacking females and 3 males.
We believe that the observed transition to synanthropic existence of An. plumbeus mos-
quitoes may be a prerequisite for the formation of potentially invasive populations in
the future. By transitioning to synanthropic existence, the population gets rid of a num-
ber of biotopic constraints that determine its range. Previously, the range of
An. plumbeus was highly fragmented due to its attachment to humid broadleaved for-
ests. The limited number of larval habitats, low humidity and seasonal irregularity of
precipitation may have acted as factors limiting the population size of this species. The
large number of potential breeding sites for An. plumbeus clutches, high humidity in
many areas where irrigation systems are developed, and the presence of a large number
of people as potential feeders are present in urbanised environments. Synanthropisation
has allowed the species to expand its ecological niche, spread beyond its native range,
which was previously restricted to broadleaved forests, and greatly increase its num-
bers. The observed transformation of the ecological niche of An. plumbeus is similar to
the changes that occurred in a number of mosquito species of the genus Aedes of the
subgenus Stegomyia. We believe that synanthropization involves a sustained change in
biotopic preferences that presumably has a genetic basis. The data obtained on the eco-
logical preferences of An. plumbeus require reconsideration of the status of the species
as a potential vector of tropical malaria and attention of anti-epidemiological services
to this species.

The article contains 13 References.

Keywords: synanthropization, ecological niches, Anopheles plumbeus, ITS2, cox1,
range, malaria vectors
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BBeneunne

W3 Bcex BUAOB MaNsipUHBIX KoMapoB pona Anopheles (Diptera, Culicidae),
BCTPEUANOININUXCS HA TEPPUTOPHUU EBpOMBI, MyIUISTHON MaspUUHBIN KOMap
An. plumbeus Stephens, 1828 — eTMHCTBEHHBIN BH/I, CIOCOOHBIHN ITepeaaBaTh BO3-
OynuTels HanboJiee CMEPTOHOCHOW Tporuueckor Masspun Plasmodium falcipa-
rum William H. Welch, 1897 [1, 2]. CorinacHO HMEIOLUIUMCS IaHHBIM,
An. plumbeus cniocoOeH TaKkke SKCTEHCHBHO TepenaBaTh Pl falciparum, xax
onvH 13 Hanboee 3¢ (HEKTUBHBIX aPUKAHCKHX MTEPEHOCYMKOB TPOITHIESCKON Ma-
nspun An. gambiae, Giles, 1902 [3].

An. plumbeus 10 HeTaBHETO BPEMEHH CUUTAJICS JIECHBIM BHIOM, BBITLIAKHBA-
FOIIAMCS B TyTUIaX ITAPOKOIMCTBEHHHBIX IEPEBHEB M MUTAIOIIIMCS Ha ITHPOKOM
KpyTe OUKHIX XHUBOTHBIX. B CBSI3U C IPHYPOUECHHOCTBIO K CIIEU(HICCKAM OHO-
ToOIaM apeas Buaa ObUI (hparMeHTapeH, a IMOIYIISIIHA HIMETH HU3KYIO TUIOTHOCTD,
B CHUTY Y€r0 3TOT BHJ UMEIl CTaTyC BTOPOCTEIICHHOTO IEPECHOCYNKA MAJISPHH.

An. plumbeus oburtaeT Ha 1ore eBporneickoit uacti Poccnn. B Teuenne XX B.
JAHHBIN BHJT OOHAPYXKHBAJIM Ha TeppuTOpHH KpacHomapckoro kpas, PocToBckoii
obactu, CtaBponoiabCKoro kpas, Pecyonmukn Anpiresi, PecrryOonmuku Jlarectan
n Peciyonmuku Kpeim [4]. Kpome Toro, mo 1967 r. emuHWYHBIE HAXOIKH
An. plumbeus coepmranucek B Huxaem IToBomkbe — Ha TeppuTopun Bonrorpa-
CKOI 1 AcTpaxaHcKoii oonacteii [5]. B Pecniyoinke benapych An. plumbeus -
TEJIFHOE BPEMSI CUMTAJICS HCUE3HYBIIUM BHIOM. [locimenHne ero HaXomKu naTu-
poBanuchk 70-mu u 80-mu rogamu [6, 7]. B 2022 1. O6b110 OOHAPYXKEHO 2 0COOH
MMaro 3Toro Bujaa B mapke r. Morunéga [8].

Lenpro HacTosIIEH PabOTHI OBLIO H3YUCHHE H3MEHEHHS DKOJIOTHUECKHUX TPe-
MOYTEHUH U Teorpadpuueckoro pacupocTpaHeHUs TYTUITHOTO MaJISIPHIHOTO KO-
Mapa Anopheles plumbeus Stephens, 1828 Ha Tepputopun Poccun u benopyccunu.

MarepuaJibl 1 METOABI

B nepuoz ¢ 2017 mo 2024 r. npoBOIUINCHE MOHUTOPHHTOBBIE WCCIEIOBAHUS
reorpapuyeckoro paciupoCTPaHCHUS U MECT BBITUIONA An. plumbeus B mpupo-
HBIX M aHTPOIOTCHHBIX MECTOOOMTAHUSX. BHIOBYIO IPHHAIEKHOCTD ONpe/e-
JISUTH 110 MOPQOJIOTHYECKUM TPpH3HAKAM, 10 CTaHIApTHBIM KitodaM [9]. Yacts
ocobeid, 0TOOpaHHBIX CITyYaiHO, U3 KaXKI0H BEIOOPKH MOIBEPrad MOJICKYJIIPHO-
TFeHETUYECKOMY aHaIHM3y. MBI IOJy4alii ()parMeHThI IociieioBaTebHOCTH /152
pubocomuorr JJHK u BOLD-¢pparMeHTEl MUTOXOHIpHANBHOTO TeHa cox1. Jlus
BbIAeNeHHs ToTanbHON JIHK kaxmmyro 0co0b N3BIEKAIN U3 CITAPTA, TPOCYIIABAITH
¥ TOMOTEHU3UPOBAIH B JIM3UPYIOIIEM pacTBope ¢ mpotenHaszoi K. ToramsHyro
JHK Beiaensua ¢penon-xiopodhopMubiM MeronoM. Kornentpanuio JJTHK B nipe-
nmaparax BbIpaBHHBaNM J0 30 Hr/mii. ITIP mpoBomuian B KOHEYHOM 0OBEME
20 MKJI ¢ UCITOJIb30BaHNEM HaObopoB it amimtudukammu «EncycloPlus PCR kity
(EBporen, Poccusi) B COOTBETCTBHH C HMHCTPYKIHEH (DUPMBI-IIPOU3BOAUTEIS.
Hamu Oplmm pa3paboTaHbl TIpaliMephl C MCIIOJIB30BAHUEM IporpamMmbl Primer3
(https://primer3.ut.ee/). dparmeHTH TOCIEAOBAaTENbHOCTH [7S2 pUOOCOMHOM
JHK 6buti mommy4ens! ¢ mpaiimepos 5,8S (5'-TGTGAACTGCAGGACACAT-3")
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n 28S (5'-ATGCTTAAATTTAGGGGGTA-3"). Oxunaemas aiuHa GparMeHTa
436 n.H. BOLD-dparMeHTsl MUTOXOHIPHAIBHOTO T'eHa cox1 TMOoIydeHsbI ¢ TOMOo-
IBIO TIpaiiMepoB, pa3paboTaHHBIX HAMH Ha OCHOBE mociienoBarenpbHocTH GenBank:
MG560164: An.pl F (5-TTTCAACAAATCATAAGGATATTGG-3") u An.pl R
(5'-TATACTTCTGGGTGTCCAAAAAATCA-3"). Oxunmaemas mmHa (¢par-
MeHTa 658 m.H. dparMeHThl, OJIYYCHHBIC B PE3yJbTaTe aMILTH(UKAIINH, OYH-
mama B 1,5%-HoM arapo3HoMm rene. Jmonuns GparMeHTOB U3 Tels MPOBOANIACH
¢ UCIOJIb30BaHWeM Habopa s amonun Zymoclean™ Gel DNA Recovery Kit
(Zymo Research, CIIIA) B COOTBETCTBHH C WHCTPYKIHEH (DHPMBI-TIPOU3BOIH-
teis. [lomydeHHbIe pparMeHTs cekBeHMpoBay o CeHrepy.

Pe3yabTarhl ncciiefoBanns U 00CyKIeHUE

o0 2019 r. nuauHOK An. plumbeus HAXOIMIN UCKITFOYUTEILHO B IPHPOIHBIX
MecTaX BBIIIONA, TAKAX KaK ONABIIHE KPYITHBIE JIUCTHS, CTapbIe ITHU, PA3BIIIKH
u aymia aepeBbeB. B 2019 r. Mbl 00HApYKWIH JTHYMHOK An. plumbeus B envH-
CTBCHHOM aHTpPOIIOTEHHOM MHKpPOOHOTOIE — aBTOMOOMIIFHON ITOKPHIIIKE, B
okpecTHOCTAX T. Ammiepa. B 2020 1. An. plumbeus ObLT BCTpeueH HaMH B 6 aHTPO-
MTOTeHHBIX OMOTONAaX, Ha TEPPUTOPHH OT T'. Ajytepa a0 rmoc. 3y0oBa 1menb (Teppu-
Topus B 60 kM B0oJ> YepHOMOpCKOTO TI0Oepekbs). B BhIOOpKax 3amajHee 1moc.
3y0oBa 1menb THIHHKA An. plumbeus B EMKOCTSIX aHTPOIIOTEHHOTO MTPOUCXOXKIE-
HUA oTcyTcTBOBaIA. B 2021 T. HaMu ObUTO OOHApYXKEHO yke 14 MecT BBIILIONA.
BrisBieHo mpoaBrkeHHE Ha 3amaj Ao T. Tyarce (pacmupenue Ha 45 KM) U BO-
CTOK JI0 BOCTOYHO#M IpaHuIsl AOXa3um (pacmmpenue Ha 45 kM). Takum o6pazom,
MBI MOYKEM KOHCTaTHPOBATh TEHACHITHIO K CHHAHTPOIIM3AIINH 3TOr0 Buaa Ha Uep-
HOMOpCKOM mobepeskbe KaBkasza. Hamu ommcaHbI Kak MOIMYJISIIAHN, 3aHSABIINE yp-
OaHU3MPOBAHHBIC TEPPUTOPHH, HO COXPAHSIIONINE IIPHYPOUCHHOCTH K IPEBECHBIM
pacTeHnsIM (TOPOICKHE MapKH M aJUIeH ), TaK U MOIMYJISIHUN B CEIbCKOH MECTHO-
CTH, TTOJTHOCTBIO OTKAa3aBIIMECS OT KIaIKH SHIl B AyIUIa B TONB3Yy €MKOCTEH aH-
TPOIIOTEHHOTO TIPOUCXOXKACHHSL. MBI IIpeArnoiaraeM, 9YTo HaOoaaeM B JaHHBIH
MOMEHT aKTUBHOE pacCIINpeHHe SKOJIOTHIECKOH HUIH An. plumbeus c CHHAaHTPO-
MH3alUel U OCBOCHHEM YpOaHW3MPOBAHHBIX TEPPUTOpU. B ycloBUSAX cHHaH-
TPOIH3AaLNHU PACTYT YHCICHHOCTh M YacTOTa BCTPEYaEMOCTH KOMAapOB JaHHOTO
BHJIa B peruoHe. Tak, B 2024 r. Hamu ObLT0 0OHapykeHo Oosee SO aHTPOIOreH-
HBIX MHKPOOHOTOIOB An. plumbeus Ha TeppuTopuu oT T. Amiepa 1o T. Jxy6ra
(pacmmpenue Ha 40 kM).

B 2024 . B pe3ynabpTare 3KCIECIUIIMH HAMH OBIJIO IMOATBEPXKICHO HAINYHE
An. plumbeus B Pecniyonmuke benapychk. Briepsbie Obl1 00HApy»XeH JIMIHMHOYHBIHA
ouoTtomn B mapke T. Mormiésa, B 100 M oT ropojckoro misbka. JINUnHKY pa3BUBa-
JIUCh B aBTOMOOMJILHOM TOKPBIIIKE, 3aIlOTHEHHON JOKIACBOM BomoH. JaHHBIH
MHUKPOOHOTOI HaXOAWIICS Ha TpaHUIIE IIHPOKOIMCTBEHHOTO JIeca U ypOaHU3UPO-
BAaHHOW TEPPUTOPHH.

B pesynmpTaTe ceKBeHHpOBAaHUS MBI YCTAaHOBWIIM, YTO BHIOpaHHBIC HaMH JIO-
KyCHl Y An. plumbeus BHICOKO KOHCEPBATHBHBL. Y BCEX IPOAHAIN3UPOBAHHBIX
Hamu ocobei Obu1 omuH TarutoTn [TS2 (GenBank ID PQ776784-PQ776790).
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it BOLD-¢dparmenTa COI 66110 BBISIBIICHO JBa TAIIOTUIIA C OTIIMYUEM B OJTUH
Hykieotu. 3amena mondamas (GenBank ID PQ740506-PQ740512).

WHTEpecHO OTMETHTS, YTO IpH 0TIIOBE HMaro Ha cede B 2020 u 2021 rr. Hamu
OBLTO OTIIOBJICHO 2 W 4 0cobu mmaro An. plumbeus cooTBeTcTBeHHO 32 30 MUH
yuéra. Bce OTNIOBICHHBIE MMaro porminch 0Oe3 HamaneHws. lpu aHamormyaoM
yuére B 2024 1. HaMH ObLIO OTJIIOBIICHO 8 HMAaro, Cpear KOTOPBIX 5 HaIa aBIIHX
caMoK 1 3 camiia. Bo3MoXHO, BMecTe ¢ M3MEHEHHEM IPEANTOYTCHHI K BEIOOpY
MECT TSI OTKJIaIKH SIMII MBI HAOMOJaeM H3MEHEHNS IPEAIIOYTSHUN TP BEIOOpE
npokopmuTens. [loxoxas TeHaeHnns Haomoaaercs B EBpore: An. plumbeus ot-
KJIaJpIBAET SAHIIa B IyIJIa IEPEBhEB B TOPOJICKUX MapKax u cajgax. B benbruum Ob11
BBISIBJICH B3PBIBHOH POCT YHCICHHOCTH An. plumbeus, KOTOPBIA MOXHO OOBsIC-
HUTH CMEHOH TaHHBIM BAJIOM IIPEIIIOYTHTEIHHOTO MECTa [T PA3MHOMKCHUS C Iy-
el IepeBbEB Ha BBHITPEOHBIC SIMBI M €MKOCTH UISi KOMITOCTHPOBAHHUS OTXOIOB
ceNbcKoro xo3sicTa [2]. OcBoeHHe ypOaHU3UPOBAHHBIX MECTOOOUTAHHH COB-
majo ¢ OOImUM paclIMpeHHeM apeana JaHHoro Buaa B Espome. B 2017 r.
An. plumbeus Briepssie 0611 00HapyxeH B ['amucuu (Mcnanus), 8 2021 r. — B Ca-
nonukax ([penwms) [10, 11]. Pacmmpenne apeana An. plumbeus v yBenmudeHUe
MPUBJICKATEIFHOCTH YPOAHU3UPOBAHHBIX TEPPUTOPHI IS TOTO BU/IA OTMEUCHBI
B 'epmanunu B mepuoxn ¢ 2010 mo 2014 1. [12]. Takke ObUTO TOKa3aHO, YTO CAMKH
B HEKOTOPBIX €BPOIMEHCKHUX ITOMYIISAIIAX CTAN MPEAOYNTATh HAallafaTh Ha de-
joBeka [1].

M&I cunTaeM, UTO TaKOH IMepeXxo/ K CHHAHTPOITHOMY CYIIECTBOBAHHIO KOMa-
POB MOXKET SIBIISITHCS MPENIOCHUIKOM K 00pa30BaHMIO B OYIyIIEeM ITOTEHITHATIHEHO
WHBa3MOHHBIX MOMYJIni. Ilepexoas K CHHaHTPOITHOMY CYIIECTBOBAHUIO, ITOITY-
TSHsT 130aBIIETCST OT psifia OMOTONMWYECKUX OTpaHWUCHUH, ONMPEIEISIIONINX eé
apeain. Tak, apeait An. plumbeus ObUT CHITLHO (hparMEHTUPOBAH M3-3a TIPUBS3KH K
BIIQJKHBIM IIHPOKOIUCTBEHHBIM JiecaM. OTpaHUIeHHOE KOIMYECTBO THYMHOUHBIX
OMOTOIIOB, HU3KAs BIAYKHOCTH U C€30HHASI HEPABHOMEPHOCTH OCAIKOB MOTJIN BEI-
cTymarth (pakTopaMu, JTUMHUTHPYIOIIAMH YHCICHHOCTh HOMYILIUN 3TOTO BHIA.
B ypbanm3upoBaHHOI! cpeqie mMeeTcst OONBIIOe KOIMUECTBO ITOTEHITNATBHBIX EM-
KOCTEH Uil KIAAOK An. plumbeus, Ha MHOTHX TEPPUTOPHUIX UMEIOTCS CUCTEMBI
OPOIIIEHUS, IPUCYTCTBYET OOIBIIOE YHCIIO JIOICH — MOTCHIUAIBHBIX TIPOKOPMH-
Teneil. B HacTosMit MOMEHT, KpOME TUITUYHBIX MECT BBITIIONA — AYIIEN, THEH U
Pa3BIIIOK I€PEBHEB, CAMKH KOMapOB CTallM OTKJIAIBIBATH SiIIa B EMKOCTH aHTPO-
MOTCHHOTO TPOMCXOXKICHAS — aBTOMOOMIIBHBIC ITOKPHIIIKH, BAa30HBI, YEpHEIE
TUTACTHKOBBIC TTAKETHl H PE3NHOBBIEC ()parMEHTHI B CKOIUICHHSX Mycopa.

WHTEpecHO OTMETHTH, UTO HaOMI0gaeMast HAMHU TpaHCc(HOpMAans SKOIOTHIe-
CKOW HATIHN An. plumbeus aHaTOrnIHA N3MEHEHISIM, KOTOPHIC IIPOM3OILIN Y psiia
BHJIOB KOMapoB pona Aedes moxapona Stegomyia. Tak, WHBa3HOHHBIC BUIBI
Ae. albopictus Skuse, 1895, u Ae. aegypti L., 1762 Toxe W3HAYAILHO SBJISUINCH
JIECHBIMHU BHJIAMU ¥ 3aHIMaJIH YKOJIOTHUECKYIO HUIITY, CXOAHYIO C An. plumbeus.
OHH TaxKe OTKIAIBIBAIOT SHIIA HA CTCHKU JPEBECHBIX JYTIEN FIIH ONABIIHE JTH-
CTBS, UX SIHIIA CIOCOOHBI BRIACPKUBATH JITUTEIBHOE IEPECHIXaHUEe, CAMKH HMEIOT
IIMPOKUH KPyr HTPOKOPMHUTENCH, HalaJallll B TEUYCHHWE BCETO CBETOBOTO ITHSL.
3a mocneqaue S0 et 06a BUIA MEPENUTH K OTKIIAIKE SHI] B EMKOCTH aHTPOIOTreH-
HOT'O MIPOMCXOXKIICHISL, @ 3aTEM PAaCIPOCTPAHIUIICE 10 BCEM KOHTHHEHTAM.
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CTOHUT OTMETUTB, UTO JJIS JICCHBIX HATUBHBIX MOMYISIIAi An. plumbeus ObLIO
MMOKa3aHO, YTO B 3aCYyNUTHUBBIC IIEPUOIBI CAMKH CITOCOOHBI OTKIIAIBIBATh SHIA B
pa3NUYHBIC AHTPOIIOTCHHEIC Pe3epBYaphl, 3allOJHEHHBIE Bomod. OmHAKO mph
9TOM KOMapbI HE PacHpOCTPaHIIOTCS 3a IPEIEITbl JIECHBIX MECTOOOUTaHHH, a TIPH
MOSIBJICHUW IOCTYITHBIX €CTECTBEHHBIX MECT BBIILIONA BCETHAA IMPEIIIOYUTAIOT
npuponHsie 6motonsl. [lo HameMy MHEHHIO, TaKO€ BBIHYKICHHOE M3MEHEHHE
MOBEICHUS MIPHU OTKIAIKE AU HE SBISETCS CBHICTEIHCTBOM HEOOPATHMOM CH-
HaHTpomHu3anuu. MBI cUnTaeM, YTO CHHAHTPOIHM3AINS IPEIIOoNaraeT yCTOHYH-
BOE M3MECHEHUE OMOTONMWYECKUX MPEANIOYTEHUH, KOTOPOE, MPEIIOIOKUTENEHO,
HUMEET TeHETHIECKYIO OCHOBY.

Y An. plumbeus IMEIOTCS TIONMUTEHHBIE XPOMOCOMEI B CITFOHHBIX JKeJIe3ax JIi-
YHHOK, B MUTAIONIUX KIETKaX OOIHUTOB SIMIYHIKOB M B MAaJBIIUTHEBBIX COCYIaxX
uMaro. B HacTOSIIIIIT MOMEHT JJIs 3TOrO BHA HET OMyOIMKOBAaHHOW IIUTOTEHE-
THYECKOW KapThl, JTUIIH OMUCaHBI TapaMeTpsl kKapuortumna [13]. Ilpu oxpammBa-
HUH XPOMOCOM BBISIBJICHO, UTO JIOKaiu3anuss C-IIO3UTHBHOTO TeTepOXpoMaTHHA
y An. plumbeus 3HaYATENBHO MEHSETCS OT 0COOH K 0cobu. Hamu Ob110 3aMeueHo,
9TO y JAHHOTO BHJA MMEIOTCS ITapalleHTPHUECKIE XPOMOCOMHBIE TIEPECTPOHKH,
TpeOyIomye TOMOTHATENFHOTO N3YICHHUS.

3akiroueHne

Hamu ycraHOBIIEHO paciivpeHue 3KoIorndeckoi Hum An. plumbeus. Kpome
TUOWYHBIX MECT BHITUIONA BUA, IyTIEN, THEH U pa3BUIIOK AePEBbEB, CAMKH KOMa-
POB CTalli OTKJIAIBIBATE SHIIA B EMKOCTH aHTPOIIOTEHHOT'O MTPOMCXOXKICHUS: aB-
TOMOOMIIbHBIE TTOKPHIIIKH, BA30HBI U T.II. DTO IMO3BOIMIO BUIY YBEIUIHUTH THC-
JICHHOCTH W PacIpOCTPAaHUTHCS 3a MPeIesIbl HATHBHOTO apeaja, OrpaHNnIeHHOro
paHee NIMPOKOIMCTBEHHBIMH JieCaMu. An. plumbeus ObLI HalilleH HAMU Ha ypOa-
HU3HPOBAHHBIX TEPPUTOPHIX UepHOMOpCKOro modepexbs KaBkasa, OT rpaHHIBI
Aobxasuu ¢ I'pysueii 1o 1. JIxyOra, a Takxke B mapke r. Morwiésa Pecryonuku
Benapyce. Takum 00pa3oM, JaHHBIE 00 HKOIOTHIECKUAX MPEAMOYTCHUIX U CTa-
Tyce BUAa KaK IMOTEHIIMAIBHOTO MePEeHOCYMKa MAIIPUU TPEOYIOT IepecMoTpa 1
BHUMAHUS IPOTHBOSITHAEMHIOIIOTHUECKHAX CITYXKO.
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AnHoTtaums. Paccenenue coBpemenHoro yenoseka okoio 100 000 net Hazan u3
MecTa OpOHCXOXKICHUs: B BocTouHo#t Adpuke 10 TEPPUTOPUE 3€MHOrO 1Iapa COMmpo-
BOXKIAJIOCh Pa3JIMYHBIMU IPOLIECCAMH T'€HETHYEeCKOH anantauuu. s Xapakrepu-
CTUKM aJalITUBHOW 3BOJIIOLMU B COBPEMEHHBIX MOMYJIALMAX YelIOBeKa HeoOXoxuMa
uH(bOpMALHS O JIOKYCaX 'eHOMa, KOTOPBIE ObLIN MOJ] JEHCTBUEM MOJIOKUTEIILHOTO OT-
6opa. DT JaHHbBIE SBISIOTCS LICHHBIM MaTepHajoM JUIS TIOHMMaHMS T'€HEeTHYeCKOM
CTPYKTYpBI HOIMYJISLUN YeJIOBEKa,  TAKKe U1 YCTAHOBJICHUS IIPUYMH I1O/IBEP)KEHHO-
CTH K psIly pacipoCTPaHeHHbIX OO0JNE3HEH U NX pacpeIeeHNIO B COBPEMEHHBIX IOITy-
nsuusx. B Hamell paGore BBINOJIHEH MOMCK CUTHAIOB €CTECTBEHHOrO 0TOOpa B JIOKY-
cax reHoMa, aCCOLMUPOBAHHBIX C 3a00JICBaHUAMH, IPUBOSALIMMH K HAPYLIEHUSM KO-
THATHBHBIX (QyHKIMiT yenoBeka, B 16 monymsumsax CesepHoit EBpaszun. st MyabTu-
IUIeKCHOro reHorunupoBanus 28 SNP-mapkepoB ucnons3zoBanu Texuonoruo MALDI-
TOF macc-cnekrpomerpun. [Ipu olieHKe CEIeKTUBHOM HEUTPAIBbHOCTH HCCIIEOBaH-
HBIX T€HETUYECKUX MapKepOB C MOMOILBIO TecTa DBeHca—BaTrepcoHa OTKIIOHEHHE OT
HeirpansHocTn obHapyxeno st 10 SNP. B monymsinusix CeBeproii EBpazumn neii-
CTBUE €CTECTBEHHOT0 0TOOpa BHOCHT BKIJIAJ B (JOPMHPOBAHUE FEHETHYECKOrO pa3Ho-
o0pasus 10 reHaM, aCCOLMUPOBAHHBIM C In30(peHneit u 6one3Hb0 AblreiiMepa.

KioueBbie cioBa: CeBephas EBpasus, ecrecTBeHHbIH OTOOp, KOTHUTHBHBIE
¢byukuuu, SNP, 10Kyc, MyJIbTUILIEKCHOE T€HOTHITHPOBAHUE
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bouaposa A.B., Cmenanog B.A. Ilouck cuznanos ecmecmeennozo omoopa

Summary. In recent years, the genetic component of many general common dis-
eases has been considered from the point of view of evolutionary context: asthma,
chronic obstructive pulmonary disease, cancer, obesity, diabetes- The genetic history of
populations leads to the accumulation of specific frequencies. Modern susceptibility to
common pathological phenotypes could have had a certain adaptive significance in the
past during the dispersal of humans across the globe. Of particular interest are diseases
with phenotypes associated with cognitive impairment, such as schizophrenia, Alzhei-
mer's disease, bipolar disorder, autism and others. Diseases associated with post-repro-
ductive age (various types of dementia), as well as various manifestations of psychotic
disorders, which were previously uncommon, are currently acquiring enormous socio-
economic significance throughout the world. Evolutionary hypotheses have also been
proposed for schizophrenia and Alzheimer's disease. The indigenous ethnic groups of
Northern Eurasia are of particular interest to the researcher. Until recently, populations
were isolated, isolated both by geography of residence and by linguistic and cultural
characteristics, which led to genetic isolation. In this regard, the gene pool of popula-
tions of Northern Eurasia is an important source of genetic information. In connection
with all of the above, the goal of the work was to search for signals of natural selection
in the loci of the genome associated with schizophrenia, Alzheimer's disease, in the
populations of Northern Eurasia. In our work, a search was performed for signals of
natural selection in the loci of the genome associated with diseases leading to cognitive
impairment in humans in 16 populations of Northern Eurasia: Russians, Udmurts,
Khanty, Khakasses, northern and southern Kyrgyz, Yakuts, Buryats, Nivkhs, Chukchi,
Kazakhs, Uzbeks, Altaians, Yakuts, Tuvins. MALDI-TOF mass spectrometry technol-
ogy (Matrix Assisted Laser Desorption/Ionization Time Of Flight Mass-Spectrometry)
was used for multiplex genotyping of 28 SNP markers. In our work, when analyzing
selective neutrality using the Ewens-Watterson neutrality test for 28 markers, deviation
from neutrality was found in 10 SNPs: rs10273775 of the CNTNAP?2 gene, rs1031381
of the NCAPD3 gene, 1s12922317 of the SNX29 gene, rs1466662 of the DCHS? gene,
rs1532278 of the CLU gene, rs16887244 of the LSM1 gene, 1s3826656 of the CD33
gene, 15433598 of the ACSM1 gene, rs561655 near the PICALM gene, rs6859 of the
NECTIN? gene. The maximum number of populations for markers that have a deviation
from selective neutrality was found for the genetic locus rs1031381 of the NCAPD3
gene - 10 populations (southern Kyrgyz, Altaians, Buryats, Koryaks, Tuvins, Khanty,
Kazakhs, Udmurts, Kets, Uzbeks), while the minimum number of populations was
identified for the marker rs16887244 of the LSM1 gene - one population (Nivkhs). In
the present study, signals of natural selection were detected in all 16 populations. Inter-
estingly, for the populations of northern Kyrgyz, Buryats, Koryaks, Khakasses and Ud-
murts, the effect of selection was only directional, and for the Russian population, the
effect of balancing selection was noted, in the remaining ten populations, the effect of
two types of selection was shown. For individual markers, only balancing selection was
observed (rs16887244 of the LSM1 gene), while exclusively directional selection was
detected for rs1466662 of the DCHS?2 gene and rs561655 near the PICALM gene. It
should be noted that of all 10 polymorphic variants of genes that showed deviation from
selective neutrality, six SNPs showed statistically significant associations with schizo-
phrenia or Alzheimer's disease in our previous studies in association analysis:
rs12922317 of the SNX29 gene, rs1466662 of the DCHS?2 gene, rs1532278 of the CLU
gene, 1516887244 of the LSM1 gene, rs561655 near the PICALM gene, rs6859 of the
NECTIN? gene.

The results of our work indicate a significant role of natural selection in the popu-
lations of Northern Eurasia in the formation of genetic diversity in the genes of diseases
associated with human cognitive impairment, such as schizophrenia and Alzheimer's
disease.

The article contains 1 Table, 10 References.
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BBenenne

B mocnexHme roIpl TeHeTHUECKas COCTABIMIONIAs MHOTUX IIMPOKO PacIpo-
CTpaHEHHBIX MHOTO()aKTOPHBIX 3a00JIEBAaHIN pacCMaTPHBACTCS C TOUKH 3PEHUS
SBONIOIMOHHOTO KOHTEKCTa [ 1—4]. CoBpeMeHHas TOABEP>KEHHOCTh K YaCTHIM Ta-
TOJIOTHYECKUM (PEHOTHUIIAM MOTJIa UMETh OIPECIICHHOE aIalTHBHOE 3HAUCHNE B
MIPOLIIOM TIPH PACCETICHUH YeJIOBEKa Mo 3eMHOMY mrapy. OcoObIii HHTepeC BbI-
3BIBAIOT 3200JIeBaHUS C PEHOTUIIAMH, CBS3aHHBIMA C HAPYIICHUSIMH KOTHATHB-
HBIX QyHKIWMIA, Takue Kak mmsodppenus (1113), 6oesnp AnbireiiMepa (BA), 6u-
MOJSIPHOE PACCTPOMCTBO, ayTH3M U Ip. 3a00NeBaHuUs, CBSI3aHHBIE C IIOCTPEPO-
JYKTUBHBIM BO3PacToM (pa3JInYHbIC BHIBI JIEMEHIINMN ), a TAaK)Ke pa3HOOOpa3HbIC
MIPOSIBIICHUS TICHXOTHYECKUX PACCTPOICTB, KOTOPEIE PaHbIIE BCTPEYAINCH Heda-
CTO, B HACTOSIIEEC BpeMs MPUOOPETAIOT OTPOMHOE COIHATBFHO-YKOHOMHUYIECKOE
3Ha4YEHHE BO BCEM MHpE.

Kopennsie stHOCH CeBepHOl EBpasum mpencTaBiissioT 0COOCHHBIN HHTEPEC
11 uccaenoBatens. CBs3aHO ATO C TEM, UTO 10 CHX ITOp STH HOMYIBIUH cIado
uzydensl. Eme ogHa mpuamHa mHTEpeca K KOPEHHBIM 3THOCAM CBs3aHa C YHH-
KaJbHOCTBIO UX TeHO(OHIOB, KOTOPHIE pa3BUBANNCH H30IHpoBaHHO. Ete coBceM
HEIAaBHO TIOMYIISINH ObLTH 000COOJICHHBIMHA, N30JHMPOBAHHBEIMA KaK IO Teorpa-
(buH IPOKUBAHUS, TaK U IO S3BIKOBBIM M KYJIBTYPHBIM OCOOCHHOCTSIM, UTO IIPH-
BEJIO K TCHETHYCCKOW M30MAIUH. B ¢Bs3u ¢ 3TiM reHodorx nomyssuuid Ceep-
HOii EBpasuu sIBJISeTCS Ba)XHBIM HCTOYHHKOM T'CHETHYESCKOH HWH(OpPMAIUH.
B cBs131 co BceM BBIMIEN3I0KEHHBIM LIENBI0 Pa0OTHI OBLIO IIPOBECTH MOUCK CHT-
HAJIOB €CTECTBEHHOT0 0TOOpA B JIOKYCax TeHOMa, aCCOIIMUPOBAHHBIX C MH30(pe-
HUeH, Oone3Hbio AnbireliMepa, B monysinusx CerepHoid EBpaszun.

MarepuaJibl 1 METOABI

UccnenoBanbl BRIOOPKH 16 MOMYIISIIANA, TPEACTABISAIONIAE Pa3HbIE 3THO-TEP-
puTopuanbsHbeie Tpymbel Hacenenust CeBepHoit EBpasum: pycckwe, yAMypTHI,
XaHTHI, XaKachl, KUPTU3bl CEBEPHBIC U IOKHBIE, SKYTHI, OypsATHI, HUBXH, YyKYH,
Ka3axu, y30€KH, alTalIlbl, IKYThI, TYBUHILI U3 Onokomuiekinun HUM menummH-
ckoit renetukn Tomckoro HUMII PAH «buoGank Hacenenus CeBepHoii EBpa-
3um». CyMMapHBId 00beM BRIOOPKH cocTaBui 1 508 HEpOACTBEHHBIX HHIVBHJIOB
C OTCYTCTBHEM METHCALIH OoJiee YeM B TPEX MOKOICHISIX. DTHIUIECKAsl TIPHHA-
JISKHOCTB M POIOCIIOBHAS KaYKIOT'0 HHANBHA OBLIH YCTAHOBJICHBI HA OCHOBaHUH
WHANBUYaITBHOTO aHKETUPOBAHMS.
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lenernueckue Mapkepsl ObLUTH BHIOPaHBI HA OCHOBAHUH YETKUX KPHTCPHUEB:
BBICOKOZIOCTOBEPHASI aCCOIMANUs ¢ (PEHOTUTIOM, TIOTyYeHHAs 0 JaHHBIM OITy0-
JINKOBAHHBIX ITOJJHOICHOMHBIX AacCCOIMAaTHUBHBIX wHccaegoBanuii, — GWAS
(p < 5x1077); THIT MapKepa — OHOHYKICOTHAHEIH monuMopdusM (SNP); actora
penkoro amens Oomnbie 5% xots 061 B ogHOM momyisiiu HapMap. 3atem 0601
pa3paboTaH MPOTOKOJI MYJIbTHILIEKCHOrO reHoTunupoBanus 28 SNP-Mapkepos ¢
nomornisio TexHomornn MALDI-TOF macc-cnekTpoMeTpur Ha T€HETHYECKOM
aHaym3atope MassARRAY Analyzer 4 ¢pupmer «Agena Bioscience» (CIIIA).

OneHka celeKTUBHOM HENTpaIbHOCTH MCCIEI0BAaHHbBIX T€HETUYECKUX MapKe-
OB, aCCOITMMPOBAHHEIX C 3a00IEBaHUSIMH, BeAyIMHA K HapymennsMm K® werno-
Beka, 1o 16 nonynsmusam CesepHoii EBpasun Obla MpoBeeHa ¢ TTOMOIIbIO TeCTa
OBeHca—Batrepcona (mporpamma «Arlequin 3.1»). O HanpaBIEeHHOCTH OTKJIOHE-
HUSL OT CEJIEKTUBHON HEHTPaIbHOCTH MOXKHO CHIENaTh BHIBOJ II0 HEPABEHCTBY
HaOmomaeMoit (Fo) n oxxugaeMoi (Fe) TOMOBHUTOTHOCTH. Tak, eClii MOoKa3aHo
CTaTUCTUIECKH 3HAYMMOE YMCHBIICHNE 3HAUEHIS HAOII0qaeMOoi TOMO3UTOTHO-
CTH TI0 OTHOIICHHIO K OkHIaeMoit (Fo < Fe), 3T0o TOBOPUT O JACHCTBUU OaaHCH-
pyromero oréopa Ha 3TOT JIOKyc. Ecnu ke HaOIoqaeTcst CTaTHCTHYECKA 3HAYH-
MO€ yBEIMICHHE HAOII0aeMoif TOMO3UTOTHOCTH TI0 OTHOIICHHIO K OXKHIaeMOM
(Fo > Fe), MbI MOJKEM CJIeTIaTh BBIBOJI O JACHCTBUHN HAIPABICHHOI'O OTOOPA.

[Iporenenne wuccnemoBanus omoOpeHo KoMuUTETOM MO OMOMETUITHHCKON
stuke HUU memuumackoit renernkn Tomckoro HUMII. MccnemoBanwms mpose-
neHbl Ha 0a3e LleHTpa KOIIeKTHBHOTO IOIB30BaHHS HAYTHO-HCCIIE0BATETIHCKAM
000pYZOBaHHEM H SKCHEPHMEHTAIBHBIM OMOJIOTMYECKUM MaTepuanoM «Memu-
nuHCKas reHoMuka» HUW menunmaCKO#M reretukn Tomckoro HVIMII.

Pe3yabTarhl ncciiefoBanns U 00Cy:KIeHUE

C TouKM 3peHHsI HBONIONMOHHOTO KOHTEKCTa OBUIO MPOaHaIM3UPOBAHO 3HA-
YUTEIhHOE KOJMYECTBO OOJNE3HEH YemoBeka (acTMa, XpOHHYECKas OOCTPYKTHB-
Has OOJIC3HB JIETKUX, PaK, OKUPEHHUE, caxapHbld auabet) [1, 2]. B oTHOmEeHMMN
113 1 BA Taxxe ObUIH MTPEUIOKEHBI 3BOJIIOIIMOHHBIE THTIOTE3bI [3—4]. B Hamei
paboTe IpH aHAU3¢e CENIEKTUBHONW HEHTPAIBHOCTH 28 MapKepOB OTKIOHEHHE OT
HelTpanbHOCTH 00Hapyx)eHo y 10 SNP (Ttabmuia).

Jliis renernyeckoro nokyca rs1031381 rena NCAPD3 61110 1TOKa3aHO OTKIIO-
HEHHE OT CEIEKTUBHON HEHTPAIFHOCTH B MaKCHMAIIEHOM KOJNHYECTBE ITOITYJIS-
i (10): FOOKHBIE KUPTH3BI, AITARITBI, OYPATHI, KOPSKH, TYBUHIIBI, XaHTBI, Ka3aXH,
YAMYPTBI, KeTHI, y30eku. B To BpeMs kak jis Mapkepa rs16887244 rena LSM1
OBLTO NACHTH(PUIIIPOBAHO OTKIOHEHUE OT CENEKTUBHON HEUTPATEHOCTH TOIBKO
B OJTHOM TIOIYJISAIIUHU (HUBXH).

B HacTosmem mccieoBaHNH CUTHAIBI €CTECTBEHHOTO O0TOOpa BBISBIICHEI BO
Bcex 16 momysinusix. IHTEepecHo, 9To JUTs MONYJISAIHN CeBEPHBIX KUPTH30B, OY-
PSITOB, KOPSIKOB, XaKacoB M yAMYPTOB IEHCTBHE OTOOpa MMEJIO TOIHKO HaIpaB-
JICHHBIN XapakTep, a JUIA PYCCKOM MOMYJISIIHK ObLIIO OTMEUECHO JICHCTBHE OanaH-
cupyroniero otdéopa, B OCTaJbHBIX JECATH MOMYJBIIASX TOKA3aHO IEHCTBIE IBYX
THTIOB OTOOPOB (CM. TabmuIly). Iyl OTAENBHBIX MapKepOB HAOIIOIAJICS TOJIBKO
Oanmancupyronuii oroop (rs16887244 rena LSMI), B TO BpeMs KaK WCKITFOYH-
TEJNBHO HaIpaBJICHHOE JICHCTBHE 0TOOpa BhIABIICHO I 151466662 rena DCHS?2
u 1s561655 BOm3u rera PICALM.
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B nienmom 6omnee 35% wn3ydeHHBIX SNP OTKIIOHSIOTCS OT THITOTE3bI CEJICKTHB-
HOW HEHTPAIBHOCTH COTJIACHO pe3yJIbTaTaM Hallei padoThI.

Crnemyer OTMETHTH, YTO U3 BeeX 10 monmmMopdHBIX BapHAHTOB I'€HOB, ITOKa-
3aBIIMX OTKJIOHEHHWE OT CEJIEKTUBHON HEUTPAIBHOCTH, TiecTh SNP mmokazanm cra-
THCTHUYCCKU 3HAYMMBIE acCOMAIMU C IMU30(PPEHUECH MM O0JIe3HBI0 AJIbITeH-
Mepa B HaIllMX MPEIbIIYIIHX padoTax IMpH acCOIIMATHBHOM aHam3e: 1s12922317
rea SNX29, rs1466662 rena DCHS?2, rs1532278 rena CLU, rs16887244 rena
LSM1, 1rs561655 Bomuzu rena PICALM, rs6859 rena NECTINZ [5-10].

3akioueHne

PesynbraThl Hamield pabOTBI TOBOPAT O CYIIECTBEHHOW PO €CTECTBEHHOTO
orbopa B nonyisinusx CeBepHodd EBpasum nipu (opMUpOBaHUH T€HETHYECKOTO
pa3HooOpa3us 1Mo reHaM 3a0oJIeBaHUi, CBSI3aHHBIX C HapyIICHUSIMA KOTHHTHB-
HBIX ()YHKIIMH YeJIOBEKa, TAKMX KakK MM30ppeHus 1 001e3Hb AbIreliMepa.
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Annoranus. [TorpeGHOCTD B yBenn4eHHH HHPOPMATUBHOCTH T€HETHUECKOM IKC-
MEePTU3bI IIPU YCTAHOBJICHUU POACTBA KAaK B CIy4asX SKCHEPTHU3bl B IPAXIAHCKUX Jie-
Jax, TaKk U OpU MACHTU(DHUKAIMU JIMYHOCTH JIIOZCH, MOruOLIMX B aBHAaKaTacTpodax,
NPUPOJHBIX U TEXHOTEHHBIX MOXKApaX, TEPPOPUCTUUECKHX aTaKaxX, yparaHax, LlyHaMu
U IPOYHX KPYIMHOMACIITAOHBIX OS/ICTBUSIX MPUBENA K aKTUBHOW pa3paboTKe AOMOIHH-
TenbHbIX HabopoB MapkepoB st JJTHK-naentudukanmu. s KOppeKTHOr0 UCIONb30-
BaHUS HOBBIX MYJIBTUIUIEKCOB HEOOXOIMMO MMETh NPEACTaBICHHE O I'CHETHYECKON
CTPYKTYpe MOMYJSILIKUU, U3 KOTOpoi mpoucxomaut aHammsupyemblii JJHK-mipoduib.
B nanHHOl paboTe NpeacTaBieHbl Pe3yabTaThl aHAIN3a TEHETHYECKOro Pa3HOoo0pasus
JIBYX MOIYJIALMI F0)KHBIX aJITalIeB 110 IBYM CUCTEMaM I'eHeTUYECKHX MapKepOB, CIIO-
COOHBIX YBEJIMYUTD HAJCKHOCTh U MHPOPMAaTHBHOCTb T'€HETHYECKOM HKCIEPTH3BI IIPU
OIpeJIeJIeHUH POJICTBA B CIIOXKHBIX ciydasix. [lepBast cucreMa OCHOBaHa Ha MHKpOca-
TEJUTUTHBIX Mapkepax X-XpomocoMmbl, BTopas BkitodaeT 23 STR-mapkepa ayrocom.
ITokazaHo, 4TO ypOBEHb OKHIAEMOM I'€TEPO3UTOTHOCTH 110 00€UM CUCTEMaM MapKepOB
B MOIYJIALMHU TEJICHIMTOB HUKE, YeM B IOIYJIALMH anTai-Kiku. [TonydeHHble pe3yiib-
TaThl IOKA3aJIM 3HAYMMbIE TCHETUYECKHE Pa3INuUs MEX/LY TEJICHTUTAMU U alTal-KIKH
(Rst 0,006-0,007, p = 0,000-0,002), KOTOpBIe HEOOXOAUMO YUUTHIBATH MPH MPOBE/IE-
HHUU BEPOSITHOCTHBIX PACUETOB B TEHETHUECKOH SKCIIEPTH3E.

KimroueBble c/10Ba: TEICHIUTHI, aITal-KWKH, OMY/IALMOHHAS TeHETHKA, TeHETH-
yeckast akcneptusa, JHK-unentudukanms

Hcrounuk ¢punancupoBanmsi: uccienopanue X-STR BbImomHEHO 3a cueT rpanra
Poccuiickoro nayanoro ¢gonma Ne 23-74-10058. Yactb paboThl, OCBSIICHHAS AaHATTU3Y
ayrocoMHbIX STR-MapkepoB, BBITIONHEHA B paMKax [ ocynapcTBeHHOro 3aaanus Mu-
HUCTEePCTBa HAYKU U BbIcIero oopazoBanus Ne 122112800026-1.
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Summary. The need to improve the accuracy of genetic testing in establishing kin-
ship, both in civil cases and when identifying the remains of people after plane crashes,
fires, terrorist attacks and other disasters, has led to the development of new methods.
One is to expand the panel of used genetic markers by adding highly informative auto-
somal STR markers. These markers can help identify more closely related individuals,
making it easier to determine kinship between parents and children, siblings and step-
brothers. This can be especially useful in difficult cases where traditional methods may
not be sufficient. The second is the use of additional markers located on the sex chro-
mosomes. Their features of inheritance simplify the examination of complex cases and
provide advantages in the analysis of mixed sample. To correctly use new multiplexes,
it is important to have an understanding of the genetic structure of the population from
which the DNA profile originates. The level of genetic diversity directly affects the
reliability and effectiveness of genetic analysis. In this study, we compared two popu-
lations of Southern Altaians using two different systems of genetic markers. These
markers can increase the reliability and informative value of genetic examinations in
difficult cases of kinship determination.The first set includes 18 STR markers (HPRTB,
DXS8378, DXS6797, DXS6804, GATA165B12, DXS9902, DXS6810, DXS8377,
DXS101, DXS7133, DXS7424, DXS7423, DXS6789, GATA31E08, DXS10079,
DXS10103, and DXS7132), while the second set includes 23 autosomal STR markers
(D20S1082, D6S474, D14S1434, D4S2666, D1S1677, D11S4463, D4S2364,
D9S1122, D2S1776, D17S974, D10S1435, D3S3053, D5S2500, D1S1627, D3S4529,
D2S1360, and D3S1744). The assessment of genotype distributions for Hardy-Wein-
berg equilibrium was only performed for autosomal markers, as samples from men were
analyzed in this study. For the Telengite population, the genotype distributions at the
D4S2666 and D10S2325 loci deviated from Hardy-Weinberg expectations. For the Al-
tai-Kizhi population, a larger number of loci showed deviations from Hardy-Weinberg:
D6S474, D4S2364, D1S1627, and D10S2325. In all cases, the observed level of heter-
ozygosity was lower than expected. Therefore, it can be assumed that deviations from
equilibrium were caused by a high rate of intra-district endogamous marriages among
Southern Altaians. The average value of expected heterozygosity in the Telengite pop-
ulation was lower than in the Altai-Kizhi population for both X-STR and ASTR mark-
ers. At the same time, the average expected heterozygosity for autosomal STR panel
was higher than for X-STR. The Telengite population had the largest total number of
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alleles: 178 for autosomal markers and 121 for X-STR markers. These values are rela-
tively low compared to other populations, such as the Russian population with 228 al-
leles for 20 ASTRs and Belarusians with 250 alleles. The assessment of the genetic
distance between samples of southern Altaians using the Rst method revealed signifi-
cant differences between Telengites and Altai-Kizhis, while a higher genetic similarity
was found for autosomal STR markers (0.006, p = 0.000) compared to X-STR markers
(0.007, p = 0.002). Given the significant genetic differences identified between these
two ethnic groups in southern Altai, it is important to consider the reference allele fre-
quencies for each population during genetic analysis. Combining Altai-Kizhi and
Telengite samples into a single group (southern Altai) could reduce the reliability of
genetic testing in the Telengite population.

The article contains 11 References.

Keywords: Telengites, Altai-kizhi, population genetics, forensic genetics
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BBenenne

[MonynsanoHHO-TeHETHYECKUE MCCICAOBAHMS HacelleHns Pocchu, BBIMOJ-
HEHHBIC C HCIOJb30BAHUEM PA3JIMYHBIX CHUCTEM I'€HETHUYECKHX MapKepOB, BbI-
SIBUJIM BBICOKYIO BHYTPH- M MEKIIOMYJISIHOHHYIO T'€HETHUYECKYI0 BapHalesb-
HOCTE. DPheKTs meMorpapuyecKoil MICTOPUH YEIOBEUYECTBA IIPUBEIH K TOMY,
YTO KOPSHHBIE HAPO/Ibl, HAXOASIINECS Ha HAnOOJIbIIEM reorpaduuecKoOM yaalie-
HHH 110 MMYTSAM MHIPALMH, IIPOMIECHHBIM B XO/€ dBOJIIOLNN YeI0BeKa, YCTYHaoT
10 YPOBHIO T€HETHYECKOro pa3HooOpasus monyssiiusM EBpombl. Takas Bapua-
U HAIIPSIMYIO BIIMSET HA HAJCKHOCTh TeHeTHYeckou skcnepTu3sl B JIHK-umeH-
THdUKAUE. BeposSTHOCTh JI0KHOIMOJIOKHUTEIBHOIO pPe3ybTaTa IeHETHYECKOH
SKCIEPTH3bl, OCHOBAHHONW Ha aHAJIM3¢ CTAaHIAPTHBIX ayTOCOMHBIX STR-mapke-
POB, IIPH OIIPEACICHUN POJCTBEHHBIX OTHOIIECHUH B CIIOXKHBIX Cy4asx (YCTaHOB-
JIEHHE POJICTBA MKy HHIUBUIOM M OJHHUM IIPEAI0aracMbIM POAUTEIEM (1y0),
YCTaHOBJIEHHE POJACTBA MEXKAY IIPEIoIaraeéMbIMU OpaThsIMu/cecTpaMu, 6a0yIiI-
KaMH/JIeTyIKaMA 1 BHYKaMH ¥ T.JI.) B TIOMYJISAIUAX C HU3KMM YPOBHEM T'€HETH-
YeCcKoro pasnoodpasus Bospacraer [1-3].

VBennyeHne HHGOPMATUBHOCTH F€HETHUECKON TECT-CHCTEMbI, OCHOBaHHOM
Ha STR-mapkepax, BO3MOXKHO HECKONbKHUMH IyTIMH. OJUH — paclInpeHue Ta-
HEJIH HCIOJb3YEMbIX I'€HETHYSCKUX MapKEepOB IyTeM J100aBIICHHS BBICOKOMH-
(dhopmatuBHBIX ayrocoMHbIX STR-MapkepoB. Jloka3aHO, YTO IOMOIHUTEIBHBIC
STR MoOryT moBbICHTH 3()(PEKTHBHOCTh TEHETHYECKOI'0 TECTUPOBAHHUS B OITpEIE-
JIEHUW UCTUHHOIO POJACTBA MEXIY POAUTEIEM U PEOCHKOM, POJIHBIMU HJIH CBOJ-
HBIMH OpaThSIMHU U CECTPaMH, a TAKKE ITPH IKCIIEPTHU3E B CIIOKHBIX CITyJasix ompe-
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JIeIICHUS POACTBEHHBIX OTHOIICHUH [4]. BTOpo# — MCIoIb30BaHUE JOITOTHUTEIE-
HBIX MAapKepoB, JIOKAJIM30BAHHBIX HA IIOJOBBIX XPOMOCOMAax, OCOOCHHOCTH
HAaCJIEIOBaHMS KOTOPBIX YIIPOIIAOT IIPOBEACHUE IKCIIEPTU3BI CIIOKHBIX CIy4aeB
H Jal0T MPEUMYILECTBA MPY aHaJM3€e CMEIIaHHbBIX 00Pa3IoB 3a CYET FEMU3HMIOT-
HOCTH MYyk4HH [5]. KpoMme Toro, Ha TOCTOBEPHOCTh T€HETHUECKON AKCIICPTH3HI B
3HAYMTEIBHOU CTEIEHH BIUSIOT pe)epeHCHBIE YaCTOTHI alljIelIel, UCII0Ib3yEMbIe
B BEPOSTHOCTHBIX pacyérax. J[Is yCHemHoro npuMeHeH s TeHETHYEeCKOM TeCT-
cucteMsbl B ipaktuke JIHK-nnenTndukanmm HeoOX0MMO HMETh MPEICTABIICHUE
0 FEHETUYECKOH CTPYKTYPE MOMY/IALUN 10 BEIOPaHHBIM JIOKYCaM.

Pe3ynbraThl mccaeqoBaHUN T€HETHUYECKOM CTPYKTYPHI aJTAMCKHX ITOITYJIs-
LM, OCHOBaHHbIE Ha ayTOCOMHBIX M Y-XpPOMOCOMHBIX MapKepax, IeMOHCTPH-
PYIOT, C OTHOM CTOPOHBI, FTCHETHYECKOE POJICTBO 3TUX HAPOJIOB, a C IPYTroi — COo-
XpaHEHNE UX TeTEPOreHHocTH [6, 7]. YV anraiines ObLI BEISIBICH JOBOJBHO BBICO-
KMl ypoBeHb KO3(pHUIEeHTa TEHOMHOIr0 HHOpUAUHTIA [8], YTO CBUIACTEIIBCTBYET
0 HH3KOM TI'E€HETHYECKOM pa3HOOOpasuu Cpead KOPEHHOI'O HaceleHHsS AJTas.
B monynsmuuy TeIEHTUTOB OTMEYAeTCs CaMbIi HU3KUH YPOBEHBb T'€TEPO3UTOTHO-
CTH cpenn Maibix HapogoB Crubupu [9]. DTo moguepKuBaeT akTyaabHOCTH IIPO-
BElIEHUs aHaJM3a FeHETHUYECKOM CTPYKTYpPhI MOMYJISAIUI 10 MpeaaaraeMbIM IS
TEHETHYECKON JKCIIEPTU3bI JIOKyCaM Mepel BHEAPEHUEM IOMOIHUTEIbHBIX HH-
CTPYMEHTOB B IIPAaKTHUKY. 1{enb JaHHOro MCCIeq0OBaHus 3aKII0YaeTCsS B OIpee-
JICHUH YPOBHS I€HETHUYECKOI'0 Pa3HOOOpPa3us U OILCHKE CTEIEHH I'€HETHYESCKOM
quddepeHImanyuy IByX HOMYJISIHNA I0)KHBIX aITalIeB ¢ MCIIOIb30BAHUEM JIBYX
CHCTEM T'€HETHYECKUX MApKEPOB, Pa3paOOTaHHBIX JUIS IOBBIIICHHS HAaACKHOCTH
TEHETHYECKOHN IKCIEPTH3HI Ha TeppuTopuu Poccuiickoit deneparum.

MarepuaJibl 1 METOABI

Marepuanom nccienoBaHus MOCTY KA BRIOOPKH MYKYHH FO’KHBIX aJITaiIeB
(77 — trenenruthl, 107 — anTali-Kuxu). 3a00p BEHO3HOM KPOBH Y IOHOPOB ITPOBO-
IITH C COOIOICHUEM MPOLEAYpPHI MACEMEHHOTO HHPOPMUPOBAHHOTO COTTIACHS
Ha IpOBEICHIE HCClleNoBaHms. Ha KaskIoro JOHOpa COCTaBIsUIACh aHKETa C €T
POIOCTIOBHOW, yKa3aHHEM JSTHHYECKOH MPUHAMICKHOCTH H MECT POXKICHUS
MPeAKOB. MeTHCH B BRIOOPKH HE BXOIMIIH. [ eHOTHIIHpPOBaHIE 00pasIoB IO ayTo-
comabsiM STR-mapkepaM mpoBOIMIN METOAOM MYJIBTHIUIEKCHON MONIMMEPA3HON
LEMHOH PeaKIuy C MOCIEAYIOMNM aHaJIM30M IIPOAYKTOB aMIUTU(QHUKALINH HA aB-
TOMaTH4YeckoM TeHetudeckoM anamuzatope HAHO®OP-05 (Cunton, Poccus).
B pabote ucnonp30BaNnch IBa MYJIBTHUINICKCHBIX HAO0Opa MapKepoB: BKIIIOYATO-
mmit 18 X-STR (HPRTB, DXS8378, DXS6797, DXS6804, GATA165B12,
DXS9902, DXS6810, DXS8377, DXS101, DXS7133, DXS7424, DXS7423,
DXS6789, GATA31E08, DXS10079, DXS10103, DXS7132, DXS9895) u pas-
pabaThIBacMblid B 1a00OPaTOPUU TEHOMHOM HICHTH(UKAIIUN COBMECTHO C KOMITa-
Hueit OO0 «[opmu3» (Poccusi) MyNbTUIUIEKCHBIH Habop ayTocoMHBIX STR,
Brmowatormmuit 23 mapkepa (D20S1082, D6S474, D14S1434, D4S2666,
D1S1677, D11S4463, D4S2364, D9S1122, D2S1776, D17S974, D10S1435,
D3S3053, D5S2500, D1S1627, D3S4529, D2S1360, D3S1744, D17S1301,
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D8S1132, Penta D, D10S2325, D7S1517, Penta E). JIns reHOTHITHPOBaHUS HC-
MOJTH30BANIN PEAKIIMOHHBIA MUKC M aKTHBATOp IIPOM3BOACTBAa KoMmmanuu «[op-
3y (Poccus). Peaknmonnas cmech (10 MKIT) BKITrOYasa: 2 MKJI akTHBaropa, 2
MKJI peakiuoHHoro mukca, 0,16 mxn cmecu npaiimepos, 1 mxn JJHK, 4,84 mxu
ddH,0. I'erorunuposanue STR-MapkepoB MPOBOAUIIOCH C TIOMOIIHIO KAMILIISP-
HOro AnnekTpodope3a Ha reHernyeckoM aHamuzatope HAHO®OP 05 (Cunromn,
Poccust). UacToThl ayuienei pacCYMTHIBAIM CTAHIAPTHBIM CIIOCOOOM C MTOMOIIIBIO
nporpammHoro makera MS Excel. OueHKy 3HaueHHS 0KUIAEMOH TeTepO3UTOT-
HOCTH, aHAJIM3 TeHETHYECKOW JUCTaHINK 1o PeliHombacy (Rst) u orneHky coort-
BETCTBHS pachpeieiieHHil TEeHOTUTIOB paBHOBecHio Xapnu—BaitHOepra mposo-
JIATHA C UCTIONB30BaHUEM TIPOrpaMMHOTO cpeacTtBa Arlequin v. 3.5 [10]. Dkcme-
PHMEHTAJIBHEIC HCCIIeIOBAHUS IIPOBEIEeHBI Ha 06a3e LIeHTpa KOJUIEeKTHBHOTO ITOJTh-
30BaHMS HAyYHO-HCCIENOBATEIBCKUM 00OpynoBaHUEM «MenuIuHCKas TeHO-
mukay (HUU memunmackoi reHetnkn Tomckoro HUMI).

Pe3yabTarhl ncciiefoBanus U 00Cy:KIeHUE

B koHTeKCTE HCCIeI0BaHUS TEHETHIECKOTO pa3HO00pasus 1 ero 3aKOHOMED-
HOCTEH Ba’KHBIM aCIIEKTOM SIBJISIETCSI aHAJIM3 COOTBETCTBHS PaCIIPEeNICHAS TCHO-
THIIOB paBHOBecHi0 Xapmu—BaitHOepra, 4To MO3BOJIAET BBISBUTH HAPYIICHUS,
00yCITOBIICHHBIE TEHETUIECKIMH U COITUABHBIME (PAKTOPaMH, CYIIECTBYIOIIUMH
B HCCIEAYeMBIX Tomyisanusx. OEeHKY COOTBETCTBHSI pacIipeIeIeHUs TCHOTUIIOB
paBHOBecuio Xapau—BaitHOepra mpoBOAMIN TOJIBKO JIs ayTocoMHBIX STR, 10-
CKOJIBKY B TAaHHOH pabOTe aHAIM3UPOBAINCEH BEIOOPKH MYKIHH. PacnipeneneHust
TeHOTHITOB JIoKycoB D4S2666 (0,000 + 0,000), D10S2325 (0,000 £ 0,000) oTki10-
HSIOTCS OT paBHOBecHsI Xapau—BaiiHOepra B MOMyJISIAN TEISHTUTOB. B momyis-
UM aNTal-KIKH OTKIIOHEHHS 3a(pUKCHPOBAHBI Ul OOJNBIIErO YHCIa JIOKYCOB:
D6S474 (0,001 + 0,000), D4S2364 (0,000 + 0,000), D1S1627 (0,000 + 0,000),
D10S2325 (0,000 = 0,000). Bo Bcex cimy4asx 3Ha4YE€HUS HAOJIOIAEMOTO YPOBHS
TeTEePO3UTOTHOCTH HIKE OXKIIAEMOTO, B CBSI3U C THM MOXKHO IIPEIIONATraTh, 9TO
OTKJIIOHEHHS OT PABHOBECHSI BEI3BAHBI BRICOKIMM WHIEKCOM BHYTPHPAHOHHBIX H-
JIOTaMHBIX OpaKOB IOKHBIX alITaHIIeB.

CpenHee 3HaUCHHUE OKUIACMON T€TEPO3UTOTHOCTH B IOMYJISIIIH TEIICHTHUTOB
(He X-STR = 0,723 £ 0,076, He ASTR = 0,750 + 0,081) mo obenm cucremam
MapKepoB HIKE, 4eM B momysisiiuu antaii-kmkn (He X-STR = 0,726 + 0,098, He
ASTR = 0,753 £ 0,075). B T0 ke BpeMs ypOBEHb CpPEIHEH 0KUIAEMOM TeTepO3Hr-
TOTHOCTH 110 TTaHemn ayTocoMHbIX STR Beimre, wem mist X-STR.

HauGoinbmee cymmapHoe 9nciio ajuieneid Obuto 3a)UKCHPOBAHO B TIOMYJISIIUN
TeneHruToB: 178 ammeneit ayrocoMHbix MapkepoB u 121 ammens X-STR-
MapkepoB. [lomydeHHbIe 3HAUEHHUS CPABHUTENFHO HEBBICOKH, K IIPHIMEPY, B II0-
MYJISIIAA PYCCKUX cyMMapHoe urciio auteneit 20 crannaptabix aSTR cocraBnsier
228, a'y 6enopycos — 250 [11].

O1eHKa TEHETHYECKOTO PACCTOSIHUS MEXIy BBIOOpPKaMHU FOJKHBIX aJITANUIICB
MeTomoM Rst mokasana Hamuame 3HAaYNMBIX Pa3Inarii MEKITy BEIOOPKaMH TEJICH-
THTOB W aNTal-KIDKH, IPU STOM IOIydeHO OOIbIIee TEHETHIECKOE CXOMICTBO TI0
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ayrocomasiM STR (0,006, p = 0,000), vem mo X-STR-mapkepam (0,007,
p =0,002).

3akioueHne

B xome nccnenoBanus ObLTH BBISBIEHB! 3HAYMMEIC TCHETHIESCKUE Pa3TUIUs
MEXIy TBYMS dTHOCAMH FOXKHBIX anTaiiieB (1o Habopy ayrocoMHbIx STR 0,006,
p = 0,000, mo Habopy X-STR 0,007, p = 0,002). [ToryueHHbIC pe3ynbTATHI TO-
YepKHUBAIOT HEOOXOAMMOCTH IIPH BEpOATHOCTHBIX pacuerax B JIHK-unentnguka-
UH OPUCHTHUPOBATHCS Ha ped)epeHCHBIC YacTOTHI ajuielel, BBISABICHHBIC IS
Kaxxoi momyssinny. OObeqMHEHNE aNTai-KUKA U TEJICHTUTOB B OAHY BEIOOPKY
(TO’KHBIE AJITAMIIBI) TOBJICUET CHIKCHUE HAIC)KHOCTH T€HETUIECKON SKCIIEPTH3HI
B TIOMYJISIIIAH TEICHTUTOB. OpHEHTHPYICh HA HU3KUH YPOBEHb T€HETHIECKOTO
pa3HOoOoOpa3usl ayTOCOMHBIX MapKepOB B MOMYJISIIUSAX alTaHIeB, MOKHO PEKO-
MEHJIOBaTh COBMENIaTh 00a THIIA TEHETHUECKUX MapkepoB (ayrocomubie STR u
X-STR) npu mpoBeIeHUN TEHETHYECKOW SKCIEPTU3BI Ha POJICTBO, OCOOCHHO B
CIIOKHBIX CITydasiX.
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1

AHHoTanus. Panee HaMu ObUI NPOBE/ICH aHAIU3 OPUEHTALMK MOJUTEHHBIX XPO-
MocoM (MopdoThn sizapa) B sApax TPOPOLUTOB y OIM3KOPOICTBEHHBIX BUOB IMOJ-
rpynmnsl melanogaster v rpymnsl virilis poga Drosophila. Beln BbISBICH HOBBIH BUIO0-
cretUUHBIN TpU3HAK — MOP(OTHN siiep TPODHOLKUTOB Y Apo30(huil, CXOAHBIN C BU-
JlaM{ MAIISIPUHHBIX KOMApoB. Y Apo30Qui 00HAPYKEHBI YeThIPe BUAOCHEL(DUIHBIX
Mopdosnoruueckux Tuna siapa: 1) ¢ ToKamIbHbIM XpOMOLIEHTPOM; 2) ¢ qudy3HBIM XPO-
MOLIEHTPOM; 3) C XpOMOCOMaMH, pacCcpe0TOUECHHBIMU B IPOCTPAHCTBE 5A71pa; 4) ¢ Xpo-
MOCOMaMH, MMEIOIMMH NPUKPEIUICHHUE K SIEPHOI 000104Ke. AHAIN3 COOCTBEHHBIX U
JIMTEPATYPHBIX JAHHBIX IIO3BOJIMJI BBIABUTH 3aKOHOMEPHOCTH Ie0rpayuueckoro pac-
[POCTPaHEHUsI BUIOB IOATPYNNbI melanogaster i TPyNIIbL Virilis ¢ IPU3HAKOM «MOp-
¢dorum sigep TpodoLUTOBY. Y CTAHOBIICHO, YTO HU3KAs TeMIIepaTypa U HHOPUIUHT, OKa-
3bIBAIOT BIMSHKUE HA CUHAIITHPOBAHUE TOMOJIOTMYHBIX XPOMOCOM B siIpax TPOQoLuTo
SIMYHUKOB B JMHUAX D. melanogaster. Bo3MoxHO, faHHbIE (AaKTOPhI B POLIECCE IBO-
JIIOLIMY OKa3bIBAJIM BIMSIHUE HA MpeoOpa3oBanue Mopdorumna saep Tpodouutos (mpo-
CTPAHCTBEHHOW OpraHU3alU XPOMOCOM B sipe) Y AP0o30QHI. DBOIOIUOHHBIE MPE00-
pasoBanus MopHoTHIA e TPODOLKUTOB Y BUIOB IPOUCXOIMIN 110 CXEME: OT JIOKAJIb-
HOT'0 XPOMOLICHTPA y (DMIOr€HETHYECKH MCXOIHBIX BUJIOB K €r0 YaCTUYHOMY, a 3aTeM
U K IIOJIHOMY MCYE3HOBEHMIO Y IIPOM3BOHBIX BUJOB, IIPU 3TOM Yy Psiia BUIOB XPOMO-
COMBI PAacCPEIOTOUCHBI B SAPE U KOHTAKTUPYIOT C SIEPHOI 000I0UKOH.

KiroueBble ci10Ba: B3aMHOE pACIONOXKEHHE XPOMOCOM B spax TPO(OLMTOB
(Mopdotunsl  simep), HMOMUTEHHbIE XpOMOcOMbl, Drosophilidae, Bumbsl moarpyrmmst
melanogaster v rpynibl virilis, 3BOJIOLUOHHAS IUTOr€HETHUKA

Hcrounnk puHAHCHPOBAHMS: UCCICI0BAHUE BBIIIOJIHEHO B PaMKaxX rOCYJapCTBEH-
HOro 3amanusi MUHUCTEPCTBA HAYKH U BbICIIero o0pa3oBanus Poccuiickoii deneparun
(mpoext Ne FSWM-2020-0019).

Jnsi  uuwrupoBanusi: Baccepnayp W.D., YcoB K.E., AOsukaceimoBa [.M.,
CubataeB A.K. DBONIOIMOHHAST peopraHu3aliysi B3aUMOPACIIONIOKEHHST XPOMOCOM B
MPOCTPAHCTBE sijiep TPOGOLMTOB y OIU3KOPOJACTBEHHBIX BUIOB Apo3odui // BectHuk
Tomckoro rocynapcrBeHHOro ynuBepcutera. buonorus. 2025. Ne 69. C. 38-47. doi:
10.17223/19988591/69/5
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Evolutionary reorganization of chromosome interposition
in the space of trophocyte nuclei in closely related Drosophila species
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Summary. One of the problems of systematics and phylogeny is the difficulty in
establishing species affiliation in difficult-to-define groups of species (cryptic species),
which are phenotypically similar to each other, but at the same time reproductively
isolated and differ in genome structure. For most two-winged insects, the formation of
giant polytene chromosomes with species-specific disc and interdisc structure is char-
acteristic of the nuclei of salivary glands, trophocytes, and malpighian vessels. Accord-
ing to the structure of chromosomes species differ and phylogenetic trees between
closely related species are built according to this feature. At the same time, there are
species in which the structure of polytene chromosomes practically does not differ, such
species are called homosequential. Therefore, it is difficult to establish phylogenetic
relationships between these species. However, a new species trait has been discovered
in malarial mosquitoes, by which homosequential species are also distinguished. This
is the mutual arrangement of chromosomes in the space of trophocyte nuclei. In this
connection, it is of great interest to study this phenomenon in other two-winged insects,
especially in homosequent and cryptic species. In this connection, it was of great inter-
est to study this phenomenon in other two-winged insects, especially in homosequent
and in cryptic species. For the first time, the orientation of polytene chromosomes in
the nuclei (nucleus morphotype) of the germinative cell system was analyzed in closely
related species of the melanogaster subgroup and virilis group of the genus Drosophila.
We have shown that a new species-specific trait, the nucleus morphotype, as well as
that previously identified in malaria mosquito species, also occurs in closely related
species of Drosophila. Four species-specific morphologic types of the nucleus were
found in Drosophila: 1. With a local chromocenter; 2. With a diffuse chromocenter;
3. With chromosomes scattered in the space of the nucleus; 4. With chromosomes at-
tached to the nuclear envelope (See Fig. I). The regularity of distribution of species of
melanogaster subgroup and virilis group by the feature “morphotype of trophocyte nu-
clei” correlating with phylogenetic centers of origin of species and geographical distri-
bution of Drosophila species ranges above sea level was revealed. It was found that
such factors as low temperature and inbreeding affect the synaptation of homologous
chromosomes in the nuclei of ovarian trophocytes in D. melanogaster lines. It is possi-
ble that these factors may influence changes in the nucleus morphotype (spatial organ-
ization of chromosomes in the nucleus), which may further lead to the formation of a
new species. Evolutionary transformations of the morphotype of trophocyte nuclei in
species followed the scheme: from a local chromocenter in phylogenetically original
species to its partial and then to its complete disappearance in derived species, while in
a number of species chromosomes are dispersed in the nucleus and are in contact with
the nuclear envelope.
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BBenenne

OnHotit u3 poOIeM CHCTEMaTHKH U (DHIIOTCHUH SBIISIETCS CJIOKHOCTH B yCTa-
HOBJICHUH BHIIOBOW MPUHAIICKHOCTH B TPYAHOOIIPENEIIEMBIX TPYIIIax BHIOB
(KpUTITHYECKHE BHUJIBI), KOTOPBIC PEHOTHITMUECKH CXOIHBI IPYT C JPYTOM, HO B
TO K€ BPEMSI PEIPONLYKTUBHO H30JUPOBAHEI M OTIMYAIOTCS 110 CTPYKTYpE TEHO-
MoB [1-3]. s ycTaHOBJIECHUS (DHIOT€HETHYECKOTO POJCTBA MEXKITY OIM3KOPO/I-
CTBCHHBIMH BUIAMH, a TAKKe IS YCTaHOBJICHUST TAKCOHOMUYIECKOT'0 CTaTyca aK-
TyaJbHBIMA METOIAMHU HCCICAOBAHUHN SIBIISIOTCS THOPHIOIOTHICCKIA aHAH3,
KapHOTUIHPOBAHUE, H3YUIECHHE CTPYKTYPHI XPOMOCOM, MOJICKYIISIPHO-IIATOT€HE-
THYECKHE METOIBI [4—06].

st OONBIIMHCTBA OBYKPBUIBIX HACEKOMBIX B sIpaX KIETOK CIIOHHBIX JKele3,
TPOQOINTOB, MABIIATHEBBIX COCYaX XapaKTepHO 00pa3oBaHUE TUTAHTCKUX IO~
JIUTEHHBIX XPOMOCOM C BHIOCIICIU(DUYHON TUCKOBOW W MEXIUCKOBOH CTPYKTY-
poii [7-10]. OcoOEHHOCTBIO 3TUX XPOMOCOM SIBJISIETCS TO, YTO T'OMOJIOTHYHBIC
XPOMOCOMBI CIIapeHBI APYyT ¢ ApyroM. [1o cTpykType XpoMOCOM BHABI pa3inya-
FOTCSI, ¥ TI0 STOMY IIPA3HAKY MTOCTPOEHBI (DHIIOTEHETHIECKAE IpeBa MEXKIY OIm3-
KOPOJCTBEHHBIMH BHIaMH. B Toxe BpeMs ecTh BHIBI, Y KOTOPHIX CTPYKTYypa I10-
JUTEHHBIX XPOMOCOM MPAKTHIECKH HE OTIMYACTCS, TAKHE BUIBI HA3BIBAIOTCS TO-
MOCEKBEHTHBIMH [8, 9]. [IoaTOMY MEX Iy STHMH BUJIAMH CIIO)KHO YCTAHOBUTH (U~
JIOT€HETHYIECKUEe B3anMOOTHOMIEeH!UI. OTHAKO y MaTSIPHITHBIX KOMapoB OBLI 00-
Hapy>XCH HOBBIH BHIOBOH MPH3HAK (B3aMMHOE PACIOIOKEHIE XPOMOCOM B IPO-
CTpaHCTBE AP TPOPOLUTOB), MO KOTOPOMY pPa3THUYAIOTCS TOMOCEKBEHTHBIC
BHIBI [11-13]. B CBA3M ¢ 3THM MPENCTaBIISAIO OONBIION HHTEPEC U3yUCHHE TaH-
HOTO (PeHOMEHA y IPYTUX IBYKPBUIBIX HACEKOMBIX, 0COOCHHO Y TOMOCEKBEHTHBIX
U Y KPUIITHIECKUX BUIOB.

BupnoBasi cnenuuuHOCTH B3aUMHOI0 PACOJIOKEHHSI XPOMOCOM
B si/ipax TpoounTon

W3yueHne mpocTpaHCTBEHHON OpraHU3al[lid XPOMOCOM B sIpax TPOQOIMTOB
OJIM3KOPOACTBEHHBIX BUIOB MOATPYIIBI melanogaster v TPYUINbI Virilis moka-
3aJ10, YTO MepepacipeielieHue MPULIEHTPOMEPHOr0 reTepOXPOMATHHA IO [IeYaM
XPOMOCOM TPODOITUTOR IPO30( T JINOO €ro STMMHHAIUS ITPH BUA000Pa30BAHUHI
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COIPOBOXKIACTCS PA3NIUIHBIMA XPOMOCOMHBIMHU IIEPECTPOHKAMH, IIepeMeIre-
HUEM MOOMIIBHBIX BJIEMEHTOB 110 TEHOMY, C TOMOIIBI0 KOTOPBIX MOXKET IPOUCXO-
JUTh PEOPraHU3alNsS XPOMOCOM B IPOCTpaHCTBE snep Tpodomutor [13-20].
B pesynpTarte SBONIONMOHHBIX MTPE0Opa30BaHUI ApXUTEKTYPHI siAep TPO(OIUTOB
y OJIM3KOPOACTBEHHBIX BUJIOB MOITIPYIIBI melanogaster v Tpymsl virilis obpa-
30BaITUCH YETHIPE MOP(OIOTHIECKHUX TUIIA B3ANMHOTO PACIIONOKEHUS XPOMOCOM
B sjpe: 1) ¢ JOKAJIBHBIM XPOMOLEHTPOM; 2) ¢ MU y3HBIM XPOMOIIEHTPOM;
3) ¢ OTCyTCTBHEM XPOMOILEHTPA; 4) ¢ MPUKPEIDICHUIMH XPOMOCOM IIPHIICHTPO-
MEPHBIMH pallOHaMH K siepHOi obonouke [21-23]. [To-BuAMMOMY, 3TH YeThIpe
MOP(]OIOTHYECKIX THTIA OPTaHU3ALNH SIIEP CBSI3aHEI ¢ KOJIHMYECTBOM I'eTEPOXPO-
MaTHHA B PHIICHTPOMEPHBIX paifoHaxX XpoMocoM [24]. Uem Gosblie rerepoxpo-
MaTHHA B IPALIEHTPOMEPHBIX paifoHAX XPOMOCOM, KaK Y (DHIOreHETHIECKH CTBO-
JOBBIX BUJOB D. orena, D. virilis u D. kanekoi, TeM 0onbiiie BEpOSTHOCTh 00pa-
30BaHHS XPOMOLIEHTPAIHLHOH OpraHI3alui XpOMOCOM B siape. M3BecTHO, 9TO BH-
JOCTIEU(IYHOCT 10 KOIMYECTBY W JIOKATU3aIHK TeTePOXPOMAaTHHA B TEHOME
MIPEATIONIaraeT ero aIalTHBHYI0 3HAYUMOCTh [24-28].

3akoHOMEPHOCTH reorpadguueckoro pacnpe/ejieHust BUA0B 1p030phui
o npu3Haky «Mopgortun sizep TpohounTOB»

Pazupie BUIBI Apo30(hUIT IO CBOEMY reorpauuecKoMy paclpoCTpaHEeHUIO Ha
MaTepHUKax 3aHUMAIOT CBOHM apeajbl B ONPEICNICHHBIX KIMMATHUYECKHX 30HAX
[25]. Ha ocHOBaHMM aHAJIM3a JIMTEPATYPHBIX H COOCTBEHHBIX JaHHBIX OBLIO H3Y-
YeHO, KaK MIPU3HAK «MOPHOTHI saep TPOPOIUTOB» KOPPEITUpyeT ¢ reorpaduye-
CKAM pacmpezeneHiueM BumoB [8, 9, 16, 23, 25]. DTo HEOOX0AUMO IS TOTO,
9TO0Bl YCTAHOBUTH 3aKOHOMEPHOCTH JBONIONHOHHOTO IIpeoOpa3oBaHUS MOp-
($hoTHTIOB siziep TPOPOIUTOB Y IPO30(HII, 3aBUCUMOT0 HE TOJIBKO OT BHYTPEHHHUX
(haKkTOpOB, HO M OT BHEITHUX (PAKTOPOB cpebl oOuTaHus. C yaeToM JIuTepaTyp-
HBIX JaHHBIX 110 Teorpa)uIeckoMy pacIpoCTPaHEHUIO BUAOB IPO30(IIL, IO JaH-
HBIM THIIEBBIX IPEANOYTECHHH MyX, AaHHBIX MO0 WHBEPCHOHHOMY IOJHMOp-
¢u3My, a TaKKe HAIINX JaHHBIX M0 MOPOTUTIAM sifiep TPO(OITUTOB HaMH ObLT
MIPOBEICH aHAJIN3 BOZMOXKHOTO 3BOJIIOIMOHHOTO IPeoOpa3oBaHMs apXUTEKTYPHI
simep TpOQOIUTOB Yy BHIIOB MOATPYIIIEI melanogaster v rpymisl virilis [16, 23].

Bruto ycraHoBieHO, 9TO BHIBI HACMUKH (PENHKTOBEIC, (HIIOr€HETHIECKH
CTBOJNIOBBIE BUABI D. orena, D. virilis), apeabl KOTOPBHIX 3aHIMAIOT TOPHBIE paii-
onbl Ha BbicoTe 2100—1609 M Hazt ypoBHEM MOPS IMEIOT XPOMOIICHTPATIBLHYIO Op-
rafu3anmto saep TpodoruToB [24]. Ciieayer OTMETHTb, YTO TEMIIEPATYPHBIN pe-
JKMM B TOPHBIX paiioHax koneosercs ot +8°C Houbto 10 +16°C nHem. Takas Tem-
mepatypa Js pa3BHTHS Jpo30(QHUiIbl JOCTATOYHO YyBCTBUTENbHas [25]. Us-
BECTHO, UTO y 0CO0€H, OOMTAIOIMNX B IKCTPEMAIBHBIX YCIOBHSIX, HAIpUMEp, B
MOMYJISIIASX CEBEPHBIX MIMPOT, TAC TEMIIEPaTyPhl OKPYKAIOMIEH cpembl TOCTH-
rafoT KCTPEMATBHOTO YPOBHS, TPOUCXOAUT U3MEHEHHE KOINIECTBA H JIOKAJI3a-
MY TETEPOXpOMATHHA B XpoMOocoMax [26, 27]. BeposaTHO, T03TOMY y CTBOJIOBBIX
BUIOB D. orena u D. virilis, 0OONTaIONINX B BEICOKOTOPhE IPH MOHIKEHHBIX TEM-
mepaTypax, COACPKHUTCS B TEHOME OONBIIOE KOJTMYECTBO T'€TEPOXpOMAaTHHA B
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xpomocomax [29, 30], 9To cBHIETENbCTBYET 00 alaliTHBHOM 3HAYEHUH TeTepo-
XpOMaTHHa.

Jpyrue BUAbI MyX, apealibl KOTOPBIX paclpocTpaHeHb! Ha OONBIINX TePPUTO-
pHsX BO3BBIIIEHHOCTH W paBHUH oT 0—1300 M Hax ypoBHeM Mops ¢ Hambolee
ONTUMATBHBIMA KIIMMATHIECKAMHE YCIIOBUSIMHE MIPU TEMIIEPATYPE, JOCTUTAIOIICH
+28°C, comepkaT B TEHOME TE€TEpPOXpOMATHHA MEHBIIE, YeM CTBOJIOBBIE BHUIBI
[31-32], 1 moaToMy BX MOP(OTHUTI sAep TPOPOIMTOB HE UMEET XPOMOIICHTPAITb-
Hol opranu3aryn. OTCIo/Ia CIEYET, YTO (PUIOTeHETHIECKH IPEBHIE CTBOJIOBBIC
BHJBI C BBICOKHM CONIEPYKAHUEM TeTepPOXpPOMATHHA B TEHOME U XPOMOLEHTPAIIb-
HOU opraHmu3anuei saep TpohOonnuTOB, KaK MPaBHIIO, OOMTAIOT B CYPOBBIX BEICO-
KOTOPHBIX KIIMMATHYECKUX YCIOBUSX OKpyXaromiei cpensl [7, 8]. B To Bpems kak
BHJBI C MEHBIINM KOJIMYECTBOM T€TEPOXPOMATHHA B TEHOME H C XPOMOCOMaMH,
paccpeIoTOYCHHBIME B MTPOCTPAHCTBE sAep TPo(OIUTOB, OOUTAIOT B Hanbomee
OJIaroNpUsATHOM TPOMMIESCKOM KITMMATE.

Taxum o0pa3zoM, IIpu BHI00OPa30BaHUN YKCTpEMalIbHAS TEMIIEpaTypa Moriia
SIBIISITBCSL OTHUM U3 BOKHBIX (PAaKTOPOB BO3IEHCTBIS OKPYIKAIOIIEH CpeIbl Ha pe-
OpraHU3aIrI0 XPOMOCOM B IIPOCTPAHCTBE siAep TpodomuToB y npozodui. Kpome
TOT'0, MO-BUANMOMY, HHOPUIMHT XapaKTEPHBIH IS MOMYJSIIAN BUIOB, pacipo-
CTpaHEHHBIX Ha Iepu(eprun apeasa, MOT TaKKe TOBIHATH HA apXUTEKTYPY sIIep
TPOQOINTOB ¥ MPUBECTH K ABOIIOIIMOHHBIM IIPeOOPa30BaHUSIM IIPOCTPAHCTBEH-
HOW OpraHW3aIllii XPOMOCOM B sApaxX TpohonuToB. B cBs3u ¢ 3TMM HaMu OBLT
MOCTABIICH DKCIIEPUMEHT C JUHISMU D. melanogaster, KOTOPBIN BBISIBIJ, YTO
HU3Kasl TeMIIepaTypa U MPOIOIDKUTEILHBIN HHOPUINHT OKA3hIBAIOT BIHMSHUE HA
OpraHM3aIHMI0 XPOMOCOM B siipax TpodoruToB [33].

Y Z2
P ?,g (XS

Pt 7
D. montana
{ Y %@'*>v
ﬂ/ _’4 \ ‘_b‘ / v //') ﬂ,,u}"mmb‘ VAN Tacicola
D. simulans D. sechellia D. mauritiana ) P ,\\
7 4 D, Borealis
v AR D. kanekoi X /ff T S J

zv*/v AV

o \ahlbﬂ D. santomea Tl D. ezoana D. littoralis
D orena D. erecta l
D. americana
\I “

D. teissieri D. virilis D. lummei D. novamexic: m a

D. texana

Puc. 1. Cxema 3BOJIOLIMOHHBIX [IPE0Opa30BaHuii MOP(OTHUIIOB siaep TPOPOLUTOB
y BHJIOB OATPYIIIbI melanogaster v BUAOB TPyIIbI virilis
[Fig. 1. The scheme of evolutionary transformations of morphotypes of trophocyte nuclei
in species of the melanogaster subgroup and species of the virilis group]
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BeposiTHO, Tpr BO3IEHCTBIH ATHX (PaKTOPOB HA TEHOM IPO30(IIT BHIOB IO~
TpyIIBl melanogaster v TpyIsl virilis IPONCXOINUIIO H3MEHEHNE KOIIMYECTBA T'e-
TEpOXPOMAaTHHA B IPHIIEHTPOMEPHBIX pailoHaX XpOMOCOM (C IOMOIIBI0 XPOMO-
COMHBIX TEPECTPOEK M IMEPEeMEIICHUS MOOWIBHBIX TeHETHYECKUX DIIEMEHTOB),
YTO MOTJIO MPUBECTH K U3MEHEHUIO MPOCTPAHCTBECHHON OpPraHU3allii XPOMOCOM
B s/Ipe ¢ 00pa30BaHUEM YETHIPEX MOP(POTOTHICSCKUX THITOB siapa [23]. DBomroIHs
TeHOMa JIpo30()MII IIIa B CTOPOHY YMEHBIICHHUS KOJIMYECTBA TETEPOXPOMATHHA
(B OCHOBHOM HPHUIICHTPOMEPHOTO), UTO, MO-BUANMOMY, IIPUBEIIO K MCUC3HOBE-
HUIO XPOMOIICHTPAIIHON OpPraHu3alui sapa y (GUIOreHeTHIeCKH IIPON3BOTHBIX
BHJIOB Jipo30dui (cM. puc. 1).

B ¢unorenese y npozoduin nmoarpynmsl melanogaster v Tpynisl virilis mpo-
SIBHJIACH OOIAsi TCHICHIUS SBONIONMOHHON pPEeOopraHm3aldl XPOMOCOM B IPO-
CTpPaHCTBE sIIep TPOPOINTOB: OT JIOKATTFHOTO XPOMOIIEHTPA y CTBOJIOBEIX BUIOB,
3areM K JuPy3HOMY XPOMOIICHTPY M K €r0 MOJHOMY MCUE3HOBEHHIO y Oolee
MOJIOJIBIX TPy Ipo3odur [21, 23].

3akirouenne

BbL10 OKa3aHo, YTO BBISABICHHBIN HPH3HAK — MOP(OTHUIL si1ep TPODOILUTOB,
TaK)Ke KaK paHee BbISABJICHHBIN Y BUIOB MaJSIPUUHBIX KOMApOB, UMEET BUIOBYIO
CHEU(PUIHOCTh U Y OJIM3KOPOACTBEHHBIX BHJIOB Jp0o30¢uil. BrisBiieHa 3aKOHO-
MEpHOCTh pacipe/ielieHrs BUAOB MOArpyIibl melanogaster v rpyninsl virilis mo
MPU3HAKY «MOPDOTHII si/iep TPODOLUTOBY, KOPPETUPYIOIIAS C IEHTPAMHU IIPOUC-
XOXK/ICHHS BUJOB U reorpauyecKiuM pachpe/eiieHHeM apealioB OTHOCHTEIBHO
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AHHoTauus. AnsrepHatuBHbIN craiicuar MPHK — kiroueBoit sram moctTpas-
CKPMIILMOHHOM Peryisiyy SKCIPECCHH I'€HOB, KOTOPBI 00eCreunBaeT 3KCIPECCUIO
paznuunbix uzopopm PHK. DToT MexaHn3M Urpaet BaXKHYIO POJib B Pa3BUTHHU U (HYHK-
LIMOHMPOBAHMH IUIALCHTHL. B KauecTBe 0ObeKTa HCCleIOBaHUS BBIOPAHbI JeLHyallb-
HbIE KIIETKH, KOTOPbIE MMEIOT KIIIOYEBYIO POJIb KaK B IOICP)KaHUK (PU3HOJIOr HUECKOM
0GEepeMEHHOCTH, TaK U B Pa3BUTHH aKyIIEPCKUX OCIOKHEHHI. B nccnenoBanuu npose-
neno riyooxoe PHK cexBeHupoBaHue ¢ A€TalbHBIM aHAIU30M COOBITHIA aIbTePHATUB-
HOTO CIUIaHCHHTa B IUIALICHTAPHOH TKAHU NpH (HU3HOIOrHUECKOM TeYeHHH GepeMeH-
HOcTH. [l aHanM3a aHHOTMPOBAHHBIX KJIACCHYECKHX COOBITHH albTepPHATHMBHOI'O
crtaiicudra ucnonb3oBadsl nporpammel MAJIQ, tMATS, SGSeq. B meumnyansHbx
KJIeTKaX uaeHTUUIpoBaHo ¢ nomorpto nporpammsel MAJIQ 3 501 anHOTHpOBaHHOE
ounapaoe cobbite AC mis 2 731 reHoB; ¢ momompto mnporpammbel TMATS —
66 687 cobbrtuii aist 14 784 renos; ¢ momorisio nporpammel SGSeq — 15 782 coObitust
st 5 616 renoB. nentuduuuposano 15 887 sxcrnpeccupyromumxcs B IJIALCHTE U O/
BEPIKCHHBIX aJbTEPHATHBHOMY CIUTAHCHUHTY, U3 KOTOPbIX 1 857 reHOB SIBISIIOTCS 00-
IIMMH [0 pe3yJabTaTaM TPeX Pa3IMuHbIX MPOrpaMM. AHalU3 PEKOHCTPYMPOBAHHOM
TEHHOM CETH MO3BOJIMII BBISIBUTH PETYJISTOPHBIE CBA3H, 00ECIIEUHBAIOLINE KOOPIMHHU-
POBaHHYIO SKCIPECCUIO OOJIBIIMHCTBA LIEHTPAJIBHBIX TEHOB, KOTOPBIE aCCOLMUPOBAHBI
C IMMYHHOI CHCTEMOM, KJIETOYHOH MHUrpalen, MEeKKIETOYHBIMA KOHTAaKTaMH U pe-
ryasuueit sxcnpeccun. [TomyueHHbIe pe3yabTaThl IOATBEPKIAIOT BAXKHOCTh aJlbTepPHA-
TUBHOT'O CIUIAMCHHIA, KOTOPBIIl CYIIECTBEHHO YBEIMYMBAET TPAHCKPUIILIOHHOE pa3-
HOOOpa3ue U MpescTaBiseT co00i 3HAaUMMBbIH MEXaHU3M PETyJISILUK IT'€HOB B JCLHIY-
QJIBHBIX KJIETKaX.

KuroueBble cji0Ba: abTepHATUBHBINA CIUTAMCHHT, IOJIHOTPAHCKPUIITOMHOE CEKBE-
HUPOBaHUe, IUIAleHTa, AeuunyansHble KieTkd, MAJIQ, rMATS, SGSeq
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Summary. The alternative splicing study (AS) is of considerable interest to re-
searchers, since this process is fundamental in molecular biology and leads to the ex-
pression of various protein isoforms from a single gene. Alternative splicing is known
to regulate the expression of genes involved in the development and functioning of the
placenta. It is known that one of the decisive events for the successful implantation of
the embryo and the development of the placenta is the differentiation of endometrial
stromal cells into decidual cells, which play a key role both in maintaining physiologi-
cal pregnancy, in this regard, they are the most interesting object for the study of AS
events during pregnancy. The aim of the study is to analyze and characterize the events
of alternative splicing in decidual cells during physiological pregnancy.

MAIJIQ, tMATS, and SGSeq programs are selected for the analysis of AS events.
Thus, in the total array of the control group, 3501 annotated AS events for 2731 genes
were identified using the MAJIQ; 66687 events for 14784 genes were identified using
the rtMATS; 15782 events for 5616 genes were identified using the SGSeq. The next
step was to classify all events according to 7 types of AS for the MAJIQ and SGSeq,
and 5 types of events for the IMATS (See Fig. 1). When searching for common genes,
low replication of the results was shown (33.9%), since only 5,387 genes were identi-
fied in at least two programs at the same time.

In order to provide a more detailed functional annotation of genes affected by AS,
1857 genes common to all three programs were analyzed (See Fig. 2). The analysis of
the protein-protein network reconstructed using the "STRING" program included 386
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protein products (high confidence = 0.999) and 98 clusters. These genes are associated
with chromatin modification, transcription regulation, intercellular signaling, cell mi-
gration, intercellular adhesion, immune system, apoptosis, and the NF-kappaB signal-
ing pathway according to the detailed functional annotation in the GeneOntology,
KEGG, Reactome databases. These signaling pathways are crucial for the development
and maintenance of fetal health and their violation can lead to various obstetric pathol-
ogies, in connection with which it seems relevant to further study this mechanism of
RNA processing in a cohort of patients with obstetric pathology.

The article contains 2 Figures, 12 References.
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BBenenne

Nzydenue anprepHaTuBHOrO cruiaiicuara (AC) mpeacTaBiseT 3HAUNTSbHBIN
HWHTEPEC I iCCIeA0BaTeNeH, HOCKONBKY JaHHBIN MPOLecC SIBISETCS (yHAaMeH-
TaJBHBIM B MOJICKYJISIPHOH OMOJIOTHH, B X0O/I€ KOTOPOT'0 OJHA Mpe-MeCCEHIKEP-
Has PHK (mpe-MPHK) Mo>keT OBITH CIiaiicupoBaHa pa3IMYHBIMH CIIOCOOAMH JIJIS
ToTydeHust MHOXecTBa TpanckpuntoB MPHK, uro mpuBoauT K aKcipeccuu pas-
JIYHBIX H30(opM Oerka u3 ogHoro rena. M3sectHo, 4to 95% reHoB monBepxeHo
aIbTEepHATUBHOMY CIutaiicuary [1].

[To cBoe# CyTH aJIbTEpHATUBHBIA CIUTAMCHHT IMpEronaracT n30uparenbHoe
BKJIFOUCHHE WIIH UCKITFOUYCHHE SK30HOB (KOIUPYIOMIMX 00JIaCcTei) /WM UHTPO-
HOB (HeKomupyromux obnacteid) B mporeccuare MPHK. CyiecTByeT HeCKOIbKO
KJIacCHYECKUX (OMHApHBIX) THITOB cOOBITHI AC [2], KaXIbIii ©3 KOTOPHIX MTPUBO-
IUT K pasnudaabiM u3odpopmam MPHK: anmbTepHaTHBHEIC 3'- M 5'-calfThl CIIIaii-
CHHIa, albTEPHATUBHBIC NIEPBbIM U MOCIEAHUN IK30HBI, B3aUMOUCKIIOYAIOIIUI
CIUTAHICHHT AK30HOB, YACPKaHUE HHTPOHA, IIPOITYCK HK30HA.

N3BecTHO, YTO anbTEPHATHBHBIN CIIAHCHHT PETYIHPYET IKCIPECCUIO TEHOB,
YYaCTBYIOIINX B Pa3BUTHH M (PYHKIMOHHPOBAHWH IUIALICHTHI. M3MeHeHue dKc-
MIPECCHH TUTAIICHTAPHBIX TEHOB MOXKET HAPYIIUTH TaKWe BasKHBIC IPOIECCH, KaK
maddepeHupoBka TpodobOiacTa, aHTHOreHe3, TPAHCIOPT IHUTATEIBHBIX Be-
IIECTB ¥ IMMYHHBII TOMEO0CTa3, YTO MOXKET IIPHBECTH K OCIIOKHEHUSAM OepeMeH-
HoctH [3, 4]. HecMoTpst Ha BCECTOPOHHMM aHAIN3 aTbTEPHATHBHOTO CIUTANCHHTA
npe-MPHK BO MHOTHX TKaHSX M KJIETKax YEIOBEKa B HOPME W IPU MATOJIOTHH,
paHee HE TPOBOAWICS TIOOANBHBIA CKPHUHUHT W3MEHEHHH aNbTEPHATHBHOTO
CIUTAiCHHTa B OTIENBHBIX KJICTOYHBIX IMOMYJISIISIX IDTalleHTapHON TKaHu. [lenn-
nyansHbIe KieTkH (JIK) mianeHTsr urparT KII0YeByIo poib Kak B HOAACPKaHUH
(hM3HOIIOrHYeCKOi OEPEMEHHOCTH, TaK U IPH Pa3BUTHH €€ HEOIAropHUITHBIX HC-
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XOJIOB, MPEITOJIOKUTEIHLHO JJaHHbIC ()YHKIIMU CBS3aHBI C HX YYaCTHEM B ITPOIIEC-
cax remMocTasa, BOCMaJeHNH 1 MMMyHHOM oTBete [5]. B cBs3u ¢ atum [IK sBus-
FOTCSl Han0OJIee HHTEPECHBIM 00BEKTOM IS MccienoBanus cooptuii AC nipu Oe-
PEMEHHOCTH.

HemanoBaxHbIM sBIIsieTcs BEIOOp OMOMH(DOPMATHIECKOT0 HHCTPYMEHTA IS
aHaym3a coObiTuid AC. JIByMs pacrnpocTpaHEHHBIMU TUIIAMHA OHOWH(pOpMaTHYEe-
CKOT'0 aHalln3a aJbTEPHATUBHOIO CIUTAMCHHTA SIBJISIOTCS aHAJIM3 Ha OCHOBE W30-
(hopM 1 aHAH3 HA OCHOBE COOBITHH [6]. AHATN3 HA OCHOBE COOBITHH (hOKYCHPY-
€TCSI Ha BBISIBIICHUY M KOJTMYECTBEHHOM OIIEHKE KOHKPETHBIX COOBITHI AC, TaKuX
KaK MpOITYCK PK30HA, aTbTEPHATHBHBIC 5'- MK 3'-CaliThl CILUTAWCHHTA, yIEP)KaHHE
WHTPOHA, AJIbTEPHATHUBHBIC IMEPBBIA M TOCICTHII SK30HBI ¥ B3aMMOKCKITIOYAIO-
I¥e 3K30HbI. B TaHHOM citydae 00bIYHO HCITONB3YIOTCS TAKUE HHCTPYMEHTHI, Kak
MAIJIQ [7], tMATS [8], SGSeq [9]. MeToms! aHaM3a, OCHOBAaHHBIC HA COOBITH -
HOM ITO/IX07ie, 00IaaroT 0oJiee BHICOKOW YYBCTBUTEIHLHOCTHIO M CHEHH(DUIHO-
CThIO JIJIs BBIsABIIEHUS coObITHI AC na)ke MpH HU3KKX YPOBHSIX DKCIPECcCHH Oiia-
rojaps TOYHON KOJTMYECTBEHHON OIIEHKE CYNTHIBAHHN CIIIACHHTOBBIX COEIMHE-
HUW WM YPOBHEH BKITFOUEHHUS SK30HOB.

Lenp uccnemoBaHus 3aKJI0YaeTCs B CPABHEHUH IMOAXOA0B K aHAIM3y COOBI-
THW alTbTEPHATHBHOTO CIUIAHCHHTA B JICIHTyaIbHBIX KJIETKaX MPpH (hrU3HOIIornyie-
CKOI1 OepeMEeHHOCTH.

MarepuaJibl 1 METOABI

I'my6Gokoe cekBeHupOBaHUE POBEICHO 151 8 00Pa3IIoB IUTAIICHTAPHON TKaHH,
MOTYYIEHHOH OT KCHIIHUH C (PU3UOJIOrHIECKUM TeueHneM OepeMeHHocTH. Cpen-
HHN Bo3pacT cocTaBuid 29,5 = 5,8 roga. Cpessl TanieHTapHON TKAaHU OXapaKTe-
PH30BaHBI THCTOJIOTHYECKH C OKPAITBAHNEM T€MaTOKCIIINH-2030HOM. JlazepHas
MHUKPOAMCCEKINS OCymiecTBIIeHa Ha obopynoBanun PALM «Carl Zeiss» (I'epma-
HUS) C TEXHOJIOTHEH aBTOMATH3WPOBAHHOTO 3aXxBaTa (hparMeHToB «Laser Capture
Microdissectiony. M3 moirydeHHBIX Ha JUCCEKTOPE OTICIBHBIX KJICTOK BBIJCIICHA
PHK st co3manus PHK-onbmmnorex. st BeiaeneHus rotanbHoi PHK ucmons-
3oBaH Habop Single Cell RNA Purification Kit «Norgen» (Kanana). KonnenTpa-
s u kadectBo PHK orenens! ¢ momonisio 2100 Bioanalyzer «Agilent» (CLIA).
[Ipurorosiieaue 6ubIMOTEK MpoBeaAeHO Mo mpoTokory SMARTer Stranded Total
RNA-Seq Kit v2 «Takaray (SImonuns). MaccoBoe mapajuiebHOe CEKBEHUPOBAHUE
MIPOBEJICHO B pXKUME IBYXKOHIIEBOTo pouteHus (2x100 1m.0.) Ha mpubope Next-
seq 2000 «Illuminay» (CIIA). PacueTHoe uncio mpodYTeHuid Ha 0Opas3er CocTaB-
Js10 He MeHee 60 MIIH.

[Ipeno6paboTka TaHHBIX MPOBEJCHA C TIOMOIIBIO OOIICTIPHHSTHIX MOIXOJI0B.
AHanm3 Ka4ecTBa IMONyYCHHBIX CHKBEHCOB BBITIONHEH C TIOMOIIBIO IPOrPaMMEL
FastQC. TlocnemoBatenbHOCTH aJanTepoOB yAAJNEHBI C IMOMOIIBIO MPOTPAMMBI
Trimmomatic. BeipaBHIBaHHE MOTYYECHHBIX TPAHCKPUIITOMHEBIX JaHHBIX Ha pe-
¢depercHbd TeHOM YenoBeka (GRCh38) BBIMONHEHO C IMOMOIIBIO MPOrpaMMBI
STAR. Anainus coobiTiii AC ipoBelieH ¢ momonibio mporpaMm MAJIQ, rMATS,
SGSeq.
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Pe3yabTarhl cciiefoBaHus U 00CYy:KIeHHE

Jlnst anaym3a coOBITHH alTbTEPHATHBHOTO CIUTAWCHHTA BHIOPAHBI MTPOTIPaMMBI
MAIJIQ, rMATS, SGSeq, Tak KaK OHH CYIIIeCTBEHHO OOHOBJICHBI B 2023—2024 TT.
U UMEIOT BO3MOXKHOCTB BU3yann3arun. CaM aHanu3 ObII COCPEIOTOUCH Ha aHHO-
THPOBAaHHBIX KIACCHYECKUX COOBITHX, TAK KaK MPHU MPeABAPUTEIHEHOM aHAI3e
UX 0Ka3aJIOCh OONBITHMHCTRBO.

Takum 06pa3oM, B 00IIeM MacCHBE KOHTPOJIHHOW TPYIIIBI C TIOMOIIBIO MPO-
rpammbl MAJIQ uaentudumposano 3 501 aHHOTHPOBaHHOE OWHAPHOE COOBITHE
AC mrs 2731 reHa; ¢ nomonipto mporpaMMmbl TMATS wuaeHTH(DHAITUPOBAHBI
66 687 cobpiTuit s 14 784 reHoB; ¢ moMomkio nporpamMmbel SGSeq — 15 782
coObITHSA 7151 5 616 TeHOB. PazHoe KOMMYECTBO UACHTU(UITUPOBAHHBIX COOBITHI
1 TCHOB CBS3aHO C pa3HBIMH MTOJIXOIAMH, 3aJI0)KEHHBIMH Pa3paOOTUYMKaMH B IIPO-
TpaMMBbl ISl aHAIM3a AJBTEPHATUBHOTO cIutaiiciara. CIeayIomuM IIaroM Bce
OWHApHBIE COOBITHS OBUTH KIACCH(HIIMPOBAHBI COTJIAaCHO 7 THIaM coObITHii AC
st mporpamMm MAJIQ u SGSeq u 5 THmam coOBITHH Ji1s TiporpaMMbl IMATS —
KOJIMYECTBO PACCUUTAHO B IPOIIEHTAX OT OOIIEro yuciia coobITui (puc. 1).

70

60

40

30

TIponeHTHOE pacupeseeHHe
cobrrrait AC, %

20
10
0 A3SS ASSS MXE RI SE AFE ALE
mMAIJIQ 17,7 12,4 03 1,6 29,7 24,8 13,5
tMATS 14,1 8,7 34 10,4 63,3 0 0
mSGSeq 8.9 83 0,2 28,6 46,3 6.6 1.1

THIE! COOHITHE ATHTEPHATHEHOIO CIUIAHCHETA

Puc. 1. Pacripeenesre aHHOTHPOBAHHBIX COOBITHII alIbTEPHATUBHOIO CILUIAMCHHTA B TPYIIE
JKeHIIUH ¢ pu3nonoruieckoit 6epeMeHHocThio (A3SS — anbrepHaTUBHBIH 3'-callT
crtaiicudra; ASSS — anprepHaTUBHBIN 5'-caifT crutalicuara; MXE — B3auMOHCKITIOUaroIue
9k30HbI; Rl — ynepkanue unrpona; SE — nponyck sx30Ha; AFE — anbrepHaTHBHBIN TIEpBbIit
9k30H; ALE — anpTepHaTuBHBIN MOCIeAHMN 3k30H; — B iporpamme IMATS cobsitust AFE
u ALE e onpegenstorces). [To ocu X — tumn cobbrtuit AC; o ocu Y — NpoLeHTHOe
COOTHOIICHHUE AJIsI KAYKIOT0 THIIA COOBITHIA
[Fig. 1. Distribution of annotated alternative splicing events in a group of women with physiological
pregnancy (A3SS - alternative 3'-splicing site; ASSS - alternative 5'-splicing site; MXE - mutually
exclusive exons; RI - intron retention; SE - exon skipping; AFE - alternative first exon; ALE - alternative
last exon; - AFE and ALE events are not defined in the rMATS program). On the X-axis - type
of AS events; on the Y-axis - the percentage per event type]
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W3 mpuBeneHHBIX JaHHBIX BUIHO, YTO Hamboiee pacipocTpaHEeHHBIM TATIOM
AC sBsieTCs IPOITYCK SK30HA, YTO ITOKA3aHO JJIS BCEX TPEX MPOrpaMM, 9TO CO-
TJIACYETCS C YKE JaBHO M3BECTHBIM IOJIIOKECHUEM O MTPeodIIaaHuy MPoITycKa K-
30Ha y MJIEKOMHTaomuX. Jlanee MBI MOXKeM HaOJ0AaTh BapHATHBHOCTE. B mpo-
rpamme MAJIQ anbTepHATUBHBIN MEPBBIN SK30H SIBISIETCS BTOPHIM IO PACIIPO-
ctpaneHHOCTH coObITHEM AC, B TMATS — anbTepHaTHBHBIHN 3'-caliT crutalicuHra,
torga kak B SGSeq — yAepKaHWE MHTPOHA, YTO MMOATBEPKAACTCS HOBBIMH JIaH-
HBIMH O pOCTe COOBITHI yaepxanust uHTpoHa [ 10]. HanMmeHee penkuM coObITHEM
SIBIISTIOTCSL B3aMMOMCKITIOYATOIIIE YK30HEI, YTO TaKXKe ITOKA3aHO 110 pe3yIbTaTaM
aHaJM3a JaHHBIX BCEMH TpeMs IporpamMmaMi. CIenyIomuM IMaroM Iy dTOH 3a-
Iagyl SBISUICS TOWCK ITIEPECEKAIOIIUXCSl TEHOB CPeld BCETO MAacCHBa MAHHBIX

(puc. 2).

[ 213 \ 9540

\ 747 v

Puc. 2. [luarpamma Benna, 7eMOHCTpHUpPYIOLasi OOIIHOCTh U CIIeLM(UIHOCTH [CHOB,
MOJIBEPKEHHBIX AIBTEPHATUBHOMY CIUIAHCUHTY U BBIABJICHHBIX
¢ nomorsio nporpamm MAJIQ, tMATS, SGSeq
[Fig. 2. Venn diagram demonstrating the generality and specificity of genes subject
to alternative splicing and identified using MAJIQ, rMATS, SGSeq programs]

[Ipu aHanm3e pe3ynbTaToOB MOMYIEHHBIX JAHHBIX BA)KHO OTMETHTD, YTO KOJIU-
4ecTBO TEeHOB, MoaBepxeHHbIX AC, 3HauMTeNnbHO BapbHpoBajio (ot 2 731 mo
14 784). Unentudumupoano 15 887 reHOB, SKCIPECCUPYIOMUXCS B TUIAIICHTE 1
MOJBEP)KEHHBIX allbTEPHATHBHOMY CIUTaiicuHTy. [Ipm momcke oOmIiX TeHoB Io-
Ka3aHa HU3Kas peruTuKanus pe3ynsTaToB (33,9%), Tak kak Bcero 5 387 reHOB BhI-
SIBIICHBI XOTA OBI B IBYX IPOrpaMMax OZHOBpeMEHHO. Hu3Kas perummkariust Mo-
XKeT OBITH CBSI3aHA C Pa3TMIHBIMU CTATHCTHYECKAMH U aJTOPUTMUYECKUMHE MO~
XO/IaMH B UCIIONB3YyEMBIX MTPOTrpaMMax, KpaTKO OMMMCAHHEBIX BHIIIIE.

B mensx 6onee aetanbHON (GYyHKIIMOHATLHOW aHHOTAIIMK T€HOB, ITOIBEPIKEH-
HbIX AC, ObUT TIpoBenieH aHanmu3 1 857 oOmIux s BceX TpeX MporpamMM I'eHOB.
AHann3 peKOHCTPYHPOBAHHOW ¢ HcIoiib3oBaHueM mporpammbl «STRING» Ge-
JIOK-0EITKOBOM ceTh BKItoyan B cebs 386 OenkoBbix mponykroB (high confi-
dence = 0,999) u 98 knacTepoB, U3 KOTOPBIX 8 KJIACTEPOB BKIIOYAIN B ce0s 8 U
0oJiee TeHOB, 57 KIIACTEPOB 10 2 TeHa, KOJIMYECTBO I'EHOB B OCTAIBHBIX KilacTepax
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BapbHPOBAIIOCH OT 3 710 5 BKIFOUNTENHEHO. COorjlacHO OIPOOHOH (hyHKIIHOHAITB-
HOI aHHOTanuu B 6a3ax maHHBIX GeneOntology, KEGG, Reactome ¢ moMoripro
onnaiH-pecypca WebGestalt (https://www.webgestalt.org/), 3T TeHBI CBA3aHBI C
MoauQHKaIe XpOMaTHHA, PETYIALMNCH TPAHCKPUTIIIH, MEKKIICTOYHBIM CUTHA-
JIMHTOM, MUTpAlMed KIETOK, MEXKJIETOYHON ajre3neil, IMMYHHOU CHCTEMO,
aToITO30M 1 CHTHANBHBIM ITyTeM NF-kappaB. DTH curHabHBIE ITyTH HMEIOT pe-
mraromiee 3HaYCHUE IS Pa3BUTHSI M IOANEPKaHMsI 300POBhS IUIOAA, U UX Hapy-
[IEHUE MOXKET MPHUBECTH K PA3NMYHBIM aKymiepckuM martomorusim [11, 12], B
CBSI3U C YeM IIPEICTABILICTCS aKTyaJbHBIM HajbHEiIee H3ydeHne JaHHOTO Me-
xaHu3Ma mnporeccuara PHK B koropre manineHToK ¢ aKymepceKoi maToIoTuen.

3akiioueHne

B ncciienoBannyu npoBeieHa OIieHKa COOBITHH aTbTEPHATUBHOIO CIUTAWCHHTA
B JICIIUAYTBHBIX KJIETKAX IUTACHTHI TPH PH3UOIOTHYECKON OEpEMEHHOCTH C T10-
Mompio0 Tpex OnomHpopmatudeckux nporpamm MAJIQ, rIMATS, SGSeq. Co-
IJIACHO PEe3yJIbTaTaM aHajH3a JAaHHBIX BO BCEX TPEX IMOIXOAaX CaMbIM pacIipo-
CTpaHEHHBIM COOBITHEM SBJISECTCS MPOIMYCK 3K30HA, a CAMBIM PEIKHM — B3aHMO-
HCKJTIOYAOIIUE SK30HBI, TAKXKe BBISABICHO 1 857 0ONIMX T€HOB, MOIBEPKEHHBIX
aJbTePHATUBHOMY CIUIaiicuHTy. Ho mpojeMoHCTprpoBaHa HU3Kas PETUIHKAIIHS
Pe3yIIbTaToB, TaK Kak Bcero 5 387 reHoB (33,9%) BBIABICHO XOTS OBI B ABYX IPO-
rpaMMax OJJHOBPEMEHHO. DTO MOXKET OBITh CBSA3aHO C Pa3IMYHBIMH MaTeMaTHde-
CKHAMHU TTOIXOJaMH, 3JI0KEHHBIMU Pa3pa00TIYNKaMHU B aJTOPUTMBI IPOTPaMM, B
CBSI3H C YeM I1eJIeCO00Pa3HO HCITOB30BaTh HECKOIBKO MOIXOIOB IS HACHTH(DH-
Kanuu coObITH AC W IS TOCIIEAYIOIIETO aHaIN3a BRIOUpPATh TE TEHBI, KOTOPhIC
SIBJIAFOTCSL OOIIUMHU JIJISL BCEX MPUMEHEHHBIX B HCCIICIOBAHUN TIPOTPaAMM.
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CoBpeMeHHbIe NIpeCTaABIeHUsI 00 H3MEHYMBOCTH MUTOXOHIPUAIBHOIO
reHOMAa 4YeJI0OBeKa U ee posiu B popmupoBannu GeHOTHIIA

Mapus Baagumuposna Iony6enxo’

! Tomexuti nayuonansuwtii uccnedosamenvckuti meduyunckuti yenmp Poccuiickoii axademuu
nayx, HUU meouyunckoui eenemuxu Tomckoeo HUML], Tomck, Poccus
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Annorauust. Muroxounpuanshas JJHK siBisiercst HeGomb11I0i, HO BaXKHOI U 0CO-
OceHHOM JacThio reHoMa. MccaemoBanust n3MenunBocTr MT/IHK yemoBeka siBisroTCst
AKTyaJIbHBIMH B Pa3JIMYHBIX acrekrax. Llenp uccienoBanus — 0003HaueHHE OCHOBHBIX
COBpPEMEHHBIX HaIlpaBieHU n3ydeHus Mmutoxonapuanbaoi JJHK yenoseka, ee usmen-
YHBOCTH U €€ posik B popmupoBanuu ¢penoruna. CoBpeMeHHbIE paboThI 110 3TOM TeMa-
THKE HaIlpaBJIeHbl Ha aHAJIN3 TIOJTHOM MOClie0BaTeIbHOCTH MUTOXOoHApHanbHoi JTHK,
a B IOCHeJHEee BpeMs OONbIIOEe 3HAYECHHE IPHUOOPETAIOT MCCIIEOBAHUS «IPEBHEH»
JHK. HacneacreeHnsiii nonumopdusm muroxonapuanbaoi JJHK moxet umeTs GyHK-
LMOHAJIHOE 3HAYEHHE U BHOCUTH BKJIA/I B aJIalITALIMIO K YCIIOBUSIM KU3HEHHOH Cpe/ibl,
a TaKKe B IPEIpPacIoiOKEHHOCTh K MHOTO(GaKkTOpHbIM 3aboneBaHusM. M3ydeHue
BKJIaaa nonumopdusma muroxonapuansHoit JJHK B hopmupoBanue peHorumna kak B
HOpME, TaK ¥ IPH NaTOJIOIHHU CTAIKUBACTCS ¢ NPOOJIEeMaMH OLICHKH COYETaHHOTO 3¢-
¢ekra Heckonbkux BapuaHToB. Posp nonumopduszma mtJHK B mpenpacnonoxeHHo-
CTHU K 3200JI€BaHUAM MOXKHO PACCMATPHUBATh B pAMKaX I'MIIOTE3bl «3KOHOMHBIX» I'€HO-
tunoB. Takum obpazom, uzyderue nonumopdusma muroxonapuansaoi JJHK B momy-
JSILMSX YEJIOBEKa M IPU Pa3iIM4HbIX 3a00JIeBaHUAX UMEET KaK TeOPETHYECKOe, TaK U
NPUKIIaHOE 3HAYCHHE.

KioueBsble cioBa: muroxonapuanshas JJHK, Homo sapiens, nomnyssiiuoHHast re-
HETHKa, HOMTUMOP(H3M, MHOrO(DAKTOPHBIE 3a00ICBaHHS

Hcrounuk ¢unancupoBaHusi: paboTa BbINOJIHEHA Mpu moanepxke rpanra PHO
Ne24-24-00527.

BaarogapHocTH: aBTOp MCKpeHHE 0JaroapeH CBOUM YHUBEPCHTETCKHUM YUUTEIISIM,
npernoiaBaTesIaM Kadeapsl LUTOJOTMH U FeHETHKU TOMCKOro rocy1apcTBeHHOTO YHH-
Bepcutera: Amie AnatonseBHe Kosnosoii, Jlapuce MBanoBue [lotexunoii, Cernane
Uropesne Llurnenok, Cetnane BacunseBHe [lynbpkunoii, FOpuro Muxaitnosuuay Ho-
BHUKOBY.

Jonst uurupoBanusi: [onyderko M.B. CoBpeMeHHbIe MpeCTaBiIeHUs] 00 U3MEHUUBO-
CTH MUTOXOHJPUAJIBHOr0 T€HOMa YelIOBeKa U ee poiu B popmupoBanuu GpeHoruna //
Bectauk Tomckoro rocynapcTBeHHoOro ynusepeurera. buomnorus. 2025. Ne 69. C. 58—
67. doi: 10.17223/19988591/69/7
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Modern concepts of the human mitochondrial genome variability
and its role in the shaping of phenotype

Maria V. Golubenko'

! Research Institute of Medical Genetics, Tomsk National Research Medical Center
of the Russian Academy of Science, Tomsk, Russian Federation
L https://orcid.org/0000-0002-7692-9954, maria.golubenko@medgenetics.ru

Summary. Mitochondrial DNA (mtDNA) is a separate part of the genome which
is localized in the mitochondria. It encodes 13 subunits of the respiratory chain com-
plexes, as well as ribosomal and transfer RNAs. mtDNA is present in the cell in a large
number of copies, its replication is relatively independent of the nuclear genome, it is
inherited only through the maternal line, and has high mutation rate. The human mito-
chondrial genome has a high level of variability in various aspects, including hereditary
polymorphism, which may have functional significance. High geographic and ethnic
differentiation is characteristic of mtDNA polymorphism in human populations. In ad-
dition, mtDNA is characterized by different types of variability, such as the number of
copies per cell and different levels of heteroplasmy of pathogenic variants. The purpose
of this review is to outline the main trends in human mtDNA studies, its variability and
its role in the shaping of phenotypes. Recently, mtDNA studies in populations have
shifted to studying the complete mtDNA sequence, and studies of ancient DNA ob-
tained from archaeological excavations are becoming increasingly important. Modern
reproductive technologies and genome editing methods are being introduced in the field
of mitochondrial diseases. Subunits of respiratory chain proteins encoded by mtDNA
are more polymorphic in terms of amino acid sequence compared to subunits encoded
by nuclear genes. Modern studies of associations of mtDNA polymorphism with phe-
notype are aimed at studying the effect of population genetic polymorphism on mito-
chondrial function, adaptation to environmental conditions, and studying the interaction
of the effects of individual variants in one haplotype (epistasis). The study of the con-
tribution of mtDNA polymorphism to the formation of a phenotype, both in health and
pathology, faces the problems of assessing the combined effect of several variants. Re-
cent studies have shown that the "genetic background" should be taken into account
when assessing the pathogenicity/benignity of a genetic variant in mtDNA. For exam-
ple, mtDNA belonging to haplogroup J is an unfavorable factor that enhances the effect
of mtDN A mutations leading to the development of Leber's hereditary ophthalmopathy.
The role of mtDNA polymorphism in predisposition to diseases can be considered
within the framework of "thrifty" genotypes. This hypothesis assumes that the human
genome is evolutionarily adapted to a traditional lifestyle, and modern changes in the
level of human well-being and increased life expectancy lead to a change in the selec-
tion pressure, and evolutionarily formed genotypes lose their adaptiveness. In particu-
lar, this hypothesis is supported by the fact that mtDNA haplogroup H is associated
with an increased risk of cardiovascular diseases, although it is the most common in
human populations of European origin.

The article contains 26 References.

Keywords: Mitochondrial DNA, Homo sapiens, population genetics, polymor-
phism, common diseases
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BBenenne

Mutoxonapuanehas JIHK (MtIHK) sBnsercs ocobeHHOW YacThiO reHOMa
SYKapUOTHIECKOHN KIeTKH. COrlIacHO COBPEMEHHBIM IPEICTABICHHUSM, MUTOXOH-
npuanbHas [IHK mpoucxomuT ot reHoma sHI0cHMOHOHTa — aib(a-mporeodakTe-
pHH, CTaBIICH PEIKOM MUTOXOHIPUN TPUOJIM3UTENBHO 2 MIJUTHAP/IA JIET Ha3a.l
[1]. B mporiecce 3BONOIMH ITOAABIISAIOIIEE OOJBITHHCTBO I'€HOB SHIOCHMONOHTA
OBLIIO TIEPEHECEHO B AP0, HO 0 CHX IOp OOIBITMHCTBO MUTOXOHIIPUH cofepiKaT
JHK, xomupyroiryro TpaHcmopTHeie n pubocomuble PHK, a takxke HekoTopbie
CcyObeMHUIIBI KOMIUICKCOB IBIXAaTENFHOM e MATOXOHApUi. B gactHOCTH, Ta-
KHX CyOBEIWHUI TPUHAALATH, TeHOB puOocoMHbIXx PHK — nBa, a reHoB TpaHc-
noptabix PHK — nBamats nBa [1-2]. Mutoxonapuansras JIHK wenoBeka crana
OJTHUM M3 TIEPBBIX CEKBEHUPOBAaHHBIX reHOMOB (1981); B HacTosIee BpeMst CKOp-
PEKTHpOBaHHAS BEPCHSI STOU MOCIENOBATEIEHOCTH |2 ] HCIONB3yeTCs B KA4eCTBE
pedepeHca B IOIHOW NOCIIEIOBATEIEHOCTH T€HOMA YEITOBEKa.

Heo6pranocte MT/IHK, 00yciiOBICHHAsI €¢ TMPOMCXOXKICHUEM M JIOKAJIN3a-
IMeH, ¢ OJJHON CTOPOHBI, H KIIFOUEBOE 3HAYCHUE 3TOW HEOOIBIIION YacTH reHoMa,
KOIM PYIOIISH JKU3HEHHO BasKHBIE OSIIKH, C IPYTOif CTOPOHBI, 00y CIIOBIHABAIOT aK-
TyaJbHOCTh WCCICJOBAHUA MHTOXOHIPHUANBEHOrO TeHoMa. Llempio manHOTO 00-
30pa sBiIAETCS 0003HAYCHHWE OCHOBHBIX COBPEMEHHBIX HAIIPABICHUNA H3YyUCHHUS
MT/IHK denoBeka, ee HK3MEHUNBOCTH U POJIH B (POPMUPOBAHUH (PEHOTHIIA.

AcneKkTbl H3MEHYNBOCTH MUTOXOH/IPUAJIBHOI'0 r¢eHOMA

Oco6ennoctn MTJIHK 110 cpaBHEHHIO C SIIEPHBIMH T€HAMH 3aKJITFOYAIOTCS
MpeKIe BCErO B TOM, UTO OHA MPUCYTCTBYET B KIIETKE B OOJNBIIOM YHCIIE KOIHH,
PEIUTHLIHPYETCS] OTHOCUTEIHHO HE3aBUCHMO OT SIIEPHOTO TeHOMa, HaCIenyeTcs
TOJIBKO TI0O MAaTEPUHCKOH JTMHUH, XapaKTEPU3yETCS BHICOKOH CKOPOCTHIO MyTaIIUN
U, COOTBETCTBEHHO, BEICOKAM YPOBHEM IIOITYJISIHOHHOTO nouMopdu3ma. CrH-
Te3 OenkoB, komupyembix MTJIHK, mporncXoauT B METOXOHIPUH C MCIIOJIB30Ba-
HueM komupyembix MT/IHK Tpancnoptasix m pubocomubix PHK, omHako Bce
(epMEHTHI, YIaCTBYIOIINE B TPAHCKPHITIINH, TPAHCIISAIINHN, PEIUITHKALNAN U B IPY-
THX [Ipoleccax, 00ecreunBaoIrX QYHKINOHIPOBAHHE MUTOXOHAPHAITBEHOTO T'e-
HOMAa W MHUTOXOHJPHHU B IIEJIOM, KOAWUPYIOTCS SIIPOM, CHHTE3UPYIOTCS B ITUTO-
IUTa3Me U 3aTeM HUMIOPTHPYIOTCS B MUTOXOHIpHH. [lepBOHAYAIBHO CUMTAIOCE,
YTO BBICOKAs CKOPOCTh MyTaluii (B ToM uyuciie comatudeckux) B MTJIHK 00y-
CIIOBJICHA «OJIM30CTHI0Y» OEIKOBBIX KOMITIEKCOB JBIXaTEIBHOM IIeTH, KOTOPAs SIB-
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JSIETCSl OCHOBHBIM MICTOYHHKOM CBOOOIHBIX PAJWKAaJIOB, B COBOKYIHOCTH C OT-
cyrctBueM 3¢ dekruBHBIX cucteM peraparun JJTHK, onHako mo3ske BBISICHHIIOCH,
9TO B MUTOXOHJIPHUSX IPHCYTCTBYIOT U (PYHKIIHOHHPYIOT TIOYTH BCE M3BECTHHIC
cucremsl penapannu JJHK [3].

COOTBETCTBEHHO, HApsOy C «OOBIYHBIMHY» THIIAMH H3MEHYHUBOCTH, TaKUMH
KaK OJHOHYKJICOTUAHBIH N HHCEPIIMOHHO-IETCINOHHBIN MTOTMMOP(I3M, BaKHOE
3HadeHne nMeeT konmdecTBo Kormuit MTAHK B KiteTke, a Takke ypoBeHb TreTepo-
mnasMun — ois moiekyn MTJIHK, Hecymmux kakoi-mubo BapuaHT (Hampumep,
BBI3BIBAMOINNH 3a00neBanue), B oomeM myie MtIHK. O6a nokaszarens o0iagaroT
BHYTPUOPTraHN3MEHHOH BapHaOEeIbHOCTIO B 3aBUCHMOCTH OT KJIETOK, OPTaHOB H
TKaHeH, a TAK)Ke U3MEHSIFOTCS Ha TIPOTSKEHUH XU3HU [4].

Honumoppuzm MmTJHK 1 nonyassunoHHas reHeTUKA

Bckope nociie onpenenenus mocnenoBatenbHoctd MTJIHK uenmoBeka ObLIO
MOKa3aHO, YTO HACEICHUE PA3IMYHBIX KOHTHHEHTOB XapaKTePH3YeTCsl pa3HBIMH
TCHOTUIAMHU (MATOTHIIAMH ), KOTOPEIE B TO BPEMsI OIIPEIEISIIN ¢ IOMOIIBIO aHa-
nM3a moauMopdr3Ma JUTHH PecTpUKIUOHHBIX (hparmentoB (ITJAP®D). B pesyns-
TaTe W3YyYCHUS TAKOTO MOIMMOpP(PU3Ma B PA3NIUUHBIX MMOMYJSIHUSIX OBLIIO BBISB-
JICHO 3HAYHTENFHOE YHCIO MUTOTHIIOB, OMPENEISIEMBIX OTAEITHHBIMU CalTaMH
PECTPUKIINH, YCTAaHOBJIECHBI «POACTBCHHEIC» OTHOMICHHS MEKIY HUMH, U 3TO 103~
BOJIIJIO TIOCTPOUTH IONPOOHOE POJOCIOBHOE IPEBO IIOCIESIOBATENFHOCTEH
MT/IHK denoreka, ykaspiBaromiee Ha adypuKaHCKOE MTPOUCXOXKIeHHE Buaa H. sa-
piens. OTaenbHBIE BETBH ATOTO ApeBa MPUHATO HA3BIBATH raruiorpymnmnaMu. Pac-
npocTpaneHue bonpimrHcTBa ramiorpynn MTIHK reorpaduueckn nuddepennn-
POBaHO U COOTHOCHUTCS C IyTAMU pacceNeHust Homo sapiens 110 TIIAHETE, a TAKKe
¢ nemorpaduueckoi HCTOpUer oMy [5].

Uccnenosanns momumopdusma mMT/JHK BHecin W mpoaoinkaroT BHOCHTH
OOJIBIIION BKJIQ/I B U3YUCHUE IMOMYIISIIIMOHHON NCTOPUH YeIoBeueckoro Buaa. [1o
Mepe pa3BUTHS TEXHOIOTHI CEKBEHUPOBAHUS METOIBI TEHOTHITMPOBAHMUS B ATHX
uccieoBaHusx nepenutd ot [1JJP® k ceKBeHHMpPOBAHHIO THIIEPBAPHAOCITHLHBIX
y4acTKoB D-1eTiy, a 3aTeM U K CeKBEHHPOBAHUIO TIOIHON MOCIIEIOBATENEHOCTH
MT/IHK. B mocnemnee Bpems O0IbIIOi BKIal B IPOSCHEHHUE HCTOPHH YeJIOBEYe-
CTBa BHOCAT paboThI 1o uccnenoBanuto MT/IHK npeBHuX moneid, sxummx ot 500
1o 50 000 net nazan [6—7]. CnegyeT OTMETHUTD, YTO OTPOMHBIN MacCHB JaHHBIX,
HAKOIUICHHBIH B pe3yiIbTaTe MOMYISIIHOHHO-TCHETHYECKUX UCCICI0BAHNHN, HAXO0-
JTIUT CBOE MPAKTHYECKOE TPUMEHEHHE B 00J1aCTH KPUMHUHAIACTHKH [8].

MuToXoHAPUATbHBIA F€eHOM U HACJIeCTBEHHbIE 32a00/1eBaHUS

Myranuu MT/IHK ¢ maroreHHBIM 3 QeKTOM, B TOM YKCIIe TOYKOBBIE 3aMEHBI
U TIPOTSDKCHHBIC NIENIEINH, BBI3BIBAIOT PAa3BUTHE MUTOXOHIPUANBHBIX 3a00JIeBa-
HUH, XapaKTepU3YIOUINXCS MHUPOKIUM CIIEKTPOM CHMIITOMOB, KOTOPBI 3aBHCHT
OT ypOBHsI T€TEPOIIa3MHHU TATOTEHHOTO BapHaHTa B TKAHAX U OpraHax MalueHTa.
Oco0oii TpobIeMOl B 3TOM CiTydae SBISIETCS MEIUKO-TeHETHYECKOe KOHCYIIbTH-
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pOBaHUE IIPH IIAHUPOBAHUH OEPEMEHHOCTH UIS MAHEHTOK ¢ MUTOXOHIPHAIIb-
HBIMU CHHAPOMAaMH, TaK KaK HENb3s IPECKa3aTh yPOBEHb IeTEPOIIa3MHH Y pe-
OeHKa, ICXOMIS N3 3HAYECHHS ATOT0 TI0KA3aTellsl y MAaTepH: B IIporiecce 00pa3oBaHus U
Pa3BUTHS SHLEKICTOK TIOMYIBIINAS MUTOXOHIPHH TIPOXOMUT «OYTBUIOYHOE TOp-
JBIIIKO», ¥ YPOBEHb T€TEPOILIA3MUH y JETe MOXKET CHIIBHO BapbUpPOBATH BCIIEI-
CTBHE TeHeTndeckoro apetida. C npyroil CTOpOHBI, COBPEMEHHBIC PETIPOTYKTHBHBIC
TEXHOJIOTHH TI03BOJISIIOT MCIIONIB30BATh «IIOHOPCKHE MUTOXOHIPHUID TSI POKICHUS
peberka 6e3 matorenHoro Baprianta MT/IHK [9]. Kpome Toro, B ocnemHee Bpemst
Pa3BUBAIOTCS METOBI PETAKTUPOBAHUS TeHOMa MUTOXOHpuH [ 10].

HMonumoppuzm mTJHK 1 MHOTrOaKTOPHBIE (PEHOTUIBI

[Momamopduam MTIHK B monmysisiiusix — 3To He TOIBKO «MOITYAIINey HYKJICO-
TUAHBIC 3aMEHBI, HO W 3aMEHBl aMUHOKHUCIIOT B Oenkax. [Ipm 3TOM HEKOTOpBIE
aAMUHOKHCIIOTHBIE 3aMEHBI B Oenkax, komupyembix MTIHK, xapakrepusyrorcs
JIOBOJIEHO BBICOKOM IMOMYJISIIIMOHHON YacToToi. Hanpumep, 6a3a TaHHBIX pe3yiib-
TaTOB PK30MHOT0 ¥ TeHOMHOTO cekBeHupoBanuss GnomAD [11] cogepxut gan-
HbIE 0 15 3aMeHaX aMHHOKHCIIOT ¢ yacTtoTol Oonee 1% B rene MT-ND5 (xomu-
pyert 6enok umHOi 603 aMHHOKHUCIIOTHI), U elle 48 MHCCEHC-3aMEH B 9TOM T'¢HE
3aperuCTPUPOBaHbI ¢ gacToToil Gomee 0,1%. B To e BpeMs B simepHOM TeHE
NDUFS1, xomupyroiieM cyObeIWHHIy TOTO K& KOMIUIekca | comoctaBUMOM
JUTAHBI (741 aMHHOKKCIIOTA), H3BECTEH TOJIBKO OJMH AMUHOKHCIIOTHBIN MOJIMOp-
¢m3m ¢ gacroroit 0,4%, ocTambHBIE 3aMEHBI AMHHOKHCIIOT IMEIOT YaCTOTY MEHee
0,1%. Kpome Toro, kaxxmeiid rarutotant MTJIHK 00bdHO FiMeeT 0THOBpEMEHHO He-
CKOJIPKO aMHHOKHCIIOTHBIX 3aMEH 110 CPAaBHEHHIO C peepeHCHOM TTOCTIeIOBATENb-
HOCThI0. COBpEeMEHHBIC HCCIIeTOBaHus accormanyii mommophu3ma Mt IHK ¢ de-
HOTHITOM CTaBSIT CBOCH LIENIBI0 OTBET Ha BOIPOC: KaK BIHACT MOMYJISINOHHBIN T10-
muMopdu3M Ha QYHKIMIO MUTOXOHJIPUI, U IMEET JI MECTO B3auMozehcTBrE 3(-
(PEKTOB OTIETHHBIX BAPUAHTOB B OIJHOM TaILTOTHIIE — TaK HAa3bIBAEMBIN AIMCTA3 —
B COBPEMEHHOM, 0oJIee IIMPOKOM TIOHMMAaHHMH TOro TepMmuHa [ 12].

OyHKIMOHATBHAS 3HAYUMOCTh TTouMopdu3ma MTIHK nokazana Ha mpumepe
IUOPUIOB — 3TO KIETKH, B KOTOPBIX SIAPO M METOXOHIPHH ITPOHCXOIST OT Pa3HBIX
KJICTOYHBIX JINHUH. DKCIIEPUMEHTHI 10 U3yIEHHIO KIETOUYHOTO ABIXAHHS B TAKHX
KyJIbTypax KIETOK ITOKa3al, 4yTo pasimdasie raruorpymnmnsl MTIHK xapakrepuzy-
IOTCSI PasHBIM ypPOBHEM MOTpPEOIEHHUS KHCIOpOAa, MPOMYKIINHA aKTHBHBIX (HopM
kucnopoza, nponykiu AT®, a Takke MOTYT pa3IHYaThCs IO PEAKIINT Ha Pa3ind-
Hble cTUMYNHI [13—14]. OTH manHple MOAHMMAIOT BOMIPOC O POJIM €CTECTBEHHOTO
orbopa B (opMmupoBaHHM KapTHHBI momumopdusma MTIHK B momymsiusx.
Wupvu ciioBamu, Moxet Jin moaumopdusm MT/IHK criocoOcTBOBaTh amantammuy K
YCIIOBUSIM CpEIIbl MITH BIUATH Ha MPEIPacIONOKEHHOCTD K 3a00JIeBaHIAM ?

Aparrranyst K XOIOy | K IIOHIPKEHHOMY COAEP KaHUIO KICIOPO/Ia B BO3ILYXE MO-
XKeT OBITh CBSI3aHA C M3MEHEHHEM METaOOINIeCcKOro COCTOSHUS M (DYHKIIHHA MHTO-
XOHIpUW. Pe3ynpTaTel HEKOTOPBIX WCCIEIOBAHWHN YKa3bIBalOT Ha TO, YTO TaILIo-
rpyrmsl MT/IHK, pacmpocTpaHeHHBIE B CEBEPHBIX PETHOHAX T B BRICOKOTOPHBIX
TOMYJISIIVSIX, XapaKTePU3YIOTCS ONPEEeIICHHBIMH BapHaHTaMH, KOTOPBIE MOT'YT CIIO-
cOOCTBOBATh amanTalliy K ATHM YCIIOBHSM, TaK KaK BIHSIOT HAa COMPSDKEHHOCTH/
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pazoOIeHre 3IeKTPOHTPAHCIOPTHOM 1ieny [15-16]. OmHako B TaKUX UCCIIEI0Ba-
HUSIX CIIOXKHO OTAHYHTH 3D dekT otdopa or 3¢ dekra aApetida, Tak Kak MOMYIIAINH,
JIOJITO CYIIECTBYIOIINE B OKCTPEMANBHBIX YCIOBHSX, OOBITHO HEMHOTOUHCIICHHBI.
Takum o6pa3zom, Borpoc o ponu nomumopduzma MTIHK B amanrammm denopeka K
Pa3TMYHBIM KITAMATHYECKUM YCIIOBHSIM ITOKA OCTAETCSI OTKPBITHIM.

AcconuatuBHbIe uccienoBanus mommmoppusma Mt/IHK kak dakropa, Bims-
IOIIETO Ha IPEIPACIIONIOKEHHOCTD K Pa3IMIHBIM 3a00I€BaHISIM, a TAKKE Ha CTa-
peHUE, TOBOIEHO MHOTOYHCICHHBI, OMHAKO UX PE3YIbTATHI MHOT/A IIPOTHBOPE-
qat aApyr aApyry. [IpuauHON TaKHX MPOTHBOPEYHI MOXKET OBITh JOTIOTHHTEITBHBIN
(amcTaTHYECKHi) APGEKT pa3sTHIHbIX HYKICOTHIHBIX 3aMEH B CyOraruiorpyr-
nmax MT/IHK, pacrpocTpaHeHHBIX B pa3HbIX OMYJIAIUAK. PaOOThI TOCIETHUX JIET
MTOKA3bIBAIOT, YTO «T'CHETHYCCKUH (DOH» HY)KHO YIUTHIBATH IIPU OIICHKE ITATOTeH-
HOCTH/I00POKAaYEeCTBEHHOCTH TeHeTHdeckoro Bapuanta B MT/JHK. CaMbiM u3-
BECTHBIM TpuMepoM sBistiioTcst myTtanmu MTAHK, mpuBomsmme k pa3BUTHIO
HaCJIeJICTBEHHOW odTasbMonatun Jlebepa: HeOIaronpusITHEIM (aKTOPOM, YCH-
TUBAONIMM 3P QEKT dTHX MyTallnH, sBIseTcs npuHaaexkHocTh MTJIHK k ramio-
rpymre J [17]. DddexT monmumopdusma SASpHBIX TEHOB TaKXKEe MOXKET B3arMO-
neiicrBoBaTh ¢ BapranTamMu MT/IHK. Kpome Toro, raHHbIe 00 HHIUBHIYATBEHBIX
MONHBIX TTociienoBaTenbHOCTsIX MTJIHK mo3BonsroT ananmu3npoBath BKJIAA pell-
KHAX ¥ TaK Ha3bIBAEMBIX «IIPUBATHBIX» TCHETUIECCKIX BaPHAaHTOB B PAa3BUTHUE 3a-
0oJIeBaHUH M OTIENBHBIX (eHOTHTIOB [18].

Britan monmmmopdusma mMt/IHK B mpempacnonokeHHOCTh K 3a00JIeBaHUSAM
paccMaTprBalOT TAKKe B paMKax ABOMIOMUOHHON MenuIHBL. CeromHs 1ist 00JIb-
IIMHCTBA JIFOJICH TOCTYITHA B M30BITKE MHUIIA, OoraTas yriieBoaaMu/KaJIOPHIMH, 1
OTHOBPEMEHHO C 3TUM CHIDKaeTcs (M3MUYecKas aKTHBHOCTH Jrozaeil. B To xe
BpEMSI YEIIOBEUECKII T€HOM SIBIISIETCS HBOJIOIIIOHHO aIallTHPOBAHHBIM K HEIO-
CTAaTKy MMATaHUA U K IIOCTOSHHBIM (PU3MUSCKUM Harpy3kaM. B cBs3u ¢ 3TUM BBI-
IBUHYTa TUIOTE3a 00 «IKOHOMHBIX» T€HOTHUIAX, KOTOPhIC MMEH CENCKTHBHOE
MPEUMYILECTBO Ha MPOTSHKEHUU Beel MCTOpuM Buna Homo sapiens, HO B CETo-
JTHSIITHAX YCIOBHSIX MPOSIBIIAIOT HeOmaronpusaTHeid 3¢ dekt [19]. Kpome Toro, ¢
Pa3BUTHEM MEIUIUHBI PACTET MPOAOIKATENFHOCTD KIU3HH, H BMECTE C Heil 3a00-
JIeBaeMOCTh OOJE3HSIMH, CBSI3AHHBIMH CO CTapeHHEM, a OOJNBIIYI0 PONIb B IIPO-
Iecce CTapeHus UTPaeT OKUCIUTEIBHBIN CTPECC, KOTOPHII HEITOCPEICTBEHHO CBSI-
3aH ¢ QyHKIMEeH MATOXOHAPHH. [T0CKOIBKY MEUTOXOHIIPUH SIBIISTFOTCS IICHTPAITb-
HBIM 3BCHOM YTJIEBOJHOTO M JHEPreTHYECKOro OOMeHa, a TakkKe HEMmoCpen-
CTBEHHO CBSI3aHBI C OKUCITUTEIBHBIM CTPECCOM, JaHHAs THIIOTE3a B TIOJHOW Mepe
MOJKET OBITh MPUMEHEHA 1 [T n3ydeHus nonumopdusma mt/IHK. B mons3y 3toit
THITOTE3BI TOBOPHT TOT (haKT, YTO HAHOOIIEe YacTas y eBpomneies rariorpymnmna H
aCCOLMUPOBaHA C HEKOTOPBIMH CEPIEYHO-COCYAUCTHIME 3200JICBaHUSIMHE 1 SHIO-
(heHOTUTIAMH B PA3JIMYHBIX TOMYJISAUsAX [20-26].

3akioueHne

MutoxonapuaneHas JIHK sBisieTcs HEOONBIIOW, HO BaXXHOH W OCOOCHHOMN
yacThio reHoMa. Mcciemopanns m3meHunBocTd MTJIHK denoBeka sSBIISIOTCS ak-
TyallbHBIMH B PA3JIMYHBIX acClIEKTaX — B YaCTHOCTH, H3yYCHHE e€ MOTMMOppu3Ma
B IOMYJIALASX UMEET KaK TEOPETUUYECKOE, TaK U IPUKIIAIHOE 3HAUCHHE.
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6

AnHoTanus. [ToBblIeHUE TEMIIEPATYPhl B TEYEHHUE BEreTAallMOHHOIO NIEPHOAA MO-
XKET IPUBECTHU K CHIKEHHIO YPOXKaHHOCTH CeJIbCKOX 03i{CTBEHHBIX KYJIBTYP, UTO OyJeT
MMETb MOCJIEACTBUS JUI PACTEHUEBOJICTBA M MPOIOBOJILCTBEHHON OezonacHoctu. Oc-
HOBHBIM (haKTOPOM, OIPAHMYMBAIOIIMM BbIPAILIMBAHUE MIICHULBI U (OPMUPOBAHHE BbI-
COKOKa4eCTBEHHOI'0 3€PHA, SABJISETCS HPOJIOJDKUTENILHOCT Oe3Mopo3Horo nepuona. Ce-
JIEKLHS B CIIOXKHBIX KIMMATHYECKUX YcioBusaX CuOupH 10KHA ObITh HalpaBieHa Ha
CO3/IaHHE OTHOCHUTEIBHO CKOPOCIISIIBIX, BBICOKOYPOXKAHHBIX, INIACTHYHBIX COPTOB. Ba-
PBUPOBaHKE NPOIOJDKUTEIILBHOCTH CPOKOB KOJIOLICHUS M CO3PEBAHMS ABISETCS BaXKHBIM
9JIEMEHTOM aJaNTally IMIICHUIB! K KOHKPETHBIM YCIOBUSIM BbIpaiiuBaHus. Llens pa-
0OTBI — OLIEHKA KOJIICKLIK COPTOB SIPOBO Msirkoit miueHuupsl (Triticum aestivum L.) mo
MPOJIOJKUTEIIBHOCTH BEre€TAlIMOHHOIO TIEPUO/ia U ONpPEACNeHNE y HUX ajUleNel reHa
Vrn-Al. B naHHOM HCCIIEIOBAaHUU HCIOIb30BAIM BOCEMb COPTOB MATKOH SIPOBOIA MIiie-
HHULIBI U [IBE N30T CHHBIC JINHUK C U3BECTHBIMU aJUiesisiMu reHa Vrn-A1 (koutpons). O06-
pa3libl BBIPAIIMBAIM B TUIPOIIOHHOM TEIUIMIE. Y CTAHOBIICHO, YTO IISTh 00Pa3LoB M3
BOCBMH MMEJIY MHCEPLHUIO MOOMIBHOTO T€HETHYECKOro 3JIEMEHTa B IIPOMOTOPE I'eHa
Vrn-Al nnuno#t 965 m.H. — aiens Vrn-1a, a Tpu o0pasua — JAeNeldio B IPOMOTOPHOM
obnacru. [Ipu anexrpodopese npoxykros TP obpa3upl ¢ generyeii mokasanu Halu-
yue (pparmMenTa uHoH 714 m.H. — amutens Vrn-1b. Tlpu n3ydexnn nonuMopdusma reHa
Vrn-Al BoisiBeHo npeobnananue amienst Vrn-Ala, nossieHre KOTOPOro 00ycaoBICHO
HaJIMYMEM HHCEPLH MOOMIBHOTO FEHETHYECKOT 0 JIEMEHTA HE TOJIBKO Y COPTOB HOBO-
CHOMPCKOW CeJIeKIMU, HO U y COPTOB IPYrHX peruoHoB. KoppemnsiuoHHbINH aHamus,
NPUMEHEHHBIH JUISl yCTAHOBJICHUS 3aBUCUMOCTH BPEMEHH KOJIOIICHUS OT KOHKPETHOIO
anens reda Vrn-1, nokasan 3nadenue 7 = 0,57. 1o mo3BOJISIET CACNATh BBIBO 00 yMe-
PEHHOI KOppesiy BIUSHUS ajuienel reHa Vrn-Al Ha NpoaoKUTeNbHOCTD MepUuoaa
BCXOJIbI—KOJIOIICHHE.

KioueBblie cioBa: Triticum, heHONOrusi, CKOPOCIENOCTh, CENCKUMs, 3armaHas
Cubwups, ren Vin-Al
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Summary. Agricultural production in the XXI century has faced significant envi-
ronmental challenges, the most important of which is global and local climate change.
To solve the problems it is necessary to produce new varieties of crops, and first of all,
common wheat (Triticum aestivum L.). Variation in the duration of ripening period is
an important element of wheat adaptability to specific cultivation conditions. The ques-
tion of whether a variety that is early in earing date remains early in maturity date is
essential, but data on this problem are rather limited. Thus, to produce new early ma-
turing forms of spring common wheat, it is worth paying attention to the sources of
alleles used in the southern regions of Russia or abroad. The aim of our investigation
was to evaluate a collection of common spring wheat accessions for the duration of the
growing season and allelic composition of the Vrn-A1 (response to vernalization) gene.
In this study, 8 cultivars of spring common wheat and 2 control near-isogenic lines were
used (See Table 1). The studied accessions were grown in hydroponic greenhouse. To
extract genomic DNA from the collected samples, 30-80 mg of leaves frozen in liquid
nitrogen were used. DNA extraction was performed using a commercial kit “Wizard®
Genomic DNA Purification Kit” (Promega, USA) according to the manufacturer's pro-
tocol. The Vrn-A1 locus polymorphism study was performed using a set of previously
described allele-specific primers. Confirmation of the presence of a deletion into the
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Vrn-Al gene promoter or insertion of a mobile genetic element was performed using
Sanger sequencing. As a result of these studies, it was found that five cultivars had an
insertion of a mobile genetic element in the promoter of the Vrn-41 gene and were
characterized by the presence of a fragment of 965 bp in length on electrophoresis,
while three cultivars showed a deletion in the promoter sequence. When PCR products
were electrophoresed, cultivars with deletion showed a fragment of 714 bp in length
(See Fig.1). The results were also confirmed by Sanger sequencing. Correlation analy-
sis applied to establish the dependence of earing time on the allele of the Vrn-1 gene
showed a value of » = 0.57, which allows us to conclude that the allele of the Vrn-1
gene is moderately correlated with the duration of shooting to heading period. The du-
ration of the growing period, and, consequently, early maturity, is related to the transi-
tion from vegetative to generative development. In wheat, the complex process of tran-
sition from vegetative to generative development is largely determined by allelic diver-
sity of Vrn genes regulating the type of growth (spring vs. winter). In the course of
investigation on the study of Vrn-41 gene polymorphism, the prevalence of the Vrn-A1
allele, the occurrence of which is due to the presence of an insertion of a mobile genetic
element, was found not only in varieties of Novosibirsk breeding, but also in commer-
cial cultivars from other regions.
The article contains 1 Figure, 1 Table, 5 References.
Keywords: Triticum, phenology, earliness, breeding, West Siberia, Vrn-A1 gene

Fundings: This work was supported by Russian Science Foundation (Grant No 22-16-
20026) and the Government of Novosibirsk region.

Acknowledgments: The plants were grown at the Center for Common Use for Plant
Reproduction of ICG SB RAS within the budgetary project FWNR-2022-0017.

For citation: Goncharov NP, Plotnikov KO, Chepurnov GY, Kamenev IA,
Nemtsev BF, Smolenskaya SE, Blinov AG. Global warming and the genetics of wheat
type and rate of development. Vestnik Tomskogo gosudarstvennogo universiteta. Bi-
ologiya = Tomsk State University Journal of Biology. 2025;69:68-75. doi:
10.17223/19988591/69/8

BBenenne

CenbCKOX03sSIICTBEHHOE MTPOU3BOACTBO B X XI B. CTONKHYIIOCH C CYIIIECTBEH-
HBIMH SKOJIOTHYECKHMH BBI30BaMH, HamOoJiee Ba)KHBIM W3 KOTOPBIX SIBIISCTCS
rIo0abHOE U JIOKAIBHOE M3MEHEHHE KIMMata. 3a mocienHee cronerne (1920—
2020 TT.) MPOW30ILIO YBEIUYCHHUE CPEAHET0JOBOM TEMIIepaTyphl BO3MyXa Ha
2,17°C, cpenHeromoBast HOpMa 0CaJIKOB Bo3pocia Ha 85,5 mm B rox [1].

Jliis perieHust TI00aIBHBIX POOJIEM HEOOXOIUMO CO3JaHKME HOBBIX COPTOB
C/X KyJNbTyp, U B TIEPBYIO OYepelb SIPOBOM MATKON miueHUNm! (Triticum aes-
tivum L.). I'maBHbIM (haKTOPOM, TUMHUTHPYIOIIUM €€ BO3[EIbIBAaHUE B (POPMHUPO-
BaHHE BBICOKOKAUECTBEHHOT'O 3€pHA, SBJISIETCS MPOIOJIKUTEILHOCTh 0€3MOpOo3-
Horo neprona. CIoXKHbBIE KIIMMaTHYeCKre yCIoBuss CHOMPH CBUICTEILCTBYIOT O
TOM, YTO CEJIEKIIHS JOJDKHA OBITh HAIIPaBJIeHa Ha CO3/IaHUE CKOPOCTIEIBIX, BBICO-
KOYPOXaHBIX U TUIACTHYHBIX COPTOB.

[Ipu3HAKK TPOTOIKUTEIHLHOCTH MTEPHUOJIAa BCXOJIBI—KOJIOMIEHUE U BCXOBI—CO-
3peBaHUE SIBJIIOTCSA BAXHBIMH JUTSI IIPUCITOCOOISAEMOCTH TIISHUIIBI K KOHKPET-
HBIM YCIIOBHSIM BO3JIENIBIBaHMS. Bompoc o ToM, ocTaeTcst JIn COpT, paHHECIICIbII
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0 J1aTe KOJNOIIEHHSI, PAHHECTIETBIM TI0 TaT€ CO3PEBAHMS, SBISCTCS CYIIECCTBEH-
HBIM, HO JaHHBIE 110 ATOH pobieMe JOBOJILHO orpanuueHsl [2]. Ha nanHbIi Mo-
MEHT aJUICJIbHBIA cOcTaB reHoB Vrn (response to vernalization) u Ppd (response
to photoperiod) Bo3nenbiBaeMbIx B HoBOCHOUPCKO# 0071aCTH COPTOB SPOBOM MST-
KOH TIICHUIIHI U3BECTEH U HE OTIIMYaeTCs OONbIIUM pa3sHooOpasueM [3]. Takum
00pa3oM, IS CO37aHHsI HOBBIX CKOPOCIENBIX (POPM 3TOH OCHOBHOH 3E€pPHOBOMU
st PO kynbTypsl cTONT 00paTHTh BHIMAaHHAE HA UCTOYHHUKH aJUIENEH, MCIIOb-
3yeMbIe B FOJKHBIX peruoHax Poccum u/mimn 3a pyoeskom. Llens paGoThl — orieHKa
KOJUIEKITUH 00pa3IoB SPOBOI MSTKOH MIIEHHUIBI IO MPOAOIDKATEILHOCTH BETe-
TaIMOHHOTO TIEPUOA U AJUIETFHOMY COCTaBy TeHa Vrn-A 1, KOHTpOIUPYIOLIETO y
HUX SPOBOM THII Pa3BUTHS U CKOPOCTH Pa3BUTHSA (CKOPOCHENOCTD).

MarepuaJibl U METOABI

B uccrnenoBanmy HCoONb30BAIOCH 8 COPTOB SIPOBOW MSITKOM MIIIEHHUIIBI HOBO-
CHOHMPCKOW M KPaCHOJAPCKOM CENISKITUU U 2 M30T'CHHBIC JIMHUU aBCTPAINHCKOTO
copta Triple Dirk ¢ u3BectHpIMU ajutensimu TeHa Vin-Al (koHTpoib). OOpasibl
BEIPAIMBAIIICE B THAPOIIOHHOW Terutume VHCTUTyTa IUTONOTHMH W TCHETHKH
CO PAH (HoBocubupck) ocenpro 2023 1. J[ist kKaxkIoro pacTeHus, BhIpaliiBae-
MOT'0 B TEIUTHIIE, OIPEIEIISUICS TIEPHO OT BCXOAOB 10 KOJMOMICHUS (B JHSIX).

I'enomuyro JIHK BeImensmm u3 coopanHbIx 00pasmoB JucTheB (30—80 Mmr), 3a-
MOPOXEHHBIX B XHUAKOM azore. Dkcrpaknuio JJHK mpoBogmmm xomMepueckum
HabopoMm «Wizard® Genomic DNA Purification Kit» (Promega, CIIIA) B coor-
BETCTBHH C TIPOTOKOJIOM Tmpom3Boautens. MccnenoBanne amnenet Vrn-AI npo-
BOJIIIIN C UCTIONIE30BAHUEM PaHEE OMMMCAHHEIX aJUIeNb-CIICHU(UIHBIX IPaiiMEpOB
[4]. Busyanuzanus pe3ynabTatoB [1L[P BEIIONHEHA ¢ TOMOIIBIO 3JIEKTPOPOPETH-
YECKOr0 pa3leNieHus MPOIYKTOB peaknu B 1%-HOM arapo3HOM Tejie, OKpalleH-
HOM OpOoMHUCTBIM 3THAMEM. Hanmume B mpomoTope reHa Vin-Al nenenuy Wit
BCTaBKH MOOMIIEHOTO T€HETHIECKOTO 3JIEMEHTA ONPENeISUIH ¢ TIOMOIIBIO CEKBE-
HupoBaHus 1o Canrepy. Jist cratucTideckoi 00pabOTKH pe3yabTaTOB pacCcyu-
ThIBaJICA K03 hurmeHT koppensuu [Tupcona (r-ITupcona) [S]. Ero pacuer mpo-
BOAVUIA TIPA TIOMOIIM TIPOTpaMMHOTO si3bika R 4.2.2 ¢ mcnonp30BaHHEM CTaH-
TApTHBIX CTATIIAKETOB.

Pe3yabTarhl ncciiefoBanns U 00Cy:KIeHUE

B pesynbrarte mpoBeIeHHBIX NCCIeIOBaHIN OBIIIO0 0OOHAPYKEHO, UTO IISATH COp-
TOB M3 BOCbMH HMEJIH BCTaBKY MOOMJILHOT'O TEHETHUECKOTO DJIeMeHTa (Tabuia)
B IPOMOTOpE TeHa Vrn-Al u XapakTepr30BaJIMCh HAIMUHUEM Ha 3JeKTpodopese
(dparmenTa [umHOM 965 11.0. (COOTBETCTBYIOIIECH auento Vrn-Ala), Toraa Kak y
Tpex o0pa3ioB Oblia oOHapykeHa nenerus B mpomotope (puc. 1). [Ipu nposene-
HUU 3nekTpodopesa npoaykros TP oOpasisl ¢ nmenerueil J1eMOHCTPUPOBATIH
(parmenT amuHOHN 714 11.0., COOTBETCTBYIOMICH aymento Vrn-A1b (puc. 1). Iony-
YEHHBIC Pe3YIIbTAThI TOATBEP)KACHBI CEKBEHHPOBaHUEM 10 CaHTEpy.

Koppensimmonnsiid ananmu3, MpUMEHEHHBIN TSl YCTAaHOBIICHUS CBSI3U BPEMEHU
KOJIOILIEHUS C HAaJMYUEM KOHKPETHOTro ajeins reHa Vrn-Al, mokasan 3HaueHHe
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r= 0,57, 9T0 TIO3BOJISIET ClIEeNaTh BHIBOJA 00 MX YMEPEHHOW CBS3M C MPOIOIIKH-
TEIBHOCTBIO ITEPHUO/Ia BCXOIABI—KOJIOIICHHE.

Pe3ynbTaThl H3yyeHHs1 a/lJIeIbHOTO COCTaBa reHa Vrn-A1 n IpogoKUTEIbHOCTH
BereTallMOHHOI0 Mepuoaa o0pa3uoB APOBoH MArKoil mueHuusl B 2023 r.
[Results of Vrn-Al gene allele polymorphism and heading time of spring soft wheat samples

in 2023]
HazBanue copra Annens reHa [epuon TpoHCK K ICHHE
No (uHIN) Vin-Al BCXOJIbI—KOJIOLLIEHHUE P [Ori )::f][
[Name of variety or line] | [Vrn-A1 gene allele] [Days to Heading] £
1 | Triple Dirk A Ala 40+12 ABcTpajius
[Australia]
. . ABcTpanus
2 Triple Dirk D Ala 38+1,1 [ Australial
Kypsep Kpacnonapckuii kpait
3 [Kuryer] Ala 40+3,1 [Krasnodar region]
Mapam Kpacnonapckuii kpait
4 [Madam] Alb 39+16 [Krasnodar region]
Janko Kpacnonapckuii kpait
5 [Danko] Alb 4l+13 [Krasnodar region]
Kerpun Hogas 3enangus
6 [Ketrin] Ala 4l+18 [New Zealand]
Tas Kpacnonapckuii xpait
7 [Taya] Ala 41+1.9 [Krasnodar region]
HoBocubupckas
8 I?ﬁgogggggi“z"ﬁ]l Ala 39+13 ofacts
v 4 [Novosibirsk region]
HoBocubupckas
o | Honoomat |
4 [Novosibirsk region]
HoBocubupckas
10 ﬁlﬁgi’s;‘gfg;“z"l é]g Ala 35416 ofacts
4 [Novosibirsk region]

Tpumeuanue. JlanHbie O KOJOUICHHIO MPEICTABICHBI B BHIC CPEIHHX apU(PMETHUSCKHX +
CTaH/apTHas OIMOKa CpeTHEM.
[Note. Heading data are presented as arithmetic means + standard error of the mean].

™M RS W P g

ﬁéaﬁﬁ%#&

e bpem — L —— — —
714 bp—— e — — — pe—

Puc. 1. Pesynbratsl anekrpodopesa npoaykros [TLP, monyueHHbIX ¢ HCHONB30BAaHUEM
ajenb-cueuuGUIHBIX npaiMepoB s mpoMoTopa rena Vrn-Al [4]: M — mapkep
MOJICKYJISIPHBIX Macc, /—3 — oOpasiipl TBepaoit menutst (7. durum Desf.) ¢ amnensmu
Vrn-A1b (xourpons), 4 — Kypeep, 5 — Manawm, 6 — [lanko, 7 — Ketpun, 8 — Tas,

9 — HoBocubupckast 41, 10 — Triple Dirk A, 11 — HoBocubupckas 31,

12 — HoBocubupckas 18, 13 — Triple Dirk D
[Fig. 1. Results of electrophoresis of PCR products obtained from primers for the Vin-A1 gene promoter
[4]: M - marker of molecular weights, 1-3 —7. durum Desf. accessions with the Vrn-A1b allele (controls),
4 - Kuryer, 5 - Madam, 6 - Danko, 7 - Ketrin, 8 - Taya, 9 - Novosibirskaya 41, 10 - Triple Dirk A,

11 - Novosibirskaya 31, 12 - Novosibirskaya 18, 13 - Triple Dirk D]
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PaHnee yxe ObLTO ITOKa3aHO MpeoOaaHue JOMUHAHTHBIX aJljielieil reHa Vrn-
Al B coprax cubupckoi ceneknuu [3]. B maHHO# paboTe moka3sIBaeM, 4TO y BCEX
W3yYCHHBIX HAMH COPTOB, B TOM YHCIIE BO3IEIBIBAEMEIX B 00JIe€ F0KHBIX IIHPO-
TaX, IPUCYTCTBYIOT JOMHUHAHTHBIC aJUIEH HTOTO T'eHA. YMEpEHHAs CBSI3b IPO-
JOJDKATENBHOCTH BETE€TAIIMOHHOTO MEPHOoa C Pa3NUIHBIMA aJUICTGHBIMI BapH-
aHTamu reHa Vrn-A1, cogepanmMi MyTallii B IPOMOTOPE, TOBOPHUT O BO3MOXK-
HOM BJIHSHHUH JTOH OOJIaCTH T€HOMa Ha BBIPAYKEHHOCTH IMpU3HAKa CKOpPOCIIe-
JIOCTB/TIO3IHECTIENOCTh. [lOHMMaHIe TeHeTHYeCKUX MEXaHU3MOB PETYILIIIUH Bpe-
MEHU KOJIONICHHS PAaCTEHUU SIPOBOM MSATKOHM MIIEHUIBI OyIeT crocoOCTBOBATH
CO3MIaHHIO BBHICOKOAIAITHBHBIX COPTOB HOBOT'O TIOKOJICHHUS 3TON KyJIBTYPHI C OII-
TUMAITFHOH BBIPa)KEHHOCTBIO TAHHOTO IPU3HAKA TSI KOHKPETHBIX 30H BO3/ICIbI-
BaHUS, OTPaKAIOIIEH JTOKaIbHBIE 0COOCHHOCTH KIIMMATHYECKUX YCIOBUH. BBUITY
JIOKAIBHBIX M TIIO0ANBHBIX M3MEHEHUH KIMMaTa BO BCEX 30HAX BO3JCIBIBAHUS
MIIEHAH! (YYacTUBINUECS B MOCIIEAHEE BpeMs JICTHIE 3aCyXH U PaHHSSI BECHA C
BO3BPaTHBIMH 3aMOPO3KaMH) H3yUeHHE AIDIETHHOTO COCTaBa TEHOB V71, KOHTPO-
TUPYIOMAX (HOPMUPOBAHNE ONTHMAIBHONW IPONOIDKUTEIHHOCTH BETETAIlNOH-
HOT'O IIEPHOJIa, UMEET BasKHOE 3HAUCHHUE [UIS CEIEKIINH.

3akiioueHne

Nzydenune nonmumopdusma reHa Vrn-A I nokaszayo npeodiiagaHue J0MHUHAHT-
HOoro ayens Vrn-Ala, BOSHHKHOBEHHE KOTOPOTO OOYCIIOBJICHO HaJHYUEM
BCTaBKH MOOMIIBHOTO T€HETHIECKOTO HJIEMEHTa HE TOJIBKO y COPTOB HOBOCHOHP-
CKOW CETICKIINH, HO U Y COPTOB APYTHX PETHOHOB, HAIIPUMEP KPaCHOIAPCKOM ce-
JIeKIIHH.

CnucoK MCTOYHUKOB

1. Edwumos B.M., Peukun J1.B., 'onuapos H.I1. MHoroMepHsIii aHaIN3 MHOTOJIETHUX KIIMMa-
THUYECKHX JIAaHHBIX B CBA3H C YPOXKAHHOCTBIO, CKOPOCIIENIOCTBIO U ITPOOIEMOH I100aIbHOTO
noteruieHus // BaBunoBckuii sxypHan renetuku u cenekuun. 2024, T. 28, Ne 2. C. 155-165.
doi: 10.18699/vjgb-24-18

2. Tsenov N. Relation between time to heading and date of maturity of winter common wheat
varieties (Triticum aestivum L.) // Agricultural Science and Technology. 2009. Vol. 4.
PP. 126-132.

3. Cwmonenckas C.O., Epumos B.M., Kpyunnuna 10.B., Hemues b.®., Yenypuos I'.1O., Os-
ynaHukoBa E.C., benan U.A., 3yeB E.B., Wxoy Y., [Tuckapes B.B., 'onuapos H.I1. Cko-
pocmenocTb 1 MOpGOTHIT COPTOB MSTKOW MineHuIbl 3anaaHoi u Bocrounoit Cubupu //
BaBunoBckuii xypHan rexetuku u cenekuun. 2022. T. 26, Ne 7. C. 662—-674. doi:
10.18699/VIJGB-22-81

4. Yan L., Helguera M., Kato K., Fukuyama S., Sherman J., Dubcovsky J. Allelic variation at
the VRN-1 promoter region in polyploid wheat // Theor. Appl. Genet. 2004. Vol. 109.
PP. 1677-1686. doi: 10.1007/s00122-004-1796-4

5. Pearson K. Notes on regression and inheritance in the case of two parents // Proceedings of
the Royal Society of London. 1895. Vol. 58. PP. 240-242. doi: 10.1098/rspl.1895.0041

References

1. Efimov VM, Rechkin DV, Goncharov NP. Multivariate analysis of long-term climate data
in connection with yield, earliness and the problem of global warming. Vavilovskii Zhurnal
Genetiki i Selektsii. 2024;28(2):155-165. doi: 10.18699/vjgb-24-18

73



Knemounasa ouonozus u zenemuxa / Cell biology and genetics

2. Tsenov N. Relation between time to heading and date of maturity of winter common wheat
varieties (Triticum aestivum L.). Agricultural Science and Technology. 2009;4:126-132.

3. Smolenskaya SE, Efimov VM, Kruchinina YV, Nemtsev BF, Chepurnov GY,
Ovchinnikova ES, Belan IA, Zuev EV, Chenxi Z, Piskarev VV, Goncharov NP. Earliness
and morphotypes of common wheat cultivars of Western and Eastern Siberia. Vavilovskii
Zhurnal Genetiki i Selektsii. 2022;26(7):662-674. doi: 10.18699/VIGB-22-81

4. Yan L, Helguera M, Kato K, Fukuyama S, Sherman J, Dubcovsky J. Allelic variation at the
VRN-1 promoter region in polyploid wheat. Theor. Appl. Genet. 2004;109:1677-1686. doi:
10.1007/s00122-004-1796-4

5. Pearson K. Notes on regression and inheritance in the case of two parents. Proceedings of
the Royal Society of London. 1895;58:240-242. doi: 10.1098/rspl.1895.0041

Hugpopmavyusa 06 asmopax:

I'onuapoB Hukonaii IlerpoBuu, 1-p 6uon. Hayk, akanemuk PAH, r.H.c. ceKkTopa reHeTHKU
mennt; UL «uctuTyt tmronoruu u reneruku Cubupckoro otaeneHus Poccuiickoit aka-
nemuu Hayk» (HoBocubupck, Poccust).

E-mail: gonch@bionet.nsc.ru

InorauxoB Kupnin Oserosuy, nmwxenep GULL «ucTuTyT tuTonoruu u reietuku Cuoup-
ckoro oraenenus Poccuiickoit akagemun Hayk» (HoBocubupck, Poccus).

E-mail: ko.plotnikov@bionet.nsc.ru

I'puropmii IOpseBuy Yenypuos, m.u.c. UL «uctutyr uuronoruu u reHetuku Cubup-
ckoro oraenenus Poccuiickoit akagemun nHayk» (HoBocubupck, Poccus).

E-mail: grigory.tchepurnov@yandex.ru

KameneB Unbsa AnexcangpoBuy, acniupantr PI'BOY BO «Hoocubupckuii rocyaapcrses-
HbIH arpapubiii yauBepcuteT» (HoBocubupcek, Poceust).

E-mail: ilya.kamenev.1441@bk.ru

HemueB Bopuc ®@enoposuy, arposom CuoOHUNPC — ¢unuana MHcTUTYTA LIUTONOIMH U Te-
netuku Cubupckoro oraenenus Poccuiickoii akanemun Hayk (Kpacnoooek, HCO, Poccust).
E-mail: nembor@yandex.ru

Cwmosenckas Cseriiana dnyapaoBHa, H.c. OUL «MuctutyT nuronoruu u renetuku Cuoup-
ckoro otaernenus Poccuiickoit akagemun nayk» (HoBocubupck, Poccus).

E-mail: morpha@bionet.nsc.ru

BaunoB Anekcanap I'ennaabeBuy, kauj. Ouoin. Hayk, B.H.c. ULl «HCTUTYT LUTONIOTUH U
reneruku Cubupckoro otnenenusi Poccuiickoii akanemun Hayk» (HoBocubupcek, Poccust).
E-mail: blinov@bionet.nsc.ru

Asmopul 3aa61:10m 06 omcymcmeuu KOHRQIUKmMa unmepecos.

Information about the authors:

Nikolay P. Goncharov, Doctor of Sciences (Biology), Full member of the Russian Academy
of Sciences, Principal Researcher of Wheat Genetics laboratory, Institute of Cytology and Ge-
netics, Siberian Branch of the Russian (Novosibirsk, Russian Federation).

E-mail: gonch@bionet.nsc.ru

Kirill O. Plotnikov, engineer, Institute of Cytology and Genetics, Siberian Branch of the Rus-
sian (Novosibirsk, Russian Federation).

E-mail: ko.plotnikov@bionet.nsc.ru

Grigory Y. Chepurnov, junior researcher, Institute of Cytology and Genetics, Siberian Branch
of the Russian (Novosibirsk, Russian Federation).

E-mail: grigory.tchepurnov@yandex.ru

Ilya A. Kamenev, postgraduate student, Novosibirsk State Agricultural University (Novosi-
birsk, Russian Federation).

E-mail: ilya.kamenev.1441@bk.ru

Boris F. Nemtsev, agronomist, SibNIIRS — filial Institute of Cytology and Genetics, Siberian
Branch of the Russian (Krasnoobsk, Novosibirsk region, Russian Federation).

E-mail: nembor@yandex.ru

74



Tonuapos H.IL, IInomnuros K. O., Yenypnos I JO. u dp. I'nobanvroe nomennenue u 2enemuxa

Svetlana E. Smolenskaya, researcher, Institute of Cytology and Genetics, Siberian Branch of
the Russian (Novosibirsk, Russian Federation).

E-mail: morpha@pbionet.nsc.ru

Alexander G. Blinov, PhD in Biology, leading researcher, Institute of Cytology and Genetics,
Siberian Branch of the Russian (Novosibirsk, Russian Federation).

E-mail: blinov@bionet.nsc.ru

The Authors declare no conflict of interest.

Cmamws nocmynuna @ pedaxyuro 31.07.2024;
00o6pena nocne peyenzupoganusi 27.11.2024; npunsma k ny6onuxayuu 03.03.2025.

The article was submitted 31.07.2024;
approved after reviewing 27.11.2024; accepted for publication 03.03.2025.

75



Becrauk Tomckoro rocynapctBeHHoro ynusepeurera. buonorus. 2025. Ne 69. C. 76-82
Tomsk State University Journal of Biology. 2025;69:76-82

Hayunas cratbs
YK 618.19-006.6-036.17:577.2
doi: 10.17223/19988591/69/9

Poas TGF-B1/PI3K/Akt onocpe10BaHHOT0 CHTHAIBHOTO MYTH
B NMPOIrPecCHPOBAHMH ICTPOreH-MO3NTHBHOI0 PAKa MOJIOYHOI KeJe3bl

TarbsiHa AHATOJILEBHA I[pmml;al, Hatanus HukonaeBna Ba6bimknnaZ,
Cepreii Biagumuposuy Bropynmn®, Hanexna Buktoposna Uepabinuena®

1239 Toycxuil nayuonanbuwlil uCcne008amenbeKutl MeOUYUHCKULE yeHmp
Poccuiickoii akademuu nayk, Tomck, Poccus
2 Cubupcruii 2ocydapcmeentviii MeOUYUHCKUTE YHUBEDCUMEN
Munucmepcmea 30pagooxpanenus Poccutickou @edepayuu, Tomck, Poccus
L https://orcid.org/0000-0003-3009-2404, tanyadronova@mail. ru
2 hatps://orcid.org/0000-0002-0562-3878, nbabyshkina@mail.ru
3 hatps://orcid.org/0000-0002-1195-4008, wtorushin@rambler.ru
* hatps://orcid.org/0000-0003-1526-901, nvch@tnime.ru

AnHotanus. M3y4enne Gpakropos, CiocOOCTBYIOLIMX (POPMUPOBAHHIO PE3UCTECHT-
HOCTH K a/IbIOBAHTHOW FOPMOHOTEPANUH IIPU 3CTPOreH-IIO3UTHBHOM PaKe MOJIOYHOM
xene3sl (PMIK) sBrsiercst BayKHBIM aCIEKTOM HAy4HBIX UccleoBaHUd. B maHHo# pa-
60Te ¢ UCIOIb30BAaHUEM METO/Ia NPOTOYHOH LUTO(IYOPUMETPHU M3Y4EHO COolepiKa-
Hue OenkoBbIX MPoAyKToB KitoueBbix reHoB TGF-B1 u PI3K/Akt — curHanbHbIX Kac-
kazoB. Pabora mpoBezeHa cpean 65 NalMEHTOK C ePBUYHO BepUDUIIMPOBAHHBIM JIU-
arHo3oM scrporeH-no3utuBHeld PMIK (T1-4N0-3MO). [TokazaHo, 4TO Hanu4ue Kie-
TOoK, aKkcrpeccupyromux TGF-BR1 u TGF-BR2, a taroke BRICOKOE COACPIKAHUE KIIETOY-
ubix nomyssiiuid pAkt1-/TGF-BR2+ u uuknun D1+/TGFBR2+, accouunposano ¢ 6ia-
TONPUSTHBIM IPOrHO30M 3a00s1eBanus. [1allMeHTKY, B OITyX 0JI€BOH TKAHU KOTOPBIX OT-
MEueHO BbICOKOe copaepxanue Oenka pAktl, pAktl+/TGF-fR2+ wu wuxinux
D1+/TGFBR2- knerok, He OTBeYany Ha TEPAMIO0 TAMOKCU(ESHOM B aJbIOBAHTHOM pe-
xume. IlonydeHHbIe pe3ybTaThl OTKPHIBAIOT MEPCIEKTHBY IOUCKA HOBBIX MOJEKY-
JISIPHO-T€HETHYECKUX MapPKEPOB, BOBJICUCHHBIX B MEXaHU3MbI Pa3BUTHUS PE3UCTEHTHOIO
K TOPMOHOTEPAIMU (HPEHOTHIIA OITYXOJIH.

KitioueBble cii0Ba: 3CTPOreH-MO3UTUBHBIN paK MOJIOYHOM JKee3bl, Tpanchopmu-
pytouuii dakrop pocra-pl (TGF-B1), PI3K/Akt — curnanbpHsiil Kackaz, TaMoKCH(EH,
PE3UCTEHTHOCTb, IIPOTOYHASI LIUTO(IYOPHUMETPUS

Jnsi  nurupoBanusi: Jlponosa T.A., baoOeiukuna H.H., Bropymmn C.B.,
UYepmpiauea H.B. Pons TGF-B1/PI3K/Akt omocpenoBaHHOTO CHTHAIBHOTO MyTH B
[POrPEeCCUPOBAHUM HCTPOTCH-NIO3UTHBHOTO pPaKa MOJIOYHOW jkene3bl // BecTHuk
Tomckoro rocynapcrBeHHOro ynuBepcutera. buonorus. 2025. Ne 69. C. 76-82. doi:
10.17223/19988591/69/9
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The role of the TGF-p1/PI3K/Akt mediated signaling pathway
in the progression of estrogen-positive breast cancer
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Summary. The study of factors contributing to the adjuvant hormone therapy re-
sistance in estrogen-positive breast cancer (BC) is an important aspect of scientific re-
search. Tamoxifen resistance can be determined by the regulation of the estrogen re-
ceptor signaling pathway via membrane tyrosine kinases. Among the various mem-
brane kinases, the activation of the transforming growth factor 1 (TGF-B1) and the
triggering of alternative PI3K/Akt signaling can be critical in the hormonal resistance.
The aim of the study was to analyze the protein expression of TGF-B1, TGF-pR1, TGF-
BR2, pAktl, cyclin D1 as well as the cell populations of TGF-f1/TGF-pR2, TGF-
BR1/TGF-BR2, pAkt1/TGF-BR2 and cyclin D1/TGF-BR2 in tumor tissue depending on
the response to tamoxifen treatment. This study included 65 BC patients (T14No-3Mo)
who received breast-conserving surgery or radical mastectomy, radiation and/or chem-
otherapy (if indications) and adjuvant hormonal therapy with tamoxifen (5 years, 20
mg/day). Patients without any recurrence or metastasis the adjuvant tamoxifen therapy
were classified as a tamoxifen-sensitive subgroup ((TS), N =55 (84.6%)); patients with
distant metastasis or recurrence were classified as resistant to tamoxifen ((TR), N = 10
(15.4%)). Proteins expression as well as cell population expression was assessed using
a CytoFLEX flow cytometer (Beckman Coulter, USA). Progression-free survival (PFS)
was estimated according to the Kaplan—-Meier method, and survival differences be-
tween groups were determined using the log-rank test. P-value of less than 0.05 was
considered statistically significant. Tumors with high of TGF-R1 and TGF-BR2 pro-
tein expression were more prevalent among TS patients (p = 0.036 and p = 0.006; re-
spectively. See Fig, I). Increased risk of breast cancer progression was associated with
a high pAkt1 expression in tumor cells (p = 0.024, See Fig, I). Patients with the high
pAkt1+/TGF-BR2+ and cyclin D1+/TGFBR2- expression in tumor tissue were less sen-
sitive to tamoxifen treatment (p = 0.006 and p = 0.000; respectively). However, a high
percentage of pAktl-/TGF-BR2+ and cyclin D1+/TGFBR2+ cells was detected in the
tumor tissue of patients with the response to treatment (p = 0.001 and p = 0.003, re-
spectively). High TGF-BR2 and pAktl-/TGF-BR2+ expression was associated with
longer progression-free survival (log-rank p = 0.006 and log-rank p = 0.008). Moreo-
ver, we demonstrated a significant relationship of both high pAktl and pAkt1+/TGF-
BR2+, pAkt1+/TGF-BR2- expression with poor survival of breast cancer patients (log-
rank p = 0.002 and log-rank p = 0.001, respectively). Our data indicate the possible use
of the identified parameters as markers associated with the efficacy of adjuvant tamox-
ifen therapy.

The article contains 1 Figure, 10 References.

Keywords: estrogen-positive breast cancer, transforming growth factor B-1
(TGF-B1), PI3K/Akt - signaling, tamoxifen, resistance, flow cytometry
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BBenenne

Cornacuo mpaktuyeckuM pekomeHmanusm RUSSCO 2023 u NCCN 2023,
BCceM OOJIBHBIM TOPMOH3aBHUCHMBIM pPakoM MoJouHOH xene3bl (PMOK) He3zaBu-
CHMO OT BO3pacTa, GYHKINHU SHIHUKOB, a TAKXKE CTaIUH 3a00JICBaHUS ITOKAa3aHO
MPOBE/ICHE TOPMOHOTEPATUU B aIbIOBaHTHOM pexkume [1, 2]. Omnako Ha naH-
HOE JICUCHHWE OTBEYACT JIMIIb YacTh mamueHTOK (60-70%), y ocrampHBIX (30—
40%) BO3HUKAET IMPOTPECCHPOBAHIE B BUE OTAAJICHHBIX METACTA30B JINOO0 peIi-
nuBa 3a0oieBanus [3]. PasBUTHIO pe3MCTEHTHOCTH K TOPMOHOTEPAIHH CIIOCO0-
CTBYIOT pa3lUYHBIC (PAKTOPHI, CPEeON KOTOPHIX HAPyHICHHE BHYTPHUKICTOYHBIX
CUTHAJIOB TpaHchopmupyromero hakropa pocra Bl (TGF-B1) u nanpHelias ak-
THBAllUs aJbTCPHATHBHBIX CHUTHAJBHBIX KackaloB, Takux kak PI3K/Akt [4, 5].
Lenpro wccnenoBanus ABWICS aHau3 cogepkanus oenkoB TGF-B1, TGF-BRI1,
TGF-BR2, pAktl, mukiaud D1 u cyOmomyIisimuid onmyXoJIeBBIX KIETOK, KOAKCITPEC-
cupytommx TGF-B1/TGF-BR2, TGF-BR1/TGF-pR2, pAktl/TGF-BR2 u nmkmun
D1/TGF-BR2 B 3aBUCHMOCTH OT OTBETa Ha MPOBOIUMOE JICUCHUE TaMOKCHe-
HOM.

MarepuaJibl U METOABI

HccrenoBanne mpoBeneHo cpenr 65 MalMeHTOK ¢ TEPBUYHO BEpH(HUIIHPO-
BaHHBIM [IaTHO30M D3CTPOTCH-TIO3UTHBHEIA PaK MOJOYHON JKENe3bl CTaIiH
Ti-4No3Mp. Cxema nedeHus: BKIIOUaia ONMEPATUBHOE XUPYPruUecKOe BMEIIIa-
TENIECTBO, JTYUEBYIO W/MIIN XUMHOTEPAIIHNIO 110 MOKA3aHMIM, a Takke Kypc alb-
FOBaHTHOM FOPMOHOTEpanuu TaMokcuderoMm (5 net, 20 mr/cyt). Ha cramuu ore-
PaLOHHOT'O BMEIIATENHCTBA (PaJUKaIbHAsS MACTIKTOMIS/ OTPaHOCOX PAHSIOIIAs
orepariys) y Ka)JI0i U3 MalMeHTOK B3AT 00pa3el] ONyXoIeBOl TKaHU MOJIOYHOM
xene3bl. Vicxost n3 OTHANICHHBIX pe3yNIbTATOB JICUCHHS, BCE MMAITUEHTKH pa3Jie-
JICHBI Ha 2 TPYIIITEI — TYYBCTBUTENbHAS U PE3UCTEHTHAS K TAMOKCH(eHy. B rpymrre,
qyBCTBUTENBHOM K TAMOKCH(EHY, HE OTMEIECHO IIPOTPECCUPOBAHUS 3a00JICBaHHSI
(N =55 (84,6%)); B rpymie, pe3NCTCHTHON K IMPOBEICHHON TEPAIHH, OTMEIECHO
HaIM4Me pernuanBa JMO0 oTHajeHHoro meracrazupoBanus (N = 10 (15,4%)).
Cpennee Bpemst 1o miporpeccupoBanus PMOK Ha doHe mprema TamoKkcudpeHa —
29,2 + 3,26 mecsma. Conepxanue 0€IKOB H (EHOTHITUPOBAHHUE CYOTOMYISITHI
OITyXOJIEBBIX KIETOK HM3y9YEHO C HCIOIB30BAHHEM HPOTOYHOTO ITHTO(IyOpH-
Metpa CytoFLEX (Beckman Coulter, CIIIA). Busyanuzanus u KoTu4ecTBeHHAs
OIlIEHKa HCCIEAYEeMBIX KIECTOK IPOBEACHBI C IOMOIIBI0 IAKeTa IIPOrpaMMm
CytExpert 2.0.0.152 (Becton Dickinson, CIIIA). CtaTucTHYECKHI aHATH3 IOy~
YEHHBIX  pE3yJAbTaTOB  ITPOBEIEH C  HCIOJIB30BAaHUEM  IIPOrpamMMm
«STATISTICA 9.0» m SPSS 21.0. [IpoBepka COOTBETCTBHUSI aHATH3UPYEMBIX
MPU3HAKOB HOPMAaJHHOMY 3aKOHY paclpeesIeHHs OCYIIeCTBICHA TP TOMOIIN
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kputepus corytacus Komvoropopa—CmupHoBa. T-kputepuit CThro/ieHTa (IS BBI-
OOPOK C HOPMAITEHEIM pactipeneneHreM) u U-kputepuid ManHa—YUTHH (17151 BBI-
OOpOK, HE COOTBETCTBYIOIINX HOPMAIEHOMY 3aKOHY) HCITOIB30BaHBI VIS aHAIN3a
KOJIMYECTBEHHBIX JaHHBIX. BEDKHBaeMOCTh 0€3 IpOorpecCHpoBaHMs aHATH3HPO-
BaJlM C MCITONIb30BaHMeM KpuBbIX Kammana—Meliepa u log-rank-tecra. Paznmnaus
CYUTAIIA CTATUCTHYECKH 3HAUMMBIMHE 1ipH p < 0,05.

Pe3yabTarhl cciiefoBaHus U 00Cy:KIeHUE

B xome mpoBeneHHOr0 NCCIeJOBaHUS IIPOBEICH aHAIH3 COACPIKaHUs OCIIKOB
U CyOnomyJsImui OIMyXOJIEBBIX KIETOK, KOIKCIIPECCUPYIOMINX aHaJIM3UPyEeMBbIe
MapKepbl B 3aBUCHMOCTH OT OTBETa Ha MPOBOXUMOE JICUCHUE IPErapaToM Ta-
MOKCH(]EH.

Amnanu3 comepkaHust OEIIKOB ITOKA3all, YTO OITYXOJHU C BEBICOKHM COICp KaHUEM
TGF-BR1 u TGF-BR2 npeobnananu cpeny ManueHTOK, YyBCTBUTEILHBIX K TOP-
MoHoTtepanuu (p = 0,036 u p = 0,006; cOOTBETCTBEHHO, pHUC. 1). BbicOKH prck
nporpeccupoBanns PMXK Ha ¢oHe TaMokcudeHa cBs3aH C BBICOKMM ConepiKa-
HHEM B OMyXOJIeBBIX KileTkaxX pAktl (p = 0,024, puc. 1).

Bropoii aTan paboThl BKITFOYAIT UCCIISTOBAHHUE IO OIyXOJIEBBIX KIETOK,
KOIKCITPECCHPYIOIINX U3y4aeMble Mapkepbl, a uMeHHo: TGF-B1+/TGF-BR2+, TGF-
B1—/TGF-pR2+, TGF-p1-/TGF-fR2—-, TGF-B1+/TGF-pR2—-, TGF-pR1+/TGF-
BR2+, TGF-pR1-/TGF-pR2+, TGF-BR1-/TGF-pR2—, TGF-BR1+/TGF-fR2—,
pAktl+/TGF-pR2+, pAktl-/TGF-BR2+, pAktl-/TGF-pR2-, pAktl+/TGF-BR2-,
mukmH D1+/TGF-pR2+, muximaa D1-/TGF-BR2+, muknua D1-/TGF-BR2— u 1uk-
muH D1+/TGF-BR2—. Hamwuwe cyonomymsimuii pAktl+/TGF-PR2+ u muximmH
D1+/TGFBR2- 66110 CBSI3aHO C OTCYTCTBHEM OTBETA HA TOPMOHOTEPAITHIO TAMOKCH-
¢deroMm (p = 0,006 1 p = 0,000 cooTBeTCTBEHHO). HanpoTHB, BBICOKOE TIPOIICHTHOES
conepxanue kietok pAktl—/TGF-BR2+ u ke D14+/TGFBR2+ BeIsIBICHO B OIy-
XOJICBOM TKaHH TMAIMEHTOK C OJaronpusATHBIM OTBeTOM Ha JiedeHue (p = 0,001 u
» =10,003 cOOTBETCTBEHHO).

100 %

90 p=0,024* p=0,650
80
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Puc. 1. Conepxanne TGF-B1, TGF-pR1, TGF-BR2, pAktl u uuxmmza D1
B OITyXOJIEBOH TKaHH B 3aBUCUMOCTH OT 3()(EKTUBHOCTH TaMOKCHU(EHa.

TUY — TamokcudeH-ayBcTBUTENBHAS TpyMina, TP — TaMokcudeH-pe3rcTeHTHasI Tpyna
[Fig. 1. On the X-axis - Proteins, on the Y-axis - Protein expression levels (percent). TGF-B1, TGF-BRI,
TGF-BR2, pAktl and cyclin DI expression in tumor tissue depending on the efficacy of tamoxifen.
TR - tamoxifen resistant, TS - tamoxifen sensitive groups]

WTY(TS)
HTP (TR)
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Ha nocnemaem stamne paboThI TPOBENCH aHAIH3 BEDKUBAEMOCTH O€3 TIPOTrPECcCH-
poBaHus. BrIcokoe MpoIeHTHOE CoepKaHue KIIETOK, dKkcipecchpyromux TGF-PR2
n pAktl-/TGF-BR2+, ormeueHo cpemyt OONBHBIX ¢ Ooiee NIMTENEHBIM TIEPHOIOM
BBDKHBaeMocTH 0e3 mporpeccupoanus (log-rank, p = 0,006 u log-rank, p = 0,008).
Hwuzkue mokaszatenu BEDKHBAEMOCTH HAOIOJAIICh CPEAN TAMEHTOK, HMEIOIIHX
BBICOKHIA ypoBeHb Oenka pAktl n momymsiuit pAktl+/TGF-BR2+, pAktl+/TGF-
BR2— xnerok B onyxomnu (log-rank, p = 0,002 u log-rank, p = 0,001 cooTBet-
CTBeHHO). TakuM 00pa3om, MoKa3aHo, 4TO OOHAPYKEHHBIC MapKepbl 00JIaat0T
HE TOJBKO IPeICKa3aTeNbHBIM, HO U IPOTHOCTHYECKIM MOTCHITHAIOM.

CormacHo NMUTEpaTypHBIM NaHHBIM, WCCIICIOBAHMS, TOCBSIICHHBIC aHAN3Y
cBs3u OenkoBbix mpoaykTroB TGF-BR1, TGF-BR2, pAktl ¢ oTBeToM Ha amb-
IOBaHTHYIO TOPMOHOTEpPAIINIO TaMOKCH(EHOM, HEMHOTOYHCIEHHBI. OTMEUYeHO
Hu3koe conepxkanue TGF-BR2 cpemu mamueHTOK, Pe3MCTEHTHBIX K TEpallu,
HaxOoISIIMXCs B MpeMenonayse [6]. Hampotus, BRICOKMI MPOLEHT IKCIPECCHU
TGF-BR1 accoumuupoBaH ¢ 3PPEKTUBHOCTHIO TOPMOHOTEPAITMH CPEIH TalHeH-
TOK C JUArHo30M 3cTporeH-no3uTuBHbI PMIK [7]. Bonpmas gacts uccnenoBa-
HUH, MPEACTaBICHHBIX B MHPOBOH JINTEpaType, MOCBSAMICHA M3yYCHUIO Oenka
pAktl, KoTOpBIE MOATBEP)KAAIOT €T0 3HAYMMOCTh KaK IPECKa3aTeIbHOTO, TaK 1
MPOTHOCTHYIECKOro Mapkepa. Tak, HeOMarompusTHEIA OTBET HAa TOPMOHOTEPAIIHIO
OTMEUCH Cpely MAlNEHTOK, IMEIONNX B OITYXOJIEBOH TKaHW MOJOYHOM KeJIe3bl
BBICOKOE cozeprkanne pAktl, 9To IIOIHOCTBIO COOTBETCTBYET PE3yIbTaTaM HAIIICH
pabortsr [8]. Kpome Toro, B paboTax APYrux aBTOPOB MOATBEPIKICHA aCCOLUAIINS
MeX Iy aktuBanmeil pAktl u cHbkeHHEM 00IIel BEDKHBAEMOCTH Ha (POHE TepaITuu
tamokcuderom [9, 10]. Hauboree meHHBIM W3 MMOTyYEHHBIX HAMH PE3yJIbTATOB SIB-
JSeTCs TpeIcKasaTellbHas 3HAYMMOCTD IIPOLEHTHOTO CONCp)KAaHWS IHKINH
D1/TGFBR2 u pAkt1/TGF-BR2 kierok B omyxoneBoi Tkaun PMK. Ctout oTtme-
TUTb, YTO UCCIEIOBAHINA 00 M3ydIeHHN CYOIOMYIISAINN KIETOK, KOOKCIIPECCUPYIO-
WX JaHHBIE MAPKEPBL, B JINTEPATYPHBIX HCTOUYHUKAX HE IIPEACTABIICHO.

3akirouenne

[Mony4yeHHbIe Pe3yNbTAThl YKAa3bIBAIOT HA BO3MOXKHOE HCIIOIb30BAHUE BBISB-
JICHHBIX MAPAaMETPOB B KaUeCTBE MapKEpOB, ACCOIMUPOBAHHEIX C (P PEKTUBHO-
CTBIO aIBIOBAaHTHOU Tepanuu TaMOKcH(eHOM. [laHHBIMI TOTCHIINATFHBIMA Map-
KepaMH SBIIAIOTCA: coiepxkanue OenkoBbIx mpomaykroB TGF-BR1, TGF-BR2,
pAktl, a Taxxke CyOnONyJISAIUHN KIIETOK, Kodkcnpeccupyrorue pAktl/TGF-BR2 u
nukinH D1/TGF-BR2.
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KunHnyeckuii ciiy4aii: HOBbIl BAPDHAHT B caliTe CIJIAHCHMHIA TeHa
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AnHotauusl. HacieicTBeHHbIE CIACTHYECKHE Maparuieruy OpeICTaBIsIOT co00i
IPYIIY KIMHUYECKH U TeHETHYECKH Pa3HOOOPa3HbIX HeHpoJereHepaTUBHBIX HacCel-
CTBEHHBIX Ooye3Hel. 3a0oseBaHue NPEUMMYILLECTBEHHO NPOSIBIACTCS NPOrPecCHpyo-
e CIacTHMYHOCTBIO M CIa0OCTBI0 HWKHUX KOHeyHocTeH. IlaToreHHble BapuaHThI
rena SPAST siBisitoTcst Hanbosee pacpocTpaHeHHON IPHUYMHOM HACIICICTBEHHBIX CIia-
cTHYecKUX maparmieruid. OnucaH KIMHUYECKHH Clydail MyX4YuHbBI 53 JIeT ¢ U3MeHe-
HHMEM TIOXOJKH, OCTOSIHHBIMHU 0OJAMHM BHU3Y XKHBOTA U B IOSCHHIE, OCOOCHHO IPU
¢busnueckoii Harpy3ke. TapreTHOe CEKBEHHMPOBaHHE HOBOT'O MOKOJEHUS BBISIBUIO HO-
BbI, BEpOSATHO, NATOTCHHBI BapuaHT B calTe crulaiicuara reHa SPAST —
¢.1173+1G > C. DroT BapuaHT HapylIaeT KAHOHWYECKUI CailT CIIaliCHHIa, ¥ MPOrHO-
3UPYETCsl, YTO OH 3HAYUTENIBHO HapyIIaeT CTPYKTYpy Oenka. Takum o6pa3om, 3TOT HO-
BbIii BapUaHT B caifTe CIUIaiCUHTa pacIIUpseT KPyr NaTOr€HHBIX BAPUAHTOB, MPUBOJIS-
LIMX K HACJIEJCTBEHHOM CIAaCTUYECKON Maparieruy 4-ro TUIa, MpeJoCcTaBiIsIsi BO3MOXK-
HOCTb JAJIBHEHIIIEro U3y4eHHUs HaTOreHe3a JaHHOro 3a00JIeBaHUs.

KiroueBble ci10Ba: Hac/IEACTBEHHBIC CIACTHYECKUE NapaIuieruy, Heipoaerenepa-
THUBHBIC Hacie[cTBeHHbIe 3a00neBanus, SPAST, ceKBEHHPOBaHHE HOBOTO MOKOJICHUS,
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Case Report: a novel splice variant of SPAST gene in autosomal
dominant spastic paraplegia, type 4
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Summary. Hereditary spastic paraplegia is a clinically and genetically heterogene-
ous group of rare neurodegenerative diseases that is characterized by slowly progressive
spasticity and weakness in the lower limbs. The prevalence of the disease reaches 1-5
cases per 100,000 populations. Clinically, the disease is divided into pure and compli-
cated spastic paraplegia. Pure spastic paraplegia is mainly characterized by slowly pro-
gressive weakness and spasticity of the lower limbs. Complicated spastic paraplegia
includes leg spasticity, optic neuropathy, retinopathy, extrapyramidal dysfunction, de-
mentia, ataxia, ichthyosis, mental retardation and deafness. Spastic paraplegia, type 4
onset age ranges from early childhood to 70 years of age. Spastic paraplegia, type 4 is
the most common form of autosomal dominant inherited spastic paraplegia, accounting
for up to 45% of cases. The spastic paraplegia, type 4 is caused by a heterozygous mu-
tation in the SPAST gene. It is known that pathogenic variants of the SPAST gene tend
to cause pure spastic paraplegia, type 4 and are more common in men than in women.
The SPAST gene is located on chromosome 2p22.3 and contains 17 exons. The SPAST
gene encodes the Spasin protein, a member of the ATPase family of proteins associated
with diverse cellular activities (AAA). We describe the case of a 53-year-old man with
the main complaints of changes in gait, constant pain in the lower abdomen, as well as
pain in the lower back, especially during physical activity. When the patient was 48
years old, he first felt pain in his lower back, which he associated with physical activity,
and consulted a neurologist. Based on the results of an examination conducted by a
neurologist, degenerative changes in the lumbar spine were identified. He underwent
surgical treatment in hospital. The patient with chronic low back pain received an 80 C
radiofrequency lesion of the dorsal ramus of the L3-L4 and L4-L5 segmental nerve
roots. However, the low back pain persisted. He did not seek medical attention until
2022. The patient returned to the doctor due to persistent back pain. According to the
medical data, the neurologists noted this symptom, as well as an increase in muscle tone
in 2022. The neurologist diagnosed hereditary spastic paraplegia with walking impair-
ment due to muscle tone. According to the Modified Ashworth Scale, the patient has
3/5 points: significant increase in muscle tone, passive movement difficult. Targeted
next-generation sequencing identified a new likely pathogenic splice variant of the
SPAST gene - ¢.1173+1G > C. The variant disrupts a canonical splice site and is there-
fore predicted to significantly disrupt the protein structure. This nucleotide sequence
variant has not been described previously, but a pathogenic one has been described at
the same location (c.1173+1G > A). According to ACMG criteria, the variant should
be considered as likely pathogenic (PM2, PVS1, PP3). We tested the pathogenicity of
the variant using the SpliceAl program. The probability that the position 2:32127023
(=32127023 - 75) is used as a splice acceptor decreases by delta score 0.93. The prob-
ability that the position 2:32127023 (= 32127023 - 1) is used as a splice donor decreases
by delta score 0.89, confirming the classification of the variant in the direction of its
pathogenicity. The majority of pathogenic variants in a SPAST gene are LOF variants

84



Kancanosa U.JK., @onoea E.A., Banuaxmemoe H.P. u dp. Knunuueckuii ciyuaii

(nonsense mutations; open reading frameshift mutations; changes in the canonical (£ 1
or + 2) splice site nucleotides) leading to NMD (nonsense-mediated decay of mRNA),
are located in AAA domain. Splice variants, like all LOF variants, produce a truncated
protein and lead to unstable aberrant transcripts that can result in reduced spastin. It is
known that the frequency of spastic paraplegia, type 4 splice site mutations (28%) is
significantly higher than reported in studies of other human genetic disorders, where
15% of mutations were found to affect mRNA splicing.

Thus, this new splice variant expands the range of pathogenic variants leading to
spastic paraplegia, type 4, providing an opportunity for further study of the pathogene-
sis of this disease.

The article contains 3 Figures, 9 References.

Keywords: hereditary spastic paraplegia, neurodegenerative hereditary diseases,
SPAST, next generation sequencing, splicing
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BBenenne

HacnencrBennas cnactnyeckas naparierus (HCIT) — KIIMHUYecKH 1 TeHeTH-
YEeCKU TeTepOreHHas TPYIIa PEOKIX HEHpomercHepaTHBHBIX 3a00NICBaHUH, Xa-
PaKTEpU3YIOMAsACS MEIJICHHO IIPOTPECCHPYIOMICH CIAaCTUYHOCTRIO B c1a00CThIO
B HWOKHUX KOHEUHOCTSX. PacripocTpaneHHOCTh 3a00eBaHus ocTrraeT 1-5 cry-
gae Ha 100 000 Hacenenws [1]. KmuHMYeCKH MOXKHO BBIACTUTH JBE (POPMEI 3a-
OoNeBaHUS: HEOCIOKHEHHAS «IUCTasH» W OCIOKHEHHAS! — CIIACTHYECKUE Mapar-
nernu. Yucras HCII xapakrepu3yercs IpenMyIIeCTBEHHO MEIJICHHO IMMPOTPECCH-
pyroleil caboCThI0 M CIIACTHYHOCTHIO HIDKHUX KOHeuHocTer. OciokHEeHHas
HCII Bxirodaer B ce0S COMYTCTBYIOIIUE HEBPOJIOTHMYCCKUE W/WIIM DKCTpa-
HEBpaJIbHBIE CHMITOMEI B Pa3HBIX COYCTAHIX: CIIACTUIHOCTD HOT, HEHPOIATHIO
3pUTENFHOrO HEPBA, PETHHOIATHIO, SKCTPAMPAMHUAHYIO AUCHYHKIUIO, JEMEH-
U0, aTAKCHIO, HXTHO3, YMCTBEHHYIO OTCTAaJIOCTh M TIyXO0Ty. CyIIECTBYIOT pa3-
nuyHble Tyl HacnenoBanuss HCII: ayrocoMHO-IOMUHAHTHBIN, ayTOCOMHO-Pe-
IIeCCUBHBIN M X-clleTuieHHbId. Hanbonee pacnpocTpaHEeHHBIN THI HaclieOBa-
HUS — ayTOCOMHO-IOMUHAHTHBIA — okosio 70% ciyuaeB [2]. CnacTuueckas ma-
pamterust 4-ro tuna (HCII4) smisiercs HanOoliee pacnpocTpaHeHHOH (opMOit
ayrocoMHO-gomMuHaHTHOTO HacienoBanus HCII, cocraBmsist mo 45% ciyqaes [3].
HCTI4 Be13Ban rerepo3urotrHoit myranueit rena SPAST Ha xpomocome 2p22. U3-
BECTHO, YTO TMATOT€HHBIE BapuaHTHl TeHa SPAST CKIOHHBI BBHI3BIBATH YWCTHINA
HCTI4 n gaie BcTpeyaroTcs Y My>KUHH, 4eM y xeHIuH [4]. Llens paboTsl 3aKkito-
9aach B IIOCTAHOBKE MOJICKYIISIPHO-TEHETHYECKOT O aHAIIN3a MAIIECHTY C KINHU-
yeckuMu tiposineHusimu HCII4.
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MarepuaJibl U METOABI

Jiis TaprerHoro cexkBeHupoanus JJHK, nonydennyro u3 mTuMQponnuTOB Mepu-
(eprueckoil KpOBH MAIMEHTa, aHAIW3UPOBAIHN Ha IIPHOOpPEe HOBOT'O TOKOJICHUS
MiSeq Sequencing System (Illumina) co cpexauM nokpeiTHeM X 78. Jlis mpobo-
MOJTOTOBKH HCIIONB30BANN IIENEeBOe OOOramieHne ¢ HCIONb30BaHHeM Habopa
Agilent Sure Select XT (Agilent, CIIIA). [TaHens TapreTHOro CEKBEHUPOBAHUS
BKJIFOYaJIa 28 TEHOB C M3BECTHOM KIIMHHYeCKoW 3HaunMocThio (NF 1, PAH, IDUA,
IDS, SMN1, SMN2, MFN2, DMD, CLCNI, TSCI, TSC2, FBN1, SERPINGI, F12,
PLG, SPAST, KCNQI, KCNH2, SCN5A,CFIR, FGFRI, FGFR2, COLIAI,
COLI1A2, COL3A41, COL5A1, ADAMTS2, ATP7B). Jlnarnoctuieckas IMaHeNlb
paspaboraHa J1JabopaTopHel ¢ ydeToM OTPeOHOCTEH Bpauei reHeTHYeCKOMN KITH-
HUKH.

OO0paboTKka NTaHHBIX CEKBCHHPOBAHWs IPOBEICHA COMIACHO best practices
GATK mns «Germline SNPs Indels» ¢ ucnonp3oBanneM Habopa MporpaMm
GATK4. Omenka kadecTBa MPOYTEHUH OCYIIECTBISUIACH C ITOMOIIBIO TIPO-
rpammbl Qualimap. BeipaBHHBaHWE NMpouTeHWH Ha pedepeHCHYIO MOCieI0Ba-
TenbHOCTh reHoMa denoBeka (GRCh38/hg38) ocymecTBIsIOCh C MOMOIIBIO
BWA. JIns aHHOTHpOBaHUS HCIONB30BANACh Tporpamma Annovar. J[Jis orieHKH
MOITYJISIIIIOHHBIX YaCTOT BRISBICHHBIX BAPHAHTOB UCIIOIB30BaHBI BEIOOPKH PO-
ekTOB gnomAD. {75 OleHKHM KIWHIYECKOH PeIeBaHTHOCTH BBISIBIICHHBIX BapH-
AHTOB HCITONIb30BaHbI 0a3a qaHHpIX OMIM u nutepatypHbie naHHbIe. J[TuHa uTe-
Hus 2x151 m.H. Beero nmpourenuii: 27 508 mpsMbIX B CTOJIBKO ke 00paTHBIX. Me-
JMaHHasl HAaJeKHOCTh omnpenencHus HykieotunoB Beime Q30. Biusaue Bapu-
aHTa Ha CILIACHHT OMPEASISUIOCh C MOMOIIbI0 HHCTpyMeHTa Splice Al

CexBernnpoBanne 110 CaHTEpy BOKPYT HACHTH(GHINPOBAHHOTO BapHaHTA BBI-
MTOJTHEHO Y MaIiieHTa B 00oux HanpapieHusX. s ammmdukanmu [IHK BapuanTa
chr2:32127023G > C BwIOpanbl cienyromme npaimepsl mist TTHP: npsmoi —
GTAATCCTCCTGTCTTTGCC; obpatusiii — GCCCAGATCACTCAAAACAA.
[P mpoBoammu ¢ wmcnoib3oBanneM Habopa BioMaster HS-Taq PCR-Color
(«bronmabmukcy, Poccns). Peaknuro cekBeHUpOBaHUS MPOBOIMIIM C CITONIb30Ba-
HueM Habopa BrilliantDye Terminator Cycle Sequencing v3.1 (NimaGen, Hunep-
nmaunael). [IpomyKTBI CEeKBEHHpPOBAaHUS OYMINANA C HCIIOIB30BAaHHEM Habopa
D-Pure DyeTerminator Cleanup Kit (NimaGen, Huumepnanmel), ocaxmecHue
OATA/sTanonom. CeKBEeHUPOBAHNE MPOBOAWIHN C HCIONB30BAHUEM TCHETHYE-
ckoro ananu3atopa Applied Biosystems 3730 (Thermo Fisher Scientific, CIIIA).

Pe3yJIBTaTBl HCCJIeJ0BAHUA

Knunuweckuii ciyuau. Myx4anHa, 53 roma, oopatuics B ['eHeTHUECKYIO KITH-
HUKY C OCHOBHBIMH jkaj100aMu Ha H3MECHEHHE ITOXOIKH, IOCTOSHHBIC OO BHU3Y
JKUBOTA, a TaKke 00N B MOSICHALIE, 0COOCHHO IIpH (hPM3HYECKOi Harpy3ke. Brep-
BEIC OH ITOYYBCTBOBAII OOIb B TIOSICHUIIE, KOTOPYIO CBSI3all ¢ (pr3MUecKOi Harpy3-
KO, B Bo3pacte 48 jer, mocie yero oopatuiics K HeBpojory. [lo pesynpTatam
o0ClieIoBaHNsl y TANWEHTa BBIABICHBI JETCHEPAaTHBHBIC M3MEHEHHS IOSCHIY-
HOTO OT/iena MO3BOHOYHUKA. Bo Bpemst rocnmranmm3aruu B 2019 1. mpoBeneHo
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OIlepaTHUBHOE JICYCHHE — BBHICOKOYACTOTHAS JEeHEepBalns (paCeTOYHBIX CYCTaBOB
L3-L4, L4-L5, onqnako 60ibp B TOSCHUIE COXpaHsuiach. [larueHT BHOBL 0Opa-
THICS K Bpady B 2022 T. H3-3a HEMpEeKpamaonuxcs 00j1ei B CIIMHE, TAKKE OTMe-
YEHO TIOBBIIIIEHWE TOHYCA MBI KOHeYHOCTeH. [1o MOTu(UITMpoBaHHOM IIKale
DmiBopra y 601bHOT0 HabMroMaeTcst 3/5 0aioB: 3HAYUTEIBHOE MOBBIIIICHUE MbI-
MIEYHOTO TOHYCA, 3aTPyAHECHHUE TTAaCCUBHBIX NBMKeHUH [5]. Ha mpueme y Bpaua-
rereruka B 2023 T. BBIpa)KeHHBIX (DEHOTUITHIECKUX OCOOCHHOCTEH HE BBISBIICHO.
[Ipu ocmotpe y HeBponora ['eHeTHYeCKOi KIMHUKKA OTMEYEHO, YTO H3MEHEHUS
MTOXOJIKA COXPAHSIOTCA (CITacTHYeCKue ¢ 00X CTOPOH, «Ha MPSAMBIX HOTax»),
acCUMMeETpHYHBIC pedIieKchl, TuneppedIeKcrs, pacmupeHne pedIeKCOoreHHbBIX
30H, THPaMUAHBIC 3HAKH B pyKaX, M3MEHEHHE MBIIICYHOIO0 TOHYCA CITACTHYE-
CKOTO THIIA TP JBIKCHAN.

CormacHo TeHEallOTHYeCKOMY IPEBY, CXOAHBIE CUMITOMBI (M3MEHEHHS IO-
XOJIKH, MBITIIEYHAs CJIA00CTh) HAOIOJAIMCH Y OTIIA, TETH U IBOIOPOIHBIX OpaTheB
IO OTIOBCKOM JInHUY (puc. 1). OmHako B HACTOsIIEe BpeMs MAIlUeHT ¢ HUMU He
KOHTaKTHPYeT.

% - IToxo:XKHe CAHMITOMBI

Puc. 1. PonociioBHas naiueHra
[Fig. 1. Pedigree of patient (IGV browser)]

TapreTHOE CEeKBEeHMpOBAaHME MAIMEHTA BBISBAIO Bapuadt ¢.1173+1G > C B
rede SPAST B reTepO3UrOTHOM COCTOSTHUU. J|aHHBIN BaprHaHT HYKJICOTHAHOHN T10-

CJIeIOBATENHHOCTH PACIIONIATaeTCs B IOHOPHOM CaiiTe CIIaiicMHTa 8 HK30Ha TeHa
SPAST (chr2:2.32127023G > C) (puc. 2).

R
I

Tc CGTCETGT

cCGAT

GAGGGCTGTTACTCTTTGGTCCACCTGGGARTGGGAAGACAATGETGGTARGGGTTCTCTTCARATTITGAGTTITICTGTTGAGATATTTGOGA

Puc. 2. NGS cuksenc (IGV browser)
[Fig. 2. NGS sequencing (IGV browser)]
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DTOT BapuaHT HapymiaeT KAHOHUYECKUI CalT CIUTaliCHHTA U, CIIEIOBATEIHHO,
MIPOTHOZUPYETCS, YTO OH 3HAYUTENHHO HAPYIIAET CTPYKTYPY OeiKka. DTOT BapH-
aHT HYKJICOTHIHOH TOCIIEIOBATEILHOCTH HE OIHCaH, HO paHee OBbUI OMHCaH Ma-
TOTEHHBIN BapuaHT B 3ToH ke mo3uiy (¢.1173+1G > A). [To kpurepusim ACMG
BapHaHT CIICAyeT pacCMaTpUBaTh Kak BeposTHO martoreHHsiid (PM2, PVS1, PP3).
[TaToreHHOCTH BapHaHTa IMPOBEPSUTH C IMTOMOIIBIO Iporpammbl SpliceAl. BeposiT-
HOCTB TOT'0, 4TO mo3uius 2:32127023 (= 32127023 — 75) ucnonb3yercs B Kade-
CTBE aKIENTOpa CIUIAWCHHTAa, YMEHbIIaeTcsl Ha aenbra-oneHky 0,93. Bepost-
HOCTB TOT'0, 4TO MO3HIHsA 2:32127023 (= 32127023 — 1) ncnonb3yeTcs B KAUeCTBe
JIOHOpa CIJIaCHHTA, YMEHbINAeTCs Ha Aenbra-oneHky 0,89. JlenpTa-orneHka Ba-
puanTa Bappupyercs oT 0 10 1 1 MOXKET HHTEPIPETHPOBATHCS KaK BEPOSTHOCTH
TOT'0, UTO BapHaHT M3MEHSET CIUTalicHHT. B craThe naHa moapoOHas XapaKTepH-
CTHKa ITOpOroBhIX 3HaYeHUH 0,2 (BbICOKas monHoTa), 0,5 (pekomeHayeMbrii) u 0,8
(BBICOKAst TOYHOCTH) [6].

CexBenmpoBanme 1o CoHrepy TOATBEpOWIIO HajIWdhe  BapHaHTa
chr2:32127023G > C y nanuenra (puc. 3).

Puc. 3. CexBenupoBanue nauuenta no Csnrepy. ['eHeTnueckuii BapuaHt
chr2:32127023G > C B KaHOHHYECKOM caiiTe cruiaiicuHra sk3oHa 8 rena SPAST
[Fig. 3. Patient Sanger sequencing. Genetic variant chr2:32127023G > C in canonical splice site
of'exon 8 in SPAST gene]

O6cyxnenue

I'en SPAST cocrout u3 90 T.I.H., CONEPKUT 17 S3K30HOB W KOIUPYET OEIIOK
criactuH, wieH cemeiictBa ATda3, KOTOPHIH CBSI3aH C MIMPOKUM CIIEKTPOM KJie-
TOYHOH aKTUBHOCTH M WUTPAET PONIb B TMHAMUKE MUKPOTpyOouek. CIacTiH co-
JEPIKUT YeThIpe (PYHKIIMOHATIBHBIX JOMEHa, Hanbojee MHTEPECHBIM 13 KOTOPBIX
SIBJISIETCS 9€TBEPTHIN JoMeH AAA, KOTOPBIN y4acTBYeT B reéKCaMepU3aIiy Cra-
CTHHA, aKTUBHOCTH pa3pbiBa MUKPOTpyOoUeK u ruaponuze ATD.

BosbmHCTBO MaToreHHBIX BapuaHToB reHa SPAST peacTaBistoT co0oi Ba-
puantel LOF (Loss Of Function — morepst ¢pyHKIMH) (HOHCEHC-MYTaIllUN; MyTa-
UM CABHUTA PAMKH CUMTHIBAHHS; N3MCHEHHSI B KAHOHWYIECKUX (£ 1 mim + 2) HyK-
JeoTHAax caiTta cruladicunra), npuBomsamue kK NMD (Nonsense Mediated
Decay — HOHCceHC-0omocpenoBanHoMy pacrnaaxy MPHK) B nomene AAA. Bapu-
aHTHI CIUIACHHTA, KaK ¥ Bce BapuaHThl LOF, mpou3BoAsT yceueHHBIH OSlIOK H
MPUBOIAT K HECTAOMIBFHEIM a0eppaHTHBIM TPAHCKPHIITAM, YTO MOXKET MIPUBECTH
K CHHOKCHHUIO YPOBHS Oemka. MI3BeCTHO, UTO YacTOTa MyTaIlM{ caiiTa CIUIAaiiCHHTa
HCII4 (28%) 3HAaUMTENHHO BHIIIE, YeM COOOIIATIOCh B MCCIECHOBAHIIX APYTHUX
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TCHETHYECKUX HAPYIICHUN YelloBeKa, TIe oOHapykeHo, uTto 15% myrtamnuii Bu-
stioT Ha crmaiicnar MPHK [7]. B GonbmuHcTBe cimyvaeB BapuaHThl LOF npuBonsT
K Ooree TSDKENOMy TeueHHIo 3aboneBanus. [lokazaHO, YTO MUCCEHC-BapUaHTEI,
BIIISIFONIHE Ha JOMEeH AAA, IPHBOAAT K KOHCTUTYTHBHOMY CBSI3BIBAHHIO CITa-
CTHHA C MUKPOTPYyOOUYKaMH, YTO yKa3bIBaeT Ha TOMHHAHTHO-HETATHBHBINA MeXa-
HU3M. MccnenoBanust moKa3aim, YT0 MECCEHC-BApHAHTHI CBS3aHBI C OoJiee paH-
HUM HadayoMm, a yucthie BapuaHThl LOF — ¢ Gonee mo3qHuM HavgaoM.

UYrto kacaercs cruiaiic-BaprantoB reHa SPAST, To B OOJBIIMHCTBE CIydacB
KITMHUYECKUE OCOOCHHOCTH IManreHTa xapakTepHsl s yiucroro HCII4 [8]. Kim-
HUYECKHE OCOOCHHOCTH HAIIETo MAIEeHTa COrJIACYIOTCS C TUTEPaTyPHBIMHU JIaH-
HBIMU O MAIMEHTaX C MyTaIMsIMU CIUIACHHTA B 3TOW MO3HUITNH. BapraHTs! criaii-
cunra ¢.1173+1G > A u ¢.1173+2dup O6butM UACHTUDUIMPOBAHBI Y MTAITUSHTOB C
gucteiM HCIT4 [9].

3akioueHne

Takum obpazom, B AAA-nomene reHa SPAST, peruone, rlic HAXOAUTCSA OOJTb-
IIMHCTBO HICHTH(QHUITNPOBAHHBIX paHee BapHAHTOB, HICHTH()HUIINPOBAH HOBBIH,
BEpOSITHO, MATOT€HHBIA BAPHAHT, KOTOPHIN oTBedaeT 3a unctbiii HCII4, uto mox-
TBEPKJIACT INTEPaTypHbIC NaHHBIE. J[JIs manuenTa yCTaHOBIICH KIIMHUIECKUH 1
TEHETHYECKUA JUAarH03, KOTOPHIN IMO3BOJIIUT B AANbHEHIIEM CKOPPEKTHPOBATH
TaKTHKY JICUCHHUS, & TAKXKe MPUOCTHYTH K MIEPBUIHON HIIH BTOPUIHON PO IIIaK-
THKE HACIIeICTBEHHOT0 3200J1eBaHNS B CEMbe MarmenTa. bynymue ncciaenoBanus
JOJDKHBI BBISICHHTH POJIb THUMA MYTallH, YTOOBI JydIIe IMOHSATh KOPPEIIHIO
MEXIy TeHOTHTIAMH U (PEHOTUIIAMH.
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AnHoTtauus. Metunuposanue JJHK urpaer BakHyro posib B pa3BUTHH IUIALICHTHI
1 (pU3MONOrMYHOM NPOTEKaHUK OEPEMEHHOCTH. AHOMAIIMU METUIIOMA IUIAlleHTapHBIX
TKaHEei MOTyT IPUBOAUTH K PA3JIMYHBIM 1aTOJOIMYECKUM COCTOSIHUSIM M, B YACTHOCTH,
OBbLIM TIOKA3aHBI IIPU CHOHTAHHOM a0opTe, NPE3KIAMIICHH U T'eCTAllMOHHOM CaXapHOM
nuabere. B nanHoit pabote ObLI IPOBEICH CPAaBHUTEIBHBIH aHAIH3 PO UIICH METHITH-
poBanust JIHK Mexny paccMaTpruBaeMbIMU MATOJIOTHSIMU B KJIETKaX BOPCHH XOpHUOHA
I'u 1I tpumectpoB. Cpeau auddepeHunanbHo-MeTHIpoBaHHbIX renoB (M) mpu
CIIOHTAHHOM a0opTe, MPEIKIIAMIICUH U TECTAIIMOHHOM CaXapHOM JuadeTe ObLIn 0OHa-
pyxenst 7 IMI, o0umx [yisi BceX paccMaTpHBAeMbIX HO30JIOrHH (3 FHIIOMETHIHPO-
BaHHbIX, 3 MIEPMETHINPOBAHHBIX U | C PAa3JIMYHBIM HAIIPABICHUEM METHIMPOBAHUS
B pa3HbIX HacTsAX reHa). Kpome Toro, mpu CHOHTaHHOM abopTe ObUIO BBISBICHO
114 ynukansueix JIMI', He BCTpeyaromuXcsi IpU APYTUX MATOJOTHSIX OEpeMEHHOCTH
(33 runomeTunupoBaHHbIX U 81 runepMeTUINpPoBaHHbIN). DyHKIMOHANIBHAS AHHOTA-
LSl BBIABJICHHBIX YHMKaJIbHBIX JIMI' yka3plBaeT Ha MX HOTCHIMAJIbHYIO BOBJICYEH-
HOCTb B I1aTOI'€HE3 HEBbIHALIMBAHKS OEPEMEHHOCTH, a HEKOTOPbIE 3 HUX MOT'YT ObITh
HAMpPSIMYIO CBsI3aHbl C IMOpHOHANBHOM rubensio — LRRC8A, HDLBP, HICI wn ST14.
JlanpHeiye uccieloBaHus BBISBICHHBIX NU((epeHIalbHO-METHINPOBAHHBIX I'e-
HOB MOT'YT MMETh Ba)KHOE IPOrHOCTHYECKOE U JMarHOCTHYECKOE 3HaYCHHE B 0071aCTH
AKyLIEepPCTBa U PEPOLYKTUBHBIX TEXHOJIOTHH.

KioueBblie cioBa: merunupoBanue JJHK, xopuoH, crioHTaHHbBI abopT, mpedK-
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Summary. The development of normal pregnancy at early stages is conditioned by
epigenetic programs and is impossible without proper formation of the placenta and
embryo. In the first trimester, epigenetic mechanisms are involved in these processes,
one of which is DNA methylation. DNA methylation is involved in the regulation of
various biological processes, such as cell differentiation and development, regulation
of gene expression (as a rule, genes with reduced methylation levels in promoters are
expressed), X-chromosome inactivation, genome imprinting, maintenance of chromo-
some stability, and others. Disruption of this process can lead to the formation of path-
ologic phenotypes such as spontaneous abortion (SA), pre-eclampsia (PE), and gesta-
tional diabetes mellitus (GDM). Currently, researchers have found many methylation
abnormalities in these pathologies: for example, 54 differentially methylated regions
(DMRs) associated with blood pressure, 1703 differentially methylated sites (DMSs)
in early-onset pre-eclampsia, more than 200 DMRs in gestational diabetes mellitus, and
4 differentially expressed genes associated with spontaneous abortion have been iden-
tified in the trophoblast of chorionic villi. The emerging findings in such studies indi-
cate that some epigenetic abnormalities and gene expression disorders may be involved
in the development of gestational pathologies, affecting the cause of their formation -
abnormal placentation. The methylation abnormalities observed in the considered pa-
thologies of pregnancy may be particular cases of more general placental methylome
disorders, the severity of phenotypic manifestation of which may vary from embryo
death at early stages of development to term delivery. Given this and current theories
of the pathogenesis of these diseases based on disorders of trophoblast development, it
can be assumed that these pathologies may share common DNA methylation altera-
tions. On the other hand, differences in the severity of clinical manifestations suggest
the presence of unique methylation patterns, particularly in spontaneous abortion as an
extreme manifestation of the phenotype. Detection of such abnormalities will have im-
portant diagnostic value for prognosis and preservation of pregnancy. In this study, we
comparatively analysed differential DNA methylation data in chorionic villi from PE,
GDM and SA. Methylation data in PE and GSD were obtained from the publicly avail-
able Genome Expression Omnibus (GEO) data repository - GSE200659, GSE100197,
and GSE98224 datasets. Data for SA were obtained using reduced representation bisul-
fite sequencing (RRBS) on spontaneous abortus material with normal karyotype (n =
7) compared to medical abortus (n = 7). Methylation data were analysed in R 4.3.0.,
using function packages in R (dplyr,data.table,tibble,tidyr,stringr, tibble) and function
packages in UNIX (bedtools) and BMIQ and NOOB normalisation methods (function
packages in R - ChAMP, minifi). Thus, 7 differentially methylated genes (DMGs) com-
mon to SA, PE and GDM were obtained: 3 hypomethylated genes - WDRS, TMC4,
MIR4533; 3 hypermethylated genes - ADARB2, INPPPSE, TUBB4A; and 1 gene with
different methylation differences in different parts of gene - PRDM16. There were 114
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DMGs unique to SA: 32 hypomethylated and 81 hypermethylated genes. Enrichment
analyses were performed using the DAVID v2024q2 database (https://da-
vid.nciferf.gov/home.jsp). Common DMGs were found to be involved in pathways re-
lated to transmembrane transport processes, regulation of transcription and differentia-
tion, RNA processing, cell adhesion, lipid metabolism and mitotic cycle regulation.
DMGs unique to SA have been implicated in processes related to the regulation of tran-
scription, translation, mitotic cycle, histogenesis, migration, cell proliferation and dif-
ferentiation. Some of the unique DMGs, according to the mammalian phenotype data-
base (https://www.informatics.jax.org/batch), were found to be associated with the em-
bryolethality phenotype - LRRC84, HDLBP, HICI and ST14, while others were in-
volved in the process of placenta development - BOK, BOK-AS]I.

The analysis showed that the pathologies under consideration have common and
unique patterns of differential DNA methylation. We identified 7 common (3 hypo-
methylated, 3 hypermethylated and 1 with different methylation patterns) and 114 dif-
ferentially methylated genes unique to SA (33 hypomethylated and 81 hypermethyl-
ated). However, the effects of methylation disruption of the identified genes remain
unclear, and further studies at the transcriptional level in larger samples are needed.

The article contains 15 References.

Keywords: DNA methylation, chorionic villi, spontaneous abortion, preeclampsia,
gestational diabetes mellitus, differentially methylated genes
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BBenenne

OnureHeTHYeCcKre MO (PUKALINI TeHOMA UTPAIOT KIIFOUEBYIO POJIb HA PAHHIX
3Tamnax 3MOpHOreHe3a, peryJmpys MpoIecchl NelieHus, TuddepeHIIUPOBKH, MHU-
rpammy, anonTo3a U MMIDIAHTAINN TOCPEICTBOM W3MEHEHUS KCIIPECCHHU OIIpe-
neneHHbIX TeHoB. Metunuposanue JIHK siBisieTcs Kimro4eBbIM MEXaHU3MOM, OCY-
MIECTBIIIOMIAM KOHTPOJb 3THX IIPOLIECCOB Ha PAHHUX CTAIHUAX OHTOreHesa. Me-
tunupoBanne JJHK sBasieTcst ntnaamMumdecknm mporeccoM, M3MEHSIIONIMCS B 3a-
BHCUMOCTH OT Au(PepeHIIMPOBKH KISTKH U MPONOIDKUTEIFHOCTH KU3HEHHOTO
[MKJIa, OJJHAKO B HEKOTOPBIX CIydasX MOXET UMETh CTaOMIIbHBIA Xapaktep [1].
Hapymenue storo mpomecca ObIIO MOKa3aHO NMPH BO3HUKHOBEHHH HEKOTOPBIX
MaTOJIOTHi OEPEeMEHHOCTH, TAKUX KaK TeCTallMOHHbIA caxapHbiid auader (I'CJT),
npeskiamicus (I19) u cnonTannsknii adopt (CA).

XoTs JTaHHBIE TATOJIOTHH TaBHO OIHACAHBI B MEAUIIMHCKON JTUTEpaType, IOHH-
MaHHE HX MMATOreHe3a OCTAETCs HEMOMHBIM, a JHAaTHOCTHKA OCHOBBIBACTCS Ha yiKe
KIIMHAYEeCKH MaHU()ECTHPOBaHHEIX (heHOTHIIAaX. TeM He MeHee COBpEeMEHHBIE HC-
CIIEIOBAHMS ITOKA3BIBAIOT, YTO IIATOr€HE3 PACCMATPUBACMBIX TATOJIOTUH OCHOBEI-
BaeTCs Ha HAPYIICHUAX TUTAI[CHTAINN — TATOJIOTHH aHTHOTeHe3a M YHI0TeITHAIb-
HOW AUCOYHKIMH TUTAIIEHTAPHBIX COCYIOB C MOCIEAYIONIEH HealeKBaTHOH Tep-
¢y3ueii TkaHel, ctpeccoM Tpodobdiacta u pa3HOOOPa3HBIMU KICTOUHBIMU PEaK-
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nusimu [2—4]. OCHOBBIBAsICh Ha TAHHOM TEOPHH 1 MICCIECAOBAHMIX METHIIOMA TIjTa-
[EHTAPHBIX TKAHEH MPH TeCTAIIMOHHBIX TATOJIOTHUAX, MOXKHO MPEIITOI0KHUTh, YTO
anoManuu MeTripoBanust JTHK MoryT ObITh CBS3aHBI ¢ TIATOJIOTHYECKOM ITJia-
[EHTAINEN.

B cBs13u ¢ 3THM IIETIbI0 JAHHOM paOOTHI SBIISAETCS CPABHUTEIBHBIN aHATN3 aHO-
Manuii MetriupoBanus [JHK B BopcHHax XOpHOHa MPH CIIOHTAHHOM abopTe,
MIPESKIIAMIICHH U TECTAIlMOHHOM CaXapHOM JMa0eTe U BBISBJIICHUE OOIUX U YHU-
KaJIbHBIX JUTsI CIOHTAHHOTO abopTa Mud dhepeHITHaIbEHO METHIMPOBAHHBIX TCHOB.

MarepuaJibl H METOABI

Jannbie 0 quddepeHITnaIEHOM METHIMPOBAHUN ObUIH TIOJIYYEHBI U3 00IIIe-
JOCTYITHOTO XpaHmiuIna naHHbIX Genome Expression Omnibus (GEO) — HaGopsI
maHapIx GSE200659 mns I'CII m GSE100197, GSE98224 mns I19. OnbiTHEIS
TPYIIIBI BceX JaTaceToB BKIr0oUamy oopasubl JJHK mronHbIX yacTel MmiamneHT, mo-
JY9EeHHBIX OT XEHIIWH 0e3 IPEeAIIeCTBYIOMNX MATOIOTHH OepeMEHHOCTH B OTO-
OpaHHBIX 110 CIIEIUATEHBEIM KPUTEPHIM B KOKIOM cirydae. KOHTpoIbHBIE TPYIIIHI
BKIItoyas oopasnbl JJHK 1mmoqHpIx yacTelt TUIaleHT, MOydeHHBIX OT KESHIUH
0e3 matosorud. Beero B aHaim3 ObUIM BKIIFOYEHBI JAHHBIE O 73 ONBITHBIX U
68 KOHTPOJIIBHBIX 00pasmax s [19 u mo 30 06pa3moB ONMBITHON W KOHTPOJIBHON
rpymmbl st ['CJl. Ananu3 npodwuneir metmimupoBanus a1 GSE100197 u
GSE98224 mpoBomwiics ¢ HCIoIb30BaHWEM MeTwiounrioB [llumina Human
Methylation 450K BeadChip, ans GSE200659 — ¢ ucnonb3oBaHHEM METHIIOUH-
moB [llumina Infinium Human Methylation 850K BeadChip.

Jst rpynimer CA Obuta BeiieneHa reHomHas JIHK w3 BopcuH XoproHa CITOH-
TaHHBIX a00PTYCOB IEPBOT'0 TPHUMECTPa OEPEMEHHOCTH ¢ HOPMAJIBHBIM KapHOTH-
oM (n = 7). Jyia rpymmbel koHTpoIst Obuta BeAeeHa reHomHas JTHK u3 Bopcun
XOpHOHA MEIUITMHCKUX a0OpTYyCOB ¢ HOPMAJIBHBIM KapuotutioM (n = 7). JTHK
o0eux rpyri 6buta 00padoraHa OHCYTHLGUTOM HATPHUS C HCIIOIB30BAHHEM Habopa
EZ DNA Methylation Kit (Zymo Research, USA). Ananm3 npoduiieii MeTHim-
poBanust JIHK mpoBoanIICs ¢ MOMOIIBIO MacCOBOTO MapauieIbHOTO OMCYIIb(OHT-
HOT'O CEKBCHHPOBaHHMsI OrpaHMYEeHHOro Habopa Jokyco (reduced representation
bisulfite sequencing — RRBS).

AHanm3 JaHHBIX MeTHIMPOoBaHUsI TpoBouics B R 4.3.0. Jlist aHanm3a faHHBIX
MukpountioB (Illumina Infinitum Human Methylation 850K BeadChip, Illumina
Human Methylation 450K BeadChip) ucnonb3oBaics maker ¢yHkmwid Chip
Analysis Methylation Pipeline for Illumina (ChAMP). uddepennmansao Metr-
nmupoBaHHble caiTel (JIMC) ObUM UACHTU(DHUIIMPOBAHEI C UCIOIH30BAHHEM I10-
MPaBKU HA MHOKECTBEHHOCTDH cpaBHeHHH (FDR < 0,05) u otnuunii ypoBHS Me-
THJIMPOBAHUS 110 CPABHEHUIO ¢ KOHTPONBHOM rpymmoi 6omee 10%. 3atem mud-
(hepeHIIMaNEHO METHIIMPOBaHHBIE CAaHTHl ObLTH TpaHCHOPMHUpPOBAHBI B MU de-
PEHIIHATILHO METHUIMpoBaHHbIe perruoHbl (JIMP) amunoit 1000 m.H. B xauecTBe
CTaTUCTUIECKUX METOMOB JUISI HOPMAIIN3AIINH JAHHBIX UCIIOB30BAIICH METOIBI
BMIQ nopmanu3zaru 1 NOOB HopMmanu3armu (nakeTs! GpyHkmmid B R — ChAMP,
minifi). CratucTrueckas oOpabOTKa JaHHBIX POBOANIIACH C IIOMOIIIBIO ITAKETOB
¢yukmmii B R (dplyr, data.table, tibble, tidyr, stringr, tibble) n makeToB ¢yHKIMA
B UNIX (bedtools).
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AHnanu3 oboranieHust Tu(QepeHIHaTPHO METHIMPOBAHHBIX T'€HOB IIPOBO-
JIWJICS C UCTIONB30BaHUEeM 0a3bl JaHHBIX JJIsl AHHOTAIMH, BU3YaJIH3al[id U KOM-
MmiIeKcHbIX OTKpbITHiE DAVID v2024q2 (https://david.ncifcrf.gov/home.jsp).
AHann3 pu3ndeckux U QYHKIIMOHALHBIX OSIKOBBIX B3anMoneicTeuil JIMI mpo-
BoauJcs ¢ ucnonb3oBanueM nHcTpyMeHTa STRING version 12.0 (https://string-
db.org/).

Pe3yabTarhl ncciiefoBaHNus U 00Cy:KIeHUE

Boutn ycraHoBNeHBI TpoHiIM METHIMPOBAHHS B TKAHSX BOPCHH XOpPHOHA
maneHT I (B cimygae CA) u 111 (I19, 'C) TpumectpoB 6epemenHocTy. [Tnamenta
B HOpPME XapaKTepH3yeTcsl IMUPOKOH BapraOeTbHOCTHIO0 TPO(HIIs METHIIHPOBA-
HUS TeHoMa. [lodToMy sl nanpHEWIero aHaimm3a ObUTH B3STHI TONbKO CpG-
caifThI ¢ BaprabenbHOCTRIO MeHee 50% B KOHTPOIBHBIX TPYIINaX U3 BCEX MCIIOb-
30BaHHBIX JaTaceToB. beutn ortoOpansl JIMC, KOTOpbIE MMENTH OIUHAKOBOES
HaIpaBJIcHHE W3MEHEHNST METHIIMPOBAHI BO BCEX nmaTacerax. s xakmoro m3
MOTYYEHHBIX PETMOHOB B JAIBHEHIIIEM OBIJIO ONPENENICHO ero MepeKphIBaHne C
MTOCIICAOBATENBHOCTSIMA T€HOB C TOMYYEHHEM CIUCKOB An((epeHIHaNEHO Me-
THJIMPOBAHHBEIX TEHOB. B pe3ynbraTe OblI0 BBIABICHO 7 00mux JIMI' mis Bcex
WCCIICIOBAHHBIX TMATONOTHH (3 THUIOMETHIUPOBaHHBIX — WDRS5, TMC(CH4,
MIR4533; 3 runepmerunupoBanubix — ADARB2, INPPSE, TUBB44 n 1 ¢ pas-
JIUYHBIM HAIlpaBIICHHEM METHIHUPOBAHUS B Pa3HBIX YacTsX reHa — PRDM6).

Oo6mwue JIMI" cBsi3aHBI ¢ IpolieccaMu TPAaHCMEMOPaHHOT'O TPAHCIIOPTa, Pery-
JAUA TpaHcKpumun 1 auddepennnporku, mporeccuara PHK, aaresun xie-
TOK, JINTUTHOTO 0OMEHa U PETyIAIINH MUTOTHIECKOTrO HKIa. HeKoTophie BBISB-
nennsie TeHbl — INPPSE, TUBB44A u WDR5 — oka3anuch acCOIIMMPOBAHBI C pa-
0oTOl muiMapHoro ammapata [5—7]. Pa3Butie U QyHKIIMOHUPOBAHKUE PECHUYCK
HEOOXOINMO ISl TIPaBIIIFHONH MHTpAIAH, a[Are3nd, NHBa3UH BHEBOPCHHYATOTO
Tpodobaacta B JeHUAyalbHYIO TKaHb, a TAKKE PETYISIHUH KICTOYHOTO IIHKIIA
[8]. BoBrmeueHHOCTh TEHOB B TIPOIIECCHI, CBS3AHHBIE C IFIIMOMATHSIMH, MOXET
00yCIIOBIINBATh aHOMAJIMU TUCTOTeHE3a IUTAIICHTAPHBIX TKAaHEeH ¢ JaibHEHIINM
(dbopMUpOBaHHEM IUIAICHTAPHONH HEIOCTATOYHOCTH M MATOJIOTHYECKUX (DEeHOTH-
noB. [lomumo storo, TUBB4A n WDR5 y4acTBYIOT B PETYNSIIUNA SKCIPECCUU
oenkoB cemerictea FOX (forkhead box) — (hakTopoB TpaHCKPHUTIITHH, YIaCTBYIO-
mx B pocre, nponrdepannd U audepeHInpPOBKe KIETOK, B TOM YHCIE BO
BpeMs SMOPHOHAIIEHOTO Pa3BUTHSL.

YHukanpHble natTepHbl MetuaupoBanus JJHK Obmu onpenenenst st CA.
Criermudpuueckre, cBoicTBeHHbIE TONbKO rpynmne CA JIMIT Obutn 0oToOpaHbI Ha
OCHOBAaHWH Pa3IMYHOTO HampaBieHus n3MeHeHui meTrmmpoBanns JJHK B cpas-
Hennu ¢ [19 u T'C/l. beino BeisiBieHo 32 rHmoMeTIMpoBaHHBIX U 81 runepme-
TunupoBanHbii J[MT.

VYuaukaneabie [IMI" pu CA ObUTH BOBJICYCHBI B pa3HOOOPa3HBIE MPOIECCHI,
cpean KOTOpPBIX OOINbIIas 9YacTh OKa3anxach 3alcCTBOBaHA B PETYJSIHUU TPaH-
CKPHIIIIH, TPAHCISINN, MUTOTHYECKOT O IIUKJIA, THCTOTCHE3a, MUTPALIHH, TTPOJIH-
¢depannu n quddepeHnrpoBkr KieTok. HekoTopsie U3 HUX, COrJIacHO 0a3e naH-
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HbIX mammalian phenotype (https://www.informatics.jax.org/batch), 61111 Hemo-
CPEICTBEHHO acCOIMUpOBaHbl ¢ (eHoturoM sMOpuoneTanbHOCTH (LRRCSA,
HDLBP, HICI n ST14), B TO BpeMsl Kak Apyrue ObIIIN BOBJICUYCHBI B ITPOIIECC pa3-
Butus miareHTsl (BOK, BOK-ASI). AHann3 GeNKOBBIX B3aUMOJICHCTBUI ITOKa-
3aJ1 PYHKIMOHAIBHYIO Kiactepusanuto it 40 yHukanbHbIX JIMI.

B HenmaBHEX nccnenoBaHUIX OBLITO TIOKa3aHO, YTO a0eppaHTHOE METIIINPOBa-
Hue JJHK B BopcnHax xoproHa BCTpedaeTcs Mpy pa3IuYHBIX TATOJIOTHSIX TEpHU-
ona 6epemennoctu — CA, 19, I'CJI. beuto BeIsBiIeHO 54 muddepeHuansHo Me-
THJIMPOBAHHBIX PETHOHOB, CBSI3aHHBIX C N3MEHEHUSIMH apTEPUATBHOTO TAaBICHUS
[9]. Wilson et al. coobmanm 06 naentudukanuu 1 703 muddepeHuaibHo MeTh-
JUPOBaHHBIX caiiToB npu 1150 ¢ panauM Hadasiom [10]. IIpu I'CJ/l oOHapyxwIn
ooiree 200 IMC, onpenenus uist HUX 17 renos [11]. 4 muddepeHnnanpHo Kc-
MpeccupyeMbIX TeHa Obln acconuupoBanubl ¢ CA [12]. [Tpu 3ToM aHOManu Me-
THJIOMa MOTYT BCTPEYATHCS B Pa3HOOOPA3HBIX MO (PYHKIMSAM T'€HaX — CyIPEcco-
pax M aKTHBATOPax OMYyXOJeH, TeHaxX CHTHAJIBHBIX MyTeH, PEeryIsaTOpOB MeTabo-
JIU3Ma, aHTHO- ¥ opraHorenesa, MUKpoPHK u ap. [3]. Takum 06pazom, aHOMauu
MetmimpoBanus JJHK Moryt ObITh CBsAI3aHBI ¢ OPMHUPOBAHUEM CIIETUPUICCKAX
(heHOTUTIOB MATONOTHI TIeproaa 6epemeHHocTH [13—15].

B a710if pabote MBI cpaBHIIIN PO METHIMPOBAHHSI B BOPCHHAX XOPHOHA
npu CA ¢ maronorusmu neproaa oepemennoctr — [19 u I'C/]. Ananu3 nmokasain,
9TO paccMaTpUBaEMBIC MATOJNOTMH MMEIOT KaK OOIIWe, TaK M cHenn(pHIecKue
THIIO- ¥ TUIIEPMETHIINPOBAHHBIE TeHbl. OTHAKO OCTAIOTCS HESCHBIMH d(PQEKTHI
HapyIICHUS METHJIMPOBAHUS BELIBICHHBIX T€HOB, B CBSI3H C YeM HEOOXOIUMBI
JTaTbHEHIINEe UCCIeNOBAaHM ¢ 0oliee KPYIIHBIMH H XOPOIIO OXapaKTepH30BaH-
HBIMHU BBIOOpPKaMU UTS JTYYIIETO TIOHUMAaHUS CBSI3M AIIUTEHETHICCKUX MOAN(H-
KAl TUTAIIEHTAPHBIX TKaHEH W MaTOJIOTui OepeMEeHHOCTH.

3akiouenne

CpaBHuTenbHBIN aHanu3 AaHHBIX MeTuupoBanus JIHK B BopcrHax xoproHa
MU Pa3IUYHBIX TECTAIIMOHHBIX ITATOJOTHSAX BBIBII 7 oOmuX mudgepeHiu-
QIIbHO METWIIMPOBAaHHBIX T€HOB IS PACCMATPHBAEMBIX MATOJOTUH OEpeMeHHO-
cti U 114 yHuKanpHbIX AU depeHnaibHO METHIUPOBAaHHBIX TeHOB i CA.
Bonpimas gacTe BEIBICHHBIX T€HOB BOBJICUEHA B IMPOIECCH PETYISIUN TPaH-
CKPHIIIIH, TPAHCILSIAN, MUTOTHYECKOT O IIUKJIA, THCTOTCHE3a, MUTPALIHH, TTPOJIH-
¢depanuu u nud GepeHIUPOBKH KIIETOK, HEOOXOIMMBIC JUTS pa3BUTHS Tpodhobiia-
cra. Yacth 00HApY)KEHHBIX YHUKAIBHBIX JIMI" Obliia cBs3aHa C JIeTAIBHBIM (e-
HotunoM — LRRCEA, HDLBP, HICI n ST14.
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AnHorauus. [IpudnHoii pa3BuTHs OOJBLIMHCTBA HEHpOAEreHepaTUBHBIX 3a001e-
BaHUI ABJIAIOTCSA NPOTEHHONATHY, CBA3aHHbIE C HAKOIUICHHEM B HEHPOHAX arperatoB
HETPaBUIILHO CBEPHYTHIX OEJIKOB CHHYKIEHHA Npu Oone3Hu [TapkuHCcoHa, amuiionia
npu Oose3Hu AnblireliMepa, XaHTHHITHHA 1py Oose3Hu [ eHTUHITOHA U JIp., YTO MPH-
BOAUT K HapyIICHUIO (DYHKIIMOHMPOBAHHMS JIM30COMAJIBHOIO amnmnapara, AUchYHKIHH
MUTOXOHJIPHI U B KOHEUHOM HUTOre K KJIETOYHOM rubenu. J{is u3ydeHus maroioruye-
CKHX IPOLIECCOB, MIPUBOLALINX K IO HEHPOHOB, HAMHU CO3JJaHbI KJIETOUHbIE MOZIEIIN
Ha OCHOBE MHIYLUPOBAHHBIX IUTFOPUIOTEHTHBIX cTBONOBBIX KieTok (MIICK) ¢ nokcu-
LUKIIMH-YIIPaBIsieMoi dKcpeccueit anbda-cunykinenHa (SNCA), comepikaiiero 3mu-
tombl 3XFLAG u 2xStrep-Tag II, neobxomaumbie 1ist apUHHON OYUCTKU OSIKOBBIX
KOMIUIEKCOB, B3aUMOJICHCTBYIOIHX C AJIb(a-CUHYKIEHHOM. TpaHCTeHbl, KOIUPYIoLIUe
xumepHsbiii 6enok SNCA-C-3XFLAG-2XST u tpancakruatop M2rtTA, BHeceHbl B
nokyc AAVS1 UTICK narnuenTa ¢ 6one3Hpto [TapKUHCOHA ¢ MOMOIIBIO CUCTEMBI Pe/iaK-
tupoBanusi reroMa CRISPR/Cas9. TloarBep /e MIFOPUIIOTEHTHBIA CTATYC MOIy4eH-
HbIX TpancrenHbix kioHoB UIICK u npoBenena nanpapieHHas quddepeHIpoBKa B
neiiponsl. Jkcrpeccust SNCA-C-3XFLAG-2XST B Heiiponax, muddepeHInpoBaHHbIX
u3 UIICK, noareepxnena BecrepH-00T-ananu3om. [lonydeHHbIe KIETOYHbIE MOACITH
00J1a/1at0T CIIOCOOHOCTHIO K HEOTPaHUYSHHOM Mponudepauu B KyabType, 4TO M03BO-
JISIeT IUIAHUPOBATh SKCIEPUMEHTHI 110 U3Y4EHHIO B3aUMO/ICHCTBUHN alib(a-CHHYKIenHA
C pa3nuyHbIMH OEJIKaMHU U CTPYKTYPaMH B KJIETKaX 4YeJI0BeKa IIPU CHHYKICHHOMNATHSX,
a TaKKe NMPOBOAUTH TECTHPOBAHUE MOTEHILHAIBHBIX JICKAPCTBEHHBIX MPENapaToB Ha
JIOOBIX TUINAX KJIETOK OPraHU3Ma YeJIoBEeKa, KOTOPbIE MOXKHO MOJYYHUTh B PE3yJIbTaTe
nanpasieHHoi nudepenippoku UTICK.

KiroueBbie cioBa: xinerounsle mozmenu Ha ocHoBe MIICK, mporennonarws,
anb(a-cuHyKIIeHH, HeiiponereHeparuBHbie 3aboneBanus, CRISPR/Cas9
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Summary. Most neurodegenerative diseases are caused by proteinopathies associ-
ated with accumulation of misfolded protein aggregates in neurons - synuclein in Park-
inson's, amyloid in Alzheimer's, huntingtin in Huntington's, etc. This leads to lysosomal
dysfunction, mitochondrial dysfunction and ultimately cell death. To study the patho-
logical processes leading to neuronal death, we have generated cell models with
doxycycline-controlled expression of alpha-synuclein (SNCA) containing 3xFLAG
and 2xStrep-Tag Il epitopes necessary for affine purification of protein complexes in-
teracting with alpha-synuclein. The induced pluripotent stem cell (iPSC) line from a
patient with Parkinson's disease m10.7 was chosen as the starting line to create a cell
model of the synucleopathy. This line is registered in the hPSCreg human pluripotent
stem cell registry as ICGi041-A. Transgenes encoding the chimeric protein SNCA-C-
3XFLAG-2XST and the transactivator M2rtTA were introduced into the 44VS1 locus
of the m10.7 iPSCs line using the CRISPR/Cas9 genome editing system. The pluripo-
tent status of the resulting transgenic iPSC clones was confirmed and directed differen-
tiation into neurons was performed (See Fig. la-b). The expression of SNCA-C-
3XFLAG-2XST in neurons differentiated from IPSCs was demonstrated by Western
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blot analysis (See Fig. Ic). The cell models obtained have the ability to proliferate in-
definitely in culture. This makes it possible to design experiments to study the interac-
tions of alpha-synuclein with different proteins and structures in human cells with synu-
cleinopathies, as well as to test potential drugs on any type of human body cell that can
be obtained as a result of directed differentiation of iPSCs.

The article contains 1 Figure, 12 References.

Keywords: iPSC-based cell models, proteinopathy, alpha-synuclein, neurodegen-
erative diseases, CRISPR/Cas9
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BBenenne

[IporenHonatuu — 3TO 3a00NE€BAHMSL, TPU KOTOPBIX HAOIIONACTCS H3MEHEHHE
KOH(pOpMAITHH OIPEeIICHHOT0 OeNKa, MpHoOpeTeHNEe M TOKCHIECKOH aKTHBHO-
CTH U TIOTepsi HOpManbHOH QyHKIHH. K mporenHONaTHsM OTHOCHTCS OOINBIIOE
quciio OoJIe3Hel, TaKuX Kak 0oJie3Hb AJblreiiMepa, 0one3np [lapkuHcona, 60-
ne3nb auddy3HbIx Tenen JleBw, MpUOHHBIC 3a00JeBaHMs, TaylaTHH, OOKOBOM
aMHOTPOPIUECKUN CKIIEPO3, TOOHO-BACOYHAS ACTEHEPAIIHS, & TAKKE TAKHE PEa-
KHe 3a00JIeBaHus, Kak OpuTaHCKas U Aatckas aeMeHnwH [1]. bonesns ITapkun-
COHA SIBIIIETCS OJHUM M3 CAMBIX PACIIPOCTPAHEHHBIX HEHPOIETreHepaTHBHBIX 3a-
00JIeBaHUH, KOTOPOE CBSI3aHO C TMOEIhI0 HEHPOHOB YEPHOW CyOCTaHITUH TOJIOB-
HOT'0 MO3Ta, MPOAYIUPYIOIUX HelipoMeanaTop AodamuH. HemoctaTrogHOCTE 1O-
(hamMuHa BBI3BIBACT LIENBIH HAOOP TSKEIBIX CHMIITOMOB, CPeIM KOTOPBIX Opau-
KHHE3HsI, pUTUAHOCTh MBI U TpeMop [2]. dns Gonesnu [lapkuHCOHA Xapak-
TepHa KIIMHIYECKAs i TCHETHIECKasi TeTePOreHHOCTh, YTO MPUBOIUT K OOJIBIINM
TPYZHOCTSIM TIpH pa3pabOTKe HOBBIX JICKAPCTBEHHBIX MpPEMapaToB IMPOTUB IaH-
Horo 3a00neBanus1. Kierounsie MoJeI Ha OCHOBE MHIYLIHPOBAHHBIX TUIFOPHIIO-
TEHTHBIX cTBOJIOBBIX KieToK (MIICK) siBiisitoTCS HE3aMEHUMBIM UHCTPYMEHTOM
onomenuiuHckux uccnenoBanuid. MIICK obmamaroT cCltocOOHOCTRIO K HEOTpaHH-
YeHHOH Mponudepanuy B KyJabType, 9TO MO3BOILIET IUIaHMPOBATh MacIITaOHbIE
SKCIIEPUMEHTHI IT0 U3yICHUIO MEXaHU3MOB PA3BUTH 3a00JI€BaHIHI U TECTHPOBA-
HUE TOTEHIIUATBHBIX JICKAPCTBCHHBIX MPENapaToB Ha JIOOBIX THIAX KIIETOK Op-
TaHN3Ma YeI0BEKa, KOTOPBIE MOKHO ITONTyIHTh B PE3YIIBTATE HAIIPABICHHON T (]-
(dhepeHIIMpOoBKU. MoenrpoBaHie HEHPOIereHePaTHBHBIX 3a00JICBaHMN in Vitro
uMeeT 0COOCHHO BayKHOE 3HAUCHHUE B CBSI3U C OTPaHHUCHHOHN JOCTYITHOCTBIO OHO-
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MaTepraia Ul UCCICIOBaHMM, a TAK)KE OTCYTCTBHEM METOIOB TEPAIUH, MTO3BO-
JSIOIIUX HCKITIOYUTH TPUINHBI Pa3BUTHS MTATOIOTHYECKHUX MPOLIECCOB, TPUBOIS-
IIMX K THOCITH HEHPOHOB.

'enernueckue 1 MaTOPUINOIOTHUECKIE HCCICAOBAHUS TTAlEHTOB ¢ O0e3-
b0 [lapkuHcoHa, neMeHnmed ¢ tenbiaMu JIeBu, MHOKECTBEHHON CHCTEMHON
aTpoduell TEeMOHCTPHPYIOT BOBJICUEeHHOCTh alb(ha-cuHykienHa (SNCA) B pas-
BHTHE IIEJIOTO Psijia TaTOJIOTUH, 00bEAMHIEMBIX B TPYIIITY CHHYKJIEHHOMATHH [3].
Ha TepMHHANBHBIX CTaIUAX pa3BUTHs TaHHBIX Ooe3Held SNCA BXOIWT B COCTaB
TaK Ha3bIBaeMBIX TeJieln JIeBi — MHOTOKOMIIOHEHTHBIX OEITKOBBIX arperatos, OJ-
HAKO JI0 CHX IIOp JOIOIIHHHO HEM3BECTCH KOHKPETHBIH MEXaHU3M MATOJIOTHYe-
CKOTO JEHCTBHSA ITaHHOTO Oellka Ha >KU3HECIIOCOOHOCTH HEHPOHOB TOJIOBHOTO
Mo3ra. [{ns obecrniedeHus mporpecca B JaHHOM HaIIpaBIIeHHH HEOOXOANMA pa3pa-
00TKa AKCIEPUMEHTAIBHBIX CHCTEM, KOTOPHIE TPEeIHA3HAYCHEI IS BBISICHEHUS
natTepHa B3aumozercTBUs SNCA ¢ pasmudHbBIME OSIKaMH ¥ CTPYKTYypamH B
HelpoHax genmoBeka. (i n3ydeHus cocTaBa OENKOBBIX KOMIUIEKCOB B KyJIbTypax
KJIETOK OBUIO IMPEII0KEHO HCIIOIB30BaTh TAHIEMHYIO OYHCTKY a((hUHHBIMH
CMoIlaMH, CBSI3BIBAOIMMU sikOpHBIE TienTuasl 3XFLAG u 2xStrep-Tag 11 meme-
Boro Oenka [4]. Llenbro JaHHOW paOOTHI SBISACTCS CO3JaHKNE KIETOYHOW MOJIEIH
Ha ocaHoBe UIICK ¢ moxcuumknmH-ynpaBisemoit sxcipeccueit SNCA ¢ amuro-
mamu 3XFLAG u 2xStrep-Tag 11, mo3Bomnsttomieit mpoBOaUTH H3ydeHNE MEKMOJIe-
KyJsipHBIX B3aumopaericTBuid SNCA 1 MeXaHM3MOB Pa3BUTHS HEUPOIETCHEPALINN
MIpU CHHYKJICHHOITATHH.

MartepuaJibl 1 METOABI

JIuaus UIICK m10.7 (3apeructpupoBaHa B MEKAYHAPOJHOM PEECTpe ILTIO-
PHUIIOTEHTHBIX CTBOJIOBBIX KIeTOK denoBeka hPSCreg mox mmenem 1CGi041-A,
https://hpscreg.eu/cell-line/ICGi041-A, nara mociemHero aocryna 31.07.2024)
ObLIa TTONTy4YeHa 3 MOHOHYKIICAPHBIX KIIETOK KPOBH ManueHTa ¢ oonesnsio Ilap-
KAHCOHA M OXapaKTepH30BaHA HA HAJIWYHE NMPU3HAKOB ILTIOPUIIOTEHTHOCTH Me-
TOIAMU UMMYHO(TYOPECIIEHTHOTO OKpamiuBaHus U konmdectBeHHoH [T1P, kak
onmcano panee [5]. Tpancren SNCA c snutonamu 3XFLAG u 2xStrep-Tag 11
O] yIpPaBICHUEM IOKCHIUKINH-3aBHCHMOTO IIPOMOTOpA, @ TAKKE TPAHCTECH
TpaHcaktuBatopa M2rtTA Oblmu BHeceHBI B ToKyc AAVSI muanu UTICK m10.7
¢ TIOMOIIBI0 CUCTeMBI peaakTupoBanus reHoma CRISPR/Cas9 [6]. B kauectBe
JIOHOPHOM MocIie1oBaTelbHOCTH Jutst BHeceHus TpaHcreHa SNCA B mokyc A4AVS1
ucnonb3oBany miasmMuay pPSNCA-C-3XFLAG-2XST-donor, KOHCTPYKIIHS KOTO-
poii 3amumeHa nateHtoM [7]. [Tomyuennsie TpancreHHbie kioHbl MIICK Obum
MIPOBEPEHBI HAa HAJMYWE IIETIEBBIX M HEIEIEBBIX BCTPOCK B TE€HOM C IOMOIIBIO
[MIIP-ckpununra [6]. Anams skcrpeccun TpancreHa SNCA-C-3XFLAG-2XST
MIPOBEPSIIN € MOMOIIIBI0 KomdecTBeHHOM [TL[P ¢ mpaitmepamu, momoOpaHHBIMHI
Ha mocnenoBaTenbHOCTH, Komupyoomme 3XFLAG wu  2xStrep-Tag 11
(CGAAGCCCAACCTTTCATAGA/CCCACCCTCAGTTTGAGAAG). ITpose-
JcHA HampaBicHHAas Au((epeHINpOoBKa MOTYIEHHBIX TPAHCTCHHBIX JIMHUMA
HIICK B nmodamMuHepruueckiue HEHPOHBI IO MPOTOKONY, onucaHHoMy Ooster-
veen et al. [8]. Hamuune GenmkoBoro mpomykra TpancreHa SNCA-C-3XFLAG-
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2XST B HelipoHax, muddepernpoBannabix u3 UITCK, moaTBepaniv ¢ MoMOIIbIO
Becrepu-6n0T-ananm3za. (s IpUTroTOBICHUS TOTAIBHBIX OSITKOBBIX 3KCTPAKTOB
KJICTKH JT3upoBaii B xonogaoM Oydepe RIPA (25 MM Tris, 150 mM NaCl, 0,1%
SDS, 1% NP-40) ¢ nobaBneraneM HHTHONTOPOB (ochartas u mporeas (Thermo
Fisher Scientific) B pacuere 24 mxn RIPA 0ydepa Ha 100 ThIC. Ki1eTok. JIuzupo-
Bajn B TeueHne 30 MuH Ha meikepe mpu +4°C. 3atemM 00pasiibl HeHTPUDYTHPO-
Bamu ipu 14000g 15 muH, cynepHaTaHT (hacoBayi 1o 24 MKJI Ha JIbAy, 00pa3Iisl
xpaawm nipu —70°C. HopMmann3oBaHHBIE MO KOJIMYECTBY OCJIKa TOTAIbHBIC IKC-
TPaKTHI CMEIINBAJH C PaBHBIM 00BeMoM Oydepa JIammmu (2% SDS, 20% rimie-
pon, 10% 2-mepkantostanon, 0,004% Opomdenonorsiii cuamii, 0,125 M Tpuc-
HCI, pH 6,8), mepemMemnBaii, HHKyOUPOBaJIM B TSUCHUE 5 MUH ITPHA TEMITEPAType
95°C n HaHOCWIIH Ha TeNb B KomdecTBe 20—40 MK Ha IOPOXKKY. DIeKTpodope-
THYECKOE pasJielicHue OEIKOB IMPOBOAMIHN B 15%-HOM MOTMAKPHIAMITHOM Telie
B Oydepe, conepxxamem 2,5 MM Tpuc, 1,92 MM rmmus, 0,01% SDS. [Nocne pas-
JeNieHusT OeNKu mepeHocruar Ha MemOpany Immun-Blot PVDF Membrane For
Protein Blotting (Bio-Rad) npu nocrossaaOM Toke 150 MA B Teuenue 0,5 4 B Oy-
¢epe s mepenoca (2,5 MM Tpuc, 19,2 MM s, 20% Meranon). MemOpany
¢ukcuposanu B 0,4%-noM napadopmansaeruie B reueHue 30 MuH, 3aTeM ITOMe-
mranm B Ookupyrommii pactBop (hochatHo-coneBoii Oydep PBS, 0,1% Triton X-
100, 2% cyxoe Momoko) Ha 1 ¥ mpu KOMHaTHOU TeMmeparype. Jlanee HHKyOupo-
BaJIM C IEPBHYHBIMU aHTHUTEJIaMH B TeueHue 14—16 gacoB nipu +4°C. MemOpany
TpuXKIsl OTMEIBaNK B pactBope PBST (docdarro-comesoit Oydep PBS, 0,1%
Triton X-100) o 5 MuH, a 3aTeM UHKYOHMPOBAIIA CO BTOPUYHBIMHA aHTHUTEIIAMH B
TEeYeHHE 2 9 Mpu KOMHATHOU Temrieparype. [1o ncreuennn BpeMeH! TPHKIBI OT-
MBIBaJIM MeMOpaHy B pacTBope PBST. JleTeKIuio ocymecTBISITN C UCITOJIb30Ba-
HHEM Habopa g xemuuntomuHecrieHTHOH netekuuu ChemiDoc MP Imaging
System (Bio-Rad).

Pe3yabTarhl ncciiefoBanns U 00Cy:KIeHUE

B Hacrosimee Bpems He CyIIeCTBYET HAIEKHON MOJENH, MTOIXOISIIEH s U3y-
YeHMsI MEXaHW3MOB Pa3BUTHS HEHpOIereHEPaTUBHEBIX 3a00JIeBaHMI, HECMOTpS Ha
aKTUBHBIE HccenoBanus B 3toi obmactu [9]. MIICK dvenoBeka o0nmamaroT psaoM
MPEUMYIIECTB I H3yYEHHUsI MHOTUX aCIIEKTOB HelpoiereHepanun Onaromapsi ux
CBOMCTBY TUTFOPHITOTEHTHOCTH, CITOCOOHOCTH K CaMOOOHOBJICHHIO M JH(depeHITH-
POBKE B pa3iIMIHBIC TAIIHI KIIETOK OpraHu3Ma uesioBeka. B xome paboTel HaMu moiy-
yeHa 1 oxapaktepu3oBada uausA m10.7 UTICK namwmenTa ¢ 6onesHpro [TapkuHcona.
Knerku ymamm ml0.7 3kcmpeccHpyroT Mapkepbl tumopurnoreHTHocTn OCT3/4,
NANOG, SOX2, TRA-1-60 (puc. 1, a), a Takke CIIOCOOHBI JaBaTh MPOM3BOIHBIE
TpEeX 3apOJIBINIEBBIX JIMCTKOB MpH CcrioHTaHHOU quddepertuposke (puc. 1, b). Jlu-
aust UTICK m10.7 3apernctpupoBaHa B MEKIYHAPOIHOM PEECTPE TIIFOPUTIOTEHT-
HBIX CTBOJIOBBIX KieTok denmoBeka hPSCreg mon wumenem ICGi041-A
(https://hpscreg.eu/cell-line/ICGi041-A, nara nmociemHero pocryma 31.07.2024).

B xiretkn momydeHHOM mmopunoTeHTHON JrHIH m10.7 ¢ TOMOIIBIO CHCTEMBI
CRISPR/Cas9 BHeceH DOKCHUITMKIHH-YIPABISIEMbI TPAHCTCH aib(a-CHHYKIIe-
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naa SNCA c srutomamu 3XFLAG u 2xStrep-Tag 11, a Taxke TpaHCcTeH TpaHCaK-
tHBatopa M2rtTA, HEoOXOIUMOro JUIsl YIPaBJICHUS 3KCIPECCHEH B CHCTEMeE
TET-ON. Tpancren xumepHoro 6enka SNCA-C-3XFLAG-2XST unHTErpUpO-
Baiu B JJokyc AAVS1 NTICK narmenTa ¢ 6ose3Hpro [TapkuHCOHA ITyTeM TOMOJIO-
THYHOH pPEeKOMOWHAIIMM C TIOMOINBIO CHCTEMBI PEHAKTHPOBAHHS TEHOMA
CRISPR/Cas9 [10]. JTokyc AAVS1, pacmonoxeHHbI Ha XpoMocoMe 19 uenoBeka,
OTHOCHTCS K JIOKycaM, UMEIOIIMM yCIIOBHOe Ha3BaHHue «safe harbor». Pacmono-
KCHUE TPAHCTE€HA B ATOM JIOKyCe OOECIIEUMBACT €r0 CTAOMIBHYIO DKCIIPECCHIO
(6e3 BusSHHS Ha HE€ SIMUTEHETHYCCKUX MOIU(DUKAITHIT) M HEe HapyIIIaeT IKCIPec-
cuto Apyrux reHoB [11]. Orobpano 8 cyoxiionoB UIICK, Hecymmux yka3aHHbBIE
TpaHcrensl B nokyce AAVS1. Oxcnpeccus Tpancrena SNCA-C-3XFLAG-2XST
B CyOKJIOHAX 3aITycKallach MPH TOOABJICHUH B KYJIBTYpPAIBHYIO Cpeny 2 MKI/MII
JOKCHUIIMKITMHA, YTO MONTBEPXkAeHO KoimdecTBeHHOH III[P ¢ obpaTtHOl TpaH-
ckpurnimend. Cyoxitons! Scl, Sc2, Sc9, Sc10 Obutn HampapiieHHO aUddepeHI-
poBaHBI B nodamMuHepruyeckue HelpoHbl. Jkcrpeccuss SNCA W XHMEpHOTo
oenka SNCA-C-3XFLAG-2XST B HelipoHax MOATBEp)KJeHa C IMOMOIIbI0 Be-
cTepH-00T-aHamm3a (puc. 1, ¢).

Sct r%
SNCA +dox -dox +dox -dox K

30 KDA > —c—
18 KDA—> —

FLAG
30 kDA—> == o G- —

o

Ectoderm Mesoderm Endoderm

beta-actin

40 kDA—> CEEDGIE> S Gy

g

Puc. 1. [ToarBepxaenue mopunoreHtrHoro craryca Juaud UIICK m10.7 ¢ nomorisio
HMMYHO(ITYOPECLICHTHOIO OKPAILIMBAHKS: d — SKCIIPECCHUsI MAPKEPOB ILTFOPUIIOTCHTHOCTH
SOX2, TRA-1-60, OCT3/4, NANOG, b — 3kcrpeccusi MapKepOB IPOU3BOHBIX TPEX
3apOJIBIIIEBBIX JIMCTKOB, MOMYYESHHBIX IIPU CIIOHTaHHOH Aud depenuupoBke: NF200 (a3kto-
nepma), aSMA (me3onepma), AFP (sutonepma). SAnpa oxpamenst DAPIL ¢ — BecrepH-6110T1-
aHaJu3 dKcIpeccru anb(ha-CHHYKICHHA B HeHpoHaX, T epeHIIMPOBAHHBIX U3 CYOKIIOHOB
(Scl, Sc2, kyabTUBHPYEMBIX B IPUCYTCTBUH (+d0X) win OTCyTCTBUM (—dOX) TOKCHUIMKIMHA)
nuaun UTICK m10.7, mecymux nokcutukiuH-ynpasisembiil TpancredH SNCA-C-3XFLAG-
2XST B nokyce A4VS1, ¢ momoisto anTuTen npotus anbha-cuaykienHa (SNCA) u
3xXFLAG-snuromna (FLAG). B kadectBe pedepeHca ucnonp3oBanu Oera-akruH (beta-actin).
B kauectBe HeratuBHOro kKouTpoiis (K) ucrnosnb30Banuch 6e1KoBbIe IKCTPAKTHI U3 THHUN
UIICK 3n0poBoro yenoBeka iMA-1L
[Fig. 1. Confirmation of the pluripotent status of the iPSC m10.7 line by immunofluorescence staining:
a - Expression of pluripotency markers SOX2, TRA-1-60, OCT3/4, NANOG, b - expression of markers
of derivatives of three germ layers obtained during spontaneous differentiation: NF200 (ectoderm), aSMA
(mesoderm), AFP (endoderm). Nuclei are stained with DAPI. ¢ - Western blot analysis of alpha-synuclein
expression in neurons differentiated from subclones Scl, Sc2 of the m10.7 iPSC line carrying
the doxycycline-controlled transgene SNCA-C-3XFLAG-2XST at the A4 VS locus. Antibodies against
alpha-synuclein (SNCA) and 3xFLAG epitope (FLAG) were used in the analysis, beta-actin was used
as a reference. Protein extracts from the iMA-1L iPSC line of healthy human were used
as a negative control (K)]
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AmnTHTeNna Ha anb(a-CHHYKIEHH JeTeKTHPOBAIIN CUTHAJIBI, COOTBETCTBYIOIIHE
OenkaM ¢ MoJieKyJsipHOi Maccor 18 u 30 k/la. MonekynsipHas Macca HATHBHOTO
Oenka anmbda-cuaykienHa — 14,5 kJla, a cymmapHas MOJICKYJIsIpHas Macca SIUTO-
moB 3XFLAG u 2xStrep tag Il — oxomo 3,5 x/la. Curaanel, COOTBETCTBYIOIINE
OenkaM MoJeKyisipHol Macchl 18 kJla, TOBOIBHO SAPKO JETEKTUPYIOTCS B 00pa3-
[aX KJIETOK, KyJIbTHBHPOBABIINXCS B IPUCYTCTBUU MOKCHITHKIMHA (Dox+), u co-
OTBETCTBYIOT MPOAYKTY, CHHTE3NPOBAHHOMY C BHECCHHOT'O B TEHOM KIIETOK
tpancreHa SNCA-C-3XFLAG-2XST. HaubGomnee sipkhe CHUTHaJIBI B paiioHe
30 x/la, BeposATHO, COOTBETCTBYIOT JUMEPHOH (hopMme alb(ha-CHHYKICHHA, KOTO-
pasi MOXeET CYIIECTBOBATh B KJIETKE B PABHOBECHH ¢ MOHOMepHOU (opmoit [12].
HHTepecHo, 4To OEIKOBBIE MPOIYKTHI MOeKysipHoi Maccoi 30 k/la Taxxke 00-
Hapy>XXeHBI TIpu ucnons3oBaHnu aHtuTen Ha 3XFLAG-3mmTomn, 4To moATBEp-
KIaeT CIOCOOHOCTh XMMEPHOro Oelka yJ4acTBOBaTh B AuMepn3anuu. Hammame
C1abbIX CHUTHAJIOB, BBISBISIEMBIX aHTHTelamu Ha 3XFLAG-amuTomn B oOpasnax
Dox—, cBUAETENHCTBYET 0 HATMINH 0a30BOH IKCIIPECCHH TPAHCTEHOB C HHIYIIH-
PYEMBIM IIPOMOTOPOM, YTO IOATBEPKICHO Kak BecTepH-0I0T-aHANMN30M, TaK U
konmaectBeHHOU TTIP. C moMompio co3maHHOM YHUKATBHOW CHCTEMBI MOXKHO
NETATBHO HCCIEAOBATh MEXMOIEKYJIpHBIC B3aNMOICUCTBHS allb(a-CHHYKIIC-
WHA, YTO TIO3BOJIUT MOJTYIUTH HOBBIE TAHHBIE O MOJNEKYISIPHO-TEHETHIECKUX Me-
XaHMU3Max pa3BUTH Oone3nu [lapkuHCOHA U IPYTHX CHHYKJICHHOATHH, 8 TAaKXKe
HATH HOBBIE MUIICHH IS IOTEHIMATBHBIX JICKAPCTBCHHBIX IIPEIapaToB.

3akioueHne

B Hacrosimeit pabore Obl1a co3maHa YHUKaIbHAS KICTOYHASI MOZIETH TPOTEH-
HOIIATHH, TIPSIHA3HAYCHHAS ISl HCCIICIOBAHUS MEXMOIICKYISIPHBIX B3aNMO/ICH-
cTBUH anbda-cCHHYKIeHHA, OCHOBaHHAs Ha narueHT-cnennpuaabx UTICK. B mo-
JMYYEeHHBIX KJICTOYHBIX JUHHUAX MPOUCXOIUT MHIYKIUS SKCIPECCHH aib(ha-ch-
HykienHa, medueHHoro 3XFLAG u 2xStrep-Tag Il snuromamu. Hamnume »tmx
SIHUTOINOB HE HAPYIIACT IPOIECCH TUMEpU3alnil alb(pa-CHHYKICHHA, a IT0CIe
MaHHUITYIISIIHA ¢ TeHOMHBIM peaaktupoBanneM UIICK coxpassioT cBoit mumropu-
MOTeHTHBIN craTyc. IlomydeHHas KeTodHass MOIENb TTO3BOJISET U3ydaTh MexXa-
HU3MBI BIWSHESI MIPOTEMHONATHN HA XU3HEACATECIHHOCTH HEHPOHOB, a TakKKe
MPOBOANTH CKPUHUHT W TECTUPOBAHNE MOTCHIMAIBHBIX JICKAPCTBEHHBIX ITpera-
PaToB Ha PENEBAHTHBIX TUMAX KIETOK, TOJYICHHBIX B pe3ynbTate nuddepeHn-
poeku UTICK.
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HanpagJ/ieHHOe pefakTUPOBaHMe T€HOMOB HHAYLMPOBAHHBIX
IJIIOPUIIOTEHTHBIX CTBOJIOBBIX KJIETOK YeJ0BeKa KaK HHCTPYMEHT
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AHHoTanus. Pa3BuTHe BEICOKOIIPOU3BOIUTEIBHBIX METOJIOB T€HOMHKH TIPUBENIO K
TOSIBJICHUIO OIPOMHBIX MaCCHBOB MH(OPMAIMK 1 OOIIMPHBIX 6a3 JaHHBIX O MOIUMOp-
(bu3Max MM TeHETUYECKUX BapUAHTaX, BCTPEYAOIIMXCS B TeHOMAaX MAlMEeHTOB ¢ 3a00-
JICBaHUSIMH PA3IM4HbIX OPraHoOB U cucTeM. OIHAKO JIMLIB JUIs HEOOIbIION 1011 reHe-
THUYECKUX BAPUAHTOB MOJTBEPK/ICH [IATOJIOTMYECKHI CTaTyC U IPOBEICHBI TOAPOOHbIE
UCCIIeIOBAHUS MOJICKYIISIPHO-TEHETUYECKUX MEXaHU3MOB, BbI3BaHHBIX UMH HATOJIOTH-
YeCKHX IPOLECCOB, 4TO TPpeOyeT Co3AaHus HOBBIX MOZICNIbHBIX cucTeM. Hamu ObL1 mc-
clleZIoBaH MOTEHIMA IPUMEHEHHs IporpaMmupyemoit Hykiieassl AsCasl2a mist BHe-
ceHus IByLenodeqHsix pa3peioB JJHK B n0Kycax, acconnupoBaHHBIX ¢ HEHpoaereHe-
PaTUBHBIMHU U CEPACYHO-COCYAUCTHIMU 3aboneBanusamu uenoBeka (MYBPC3, APOE,
PSENI, LRRK2, PINKI u PRKN), a Taxxe ans BHeceHus TpaHcreHa EGFP B nokyc
SOX6 reHoMa MHIYIMPOBAHHBIX ILTIOPUIOTEHTHBIX cTBONOBBIX KieToK (MIICK) 3m0-
poBoro uyenoseka. Kpome toro, ¢ nomoripio CRISPR/Cas9-omocpenoBaHHo# roMosno-
ruYHON pekoMOuHanuu B Jiokyce A4 VS1 6butn nonyuenst UTICK 3p0poBoro noHopa u
nmaueHTa ¢ reserudeckuM BapuantoM c.2013T>G (rs63750756, p.N279K) B rene
MAPT, xoTOpble HECYT JOKCHLIUKIMH-YOpPaBISIeMbId TpaHCreH OHoceHcopa
MitoTimer. B pe3ynbrarte 6b110 ycTaHOBIIECHO, 4TO HyKiIeaza AsCasl2a Moxer nprme-
HATBCS JUIS HOKayTa F€HOB U CTUMYJISILIMM TOMOJIOTMYHOM PEKOMOMHALMK B TEHOMax
UIICK uyenoBeka, a Takxke MOIy4eHa MOJIEIb ISl UCCIIeIOBaHUs] OUOreHe3a MUTOXOH-
JIpUil B KJIETKaX C MaTOreHHbIM monuMopdu3Mom B reHe MAPT, accolMUpOBaHHOM C
JI00HO-BHCOYHOM JeMEHIUe ¢ MapKUHCOHU3MOM-17.

KiroueBble ci10Ba: UHIYIMPOBAHHbIE IUTIOPUIIOTEHTHBIE CTBOJIOBBIE KICTKH, KIle-
TOYHbIE MOZIeNH, Oone3Hb [TapkuHCOHA, JTOOHO-BUCOUHAS EMEHUMS C MAPKHHCOHH3-
MoM-17, penakrupoBanue renomoB, AsCas12a, SpCas9

Hcrounuk (UHAHCHPOBAHUS: KCCICIOBAHUE BBIMOJIHEHO MpHU ()UHAHCOBOH MOA-
nepxke DoHga HaydHO-TeXHOMOrHueckoro paspurus KOrpel B paMkax HaydHOTO Ipo-
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Summary. The creation of models that are designed to study the molecular genetic
mechanisms of disease development, search for target molecules and test potential
drugs and technologies is one of the current areas of modern biomedicine. An alterna-
tive to the use of animal models is cellular models, in particular those based on the use
of differentiated derivatives of induced pluripotent stem cells. Genome editing tools,
for example, CRISPR-mediated systems, make it possible to artificially create various
genetic variants (single nucleotide polymorphisms, deletions, insertions, etc.), and can
also be used to stimulate homologous recombination during targeted transgenesis. The
combination of these systems with the technology of induced pluripotent stem cells
makes them a unique tool for creating models of human hereditary pathologies. In this
work, we used clones of human induced pluripotent stem cells of the ICGi022-A line
(https://hpscreg.eu/cell-line/ICGi022-A), which carry transgenes of two variants of the
AsCasl2a nuclease that recognize different PAM consensuses (ICGi022-A-6 (As-
Casl2a, PAM 5-TTTV-3') and ICGi022-A-7 (AsCas12a, PAM 5'-TYCV-3")), and the
reverse doxycycline-dependent transactivator transgene M2rtTA. The work also used
induced pluripotent stem cells from a healthy donor and a patient with the genetic var-
iant ¢.2013T > G (rs63750756, p.N279K) in the MAPT gene. All lines of induced plu-
ripotent stem cells were obtained by the authors previously. Protospacers for AsCas12a
were selected using the Benchling platform (https://www.benchling.com/). The selec-
tion took into account potential off-target activity and proximity to the point of interest
in the genome. Constructs for expression of AsCasl12a gRNA were created based on
the pTE4560 vector (Addgene #107526). T7EI analysis was used to study the efficiency
of AsCasl12a. Gibson's method was used to assemble the pSOX6-T2A-EGFP-HygroR
plasmid construct. To obtain clones of cells with the MitoTimer transgene, pX458-
AAVSI1 and pAAVS1-TRE-mCMV-MitoTimer constructs created by molecular clon-
ing were used. The donor plasmid AAVS1-Neo-M2rtTA, encoding the reverse tetracy-
cline transactivator, was obtained from the Addgene depository (Addgene #60843).
PCR was used to analyze transgenic cell clones. The creation of isogenic cell models,
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including knockout cell lines and lines carrying various genetic variants (single nucle-
otide polymorphisms, deletions and insertions), as well as transgenic cell lines, is an
urgent biomedical task. Our study shows that the programmable nuclease AsCasl2a
(PAM consensus - 5-TTTV-3") introduces double-stranded DNA breaks in the loci of
the genomes of human induced pluripotent stem cells, which are associated with neu-
rodegenerative and cardiovascular diseases (MYBPC3 - efficiency (T7EI) 16.2 +£1.42%
and 13.4+0.91%, APOE - 25.3 £ 1.76%, LRRK?2 - 23.5 + 1.86% and 11.4 + 0.04%,
PRKN -20.6 +0.63% and 9.6 = 0.01%, PSENI - 3.3+ 0.01% and 4.2 + 0.01%, PINKI
-8.0+0.02%) , which makes it a promising tool for knocking out genes and stimulating
the process of homologous recombination in this type of cell. In this case, induced plu-
ripotent stem cell lines carrying the doxycycline-driven transgene for the programmable
nuclease AsCas12a can be used to create isogenic cellular models of pathological pro-
cesses. In addition, it was established that in the line of human induced pluripotent stem
cells carrying the AsCas12a transgene (PAM consensus - 5-TYCV-3'), successful As-
Casl2a-mediated homologous recombination of the 3' region of the SOX6 gene occurs
with the plasmid donor construct, which is intended to mark the expression of the SOX6
transcription factor using the fluorescent protein EGFP, which shows the promise of
using this cell line to create transgenic human induced pluripotent stem cells. By
CRISPR/SpCas9-mediated homologous recombination at the AAVSI locus, three
clones of induced pluripotent stem cells from a healthy donor and four clones of induced
pluripotent stem cells from a patient with the genetic variant ¢.2013T > G (rs63750756,
p-N279K) in the MAPT gene, which carry doxycycline, were obtained -transgene-
driven biosensor MitoTimer. It was confirmed that the resulting transgenic clones of
induced pluripotent stem cells express markers of self-renewal and pluripotency of hu-
man cells, have a normal karyotype and can be differentiated into derivatives of the
three primitive germ layers - ectoderm, mesoderm, endoderm. Thus, the combined use
of induced pluripotent stem cell technology and programmable nucleases AsCasl2a
and SpCas9 makes it possible to create a wide range of cellular models, including plu-
ripotent cell lines with knockout of genes associated with hereditary human diseases,
and transgenic lines designed for live-cell visualization of cellular processes.

The article contains 8 References.
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BBenenne

Co3nanue mMozesnei, KoTopble IpeaHa3HaueHbl AJIs U3YUYEHUsT MOJIEKYJIIPHO-
TCHEeTHYECKUX MEXAHW3MOB pa3BUTHA OoJe3HEH, IOMCKa MONEKYI-MHAIICHEH U
TECTUPOBAHUSI TIOTEHLIMAJIBHBIX JIEKAPCTBEHHBIX MPENAapaToB U TEXHOJIOTUH, SB-
JSeTCS ONHWUM W3 aKTyalbHBIX HANpPaBICHUH COBPEMEHHOW OMOMEIWIINHEL.
B Hacrosmuit MOMEHT TOAaBIIsIONIee OONBITIMHCTBO (PYHIAMEHTAIBHBIX U IPH-
KJIamHBIX (DapMarieBTHIeCKUX MCCIECIOBAHUIA OCYIIECTBISIETCS C MPUMEHEHUEM
TPBI3YHOB (MBIIIEH M KPBIC) B KA4ECTBE MOACIBHBIX Oprann3MoB. OIHAKO cye-
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CTBYIOT IIPHMEPBI, KOTIa )KHBOTHBIE MOJICITH HE CIIOCOOHEI B MTOTHOM Mepe OTpa-
3WUTH IPOSIBIICHUS OONE3HU Ha MOJIEKYJISIPHOM U KJIETOYHOM ypoBHAX. Hampumep,
CYIIECTBYIOT 3HAUHTENBHBIC MPOOJIEMBI TPH CO3AaHUH JKUBOTHBIX Mozeiei
HEHPONIETeHEePATUBHBIX U CEPICYHO-COCYAMCTHIX 3a00IeBaHIi. AJTbTepHATHBON
HCIIOJIb30BAHUIO )KUBOTHBIX MOZENEH SBIAIOTCS KICTOYHBIE MOJENHU, B YacTHO-
CTH, OCHOBaHHBIE Ha MpuMeHeHnn ) depeHIupoBaHHbIX mpor3BoaHbix MITCK.
HIICK moryT ObITh HalpaBJIeHHO U GEPESHIIMPOBAHBI B MPAKTUICCKH JTFOOOH THTIT
KJIETOK, OHH CIIOCOOHBI K CaMOOOHOBJICHHIO, YTO peliaeT MpoOjeMy MONTydeHUS
TPYIHOIOCTYITHBIX THIIOB KJIETOK, HATIPAMEDP HEHPOHOB TN KapANOMHUOITITOB.

Co3naHne KIETOYHBIX MOJEIBHBIX CHCTEM TpeOyeT MPUMEHEHHUS HHCTPYMEH-
TOB pENaKTHPOBAHUS T€HOMOB, KOTOpPBIE 00JIAal0T JBYMS CBOHCTBAMH — BBICO-
KOH TOYHOCTHIO W 3()(PEKTHBHOCTEIO paOOTHI B WCIOIB3YEMOM THIIC KIIETOK.
B nameii pabotre MBI HCCIEAOBAIN BOSMOXXHOCTh IIPUMEHEHHSI TPOrpaMMHUpPYe-
Mmoit mHykneassl AsCasl2a mnst pemaktupoBanust reHoMoB MIICK uenoseka. Cy-
IIECTBYIOT DKCIIEPHMEHTAIbHBIC TOKA3aTeNCTBA TOTO, UYTO JaHHBIN (DEpMEHT pa-
OoTaer OoJiee CreU(pUIHO IO CPAaBHEHHIO ¢ HANOO0JIee YaCTO MPUMEHIEMOR HYK-
neasoit SpCas9 [1]. Ero MoxxHO MCITONB30BaTh ISl MYJIBTUIIIIEKCHOTO PEIAKTH-
pOBaHHsI TCHOB, TaK KaK OH CITOCOOEH K MpOoIlecCHpOoBaHUIO Hampasistoneid PHK
[2]. OmHako AsCasl2a obnamaeT CpaBHUTEILHO HU3KOW aKTHBHOCTBIO M HE MO-
KET BHOCHTH Pa3phIB B HEKOTOPHIC YUaCTKH T'€HOMA, YTO CBS3BIBAIOT C OONbIIEH
TIOTHOCTHIO HYKJIEOCOM B 3THX pakioHax [3].

HUccnenoanue moneneid Ha ocHoBe UTICK TpebyeT nmpriMeHEeHUS METOANICCKHX
MTOXOZI0B, KOTOPBIE OBl TIO3BOJIHMIIA UCCIIEA0BATH (PH3UOTIOrHICCKUE ¥ OMOXUMMYe-
CKHeE TapaMeTphl Ha KUBBIX KJIETKaX B PeXKUME peabHOro BpeMeHu. OTHUM 13 Ta-
KUX TIOIXOIOB SIBISIETCS HCIIONIF30BAHNE TEHETUIECKH KOMMPYEMBIX OHOCEHCOPOB.
B nannoit padote Mbl mpumeniita cucremy CRISPR/SpCas9 nnst cozmanms UTICK
narmenTa ¢ BapuaaToM ¢.2013T > G (rs63750756, p.N279K) B rene MAPT wu 310po-
BOrO JIOHOpA, HECYIIMX JOKCHIIMKIMH-YIPaBIIEMBI TpaHCTEH OWoceHcopa
MitoTimer [4]. /laHHBII TeHeTHYeCKWi BapuaHT B reHe MAPT acCONMUPOBAH C
JIOOHO-BHCOYHOW JIeMEHIIMEH C TapKHHCOHH3MOM-17. DTo HelpojereHepaTHBHOES
3a00JIeBaHIe, XapaKTePH3YIOIIeecs MaTOJIOrHuecKor arperampeii 6eika Tay ¢ oopa-
30BaHHEM HEHpOGUOPHIIIAPHBIX KITYOKOB H JaJIbHEHIIICH THOCIIBI0 HEHMPOHOB. bermok
Tay, Komupyembli reHoM MAPT, perynmupyet cOOpKY ¥ CTaOHITH3AII0 MUKPOTPYOO-
4ek, ydacTBys B iepeaade curaana B [{HC u akconamsHOM Tpancnopre. ['enernye-
ckuid BapuaHTt ¢.2013T > G (1s63750756, p.N279K) B rene MAPT npuBOAUT K Hapy-
MICHUIO B3aMOJICHCTBHS Oellka Tay ¢ MUKPOTPYOOUKaMH, 0Opa30BaHUIO HUTCBU/-
HBIX BKITFOUCHHH ¥ IOCIIeyromiel THOSM HEHPOHOB, YTO TPUBOIWT K Pa3BUTHIO
JI0OHO-BHCOYHOW JEMEHITHH C TTApKUHCOHU3MOM-17 [5]. TouHBIi MeXaHH3M pa3BH-
THsI OOJIE3HU ITPH TOM T'eHETHIECKOM BapHAHTE [TOKA HE U3BECTEH, UTO HE TI03BOJISIET
BBIPAa0OTATh cXeMy JieueHus. Vcronp3oBanne OMOCEHCOPHBIX CUCTEM, B YaCTHOCTH,
oroceHncopa MitoTimer, MOXKeT cCrtocOOCTBOBATH OoJIee TITyOOKOMY ITOHUMAHHFO T1a-
TOJIOTUYECKUX ITPOIIECCOB, MPOUCKOISIIHNX B KUBBIX KIETKAX.

[enp paboThl — HcciteoBaHUe CeKTpa 1 3O(HEKTHBHOCTH MTPUMEHESHHUS MPO-
rpammupyeMbix Hykiea3 AsCasl2a u SpCas9 miis HanpaBIeHHOTO peIakTHPOBa-
Hus reaoMoB UTTCK yenmoBeka mpu co3IaHUU KIIETOYHBIX MOJIeIIei 3a00eBaHUi
YeJIOBeKa.
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MarepuaJibl 1 METOABI

B nanHOIf paboTe MBI HCIIOIB30BAIIN KIIOHBI HHTYITUPOBAHHBIX IUTFOPHIIOTEHT-
HBIX CTBOJIOBBIX KiieTok denoBeka JimHuM [CGi022-A (https://hpscreg.eu/cell-
line/ICGi022-A), KOTOpbIe HECYT TpaHCTEHBI JBYX BapHAHTOB HYKJICa3bl
AsCas12a, pacnio3Haromux pasHeie koHceHCcychl PAM (ICGi1022-A-6 (AsCas12a,
PAM 5°-TTTV-3’) u ICGi022-A-7 (AsCas12a, PAM 5’-TYCV-3)), u TpancreH
00paTHOrO JTOKCHITMKIHH-3aBUCUMOT0 TpaHcaktuBaTtopa M2rtTA [6]. Taxxke B
paboTe OBLIM WCHONB30BAHBI MHIYIHPOBAHHEIC TUIIOPHIIOTCHTHBIE CTBOJIOBEIE
KIJIETKH 3I0POBOTO JIOHOpA U MAlMeHTa ¢ TeHeThdeckuM BapuanToMm ¢.2013T > G
(rs63750756, p.N279K) B rene MAPT. Bce TMHUN UHIYIIUPOBAHHBIX TUTFOPHIIO-
TEHTHBIX CTBOJIOBBIX KJIETOK IIOJNydeHBI aBTOpamu panee. [Iporocmeiicepsl mis
AsCasl2a  BeiOmpasm ¢ momombio  Web-mmarpopmer  Benchling
(https://www.benchling.com/). Korcrpykiuu mis sxcnpeccun HPHK AsCas12a
co3/1aBaiii Ha ocHOBe Bektopa pTE4560 (Addgene #107526). J1ns uccnemoBanus
a¢dextuBHOCTH paboThl AsCasl2a ucnomnb3oBanu T7El-anamus. Hdis cOopku
masMuaHoM KoHCTpyKImu pSOX6-T2A-EGFP-HygroR npumensimu meron I'u6-
coHa. J[yist monmy4eHHst KIIOHOB KJIETOK ¢ TpaHcreHoM MitoTimer ObLTH HCITONB30-
BaHbI KOHCTpYKIMU pX458-AAVS1 u pAAVSI-TRE-mCMV-MitoTimer, co-
30aHHBIE METOIOM MOJIEKYJSIPHOTO KIOHHpOBaHUS. JloHOpHAs 1IIa3mmuma
AAVSI1-Neo-M2rtTA, kogupyromass oOpaTHBIH TETPAMKIMHOBEIA TpaHCAKTH-
BaTop, Obuta monmydyena u3 jgeno3utapus Addgene (Addgene #60843). Jlns mo-
CTaBKM KOHCTPYKIIMH B KJIETKH IpuMeHsutd jurnodeknuio (Lipofectamine3000
Transfection Reagent, «Thermo Fisher Scientificy, CIIIA) nian 351eKTpONOpauio
(Neon Transfection System, «Thermo Fisher Scientificy, CIIIA) ¢ mocneayrommm
0TOOPOM TPAHCTEHHBIX KIOHOB C IIOMOIIBIO CPEl, COAEPKAIINX COOTBETCTBYIO-
niie aHTHOMOTUKY (HEOMHUIIMH M TypOMHUIIMH). [[isi aHamM3a KIIOHOB TpaHCTeH-
HBIX KIICTOK HcIonb3oBanu [11P.

Pe3yabTarhl ncciiefoBanns U 00Cy:KIeHUE

B mameMm wmccremoBaHWM TOKa3aHO, YTO IIpOrpaMMHpyeMas HyKJiea3a
AsCasl2a (koncencyc PAM — 5°-TTTV-3") BHOCHT JIBYIICIIOYCYHBIE Pa3pPBIBBI
JHK B nokycax renomoB UTICK wenoBeka, KOTOphIE aCCOMMUPOBAHEI C HEUPO-
JIeTeHEPATUBHBIMU M CEPACYHO-COCYTUCTRIMU 3a0oneBanusmu (MYBPC3 — a¢-
¢extuBHOCTE (T7E1) 16,2 £ 1,42% n 134 + 0,91%, APOE — 25,3 + 1,76%,
LRRK2 — 23,5+ 1,86% u 11,4 = 0,04%, PRKN — 20,6 + 0,63% u 9,6 + 0,01%,
PSENI —3,3+£0,01% u 4,2 £0,01%, PINKI — 8,0 = 0,02%), uTo nenaer ee mep-
CHEKTUBHBIM HHCTPYMEHTOM JIJIsl HOKayTa TEHOB M CTUMYJIIIIUH MIPOIIecca TOMO-
JIOTMYHOM peKOMOMHAIIMH B TaHHOM THIIe KiIeToK. [Tpu atom muamm UIICK, He-
Cyllve TOKCUIIMKJIMH-YIPABISIEMBIN TPAHCTEH MPOTrPaMMHUPYyEMON HyKIIea3bl As-
Casl2a, MOXKHO PUMEHATD JJIsI CO3/IaHMS N30TCHHBIX KIIETOYHBIX MOJIENEH Ta-
TOJIOTHYECKHX TporeccoB. Kpome Toro, ycranosneno, uto B imann UTICK geno-
Beka, Hecyiel Tpancred AsCasl2a (koncerncyc PAM — 5°-TYCV-3"), mpoucxo-
it yenemHas AsCas12a-omocpeioBaHHas TOMOJIOTHYHAS peKOMOWHAIMs 3°-00-
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nactu rera SOX6 ¢ ma3MuAHON TOHOPHOW KOHCTPYKITUEH, KOTOpast IpeIHa3Ha-
YeHa JUIT MapKAPOBAHUS SKCIIPECCHH TPAHCKPHUIIIIOHHOTO hakTopa SOX6 ¢ mo-
Momsio QuryopecrienTHOro 6enka EGFP, uTo mokasbsiBaeT mepcreKTHBHOCTD HC-
TIOJIF30BAHUS JAHHOMW JIMHWUW KIIETOK it cozmanus TpancreHHbrx UTICK gemo-
Beka. Hykireaza AsCasl2a mokasaja 3Ha9uTeIbHBIH YPOBEHb MOTU(DUKAITUH T10-
9TH BO BCEX aHANM3UPYEMBIX JOKycaX. BO3MOXKHO, 3TO CBSI3aHO C BHIOpaHHBIM
Hamu mogxomoM: AsCasl2a He BHOCHTCS B BHJE INIa3MHILI MM O€iKa, a dKC-
MIPECCHPYETCs B KIIETKE B OTBET Ha JT00ABIICHHE B KYIbTYPAIFHYIO Cpely JOKCH-
OUKINHA, YTO YIIPOIIAET MPOIECC PEAAKTHPOBAHUS U IMOBBIMIALT €ro AP (HeKTHB-
HOCTB, TAaK KaK BO BCEX aHAIM3HUPYEMBIX KIETKaX IPHCYTCTBYET HyKieaza As-
Casl2a. Takum obpazom, AsCas12a MoxHO 3(h(heKTHBHO UCTIOIB30BATh ISl BHE-
CEHUS HHCEPIIMI/IeTeHiA U HOKayTa TeHOB.

[Tonmy4yeHHBIH HAMU YpOBEHb MOAMMUKAIMA HE ABISCTCA MaKCHMaJIbHO BO3-
MOKHBIM. YK€ ceiiuac MoiydeHbl HECKOIbKO MyTaHTHBIX AsCasl2a, apdekrTuB-
HOCTb BHECEHHUsI pa3pbIBOB KOTOPhIMU JocTUraeT 90% B ONpelesieHHbIX THIIaxX
KIIETOK [ 7], HO, K CO’KaJICHUIO, YaCTh U3 ATUX (PEPMEHTOB MOKA3BIBAIOT OOJIEE BHI-
COKYIO Heclenu(pHUIECKy0 akKTUBHOCTH [ 8].

[Tyrem CRISPR/SpCas9-omocpeoBaHHONW TOMOJIOTMYHON PEKOMOWHAITH B
nokyce AAVS1 nonyueno tpu xnona UIICK 3mopoBoro goHOpa n 4eThIpe KIoHA
UIICK mnammenTta c redHermdeckuM BapuantoM c.2013T>G (rs63750756,
p-N279K) B rene MAPT, KOTOpbIE HECYT TOKCHIIMKJIMH-YIPABIIAEMBIA TPAaHCTEH
ouocencopa MitoTimer. [ToaTBepkIeHO, YTO TOTyYSHHBIC TPAHCTCHHBIC KJIOHBI
HIICK skcripeccHpyroT MapKepbl CaMOOOHOBJICHHS W TUTFOPUIIOTEHTHOCTH KITe-
TOK YeJIOBeKa, MMECIOT HOPMaJIbHBI KapHOTHIT M MOTYT OBITh aAuddepeHInpo-
BaHBI B IPOU3BOIHBIE TPEX IPIMHUTHBHEIX 3apOIBIIIEBHIX JINCTKOB — SKTOACPMEI,
ME30JICPMBI, 3HTONIEpMbI. broceHcop MitoTimer — ITOKaIU3YIOMIANCS B MUTO-
XOHPHSAX 3€JIEHBIH (DITyopeceHTHBINH 0eoK Timer, CIUTBINA C CHTHATIBHBIM ITeT-
THI0M cyOohenuHnIbl COX8A, KOTOpBIN onpeenseT Jokanusanuio MitoTimer B
MHUTOXOHApPHAIEHOM MaTpuKce. [Tocie Tparmsaiuu u Gonauara MitoTimer ¢ury-
OopecuupyeT 3elIEeHBIM, a CO BPEMEHEM ITMK SMUICCHU MEHSETCS Ha KPacHBIH.
Ha6imromaemast amuccust MitoTimer OyzeT 3aBUCETh OT MPOAODKUTEILHOCTH KC-
MIPECCHUHU U CKOPOCTH BKITFOUSHHUS U JETpaalliiy OeJIKa B MUTOXOHIPHSIX. DTO MO3-
BOJISIET M3YyYaTh TEMIT OHOreHe3a, OTHOCHTENBHBIH YPOBEHb OKCHAATHBHOTO
cTpecca U MOoBpeXXIeHHe MUTOXOHIpUH [4]. UcciienoBanue paboThl OroceHcopa
MitoTimer B nuddepeHITNPOBAHHBIX MPOU3BOJHBIX MAIMCHT-CICITU(PUIHBIX
HIICK (nodamuHepruyeckux HeWpoHaX) MOXKET JIaTh HOBYIO HMH(OPMAIHIO O
MOJIEKYISIPHO-TEHETHYECKUX i ONOXMMUIECKIX MEXaHN3Max MaToreHe3a JI00HO-
BHUCOYHOHN JEMEHITNH C TAPKUHCOHU3MOM-17.

3akiioueHne

CoBmectHOe ncronp3oBanue Texaonoruu UITCK u mporpaMmupyemMsIix HyK-
nea3 AsCas12a u SpCas9 mo3BosnsieT co3/1aBaTh NIMPOKUH CIIEKTP KIIETOYHBIX MO-
JIeTIe, BKITIOYAst IMHAN TUTFOPUITIOTEHTHBIX KIIETOK C HOKayTOM T'eHOB, aCCOLUH-
POBaHHBIX C HACIICICTBEHHBIMI OOJIE3HAMH YEIOBEKA, a TAKKE TPAHCT €HHBIC JINHUH,
TpeIHA3HAYCHHBIC TS MPIDKU3HEHHON BU3YalIM3aIliy KIIETOYHBIX ITPOIECCOB.
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AHHoTanus. MozeMpoBaHKe MPOLECCOB, MPOUCXOAAIIMX Ha PA3IMYHBIX TArax
METAacTa3UPOBAHUS PAKOBOI OIYXOJNH, SBJISETCS KpaliHe IEpCleKTHBHBIM HalpaBlie-
HHEM B COBPEMEHHOW MEIUIIMHE U MOXKET ObITh HCHOIB30BAHO IS pa3paboTku 3 dex-
THUBHBIX MIPOTUBOOIYXOJEBBIX (AHTUMETacCTaTHYEeCKUX) NpenaparoB. OIHUM U3 KO-
YeBbIX 3TANOB METACTATHMYECKOro Kackaja siisercs aeauddepeHIpoBKa ommyxoie-
BBIX KJIETOK B METACTATUYECKOW HHUILE U UX MOCIEAYIONIas poiaudeparys, npuBos-
mas K GOpMHPOBAHUIO BTOPUYHOIO OIYX0JIeBOro y3ia. Llenbio naHHOro MccinenoBa-
HUS SIBISUIOCH MOJZIEIMPOBaHuUe 3Tana aeau(hepeHIPOBKY OIyX 0JIEBbIX KJIETOK paKa
MOJIOYHOM jKeJIe3bl B FeTePOKIETOUHBIX C(hepOuIax, COCTOSIIMX U3 KICTOK IEYESHH Ye-
noseka uand HepG2, nmmopTanu3oBanHbix Gpudpodnacros BJ-5ta, MO-makpodaros.
IMokazano, uyto mop aeiictBueM unrepineiikuda 6 CD44™ nuddepenimpoBaHHbie OImy-
XOJIeBbIE KJIETKH JIMHUH paKa MOJIOYHOU xene3bl yenoBeka 147D, skcnpeccupyromieit
KpacHblii (ryopecuenTHbiii 6enok RFP, B cocraBe rerepocheponnoB nedeHu Hauu-
HAIOT aKTUBHO MpoudepupoBaTh. ITO CBUACTEILCTBYET O Ipolecce ux aeanddepeH-
LIUPOBKK M Hayayie (OpMUPOBAHMS BTOPHUHOIO OMyXOJieBOro ysia. YKusHecrocoO-
HOCTb KJIETOK B COCTaBe rerepocdepounsia MoATBEPKIAIN C UCTIOIB30BAHUEM BUTAIIb-
Horo kpacutesst Calcein AM. Takum oOpa3oM, HaMU MPeAIOKeHA MOJEh MeTacTasa
paka MOJIOYHOM jKeJie3bl B IIeYeHb Ha OCHOBE I'€TEPOKIECTOYHBIX C(HEepOUI0B, MpeIHa-
3HAYEHHAs 111 TOBbILICHUS 3)(GEKTUBHOCTU CKPUHUHI'A IIPOTHBOOIYXOJIEBBIX Ipera-
paros.

KiroueBble cji0Ba: OHKOJIOTHS, METacTasbl, cheponsibl, eYeHb, PAK MOJIOYHOM
JKeJe3bl, HHTePIICHKUH 6
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Summary. Modeling the processes occurring at various stages of cancer tumor me-
tastasis is the basis for developing effective antimetastatic drugs. One of the most prom-
ising targets for antimetastatic therapy are single tumor cells in a dormant state in the
liver, lungs, bones and/or other organs of patients - micrometastases. At the time of
diagnosis of a malignant neoplasm, almost all patients already have multiple microme-
tastases. Under certain conditions, a single dormant tumor cell transitions into a stem-
like cell, and the growth of a secondary tumor node - macrometastasis - begins. The
aim of this work was to model the transition of breast cancer micrometastasis into mac-
rometastasis in heterocellular spheroids consisting of human liver cells, fibroblasts, and
MO macrophages. To model dormant tumor cells using the fluorescence-activated sort-
ing method, a population of CD44-differentiated cells of the genetically modified T47D
cell line expressing the red fluorescent protein RFP (T47D_Red) was isolated. To ob-
tain liver heterospheroids, human hepatoma cells of the HepG2 line, immortalized hu-
man fibroblasts of the BJ-5ta line, MO macrophages obtained from monocytes of the
peripheral blood of healthy donors, and CD44 cells of the human breast cancer line
T47D_Red were mixed in a ratio of 15:1:1:1 in a DMEM/F12 medium supplemented
with 10% fetal calf serum, L-glutamine, and an antibiotic-antimycotic (Fig. /a-¢). IL6
was added to the medium to induce dedifferentiation of cancer cells within the heter-
ospheroid. This resulted in the proliferation of single breast cancer cells and the for-
mation of secondary tumor foci in the heterospheroid structure (Fig. /g-j) by the 5th
day of cultivation. It is important to note that the cells in the heterospheroid retained
their viability for 7 days of cultivation (Fig. If; k). Thus, a model for the formation of
breast cancer metastasis in the liver has been proposed. The advantage of the model is
the ability to take into account intercellular interactions due to the inclusion of several
cell types, which increases the efficiency of in vitro testing of promising antimetastatic,
including immunotherapeutic and gene therapeutic, drugs using the proposed model.

The article contains 1 Figure, 11 References.

Keywords: oncology, metastasis, spheroids, liver, breast cancer, interleukin 6

For citation: Nevskaya KV, Efimova LV, Kozlova PK, Pershina AG, Udut EV. Het-
erocellular spheroids as a model of liver metastasis. Vestnik Tomskogo gosudarstven-
nogo universiteta. Biologiya = Tomsk State University Journal of Biology. 2025;69:
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BBenenne

MonenupoBaHue MPOIIECCOB, TPOUCXOIAIIMX HA PA3IIMYHBIX dTAlax METacTa-
THYECKOTO KAaCKaJa, SIBISIETCS Ba)KHOM MCCIIENOBATEIbCKON 3aJaueH, pelieHune
KOTOPOH HEOOXOIMMO KaK JUIsl U3YYECHUS MEXaHU3MOB METAaCTa3UPOBAHHMSI, TaK 1
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JUTS Pa3paOO0TKH HOBBIX A((PEKTHUBHBIX MPOTHBOOITYXOJICBBIX (aHTHMETaCcTaTHYC-
CKHX) JiekapcTB. OHON U3 HanOolee MepCIeKTUBHBIX MUIICHEH I aHTHMETa-
CTaTUIECKOH Teparuy SBISIOTCS eANHUYHBIC OITYXO0JIEBBIC KIICTKH, HAXOISIIHECS
B JOPMAHTHOM COCTOSIHUH B TICUCHH, JICTKUX, KOCTAX /WM IPYTUX OpraHax Ia-
[IMEHTOB, — MUKpoMeTacTassl [1]. Ha MoMeHT mocTaHOBKHM quarHosa 3jokade-
CTBEHHOT'O HOBOOOPa30BaHUS MPAKTHUECKH Y BCEX MAIMEHTOB YK€ €CTh MHOXKE-
CTBEHHBIE MUKpoMeTacTasbl [2]. [Ipu ornpeneneHHBIX YCIOBUSX TTPOUCXOANT TIe-
pEXO EOMHUYHON OIMTyXOJIEBOM KIIETKH, HAXOJSMICHCS B JOPMAHTHOM COCTOS-
HUH, B KIIETKY, IIOTOOHYIO CTBOJIOBOM, 1 HAUMHAETCS POCT BTOPHYHOTO OITyXOJIe-
BOTO y371a — MaKpoMeTacTasa. Llenmbio manHoi paboTHI SBISUIOCH MOAETHPOBAHHE
mepexoa MEKPOMETACTa3a paka MOJIOYHOH JKeJle3bl B MAKPOMETACTa3 B TETEPO-
KIIETOYHBIX cheporax, COCTOSIIMX U3 KIETOK IIeUueHH YesioBeka, prudpodiacTos,
MO-makpodaror. [IpenmyiecTBoM pa3pabaThiBacéMOW MOJCIH, BKIFOYAROMICH
HECKOJIBKO THIIOB KJIETOK, SIBIIICTCS BO3MOXXKHOCTH YUHUTBHIBATH MEKKICTOUHBIC
B3aMMOZIEHCTBHUS, YTO MO3BOJIUT MOBBICUTE d(PPEKTUBHOCTD if Vitro TECTUPOBA-
HUS TPOTHBOOIYXOJIEBHIX HMMYHOTEPAIIEBTHUECKUX H T€HOTEPANICBTUICCKIX
MpernaparosB.

MarepuaJibl 1 METOABI

J7is MOIEMMpOBaHUs TOPMAHTHBIX OIMYXOJIEBBHIX KIETOK METOIOM (ryopec-
[IEHTHO-aKTHBHPOBAHHOTO COPTHHTA BBIICIUIH momyiisiuio CD44™ muddepen-
OUPOBAHHBIX KJIETOK TEHCTHYCCKU-MOMU(HUINPOBAHHON KICTOUHOU JIMHUH
T47D, skcnipeccupyrorieid kpacHbid ryopectieHTHbIA Oenok RFP (T47D_Red).
s morry4deHus rerepoceponioB IIEICHN UCTIONB30BAIH KICTKU TeIaTOMEI Ue-
noBeka K HepG2, nMMopTanin3oBaHHbIC (UOPOOIACTHI YeoBeKa JTuHH BJ-
Sta, MO-makpodaru, muddepeHIHpPOBaHHbIC W3 MOHOIIMTOB IepHu(epruecKon
KpPOBH 3JI0POBBIX TOHOPOB, 1 CD44™ kiieTkn IMHUM paka MOJOYHOM JKEJIe3bl ue-
noBeka T47D Red. CycneH3uro cMecH KJIETOK paccaKuBai B 81-TyHOUYHBIC
(OpMEI, TIpeIBApUTEIHHO M3TOTOBICHHBIE M3 2%-HOW arapo3bl C HCIOIB30Ba-
HHEM CHUIMKOHOBBIX (hopM «MicroTissues Inc.» (CHIA). st mamyknun nemud-
(epeHIINPOBKH OITYXOJIEBHIX KIIETOK B YaCTh JIYHOK TOOABIISUIM HHTEPICHKIH 6
(IL6) B xoHEeuHOM KOHIIEHTpauy S0 Hr/MiL. JI7s OIeHKH THHAMUKH Tpoiurdepa-
MU oImyXxoJieBbIX KieTok T47D Red Ha 1, 2, 3, 5 u 7-¢ cyTku rerepocdeponinl
aHAJIM3UPOBAIIN C UCIIONB30BAHUEM CKaHUPYIOMIETO (hIyOPEeCICHTHOIO MHKPO-
ckona Leica DMi8 (I'epmanus). XKu3HecrmocoOHOCTh KIETOK B COCTaBE TeTEpO-
cheponIoB MOATBEPKAATIH Ha 7-€ CYTKU KyJIbTHBHPOBAHUS ITyTEM OKPAIIABAHHSI
BHTAIBHBIM KpacuTenem Calcein AM.

Pe3yabTarhl ncciiefoBanns U 00Cy:KIeHUE

Ucnonw3oBanue cycnensun kierok HepG2, BJ-5ta, MO-makpodaros,
T47D_Red, cmemannbix B cooTHomennn 15:1:1:1 B cpene DMEM/F12 ¢ no6ag-
neaneM 10%-Hol SMOpPHOHATIBHON TEISYBE CHIBOPOTKH, L-Tiryramuna, aHTH-
OMOTHKa-aHTUMHKOTHKA, TIPUBOINIIO K (hOPMHUPOBAHHIO TeTepocheponios, co-
JepKaIluX eIUMHUYHBIC OIMyXOJIeBbIe KIeTKH (puc. 1, a—e). CTpyKTypa rerepo-
cheponIoB YIDIOTHIACE K 5-M CyTKaM KyJIbTHBHPOBAHMWS, U OHU MpUOOpETaIH
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OoJiee YeTkre U poBHBIE Kpas. [Ipu mobaBneHuu IL6 ¢ yBenrmueHHEM MTPOIOIIKH-
TEJNIFHOCTH HHKYOAIiy HabJII01aI yBENMICHNE KOJTHIEeCTBA KIETOK paKa MOJIOY-
HOI JKeJIe3bl B COCTaBe TeTepoc(heponia, 4To CBHIETEIHCTBOBAIIO O Heaud dhepeH-
nupoBke CD44™ knerok T47D Red mox aelicTBHEM MUTOKWHA-MHIYKTOPa M UX
nposdepanuu ¢ 00pa3oBaHNEM BTOPHYHBIX OITyXOJIEBBIX odaros (puc. 1, g—j) x
5-M cyTKaM KyabTrBHpoBaHus. [lociexyromas omeHKa IUIoIa i JaHHBIX 09aroB
MOJKET OBITh HCITONIb30BaHa Il CPABHUTEIBHOTO aHanu3a 3G GeKTHBHOCTH MPO-
TUBOMETACTATUIECKUX IpernapaToB. Ba)kHO OTMETUTB, YTO KIETKH B COCTaBE Te-
Tepochepona COXpaHsUIN CBOIO KH3HECIIOCOOHOCTh B TEUCHUE 7 CYTOK KYIIBTH-
BHpoBaHus (puc. 1, f, k).

Puc. 1. [IponudeparuBHasi akTHBHOCTh OIMyXoJieBbIX KieTok inHud T47D_Red B cocrase
rerepocdeponsa neueHu: a — rerepochepons yepes 1 4 unkybauuu, b, ¢, d, e —
rerepocdeponn depes 24, 48, 72, 120 yacoB MHKYOALUH COOTBETCTBEHHO, g, A, I, j —
rerepocdepouns npu nodasnenun [L6 uepes 24, 48, 72, 120 yacoB uHKyOAIMU
COOTBETCTBEHHO, [ — )HU3HECIIOCOOHOCTh KJIETOK, BXOILIKX B COCTaB rerepocdeponsa Ha
7-e cyTKH Ky/nbTHBUpOBaHUs Oe3 u k — npu nodasnennu IL6 (oxpacka Calcein AM).
Macuira6nas nuneiika: 100 Mkm
[Fig. 1. Proliferation of T47D_Red cells in liver heterspheroid. a - 1h of incubation, b, c, d, e - 24, 48, 72,
120h of incubation respectively, g, h, i, j - 24, 48, 72, 120h of incubation with IL6 respectively,

f - the cells viability in heterospheroid without and with IL6 at 7" day of incubation (Calcein AM stain-
ing). Scale bar: 100 pm]

[Neuens sBisieTcs HanboIee PacIpoOCTPaHSHHBIM MECTOM METacTa3HPOBAHUS
paxa. Tak, MeTacTa3bl paka MOJIOUHOM JKeJe3bl B IeueHb Berpevarorest y S0-70%
MAIIMEHTOB, Y KOTOPHIX THATHOCTHPOBAH BTOPUYHBIA pPaK MOJOYHOU JKEIIE3BI.
TeM He MeHee CYIIECTBYIOIINE MOEIH, BOCIIPOM3BOISIIINE MUKPOOKPYKEHHE
TI€YCHHU W KOJIOHU3AINH PAKOBBIMHU KIIETKAMH, KpaiHe orpaHnyeHsl [3]. B mute-
paType OmmMcaHo HECKOIBKO TeTepOKIeTOUHbIX 3D-Momeneit MmeTacta3oB, Hammpu-
Mep B KocTH [4, 5]. B aTHX paboTax KIETKH KOCTHOM TKaHW M PAKOBBIC KICTKH
CMEIIMBAIM B Pa3INYHbIX cooTHOmEeHHX (1:1 mmu 9:1), uTo 00yCIIOBIECHO, C Of-
HOU CTOPOHBI, HEOOXOJMMOCTBIO CPOPMHUPOBATH OITYXOJICBBIH Y3€II TOCTATOYHBIX
pa3MepoB, a ¢ Apyroi — M30ekaTh M30BITOUHON MTPONTH(DepaIiiy OITyX0JIEBBIX Kile-
TOK M 00pa3oBaHus 30HbI TUIIOKCHH. B crathe Skardal et al. onncana moxens Me-
Tacrasa paka TOJICTOM KHIIKH B I€Y€HBb, B JaHHOW padote mist popMUpOBaHUS
OpraHouia UCIoJIb30BaIM BCEro ABa Tuna kierok: kietku HepG2 u knerku paka
toncrod kumku HCT-116, cmemmBas ux B cootHomeHun 10:1 [6]. 3amaueit
HACTOSIIETO MCCIIEIOBAHUS SBIIIIOCH CO3MaHNE MOJEIH CAaMOTO PaHHETO JTara
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(hOopMUpPOBaHHS BTOPUIHOTO OIMYXOJIEBOTO Y372, a IMEHHO IMepexoa JOPMaHT-
HOM OIYyXOJICBOM KJIETKH B aKTHBHO MPOITH(EPUPYIONIYI0. B CBA3M ¢ 3TUM JOITIO
KJICTOK paka MOJIOYHOM >KeJIe3BI B COCTaBE rerepocdeponia 3HaUNTeTFHO YMEHb-
o (17:1). Mopenb Takoro THITA BBICOKO BOCTpeOOBaHa JUIS TECTHPOBAHHS
MpenapaToB, HAIPaBJIEHHBIX Ha 3Tl METACTATUIECKOT0 KACKa/1a, aCCOIIUHPOBAH-
HBII C TOPMAaHTHOCTBIO OITYXOJIEBBIX KIIETOK, U BBI3BIBAIOIINX, HAIIPUMED, HHTHU-
OupoBaHne ayTodaruy Mpu HaXOKICHUU KIETOK B JOPMAHTHOM COCTOSTHIH, ITPO-
JIOHTAIMIO JIOPMAHTHOI'O COCTOSHUSA [7] wim OnokupoBanue nemauddepeHim-
poBku [8]. [IpenmyIiecTBO HCTIONB30BAHUS TETEPOKIETOYHBIX CUCTEM ISl TECTH-
POBaHUS MOJOOHOTO POa JEKAPCTBEHHBIX MPEHapaToB 3aKIF0YAETCS B TOM, UTO
MTO3BOJISICT OLIEHUBATH d(PPEKTUBHOCTD TEPANINHU C YIETOM BIHSHUS KICTOK MHK-
POOKpYKEHHs, BKIItoyas (GuOpoOIacThl 1 IMMYHHBIC KIETKH (OCOOCHHO MaKpo-
¢darn) [9, 10]. OTH KIETKH XapaKTEpU3YIOTCS MEPEMEHYHBBIM (EHOTHIIOM (T.€.
CroCcOOHBI OBITH TEPEPOrPAMMHUPOBAHBI) U CEKPETUPYIOT IMUPOKUI CIIEKTp pe-
TYISITOPHBIX MOJIEKYJI, KOTOPBIE HMEIOT pelIaoliee 3HaYeHNE IS IIPOTrPECCH Po-
BaHUsA paka. CyIIeCTBYIONINE MPOCTHIC MOJIEIIN OIMyXOJIeBhIX cheporoB [11] He
MO3BOJISIOT YUUTHIBATH BKIIA MEXKKIICTOUHBIX B3aUMOICHCTBHH.

3akirouenne

Takum 00pa3oM, HAMHU MPEIUIOKEHA MOJIE]Ib MUKPOMETACTAa30B paka MOJIOY-
HOM JKele3bl B eYeHb Ha OCHOBE reTePOKIETOUHBIX CEPOHIOB, KOTOpas Mpe-
Ha3Ha4yeHa /ISl MOBbIMEeHHUS YQ(OEKTUBHOCTH CKPHHHUHTA MPOTHBOOITYXOJIEBBIX
(aHTHMeETaCTATHYECKUX), B TOM YHCII€ MMMYHHBIX H F€HOTEPAIICBTHYSCKUX Hpe-
Maparos, 3a cyer 0oJiee TOYHOrO BOCHPOU3BEICHUS MHKPOOKPYIKEHHUS PAKOBOM
kietku. JlanpHeiline uCCaeOBaHus TO3BOMST OLIEHUTh PEIEBAHTHOCTH MOMY-
YEHHOW MOJIEId HA OCHOBAaHHMH aHalM3a METa0OJIOMHOTO U JKCIIPECCHOHHOTO
PO UIISL OPraHOKIA.
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Annotanus. OreHka GpyHKIMOHATBHOIO Pa3HOO0Pa3us — aKTyalIbHbIN B KOOI MU
MHUKPOOPTaHU3MOB U JOCTATOYHO YYBCTBHUTEIIBHBIN CIIOCO0 OOHAPYKEeHMsI OHOTOTrHYe-
CKM B)XHBIX 3aKOHOMEPHOCTEH B )KH3HEIEATEIbHOCTH MUKPOOHBIX coobuiecTs. M3y-
4yeHue (HyHKIMOHATIBHOTrO pa3Ho00pa3usi ¢ MOMOIBIO METO/Ia MYJIbTUCYOCTPAaTHOTO Te-
CTUPOBAHUS U OLICHKA €r0 B3aUMOCBSA3CH € KOIMYEeCTBEHHBIMI MUKPOOU OJIOr HUECKHUMH
XapaKTepUCTUKaMH B KOHTEKCTE CE30HHBIX N3MEHEHU ObUTH BBITIOJIHEHBI ISl FeTepo-
TPOPHBIX MHUKPOOHBIX COOOIIECTB MOBEPXHOCTHOTO M MPUIOHHOIO CIIOS BOIHOW
TomuM TPEX 03EP CpenHeoOCKOM MOWMBI, a TaKXKe BOIbI MOTOKa camoil peku OOu B
MEPUO]] JIETHEH MEXXEHH, 3UMHEN MEXEHH (JIEOCTaB) U BECEHHETO MOJI0BOAbA (I1aBO-
110K). Ce30HHBIC U3MEHEHUSI (PYHKLIIMOHAIBHBIX ¥ KOJIMYECTBEHHBIX MHUKPOOHOIOrHye-
CKMX IOKa3areliell B MONMEHHBIX BOIOEMAX XapaKTePH30BAIM CE30HHYIO CYKLECCHIO
MHKpOOHOro coobiectBa. [TomydeHHbIe pe3ylibTaThl FOBOPST O KOCMOIIOIUTHYHOCTH
1 (YHKIMOHAIBHOM B3aMMO3aMEIaeMOCTH IPEICTABUTENCH MPUPOJHBIX MUKPOOHBIX
cooOuecTB. JlaHHOe Hccne0BaHUEe 00€CIeYBAET BOSMOKHOCTD KOJIMYECTBEHHO OLie-
HHUTb OMOTCHHYIO COCTABIISIIONIYIO OanaHca yrieposa, e€ AMHAMUKY M B3aUMOCBA3b C
9KOJIOTHYECKUMU (PAKTOPaAMHL.

KiroueBble ciioBa: reteporpodHble MUKPOOPTaHU3MBI, (QYHKIMOHAIBHOE Pa3HO-
obpasue, MyJIbTUCYOCTPaTHOE TECTUPOBAHHUE, TOMMEHHOE 03epo, moiima peku Oou, 3a-
nagHas Cuoupb

Hcrounnk pUHAHCHMPOBAHUS: UCCIEIOBAHNUE BBIIOJHEHO B PaMKaX rOCYAapCTBEH-
HOro 3a1anusi MUHUCTEPCTBA HAYKH U BbICIero o0pa3oBanus Poccuiickoii deneparin
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Summary. This study provides an opportunity to quantify the biogenic component
of the carbon balance, its dynamics and relationship with environmental factors. This
study is the first to evaluate the functioning of microbial communities in floodplain
lakes in the middle reaches of the Ob River from the perspective of studying their met-
abolic activity in the context of seasonal and spatial environmental changes. The pur-
pose of this work was to assess seasonal changes in the metabolic spectra of bacterial
communities in water bodies of the Middle Ob floodplain. During the summer low wa-
ter period (September 2023), winter low water period (snow period, March 2024) and
spring flood (May 2024), functional diversity and quantitative microbiological charac-
teristics of heterotrophic microbial communities in the surface and bottom layers of the
water column of three floodplain lakes located in the vicinity of the TSU research sta-
tion “Kaibasovo” (N 57.24569342272839, E 84.18459154598635), as well as the water
of the Ob River itself, were studied. Functional diversity was determined using the mul-
tisubstrate testing method on 96-well Biolog Ecoplate test systems (USA) with calcu-
lation of the AWCD (average well-covered development) index. The TMC (total mi-
crobial count), obtained by direct counting of bacterial cells in a fluorescent-stained
sample, was used as a quantitative characteristic. According to the nonparametric anal-
ysis of variance (Kruskal-Wallis ANOVA test, Median test), AWCD and TMC did not
differ between lakes (p>0.05). Seasonal changes were revealed for AWCD and TMC
(see Fig. 1). AWCD correlated (Spearman rank correlations were used, p < 0.05) with
the consumption of amino acids (0.52), carbohydrates (0.54), amines (0.50) and oxycar-
boxylic acids (0.62), TMC correlated with the consumption of carbohydrates (0.45) and
polymers (0.63). The dynamics of AWCD were similar for the surface layer of all lakes,
and did not show obvious patterns in the bottom layer. Throughout the year, higher
TMC values were observed in the bottom layer, although this pattern was not observed
for AWCD (see Fig. I). This is due to the effect of ultraviolet radiation from the sun
and the influence of allochthonous microflora on the current AWCD values. TMC in
floodplain lakes increased during winter low water and had minimum values during the
flood period. During the winter low water period, the AWCD and the consumption of
most substrate groups are higher in the bottom layer. Seasonal differences in consump-
tion of carboxylic acid phosphates (Kruskal-Wallis test: H (2, N=18) =10.36; p =0.01;
Median test: Chi-Square = 12.00; df = 2; p = 0.00) and polymers (Kruskal-Wallis test:
H (2, N=18) =7.18; p = 0.03; Median test: Chi-Square = 9.33; df = 2; p = 0.01) have
been identified (see Fig. 2). A large number of correlations between the consumption
of different groups of substrates, including within the surface and bottom layers, indi-
cate the cosmopolitan nature and functional interchangeability of representatives of mi-
crobial communities. Moreover, during low water, when conditions are most favorable
for the growth of microflora, the number of correlations was maximum (9 out of 15);
during the freeze-up period it decreased significantly (4 out of 15), which may indicate
a targeted growth of more specialized microflora. In May, the number of correlations
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increased again (5 out of 15). Seasonal changes in the functional and quantitative char-
acteristics of microbial communities did not correspond to each other - the increase in
the number of microorganisms did not cause an increase in functional diversity. The
microflora suppression during flooding characterizes the demi-seasonal succession of
the microbial community. Based on the data obtained, one can judge the functional
cosmopolitanism and functional interchangeability of representatives of microbial com-
munities of floodplain water bodies.

The article contains 2 Figures, 12 References.

Keywords: heterotrophic microorganisms; functional diversity, multisubstrate test,
fluvial lake, Ob river floodplain, West Siberia
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BBenenne

HccnenoBanne MUKpOOHMOIOTHYIECKOW TpaHC(OpMAIMK OPraHHIECKOTO Be-
IIeCTBa B MMOWMEHHBIX 3KocucTeMax Cnbupu nmeeT O0JbIIoe 3HaUeHHE, TaK KaKk
TAeT BOSMOXKHOCTH KOJIWYECTBEHHO OLIEHUTH OMOTCHHYIO COCTAaBILIIONIyIO Oa-
JaHca yriepoaa, e€ AMHAMUKY U B3aHMOCBS3b C DKOJIOTHIECKUMH U aHTPOIIOT €H-
HbIMH (pakTopamMu. OneHKa (YHKIIHOHAJILHOIO pa3HOOOpa3us sSBISAETCS OCTa-
TOYHO YYBCTBUTEIHHEIM, & TOTOMY aKTyalbHBIM B SKOJIOTHH MHKPOOPTaHU3MOB
AJBTEPHATUBHBIM ITOJIXOIOM B U3yUeHHH OMOpa3Ho00pa3us u 0OHApyKEHHUH OHO-
JIOTHYECKN BaKHBIX 3aKOHOMEPHOCTEH B JKU3HEIESATEIEHOCTH MUKPOOHBIX CO00-
miects [1]. OgauM 13 Hamboee BOCTpeOOBAaHHBIX CIIOCOOOB OIIEHKH (DYHKITHO-
HAJIBHOTO pa3HOO0Pasus CIUTAETCS METOA MYIBTHCYOCTPATHOTO TECTHPOBAHMS,
OCHOBaHHBII Ha CIEKTPO(POTOMETPUIECKOM OMpPEACICHIH HHTEHCUBHOCTH IIO-
TpeOJICHUS YTICPOICOACPKAIIUX CYOCTPATOB MUKPOOHBIMH COOOIECTBAMU [2,
3]. MyJbTUCYOCTpaTHOE TECTHPOBAHHE YCIENIHO NMPUMEHSETCS B HHTEpecax
MMOYBEHHONH MUKPOOHMOIOTHH, OHAKO B ITOCICIHEE BPEMs PACTET HOMYISIPHOCTh
3TOr0 METOZA B MCCICIOBAHMAX BOMHBIX MUKpoOOIeHo30B [4—7]. B mpencras-
JICHHOM HCCIICIOBAHNH BIIEPBHIC OIICHEHO (DYHKIIMOHHPOBaHWE MUKPOOHBIX CO-
00IIIeCTB OMMEHHBIX 03Ep cpenHero TeueHus peku OOH ¢ MO3UINH H3YIEHUS UX
METa0O0INIeCKO aKTUBHOCTH B KOHTEKCTE CE30HHBIX U MPOCTPAHCTBEHHBIX H3-
MEHEHHI OKpykaromeil cpenpl. 1{enp HacTosmield paboThl — OlEHKA CE30HHOTO
M3MEHEHHUS METa0O0IMYECKHX CIIEKTPOB OaKTEPHAIBHBIX COOOIIECTB BOIOEMOB
cpenHeoOCcKol ToMMEL. M3ydueHne (QyHKIIMOHAIBHOTO Pa3HOOOpa3us W KoJMde-
CTBEHHBIX MAKPOOMOJIOTHIECKUX XapaKTEPHCTHK OBLIO BHITIONHEHO IS TETEPO-
TPO(HBIX MUKPOOHBIX COOOIIECTB MTOBEPXHOCTHOTO M IMPHIOHHOTO CI0ST BOJHOMN
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TONIIM TPEX MOMMEHHBIX 03Ep, a TAaKXkKe BOJBI TOTOKa caMoil p. OOu B mepro
JIETHEW MEKCHH, 3UMHEH MEXEHH (JISIOCTaB) U BECCHHETO MOJIOBOIBS (TIaBOJIOK).

MarepuaJibl 1 METOABI

B xauecTBe 00BEKTa HMCCIENOBAHUS MCIIONB30BaHBI 00pA3IBl BOABI TPEX TH-
MMAYHBIX 03&p IEHTPAILHON IMOHMBI CpeTHeTo TeueHUs peku O0H, pacioioKeH-
HBIX B OKPECTHOCTSX HcclemnoBaTenbekoi cranmuu TI'Y «Kaitbacosoy [8], oTo-
Opannbie B ceHTA0pe 2023 (MexeHb), mapte 2024 (tenoctar) u Mae 2024 r. (ma-
BOJIOK) C TIOBEPXHOCTHOT'O U MIPHIOHHOT'O CII0st BOxHO# Toimu. [Togcuér obmero
grcia MUKpoopranm3MoB (OMU) ocCyIIecTBISUIH MOCPEICTBOM OKpPAIIABAHHS
MpernapaToB  (IyOpecleHTHBIM JIBYXKOMIIOHEHTHBIM KpacuteneM L7012
(LIVE/DEAD BacLight bacterial viability kit®) B cooTBETCTBHH ¢ peKOMEHIa-
OUSMH TIPOM3BOJUTEIS C ITOCISIYIONINM TOACYETOM KIIETOK COTNIACHO MPOTO-
KOITy M3TOTOBHUTEIIS C UCIIOJIF30BAHUEM JTIOMHHECIIEHTHOTO MHKPOCKOTIA «Zeiss»
Axio Imager Z2 (I'epmanus). OnieHKY MeTa00JIMYECKONH aKTHBHOCTH MUKPOOpPTa-
HU3MOB OCYIIECTBIIUIH IT0 METOIY MYJIBTUCYOCTPATHOTO TECTUPOBAHUS C TIOMO-
mipio TecT-cucteMbl «Biolog» Ecoplate (CIIA). ITnanmieTsl HHKyOHpOBaIM B
tepmoctate mpu 28°C 72 4 10 MPOSBIICHUS BU3yallbHO PETUCTPUPYEMOI OKPACKA
sigeek. 3MeHeHrne OKpacky B KaXKIOH JTyHKE U3MEPSUIH KaK OKa3aTelb OITHYIe-
CKOM TUIOTHOCTH TpH 510 HM ¢ HCITONTb30BaHNEM MUKPOIUTAHIIIETHOTO ()OTOMETPA
Multiscan FC («Thermo Scientific», China).

JIJIs CTaTUCTUYECKOTO aHai3a IMOMYICHHBIX TaHHBIX HCIIONb30BAINCH HEMa-
paMeTprueKie MeTonsl. [t mpoBepKH pacipeneneHuii Ha HOpMaIbHOCTD TIPH-
mersun kKputepuid [lamupo—Yunka mns p < 0,05, mmst IpoBEpKH COOTBETCTBUS
BBI0OpOK — KpuTepuid Kruskal-Wallis ANOVA mis p < 0,05, 3Ha4nMbie Koppe-
JISWA BRISBISUH 110 Kputepuio Crimpmena nipu p < 0,05. B kauecTBe KauecTBEH-
HOT0 TIOKa3aTellsl (PyHKIIMOHAIEHOT'O Pa3HOOOPa3Hsi MUKPOOOIIEHO3a TPHMEHSIITH
nagekc AWCD (average well-covered development), KOTOpBIH pacCUUTHIBAIIH ITO
M3MEHCHHUIO ONTHYECKOW TUIOTHOCTH MOTpedisieMoro cyocTpaTa B sueikax [3].
CrartucTryeckue pacueTsl U rpapUIecKyl0 BH3YaTU3alUI0 OCYIISCTBIIIN C HC-
nonp3oBaHueM makeroB 110 Statistica 6.4 u MS Excel 2021.

Pe3yabTarhl ncciiefoBanus U 00Cy:KIeHUE

He BrsgBiieno crarucruueck 3HayuMbIX oTnnduii AWCD n OMY s Box
pasubix o3ep (p > 0,05). Ce3onnbie usmeHenus 11 AWCD u OMY npencras-
JIeHBI Ha puc. 1.

Nunexkec AWCD koppenupoail 1o CIupMeHy ¢ TOTpeOJieHUEM aMUHOKHCIIOT
(0,52; p <0,05), yrmerozos (0,54; p < 0,05), amunos (0,50; p < 0,05) u okcukap-
6oHOBEIX KucioT (0,62; p < 0,05), OMY KoppeaupoBalio ¢ ”HTCHCUBHOCTBIO T10-
Tpebirenus yreonos (0,45; p < 0,05) u momamepos (0,63; p < 0,05).

JuHamuka 3HaueHni nokazaresis AWCD Oblna cxomHa Ui ITOBEPXHOCTHOTO
CIIOs1 BceX 03Ep M HE IEMOHCTPHPOBAIA SBHBIX 3aKOHOMEPHOCTEH B MIPHUIOHHOM.
B Teuenne Bcero roga orMeyanuck 6osee BeIcokue 3HaueHuss OMY B prIoHHOM
cioe mpH ToM, 9to st AWCD 3Ta 3aKOHOMEPHOCTh He paboTaia. ITo CBSI3aHO C
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TEM, YTO BOJBI [IPUIOHHOTO Cl10si Ooree OoraThl MUTATENLHBIMU BEIIECTBAMH, &
pa3sMHOXKEHHE OAKTEePHil B TOBEPXHOCTHBIX CIIOSIX MOAABIISICTCS COMTHEYHBIM Yilb-
TparoIeTOM.
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0 0 . -

1 2 3 1 2 3

¥ jleTHAS MeKeHb [summer low-water] ™ 3uMHSI MexxeHb [winter low-water] ™ naBojox [flood]

Puc. 1. OynkimonansHoe pa3HooOpasue u ob1as GakrepuaibHas 00CeMEHEHHOCTD
Bo0éMOB nokiMbl Cpeaneit O0u: a — 3HaUeHMs HHeKca QYHKIMOHAIBHOIO pa3Hoo0pasust
AWCD (average well-covered development), b — nokazarens OMY (o01ee MUKPOOHOE
S-4mci0), BEIPaXXEHHOE B MITH KJIIETOK B 1 M1 BObI (/ — MOBEPXHOCTHBIH CIOHM 03ED,

2 — npuIOHHBIN cioii 03&p, 3 — peka OOb)

[Fig. 1. Functional diversity and total bacterial count in water reservoirs of middle Ob floodplain:

a - values of the AWCD (average well-covered development) functional diversity index,

b - TBC (total bacterial count) index, expressed in million cells in 1 ml of water (1 - surface layer
oflakes, 2 - bottom layer of lakes, 3 - Ob River]

OMU B noitMeHHBIX 03€pax YBETHYUBAIOCH B 3MMHIOI0 MEKEHB ¥ IMEIIO MH-
HUMAaJbHBIC 3HAYCHUS B MepHon maBonka. CpaBHUBAS MOTYYCHHBIC PE3YIIBTATHI
€O 3HAYCHHSIMH MHJIEKca pa3Hoobpasus AWCD, MOXHO TIpennorararh, 4To cTa-
OMyM3aIsl YCIOBUW 3UMOW 00ecIieurBaeT SKCHAHCHIO W WHTCHCHUBHBIA POCT
(YHKIIMOHAIFHO KOMITETEHTHBIX MHUKPOOPTaHW3MOB W3 TPHUIOHHEBIX CIOEB, TaK
KaK UMEHHO B 3TOM CJIO€ B 3UMHIOIO MeXeHb BhIe nHAekc AWCD u nHTeHCHB-
HOCTB YIOTpeOIeHHsI OOIBITHHCTBA TPy CyOCTPATOB.

B naBonkoBbIit ieprog OMY ObUTO HU3KAM KaK B BEPXHHX, TaK U B HIYKHHX
CIOSIX (XOTS B HIYKHUX TOCTOBEPHO BBIIIIE, TAK KaK IIPOIECCHI TABOIKOBOT'O IIepe-
MEIIUBAHWS MCHBINE BIHSIIOT HAa COCTOSHUE TNPHIOHHBIX CIIOEB). CHIDKEHHE
(YHKINOHAIFHOTO Pa3HO00Pa3Hs IIPH MaBOIKE IPOSBISIETCS TONBKO B BUAE TEH-
JCHITUA — BEPOSTHO, M3-3a NPUBHECEHUS aJUIOXTOHHOW MHUKPO(IOPEI, KOTOpast
BIIUSIET Ha ITOKa3aTellb (PYHKIIMOHATIBHOTO Pa3HOOOPa3Hsl, HO HE CIIOCOOHA MHTEH-
CHBHO Pa3MHOXATbCS U OKa3bIBATh BIHMSHIE HA TEKYIIIE KOMMICCTBCHHBIE TIOKa-
3arenu. [1o Bcel BUIMMOCTH, B 9TO BpEMsI IIPOUCXOIUT CE30HHAS CYKIIECCHS MHK-
pOOHOTO cooO0IIeCTBA.

B O6u nokazarenin OMY cTaOWIbHO HEBBICOKHUE M O0JIAIAF0T HU3KOW CE30HHOM
n3meHunBocThIO (Kruskal-Wallis test: H (2, N=3)=2,00, p = 0,37; Median test: Chi-
Square = 3,00, df = 2, p = 0,22), 4TO CBOWCTBEHHO JUTs TEKy4HX BOmoEMOB. MHIeKe
AWCD BbIpOC B 3UMHIOIO MEKEHB, HO B OTIIMYHE OT 03EP MPOIEMOHCTPHPOBA 3HA-
YATEIBHBIA CKAYOK B TIEPHOA MTABOIKA, YTO MOKHO CBSI3aTh C IIPUBHECCHUEM B TI0-
BEPXHOCTHBIE CITON TIOTOKA JUTOXTOHHONH MUKPO(IOPEI OEPETOBBIX CMBIBOB.

Jlist ynoGcTBa OIleHKH (DYHKIIMOHAITLHON aKTHBHOCTH MUKPOOHBIX COOOIIECTB
OpraHHYEeCKUe CyOCTpaThl OBLIM OOBEMUHEHBI B (DYHKIMOHAIBHBIC TPYIIIHI, B
mpezenax KOTOPBIX OIICHUBAJIACh PEAKITHs coo0mecTB [2, 7, 9].
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[To kputepuio Kpackena—Yommuca B pasHBIX 03€paX CXOTHO TOTpeOiieHue
BceX cyOcTparoB, KpoMme okcukapOoHOBBIX kucior (Kruskal-Wallis test: H (2,
N=18)=06,17, p = 0,05; Median test: Chi-Square = 4,00 df =2, p = 0,14). 3na-
YUMOT0 BIUSHUSA (hakTopa TIIyOMHBI MPoOOOTOOpa HA MOTpeOIeHHe TPy Cyo-
CTPaTOB TAaKXKe BBISIBIICHO He Ob1T0. [10 7TOMY ’ke KpUTEPHUIO BEIBICHEI CE30HHEIE
ommuns B norpednennn gocdaros kapoboHoBex kuciot (Kruskal-Wallis test:
HQ2,N=18)=10,36, p=0,01; Median test: Chi-Square = 12,00, df=2, p <0,01)
u onumepoB (Kruskal-Wallis test: H (2, N = 18) = 7,18, p = 0,03; Median test:
Chi-Square = 9,33, df=2, p = 0,01).

Ce3oHHas JuHAMHKa MOTpeOIeHUs (YHKIHOHAIBHBIX TPYII CyOCTpaToB
Tpe/ICTaBIeHA Ha pUC. 2.

6 2 6 2
5 3 5 3
4 4 4

——JIeTHss MeKeHb [summer low-water] ——3uMHsL MexeHs [winter low-water] naBozok [flood]

Puc. 2. nrencuBHOCTD yrioTpebienust (o UHACKCY pa3BuTusl 1BeTa B stuelike AWCD)
rpymi cyocTpaToB MUKPOOHBIM COOOILIECTBOM MOMMEHHBIX BOIOEMOB: d — MOBEPXHOCTHBIN
cioit 03€p, b — npUIOHHBIHN ciol 03€p, ¢ — peka O0b (/ — aMUHOKHCIIOTHI, 2 — YTJIeBOIbI,
3 — docdarpl KapOOHOBBIX KHCIIOT, 4 — HOTUMEPBL, 5 — aMUHBI,

6 — OKCHKapOOHOBBIE KUCIIOTHI)

[Fig. 2. Consumption (according to the AWCD index - average well-covered development) of substrate
groups by the microbial community of floodplain water bodies: a - surface layer of lakes,

b - bottom layer of lakes, ¢ - Ob River (1 - amino acids, 2 - carbohydrates, 3 - phosphates of carboxylic
acids, 4 - polymers, 5 - amines, 6 - oxycarboxylic acids)]

Habmomaemas miHaMITKa MOXKET OBITH CBSI3aHA C Ta30BBIM PEKUMOM BOIOEMA!
HCTOIICHHUE 3a1Iaca pacTBOPEHHOTO KUCIOPOAa B CHETOBOH ITEPHOJ CITIOCOOCTBYET
WCTIONB30BAaHUIO YTTIEBOJOB, a HE aMUHOKUCHOT [ 7]. Ilo Becelr BUAMMOCTH, B 3UM-
HIOIO0 MEKEHb HAYWHAIOT HCIOJIF30BAThCSl IMEHHO 3aITachl (PUKCHPOBAHHOTO B yT-
neBonax yriepoza [7, 9, 10], a 3amacel aMHHOKHCIIOT HCTOIIAIOTCS C OTMUPAHUEM
Bomopocieit [11, 12], yto cmocoOcTByeT OoMnbIiell BEKUBAEMOCTH KOMIICTEHT-
HBIX MHKPOOPTaHU3MOB JIN00 cMeHe (pepMEHTaTHBHON cTpaTernu Oakrepuii-Koc-
MOITONNTOB. B mepros cHErorasHus W MaBOIKa CHOBA HAUMHAIOT aKTUBHO YIIO-
TPEOIATHCS aMIHOKHCIIOTEI, @ IIOTpeOICHHE YIIICBOOB U ITOJIMMEPOB CHIKAETCS,
BEPOSITHO, M3-32 UCTOIICHUS CyOCTpaTa 1 pa30aBieHHs TATBIMI BOIaMu [7].

Junamuka morpedneHus pocdaroB kapOOHOBBIX KHCIIOT yKa3bIBAeT Ha DKC-
MTAHCHIO MUKPOOHOTHI HIDKHHX CIIOEB BBEPX M3-3a 0OMENICHHSI BONOEMA B JIETHIOIO
MEKCHb.
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B Bone p. O6u auHaMuKa yrorpedinenus QyHKIIMOHAIBHBIX TPy CyOCTPaToB
ObLTa COBEPILICHHO MHOM.

Habnromamace MyJIbTHKOJUIMHEAPHOCTh IIOKa3aTelnell MHTEHCHBHOCTH IIO-
TpeONICHNUS Pa3IMYHBIX TPYIII CyOCTPaTOB, B TOM YHCJIE U B MpeAeiax MOBEpX-
HOCTHOT'O U MIPUAOHHOTO CIIOEB, YTO TOBOPHUT O KOCMOIOMHTHYHOCTH U (DYHKITH-
OHAJBHOW B3aMMO03aMENIaEMOCTH MPEACTABUTENEH MPUPOTHBIX MUKPOOHBIX CO-
obmrects. [Tpr 3TOM B MEKEHb, KOT/Ia YCIOBHsI HanOoliee OaronprusTHBI UTS PO-
cTa MUKPOQIIOPBI, MYJIBTUKOIUTHHEAPHOCTh ObllIa MAaKCUMAIIbHOW (HAOIIOIATNCH
KOppesiiuH JiIs 9 map cyocTparoB u3 15 BO3MOXKHEIX), a B IIEPUOT JISOCTaBa OHA
3HAYHMTEIBHO CHU3MIACH (4 u3 15), 4TO MOXKET CBUACTEIHCTBOBATH O TOUCYHOM
pocre Ooree CHENMHATHM3NPOBAHHON MUKpOQUIOphl. B Mae 4uciio Koppensiui
cHoBa Bo3pacTaio (5 u3 15).

3akiroueHne

UccrenoBannsie 03épa moimsl p. OOK HEe OTIUYAIUCH IPYT OT Apyra IO Yhc-
JICHHOCTH MHKPOOPTaHN3MOB U (PYHKIIOHATBHOMY pazHooOpasuto. OrpeneneHo
CE30HHOE BIMSHHE MOWMEHHOTO PeXUMa Ha (QYHKIIHOHAJIBHBIE XapaKTEPUCTUKU
MHUKPOOPraHU3MOB ITOWMEHHBIX BOZOEMOB. Ce30HHBIC H3MEHEHUS (DyHKIIOHAB-
HBIX ¥ KOJTMYECTBCHHBIX XapaKTEPUCTUK MUKPOOOIIEHO30B APYT APYTY HE COOT-
BETCTBOBAJIM — POCT YHCIIa MHKPOOPTaHU3MOB HE OOYCIIOBIMBAI YBEIMUICHHUE
(b YHKITMOHATEHOTO pa3Hoo0pa3us. JlnHaMuKa (O yHKIIMOHATLHBIX U KOJIMYECTBEH-
HBIX XapaKTePHCTUK MUKPOOHBIX co00MIecTB B p. OOH OT/IMYaIach OT TAKOBOH B
03¢€pax moiMel. [1pr 3TOM qrHAMIKA TTOKa3aTels (QyHKIHOHAIEHOTO pa3HooOpa-
37 ¥ OOIIEro YrciIa MUKPOOPTraHM3MOB i1t OO1 UMeEIH CXOIHEIH APYT ¢ IPyTroM
xapakrep. B neTHroro MexeHp (YHKINOHAIEHOE pa3sHOOOpa3ue B IMMOBEPXHOCT-
HBIX CJIOSIX BEIIIIE, Y€M B IIPHIOHHBIX, & YACICHHOCTE MUKPOOPTaHU3MOB, HAIIPO-
THB, HIDKE. B meprox 3uMHel MexeHH, KOTJja MEKpOOHBIE COO0IIecTBa (hyHKIIH-
OHHUPYIOT B CTAOMJIBHBIX, HO HEOOBIYHBIX TOMIETHBIX YCIOBHUX, O0NIee aKTUBHO
pa3BHBAETCs Y3KOCHENHATH3UPOBAHHAS MUKPOOHWOTa IPUAOHHBEIX CIOEB. B me-
PHOI IMaBOIKa AEATEIFHOCTh MUKPOOHBIX COOOIIECTB B 03Epax CHIIFHO YyTHETEHA:
pa3baBiieHHe TaJbIMH BOJAMH, H3MEHEHNE Ta30BBIX YCIOBHH, UCTOMICHUE Opra-
HUYECKOT0 CyOCTpaTa IMPHBOAAT K CHIIBHOMY CHIDKEHHIO OOIIEro YHcia MAKPO-
OpPraHU3MOB. YTHETeHUE MUKPO(MIOPHI IIPU ABOIKE XapaKTePH3yeT IEMHUCE30H-
HYIO CYKIIECCHIO MHKPOOHOTO coo0mecTBa. MybTHKOIITHHEAPHOCTE MTOKa3aTe-
JIell HHTEHCHBHOCTH TIOTPEOJICHUS TPYII CyOCTPaTOB MEXKIY COOOH yKas3pIBaeT
Ha (pYHKIMOHATFHYIO YHUBEPCAIHHOCTH MPEICTABUTENCH OHMEHHBIX MUKPOO-
HBIX COOOIIECTB.
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AnHotauust. MenonocHast nuena Apis mellifera L. sBnsercst onHuM u3 Haubonee
U3y4aeMbIX BUJIOB HACEKOMBIX BO BCEM MHUPE B CBS3H C €€ 3KOJIOIHUECKOI U SKOHOMH-
4ecKkoit 3HaunMocThi0. B Cubups MeioHOCHas uena 3aBe3eHa 240 jert Ha3a/l, OHa XO-
POLLIO a1aNTHPOBAIACH K IPUPOJHO-KIMMATHYECKUM YCIOBUAM U PACTUTEIBHOCTH pe-
ruoHa. [lepBble HayyHbIE HCCIEIOBAHUS MEIOHOCHON MYelbl MPOBeAEHB B ToMCKOM
yHUBepcuTeTe, OTKpbeIToM B 1888 1. B Hawane XX B. cOTpyIHHMKaMU YHHBEPCUTETA 3a-
JIO’KEHBI HayYyHbIE OCHOBBI [TYEJIOBOJICTBA, HO CHCTEMaTHYECKHUE MCCIIE0BaHU MeJI0-
HOCHOH MMYeNbl, BKJIOYasi TeHETUYECKUe, Hadamuch Tonbko cnycts 100 net. B HayuHo-
MPAaKTUYECKOM LieHTpe «Amucy Tomckoro rocymaapcrBenHoro yHusepcurera (TI'Y),
cozganHoM B 2004 r., mpoBOIATCA HCCIENOBAHHMA Pa3HBIX AaCHEKTOB MEIOHOCHOM
I4Yenbl, BKII0Yas OLIEHKY IOPOJHOTO COCTaBa, FeHETHYECKOro pasHoo0pasus, ouoso-
FHYECKUX M XO3SHCTBEHHBIX IOKA3aTeled MYeMHBIX CeMeil, 3apaKeHHOCTH 0oie3-
HSIMH, MEJIOHOCHOI1 0a3bl 1 p. B craThe npecTaBieH KpaTKuii 0030p HaydHbBIX HCCIIe-
JIOBaHHH U IOCTIKEHHUH B 001aCTH OMOJIOr MK ¥ TEHETHKU MEIOHOCHOM IT4eJIbl, BBIIION-
HeHHbIX B TI'Y, a Taroke mepcrneKkTuB UX BHEAPEHHUS B MPAKTUKY IMYETIOBOJCTBA U Ce-
JIEKIUIO MEIOHOCHOM ITYEBI.

KioueBble cioBa: menoHocHast muena, Apis mellifera, cpenHepycckas nopona,
JHK-mapxepst, Cubupb
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Summary. The honey bee Apis mellifera L. is one of the most studied insect species
worldwide due to its ecological and economic importance. The honey bee was intro-
duced into Siberia 240 years ago. It has adapted well to local natural conditions and
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vegetation. The first scientific research on the honey bee was carried out at Tomsk Uni-
versity, opened in 1888. Systematic research of the honey bee, including genetic stud-
ies, has been carried out at Tomsk University since 2004, when the scientific and prac-
tical center "Apis" was created. Various aspects of the honey bee are studied: biological
and genetic diversity, biological and economic signs of colonies, morbidity, honey re-
sources, etc. This article is a brief overview of scientific research and achievements in
the biology and genetics of the honey bee, carried out at TSU, as well as the prospects
for their implementation in beekeeping practice.

Morphometric and mtDNA analysis showed that most bee colonies are hybrids be-
tween the dark forest bee and the southern bee subspecies. In Siberia, there are popula-
tions of the dark forest bee (Ob and Yenisei populations). According to the analysis of
mtDNA and microsatellite loci, Siberian populations are the Apis mellifera mellifera
Siberian ecotype, which differs from the dark forest bee of the Ural and European pop-
ulations. An assessment of the adaptive potential (ecological and genetic characteris-
tics) of bee colonies of the Ob and Yenisei populations showed their high viability and
productivity in different regions of Siberia. These colonies were the basis of the breed-
ing core in the 4. m. mellifera bee farm. When breeding dark forest bees, we use both
classical selection methods and introduce molecular selection. We are the first to iden-
tify microsatellite markers that can be used to predict Nosema disease in the dark forest
bee. To select A. m. mellifera colonies that are highly productive for royal jelly, we use
the mrjp3 microsatellite locus, localized within the gene encoding the main royal jelly
proteins (marker-associated selection). Research conducted at Tomsk State University
contributes to the preservation of Siberian populations and the gene pool of the dark forest
bee, the development of the best signs of bee colonies through further selection and the
creation of highly productive lines.

The article contains 19 References.

Keywords: honeybee, Apis mellifera, dark forest bee, DNA markers, Siberia

For citation: Ostroverkhova NV. Genetic research of the honey bee Apis mellifera L.
at Tomsk State University. Vestnik Tomskogo gosudarstvennogo universiteta. Bi-
ologiya = Tomsk State University Journal of Biology. 2025;69:139-146. doi:
10.17223/19988591/69/16

BBenenne

MenonocHas naena Apis mellifera L. 3aBe3ena B Cubups B 1786 1., HO Hay4-
HBIE BOIIPOCHI ITYEIOBOACTBA A0 Hayana XX B. MPaKTHUECKH HE paccMaTphBa-
muchk. [lepBrie HaydHBIE WCCIEIOBAHHUS MEIOHOCHOW ITIETBI MPOBEICHBI yUe-
HBIMH TOMCKOTO YHUBEPCHTETa W IOCBSIICHB W3YYCHHUIO MEIOHOCHOW Oa3bl
9, OLIEHKE psi/ia OKa3aTeNlell CHOMPCKOro Mea, a TAKKe pa3padoTKe HaAyIHBIX
OCHOB MmuesioBozicTBa [1]. CucreMaTndeckne MCCIICAOBAHUS OWUOJIOTHH M TeHe-
THUKA MEIOHOCHO# UMbl Hadaich B TOMCKOM rocyIapCTBEHHOM YHUBEPCHTETE
(TT'Y) tonmbko B Havaste XXI B. [2-5], korma B TT'Y OblI co31aH HAyIHO-TIPAKTH-
yeckuid 1ieHTp (HITLI) «Amucy. OCHOBHBIMH HalpaBJICHUSMH IIEHTpa SBISIOTCS
OIICHKAa COBPEMEHHOI'0 COCTOSHUS Torynsiiuid 4. mellifera B Tomckoit obnacty,
COXpaHEHHE TeHO(OHIa MECTHBIX ITYEN M ONPEACICHUE ITyTel pa3BUTHS CHOHMp-
CKOro ImyestoBoyicTBa. [lenms paboThl — KpaTKuii 0030p UCCIIEIOBaHUH B 001aCTH OHO-
JIOTUY Y TEHETHKU METOHOCHOM MYelbl, mpoBoANMEIX B TI'Y, a Takke onucanue
HayuHbIX goctimxernii HII «Amucy u mepcnekTuB WX BHEIPEHHS B MPAKTUKY
ITYETTIOBOACTBA M CENCKITHIO METOHOCHOH ITYEIIBI.
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HccenenoBanne nopogHOCTH MeJOHOCHOI MYeJIbI

B Cubupu neproHaYaJIbHO Pa3BOIMIIACH TEMHAS JIeCHas muena Apis mellifera
mellifera L. (cpemHepycckas 1mopoja, SBONIONHOHHAS JIMHUSA M), KOTOpas Xo-
POIIO MTPHCIIOCOOMIIACH K MECTHBIM MPUPOTHO-KINMATHICCKIM YCIOBUSIM H Me-
noHocHoi 6a3e [1]. Ilepsrle ciydan 3aBo3a B CHOMPH OPyruX MOPOJ IMYEIT OIH-
canbl B 1920-x rr. C xoHma XX B. 3aB03 KOMMEPYECKUX JIMHUHN IMUEN FO)KHOTO
MIPOUCXOJKACHUS (KapmaTCKUX M KPaWmHCKUX I4en, mopoas! bakdact u ap.; 3Bo-
moronHas muHAA C), a 9acTo mUesl HEM3BECTHOT'O TPOUCXOXKACHIS, SBISICTCS
MacCCOBBIM U MPAaKTUIECKH HEKOHTPOIUPYEMBIM. DTO IPUBEIO K MEKIOPOAHON
rHOpUAN3AIIN 1T9ell, YMEHBIICHAIO apeata TEMHOH JIECHOH ITUelNbl H TIOTepe ee
YUCTOMOPOAHOCTH [2]. [HOpHIn3anus muen U CoKpaiieHUe MOMyJIsSiuid abopu-
TeHHBIX ITYeNT — aKTyallbHas MpodjieMa MHPOBOTO ITYEIIOBOACTBA [6—9], mpruemM
nonsua A. m. mellifera npusHan ucaesaromum B Esporte [10, 11]. Tubpumsr me-
Hee aJalTHPOBAHBI K H3MEHSIONIIMCS YCIIOBUSIM TIPHPOTHON CpeIbl, XapaKTepH-
3yroTCcsl 6ollee BEICOKMM YPOBHEM 3a00JICBAEMOCTH W CHIDKCHHEM HMMYHHTETA
[5, 12].

B yciioBusx ruOpuan3anyuy KIacCHUECKH MOPPOMETPUIESCKAN METO HCCITe-
JTIOBaHHMsI ITYeT He Beer/ia sisiercss nHpopMaTuBHBIM [3, 13]. I1Iupoko ucrons3y-
eTcs aHam3 noauMopdusma mutoxonapuaibHoi JJHK (Mt IHK), mo3Bomisrommii
OIPENICITUTh MPOUCXOXKICHIE CEMBH TOJIBKO IO JIMHWW MaTkH [ 14]. Pa3paboran-
Hblid corpyaaukamu HIIL[ «Amuc» airoput™, BKIFOYAOIIUN MophomeTprye-
CKOE M3y4YEeHUE TPEX MapaMeTPOB KpblIa B aHAIHN3 MeXKTeHHOr0 JIokyca COI-COIl
mt/IHK, mo3Bomnser oqHO3HAYHO YCTAaHOBUTH MOPOJAHYIO TPUHAIIE)KHOCTh U3Y-
yaeMoi ceMbH [2, 3].

Pe3ynpTaThl HicCIenOBaHUS IIOPOJHOTO COCTABA MEIOHOCHBIX ITYET C HCIONb-
30BaHUEM Merona Moppomerpun u MT/IHK-aHanm3a mokaszanu, 9Tto OOJIBIIHAH-
CTBO ITYEITUHBIX ceMel, oouTarmux B Cubupw, sBisitorcs ruopuaamu [2]. Bume-
cTe ¢ TeM Ha TeppuTopud CHOWpPH BEHISBIICHBI IOMYISIAH CPEIHEPYCCKOH I10-
ponsl (0Ockasi, eHuceiickas u ap.). Jis muesnr cCHOMPCKUX TMOMYJISAIAN OIMACAHBI
HOBBIE MHUTOTHIIBI HAa OCHOBAHMH CEKBEHHMpOBaHUs ayeneit nokyca COI-COIl
MTIHK, 4T0 TO3BONSET MPEANONOKHTE CYIIECTBOBAaHHE CHOMPCKOrO 3KOTHIIA
A. m. mellifera [4].

I'eneTnueckoe paznoodpa3ue MeJOHOCHOI MYeJIbI
10 MUKPOCATEe/UIMTHBIM JIOKYCaM

HccnenmoBanne MEIOHOCHBIX ITUENl CHOMPCKUX TTOIYIISIHIA, BKIIIOUasi CpeIHe-
PYCCKYIO ITYeNTy, ¢ HCIOIh30BAHHEM MUKPOCATEIUIMTHBIX JIOKYycoB (SSR) mo3Bo-
JIMJIO OMHUCATh TEHETHYECKOe pa3HO0Opa3re MECTHBIX ITYel U OICHUTH YPOBCHD
HWHTpOrpeccuu reHoB JuHUN C («I0XKHBIS» TIOPOABI) B IMHUIO M (cpenHepyccKast
mopoja).

Ha ocHoBanuu ananmsa nonmumopgusma 31 SSR-mMapkepa paszpaboraHa 6a3a
JTaHHBIX 0 BapruabenbHOCTH MUKPOCATEIUINTHRIX JIOKYCOB IS ITYET CPEeaHEPYC-
CKO# mmopojipl, obuTaromieid B8 CHOUpH, U TIpoBeJIcHa OlleHKa HH()OPMATHBHOCTH
n3ydeHHbIX JJHK-MapkepoB s MASHTH(OHUKAIIUA PA3HBIX TOPOJ ITUEN, OTHOCS-
muxes K auHEsM M u C [2]. Tlo cremeHn WH()OPMATUBHOCTH BBISBICHBI
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JIHK-mapkepbl, UMEIOIIHEe MOPOAO- MIIM JKOCIeNn(UIHbIE aJljielid. BoisBiieH
HHU3KAH YPOBEHb WHTpOrpeccuu reHoB muHuu C B JHHUIO M, 4TO CBHETENb-
CTBYET O YUCTOIIOPOTHOCTH CEMEH CPeIHEPYCCKUX MUl CHOMPCKUX MO,
CpaBHUTENBHBI aHANM3 TCHETHYECKOTO Pa3HOoOOpasws Ided  IOABHUAA
A. m. mellifera pasupix nonynsuid Poccun (Cubupb, Ypan (Oyp3sHCKas TOITy-
TA1UsA)) ¥ EBpOIBI BRISBUJ CYIIECTBEHHBIC OTJIMYHS BBIOOPOK CHOMPCKUX ITYET
OT BBIOOPOK TT4es OYP3sTHCKOW W €BPONEHCKHX OIS, YTO TaK¥Ke TIOATBEP-
JKJIaeT CYIIECTBOBAHHE CHOMPCKOTO SKOTHIIA CPETHEPYCCKOM Mopoas [2, 3].

JKOJ0ro-reHeTHYeCKHe UCCJIeI0BAHNS MEeTOHOCHOM IMUeJIbI

B mocnennue Tonsl B MUPOBOM ITUEIOBOJCTBE 0CO00C BHUMAHUE YACISICTCS
HCCIIEIOBAaHUSM B3aMMOJCHCTBHUI TCHETHYECKUX M CPEIOBBHIX (PAKTOPOB B pas-
JIYHBIX MOMYISIIHSIX A. mellifera, KOTOpbIE MOKA3bIBAIOT IYUITYIO aIallTHPOBAH-
HOCTHh MECTHBIX IYeI IO CPAaBHEHHIO C 3aBE3CHHBIMI KOMMEPUECKIMH JTHHUSMH
u ruOpugamu [15-17].

J71s1 OIIeHKH aJanTHBHOTO MOTEHIINANA CPEIHEPYCCKUX Muent B ycrmoBuax Cu-
OWpH M CpPaBHUTENHGHON XapaKTEPUCTHKH YHCTONOPOAHBIX W THOPHUIHBIX ceMei
H3ydeHa MHOTOJNCTHSS NWHAMHKA OWOJOTMYECKUX, IOBEACHUCCKAX W XO3Sii-
CTBEHHBIX IIPU3HAKOB MYENNHEBIX ceMel [5]. UncTomopoaabie ceMbH TEMHBIX JIEC-
HBIX ITYEN XapaKTePU3YIOTCs 00Iee BRICOKIMMH ITOKa3aTeIsIMA OCHOBHBIX ITPU3HA-
KOB TI0 CPaBHEHHIO ¢ THOpUAaMH. Pe3ynbTaTel MHOTOIIETHETO AKCIIEPUMEHTA 10
MePEMEIICHUIO CEME TEMHOMW JICCHOM IUYeITbl 0OCKOM M €HUCEHCKON MOy
B HOBEIE YCIIOBHUS OOMTaHUS Ha TeppuTopud CHONpPH CBUIETENBECTBYIOT O BEICO-
KOM aJIalTalliOHHOM HOTEHIMAJNIE ceMeil, OCOOCHHO TP Pa3BEACHUH B OJKHBIX
parionax. [[is mOBBIIIEHUST MEIOMPOYKTUBHOCTA CEMEW B CEBEPHBIX paiioHaX
HEOOXOINMBI KOPPEKTHPOBKA METOJIOB ITUEIIOBOKICHHUS 1 IPOBEICHUE CEJICKITH-
OHHBIX MEPOIPUATHHN.

C menplo COXpaHEHHs YHHUKAJIbHBIX CHOMPCKHX MOMYJIIAN M TeHodoHIa
A. m. mellifera B ToMckoi 00JTacTH CO3/1aeTCs MICSTIOMUTOMHUK CPEIHEPYCCKOM
MOPOJIBL, ITIEMEHHOE SIIPO KOTOPOTrO MPEACTABICHO CEMbSIMU OOCKOH U eHHCeH-
cKoO# momyssinmid. Ha 0CHOBE 9K0JIOr0-TeHETHUECKIX UCCIICIOBAaHUH pa3pabaThi-
BaIOTCS TEXHOJIOTUH 110 KyJIBTHBHPOBAHUIO YHCTOIOPOIHBIX ITUEI, IIOBBIICHHUIO
aIalITHPOBAHHOCTH ¥ IPOIYKTHBHOCTH CEMEH B CYPOBBIX MPUPOIHO-KIMMATHYE-
ckux ycroBmsix CHOMpH, BKITIOYAS IIPOTPAMMBI CEJICKIIHH.

CeJleKUMOHHO-TIJIEMeHHAasi pa60Ta B MYEJONUTOMHHUKE

CenexIoHHO-ITIEMEHHas pad0Ta B TUEIONMATOMHIKE, BKITFOYAIOIast KIIACCH-
YECKUE METO/BI U MICIIOIB30BAHIE MOJIEKYJISIPHBIX MapKepoB, HAaIlpaBJIeHA Ha CO-
XpaHeHHe a0OPUTEHHBIX MONYJSud A. m. mellifera oT CKpeluBaHUs C 3aBO3H-
MBIMH ITYE€JIAMH, TOBBIOICHHE TC€HETHYECKOTO0 W aJaNTallMOHHOTO ITOTEHIIMAja
TEMHOM JICCHOM ITYEITbI, XOPOIIO MPHCITOCOOICHHOM K ycnmoBusiM Cubupu. Hamu
BIIEPBBIC BBISABIICHBI MUKPOCATECIUTUTHEIE JIOKYCHI, 3HAUAMBIE TSI ONPEICIICHIUS
pHICKa pa3BUTHS HO3eMaTo3a Y TEMHOM JiecHoM muensl [18]. s otbopa BRICOKO-
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MPOXYKTUBHBIX TI0 MATOYHOMY MOJIOUKY ceMeit A. m. mellifera Hamu ucnonb3y-
€TCsl MUKPOCATEIUTUTHBINA JIOKYC mrjp3, TOKAIIM30BAHHBIA B T€HE, KOJUPYIOIIEM
OCHOBHBIE OSJIKH MaTOYHOI'0 MOJIOUKA (MapKep-orocpeoBanHas cenekius) [19].

3akirouenne

UccnenoBanus, npoBoauMbie B TOMCKOM roCyJapcTBEHHOM YHUBEPCHTETE,
CIOCOOCTBYIOT COXpaHEHHIO CHOMPCKUX TOMYJISAIUH U TeHO()OH1a TEMHOM Jiec-
HOM ITYEINBl, PA3BUTHIO JIYUIINX MPU3HAKOB MUETMHBIX CEMEH IMyTEM JaTbHEHIIIeH
CENIEKIINH U CO3/IaHUS BHICOKONPOAYKTHBHEIX JTHHUH. [lomydeHHBIE pe3ynbTaThl
SIBIISIIOTCSI OCHOBOH HayYHO 000CHOBAaHHOTO aJITOPUTMA MPOBEICHUS CEJICKITHOH-
HOIA paboTHI 110 OTOOPY M Pa3BEACHUIO CEMEH TEMHOM JIECHOW ITYEeIbl, aJalTHPO-
BaHHBIX K JIOKAJILHBIM IIPHPOAHO-KIIMMATHUECKAM YCIOBHSM M 00714 JaIOIINX BEI-
COKMMH XO3SHWCTBEHHO MOJE3HBIMHU TpH3HaKamu. JlampHEWIe ncciaenoBaHus
OyIyT HaIpaBJICHBI HA CO3JAHNE BHICOKOIPOAYKTHBHBIX CEJICKIIMOHHBIX JIMHHUN
TEMHOM JIECHOH ITUEITbl ¥ TPOBEACHNE TE€HETHUECKON TTaciopTu3anuu cemen. [lep-
CIIEKTUBHBIMU SIBIISTIOTCSI HCCIIEIOBAaHNUS, CBsi3aHHBIE ¢ onckoM JIHK-mapkepos,
ACCOIMHPOBAHHBIX C XO3SHCTBEHHBIMH IpPU3HAKAMH, HAIPHIMEp, IIPOTyKTUBHO-
CTBI0 MAaTOYHOT'O MOJIOYKA WA YCTOMYMBOCTBIO K OOJE3HSM, a TakKe pa3paboTka
MTOJXOOB IS ITPOBEICHUS MOJICKYIIIPHOM CENTeKIINH MEIOHOCHOU ITIEIBL.
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CenexnunonHblii 3¢eKT HHTPOrpeccun B Xxpomocomy SD maArkoii
nmeHuusl (Triticum aestivum L.) ot Buna Aegilops tauschii Coss.
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AuHoTamms. B nanHoM uccienoBanun usydeHs! 3 dexTsl nepenoca (MHTporpec-
CHH) B SPOBYIO MSTKYIO IMIICHHIy (parMeHTa XpoMocoMmbl SD OT BuIa 371aKOBBIX
Aegilops tauschii Coss., CBI3aHHOI'O C pa3MepoM KOPHEBO# cucteMbl. MHTporpeccust
MIPUBOIUT K 3HAYUTEIFHOMY YBEIMYECHHUIO JUTMHBI M MAacChl KOpHEW. JlaHHbIN [IeHHbII
arpoOHOMHUYECKHUi MpU3HaK ObLI epeHecéH B sipoBoii copt CaparoBckast 29 (C29), ume-
0L MaJICHbKYIO ¥ C1a0yI0 KOPHEBYIO chcTeMy. [lepeHoc ocyIecTBIEH ¢ TOMOLIBIO
CKpeLIMBaHUs U 0TOOpa Ha 1eIeBOH npu3Hak. Pe3ynbrat oTOopa oka3aics yCHelHbIM,
MOMY4CHHbIC TMHUH OTIMYAIOTCS OOJBIION KOPHEBOH CHCTEMOI M MOT'YT OBITh JJOHO-
pamu OONBIIOro pa3mMepa KOpHeH B celeKuuu. MHTporpeccus 0HOBPEMEHHO OKa3aia
MOJIOKUTENbHBIN 3(dEKT Ha colepKaHWe KICHKOBHHBI B 3€pHE M NPOAYKTHBHOCTD
PACTEHUIA MIIECHUIIBL.

KiroueBble ci10Ba: MHTpOrpeccusi, KOpHEBask CUCTEMa, MATKas MILEHUIA, TPOAYK-
TUBHOCTb, COJEPKAHUE KIICHKOBUHBI
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Baarogapnoctu: padots nposezeHsl B LIKIT penpoaykiwn pacrenuii Mucruryra mu-
tonorun U reneruku CO PAH (6romxernbiit npoekt FWNR-2022-0017).
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Summary. Roots are an integral part of the plant organism. This is the main organ
that records the soil water status and transmits signals to the shoot. The architecture of
the root system determines strong rooting of the plant and effective absorption of nutri-
ents and water from the soil. In wheat (Triticum aestivum L., genomic formula
AABBDD), the genes that determine the parameters of the root system are still un-
known. It was shown that synthetic wheats obtained using the species Aegilops tauschii
Coss. have a large root system. The single chromosome substitution line of Chinese
Spring (CS) variety, carrying 5D chromosome from a synthetic wheat has a large root
system. On its basis, recombinant (introgressed) lines were obtained that carry frag-
ments of chromosome 5D of Ae. tauschii and have a large length and weight of roots
(see Fig. 1 and Table 1). The breeding goal of our studies was to transfer this valuable
trait to the spring variety Saratovskaya 29 (S29) with a small root system. In the course
of successive selections form hybrids between S29 and IL 5D-5 line, early maturing
families with a large root system were obtained. Their average root length was 1.4 times
higher than that of S29, and their weight was more than three times greater (see Table
2). At the same time, the lines showed a grain weight per plant two to five times greater
than that of S29 while maintaining the thousand-grain weight at the level of the parent
variety. Most of the lines inherited a high protein and gluten content in grain. The pres-
ence of such a gene in this region of introgression in chromosome 5D was predicted
earlier. One of the lines, along with a powerful root system and high gluten content,
demonstrated excellent physical properties of flour and dough and may be classified as
a strong wheat.

The article contains 1 Figure, 2 Tables, 6 References.
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BBeneunne

Kopau — BaxkHelas 4acTh paCTUTENHHOT'0 OPraHN3Ma. ITO OCHOBHOM OpraH,
(UKCHPYIOMHN COCTOSIHAE BOTHOTO PEKMMa IOYBHI M TIEPEIATOIIN CHTHAEI T10-
Oery. ApXUTEKTypa KOPHEBOH CHCTEMBI OIIPENENsIeT IPOIHOE YKOPCHEHHE pac-
TeHUH U 3P PEKTUBHOE MOTIIOMEHIE ITUTATSIIEHBIX BEIIECTB U BOJIBI M3 TTOYBHI [ 1].
VY wsrkoi mmeHunsl (7riticum aestivum L., renomHas popmyna AABBDD,
2n=42, 6x =7), BTOpOH MO 3HAYUMOCTH CEIbCKOXO3IHCTBEHHON KYJIBTYPHI B
MUpe, TCHETHIECKIH KOHTPOJb ATOTO IPH3HAKA OrpaHnYeH WACHTH(UKAINEH B
psjie XpOMOCOM TIICHHUIIBI JIOKYCOB KOJTMYEeCTBEHHBIX Tpru3HaKkoB (QTL), cBsa3aH-
HBIX C Pa3IMYHBIMHA MTApaMeTpaMu KOpHEBOH cucteMsbl [2]. CHHTETHYECKHE TIIIIe-
HUIIBI C aHAJIOTHYHBIM TeKCAIUIONTHBIM TEHOMOM, Tl TOHOPOM TeHoMa D sBis-
FOTCS pas3iaudHbIe 00pasubl Buaa Aegilops tauschii Coss, CAUTAIOTCS BaXKHBIM HC-
TOYHHUKOM YITYUIICHHUS MATKOU MIIEHUIBL. BBIT0 0OTMEUEHO, UTO TAaKHEe CHHTETHKH
HMEIOT OOJBINYI0 KOpHEBYIO cucTeMmy [3]. PaHee Mbl 0OHApYXWMIIH, YTO JIOKYC
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Vrn-1, KOHTPONMPYIONINH SIPOBOM WMITM O3WMBIN THIT Pa3BUTHS, YIACTBYET B TeHeE-
THYECKOM KOHTPOJIE JUITMHBI K MacChl KOpHeW [4]. JlaHHBIA pe3ysibTaT ObLT MOJTy-
YeH C UCIIOJIb30BAHNUEM SIPOBBIX COPTOB — HOCHUTENEH JOMUHAHTHBIX aJlIeieH re-
HOB Vrn-Al w Vrn-Bl, a Takxke TUHUA C HHTPOTPECCUSIMH OT BUAOB-COPOANYICH
MIeHUIB. MBI TakKe MOKa3alid, 9TO WHTPOTPeccHsi XpoMocoMmbl 5D B reHOM
copra Yaitan3z CrnpuHT — MUPOBOM MOJENH JUIS M3yYEHUS TEHOMa IIIEHUIBI —
MIPUBOWT K 3HAYMTEIHHOMY YBEIHMYCHHIO JIUHBI U Macchl KopHer [5]. Llensio
TAHHOTO MCCIIeOBaHUS OBLIO IEPEHECTH IIEHHBI MPU3HAK U3 03UMOro 00pasima
B SIPOBOM POCCHICKHIA COPT U TI0Ka3aTh ero 3 (HEKThI Ha APyTHe arpOHOMUYCCKH
Ba)KHBIC TIOKA3ATEIIH.

MarepuaJibl U METOABI

B pabote ucronp30BaHbl TPU 03UMbIE HHTpOrpeccupoBanHble uanu NJI SD-5,
NI 5D-6 u MJI 5D-10 copra Yaitnuz Crpuar (UC) ¢ MHTpOrpecCHsIMH B paiioHe
rera Vrn-D1 xpomocomsl 5D [6], a Takke CEMBH ISITOrO TOKOJICHHS, TTOTyUeH-
HBIE CKpelnnBaHueM spoBoro copra Capartosckas 29 (C29) ¢ mmuueit UJ1 5D-5.
Ot cembu F5 (WR) momrydeHsl oTOOpOM B TIOCIIEIOBATEIBHBIX TTOKOJICHUSAX Ha
SIPOBOCTH M OOJNBIIYIO KOPHEBYIO CHCTEMY. B KauecTBe M3ydaeMBIX MPH3HAKOB
WCIIONIB30BATIN [UIMHY M CYyXyI0 Maccy KOpHEH. DKCIepUMEHTHI MPOBOAWINA B
YCIIOBUSIX THAPOMOHHON Terumibl MacTtuTyTa nnronornu u renetukun CO PAH.
VYcnoBust BeIpamMBaHusi paCTEHUN U y4ETa IPU3HAKOB omnrcanbl panee [4]. s
Ka)XIIOT0 TeHOTHITa OBUIO BRIPAIICHO MO 6 PACTEHUI B IBYX IIOBTOPHOCTSIX B Te-
YeHUE He MeHee TPEX TEIUTMYHBIX Ce30HOB. J{JIs OLEHKH JOCTOBEPHOCTH OTIIHYHIMA
MEKIY COPTOM-PEIUINEHTOM H JMHUSIMHA C HHTPOT PECCHSIMH NUCTIONB30BAJIH KPH-
tepuit CThIO/IEHTA.

Pe3yabTarhl ncciiefoBaHus U 00Cy:KIeHUE

VYBemueHne pa3mMepa KOPHEBOH CHCTEMBI ObIJIO CBS3aHO C HHTPOTPECCHEH B
paiioH rena Vin-D1 xpoMocoMsl 5D u 03UMBIM 00pa3oM u3Hu JiuHuid UJI 5D-5,
NI 5D-6 u NJI 5D-10. DddeKT 3Toil MHTPOrpecCHH MPOAESMOHCTPHPOBAH Ha
puc. 1 u B Tabn. 1. J[nuna kopHei#t yBennymiiack Ha 8 cM, a Macca — B 45 pas3. Tak
KaK JIMHUH SBJLIFOTCS MPOAYKTOM PEKOMOWHAIIMN MEXIy CHHTETHYCCKOU IIIe-
Huteil 1 coproM YC, TO TakuM ke 00pa3oM BO3MOXEH TEPEHOC 3TOM IICHHOMN
HHTPOTPECCUU B APOBOM copT. [l aToro ObUT Mconb30BaH copt CapaToBcKast
29 (C29) co cimaboii KOPHEBOW CHCTEMOI.

[Tocne ckpermmBanust ¢ nuHEer MJI SD-5 u naTukpaTHOr0 0TOOpa Ha IPOBOCTH
Y pa3Mep KOPHEBOM CUCTEMBI ObLTO mmoirydeHo 15 nmuauit WR. OHu xapakTepu3o-
BaJIMCh Pa3HOOOPa3HeEM IO IaTe IIBETEHHS OT PAHHUX JI0 CPEIHEPAHHUX U ITPOSIB-
TSI pa3HooOpasne Mo UIMHE U Macce KOpHEBOH cucteMbl. [1o Mmopdomormm mx
KOpHEBas cucTeMa Oblla cXOa ¢ KopHeBo# cucremoit simanu NJI SD-5. Ux or-
JIIYAII0 HEOTPaHWIEHHOE BTOPHYHOE BETBICHIE KOPHEH, KOTOpPOE HE IIpeKpalna-
JIOCh JTaKe ITOCTIe IIBETEHUS U CO3peBaHus 3epHa. B Tabi. 2 mpeacTaBieHsl cpel-
HHE 3HAYCHUS ABYX IEJIEBBIX TPU3HAKOB KOPHEBOW CHCTEMEI. [ITHA KOpHEH Tpe-
BBIMIAET Kak 3HadeHne copra C29, Tak U MHTPOrpECCUPOBaHHON JMHUA. Macca
KOpHel ObLIa 3HAUNTEIHHO BEIIIE, YEM y SPOBOTO COPTa, U MPHOIM3UTEIBHO CO-
orBercTBoBaja iuHUM WJI 5D-5.

149



Knemounasa ouonozus u zenemuxa / Cell biology and genetics

Puc. 1. Kopuesast cucrema copra-permnuenra Yaitnuz Crpunr (UC) (1)

u munmnit U1 SD-5 (2), W1 5D-6 (3) u UJ1 5D-10 (4) ¢ uarporpeccusiMu

B xpomocomy 5D ot Aegilops tauschii

[Fig. 1. Root system of the recipient variety Chinese Spring (1) and lines IL 5D-5 (2), IL 5D-6 (3)
and IL 5D-10 (4) with introgression into chromosome 5D from Aegilops tauschii)

Ta6auna 1 [Table 1]
Cpennee 3HaYeHHE JJIMHBI M MACChI KOPHeii Y JIMHMIA MATKO# IMIIEHUIBI ¢ UHTPOrpeccHei
B Xxpomocomy 5D ot Ae. tauschii (1JI) no cpaBHEHHIO ¢ COPTOM-PeLHIIMEHTOM
[Mean root length and weight in bread wheat lines with introgression into chromosome 5D
from Ae. tauschii (IL) compared to the recipient]

I'enoruns! [Genotypes] | nuHa kopHEH, cM [Root length, cm] | Macca kopHei, T [Root weight, g]
WJI 5D-5 [IL 5D-5] 28,0 £ 3,5%** 1,6 £0,4%*
WJI 5D-6 [IL 5D-6] 29,2 £ 2,6%** 1,4 +£0,8%*
WJI 5D-10 [IL 5D-10] 29,7 £ 3,0%** 2,4+0,5%
Ceemnent 21,74£2,3% 0,38 + 0,02

Tpumeuanue. YpOBHH 3HAYMMOCTH corjacHo kputeputo Quinepa: *** — p < 0,001;
** _p<0,01; * p<0,05.
[Note. Significance levels according to Fisher's criterion: *** - p <0.001; ** - p <0.01; * p <0.05].

Ta6nauna 2 [Table 2]
CpenHee 3HaYeHHe NIHHBI U MACChI KOPHEId, COlep:KaHus KJIeHKOBHHbDI,

a TaKyKe KOMIIOHEHTOB ypoxkasi y unuii WR ¢ unTporpeccueii B xpomocomy SD

oT Ae. tauschii u ux poauTebCKuX Gopm

[Average values of root length and weight, gluten content and yield components in lines WR
with introgression into chromosome 5D from Ae. fauschii] and their parental forms

Jnuna xop- | Macca kop- | Macca 3epHa Co;E‘epncaHne Macca 1 000

I'eHOTHIIBI HEeH, cM HEM, T C pacTeHusi, T KHCHK(;BHHH’ 3€peH, T

[Genotypes] [Root length, | [Root weight, | [Grain weight 0 [Thousand
cm] gl per plant, g] [Gluten grain weight, g]

content, %]
C29 [$29] 22,129 | 0,32+0,16 3,5+0,3 30,8 40,4
WJI5D-5 [IL 5D-5*]| 28,0+ 3,5 1,6 0,9 9,0+3,5 41,5+ 1,0 26,1+£2,6
Jluaun
[WR Lines WR] 33,0+£4,5 1,0+0,5 11,7+£2,0 37,5+£23 37,7£2,4

Tpumeuanue. * — sipoBusanus 60 AHEH.
[Note. * - 60 days vernalization].
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[NonoxxuTeTbHBIM, XOTS M HETIPEABUICHHBIM, CIICICTBHEM O0TOOpa Ha pazMep
KOPHEBOH CHCTEMBI OBIJIO 3HAUUTENFHOE YBEIUUICHIE CONEPKAHNS KICHKOBIHBI
B 3epHe (cM. Tabur. 2). OHO TIPEBBICKIIO 3HAYECHHUS 000uX poauTeneld. Taxxke mo-
JIOKATEITFHBIM M IIEHHBIM CBOHCTBOM HHTPOT'PECCHU CTAJI0 3HAUYUTEIHLHOE CPEl-
HEe yBENWYEHWE MPOAyKTUBHOCTH JinHMKM WR. ¥V HEHX yBenmunummace cpemHsist
Macca 3epHa ¢ pacTeHus Oojee ueM B 3 pasa 1o CpaBHEHHIO C SPOBBEIM COPTOM
C29 (cM. tabu. 2). IIpu atom cpemasis macca 1 000 3€peH Oblia commocTaBUMa C
coprom C29, KOTOPEIH XapaKTepU3yeTcsl COXpaHEHNEM ITOTO MMPU3HAKA B Pa3Iy-
HBIX YCIIOBUSX.

3akiroueHne

[NomydenHsle B pe3ynbTaTe SKCIIEPIMEHTA PE3YIBTATHI TO3BOIISTIOT TOBOPUTH
0 TepeHoce u3 Buaa Ae. tauschii CENEKIIMOHHO-IIEHHBIX T€HOB, KOTOPBIE YBEIIH-
YHBAIOT Pa3Mepbl KOPHEBOH CHCTEMBI M OMHOBPEMEHHO YIIYUIIAIOT TaKHUEe arpo-
HOMUYECKHE Ba)KHBIE MPU3HAKH, KaK MPOAYKTUBHOCTD PACTEHIS M COACPKaHHE
KIICHKOBHHBI B 3€pHE.
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AnHoranus. Kiimmarudeckue n3MeHeHus TpeOyloT yIeauTh BHUIMAHUE MEXaHH3-
MaM IOBBIIICHUS [UIACTUYHOCTH KYJIBTYP, IIOMUMO [IPOYEro, aJJalITHBHOCTH K 3acyXe.
B pab6ote uzydensl 3¢ dextsl 3amerieHns xpoMocom 4B 1 4D y Msrkoil sipoBoi mie-
HUILBI 3acyxoycroiuuBoro copra CaparoBckas 29 (S29) xpomocomoii 4Th meipes
(Thinopyrum ponticum (Podp.)). V 3aMel€HHbIX TUHUH MOAU(ULIMPOBAHO ONYIICHUE
JIUCTA, YTO CKA3bIBACTCS HA MapaMeTpax ypOKaiHOCTH B YCIOBHSAX ONTHMAJIbHOTO U
Je(DUIUMTHOTO PEKMMOB YBIIQKHEHHUS, A TAKKe Ha IapamMerpax (pOoTOCHHTE3a U TPaHC-
nupanun. Ha xpomocome 4B miuenuisl HaxoauTcest reH H I, onpeaensonmii poct Ha
JIUCTOBBIX IUIACTHHKAX OOJBIIOTO YMCIa HEAIMHHBIX TPUXOM, (OPMHUPYIOIIUX ILIOT-
HBIA cioii onymenus. Ha xpomocome 4Th mbipest pacroiioykeH roMeooruuHblil reH
HII™ popMupyrommuii ormyleH e THCTa W3 ITMHHBIX PA3PEKEHHBIX TPUXOM. 3aMele-
Hue napsl xpomocom 4B Ha 4Th ¢peHoTunuyuecky MPUBOAUT K CMEHE IUIOTHOIO [0JI0ra
TPHUXOM PEIKUMH JTMHHBIMU TPUXOMaMU. 3amelieHue napbl xpomocoM 4D va 4Th no-
GaBJIsieT pPe/IKUe IJIMHHBIE TPUXOMBI K INIOTHOMY CJIOI0 KOPOTKUX TpuxoM. Moauduxka-
LMY OIYIICHUS JIUCTA NPUBOAAT K M3MEHEHHIO YPOBHS MCHAPEHMS BOABI U IOIJIOLIE-
HMS YIJIEKUCIIOrO ra3a, NOoBbIIIaeT 3G GeKTUBHOCTh NCHOIb30BAHMUS BOIBI, YTO B UTOT'E
CKa3bIBAETCs HA YPO)KaiHOM MOTEHIMAJIe PACTCHUH.

KuroueBble cii0Ba: Msrkas niieHuna, 3aMeIi&HHble TuHuM, Thinopyrum ponticum
(Podp.), omyieHue ucra, TPUXOMBI, 3acyXxa, (POTOCHHTE3, YPOXKAHHOCTh
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Summary. Plants adapt to drought using various mechanisms, such as a developed
root system and a biochemical system of antioxidant protection. Also, leaf hairiness
affects the air surface stability and affects the work of the photosynthetic apparatus,
transpiration and assimilation of carbon. The spring variety of common wheat Sara-
tovskaya 29 (S29) is drought-tolerant varieties due to dense leaf pubescence and an
active system of antioxidant protection from stress. In chromosome 4B of this variety
carries a dominant gene for leaf hairiness H//, which forms a dense layer of short tri-
chomes. In this work, S29 lines with a substitution of chromosomes 4B and 4D for
chromosome 4Th from Thinopyrum ponticum (Podp.) were studied for drought adapt-
ability. Cultivation was carried out under controlled normal growing and drought con-
ditions in greenhouses and in vegetation chambers. The leaf hairiness contrastingly
changed in the substitution lines compared to recipient. In the line S29 4Th(4B) the
dense layer of short trichomes was replaced by sparse long trichomes. In the line
S29 4Th(4D), rare long trichomes are located among the trichomes characteristic of
the recipient. As can be seen from Table 1, the substitution line S29 4Th(4B) formed
significantly more productive ears, and the line S29 4Th(4D) formed significantly
more grains per plant that the recipient. This effect is observed both under conditions
of normal watering and drought. The weight of 1000 grains was about 32 g in both lines
under normal watering; this was similar to S29 with sufficient moisture. However, when
grown in drought conditions, the grain size dropped significantly. The total grain weight
from the plant did not decrease compared to S29 in line S29 4Th(4D) under drought
conditions. In the normal watering it was greater. The line S29 4Th(4B) did not change
the grain yield under irrigation, it was like in S29, but under drought, the grain weight
from the plant slightly decreased due to a decrease in the grain size. The parameters of
photosynthesis are given in Table 2. Under drought, the S29 4Th(4B) line used water
more efficiently compared to S29 due to a strong decrease in transpiration and a less
decrease in the rate of carbon dioxide assimilation. This property may preserve moisture
in the soil and can be useful for the plant population when grown in the field under
water deficit conditions. The line S29 4Th(4D) under drought practically did not re-
duce CO: assimilation, but significantly increased transpiration. Therefore, the
S29 _4Th(4D) line will be more productive under optimal water supply conditions.

The article contains 2 Tables, 10 References.
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BBeneunne

TprxoMBI, MOKPBIBAIOIINE OPTAHBI PACTEHH, UTPAIOT POJIb MEXAHUIECKOM 3a-
IIUTHI OT TOBPEKICHHUI HACEKOMBIMH HJIH TBUTFHBIMU BETPAMH, PACCEHBAIOT COJI-
HEYHYIO paJuanudio, U3MEHSIOT XapaKTep TCUCHHH BO3IyXa (JaMUHApHEIC HIIH
TypOyJIeHTHBIE) B IPUTPAHAYHOM CIIO€, YTO CKa3bIBaeTCs Ha TEMIIEpaType IIo-
BEPXHOCTH, paboTe YCTBUYHOTO ammapaTa, TpaHCIHpalud W Ta3000MeHEe U B
WTOTE Ha ypoxkaitHoM moTerruane [ 1-3]. ApoBoii copt msrkoi mmeHusr Capa-
ToBcKas 29 (S29) oTHOCHTCS K 3aCyXOYCTOHYMBBIM. DTO OIUH W3 MOAEIHHBIX
COPTOB, Ha KOTOPOM CO3JJaHO MHOYKECTBO KOJUIEKIINH ¢ HHTPOTPECCHSMHU T€HETH-
YEeCKOro Marepuaia OT JPYIHX COPTOB M POICTBEHHBIX BHUIOB. JIMCTBSI 3TOTO
COpTa UMEIOT TYCTOE OMYIIEHUE U3 MPOCTHIX TPUXOM JUTMHOHN mopsaka 150 MM
[4], koHTpOJIMpYeMoOe TIaBHBIM TeHoM HII B xpomocome 4B [5]. B mponuisix mc-
CJIEAOBAHUAX OMMCAHBI M3MEHEHUS aJalTallMOHHBIX CBOWMCTB JIMHUHA S29 Kak ¢
JOTIOJTHUTEIHHBIMA JOMUHAHTHRIMY T€HAMHU ONYIICHUS, TaK U Oe3 omymeHus [6,
7]. B naHHO# paboTe MPOAOIKEHBI HCCIICIOBAHNS MEXaHU3MOB 3aCyX0YyCTOWYH-
BOCTH TIICHUIIBI, CBSI3aHHBIX C 3aMmernieHnemM xpomocoM 4B u 4D copra S29 Ha
xpomocomy 4Th mieipest (Thinopyrum ponticum (Podp.)). IlepBoHayanbHO naH-
HBIE 3aMCMIEHHBIC JIMHAH CO3JaBalIICh KaK JOHOPHI CHHEH OKPAcKH 3epHa UL
MTOBBINIICHNS TTUTATEIBHBIX CBOWCTB IMIICHHUIBI [8], OJHAKO y HUX OOHAPYKEHBI
KOHTPACTHOE M3MEHEHHWE OIYIICHUS JINCTa B CPAaBHEHUHU C pEIUIIUEHTOM [9], a
TaKKe BUAUMBIC H3MEHEHUSI KOJMMYECCTBEHHBIX ITOKA3aTelleil ypoKaifHOCTH, YTO
MOCITY>KIJIO IPUINHON MX MIPUBIICUCHNUS B TAaHHYIO PadOTy.

MarepuaJibl U METOABI

B uccnenoBanuy yyacTBOBaJ M pacTeHHS MATKOW MImeHUIB! (17iticum aes-
tivum L) spoBoro copra CapaToBckas 29 ¥ ABYX JITHHH C 3aMeIIeHHEM Tapbl XPo-
MocoM 4B u 4D Ha mapy xpomocom 4Th nwipes Thinopyrum ponticum (Podp.)
Barkworth & D.R. Dewey. Xpomocoma 4Th mbIpest, mepeHecEHHAsA B TCHOM MSIT-
KOH TIIIIEHUIIBI, COACPIKAT TOMEOAJUICIBHBIN TeH omyineHus Hll ¢ HEeCKOJBbKO
HUHBIM 3 PeKTOM — OH QOpPMHUPYET eNMHUYHBIE TPUXOMBI ITHHOK 300—700 MKM
u 6onee [10]. CooTBeTcTBeHHO, y 3ameménHor TuHUA S29 4Th(4B) mutoTHBII
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CJIOM KOPOTKHUX TpUXoM S29 3aMeHEH Ha pelKue [UTMHHBIC, a y 3aMEMIEHHON JIH-
Huu S29 4Th(4D) otnenbHbIC JITHHHBIE TPUXOMBI (POPMUPYIOTCS ITOMUMO OO0JTh-
mroro yuciia koporkux [ 10].

JI71s1 o1ieHKH 3aCyXO0YCTOWYNBOCTH M3YYaIHCh KOMIIOHEHTHI YPOXKaifHOCTH, a
TaKXKe IapaMeTpsl (OTOCHHTE3a PACTEHUH, BRIPAIICHHBIX B KOHTPACTHBIX yCIIO-
BHsIX yBnaxxHeHMs. Cpeu mapaMeTpoB YPOXKAWHOCTH — YHCIO MPOTYKTHBHBIX
mo0eroB, 4ucio 3épeH, Macca 3epHa u Macca 1 000 3épeH 11 MIaBHOTO KoJjloca,
BTOPHYHBIX KOJIOCKEB M BCEro ¢ pacteHus. Cpeau mapaMeTpoB (pOTOCHHTE3a —
ckopocts Tpancrmpamun (E, MMomb/(M%c)), ycThHYHAS MPOBOIMMOCTH (gs,
MMoits/(M2c)), ckopocTh accumunsimn CO; (A, MkMoTB/(M*c)), 3 deKTHBHOCTD
rcnonb3oBanus BoasI (A/E). JIns nu3ydeHus mapaMeTpoB ypOXKaHHOCTH PacTeHUS
BEIPAIIBAIIICE B THAPONOHHON Terutuile LIeHTpa KOMIEKTHBHOTO MOIh30BAHUS
penponykiuu pacteauit Ullul' CO PAH no panee onncannoit meronuke [6]. Ba-
PHAHT C ONTHMAJIBHBIM PEKUMOM MTUTAHUS — TI0/Ia¥4a PACTBOpPa TPHIKIBI B CYTKH,
ocTaToYHas BIAXKHOCTH cyOcTparta 30-35% mepen odepenHoit mogadeid. B Bapu-
aHTe C 3aCyXOH PEKUM NMUTAHUS M3MCEHSUICS C MEepHoAa KyIIeHHUs, II0ava pac-
TBOpa OrpaHUYMBAjIAch 0 1—2 pa3 B HEMIEIO 110 MEPE CHIDKEHUS BIIAKHOCTH Cy0-
crparta 1o 20—15%. Beero BeIpamuBanoch mo a8€ TOBTOPHOCTH Ha MOJIMBE U 3a-
cyxe, 1o 10 pacrenuit kaxmoro reHoTuna. [lapamerpsl GoTocHHTE3a H3YIAITUCh
B KIUMaTW4yeckoi kamepe Plant Master, ycraHOBIIGHHOH Ha (UTOTPOHE
CUDUBP CO PAH cormacuo metoauke [6]. Kaxxapiit reHOTHIT BRIpaInBaics Ha
IBYX PEKHUMax BOIOOOECIIEUCHUS] — ONTHMAIBHOM M BopoaeuuuTHOM. OnTH-
MaJIbHBIM peXUM coOTBETCTBYET 60%-HOMY COIEpKaHUIO BOABI OT MOJHOMN Bia-
TOEMKOCTH TI0YBHI, BogoaepumTHbI — 30%-HOMY COIEpyKaHUIO BOJIBI OT IMOJI-
HOH BIaroeMKocTd. B olleHKe TOCTOBEPHOCTH Pa3iIiHii MapaMeTpOB UCIOIb30-
BaH t-kputepuil CThIOJCHTA.

Pe3yabTarhl ncciiefoBanns U 00Cy:KIeHUE

3amemenue xpomocoM 4B n 4D y S29 na xpomocomy 4Th mbeipes 3Hauun-
TEJIFHO MOBJIHSIIO Ha (DEHOTHII JINCTA pacTeHNH. 3aMeIIEHHbBIC IMHUN YHACIEIO-
BaJTM OT TBIPEs peIKKE JTTMHHBIC TPHXOMBI Ha JTHCThAX (Oonee 400 MKM), a TakxKe
OHH CHJIbHEE KYCTHIIUCh U UMEIT 03¢pHEHHOCTD BBIIIIE, UeM pelunueHT (Tadm. 1).
TeHmeHITNS K KYIIEHHI0 Y 00euX 3aMeIIEHHBIX JIMHUH TpeBbimana S29 B ycio-
BHSIX ITOJIMBA M 3aCyXH, IPH 3TOM Ha KyIIIEHUE CHUIIbHEe Bivsiia 3amMeHa 4B / 4Th,
rze pa3amdus JocToBepHbL. Ha obmem umcie 3€peH, 03epHEHHOCTH TIIABHOTO H
BTOPUYHBIX KOJIOCKEB JIydIlle cKa3ajach 3aMeHa 4D Ha 4Th, mpuuém Ha moymBe 1
Ha 3acyxe. [Ipu aTom obmas Macca 3epHa C pacTEHHs OKa3ajach BBIIIC Y JIMHUHM
S29 4Th(4D) TompKko Ha MONKBE, a 3aCyXa HHUBEIUpPOBAJIA Bech d(P(PEKT Ha Maccy
3epHa OT 3amemnieHns XpoMocoMbl 4D. McxomHbiil copT MeHee MOABEPKEH CHIXKE-
Huto Macchkl 1000 38peH B 3aCYNUIMBBIX YCIOBHSIX, TOTNAa KaKk 00¢ JIMHUW 3HAYH-
TEIFHO CHU3WIIN KPYITHOCT 3¢pHA Ha 3acyxe. B maHHOM IilaHe MOJKHO CIIeNaTh BBI-
BOJI, 4TO 3amMelneHue xpomocoM 4B 1 4D xpomocomoii 4Th meipest criocoOCcTByeT
TIOBBIIICHHUIO YPOKAIHOT O IIOTEHITHANA, HO TONBKO B OJIATOIPHATHBIX YCIOBHSX.

JpyruM acriekToM paboTHI CTaj0 H3ydeHe H3MEHEHUS MpoIeccoB (poTocuH-
Te3a W TpaHcmupanuu. Kak BumHO U3 Tabn. 2, yCIOBHS BBIpAIlUBaHUS TOCTO-
BEPHO BIMSIOT Ha CKOPOCTh TPAHCHHUPAINHN, aCCHMUILIIINN YTIICKUCIOTo Ta3a u
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YCTBUYHYIO IMPOBOAUMOCTE copTa S29. 3a cuét Goliee pe3KOro CHUKECHHUS Ha 3a-
CyX€ aCCHMIISIIINY B CPABHEHHH C TPaHCHHpannei nanaer u 3p¢GEeKTHBHOCTD HC-
moJib30BaHus Bojbl. 3aMemiéHHas auHusS S29 4Th(4B) Ha 3acyxe IOCTOBEPHO
CIUIbHEE CHHU3MJIA YCTHHYHYIO IPOBOIMMOCTD, OHA B OONBIICH CTENICHH CHIKAJa
TpaHcnupanuio, 4em noriomieane CO,, T03TOMY y 3TOW JTUHUH C PEAKUMU JITHH-
HBIMU PEIKAMH TPHXOMaMH Ha 3aCyXe JOCTOBEPHO BEIpOCia 3¢ (heKTHBHOCTH HC-
MOJIH30BaHISI BOJBI B CPABHEHHH C PEIIUTIHEHTOM.

Ta6nauna 1 [Table 1]
CTpYKTYpPHBIH aHAJIN3 YPO:KAHOCTH 3aMeIEHHbIX JIHHUNA B CPABHEHUH

C peMIIUEHTOM HA MOJUBE U 3acyXxe
[The structure analysis of substitution lines compared to recipient]

o Bropuunsie
Pactenue B 001emMm I'maBHbI# KOITIOC KOITOC
[Parameters per plant] [Mein ear] JTOCEA
[Secondary ears]
Feno- | ducino | Yucno | Macca | Macca | Yucno | Macca | Macca | Yucio | Macca
— noberoB| 3épen |3epHa,r| 1 000 | 3&pen |3epua,r| 1000 | 3&pen |3epHa,
[Geno- [Number | [Grain [Grain 3épeH, [Grain [Grain 38peH, T [Grain r
types] of'tillers] | number] | weight, r number] | weight, | [Weight | number] | [Grain
gl |[Weight g] of 1000 weight,
0f 1000 grains, g] gl
grains,
gl
ITonuB [Irrigation]
3,7 90,4 £ | 2,89+ | 31,8+ 1,04+ | 35,6+ 614+ | 1,86+
§29 1,1 33,7 1,22 5,6 290+4,5 0,23 5,9 32,0 1,07
S29 4Th| 5,0 945 £ | 2,86+ |31,65+ 274499 0,8+ 30,0 + 67,1+ | 2,06+
(4B) 1,5% 35,3 0,86 8,5 ’ 1 0,29* 5,8% 31,8 0,82
S29 4Th| 42 + 110,7 £ | 3,59+ | 32,7+ 36,4+ 1,27+ | 35,1+ 744+ | 232+
(4D) 1,3 36,6 1,12 2,3 5,0%%* | (,]15%* 3,1 35,0 1,05
3acyxa [Drought]
2,8 + 70,1 £ | 2,13+ | 30,0+ 092+ | 312+ 40,8+ | 1,21+
829 0,7 16,6 0,68 4,9 29.4+4.3 0,21 5,3 16,4 0,60
S29 4Th| 3,8 + 83,8 + 1,98+ | 239+ 28,5+ 0,74+ | 26,0+ 553+ | 1,24+
(4B) 1,4* 36,1 0,90 5,7 12,4 0,35 7.4* 29,5 0,69
S29 4Th| 34 + 88,3 + | 2,14+ | 24,6+ 33,6 + 0,87+ | 263+ 548+ | 1,26+
(4D) 1,2 23,7* 0,50 3,3%* 5,6% 0,13 3,2%* 24,6 0,54

Ilpumeuanue. Pa3nuuus mapamMeTpoB MEXIy KOHTpOJeM U 3acyxoi (+ — p < 0,05; ++ —
p <0,01; +++—p <0,001); paznuuus napamerpoB Mexy coprom CaparoBckasi 29 v TMHUSAMH,

CO3/IaHHBIMU HA €€ FeHeTHYeckor ocHoBe. * — p < 0,05; ** — p <0,01; *** — p <0,001.

[Note. Reliability of parameter differences between irrigation and drought (+ - p < 0.05; ++ - p < 0.01;
+++ - p < 0.001). Reliability of parameter differences between the substitution lines and the recipient
*-p<0.05; ¥* - p<0.01; *** - p <0.001].

B ycnoBusix 3acyxu pacTeHUs C TUM T'€HOTHIIOM HHIUBHIYaIbHO c(hOpMHPO-
BaJIM HECKOJIHKO MEHBINYI0 MacCy 3€pHa B cpaBHEHHU C S29, XOTA KOimde-
CTBEHHO 3€peH ObLT0 Oombie (cM. Tabu. 1). Ho Gonee SKOHOMHBIH pacxo]| BIaru
MTOYBHI U MOBBINICHHAS 3()(PEKTUBHOCTL MCIIONL30BaHUS BOJBI (Ta0I. 2) B IoJIe-
BEIX YCIIOBHSAX TEOPETHUESCKH MOTIIH OBl TIOJIOKHUTENIHFHO CKa3aThesl Ha MPOXYyK-
TUBHOCTH TONYJALNWN pacTeHuid. MHade pearmpoBama Ha 3acyxXy JIHHHUS
S29 4Th(4D) ¢ koMOMHUPOBaHHBIM OITyIICHUEM. Y HE€ YPOBEHb aCCHMMUJIIAIINH
CO; ocTaBaJicsi CTAOMIIBHBIM Ha ITOJIMBE U 3aCyXe.
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Ta6nauna 2 [Table 2]
I[Mapamerps! ¢poTocuHTe3a 3aMeIEHHBIX JTUHUI B CPABHEHUH
C pelUNIUEHTOM Ha MOJIMBe U 3acyXe
[The photosynthesis parameters of substitution lines compared to recipient]

DdbeKTUBHOCTD
CKOpOCTh TpaHCIH- YcrbuuHas CKOpOCTb accUMH-
HCIIOb30BaHHS
Feno- pauuu MPOBOJMMOCTh msinun CO2 SOl
[Transpiration rate |[Stomatal conductivity| [CO, assimilation ABL
THIIBI (E)] mmol/(m?s) (g9)] mmol/(m?s) | rate (A)] wmol/(m?s) | [V ater use efficiency
[Geno- H (A/E)]
types] | Tlonus 3 Toms | 5 Homs | 5 Toms | 5
[Irriga- acyxa [Irriga- acyxa [Irriga- acyxa [Irriga- acyxa
tion] [Drought] tion] [Drought] tion] [Drought] tion] [Drought]
1,61+ 130+ 1255+ 96,1 + 3,74+ 2,63+ 2,38+ 2,06 +
S29 0,29 25,5 0,49 0,42
- 0,23 o 18,8 A 0,59 i 045
S29 4Th 1,59 £ 1,12+ 1203 + 82,5+ 3,54 + 274+ 226+ 248 +
4B) 0,18 0,20 15,0 15,9 0,53 043 039 0,38
( -+ * -+ * -+ ’ ’ ok
1,37 £ 1,88 £ 105,1 = 146,6 = 3,17+ 2,45+ 1,71 +
SBATh 500 | 023 19.1 196 | I 033 | oss | 023
(4D) B S Hkosk EEEE S Hkosk Hkosk +++ ek

Tpumeuanue. Cm. npumMeyanue Tadm. 1.
[Note. See notes in Table 1].

[Ipu aTOM B YCIIOBHSX ONTUMAIIFHOTO MTOJIMBA HCIIAPECHHUE BOABI M YCTHUIHAS
MIPOBOJMMOCThH OKa3aJIMCh CYIIECTBEHHO CHIIKEHBI B cpaBHEHWU ¢ 529, a Ha 3a-
CyX€ OTHU IapaMeTphl, HAIIPOTHB, OBLTH JOCTOBEPHO BHIIE. B ycrmoBusax 3acyxu
9TO TOCTOBEPHO CHUXKAJIO 3(p(hEeKTHBHOCTH MUCIIONB30BAHUS BOJIBI B CPABHEHHUH C
PEIUIIHEHTOM Ha 4YeTBepTh. Kak BuIHO U3 Ta0I. 1, Takast TAKTHKA JaET paCTCHISIM
MPEUMYIIECTBO B YCIOBHUSX JOCTATOUYHOTO YBIAXKHEHUS, TO3BOJISI TPOM3BOJUTH
OOJIBIIIE MTOJTHOBECHOTO 3epHAa.

3akioueHne

[IpoBenénHbIE HCCIEMOBAHUS TOKA3BIBAIOT, YTO 3aMENIeHne XpoMocoM 4B Ha
4Th y CapatoBckoit 29, 3aMeHsoIIee T'ycTOe KOPOTKOE ONMYIICHHE PEIKHMH
JUIMHHBIMHA TPUXOMAaMH, XOTS M yBeTHM4nBacT 3()()EKTUBHOCTh HCIOIH30BAHUS
BOJIBI, HO B IIEJIOM BEJIET K CHIDKEHHIO CKOPOCTH (DOTOCHHTE3a M yPOKANHOCTH Ha
3acyxe. 3amMernieHue xe xpomocoM 4D Ha 4Th, momonHsIOIIEe OMyIIEHUE PEIH-
MMACHTA CAMHWYHBIMH JUTMHHBIMHA TPUXOMaMH, OJIATONPHUATHO CKa3bIBacTCsA Ha
YPOXKaWHOCTH B YCIIOBHSIX ONTHMAJIbHON BIa)KHOCTH TOYBBI, HO HE ITO3BOJISET
pea30BaTh YpOXKAMHBIN TOTEHIMAI B YCIOBHSIX 3aCYXH H3-32 MeHee 3 deKTrB-
HOT'O UCITOIL30BaHMUSI BOJEI.
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AHHOTaUWs1. AJITaillbl B OCHOBHOM MPOXKHBAIOT Ha Teppuropuu Pecry6uku I'op-
Hblii Antail. [IpoBeneHo ucciiejoBaHHe COCTaBa U YacTOT TaIuIorpymnn Y -XpOMOCOMBI
y CEeBEpHbIX M IOXKHBIX anrtaiieB. ONUCaHO paclpenesieHHe YacTOT TIaluIorpyIil
Y-XpOMOCOMBI Yy KOpEeHHOr0 HaceneHust PecryOinku AnTaii — ceBepHbIX antaiiies (Ky-
MaH/IMHIIEB, YEeJIKAHIEB, Ty0aIapoB) U FOXKHBIX AJITAUIIEB (TEICHIUTOB U alTal-KHIKH)
JUISL HOAPOOHON XapaKTEpPUCTHKU CTPYKTYPbI MX FeHO(OH/IOB ¢ MOMOLIBIO OIHCAHUS
coctaBa ramiorpynn Y-xpomocomsl 1 Y STR-ramnorumnos, onpenensieMbIx Ha OCHOBa-
HHUM FeHOTUIUpoBaHus Oonpioro konndectBa SNP u 44 YSTR-MapkepoB ee Hepekom-
Oounupyromend yactu. s OONBIIMHCTBA anTailCKUX HapOJOB XapaKTEPHO HaIM4He
Pa3IMyYHBIX BapUAHTOB ramiorpymmsl R1al, HO A7t KaKI0H OTAeNbHOM CYOIHHHIH T10-
Ka3aHO criel(UYHOE PACIIPEISICHHE 110 YaCTOTaM Y pa3iMuHbIX STHOCOB. BapuaHTbl
9TOH TaIuIOrPYIBl CBA3aHBl C PACCEICHUEM Ha TEPPUTOPHUIO coBpeMeHHOH OxHOoi
CubHpH TIOPKCKHX IUIEMEH. [ aIuioTHIbI 10 Pa3HbIM TaIuIorpyIaM TakKe J0CTaTOYHO
CHJIBHO Pa3iIMYalOTCs B PAa3HBIX ITHHUYECKHX BbiOOpkax. ['ammorpymmer Qlblalalg~
(YP3951) u Qlbla3bla (YP1693) siBnsirorcst HacnemueM aOOPUIEHHBIX IIEMEH CHU-
celickoit s3pikoBOi ceMbr. Hamuuue ramnorpymnmnst N1a2blbl (B478) B renodonmax
CEBEPHBIX U IOXKHBIX AJITAMLEB CBA3aHO ¢ A0OPUI€HHBIM CaMOIMICKMM HacelIeHHEM,
KOTOpOE MPOXKUBAJIO HA ITUX TEPPUTOPHUSX JO NPUXO0/Ia TIOPKOB U MOHT'OJIBCKUX ILIe-
MeH. [lonyueHHble pe3yabTaThl COCTaBa U 4acTOT raruiorpymi Y-XpoMOCOMBbI CBHIIE-
TEJBCTBYIOT O CMELICHWH Pa3iIMYHbIX MPeaKoBeIX rpynm. [ammorpynmer C2ala2a2a
(Y12825), C2ala3alc (Y12782), C2blalalal, Nlalalala3a2 (B219) y antaii-kimxu u
TEJICHTUTOB YHACJIEIOBAHbl OT MOHI'OJILCKUX IUICMEH, NEePECEIUBLINXCS HA TEPPUTO-
puro AnTas 3a nocieaHue coTHH jieT. COCTaB M 4acTOThI TaIuIOrpyIl MEXy BCEMU
UCCIIEIOBAHHBIMHM 3THOCAMU CHJIBHO PA3iIMYaOTCd MEXAY HUMH. DTO COOTBETCTBYET
JIAHHBIM aHTPOIIOJIOrOB U 3THOrpa()OB, OMMCHIBAIOIIMX JOCTATOYHO CIIOKHOE ITHHYE-
CKOE NPOMCXOXK/ICHUE 3THX HAPOIOB.

KioueBble ciioBa: reHOQOH] aTailieB, 3THOreHe3, Y-XpoMocoMa
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Genetic landscape of the Altai peoples by Y-chromosome haplogroups

Vladimir N. Kharkov', Larisa V. Valikhova?,
Faina A. Luzina®, Vadim A. Stepanov*

124 Research Institute of Medical Genetics Tomsk National Medical Research Center,
Tomsk, Russia
3 Research Institute for Complex Problems of Hygiene and Occupational Diseases,
Novokuznetsk, Russia
"' viadimir-kharkov@medgenetics.ru

Summary. The Altaians are a Turkic-speaking people who mainly live in the Altai
Republic. They are divided into several ethnic groups. The number of northern Altaians
is much smaller than the southern ones. Significant differences have been shown be-
tween them according to anthropological and linguistic data. The northern Altaians
have the most pronounced shift towards the Uralians. They were formed as a result of
the interaction of ancient Samoyedic, Ket, Ugric and Turkic tribes. The southern Al-
taians were formed due to the mixing of Turkic and Mongolian tribes. The material for
the study was DNA samples of men belonging to different ethnic groups of the Altaians.
The total sample of northern Altaian men was 139 people: Tubalars (N = 99), Chelkans
(N =27), Kumandins (N = 13). The sample of southern Altaians males consisted of
434 people: Telengits (N =99) and Altai-Kizhi (N =335). Using 386 SNP markers, the
belonging to Y-chromosome haplogroups was determined. Analysis of STR haplotypes
within haplogroups was carried out using 44 YSTRs (DYS19, 385a, 385b, 388, 3891,
38911, 390, 391, 392, 393, 426, 434, 435, 437, 438, 439, 442, 444, 445, 448, 449, 456,
458,460,461, 481,504, 505,518, 525, 531, 533, 537, 552, 570, 576, 635, 643, YCAIla,
YCAIIb, GATA H4.1, Y-GATA-A10, GGAAT1B07). The samples of northern and
southern Altaians differ significantly in the composition and frequencies of Y-chromo-
some haplogroups. Haplogroup Rlalalb2el~ (YP1509) is completely dominant
among Tubalars. Individual samples of Kumandins and Chelkans belonging to this hap-
logroup differ in haplotypes from Tubalars. This sublineage does not demonstrate a
recent founder effect and a significant increase in the number of descendants of a com-
mon male ancestor over the past hundreds of years according to YSTR haplotypes.
Some samples of Tubalars, Kumandins and Chelkans belong to the related haplogroup
Rlalalb2a2a3~ (Y42090). Among Tubalars, its frequency is 22%. These two haplog-
roups (Rlalalb2el~ and Rlalalb2a2a3~) are the heritage of the Turkic peoples. Hap-
logroup Qlblalalg~ (YP3951) is dominant in the Chelkans (63%) and forms a star-
shaped phylogeny with a recent founder effect in the male line. Its two branches in the
Chelkans, Kumandins and Tubalars are associated with the descendants of the local
population of this region related to the peoples belonging to the Yeniseian language
family. The Kumandins have the highest frequency of the R1blalala (M478) lineage,
which was found in only one Altai-Kizhi man. The haplogroup Rlalal (YP1518) is
dominant in frequency in the Telengits (58%), which is present with a very low fre-
quency in the Altai-Kizhi. The dominance of this haplogroup is associated with the
legacy of the ancient Turkic-speaking Tele tribes, who were not included in the North-
ern Altaians and Altai-Kizhi. The second most frequent (10%) haplogroup is
Nlalalala3a2 (B219), which is dominant among the eastern Buryats and is present
among the Mongols and Tuvans. They also have haplogroup N1a2blb1 (B478), which
is inherited from the local Samoyed population, with a frequency of 6%. Their popula-
tion samples from different villages differ in haplogroup frequency. The Altai-Kizhi are
dominated by haplogroup Rlalalb2a2a3blal~ (YP1542) (30%). Three more of their
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haplogroups are predominant in the descendants of the early population of modern
Mongolia - C2ala2a2a (Y12825), C2ala3alc (Y12782), C2blalalal, Nlalalala3a2
(B219) are present in many villages where the Altai-Kizhi live. Eighteen men from
various villages belong to haplogroup Qlbla3bla (YP1693), which occupies 13% of
the total sample of Tuvans. The southern Altaians have haplogroups D (15 samples)
and J2b2b2 (Y18042) (18 samples). Nineteen men belong to the Samoyedic haplogroup
Nla2blbl (B478), which makes up a small frequency in samples from different re-
gions. Haplogroup J2b2b2 (Y18042) is associated with people from the territory of
modern Iran and the Middle East. In this research we revealed that the most frequent
sublineages of the Y chromosome among samples of the indigenous population of the
Altai Mountains are variants of haplogroup Rlal, which are associated with various
Turkic tribes that settled these territories and mixed with the local aboriginal popula-
tion. They do not demonstrate a recent founder effect and significant demographic
growth of these populations. A detailed study of the gene pool of all northern and south-
ern Altaians by Y-chromosome haplogroups was conducted. The maximum multicom-
ponent composition of the gene pool was found in the Altai-Kizhi. The Chelkans
showed a founder effect in the male line over the past hundreds of years. Kumandins,
Chelkans, Tubalars, Telengits and Altai-Kizhi are characterized by a specific composi-
tion and frequencies of haplogroups, the presence of which is associated with different
ancestral groups of populations.
The paper contains 2 Figures, 9 References.
Keywords: gene pool of the Altai people, ehnogenesise, Y-chromosome
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BBenenne

ANTalIBI — 3TO TIOPKOSI3BIYHBIC HAPOBI, KOTOPBIE B OCHOBHOM IIPOYKHUBAIOT
Ha TeppuTopnu Pecniyomuku Nopubiii Anrtaii. OHM pa3aensioTcss Ha HECKOJIIBKO
STHUYECKUX TPYIII U pa3IudHbIe POJa 110 MYKCKOM JTHHUU. YHUCIIEHHOCTh CeBep-
HBIX aJITalilleB HAMHOIO MEHBIIE, YeM FOXKHBIX. MeXIy HUMU [TOKa3aHbl 3HAYM-
TeJIbHBIC Pa3IuYMs I10 JaHHBIM aHTPOIOJIOrKMHY U JIMHrBUCTHKH. Hanbosee Boipa-
’KEHHBIH CIIBUT B CTOPOHY ypajIbIIeB HMCIOT ceBepHBIe anTaiiisl [ 1, 2]. ITo kmac-
cu(UKalid TIOPKCKUX S3bIKOB IOJKHBIC alITalllbl OTHECEHBI K KBIITYaKCKOMH
IPYIINE, 9acTh JUAIEKTOB CEBEPHBIX alTaMIlEB OTHOCUTCS K YUT'YPCKO# (ceBepo-
BOCTOYHOI) si3pIKOBOM rpyiie [3, 4]. CeBepHble anTaiilibl 00pa30BaluCh B pe-
3y/IbTaTe B3aUMOICHCTBUS APESBHUX CAMOAMMCKUX, KETCKUX, YTOPCKHX U TIOPK-
ckux 1miemMeH. FOokHble anTaiiel ¢hOpMUPOBAIKMCH O1aroaaps CMEIMIEHUIO TIOPK-
CKMX M MOHTOJIbCKHX IUIEMEH. B aHTPOIOIOrnYecKOM OTHOIICHUH IOXKHBIE aJjl-
TaMIbl OTHOCATCS K I0KHOCHOMPCKOMY M LIEHTPAJIbHOA3HMATCKOMY MOHIOJIOMI-
HBIM THIIaM, B TO BPeMsI KaK y CEBEPHBIX alITailieB MMpeo0IagaeT ypaabCKUi aH-
Tponosornyeckuii Tvm [2, 5]. Iensro paboTHI ABIIsSIETCS MOAPOOHAS XapaKTepH-
ctrka Bcex HapoaoB ['opaoro Anras mo SNP- u YSTR-Mapkepam Y -XpoMOCOMEI
JUTSL OITPEJICIICHUS TATUIOTPYIIT U UX Pa3Indiid MEXIy HCCIICIOBAHHBIMHY TIOITYJIs-
IIMOHHBIMH BBEIOOPKAMHU.
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MarepuaJibl 1 METOABI

MartepuayioM JijIsl UCCIIeMOBaHUS MOCTy i 00pa3nsl JJHK MyxuwnH, oTHO-
CSIIUXCS K Pa3HBIM STHHYECKUM TpyIIa anraines. O0mast BRIOOpKa MYy>KIHH Ce-
BEPHBIX alTallieB cocTaBmiia 139 gemoBek: Tybamapel (N = 99), denkaHIIbI
(N=27), kymanuHIII (N = 13). Be1Oopka My>XYWH FOJKHBIX alTalIleB COCTaBUIIA
434 genoBeka: TeneHTUTH (N = 99) u anrtait-kmwxku (N = 335). 3ab0op BeHO3HOMH
KPOBH Y JOHOPOB MTPOBOAWIIH C COONIOICHUEM MIPOLIEAYPbI MTUCEMEHHOTO HH(OP-
MHUPOBaHHOTO COTJIACHS Ha MPOBEICHUE HCCIIenoBanms. Ha Kaxmoro moHopa co-
CTaBISUIACH AHKETA C €Tr0 POJOCIOBHOM, YKa3aHHEM STHUICCKON MPUHAIICHKHO-
CTH M MecT poxkzieHus npeakos. C momorpio 386 SNP-MapkepoB Obli1a ornpene-
JIeHa MIPUHAIIEKHOCTH K raruiorpymmnaM. Kimaccngukanus raruiorpyri Jasa B co-
OTBETCTBUU C TAaHHBIMUA MEXIyHapOIHOT'0 OOIIECTBA TeHETHUECKOM TeHEAIOTHH
(caiir www.isogg.org). AHanu3 STR-TamioTHIOB BHYTPH TaluIOTPYII IPOBO-
IITH C UCTIONB30BaHNEM 44 MHUKPOCATEIUINTHBIX MapKEPOB HEPEKOMOMHUPYIO-
meit gactu Y-xpomocomsl (YSTR) (DYS19, 385a, 385b, 388, 3891, 3891L, 390,
391, 392, 393, 426, 434, 435, 437, 438, 439, 442, 444, 445, 448, 449, 456, 458,
460, 461, 481, 504, 505, 518, 525, 531, 533, 537, 552, 570, 576, 635, 643,
YCAIla, YCAIIb, GATA H4.1, Y-GATA-A10, GGAAT1BO07). 'enorumnupoa-
Hue SNP-mapkepoB mposomunu ¢ momomsio [P u mocnenyromero anammsa
¢parmenToB JJHK ¢ npumenennem [1/IP®. I'enorunuposanne STR-mapkepos
MIPOBOAMIIOCEH C MTOMOIIBIO KaMMILIIPHOT0 AIIeKTpohope3a Ha TeHETHYECKOM aHa-
mzatope HAHO®OP 05. TloctpoeHre MennaHHBIX CETEH TarIOTUIIOB Y -Xpo-
MOCOMBI TIPOBOIMIIN C UCIIONBb30BaHueM mporpammbl Network v 10.0.0.0 (Fluxus
Technology Ltd.; www.fluxus-engineering.com) o MeTOIy MEIAMAHHBIX CETEH
bannensta [6].

Pe3yabTarhl ncciiefoBanns U 00Cy:KIeHUE

BEI00pKH CEBEpHBIX U OKHBIX aNITANIIEB JOCTATOUYHO CHIIBHO OTIMYAOTCS IO
COCTaBy M YaCTOTaM TaItIOrPyII Y -XpOMOCOMBIL. Y TyOalapOB HOJHOCTBHIO JTOMH-
Hupyert ramtorpynmna Rlalalb2el~ (YP1509). OtaenbHbie 00pa3iibl KyMaHIMHIICB
1 YENIKAHIIEB, OTHOCSIINECS K ATON TaIlIOrpyIIIe, OTINIAIOTCS 110 TAIUIOTUIIAM OT
TybaapoB. Jta cyomHus 1o Y STR-ramiotinaM He T1eMOHCTPHPYET HEelaBHETO
3¢ eKTa OCHOBATENSA U 3HAYUTEIIEHOIO POCTA YHCIIA ITIOTOMKOB OOIIET0 MYKCKOTO
MpezIKa 3a TIOCIeTHIE COTHH JieT. YacTb 00pasIoB TyOanapoB, KyMaHIWHIIEB 1 Yell-
KaHIIEB OTHOCUTCSI K POJICTBEHHOHW el ramutorpymme Rlalalb2a2a3~ (Y42090).
VY tybanapoB oHa cocTaBisieT 22%. DTa ramiorpymmia o0HapyXeHa JIIIb y IBYX
MY)X4YWH anTai-kmkd. J[Ba BapmanTa ramrorpymmsl Rlal (Rlalalb2el~ u
Rlalalb2a2a3~) smisitoTcst HACIEMUEM TIOPKCKUX HAPOJIOB.

lamrorpymma Qlblalalg~ (YP3951) nomunupyer y uenkanmes (63%) u 06-
pasyer 3Be371000pa3Hy0 (DMIIOTCHUIO ¢ HEJaBHUM S(PQHEKTOM OCHOBATEINS I10
MY>KCKOM JIMHHH. 3Be3/1000pa3Has MeJMaHHas CETh 3TOW TrarIorpyIbl MOATBEP-
KIaeT N3MEHEHNE YaCTOT TAILUIOTPYIII Y YENKAHIEB 38 HECKOIBKO IOCIECIHNX CO-
TEH JIET 32 CUeT YBENUYCHHS YHCa CHIHOBEH M3 IIOKOJCHUS B MOKONeHHe. /e
BeTBH Trarorpymnmbl Qlblalalg~ y denkaHieB, KyMaHIMHIICB W Ty0aapoB CBs-
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3aHBI C TIOTOMKAMH MECTHOTO HACENICHHS TOTO PETHOHA, POICTBEHHBIMHHAPO-
JlaM, TIPUHAIISKAINMAM K €HHCEUCKOHN SI3BIKOBOM CceMbe. Y KyMaHIMHIIEB C MaK-
CUMAaJIBHOM 9acTOTOi mpezacTaBiicHa auHUsA R1blalala (M478), kotopas oOHa-
py’KeHa JIUIIb Y OXHOTO MY>KIHHEI aITai-KIKH.

MakcumanbHON 10 4acToTe y TENEHTHTOB sBisieTcs ramsorpynmna Rlalal
(YP1518) (58%), xoTopast c 0ueHb HeOOBIOM YACTOTOM IPEICTABIICHA Y AITak-
kmxu (puc. 1). JloMrHIpOBaHUE TOH TaIJIOTPYIIEI CBSI3aHO C HACIEIHEM OT
JIPEBHUX TIOPKOS3BIYHBIX TEIECCKHUX IUIEMEH, KOTOPHIE HE BOIILIH B COCTaB CEBEP-
HBIX ajiTaiiies U antail-kmwku. Bropoit o gacrore (10%) y HUX sSBIISIETCS TaIuIo-
rpymma Nlalalala3a2 (B219), koropast JOMHUHUPYET Y BOCTOYHBIX OYpST U TIPH-
CYTCTBYET y MOHTOJIOB M TyBHHIIEB. [l0JIs1 3TOH TaIUIOTPyIITEI y TEIEHTUTOB CBSI-
3aHa ¢ BXOXKICHHEM B MX COCTaB OMpPATOB M3 TPYIITBI MOHTOJIBECKIX HAPOIOB.
C gacroroii 6% y HEX npucyTCTBYeT u ramtorpymmna N1a2blbl (B478), koropas
YHAcJIeIOBaHa OT MECTHOTO CAMOANHCKOT0 HAaCEeIICHHUS.

VY antaii-KmKu MPUCYTCTBYIOT Pa3NWUYHBIC Taruiorpynmbl. VX mOmymnsiuoH-
HBIE BRIOOPKH W3 Pa3HBIX MOCEIKOB OTIMYAIOTCS 110 YACTOTE TaIuIorpymiL. Y an-
Taii-kmku mpeobmamaer ramiorpymma Rlalalb2a2a3blal~ (YP1542) (30%)
(puc. 2). Emne Tpu uX ramiorpymisl mpeodiaiaronme y TOTOMKOB PaHHETO Hace-
JeHus coBpeMeHHOH Monromnn — C2ala2a2a (Y12825), C2ala3alc (Y12782),
C2blalalal, Nlalalala3a2 (B219), npucyTcTBYIOT BO MHOTHX IIOCEIIKaX, TIC
MIPOXUBAIOT anTai-Kku. OHU ¢ BEICOKON 9acTOTOW HAWAECHBI y MOHTOJIOB, KaJ-
MBIKOB [ 7], OypsT u TyBHHIIEB [8]. X mosiBNieHre Ha TeppuTopun ['opHOTrO AsTast
CBSI3aHO C IPUXOOM MOHTOJIBCKUX dTHHYECKUX rpymnm. B Cubupn Hambonpmast
9acTOTa ITHX TAIUIOTPYII BBIABIEHA y OypsAT. DTH TaIUIOTPYIIBI SBISTIOTCS
HaclleIneM HamboJee O3 THETo BKIIaa MOHTOIBCKHX TIEPECENICHIIEB C TEPPUTO-
puu coBpemenHou TyBbl 1 MoHTONMHM.

BocemHanmate My>K4uH M3 Pa3IHYHBIX ITOCENKOB MPUHAIUICKAT K TaIuIo-
rpynme Qlbla3bla (YP1693), koropast 3anmmaer 13% B oOrieit BEIOOPKE TYBHH-
neB. E€ makcumanbHas wactora B TyBe NMPUXOAWTCS Ha BOCTOYHBIC BBIOOPKH
TOXIUHIEB [9]. ¥ 3TUX I0KHBIX anTallleB MPHUCYTCTBYIOT TaIuIOrpymmbl D
(15 obpastos), n J2b2b2 (Y18042) (18 obpasiios). JleBATHAAIIATH MY>XYHUH OTHO-
caTcsl K camouiickoi ramtorpynne N1a2blbl (B478), koropas cocTaBiser He-
OOIBIITYI0 YacTOTy B BEIOOpPKAaxX pasHBIX pailoHOB. IIpHucyTCTBHE y CEBEpHBIX U
FOKHBIX alITAWIEB ¢ HEOONbIIOW YacTtoToi rarutorpymmbl N1a2blbl monreep-
XKIaeT BKJIAJ B UX TeHO(OHIBI KOPEHHOTO CAaMOJMICKOT'0 HACEIICHSI, IIPO’KUBAB-
IIETO Ha 3TUX TEPPUTOPHUAX IO MPHUXOIA TIOPKOB W MOHTOJIOB. Y aiTail-KiKu
MPHCYTCTBYET U rarutorpymima J2b2b2 (Y 18042) (17 o6pa3moR), kKoTopas cBsi3aHa
€ BEIXOAIAaMH ¢ TeppuTopuu coBpemenHoro Mpana n bimxaero Bocroka.

HaubGoiee gacTeiMu CyOIHHHSIMA Y -XPOMOCOMEBI CPEIH BHIOOPOK KOPEHHOTO
HaceneHus: ['opHoro Anrast sIBISIIOTCS BapuaHTHI ramiorpynnsl Rlal, koTopsie
CBSI3aHBI C PA3IIMYHBIMU TIOPKCKIMH TIEMEHAMH, 3ACETHBIIINMHA STH TEPPATOPHH
U CMEMIaBIINMHUCS C MECTHBIM aOOpHTeHHBIM HaceneHueM. [logpoOnas cTpyk-
Typa TaIUIOTHIIOB 3TOU TaIuIOrPyHIIb! OblIa YCTAHOBIICHA ITYTEM MOCTPOEHUS (-
JIOTEHETUIECKOT0 APEeBa M0 METOTy MEIHUAaHHBIX ceTel. OHU He EMOHCTPUPYIOT
HenaBHero 3ddekra ocHOBaTeNs W 3HAYUTEILHOIO JeMOrpauyeckoro pocra
sTHX nonymsanui. [IpoBeneHo moapoOHOe N3ydeHNEe TeHO(POHIAa BCEX CEBEPHBIX
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Y I0KHBIX aJITAHIEB 1O TAILIOTPYIaM Y -XpOMOCOMBI. MakCUMaIbHBIN MHOTO-
KOMIIOHEHTHBIN COCTaB reHO(OHJa OOHAPYKEH y alTal-KiKH. Y YelIKaHIIEB 110~
Ka3aH 3((EeKT OCHOBATEIS IO MYKCKOU JIMHHH 32 MOCIIeAHAE COTHH JieT. Kyman-
JMHITBI, YeNIKAHIIBI, TyOaJapsl, TEICHTUTHI U alTail-KIKH XapaKTEePH3yIOTCS CIie-
OUGUYHBIM COCTAaBOM M YaCTOTaMH TaIUIOTPYIH, IIPHCYTCTBHE KOTOPBIX CBS-
3aHHO C Pa3HBIMH MPEIKOBBEIMH TPYIIIIAMH TTOMYIISIIHHA.

Puc. 1. Menuannas cetp ramorpynnsl Rlalal (YP1518);
3eJICHbIEC — TEJICHI'UThI, CHHHUE — aNTail-KIKu
[Fig. 1. Median haplogroup network R1lalal (YP1518); green are telengits, blue are altai-kizhi]

Puc. 2. Memannas ceth ramiorpynnsl Rlalalb2a2a3blal~ R-YP1542;

3eJIeHbIe — aNITal-KWKH, KPacHbIE — TyOanapsl
[Fig. 2. Median haplogroup network Rlalalb2a2a3blal~ R-YP1542;
green are altai-kizhi, red are tubalars]

3akioueHne

Bce uccnenoBannbie sTHOCH ['opHOTO ANTasi CUIBHO Pa3NMYAIOTCS MO CO-
CTaBY M 9aCTOTaM TaIUIOTPYIIT Y -XpoMOCOMBI. [1orydeHHbIe pe3yabTaThl CBHIC-
TEJIECTBYIOT O CMEUICHUH PA3IMIHBIX IPEAKOBBIX TPYIIT, KOTOPHIE HACEISUIN 3TH
TEPPUTOPHH B pa3HBIC BPEMCHHBIE TTEPHUOMBI, YTO COTTIACYETCS C TAHHBIMU aHTPO-
MOJIOTUHU M ATHOJOTUHU. YacTOTHI TalUIOTPyII U TaIJIOTHIIOB YKAa3bIBAIOT Ha pas-
Jane TeHO(OHIOB BCEX KOPEHHBIX aJITACKUX HAPOIOB.
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AHHoTauus. VccnenoBaHust o 3BOJIOLMOHHON IIUTOMCHETUKE MAIIIPUHHBIX KO-
MapoB Hayaauch B TOMCKOM rocyaapcTBeHHOM yHUBepcuteTe B KoHue 1960-x rr. [lep-
BbI€ MCCIIEI0BAHUS B 00JACTH IBOJIOLMOHHON LIUTOICHETUKH MAISIPUIHBIX KOMapoB
3aJI0)KWIIM OCHOBY JUISL TPEX KIIIOYEBBIX HalpaBieHui. [lepBoe HampaBiieHUE MOCBS-
IIEHO U3Y4EHHUIO BUJOBOI'O COCTaBa U (DMIOrCHETHYECKUX CBSI3EH MEXy Pa3sHbIMU BU-
JIAMH, YTO [O3BOJISIET BBISIBUTH MX 3BOJIOLMOHHBIE B3aMMOOTHOILICHHS M ITyTH MUTpa-
u. Bropoe HamnpaBiieHHe HCCleyeT peopraHu3aliio NPOCTPAHCTBEHHON apXUTEK-
TypBI F€HOMa B IIPOLIECCE OHTOrEHe3a M HBOJIOLMH, YTO IIOMOraeT IOHSTh, KaK U3Me-
HEHUS B CTPYKTYpE I'€HOMa BIIUAIOT Ha (YHKLMH KJIETOK U BuooOpa3zoBanue. Tperbe
HampaBJIeHHE CBA3AHO C MOMYJSLMOHHON U AKOJIOTHUECKON TeHETHKON, BKIIIOYas reHe-
THUYECKYIO BapralGeIbHOCTb HOMYJISALMN M X aJalTaliio K M3MEHSIOIIMMCS YCIOBUAM
cpenbl. B cratbe maérest KpaTKuidi 0030p UCCISIOBaHHUIT 110 IBOMOIMOHHON [UTOreHE-
TUKE MaJISIPUMHBIX KOMAapOB, HAUMHAs C EPBBIX PAOOT MO KAPUOTUITMPOBAHUIO BUIOB
rpymnsl Maculipennis 10 reHOMHOro aHain3a pa3HooOpa3HBIX MpPEICTaBUTENeH poaa
Anopheles B HacToslIIee BpeMsl.

KioueBble ciioBa: Anopheles, rpynna Maculipennis, apxuTektypa reoma, ¢u-
JIOTeHUsI, MUTPALHsl BUIOB, a/lalTalus

BaaromapHocTH: aBTOpHI MOCBAIIAIOT IAHHYIO CTAaThIO MamMsATH Bnagumupa Hukomnae-
Buya CTerHus, OCHOBATENsl HAYYHOH LIKOJbI O U3YyYCHUIO LIUTOr€HETHUECKUX MeXa-
HU3MOB 3BOJIOLMH M aJaNTaliyd NPUPOAHBIX MOMYJISALMH JXKMBOTHBIX M PAacTCHUH B
ToMCKOM rocy1apcTBEHHOM YHUBEPCHTETE.
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Summary. In this article we provide a brief overview of research in the main areas
of evolutionary cytogenetics of malaria mosquitoes initiated in the 1960s at Tomsk
State University. The threat of mass malaria in the Soviet Union was eliminated in the
1950s and 1960s. However, malaria mosquitoes were not destroyed and still remain
potential or actual carriers of infectious diseases such as malaria and dirofilariasis.
A great contribution to the study of the ecology of malaria mosquitoes in our country
was made by the outstanding Russian zoologist and ecologist Vladimir Nikolaevich
Beklimishev (1890-1962), who wrote the fundamental work "Ecology of the Malaria
Mosquito" in 1944. In the 1950s and 1970s, the American zoologist James B. Kitzmiller
(1918-1995) was very actively involved in the cytogenetics of malaria mosquitoes in
North America. Using interspecific hybridization, he proved the relationship between
the mosquito species of North America and Eurasia and the more ancient origin of the
Nearctic group. Kitzmiller's works clearly demonstrated the relevance and timeliness
of studying the paleoarctic group of mosquitoes using cytogenetic methods. The ideo-
logical inspirer of conducting cytogenetic research at Tomsk University was Tatyana
Semenovna Pestryakova (1909-1996), who headed the Department of Invertebrate Zo-
ology at TSU from 1964 to 1974 and had previously studied the ecology of Siberian
malaria mosquitoes. Work on the study of the chromosomes of malaria mosquitoes of
the Maculipennis group began with the support and participation of the head of the
Department of Cytology and Genetics of TSU Nadezhda Nikolaevna Kartashova (1907-
1998). The first published works were devoted to the characterization of the karyotype
of Anopheles messeae of the Middle Ob region and the cytogenetic identification of
sibling species of malaria mosquitoes An. maculipennis and An. messeae. Vladimir Ni-
kolaevich Stegniy (1946-2023), together with Valentina Matveyevna Kabanova, was
the first to use the cytogenetic method to describe a new species of mosquito -
An. beklemishevi Stegniy & Kabanova, 1976, named in honor of V. N. Beklemishev.
Studying the chromosomes of different mosquito species at different stages of develop-
ment, V.N. Stegniy discovered that the spatial organization of chromosomes changes
significantly during ontogenesis and speciation. It turned out that An. messeae has the
largest range among the species of the Maculipennis group, covering almost the entire
Boreal subregion of the Paleoarctic, and the greatest inversion polymorphism, which is
a classic example of adaptive chromosomal polymorphism. The first works formed
three main areas of research on the evolutionary cytogenetics of mosquitoes: 1) species
composition and phylogenetic relationships of malaria mosquitoes; 2) reorganization of
the spatial architecture of the malaria mosquito genome in ontogenesis and evolution;
3) population and ecological genetics of malaria mosquitoes. Reconstruction of the phy-
logenetic relationships of mosquito species is important for understanding how and
when their genomes changed, and how this contributed to adaptation to new habitats
and new pathogens, and also allows researchers to determine the geographical routes of
migration and the order of speciation. The study established the geographic distribution,
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reproductive relationships, and chromosomal phylogenetic relationships in the Anoph-
eles maculipennis species group. It turned out that An. beklemishevi is closest to the
Eurasian species and separated from them ~20 million years ago. Thus, the common
ancestor of An. beklemishevi and other Eurasian species could have migrated from
North America to Eurasia when the Bering Land Bridge existed. The main malaria car-
riers evolved independently of each other in the Maculipennis group. These data make
it possible to approach the study of the molecular genetic basis of the ability of mos-
quitoes of different phylogenetic lineages to effectively transmit malaria. Studies on the
evolutionary cytogenetics of malaria mosquitoes, initiated at Tomsk State University in
the 1960s, played an important role in the development of this field of science. They
made it possible to significantly advance the understanding of the species composition
and phylogenetic relationships of malaria carriers and other diseases. Studies of the
spatial organization of chromosomes have provided new insights into the regulation of
genomic activity during cell differentiation and the mechanisms of genome architecture
reorganization in evolution. These achievements provide a basis for further study of the
mechanisms of speciation and adaptation of malaria mosquitoes to changing environ-
mental conditions and interactions with pathogens.
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BBenenne

Hecmotps Ha To, uto B 1950—-1960-X IT. yrpo3a MaccoBoro 3a00oieBaHus Ma-
nspueit B CoBerckoM Coro3e OblTa JIMKBHIMPOBAaHA, MaJISIPUHHBIC KOMaphI JI0 CHX
MOpP OCTAIOTCS MOTEHIIMAJIBHBIMU WM IEHCTBUTEIHHBIMU MEPEHOCUNKAMH WH-
(eKIIMOHHBIX 3a00JCBaHMM, TAKUX KaK MallsApus W JAUpoGuisipuo3. bomibimoi
BKJIQJI B H3y4CHHE YKOJOTHH MAISIPUHHBIX KOMapoB B HAIIIEH CTpaHe BHEC BhIIA-
FOIIUICS pycCKHid 300J10T B 3Kojor Bnagnvup Hukonaesuu beknemunres (1890—
1962), HanmcaBimid GpyHIaMEHTAIBLHBIN TPY « IKOJIOTHS MATIAPUHHOTO KOMapay
B 1944 r. [1]. Tenernueckue nccnenoBanus komapoB B 1940-1960-x rr. 8 CCCP
HE TPOBOMIINCH, TOCKOJIBKY TeHETHKA ObLIa 1o 3ampeToM. XoTs emie B 1940 r.
Anekcannp Cepreesny CepeOpOBCKHIA BIIEPBBIC B MUPE TPESIIOKIIT TeHETHYC-
CKHUil METOJl YHIUITOXKCHUST HACCKOMBIX-BPEAUTEINECH TPH OMOIIN MaCcCOBOT'O BEI-
IyCKa CaMIIOB, HECYIIUX TOMO3WUTOTHBIE TPAHCIOKAIMU XpomMocoMm [2].
B 1950-1970-x rr. muTOreHETUKONW MaJSIpUMHBIX KoMapoB CeBepHON AMEpHKH
OYCHb aKTHUBHO 3aHWMAalcCsi amepukaHckud 3oomor [[xeitmc b. Kutnmumnep
(1918-1995). Ilpu moMoIIKM MEXBUIOBOW THOPUIM3AIMKA OH JIOKa3al POICTBO
MeXIy BuIaMu komapoB CeBepHolt AMepuku u EBpa3un u BeISBHII Oosiee ApeB-
Hee TIPOHMCXOXKJICHUE HeapKTuyeckoi rpymbl [3]. Paborer KutnMumiepa sicHo
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IMOKa3aJIn aKTyaJbHOCTb H CBOCBPEMCHHOCTH H3YUYCHHA HaﬂeapKTquCKOﬁ
TpyHIIbl KOMapOB MUTOICHCTUICCKUMHU METOAaMU.

IlepBble pa6oThI MO HUTOTeHeTHKe KOMapoB B ToMckoM yHUBepcuTeTe

W neftHpIM BIOXHOBUTEIIEM MIPOBEICHHS UTOICHETHIECKUX HCCIICIOBAHUI B
Tomckom yHuBepcuteTe crana TathsiHa CemeHoBHa [lectpskosa (1909-1996),
koTopast ¢ 1964 mo 1974 r. 3aBenoBaia kadeapoi 300J0ruH OSCIIO3BOHOYHBIX
TI'Y 1 10 3TOr0 CamMa 3aHUMAaJIACh YKOJIOTHEH MaTIIPUHHBIX kKoMapoB Cuoupu [4—
5]. PaGoThl IO M3yYEHHIO XPOMOCOM MAIAPHHHBIX KOMapoB rpymmbl Maculi-
pennis HaYaIKUCh MPU TOANEPKKE U yIaCTHH 3aBeAyIomei kKadeapoi MUTOIOTHH
n reHetukn TI'Y Hanexnapr HuxomaeBubl Kapramooit (1907-1998). [lepBbie
OIyOJIMKOBaHHBIE PA0OTHl OBUIH ITOCBSIIEHBI XapPAKTEPHCTUKE KapHOTHIIA
Anopheles messeae Cpennero I1pnoOps [6] 1 ITUTOreHETHUECKONW UACHTH(DHUKA-
MU BUJIOB-JIBOMHUKOB MaJIIPUHHBIX KOMapoB An. maculipennis u An. messeae
[7]. HeoxxnnaHHbIe OTKPBITHSI HAYAIUCH BCKOPE MOCJE Hadaida MCCIICIOBAHUM.
Bnagumupom HukomaeBuuem Crerauem (1946—2023) coBmecTHO ¢ BaneHTHHOM
MartseeBHol KaGaHOBOIi BITepBbIE MUTOr€HETHYCCKAM METOIOM OBLIT OITUCAaH HO-
BBIi BHII KoMapa — An. beklemishevi Stegniy & Kabanova, 1976, Ha3BaHHOTO B
yecth B.H. bexnemnmesa [8]. Mccnemyst XpoMOCOMBI pa3HbIX BUIOB KOMapoB Ha
pas3MuYHBIX cTamusax pa3Butus, B.H. Cterauii oOHapy» w1, 4TO IPOCTPAHCTBEH-
Hasl OpraHM3aIis XPOMOCOM CYIIECTBEHHO MEHSIETCSI B OHTOT€HE3€ U MPU BUIO-
oOpa3oBannu [9]. BeisicHIIIOCH, 9TO An. messeae cpeny BUAOB rpymibl Maculi-
pennis UMeeT caMblii OOJIBIIION apeajl, OXBaThIBAIOIIMI MOYTH BCIO bopeallbHyT0
nonobnacts [lasieapkTrku 1 HaHOOIBIINNA HHBEPCHOHHBINA OTHUMOP(HH3M, KOTO-
PBIil TIpencTaBisgeT KIaCCHUSCKAN MpUMEp aJalTHBHOTO XPOMOCOMHOTO ITOJIH-
Mopdusma [10]. [Tozke TUTOreHETHYECKIE W SKOJIOTHIECKHE HCCIICAOBaHUS T10-
nymsinuid An. messeae no3Bonunu Opuro MuxaiinoBruay HOBUKOBY BEILIETUTH
nBe oronornyeckre Gopmsl (A 1 B) v IpeITIOKHATE MICIO O HATMYWH JIBYX BHUJIOB
komapos [11]. Tlepsie paObOTBI CHOPMUPOBATIM TPH TIIABHBIX HAIIPABICHUS HC-
CJIEIOBaHHI IO SBOJIFOIIMOHHOM ITMTOT€HETHKE KOMapoB: 1) BHIIOBOH COCTaB M
(UIOTCHETHYECKHE CBSA3U MAIIPUIHHBIX KOMApOB; 2) peopraHu3aIus IpoCTpaH-
CTBCHHOU apXUTEKTYPHl TCHOMa MaJLIPHITHBIX KOMapoB B OHTOTEHE3E M HBOJIO-
oun; 3) MOMyJSIMOHHAS W JKOJIOTHYECKAs TEHETHKAa MaJLSIPHUHBIX KOMapoB.
B 1998 1. CoBerom mio rpanTam IIpesunenta Poccuiickoit deneparnu madbopaTo-
pus B.H. Cternus Oplna npu3HaHa BeIyIIei HAyIHOW IITKOJIOH 110 U3YUEHUIO ITH-
TOTCHETHYECKUX MEXaHH3MOB DBOIIONIA U alalTaliuH MPUPOTHBIX MOMYIISINI
JKUBOTHBIX U pacteHwuii [ 12]. B.H. Cterawuii Bo3riapisut kadeapy reHeTHKH U KiTe-
tounoi omostorun TT'Y ¢ 2002 mo 2020 r. Huxke naH kpaTKuil 0030p UcciieaoBa-
HUH IO TJABHBIM HAIIPaBICHUSAM ABONIONMOHHON MUTOTCHETUKN MAJSIPHUHBIX
KoMapoB HaunHasg ¢ 1960-X rT. 10 HACTOAIIEr0 BPEMEHH.

BupnoBoii cocTtaB u ¢puiioreneTuyeckue CBsI3U MATSIPUAHBIX KOMAapoOB
PexoHCcTpyKInsT (UIOTEHETHYECKUX B3aMMOOTHOIIEHUH BHIOB KOMapoB

Ba)KHa [T IOHMMAaHHS TOT0, KaK M KOTla MEHSUTHCh MX TeHOMBI K KAKHM 00pa3oM
3TO CITOCOOCTBOBAIIO MTPHCITOCOOJICHHIO K HOBBIM YCIIOBHSIM OOMTAHUS M K HOBBIM
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MATOreHaM, a TAKXKE TI03BOJISIET OMPEEIUTh reorpaduuecKie ITyTH MUATPAIAH 1 [0~
PsLIOK BHI000pa3oBaHus. B Xome ucciienoBanuii ObIIM YCTAHOBJICHBI Teorpaduye-
CKOE PacIpoCTpaHEHHE, PEIPOIYKTUBHEIC B3aUMOOTHONICHHS H XPOMOCOMHBIE (hH-
JIOTGHETHYECKHE CBSI3H B IpyImie BUIoB Anopheles maculipennis [13—15], omHako
BO3HUK BOIPOC O POJICTBEHHBIX B3aUMOOTHOIIECHUSIX An. beklemishevi ¢ mpyrumMu BU-
namu. XpOMOCOMHBIN aHaJI3 TIOKa3all, YTO ATOT NaJICapKTUIECKUI BH]T UMEET He3a-
BHCHMOE OT JPYTHX IAICapKTHICCKUX BUIOB IIPOUCXOKACHHUE OT HEAPKTHYECKOTO
Buza An. earlei, KOTOPBIA ONHM30K K IPyroMy HEApKTUIECKOMY BUIY An. freeborni
[16-17]. Anopheles earlei n An. freeborni obutarot B 3ananHoi yactu CeBepoame-
PHKaHCKOT0 KOHTHHEHTA. B IIpoTHBOpeUre ¢ STM Ha OCHOBE TIOCIIEI0BATENIFHOCTEH
BHYTPEHHET'0 TpaHCKpHOHpyemoro creiicepa 2 pubocomuor JIHK (ITS2),
An. beklemishevi 6b11 oTHeceH k oarpyrie Quadrimaculatus, mpencTaBUTEN KOTO-
poro HacelsroT BocTouHyI0 yacTh CeBepHoit Amepuku [18]. Tarxke ocraBanoch He-
BBISICHEHHBIM BpeMs1 MuTpanmy komapoB 3 Heapkruku B [aneapkruky. [Ipenmono-
YKUTEIFHO MATPALFsl MOTJIa TIPOM30MTH MO0 depe3 ['peHnanmiio, Korna 1Ba KOHTH-
HeHTa OBUTH COSTMHEHBI, TprMepHO 250—50 MITH JieT Ha3a, oo depe3 beprHroB cy-
XOMyTHBIA MOCT, okoito 20—0,015 v net Hazan. OmnvicaHre HOBBIX BUJIOB TPYIIIIH,
TakuxX Kak An. artemievi [19] u An. persiensis [20], 100aBWIO HEONPEICTICHHOCTH B
¢unorenuro Maculipennis. Kpome Toro, ¢huitoreHn, ocTpoeHHbIE Ha OCHOBE OTICIb-
HBIX TeHETHYECKUX JIOKYCOB, TIPOTHBOPEUIIIN CXEMaM BHI000pa30BaHIsI, TIOCTPOCH-
HBIM T10 JJAHHBIM M TOT€HETHKH, IKOJIOTWH 1 apeanorun [16-17,20-21].

[TomHOreHOMHOE CEKBEeHHPOBAHNE, HEABHO MTpoBeAeHHOoe M 1 1 maneapkTu-
YECKUX U IBYX HEAPKTHUYECCKUX BHJOB, HAKOHEI] TIO3BOJIIIIO Ppa3padoTaTh Kajmo-
POBaHHOE 10 BpeMEHH (IIIOTCHETHYECKOE IPEeBO HA OCHOBE CPaBHEHUS Oojee
1 000 renoB [22]. [lanHas paboTa yCTaHOBHIIA POJACTBEHHBIC CBSI3U BUIIOB U IPE/I-
JIOXKMJIA CIICHApHA MUTpaliu rpymibsl Maculipennis gepe3 bepuaros moct. Oxa-
3aJ10Ch, 4TO An. beklemishevi Hambonee OIM30K K €BPA3HICKUM BUIAM W OTJIe-
wics ot Hux ~20 MiTH JieT Hazan. TakuM oOpasom, o0t peaok An. beklemi-
shevi 1 OCTANBHBIX EBPA3HUICKIX BUJOB MOT MUTPHPOBaTh 3 CeBepHOM AMEPHKHI
B EBpasmro, xoraa cymiectBoBan bepuHroB Moct. Anopheles maculipennis,
An. messeae 1 An. daciae BOSHUKIN Ha BPDEMEHHOM OTPE3KE OT BOCBMH MUJLIHO-
HOB 10 JBYX MHJUTMOHOB JIET Ha3aJ U BEIpabOTaN CLIOCOOHOCTH K TIOJHOW ITHa-
ray3e He3aBUCHMO OT An. beklemishevi.  TaBHBIE TEPEHOCYMKH MaJISIPUH SBOJIIO-
[IMOHHUPOBAJIM HE3aBUCHMO JPYT OT Apyra B rpymme Maculipennis. TH TaHHbBIE
MTO3BOJISIOT HOJOMTH K H3YyIEHUIO MOJICKYISIPHO-TEHETHYECKUX OCHOB CIIOCOOHO-
cTelf KOMapoB Pa3HBIX (HIOrCHETHIECCKIX JTMHUHN BIIAJATh B MONHYIO AWATIAY3Y
niu 3((HEKTUBHO TIEPEHOCUTH MAIISPHUIO.

Peopranuzanusi npocTpaHCTBEHHOM APXUTEKTYPhI FeHOMA
MaJIAPUIiHBIX KOMAPOB B OHTOreHe3e H YBOJTIOLNHI

[IpocTpancTBeHHAasI OpraHU3anys MONUTEHHBIX XpPOMOCOM H3ydJallach B KIIET-
KaX CIIOHHBIX JKeJe3 IMYMHOK 1 MU TAFONTIX KIeTKaX SHIHIKOB B3POCIBIX 0CO0eH
MaJSIpUIHBIX KoMapoB [9]. Bo3HuK Bompoc 0 XapaKTepucTUKax MpOCTPaHCTBEH-
HOU peopraHu3aluy XpoMocoM TpH audQepeHIpoBke THIIOB KIeToK. Pasmi-
YarOTCS JIM KJICTKH CIIOHHBIX JKElle3 U MUTAONINE KIETKU SHIHUKOB I10 TaTTep-
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HaM IPUKPEILUICHIH XPOMOCOM K SIEPHON 000I0UKE H 9aCTOTAM MEXXPOMOCOM-
HBIX KOHTaKTOB? J[aHHBIC XapaKTEpUCTUKN BAJKHBI U PETyJISIMHUA DKCIIPECCHU
TCHOB, ITOITOMY OTBET Ha 3TOT BOIIPOC MOJKET MPOSICHUTH POJIb IPOCTPAHCTBEH-
HOU OpraHU3aIlMy XpPOMOCOM B TKaHECTEHU(UIHON QYHKINH TeHOMa KOMapoB.
CiroHHBIE JKeTe3bl IMIMHOK CIEIUATN3HPYIOTCS Ha KCIIPECCHH T€HOB ¢ (PyHK-
OUSMHA IMMYHHOT'O OTBETA, CMa3Ke IMUIIHN U POTOBOH TOIOCTH, METa0OIN3Me ITH-
TaTEIHHBIX BEIIECTB U JETOKCHKAINH KCEHOOMOTHKOB. Torma Kak riaBHast GyHK-
U TATAIONIHX KJIETOK SMYHUKOB — 3TO cHHTE3 pudocoM 1 MPHK MHOruX reHos
IVl JOCTaBKM WX B pacTymuid oomuT. IIpy MOMOIIN YeTHIPEXIIBETHOT'O OJIH-
TOIPUHTHHTA ITOJUTEHHBIX XPOMOCOM ¢ pa3pemeHreM 1 MO ynanock mpoBectu
KOJIMYECTBEHHYIO OIICHKY PacCTOSHUI MEXIy XPOMOCOMHBIMH TEPPUTOPHSIMH H
SIIEPHOM 000JIOYKOH y apUKaHCKHAX BUIOB MaJSIpHIHBIX kKoMapoB [23]. Oka3a-
JIOCh, YTO MPOIIEHT XPOMOCOMHEIX paiiOHOB, PaCcIONIOKEHHBIX Ha SACPHOM TIEpPH-
(epu, BHIIIE B KIETKaX CIIOHHBIX JKEJIe3, YeM B MUTAIOMUX KICTKAX SHIHUKOB.
B T0 e BpeMs 9nCII0 MEKXPOMOCOMHBIX KOHTAKTOB OKa3aJOCh BBHIIIE B MTUTAIO-
X KIETKaX SIMYHIKOB, UM B CIIFOHHBIX JKene3axX. TakuMm oOpa3om, Oblia moka-
3aHa oOpaTHAs CBS3b MEXKIY MPUKPEIUIEHUSIMH XPOMOCOM K SIASPHOH 000JI0UKe
XPOMOCOM-XPOMOCOMHBIMH KOHTAKTaMH IIPH PEOPraHU3aIiN TPOCTPAHCTBEHHOM
apXUTEKTYphl TEHOMa B OHTOTeHe3e. MOKHO 3aKITIOYNTH, YTO KIETKH CIIOHHBIX
KeJIe3 U MUTAIOIINE KIICTKU SIMIHAKOB Pa3JIYaroTCs 110 aTTepHAM IIPUKPETLICHHIH
XPOMOCOM K SIAEPHOI 000JIOUKE W YaCTOTaM MEKXPOMOCOMHBIX KOHTAaKTOB. Bo3-
MOYXHO, TKaHeCHeI(PUIHBIC TPUKPEILICHISI XPOMOCOM K SIIEpHOI 000I0UKe CIIo-
COOCTBYIOT WJIH, HA00OPOT, MPEIOTBPAIIAIOT MEKXPOMOCOMHBIE KOHTAKTEI, PEry-
TPy SKCIIPECCHIO TEHOB B MECTaX WX COBMECTHOH JIOKAITH3ALIIH.
Peopranmsanus mpoCTpaHCTBEHHONW apXUTEKTYPhl TEHOMA B SBOIIOINH ObLIA
oOHapykeHa TOJILKO B MTUTAIOIINX KIIETKaX THYHUKOB MAJLIPHHHBIX KOMapoB [9].
JlaHHBIE KIETKU SBILSIOTCS CECTPHHCKUMHU IO OTHOIICHHUIO K OOIUTY WIIH KIIET-
KaMH 3apOJIbIIICBOrO MyTH. [ 1aBHOH 0COOSHHOCTBIO MPOCTPAHCTBEHHOW apXH-
TEKTYpbI TEHOMA B MUATAIONINX KIIETKAX SBISIOTCS OOIUTATHBIC BHIOCTICIU(DIY-
HBIE TIPUKPEIUICHHUS TOIUTEHHBIX XPOMOCOM K siepHOi obonouke. KakoBb Mo-
JEKYISIPHO-ITUTOTeHETHIECKIE XapaKTEePUCTHKH PaiiOHOB MPUKPEILICHIS XPOMO-
COM K siiepHOr o0omouke? B oHON M3 paHHUX paboT OBLIO MOKa3aHO, YTO TSKH
PBIXJIOrO OeTa-reTepoXpoMaTHHA IPHKPEINIIIOT XPOMOCOMBI K siIepHOH 000-
JIOYKE B TUTAIOIINX KIIETKaX SMYHUKOB An. messeae [24]. Peixublii (6era)rerepo-
XPOMATHH, HO HE KOMIIAKTHBIH (aJ1b(ha)reTepoXpoOMaTHH, IPHKPEIUIIETCS K sep-
HOU 00OJIOYKE Tarke B MUTAIOMINX KIETKaX SHYHUKOB a(ppUKAHCKHX KOMapoB
[25]. Kpome TOro, aHTHTENO K Ma)KOPHOMY OETIKY SIepHOI 000JI0UKH — TAMUHY —
JIOKAJIM30BAJIOCH B PBIXJIOM TeTEPOXPOMATHHE, KOTOPBIHA MPHKPEIIIIETCS K 000-
nouke sipa [26]. HTepecHO, 4TO aHTUTENO K TJAMUAHY JIOKAJIHN30BaIOCh B paliOHe
2bc X-XpOMOCOMBI B TTUTAFOIIUX KJIETKAX SHYHUKOB, T PaiioH 2bc MpHKpericH
¢ 000J0YKOif, HO HE B CIIOHHBIX JKeJle3axX, TIe OH He CBA3aH ¢ 00O0JOYKOH, Y
An. messeae [27]. BBISICHUIIOCH, YTO PaiOHBI PHIXJIOTO MPHUIICHTPOMEPHOTO U UH-
TEpKaJSIPHOTO TeTEPOXPOMATHHA 3HAYUTEIFHO OOOTameHBl MOOMIEHBIME dJIe-
MeHTamH [26]. CTOUT OTMETHTH, YTO TPAHCIIO30HBI MOT'YT 00J1a/1aTh CBOHCTBAMH
TCHOMHBIX paHOHOB CBSI3bIBAHUS C aPXHUTEKTYPHO BaXXHBIMU OellkaMu siipa [28].
[TokaszaHo TakXe, 9YTO TETEPOXPOMATHH SIBIISIETCS] OBICTPO HBONIONHOHUPYIOMICH
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4acThI0 TCHOMAa MAJSIpHHHBIX KoMapoB [29]. B HegaBHe# paboTe n3ydanach mpo-
CTPaHCTBEHHAsI apXUTEKTYpa TCHOMOB IISITH BHIOB Anopheles Tpy IOMOIIN Me-
tona onpenencaus koHpopmanuu xpomocoMm Hi-C [30]. Ananu3 Hi-C kapT BbI-
SIBHJI, YTO PAHOHBI PHIXJIOTO MPHIIEHTPOMEPHOTO M HHTEPKAISPHOTO TETEPOXPO-
MaTHHA B3aUMOJICHCTBYIOT IPYT C IPYTrOM, HO HE C 3YXPOMAaTHHOM HITH KOMIIaKT-
HBIM T€TEPOXPOMATHHOM. 10O €CTh OONUTAaTHO MPUKPEIUIIIONIHNCSI K 000I0UKe
spa TETEPOXPOMATHH MPOCTPAHCTBEHHO M30IMPOBAH OT NPYTHX THUIOB XpOMa-
THA. TakuM 00pa3oM, MOJEKYISIPHO-IATOr€HETHIECKUMH XapaKTePUCTHKAMI
PaifioHOB OOJIUTAaTHOTO MPUKPEILICHISI XPOMOCOM K SIIEPHOI 000I0YKE SIBIISIOTCS
PBIXJIast KOHQOpMAIIHSI TeTepOX POMaTIHA, 000TaIlleHHe TPAHCIIO30HAMH, B3aNMO-
IeHCTBHE C JAMIHOM W MPOCTPAHCTBEHHAsE 000COONIEHHOCTh OT APYTHX THIIOB
xpomaTtuHa. [lo-BuauMoMy, BEpOSITHON MPUYIMHONW PEOPraHM3aINH TPEXMEPHON
ApXHUTEKTYPBI TCHOMA IIPU BUI000Pa30BaAHNN SBISETCS OBICTPast DBONIONHUS paii-
OHOB TeTepPOXpPOMATHHA, KOTOPHIE OTBEYAIOT 33 MPUKPETIICHUE XPOMOCOM K SIIep-
HOU 00oMoUKe.

HonyasiumoHHast U IKOJIOTHYECKAS TeHeTUKA M PUHHBIX KOMApPOB

Anopheles messeae sBIsIeTCS caMbIM reorpaUMUecK MIMPOKO pacHpocTpa-
HEHHBIM ¥ TEHETUIECKH Pa3HOOOPa3HBIM JOMUHHUPYIOMIAM IIEPEHOCINKOM MaJIs-
puu B EBpasun. [losToMy neranpHOE 3HAHWE TEHETUKHA MPUPOAHBIX TOMYIISIIHNA
An. messeae BayXHO 1711 pa3pabOTKH CTPATEIHid KOHTPOJS WH(PEKITHOHHBIX 3200-
JIeBaHUH YeJIOBEKa, KOTOPHIC JaHHEIA BUJI IIEPEHOCHUT. DTOT BU UMEET ISThH -
POKO pacipoCTpaHEHHBIX XPOMOCOMHBIX HHBepcHi [6]. [TogpobHOCTH TTOITMOp-
¢u3Ma WHBepCHil B MPUPOAHBIX HMOMYIALMUIX An. messeae MHTEHCUBHO W3yda-
muck B 1970-1990-x rr. [16]. DTN nccnenoBaHus BEISIBUIH CIIOXKHYIO CTPYKTYPY
TIOMYJSIUN An. messeae 10 BCEMY apealry BUJa, a TAK)KE BAXKHYIO pOITb HHBEPCUHT
B KIIIMaTH4ecKoi aganTaruu Buaa [ 10, 31]. beuto BeIsICHEHO, 9TO YaCTOTHI HEKO-
TOPBIX KOMOMHANNH HHBEPCHA OBUIN BBIIIE MIIH HIDKE OXKUAAEMBIX IIPU CITyJai-
HOM CKpEIINBaHWH, YTO CBHIETEILCTBOBAIIO O HAJTHYNH HEPABHOBECHS TI0 CIIETI-
neHuro Mexxay HuMH. Ha ocHoBe 3tux nanaeix KO0.M. HoukoBeiM 1 B.M. Ka6a-
HOBOI1 OBIJTa BRIABHHYTA THIIOTE3a O TOM, YTO KOMOWHAIIMHY Pa3IMYHBIX HHBEPCHIA
B MIPAPOIHBIX MOMYISIIHSIX An. messeae IPABOIAT K CyIIECTBOBAHUIO ABYX XPO-
MOCOMHBIX KOMILTEKCOB [32]. [lanpHeWIme nccie10BaHus BEISIBIIIN, YTO KOMapbl
U3 Pa3HBIX XPOMOCOMHBIX KOMILUIEKCOB Pa3IHYAIOTCS MO IUIOMOBUTOCTH CaMOK
[33], pannoHy JTUYMHOK [34], YyBCTBUTENBLHOCTH K TOKCHHAM Bacillus thurin-
giensis [35] 1 aKyCTUYECKUM CHTHAJIaM Tpy crapuBaHuu [36]. DTu XpoMocom-
HBIE KOMITJICKCHI OBIIH BHIACIEHBI B KPUIITHICCKUE TEHETHUECKH H30JINPOBAHHBIC
¢ opmpl, HazBaHHBIE «A» 1 «B» [11, 37]. B 2004 T. He3aBUCUMO OT 3THX HCCIIe-
JIIOBAaHWW HOBBIA BUL An. daciae ObUI BhIOEIEH U3 An. messeae HAa OCHOBE IISATH
HyKiIeotuaHbIX 3aMeH [TS2 p/IHK u Mopdomorudecknx pa3inyuii Ha CTaIuu
stitiia [38]. TlpoBenennoe mozxe cexBeHupoBanue [TS2 pJ/IHK mokazamo, 4to
XpoMmocoMHast popma «A» sBisiercss CHHOHUMOM An. daciae [39]. Takum oOpa-
30M, BEISBIICHHBIC OTIMYHUS MEXKIY IBYMS TaK HA3bIBAEMBIMH XPOMOCOMHBIMH
(opMaMu OBLTH CBS3aHBI C HATHMYHEM JBYX IPEKAe He HIACH(DUIIMPOBAHHBIX BH-
JIOB KOMapOB.
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HenaBHo Ha ocHOBe yacToT 11 moiMMOp(hHBIX XpOMOCOMHBIX HHBEPCHH, HC-
MOJB3YEMBIX B KaUeCTBE TEHETHUYECKIX MAapKEpOB, OBUI MPOBEOCH KPYITHOMAC-
mTaOHBIA TONMYJISIIMOHHO-TeHETHYSCKIH aHanmu3 1 932 kxomMapoB, HICHTHOHIU-
POBaHHEIX Kak An. messeae, An. daciae i X THOPHIBI C TIOMOIIBIO CEKBEHHPO-
Banus ITS2 p/IHK u xapuotunmposanus [40]. HanGonpue reHeTHYECKHE pas-
YU MEKIY BHIAMH ObITH OOHAPYKECHBI B TIOJIOBOIM XpoMocoMe X, UTO Mpen-
moJIaraer MOTEHINAIFHOE YIaCTHE ATOH XPOMOCOMBI B BHI000pa3oBanuu. HTe-
pEcHO, 4TO /1Ba paitoHa X-XpOMOCOMBI, KOTOPEIE HHBEPTHPOBAHKI Y An. messeae
IO CPaBHEHUIO C An. atroparvus, 000TaIIeHB TeHAMH, YIaCTBYIOIIAMH B PEryJs-
MY aKTHBHOCTH WMMYHHOW CHCTEMBI M PELENTOpPOB HelpomemauaTopoB [41].
Brua mpemnoskena rumoresa o ToM, 9To oJieneHeHus B EBpaszun Moriu croco6-
CTBOBATH ITIEPBOHAYAIILHOMY PacX O3KICHUIO BUJIOB An. messeae M An. daciae [40].
HccnemoBanue mokasano, 4To An. messeae AMEET Topas3io 0ojblee pasHoodpa-
3re u Oolee CIOKHYIO OMYISIIIUOHHYIO CTPYKTYPY, 9eM An. daciae. 1o cBHIE-
TETBCTBYET O TOM, UTO An. messeae 3acenui Bocrounyto EBpasuto panbiie, aem
An. daciae. IHTEpecHO, 9TO YaCTOTHI BCTPEYAEMOCTH THOPHIOB HU3KH (~1%) B
Cesepnoit EBpore, HO BeIcOKH (10 50%) B I0TO-BOCTOYHBIX IOMYJSIHSIX, YTO
TpeOyeT NaabHEHINero H3ydeHusl.

3akioueHne

UccnenoBanusi o 3BONIONMOHHOW ITUTOT€HETHKE MAaJSIPUHHBIX KOMAapoB,
HadaTble B TOMCKOM TOCyIJapCTBEHHOM yHmBepcutTeTe B 1960-x TT., chirpamm
BaXHYIO POJIb B Pa3BUTHH ATOW oOnmacty Hayku. OHH MO3BONMIN 3HAYUTEIHHO
MPOIBUHYTH OHAMAaHUE BHIOBOTO COCTAaBA M (PHIIOTEHETHIECKIX CBS3EH Iepe-
HOCUYMKOB MAJISIpHH W JPYrHX 3a0oneBaHuii. McciieqoBanus MpocTpaHCTBEHHOM
OpraHU3aIK{ XPOMOCOM JaTil HOBBIE IIPEACTABIICHHSI O PETYILIIINI T€HOMHOI ak-
TUBHOCTH B Tporecce ¢ HepeHINPOBKH KIETOK 1 MEXaHM3MaX peopraHu3aii
APXUTEKTYPBI TCHOMA B BOJIOINH. JTH JOCTIDKEHHS obecTiednim 0a3y IS Jalb-
HEHIIero n3y4eHns: MEXaHW3MOB BHI000pA30BaHUS M aIaNTANN MaISIPAHHBIX
KOMapoB K MEHSIOIINMCSI YCIIOBHSIM CPENIBI M B3aHMOJICHCTBHUS C TATOTCHAMH.
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AHHoTauus. JIMHNY HAUBHBIX IUTFOPUIIOTEHTHBIX CTBOJIOBBIX K1eTOK (IICK) ueno-
BEKa — HOBBI HHCTPYMEHT KJICTOYHON OHOJIOrHH, JEMOHCTPUPYIOIIUIA OrPOMHBIHN 110-
TEHLUAJ U1 HAYYHBIX UCCIICZ0BAHUH U IPAKTUYECKOrO MPUMEHEHHS, OJJHAKO UX Mac-
COBOMY HCHOJIb30BAaHHIO NPEHSTCTBYIOT MPOOJIEMBbI C JUIMTEIbHBIM KyJIBTHBHPOBa-
HHEM U HeCIIOCOOHOCTBIO 3aITyCKaTh MPOLECC CAYy4aiiHON HHAKTHBAIUH X-XPOMOCOMBI
(rXCI). B manHoii paboTe MbI HCCIIEIOBAIN BO3MOXKHOCTh 3amyckath rXCI B cpene
HENSM, npeanoxeHHOH paHee A HONYy4eHUS U JUIMTEBHOrO MONAEP)KaHUs HauB-
Heix [ICK. Msl nokaszanu, yro HauBHble [ICK MOXHO KynbTHBHUpPOBaTH B cpene
HENSM, conepikarieii TOIbKO HHIHOUTOPBI CUTHAIBHBIX MyTel Au(PepeHInpoBKr
6e3 pocroBbix (akropoB LIF u ACTIVIN A, 4To ciocoOCTBYET HOBBIIICHHUIO B KYJIb-
Type JOJH KIETOK, SKCIPECCUPYIOIINX TpaHCKpunuoHHbeld pakrop LEUTX, xapak-
TepHblit it 8C-moA0OHBIX TOTUIOTEHTHBIX KJIETOK YEIOBEKa, a TAKXKe HMPHUBOIHUT K
YBEJIMUCHHUIO JIOJIM KIIETOK, crocoOHbIX 3amyckath rXCI IMomydeHHbie pe3ynbTaThl
CBHZICTENIBCTBYIOT, YTO BO3MOXKHOCTb KOHTPOJMPOBATH IOJHYIO PEAKTHBALMIO, a
Taroke panHue cragun rXCl y yenoBeka B KylnbTypax KJIETOK, COOTBETCTBYIOIIUX IIpe-
UMIUIAHTALMOHHBIM CTaJIMsM DPa3BUTHS SMOPHOHA, JIKHUT 3a IpelesaMd HauBHOI'O
IUTFOPUIIOTEHTHOI'O COCTOSHUS U CBA3aHA C IEPEX0JIOM K TOTUIIOTEHTHOMY COCTOSIHHIO.
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Summary. Naive pluripotent stem cells (PSCs) have become an invaluable tool
for biomedical research over the last decade. They correspond to pre-implantation epi-
blast blastomeres and have a broad differentiation potential into embryonic and extra-
embryonic derivatives. Under certain conditions, naive PSCs can initiate X-chromo-
some inactivation during differentiation, but this occurs in a non-random manner, with
a preference for the X-chromosome, which was already inactive prior to the PSC con-
version to the naive state. As a result, the enormous potential of naive PSCs is not fully
exploited, prompting the need to improve the conditions for the derivation and mainte-
nance of naive PSCs. In this study, we evaluated the ability to induce random X chro-
mosome inactivation (rXCI) by naive embryonic stem cells (ESCs) cultured in three
modifications of HENSM medium. We returned primed HuES9 ESCs to the naive state
in three media: HENSM-LA (supplemented with the growth factors LIF and Ac-
tivin A), HENSM-L (supplemented with LIF only) and basal HENSM-0 without fac-
tors. The resulting cultures demonstrated a morphology and other characteristics of na-
ive pluripotency (See Fig. la-e), including increased expression of naive pluripotency-
associated transcription factors such as TFCP2L1, KLF17 and DMNT3L (See Fig. 1, f).
Naive HUES9 cultures grown in HENSM medium without Activin A and/or LIF show
significantly higher expression of the totipotency genes LUETX, TPRXI and ZSCAN4
(p <0.01) (See Fig. 1, f) and an increase in the proportion of cells with the LEUTX
transcription factor, characteristic of 8C-like human totipotent cells (See Fig. 2, a).
Thus, the absence of growth factors in HENSM medium results in naive cells approach-
ing the totipotent state. We also found that naive human PSCs maintained in HENSM
medium without growth factors have a greater potential to induce rXCI during differ-
entiation (See Fig. 2). The likelihood of rXCI triggering in naive HuES9 ESCs in
HENSM medium increases with the proportion of cells expressing totipotency markers.
This suggests that the capacity for rXCI in humans is restored close to the totipotent
state. These results will help to improve the conditions for the generation and mainte-
nance of naive human PSC, allowing their unique properties to be more widely ex-
ploited in biomedical research.

The article contains 2 Figures, 5 References.

Keywords: naive human pluripotent stem cells, X-chromosome inactivation, cell
models of human diseases
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BBenenne

[onnep:xnBaeMble B KyJAbType HAWBHBIC IUIFOPHIIOTEHTHBIE CTBOJIOBBIE
kietkn (I[ICK) denoBeka — 3KBHBAJICHT NMPEUMIUIAHTAIIMOHHBIX OJIACTOMEPOB
anubacTa paHHeH OJaCTOMHMCTHI — MPENCTABIIAIOT COO0H MHOTOOOCIIAFOINNN HH-
CTPYMEHT IUIS HAYIHBIX MCCICAOBAHNAN MPOLECCOB PAHHETO Pa3BUTHSA, MOJICIIH-
POBaHUS TEHETUYECKH JECTEPMHUHUPOBAHHBIX 3a00JICBaHUMA, pa3paboTKu JeKap-
CTBEHHBIX NIPEIapaToB, IMPOrpecca PenponyKTUBHBIX TEXHOJIOTHHA M pereHepa-
tuBHOU MeauIuHbI [ 1-3]. OT™MeuaroT, uto B Kynbrypax HauBHBIX [ICK ¢ HU3KOH
9aCTOTOHN MPUCYTCTBYIOT KJICTKH B TOTHIIOTEHTHOM COCTOSIHAH, KOTOPBIE MOP(O-
nornyecku HeoTmanMbl OT HanBHBIX [ICK [4]. Hausnsie IICK nmomygarot u3 nu-
HUAH KJIETOK C IMPaiMHUpPOBAHHOHW ILTIOPUIIOTEHTHOCTHIO, OTpaXkaromux Oolee
MTO3THHE ATAIBI Pa3BUTHSI HOCTUMILIAHTAIIMOHHOTO YMOpHOHA Ha CTAINN Hadala
racTpyJSIUA ¥ UMCIONINX CYIIECTBCHHBIC OrPaHUYCHISI B TOTEHIMaNe audde-
PEHIIUPOBKH, OJHAKO CTA0MIFHO TMOANCPKUBAIOMINXCS B KYJIBTYpe Ha TPOTSIKE-
HUH HEOTpaHIMUEHHOTO Yrcia naccaxkeil. HecMoTps Ha o0mIIHe IpOTOKOIOB, O3~
Boystrorux monydate HauBHBIE [ICK denoBeka, miuTenbHOE MOANEpKAHUE in
Vitro KJIETOK B COCTOSIHHM HaWBHOM IUTIOPHIIOTEHTHOCTH MPOOIEeMaTHIHO.
HcnonpzyeMbie KOMIIOHEHTH «HAUBHBIX» CPEM BBI3BIBAIOT B KyJIBTypax XpOMO-
COMHBIE abeppaliy 1 HeoOpaTUMOe IEMETIIINPOBaHNE HMIIPHHTAPOBAHHBIX JIO-
KycoB reHoMa. Kpome Toro, ycnmosust kynstuBupoBanust HauBHbIX [ICK we cro-
COOCTBYIOT ITOJTHOM PEaKTHBAIMK HEAKTHBHON X-XpPOMOCOMBI H HE TIO3BOJISIFOT
3aIyCcKaTh MPOIECC CIyYalHON HHAKTHBAIIMN X-XPOMOCOMBI, SIBIISTFOIUICS BaXK-
HBIM JJ11 HOpMaJIBHOTO SMOPHOHAIBHOTO M ITOCTHATAIBHOTO pa3Buths. B 2021 .
qutst KynbTrBupoBanus HauBHBIX [ICK uenoBeka mpemnoxena cpena HENSM, ko-
TOpas BKIFOYaeT MHruOuTOp curHayibHoro mytd WNT U He COepKHT ero akTh-
BaTOPOB, YTO CIIOCOOCTBYET MOANEPKAHUIO KAPHOTHITNYECKOH CTaOMIBHOCTH
kynbTyp [3]. Takke B cpene HENSM cHmkeHa KOHIIEHTPAIIHSI KOMITOHEHTOB, BbI-
3pIBAIONINX HeoOpaTtumoe nemeruiaupoanue JIHK. Omaako moTeHIMan naHHON
Cpenbl K Peryisiuu Iporecca CIydailHOl WHAKTUBAIMK HE BhIsICHEH. Llenpb pa-
00TBI — WCCIENOBaHHWE BO3MOXKHOCTH PETYIHPOBATH MPOIECC HHAKTHBAIUU
X-xpomocomsl B HanBHBIX [ICK uenoBeka ¢ ncronp3oBannem cpeasl HENSM.

MarepuaJibl U METOABI

B pa6ote nucrnonp30Bay JMHAIO 3MOPHOHAIBHBIX CTBOJIOBBIX KileTok (DCK)
yenoBeka HUES9 (Homep hPSCreg: HVRDe009-A (RRID:CVCL _0057)) ¢ xapu-
otunioM 46, XX. [IpaitmupoBanabsie CK KyIbTHBHPOBAIN HA CIIOE MUTOTHUYECKU
WHAKTUBUPOBAHHBIX AMOPHOHAIBHBIX (hrOpoditacToB Meimu B cpeae KnockOut
DMEM, conepxamieit 15% 3amenntens cerBopotku KnockOut SR, 1% pactBopa
3ameHUMBIX aMrHOKHCIOT NEAA, 0,25 MM 2-mepkanrtosranona, 1 MM rimoTa-
muHa GlutaMax (Bce — Thermo Fisher Scientific), 200 MKr/mi mpumonuHa

186



Hlesuenxo A.U., Apccan A.M., 3axapoea H.C. Ha nymu K co30aHut0 HA0EMHCHBIX TUHUIL

(InvivoGen) u 10 ar/mn bFGF (Sci-store). MHIyKIHIO U OIep)kaHie HAUBHOTO
cocrosiaus B kinetkax HUES9 ocymectmsim 8 cpene HENSM-0 [3], mpencras-
nsroniei coboii cMeck cpen Neurobasal 1 DMEM-F12 B cootHomenuu 1:1; mo-
0aBku: 1% N2, 1 MM GlutaMAX, 1% NEAA (Bce — Thermo Fisher Scientific),
200 mxr/mn npumonmHa (InvivoGen), 2% B27 (Invitrogen), 0,8 MM dimethyl
2-oxoglutarate (Merk), 0,2% Geltrex (Invitrogen), 50 mr/mm L-ascorbic acid
2-phosphate (Merk), a taxxe nHrHOUTOpHI KMHa3: 1 MkM PD0325901; 2 MmxM
XAV939; 2 MmxM G66983, 1,2 uM CGP77675 (Bce — R&D). Kpome Toro, uc-
nonp3oBasin  cpeasl HENSM-L, ornuuarommumecss or HENSM-0  wammumem
20 ar/mMn pexombunanTHOro LIF (Sci-store), a Takxke HENSM-LA, B koTOpyIO
kpome LIF noGarmsimu 10 ar/mn ACTIVIN A (Peprotech). JTuddepenmpoky
HamBHEIX DCK B mpom3BomHbIC TPEX HMPUMHTHBHBIX 3apOABIMICBBHIX JIUCTKOB,
KIIETKH Tpodobiacrta, a TakkKe MOMyYeHHE TPEXMEPHBIX KICTOUYHBIX OJIACTOHJIOB
MIPOBOJIMIIM TI0 paHee OIyOJIMKOBaHHBIM IIpoToKkoiaM [3, 5]. KieTku KyJnbTHBH-
poBanu nipu 37°C B atmMoctepe, comepkarieit 5% yraekucioro ra3a. Hamimame
crenn(pUICCKIX TOBEPXHOCTHBIX AHTUTCHOB M TPAHCKPUIIIMOHHBIX (PaKTOPOB B
HauBHBIX DCK, a Taxxke MapkepoB nudGepeHIUPOBKHA Y MX TPOU3BOIHBIX Jie-
MOHCTPHPOBAJIH C MOMOIIBI0 HMMYHO(IIyOPECIIEHTHOTO OKPAIIMBAHUS aHTHTE-
JIaMH TI0 CTaHJapTHBIM MpoTokoiaM [3, 5]. [TonydyeHne u aHaM3 H300paskeHUH
MPOBOAMIIM C IIOMOIIGI0 MHBEPTUPOBAHHOTO (DIYOPECHCHTHOTO MHKPOCKOIIA
«Nikon Ti-E» (Smonus) u nporpamMmsl «NIS Elements AR».

N3 npaitmupoBansix 1 HauBHBIX KieTok HUESY Beinensimn PHK u Ha e€ oc-
HoBe cuHTe3upoBanu k/IHK. OtHocutensHbie ypoBHH dKcnipeccuu TeHOB OCT4,
NANOG, KLF17, TFCP2L1, DNMT3b, LEUTX, TPRXI n ZSCAN4 onpenemnsutin
¢ momotipio nomykonuyectseHHoro [P B pexume peansHOr0 BpeMEHH, HC-
monb3ys Metoa AACt ¢ Hopmanu3anyed Ha yPOBEHb T€HOB JOMAITHETO XO35H-
ctBa ACTB, TFRC u B2M. DxcriepuMeHT TIPOBOAMIIN B TPEX OMOIOTHYSCKUX U
IBYX TEXHHUECKHUX ITOBTOPHOCTSIX. [locienoBaTensHOCTH MpaiitMepoB U METOIH-
YecKHe JeTali OmyOJuKoBaHbl paHee [3—5].

Homo kietok B KynsType HauBHBIX DCK, sKCIpeccHpyromX TPaHCKPHTIIIH-
onHbli (akrop LEUTX, xapakrepHsiid st 8 C-1mo100HBIX TOTUIIOTSHTHBIX KITe-
TOK 4eJioBeKa, onpenersuia Ha mpudope «kFACSAria III» (BD, USA), anaimsupys
10* coBBITHIf TTOCITE MPEUTUTAIINH KJIETOK C COOTBETCTBYIOIIMMH aHTUTEIAMH
(Thermo Fisher Scientific). B xadecTBe HEraTHBHOrO KOHTPOJIS HCIOJIH30BAIH
HEOKpAaIIeHHBIC KICTKH U KICTKH, HHKyOHpPOBAaHHEIE C (IIyOPECIIEHTHO MEUCH-
HbIMU [gG Kponmka. DKCIEPUMEHT TTOBTOPSUTA TPOSKPATHO.

XapaKTeprCTUKY aKTHBHOI'O W HEAKTHBHOT'O COCTOSHUS X-XPOMOCOMEI ITPo-
BOJIIIK METOIOM HMMYHO(DIIYOPECIICHTHOTO OKpAIIiBaHHs aHTHTEIIAMH K MOJIH-
¢ukammu H3K27me3 (Abcam), XapakTepHOi IUIs XpoMaTHHA Telblia bappa, a
taxke nipu momomn PHK FISH ¢ 3oun0M X-crierennoro rena HUWET (BAC-
kioH RP11-975N19). Ilpu nonydeHUH aMIUTMKOHOB X-CIICIICHHBIX T'€HOB HC-
MOJIb30BAJIM  CIIENMyoIe Tapbl mpaiimepoB: (5'-ctcactgcgatgtgaccaga-3';
5'-gcttgaacacagtgettggecaagetg-3") mns IGSFI, (5'-tcctgtcaaaatctgetecatca-3;
S'-agctcccaaagtagatgetactg-3') s INTS6L wu  (5'-gcactgatgatcgecaactc-3';
5’ caacatagagaccacccegt-3") s CD99. AnnenbHOE COOTHOIICHUE TPAHCKPUTITOB

187



Knemounasa ouonozus u zenemuxa / Cell biology and genetics

reHoB IGSF1, INTS6L n CD99 X-XpoMOCOMEI OITPEIEIsUTH METOIOM ITHPOCEKBE-
HUPOBAaHUS aMIUIMKOHOB, COACPYKAIINX ONHOHYKICOTHIHBIC ITONUMOP(UIMBIL
(SNP), na nputdope «PyromarkQ24» (QIAGEN, I'epMaHus) ¢ HCIIONBE30BaHUEM
HabopoB pupmsl «HTEpIadbcepBuc» (Poccus). IHTerpanbHy0 XapakTepHCTHKY,
OIIPEIETISIONTYI0 OTKIIOHEHHS OT CIy9aifHONH WHAKTUBAIWH, PACCUMTHIBATH KaK
cpenHee apu(pMETHUECKOS JOJCH aJIebHOW KCIPECCHU TPEX X-CIEIUICHHBIX
TCHOB.

Cratuctryeckyro o0padoTKy pe3ylbTaToB IPOBOMIIIHN B mporpammax R u Ex-
cel. JlocToBepHOCTh OTJIMYME OICHHBAIK ¢ ToMomiblo U-kputepus MaHHa—
YutHHE ¢ ionpaBkoi boH(eppoHU 111 MHOKECTBEHHOTO CpaBHEHHUSI.

Pe3yabTarhl ncciiefoBaHus U 00CyKIeHUE

Cpena HENSM wm3navansHO npemioxkeHa B AByx BapuanTax: HENSM-LA ¢
nobOapiieHueM IByxX pocToBbIX (hakTopoB LIF u ACTIVIN A, a Takocke HENSM-L
¢ nobarnenneM toibko LIF [3]. Otmedanocsk, uro B cpene HENSM-LA kierkn
UMEIOT Ooiiee BBICOKHN YPOBEHB JKCIPECCHH KITIOYEBBIX TPAHCKPHITIHOHHBIX
¢akropoB urropunioreHTHOCTH OCT4 1 NANOG. OnHako TakkKe W3BECTHO, YTO
YCHIIEHHE CUTHAIBHOTO MyTH (hakTopa pocta LIF criocoOCTBYeT HHUITHAIIMN CITY-
yalHOW MHAKTUBannu X-xpomocomsl [1, 2]. Kpome Toro, MHOTOYMCIIEHHBIE HC-
CIICZIOBaHMS, BHITIOIHEHHBIC HAa PAa3HBIX MIPOTOKONIAX KYJIbTHBHPOBAHHUS HAWBHBIX
[1CK yenoBeka, CBUAETEILCTBYIOT, YTO OTKa3 OT POCTOBBIX (DaKTOPOB HE BEIET K
muddepeHITIpoBKe KIETOK W OCHOBHYIO HAarpy3Ky IO MOAICP)KaHUIO HAMBHOTO
TUTFOPHIIOTEHTHOTO COCTOSIHHS HECYT MCIIONB3yeMBbIE B CPejaX HHTHONTOPHI CHT-
HaJbHBIX ITyTel AuddepeHupoBkH [2]. B cBsi3u ¢ 3TUM HaOII0qaeTCSA TCHISHITHS
K CHIDKCHUIO KOHIIEHTPAIIMH POCTOBBIX (PaKTOPOB B «HAMBHBEIX» cperax. Taxk,
koHIeHTpanus LIF MoxxeT ObITh YMEHbBIIIEHA B ABAIIATH Pa3. Y YUTHIBAs 3TH CBE-
neHus1, Mol ipoBenu noydenrne HanBHBIX DCK mmann HUES9 B cpenax HENSM-
LA nu HENSM-L, a Taxxe B cpene HENSM-0, He coneprkarieid pocTOBBIX (ax-
TOPOB, H CPaBHIUIN CHOCOOHOCTh HAWBHBIX IUTIOPHIIOTCHTHBIX KJIIETOK, ITOIACP-
KUBAEMBIX B PAa3HBIX YCIIOBHUSAX, WHHUIWUPOBATH CIyJIalHYI0 HHAKTHBAIIAIO
X-XpOMOCOMBI.

KynstuBupyemeie B Tpé€x Bapmanrtax cpeasl HENSM DCK nuann HuES9
HMEIOT KyIojioo0pa3Hyro GopMy KooHu# (puc. 1, a), IeMOHCTPHPYIOT HaJIHIHE
nmoBepxHOCTHOrO aHTUreHa CD75, a Takke TpaHCKpUIITUOHHBIX GakTopoB TFE3
n KLF17 (puc. 1, b). ITocne nepeBona Ha cpeasl HENSM kynbsTypsr HUES9 co-
XpaHSIOT CHOCOOHOCTH JaBaTh IPOW3BOMHBIE TPEX 3aPONBINICBBIX JIFCTKOB
(3KTO-, ME30- U BHTOJIEPMBI) IIPU CIIOHTaHHOW AuddepeHnupoBke (puc. 1, ¢), a
MIPH HaIpaBJICHHOW I PepeHITUPOBKE 00pa3yroT KIETKH TpodobdiacTa, mo3u-
THBHBIC 1O MOBepXHOCTHBIM aHTUTeHaM TACSTD2 m ENPEP (puc. 1, d). Ilpu
COBMECTHOM KyJIHTHBHPOBAHUH B HU3KOAATe3MBHBIX ycrmoBuax DCK, momyden-
HbIX Ha cpenax HENSM, u ux Tpoo0IacTHBIX TPOU3BOIHBIX JBa THIIA KIIETOK
CaMOOPTraHU3YIOTCs, (HPOPMHPYS TPEXMEPHBIE CTPYKTYPHI — OJIACTONIBI, HATTOMH-
HaIoNIe paHHHE SMOPUOHBI Ha CTa UK OJacTOIMCTHI (pHc. 1, ¢). Takum 06paszom,
etk HUES9, nepesenénnsnie Ha cpeast HENSM, neMOHCTpHpYIOT KITFOUEBHIE
CBOICTBA, XapakTepHbIe As KynbTyp HauBHBIX [ICK.
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Puc. 1. Hausnrie OCK uenosexa nuaun HUES9, nonydennsie B cpenax HENSM:

a — mopdonorust koionuit HauBHbIX DCK, b — uMMyHOGITyopeceHTHAs e TeKLIUs
cretuduyueckux st HauBHoro cocrosiaust ICK noBepxHocTHOro anTurena CD75
(xpacHblit), a Taroke TpaHckpuniroHHbIX (akropoB TFE3 (3enensiit) u KLF17 (kpacHslit),
¢ — uMMyHOQITyOpecieHTHas1 neTekius MapkepoB 3kroaepmsl (TUB3B, kpacHsbrit),
me3oaepmbl (aSMA, kpacHslit), suTonepmbl (FOX2A, kpacHblil) ociie criontanHo# qudde-
peHuupoBky HauBHbIX DCK B mpou3BoAHbIE TPEX 3aPOIBILIEBHIX JIHCTKOB, S/Apa OKPAIICHbBI
DAPI (cununit), muneiika — 100 MM, d — Mop¢ororus KIeTok paHHeil Tpo(hIKTOIePMBI,
npou3BoaHbIX HanBHBIX DCK, 1 X UMMYHO(ITyOPECIIEHTHOE OKPAIIMBAHUE AHTUTEIAMH
k noBepxHocTHbIM MapkepaM TACSTD2 (xpacHsbiit) u ENPEP (kpacHslit), siapa OKpalieHs
DAPI (cunnit), nuneiika — 100 MM, e — penpe3eHTaTUBHOE U300pakeHne OnacTousa,
MOMy4eHHOro nyrem camoarperanuu HauBHbIX JCK (OKpaliieHbl 3eEHBIM C HOMOLIBIO
antuten kK OCT4) u ux TpodaKTOnEpMATBbHBIX TPOM3BOIHBIX (CHHHUH, SAPa OKPAIICHBI
DAPI), nuneiika 10 mxM, f— oTHOCHTeNbHBIN ypoBeHb 3kcnpeccu MPHK rexos (ock Y)
o6ureit rwropunorentHocT (OCT4, NANOG), nauBHo# mitopunorentHoct (TFCP2LI1,
DNMT3L, KLF17) v torunorentaoctu (LEUTX, TPRX1, ZSCAN4) B kynbTypax
npaitmupoBanubix ICK (/) u HauBnbix DCK, nonaepxuBaembix B cpegax HENSM-LA (2),
HENSM-L (3) u HENSM-0 (4)

[Fig. 1. Naive human ESCs of HuES9 line expanded in HENSM media: a - morphology of naive ESC
colonies, b - immunofluorescence detection of naive-specific ESC surface antigen CD75 (red) as well as
transcription factors TFE3 (green) and KLF17 (red), ¢ - immunofluorescence detection of ectoderm
(TUB3B, red), mesoderm (aSMA, red), entoderm (FOX2A, red) after spontaneous differentiation of na-
ive ESCs into derivatives of three germ layers, nuclei are stained with DAPI (blue), scale bar is 100 um,
d - morphology of early trophectoderm cells derived from naive ESCs, and their immunofluorescence
staining with antibodies to surface markers TACSTD2 (red) and ENPEP (red), nuclei are stained with
DAPI (blue), scale bar is 100 um, e - representative image of blastoid obtained by self-aggregation of na-
ive ESCs (stained green, using antibodies to OCT4) and their trophectodermal derivatives (blue, nuclei
are stained with DAPI), scale bar is 100 um, f - relative mRNA expression level of genes (Y -axis)
of general pluripotency (OCT4, NANOG), naive pluripotency (TFCP2L1, DNMT3L, KLF17) and totipo-
tency (LEUTX, TPRX1, ZSCAN4) in cultures of primed ESCs (1) and naive ESCs maintained
in HENSM-LA (2), HENSM-L (3) and HENSM-0 (4) media]

OCHOBHBIE 3HJIOTCHHBIC (PaKTOPbI TPAHCKPHUIIIIUH TUTFOpUIIoTeHTHOCTH OCT4
u NANOG 1o pesynwsratam [11IP B pexxume peanbHOT0 BpeMEHHU IEMOHCTPHPYIOT
BBICOKHE YPOBHH 3Kcripeccru B HauBHBIX DCK, mipu aTom B KynbTypax HENSM-L u
HENSM-0 on#n cormocTaBuMBI ¢ TAKOBBIMH B IpaiimupoBanHbix JCK, a B kimeTkax

189



Knemounasa ouonozus u zenemuxa / Cell biology and genetics

HENSM-LA uMeroT craTicTidecky 0ojiee BhICOKHE ypoBeHb (p < 0,01) (puc. 1, f).
B nanBHbIX DCK 110 CpaBHEHHIO C MPAHMUPOBAHHBIMI OOHAPYKHBACTCS CTATUCTHYC-
cku Ooree Boicokuit ypoBeHb MPHK renoB TFCP2L1, DNMT3L u KLF17 (p < 0,01).
Onnako otHocuTenbHast akcrpeccust TFCP2L1 v DNMT3L 3aaunmo Hioke (p < 0,01)
B wietkax HENSM-L u HENSM-0 o cpaBreHuto ¢ TakoBo# B kitetkax HENSM-LA.
B T0 xe Bpemst kitetkn HENSM-L 1 HENSM-0 1o cpaBHEHHIO ¢ TpaitMAPOBAHHBIMA
OCK u xirerkamit HENSM-LA umetot nosermennsiii ypoBeHs MPHK renoB LEUTX,
TPRX1 u ZSCAN4 (p < 0,01), BBICOKAsT KCIIPECCHSI KOTOPBIX XapakTepHa a1t 8C-11o-
JOOHBIX TOTHUITOTEHTHBIX KIIETOK YeIoBeKa. Takim 00pa3oM, MOJKHO MPEATIONOKHUTE,
yro B KynbTypax kietok HENSM-L u HENSM-0 yBenmamBaeTcst 10515t KJIETOK, IKC-
MIPECCUPYIOIINX T'€HBI, CBOHCTBEHHBIE TOTHIIOTEHTHOMY COCTOSIHHIO.
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Puc. 2. Koppensus Mexay nonet KieTtok ¢ mapkepom torunorentHoctd LEUTX
B KynbType HauBHbIX DCK 1 HX CIOCOOHOCTHIO BOCIIPOU3BOIHUTH CITyYalHYIO HHAKTUBALIHIO
X-XpOMOCOMBI: @ — KOJIMYECTBEHHAsI OLIEHKA JI0JIK KieTok ¢ Mapkepom LEUTX,
kyabtuBupyembix B cpeqax HENSM-LA, HENSM-L u HENSM-0 (1a rpadukax mpoTodHoit
LIUTOMETPHHU NPUBECHA CPEIHSI BEIUYMHA CO CTAHAAPTHBIM OTKIOHEHHEM ), KPYTOBbIE
JarpaMMbl TOKa3bIBAIOT COOTHOIeHUE dKcpeccun amtenei (X1/X2) renoB X-XpoMocoMbl
OCJIe 3aIyCcKa MHAKTHUBAIIMH, b — SMHUI€HETUYECKHIA cTaTyc X-XpOMOCOM B KYJIbTYpax
HaMBHBIX U NOBTOPHO npaiiMupoBanHbix DCK, pernpe3eHTaTHBHbIC H300pasKeHHUs
ummyHoduTyopecteHTHoro okpammBanus sinep DCK ¢ anturenamu k Mogudukau
H3K27me3 (zenensiit) u PHK FISH ¢ 3oun0M X-cuennennoro rena HUWE] (kpacHbIN);
sinpa okpatensl DAPI (cunuit), nuneiika — 10 MkM, ¢ — rpaduK 3aBUCUMOCTH CTEIICHU
cilydaitHO HHaKTUBaLMHK (OCh Y) OT JAOMH KIETOK ¢ MapkepoM TotunorenTHoct LEUTX
(ock X), BeTMYMHA, ONIPEEIISIONIas CTeNeHp caydaitnoi nHakrusamu (rXCI), paccuntana
Kak cpeHee apupMeTHIecKoe A0Je ajuieIbHON IKCIPeccun TPEX X-CLEIICHHBIX TeHOB
[Fig. 2. Correlation between the proportion of cells with LEUTX totipotency marker in naive ESCs
culture and their ability to reproduce random X chromosome inactivation: a - quantification
of the proportion of cells with LEUTX marker, cultured in HENSM-LA, HENSM-L and HENSM-0
media (mean value with standard deviation are indicated on the flow cytometry plots), the pie charts show
the allele expression ratio (X1/X2) of X chromosome genes after inactivation onset, b - epigenetic status
of X chromosomes in cultures of naive (top image) and re-primed ESCs (bottom image), representative
immunofluorescence images of ESC nuclei stained with antibodies to H3K27me3 (green) and RNA FISH
with the probe to the X-linked gene HUWE] (red); nuclei are stained with DAPI (blue), scale bar
is 10 um, d - correlation plot between the degree of random inactivation (Y-axis) and the proportion
of cells with LEUTX totipotency marker X-axis, the value determining the degree of random inactivation
was calculated as the mean of the allelic expression from 3 X-linked genes]
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AHanmu3 KynpTyp KIETOK METOJOM IPOTOYHOW HHUTOMETPHU IIOKA3ajl, YTO
nost kietok ¢ mapkepom LEUTX, coiictBeHHBIM 8C-TIOAOOHBIM TOTHITOTEHT-
HBIM KJICTKaM YeNlOBEKAa, CTATHCTHYECKH 3HAYMMO IOBBINIACTCS B KyJIbTypax
HauBHBIX [ICK HENSM-L 1 HENSM-0, B KOTOpBIX OTCYTCTBYIOT POCTOBBIC (hak-
topel ACNIVIN A w/mma LIF (cMm. puc. 2, a). Makcumanbhas nons LEUTX-
TTO3UTUBHBIX KJIETOK TpH 3TOM BbIsiBIieHa B cpene HENSM-0, e comepxareit
POCTOBBIX (DaKTOpPOB.

Hanee mbI mokazanu, 4yto B KyinbTypax HauBHbIX DJCK HENSM-LA, HENSM-
L u HENSM-0 na6monaercs ouamienbHas skcrpeccus rena HUWE] (aBa cur-
HaJa B sape) U oTcyTcTBre akkyMyisiui H3K27me3 Ha X-xpoMocome, 94TO CBH-
JIETEIBCTBYET O TOM, 4TO 00€ X-XPOMOCOMEI B SIpax akKTUBHBI (puc. 2, b). [Tocie
Bo3Bparta HauBHBIX DCK B MpaiiMUPOBAaHHOE COCTOSHHE B KJIETKaX HAOIr0MaeTCs
MOHOaJIIeNbHAs Kcpeccus reHa HUWE] (onmuH CHTHAN B S/Ipe) B JACTEKTHPY-
ercsi o0macTh szmpa, B KOTOPOH MPOHCXOAUT AKKyMYISIHMS MOAN(PUKAIAN
H3K27me3, xapakTepHOii Is XpPOMOCOMHON TEPPUTOPUU, WHAKTUBHPOBAHHON
X-xpomocombl. HauBabie 9CK HuES9 B kynsTypax HENSM-LA, HENSM-L n
HENSM-0 nMeroT aBe akTHBHBIE X-XpOMOCOMEI B 97-99% wierok (N = 300), a
npu Bo3BpauleHuu HauBHbIX DCK B npaiimupoBanHoe coctosHue B 94—97% xie-
ToK (N = 300) HaOm0aeTCA MHAKTHBAINS X-XPOMOCOMEI (puc. 2, b). [TomryueHa
k/IHK noBTopHo mpaiimupoBanabix kietok HENSM-LA, HENSM-L u HENSM-0,
JIEMOHCTPHUPYIOIINX HHAKTHBALNIO, U CHHTE3NPOBAHBI aMIUTHKOHEI TPEX TEHOB B
yuactkax, coaepxkamux SNP. Onpenenenne HyKICOTHIHON MOCIIEIOBATEIHHO-
CTH aMIUIMKOHOB C IIOMOIIBIO0 IHPOCEKBHHUPOBAHUS ITO3BONIMIO yYCTAaHOBUTH
JIONIO KaX/IO0TO aiienss X-XpOMOCOM TIOCiE€ WHAKTHBAIMH. [IpaiimMupoBaHHBIC
npousBoaHble KiIeTok HENSM-LA moka3pBaloT 3KCIPECCHIO TPEUMYIIIe-
CTBEHHO OJHOTO aJUIeJs, YTO CBHIETENECTBYET O NMPAKTHUYECKU TOJHOW HECIy-
yalHOW WHAKTUBaWK. B mpaliMupoBaHHbBIX Mpon3BoaHEIX KynbTyp HENSM-L n
HENSM-0 nonst BToporo amensi yBeIWIUBACTCS, KOPPETUPYS C YBEIHUYCHUEM
JIOJTH KJIIETOK ¢ MapkepoM TotunoTenTHocTd LEUTX (puc. 2, a, ¢).

Takum obpa3om, Bo3BpaT npaiimupoBaHHbIX [ICK B cocTosiHME, SKBHBAJICHT-
HOE IPeNMITIAHTAIIMOHHBIM OJIacToMepaM, BO3SMOJKEH B cpeliaX, COACPIKAIIIX HC-
KITIOYUTEIHHO MHTHOWTOPHI KWHA3 CHTHAIBHBIX MyTed nuddepeHnupoBky 6e3
HCIIOJIB30BAHUS POCTOBEIX (DaKTOPOB. MOXKHO MPEATIONOKHUTE, YTO HAJIMIHE PO-
cToBBIX (hakTopoB B cpene HENSM ycmimBaeT IItOpHIIOTeHTHOCTD, TOT/Ia Kak
OTKa3 OT POCTOBHIX (PAKTOPOB BO3BpAIACT KIETKU Ha OoJiee paHHHUE CTaIHH M-
OpHOHATIBLHOTO Pa3BUTHSL, OJIM3KHE K TOTUIIOTCHTHOMY COCTOSHUIO. JIpyroif Bax-
HBII BBIBOJ ATOTO HCCIIECAOBAHUS 3aKIIFOYACTCS B TOM, UTO KJIETKH YEJIOBEKa B CO-
CTOSTHIH HAaWBHOH IUTIOPUIIOTEHTHOCTH, IIO-BHIMMOMY, HE CIIOCOOHBI 3aITyCKaTh
MpoIiecc Cay4YaifHONH HHAKTUBAIINH, H BRIOOP X-XpOMOCOMBI JUISI HHAKTHBAIIUH Ha
TaHHOW cTaauu yxke mpemompenenédH. OTMeHa POCTOBBIX (PAKTOPOB B cpere
HENSM BbI3bIBacT yBEIHUEHHUE JONMH KIETOK, OMM3KUX K TOTHIIOTEHTHOMY CO-
CTOSTHHIO, Y KOTOPBIX IOSBIIIETCS BO3MOXXHOCTH BBIOOpa OyIymieil HeaKTHBHOM
X-XpOMOCOMBI 1 3aITycKa CIy4aifHON HHAKTHBAIUK. Pe3ynbTaThl paboThl MOXKHO
WCIIOJIB30BATH IS NAIBHEHINEeH ONTHMH3ALNH ITPOTOKOIOB MONXYIEHHS U TOJ-
JepiKaHMs KyIbTyp KIETOK, AIMATHPYIOIINX MPEUMILIAHTAIIHOHHOE Pa3BUTHE 3a-
pozpIma, 00IagaromMX KapHOTHIIMYECKOH U SMUTEHETHIECKON CTaOMIBHOCTRIO

191



Knemounasa ouonozus u zenemuxa / Cell biology and genetics

1 CIIOCOOHBIX B ITOJIHON Mepe BOCIPOU3BOIUTH KITFOUEBBIE MPOLIECCHI PAHHETO M-
OpHOHAITBHOTO Pa3BUTHSI.

3akioueHne

B pesynbTate paboThI MOKa3aHO, YTO CIOCOOHOCTH KYJIBTYPhI HAUBHBIX TLTIO-
PHUIIOTEHTHBIX KJIETOK YeJIOBEKa BOCIIPOU3BOIUTH IPOIIECC CITyIallHOW MHAKTHBA-
U X-XpOMOCOMBI HAMPSMYIO 3aBUCHT OT JIOJH KJIETOK B KYJIBTYpE, IEMOHCTPH-
PYIOIUX MEePeXoa K TOTUITOTCHTHOMY COCTOSIHHIO. DTOT PE3yJIbTaT CBHUIICTEIb-
CTBYET, YTO BO3MOXKHOCTh HCCIIEIOBATh M KOHTPOJIUPOBATH TOJHYIO PEaKTHBA-
M0, & TAK)KE PAHHUE CTAJINH MTPOIlecca HHAKTHBAIUU X-XPOMOCOMEI y YeJIOBeKa
B KyJIbTYpPax KJIETOK, COOTBETCTBYIOIIHNX MTPEUMITIIAHTAIITHIOHHBIM CTaUsIM pa3BH-
THS SMOPHOHA, JIGKUT 3a IMpelellaMd HAaWBHOTO ILTIOPHIIOTCHTHOTO COCTOSHHS
KJIETOK M CBSI3aHA C WX MEPEXOJIOM K TOTHUIIOTCHTHOMY COCTOSIHHIO. B nanbHei-
meM HeoOXOIAMMO TOJITBEPIUTH IOTYYCHHBIC BBIBOJABI, MCIIONB3YS OOJblce
gucio auaui ITCK.
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