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EENERATIVE MEDIGIE g KOHIPECC CRISPR-2025

NTELLIGENT DATA SCIENCE

YNTHETIC BIOLOGY
OSTGENOME
ESEARCH & DEVELOPMENT

InybokoyBarkaemble Konnerun!
MbI pagpbl coobwmTb, 4To € 5 Nno 10 okTabpa 2025 roga coctontca
TpeTnit mexayHapoaHbln KoHrpecc “CRISPR-2025"!

Ha 3TOT pa3 opraHn3aTopbl KOHrpecca BCTPETAT Y4aCTHUKOB B FOCTENPUMMHOM COIHEYHOM EpeBaHe
(ApmeHus).

9TO cobbITME CTAaHET NJIOWAAKOM AN1A SKCNEPTHOTo 06CYKAEHMA NOCAeAHUX AOCTUMKEHUI, BbI3OBOB
N 3TUYECKMX aCMEKTOB, CBA3AHHbIX C MCNONb30BaHMEM LUMPOYAMLLIEro CNeKTpa TEXHONOrMYeCKMX NOAX0A08B,
HanpaB/iIeHHbIX Ha peaKTUPOBaHME FrEHOMOB.

OpraHusaTopbl:

*AHCTUTYT umTonormm n reHetukn CO PAH (HoBocnbupck, Poccus),

*IHCTUTYT XMMUYecKon Bruonornm n dpyHaameHTanbHom meanunHel (Hosocnbupck, Poccus),
*POCCUNCKO-apMAHCKNI yHUBepcuTeT (EpeBaH, ApmeHus),

*/AHCTUTYT MonekynapHoi 6uonornm HAH PA (EpeBaH, ApmeHus)

*CypryTCKUi rocyAapcTBeHHbIn yHuBepcuteT (CypryT, Poccua).

MapTtHepbl: BIOCAD, ®oHA Hay4HO-TEXHONOrMYECKOro pa3suTtua Krpol.

Mpepgbloywme KoHrpeccbl, npoBeaéHHble B 2018-m u 2023-m rogax B HoBocubupcke,
NPOAEMOHCTPMPOBANN BOCTPEOOBAHHOCTb U aKTyasIbHOCTb GOpMaTa MepPonpUATUA.

CTpemunTenbHO COBEPLLEHCTBYOWMECA METOAbl FEHOMHOIO pefakTMPOBAHUA, B TOM Yncie B o61actu
KAnMHMYeckoro npumeHeHma CRISPR-cuctem, TpebytoT BCECTOPOHHEr0 OCMbICAEHUA C YY4ETOM PasINYHbIX
obnacrtei 3HaHMN.

MMeHHO NO3TOMY MO CNOMMBLUENCA TPASULUMM Mbl Npeasiaraem LMPOKUIM CNEKTP HanpasBaeHUN,
KoTopble 6yayT obcyxaatbca Ha KoHrpecce “CRISPR-2025":

¢ Cell Technologies

* Regenerative Medicine

¢ Intelligent Data Science

e Synthetic Biology

e Postgenome

® Research & Development.

TpaAMUMOHHO YYaCTHUMKM KOHrpecca NpeacTaBAT nepenosble pa3paboTkuM U dyHAAMeHTasbHble
nccnegosanma B obnactn CRISPR, ux npumeHeHMe B MeAnLUHE, CE/IbCKOM XO3AACTBE, 3BOJIIOLMOHHON U
naneobuonoruu.

MpeacToAlWmMiA  KOHIpecC CcTaHeT MPOCTPAaHCTBOM A4 B3aUMOAENCTBMA Y4YEHbIX, Bpadven u
npeacTaBuTeNein UHAYCTPUKN, obMeHa naeamm n sGpPeKTMBHOro CoTpyaHNYECTBa.

B nporpamme

® N/1IeHapHbIe N CEKLMOHHbIE BbICTYNAEHWUA,

® KOHKYPC MOJIOAbIX YYEHDIX,

® KOHKYPC NOCTEPHbIX JOKNAA0B,

®naHenbHaa Auckyccma «OT NpefcKasaHUMA NEeKapCTB C MOMOLLBbI MCKYCCTBEHHOTO MHTENNEKTA,
TOYHOrO PeaKTUPOBAHNA FEHOMA A0 KNETOYHOM U FTeHHOWN Tepanumn».

[na Bcex *Kenaowmx N03HAKOMUTLCA C APMAHCKUMU TPAAULMAMMN OPTKOMUTET FOTOBUT UHTEPECHYHO
Ky/ZIbTYPHYIO Mporpammy.

Mpurnawaem NOCTOAHHbIX M HOBbIX YYAaCTHWUKOB: YYEHbIX, Bpayeln, CTyAEHTOB U npeacTasuTenen
busHeca.

NHPOopMaLMOHHbIN calT KoHrpecca: https://crispr2025.rau.am/

Biotechnology Company

BICZAD CD
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Yupeputenn

Cnbupckoe oTaeneHve Poccninicko akageMmm Hayk

®epepanbHoe rocyfapcTBeHHoOe 6iofpKeTHOe HayuHoe yupexzaeHne «DefepanbHblil UCCNefoBaTENbCKUIA LIEHTP
WHCTUTYT umntonorum n reHetukn Cnbupckoro otaeneHna PoccMinckor akageMmum Hayk»

MexpernoHanbHas obLecTBeHHasn opraHm3aLsa BaBnnoBckoe o6LecTBO reHETMKOB 1 CeNleKLVIOHepPOB

FnaBHbIN pegakTop

A.B. Kovemos - akapemuik PAH, a-p 6vion. Hayk (Poccus)

3amecTuTenu raBHoOro peaakTopa

H.A. KonyaHos - akagemuik PAH, o-p 6uon. Hayk, npodeccop (Poccus)

W.H. JleoHosa — p-p 6mon. Hayk (Poccums)
H.b. Py6yoe — o-p 6yion. Hayk, npodeccop (Poccus)

B.K. LLlymHeIl — akapemuk PAH, o-p 6rion. Hayk, npodeccop (Poccus)

OTBeTCTBEHHbIN CeKpeTapb
IB. Opnoga — kaHg. buon. Hayk (PoccusA)

PepakuynoHHasa konnerma

E.E. AHOpoHO8 — KaHf. 6uon. Hayk (Poccus)

10.C. AynbueHko — fi-p 6uon. Hayk (Poccus)

O.C. AppaHaceHko — akagemuk PAH, o-p 6uon. Hayk (Poccus)
[.A. AppoHHUKOB — fI-p 61on. HayK, foueHT (Poccus)

JI.U. AbmaHac — akapemuk PAH, a-p mea. Hayk (Poccus)

J1.A. becnanosa — akapemuk PAH, a-p c.-x. Hayk (Poccus)

A. bépHep - p-p Hayk (TepmaHuA)

H.I1. boHOape — KaHA. 6uon. Hayk (Poccus)

C.A. bopuHckas — p-p 6uon. Hayk (Poccus)

.M. bopoduH - a-p 6ron. Hayk, npoo. (Poccuns)

A.B. Bacunves — un.-kop. PAH, a-p 6von. Hayk (Poccus)

M.U. Boesoda — akapemuik PAH, o-p men. Hayk (Poccusn)

T.A. [aspuneHko — f-p 6uon. Hayk (PoccusA)

U. [pocce — p-p HayK, npod. (TepmaHms)

H.E. IpyHmeHko — a-p 6uon. Hayk (Poccua)

C.A. Jemakos — g-p 6uon. Hayk (Poccus)

W.K. 3axapos — p-p 6uon. Hayk, npod. (Poccusn)

W.A. 3axapos-lesexyc — un.-kop. PAH, a-p 6uon. Hayk (Poccus)
C.I. inze-Beumomos — akapemuk PAH, a-p 6mnon. Hayk (Poccus)
A.B. Kunbyesckuti — un.-kop. HAHB, n-p 6uon. Hayk (benapycb)
C.B. Kocmpos — un.-kop. PAH, f-p xvm. Hayk (Poccus)

A.M. Kyopssyes — un.-kop. PAH, g-p 6uon. Hayk (Poccus)

W.H. Jlagpuk — p-p 6von. Hayk (fepmaHus)

A.M. JlapkuH — kaHg. 6ron. Hayk (BennkobputaHua)

XK. Jle [yu — p-p Hayk (DpaHuuA)

W.H. Jle6edes — p-p 6uon. Hayk, npod. (Poccus)

J1.A. Jlymoea — p-p 6uon. Hayk, npod. (Poccus)

b. JllmemeHb6epez — p-p Hayk, npod. (Hnaepnanabi)

B.FO. Makeeg — un.-kop. PAH, a-p ¢u3.-mat. Hayk (Poccusn)
B.M. MonoouH - akapemuk PAH, a-p nct. Hayk (Poccun)
M.I1. MowKuH — p-p 6uon. Hayk, npog. (Poccus)

C.P. Mypcanumos — KaHg. 6uon. Hayk (Poccus)

J1IO. Hosukosa — p-p c.-x. Hayk (Poccms)

E.K. [lomokuHa — g-p 6uon. Hayk (Poccuns)

B.I1. [ly3bipes — akagemuk PAH, a-p mea. Hayk (Poccns)
A.B. MetwHeIl - un.-kop. PAH, a-p xum. Hayk (Poccus)

U.b. Po2o3uH — KaHg. 6uon. Hayk (CLLA)

A.O. PysuHckuli — p-p 6vion. Hayk, npod. (ABcTpanus)

E.IO. Peikoga — p-p 6von. Hayk (Poccus)

E.A. CanuHa - p-p 6uon. Hayk, npod. (Poccusn)

B.A. CmenaHos - akagemuk PAH, o-p 6uon. Hayk (PoccusA)
U.A. TuxoHosuY — akafiemuk PAH, g-p 6uon. Hayk (Poccuns)
E.K. XnecmkuHa — -p 6uon. HaykK, npod. PAH (Poccus)
3.K. XycHymOuHoga - p-p 6ron. Hayk, npoo. (Poccus)

M. Yen — p-p 6uon. Hayk (KnTalickas HapogHas Pecny6nvika)
I0.H. lLlaspykoe — o-p 6uon. Hayk (ABcTpanms)

PU. lediko — un.-kop. HAHB, A-p c.-x. HayK (benapycb)
C.B. lllecmakos — akapeMuk PAH, a-p 6mnon. Hayk (Poccus)
H.K. AHKko8ckuli — akagemuk PAH, o-p 6uon. Hayk (Poccus)
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Benku TermIoBOro 1okKa B GoaauHIe U peaKTUBaIl 6e/IKOB

A. MaabkeeBa 1 E.B. Kuceaesa (91, C.A. dépoposa @1'2
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AHHoTauuA. B npouecce Xn3HeLeATENbHOCTY B KaX4OW KNeTKe NPOVCXOAAT CUHTE3 HOBbIX 6ENKOB 1 yaaneHve cTa-
pbIX, AeHaTYPUPOBaHHbIX GENKOB 1 HEePaCTBOPMMbIX BGENKOBbIX arperatos. B nogaep»xaHum npoteoctasa 3HaunTENb-
HYI0 POJIb UTPAIOT LUAMNEPOHbI, KOTOPbIE YUacTBYIOT B MpUAaHNU NPaBuiibHON KoHbopmauun (bonamHre) MHorux 6en-
KOB 1 CMOCOBCTBYIOT Alerpajialii AeHaTYPPOBaHHBIX UM HEMPABUIIbHO CBEPHYTbIX BENKOB MOCPEACTBOM MpoTeas
unu aytodarum. HecMoTps Ha To UTo GONANHT 6ENKOB — JOBOJIBHO TOUHBIN MPOLIECC, C BO3PACTOM U NMOA BO3AENCTBMEM
CTpecca HakanvMBaloTCA OWMOKM, MPUBOAALLME K 06pa30BaHMNI0 HEPACTBOPUMbIX GENIKOBbIX arperaTos, KOTOPble MOTryT
BbI3bIBaTb Pa3nnyHble natonoruu. Bosgencreme cTpeccoBbix GakTopoB, TakMX Kak MOBbILEHHAA TeMrepaTypa 1 usme-
HeHMe KNCIOTHOCTY CPEeAb, TAKXKE MOXKET CoCO6CTBOBATb U3MEHEHWIO HATUBHOW KOHGOPpMaLmu 6enKoB, B pesysbraTe
YEero OHV MOTYT He TOJIbKO TePATb BbINOJIHAEMblE B HOPME GYHKLIUY, HO U MPUOBpeTaTb HOBbIE LIUTOTOKCUYECKME CBOW-
CTBa. B cBA3M € yBennueHnem cpefjHeii MPOAOIKUTENIbHOCTY XKI3HN YENOBEKA B MMPe OTMEUAeTCs POCT NpoTerHomna-
TV — 3aboneBaHNi, CBA3AHHbIX C HApYLLIEHVEM NMPOTEOCTa3a, K KOTOPbIM OTHOCATCA, Hanpumep, 6onesHu AnblreiMe-
pa, MapKNHCOHA, XaHTUHITOHA; NO3TOMY BbISIB/IEHVE MEXAaHWN3MOB, NPENATCTBYIOLWMNX HAKOMIEHWIIO 1 CMOCOBCTBYOWMX
YAANEHNIO LUMTOTOKCUYHBIX arperaToB, CTano akTyasbHOWN 3ajayeil. benkn Tennosoro woka (heat shock proteins,
HSP) — MonekynsapHble WanepoHbl, MPUHUMAIOLLME YyacTre Kak B NPYAaHUM NPaBUibHON KOHGOPMaLUy BHOBb CUH-
Te31poBaHHbIM 6enKam, Tak 1 B pedonanHre AeHaTypupoBaHHbIX GeNKOB € UX NocneayoLlei peakTrisaLveit. HSP pas-
HOO6pa3Hbl MO CTPYKTYPE 1 BbIMOMHAEMbIM GYHKLMAM 1 BCTPEUAIOTCA Y BCEX U3YUEHHbIX MPO- U 3YKapUOTUYECKMX
opraHn3moB. HSP crHTe3upyioTca B KNeTKe NOCTOAHHO. BbipaboTKa MHOMKeCTBa 113 HUX MHOTOKPATHO YCUIMBAETCA NpU
CTpeccax, BK/o4as TEMMOBOM (3a UTO OHU 1 MOYYMIM CBOE Ha3BaHMWE) U METABOIMYECKIIN CTPECC, BO3HMKAIOLWMIA 113-3a
MOBbILIEHUA KONNYECTBA HEMPABUIbHO CBEPHYTbIX 6eKOB. B HacToALeM 0630pe onvcaHbl MEXaHU3Mbl LENCTBUSA 1
byHKUMM NpeacTaBuTenein AT cemencts HSP B ponavHre n peaktusayuy 6enKos.

KnioueBble csioBa: 6GeNkM TEMIOBOrO LUOKA; MOJNIEKYNAPHbIE LanepoHbl; GonguHr 6enkoB; KOHTPONb KauyecTBa
6enkos; HSP.

[na untupoBaHus: Manbkeesa [l., Kucenesa E.B., ®Dénoposa C.A. benku TennoBoro woka B GponanHre n peakTreaumum
6enkoB. Basusosckuli xypHasn 2eHemuku u cenekyuu. 2025;29(1):7-14. doi 10.18699/vjgb-25-02

OuHaHcnpoBaHue. Pabota Kncenesoli E.B. n ®époposoi C.A. nogaepkaHa nporpammoit yHaamMmeHTanbHbIX HayYHbIX
nccnepgoBaHui no npoekty Ne FWNR-2022-0015.

Heat shock proteins in protein folding and reactivation

D. Malkeyeva (91, E.V. Kiseleva (9, S.A. Fedorova () @ 2

T Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Kurchatov Genomic Center of ICG SB RAS, Novosibirsk, Russia
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Abstract. Throughout their lives, cells synthesise new and dispose of the old, denatured proteins and insoluble protein
aggregates. An important role in maintaining proteostasis is played by chaperones, which fold various proteins and
promote degradation of denatured or misfolded proteins via proteasomes or autophagy. Despite protein folding being
an accurate process, as organisms age and experience stress, errors accumulate, which leads to the formation of protein
aggregates that can result in pathological changes. In addition, stress factors such as elevated temperature and altered
pH can promote protein denaturation that can result in the proteins not only losing their native functions, but also gain-
ing novel cytotoxic properties. With the increase of human average lifespan, more and more cases of proteinopathies —
diseases caused by disruptions in proteostasis, e.g. Alzheimer’s disease, Huntington’s disease etc. - emerge. Therefore,
identification of mechanisms preventing the formation of cytotoxic protein aggregates and promoting their clearance
is of high importance. Heat shock proteins (HSPs) are the molecular chaperones involved in folding nascent proteins
and refolding the denatured ones, leading to their reactivation. Heat shock proteins vary in structure and functions and
are found in all prokaryotes and eukaryotes discovered to date. HSPs are constantly synthesised in cells under normal
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Heat shock proteins in protein folding
and reactivation

conditions, and a multitude of them are dramatically up-regulated during stress, which includes heat shock (which
earned them their name) and metabolic stress caused by the increased numbers of misfolded proteins. In this review,
we describe mechanisms of action and functions of members of five heat shock protein families.

Key words: heat shock proteins; molecular chaperones; protein folding; protein quality control; HSP.
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BeepeHmne
Benkn temioBoro moka (MOJEKYyJSpHBIC IIarepoHsl, heat
shock proteins, HSP) — kiacc koHcepBaTHBHBIX OEJIKOB,
OCHOBHOM (DyHKIIMEH KOTOPBIX SIBJISIETCS] KOHTPOJIb KA4eCTBa
OemkoB B kieTkax (van Leeuwen, Kampinga, 2018). benku
TEIUIOBOTO IIOKA OBLIM OOHApy>KEHBI Y BCEX M3YyUCHHBIX
npo- 1 dykapuot (Lindquist, 1986). Cunres MHOXKECTBa Ipe-
crasureneit HSP ocymiecTBisieTcsi B HOpMaJIbHBIX YCIOBHAX U
YCHIIMBAETCSI B OTBET HA BO3JICHCTBHE PA3JIMYHBIX CTPECCOPOB,
TaKUX KaK [MOBBILICHHAs U IOHW)KEHHAsI TeMIIepaTypa, THIIOK-
CHsI, OKUCIIUTENBHBII CTPECC U MPUCYTCTBHE HH(EKIIMOHHBIX
areHToB (Serensen et al., 2003; Kampinga et al., 2009; Sarkar
et al., 2011). B HopmanbHbIx ycinoBusix HSP obecnieunBator
MIPAaBUIBHYIO KOH(OPMAIMIO HOBOCHHTE3UPOBAHHBIX IICTI-
THJIOB, BBITIOJNHSS (DYHKIHIO «MOJIEKYJISIPHBIX IIAEpPOHOBY»
(Ellis, 1987; Feder, Hofmann, 1999). BiusiHue HeOnaronpust-
HBIX ()aKTOPOB CPEIbI IPOSIBISIETCS Ha CyOKJIETOYHOM YPOBHE
B M3MEHEHUH OKHCIIUTEIbHO-BOCCTAHOBUTEIHHOTO U BOJTHO-
ro 0ajaHca, 4TO IPUBOIMT K HAPyIICHHIO KOH(OopMaruu Oe-
xoB (Jolly, Morimoto, 2000). HenpaBuiisHO CBepHYTHIE OSITKH
CIOCOOHBI TPHOOpETaTh HECBOHCTBEHHBIC UM BPEIHBIC JUIS
KJIETKH (QYHKIMH U MIMEIOT TEHACHIIMIO K (POPMHUPOBAHUIO He-
pactBopumbIX arperaros (Jolly, Morimoto, 2000). Ycunenue
CHHTe3a OCJIKOB TEIJIOBOTO IIOKa MO3BOJISIET KIIETKaM TOJI-
JIep)KUBaTh FOMEOCTA3 3a CYET TOTO, YTO MOJICKYJISIPHBIE 1I1a-
MIEPOHBI IPUJAIOT HATHBHYIO KOH()OPMAIIHIO HOBPEXICHHBIM
OeskaMm, PeOTBPAIIAIOT UX arperauio U pa3pylaroT yKe
chopmuposasimecs 6enkoBbie arperarsl (Jolly, Morimoto,
2000). Myrauuu B psine HSP y denoBeka mpuBoOaAT K pas-
BUTHIO MHUOIIATHH, HeliporaTnii, 3a001eBaHMl XpyCTalluKa
m1a3a u ceruatku (Macario et al., 2005; Kakkar et al., 2014).
Ha ocHOBaHUM CTPYKTYPBI 1 BBIIOJIHAEMBIX (DyHKITHI Oe-
KH TETUIOBOTO II0KA Pa3JIeIIsIOT Ha MSITh OCHOBHBIX CEMEHCTB,
Ha3BaHMUS KOTOPHIX OTPaKalOT maccy marnepoHoB (B kJla):
Hsp100 (mmu Hsp110), Hsp90, Hsp70, Hsp60 1 mansie HSP ¢
Maccoii 10 43 kJla (Sarkar et al., 2011; Bar-Lavan et al., 2016).
Pa6ote HSP nomoraror komanepons! Hsp40, Hsp10 u NEF,
HWHOT/Ia BEIACIsIEMBIC B OT/ACIIbHBIC ceMelicTBa. [t ceMeiicTB
HSP genoseka B 2009 r. mpodeccopom H.H. Kampinga c co-
TPYAHUKaMK ObLIa TIPEJIOKEHA CTaHIAPTHASI HOMEHKJIATypa:
HSPH (Hsp110), HSPC (Hsp90), HSPA (Hsp70), DNAJ
(Hsp40), HSPB (mansie HSP), 1 1151 cemelicTBa 1manepoHu-
nos: HSPD/E (HSP60/HSP10) u CCT (TRiC) (Kampinga et
al., 2009).

CemenctBo Hsp100

K 6enxam cemetictea Hsp100 (Clp y 6axrepuii, HSPH y
YeJOBEeKa) OTHOCSTCS IMIANIEPOHBI C MOJICKYJSIPHOM Maccoi
oxoso 100-110 x/la, o6magaromnye mpoTeoTUTHYECKON aKTHB-
HOCTBIO M CITOCOOHBIE pa3pymarh OeKoBbIe arperarsl (Sarkar
etal., 2011; Mogk et al., 2015). Lllanteponsl aTOr0 cemeiicTBa
IIMPOKO PaclpOCTPaHEHbl y MPOKAPHOT, IPUCYTCTBYIOT Y

OJHOKJIETOYHBIX dyKapuoT (k mpumepy, Hspl04 u Hsp78 y
Ipoxokeit Saccharomyces cerevisiae), y MHOTOKIIETOYHBIX Op-
TaHU3MOB 0OHAPY KUBAIOTCSI TOJIBKO B MUTOXOHpHsIX (Sarkar
etal.,2011). Hsp100 npunaexar k cynepceMeincTBy OelkoB
AAA+ (ATPases associated with diverse cellular activities)
1 007aIal0T XapaKTEePHBIM JOMCHOM AAA IIHHOW OKOJO
230 amMmuHOKHCITOT, uMeronum MotuBbl Walker A, Walker B,
sensor-1 u sensor-2, He0OXOANMBIE IS CBI3BIBAHUS U THAPO-
JIM3a HyKJICOTH/IOB, @ TAKIKe JUTS OJIMTOMEPH3aLlUH TIENTHIO0B
Hsp100 ¢ o6pa3zoBanuem kojblieoOpa3HbIx cTpykTyp (Mogk
et al., 2015; Mokry et al., 2015). Ha ocHOBaHMHM KonndecTBa
nomeHoB AAA manepons! cemeiicta Hspl00 oTHOCAT K
OJTHOMY M3 JIByX KJIACCOB: IEPBOMY (C ABYMsI HYKIJICOTH/I-
CBSI3BIBAIOIIMMH JJOMEHAMM) MJIH BTOPOMY (C OTHUM JIOMEHOM
AAA) (Hodson et al., 2012; Mokry et al., 2015). K nepsomy
KJaccy oTHocsitest, Hanpumep, ClpA, ClpB (Hsp104) u ClpC,
ko BTopomy — ClpX u HslU (Hodson et al., 2012).

V¥ Bcex npeacrasurteneii cemeirictsa Hsp100 mpucytcTByer
N-KOHIIEBOM AOMEH, 00eCIeUnBAIONIUIl UX CBA3BIBAHUE C
6emkoBeIMHU arperaramu (Mokry et al., 2015). ¥ HexoTOphIX
mraneponoB Hspl00 npucyrcrByer M-10MeH, pacionoKeH-
HBI BHYTPH NEPBOTO HYKIIEOTH]I-CBS3bIBAIOLIECTO JOMEHA.
[MonsmxHBIEe M-10MEHBI 00paIieHs! Hapy:Ky Koibia Hsp100
1 UTPAIOT BAYKHYIO POJIb BO B3AaUMOJICHCTBHH C CyOCTpaToM 1
peakTUBaLUK arperupoBanHbIx OenkoB (Mokry et al., 2015).
B mpucyrctBun AT® Hspl00 o0bennHSIOTCS B KOJIBIE00-
pa3HbIe TOMOTEKCaMephl ¢ IEHTPAIBLHON MTOPOH THaMETPOM
oxono 15 A, uepes koTOpyio MpoTATMBaeTCS pa3BOpauMBac-
MBII CcyOcTpar — OeJIOK, HaXOIIINICS B COCTaBe arperara
(Hodson et al., 2012; Duran et al., 2017). BayTps xanamna 00-
paleHsbl cojiep Kalliie THPO3UH METIIH, CBSI3bIBAIOIINE THPO-
(hoOHBIEC YJACTKM arpeTUPOBAHHBIX OSITKOB U TPOTATKHBATO-
mue cyOcTpaT CcKBO3b MOPY B PE3yJbTare MOCIEA0BaTeIb-
HOro rpelyiero ABmxeHHs 3a cueT ruaponnza AT (Saibil,
2013). Cy6cerpar BoBnekaercs B mopy Hsp100 He cBoOOTHBIM
KOHIIOM, a TIeTJIeH, TaK Kak BHyTPEHHHE CEIrMEHTHI arperupo-
BaHHBIX OEJIKOB JIerye 3aXBaThIBAIOTCS ATUMH ILAIIEPOHAMH
(Avellaneda et al., 2020). BraruBanue 6enka-cyOcTpara B
MOpy CBOOOJHBIM KOHIIOM, TEM HE MEHEe, TAaK)Ke BO3MOXHO
(Avellaneda et al., 2020).

Hexoropsie npencrasurenn cemeiictsa Hsp100 acconuu-
POBaHbI ¢ IPOTEa3aMu M MO Mepe BHITATHBAHUS cyOcTpara
13 OEIIKOBOT'0 arperara TPaHCIOLUPYIOT €ro B IPOTeasbl s
nerpanamn (Hodson et al., 2012). K mpumepy, ClpA, ClpC
n ClpX Oaxrepuii accorunpoBansl ¢ nporeasoii ClpP, a mra-
nepor HslU (ClpY) — ¢ npoteasoit HslV (ClpQ) (Hodson
et al., 2012). [laneponsr ClpB 6axrepwuii, Hsp78 u Hsp104
npoxoxeit S. cerevisiae n Hspl01 pactenuil He UMEIOT CBsl-
3aHHBIX C HUMU IIPOTea3 M, TAaKMM 00pa3oM, peaKTHBUPYIOT
arperupoBanHbie 6enkn (Hodson et al., 2012).

HTaneponst Hsp100 criocoOHbI pa3pymars OeKoBbIe arpe-
raTbl CaMOCTOSITENIBHO, OHAKO (P(HEKTUBHOCTh UX PaOOTHI
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3HAYUTEJIHO BO3PACTAET B MPUCYTCTBUU CHCTEMBI IIANEpO-
HoB Hsp70/Hsp40/NEF (Mokry et al., 2015). bexxu Hsp104
n ClpB mpakTryeckn He CIIOCOOHBI Pacro3HaBaTh CyoCTpaT
B orcyrcTBrue Hsp70 (Mogk et al., 2015). Hlaneponst Hsp70
MPUCOETUHSAIOTCS K TIETITH/aM B COCTABE arperaToB 1 HaIpsi-
My1o cBasbIBatoTcs ¢ M-nomenamu Hspl00, npenocrasisis
UM CyOCTpar, KOTOPBIN IPOJIBUTaeTCs B IIEHTPAJIbHBII KaHaI
Hsp100 u pa3zBopaumBaercs (Mogk et al., 2015).

Cemencteo Hsp90

Benku cemeiictea Hsp90 (HtpG y Oakrepuii, HSPC y ue-
JIOBEKa) SBJISIFOTCSl OAHUMH M3 CaMBIX PAclpOCTPaHEHHBIX
anepoHoOB, COCTaBIAOIMMX 10 1-2 % oT Bcex OeNKoB B
KIeTkax dykapuoT (Sarkar et al., 2011; Li, Buchner, 2013).
ITomumo onpmura NeHaTypHpPOBAHHBIX OCIIKOB, MIATIEPOHBI
Hsp90 obecrieunBaroT cO3peBaHIEe MHOKECTBA HOBOCHHTE3H-
poBauHBIX nenTtuAoB (Bar-Lavan et al., 2016). Y 6axrepuit
MMeeTCsl IPUHAIISKAINN ITOMY CEMEHCTBY O€IOK, Ha3BaH-
Heiid y Escherichia coli HtpG. Y apxeii reHbl, KOAUPYIOIINE
6enxn Hsp90, oOnapyxenst ve Opiu (Li, Buchner, 2013).
V nposxoxeii onycansl 1Ba npeacTaButens ceMencTsa — Hsc82
u Hsp82, kotopsie siokanu3zoBansl B urosone (Li, Buchner,
2013). B xmopomutactax pactermii pacmonokeH ch-Hsp90
(Li, Buchner, 2013). [ins muionosoi mymku Drosophila
melanogaster U3BECTEH TOJBKO OJIUH IPEJCTABUTENb CEMEN-
ctBa — Hsp83, reH KoToporo SBIISETCS €ANHCTBEHHBIM CPEIN
reHoB HSP npo30oduitel, B KOTOPOM COZIEP>KUTCSI HHTPOH (Sar-
kar et al., 2011). Y MiexonuTaoUmx NpUCyTCTBYIOT YEThIPE
npencrasutens Hsp90, n3 xotoprix nse mzodpopmsr Hsp90
(Hsp90a 1 Hsp90B) ¢ynknmonupyror B nurozone, Grp94 —
B JHJOIUIa3MaTH4eckoi cetH, a Trap-1 — B MUTOXOHAPHIX
(Sarkar et al., 2011; Li, Buchner, 2013).

Hsp90 coctost 3 Tpex 10MEHOB: KpailHe KOHCEPBAaTUBHOIO
N-KOHIIEBOT0, KOTOPHIH conepkuT AT®-cBsa3bIBarOIuUii cCaiT
W 3apsDKEHHBIH ITeTIeBOH cermMeHT, M-1oMeHa, HeoOX0IMMOTO
JUISL CBSI3BIBAHMS cyOcTpara U peryasiunu rugaponnza ATD, u
C-KOHLIEBOT0, TOCPECTBOM KOTOPOTO OCYIIECTBIISIETCS JIU-
Mepuzanus Hsp90 u B3auMoaelCcTBHE ¢ HEKOTOPBIMHU KOIIIa-
neporamu (Bar-Lavan et al., 2016). B He cBsa3anrOM ¢ ATD
cocrosinuu romoaumep Hsp90 npescrasiser coboit V-00pas-
HYIO CTPYKTYpY, Ha3bIBAEMYIO «OTKPBITONH KOH(OpMAaInein»
(Li, Buchner, 2013). Cps3piBanrie AT® mpuBOTUT K H3ME-
HEHMIO OpueHTauuu 1oMeHOB N 1 M U ImocTerneHHoMy Iepe-
XOJly TOMOAINMEpa K «3aKPbITON KOH(pOpMAILTUI» ¢ TUMEPU30-
BaHHbIME N-omeHamu (Li, Buchner, 2013). TToce ruapomn-
3a AT® N-nomens! quccounupytot, 1 Hsp90 Bo3Bpamaercs
K «OTKpBITOI KoHpopMarmmy» (Li, Buchner, 2013). ITepexon
MEK1y KOHPOPMAIUSIMH ONpeeIIsieTcsl B3anMOICHCTBUEM C
0eJIKaMU-KJIMEHTaMH U MHOTOYHMCJIEHHBIMH KOILIAaepOHAMHU
Hsp90 (Li, Buchner, 2013; Bar-Lavan et al., 2016). B3au-
mozeiictBue Hsp90 ¢ xomaneponamu 1 6eiaKoM-cyocTpaTom
MPOUCXOJIUT B «OTKPBITOI KOH(OpMALUK»; B Ipolecce Ie-
pexoma romoanmepa Hsp90 B «3akphITYI0 KOH(DOPMAITHIO»
npoucxonut GosnauHr cyocrpara; 3arem AJ1D, dpocdart, cyo-
CTpar U KOUIANepoHbl oTcoeaunstorces: ot Hsp90, u mamne-
POH BHOBB IPHOOpETaeT «OTKPHITYyI0 KoH(popmarmmio» (Li,
Buchner, 2013).

Perynanusa xomanepoHamu siBIIsSIETCS KOHCEPBAaTUBHOU
yeptoit cuctemsr Hsp90 sykapuot. Ceifuac m3BecTHO Oonee
20 xommanieponoB Hsp90 (Li, Buchner, 2013). Oun perynu-
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pyrooT QpyHkuuonuposanue Hsp90 myTem MHruOupoBaHUs
n aktuBary nX AT®-a3HOI aKTHBHOCTH W NPHUBICYCHUS
crier(uaecKrx OeIKOB-KINEHTOB. [Ipn 3TOM pa3imiyHbIe KO-
IIaIIEPOHBI B3aUMOJICHCTBYIOT IPYT C IPYTOM JJIst OOJITUeHUSI
CO3peBaHMs CyOCTPATOB, M COCTAB KOIIAIIEPOHHBIX KOMILIEK-
COB 3aBHCHUT OT TuNa Oenka-knuenta (Li, Buchner, 2013).
OyukiuonansHo Hsp90 Oosiee crienuanin3upoBaHbl 110
CpaBHEHHIO C APYTUMH OeITKaMH TeTI0BOTo 1moka. CoBMeCT-
HO CO CBOMMH Kornareponamu 6enku Hsp90 urpator BaxHyro
posib B (hosiauHre Mo Kpaiinei Mepe 200 pa3indyHbIX MENTHIIOB
B HOPMAJIbHBIX YCIIOBHSX, & TaKXKe B peoJIIMHTe IeHATYpH-
POBaHHBIX TIOCIIE CTPECCOBOTO BO3/1eiicTBI OenkoB (Sarkar et
al., 2011; Saibil, 2013). K cyOcTparam 1ranepoHoB cemeiicTBa
Hsp90 oTHOCATCS CHTHABHBIE OETIKH, YIACTBYIOIIHE B PETy-
JISIAH KJIETOYHOTO JICJICHUS, KHHA3BI, PEIEHTOPEI CTEPOU-
HBIX TOPMOHOB U cyrpeccop omyxouieit p5S3 (Saibil, 2013).

Cemencteo Hsp70

IIpencrasurenu cemetictea Hsp70 (DnaK y mpokapuot, HSPA
y 4eNoBeKa) MMEIOT MOJIEKYJISIpHYIo Maccy okoio 70 xJla n
SIBJISTIOTCS CAMBIMU KOHCEPBaTUBHBIMU 13 OCIIKOB TETJIOBOTO
mioka. [locnenoBaTenbHOCTh UX aMHHOKHCIIOT COBMAJaeT
npubnu3utensHo Ha 50 % y Bcex 0XapaKTepHU30BaHHBIX
BUJIOB XMBbIX opranu3moB (Sarkar et al., 2011; Bar-Lavan
et al., 2016). OTMunTenbHAS YepTa X T€HOB — HAJIMYUE
MHOKECTBa KOIUI y OOJIBIIMHCTBA U3YYCHHBIX BHIOB (Sar-
karetal., 2011). Tak, y nposxokeii S. cerevisiae IpuCyTCTByeT
14 xonuit Hsp70 (Sarkar et al., 2011); y D. melanogaster —
6 TIPaKTUYECKH HUIEHTUYHBIX CTPECC-MHAYINPYEMBIX TEHOB
Hsp70, ctpecc-uHaynupyeMslii red Hsp68 1 HECKOIIBKO JKC-
MIPECCUPYIOIINXCS Ha TOCTOSHHOM ocHOBe reHoB Hsc70 (Heat
shock cognate 70) (Tower, 2011; Xiao et al., 2019). Y gemno-
BeKka 0OHapy»keHo 17 reroB u 30 TICEBIOTEHOB, KOANPYOLIUX
nranepons! Hsp70, HEKoTOpbIe U3 KOTOPHIX UMEIOT TOMOJIO-
ruio mocnenoBarensHoCTel 10 90 % (Brocchieri et al., 2008;
Radons, 2016).

VY apxeit u sybakrepuii 6enku Hsp70 pacmosnaratorcs: B
IIUTO30JI€, y 9YKapHoT — B ApE, IUTOILIA3ME, MUTOXOHIPHSIX,
XJIOpOIUTIacTax M JHIOIUIa3MaTndeckoi cetu (Sarkar et al.,
2011; Rosenzweig et al., 2019). K ux ¢yHKIMAM OTHOCST-
cs (QONIUHT TTOTUIENTHIOB M BBICBOOOXKICHNE OCIKOB U3
arperaroB, NOAJICP’KaHUE CKIOHHBIX K arperamyu OelKoB B
Pa3BEpHYTOM BHUJIE U yUacTHE B TPAHCIOKAIIUK OCJIKOB Yepe3
MemOpans! opranei (Saibil, 2013; Bar-Lavan et al., 2016).

[Maneponsr Hsp70 cocTosT n3 KOHCEPBaTUBHOIO N-KOH-
L[EBOT0 HYKJICOTHA-CBA3BIBAIOIIETO JOMEHA MacCOW OKOJIO
44 xJla 1 MeHee KOHCEpBaTUBHOTO CyOCTpaT-CBA3BIBAIOIIETO
JoMeHa Maccoit okxoio 30 k/]a, coeTMHEHHBIX KOPOTKUM KOH-
cepBaTHBHBIM THAPOPOOHBIM JrHKepoM (Sarkar et al., 2011;
Bar-Lavan et al., 2016; Larburu et al., 2020). Hectpyktypu-
poBanHbIi C-koH1IeBOH yuacTok Hsp70 umeer Bapbupyromyto
JUIMHY. Y PaCIIOJIOKEHHBIX B SJpe U LUTOIIa3Me dYKapUOT
mrarepoHoB Hsp70 3TOT ydacTOK 9acTo COAEPKUT OTpHIla-
TenbHO 3apshkeHHbI MoTHB Glu-Glu-Val-Asp, KoTopsrii B3an-
MoJIeiicTByeT co crnenuuyecKkumMu Ko(hakropamu, BKIIO-
gast komranepossl Hsp40 (Rosenzweig et al., 2019). Hyxieo-
TH/I-CBSI3BIBAIOIINI IOMEH COCTOUT M3 YEThIPEX CyOJOMEHOB,
(hopMHUPYIOLIMX JIBE OJIU C [TyOOKOH ILENIbI0 MEX/y HUMHU,
B KOTOPOH PacIoIOKEH KaTaIMTUYECKUI LIEHTP, CBSA3bIBAIO-
muit AT® (Rosenzweig et al., 2019). CyOcTpar-cBsi3biBato-
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Puc. 1. PeakuMoHHbIN LKA WwanepoHa Hsp70.

| - B npucytctBum ATO B HyKneoTua-cA3bIiBaloLLeM foMeHe Hsp70 6enok-cBA3bIBaloLMI KapMaH LwanepoHa OTKPbIT U Cro-
cobeH B3aMOAeNCTBOBaTb C HENPaBUIIbHO CBEPHYTbIMU 6enkamu. |l - kowwanepoH Hsp40 nopaeT 6enok-cybcTpat 1 cnocob-
cTByeT ruaponusy ATO B HykneoTua-cassbiBaowem gomeHe Hsp70. Il - rupponns ATO nprBoAnT K M3MEHEHUIO KOHPopMma-
uum Hsp70, B pesynbTate Yero CybbeaviHnLbl CybCTpaT-CBA3bIBAOWErO JOMEHA OTAENATCA OT HYKNEOTHA-CBA3bIBAIOLLErO
[IOMEHa 1 3aKpblBaloTCA, 3axKnmMasn 6enok-cybcTpar. IV — kowanepoH NEF o6meHusaet AJD B HyKneoTua-CBA3bIBAIOLLEM [0-
MeHe Hsp70 Ha ATO. V — 6enok-ceasbliBaowmin KapmaH Hsp70 oTKpblBaeTcA, BbICBOOOXKAaA peHaTyprpOBaHHbI CybCcTpaT.

Ui JOMEH BKIFouaeT nBa cyomomena — o u B (Larburu et
al., 2020). CyOmomeH 3 COCTOUT U3 -CKIIAJIOK U COACPIKUT
TUAPOPOOHBI KapMaH, CBA3BIBAIOIINN OENKH-CyOCTpaThI.
Cy06n0oMeH o TIpeJICTaBIIEH 0-CIIUPAISIMU U CITYXKUT «KPBILII-
KO, 3aKphIBatOIICH OeTOK-CBs3bIBaroIIUil kKapMmaH (Larburu
et al., 2020).

CBsi3pIBaHME ¥ BEICBOOOXKICHUE CYOCTpaTa peryianpyercs
npucoeTuHeHneM u ruapoan3oM AT®, a ckopocTs — Kola-
neponamu Hsp40 (Dnal y mpokapuort) u NEF (nucleotide
exchange factor; GrpE y 6axrepunit) (Saibil, 2013; Larburu et
al., 2020). Peakunonnslii nuk manepona Hsp70 u ero kora-
MIEPOHOB MpeICcTaBIeH Ha puc. 1. [IpucoeanHenne MoneKybt
AT® K KaTaTUTHIECKOMY [IEHTPY HYKJICOTHA-CBS3bIBAIOIIETO
nomena Hsp70 BbI3bIBaET BpallleHUE J0JIEH HYKIEOTHI-CBSI-
3BIBAIOIIETO JIOMEHA, B PE3YIbTaTe KOTOPOTO MEXIOMEHHBIHT
JIMHKEP ¥ CyOJJOMEHBI CyOCTpaT-CBA3BIBAIOIIETO IOMEHA TPH-
KPEIUIIOTCS K HYKJIICOTHI-CBSI3bIBAIOLIEMY JIOMEHY, OTKPBI-
Bas KapMaH ais Oenka-cyoctpata (Rosenzweig et al., 2019).
CyOcTpaT-CBsI3bIBAIONINN JOMEH B3aHMOJICHCTBYET C KOPOT-
KHM MOTHBOM Oelika-cyOcTpara, CopepKaliuM IsTh THAPO-
(hoOHBIX aMHHOKHUCIIOTHBIX OCTaTKOB, (DTaHKMPOBAHHBIX 3a-
PSDKeHHBIMH aMHHOKHCIOTHBIME ocTatkaMu (Larburu et al.,
2020). DTOT MOTHB IPUCYTCTBYET IOYTH Y BCEX OCIIKOB, YTO
obecrnieurBaeT THOKOCTH B BBIOOpE CyOCTpaTa IIanepoHaMu
Hsp70 (Larburu et al., 2020).

[Ipucoennnenne OGenka-cyOcTpara BBI3BIBACT THAPOIH3
AT®, B pe3ynbrare 4ero MexJIOMEHHBIH JIMHKEP U Cy010-
MEHBI CyOCTPAT-CBA3BIBAIONIETO IOMEHA OTCOEANHSIOTCS OT
HYKJICOTH/I-CBA3BIBAIOIIETO JOMEHA, a CyO10MeH o cyOcTpar-
CBSI3BIBAIOLIETO JOMEHA 3aKphIBACT CyOCTpaT-CBS3bIBAIO-
i KapMaH, 3anupasi B HeM Oenok-kiueHT (Rosenzweig et
al., 2019; Larburu et al., 2020). O6sryH0 THApPOTH3 ATD B
KatanuTuueckoM 1entpe Hsp70 nmpoucxomuT co CKOPOCThIO
1 momekyna B 20-30 muH, oqHako mpucoeanHeHue k Hsp70
xommarrepona Hsp40 BmecTe ¢ cybcTparoM ycKopsieT 3TOT Ipo-
recc 6osee uem B 1000 pa3 (Bar-Lavan et al., 2016; Larburu
et al., 2020). 3ameny AJI® Ha AT® KaTtanu3mpyeT Kolare-
pon NEF (Bar-Lavan etal., 2016). DToT nmporiecc npuBOIUT K
OTKPBIBAHUIO KapMaHa ¢ CyOCTpaToM 1 €ro BEICBOOOIKIACHHIO
(cm. puc. 1) (Larburu et al., 2020).

CymiecTByI0T pa3Hble THIIOTE3BI 0 TOM, kak Hsp70 ocymect-
BisieT honuHr OeskoB. B HEKOTOPBIX MOJIEIISIX CBSI3bIBAHUE
mrareporamMu Hsp70 ruapodoOHBIX yUaCTKOB JIE€HATypPHPO-
BaHHBIX OEJIKOB 3aIUIIACT UX OT arperanuy, U B MOCIeyo-
IIIeM OCBOOOXKICHHBII CyOCTPAT CaMOCTOSATEILHO MPHHUMAET
paBIIbHYI0 KoHpopMarmio (Bar-Lavan et al., 2016). [Ipyrue
MOJIENN MPEATIONAraloT, YTO «3a)KUMaHue» JeHaTypHUpOBaH-
HBIX OEIIKOB B CyOCTpaT-CBS3bIBAIOIIEM KapMaHe OIHOTO HITH
Heckonbkux Hsp70 ciocobeTByeT nx pazBopaunBanuio (Bar-
Lavan et al., 2016). [Tockonbky maneponst Hsp70 He ToIbKO
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MPEJOTBPAILAIOT arperamnnio U crnocoOcTBYOT (GosguHry
HOJIUIIENITHIOB, HO U PEaKTHBUPYIOT arpernpOBaHHbIE OSIIKH,
Oosee MPaBIONOIOOHBIMHA MOTYT OBITH MOJIENH, YKa3bIBaIO-
mue raBHoW ¢ynknueir Hsp70 pazBopaunBanue OenkoB
(Bar-Lavan et al., 2016).

CemenctBo Hsp60

Benxu cemeiictBa Hsp60 (GroEL y sy6axrepwuii, HSPD y ge-
JIOBEKa), TaKXKe Ha3bIBaeMbIe mareponnHaMu (Hemmingsen,
1992), HeoOX0MMBbI OOJBIIUHCTBY OPraHU3MOB HE TOJILKO MPH
BO3/ICHCTBHUH CTpecca, HO U B HOPMAaJBHBIX YCIOBHUAX (Sar-
kar et al., 2011; Fan et al., 2020). B otirune ot mamnepoHoOB
Hsp70 u Hsp100, B ocHOBHOM HCIIPaBIISIFONINX KOH(DOPMALIUIO
JICHAaTypUPOBAHHBIX OEITKOB 1 Pa3pyIIAIOIINX OEIKOBEIE arpe-
ratel, Hsp60 B nepByro odepeb 3aA¢HCTBOBAHbI HA PAHHUX
stanax QonauHra nentunos (Saibil, 2013). M3BectHO, 4yTO
oxoio 30 % Bcex HOBOCHHTE3WPOBAHHBIX MENTHIOB E. coli
MpHOOPETAIOT MPaBMIbHYI0 KoH(opmMaruto Onaronapst GroEL
(Koumoto et al., 2001).

[ocmenoBarensrocts JIHK manepornaoB Hsp60 kpaitHe
KOHCEPBAaTHBHA, YTO MO3BOJISIET HCIOIB30BATh €€ ISl (PHII0-
TEHETUYECKOrO aHaJIM3a U UACHTH(DUKAIIMY OPTaHI3MOB (Sar-
kar et al., 2011). Ha ocHOBaHMH CXOXECTH TOCJIEIOBATEb-
HocTel reHoB Hsp60 u cTpoeHusl anepoHuHbI JEIAT Ha 1BE
rpynmsl (Saibil, 2013; Bar-Lavan et al., 2016). K rpynme |
otHocsT GroEL Gakrepwuii u ero xomanepon GroES, Hsp60
MUTOXOHpHi 1 ero komanepod Hsp10, Cpn60 xnopomnactos
¢ xomarneponom Cpn20 (Sarkar et al., 2011; Saibil, 2013;
Zhang et al., 2016). ['pynma I BximrogaeT TepMocoMmy apxen
n nurorutasmarniecknit 6enok CCT (chaperonin-containing
TCP1, Tarxke uzBectHslii kak TriC) saykapuor (Saibil, 2013).
[[TanrepoHWHBI TPEACTABIIAIOT COO0I CHMMETPUYHBIC CTPYK-
TYpBI U3 ABYX KoJjel, coctosmux u3 7 (rpymma I) i 8-9
(rpynma II) moHomepoB maccoii okoso 60 k/la (Lopez et al.,
2015). Monomepst Hsp60 o0enx rpymim HMEroT TpH JOMEHa!
ANMKaJIbHBIA, YKBaTOPUAIBHBIA U MPOMEKYTOUHBIA. DKBa-
TOPUANBHBIN IOMEH CONEPKUT ATD-CBsI3bIBAIONINE CANTHI
Y y9acTKH, HEOOXOUMBIE JUIs B3aUMOJEHCTBHS KOJICIT; aru-
KaJIbHBII 00ecIieunBacT CBsI3bIBaHNE CyOCTpaTa, a y nianepo-
HUHOB I'pyIIIbI | — Takxke B3aMMOACHCTBUE C KOLIAIIEPOHAMU
Hspl0 (Sarkar et al., 2011; Saibil, 2013; Bar-Lavan et al.,
2016).

Komrarieponst Hsp10 npencrapisitor co0oii romorentame-
PHI, cocTosmie U3 cyobeanHuI] Maccoit oxomo 10 x/a, xoto-
pble IPUCOCTUHSIOTCS K KOJIbLIAM IIATIEPOHUHOB T'PYTIIHI I,
3aKphIBasi MX MOJOCTH MOoa00HO Kphimke (Saibil, 2013).
Oynknuio korrarnepoHoB Hspl0 y manepornaoB rpynms! 11
BBITIOJTHSCT JOTIOIHUTEIBHBIN YIaCTOK alMKaJIbHOTO IOMEHA
(Saibil, 2013). [TpomexxyTounslii JoMeH MoHOMepoB Hsp60
CBSI3BIBACT MEXIY COOOW amMKaJbHBI W SKBATOPHAIBHBIN
JIOMEHBI U M3MEHsET KoH(opMmaiuio npu cBsizsiBannu AT,
YTO CIIOCOOCTBYET IEPEKIIOYCHUIO MEXIY «OTKPBITBIMY CO-
CTOSIHUEM, TIPH KOTOPOM BHYTPEHHSISI TOBEPXHOCTH IOJIOCTH,
obpazoBanHoi Kosb1ioM Hsp60, runpodobHa, 1 «3aKpBITHIMY,
IIPU KOTOPOM BHYTPEHHSISI IOBEPXHOCTh ruipoduibHa (Sar-
kar et al., 2011; Saibil, 2013; Bar-Lavan et al., 2016).

PeaktronnbIif 1kt marnepoHuHoB rpymms! I GroEL/GroES
onucad Ha puc. 2. [{ukn ¢onauHra OSIKOB MIANIEPOHUHAMU
rpynnsl Il nporcxoaut no cxoxei cxeme, 3a CIIEAYOIIUMH UC-
KITFOYEHUSIMU: 3aKpbITHe Kamepbl Hsp60 ocymiecTsisiercs He
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KOILIAIIEPOHOM, a JIOTIOJIHUTEIIbHBIMH y4aCTKaMH allMKaJIbHBIX
nmoMeHoB MoHOMepoB Hsp60 B pesynsrate ruapommnsza ATD;
KOJIbIIa IAIIEPOHUHOB TPyMIIb! [l MEHSIOT COCTOsIHNE MEXK Ty
«OTKPBITHIM» U «3aKPBITBIM» CHHXPOHHO, a HE T0CJIe/[0Ba-
tenpHO (Kumar et al., 2015; Lopez et al., 2015).
Cy6crparamu Hsp60 sIBISIFOTCS! TIETITHIBI MOJICKYIISIPHOM
maccoii ot 35 1o 60 k/la. MakcumanbHblii pasmep cyocrpara
ompenensercss 06beMoM nonocT kKoier Hsp60, koTopsrit y
GroEL cocrasnser ~175000 A3 (Bar-Lavan et al., 2016).
[TarepoHUHBI TPOU3BOST (QOJIMHT BAXKHEUIINX JJIsl KIIETOK
0eJIKOB, TAKMX KaK aKTHH U TyOYyJIMH 3yKapHoOT U CyObeInHAIIA
RbcL depmenta RuBisCO, siBnsitomerocst yaacTHUKOM LIUKIIa
KanbBuna (Sarkar et al., 2011; Hayer-Hartl, 2017).

Cemencteo manbix HSP

Mansie Oenku Terutooro moka (HSPB y 4yenoseka) umeror
Maccy ot 12 o 43 k/la (Sarkar et al., 2011). YV sykapuoT onn
BCTPEYAIOTCS B IUTOILIA3MeE, SpEe, MUTOXOHIPHSIX, XJIOPO-
lacTax u rnepoxkcucomax. [IpokaproTsl M OJHOKIETOUHBIE
9YKapuoOThl OOBIYHO MMEIOT OJWH HJIN J[Ba IIUTO30JIbHBIX
mainsix HSP, onHako y HeKoTopbIx OakTeprii nX MOXKET OBITH
HeckonbKo. K mpumepy, y Oaxrepuit pona Bradyrhizobium
MOXET HACUUTHIBaThCA 10 8 reHoB Mansix HSP (Mogk et al.,
2019).Y MHOTOKJIETOUHBIX DYKapHOT KOJINYECTBO IeHOB, KO-
nupyromux maneie HSP, Bapsupyet ot 10 y uenosexa o 50
y BeIcIuX pacternii (Mogk et al., 2019).

B ommune ot npeacTaBuTeNe Jpyrux ceMencTB, Malible
OCJIKM TEIUIOBOIO MIOKa HE 00JIaJaloT CIIOCOOHOCTHIO K pe-
(oI IMHTY IEHATypHPOBAHHBIX U arPETHPOBAHHBIX OEJIKOB U
He ocymecTBIsIOT ruponn3 AT® npu BHITOTHEHUH CBOMX
(yHKIMHA, OCHOBHAsI U3 KOTOPBIX — PEJOTBPAIEHUE arpera-
IINM HECBEPHYTHIX U ICHATYPHUPOBaHHBIX OekoB (Bar-Lavan
et al., 2016; Mogk et al., 2019). ITomumo peOTBpAIIEHUS
arperauuu 0eskoB, Masibie HSP BoBiieueHbI B psiJ| KITFOUEBBIX
(hM3MOTOTHYIECKIX MPOIIECCOB, TAKMX KaK KJIeTOuHast udde-
penmpoBka u arontos (Fu, 2015).

XapaxkTepHbIM IIPU3HAKOM IIPEICTaBUTENIEH CEMEUCTBa
MallbIX OEJIKOB TEINIOBOTO IIIOKA SIBJISIETCS HAJIMYUE KOHCEp-
BaTUBHOTO (O-KPHCTAJUIMHOBOTO JIOMEHA, HAa3BaHHWE KOTOPO-
r0 TPOM30LLIO OT Oelika XpycTajinKa IJla3a HO3BOHOYHBIX —
a-kpuctamumHa (Sarkar et al., 2011; Bar-Lavan et al., 2016;
Paul et al., 2016; Mogk et al., 2019). DToT moMeH cocTouT
n3 90-100 aMMHOKHCIOTHBIX OCTAaTKOB, (hOPMHUPYIOIHX
B-cornBHY, comepkamuii 7—8 aHTUTIAPAIUIEEHBIX 3-THCTOB
(Mogk et al., 2019). a-Kpucrannurossiii tomen Maisix HSP
OKpYXeH MeHee KoHcepBaTHBHBIMU N- n C-KOHIEBBIMHU J10-
meHamu (Mogk et al., 2019). N-koHIIeBBIE TOMEHBI 0COOEHHO
Pa3HOOOpPa3HbI M0 AMUHOKHCIOTHOMY COCTaBy M JUTMHE U
coCTOAT U3 24—247 aMUHOKUCIIOTHBIX OCTATKOB (B CpeIHEM
3 56) (Mogk et al., 2019). C-koHIIEBBIE JOMEHBI COCTOST
MeHee 4eM u3 20 aMHHOKHCIIOTHBIX OCTaTKOB (B CPEIHEM
u3 10) u B 90 % cnydaeB copepkar KOHCEPBATUBHBIN MOTUB
lle-X-Ile/Val (IXI/V), urparomuii KIIO4EBYIO POJIb B OJIUTO-
mepusannu Maibix HSP (Saji et al., 2008; Mogk et al., 2019).

[Tonbie n chepuyeckue onuromeps! Manbix HSP Bkiroua-
1ot 12-32 mpotomepa (Saji et al., 2008; Mogk et al., 2019).
IIpotomeps! sBnsAroTCs AuMepamu Mansix HSP, a onurome-
PBl MOT'YT OBITH IPEJCTABICHbI KaK OJHUM BHJOM MaJIbIX
HSP, tax n Heckonmskumu (Mogk et al., 2019). umepusanus
Manbix HSP mpoucxoaut 3a cueT B3auMOJEHCTBHS O-KpH-
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Puic. 2. PeakumnoHHbI Lk Hsp60 Ha npumepe 6akTepuanbHoro GroEL u ero kowanepoHa GroES (romo-
rentamepbl GroEL 1 GroES n3o6paxeHbl B paspese).

| — 6enok-cy6cTpaT C HapyLWweHHON KoHbopMaLmeli B3aUMOAENCTBYET CBOVMMM MMAPOGOGHbIMI yUyacTKamm C ru-
podO6HON BHYTPEHHEN MOBEPXHOCTbIO annkanbHbIX JOMEHOB NpricoearHuBluero AT oTKkpbIiToro konbua GroEL.
Il - nonoctb GroEL oueHb 6bicTpo (B TeueHue ~0.2 ¢ (Horwich, 2011)) 3akpbiBaeTca KowwanepoHom GroES, n cy6-
CTpaT OKa3blBaeTcA «3anepTbim» B nonoctu GroEL. Il - npncoepnHeHne GroES Bbi3biBaeT NOBOPOT anuKasibHbIX [0-
MeHoB GroEL Ha 100° no yacoson ctpenke (Horwich, 2011; Clare et al., 2012), B pe3ynbTaTe KOTOPOro BHyTPEHHAA
NoBepXHOCTb KonbLa GroEL cTaHOBUTCA rMapodunbHoN, uTo cnocobcTByeT ponauHry cybetpara. IV — npnbnunsn-
TenbHO yepes 10 ¢ nponcxoaut rugponns ATO B SKBaTOpManbHbIX JOMeHax KosbLa ¢ Cy6cTpaToM, YTO MPUBOANT
K 0CnabneHnto CBA3N MexAay AABYMA KonbLamu, 6naropapa yemy BTopoe KoJbLo CTaHOBUTCA CMOCOBGHbIM CBA3aTb
ATO 1 HavaTb umkn dongura (Horwich, 2011). V — kowanepoH GroES oTcoegnHseTcsa oT nepsoro Konbua GroEL;
BO BTOPOM KOJIbLie HauMHaeTCA LMK GonanHra HoBoro 6enka-cybcTparta. VI - npaBuabHO CBEPHYTHIN (UK Bee eLye
He CBEPHYTbIN) Cy6CTPAT NOKMAAET OTKPbIBLUYIOCA MOIOCTb MEPBOTO KOMbLiA; OT 3KBAaTOPMasbHbIX AOMEHOB NEPBO-
ro konbua GroEL otcoepumnatotca AQD n docdar. VI, VIIl - nepBoe KonbLo He cnocobHo cBA3biBaTb AT 1, COOTBET-
CTBEHHO, 6enok-cybcTpaTt, Ao Tex nop, Noka He npousoiaeT ruaponus ATO Bo BTopom Konble. T - ATO, [l - AQO.

CTAJUTMHOBBIX JIOMEHOB, & OJIUTOMEPHU3AIIHS — 33 CUET dIeMEH-
toB N- 1 C-xoH1eBbix gomeHoB (Mogk et al., 2019). Omuro-
Mepbl Mauibix HSP qArHaMUYHBL M TIOCTOSTHHO OOMEHHBAIOTCS
JTUMepaMH (Zwirowski et al., 2017). Bo Bpemst Bo3neHCTBHS
CTPECCOBBIX (PAKTOPOB (HAIIPUMED, H3MECHECHUS TEMIICPATYPBI,
KOHIIEHTpaIuu coJicii u pH) paBHOBecHe cMemaeTcs B CTO-
poHy (QOpMHpPOBaHHUA MEHBIINX OIUTOMEPOB M pacmaga Ha
JTINMEPBI, KOTOPBIE CBA3BIBAIOTCS C THIPOPOOHBIMI YIaCTKAMH
JIeHaTypUpOBaHHBIX OenkoB (Zwirowski et al., 2017; Mogk
etal., 2019).

Maseie HSP obnagarot Maoi crierumaHOCTRIO U B3au-
MOJICHCTBYIOT C IIMPOKHM CIIEKTPOM Pa3JIMYHbIX OeIIKOB-CYO-
crpatoB (Mogk et al., 2019). Cas3piBasice ¢ cyOcTparamu,
Manbie HSP 00pas3yioT ¢ HUMH KOMILUICKCHI, COCTOSIINE U3
JIBYX CJIO€B: CTAOHMJIBHOIO s7pa, B COCTAB KOTOPOTO BXOIST
Mmanbsie HSP n HemonBmkHbIE OSNKH-CyOCTpaThl, 1 THHAMUY-
HOW 00010ukn U3 Maibix HSP, KoTOphIe TO CBS3BIBAIOTCS C
KOMILIEKCOM, TO OTAENSIOTCsS oT Hero (puc. 3) (Zwirowski et
al., 2017). PazmepsI Taknx KOMILUTIEKCOB MEHBIIIE, YeM Y Chop-
MHUPOBAHHBIX JICHATYPUPOBAHHBIMHU OCIIKAMU arperaToB, Of-

HAKO WX MOJIEKYJIsIpHasi Macca oObrgHO mpesbimiaer | M/la
(Zwirowski et al., 2017).

Pazmepsl komrutekcoB Maibix HSP ¢ cyOcTparamu 3aBucst
OT KOJIMYECTBEHHOTO COOTHOIIeHUsI Manbix HSP n Oenkos-
CyOCTpaToB B HUX: 4eM BbIlIe Jouist Masbix HSP, Tem Menbie
Ppa3Mepbl KOMILIEKCOB; IIPU JIOCTATOYHO BBICOKOM COACPKaHUU
Manbix HSP kommutekcs! ctanoBsiTes pactBopumbsivMi (Mogk
etal., 2019). IIpu Hebonbuiom conepkannn Massix HSP cy0-
cTparbl GOPMHUPYIOT IUIOTHBIE HEPACTBOPUMbBIE KOMILIEKCHI,
HO B OTJINYHE OT HEPACTBOPUMBIX arperaToB, 00pa30BaHHBIX
UCKJIIOUUTENBHO JICHATYPUPOBAHHBIMU O€ITKaMH, CyOCTpaThl
MO/IJICPIKUBAIOTCS B KOH(OPMAIIMH, MTO3BOJISIONIEH HIanepo-
HaM JPYTuX CeMeiCTB M3BIeUYb UX M3 KOMIIJIEKCA U IPOU3-
BECTH MX peakTuBanuio mytem dommunara (Mogk et al., 2019).

PeakTiBanuio 1eHaTypupOBaHHBIX OEJIKOB, BXOJSILHX B CO-
CTaB KOMITJIEKCOB C MaJbIMI HSP, ocyIiecTBIsIOT mamnepoHs!
Hsp70 (cm. puc. 3) (Zwirowski et al., 2017). TTyTem KoHKy-
PEeHTHOTO CBsi3bIBaHUs cyocTpara Hsp70 BBITECHSIOT MaJibie
HSP 13 0007109KH KOMIUIEKCOB W TIPOU3BOAAT (OJIAUHT CyO-
cTpara, uHoryia coMecTHo ¢ Hsp100 (Zwirowski et al., 2017).
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Puic. 3. Cxema npouecca BbICBOGOXKAEHMSA Masibix Ge/IKOB TEMIOBOTO LLOKA 13 KOMIMIEKCOB ¢ 6enKamm-cybcTpaTamm WanepoHamu
Hsp70 1 peakTuBaumm 6enkoB-cy6CcTpaToB WwanepoHamu Hsp70 1 Hsp100.

Komnnekcbl manbix HSP ¢ cybcTpaTom COCTOAT 13 CTabunbHOTO sApa, NPeACTaBNeHHOro feHaTYPMPOBaHHbIMM GeflKamMyi U CBA3aHHBIMM
C HUMM Manbimn HSP, 1 ArHamMUHOM 0607104KY, Ha MOBEPXHOCTN KOTOPOW MPOUCXOAUT NPUCOeAnHeHre Masnbix HSP K komnnekcy u anc-
coupraums 13 Hero (paBHOBECHE CMELLEHO B CTOPOHY NpurcoeaunHerus). Laneporbl Hsp70 BbiTecHAOT Manble HSP 113 KOMMNEKCOoB, BbICBO-
60 paan 1x, 3aTem NoAaloT 6enkn-cybcTpaTsl WwanepoHam Hsp100, KOTOpble MPOTAMMBAIOT MX Yepes LeHTPasbHYo NMopY 1 PeakTUBHPYIOT.

O06omouKka KOMIDIEKCOB HECET HECKOIBKO BaXKHBIX (PU3HO-
JOrnYecKnuX (yHKIMI: MOAJECPKUBACT pa3Mep U pacTBOPH-
MOCTb KOMIUIEKca Onarosapst 3amure ruipo(oOHBIX yUacTKOB
0eJIKOB-CyOCTpaToB OT B3aUMOJICUCTBHS C JIPyTHUMH JICHATY-
PHPOBaHHBIMH O€lIKaMH, IPEIOTBpallasi TAKHM 00pa3oM HX
arperayro; o0pas3yeT CeJIeKTUBHBINA Oapbep, MPOHUIIAEMBIN
JuIme 171 maneporoB Hsp70; yBenmumBaeT moTpeOGHOCTE B
manepoHax Hsp70 mo cpaBHEHHIO ¢ OEITKOBBIMH arperaraMmu
(Zwirowski et al., 2017).

Takum oOpazom, HecMOTpst Ha To uTo Majbie HSP momiep-
JKUBAIOT CKJIOHHBIC K arperaiuu 0ejIKu B yI00HOM yist (oJI-
JIMHTa COCTOSIHUM, OHH 3aMEJUISIOT PeaKTHBAILMIO cyOcTpara
TIpH HEIOCTAaTOYHBIX KoHIeHTpanusax Hsp70. Bo3moxHo,
TAKOH MEXaHU3M JIEHCTBUS MO3BOJISICT M30JIMPOBATH JICHA-
TYpPHUPOBAaHHBIE OCIIKHM B HEOIArONPHUATHBIX YCIOBHSX, KOT/IA
KOJIMYECTBO JIOCTYIHBIX IarnepoHoB Hsp70 orpanndeHo, K
npuMepy NpH XpoHHdecKkoM ctpecce (Zwirowski etal., 2017).
B 10 ke BpeMs mpu HU3KHX KoHIeHTpanusx Hsp70 mambie
HSP moryT ciocoGcTBOBaTh (POPMUPOBAHHIO OCITKOBBIX arpe-
raToB, TAK KAK OHH NPEIOTBPAIIAIOT yONKBUTHHHPOBAHHE CYO-
cTpara B KOMILIeKce H ero perpaganuto (Mogk et al., 2019).

3aknioueHue

SIBNAACH MONEKYNSPHBIMH IAIIepOHAMH, OCTKH TETTIOBOTO
[II0Ka UTPAIOT [EHTPAIBHYIO POJh B OCIKOBOM TOMEOCTa3e
Y )KU3HCHHO HEOOXOIUMBI ISl BCEX M3BECTHBIX MPO- U dyKa-
puot. IIpeacraButenu paszueix cemeiictB HSP BoimonHsitoT
pasuuHble (PYHKIUH: TOMOTAIOT MPHIABATh MPABUIBHYIO
KOH(OPMAIIHIO TOJHUIIETITHIAaM, TIPEIOTBPAIIAIOT arperamnio
JICHATYPUPOBAHHBIX OEJKOB, OCYIIECTBISIOT UX PEPOIIUHT
WA CITIOCOOCTBYIOT UX Jerpamanun. /i1 BEITIOMHEHHS BCEX
9TUX (PYHKIUH MOJICKYJSPHBIC MIAEPOHBI Pa0OTAIOT B TaH-
JieMe ApYT ¢ APYTrOM U C MHOTOUHCJICHHBIMHU KOIIarmepoHa-
MU, MOJJICPXKUBAsT MPOTEOM KJIETKHA B pabOYeM COCTOSHHH.
Taxum 00pa3oM, OETKH TEIIOBOTO IIOKA CIYXKAT «IIEePBOH
JIMHUEHN 3aIIMThD» KJIETOK OT TOKCMYHOIO BO3JEHCTBUS IO-
BPESKICHHBIX M HECBEPHYTHIX OCJIKOB KaK MPH HOPMAIEHOM
(hYHKIIMOHUPOBAHUY KJICTKH, TaK U TIPHU BIUSHUH Pa3INIHBIX
CTpecCcoBBIX (haKTOPOB.
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AHHoTauusA. bonesHb MapKUMHCOHa — TAXenoe HelpoaereHepaTUBHoe 3aboneBaHune, nopaxatLlee godbamuHep-
rmyeckne HempOHbl KOMMAKTHOM YacTh YepHOW Cy6CTaHLMM roNoBHOro mo3ra. /3BecTHble naTonornyeckue re-
HeTnyecKmne BapuaHTbl, aCCOLMMPOBaHHbIE C 6one3Hbio MapKMHCOHa, 06BACHAIOT NPUUNHY BCero 5 % cnyvaes
3aboneBaHus, NOSTOMY UCCefOBaHNA B 3TOM 061acTV akTyasbHbl U aKTVBHO MpofosiKaloTcA. B gaHHou pabote
Mbl OGHaPYXMNW ABYX NaLMEHTOB C KIMHUYECKMM AUarHO30M «6one3Hb MapKMHCOHa» ¢ reHeTNYeCKMM BapuaH-
ToM LGR4:c.1087G>T (p.Gly363Cys, rs117543292). 5TOT reH Koampyet membpaHHbii peuenTtop LGR4 (leucine rich
repeat containing G protein-coupled receptor 4), accounnpoBaHHbIi ¢ G-6eIKOM, KOTOPbIN y4acTBYyeT B peryns-
L GYHKUMOHUPOBaHWsA curHanbHoro nyTv WNT/B-KaTeHUH. [laHHbIi CMrHanbHbIi MyTb HEO6XOAMM ANA NPonu-
depaunn HeMpoHOB BO BpeMsA NX AnddepeHLMpPOoBKM, MOITOMY ero ANCOYHKLMA B pe3ynbTaTe reTepo3nroTHom
mMyTauum ¢.1087G>T B reHe LGR4 HapyLlwuaeT auddepeHUnpoBKy AodaMUHEPTNUECKUX HEVPOHOB, YTO MOXET NpK-
BOAWTb K 6one3Hu MapKuHcoHa. igeanbHbIM MHCTPYMEHTOM A1 N3YUYeHWA CBA3M STOFO FEHETNYECKOrO BapraHTa
¢ 6one3Hblo MapKNHCOHa ABNAETCA KNeTOYHas MoAesb Ha OCHOBE MHAYLIMPOBAHHbIX MAOPUNOTEHTHbIX CTBOJIO-
BbIX KneTokK (UMNCK) n nx anddepeHLMpoBaHHbIX MPOM3BOAHbIX — AoDAMUHEPTrMYECKX HEMPOHOB. B pe3ynbTtaTte
penporpaMmMmnpoBaHnA 3MMCOMHBIMU BEKTOpaMK, sKcnpeccupyowmmm 6enkmn OCT4, SOX2, KLF4, LIN28, L-MYC
n mp53DD, MOHOHYKNeapHbIX KNeTok nepridepryeckon KpoBy AByX MaumeHToB ¢ BapuaHTom c.1087G>T reHa
LGR4 Hamu 6binvi NONyYeHbl N AeTanbHO oxapakTepu3oBaHbl cemb nuHMn UMCK. OaHHble UMNCK oTBeuatoT Bcem
Tpe6oBaHUAM NAOPUMNOTEHTHBIX KNETOK, @ UMEHHO: CTabunbHO NponndepurpytoT, 06pasyioT KOMOHUN C XapaKTep-
HOW ANA NPUMNOTEHTHBIX KNETOK YyenoBeka Mopdonorvelt, UMerT HOPManbHbIA AUNAOUAHBIA KaPUOTHU, SKC-
npeccupytoT WwenouyHyto docdatasy n mapkepbl nnopunoteHTHocTH (OCT4, NANOG, SSEA-4 1 SOX2) 1 cnocobHbl
anddepeHUMpPoOBaTLCA B MPOU3BOAHbIE TPEX 3aPOAbILLEBbIX JINCTKOB — SHTO-, SKTO- 1 Me3ogepMmy. [oslyueHHble B
pabote nuHun UMCK 6yayT B fanbHeweM UCNONb30BaHbl A1A CO3AaHNA PeneBaHTHOW MOAENU, HanpaBieHHOM
Ha uccnepoBaHue 3dpdekTa BapraHTa ¢.1087G>T reHa LGR4 Ha pa3BuTMe naTonornyeckoro ¢peHotuna gopammHep-
rMYECKUX HEMPOHOB.

KnioueBble cnoBa: 60ne3Hb [MapKMHCOHa; penporpaMmmrpoBaHiie; NHAYLMPOBaHHbIE MIOPUMNOTEHTHbIE CTBOJIO-
Bble KNneTku; reH LGR4.

[nsa yntnposanus: Moasbicoukan B.C., Mpuropbesa E.B., Manaxosa A.A., MuHuHa K0.M., BaTkuH t0.B., Xabaposa E.A.,
P3aeB 1x.A., Megsepes C.I1.,, Koeanerko J1.B., 3aknan C.M. Co3gaHune n xapakTepucTka cemu JIMHUIN NHAYLMPO-
BaHHbIX MIOPUMOTEHTHBIX CTBOJIOBbIX KJIETOK OT [BYX MaLMeHTOB ¢ 6one3Hblo MapKMHCOHA, HECYLMX BapyaHT
¢.1087G>T reHa LGR4. Basunosckul XypHasn ceHemuku u cenekyuu. 2025;29(1):15-25. doi 10.18699/vjgb-25-03
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pa3suTuA IOrpbl B pamkax HayyHoro npoekta N2 2023-573-05.
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HOrO OKpaLUMBaHMA XPOMOCOM MPOBOAWN C UCMONb30BaHNEM pecypcoB LieHTpa KOMNEKTUBHOIO MOSIb30BaHWsA
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MaHHOro 6loAXeTHbIM NpoeKkToM MHcTUTyTa uutonorum u reHetnkn CO PAH (FWNR-2022-0015).
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Generation and characterisation of seven iPSC lines
(LGR4:c.1087G>T) from Parkinson'’s disease patients

Generation and characterisation of seven induced pluripotent
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Abstract. Parkinson’s disease is a neurodegenerative disorder affecting dopaminergic neurons of the substantia
nigra pars compacta. The known pathological genetic variants may explain the cause of only 5 % of cases of the
disease. In our study, we found two patients with a clinical diagnosis of Parkinson’s disease with the genetic variant
c.1087G>T (p.Gly363Cys) of the LGR4 gene. The LGR4 gene encodes the membrane receptor LGR4 (leucine rich
repeat containing G protein-coupled receptor 4) associated with the G protein. We hypothesize that the LGR4 gene
may be either a direct cause or a risk factor for this disease, since it is one of the main participants of the WNT/[3-
catenin signalling pathway. This signalling pathway is necessary for the proliferation of neurons during their dif-
ferentiation, which may lead to Parkinson’s disease. To study the relationship between this genetic variant and
Parkinson’s disease, an ideal tool is a cellular model based on induced pluripotent stem cells (iPSCs) and their dif-
ferentiated derivatives, dopaminergic neurons. We reprogrammed the peripheral blood mononuclear cells of the
two patients with the ¢.1087G>T variant of the LGR4 gene with non-integrating episomal vectors expressing OCT4,
SOX2, KLF4, LIN28, L-MYC and mp53DD proteins. The obtained seven lines of induced pluripotent stem cells were
characterised in detail. The iPSCs lines obtained meet all the requirements of pluripotent cells, namely, they stably
proliferate, form colonies with a morphology characteristic of human pluripotent cells, have a normal diploid karyo-
type, express endogenous alkaline phosphatase and pluripotency markers (OCT4, NANOG, SSEA-4 and SOX2) and
are capable to differentiate into derivatives of the three germ layers. The iPSC lines obtained in this work can be
used as a tool to generate a relevant model to study the effect of the pathological variant c.1087G>T of the LGR4
gene on dopaminergic neuron differentiation.

Key words: Parkinson’s disease; reprogramming; induced pluripotent stem cells; LGR4 gene.

For citation: Podvysotskaya V.S., Grigor'eva E.V., Malakhova A.A., Minina J.M., Vyatkin Y.V, Khabarova E.A., Rzaev J.A,,
Medvedev S.P, Kovalenko L.V., Zakian S.M. Generation and characterisation of seven induced pluripotent stem cell
lines from two patients with Parkinson’s disease carrying the pathological variant c.1087G>T of the LGR4 gene.
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BBepeHmne
Ha ceropssiauii nens 6ose3np [lapkuHCOHA — BTOpOE 1O
Y4acTOTE BCTPEUAEMOCTH HeliposiereHepaTnBHoe 3a00IeBaHue
nocie 6onesnn Anbureiivepa (Wang et al., 2020). [Topakas
YepHYI0 CyOCTaHIIMIO TOJIOBHOIO MO3Tra, & IMEHHO JIohamMu-
HEepru4eckne HeMpOoHbI, KOTOPBIE SABJISAIOTCS Ba)KHOH YaCThIO
perynsunu ABWXKeHHUs, Oose3Hp [lapkuHCOHA MPUBOIUT K
TpeMopy, OpanTuKHHE3UH U pUTHAHOCTH. Pa3pymienne noda-
MHUHEPIrHYECKUX HEHPOHOB MOKET HAaOMIIOaThCsI BCIEACTBUE
HEeCKOJbKHX IprurH. Hakoruienue B HuX Oeska anbda-cuny-
KJienHa u obpaszoBanue tenell JIeBu, quchyHKIMS MUTOXOH-
JIpUi U JIU30COM, MPOOIEMBbI CHHANTHYECKOrO TPAaHCIOPTa
WJIN TPaHCHOpPTa BE3HWKYJ — BCE (DAKTOPBI B COBOKYITHOCTH
MPUBOJST K YCKOPEHHOU rudenu Heliponos. K onuum u3
npu3HakoB O6osie3Hu [lapkuHCOHA Ha KIIETOYHOM ypOBHE OT-
HOCSITCSI OKCUATHBHBIH CTpecC, BO3HUKAIOIIUH B pe3yJIbTare
mucynkin mutoxoHapuit (Niu et al., 2021), u cTpecc 3H-
JIOTUIa3MaTHIECKOTO PETHKYITyMa, SIBIISIOIIUICS Pe3yIbTaToM
HAKOTUICHNS! OOJIBIIOTO KOJIMYECTBA HEMTPABIIIBHO CBEPHYTHIX
oenkoB (Fernandes et al., 2016; Marciniak et al., 2022).

B nacrosmiee Bpemst n3BecTHO Oosiee 20 TEHOB, aCCOIUH-
poBaHHBIX ¢ Oone3nbto [lapkuHcona. K manbomnee pacmpo-
CTpaHEHHBIM OTHOCATCSI MyTauuu B reHax GBAI, LRRK2,

PRKNwu PINKI (Funayama et al., 2023). OgHako Bcero okojo
5 % ciyuaeB 6one3nu IlapkuHCOHA OOBSCHACTCS HACIENO-
BaHNWEM OJIHOTO M3 T'€HOB, ACCOLMHPOBAHHBIX C OOJIE3HBIO.
Eme 16-36 % mposBIAIOTCS B Pe3y/bTaTe HEMOHOTEHHOTO
HacneioBaHust. [103ToMy akTHBHO IPOJOIKACTCS MOMCK I'eHe-
THYECKUX BAPUAHTOB, aCCOLMUPOBAHHBIX C BOBHUKHOBEHHEM
6ounesnu [lapkuncoHa.

[Tpoananu3npoBaB pe3yabTaThl 3K30MHOTO CEKBEHHPOBA-
HUst Oosiee 70 MaMEHTOB C KIMHUYECKUM JMAarHo30M «0o-
ne3nb [lapkunconay, Hadmonatomuxcs B OI'BY «Denepain-
HBIH LIEHTP HEHpOXHPYprum» MUHHCTEPCTBA 37paBOOXpa-
Henust Poccuiickort ®eneparmu (1. HoBocuOMpCK), MBI 00-
HapyXWIN JBYX HMAallMEHTOB PA3HOTO T0JIA, HE SBIISIOMINXCS
poncTBeHHUKaMH, Hecymux BapuaHTt ¢.1087G>T rena LGR4
(6a3a mamabIx SRA, mpoexkt PRINAS563295). B marrOM
TeHE U3BECTHO 48 OMHOHYKICOTHIHBIX 3aMEH, TPH U3 KOTO-
PBIX MPEACTABISAIOT COOON MaTOTEHHBIE MUCCEHC-MYyTalluu
c.2531A>G (p.-Asp844Gly), c.286A>G (p.lle96Val) u
¢.1087G>T (p.Gly363Cys) (Mancini et al., 2023).

LGR4 sBnsiercs G-CONMPsKEHHBIM PEIIENITOPOM U UTPAET
poub B pyHKIIMOHMPOBAHUU cUTHANIBHBIX TyTeld WNT/B-ka-
teHnH 1 tTAM®/nporennkunasa A (Shi et al., 2021). Panee
Ob110 TIOKa3aHo, uto BapuaHT c.1087G>T rena LGR4 naroreH-
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HBII U IPUBOJUT K 3aJIePIKKE MOJOBOTO Pa3BUTHS BCIEICT-
BHE HapyIIeHUs paboThl curHanbHoro Myt WNT/B-karernH
(Mancini et al., 2023), KOTOpBIil 3aJCICTBOBAH TAKXKE B IM-
Opuorenese B poleccax pa3BUTH TAKUX TKaHEH U OPTaHOB,
Kak TOHAbI, TOYKH, HEPBHAS CUCTEMa, NedeHb U ap. Ctout
MOTYEPKHYTh, YTO JJAHHBIN CUTHAIBHBIN ITyTh HEOOXOANM U
IpU pa3BUTUU U TUPPEepeHINPOBKe 10(paMUHEPTHIECKUX
HeiiponoB (Marchetti et al., 2020). ImenHo 61aromapst 3Toi
cBs3u 1 yuactuio 6enka LGR4 B curnansaom mytn WNT/B-
KaTeHUH MBI IPEJIoIaraeM, 4To TeHETHUYECKH BapuaHT
LGR4:¢.1087G>T moxeT BBI3BaTh AUC(HYHKIINIO WK THOCITH
Jno(haMUHEPTHIEeCKUX HEHPOHOB, YTO MOTEHIIMAIEHO MOXKET
ObITh puuKMHOIl Oosie3un [lapkuHcoHna. [{ast TOro 4roObI
U3YYHUTh B3aMMOCBS3b JAHHOTO I'€HETHYECKOIO BapHaHTa C
MaTOTeHHBIMU MPOIIECCaMH, BBI3BIBAIOIUMHU THOEb To(a-
MHUHEPIHYECKHX HEHPOHOB, B MIEPBYIO Ouepeib HEOOXOJHMMO
€O37aTh KJIETOYHYIO MOJIEJIb HAa OCHOBE WMHIYyIHNPOBAHHBIX
TUTIOPUIIOTEHTHBIX cTBOJIOBBIX KieTok (MITCK) u peneBant-
HBIX THUIIOB KJIETOK, O(haMHMHEPIHYeCKUX HEHPOHOB, aUd-
(hepeHInpPOBaHHBIX U3 HUX.

Monnepxxanue miaopunoreHTHoro coctosiuus UITCK
ocymecTBiIseTCs 01aroaapsi J0OABICHHUIO B KYJIBTYPaJIbHYIO
cpemy ocHOBHOTO (hakTopa pocta pudpodmactoB (FGF-basic/
bFGF). [lns monTBepskaeHUs CBOWCTBA TUTIOPUIIOTEHTHOCTH
U CaMOOOHOBJICHUSI KJIETOK MPOBOJSTCS Pa3IMYHbIE TECTHI
(Grigor’evaetal., 2023), Takue, HamprMep, KaK KaueCTBSHHBIN
(MMMyHO(ITyOpECIIEHTHOE OKpAINBAHUE) M KOJTMIECTBEHHBIN
(ITITP B peanmbHOM BpEMEHH ) aHAJIN3bI HA YPOBHH SKCIIPECCHU
pas3ubIX ¢akTopoB mmopunoreHTHOCTH (NANOG, SSEA-4,
OCT4,S0X2, TRA1-81, TRA1-60 n np.). 3BecTHO, 4TO IpH
IIPOJOJDKUTEIBHOM KYJIBTUBUPOBAHUM KIIETOK N VIfFO BO3-
MO’KHBI PA3JITYHBIE aHOMAITN KapUOTHUIIA (TIOJUILION 311,
TPAHCIIOKAINH, IeJICIINH, AHESYTUTOM/IUH U JIP. ), TOATOMY aHa-
JIM3 KapUOTUIIA IPEJICTABIISIET COOOM O/IMH U3 KITFOYEBBIX TEC-
TOB [T XapakTepucTuku noxydeHHsix auanid UTICK. Oc-
HOBHBIM TECTOM, CBU/ICTEIILCTBYIOIIEM O IUTFOPUITOTEHTHOCTH
KJICTOK, SIBJISICTCSL ClIOHTaHHas audhepeHupoBKa, He00xo-
nuMast U1 moaTBepkaeHus cnocoonoctn MIICK naBate
KJICTOYHBIC ITPOM3BOTHBIE BCEX TPEX 3apPOJIBIIIEBBIX JIHCTKOB
(aKTO-, PHTO- U Me3oaepMbl). boree Toro, ans xapakrepu-
ctuxu nony4deHHsIx auHui UTICK npoBogst: STR-anamms,
MOJTBEPKAAIOMNN TPOUCXOXKACHHUE TTOYUCHHBIX JTMHUH
UIICK ot noHopa moHoHykiIeapHbIx kietok (MHK) nepu-
(hepuieckoi KPOBHU; TECTbI, CBUACTEIBCTBYIOIINE O HAJU-
unn B UIICK renernueckux Bapuantos goHopa MHK mnn
MOATBEPKAAIONINE HAINYME TeHETHYECKUX MOU(UKaIi
B ciydae Tpancrene3a WIICK; TP Ha >muMuHAIIIO 9K30-
rennoi JIHK/ammcom, obecrieunBmnx pernporpaMMupoBaHie
COMATHYECKUX KIIETOK; PEeryjsipHble TECThl Ha OTCYTCTBHUE
BHYTPMWJIa00PaTOPHON KOHTAMHHAIINN.

Cnocoonocts UTICK nipu HanpasnenHo# tuddepeHmpos-
K€ JIaBaTh MPOU3BOIHBIE IPAKTHYECKH JIFOOOr0 THIIA KIIETOK,
HaIpuMep HEWPOHBI, KApIHOMHUOIUTHI, KIIETKH ITEUCHH, IH/I0-
TEeJIMANIbHbIC U APYTUE KJICTKH, O3BOJISIET MCIIOIb30BATh X
JUT CO3/1aHMsI KIIETOUHBIX MOZIEIeH U U3yUEeHHUs Ha PEJIeBaHT-
HBIX TUIAX KJIETOK NTaTOTeHEe3a PA3IMYHbIX HACIECCTBEHHBIX
3aboneBanuii. Tax, B pe3ynsrare pernporpamMmupoBanust MHK
nepudepruueckoll KpoBH, KYJIBTHBUPOBAHMS ITOJYHYEHHBIX
WIICK n nanpHelmel qudepeHnnpoBKH UX B HEHPOHEI,
noro0OHbIe fodamunepruueckuM (Grigor’eva et al., 2023), u
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Co3paHue n xapaktepuctuka cemu nuHnin UMCK
(LGR4:¢.1087G>T) oT NnaumneHToB € 60ne3Hbto NapKUHCOHa

actpouuTsi (Yarkova et al., 2023) OyaeT BO3MOXKHO CO3/IaHKE
in vitro monenu Oone3nn [lapkuHcona. JlaHHas KiIeTOYHAS
IaTopMa MO3BOIUT MPOAHATH3UPOBATH BKJIA] TCHETHYC-
ckoro Bapuanta LGR4:c.1087G>T B pa3BuTHe 3a00JIeBaHus,
W3YYIHUTH MOJICKYIISIPHO-TeHETHYECKIE OCHOBEI ITaTOTeHe3a 60-
ne3uu [lapkuHCOHA, MPOBOIUTH ITOUCK MUIIICHEH IS CO3/a-
HHSI HOBBIX JIEKAPCTBEHHBIX CPEJICTB, YYACTBYIOIIUX B Pa3Iny-
HBIX CHTHAJIBHBIX My TAX 1 OJIOKMPYIOIHUX 3aITyCK MaTOr€HHbBIX
MIPOIIECCOB, BBI3BIBAOIINX THOCIH T0()aMIUHEPTHUCCKUX HEH-
POHOB, a TAKKE TECTUPOBATH NOTCHIUAJIbHBIC MEJUIITUHCKUE
Tpernaparsl.

MaTtepwuanbl n metopbi

Co0mronenue yTu4eckux HopM. VccrnenoBanne ogo0peHo
Komurerom no strke HayuHbIx ucciegoBanuii ®I'bY «de-
JlepaJIbHBIN LIEHTP HEHPOXUPYpruw» MUHUCTEPCTBA 31paBo-
oxpanenns Poccuiickoit @enepanun (HoBocubupcek), mpo-
tokoi Ne 1 ot 14 mapra 2017 1. O6pa3mp! nepudepndeckoit
KpOBH NAIIUEHTOB ObLIH npeaoCcTaBJICHbI JaHHBIM HEHTPOM.
[TanmenTs! moamucanu WHGOPMHUPOBAHHOE AOOPOBOIHHOE
cornacue 1 HHGpOPMaIMOHHBIH JIUCT.

Brigenenue B rpaauente ¢pukonia MHK u3 nepude-
puueckoii kpoBu. MHK nepudeprdaeckoii KpoBH BRLACTSITN
B TpajMieHTe (PUKOIIA ¥ 3aMOPaKHBAIIN, KaK OTIIMNCAHO paHee
(I'puropsesa u nip., 2024).

PenporpammupoBanue nanuent-cnenuguunasix MHK.
Penporpammuposanne MHK npoBoannu merogom Hykieo-
(heKIMKM YMUCOMHBIMH BEKTOPAMH, YKCIPECCUPYIOLIMMHU
(haxrops! umopunorenTHOCcTH: SOX2, OCT4, KLF4, L-MYC,
LIN28, a Takxe JOMHHAHT-HeratuBHyI0 (opmy Oenka p53
Mol — mpS53DD (Addgene ID No. 41813-14, 41855-57)
1o paree ornmcanHoi meroauke (Grigor’eva et al., 2023). Hy-
ki1eoexnuio BeIoaHsM Ha mpuoope Neon Transfection Sys-
tem (Thermo Fisher Scientific), nporpamma: 1650 B, 10 mc,
3 pa3za. [lepsuunsie xomonnu UIICK mepeHocwnu B TyHKH
WIomaabo 1 cM2, IpeBapUTENLHO OKPHITHIE IMOPHOHATb-
HbIMH puOpobiaactamu Mbin (ODM), HHAKTHBUPOBAHHbIE
mutomunmHoM C (Sigma-Aldrich).

KynsTruBupoBanue nanuent-cnenuduuannsix UTICK ocy-
mectBisu Ha 9PM 1o panee onrcannoi meroauke (Yarko-
va et al., 2024). e3arperuposanu xonoanu UIICK TrypLE
Express (Thermo Fisher Scientific) n paccaxxuBanm onun
pa3 B 3—4 nHs B cootHotnenuu 1:10 ¢ nobasnernem ROCK
uarnouropa — 2 MxM Thiazovivin (Sigma-Aldrich).

I'mcroxnMmuyeckoe BbIsiBJICHHE JHAOTCHHOM 1IEJI0YHOH
docdarassl. Lenounyro Gpocdarasy BIBISIH C HCIIOIB30-
BanneM Habopa SIGMAFAST™ BCIP®/NBT (Sigma-Ald-
rich). Pe3ynprar ananm3mpoBaiy ¢ MOMOIIBI0 MHKPOCKOIIA
Nikon Eclipse Ti-E (Nikon), ucronb3ys nporpaMmmuoe ooec-
negenne NIS Elements Advenced Research, Bepcus 4.30.

HNmmyHnoduryopeceHTHOE OKPaIIMBAHME IPOBOIMIIN TI0
panee onucanHoi Meromuke (Grigor’eva et al., 2024). TIpe-
mapaThl aHanu3npoBasid Ha MuKpockore Nikon Eclipse Ti-E,
ucrons3ys nporpammuoe obecrieuenne NIS Elements Ad-
vanced Research, Bepcus 4.30. Cicok HCTIONIb3yeMbIX aHTH-
TEJ MpUBEICH B Ta0m. 1.

Cnonrannasa nuddepenunposka UIICK. s onpe-
JieneHus noreHuuana noixydeHusix auxHuit UTICK nposo-
JIAITN CTIOHTaHHYIO UG (GEpEeHITNPOBKY Yepe3 o0pa3oBaHHe
SMOPHONIHBIX TeJel] ¢ Mocieayone nMMmyHodIyopec-

MOJEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY 17


file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/ 
file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/ 
file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/ 
file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/ 
file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/ 
file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/ 
file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/ 
file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/ 
file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/ 
file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/ 

V.S. Podvysotskaya, E.V. Grigor'eva, A.A. Malakhova ...
S.P. Medvedev, L.V. Kovalenko, S.M. Zakian

Ta6nuua 1. CNCcoK aHTUTEN, NCMONb3YeMblX B paboTe

Generation and characterisation of seven iPSC lines
(LGR4:c.1087G>T) from Parkinson'’s disease patients

Ha3BaHue PasBepeHue

Mpoun3BoguTensb, Kat. N2 RRID

[NepBurYHbIE aHTUTeNa

MapKepbl MAOPUNOTEHTHOCTU

Mouse IlgG2b anti-OCT-3/4 1:100

Mouse IgG3 anti-SSEA-4 1:25

Mouse IgG1 anti-NANOG 1:50

Rabbit IgG anti-SOX2 1:400
Mapkepbl me3ofepMmbl

Mouse IgG2a anti-aSMA 1:200

Mouse IgG1 anti-CD29 1:100
Mapkepbl sHTOAEPMbI

Mouse IlgG2a anti-AFP 1:250

Mouse IgG1 anti-Cytokeratin 18 (KRT18) 1:250
Mapkepbl 3KTOAEPMbI

Mouse IgG2a anti TUBB3 1:1000

Chicken IgY anti-MAP2 1:1000

RRID:AB_628051
RRID:AB_778073
RRID:AB_2665475
RRID:AB_2195767

Santa cruz Biotechnology, sc-5279
Abcam, ab16287

Santa cruz Biotechnology, sc-293121
Cell Signaling, 3579

Dako, M0851
Thermo Fisher Scientific, 14-0299-82

RRID:AB_2223500
RRID:AB_1210468

Sigma-Aldrich, A8452
Abcam, ab668

RRID:AB_258392
RRID:AB_305647

RRID:AB_2313773
RRID:AB_2138153

BioLegend, 801201
Abcam, ab5392

BTopunuHble aHTUTENa

Goat anti-Rabbit IgG (H + L) Alexa Fluor 568 1:400
Goat anti-Mouse IgG2b Alexa Fluor 568 1:400
Goat anti-Mouse 1gG3 Alexa Fluor 488 1:400
Goat anti-Mouse IgG (H + L) Alexa Fluor 488 1:400
Goat anti-Mouse IgG2a Alexa Fluor 568 1:400
Goat anti-Mouse IgG1 Alexa Fluor 488 1:400
Goat anti-Chicken IgY (H + L) Alexa Fluor 488 1:400

neHTHoi okpackoil. UTICK napanmsanu Ha O®M B yamnikax
I[Tetpu (20 cm?) 1o mmotHOCTH 80-90 Y%, TOCIIE YETO KIETKH
nakyouposamn 20—40 mun B 0.15 % kosnarenasst [V tumna
(Thermo Fisher Scientific). /lanee akKypaTHO MANICTUPOBAIIH
s otaenenust xkononnit UTICK ot kmetok duaepa, meHT-
pudyruposanru 5 muH npu 100g, cauBaIM CylnepHATaHT,
cycneHaupoBaiu B cpene s Kynstusuposanus MIICK Ge3
bFGF n nepenocnim konoHnu Ha MOKPBITYIO 1 % arapo3oit
vaniky [Terpu (20 cm?). Uepes 14 nueli nonydeHHbIE U3 KO-
JIOHUH SMOPHOM/IHBIE TEJIbLIA PACTLIACTHIBANIN HA 8-sUeeyHbIe
TUTAHIIETHI ¢ ynbTpaToHKUM cTeksioM (Chambered Coverglass,
Thermo Fisher Scientific), mokpeiTeie Marpurenem. Yepes
7-9 nueii puxcuposanu 10 muH B 4 % napadopmanbaerue
(Sigma-Aldrich) n mpoBoammm IMMYHO(DITyOpECIIEHTHBIH aHa-
JIM3 Ha MapKephl TPEX 3apOAbIIIEBhIX JINCTKOB. CIIMCOK aHTH-
TeJI IIpeJicTaBieH B Tao. 1.

Kapuorunuposanue sunnii UTIICK. Ananns xkapuorumna
BBITIOJTHSUIN IO paHee 0TPadOTaHHO M ONMCAaHHON METOINKE
(Yarkova et al., 2023).

Boinenenue renomuoii JIHK u PHK. JIHK Beigensau ¢
nomoteio pacteopa st skerpakiun JJHK QuickExtract™
(Lucigen) mo mpotokony mpousBoautesis. s BbIICICHUS
PHK KJI€TKM HapammBaiy Ha iomamy 8—12 cM2, mu3upoBa-
mu B 0.5—1 mut TRIzol Reagent (Thermo Fisher Scientific) u

Thermo Fisher Scientific, A11011 RRID:AB_143157
RRID:AB_2535780
RRID:AB_2535784
RRID:AB_143165
RRID:AB_2535773
RRID:AB_2535764

RRID:AB_2827653

Thermo Fisher Scientific, A21144
Thermo Fisher Scientific, A21151

Thermo Fisher Scientific, A11008
Thermo Fisher Scientific, A21134
Thermo Fisher Scientific, A-21121
Abcam, ab150173

npoBoauiu Beienenue PHK mo nmportokony nmpousBogutess.
Omnpenensun koHneHTparmio PHK ¢ momomipro criekrpodo-
tomerpa EzDrop 1000C (Blue-Ray Biotech).

BrisiBinenne renernyeckoro papuanta B MHK u UTICK.
CexBeHHpPOBaHNE YK30MOB MalueHToB mpoBoamti B OO0
«l'enoanamutuka» (Mocksa). [enomuyro JIHK, BeIICITCH-
Hyto u3 MHK nepudepuueckoit kposu, pparMeHTHpOBAIH
yasTpa3BykoM Ha mpudope Covaris S2 10 pparMeHTOB IJIH-
Ho#t 300 map mykmneorunos. ['enomuas JJHK (800 ur) Obura
UCIIOJIb30BaHa JJIsl IPUTOTOBJICHUSI OMOIMOTEKH C MpHUMe-
HeHneMm HabopoB peaktHBoB NEBNext® Ultra™ II DNA
Library Prep Kit for Illumina (New England Biolabs) u Sure
Select AllExome V7 (Agilent). CexBeHrpoBaHUE OHOIUOTEK
ocymectsism Ha mpubdope HiSeq 2500 (Illumina), mapaeivu
gTeHUAME 110 150 HyKIeoTHI0B ¢ 000uX KOHIIOB. Heobpabo-
TaHHbBIC PE3YJIbTaThl CEKBEHUPOBAHMUSI DK30MOB IMAIIMEHTOB
IOoCTymHBI B 6a3e maHHBIX SRA (mpoext PRINAS563295,
o0pazusr SAMN42050732, https://www.ncbi.nlm.nih.gov/
biosample/42050732 (PD58), SAMN42050755, https://www.
ncbi.nlm.nih.gov/biosample/42050755 (PD69).

Hanuune Bapuanra ¢.1087G>T rena LGR4 onpenensnu
C TIOMOIIbIO CEKBEHHPOBaHus 110 CHHTepy MOy4YeHHbIX JIU-
uuit UTICK 1 MHK mnamentos (PD58 u PD69), nucrons3ys
npaiiMeps! Ha reH LGR4 (Tabi. 2). Kontponem ciyxuia JJHK
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Co3paHue n xapaktepuctuka cemu nuHnin UMCK
(LGR4:¢.1087G>T) oT NnaumneHToB € 60ne3Hbto NapKUHCOHa

MprmeHeHne len/nokyc

[eTekumna snnNCcOMHbIX BEKTOPOB oriP

leH pomawHero xo3ancrea (OT-KIMLP) B2M

Mapkepbl nntopunoteHTHOCTM (OT-KIMLP) NANOG
OCT4
SOX2

[etekumsa Mnkonnasmbl

MopTBepxaeHve myTtaunn LGR4

YCJIOBHO 3/10pOBOT0 MoHOpa. Peakuuu nposonunu Ha T100
Thermal Cycler (Bio-Rad) ¢ mabopom BioMaster HS-Taq
PCR-Color (2x) (Biolabmix), mporpamma: 95 °C B Teuenne
3 muH; 35 ukios: 95 °C B reuenue 30 ¢; 65 °C—-30¢; 72°C—
30 ¢; m 72 °C B TeueHne 5 MuH. Peakium ceKBEeHHMPOBAHUS
npoBoauiH ¢ npuMeHenueM Big Dye Terminator V.3.1. Cycle
Sequencing Kit (Applied Biosystems) u aHanu3upoBajid Ha
ABI 3130XL Genetic Analyser B LIKII «'enomuxa» CO PAH
(http://www.niboch.nsc.ru/doku.php/sequest).

IIIP ana/iu3 Ha BbIsIBJCHHE MHKOILIA3Mbl H 31IHCOM,
HCI0JIb3yeMbIX ISl peniporpammupoBanus. [P nposo-
i ¢ npuMmeHenneM buoMacrep HS-Taq ITLP-Color (2x%)
(buonadbmukc) na ammuduxarope T100 Thermal Cycler
(Bio-Rad). IIporpamma: 95 °C B Teuerne 5 MuH; 35 IIUKIIOB:
95°C—-15¢,60°C—15¢c, 72 °C — 20 c. B xauecTBe 1o3u-
TUBHOTO KOHTPOJ1s1 Opanu pparments JJTHK Mycoplasma spp.
n3 Habopa «brmoMacrtep Myco-BU30p» s BEISIBICHUS MH-
korta3mbel MetogoMm [11P-PB (Buomabmuke). OTtpunareis-
HbI KoHTpOsb — H,O. [Ipaiimepsl npencrasieHs! B Tadu. 2.
ITocne snexrpodopesa pe3ynabTaT BU3yaaIUu3UpPOBAIN B yilb-
TpaduoneroBoMm cere ¢ nmomomsio Gel Doc XR+ System
(Bio-Rad).

Kosmuecreennas OT-ITIP na Mapkepb! IVIIOPUNIOTEHT-
Hoctu. PHK Boinensimi ¢ nomomsio TRIzol Reagent (Thermo
Fisher Scientific). Cunre3 k/IHK npoBonuiu ¢ ucrosib3oBaHu-
em obparHoit TpanckpunTassl M-MuLV-RH (bronabmukc).
Kommuectsennyto I1LIP (OT-kIILIP) BeimonHsm B cucteMe
LightCycler 480 II (Roche) ¢ BioMaster HS-qPCR SYBR
Blue 2x (bnomadbmukc), mporpamma: 95 °C — 5 mun; 40 nuk-
10B: 95 °C—10¢, 60 °C — 1 muH. B kauecTBe MOI0KUTEITHHO-
IO KOHTPOJIS Ha DKCIIPECCHIO MapPKEPOB ITFOPUITIOTEHTHOCTH
Opanu TUHUIO YMOPHOHATBHBIX CTBONOBHIX KiIeTok HUES9
(HVRDe009-A) (Cowan et al., 2004). ITIpaiimeps! Ha Mapke-
PBI TUTIOPUIIOTEHTHOCTH TIpHUBEAEHBI B Tabn. 2. O6paborka
pe3ynbTaToB BeIMonHeHa ¢ moMomsio AACT-merona (Livak,
Schmittgen, 2001).

STR-anaau3. I'eHeTnyeckuif MaTepuai MOJy4eHHBIX
manit UTICK n MHK manuentos PD58 u PD69 ornpass-
m1 B OO0 «I'enoananutnkay» (MockBa), I1e ¥ MPOBOIMIN

leH pnbocomanbHol 16S PHK 280

Pasmep, n.H. Mpamepbl: NpAMOI/06paTHbIN
544 TTCCACGAGGGTAGTGAACC/
TCGGGGGTGTTAGAGACAAC
90 TAGCTGTGCTCGCGCTACT/
TCTCTGCTGGATGACGTGAG
116 TTTGTGGGCCTGAAGAAAACT/
AGGGCTGTCCTGAATAAGCAG
94 CTTCTGCTTCAGGAGCTTGG/
GAAGGAGAAGCTGGAGCAAA
100 GCTTAGCCTCGTCGATGAAC/
AACCCCAAGATGCACAACTC

GGGAGCAAACAGGATTAGATACCCT/
TGCACCATCTGTCACTCTGTTAACCTC

366 GCGTTTCATGGGATGCCTGATAG/
TCTTAGCTCTGCTTTCAACGCTTC

STR-ananu3 no 26 J0Kycam ¢ MOMOIIBI0 HA0Opa peareHToB
COrDIS DKCTIEPT 26 (Poccwust).

PesynbTaTbl n 06CcyxaeHune

MonyuyeHune 1 xapakTepucTnKa KNeTouHON NIMHNN

B xone aHanm3a pe3ynbTaToB 3K30MHOTO CEKBEHHUPOBAHUS
nannenToB ¢ 6ose3nbio [lapknHcona denepalibHOTO IEHTpa
Helpoxupyprun MuHucTepcTBa 3apaBooxpanenus PO (Hoso-
cHOMpCK) OBUTH OOHAPYKEHBI MAIIMEHTHI C PAHHUM HAYaJIOM
6onesnu Ilapkunacona (kenmuna 37 et (PD58) u myxun-
Ha 66 net (PD69)), umeroume Bapuant LGR4:¢c.1087G>T
(rs117543292).

W3 nepudeprueckoii KpOBH MAIMEHTOB OBIIH BBIICICHBI
MHK, xoTopsle 3aTeM penporpaMMHpOBaIM I BO3BpaTa K
COCTOSTHHMIO ITIOPUIIOTEHTHOCTH C TIOMOIIIBEO STIMCOMHBIX BEK-
TOPOB, Koaupyonwmx (akrops! mmopunorenTHoctn OCT4,
SOX2, KLF4, LIN28, L-MYC, a Tak)ke TOMUHAHT-HETaTHB-
Hyt0 popmy Oenka p53 memm —mpS3DD (Okita et al., 2013).
B nporiecce BeimonHeHNs pabOTHI ObIIH MOTydeHBI 2 1 THHNS
kietok oT PD58 u 10 nunuii ot PD69. [lepBuunslit aHanus
Ha HAJINYNE/OTCYTCTBUE SMICOMHBIX BEKTOPOB ¥ KAPUOTHIIU-
pOBaHNE MTO3BOJIMIIM OTOOPATH TPH JIMHUH OT IIEPBOTO MaIH-
enra (ICGi053-A/PD58-4, ICGi053-B/PD58-7 u ICGi053-C/
PD58-14) u getsipe muann ot BToporo (ICGi054-A/PD69-1/1,
ICGi054-B/PD69-2/1, 1CGi054-C/PD69-4 n 1CGi054-D/
PD69-5). Bee nuuHumn ObutH 3aperucTpupoBanbl B Peectpe
TUTFOPUTIOTEHTHBIX CTBOJIOBBIX KieToK denmoBeka (hPSCreg,
https://hpscreg.eu). MHdpopmanuio o IMHASX MOXKHO HAWTH B
hPSCreg o ccputkam: https://hpscreg.cu/cell-line/ICGi053-A,
https://hpscreg.eu/cell-line/ICGi053-B, https://hpscreg.eu/
cell-line/ICGi053-C, https://hpscreg.eu/cell-line/ICGi054-A,
https://hpscreg.eu/cell-line/ICGi054-B, https://hpscreg.eu/
cell-line/ICGi054-C u https://hpscreg.eu/cell-line/ICGi054-D.

Bce nmHMM 000MX ManeHTOB UMEIOT MOP(HOJIOTHIO, Xa-
PaKTepHYIO JJIsl TUTIOPUIIOTEHTHBIX KJIETOK, IUIOCKHE OJIHO-
CJIOMHBIE TIOTHBIE KOJIOHUH € OOJIBIINM AIEPHO-INTOIIIA3Ma-
THYECKUM COOTHOIIICHNUEM, SKCTIPECCUPYIOINE YHIOTCHHYIO
nienounyo ocdarasy (puc. 1, a, puc. 2, a).
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S.P. Medvedev, L.V. Kovalenko, S.M. Zakian (LGR4:¢.1087G>T) from Parkinson’s disease patients
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Puc. 1. Xapaktepuctuka tpex nuHmin UMCK ICGi053-A, ICGi053-B 1 ICGi053-C.

a - mopdonorna KonoHuii u BbiaBneHune wenovHomn pocdarasbl (L) B UMCK; 6 - kaprotunuposarme nunuin UMCK c nucnonb3osaHnem DAPI-
63HAMHrA; 8 — cekBeHorpammbl MNLIP npoayKToB, nonyyeHHbIx ¢ reHomHon [HK nauveHTKn ¢ paHHUM Havanom 6onesHu MapkuHcoHa PD58,
310poBoro fgoHopa (LGR4-WT) v nunHuin UMNCK, koTopble COOTBETCTBYIOT No3uumnam 27377174-27377186 Ha xpomocome 11 uenoBeka (cbopka
reHoma GRCh38). Mo3uums nsyyaemoro BapriaHTa reHa LGR4 NC_000011.10:9.27377180C>A. HykneoTtnaHas 3ameHa LGR4:c.1087G>T o603HaueHa
KpPacHOW CTPesiKow; 2 — MMyHObTyopecLIeHTHOe OKpaluMBaHue Ha MapKepbl naopunoTteHTHocTU: NANOG (3eneHbin), OCT4 (KpacHbii), SSEA-4
(3eneHbin), SOX2 (KpacHbIi); Appa okpawweHbl DAPI (cHui); 0 — konuuectBeHHasa OT-TILIP Ha mapkepbl nitoprnoteHTHOCTM (OCT4, SOX2, NANOG)
nonyuyeHHbIx AvHun UMNCK, MHK nauveHTa n nMHMM 3MOPUOHaNbHbIX CTBONOBbIX KneTok yenoseka HUESY; e — nmmyHodnyopecLeHTHoe oKpa-
LUVBAHWE KNETOK, MOyYeHHbIX NPy CNOHTaHHON AnuddepeHLnpoBKe, Ha Mapkepbl 3kToaepMbl (TUBB3 (kpacHbii), MAP2 (3eneHbiit)), SHTOAepMbl
(kepaTnH 18/KRT18 (3eneHbinn), AFP (KpacHbiin)) n me3ogepmbl (ASMA (KpacHbiii), CD29 (3eneHblin)); agpa okpatieHbl DAPI (cHuin); X — pe3ynbrat
MLP aHanu3a Ha anMM1HaLMIO SMMCOMHbBIX BEKTOPOB U KOHTAMUHALMIO MUKOMIA3MOi MoNyYeHHbIX KneTok. MaclutabHble nuHerkn — 100 MKM.
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Puic. 2. XapakTepurcTiKka YeTblpex naymeHT-cneundruHblix nuHmin UMNCK ICGi054-A, ICGi054-B, ICGi054-C n ICGi054-D.

a - mopdonorua KoIoHU 1 BbiABNeHne wenovHol pocdatasbl (LLD) B UMCK; 6 — kaprotunuposaHue nnHnii UMCK ¢ ncnonbsosaHnem DAPI-
63HAMHTa; 8 — cekBeHorpammbl MLIP npoayKToB, noslyyeHHbIX ¢ reHomHoi IHK naymeHTa ¢ paHHUM Havanom 6onesHu MapkuHcoHa PD69, 3n0-
poBoro goHopa (LGR4-WT) u nunHuin UMNCK, KoTopble COOTBETCTBYIOT No3unumam 27377174-27377186 Ha xpomocome 11 uenoBeka (cbopka re-
Homa GRCh38). Mo3nuua nsyyaemoro BapraHTa reHa LGR4 NC_000011.10:9.27377180C>A. HykneoTtugHas 3ameHa LGR4:¢.1087G>T o603HaueHa
KpacHOW CTpesnikow; e — UMMyHOyopecLieHTHOe oKpaluvBaHue Ha mapkepbl nitopunoteHTHocT: NANOG (3eneHbiit), OCT4 (kpacHbiit), SSEA-4
(3eneHbin), SOX2 (KpacHbli); Appa okpawweHbl DAPI (cvHuin); 0 — konnyectBeHHas OT-MLP Ha mapkepbl nntopunoteHTHocTH (OCT4, SOX2, NANOG)
nonyyeHHbIx MnHKUN UMCK, MHK nauvieHTa v AnHUM SMOPUOHasbHBIX CTBOSTOBBIX KNETOK YenoBeka HUESY; e — ummyHodnyopecueHTHoe oKpa-
LUMBaHVE KNETOK, NONYYeHHbIX NPUW CNOHTaHHO AnddepeHUMpPOoBKe, Ha Mapkepbl akTogepmbl (TUBB3 (kpacHbliit), MAP2 (3eneHbiit)), SHToAepMbl
(kepaTnH 18/KRT18 (3eneHbinn), AFP (KpacHbiin)) n mesogepmbl (aSMA (kpacHbii), CD29 (3eneHbii)); Agpa okpatieHbl DAPI (cuHui); x — peynbtat
MLP aHanm3a Ha 3NMMMHALMIO SMMCOMHbIX BEKTOPOB 1 KOHTaMMUHALMIO MUKOMIA3MOii MONyYeHHbIX KneTok. MacwtabHble nuHerku — 100 MKM.
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Generation and characterisation of seven iPSC lines
(LGR4:c.1087G>T) from Parkinson'’s disease patients

Ta6bnuua 3. [leTanbHblil aHanU3 XPOMOCOMHOrO coCTaBa MeTadasHbIX MNaCTUHOK NosyyeHHbIX uHnia UMCK

HasBaHue Yucno metadas € pasnmyHbIM KONMYECTBOM XPOMOCOM Konnuectso Kapnotun

nvHum UMCK A9An 45 16 o 48-50  80-07 NpoaHanM3nMpoBaHHbIX MeTadas  AUMIOVAHbBIX KNETOK
ICGi053-A 4 3 40 8 2 4 58 46,XX

ICGi053-B 9 3 37 4 0 5 58 46,XX

ICGi053-C 5 4 37 3 1 8 58 46,XX

ICGi054-A 4 8 37 5 2 4 60 46,XY

ICGi054-B 7 4 41 3 1 1 57 46,XY

1CGi054-C 15 5 37 6 1 2 60 46,XY

ICGi054-D 8 10 31 4 1 1 56 46,XY

[Ipu amanmse xkapuotuna nomydeHHbIX nTuHIE WIICK
OBLTO TIpOaHATM3UPOBAHO OT 56 1m0 60 Meradas. PaznoxeHo
Ha XpOMOCOMEI 0T 6 10 12 mMeTadas, 4To COOTBETCTBYET pe-
KOMEH/IallusIM, OCHOBaHHBIM Ha EBpomelickux cranmaprax
JUISl IUTOTEHETUYECKUX U MOJIEKYJISIPHO-IIMTOTCHETHYECKUX
UCCIICIOBAHUI KOHCTHUTYTHBHBIX U NMPHOOPETEHHBIX XPO-
MocomHBIX aHomanuii (Hastings et al., 2012; ISCN, 2020).
BO3HUKHOBEHUE KIIETOK C KOJIMYECTBOM XPOMOCOM OT 42 110
45 sBrsieTcs pe3ynbTaToM MTOTEPH OTACTBHBIX XPOMOCOM MPH
MIPUTOTOBIICHNH ITpenapaTtoB. [I0CcKoIbKy TakUX KJIETOK OBLITO
MaJio ¥ OHU J€MOHCTPUPOBAJIU OTCYTCTBHE PA3HBIX XPOMO-
COM, TO MBI HE pacCMaTPUBAIN UX KaKk 00pa30oBaHHE HOBBIX
CyOKIOHOB. M3BECTHO, UTO KyJIbTHBHUPYEMBIM CTBOJIOBBIM
KJIETKaM XapaktepHa aHeymtonaus (Menzorov et al., 2016),
OJTHAKO MOHOCOMHBIE KJICTKH ITOJIBEPXKCHBI AINONTO3y HIIN
MeHee MHTEHCHUBHOM Mpoiudepariin, IoaToMy ISl KYJIBTYp
KJIETOK IIPHHSTO 32 HOPMY CUMTAaTh JINHWUH, Y KOTOPBIX OoJiee
50 % merada3 uMeroT MOJHbIH HAbop XxpoMocoMm. JleTanbHblii
aHaJIu3 MoKa3all, YTO BCE JIMHUHU UMEIOT Oonee 55 % kieTok
C HOPMaJIbHBIM AUIIOUAHBIM KapuotunoM — 46,XX s
ICGi053 (cm. puc. 1, 6) n 46,XY s ICGi054 (em. puc. 2, 0).
Hao oTMeTHTB, 4TO NpH aHAIN3E CEMH IOy YEHHBIX JIMHUH
UTICK He oOHapyxkeHO MeTada3HbIX INIACTHHOK CO CTPYKTYP-
HbIMH niepecTpoiikamu. [TogpoOHast nHGpOpMaIus o coctaBy
MIPOAHAIN3NPOBAHHBIX MeTa(a3HbIX MIIACTUHOK IMPEACTaB-
JeHa B a0 3.

CexBennpoBanue 1o CaHrepy 1okasaio HUINYNE B TIOITY-
YEHHBIX JUHMUIX KJIETOK, Tak ke kak u B MHK, BapuanTa
LGR4:¢.1087G>T BreTepO3UroTHOM COCTOSIHUH (cM. puc. 1, 6,
puc. 2, 8, TECHETHUECKUI BapuaHT 0003HAYCH KPACHON CTpe-
xoit). UmmyHodyopecuenTrsiii anamm3 muauil [CGi053-A
(27-1 maccax), ICGi053-B (26-i maccax), ICGi053-C
(27-# naccax), ICGi054-A (26-i maccax), ICGi054-B
(22-# maccax), ICGi054-C (25-i maccax) u ICGi054-D
(24-11 maccax) Ha MapKephl ITFOPUIIOTEHTHOCTH BBISIBUI Ha-
JUYne TOBepXHOCTHOro antureHa SSEA-4 u TpaHCKPHUIIIH-
oHHBIX (akTopoB NANOG, SOX2 u OCT4 (cm. puc. 1, e,
puc. 2, 2). Komnuectsennas II1IP B peadpHOM BpeMeHH
(OT-xIILIP) MHK mareHToB, MONYyYCHHBIX U3 HUX JTHHUAN
UIICK, a Taxxe KOHTPOJIBHOM JIMHUY SMOPHOHAIBEHBIX CTBO-
noBbix kietok HUESY mokasana moBwllIeHHEe YPOBHS IKC-
npeccunt reHoB OCT4, NANOG n SOX2 B nunusx UTICK,
comocTtaBuMoe ¢ ypoBHeM sdkcrpeccnn B HUESO, mo cpas-
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unernto ¢ MHK (cwm. puc. 1, 0, puc. 2, 0). Tect muamii UTICK
Ha CIOCOOHOCTH CITOHTAHHO TU(QPEepEeHINPOBATHCS B TIPO-
W3BOJIHBIC TPEX 3apOBIIICBBIX JIMCTKOB, SIBISIOMIMIACS OC-
HOBHBIM TIOJITBEPIKIECHHEM CTaTyca IUIIOPUIIOTEHTHOCTH, U
JMATbHEHITUH UMMYHOQITYOPECIICHTHBIN aHAIN3 MOKa3aiu
HAJHUYHAE SKCIPECCUU MapKEPOB 3KTOAECPMBI (TyOymuH 3
(TUBB3/TUIJ1), accounupoBaHHBI ¢ MHKPOTPYOOIKaAMHU
6emok 2 (MAP2)), saTtonepms! (anbda-peronporens (AFP),
kepatuH 18 (KRT18)) u Mme30mepMbI (0-aKTHH TITaIKIX MBITII]
(aSMA), noBepxHocTHbIH Mapkep CD29) (cm. puc. 1, e,
puc. 2, e). B mporuecce KylIbTUBUPOBaHUS BCE JTHMHUU TPO-
xomaunu TP TecT Ha KOHTAMUHAITMIO MUKOILIIA3MOM U DJIH-
MHHAIXIO ATIHCOMHBIX BEKTOPOB (CM. pHC. 1, orc, pHc. 2, o).
STR-aHanu3 TaHAEMHBIX TIOBTOPOB MO 26 JIOKycaM MOKa3ai
uaeHTuaHocTh nonydeHHbIx auHui UTICK MHK nanuentos
(aHHBIE IOCTYIIHBI IO 3anpocy y aBropoB). [lacnopra Kie-
TOYHBIX JIMHUH, MOMYy4YeHHBIX OT manueHToB PD58 u PD69,
MpeCcTaBIeHbI B Tabd. 4 1 5.

3aknioyeHue

B pesynbrare penporpammupoBanus MHK nByx nanrenton
¢ Oonesnpto [lapkuHcoHa, Hecymux BapuaHT c.1087G>T
(rs117543292) rena LGR4, 66111 CO3MaHBI M OXapaKTePH30Ba-
ubl ceMb Jinani UTICK - ICGi053-A, ICGi053-B, ICGi053-C,
ICGi054-A, ICGi054-B, ICGi054-C u ICGi054-D. Iomy-
YEHHBIE JIMHUU KJIETOK COOTBETCTBYIOT IUTIOPUIIOTEHTHBIM
KJIETKaM 4eJI0BeKa: MMEIOT XapaKTePHYI0 MOP(OIIOTHIO, HOP-
MaJIbHBI KapUOTHII, SKCIPECCUPYIOT (HaKTOPBI MITFOPHUIIO-
TEHTHOCTH, CIIOCOOHBI CIIOHTAaHHO U depeHnnpoBaTbes B
MIPOM3BOJHBIE TPEX 3aPOABIIIEBHIX JUCTKOB M UMEIOT TAKOH
ke reHeTrmdeckuit Bapuant LGR4:c.1087G>T, xax u JOHOP-
ckue MHK. Jlannas paboTa Ciy’KHT NEpBBIM M HEOOXOaH-
MBIM 3TaroM H3Y4Y€HHUs BIMSHUS F€HETUYECKOrO BapHaHTa
LGR4:¢.1087G>T na nposiBiaenue 6one3nu [lapkuHcona.
[Monyuennsie nuann UIICK n ux nuddepeHnmupoBaHHbIe
MIPOU3BOHBIC SIBISIOTCS YHUKAJIBHON KIETOUHOH riatdop-
MOH, Ha KOTOPO#i B TaJIbHEHIIIEM BO3MOXKHO Oy/IeT M3ydaTh Ha
MOJIEKYJISIPHO-TEHETHYECKOM YPOBHE PaHHUE MAaTOIOTUUECKHE
MPOLIECCHI, 3aIlyCKAIOIINE KackaJ| CUTHAJbHBIX IyTeH, NpH-
BOJSILIMX K THOENTH HEHPOHOB, IPOBOJUTH TIOMCK MUILICHEH,
MOJYIUPYIOINX 3TH CUTHAJIBHBIC MTyTH, a TAKXKe OCYIIECT-
BIIITH TECTUPOBAHUE HOBBIX MOTEHIINAILHBIX JIEKAPCTBEHHBIX
MIPEnaparos.
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Co3paHue n xapaktepuctuka cemu nuHnin UMCK 2025
(LGR4:c.1087G>T) oT NauMeHTOB ¢ 60/1e3Hbio [MapKNHCOHa 29.1

Ta6nuua 4. MNacnopT KneToyHbIx NMHUIA ICGI053-A, ICGi053-B, ICGi053-C

YHUKanbHbI ngeHTndrKaTop
AnbTepHaTVBHOE Ha3BaHMe ANHNIA

YupexaeHue

OpobpeHue 3TMYeCcKoro KomuTeTa

Tun KNeTok
Bupg opraHusma

JononHutenbHasa nHGopmMaums
0 NPOUCXOXKAEHUV KNETOUHON IMHWN

McxogHbIn TMN KNeToK

[aTa 3abopa 6riomaTtepuana
Cnocob penporpamMmMmpoBaHmns
Penporpammupyiowme dpaktopbl
KnoHanbHOCTb

leHeTnuyeckan mognduKauma

Bup reHeTuueckoi Mogudurkayum

MoaTBepXkaeHvie snUMUHaLN/
3aMOJIKaHVA PenporpaMmmMnpyoLLmx
TPaHCreHoB

3aboneBaHune

Bo3pacT Hauana cumnTomoB
leH/nokyc

Mopdonorua
MnoprnoTeHTHOCTD
Kapnotun

MpoBepka KOHTaMUHaLUK
O6nacTb NpUMeHeHnA
Cnocob KynbTUBMPOBaHMA

Cpepa KynbTMBUMpoBaHUsA

Temnepartypa, °C
KonuenTpauma CO,, %
KoHueHTpaumsa O,, %
Cnocob nepeceBa
KpaTHocTb nepeceBa
KpurokoHcepBauusa
Ycnosua xpaHeHua

YyeTHas 3anucb B peectpe

[ata nacnoptusayun/
LeNOHNPOBaHUs

ICGi053-A, ICGi053-B, ICGi053-C
PD58-4, PD58-7, PD58-14

OIBHY «DefepanbHbIf nccnefoBaTenbCKUii LeHTp MHCTUTYT umutonorum n reHetrkm CO PAH»,
HoBocnbupck, Poccus

WccneposaHne ofobpeHo stnyeckoit komuccrein OrbY «DepepanbHblii LEHTP HENPOXUPYPrn»
MuHucTepcTBa 3npaBooxpaHeHmns Poccuiickon Oepepaummn, HoBocnbupck, npotokosn Ne 1
ot 14.03.2017

MMNCK
Yenosek

BospacT: 37
Mon: X
STHMYeCKaa NPUHAANIEXHOCTb: eBpOMneoraHan paca

MoHoHyKneapHble KNneTku nepudepryeckon Kposu
2022r.

HeuHTerpumpyiolymeca asnMcomMHble nnasmmugHble BEKTOpbl
OCT4, SOX2, KLF4, LIN28, L-MYC 1 mp53DD

KnoHanbHble

Het

Het

MLP, He geTekTnpytoTca

BonesHb MapknHcoHa

36 net

LGR4:c.1087G>T, rs117543292

MoHOoCOlHbIe KOOHUW, MOAOGHbBIE NNOPUMNOTEHTHBIM K/IETKaM YesloBeKa

MopTBepXKAeHa B TeCTax Ha GopMMpPOBaHMe SMOPUONAHDBIX TeneLy

46,XX

BakTtepuu, rpnbbl n MMKonnasma He 06Hapy»KeHbl

In vitro mogenb 6onesHu MNapKnHCcoHa

Ha nuTatoLyem cnoe MUTOTUYECKN UHAKTUBUPOBAHHbIX SMOPUOHaNbHbBIX G16PO6NACTOB MbiLL

85 % KnockOut DMEM, 15 % KnockOut Serum Replacement, 0.1 MM NEAA, 0.1 MM 2-mepkanTo-
aTaHon, 1 % neHuuyunIMH-ctpentomuuymH, GlutaMAX-I (Bce Thermo Fisher Scientific),
10 Hr/mn bFGF (SCI Store)

37

5

20

TrypLE Express
1:8-1:10

90 % FBS, 10 % DMSO
Knokui azor

https://hpscreg.eu/cell-line/ICGi053-A
https://hpscreg.eu/cell-line/ICGi053-B
https://hpscreg.eu/cell-line/ICGi053-C

09.07.2024 (ICGi053-A)
18.07.2024 (ICGi053-B)
22.07.2024 (ICGi053-C)
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Ta6bnuua 5. MNMacnopt KneTouHbIx NMHMI ICGI054-A, ICGI054-B, ICGi054-C, ICGiI054-D

YHVKanbHbIN naeHTndmnKaTop
AnbTepHaTVBHOE Ha3BaHVe NMNHUN

YupexpgeHue

O,qo6peH|/|e 3TNYeCKOro kKoMmmTeTa

Tun KneTok
Bug opraHusma

JononHutenbHaa nHpopmauma
0 NMPOUCXOXKAEHUV KNETOUYHON JIMHWN

McxopHbI TN KneTok

[aTa 3abopa 6riomatepuana
Cnocob penporpamMmMmpoBaHms
Penporpammupyiowme paktopsbl
KnoHanbHoCTb

leHeTnuyeckaa moandukauma

Bua reHeTnyecko moandukauum

MoaTBep>kaeHve SnUMUHaLmMn/
3amMosiKaHUA PenporpaMmmpyoLmx
TpaHCreHoB

3aboneBaHue

Bo3pacT Hauana cumnTomoB
len/nokyc

Mopdonorusa
MnopnnoTeHTHOCTbL
Kapnotun

lNpoBepKa KOHTaMUHaLUK
O6nactb NnpYMeHeHNA
Cnoco6 KynbTUBMPOBaHNA

Cpepa KynbTMBuMpoBaHus

Temnepartypa, °C
KoHueHTpauyua CO,, %
KoHueHTpaumsa O,, %
Cnocob nepecesa
KpaTHocTb nepecesa
KpurokoHcepBauusa
YcnosusA xpaHeHua

YyeTHas 3anucb B peecTpe

[ata nacnoptumsauuun/
[lenoHNpoBaHUsA

ICGi054-A, ICGi054-B, ICGi054-C, ICGi054-D
PD69-1/1, PD69-2/1, PD69-4, PD69-5

OIBHY «®efepanbHbIfi nccnefoBaTenbCKUii LeHTp MHCTUTYT umtonorum n reHetrkm CO PAH»,
HoBocnbupck, Poccus

WccnepoBaHne ofobpeHo stnyeckolt komuccrein OrbY «OepepanbHbli LEHTP HENPOXUPYPrn»
MuHucTepcTBa 3apaBooxpaHeHns Poccuinckon Qegepaunmn, HoBocnbupck, npotokon N 1
ot 14.03.2017

NNCcK
Yenosek

Bo3pacT: 66
Mon: M
JTHMYecKana NpYHaAIeXKHOCTb: eBponeounaHas paca

MoHOHyKNneapHble KneTku neprdepryeckoin Kposm
2022r.

HewvHTerpumpytoLmecsa asnncomHble NnasmuaHble BEKTOPbI
OCT4, SOX2, KLF4, LIN28, L-MYC n mp53DD

KnoHanbHble

Het

Het

MUP, He peTekTMpytoTCA

bonesHb MapKnHCcoHa

41 rop

LGR4:¢c.1087G>T, rs117543292

MoHOoCnoViHbIE KOMOHWY, MOAOOHbIE MIOPUMNOTEHTHBIM KIIETKaM YenoBeKa

MopTBepkaeHa B TecTax Ha GOpMUPOBaHMe SMOPUOVAHBIX Tenew,

46,XY

BakTepun, rpubbl 1 MrKonaazma He 06HapyKeHbl

In vitro mofens 6one3Hu MapKrnHcoHa

Ha nuTtatoLlem cnoe MUTOTUYECKN MHAKTUBUPOBaHHbIX SMOPUOHasbHbIX GrbpP0o6IacToB MbilLK

85 % KnockOut DMEM, 15 % KnockOut Serum Replacement, 0.1 MM NEAA, 0.1 MM 2-mepkanTo-
ataHon, 1 % neHuuyunnnH-ctpentomuumrH, GlutaMAX-I (Bce Thermo Fisher Scientific),
10 Hr/mn bFGF (SCI Store)

37

5

20

TrypLE Express
1:8-1:10

90 % FBS, 10 % DMSO
Mnpgknin azot

https://hpscreg.eu/cell-line/ICGi054-A
https://hpscreg.eu/cell-line/ICGi054-B
https://hpscreg.eu/cell-line/ICGi054-C
https://hpscreg.eu/cell-line/ICGi054-D

ICGi054-A
ICGi054-B
ICGi054-C
ICGi054-D

26.07.2024
26.07.2024
29.07.2024
09.08.2024

—_ = =
= o=
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Studying concatenation of the Cas9-cleaved transgenes
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Abstract. In pronuclear microinjection, the Cas9 endonuclease is employed to introduce in vivo DNA double-strand
breaks at the genomic target locus or within the donor vector, thereby enhancing transgene integration. The man-
ner by which Cas9 interacts with DNA repair factors during transgene end processing and integration is a topic
of considerable interest and debate. In a previous study, we developed a barcode-based genetic system for the
analysis of transgene recombination following pronuclear microinjection in mice. In this approach, the plasmid
library is linearized with a restriction enzyme or a Cas9 RNP complex at the site between a pair of barcodes. A pool
of barcoded molecules is injected into the pronucleus, resulting in the generation of multicopy concatemers. In the
present report, we compared the effects of in vivo Cas9 cleavage (RNP+ experiment) and in vitro production of Cas9-
linearized transgenes (RNP- experiment) on concatenation. In the RNP+ experiment, two transgenic single-copy
embryos were identified. In the RNP- experiment, six positive embryos were identified, four of which exhibited low-
copy concatemers. Next-generation sequencing (NGS) analysis of the barcodes revealed that 53 % of the barcoded
ends had switched their initial library pairs, indicating the involvement of the homologous recombination pathway.
Out of the 20 transgene-transgene junctions examined, 11 exhibited no mutations and were presumably generated
through re-ligation of Cas9-induced blunt ends. The majority of mutated junctions harbored asymmetrical dele-
tions of 2-4 nucleotides, which were attributed to Cas9 end trimming. These findings suggest that Cas9-bound DNA
may present obstacles to concatenation. Conversely, clean DNA ends were observed to be joined in a manner simi-
lar to restriction-digested ends, albeit with distinctive asymmetry. Future experiments utilizing in vivo CRISPR/Cas
cleavage will facilitate a deeper understanding of how CRISPR-endonucleases influence DNA repair processes.

Key words: CRISPR/Cas9; pronuclear microinjection; DNA barcoding; transgenic animals; DSB repair; concatemer;
homologous recombination (HR); non-homologous end-joining, NHEJ; mouse embryos.
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V3yueHre KOHKaTeHalum 6apKOAMPOBAHHBIX TPAaHCT€HOB,
JINHeapm30BaHHbBIX Cas9
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AHHoTauuA. [Tpy NPOHYKIeapHOM MUKPOUHbEKLMN SHAOHYKNea3a Cas9 ncnonb3yeTca AnA coO3faHnA AByLenoyey-
HbIX pa3pbiBoB [IHK in vivo B reHOMHOM LieIeBOM JIOKyCe W BHYTPU JOHOPCKOro BEKTOPa ANA YNyULleHNsA NHTe-
rpauuuv TpaHcreHa. Bsammopeictane Cas9 ¢ daktopamu penapaumm [HK Bo Bpemsa 06paboTKy KOHLIOB TpaHCreHa 1
VHTErpaumn — akTyanbHasa TeMa. PaHee Mbl pa3paboTany reHeT1YecKyto CrcTemMy Ha OCHOBe 6apKOAOB AJA aHanm3a
PEKOMOUHALMM TPAHCTEHOB NOCE NMPOHYKNEapHON MUKPOVHBEKLMM Y Mbiweit. Mpr 3Tom noaxofe nnasmugHas
6rbnmnoTeka NMHeapusyetca GepmMeHTOM pecTpuKumum nnm Komnnekcom Cas9:gRNA Ha yuyacTke mexxay napoi 6ap-
KopoB. Myn 6apKoaMpPOBaHHbIX MONEKYN BBOAUTCA BHYTPb NMPOHYKJIEYCa, YTO NMPUBOAUT K 06pa3oBaHm o MHOTOKO-
NUIAHBIX KOHKaTeMepoB. B npeAcTaBneHHON cTaTbe Mbl cpaBHUAN 3ddeKTbl paspesaHna Cas9 B ycnosuax in vivo
(3kcnepumeHT RNP+) nnu ana TpaHCreHoB, MMHeapU30BaHHbIX in Vitro 1 OYMLLEHHbIX Yepes3 arapo3Hbli refb (3KC-
nepumeHT RNP-). B akcneprimeHTe RNP+ 6b110 06Hapy»eHO ABa TPaHCreHHbIX OAHOKOMWIHbIX SMOproHa. B akcne-
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M3yuyeHne KoHKaTeHaLUM 6apKOANPOBaHHbIX TPAHCTEHOB,
NHeapu3oBaHHbIx Cas9

pumeHTe RNP- 6b1510 MAEHTUPMLMPOBAHO LIECTb MOJTOXKMTENIbHBIX SMOPVIOHOB, UETbIPE 13 HUX MENTN HU3KOKOMWiA-
Hble KoHKaTeMepbl. AHann3 6apkoaos MeTogom NGS nokasan, uto 53 % 6apkoarpPOBaHHbIX KOHLIOB MOMEHAN CBOU
MNcxofHble napbl 6apKoLoB, UTO ABNAETCA MPU3HAKOM FOMOJSIOrMYHON PEKOMOUHALIMIN MeXIY KOHLAMU TPaHCreHoB.
M3 20 cnmaHuin «TpaHCcreH-TpaHcreH» 11 He MMeny MmyTaumi 1, No-BUAMMOMY, Obi NOYYEHbI MyTEM NOBTOPHOIO
NUTMPOBaHNA TYMbIX KOHLOB, MOyYeHHbIX C nomoLybto Cas9. BoNbLIMHCTBO MyTMPOBAaBLUMX COeAMHEHNI cofep-
Kano acMMMeTprYHble aeneumnn 2—4 HyKneoTVAoB K3-3a cneunduyeckoro TPUMMUHIra KoHLoB Cas9. 3T faHHble
YKas3blBaloT Ha TO, UTo cBA3aHHaA ¢ Cas9 [1HK co3paeT npenATcTBMA ANA KOHKaTeHauun. B To e Bpema cBobopHble
KoHUbl [IHK coepnHAOTCA Takum ke 06pa3om, Kak 1 KOHLbl, 06paboTaHHble pecTprKTasamu, HO C XapaKTepHON
acummeTpuent. byayLme skcneprMeHTbl C NPOHYKNeapHbIMU MUKporHbekumuamu CRISPR/Cas nomoryT noHATb, Kak

CRISPR-Hykneasbl BivAT Ha penapauuio JHK.

KnioueBble cnoa: CRISPR/Cas9; npoHykneapHasa MUKpouHbekuns; JHK-6apkoampoBaHe; TpaHCreHHbIe XXMBOT-
Hble; penapauus aByuUenoyeyHbix pa3pbiBoB [JHK; KoHKaTeMep; roMmoniornyHas pekoMoOviHaLys; HEroMOOrMYHoe

coejnHeHne KOHLUOB; 3M6pVIOHbI MbILWA.

Introduction

Pronuclear microinjection is a common method for making
transgenic animals. At present, CRISPR/Cas nucleases are
successfully employed in pronuclear microinjections to pro-
duce site-specific knock-ins and mutations. The introduction
of site-specific double-strand breaks (DSBs) has been de-
monstrated to enhance the frequency of editing when single-
stranded oligonucleotides or long double-stranded donors
are incorporated. Moreover, Cas9 can be utilized to cleave
circular donor vectors in vivo, thereby providing double-
stranded ends for repair (Abe et al., 2020). Approaches such
as minicircles (Danner et al., 2021) or HITI/PiTCh (Sakuma
etal., 2016; Suzuki et al., 2016) are based on non-homologous
or microhomology-mediated end-joining (NHEJ, MMEJ) and
have been reported to have a high editing frequency due to
the fact that NHEJ/MMETI is active throughout the cell cycle.
In contrast to the predominantly utilized clean ends in classi-
cal transgenesis, Cas9-cleaved DNA engages with the cellular
DNA repair apparatus in a distinctive manner. For example,
the binding of the Cas9 complex to the target site results in
the local denaturation of the DNA duplex and trimming of the
cleaved ends, which then form single-stranded overhangs of
varying lengths (Stephenson et al., 2018). Following DNA
cleavage, Cas9 remains bound to the cut site for several hours,
tethering the two ends together (Richardson et al., 2016). This
prevents immediate end processing by DNA repair factors and
necessitates the removal of Cas9 by cell factors to seal the
break (Clarke et al., 2018; Reginato et al., 2024).

The majority of our knowledge regarding the Cas9 mode of
action is derived from cell culture assays utilizing site-specific
reporters (Schimmel et al., 2017) and next-generation indel
sequencing (NGS) (Schimmel et al., 2017; Taheri-Ghahfarokhi
et al., 2018). We elected to investigate the manner in which
Cas9-cleaved ends engage with DSB repair systems, employ-
ing a novel assay based on molecular barcoding and concate-
nation in pronuclear microinjection. The concatenation of the
injected transgenes into multicopy arrays is a well-documented
aspect of transgenesis, occurring with high frequency in pro-
nuclear microinjection. Molecular barcode evidence indicates
that concatenation is facilitated by the combined action of
homologous recombination (HR) (head-to-tail recombination)
and NHEJ (random ligation and initial copy circularization)
(Smirnov et al., 2020). During the process of concatenation,
the repair pathways leave specific signatures at the junctions
between the transgenes and in the patterns of connection be-
tween the barcode and the transgenes. Therefore, the levels

of barcode recombination and terminal truncations may serve
as indicators of the accessibility of DNA ends to DNA repair
machinery in the presence of the Cas9 nuclease.

To ascertain the impact of Cas9-generated ends on concate-
nation, a barcoded plasmid library was subjected to Cas9
digestion, either in vivo or in vitro, and the resulting barcode
information was obtained from transgenic embryos through
Illumina NGS. Subsequently, an analysis was conducted on
the data to evaluate barcode recombination (HR activity),
estimate the average transgene copy number (CN), and assess
end truncations and mutations at transgene-transgene junction
sequences (MMEJ/NHE] activity).

Materials and methods

Animal ethics statement. The animal housing was imple-
mented with the assistance of the Center for Laboratory
Animal Genetic Resources at the Institute of Cytology and
Genetics SB RAS, with support from the Ministry of Science
and Higher Education of the Russian Federation (unique
identifier of the project: RFMEF162119X0023). The animals
were maintained in a standard environment, with a temperature
of 24 °C, relative air humidity of 40-50 %, and a 14-hour
light/10-hour dark light cycle. The animals had access to food
and water at all times. At the conclusion of the experiments,
the remaining animals were euthanized via CO, asphyxiation.
All procedures and technical manipulations involving animals
were conducted in accordance with the European Communi-
ties Council Directive of November 24, 1986 (86/609/EEC)
and approved by the Bioethical Committee at the Institute
of Cytology and Genetics SB RAS (Permission No. 45 from
November 16, 2018).

DNA cloning. The pCAGGS-mCherry plasmid was a
gift from Phil Sharp (Gurtan et al., 2012) (Addgene plasmid
#41583). This vector was utilized for the insertion of paired
barcodes. The barcoded plasmid library was constructed by
assembling a linearized backbone, two barcoded oligonucleo-
tides, and an AAVS1 PCR fragment using the NEBuilder®
HiFi DNA Assembly mix (NEB). The sequences of the left
and right barcodes were as follows: NNCGANNACTNNAT
GNNACGNNCTGNNTCANN (left) and NNCTCNNGAA
NNCGTNNCTANNTCGNNGTANN (right).

To synthesize gRNA against the AAVSI site, a PCR frag-
ment was amplified from the gRNA AAVSI-T2 plasmid
using a primer with a T7 overhang and treated with the
MEGAscript™ T7 Transcription Kit (Thermo Fisher, USA).
The gRNA AAVSI1-T2 plasmid was a gift from George Church
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(Addgene plasmid #41818) (Mali et al., 2013). The resulting
gRNA was purified using the RNA Clean & Concentrator™
Kit (Zymo Research, USA).

To assess the in vitro activity of Cas9, 1 nug of a selected
clone from the plasmid library was incubated with 50-250 nM
of the Cas9 protein (Biolabmix, Russia) and an equimolar
amount of gRNA in an incubation buffer (20 mM HEPES pH
7.5, 125 mM KCl, | mM EDTA, 1 mM DTT, 6 mM MgCl,,
7 % glycerol). The reaction was incubated at 37 °C for 30
minutes, heat-inactivated at 65 °C, and visualized on a 1 %
agarose gel.

Animals. Four-week-old female F1 C57BL/6Jx DBA2/J
(B6D2F1) mice were utilized for superovulation and oocyte
collection due to their high hybrid vigor, while three-month-
old male C57BL/6J mice were employed for sperm collection.
Two-month-old pseudopregnant female CD-1 mice were
utilized for embryo transfer into the oviducts, with isoflurane
anesthesia. In vitro fertilization and embryo collection were
conducted in accordance with the established protocols (Takeo
et al., 2008; Takeo, Nakagata, 2010, 2011).

Pronuclear microinjection. Two distinct versions of the
DNA injection mixture were prepared and delivered into the
pronuclei. The RNP+ mix consisted of 1.65 uM Cas9 (Alt-R®
S.p. Cas9 Nuclease V3, IDT, USA), 1.65 uM gRNA against
AAVSI1, and 8 ng/ul plasmid library diluted in TE buffer
(0.01 M Tris—HCI, 0.25 mM EDTA, pH 7.4) (IDT). For the
RNP-negative mix (RNP-), plasmid DNA was digested with
the same RNP in vitro for one hour, gel-purified to remove
Cas9, and diluted to 8 ng/pl with TE buffer. A quantity of DNA
equivalent to one picoliter, comprising approximately 1,400
copies, was injected into the male pronuclei of in vitro fertil-
ized zygotes. Subsequently, the microinjected zygotes were
cultured in droplets of mHTF medium covered with mineral
oil at 37 °C under 5 % CO, in air for approximately 20 hours
until the two-cell embryo stage was reached. Two-cell stage
embryos were transferred into the oviducts of pseudopregnant
CD-1 females at 0.5 days post-coitum. Genomic DNA from
13—14-day embryos was subjected to conventional PCR with
Q5 polymerase (NEB, USA) and a set of primers spanning the
region around transgene-transgene junctions (Tables S1-S2)!.

Ilumina sequencing and data analysis. Two distinct types
of PCR products were amplified from the genomes of embryos
#31, #34, #35, and #37. To prepare the inverse PCR NGS
library, genomic DNA from transgenic embryos was digested
overnight with Kpnl-HF (NEB), which cuts twice within the
transgene-transgene junction. The digested DNA was purified
using AMPure XP magnetic beads (Beckman Coulter, USA),
and 300 ng of the digested DNA was ligated overnight at 16 °C
in a large reaction volume (100 pl) to facilitate self-ligation
of transgene copies. The terminal barcodes of the self-ligated
DNA fragments were amplified via PCR using Q5 polymerase
and primers that spanned the barcode pairs (Table S2). The
following PCR program was employed: the temperature was
set to 98 °C for 30 seconds, followed by 35 cycles of 98 °C for
15 seconds, 62 °C for 30 seconds, and 72 °C for 30 seconds,
with a final extension at 72 °C for 2 minutes. To remove any
remaining PCR fragments resulting from undigested DNA,

T Supplementary Tables $1-54 and Figures S1, S2 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx1.pdf

Studying concatenation of the Cas9-cleaved
transgenes using barcodes

those of an appropriate size (216 bp) were excised from the
agarose gel.

To prepare the PCR library corresponding to transgene-
transgene junctions, the internal junctions were amplified with
primers, one of which was in close proximity to the junction
and the other of which was situated adjacent to the barcode
(Tables S1 and S2). The PCR products were generated for both
orientations and purified using AMPure XP magnetic beads.
The PCR products were prepared with the KAPA HyperPrep
Kit (Roche, Switzerland) using two amplification cycles,
pooled together, and sequenced on the Illumina HiSeq 2500
platform (Illumina, USA). The quality of the libraries was
evaluated using an Agilent 2100 Bioanalyzer (Agilent, USA)
and the Qubit dsDNA HS assay Kit (Life Technologies, USA).

The processing of NGS data (Table S3) was conducted in
accordance with the methodology described in our previous
report (Smirnov et al., 2020) with minor modifications. The
analysis of NGS data comprises the following steps. Initially,
the data were demultiplexed according to the samples. Met-
rics based on the Levenshtein distance were employed to
identify primer sequences at the 3’ and 5’ ends of each read
pair. Subsequently, barcodes were sought within read pairs
exhibiting regular patterns (i.e., head barcode NNCGANN
ACTNNATGNNACGNNCTGNNTCANN and tail barcode
NNCTCNNGAANNCGTNNCTANNTCGNNGTANN).
Furthermore, the number and percentage of read pairs sharing
identical barcodes and identical barcode pairs were calculated.
The resulting set of barcode pairs was subjected to a filtration
process to produce the final set of pairs. Finally, the barcode
pairs were visualized using the Network module of the vis.js
framework (http://visjs.org/). All of the aforementioned com-
putations were conducted on a high-throughput computational
cluster at Novosibirsk State University. The following Python
modules were utilized: the Biopython v1.79 module (Cock
et al., 2009, 2010) was utilized. Next-generation sequencing
data processing (re v2.2.1) utilizes regular expressions (Leven-
shtein v0.12.1). The Levenshtein distance was calculated using
the Pandas v1.3.3 module for processing table data, while
the NetworkX 2.6.2 module was employed to determine the
number of pairs.

Droplet digital PCR. The Droplet Digital PCR (ddPCR)
method was employed to ascertain the transgene copy number
in the embryos. The procedure was conducted using ddPCR
Supermix for Probes (no dUTP) and QX100 ddPCR Systems
(Bio-Rad, USA), in accordance with the instructions provided
by the manufacturer. First, 900 ng of genomic DNA was di-
gested overnight with 20 U of BamHI-HF (NEB) in CutSmart
buffer. One microliter of genomic DNA (30 ng) was added
to the ddPCR mix (1% ddPCR Supermix, 900 nM primers,
250 nM probes), and the reactions were carried out according
to the following program: the reaction was initiated at 95 °C
for 10 minutes, followed by 41 cycles of 94 °C for 10 seconds
and 61 °C for 1 minute. The final step was conducted at 98 °C
for 7 minutes and 20 °C for 30 minutes. All the steps were
conducted with a ramp rate of 2 °C/s. ddPCR was performed
in two independent technical replicates. The sequences of the
primers and probes are provided in Table S4. The data were
subsequently analyzed using QuantaSoft (Bio-Rad). The
threshold for both genes was set at 5,000.
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Results

Generation of transgenic embryos

by pronuclear microinjection

For the experiments, we used a barcoded plasmid library,
which was based on the pPCAGGS-mCherry vector (Fig. 1a,
middle section). In brief, the vector contains a pair of 32-base
pair barcodes (14 random positions) separated by filler DNA.
In the present experiments, a fragment of the human AAVS1
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NHeapu3oBaHHbIx Cas9

site was utilized as filler DNA due to its well-characterized
gRNA sites (Chr19:55115511-55115987, 477 bp) (Mali
et al., 2013; Maggio et al., 2014). One of the gRNA sites
(5'-GGGGCCACTAGGGACAGGAT-3") was employed as a
Cas9 target to linearize plasmid DNA and generate transgenes
with barcoded ends (Fig. 1a). In vitro tests with the Cas9
protein demonstrated that the synthesized gRNA exhibited
robust performance against the plasmid (Fig. 2). To analyze
the plasmid library, Illumina paired-end sequencing of the

a
RNP+ experiment RNP- experiment
mCherry
Cas9 RNP and DNA Double barcoded plasmi;js_\
without Ca++ and Mg++ ba,g),g AAVS1 b‘;?cad 'S
in vitro DNA cleavage
DNA purifuvation
‘ Cas9 u“‘ ,
: - g,
Soc3de <SR e ( ) bargly ba‘code
T / 0,
< ) b\;?gode
Pronuclear DNA cleavage inside nucleus Pr‘onu.clfeart‘
microinjection Cas9 remains stably bound to DNA microinjection
‘ - barcode prem— barcode =
NHEJ /- harcode_ barcode-
HDR J_ barcode — barcode-
¢ MMEJ
7\
“ Random genomic DNA DSB
N~ Concatenation and integration 1 “
\ of injected DNA /
Transgenic embryos \ Transgenic embryos
b Genomic DNA extraction and analysis
‘ Copy #N ‘ Copy #N+1 ‘ Copy #N+2 ‘
genomeés-bx 2 m 3 10m ... — ...ms‘genome
Restriction
digest (Kpnl) Barcodes at the ends
PCR of concatenated copies
Self-ligation 2 ] Sequencing 2 1
- 3 —— () = —> <10_3> —> 10— 3
C
‘ Copy #N ‘ Copy #N+1 ‘ Copy #N+2 ’
genome ms S 10— . TD=beS S=genome
PCR and sequencing —> Barcodes
and junction sequences
Fig. 1. Outline of the experimental approach.

a - the barcoded plasmid library was prepared for microinjections. A plasmid library comprising a pair of 32 bp barcodes separated
by the human AAVS1 fragment was employed to prepare two experimental setups. In the RNP+ experiments, Cas9 and gRNA tar-
geting AAVS1 were co-injected with the plasmid library into pronuclei. In vivo, plasmid linearization occurs within the pronucleus.
The right-hand illustration depicts the second experimental setup. The plasmid library is digested with RNP in vitro, purified via gel
electrophoresis, and injected as a purified, linear DNA construct (RNP-). Following the injection, the linear molecules undergo recom-
bination, forming either concatemers or single copies, which are then detected through PCR genotyping; b - the barcodes present in
the genomic DNA are subjected to analysis through the process of inverse PCR. The concatenated copies are then separated by Kpnl

(scissors) and re-ligated. PCR products from the newly formed junctions are then subjected to analysis by NGS; ¢ -

internal junctions

between copies are subjected to PCR amplification and subsequent sequencing.
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pCAGGS-Cherry with AAVS1 cut site (1 pg)

Studying concatenation of the Cas9-cleaved
transgenes using barcodes

pCAGGS-Cherry no AAVS1 cut site (1 pg)

Cas9(nM) 50 250 50 250 - 50 250 50 250
gRNA + + - - + + - -
19608 Gl B P -
6000 -}
28 ™ R
3000 g - | S— d o - —
AAVS+  AAVS+ AAVS-  AAVS-
plasmid linear plasmid linear
control control
1000

Fig. 2. Preparation of barcoded transgenes for microinjection. In vitro cleavage of barcoded plasmid using Cas9 RNP.

The image on the left depicts a barcoded clone with an AAVS1 site, while the image on the right illustrates the original backbone without
an AAVS1 site. The incubations were maintained at 37 °C for a period of 30 minutes.

barcodes was performed. The plasmid library was found to
consist of 102,685 unique barcode pairs. In a typical pronu-
clear microinjection experiment, approximately one thousand
molecules are introduced into the pronucleus. The diversity
of the library, comprising approximately 100,000 unique se-
quences, allows for the injection of a vast number of molecules
into a single pronucleus, with minimal likelihood of identical
sequences being present.

To understand how the presence of Cas9 at the ends of
molecules affects the DSB repair mechanisms involved in
concatenation and integration of exogenous DNA, we con-
ducted two experiments on DNA microinjection into pronuclei
(Fig. 1a). In one variant, the original circular plasmid library
was combined with the Cas9 protein and gRNA, which formed
a ribonuclear protein complex (RNP) in standard TE buffer
(Fig. la, left section, “RNP+"). The absence of Mg2" ions in

a 200
175 RNP+ experiment
RNP- experiment
150
105
100 75
S0 27 27
13
0
No. of zygotes No. of zygotes No. of E13.5 embryos
injected transferred recovered
b 30
Wild type embryos
25} Z Transgenic embryos
20
15
25
10| 6
5 -
7

RNP+ experiment RNP- experiment

Fig. 3. Screening of the transgenic embryos.

the buffer precludes Cas9 endonuclease activity prior to pro-
nuclear microinjection. The concentration of Cas9/gRNA RNP
was increased to 1.65 pM, which is above the concentration
typically used, in order to ensure robust plasmid linearization.
In the second experiment, the DNA was subjected to in vitro
digestion using Cas9 (Fig. la, right section). The linearized
DNA was purified via gel electrophoresis and subsequently
used for microinjection (henceforth referred to as “RNP-"). In
both experiments, approximately 1,400 copies were injected
per zygote.

Genomic DNA was extracted from the embryos at the
13—14-day (E13—14) developmental stage. A total of 27 em-
bryos were collected from the RNP+ experiment, and 13 em-
bryos were collected from the RNP— experiment (Fig. 3a).
PCR genotyping with primers for the mCherry gene and
transgene-transgene junctions revealed the presence of se-

a - statistical analysis of pronuclear microinjection experiments; b — PCR analysis of E13-14 embryos; c-d - visualization of mCherry

fluorescence through microscopic examination.
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veral positive embryos, with 2/27 for RNP+ and 6/13 for
RNP- (Fig. 3b). Embryos derived from the RNP— experiment
exhibited positive results for transgene-transgene junctions, a
hallmark of concatemers (Fig. S1). Of the transgenic embryos,
only two exhibited mCherry fluorescence (Fig. 3c—d).

To ascertain the transgene copy number, droplet digital PCR
was conducted using a probe directed against the mCherry
region within the transgene (Fig. S2). Embryos from the
RNP+ experiment exhibited low CN (0.07, 0.37), whereas
embryos from the RNP— experiment demonstrated a higher
number of copies on average (CN=0.06, 0.89, 1.87, 2.8, 5.84,
6.38) (Fig. S2) (see realistic estimates below). It should be
noted that in relation to ddPCR, CN < 1 or partial CN values
indicate tissue mosaicism, whereby the transgene exists only
in a portion of the embryo cells. This could reflect delayed
DNA integration.

Barcode analysis

Barcodes derived from concatemers in embryos were se-
quenced using [llumina paired-end reads. Two types of PCR
products were prepared for barcode sequencing, following
the methodology described in our previous report (Fig. 15—c)
(Smirnov et al., 2020). In summary, barcode pairs at the ends

a Kpnl Cas9 Kpnl
—_ v v v -—
I O T D ——
bb (Amp) barc AAVST barc bb (CMV)
b
H,0 E12 E21 E30
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of concatenated transgenes were amplified via PCR through
self-molecular ligation (Fig. 15). This method facilitates the
excision and self-ligation of transgene molecules, which
enables the reading of terminal barcodes in the copies. The
Kpnl sites utilized for the fragmentation of concatemers in
inverse PCR are situated between barcodes and yield 216 bp
PCR fragments subsequent to ligation (Fig. 4a). Additionally,
internal junctions, defined as nucleotide sequences situated
between the copies, were subjected to sequencing (Fig. 1¢).
In total, barcode data were obtained for four multicopy
RNP embryos (via inverse PCR and junction PCR) and two
single-copy RNP+ embryos (due to the lack of junctions, only
inverse PCR was conducted). To investigate recombination of
the barcode sequences, a comparison was made between the
barcodes from the transgenic embryos and the list of barcodes
from the original plasmid library.

First, we employed NGS barcode data to ascertain the
actual CN in the embryos. It is established that the ddPCR
results typically exhibit an understated CN due to the mosaic
nature of transgenic embryos. By employing barcodes as
unique copy identifiers, we were able to calculate the actual
CN (Fig. 5). The CN data exhibited a strong correlation with
the ddPCR data, with a slight tendency towards an increase

PCR product size:

Full length - 699 bp
Kpnl re-ligation - 216 bp
Empty vector - 121 bp

@ R L @ RL G R ILGRL

e

E31 E32 E34 E35 E37 wT
GEERN NG RE  GRIR 1 G RL @R I GIRD
- S
* * * *
- o =l - !
* x— - % X -

Fig. 4. Generation of PCR fragments for the barcode NGS analysis using inverse PCR.

a - the positions of the PCR primers (indicated by arrows) and the Kpnl/Cas9 cut sites at the hypothetical transgene-transgene junction
are shown. The empty vector is the original pPCAGGS backbone devoid of the AAVST element; b — generation of PCR products for NGS.
G: Untreated genomic DNA; R: Genomic DNA treated with Kpnl; L: Genomic DNA after re-ligation for inverse PCR. Inverse PCR entails the
digestion of genomic DNA with Kpnl and subsequent re-ligation to create self-ligated ends. Consequently, the size of the PCR product is
diminished from 699 base pairs to 216 base pairs. The intensity of the bands is proportional to the copy number. Legend: H,O was used as
the negative control, E12-E37 were the transgenic embryos, and WT was the wild-type control. The PCR products selected for NGS analysis
are indicated by asterisks. The DNA length marker is 100 base pairs in length.

a RNP-+ experiment RNP- experiment

B ddPCR 6.38

W Sequencing

Copy number
N w E wv [e)} ~

#31 #32
Embryos

#34

#35 #37

b RNP+ experiment RNP- experiment
M Recombined copies

4t M Intact copies
g
g 3r
>
c
2 2f
o
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#12 #21 #30 #31 #32 #34 #35 #37
Embryos

Fig. 5. A comparison of CN measurements derived from ddPCR and NGS barcode analysis.

a - CN estimates derived from ddPCR and NGS in transgenic embryos (#12-37). ND - no data available. A CN value of less than 1 is indicative of tissue mosaicism;

b - estimation of the proportion of copies with barcode recombination (green).
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= F_6724 e R_19611 =
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Studying concatenation of the Cas9-cleaved
transgenes using barcodes

#21

Not detected

#35 #37

e (FL 71790) s R0 N
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(461 64) mmmm R_45199 =

= (F 80546) s R_80546 =

= F 61913 wemm—R_61913 w=
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Fig. 6. The barcodes observed in four multicopy RNP- embryos (#31, #34, #35, #37) and one RNP+ embryo (#12).

Barcoded transgenes are represented as colored lines with barcode numbers at the ends. Intact transgene copies are indicated in blue
(representing the original barcode pairs from the library), while copies with recombined barcodes are shown in green. The top panel
depicts embryos from the RNP+ experiment. The bottom panel depicts four RNP- embryos with their corresponding transgene copies.
“R_not in lib”indicates that the barcode was not identified within the plasmid library.
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8 U et €T o Yt I 11 barcodes
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Junction4d ... ... .......................... 1 barcode
JUNCLIONS vttt ‘deletion of 115 bpo------- 1 barcode
Junction6 . .... TEEsEEsaaaaaaaaaaan e T 1 barcode
JUNCHION 7 e e e e e 1 barcode

Inserted C

Fig. 7. Nucleotide sequences at the transgene-transgene junctions.

in CN. Embryos with a very low CN (0.06—0.89) as estimated
by ddPCR, such as those designated #12/#21 from the RNP+
experiment or #30/#32 from the RNP— experiment, exhibited
no transgene-transgene junctions, indicating that they possess
a single or truncated copy. It is noteworthy that the truncation
of transgene ends during concatenation has the potential to
delete the site of a barcode and thereby obscure the calculation
of'a copy. Nevertheless, in our particular case, an examination
of the PCR junctions did not reveal any evidence of terminal
truncations, in addition to the presence of a typical transgene-
transgene junction (Fig. S15).

As anticipated, a substantial proportion (53 %) of barcode
pairs in concatemers were observed to have undergone shuf-
fling (Fig. 5b and 6). These barcode pairs were not initially
present in the plasmid library and appear to have arisen from
extrachromosomal end recombination between transgene
copies (Smirnov et al., 2020). One barcode was observed
to be linked with two distinct partners (Fig. 6, Embryo #31,
F 5579), indicating that a single donor molecule was re-

plicated on at least two occasions during the recombination
process (Smirnov et al., 2020). This evidence confirms that
transgene copies prepared by in vitro Cas9 cleavage engage in
HR pathways during concatenation, in contrast to the copies
from the RNP+ experiment. An internal junction analysis
revealed that 11 out of the 20 junctions attributed to specific
barcodes did not contain any mutations (Fig. 7). The mutated
junction sequences were found to comprise a variety of dele-
tions. Two to five base pair deletions, a large 115 base pair end
truncation, and a two-sided 27 base pair deletion (Fig. 7). It
should be noted that the DNA ends in question were produced
by Cas9 cleavage in vitro and were likely trimmed by Cas9
during the incubation period, prior to interaction with the
DNA repair machinery.

Discussion

The improvement of efficiency in Cas9-assisted transgene-
sis will have a profound impact on experiments with a low
baseline success rate, such as those involving > 2 kb donor
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integration for humanization or genome modifications of farm
animals with long reproductive cycles and a lack of scaling.
The ability to leverage Cas9 activity hinges on a compre-
hensive understanding of its interactions with cellular DNA
repair pathways. A number of studies have demonstrated that
Cas9 forms an unusually stable nuclease-substrate complex
and remains bound to the DSB it generates (Jinek et al., 2014;
Nishimasu et al., 2014; Stephenson et al., 2018). The precise
manner by which cellular repair systems recognize a DSB and
the extent to which the Cas9 protein at the DSB influences the
choice of repair pathway remain largely unknown. It has been
demonstrated that the Cas9 complex can be dislodged from
a double-stranded break by RNA polymerase, but only if the
single-guide RNA (sgRNA) of Cas9 is annealed to the DNA
strand that is used as the template by the RNA polymerase
(Clarke et al., 2018).

New evidence indicates that Cas9 should be removed by
HLTF to initiate end processing (Reginato et al., 2024), as
post-cleavage Cas9 complexes have been shown to impede
DNA from MRE11 (Maltseva et al., 2023; Reginato et al.,
2024). Concatenation reporter used in the present study has
some unique properties. It could be applied in pronuclear
microinjection and allows to inspect many end-joining events
at once. We utilized the reporter in combination with Cas9 to
study three parameters: transgene CN (DNA end accessibili-
ty), barcode recombination (DNA end participation in HR),
and internal junctions (NHEJ/MMEJ DNA end processing).

The evaluation of the transgene CN by ddPCR and NGS
indicated the absence of concatemers in the RNP+ experi-
ments (E12, E21). Two potential explanations for the absence
of concatemers in RNP+ can be postulated. Firstly, it is pos-
sible that Cas9 may block cleaved ends from processing by
DNA repair factors, thereby preventing end resection and
concatenation, which represents the primary mechanism of
CN increase (Smirnov et al., 2020). Secondly, it may be that
Cas9 is less active in cutting plasmid libraries, which would
result in a reduction in the number of linear copies that in-
tegrate rarely and/or late in the zygote division. However,
the RNP concentration used for pronuclear microinjection
was higher than the average recommended by D.W. Harms
et al. (2014). This concentration should have been sufficient
to linearize the library (1400 DNA copies), as most genome-
editing experiments using a lesser amount of RNP generally
show high rates of genomic modifications.

Given the overall low copy number of the generated
concatemers, the barcode recombination assay was not par-
ticularly informative. It is noteworthy that some embryos
that tested positive by PCR or mCherry fluorescence did not
produce barcodes from the NGS analysis. This indicates that
the integrated copy/copies are damaged. While the mCherry
cassette is located in the middle of the transgene, the ends of
the transgenes are more susceptible to truncations that result
in the loss of one or both barcodes. Barcode switching was
detected (Fig. 6) and a barcode copying event, which also
serves as an indicator of HR activity, was observed. The result
of barcode switching (53 %) was not significantly different
from that of the previous report (80 % recombined copies)
(Smirnov et al., 2020). In conclusion, the presented evidence
suggests that transgene copies prepared by in vitro Cas9
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cleavage may engage in HR pathways during concatenation,
in contrast to the copies from the RNP+ experiment.

The analysis of internal junctions revealed a typical assort-
ment of Cas9-generated deletions, with occasional instances of
nucleotide insertions (Schimmel et al., 2017). It is established
that Cas9 produces heterogeneous ends due to endonucleolytic
degradation of the DNA by endonuclease domains, with higher
activity towards the PAM distal fragment (Stephenson et al.,
2018). This may explain the observed asymmetry in deletions
at the junctions (Fig. 7, with the PAM distal fragment to the
right). It is noteworthy that intact junctions were observed with
considerable frequency among the variants. It was not possible
to ascertain with certainty whether the junctions originated
from undigested vector or de novo ligation of blunt DNA ends.
However, given that in vitro digested DNA was gel-purified
(Fig. 2, linear fragment) and should not contain a significant
proportion of undigested circular form, it was assumed that
the latter was the case. These junction signatures differ from
those typically generated by restriction enzymes in standard
pronuclear microinjection experiments (Rohan et al., 1990;
Dai et al., 2010). For example, in our previous study, we
selected the BsmBI enzyme to linearize the barcoded vector
and create 4 nt incompatible protruding 5’-ends. Following
concatenation, transgene molecules exhibited a loss of ap-
proximately 5-10 nucleotides at the junction sites, with no
discernible asymmetry (Smirnov et al., 2020).

In comparison to the barcoded library previously described
(Smirnov et al., 2020), the pCAGGS-Cherry-based reporter
exhibited a tenfold increase in barcode diversity and an
extended barcode length (32 bp vs 17 bp). This allows for
unambiguous interpretation of complex barcode recombina-
tion patterns, including the copying of a single barcode to
multiple copies (Fig. 6). Nevertheless, in theory, the relatively
low overall CN compared to other experiments (Smirnov et
al., 2020) may indicate that the linear copies are impeded in
their end recombination. In this instance, the absence of con-
catemers may be attributed to the augmented barcode length,
which impedes homology search and head-to-tail end joining.

Conclusion

In conclusion, our findings demonstrate that the DNA ends
generated by Cas9 in vivo undergo a distinct processing path-
way compared to the “clean” ends. The microinjection of the
barcoded library in combination with CRISPR endonucleases
represents a fruitful assay that can be augmented further. This
could be achieved, for example, by chemical modifications
of the DNA ends or by co-injection of the NHEJ/HR factors.
It would be beneficial to gain a deeper understanding of how
Cas9 affects end recombination during concatenation, with the
aim of preventing unwanted concatenation of donor molecules
or stimulating end processing at the genomic site in the future.
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B3anMOCBS31 OCHOBHBIX ITPV3HAKOB KauecTBa CeMsH
JIFOTIMHA V3KOJIMCTHOrO 13 KoJuteKiumm BUP
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DepepanbHblii NCCNeaoBaTENbCKUI LIeHTP Bcepoccnincknin MHCTUTYT reHeTUYecKnx pecypcos pacteHuin um. H.W. Basunosa (BUP),
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AHHoTauus. LLinpokoe ncnonb3oBaHve ntonviHa y3konuctHoro (J1Y) B Kauectse KOPMOBOW 1 MPOAOBONIbCTBEHHOW Kyb-
TYPbl BO3MOXHO NPW HANIMYNI COPTOB C BbICOKMM KayeCTBOM CeMsAH. [propuTeTHbIM NPU3HAKOM ANA OTHECEHUA COPTOB
JIY K 3TOI KaTeropum cuMTaeTcsa HU3Koe copepaHue ankanougoB. OgHako He MeHee BaKHble MoKasaTesin KayecTBa
ceMsAH NIoNMHA — coaepKaHne 6efka, Macna 1 BNa*kHOCTb. BnepBble B OTEYECTBEHHOM NIONVHOBEAEHMN NPeAnpPUHATA
nonbITKa M3yyeHnsA B3aMOCBA3EN Mexay NoKa3aTensaMmn BCeX nepeyrciieHHbIX HIpeaneHToB cemaH JTY B ycnoBuax
CeBepo-3anaga PO (r. MywkuH). LecTbaecaT aBa obpasua us konnekuymmn BUP 6biin nsyueHnsl 8 2019, 2020 1 2022 rr.
M3meHUMBOCTb cofepkaHnsa 6enka coctaBuna 27.8-37.6 %, macna — 3.9-7.3 %, ankanongos — 1.6-2017.4 mr/100 r cy-
XOro BelLecTBa (C.B.), BlaXXHOCTW — 6.4-7.3 %. [locToBepHas oTpuLaTesibHaa KoOppenauna Mexxay Coaepx aHvem macna
n 6enka (-0.33) Habnoganacb Tonbko B 2019 I. 3HaUMMbIX KOppPenALui Mexay cofepaHnem 6enka v ankanovaos B
13yyeHHOW BbIOOPKe He HalgeHo. locToBepHan oTpuLaTenbHan CBA3b MeXAY COfepPKaHNeM Macsa 1 CyMMOW ankano-
MI0B yCTaHOB/eHa ToNbKo B 2019 1 2020 rr. (-0.38 1 —0.27 cOOTBETCTBEHHO). B 2022 . cBA3b He 06Hapy»xeHa. OueBuaHO,
YTO [/17 BbIAB/IEHUA 3aKOHOMEPHOCTEN, XapakTePU3YIOLMX 3TN CBA3M, TPebyeTcs NpoBeAeHe MHOTONETHNX SKCNepu-
MEHTOB C YY4ETOM MOrofHbIX YCN0BMI. [loka3aHO BAMAHME NOrofbl Ha KOHLEHTPaLuio ankanonaos B cemeHax. CpeaHas
no Bbl6bopke cymma ankanonpos B 2019 r. coctaBuna 504.2 £ 77.7 mr/100 r c.B., B 2020 1. — 263.7 + 38.6 mr/100 1 C.B.
n B 2022 1. - 319.8 = 51.4 mr/100 r c.B. [MoaTBepPXAEHbI AaHHbIE, MOJlyYeHHble aBTOpaMMN paHee: CopepKaHune anka-
NOVAOB B CEMEHAX 3HauMTeNbHO BO3pacTaeT npu fgeduumte ocagkos. TemnepaTypHbI PeXnUM He oKasan BAVAHNUA Ha
3TOT noka3satenb. [oBbllEeHHaA TeMnepaTypa Bo3dyxa CNOCO6CTBOBaNA HAKOM/EHMIO Mac/a, a YBeNIMYEHNE OCaKOB —
HakomnnieHnio 6enka. BNaXXHOCTb CeMsH OKa3anacb Havnbonee CTabUIbHBIM MOKasaTeNleM, He 3aBUCALLMM OT YCI0BUN
cpepbl. BbisiBneHbl 06pa3upbl C ONTUMaNbHbIM COYeTaHMEM OCHOBHbIX BMOXMMMYECKUX NoKasaTesiell, onpeensatowmx
KauecTBO CeMsH, 419 pPermoHanbHoONn cenekumm coptos JTY KOPMOBOro 1 MPOAOBONIbCTBEHHOMO Ha3HaueHUs, a Takxke
craepanbHbIX COPTOB.

KnioueBble coBa: NonviH Y3KONWCTHBbIW; ankanounibl; 6ef0K; Macsio; BIaXHOCTb CEMAH; MOroAHbIe YCIOBUA.

Ina untuposaHusa: Wenenra T.B., Canukosa A.B., NMonos B.C., Eroposa II1., Manbiwes J1.J1., BuwHakosa M.A. Bzanmocss-
31 OCHOBHbIX MPU3HAKOB KauyecTBa CeMAH MoMNyHa Y3KOANCTHOTO 13 Konnekuun BUP. Basunosckull xypHan 2eHemuku u
cenekyuu. 2025;29(1):35-43. doi 10.18699/vjgb-25-05

®urHaHcpoBaHue. PaboTa BbiNoNHeHa B paMKax rocyAapCTBEHHOrO 3alaHunsA COrnacHo TemMaTmyeckomy nnaHy BUP no
npoekty N2 FGEM-2022-0002 «BbisiBfieHV e BO3MOXHOCTEN reHopoHAa 6060BbIX KynbTyp ANs ONTUMU3aLUN UX CENeK-
unn 1 guBepcrduKaLmm NCNosib30BaHMA B PasfiMYHbIX OTPACIAX HAPOAHOMO XO3ANCTBaY.

Interrelations between the main seed quality characteristics
of narrowleaf lupine from the VIR collection

T.V. Shelenga (12), AV. Salikova (%), V.S. Popov @,G.P. Egorova (%), L.L. Malyshev ((2), M.A. Vishnyakova

Federal Research Centre the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
@ popovitaly@yandex.ru

Abstract. The widespread use of narrowleaf lupine (NLL, Lupinus angustifolius L.) as a feed and food crop requires source
material for breeding cultivars with high-quality seeds. The priority criterion for attributing NLL cultivars to the feed or
food category is the content of alkaloids. At the same time, equally important seed quality indicators are the protein
and oil content, as well as moisture content, which determines the possibility of long-term storage of seeds. For the first
time in Russian lupine science, an attempt was made to study the relationships between all the listed characteristics of
narrowleaf lupine seeds under the conditions of Northwest Russia (Pushkin town). Sixty-two accessions from the VIR
collection were studied in 2019, 2020 and 2022. The range of variability of the studied characteristics was 27.8-37.6 %
for protein, 3.9-7.3 % for oil, 1.6-2017.4 mg/100 g of dry matter (D.M.) for alkaloids, and 6.4-7.3 % for moisture. A signi-
ficant negative correlation between the oil and protein content (-0.33) was observed only in 2019. No significant cor-
relations between the protein and alkaloid content were found in the studied sample. Significant negative relation-
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Interrelations between the main seed quality characteristics
of narrowleaf lupine from the VIR collection

ships were identified between the content of oil and alkaloids only in 2019 and 2020 (-0.38 and -0.27, respectively).
In 2022, no correlations were identified. Obviously, the identification of regularities in these correlations requires many
years of research taking into account weather conditions. The influence of weather on the concentration of alkaloids
in seeds has been proven. The average amount of alkaloids for the sample in 2019 was 504.2+77.7 mg/100 g D.M.,
263.7+38.6 mg/100 g D.M. in 2020, and 319.8 +51.4 mg/100 g D.M. in 2022. It confirmed the data previously obtained
by the authors that the content of alkaloids in seeds increases significantly along with the precipitation deficiency. The
temperature regime during this research did not affect this indicator. An increased air temperature contributed to the
accumulation of oil, and an increase in precipitation contributed to the accumulation of protein. The most stable indica-
tor independent of environmental conditions was the seed moisture. Accessions with the optimal combination of the
main biochemical parameters that determine seed quality have been identified for breeding narrowleaf lupine cultivars
in the region in question for feed and food purposes, as well as for green manure.

Key words: narrowleaf lupine; alkaloids; protein; oil; seed moisture; weather conditions.
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BBepeHmne

Jlronun y3konuctabtit (JIY) (Lupinus angustifolius L.) — anan-
THPOBaHHAS K OTHOCUTEIBFHO CEBEPHBIM pailoHam 3epHO00-
6oBast KyJabTypa, BaKHBII MCTOUYHHK PAaCTUTEIBLHOTO OeiKa
1 aMUHOKHCIIOT, YHUBEPCAIbHBIH MHIPEIUECHT KOPMOB IS
CEJIbCKOXO3SMCTBEHHBIX XMBOTHBIX U INEPCIEKTUBHAS CO-
CTaBJISIONIAs PAI[MOHA YesioBeKa. [TTaBHBINH JIMMUTHPYIOINI
(dhakrop ucnonb3oBanus JIY i 3THX 1eliell — HaJu4ue B
CEeMEHAaxX M 3eJICHOM Macce XMHOJU3UANHOBBIX aJKaJIOWIOB
(XA), mpunaromux uM ropeds. B 1930-x rT., mocine oTKpaIThs
HU3KOAJIKAIOUTHBIX MyTaHTOB (Sengbusch, 1931), 6510 Ha-
4aTo CO3JaHNE COPTOB C HU3KUM COJICP)KaHHEM AJIKAJIOHIOB.

Otu copra kak panee B CCCP, Tak u ceituac B P® co3-
JITAaBAJIMCh U CO3AIOTCS HA OCHOBE 00Pa3LlOB U3 KOJJIEKIMU
BHP um. H.W. BaBunoBa, KOTOpbIE SIBJISIOTCS UCTOUHUKAMU
LIEHHBIX IIPU3HAKOB. B HacTosIlee BpeMs B Hallleld cTpaHe
cenekuus JIY pasBuBaercs nocrarodHo aktuBHO (Eroposa
u ap., 2017). B TocymapcTBeHHBII peecTp CENeKIIMOHHBIX
JoctrxkeHuit Ha 2023 1. BKIItOUeHO 29 COpPTOB, BCE OHU OTHO-
CATCS K COPTaM OTeyeCTBEHHOM cenekiuu (I'ocynapcTBeHHBIH
peectp..., 2023). Cenekuus BeACTC 110 IBYM HAIIPABICHUSIM,
CBSI3aHHBIM C KOPMOBBIM U CHJIEPAIbHBIM HCIIOIb30BAaHUEM
copros. K mpumepy, B Jlenunarpagackom HUNCX «bemoropkay
Ha Oaze koyutekumu BUP coBMecTHO C ero coTpymHHKaMu
CO3/1aHBI HU3KOAIKaJIONTHBIH copT benoropckwuii 310 (kopmo-
BOI) U BBICOKOAJIKANIOUIHBINA copT Onurapx (CuaepaabHbIil)
(EropoBa u ap., 2017).

Ilo cranpapram, NPUHATHIM B HEKOTOPBIX €BPONEHCKUX
CTpaHax U B ABCTpaJIH, COJCP)KaHNE aJIKAJIONIOB B CEMEHAX
(anKaonaHOCTH), MpeHA3HAYCHHBIX IS IUIIEBOTO ¥ KOPMO-
BOT0 Ha3HA4YEHUs, He TOKHO mpeBbimars 0.02 % ux cyxoro
Beca (c.B.) (Frick et al., 2017). B P® myist coproB KOpMOBOTO
JIONIMHA TOMYCTUMBIM YPOBEHb COJCP)KaHUS aJIKaJONI0B
cocrasisiet 0.1-0.3 % c.B. ('OCT P 54632-2011, 2013), a
JUIS TIPOZIOBOJILCTBEHHOTO JIFOIIMHA I10 CYIIECTBYIOIINM TEX-
HUYECKHUM YCIIOBHSIM, pa3pabotanabiM Bo BHUU mommHa, —
0.04 % c. B. (TY-9716-004-0068502-2008). B moBcenHeBHOM
MIPAaKTUKE COJEp’KaHHE alKaJOUIOB B CEMEHax Ha YPOBHE
0.05 % cuuTaroT MOrpaHUYHBIM 3HAYEHUEM JJISI OTIUYHS
HU3KO- M BbIcOKoankamonaubeix ¢popm (Lee et al., 2007).

Hapsiny ¢ conepxanueM anakanoug0B, Ka4ecTBO ceMsiH JIY
OTIpeAeIsIeTCsl U APYTUMH TOKa3aTelsIMH, OCHOBHBIE M3 KO-
TOpBIX — Oesok 1 Macio. Coneprkanue Oenrka B CeMEHaXx JIfo-

MTUHA Y3KOJIHCTHOTO U3 Kosutekiun BUP 3adukcupoBano Ha
yposae 34-36 % (Eroposa u 1p., 2019). Conep:xanue Macna
B koyutekiun JIY Bapbupyert B npezenax 6.5-8.4 % (benken
u ap., 1993).

BpIcokoOeKOBbIE COPTA C HU3KUM COJICPKAHHEM aJIKaJIOH-
JIOB 0COOEHHO IIEHHBI TEM, YTO HE TOIBKO 3€PHO, HO U 3ENICHAs
Macca MoelatoTcs BCEMH BUIAMU CEITbCKOX035HCTBEHHBIX M-
BOTHBIX. JIIONTMH yHOTPEONISIOT CBEXKECKOUIEHHBIM, B BH/IE
KOMOMKOpPMOB, CHIIOCa, CeHaXka, 3epHOceHaxa, neptu (Kym-
1oB, TakyHoB, 2006).

Macio monuHa cunTaeTcs GyHKIMOHAIBHBIM HHTPEANCH-
TOM U IEHHBIM HCTOYHHUKOM IIHIIEBBIX )KUPOB. B ero cocrase
MIPUCYTCTBYET OOJIBIIIOE KOJIUIECTBO OJICHHOBOM, JINHOMIEBOI
1 JIMHOJICHOBOW JKMPHBIX KHUCIJIOT, TOKO(EPOIIOB, KAPOTHHOU-
JIOB, TPUIVIMIEPHUJIOB, TPHALMITIIUIEPOSIOB. Macio TOPbKUX
COPTOB COJIEPKUT OOJIBIIOE KOINYECTBO (PEHOIBHBIX COE/IU-
HEHUi, XOTs U obnamaeT Oojiee HU3KOH aHTHOKCHIAHTHOMN
AKTMBHOCTBIO TI0 CPAaBHEHHUIO C MAaciiOM CIIaJIKOTO JIONHHA
(Siger et al., 2017).

HVcxonst n3 BBIIECKa3aHHOTO, YTOOBI PEKOMEH/I0BaTh 00-
pasiibl B KaUECTBE UCXOTHOTO MaTepHaa Al CO3JaHusl KOPMO-
BBIX U [TPOJIOBOJIBCTBEHHBIX COPTOB, HEIOCTATOYHO OLIEHUBATh
KOJUICKITUIO JIIOTIMHA TOJIBKO IO COACPKAHUIO AJTKATOUJIOB.
Heo6xomumb! 00pa3Iibl ¢ COYeTaHNEM BEICOKOTO COMEPKAHUS
Oenka, Maciaa ¥ HU3KOTO COICP)KaHMS AIKaJIOWIO0B. Takke
Ba)KHBIM IIPH3HAKOM KaueCTBA CEMSTH SIBIISICTCSI NX BIIQYKHOCTB,
OIpeeNnsoas IPUroAHOCTb CEMSIH K XpaHEHUIO U Iepepa-
6otke (TOCT P 52325-2005; Wang et al., 2001).

Hackonbko codeTaembl B OTHOM T€HOTHIIE ONTHMAJIbHbIC
3HAUCHUS ITHUX NPHU3HAKOB, KAKOBA 3aKOHOMEPHOCTD CBsI3ei
MEXIy HUIMU M UX U3MEHYNBOCTh B TEHO(OH 1€ U HACKOJIBKO
OHU 3aBHUCHMBI OT yCJOBHH BbIpamuBanus? K coxanennto,
OTBETHI Ha TH BONPOCHI B MUPOBOI Hay4HOU JHTEeparype
(bparMeHTapHbl U HEOMHO3HAUHBI. [[enpl0 MaHHOW cTaThu
cTaJI0 0000IIEHHE PE3YABTATOB OMOXMMHUYECKOTO aHATTN3a BbI-
60opxu 06pasnos u3 koyureknuu JIY BUP no koMmuiekcy npu-
3HAKOB: COAEPKAHNIO OEJIKa, MacIIa, AJIKaJIONI0B 1 BIQKHOCTH
B CEMEHaX PaCTEHHH, pETIPOLyIUPYEMbIX B TEUCHHE TPEX JIET
B I. [Tymkun (ITymxunackuit paiion r. Cankr-IletepOypra,
Ceepo-3anan PO), onpeneneHue cTeneHd U3MEHUYUBOCTH
HCCIIETyEeMbIX ITPU3HAKOB, X 3aBUCUMOCTH OT ITOTOHBIX yC-
JIOBUH pErHOHA PENPOAYKINH U BBISBIEHHE HCXOJHOTO MaTe-
puana ajst CeJISKIMN Ha BBICOKOE KaueCTBO CEMSIH.
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MaTepmanbl n metoabl

PacTuTenbHBI MaTepHaJl M YCJIOBHUS €0 BbIPAIIMBAHUS.
OOBEKTOM HCCIIeI0BaHMS CITyKUIIa BBIOOPKa U3 62 00pa3ios
JIY u3 xonnekuuum BUP, co3nanHas no npuHuuiy pernpe-
3CHTATUBHOCTHU CEJICKI[MOHHOTO CTaTyca U aJIKaJIOHJHOCTH.
O6pa3is! BeipamuBanmy B 2019, 2020 n 2022 1T Ha TOIAX
HayYHO-TIPOM3BOACTBEHHOH 0a3bl «[lymkunckue u [1aBmoB-
ckue nadboparopun BUP» (r. [Tymrkun, [TymkuaCcKui paiion
r. Cankr-IletepOypra, 59°42'45.5"N 30°25'05.8"E) cornac-
HO METOJIMKE, IIPUHSATOH 1151 3epHO0000BBIX KynbTyp (Bui-
HsAKOBa U 1p., 2018). PaiioH BBIpamuBaHUs OTHOCUTCA K
aTIaHTUKO-KOHTHHEHTAJIbHON 00JIaCTH yMEPEHHOTO KIIMMa-
THYECKOTO Tosica.

[oromHble yCIoBHS B FOJbI HCCIICIOBAHHS CHIIBHO Bapbh-
posaiu (puc. S1, a, 6)!. Haubonee xonoxusim 661 2020 T,
OJIHAKO TeMIIepaTypa B UIOHE 3TOTO rojia HECKOJIBKO MPEBbI-
aja cpeliHue MHOToJeTHUe 3HadeHus. CpenHemecsyHast
TeMIeparypa Bo3ayxa B MroHe 1 aBrycte 2022 . 3HAYUTEIFHO
MpeBBIIIaIa CPEAHNE MHOTOJICTHUE JIaHHBIE. 3a TOIbBI U3Y-
YeHHs OTMEYAJIOCh HEPaBHOMEPHOE BHINAJICHHE OCAIKOB.
KonnuectBo ocankos, Beimasiiee B utone 2019 r., Ob10 B
3 paza MeHbllle, ueM 3a 370t ke Mecsall B 2020 u 2022 rr., a B
asrycre 2019 r. — MeHbImIe mo4TH B 2 paza. Cymma 0CaJkoB B
utone u aBrycte 2020 1 2022 . mpeBkIIIana CpeHne MHOTO-
JeTHHE 3HadYeHKs1. HanbospIee KonmaecTBo 0Ca IKoB 3a FoJIbl
n3yqeHust ormedeHo B aBrycre 2022 r. (em. puc. S1, ).

MeTtonasi. CozepkaHue aaKallOWO0B ONPEACIsUIN Ha Ta-
30BoM xpomarorpade Agilent 6850, corpspkeHHOM ¢ Macc-
crnekrpomerpom Agilent 5975 (Agilent Technologies, CILIA),
B 9KCTPAKTaX, MOJYYEHHBIX ITyTEM IOCIIEI0BATEIBHOTO J0-
0aBieHMsI STUIIAIIETaTa U BOJHOTO PAacTBOPA TMIPOKCHA Ha-
Tpus K obpasuam myku JIY. B kauecTBe BHYTpEHHETO
cTaHaapra npuMeHsum pactBop kodenna (Kushnareva et al.,
2020; Buminsikosa u np., 2023). Conepxkanue Oenka, Maciia
1 BIOKHOCTH B 00pa3iax Myku cemsiH JIY ompenensuiu mno
pa3paboTaHHBIM KaaHMOPOBOYHBIM MOIEISAM METOIOM MH-
(hpaxpacHoit criekrpockoruu (MK) Gmmxaero nuamasoHa Ha
WK-anamm3arope Matrix-1 (Bruker, ['epmanust) (ITomos u 1p.,
2024).

Jloist TpoBeieH s CTaTUCTHYECKOI 00pabOTKH Pe3yibTaToB,
nonydeHHbIX B 2019, 2020 u 2022 rr., BEIOOpPKH 00pa3iioB
Op11H BEIpOBHEHBI 0 40 mTYK, 00pa3Isl BEIOUPATH paH-
moMu3upoBaHHO. Craructudeckas oopaboTka ObLIa Mpo-
BE/ICHA C MCIOJIb30BAHMEM ITaKeTa MPUKIAIHBIX MTPOTPaMM
Statistica 12.0 (StatSoft, Inc. (2019), www.statsoft.com) u
BKJIFOYaJIa BEIYHMCIICHHE OCHOBHBIX OIUCATEIBHBIX CTATHCTHK
(cpenHee 3HaveHME, OMMUOKA CPEIHErO 3HAUYCHUSI U KOA(-
(unueHT BapHaIiK); TUCIICPCHOHHBIA aHAIN3 AJSI OLEHKH
JIOCTOBEPHOCTH PA3IUUUI MEXy 0OpaslaMu PasHBIX JIET
PENPOIYKIUH C BEIYMCICHUEM HAMMEHBIICH CYIIeCTBEHHOMH
pazHuIs! npH p = 0.05; BeraucieHne ko3 HUIMEHTOB PaHTO-
BOU KOPPEJISIIIMY MEX]Ly COZIepKaHHEM aJIKaJIOUJIOB U JIPYTHX
OMOXMMHUYECKHUX MIOKa3aTelieil B pa3InuHbIe TO/IbI XKH3HU JIJIsI
OLIEHKH CTa0MIBHOCTH HPOSIBICHHS MPU3HAKOB y 00pa3IoB;
(haKTOPHBII aHATN3 CHCTEMBI KOPPEISALNHA OMOXUMHYECKUX
MIPU3HAKOB.

" Puc. $1 utabn. S1-54 cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2025-29/appx2.pdf
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B3anmMocBA31 OCHOBHbIX NPU3HAKOB KayecTBa
CeMSAH NoNNHA Y3KONMCTHOTO 13 Konnekuun BUP

Pe3ynbTatbl

K momryueHHBIM paHee pe3ynbTaTtaM COACPKAHHS aJIKaIOH-
JIOB B ceMeHax m3ydaemoil Beioopku JIY B 2019-2020 rr.
B JIAaHHOM HCCJIe/IOBaHUM Oblja J00aBjieHa OLEHKa ATOTO
npusHaka B 2022 r. (tabmn. S1). [TockoibpKy 3TOT MpHU3HAK
OYeHb 3aBHCUT OT morofsl (BummaskoBa u mp., 2023), pe-
3YIBTaTHl TPETHETO TOJa M3YUYCHHUs AETAar0T KapTUHY Ooiee
00BEKTHBHOM.

KauectBennslil coctaB XA, xapakTepHslil 115 L. angusti-
folius v onipeneneHHbIH 1151 00pa3loB U3y4aeMOi BHIOOPKH
panee, crabuieH. JJOMMHUpYET alKajIou]l JIOIIaHUH, Jajiee
B yOBIBAIOIIEH MTOCIIEIOBATEIEHOCTH PACIIONOKEHBI 1 3-THa-
POKCHIJIIOTIAHWH, CIAPTeHH, aHTYCTH(OINH U U3OIIONaHIH
(Kushnareva et al., 2020). CpenHue MHOTOJIETHHE 3HAYCHUS
coaeprkanust XA cocraswm (Mr/100 T ¢. B.): JUTs TFOTIAaHWHA —
252.9, 13-ruapokcumonannna — 40.3, cnaprenna — 27.8,
anryctudonuna — 4.6, nzontonanuHa — 2.9, Ui CyMMBI all-
kamonsioB — 328.5 (cm. Ttabm. S1). Usmenuusocts (CV) co-
JepKaHus ankaaouaoB npessimana 100 % (tabm. S2).

Cpennsist o BeIOOpKe cymma ankasonzoB (Mr/100 r c.B.)
Obuta MakcuMaibHO B 2019 1. — 504.2+77.7, npomexy-
touHoi B 2022 1. — 319.8+51.4 u MmunumansHoii B 2020 . —
263.7+£38.6 (cm. Ttaba. S2). B 2019 1. nmokasarenu st OT-
JIENTBHBIX aJIKaJOUA0B U X CyMMBI TIPEBBIIIATN CPEAHNE 32
Tpu Toma, B 2020 u 2022 rr. oHM OBUTH HHKE CPEIHHX
MHOTOJIETHUX BeNM4YMH. MakcuMasnbHoe 3HayeHue B 2019 r.
coctaBmio 2017.4 mr/100 t c.B., MuHHMaIbHOE B 2022 T. —
1.6 mr/100 r c. B. KoadpurueHTs! BapprpOBaHHs COIEPIKaHUS
KaK WHIMBHUYaJIbHBIX AJIKAJIOUIIOB, TAK U UX CyMMBbI OKa3a-
Jch 09eHb BRICOKUMH (CV'=112.4-124.6 % mnst cymmel XA).
AnomanbHbIN pazopoc 3nauennit (CV > 100 %) cBuneremns-
CTBYET O OOJBIIOM Pa3sHOOOPA3HH M3y4aeMBIX 00pPa3IIOB O
COZIepKaHuIo ajKaaonoB (puc. 1, a).

Konebanue nuamna3oHOB M3MEHUMBOCTU COAEP)KAHUS OT-
JIeTIbHBIX ajKajouaoB B cemeHax JIY 3a roabl u3yudeHus c
ydaeToM BeIcOkoro CV maeT BOSMOKHOCTH NPEATIONOXKHUTD
3HAUYUTEIHHOE BIIMSTHUE Ha 3TU MPU3HAKH ITOTOTHBIX YCIOBUH.
OmHAaKO KOJTMYECTBEHHOE COOTHOIICHUE OTACIHHBIX alKa-
JIOUJIOB COXPAHSJIOCh. B TeueHue Tpex JIeT caMmble BBICOKHE
MoKazaresy ObUIN y JIIONIaHWHA, cpeaHue — y 13-runpokcu-
JIFOTIaHMHA U CHIApTEUHA, MUHUMaJIbHbIC — y aHTYCTH(OIMHA
1 M30JTIOTIaHUHA.

CpenHne moKka3aTtelu coepKaHus Oerka, Maciia v BIIayKHO-
CTH CE€MSIH 3a TpH roja coctaBmwin 31.9, 5.2 u 6.9 % coorBer-
cTBeHHO. OHU OKa3aIMch OoJiee CTAOMITEHBIMY TI0 CPABHEHHIO
¢ XA (tabn. S3). Iloka3zarenu Oenka U BIaKHOCTH CEMSH
JIFONMHA MaJio 3aBHCENN OT MOTOAHBIX YCIOBHH M XapakTe-
PHU30BaCh HU3KOH cTeneHbio m3MeHunBocTH (CV < 10 %).
Coneprxanne Maciia B ceMeHax JIY uMerno cpeHIor0 CTeTIeHb
n3menunBoctH (10 % < CV'= 20 %). B 2019 r. nmpu Hanbo-
Jiee BBICOKOM COJICPIKAaHHMH AJIKaJIOHM/I0B OTMEUAINCh CaMBbIe
HU3KHUe 3HaueHus Oenka u Macia. B 2020 1. orMedeHbl MUHU-
MaJlbHbIE IOKA3aTeIH [UIs AJIKAJIONI0B, MAKCUMAaJIbHBIE — JIJIsI
Oenka u cpemuue — A Macna. B 2022 . mpoMexXyTOUHBIM
3HAYCHUSAM JUIS aJIKAJIOUJO0B COOTBETCTBOBANU IPOMEXKY-
TOYHBIC 3HAYCHUS LTS OeIIKa M MaKCHMaJbHBIC — [T Maca.
Bunumbix koiebaHuil B CONEpKaHUU BiIaru B cemeHax JIY
3a MepUoJ IIPOBE/ICHHS ONbITA HE BBISBICHO (CM. puc. 1, 0,
cM. Tabm. S2).
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Interrelations between the main seed quality characteristics
of narrowleaf lupine from the VIR collection

mr/100r c.B. %
600 1 m 2019 357 m 2019
500 - @ 2020 301 0O 2020
@ 2022 | 0 2022
400 @ CpefHue 3HayeHnA [ CpepgHue 3HayeHuA
20
300 |
15
200 |
100 |
80
60 [
40
20
0 Bl S
Cymma JlonaHuH 13-rmgpokcn-  CnapTtemH  AHryctudonuu M3ontonaHuH Bbenok Macno BnaxHocTb
ankanowgos ntonaHuH

Puc. 1. CopepKaHue B cemeHax JionmHa y3KonncTHoro (a) ankanonpaos; (6) 6enka, macna, Bnaru.

MpeactaBneHbl cpefHMe, MUHMMANTbHbIE, MaKCMManbHble 3HaueHna nokasatenen 3a 2019, 2020 n 2022 rr. u cpefHMe NoKasaTenu 3a Tpu roga. r. MNMywkux, Myw-

KUHCKMI paiioH r. CaHKT-TeTepbypra.

AHanu3 TOyYeHHBIX Pe3ylIbTaToOB MOKAa3al, YTO CeMEeHa
o6paszos 2019, 2020, 2022 rT. penpoxyKInuU JTOCTOBEPHO
OTJIMYAIOTCS 10 COJEPIKAHMIO JIFOIIAHMHA, CIIapTeHHA, CyMMe
BCEX aJKaJIonoB, Oeika W Macia. PasHuia, Onu3kas K J0-
CTOBEpHOH, Halmonanach Al 3HaYeHUH aHTycTH(OINHA
n u3omonannHa. Orruust odpasuos JIY no coneprkaHuio
13-ruapoKCUITIONIAHMHA U BJIATH OKA3aJIMCh HEIOCTOBEPHBIMIL.
Koaddurment panrooii koppermsiiun (Tadn. S4) mokasai no-
CTOBEpPHOE COBIIAJICHHE CTENEHH AJIKAJIOMHOCTH 00pa3loB
JIY pa3HBIX JIeT penpOayKINH C UX aJIKaJOUIHBIM CTaTyCOM
(HM3KO- M BBICOKOANIKANOUaHbIe (opmbl). Takum obpazom,
MOXKHO YTBEPIK/IaTh, YTO TIOKA3aTEIIN COACPIKAHMS OTIEIBHBIX
AJIKaJIONJIOB ¥ UX CyMMa — 3TO TIPU3HAKH, TOPSI0K BETHINH
KOTOPBIX OIPEJEINseTCs] 0COOEHHOCTIMHU camoro oOpasia
(reHoTHIIOM), a caMa BeJIMYMHA — BIMSHUEM a0MOTHYECKHX
(hakTOpOB.

KoHnenTpamms OTIenbHBIX aTKaJOWI0B U UX olIee co-
nepxkanue B cemeHax JIY B 2019 1. ObU10 JOCTOBEPHO BhILIE,
geM B 2020 u 2022 1T (cMm. puc. 1, a, Tabmn. S4). [Tokazarenn
6enka Opun mocToBepHO Bhimie B 2020 n, a macia— B 2022 1
(cMm. puc. 1, 6, Tada. S4). JlocToBepHBIX pa3iuyuii Mo co-
JIEPKAHMIO BIATH MEXIy penpomyKuusmu JIY pasHbIX Jer
HE BBIABICHO (cM. puc. 1, 6, Tabn. S4). YcTaHOBICHO, YTO
nokaszarenu 0enka B 2020 r., 6enka u macia B 2022 r. OblIN
BBIIIE CPEIHMUX TPEXJICTHUX 3HadeHWH, a macia B 2020 r,
Oemka 1 Macna B 2019 1. — Himke. BiraxxHOCTh ceMsH 3a Bce
ro/ibl U3y4YeHHs MPAKTUYECKH COOTBETCTBOBAJIA CPEIHUM
MHOTOJIETHAM JaHHBIM.

B 2022 r. noaTBepKAeHA TECHAs CBSI3b MEXIY COIEpKa-
HHEM OT/IeJIbHBIX aJIKaJIOHJIOB, a TAKKE MEXKIY COJlep)KaHHEM
OTAETHHBIX AJTKAIONIOB M UX CyMMOM BO BCE TOMIBI H3YYCHHUS
(0.87 u 6omee). [logoOHast 3aBUCUMOCTH ObLlIa YCTaHOBJICHA
Hamu panee st 2019 u 2020 rr. (BumiasikoBa u nip., 2023).
B 2019 1. nabmomanack 10CTOBEpHASt OTPUIATENbHAS CBSA3b
Cpe/iHeH CHIIBI MEX/Ty MOKa3aTeJIIMH Macja U ajJKaJOW/I0B
(ot —=0.35 no —0.42), macna u Oenka (—0.33). B 2020 r. Ha-
TIpaBJIEHUE CBA3N MEKIY COICPKaHUEM MaciIa 1 aJIKaJIoH 0B,
Macia U Oeyka COXpaHsuIoCh, HO OHa cTaja ciabee, ee Jo-

CTOBEPHOCTH ObITa MOATBEPXKIEHA TOJBKO UIs JIFOTIAHHHA,
CHIapTEeHHA ¥ CyMMBbI aJIKJIONI0B, UMEIOINX MaKCHMaJIbHbIE
abcoroTHBIE 3HaYeHHs KOHUeHTpauuu. B 2022 1. oOparHas
CBsI3b, OJTM3Kast K IOCTOBEPHOH, COXPAHHMIIACh TOIBKO IS JIFO-
nannHa (—0.23). Mex /1y BIaXHOCTBIO CEMSH 1 CIIAPTEHHOM B
2019 1., MesK/1y BII@YKHOCTBIO U COZIEpyKaHUeM Oellka 1 Maciia B
2020 r. Habroanach mpsiMasi foctoepHast koppersiiust (0.27,
0.30, 0.29 cootBercTBeHHO). B 2019 . BRIsSIBIICHA JOCTOBEPHAS
OTpHULIATeNbHAST KOPPENSIUS MEXAY COIepKaHUEeM BJaru
1 JIONAHWHOM, CIIApTeWHOM, CyMMOil ankamounoB (—0.29,
—0.34,—0.29 coOTBETCTBEHHO), OTPHLIATEIIbHAST KOPPEIISIIHS,
0JM3Kast K JOCTOBEPHOM, MEXK/y BIaXXHOCTBIO U 13-ruapokcu-
monaanHoM (—0.25). Mexay comepskaHHeM Oelka ¥ ITOKa-
3aTeJIsIMU AJIKAJION/I0B 3HAYMMBbIE KOPPEJISLUH OTCYTCTBYIOT
(cm. TabnuIy).

ITpu ananu3e BIUSHUS TOTOTHBIX YCJIOBUI Ha ONOXUMHYE-
CKHE XapaKTepUCTHKN ceMsH JIY ObLI MONTBEPK/ICH YCTaHOB-
JICHHBIN HaMU paHee (aKT, YTO HEJOCTATOUYHOE KOJINYECTBO
0CAaJIKOB CITIOCOOCTBYET HAKOIUIEHHIO OCHOBHOTO QJIKAJIOHNA
JIFOTIaHMHA M CyMMBI ankanonoB (Bumnimsikosa u np., 2023).
OTH J1Ba TOKa3aTeJIs CBSI3aHbl C O0LIMM KOJINYECTBOM OCaJIKOB,
BBINABIINX 33 BET€TAIIMOHHBIA MEPHOA, O YEM CBUAETEIb-
CTBYET JIOCTOBEpHAs oTpularenbHas koppersuus (—0.996 u
—0.997 coorBercTBeHHO). OCOOEHHO OLYTHMBIN HEAOCTATOK
ocankoB Habmromancs B uioHe u aBrycte 2019 1. (58 u 25 mm
COOTBETCTBEHHO). DKCTPEMaIbHO MaJIOe JUIsl pernoHa KOoJu-
YEeCTBO OCAJIKOB B ATOT Iepro (CM. puc. S1, a) BBIPa3uiIoch B
MAaKCHMaJIbHOM HaKOIUICHUH JTIOTIAHUHA ¥ CyMMBI aJIKaJIOUI0B
B 2019 1. (cm. puc. 1, a, Tabm. S2).

[ToBbimeHHas TeMIieparypa Bo3/ yxa 01aronpusTcTBoBaa
HaKOIUICHUIO Maclla, YBEINYEHUE OCAIKOB — HAKOIUICHHIO
Oenka B cemenax JIY. Conepxanue mMaciia M cpeiHAe MOKa-
3aTeli TEMIIEPaTypbl BO3/lyXa, CojiepKaHue Oelika 1 KoJude-
CTBO OCAJIKOB CBSI3aHbl JOCTOBEPHOM MOJIOXKHUTEIBLHOU KOp-
pemsinueii (0.96).

@DaxTOPHBIN aHATN3 CUCTEMBI KOPPEISILINI TO3BOJISET CBE-
CTH MHOTOMEPHOE MPOCTPAHCTBO IPU3HAKOB K IPOCTPAHCTBY
MEHbIIIeH Pa3MEPHOCTH, B KOTOPOM OCH KOOPAHUHAT ((haKTOpBI)
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I.MN. Eroposa, J1.J1. Manbiwes, M.A. BuwHAkoBa CeMsAH IoMrHa y3KONNCTHOTO 13 Konnekumu BUP 29.1

Ta6nll|l.|,a. KoppenﬂU,VIOHHaﬂ n ¢aKTOpHaﬂ CTPYKTYpa N3MEHUYNBOCTU BNOXMMUNYECKIX MoKa3aTenemn

cemMsiH 06pa3LoB NoMMHa Y3KoAUCTHOro 3a 2019, 2020 1 2022 rr.

Moka3atenb CokpalyeHHoe Top N r C A n CA benok Macno BnaxHocTb

Ha3BaHWNe

Mionakuk n 2019 1000 0968 0958 0973 0945 1000 -0.064 0370 | 0.199
13-rngpokcnnionanuy I 0.001 1.000 0.896 0.956 0.926 0.973 0.027 - 0.193
CnaprenH C 0001 0001 1000 0939 0876 0960 -0061 -0.354 0271
AsrycTngonuH A 0001 0001 0001 1000 0908 0975 0057 <0376 0.9
Wzomonarm " 0001 0001 0001 0001 1000 0944 0083 -0421 0137
Cymma ankanowgos  CA 0001 0001 0001 0001 0001 1000 -0051 -0.379 0205
Bernok 0696 0867 0711 0727 0613 0755 1000 =0.335 0226
BnaxHOCTb 0219 0232 0091 0225 0399 0204 0161 0341  1.000
TlionarmH n 2020 1000 0941 0959 0956 0969 0999 -0.118 0289 077
13-rugpokcunionanm T 0001 1000 0874 0936 0938 0955 0152 -0.77 -0.160
Cnaprent c 0001 0001 1000 0916 0950 0961 0055 -0.258 -0.183
AHrycTUbOnIH A 0001 0001 0001 1000 0960 0962 -0.106 -0.152 -0.067
W3omonanmH " 0001 0001 0001 0001 1000 0975 0083 -0219 -0.130
Cymma ankanongos  CA 0001 0001 0001 0001 0001 1000 -0118 |=0.271 075
Benok 0430 0307 0713 0480 0581 0428 | 1000 -0066 0303
Macno 10049 0233 [0080 |0308 0138 0066 | 0662 |1.000 0289
BnaxHOCTb 0235 0282 0219 0653 038 0241 0038 0049 1.000
Tionaxus n 2022 1000 0940 0935 0958 0931 0998 0108 -0229 0290 |
13-rngpokcnnionaHny I 0.000 1.000 0.875 0.924 0.889 0.956 0.072 -0.143 -0.250
Cnapren C 0000 0000 1000 0898 0889 0944 0144 -0.187 0338 |
AHryCTHGOMIH A 0000 0000 0000 1000 0936 0962 009 -0.93 -0.208
W3omonanmH " 0000 0000 0000 0000 1000 0935 0135 -0.179 -0.220
Cymma ankanowgos  CA 0000 0000 0000 0000 0000 1000 0.07 -0215 L0290
Benok 0430 0599 0290 0510 0323 0433 1000 -0.080 -0.189
Macno 009 0292 0168 0154 0187 0112 0559 |1.000 @ 0057
BnaxHoCTb 0030 0063 [0011 (0125 0104 (0030 0162 0677 1000

,D,OCTOBepHaH nonoXxunTesibHaA CBA3b

bnnskasa K foCTOoBepHONM OTpuLaTenbHasn CBA3b

[lnaroHanbHbI S1eMeHT

n pumedaHne. CBery OT ANaroHanbHOro anemMmeHTa nprBefeHbl 3Ha4YeHNA K03¢¢I/IL|,VI€HTa KoppenAaunn r, CHA3y — ypoBeHb ,qosepMTeanoﬁ BEPOATHOCTU.

NPEACTABISAIOT COOOW LEHTP CTYLICHUS KOPPEIHPYIOMNX
MEeXIy co0oil npuzHakoB. PaKTOPHI MPHU 3TOM SIBISIOTCS
CKPBITBIMU TIEPEMEHHBIMH, BIUSIONMMU Ha HaOIIOaeMble
NPHU3HAKH. B cTpyKType BappbupOBaHUs 32 TPH I0Oa U3y YESHUS
ObUTH BBIAEIEHBI 1Ba (DaKTOpa, KOTOPHIE B CyMME OIHCHIBA-
mu 77.7 % u3menunBoctu. C nepseiM aktopom (Factor 1,
mucriepcnst 65.2 %) cBS3aHO BapbUPOBAaHME MOKa3aTeleH,
XapaKTepU3YIOIINX cojepkaHne ankaiaonaoB. Co BTOPBIM
dhakropom (Factor 2, nucnepcus 12.5 %) oTpuuaTeibHO
KOppeJUpyeT comepkaHue Oenka U MOJIOKUTENIBHO — BIard
n Macia B cemenax JIY (puc. 2). B npaBoii gactu rpaduka

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING

CTPYIIHPOBAHBI TOKA3ATEH aJKaJIONIOB: JTIOTIAaHNHA, |3-TH-
JIPOKCUITIONIAHWHA, CIIApPTEHHA, M30JII0NIaHNHA, aHTyCTU(O-
JIMHA U UX CyMMapHoe cozepxkanue. CKopee BCero, Ha Takon
XapakTep IPyIIHPOBKH BIIMSCT €NHAS CETh METaOOIMIECKHX
MPEeBpAIICHNH JaHHBIX coeuHeHui. [Tokaszareny coneprkanus
OeJka, Maciia U BJIaru, COCPEJOTOYCHHBIE B JIEBOM YaCTH PH-
CYHKa, pa30pocaHbl JOBOJIBHO IIUPOKO, YTO CBUJIETEIIBCTBYET
00 OTCYTCTBHMHU TECHOH CBSI3U MEXIY HUMH.

BelunciieHHbIe B X0/ie aHAJIM3a COOCTBEHHbIE 3HAYCHUS
(hakTOpoB I Kaxaoro obpasma JIY ObuM MCTIONB30BaHBI
JUIsl OTIMCAHUS OOIIeH KapTHHBI M3MEHUYMBOCTH NPHU3HAKOB
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Factor 2

Factor2

204 -0.2 0 0.2 0.4 0.6 0.8 1.0 1.2
Factor 1

Puc. 2. DakTopHasa CTPYKTypa N3MEHUMBOCTU CPEeHNX 3HAUEeHMN B1oxu-
MUYECKMX MoKasaTenei, onpefensowmx Kauectso obpasuos cemsH JTY
B 2019, 2020, 2022 rr.

b - 6enok, M — macno, B - BnaxkHocTb, /1 — nsonionanuH, I - 13-rugpokcuniona-
HUH, C — cnapTeuH, J1 - nionaHuH, A — aHrycTudonumH.
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Factor 1

Puc. 3. MonoxeHne obpasyos J1IY B NPOCTPAHCTBE BblAENEHHbIX $aKTo-
pos B 2019, 2020, 2022 rT.

3a mepuoasl uccienoBanus (puc. 3). B 2019 r. mabmrona-
Jack Oosiee BBICOKAsl CTEIEHb JMCIEPCHU Kak 110 IIEPBOMY
(Factor 1), Tak u no Bropomy (Factor 2) daxropy. B 2020
n 2022 rr. pa3dbpoc 00pa3noB B (haKTOPHOM IIPOCTPAHCTBE
YMEHBIIWICS, OHU TPYIIHUPOBAINCH B OCHOBHOM B JIEBOM
BEpPXHEH, CpEHEN U YaCTUYHO B JIEBOM HW>KHEH €ro 4acTu,
YTO OOBSCHSETCS] yMEHBIIICHUEM TOKa3aTelle CoepKaHus
QJIKAJION/I0B, MEHBLINM pa3MaxoM UX H3MEHYHMBOCTH U YBEJIH-
YeHHEM COIepKaHus Oellka 1 Macia 1o cpaBHeHuIo ¢ 20191

[TockonbKy moiydeHHE HU3KOAJIKaJIOWIAHBIX (GopM yxe
JIaBHO CTaJIO NPUOPUTETHBIM HAIIPABICHUEM CEJICKIIMH JII0-
MIUHA, MBI YIEIWIN 0c000€ BHUMAHUE MCTOYHHKAM ITOTO
IpU3HaKa B M3y4eHHOH BbIOOpKe. bputn oTobpansr 24 00-
pasiia ¢ KOHIIEHTpAlMell alKallonZ0oB B ceMeHax He Oosee
20—40 mr/100 T ¢.B. 1 7 00pasIoB ¢ comepKaAHNEM ATTKAIOH-
noB He Oonee 40 mr/100 T c.B. U3 aTHX 00pasmnoB 16 nmenn

Interrelations between the main seed quality characteristics
of narrowleaf lupine from the VIR collection

BbICOKOE conepkanue Oenka (Boime 30 %), 11 — BeicOKOe
comep:kanue mMacia (Berme 5 %) (cM. Tabm. S1). Coueranne
B OJIHOM T'€HOTHIIC HU3KOH KOHICHTPAIMM aJKaJIOHJIOB U
BBICOKOTO COZIepKaHMs OejKa M Maciia XapakTepH3yeT ero
KaK MCTOYHUK BBICOKOTO Kau€CTBA CEMSH JUIsl CENIEKIINU pe-
THOHAJIBHBIX cOpTOB JIY Kak KOPMOBOTO, TaK M MPOJOBOJIb-
CTBEHHOI'O Ha3HaueHUs. B BbLIEICHHYI0 HAaMU IPYILLY BOLLIN
OTEYeCTBEHHBIE U 3apyOexHble copTa U auHUN JIY: k-3172
(I'J1-396, benapycs), 3329 (JIunus 7, Poccus), 3502 (L-155,
[Monpima), 3503 (Mytanrt 2, Poccust), 3563 (Rommel, FOAP),
3627 (quxad-1, Poccus), 3816 (Jlagusrii 7, Poccus), a Taxoke
onuH JuKopactymuii oopazen JIY k-3457 (GRC-5008 A,
I'perus).

B kauecTBe HCXOHOTO MaTepraa JUisi CO3IaHusI CHJIepalb-
HBIX COPTOB MOXKHO peKOMEH10BaTh 00pasisl JIY, B cemenax
KOTOPBIX CyMMa asikanou 0B mpessiiraia 1000 mr/100 r c. B.
(cm. Tabn. S1). B oty rpynmmy Bonuti B OCHOBHOM 3apy0exk-
Hble copra u guHuH JIY: x-96 (MecTHbIA, Yikpauna), 1526
(mecTHBbIH, Ykpauna), 2183 (IGRIS, [Tonkmma), 3562 (Slapska,
YexocmoBakus), 3623 (18 86A250-2-4 EX LR2, ABcTpanus),
3814 (Onurapx, Poccus).

Bricokoankanouansiit copt Onurapx (k-3814) cenexiuu
Jlenunarpaackoro HUMCX «bemoropkay MOXeT OBITh HCTIONb-
30BaH B KAYECTBE CBIPBS JIJIsI IPOU3BOJICTBA JICKAPCTBEHHBIX
CpCACTB U CO3J1aHHs HOBBIX (bapMaKOJ'IOFl/I‘-IeCKI/I 3HAYUMBbIX
coptoB JIY. B Hamem nccieoBaHNH y HeTO 3aUKCHPOBAHBI
CJIeTyIOIINE MAaKCUMAJIbHbIE 3HAUCHUSI COACPIKAHMS ATKAJION-
JoB (Mr/100 T c.B.): monanuna — 1487.3, 13-runpokcuio-
nmanwnHa — 338.7, cnaptenna — 142.8, aaryctudonmnaa — 38.6,
nzomonannaa — 21.0 (cm. Tabdn. S1). Kak nssectno, JIY
MOXKET 6I)ITI) MMPpOAYLCHTOM aJIKAJIOUI0B AJIs1 UX IPUMCEHCHUA
B (hapmakonoruu u menuiHe (Vishnyakova et al., 2020).

O6cyxpeHue
Pe3ynbrarel TpexJIeTHEH OIEHKHM OCHOBHBIX OMOXMMHUE-
CKHUX ITPU3HAKOB, ONPEJIEIMIOINX KauecTBO ceMsH JIY, npu
BbIpalMBaHUK 00pa3uoB kosiekiun BUP B ycnoBusix Ce-
Bepo-3anaga PP BBIIBUIN 3HAYUTENBHYIO H3MEHIUBOCTD B
COJIEP>KaHUH ATKAIOUOB. DTO CBSA3aHO KaK C FeHETHUECKON
JIETepMMHAIINEH, TaK U C BIUSHUEM YCJIOBUI cpebl. 3aBH-
CHMOCTB ATOTO TPU3HAKA OT MOTOIHBIX (PaKTOPOB OBLIA ITO-
Ka3aHa HaMH paHee (Bumraskosa u nip., 2023). B namiem ombite
CTeleHb BapuadeIbHOCTH OblIa HU3KOMH JUIst OeJIka 1 CpeHei
JUIst MacTa. BnaxkHocTh ceMsH OKa3anach caMbIM CTaOMIIBHBIM
npu3HakoM. [Ipn yOopKe BIa)KHOCTB CEMSTH COCTABIISICT OKOJIO
15 %. Ilepen 3aKknaakoii Ha XpaHEeHHUE ee 3HAYeHUE, COINIaCHO
I'OCT P 52325-2005 (2015), ne momxxo mpeBsImars 10 %.

[TonmyuyeHHble naHHBIC MOATBEPANIN COXpPAHEHHUE aylKa-
JIOUJTHOTO CTaTyCa HU3KO- U BEICOKOAIKAJIOUIHBIX (POPM ISt
00pa3noB JIY pasHBIX JIeT penpoayKINH; 3HAYCHUS COMIep-
JKaHUS OT/ICNIBHBIX AJIKAJIONI0B, X CYyMMa M COOTHOIICHUE
OIMPCACIIAIOTCA I'CHOTUIIOM, a UX U3MCHYUBOCTDH — HOFO[[Oﬁ
B TO/Ibl penpoxyKuun. [IoaTBepx/1eH (aKT MOBBIIIEHUS KO-
JIMYECTBA AJIKAJIOUOB B CEMEHAX B 3aCYIIIMBBIX YCIOBHAX
(Bumnsikosa u ap., 2023). YcTaHoBIeHa JOCTOBEpHAs OTPH-
LaTeNIbHask KOPPEISALHS MEXKLy COIEpKaHHEM aJIKaJIOUI0B U
KOJIMYECTBOM OCAJIKOB.

BinsiHne orogHeIX ycioBUil Ha COAEpAKAHKE AJIKAIOUI0B
B CEMEHAax JIIONIMHA OTMEUYEHO B pa3HbIX peruoHax. B PO
NaHHBIA (eHOMEH HaOmronanu B SlpociaBckoil odmactu
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(Tapan, LBuk, 2017) u FOro-3anagxoit 30He L{eHTpansHoro
peruona (Areesa, [Touytuna, 2018). B ycnoBusx lanuu npu
BO3IEMCTBUM 3aCyXH Ha TpU copTa JIY KommuecTBO ankaiou-
JIOB B 3€JIEHOM Macce Ha BEreTaTWBHOW CTAaJUU PacTEHUM
(1o 1BeTEHMsI) OJJHO3HAYHO MOBBIIIATIOCH, 3aTEM TCHOTHIIBI
pearupoBalii Ha 3aCyXy Kak ITOBBIIICHUEM, TaK ¥ ITOHMKEHH-
em konmyecta ankaonnoB (Christiansen et al., 1997). M
1oJiaraeM, 4To CpPaBHEHHE THX PE3yJIbTaTOB MOXET ObITh
KOPPEKTHBIM TOJBKO TP OLIEHKE OJHUX M TEX K€ OPraHOB
pacTeHunil (BereTaTuBHAas Macca WIN CEMEHa), COICpiKaHNne
AJIKAJION/IOB B KOTOPBIX Pa3IMYHO, a TAK)XKE CTAUH OHTOTe-
He3a, Ha KOTOPBIX MPOBOJIMIIN UCCIIEI0BAHNUE.

[Ipunsaro cuurars, yro cuHTe3 XA y JIY mpoucxonur B
XJIOpoIuTacTax Mostoasix ucteeB (Wink, 1991, 1993; Wink et
al., 1995). Haubomnee akTHBHOE NX HAKOTIJICHNE HAYMHACTCS Ha
cramnu Oyrorm3armu (Maknickiene, Asakaviciiité, 2008). ITo-
Ka3aHO, YTO HKCIIPECCHSI U3BECTHBIX K HACTOSIIIEMY BPEMEHH!
CeMH I'eHOB-KaHINAaTOB, yUaCTBYIOIINX B CHHTe3e XA, U ca-
MUX aJIKAJIOHJIOB OITPEAEIISIETCS BO BCEX TKAHIX PACTEHHI Ha
cranuu Oyronusaruu (Czepiel et al., 2021). OnHako HaM4He
aJIKaJION/I0B B TKAHAX pacTeHU 00HAPYKUBAETCS yXKe B MO-
JIOZIBIX MPOPOCTKAX, Ky/1a OHM TTOTAAI0T U3 POPACTAIOLINX
cemsH (De Cortes Sanchez et al., 2005), T.e. omHO3HAYHOTO
OTBETa 0 MECTE ¥ BpEMEHH Hadalla CHHTEe3a aJIkaJion1oB y JIY
noka HeT. O4eBUIHO, UTO MOJABIISIONIAs YacTh XA oOpazyer-
Csl B 3€JICHBIX TKaHsIX Ha3eMHbIX opraHos (Frick et al., 2017)
¢ HeOompImmM BKJIagoM KopHeit (Lee et al., 2007). Ko Bpemenn
(hopmupoBaHus 6000B aTKATOUAKI IO (IOAIME IMOCTYIAIOT B
penponykTuBHbIe opransl (Bummnsikosa, Kpsutosa, 2022).
W3 sT0TO ClletyeT, 4TO HauyaJlo MHOTOJTAITHOTO CHHTE3a XA
y JIIOIIMHA M BPEMs MX HAKOIUICHHS B CEMEHaX pa3JielieHbl B
MPOCTPAHCTBE U BpeMeHH. B 3TOT nporiecc BKIIIOUEHbI MHOTO-
YHCIIEHHbIE ()ePMEHTBI, TPAHCTIOPTEPSI, PerynaTopsl. OHAKO
B 3pEIIBIX CEMEHAX, COAEPIKAIINX AJIKaIOHIbl, IKCIIPECCHS
TCHOB, BOBJICUCHHBIX B CHHTE3 aJIKAJIONIOB, HE HAOI0aeTcst
(Czepiel et al., 2021), T. €. B HUX TPOMCXOANT TOIBKO MPOLIECC
HakoruieHus. [loatomy oyeBHHO, UTO HauboIee ys3BUMbIE
MIEPUOJIBI JUIS BO3ACHCTBHUS CTPECCOPOB HA COACPKAHNE aJl-
KaJIOWJIOB — 3TO UX CHHTE3 U TpaHCNOpT. BiusHue pannein
3aCyXH Ha pe3Koe yBeIHYeHHE ankaion1oB y JIY yxke Xopouio
nmokazano (Frick et al., 2018). B Hamewm uccienoBaHuy Hau-
Oonee 3acymumuBble ycnoBus B 2019 . npuxonuiIick Ha HIOHbD
(Bpemst OyTOHM3AIIUH, CHHTE3 aJIKAJIOM/I0B) U aBI'YCT (TIOCTYTI-
JICHUE aJIKaJIOW/I0B B (opMHpYloIIuecs ceMeHa). B nemnom
3a MEepHOJl M3ydeHNs: HaMH OblIa yCTAaHOBIICHA 10CTOBEPHAs
OTpHUIATENIbHAS CBA3b MEXK/y KOJIMYECTBOM OCA/IKOB 33 BEChH
BETeTAaTHBHBIN EPHO/ M COJIEP)KaHHEM OCHOBHOTO aJIKallon-
Jla JIIOTIaHWHA, a TaK)Ke CyMMOM aJlKkajouJ10B B ceMeHax JIY
(-0.996, —0.997 cOOTBETCTBEHHO).

VBenuueHue KOHIIGHTPAIMK alKaJOUJ0B IO/ BO3JCH-
CTBHEM 3aCyXH HCTIONB3YIOT NP UX MPOMBIIIJICHHOM IOy~
YEHWH W3 PACTCHUH-TIPOAYIEHTOB, MpeACTaBuTeNeil pona
Nicotiana, Papaver somniferum u Catharanthus roseus
(Waller, Nowacki, 1978; Szabo et al., 2003; Jaleel et al., 2007,
Amirjani, 2013). Pactenus crienuainbHO MOJBEPTAIOT ITOMY
cTpeccy AJist yBeandeHus Beixoza ankanounos (Kleinwéchter,
Selmar, 2015).

CremyeT OTMETHUTB, YTO 3a(PMKCHPOBAHHOE TIOYTH ABYKpPAT-
HOE BO3pacTaHHUe CPEAHEH 10 BEIOOPKE KOHIIEHTPAINH aJIKa-
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souzoB B 2019 1. mo cpaBHeHHIO ¢ 2020 I. XapaKTEPHO TOJIBKO
JUTS CHITBHO- U CPeTHEATKAJIONTHBIX 00pa3IioB. Y 00pasiioB ¢
comep:kanueM ankanonnoB MeHsIre 0.05 % 3ToT mokasarens
MEHSJICS HE3HAYNTEIbHO BO BCE TPU rofa m3ydeHus. Hus-
KOQJIKAJIOMIHbIE 00pasibl ObUTH CTAOMIIBHBI B MPOSIBICHUH
NpU3HAaKa ¥ HEe TEPEXOUIN B CTaTyC BBHICOKOATKAIONIHBIX
1101 BJIMSIHUEM ITIOT'OJJHbIX yCHOBHﬁ.

TemneparypHblii (hakTop HEe OKa3ai BIUSHUS Ha COfIEpkKa-
HHE aJIKaJIon0B B ceMeHax JIY B HallleM MccaeI0BaHNH, HO
MOBBILIEHHAS TEMIIEPaTypa BO3/LyXa CIIOCOOCTBOBAIIA HAKOII-
JICHUIO Macila, a 0CaJIKN — HAKOTJICHUIO OelIKa.

B n3y4enHoit Hamu BEIOOpKE T0CTOBEpHAs OTpULATeIbHASL
KOppEJSILUSL MEXKY COZIEp)KaHHEM OejKa M CoJepKaHUueM
Mmacina (—0.33) nabmonanack Tobpko B 2019 1. CunibHast oTpu-
rarenbHas cBsi3b (—0.96, p <0.01) Mexay comepskaHueM dTHX
METabOJINTOB B CEMEHAX II0Ka3aHa B pabOTe aBCTPAINICKUX
YUYEHBIX, M3y4aBIINX HiecTb copToB JIY B ycnoBusix 55 noka-
i B 3anmagnoit ABcrpanun (Cowling, Tarr, 2004). Onnaxo
TIOJIOXKHUTEJIbHASL CBSI3b MEXK/IY COZIepKaHUueM Oelka U Maciia
OBlTa OTMEYCHA NMPH U3YyYCHHUH JPYTHX BUIOB JIIOMUHA U3
xosuekiun BUP, perpoxympoBaHHbIX B yemoBusx CeBepo-
3amaga PO (Eroposa u mp., 2019). MoXHO TPEIIIONIOKHUTD,
YTO 9TH CBSI3H MPOSBISIOTCS M0-PA3HOMY B 3aBUCUMOCTH OT
TIOTOJIHBIX YCIIOBHUH.

3HAaYMMBIX KOPPEJSIHMA MEXay CoAepKaHueM Oenka u
AJKaJIONJIOB B M3Y4YEHHONH HaMM BBIOOpKE HE OOHAPYKEHO.
Mexnay Tem y 126 o6pasmos 6emnoro monuHa (L. albus L.) n3
kosutekiun Pullman (Bammarton, CILIA), paH>KupoBaHHBIX
Ha [IeCTh KJIACCOB I10 CTETICHN aJIKAJIOMHOCTH, YCTaHOBIIE-
HO OoJiee BBICOKOE COZIepKaHue OeKa B CeMEeHaxX U3 Ipyll-
IbI BEICOKOAJIKATIOUIHBIX 00pa31ioB (Staples et al., 2017). Jlo-
CTOBEpHAst OTPHUIIATEIbHAS CBSI3b MEX/TY COACPIKAHMEM Maciia
W aJKaJOWIOB B HaIIel paboTe BIABICHA TONBKO B 2019 n
2020 rr. (—0.38 1 —0.27 cooTBeTcTBeHHO). B 2022 I. CBA3H HE
obHapysxena. [Tonaraem, 4To JUIs MOMCKA 3aKOHOMEPHOCTEH
TpeOyIOTCSl MHOTOJIETHHE NCCIIEIOBAHNUS C YUE€TOM MOTOHBIX
yCJIOBUI. BIIa’KHOCTh CEMSIH B HAllIEM DKCIIEPUMEHTE OKa3a-
nach Haubosee CTa0MIbHBIM MOKa3aTesieM, HEe 3aBHCSIINM
OT yCJIOBUH Cpeapbl.

3aknioyeHue

Brepssie B ycnoBusix CeBepo-3anana PO usydeHsl B3auMo-
CBS3M MCEKIY OCHOBHBIMH IMOKa3aTeIsIMHU KauecTBa CEMSH
JIV (comepxaHueM anlKalOMAOB, Oenka, Macia, ypOBHEM
BJIQ)KHOCTH) U BIMSIHUEM Ha HUX MOTOJHBIX YCJIOBHH. YcTa-
HOBJIEHBI IUMUTBI U3MEHYNBOCTH ITUX ITPU3HAKOB. OTMEUEHO
OTCYTCTBHE 3HAUUMBIX KOPPEISALUN MEXTy COAEp:KaHUEM
Oenka u Macia, Oelika 1 ankaionzoB. JlocToBepHasi OTpHIa-
TeNbHAs CBA3b MEXJy COIEp’KaHMEM Maclia U alKaJOWuOoB
BeIsiBIeHa TOIbKO B 2019 1 2020 rr. OueBHUIHO, YTO MMOMCK
3aKOHOMEPHOCTEW JUISl 3TUX CBsI3eH TpeOyeT MHOTOIETHHX
SKCIEPUMEHTOB C YYETOM MOTOJHBIX yCIIOBUH. JloKa3aHO
BJIMSIHUE MTOTO/IbI HAa KOHI[EHTPALIHIO aJIKaJOUI0B B CEMEHAX,
a UMEHHO Ha 3HAYUTEJbHOE €€ MOBBILIICHNE B 3aCyIUINBBIX
ycnoBusx. TemnepaTypHblil peKUM B HallleM 3KCIIEPUMEHTE
Ha 3TOT IOKa3aTelb He BiIusuI. [loBbIIeHHast Temmeparypa
BO3/yXa CII0COOCTBOBAJIAa HAKOIUICHNIO MACIIa, a yBEIIMUCHHUE
0CaJIKOB — HaKoIUIeHHIO Oenka. B mccnemyemoit BIOOpKe
BBISIBJIEHBI 00pa3Ibl, COYETAIOIINE HEOOXOMMbIE MTOKa3aTe-

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING 41


https://www.semanticscholar.org/author/M.-Amirjani/13665454

T.V.Shelenga, A.V. Salikova, V.S. Popov
G.P. Egorova, L.L. Malyshev, M.A. Vishnyakova

JIM OCHOBHBIX (0€JIKa M Maciia) 1 BTOPUYHBIX (@JIKaJOHUJIOB)
MeTabOJINTOB, OTIPEACISIOINX KauecTBO ceMsH JIY, s uc-
MOJb30BaHUS B KAUECTBE UCXOAHOIO MaTepuaa JJis Moayde-
HUS HOBBIX PallOHUPOBAHHBIX COPTOB MHUIIIEBOTO, KOPMOBOTO,
CHJIEpAJILHOTO U (papManeBTHIECKOTO Ha3HAYCHMS.
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Abstract. The endocarp or stone is the most stable morphological feature of the genus Prunus. However, the identifica-
tion of plum types, groups and/or genotypes based on endocarp is complicated because of a wide range of variation
and morphological transitional states. From this point of view, knowledge on the degree of variability within and
between plum species or cultivars is a sine qua non for taxonomists and also for pomologists. In this study, different
endocarp morphological traits, such as SW, linear dimensions (L, W and T), D,, Dg, S, V and shape indexes (¢, SI, E, RS,
RO, DE and PI) were determined using analysis of variance and multivariate analysis (correlations and PCA). Results
showed significant differences among accessions for all properties evaluated but with high overlaps in values. In most
cases, the examined parameters were positively or negatively correlated with each other, indicating developmental
relationships between them. Indeed, positive correlations were recorded for most variables, especially related to SW
and endocarp linear dimensions. These results showed that the above properties could be a powerful indicator for
selecting adequate endocarp size and shape in accessions, which may be used in taxonomic analysis. With an account
of these correlations, PCA was employed to correctly estimate the endocarp size and shape and distribution, segre-
gation and dispersion of accessions. All linear measurements and index values showed a normal or low variability at
the individual level in most cases, with the exception of SW, V and Pl in both European and Damson plums and S in
Damson plums. Of the 15 examined parameters, European plum had significantly higher SW, L, T, D,, D, S, E, RO and
Pl values than Damson plum. In contrast, Damson plum had higher SI, RS and DE values, while W,V and ¢ were similar.
Key words: endocarp; European and Damson plums; morphological properties; size; shape indexes.
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AHaus CXOJICTB U pa3anuunii o6pasuoB Prunus domestica L.
u P. insititia L. 110 pa3MepaM 3HIO0KapIIvs U Bapuauusam (OPMbI

T. Munowesua 1@, H. Muaomesuy (22

" Kadenpa canoBoacTea v BuHorpagapcTaa, GakynbTeT arpoHomun B 1. Yauak, Kparyesavukui yHnsepcutet, Yauak, Pecry6nuka Cep6us
2 Kadbeapa NOMOSOrvn 1 cenekumin ppyKTos, HayuHo-nccnepoBatenbckunin UHCTUTYT GpyKTOB, Yauak, Pecnybnuka Cepbus

@ tomomilosevic@kg.ac.rs

AHHOTaLMA. DHAOKAPMUIA, UM KOCTOUKA, ABAAETCA Hanbonee cTabunbHON Mopdoornyeckori 0Co6eHHOCTbIO pofa
Prunus. OpHako naeHTMdrKaLma TUNOB, FPYNn U/WAN FeHOTUMOB C/IMBbI HA OCHOBE SHAOKAPMMNA OCNOXKHEHA U3-3a WK-
POKOro cnekTpa Bapuaumin 1 MOPPONOrMyecknx nepexofHbliX COCTOAHMN. C STON TOUKM 3PEHNA 3HAHME CTEMEHM U3-
MEHUYMBOCTM BHYTPY 1 MEXAY BUAAMUN U COPTaMU C/IUBbI ABAAECTCA HEMPEMEHHbIM YCI0BMEM ANA TAKCOHOMUCTOB 1
NMoMosIoroB. B Halem nccnefoBaHUy pasnuuHblie Mopdonormyeckrie Npu3Hakm sHAoKapnusa, Takme Kak SW, nmHeiHble
pasmepsl (L, W1 T), D, Dy, S,V n nhaekcol popmbi (@, SI, E, RS, RO, DE 1 Pl), 6binn onpefeneHbl ¢ NomoLbio Aucnepcu-
OHHOIO aHasIM3a 1 MHOTOMepPHOro aHanu3a (koppenaumn n PCA). B pesynbrate o6Hapy»KeHbl 3HaUUTeNbHblE pasnnmuns
Mexay ob6pasLamm No BCeM OLIEHEHHbIM CBONCTBaM, HO C BbICOKUM NepeKpbiTMeM 3HaueHui. B 6onbluMHCTBE CllyyaeB
nccneoBaHHble NapameTpbl MOIOKUTENBHO AW OTPULIATENBHO KOPPENMPOoBanu Apyr C APYroMm, YTO yKa3biBano Ha
CBA3U Pa3BUTUA MeXAy HUMW. [JefCTBUTENbHO, MONOXKUTENbHbIE Koppenauun Obinv 3aperncTprpoBaHbl Ansa 60nb-
LUVHCTBA NepeMeHHbIX, 0COBEHHO CBA3aHHbIX ¢ SW 1 IMHeHbIMU pa3mepamiu SHAOKapnuA. 3TV pe3ynbTaThl NoKasa-
NN, YTO BblLIENEPEUNCIIEHHbIE CBOMCTBA MOTYT CNY>KUTb MOLLHBIM MHANKATOPOM ANA Bbibopa aieKBaTHOro pasmepa
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AHanms cxofAcTs 1 pasnmumin ob6pasuos Prunus domestica L.
1 P.insititia L. no paamepam aHgoKapnua 1 Bapraumsam ¢popmbl

1 GopMbl SHAOKapPNMA 06pa3LIOB, KOTOPble MOTYT ObiTb NCMONb30BaHbl B TAKCOHOMMYECKOM aHanu3e. BbiaBneHHble
Koppenauuy 6binn NCNonb3oBaHbl AN NPOBeAeHWA aHann3a METOLOM rMaBHbIX KOMNOHeHT (PCA), 4To No3BONMNIO
NPaBWUIbHO OLIEHUTb He TOJIbKO pa3Mepbl 1 opMy SHAOKapPMKWA, HO 1 Mana3oHbl BapbMPOBaHWA NPU3HAKOB, BKIIO-
Yyaa AncCnepcuio, a TakKe pacrnpepeneHne o6pasuos no rpynnam. Bce nuHeliHble N3MEpPeHUs 1 3HaYeHUA MHAEKCA
MoKasasiv HopMaJibHYI0 UV HU3KYIO N3MEHUYMBOCTb Ha MHAMBUAYaSbHOM YPOBHE B OONbLUMHCTBE C/TyYaes, 3a NCKIIIo-
yeHnem SW, V n Pl y eBponerickon ciivebl 1 cnvebl Damson n S 'y cnvebl Damson. M3 15 nccnepgoBaHHbIX NapameTpos
AN eBPOMeNcKoi cnvebl 6bin NomyyeHbl 3HauUTenbHO 6onee Bbicokue 3HaueHus SW, L, T, D, Dy, S, E, RO v Pl no
cpaBHeHuto co cnmeoli Damson. Hanpotus, cnuea Damson oTnvyanacb 6onee BbICOKMMM 3HadveHusamm Sl, RS n DE,

Torga Kak 3HaueHua W,V un (0] ObIIN CXOXKUMM.

KnioueBble cnosa: 3H,q0|<apnvn7|; cainBa eBpOI'IeIﬁCKaﬂ N YepHOC/nNBa; MOp(bOJ'IOFI/ILIeCKI/Ie CBOWCTBa; pa3mep; NHAEKChbI

dopmbl.

Introduction

Prunus spp. has been grown throughout the world for centu-
ries. Among commercial species, the plum is the most com-
monly cultivated for its fruits (Milosevi¢ T., MiloSevi¢ N.,
2018). The genus originates from five centers in general:
Europe for Prunus domestica L. (European plum), Western
Asia for P, insititia L. (Damson plum), Western and Central
Asia for P, cerasifera Ehrh. (cherry plum), North America for
P. americana Marsh. (American plum) and China for P, sali-
cina Lindl. (Japanese plum) (Watkins, 1976). Among them,
genotypes belonging to P. domestica L. and P. salicina Lindl.
are the most important. The evaluation of plum diversity may
be essential; for example, for on-farm conservation schemes,
utilization of genetic resources for sustainable agriculture and
future breeding programs (Ropelewska, 2022). Also, cultivar
differentiation is important for farming due to adaptation to
climatic conditions and disease resistance, especially under
global warming conditions (Milosevi¢ T., Milosevi¢ N., 2018).

Serbia is a small country on the Balkan Peninsula, but a
major world producer of plums, as it ranks third or fourth in
the world behind China, USA or Romania (FAOSTAT, 2024,
https://www.fao.org/faostat/en/#data/QCL). Apart from a large
number of commercial cultivars, Serbia is known for growing
autochthonous (primitive, folk) genotypes mostly originat-
ing from P. domestica L. (European plum) and P, insititia L.
(Damson plum) (Milosevi¢ T., Milosevi¢ N., 2012). Their
fruits are mainly used for the production of a traditional Ser-
bian alcoholic drink known as “Sljivovica” or “Prepedenica”,
which is included in the UNESCO representative list of the
intangible cultural heritage of humanity as an element of
the intangible cultural heritage of Serbia (Source: UNESCO
Bulletin, 2022) (Milosevi¢ T. et al., 2023). We have earlier
described the properties of their trees and fruits (Milosevic T.,
Milosevi¢ N., 2012; MiloSevi¢ N. et al., 2017). Also, a great
diversity of types belong to P. cerasifera Ehrh. (cherry plum),
and P, spinosa L. (sloe) can be found in this country. Along
this line, it can be said that Serbia is a very rich source of the
biological diversity of plums.

The fruit of representatives of the Prunus genus consists of
an epicarp (outer layer), a mesocarp (flesh), and an endocarp
(stone). The stone of a plum consists of the seed covered with
a hull. When used fresh or during processing, the flesh and
skin of plums are the main raw materials, and the stones are
generated as by-products. The plum seed or kernel may be a
source of useful substances for food, cosmetics (e. g. personal
care products), pharmaceutical industries (Gonzalez-Garcia
et al., 2014; Plainfossé et al., 2019). Also, the seeds can be
used to obtain generative rootstocks in horticultural practice

Abbreviations

SW, stone (endocarp) weight
L, stone length

T, stone thickness

W, stone width

D,, arithmetic mean diameter
Dg, geometric mean diameter
S, surface area

V, stone volume

@, sphericity

SI, shape index

E, elongation

RS, relative slenderness

RO, roundness

DE, Behre’s index

Pl, Polimann’s index

PCA, principal component analysis

and in breeding programs (Milosevi¢ T., MiloSevi¢ N., 2018).
The endocarp is the innermost layer of the pericarp, which
directly surrounds the seeds. It may be very hard and non-
edible as in drupes (also called stone fruits) such as members
of the Prunus genus, i.e. plums, peaches, apricots and cherries
(Carrillo-Lopez, Yahia, 2019).

In pomological research, the stone of the Prunus genus
represents a very stable feature of plum genotypes and serves
for the determination and classification of cultivars (Behre,
1978; Woldring, 2000; Milosevi¢ T., MiloSevi¢ N., 2018).
However, during the last 50 years, with a few exceptions, in
very complex botanical studies, stone dimensions, size and
shape in the plum and other members are a crucial component
for classification of systematic categories due to taxonomic
complexity of the Prunus taxa within the Rosaceae family
(Depypere et al., 2007, 2009; Burger et al., 2012; Bawari
et al., 2022; Ropelewska, 2022). Behre (1978) reported that
endocarp dimensions are very useful for the identification of
P. domestica L., P. insititia L. and P. spinosa L. In general,
reliable discriminating characters for species and subspecies of
Prunus taxa identification are missing (Nielsen, Olrik, 2001).

The aim of this study was to characterize and evaluate the
diversity of endocarps (stones) within and among traditional
European and Damson autochthonous plums that are culti-
vated in Serbia and other western Balkan countries using es-
sential morphological data (weight, dimensions, size, shape) in
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order to provide experimental evidence for the implementation
of measures to safeguard this agricultural biodiversity. The
secondary goal of this work was to reliably determine the
degree of the possibility of identifying plum genotypes using
the stone (endocarp) through multivariate statistical analysis.

Material and methods

Study area, plant material and measurements. Analysis
was performed using a combination of weight, dimension and
shape parameters of 5,500 endocarps (stones) belonging to
two closely related Eurasian plum taxa (P. domestica L. and
P, insititia L.). The analysis involved 55 genotypes i. e. acces-
sions [43 accessions (78.18 %) belonging to P. domestica and
12 accessions (21.82 %) belonging to P, insititia]. Their name,
series number and code were presented in Table 1.

Ripe fruit and stone samples (25 fruits or stones in 4 rep-
licates, n = 100 per one accession) were taken from a private
orchard in the Prislonica village (43°33' N, 16°21" E) near
Cacak city (western Serbia) established in 1998. Whole ripe
fruits of each accession were harvested individually, manually
and randomly in 2007. After this, the fruits were cut in half
to extract the stones (endocarps). The removed stones were
washed and cleaned of their flesh. After air-drying for 40 days

Table 1. Name and code of autochthonous plum accessions

Endocarp size and shape variations
in Prunus domestica L. and P. insititia L. accessions

at room temperature (20 °C in the shade), the undamaged and
dry stones were placed in glass jars with hermetic closures
and stored in a refrigerator at +4 °C. Stones (endocarps) were
subjected to measuring in 2024.

The SW (g) was measured using MAULsteel 5000 G digital
balance (Jakob Maul GmbH, Bad Ko6nig, Germany). In order
to determine the endocarp size, three major perpendicular di-
mensions i.e. L (mm), W (mm) and T (mm) were determined
using a digital caliper Starrett 727 (Athol, NE, USA) with the
accuracy of £0.01 mm. The position of the measurements
for L, T and W proposed by Van Zeist, Woldring (2000) was
illustrated in Figure 1.

Arithmetic mean diameter (D,, mm) and geometric mean
diameter (D,, mm) were computed from geometrical dimen-
sions by Eq. (1) and Eq. (2) (Mohsenin, 1986):

D,=(L+T+W)/3, @)
D, = VLWT. )

The S (cm?) is a measure of the total area that the surface
of the object occupies and was determined by approximating
its shape to a sphere with the same geometric mean diameter
by using Eq. (3) (Mohsenin, 1986):

S=nDj. (3)

Accession (local name) Accession code

1. Arapka ARP
2.Bela Pozegaca BPZ
3. Belosljiva BEL
4. Cerovacki Piskavac CPI
5. Crnosljiva CRN
6.Crvena Ranka® CRB
7. Crvena Ranka** CRD
8. Cokesinka COK
9. Kapavac KAP
10. Maricevka MAR
11. Metlas MET
12. Mudara MUD
13. Obicni Piskavac OPI
14. Petrovaca PET
15. Pozegaca POz
16.Trnovaca TRN
17.Turgulja TUR
18. Moravka MOR
19. Crnica CRI
20. Plavoaca PLA
21.Volujevaca voL
22. Gorka Bula GBU
23. Bjelica BJL
24. Bjelosljiva BJS
25. Car Dusan (@b]V)
26. Durgulja DUR
27. Mednica MED
28. Mudovalj Muv

Accession (local name) Accession code

29. Piskavica PIS
30. Sarica SAR
31.Trnosljiva TRS
32.Turgonja TURa
33.Dronga DRO
34. Magareska Crna Sljiva MCS
35. Beluvra BEV
36. Trnosljiva- M TRA
37. Magareska MAG
38. Crna Petrovka CPT
39. Panadjurka PAN
40.Zimna ZIM
41. Modra Sljiva MSI
42. Gurgutka GUR
43, Banska Sljiva BAS
44, Korajka KOR
45.Bosanka BOS
46. Bilska Rana BIR
47.Julka JUL
48. Dobojska Rana DRA
49. Banjalucka Bjelica BAB
50. Sitnica SIT
51. Slatkulja SLA
52. Miskovacka Rana MIR
53. Kaurka KAU
54.Ruzica RUZ
55. Podsedlinka POD

Note. Accessions belonging to P insititia L. are marked in bold-italic. * ‘Crvena Ranka’ var. ‘Bardaklija’ (P. domestica L.). ** ‘Crvena Ranka’ var. ‘Derosavka’

(P. domestica L.).
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Fig. 1. Overview of basic linear endocarp measurements.
Left: lateral view; right: ventral view (Van Zeist, Woldring, 2000).

The volume (V, mm?) of the endocarp was calculated by
Eq. (4) (Mansouri et al., 2017), which is based on the assump-
tion that plum endocarps are similar to a scalene ellipsoid
where L > T > W (Munder et al., 2017):

V=LWTy. 4)

Sphericity (@) is defined as the ratio of the surface area
of the sphere having an equivalent volume to that of the en-
docarp and the surface area of the endocarp. It is a measure
of how spherical an object is. It was estimated based on the
isoperimetric property of a sphere by Eq. (5) (de Figueiredo
etal., 2011):

¢ =D,/L. (5)

Shape index (SI) and elongation ratio (E) were calculated
using Egs. (6) (Mohsenin, 1986) and (7) (Firathigil-Durmus
etal., 2010):

SI=(W+T)/2L, (6)
E=L/W. (7

Other indexes of endocarp shape were also calculated
according to Behre (1978), Van Zeist, Woldring (2000) and
Schmidt-Tauscher et al. (1996, cited in Pollmann et al., 2005).
In order to have a more pronounced relationship between
individual dimensions, the numbered values were multiplied
by 100.

They can be represented as relative slenderness (RS)
(Eq. (8)), roundness index (RO) (Eq. (9)) and Behre’s in-
dex (DE) (Eq. (10)) proposed by Behre (1978) and modified
by Van Zeist, Woldring (2000):

RS =100xT/L, )]
RO =100xT/W, )
DE = 100 xW/L. (10)

Schmidt-Tauscher et al. (1996, cited in Pollmann et al.,
2005) introduced a fourth index value which is calculated
using Eq. (11). It was named Pollmann’s index (PI) because
Pollmann et al. (2005) demonstrated its usefulness in differ-
entiating the stones of modern plum cultivars:

PI=L2/(T+W). (11)
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Variation at different taxonomic levels was studied
by analyzing the coefficients of variation (CV, %), which
were interpreted following Rasch (1988, cited in Hiibner
and Wissemann, 2004), i.e. CV < 10 %, low variability;
10 % < CV < 20 %, normal variability; CV > 25 %, high
variability of the character studied.

Statistical analysis. Data were subjected to analysis of
variance (ANOVA) using the Microsoft Office Excel software
(Microsoft Corporation, Redmond, WA, USA) procedure
followed by least significant difference (LSD) Fisher’s test at
p =< 0.05 significance level. Pearson’s rank correlation matrix
(o = 0.05) was performed using the R corrplot package ver-
sion 4.0.2 (R Core Team, 2021). Principal components analy-
sis (PCA) was performed and a biplot was designed using the
XLSTAT v. 7.5 software package (Addinsoft, Paris, France).

Results and discussion

Evaluation of endocarp dimensions and shapes

Data in Table 2 showed that SW significantly varied among
accessions. High intra- and inter-variability between plum
types was observed. The highest and statistically similar
values were observed in ‘MUD’ and ‘CPT’ (both belonging
to P. domestica), and the lowest, in “TRN’ and ‘CRI’ (both
belonging to P. insititia). Twelve accessions (21.82 % of the
total number) had SW >1 g, whereas only four accessions
(7.27 % of the total number) had SW < 0.5 g. The most numer-
ous (70.91 %) were the accessions, the SW of which ranged
between 0.5 and 1 g.

It is known that the former Yugoslavia, i. ¢. the Western Bal-
kan region, is a very rich source of plum germplasm, especially
that of European and Damson plums, cherry plums and sloes
(Milosevi¢ T., Milosevi¢ N., 2012). Considering this, a large
number of researchers highlight data related to their biological,
agronomic and pomological characteristics (Milosevi¢ T. etal.,
2023). Thus, Milosevi¢ N. et al. (2017) and Glisi¢ et al. (2023)
reported SW between 0.57 and 1.49 g or 0.57 and 2.39 g,
respectively, for local genotypes belonging to European plum
in the Cacak area (western Serbia). Drkenda, Kurtovi¢ (2012)
reported values between 0.84 and 1.21 g for six local cultivars
from Bosnia and Herzegovina. For accessions belonging to
European and Damson plums from Montenegro, Jacimovic et
al. (2011) and Sebek (2013) reported that SW varied from 0.46
to 2.20 g and 0.16 to 2.20 g, respectively. For nine domestic
and local plums grown in Turkey, Gunes (2003) noted SW
from 0.26 to 0.99 g. Our data for SW are within the limits of
the results of the mentioned authors. However, in taxonomic
description and morphometric analysis, SW is not a reliable
indicator for the determination, systematization and segrega-
tion of members of the Prunus genus (Depypere et al., 2007,
Mijnsbrugge et al., 2013; Sarigu et al., 2017; Heidari et al.,
2022; Kosina, 2023) due to the negative “effect of controlled
moisture” (Sheikh et al., 2021) and state of the seed (embryo
or kernel) inside the endocarp (das Gragas Souza et al., 2016;
Sheikh et al., 2021). All of the above authors favored dimen-
sional measurements of the endocarps.

The ANOVA showed signifant differences among the
ascessions for endocarp L, T and W (Table 2). These data
are in agreement with the results of Woldring (2000), Van
Zeist, Woldring (2000), Depypere et al. (2007) and Heidari
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et al. (2022) who reported that all three linear dimensions of
endocarps significantly varied among plum genotypes. The
highest endocarp L was observed in ‘CPT’, ‘KOR’, ‘CRB’
(all belonging to European plum), ‘“TUR” and ‘TURa’ (both
Damson plums) with no significant differences among them,
whereas the lowest L was found in ‘TRA’ (Damson plum). Out
of the total number of accessions, 50.91 % had L > 20 mm.

Regarding endocarp T, ‘MUV’ had the highest value,
whereas the lowest was found in ‘MSI’. In the case of endo-
carp W, a very high number of the largest and/or smallest
values overlapped. The highest values were observed in the set
of'accessions such as ‘MUV’, ‘MUD’, ‘BAB’ and ‘CPT’ with
no significant differences among them. In contrast, the lowest
and similar values were found in 17 accessions (30.91 %) i.e.
‘ARP’, ‘CPI’, ‘CRN’, ‘COK’, ‘MET’, ‘TRN’, ‘CRI’, “VOL’,
‘GBU’, ‘BIL, ‘PIS’, ‘MCS’, “TRA’, ‘PAN’, ‘ZIM’, ‘MSI’
and ‘BAS’. Some of them, such as ‘ARP’, ‘CPI’, ‘CRN’ and
‘MET’, had identical mean W values.

Taking into account the absolute values of the three linear
dimensions, the descending order was L>T>W, which is
in accordance with the recommendations of morphometric
analysis of plum endocarp proposed by Behre (1978) and
Woldring (2000). Also, the values of endocarp dimensions
obtained in our study were within the limits described by Van
Zeist, Woldring (2000).

Following the procedure proposed by Caillavet and Souty
(1950), values of all three dimensions (L, T and W) were
transformed into the parameter denominated “size” or D,
and/or D,. In the present study (Table 2), both D, and D,
values significantly varied among accessions.

A similar finding applies to endocarp S and V, respec-
tively. The lowest value for all four parameters was found at
‘TRA’ belonging to P. insititia. The highest endocarp “size”,
calculated as D, and Dg, S and V, was observed in ‘CPT’ be-
longing to European plum. ANOVA results showed that the
differences among accessions for these properties were clear
and significant. Only two accessions (3.64 %) had endocarp S
between 6 and 7 cm?, whereas nine accessions (16.36 %) had S
between 5 and 6 cm?. Other accessions (80 %) had S <5 cm?.
Otherwise, the knowledge of a specific surface area (S) could
be a relevant tool to determine the shape. Other authors also
report large variations in the endocarp size, S and V in plums
(Sheikh et al., 2021), cherries (Pérez-Sanchez et al., 2010;
Ganopoulos et al., 2015; Khadivi et al., 2022), peaches (das
Gragas Souza et al., 2016) and apricots (Gezer et al., 2002).

The fruit or stone (endocarp) shape is determined in terms
of its ¢. Moreover, ¢ is an expression of the shape of a solid
related to that of a sphere of the same volume. In the current
study, ‘MUD’ and ‘MED’ had similar and the highest ¢ values,
whereas the lowest was observed in ‘PAN’ (Table 2).

In general, ¢ is used for determining the similarity of a
fruit or a stone to a sphere. Hence, higher values of ¢ indicate
the tendency of endocarps towards sphericity (Sheikh et al.,
2021). The ¢ value more than 0.7 i.e. 70 % is assumed to be
spherical (Garnayak et al., 2008). However, average ¢ values
for accessions were much lower than 0.7 or 70 % with the
exception of ‘MUD’, ‘MED’ and ‘BEV"’.

The shape parameters such as SI and E indicate the shape
tendency of the endocarps. Both indexes in the present study
showed high variability among accessions (Table 2). ‘MUV’

Endocarp size and shape variations
in Prunus domestica L. and P. insititia L. accessions

and ‘MUD’ had the highest and similar SI values whereas
the lowest were observed in ‘MET’. The highest E value was
in ‘CRB’, and the lowest, in ‘BAB’. Lower values of these
shape parameters indicate the tendency of endocarps to being
flat and oblong in shape as previously reported by Sheikh et
al. (2021) for plum kernels. Based on the values of the above
endocarp shape indexes in this study and their comparison
with the IBPGR recommendations on stone shapes (lateral
view) (Cobianchi, Watkins, 1984), it can be said that elongated
and ovate shapes dominate, and sporadically, rounded ones
appear.

Endocarp shape indexes proposed by Behre (1978), Van
Zeist, Woldring (2000) and Pollmann et al. (2005) of the
evaluated plum accessions were presented in Table 2.

The ANOVA showed significant differences among acces-
sions for all four indexes. The highest RS index (endocarps in
lateral view) denominated as relative slenderness was found
in ‘MUD’, ‘MUV’ and ‘TRN’ with no significant differences
between them. The lowest and statistically similar values of
this index were discovered in ‘ZIM’ and ‘MSI’, both belong-
ing to P. domestica. Our values of this index for 45 accessions
(81.82 %) were within the limits described previously (Van
Zeist, Woldring, 2000; Pollmann et al., 2005), while 10 acces-
sions (18.18 %) had slightly lower values than the minimum
described by the above authors. Otherwise, the more slender
the stone, the lower the index value (Depypere et al., 2007).
The high variability of this index was previously described
by Van Zeist, Woldring (2000).

With regard to RO index, which expresses the roundness of
the endocarp in apical view, the highest value was observed
in ‘COK’, and the lowest, in ‘BAB’, with 2.27-fold difference
between them. The minimum and maximum values according
to the descriptors proposed by Van Zeist, Woldring (2000) and
Pollmann et al. (2005) for this index are 112.15 and 225.45,
respectively, which was the case in our study with the excep-
tion of ‘BAB’ that had a much lower value than the minimum
limit. In general, endocarps with strongly domed sides show a
low RO value, while in rather flat stones, this value is relatively
high and always more than 100 (Van Zeist, Woldring, 2000).

Similarly to previous indexes, DE index, which represents
endocarps in ventral view, varied among and within acces-
sions. It was the highest in ‘BAB’, and the lowest and sta-
tistically similar one was observed in ‘ZIM” and ‘CRB’, all
belonging to P. domestica. Our values were generally closer to
the minimum values proposed by Van Zeist, Woldring (2000),
which varied from 26.30 to 106.32.

PI significantly varied among and within accessions,
‘ZIM’ being the accession with the highest value, whereas
the smallest value was found in ‘MUD’ with 3.38-fold dif-
ference between them. According to Pollmann et al. (2005),
minimal and maximal values of this index ranged between
1.27 and 7.68, which was confirmed by our data. Depypere et
al. (2007) reported that the PI index value was highly variable
for P. domestica and P. insititia.

Evaluation of variability and mean values

of properties between plum types

With regard to the variability of mean values of properties
evaluated by means of the coefficients of variability (CV, %),
the results showed that L, D,, D, and somewhat ¢ had a low
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Table 3. Intraspecific variability for P. domestica and P. insititia expressed by means of the coefficients of variability (CV, %)

and mean values for each property evaluated

Parameter P. domestica L.
CV, % Mean +SE

SW 36.61 0.84+0.15a

L 9.88 20.48+1.00 a

T 12.88 11.49+0.74 a

W 13.80 6.92+0.44 a

D, 8.04 13.01+£0.52a

Dy 8.88 11.71£0.51a

S 18.77 432+041a

\Y 29.37 0.86+0.13 a

¢ 10.15 0.577+0.03a
S| 13.64 0.45+0.03 b

E 16.18 3.03+0.24a

RS 13.04 56.35+3.67 b

RO 13.14 167.87+11.03 a
DE 17.33 34.08+2.95b

Pl 25.99 556+0.72a

P.insititia L.
CV, % Mean +SE
55.90 0.78+0.22b
18.57 19.28+1.79b
17.22 11.20£0.96 b
17.92 6.80+0.50 a
15.83 12.42+0.98 b
15.79 11.31+£0.89b
30.53 4.14+0.63b
45.43 0.82+0.19a
9.22 0.571+0.03a
17.84 0.47+£0.04 a
15.47 297+0.23 b
16.82 59.09+4.97 a
7.19 165.91+5.96 b
20.20 35.88+3.62a
29.09 4.84+0.70b

Note.CV>25 % indicates high variability; 10 % < CV < 20 % indicates normal variability; CV < 10 % indicates low variability (following Rasch, 1988; cited in Hiibner,
Wissemann, 2004). Mean values with different letters in a row differ significantly at p < 0.05 by LSD test.

variability (CV <10 %) in P. domestica, and only ¢ and RO,
in P, insititia (Table 3).

Parameters T, W, S, SI, E, RS, RO and DE in P. domestica
and L, T, W, D,, Dy, S, E, RS and DE in P, insititia had a low-
to-normal variability (10 % < CV <20 %). Parameters SW, V
and PI in both European and Damson plums, and S and DE
in P, insititia were moderate to highly variable (CV > 25 %)).
It appears that the mean value of the coefficients of variation
of all morphological levels for accessions belonging to P. do-
mestica was significantly smaller (CV = 16.51 %) compared
to the accessions belonging to P. insititia (CV = 22.20 %)
(data not shown). Our results were in good agreement with
the results found by Depypere et al. (2007) for several indexes
such as W, T, DE, RS and PI.

Regarding mean values of properties evaluated for both
European and Damson plums, the results from Table 2 showed
that there were significant differences between them with the
exception of W, V and ¢. These three values were statisti-
cally similar for both plum types. Accessions belonging to
P. domestica had higher mean values for SW, L, T, D, D, S,
E, RO and PI than accessions belonging P. insititia. On the
contrary, accessions belonging to P. insititia had higher SI,
RS and DE mean values than representatives of European
plum.

Correlations among variables

and principal component analysis (PCA)

Relationships among 15 endocarp parameters were studied
and Pearson’s correlations were calculated and were presented
graphically (Fig. 2). Significant correlations were found
among most of the studied traits, but high values were noted
only in some cases.

SW was significantly correlated with all parameters and
indexes with the exception of RS and RO, indicating that
accessions with a big stone tend to have greater endocarp
dimensions and higher indexes values in general and vice
versa. Hence, all parameters can be used to predict each other.
Similar tendencies were observed in cherry plum (Heidari
et al., 2022). However, the intensity of correlations between
some parameters differed. Namely, strong positive correla-
tions were observed between SW and T, W, D, D,, S and V,
whereas other correlations were weak, which shows that
endocarps have some very similar properties and that their
values are not greatly influenced by genotype. In addition,
SW was negatively correlated with E and PI. These findings
are in good agreement with the results obtained on hazelnut
(Milosevi¢ T., Milosevi¢ N., 2017).

L, W and T were significantly correlated with endocarp
indexes with the exception of L vs W, T vs E and/or DE. The
absence of significant correlation between L and W is in agree-
ment with the results of Kosina (2023) for P. spinosa. So, these
traits were considered to be independent. Strong correlations
were observed between L and D, and between T and D,, D,
S and V, indicating that endocarps with higher L and T tend
to have a greater endocarp size. Both D, and D, showed very
strong mutual correlation, and also with endocarp S and V.
However, relationships of D, and D, with other indexes were
small and not significant. ¢ was strongly positively correlated
with SI, RS and DE, but strongly negatively correlated with E
and PI. Both S and V were significantly correlated with SW,
endocarp dimensions and size parameters, whereas correla-
tions with all indexes were minor and not significant.

There was an extremely strong mutual correlation between
S and V indicating that an endocarp with higher S values tends
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Fig. 2. Correlation matrix of Pearson’s correlation coefficients (r) between the mean values of
the endocarp parameters evaluated.
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Fig. 3. Segregation of European and Damson plum accessions according to endocarp proper-
ties (linear dimensions, size and shapes) and their projections on the first (PC1) and second
factors (PC2) of the component analysis.

See Table 1 for accession series numbers and accession codes; the series number in red represents
accessions belonging to Damson plum.
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to have higher V values and vice versa. On
the other hand, there were no significant cor-
relations between V and all shape indexes.
SI was strongly negatively correlated with
E and PI, and positively with RS and DE.
Similar trends have been reported for Euro-
pean plum kernels (Sheikh et al., 2021). E vs
RS and DE were negatively correlated, and
positively correlated with RO and PI. RS
showed negative correlations with PI, and
positive with DE, whereas both RO and PI
were negatively correlated with DE.

Principal component analysis (PCA),
as a statistical tool, is performed to reduce
the number of effective traits and to iden-
tify groups. In the current study, using the
15 analyzed parameters, the first three prin-
cipal components accounted for 96.67 % of
the total variance. PC1 explained 47.71 %
of the total variation, while PC2 explained
37.57 % and PC3 explained 11.39 % (Fig. 3).
According to the correspondence between
the PCA and the original properties and
eigenvectors, SW, T, D, ¢, S, V, and SI
made the largest contributions to PC1 with
positive values, while PI had a negative
contribution. As a result, genotypes such as
‘MUD’, ‘PLA’, ‘CDU’, ‘MUV’, ‘TURa’,
‘DRO’, ‘MAG’, ‘CPT’ and ‘RUZ’ tended
to exhibit higher SW, T, D,, ¢, S, V, and SI
values but lower PI values. In contrast, ac-
cessions like ‘ARP’, ‘CPI’, ‘CRN’, ‘CRD’,
‘MET’, ‘MOR’, ‘CRI’, ‘GBU’, ‘PIS’,
‘MCS’, ‘PAN’, ‘ZIM’ and ‘MSI’ displayed
the opposite trend.

For PC2, positive values were associated
with L, D,, and E, whereas DE contributed
negatively. This suggests that genotypes
like ‘BPZ’, ‘CRB’, ‘COK’, ‘MAR’, ‘POZ’,
‘TUR’, ‘DUR’, ‘KOR’, ‘BOS’, and ‘SLA’
exhibited higher L, D,, and E values, while
accessions such as ‘BEL’, ‘KAP’, ‘OPI’,
‘PET’, “TRN’, ‘VOL’, ‘BJS’, ‘TRS’, ‘TRA’,
‘GUR’, ‘BIR’, ‘SIT” and ‘MIR’ showed
lower values of these parameters.

Finally, RS and RO contributed to the
positive values of PC3, whereas W contri-
buted negatively, indicating that genotypes
such as ‘BJL’, ‘MED’, ‘BAS’, and ‘DRA’
were predisposed to higher RS and RO
values, while accessions like ‘SAR’, ‘BEV”,
‘JUL’, ‘BAB’, ‘KAU’, and ‘POD’ tended to
have lower W values.

Conclusions

The stones of accessions belonging to
P. domestica L. and P. insititia L. showed
characteristic differences in size and shape
features, which greatly facilitate the identi-
fication of genotypes or accessions. Each of

BaBunosckuii )KypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 202529« 1



T. Munowesny
H. Munowesny

them could be identified by means of dimensions and morpho-
logical features of the endocarps. In the present study, most
endocarp parameters were found to be very useful for further
taxonomic research, based on their low variability in both
P. domestica and P, insititia. However, some parameters such
as SW, V and PI exhibited a high variability and we suggest
omitting their use for taxonomic purposes in some cases or
for them to be used in a limited way. In general, the examined
parameters varied less in accessions belonging to European
plum compared to Damson plum genotypes. In addition, the
mean values of SW, L, T, D,, D, S, E, RO and PI were higher
in P. domestica type compared to P, insititia, while the mean
values of W, V and ¢ were similar. Others, such as SI, RS and
DE were higher in Damson plum. However, due to overlap-
ping ranges in most cases within and between plum types and
accessions, the use of one or two endocarp parameters is not
satisfactory for discrimination between Eurasian plum taxa.
The multivariate analysis as a statistical tool can be useful
for higher quality dispersion, segregation and determination
of plum accessions, but in these analyses, the overlapping of
values of endocarp morphological parameters also occurs.
Finally, based on our results obtained on dry endocarps and
the results of other researchers who experimented with fresh
stones, we recommend full hydration of dried endocarps, as
this restores the original dimensions and shape of the sampled
endocarps.
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[IupkagHble KolebaHUs comep>KaHs paCTBOPUMABIX CaxapoB
U 3KCIIpeccuu reHoB nHBepTas TAI, LIN6 u TpaHCIIopTepa
caxapoB STP1 B TUCThSIX pacTeHus Tomara (Solanum lycopersicum L.)
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AHHoTauusA. CofjepkaHne OCHOBHbIX AN nnoaa Tomarta (Solanum lycopersicum L.) rekco3 (GpyKTo3bl, [IOKO3bI) perynmpy-
€TCA COBMECTHOW aKTUBHOCTbI0 GepPMEHTOB rMApPONM3a caxapo3sbl (BK/OYasA MHBEPTasbl), MUHIMOMTOPOB MHBEPTa3 U TPaHC-
nopTepoB caxapoB. Kpome BKYCOBbIX KauecTB, pacTBOPMMble caxapa TeCHO CBA3aHbl CO CTPECCOYCTOMUYMBOCTbIO pacTe-
HWIA ToMaTa. B HacTosALweln paboTe 6bia onpefeneHa CyTouHasa AUHaMUKa COAePKaHMA PacTBOPUMbIX CaXxapoB (caxapo3bl,
GPYKTO3bl U FMIOKO3bI), @ TaKMKe dKCnpeccua reHoB GepMeHTOB rMApPoNnMN3a caxaposbl (BakyonAapHoM nHeepTasbl TAl, nHBep-
Ta3bl KNeToyHo cteHKkm LING) n TpaHcnopTepa rekcos (STP1) B NUCTbAX pacTeHni ToMaTa copTa KopHeeBcKuit. bbino noka-
3aHO, YTO KOJIMYECTBO CaxapoB 1 ypoBeHb TpaHCKpUNTOB reHoB TAl, LIN6 n STPT 3aBUCAT OT LMPKagHOro pUTMa 1 COoTBeT-
CTBYIOT 610NTOMMYeCKM NpoLeccam, NPoTeKaloLWwM B pacTeHUN B pa3Hoe BpemMa cyToK. ColepaHune caxapo3sbl Y FeKCo3 B
TeyeHne CyTOK 3MeHAETCA CXOAHbIM 06pa3oM. B Hauane cBeToBoOW $asbl KOHLEHTPALMA CaxapoB MAHUMAbHA, B KOHLE —
1MeeT Hanbonbluve fHEeBHbIe 3HAaUEHNA; B HaYasie TeMHOBOW pa3bl AEMOHCTPMPYET OCTaTOUHbIN POCT M 3aTeM CHIKAeTCA K
KOHLY ¢a3bl. AHanus in silico opraHocneuundunyHoit skcnpeccum TAI, LIN6 n STPTy copta Micro-Tom S. lycopersicum nokasan
Hanunumne X TPAHCKPUNTOB BO Bcex TKaHAX. leH TAl akcnpeccnpoBanca Hanbosnee akTYBHO B CMeNbIX Nofax, Toraa Kak ypo-
BeHb TPaHCKpMNToB LIN6 1 STP1 B 3TX opraHax HOCWUN ClefoBoit Xxapaktep. B nuctbax ypoeHb MPHK TA/ 6bin Bbiwe, yem
TakoBoWn LIN6 n STP1, B ~2 n ~27 pa3 cooTBeTCTBEHHO. AHanun3 ¢ nomouubto MLP-PB cyTouHOM ANHaMMKM 3KCnpeccun reHoB
TAI, LIN6 v STPT B nUCTbAX pacTeHni copTa KopHeeBCKMin MoKasarl, YTo reHbl SKCNPeCccrpyroTca BO BCEX NPOaHaIN3NpPOBaH-
HbIX BPeMEeHHbIX ToUKax. KonebaHna ypoBHA SKCNpeccumn reHoB NPOVCXOAAT CXOAHBIM 06pa3om: ypoeeHb MPHK gocTuraet
NMKOBbIX 3HAYEHWI B CepeanHe CBETOBON 1N TeMHOBOW ¢a3. MonyyeHHble pe3ynbTaTbl BaXKHbl A8 NOHUMaHUA GYHKLUMIA
MNHBEpTa3 1 TPaHCMOPTEPOB CaxapoB B PacTEHUV TOMaTa U MOTYT ObiTb MCMOMb30BaHbl B CENEKLMM NPY MPOrHO3NPOBaHN
CTPeCccoyCTONYMBOCTN PaCTEHNI.

KnioueBble cnosa: Tomat; Solanum lycopersicum L.; pacTBOpuMble caxapa; MHBepTasbl; TPAHCMOPTEP rekCcos; SKcnpeccms
reHOB; LMPKaAHbIA PUTM.

IOna untupoBanusa: GunowrH M.A,, LLleHHrKoBa A.B., Kounesa E.3. LinpkagHble KonebaHus cofep»aHUs pacTBOPUMbIX
caxapoB 1 3Kcnpeccumy reHoB nHBepTas TAl, LIN6 n TpaHcnopTepa caxapoB STPT B niNCTbAX pacTeHus TomaTta (Solanum lyco-
persicum L.). Basunosckuti xypHan eeHemuku u cenexkyuu. 2025;29(1):55-60. doi 10.18699/vjgb-25-07

OuHaHcupoBaHue. PaboTa BbinosHeHa npu nopaepke PHO (rpaHT Ne 24-16-00043, 6GIOXMMUYECKUIA N SKCNPECCUOH-
HbIA aHanM3bl) U MnHUCTepCTBa 06pa3oBaHNA 1 Haykn PO (MonyyeHne ceMEHHOro MaTepurana 1 NOAroTOBKa PacTEHUN K
aHanusy).

fluctuations in the content of soluble sugars
expression of the TAI and LIN6 invertase genes
STP1 sugar transporter gene in the leaves
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Abstract. The content of hexoses (fructose, glucose) essential for the fruit of the tomato (Solanum lycopersicum L.) is requ-
lated by the joint activity of sucrose hydrolysis enzymes (including invertases), invertase inhibitors, and sugar transporters.
In addition to fruit taste, soluble sugars are closely related to the stress resistance of the tomato plant. In this work, we de-
termined the diurnal dynamics of the content of soluble sugars (sucrose, fructose and glucose) and the expression of genes
for sucrose hydrolysis enzymes (vacuolar invertase TAl, cell wall invertase LIN6) and the hexose transporter (STP1) in the
leaves of the tomato variety Korneevsky. It was shown that both the amount of sugars and the level of transcripts of the TAI,
LIN6 and STP1 genes depend on the circadian rhythm and correspond to the biological processes occurring in the plant at
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Diurnal fluctuations in sugar content
and TAI, LIN6 and STP1 expression in tomato leaves

different periods of the day. The content of sucrose and hexoses changes in a similar way during the day. At the beginning
of the light phase, the concentration of sugars is minimal, at the end it has the highest daily values; at the beginning of the
dark phase, it shows a residual increase and then decreases towards the end of the phase. In silico analysis of organ-specific
expression of TAl, LIN6 and STP1 in S. lycopersicum cv. Micro-Tom showed the presence of mRNA of all three genes in all tis-
sues. The TAl gene was expressed most strongly in ripe fruits, while the level of LIN6 and STP1 transcripts was extremely low.
The level of TAI mRNA in the leaves was ~2 times higher than that of LIN6 and ~27 times higher than that of STP1. Analysis
using qRT-PCR of the diurnal dynamics of TAl, LIN6 and STP1 expression in the cv. Korneevsky leaves showed that all three
genes were expressed at all points analyzed. Fluctuations in their expression levels occur in a similar manner: mRNA levels
reach peak values in the middle of the light and dark phases. The results obtained are important for understanding the
functions of invertases and sugar transporters in the tomato plant, and can be used in predicting the stress resistance of
plants in tomato breeding.

Key words: tomato; Solanum lycopersicum L.; soluble sugars; invertases; hexose transporter; gene expression; circadian
rhythm.
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BeepeHmne
braromapsi GporocuHTE3y pacTeHHe HaKalUIMBaeT aCCUMMIIS-
TBI — )KHU3HEHHO Ba)KHBIE OPraHMYECKHUE COCANHEHNUS, Y THIIH-
3UpyeMbIe IS ABIXaHHSL, TOJIePyKaHIsI KIIETOYHOTO MeTabo-
nmu3Ma, pocta u pa3Butus. OCHOBHasI TpaHCTIOpTHAs (opma
(hoToaccCHMMIIATOB y PAacTEHUH MpeAcTaBiIeHa caxapo3oi
(Lemoine et al., 2013). Curnasom k pacrnpeneieHuio Goro-
ACCUMMIISITOB CIIY’KaT MOJICKYJIBI Caxapo3bl U IIIOKO3bI, KO-
JIMYECTBO KOTOPBIX BIUSET Ha PETYIISIIMIO aKTHBHOCTH T€HOB
OHTOTCHE3a, BKJII0Yas TeHbI (POTOCUHTE3a U YIIICBOAHOTO 00-
MmeHa (Koch, 2004; Gonzalez et al., 2005; Rolland et al., 2006).
[locne nocraBky B 3amacaromiye TKaHH (LBETKH, TJIOBI,
KIYOHH H JIp.) caxapo3a pacuieruisieTCs Ha II0K03Y U (PYKTO-
3y C IOMOIIBIO CaXapo30CHHTA3 (00PAaTUMBII THAPOIN3) I
nHBepTa3 (HeoOpaTuMbIi ruaponn3). OYHKIHUN MTOCIETHUX
OTJIMYAIOTCSl BBICOKOM BapHaOEeNbHOCTHIO M TECHO CBSI3aHBI
C JIOKaJM3alMeil B pa3IMYHbIX KICTOYHBIX KOMIAPTMEHTAaX
(Roitsch, Gonzalez, 2004). YpoBeHb 3KCIIPECCUU TCHOB UH-
BEPTa3 3aBUCHUT OT THUIIA TKaHI/I/OpFaHa, CTaJluv pa3BUTHA pac-
TEHUs| ¥ BHELIHUX CTHUMYJIOB, BKJIIOYasl BO3ICHCTBHE CTpec-
COBBIX (pakTOpOB, PUTOTOPMOHOB, nucuTopoB 1 1p. (Koch,
2004; Roitsch, Gonzalez, 2004; Proels, Roitsch, 2009). K pac-
HpEEICHHI0 CaXxapo3bl [0 PACTHTEIbHBIM TKAHSIM M OpraHam
U Iiepesiade CUrHajla UIMEIOT OTHOILICHNE HHBEPTAa3bl KIIETOU-
HOM CTEHKH, TOT/Ia KaK B HAKOIJICHUH CaXapoB U OCMOPETYIIsi-
IIUH YYaCTBYIOT BaKyoIsipHbIe HHBepTa3sl (Roitsch, Gonzalez,
2004; Gonzalez et al., 2005). O6pasyronuecs Mpu TUAPOIIA3E
caxapo3bl TeKCO3bI MOMAIAI0T B KJIIETKH 3allacaroliX TKaHei
€ TIOMOMIBI0 TpaHcTopTepoB Tekco3 (Proels, Roitsch, 2009).
Tomar (Solanum lycopersicum L.) mpencrapisieT cooon
OJIHY 13 CaMbIX IOIIYJISIPHBIX B MUPE OBOLLHBIX KYJIbTYP. I110-
IIbl TOMaTa B IPOLECCEe CO3PEBAHMS HAKAIUIMBAIOT IIFOKO3Y
n gpykrosy (Beckles et al., 2012), koTopble BIUSIOT Ha cia-
JI0CTh Tuioja. KonuuecTBO 3THX TeKCO3 Peryimpyercs: co-
BMECTHOW aKTUBHOCTBIO CaXapo30CHHTA3 (0OpaTHMBIil THI-
ponn3 caxaposbl), HHBEpTa3 (HEOOpaTHUMBIN THAPOJIN3 caxa-
PO3Bl), HHTHOUTOPOB MHBEPTA3, a TaKXKe TPAHCIOPTEpPaMU
caxapoB (Kawaguchi et al., 2021; Wang B. et al., 2021). ITo-
MHMO OITpe/IeNICHHsI BKyca III0/I0B, PACTBOPHMBIE caxapa BHO-
CAT 3HAYUTEIIbHBINA BKJIAJ B PETYJISLUIO CTPECCOYCTONYUBO-
CTH pacTeHHsI TOMara B Iporiecce pocra u passurtus (Proels,
Roitsch, 2009). [ToBbItieHHOE IPHUBIICUEHHUE YITIEBOIOB K IPO-
OJIEMHOMY YYacCTKy JaeT SHEPTUio JUIsl 3alIMTHBIX PeaKiui,

BKJTFOYAsi CTUMYJISLIUIO HAKOIIJICHUSI YITIEBOJIOB ¥ MOAYJISILIHIO
9KCIIPECCUH COOTBETCTBYIOIIMX I'€HOB, B TOM YHCJIE '€HOB
WHBEpTa3 1 TpaHcmopTepos caxapos (Proels, Roitsch, 2009).
B ycnoBusix Onotuueckoro crpecca HaOIF0AAeTCs CKOOPANHH-
pOBaHHAs MHYKLHS SKCIIPECCHU T€HOB IIEPEHOCYHKA MOHO-
caxapHIoB M MHBepTa3bl kjeTouaHoi creHkH (Fotopoulos et al.,
2003; Voegele et al., 2000), 4To moaATBEpKIaET BAXKHYIO POJIb
aroIIaCTHOTO PACLICIUICHHs Caxapo3bl B ONIOCPEI0BAHHH 3a-
IIUTHBIX peakuii. HesaBucnmo ot mporecca, 1 MeTaboIi3Mm,
W pacrpesieJICHUE caXxapoB, a CJIeI0BATEIBHO, H SKCIIPECCHS
3a/IeiCTBOBAaHHBIX T'€HOB KOHTPOJIHMPYIOTCS IIUPKaTHBIMU
pUTMaMH, B YACTHOCTH CYyTOYHBIMHU KOJIEOAHUSMHU HHTEHCHB-
HOoCTH Omojormueckux npormeccoB (Gonzalez et al., 2005;
Rolland et al., 2006).

Cpenu mHBepTa3 TomMara Hambojee 3HAYMMYIO POJIb BEI-
TIOJTHSTIOT MHBEpTa3a KirerouHoi crenku LING (Wiv-1) (Proels,
Roitsch, 2009) u Bakyonspuas uneprasa TAl (apyrue Ha-
3Banmst Al, PAIN1) (Elliott et al., 1993). ®epment LING,
YYacTBYIOIIMI B POCTE PACTCHHUS M B OTBETE HA Pa3INUHBIC
CTpeccoBble (haKTOPBI, HAXOIUTCS O]l KOHTPOJIEM KITFOYEBBIX
(haxkTropoB mmpkaananHoro ocummatopa (Proels, Roitsch,
2009; Zhang et al., 2013). AxktuBHocTs TAI cBsi3bIBatOT Ipe-
MMYLIECTBEHHO C T'MJPOJIM30M Caxapo3bl B ILIOJE TOMaTa
(Slugina et al., 2017). Uadopmarum 0 BOSMOXKHOHW 3aBUCH-
MOCTH 3KcIpeccuu rena 747 oT mupKaJHbIX pUTMOB B pac-
TEHMSIX TOMaTa B JIMTeparype He HaiaeHo. OJHaKo MOKHO
MIPEATIONOXKHTE, YTO TaKas CBSI3b CYILIECTBYET, OCHOBBIBAsICh
Ha JIAHHBIX JUIS BAaKyOJSIPHOM MHBEPTa3bl caXxapHOH CBEKJIbI
Beta vulgaris (Gonzalez et al., 2005).

Cpenu TpaHCTIOPTEPOB I'eKCO3 y TOMaTa HanboJee H3BECT-
uel 6eku STP1 u STP2. HoknayH KOTUPYRONUX MX TCHOB
MPUBOJIMT K COKPAIIEHHIO KOJIMYECTBA IIIFOKO3bI U ()PYKTO3bI B
KOPHSIX, YTO CHIKAeT UyBCTBUTEIBHOCTD PACTEHUSI K 3apaxe-
Huto HemaTtonamu (Warnock et al., 2016). OcobeHHO BBIIEIS-
10T reH STP 1, KoTOpBIN CUUTAETCS] MUILIEHBIO JOMECTUKAITUH B
TEHOME TOMaTa 1 OTCYTCTBUE IKCIPECCUH KOTOPOTO TPHBOANT
K CHIDKCHHIO TUIOZIOHOIICHHS ¥ KOJTMUECTBA CaxapoB B IUIOJE
(Wang Y. etal., 2023). CBUICTEIBCTB 3aBUCUMOCTH DKCIIPEC-
CHM T€Ha OT IIUPKAJINAHHOTO OCHMIIISTOPA B JIUTEpaType He
nmeercs. TeM He MeHee, Kak U JUIsd MHBEpTa3, og00Hast CBSI3b
MOXKET UMETh MECTO.

B nacrosieit pabote OplTa orpeesieHa 3aBHCUMOCTB JTH-
HAaMUKHU JKCIPECCHM T'€HOB BaKyOJIIpHOW MHBepTasbl TAI,
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MHBEPTAa3bl KIETOUHOU cTeHku LING u TpaHcopTepa rekco3
STP1, a Takxke colepKaHus paCTBOPUMBIX caxapoB (caxapo-
3bI, TIIFOKO3bI, PPYKTO3BI) OT CYTOYHOTO PUTMA B IpOLIECCE
pocra pacrenus Tomara. IlonydeHHble pe3ybTaTbl BAKHbI JIS
MOHUMaHMA (PyHKIIUI HHBEPTa3 U TPAHCIIOPTEPOB CaxapoB B
pacTeHnH ToMara.

MaTtepwuanbl n metoapl

Jlist vccnenoBaHMs HCIIONB30BAIIM PacTeHust Tomata S. [yco-
persicum copta Kopaeesckuii cenexiun denepanbHoro Hayy-
Horo 1ieaTpa oBomeBoacTsa (PHIIO, MockoBckast 00:1acTh).
CopT cpeqHecIeNnblid, BBICOKOCAXapHUCTHIH, Ul 3aKPBITOTO
IPYHTa, YCTOWYHMB K pa3jIMYHBIM CTPECCOBBIM (hakTopam,
BKJIIOYast KOJIeOaHHS TeMIleparyphl 1 (hoToneprozna (Kox copra
8262334, https://gossortrf.ru/registry/).

Pactenus tomara copra KopHeeBckuii ObUIH BBIpaIIEHbI
JIo cTaguu TiogoHomeHns B 2023 T. B TEIUIMYHBIX YCIIOBH-
ax @HIIO. Cobpannsie cemeHna ucronab3oBasin B 2024 1.
JUISL TIOJTY4YeHUsI PacTeHUIl B cTaguu 5—7 JUCThEB (IKCIIe-
pUMEHTAJIbHAs yCTAHOBKA UCKYCCTBEHHOro knumara, OUL]
Bbuorexnonornn PAH) B ycnoBusix amuHHOTO (hOTONEPHO-
Jla ¥ ONTHMAJIbHOM TemIieparypsl (1eHb/HOub — 16 u/§ u,
23 °C/21 °C; cBetoBas daza ¢ 7:00 mo 23:00; ocBeIeHHOCTh
190 MxM/(m?-c)). JuctoBbie mpobsI (110 1B pacTeHus Ha
KQK/YI0 BPEMEHHYIO TOYKY aHajin3a) OTOMpalii B TEYCHUE
CyTOK B mecTr Toukax: | 1 1o (6:00) u mocne (8:00) HacTym-
JIeHUs THEBHOH (ha3bl; cepeanHa aAHeBHOH (a3bl (15:00); 1 9
110 (22:00) u mocie (24:00) HACTYIUICHHSI TEMHOBOMU (ha3bl;
cepeanHa TeMHOBOH (a3sr (3:00). TkaHeBBI MaTepuan H3-
MEITBYaIN B )KUAKOM a30T€ U NCTIOIB30BAJIN JUISl aHAITH3a CO-
JIepKaHHsl PACTBOPUMBIX CaxapoB U YPOBHSI OKCIIPECCHHU FEHOB
naBepta3 (741, Solyc03g083910; LING, Solyc10g083290) n
Tpancnoptepa rekcos (STP1, Solyc02g079220).

KoHneHTpaluo pacTBOPUMBIX caxapoB (caxaposa, -
ko03a, (hpykrosa) (Mr/100 T CBIpOl Macchl) OMPENENaIN C
nomotipio TectoB Enzytec™ Liquid Sucrose/D-Glucose u
Enzytec™ Liquid D-Glucose/D-Fructose (R-Biopharm AG,
T'epmanns).

[IpenBapurenbHBIi aHanu3 MPOQUIIS IKCIIPECCHN TCHOB
TAI, LIN6 n STPI B pa3iau4HbIX OpraHax pacTeHUs TOMaTa
TIPOBOAMIH in silico ¢ NCTIONBb30BaHUEM TPAHCKPUIITOMHBIX
JMaHHBIX 11 copta Micro-Tom S. lycopersicum (6a3a TaHHBIX
TomExpress; http://tomexpress.toulouse.inra.fr/login) (Zouine
et al., 2017). Buzyanu3zamuro JaHHBIX OCYIIECTBISUIA C T10-
MOIIIBIO IPOTPAMMBI JUIsl OCTPOCHUS TeIToBbIX KapT (http:/
www?2.heatmapper.ca/expression/) Ha OCHOBaHUHU 3HAYCHHI
FPKM (Fragments per kilo base of transcript per million
mapped fragments; TomExpress).

Jnst aHanm3a HKCIPECCHU T'€HOB C TOMOIIBIO KOJIHYEeCT-
BenHoit [1L[P B peamsrHOM Bpemenu (ITLIP-PB) cymmapryio
PHK Boimensimi u3 0.2—0.5 T coOpaHHOTO JIMCTOBOTO MaTe-
puana u ountany ot npumeceii JJIHK (RNeasy Plant Mini Kit,
RNase-free DNase set, QIAGEN, I'epmanmus). [lomyuennyio
PHK wucnonezoBanu mis cuaresza kJJHK (GoScript Reverse
Transcription System, Promega, CILIA). Konnienrpanuro mpe-
maparos PHK u k THK onpenessimu dmyomerpruecku (Qubit®
Fluorometer, Thermo Fisher Scientific, CIITA; Qubit RNA
HS Assay Kit, Invitrogen, CIIA). [Ton6op npaiimepoB yist
[IIIP-PB ocyumecTBasiianm NOCPEACTBOM CTPYKTYPHOIO aHa-
JIM3a MOCIIEIOBATEIbHOCTEH aHAIM3UPYEMBIX TeHOB S. [yco-
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LnpkagaHble KonebaHnA copep)kaHns caxapos
n akcnpeccuu reHoB TAI, LIN6 n STP1 B nncTbAX TOMaTa

persicum W UX TPAHCKPUIITOB (JOCTYMHBI B 0a3ax JaHHBIX:
https://www.ncbi.nlm.nih.gov/; https://solgenomics.net/) ¢
nomoteio NCBI-BLAST (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) u MEGA 7.0 (https://www.megasoftware.net/).
brum momo6pansr mpaitmepsr 1 IIIIP-PB x remam LING
(5'-ttccgatgectcaaggtcaag-3', 5'-cacgtttttcctccageacca-3') u
STPI (5'-tgctcagaatgttgctatgetc-3', 5'-gtgctectetgtatttgtatgg-3').
Jns rena TAI ncrons3oBanu pa3paboTaHHBIE HAMH paHEe
rocJiesioBaTeNbHOCTH npaiimepoB (Slugina et al., 2017).
Peaxnmonnas cmecwy st [TLP-PB Brmrouana 3 wr x/IHK,
criennGuIHBIe TpaiiMepsl 1 “2.5X PeakmoHHyI0 cMech
qns nposenenus ILP-PB B npucyrctBun SYBR Green 1
u ROX” (OOO «Cwunron», Poccus). IIIIP-PB craBunu Ha
npudope CFX96 Real-Time PCR Detection System (Bio-
Rad Laboratories, CILIA); nporpamma: 5 mus nipu 95 °C, 40
uukioB (15 ¢ mpu 95 °C; 40 ¢ mpu 60 °C). JlanHbIe HOpMAIU-
30BaJIl Ha 9KCIIPECCHIO IBYX peepeHCHBIX F'eHOB Expressed
(SGN-U346908) u actin2/7 (NM_001330119.1) (Efremov et
al., 2020). AHanu3 BBIOJIHSIIH B IBYX OMOJIOTHYECKUX U TPEX
TEXHUYECKHUX MTOBTOPAX.

Pesynbrars! ananmsa conepskanust caxapos (Mr/100 T cbipoit
Macchl) M 9KCIIPECCHH I'€HOB CTaTHCTHYECKH 00padaThIBalIi
¢ momonrsio GraphPad Prism v. 8 (GraphPad Software Inc.,
CIIA; https://www.graphpad.com/scientific-software/prism/).
3Hauumocts (p < 0.05) paznuuuii MeXy 3HAYCHUSIMH, TO-
Jy4EHHBIMH 11 BPEMEHHBIX TOUEK, OTIPEAEIISIIH, NCTIONb3YS
Two-way ANOVA (“multiple comparisons, corrected with
Bonferroni test”).

Pe3ynbtatbl

B nannoii padore Ha nmpumepe Tomara copta KopHeeBckuit
(S. lycopersicum) 6p1I0 OXapaKTEPU30BAaHO CYTOYHOE M3MeE-
HEHHNE COJIepKaHMsI PACTBOPUMBIX CaXxapoB M MPOQHIIS IKC-
MIPECCHHU '€HOB JBYX KJIIOUEBBIX MHBEPTa3 (BaKyoIsspHOH, TAL;
KIeTOuHOH cTeHkw, LING) u Tpancmoprepa caxapos (STP1)
B JINCTBSIX PACTEHUs, HAXOSIIETOCS B aKTHBHOHN CTa/InM Be-
TeTaTUBHOTO POCTa U Pa3BUTHUSA (5—7 JTUCTHEB).

[Tockonbky pactenus S. lycopersicum HEUTpanbHBI K (o-
torrepuony (Lifschitz, Eshed, 2006), 0p11 rcmonp30BaH xa-
PaKTepHbIi /IS JIETHETO0 BPEMEHU JUIMHHBIN (OTONeprnos
(16 1 nens/8 4 HOUB). MI3MepeHNns IPOBOAMIIM B IIECTH Bpe-
MEHHBIX TOUKax: | 4 1o n | 9 rmocie HaCTyTIJIEHUs CBETOBO-
ro nepuona (6:00, 8:00); 1 4 mo u 1 4 mocje HACTYMICHUS
TeMHOBOTO riepuoaa (22:00, 24:00), B cepennHy TEMHOBOTO
(3:00) u cBerororo (15:00) meproaoB.

B 3THX TOuKax ObLIO M3MEPEHO COJEPIKaHNE PACTBOPUMBIX
caxapoB (TITIOKO3BI, PPYKTO3HI U caxapo3sl) (puc. 1). [Toxaza-
HO, YTO B HadaJie CBETOBOI'O MEPHO/Ia KOJIMUYECTBO BCEX aHa-
JTU3UPYEMBIX caxapoB MUHUMaIBHO. K cepennne aus (15:00)
OHO ToBBITIIaeTcs B ~1.2-2.0 pasa, a k koH1y (22:00) — pe3ko
yBenmunBaeTcst B ~15 pas (vs. 8:00), mocTurasi THEBHOTO
MakcuMyma. B Hadase TemHOBOH (a3sl (24:00) coneprkaHue
TeKco3 mpopokaet pactu B ~1.3—1.6 paza vs. 22:00, ogHako
BO BTOPOI1 moytoBuHE TeMHOBOTO repuopa (3:00, 6:00) cHrmka-
ercsi B ~1.5-2.0 paza vs. 24:00. B nayane cBeToBoro nepuoja
(8:00) xoTMUEeCTBO TEKCO3 YMEHBIIAeTCs erle boee pe3ko (B
~50-60 pa3 vs. 6:00) (cm. puc. 1).

Cozeprxanue caxapo3bl B TEUEHHE CyTOK H3MEHSIETCS CXO1-
HBIM C TeKCo3aMu 00pa3oM, 3a HCKIrodeHneM Touku 24:00
(cHmkenne B ~2 paza vs. 22:00) u Gosee MmIaBHOTO 1O CpaB-
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®pykTo3a

Diurnal fluctuations in sugar content
and TAI, LIN6 and STP1 expression in tomato leaves
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Puc. 1. CyTouHOE N3MEHEHVE COAEPKAHNA TIOKO3bI, GPYKTO3bI M CaXapo3bl B INCTE pacTeHMs TomaTta copTta KopHeeBckuii (S. lycopersicum).

3HaueHVA KOHLEHTPaL N caxapoB B Pa3Hble BPEMEHHble TOUKU pa3nmyaoTca JOCToBepHO (p < 0.05), 3a ucknoueHnem: roko3a (6:00 vs. 3:00; 8:00 vs. 15:00);
dpykTO3a (6:00 vs. 22:00, 8:00 vs. 15:00, 6:00 vs. 3:00, 22:00 vs. 3:00); caxapo3a (6:00 vs. 3:00, 8:00 vs. 15:00).

HEHUIO ¢ TeKkco3aMu yMeHbleHus B Touke 8:00 (B ~18 pa3
vs. 6:00) (cm. puc. 1).

Takum oOpa3om, conepkaHne aHAIM3UPYEMBIX PacTBO-
PUMBIX CaxapoB MHHHMAJIbHO B Havaje M MaKCUMAaJbHO B
KOHIIE CBETOBOTO IEPHO/IA, TOT/IAa KaK B TEMHOBOH (haze mx
KOJIM4ecTBO O0jIee ITOCTOSHHO.

Hanee Obu1a oxapakTepu3oBaHa dKcnpeccusi reHoB LING,
STPI u TAI. IlpeaBapUTeIbHO aHAIN3 OPTaHOCTICIN(UIHON
9KCTIPECCUH dTHX TeHOB in silico (puc. 2) nmokasai, uro MPHK
BCEX TPEX I'€HOB IPUCYTCTBYET B BEre€TaTHBHBIX TKAHSX U B
PACTYIIEM III0/E, BKIIFOUAs CTa/IUIO JIOCTYKEHUST (PHHAIBHOTO
pa3mMepa IIo/1a 1 Havdajia cMeHbI ero okpacku (Breaker, BR).
B cozpeBaromiem mose (craguu oparkenoit (Orange, OR) u
kpacuoii (Red Ripe, RR) okpacku) oOHapyXKHBaIHCh TUIIIH
CJIEJOBBIE KOIMYECTBA TPAHCKPUNTOB reHoB LIN6 u STPI
(0.002-0.0129 FPKM).

B To xe Bpems ren TAI sKcrpeccHpoBaycs B TaHHBIX
TKaHAX HanOosee nHTeHCUBHO. [Tnk sxecnpeccnu TA7 (26.95—
35.71 FPKM) cootBetcTBOBa ctajun OR co3peBanus mioaa,
Ha KOTOPOH ypOBEHb TPAHCKPHIITOB Te€Ha ObLT MPHUMEPHO
B 2 m 27-36 pa3 BbIlIe, yeM B muioae Ha cragun RR (6.43—
13.13 FPKM) u B BereTaTHBHBIX TKAHIX/PACTYIIEM ILIOJC,
Brurrogast craguio BR (0.20-1.15 FPKM), COOTBETCTBEHHO.
B apyrux penpomyKTHUBHBIX TKaHSX — OyTOHaX, IIBETKax U
cemeHax ruioja RR — konmuectBo TpanckpuntoB 74/ ObuI0
BbIIIe IpUMepHO B 6—12, 20—40 1 50 pa3 cOOTBETCTBEHHO, TIO
cpaBHenuto ¢ reHamu LING u STP1 (cwm. puc. 2).

Hecmotpst Ha OueBHIHYO CrIeIM(DUIHOCTS aKTUBHOCTU TA
K TKaHSIM CIIEJIOTO TIJI0/IA, YPOBEHB €T0 SKCIIPECCHH B BETeTa-
TtuBHBIX opraHax (0.20—1.15 FPKM) Obi1 B cpeiHEM BBIIIE,
geMm y LING (0.01-0.06 FPKM) u STP! (0.06— 0.88 FPKM).
B mucte xommuectBo MPHK 7A7 6p110 BBIIIE TIpUMEPHO B 2
u 27 pa3, uem y LIN6 u STP] cOOTBETCTBEHHO. YPOBEHb
skcnpeccuu LING B mucte Ol cCaMbIM HU3KUM: IPUMEPHO B
12 pa3 amxe, yem y STPI (cM. puc. 2).

Takum obpasowm, in silico anann3 npoguiel SKCIpeccuu
TeHOB IOKAa3aJl, YTO MO aKTUBHOCTU I'€H BaKyOJIIpHON MH-
BepTasbl 74/ 3HAUUTETBHO MPEBOCXOJUT TEHBI MHBEPTA3BI
KJIETOUHOH cTeHKkH LIN6 u TpaHcnopTepa caxapos STP/ BO
Bcex opranax pactenus. Hanbosee Boicokas sxcrpeccust TA1
OBlTa OTMEYECHA B PEMPOAYKTHUBHBIX OpTaHaxX, OCOOCHHO B
3aIracarolmX TKaHgX crrelioro mioga Ha ctagusx OR u RR.

[ocnenyrommuii ananu3 6bUT CHOKYCHPOBAH HA OIpeeie-
HUH YPOBHS dKcTpeccuu reHoB TAI, LIN6 n STP] metonom
[TL{P-PB B miectn BpeMEHHBIX TOUKaxX B TEX k€ 0Opasmax
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Puc. 2. Tpaduueckana Bulyanusauma (B BUAe TEMNOBOW KapTbl) AaH-
HbIX 3Kcnpeccumn reHos LIN6, STPT wn TAl B pacTteHMM TomMaTa copTa
Micro-Tom (S. lycopersicum), NoCTpoeHHanA MO TPAHCKPUMNTOMHbIM [aH-
HbiM TomExpress (Zouine et al., 2017).

AHanusmpyemble opraHbl: KopeHb (7); nucT (2); 6yToH (3); UBETOK Ha cTagun
aHTe3nca (4); nnoa — 4 aHA nocne aHTe3wnca (ana) (5); MAKoTb (6) u Koxuua (7)
nnopaa (10 ana); makoTb (8) 1 Koxkumua (9) nnoaa (35 ana); MAKoTb (70) 1 KoXKuua
(77) nnopa (38 ana, BR); makoTb (72) n koxunua (73) nnoga (41 gna, OR); MAKOTb
(14) v koxunua (15) nnopa (44 ana, RR); 3penble cemeHa (16). 3HauyeHna FPKM
OKPYTNieHbl O BTOPOro 3HaKa noce 3anaTon.

nucTheB copTta KopHeeBCKuil, B KOTOPBIX paHee U3MEpPATIoCch
coziepKaHKe PacCTBOPHMBIX caxapoB. B pesynbrare nokasaHo,
YTO BCE TPH I'eHa IKCIIPECCUPYIOTCS BO BCEX IIECTH BPEMEH-
HBIX TO4YKax. Hanbosiee BBICOKHE OTHOCHUTENIbHBIE YPOBHH
TPAHCKPHUIITOB B CpeHEM Halmoanuch 1yt rena LING, Hau-
6onee nuskue — st STP1. s rena TAI, BOTpeKy 0XKHUTaHH-
sIM, OCHOBaHHBIM Ha i71 Silico TaHHBIX (CM. pHC. 2), TOTy4YEHbI
3HAYEHUS, Ha TIOPAI0K Ooee HU3KHUE, YeM i LING, v mutib
B 3—4 pasa Gonee Beicokue, yeM it STPI (puc. 3).
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Puc. 3. Mpodunb skcnpeccun reHos TAI, LIN6 n STP1 no gaHHbim MLP-PB.
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3HaueHus ypoBHel IKCMPeccum No KaxxAoMy 13 reHOB B aHaNM3MPyeMbiX BPEMEHHBIX TOUKaX PasnmyaloTcs AoCToBepHO (p < 0.05), 3a ncknioyeHvem: TA/ (6:00

vs. 8:00; 24:00 vs. 3:00), LIN6 (6:00 vs. 8:00), STPT (6:00 vs. 8:00).

B nermom nipodrts sxcnpeccun renos 747, LIN6 w STPI B
TEUEHHE CYTOK OKa3aJICs CXOAHBIM. YPOBEHb TPAHCKPUIITOB
3HAYMTEIHHO Bo3pacTal oT Hadana (8:00) k cepeauae (15:00)
cBeToBOM (haswl: B ~7 pa3 mwis 1AL, ~7000 pa3 s LING n
~128 pa3 ms STPI. 3arem oH cHmxazncs B ~1.2-2.5 paza
(22:00 vs. 15:00) x ee okoHwaHuio u B ~2—-3.5 pa3za (24:00
vs. 22:00) B Hawane TeMHOBOH (pa3el. K cepenmae HOUM
YPOBEHb JKCTPECCUU T€HOB TMoOBBIMANCS B ~2—5 pa3 (3:00
vs. 24:00) 1 K KOHITy TEMHOBOH (ha3bl CHIKaJCS B ~2.5 pa3a
s TAL ~7000 pa3 mis LIN6 u ~183 paza g STPI (6:00
vs. 3:00) (cm. puc. 3).

Taxkum 00pazoM, TMHAMHKA CYyTOYHBIX KOJIeOaHMH yPOBHS
skcnpeccun reHoB TAI, LIN6 u STP1 Oblia CXOIHOM, OTHAKO
3HAUUTENBHO OoJiee BhIpaXeHHOI B ciryyae LIN6 u STPI no
cpaBHeHHIO ¢ TAI. YpoBens skcrpeccun LIN6 u STP1 Obin
CJIeJIOBBIM B MPeyTPEHHUH NIepruojl U B Havase aHs, a TAl —
OTHOCHTEJIBHO ITOCTOSIHHBIM U 00JIee CYII[ECTBEHHBIM.

O6cyxpeHue

PaCTBOpI/IMLIe MOHO- 1 AucCaxapuJibl OKa3bIBalOT 3HAYUTECIIb-
HOE BIUSHIE Ha pOCT U pa3Butue pactennii (Proels, Roitsch,
2009; Lemoine et al., 2013). 1x comeprxanue (ITOMAMO CHHTE-
3a/pacnajia IIMKaHOB) PErYJIHPYETCsl THAPOIU30M Caxapo3bl
10J{ ICHCTBHEM CaxapO30CHHTa3, HHBEPTa3 U HHTHOUTOPOB
MHBEPTA3, a TAK)KE EPEHOCOM MEK/Ty TKaHSIMH C TIOMOIIBIO
tpancnoprepos (Kawaguchi et al., 2021; Wang B. et al., 2021).

PacTBopuMEIe caxapa HIpaloT BaXKHYIO POJIb BO BCEX IIPO-
1ieccax OHTOTeHEe3a PacTeHHUH, B ToM uncie Tomara (Proels,
Roitsch, 2009). Bonee Toro, npu cTpeccax MOBBIICHHBIH TPHU-
TOK YIJIEBOJIOB K IIPOOJIEMHBIM y4acTKaM JaeT SHEPTUIO IS
3aIIMTHBIX PEaKIH, BKIIOYast CKOOPAWHUPOBAHHYIO CTUMY-
JIAOUIO HAKOTIIJICHUA YITICBOJAOB M OKCIIPCCCUM I'CHOB UHBEPTA3
u Tpancnoptepos caxapos (Fotopoulos et al., 2003; Voegele
et al., 2006; Proels, Roitsch, 2009; Bolouri Moghaddam, Van
den Ende, 2013).

B mr060M nporiecce, MpOTEKAIOMEM B PACTCHUH IIPH ydac-
THH PaCTBOPHMBIX CaXapoB, M COAEP)KaHMIO CaxapoB, U MH-
TEHCUBHOCTHU 3KCIIPECCHU COOTBETCTBYIOIIHUX T'C€HOB IIPU-
CYILM CYyTOYHBIC CHHXPOHHBIC [UKJIMYECKNE KOIECOAHUS 1101
KOHTpOJIEM NUpPKaanaHHoro ocuusitopa (Gonzalez et al.,
2005; Rolland et al., 2000).

B Hamem nccienoBanny Obl1a MpOAHAIU3UPOBAHA CYTOY-
Hasl AMHAMHKa KOJIMIECTBA PACTBOPHMBIX CaxapoB (Caxaposbl,
IIIOKO3bI M (DPYKTO3BI) B JIUCTBSIX PACTCHUI TOMara copra
Kopueepckuil. Touku naMepeHust 0OXBaTbIBaIM IIOIPAHUYHbBIE
MIepHOJIBI MEXTy TEMHOBOW U cBeTOBOH (hazamu (6:00, 8:00,
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22:00, 24:00) u cepenunsl da3 (15:00, 3:00). B atux xe
TOYKaxX ObLIa OIpPE/EIeHa IKCIPECCUS] TEHOB BaKYyOJSIPHON
nHBepTasbl (747), naBepTa3bl KIeTOYHOH cTeHku (LING) n
TpaHcnopTepa rekcos (S7P1), poib KOTOPBIX B MeTab0IM3Me
caxapoB y Tomara ocooenHo BakHa (Elliott et al., 1993; Proels,
Roitsch, 2009; Warnock et al., 2016; Slugina et al., 2017).
[MoxydeHHbIH CyTOUHBIH TPOGWIB COLEPKAHUSI CaxapoB
(cm. puc. 1) HaxomUTCS B COOTBETCTBHM C AKTHBHBIM CHH-
TE30M Caxapo3bl B JHEBHOU (a3ze (oTOoCHHTE3a, a TAaKXKe C
CYTOUHBIM IUKJIOM PacXOJ0BAHU/TIOCTYIUICHHS CaXxapoB 3a
CUeT CHHTe3a/pacraia TPaH3UTOPHOTO Kpaxmalia JHEM/HOUbIO
(Haydon et al.,2011). B Teuerne cBeTOBOI1 (ha3bl IPOUCXOAUT
MOCTETIEHHOE HAKOIUICHNE CaXapo3bl, TIIFOKO3bI U ()PYKTO3BI
(cm. puc. 1). HacTb DIIIOKO3bI, IPEATIONIOKUTENBHO, PACXOIY-
eTcsl Ha CHHTE3 TPAaH3UTOPHOTO Kpaxmaina. OTHOBPEMEHHO 13
JIMCTHEB KaK ICTOYHMKOB CAXapoB MJIET UX OTTOK B 3aI1acaro-
M€ oprassl (B JAHHOM ciydae B KOpHHU pacTeHuil). K xoHiy
JIHS KOJIMYECTBO CaXapoB JOCTUTAET HAUBBICIIINX 3HAUCHUH, a
B TEMHOBOH (ha3e CHIDKaeTcs (He cpasy) M MOAJeP)KUBACTCS
Ha OTHOCHUTEIILHO MOCTOSTHHOM YpoBHE (cM. puc. 1) m3-3a
OCTaHOBKH CHHTE3a CaXapo3bl M aKTHBALIMHY IPOIIeCcca paciiajia
TpanzutopHoro kpaxmaia (Koch, 2004; Haydon et al., 2011).
OCHOBHBIM PE3yJIbTaTOM XapaKTEPUCTHKHU IKCIPECCUU
reHoB TAI, LIN6 u STP1, npoBenenHoM in silico (cM. puc. 2),
CTaJIO MOATBEPKACHHUE MOKA3aHHOW paHee BaXXHOW POJIH
reHa BaKyoJIIpHOI MHBepTa3sl 1A/ B rHApONH3E caxapo3bl
B 3amacaromieil Tkanu crenoro mioga (Elliott et al., 1993;
Slugina et al., 2017). Kpome Toro, 6osee BEICOKHI YPOBEHb
MPHK 74! B cpaBHeHuu ¢ LIN6 m0O3BOIUI MIPEIOIOKUTH U
HaMOOIBITYIO BaXKHOCTD A/ 1Uis TIporiecca B BETETaTUBHON
TKaHu. CymecTBEHHOE MPHUCYTCTBHE TPAHCKPUIITOB TeHa
MHBEpTa3bl KJIETOYHOU cTeHKU LIN6 B BereTaTMBHOM TKaHU
KOppeIHUpyeT ¢ JaHHBIMH O 3Ha4uMocTH LIN6 nns BereTa-
TUBHOTO pocta pactenus (Proels, Roitsch, 2009; Zhang et
al., 2013). Taxxe nanmune MPHK LING6 u rena Tpancmnoprepa
caxapoB S7TP/ B BereTaTUBHON TKaHU (CM. pHUC. 2) COTJIacyeT-
Cs C yJacTHEM IEPEUHCIICHHBIX TCHOB B CTPECCOBOM OTBETE
pacrenus (Proels, Roitsch, 2009; Warnock et al., 2016). ITpu
9TOM CJEJOBbIE KOIWYeCTBa TpaHCKpUNTOB STPI B crienoM
wrozne copra Micro-Tom (cM. puc. 2) ¢ y4eTOM ero BBICOKOH
CaxapuCTOCTH U MOKa3aHHOMU MPSIMOM accoIMaluu IKCIIpec-
cun STP1 ¢ xonmmdecTBoM caxapos B wione (Wang Y. et al.,
2023) mpenrmonararoT, YTO JJI peau3aldi 3aBUCHMOCTH
JIOCTaTOYHO JIa’Ke HEBBICOKOW aKTUBHOCTH yKa3aHHOT'O TeHa.
[Tocnenyrommii aHanu3 CyTOYHOM AMHAMUKH 3KCIIPECCUU
reHoB TAI, LIN6 u STP1 B nucte Tomara copra KopHeeBckuii
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ToKasaJi, YTO aKTUBHOCTD BCEX TPEX ICHOB U3MEHACTCA CXOA-
HBIM 00pa30M U CBs3aHa C IIUPKAJHBIM PUTMOM (CM. pHC. 3).
CyTouHas nuHamuKa skcrpeccun TAI cornacyercs ¢ moka-
3aHHOU paHee CyTOYHON AMHAMMKOMN Ul TeHa BaKyOIspHON
nunBeprassl B. vulgaris (Gonzalez et al., 2005): y 060X reHoB
MUK SKCIIPECCUU TPUXOANTCS Ha CEPEINHY CBETOBOU (ha3bl.

B ominuure ot TAZ reH nHBepTasbl KIETOUHOM cTeHku LING
MMEET eIlle OMH MaKCUMYM JKCIIPECCHH — B CEPEANHE HOUH.
Bonpekn o)xugaHusM B COOTBETCTBHUH C JAHHBIMH in Silico
(cM. puc. 2), ypoBeHb TpaHCKpUNTOB L/IN6 OBLT Ha IOPSIIOK
BbIle, ueM y TAI (cm. puc. 3). Bo3amoxHO, 3T0 00bsICHsIETCSI
TEM, YTO B aHanu3e in silico 6a3sl maHHbIX (Zouine et al.,
2017) ucrosnb30Bauchk 0ojice B3POCIIbIC PACTCHUS H, CIICIIO-
BaTeJIbHO, OOJiee cTapble JIMCThs C KPYIHBIMH BaKyoJIsIMH B
KJIeTKaxX. B HaleM cirydae TeCTHPOBAINCH MOJIOABIE PACTEHUS
B CTa/IUK 5—7 JINCTHEB, B KJIIETKaX KOTOPBIX COJEPIKATCS MeJl-
K€ BaKyOJIH, YTO ITO3BOJISIET IPE/ITONIOKHUTD O0Jiee aKTHBHBIC
aTOTUTACTHEIC TIPOIIECCHI THAPOIIH3a CaXxapo3bl U TPAHCIIOPTa
caxapoB. B moib3y 3TOr0 TOBOPSIT U CYIIIECTBEHHO OoIree pe3-
Kre (Ha TIOpSIZIOK) CYTOYHbIe KoJeOaHus skenpeccnn LING
STP1 B cpaBHenuu ¢ TAI (cm. puc. 3).

3aKknioyeHune

B mamreii pabote Oputa ompeneneHa CyTOYHas JUHAMHUKA
CONIEpKaHUsI PACTBOPUMBIX CaxapoOB U KCIIPECCHU TCHOB
(hepMeHTOB ruaponm3a caxapossl (WHBepTassl TAL, LING) n
OenKoB mepeHoca caxapos (Tpancnoptep S7TP1) B pacTEHISIX
tomara copta Kopaeesckuii. [lokazaHno, 4To kak cojepkanue
caxapoB, TaK ¥ YPOBEHb TPAHCKpUNTOB TeHOB TAI, LIN6 n
STP1 HaxoAsaTCs B 3aBUCUMOCTH OT IIUPKAJHOTO PUTMA U CO-
OTBCTCTBYIOT 6I/IOJ'IOFI/I‘-IECKI/IM mnmpoueccam, MpoTeKarouumM B
PacTeHHH B pa3HbIe NEPHO/IbI CYTOK. [loyueHHbIE pe3ybTaThl
Ba)KHBI [Tl TOHUMAaHUs (PYHKIIMI UHBEPTA3 U TPAHCIIOPTEPOB
caxapoB B PAaCTCHHM TOMAaTa W MOTYT OBITH HCIIOJIb30BAHbI
IIPY TPOTHO3UPOBAHUH CTPECCOYCTOMYNBOCTH PACTEHUH B
TIpoIIeCcce CeNEeKINU TaHHO! KYIBTYPHL.
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AHHoTauuA. HyT — BakHaa 3epH06000Bas KynbTypa, KOTopas NCMoJb3yeTcA HapoLoHaceNeHeM pasHbIX YacTeil cBeTa
B MULLLY B CUJTY BbICOKOW LLleHHOCTH. [TpUMeHeHMe OMUKCHbIX TEXHOMOT I NMO3BONINIO0 OXapakTepn3oBaTb reHeTnyYeckoe
pa3Hoob6pasme HyTa, 00yC/IOBNIEHHOE OAHOHYKNEOTUAHbIMM NonrMopdu3Mamu, Torga Kak CTPYKTYpHble BapuaHTbl 1
WHCepLMM TPAHCMO30HOB BbiManyv 13 NonA 3peHnsa nccnegosateneil. [osTomy xapakTepucTtika coctaBa Mobunoma
VNHANBUAYaNIbHBIX COPTOB HyTa 1 OLiEHKa ero BAMAHNA Ha GeHOTUMNYECKYI0 M3MEHUMBOCTD 1 afanTaLuio akTyanbHbl.
B pokyce Haluero BH/MaHUA Gbiv CTapPOMECTHbIE COPTa, COBPaHHble A0 «3eNeHOW PEBOMIOLUMY», MOCKONIbKY OHU Cily-
KaT LLeHHbIM UICTOYHUKOM BULOBOIO pa3HOO6pa3unaA 1 MOryT 6bITb CMONb30BaHbI Af1A PacMpeHnsa reHeTnyeckoi 6asbl
COBpeMeHHbIX copToB. [MpoaHann3nposas 190 reHOMOB HyTa, Mbl OOHAPYKUK 42 324 caiiTa UHCePLMM TPAHCMO30HOB
83 cemelicTB. bonbluMHCTBO UHCepUMii (67 %) Bbl3BaHO MOOUIM3aLMen peTpoTpaHCno3oHoB. M3 [JHK-TpaHcno3oHoB
Havbosbllee YNCO NHCEPLUWIA HalaeHo ana cynepcemeincts MuDR, PIF, hAT, CMC n TcMar. TpofeMOHCTpMpoBaHa He-
paBHOMEPHOCTb pacnpeAenieHnA CanToB NHCePLMN BAOb XPOMOCOM. AHanM3 NoKanm3auum canToB MHCEPLUN TPaHC-
NMO30HOB OTHOCUTENIbHO FreHOB MOKas3aJl, YTo Hanbornbluee KONMYECTBO BCTABOK Y BCEX CyNnepcemeiicTB TPaHCMO30HOB
NPUXOJMNTCA Ha MHTPOHbI, HAaMMeHbLLEee — Ha 3K30Hbl. Mbl TaKkXKe NMoKasasu, YTo CaTbl BCTPOMKM TPAaHCMO30HOB, KOTO-
pble 4O HeAaBHEro BPeMeH HaxoAMANCh BHE NOMA 3peHNA NOMYNALNOHHON reHOMMKN, ABAAIOTCA BaXKHbIM GakTopOM,
ansepcnduumpyowmm GeHoTHMbl, YTO NO3BOJIAET NCMOMb30BaTb X B NMOJHOrEHOMHOM MOMUCKe accoumaunii B Kaye-
CTBE MapKepPOB HapsAAy C OQHOHYKNEOTUAHbIMY nonumMopdramammn. CpaBHUTENbHBIN aHanyM3 MOGUIOMOB COPTOB U3
pasHbIX reorpadunyeckrix permoHoOB BbIABMWI CyLLECTBEHHOE OTInYMe 3GMONCKNX 06pa3LoB OT 06pasLoB ApyrnX rpynm,
cobpaHHbIX B IHauw, Y36ekuncTtaHe, Typuum, CpefmseMHOMOpbe, Ha tore Poccun 1 B JInBaHe. COBOKYMHOCTb MOMyYeH-
HbIX HAMW JaHHbIX 1 Pe3yNbTaToB — LeHHbIN pecypc, KOTOPbI MOXKeT 6bITb MCMOJIb30BaH B KauecTBe OTMPaBHOM TOUKM
ANA ceneKkumm ynyyLleHHbIX COPTOB HyTa, aAanTUPOBaHHbIX K Pa3INYHbIM KNMMaTUYeCKNUM YCIOBUAM.

KnioueBble cnoBa: HyT; TPaHCNO30HbI; TONUMOPPK3M; CTapoMecTHble copTa; GWAS; aganTauua.

[na untupoBaHusa: CtaHuH B.A., lyk M.A., KaHannH A.A., CamcoHoBa A.A., CypkoBa C.10., CamcoHoBa M.I. Pa3Hoo06-
pasue HyTa, 06yC/IoBNEHHOE NMOMMOPGU3MOM BCTaBOK TPAHCMO30HOB. Basguiosckull XypHasa 2eHemuKu U cesekyuu.
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Abstract. Chickpea is the second most important legume crop, which is used as a food by people in different parts of
the world due to its high nutritive value. Omics technologies have revolutionized the characterization of chickpea ge-
netic diversity by considering single-nucleotide polymorphisms, while structural variants and transposons have been
overlooked. The specific contribution of transposons to the phenotypic diversification of crop species is still poorly
documented, therefore its characterization is important. We focused on landraces collected before the “green revolu-
tion’, as they are a valuable source of species diversity and can be used to broaden the genetic base of modern cultivars.
Analyzing 190 chickpea genomes, we found 42,324 new transposon insertion sites from 83 families and showed that
such sites are highly polymorphic. Most insertions were caused by mobilization of retrotransposons (67 % of inser-
tions); among DNA transposons, the highest number of insertions was found for the superfamilies MuDR, PIF, hAT, CMC,
and TcMar.We also demonstrated an uneven distribution of insertion sites along chromosomes. Analysis of the localiza-
tion of transposon insertion sites relative to genes and their structural elements has shown that the largest number of
insertions in all transposon superfamilies falls on introns and the smallest, on exons. We also showed that transposon
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Chickpea diversity driven
by transposon insertion polymorpism

insertion sites, which until recently have been overlooked by population genomics, are an important factor that diver-
sifies phenotypes and can be used in GWAS as markers replacing SNPs. Comparative analysis of landraces collected in
different geographic regions showed that the Ethiopian accessions have many unique transposon insertion sites. Our
results highlight the unique role of transposon mobilization in chickpea diversification and have important implica-
tions for breeding improved chickpea varieties adapted to global climate change.

Key words: chickpea; transposons; polymorphism; landraces; GWAS; adaptation.
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BBepeHmne

HyTt — onHa U3 BaKHEHIINX MPOAOBOIBCTBEHHBIX O000BBIX
KYJIBTYP, BBIPAIIUBAEMBIX BO MHOTHX YaCTSIX CBETA, BKJIIOUAs
Asznio, Appuxy, Ceepryto u lOxuyto Amepuky n Epomy.
Ha ero nosnro npuxonutces 15 % MupoBoro ypoxast 0000BbIX
(Abbo et al., 2003; Jain et al., 2013). HyT siBisieTcst BaKHBIM
KOMITOHEHTOM pallMOHa MIJIIMOHOB JIIOZIeH B Mupe, obecrie-
qyuBas X 6€J'IKOM, TIUIICBBIMU BOJIOKHAMU, HCHACBINICHHBIMU
JKUPHBIMH KHCJIOTaMH, BUTAMUHAMHU, MAaKpO- U MHKpPO3JIe-
MEHTaMH.

BBIpaHII/IBa}OT HYT B OCHOBHOM B 3aCYIIJIUBBIX U ITOJYy3a-
CYIUTMBBIX palioHax Ha OemHBIX mouBax (de la Pefa, Pueyo,
2012). B aTux pernoHax Ha MpOIYKTUBHOCTb HYTa BIHSIOT
paziuyHble A0MOTHYECKHE CTPECChl, TAKME KaK HeXBaTKa
BOJIbI, SKCTPEMaJbHbIE TEeMIIEpaTypbl, KOPOTKUH BereTanu-
OHHBII nepuoa. Hanpumep, 3acyxa CHIXKAaeT ypoxXalHOCTb
HyTa B Mupe Ha 50 %, a morepu, BBI3BaHHBIC IKCTPEMaib-
HBIMH TeMIIepaTypamu, cocTasisiioT 10 20 % (Kaloki et al.,
2019). Ilpu Takom crieHapuu HACHTU(QHUKALINS W/UITH CO3/IaHNE
BBICOKOIIPOAYKTUBHBIX TCHOTHUIIOB ABJIACTCA KPUTUYCCKU HE-
obxoxnMmoii. HoBele copTa HyTa JOIKHBI OBITh YCTOMYUBHI K
M3MEHEHHMIO KJIMMara 1 aJalTHPOBaHbI K MEHSIOIIMMCSI 3aIpO-
cam rotpeduTesnei, CenbCKOX03HCTBEHHOM MMPaKTHKE U OoJee
MIAPOKOMY KJIIMMaTHYIEeCKOMY Anana3ony. OHaKo COBpEeMEH-
HBIC IUTHBIE COPTA HyTa UMEIOT HEOOIIBIIIOE TEHETHUECKOE
pa3Ho00pa3ue u He CozlepIKaT MOJIE3HBIX aJLIEINeH, CBSI3aHHbBIX
C YCTOMYHBOCTBIO K OMOTHIECKUM H AOMOTHIECKAM CTPECCaM.
CrenoBaresbHO, /ISl HEMPEPBIBHOTO MPOM3BOJICTBA HOBBIX
COpTOB TpedyeTcs 0oJiee MMPOKask TeHETUYEeCKast Oasa.

L{eHHBIM MCTOYHHKOM BHJOBOTO Pa3sHOOOpa3Hs CEIbCKO-
XO3SICTBEHHBIX KYJIBTYp CITy’Kat 0ojiee IPUMHUTHUBHBIE CTAPO-
MECTHBIE COPTa, COOpaHHBIE 10 «3EJIEHON PeBOITOIUNY. X
UCIIONIb30BAHUE B CEJICKIIMU PACTCHUI MOXKET MPUBECTH K
CO3/IaHUIO YCTOMYMBBIX COPTOB CO CTa0MJIBHBIMHU XapakTe-
PHUCTHKAaMH B HEOJIArompuATHBIX yClIoBHsIX. B Hauane XX B.
H.U. BaBunoB cucremMaTtudecku coOHUpan CTapoOMECTHBIC
copra HyTa, KOTOpbIe B HAaCTOsIIIIee BpeMst XpaHsarcs Bo Bee-
POCCHIICKOM MHCTUTYTE M€HETUYECKUX PECYPCOB PACTEHUM
num. H.W. Basunosa (BUP) B Cankr-IlerepOypre, Poccus. Ota
KOJIJIEKIIMS! OblJIa MCCIleJOBaHa ISl BBISIBICHUS acCOMANni
Mex 1y SNP 1 mpu3HakaMu ¢ TOMOIIIBIO OTHOJIOKYCHOTO MOJ-
HOTEHOMHOTO Ioucka acconuanuit (Sokolkova et al., 2020).

XOTsl MpUMEHEHNE OMUKCHBIX TEXHOJIOT I MTO3BOJIMIIO MPO-
BECTH MACIITAOHYIO XapaKTEePUCTHKY 3apPOJIbIILIEBOIl IJ1a3MBbl,
Halle OHMMaHNe MEXaHW3MOB, JIEXKAIINX B OCHOBE pa3HoO-
o0pasus HyTa, MO-IPEKHEMY OrpaHuueHo. Takas cuTyarus
oT4yaCcTu O6’I)${CH5[€TC$[ TEM, YTO 1O HEAABHETO BPEMEHU 110 TEX~
HUYECKUM NPHYMHAM MOR00HBIE NccienoBaHus (HoKycupo-
BAJINCH Ha (DYHKIIMOHAJIBHOW POJIM OAHOHYKIJICOTH/IHBIX TO-
nuMopdU3MOB 1 KOPOTKUX BeTpoek/nenenuii (Varshney et al.,

2019), Torna kak Oojee KpymHBIE CTPYKTYypHBIC BapHaHTHI
MOT'YT COCTaBJISTh 3HAYUTEIBHYIO YaCTh MEKCOPTOBBIX PA3JIv-
uuii B nocnenoBarensHocTax JJHK. boabmuHCTBO CTpYKTYp-
HBIX BAPUAHTOB BO3HUKAET B PE3YyNIbTaTe MOOMIN3AIINH TPAHC-
MT030HOB. TPaHCIIO30HBI COCTABISIIOT 3HAYUTEIBHYIO 9acTh
reroma pactenuii (Quesneville, 2020; Mhiri et al., 2022), u
UX IIepeMelIeHIE IPUBOJUT K TIEPECTPOIKe TeHOMa, JTTUTeHe-
THYECKOMY CAIJICHCHHTY M NIEPEKOMMYTAIINU TeHHBIX CeTei
(Bourque et al., 2018). Bosee Toro, TpaHCIIO30HbI pacipeie-
JIEHBI B TEHOME HECJIy4aiiHO U MOTYT CIIy’KHUTb MaTrepHaioM
JUIST BOSHUKHOBEHHUSI HOBBIX OCIIOK-KOJUPYIONIMX T'€HOB U
nexoaupytomux PHK (Pulido, Casacuberta, 2023).

TpaHCTIO30HBI IPEICTABIISAIOT COO0I BeCbMa reTepOreHHYI0
TPYIITY, KOTOPYIO MOXHO Pa3/IeiINTh Ha JIBa OCHOBHBIX KJlacca
B 3aBUCHMOCTH OT criocoba Tpancnosuiuu (Bourque et al.,
2018; Quesneville, 2020). Tpancmo3ons! kimacca I (perpo-
TPAHCIIO30HBI) pacnpocrtpanstores yepe3 PHK-nmocpennnk,
a MX MEXaHHM3M TPaHCIO3UIMHU “‘copy-and-paste” mpUBOAUT
K Y/IBOGHHIO KOIHH 3JIEMEHTOB C KaX/IbIM LIUKJIOM TPAHCIIO-
sunn (Mhiri et al., 2022). B pe3ynbrare peTpoTpaHCIIO30Hb
C AJMHHBIMU TepMUHaIBHBIMU NOBTOpamu (LTR) moryT co-
cTaBnATh 10 80-90 % ot ob1mIero conepkaHus TPAHCIIO30HOB
U SIBJIIOTCSI HAanOoJIee pacpoCTpaHEHHBIMH B TeHOMax pac-
teHuit. Tpancnosons! kiacca I (IHK-tpancno3ons!) mpenmy-
IIIECTBEHHO MOOMIM3YIOTCS TI0 MeXaHU3My ‘‘cut-and-paste”,
YTO HE MMPUBOANT K YBEIMUCHHIO YHCIIa KOITHH TPAHCIIO30HOB.
OnHako TpaHcno3oHs! tuna Helitron u MITE MoryT JocTUrarhb
BBICOKOTO YHCJIa KOTIHI B HEKOTOPBIX TCHOMAX.

PacripocTpaHenue 1 HAKOIIIEHHE TPAHCIIO30HOB (hOPMHUPY-
I0TCSI 101 BIIMSIHUEM TeHeTHuecKoro apetida u ordopa (Mhiri
et al., 2022). HoBbie BcTaBKM OOBIYHO OKA3bIBAIOT MaryoHOe
BO3JICHCTBHE W yNAISIOTCS U3 IO/ sIIny. Takke TpaHcno-
30HBI MOT'YT IOJIBEPraThCs MOJIOKUTEIBHOMY OTOOPY U CITO-
cobctBoBars agantarmu (Niu et al., 2019). [Tuk Tpancmo3u-
LU TIPUXOJUTCS Ha IEPHOJIBI CTPECca, YTO MO3BOJISIET Iepe-
cTpamBarh 1 ObICTpO quBepcuduIpoBaTh reHoMsl (Schrader,
Schmitz, 2019).

XoTs acconuanyy TPAHCIO30HOB C MHOTOYHCICHHBIMHU
arpOHOMHYECKUMH TPU3HAKAMH XOPOILO JIOKYMEHTHPOBa-
uel (Catlin, Josephs, 2022), ux BkiIax B (GEHOTHIINIECKYIO
Bapua0eIIbHOCTD CEIbCKOXO3SHCTBEHHBIX KYJIBTYP OCTAaeTCs
masnousy4deHHsM (Akakpo et al., 2020; Alioto et al., 2020).
3nech MbI HCCIIEA0BAIIM COCTaB MOOMIOMA HyTa, U3Y4YHB HH-
CepIMH TPAHCIIO30HOB B 190 reHOMax copToB HyTa U3 KO-
nexuuu BUP.

MaTepuan n metoabl

Pacrurensnblii MaTepuad. B padore ucnonszosano 190 00-
pa3LoB HyTa U3 KOJUIEKIMHM Bcepoccniickoro HHCTUTYTA re-
HeTH4ecKuX pecypcoB pacteHuil um. H.J. Basunosa (BUP,
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Pa3Hoob6pasue HyTa, 06ycnoBneHHoe 2025
nonMmop¢dr13mMoM BCTaBOK TPAHCMO30HOB 29.1
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Puc. 1. MecTa c6opa cTapomecTHbIx 06pa3LoB (a) 1 AonA calToB MHCePLMU ANA Hanbonee NpeAcTaBNeHHbIX CynepcemMeiicTB TPaHCMO30HOB (6).

Canxkr-IlerepOypr, Poccust). 13 Hux 22 obpasiia ObLIx 3IIUT-
HBIMH COPTaMH, a OCTaJbHBIC 00PA3Ibl — CTAPOMECTHBIMU
copramu, cooparHbiME H.J/. BaBMIIOBEIM BO BpeMsI €T0 dKC-
neaunmii B 1920-1930-x rr. Ucxons u3 reorpaduaeckoi
6aM30cTH MecT cOopa, cTapOMECTHBIE copTa ObLIN pa3Hece-
HBI [10 CEMU IpyIaM: o0pasiibl, coopanubie B Cpeau3eMHo-
Mopse (MED), JluBane (LEB), Ha tore Poccuu (RUS), B
Typruu (TUR), Y36exucrane (UZB), Uaauu (IND) u Ddno-
mun (ETH) (puc. 1, a).

BuoxnanMaTnyeckne mepeMeHHbIEe. MBI UCIIOIB30BAIH
KOOPJIMHATHI IIUPOTHI U JOJITOTHI JUIs PETHOHOB cOopa cop-
TOB HYTAa, qTOOBI MOJIYYUTh 3HAYCHUA ACBATHAALATU ono-
kauMatudeckux nepemeHHsx (I[Ipunoxenne, tadm. S1)L.
BroknnMarndeckie epeMeHHbIE TIPEICTaBISIOT o000 To-
JTOBBIC, CE30HHBIC M MECSYHBIC CPEIHUC M IKCTPEMAbHBIC
3HAYEHUSI TEMIIEPATYPhl U OCAJIKOB U IINPOKO UCHOJIB3YIOTCS
B OroreorpaduyeckoM aHajaHu3e, UCCICJOBAaHUIX H3MEHEHUSI
KJInMaTa U 5KOJIOTHUYCCKOM MOACINPOBAHUU. I[aHHI)Ie 6I:IJ'II/I
3arpyensl u3 6a3sl ganHbIx WorldClim Bepcuu 1.4 (Hijmans
etal., 2005), koTopast conep>XUT HHPOPMALIHIO O KITMMaTHIC-
CKHX YCJIOBHSAX, 3apErMCTPUPOBAHHBIX B repuox ¢ 1960 mo
1990 r. 3HaueHus nepeMEeHHbIX U3BJICYEHBI C TIOMOLLBIO TAKeTa
‘raster’ B R (https://rspatial.org/raster/) ¢ npocTpaHCTBEHHBIM
paspernieHneM 30 yIIIOBBIX CEKYH]I, YTO COOTBETCTBYET MPH-
MepHO 1 kM2 Ha BKBaTope.

CexBenupoBanue JIHK u momnck BCTpoek TpaHCHmo30-
HoB. /{711 Beiienenust JIHK w3 coOpaHHBIX THCTHEB HCIIONB30-
Basin Habop DNeasy Plant Mini Kit (Qiagen, /IxepmanTayH,
Mbopunenn, CHIA). THK o6pasioB cexBenupoBaiu B [le-

T Tabnnupl S1-513 cm. no appecy:
https://vavilovj-icg.ru/download/pict-2025-29/appx3.xIsx

KHHCKOM MHCTUTYTe TeHoMuKH (BGI, Kuraif) mo nmporokory
[llumina, rerepupys mapHble YTeHHS pazmepoMm 150 m. H.
Bcero 65110 mosmyaeno 7700 I'6aiiT HeoOpaOOTaHHBIX TaHHEIX,
BKJIFOYAIOLIMX OKOJIO 26 MIIpA UTE€HUH CO cpeHuM 25-Kpar-
HBIM MTOKPBITHEM, WM 0koj10 37 ['GaiiT Ha oOpaszen. Urenus
ObUTH 00pabOTaHBI M BBHIPOBHEHBI 10 peepeHCHOU cOopke
reaoma Hyta ASM33114v1 (Varshney et al., 2013) ¢ momo-
IIBIO IPOTPAMMBbI bwa-mem ¢ mapameTpaMu Mo YMOIIaHHIO
(Li H., Durbin, 2009). [Touck caiiToB HHCEPIIHU TPAHCIIO30-
HOB U OIICHKA MX IPEJCTAaBIEHHOCTH BBINOIHEHBI IPOTPaM-
moi PoPoolationTE2 (Kofler et al., 2011, 2016). J{nst paGoTsr
PoPoolationTE2 HeoOxoanMbl UTeHNMST, OTKAPTUPOBAHHBIC HA
pedepeHCHBIII FeHOM ¢ MACKUPOBaHHBIMH I10CIIE10BATEIbHO-
CTSMH TPAHCIIO30HOB, X HAOOP TAKHX ITOCIEIOBATEILHOCTEH.
[TocnenoBarenbHOCTH TPAHCIIO30HOB MOTYT OBITH JTNOO KOH-
CCHCYCHBIMH I10CJIE/IOBATEILHOCTSIMU CEMENCTB (Harpumep,
u3 RepBase), 1100 mociie1oBaTeIbHOCTAMHU, KOTOPBIC ObLIH
MaCKHPOBaHbI B pe(hepeHCHOM reHOME, JIHOO ¥ TEM U IPYTHUM.
[Tpu comocTaBneHNN YTEHUH ¢ TAKUM MOAN(DHULINPOBAHHBIM
TEHOMOM HHCEPLUH TPAHCIIO30HOB MPHUBEAYT K HOSBICHUIO
TPYyTI JUCKOPAAHTHBIX KOHIIOB MApHBIX (pparMeHTos, rie
OJIHO YTEHHE COIOCTABISIETCS C pe)epEHCHBIM T€HOMOM, a
JIPyTroe — C TI0CJIEI0BATEIbHOCTBIO TPAHCIIO30HA, B TO BPEMS
KaK MPaBUIILHO COTIOCTABIICHHBIE MapHbIe PparMeHThI yKa3bl-
BAIOT HAa OTCYTCTBHE MHCEepunHU. Ha 0CHOBaHMU MOJIOXKEHUS
COMNOCTABJICHHBIX KOHIIOB ITAPHBIX (PPArMEHTOB TeHEPUPYETCS
TpeK Gu3muecKkux cTonok (pile-up). du3myeckue MOKPHITHS
MEPEKPHIBAIOIIMXCS TAPHBIX KOHIIOB CyMMHPYIOTCS, B PE3YJlb-
Tare 4ero 1ojry4aeTcs Tpek (pu3n4eckoro moKpbITH, BBICOTA
KOTOPOTO OTPakaeT KOJIMYECTBO MAPHBIX KOHIOB, IIEPEKPbI-
BaIOIIMXCS C JaHHOW To3unuei. CUTHATYpbl BCTABOK TPaHC-
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[I030HOB OIPEEISIOTCS METOIOM CKOJIB3SIIIETr0 OKHA, ITyTeM
CKaHMUPOBAHUSI TMKOB B (PM3MYECKOM MOKPBITHH, TIOITBEPIK-
JTAFOIINX HAJINYNE BCTABKH.

B PoPoolationTE2 peanu3oBanHbl qBa MPUHIUITHATHHO
Pa3HBIX pexHuMa aHainu3a. B peskuMe pa3aenbHOro aHaimsa
(separate mode) kaxbIii oOpa3zen/momymsinus oopadaTsl-
BaeTCs OT/JENbHO. DTO aHAJIOTMYHO 3aIlyCKy KOHBeHepa
PoPoolationTE2 Heckonbko pas, aas Kaxaoro bam-daiiia
otaensHO. [Tpu coBMecTHOM aHanm3e (joint mode) dusnde-
CKHe TpekH pileup pasHBIX 00pa3oB OOBEAUHSIIOTCS U CO3-
Jaercst oommmii Tpek pileup. Ha atom coBmectHom pileup-tpe-
K€ BBISBJISIIOTCS] CUTHATYPBI HHCEPIMI TpaHCo30HOB. [Ipn
WIeHTU(UKALUY CUTHATYP WHCEPLUUH C TOMOIIBIO YTHIIUTHI
identifySignatures ucronb30Bajcs apaMeTp MUHHUMAJIbHO-
TO CpeaHero (U3NIECKOTO MOKPHITHS, paBHBIN TpeM. Jlanee B
separate-aHaJIN3e CUTHATYPBI (PHIBTPOBAIHCEH IO MAKCHMAITh-
HOHM 9acToTe JPYTMX TPAHCIO30HOB B 3TOM CaiiTe U MaKCH-
MaJIbHOH 4acToTe CTPYKTYPHBIX BapHaHTOB (TIEPECTPOCK) B
caifre. O0a nmapamerpa ObUIM yCTAHOBJICHBI PABHBIMH HYITIO.
B joint-ananu3ze GpuiabTpays IpOU3BOANIACH TOIBKO 110 MaK-
CHUMaJIbHOM YacTOTE APYTUX TPAHCIIO30HOB B JAHHOM CailiTe,
paBHoit 0.05. Banunanus KII0YEBBIX UHCEPLHUI BBIIOIHEHA
¢ rmoMmomuibio porpaMmsl Integrative Genomics Viewer, ko-
TOpast AeaeT BO3MOYKHOM BU3yaIn3aliio BEIPABHUBAHUS PH-
JIOB B MECTE UHCEPLIUH.

[Touck «ropstuux TOYEK» HHCEPIMI TPAHCTIO30HOB BBITIOJN-
HeH B mporpamme PrimatR (https://github.com/daewoooo/
primatR). beia ncnonp3oBana (yHknus hotspotter, koTopas
cpaBHMBaeT (BHYTpH OKHa B 50 T.11. H.) pacIpe/iesIeHus IIoT-
HOCTH CITy4aifHO pa30pOoCaHHBIX 110 TEHOMY TOYEK B KOJINYe-
CTBE, PAaBHOM YHMCITy TPAHCIIO30HOB M IUIOTHOCTEH pacroo-
JKEHHsI TPAHCIIO30HOB, TIOJIYYSHHBIX U3 IKCIIEpUMeHTa. Yem
BBIIIE 3HAYEHHE TNIOTHOCTH PACIIOIOKEHHUS TPAHCIIO30HOB B
JTaHHOH 00Js1acTH, TeM OOJIee OHO FKCTPEMAIIBHO ISl pactipe-
JICTICHUST «CITyJaiHBIX» TDIOTHOCTEH, @ 3HAYHUT, TEM MEHBIIE
3HauUeHHE p-ypOBHS 3HAUUMOCTH. [Opsdue TOUKH ompere-
JISUTACH 110 3HAYEHUIO p-yPOBHS 3HAYMMOCTH MeHbIle 1e—§.

AHaJHM3 TeHeTHYECKHUX JAaHHBbIX. [lonynsnnoHHy0
CTPYKTYPY J@HHBIX OLIEHHWBAJH C HOMOIIBIO NPOTPAMMEI
ADMIXTURE v.1.3.0 (Alexander et al., 2009). [Ins cpas-
HEHUS TPy NPUMEHSUN TecT MaHHa—YnTHU-Buikokcona
(Mann, Whitney, 1947).

ITosiHOreHOMHBIN MOKMCK accouuanuii. GeHorunupona-
HHe 00pa3IoB HyTa MPOBOMIIOCH Ha JIBYX OIBITHBIX CTAHIIHSIX
BUP, na Kybanu n B Actpaxanu, kak ommcano panee (yx
u ap., 2024). Usmepsmu 12 ¢penonmormuecknx u Mopdoio-
THYECKHX MPHU3HAKOB: BhICOTY pactenuii (PH), BeicoTy mpu-
kperuteHus nepsoro 606a (HFP), uncio Betseit nepsoro no-
psaaxa (NPB), uncno BeTBeii Broporo nopsaka (NSB), cyxoit
Bec pactenuit ¢ 6o6amu (PWwP), Bec 6000B ¢ omHOTO pac-
terns (PoW), anciio 60608 ¢ onHoro pactenus (PoNP), maccy
100 cemsta (100SW), pasmep nucra (LS), nHu OT osiBiIeHUS
BCXO/10B 10 Havasa useteHust (DFst), mpomomKUTebHOCTD
userenus (DF), 1HU OT mosiBeHMs BCXOJIOB 10 MOJHOTO CO-
3peBanus (Dmat) (Tadm. S2).

deHoTHNIMYECKHUE TAHHBIE C JIBYX OTBITHBIX CTAHIN ObLIN
KBAaHTWJIBHO HOPMHUPOBaHbl. AHaJIN3 TEHOMHBIX acCOIMa-
nuii npoBommu B mporpammax FarmCPU, Blink, SUPER
n MLMM nakera GAPIT3 nns R ¢ mapamerpamu MAF =
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= 0.05 u FDR = 0.9. [Tomumo 3T0TO, JIJIsl MIOUCKA acCcolUa-
Ui Menob30Bany Taoke nporpammy HIVmrMLM B pexu-
Me Single env ¢ mapamerpamu svpal = 0.01 (Li M. et al.,
2022a, b). Monens IIIVmrMLM 6sina pazpaborana ams
YCTpPaHEHUSI METOAOJIOTMYECKUX HEJOCTATKOB B BBISIBICHUH
BCEX THIIOB B3aMMOAEHCTBUH MEXIy ajlIeNsiMH, TeHaMU U
CpelIoH, a TaKKe JUIsl HECMELIEHHOM OLIEHKU X TeHETUUECKHX
s¢dekros. Kak mynsrunokycuas MLM-monens, ITVmrMLM
orieHNBaeT 3((HEKTHI BCEX TeHOB M (P PEKTHI BceX B3auMOIeii-
ctBuit omHOoBpeMeHHo. Oxrako [IIVmrMLM menee cinokHa
B BBIYMCIIUTEIBHOM IUIaHE, TAK KAaK pacdeT OOJIBIIOTO Yncia
KOMITOHEHT JMCTIEPCHUH ObUI 3aMEHEH pacyeToM BCETO TPex
cxkarbix oueHok. Kpome Toro, Bce ahpexrst B [IIVMrMLM
OLICHMBAIOTCSI B paMKax OJHON MYJIBTHIIOKYCHOM MOZENU C
nomouibto asiropurma baiieca ¢ MakcumMuzanuen oxu1aHus,
a Bce HeHyJeBbIe () (EKTHI 1aee OLEHUBAIOTCS C TIOMOIIBIO
TECTa OTHOLICHUS ITPABIONIOI00HS Ha HAJTMYHME 3HAYUMBIX ac-
corpanuii. Bee 310 TEopeTHYecKr rapaHTHPYET TOYHOE OOHa-
PY’KEHHE paiiOHOB BCTABOK, HECMEIIICHHYFO OIICHKY MX 3 (peK-
ToB ¥ Aenaet [IIVmrMLM xoporirm BEIOOPOM 11711 BBISIBIIC-
HUS acCOLMALUM MEX 1y MapKepaMu, IPU3HAKaMU U CPEAOH.
Wudopmanmst o KoopriHaTax reHOB-KaHIUIATOB, COIEpKa-
WX MapKephl B TeHaX WIH B | -KMI00alTHBIX (MIIaHKUPYIOITHX
obnactsx, obuta nomyuena u3 GFF-gaiina sepcun 1 Cicer
arietinum_GA_v1.0.gene.gff, pyHKuMOHANBHOE OMKCAHKE
I'eHOB B3sTO U3 0a3bl qaHHbIX Pulse Crop Database (https://
www.pulsedb.org/Analysis/1869759).

Pe3ynbratbl

CoctaB Mo6unoma HyTa
B pedepencrom reHome HyTa aHHOTHpOBaHO 105 cemeiicTB
Tpancmo3oHoB (Varshney et al., 2013). UtoOs1 oxapakTepu-
30BaTh HOBBIE HHCEPIIMU TPAHCIIO30HOB Y MHANBUIYATBHBIX
COPTOB HYTa, MBI IPOAHAIU3UPOBAIIN JAHHBIC ITOJTHOTCHOM-
HOTro cekBeHHpoBaHUs 190 copToB, NpeICTaBNIEeHHbIX 22 KyiIb-
TypHBIMH U 168 CTapOMECTHBIMH COPTaMHU, KOTOPHIE B 3aBH-
CUMOCTH OT MecTa cOopa 00pa31ioB ObUIN pa3/ieeHbl Ha CEMb
rpym (eM. puc. 1). Beero Hamu naeatnduimposano 42 324 Ho-
BBIX CaiiTa HHCEPILUH TPAHCIIO30HOB, HE MPE/CTABICHHBIX B
pedepeHcHOM reHoMe, Tpu4eM OOJIBIIMHCTBO CAWTOB OBLTH
MOJIUMOP(HBIMH U MIPUCYTCTBOBAIHM BO MHOTHX 00pasiax.
TpaHcmo30HbI TOIUMOP(HHBIX CATOB MHCEPIUI TIPHHA/-
JIeKar K 83 cemelicTBaM U, 110 BCEH BUANMOCTH, COCTABIISIIOT
GompIIyio 9acTh MOOMIIOMa HyTa. BOMBIIMHCTBO MHCEpUIUi
BBI3BaHO MoOMIM3anuei perporpancnosonos Copia (41 %) n
Gypsy (16 %) (em. puc. 1, 6; Tpunokenue, puc. Sla)?, u 10 %
MIPUXOJUTCSI Ha BCTAaBKH, 00YyCJIOBJICHHBIE MOOMIM3annei
non-LTR perporpancno3oHos. [141e rpynn cemeiicts — MuDR
(8 %), PIF (6 %), hAT (7 %), CMC (4 %) u TcMar (2 %) —
BHOCSAT OCHOBHOH BKJIaJ] B UHCIIO BCTABOK, 00YCIOBICHHBIX
JHK-tpancmo3onamu (puc. S16—e, Tabm. S3).
[onumopdHbIe caliThl THCEPLUH pacpe/ieIeHbl HepaBHO-
MEpPHO BIOJIb XpoMocoM (puc. 2, a, Tabn. S4) u obpasyror
47 TopsA4YUX TOYCK, IPUICM HAMMCHBIIEC Y CJIO TOpAYUX TO-
4eK o0Hapy»)eHo B XpoMocomax 5 u 8. [llecTHaamars ropssanx
TOYEK COJIEPKAT UCKIIIOUMTEIFHO BCTABKH PETPOTPAHCIIO30-

2 Pyc. S1-S4 cm. o appecy:
https://vavilovj-icg.ru/download/pict-2025-29/appx4.pdf
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Pa3Hoo6pasue HyTa, 06yCcnoBeHHoe
NoAMMOPGM3MOM BCTaBOK TPAHCMO30HOB
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Puc. 2. Busyanusauma pacnpefeneHnsa caiToB NHCEPLMM TPaHCMO30HOB Hamnboree WNPOKO MpefCcTaBneHHbIX CyrnepcemMencTs v
reHoB ¢ nomoLubto nporpammbl Circos (a); pacnpegeneHne cantos MHCEPLUM TPAHCMO30HOB OTHOCUTESTbHO FEHOB M UX CTPYKTYPHbIX

3nemeHTos (6).

HOB. BeTaBku perporpancnozona Copia HabIIOOAIN BO BCEX
Toukax, a BcraBku JJHK-tpancmnosonoB hAT, MuDR, PIF u
CMC -y 60, 53, 23 u 47 % Touex.

JNlaHpwadTt mobunoma HyTa

Ot 15 10 22 % caiiToB uHcepuuu sneMeHToB Copia, a TaKKe
aneMeHToB cymnepcemeiicts MuDR, CMC, hAT naxonsarcs B
TCHAX WIIH B TIpefieniax | T.11. H. — pIaHKUPYFOIINX PaifOHOB Ie-

HOB (cM. puc. 2, 6, Tabm. S5). Y non-LTR peTpoTpaHCIIO30HOB
TaKHe BCTAaBKU COCTABIIIOT MPIMEPHO TPETh OT OOIIETO YHCIIa
(35.33 %), a y IHK-Tpancno3oH0B cynepcemenicts TeMar u
PIF — monoBuHy 0T 00IIETo Ynciia TakKuX BCTaBOK (44.11 u
57.93 % cootBercTBeHHO) (cM. Tab1. S5). Hanbombiee komu-
YECTBO BCTABOK y BCEX CYNEPCEMEHCTB TPAHCIIO30HOB MPH-
XOIIUTCS Ha HHTPOHHI (CM. pHC. 2, 6), HAUMEHBIIIEe — HA IK30-
Hbl. Camoe OOJIBIIIOE MPEBBIIICHNE YHCITa BCTABOK B MHTPOHAX
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10 CPaBHEHMIO C SK30HHBIMHM BCTaBKaMM HaOJIIOaI0Ch IS
cyniepcemeiicts Copia u PIF (B 42 pa3a), HanMeHbIIIee — s
Gypsy (B 6 paz) u CMC (2.36 paza). Y TcMar npaxTnieckn
BCE reHoCIenn(pUYHbIEe CAlThl MHCEPLMH 0T Ial0T B UHTPO-
HBIL, a (praHKHpyIomMe pafoHs! comepxar B 30 pa3 MeHBbIIe
BCTABOK I10 CPAaBHEHUIO ¢ MHTpoHamMK. Hanbombiiee npessl-
IIEHHE YHCIIa MHCEPLUI TPAHCIIO30HOB BO (DJIaHKUPYIOLIUX
paiioHaX TeHOB TI0 CPAaBHEHHUIO C IK30HAMHU OBUIO 3aMEUeHO
Jutst aneMenToB cynepcemeiicts Copia, MuDR w PIF (B 10, 6
1 4 pa3za COOTBETCTBEHHO) (cM. Tabi. S5).

MNonumopodursm caiToB HCEpL N TPAHCMO30HOB

KaK HOBbI1 UCTOYHMK GEHOTUNNYECKOI N3MEHUMBOCTU
Yrto6bl OosIE€ CHCTEMATUIECKN OLIEHNUTD, SBIISAIOTCSI JIU TTOJIH-
MOp(hHBIE CAWTHI HHCEPIMH IIOTCHIIMAIBHO Ba)KHBIM HCTOUHH-
KOM (DeHOTHITHUYECKOI BapHaOEIbHOCTH, MbI HCIIOJIb30BAJIN HX
B Ka4€CTBE MapKEPOB MPH MTOUCKE aCCOIMAIINIL C arpOHOMUYE-
CKH BKHBIMHM ITPU3HAKaMH, OLICHEHHBIMH Ha JIBYX OIBITHBIX
craniusx (OC) BUP — B Acrpaxanu u Ha Kybanu B 2022 1.
(Hyx u mp., 2024). GWAS 6511 ipoBesieH B makete GAPIT3
it R n nporpammoii [IIVMrMLM B pexxume Single env
OTAENBHO I KaXKJI0TO MPU3HAKA, H3MEPEHHOTO Ha KaXKJ10H
OTIBITHOM CTaHIIHH.

[pu ucrionp3oBannu nakera GAPIT3 6put0 HaiineHo 12 ac-
colManuii ¢ TpeMst PEHOTHITHUECKUMH ITPU3HAKAMHE: ITPOJI0JI-
KUTETBHOCTHIO [IBETCHHS, KOTMIECTBOM JHEH MEX Ty BCXO/a-
MU U TIOJHBIM CO3pPEBAHHEM, BBICOTON NPHUKPEIICHUsS Tep-
BOro 000a, MpUYeM OJIHA ACCOLMALIUS MEXKIY MPOJIOIIKHU-
TEJIbHOCTBIO LIBETEHUS U BCTABKOH TpaHcno3oHa RTE-BovB
B mo3uruu Ca3 23488685 Oblia HaliieHa IBYMST MOICIISIMA
(tabn. S6). Caiitel uacepimu Ca3 1499163 u Ca6_ 24162635
Tpancnio3oHoB Copia u RC Helitron, accOIMMPOBaHHBIC C
BBICOTOM NMPUKPEIUICHUSI MepBOro 6003, JTOKATU3YIOTCS B
5'-pnankupyromux paionax renoB Ca_ 19414 u Ca_11043.
OTH TeHBI KOIUPYIOT pruOOCOMHBIN Oenok S29 u Goratsii Oe-
JIoK T1o3/1HeTo sMOpuorenesa (late embryogenesis abundant
protein) COOTBETCTBEHHO.

C nmomomsio mporpammsl [IIVmrMLM Obutn HalieHBI
84 acconmauuu ¢ ganHbiMu Actpaxanckoit OC u 114 acco-
manuii ¢ nanasiMu Kybanckoit OC (tabmn. S7). Tpu caiita
WHCEPUHN TPAHCIIO30HOB OKa3aJMCh IIEHOTPONHBIMH, B
yacTHOcTH caiT Ca3 27767370 — BCcTpoiika TpaHCIO30HA
PIF-Harbinger 8 rer Ca_08130 (tadn. S8). DTa uHCepIHs
OBLTa acCOIMIPOBaHa C BECOM 000OOB ¢ OHOTO pacTEHHS Ha
Ky6anckoit OC u THSIMU OT MOSIBICHUS BCXOJIOB JI0 TIOJTHOTO
cospeBanusi Ha Actpaxanckoir OC. 47 caliTOB MHCEPIIUU
TPAHCIIO30HOB TIOTIAJIM B TEJO F'EHOB WM HAXOAWINCH B MX
oKkpecTHOCTH pazmepoM | T.1.H. OnHAKO B OOJBIIMHCTBE
CllyyaeB JJAHHBIE TE€HbI KOJMPOBAIIU OCJIKU C HEU3BECTHBIMU
(hyHKIUSAMHU, ¥ TONBKO 28 TreHOB ObUTH (h)yHKIIMOHAIBHO
aHHOTHpOBaHbI (Tabs. S9). HTepecHBIM MpuMepoM SIBIISI-
ercst accouuanus tpancrnosona hAT Charlie B no3unuu
Ca6 31416746 co BpemeHem co3peBanus (puc. 3, a). IToT
TPAHCIIO30H JIoKanu3yercs neper renoM Ca 15174, xogupyto-
MM TPaHCKPUIIMOHHBIN (akropoB cemeiictBa CCHC(Zn)
(cm. puc. 3, 6). Y mouepusl Medicago truncatula neneuus
reHa, KOJMPYIOIIEro TaKOW TPaHCKPHUIIMOHHBIN (akTop,
CHJIHO yMEHbBIIAET pa3Mep CeMsH, JUIMHY cTeOseil u Mex-
nmoy3nuii (Radkova et al., 2019). V pacrennii Arabidopsis
TpaHckpunuuonuslie Gpakropsl cemerictea CCHC(Zn) Boie-
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4yenbl B MeTabom3m PHK, anoHranuio TpaHCKpHUIIUM, 1Mo-
JIMAJCHWINPOBaHUE, TPaHCILIIMIO, craiicuHr npe-MPHK,
skctiopt u aerpananuto PHK, 6norenes mukpoPHK 1 prboco-
ManbHbIX PHK, mocTTpanckpunnoHHbIN CallIeHCHHT T€HOB.
Bcerpoiika TpaHcIio30Ha YUIHHSAET BpeMst CO3peBaHms 0000B
(Aceituno-Valenzuela et al., 2020) (cm. puc. 3, 8).

BricoTa npukpermieHust nepBoro 6o06a — Ba)KHBIA MPH-
3HaK JJIs1 yMEHbBIIEHUS 10Teph IpH yoopke ypokas. C aTum
MIPU3HAKOM acCOLMMPOBaH TpaHcno3oH PIF-Harbinger B
no3uiuu Ca3 32351311 (cm. puc. 3, 2). OH nokanuzyeTcs
BTeHe Ca 11958, KOTOPBIil KOAUPYET PelenTop ITUICHA 2 —
(huToropMoHa, perynupyoIIero pocT U Pa3BUTHE PACTCHUS
(cMm. puc. 3, e) (Binder, 2020). Bbuto nokazano, 4To y puca
MYTalllH B T€HE, KOIUPYIOIIEM PEENTOp ATUIIEHA 2, BIUSIOT
Ha BpeMms mnosiBieHHs 1BeTkoB (Wuriyanghan et al., 2009).
Hpyroit non-LTR tpancno3on L/ B mo3unuu Ca7 12253349,
TOXE ACCOIMMPOBAHHBIM C 3TMM IMPU3HAKOM, PAaCIIOIOKEH
nepenreHoM Ca 09284, konupyroLuM XJIOPOIUIACTHYO [II0-
K030-6-ocdar-1-nerunporenasy, KOTopast y4acTByeT B OKHC-
JUTENBHBIX MPOIieccax, BIUAIOMINX Ha TpopacTaHne, oOMeHe
a30Ta, BETBJICHUM PACTEHHI, a TaKKe B OTBETE HA aOMOTH-
yeckuii crpecc (Jiang et al., 2022) (cm. puc. 3, 0). B oboux
clIydasX Y pacTeHHMH cO BCTPOMKOM TpaHCIIO30HA BBICOTA
MIPUKPEIUICHHS TIEPBOro 000a HIXKE, T. €. BCTPOIKa TpaHCHo-
30Ha OKa3bIBAET HEOIATONPHUATHOE BO3CHCTBHE HA IPU3HAK
(cMm. puc. 3, o, 3).

CpaBHeHHE pe3ylbTaTOB ITOMCKA acCOIMANNN MAKeTOM
GAPIT3 R u nporpammoii IIIVmrMLM noxka3zano, 4to ye-
TBIPE HHCEPLUH TPAHCIIO30HOB JICTEKTUPYIOTCSI 00EUMH MPO-
rpammami (tabi. S10).

Monumopdusm cainToB MHCEPLMMN TPAaHCO30HOB

B rpynnax cTapoMecTHbIX COPTOB HyTa

13 pasHbiX reorpadpryeckmx mect

Anammz ADMIXTURE na daitnax plink, cienaHapIx mo 1aH-
HBIM O caliTax MHCEPUUHU TPAHCIIO30HOB Y CTAPOMECTHBIX
COPTOB HYTA, I0Ka3aJl, YTO Han0OJIee MPEANOYTHTEIEHOE KO-
JMYECTBO MOMYIAUNA — MATh, X0Ts1 CV-error Amst 4eThIpex
MOMYJISIINI TpaKTHYEeCKU He oTiiyanacsk (puc. 4, a). [lomyss-
LIMOHHAs CTPYKTYpa 00pa3loB U3 IPYNIl Pa3HOH TEPPUTOPHU-
AIBbHOM MPHHAIIEKHOCTH (M. pHc. 1) pasmryanack. OOpasiist
n3 D¢duormu (ETH) Obutn KOHTPACTHBIMU MO CPABHEHHIO
¢ ocraibHbIMHM OOpa3uamu. KapTuHbI puMecel y MHAMHN-
ckux (IND) u cpegneasnarckux (UZB) oOpa3mnoB ObutH 1M0-
X0 ¥ OTIIMYAJINCH OT KapTHHBI TpuMeceil y Typenknx (TUR)
u cpenuzemHomopckux (MED) o6pa3ioB. MoXHO Takxke
OTMETHTB, 4TO 1O KapTuHE mpuMmeceii mmBanckue (LEB) u
a¢uonckue (ETH) obpa3upl okazanucs Hanboaee 0JHOpOa-
HBIMH U CHJILHO OTJIMYAJIMCh JIPYT OT Apyra.

KomnuecTBo monmnuMopdHEIX cCaliTOB MHCEPLHUH TPaHC-
MI030HOB, NPUCYTCTBYIOIINX B OJHOM TrpymIe (yHUKaJIbHbBIE
CalThI) MJIM B HECKOJIBKHX, HO HE BCEX IPYIIax CTapoOMecT-
HBIX COPTOB, Pa3IMYaoCh MEKAY Tpynmnamu (cM. puc. 4, o,
tabmn. S11). HanbospIiee Koau4IecTBO CaiTOB, IPHCYTCTBYIO-
KX B HECKOJIKUX IPYIIIaX, ObUIO Y MHIUHUCKUX U TYPEIIKHX
00pasmoB — 650 u 705 caliTOB COOTBETCTBEHHO. B mHImii-
CKOM TpymIe ObUIO TaKKe OOJIBIIE BCETO YUCTO YHUKAIBHBIX
caiitoB — 44. B rpynne RUS yHuKanbHbIX CalTOB HHCEPIIUU
OBLIO MEHBIIIE BCETO, YTO, 110 BCEH BUANMOCTH, OOBSCHSIETCS
MaJIbIM KOJIMYECTBOM 00pa3IoB B Tpymme. [ pyrnma suornckux

66 BaBunoBckuii xkypHan reHeTuku n cenekuunm / Vavilov Journal of Genetics and Breeding - 2025+ 29 « 1



B.A. CranuH, M.A. [lyk, A.A. KaranuH Pa3Hoob6pasue HyTa, 06ycnoBneHHoe 2025
A.A. CamcoHoBa, C.10. CypkoBa, M.I. CamcoHoBa noMMop¢$r3MOM BCTaBOK TPaHCMO30HOB 29.1
a 8 Dmat -0
B i
=}
2 6 F15 @
? LS
L 4 L10 @
S 8
g 2 L5 9
- I
0 Lo
Cal Ca2 Ca3 Cad Ca5 Ca6b Ca7 Ca8
Xpomocoma
6 8 Ca6_31416746
3 . Pp=0017
Ca_15174
2+ 1
- |
| — 1- !
| I | | [ '
31416750 31417000 31417250 31417500 31417750 ‘g 04
e |
-14 |
| |
| |
-2 |
R
Het BcITaBKM Ectb BICTaBKa
2 HFP
8 ~20
B :
26 L5 o
s I
S @
< 4 Il— 10 a
32 Ls 9
[ I
0 T T T 0
Cal Ca2 Ca3 Ca4d Ca5 Cab Ca7 Ca8
Xpomocoma
0 Ca_09284 e Ca_11958
[ [ I I [
12254000 12255000 32350000 32351000 32352000
X Ca7_12253349 3 Ca3_32351311
34 p=00034 3 p=00059
-1 -1
24 | 2 —_ I
|
| ! |
14 | 1 1
|
| = ;| ==
(I
T 0+ T 04 |
|
-1 : -1 [ :
24 : -2 :
|
i o

T
HeT BCTaBKM

T
EcTb BcTaBKa

T T
HeT BcTaBkM  ECTb BCTaBKa

Puc. 3. Caintbl Hcepummn TE Kak NCTOYHMK GEHOTUNNYECKOW N3MEHUNBOCTH.

a — MaHX3TTEHCKMIA rpadumk accoumaumm cantoB nHcepumn TE co BpemeHem co3peBaHus; 6 — opraHn3auus reHos Ca_15174; 8 — Bpems
CO3peBaHUA y pacTeHNin BbIGOPKN € MHcepumein n 6e3 nHcepummn TE; 2 — MaHX3TTEHCKMIA rpaduriK accoumaumm caintos nHcepumm TE ¢ Bbl-
COTON NpUKpenneHns nepeoro 606a; 9, e — opraHmsauusa reHos Ca_09284 (0) n Ca_11958 (e); %, 3 — BbICOTa NPUKpeNneHns nepsoro 606a
y pacTeHni BbIGOPKM € nHcepumeii n 6e3 nucepuyun TE. PeynbtaT Banupaumm MHCepLnin TPaHCMO30HOB CM. Ha puc. S2-54 MpunoxeHnsa.

00pa3LoB BIAEIANACH U3 BCEX IPYIIL: OHA UMeJla HaHOOJIb-
nryto riportoprimio (0.125) yHUKaIBHBIX CAWTOB CPE/IN CATOB,
MPUCYTCTBYIONIMX B HECKOJIBKHX Tpynmnax. bonee neranpHbIi
AHAJIN3 C UCTIONB30BAHUEM KPUTEPHS ¥ BBISBUI 514 caliToB
MHCEPINH, YaCTOTa BCTPEIAEMOCTH KOTOPBIX B IPyTIIax OTIIH-
4asach OT TEOPETHUECKU 0XKHIAEMOH, pACCYMTaHHON UCXOS
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U3 MPEIOJIKEHUS 00 OTCYTCTBUU Pa3InIMid. 3aTeM, 4TOOBI
MCCIIeI0BATh TPYMITHI Ha 000TAIEHHOCTh CAiTaM1 HHCEPIIUH,
JUTSI KXKJIOTO caifTa ¢ Heclly4yallHOM 4acTOTOM BCTpeuaeMoCTH
MbI BBIYUCITUIIN JIBE PA3HOCTH: MEKIY MAaKCUMAIIbHBIM 3Haue-
HHEM YaCTOTHI M BTOPOH TI0 BETMYMHE YAaCTOTOH B TPYIIIE, a
TaK)Ke MEXJly MUHUMaJIbHbIM 3HaU€HHUEM YaCTOThI U BTOPOU
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Puic. 4. CanTbl HCEPLUN TPAHCMO30HOB KaK NCTOYHVK ABepcudrKaLym 06pasLoB U3 pasHbIX reorpadpryeckmx obnacrei.

a — NonynAUMOHHAA CTPYKTypa CTapoMeCTHbIX COpTOB; 6 — pa3BepTka (Upset plot) caiiToB nHcepuum TpaHcnosoHos. IND, MED, TUR, RUS, UZB, LEB,

ETH - rpynnbl COPTOB pa3HOro NpovcXoXaeHna.

¢ KoHIa 9acToToi (Tabdm. S12). Takoit aHaIM3 MOATBEPANI,
4TO (proricKas momyssiuus odoraiieHa caiTaMu HHCEPIUT
TPAaHCIIO30HOB, BCTPECHYAIOIIUMUCA TPEUMYIICCTBECHHO B 3TOM
MOMYJISIIAN, HO COAEPKUT U PEIKUE CAUTHI, KOTOPBIE YacTO
BCTPEYAIOTCS B APYTUX TOMYJISIUSX.

OTMCTI/IM, YTO YaCTOTa YHUKAJIbHBIX CalTOB B I'pynmax 3a
PEIKMM HCKITIOYEHHEM He TTpeBbIIana 5 %, 4To yKa3bIBaeT Ha
WX CPaBHUTEIIHHO HEIaBHEE BO3HUKHOBEHHE. OUCHB BHICOKYIO
nonysiuonHyto yactory (0.95) umen TONbKO OIUH TpaHC-
no30H PIF-Harbinger B mo3urtun Ca6 2586225 y adpuornckoit
TpYIIBI 00pa3oB. DTOT TPAHCIO30H OTCTOUT Ha 1979 1. H.
orrena Ca_10390, xonupyromiero ROP-cBsi3bIBaro1yo mpo-
tenmaknHa3y RBK2 (puc. 5, a). [Iporenmaknnazst RBK1/2 doc-
hopummpyrot maneie G-6enku pacterunit ROP, a Takxke B3au-
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MOJICHCTBYIOT C MUTOT€H-aKTHBHPYEMOH TPOTEHHKUHA30M |
(MPK1) u3 kackaga MPK, pearupytormero na aykcun (Weil3 et
al., 2022). TTomumo storo, RBK 1 yuactsyer B popmupoBanuu
KacnapueBoii mosnocel, a Takke UrpaeT pojib B BETBICHUU
TPUXOMOB, CTAOMIIN3AIMN IIUTOCKENIETa M KOHTPOJIe 0a3aib-
HOW yCTOWYMBOCTH STUMEHs K MyYHHUCTOH poce. MIHTepecHo,
gt0 mo3utyst Cab 2586225 HaxonuTCs BHYTPH paiioHa Xpo-
MocoMBbI 6 jumHOHN okomo 100 T.1m. H. (2494265-2598131),
KOTOPBIN MpakTudecku He copep:kuT SNP y Bcex 00pa3ioB
C. arietinum. ITomumo rena Ca_ 10390, 3TOT y9acToOK comep-
JKUT emle 9 reHoB, KOAMPYIOMMX OEIKH, YJacTBYIOUIUE B
TOPMOHAJILHO-0IIOCPEI0BAHHOM KOHTPOJIE AJIOHT AlMH KJIETOK,
pocTe pacTeHHi, TPAHCTIMPALUK U (JOPMUPOBAHUH TE€HEPaA-
TUBHBIX opraHos (Tabi. S13).
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Puc. 5. WHcepuua TpaHcnosoHa PIF-Harbinger y sdwonckoi rpynmnbi
06pasLos..

a - cTpyKTypa reHa Ca_10390 co BCTaBKOW TPaHCMO30Ha; 6 — rpaduk rnas-
HbIX KOMMOHEHT BMOKIMMATUYECKNX NePeMEHHbIX U3 MecT cbopa 06pasLoB.
PaclwmndpoBka 0603HaueHN BUOKNMMATAYECKUX NepeMEHHbIX NpuBefeHa B
Tabn. S1.

O6cyxpeHue
Kak Bcskue TMMOBTOPAIOIIUECA DJIEMCHTBI, TPAHCIIO30HbI Xa-
pakTepu3ylTCsA Ype3BBIYaiHEIM pa3sHooOpaszueM. Kaxmoe
CEMEHCTBO TPAHCIO30HOB MPEJICTABISIET COO0H KOHTHHYYM
6onee UM MeHee TUBEPTUPOBAHHBIX KOIHA, COCTOSIINX KaK
13 aBTOHOMHBIX, TaK 1 U3 A€(DEKTHBIX JIEMEHTOB. JTa 0CO-
OEHHOCTB JieNaeT HACHTU(HUKAINIO 1 KIIACCH(UKAIIIO TPAHC-
[I030HOB CJIOKHOM 3a/1aueii, KOTOpasl B IIOCJIEAHEE BPEMsI Ha-
XOJHT IMOCTETNIEHHOE PEIIeHHE OJarofaps BEICOKOIIPOU3BO-
JIUTEJILHBIM METOIaM CEKBEHHPOBAHUS U pa3paboTKe HOBBIX
nporpaMM. Tak, HapuMep, B UCIIOJIB30BAHHOM B JAaHHOU pa-
6ote mporpamme PoPoolationTE2 (Kofler et al., 2016) pea-
JIM30BaHa OMNIMA arrperupoBaHUsl B OJHY MO3UIHIO CaliTOB
nHcepuuu TE, KoTOpble B CHIy HETOUHOCTH KapTUPOBAHUS
13-3a BBIPOJKACHHOCTH TTOCJIEIOBATENBHOCTEH Pa3IHIaIOTCS
HA HECKOJIBKO HYKJIEOTH/OB, UYTO JEJIACT BO3MOXKHBIM CPaB-
HUTETIBHBII aHATIN3 BCTPOEK TPAHCIIO30HOB MEXTy COPTaMH.
[IpoanamusupoBaB 190 reHOMOB HyTa, MBI OOHAPYKUIH
42324 caiiTa MHCEPLIUH TPAHCIIO30HOB U3 §3 ceMeicTB U mo-
Ka3aJju, 9T0 OOJBIIHHCTBO caiToB (70—80 %) mpucyTcTByeT
MIOYTH BO BCeX copTax. Hambomee pacmpocTpaHEHHBIMH
cynepceMeicTBaMHU OKa3aluch peTpoTpaHcno3oHsl Copia
(17408 caiito), Gypsy (6813 caliTOB) U peTPOTPAHCIIO30HBI
non-LTR, npencrasieHHble B ocHOBHOM LI u RTE-BovB
(4245 caiitoB) (cMm. puc. 1, 6, puc. S1). [IpouenTHOE comep-
xanne caiiros nacepunn J{THK-TpaHcno3oHOB B copTax HyTa
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Pa3Hoobpa3svie HyTa, 06ycioBfeHHOe
nonvMoppr3mMoM BCTaBOK TPAHCMO30HOB

3HAYMTEIIBHO HIKE; HanboJee pacpoCTpaHeHbI CylepceMeii-
cTB0 Mu-1iono0HbIX sneMenToB MuDR (8 %), a Taxke cymep-
cemeiictBa PIF (6 %), hAT (7 %), CMC (4 %, npeacraBieHo
B ocHoBHOM CMC-EnSpm/CACTA) n TeMar (2 %). Caiitel
uHCcepuun cymnepcemeiictBa Copia SBISIOTCS MPEBATHPYIO-
IMAMHU ¥ B TeHoMax Apyrux pacrenni (Dominguez et al.,
2020; Cai et al., 2022). Hau jaHHbBIC B LIEJIOM COITIACYHOTCS
C pe3y/nbTaTaMy MONCKAa MHTAKTHBIX TPAHCIO30HOB B pede-
PEHCHOM TeHOME HYTa, KOTOPBIE TOKE ITOKA3aJIH ITPEBBIIICHNE
4acToThl cynepcemeiictBa Copia Haa vyactotamu Gypsy U
non-LTR m HanOOJBIIYI0 MPEACTaBICHHOCTh CylepceMeii-
crBa MuDR (Mu-like) cpenn JJHK-tpancmnozonos (Mokhtar
etal., 2021).

Ms1 o0Hapy)uin 47 TOPSYNX TOYEK BCTABOK TPAHCIIO-
30HOB, W3 KOTOPBIX 16 cozmepKaT MCKITIOYNTEIBHO BCTaBKH
PETPOTPAHCIIO30HOB (CM. pHC. 2, a, Tabmn. S4). HeciydaliHoCTh
pAacIIONIOKEHNSI BCTABOK TPAHCIIO30HOB Pa3HBIX CEMENHCTB
MPOIEMOHCTPHPOBAHA U B IPYTUX TeHOMax pactenui (Sultana
etal., 2017). Tak, y Tomara caiiTel uHCepuud Gypsy IpPearo-
YTHUTEIBHO PACHONIATAIOTCS B IEPUIICHTPOMEPHBIX 00TaCTAX
(Dominguez et al., 2020).

Bcrasku TPaHCIIO30HOB MOT'YT BJIMATH Ha 3KCIPECCUIO
PacIIoNoKEeHHBIX TI0 cocecTBY reHoB (Bourque et al., 2018),
B CHJIy YETO IMPE/ICTABISICT HHTEPEC aHAIHM3 MX PACIIONIONKe-
HUSl OTHOCHUTEJIBHO T'€HOB M MX (DIAHKHUPYIOIIMX PAaliOHOB.
Oxka3aiock, 9TO y HyTa TaKue paifOHbI 000TaIIeHBI callTaMu
MHCEPLUH CEMEHCTB TPAHCIIO30HOB, YTO OCOOCHHO 3aMETHO
JUIsl BCTABOK PETPOTPaHCIIO30HOB non-LTR, a Takxe JJHK-
Tpancno3oHoB TcMar u PIF (cm. Tabm. S5). OboraieHHoCcTh
reHocnenupIHbIX PaOHOB M nX (MIAHKUPYIONIMX 001acTei
BCTaBKaMM TPAHCIIO30HOB MPOJEMOHCTPUPOBAHA Y MHOTUX
pactennit (Qiu et al., 2021; Zhao et al., 2022). B mammux
JIAHHBIX PE’Ke BCETO BCTABKH TPAHCIIO30HOB (PUKCHPOBAIUCH B
9K30HAX B CUITY UX BPEAOHOCHOTO 3(h(heKTa U IeHCTBHS OTPH-
aTenpHOTo 0TOOpa. HambombIree KomaecTBO BCTABOK Y BCEX
CymnepceMeicTB TPaHCIIO30HOB MPUXOAMIOCH Ha MHTPOHBI,
4TO0 0COOEHHO OBIJIO 3aMETHO Ha IpHUMEpE CyNepCeMencTB
Copia, PIF n TcMar. Y Copia n PIF XomTu4ecTBO BCTaBOK B
MHTPOHBI B 42 pa3a MpeBhIIIaio KOJINIECTBO IK30HHBIX BCTa-
BOK, a y TcMar pakTHUECKU BCE TeHOCTICIM(DUIHBIC CAUThI
WHCEPLUH [1011a/1aJ11 B UHTPOHbIL. HanbosbIee npeBbleHne
YHCIIa MHCEPIUH TPAHCIIO30HOB BO (MIAHKUPYIOIINX paioHax
I'€HOB [0 CPAaBHEHUIO C 9K30HAMH 3aMEUYEHO JUIsl JJIEMEHTOB
cynepcemeiicts Copia, MuDR n PIF (cM. Tadm. S5).

[Tpu coBmMecTHOM aHanm3e (joint mode) cCUTHATYpBI TpaHC-
IIO30HHBbIX BCTABOK HAJICKHO I/I[leHTI/Iq)I/ILlI/Ipy}OTCH B UHAHUBU-
JIyaJIbHBIX COPTaXx, YTO 00yCIIOBINBAET BO3MOKHOCTD aHAIN3a
BKJIaJa noinuMmopduima caiiToB MHCEPLUH TPAHCIIO30HOB B
(hEeHOTUIMYCCKYI0 M3MEHYUBOCTh. MBI MOKa3ald, 4TO Caii-
TBI BCTPOWKN TPAHCIIO30HOB SIBIISIOTCSI BAXKHBIM (pakTOpoM,
JMBEPCUPUINPYIONIMM (PEHOTHUIIBL, U MOTYT OBITH yCIEITHO
HCIIOJIb30BAHbI IMPU MNOJHOICHOMHOM ITOUCKE accounauﬂﬁ
B Ka4eCTBE MapKepoOB, 3aMEIIAIOMINX OJXHOHYKICOTHIHBIC
nommmopdusmsl (cMm. Tadn. S6 u S7). I1pu sTom nporpamMma
IHIVmrMLM HaxoauT 3HAYUTEILHO OOJIBIIE acCOLMAII
MEXIy caliTaMH WHCepIuH W mpu3HakoM, ueM GAPIT3 R.
OTyacTy 3T0 00BSICHACTCS TEM, YTO KECTKHUH MOPOT Ha 3Ha-
YUMOCTh accoluanui, peanusosanuelii B GAPIT3 R, wuc-
KJTF0YAeT BO3MOJKHOCTD HICHTH()UKAIIMH MAPKEPOB C MAITBIMHU
a¢dexramu. Bo3MOXKHOCTB HCTIOIB30BaHMS CAHTOB HHCEPIINT
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TPAHCIIO30HOB IPU MOJHOTCHOMHOM ITOMCKE accOlMalni
OBLTa TPOIEMOHCTPUPOBaHA TakXkKe y pruca 1 Tomata (Akak-
po et al., 2020; Dominguez et al., 2020; Vourlaki et al., 2022;
Yan et al., 2022).

CaiiThl MHCEPLINH TPAHCTIO30HOB MOTJIM UTPaTh CYIIECTBEH-
HYIO POJIb B aJJalTalliy PACTCHUH B ITPOIIECCE IBOITIOLUH, TIO-
CKOJIbKY TaKie U3MEHEHHUSI MOT'YT POUCXOIUTD OBICTPO, YTO
KPUTHYHO JJIsI PUCTIOCOOIEHNS OpraHu3Ma K M3MEHNBILIMCS
yemosusiM (Niu et al., 2019; Schrader, Schmitz, 2019; Zhao
etal., 2022; Kang et al., 2023). [lepBruuHOE OKYJIBTYpUBAHUE
HyTa npowusorwio B [TnogopogaoM nomymecsiie (CoBpeMeHHast
Typuust), mocie 4ero, B pe3ysbTare ero pacupocTpaHeHus,
BO3HMKJIM BTOPHYHBIE LEHTPbI quBepcudukanyu B Muaun,
O¢duonmn, Cpenneir Asun u CpenuzemHomopse (Igolkina
et al., 2023). bnaronaps ycumusm H.W. BaBunosa B xosuiek-
nuu BUP xpansTcs ceMeHa COPTOB U3 TaKUX LIEHTPOB, YTO
MO3BOJIIET MCCIEN0BATh MOJINMOP(YHU3M CAUTOB WHCEPIUH
TPAHCIIO30HOB B IPyMIax 00pa3oB U3 Pa3HbIX LIEHTPOB BTO-
puuHoit tuBepcudukanun. OKa3anock, 4TO KaXkaas U3 rpyIn
00pa3moB COAEPIKUT OOINBIIOE YNCIIO YHUKAIBHBIX CAlTOB,
OJIHAKO YacTOTa UX He MpeBbImana 5 %, 4To yKa3blBaeT Ha UX
CPaBHHTEIILHO HE/laBHEE BO3HUKHOBeHHE. OUeHb BBICOKYIO
oy sIHOHHY 0 gacToty (0.95) mMen TONbKO OIMH TpaHC-
no3on PIF-Harbinger B nozuiun Ca6_ 2586225 y a¢uon-
CKOM TpyIibl 00pa3ioB. OTMETUM, YTO MO KapTHHE TpUMe-
cell oMy AIMOHHAs CTPYKTypa d(PUONCKUX COPTOB HAMOO-
Jiee CHIIBHO OTJIMYANIach OT JIPYTHX rpymm (cMm. Tadm. S12).
Tpancnozon Ca6 2586225 BctpoeH B 5'-hnaHkupyromuit
paiion rena Ca 10390, xomupytoriero ROP-cBs3p1Batomnyio
nporenHkrnHasy RBK2 (cm. puc. 5, a), koTopas y4acTByeT
B (hopmupoBanuu KacrapueBoi MoJIOCH, T.€. B PEry/IsiUu
BomHOTO Oamanca pactenus (Weil et al., 2022). Kak BugHO 13
aHaJIM3a TVIABHBIX KOMITOHEHT OMOKJIMMaTHYECKUX ITEPEeMEH-
HBIX U3 MECT cOOpa COPTOB (CM. pHUC. 5, 6), HPHOICKHE COpTa
B HAMOOITBINIEH CTENICHN 3aBHCAT OT IEPEMEHHBIX, CBI3aHHBIX
C KOJIMYECTBOM OCAJIKOB M BIQXKHOCTBIO. DTOT (PAKT MOXKET
OBITh KOCBEHHBIM OOBSICHECHHEM PACIIPOCTPAHCHHS TPAHCIIO-
3oHa Ca6 2586225 B rpyrie, MOCKONBKY Takasi BCTaBKa, IPH
OTIPEACIIAIONICH POJIH KIMMAaTHUECKHIX IIEPEMEHHBIX, CBSI3aH-
HBIX C OCaJIKAMH, MOXKET OBITh aJJalTHBHOW 1 00eCIIeunBaTh
PaCTEHUSIM CEJIEKTHBHOE IIPEUMYIIIECTBO.

TpaHCTIO30HBI SIBISIFOTCSI OCHOBHBIM MCTOYHHUKOM T€HOM-
HbIX MyTauii (Bourque etal., 2018). B ciyuae Ca6 2586225,
BEPOSATHO, BCTABKa TPAHCIIO30HA NPHUBEJIA K TOJIE3HOMY U3-
MeHeHHo. OTHAaKO Yallle BCEro BCTAaBKH TPAHCIIO30HOB OKa-
3BIBAIOT BPEIOHOCHOE BO3/ICHCTBIE Ha PH3HAK, KAaK BUHO HA
MprMepe BCTaBOK TPAHCIIO30HOB B o3uIisix Ca7 12253349,
Ca3 32351311 u Ca6 31416746 (cm. puc. 3, 6, 0, e).

BbiBOAbI

B nacrosteii pabote BBINOIHEH MEPBUYHBIN aHAN3 CAlTOB
HWHCEPIMH TPAHCIIO30HOB Yy OOJIBIION BHIOOPKH 00pa3ioB
HYTa, MPEACTABICHHBIX B OCHOBHOM CTaPOMECTHBIMHU COpPTa-
MH. MBI 00Hapy>KUITH BEICOKHH TTOTMMOP(H3M TAKHUX CalTOB,
0XapaKTEePU30BAJIN MPEICTABICHHOCTh PA3NIUYHBIX CYIep-
CEMEHCTB TPaHCIIO30HOB, TIOKA3aJIl HEPAaBHOMEPHOCTh pac-
MpeeNeH s CaliTOB HHCEPILUH BAOJIb XPOMOCOM. MBI Takxke
[0Ka3aJu, YTO CalThl BCTPOMKU TPAHCIIO30HOB, KOTOPBIE 10
HETaBHETO BPEMEHH HAXOIWINCH BHE MO 3PESHUS TOITYJIs-
IIMOHHON TeHOMUKH, SIBJISTFOTCSI BAKHBIM (DAKTOPOM, INBEPCH-

Chickpea diversity driven
by transposon insertion polymorpism

¢unmpyronmmM GeHOTHITBI 1 00eCTIeUNBAIOLIMM a1aNTALUIO
pacTeHuil K ycinoBuAM BbIpamuBaHus. COBOKYIHOCTB TIOITY-
YEHHBIX HAMH JIaHHBIX M PE3yJIbTaToB — LEHHBIH pecypc,
KOTOPBIA MOXET OBITh MCIIOJIBb30BaH B KQYECTBE OTHPABHOI
TOYKH /s 6oJiee TITyOOKOTO aHAIM3a YBOTIOIMOHHON THHA-
MUKH TPAHCIIO30HOB B TEHOME HYTa, MX BKJIA/a B 31alTAIHIO
[P TN100aIbHOM W3MEHEHHMHU KJIMMara, a TaKKe B CEJICKLIUH
HOBBIX COPTOB.

Cnucok nutepaTypbl / References

Hyx M.A., Kananuua A.A., bankun M.II., CamconoBa M.I". cnone3o-
Banue mMeroza [IIVmrMLM st moaTBep kKIeHUS U TIOMCKA HOBBIX
TeHOMHBIX acCOLMaluil y KyIbTypHOro Hyta. buogusuka. 2024;
69(6):1263-1278. doi 10.31857/S0006302924060126
[Duk M.A., Kanapin A.A., Bankin M.P., Samsonova M.G. Using
the HIVmrMLM method to confirm and search new genome-wide
associations in chickpea. Biofizika = Biophysics. 2024;69(6):1263-
1278. doi 10.31857/S0006302924060126 (in Russian)]

Abbo S., Berger J., Turner N.C. Viewpoint: Evolution of cultivated
chickpea: four bottlenecks limit diversity and constrain adaptation.
Funct Plant Biol. 2003;30(10):1081-1087. doi 10.1071/fp03084

Aceituno-Valenzuela U., Micol-Ponce R., Ponce M.R. Genome-wide
analysis of CCHC-type zinc finger (ZCCHC) proteins in yeast, Ara-
bidopsis, and humans. Cell Mol Life Sci. 2020;77(20):3991-4014.
doi 10.1007/s00018-020-03518-7

Akakpo R., Carpentier M., Hsing Y.I., Panaud O. The impact of trans-
posable elements on the structure, evolution and function of the rice
genome. New Phytol. 2020;226(1):44-49. doi 10.1111/nph.16356

Alexander D.H., Novembre J., Lange K. Fast model-based estimation
of ancestry in unrelated individuals. Genome Res. 2009;19(9):1655-
1664. doi 10.1101/gr.094052.109

Alioto T., Alexiou K.G., Bardil A., Barteri F., Castanera R., Cruz F.,
Dhingra A., Duval H., Fernandez i Marti A., Frias L., Galan B.,
Garcia J.L., Howad W., Gomez-Garrido J., Gut M., Julca 1., Mo-
rata J., Puigdomeénech P., Ribeca P., Rubio Cabetas M.J., Vlasova A.,
Wirthensohn M., Garcia-Mas J., Gabaldon T., Casacuberta J.M.,
Arus P. Transposons played a major role in the diversification be-
tween the closely related almond and peach genomes: results from
the almond genome sequence. Plant J. 2020;101(2):455-472. doi
10.1111/tpj.14538

Binder B.M. Ethylene signaling in plants. J Biol Chem. 2020;295(22):
7710-7725. doi 10.1074/jbc.rev120.010854

Bourque G., Burns K.H., Gehring M., Gorbunova V., Seluanov A.,
Hammell M., Imbeault M., Izsvak Z., Levin H.L., Macfarlan T.S.,
Mager D.L., Feschotte C. Ten things you should know about trans-
posable elements. Genome Biol. 2018;19(1):199. doi 10.1186/
$13059-018-1577-z

Cai X, Lin R., Liang J., King G.J., Wu J., Wang X. Transposable ele-
ment insertion: a hidden major source of domesticated phenotypic
variation in Brassica rapa. Plant Biotechnol J. 2022;20(7):1298-
1310. doi 10.1111/pbi.13807

Catlin N.S., Josephs E.B. The important contribution of transposable
elements to phenotypic variation and evolution. Curr Opin Plant
Biol. 2022;65:102140. doi 10.1016/j.pbi.2021.102140

de la Pefia T.C., Pueyo J.J. Legumes in the reclamation of marginal
soils, from cultivar and inoculant selection to transgenic approaches.
Agron Sustain Dev. 2012;32:65-91. doi 10.1007/s13593-011-0024-2

Dominguez M., Dugas E., Benchouaia M., Leduque B., Jiménez-
Gomez J.M., Colot V., Quadrana L. The impact of transposable
elements on tomato diversity. Nat Commun. 2020;11(1):4058. doi
10.1038/s41467-020-17874-2

Hijmans R.J., Cameron S.E., Parra J.L., Jones P.G., Jarvis A. Very high
resolution interpolated climate surfaces for global land areas. /nt J
Clim. 2005;25(15):1965-1978. doi 10.1002/joc.1276

Igolkina A.A., Noujdina N.V., Vishnyakova M., Longcore T., von
Wettberg E., Nuzhdin S.V., Samsonova M.G. Historical routes for

70 BaBunoBckuii xkypHan reHeTuku n cenekuunm / Vavilov Journal of Genetics and Breeding - 2025+ 29 « 1



B.A. CranuH, M.A. [lyk, A.A. KaranuH
A.A. CamcoHoBa, C.10. CypkoBa, M.I. CamcoHoBa

diversification of domesticated chickpea inferred from landrace
genomics. Mol Biol Evol. 2023;40:msad110. doi 10.1093/molbev/
msad110

Jain M., Misra G., Patel R.K., Priya P., Jhanwar S., Khan A.W.,
Shah N., Singh V.K., Garg R., Jeena G., Yadav M., Kant C., Shar-
ma P., Yadav G., Bhatia S., Tyagi A.K., Chattopadhyay D. A draft
genome sequence of the pulse crop chickpea (Cicer arietinum L.).
Plant J. 2013;74(5):715-729. doi 10.1111/tpj.12173

Jiang Z., Wang M., Nicolas M., Ogé L., Pérez-Garcia M.-D., Crespel L.,
LiG., Ding Y., Le Gourrierec J., Grappin P., Sakr S. Glucose-6-phos-
phate dehydrogenases: the hidden players of plant physiology. /nt J
Mol Sci. 2022;23(24):16128. doi 10.3390/ijms232416128

Kaloki P., Devasirvatham V., Tan D.K.Y. Chickpea abiotic stresses:
combating drought, heat and cold. In: Abiotic and Biotic Stress in
Plants. IntechOpen, 2019. doi 10.5772/intechopen.83404

Kang M., Wu H., Liu H., Liu W.,, Zhu M., Han Y., Liu W., Song C.C.Y.,
Tan L., Yin K., Zhao Y., Yan Z., Lou S., Zan Y., Liu J. The pan-
genome and local adaptation of Arabidopsis thaliana. Nat Commun.
2023;14(1):6259. doi 10.1038/s41467-023-42029-4

Kofler R., Pandey R.V., Schlotterer C. PoPoolation2: identifying dif-
ferentiation between populations using sequencing of pooled DNA
samples (Pool-Seq). Bioinformatics. 2011;27(24):3435-3436. doi
10.1093/bioinformatics/btr589

Kofler R., Gémez-Sanchez D., Schlotterer C. PoPoolationTE2: com-
parative population genomics of transposable elements using Pool-
Seq. Mol Biol Evol. 2016;33(10):2759-2764. doi 10.1093/molbev/
msw137

Li H., Durbin R. Fast and accurate short read alignment with Burrows—
Wheeler transform. Bioinformatics. 2009;25(14):1754-1760. doi
10.1093/bioinformatics/btp324

Li M., Zhang Y.-W., Xiang Y., Liu M.-H., Zhang Y.-M. [IIVmrMLM:
the R and C++ tools associated with 3VmrMLM, a comprehensive
GWAS method for dissecting quantitative traits. Mol Plant. 2022a;
15(8):1251-1253. doi 10.1016/j.molp.2022.06.002

Li M., Zhang Y.-W., Zhang Z.-C., Xiang Y., Liu M.-H., Zhou Y.-H.,
Zuo J.-F., Zhang H.-Q., Chen Y., Zhang Y.-M. A compressed vari-
ance component mixed model for detecting QTNs and QTN-by-
environment and QTN-by-QTN interactions in genome-wide as-
sociation studies. Mol Plant. 2022b;15(4):630-650. doi 10.1016/
j-molp.2022.02.012

Mann H.B., Whitney D.R. On a test of whether one of two random
variables is stochastically larger than the other. Ann Math Statistics.
1947;18(1):50-60. doi 10.1214/a0ms/1177730491

Mhiri C., Borges F., Grandbastien M.-A. Specificities and dynamics of
transposable elements in land plants. Biology. 2022;11(4):488. doi
10.3390/biology 11040488

Mokhtar M.M., Alsamman A.M., Abd-Elhalim H.M., Allali A.E.
CicerSpTEdb: a web-based database for high-resolution genome-
wide identification of transposable elements in Cicer species. PLoS
One. 2021;16(11):e0259540. doi 10.1371/journal.pone.0259540

Niu X.-M., Xu Y.-C.,, Li Z.-W.,, Bian Y.-T., Hou X.-H., Chen J.-F.,
Zou Y.-P, Jiang J., Wu Q., Ge S., Balasubramanian S., Guo Y.-L.
Transposable elements drive rapid phenotypic variation in Capsella
rubella. Proc Natl Acad Sci USA. 2019;116(14):6908-6913. doi
10.1073/pnas.1811498116

Pulido M., Casacuberta J.M. Transposable element evolution in plant
genome ecosystems. Curr Opin Plant Biol. 2023;75:102418. doi
10.1016/j.pbi.2023.102418

2025
291

Pa3Hoobpa3svie HyTa, 06ycioBfeHHOe
nonvMoppr3mMoM BCTaBOK TPAHCMO30HOB

Qiu Y., O’Connor C.H., Della Coletta R., Renk J.S., Monnahan P.J.,
Noshay J.M., Liang Z., Gilbert A., Anderson S.N., McGaugh S.E.,
Springer N.M., Hirsch C.N. Whole-genome variation of transpos-
able element insertions in a maize diversity panel. G3 (Bethesda).
2021;11(10):jkab238. doi 10.1093/g3journal/jkab238

Quesneville H. Twenty years of transposable element analysis in the
Arabidopsis thaliana genome. Mob DNA. 2020;11:28. doi 10.1186/
$13100-020-00223-x

Radkova M., Revalska M., Kertikova D., lantcheva A. Zinc finger
CCHC-type protein related with seed size in model legume species
Medicago truncatula. Biotechnol Biotechnol Equip. 2019;33(1):278-
285. doi 10.1080/13102818.2019.1568914

Schrader L., Schmitz J. The impact of transposable elements in adap-
tive evolution. Mol Ecol. 2019;28(6):1537-1549. doi 10.1111/mec.
14794

Sokolkova A., Bulyntsev S.V., Chang P.L., Carrasquilla-Garcia N.,
Igolkina A.A., Noujdina N.V., von Wettberg E., Vishnyakova M.A.,
Cook D.R., Nuzhdin S.V., Samsonova M.G. Genomic analysis of
Vavilov’s historic chickpea landraces reveals footprints of environ-
mental and human selection. /nt J Mol Sci. 2020;21(11):3952. doi
10.3390/ijms21113952

Sultana T., Zamborlini A., Cristofari G., Lesage P. Integration site se-
lection by retroviruses and transposable elements in eukaryotes. Nat
Rev Genet. 2017;18(5):292-308. doi 10.1038/nrg.2017.7

Varshney R., Song C., Saxena R., Azam S., Yu S., Sharpe A.G., Can-
non S., ... Singh K.B., Datta S.K., Jackson S.A., Wang J., Cook D.R.
Draft genome sequence of chickpea (Cicer arietinum) provides a re-
source for trait improvement. Nat Biotechnol. 2013;31(3):240-246.
doi 10.1038/nbt.2491

Varshney R., Thudi M., Roorkiwal M., He W., Upadhyaya H.D.,
Yang W., Bajaj P, ... Sutton T., von Wettberg E., Vigouroux Y.,
Xu X., Liu X. Resequencing of 429 chickpea accessions from
45 countries provides insights into genome diversity, domestication
and agronomic traits. Nat Genet. 2019;51(5):857-864. doi 10.1038/
s41588-019-0401-3

Vourlaki I.-T., Castanera R., Ramos-Onsins S.E., Casacuberta J.M.,
Pérez-Enciso M. Transposable element polymorphisms improve
prediction of complex agronomic traits in rice. Theor Appl Genet.
2022;135(9):3211-3222. doi 10.1007/s00122-022-04180-2

Weil L., Gaelings L., Reiner T., Mergner J., Kuster B., Fehér A.,
Hensel G., Gahrtz M., Kumlehn J., Engelhardt S., Hiickelhoven R.
Posttranslational modification of the RHO of plants protein RACB
by phosphorylation and cross-kingdom conserved ubiquitina-
tion. PLoS One. 2022;17(3):¢0258924. doi 10.1371/journal.pone.
0258924

Wauriyanghan H., Zhang B., Cao W.-H., MaB., Lei G., Liu Y.-F., Wei W.,
Wu H.-J., Chen L.-J., Chen H.-W., Cao Y.-R., He S.-J., Zhang W.-K.,
Wang X.-J., Chen S.-Y., Zhang J.-S. The ethylene receptor ETR2
delays floral transition and affects starch accumulation in rice. Plant
Cell. 2009;21(5):1473-1494. doi 10.1105/tpc.108.065391

Yan H., Haak D.C., Li S., Huang L., Bombarely A. Exploring transpos-
able element-based markers to identify allelic variations underly-
ing agronomic traits in rice. Plant Commun. 2022;3(3):100270. doi
10.1016/j.xplc.2021.100270

Zhao Y., Li X., Xie J., Xu W., Chen S., Zhang X., Liu S., Wu J., El-
Kassaby Y.A., Zhang D. Transposable elements: distribution, poly-
morphism, and climate adaptation in populus. Front Plant Sci. 2022;
13:814718. doi 10.3389/fpls.2022.814718

KoHbnuKT nHTepecoB. ABTOPbI 3as1BAAIOT 06 OTCYTCTBUM KOHGNIMKTA MHTEPECOoB.
Moctynuna B pepakumio 28.07.2024. Mocne popabotkm 19.11.2024. MNpuHATa K nybnukaumm 26.11.2024.

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING 71


https://www.scopus.com/authid/detail.uri?authorId=27267862700
https://www.scopus.com/authid/detail.uri?authorId=23008052400
https://www.scopus.com/authid/detail.uri?authorId=6507232365
https://www.scopus.com/authid/detail.uri?authorId=6603304056
https://www.scopus.com/authid/detail.uri?authorId=35608505100

CUMBUOTUYECKME CUCTEMbDI BaBMNOBCKUI XXypHan reHeTUKMN 1 cenekymm
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O11eHKa 6Mopa3Ho0O6pasus rpuboB apOYCKYIISIPHO MUKOPUS3HI
IIPYI BOCCTAHOBUTEIbHOI CYKII€CCUM Ha ITeCYaHbIX Kapbepax

A.A. Kprokos (0@, A.IT. Opkos (9, A.O. Top6yHoBa, T.P. Kyapsiosa (12, A.J. Topenkosa (12,
10.B. Kocyabnukos (%), 10.B. AakTnonos

Bcepoccninckiii HayuHo-UcceAoBaTeIbCKUIN UHCTUTYT CeNbCKOX03ANCTBEHHOI MUKpobuonoruy, MywkrH, CaHkT-MNeTepbypr, Poccus
@ aa.krukov@arriam.ru

AHHoTaumA. [pubbl apbyckynapHo mukopusbl (AMI) urpatoT KnoyeByto PoJib B BOCCTaHOBUTENbHBIX CYKLIECCUAX
pacTuTenbHbIX COOBLLECTB NOC/E aHTPOMOreHHbIX HapyLWeHW, B YaCTHOCTM Ha NecyaHbix Kapbepax. AMIT nomora-
10T PaCTEHUAM B BOAHOM 11 MYHEpPasibHOM MUTaHNK, YCKOPAS BOCCTAHOBMIEHNE pacTUTENbHOro nokposa. Llenbio nc-
cnefioBaHnA 6bI10 M3yunTb GUopasHoobpasve AMI MoNeKynspPHO-reHETUYECKMMY METOAAMM Ha PasHbIX CTaguax
3apacTaHuvs OBYX KapbepoB JIeHnHrpagckon obnactun. MonekynspHo-reHeTyeckas naeHTroukaums rpnbos npo-
BOAMNACh C UCMoOMb30BaHMeM aHanu3a lllumina MiSeq no pervioHam ITST un ITS2 B KauecTBe 6apkoga AnA novcka
onepauyoHHbIX TAKCOHOMUYECKUX efUHNL, C naeHTUdrKaLmen MMKpoopraHn3mMoB Ao Braa. PedepeHcom cnyxuna
afanTMpOBaHHaA N NPOBepPeHHas Ha OWKNOKM 6a3a reHeTnyeckux nocnepgosatenbHocterr AMI n3 NCBI. B nccnepo-
BaHUM UCMONb30Banacb ONTUMU3MPOBAHHAsA /1A NecyaHbIX NOYB METOAMKA BblAeNeHNA HYKNENHOBBIX KACIOT. Mak-
cMmanbHoe 6ropasHoobpasne AMI HabIo4aNOCh Ha HauanbHbIX CTaAMAX 3apacTaHNA — NMMOHEPHO 1 3n1aKoBoi. Ha
KyCTapHMKOBOW CTaanmn pa3Hoobpasme CHYXKaNoCh B MATb pas, a 3aTeM Ha JIECHOW CTagun BOCCTaHABNBANIOCh MOYTY
[l0 YPOBHsA 3nakoBoli. briopasHoo6pasue n BraoBol coctaB AMIT MOTYT 3HAUMTENIbHO MEHATLCA MeXZy CTaguAaMmn
BOCCTaHOBUTESIbHOW CYKLIECCUU, YTO MOXKET B MEPBYI0 ouepeb 3aBuceTb oT 61uopasHoobpasna Tpas, ¢ KoTopbiM AMI
BCTYNaloT B CUMOMOTUYECKE OTHOLWEHMA Hanbonee 3¢dpekTnBHO. MoKaszaHa JOCTOBEpHan oTpurLaTesibHasa Koppensa-
uua mexay uncnom sugos AMI 1 UMCIOM BUAOB APEBECHbIX pacTeHni. [IpoBejeHHOe NCCeAOBaHME MOXKET MOMOYb
B MOHMMaHUW TOTO, KakK Pa3BMBAETCA PaCcTUTENIbHO-TPUOHOM CUMOMO3 B BOCCTAHOBUTENbHBIX CYKLECCUAX U KaKune
AMT Hanb6onee 3¢pdEKTVBHO NOMOTatoT B BOCCTaHOBNEHNY PACTUTENIBHOIO MOKPOBa.

KntoueBble cnosa: rpnbbl apbycKynapHoOM MMKOpU3bl; 6Uopa3Ho06pasme; BOCCTaHOBUTENIbHAA CYKLIeCCSA; MeCUYaHbIi
Kapbep; lllumina.

Ana uyutnposaHus: Kpiokos A.A., tOpkos A.M., fTopbyHosa A.O., Kyapsawosa T.P, lopeHkoBa A.N., KocynbHukos 10.B.,
JNakTnoHos K0.B. OueHka 6ropazHoobpaszus rpnbos apbyCcKynspHO MUKOPU3bl NPY BOCCTaHOBUTENbHOW CyKLiecCum
Ha necyaHbIx Kapbepax. Basuniosckuli xypHan eeHemuku u cenekyuu. 2025;29(1):72-78. doi 10.18699/vjgb-25-09

®uHaHcmpoBaHue. PaboTa BbinonHeHa Npu nopaepxke MrHobpHaykn Poccunn B pamkax cornawermsa N2 075-15-
2022-320 ot 20.04.2022 o npepocTaBeHnm rpaHTa B opme cybcuamnin n3 ¢pepepanbHoro 6iofKeTta Ha ocyLecTse-
HUe rocyfapCTBeHHOM NOALEPKKM CO3[AaHUA N Pa3BUTUA HayYHOroO LieHTPa MUPOBOrO YPOBHA «ArpoTeXHONornm
6yayLero». PaboTa NnpoBefieHa C Mcnosb3oBaHnem 06opyfoBaHUs LieHTpa KoNeKTMBHOMO Nob3oBaHnA «feHOMHble
TEXHONOMMK, NPOTEOMMKA M KneTouHaa 6uonorua» BHUMCXM.

Evaluation of the biodiversity of arbuscular mycorrhizal fungi
during regenerative succession in quarries

A.A. Kryukov @, A.P. Yurkov (12), A.O. Gorbunova, T.R. Kudriashova (2), A.I. Gorenkova (%),
Y.V. Kosulnikov (%), Y.V. Laktionov

The All-Russia Research Institute for Agricultural Microbiology, Pushkin, St. Petersburg, Russia
@ aa.krukov@arriam.ru

Abstract. Arbuscular mycorrhizal fungi (AMF) play a key role in the regenerative successions of plant communities
after anthropogenic disturbances, particularly in quarries. AMF help plants with water and mineral nutrition, con-
tributing to the restoration rate of vegetation cover. The research is aimed to study the biodiversity of AMF using mo-
lecular genetic methods at different stages of overgrowth of two quarries in the Leningrad region. Molecular genetic
identification of fungi was carried out using lllumina MiSeq analysis of the ITST and ITS2 regions as barcodes for the
identification of operational taxonomic units (OTUs) with species-level identification. An adapted and error-checked
AMF genetic sequence database from NCBI was used as a reference. The study applied an optimized nucleic acid isola-
tion technique for sandy soils. The results showed maximum AMF biodiversity at the initial stages of overgrowth - pio-
neer and grass stages — with minimum diversity observed at the shrub stage, where it decreased by five times. At the
forest stage, the biodiversity of AMF was almost restored to the level seen at the grass stage. It has been shown that
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the biodiversity and species composition of AMF can vary greatly between the stages of regenerative succession and
probably depends primarily on the biodiversity of grasses, with which AMF most effectively enter into symbiotic re-
lationships. The analysis showed a reliable negative correlation between the number of AMF species and the number
of woody plant species. Such studies can aid in understanding how plant-fungal symbiosis develops in regenerative
successions and which AMF most effectively contribute to vegetation cover restoration.

Key words: arbuscular mycorrhizal fungi; biodiversity; regenerative succession; quarry; lllumina
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BBepeHune

BonpmmacTBO BRICIIHX pacTeHnid (6omee 90 % cemeicTB)
(hopmupyIOT apOyCKYIIpHYI0 MUKOpH3Y ¢ rprdoamu (AMI) ro-
notaena Glomeromycotina orienra Mucoromycota (Spatafora
etal., 2017). B cum6uoze AMI" moMoraroT pacTeHHIO ¢ BOA-
HBIM 1 MUHEPAJIBbHBIM ITUTAHUEM, B3aMEH I10JTy4asi CJIOKHBIE
OpPraHn4Y€CKHE BEIIECTBA. HpI/I BOCCTaHOBUTECJIbHBIX CYKIEC-
CHSIX MUKOPH3HBIE B3aMMOACHCTBHS ITIOBBIIIAIOT CHOCOOHOCTD
pacTeHHui K KOHKYPEHIINH 1 TIPEO/I0JICHUIO HEOIaronpHsI THBIX
snaduyeckux ycnosuii (van der Heijden et al., 1998; Lambers
etal., 2008). Hammare MUKOPH3BI MOXKET OBITh BAKHBIM (pak-
TOPOM, CIIOCOOCTBYOIIIMM YCHEITHOMY OCBOCHHIO PACTECHHS-
MU CBOOOIHBIX CyOCTpaToB. MUKOPH3HBIE CHMOUOHTHI MOTYT
CYIIECTBEHHO YIY4IINTh YCIOBHUS POCTa PACTCHUH-IIEPBOIIO-
ceneHeB. Hannuane MUKOPH3bI 04€Hb BAXKHO /IS a/Ial TalluH
pacTeHuil K yCIOBHsM HeJl0cTaTKa a301a, pochopa u qpyrux
3JIEMEHTOB MHHEPAJIbHOTO IHUTAHMS, HEOIArONpHUsITHOTO
BOJIHOTO U BO3/IyIIHOTO pEeKUMa, 00CJHEHHOCTH cyOcTpara
oprannueckumu Gopmamu yriaepona (Aikio, 2000). Jlo cux
TIOP MOJY9YEHO OYEHb MaJIO MPSAMBIX JJOKa3aTeNIbCTB TOTO, YTO
AMI moryT criocoOcTBOBaTh Pa3BUTHIO cykneccuu (Smith,
Read, 2008). BumoBoii cocras coodiiecte AMI oka3biBaeT
OoubIIIOE BIMSHKME HA MPOILYKTUBHOCTD PACTCHUH, CTPYKTY-
PY pPacTUTENBHBIX COOOIECTB, CYKIIECCHOHHBIE TIPOLIECCH U
(hynkunonupoBanue 3xocucteM (Wu, 2017). KommuectBen-
HBIM M BUJOBOH COCTaB MUKPOMHIIETOB B 3HAUUTEIBHOM CTE-
TICHU ONpeJIeIsIeTCs XapakTepoM pacturesbHocTd (CyMuHa 1
np., 2010). PaznooOpasue u akTHBHOCTh MUKOPHU3HBIX TPHOOB
SIBIISTIOTCS BAYKHBIM (DaKTOPOM, 00YCIOBIUBAIOIIAM OHOpa3-
HOooOpasue 1 QyHKIIMOHNPOBAHHE SKOCUCTEMBI, 1 HA000POT,
pa3Ho00pa3ue U CTPYKTypa PacTUTEIBHOTO IMOKPOBA MOTYT
BJIHATH Ha pa3sHooOpasue momyssimuii AMIT (Jeffries, Barea,
2001). IIpeamonaraercs, 4To B CyOCTpare IecyaHbIX KaphepoB
pasznooOpazue AMI Oyznet HIKe, 4eM B 30HAJIbHBIX MTOYBAX.
DTO CBA3aHO ¢ HU3KHUM COJIEP’KaHNEM MOYBEHHOW BJIary, Ko-
TOpast UMeeT QyHJaMEHTaJIbHOE 3HAYCHHE JUIS BBDKUBAHUS
JaHHBIX MUKpoopranu3moB (Ganugi et al., 2019).

AHanm3 6Mopa3Ho00pa3nus MUKPOOPTaHM3MOB B TIOYBAX B
HacTOsIIee BPEeMsI IIPOBOANTCS C TIOMOIIBIO METO/IOB BBICO-
KOITPOM3BOJAUTEIBHOIO CEKBEHUPOBAHUS, B IIEPBYIO OUYEPEIb
¢ nmomompio [llumina MiSeq. [dna unentudpukamun AMI
00bIYHO HCTIONB3YIOT 005acTh I TS (internal transcribed spacer)
win Quankupyromue ee yuactku SSU (Small SubUnit) u
LSU (Large SubUnit) pubocomansubix reroB (Kryukov et al.,
2020). MHoT/12 HCTIONB3YIOT APYTHE TeHBI HIIH TIOJTHOTE€HOMHOE
cexBeHUpoBaHue. OTCYTCTBUE KOHCEHCYCa OTHOCHTEIBHO
Mapkepa mrpuxkonupoBarns y Glomeromycotina siBHO 3a-
TPYAHSICT KaK SKOJIOTHYECKHE, TaK M (PUIOreHETHUECKHUE HC-
cnenoBanus. KoncepBaruBuele yuactku reHoB SSU u LSU

XOPOIIO MOAXOAAT A1t onpenenieHuss AMIT 1o poxa, HO n3-3a
HU3KOH BapHaOenbHOCTH Hed(PEKTUBHBI sl UICHTU(HKA-
IIUU BUIIOB (Opik et al., 2014). Ina onpenenenus AMI 1o
BUJA JIy4Ille UCIIONIb30BaTh Bapuabenbusie TS, xoTs nmpu
HTOM YacTO MOTYT OBITh BBISIBIICHBI M BUPTYaJIbHbIE TAKCOHBI
(Kryukov et al., 2020).

[enbro nccneqoBaHuUs SIBISIETCS OLIEHKA Onopa3Hoo0pasns
AMI' MoneKkynsapHO-TeHeTUYECKUMH METOAaMU Ha Pa3HbIX
CTaMsX 3apacTaHus ABYX IE€CUYaHbIX KapbepoB JIeHHHTpa-
CKOH o0nacTu.

MaTtepwuanbl n metoapl

Marepuan Ob1 cobOpan B cepenune sera 2018 n 2019 rr. Ha
JIByX Pa3HOBO3PACTHBIX IECYaHBIX Kapbepax, PACIOIOKEHHBIX
B0 BceBomoxckoM paiione Jleannrpaackoit oo6macti — Ky3b-
Moi10BO (60.116448N, 30.545006E) u KanreoBo (60.256590N,
29.971972E). Ha nuonepHo# cTajuu coo0duiecTBa ObLIH Clia-
60 COMKHYTBI, 00111€€ TPOEKTHBHOE TTOKPBITHE HE TPEBBIIIANIO
20 %. Ha 3makoBoi cragun (myOnupyercs Ha yKa3aHHBIX
Kapbepax) B COOOIIECTBAX, MPEUMYIIECTBEHHO 00Pa30BaHHbIX
TpaBaMH, FOCIIOJCTBOBAJM 31aKku. Ha KycTapHUKOBOM cTaanu
BEPXHHHU sIpyC cOOOIIECTB ObII 00pa30oBaH KyCTapHUKAMH
U MOAPOCTOM zepeBbeB. JlecHas craaus ObLia mpencrasiie-
Ha MOJIOJTHSIKOM PaCTUTEIbHOCTH JIECHOTO TUTIA. J{J1s KaXkmoi
CTaJM BOCCTAHOBUTEIBHON CYKIIECCHH Ha Kapbepax ObLTH
3aJI0’KeHBbI TpoOHbIe rutoanku 5 X 5 M (lopdynosa, Cymuna,
2021). Ans reneTnveckoro ananm3a coctaBa AMI mpoOsI 0T-
O6upanu Ha 20 momaakax, 1mo 4 mIomaaKy I KaxJ10ro Ho-
Mepa cykueccuu. OTO0p mpoO MOUBBI HA KaXKIOU TUIONIAIKE
IIPOBOJIUIIM B 5-KPaTHOM MOBTOPHOCTH, 110 BO3MOXXHOCTH C
pu3ocdepsl ATH BUJIOB pacTeHuit (Agrostis capillaris, Arte-
misia vulgaris, Chamaenerion angustifolium, Deschampsia
cespitosa, Tussilago farfara) (Bcero 1o 25 00pa3moB MOYBHI
C KaK/101 TUTOMIAIKH). YKa3aHHbIC BUJIbI PACTEHHI 00pa3yioT
cumbuo3 ¢ AMI' (Wang, Qiu, 2006; Akhmetzhanova et al.,
2012). boraan4eckoe OMUCaHNE TUIOMAI0K U OIIEHKA yPOB-
HSl MUKOpPHU3allMU pacTeHuil mposeaeHs! panee (I'opOyHoBa,
CymuHa, 2021).

s MonexynspHO-reHeTHaeckol uaeHTugurkanuu AMIT
ObUIa MCIIOIb30BaHa ONTHMU3UPOBAHHAS METOJIMKA C MPH-
MeHeHueM cexkBeHupopanus [1lumina MiSeq (Kryukov et al.,
2020; Yurkov et al., 2024). IIpoGsr Opanu u3 puzochepHon
MOYBBI, cofepskaiiei Muuenuii u cnopsl AMI. [lnst Biaene-
Hust JIHK B mpoOupky oObeMoM 2 MI TIOMENIaIn HaBeCKYy
0.5 T 3aMOpO’keHHOH TOYBHI U | T TPaHATOBON KPOIIKHU IS
n3MenpacHus Marepuana (Pinaev et al., 2022). 3atem B mo-
JIOTPETYI0 MPOoOHPKyY ¢ mouBoit nodasisuiu 700 Mk CTAB-
Oydepa (2 % CTAB, 1.4 M NaCl, 20 MM EDTA, 100 MM
Tris-HCI pH = 8.0). [TpoGupku kaxbie 15 MUH BCTpsSXHUBAIH
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Ha BOpTeKce Mo 1 MUH U BBIACPKUBAIM 10 2 4 pu +65 °C.
[Tocne TepMIgecKoi, XUMIYECKOH 1 MEXaHUUECKOH 00paboT-
K1 00pas3ibl HeHTpH(YTrHpOBaIN 5 MUH, CyNepHATaHT TIepe-
HOCWJIM B HOBbIE IPOOHPKHU. C OCTATKOB TTOYBBI MPOBOIHIIH
nmoromHUTENbHBIN cMBIB JJHK, BeTpsixuBas mousy ¢ 500 Mxi
BOJIbI B TEYCHUE 5 MUH, ¥ MIOCTIE JOTIOJHUTEIFHOTO [EHTPHU-
(hyrupoBaHus BTOPOM CylIepHATAHT OOBEIUHSIIN C IEPBBIM.
J1OTIOTHUTETBHBIA CMBIB BOIOH OBLT HEOOXOIUM, TIOCKOIIBKY
JIHK nmeet cBoicTBO a/1IcopOMpOBaThCS HAa YaCTHYKaX Iec-
gaHo# mouBbl. OuncTky noxydeHHoi JJHK or mpumeceit
MIPOBOJIMIIN C TIOMOIIBIO ABYKPAaTHOW SKCTPAKINHU PAaBHBIM
o0bemMoM xiopodopma. Kaxkasrii pa3 mocne neHTpudyrupo-
Bauus (10 mun npu 14000 06/mun, Eppendorf, I'epmanns)
orbmpanu cynepratadt ¢ JJHK u mepeHocuin ero B HOBYIO
npooupky. JIHK ocaxnanm 2/3 oopema nzonpomnanona c 0.4 M
NaCl, npombiBanu 70 % 3THIOBBIM CIIUPTOM, MOACYIMBAIIN
3 MuH U fganee pacTBopsuti B Bozme (Maniatis et al., 1982).
3arem JIHK ouniany ¢ uCnonb30BaHUEM MarHUTHBIX YaCTHIY
AMPure XP (Beckman Coulter, CILIA).

Ounmennyro JIHK ncnons3oBamm amst paszaensHoit [T1LP
MapkepHbIX pernoHoB ITS1 u ITS2 ¢ yHuBepcanbHbIMU
npaiimepamu. [Ipaiimepst 1yt [1lumina MiSeq ¢ agantepamu
5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3'
s npsambeix npaiimepoB 1 5'-GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAG-3' mis oOpaTHBIX IpaiiMepoB
nzrotoBieHs! B 3A0 «EBporen» (Poccus). [Ipsmotii mpatimep
ITSS (5'-GGAAGTAAAAGTCGTAACAAGG-3') u moau-
¢unmpoBanHbIit Hamu oOparHbii npaiimep ITS-2RK (5'-CG
TTCAAAGATTCGATGATTCAC-3") ObITH MCTIONH30BAHBI
it ammuindukanun [TS1 ydactka, npsmoit npaiimep 1TS3
(5'-GCATCGATGAAGAACGCAGC-3") u obparnsrit ITS4
(5"-TCCTCCGCTTATTGATATGC-3") — amst ammumauKamm
ITS2 yuactka. ITocne nepsoro paynaa [P, Bxitodaromiero
20 ruknoB, npoaykT TP pazogunu B 100 pa3 u npoBoaunu
moBTOpHYI0 amruTidukarwo ¢ 30 mukaamu. [Tocne aMmumdu-
Kally 1 BU3yaJIn3aliy Ha arapo3HoM rese mpoaykt [P mo
ITS1 u ITS2 00bemuHsITH 151 KaXKA0# IPOOKI U OYHIIAIN Ha
MarauTHBIX yactuiiax AMPure XP (Beckman Coulter, CIIIA).

[epen cekBeHMPOBAHUEM OUYMIICHHBIC AMITTTMKOHHBIE OH-
OIMOTEKH IO Ka)kI0H IIONaAKe OObEIMHSIN TaK, YTOObI 1715
Ka)KJJ0H TJIOMAAKK OBUIO TOJYYEHO OJJHO CEKBEHHPOBAHME,
xapakrepusyrouiee BuaoBoil coctaB AMI. AMNIukoHHbIE
O0ubIMoTeKn cekBeHUpoBasin Ha mpudope Illumina MiSeq ¢
HCITONB30BaHneM Habopa peaktnBoB MiSeq® Reagent Kit v3
(600 ukioB) ¢ ABycTopoHHUM uTeHueM (2 % 300 u.) (I1lumi-

Arbuscular mycorrhizal fungi
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na, Inc., CIIIA). BeisiBieHHbBIC MOCIIEI0BATEIBHOCTH 00pa-
GaTpIBaM C TOMOIIBIO ITpoTrpaMMHoro obecrederns [llumina
(Illumina, Inc., CIIIA). B pe3ynbrare ceKBeHHpOBaHUS Ha
wiaropme Illumina MiSeq ¢ npsiMoro u oOparTHoro npai-
MEpPOB OBUIM IMOJYUYECHBI MOCIEIO0BATEILHOCTH B (opMaTe
FASTQ. Jlanustii hopMar BKIIIOUAET B ceOs 3amucy mocie-
JTOBaTEJILHOCTEH U MOKa3aTelid KauecTa mpouTenus (quality
score) I KaXXAOH HYKICOTUIHOW TMO3WINU. Pe3yrnbTaTs
CeKBeHMpoBaHus npescTasieHsl B 6aze NCBI (https:/www.
ncbi.nlm.nih.gov/bioproject/PRINA997898/, BioProject ID:
PRINA997898).

MeTtonrka OMOMH(POPMATHIECKOTO aHAIM3a MOAPOOHO
onucana panee (Kryukov et al., 2020). B namewm uccneno-
BaHWM aHAJN3 TPOBOJMICS C UCIIOIB30BAHHEM JIOKAIBLHOMN
0a3bl JTaHHBIX pe()ePEHCHBIX MTOCIIEJ0BAaTEIFHOCTEN. B3siThIe
JUIsL OCHOBBI TociefoBarenbHoctn u3 6a3el NCBI Obuin
oT(unsTpoBaHEl Ha OmMOKHK. J[7s oTceBa OMMOOK aHAJH-
3MPOBAIIMCH aBTOPCTBO, IOl CEKBEHUPOBAHMS, IPOBONIINCH
PY4HO#1 aHaJIM3 BRIPABHUBAHUS M (DUIIOTCHETHYECKUI aHaIN3.
B HacTosmee Bpems Hamma 6a3a conepKUT HH(POPMAIIHIO TIO
33 ponam u 176 Bunam AMI.

Pesynbratbl

st ananusa Ouopasnoobpasust AMIT Ha yeTbIpex cTagusax
BOCCTaHOBHTEIILHOI CcyKiieccun ObL10 npoBeeHo 20 cekBe-
HUpOBaHKH ¢ TTyomHOo# 10 100000 mpouTteHwii Ha oOpazer
(110 4 ceKBEHMPOBAHUS JUTSL KAXKJIOW CTaJlH CYKLIECCHU JUIS
JIBYX KapbepoB). bruonndopmarnueckas oopaboTka JJaHHBIX
BBINOJTHEHA C HCIIOJIB30BAaHMEM IPOTPaMMHOro obecrieue-
nust USEARCH software (Edgar, 2010). [{ist momydeHHBIX
PEe3yJbTaTOB OCUUTAHBI MHJIEKCH Onopa3HooOpasus Mapra-
neda, llleHHoHa M MHIEKC MOIMIOMUHAHTHOCTH BumibsmMca
(tabm. 1).

[IpousBeneH NMOUCK ONEPALMOHHBIX TAKCOHOMHYECKHX
ennuutl (OTE) ams rpn6oB pa3nuyHbIX 0THenoB (Tadm. 2) mo
YeTBIPEM CTAJIMSIM CyKIecCHH Ha IByX Kapbepax. OTE moryT
0003HaYaTh Kak PCAJbHBIC OTACJIBbHBIC BUIBI, TAK U BUPTY-
aJbHBIC TAKCOHBI (He MMeroIue 01m3Koro pedepenca B 6aze
JTAaHHBIX) Pa3JINYHOTO TAKCOHOMUYECKOTO YPOBHSL.

Hawubonee auskoe uncio OTE AMI" (Mucoromycota
(Glomeromycotina)) oOHapykeHO sl KyCTapHUKOBOI CTa-
i (2), a caMoe BRICOKOE — JIJTst 311akoBoid B Kyzemoroso (11).
WurepecHo, uTo UIst APYTHX OTAEI0B rprOoB (Ascomycota 1
Basidiomycota) Hanbomnee BrIcOKOe OrOpazHOo0Opa3ue oTMe-
YEHO Ha MMOHEPHOH CTaIH BOCCTAHOBUTEIBHOMN CyKIIECCHU.

Ta6bnuua 1. ViHgekcbl 6riopazHoobpasnsa 1 NonngoMmHaHTHOCTM AMI Ha nnowagKkax pasHbIX CTaguin cykKueccum

Ne Cragusa cykueccumm Kapbep WHpekc Mapraneda, DMg MHpekc BnaoBoro VHOEeKC NoNMaOMMHAHTHOCTN
pasHoobpasus LeHHoHa, Hy Bunbamca, D

1 MroHepHasn Kanenoso 1.3320 1.59¢ 2.06°

2a  3nakosas 0.89¢ 0.924 1.469

26 3nakoBas Ky3bmonoBo 1.18P 2.97° 6.95°

3 KycTapHukoBas 0.264 0.26° 1.09¢

4 JlecHan il 5 2.07° 3.58°

MpumeuaHune. MHpekcbl a-d yKasblBaloT Ha AOCTOBEPHO pasnnyatoLmecs 3HaueHna oLeHBaemoro napameTpa (p < 0.05). 3eneHblii LBET — BbICOKME 3HaYeHNs,

CUHUIN — HU3KKE.
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Ta6nuua 2. Yucno BoiseneHHbix OTE rpmb6oB no otaenam

2025
29-1

lprbbl apbyCcKyNApHO MUKOPW3bI
NpY BOCCTAHOBUTENbHOM CYKLIECCUI Ha MeCUaHbIX Kapbepax

Otnen (nopoTtaen)

1
Ascomymta ................................................................... 1 24 .......................
Zoopagom yco ta ............................................................... 1 ........................
Bas,d|omycota ............................................................... 1 0 6 .......................
Chytndlomymta 4 .......................
Mucoromywta ( G|°meromycot, na ) .............................. 1 0 .......................
‘Mucoromycota (Mortierellomycotina) 6
Mucoromywta ( Mucoromyconna) ................................. 3 ........................
Cryptomymta 4 .......................
1
Acaulosporaceae sp.  Paraglomus laccatum
Glomus cerebriforme

Glomeraceae sp.

Rhizophagus sp.

Homep cykueccun

2a 26 3 4
73 ........................ 12686 ........................ 113 .......................
..... o 221
528263 .......................... 9 6 .......................
..... 0 202
..... 7 1123
..... 1”715
..... 1”19
..... 2 5117
2a Glomus sp. Paraglomus laccatum (<0.1 %)

Nanoglomus sp. Acaulospora brasiliensis (<0.1 %)

Entrophospora
glacialis

26 3 4
. Acaulosporaceae sp. Glomeraceae sp.
‘ ~ Dominikiasp.  Entrophospora sp. Diversispora versiformis Diversispora
Rhizophagus intraradices versiformis

Entrophospora
claroideum

Paraglomus
laccatum

Archaeosporaceae sp.

\

Nanoglomus sp.

Puc. 1. BugoBoii coctas 1 fons npouteHnin (B %) Glomeromycotina Ha pasHbIX CTagusaX BOCCTaHOBUTENIbHOW CyKLeCCuu.

Homepa cTaguii COoTBETCTBYIOT Tabn. 1.

Oxkoso nonoBuHbl ooHapyxeHHbIXx OTE AMI' ynanocs
uaeHTuduIupoBath 10 Buaa (puc. 1). Jons npouteHuit B
CEKBEHHPOBAHHH MO3BOJISIET CYIUTh O BCTPEYaEMOCTH O0OHA-
PY’KCHHBIX BHJIOB Ha KaXXIOH CTaIuK CyKieccuu: |1 (miuonep-
Has craaus, KanenoBo) — Rhizophagus irregularis (68.9 %),
Rh. sp. (12.2 %), Glomeraceae sp. (7.8 %), Glomus cerebri-
forme (6.7 %), Acaulosporaceae sp. (3.3 %), Paraglomus
laccatum (1.1 %); 2a (3nakoBas craausi, Kanenoso) — Entro-
phospora sp. (81.2 %), E. glacialis (12.6 %), Nanoglomus sp.

(3.5 %), Glomus sp. (2.1 %), Paraglomus laccatum (0.1 %),
Acaulospora brasiliensis (0.1 %); 26 (3maxoBas ctamus, Ky3b-
MoIoBo) — Glomeraceae sp. (19.8 %), Acaulospora paulinae
(18.0 %), Archaeosporaceae sp. (17.1 %), Paraglomus lac-
catum (16.1 %), Ambispora sp. (16.0 %), Entrophospora cla-
roideum (5.6 %), Rhizophagus intraradices (3.2 %), Domini-
kia sp. (2.8 %), Entrophospora sp. (1.4 %); 3 (kycrapHu-
KoBas ctaaud, KyssmonoBo) — Entrophospora claroideum
(95.6 %), Diversispora versiformis (4.4 %); 4 (mecHast cTaus,
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1.10%

0.04 %

0.40 %

0.02% 1.32%
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0.01%
2.62 %

[ Ascomycota
I Basidiomycota

@ Mucoromycota
(Glomeromycotina)

[ Others

Puc. 2. [lona npouteHuin no pe3ynbTatam cekBeHmpoBaHua lllumina MiSeq ana npeactaBneHHbIX OTAENOB LLAPCTBA FPMOOB Ha pasHbIX CTagmAx

BOCCTaHOBUTENIbHO CyKLIeCCUK.
Homepa cTagmii cooTBeTCTBYIOT Tabn. 1.

Ky3bpMomoBo) — Archaeosporaceae sp. (37.7 %), Glomus sp.
(29.3 %), Nanoglomus sp. (27.2 %), Diversispora versifor-
mis (2.6 %); Acaulosporaceae sp. (2.1 %), Glomeraceae sp.
(1.1 %). VnTepecHo, YTO HA MUOHEPHOM CTAIMU MPEUMY-
IIECTBEHHO paclpocTpaHeH R. irregularis, KOTOPBIA 3aTeM
3amMeriaercs gpyrumu AMI.

Jonst unciia npouTeHuit nmocne cekBeHuposanus [1lumina
MiSeq a5t OCHOBHBIX OT/IE/IOB IPUOOB Ha JBYX Kapbepax
JUISL 9eTBIPEX CTaJUi CYKIIECCHM MpE/ICTaBlIeHa Ha pHC. 2.
Ha Bcex craamsix cykieccuu rnpeoOnasarT rpudbl oTaena
Basidiomycota. bomnbie Bcero mpoutenuii Basidiomycota
Ha TTMOHEPHOH CTa MM, Ha 3TAKOBOHN CTa MM UX JIOJISI TTaJIaeT,
3aTeM CHOBa BO3PACTaeT Ha KyCTapHUKOBOW W B OOJIbIICH
CTENEHU Ha JIECHOU cTaguu. Takke 3HaYUTeNbHA OIS IpU-
60B otnemna Ascomycota. ['puObl 1pyrux oTAenoB B Macce
JIHK npezcraBiieHsI ¢1a00 Ha BCEX CTAIUSIX BOCCTAHOBUTEITb-
HOI1 cykneccuu. CiemyeT OTMETHTb, YTO Ha 31aKOBOW CTaIUH
AMI nipenicraBieHbI MAKCHMAIIBLHBIM YHCIIOM BHIOB  UMEIOT
HauOoliee BBICOKOE 3HaUCHHE B OOLIEH J10J1e MPOYTCHUI Ha
IpyTuX cTaausax. B memom noms mpourernit AMI™ HeBenmka
110 CPaBHEHHIO C JAPYTUMH OT/AENaMH I'pHOOB, 4TO OTMEYa-
JIOCh U ISl APYTHX TIPOBEJICHHBIX B IPUPO/IC HCCIICIOBAHHM.
MaxkcumanbHas pons npoureHuid st AMIT mo ITS ¢ uc-
MIOJTb30BAHUEM YHUBEPCAIBHBIX NMPAiMEPOB COCTABIIIET JI0
2 % (Senés-Guerrero, Schiiller, 2015).

ITo cTamgmsaM BOCCTAaHOBHUTEIHHOU CYKIIECCHH OBLIH IIO-
CUUTAHBI KOPPEISIIIAN MEKy dnciioM BuioB AMI, anciom
BUJIOB IPYTHX OT/AENOB IPHOOB M PA3INYHBIMU I0Ka3aTeIISIMU,
B3sATEIME 13 paboTsl (I'opOynoBa, Cymuna, 2021), Takumu
KaK 4HCIJIO BUJOB TPaB, MXOB, IPEBECHBIX pacTeHUi, o0miee

76

MPOEKTHBHOE IIOKPHITUE PACTEHHU U IPOSKTUBHOE ITOKPHITHE
0 Tpynnam pacteHuid. bbuia oOHapyXeHa 10CTOBepHas OT-
punarensHas koppessiiust (—0.85) mexxny unciom BunioB AMIT
1 YKCJIOM BUJIOB JIPEBECHBIX PACTECHUI.

O6cyxpeHue

[TonyueHHbIe pe3ysnbTaThl B [IEJIOM COOTBETCTBYIOT O0LIEMY
MHpPOBOMY TpeHAy nccienoanunii AMI. B nameii paGore
HanOoubIee OnopasHoodpazne AMI BBISBICHO Ha 31AKOBOH
CTaJI1 Pa3BUTHsI BOCCTAHOBUTEIBHON CYKIIECCUH, HAUMEHB-
niee — Ha KycTapHUkoBoW. Ha 31akoBO#l cTaguu pa3BUTHUS
BOCCTaHOBHTEIIFHOH CyKIlecCHU HaOJfoaeTcsi HanOouibIee
pa3HooOpasue Tpas (10 32 Bu0B Ha wioimaaky) ([opOyHoBa,
Cymuna, 2021), Ha TeCHOH CTaauu WX TPUMEPHO TAKOE JKe
KoIm4ecTBo (710 26 Bu0B). Ha mmonepHo# 1 KycTapHUKOBOM
cTaausix obnopasHooOpasue TpaB MuHUMaNbHO. Cyist 1o Bee-
My, 11t AMIT Haimuume MUPOKOTO BHOBOTO Pa3sHOOOpasms
TPaB BBITOJHO B CBSI3U C OOJIBIINM CIIEKTPOM JIOHOPOB ITUTA-
TEJILHBIX BEIIECTB, YTO MOXKET NPUHECTH T0JIb3Y U Iprdam,
u B urore pactenusim (Kiers et al., 2011). [Toxoxue pesyib-
TaThl HAOJIIOTANTUCH ITPU 00CIIEA0BAHUH CYKIIECCHU TPUOHOTO
cooO1iecTBa OTCTyMaroIero jJegHuka B KackajHbslx ropax
(Jumpponen et al., 2012). ABTOpbI OTMEYAIOT, 4TO MPH yBe-
JMYCHUN Pa3HOOOpa3usi MUKOPH3HBIX I'PHOOB BO3pAacTalOT
BUJIOBOE PAa3HOOOpa3ne PACTCHUH M TIEPBUYHAS ITPOTLYKLIUS
PacTUTENBLHOTO COOOIIEeCTBa, YTO coracyeTcs ¢ boyiee paH-
HUMH HccnenoBanusamu (van der Heijden et al., 1998). B na-
el paboTe TocTOBepHas oTpularesbHas koppersiust (—0.85)
ObLIa MOKa3aHa TOJIBKO MPU CPaBHEHWH 4ucia BUIoB AMI
U 4YKciia BUJOB JIPEBECHBIX PACTEHUIl Ha KyCTapHUKOBOM
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CTaJIH: YHCIIO BUIOB JIEPEBbEB ObLIO MAKCUMAIILHO TIPH MU~
HUMaJBEHOM dncie BumoB AMI. Koppensmun Mexy ganciom
BUJIOB TPABSIHUCTBIX pacTeHU W uyuciaoM BuaoB AMI He
oOHapyxeHo. Bo3MO)KHO, 9TO CBSI3aHO C MHOXKECTBOM He3a-
BHCHUMBIX (PaKTOPOB, BIUSAIONINX HA PACTUTENBHOCTS 1 AMIT
(T'opOynoa, Cymuna, 2021).

OCHOBBIBAsICh Ha pe3yJIbTaTax o MUkpockonuu mpood (Lop-
6ynoBa, Cymuna, 202 1), MBI 3aMETHIIH, YTO C XOJIOM CyKIIeC-
CHH KOJMYECTBO TPUOHBIX TPOIIAryll B IIOYBE M pazHOOOpa-
3H€ BII0B MUKOPU3HBIX IPUOOB HE BO3PACTAIOT, @ HAa CTaAUU
KyCTapHHUKOB JIaXKe CHIKAIOTCS. DTO YACTUYHO COTIIACYETCsI
C TTOJTyY€HHBIMH HAMHU MOJIEKYJIIPHO-TeHETHIECKIMH JTAaHHBI-
mu. CrietyeT 3aMeTuTb, uTo KoindectBo AMI, hukcupyembix
P MUKPOCKOTIMH, ITOYTH BCETa HUXKE, YeM MPU MOJEKY-
JsipHO-TeHeTnaecKux uccnenosanmsx (Kryukov et al., 2020).

Zobel u Opik (2014) cdopMyTHpoOBaIH TUIOTE3Y CPEIbl
oOuTaHus, YTOOBI BEIICTHTH CUTYAITHIO, KOTJ[a HaOIrogaeTcs
KoppeIsius Mexky 6nopaszHoodpasuem AMI u pacTenuid, Ho,
B OTJIMYHE OT HYJIEBOM r'MMOTE3b! 00 OTCYTCTBUH KOPPETSALUU
(«HE3aBUCUMOCTNY), HET MPSMON MPUYUHHO-CIIEICTBEHHOM
cBs3u. Hanpumep, Bo BpeMs IIEPBUYHON CyKIIECCHH pacTe-
HUSI 0OBIYHO 3aCeIIAI0T MecTooOuTanue panbiine AMI, a 3a-
TeM JIEHCTBYIOT KaK MOTEHIMAIbHBIN GuiasTp st AMI, T.e.
AMI — 3T0 «1accaxupb», TOCKOJIBKY OHH CIEAYIOT 32 pac-
TeHHsIMU. OfIHaKoO orpaHHYeHHOe pacnpocTpaHeHne AMI™ B
CcTaOMIBHOM COOOIIECTBE MOXKET MPUBECTH K TOMY, YTO CO-
o6mmecTBo AMI OyzeT cuitbHee OIpeIesiTh, KAKHUE PACTCHUS
OyayT 3aKpeIIsAThCS BO BpeMs BTOPUYHOMN CyKIlecCHU. B aToM
ciaydae coobmectBo AMIT cTaHOBHTCSA IBIKYIIEH CHION
(Zobel, Opik, 2014).

JanHble o 6nopa3zHoo0pasmio Ha ABYX Kapbepax, MoJIy4eH-
HBIE B HACTOSIILIEM HCCIIEIOBAHNUH, PA3JINYAIOTCS U3-32 PA3HOTO
BO3pacTa 3THX KapbepoB. Kaprep KanenoBo orHocuTensHo
HOBBIH, IJIOIIAJIKK HAPYIIEHbI 3HAYUTENBHO, 3apacTaloT He-
MPOJOJKUTENIBHOE BPEMS, JIEPEBBEB M KyCTAPHUKOB MOYTH
HeT, nx Bo3pacT Heboubioi. Kapsep Ky3zpmonoBo 3apacraer
y’K€ OKOJIO TPUJIATH JIET. B OCHOBHOM TaM aKTHBHO HJET
JpEBECHOE BO30OHOBIIEHHE, HO €CTh MECTA, €I11e HE 3apOCIINe
nepeBbsiMiA U KycrapHukamu ([opOynoBa, Cymuna, 2021).
Hanuune pasHbIX cTaauil Ha AByX Kapbepax AAaeT BO3MOXK-
HOCTB 00JIe€ TTOJTHO U3YYNTh U3MEHEHNE Oropa3zHo0Opas3us B
CTaHOBJICHHHU BOCCTaHOBUTEIILHOH cyKiieccu. B xone Boccra-
HOBJIEHHS PACTUTENIBHOCTH (KyCTapHUKOBAs U JIECHAsI CTa/IUH)
BO3pacTaeT KOHKYPEHIINS MEXK/Iy MOYBEHHOH MUKPOOHOTOH,
MIPOUCXOAUT IKOJIOTHYECKasT (PUIbTpays BUAOB IpHOOB,
3aHECEHHBIX Ha [1EPBOM CTaJUU, BUIOBOM COCTAB MEHSETCS
u ocratorcsi AMI, 6ornee mprcrnocobIeHHbIe K CHMONO03Y CO
snakamu (Yurkov et al., 2024). 3ameueno, urto R. irregularis
ucye3aeT Ha 3JIaKOBOM CTaluu U Ooliee XapaKkrepeH Julsl Ha-
PYLIEHHOM MHMOHEPHOM cTauu. B Xo1e pa3BUTHS SKOCUCTEMBI
OH 3ameraercs apyrumu Bugamu AMI. B To sxe Bpemst 3TOT
BUJI HIMPOKO PacIpOCTPaHeH B JPYIHX PErHOHAX, YTO ObLIO
MOKa3aHo B HamIel paboTe 1o orneHKe brnopa3zHoodpazust AMIT
Ha Cesepaom Kaskaze (Yurkov et al., 2024). bnopaznoo0pa-
3ue AMI" Ha necuanbIx kapbepax JleHnHrpaackoi obnactu
HIDKE, YeM B pa3IUuHbIX 1pobax mouskl ¢ KaBkasza, uTo co-
I1acyeTcs ¢ MPEANOIOKeHNEM O HU3KOM OHMOopazHoo0paznu
AMI B necuanbix nousax (Ganugi et al., 2019).

Ha nuoHepHoO# cTaanyu OTMEUYEHO 10BOJBHO MHOTO BUJIOB
AMTI’, NOCKOJIBKY 9KOJIOTMYECKNE HUIIH €Ilie HE 3aHSATHI ¥ BU-
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prbbl apbyCKyNAPHON MUKOPU3bI
NP1 BOCCTaHOBUTENbHOW CYKLIeCCHM Ha NecyaHbiX Kapbepax

JIOBOE pa3Ho0Opasue B OOIIbILEH Mepe 3aBUCUT OT CITyYailHbIX
(hakTOpOB, B OCHOBHOM OT 3aHOCA IPHOOB Ha IJIOMIAAKY (van
der Heijden et al., 2015). Ha 3makoBoii craanu 3pheKTHBHOCTD
cumbunoza Mexxy AMI™ u pacTeHUsIME JOCTUTAET MaKCUMaJIb-
HBIX 3HAYEHHH, yncio BugoB AMI Taxke sBIsIETCS MaKCH-
MaJbHBIM. Ha KyCTapHHMKOBOW CTajiM 3J1aKH 3aMEIIAI0TCS
KyCTapHUKaMH U MOAPOCTOM JAE€PEBLEB, aCCOLMUPOBAHHBIX
C 9KTOMUKOPH3HBIME Tprbamu (ocrHa, Oepesa 1 JIp.); TpaBbl
YTHETEHBI HEJOCTaTKOM CBETa M KOPHSMH JPEBECHBIX pac-
TEHHH, YTO MPUBOAMUT K PE3KOMY CHIDKEHHUIO pa3zHO0Opasus
AMI. Ha necHo#i cTany BUIOB TPaB CTAHOBUTCS HECKOIBKO
OoItbIIe M3-32 MPUCOEANHEHUS TUITMYHBIX JIECHBIX BUIOB, HO
KOHKYPEHIIMS 32 CBET ¥ IOYBEHHbBIE PECYPCHI OCTAETCSI BHICO-
KOH, 9TO OTpa)kaeTcsi B HEKOTOPOM YBEIMYEHHH Pa3zHOOOpa-
3ust AMI™ (Neuenkamp et al., 2021).

Ha pacripesenenue rpubHOro 6nopa3sHoodpasus o Takco-
HOMHYECKHM TpyTIaM (CM. pHC. 2) BIHUAIOT KaK CIyJaiiHbIC
(baxTOpBI (B OCHOBHOM ITHOHEPHASI CTa/I¥s), TaK M KOHKYPEHT-
HbIN 0TOOp (O0Jee mo3aHue cTaauu). Ha nmuoHepHO# craguu
B MpoOax MpEenMyIIEeCTBEHHO OIMpenemsioTcs 0asuano- u
ACKOMHUIIETHI, 3aHECCHHBIC Ha TUIOIIA/IKY BETPOM, BOJIOH, Ue-
JIOBEKOM U JKUBOTHBIMH, CIIOPBI KOTOPBIX PaCIpOCTPaHAIOT-
cs 3HaUnTeNbHO Jierde, yeM criopel AMIT (Janowski, Leski,
2022). Ha 3makoBoii ctaauu nonst AMIT Bo3pacTaert, Tak Kak
IOABJIACTCA 60.]'1])1]16 BHJ0OB paCTeHHﬁ, C KOTOpPBIMH 3aHECCH-
HbIe paHee n3BHe AMI™ MoryT BcTynars B cuMOmo3. Makcu-
MasbHBIN IporieHT AMI™ 00BsICHACTCS X KOMILICMEHTAIHEH
C TpaBaMHu, 6OJ'II>H_II/IM YHCJIOM BUOB TPaBAHUCTBIX paCTeHI/Iﬁ
1 CHWKEHUEM KOHKypeHUuu Mexay AMI. IlouBsl cTaHo-
BATCS O0JIee TIII0I0OPOIHBIMH, YCIIOBHUS — OoJiee OIaronpusT-
HBIMH M JUIsl TPYIIIBI APYTUX rPpUOOB (CM. puc. 2), 10 KO-
TOPBIX MakcHUMaJlbHa Ha 3TOM CTaJIMU CyKLeccuu. B kyc-
TAapHUKOBOM cooO1mecTBe goist AMIT MUHMMabHa, KaK MH-
HUMaJIbHBI Pa3HOOOpa3ue M MPOEKTUBHOE MOKPBITHE TPaB-
MHUKOpH3000pa3zoBareneii. 31ech JOMIHUPYIOT KyCTapHUKH
1 TIOJIPOCT JICPEBHEB, KOTOPHIE AKTHBHO 00Pa3yroT CUMOHO3 C
9KTOMUKOPHU3HBIMU rpn6aM1/1, K KOTOPBIM OTHOCATCS MHOTUEC
0a3uIMOMUIIETEl U B MEHBIIEH CTETIEHHM acKoMHIeThl. Ha
TUTOIIA/IKaxX JIECHOM CTaNU MOXOXKasi CHTYalHsl, TOJIBKO Jie-
PEBbA pa3sBUTHI CUJIBHEE, YTO MOXKCT BJIMATH HAa BO3pAaCTaHUEC
Jo11 6a3UANOMHIIETOB, U 3HAYUTEIBHO TPUCYTCTBUE IPYTUX
TPYII, TaK KaK B COOOIIECTBE MHOTO APEBECHOTO ONaja U
nouBkl Oosiee pazsuthl (lopOyHosa, Cymuna, 2021).

3aknioyeHue

BoccranoButensHas CyKLeccHs Ha ECYaHbIX Kapbepax Mpe-
CTaBJIEHA YETHIPHMsI TTOCIIEIOBATEIbHBIMY CTaANSIMU 3apac-
TaHWs CBOOOHOTO CyOCTpara M BOCCTAHOBIICHUS APEBECHON
PACTUTEIBbHOCTH: IMOHEPHOH, 3J1aKOBOM, KyCTapHUKOBOU U
necHoil. buopaznooOpazne AMI BRICOKO Ha ITEPBBIX CTAIUSIX
BOCCTaHOBHUTEINIBHOI cykiieccun. Hanbosplee pasnoodpasue
AMI HaOiroaeTcs Ha 371aKOBOM CTaIUHU Pa3BUTHUSI CYKIICCCHU.
B nepByro odepenb 3TO CBA3aHO CO 3HAYUTENBHBIM YHCIOM
BUJIOB TPaBSIHUCTBIX PacTeHHH, ¢ KotopsiMu AMI Oonee
3(pPEKTUBHO BCTYNAIOT B CHMOMOTHYCCKIE OTHOIICHUs. Hawu-
MeHbIee bnopaznoodpasne AMI, HabmromaemMoe Ha KycTap-
HUKOBOW CTaJuH, CBA3aHO C IUIOXHUM POCTOM TPAaBSHHCTBIX
pacTeHHuil (B TOM YHCIE 3J1aKOB) B T€HM KyCTapHHKOB, YTO
MPUBOUT K yMEHbBIICHHUIO yrcia Bunos AMI™ u ux oOmms.
HawubGonee pacnpocrpanennsiM AMI™ Ha THOHEPHOM cTaanu
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aBigeTca R. irregularis. 3ateM NpeUMyIIECTBO IOIY4arOT
npyrue Buabsl AMIT. Pe3ynerars! mokasanu, 9To OHOpa3HO-
oOpasue n BUIOBOH cocTaB AMI' MOTYT CHIIBHO MEHSITHCS
MCXKIY CTaausaMu BOCCTAHOBUTEILHOM CYKIICCCHUU U, BEPO-
SITHO, B TIEPBYIO OYEPEeIb 3aBUCT OT OMOPa3HOOOpasns Tpas.
XOoT$ CyIIEeCTBYIOT pa3HbIE THITOTE3BI O TIEPBOOYEPETHOM BaXK-
HOCTH IpUOOB MJIM pacTeHuil, Haila paboTa MoKa3bIBaET, UTo,
CKOpee BCEro, MMEHHO PACTEHHS OTpenelsioT, kKakine AMI
Oy/lyT )KUTH PSJIOM C HUMH, a He HAa000pOT.
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CuMOMO3 BHYTPUKIIETOUHbIX 6akTepuii Wolbachia ¢ HaCeKOMbIMMN :
HEKOTOpbIe UTOTY CTa JIET 3YUYEeHUS

O.A. Mnmxuza @), H.E. IpyHTeHKO

MepepanbHblii NCCNEROBATENBCKUI LeHTP UHCTUTYT yutonorum n reHeTnkn Cnbrpckoro otaeneHnsa Poccuinckor akagemmnmn Hayk, HoBocnbupck, Poccns
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AnHoTaumsA. Wolbachia pipientis — a-npoTeobakTepusa, LWIMPOKO PacnpoCTPaHEHHbI BHYTPUKNETOUHbIA CUMOVIOHT Y pAaaa
BupaoB Arthropoda n HekoTopbix BuaoB Nematoda. BmecTe ¢ HacekombiMmu W. pipientis obpa3yeT cuctemy «CUMOUOHT-XO-
3AUH», XapaKTePU3YIOLLYIOCA OUYEHb TECHBIMU B3aVIMOAENCTBUAMY MEXIY ee KOMNOoHeHTamu. BnnaHna B obonx Hanpasne-
HUAX, KOTOPble OKa3blBaeT KaK BONbOaxuA Ha XO35MHA, TaK 1 XO35UH Ha BOSIbOAXKI0, ABNATCA BaXHbIMU GUOTMYECKMUI
dakTopamu Ana oberx coCTaBNALMX STOM CUMOMOTNYECKOW cucTeMbl. Bonbbaxma cnocobHa okasbiBaTb BO3AENCTBME Kak
Ha pa3MHOXEHMe X035MHa, TaK 1 Ha paboTy coMaTUUYeCcKnxX opraHoB. bnarogapsa cBoei pacnpocTpaHEHHOCTW Cpean Hace-
KOMbIX 1 60MnbLUOMY pa3HO0bpasuio Kak oTpULaTeNbHbIX (CPeAn CaMblX N3BECTHbBIX MPUMEPOB — LIMTOMIa3mMaTnyeckan He-
COBMECTUMOCTb 1 aHAPOUMA), TaK U NONOXNTENbHbIX 3GHEKTOB (MOBbILLEHNE YCTONUYMBOCTU K OUOTMYECKUM U abroTnye-
ckum dpakTopam, obecrneyeHrie BUTaMUHaMM 1 MeTabonmnTamm), OkasblBaeMblX Ha OPraHmn3m X03ArHa, Boib6axuaA Bbi3biBaeT
OTPOMHbBI MHTEPEC Yy SHTOMOJIOTOB U MUKPOOMOonoroB. Pa3Hoo6pa3une Bbi3biBaeMbiX BoNbbaxmen peHOTUNOB XO3sAMHa
obecneyrBaeT LWMPOKMI BbIGOP SBOSIIOLMOHHbIX CTPATErMI, TaKMX Kak PenpoayKTUBHbIA NapasuTU3m Uav B3avMOBbIroa-
Hble OTHOLUEHUS MEXIY CUMOMOHTOM 1 XO3ANHOM, KOTOPbIMU OHa NOMb3yeTcA. BnuaHre Bonbbaxuy HeO6X0ANMO YUnTbl-
BaTb NPU MNOCTaHOBKe N0OOro 3KCNeprMeHTa, MPOBOAMMOro Ha HaCeKOMbIX. [TpUMeHeHNe TeXHONOTNA CEKBEHMPOBaHMWA
NPVIBENO K NOSABMEHVIO HOBbIX MOAXOAO0B AJA N3YUYeHNA CYLLECTBYIOLMX CBA3E BHYTpY cnuctembl «Wolbachia—Hacekomoey,
OfiHAaKO MHTepnpeTauma noslyYeHHbIX AaHHbIX NPeACTaBAAET OnpeAesieHHY0 COXKHOCTb. TeM He MeHee NepcrneKTyBbI
MNCMOJIb30BaHWA AaHHbIX NMOHOrEHOMHOrO aHanusa Ansa nsydeHnsa kossonounmn Wolbachia n xo3sanHa He BbI3blBalOT CO-
MHeHUIN. AKTVBHO OCYLLeCTBAAIOTCA NPOEKTbI MO BHEAPEHMNIO B NOMYAALMN HaCeKOMbIX WTaMMOB Bonbbaxuu, obecrneun-
BalOLLMX NPOTMBOBUPYCHYIO 3aLLUMTY X03AKHa, A1 KOHTPOMA pacnpocTpaHeHus PHK-BMpycoB, UTo MOXKeT crnocobcTBoBaThb
CMaceHno MHOTUX YeNioBeYeCKIX »Kun3Hel. Lienbio 3Toro o63opa ctano 0606LeHmne AaHHbIX, MOYyYEeHHbIX yY4eHbIMM 3@ NPOo-
WwepLwme cTo net usyyerus Wolbachia, v coBpemMeHHbIX NpeACcTaBNeHNI O ee reHeTUYECKOM Pa3sHO0bpasny 1 MexaHn3max
B3aUMOZLENCTBMSA C XO3MHOM, B TOM U/C/Ie OCHOBAHHbIX Ha JaHHbIX TPAHCKPUNTOMHOIO aHanmsa.

KntoueBbie cnoa: Wolbachia; Hacekomble; Drosophila melanogaster.
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Symbiosis of intracellular bacteria Wolbachia with insects:
a hundred years of study summarized

O.D. Shishkina@, N.E. Gruntenko

Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
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Abstract. Wolbachia pipientis is an a-proteobacterium, which is a widespread intracellular symbiont in a number of Arthro-
poda and some Nematoda species. With insects, W. pipientis forms a symbiont-host system characterized by very close in-
teractions between its components. The mutual effects of Wolbachia on the host and the host on Wolbachia are important
biotic factors for both components of this symbiotic system. Wolbachia is able to affect both host reproduction and somatic
organ function. Due to its prevalence among insects and a wide variety of both negative (cytoplasmic incompatibility and
androcide are among the most well-known examples) and positive (increasing resistance to biotic and abiotic factors, pro-
viding vitamins and metabolites) effects on the host organism, Wolbachia is of great interest for both entomologists and
microbiologists. The diversity of host phenotypes induced by Wolbachia provides a broad choice of evolutionary strategies
(such as reproductive parasitism or mutually beneficial symbiont-host relationships) that it utilizes. The influence of Wol-
bachia is to be considered in the design of any experiment conducted on insects. The application of sequencing technolo-
gies has led to new approaches being created to study the existing relationships within the Wolbachia-insect system, but
interpretation of the data obtained is challenging. Nevertheless, the prospects for the use of the whole-genome analysis
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Symbiosis of intracellular bacteria Wolbachia with insects:
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data to study Wolbachia-host coevolution are beyond doubt. Ongoing projects to introduce Wolbachia strains, which pro-
vide antiviral host defense, into insect populations to control the spread of RNA-viruses are actively pursued, which could
result in saving many human lives. The aim of this brief review is to summarize the data collected by scientists over the past
hundred years of Wolbachia studies and the current understanding of its genetic diversity and mechanisms of interaction
with the host, including those based on transcriptome analysis.

Key words: Wolbachia; insects; Drosophila melanogaster.
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BBepeHmne

OTHOIIEHUS B CHCTEME «IHIOCUMOMOHT—XO3SHH» 3aCITyKH-
BAIOT IPUCTAIBHOTO BHUMAHUS B 3BOJIIOIMOHHOM aCIEKTe,
MOCKOJIBKY B3aUMHBIE IIPUCTIOCOOIEHHST CAMOMOHTA K XO35I1-
Hy W XO3iMHA K CUMOMOHTY HANpaBIAIOT Pa3BUTHE 000MX
BUAOB. [Ipr 3TOM MHOXKEeCTBO 3(D(HEeKTOB BIHUSIHUSA CHMOHOHTA
Ha XO3sIMHA HE Cpasy YJaJIOCh CBsI3aTh ¢ WH(EKIMOHHBIM
crarycoM. OCOOEHHO XOPOIIIO 33 JOKYMEHTHPOBAHBI BIHSHUS
BHYTPHUKJICTOYHOH O-mpoTeobakTepunt Wolbachia na Hace-
KOMBIX-X0351€B, O/IHAKO ¥ B 9TOM CHMOMOTHUYECKOH cHCTeMe
OTHOIIICHHS BCE €IIe HeIOCTAaTOYHO M3yueHbl. B HacTosiee
BpeMs C IPUBICUYCHUEM METOIOB ITOJIHOTEHOMHOTO CEKBe-
HUPOBAHHMS U TPAHCKPUIITOMHOT'O aHAJIN3a MTPOBOJISIT MHOTO-
YHUCJICHHBIC UCCJIEAOBAHUA KOHKPECTHBIX INTAMMOB BOJILOAXHUH
1 UX BIMSHUSI Ha COBEPILICHHO Pa3HbIEC aCHEKThl KM3HU BHU-
JoB-xo3s1eB. Llens Hamrero 003opa — 00paTuTh BHUMaHUE Ha
MPOrpecc, KOTOPbIi yaanoCh JOCTHYD B O0JACTH HU3YUYCHUS
cuMObmnoTnueckoii cucremsl « Wolbachia—xo3stmny.

Bo3HnKHOBeHME 1 pa3sutne

nHTepeca Kk Wolbachia

Pon Wolbachia oraocutcst k cemelicTBy Anaplasmataceae,
BxoiemMy B oTpsin Rickettsiales, kiacca a-nporeobakrepuii
(Hertig, Wolbach, 1924). Wolbachia sBnsercsi mHUpoKo pac-
MIPOCTPaHEHHON BHYTPUKIICTOYHOM OaKTepuei-CHMONOHTOM
psina BuaoB Arthropoda n Hekotopsix BuaoB Nematoda. [Tpu-
MepHO 50 % Bcex BUOB HACEKOMBIX HH(PHUIIMPOBAHO JAHHOH
oakrepueit (Hilgenboecker et al., 2008; Zug, Hammerstein,
2012). OneHKH pa3HbIX TPYII HCCIIEAO0BATENEH pa3IHIaroTCs
B CHJIy CIIO)KHOCTEW NPOBEICHMS TAKHX MACIITaOHBIX HC-
CJIC/IOBaHUH M OTpaHNYCHHH B pazMepax BBIOOPOK. B pa3HbIx
reorpadguIecKuX TOUKax HaOIIOAOTCS PA3JINHs B 4ACTOTAX
MHOHUIUPOBAHHOCTH, M B HEKOTOPBIX U3 HUX HH(EKIINS BCTpe-
YaeTcsi ¢ OYCHb HU3KOH YaCTOTOM, YTO MOBBIIIAET BEPOSTHOCTD
JIOX)KHOOTPHLIATENILHOTO Pe3yJIbTara py TeCTUPOBAHMHU Ha Ha-
mmane Wolbachia, mOCKOIBKY yBETHUHUBACTCS BO3MOKHOCTD
ciryyaiiHOTO 0TOOpa 00pasia Oe3 Bob0aXuH, XOTS OHA BCTpe-
4acTCd B MOIYJIAIUN XO3s1HMHA.

HecmoTps Ha TO 9TO OTKPBITHE ITOI OAKTEPHH ITPOU3OIILIO
Bek Hazax (Hertig, Wolbach, 1924), naxxe onpenenenue konu-
4ecTBa BUJIOB B pone Wolbachia octaeTrcsi mpeMeTOM CIIOPOB
Ha NPOTSHKEHHU MHOTHUX JECSTKOB JIeT. J{eno B ToM, 4To OT-
CYTCTBYET YETKOE IOHSATHE IPAHMIl BUIA, TPUMEHUMOE JUIS
9HI0CUMOMOTHYECKNX OakTepuii. Ha ceromHsHuii 1eHb BCe
oOHapykeHHBIC BapuaHThI Wolbachia TPHUHATO OTHOCUTH K OJI-
HOoMY BUIY — Wolbachia pipientis. B Hanielt paboTe, CormacHo
TpaauLuK, 9Ta OakTepus OyJer yroMuHatbes kak Wolbachia
(Tomeko ponoBoe Ha3zBaHue) wiu Wolbachia pipientis (Taxxe
ocTaBIIeecs 110 TPaJAUIMK BUI0BOE Ha3Banue). Ho ciemyer
OTMETHUTb, YTO 110 BONPOCY TAKCOHOMHHU ATOTO POJIA J0 CHX

MIOp HET YCTOSIBLIETOCs OOIIEro MHEHHMSI B COOOIECTBE HC-
cinenosaredeii (Lo et al., 2007).

Cunraercs, 9To Ha oOHapyXeHHe OaKTepwuw, KOTOpas
ObLIa OTpe/eNieHa Kak «IoJo0Has puKkkeTcum», M. Xeprura
u C. Bonbbaxa (Hertig, Wolbach, 1924) noarosikHuyna cMmep-
ToHOCHas >ruaemust Tuda (Porter, Sullivan, 2023). CeirHoi
T} — O0JE3Hb, HCTOYHUKOM KOTOPOH SIBJISETCSl OaKTepus
puxkercusi [IpoBayeka, nepeHocuMas IPEUMYIIECTBEHHO
IaTsHON Bomibio Pediculus humanus corporis (Linnaeus,
1758). B pe3ynprare noucka MmoTeHINAIBHBIX BO30yIUTEICH
PHKKETCHO30B Y psiJia BUI0B HACEKOMBIX ObLIM OOHApPYKEHBI
BHYTPHKJIETOUHBIE OaKTEpHH, KOTOPbIE IO3XKE MPHOOpeTH
HasBanue Wolbachia pipientis (Porter, Sullivan, 2023). Xots
BOJIbOAXMSI HE TIPEICTABISIET YTPO3Y JUIS YEJIOBEKa, CTUMYJIOM
JUISL U3yYEHUsI 3TOTO poAa Oakrepuil, Kak W Ul MHOTUX OT-
KPBITHH B OMOJIOTHH, MOCITY>KUJIa METUIIMHA.

[Tocne nepBoro oOHapyxeHust 3TON OAKTEPUU U HECKOJIb-
KX JIET 3aTHIIbsSI CIIEAYIOIIIM OTKPBITHEM, KOTOPOE ITOBBICH-
JI0 MHTEpPEC K BOJILOAXNH, CTalla yCIOBHAS CTEPHIBHOCTH He-
KOTOPBIX HACEKOMBIX, BbI3bIBa€Masi HEKOTOPBIMHU LITAMMaMH
BonbOaxw. Jlo cux mop 3T1oT 3h(hekT ocraeTcs Hanboee u3-
BECTHBIM, KOT/Ia peUb 3aX0ANT O JaHHOH Oakrepun (bypauna,
I'pynrenko, 2022). Jlexamuii B OCHOBE 9TOTO SIBICHUS Mexa-
HH3M Ha3bIBAETCS [IUTOINIA3MATHIECKO HECOBMECTHMOCTHIO
(Laven, 1967). Kak nuToruiaaMarndeckast HECOBMECTUMOCTD
(IIH) nposiBiisieTcst B IepBOM MUTOTHYECKOM JIEJICHHH 3UTOTHI,
TIO3KE N3YyUYCHO C IUTONOTHYeCKoM Toukn 3perus (Ryan, Saul,
1968). 1 To1pK0 OTHOCHTENTLHO HEZJaBHO OBLIIM 0OHAPY KEHBI
3NIeMeHThI, KoTopbie Bbi3biBatoT [[H (Beckmann et al., 2017;
LePage et al., 2017; Chen et al., 2019).

CoBpeMeHHOE TIPEACTaBICHHE O PacpOCTPAHEHHOCTH
BOJILOAXMH CPEIU HACEKOMBIX OBbIJIO ObI HEBO3MOXKHO CO-
craButh 60e3 [1IP-npentuduxannn JJHK-mapkepos, crerm-
(buaHBIX U151 BObOaxuu. J{aske mpy oMoIy HOBEHIIHX cBe-
TOBBIX H (DIIIOOPECIIEHTHBIX MUKPOCKOIIOB ITIOBTOPUTH JOCTH-
xenne M. Xeprura u C. Bonrbaxa (Hertig, Wolbach, 1924)
JUISL IPYTHX HACEKOMBIX CJIOKHO, TaK KaK BOJIBOAXHMS 110 pa3-
Mepy (auametp ot 0.25 mo 1.8 MKM) yacTo ycTymaer naxe
mutoxouApusaM (Yu, Walker, 2006). CKpiHHHAHT KaK MOXKHO
OOJIBIIIETO YHCIIAa BUJIOB HACEKOMBIX MOCPEACTBOM aHAIIN3a
LIUTOJIOTUYECKUX [IPENApaTOB, KOTOPBIM Ha Ka)AbII BU, XO-
3stHA TPEOyeT MOTyYeHHs] HECKOJIBKIX 00pa3IioB, H30IUPO-
BaHHBIX U3 MOMYISIHUN (OTJACIBHBIX M30JISTOB), — 3TO MOYTH
HEBBITTOJHMMAsI 33/1a44, B TO BPeMsi KaK Takoi e 00beM 130-
JISITOB, MCCIIEyEMBII TOCPEACTBOM O0JIee TyBCTBUTEIBHOTO
[TL{P-meTozna, TpeOyeT MeHbIIe BpeMeHH U ycuinid. braro-
Jlapsi STOMY KJIIOUEBOMY MOJIEKYJISIPHOMY METO/LY COBPEMEH-
HOW OMOJIOTHM yIalloCh BBISICHUTH, YTO BOJIBOAXUS SKUBET
MOYTH BO Bcex HacekoMbix Ha manere (Hilgenboecker et
al., 2008).
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Bnuanue Wolbachia na xo3anHa

[epenaua Wolbachia nporcxonuT BEpTUKAILHO — OT MaTepu
K IIOTOMCTBY C LIUTOIUIa3MOH siiuexiieTok. He Bcerna mexa-
HH3M IIepeaadnl padoTaeT nAeaIbHO, HOT/Ia BO3HUKAET CIIOH-
tanHas orepst uHpexuuu (Werren, 1997).Tem e menee Wol-
bachia cTabunbHO OOHAPYKUBAIOT B €CTECTBEHHBIX U Jia-
OOpaTOPHBIX MOMYJANHUAX HaceKOMBIX. Wolbachia He mmeet
CBOOO/IHOXKMBYIIMX aHAJIOTOB, BCE TPEJICTABUTEIN OTpsIa
Rickettsiales, kK KOTOpOMY OHa OTHOCHTCSI, SIBJISIFOTCSI BHY TPH-
KIeTouHsIMH opranm3mamu (Yu, Walker, 2006). 3annmaemast
BOJIbOAXMel HKOJIOrMYecKasl HUIIA — BHYTPEHHSIS cpefia ee
’KUBOTHOTO-X03sMHa. OHa pacTeT B LIMTOILIa3Me KJIETKH CBOE-
TO XO35SMHA B BaKyOJH, CBA3aHHON MemOpanoii (Yu, Walker,
2006). [Toatomy y BOJIEOAXUU ¢ XO3IMHOM IIPOUCXOJIST TCCHBIC
BBaHMO}IeﬁCTBHﬂ, KOTOPBIC HOCAT KaK BBaHMOBBIFOHHLIﬁ, TakK
u mapasurndeckuii xapakrep (bypauna, [pyarenko, 2022).

HacnenoBanue 1mo MaTeprHHCKON JIMHUM — OOIIas depra
JUIS. MUTOXOHApUH W BonbOaxuu. Kpome Toro, oHu Hacie-
JYIOTCS CBSI3aHHO, @ HE HE3aBUCHUMO, OT 4ero (hopmupyercs
ompenenenbli «uurorum (Ilinsky, 2013). C yuerom BHYyTpH-
KJIETOYHOH TIPUPOJIBI ATOM OaKTepHH €€ N3ydeHUE 3aTPYTHEHO;
HaIpuMep, CI0KHO H3y9aTh 0COOCHHOCTH €€ MeTaboII3Ma.
Co3znanue rnepeceBaeMbIX KyJIbTYp KIETOK HACEKOMBIX-XO035IEB,
conepxamux Wolbachia, BO3MOXHO, HO TaK)Ke MIPECTABISET
Gonpinue cnoxHocTu. [lepBast mogoOHast KJIETOUHAs JTMHUS
ObuTa co3naHa U3 KIeTok komapa Aedes albopictus (O’ Neill
et al., 1997). CraOuibHble KJIETOUHBIC KYJIBTYPbl MOIIIH ObI
CTaTh BaKHBIM HHCTPYMEHTOM JIsl U3YUEHHSI 3TOTO POJa, HO
9TO 3aTPYAHSETCS YacTO MPOUCXOIIECH B HUX CIIOHTaHHON
yTparoi HHPEKINH.

Wolbachia criocobHa HUTbh TOJIBKO B CHMONO3€ C XO35IH-
HOM, HO OOJIBIIMHCTBO CaMHX BHJIOB-XO35€B MOTYT >KUTh
U pa3MHOXaTbcsl, Oyay4urn HeMH(QHUIUPOBaHHBIMU. BiusHue
Wolbachia Ha X035€B TIPOSBIIETCS B Psijie Pa3IMIHBIX MPH-
3HAKOB, KOTOPbIE MOXKHO HAOIO/aTh NMPU CPaBHEHUH HH-
(unMpoBaHHBIX 0CO0EH-X035€B ¢ HEMH(UIIMPOBAHHBIMH, a
TaKKe MPH CPaBHEHUN 0c00el, MHPUIIMPOBAaHHBIX PA3HBIMHU
mrammamu (Bypnuna, ['pynTenko, 2022). Yenemnoe pacmipo-
crpanenue Wolbachia yacTHaHO OOBSICHSIETCS CIIOCOOHOCTHIO
3TOTO OpPTaHW3Ma BMEIINBATHCSA B MEXAHU3MBbI OTIPECIICHNUS
T0JIa, U3MCHSATH Pa3BUTHE M XapaKTep Pa3MHOKEHHS X035IMHA
cebe Ha IoJIb3Yy.

HaunbGonee n3y4eHbsl MHOTOYUCICHHBIE Y((EKTHI, KOTO-
peie Wolbachia oka3piBacT Ha PEIPOAYKTHBHYIO (DYHKIIUIO
XO3S5IMHA!

* aHJpPOINI — W30MpaTeNbHas THOETh CaMIIOB Ha CTaIUU
sMOpHoreHe3a min JMYUHOYHOTO Pa3BUTHS,
° (beMI/IHI/IBaHI/ISI TCHETUYCCKUX CaMIIOB — I/IH(I)I/II_H/IpOBaHHBIe

CaMIIbI IPHOOPETAIOT YePTHI (PEHOTHIIA CAMOK,

* CTUMYJISIIIMSI MApTEHOTeHE3a,
¢ UTOIIa3MaTu4dYeCKast HECOBMECTUMOCTD.

Ocoboe BHUMaHHUE BCET/Ia YIEeNSIIOCh (PEHOMEHY IUTOTIIA3-
MaTHYEeCKOW HECOBMECTHMOCTH, BBI3BIBAEMON BOJIBOAXHEH.
Y nacexombix LIH 3akimouaercst B TOM, 4TO HH(OUIIUPOBAHHBIE
CaMKH MOT'YT Pa3MHOXKaThCsI, OyyIH OIUIOZOTBOPEHHBIMHU KaK
HEeMH(UIIMPOBAHHBIMH, TaK U WH(OUIIMPOBAHHBIMH CaMIia-
MH, B TO BpeMs KaKk HeMH(UIIMPOBAHHBIC CAMKU HE Pa3MHO-
KaroTcs ¢ nHpumpoBanHeiMu cammamu (Kaur et al., 2021).
Taknum 06pa3om, HHQUIIUPOBAHHBIE CAMKH HE WCIIBITHIBAIOT
HeraTuBHBIX nocneactsuil [{H v nonyyaror penpoaykTuBHoe
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npeumyniectBo. Tak kak Wolbachia Hacnenyercs mo Mare-
PHHCKOI JTMHUU BMECTE C UTOIIA3MOM, 5TOT MEXAHU3M 03~
BoJIsieT el 2(p(heKTHBHO PacIpOCTPAHATHCS B TOMYJISAIHAX
HacekoMbix (Lassy, Karr, 1996).

MorekysipHble MEXaHU3MBI, OTBEYAIOIINE 32 BOSHUKHO-
Benne LIH, cBsi3aHbI ¢ HapyIIeHHEeM epBOr0 MUTOTHYECKO-
ro penenus 3urotel (Poinsot et al., 2003). ITokazano, uto B
(dopmupoBanun sBinenus L{H npuaumaloT yuactue neyouk-
Butunasa CidA, nannumpyromas [{H y camios, n 6emox
CidB, no3BoIISIIOIINIA €€ TPEOI0IIETh, KOIIa SKCIIPECCHPYETCSI
y camok (Beckmann et al., 2017). DTo monTBepxmaeT panee
c(OpMYITMpPOBAHHYIO THITOTE3Y Mapbl MOIU(HUKAaTOp—CcHaca-
TeJb, BRIIBUHYTYIO s 00bsicHeHus1 henomena [TH (Werren,
1997). beutn o6Hapy)eHsI TeHsl (hakTopoB [[H, 0603HaueH-
HBIE KaK cifA—cifB mapbl, nHTErprpoBaHHbIe U3 podara WO
B T€HOMBI TeX TaMMoB Wolbachia, kotopbie Bbi3biBatoT L{H y
xo3smHa (LePage et al., 2017). B ansrepHaTHBHOM MEXaHI3ME
ucronbp3ytoTest Hykiea3a CinA n cBs3bpIBalomuil ee Oesok
CinB (Chen et al., 2019), koTopbie ICHCTBYIOT 110 TOMY XK€
NPHHIKIY MOoAUHKaTop—cracarenb. Ha cerogHsauii 1eHb
JpyTrre MexaHu3Mbl BoaencTust Wolbachia na Xo3suHa He
YAAJIO0Ch OIHCATh HACTOJIBKO JIECTAIBHO.

BrssBaemsre Wolbachia penponyktuBHbIE 2(pdeKTsI 0OHa-
PY’KEHBI y pa3HBIX HACEKOMBIX, HO €CTh HCKIIFOUCHUSI, HAIIPH-
Mep OHHM COBCEM HE XapaKTepHBI HJIH CJ1a00 BBIPAKEHBI JIJIsI
OONBIIMHCTBA W3yYEHHBIX JIUHUHN Drosophila melanogaster
(Fry et al., 2004; Vmunackwii, 3axapos, 2009).

Onnaxo, nomumo Biusinus Wolbachia na pa3mMHOXeHHE,
OBLTO OTKPBITO MHOXECTBO 3(P(PEKTOB, KOTOPHIE OHA OKA3bI-
BaeT Ha COMaTHYECKHE KIETKU XO35IMHA. DTO BO3MOXKHO, TaK
kak Wolbachia oGHapyXUBaIOT HE TOJILKO B PEMPOIYKTHB-
HBIX OpraHax CaMoK, IJi¢ 9TO Hauboiee 0XKUAAEMO, HCXOIS
13 MEXaHW3Ma Iepeiaddl 3TOr0 CHMOMOHTA TOTOMCTBY, HO
TAaKKE B )KUPOBOM TECJIC, MAJIBITUTUEBBIX COCYIaX, MbIIIECYHBIX
1 HepBHBIX TKaHAX (puc. 1, a) (Pietri et al., 2016). BapuanT
narorenHoro mramma Wolbachia wMelPop, nnpunmpyio-
mero D. melanogaster 1 U3BECTHOTO TEM, YTO OH BbI3bIBa-
eT mpexaeBpeMeHHyo rubers myx (Min, Benzer, 1997),
wMelPop-CLA, BiusieT Ha TOBE/ICHHUE CAMIIOB, yMEHBIIIAS HX
arpecCUBHOCTD 32 CUET CHU)KEHHUSI BHIPAOOTKH OKTOIIaMHMHA
B Mo3re (Rohrscheib et al., 2015). Ocobu D. melanogaster
C OJIMHAKOBBIM SIJICPHBIM T€HOTHUTIOM, HO MH(HUINPOBAHHbIE
pasubiMu mTamMmmamu Wolbachia, iMEIOT pa3M4YHbIC ONTH-
MalbHBIE TeMreparypHble auana3onsl (Truitt et al., 2019).
OTO MOXET BIHATH HA PacIpOCTPAaHEHHOCTh ONPEICICHHBIX
MTaMMOB B Pa3HbIX HIUPOTax.

ConepxaHne YHIOCHMOHOHTA OOBITHO CBS3aHO C 3aTpaTa-
MU XO35MHa B TUIAaHE PECYPCOB, KOTOPBIE HYXKHBI KaK MY, TaK
u 6aktepun. YacTo 6osee yCIeHo OTOUPAKOTCs IBOJTIOIHCH
T€ CUMOMOHTBI, KOTOPBIE MOTYT 00ECTICUUTD X03UHY OOJb-
IIYIO BBITO/Y. DTO IMO3BOJISIET MUHUMHU3HPOBATh 3(P(heKT ero
3aTpar Ha cofiepKaHue CMHMOMOHTA, ¥ B CHCTEME yCTaHABIINBa-
I0TCsI B3aMMOBBITOIHBIE OTHOLICHUS. CTparerns odecredeH s
BBITO/IBI 33 CUET ITO3UTHBHOTO BIMSHHS HA aCHEKTHI )KU3HH
XO35/MHa MOXKET 00BSACHUTH, ouemy Wolbachia HACTOIBKO
pacmpocTpaHeHa Cpei BUIOB, Y KOTOPBIX CJIa00 BBIPAKEHBI
ee MaHNUMYISIIAY ¢ PEPOAYKTHBHON CHCTEMOH XO3s5IMHA.

Bbu10 1MoKa3aHo yBeNMUSHHE CPOKA JKU3HH Y MHPHUIUPO-
BaHHBIX npo3odun (Maistrenko et al., 2016), a Takxke 9TO
Wolbachia moryT cHabXaTh X035€B BUTAMMHAMH 1 He3aMe-
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Symbiosis of intracellular bacteria Wolbachia with insects:
a hundred years of study summarized

HemaTtogbl

=

LleHTpanbHaa HepBHaA cuctema
B Manbnuruesbl cocyfbl
B XenypnouHo-KuweYHbIN TpaKT
Mnposoe Teno
W ToHagbl

MutoxoHapua
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LLlepoxoBaTasn
JHAOMMa3MaTnyeckas ceTb

Wolbachia-copep»alyas Bakyonb (WCV)
BHewHaa membpaHa Wolbachia

BHyTpeHHAA MembpaHa Wolbachia

Puc. 1. Cxema cumbrioTuyeckon cuctemsl «Wolbachia-Hacekomoe» Ha pa3HbIX YPOBHSX OpraHu3aLum.

a - nokanusauusa Wolbachia B opraHax Drosophila; 6 — nokanusauna Wolbachia B kneTke HaceKOMOro-X03A1HA 1 OpraHensibl, KoTopble
B3avmopencTaytoT ¢ Wolbachia. BHr3y nnntoctpaumm nsobpaxeHa Wolbachia-conepallas Bakyosb.

HUMBIMH aMHHOKHCIoTamMu. Tak, mrramm wCle, nHpHUImpyro-
i mocrenbHoro kiomna Cimex lectularius, obecniednBaeT
x03siuHa BuTamMuHoM B7 (6uotunom) (Newton, Rice, 2020).
Wolbachia 3amuimaer KIeTKA Hae3qHUKa Asobara tabida ot
M30BITKA JKee3a 3a CYCT IKCIpPeccHr OakTepruodeppUTHHA
(Kremer et al., 2009), a y D. melanogaster, iHQUIPOBAHHBIX
Wolbachia, noBbIaeTCs MIOAOBUTOCTH IPH COICPKAHIH Ha
kopme ¢ nedurmrom xernesa (Brownlie et al., 2009).

BakreprohepputiH cBA3bIBaCT CBOOOTHOE TBYXBAIEHTHOE
JKEJIE30 M CHOCOOCTBYET BCACBIBAHMIO B KUIIICYHUKE TMIMHKA
myxu (Brownlie et al., 2009). [ToiyueHs! cBUIETENHCTBA TOTO,
YTO CHTHAJIBHBIH KacKaJ MHCYJINHA/HHCYIHHONOJ0OHOTO
(hakTOpa pocTa X03IMHA TTOJIABIISETCS, @ MHLyIUPYEMbIH TH-
nokcuei curHansHbii kackan HIF (hypoxia-inducible factor)
aKTUBHpYeTcs rpu 3apakeHnn Wolbachia (Currin-Ross et al.,
2021). IToxazano, 4To BONBOAXMK HEOOXOIMMO TOJIyYECHHUE
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JKeJie3a OT XO3s5MHa, Ha OCHOBAaHMH Yero 3TH HCCIIeJ0BaTeNIN
MPEATNOJIATAIOT, YTO JKelle30 SIBIsETCs (ByHAaMEHTaIbHbIM
acrekToM B3ammonencTBus «Wolbachia—xo3smuy (Currin-
Ross et al., 2021).

[TockonbKy penpogyKTHBHBIE aHOMAaJINH, BBI3bIBAEMbIC
Wolbachia, ne xapaktepusl aius D. melanogaster, npyrue
(busnonoruueckue 3PPeKThI, HAOIOIAEMbIC B 3TON CUMOUO-
TUYECKOW Mmape, momydminn OGonbie BHUMaHu. [IpoBeneHo
3HAUUTENILHOE KOJIMYECTBO UCCIIEA0BAHMI BINSHNS KOHKPET-
HBIX IITaMMOB JaHHOI OakTepuy Ha pa3Hble JMHUHU 3TOTO
BU/Ia-XO035IMHA. DTO JeTaeT CMMOMOTHYECKYI0 cuctemy « Wol-
bachia—D. melanogaster» onHO# N3 HandoJee N3yIEHHBIX C
TOYKH 3PEHHUSI FTEHETUYECKOT0 Pa3HO00pa3ys KaK X03sIMHa, TaK
1 OaKTepHy, a TAKXKE BIUSHNASI KOMOMHAIMY UX TEHOTHUIIOB Ha
JKH3HECTOCOOHOCTD XO351HA.

Tak, y Tpex nmuuuil D. simulans pa3nmdHOTO TPOUCXOXK-
JICHUS], HO MH(HUINPOBAHHBIX OJJHUM IITAMMOM BOJIBOAXHH,
HaOmoanmch pasuele 3GdexTsl CHMONOHTa Ha TPHCIIOCO0-
JICHHOCTb XO3MHA: y OIHOM U3 UCCIIEIOBAHHbIX JIUHUI BHE-
CEHHE BOJIBOAXHMHU ITPU MOMOIINA MUKPOMHBEKIIUH TTOBBIIIAIIO
MIPUCTIOCOOIEHHOCTD, OIIEHUBAEMYIO B SIIIIMYHOM JKCIIEPH-
MEHTE, TOI7ia KaK y ABYX APYTHX IPUCTIOCOOIEHHOCTH He ObliIa
noziBepkeHa BiusiHUIO O0akrepun (Dean, 2006). Paznuanoe
BIIMSTHUE BOJBHOAXUM HA TPOAOIDKUTEIBHOCTD KHM3HH, IIJI0-
JIOBUTOCTb U CKOPOCTb Pa3BUTHS Pa3IUUHbIX JUHUHA D. me-
lanogaster ObI0 Tarke 0OHapYkeHO B padotax A.J. Fry u
D.M. Rand (2002) u N.V. Adonyeva ¢ xomneramu (2023).

C npyroii cTopoHbI, HHOUITMPOBAHNE OTHOH TUHIH D. me-
lanogaster pasupiMu Bapuantamu Wolbachia mpuBonniio K
M3MEHEHHIO MeTabonm3ma JopaMuHa y MyX, HHOUINPOBaH-
HeIX Wolbachia renoruna wMelCS, Ho He renoruna wMel
(Gruntenko et al., 2017; Burdina et al., 2021). ITonoGHbIe
pa3Iuyus BO BIMSHUU TEHOTHIA BOIhOaxmu Ha 3()(EKTHI,
OKa3bIBaeMbI€ €10 Ha (PU3HOIOTHIO X03I1HA, OBUIN MOKA3aHbI
u U1 MeTabonn3ma oBeHHIIbHOro ropMona (Gruntenko et
al., 2019).

B o xe Bpems psin Bo3neiictuii Wolbachia na D. melano-
gaster, HACKOJIILKO 9TO U3BECTHO B HACTOSIIIEE BPEMsI, HE 3a-
BUCHT OT TeHOTHUIA CUMONOHTA. Tak, MHOUIIMPOBaHUE OHOM
muHUN D. melanogaster ceMblO Pa3MMYHBIMKU BapUAHTAMHU
Wolbachia criocoO6CcTBOBAIO YBEIIMYCHHUIO 3aMIaCOB JIHITHAIOB
myxu-xo3siuHa (Karpova et al., 2023). O0uum Jutst pa3nud-
HBIX BapUAHTOB OAKTEPUU CTAJIO TAKIKE MOBBILICHUE COJIEP-
’KaHMS TIIOKO3bl M TPUIIMLEPHUIOB Y X03siuHA (Zhang et
al., 2021; Karpova et al., 2023), oqHako ypOBEHb TPETAIO3HI
OCTaJICSl HEM3MEHHBIM BO BCEX JIMHUAX 110 CPABHEHHUIO C He-
nHpunrpoBanHbiME Myxamu (Karpova et al., 2023). Otu
JVHUU OTIMYAINCH OT HEMH(HUINPOBAHHBIX MOBBIIICHHON
BBDKMBAEMOCTBIO TIPH HEAOCTAaTKe NUTaHMsl. [0BbIIIEHHBIH
YPOBCHB IITFOK030-6-(hocdara Taxke Obu1 oT™MedeH y Wolba-
chia-nHUIIIPOBaHHBIX KOMapoB Aedes fluviatilis (da Rocha
Fernandes et al., 2014).

HccnenoBanue, MpoBeCHHOE HA TPAHCTEHHOM JIMHUHU
D. melanogaster ¢ HapyleHHOH (yHKINEH WHCYIMHOBOTO
perienTopa, NoKa3ajio, 4To HPUCYTCTBHE BOJIbOAXHH MOBBI-
mraeT npucrocobseHHocTh Takux myrtantoB (Ikeya et al.,
2009). Ynanenue BoIb0axuu IpH MOMOIIN AHTHOUOTHKOB Y
TaKUX MyX IPUBOIMIIO K YCHJICHHIO MyTaHTHOTO ()eHOTHIIA,
KOTOPBIN MPOSIBIISICTCSI B CHIDKCHUH POCTA M TUIOJOBUTOCTH.
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T. Ikeya ¢ xomeramu (2009) mpenrnoaoKuiIn, 4To BoJIbOaXust
AKTUBUPYET CUTHAIBHBIH KacKaj WHCYJIMHA/MHCYIMHOIIO-
no6HBIX paxTopoB pocta (M/UDP). OmHako Gomee mosaHee
uccienoBaHue ToBOpuT 00 obparHoMm. B padore (Currin-
Ross et al., 2021) 6bu1 paccMOTpPEeH METaOOINYECKUH OTBET
D. melanogaster Ha NH(EKIIMOHHBIN CTaTyC U MOKA3aHO, YTO
N/ DP-onocpejoBaHHbIH CUTHAIBHBIA MYTh MOAABISETCS
BOJIbOAXMEH.

W3BecTHO, 9TO YacTh mTaMMoB Wolbachia ciocoOCcTByeT
3aIIMTE XO35IMHA OT PsAAa MATOTCHOB, TaK KaK OHU MOTYT I10-
nasiaTh perumkanmio PHK-supycos (Hedges et al., 2008;
Teixeira et al., 2008; Moreira et al., 2009). barogapst cBoii-
CTBaM NPOTUBOBUPYCHOW 3aumthl Wolbachia ncrionb3yoT
B Lesix ononorudeckoro kourpouns (Hoffmann et al., 2011;
LePage, Bordenstein, 2013). Pax mrrammoB Wolbachia, ecte-
CTBEHHBIM XO3IMHOM KOTOpBIX siBIsieTcst D. melanogaster,
ObUT BHECEH NIPU MOMOIIM MHUKPOMHBEKIUH B 0cobeil Ko-
Mmapa Aedes aegypti — pacIpOCTPaHHUTENSI BUPYyCa JTMXOpal-
ku Jlenre (dengue virus, DENV) (Hoffmann et al., 2011;
Gu et al., 2022). BHecenue MHOUIMPOBAHHBIX BOJILOAXKEH
ocobeli B MpupoAHbIe momyisyn 3a cuetr L{H mpuBommmo x
ux ycnemHomy pactpoctpanenuro (Hoffmann et al., 2011),
YTO MOXKET CHIDKaTh 3 (eKTHBHOCTH nepeadn Bupyca Jlen-
re, IOCKOJIbKY OJIOKHPOBaHHE IMOCIEIHEr0 BOJILOAXUSAMU Y
Ae. aegypti ObIJIO NMPOAEMOHCTPUPOBAHO B JIAOOPATOPHBIX
yenoBusix (Gu et al., 2022).

CymiecTByeT HECKOJIBKO MPEIONI0KEHNH, KaK pa3Hble
cBoiicTBa mtaMMoB Wolbachia MOTYT BIHSIT HAa IPOTHBOBH-
PYCHYyIO 3auTy; 0TOOp Hanboee 3(h(HeKTUBHBIX INTAMMOB —
1estb MHOTHX HecnenoBannil. Tak kak L[H ctocoGceTByeT mpe-
MMYILECTBEHHOMY PaclpOCTPaHEHNIO KOHKPETHOTO IITaMMa
(MMEHHO TOT0, KOTOPBIii BBI3BIBACT 3TY aHOMAITUIO Y XO35UHA)
B MOMYJISIIIAU, COBMECTHOE HACIIEA0BAHHE TPOTUBOBUPYCHOM
3aIIUTHI ¥ CTIOCOOHOCTH BhI3bIBaTh LIH nemaer takue mram-
MBI Oosiee dPEKTUBHBIMU TIPH MCIIOJIB30BAHUH CTPATETUH
3amenieHns. OTMEYAlOT, YTO IITAMMBI, XapaKTepH3yeMble
MOBBILICHHBIM CO/IEPYKAHUEM BOJILOAXHH B KIIETKAX XO35IMHA
(takue kak wMelPop), momoraroT Xo3siuHy OoJiee YCIeHo
60poThcst ¢ BUpycoM. Mcxoast u3 3TOro, IpenonaratoT, 4To
CYIIECTBYET KOPPEISIys MeX Ty 3P (HEeKTHBHOCTHIO TPOTHUBO-
BHUPYCHOH 3alIMUTHI M BBICOKHM COJICPYKAHHEM BOJILOAXUH
B xierkax (Chrostek et al., 2013; Gu et al., 2022). OnHako
HY)KHO TaKkKe YYUTBIBAaTh ONTUMAJIbHBIN JUIs IITaMMOB Wol-
bachia nuanazoH TemmnepaTtyp Ha apeayie OOMTaHHs HACEKO-
MBIX, B TTOIYJISIMIO KOTOPBIX BHEAPSIETCS HOBBIH ITamMM Wol-
bachia. IlpeqnpuHUMAaNHCh TONBITKH puMeHerust Wolbachia
W Uil KOHTPOJISL JPyruX apOOBHPYCOB, MPEICTABISIONINX
omacHOCTS Jiis genoBeka (Kamtchum-Tatuene et al., 2017).

AanTUBHOCTH WU Bpel HEKOTOPBIX A dexros Wolbachia
CJIOXHO OTPEACIUTh OJJHO3HAYHO, HO B II€JIOM TIOHSTHO, YTO
4acTh U3 HUX (HalpuMep, MaHUITYTUPOBAHNE Pa3MHOKEHHEM
XO035IMHa) MO)KHO OTHECTH K ITapa3UTHIECKUM BO3/ICHCTBISIM,
TOTAA Kak Jpyrue 3(p(QeKThl, TAKNE KaK MOBBIIICHHAs YCTOM-
YHBOCTB K BUPYCHOMY 3apa)KEHHIO 1 TOJIO/Y, IIPEAO0CTABIISIOT
a/IalITUBHOE MPEHMYIIECTBO HE TOJBKO YHIOCUMONOHTAM B
9TOH CUCTEME, HO U HACEKOMBIM-X03s€BaM. Bech mMpokuit
CTEKTpP BIMSHUA BOJIBOAXMM Ha XO35IMHA HEBO3MOXKHO pac-
CMOTpETH, HE 3aTPOHYB TEMY MHOT000pa3Hsl IITAMMOB 3TOMH
OaKkTepuH, MOCKOIBbKY MHOTHE M3 OKa3bIBaEMBIX €ro 3(dek-
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TOB crielu(DUYHBI JIs1 KOHKPETHOTO LITaMMa BOJIbOAXHH.
XOoTs1 TeHOMBI BOJIBOAXMH MMEIOT HEKHUM OOIIMIi OCHOBHOMU
HaOOp TEHOB, pa3HbIC MITAMMBI 3HAYUTEIHHO OTIMYAIOTCS
ZIPYT OT JIpyTa.

leHeTuuecKkoe pa3Hoobpasue Wolbachia

HOCKOHBKy IIPUHATO CYHUTATh, YTO CYHICCTBYET BCETrO OAWH
Bun Wolbachia — W. pipientis (Hertig, Wolbach, 1924), to
BCE pa3HOOOpasye ITUX YHIOCHMOMOHTOB HACEKOMBIX OITH-
CBIBACTCSl Pa3HBIMH IITaMMaMH, OOBEIMHEHHBIMHU B CyIIep-
rpymmsl. Pasnienenne Ha cyneprpynisl OCHOBAHO Ha (hHIIO-
TEHETUYECKOM aHalI3e MOCIIe0BATEIbHOCTE HECKOIBKHX
T'C€HOB, UCIIOJB3YEMBIX HJISI MYJIBTUJIOKYCHOI'O TUITUMPOBAHUS.
[TpennoxeHo HECKOIBKO TPYIIT I'eHOB JUTS MYJIBTHIIOKYCHOTO
TunUpoBanus mTamMMmoB Wolbachia: dnaA, 16SrRNA, wsp,
gltAwu groEL, fisZ (Lo, Evans, 2007), gatB, hcpA, fbpA, coxA
(Baldo et al., 2006b). Beiiensitor, Mo pa3HbIM OIIEHKaM, OT
10 o 13 cymeprpyri, 0003Ha4YaeMbIX JJATHHCKUME OyKBaMU
(A-F, N-M u S) (Kaur et al., 2021), kaccudyeckas KJIacCH-
(hukarmst BkiouaeT cemb cyneprpymi (A—F u H) (Ros et al.,
2009; Augustinos et al., 2011).

Haubonee yHuBepcalipHas cucTeMa IeHOTHIHUPOBAHHMSA,
nporiecca BBISBJICHNS] T€HETHYECKUX PAa3IUUUil M CXOJCTB
Pa3HBIX TPYII OPraHU3MOB, Ms mtamMmmoB Wolbachia na
CCFO}IHHHIHI/Iﬁ JAC€Hb — O3TO MYJIBTUJIIOKYCHOC I'CHOTUIIMPOBA-
HHE, B KOTOPOM HCIIOJIB3YIOT IATh OETOK-KOIUPYIONIHUX T'e-
HOB: fisZ, gatB, coxA, hcpA n fbpA (Baldo et al., 2006b). Ha
OCHOBE aHaJIM3a KOMOMHAIMHU TIATH WK 0ojee moiuMopd-
HBIX MapkepoB coctapisitoT mpodunn ST (sequence type).
Hcrnonb30BaHuE HECKOJIBKUX AJIJICNIEH B KAYECTBE MAPKEPOB,
HEKEJIM KaKOTO-TO OJIHOTO aJlIedIs, 1aeT OoJiee TOUHYIO U MOJI-
HYIO HH(OPMALIHIO.

T'eromer Wolbachia xapakTepu3yrOTCs IIMPOKUM Pa3HOO00-
pasuem, KOTopoe Takxke c(hoOpMHUPOBATIOCH 32 CYET N30SI
IITaMMOB B CHJIy HAcJeIOBaHUS MO0 MaTEePUHCKOH JIMHUM
BMeCTe ¢ LIUTOIIa3Moi. HecMOTpst Ha TO YTO X03s1eBa MOTYT
OBITH OJU3KUMU BUJaMHU, COOTBECTCTBYIOIIUEC UM HITAMMbI
Wolbachia MOTYT CHITBHO OTIMYATHCS HA TEHETHYECKOM YPOB-
He. [locienoBarenbHOCTH U3 TUIIEPBapHAOCIIBHBIX JIOKYCOB
MOT'YT OBITh HUCIIONB30BAHBI JJIS PA3/IClICHUs] He TaK JaBHO
pazole/Inxcs MTaMMOB, XOTs HEOOXOIMMO YUUTHIBATh BO3-
MOXHOCTh peKoMOMHauuu mrammoB Wolbachia, kotopast
ObL1a MPoZIEMOHCTPUpOBaHa 3kcrepumMeHTanbHo (Baldo et al.,
2006a), n HamaHe OOJBIIOTO YHCIIa TTOBTOPOB I MOOMITHHBIX
aJieMeHTOB B reHoMe Wolbachia (Wu et al., 2004).

B orpomHOM MHOKEcTBe KOMOMHaImii «xo3suH—Wolba-
chia» xaxnas U3 HUX XapaKTEePU3yeTcs CBOUM YHUKAIbHBIM
Ha0OPOM IPUCTIOCOOICHUI CUMOMOHTA K XO3I1MHY U Ha000-
POT, YTO BIMACT HA TUIT CUMOHOTHYECKNX OTHOIIEHHIA. KpO-
Me TOTO, HOBBIE IITAMMBI 3TOH OakTepuH OOHAPYKUBAIOT U
OITMCBIBAOT IIOYTH KaXIBIi FOJI, U, KaK IIPABHJIO, HCCIIEI0BA-
TEJI B CBOMX paboTax cOCpeoTad4MBaAIOTCS HAa BO3ACHCTBUHI
OTIpeNeNIEHHBIX ITaMMOB Wolbachia Ha WHTEPECYIONIUE MX
o0bekThl (Burdina et al., 2021; Duarte et al., 2021; Ilinsky
etal., 2022).

Paccmotpum Gomnee moapoOHO pa3sHOOOpasne IMTaMMOB
Wolbachia, o6HapyXEHHBIX Yy KIACCHYECKOTO MOICITHEHOTO
obwexra D. melanogaster. ndexuus Wolbachia'y D. melano-
gaster Oblia BriepBbIe BoisiBieHa B 1988 1. (Hoffmann, 1988),

Symbiosis of intracellular bacteria Wolbachia with insects:
a hundred years of study summarized

Ho mrtamM wMel ObuT onrica Tosbko ciryctst 10 net (Zhou et
al., 1998). M. Riegler ¢ xoyuteramu (2005) BbIICTHIIH [Th pa3-
JIMYHBIX TEHOTUTIOB BonbOaxun y D. melanogaster Ha 0CHOBE
nonmMopdHBIX MapkepoB. [Ipeanonaranock, 4T0 HECKOIBKO
Pa3INYHBIX JIMHUH TPOU30IIIO OT OTHOH IPETKOBOM HHpEK-
wun Wolbachia (Riegler et al., 2005; Hilgenboecker et al.,
2008). HoBble u BriepBble onucannbie Bapuantel Wolbachia 'y
D. melanogaster 00ObIYHO HAa3BIBAIOT B JIUTEPATYPE LITAMMAMHU
(Lo et al., 2007). YacTo B UCCIIeIOBAHNH, TPEICTABIISIIONIEM
HOBBIH IITAMM, HEJOCTATOYHO MH()OPMAINH, TTO3BOJISIOIIEH
OTHECTH €ro K OJTHOMY M3 M3BECTHBIX TCHOTHIIOB.

B Hacrosiiiee BpeMst OIiMcaHo MIeCTh reHOTHIIOB W. pipien-
tis, BcTpedaronuxces y D. melanogaster (puc. 2). x pa3nersi-
10T Ha JiBe rpynisl: wMel (reHotunsl wMel, wMel2, wMel3,
wMel4) u wMelCS (reroturnsr wMelCS n wMelCS2) (Rieg-
ler et al., 2005; Ilinsky, 2013). CexBeHUpOBaHHE TEHOMOB
Wolbachia oxa3ao Hau4re OONBIIOTO KOJTHYCCTBA IOBTO-
POB, B TOM YHCJIe HHCEPLIHMOHHOI 1OCIeI0BaTeNbHOCTH (in-
sertion sequences, IS) ¥ TaHIEMHBIX TOBTOPOB, BApHATHBHBIX
no uuciy (variable number tandem repeats, VNTR). I'eHo-
TUIBI Pa3IMYAIOTCS MO MOIUMOpGHU3MaAM TISITH MapKepoB
reHoma: Hajnuyue uHBepcuu B jiokyce WD0394-WD0541
(Ha puc. 2 HanpaBieHue (hparMeHTa 0003HAYECHO CTPEIKON);
pasnuyalonyecs B YKcie TaHAEMHBIX ITOBTOPOB MapKepbl
VNTR-105, VNTR-141 (4ucio noBTopoB 0603Ha4eHO U (-
pamu niog HUMH); IS5 WD1310, IS5 WD0516/7 — nokycsl
nHCepuuu [S-37eMeHTOB. DTH MapKepbl UCTOIB3YIOT IS
reHotunupoBanust Wolbachia W3 M30IITOB €CTECTBEHHBIX H
nabopartopHbIX momyisuuit D. melanogaster (Riegler et al.,
2005; Ilinsky, 2013).

Crenyer OTMETUTb, 4To 1y1s reHotua wMelCS Taxoke oru-
CaHo J[Ba [ITAMMa, OTIIMYAOIIMXCSI 110 BIMSHUIO Ha XO3SMHA U
10 TEHETUYECKOM CTPYKTYPE, XOTS 3TH OTIMIHS HE IETEKTUPY-
10TCs Ipu TeHoTHIIIpoBaHuH 110 (Riegler et al., 2005). [1epBrit
W3 9THX IITaMMOB — 3TO MaToreHHsIi mramm wMelPop (ot
CJIOBA ITOITKOPH ), BBI3BIBAIOIIHH MPEXKIEBPEMEHHYIO THOEIh
MHQUIMPOBAHHBIX UM MYX 3a CUET CBOEH HEOrpaHWYECHHOI
nposnudepanyy, NpUBOASIICH K MEPEHOJIHEHUIO U Pa3phIBY
kieTok xo3suHa (Min, Benzer, 1997), u umeromumii oBbI-
IIEHHYIO KOIMMHHOCTh OJI0Ka M3 BOChbMH TeHOB Octomom, ¢
KOTOpPOM CBSI3BIBAIOT BBI3bIBAcMyIo mrTamMmom wMelPop ma-
tonoruro (Chrostek et al., 2013; Chrostek, Teixeira, 2015).
Bropoii mramm, wMelPlus (0T «muttoc» B 3HaYEHUH «I03HU-
TUBHBII), HE onperesnsieMblii o M. Purnepy ¢ xoyuteramu, HO
omMYaromuiics 60mbIIoi (mpuMepHo 1/6 TeHOMa) HHBEpCHEeH
ot apyrux npexacrasureneit renoruna wMelCS (Korenskaia
et al., 2022), HanpoTHB, UMEET MMO3UTHBHOEC BIHMSIHHUC HA
JKM3HECIIOCOOHOCTD XO35MHA, OBBIIIAs €T0 YCTOHYMBOCTB K
temwioBomy crpeccy (Burdina et al., 2021). OTKpbITHS 3THX
[ITAMMOB OBUTH OOJIBIION HEOKHMIAHHOCTHIO MPH HUCCIICIO-
BaHNM (HEHOTUNMHUYECKUX OTINYMN IuHUA D. melanogaster,
HECYIINX HX, OT JIMHAH C «HOPMAJIbHBIMH» ITOKA3aTEISIMU.
beur Taxke oOHapykKeH MITaMM, ITOJIYYHBIINN Ha3BaHUE
wMelM, KOTOpBIH MOBBIIIAET yCTOHYMBOCTH X03sMHA D. me-
lanogaster x TENIIOBOMY CTpECCY, OHAKO HE OTIMYAETCS 10
Mapkepam, o M. Purnepy ¢ komuteramu, ot renotuna wMel
(Gu et al., 2022). Ot Tpu mpuMepa AEMOHCTPHUPYIOT, YTO
00BIIIOE TEHETHYECKOE Pa3HOOOpa3ue MOXKET OBITh CKPBITO
OT HCCIIe/IoBaTENeH 32 OIMHAKOBBIMU SPJIbIKAMU TEHOTHIIOB.
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Puc. 2. XpomMoCOMHble KapTbl WeCTV pa3nnuHbix reHoTunos W. pipientis, BbigeneHHbix n3 D. melanogaster, a Take Tpex YHVKaNbHbIX WITaMMOB
(wMelPlus n wMelPop, otHocAwmxcaA K reHotuny wMelCS, n wMelM, oTHocAwerocs K reHotuny wMel).

0603HaueHbl: 3eN1eHbIM LIBETOM — MHBepCuA, oTanvatowan reHotun wMel ot wMelCS; xentbimn 1 cHUMy 6n1oKamMu — NocejoBaTeIbHOCTY, BXOAALLVE B HBEP-
cnto y wMelPlus, Ho He 3aTpoHyTble HBepcueit y wMel-rpynnbl; ManuHoBbIM 6110KoM — nocnefoBaTenbHocTb Octomom (Chrostek, Teixeira, 2018).

s oOHapyKeHHs MOAOOHBIX Pa3TUYNil B TEHOME IITaM-
MOB TIOJIXOAUT ITOJTHOTEHOMHOE cekBeHHpoBaHue. [Tpu stom
HYXHO Y4YMTBIBaTh, 4TO IMpU cOOpKE FreHOMa C OTOpOii Ha pe-
(hepeHCHBIH €CTh BEPOATHOCTD YIICTUTh HAJTHINE HHBEPCUI
(BO3HHKAIOT TPYTHOCTH 3a CUET HAJIMYHSI B TCHOME ITOBTOPOB
1 KOPOTKOW JJTUHBI IPOUTEHUI).

Psin BompocoB, oTHOCSIIIUXCS K reHOTHNIAaM Wolbachia, xo-
Topble HHGUIUPYIOT D. melanogaster, 3aCITy)KMBaeT OTACIb-
HOro paccMorpeHus. B mpupomubix nonymsinusx D. mela-
nogaster Hanboiee pacrpoCTpaHEHBI TeHOTUNHI wMel n
wMelCS, npu sTom wMel 3naunTensHo peodnagaet (Riegler
etal., 2005; Nunes et al., 2008; Ilinsky, 2013). Cymectyer ru-
MI0TE€3a O TOM, YTO 3TOT TEHOTHUII TOCTETICHHO BBITECHUII paHee
npeobnagasmmii wMelCS (Riegler et al., 2005). ITokazano,
910 3P PEKT CMEIICHHUS TEIUIOBOTO MPEAMOYTCHHUS B CTOPOHY
Ooree HU3KUX TeMmIeparyp y apo30hui, HHGHUINPOBAHHBIX
Wolbachia, no cpaBHEHHIO C HEMH(DUIIMPOBAHHBIMU MyXa-
MU CHJIbHEE BCEro MposBIsieTcst y NuHuil D. melanogaster,
WHOHUIUPOBAHHBIX mTaMMaMu Wolbachia rpymmst wMelCS
(Truitt etal., 2019). C npyroii cTOpOHBL, €CTh JAaHHBIE O HU3KOM
TeHETUYECKOM NosIuMophu3me reHoTunoB rpymis wMelCS
B IlaneapkTuke, npoTHBOpEYaIINe TUIIOTE3E, YTO NI00AIB-
Hast 3aMeHa reHotunoB Wolbachia mponzonuia HeAaBHO, U
CBUJIETEJIbCTBYIOIIME O TOM, YTO B 9TOIl 00JIACTH €111e MHOTO
HeBbIsicHeHHOTO (Bykov et al., 2019).

[lepBBIM MITAMMOM C MOJHOCTBIO POYNTAHHBIM U aHHO-
TUPOBaHHBIM reHOMOM Oaxrepuu Wolbachia siensiercst wMel
(Wu et al., 2004). Pazmep renoMa 3TOro mramma COCTaBISIeT
1267782 1. 0. 1 Bkaro4yaeT B cebds oxosto 1270 Oestok-koau-
pytomiux renos (Porter, Sullivan, 2023). 3HauUTEIBHBIX OT-
JIMYHH 110 pa3Mepy ¥ TeHHOMY COCTaBy OT IITAMMOB I'€HOTHITA
wMelCS, nckimouast yHukanbHbIi mraMmm wMelPop, koTopsrit
uMeeT 0co0yro 00IacTb reHoMa, 00pa30BaHHYIO TOBTOPAMH
nocienosarenbHocTH Octomom (Duarte et al., 2021), He mo-
kazaHo (Chrostek et al., 2013; Korenskaia et al., 2022).

N3yueHne mexaHM3mMOB B3auMoAenCcTBUA
B cucteme «Wolbachia-xo3anH»
[IpennmpuHUMaNHCh KPyITHOMACIITAOHBIE TOMCKH BO3MOXK-
HBIX MOJIEKYT-3()(heKTOPOB, TIPH ITOMOIIH KOTOpBIX Wolbachia
MOJKET OKa3bIBaTh BO3ACHCTBHE Ha opranu3M xo3suHa (Ote et
al., 2016; Sheehan et al., 2016; Rice et al., 2017). [{ns Toro
4yTOOBI OaKTEpHUsi MOIIA BIMSATH Ha MPOIECCHl BHYTPH dyKa-
PHOTHYCCKHX KIETOK X035HUHa, MOJICKYIbI-3()(EKTOPBI, BEPO-
STHO, JOJDKHBI UMETh TOMOJIOTHIO ¢ KAKIMHU-TTHO0 MOJIeKyJIa-
MU, CHHTE3UPYEMBbIMHU B OPTaHU3ME XO35HHA.
BakrepuanbHBIN TeHOM Y4acTo MPHUOOPETACT YyKEPOIHBIH
TCeHETUYECKAN MaTepHai u3 3YKapUOTHIECKUX KIETOK, KO-
TOPBII COXpaHSET MO KpaliHEeH Mepe 4acTh CBOEH UCXOIHOU
AKTHBHOCTH, & IPOAYKTbI 3THX JIOMEHOB BBIACISIOTCS B LU~
Tora3My dykapuormdeckoit kieTku (De Felipe et al., 2005).
IIpoBeneHo uccnenoBanue, B KOTOpoM 163 reHa-kanaugara
u3 reHoma mramma wMel ObuiM 0TOOpaHbl OHOMH(pOPMATH-
YECKUMH METO/IaMHU, a 3aTeM OBIJIO ITPOaHaTH3HPOBAHO BIIHSI-
HHE MPOAYKTOB TPAHCKPUNINHU 84 3THX T'€HOB Ha JPOXKIKH
Saccharomyces cerevisiae (Rice et al., 2017). B pesysbrare
9TOTO aHaJIN3a OTMEYCHBI Ae(PEKTHI POCTa JPOXOKEH U BBIIC-
neHsl 14 reHoB HanOoee BeposTHBIX 3 dektopos (Rice et al.,
2017), Tpu 13 KOTOPBIX COAEPKaT AaHKMPHHOBBIE TOBTOPEI, UTO
MOYKET CBHJICTEIHCTBOBATH 00 MX YyUACTHH B OEITOK-OSITKOBBIX
B3aUMOJICHCTBHSX C MX X0351€BaMH-YJICHUCTOHOTHMH.
[Tockonbky cyliecTByeT bapbep MEXy OpraHU3MaMH dH-
JIOCUMOWMOHTA ¥ XO3SIMHA, IS BBIICICHUS MOJEKYI-3(dek-
TOPOB 3a IpeJeNbl OaKTepUH HEOOXOIUMBI CIEIIHATIbHBIC
cucteMsl cexkperi. CekpeTopHble CUCTEMBI OaKTepHil co-
CTOST U3 OETTKOBBIX KOMIUIEKCOB M OTBEUAIOT 32 MPOXOXKICHIE
MaKpOMOJIEKYJT uepe3 MeMOpaHbl. Y OakTepuii cexpenus He-
00xoarMa sl TPUCIIOCOOICHHUS K YCIOBUSAM CPEJIbl U 00eC-
TIEUYEHUS] TAaTOTEHHOCTH HEKOTOPBIX M3 HuX. Tak kak Wol-
bachia — >H10CUMONOHT, CUCTEMa CEKPELMH SIBIISICTCS BaXK-
HBIM MHCTPYMEHTOM B3aMMOJICHCTBUSI C KIIETKAMH XO3S5IMHA.
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Wolbachia ncrionb3yeT cUCTEMY CEKpPELUH JIBYX THIIOB (CM.
puc. 1, 6): I Tuna (type I secretion system, T1SS) u IV tuma
(type IV secretion system, T4SS) (Lindsey, 2020). Cuctema
cekpernnn | tuma cocrout m3 Tpex Oenmkos: ABC-Tpanc-
noprepa, Kotopslit 3aBucut oT AT®, MFP (membrane fusion
protein) 1 OMP (outer membrane protein — OeJI0K BHEITHEH
MemOpansl). Cucrema cexkperuu [V Tiia 00bIYHO COCTOUT U3
12 6enkoBbix komioneHToB: VirB1-VirB11 u VirD4 (Fronzes
et al., 2009). I'eHBI 3TOH CHCTEMBI CEKPEIHH PACTIOIOKEHBI
JIByMs KJIacTepamu B renome Wolbachia: TaniemMHo pacmoio-
JKeHHbIe TeHbl math OenkoB (VirB8, VirB9, VirB10, VirB11,
VirD4) u tpu 6enka (VirB3, VirB4, VirB6); B To Bpemst kak
reusl VirBl1, VirB2, VirB5 w VirB7 ytpauensl. beino moka-
3aHO, YTO TOCJIEI0BATEIBHOCTh U OPraHU3aIINs dTHX T€HOB
KOHCEPBAaTHBHBI y 37 MCCIeNOBaHHBIX MTaMMOB Wolbachia
(Pichon et al., 2009). DTu 1BE CEKPETOPHBIC CUCTEMBI II03BO-
JISIFOT BBLACIATH IUPOKUH CHIEKTP CyOCTPATOB, OT OTJEIBHBIX
0eKoB 10 KoMIIIeKkcoB Oenok-6ernok n 6enok-/IHK (Backert,
Meyer, 2006).

B renomax BoJib0aXxuu IPUCYTCTBYIOT T'€HbI, KOAUPYIOIINE
KaHaJbI cucTeM Sec (OCHOBHOI CEKpeTOPHBIN IMyTh, general
secretion system) u Tat (TBHH-apTMHUH 3aBHCUMBII IyTb,
twin-arginine translocation). TH CHCTEMBI OCYIIECTBIISIOT
TPAHCIIOPT OEJIKOB uepe3 KIETOUHYI0 MeMOpaHy BOJILOAXUU
B [IEPUIIIIa3MaTHUECKOE MPOCTPAHCTBO: Sec TPAHCIIOPTUPYET
pa3BepHyTHIe 6enKH, a Tat — CBepHYyTHIE 10 TPETUYHON CTPYK-
Typs! (Lindsey, 2020).

Wolbachia-conepskamirie BaKyoIH UMEIOT OO0IIee Mpowc-
XOXKIeHHe ¢ anmaparoM [ObIKH M 9HAOIIIA3MaTHIECKON
CEThIO Y HACEKOMBIX (CM. pHC. 1, 6, paCIIONIOKECHHE BE3UKYJ
B KJICTKE, B HW)KHEIl 4acTH pUCyHKa n300pakeHa Takas Ba-
kyousis) (Cho et al., 2011). [Ipeanonaraiot, 4To NONSIPHBIE
6emkn Van Gogh/Strabismus u Scribble moryT oTBeuars 3a
pacIoNOoKEHUE TAKUX BAaKyOJIeH HElaJIeKo OT MecTa CHHTE3a
memOpat (Cho etal., 2011). [nst mogepKaHust IEIOCTHOCTH
U CTaOMIBLHOCTH Bakyousieit Wolbachia B3anmonencTByer ¢
LIUTOCKEJIETOM KIICTKH XO35IMHA, TaK JKe KaK 1 OaKTepHabHbIe
MaTOreHbl, KOTOPBIE UCTIOIB3YIOT MO0OHBIE BAKYOIIH JIJIs 3a-
IIMTHL OT IMMYHHO# cuctemsl xo3suHa (Ferree et al., 2005;
Kumar, Valdivia, 2009; Creasey, Isberg, 2014).

Bonbbaxust HyxknaeTcst B CHAO)KCHHH MHOTUMH MeTa0o-
JIUTaMU CO CTOPOHBI X03sinHa (Jiménez et al., 2019; Newton,
Rice, 2020). BeiaBruHyTO npearnonoxeHue, uto mramm wMel,
oburaromuii B D. melanogaster, 3aBUCUT OT XO35WHA B Me-
TaboNIM3Me aJaHWHA, [IMIUHA ¥ CEPHHA, a TAKXKe B MPOU3-
BOJICTBE JIUTIOIIONIMCAaxapuaoB u ouoTnHa (Jiménez et al.,
2019; Newton, Rice, 2020). Wolbachia momHOCTBIO 3aBUCUT
0T x03siuHa B cHaOkeHuu xkene3oM (Gill et al., 2014; Jiménez
et al., 2019). C npyroii CTOpOHBI, I HEKOTOPHIX BUIOB Ha-
CEKOMBIX [T0Ka3aHa 3aBUCUMOCTD OT BEIIECTB, TOCTYAIOINX
ot BoipOaxum. Tak, kion C. lectularius micrionp3yeT pudbodia-
BuH (Moriyama et al., 2015) u 6uotun (Nikoh et al., 2014),
MOCTYHAIOIINE OT OAKTEPHH.

Cpenu BaXKHBIX MEXaHU3MOB B3aUMOJICHCTBHS BOJILOAXUU
C XO3MHOM MOXKHO YIOMSIHYTb €€ JIeHCTBHE Ha [IUTOCKENET
KJIETOK X0O3sIMHA. B3auMonelicTBUE C JMHENHOM U KUHE3UHOM
MHKPOTPYOOUEK KIETOK XO3SWHA 00eCIeunBacT BOIb0AXUN
TIOTIa/IaHNE B OOIMTHI, @ 3HAYUT, U PACHIPOCTPAHCHNE CPEITN
cnenytromiero nokonernus (Ferree et al., 2005). Taxxke Wol-

Symbiosis of intracellular bacteria Wolbachia with insects:
a hundred years of study summarized

bachia HaxomUTCsI B 3aBUCUMOCTH OT KJIATPHH/ TUHAMUH-3a-
BHUCHMOTO 3axBaTa KJIETKaMH XO3sIMHA ISl TPAHCIIOpTa M3
COMaTHYeCKo# KIeTkH B mojoByto (White et al., 2017).

Wuorna HaOmromatoT cirydan CoHTaHHOH yTpatsl Wolba-
chia, KOTOpBIE MOXXHO OOBSICHUTH JCHCTBHEM MMMYHHOM
CHCTEMBI XO3sIMHA MPOTUB 3TOi Oakrepuu. [loBpexaeHHbIE
opraHesuibl (HanpuMep, MUTOXOHAPHH) TIPECTABIISIOT YIPO-
3y nis kieTkd. [Ipu oOHapyXeHHH TakuX MOBPEXKICHUN
OpraHeiia yCTpaHsAeTCs IMyTeM U30MpaTenbHON ayTo(arim.
HenaBHo OBUTO MPOAEMOHCTPUPOBAHO, YTO STOT MEXAHU3M
IpUMEeHHNM U K BonsOaxun (Hargitai et al., 2022). lerpananus
P TIOMOIIH JIM30COM BaKyoJIeH, COAepIKaliX BOJILOAXUIO,
MOXKET OBITh OCHOBHOM NMPUYMHOMN camou3nedenus. [Tokaza-
HO, YTO CTapeHHe NMPHUBOJUT K CHMKEHHIO 3(deKkTHBHOCTH
yAaJIeHus BOIbOAXUH U3 KIETOK, B PE3yJbTaTe 4ero Boib0a-
XMsI aKTUBHO Pa3MHOXKAETCS M MOBBIIIAET CBOIO MJIOTHOCTh
B KJeTkax xo3snHa (Hargitai et al., 2022). Ha ocHoBanuu no-
JIy4EHHBIX JaHHBIX aBTOPBI IPHUIIUIH K 3KJIFOYEHHIO, YTO ayTO-
(harust MOXKET OBITh MEXaHU3MOM KOHTPOJISi BUPYJICHTHOCTH
BOJTEOAXHH.

JIorHYHO TPEIOIOKNTh, YTO, €CIIN SHAOCUMONOHTHI Ha-
OrOAIOTCS Y MHOTHX TTOKOJICHHH OIHUX M TEX e XO35€B,
MMMYHHBIH OTBET XO3SMHA Ha 3TOT OPTaHW3M CHIDKEH. Tak
Kak Wolbachia siBnsieTcst caMbIM paclnpOCTPAHEHHBIM CHM-
OHMOHTOM OECIIO3BOHOYHBIX, TO, BEPOSITHO, 3TH OaKTepUU
BbIpaboTany 3P HEeKTUBHBIN MEXaHH3M 3aIHUTHI TPOTHB UMMY-
HHUTETA X0351MHA, TOJILKO HHOTIIA Jaroleii c0oii. briio BIABH-
HYTO TIPEIIONI0KEHHE, YTO HOBOE IIPHOOPETECHNE NHPEKINT
Wolbachia BbI3bIBa€T UIMMYHHBIH OTBET M OKHCIIHTEIIBHBIH
CTpecC y X031Ha, B TO BPeMsI KaK IPH J0JIT0 HaOII0IaeMOM
(hakre cuMOMO3a C KOHKPETHBIM IITaMMOM (yCTOHUYMBOM
accOIMaIMK ITaMMa 0aKTepHU M KOHKPETHOM MOMYJISINN Ha-
CEKOMBIX ) MH(EKINS HE CBA3aHA C OKUCIUTEIIBHBIM CTPECCOM
(Zug, Hammerstein, 2015).

MCCHeHOBaHI/Iﬂ, noceALeHHble
TPAHCKPUNTOMHOMY aHanu3y B3anmMoaencTBuin

B cucteme «Wolbachia—xo3anH»

CoBpeMeHHEIE TTOIXOIBI OTIpeIeNICHHs cBs3el Mexxay Wolba-
chia v XO3MHOM OITMPAIOTCS HA IaHHbIE aHAJIN3a CEKBEHUPO-
BaHUsl. BakHO MHTEPIIPETHPOBATH PE3YIIBTaThl HCCIIEIOBAHUH
TEHOMOB IITAMMOB BOJILOAXMH B TaHJIEME C pe3yJbTaraMu
MCCIICZIOBAaHUI TPAHCKPUIITOMA XO3sIMHA.

AHanm3 TpaHCKPHUIITOMOB JIMHUH D. melanogaster, nagu-
upoBaHHEIX Wolbachia, HapaBHE C TECHOMHBIMH HCCIIEIOBA-
HUSIMU, MOXKET TIPOJIUTH CBET Ha MOJICKYJISIPHBIE MEXaHU3MBbI
B3aUMOJICHCTBHS MEXK/y STHMH YacTAMHU cHCTeMbl. OJIHaKO
y IAaHHOT'O METO/1a UMEIOTCSI HEJIOCTATKH, KOTOPbIE ObLTH He-
OJIHOKPATHO TIOTYEPKHYTHI B TPOBECHHBIX UCCIIETOBAHUSIX.
KonmuecTBo Marepmaia xo3siMHa Beeraa OyaeT OoIbIne, 9eM
KOJIMYECTBO MaTepHala d3HI0CUMOHOHTa. UTOOBI 060ITH 3TO
orpaHuueHHe, ObUTO OBl JIOTHYHO HCIIONB30BATh HE LEI0e
HAaceKoMOe, a TOJIBKO T€ OpraHbl, KOTOpbIe OOraThl ATOW Oak-
tepueid. [lon 31O ycnoBue noaXoasaT penpoayKTUBHbIE Opra-
HBl HACEKOMOTO; OBbUIM OCYIIECTBIECHBI COOTBETCTBYIOIIUE
nccnenoBanus Ha ssmaaukax (He et al., 2019; Frantz et al.,
2023) u na cemennukax (He et al., 2019; Detcharoen et al.,
2021). Omnaxo pa3nuyus B ypOBHSIX 3KCIIPECCHH I'EHOB MEK/TY
HE3aBUCHMBIMH 00pa31iaMH OJIHOTO THUIIa (O/{Ha JINHUS, HHPHU-
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LMPOBAHHAS OJTHUM IITAMMOM) YaCTO OKa3bIBAIOTCSI TAKUMHU
K€ 3HAUMMBIMH, KaK Pa3IHyKs B YPOBHSIX IKCIIPECCHH TCHOB
Mexay pasabivu Tunamu (Detcharoen et al., 2021). Do, Han-
Oomee BEpOATHO, OOBACHSACTCS BKIIAZOM JIPYTUX (haKTOpOB,
TaKMX KaK HECTAOWJIbHBIC BHEIIHHE YCIOBUS HA MOMEHT
BeIgenenus PHK.

Amnanus tpaHckpunroma y D. melanogaster, nHpuuupo-
BaHHBIX BOJILOAXMEHl, IPOBOIUIN TAKXKE C UCTIOIb30BAaHUEM
JIEBCTBEHHBIX M OTUTOJOTBOPEHHBIX caMoK (Detcharoen et al.,
2021; Lindsey et al., 2021; Gruntenko et al., 2023), am6puo-
HOB (Mateos et al., 2019). IIpu 3ToM B mocieaneii padore
He 00HapYKEHO CYIIECTBEHHBIX pa3nnyuii B coctae MPHK
M1y SMOpHOHAMH, 3apayKeHHBIMU BOJIbOAaxueil, u HenHpu-
nupoBanHeiMU (Mateos et al., 2019), 4To, BEepoOsSITHO, TaKKe
MOYXHO OOBSCHHUTD BKJIAIOM HHBIX (haKTOPOB.

HecMoTps Ha yka3aHHbBIC HEJAOCTATKH HCIOJIb30BAHUS
TPAHCKPUIITOMHOTO aHAJIM32a JUISl H3YUCHHMS BIMSTHUS BOJIb0A-
XHH, C €ro HOMOIIBIO YAAJIOCH OJTYYUTh 3HAYUMBIE PE3YJIbTa-
ThI, KACAIOIMECS PA3HBIX ACIIEKTOB B3aMMOJCHCTBHUS B rape
Wolbachia—Drosophila. Jlanee Mbl pacCMOTPUM HECKOJIBKO
UCCIIEZIOBaHUI, OCYIIETBICHHBIX 32 TIOCJIEHHUE TISITh JIET.

B xozme m3yuenus sBienus [[H u ee MmexaHm3MoB ObuTH
MPOaHATN3NPOBAHbI CHavYala TPAHCKPHUIITOM SHYHHUKOB, a
3aTeM TPaHCKPUIITOM CEMEHHUKOB B3pPOCIBIX 0cobeit D. me-
lanogaster (He et al., 2019). CpaBHeHUs ObLIHM MTPOBEACHBI
MEXK/1y TPAHCKPUITOMAMH HEMH(GHUIIMPOBAHHBIX U HHUIIN-
pOBaHHBIX mTaMMoM WMel HacekoMbIX. Bbuin BeIIETEHBI
cieyronye (yHKIMOHAIBHBIE TPYIIIBI TEHOB, KOTOPBIE TIO-
TEHIMAJILHO BOCIIPHMMYHUBBI K BOJILOAXUH: «METabOIN3MY,
«TPaHCIIOPT», OKHCIINTEIbHO-BOCCTAHOBUTENIBHBIE ITPOIIEC-
CBb), KAMMYHUTET» M «MHAMBUyaJbHOE Pa3BUTHE». BbuIO
MPE/IIOI0KEHO, YTO BOJILOAXHst 00yCIIOBIMBACT Pa3HOHAIIPAB-
JICHHYIO PETYIAILHUIO TPAHCKPHUIILIUK PAJja TEHOB Y CAMOK U
cam1ioB po30¢uibl. COrIacHO 3TOMY HPETIONI0KEHHNIO, KOTIa
MH(UIIPOBAHHBIE CaMIIbl CIAPUBAIOTCS C HEMH(UIINPOBAH-
HBIMH CaMKaMH, y 00pa3yronuxcs SMOpHOHOB HapymaeTcs
OaylaHC colep)KaHUs KOMIIOHCHTOB BOCCTaHOBJICHHS (ep-
TUJIBHOCTH, YTO ¥ BBI3BIBACT dPQEKT IIUTOIIA3MaTHIECKON
HecoBmectumocTH (He et al., 2019). Ota monynspras rumo-
Te3a BO3HUKHOBeHUsI [{H Ha3bIBaeTcst MOZIEIIbIO TUTPOBAHHSA-
crniacenus (titration-restitution model) (Poinsot et al., 2003).

MmetoTcst Takke NOJTydeHHBIE IpyTOi IPYIITON Hccle[oBa-
TeJeil JaHHbIE TPAHCKPUIITOMOB, TTOCBSIIIIEHHBIE TEME [[UTO-
MJIa3MaTndeckol HecoBMecTUMOCTH. TIpoBenena pabora mo
W3YYIEHUIO BIMSHUS PA3IMYHBIX HI0CUMONOTHUECKUX Oak-
TEpHUil Ha TPAHCKPHUIITOM PaHHUX 3MOpHOHOB D. melanogas-
ter, HO 3¢ peKTa ucronb30BaHHOTO mTamma Wolbachia wMel
Ha TPaHCKPHUIITOM XO3sMHA He oOHapykeHo (Mateos et al.,
2019). UccnenoBarenu MpUILIK K BBIBOLY, 4TO mTamm wMel
HE U3MEHSET MaTePUHCKHE TPAHCKPHUIITHI U HE MPUBOAMT K
ux nerpaganuu (Mateos et al., 2019).

Bbu10 M3ydeHo BIMSHHUE BONBOAXMN HA PA3IHYAIONINECs
no reHotuny nuHUN D. melanogaster (Frantz et al., 2023).
VYueHble MCCIe0BalIN TPAHCKPUNTOMBI SIMUHUKOB BOCEMH
JMHUI 1po30(MII: YeThIPEX TeHETHUYECKH Pa3InyatoinXcs
JIMHUH, HECYIMX OJIMH FCHOTHUIl BOJbOAXUH, U YETHIPE OT-
BOJIKHM ATHX JINHHH, KOTOPBIE OBLTH N30aBICHBI OT BOIH0AXUH
B pe3yibTare 0OpabOTKH TETPauMKINHOM. [ eHOTHIT TMHUH
XO35MHA OKa3aJIcsi 0oliee 3HAUMMBIM (DaKTOPOM, BIUSIFOIIIAM Ha
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TPAHCKPUIITOM M3YYCHHBIX JIMHUH, 4eM HaJIMUHe HIIH OTCYT-
CTBHE B HUX BosibOaxuu. OJJHAaKO BCe e yAaI0Ch OOHAPYKUTh
BBI3BIBAEMbIC BOJIBbOAXMEH Pa3Nuuusl B IKCIPECCUU T€HOB
XO35IMHA, BOBJICUCHHBIX B ITyTH, CBI3aHHBIE C KOHTPOJIbHBIMHU
TOYKAMH KJIETOYHOTO INKJIA, TPAHCIISIIIUEH 1 METa00IN3MOM,
a TaKKe C JICJIEHHEM KJIETOK M IpolleccaMy PeKOMOWHAIINH
(Frantz et al., 2023).

HccnenoBanue, BBINOIHEHHOE HA CEMEHHUKAX JIBYX BUIIOB
Ipo3odui, OBIIO HAMPABICHO HAa M3YUYCHHUE Pa3IHuuil BO
BIUSHUY mTaMMa wMel Ha HCXOMHBINA BHJT X03suHA (D. me-
lanogaster) v Ha HOBBIN BuA xo3suHa (D. nigrosparsa), Ko-
TOPOMY ITyT€M MCKYCCTBEHHOW TpaHCHH(EKIINH BOIBOAXUHT
BHecM ykazaHHbli mtamM (Detcharoen et al., 2021). O6Ha-
PY>XEHHBIE pa3JInyusl 3aTPOHYIIN TaKWe IPYIIIBI TEHOB-OPTO-
JIOTOB, KaK «OKHCIUTEIbHO-BOCCTAHOBHUTEIBHBIE IIPOIIECCHIY,
«CBSI3BIBAHHME MOHOB JKEJIE3a», «aKTUBHOCTh MOTECHIMAI-3a-
BHCHMBIX KanneBbIX kaHanoB» (Detcharoen et al., 2021).

Jnist u3ydeHns MEeXaHu3MOB NTPOTHBOBUPYCHOM 3aIINTHI
HACEKOMBIX-XO0351eB, KOTOPYIO 00€CIICUNBACT BOILOAXHMS, ObLITH
MPOaHAIM3UPOBAHBI TPAHCKPUNITOMBI MyX D. melanogaster,
MHOUIHUPOBAaHHBIX mTamMMoM Wolbachia wMel2 (Lindsey et
al., 2021). B cxeme 3KcriepuMeHTa OIHOBPEMEHHO YUHTHI-
BAJIOCH J1Ba (hakTopa: MHPUINPOBAHHOCTH BOJIBOAXHUEH MITH
ee OTCYTCTBHE M MH(HUINPOBAHHOCTH BUPYCOM JIMXOPAIKH
Cunnouc (Sindbis virus, SINV) unu oTcyrcTBue BHpyca.
BbLH MosTy4eHo YeThIpe IpyIIbl HACEKOMBIX (CO BCEMU BO3-
MOYXHBIMH KOMOMHAITUSIMHE 3THX JIBYX (PAKTOPOB).

B pesynbrare mpoBEeIEeHHOTO aHaM3a ObUIM BBIJCICHBI
cienyromue (yHKIMOHAIBHBIE TPYTIBI T€HOB, KOTOPHIE
MOTEHIMAIBHO SIBJISIOTCSI BOCIIPUUMYUBBIMH K BOJIHOAXHUH:
«OTBET Ha CTPECCy», «CBs3bIBaHME U npoieccupoBanue PHK»,
«MeTaboIM3M», «yOMKBUTUHHPOBAHHE» M «TPAHCKPHIIIIUS
U TpaHcIsusy. MccnenosarensiM He yaanock 0OHapyKUTbh
KOHKPETHBIE TeHbI, YPOBEHb IKCIIPECCHH KOTOPBIX MEHSUICS
OBl B pe3yibTare B3auMoJIeHcTBHS BosibOaxuu u Bupyca. On-
HaKO OHU ITOCTPOWIIN €AMHYIO TEHHYIO CETh, CBS3BIBAIOIIYIO
reHbl, pearupyrolye Ha BoJIb0aX 1o, FeHbl, pearupyromye Ha
BUPYCBI, M TEHbI, Y€l OTBET ObLIT BHI3BaH COBMECTHBIM BIISI-
HHEM BOJIbOAaXHM U BUpyca. B 3Ty ceTh 0Ka3annch BKIIOUEHBI
TOJIBKO T€ TE€HbI, KOTOPBIX MO’)KHO OTHECTH K IpyTIIe «MeTado-
JTU3M» (B OCHOBHOM IIPOIIECCHI METa00IM3Ma aMUHOKHCIIOT
n OmocunTe3 mypuHoB). A.R. Lindsey ¢ xomreramu (2021)
MPEATIOIOKHUIIN, YTO OOHAPYKEHHOE MU BIIUSTHUC BOJIBOAXHU
Ha CHHTE3 HYKJICOTHI0B X035MHa MOXKET OBbITh IIPUYMHOM O~
JIaBJICHUS! PETUIMKAIINU BUpPYCA.

B pabore, mMOCBAMIEHHOW U3YYCHHUIO ITOJIOKUTEIHHOTO
BIIMSTHMSA IITaMMa BosibOaxun wMelPlus Ha ctpeccoycroiiun-
BOCTb MyX D. melanogaster (Gruntenko et al., 2023), Obutn
CpaBHEHBI TPAHCKPHUIITOMBI UMaro CaMoK TpeX JIMHUH MyX C
OJIMHAKOBBIM SIIEPHBIM T€HOTHIIOM, HO Pa3JIMYarONIIXCs 110
MHPEKIIMOHHOMY CTaTyCy (HEeMH(PHUINPOBAHHBIC, MHPUITHUPO-
BaHHBIE mTaMMoM WMelPlus, nHOUIIPOBaHHBIE ITTAMMOM
wMelCS'12). O6a mramma BoIb0axXMu BbI3bIBAIN H3MEHEHHS
B YPOBHSIX DKCIIPECCHN T€HOB, KOTOPBIE BXOJAT B (PyHKIIHO-
HaJIbHbBIE TPYIIIBL «TPaHCMEMOpPaHHbIH TPAHCHIOPT, IIPO-
TEOJIN3», TPAHCIIOPT U META0OIHM3M YIJICBOJIOBY, «OKHCIIH-
TEbHO-BOCCTAHOBUTEIILHBIE ITPOLIECCHI», «PETYIISIIUS AKTHB-
HOCTH IIENOYHOH (pocaras3py, «IMOpHOTEHE3», «OTBET HA
cTpecey». OnHako cocras uddepeHnnanTbHO IKCIPECCHPYIO-
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IIMXCS TEHOB B TPYIIaxX YaCTHYHO OTIINYAJICS MEKY JINHMUS-
MH MyX, HHQUIMPOBAHHBIX Pa3HBIMH IITaMMaMH BOJbOa-
XHH (TPAaHCKPUNTOMBI JIMHUH HH(UINPOBAHHBIX MyX TTOTIAp-
HO CPaBHHMBAJIM C TPAHCKPHUIITOMaMH HEMH(UIIMPOBAHHBIX).
I'maBHOE pa3iune B 3KCIPECCHU T€HOB OTBETA HAa CTPECC 3a-
KJIFOYaJIOCh B TIOBBIIICHUN YPOBHSI TPAHCKPUIIIIMHU I'eHa KO-
pazonuHoBoro penentopa (CrzR) y MyX, THPUIMPOBAHHBIX
mraMmmoM wMelPlus. Taxoke Obu 00HAPY)KEHBI PA3ITHIUS
MEXIy JUHUAMH MyX, HHOUIUPOBAHHBIX PAa3HBIMH IITaM-
MaMH{ BOJIEOAXHH, B IKCIIPECCHH Pa3HBIX T'€HOB ILEIIOYHBIX
(hocdaras (UTparoT poik B OTBETE HA CTPECC, yUACTBYIOT B
Kackaje cuHTe3a JodamuHa) (Gruntenko et al., 2023).

Takum 00pa3oM, MOXKHO 3aKIIOUHTE, 4TO Wolbachia Bivsiet
Ha DKCIIPECCHI0 COTEH Te€HOB y MyX poxa Drosophila. Otn
M3MEHCHHUS 3aTParuBaroT MHOXKECTBO ITPOLIECCOB, O0bEANHSIC-
MBIX B ()yHKLIMOHAJIbHBIE TPYIIIbI 33/1eHCTBOBAaHHBIX T€HOB,
Ha0Op KOTOPBIX Pa3JIMYaETCs B psifie MPOBEAECHHBIX HCCIIEN0-
BaHMH. B cBotO ouepens, (PyHKIIMOHATIBHBIEC TPYIITEI MOXKHO
COOTHECTH C M3BECTHBIMHU d(dekTamMmu BOIbOAXHH, KOTOPbIE
BIIMSIIOT Ha HAOMIOAaeMblil ()EHOTUI XO3siMHA. Pe3ynbrarsl
MIPOBEJICHHBIX MAacCIITAOHBIX HMCCIICIOBAHUN TPAHCKPUIITO-
MOB HaCEKOMbIX, HH(HUIHMPOBAHHBIX BOJIbOaxueH, B Oymy-
IIEM MOTYT IIOMOYb 3a/1aTh HAIIPABJIEHHE [UIs O0JIee TOUETHO
c(hOKyCHPOBAHHBIX IKCTIEPUMEHTOB JJIs1 KOHKPETH3AILH Me-
XaHU3MOB B cucteMe « Wolbachia—xo3s1un».

C pa3BuUTHEM TEXHOJIOTHI CEKBEHUPOBAHUS CTAIIN JOCTYTI-
HBIMH HOBBIE HHCTpyMeHTHI. [Tpn momomm CappableSeq no-
JY4YHIIOCh cOOparh TPaHCKPUITOM BOJBLOAXHUU M3 HEMATO[|
(Luck et al., 2017). DTOT MeTOI MOXET OKa3aThCsl OUYCHD
MIEPCIIEKTUBHBIM U JUIS N3yUYEeHUS] TPAHCKPUIITOMOB BOJILOA-
XMW HACEKOMBIX, HO TI0Ka HE OIyOJIMKOBAHO PE3yJIbTaTOB Ta-
KOTO aHaJIN3a.

OnHaKo OT pe3yNIbTaTOB YACTHBIX MCCIICTOBAHUN CIIOKHO
nepeiTy k 6osee r100aNbHBIM BbIBOAaM. KoMIuiekcHbIi aHa-
JIM3 JAHHBIX HECKOJIBKUX KCIIEPUMEHTOB M3BECTEH KaK MeTa-
aHaM3. DTO HANpaBJICHUE HAYYHOTO ITOMCKA MOXET B Oy/y-
IIeM OKa3aThcs HauboJiee MepCHEeKTUBHBIM IPU U3YYEeHUH
BIIMSTHUS BOJIBOAXHUN HA TPAHCKPUIITOM XO35HHA.

3aknioyeHune

Cucrema «Wolbachia—xo03a1H» SABISIETCSA OYEHb YCTOWINBOM.
Wolbachia 3BonroIMOHIPOBAJIa COBMECTHO C BU/IAMH-X035€-
BaMH, a TAK)Ke ObLIa OTHUM U3 ()aKTOPOB, HATIPABIISIFOLIMX X
SBOJIFOIHMIO. DTa CBSI3b HACTOJIBKO TITyOOKast M JIPEBHSIS, UTO
BOJH0AXUIO CPABHMBAIOT C OpPraHe/UIaMH KIIETKH, KOTOpBIC
HaxXoOdaTCs B UTOILIa3ME, TAKUMH KaK MUTOXOHAPHUHU U XJI0-
porutacTel. M X0Ts B 3TO# 005aCTH aKKyMYITHPOBAH THTAHT-
CKHUI1 00beM HH(pOPMAINHU, OYEHb MHOTOE €Il HEM3BECTHO O
MEXaHnU3Max MoAACPKaHUA [laHHOﬁ CHCTCMBI.

D101 00rmacTH GMOIOTUH ITOKA HE XBaTAET CUCTEMATH3AIINU
3HAHMH, KOTOpast Obl HE BBI3BIBAJIA IPOTUBOPEUUH, HAUMHAS
OT CHCTEMATHKH POJia U 3aKaHuMBas CXeMaru3alueil mose-
KyJSIPHBIX MEXaHU3MOB Bo3zeHcTBuUil. Wolbachia mprobperna
HEO/IHO3HAYHYIO PEIyTalnio, BBICTYHasi B OAHUX CIydasx
KaK Mapa3suTUYECKU OpraHu3M, a B JIPYTUX KaK MYyTyallu-
CTHYECKUH CHMOMOHT. 3a CTO JIET M3y4eHHs ITOT0 00bEeKTa
HE CJIOKHJIIOCH LIEIIOCTHON KapTHHBI.

ITockonbKy BOJIbOAXHUsl MPOCIIABUIACH MAHUIYIISIIHSIMHE
PETPOAYKTUBHON CTpAaTerny XO3sIMHA, OOJBITMHCTBO padoT
MIOCBSIIIICHO ATOH TEME, ¥ HEI0CTAaTOYHO BHUMAHHS y/IEIISETCS

Symbiosis of intracellular bacteria Wolbachia with insects:
a hundred years of study summarized

JIPyroii HEMAJIOBaXKHOW 00JIACTH — BIUSTHHUIO BOJHOAXHU HA
TIPOIIECCHI, MPOTEKAIOIIHE B COMAaTHIECKHX KIIeTKaxX. Bonbba-
XU OKa3bIBACT BO3CHCTBUE HE TOIHKO HA Pa3MHOXKCHHUE, HO
TaKKe Ha JPYTUe )KU3HEHHO BAKHBIC [TOKA3ATEIIN Y X03sSMHA.
Heob6xomnmMo mpoomkarts MCCIeI0BaHNEe MEHEe MOITYISIPHBIX
W U3YYCHHBIX aCICKTOB B3ammopenictBuil « Wolbachia—xo-
35IMHY C IPUBJICYCHUEM HOBBIX OMOMH(POPMATHUECKUX METO-
JTOB ¥ TEXHOJIOTHHA, TO3BOJISIOIINX CTABUTH MPHHINITHAIBEHO
HOBBIC PKCIICPUMEHTHI. [I[pUMEHEHUE ATHX TTOIXOO0B OIpe-
JICJICHHO YK€ CIOCOOCTBOBANIO 3HAYMTEIBHOMY IIPOrPECCY
B JJaHHOW 00JIaCTH, HO HA 3TOM pPa3BUTHE NPEACTABICHUI 00
OTHOIIICHHUSAX HACCKOMBIX M HII0CUMOHOTHICCKOH OaKTeprun
W. pipientis emie He OKOHYEHO.
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Abstract. Our purpose was to model a combination of a prolonged consumption of ethanol with Opisthorchis felineus
infection in mice. Four groups of C57BL/6 mice were compiled: OF, mice infected with O. felineus for 6 months; Eth,
mice consuming 20 % ethanol; Eth+OF, mice subjected to both adverse factors; and CON, control mice not exposed to
these factors. In the experimental mice, especially in Eth+OF, each treatment caused well-pronounced periductal and
cholangiofibrosis, proliferation of bile ducts, and enlargement of areas of inflammatory infiltration in the liver paren-
chyma. Simultaneously with liver disintegration, the infectious factor caused - in the frontal cerebral cortex - the growth
of pericellular edema (OF mice), which was attenuated by the administration of ethanol (Eth+OF mice). Changes in the
levels of some proteins (Iba1, IL-13, IL-6, and TNF) and in mRNA expression of genes Aif1, Il1b, 116, and Tnf were found in
the hippocampus and especially in the frontal cortex, implying region-specific neuroinflammation. Behavioral testing
of mice showed that ethanol consumption influenced the behavior of Eth and Eth+OF mice in the forced swimming test
and their startle reflex. In the open field test, more pronounced changes were observed in OF mice. In mice of all three
experimental groups, especially in OF mice, a disturbance in the sense of smell was detected (fresh peppermint leaves).
The results may reflect an abnormality of regulatory mechanisms of the central nervous system as a consequence of
systemic inflammation under the combined action of prolonged alcohol consumption and helminth infection.
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Opisthorchis felineus B coueTaHUM
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AHHoTauuA. ONnMCTopx03 — MapasnTapHoe 3aboseBaHNe, Bbi3biBaeMoe TpeMaTtogamu cemeictea Opisthorchiidae, K
KoTopomy oTHocuTCA BUg Opisthorchis felineus, makcmanbHO NpeacTaBiaeHHbIN y xuteneit O6b-UpTbilcKoro peyHoro
6acceliHa 3anagHon Cnbrpu. XpoHuuyeckoe ynoTpebrieHne ankoros BieyeT 3a coboi Hersneyrmble 3a6oneBaHNsA ne-
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AsryctuHoBuy, V1.B. Yapaesa, A.B. KusnmeHko ...
. EBceeHko, B.A. Hanpnmepos, M.H. JIbBoBa

YeHU, KOTopble MOTYT BbITb YCyry6neHbl MPUBHECEHMEM FeNIbMUHTHOWM UHGeKLUK. XpOHMYeCKoe BocrnaneHue Ha poHe
[BYX BO3[ENCTBUIA MOXET BbI3blBaTb HAPYLUEHNA B APYTMX OpraHax U CUCTeMax, B TOM Ynciie B LeHTpanbHON HepB.-
Hol cucteme. CoueTaHme anuTenbHOro notpebnenns 20 % staHona u nHdekuum O. felineus mofenMpoBany y Mblillein
C57BL/6 c uenbto uccnefoBaHna U3MEHEHWI B MO3re TaknX >KUBOTHbIX. Bbiniv cdopMupoBaHbl YeTbipe Fpynbl Mbilei:
OF — mbiwu, nHouymposarHbie O. felineus B TeueHne 6 mec; Eth — mbiww, notpebnsiowme 20 % staHon; Eth+OF — mbiwn
C coueTaHHbIM aencTemem ayx daktopos; CON — KOHTPOJIbHbIE MbILLK, He UCMbITbiBatoLLve 3T Bo3gencTaus. Oba dak-
TOpa BbI3blBafN Y Mblleil, ocobeHHo B rpynmne Eth+OF, BbipaxkeHHble nepuayKTanbHblii $prbpo3 1 xonaHrmoprnopos,
nponudepaumio >enuHbiX MPOTOKOB 1 YBeNMYeHNe YYacTKOB BOCMaNUTENbHON MHOUBTPALMM B MapeHXUMe nedeHu.
OpHOBPEMEHHO C HapyLIEHUAMM B NeYeHu, BO GPOHTaNIbHON Kope Mo3ra MHGEKLIMOHHBIV dakTop 06ycnoBnusan ycu-
neHve nepurLeniionAapHoro oteka (Mblwwy OF), caepxmBaemoro BBefeHvem staHona (mbiwn Eth+OF). Takxke o6Hapy»xe-
Hbl KonebaHus ypoBHeit 6enka (Iba1, IL-163, IL-6, TNF) n akcnpeccuu reHos Aif1, I1b, 116 n Tnf B runnokamne n oco6eHHO
BO GppOHTaNIbHOW Kope, NpeanonaratoLme pernoH-cneumnduueckoe HeiposocnaneHue. MoBefeHYeCKoe TeCcTUpoBaHme
MbILLEN MOKa3aso, YTo NoTpebneHre 3TaHoNa BAUANO Ha noBefeHNe Mbiwel Eth and Eth+OF B TecTe npuHyautenbHoro
nnaeaHua 1 Ha Startle-pednexc. B Tecte oTKpbITOro nons 6onee BblipaxXeHHble N3MEHeHUA NPONCXoanny y moliwwein OF.
Y XKUBOTHbIX BCEX TPEX IKCMEePHMEHTaNbHbIX Py, HO ocobeHHo y OF, BbiABNeHa aHOManua obOoHAHMA (Ha CBeXue
NINCTbA MATbI NepeyHoiA). MNonyyeHHble JaHHble MOTYT OTpaXKaTb HapyLLeHne pPeryaaTopHbIX MEXaHM3MOB B FOSIOBHOM
MO3re BClefCTBUE CUCTEMHOIO BOCMANeHUs Npu COYETaHHOM AeVCTBUM AJIUTENIbHOTO YNOTPeOIeHNs ankorons 1 reflb-
MUHTHOI MHEeKUNN.

KnioueBble cnoBa: mMbilww; nHdpekuusa Opisthorchis felineus; xpoHnueckoe NoTpebneHvie 3TaHONa; NeYeHb; MO3T; MUKPO-
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MnA; NpoBocCnannTesibHble LUTOKUHbDI; MOBeAeHMeE.

Introduction

The family Opisthorchiidae includes three species of trema-
todes: Clonorchis sinensis, most common in China, Korea,
and the Far East of the Russian Federation (35 million people);
Opisthorchis viverrini, widespread in Thailand and Laos
(10 million people); and Opisthorchis felineus, manifesting
the highest prevalence of infection among fish in water bodies
of the Ob-Irtysh basin in Russia (1.2 million people) (Mord-
vinov, Furman, 2010; Petney et al., 2013; Saijuntha et al.,
2021). The last two species cause opisthorchiasis when fish of
the family Cyprinidae are eaten raw or undercooked. During
prolonged helminth infection, mature worms parasitize not
only bile ducts of the liver and the gall bladder of piscivorous
mammals but also pancreatic ducts, as shown for O. felineus
and C. sinensis (Bernstein et al., 1994; Mordvinov, Furman,
2010; Lvova et al., 2023), thereby causing complications
such as various forms of pancreatitis (Gundamaraju, Vemuri,
2014). Given that opisthorchiasis upregulates proinflamma-
tory cytokines and leukocytes in the blood (Sripa et al., 2012;
Avgustinovich et al., 2022a), this disease is considered a sys-
temic illness that provokes pathologies in other organs and
systems of the body (Boonpucknavig et al., 1992; Akhmedov,
Kritevich, 2009; Bychkov et al., 2011), including the central
nervous system (CNS) (Lvova et al., 2020; Avgustinovich et
al., 2016, 2022b). One can expect the development of neu-
roinflammation during opisthorchiasis, judging by tenets of
the “liver—brain axis” paradigm (D’Mello, Swain, 2011). Ac-
cording to those authors, three proinflammatory cytokines —
interleukin 1 beta (IL-1B), interleukin 6 (IL-6), and tumor
necrosis factor (TNF) — in the blood are key promoters of
central neural changes in chronic liver diseases. In addition,
in the context of liver inflammation, activation of microglia
takes place with subsequent recruitment of blood monocytes
into the brain. All this strongly drives hepatic inflammation-
associated sickness behavior.

The daily alcohol (ethanol) abuse/misuse is a major cause
of inevitable damage to the liver (Collins, Neafsey, 2012). The
progression of alcoholic liver disease induces cirrhosis, liver
cancer, and acute and chronic liver failure and can be fatal
(Stickel et al., 2017). As determined by the World Health Or-

ganization (WHO. Alcohol. https://www.who.int/news-room/
fact-sheets/detail/alcohol), worldwide, 3 million deaths every
year result from overconsumption of alcohol, and this figure
represents 5.3 % of all deaths.

As with opisthorchiasis, excessive alcohol consumption
entails pathological changes in other organs and systems of
organs, for example, in the gut microbiota (Saltykova et al.,
2016; Bishehsari et al., 2017; Bajaj, 2019; Ketpueak et al.,
2020; Pakharukova et al., 2023; Yao et al., 2023). Aside from
the direct negative effect on the intestines, alcohol disrupts bile
acid synthesis in the liver during inflammation and impairs
bile acid entry into the gallbladder for subsequent secretion
into the small intestine. In this context, the reabsorption of
bile by the liver is impeded, which under normal conditions
is 95 %. Accordingly, in such patients, in addition to alco-
holic liver diseases, microbial composition and functions of
the intestine change, leading to functional alterations in the
“gut-liver—brain axis” (Bishehsari et al., 2017). As a conse-
quence, symptoms of hepatic encephalopathy are aggravated,
which are associated with microglial activation and subsequent
cognitive deficits (Bajaj, 2019).

On the other hand, alcohol can also have a direct impact on
the CNS by inducing cerebral cortical edema and electrolyte
(Na* or K*) accumulation (Collins et al., 1998), and during
chronic consumption, alcohol can cause neuronal loss in some
brain structures (the cerebral cortex, hypothalamus, hippocam-
pus, and cerebellum) (Harper, 1998; de la Monte, Kril, 2014;
Fowler et al., 2014). These effects are attributable to activation
of resident microglia and peripheral-macrophage infiltration
of the CNS, particularly in the hippocampus, and the two
processes together contribute to overexpression of proinflam-
matory markers in various regions of the brain, including the
cortex and hippocampus (Yang et al., 2014; Henriques et al.,
2018; Lowe et al., 2020). These phenomena negatively affect
cognitive abilities, learning, and memory (Geil et al., 2014).

In humans, these two adverse factors (alcohol consumption
and O. felineus infection) can often occur simultaneously.
Unfortunately, a combination of ethanol consumption with
chronic O. felineus infection can have irreversible conse-
quences for humans, as previously shown in a model of such
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a combination (Avgustinovich et al., 2022a). In that work,
a more pronounced liver pathology was accompanied by
splenomegaly due to structural changes in the spleen as well
as elevated levels of 1L-6 and higher leukocyte and monocyte
counts in the blood. Taken together, they meant substantial
whole-body inflammation. Considering these data as well as
a known statement about possible brain disturbances during
severe hepatic inflammation (D’Mello, Swain, 2011), the pur-
pose of our current study was to investigate — by histological,
immunohistochemical, and molecular methods — changes in
inflammatory markers in the cerebral cortex and hippocampus,
as assessed by determination of microglial activation and of
expression of proinflammatory cytokines IL-1f, IL-6, and
TNF. Because any disturbances in the brain manifest them-
selves in behavior in mammals, behavioral patterns of mice
were assessed here by the open field test (Ramos, Mormeéde,
1998) and forced swimming test (Porsolt et al., 1977), along
with estimation of the startle reflex in response to acoustic
signals (Paylor, Crawley, 1997).

Materials and methods
Animals. Male mice of inbred strain C57BL/6 were obtained
from the multi-access center Vivarium of Conventional Ani-
mals of the Institute of Cytology and Genetics, Siberian Branch
of the Russian Academy of Sciences (ICG SB RAS). All ani-
mals were maintained in standard cages (36 22 %12 cm) at
2-5 individuals per cage, on a 12/12 h light/dark cycle, at
24+1 °C with free access to pelleted feed and liquid. The study
was conducted in accordance with Directives of the Council
of the European Union (86/609/EEC) of November 24, 1986
and according to a decision of the Bioethics Commission of
the ICG SB RAS (protocol No. 113 of December 9, 2021).
Obtaining of O. felineus metacercariae. Metacercariae of
O. felineus were isolated from naturally infected ides caught
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in the Ob River (Novosibirsk Oblast) by a method described
previously (Avgustinovich et al., 2016, 2021). Metacercariae
of O. felineus were administered to mice intragastrically
(100 larvae per mouse) using specialized probes (Braintree
Scientific, Inc.).

The design of the experiment. As a result, four groups of
mice were set up: CON (n = 15), not subjected to any patho-
genic procedures; OF (n = 15), infected with O. felineus (du-
ration of infection: 6 months); Eth (n = 15), consuming 20 %
ethanol for 6 months; and Eth+OF (n = 13), subjected to both
procedures (Fig. 1). Mice were trained to consume ethanol
according to a protocol described before (Avgustinovich et al.,
2022a). Five months after the infection initiation, the behavior
of all mice was recorded in the open field test. By the end of
6 months, the startle response of mice to an acoustic signal
(startle reflex) was evaluated. The animals were then housed
individually in 28 x 14 x 10 cm cages to evaluate behavior in
the forced swimming test. At the end of the experiment, the
animals were killed by decapitation, and brain samples were
collected for subsequent analyses. The hippocampus and
frontal cortex were isolated on ice, placed in liquid nitrogen
and then in a freezer at —70 °C until the expression of genes
of interest was assayed by real-time polymerase chain reac-
tion (qQPCR). Brains from five animals in each group were
put in 10 % formalin for subsequent histological and im-
munohistochemical examination. The liver of these animals
was also placed in formalin for subsequent determination of
pathomorphological structural alterations in this organ under
the influence of the two tested adverse factors.

The open field test. This is one of the most popular tests in
behavioral studies, which assesses effects of external factors
on rodents (Ramos, Mormede, 1998). When animals are first
exposed to an unfamiliar open space, behavioral responses
are believed to be mediated by anxiety, whereas repeated

OpfFi St FST BS
START Month 1 Month 2 Month 3 Month 4 Month 5 Month 6,
= 'l h 4 h 4 A 4 y v v Y ¥ Vvy
CON
=
g O. felineus ; infection
OF
%S
0%e ol co D

Eth

=

g O. felineus i infection

20 % ethanol consumption
Eth+OF

St — startle reflex,
182-185 days post infection

OpFi - open field test,
161-164 days post infection

Fig. 1. Design of the experiment.
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exposure can lead to exploration of new objects (or odors) by
the animals in a nonthreatening familiar environment (Bel-
zung, 1992; Choleris et al., 2001). For testing, a 40 x40 cm
field made of white plastic material was utilized, which was
visibly subdivided into squares (4 x4) with a side of 10 cm.
The illumination at the field level was 320 Ix. In the middle
of one side of the field, an inverted office metallic tumbler for
pencils (hereafter: tumbler) was placed. Five minutes before
the testing, the animals were brought into the test room for
activation, after which they were always placed in the middle
of the wall opposite the wall with the tumbler. Each animal’s
behavior was recorded twice (for 3 min each time) using a
video camera in the session with an empty tumbler and next
with a tumbler containing fresh peppermint leaves. Further
analysis of animal behavior was carried out in the Behavioral
Observation Research Interactive Software (BORIS) (Friard,
Gamba, 2016), in which we determined the number, time (du-
ration), and latency of approaches and/or turns to the tumbler,
the number of square crossings, and the number, time (dura-
tion), and latency of rearings near a wall.

Startle reflex testing. The startle reflex of humans and
animals toward a sharp sound signal is an innate reflex and
characterizes the CNS’s ability to filter sensory information
(Paylor, Crawley, 1997). The behavioral response of mice to
an acoustic stimulus was measured using an SR-Pilot device
(San-Diego Instruments, USA). Background white noise was
set to 65 dB. Each animal was placed in the chamber, and after
3-min adaptation, 10 impulses (P) of 115 dB intensity and
40 ms duration were presented, alternating with 10 impulses
preceded by weak (85 dB, 40 ms) prepulses (PP), which
were presented 100 ms before the main impulse. The inter-
val between stand-alone P impulses and the PP combination
was 15 s. The size of the response of a mouse to the stimuli
(amplitude) was displayed by the device’s screen in relative
units. Prepulse inhibition (PPI, %) was calculated (Paylor,
Crawley, 1997) by means of the formula: 100 —[(PP/P) % 100].

The forced swim test. This test is the most popular in
research on depressive-like behavior in rodents because it is
sensitive to the action of antidepressants (Porsolt et al., 1977).
During the testing, transparent plastic cylinders 30 cm high and
9.5 cm in diameter were used, which were filled with water
(t=25+1 °C) to a level of 19 cm. Five minutes before the
test, the mice were sequentially brought into the test room and
then placed for 5 min into the cylinder filled with water; their
behavior was recorded on a video camera. Further analysis was
performed in the BORIS software (Friard, Gamba, 2016). The
duration of active and passive swimming was assessed; the
latter included drift (when the mouse made weak movements
with one or two hind legs to keep the head above water) and
a state of complete immobility.

RNA isolation for qPCR. To obtain RNA from mouse
brain structures, the TRI reagent (Sigma-Aldrich, USA) was
employed according to the protocol for samples with a high fat
content, then the samples were purified on magnetic particles
(Agencourt RNAClean XP Kit, Beckman). The concentration
of the resulting RNA was determined using a Qubit™ 2.0
fluorimeter (Invitrogen/Life Technologies) with a kit (RNA
High Sensitivity, Invitrogen). Next, the isolated RNA was
treated with DNase using the DNase I, RNase-free kit (Thermo
Fisher Scientific, USA). Complementary DNA (cDNA) was
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synthesized by means of a reverse-transcription kit (#OT-1,
Syntol, Russia). All stages of RNA isolation and analysis and
those of cDNA preparation were carried out according to the
protocols of the manufacturers of the corresponding kits.

Using the PrimerBLAST web service, we designed oligo-
nucleotide primers for gPCR. qPCR was conducted with the
EVA Green I kit (#R-441, Syntol, Russia) according to the
manufacturer’s instructions, and amplification efficiency for
each primer pair was 90-110 %. qPCR was carried out in
three technical replicates on a CFX-96 thermal cycler (Bio-
Rad, USA). qPCR efficiency was determined by means of
serial dilutions of cDNA (standards); after completion of
qPCR, melting curves of the products were constructed to
monitor the specificity of the reaction. Expression levels of
each analyzed gene were normalized to two reference genes,
the expression stability of which was checked in both brain
regions under study and in each of the four groups of mice.
Based on literature data (Stephens et al., 2011), three reference
genes were chosen: Actb (beta actin: a highly conserved pro-
tein that participates in cell motility, structure, and integrity),
B2m (beta-2-microglobulin: a light-chain component of major
histocompatibility complex class 1), and Hprt! (hypoxanthine
phosphoribosyltransferase 1: a eukaryotic enzyme of purine
metabolism).

The genes of interest were selected taking into account their
functional characteristics listed in the Human Protein Atlas
(https://www.proteinatlas.org/). The following genes were
investigated in the experiment: Aif! (a marker of microglial
activity) and 1/1b, 116, and Tnf (markers of inflammation).

Sequences of the chosen primers were as follows:

1 Acth (F) 5-TATTGGCAACGAGCGGTTCC
(R) 5-TGGCATAGAGGTCTTTACGG

2 Aifl  (F) 5-GGATTTGCAGGGAGGAAAA
(R) 5-TGGGATCATCGAGGAATTG

3 B2m (F) 5-CTGCTACGTAACACAGTTCCACCC
(R) 5-CATGATGCTTGATCACATGTCTCG

4 Hprtl (F) 5-GAGGAGTCCTGTTGATGTTGCCAG
(R) 5-GGCTGGCCTATAGGCTCATAGTGC

5 IlIb (F) 5-ACACTCCTTAGTCCTCGGCCA
(R) 5-CCATCAGAGGCAAGGAGGAA

6 116 (F) 5-ACAAAGCCAGAGTCCTTCAGAG
(R) 5'-ACGCACTAGGTTTGCCGAG

7 Tnf (F) 5-AGCCGATGGGTTGTACCTTG
(R) 5-GGTTGACTTTCTCCTGGTATGAGA

Histological examination of sections of the cerebral cor-
tex and liver. After 10 days of fixation in a 10 % formaldehyde
solution, the brain and liver of mice were sectioned for sub-
sequent processing in an STP 120 carousel-type apparatus for
automatic incubation in a graded series of ethanol and xylene
(Thermo Fisher Scientific, USA). The frontal section separated
the middle part of the brain, containing the hippocampus, at
level 60—64 according to the Allen Mouse Brain Atlas (http://
mouse.brain-map.org/static/atlas). Samples containing bile
ducts and parenchyma and measuring 100 x 150 x 70 mm were
dissected from the large lobe of the liver. After dehydration,
the tissue samples were embedded in the HISTOMIX synthetic
paraffin medium (Russia) by means of an EC-350 embedding
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Fig. 2. Areas of the cerebral cortex and hippocampal formation (highlighted with a black line on the right) from the brain

of C57BL/6 mice, after immunohistochemical analysis.

The image of the frontal brain section at levels 72-74 was borrowed from the Allen Mouse Brain Atlas (Allen Institute Publications

for Brain Science; http://mouse.brain-map.org/static/atlas).

station (Thermo Scientific, USA). Sections with a thickness
of 3.5-4.0 um were prepared on a Microm HM 3558 rotary
microtome (Thermo Fisher Scientific, USA). To study the cor-
tex and hippocampus, brain samples were cut to levels 72—74
according to the brain atlas (Fig. 2). The obtained samples of
the cortex and liver were subsequently stained by standard
techniques: basic survey staining with hematoxylin and
eosin and the Masson method (staining of connective tissue).
After that, sections mounted in BioMount (BIO-OPTICA,
Italy) were visualized under an Axioskop 2 plus microscope
equipped with an AxioCam MRc camera (Carl Zeiss, Ger-
many) and AxioVision software (release 4.12). Morphometry
of structural changes in the cerebral cortex was performed
using a closed test system targeting 100 points with an area of
3.64 x 105 um?. Meanwhile, numerical density of perivascular
and pericellular edema and the total number of blood vessels
were assessed. The scoring method for these measurement
data had been described in detail earlier (Pakharukova et al.,
2019). In the liver, the absence/presence of periductal fibrosis,
cholangiofibrosis, and inflammatory infiltration and prolifera-
tion of bile ducts was recorded.

Immunohistochemical analysis of sections of the hippo-
campus and cerebral cortex. The hippocampus and cortex at
levels 72—74 of frontal brain sections were examined on glass
slides with an adhesive poly-L-lysine coating (BVS, Russia).
To count activated brain microglia cells and cells synthesizing
proinflammatory cytokines, we utilized an indirect biotin-

free peroxidase immunohistochemical technique for staining
paraffin sections using a kit (SpringBioScience Kit HRP-125,
Pleasanton, CA, USA) and primary antibodies specific to
ionized calcium-binding adapter protein 1 (Ibal) (Abcam,
cat. # ab5076, dilution 1:300), IL-6 (Abcam, ab6672, 1:100),
TNF (Abcam, ab6671, 1:100), and IL-1B (Abcam, ab9722,
1:100). According to this technique, after standard deparaf-
finization and dehydration, antigens were retrieved on the sec-
tions in citrate buffer (pH 6.0) in a microwave oven at 700 W
for 5 min. After washing four times in phosphate-buffered
saline (PBS, pH 7.6), endogenous peroxidase was blocked for
30 min with fresh 3 % H,0,. Next, blocking with horse serum
was carried out for 1.0-1.5 h with pre-washing in PBS. The
duration and conditions of probing with primary antibodies
were chosen according to the manufacturer’s instructions
(sections with antibodies were incubated overnight at 4 °C).
Next, after washing four times (PBS, pH 7.6), the tissue sec-
tions were incubated with secondary antibodies for 45 min,
and then, after washing (PBS, pH 7.6), the tissue sections were
incubated with diaminobenzidine as a substrate until a brown
color appeared upon visual inspection. After that, the sections
were counterstained with Mayer’s hematoxylin for 1 min,
placed in tap water for 5 min, passed through a graded series
of ethanol and xylenes, covered with the synthetic BioMount
medium, and placed under a cover glass. Cells positive for
staining with the above antibodies were counted in all subfields
of view in the cortical and hippocampal areas highlighted with
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a black line in Figure 2, by a previously described approach
(Pakharukova et al., 2019).

Statistics. To compare groups, two-way ANOVA and
three-way ANOVA were performed in the STATISTICA 6.0
software, followed by a post hoc comparison of groups by the
least significant difference (LSD) test. The following factors
were analyzed during the intergroup comparison: “infection”
(O. felineus or no O. felineus) and “ethanol” (ethanol or no
ethanol). In the open field test, an additional within-group fac-
tor was “peppermint’: the first or second 3 min of observation,
i.e., in the absence or presence of peppermint in the tumbler,
respectively. The difference in the startle amplitude between
the first and 10th stimulus in each group of mice was assessed
by the Wilcoxon matched-pairs test. In all analyses, data with
a p-value < 0.05 were considered statistically significant, and
those with 0.05 < p < 0.1 were regarded as an insignificant
tendency. All data are given as means + SEM.

Results

Pathomorphological changes in the liver of mice

of experimental groups

Control animals had normal liver architecture with well-de-
fined portal triads (Fig. S1)!. On liver sections of animals
from groups OF and Eth+OF, bile ducts appeared dilated,
helminths were present in some of them, and there was a no-
ticeable number of proliferating bile ducts and considerable
lymphocytic—-monocytic inflammatory infiltration. The bile
duct epithelium became stratified in OF and Eth+OF mice.
In the liver of animals from group Eth, fatty dystrophy of
hepatocytes was noted.

Masson staining of liver sections revealed expansion of
connective tissue in OF and Eth+OF mice, both in the region
of large bile ducts (periductal fibrosis) and in the region of
proliferation of small bile ducts (cholangiofibrosis) (Fig. S2).
It is noteworthy that the combination of the two adverse fac-
tors (infection and ethanol) featured a significantly aggravated
course of opisthorchiasis, namely the severity of fibrosis and
the size of infiltration loci; these signs were absent with each
adverse factor applied alone. Additionally, in OF and Eth+OF
animals, there was a change of epithelial cells consistent with
intestinal metaplasia. Hemozoin granules were found in some
mice, in agreement with what has been previously observed
in O. felineus-infected Syrian hamsters (Lvova et al., 2016).

Histological analyses of the cerebral cortex

Histological examination of brain sections uncovered differen-
ces in the number of perivascular zones of edema (around the
vessels) and pericellular zones of edema (around the cells) in
the cerebral cortex. There was a somewhat greater number of
perivascular edema zones in OF mice compared to Eth and
Eth+OF mice (Fig. 34); an effect of the ethanol factor on this
parameter was detected. OF mice differed significantly from
all other animals by having an increased number of pericellular
edema zones (Fig. 3B); the effect of the infection factor was
significant. Ethanol contributed to a decrease in this parameter,
especially in mice from group Eth. Moreover, the ethanol fac-
tor had a >4 times more pronounced impact than the infection

1 Supplementary Figures S1-S5 and Table S1 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx5.pdf
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Fig. 3. Changes in the number of perivascular (A) and pericellular edema
foci (B) and blood vessels (C) in the cerebral cortex of control mice (CON),
O. felineus-infected mice (OF), mice consuming 20 % ethanol (Eth), and
mice subjected to both procedures (Eth+OF).

* p < 0.05 ** p < 0.01; ® 0.05 < p < 0.1 as compared with group CON;
000 p < 0.001; (©) 0.05 < p < 0.1 as compared with OF mice. The values are pre-
sented as mean+SEM and were processed by two-way ANOVA followed by
the LSD test.

factor did; in the absence of their interaction, this outcome
contributed to a lower value of this parameter in Eth+OF mice.
The mouse groups did not differ in the number of vessels in
the cerebral cortex (Fig. 3C). The assessed parameters in mice
of all the experimental groups are presented in photographs of
histological sections of the cerebral cortex (Fig. S3).

Immunohistochemical analysis

of hippocampus and cortex sections

Analysis of Ibal-positive cells in the hippocampus revealed no
difference among the groups (Fig. 44). In the cerebral cortex
(Fig. 4B), this parameter was higher in mice consuming etha-
nol (group Eth). Nonetheless, with a statistically significant
interaction between the two adverse factors, this parameter
decreased to the control level in Eth+OF mice. The number
of IL-1B-positive cells was higher in both the hippocampus
(Fig. 4C) and cortex (Fig. 4D) during combined treatments
(Eth+OF). Although in the hippocampus, this phenomenon
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was determined by the influence of the infection factor, in the
cortex, in addition to infection, this outcome was facilitated
by an even more significant influence of ethanol, and there
was a synergistic interaction of the two factors.

A similar but even more pronounced pattern was docu-
mented for proinflammatory cytokine IL-6. In the hippocam-
pus (Fig. 4E), infection to a greater extent and ethanol to a

Hippocampus
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lesser extent contributed to a higher value of this parameter
in Eth+OF mice. In the cortex (Fig. 4F), on the contrary,
ethanol exerted a greater effect on an increase in the number
of IL-6-positive cells, and a statistically significant interaction
of the adverse factors caused a significantly higher value of
this parameter in Eth+OF animals compared to the other three
groups of mice (CON, OF, and Eth). There was a pronounced
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Fig. 4. Numerical density of brain cells in the hippocampus (A, C, E, G) and cortex (B, D, F, H) stained for Iba1, IL-1(, IL-6,
and TNF in the four mouse groups: control (CON), O. felineus-infected (OF), consuming 20 % ethanol (Eth), and subjected

to both procedures (Eth+OF).

*p <0.05; % p < 0.01; *** p < 0.001; * 0.05 < p < 0.1 in comparison with group CON; © p < 0.05 and °°°p < 0.001 in comparison with
group OF; € p < 0.05 and €¢€ p < 0.001 in comparison with group Eth. The values are presented as mean + SEM and were processed

by two-way ANOVA followed by the LSD test.
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effect of ethanol, but not infection, on the increase in the num-
ber of TNF-positive cells in the hippocampus (Fig. 4G) and
especially in the cortex (Fig. 4H). As in the analyses of the
other proinflammatory cytokines, a statistically significantly
higher value of this parameter was found in the cortex of
Eth+OF mice relative to the other groups. Examples of immu-
nohistochemical staining of the analyzed brain sections from
the four mouse groups are presented in Figures S4 and S5.
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Gene expression analysis in the hippocampus and cortex

Our quantitative analysis (QPCR) detected a significant effect
of both adverse factors on the expression of the Aif/ gene
in the two brain structures under study (Fig. 54, B). In the
hippocampus, ethanol consumption had a more pronounced
effect, contributing to a 28-fold higher value of this parameter
in Eth mice compared to CON mice and a 7—8-fold higher
value compared to groups OF and Eth+OF. An interaction of
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Fig. 5. Relative levels of mRNA expression of genes Aif1, Il1b, 116, and Tnf in the hippocampus (A, C, E, G) and frontal cortex
(B, D, F, H) of mice from the four groups: control (CON), O. felineus-infected (OF), consuming 20 % ethanol (Eth), and sub-

jected to both procedures (Eth+OF).

*p < 0.05,***p < 0.001,%0.05 < p<0.1in comparison with group CON; °p < 0.05,°° p < 0.01,°°°p < 0.001, (©)0.05 < p < 0.1 in com-
parison with group OF; €p < 0.05, ¢¢p < 0.01, €¢€p < 0.001 in comparison with group Eth.
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the factors was noted to cause underexpression of the Aif7
gene in Eth+OF mice. In the frontal cortex, on the contrary,
ethanol consumption contributed to Aif7 underexpression (the
Eth group), and when the two adverse factors were combined,
this parameter rose to the level of control mice.

When the expression of the ///b gene was assessed in the
hippocampus, no statistically significant effect of either fac-
tor alone was revealed, although a subsequent post hoc com-
parison of the groups detected a lower value of this parameter
in mice from groups OF and Eth compared to CON mice.
Nevertheless, a significant interaction of the two factors
(Eth+OF mice; Fig. 5C) caused an increase in this parameter
to the control level. A similar pattern was registered in the
frontal cortex (Fig. 5D).

There was no statistically significant effect of each factor
or of their interaction on the expression of the //6 gene in the
hippocampus (Fig. 5E). The infection factor had a significant
effect on the 7/6 expression in the frontal cortex (Fig. 5F), and
this outcome contributed to an increase in the parameter in
Eth+OF mice to the control level; this parameter was lower
in Eth mice than in OF mice.

The combination of the two adverse factors caused down-
regulation of the 7nf'gene in the hippocampus of Eth-+OF mice
compared with the other groups of animals (CON, OF, and
Eth) (Fig. 5G). In the frontal cortex of the brain, the expression
of this gene was approximately the same in all four groups
of animals (Fig. 5H); no statistically significant influence of
each factor or of their interaction was detectable.

The startle reflex

Neither the prolonged consumption of ethanol nor chronic
infection significantly affected PPI according to the evaluation
of'the startle response to acoustic stimuli (Fig. 64). Neverthe-
less, the ethanol-drinking animals showed no habituation to
the repetitive sound: in Eth mice, the startle response was the
same for the 1st and 10th pulse with an intensity of 115 dB;
the same was true for Eth+OF mice (Fig. 6B8). Furthermore,
in CON mice (statistically significantly) and in OF mice
(insignificantly), the startle response to the sharp sound ap-
plied 10 times was found to decrease. It is noteworthy that
in Eth+OF mice, the response to the first sound was the low-
est when compared with the other groups, and there was a
significant influence of ethanol [FE(1,51) = 8.10, p = 0.006]
and an insignificant influence of infection [FOF(1,51) = 3.09,
p = 0.085], but there was no interaction of the two factors
[FEth+OF(1,51) = 1.81, p = 0.185]. The reaction of the mice to
the 10th sound signal was the same among the four groups.

The open field test

In this test, intergroup differences were detected in the re-
sponse of the mice to the odor of peppermint placed in the
tumbler (Fig. 74—C, Table S1). Even though the duration of
staying near the tumbler with peppermint was approximately
the same among all the groups, the number of approaches to
it was lower in the second 3 min (i.e., when peppermint was
present), especially in the CON group; the impact of the pep-
permint factor on this parameter was significant (Fig. 74). An
interaction of the ethanol and infection factors was detectable
too (Table S1). Furthermore, CON and Eth mice sensed the
peppermint smell faster than the other animals did because
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Fig. 6. Prepulse inhibition (PPI) (A) of the startle response to an acous-
tic stimulus and startle amplitude (B) in response to the first (P1) and
10th (P10) stimulus in control mice (CON), O. felineus-infected mice (OF),
mice consuming 20 % ethanol (Eth), and mice subjected to both proce-
dures (Eth+OF).

** p < 0.01 in comparison with group CON; °° p < 0.01 in comparison
with OF mice; € p < 0.05 in comparison with group Eth; # p < 0.05 and
(# 0.05 < p < 0.1 in comparison with the P1 data. The values are presented
as mean + SEM. Two-way ANOVA was used followed by the LSD test (A) and
the Wilcoxon matched-pairs test (B).

the latency period of the first approach to the tumbler with
peppermint was significantly shorter in groups CON and Eth
(Fig. 7C). In OF mice, this parameter did not differ from the
latency period of approaching the empty tumbler, whereas
in group Eth+OF, there was an insignificant decrease from
the first 3 min to the second 3 min. This finding may reflect
impairment of olfactory sensitivity in the course of prolonged
parasitosis.

In the first 3 min of the test, the number of crossed squares
(reflecting locomotor activity of the animals) was lower in the
OF group than in groups CON and Eth (Fig. 7D); the effect of
infection was statistically significant (Table S1). With a change
in the motivation of mice after peppermint was placed in the
tumbler, this parameter markedly diminished in all four groups
of mice (Fig. 7D), and a significant impact of the peppermint
factor was registered (Table S1).

Exploratory activity, assessed by means of the number
and duration of rearings, was influenced by the infection and
peppermint factors (Fig. 7F, F; Table S1). In the first 3 min
of the test, these parameters were lower in OF mice than
in CON mice. As compared to the first 3 min, the number
of rearings in the second 3 min was significantly lower in
CON mice and insignificantly so in group Eth+OF, whereas
the duration of rearing stayed approximately the same in all
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Fig. 7. Behavioral parameters of control mice (CON), O. felineus-infected mice (OF), mice consuming 20 % ethanol (Eth),
and mice subjected to both procedures (Eth+OF) in the open field test with an empty tumbler (the first 3 min) and a tum-
bler filled with peppermint leaves (the second 3 min). The number (A), time (duration) (B), and latency (C) of approaches
to the tumbler, the number of square crossings (D), and the number (E), time (duration) (F), and latency (G) of rearings

near a wall were determined.

#p < 0.05, #p < 0.01, ##p < 0.001, and ) 0.05 < p < 0.1 as compared with the first 3 min of the test. * p < 0.05, ** p < 0.01, and
(%)0.05 < p < 0.1 as compared with the corresponding time slot in group CON. © p < 0.05 and (©) 0.05 < p < 0.1 as compared with
the corresponding time slot in group OF. The values are presented as mean + SEM. Three-way ANOVA followed by the LSD test.

groups. There was no influence of factors or of their interac-
tion and no differences among the four groups in the latency
of rearings either in the first or in the second 3 min of the test
(Fig. 7G; Table S1).

The forced swimming test

Prolonged consumption of ethanol had a significant effect on
the behavior of mice in the forced swimming test. Active-
swimming duration was longer (Fig. 84), and passive-

swimming duration was shorter (Fig. 8B), especially in mice
of the Eth group and, to a lesser extent, in Eth+OF mice, both
in comparison with CON and with OF mice.

Discussion

This is the first study on the states of the liver and brain during
exposure of mice to a combination of two adverse factors: in-
fection (O. felineus helminths) and a toxic chemical (ethanol).
Influence of each factor and of their combined action on the
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Fig. 8. The duration of active (A) and passive swimming (B) in control
mice (CON), O. felineus-infected mice (OF), mice consuming 20 % etha-
nol (Eth), and mice subjected to both procedures (Eth+OF) in the forced
swimming test.

** p < 0.01 and *0.05 < p < 0.1 as compared with group CON. °° p < 0.01
and (0 0.05 < p < 0.1 as compared with group OF. The values are presented as
mean + SEM. Two-way ANOVA followed by the LSD test.

cortex and hippocampus was found in the brain of mice, as
determined not only by molecular and histological methods
but also at the level of behavior, which is considered a marker
of functional changes in the brain.

First of all, as previously (Avgustinovich et al., 2022a),
it was shown here that both adverse factors, especially their
combination, cause hepatic inflammation. In mice subjected to
the combination of the factors, there was not only a bile duct
pathology caused by the infection (cholangio- and periductal
fibrosis and inflammatory infiltration) but also hepatocyte
dystrophy induced by ethanol. These data — just as previously
detected elevated blood levels of leukocytes (especially stab
neutrophils and monocytes) and of IL-6 (Avgustinovich et
al., 2022a) — point to substantial inflammation in the body.
It is known that virus- and alcohol-induced liver diseases
are accompanied by inflammation and fibrosis associated
with the suppression of activation of NF-kB in hepatocytes:
a transcription factor that is a key regulator of inflammation
and cell death in the liver (Seki, Schwabe, 2015). In this
context, Kupffer cells increase their production of proinflam-
matory cytokines, including TNF, IL-1p, and IL-6 (Bilzer et
al., 2006), with their subsequent traffic to the brain, where
monocytes are also attracted from the bloodstream (D’Mello,
Swain, 2011). As other researchers believe (Yang et al., 2014;
Simon et al., 2019), these events are followed by activation
of resident and recruited microglial cells, contributing to the
development of neuroinflammation due to the production of
inflammation mediators.
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One of important indicators of inflammation in the brain is
edema, the pathogenesis of which involves many factors, in-
cluding liver failure (Adeva et al., 2012). In acute liver failure,
edema is initially localized to the perivascular space and a zone
of large swollen astrocytes. In our study, the experimental
groups of mice did not differ from controls in perivascular
edema, although in the animals consuming ethanol (groups Eth
and Eth+OF), this parameter was somewhat less pronounced
than that in OF mice. It is thought that when a pathological
process in the liver is prolonged, structural changes occur in
blood-brain barrier components (capillary endothelium, basal
membrane, and astrocyte vascular peduncles), and these altera-
tions reduce its protective function (Mishchenko et al., 1993).
Blood-brain barrier destabilization facilitates penetration of
“noxious agents” [e. g., ammonia, cytokines, or bacterial cell
wall endotoxins: lipopolysaccharides (LPSs)] (Jayakumar et
al., 2012) into the brain, with consequent pericellular edema
due to the accumulation of fluid in the intracellular space,
as demonstrated by magnetic resonance imaging in humans
(Chavarria et al., 2011). We noticed significant predominance
of pericellular edema in OF animals. At the same time, in
the Eth+OF group of mice, ethanol “corrected” the number
of edema foci, thereby reducing this parameter below the
control value. Therefore, the actions of the two factors had
opposite directions.

We assume that the increase in the number of pericellular
edema zones during the helminth infection may proceed ac-
cording to the hepatic-encephalopathy scenario, associated
not only with upregulation of inflammatory cytokines (TNF,
IL-1B, IL-6, and IFN-y) in the blood but also with elevated
blood and brain ammonia levels, as shown in acute and chronic
liver failure (Butterworth, 2003; Rama Rao et al., 2014;
Upadhyay, 2017). Ammonia is extremely toxic to the brain
and leads to hepatic coma. Considering the evidence from
other researchers that alcohol promotes edema in the brain
(Collins et al., 1998; Collins, Neafsey, 2012; de la Monte,
Kril, 2014), the decrease in the number of pericellular edema
zones in mice consuming ethanol in our experiment remains
unexplained. It can be hypothesized that aquaporins (AQPs)
are involved, which are water-selective plasma membrane
channels that enhance water permeability of cells (Huber et
al., 2007), because there are reports confirming that ethanol
can diminish swelling in the cortex after brain injury and that
this phenomenon is associated with underexpression of AQP4
and AQP9 simultaneously with an improvement of cognitive
and motor functions in animals (Wang et al., 2013). Because
it is known that aquaporins are enriched within brain astroglia
(Huber et al., 2007; Collins, Neafsey, 2012), the decrease in
pericellular edema during prolonged ethanol consumption
in our experiment may be related to its degenerative effect
on astrocytes (de la Monte, Kril, 2014). As demonstrated by
the optical fractionation technique, in severely ill alcoholics,
there is a loss of 37 % of glial cells in the hippocampus, pri-
marily astrocytes and oligodendrocytes and to a lesser extent
microglial cells, without a loss of neurons (Korbo, 1999).
Apparently, our data require further research.

It is known that brain microglia, when responding to any
pathological stimulus coming from the periphery (an LPS
challenge, vaccination, or alcohol), begin to produce proin-
flammatory cytokines with subsequent stimulation of a release
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of cytokines and chemokines from neurons and astrocytes
(Miller et al., 2009; Yang et al., 2014; Norden et al., 2016;
Henriques et al., 2018).

According to our findings, there are brain region-specific
changes in the expression of the Aif7 gene, reflecting the activ-
ity of microglia, during the exposure to the two adverse factors.
In the hippocampus, where microglial density is reported to
be the highest (Silvin, Ginhoux, 2018; Tan et al., 2020), a
statistically significant influence of both factors and of their
interaction was documented in our work. Chronic consump-
tion of 20 % ethanol contributed to a significant increase in
this parameter; the impact of the infectious factor was less
pronounced but statistically significant, as found previously
(Avgustinovich et al., 2022a). It is important that when the
two factors acted together, 4if7 expression in the hippocampus
was low. Apparently, in this situation, activation of microglia
cells in the hippocampus is so substantial that the activated
microglia can be driven into apoptosis, in order to prevent the
brain from entering a state of chronic inflammation. Currently,
the mechanisms controlling microglial apoptosis are character-
ized incompletely, but the possibility of a chain of events (in
the brain) proceeding from the stage of activated microglia
to their apoptosis has been examined by other researchers
(Fuetal., 2015). Further microscopic research on phenotypic
alterations in microglial cells is necessary to identify their
transformation from a resting state (ramified morphology)
to active status (amoeboid morphology) (Tan et al., 2020).

In the frontal cortex, a significant influence of each adverse
factor and of their statistically significant interaction on the
expression of the Aif] gene was noted too. In contrast to the
hippocampus, in this brain structure, ethanol reduced this
parameter, and the combination of the two factors contributed
to its increase to the level of control individuals. Evidently, the
infectious factor has an effect opposite to that of ethanol, thus
increasing the expression of this gene. Immunohistochemistry
revealed a statistically significantly greater number of Ibal-
positive cells in the cortex in a more distant frontal section
(level 74) as compared to the prefrontal region of the brain.
Therefore, we can theorize that the observed downregulation
of 4if1 in Eth mice is a compensatory reaction of genes to the
large protein amount.

Thus, in our paper, region-specific changes in microglial
activity were established in terms of the expression of the Aif1
gene and of a protein (Ibal) in response to the infectious factor
(O. felineus), and especially to the toxic factor (ethanol). This
result can be explained in accordance with the current under-
standing of the heterogeneity of microglia in the cell number,
morphomolecular signatures, and homeostatic functions in
different anatomical structures of the healthy CNS (Tan et al.,
2020) and during alcoholic pathologies (He, Crews, 2008). In
this regard, our data indicate a possible modifying effect of
helminth infection on the expression of the 4if7 gene, but not
its protein, in the hippocampus and cortex. Ethanol had a more
pronounced effect on this parameter in both brain structures.
Taking into account the interaction of the two factors, we can
say that their effects have different directions. Activation of
microglia in the cortex under the influence of ethanol was also
recorded in terms of the level of the Ibal protein.

It has been reported that peripheral insults (an LPS or
bacterial challenge or ethanol) that cause microglial activa-
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tion induce upregulation of proinflammatory cytokines (TNF,
IL-1B, and IL-6) at the protein and/or mRNA level along with
engagement of Toll-like receptors (TLR-2 and TLR-4) (Col-
lins, Neafsey, 2012; Fernandez-Lizarbe et al., 2013; Yang et
al., 2014; Hoogland et al., 2015). As reported by C. D’Mello
and M.G. Swain (2011), cytokines TNF, IL-1, and IL-6 are
likely to be key promoters of central neural alterations in
chronic liver diseases. Accordingly, we next examined changes
in expression of three proinflammatory cytokines (IL-1p, IL-6,
and TNF) in response to the adverse factors.

The expression of the ///b gene in the two brain structures
under study did not reflect a statistically significant effect of
each factor alone, but there was a significant effect when they
were combined: the weak expression of this gene in groups OF
and Eth increased in Eth+OF mice to the control level. Immu-
nohistochemical analysis of sections of the hippocampus, and
especially that of the cerebral cortex, pointed to high levels of
this proinflammatory cytokine in mice during the exposure to
the two factors, thereby implying neuroinflammation.

We believe that our results on protein and mRNA levels of
116 in the hippocampus reflect a variable process associated
with the duration of the adverse factors: a change in the amount
of the proinflammatory protein was followed by a change in
mRNA expression, and these processes seem to be somewhat
separated in time. In the cerebral cortex of Eth+OF mice,
there was the highest level of IL-6 among all groups of mice,
which is explained by the synergy of the two adverse factors.
Nonetheless, there were no pronounced differences between
the groups in //6 expression within this brain structure, and
this outcome may be ascribed to regulation by a negative
feedback mechanism. Similar dynamics of expression (from
unchanged to increased/decreased) of genes responsible for
levels of IL-6, IL-1P, and TNF in the three structures of the
rat brain were recorded by other researchers after forced
consumption of ethanol by rats (for 6 months) (Nunes et al.,
2019). Those authors proposed that the upregulation of some
cytokines may mean infiltration of immune cells (T cells in
particular) into the brain, and these phenomena are indicative
of a severe impairment of the blood—brain barrier especially
during the synergism of the two adverse factors. Under such
conditions, the delayed changes in the genes’ expression may
have a protective/compensatory effect against expansion of
neuroinflammatory-cytokine expression in the brain.

In contrast to the other two genes, the combination of the
helminth infection and the prolonged ethanol consumption
caused underexpression of 7nf in the hippocampus of Eth+OF
mice; this phenomenon may be a compensatory reaction to
the elevated amount of the TNF protein in this brain struc-
ture. An even higher level of this protein was detected in the
cortex at level 74 of the frontal brain section during ethanol
administration, but the 7nf mRNA level in the frontal cortex
was the same among all the groups of mice.

Thus, three proinflammatory cytokines were found to differ
in mRNA or protein expression depending not only on the
nature of the adverse factor(s) but also on localization in the
brain. The most pronounced variations of the parameters were
noticed in the frontal cortex, especially during prolonged etha-
nol consumption, and to a lesser extent in the hippocampus. It
is known that both brain structures in question, especially fron-
tal lobes of the cerebral cortex, are sensitive to alcohol-induced
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damage (Fowler et al., 2014). In this regard, the pathogenic
effect of alcohol is associated with white matter atrophy, neu-
roinflammation, and synaptogenesis disturbances, leading to
emotional instability and cognitive impairment (Harper, 2009;
de la Monte, Kril, 2014). The outcomes observed here — just
as previously obtained evidence that inflammation in the liver
during the action of the two adverse factors is accompanied
by an increase in blood concentrations of monocytes and
proinflammatory cytokines (Avgustinovich et al., 2022a) — are
thought to contribute to neuroinflammation and may induce
changes in central neurotransmission that are manifested in
the behavior of animals (D’Mello, Swain, 2011). That is why
we performed an extensive analysis of murine behavior, which
reflects disturbances in the brain.

Even though PPI was the same among our groups of mice,
the animals in the groups consuming 20 % ethanol for a long
time (Eth and Eth+OF) did not get accustomed to the admin-
istered signals: startle amplitudes of the 1st and 10th signals
were the same. In addition, the mice subjected to both adverse
factors (Eth+OF) showed the weakest reaction to the first sharp
sound signal, but the response increased by the 10th signal.
These results mean that the brain of mice consuming ethanol
is always ready to respond strongly to repeated harsh sound
signals. Considering that the startle reflex is regarded as a
behavioral indicator of CNS excitability (Blendov et al., 2019),
we can assume permanent high excitability of brain neurons
in mice consuming 20 % ethanol.

Throughout almost the whole forced swimming test (on
average 252 out of 300 s), mice of the Eth group tried to
actively get out of the water, and passive swimming was
shorter. In Eth+OF mice, the changes in these parameters
were smaller: the differences from groups CON and OF were
insignificant. The duration of immobility in this test is regarded
as an indicator of depressive-like behavior in rodents and is
reduced by known antidepressants (Lucki, 2001). Nonetheless,
we believe that the prolonged consumption of 20 % ethanol
did not have an antidepressant effect but rather promoted
CNS hyperexcitability, which involves an imbalance in the
activities of the glutamatergic and GABAergic systems of
the brain. It is known that chronic alcohol consumption leads
to hyperexcitation of neurons because of downregulation of
GABAergic functions as a consequence of pseudo-immaturity
in the hippocampus and prefrontal cortex (Murano et al.,
2017). A blockade of NMDA receptors and of the nitric
oxide/cyclic-guanosine monophosphate pathway may be
involved in the antidepressant-like effect of ethanol in mice
(Khan et al., 2021).

The open field test in its various modifications is utilized by
researchers to assess many behavioral parameters in rodents:
locomotor and exploratory activities, emotionality and anxiety,
and a reaction to an unfamiliar object when re-tested (Choleris
et al., 2001). Because our aim was, first of all, to assess the
sense of smell in the four groups of mice, the unfamiliar smell
of peppermint was presented to the mice during the second
part of the test, after they were familiarized with the test arena
in the first 3 min. New odors are often aversive to rodents,
for example, rats avoid the peppermint smell at first exposure
(Brown, Willner, 1983). On the other hand, in some studies on
mice, investigators have described repeated use of peppermint
for treating olfactory impairment (Kim et al., 2019).
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In our experiments, mice subjected to prolonged ethanol
consumption (group Eth), just as CON mice, quickly iden-
tified the unfamiliar odor because their latency period for
approaching the tumbler with peppermint diminished. The
infectious factor did not affect this parameter in OF mice and
had a weak effect on Eth+OF mice, implying disturbances of
the sense of smell in these mice. Besides, although the control
mice exhibited a pronounced avoidance reaction toward the
tumbler with peppermint (as evidenced by the number of ap-
proaches or turns to the tumbler), in the other groups of mice,
this parameter was less pronounced. This result also points
to some anomalies in the sense of smell in mice of the three
experimental groups [subjected to an adverse factor(s)]. We
believe that the changes in the sense of smell resulting from
liver fluke infection and consumption of 20 % ethanol may be
associated with aberrations in the CNS. In any case, hyposmia
is considered an early symptom of Parkinson’s disease (Chen
etal., 2012), which is also associated with neuroinflammation.

During the evaluation of other patterns of behavior in the
open field test, it was found here that the 6-month consump-
tion of 20 % ethanol did not have a significant effect on the
locomotor and exploratory activities of mice, as evaluated
via the number of squares crossed and rearing parameters in
the first 3 min of the test. By contrast, these parameters were
lower in OF mice. A decrease in these parameters, according
to other articles (Henderson et al., 2004; Seibenhener, Wooten,
2015), can be viewed as a manifestation of anxious behavior.
Taking this into account, we could say that there is a likely pro-
anxiety effect of prolonged O. felineus infection on animals.

Conclusion

The presented data are an experimental model of situations
often occurring in human society: people with chronic opis-
thorchiasis — perhaps being unaware of the infection — abuse
alcohol or, conversely, by relying on disinfecting properties of
ethanol, begin to drink it, sometimes in large amounts, when
there is a threat of this infection. Nonetheless, our experi-
mental data indicate that under such circumstances, the liver
is not the only organ that receives a double “blow” (the toxic
injury plus the infectious one). When chronic alcoholization
is combined with prolonged O. felineus infection, the brain
also receives a double impact: aside from direct entry of etha-
nol into the CNS through the blood-brain barrier, according
to D’Mello and Swain (2011), peripheral proinflammatory
signals begin to arrive with the blood, primarily IL-1, IL-6,
TNEF, and monocytes.

Under these conditions, as revealed by two-way ANOVA,
there are statistically significant effects of interaction of the
two adverse factors on histological and molecular charac-
teristics of microglia and on proinflammatory cytokines, and
these effects are brain region-specific. For instance, in the
hippocampus, the infectious factor attenuated ethanol-induced
Aif1 overexpression, which reflects the activation of microglia.
By contrast, in the frontal cortex, the expression of this gene
was low during the prolonged alcoholization and increased to
control values in the mice subjected to both factors. During a
statistically significant interaction of the factors, this finding
indicates that directions of the two impacts are different. It is
possible that helminths exert a “corrective” effect here that is
designed to preserve the health of the host (at whose expense
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they live and reproduce) because excessive activation of mi-
croglia can have irreversible neurodegenerative consequences
and may ultimately kill the host. Identical directions of the
effects of the two factors were noted during quantification of
the expression of the ///b gene (in the cortex and hippocam-
pus) and of the Tnf gene (in the hippocampus): these effects
promoted an increase in the former parameter and a decrease
in the latter and may be attributed to the proteins’ levels at
this stage of the pathology.

In the cortex, high concentrations of cytokines IL-1f, IL-6,
and TNF were found at levels 72—74 of the frontal brain slices
in mice subjected to both factors; this finding implies that the
alterations induced in the prefrontal region of the cerebral
cortex might be similar. Together with an increase in these
parameters in the hippocampus, this finding indicates the
development of neuroinflammation.

We believe that the obtained results indicate a variable
process that is largely explained by the duration of the stimuli:
a change in the amounts of proinflammatory proteins is fol-
lowed by a change in mRNA expression. Furthermore, these
processes are brain region-specific and seem to be somewhat
separated temporally. This is because these processes not
only are regulated by the activity of brain cells but also de-
pend on the arrival of peripheral proinflammatory signals
into the brain. This phenomenon in turn affects the behavior
of the animals. Behavioral testing of our mice revealed that
ethanol has a stimulatory effect, which manifested itself in
two tests reflecting alterations in the regulatory mechanisms
of the CNS. In our mice, the behavioral pathology associated
with O. felineus infection is suggestive of the development of
anxiety. It should be pointed out that both factors altered the
mice’s sense of smell (the infection did so to a greater extent).
Mechanisms that counteract these adverse effects remain to be
explored. At this stage of the project, we can state only that the
combination of the two factors — in addition to the destructive
effects on the liver — can affect the brain too, by contributing
to the development of neuroinflammation.
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The lowest chromosome number in the family Pteromalidae
(Hymenoptera: Chalcidoidea): the karyotype and other genetic
features of Pachycrepoideus vindemmiae (Rondani, 1875)
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Abstract. Various genetic features of the hitman strain of the widespread parasitoid of Drosophilidae (Diptera), Pachy-
crepoideus vindemmiae (Rondani, 1875) (Pteromalidae, Pachyneurinae) were studied. This strain was established and is
maintained at the Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences (No-
vosibirsk, Russia). An analysis of air-dried chromosome preparations from prepupae of this parasitoid showed that it
has n =4 and 2n = 8 in males and females, respectively, which is the lowest known chromosome number in the family
Pteromalidae. All chromosomes in the karyotype of this species are metacentric. The first and second chromosomes are
of similar size, the remaining ones are substantially shorter. The same results were obtained for an additional strain of
this species kept at the Moscow State University (Moscow, Russia). A comparison of the DNA sequence of the barcoding
region of the mitochondrial cytochrome ¢ oxidase (CO/) gene of the hitman strain of P. vindemmiae with those available
from the GenBank and BoLD databases demonstrated that this strain clustered together with conspecifics originating
from China, Turkey and Italy. Despite certain endosymbionts being previously reported for the genus Pachycrepoideus
Ashmead, 1904 as well as for P. vindemmiae itself, the hitman strain turned out to be free of endosymbiotic bacteria in
the genera Arsenophonus Gherna et al., 1991, Cardinium Zchori-Fein et al., 2004, Rickettsia da Rocha-Lima, 1916, Spiro-
plasma Saglio et al., 1973 and Wolbachia Hertig, 1936. The above-mentioned results improve our knowledge of various
genetic features of parasitoids of the family Pteromalidae and those of P. vindemmiae in particular.
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AHHoTauuA. /I3yueHbl pasfninyHble reHeTuYeckne 0CobeHHOCTU KynbTypbl hitman WPOKO pacnpocTpaHeHHOro napa-
3utounga Drosophilidae (Diptera) Pachycrepoideus vindemmiae (Rondani, 1875) (Pteromalidae, Pachyneurinae), cozgaH-
HOW 1 nopaepunsaemont B VIHCTUTYTe uutonorum u reHetukn Cubrpckoro otaeneHns PoCccrincKon akafeMun Hayk
(HoBocmnbupck, Poccra). AHanm3 BbICyLLUEHHbIX Ha BO3[yXe XPOMOCOMHbIX NpenapaTos, NONYYEHHbIX U3 NPeLKYKOJOK,
NoKasbIBaeT, YTO YNC/IO XPOMOCOM [/ CAMLIOB 1 CAMOK 3TOrO Hae3[HWKa CoCcTaBnAeT n =4 1 2n = 8 COOTBETCTBEHHO;
3TO HaMMeHblUEee 13 N3BECTHbIX ANA cemelicTBa Pteromalidae. Bce xpomMocombl B KaproTune AaHHOIO BuAa ABAAOTCA
MeTaLeHTpuKamu. MNepsas 1 BTopas XpPOMOCOMbI 65IM3KM MO pa3mepam, OCTasibHble CYLLEeCTBEHHO Kopoye. Takue xe pe-
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Kapuotun un fipyrue reHeTuyeckne oCo6eHHOCTM
Pachycrepoideus vindemmiae

3ynbTaTbl NOMYyYEeHb ele AnA OAHON KYNbTypbl 3TOro B, CoAepkaBLienca B MOCKOBCKOM roCyiapCTBEHHOM YHUBEP-
cutete (Poccua). CpaBHeHne nocnepoBatenbHocTy [IHK 6apKoAMHI-yyacTKa, T.e. MUTOXOHAPUANbHOTO FreHa LITOXpOoM
c-okcmpasbl (COI) kynbTypbl hitman P. vindemmiae, c nnbopmaumeir, soctynHow B 6asax gaHHbIx GenBank 1 BoLD, noka-
3aJ10, UTO 3Ta KyNbTypa KNacTepusyeTca ¢ KoHcneunduyHbiMm ocobamu, npoucxogawmmm us Kutas, Typuun n Utanun.
XoTs HEKOTOpbIE SHAOCMMOUOHTBI paHee yKasblBanuch Kak ana pofa Pachycrepoideus Ashmead, 1904, Tak 1 ansa camo-
ro P. vindemmiae, oka3anocb, Uto KynbTypa hitman cBo6ofiHa OT SHAOCUMOMOTUUYECKNX BaKTEPUIA, MPUHAANEXKALLMX K
ponam Arsenophonus Gherna et al., 1991, Cardinium Zchori-Fein et al., 2004, Rickettsia da Rocha-Lima, 1916, Spiroplasma
Saglio et al.,, 1973 n Wolbachia Hertig, 1936. BbllenprBeaeHHble faHHble MOMOHAIOT HALUW 3HAHWA O PA3SINYHbIX FeHe-
TUYECKMX 0COBEHHOCTAX Hae3aHUKOB cemelicTBa Pteromalidae, n B yactHoctu P. vindemmiae.

KnioueBble cnoBa: Hymenoptera; Pteromalidae; Hae3gHMKY; xpomocombl; kapuoTtun; AHK-6apKoguHr; SHA0CUMOVOHTI.

Introduction

Parasitoid Hymenoptera are one of the most species-rich,
taxonomically complicated and economically important
groups of insects (Bebber et al., 2014; Forbes et al., 2018). In
particular, the superfamily Chalcidoidea, with its exceptionally
high morphological and ecological diversity, contains more
than 27 thousand known species (Cruaud et al., 2024). Until
recently, Pteromalidae represented the second largest family
of Chalcidoidea with about four thousand members, but now
it is subdivided into several smaller families (Huber, 2017,
Burks et al., 2022). Nevertheless, karyotypes of less than
twenty species of Pteromalidae s. 1. have been studied up to
now (Gokhman, 2024), as opposed to about 230 members of
other Chalcidoidea (Gokhman, 2009, 2020). Among other
Pteromalidae s. str. (hence Pteromalidae), we have recently
studied the karyotype of a widespread parasitoid of Droso-
philidae (Diptera), Pachycrepoideus vindemmiae (Rondani,
1875), using routine staining and morphometric analysis of
chromosomes.

To ensure the precise identification of this species, which
is of considerable interest as an effective agent of biological
control (see, e. g., Bezerra Da Silva et al., 2019), we sequenced
the barcoding region of the mitochondrial cytochrome ¢ oxi-
dase (COI) gene of the same strain. In addition, many chalcids
harbor maternally inherited bacterial endosymbionts that
can cause various cytogenetic effects, for example, diploid
thelytoky (Werren et al., 2008; Gokhman, Kuznetsova, 2018),
which, in turn, can promote rapid fixation of chromosomal mu-
tations. Specifically, these endosymbionts belong to the genera
Arsenophonus Gherna et al., 1991, Cardinium Zchori-Fein et
al., 2004, Rickettsia da Rocha-Lima, 1916, Spiroplasma Saglio
etal., 1973 and Wolbachia Hertig, 1936 (Gavotte et al., 2007;
Werren et al., 2008; Duron et al., 2010; Pilgrim et al., 2021;
Nadal-Jimenez et al., 2023). Since the karyotype discovered
in P. vindemmiae turned to be fairly aberrant for Pteromalidae
(Gokhman, 2024) (see below), we have therefore conducted
an additional study aimed at testing for the presence of various
endosymbionts in the above-mentioned strain.

Material and methods

Origin of insects. The hitman strain of P. vindemmiae has
been maintained in the Laboratory of Molecular Genetics of
Insects (Institute of Cytology and Genetics of the Siberian
Branch of the Russian Academy of Sciences, Novosibirsk,
Russia) since 2018. It is reared on Drosophila melanogaster
Meigen, 1830 (Diptera, Drosophilidae) under 19-22 °C and
60+ 10 % humidity. The founder specimens of the strain were

isolated by Dr. Sophia N. Panteleeva (Institute of Systematics
and Ecology of Animals of the Siberian Branch of the Russian
Academy of Sciences, Novosibirsk, Russia) from D. melano-
gaster pupae that were exposed at the Novosibirsk Arboretum
in 2018. This strain can also be developed in the laboratory
on Drosophila virilis Sturtevant, 1916 and D. mercatorum
Patterson et Wheeler, 1942. For the karyotypic study, a few
additional individuals were used from the laboratory stock
kept at the Department of Evolutionary Theory (Moscow
State University, Russia).

Karyotypic study. Chromosomal preparations were ob-
tained from cerebral ganglia of seven male and four female
parasitoid prepupae generally following the protocol devel-
oped by Imai et al. (1988) with certain modifications. Ganglia
were extracted from insects dissected in 0.5 % hypotonic
sodium citrate solution containing 0.005 % colchicine. The
extracted ganglia were then transferred to a fresh portion of
hypotonic solution and incubated for 30 min at room tempera-
ture. The material was transferred onto a pre-cleaned micro-
scope slide using a Pasteur pipette and then gently flushed with
Fixative I (glacial acetic acid : absolute ethanol : distilled water
3:3:4). The tissues were disrupted using dissecting needles in
an additional drop of Fixative I. A drop of Fixative II (glacial
acetic acid:absolute ethanol 1:1) was applied to the center
of the area, and the more aqueous phase was blotted off the
edges of the slide. The same procedure was performed with
Fixative III (glacial acetic acid). The slides were then dried for
approximately half an hour and stored at room temperature.
Chromosome preparations were stained overnight with freshly
prepared 3 % Giemsa solution.

Metaphase plates were analyzed under a Zeiss Axioskop
40 FL epifluorescence microscope (Carl Zeiss, Germany).
Images of chromosomes from 21 haploid and 31 diploid
mitotic divisions were taken with Zeiss AxioCam 208 digital
camera using ZEN software version 3.0. To prepare illustra-
tions, the resulting images were arranged and enhanced with
GIMP 2.10. KaryoType software version 2.0 was also used
for taking chromosome measurements from five diploid meta-
phase plates of good quality. The chromosomes were classified
following the guidelines provided by Levan et al. (1964).

Molecular study. For barcoding and screening for en-
dosymbionts, DNA was extracted from at least five pooled
specimens. During 2018-2024, the hitman strain was tested
four times for maternally inherited endosymbionts in conjunc-
tion with replacements of the host strains.

Parasitoid specimens were homogenized in 200 pl extrac-
tion buffer (0.1M NaCl, 10 mM Tris HCI (pH 8.0), 25 mM
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Table 1. Primers used in this study

Karyotype and other genetic features
of Pachycrepoideus vindemmiae

Primers Target genes Sequences (5'-3) References

LCO1490 col GGTCAACAAATCATAAAGATATTGG Folmer et al., 1994
HCO2198 TAAACTTCAGGGTGACCAAAAAATCA

ArsF1 Arsenophonus, 16S rDNA GGGTTGTAAAGTACTTTCAGTCGT Duron et al,, 2008
ArsR2 GTAGCCCTRCTCGTAAGGGCC

Car281F Cardinium, 16S rDNA GGTAGGGGTTCTTAGTGGAAG Brown et al., 2018
Car269R TGCTCCCCACGCTTTCGTG

gyrB859F Cardinium, gyrB ATGCAYGTAACGGGDTTTAAAAG Tarlachkov et al., 2023
gyrB1498R CATAATYACAATTTTATGGTAMCG

gltl Rickettsia, gltA (1st round) GATTGCTTTACTTACGACCC Igolkina et al., 2015
glt2 TGCATTTCTTTCCATTGTGC

glt3 Rickettsia, gltA (2nd round) TATAGACGGTGATAAAGGAATC

glt4 CAGAACTACCGATTTCTTTAAGC

SpiF1 Spiroplasma, 16S rDNA GGGTGAGTAACACGTATCT Sanada-Morimura et al., 2013
SpiR3 CCTTCCTCTAGCTTACACTA

ftsZunif1 Wolbachia, ftsZ (1st round) GGYAARGGTGCRGCAGAAGA Lo et al., 2002
ftsZunif2 ATCRATRCCAGTTGCAAG

ftsZ_F1 Wolbachia, ftsZ (2nd round) TYATGGARCATATAAARGATAG Baldo et al., 2006
ftsZ_R1 TCRAGYAATGGATTRGATAT
EDTA, 0.5 % SDS) and incubated at 56 °C for an hour. DNA  Results

was then salted out with 100 ul 5M potassium acetate/3M
acetic acid with further precipitation and dissolution in 100 pl
double-distilled water. All PCRs were carried out in 20 pl
mix containing chemicals from the Biomaster HS-Taq PCR
kit (Biolabmix, Russia), together with a specific primer set
and genomic DNA, with the following cycling conditions: an
initial denaturation at 95 °C for 5 min, 35 cycles at 95 °C —
15 sec, 53 °C — 1 min for COI and Spiroplasma, 55 °C—30 sec
for Cardinium and 40 sec for Arsenophonus and nested PCRs
followed by elongation at 72 °C — 40 sec, and a final elongation
at 72 °C for 2 min. The presence of Rickettsia and Wolbachia
was checked by nested PCR, with 15 cycles for the first round
and 25 cycles for the second round; 1 pl of the reaction volume
from the first round was used in the second one. Primers used
in this study are listed in Table 1. The amplicon was puri-
fied with exonuclease (Exol) (New England Biolabs, USA),
and sequenced using the BrilliantDye™ Terminator Cycle
Sequencing Kit (NimaGen, The Netherlands). The sequence
of the COI gene was deposited in GenBank under accession
number PP727399.

We retrieved all sequences of the barcoding fragment of the
COI gene deposited under the name of P. vindemmiae in the
Barcode of Life Database (BoLD) (Ratnasingham, Hebert,
2007) and GenBank. Using BLAST nucleotide search (https://
blast.ncbi.nlm.nih.gov), we also found COI gene sequences
for a few other species with the highest similarity with those
of P. vindemmiae. These sequences were also included into
the analysis. The maximum likelihood (ML) phylogenetic tree
of the COI gene was reconstructed using MEGAG6 software
(Tamura et al., 2013) under the General Time Reversible model
as the best fit and bootstrapping at 1,000 iterations.
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The haploid karyotype of P. vindemmiae harbors four meta-
centric chromosomes (n = 4), although the first chromosome
is close to a submetacentric one (Fig. 1a, Table 2). The second
metacentric chromosome is similar in length to the first one,
the remaining chromosomes are distinctly shorter. Conse-

IR IR BN
(¢ te m

Fig. 1. Karyograms of P. vindemmiae: a — male (haploid), b - female
(diploid).

Bar =10 pm.

Table 2. Relative lengths (RLs) and centromeric indices (Cls)
of P. vindemmiae chromosomes (mean + SD)

Chromosome no. RL c

1 29.77+0.48 41.07+£3.94
2 28.52+0.87 41.76+£3.40
3 22.86+0.37 40.94+£1.37
4 18.85+0.77 44.11+£2.381
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Pachycrepoideus vindemmiae, Italy (MW441241)

79 Pachycrepoideus vindemmiae strain hitman, Russia (PP727399)

89

100

920

Pachycrepoideus vindemmiae, Turkey (OM956372)

Clade 1

Pachycrepoideus vindemmiae, China (MT712142)
Pachycrepoideus vindemmiae, China (OQ455486)

Arthrolytus discoideus, Pteromalidae (GMGMV608-20)

| Pachycrepoideus vindemmiae, Turkey (MK813907)
Clade 2

100 ILPachycrepoideus vindemmiae, USA (MG831937)

Pachycrepoideus vindemmiae, USA (MG831938)

~|: Lyrcus perdubius, Pteromalidae (JSAUG290-11)
N

phaeripalpus fuscipes, Pteromalidae (BCHYM10640-15)

—_—

0.05

Achrysocharoides cilla, Eulophidae (PEDIO149-08)

Fig. 2. The maximum likelihood (ML) phylogenetic tree of Pachycrepoideus COl mitochondrial DNA sequences (577 bp

region) reconstructed with the GTR+G model.

GenBank and/or BoLD accession numbers as well as origins of samples are indicated. The hitman strain indicated in bold. COI se-
quences of Arthrolytus discoideus (Nees, 1834) (Pteromalidae), Achrysocharoides cilla (Walker, 1839) (Eulophidae), as well as Lyrcus
perdubius (Girault, 1916) and Sphaeripalpus fuscipes (Walker, 1833) (Pteromalidae) were used as outgroups. Bootstrap values higher
than 75 (1,000 iterations) are indicated. The scale bar denotes the number of substitutions per site.

quently, the diploid karyotype of this species contains eight
chromosomes (2n = 8) (Fig. 1b). No obvious chromosomal
difference was detected between the strains from Novosibirsk
and Moscow.

We sequenced 652 bp of the mitochondrial COI gene of
the hitman strain and reconstructed the ML phylogenetic
tree, which included all annotated sequences available for
P. vindemmiae (Fig. 2). There are two clades on the ML
phylogenetic tree, in which the hitman strain is clustered
with conspecifics from China, Turkey and Italy (Clade 1),
while another cluster is formed by two strains from the USA
as well as by another one from Turkey (Clade 2). However,
the latter clade also turned out to include Arthrolytus discoi-
deus (Nees, 1834) (Pteromalidae, Pteromalinae). We did not
find any molecular evidence for the presence of any checked
endosymbiont, i.e., Arsenophonus, Cardinium, Rickettsia,
Spiroplasma and Wolbachia.

Discussion

Among other members of Pteromalidae s. I., n = 4 was re-
ported only for Spalangia endius Walker, 1839 (Spalangi-
idae) from Thailand (Kitthawee, Vasinpiyamongkol, 2002).
However, the same chromosome number found in P vin-
demmiae represents the lowest n value known for the family
Pteromalidae (Gokhman, 2024), with other members of the
family having n = 5-7. The most frequent chromosome num-
ber, which is characteristic of most species of Pteromalidae,
is n = 5 (Gokhman, 2024). Although it is unclear at present
which n value can be considered ancestral for the family, this
is almost certainly not n = 4, i.e., the chromosome number
found in P. vindemmiae. Moreover, the latter species and all
other Pteromalidae with known karyotypes belong to the sub-
families Pachyneurinae and Pteromalinae respectively (Burks
et al., 2022). It is therefore not surprising that P. vindemmiae
demonstrates deviating chromosomal characters. Moreover,
strong behavioral and molecular differences between this

species and many other Pteromalidae were already noted by
previous authors (van den Assem, 1974; Huang et al., 2023).

Taking into account the large genetic distance between
Clades 1 and 2, we suggest that the latter clade does not actu-
ally belong to P. vindemmiae. Indeed, according to the avail-
able data, studied samples of P. vindemmiae that belong to the
second clade appear to be more closely related to Arthrolytus
discoideus than to the strains of Clade 1 of P. vindemmiae
(Fig. 2). However, the pteromalid genera Arthrolytus Thom-
son, 1878 and Pachycrepoideus Ashmead, 1904 belong to
different subfamilies (see above), and therefore identifications
of these samples of P. vindemmiae may well be wrong.

Maternally inherited endosymbionts are constantly trans-
ferred to the offspring, and therefore they can be effectively
considered facultative components of the host genome. Cur-
rently, Arsenophonus remains the only endosymbiont genus
detected in P. vindemmiae (Duron et al., 2010; Nadal-Jimenez
et al., 2023). Moreover, Wolbachia and Rickettsia were also
previously reported for the genus Pachycrepoideus (Gavotte
et al., 2007; Pilgrim et al., 2021). However, the hitman strain
appears to be free from all these endosymbionts. Since we have
recurrently checked this strain for any endosymbiotic micro-
organisms for a few years starting from 2018 (see above), we
can assume that the hitman strain was neither initially infected
with these endosymbionts nor obtained them via different hosts
in the process of rearing.

Conclusions

Chromosome preparations from prepupae of Pachycrepoideus
vindemmiae showed that it has n =4 and 2n = 8 in males and
females, respectively, which are the lowest known chromo-
some numbers in the family Pteromalidae. A comparison of
the DNA sequence of the COI barcoding region of the hitman
strain of P. vindemmiae demonstrated that this strain clustered
together with conspecifics originating from China, Turkey and
Italy. The Aitman strain turned out to be free of endosymbiotic
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bacteria in the genera Arsenophonus, Cardinium, Rickettsia,
Spiroplasma and Wolbachia. These results improve our
knowledge of various genetic features of parasitoids of the
family Pteromalidae and those of P. vindemmiae in particular.
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[eHeTHUeCKas XapaKTepPUCTIUKA JIOLIaiell MeCTHBIX IIOPO]],
I10 JIOKycaM MIUKpocaTe/aanToB JITHK

H.B. Baoxuna ()@, A.A. Xpabposa

Bcepoccnincknin HayYHO-MCCNeoBaTeNbCKUI MHCTUTYT KOHEBOACTBA, NOC. [InBoBO, PbIGHOBCKMIN palioH, PAsaHckasa obnacTb, Poccua
@ nbloh16@yandex.ru

AHHoTauuA. Poccra obnagaet 3HauMTeNIbHbIM NMOPOAHbIM Pa3HOO6pa3memM KOHCKUX NOpof C YHUKaNbHbIMU reHOHOH-
aMu, KOTopble XOPOLO afanT1poBaHbl K CaMblM Pa3HOO6Pa3HbIM CYPOBbLIM MPUPOAHO-KIMMATUYECKM YCIOBUAM,
XapaKTepur3yTca YHUBePCanbHON paboTocnocoOHOCTbIO, BbICOKMMU MPOAYKTUBHBIMI KauyecTBaMu 1 NpeacTaBnaoT
CyLLeCTBEHHbIV UHTEPeC ANA MUPOBOro KOHeBOACTBA. [eHeTnYecKme nccnefoBaHma NonynAauMoHHOro pasHoobpasusa
B KOHEBOACTBE ABMAIOTCA BECbMa aKTyallbHbIMW, TaK Kak MHOT/e oTeYeCTBeHHble MOopofbl JIOLAAeN HaXxoAATcA noa
Yrpo3oi ncyesHoBeHuA. Ana nccnepgosaHunin 6uinym otobpaHbl 6riomaTtepuranbl (BONOCh, KPOBb, Criepma) oT Jlolwaaen
15 MeCTHbIX MOPOA, Pa3BoOANMbIX B Poccmm n conpenenbHbix cTpaHax. Boibopka Bkoyana 2193 nowaam antanckon
(n = 48), 6awkmpckon (n = 130), 6ypatckon (n = 30), BATcKow (n = 220), 3abalkanbckoi (n = 34), Kbiproidckon (n = 100),
me3seHcKon (n = 148), myramxapckon (n = 109), HoBoanTanckon (n = 514), neyopckon (n = 31), WeTNEHACKMX MOHU
(n = 47), nprnobckoi (n = 85), TyBMHCKOM (n = 600), xakacckon (n = 47) n akyTckol (n = 50) nopop. Mpu npoBeaeHnn
reHeTUKO-MoNyNALMOHHOrO aHan3a 1Crob30oBany cegytoLune rnokasatenu: obLiee KONMUYeCcTBO BapnaHTOB annenem
(Na) B 17 MmKpocaTeNIUTHBIX OKyCax, ypoBeHb nonumopdHocTu (Ae), cpenHee uncno annenen Ha nokyc (Nv), Habnto-
fnaemas (Ho) n oxunpgaemas (He) reTepo3nroTHOCTb, KOIGOULMEHTbI FTeHETUYECKOTrO CXOACTBA U FreHeTUYECKNX ANCTaH-
uniA, Ko3GOULMEHT BHYTPUMNONYAALMOHHOIO MHOpuanHra (Fis). CoBpemMeHHble MecTHble MOPOAbI NOLWaAen faxe npu
CPaBHUTENbHO HEHOMbLION YNCIIEHHOCT UMEIT BbICOKUIA YpoBeHb 6uopasHoobpasna u cBoeobpasHylo reHeTuye-
CKYI0 CTPYKTYPY, YaCTO C HanmMunem nprBaTHbIX annesen, KoTopasa COXpaHAETCA HECMOTPA Ha NepUonyecKkoe CKpeLLm-
BaHMe C 3aBOACKMMM Nopoamm pa3HoN creyuanm3anmnm. YCTaHOBMIEHO, YTO JIOWAAUN MeCTHbIX Mopog 06nafatoT pAaaom
YHVKanbHbIX annenewn, Bkntoyvaa ASB2T, HMS7S, HMS6J, HMS6H, HMS2T, HMS10, HTG7L, HTG6L, HTG6H, VHL20S, ASB17Z,
ASB17X, ASB17U, LEX3S, LEX3R n CA425E, koTopble He BblfABNEHbl y NpeAcTaBuTeNiei 3aBOACKMX MOPOA B U3YUYEeHHbIX
eBponenckrx nonynaunax. [na 60ablNMHCTBA N3YyUYeHHbIX MOPOA Obl0 XapaKTepHO oTpuuaTenbHoe 3HaueHue Fis n
OTCYTCTBME BHYTPUMNOPOAHOIO MHOpUANHIA. KoaddprumeHTbl reHeTUYeCKoro CXoacTBa MeCTHbIX NOPOA MEHANNCH B
CpaBHUTENbHO WKPOKOM AmanasoHe (0.828-0.973) n cBraeTenbCTBOBaNU 06 YHUKaNbHOCTY reHOGOHAOB 6ONbLUNH-
CTBa MECTHbIX KOHCKMX nopof B Poccnu, a Takke NOATBEPXKAANMN OBLHOCTb NMPOUCXOXKAEHNA KbIPrbl3CKON Jolagm ¢
nonynauuamu nowagei tOxHon Cnéupw.

KnioueBble cnoBa: Equus caballus; reHeTuueckoe pasHoobpasue; Mukpocatennutbl JHK; mecTHble nopoabl; nowagb.

[na yntnposaHua: bnoxmHa H.B., Xpabposa J1.A. [eHeTuuecKas XapaKTepUCT/Ka follafiell MeCTHbIX MOpog Mo JIOKY-
cam muKpocatennutos OHK. Bagunosckuli xypHan eeHemuku u cenekyuu. 2025;29(1):113-121. doi 10.18699/vjgb-25-13

DOuHaHcpoBaHue. PaboTa BbiNosiHeHa Npu ¢rHaHCOBOW nofaepke MHUCTEPCTBA HAayKu 1 BbiCLLero o6pa3oBaHus
Poccuniickon ®epepauun, rpaHt N2 075-15-2021-1037 (BHyTpeHHU Ne 15.6PK.21.0001).

BnarogapHocTi. ABTOpPbI BbipaxatoT rny6oKyto 61arofqapHoCTb 1 MPU3HaTENIbHOCTb COTPYAHMKaM nabopaTtopum reHe-
TUKK 1 oTAena cenekunmn BHUW KoHeBOACTBA, a Tak»Ke perncTpaTtopam nopog 1 CneLrannctam no KOHeBOACTBY pPa3HbIX
XO3ANCTB.

Genetic characteristics of local horse breeds
by microsatellite DNA loci

N.V. Blohina () @, L.A. Khrabrova

All-Russian Research Institute of Horse Breeding, Divovo, Rybnovsky district, Ryazan region, Russia
@ nbloh16@yandex.ru

Abstract. Russia has a significant pedigree diversity of horse breeds with unique gene pools that are well adapted to a
wide variety of harsh natural and climatic conditions, are characterized by universal performance and high productive
qualities, and are of significant interest to the world horse breeding. Genetic studies of population diversity in horse
breeding are very relevant, since many domestic horse breeds are under threat of extinction. Biomaterials (hair, blood,
semen) from horses of 15 local breeds bred in the Russian Federation and neighboring countries (CIS) were selected for
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theresearch.The sampleincluded 2,193 horses, including: Altaiskaya (n=48), Bashkirskaya (n=130), Buryatskaya (n=30),
Vyatskaya (n = 220), Zabaikalskaya (n = 34), Kyrgyzskaya (n = 100), Mezenskaya (n = 148), Mugalzharskaya (n = 109),
Novoaltaiskaya (n = 514), Pechorskaya (n=31), Shetland pony (n = 47), Priobskaya (n = 85), Tuvinskaya (n = 600), Khakas-
skaya (n = 47) and Yakutskaya (n = 50) breeds. The following indicators were used in the genetic and population analy-
sis: the total number of allele variants (Na) in 17 microsatellite loci, the level of polymorphism (Ae), the average number
of alleles per locus (Nv), observed (Ho) and expected (He) heterozygosity, coefficients of genetic similarity and genetic
distances, as well as the coefficient of intrapopulation inbreeding (Fis). Modern local horse breeds, even relatively small
in number, have a high level of biodiversity and a peculiar genetic structure, often with the presence of private alleles,
which persists despite periodic crossing with stud breeds of different specializations. It was found that horses of local
breeds possess a number of unique alleles, including ASB2T, HMS7S, HMS6J, HMS6H, HMS2T, HMS10, HTG7L, HTG6L,
HTG6H, VHL20S, ASB17Z, ASB17X, ASB17U, LEX3S, LEX3R and CA425E, which were not detected in representatives of
stud breeds in the studied European populations. The majority of the studied breeds were characterized by a negative
Fis value and the absence of inbreeding. The coefficients of genetic similarity of local breeds varied in a relatively wide
range (0.828-0.973) and testified to the uniqueness of the gene pools of most local horse breeds of the Russian Federa-
tion, as well as confirmed the common origin of the Kyrgyzskaya horse with the horse populations of Southern Siberia.
Key words: Equus caballus; genetic diversity; DNA microsatellites; local breeds; horse.
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BeepeHmne

Jlo Hayaya MPONIIOro Beka KOHEBOJICTBO 3aHMMAJIO 0c000e
MECTO B ’KOHOMHKE U CENbCKOXO035ICTBEHHOM MIPOU3BOJICTBE
Poccun u MHOrUX Apyrux rocyznapcrts. Jlomanb He TOJIBKO
ObUTa CHMBOJIOM MOIIHU U NPECTHKa CTPaHbl, HO U Cllacaa
Hapo/bl B TPyAHbIC BpeMeHa uctopuu. OHAKO B cepeluHe
XX B. C pa3BUTHEM MEXaHU3aLUU B CEIbCKOM XO3sIMCTBE,
TPAHCIIOPTE, APMHUH U HHITYCTPHH HOAXO K NCTIOIB30BAHHIO
JomIa iell U3MEHUIICS M YUCIEHHOCTS JIOLIAaied Pe3K0o CoKpa-
THJIaCh, HO 3aTeM CTaOMIIN3MPOBaJach U AaXKe Hadasia Bo3pac-
TaTh BO MHOTHX cTpaHax. Ceifuac jomaan UrparoT BaKHYIO
pOJIb B TypH3Me, CIIOPTE, HITIOAPOMHOM OM3HECE, a TAKKE B
MIPOU3BOJICTBE MPOIYKTOB MUTAHUA (MOJIOKO, KyMBIC, MSICO).
HaOimonaemast o0meMnpoBasi TEHIACHIUS yBEIUIECHUSI TIPO-
n3BoncTBa KOHUHBI (Askarov et al., 2020) oObsicHsCTCS BBI-
COKHMMH JMETHYECKUMHU CBOMCTBaMU Msica Jomraaeil. Konnna
JIETKO YCBaMBAETCs, PAKTUUECKH HE COAEPKUT AJUIEPTCHHBIX
AMHUHOKHUCJIOT U NTO3TOMY CUMTAETCS LIEHHBIM TUETUYECKHM
npoaykroMm (Stanislawczyk et al., 2020).

MupoBasi IpakTHKa MOKA3bIBAET, YTO MPH COKPAIICHUH
3aTpaT Ha INIEMEHHYTO PadoTy IPOyKTHBHOCTH CKOTA CHIKa-
©TCsI, ¥ B KOHEYHOM CUETE Pa3BEACHHUE )KUBOTHBIX CTAHOBUTCS
yObITouHbIM. OTIeHKa TeHETHYECKOTO pa3Ho00pas3wsi BHYTPH
OT/AEIbHBIX TOPOJHBIX NOMYIISAIUN U [ETBIX TOPOJ MO3BOJISET
CO03/1aBaTh U COBEPIICHCTBOBATH KAK CEJICKIIMOHHbIC MJIaHbI,
TaK M MPOTPaMMBbI IO COXPAHEHHIO TeHO(OHIa 3TUX MTOPOJ
(Map3anos u 1p., 2010; Kanamraukosa u ap., 2022). B namreit
CTpaHe MECTHBIC MTOPOHI JoMIaaei cocTaBisioT 6omee 50 %
BCETO KOHCKOTO TOT0JI0BBs. VX pa3BeneHue obOecrieunBaeT
3aHATOCTh HACEJIEHUs, MPOU3BOACTBO KUBOTHOBOAUECKOM
MIPOIYKIIMH, COXPAaHEHHUE KyJIBTYypPHBIX TPAIUIIINA U OCBOCHHE
HOBBIX TEPPUTOPHIA.

B HacTosiiee BpeMsi B peecTp CENeKIIUOHHBIX JJOCTHKEHUN
Poccun BrmroueHs! 47 mopop Jommazaei, B Tom gucie 20 Mect-
HBIX U CO3/IaHHBIX Ha UX OCHOBE IPOAYKTUBHBIX HOPOJ, KO-
TOpBIE PACIPOCTPAHEHBI MPEUMYILECTBEHHO B PETUOHAX C
CYPOBBIMH KJIMMaTHYECKUMH YCIOBHAMH (puc. 1).

OBOJIONNS MECTHBIX ITOPOJ JIOMIA/ICH MPONUCXOIMIIA B OC-
HOBHOM I1071 BO3/ICHCTBHEM €CTECTBEHHOT'O 0TOOpA C UCTIONb-
30BaHUEM METOJI0B HAPOHOM CENIEKIMHU, YTO CHOPMHUPOBAIIO
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BBICOKYIO ITPUCTIOCOOJIEHHOCTB )KUBOTHBIX K YCIIOBUSIM OKPY-
JKaroIIe cpeibl. 3HAYUTETBHYIO YaCTh a00OPUTEHHBIX TTOPOT
CHCTEMAaTHYECKH YITyUIIa i CKPEUIMBAHUEM C PAa3TUIHBIMA
3aBOZICKMMH TIOPOJIaMHU C LIEITBIO TOIyYSHHUs O0see KPYITHBIX
oco0elt /U1 CebCKOTo XO35ICTBA M YBEITMUCHUS TIPOU3BOI-
CTBa KOHUHBI. B HaIm JHU IIEHHOCTh MECTHBIX ITOPOJT BO3PAC-
TAEeT, TAK KaK OHU SIBJISIFOTCSI OCHOBOI OTPAC/IN NPOTYKTUBHOIO
koHeBojicTBa (Askarov et al., 2020). B pesynbrare ckperiu-
BaHUSI JIONIAZCH MECTHBIX TTOPOJ C 3aBOJICKUMH, B OCHOBHOM
TSDKEJIOYTIPSHKHBIMU, YAaI0Ch TOOUTHCS YBEIWYEHHS KPYII-
HOCTH aOOpPUTEHHBIX JIOMAACH MPH COXPAHCHUH MX THIA U
XO3HCTBEHHO MOJE3HBIX KauecTB. OMHAKO HAYWHAs C KOHIIA
MPOIJIOro BeKa U MO HACTOsAIIEe BpeMsl IeJIeHANPaBIeHHas
IUIeMeHHast paboTa co MHOTMMH MECTHBIMH IOPOJaMH OT-
CYTCTBYET, TNIEMCHHOW y4eT HaJlaKeH MPAaKTUICCKH TOIBKO
JUTSE ME3CHCKOI, BATCKOMU, OANTKUPCKOW M KAJIMBILIKOW ITOPO]I.

BbeckoHTpObHOE CKPEITMBaHUE BEAET K N3MEHEHHUIO THIIA
1 YHCTHIX MCXOIHBIX a00OPHUTeHHBIX (hOPM JIOTIaeit OOIBIITHH-
CTBa MECTHBIX MOPOJ, YTO B JalbHEHIIEM MOXKET PUBECTU
K MCUE3HOBEHUIO camux mopos. M3 40 abopureHHbIX TTOpOT
Jomnaei, ONMCcaHHBIX HITToJoraMu Ha pyoeske XIX—XX BB.,
JI0 HalIUX JHEW coxpaHuioch auiib 16. [Ipu sToM cBenenus
0 COBPEMEHHOM COCTOSIHUU [IEYOPCKOM, UyMBIILICKOM, Ky3HELl-
KOM 1 BEpXHEEHUCENCKON OpoJ], BKIIOUEHHBIX B [ocpeectp
CEJIEKIIMOHHBIX JTOCTHXKeHui Poccum, dakTuuecku orcyT-
ctByoT (benoycosa, 2018).

CBeieHHS O KOJMYECTBE MPOTECTUPOBAHHBIX JIOMAACH 1
YHUCIEHHOCTH MAaTOK U3yU€HHBIX MECTHBIX IOPOJI IPUBEIEHBI
B Tabx. 1. JlaHHBIE CBUACTEIBCTBYIOT O KPUTHYECKH HU3KOH
YHCJIEHHOCTH IIOT0JIOBbsI B BATCKOM, ME3EHCKOH, IEYOPCKOM
1 PUOOCKOH TOpo/iax, KOTOPBIE OCTPO HYXKIAIOTCS B Mepax
10 COXPaHEHHI0. ITO yKa3bIBaeT Ha HEOOXOAUMOCTh CO3/IAHUSI
KOMITJICKCHOH TTPOTPaMMBI IO COXPAHEHUIO MaJIOYHCIICHHBIX
KOHCKHX TOPOJ, SIBISIFOLIMXCS HAIMOHATIBHBIM JOCTHKEHHEM
Poccun, kotopast OyneT BKIIOYaTh TeHETHYECKHUE HCCIIeIOBa-
HUS 110 U3YYCHHUIO M OIICHKE YHHUKAJIBFHOTO OTEYeCTBEHHOTO
reHo(OoHIa.

IIpu xoHTpOJIE IPOUCXOKIAEHHUS KUBOTHBIX, U3YUECHUU
(hMITOTEHETHYECKUX CBSI3€H M MUKPOIBOIIOIMH TTOPOJ, IJIS
COBEPUICHCTBOBAHUS! T€HOTUIUYECKONH OI[EHKU KHBOTHBIX
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leHeTnYecKan xapaKTepuCTKa Jlollafeit MeCTHbIX MOPOJ
no nokycam mukpocatennutos JHK
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Puc. 1. PacnpocTtpaHeHue nolagei MeCTHbIX Mopog Ha TeppuTtopun Poccuiickoin ®epepauun.

Ta6nuua 1. O611aa YNCNIEHHOCTb MOroNoBbA
N 4NCNOo B3ATbIX 06Pa3L0B OT NoLaAert MECTHbIX MOPOA,

Mopopna Yucno O6uan
B3ATbIX 00Pa3LOB  UYMCIEHHOCTb MaTOK

AnTaiickas 48 500%
bawkupckas 130 2400*
bypaTtckas 30 1000*
Batckan 220 230*%
3abaiikanbckasn 34 1500%
Kbiprbizckas 100 64500
MeseHckan 148 171*
Myranxapckan 109 5200
HoBoantaickas 514 3245
Meuopckan 31 100*
LLletTneHackne noHu 47 396
Mprobckas 85 200*
TyBUHCKas 600 1200*
Xakacckas 47 5500%
AKyTCcKan 50 51800*

* NlaHHble H.O. Benoycosa (2018).

Ha WHMBHYaJbHOM U MOMYJSIHOHHOM YPOBHSX, a TAKXKE
B TEHOMHBIX HCCIEOBAHUAX MHUPOKO ncnonb3yroTres JTHK-
texHonorun (Map3aHoB u jp., 2010; Roh et al., 2020; Nwa-
chukwu et al., 2022; Pozharskiy et al., 2023).
MukpocaTeIuTh — HanOoJee MOMyJIIpHbIC MapKepsl B
UCCIICIOBAHUSX TEHETUICCKUX XapaAKTEPUCTHK CETbCKOXO03STi-

CTBEHHBIX JKUBOTHBIX (DpHCT, 3uHOBBeBa, 2008; [aszko u ap.,
2023), oHM IPOCTHI B IPUMEHEHHH U BHICOKOMH(OPMATHBHBI.
MuKpocaTesUIThl UHTEPECHBI TE€M, YTO OHU TOJIBEPIKECHBI
GoJsiee BBICOKOMY YPOBHIO MYTHPOBAHHUS IO CPABHEHHIO C
OCTaJBbHOM "acThio reHoMa (Imasko u ap., 2023). Mccnenosa-
HUSI TEHETUYECKON CTPYKTYPhI JIOLIAAeH pa3HOH crieranm3a-
i ¢ ucrionb3oBanneM JJHK-mapkepos (Kanamunkos u ip.,
2011; broxuna u ap., 2018; T'appunuyena, 2019; Khaudov et
al., 2019) nokasanu BHICOKHI YPOBEHb aJIJIEIBbHOI BapHadeb-
HOCTH B M3YyYaeMbIX MOMYIALUIX U MOATBEPIMIN HAJIUUUE
TEHETUYECKOH cenn(uKN aJuteno(oH/Ia OONBIINHCTRA TOPOT
Jiolaie, 4acTo MMEIOLIMX OrPaHUYEHHBIN apeas pa3BeACHUS
(Bnosuna, FOpresa, 2021; Xpadbposa u ap., 2022). Mukpoca-
TEJUTATBI SIBIISIOTCS SPPEKTUBHBIM CPEACTBOM JUISI U3yUECHUS
ocoOeHHOCTel reHO(OH 12, TeHETUYECKOTO MOIMMOpQH3Ma,
¢unorenesa, MoIy4eHUs AAHHBIX O NOPOJOOOPA3OBAaHUU H
sBororiH KUBOTHBIX (R2D2 Consortium et al., 2021).

Lenp Hame# paboTel — H3yueHne anneaopoHIa U TeHETH-
yeckoro pasHooOpasusi STR J10KycoB B reHOMax Jiomaaen
15 aGopureHHBIX OPOJI, Pa3BOAMMBIX Ha TeppuTopun Poccuu
U COTIPECITbHBIX CTPaH, M UCCIIeA0BaHNE (DHIIOTeHETHYECKHUX
CBA3EM MEXIy HUMMU.

MaTtepwuanbi n metopbl

Marepuaisl [Uisi TPOBEJCHUS AaHHBIX MCCIEIOBAaHUN ObUIN
0TOOpaHbl y TPeICTaBUTEICH MECTHBIX MOPOJ], OOUTAIOLINX
Ha Tepputopun PO. Bribopka Bkmrouana 2193 momanu
15 mecTHBIX TIOpox: Xakacckoi (n = 47), sKkytckoit (n = 50),
Oypsrckoit (n = 30), 6amkupcekoii (n = 130), 3abaiikarbckoit
(n=34), Barcxkoii (n = 220), kpIpre3ckoii (7 = 100), Me3eHCcKOi
(n = 148), npuobckoii (n = 85), meuopckoii (n = 31), HOBO-
anraiickoit (n = 514), myramkapckoii (n = 109), TyBHHCKOI
(n=600), meTnenackux mouu (n =47) n antaiickoi (n =48).
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HcenenoBanust MpOBOJUIINCH B CEPTUPHUIIMPOBAHHOM J1a00-
paropun renetnkn BHUU xoneBoacTea mo 17 STR nokycam
JHK: HMS2, HMS3, HMS1, AHT4, VHL20, AHTS5, HTG7,
HTG6,HTG4,HTG10, HMS7, HMS6, ASB23, ASB2, ASB17,
LEX3 n CA425, ¢ ucrionp30BaHUEM CTaHIAPTH3HMPOBAHHBIX
METOJMK, pekoMeH10BaHHbIX ISAG.

Beinenenue JIHK u3 6uomarepuasnos (Boioc, KpOBH, CIep-
MBI 1 JIp.) TIPOBOIIIIH C HCTIONB30BaHNeM peareHToB COrDIS
SPRINT (Poccus). s ammmudukanuu momydeHsoi JJHK
ucnoib3oBaiu 17-mnexcHslii Habop npaiimepoB COrDIS
Horse (Poccust) ans reHOTHIIMpOBaHUS Jomraneit. Pazmene-
HHE ¥ JICTEKIHUIO ITPOYKTOB aMIUTU(PHUKALIMN OCYIIECTBISITN
METOZOM KallMJUISIPHOTO AJIeKTpodope3a Ha aBTOMaTHYECKOM
4-xanmmsipHoM reHetnaeckoM ananmzarope HAHADOP 05
(Poccus). ITocne perucrpanuu TaHHBIX 3IEKTpodopesa pas-
Mepsl amiununrpoBanHbix ¢pparmentoB JJHK paccuntsi-
BaJTH ¢ moMoIIso mporpammer GeneMapper™ V.4.0. Pesyis-
TaThl TPAKTOBAJIM Ha OCHOBE NMpoduis KoHTpoabHOH JJHK
OT MU3BCCTHOI'O 'CHOTHIIA U JAHHBIX MCKAYHAPOAHBIX CpaB-
HutenbHBIX ncnbitanni (Horse Comparison Tests), mpoBeieH-
HBIX [SAG B 2008-2020 rT. [l 0003HAUCHUS aIIeneil uc-
TOJIb30BAJIM MEX/[yHapOAHBIN aaBUTHBIN KOJI. AHAIIN3 Te-
HETHKO-TIOMY/ISIIHOHHBIX TapaMETPOB HOPO U TPahHUUECKYTO
BU3yaJIN3annio npoBoauin B mporpamme R Studio 1.3.1093 ¢
ucnonb3oBanueM rnaketoB diveRsity 1 POPHELPER (Fran-
cis, 2017). 3HaueHHs TETEPO3UTOTHOCTH, OXHIaeMbie (Ho)
n Habmonaemele (He), pacCUUTHIBAIM MPU TTOMOIIHU TPO-
rpammubix naketoB PLINK 1.9 (Chang et al., 2015). B pac-

Genetic characteristics of local horse breeds
by microsatellite DNA loci

yerax ucnonb3oBaim MS Excel 2010, Statistics 12 (https://
statsoft-statistica.ru/) u GenAlEx (ver.6.5.1) (https://biology-
assets.anu.edu.au/GenAlEx/Download.html). IToctpoenue
(PUIIOTEHETHYECKOTO JIEpeBa M0 AITOPUTMY «CETH COCEei
(Neighbor-Net) mpoBommiu B mporpamme SplitsTree4 4.14.5
(https://www.advanceduninstaller.com/SplitsTree4-4 14 5-
72c0418345e¢4a971ba5b353bfac970d6-application.htm).
[Ipn xapakTepuCTHKE ITOPOJ PACCUUTHIBAIH CIISIYIOIIHE
nokasarenu: obmee yncio amieneit B 17 STR nokycax (Na),
CpeJHee YUCIIOo ajuiesieii Ha JIOKyC (NV), ypOBEHb MOJTUMOPd-
HocTH (4e), Habmonaemyro (Ho) u oxunaemyto (He) reTepo3u-
TOTHOCTB, KOO (UIMECHT BHY TPHITOMYNISIIMOHHOTO HHOPHANH-
ra (Fis), reHeTUYECKOE POJICTBO M TEHETUUECKHUE TUCTAHIINH.

Pe3ynbratbl

ITpu renorunupoBanuu 2193 nomaneit 15 MecTHBIX HOPOJ IO
17 STR nokycam 051 0OHapykeH 521 amens ¢ 60MbIIIMHI
KOJIEOaHMSIMU TI0 YHCITy ajulenei B Jokycax. Hanmenbiee
qHCII0 ajuiened HaiiaeHo ans jgokyca HTG6 nedopckoi mo-
poxet (3). Hanbompimee umcio amienei — ais gokyca ASB17
TYBUHCKOH 1opost (21).

CpaBHHTEIBHBIN aHATN3 0000MIAIOIINX TOKa3aTeleH Je-
MOHCTpHUpYeT Hanbosee OOraThIii CIIEKTp ajuIeNell y Jomaaei
TyBuHCKOH (170), HOBOanTalickor (158) u Myramkapckoi
(154) nopox. Y nomaznei OypsTcKoil mopobl ObUI0 MUHH-
MajbHOe yuciio amteneit — 117 (Tabm. 2).

JIuaepcTBO MO YPOBHIO TMOIMMOP(GHOCTH POAEMOHCTPH-
poBaia TyBHHCKas nopoaa (Ade = 5.186). biuskue noxasa-

Ta6bnuua 2. XapaktepurcTrka nowagein abopureHHbix nopog (n = 2193) no 17 STR mapkepam JHK

MNMopopa n Na Nv

AnTanckan 48 134 7.880
bawkunpckan 130 153 9.001
bypsaTckas 30 117 6.883
Batckan 220 129 7.588
3abalikanbckasn 34 129 7.588
Kbiprbizckas 100 153 9.000
MeseHckan 148 132 7.764
Myranmxapckas 109 154 9.060
HoBoanraickas 514 158 9.294
Mevyopckas 31 121 7.117
LLleTnenHackmne noHu 47 131 7.705
Mprobckan 85 147 8.647
TyBUHCKaA 600 170 10.000
Xakacckas 47 123 7.235
AkyTCcKan 50 128 7.529
Pycckas TaxenoBo3Haa* 615 138 8.117
CoBeTckas TakenoBosHaa* 286 129 7.587

Ae Ho He Fis HWE
4.761 0.784+0.025 0.759+0.024 -0.038 Frx
4.837 0.778+0.023 0.774+0.018 -0.005 ns
4.420 0.740+0.025 0.750+0.017 0.012 i
4.101 0.738+0.028 0.723+0.027 -0.022 ns
4.579 0.747 £0.024 0.763+0.020 0.015 **
5.080 0.766+0.020 0.781+0.019 0.016 **
4.197 0.736+0.033 0.723+0.032 -0.021 ns
5.051 0.801+0.022 0.781+0.019 -0.025 ns
4.923 0.752+0.031 0.757+0.029 0.006 ns
4.580 0.755+0.035 0.755+0.023 -0.006 **
4.337 0.714+0.024 0.748+0.020 0.046 FrE
4.661 0.702+0.026 0.752+0.027 0.058 **
5.186 0.754+0.025 0.782+0.021 0.028 ns
4.299 0.729+0.031 0.745+0.020 0.025 ns
4.307 0.693+0.032 0.740+0.025 0.055 **
3.667 0.674+0.030 0.689+0.030 0.015 ns
3.871 0.694+0.043 0.697 +0.042 0.004 ns

MpumeyaHue. n — konnuectso nowagen; Na — obuiee yncno annenein B 17 MUKpOCaTeNINTHBIX NIOKycax; Nv — cpefiHee 4ncno annenei Ha IoKyc; Ae — ypo-
BeHb nonumopHocTH; Ho — Habnofaemas reTepo3nroTHOCTb; He — oxmgaemasn reTepo3nroTHOCTb; Fis — KOIGOULMEHT BHYTPUMNONYNALMOHHOTO MHOPUAVHTA.
HWE - oTKnoHeHue oT paBHoBecys Xapan-BaiiHbepra (ns — He 3HaUMMo, ** — 3Haummo npw p < 0.001, *** — 3Haumumo npm p < 0.0001), * — Nopofpl, yyacTayoLve

B KauecTBe ynyyluaTtesnen MeCTHbIX oLazen.
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Tenn ObUIM Y KbIPTbI3cKOi (4e = 5.080) m Myramkapckoi
(de = 5.051) mopoxn. Hammensmmii ypoBeHb moauMopd-
HOCTH 3a()MKCHPOBaH y Xakacckolt (4e = 4.299) u sikyTckoit
(Ae =4.307) nopon. Hanbosbiiue mokaszarenu GakTuueckon
TEeTEPO3UTOTHOCTH OMpENeNeHbl y MyTraiKapckoit (Ho =
=0.801), anraiickoit (Ho = 0.784), 6amxupckoii (Ho = 0.778)
U KbIprbI3ckoit (Ho = 0.766) mopos, HAaMMEHbIINH — y AKyT-
ckoit (Ho = 0.693).

[Ipeobnananne reTepo3UTroTHBIX TEHOTHIIOB M OTCYTCTBHE
BHYTPUTIONYJISIIIMOHHOTO MHOPHIMHTa HAOIIO/aN y anTai-
CKOH, OAIIKUPCKOH, BATCKOW, ME3EHCKOH M MyTaIDKapCKOH
nopox. HezHaunrenpHOE CMEIIeHNE FTeHETHYECKOTo OalaHca B
CTOPOHY M30BITKa FTOMO3MIOT 1O KO3 HULHeHTy Fis ObUIO OT-
MeUeHO y 3a0aiikaIbCKO!, KBIPTBI3CKOM, HOBOAITANHCKOM, TIPH-
00CKOM, TYBUHCKOH, XaKacCKOW M SIKYTCKOH mopoy. B 6osb-
IIMHCTBE CYONOMYJISIMA U TIOPOJ JIoNIazel Mbl HaOIoIau
OTKJIOHEHHS OT paBHOBecHs Xapau—BaiinOepra, 3HaYNMBIC
npu p <0.001 nuau p <0.0001 mo BceM U3y4eHHBIM JIOKyCaM.
Y GalKupCKoi, BATCKOM, ME3EHCKOM, MyraJlKapcKoi, HOBO-
aNTalCKOM, TyBHHCKOW, XaKacCKOIl Mopos1 HabmoaaIocs co-
XpaHeHue paBHOBecus Xapnu—BaitnGepra (p > 0.05).

Pesynbrarsl anannza reHodoH/a Jomasei abopureHHbIX
MOPOJI CBUAETEIBCTBYIOT O TOM, YTO KaXkJas U3 IIpOaHalI-
3MPOBAHHBIX TPYIIT OTIMYAETCS CEKTPOM, YaCTOTOM BCTpe-
4aeMoCTH U Habopom ayuieneit. Heo6xomumMo oTMETHTh, UTO
TIPH TIPOBEACHNH CpaBHUTENBHOTO aHanmm3a 17 STR mokycoB
y Jlomrazei MECTHBIX IMOpoA ObUIO OOHapyXeHO 16 HOBBIX
ajesnei, KOTopble OTCYTCTBOBAIN B CTaHJAPTU3MPOBAHHON
Homenkiarype ISAG (Van de Goor et al., 2010): HMS7S,
HMS6J, HMS6H, HMS2T, HMS10,ASB2T, HTG7L, HTGO6L,
HTGG6H, ASB17Z, ASB17X, ASB17U, VHL20S, LEX3S,
LEX3R n CA425E.

Y nomaielt Me3eHCKOH TTOpOJIb, Pa3BOAUMBIX B ApXaHTellb-
CKOi1 00nacTH, ObIJI0 0OHAPYKEHO Cpasy MATh YHHKAJIbHBIX
anneneit: HMS6J (0.003), ASB17Y (0.019), ASB17X (0.010),
LEX3S (0.039) u LEX3R (0.016). HanGomnpuryro 4acToTy
B DTOU CeBEepHOU JecHOU mopone umenu amnenu HMS7L
(0.685), HMS3M (0.432), AHT40 (0.417), HTG70 (0.437),
HTG7K (0.425), HTG60 (0.799), HTG4M (0.419) u LEX3M
(0.535).

B rereTryeckoii CTpyKType OamkupCKuX J0maaeii Haoo-
JIaeTCsl BBICOKasl yacToTa BcTpeyaemoctu ajeneit HTG100
(0.447), HTG60 (0.508), HTG4M (0.589) u HMS7L (0.487)
W HaIW9#e penko Berpevaromerocs amiens ASB17U (0.041),
0OHAPY>KEHHOTO 1 Y JIOIIaJield TyBHHCKOH MOPOIBI.

JIBa ayens oka3aJuCh YHUKAIBHBIMU JUIS JIONIaAEH BAT-
ckoit moponsr: HTG6L (0.004) u AHT5P (0.009), a Tannd-
HbIMU OKazanuck HMS7L (0.470), HMS2H (0.457), HMS1M
(0.468), AHT5J (0.427), HTG7 (0.576), HTG60O (0.712) n
HTG4M (0.689).

MecTHble mopois! stomae Cnonupu 3aMeTHO OTIANYAIINCH
OT €BPOIECHCKUX NONYJSALUI 110 BCEM I'€HETUYECKUM I1apa-
MeTpaM. Beicokne 3HaueHus BceX 0a30BbIX MOMYIISIIHOHHBIX
TapamMeTpoB HAOMIONAIMCh Y KBIPIBI3CKOI 1 TYBUHCKOM TIOPO]L,
paHee UMEBIINX COMPHUKACAIOIIUECs apeanbl. Y 3THX HOPOa
TaKKe ObUIN OTIPEZIETIEHBI BBICOKHE YAaCTOTHI BCTPEUaEMOCTH
ameneit HTG60 (0.548; 0.530), HTG4M (0.632; 0.597),
HMS7L (0.420; 0.400). Y TYBUHCKHUX JIOIIa/Iel pEAKO BCTpe-
ganuch amwtenu HMS6H (0.001), HMS3L (0.004), VHL20K
(0.002), ASB23N (0.001), ASB17Z (0.002), LEX3J (0.054)
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u LEX3I (0.024). B xbIprei3ckoil mopose ObUIH BBISBICHBI
JIBa YHUKaIbHBIX aiviens: HTG4J (0.005) u HTG7Q (0.009),
OTCYTCTBYIOIINE Y JIPYTHX U3y4aeMbIX MOPOJI B paMKax HcC-
CJIEZIOBAHHBIX TPYIIIL.

Amnens HTG6R oO0HapyXeH TONBKO y YETHIPEX MOPOJI:
kpIpreizckoit (0.005), myramkapekoii (0.007), mprodckoit
(0.023) u tyBunckoit (0.006). B noxkyce VHL20 annens S
BCTpeyaics y myraimkapekoit (0.046), HoBoanraiickoii (0.005)
n tyBuHCKo# (0.002) mopog.

B nokyce LEX3, nokann30BaHHOM B X-XpOMOCOME, Y
MECTHBIX JIOIIA IeH ObITO BEISBIICHO |2 anmenei, TpH 13 KOTO-
poIxX (F, L, M) BcTpedaanch BO BCEX MCCIIEIYEMbIX TTOPOAAax
(puc. 2).

st npencraBuTenell TYBUHCKOM U aJITalCKOW MOPOA Xa-
pakTepHO Hanmuuue peakoro amwtens LEX3J (0.019; 0.056),
OTCYTCTBYIOIIIETO Y IPYTUX MCCIENYEMbIX B TaHHOW paboTe
rpymn. Tonbko y Jiomanei MeCTHBIX MOPOJ, Pa3BOANMBIX B
IOxHnoi#t n 3anmagHoit CubHUpH, TakMX Kak KBIPTBI3CKas, HO-
BoaJITaiicKasi, Myraymkapckasi 1 TyBUHCKasi, OblT 0OHapyKeH
amnens LEX3G, KOTOpbIi BCTpedascs ¢ HU3KOH YaCTOTOM.

B renorunax yonraneir Me3eHCKON MOPOJIBI ObUTN Halize-
Hbl peakue amnenu LEX3S (0.045) u LEX3R (0.017), oTcyT-
CTBYIOIINE Y APYTHX TOMYISAIIHA (CM. puc. 2).

Jaist monrazielt MeCTHBIX IOPOJ] XapaKTepHO HaITMIHe ajie-
newt I, J, L, Mu N B nokyce CA425. MakcumanbpHasi 4acToTa
BcTpedaemMocTH amuterst CA425M xapakTepHa IS TyBHHCKOH
" xaxkacckoy nomymsiuuil. Annens CA425N npucyTcTBOBal y
Oypsitckoit (0.511), anraiickoit (0.463), myramkapckoii (0.408)
u HoBoanTaickor (0.435) mopon. Hoserit amnens CA425E
(0.009) oGHapy>KeH TOJIBKO y JIOMIaJeld MyrampKapcKoi mo-
ponbl, pa3BoguMbix B KaszaxctaHe. Y MIETIEHACKUX TIOHH,
OamKUPCKUX W XaKACCKUX JIOMIAZeH OB OmpeneNieH yHH-
KanbHbIHM amnens CA425P, KOTOpbli OTCYTCTBOBAN y APYTHX
HCCJICJOBAHHBIX HaAMU ITOPOA.

INokazarenn ypoBHS MOIUMOP(HHOCTH U CTETIEHH I'€Tepo-
3UTOTHOCTH Y MECTHBIX ITOPOJT OBIIN BHICOKUMH TIPH HU3KHUX
3HauEHUSX Fis, 4YTO CBUJETENBLCTBYET O T€HETHUECKOM Oa-
JIAaHCE B MICCIIEAYEMBIX oMy susiX. OCHOBBIBAsICh HA TTOITY-
YEHHBIX Pe3yJIbTaTax, MO>)KHO OTMETHTB, YTO CAMbI€ BBICOKHE
MOKAa3aTeNIi TeHETHYECKOTr0 pa3HooOpa3ust ObLIH BBISBICHBI
y Jomaieil TyBHHCKOM MOPOJBI IPU CPABHEHUH C APYTHMHU
aHAIM3UPYEMBIMH B paMKax IPEACTaBICHHOTO HCCIICIOBaHUS
nopoaaMu. CaMblii HU3KUI ypOBEHb T'€HETUYECKOTO Pa3HO-
00pa3ust HabIromaeTes y JIomaael BITCKOH MOPOIBI.

KonpumreHTs reHeTHaecKoro poacTBa MEXIy MECTHBIMU
MopoAaMu Jiomaseil BappupoBanu B uatepnane 0.828-0.973
(tabm. 3). CaMble BBICOKHE KOA(P(PHUINEHTH T€HETHIECKOTO
pozxcTBa OBUIM OTIPEENICHBl y KBIPTBI3CKOH MOPOIBI C TY-
BuHckoit (0.973), 6amkupckoit (0.939), anraiickoit (0.938),
3abatikanbckoit (0.934) n xakacckoit (0.926). Camblii HU3KAN
YPOBEHb — C IMETIICH/ICKUMH TTOHHU. [ eHeTHYecKne pa3inaus
MCKAY HU3YUYCHHBIMU MOpOJaMU IO MUKPOCATCIIIMTHBIM
MapKepaM IOATBEPKIAI0T 3HAYCHHUS T€HETHUYECKUX pac-
CTOSIHMI, KOTOpBIE BapbupoBanu B nquanazone 0.027-0.331.
Camoe Ou3K0€ TeHEeTHMYECKOe PACCTOSIHHE MMEIOT JIOIIAAU
TYBHHCKOH ¥ KbIpTBI3cKoit Topox (0.027).

Ha ¢unorenernueckoM nepeBe MccieJOBaHHBIE TOPOIBI
somnaaeit GopMUpPYIOT TPU HE3aBUCHMBIX KitacTepa (puc. 3).
B mepBblii KacTep BOIIIM KBIPTBI3CKAas M TyBHHCKAs MO-
POJIBI, XapaKTepU3yoNrecs OOMIHOCTHIO MPOMCXOXK/ICHHUSI.
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Puic. 2. TncTorpamma 4acToT BCTpeyaemocCTu anneneii B okyce LEX3 y nowafeit MecTHbIX Nopog.
Ta6nuua 3. KospdurLmeHTbl reHeTMUeCKOro POACTBA M FEHETUYECKNX PACCTOAHNIA Y NoLWafeit MeCTHbIX Mopos
[eHeTnyeckoe [eHeTnyeckoe poacTeo
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AnTanckas X 0.886 0.862 0911 0.938 0.805 0.878 0.872 0.901 0.866 0.852 0.777 0.924 0.870 0.844 0.829

bawknpckan 0114  x 0.869 0903 0.939 0.840 0.890 0.817 0.886 0.856 0.841 0.814 0.945 0915 0.864 0.800
bypsaTckas 0.138 0.131 X 0.872 0914 0.836 0.851 0.821 0.883 0.831 0.810 0.779 0.887 0.865 0.833 0.744
3abalikanbckaa  0.089 0.097 0.128 X 0934 0816 0.876 0.842 0.899 0.858 0.874 0.789 0.929 0.874 0.865 0.779
Kbiprbizckas 0.062 0.061 0.086 0.066 X 0.850 0.909 0.864 0916 0.888 0.871 0.828 0.973 0926 0.871 0.833
Me3seHckasn 0.195 0.160 0.164 0.184 0.150 X 0.760 0.781 0.838 0.831 0.777 0.805 0.856 0.823 0.799 0.701
Myranxapckaa  0.122 0.110 0.149 0.124 0.091 0.240 X 0.782 0.885 0.787 0.819 0.768 0.913 0.867 0.855 0.788
Bartckan 0.128 0.183 0.179 0.158 0.136 0.219 0.218 X 0873 0816 0.829 0.711 0.844 0.822 0.775 0.732
Hosoantanckaa 0.099 0.114 0.117 0.101 0.084 0.162 0.115 0.127 X 0.879 0.888 0.775 0911 0914 0.846 0.820
Meuopckas 0.134 0.144 0.169 0.142 0.112 0.169 0.213 0.184 0.121 X 0.820 0.811 0.889 0.844 0.833 0.748
Mpuobckas 0.148 0.159 0.190 0.126 0.129 0.223 0.181 0.171 0.112 0.180 X 0.752 0.881 0.829 0.789 0.768

Letnenackue 0.223 0.186 0.221 0.211 0.172 0.195 0.232 0.289 0.225 0.189 0.248 X 0.851 0.767 0.806 0.669
MoHU

TyBUHCKan 0.076 0.055 0.113 0.071 0.027 0.144 0.087 0.156 0.089 0.111 0.119 0.149 x 0915 0.894 0.818
Xakacckas 0.130 0.085 0.135 0.126 0.074 0.177 0.133 0.178 0.086 0.156 0.171 0233 0.085 x 0.820 0.847
AkyTCcKan 0.156 0.136 0.167 0.135 0.129 0.201 0.145 0.225 0.154 0.167 0211 0.194 0.106 0.180 x  0.701
OprnoBckas 0.171 0200 0.256 0.221 0.167 0.299 0.212 0.268 0.180 0.252 0.232 0331 0.182 0.153 0.299 x
pblcucTas
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AnTaiickaa

———— 3abalKanbcKasn

Batckana
4|j|: Pycckan TikenososHan
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0.02

Puc. 3. [leHaporpaMmma reHeTuyeckrx pacCToaHUA Mexay abopureHHbl-
MW NopoAamm nolagei, noctpoeHHasn no metogy Neighbor-Net.

DTHOCHI aKTUBHO KOYEBAJIM Ha JIOIIAAX 10 Bceil BocTOUHOM,
3anagnoit u LenTpanpHoit CHOMPH, YTO SBUIIOCH IPHYUHON
TEHETHYECKOTO POJICTBA TTOITYIISIIHH.

Bropoii kitactep 00pasyroT Jionraau OamKUpCeKoi, Xxakac-
CKOH, MyrajpkapCcKkoil U OpJIOBCKOM pwlicucTOd mopox. Ha
NEPBBIM B3IV, BKJIFOUEHUE OPIJIOBCKOIO PhICAKa B IPYIIY
MECTHBIX CTEITHBIX TOPO]] HECKOIBKO HEOKUIaHHO, HO, CKOpee
BCETO, OHO OOYCJIOBJICHO NMEPUOANIECKUM HCTIOIb30BaHNEM
9TOH PBICHCTOH IOPOABI JUIS YITyUHICHHS XO35SHCTBEHHO I10-
JIE3HBIX KauecTB JIOUIaJiell MECTHBIX MOMyIsiuuii. B sTom
cyOKJlacTepe HECKOJIBKO BBIICISETCS BETBb reorpaduuecKku
000Cc00IeHHOI MyTaIKapCKO# TOPOIBI, 00IaJar0IIeH PSAOM
YHUKaJIbHBIX aJUIeNIeH.

CambIii OOIIMPHEIN TPETHH KIacTep BKIIOUACT OOIBIITHH-
CTBO HCCIIElyeMBIX a0OPUTEHHBIX TTOPOJ JIOMIAACH JICCHOM
W JIECOCTEITHON 30HBI, @ TAKXKe IOPOJbI OTEYECTBEHHBIX
TSOKETOYNPSKHBIX JIOIIAeH, KOTOphle HUCIIOIB30BAUCH pa-
Hee NIl yAy4llleHHs MECTHOTO Moroiosbs. Jlenaporpamma
TEHETUYECKUX JUCTAHIMN HAIMISAIHO OTPa)kaeT 3aMETHOE
BIIMSTHHUE JKEPEOLIOB PYCCKOM TSIKEIOYNPSKHOM MOPO/BI Ha
(hopMHUpOBaHKE BATCKOM JIOIIAIN HA TIPOTSHKEHUHN TOCIICTHUX
JIECATUIICTHH e pa3BUTHSL.

Ha ocHOBaHUU NOIYYEHHBIX PE3YIBTaTOB MOKHO CHEIIATh
BBIBOJI, UTO Ha (hOpPMUPOBaHHE TeHETHUYECKUX MTpoduiieii abo-
PHUTEHHBIX ITOPOJI, X YPOBHEH MOTMMOP(HOCTH, pa3nndnii B
CTPYKTYpE JIOKYCOB, I'€HETHKO-TIOMYIIALMOHHBIX XapaKTepu-
CTHK ¥ OOIITHOCTH OKA3BIBAIOT BIMSIHUE JBE TPYIITHI 3HAYUMBIX
Pa3HOBEKTOPHBIX (PaKTOPOB: MPHUPOJHO-reorpauueckas
H30JIALUA )KUBOTHBIX U ITIPOUCXOKICHUE OT O6HJJ/IX PpEAKOB.
IIpoBeneHHBIM HAMU MOJIEKYJISIPHO-TEHETUYECKUN aHalIn3
15 aGopHUTeHHBIX TOPOJ ITOKA3aJ, YTO BCE TPYIIIBI 5KHBOTHBIX
XapaKTEPU3YIOTCS BBICOKUM T'€HETHUECKUM Pa3HOOOpa3HueM.

O6cyxpeHue
Poccust oGnanaeT yHuKaaIbHBIMUA TeHETUYECKUMU PECYpcamMu
KOHEBOJICTBA, N3yUEHHE OMOIOTHYECKUX OCOOCHHOCTEH KO-
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TOPBIX SIBJISIETCSI OCHOBOM ISl IPOI'PaMM I10 UX COXPaHEHHUIO
Y COBEPILICHCTBOBAHUIO.

[IpakTideckn y BcexX M3YYEHHBIX aOOPUTEHHBIX MOPOJ
OBLTH OTIpe/IeNIeHBI BEICOKUE 3HAYCHNUS TTOKa3aTeNeil ypoBHS
nommmopduoctu STR mapkepos (de = 4.101-5.186). [Tomy-
YEeHHBIC JJAHHBIE YKa3bIBAIOT HA CJIOKHYIO M pa3HOOOpa3HyIo
CHCTEMY CKpPEIIMBaHUS U TOPOI000PAa30BaHUS B M3yUaeMBbIX
rpyIIax, a TaK)Ke Ha HAJIMYMe FeHETHYEeCKOro pasHoo0pasusi,
CBSI3aHHOTO C aJaNTaI[IOHHBIMHU Ka9eCTBAMH JIOMIAACH U MX
CIIOCOOHOCTBIO MPHUCIIOCAONUBATECA K SKCTPEMAIbHBIM yC-
JIOBHSIM OKPYKAFOIICH Cpelbl B 3BOIOIIMOHHOM KOHTEKCTE.

B nomonHeHue K CTaHAAPTU3MPOBAHHOW HOMEHKJIATYpeE
(Van de Goor et al., 2010) y siomaaeli MECTHBIX ITOPOJ ObLIH
oOHapyxeHbI 16 HOBBIX aljieNielf, KOTOPbIe MO OCTAaThCs B
oyarax OOMAITHUBAHUS IPEBHUX JIOMAICH Ha TEPPUTOPHH,
a TaKKe TOSBUTHCS B PE3ybTare TEHOMHBIX MyTallM{ WA
WHTPOIYKIIMU TCHOB OT JIOMIa Icil KOUEBHUKOB U3 Pa3HBIX pe-
rruoHoB Asun. Yuensle n3 Kuras (Ling et al., 2011) monrsep-
JIAITH 3TOT (PaKT COOCTBCHHBIMU UCCIICIOBAHUSIMHU MECTHBIX
KUTANCKHUX JIOIIa e, y KOTOPBIX OBLT ONpeeNieH MIMPOKUN
CHEKTp ayiesieil MUKPOCATEIITUTHRIX MapKePOB BOCTOYHOTO
TIPOUCXOXKICHNUS.

[IpoBeeHHBII aHATN3 TO3BOJIII YCTAHOBUThH 3HAUUTCITh-
HBIE PA3JIMYHMs 10 OCHOBHBIM FeHETHUECKHIM TTapameTpam (Ae,
Nv, Ho, He, Fis). IloMuMO BBICOKOH CTETIEHH T€HETHYECKOM
BapuabeIbHOCTH, XapaKTEPHOIT 0COOEHHOCTHIO MECTHBIX MO~
PO OKa3ajoCh HAMWYME PSAa YHUKAIBHBIX ISl OTEYECT-
BEHHBIX mopoy aimieneit: ASB2T, HMS7S, HMS6J, HMS6H,
HMS2T, HMS10, HTG7L, HTG6L, HTG6H, VHL20S,
ASB17Z, ASB17X, ASB17U, LEX3S, LEX3R n CA425E,
KOTOPbIE HE BCTPEYAIHCh Yy JIOUIAJeH 3aBOJCKUX MOPOI U
B M3yUYEHHBIX eBpomneickux momymanusax (Seo et al., 2016;
Baena et al., 2020).

Jlomagy aGOpUTEHHBIX MOPOJ 00JIANA0T YHUKATHHBIMH
ayensiMu: TyBuHckas — HTG6L, VHL20S, HMS6H, ASB17X,
ASB17U, ASB17Z; 6amkupckas — ASB17U; antaiickas —
HMS2T; 6ypsitckast — HTG6L, HTG6H, Bsatckast — AHTSP,
HTGG6L; mesenckas — ASB17Y, ASB17X, HMS6J, LEX3R,
LEX3S. CoBpeMeHHBIe aOOpUTEHHBIE MTOPOIBI JTOIIA IeH, TaXKe
MpH OOIIHOCTH MPOUCXOXKICHUS OT MOHTOJIBCKUX KOpHEH
(Yun etal., 2022), ©MEIOT CBOIO XapaKTEPHYIO TeHETHIECKYTO
CTPYKTYpy C HaJIMYMEM MPUBATHBIX ajUIeNIel, HECMOTPSI Ha
MEPHOAMYECKOE CKPELIMBaHUE C 3aBOJCKUMHU IOPOAAMHU
BEPXOBOTO, PHICHCTOTO M TSDKEIIOYIPSHKHOTO HAIIPABICHUI.

[TomyueHHBIE HAMH PE3yNBTAaTHl TOATBEPKAAIOT JAHHEIC
3apyoexHbix yueHsx (Lippold et al., 2011; Librado et al.,
2021) o ToM, YTO apeasl OMOMAITHUBAHHUS JIOMIAAN 3aHUMAIT
3HAYUTENBHYIO YacTh TEPPUTOPUH COBpeMeHHOW Poccum,
KOTOpast Ojlarofapsi CBoeMy reorpaduyeckoMy MOJIOKESHUIO
Obl1a HCTOPUYECKUM MEPEKPECTKOM MapIIPyTOB MHOTHX KO-
4eBBIX HapoioB EBpa3ui, 4To CI1ocoOCTBOBAIO HHTEHCHBHO-
My Tporieccy (popMHUPOBAHHUS JIOMIAACH HOBBIX TIOPOI.

3aknio4veHne

HpOBe}IeHHBIe HCCJICAOBAHUS IMTOKa3aJIu, YTO OTCUCCTBCHHBIC
MOPOJBI JOomaae o0manaoT caMOOBITHON TeHeTHIeCKON
CTPYKTYpOUH, YHHUKAIbHBIM ajlieo(OHIOM H XapaKTepu-
3YIOTCSI BBICOKUM yYPOBHEM T'€HETHUYECKOTO Pa3zHOOOpasusl.
VY nomanert abOpUTEHHBIX ITOPOJ] BBISBICHBI IPUBATHEIC aJI-
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JIeIIH, KOTOpbIe HEOOXOIMMO YUUTHIBATH IIPU KOHTPOJIE IPO-
HCXOKJICHHUS U OLIEHKE MOMYISAIHOHHOTO pa3HOoOpasus,
a TaKKe TP MPOBEAECHUH T€HETHYECKOTO MOHUTOPUHTA U
IUTAHUPOBAHUM NIPOTPaMM 110 COXPAHEHUIO U Pa3BEACHUIO
Joma el MECTHBIX MOPOJ.

CornacHo pe3ynbraTaM NOCTPOSHHOTO (pritoreHeTHYecKo-
O JiepeBa, MECTHbIE OPOABI JOMIA/IeH, pa3BOIUMBIE Ha Tep-
PHUTOPHUAX COCEACTBYIOIIUX PETHOHOB, IMEIOT HANOOIBIITYIO
CTeTIeHb TeHEeTHYECKOTO cX0/1cTBa. KitacTepHsIit aHamn3 00b-
€IMHMIT TIOPOJIBI JIOMIA/ICH B TPU I'PYIIIBI B COOTBETCTBUH C
TEHETUYECKON CTPYKTYpPOMH, ONPEAENIEHHON 10 JIOKYyCaM MH-
kpocaremutos JIHK, koTopsle OATBEpAUIN CBOO IPUTOA-
HOCTb HCIIOJIb30BaHMs B KaueCTBE MapKepoB (HIIOT€HETH-
4yeckoro pozcTsa nonyssinuii. [Tonyuennsie koadduimeHTs!
TEHETUIECKOTO CXOJICTBA JI0CTATOYHO a/IEKBATHO OTPAXKAIOT
POZICTBEHHBIE CBSA3M MEXK]Ly MECTHBIMH ITOPOIAMH JIOIIaAeH
B COOTBETCTBHMHU C UCTOPHEH NX (POPMUPOBAHMSI.

Wzy4yenne ocoOeHHOCTEN TeHETHUECKOH CTPYKTYPBI U (hH-
JIOTEHETHYECKHUX CBSI3€H OTECUECTBEHHBIX a6op1/1reHH131x nopona
nomazei mo 17 STR mapkepam npeacTapisieT HECOMHEHHBIN
HMHTEPEC C TEOPETUUECKON M NMPAKTUYECKON TOYEK 3PEHUSI.
I'eHeTn4ecKkne METO/IBI CENIEKIMY O3BOJISIFOT HE TOJIBKO Olle-
HUBATh CTEINEHb T€HETHYECKOTO pa3HOOOpas3ust MOpo, HO 1
KOHTPOJINPOBATh YPOBEHb BHYTPUIIOPOIHOTO HHOPH/IMHTA 1
Ha OCHOBAaHHH 3TOT0 ()OPMUPOBATH CTPATETUIO CEIEKIIMOHHBIX
MIPOTPaMM.
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Accoumanus JBYX MIUCCeHC-MyTaluii B reHax MSS51 u KAT6B
C MacCOi Tejia B pa3HOM BO3pacTe V KOPOB SIPOC/IaBCKO MMOPOIbI

A .B. Vromux 1@, H.C. I0pun (D1, A.M. Aapkun 2@

! DepepanbHblii NCCNeRoBaTENbCKUI LeHTP VHCTUTYT ymtonorum n reHetnkn Cnbrpckoro otaeneHnsa Poccuinckolt akagemmnm Hayk, HoBocnbnpck, Poccns
2 KoponeBCKuit BeTeprHapHbIi Konnemx, JIoHaoH, BenukobputaHns

@ igoshin@bionet.nsc.ru; dmlarkin@gmail.com

AHHOTauuA. ApociaBckaa Nopofa KPynHOro poraToro CKota — oTeyecTBeHHasa NMopofa MOJSIOYHOrO HarnpaBJfieHuA
NPoAYKTUBHOCTYU, BbiBefileHHaA B XIX B. Ha OCHOBe CEBEPHOro BeNIMKOPYCCKOro CKOTa, afanTMpOBaHHOMO K CYypOBOMY
KNMMaTy U CKyAHOMY paLuoHy. PaHee y XMBOTHbIX 3TO MOPOAbl Mbl OGHAPYKUIU [1BE BbICOKOYACTOTHbIE MNOYTU MOPO-
nocneunduryHble MncceHc-myTaumm B reHax MSS57 (Ala415Glu) n KAT6B (Val105Met), KoTopble MMenn oTpuuaTenbHyo
CBA3b C Maccoli Tena Ha Bblibopke 13 30 KMNBOTHbIX. Liesiblo paboTbl 6bino NOATBEPKAEHME acCcoLMaLi MUCCEHC-MYyTa-
unii B reHax MSS51 n KAT6B, a Takke MyTaHTHOrO ransiotuna, coaepatlero obe mytaumm, € K1BOWN Maccoi B pasHOM
BO3pacTe y KOPOB APOC/IaBCKOW NOPOAbl HA PacLUMPEHHON BbIGOPKe KMBOTHbIX. Mbl reHoTUnupoBanu 113 Kopos no
BbILLEYNOMAHYTbIM MUCCEHC-BapMaHTamM 1 Ha 06befUHEHHOW C NpeablAyLWMMI aHHBIMU BbIOOpKe B 143 >KUBOTHbIX
NpOoBesN aHaNM3 accoumaL i C >KMBOM Maccoi B Bo3pacte 0,6, 10, 12, 15 1 18 mec. ¢ MCnosib30BaHMEM NINHENHON pe-
rpeccun n ojHOGpaKTOPHOro ANCNEPCMOHHOIO aHanm3a. C MOMOLLbIO TIMHENHOW perpeccun ana mytauum B reHe KAT6B
OblIN BbISBMIEHbI 3HAYMMbIE aCCOLMALIMN C XKMBOW Maccoii B Bo3pacTte 6, 12 1 18 mec. MyTaums B reHe MSS57 6bina
accoumMmMpoBaHa C »K1BOI Maccol B BospacTe 6, 12, 15 n 18 mec. lannotun c o6enmm mytaumamm 6bi1 accoLMmMpoBaH C
KVBOW Maccoli BO Bcex Bo3pacTax, oT 6 fo 18 mec. BKitounTenbHo. Mo pesynstataM o4HOGaKTOPHOro AMCNepCUOHHO-
ro aHanM3a 3HauyrMble accouMaLm XMBOIM MacCbl C FreHOTMMaMM No MyTauun B reHe KAT6B 6bin 06HapyKeHbl TOSIbKO
B Bo3pacTe 6 mec. [ina myTauum B reHe MSS57, Kak 1 ana MyTaHTHOrO ranaoTuna, accounaumm NMenncb B Bo3pacrte
6,12, 15 1 18 mec. B 060X CTaTUCTMYECKIMX TECTAaX HaubosbLUEN 3HAYMMOCTIN AOCTUIMIA aCCOLMALINA He C OTAeSbHbI-
MW BapuaHTaMK, a C MyTaHTHbIM ranaoTunom. MosyyeHHble AaHHble MOTYT ObITb MCMONIb30BaHbI NPU Cenekunn Ans
NpPOV3BOACTBA rOBAAMHbI 32 CYET OTKOPMOYHOIO KOHTUHIEeHTa MONIOAHAKA, a TakXKe Nnomecer ApOoCnaBCKOW Nopoabl C
6blkaMmn MACHbBIX NOPOA,

KnioueBble cnoBa: ApocnaBckan Nopofa; *KmMBaa Macca; Bo3pacT; reH KAT6B; ren MSS51; mucceHc-myTaums; rannotumn;
cenekyus.

[Ona untnposanus: VirownH A.B., lOanH H.C., NlapknH [1.M. Accounauma fByx MnucceHc-myTaumii B reHax MSS51 n KAT6B
C Maccol Tena B pa3HOM BO3pacTe y KOPOB APOCIaBCKO NOPOAbI. Basusnosckuli XypHan eeHemuku u cenekyuu. 2025;
29(1):122-127.doi 10.18699/vjgb-25-14
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Association of two missense mutations
in the MSS51 and KAT6B genes with body weight
at different ages in cows of the Yaroslavl breed
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TInstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
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Abstract. The Yaroslavl cattle is a native Russian dairy breed developed in the 19th century from the Northern Great
Russian cattle, which were adapted to withstand harsh climates and poor forage conditions. Previous studies identified
two breed-specific missense mutations in the MSS57 (Ala415Glu) and KAT6B (Val105Met) genes that negatively impact
the body weight of the animals. This study aimed to confirm the association of these missense mutations in the MSS51
and KAT6B genes, along with the mutant haplotype containing both mutations, with live weight at various ages in the
Yaroslavl breed using an expanded sample set. We genotyped 113 cows for these missense variants and analyzed their
associations with live weight at birth, as well as at 6, 10, 12, 15, and 18 months in a combined sample of 143 animals,
which includes earlier data. We employed linear regression and one-way ANOVA for statistical analysis. The results
from linear regression indicated significant associations with live weight at 6, 12, and 18 months for the mutation in
the KAT6B gene. The MSS51 gene mutation was associated with live weight at 6, 12, 15, and 18 months. Notably, the
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Accoumauma myTtauui B reHax MSS51 n KAT6B
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mutant haplotype was linked to live weight across all ages from 6 to 18 months. One-way ANOVA revealed significant
associations of live weight with KAT6B genotypes only at 6 months. For the MSS57 gene mutation and the mutant
haplotype, significant associations were found at 6, 12, 15, and 18 months. In both statistical tests, the most significant
association was observed for the mutant haplotype rather than for the individual variants. These findings could be
instrumental in enhancing the live weight of beef hybrids utilising the Yaroslavl cattle breed.

Key words: Yaroslavl breed; live weight; age; KAT6B gene; MSS51 gene; missense mutation; haplotype; selection.
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BBepeHune

B nacTostiiee BpeMsi B MEpE HaCUUTHIBAETCS OOJIee THICSIN
ouIHMaIbHO MPU3HAHHBIX MTOPOJ KPYITHOTO POraTtoro cKoTa
(KPC) (FAO, 2024). 3HaunTeNbHYyI0 YacTh U3 HUX MOXKHO
OTHECTH K TaK Ha3bIBa€MbIM JIOKAJBHBIM HOpoaM (abopu-
TEHHBIM, HCKOHHBIM), KOTOpBIC, KaK MPaBHUJIO, YCTYMalOT B
MPOAYKTUBHOCTH KOMMEPYECKUM ITOPOIaM C IIMPOKUM apea-
JIOM pa3BEICHUsI, OJJHAKO XOPOIIIO aIaITHPOBAHBI K MECTHBIM
MPUPOAHO-KINMATHYECKAM (aKTOpam, aroreHaM 1 0coOeH-
HocTsiM cozieprkanust (Curone et al., 2019). JlokanbHbIe mopo-
JTBI TIPENICTABIISIOT COOOH IIEHHBIHN pe3epByap TeHETUIECKOTO
PpazHOO0pa3usi, KOTOPBI MOXKET OBITH HCTIOIB30BaH ISl COBEP-
[IIGHCTBOBAHHMS aJIAIITUBHBIX U MPOAYKTUBHBIX KauecTB KPC
BBUJIy ITPOMCXOAAIINX B MHUPE KIMMAaTHYECKUX M3MEHEHUI
(FOnuH, Jlapkun, 2019; Colombi et al., 2024).

Spocnasckas mopoga KPC monouHoro HanpaBieHus mpo-
IYKTUBHOCTH ObLia BeIBeZieHa B XIX B. Ha TEppUTOPHH OBIB-
el SpocnaBckoii ryOepHUH B XOJIE «HAPOJHOM CENEKIHI
IyTEeM pa3Be/IeHHsI «B ceOe» CeBEPHOTO BEITMKOPYCCKOTO CKO-
Ta, KOTOPBIA UMEJ HEBBICOKYIO IPOAYKTHBHOCTb, OBLIT HU3KO-
POCIIBIM, HO XOPOIIIO aAaNTHPOBAHHBIM K CypPOBOMY KITUMaTy
U ckyaHoMy paimony (Dmitriev, Ernst, 1989).

JKuBoTHbIE SIPOCIABCKON MOPOJbI B OCHOBHOM UYEpPHOM
macti. [onmoBa Oenasi, ¢ XapaKTepHBIMU YEPHBIMH OTMETH-
HaMH («OYKaMm») BOKPYT I1a3. Bproxo u HIDKHSASA 4acTh KO-
HEYHOCTEH, a TakKe KOHYUK XBocTa — Oeibie (MOHOCHKOB,
1974). o nagana 1880-x romoB B SIpociaBckyro TyOCpHUIO
B HEOOJIBIIIOM YHCIIE BBO3WIIM KMBOTHBIX TOJIIAHICKOM, TH-
POJIBCKOM, aHIeIbHCKON, CHMMEHTAJIbCKOM, allbray3ckoi u
XOJIMOTOPCKO# nopoy. OiHaKo, 0-BUANMOMY, OHU HE OKa3aJll
OOJIBILIOTO BIHMSIHUS Ha SIPOCIIABCKYIO OPOLY, ITOCKOIbKY OHA
coxXpaHmIIa cBOH crieruduaeckunii sxkcreprep (Dmitriev, Ernst,
1989). C uenplo MOBBIIICHUS] MOJIOYHON MPOAYKTHBHOCTH B
CCCP npoBoauIn CKpelrBaHue KOPOB SIPOCIABCKOM MOPO-
IIBI C JKUBOTHBIMHU 0CT(pHU3CKOil U Toyumanackoii (¢ 1937 1),
a Takke romutuHckoi (¢ 1978 1) mopon (MoHoeHkoB, 1974;
Tamaposa, 2009). Tem He MeHee Ucciea0BaHus Ha 0a3e JaH-
HBIX TIOJHOTEHOMHOTO reHoTunupoBanus (Iso-Touru et al.,
2016; Yurchenko et al., 2018) n MuKpOcaTeJUIMTHOTO aHAIN3a
(Abdelmanova et al., 2020) mokasaju, 4To spoCIaBCcKas 1Mo-
pozia B OCHOBHOM COXpPaHHJIa CBOIO YHHUKAJIbHYIO T€HETHKY,
OTJIMYAIOIIYIOCS OT JIPyTUX OTEUECTBEHHBIX M 3apyOEKHBIX
MOPOJI KPYITHOTO POraTroro CKoTa.

Panee HaMu OBUIO MPOBEJECHO MCCIIEIOBAHUE IO MOUCKY
CJIe/IOB 0TOOpa B TEHOMAX JKUBOTHBIX SIPOCIIABCKOH TIOPO/IbI,
B KOTOPOM Ha XpoMocoMe 28 ObUTH HACHTHU(UITIPOBAHEI IBE
MOYTH MOPOAOCTIEHN(UIHBIE BEICOKOUYACTOTHBIE MHCCEHC-
myTanuu B renax MSS51 (Ala415Glu) u KAT6B (Vall05Met),
cocrasisitone eaunbii ramorun (Ruvinskiy et al., 2022).

leHOoTHIIMPOBAaHUE STHX MYTALUH, OCYIIECTBICHHOE HA BbI-
6opke 30 KOpoB, U MOCIEAYIONINNA aHAJIN3 aCCOLUAIUN BbI-
SIBUJTH OTPULATEINIBHYO CBSI3b MyTAHTHOTO I'AIIOTUIIA C YKUBOK
Maccoil )KUBOTHBIX, & TAKXKE C BHICOTOM B XOJIKE M 00XBATOM
rpyau. MBI IPEOJIOKUIIN, YTO MyTAHTHBIH raruioTHII, Oy/1y-
YH aCCOLMMPOBAHHBIM C MEHBIIEH MACCO Tela KUBOTHBIX,
MMeJT TIPEUMYIIECTBA B YCIOBHIX XOJIOJHOTO KJIMMaTa U
CKYJTHOI KOPMOBO# 0a3bl U TIOATOMY IOJABEPralicst 0TOOpY B
MPEIKOBBIX MOIYISHAX IPOCIABCKON TOPOIBI.

Lenp HacTOsIIIEH pabOTHI — TONTBEPKACHHE ACCOINAINN
MucceHc-MyTanuit B reHax MSS51 u KAT6B, a Takke MyTaHT-
HOTO raruIoTHIIA C )KMUBOM MacCcoi B pa3HOM BO3pacTe y KOpOB
SIPOCIJIABCKOM TIOPOJIBI HA pacIIMPEHHOI BEIOOpPKE.

MaTtepwuanbl n metoapl

B pabote ncrons3oBanu o6pasibl kKposu oT 113 kopoB sipo-
CJIAaBCKOM TIOPOJIBI U3 JBYX X03SIHCTB SIpociaBckoii 00J1acTH.
Wudopmanus no sxuBoit Macce B Bo3pacte 0, 6, 10, 12, 15 u
18 mec. Oblma B3sITa U3 KapTOYEK 300TEXHUYECKOTO Yy4YeTa.
Beinenenne JIHK n3 00pa3ioB KpoBU BBIMOJIHSIIN ITyTEM
KJIETOYHOTO JIN3HCA C TTOCIeAyomei heHoma-x1opoGopMHON
akcTpaknuei (Sambrook, Russell, 2006). 'enornnupoBanne
MHCCeHC-MyTaluii B reHax KAT6B u MSS5 I mpoBOIIH C 10-
morrpio metona [TIP-TIT/IP® (Ota et al., 2007). ITonbop npaii-
MEPOB OCYILECTBIISIIN C UCIOIb30BaHUEM MakeTa Vector NTI
(Lu, Moriyama, 2004). Cieuupu4HOCTb 151 TIOI0OPaHHBIX
map rmpaiMepoB MPOBEPSITH C TIOMOIIBIO TPOrpaMMBI Primer-
BLAST (Ye et al., 2012). [TocienoBarenbsHOCTH TpaliMepoOB,
SHJIOHYKJIea3bl pecTpukuuu U ycinosus [P npuBeneHsr B
tabn. 1. K qanaeM reHoTunupoBanus 113 KUBOTHBIX ObLIa
nob6asnena nudopmanust mo 30 paHee MCCIIETOBAHHBIM HH-
muBugaM (Ruvinskiy et al., 2022). Takum oOpa3om, coBo-
KyTHas BRIOOpKa cocTtaBmia 143 sxuBoTHBIX. [y 06enx my-
Taruii ¢ momoinkko mporpammbel PLINK v.1.9 (Purcell et al.,
2007) ObUT MPOBEICH TECT HAa OTKJIOHCHHUE OT PaBHOBECHS
Xapan—Baiin6epra (onmms --hardy) u orieHeHO HepaBHOBECHE
1o cueruteHuro (ommws --1d). [IpenBapuTensHO JaHHBIE TEHO-
TUIIUPOBaHUs ObLTH MpeoOpa3oBaHbl B ped-dopmar.

JInst CTaTHCTHYECKOTO aHAJM3a MCIIONb30BaHbI JIMHEHHAS
perpeccust 1 OJHO(DAKTOPHBIN JUCIIEPCHOHHBIN aHAJIN3, pea-
JU30BaHHbIC B QyHKIUIX “lm” u “aov” cpembl R coorset-
cTBeHHO. [Ipu Mcnonb30BaHNN JTUHEMHON PErpeccuy reHo-
THUIIBI TI0 KaXJIOW MyTallM KOJUpoBaiH 3HadeHusiMu 0, 1
1 2 COIIacHO 03¢ MyTaHTHOro ayuiens. Kpome acconmanmii
C TEHOTHUIIAMH, MbI TaKXKe TECTHPOBAIH CBSA3b MACChl Tella
JKUBOTHBIX C JI030{ TalUIOTHIIA, BKIIIOYAIONIETO 00 MyTa-
K. JITUrOMO3UIOT O MyTaHTHBIM aJUISJISIM YUUTBIBAIN KaKk
HOCUTENEeH OBYX 7103 MyTaHTHOTO raruiotuna. JKuBOTHBIX,
MMEIOIINX MYTAIHIO [0 OZIHOMY TeHY B TOMO3HTOTE, a I10 JIpy-
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Ta6nuua 1. Mpanmepsl, ycnosus MNLUP 1 S3HAOHYKNeasbl pecTPUKLUM As FeHOTUMMPOBAHNA MUCCEHC-BapUaHTOB

B reHax MSS51 n KAT6B

eH, 3ameHa  [Mpsamoii, 06paTHbIV Npanvep Ycnosusa MUP DHAOHYKNeasa pecTpuKkuymmn  Pasmepbl GparmeHTOB

KAT6B, G>A  ACTTGCAAACCCACTTTATACAGAGTGG, 1 uymkn: 95 °C -3 MyH HpySE526 |, paspesaHue 613 n.o.,

(Val105Met) CTGATCTTTCTCGTGGGGTAGAAGG 35 uymknoB: 95°C -1 MnH; B NPUCYTCTBUN nocne paspesaHus:
60°C-1mMunH; 72°C-55c  npegkosoro annena G 3031310 n.o.

MSS51,G>T  CTTGGCTTTCTTATCCCTTCAAAGTGC, 1 ymkn: 95 °C -3 MuH Hinfl, paspesaHue 390 n.o.,

(Ala415Glu)  ATCCAGTCATGATCTGGCTCAGC 35 unknoBs: 95 °C -1 MUH; B MPUCYTCTBUU nocne paspesaHus:
58°C-1mMuH; 72°C-45c  myTaHTHOro annena T 2241166 n.o.

TOMYy — B T€TE€PO3HUIOTE, YUUTHIBAIN KaK HOCHUTENEH OIHOMI
J103bl. JIUTeTEepO3UTOT TaKXkKe pacCMaTpUBAIIU KaK HOCUTEIEH
OfIHOM 1103b1. Ha Ham B3m1s1, 3TO HOMYIIEHUE CIPaBEIIUBO,
MOCKONIBKY, TI0 pE3ylIbTaTaM IeHOTUIMPOBAHUS, MYyTalllU B
000MX TeHaX OKa3aJHCh B CHIILHOM HEPaBHOBECHH I1O CIICTI-
JICHUI0. DTO 03HAYAET, YTO OOJIBIIMHCTBO JIUTETEPO3UTOTHBIX
HOCHTEJICH NMEeT MyTaHTHBIE JIJIENN B IIUC-TIOIOXKEHH (T. €.
Ha OJJHOM M TOH K€ TOMEOJIOTHYHOH XpPOMOCOME).

Pesynbratbl

Jia obenx myranuii ObuUM aMIUIM(UIMPOBAHBI LIEJICBBIC
(hparMeHTHI ¥ yCIENIHO FeHOTHITUPOBAHBI BCE HCCIIEIyeMble
00pasmpsl (cM. pucyHOK). PactipeneneHns 9acTOT TeHOTHUIIOB
JuIst 00eHX MyTaIMii 3HAUMMO HE OTIIMYAJINCH OT O’KUJIAEMBIX
npu paBHoBecun Xapau—BaiinOepra. YacTtoTbl MyTaHTHBIX
amneneit gua reHoB KAT6B n MSS51 cocraBunu 0.455 u
0.434 coorBercTBeHHO. [yt oMM HOCUTENEH MYTaHTHOIO
aJyIess B BBIOOpKe COOTBETCTBYIOIME 3HaYeH st Obuin 0.72 1
0.699 (Tabmn. 2). KoahdurmenT HepaBHOBECHS 1O CIETIIICHUIO
MESKLY IBYMs JIoKycamu 12 = 0.891.

C moMoImIpi0 THHEIHON perpeccuu i MyTaly B IeHe
KAT6B Ovin BeIsIBNCHBI 3HauNMEIE (p < 0.05) accormariumn
¢ )KMBOW Maccoli B Bo3pacte 6, 12 u 18 mec. (Tabmn. 3). My-
Taius B rene MSS5 1 Obuta acconuupoBaHa ¢ JKUBOW Maccoi
B Bo3pacte 6, 12, 15 u 18 mec. IIpu 3TOM /1032 MyTaHTHOTO
raruioTuna Obljla aCCOIMMPOBAHA C KHBOW Maccoil BO BCEX
BO3pacTax, oT 6 10 18 mec. BkmounrTensHo. [1o pesynsraram
OIHO(AKTOPHOTO TUCIIEPCHOHHOTO aHAJIN3a, 3HAYNMBIE ac-
COIIMAIINY JKMBOHM Macchl ¢ TeHOTHIIAMHM 110 MYTAaIlM{ B T€HE
KAT6B Obutn 0O0Hapy»XeHbl TOJIbKO B Bo3pacte 6 mec. /s
MyTanuu B TeHe MSS5 1, Kak U U1 MyTaHTHOTO TaruIoTUIIA,
accolMaluy UMeNIUCh B Bo3pacte 6, 12, 15 u 18 mec. Acco-
[UAIHS C )KUBOW MaCCOM MpH POXKICHUHU HE 3a(hUKCUPOBaHA
HH B OTHOM M3 TECTOB.

9 10 11512813 lSal64] 7

e
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Mpumepsbl anekTpodoperpamm MLP-MOAPD aHanm3a Ana MUcCceHc-myTa-
LM B NCCnelyemMblX reHax.

a - reHoTunbl no reHy KAT6B: GG — popoxkun 1,2,3,5,6,7,111n 15, GA-4,8,9,
12,13,14117; AA- 10 1 16; 6 — reHoTUNbI NO reHy MSS57: GG — popoxku 1, 2,
511,113,171 18;GT-3,4,7,10,14,16 n19;TT-6,8,9,12n 15.

O6cyxpeHue

Pesyubrarsl, nosty4eHHbIe B HACTOsIIEH padoTe, IIoATBepkKaa-
0T BBISIBJICHHBIC HAMH paHee acCOIMAINU MYTallUi B TeHAaX
MSS51 n KAT6B, a Taxke copepskaliero oba BapuaHTa My-
TAHTHOTO rallIOTUIIA, C )KUBOM Maccol KOPOB B pa3HOM BO3-
pacte (Ruvinskiy et al., 2022). [Ipu ucronp30BaHUH JTHHCHHOM

Tabnuua 2. XapakTeprucTUKM reHOTUMMPOBAHHbBIX MUCCEHC-MYTALMI B BbIGOPKE APOC/IABCKUX KOPOB

leH MNo3swnymsa (ARS-UCD1.2)  3ameHa leHoTMN Yactota reHotnna  Annenb YactoTa annens
KAT6B BTA28:30646253 G>A (Val105Met) GG 0.28 G 0.545

GA 0.531 A 0.455

AA 0.189
MSS51 BTA28:29414270 G>T (Ala415Glu) GG 0.301 G 0.566

GT 0.531 0.434

T 0.168

124

BaBunosckuii )KypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 202529« 1



A.B. VirowwuH, H.C. OguH Accoumauma myTtauui B reHax MSS51 n KAT6B 2025
O.M. NapkuH C Maccon Tena y KopoBs APOCaBCKOV NOpoabl 29.1
Ta6bnuua 3. Accoumanmm nccnefoBaHHbIX MyTaLMiA ¥ MyTaHTHOTO ramioTrna C >KMBOW MacCoi KOPOB B Pa3HOM BO3pacTe
leH/ leHoTn/po3a rannotuna  MumBadA macca (Kr) B Bo3pacTe
rannoTMn  (4MCNo HocuTenei) 0 mec. 6 mec. 10 mec. 12 mec. 15 mec. 18 mec.
KAT6B GG (40) 30.5+4.2 146.2+22.1 214.8+28.3 252.1+31.7 302.1+£37.7 352.7+343
GA (76) 294+44 136+18.3 209.3+£25.8 246.3+£28.9 300.7£36.9 3443+428
AA (27) 30.2+3.9 1344+13.9 205.4+183 2374293 284.4+31.7 329.5+£349
p-3HayeHue (Im) 0.6081 0.0074 0.1241 0.0457 0.0734 0.021
p-3HayeHue (aov) 0.3583 0.0113 0.302 0.1289 0.0972 0.0627
MSS51 GG (43) 30.6+4.4 146+20.9 215.8+28.6 252.8+31.6 302.7+38.1 351.7+34
GT (76) 29.3+43 135.8+18.5 208.8+£24.9 246.2+284 300.9+36.1 345.1£42.6
TT (24) 30.2+4 134145 203.9+£18.7 234+29.5 280.3%£31.1 325.7£349
p-3HaueHue (Im) 0.5283 0.0051 0.0519 0.0161 0.0322 0.0145
p-3HaveHue (aov) 0.3016 0.0084 0.1479 0.0482 0.0325 0.0324
fannotvn 0 (44) 30.7+4.5 146.8+£21.4 217.1£29.5 2543+328 304.2+38.9 352.9+345
1(75) 29.2+4.2 135.1+£17.9 208+24 2452+27.3 300+35.5 34431424
2(24) 30.2+4 134145 203.9+£18.7 234+29.5 280.3£31.1 325.7+£349
p-3HaueHue (Im) 0.4048 0.0022 0.0251 0.007 0.0177 0.0089
p-3HaveHuie (aov) 0.1797 0.0024 0.0691 0.0261 0.0278 0.0248

MpumeuaHue. laHHble NprBEAEHbI KakK CpefjHee + CTaHAAPTHOE OTKIOHeHMe. Im — nuHelHan perpeccus; aov — oAHOGAKTOPHbIN AUCNEPCUOHHBIN aHANU3.
KvpHbIM WPUGTOM BbifjeNeHbl p-3HaYeHUA, AOCTUTatOLLME CTAaTUCTUYECKOW 3HAUMMOCTU.

perpeccum Kak JyIst OT/IeTbHBIX MyTaIMH, TaK 1 JUIsl TarIoTHIIA
Jocturaercs 0oJblas 3HAUMMOCTb ACCOLMAIIMU B OOJIBILINH-
CTBE BO3PACTOB IO CPABHEHUIO C OJHO(PAKTOPHBIM JHCIIEP-
CHOHHBIM aHann3oM. [1o-BHIMMOMY, 3TO CBHIETEILCTBYET
00 agmuTBHOM 3(dekre MyTaHTHBIX ajUleiieil/rarioTUIa.
JleficTBUTENFHO, BO BCEX BO3pacTax, oT 6 1o 18 mec. BKIIIO-
YUTEJIFHO, MOXKHO HAOJIOAATh OOJIbIIee CHHKEHHE MacChl y
HOCHTEJICH BYX KOIUI MYTaHTHOTO aJIjIeJis/TaluIOTUIIA, 10
CPAaBHEHUIO C HOCUTENISIMU OIHOM Konuu. [Ipu 3TOM, MOCKOIIb-
Ky 00e MyTalluy HaXoJsATCsl B CHIBHOM HEPAaBHOBECHH IO
CIIETIJICHUIO, CJIOKHO ONPEIeNTUTh, KaKasl U3 HUX Kay3aTHBHas,
T. €. HEMIOCPEICTBEHHO BIHsAeT Ha (penotutn. [IpoBeeHHbIHN B
npensLIyei padote in silico ananus >3 dexra aMHHOKHCIIOT-
HOH 3aMeHBI [IPeJIcKa3a 3Ha4YUTeIbHOE HapyeHHe QyHKIUH
nMeHHo 1y myTtarmn B KAT6B (Ruvinskiy et al., 2022). B to
K€ BpeMsl JIJIsl MUCCEHC-BapuaHTa B rene MSS5 1 accoumanuu ¢
JKUBOM Maccoii 0Ka3aInch 00Jiee 3HAYUMBIMU, 110 CPABHCHHUIO
creHoM KAT6B. Bo3MOXHO, UTO IS TPOSIBIICHUS BIHSHUS HA
Maccy Tena BaXXHO OJJHOBPEMEHHOE HAJTMIHE 00EHX My TaIi.
B 10163y 3TOr0 NMpeanoaoKeHus TOBOPUT TO, YTO HAHOOIIb-
el 3HaYMMOCTH aCCOIMAIINU JOCTUTAI0T UMEHHO C JI0301
MYTaHTHOT'O TaIUIOTHIIA.

T'en MSS51 xonupyeT MUTOXOHIPHAIbHBIA aKTHBATOP
TPaHCIALUH, TPEUMYIIECTBEHHO 3KCIPECCUPYIOUINICS B
MBIIICYHON TKaHU W BOBJICUCHHBIH B Pa3IMUHbIC METaOOIN-
YeCKHe MPOLECCHl, TAKHE KaK OKUCIEHUE JKUPHBIX KUCIIOT,
OKHCIHTENBHOE GochopunupoBanne u rmukonn3 (Moyer,
Wagner, 2015). TToka3aHo, 9T0 MBIIIH, HOKayTHBIC TI0 MSS5 7,
HMEIOT MMOHWKEHHYI0 MacCy TeJla 0 CPABHEHUIO C HOPMOM.
OnHaKo CHIDKEHUE Beca y HUX MPOUCXOIUIIO 33 CUET KHUPO-
BOH, a He MpInieyHoi Tkanu (Gonzalez et al., 2019). S. Chen
¢ koyuteramu (2024) Ha MozieIM MBIIIEH TPOIEMOHCTPUPOBAIN
yaactue reHa MSS5/ B Bo3pacTHOI MoTepe MBIIIIEIHON MACCHI.
ITpu 3TOM HOOaBIEHNE K pallMOHY )KUBOTHBIX OeTarHa, OoJIaB-

nstrotero skcnpeccuto MPHK MSS5 7, 3ameisinno camkenue
MBIIICYHON MacChl ¥ IPYTHX (yHKIMOHAIBHBIX TOKa3aTeleit
MBIIII] C BO3PACTOM.

I'en KAT6B xomupyet Jnn3uH-aneTwiITpancepasy 6B,
YUYaCTBYIOIIYIO B MOAN(HUKALMHA THCTOHOB, 8 MMEHHO — alle-
tunmmrpoBannn H3K9 n H3K 23, yTo moBsIaeT 10CTymHOCTh
XpOMaTHHa B paiioHaxX ILEJIEBBIX T'€HOB M, COOTBETCTBEHHO,
yBenuuuBaeT ux skcrpeccuio (Bergamasco et al., 2024a).
B cBsi3M ¢ 3TUM MOXHO MPENNONOKUTH, YTO MyTalHs B
KAT6B oka3piBaeT Moau(UIEpyOIIee ASHCTBIEC HA aKTHB-
HocTh MSS51.Y yenoBeka myTaruu B reHe KA 768 BbI3bIBAIOT
3amepKKy pocrta u passurus (Zhang et al., 2020; Zhu et al.,
2020). CnemxyeTr OTMETHTB HCCIIC/IOBAaHHUE, B KOTOPOM OBLIO
MOKA3aHO, YTO MBIIIH, TeTEPO3UTOTHBIC MO JCTCIUU B TeHE
KAT6B, neMOHCTpHPYIOT 3HAYNMOE CHIDKCHHE MacCHl Tefa,
M0 CPAaBHEHHUIO ¢ HOPMAJILHBIMH roMo3uroramu. IIpu sTom
TOMO3HIOTHI 10 JICJICIIUH ObLITH He)KU3HECTIocOOHbI (Bergama-
sco etal., 2024b). B coBokymHOCTH OHONOTHYECKIE (PYyHKIINT
000MX IT'eHOB CBH/IETEIILCTBYIOT B ITOJIb3Y TOTO, YTO Kay3aTHB-
HBIMH MOTYT OBITH 002 MHCCEHC-BAPHAHTa OJJHOBPEMEHHO, 1
UX BIMSTHAE HA MAcCy Tella JKUBOTHBIX, BEPOSITHO, PEATN3YETCSI
TOJIBKO TIPH COUYETaHNH ITHX BApPUAHTOB B I'alUIOTHIIE.

OrpaHuueHreM HacTosieil paboThl SBIsIETCS TOT (akKT,
YTO HCCIIeyeMast BBIOOPKa IPEICTaBIICHA )KUBOTHBIMHU OJTHOTO
nona. OJJHaAKO MOXXHO TPEAIOIOKHUTh, YTO OOHApYyKEHHAs
HaMH CBS3b MacChl Teja ¢ MyTauusiMu B reHax MSS51/ u KAT6B
Oynet mMeTh MecTo U y ObikoB. Tak, B pabore E.M.M. van
der Heide ¢ xommeramu (2016) asist mopofb! aHTyC OBLITO TIPO-
JIEMOHCTPUPOBAHO, YTO TIOKA3aTeIN HACIETyeMOCTH MAaCChl
TeJa B pa3HBIX BO3pAcTax CYMIECTBEHHO HE Pa3INndaroOTCs
MEKTy MOJTaMH.

OT/enbHO HY)KHO OTMETHTb, YTO JKHBAsi MACCa )KUBOTHBIX
SIPOCIIABCKOM MOPOIBI 38 NCTOPHUIO €€ PA3BECHUS CYIIECTBEH-
HO yBenuumnack. Tak, B 1973 . B mIeMeHHBIX X034HCTBaxX
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SIpocnaBckoil 0bgacTH CpeaHHil Bec TEJIOK B Bo3pacte 0,
6, 12 u 18 mec. 0wt 28, 134, 224 1 294 KT COOTBETCTBEH-
HO (MoHoenkoB, 1974). B Hamieil BRIOOpKE CpemHHI Bec
TakuX >KUBOTHBIX cocrasisier 30, 139, 246 u 344 xr coort-
BeTcTBeHHO. B CCCP BaXXHBIM CEJIEeKIIMOHHBIM MPU3HAKOM
SPOCIABCKOTO CKOTa HapsiAy € yloeM OblLia XHBas Macca,
MTOCKOJIBKY TIPH MTPOMBIIIITICHHON TeXHOoJIoTHH Oonee 3ddek-
TUBHBI KPYITHBIE )KHBOTHBIE, CIOCOOHBIE MOTPEOIATH MHOTO
KOpMa M JaBarh OOJbIIE MPOAYKIHH C OJHOIO CKOTOMECTa
(Monoenkos, 1974).

Cernexnpst Ha ITOBBIIICHNE )KHUBOH MacChl ObLIA TPOJIOIKEHA
M B IOCTCOBETCKHI Tepnofl. Tak, B OOJBITMHCTBE XO3SHCTB
Spocnasckoii obnmactu 3a nepuoxn ¢ 2000 mo 2012 r. 3aduk-
CHPOBaH CyIECTBEHHBIH IPUPOCT KHUBOH MACCHI KOPOB SPO-
cimaBckoit mopoxs! (Koperes u ap., 2013). DTum MOXKHO 00B-
SCHUTB (DAKT, 4TO 4ACTOTA MyTAHTHBIX AJUIEJICH B MOMYISLIUIX
SIPOCJIABCKOTO CKOTa jAajieka oT (puKcauu. MoXXHO mpearo-
JIOKUTb, YTO B PAHHUH NepHoJl (HOPMUPOBAHUSI IPOCITABCKOM
MOPOJIBI B TPOLECCE KHAPOAHOM CENEeKIMM» el 0TOOp B
MOJb3Y MYTAaHTHOTO ramiotuna. OnHaKo BIOCIEICTBHH B
X0J1€ CEJIEKI[HOHHO-TUIEMEHHOW pabOoThI, HAITPABICHHOI B TOM
YHCIIC HA YBEITMUECHUE )KUBOU MACChl JKMBOTHBIX, YaCTOTA 3TO-
TO raruIoTUIIa B TIOPOJE CTaIa CHUKATHCS.

SIpocnasckas nmopona KPC — mopoga MOI09HOTO HampaB-
JeHus TpoayKTuBHOCTH. OJIHAKO, KaK ObLIO CKa3aHO BBILIE,
JKMBasi Macca TAaKKe SIBISIETCS] €€ BAKHBIM CEJICKIIMOHHBIM
npuzHakoM. Kpome Toro, B Poccnu ipon3BoacTBO rOBSIIHHbI
B OCHOBHOM HJIET 33 CYET OTKOPMOYHOTO KOHTHHI€HTa MO-
JIO/IHSIKA MOJIOYHBIX TIOPOJI, & TAKIKE UX IOMECEH C MSICHBIMU
noponamu (Kouerkos, 2011). B wactHOCTH, €cTh ycreIIHBII
OTIBIT CO3JJaHMUS THOPHUIOB SIPOCIABCKOI MOPO/BI C TMMY3HH-
ckoit (Kogetkos, 2011) u ramoeiickoii (bypmuctpos u ap.,
2013) noponamu. [TonydeHHbIe HAMH PE3yJIbTaThl MOTYT OBITH
UCIIOJIb30BaHbI IIPH MapKep-OpUEHTUPOBAHHON M TeHOMHOM
CEJICKIINY Ha YBEJIIMUEHHE Beca )KUBOTHBIX SIPOCIIABCKOM TO-
POIBI U €€ THOPUIIOB.

3aknioyeHune

B nacrosmeit pabote Mbl TOATBEPAUIIH BBIIBICHHBIE paHee
acconuanuu Mytanuil B renax MSS51 u KAT6B, a Taxxe My-
TAQHTHOTO T'aIUIOTHIIA C )KUBOH MAccoi y KOPOB SIPOCITABCKOM
MOpOAbI B pa3HOM Bo3pacTe. IlomydeHHbIC HaHHBIE MOTYT
OBITH MCIIOJIB30BAHBI JIJIsI CENISKIIMM Ha TTOBBIIICHUE JKUBOI
MAacChl JKUBOTHBIX B MSICHOM CKOTOBOJICTBE.
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AHHoTauuA. CoBpeMeHHble NCCefoBaHNA NOKa3biBalOT, YTO B NMaToreHese MepBUYHON OTKPbITOYrOfIbHOM rnayko-
Mbl (MOYT) BaxHyl0 posib UrpaeT BPOXAEHHbI UIMMYHUTET. BbiABNEHO MOBbILWEHVE COAepXaHuA ToN-Nark pelen-
TopoB (TLR) B rnaykomaTo3HoW ceTyaTKe rnasa yenoseka. TLR MoryT moaynmpoBaTb MUMMYHHbI OTBET NPU FlayKome,
obecneyrBaloT paHHee pacrno3HaBaHWe MOBPEXAAKOWMX areHTOB, akTMBALMIO CUFHaNbHbIX MyTe U 3PpdEKTOPHbIX
MeXaHVN3MOB CMCTeMbl Hecneunduyeckorn MMMYHHOI 3aLiMTbl, HanpaBNeHHbIX Ha BOCCTaHOBMIeHMe romeocTasa. o-
numopdram Koampyowmx TLR reHOB BANAET Ha aMUHOKNCIIOTHYIO CTPYKTYPY PELENTOPOB, MPUBOAA K U3MEHEHUIO
NUraHACBA3bIBALOLEN 1N KOPeLLeNnTOPHON GYHKLUMKW, TPaHCMOPTUPOBKY M nepeaady curHanos. Lenbio paboTbl 6bin
aHann3 accoumMmMpoBaHHOCTY nonumopdusma reHos TLR2 (rs5743708), TLR3 (rs3775291), TLR4 (rs4986790, rs4986791),
TLR6 (rs5743810) c NepBUYHON OTKPLITOYrONIbHOW FNayKomol y nauneHToB 3anagHoi Cubupu. O6cneposaHo 99 na-
LUMeHTOB (52 My>UMHbl U 47 XEeHLMH) C AMarHo30M MepBUYHOIN OTKPbITOYroNbHOWM rnaykoMbl. [pynny cpaBHeHUA
coctaBunn 100 yenosek (81 eHwwmHa 1 19 MyxuuH). Monumopdusm reHos TLR2 (rs5743708), TLR3 (rs3775291),
TLR4 (rs4986790, rs4986791), TLR6 (rs5743810) aHanu3mposanu metogom PT-MLP c ncnonb3oBaHvem KOMMepUYeCKmx
TECT-CUCTEM C MHTEpKanupyowmm Kpacutenem Syber Green (Lytex, Poccus). CTaTcTyecKnin aHanvs npoBOAUIICS C
MCMNoNb30BaHMeM NporpammHoro naketa SPSS 23.0 n Arlequin 3.5.2.2. lMoka3aHo, 4To pacnpeaeneHune noaMmopdHbIxX
MapKepoB B rpynre NaluueHTOB 1 B KOHTPOJIbHOW rpyrnne COOTBETCTBOBANO paBHOBecUto Xapau-BaiiHb6epra. Mx uya-
CTOTbl MeXAY ABYMA aHanM3npyembiMy rpynnamu JOCTOBEPHO He pasnuyanuck. Yactota TLR2-753 ArgArg:TLR6-249
ProPro 6bina nosblweHa B rpynne nauneHTos ¢ NOYT. BbiABNeHO HepaBHOBECHOE CLieMNNEHME MeXAY ABYMA NONMMOpd-
HbIMM NO3nUMAM reHa TLR4. Kpome TOro, BbIIBNEHO HapylleHne paBHOBeCUA mexay napamun reHos TLR2-TLR6 pna
rpynmnbl C r1ayKOMOW 1 KOHTPOJIbHOW rpynnbl. [loBbilleHne onpeAeNieHHbIX reHOTUMOB B rpymnne nauneHToB OTHOCK-
TeNbHO KOHTPOJIbHOW FPYMNIbl MOXET KOCBEHHO CBMAETENbCTBOBATb 00 y4acTN MHPEKLMOHHbIX GaKTOPOB B MHULMA-
uun MOYT. OgHako cBA3b nonumopdrsma TLR reHOB, HECMOTPA Ha [OKa3aHHYI0 3HAUMMOCTb yYacTua UX 6enKoBbIX
NPOAYKTOB B MaToreHese rnaykombl, TpebyeT AOMONHUTENbHbBIX NCCeA0BAHUI C YYETOM STHUYECKUX 0COBEHHOCTEN
NaLMEHTOB N MEXIeHHbIX B3aUMOAENCTBIIN AJ1A NyYLlero NOHMMaHNA COXHbIX MEXaHM3MOB Pa3BUTUA 3aboneBaHus.
3TO NOMOKET NPOBOANTL PaHHIOK ANArHOCTUKY M pa3pabaTbiBaTb HEOOXOAMMYIO TepaneBTUYECKYIo CTpaTeruio.
Kniouesble cnosa: nepBnYHan OTKPbITOYrosibHaa rnaykoma; MNOYT; nonnmopdursm reHos Tonn-nank peuentopos; TLR;
HepaBHOBECHOe cLienneHue.

[na untnposanus: LWesuerko A.B., Mpokodbes B.®., KoHeHkos B.W., YepHbix B.B., TpyHoB A.H. OcobeHHocTn nonu-
Mopdusma reHoB Tonn-namk peuentopos (TLR-2, TLR-3, TLR-4 v TLR-6) npn OTKpbITOYronbHoW rnaykome. Basunosckut
XKYPHA 2eHemUKU U cestekyuu. 2025;29(1):128-134. doi 10.18699/vjgb-25-15

Features of toll-like receptor genes (TLR-2, TLR-3, TLR-4
and TLR-6) polymorphism in open-angle glaucoma patients
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Abstract. Modern research shows that innate immunity plays an important role in the pathogenesis of primary open-
angle glaucoma (POAG). An increase in the content of toll-like receptors (TLR) in the glaucomatous retina of the hu-
man eye was revealed. TLRs can modulate the immune response in glaucoma; provide early recognition of damag-
ing agents, activation of signaling pathways and effector mechanisms of the nonspecific immune defense system
aimed at restoring homeostasis. The TLR-encoding genes’ polymorphism alters the amino acid structure of the recep-
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Monumopdusm reHos TLR-2, TLR-3, TLR-4 v TLR-6
NpW OTKPbLITOYroNbHON rnaykome

tors, which leads to changes in their immune functions: expression level, ligand-binding and coreceptor functions,
transport and signal transmission. The aim was to analyze the association of the TLR2 (rs5743708), TLR3 (rs3775291),
TLR4 (rs4986790, rs4986791) and TLR6 (rs5743810) polymorphisms with primary open-angle glaucoma in patients
of Western Siberia. Methods: 99 patients (52 men and 47 women) with a diagnosis of primary open-angle glauco-
ma were examined. The comparison group consisted of 100 people (81 women and 19 men). TLR2 (rs5743708), TLR3
(rs3775291), TLR4 (rs4986790, rs4986791) and TLR6 (rs5743810) polymorphisms were analyzed by RT-PCR using test
systems with Syber Green (Lytex, Russia). Statistical analysis was performed using the software package SPSS 23.0 and
Arlequin 3.5.2.2. Results: the distribution of genotypes in the patient group and in the control group corresponded
to the Hardy-Weinberg equilibrium. The genotype frequencies did not significantly differ between the two analyzed
groups. The frequency of TLR2-753 ArgArg:TLR6-249 ProPro was increased in the group of patients with POAG. The
linkage disequilibrium between two polymorphic positions of the TLR4 gene was revealed. In addition, the linkage
disequilibrium between TLR2-TLR6 gene for the glaucoma group and the control group was revealed. Conclusion: an
increase in certain genotypes in the patient group relative to the control group may indirectly indicate the involve-
ment of infectious factors in the initiation of POAG. However, despite the proven importance of the participation of
their protein products in the pathogenesis of glaucoma, the relationship of TLR polymorphism requires additional
research taking into account the ethnic characteristics of patients and intergenic interactions for a better understand-
ing of the complex mechanisms of disease development. This will help carry out early diagnosis and develop the
necessary therapeutic strategy.

Key words: primary open-angle glaucoma; POAG; polymorphism of toll-like receptor genes; TLR; linkage dis-
equilibrium.
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BepeHue

[epBuunast otkpsIToyrosnpHas riaykoma (ITOYT) — mHoTO-
(hakTOpHOE 3a00JIeBaHNE, TPUBOIAINEE K TPOTPECCUPYIOIIECH
1 HeoOpaTHMOii oTepe 3peHMsI, — Ha CETOTHAIIHUI ICHB SB-
JSIETCSl Cepbe3HON MEIMIIMHCKOM Mpo0IIeMOoi, B TOM 4ncIie
M3-32 HEJIOCTATOYHO M3Y4YEHHBIX MEXaHU3MOB TTOBPEKICHUSI
3pUTEIBEHOTO HEPBA ¥ THOEITN TaHITIMO3HBIX KIIETOK CETYaTKH
(Baudouin et al., 2021; Tezel, 2022). CoBpeMCcHHBIC UCCITEIO-
BaHUs MOKa3bIBAIOT, 4TO B natorenese [IOYT BaxkHyio poib
UTPACT BPOXK/ICHHBIH IMMYHHUTET. YCTaHOBJIEHO, YTO HHIYK-
TOpaMHu BOCIIAJICHHs Ha KJIETOYHOM YPOBHE IIPH IIayKOMe
SIBJISIFOTCSI MOJICKYJISIpHBIE cTpyKTypbl DAMP (damage asso-
ciated molecular patterns), BRICBOOOKTAIOMINECS U3 TKAHEBBIX
000JI0YEK TI1a3a [P MX TIOBPEXKICHNH, B TOM Ynciie 00pasyro-
IIMECs] B PE3yNbTaTe MOBBIILICHNUSI YPOBHS BHYTPHUINIA3HOTO
nasienus (Tezel, 2022). M30biTouHOE Hakoruienne DAMP
WJICHTU(HUIIUPYETCS KIETOUYHBIMHU MTaTTEPH-PACIO3HAIOIINMH
penentopamu (PRR), kKoTopbie pacnonokeHbl Ha 9HI0COMaTb-
HBIX MEeMOpaHax M B OUTOIIIa3Me. bbuto rmokaszaHo, 4To mpu
pazutun [IOYT PRR obecrieunBaror paHHee pacro3HaBaHHE
MOBPEXKIAIONIMX areHTOB, aKTHBALMIO CUTHAIIBHBIX IyTeH
3¢ PEKTOPHBIX MEXaHU3MOB CHCTEMBI HECTICIN(PUIECKON UM-
MYHHOM 3aIIMTHI, HAIIPABJICHHBIX Ha BOCCTAHOBJIEHHE TOMEO-
craza (Luo et al., 2010).

Haubonee xoporro n3ydeHHBIM cemeiicTBoMm PRR sBisttoT-
cs Toll-mogo6usie penentopsr (TLR), skcnpeccnst KOTOPBIX
ObLTa BBIBIEHA BO BCEX MEMOpaHaX 4elOBEYECKOTo Iya3a
(Stewart et al., 2015). IIpoTeoMHBIE 1 HIMMYHOTHCTOXUMH-
YEeCKHE MCCIIe/IOBAaHMS MMOKA3aJIH YBEIUUCHHE YPOBHS DKC-
npeccur TLR B miaykoMaTo3HO ceTdarke Ila3a 4esloBeKa,
YTO yKa3blBaeT Ha TO, uro TLR moryTt momynupoBarb UM-
MyHHBIH oTBeT npu maykome (Luo et al., 2010; Titi-Lartey
et al., 2022). Ha ceronusuinuii eHs y uesioBeka uaeHTH -
IIUPOBAHO ABE TPYHIBI (QYHKINOHAIBHO PAa3INIArONINXCS
TLR: TpancmMemOpanusle, k KoTopsiM otHOCST TLR1, TLR2,
TLR4, TLRS, TLR6 u TLR11, u BHyTpHKIeTouHbIe — TLR3,

TLR7, TLRS, TLRO. Iloka3aHo, 4T0o monuMophu3M KOIH-
pytomux TLR reHoB BausieT Ha aMHHOKHUCIIOTHYIO CTPYKTYPY
PELENTOPOB, JUTaHA-CBA3BIBAIONIYI0 U KOPEIENTOPHYIO
(yHKIMH, TPAHCIIOPTUPOBKY U Iepesady curHasioB. Kpome
TOTO, 0COOCHHOCTH (DYHKIIMH CBSI3aHBI C MECTOMOIOKEHIEM
nommopdHoro caiita 7LR. [lonumopdusm J0KycoB, KOaU-
PYIOILMX BHEKJIETOUHBIH JJOMEH PelenTopa, MOKET JOTOTHH-
TEJILHO MPUBECTU K U3MEHEHNIO a)(PMHHOCTH CBA3BIBAHUS U
MOCIIEAYIONeMy UMMYHHOMY OTBETY, TOTZIa KaK MYyTaIlld B
uuroruiazmatuieckom aomene TLR moryrt npuBectu k us-
MEHEHHIO HIKECTOSIIEH Mepeiady CUTHAJIOB, HECMOTPS Ha
HOpMasibHOE cBsi3bIBaHue (Torménen et al., 2017; Macedo
et al., 2019; Zhang et al., 2021). Ilenp Haiero ucciemaoBa-
HHSI — aHAJIN3 ACCOLIMMPOBAHHOCTH IMOIMMOP(HBIX MAPKEPOB
TLR2 (rs5743708), TLR3 (rs3775291), TLR4 (rs4986790,
1s4986791), TLR6 (1rs5743810) c mepBUYHON OTKPHITOYTOb-
HOW TITayKoMOH y manueHToB 3ananHoi Cubupm.

MaTtepwuanbl n metopbi

IMamunentrl. O0cienoBano 99 mamuenTos ¢ nuaraosoM Il cra-
JIIH TIEPBUYHOMN OTKPBITOYTOJIBHOM I1ayKoMbl — 52 (52.53 %)
MyxkuuHbl U 47 (47.47 %) xenuys. CpeaHuit BO3pacT Mmaiu-
eHToB coctaBmi 62.8 + 4.3 roma. /lmarHo3 ObIT yCTaHOBJIECH
Ha OCHOBaHMH 0()TAIbMOJIOTHYECKOTO 00CIe1oBaHHMs (oTpe-
JIeJICHNE OCTPOTHI 3peHMUs1, ONHOKYIIsIpHAs 0(TaIbMOCKOIIHS,
cheponepumeTpus, dxopTansMorpadus, onTUIecKas Kore-
peHTHast ToMorpadusi, U3MEpEHIE BHY TPUITIA3HOTO JIaBJICHHS ).
KpI/lTepI/lﬂMI/I MOCTAaHOBKH JUAarHo3a CIIY>KWUJIN BbIPAXKCHHOC
M3MEHEHHE 0TS 3PEHUS B TApaIleHTPaIbHON 001acTH; CyxKe-
HHE TI0JIS1 3pEHHSI CO CTOPOHBI HOCA B BEPXHEM WJIN HH)KHEM
HOCOBOM cermMeHTe Oosiee ueM Ha 10° OTHOCHTENTbHO HOpMallb-
HBIX 3HAYCHUH, HO HEe MeHee 15° oT Toukn ukcanmm; Kpae-
BOW XapakTep ynIyOJIeHHs 3pHTENLHOrO Hepsa. [larueHTs
OCHOBHOM I'pyTITBI UMEIH KOMIEHCHPOBAaHHOE (<22 MM PT. CT.
Ha (OHE MEIMKAMEHTO3HOM TEPamiH) MIIH YMEPEHHO TOBBI-
meHHoe (<33 MM PT. CT.) BHYTpHUITIa3HOE AaBieHue. B rpynimy
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cpaBHeHMs BonuH 100 uesoBek — 81 sxeHIuHa 1 19 My»4uH.
Cpennuii Bo3pact coctaBuin 63.5+0.4 roga. Kpurepuem
BKJIFOUEHHUSI B TPYIITY CpaBHEHHS OBLIO OTCYTCTBHE THarHO3a
TJIaYyKOMBI Y UCIBITYCMBbIX.

O06e rpymITel MaMeHTOB JOCTOBEPHO HE Pa3IHMYaINCh MO
BO3pAcTHBIM XapakTepucTuKaM. [lareHTamMu obenx rpymmn
OBUTH ITpe/ICTaBUTEIN (PEHOTHITNYECKH EBPOTICONTHOTO Hace-
nenuns Poccun, poanBIvecs Ha 3TON TEPPUTOPUH, UICHTHDH-
LUPYIOLIHE ce0sl M CBOMX MPE/IKOB KaK «pyccKux». Kpurepus-
MU UCKJTFOUCHUSI 151 00CHX rPYIIT OBbLTH: OCTPhIC WK 000CTpe-
HHS XPOHHUECKUX BOCIIAIMTENILHBIX 3200J1€BaHMI OpraHa 3pe-
HYS, HATMYHE T1a0ETHYECKON PETHHOIIATHHI, HEOBACKYIISIPHOM
TJIayKOMBbI, YBCUTOB pa3anH0171 OTHUOJIOTMHU U JIOKaJIn3aluu,
reMo(TanbMa, ayTONMMYHHBIX H OITyXOJIEBBIX TIPOIIECCOB JIFO-
00i1 ToxkanM3anuy, caxapHoro auadera 6e3 oTaIbMOIOTH-
4yeckux nposieieHuit. MccnenoBanue ObUI0 0100peHO KOMU-
TeTaMu o OmomemuuuHckoi »trke HUM xnmHnmyeckoin n
JKCTIepUMEHTaNIbHOH JmMdostorun — ¢pumnana UL Uactu-
Tyt trosioruu u reHetuku CO PAH (mpotokon Ne 177 ot
02.02.2003) m HoBocubupckoro ¢ummana HamponamsHOTO
MEIUUMHCKOro nccnenoBarenbekoro nenrpa MHTK «Mukpo-
xupyprus masa» uMm. akaa. C.H. ®denoposa Munucrepcraa
3apaBooxpanerns PO (mpotoxon Ne 2 o1 02.09.2018). OT Beex
MaMeHTOB OBLIO MOyYeHO HH(OPMUPOBAHHOE COINIACHE Ha
3a00p KPOBHU M Ha MCIIOJIB30BAaHHUE JAHHBIX UCCIICIOBAHUS B
HayYHbIX LENAX.

Boigenenue JIHK u resorunupoBanue. Lenbnyro
KPOBB IAIIMEHTOB 3a0Mpaj YTPOM HATOILIAaK B BaKyTEHHEp
¢ OJITA. 'eromuyro IHK BbIemsiy ¢ HCHIOIB30BaHUEM (e-
HonxJopodopMHoro mMerona. OTHOHYKICOTHIHBINA TTOJIHN-
Mop¢usm (single nucleotide polymorphism, SNP) rexos
TLR2 (rs5743708), TLR3 (rs3775291), TLR4 (rs4986790,
rs4986791), TLR6 (rs5743810) BBIABISIN METOIOM ITOJTIME-
pa3HoOl 1enHoil peakiuu B peansHoM Bpemenu (PT-IILIP) ¢

TLR-2, TLR-3, TLR-4 and TLR-6 polymorphism
in open-angle glaucoma

UCIIOJIb30BAaHNEM KOMMEPYECKUX TECT-CUCTEM C MHTEPKaJIU-
pytomiem kpacurenem Syber Green (Lytex, Poccust) B coot-
BETCTBUH C HHCTPYKIUSAMH (PUPMBI-TIPOU3BOANTEIISL.
Crarucruueckuii anams3. B ucciienoBanuu HCnonb30Ba-
Ha CXeMa «CITy4Jaii-KOHTposby». Pacpenenenne momumopd-
HBIX MapKepoB B I'PYIIIE NalMEHTOB ¥ KOHTPOJIBLHOHN IpyTITe
ObUIO NPOBEPEHO Ha COOTBETCTBUE PAaBHOBECHIO Xapau—
BaitnOepra ¢ ucrons30BaHNEM KpHUTEpHs XH-KBajpart. Pas-
JIMYHS B 9aCTOTaX OIPEACIICHBI C MOMOIIBIO IBYCTOPOHHETO
ToyHoro kpurepus Pumepa. 3Hauenue p < 0.05 cuuransock
CTaTHCTHYECKH 3HAYMMBIM. ECITi HysieBbIe THTIOTE3bI HE IO/
TBEPXKIAIHCH ITPH 33/1aHHOM ypoBHE 3Haunmoctu o. = 0.05, To
B ClIy4dasaX MHOXCCTBCHHBIX CpaBHeHI/lﬁ MIPOBOAUJIOCH OIIPEC-
JIeTIEHHE CKOPPEKTUPOBAHHOTO 3HAYEHNUS p_COI C HCIIONIb30Ba-
HHEM HonpaBku bondeppoHH, paccCYuTaHHON OHOIIATOBBIM
metonoM (Hapkesud u ap., 2020). Otnomenus mancos (OR)
paccunThIBasH ¢ 95 % 10BEPUTENEHBIM HHTEPBAIOM. AHAIIN3
HEPaBHOBECHOTO CLETUICHNUS ITPOBEJICH METOIOM aHAITN3a MaK-
CUMAaJIBHOI'O HpaBI[OHOI[O6l/ISI. I[J'Iﬂ CTaTUCTHUKHU UCITOJIb30BaJIN
nporpamMHbIid maket SPSS 23.0 u Arlequin 3.5.2.2.

Pesynbratbl

Hamu nnpoBezieH aHanmu3 moauMop(HbIX BApHAHTOB KOIUPYIO-
X peruoHoB reHoB TLR2 (rs5743708), TLR3 (rs3775291),
TLR4 (rs4986790, rs4986791), TLR6 (rs5743810) B rpyn-
1€ NMaLMUEHTOB C NEPBUYHON OTKPBITOYIOJBHON INIAyKOMOM
II (pa3BuTOii) CTAANU OTHOCHTEIILHO KOHTPOIBHOM IPYIIIIHI.
Pacripeznesnenue moauMoppHbIX MapKepoB B IPYIIIE MalHeH-
TOB 1 B KOHTPOJILHOH TPyTIIIE COOTBETCTBOBAJIO PABHOBECHIO
Xapan—BaiitnOepra (Taom. 1).

Pacnpenenenne 4acTOT F€HOTHIIOB B aHAIM3UPYEMBIX
HaMH¥ TIO3UIMSIX MEXIY ABYMs TPyIIIaMU JOCTOBEPHO HE
paznuuanocs (taom. 2). [Ipeamnonaras, yTo HaJM4ue 0cOOCH-
HOCTEH CIIOXKHBIX CETEBBIX B3aMMOJICHCTBUI OCJIKOBBIX TIPO-

Ta6nuua 1. CooTBeTCTBME YACTOT NONMMOPHLIX MAPKEPOB paBHOBecKIO Xapan—BaliH6epra

y 607IbHbIX F1ayKOMOW 1 B KOHTPOMbHOW rpynne

MonnmopdHasa  AmmHokmMcnoTa  MauymeHTbl C rnaykomoim KoHTponbHasA rpynna
nosnuna (reroTmn) YacToTbl v p YacToTbl a p
Habnofaemble  OXrpaemble Habnofaemble  oXupgaemble
TLR2-753 ArgArg (GG) 91.92 90.20 3.39 0.18 86.0 86.49 0.57 0.75
(rs5743708)  ArgGin (GA) 7.07 8.59 14.0 13.02
GInGlIn (AA) 1.01 0.20 0.0 0.49
TLR3-412 LeuLeu (AA) 52.53 48.79 2.38 0.31 49.0 46.24 1.61 0.45
(537752910 euphe (AG)  35.35 4142 380 4352
PhePhe (GG) 12.12 8.79 13.0 10.24
TLR4-299 AspAsp (AA) 80.81 80.01 0.00 1.00 82.0 81.00 1.25 0.54
(rs4986790) AspGly (AG) 18.18 17.98 16.0 18.00
GlyGly (GG) 1.01 1.01 2.0 1.00
TLR4-399 ThrThr (CC) 82.83 81.82 0.05 0.98 88.0 88.36 0.41 0.82
(rs4986791)  Thyle (c7) 16.16 16.36 120 11.28
llelle (CC) 1.01 0.82 0.0 0.36
TLR6-249 ProPro(CC) 47.47 42.68 3.71 0.16 36.0 36.60 0.06 0.97
(rs5743810)  proser (cT) 3636 4465 49.0 47.80
SerSer (TT) 16.17 11.68 15.0 15.60
130 BaBunosckuii xXypHan reHeTuku n cenekuunm / Vavilov Journal of Genetics and Breeding - 2025+ 29 « 1
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Ta6nuua 2. AHanu3 NoNMMOPdHbLIX MapKepOoB Y NALMEHTOB C MEPBUYHOI OTKPLITOYrONbHOW FayKOMOW 1 B KOHTPOJIbHOW rpyrne

MonumopdHas AMUHOKKCNOTA MaymeHTbl ¢ MOYD
nosuyus (reHoTtun) N (%)
TLR2-753 ArgArg (GG) 91(91.9)
(rs5743708) ArgGln (GA) 7(7.1)
GInGIn (AA) 1(1.0)
TLR3-412 LeuLeu (AA) 2(52.5)
(rs3775291) LeuPhe (AG) 5(35.3)
PhePhe (GG) 2(12.1)
TLR4-299 AspAsp (AA) 80(80.8)
(rs4986790) AspGly (AG) 18(18.2)
GlyGly (GG) 1(1.0)
TLR4-399 ThrThr (CC) 82(82.8)
(rs4986791) Thrile (CT) 16 (16.2)
llelle (CC) 1(1.0)
TLR6-249 ProPro(CC) 47 (47.5)
(rs5743810) ProSer (CT) 36 (36.4)
SerSer (TT) 16(16.2)
TLR2-753:TLR6-249  ArgArg:ProPro (GG:CC) 46 (46.5)

KoHTponbHasa rpynna  OR OR_CI95 p*

N (%)

86 (86.0) 1.85 0.74-4.63 0.258
4(14.0) 0.47 0.18-1.21 0.165
0(0.0) 2.04 0.18-22.86 0.497
48 (48.5) 1.18 0.67-2.05 0.670
8(38.4) 0.88 0.49-1.56 0.768
3(13.1) 0.91 0.39-2.11 1.000
82(82.0) 0.92 0.45-1.89 0.857
6(16.0) 1.17 0.56-2.44 0.710
2(2.0) 0.50 0.04-5.60 1.000
88 (88.0) 0.66 0.30-1.46 0.322
2(12.0) 1.41 0.63-3.17 0.422
0(0.0) 2.04 0.18-22.86 0.497
6 (36.0) 1.61 0.91-2.83 0.115
49 (49.0) 0.59 0.34-1.05 0.086
5(15.0) 1.09 0.51-2.35 0.847
2(32.0) 1.84 1.04-3.28 0.042

Mpumeuarune. OR_CI95 - 95 % poBepuTenbHbIii HTepBan Ana OR, p* — ypoBeHb CTaTUCTUYECKON 3HAUMMOCTY pasnnunii no TouHomy metogy Ouiuepa (aBy-

CTOPOHHUN).

Ta6nvu.|a 3. XapaKTepI/ICTVIKa OAHOHYKNeOTNAHbIX 3aMeH B aHan3npyembiX MNO3nLmnax

SNP Annenu aHanusnpyemoro reHa [lo3muuma YacTtoTa MMHOPHOrO annens p
(OCHOBHOW/MWUHOPHDIN) Ha XPOMOCOME, M. 0. .
MaymeHTbl € rnaykomon  KoHTposnbHaA rpynna
rs5743708 TLR2 (G/A) Chr4:153705165 0.045 0.071 0.39
rs3775291 TLR3 (A/G) Chr4:186082920 0.298 0.323 0.66
rs4986790 TLR4 (A/G) Chr9:117713024 0.101 0.100 1.00
rs4986791 TLR4 (C/T) Chr9:117713324 0.091 0.060 0.26
rs5743810 TLR6 (C/T) Chr4:38828729 0.343 0.395 0.30

MpumeuaHwe. Mo31yMA — PaccTofHKE OT TENOMEPbI KOPOTKOTO MJIeYa XPOMOCOMBI, M. 0. — Napbl OCHOBaHUIA.

JYKTOB HMCCIIEAYEMbIX HAaMH TCHOB SIBJISIETCS OTPAKCHHUEM
UX TEHETHYECKOH CTPYKTYPBI, MBI IPOAHAIU3UPOBAIN Pa3-
JIMYHS KOMIUIEKCOB T€HOTHIIOB B IBYX Tpymmax. Hamu BbIsB-
JIEH eUHCTBEHHBbIN KomIuiekc TLR2-753 ArgArg:TLR6-249
ProPro, yacTora KOTOpOro MOBBILLIEHA B TPYIIIE MALIMEHTOB C
ITOVYT (OR =1.84, p=0.042, p_cor = 0.297).

[MockonbKy aHaM3MpyeMble HAMH HOJIMMOP(HBIC TO3UIHN
TLR4 pacmoyioeHbI B OTHOM 3K30HE IeHa, a MOJIUMOPQHBIC
nokycsl TeHoB TLR2, TLR3, TLR6 — Ha OHOI XpoMOcCoMe,
MBI TIPOBEJIM aHaJIN3 HepaBHOBecHOTO creruienns (LD) yka-
3aHHBIX [MO3ULUNA. XapaKTePUCTHKA AHAJIU3UPYEMBIX OJHO-
HYKJICOTHIHBIX 3aMeH TeHoB /LR mana B Tabm. 3. Yacrora
MHHOPHOTO aJIJIeysl B OOJIBIIMHCTBE aHAIU3UPYEMbIX HAMHU
JIOKYCOB cocTaBiisuia bosee 5 %, 3a McKIroueHreM 155743708
reHa TLR2.

Hamwu BbISIBIIEHO HEpPaBHOBECHE T10 CLICTUICHUIO MEXK/TY JIBY-
Ml HOJIMMOP(HBIMY 1TO3ULUSAM reHa TLR4 (tabdi. 4). Ananus
MHOkecTBeHHBIX SNP mokasan, 4aro mams obeux Tpymnmn Hau-
6onee pactipocTpaneHHBIM raroTinoM 1t SNP rs4986790 u

154986791 TLR4 siensiercs A/C; raroTtui A/T TOTHOCTBIO OT-
CYTCTBYET B rpyIine cpaBHeHus1. 3HaueHust D' (koadduipent
JleBortuHa) Mexxy SNP rs4986790 n rs4986791 cocrapnstor
0.8146 B rpynne nauuenToB u 1.0000 B rpymnmne cpaBHEHHUS.
Kpome Toro, HabmrogaeTcss HapylIeHHEe PaBHOBECHS MEXKIY
napamu reHoB 7LR2-TLR6 (D' = 0.6615 u 0.5277 nns rpym-
IIBI C ITIAYKOMOM ¥ KOHTPOJIHOM T'PYIITBI COOTBETCTBEHHO) U
cimaboe HepaBHOBecue [yist apel TLR3-TLR6 (D' =0.1997 u
0.2008 B rpymrie ¢ TIIaykoMOW W B KOHTPOJIBHOM TpyTIIe co-
OTBETCTBEHHO). [Ipy 3TOM aHaJIN3 4aCTOT TaIsIOTHIIOB MEK/TY
IPYIIIaMH HE BBISIBUJI 3HAYMMBIX PA3IHUHH.

O6cyxpeHue

OTKpBITOYTOJIbHASL [VIAyKOMa CYMTAETCS MHOTO(paKTOPHBIM
3a00eBaHNEM C YOS TUTETbHBIMH JOKa3aTeIbCTBAMHI YyIaCTUS
B €¢ Pa3BUTHH T'€HETHUECKOW KOMITOHEHTHI. MccnenoBanus
TeHeTHYECKUX aCCOIAlMii Ha CeTOAHALIHUN 1€Hb BBIIBUIN
MHOXECTBO JIOKYCOB, KOTOPBIE CITOCOOCTBYIOT TEHETHUECKOMY
pucky pazsutus [IOYT. TLR sBisitoTcs BaKHBIMU (akTopa-
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Ta6nuua 4. YactoTbl ransioT1nos u napamMmeTpbl HePaBHOBECHOIO CLUernIeHNA MeXxay aHaln3npyembimun I'IOJ1VIMOp¢HbIMVI JIOKyCamun

MonumopdHas lannotun MauneHTsbl ¢ rnaykomon, N = 99 KoHTponbHas rpynna, N = 100 p
nosvuna YactoTta MapameTpsbl cuenneHna  Yactota MapameTpbl cuenneHna
TLR4 (rs4986790), A/C 0.884 ¥ =116.94 0.900 2 =114.89 1.00
TLR4 (rs4986791) AT 0.015 p =0.000 0.000 p =0.000 0.12
df=1 df=1
G/C 0.025 r?=0.591 0.040 r’=0574 0.57
G/T 0.076 0.060 0.56
TLR2 (rs5743708)/ G/A 0.677 2 =097 0.641 =215 0.46
TLR3(rs3775291) G/G 0.278 p=0.325 0.288 p=0.142 0.82
: df=1 . df=1 .
A/A 0.025 r2=0.005 0.035 r=0.011 0.58
A/G 0.020 0.035 0.38
TLR2 (rs5743708)/ A/C 0.646 =789 0.585 =642 0.22
TLR6 (rs5743810) p =0.005 p=0.011
0.308 0.345 0.46
AT df=1 df=1
G/C 0.010 r?2 = 0.040 0.020 r2=0.032 0.69
G/T 0.035 0.050 0.62
TLR3 (rs3775291)/ A/C 0.500 =641 0.449 ¥?=5.87 0.32
TLR6 (rs5743810) p=0.011 p=0.015
.202 .227 .54
AT 0.20 dF=1 0 dF=1 0.5
G/C 0.157 r?=0.032 0.157 r2=0.030 1.00
G/T 0.141 0.167 0.49

MpumeuaHme. df - creneHb cBo60abl, 2 — KO3GOULMEHT KoppensALmm MPcoHa.

MU BPOXKJCHHOM MMMYHHOM CHCTEMBI, OTHAKO PE3YJIbTaThl
WCCIIeIOBaHMS, Kacaronuecs cBsi3u /LR mommmopdusma ¢
3a00JIeBaHUEM, JIOCTATOYHO POTHBOPEUHUBHI.

W3BectHO, uto TLR2 sABIsIeTCA MEAMATOPOM JIer€HEepaIH
CETYATKH B OTBET HA OKHCIIUTEINBHBIN cTpece, PyHKIMOHUPYET
KaK «MOCT» MEX/ly OKHCIUTEIbHBIM OBPEX/ICHUEM U KOM-
IJIEMEHT-OIIOCPEI0BaHHOM NAaTOJIOrMEN CETYAaTKU U CBA3aH C
pasBuTHEM psna opramsmomnartonoruii (Mulfaul at al., 2020;
Titi-Lartey et al., 2022). IToka3aHo, 4T0 MHCCEHC-MYyTaIlUs
p-Arg753GIn npuBoauT K AedUIMTY Mepeladyd CUTHAIOB
TLR2 3a cuer Hapymerns rerepoauvepnsanun TLR2-TLR6,
(hochoprmpoBaHus THPO3HWHA U JAbHEHINIETO KacKaja, He
BJIMsSISL ITpH 3TOM Ha skcrpeccuio TLR2 (Xiong at al., 2012).
MBblI, OfiHaKO, HE BBISBUIM aCCOIMMPOBAHHOCTH IMOIMMOP-
¢usma TLR2 n TLR6 B aHanu3npyeMbIX HaMH TO3MIHUSX C
pazButueM [IOVI. AHamoruuHele pe3yabTaThl MOKa3aHBI
SITOHCKUMH HccienoBaresiMu uist 7LR2 (Nakamura et al.,
2009). launsre o nmoaumopdusme reHa 7LR6 npu miiaykome
B JIUTEparype HaMu He oOHapyskeHbl. [Ipu aToM mpu mo-
CTpoeHHH TpexMepHoi moxenn it TLRO BBIABICHBI KOH-
(hopManoHHbBIE N3MEHEHHUS B CTPYKTYpE OeJIKa MPH HATNINH
Pro249Ser, npennonoXuTelbHO BIUSIONIUE HA CBA3BIBAHUE
JIMTaHJOB U PEIENITOPOB. Y JAUKOTO THIIA KAPMAHBI CBSI3bIBA-
HUst BOim3u nponuHa (Pro) — Gonpioro odbema, Toraa Kak
Yy MYTaHTHOT'O THIIa CTEHKH KapMaHOB PaCIIOJIOKEHbI OJIM3-
KO JIpYT K JPYTy. DTO CYLIECTBEHHO BIUSET HA CIIOCOOHOCTD
MYTaHTHOTO OeJlka BCTyNaTh B 3HAYNMbIC B3aMMOACHCTBUS,
MOCKOJIBKY OOJIBIIMHCTBO 00JIacTe! CBSI3bIBAHUS M aKTHBHBIX
CalTOB pacTONIOKEHBI B HAMOOJBIIEH MOIOCTH KapMaHOB.
Kpowme Toro, 6erok tukoro tTnna, Oyaydn 6osiee THOKUM, UMe-
eT OoJIbIIIe BOBMOXKHOCTEH JUTs IBHYKEHHI, MHIYIUPOBAaHHBIX
JIMTaHJIOM, B TO BPEMsI KaK B MyTaHTHOM JABHKEHHE, HHIYIIH-
POBaHHOE JINTAH/IOM, OTPAHUYCHO TOJBKO IMEPETpyMITUpPOB-
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Kamu 00KoBO# Lenu. K Tomy >ke MyTaHTHBIN OellOK MeHee
crabuien. Bee aTo monTBepxknaet, aro monumopdusm 7LR6
BIIMSICT HA CTPYKTYpY 1 pyHKIMOHaIBHOCTD Oenka (Hamann
et al., 2013; Semlali et al., 2018). YuutsiBas, uto TLR2 u
TLR6 (QyHKIMOHHPYIOT MpH 00pa30BaHUM TETEPOIUMEPA,
MBI IPOBEJY aHAJHM3 WX KOMIUIEKCHOTO TTOJMMOp(H3Ma IPH
pa3Butuu [IOYT 1 BBIABUIM, YTO Y HOCHUTENEH TOMO3HUIOT-
HOTO TeHOTHIa JuKoro Tuma TLR2-753 ArgArg:TLR6-249
ProPro oTHOIICHNS ITAHCOB Pa3BUTHSI 3200JICBAHMS BBILIE, YTO
MOXET OOBSICHATHCS IMEHHO OCOOCHHOCTSIMH COBMECTHOTO
(DYyHKIIMOHUPOBAHUS TIPH PACTIO3HABAHNH JINTAHIOB U CTUMY-
JMPOBaHMH AAJbHEHIIIET0 MMMYHHOTO Kackaja. [Tockonbky
reHsl 7LR2 u TLR6 pacrosoxKeHbl B OTHONH XPOMOCOME, MBI
IIPOBEIN aHAJIN3 HEPABHOBECHOTO CLIETICHNUS M [TOKA3aJIN Ha-
pymenue LD ananusupyemsix no3unuii renos 7LR2-TLR6.
DTO 03HAUAET, UTO ONPEAETICHHBIE AJUIEIH IByX F€HOB MOTYT
MOSIBIISITHCS B €JMHOM TalljIOTUIIE YaIlle, YeM MOXKHO OXKH/aTh
P cIy4aifHOM coueTanuu. [Ipu 3TOM MBI He BBISIBIIIN pa3-
JIMYUM B yacTtoTax ramiorunos. Hapyiienue no crenienuto
JUIS JTAaHHBIX TOJMMOP(HBIX MO3UIHUI OBIJIO MOKA3aHO U B
npyroM uccienoBanuu (Cramkesud u ap., 2022).

Casi3b nonumopdusma rena TLR3 B aHanu3upyeMoi HaMu
MO3UINHN HabIIoHaeTcs npu paae oprampmonaronorui (Titi-
Lartey et al., 2022). CrpatuukannoHHBIH aHAIN3 110 STHU-
YeCKOI MPUHAAJICIKHOCTH YKa3bIBaeT Ha CBsI3b 153775291 co
BCceMH (DOpMaMH MaKyJISIPHON JeTeHEepaIui TOJIBKO y €BpO-
MICOUIOB, HO HE Y BRIXOIeB u3 BocTounoit Azuu (Ma et al.,
2016). [oaumopdusm Leud12Phe Biusier Ha HOPMAJIbHYIO
mumepusanuio TLR3, 9To mpuBOOUT K M3MEHEHUIO aKTHB-
HOCTH 0eIKa, He0OXOIMMOH 1JIsl IPaBHIILHOM TIepeaadu CHUr-
nayoB (Ranjith-Kumar et al., 2007). [Toka3zano, 4To npu riay-
kome TLR3 1 TLR4 nHUIIMHPYIOT HEKPOTITO3-PETYINPYEMYIO
MIPOBOCHAUTENBHYIO JTUTHYECKYI0 (popMy HEKpOTHUECKOM
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ru0eid KJIETOK, XapaKTePHU3YIOIIYOCs HaOyXaHHEeM KJICTOK
C TOCIEYIOMIMM Pa3phIBOM IIa3MaTHIECKONH MEMOpaHbI U
BBICBOOOXK ICHNEM KJIETOUHOTO coziepskumoro (Basavarajappa
etal., 2023). AkruBHoctb TLR3, yyacTByromiero B pacro3Ha-
BaHWHU HYKJIEMHOBBIX KHCJIOT, BHICBOOOXKJAEMBIX U3 TIOBPEIK-
JICHHBIX KJICTOK, CBSI3BIBAIOT B OCHOBHOM C paHHEH cTaaueit
raykoMsl (Soto, Howell, 2014). OqHako accouuariyst mojiu-
Mop(dr3Ma 3TOTO TeHa ¢ TIIayKOMOH BBI3BIBAET JUCKYCCHIO B
muteparype. Heckonbko uccnenoanuii tokyca WDR36 rena
TLR3, conepxamiero SNPrs3775291, npoaeMOHCTpUpOBAIH
€ro poJb B KauecTBe reHa-moaudukaropa mpu [IOYT 3a cBs3b
C KIIMHNYECKOH TSDKeCThIo poTekanus nporecca (Hauser et
al., 2006; Meer et al., 2021). OxHako MPOBEICHHBIN MeTa-
aHanmu3 122 myOnuKaIuii He MOATBEPINI 3HAYUTEHFHYIO POJIb
JTAaHHOHU TTOIMMOP(HOM MO3UIMK B TEHETHIECKON INpeapac-
nonokeHHocTH K [TOYT miu ee noarunam (Liu et al., 2017).
ABTOpBI CKJIOHSIIOTCS K HEOOXOANMOCTH JJAIbHEHIIINX HUCCIIe-
JIOBAaHWH B KOHKPETHBIX MOITYIISIIUSIX.

[onumopduzmsl rs4986790 u rs4986791 B TpeTbem dK30-
He reHa TLR4 SBIAIOTCS OJMHUMH U3 HAHOOJIE€E€ N3BECTHRIX U
yacto nzydaeMbix SNP. [Toaumopdusm B TaHHBIX MO3UIUAX
MPUBOJIUT K N3MEHEHHMIO MOJIMIIETITUIHBIX LIeTel IKCTpaLel-
JFOJSIPHOTO ZIOMEHA PELENTOpa M BIHMSIET Ha CBA3BIBAHHUE C
KOPELENTOPOM, YTO MPUBOANUT K THIIOPEAKTHBHOCTH PEIIeTI-
TOpa. DTO MOXKET BbI3bIBATh AUCHYHKIMIO MosieKyibl TLR4 n
Hapymarh paboTy IMMYHHOH cucteMsl (Arbour et al., 2000;
Jahantigh et al., 2013; Lin et al., 2019). B nacrosiuee Bpems
pe3yJabTarhl IPOBEICHHBIX METaaHAIN30B aCCOLMMPOBAHHO-
ctu 3tux SNP ¢ [TIOYT cBHIETENsCTBYIOT O TOM, YTO JaHHBIC
B PA3HBIX STHUYECKUX IPYIIIax pa3InyaloTcs 1 HEOOXOIUMbI
nanpHeiimue uccnenosanus (Chaiwiang, Poyomtip, 2019;
Lin et al., 2019). IIpu 3TOM ImpakTHYECKH BO BCeX paboTax
MOKa3aHO HEPAaBHOBECHOE CLETIIICHHE ITOINMOP(HBIX JJOKYCOB
TLR4 (rs4986790) u TLR4 (rs4986791) (Guimaraesa et al.,
2018; Kania et al., 2022), 9T0 MOATBEP)KAAETCSA U B HAIIEM
MCCIIEI0BAHUN. DTO CBUJICTEILCTBYET O TOM, YTO PEKOMOUHA-
IIMU Y9aCTKOB XPOMOCOMBI, Ha KOTOPO PacIioyIOKeHbI JaHHbIE
MOTMMOpP(HBIE MapKephl, HACIEAYIOTCS €ANHBIM OJIOKOM.
CymiecTByeT MHEHHE, YTO NP HAJIMYUH BBICOKOH CTETIEHH
MYJIBTHIIOKYCHOTO LD MMEHHO aHaju3 ramioTHIOB MOXET
CYIIECTBEHHO yBEININUTh CTATUCTUIECKYIO 3HAYMMOCTD HC-
cnenoBanus (Jiang et al., 2014). OxHako HAMU HE BEISIBICHO
JIOCTOBEPHBIX Pa3IMYMi aHAIM3UPYEMBIX YaCTOT IallJIOTUIIOB
reHa TLR4.

ITockonbky penentopsl TLR1, 2,4, 5, 6 u 10 otHOCSTCS
K IIOBEPXHOCTHBIM MEMOPaHHBIM pPELeNTOpaM, pacio3Haro-
MM B OCHOBHOM JIMITH/IHBIE KOMITOHEHTBI OaKTepPHaIbHBIX
cTpyktyp, a TLR3, 7, 8 n 9 skcnipeccupyrorcst Ha MeMOpaHax
BHYTPHUKJICTOYHBIX OpTaHesll, IMTaHAaMH JUIsl KOTOPBIX SIBJISI-
FOTCSI KOMITOHEHTH! HYKJICHHOBBIX KHCIIOT BUpycoB (Akira et
al., 2001; Sameer, Nissar, 2021), OBBIIICHIE YaCTOTHI Psizia
FEHOTUIIOB IeHOB 7LR B rpyIIle NalueHTOB MOXKET KOCBEHHO
CBUICTENIbCTBOBATH 00 YYaCTHH HH()EKIIMOHHBIX (PaKTOPOB B
nnunuanuu [TOYT.

3aknioyeHune

Taknm o6pazom, cBsa3b nonmumopdusma 7LR renos ¢ [TOVT,
HECMOTPSI Ha JI0Ka3aHHYIO0 3HAYMMOCTh Y4aCTHsI UX OEJIKOBBIX
MPO/TyKTOB B TATOr€HE3¢€, TPEOyeT IOMOIHUTETbHBIX HCCIIEN0-
BaHUI{ ¢ y4eTOM STHHUYECKHUX 0COOCHHOCTEH marueHToB. Kpo-
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Monumopdusm reHos TLR-2, TLR-3, TLR-4 v TLR-6
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M€ TOTO, HeO6XO[lI/IMO YUYUTBIBATh B3aHMO}1€I7[CTBHH I'CH-TCH
JUTsL JTY9IIeTo TTOHUMAaHUsSI CIIOKHBIX MEXaHU3MOB Pa3BUTHUS
3a00JIeBaHMsA, YTO OyAeT CIIOCOOCTBOBATH paHHEW TUATHO-
cruke [TIOYT u pa3paboTke HEOOXOAUMOM TEPATICBTUYECKON
CTparerum.
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AHHoTauuA. Mwemmnyeckasn 6onesHb cepaua NpeacTaBnaeT cobol BaXHY0 MeANKO-CcoLmanbHyto npobnemy. Hanbo-
nee Taxenon Gopmoi 3a6oneBaHUsA, C MOPaAKEHNEM BCEX CJIOEB CEPAEUYHON MbILLbI, CYMTAETCA MHGAPKT MUMOKapAa
c nogbemoMm cermeHTa ST (MMnST). OgHUM 13 ANArHOCTUYECKUX KpuTepreB ANCcOYyHKUMM SHAOTENNA nNpu nHbapKTe
MUOKapAa ABNAETCA ypoBeHb sE-cenekTHa — MOneKynbl KNeTOUHOW afre3nn, oCyLwecTBAAIOWEN PeKPYTUHT HENTPO-
$UnoB 1 NHAYKUMIO HeTpodUnbHOro BocnaneHus. B HacToAwem nccneaoBaHUM N3yUYeH MHTPOHHbIN NoMMopGM3m
(rs5353, rs3917412, rs1534904) reHa SELE, kopnpytowero E-cenektuH, y nauneHtoB ¢ MMnST. MNpoaHanv3npoBaHbl
IBe Bblbopku: naumeHTbl ¢ UMnST (n = 74) n nonynaunoHHasa BbibopKa I. Tomcka (n = 136). Mo yacToTam reHoT!noB
rs5353 B reHe SELE 3apernctpupoBaHbl CTaTUCTUYECKN 3HaYMMble Pasnnyma Mexay naumeHTaMm 1 KOHTPOJSIbHON Bbl-
60pKoii (p = 0.004). feHoTun CC ABNAETCA PUCKOBbIM MO OTHOLWeEHWI0 K UMRST (OR = 6.93, C1:95 % (1.84-26.04), ¥ = 8.69,
p = 0.002). MpoaHan3npoBaHHble MapKepbl He N3yYanncb paHee Npu cepAeYHO-COCYAUCTbIX 3aboneBaHnAX 1 BOOG-
e pefKo NPUBMEKaNNCb K aCCOLMATUBHBIM NCCNEA0BaHUAM; B BefyLux 6a3ax AaHHbIX OTCYTCTBYeT MHpopmauuma 06
accoumaumax 3TUx Mapkepos ¢ 3abonesaHmaMU. BmecTe ¢ Tem Bce Tpu BapuraHTa no knaccudukaumm RegulomeDB
OTHOCATCA K GYHKLMOHaNbHOMY Knaccy 1f 1, COOTBETCTBEHHO, C BbICOKOW BEPOATHOCTbIO 06/1aZ1atoT PerynaTopHbIM No-
TEHLMaNIOM OTHOCUTESIbHO He TOMNbKO reHa SELE, HO 1 fpyrix reHoB 6nim3neallero permoHa. AHanms GyHKLMOHANbHOM
3HAUMMOCTM U3YUYeHHbIX MapPKEPOB NMOKasasn Hannuvie 6onee o6LIMPHOTO, YeM OfIVH TeH, PETVOHA, KOPEerynvpyeMoro
AaHHBIMN HYKNeoTUAHbIMM 3aMeHaMu. BbiABneHHan B HacToAleM nccnefoBaHnm accoumnauma rs5353 ¢ UMnST ewe
pa3 noaTBepKAaeT BOBMIEUEHHOCTb reHa SELE B pa3BuTve cepaeyHo-CoCyamnCTbIX 3aboneBaHnii. He ncknouyeHo, 4to
onocpefoBaHHO (Yepes crcTembl BOCManeHus, UMMYHHOTO oTBeTa 1 penapauuy [JHK) Becb 3TOT perroH reHoma MmoxeT
ObITb BOB/IEUEH B MaTOreHe3 cepAeyYHO-COCYANCTbIX 3a001eBaHMN.

KntoueBbie cioBa: HGapKT M1oKapaa ¢ nogbemom cermeHTa ST; UMnST; reH SELE; SNP.

[na yntnposaHusa: babywkura H.M., Hukonaesa A.M., lon6Ha AL, LaBpak B.E., Pa6os B.B. Ponb nonvmopdusma
reHa SELE npu nHdapkTe Mmokapaa ¢ nogbeMom cermeHTa ST. Basusoeckuli XypHas 2eHemuku u cenekyuu. 2025;29(1):
135-143. doi 10.18699/vjgb-25-16
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BnarogapHocTu. MonekynsapHo-reHeTnyeckoe nccieoBaHve BbiNoNHEHO Ha 6a3e LieHTpa KonnekTMBHOro nonb3oBsa-
HUA HayYHO-MCCNIefoBaTeNIbCKMM 060pyAOBaHEM U SKCNEPMEHTaNbHBIM Bronornyecknm mMatepuanom «MeguumH-
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The role of SELE gene polymorphism
in ST-elevation myocardial infarction
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Abstract. Ischemic heart disease (IHD) is an important medical and social problem. ST-elevation myocardial infarction
(STEMI) is the most severe form of IHD, affecting all layers of the heart muscle. One of the diagnostic criteria for endothe-
lial dysfunction in myocardial infarction is the level of sE-selectin, a cell adhesion molecule that recruits neutrophils and
induces neutrophil inflammation. The aim of this study is to investigate intronic polymorphisms rs5353, rs3917412 and
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The role of SELE gene polymorphism
in ST-elevation myocardial infarction

rs1534904 of the E-selectin coding gene SELE in patients with STEMI. We have analyzed a group of patients with STEMI
(n = 74) and a population sample of Tomsk (n = 136) as the control group. The frequencies of the rs5353 genotypes
in the SELE gene have shown statistically significant differences between patients and the control sample (p = 0.004).
The CC genotype is a predisposing factor to STEMI (OR = 6.93, C1:95 % (1.84-26.04), x> = 8.69, p = 0.002). The analyzed
markers were not studied previously in cardiovascular diseases (CVDs) and were rarely involved in association studies
at all; there is no information on these SNPs in the leading databases. At the same time, all three variants, according to
the RegulomeDB classification, belong to the functional class 1f, and are highly likely to have regulatory potential rela-
tive not only to the SELE gene, but also to other genes in the nearby region. The analysis of the functional significance
of the studied markers has shown the presence of a region more extensive than one gene, which is co-regulated by
the studied nucleotide substitutions. The association of rs5353 with STEMI identified in this study once again confirms
the involvement of the SELE gene in the pathogenesis of CVDs. It is possible that this entire region of the genome
may be involved indirectly in the pathogenesis of CVD through the systems of inflammation, immune response and
DNA repair.

Key words: ST-elevation myocardial infarction; STEMI; SELE gene; SNP.
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BsepeHune

HNmemngeckas 6one3ns cepamna (MBC) npencrasnseT coboit
B)KHYIO MEMKO-COIMAJIbHYIO MTPpo0IIeMy U 3aHNMAET BEIy-
I11ee MECTO B CTPYKTYpE CMEPTHOCTH OT CEP/ICUHO-COCY/IHC-
ThIX 3a0oneBanuii. Hambosee KU3HEYTPOKAIOLIMM COCTOSI-
HHEM CcUuTaeTcs ocTpas hopma NieMUH — HH(apKT MUOKap-
na. Madapkr muokapaa ¢ mombemom cermenta ST (MMnST) —
0COOCHHO TshKenast (hopMa, C TIOPAKECHHEM BCEX CIIOEB cep-
neunoi mpimnbl (Octpeiii nHbApKT MUOKapaa..., 2020).
Bocmnanenue sBisieTcst OIHUM W3 BEYIIUX 3BEHBEB KaK MaTo-
reHesa, Tak M TeYeHHs U IporHo3a nudapkra muokapaa (Kau-
koBckui, Parosuna, 2013; Kamuuun u ap., 2022; Zhang N.
et al., 2022). BocranuTenbHYIO peakIni0 HHUIUHAPYET JTUC-
(DYHKIMS SHAOTENNS, CBI3aHHAas ¢ TUCOAIAHCOM ITPOTYKIINHT
9H/IOTEJINANIBHBIX MEIUATOPOB M IPHBOJSINAS K CBEPXIKC-
npeccun Mosekyn anaresun (Kaukockuii, Parozuna, 2013;
Habas, Shang, 2018; Mathur et al., 2023).

E-cenekTH — MoBEpXHOCTHBIN INIMKOIPOTEHH, OTHOCUTCS K
KJIaCCy MOJIEKYIT KJIETOUHOH are3un, SKCIIPEeCCUPYETCsI TONb-
KO 9H/IOTENTHAIBHBIMU KieTKaMH. CyIecTByeT B BHJE ABYX
(hopM — TpaHCMEMOpaHHBIN TNIMKOIPOTENH ¥ CBIBOPOTOUHBIH
sE-cenexktun. B HopManbHO QyHKIMOHMPYIOIIEM DHIOTE-
JIMM €0 KOJIMYECTBO HE3HAYUTENILHO. E-CeNeKTHH y4yacTByeT
B aJIre3un HEUTPO(DUIIOB U3 IIMPKYJIUPYIOILEH KPOBH K TIOpa-
JKeHHOH COCYIUCTOH CTEHKE, a TaKKe CIIOCOOCTBYET MUTpa-
IIMA MOHOIIMTOB B CyO3HIOTENHMaIbHOE pocTpancTso (Lo-
renzon et al., 1998; Vestweber, Blanks, 1999; Cid et al.,
2000; Blankenberg et al., 2003; Calder et al., 2013; McEver,
2015). ITomumo 3TOTO, TIOKa3aH MEXAHU3M AKTHUBAIIUU HEH-
TpoMIIBHOrO BOCHANEHUs, HHIYLIHpYeMblid E-cerexTnHOM
(aepes akruBanuto NLRP3-unprammocom) (Pruenster et al.,
2023). C y4eToM TOro, 9YTO IEPBBIMU KIETKAMHU, TPOHHKAFO-
IMMAMH 1TpY MH(]apKTe MHUOKapJa B o4ar IOBPEKACHUS, SB-
nsrorest Heiirpodunsl (Kanmuaun u ap., 2022), narorenern-
yeckasl posib E-ceslekTrnHa, Urparoiero ABOMHY0 poilb B OT-
BETE Ha MOBPEXKICHHE (PEKPYTHHT HEUTPODHIOB, HHITYKLHS
HEHTPOHUIHHOTO BOCTIANICHHS ), TIPEICTABIIAETCS emie Ooee
3HAYUMOM.

[Tocne cTumMynsMy MPOBOCHATUTENBHBIME [IUTOKWHAMHA
(®HO-a, 1JI-1), 3HTOTOKCHHOM WJIH MOJ] BO3ACHCTBHEM Ha-
NPSDKEHHS C/IBUTA B OHIOTEIINHM HAYMHACTCS de novo CUHTE3

E-cenexruna. I[loBblieHne ypoBHsi Oesika MPOUCXOAUT B
TedeHue 4—6 4 mocie mepBoro BO3ACHCTBHS CTUMYJIA, Yepes
1-2 cyT ero skcmpeccus CHIKaeTcs. TakuM o0pa3oMm, dKC-
npeccust E-cenexTnHa MoXeT OBITh OTpaKEHHEM OCTPO (ha3bl
Bocnasienust (Kammaun u 1p., 2022; Uy et al., 2024). Cenexrn-
HBI B IIE€JIOM, U B YaCTHOCTH E-CeNeKTHH, SIBISI0TCS 00IIenpu-
3HAHHBIMU MapKEPaMH HI0TEIHAIbHOM qucPyHKImH (Silva
et al., 2018; Mangoni, Zinellu, 2024; Wang K. et al., 2024).
YpoBuH sE-cenekTnHa HCMONB3YIOTCS B IEJSAX AUATHOCTH-
KH SHAOTETHAIFHON JUC()YHKIINA Y TAIIHEHTOB C CePICIHON
HEJ0CTAaTOYHOCTBIO, aTePOCKIepo30M, rmaykomamu, CI2,
aprepuansHoii runeprenseit, OKC, ciyxat HHAUKaTOpOM T0-
BpEXJICHUSI MUOKapJa y JeTe ¢ MUKOIUIa3MEHHOM ITHEBMO-
uueit, COVID-19 u np. (Wang N. et al., 2001; Ueno, 2012;
Sandoval-Pinto et al., 2014; Srivastava et al., 2018; Lampsas et
al., 2022; Mathur et al., 2023). EcTbs cCBUIETEIECTBA B TIOJB3Y
TOTO, UTO YPOBEHb E-CeNeKTHHA aCCOLUUPOBAH C aTePOCKIIe-
POTHUYECKHUM MOPAKEHUEM COCY/I0B, KK KOPOHAPHBIX, TaK U
nepudepudeckux (JKuro u np., 2019; Kanuuus u np., 2022;
Mathur et al., 2023), 9T0, BepOsATHO, SIBJISIETCS OTPAKEHUEM
CHCTEMHOTO BOCIIAJICHHUS, XapaKTEPHOTO JJIS aTePOCKIIepO3a.
Pounb cenextunoB B natorenese MbC Heognoznauna. Kak
U B CIIy4ae MHOTHX aCCOIIMATHBHBIX HCCIICIOBAHUMN, HAKOTI-
JICHHbIE JaHHbIe MpoTuBOpedrBsl (OKuro u ap., 2019): oguu
ABTOPHI YKA3BIBAIOT HA CTATUCTUYECKU 3HAYMMOE ITOBBIILICHHE
ypoBHs E-cenexktuna nmpu cradmnsnoit UBC, npyrue —Ha 0T-
CYTCTBHE 3HAYUMBIX pasznnduii. Takne pe3ynbTaTsl 00BICHS-
FOTCSI HEOOJBIITIMH Pa3MepaMH BEIOOPOK, HEOTHOPOITHOCTHIO
TI0 TIONTY, BO3PAcTy, HAJIMYHMIO COITyTCTBYIOLIHUX I1aTOJIOTHH,
nojyyaeMomy naruenramu jiedeHuro (JKuro u np., 2019).
Hecwmotpst Ha 00J1b1110i1 MaccHB HH(OPMAIMH, TOCBSILEH-
HoM E-cenexTuHy, ()OKyC CyIIECTBEHHO CMEIICH Ha ONOXH-
MHUIO: TIPH Pa3TNYHBIX TATOTOTHIECKUX COCTOSHHSX aHATH3H-
pyeTcst ypOoBEHB Oellka i IOAPOOHO 00CYKIAeTCs €ro poib B
KaueCcTBE JUarHOCTUYECKOro kpurepus. Tem He MeHee B psizie
MCCIIEZIOBAaHU MOKa3aHbl aCCOIMAIMN TPEX MOIUMOP(HBIX
BapuanToB (single nucleotide polymorphism, SNP) B rene
SELE (G98T (rs1805193) B 5’UTR, A561C (rs5361), C1880T
(rs5355) B sk30HaX 4 U 10 COOTBETCTBEHHO) C TSDKEIBIM U
CYOKIIMHUYECKHM aTepoCKICPO30M, KOPOHAPHOU OOJIC3HBIO
cepaua, nieMuIeckoi 00JIe3HbI0 cepla, HHYAPKTOM MHO-
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Kapza, MIIeMUYeCKIM HHCYIIBTOM, Oone3Hbro KaBacaku u ap-
TepruanbHOM runeprensueii (Wenzel et al., 1994; Zheng et al.,
2001; Yoshida et al., 2003; Zak et al., 2008; Mallik, Majum-
der, 2011; Shirakawa et al., 2012; Wang Z. et al., 2012; Zhao
et al., 2012; Wang X. et al., 2013; Qin et al., 2015; Liao B.
et al., 2016; Deng et al., 2017; Vargas-Alarcon et al., 2019;
Ding et al., 2021). Takum 00pa3oM, MoKa3aHbl aCCOLUAIMU
9K30HHOTO M MPOMOTOpHOTO TonmuMopduima rena SELE ¢
CEep/ICYHO-COCYMCTOH MaTOIOTHEN.

e HacTOSIIETO HCCIIEA0BAHMS 3AKIII0YAIIACh B U3yYESHUN
accolUanui WHTPOHHBIX (yHKIIMOHAIBHO 3HAYUMBIX I10-
TMMOpQHBIX BapraHToB reHa SELE ¢ pa3BuTHeM HH(papKTa
MHOKap/ia ¢ noabeMom cermenra ST.

MaTtepwuanbi n metopbl

B uccnenoBanue BkiIoueHO 74 ManueHTa, rOCIUTAIN3UPO-
BaHHBIX B OT/EJECHUE HEOTIIOKHOM Kapauonorun HUU kap-
nuonorun Tomckoro HUMII ¢ 2019 o 2021 . ¢ nepBUYHBIM
UMnST. [lnarno3 ycraHaBIMBaIl B COOTBETCTBUU C YETBEP-
THIM YHUBepcalnbHBIM omnpenenenuem MM (Thygesen et al.,
2018). Kpurepun BKIIOYCHUS B HCCIICAOBAHHE: BEPUDHUIIH-
poBaHHBIN AuarHo3 nepsuuHoro MMnST, Bospact crapiie
18 et 1 MOCTOsTHHOE MPOKMBAHHE HA TEPPUTOPUH TOMCKOH
obnactu. Kputepnu HCKITIOUEHHMS: Kap/IMOTECHHBIH 10K, ayTO-
HMMMYHHBIC, OHKOJIOTHUYCCKHE 3a6oneBaHm1, TCpMHHAJIbHAA
XpoHudeckas 00JIe3Hb MoueK, GUOPUILIAINN/TPETIeTaHNus
npescepaAnii, TeMOIMHAMHYECKH 3HAYMMBbIE KIIallaHHbIe TI0-
POKH cep/lLa, BBIpaKeHHbIE KOTHUTUBHBIE iuchyHKimu. [Tpo-
TOKOJI MCCIICIOBAHMS OTBEYAT TPEOOBAHUAM XeITbCHHKCKON
JIeKJIapanyy 1 ObUT 0100pEH JIOKAIBHBIM STHYECKUM KOMUTE-
tom HUU kapaunonoruu. B kauecTBe KOHTPOIISI IPUBJIEUEHA
MOTYJISIIIMOHHAS BEIOOpKaA pycckux T. Tomcka (136 nHAMBH-
JoB), chopmupoBanHast u3 oopasios JJHK «brnobanka nace-
nenus CesepHoit EBpazum» HUM MeaunumHCKo# reHeTHKH
Tomckoro HUMII. I'pynnsl NaimeHTOB U KOHTPOIBHOM BBbI-
OOpKHM COTIOCTaBUMBI T10 TIOJTy 1 Bo3pacTy. Bee obcnenosan-
HbIC MHAUWBHUJBI 3THUYCCKHU OAHOPOAHBI U IMPEACTABICHBI
MPEeNMYIIECTBEHHO pyccKuMH (>95 %) . Tomcka, y Bcex mo-
Jy4eHO MH()OPMUPOBAHHOE COTTIACHE.

Ta6nuua 1. Ycnosua reHOTUNMPOBaHUA MapKepoB B reHe SELE
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Ponb nonnmopdusma rena SELE
npu nHdapKTe M1MoKapaa ¢ NogbeMoMm cermeHTa ST

B 00enx nccie1oBaHHBIX IPyINax MpeoaatoT MyX4Iu-
Hbl. COOTHOIIIEHHE MY)KUMH K JKEHIIHAM cOcTaBmio 2.1 B
rpynne UMnST u 1.5 B rpynne KOHTPoOIs, CTaTUCTUYECKU
3HAUMMBbIE PA3IMYHs MEXKIY rPyIaMu oTcyTCTBYIOT. Cpen-
HuH Bo3pact B rpymme UMnST coctasmn 61+ 10 ner (meauna-
Ha 62.5, MeXKBapTWIBHBIN pa3zmax [55.0-69.0]), B rpymme
KoHTpoJst — 62.1+7 net (Meauana 63.0, MEXKBapTUIbHBIN
pa3max [57.0—68.0]); craTucTHYECKN 3HAYMMEBIE PAa3TUIHS
MEK/1y I'PYIIIaMH OTCYTCTBYIOT.

JAHK u3 BeHO3HOI mnepudeprnyeckoil KpoBH BbIJEJICHA
CTaHIapTHBIM (heHOT-XIIOpOPOPMHBIM MeTOAOM (Sambrook,
Russell, 2006). 'eHOoTHIIIpOBaHNE OCYIIECTBIISIIOCH METOJIOM
nonuMepasHoi nenHoi peakiuu (I1L[P) B pexume peansHo-
ro BpemerH (real-time PCR) ¢ momompsio Habopa s mpo-
Bepenus [1LP buoMactep HS-qPCR (2x%) («buoJlabMukcy,
HoBocubupck), ¢ ucrosb30BaHueM Crieliuuueckux Juis 1e-
JIEBBIX PETHOHOB TipaiiMepoB u TagMan-30H10B (IIPOM3BOA-
ctBo OO0 «/IHK-Cunres», Mockga) (tadm. 1).

Jnst aHanu3a BeIOpaHbl NOMMMOpP(QHBIE BapUAHTHI B TeHE
SELE, ssnaromuecs: eQTL-BaprmanTamMu 11 CBOETO IUIH
OnM3NeKaIMX TeHOB (C MCIOJIB30BAaHUEM MH(OPMaUH M3
GTExPortal, https://www.gtexportal.org/home/), moreHIuab-
HO oOnamaromye (yHKINOHAIBHOI 3HAYMMOCTHIO (COTIIaCHO
RegulomeDB, https://regulomedb.org/regulome-search/),
HaXOoJSIIUECS B HEKOIUPYIOIINX PErnoHax reHa, ¢ 4acToToH
MHHOPHOTO aJUIeNs y €BpONeon10B He MeHee 25 % (gaHHbIe
npoekra «1000 renomoB», Ensemble, https://www.ensembl.
org/index.html). B pe3ynbsrare ObuiH MpoaHaIM3uPOBAHBI TPU
WHTPOHHBIX Mapkepa (cM. Tabm. 1).

AHanu3 acconuanuii MpoBezeH ¢ MPUMEHEHNEM O0IIeTpH-
HATHIX METOIOB CTaTUCTUYeCcKoro aHanusa (%2, OR ¢ 95 % CI).
CraTucTH4ecK 3HAUMMBIMH PA3INYNs MEXIy CDAaBHHBAECMBI-
MU rpynnamu cuutanucs mpu p < 0.05. g nzyuenus monenu
HAacJIeI0BaHMs TPUBIICUEH METOJ JIOTUCTUYECKOM perpeccui.
AHanu3 CIenyIeHns, B TOM YHCIe pacdeT KodpuineHTa He-
paBHOBecus 1o crerienuto (D'), BeIMONHEH B MporpaMme
Haploview 4.2 (Barrett et al., 2005).

@DyHKIMOHAIbHAS AaHHOTALMSI BADUAHTOB IIPOBE/ICHA C HC-
nonb3oBanueM pecypca VannoPortal (http://www.mulinlab.

SNP Mparimepbl 1 TagMan-3oHablI*
rs3917412 F: TGTAATTCTGTGTCCCTGCG
R: GGCTCATAGGTACACACTGGAA

Temnepatypa oTxura, °C

55

5'-FAM-TCATTTCATTCAAGCGACTTGCTCCAT-BHQ1-3’
5'-HEX-TCATTTCATTCAAGTGACTTGCTCCAT-BHQ1-3'

rs1534904 F: TACACTGAAGGCTCTGGGCTC

R: AGACCACTCAGCATAGGCAAAG

57

5'-FAM-AACCACTGAGGATTTGAAAGAGCACCAT-BHQ1-3’
5'-HEX-AACCACTGAGGATTTTAAAGAGCACCAT-BHQ1-3’

rs5353 F: AAGAAGGAAATCGTGGGTAGC

R: TTCCCAAAACGGTAAGTGC

60

5'-FAM-TAAGACTTTCATCATTTAGGTCAAAGAGAAA-BHQ1-3'
5'-HEX-TAAGACTTTCATTATTTAGGTCAAAGAGAAA-BHQ1-3’

* Mpaiimepbl 1 NPo6bl Nofo6paHbl ¢ NoMoLLbio nporpammbl Vector NTI (http://www.informaxinc.com).
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org/vportal/index.html/). B wacTHOCTH, JUIsI OLIEHKH HBOIIIO-
IIHOHHOH KOHCEPBAaTHBHOCTHU NpUBEICHBI Toka3arenu PhyloP,
GerpN u GerpS. Ilokazarens PhyloP mo3Bosnsier oneHnTS 9BO-
JIIONUOHHYIO KOHCEPBATUBHOCTH HA OCHOBAHWU MEKBUTOBBIX
CpaBHEHH, 32 UCKIIIOYCHNEM YeJIOBeKa (IPUCTaBKH 0003Ha-
YafoT KJIACCU(HUKAIIMOHHBIC PaHTH, B IAHHOM Clydae: pri —
npumartsl) (Pollard et al., 2010; Caron et al., 2019). Ouenku
GerpN u GerpS oCHOBaHBI Ha aHATHN3€ OTACITHHBIX HYKIICO-
THJIOB: aHAJIN3 TOMOJIOTHH JIOKYca Y pa3Hbix BuioB (GerpN);
aHaJM3 JePUIMTa/U30BITOYHOCTH 3aMeH B Jiokyce (GerpS)
(Zerbino et al., 2018; Caron et al., 2019). Phred Score — no-
KazaTesb KauecTBa MOJyYEHHOH oreHkn (3HaueHue 20 co-
OTBETCTBYET BeposTHOCTH OmuoOku 1 %, 10 — BeposiTHOCTH
omubku 10 %). [lng onenku neiictBus oTdéopa MpUBEICHBI
manabie CLR-tecra (Composite Likelihood rate, Neilsen’s
CLR test) — MeToia KOMOMHUPOBAHHOTO PABIOIIONO0US,
MIO3BOJISIFOIIETO ONPEIETUTh CHILY MOJOKHTEIBHOTO 0TOOpa
(Vy, Kim, 2015).

MexOenKoBble B3aUMOJICHCTBHS OLICHUBAIIM C IOMOILBIO
pecypca BioGrid (https://thebiogrid.org//) (Oughtred et al.,
2021). Ananu3 (HyHKIIMOHAIBHOTO 000TAIICHHS TPOBOIMIN
¢ nomoIne BeO-uHcTpyMeHTapus WebGestalt (Gene SeT
AnaLysis Toolkit) (https://www.webgestalt.org//) (Liao Y.
etal., 2019).

Pesynbratbl

B nonynsmmonHoi Beroopke . Tomcka u B rpymre O0IbHBIX
WMnST Ob110 poBEeHO TeHOTUITMPOBAHUE TPEX MHTPOH-
HBIX BapuaHTOB (1s5353, 151534904, rs3917412) s rene SELE.

CuennieHne 1 acCcoLNaTUBHbIV aHann3

BrisBisercs monHoe cueryieHne Mapkepa rs5353 ¢ aByms
npyruMu u3ydeHHbIMA SNP (D' =1 n'y manueHTosB, 1 B KOHT-
ponbHOI BeIOOpKE). B cBOtO 0uepens r$s3917412 nrs1534904
CIIETUICHBI TECHO, HO He ToiHOoCThIO (D’ cocrapnser 0.916 B
rpymnrie nanuenTos u 0.976 B momynsunoHHON BEIOOPKE). AHa-

The role of SELE gene polymorphism
in ST-elevation myocardial infarction

JIN3 CUCIUICHUA N3YYCHHBIX MAPKEPOB IO3BOJIAET TOBOPUTH O
TOM, 9TO 3aMeHa 1s5353 mpomsonuia Ha (hoHE TarIOTHIIA TIO
pedepencubv amnersam rs3917412 nrs1534904. B pesynbsrare
9TOTO OXKHMJIAETCSI Pa3HOHAINPABICHHBIH Y()(EKT H3yUeHHBIX
HYKJICOTHIHBIX 3aMeH (C OHOH cTOpOoHBI — 155353, ¢ mpyroii —
rs3917412 u rs1534904) na nposiBICHHE MaTOIOTHYECKUX
MIPU3HAKOB.

ITo wactoTam reHoTHmoB rs5353 B rene SELE 3aperucTpu-
POBaHBI CTATUCTHYECKN 3HAYNMBIC PA3IIMUHS MEK/Ty MAINCH-
TaMU U KOHTPOJIbHOM BBIOOPKOit (p = 0.004) (Tabdmn. 2). Co-
TJIACHO JIOTHCTHYECKOH perpeccuu (Tadim. 3), CTaTHCTHIECKH
3HAYMMBI JIBE MOJICTIH — KOJJOMMHAHTHas 1 perieccnBHast. On-
Hako MH(OpPMaIMOHHBIE KpuTepuH (AKanke U 0alieCOBCKHIA)
MMEIOT HAMMEHBIIINE 3HAYEHMNS TS PEIIeCCUBHON MOJIEIIH, UTO
orperiessieT ee Kak Hammydnryto. Takum oopazom, renorun CC
SIBJISICTCSI PUCKOBBIM T10 OTHOIICHUIO K HH(pAPKTy MHOKap/a,
BCTpedasich B 6 pa3 game B rpymnmne 6ompHBIX (OR = 6.93,
CIL:95 % (1.84-26.04), x> =8.69, p = 0.002) (cMm. Tabn. 2 u 3).

[To coyeraHnio reHOTUNIOB M3Y4YEHHbIE BHIOOPKH TOXE
CTaTUCTHYECKN 3HAYNMO pazimdarorcs (y*= 22.76, df = 8§,
p=0.004). Pazmimuns 00ycIOBICHBI ITTABHBIM 00pa3oM JIByMs
coyeTaHusIMu reHOTHIOB (110 185353/rs1534904/rs3917412):
CC/GG/CC npenpacrionaraet K pa3BUTHIO HH(APKTa MHOKap-
nma (OR=6.93, CI:95 % (1.68-32.98), x> = 8.69, p = 0.003), B
To Bpemsi Kak coueranue TC/GG/CC sBisieTcs IpOTEKTUBHBIM
(OR =0.38, CI:95 % (0.16-0.90), ¥>= 5.01, p = 0.02). Coor-
BeTcTBeHHO, rarutorun CGC yanie BeTpeyaeTcs y MalueHToB,
yeM B KoHTposte (27.7 u 20.5 %), a ramorun TGC — B koHTpO-
ne (40.4 % y marenToB 1 49.2 % B KOHTPOJIBHOI TpymIe),
OJTHAKO 3TH PA3IMYMS CTATUCTHYECCKH HE3HAYUMBI.

ITo rs5353 B BbIOOpKE OOJIBHBIX BBISIBICHO OTKIOHCHHE
oT paBHOBecHus Xapnu—BaitnOepra (p = 0.012). IIpu sTom
HaOJIFO/IaeTCs HEIOCTATOK T'eTePO3NUTOT M TOMO3HTOT T10 Jac-
TOMY QJUIEJIO, HO U30BITOYHOE KOJIMYECTBO PEIIKUX TOMO3H-
rot. KorTtpons kauectBa renoturnpoBanust (100 % nepereno-
TUIMPOBaHHWE BBIOOPKH TMAIMEHTOB) MOATBEPIMI KOPPEKT-

Tabnuua 2. YacToTbl annenei 1 reHOTMNOB MapKepoB B reHe SELE B cpaBHMBaeMbIx rpynnax

SNP [eHoTUMDBI
1 peakni annesnb y naveHTo
rs5353 T/T 58.11 (43)
T/C 28.38 (21)
c/C 13.51(10)
Annenb C 27.27 (41)
rs1534904 G/G 45.95 (34)
G/T 47.30 (35)
T/T 6.76 (5)
Annenb T 30.41 (45)
rs3917412 c/C 55.41 (41)
c/T 39.19 (29)
T/T 5.41 (4)
Annenb T 25.00 (37)

YacToTbl reHOTUNOB 1 peakoro annens, % (n)

B KOHTPOJIbHO BbIOOpKE

61.76 (84) ¥2=10.85, p =0.004
36.03 (49)

2.21(3)
20.22 (55) x?=2.630,p =0.105
50.74 (69) ¥>=1315p=0518
39.71 (54)

9.56 (13)
29.41 (80) x?>=0.010,p=0.919
58.09 (79) ¥2=0.196, p = 0.907
37.50 (51)

441 (6)
23.16 (63) ¥ =0.092, p = 0.762

n pumedyaHune. )KVIprIM LIJpI/Id)TOM BblAeJIeHbl CTAaTUCTUYECKN 3HAYNMDbIE pa3nnynA.
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H.M. BabywkuHa, A.M. Hukonaesa Ponb nonumopdusma reHa SELE 2025
A.Ll. on6Hs, B.E. LLaBpak, B.B. Psi6oB npu nHdapKTe MMOKapAa C NoAbeMOM cermeHTa ST 29.1
Ta6nuua 3. Mogenn HacnefoBaHUA npegpacnonaratowiero apdekxTa rs5353 reHa SELE
Mogenb leHoTun KoHTponb NMnST OR (95 % ClI) YpoBeHb AlC BIC
3HAUUMOCTH, p
KopgoMunHaHTHasA T/T 84 (61.8 %) 43 (58.1 %) 1.00 0.006 268.1 278.2
T/C 49 (36 %) 21 (28.4 %) 0.84 (0.45-1.57)
c/C 3(2.2 %) 10(13.5 %) 6.51(1.70-24.91)
[lomrHaHTHasA T/T 84 (61.8 %) 43 (58.1 %) 1.00 0.610 276.3 283.0
T/C-C/C 52 (38.2 %) 31 (41.9 %) 1.16 (0.65-2.07)
PeueccuBHasa T/T-T/C 133 (97.8 %) 64 (86.5 %) 1.00 0.002 266.5 273.2
c/C 3(2.2 %) 10 (13.5 %) 6.93 (1.84-26.04)
CepxgomunHunpoBanne  T/T-C/C 87 (64 %) 53(71.6 %) 1.00 0.206 275.3 282.0
T/C 49 (36 %) 21 (28.4 %) 0.70 (0.38-1.30)

n pumMmedaHune. >KI/IprIM LLIpVI(')TOM BblAeNneHbl CTaTUCTUYECKU 3Ha4YMble pa3nnymns.

HOCTH 9KCIEPUMEHTA. MOXHO 3aKIIIOYUTh, YTO B JIAHHOM
cilyyae MMeeTcsi OMOJIOTHYecKasi MPUYMHA OTKJIOHEHUS OT
paBHOBecus Xapau—BaiinOepra, MocKonbKy BRIOOPKa TaIfH-
€HTOB alPHOPH SIBISICTCS] CMEIICHHOM, a aCCOLMUPOBAHHBII
C TaTOJIOTHEH TeHOTUH — U30bITOUHBIM. C JIpyroif CTOPOHBI,
U3y4eHHas BEIOOPKa OOJIBHBIX HEBEINKA, I0TOMY HOJTyYeH-
HBIE PE3yNIBTaThl TPEOYIOT BAINAAIMN HA BBIOOPKaX OOJIBIIEro
pasmepa.

OyHKLMOHabHBIN aHann3 N3y4YeHHbIX MapKepoB
M3yueHHbIe MapKephl pacroioxkKeHbl B UHTpoHax 1 (rs5353),
4 (rs1534904) u 5 (rs3917412) rena SELE. nTepecHo, 9TO
OLICHKa KOHCEPBAaTHBHOCTH MCCIIE0BAHHBIX MapPKEPOB CHIIBHO
pasnuuaercs. Tak, rs5353 KoHCepBaTUBEH TOJIBKO Y IPUMATOB
(Phred Score = 11.93 g priPhyloP); rs1534904, BeposrHo,
KOHCEpBaTHBEH He TONIbKO y mpumatoB (Phred Score = 16.10
quist priPhyloP), Ho u B nenom y pasnuunbix Bunos (Phred
Score = 16.58 u 11.11 mst GerpN u GerpS COOTBETCTBEH-
HO); 153917412 He siBIsieTCS KOHCEPBATUBHBIM, COITIACHO
undopmaruu pecypca VannoPortal. Bce onu Haxonstes mox
nonoxutenbHeIM 0TO0poM (Neilsev’s CLR test) (cormacHo
nHdopmaruu pecypca VannoPortal).

Bce Tpu paccMOTpeHHBIX Mapkepa I0 KJIacCU(pHUKAIUN
RegulomeDB otHocsTcs k pyHKIIMOHANBHOMY Kitaccy 1f,
T.e. sBistores: eQTL-BapuanTaMu B MOTHBE CBSI3BIBAHUS
TpaHCKpUNIMOHHBIX (hakTopoB (TD) miu B peruoHe rumep-
yyBcTBUTENbHOCTH K [IHKaze. [leficTBUTENBHO, U3yUaeMble
3aMEHBI TCOPETHYECKH, T. €. COITIACHO OMONH(OPMaTHIECKOMY
aHaJIM3Yy, MOTYT U3MeHsATh ahduHHOCTD psina TD (mupopma-
mus pecypca VannoPortal). Tak, mms rs5353 ompenensercs
24 caiira cBsa3biBaHus TD, u3 HUX 17 TepsAIOTCS NpU HATUYNUU
aJBTEPHATUBHOTO auTest (HO (PU3MYCCKUX B3aUMOICHCTBHI
atux T® ¢ JJHK B 1aHHOM pervoHe B U3y4eHHbIX Ha JaHHBIN
MOMEHT TKaHSX IOKa HE OOHapy»XeHO — Pe3yJIbTaThl IKC-
MEepUMEHTAJIBHBIX HccienoBanmii). Ele ceMb NpuUBOIAT K
00pa30BaHMUIO HOBBIX CAalTOB CBSA3BIBAaHMSA (DAKTOPOB TpaHC-
kpurnn (ATF1, CEBPA, HOXA1, JUND, REST, JUNB)
(tabn. 4). st rs1534904 teopeTryeckr U3MEHSIONMUXCS
caiftoB 11, n3 HUX YeTHIpE MPU HAIWYNHU ATBTEPHATHBHOTO
aJyesst TepsroTes (pearbHo He 0OHAPYKEeHBI), HO 00pa3yroT-

Ta6nuua 4. TpaHCKPUMNLMOHHbIe GaKTopbI,
AJ1A KOTOPbIX NMOABAAIOTCA CaliTbl CBA3bIBAHNA
NPV HaNUYUK PeaKnX annenemn NcciefoBaHHbIX MapKepoB

SNP, annenb TpaHcKpUNUMOHHble GakTopbl

rs5353,C ATF1, CEBPA, HOXA1, JUND, REST, JUNB

rs1534904, T PRDM1, RORC, IRF5, ZNF143, NCOR1, ZEB1,
POU2F2

rs3917412,T CHD2, PAX1

MpumeyaHune. XupHbim WwpndpTom BbigeneHbl TO, sKcnpeccupytowmecs
B CTeHKaX COCyfoB (COCTaBfieHO Mo faHHbIM pecypcoB VannoPortal n GTEx
Portal).

cs cemb HOBBIX (PRDM1, RORC, IRFS, ZNF143, NCORI,
ZEB1,POU2F2) (cm. Tadm. 4). Insa rs3917412 teopernyeckue
pacueTsl MOKa3bIBaloT Hamuuue 16 cailToB cBsi3piBanus TO;
aNbTEePHATUBHBIN ajjieIb IPUBOIUT K MOSIBIICHHUIO IBYX HOBBIX
caiitoB (CHD2, PAX1) (cm. Tabm. 4), NCUE3HOBEHUIO JECATH
caiitoB 1 Kk cHmxeHuo apduunoctn gersipex Td. Kak u B
NpeAbIIYIINX cly4dasx, Gu3nuecku oOHapyKeHHbIE B3aUMO-
JIEWCTBHS HE BXOAAT B CHHCOK TEOPETHYECKH M3MEHSIEMBIX
T® (cormacuo nHdopmanuu pecypca VannoPortal).

B kauectBe eQTL-BapraHTOB IpoaHaIM3UPOBAHHBIE Map-
KEepBI ACCOIIMUPOBAHBI C U3MEHEHHSIMU YPOBHEH SKCIIPECCUH
SELE w Gnu3nexaiux reHoB (cM. pucyHok). Kpome Toro,
rs1534904 mensier caiit crutaiicunra rena Clorf112 (FIRRM).
Taxum 06pa3oM, F3PpPeKT H3ydeHHBIX HYKICOTHIHBIX 3aMEH
MOXKET PEaIN30BbIBATHCSI HE TOJIBKO Yepe3 OMOXMMHUYECKHUE
IIyTH, B KOTOPBIX 3aJeicTBOBaH E-cenexkTuH, HO U uepes
MYTH, B KOTOPBIX YYacTBYIOT JIPyTHE PEryIHpyeMble Te€HBI.
K HacrosimemMy BpeMeHH BBISIBIICHO IO IECTh PETYIHPYEMBIX
resoB s 1s5353 nrs3917412 u nsate — 1y rs1534904; Bcero
neBsTh reHoB: FIRRM, KIFAP3, METTLI18, RN7SL333P,
RPI1-206D15.6, RP1-117P20.3, SCYL3, SELE, SELL (GTEx
Portal). Haubosiee MHTEpECHBIMU TPEICTABISIOTCS TCHBI
FIRRM w KIFAP3, mockoibKy 3 QEKT aHaTH3UPyEeMBIX 3aMeH
BreHe SELE Ha UX 3KCIIPECCHUIO COMIACYeTCs ¢ Pe3yabTaTaMu
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YacTbii annenb

rs5353 rs1534904 rs3917412
KIFAP3 scvis Scvi3 Clorf112
METTL18 Clorf112 Clorft12 RN7SL333P
RP1-117P20.3 METTL18 WHETIIL SELE
SELL SELL
rs5353

Pepknin annenb

The role of SELE gene polymorphism
in ST-elevation myocardial infarction

RP1-206D15.6
KIFAP3 KIFAP3
rs1534904 rs3917412

CxeMa n3MeHeHWI yPOBHA 3KCNpecnn paga reHoBs B 3aBUCUMOCTY OT rs5353, rs1534904, rs3917412 rena SELE.

CocTaBneHo no AaHHbIM pecypca GTEx Portal.

cuemenus: skcnpeccus KIFAP3 Huxke y TOMO3UTOT O Pe-
KOMY aJuTelTto 1s5353 U BbIlIe Y TOMO3UTOT MO MTPOU3BOAHBIM
amensiM 151534904 u rs3917412. 1 Hao60poT: 3KCIpeccus
FIRRM y nocuteneil mpou3BoAHbIX ayuieneid no rs1534904
1 rs3917412 uuke, HO IPU STOM BBIIIIE Y HOCUTEIEH PEIKOrO
aess 1o 1s5353 (cM. pUCYHOK).

COOTBETCTBEHHO, TPU OeNKa MPECTaBIAIOTCS Hanboee
MEePCIEKTUBHBIMU C TOYKH 3PCHUS peaju3aluu (yHKIHO-
HaJgbHOTO 3¢ dexTa n3yueHnpx 3amed. g E-cenextnHa
BBISIBIISICTCS HEOOJIBIIOE YMCIIO B3aMMOJICHCTBYIONIMX MO-
Jiekyn (MHTepakTopoB) — Bcero 19, B ToM uncie 2 Xumuie-
CKHX coeanHeHHs U 17 GenKoB (COrmacHO TaHHBIM pecypca
BioGRID). Ananu3 oboramenus (WebGestalt) mokasbiaer,
4TO0 HanOoJee 3HAUMMBIMH ITPOIIECCAMH C MaKCHMAaJIbHBIM
KOJINYECTBOM BOBJICUEHHBIX OCIIKOB-UHTEPAKTOPOB SIBIISTFOTCS
remoctas (10 GenkoB, p,q; = 6.4E~7), akThBaIus TpoMGOIMTOB,
nepeziaua CUrHajIoB M arperamus (6 6erkoB, p,g = 3.6E), B3a-
MUMOJICHCTBHE KJIETOYHOM HOBEPXHOCTH C COCYIMCTON CTCHKOH
(5 GenKoB, pygi = 3.6E), 4TO B 11€JIOM MOJIHOCTBIO OTPAKAET
n3BecTHhIe Onoxumuueckne Qynkuun E-cenmexkrnna. s
FIGNL 1-B3anM0eCTBYIOMIETO PETysITOpa peKOMONHAIINN
1 MUTO3a, Koupyemoro reaoM FIRRM (Clorfl12), BeisiBiis-
ercst 60 OENMKOB-MHTEPAKTOPOB (COMIACHO JaHHBIM pecypca
BioGRID). Cample 3HaYUMBIE TIPOIECCH ¢ HAMOOIBIINM
KOJIMYECTBOM BOBJICYCHHBIX MHTEPAKTOPOB BKJIIOYAIOT CBS-
3BIBAHKE JIMTAH/IOB CEPIIAHTHHOBBIX perientopoB (19 Oenkos,
Pagj = 3.8E71%) ¥ pasHble BapHaHTBI CUTHAIMHTA YEPE3 STH
penenTopsl (o 16-20 Genkos, p,g = 4.5E712-4.2E77) (1o
WebGestalt). benkoBslit nmponykr rena FIRRM noka u3yueH
HEJIOCTAaTOYHO, HO N3BECTHO, YTO IOMUMO €T0 IEPBOHAYAIIBHO
OTIMCAHHOW poJIM KUHeToXopHoro Oenka (Xu et al., 2021),
OH yuacTByeT B mpoieccax penapauun JJHK (Mazouzi et
al., 2023; Pinedo-Carpio et al., 2023; Tischler et al., 2024).
Just mpontykra rena KIFAP3 (KWHE3WH-2 acCOIMUPOBAHHBIN
npoTerH) BeisiBisieTcst 105 OeTKOB-MHTEPAKTOPOB (COITACHO
nmaaHBIM pecypca BioGRID). Aranun3 o0oramieHus B KauecTBe
HanOoJIee 3HAYNMBIX ITPOIIECCOB C CaMBIM OOJIBIITMM KOJINYe-
CTBOM BOBJICUCHHBIX HHTEPAKTOPOB ITOKA3bIBACT a/Ia THBHBIN
MMMYHHBIH 0TBET (16 6e/IKOB, Pyg; = 6.2E73), pasublie myTu
nporeccurra MPHK (7-9 GenkoB, p,g = 6.2E°-6.4E73),
MPE3EHTAIMI0 AHTUTEHOB IJIABHOI'O KOMILIEKCA TMCTOCO-
BMECTHMOCTH BTOPOTO Kiacca (7 GENKOB, Pygj = 6.2E3) (1o
WebGestalt).
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O6cyxpeHue

Taxwum o6pazom, Bce Tpu Oenka, KomupyeMbie reHaMu SELE,
FIRRM, KIFAP3 (KOperylTupyeMbIMI HCCIIEI0BaHHBIMA WH-
TPOHHBIMH BapHaHTaMH), HAITPSAMYIO He 3a7eHiCTBOBAHEI B pa3-
BUTHU CEPACUYHO-COCYUCTBIX COOBITHI, HO OIIOCPEI0BAHHO,
Yyepe3 CHCTEMbI BOCTIAJICHUSI, IMMYHHOTO OTBETA 1 perapanyy
JIHK, MoryT OBbITH BOBJIEUEHBI B TIATOT€HE3 CEPIECUHO-COCY-
JIUCTBHIX 3a00JI€BaHMIA.

W3 neBsiTH KOpEryIMpyeMbIX H3y4eHHBIMU MapKepaMy re-
HOB I 4eThIpex npH npoBeaeHu GWAS He BBISBICHO ac-
COLIMALIH HU C TTaTOJIOTHUSAMH, HH C KOJTHYIECTBCHHBIMH IPHU-
3HaKaMu. TpH U3 HUX HE KOJAMPYIOT OENKM — JBa TeHa JITHH-
HbIX Hekonupyromux PHK (RP1-206D15.6, RP1-117P20.3)
u niceBnored (RN7SL333P), u omun, METTLI8, xonupyet
metmirpancdepasy. s ocranpHbIX nsTH reHoB B GWAS
MoKa3aHbl MHOTOUMCIIEHHBIE accouuaiuu (cMm. [lpunoxe-
nue, cocrasieno no GWAS catalog)!. Tpu us nux (FIRRM,
KIFAP3, SELE) nonpoOHO paccMOTpeHbI BbIle; TeH SELL
KoaupyeT L-cenexTiH, cnocoOCTBYIONIHMA, Kak U E-cenekTuH,
pomnuaTy nefikoruToB (GeneCard, https://www.genecards.
org/); rer SCYL3 xomupyeT MceBIOKUHA3Y, TOXKE HTPAOIIYI0
poJib B aare3uu U murpaiuu kietok (GeneCard, https://www.
genecards.org/). Accoranuy MapKepoB B PErHOHE JIOKAIIH-
3aI[MM OTHX TISITH TEHOB BBISIBIICHBI C PA3JIMYHBIMA OMOXHMH-
YCCKHUMHU MMOKA3aTCIAMU KPOBU, KIIECTOYHBIM COCTaBOM KPOBU
(FIRRM, KIFAP3,SCYL3, SELE, SELL), a Takxe ¢ 00KOBBIM
aMHOTPO(UUECKUM CKIIEPO30M U BEHO3HOH TPOMOOIMOOIHEH
(FIRRM, KIFAP3), caxapabiM auabetom 2-ro tuna (FIRRM,
SELL) (cm. [Tpunoxenne). Xo4eTcs IOMIEPKHYTh, YTO CPEAH
64 SNP, accounupopanHbIx 1o pesyasraraM GWAS ¢ paznuy-
HBIMH [TATOJIOTUSIMU JINOO KOJTHYECTBEHHBIMHU IMprU3HaKaMu, HC
(burypHupyIoT HI MapKephbl, pacCMaTpHUBaeMble B HACTOSIIEM
uccnenoBanuu (rs5353, rs1534904, rs3917412), uu SNP, o
pe3yabraram 0ojiee paHHHUX HCCIIEJOBAaHUN acCOLUMPOBaH-
HBIE C CePICYHO-COCYANCTRIMU 3aboneBanmsaMu (rs1805193,
rs5361, rs5355).

Ciemyer OTMETUTb, YTO IPOAHAIM3UPOBAHHBIC HAMH I10-
TuMOopQHbIE BapUAHThI HE M3y4YaJIUCh PaHee MPH CEePAECIHO-
COCYTUCTBIX 3a00JICBaHUSIX U BOOOIIIE PEJIKO MPHUBIIEKAINCH K
ACCOIMATHBHBIM HCCIEAOBAaHUAM (OTCYTCTBYeT HH(opManys
Mo 3THM Mapkepam B 0a3ax maHHbIX PubMed, DisGeNet,

' MpunosxeHue cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2025-29/appx6.pdf
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GWAS Catalog). B goctymHoii muteparype HaiIeHO TOJIBKO
OJTHO MCCIIEIOBaHNE, B KOTOPOM TOKa3aH PUCKOBEIH 3 ekt
resoruna GG rs3917412 no OTHOWIEHHIO K Pa3BUTHIO PaKa
toacroit kumiku (Custodio et al., 2014). B To xe Bpemsi, co-
ITTaCHO TEHOMHBIM OIIEHKaM ITaTOT€HHOCTH, KOTOpast OTpaykaeT
BEPOSATHOCTh BOBJIEYEHHOCTH MapKepa B Pa3BUTHE MHOTO-
(hakxropHOii marosoruu (oueHeHo o regBase (Zhang S. et al.,
2019)), ananm3upyemble BapHaHTBI MOTYT OBITH BOBJICUEHBI
B [TATOJIOTUYECKHE Mporiecchl. OIIEHKN OHKOTEHHOCTH TaKKe
YKa3bIBaIOT Ha BEPOSTHOCTD «JipaiiBepHoro» apdekra (likely
cancer driver) TaHHBIX HYKJICOTHIHBIX 3aMeH JJIS Pa3BUTHUS
oHKomnarosoruu (nHpopmanus pecypca VannoPortal).

3aknioueHue

Mexanusm BoBieueHHocTH E-cenekruna B matorene3 UMnST
He 70 KoHIa MoHATeH. C OHOW CTOPOHBI, MHOTO OMOXUMHU-
YECKHUX JaHHBIX YKa3bIBaeT HAa €T0 BOBJICYCHHOCTH B pas-
BUTHE CEPIICYHO-COCYAHMCTHIX 3aboneBanmii (Liao B. et al.,
2016; Deng et al., 2017; Vargas-Alarcon et al., 2019; Ding
et al., 2021), u TpexIe BCEro B pa3BUTHE TaKUX (HaKTOPOB
pucka MBC, xax arepockiepos u C/I2 (Roldan et al., 2003;
McEver, 2015; Qiuetal., 2019; Mathur et al., 2023). C apyroii
CTOPOHBI, BOBJICYCHHOCTh O€lIKa B BOCIHAIHUTEIBHBIA OTBET
MIPEAIIONIaraeT ero y9acTHe B MEPBYIO 0Yepelb B MpoIeccax
BOCCTAHOBJICHHS TTOCJIC CEPICYHO-COCYAUCTOrO COOBITHS U
JIUIIB OMOCPEIOBAHHO — B PA3BUTHE MPEIPACIIONIOKECHHOCTH
k uapapkry muokapaa (Ueno, 2012; Sandoval-Pinto et al.,
2014; Srivastava et al., 2018). BrbisiBieHHass B HACTOSIIIEM
uccnenoBannu accormanys rs5353 ¢ UMnST eme pa3 moa-
TBEPKIAeT BOBIEUEHHOCTh T'eHa SELE B pa3BUTHE CEPAECUHO-
COCYIMCTBIX 3a00seBanuii. Kpome Toro, npoBeieHHbIN aHa-
JIN3 TIOKA3bIBAET HAJMYHe 0ojiee OOMMPHOTO, YeM OIWH TeH,
pETHOHA, KOPETYINPYEeMOTO H3YYCHHBIMU HYKICOTHIHBIMU
3amMeHamMu. He MCKIIFOUYeHO, YTO OMOCPEIOBAHHO (Yepe3 CH-
CTEeMBI BOCTIAJICHISI, IMMYHHOTO 0oTBeTa 1 penaparn JTHK)
BECh ATOT PETHOH TCHOMAa MOXET OBITh BOBJICUCH B ITATOTCHE3
CePICYHO-COCYIUCTHIX 3a00ICBaHUIA.
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CpaBHUTENBbHBIN aHa/IN3 rallJIOTUIIOB, HECVIIIVX
ImaToreHHble BapuaHThI €.1545T>G, c.2027T>A 1 ¢c.919-2A>G
reHa SLC26A4, y MalilIeHTOB C II0Tepel cayxa
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AHHoTauus. NaToreHHble BapuaHTbl B reHe SLC26A4 (OMIM #605646), nprBoasaLme K HECMHAPOMANbHON peLeccmB-
HO Hacnepyemow notepe ciyxa 4-ro Tuna (DFNB4) n cnHppomy MeHapena, BHOCAT BECOMbIV BKNag B STUOMOTIO MO-
Tepu ciyxa BO MHOTMX nonynAaumax mupa. CnekTp u pacnpocTpaHEeHHOCTb Pa3fMyHbIX MAaTOreHHbIX BapUaHTOB reHa
SLC26A4 xapaKTepur3yloTca WMPOKOW 3THoreorpadpryeckoin BapnabenbHOCTbIO. BbiCOKas YacToTa HEKOTOPbIX U3 HUX
B OTAENbHbIX PErvioHax MrYpa MOXeT CBUAETENbCTBOBaTb 06 VX HE3aBUCYMOM BO3HWKHOBEHUW UMK e ObiTb cnep-
cTBreM 3dpdeKkTa ocHoBaTens. lona SLC26A4-accoummpoBaHHOM NoTepy ciyxa y TYBMHCKMX nauuneHToB (Pecnybnuka
TbiBa, IOxHaa Cnbupb) ABNAETCA OQHOM 13 CaMbIX BbICOKUX B MUpe (28.2 %). MopasnstoLiee 60MbWMHCTBO MyTaHTHbIX
SLC26A4-annenei npefcTaBieHO TPEMA NAaTOreHHbIMMU BapuaHtTamm — €.919-2A>G, ¢.2027T>A n ¢.1545T>G (69.3, 17.5
1 8.0 % cooTBeTCTBEHHO). CyMMapHasa YacToTa X reTepo3nroTHOr0 HOCUTENbCTBA B TYBUHCKOW MONYNALMN OCTUTraeT
7.1 %. HakonneHve 3TMx BapraHTOB Y TYBMHCKMX MaLieHTOB NMO3BOMAET NPeAnoNoXnTb posb 3dpeKTa OCHoBaTeNA B NX
pacnpocTpaHeHHOCTY Ha TeppUTopun TyBbl, UTO MOXET ObITb NOATBEPKAEHO OBLLHOCTBIO FTeHETUYECKOTO OKPYXKeHNA
(rannoTvMnoB) ANA KaXKAoro 13 HuX. [nA pekoHCTPYKLUM ranfoTUnoB y HocuTenen BapraHTos €.1545T>G n c.2027T>A
6blIN 1CNONb30BaHbl faHHbIE FEHOTUMNNPOBAHUA NAHENV NOANMOPHbIX FEHETUYECKUX MapKepoB: NAT STR-MapKepoB
(4eTblpe U3 HUX PNAHKMPYIOT Ha Pa3HOM paccTosHUN reH SLC26A4 1 OavH ABNAETCA BHYTPUrE€HHbIM) U AeBATU BHYTPU-
reHHbiX SNP-mapkepoB. CpaBHUTENbHBIV aHaNn3 PEKOHCTPYMPOBAHHbIX rannoTunos ana c.1545T>G n ¢.2027T>A ¢
paHee NoayYyeHHbIMU JaHHbIMU O rannoTunax Ana ¢.919-2A>G nokasan, YTo KaxkAbll U3 aHanmn3mpyemblx BapraHTOB
1nmeeT 0coboe 1 CXOAHOe AJSIA BCeX HOCUTENEN TOro UM MHOFO BapuaHTa reHeTuYeckoe OKpy»KeHue, No-Bugnumomy,
yHacnefoBaHHOE OT PasfMyHbIX «NPefKOB-OCHOBaTeNey. ITW AaHHble NMOATBEPXKAAIT POib KYMYNATUBHOIO 3bdek-
Ta OCHOBaTeNA B PacnpOCTPaHEHHOCTUN MaTOreHHbIX BapnaHToB C.1545T>G, ¢.2027T>A n c.919-2A>G reHa SLC26A4 y
KopeHHoro HaceneHus Pecnybnvkun Toiga. MonyyeHHble faHHbIE aKTyalnbHbl Kak AfiA NPOrHO3MPOBaHMA pacnpocTpa-
HeHHOCTU SLC26A4-06yCnoOBNEHHON NOTEPU CyXa, TaK U A CO3AaHnA pernoH-cneundudHon JHK-guarHocTmkm Ha-
cneflyemoli notepu cnyxa B Pecny6nuke TobiBa.

KnioueBble cnoBa: notepsa cnyxa; SLC26A4; natoreHHble BapuaHTbl; STR; SNP; rannotunbl; s3¢pdekT ocHoBaTens; nony-
naymm Cnbupun.
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Tepen cnyxa u3 Pecnybnukm Toiea (IOxHaa Cnbupb). Basunosckul xypHan 2eHemuku u cenekyuu. 2025;29(1):144-152.
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[annoTunbl, HecyLwme NaToreHHble BapuaHTbl
c.1545T>G, ¢.2027T>A n c.919-2A>G reHa SLC26A4

Abstract. Pathogenic variants in the SLC26A4 gene (OMIM #605646), leading to non-syndromic recessive hearing loss
type 4 (DFNB4) and Pendred syndrome, significantly contribute to the etiology of hearing loss in many populations of
the world. The spectrum and prevalence of different pathogenic SLC26A4 variants are characterized by wide ethno-
geographical variability. A high frequency of some of them in certain regions of the world may indicate either their
independent origin or be a consequence of the founder effect. The proportion of SLC26A4-associated hearing loss in
Tuvinian patients (the Tyva Republic, Southern Siberia) is one of the highest in the world (28.2 %) and the vast majority
of mutant SLC26A4 alleles are represented by three pathogenic variants ¢.919-2A>G, ¢.2027T>A and c.1545T>G (69.3,
17.5 and 8.0 %, respectively). Their overall carrier frequency in the Tuvinian population reaches 7.1 %. The accumulation
of these variants in Tuvinian patients suggests a role of the founder effect in their prevalence in Tuva, which can be con-
firmed by the common genetic background (haplotypes) for each of them. For reconstruction of haplotypes in the car-
riers of variants c.1545T>G and ¢.2027T>A, the genotyping data of a panel of polymorphic genetic markers were used:
five STRs (four of them flank the SLC26A4 gene at different distances and one is intragenic) and nine intragenic SNPs.
Comparative analysis of the reconstructed haplotypes for c.1545T>G and ¢.2027T>A with previously obtained data on
haplotypes for the c.919-2A>G variant showed that each of the analyzed variants has a specific (similar for all carriers of
a particular variant) genetic background, apparently inherited from different “founder ancestors”. These data confirm
the cumulative founder effect in the prevalence of pathogenic variants c.1545T>G, ¢.2027T>A, and ¢.919-2A>G of the
SLC26A4 gene in the indigenous population of the Tyva Republic. The obtained data are relevant both for predicting
the prevalence of SLC26A4-caused hearing loss and for development of region-specific DNA diagnostics of inherited
hearing loss in the Tyva Republic.

Key words: hearing loss; SLC26A4; pathogenic variants; STRs; SNPs; haplotypes; founder effect; Siberian populations.
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BBepeHune
B nacrosimiee Bpems Gosee 5 % HaceneHHs MHpa MMEIOT
TSDKEITYI0 WM [TyOOKYIO MOTEpIO CiIyXa, BhI3BIBAEMYIO Kak
CpeIOBEIMHU, TaK W reHeTHmdeckuMu ¢axtopamu (World
Health Organization, https://www.who.int/ru). ['eneTn4yeckne
(hakTOpHI JEKaT B OCHOBE OoJiee MOJOBHUHBI BCEX CITydacB
BPOJKAECHHOI MaTOIOTHN CIIyXOBOH (DyHKIMH MM PaHHETO
ee nposiBiieHKs1. HacencTBeHHast TOTEpst CiryXa MOXKET OBITh
OJTHUM W3 KIMHUYECKHUX TPU3HAKOB MHOkecTBa (okoiio 400)
CHHAPOMOB HJIM K€ U30JINPOBAHHOHN (HECHHAPOMAIBHOM)
MATOJIOTHEH, KOTOpasi XapaKTepu3yeTcsl YHUKaIbHON re-
HETHYECKOH TeTEepPOreHHOCThIO: YK€ KapTUPOBAHO OKOJIO
200 moxycoB u maeHTU(UIIMPOBaHO HEe MeHee 150 reHos,
acCOIMMPOBAHHBIX ¢ moTepeil ciyxa (Hereditary Hearing
Loss Homepage, https://hereditaryhearingloss.org, ampeins
2024 ).

W3BecTHa mmpokast aTHOTreorpaduueckast BApHadebHOCTh
B pacrpoCTPaHEHHOCTH Pa3IMuHbIX ()OPM HaCIeyeMOil 1o-
TEpH CilyXa, 00yCIOBJICHHBIX ITaTOTCHHBIMH BapHaHTAMHU B
Pa3HBIX «TeHax NIIyXOThl». «HakomieHue» HEKOTOPBIX GopM
HACJIEJCTBEHHOMU IIOTEPHU CJlyXa B TOM WM HHOM NOIYJISLIUHY,
Kak 1 psijia APYTUX MOHOTEHHBIX 3a00JI€BaHMN, MOXKET OIIpe-
JICJIATHCSl STHUYECKUM COCTaBOM HaceJICHUs, M30JSIHEH,
0COOEHHOCTSIMH Opa4dHOi CTPYKTYpbI, 3 dekramu ocHOBa-
TeJst 1 «OyTHUIOYHOTO TOPJIBIIIKAY», @ TAK)KE BO3MOXKHBIM Ce-
JICKTUBHBIM PEHMYIIIECTBOM retepo3uror (Scott et al., 1995;
Ben Arab et al., 2004; Common et al., 2004; Zlotogora, 2007,
Chong et al., 2012; Razdan et al., 2012). Baxuyto pomns B
pPacupoCTPaHEHHOCTH HACJEICTBEHHBIX (OPM TIIYXOTHI,
BEPOSITHO, UIPaJl U TAKOW COLUANIbHBIN (akTop, KaK JI0Jro-
BpPEMEHHAs TPaJULUS 3aKJIIOUCHNSI aCCOPTATUBHBIX OpPaKoB
MEK1y TTyXUMH JIObMH, OCHOBaHHAsI Ha WX JIMHTBUCTHYE-
CKOH roMoraMuu (3KE€CTOBBIH SI3BIK), IPUBE/IIAs K POCTY CO-
[IUaTTFHOM aIanTalluy ¥ OHOJIOTUIECKOH IPHICIIOCOOICHHOCTH
(genetic fitness) mmyxux sonei (Nance et al., 2000; Nance,
Kearsey, 2004).

AKTyasbHOH 3a1aueil A OLEHKH T€HEeTHYECKOTo pHCKa
Y MEINKO-TEHETUIECKOTO KOHCYIBTHPOBAHHUS OTATOIECHHBIX
cemell u Just pazpaboTku Hambosee 3PPEKTUBHBIX METO-
JIOB MOJIEKYJISIDHOM TUarHOCTUKH 3TOM MaTOJIOTHHU CTAJIO BbI-
SBJICHHE HanOoJee 4acThIX (Ma)KOPHBIX) MyTalllii B TeHAX,
BOBJICUEHHBIX B MOTEPIO CyXa. BhIcOkas yactoTra HEKOTO-
PBIX MyTalHil B OTIENBHBIX PETMOHAX MUPa MOXKET CBHJE-
TEJILCTBOBATh 00 WX HE3aBHCHMOM BO3HHKHOBEHHH (muta-
tional “hot spot”) umu xe ObITH ciiencTBHEeM 3ddekTa oc-
Hosaressi (founder mutation). Pons addexra ocHoBarens B
pacmpoCTPaHEHHOCTH MYTAIUi MOXKET OBITh OATBEPKACHA
OOIIHOCTBIO UX TEHETHYECKOTO OKPYXKEHUs (IaluIOTHUIIOB).
PexoHCTpyYKIHs TaIIOTHIIOB BBITOJIHSETCS HA OCHOBE aHaIn3a
BBICOKOMOIMMOP(HBIX TeHeTHIecKuX MapkepoB: STR (short
tandem repeats) u SNP (single nucleotide polymorphisms).
[Tpu aHanM3e rarIoTHIIOB, HECYIUX Ty HJIM HHYIO My TAlIUIO,
C TIOMOIIBIO TIOIXOAA «MOJIEKYNISPHBIX YaCOB» MOTYT OBITH
MOJTyYEHBI OIEHKH «BO3pacTa» (BpPEeMEHH BO3HHUKHOBEHUS)
MYTAIIMH U B PsIJIE CIY4aeB, C IPUBJICUCHUEM UCTOPHYECKUX
CBEJICHUM O TOW MJIM MHOM NOIYJISLUH, ONPENEIEHbl IOTEH-
[IMAJIbHBIC PETHOHBI €€ TIPOUCXOXKICHHSI.

Hawubornee 3HauMMBIN BKJIAJ B 9THOJIOTHIO TIOTEPU CIIyXa
BO MHOTHX MOMYJISIUSIX MUPA BHOCST TaTOTEHHBIC BAPUAHTEI
B reHe GJB2 (OMIM #121011). BropsiM 10 3Ha4MMOCTH,
10 KpaiiHel Mepe U1l a3UaTCKUX MOMYJISLUUN, SIBISIETCS IeH
SLC26A4 (solute carrier family 26, member 4, 7q22.3, OMIM
#605646). DTOT reH KoAMpyeT TpaHCMEMOpPaHHBII TPAHCIOPT-
HBII OCJIOK ICH/IPUH, KOTOPBIH B OCHOBHOM JKCIIPECCUPYETCS
B TKaHSX BHYTPEHHETO yXa, MIUTOBHIHON XKeJIe3bl U IMOYeK
M Y4acTBYET B TPAHCIOPTE Pa3IN4HBIX HOHOB. [laTorenusle
BapuaHThl B reHe SLC26A44 npUBOAAT K HECHHAPOMAJIbHON
perieccuBHO Haciemyemoil morepe ciuyxa (tum DFNB4) n
cunapomy [lennpena (Pendred Syndrome, OMIM #274600) —
peLieccuBHOMY 3a00J1€BaHHUIO, OIpeIeNsIeMOMY OTEpEH Clty-
Xa 1 pa3BUTHEM 300a. Y marmeHToB ¢ SLC2644-00ycioBneH-
HOH IoTepei ciryxa 4acTo HaOII0AatoTCsl aHOMAJIMU KOCTHO-
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ro JJaOMpUHTA BHYTPEHHETO yXa: PaclInpEHHbIH BOIOIPOBO
npenaBepus, aucruiasus MoHauHA. B MHOTOYMCIEHHBIX
HCCIIEIOBAHMSIX OBUIO OOHApPY’KEHO, YTO PAaCHpOCTPaHEH-
HOCTb SLC26A4-acconnnpoBaHHOM MOTEPH CIyXa U CHEKTP
MaTOT€HHBIX BAPHAHTOB ATOTO T'€HA 3HAUYUTEIBEHO BAPbUPYIOT
B pa3HbIX perHOHax MHUpa. B Hacrosmiee BpeMs crajio ode-
BUIHBIM, YTO CIIEKTp IMaTOI€HHBIX BapUaHTOB reHa SLC26A44,
0oOHapy>KeHHBIN B a3MATCKUX MOIMYISIIHAX, CYIIECTBEHHO
OTJINYAETCSl OT TAKOBOTO B MOIMYIIAIMSIX EBPOIICHCKOTO Ipo-
ucxoxaenus (Park et al., 2003; Albert et al., 2006; Du et al.,
2013; Lu et al., 2015; Tsukada et al., 2015).

Ilpu ananuze rena SLC2644 B XoAe MHOTOJETHUX HC-
CJIe/IOBaHMI HACJIEAYEMOW TIIyXOThl y TYBUHIIEB, KODEHHOTO
Hacenenns Pecrmybnuku TriBa (FOxmas Cubups), ObuI0
nokaszano, 4to nosst SLC26A4-accouMupoBaHHON MOTEPU
cllyXa y TYBUHCKHX IAIIUEHTOB SIBJISCTCS OJHOM M3 CaMbIX
BbICOKHX B Mupe (28.2 %) (Danilchenko et al., 2021). ¥ aux
ObUT OOHapyXeH crielM()UIECKUI CIIEKTp Bapuanuii mocie-
JoBarebHOCTH reHa SLC26A44, BKIIOYAKOIINNA KaK U3BECTHBIC
MAaTOT€HHbIE BAPHAHTHI, TAK U PsIJI HOBBIX BapUaHTOB 3TOTO
TeHa C MOKa HEOINPEENICHHBIM KIMHUYECKAM 3HAUYCHHEM.
BonbmmucTBO MyTanTHBIX SLC26A4-annenei, BbISBISHHBIX
y TAIEHTOB, OBUIO MPEACTABICHO TPEMs TATOT€HHBIMHU Ba-
puantamu: ¢.919-2A>G, ¢c.2027T>A n ¢.1545T>G (69.3,
17.5 u 8.0 % COOTBETCTBEHHO), CyMMapHasi 4acToTa reTepo-
3UTOTHOTO HOCHUTEIICTBA KOTOPBIX B KOHTPOJIBHON BBIOOPKE
TyBuHIEB focturana 7.1 % (Danilchenko et al., 2021). IIpe-
obnaganue Bapranta c.919-2A>G 1103BOJIHIIO MPEATIONOKUTD
poisb 3¢h(hexTa OCHOBATENS B €0 HAKOIUICHWH Y TYBHHIIEB.
B namem HenmaBHem ucciienoBanuu (Danilchenko et al.,
2023) mbl BeisiBuiM o0muocTh STR- 1 SNP-ramnorunos y
BCceX HocuTenel BapmanTta ¢.919-2A>G, yto ybeauTensHO
YKa3bIBa€T Ha €r0 NMPOMCXOXK/ICHNE OT OOIIEro mpejKa, TeM
CaMbIM TOITBEPIK/Iasl PEIIAOIILYFO POJIb P PEKTa OCHOBATEIIS
B PacIpOCTPAHEHHOCTH 3TOTO ITATOTCHHOTO BapHaHTa TeHa
SLC26A44 y xopennoro Hacenenusi Pecriyonuku ToiBa.

Ienpo maHHOTrO HMCClieOBaHUSI ObLI CPaBHUTEJIbHBIN
aHAJIN3 TEHETHYECKOTO OKPY/KEHHUS MAaTOTEHHBIX BAPUAHTOB
¢.1545T>G, ¢.2027T>A u ¢.919-2A>G rena SLC26A4, BbI-
SIBJICHHBIX C BBICOKOM 4acTOTOM y KOPEHHOI'O HACEJICHUS
Pecny6mixu TeiBa.

MaTepwuan n metogabl

AHaau3upyemble BbIOOPKH. [ eHOTHIINPOBAaHNE T€HETH-
yecknx MapkepoB (STR m SNP) ans anannsa rarioTurnon
ydacTKa XpOMOCOMBI 7, BKJtodatomiero red SLC26A44, npo-
BE/ICHO Ha BBIOOPKE TYBMHCKHX ITAI[HEHTOB, NMEIOIINX Ba-
puant ¢.2027T>A rena SLC2644 B romo3urotHoM (n = 4)
WM KOMIAayH/I-TeTePO3UTOTHOM COCTOSIHUH (11 = 15), a Takxke
HocwuTenel Bapuanta c.1545T>G rena SLC26A44 B xoMnayH/I-
TeTEePO3UTOTHOM cOCTOSIHUM (1 = 15). st cpaBHUTEIBHOTO
aHaiM3a ObUIM MCIIONB30BaHbI TIOJIyYeHHBIE paHee JaHHbIC
0 CTPYKTYypE raluIOTUIIOB Y TYBUHCKUX MalMEHTOB, TOMO3H-
TOTHBIX 110 BapuaHty ¢.919-2A>G (n = 23), " ”HAUBHUIYYMOB
13 KOHTPOJILHOM BHIOOPKH, ITPEACTABICHHOMN HE CBSI3aHHBIMU
poactBoM TyBuHIamu (n = 63) (Danilchenko et al., 2023).
YV Bcex y4acTHHKOB HCCIIEJOBaHHMS 3a00p BEHO3HOW KPOBHU
13 JIOKTEBOM BEHBI [yIs BbiieeHus 00pa3nos JIHK ocymiect-
BJIEH T10CJIE MUCbMEHHOTO MH(OPMUPOBAHHOTO COINIACHS Ha
oOcneroBanme (y AeTel — mocie NMUCbMEHHOTO HH(POPMHPO-
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BaHHOTO COTJIACHS POJUTENIeH UK OTleKyHOB). MccienoBanue
0100peHO0 KOMHCCHEH 1o 6mosTHKe HCTHTYTa IUTONOTHH U
renetnkn CO PAH (r. HoBocubupck).

Hcropuyeckue cBeieHHs 0 MOMYJIsINMA TyBHHIEB. Ty-
BHHIIBI 00ITeH YrcieHHOCThIO 0KoyIo 300 ThIC. YesoBek (1m0
nmaHHbIM Bceepoccuiickoit nepenncu 2021 ) mpoXuBaroT B
HACTOsIIIIee BpeMsl IipeumyiiecTBeHHO B Pecryonuke TeiBa,
rpaHuyallell Ha ore 1 Boctoke ¢ Monronueil. ITomnmo Pec-
myOmmmky ThiBa n psifa Ipyrux peruonos Poccuu, oTHOCHTENB-
HO HeOOJbIINE Pyl TYBHUHIEB MTPOKUBAIOT B CEBEPHOI
gacT Mouronmnu u B CHHBIRSIH- YUTYPCKOM aBTOHOMHOM
paiione Kuras (Mongush, 1996; Chen et al., 2011).

TyBHHIIBI — OIMH U3 JPEBHEHIINX TIOPKOS3BIYHBIX HApPO-
ToB, Hacemsromumx LlenTpanbayto Azuio u CastHO-AnTaiickuit
peruon. B pasznoe Bpemst TyBa Haxoauiack Ha nepudepuu
MoOryliecTBeHHoro rocyaapctsa ryasHos (II B. go H.3. —
IB. H.3.), BX0oamna B coctaB JlpeBreTiopkckoro (VI-VIII BB.),
Vitrypckoro (VIII-IX BB.), EHnceiickoro KbIpre3cKoro
(IX-XII BB.) karaHaToB, a Takke¢ MOHTOJbCKON HMIEpUU
guarH3noB (XII-XIV BB.). DTN HcTOpHUYEcKHe COOBITHS
U JUINTENIBHBIE CBA3HM C HACEICHHEM COCEIHHUX PErHOHOB
(TIOpKO-, MOHTOJ10-, KETOSI3bIYHBIE U CAMOAMNCKHUE IIIIEMEHA)
OKa3aJIM OIIpEeJIeTICHHOE BIUSHNUE Ha (JOPMHUPOBAHUE TyBHH-
ckoro stHoca (Mcropust Tyssl, 2001; Mannaii-Oomn, 2004)
1 0COOCHHOCTEH MOMYJISIIMOHHO-TEHETHUECKOH CTPYKTYPBI
TYBUHCKOTO HaCEJICHHUS.

JKcnepuMeHTaAIbLHbIe MeTObI. [IJIs aHAIN3a TaIuIOTHIIOB,
Hecyux BapuanThl ¢.1545T>G u ¢.2027T>Arena SLC26A44,
MIPOBEICHO TEHOTHITHPOBAaHUE TeHeTHIeCKIX MapkepoB (STR
n SNP), paHee UCIIOIb30BaHHBIX B HAILIEM NCCIIEA0BAHIN IPH
N3YYEeHUH CTPYKTYpBI FAIUIOTUIIOB JUIs BapuaHnTa ¢.919-2A>G
(Danilchenko et al., 2023): msitm STR (D7S2420, D7S496,
D7S2456, D7S525, ¢nankupyromye Ha pa3HOM PacCTOSTHUT
reH SLC26A44, n BuyTpurenssiii D752459), a Takxe nesstu
BHYTpUTCHHBIX SNP (rs2248464, rs2248465, rs3801943,
rs2712212, rs2395911, rs2712211, rs3801940, rs2072064,
1s2072065) (puc. 1).

I'enorunmpoBanne STR-MapkepoB (hparMeHTHBIH aHATTH3)
n SNP-mapkepoB (cexBeHupoBanue 1o CaHTepy) BBHINOII-
HEeHO Ha reHeTryeckoM aHanuzatope ABI 3130XL (Applied
Biosystems, CIIIA) B LIKIT UXB®M CO PAH «I'enomuka
(HoBocubupck). [leranu skcepruMeHTaIbHBIX METO/IOB Te-
HOTHUIIMPOBaHHUs IpeacraieHsl B pabore (Danilchenko et
al., 2023).

Crarncruyeckne MeToabl. i1 CTaTHCTHYECKOTO aHAIN3a
pa3IMuuil B yacToTax ajuieield reHeTHYEeCKHX MapKepoB U
TaIUIOTHIIOB MEK/Ty aHAJTM3UPYEMbBIMH TPYIIIIAMH TPUMEHSITH
OJIHOCTOPOHHUH TOouHBIM MeTon Puiiepa. CTaTUCTUYECKH
3HAYUMBIMU CUUTAIH paznuuust npu p < 0.05.

HepaBnoBecue mo crierieHnio Mexay amiensmu STR-
MapKepOB XPOMOCOMBI 7 M aJUIesIMU C BapHaHTaMH
¢.1545T>G umu ¢.2027T>Arena SLC26A4 paccuuThIBaNU MO
thopmyre 6 = (Pd —Pn)/(1 — Pn), roe & — Mmepa HepaBHOBECHS
o cuerieHnio; Pd — gacrora acconMMpoBaHHOTO ayuIeIst
cpenu XpoMocoM ¢ BapuaHtami ¢.1545T>G unu ¢.2027T>A
B BBIOOpKAX MaIeHToB; Pn — 4acTora 3TOT0 ke ajens cpe-
JIM XpOMOCOM 0€3 3THX BapHAHTOB B KOHTPOJIBHON BBIOOPKE
(Bengtsson, Thomson, 1981).

PexoHCTPyKIHsI TanjaoTHIIOB HA OCHOBE OOHApYKEHHBIX
ameneir STR- n SNP-mapkepoB B BEIOOpKax HOCHUTEINEH Ba-
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Puc. 1. CxemaTnueckas cTpyKTypa reHa SLC26A4 1 pacnonoxeHune reHeTuyecknx mapkepos (naTtu STR n gesaty SNP), koTopble 6biu
MNCMONb30BaHbl A1 PEKOHCTPYKLMY FrannoTunoBs.

MaToreHHble BapuaHTbl €.919-2A>G, c.1545T>G 1 c.2027T>A reHa SLC26A4 BbigeneHbl LBeToM. PacctoaHmna mexay STR-mapkepamu (n. H.) yKa-
3aHbl B Merabasax (Mb). 3se3goukoin oTmeueHbl yeTbipe SNP-mapkepa 13 pabotbl (Wu et al., 2005), ncnonb3oBaHHbIe 4151 CPaBHUTENIBHOTO

aHanusa. cen. — UeHTpomepa, tel. — Tenomepa. PrcyHok moguduumposat us (Danilchenko et al., 2023).

puanToB ¢.1545T>G nnu ¢.2027T>A npoBoauiacs Bpy4Hy1o,
C MCIIOJIb30BAaHUEM JIaHHBIX aHAJIM3a TEHETHYECKNX MapPKEPOB
Y UX POACTBEHHHKOB (KOT/Ia 3TO OBLITO BOSMOXHO). JlaHHEIE O
PEKOHCTPYKIMH TaIIOTHIIOB M KX YaCTOTHOE pacipe/ielICHNE
B KOHTPOJIbHOI BBIOOPKE TYBMHIIEB TOJIyYeHbI HAMHU paHee
C WCTIONBh30BaHHWEM TakeTa mporpamMm Arlequin v.3.5.1.2
(https://cmpg.unibe.ch/software/arlequin3512/, anroputm
Expectation-Maximization) (Danilchenko et al., 2023).

Onenka «Bo3pacta» BapuanToB rena SLC26A44. Onen-
Ka «BO3pacTa» MyTallMd OCHOBaHa Ha OXMJaeMOW moTepe
CHEIUICHHUS] MEX/y MyTalMeld U ajuleJsiIMH OKPYIKAroInuX
TEeHETHYECKUX MApPKEPOB B TEUCHHE BPEMEHH BCIICACTBUE
pexoMOnHaMK (KOHLEIIUS «MOJICKYJISIPHBIX dacoBy). Jlist
OLIEHKH «BO3pACTa» aHAIN3UPYEMbIX BAPUAHTOB OBLIH IIPHU-
MEHEHBI JIBa METOJa: «METOJ OJHOTO MapKepay, OCHOBAH-
HBII Ha aJuIeJIbHOM Bapuanuu oxHoro Mapkepa (Risch et al.,
1995; Slatkin, Rannala, 2000), u MeTox, 6a3upyrOLIHIiCs Ha
JAHHBIX O TaIUIOTUIIAX, PEATU3YEMBbIH C TIOMOIIBIO TIPOTpaM-
Mbl DMLE+v2.3 (Disequilibrium Mapping and Likelihood
Estimation, DMLE+v.2.3: http://dmle.org/) (netanu ucnosib-
3yeMBIX METOIOB IIpUBENEHb! B [Ipmnoxennn 1)!. «Bospact»
BapHaHTa OIPEACIISIICS ITyTEM OLICHKH YHUCciIa TIOKOJICHNH (g)
U JIeT (B MPEANONIOKEHNH, YTO g = 25 JIeT), MpOoLIeIUX ¢
MOMEHTA €r0 BO3HUKHOBEHHSI.

Pesynbratbl

B namewm nenaBaem uccnenoBannn (Danilchenko et al., 2021)
MBI IpoBenu aHanu3 rea SLC2644 METOIOM CEKBEHUPOBaHUS
o CaHrepy y MaIlMeHTOB ¢ OTepel cyXa, MpUHAIeKAIIX K

1 Mpunoxexuna 11 2 cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2025-29/appx7.pdf

TYBHHIIaM — KOPEHHOMY CHOMPCKOMY TIOPKOSI3BIYHOMY HapOLy
(Pecniyonuka TeiBa, IOxkuas Cubups). ¥ 28.2 % (62 u3 220)
BKJIFOYECHHBIX B MCCJICOBAHNE MAMCHTOB OBIIN BBISIBICHBI
OuansenbHbIe TaTOreHHbIe BapuaHThl reHa SLC26A44. Ypo-
BeHb SLC26A4-accolMMPOBAHHON MOTEPHU CIyXa OKa3ajcs
OIIHUM M3 CaMbIX BBICOKHMX CPEIH BCEX MOMYJSNNI B MHUpE.
[onapnsromee OOMBIIMHCTBO OOHAPYKEHHBIX MYTaHTHBIX
SLC26A4-anneneil mpeacTaBIeHO TPeMsl MATOr€HHBIMHU Ba-
puanTamu — ¢.919-2A>G, ¢.2027T>A u ¢.1545T>G.

BapumaHT €.919-2A>G

BonbIIMHCTBO TYBUHCKHX MAIIEHTOB OBIIIM TOMO3UTOTHBIMH
WJTH KOMIayH/I-TeTEPO3UTOTHBIMH 10 TATOTeHHOMY BapHaHTy
c.919-2A>G. Hona ¢.919-2A>G cocraBuna 69.3 % cpenu
BceX MyTaHTHBIX SLC26A44-anneneii, BEISBICHHBIX Y TYBUH-
CKUX OOJIbHBIX, @ YaCTOTA €T0 IeTEPO3UTOTHOTO HOCHTEIb-
cTBa B TyBHHCKOI nonyisimu — 5.1 % (Danilchenko et al.,
2021). BapuanT ¢.919-2A>G HaxomuTcsi B KAHOHHYECKOM
(-2) 3'-akuenTopHOM cailiTe CIUTaliCMHTa B MHTPOHHOW 00-
JIaCTH MEXAY 9K30HaMH 7 U 8 M NPUBOIUT K HAPYIICHHUSIM
nporecca croaiicuara (Yang J.J. et al., 2005; Lu et al., 2011;
Wasano et al., 2020).

B MHOTOYHMCIICHHBIX UCCIIEOBAHUSX OBLIO I0OKa3aHO, YTO
BapuaHT ¢.919-2A>G mupoKko pacIpoCTpaHEH y MAIlMEHTOB
W3 a3MaTCKUX peruoHoB (MarepukoBblli Kuraii, TaiiBaub,
Mouromnust, Kopest u SInonust) u Berpedaercs: ¢ HanOoubIei
yactotoil B Kutae 1 MoHrosmu, Toria kak B Ipyrux peruoHax
MHpa TOT BapHaHT KpaiiHe peaok min orcyTcTByet (Park et
al., 2003; Wu et al., 2005; Albert et al., 2006; Dai et al., 2008;
Duetal., 2013; Yang X.L. etal., 2013; Luetal., 2015; Tsukada
etal., 2015; Erdenechuluun et al., 2018).
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BapunaHT c.2027T>A

Bapuanr ¢.2027T>A (p.Leu676GIn) rena SLC26A44 oOHapy-
JKEH B TOMO3HUTOTHOM COCTOSIHUHM WJIM B KOMIIAyHJ-TeTepo-
3UTOTHOM COCTOSIHMH y 19 TyBHHCKHX manneHToB. B oOmem
YHcIe MyTaHTHBIX BapuaHTOB reHa SLC26A44, BBIABICHHBIX Y
TYBHHCKHX TTAIlUeHTOB, ¢.2027T>A 3aHUMaeT BTOpOEe MECTO
(17.5 %) mocne Bapuanta ¢.919-2A>G (69.3 %) (Danilchen-
ko et al., 2021).

Bapwuant ¢.2027T>A mpuBOIUT K 3aMeHe JeHIIMHA Ha
IIyTaMUH B aMHHOKHCIIOTHOH no3unmu 676 (p.Leu676Gln)
B BBICOKOKOHCepBaTuBHON obmactu STAS-momena B CO-
OH-xoHIIeBO# YacTH OSIKOBOI MOJICKYIBI TEHAPHH. JKCIIe-
PHMEHTAIBHBIC UCCIECAOBAHUS TOKa3aJH, YTO 3TOT BapHAHT
BBI3bIBACT 3a/ICP’KKY MYTaHTHOT'O O€JIKa BO BHY TPUKIIETOYHOM
mpocTpaHcTBe u Hapymenne ero ¢ynkmun (Gillam et al.,
2004; Yoon et al., 2008). Bapuant ¢.2027T>A oOHapy>xuBaJics
C HEBBICOKOM YacCTOTOM (TONBKO Y €AMHUYHBIX MAIlEHTOB U
TOJIBKO B KOMIIAyHJ-T€TEPO3UTOTHOM HJIM TE€TEPO3HUIOTHOM
cocrosiunu) B Kurae, Kopee 1 Monromuu (Park et al., 2003;
Choi et al., 2009; Huang et al., 2011; Chai et al., 2013; Erde-
nechuluun et al., 2018).

BapunaHT c.1545T>G

DTOT HOBBIH, HE ONMMMCAHHBIN paHee MICCEHC-BAPHAHT B JK-
30He 14 rena SLC26A4, XOTOPBIii, O-BUAUMOMY, IPUBOAUT
K 3aMeHe (eHUIaIaHUHA Ha JISHIIUH B aMUHOKHCIOTHOH I10-
surn 515 (p.Phe515Leu), 6501 00HApYKEH B KOMITayHI-TETe-
PO3UTOTHOM COCTOSIHUM Y 15 TYyBHHCKHUX MAIIMEHTOB, IIPOMC-
XOISILMX U3 IECATHU HE CBA3aHHBIX POACTBOM ceMmel. Hacrora
TeTepPO3UTOTHOTO HOCHUTENECTBA C.1545T>G B KOHTpOIBHON
BbIOOpKE TyBHHIIEB cocTaBmia 2.0 %. Cerperanus c.1545T>G
C TIoTepei cilyXa B pOIOCIOBHBIX MAIIUEHTOB, 3HAYUMOE IIpe-
BBIIIIEHUE €TO YaCTOTHI B BHIOOPKE OOIBHBIX IO CPAaBHEHHIO
C KOHTpOJIbHOM BeIOOpKOH (p = 0.03391), pe3ynbrars! npe-
CKa3arelIbHbIX KOMITBIOTEPHBIX IIPOrPaMM U OTCYTCTBHUE 3TO-
TO BapuMaHTa B MHUPOBBIX 0a3aX FeHOMHBIX JTaHHBIX YEIOBE-
Ka CBHIETEILCTBYIOT B MOJIB3Y €0 MaTOreHHOM 3HAYMMOCTH
(Danilchenko et al., 2021).

PekoHcTpyKuma STR-rannotnnos

AnA BapuaHToB ¢.1545T>G 1 ¢.2027T>A reHa SLC26A4

Jl1 peKOHCTPYKIUH TAIUIOTUIIOB YYacTKa XPOMOCOMEI 7,
HECYIIUX MaToreHHsle BapuaHthl ¢.1545T>G u c.2027T>A
reHa SLC26A4, y HEpOJACTBEHHBIX HOCUTEJIEH 3TUX BapHUaH-
TOB OBUIO TeHOTHIHpOBaHO TATH STR (D7S2420, D7S496,
D7S2459, D752456, D7S525) (cMm. puc. 1). Panee st STR
UCIIOJIb30BAJIUCH TIPH aHAIIU3E TaIJIOTHIIOB, HECYIUX MaTo-
reHsbril BapuaHT ¢.919-2A>G (Danilchenko et al., 2023).
Pesynbrarel renotunuposanust STR-MapkepoB B cpaBHEHUN
C JIaHHBIMH, MOJYYE€HHBIMH HaMH Ha KOHTPOJIBHOW BBIOOP-
Ke TyBHHIIEB, IpencTaBieHsl B [Ipmmoxkenun 2 (tabm. S1
n S2). YcTaHOBIEHO, UTO B KOHTPONIBHOH BBIOOpKE Bce STR
ObuTn BeICOKOTONIUMOpGHBIMU: D7S2420 — 10 asmenei,
D7S496 — 10 anneneii, D7S2459 —7 anneneit, D7S2456 —
5 amneneit, D7S525 — 8 amrenett (Danilchenko et al., 2023).
VY Hocurenei BapuanTta c.1545T>G Bce STR okazanuchk Mo-
HOMOP(HBIMH (TOIBKO OIUH aJuIeNh 1Mo Kaxkaomy STR-map-
kepy) (cm. Tadn. S1). Y Hocurerneii Bapuanta ¢.2027T>A mo-
HOMOpdHBIME 0Kazanuch yeTbipe STR — D7S2420, D7S496,
D7S2459, D7S2456, Ho 10 AucTanbHOMY Mapkepy D7S525
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OBLTO BBISIBJICHO TPH pa3HbIX annend (221,227, 231 ¢ yactoTa-
mu 0.4000, 0.1333 1 0.4667 cooTBETCTBEHHO) (CM. Tabm. S2).
CpaBHUTENBHBIHN aHaN3 yacToT ayteneit D7S525 B Be1Oopke
HocuTened ¢.2027T>A 1 B KOHTPOJIBHOH BBIOOPKE BBISIBHII
CTaTUCTHYECKHU 3HaunMBbIe pasmnyus (p < 0.05) B gacToTax
amneneit 227 n 231 (cm. Tabi. S2).

I'enorunupoBanue STR y Hocureneit BapuanTa c.1545T>G
MI0Ka3aJI0 MOJHOE CIEIUIEHHE 3TOr0 BapuaHTa C ajle-
asmu 286 (D7S2420), 118 (D75496), 147 (D7S52459),
244 (D752456), 229 (D7S525). Takum 00pa3om, BapHaHT
¢.1545T>G xapakrepusyercss eAMHCTBEHHBIM TaITIOTUIIOM
286-118-147-¢.1545T>G-244-229, pa3mep KOTOPOTo, OIpe-
JiengeMblit AUCTaNbHBIMU Mapkepamu D7S52420 u D7S525,
cocrapister ~2.75 Mb. Ananu3 STR y HOcuTeneit BaprnanTta
¢.2027T>A noka3an HOJHOE CIENJIEHHE YTOr0 BapuaHTa C
amnensamu 280 (D7S2420), 118 (D7S5496), 141 (D7S2459),
244 (D7S2456), HO IPHUCYTCTBUE TPEX PA3NUYHBIX aJUIenei
(221, 227, 231) y nucranbpHoro Mapkepa D7S525 npenno-
JaraeT HaJu4Hhe TPeX pa3HbIX FalIOTUIIOB JUIs BapHaHTa
c.2027T>A.

STR-ramioTumsl, peKOHCTPYHPOBAHHBIE IS BApUAHTOB
¢.1545T>G n c.2027T>A, B cpaBHeHnu ¢ STR-rammorunamMu
Ut BapuaHTa ¢.919-2A>G npencraBieHsl Ha puc. 2.

MBI conocTaBuIU CTPYKTYypy U yacToTy STR-rannotunos,
0oOHapyKeHHBIX i BapuaHToB C.1545T>G u c.2027T>A,
¢ STR-ramnoTunamu, BBIIBICHHBIMA HAMH paHee Ui Ba-
puanta ¢.919-2A>G (Danilchenko et al., 2023) (Tabx. 1).
MokHo 3aMeTHTh, uTo STR-ramioTunsl, 00HapyKeHHbIE IS
BCEX TPEX BAPUAHTOB, PA3JINYAIOTCS 10 AJUIEIEHOMY COCTaBY,
YTO TOBOPHT O BHIPAKEHHOH CIIEIM()UIHOCTH TeHETHIECKO-

~0.26 Mb ~0.18 Mb  ~0.35 Mb ~1.96 Mb
—D752420—D75496 —D752459 —D752456—D75525 —
YactoTa
c.1545T>G rannotvna
— 286 —— 118 —— 147 i 244 — 229 — 100 %
c.2027T>A
— 280 — 118 —— 141 i 244 — 231 — 467%
— 280 — 118 —— 141 i 244 — 221 - 400%
— 280 — 118 —— 141 i 244 —— 227 — 133%
c.919-2A>G
— 278 — 120 i 147 —— 244 — 227 — 913%
— 278 — 120 l 147 —— 244 — 229 -— 43 %
— 278 — 120 i 147 —— 244 — 221 — 22%
— 278 — 120 l 147 —— 244 —— 225 — 22%

Puc. 2. CxematnuHoe nsobpaxkeHne STR-ransioTMNoB y HocuTenen Ba-
puaHToB c.1545T>G mnn ¢.2027T>A B cpaBHeHun ¢ STR-rannotunamm
ons BapuaHTa ¢.919-2A>G (Danilchenko et al., 2023).

Jlokanusauma Kaxaoro 13 aHannsnpyembix BAPUaHTOB NoKa3aHa CTpeJ‘IKOVI.
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[annoTunbl, HecyLwme NaToreHHble BapuaHTbl
c.1545T>G, ¢.2027T>A n c.919-2A>G reHa SLC26A4

Ta6bnuua 1. YactoTtbl STR-rannotnnos, o6Hapy»KeHHbIX Ha MyTaHTHbIX XPOMOCOMaX, HECYLLIUX NMaTOreHHble BapuaHTbl
c.919-2A>G, c.1545T>G nnun c.2027T>A reHa SLC26A4, No CpaBHEHNIO C HOPMabHbIMU XPOMOCOMaMM

STR-rannotunbl YactoTta rannotunos, % o p McTouHuK
(Dj;;;lif‘)t;l)ﬁS496—D7S2459—D752456—D75525 MyTaHTHble HopmanbHbie
XPOMOCOMblI XPOMOCOMblI
D752420-D75496-D752459-/c.1545T>G/-D752456-D75525
286-118-147-244-229 1.0 0.0079 110 <1073 [laHHoe
[Lpyrvie rannotumnbl 0.0 0.9921 - - necneposanme
D752420-D75496-D752459-/c.2027T>A/-D752456-D75525
280-118-141-244-231 0.4667 0.0 52 <1077 JaHHoe
280-118-141-244-221 0.4000 0.0079 36 <105 VCCnIeRoBanme
280-118-141-244-227 0.1333 0.0159 3.1 0.0561
[Lpyrvie rannotumnbl 0.0 0.9762 - -
D752420-D75496-/c.919-2A>G/-D752459-D752456-D75525
278-120-147-244-227 0.9130 0.0 150 <1035 Danilchenko et al., 2023
278-120-147-244-229 0.0435 0.0 24 0.0704
278-120-147-244-221 0.0217 0.0 0.28 0.2674
278-120-147-244-225 0.0217 0.0 0.28 0.2674
[Lpyrvie rannotumnbl 0.0 1.0 - -

MpumeuaHune. O603HaueHns STR-annener, BXOAALMX B ranioTuUMbl, COOTBETCTBYIOT pa3mepy npoaykToB MNLP (B HykneoTtngax). Hanbonee pacnpocTpaHeHHble
STR-rannoTvnbl U CTaTUCTUYECKM 3HaUMMBble (p < 0.05) pa3nnuns B YaCTOTax ranioTUMNOB BbIAENEHbI XXUPHBIM LWPUGTOM.

TO OKPY)XeHHUs Ul Kakporo u3 HuX. Kpome Toro, cpaBHe-
HHUE 4acTOTHl BCTPEUaeMOCTH OCHOBHBIX STR-ramnorurnos
B BBIOOpKax HocuTelnel BapuaHToB c.1545T>G, ¢.2027T>A,
c.919-2A>G (Tpynmsl TYBHHCKHX MAIMEHTOB C MOTepen
CllyXa) U B KOHTPOJILHOM BBIOOPKE TYBHHIICB BBISIBHIIO CTa-
TUCTHYCCKHU 3HAYMMBbIC OTIn4us (cM. Tao. 1).

PekoHcTpykuuna SNP-rannotnnos

Ana BapuaHToB ¢.1545T>G 1 ¢.2027T>A reHa SLC26A4

[t M3ydeHus TOHKOHM CTPYKTYpBHI TaIIOTHIIOB, BKIIFOYA0-
mux BapuaHThl ¢.1545T>G nnu ¢.2027T>A rena SLC26A44,
y HOCHTEJIEH 3TUX BApUAHTOB OBLIO FTEHOTUITHPOBAHO JIEBITh
BHYTpUTCHHBIX SNP (rs2248464, rs2248465, rs3801943,
rs2712212, rs2395911, rs2712211, rs3801940, rs2072064,
15s2072065), koTOpble paHee aHAIU3UPOBAIKUCH JJIsI PEKOH-
CTPYKINH F€HETHYECKOTO OKPYXKEHHs (TalIOTUIIOB) BAPUAHTA
¢.919-2A>Gy ero romozurotHsix Hocurenei (Danilchenko et
al., 2023). Yersipe u3 Hux (rs2712212,rs2395911, rs2712211
1 1s3801940) OpLH BKITIOUESHBI 715 IPOBEACHNUS CPAaBHUTEb-
HOTO aHAJTN3a ¢ JTaHHBIMHE U3 padboThl (Wu et al., 2005), roe onn
MCIIOJIb30BAJIMCH /ISl yCTAHOBIICHUS CTPYKTYPBI ralyIOTUIIOB,
Hecymmx BapuanT ¢.919-2A>G y TailBaHbCKUX TAIINEHTOB C
HapymieHueM ciyxa (cM. puc. 1). Crpykrypa SNP-ramiorn-
noB i BapuaHTtos ¢.1545T>G u ¢.2027T>A npezacraBieHa
Ha puc. 3 B cpaBHeHHH ¢ SNP-rammorumnoM s BapuaHTa
¢.919-2A>G (Danilchenko et al., 2023).

VY Bcex Hocureneil BapuaHTa c.1545T>G obOHapyxeH
enuHcTBeHHBIH SNP-rammorun A-C-T-G-T-C-G-T-T (100 %),
B TO BpeMs KaK 4acTOTa 3TOTO TraluloTHIa B KOHTPOJIBLHOH
BBIOOpPKE TYBHHIIEB cocTaBuia 3.8 % (IaHHbIE HE TIOKa3aHbl).
Y Bcex HOcuTenel BapuanTta ¢.2027T>A Toxe ObLT HaliZieH
enuacTBeHHbIH SNP-raturorun T-C-T-A-T-C-C-T-C (100 %),

c.1545T>G

Puc. 3. CxematnyHoe n3obpakeHne SNP-ranioTMnoB y HocuTenen Ba-
puaHToB C.1545T>G nnn c.2027T>A B cpaBHeHun ¢ SNP-rannotrnamm
anAa BapuaHTa ¢.919-2A>G (Danilchenko et al., 2023).

0603HaueHna SNP-mapkepoB: SNP1 - rs2248464, SNP2 - rs2248465, SNP3 -
rs3801943, SNP4 - rs2712212, SNP5 - rs2395911, SNP6 - rs2712211, SNP7 -
rs3801940, SNP8 - rs2072064, SNP9 - rs2072065. KpacHbiM1 LWITPUXOBbLIMU
NNMHUAMK BbigeneHbl yeTbipe SNP-mapKkepa, aHanM3npoBaHHbIE Y HOCUTENei
BapmaHTa c.919-2A>G Ha TaiBaHe (Wu et al., 2005). Jlokanmsaums Kaxxaoro ns
aHanM3npyemMblx BapMaHTOB NMoKasaHa CTPenkon.

4acTOTa KOTOPOTO B KOHTPOJIBbHON BEIOOpKE cocTaBmia 1.7 %
(naHHBIC HE TTOKa3aHbl). Y HOcHUTeneH BapuanTta c.919-2A>G
paHee Tarke ObUI BBISBICH €AMHCTBEHHBIN rarotun A-C-
T-A-G-G-C-A-C (100 %) c gactoroii 2.8 % B KOHTPOIBHOH
BeI0opke (Danilchenko et al., 2023). Kpome Toro, panee Hamu
Obula yCTAHOBJIEHA WACHTHYHOCTH HeOojbmoro (~4.5 kb)
«BHyTpeHHero» SNP-ramrotumna A-G-G-C, o6pazoBaHHOTO
SNP 152712212, rs2395911, rs2712211 u rs3801940 y no-
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curened Bapuanta ¢.919-2A>G — tysunues (Danilchenko
et al., 2023) n kuraiinieB xanb u3 TaiBaus (Wu et al., 2005),
YTO IpeATIoNaraeT ux ooiee mpoucxoxaeHune. Ho stor SNP-
raryioTHI He OOHapyKeH y HocuTesiel BapuaHTos c.1545T>G
n ¢.2027T>A (cMm. puc. 3). Takum 00pa3oM, MOKHO 3aKITIO-
YHTB, YTO raIUIOTHUIIBI, 00pa3zoBaHHbIe ayuressiMu SNP-mapke-
POB IJIA KAXKXIA0I0o U3 TPEX aHAJIM3UPYEMBIX IMMaTOICHHBIX Ba-
puanaToB reHa SLC26A44, SIBIAIOTCS BRICOKOCTICIII(PHIHBIMHE.

OueHKa «Bo3pacTa» BapuaHToB ¢.1545T>G 1 ¢.2027T>A
reHa SLC26A4
B pabore (Danilchenko et al., 2023) u1s orieHKH «BO3pacTay
naroreHHoro Bapuanta c.919-2A>G rena SLC26A44 ucnoib-
30BaJIMCh JIBA METO/A: «METO/ OAHOTO MapKepay, KOTOPBIi
IIpEe/IIoNaraeT aHaIu3 ajuiesieii Hanbosee TMCTaNbHBIX Map-
KEpPOB, MPOSIBIIAIOIINX 3HAYUTEIFHOE HEPAaBHOBECHE ITO CLIETI-
JICHUIO, ¥ METOJ C TOMOIIIBI0 TiporpamMmmMbl DMLE+v.2.3, B Kko-
TOPOM OIIEHKA «BO3PACTa BaAPHAHTA ITPON3BOIUTCS HA OCHOBE
PEKOHCTPYHPOBAHHBIX raryioTUNOB. B naHHOM mccnenoBa-
HHUH MBI IPUMEHUITN 3TH METO/IBI JUIS1 OLIEHKH «BO3PACTa) Ba-
puanToB ¢.1545T>G u ¢.2027T>A rena SLC26A44 (Tabn. 2).
V Bcex Hocutenei BapuanTa . 1 545T>G ObL1 BbISBIICH HIICH-
tuaHblil STR-rammotun 286-118-147-¢.1545T>G-244-229.
Jis BapuanTa ¢.2027T>A Haubosee 4acThIMH OKa3aJIuCh
nBa raminortuna, 280-118-141-¢.2027T>A-244-231 n
280-118-141-¢.2027T>A-244-221, obHapyXKEHHBIE CO CXO-
»kumMu gactorami (0.4667 1 0.4000 cOOTBETCTBEHHO), CTPYK-
TYpHBIE pa3JIn4Msi KOTOPBIX OINPEIEISIOTCS MPUCYTCTBHEM
pasubix ameneit (237 m 221) muctansHoro STR-mapkepa
D7S525. Tlony4eHHblIE JaHHBIE TTO3BOMSIOT NPEIION0KUATETb-
HO OLIEHUTH BpeMs BOSHUKHOBEHH BapuaHToB ¢.1545T>G u
¢.2027T>A y TyBUHIIEB, KOPEHHOTO HaceneHus PecrryOnukn
TriBa. MBI HE CMOTIIM TIPOBECTH OIIEHKY «BO3pACTa» BapHaH-
Ta ¢.1545T>G «MeTo10M OIHOTO MapKepay n3-3a OTCYTCTBUS
peKoMOMHAIINY BO BCEX MpoaHaIn3npoBaHHBIX STR-mapke-
pax, HO ¢ nomouibko nporpammsl DMLE+v.2.3 Takue onieHKH
ObuTH ToNTy4eHsl (cM. Tabu. 2). s oneHKn «Bo3pacTay Ba-
puanTa c.2027T>A «MeTomoM OTHOTO MapKepa» UCTIOIH30BaI-
cst aiutens 231 qucransHoro STR-mapkepa D7S525 (~2.32 Mb
or ¢.2027T>A), oOHapy»KEeHHBIH B 3HAYUTEILHOM HEPaBHO-
BecHH 110 crerieHuto ¢ ¢.2027T>A (cm. Tabn. S2).

Haplotypes carrying pathogenic variants
¢.1545T>G, ¢.2027T>A and c¢.919-2A>G of the SLC26A4 gene

Mertozpbl, BEIOpaHHBIE JJIsl OLIEHKH «BO3pPAacTay MYTalHi,
YYBCTBUTEIBHBI K AEMOTrpa(pUIecKuM IapaMeTpam MoIyJIs-
MM, B YaCTHOCTH K TeMITaM POCTa MOMYJISIIMN Ha PA3THIHBIX
HCTOPUUYECKUX ITamax ee pa3BuTUA. IloCKoIbKy TOUHBIE
JTaHHBIE 00 M3MEHEHUH YHCIIEHHOCTH KOPEHHOTO HACETICHUS
TyBbI (TYBUHIICB) HAa paHHUX ATallax €ro CTAHOBJICHHS OT-
CYTCTBYIOT, JUIsSl pPACYETOB MbI IPUMEHHUIIU TPHU PA3HBIX KO-
¢urmenta npupocta momyssiun (d = 0.05, 0.10 m 0.20) (cm.
Tabn. 2). Cnemyer OTMETHUTB, YTO JAHHBIE O «BO3PACTE» Ba-
puanTos ¢.2027T>A u ¢.919-2A>G, nosyyeHHbIE KMETOIOM
OIIHOTO MapKepa», OTIMYAIOTCS] OT BPEMEHHBIX JJHANa30HOB,
paccuMTaHHbIX ¢ momomIbio nporpammsl DMLE+v.2.3, mo-
BUJINMOMY, «3aHIKash» €ro IpH BcexX Tpex koddduimeHTax
npupocta nomyisimun (d = 0.05, 0.10, 0.20). Kpome Toro,
HaOJTF0IaeMOoe IepecedeHne BPEMEHHBIX HHTEPBAJIOB, OpEIe-
JICHHBIX C TOMOIIbI0 TporpaMMbl DMLE+ v.2.3 nng kaxmoro
13 aHAJTM3UPYEMBIX BApHAHTOB MpH Bcex koddduimenTax
npupocra nomyisanun (d = 0.05, 0.10, 0.20), He mo3BOIAET
c/ienaTh BBIBOJI O TOM, KAKOW M3 BapUaHTOB SIBIISIETCS OoJiee
«CTapbIM».

O6cyxpeHue

B nacrosmmeit paboTe orydeHs! JaHHBIE O CTPYKTYpE Taruio-
THUIIOB JIsl IATOr€HHBIX BapHaHToB ¢.1545T>G u c.2027T>A
reHa SLC26A44, Hanboee 4acThIX y KOPEHHOTO HACEJICHUs
Pecny6nmuxu TeiBa. Bapuant ¢.1545T>G Obu1 BiepBbie 00-
Hapy)XeH HaMH IPH M3yYCHUU HACIEICTBEHHOH TITyXOTHI y
TYBUHIIEB, KOpeHHOTo HaceneHus Pecryomiku TeiBa (FOxk-
Has Cubups) (Danilchenko et al., 2021), B npyrux permoHax
MHpa 3TOT BApHAHT He 3aUKCUPOBaH. Y BCEX HOCHUTEICH Ba-
puanra c.1545T>G BbLsiBieHsl BeIcokocnienupuunbie STR-u
SNP-rammoruner: STR-ramnorun 286-118-147-¢.1545T>G-
244-229 (100 %) u SNP-rammorun A-C-T-G-T-C-G-T-T-
¢.1545T>G (100 %), 4acToTa KOTOPHIX B KOHTPOJILHOH BbI-
60pke TyBHUHIIEB cocTaBisieT MeHee | 1 3.8 % cooTBeTCTBEH-
HO. DTH JIaHHbIE YOSTUTEIbHO CBUAETEILCTBYIOT O €ANHOM
MPOUCXOXKACHUU BapuaHnta ¢.1545T>G u ponu s¢dpdekra
OCHOBATEJI B €r0 PAaCHPOCTPAHEHHOCTH y KOPEHHOTO Ha-
cenenus Tyssl. Bapuant ¢.2027T>A sBasercs BTOpPbIM O
4acTOTE CpeIu BCeX MAaTOreHHbIX BapuaHTOB reHa SLC26A44,
00HapyKEHHBIX y TyBHHCKHX IMAIlME€HTOB, B TO BPeMs Kak

Ta6nuua 2. CpaBHMTENbHAA OLEHKa «BO3pacTa» BapmnaHToB C.1545T>G, ¢.2027T>A 1 c.919-2A>G reHa SLC26A4

Ha ocHoBe STR-mapkepoB

BapwuaHt d «MeTop ogHOro Mapkepa» Pacuet c nomouwbto DMLE+ v.2.3 McTouHmnk

rena SLC26A4 g «Bospact», ner  95% AW anag 95 % [IN pna «Bo3pacTa», neT

c.1545T>G 0.05 - - 76-163 1900-4075 [aHHOe nccnepgoBaHne
0.10 48-95 1200-2375
0.20 27-52 675-1300

c.2027T>A 0.05 51 1275 65-140 1625-3500 [aHHOe nccnegosaHne
0.10 50 1250 38-83 950-2075
0.20 47 1175 24-48 600-1200

c.919-2A>G 0.05 22 550 103-198 2575-4950 Danilchenko et al., 2023
0.10 21 525 63-107 1575-2675
0.20 17 425 35-59 875-1475

MpumevaHwne. na oueHKMN «Bo3pacTa» BapuaHToB €.2027T>A 1 ¢.919-2A>G «MeToA0M OAHOIO MapKepa» UCMOJIb30BaNUCh annenm anctanbHoro STR-mapkepa
D7S5525, a Ana oLeHKu ¢ nomoLbio nporpammbl DMLE+ v.2.3 — STR-rannotunbl. d — pasnuyHble (0.05, 0.10 unu 0.20) TemMnbl NPpUPOCTa YNCIIEHHOCTU NONYNALMY;

g — YUNCI0 MOKONEeHNI; «<Bo3pacT» — g X 25 neT; IV — noBeputenbHbIN MHTEpBan.
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JIAaHHBIN BapHaHT 3a()MKCHPOBAH TOJIBKO y €AWHUYHBIX Ta-
muerToB n3 Kuras, Kopen n Monromuu (Park et al., 2003;
Choi et al., 2009; Chai et al., 2013; Erdenechuluun et al.,
2018; Kun et al., 2024). Kpome Toro, B HalieM HelaBHEM HC-
CJIEZIOBAHMH MBI TAK)KE€ HAILIM 3TOT BAPUAHT y CIUHUYIHBIX
nanuenToB u3 Pecryonmuku Antaii, rpanndaieii ¢ Peciry0-
nuxoii TeiBa (Danilchenko et al., 2021). B omnuune ot Bapu-
anTa c.1545T>G, y Hocureneit ¢.2027T>A ObIIO BEIIBICHO
Tpu STR-rannortuna — 280-118-141-¢.2027T>A-244-231
(46.7 %), 280-118-141-¢.2027T>A-244-221 (40.0 %) u
280-118-141-¢.2027T>A-244-227 (13.3 %), xoTopble pas-
JUYAIOTCSl TOJIBKO ajurensiMu aucraibHoro STR-mapkepa
D7S8525.

Hcnonp3oBanne Habopa MOTMMOP(HHBIX TEHETHYECKUX
MapKepoB, WACHTUYHOTO TOMY, YTO OBLI MPUMEHEH HaMH
paHee NpU U3YUYEHHUH TaluUIOTHIIOB MAaTOT€HHOI'O BapHaHTa
¢.919-2A>G rena SLC26A44, nanbomnee 9aCTOTO y TYBUHCKHX
nanuenTtoB (Danilchenko et al., 2023), mo3Bonmio nmposecTH
KOppekTHoe cpaBHeHHE CTPYKTypbl STR- u SNP-ramnoTu-
MOB JUISI BCEX TPEX MAaTOTCHHBIX BapwaHTOB (C.1545T>G,
¢.2027T>Au ¢.919-2A>G). CpaBHHUTEIBHBIN aHAIN3 TTOKA3AJ,
YTO COCTaB ayjieNieil TeHeTUYECKUX MapKepoB, BXOAIINX B
TaruIOTHUIIBI, PA3IIMYEH M BBICOKOCTICIM(UYEH IS KaXK10TO
n3 HUX. TakuM 00pa3oM, MOXKHO 3aKJIIOUUTh, YTO KaXKbIH
U3 aHaJIM3MPYEMBbIX BapUAHTOB UMEET 0c000€e (CXOIHOE IS
BCEX HOCHTENIEH TOTO MM MHOTO BAPHAHTA) TEHETHUECKOE
OKpY’KEHHE, TT0-BUANMOMY, YHACIEAOBAHHOE OT PA3IMIHBIX
«IIPEAKOB-OCHOBATEIICH».

Mps1 npoBenu TpyOyI0 OLIEHKY «BO3pacTa) BapHaHTOB
¢.1545T>G, ¢.2027T>Au c.919-2A>G, Ho, B CBSI3U C OTPaHU-
YEHHOCTHIO HH(OPMALUH O JeMOrpadUYeCKUX U3MEHEHHSIX
MOMYJISIIIMY TYBUHIIEB Ha IPOTSKEHUHN €€ NCTOPHH, TTOTyIeH-
HbIC BPEMCHHBIC HHTEPBAJIBI BOSHUKHOBEHHSI THX BAPHAHTOB
y KOpeHHOT0 HacenieHus TyBBI CllelyeT pacCMaTpUBAaTh TOIBKO
KaK OpPHEHTHUPOBOYHBEIC. TeM HE MeHee ¢ OCTOPOKHOCTHIO
MOKHO 3aKJIFOUUTh, 4TO BapuaHThl c.1545T>G, ¢.2027T>A
1 ¢.919-2A>G He SIBIAIOTCS «MOJOABIMUY» (HEAABHO BO3SHUK-
MIAMH) MYTalUsIMH, a IIHPOKNUE BPEMEHHBIE HHTEPBAJIBI UX
BO3HHUKHOBEHHMS TIEPECEKAIOTCS MPAKTHIECKH IPH BCEX KO-
s dunmentax npupocta nomyisiun (d = 0.05, 0.10 u 0.20)
(cm. Tadm. 2).

JlaHHBIE O CTPYKTYpE rarioTUoB it Bapuanra c.1545T>G
U ero pacrnpoCTPaHEHHOCTh, OTPAaHUYEHHAs TOJIBKO TeppH-
Topueil TyBBI, a TakKe UCTOPUUYECKUE CBEICHUS 00 dTamax
STHOTEHE3a KOPEHHOTO HaceseHHs TyBbI MO3BOJISIOT IIPE-
MOJIOKUTh, YTO ATOT BAPUAHT MOT BO3HUKHYTh B pe3yjbTare
YHUKaJIbHOTO My TAI[HOHHOTO COOBITHS, TPOU3OLIEIIETO YKE
TI0CJIC OCHOBHOTO ()OPMHUPOBAHHSI TYBUHCKOTO 3THOCA B KOHIIE
XIII-XIV BB. CnoxkHee cienarb BBIBOI O MPOUCXOXKICHUU
BapuanTa ¢.2027T>A y TyBUHIIEB. DTOT BapHaHT C HEOOIb-
II0H YacTOTOH BCTpedaeTcs y MalleHTOB U3 COMPeeIbHOM
Momuronuu u Kutast, Ho, K COKaleHuIo, JaHHBIE O CTPYKType
TEeHETHYECKOTO OKpYyKeHHs y HocuTenei ¢.2027T>A u3 atux
PETHOHOB OTCYTCTBYIOT, YTO HCKJIIOYAET IPOBEICHUE CPAB-
HUTEJNBHOTrO aHanu3a. Yrto e Kacaercsi Hanbosee 4acToro
y TyBHHIEB BapuaHTa ¢.919-2A>G, 1o panee (Danilchenko
et al., 2023) MBI BBISIBUIM HICHTHYHOCTH «BHYTPEHHETO)
SNP-ramnoruna A-G-G-C (cMm. puc. 3), 00HapyKEHHOTO
Yy TYBHHCKHX MAI[eHTOB, TOMO3UTOTHBIX 1O €.919-2A>G,
W TamioTumna, obpazosanHoro temu ke SNP, y Hocureneit
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¢.919-2A>G u3 TaiiBans (kuraiiusl xanb) (Wu et al., 2005).
OTH KaHHbIE CBU/ETENILCTBYET B MOJIb3Y OOIIETO TpeKa s
«TYBUHCKHX» M «KHTAaHCKHX» XpPOMOCOM-OCHOBAaTENEH ¢
¢.919-2A>G. YuuThIBas MOJy4YEHHBIE PE3yJIbTaThl, a TAKXKe
TEepPUTOPHATIEHOE pacIpocTpaHeHne BapuanTa ¢.919-2A>G,
C MAaKCHMYMOM YacTOTHI BCTpedaeMocTH y TyBrHIEB (FOxHast
Cubupn) 1 y kuTaies 1 MOHrosoB (Bocrounas u LlenTpasib-
Hast A3us1), MBI IPEIIOIOXKIIIH, 9TO BapuaHT ¢.919-2A>G mor
BO3HUKHYTh Ha reorpadnuecku OMU3KUX TEPPUTOPHIX ITHX
PErMOHOB M BIIOCJIEACTBUU PACIPOCTPAHUTHCS HA JIpyrue
pernonsl Asznu (Danilchenko et al., 2023).

3aknioyeHune

MB!I poaHaTU3MPOBAIN CTPYKTYpY TaIUIOTHIIOB JUIS MATO-
TeHHBIX BapuaHToB C.1545T>G u c.2027T>Arena SLC26A44,
O0OHAPYKEHHBIX C BHICOKOW YaCTOTOW y TYBHHCKHX Tal[EH-
TOB ¢ motepelt ciyxa (Pecrryornuka Trisa, FOxuas Cubups).
CpaBHUTENBHBIN aHATIN3 PEKOHCTPYHPOBAHHBIX TAINIOTHIIOB
a4 ¢.1545T>G u ¢.2027T>A ¢ paHee MONy4YE€HHBIMH JaH-
HBIMH O TaIUIOTHMAax Ui BapuanTta ¢.919-2A>G mokaszau,
YTO KaXK[bII N3 aHAIN3UPYEMBIX BapHAHTOB MMEET 0co00e
U CXOJIHOE JUIS BCEX HOCHTENIeH TOro WM MHOTO BapHaHTa
TEHETUIECKOE OKPYKEHHUE, MO-BUINMOMY, YHACIEAOBAHHOE
OT Pa3JINYHbIX IIPEIKOB-OCHOBaTeNe». Takum o6pazom, mo-
JIy4€HbI CBU/ICTEIIbCTBA POJIM KyMYJISITUBHOTO 3 exTa 0cHO-
BaTeJisl B PACIPOCTPAHEHHOCTH 3THX MTATOTCHHBIX BAPUAHTOB
rena SLC26A44 y xopennoro Hacenenus Pecriyonukn TeiBa.
[Tony4yeHHble TaHHBIE AKTyaJIbHBI KaK JUI IPOrHO3UPOBAHHUS
pacmpoctpaneHHOCTH SLC26A44-00ycnoBIeHHON TOTEpH
CITyXa, TaK ¥ JUTS CO3AaHus peruoH-cnenudmanoit JJHK-mmar-
HOCTHKH HacjeayeMol nnorepu ciyxa B PecryOnuke Tria.
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AHHoTauuA. OyHAaMeHTaIbHOE NMOHUMaHNe MHOTVX BMONTOrMYeCKMX MPOLLECCOB, MPONCXOAALLMX B OPraHU3me yenoBe-
Ka, CTano BO3MOXXHbIM 6rlarofjaps sKCnepumeHTanbHbIM CCNe0BaHUAM Ha XUBOTHbIX MofensX. OCHOBHbIM CTepXKHEM
COBPEMEHHbIX 61IOMeAVNLNHCKUX UCCNIE[0BAHNI ABNAETCA NCNONb30BaHNE MbILWVHbBIX MOAENEN AN1A U3YUYEHUS BaXKHbIX
naTodU3MONOrnyeckmx MexaH3MoB, OLEHKIN HOBbIX TePaNeBTUYECKMX NOAXOAO0B U NMPUHATUA PeLIeHnn 0 nepexoae
UM OTKa3e OT HOBbIX KaHAMAATOB Ha Npenapathbl B JOKANHUYECKUX UCTbITaHKAX. [IpenmyLLecTBO 3aAeNCTBOBaHNA Mbl-
LLel 3aKmoyaeTca B X HEGONbLUKX pa3mepax, MPOCTbIX YCIOBUAX COAEPKAHMA 1 OTHOCUTENbHO NErko reHeT1YeCcKon
mogudrKkauun. B HacToswee Bpems 6onee 90 % rpbi3yHOB, NCNOb3yeMblX AflA dapmaLeBTUYEeCKMX NCCNeAoBaHNN, —
MblwK. B npeactaBneHHol paboTe co3gaHa NuoTHaA Bepcua 6a3bl 3HaHMI MiceDEGdb no guddepeHumnanbHo sKc-
npeccupyowmmca reHam (A30) mMbiwmn Kak MOAeNbHOro o6bekTa B bromeanUMHCKIX nccnefoBaHnax. OHa npeacTtaB-
nAaeT cobow KonneKumio onybnMKOBaHHbIX AaHHbIX MO SKCMPECCUM FTEeHOB Y Mblllel pa3HblX IMHWIA, NpefHa3HauYeHHbIX
ANA U3y4yeHUA BO3PacTHbIX 3aboneBaHunii: rMNepTOHNM, NapOJOHTUTa, XPYNKOCTM KOCTU, $pnbpo3a Noukn, pemoaenm-
POBaHMA rMafgKUX MbilL, CepAeYHON HEAOCTAaTOUYHOCTU, HAPYLIEHUA LpKaZHOTro puTMa. MnnoTHbIN BbiNyck 6a3bl 3Ha-
Hun MiceDEGdb copepxut 21754 [131, npepcraenaowmnx 9769 yHuKanbHbix reHoB Mus musculus, y KOTOPbIX N3MeHs-
€TCA YPOBeHb TPaHCKpUNUun B 25 akcneprmeHTax no TexHonornu RNA-seq ¢ ucnonb3oBaHrem BOCbMY TKaHel (fecHa,
KOCTb, MOYKa, NPaBbIl XeflyAoyek cepaua, Ayra aopTbl, TUMNOKamn, CKeneTHasA MbllLa U MaTKa) B LIECTU FreHeTUYeCKmX
nuHWAX mbiwew, C57BL/6J, Ren1cCre|ZsGreen, B6.12957(Cg)-Polgtm1Prol/J, BPN/3J, BPH/2J n Kunming, B kKauecTse Mo-
fenei BOCbMM 3ab0neBaHUin YenoBeka cornacHo 10 opurnHanbHbiM cTaTbaM. HoslectBom MiceDEGdb B cpaBHeHuu ¢
apyrummn 6asamm faHHbix o O30 Mbiwen ABnAeTcAa Kypupyemas aHHOTaumsa oTKNoHeHn O3 Mbllwn OT COOTBETCTBYO-
e HOPMbI C NMOMOLLbIO He3aBUCUMbIX G1IOMeANLUHCKUX NMYONUKaLMin O COHanpPaBieHHbIX N3MEHEHUAX SKCNpeccum
rOMOJIOTMYHbIX FEHOB YesloBeKa y MauueHTOB C TeMU UK MHbIMK 3a60neBaHAMN OTHOCUTENbHO YCIOBHO 3[40POBbIX
fobposonbLeB. B nunotHom Bbinycke MiceDEGdb fokymeHTMpoBaHo 85092 Takmnx aHHOTauuii Ans 318 reHOB YenoBeka
npwu 895 3a6oneBaHNAX COrNacHO 912 HayyYHbIM CTaTbAM, LUTUPYEMbIM C MOMOLLbIO UX ngeHTudrkatopos PubMed ID.
NHdopmaumoHHoe cofepxaHne MiceDEGdb moxeT ObITb MHTEPECHBIM ANIA FEHETUKOB, MONEKYNAPHbIX 61uonoros, 6no-
MHGOPMATUKOB, KINHNLNCTOB, GapMaLIeBTOB N FreHETUYECKNX KOHCY/IbTAaHTOB MO MepCoOHan3npoBaHHON MeanLHE.
Basa 3HaHuin MiceDEGdb HaxoguTcs B cBo60AHOM JoCTyne Mo runepccbiike: https://www.sysbio.ru/MiceDEGdb.
KnioueBble cnioBa: 6asa 3HaHui; 31 mbiwb, Mus musculus; MbilUVHble MOAeny 3aboneBaHuii; BO3pacTHble PaccTpon-
CTBa; HGEKLMOHHbIe 3ab6oneBaHns; upKagHblii putm; RNA-seq.

IAna untupoaHus: MNogkonogHaa O.A., Yapaesa W.B., ®unoHos C.B., MogkonogHbin HJL., Pacckasos [.A., Teeppo-
xne6 H.H., 3onotapesa K.A., Boromonos Al, KoHgpatiok E.lO. Owenkoe [.l0. MNMoHomapeHko M.M. Ba3a 3HaHwuii
MiceDEGdb no guddepeHLmnanbHO 3KCNPeCcMpyoWNMCS rTeHaM MbllK Kak MOAENbHOro o6bekTa 6MOMEANLIMHCKIX
nccnefoBaHuii. Basuiosckuli XypHan zeHemuku u cenekyuu. 2025;29(1):153-161. doi 10.18699/vjgb-25-18

®uHaHcpoBaHue. PaboTa BbinonHeHa Npu noagepke 6oaxeTHbix npoektos FWNR-2022-0020 1 FWNM-2025-0005.

BnaropapHocTu. ABTOpbI BblpaxaloT 6GnarofapHocTb LleHTpy KonnekTvBHOro mnonb3oBaHus «brionHpopmaTmka»
3a NpefoCTaBNeHNe BblUMCIUTENbHBIX PECYPCOB.

MiceDEGdb: a knowledge base on differentially expressed
mouse genes as a model object in biomedical research

0.A. Podkolodnaya ([0, L.V. Chadaeva (912, S.V. Filonov!, N.L. Podkolodnyy (9! 3, D.A. Rasskazov (2!, N.N. Tverdokhleb!,
K.A. Zolotareva (1, A.G. Bogomolov ()14, E.Yu. Kondratyuk (9% > D.Yu. Oshchepkov ()12 4 M.P. Ponomarenko ()% 2 (&

! Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

2 Kurchatov Genomic Center of ICG SB RAS, Novosibirsk, Russia

3 |nstitute of Computational Mathematics and Mathematical Geophysics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
4Novosibirsk State University, Novosibirsk, Russia

5 Siberian Federal Scientific Centre of Agro-BioTechnologies of the Russian Academy of Sciences, Krasnoobsk, Novosibirsk region, Russia

@ pon@bionet.nsc.ru

© MNopkonogHan O.A., Yapaesa W.B., ®unoHos C.B., MoakonogHbin HJ1., Pacckasos [.A., Teepgoxne6 H.H.,
3onotapeBa K.A., boromonos A.l., Kongpatiok E.10., Owenkos [1.10., MoHomapeHko M.IM., 2025

KoHTeHT gocTyneH nop nuuensmein Creative Commons Attribution 4.0


https://orcid.org/0000-0003-3247-0114
https://orcid.org/0000-0002-2724-5441
https://orcid.org/0000-0001-9132-7997
https://orcid.org/0000-0003-4795-0954
https://orcid.org/0009-0006-3933-208X
https://orcid.org/0000-0003-4359-6089
https://orcid.org/0000-0001-8672-7216
https://orcid.org/0000-0002-6097-5155
https://orcid.org/0000-0003-1663-318X
https://orcid.org/0000-0003-3247-0114
https://orcid.org/0000-0002-2724-5441
https://orcid.org/0000-0001-9132-7997
https://orcid.org/0000-0003-4795-0954
https://orcid.org/0009-0006-3933-208X
https://orcid.org/0000-0003-4359-6089
https://orcid.org/0000-0001-8672-7216
https://orcid.org/0000-0002-6097-5155
https://orcid.org/0000-0003-1663-318X

O.A. Podkolodnaya, I.V. Chadaeva, S.V. Filonov ...
E.Yu. Kondratyuk, D.Yu. Oshchepkov, M.P. Ponomarenko

MiceDEGdb: a knowledge base on differentially expressed
mouse genes in biomedical research

Abstract. The fundamental understanding of many biological processes that unfold in a human body has become
possible due to experimental studies on animal models. The backbone of modern biomedical research is the use of
mouse models for studying important pathophysiological mechanisms, assessing new therapeutic approaches and
making decisions on acceptance or rejection of new candidate medicines in preclinical trials. The use of mice is ad-
vantageous because they have small size, are easy to keep and to genetically modify. Mice make up more than 90 %
of the rodents used for pharmaceutical research. We present the pilot version of MiceDEGdb, a knowledge base on
the genes that are differentially expressed in the mouse used as a model object in biomedical research. MiceDEGdb
is a collection of published data on gene expression in mouse strains used for studying age-related diseases, such as
hypertension, periodontal disease, bone fragility, renal fibrosis, smooth muscle remodeling, heart failure and circadian
rhythm disorder. The pilot release of MiceDEGdb contains 21,754 DEGs representing 9,769 unique Mus musculus genes
the transcription levels whereof were found as being changed in 25 RNA-seq experiments involving eight tissues —
gum, bone, kidney, right ventricle, aortic arch, hippocampus, skeletal muscle and uterus - in six genetic mouse strains
(C57BL/6J, Ren1cCre|ZsGreen, B6.12957(Cg)-Polgtm1Prol/J, BPN/3J, BPH/2J and Kunming) used as models of eight hu-
man diseases — all these data were based on information in 10 original articles. MiceDEGdb is novel in that it features
a curated annotation of changes in the expression levels of mouse DEGs using independent biomedical publications
about same-direction changes in the expression levels of human homologs in patients with one disease or the other.
In its pilot release, MiceDEGdb documented 85,092 such annotations for 318 human genes in 895 diseases, as suggest
to 912 scientific articles referenced by their PubMed ID. The information contained in MiceDEGdb may be of interest to
geneticists, molecular biologists, bioinformatics scientists, clinicians, pharmacologists and genetic advisors in personal-
ized medicine. MiceDEGdb is freely available at https://www.sysbio.ru/MiceDEGdb.

Key words: knowledge base; DEG; mouse Mus musculus; mouse models of disease; age frustration; infectious diseases;
circadian rhythm; RNA-seq.
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BeepeHmne

Vcronb30BaHue XKUBOTHBIX — HEOTheMJIeMasi 0COOCHHOCTb
OMOMEIMITMHCKKX HCCIII0OBAHHH ITPU U3y4EeHUN OnoJIoTHye-
ckux npouecco (Lukacs et al., 1996), narorenesa 3abosneBa-
uuii (Conti et al., 2006) u TepanmeBTHYECKUX BMEIIATEIHCTB
(Chuang et al., 2002), a Tak:ke B OIICHKE 0E30MMaCHOCTH,
TOKCUYHOCTHU U KAaHUOCPOTCHHOCTU KaHAWJATOB B MEIUKa-
MeHTO3HBIe npenapatsl (Segalat, 2007). [Ipu 3TOM cTeTnieHb
aJICKBaTHOCTH MOJICIIN 3a00JICBaHUI C UCTIONIB30BaHNEM K-
BOTHBIX OIPECACTIACTCA COITIACHO CTPOTUM KPHUTEPUAM COOT-
BETCTBUSI MEXK/Ly HCCIIEyEMbIMU COCTOSTHUSIMH 3TUX KHUBOT-
HBIX ¥ CUMIITOMaMH ITAIIUEHTOB C N3y4aeMbIM 3a001€BaHHEM
(Gryksa etal., 2023). nTeprperalius HaOITIOACHHUI B paMKax
MojiesTi 3a00JIeBaHII YeNIOBEKa C UCIIONIB30BAHUEM KHBOTHBIX
TpeOyeT He TOJBKO 3HAHMS M3yYaeMbIX MPOIECCOB U IaTo-
(hU3HOIOrHH, HO M PaCclO3HABAHUS CIIOHTAHHBIX, (POHOBBIX
M COYETAHHBIX COCTOSIHUIA, KOTOPbIE MOTYT MOBIHSTH HA pe-
3yJIBTaThl MCCIICIOBAHMS MITH HcKa3nuTh ux (White et al., 2016).

B Hacrositiee Bpems 6onee 90 % ¢dapmaieBTHUECKUX UC-
CJIE/IOBAaHUIA POBOAUTCS IMEHHO Ha JIAOOPATOPHBIX JIMHHUSIX
mbiret (Vandamme, 2014). I1pu ToM HH3Kas CTOUMOCTb
COZIEpIKaHUS MBIIICH 110 CPAaBHEHHIO, HATIPHUMED, C IIpUMara-
MU, U CIIOCOOHOCTD J1aBaTh MOTOMCTBO KaX/IbIE J[BA MECsIA
OITPEJIEeIISIIOT MOMYJSIPHOCTB 9TOT0 00BEKTA JUISI HCCIIEI0BAHUH
(Girard et al., 2009).

XOoTst MOJICIIH JKUBOTHBIX MPOIOIDKAIOT UTPATh OOJIBIIYIO
PpOoJIb B onieHKe (P GEKTUBHOCTH 1 O€30TT1aCHOCTH HOBBIX BME-
maTeJIbCTB B JICUHCHUU paKa, UX IPUMCHCHUIO YaCTO MPETIAT-
CTBYIOT T'€HETHYECKHUE, MOJIEKYIISIPHBIC U (PU3UOJIOTUYECKUE
orpannyeHus. HecMoTps Ha ycrenHoe JOKIMHHYECKOE Te-
cTupoBaHue, 85 % MepBHIX TANOB KIMHUYECKUX UCTIBITAHUN
HOBBIX [IPEMAPATOB TEPIISAT HEY/[aUy: U3 TEX, KOTOPBIE JIOXOMST
qo 111 daspl, TONBKO MOJIOBHHA B KOHEYHOM HUTOTE TTOJyYaeT
JIMOCH3UIO JJI KITMHUYCCKOTO IPUMEHCHUA. Wcnonp3oBanue

MBbIIIEH B Ka4ECTBE MOJCIBHBIX OPraHM3MOB ISl OMOME/IH-
ITUHCKHUX I/ICCHeI[OBaHI/Iﬂ MPUHATO CHUTATh NMEPCIICKTUBHLBIM
13-3a OJIF3KOTO TeHETHIECKOTO U (PH3HOJIOTMIECKOTO CXO/ICTBA
¢ genosekoM (Swindell et al., 2012), a Takxe BBUILY OTHO-
CHUTEJILHOM JIETKOCTH MaHUMNYJSIMK nx reHoMoM (Monteiro
et al., 2023). TTociiegHee mpeuMyIIIECTBO CTaHOBHUTCS Ooee
AKTyaJIbHBIM [10 MEpE Pa3BUTHS SKCIICPUMEHTATIBHBIX METOIOB
reHOMHOro penaktupoBanus (Bruter et al., 2024).

HcenenoBarensckue padoThI BCe Yalle Nepexo/sT Ha I1aT-
(hopMy «TyMaHH3UPOBAHHOM MBIIIN», KOTOPAs II03BOJISIET U3Y-
4aTh MeXaHU3MbI (hru3noornueckux npoueccos (Yong et al.,
2018) u sBIIsIeTCSt HEOOXOAMMOH TSl TOHUMAaHUS ITaTOTeHe3a
nHpeknnonHbIX (Yajima et al., 2008; Frias-Staheli et al., 2014;
Amaladoss et al., 2015; Keng et al., 2016), ayrTouMMyHHBIX
(Zayoud et al., 2013; Viehmann Milam et al., 2014; Gunawan
etal.,2017) u orxomoruueckux 3adonesannii (Chuprin et al.,
2023; Liu L. et al., 2024), a Tarxxe 1 pa3pabOTOK MIPOTHUBO-
pakoBoif Teparuu (Petrova et al., 2022). B psime ciaydaes,
HarpyuMep B UCCIIEJOBaHUSIX MUKPOOHOMA, OoJiee KOPPEKTHO
UCIIOJIb30BaHUE JIUKHX, a HE JTADOPATOPHBIX MBIILEH, Y KOTO-
PBIX IPOROKHUTENbHAS HCKYCCTBEHHAS CEIEKIMS Ha CIOCO0-
HOCTb Pa3MHOKATHCSI MPU KICTOYHOM COICPIKAHHU U THETE
ad libitum MoXxeT ncka3uth pesyibrarsl ucciaenosanus (Hild
et al., 2021).

Haxoner, B MOCTTeHOMHYIO 3py HayK O H3HHU Bce 00Jb-
IIYI0 IIEHHOCTh MPHOOPETAIOT Tak Ha3blBaeMble bombine
Jannsie (Big Data) mo auddepeHmansHoi 3KCIIpeccuy re-
HOB ([IO") B ompeienieHHbIX TKaHSIX MBIILIH IPH MATOJIOTHSX
B CpPaBHEHHH C HOPMOW, MHOTOMEPHOCTb KOTOPBIX TpeOyeT
UX CHCTEMAaTH3allMH, aHAJIN3a M MOUCKA 3aKOHOMEPHOCTEH
ononndopmarnuecknmu Merogamu (Liu B. et al., 2024). Bax-
HEUITUMH JUIA IIOCTIT€HOMHBIX MEIUIIUHBI U (bapMaKOJ'lOFI/Il/I
CTaHOBATCS J[Ba UCTOYHMKA MH(MopManuu: 1) KIMHIYECKHe
JITaHHBIC O TIAIMEHTaX B CPABHEHMH C YCJIOBHO 310POBBIMHU
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JI0OOPOBOJIBIIAME ¥ 2) IKCICPUMEHTAIbHbBIC JAHHBIC O XKH-
BOTHBIX B KaueCTBe Mojieliel 3a0oneBanmii uenoBeka (Krause
et al., 2023), uto TpebyeT co3naHus WHPOPMAINOHHO-BBI-
YHUCIIUTEIBHBIX PECYPCOB, MHTEIPUPYIOIINX JJAHHBIE U3 OTHX
HCTOYHUKOB B OJIHO LEIIOE.

B nipenprayei pabore Mbl co3/1aJ1i CBOOOIHO JOCTYITHYIO
0a3y 3nanuii RatDEGdb (Yanaesa u ap., 2023) no gudde-
PEHINAIIBHO SKCIPECCUPYIOIINMCS TeHaM KPBICHI KaK MOJIEITb-
HOTO 00BEKTa OMOMETMIIMHCKHX HCCIleJoBaHNi. B kadecTse
CJIE/IYOLIETO Il1ara B €CTECTBEHHOM Pa3BUTHU ITOW CEpUH
MH()OPMAITMOHHBIX PECYPCOB IENBI0 HACTOSINEH paboTHI
CTaJIo COo3/IaHue aHaJloruyHoi 6a3el 3Hannii Mice DEGdb mo
JIOTI" Mplimieii pa3nuuHbIX TUHUN, CO3MaHHBIX B Psi/ie HAyYHBIX
OpraHU3aIMi 1 UCHIOTb3YEMbIX KaK OMOMETUIINHCKIE MOJIEIH.
MiceDEGdb sBisiercst cBobomuo nocrymuoi (https://www.
sysbio.ru/MiceDEGdb).

MaTtepwuanbi n metopbl

IMouck B 6a3e nanubix PubMed nuddepenuuaibno sxc-
NpeccUPYIOLINXCSl TeHOB MbILIHN. DKCIIEPUMEHTAIBHO H/ICH-
TUQHUIPOBAHHBIE U (D HEPEHIINATBHO IKCIIPECCUPYIOIHECS
IeHbI HECKOJILKHX JIA00OPATOPHBIX JIMHUIT MBILIEH, UCTIOJB3Ye-

MiceDEGdb: 6a3a 3HaHuin 0 anddepeHumanbHO skcnpeccupytowmxca 2025
reHax Mbll B 6GUOMEAULMHCKIX NCCNEeA0BaHNAX 29.1

MBIX B KaueCTBE OMOMEIMIIMHCKHMX MOJENEi 3a00eBaHuid,
Opasiu B TOM BHJIE, KaK UX OIYOJIMKOBAIN aBTOPbI OPHUTH-
HaJIbHBIX CTaTei, KOTOPbIE Mbl HAILIM C TIOMOIIBIO TEKCTO-
Boro 3ampoca [“mice” “RNA-seq” “disease”] B 6a3e qaHHBIX
PubMed (Lu, 2011).

ba3a 3nanuii MiceDEGdb. Co3nannas B paMkax HacTOsI-
et pabotsbl 6a3a 3Hanuit MiceDEGdb Bkittouaet Tpu Tabnu-
161 (CM. CXeMy JTaHHBIX Ha puc. 1). HalineHHas B COOTBECTBHI
C OINHMCAaHHBIM B TNPEIBIIYIIEM Moapas/ene HHPOpPMaIHs O
JOI' mpIun ObUTa IPEACTABICHA B BUJC PEIISLIMOHHON Ta0-
nunpl. 3ateM u3 Hameit 6a3p1 manapix Human SNP. TATAdDb
(PunonoB n s1p., 2023) 3aMMCTBOBAIN PEIALIOHHYIO TAOIUITY
HumanDisorder, koTopas oxapakrepu3oBaHa Ha puc. | (BHHU-
3y CIIpaBa).

Jlasee MBI CBsI3aIM MeX Ly COO0I ABE peIIsIIIMOHHbIE Ta0H-
161, MiceDEGs u HumanDisorder, ¢ mOMOIIbI0 YHUKAJIbHON
pensmmonHoi Tabmmiel HumanMiceHomolog 6a3b1 3HaHmiA
MiceDEGdb, cocTaBiieHHOII Ha OCHOBE NAaHHBIX pasfeia
“Paralogs” cBo®onHo noctynHoi 0a3sl naHHbIx GeneCards
(Stelzer et al., 2016). HakoHer, ¢ HCTIOJb30BaHUEM CBO-
0OITHO TOCTYNHOM CHCTEMBI YIpaBJICHUS 0a3aMu JaHHBIX C
OTKPBITBIM MCXOAHBIM KopoMm MariaDB 10.2.12 (MariaDB

N MiceDEGs |
MiceDegID int Disorder|D int
MiceStrain text HumamDisorder text
MiceTissue text HumanGene text
DisorderlD text e PExpressionChange enum
DisorderSubject text . HealthChange enum
NormalSubject text PMID int
Experiment text ‘

MiceGene text : "

.
ExpressionChange enum
Lot loat HomologSetID int
Padj float HumanGenes text
PMID int MiceGenes text

6 TN
MiceDeglID 693 DisorderID 316
MiceStrain C57BL/6) HumamDisorder circadian rhythm disorder
MiceTissue bone HumanGene BMAL1
DisorderID bone fragility e P»ExpressionChange deficit
DisorderSubject 30-month-old HealthChange worsened
NormalSubject 2-month-old PMID 22510946
Experiment RNA-seq ‘

MiceGene Clockns .

ExpressionChange deficit

B _0.50 HomologSetID 131
Padj 0.01 HumanGenes ARNT, ARNT2, BMAL1, BMAL2, CLOCK, NPAS2, PASD1
PMID 35094432 MiceGenes Arnt, Arnt2, Bmall, Bmal2, Clock, Npas2, Pasd1

Puic. 1. basa 3HaHu MiceDEGdb no guddpepeHLmanbHO SKCNpeccmpyowmMmca reHam Mbllv B Ka4ecTBe Moferb-
Horo o6bekTa AnA GOMeANLIMHCKIX UCCNIeA0BaHN 3ab0NeBaHN YenoBeka.

a — CTPYKTypHas cxema; 6 — npumepbl 3anucein. 06o3HaveHns: MiceDEGs, HumanDisorder 1 HumanMiceHomologs -
TPV YHUKanbHble PenALMOHHbIe Tabnuubl 6a3bl 3HaHWI MiceDEGdb. B Tabnuuax: neBas KONOHKa NpeacTaBasfeT Hau-
MEHOBaHVA NONel, Takne Kak «reH MbILWy, <IMHUSA MbILLNY, <TKaHby, «3aboneBaHne» 1 «aeHtudukatop PMID ctatbn
Kak MepBOVICTOYHMKA KCMeprMEeHTabHbIX AaHHbIX», KOTOpble Obinv HanaeHbl B pedepatreHom cucteme PubMed (Lu,
2011); npaBas KONOHKa — TUMbl AlaHHbIX, Takne Kak Lenoe yncno (int), BewwectseHHoe yuncno (float), buHapHbIn nHAMKaTOp
(enum) nnu cTpoka cmBonos (text). CTpenkamy nokasaHbl PefiALVOHHbIE CCbIIKM (CMOLLHbIE CTPENKM) MeXay dKCrne-
pPUMEHTaNbHbIMY JaHHbIMM O [13T MbILN B KauecTBe 6UOMeMLIMHCKO MOfen onpefeneHHoro 3aboneBaHnsa YenoBeka,
C OJJHOW CTOPOHbI, 1, C APYrO CTOPOHbI, COHaMpPaB/IEHHbIMM U3MEHEHUAMM SKCMPeccum (MyHKTUPHbIE CTPeKIM) FoMOosIo-
rmuHbix 31 YyenoBeka, No KOTOPbLIM NaLMEHTbI C TEMU UV MHBIMX 3a60NeBaHNAMYN OTIMYAIOTCA OT YC/TIOBHO 30POBbIX
[06POBOSIbLEB, COMMACHO OPUMMHANbHbBIM CTaTbAM, HalAieHHbIM B PubMed (Lu, 2011) 1 unuTupyembim no nx PMID.
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Puc. 2. [eHHas ceTb BnuAHMA geaueTunasbl SIRTT Ha akTuBauuio TpaHC-
Kpunuun reHa Bmall n nHrnbuposaHne ¢yHKUmMm Komnnekca CLOCK/
BMAL1.

MpepcTaBneHa ocUMNNATOPHaA NETNA YCUNEHWs SKcnpeccun Bmall n mywe-
Hell TpaHcKpunuroHHoro daktopa CLOCK/BMALT, yyeT KoTopoii aBnaetca
OT/INYUTENBHON KOHCTPYKTUBHON OCOGEHHOCTBIO MaTeMaTUUYeckon Mogenu
BO3PACTHbIX M3MEHeHUI GYHKLMOHMPOBaHUA AAPa LIMPKaAHOTO OCLMANATO-
pa (MopkonopHbI 1 Ap., 2016), ncnonbyemon B 3Tol paboTe.

Corp AB, ®unnsaaust) msl npeobpazoBanu MiceDEGs,
HumanMiceHomolog, HumanDisorder u cBsi3u Mexny
HUMH, TTIOKa3aHHBIE CTPeIKaMH Ha puc. 1), B 0a3zy 3HaHWI
MiceDEGdb. Ona sBisiercst cBodoauo nocrynuoit (https:/
www.sysbio.ru/MiceDEGdD).

Mogaenb OLleHKH BJIMSIHHS HApPYyIIeHMii IMPKagHOIO
PUTMA Ha 3/10pPOBbe YesloBeka. B Hacrosmieit pabore ome-
HUBAJIM BO3PACTHBIC N3MEHEHHS YPOBHEH IKCIIPECCHH T€HOB
A1pa MUPKaJTHOTO OCHIIUIATOPA MIEKOITUTAOMINX C UCIIONb-
30BaHUEM paHee CO31aHHON HaMH MaTeMaTH4ecKod Mojie-
I, IeTaJIbHOE OMHUCAaHUE KOTOPOH BMECTE C pe3ysbTaTaMy ee
BepuduKaIy MOXKHO HaiiTH B Harel ctarse (IlomkomomHbIit
u 1p., 2016). OTIUYUTeTFHON 0COOCHHOCTBIO 3TOW MOJICITH
SIBJSIETCS] Y4ET B3aUMOJEHCTBUS siipa LIMPKaJIHOTO OCLIUII-
nsTopa ¢ cuctemoit NAD+/SIRT1 6maromapst cremyrommm
MoxyisiM: 1) myTh yennenust nerpaganuu PER2 nocite ero ne-
anerwmpoBanust pepmertom SIRT1; 2) rerHast ceTh BIUSIHAS
neareTrnassl Sirt] Ha TPaHCKPUIIIMIO TeHa Bmall Mbimm u
naruouposanus Gy CLOCK/BMALL, acconmmupoBaH-
Hoit ¢ E-BOX uepes neanuTuiimpoBaHue THCTOHOB, KOTOpast
MpecTaBiIeHa Ha puc. 2; 3) myTh BIusHUA Sirt] Ha ckopocTh
ocsoboxkaenus komiuiekca CLOCK/BMALIL or E-BOX;
4) nyts NAMPT/NAD+/SIRT1 1yTs.

B Hameit Mozenn MEXaHN3M PEryJsiMU TPAHCKPUIIINU
rena Nampt onpenensercs HanuuueM Tpex E-BOX B ero
[IPOMOTOPE aHAIIOTHYHO MEXaHU3MY PeryJsiiiu reHoB Perl,
Per2 n Cryl B o0menpu3HaHHON MOJEH Aapa TUPKATHOTO
ocummraropa (Kim, Forger, 2012).

Pesynbratbl

[3T Mbiwn B KauecTBe 6oMeanLMHCKNX Mogenei
BO3pacTHbIX 3aboneBaHui

Ha puc. 3 npencraBieHsl pe3yibTaThl in Silico i3MEHEHHsI KOH-
nentparu MPHK rena Bmall MpItm ¢ BO3pacTOM COTIIaCHO
maremarndeckoit monenu (IToxkomonustiii u ap., 2016) — ypo-
BCHb CHMIXKXACTCA C YBCIMYCHHUEM BO3pacTa MbBIIIH.
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Puic. 3. Pesynbtathl in silico nameHeHns KoHueHTpauun MPHK rena Bmal1
MbILUK C BO3PACTOM, COMlaCHO MaTemaTnyeckon mogen (MoaKonoaHbIi
1 ap., 2016): ypoBeHb CHUXAETCA C yBeIMYeHneM BO3pacTa MblLUN.

s Bepuukaum pe3ynsTaToB MOIEIUPOBAHUS in silico
BO3PACTHBIX M3MEHEHUH spa IHUPKaJHOTO OCHIIIIATOpa B
6aze mannbix PubMed Obuto HaiineHo 10 opurHHAIBHBIX
cTaTei, KOTOpbIE IPHUBEIEHBI B Tabmie. OHU MIPEACTABISITN
pe3ynbTatsl 25 skcnepuMenToB RNA-seq ¢ ncnonb3oBaHlEM
BOCBMH OPraHoOB (JIeCHa, KOCTb, ITOYKA, MPABbINA JKeJIy/10-
YeK Cepla, Ayra aopThl, THIINOKAMII, CKEJICTHAsI MBIIIIA U
MaTKa) B MECTH TeHETHYCCKUX JUHHUIX MbItreir, C5S7BL/6J,
RenlcCre|ZsGreen, B6.129S7(Cg)-Polgtm1Prol/J, BPN/3J,
BPH/2J u Kunming, B kauecTBe MOJeIeii BOCBMH BO3pPaCT-
HBIX 3200JIeBaHN YeI0BeKa, BKIIIOYasi THIIEPTOHNUIO, GHOpo3
MOYKH, TAPOIOHTHT, XPYIKOCTh KOCTH, CEPACUHYIO HE10CTa-
TOYHOCTb, PEMOAEIMPOBAHNE TIIAJAKUX MBIIIL, HAPyIICHNE
IIMPKaHOTO pUTMa M BO3pacTHbIE 3a0oneBanust. CymmapHoe
konuuecTBo [IDT" mpimum coctaBuno 21754, npeacraBieHo
9769 yHUKambHBIX T€HOB M3 4Yucia 22283 aHHOTHPOBAH-
HBIX OENOK-KOAMPYIOUINX T'€HOB B pe(epeHCHOM T'eHOME
GRCm38.p6 sranonHoi 1adopaTopHON MbIu Mus muscu-
lus maanm C57BL/6J (Sarsani et al., 2019), kak oka3aHo B
MOCIEAHEH CTPOKE TaOIHIIBI.

basa sHaHnn MiceDEGdb

Ha puc. 4 npownntoctpupoBana pabora ¢ 0azoii 3HaHUI
MiceDEGdb na npumepe rena Clock Mbliy, MOHMKEHHAs
AKCIPEcCHs KOTOPOTo ObLTa MISHTH(HUIIMPOBAHA B CTaThe
(Kaya et al., 2022) y cammoB mbimm B Bo3pacte 30 Mmec.,
KOTOpBIE XapaKTEPU30BAINCH XPYIKOCTBIO KOCTEW B CpaBHe-
HHUHM CO 30POBBIMH MOJIOIBIMH CAMI[AMU MBIIIN B BO3PACTE
2 Mecsua.

Kak MOXHO BU/IETh Ha 9TOM PUCYHKE, OHIIKEHHYIO JKC-
npeccuro romonormgHoro rena CLOCK denoBeka HaOmonam
y MAMeHTOB C BOCIAIUTEIbHBIMHI 3a00JICBAHUSIMI KHIIIEY-
nuka (Giebfried, Lorentz, 2023), HapyleHUsIMH HUPKATHOTO
putMa (Oishi et al., 2005; Roybal et al., 2007), oOcTpyKTHBHON
0oJie3HbBI0 JIETKHUX M KieTouHbIM ctapeHueM (Li L. et al.,
2022), KOTOpbIe COOTBETCTBYIOT BO3PACTHBIM PACCTPOHCTBAM
(Jacenik et al., 2019; Li Z. et al., 2021; Neba Ambe et al.,
2022; Siniscalchi et al., 2024).

Kpowme Toro, Ha puc. 4 (cipaBa) MOYKHO BUJIETh OCYIIECT-
BJICHHYIO B 3TOH paboTe aHHOTALMI0 PAacCMaTPHUBAEMOTO
9KCIIEPUMEHTA C BO3PACTHBIM POCTOM JIOMKOCTH KOCTEH
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MiceDEGdb: 6a3a 3HaHuin 0 anddepeHumanbHO skcnpeccupytowmxca 2025
reHax Mbll B 6GUOMEAULMHCKIX NCCNEeA0BaHNAX 29.1

XapakTtepucTika 31 MbIlLK Kak MOLENbHbBIX *KMBOTHbIX B 6BMOMEANLINHE, BbIABNEHHDBIX C CMOMb30BaHNeEM TexHonorun RNA-seq
1 OKYMEHTMPOBaHHbIX B 6a3e 3HaHui MiceDEGdb, co3paHHoi B 3101 paboTte

N JlnHna TkaHb CnHppom Mopgenb Hopma Npeg JlutepatypHbii
NCTOYHVIK

1 C57BL/6)  [ecHa MapogoHTuT BonbHble MbiLmn 300pOoBble MblLUY 43  ChenZ.etal., 2023

2 (C57BL/6)  KocTtb XpynkocTb 30 mec. 2 mec. 3725 Kayaetal, 2022

3  (C57BL/6)  Koctb XpynkocTb 23 mec. 2 mec. 1151

4  C57BL/6J  KocTb XpynkocTb 11 mec. 2 mec. 1011

5 RC|ZG Mouka Onb6po3 27 mec,, 8 2 mec. 43  Wangetal, 2018

6 RC|ZG Mouka Onb6po3 27 mec,, @ 2 mec. 100

7 RC|ZG Mouka Oubpos 27 mec., & 2 mec. 349

8 (C57BL/6)  Touka CrapeHue 24 mec., & 3 mec. 599 Lil.etal., 2022

9  PolGMut  MXC CH PolG:D257A, @ C57BL/6J, Q@ 402  Gorretal., 2022

10 C57BL/6J) TMOA CrapeHue 26 mec., 33 6 mec., 33 23 Kissetal., 2022

11 C57BL/6)  Twnnokamn HLP Buoputm 8:8, @ Hopma 12:12, @ 158  Fangetal, 2021

12 C57BL/6)  Mblwua CrapeHune 20 Hen., WT, 60 % 20 Hep., WT, al 1178  Myersetal, 2021

13 C57BL/6J Mbliwya CrapeHune 80 Hen., WT, 60 % 80 Hep., WT, al 747

14 C57BL/6)  Mbiwua CrapeHune 20 Hepg., KO, 60 % 20 Heg,, KO, al 2323

15 C57BL/6)  Mbiwua CrapeHue 20 Hep,., KI, 60 % 20 Hep,, Kl al 1919

16 C57BL/6)  Mbiwua CrapeHue 80 Hepg., KO, 60 % 20 Heg,, KO, al 721

17 (C57BL/6)  Mbiwua CrapeHue 80 Hep., KI, 60 % 20 Hep,, K, al 2641

18 (C57BL/6)  Mbiwua CrapeHue 80 Hep., KO, al 80 Hep., WT, al 1976

19 (C57BL/6)  Mblwua CrapeHue 80 Heg., WT, al 80 Hep,, K, al 445

20 (C57BL/6)J  Mblwua CrapeHue 20 Heg,, KO, al 20 Hep., WT, al 1152

21 (C57BL/6)J  Mblwua CrapeHue 20 Heg., WT, al 20 Hep,, K, al 135

22 BPH/2J Mouka lMneptoHua BPH/2J, runeptoHuna BPN/3J, Hopma 883  Puigetal, 2010

23  Kunming Matka Tokconnasmo3  VHdekuwnsa, fo 6epemeHHOCTH be3 uHdexumn 10  Zhouetal., 2020

24 Kunming MaTka Tokconnasmos  VHbeKuumsa, oo MnnaHTauuy nnoga Be3 uHdekumn 10

25 Kunming MaTka Tokconnasmos  VHbeKumsa, nocne nvnnaHTaummv nnoga bes nHoekumm 10

Y 6nuHuN 8 TKaHem 8 bonesHen 25 mopenen 17 mopgenen 21754 10 cTaten

Mpumeyanwne. uHnn mbiwn: RC|ZG - Ren1cCre|ZsGreen; PolGMut — B6.12957(Cg)-Polgtm1Prol/J. Mon: @, camku; &, camupl; 33, napabuoHTbl (xnpypruyecku
obbeaviHeHHble KPOBEeHOCHbIe cuctembl). TkaHu: MXKC - npaBbli xenypouek cepaua; TMIA - rnagkve mbiwubl 4yrv aopTbl. 3aboneBaHus: CH - cepaeyHasn He-
poctatouHocTb; HUP — HapyweHve umpkaaHoro putma; WT — amknin tun; KO — HokayT no reny Sirt1; Kl — ycuneHune (knock-in) no reny Sirt1; al — nutaHve 6e3

orpaHuyenuin ad libitum.

MBI OHOBPEMEHHO CO CHM)KEHHEM YPOBHSI SKCIIPECCHUH
reHa Clock mbim (Kaya et al., 2022) B TepMUHaX CHHIKESHUSI
JKcIpeccuu reHa BMALI denoBeka, MapaJOTHIHOTO TEHY
Clock mprmm cormacHo 6a3e manHbeIx GeneCards (Stelzer et
al., 2016), npu cieayronux BO3pacTHBIX PaCCTPONUCTBAX ve-
noseka: pak (Elshazley et al., 2012), mapymienne ippkaHOTO
putma n 6one3ns [lapkuncona (Ding et al., 2011), B kauecTBe
Bepu(dUKaIUK HAIIUX TIPOTHO30B i1 Silico, MPEICTaBICHHBIX
Ha puc. 3.

[Munorwsnii Beimyck MiceDEGdb conepxnt 85092 Taknx
aHHoTanui asst 318 reHoB uesoBeKa, U3MEHEHUS DKCTIPECCUU
KOTOPBIX WMEIOT KIIMHUYECKHe TposBieHus mpu 8§95 3abo0-
JIEBaHMSX, COTNIacCHO 912 OpUTHHAIBHBIM CTAaThsIM, IUTHPYE-

MBIM C HCTIONIb30BaHNEM X uaeHTHukaropos PubMed ID.
Wudopmannonnoe conepxxanne MiceDEGdb moxer ObITh
MHTEPECHBIM I TeHETHKOB, MOJIEKYJIIPHBIX OHOJIOTOB, OHO-
MH()OPMATHKOB, KIIMHUINCTOB, (DapMarieBTOB U TeHETHYECKUX
KOHCYJIBTAHTOB 110 NIEPCOHATU3UPOBAHHON MEUIIUHE.

MiceDEGdb sBnsiercs cBobonHo noctymHoit URL=https://
www.sysbio.ru/MiceDEGdb.

O6cyxaeHue

B kauecTBe MILTIOCTPAIMU MPAKTHIECKOTO MPUMEHCHHUS
CO37aHHOU B 3TOU pabore 0a3wl 3HaHuN MiceDEGdb mo
i bepeHInanTbHO SKCIPECCUPYIOMMCS TeHAM MBIIITH KaK
MOJIEIBHOTO 00beKTa OMOMEIUIIMHCKUX UCCIIEI0BaHUI pac-
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Puc. 4. [primep 1Cnonb3oBaHKsA Co3AaHHON B 3Toi paboTe 6a3bl 3HaHM MiceDEGdb no anddepeHumanbHo sKcnpec-
CUPYIOLMMCA FeHaM MbILLK Kak MOAAENIbHOro 06beKTa GMOMeNLIMHCKIX NCCIefoBaHUiA Ana BepudrKaummn pesynbra-
TOB MOLeNVPOBaHWA in silico B CpaBHEHUY C HE3aBUCUMbIMM SKCNEPUMEHTANTIbHBIMU AaHHbIMU.

cmotpens! 0T, cBsi3aHHBIE C pa3BUTHEM XPYIIKOCTH KOCTEH B
MIPOIIeCCe CTApSHHS, TTOyYeHHBIC Ha MbItiax JuHun C57BL/6
B PA3IUYHBIX BO3PACTHBIX KaTeropusix, ot 2 10 23 u 30 mec.
(Kaya et al., 2022).

Mp1 00paTiiIM BHUMaHKe Ha okasareiu auddepeHumans-
Hoii 3kcnipeccun renoB Clock u Bmall, xogupyonmx cyOb-
enmHMIBl TpaHckpuniuonuoro ¢akropa CLOCK/BMALI,
OJIHOTO M3 EHTPAIBHBIX HIEMEHEHTOB IIUPKAHOTO OCIIHII-
JISITOpa MIIEKOTIMTAIOIIHX, TOCKOJIBKY H3BECTHO, YTO CHCTEMA
IIUPKAIHBIX 9aCOB yYaCTBYET B PETYILSILUH COCTOSHHUS KOCT-
Hol TKanu (Swanson et al., 2018). Mpimm ¢ HOKayTOM TeHa
Clock neMOHCTPHUPYIOT CHUKEHHUE IJIOTHOCTH kocTh (Yuan
et al., 2017). Y Mbiiell ¢ HokayToMm TeHa Bmall otmedaior
yMeHbIIIeHne KocTHOH Macchl U ee miotHocTH (Chen G. et
al., 2020; Kikyo, 2024). benox Bmall peryaupyer nudde-
PEHIMPOBKY OCTEOKIIACTOB U PE30POLIHIO KOCTEH MIPSMBIM
onocpenoBanHbM ImyTeM (Chen G. et al., 2020).

YpoBuu nuddepennuanpaoit sxcnpeccun reaoB Clock u
Bmall mbieit C57BL/6 crapiinx BO3pacTHBIX TPy ObUTH
CYIIECTBEHHO HWKE, II0 CPABHEHUIO C TPYIIIONH MOJOIBIX
»uBoTHBIX (Kaya et al., 2022), kak 9T0 11oKa3aHo Ha pHc. 4 ¢
nomoripio PubMed ID =35 (094 432. 13BecTHO, 4TO CTapeHUE
COMPOBOXKAACTCS] HAPYIICHHEM (YHKIIMOHUPOBAHUS IIHP-
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KaJ{HOH CHCTEeMBI, KOTOpas KOOPAUHHUPYET MPAKTUUSCKH BCE
MIPOLIECCHI, TPOTEKAIOIIHE B )KUBBIX OPraHU3MaX, B TOM YHCIIE
W MOJICJIMPOBaHKNE U PEMOJICIINPOBaHUE KOCTHOU TKaHu. OO
9TOM K€ CBHAETEILCTBYIOT Pe3yJIbTaThl, OMYyYEeHHBIC HAMH
ITyTEM MaTeMaTHIEeCKOTO MOJICITUPOBAHUSL, IPOIEMOHCTPHPO-
BaBILIKE, B YACTHOCTH, YTO HEKOTOPbIE MapaMeTphbl UpKal-
HOTO PUTMa U YPOBEHb SKCIPECCHHU JIEMEHTOB IIUPKAJIHOTO
OCHMIIIATOPA CYIIECTBEHHO H3MEHAI0TCs ¢ BozpacToM (IToz-
KOJIOZIHBIH U 11p., 2016).

MBbI OCYIIECTBHIIM NOMCK IMyOIUKALMH, TPEICTaBICHHBIX
B Oaze PubMed, 00 omHOHANPABICHHBIX C MOJTYYCHHBIMHU Y
MbIIIEH U3MEeHeHUsIMH dkcnpeccun renoB Clock w Bmall 'y
NALMEHTOB C Pa3IMYHBIMH MATOJIOTHAMH 110 CPAaBHEHHIO CO
3710pOBBIMH JTIObMH. OTMETHM, YTO CHIKEHUE SKCIIPECCUH
9THX F'€HOB, OIIMCAHHOE B ITyOJIMKAIHSX, XapaKTEPHO JUIsl BO3-
PACTHBIX IIATOJIOTHH YeJIOBeKa, TAKUX KaK paK, BOCIAJICHHE,
HelpoziereHepaTuBHbIC 3a00JIeBaHMs, TUA0CT, HAPYIICHUS
LUPKAHOTO PUTMA, U COCTOSIHUI KJIETOYHOTO CTapEeHUsI (CM.
puc. 4). [IpencraBieHHbIN TPUMED UCTIONB30BAHUS 0a3bl 3HA-
Huit MiceDEGdb mits anannsa BapuantoB [131, cBI3aHHBIX €
Pa3BUTHEM XPYIKOCTH KOCTEH B IIPOLIECCE CTAPEHUsI, TIOKa3al,
yT0 uHTepnperanus 21 ¢ mpuBiedeHNeM JOTTOTHUTETBHON
MH(POPMALIUH, TOTYYCHHOM U3 HAYYHBIX ITyOJIHKALIMH, 4 TAKIKE

BaBunosckuii )KypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 202529« 1
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pe3yJIbTaTOB MaTeMaTH4eCKUX MOJAEIHPOBAaHUS, JIAeT BO3-
MOKHOCTB HaOJIOaTh JIOCTATOYHO COINIACOBAHHYIO KAPTHHY
BO3PAaCTHBIX U3MEHEHUH.

Haxownern, pazpa6otka 6a3s1 3HaHmi MiceDEGAb o Mermmm
KaK MOJIeJIn 3a00JIeBaHHUH YEIIOBEKa SIBIISICTCS] €CTECTBEHHBIM
I11aroM Ha ITyTH K pa3BUTHUIO ceMelcTBa 6a3 gaHHbIx 1o JOT
JKMBOTHBIX JUIsi OMOMEIUIIMHBI ¥ (papMalleBTHKH, HAYMHAsS C
co3/1aHHOM HaMu paHee Oa3bl AaHHbIX RatDEGdb (Yanaesa
u ap., 2023) mo nomygaemsim B Ulul" CO PAH yHukams-
aeM JuHUSIM HUCATD (ISIAH) u OXY'S KpbICHI, KOTOpBIE
MIPE/ICTABIISIIOT COOOH CEeNeKIIMOHHBIC TEHETHUECKUE MOJICITH
MOBBIIIEHHOTO apTEPHAIEHOTO JIABJICHUS Y JIIOJIEH 1 IpesK ie-
BPEMEHHOI'O CTAPEHUS COOTBETCTBEHHO, @ TAK)KE CBSI3aHHBIX
C HUMH 3a00JI€BaHUH.

3aknioyeHue

baza 3nanuit MiceDEGdb nipeocraBisieT KOJUIEKITUIO JKC-
MePUMEHTAJIbHBIX JaHHBIX U HA0Op MHCTPYMEHTOB JUIS MH-
TEPaKTUBHOTO aHajK3a B PaMKax MPOBEICHUS T€HOMHBIX
HCCIIEZIOBaHUI MBIIIN B Ka9€CTBE MOJIEJILHOTO 00BEKTa OHO-
MEIUIMHCKUX NCCIIEJOBaHNH.

CymecTByrolye MeMIMHCKIE 0a3bl TaHHBIX (OKYCHPY-
10T MCCIIeIOBaHMs Ha TeHOMe denoBeka (Sun et al., 2022),
YTO MOXET ObITh 000TalleHO MPEAIOKEHHOW 0a30ii 3HAHUI
MiceDEGdb o Mbimnmm kak HauOOJIee Y4acTo HCIOIb3yEeMOM
m1a00paTOPHOM JKUBOTHOM TSI OMOMETUITMHCKAX U (apma-
LIEBTUUECKUX MCCIICIOBAHNH.

B nanpHeiIeM MBI TUIAHUPYEM HPOAOIDKUTH TOOABIATH
HOBBIE JJAHHBIE 110 AKCIIPECCHN TEHOB MBI, PEXIE BCETO,
nonyuyaembix B ULlul" CO PAH (HoBocob6upck, Poccust). Te-
Ky uarepdeiic k 6aze snannit MiceDEGdb (cwm. puc. 4)
IUIAHUPYETCS] COBEPIICHCTBOBATh M0 MEPE BBISBICHUS, Ha-
KOIUICHHS 1 CHCTEMATH3aI[X THIIOBBIX IIOMCKOBBIX 3aIIPOCOB
MOJIb30BaTENECH.
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AHHoTauuA. TPEBOXXHOCTb — 3TO HOPMOTUMMYHOE COCTOAHME YenoBeka, KOTOPOe, Kak 1 Ntobas apyras smouus, umeet
apanTyBHOe 3HayeHre. Ho cocToAaHme Upe3amepHO BbICOKOW UM HU3KOM TPEBOXKHOCTY BNeyeT 3a Co60I HeraTuBHble
nocnefcTBvA ANA ajantauuu, YTo B NepByto oyepenb 06YCIOBMBAET BAXXHOCTb U3YUYEHUA STUX ABYX KPalHUX CO-
cTOAHMIA. MNpY 3TOM M3BECTHO, YTO B YCJIOBUAX BOCMIPUATAA aBEPCUBHBIX CTUMYJIOB, aCCOLIMUPOBAHHbIX C TPEBOXKHO-
CTbl0, UI3MEHAETCA aKTMBHOCTb NMOACHOI KOPbl MO3ra. [penmyLLecTBO XXMBOTHbIX Kak MOAeNen Npu n3y4yeHnm reHeTu-
YeCKMX OCHOBAHUIN TPEBOXXHOCTY Y YesloBeKa CBA3aHO C BO3MOXHOCTbIO TOHKO KOHTPONMPOBATb BHELLHME YCNOBUA
bopmMMpoBaHMA ONpeaeneHHOro COCTOAHNA, OCTYMHOCTbIO TKaHE MO3ra U BO3MOXHOCTbIO CO3[jaBaTb U M3yyaTb
TPaHCreHHble MOAENM, B TOM YMCie C UCNonb3oBaHneM AnddepeHLManbHO SKCNPECCUPYIOLMXCA FTeHOB MEeNKIMX na-
60PATOPHDBIX >KUBOTHBIX 13 CEMENCTBA MbILUNHBIX C HA3KOW 1 BbICOKOI TPEBOXHOCTbIO. B paMKax TpaHCIALMOHHOrO
noaxopa 6bina PeKOHCTPYMpPOBaHa TPeXAOMeHHasA NoTeHUManbHan reHHan ceTb, KOTopasA acCoLMMPOBaHa C reHepa-
NM30BaHHOW TPEBOXXHOCTBIO Y YenoBeKa, MO MOAENAM Mblllen C Pa3HbiM YPOBHEM TPEBOXHOCTM MyTem aBTOMaTu-
YeCKOro aHanm3a TeKCToB HayuHbIX cTaTel. OfMH AOMEH acCOLMMPOBAH C MOHVIXXEHHOW TPEBOXKHOCTBIO Y YesloBeKa,
BTOPOW — C NOBbILUEHHOW, TPETWI CIYXUT AUCNETYEPOM, KOTOPbI aKTUBMPYET OAUH 13 ABYX JOMEHOB B 3aBUCMMOCTH
OT CTaTyca opraHu3ma (reHeTUYecKoro, aNMreHeTnYeckoro, GU3nMoNornyeckoro). tanbl paboTbi: (1) N3 6asbl AaHHbIX
NCBI GEO B3AT CNNCOK reHOB, SKCNPEeCCUPYIOWMNXCA B MOACHOWN KOpe rofIoBHOMO MO3ra IMHUM MblLLe AUKOro TUMa
CD-1 (3kcneprimeHT GSE29014). C NOMOLLbIO MHCTPYMEHTOB 3TOM 6a3bl BbIABMIEHbI Pa3fiMuma B YPOBHAX IKCMpeccum
reHOB B rpynnax Mblllen C HU3KOW U BbICOKON (OTHOCUTENIbHO HOpPMasibHOW) TPEBOXHOCTbIO; () nonck optonoros
3T y uenoBeka 1 MbllLeN, aCCOLMNPOBAHHBIX C TPEBOXHOCTbIO B 6a3e AaHHbIXx OMA Orthology; (Ill) kKomnbloTepHas
PEKOHCTPYKLMA C MOMOLLbIO KOTHUTUBHOWM ccTembl ANDSystem Ha OCHOBe reHOB-OpTONOroB YenoBeka 13 stana (1),
reHoB yenoseka 13 6a3bl AaHHbIX MalaCards, accoLMnpoBaHHbIX C TPEBOXHOCTbIO YenioBeKa. AMpoOrpoBaHHble Me-
TOAblI TPAHCNALMOHHOTO NOAXOAA ANA PEKOHCTPYKLMM FreHHbIX CETE perynaumm noBefeHna MoryT CNob30BaTbCA
LN BblIABNEHNA MONEKYNAPHO-TEHETUYECKNX MaPKEPOB YepPT JIMYHOCTY YeNIOBEKa, CKOHHOCTY K MCUXOMNaTONOrMN.
KnioueBble cnioBa: anddepeHLmanbHO SKCNPEeCCUPYIOLLMECs FeHbl; MOACHas KOopa rofIOBHOMO MO3ra; aBTOMaTUYECKUIA
aHann3 TEeKCTOB; HayuYHble My6nuKaLmm; KOMNbloTEPHaA PEKOHCTPYKLMA; FeHHble CETU; MOLENb MblLLel C NoBeAeHneM
BbICOKON-HOPManbHON-HN3KON TPEBOXKHOCTH.

[Ana yntnposaHua: BepryHos E.I, CaBocTbAHOB B.A., MakapoBa A.A., Hnkonaesa E.N., CaBoctbaHoB A.H. KomnbloTtep-
HaA PEKOHCTPYKLUMA 1 aHaNIN3 FreHHbIX CeTel, KOHTPOMPYIOLWNX YPOBEHb TPEBOXKHOCTY Yy NabopaTOPHbIX MbILLEN 1
yenosekKa. Basunosckuli xypHasn 2eHemuku u cenexkyuu. 2025;29(1):162-170. doi 10.18699/vjgb-25-19
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Computer reconstruction of gene networks
controlling anxiety levels in humans and laboratory mice
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Abstract. Anxiety is a normotypic human condition, and like any other emotion has an adaptive value. But excessively
high or low anxiety has negative consequences for adaptation, which primarily determines the importance of study-
ing these two extreme conditions. At the same time, it is known that the perception of aversive stimuli associated with
anxiety leads to changes in the activity of the brain’s cingulate cortex. The advantage of animals as models in study-

© BepryHos E.I', CaBocTbAHOB B.A.,, MakapoBsa A.A., Hukonaesa E.N., CaBocTbaHOB A.H., 2025
KoHTeHT goctyneH nog nuueHsven Creative Commons Attribution 4.0


https://orcid.org/0000-0002-8352-5368
https://orcid.org/0009-0002-4355-1374
https://orcid.org/0009-0005-1844-7921
https://orcid.org/0000-0001-8363-8496
https://orcid.org/0000-0002-3514-2901
https://orcid.org/0000-0002-8352-5368
https://orcid.org/0009-0002-4355-1374
https://orcid.org/0009-0005-1844-7921
https://orcid.org/0000-0001-8363-8496
https://orcid.org/0000-0002-3514-2901

E.Il. BepryHos, B.A. CaBocTbAHOB, A.A. MakapoBa
E.W. Hukonaesa, A.H. CaBocTbAHOB

2025
291

PeKOHCprKLl,I/IFI M aHaNWn3 reHHbIX ceTen,
aCcCcouMmMpPOBaHHbIX C Pa3NNYHbIMN YPOBHAMUN TPEBOXKHOCTN

ing the genetic bases of anxiety in humans is in the ability to subtly control the external conditions of formation of a
certain state, the availability of brain tissues, and the ability to create and study transgenic models, including through
the use of differentially expressed genes of small laboratory animals from the family Muridae with low and high
anxiety. Within the framework of the translational approach, a three-domain potential gene network, which is asso-
ciated with generalized anxiety in humans, was reconstructed using mouse models with different levels of anxiety by
automatically analyzing the texts of scientific articles. One domain is associated with reduced anxiety in humans, the
second with increased anxiety, and the third is a dispatcher who activates one of the two domains depending on the
status of the organism (genetic, epigenetic, physiological). Stages of work: (I) A list of genes expressed in the cingulate
cortex of the wild type CD-1 mouse line from the NCBI GEO database (experiment GSE29014). Using the tools of this
database, differences in gene expression levels were revealed in groups of mice with low and high (relatively normal)
anxiety. (Il) Search for orthologs of DEG in humans and mice associated with anxiety in the OMA Orthology database.
(Il) Computer reconstruction using the ANDSystem cognitive system based on (a) human orthologous genes from
stage (Ill), (b) human genes from the MalaCards database associated with human anxiety. The proven methods of
the translational approach for the reconstruction of gene networks for behavior regulation can be used to identify
molecular genetic markers of human personality traits, propensity to psychopathology.

Key words: differentially expressed genes; cingulate cortex; automatic text analysis; scientific publications; computer
reconstruction; gene networks; mouse model with high-normal-low anxiety behavior.

For citation: Vergunov E.G., Savostyanov V.A., Makarova A.A., Nikolaeva E.I., Savostyanov A.N. Computer reconstruc-
tion of gene networks controlling anxiety levels in humans and laboratory mice. Vavilovskii Zhurnal Genetiki i Selektsii=
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BBepeHune

TpeBOKHOCTh — HOPMOTHUITHYHOE COCTOSIHUE YenoBeka (Ma-
lezieux et al., 2023) u, kak mo0ast apyras SMOLHS, UMEET
agantuBHOe 3HadeHue (Stein, Bouwer, 1997). Onnako co-
CTOSIHUE YPE3MEPHOH TPEBOXKHOCTHU WJIU IIOJIHOE OTCYTCTBUE
TaKOBOH BIIEUET 32 COOOH HETaTUBHBIC MTOCIEICTBUS TSI 8 1arl-
tauu (Penninx et al., 2021). Cunraercs J0Ka3aHHBIM, YTO
MPUYHHAMHU KpAaiHUX BapUAHTOB BBIPAKECHUS TPEBOKHOCTH
SIBIISICTCSI COUCTAHHE TCHETHYCCKHUX (PaKTOPOB U (HaKTOPOB
cpensl (Hettema et al., 2001).

IIpeumyiecTBo KMBOTHBIX KaK MOZEIJIEH IIPU U3yYEHUU
IEHETHYECKMX OCHOBAaHUI TPEBOXKHOCTH Y YEJIOBEKA CBSI3aHO
C BO3MOXHOCTBIO TOHKO KOHTPOJIMPOBATh BHEIIHUE yCIOBHUS
(hopMHPOBaHUS OTPENEICHHOTO COCTOSHUS, JOCTYITHOCTHIO
TKaHEH MO3Ta ¥ BO3MOKHOCTBIO CO3J1aBaTh U H3y4aTh TPAHC-
rerbie Mogenu (Vandamme, 2014; Yanaesa u np., 2023;
Krause et al., 2023), B TOM 4HCJIe C HCIIOIb30BAHUEM H(]-
(hepenmnmanbHo dKcIpeccupyrommxcst reHoB (JI217) menkux
1a00paTOPHBIX KUBOTHBIX M3 CEMEHCTBA MBIIINHBIX C HU3-
xoit (low anxiety behavior, LAB) u Beicokoii (high anxiety
behavior, HAB) tpeBoxkHocThIO (Gryksa et al., 2023). ITpu
COIOCTABIICHHUH )KUBOTHBIX U YCIIOBEYCCKUX MOJICIICH TeHETH-
YeCKHUe MCCIIEI0BaHMsI JIIOJCH C TeHePaI30BaHHBIM TPEBOXK-
HBIM paCCTpOﬁCTBOM CpaBHHBAIOT C MOJICIIIMU Ha I'PbI3yHAX,
MOJTyYCHHBIX TIPH BO3ICHCTBUH CTPECCOTCHHBIX CTUMYJIOB
(Koskinen, Hovatta, 2023). OdeBuHa 3HAYUMOCTh TaKHUX
MoIeIei [UTs TOHUMaHUS MOJICKYJISIPHBIX OCHOB TPEBOXKHOCTH
TIPU CO3JJAaHUY TCHETUYCCKUX MOJICIICH.

B Hacros1ee BpeMs pu 00bsSCHEHHH TPEBOKHOCTH Y YeJIo-
BEKa paccMaTpuBaeTcs 60ibIoe KonuyecTBo reHoB (Otowa et
al., 2016; Koskinen, Hovatta, 2023; Mucha et al., 2023). Mo-
JIEKYIJISIPHBIC MEXaHU3MBI TPEBOKHOCTH KaK Y UeIOBEeKa, TaK
1y )KHBOTHBIX CBSI3aHBI C TP PEPCHINATEHON aKTUBHOCTHIO
TCHOB HEHPOTPAHCMUTTEPHBIX CHCTEM, MPEHUMYIIECTBEHHO
CEpOTOHMHOBOH U J0()aMHUHOBOMH, a TAKKe C y4acTHEM JAPY-
rux MmoHoamuHoB 1 TAMK (Morris-Rosendahl, 2002; Nuss,
2015; Gottschalk, Domschke, 2017; Galyamina et al., 2018;
Moraes et al., 2024; Strom et al., 2024). [Ipu aTomM oTMeueHa

POJIb TEHETHYECCKHX TTOJIMMOP(HU3MOB B OIIPE/ICIICHIH YPOBHS
tpeBokHOCTH (Sen et al., 2004; Ivanov et al., 2019).

I'eneTnueckure Mapkepbl TPEBOKHOCTH y MBIILEH U JTHOIEH
BO MHOTOM OJIM3KH, YTO TIO3BOJISICT IEPEHOCHUTH PE3YIBTATHL,
MOJTyYCHHBIC HA JKUBOTHBIX, Ha MIOHHMAaHHE MEXaHU3MOB
TpeBokHOCTH Y 4yenoBeka (Hovatta, Barlow, 2008; Hettema
etal., 2011; Brasher et al., 2023). [IposiBiieHHE TeHETHIESCKHIX
MOAMMOP(HU3MOB CHIIBHO MOAU(DUIIUPOBAHO COI[HOKYIIBTYP-
HBIMH (DaKTOpaMH, U B IIEJIOM B3aHMMOCBSI3b TPEBOKHOCTH C
TCHOTHIIOM Y YeJIOBEKa CYIIECTBEHHO MOMYIUPYETCS YCIIO-
BUsIMU BHemtHeH cpensl (Schinka et al., 2004; Ebstein, 2006;
Meng et al., 2024; Petrican et al., 2024).

[TombITKH BBISIBUTH TEHETUYCCKUE MAapKEPhl MOBEICHYEC-
CKHX CBOWMCTB Ha OCHOBE aHaJIM3a FTCHOB-KaHIU/aTOB OOBIYHO
OKa3BIBAIOTCS MaI03(h(HEeKTHBHBIMHE BCIEICTBHE TOTO, UTO HE
CYIIECTBYET OMHOYHBIX TCHOB, OTHO3HAYHO OTIPEIEIISFOIITIX
nosenenne (Duncan et al., 2014; Bruzzone et al., 2024). 3o
0OBSICHACTCSI TEM, YTO (POPMHUPOBAHKE (PCHOTHITUICCKHIX Xa-
PAKTEPUCTUK OPIraHU3MOB KOHTPOJIUPYETCS HE OTACITbHBIMU
TeHaMH, a TCHHBIMHU CCTSAMH — IPYIIIaMH KOOPIUHUPOBAHHO
(hYHKITMOHUPYIONIUX TE€HOB, B3aMMOJACHCTBYIOMNX APYT C
IpyroM depes cBou mpoaykTel — PHK, Genxn, MmeTabomuTs
(Kolchanov et al., 2000; KomuanoB u mp., 2013). meHnHO
TCHHBIC CETH, (PYHKIIMOHHUPYS Ha OCHOBE HH(POPMAITUH, 3aKO0-
JUPOBAHHOU B FeHOMaX, 00eCIIeYrBaOT (POPMUPOBAHHE BCEX
(hEHOTUIMMYCCKUX TPU3HAKOB OPTaHU3MOB (MOJICKYIISIPHBIX,
OMOXMMHIYECKUX, KIIETOUHBIX, (PH3HOIOTHIECKHX, MOpdoITo-
rugeckux u ap.) (Komaanos u ap., 2013).

MeI monaraeM, 9To PeKOHCTPYKIIHSI H aHAIA3 TCHHBIX Ce-
Tell — IepPCIIEKTHBHBIC MOAXO/IBI K TOHUMAHUIO MOJICKYIISIPHO-
TeHETHYCCKUX MEXaHU3MOB, KOTOPBIC JIGKAT B OCHOBE (POp-
MHUPOBaHUS JINYHOCTHBIX XapaKTCPUCTUK YESIIOBEKA, BKITIOUAsT
TPEBOXKHOCTD, HHAYIIUPYEMBIX (DakTOpamMu BHEIITHEH Cpebl.
PexoHCTpYKINS TEHHBIX ceTel U MX (PYHKIMOHAIBHBIX MOJTY-
JICH OCYIIECTBISCTCS HAa OCHOBE MOJICKYIIIPHO-TCHETHIC CKOM
UH(POPMAITUH, TIPSIICTABICHHON B HAYYHBIX ITyOIUKAIUIX U
(hakrorpaduueckux 0a3ax HAHHBIX, TAKHX KaK PE3YJIbTaTh
CCKBCHUPOBAHUsI FTCHOMOB Y€JI0BCKA U )KHUBOTHBIX, MATCPHAITBI
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no nuddepeHnnanbHO IKCIPECCUPYIOMUMCS TeHAM, aji-
JIeTTbHBIM MOJIUMOP(U3MaM, aCCOLIMMPOBAHHBIM C 11€JIEBBIMU
(heHOTHITIUECKUMHU XapaKTePUCTUKAMU OPTaHU3MOB, U JIp.
(Mostafavi et al., 2008; Kramer et al., 2014; Szklarczyk et al.,
2015; Chen et al., 2016; Ivanisenko et al., 2022).

OnHaKo peKOHCTPYKIMS TEHHBIX CETEH TPEBOXKHOCTH Ye-
JIOBEKa HE MOXKET OBITh BBIIIOJIHEHA HA OCHOBE MPUIKU3HEH-
HBIX SKCIICPUMEHTAJIBHBIX UCCIICIOBAHMUI, TPEOYIOIINX B3ATHS
P00 OMOIOTHIECKIX TKAHEH MO3Ta IS TIOIyIEHHS MOJIEKY-
JSIPHO-TEHETHYECKUX TaHHBIX. [109TOMY MBI HCIIOTH30BAIH
TPaHCISIMOHHBIA TOAXO0/I, OCHOBAHHBII HAa aHAINA3E PE3yib-
TaToB, moiay4yeHHbIX L. Czibere ¢ xomteramu (2011) B 3xcme-
pUMEHTaxX Ha MbIIIAaX, B KOTOPbIX M3y4anach TuddepeHim-
aJbHast HKCIIPECCHS TEHOB B MOSICHON KOpPE TOJIOBHOTO MO3ra
TUHAN MBImed mukoro tuma CD-1 ¢ pa3nudHeIM ypoBHEM
TPEBOKHOCTH.

DKCIIePUMEHT TMOKAa3aJ, YTO MBIIIU C BEICOKOW TPEBOXK-
HOCTBIO JIEMOHCTPHPYIOT OoJiee IMacCHBHYIO CTPATEruio ee
[IPEOIOJICHNS], YEM MBIIIH C HU3KOH TPEBOXKHOCTHIO, YTO Ha-
MOMHHAET KIMHUYECKYI0 KOMOPOHMIHOCT TPEBOTH U JIeTIpec-
cuM (MX COBMECTHOTO TIPOSBIICHNS), HAOIIOMAeMYIO Y TICH-
xuaTpruaeckux narueHToB (Czibere et al., 2011). Do sBUIOCH
000CHOBaHUEM HUCIONB30BaHUS NaHHBIX 1Mo DT Mmbrmei
JUTSL PEKOHCTPYKITUH TeHHBIX CETEH YeIOBEKa, BOBICUCHHBIX
B KOHTPOJIb Pa3HbIX YPOBHEH TPEBOKHOCTU. [leranu TpaHc-
JISIIIMOHHOTO MO/IXO0/Ia OMTUCAHBI HUXKE.

B pexoHCTpyrpoBaHHOM OTEHIIMAIBLHOM T€HHOW CETH ue-
JIOBeKa HaM¥ OBIJIO BBISIBICHO TPU (DYHKITHOHATIHHBIX JOMEHA,
OJIFH U3 KOTOPBIX OTBEYACT 32 PCAKIINIO TIOHIKEHHOM TPEBOXK-
HOCTH, IPyTOf — 33 PEaKIHIO OBBIIIEHHOH TPEBOXKHOCTH, a
TPETH UrpaeT pojib TUCIeTYepa, aKTUBUPYIOIIETO OMH U3
JIBYX JIPyTUX JIOMEHOB B 3aBUCHMOCTH OT T'€HETHYECKOTO,
STIIUTEHETHIECKOTO, (PH3MOIOTHIECKOTO CTaTyca OpraHu3Ma
U COCTOSTHISI BHEIITHEH CPEIBI.

MaTepwuan u metogabl
JKCcnepuMeHTANIbHbIE JaHHble. [ peKOHCTPYKIIMH TeH-
HBIX CeTeH KOHTPOJISI TPEBOKHOCTH MCTIONb30BaHa HH(OpMa-
s u3 padotsl (Czibere et al., 2011), B koTopoit 25 ocobeit
MbImiel qukoro tumna tuHuu CD-1 ogHOTO Mokonenus (Mus
musculus Linnaeus, 1758; https://www.ncbi.nlm.nih.gov/
Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090)
OBUTH MOJBEPTHYTHI CTPECCOBOMY BO3ACHCTBHUIO (TLUIaBaHUE
B X0JI07HOH Bone B TeueHue 10 muH). [Tocme 3Toro ¢ momo-
b0 3KcripeccnorHoro guma MouseWG-6 v1.1 Expression
BeadChip-system (46 132 o6pasua) Obira mpoBeieHa OlleHKa
YPOBHSI 9KCIIPECCHH TE€HOB B MOSICHOM KOpE TOJIOBHOTO MO3Ta
9THUX MBbIIIEeH. DKCIIepUMEHTaIbHbIE KUBOTHBIC OBUIN pa3-
JIeJICHbl Ha OCHOBE MOBEJCHYECKUX TECTOB B PyKaBaX IMpH-
MOIHATOTO KpecTooOpa3Horo Ja0UpHUHTa HA TPU TPYIIIEL: C
Huskoi (low anxiety behavior, LAB), HopmanbHo# (normal
anxiety behavior, NAB) u Bbicokoii (high anxiety behavior,
HAB) tpeBokHOCTBIO (Czibere et al., 2011). Pe3ynsrars! axc-
nepuMeHTa npencrasiensl B 6aze NCBI GEO ¢ unzaexkcom
GSE29014 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE29014).

MeTo/1bI KOMIIBIOTEPHOT0 aHAIM3a. CITHCOK T'€HOB, IKC-
npeccupytomuxcs, cornacHo (Czibere etal., 2011), B mosicHO#
KOpe TOJIOBHOTO Mo3ra Melied (akcriepumenT GSE29014),
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B3sT u3 0a3bl qaHHbIX NCBI GEO (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE29014). BrisBincHue
pas3IM4uil B ypOBHSAX DKCIPECCHU TEHOB MEXIY TPYIIIaMH
MBIIIEH ¢ PA3HBIMH YPOBHSIMH TPEBOKHOCTH BBIIIOJIHEHO C
nomornsio nacrpymentapust NCBI GEO (https://www.ncbi.
nlm.nih.gov/geo/geo2r/?acc=GSE29014). Jlns noucka op-
TOJI0TOB (D (hepeHInaIbHO IKCIPECCUPYIOIUXCS T€HOB Y
YCJIIOBCKA U Mblmeﬁ, ACCONMUPOBAHHBIX C TPEBOKHOCTLHIO,
OpLTa Hcnonp3oBaHa 6aza maHHEIX OMA Orthology (https://
omabrowser.org/oma/home/).

PexoHCTpYKIMS MOTEHINAIBHBIX TEHHBIX CETEeH YeI0BeKa,
ACCOIIMMPOBAHHBIX C COCTOSIHUEM TI'€HEpaN30BaHHON Tpe-
BOXXHOCTH BBICOKOTO M HH3KOTO YPOBHSI, OCYIIECTBISUIACh
Ha OCHOBE I'CHOB 4YCJIOBCKA, OPTOJIOTMYHBIX I'CHAM MBIIIH,
T GepeHITaTbHO SKCIPECCHPYIOMNMCS B MOSICHON Kope
TOJIOBHOIO MO3ra MbIIIH. J{jis 3T0r0 npumeHsuiack paspabo-
tanHas B UI{ul" CO PAH xoruutuBHas cucrema ANDSystem
(Ivanisenko et al., 2019), ucronb3yromas METOIbI MalIHH-
HOT'O YTCHHUA U UCKYCCTBCHHOI'O MHTCJIJICKTA [JIs1 aBTOMAaTU-
YECKOr'0 M3BJICUCHHS 3HAHUU U q)aKTOB W3 UCTOYHUKOB 00JIb-
IINX TEHETHYECKUX JAHHBIX — TEKCTOB JIECSATKOB MHJUIHOHOB
HayYHBIX CTaTel 1 MMaTeHTOB U THICSY (akTorpaduaeckux 6a3
IaHHBIX. B Hactosmiee Bpemst B 0aze 3HaHmit ANDSystem
coziepKuTCsl MHpOpMaIHs O 2 MIIH TeHOB U OEJKOB, 46 THIC.
3a00JI€BAHMM, JECATKAX THICSY METAOOIUTOB M OHOJIOIHYE-
CKHX IPOIECCOB, a TAKXKE ACCATKAX MUJUTMOHOB MEKMOJIEKY-
nsapHBIX B3anmoneiicteui (Ivanisenko et al., 2024).

Pe3ynbratbl

HpI/IHLIl/IHl/IaJ'IbHaSI CXEMa aHaJIn3a JaHHbIX, HAYHMHAIOMICTOC C
bopmupoBanus cricka JI91" B osicHOM Kope MbIIIel THHUU
CD-1 g rpymm Beicokoii (HAB) n Huskoit (LAB) TpeBoxHO-
CTH, KOTOPBIH BKJITFOYAET B Ce0sI TOUCK OPTOIOTOB TU(PepeH-
[IUAIIBHO HKCITPECCHPYIOIINXCSI TEHOB Y YeJIOBEKa U MBIIIEH,
ACCOLIMUPOBAHHBIX C TPEBOXKHOCTBIO, U 3aBEPIIAIONIETOCS
PEKOHCTPYKIMEH IOTEHIMAIBHBIX T€HHBIX CETEH YeI0BEKa,
ACCOIMMMPOBAHHBIX C YPOBHAMHU TPEBOKHOCTHU, IIPUBEACHA HA
puc. 1. PaccMOTpuM OCHOBHBIE PE3yJIbTaThl ITOTO MOIXO/A.

MonyueHne cnncka [13T B noAcHO KOpe MbiLiein

nuHun CD-1 gna rpynn HAB n LAB

[Ipexnae Bcero ObLI MPOBEACH MOUCK AU GEpPEHITHATBHO
9KCIPECCUPYIOIIUXCS TEHOB B MOSICHONW KOPE MBILIEH JIMHUU
CD-1, oTmyaronyx rpymiry ¢ BEICOKOH TpeBOKHOCTEIO (HAB)
oT rpynmnsl ¢ HopMansHOH (NAB) TpeBOXKHOCTBIO U TPYHITY
¢ HU3KOI TpeBokHOCTHIO (LAB) OT rpynmsl ¢ HOpMaJIbHOM
TpeBokHOCTHIO (NAB). ITpu cpaBaenuu rpynn HAB u NAB
BoisiBiieHO 185 JIOT), a mpu cpaBuennu rpynn LAB u NAB —
193 12T (cm. puc. 1). KommaectBo obmux 31 y Mprmiei,
nony4deHHBIX B cpaBHeHHsIXx HAB/NAB u LAB/NAB, pas-
HO 133. OueHka 3HaUUMOCTH CTOJIb CUJIBHOTO MEPECEUECHUS
C UCHOJb30BAaHHEM THIEPreOMETPUUYECKOTO pacpeieNeHus
¢ nonpaBkoii boHhbeppoHu [yist MHO)KECTBEHHBIX CPAaBHCHHIN
naet Bemuuuny Pyg; < 8.4-107° (cm. puc. 1).

MO’KHO HPEMONOKHTE, YTO CTPECC-OTBETHI IBYX CPABHH-
BAEMBIX ITap TPYII MBIIIEH, COOTBETCTBYIOIINX ITOBBIIICHHOH
WA MOHMKEHHOU TPEBOXKHOCTH, SIBISIIOTCSI YaCTIMHU HEKO-
TOpOW KPYyIHOI F€HHOM CeTH, ONpeeNsIoell ypoBeHb Tpe-
BOXKHOCTH TIPH CTPECC-OTBETE.
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PeKOHCTPYKUMA 1 @aHanU3 reHHbIX ceTen,
ACCOLMMPOBAHHDBIX C Pa3INYHbIMY YPOBHAMU TPEBOXKHOCTY

MonyyeHune cnncka [131 B noAcHomM Kope mbiwwei nnHun CD-1
ana rpynn Bbicokon (HAB) 1 Huskoli ( LAB) TpeBOXXHOCTU (OTHOCMTENbHO HopManbHo, NAB)

030y mbiwen HAB:
185

13Ty mbiwen LAB:

MepeceueHne 30
193 HAB N LAB =133

3HaYMMOCTb NepeceyeHmns:
Pagj < 84-107°

Momck opTonoros anddepeHLmanbHO SKCNPECCMPYIOLUMXCSA TEHOB Y UENIOBEKa 1 MbILUE,
aCCOLMMPOBAHHBIX C Pa3HbIMY YPOBHSMY TPEBOXHOCTU

OpTtonoru mblwen HAB:
16 reHoB

Optonoru mbiwen LAB:

I'IepecequMe reHoB 3HauMMOoCTb nepeceyeHus:

8 reHos HAB N LAB=5 Pagj < 0.024 <0.05

PeKOHCTPYKLMA NOTEHLMaNbHbIX FEHHbIX CETEN YeroBeKa, acCOLUMPOBaHHbIX
c coctosiHneM Bbicokoi (HAGN) 1 Hu3Koi (LAGN) reHepan30BaHHON TPEBOXHOCTH

leHHasa cetb HAGnN:
8 reHoB 1 36 6enkoB

leHHasa ceTb LAGn:
3 reHa v 26 6enkos

MepeceyeHne reHoB = 3
MepeceueHne 6enkoB =21

3HaunmocTb P,y < 0.040
3HaunmocTb P,y < 0.0001

Puc. 1. ba3oBblie 3Tanbi PEKOHCTPYKLUNN NoTeHUManbHOW reHHON CeTn YenoBeKa, aCCOLlVIVIpOBaHHOVI C BbICO-
KUM U HU3KM YPOBHAMUN TPEBOXHOCTU.

Mownck optonoros [13I y uenoBeka v MbllLen,
accoLMPOBaHHbIX C TPEBOXXHOCTbIO

WnenTudukanys reHoB 4elI0BeKa, OPTOIOTHYHbIX JIDT MbIIim,
BBISIBJICHHBIM ITPY CPAaBHEHHUHU T'€HHBIX CETEH, OTBETCTBEHHBIX
32 pasIIYUs B YPOBHAX TPEBOKHOCTH MEXKTY TPYIITIAMU MBI-
meit LAB/NAB u HAB/NAB, ocymiecTsisiiack ¢ HCIOIb30-
BanueM 0a3bl anHbix OMA Orthology (https://omabrowser.
org/oma/home/). JInst 3TOrO OBIT HAaNKMCaH CKPUMIT HA S3BIKE
Python, xotopslii cpaBHuBai ID reHbl MbIIIN ¢ OpTOJOTa-
MU yesioBeka u Bbaasal ID i renos uenoseka. Beero B
TaKUX CPaBHEHUSIX OBLIO OOHapy)XEHO 8 TEHOB-OPTOJIOTOB
yenoBeka Ha ocHoBe IO mst mprreit LAB/NAB u 16 — Ha
ocuose JIOI" mst meimeit HAB/NAB. KonmnuectBo 00mmx
JUTS IBYX CIIFICKOB TEHOB-OPTOJIOTOB YEIOBEKA COCTABHIIO 5.
OreHka 3HAYMMOCTH MEPECEYCHUs C MCIIOIb30BaHUEM TH-
[IepPreoMeTPUUECKOro pacupeaesieHus: ¢ nomnpabkoil boH-
(heppoHN IIT MHOKECTBEHHBIX CpPaBHEHHH JacT BEIHIMHY
Py < 0.024 < 0.05 (cm. puc. 1).

PeKOHCTPYKLUA NoTeHUManbHbIX FeHHbIX CETel YeSIOBEKa,
accoUMMPOBAHHbIX C COCTOSIHUEM reHepan3oBaHHOM
TPEBOXKHOCTU BbICOKOTO 1 HN3KOTO YPOBHA

Pewenue aToii 3a1a4n OCYIIECTBIISIIOCH C TOMOIIbIO KOTHH-
tuBHOU cucteMsl ANDSystem. Mcnons3oBanoch 1Ba THIa
uHpopmarun. [Ipexae Bcero, Beioopka, comeprkaimast 19 Bbi-
SIBIICHHBIX pPaHee Pa3JIMYHBIX '€HOB-OPTOJIOrOB YEJIOBEKA.
U xpome Toro, 176 reHOB uenaOBEKa, aCCOLUUPOBAHHBIX C
paccTpoiCTBaMK TPEBOXKHOTO M JCHPECCHBHOIO CHEKTpa U
TPEBOXKHOCTHIO YEIOBEKA, KOTOPhIC OBLIM B3SThI U3 0a3bl
nmanabIx MalaCards (https://www.malacards.org/card/anxiety
#Genes).

Ha »st1oif ocHoBe ¢ momompio ANDSystem ObuTH pexoH-
CTPYMPOBaHBI JIBE NOTEHIMAIbHBIC TE€HHBIC CETH YeJIOBEKa:
1) HAGn (High Anxiety Gene Network), accouuupoBaHHast
C BBICOKOW TPEBOKHOCTBIO U cofieprKamias § TeHOB 1 36 6ed-
koB; 2) LAGn (Low Anxiety Gene Network), accorumpo-
BaHHAs C HU3KOH TPEBOKHOCTHIO, B KOTOPYIO BOLIIH 3 TeHa
u 26 OeNKOB.

T'ennas cetb LAGn, oTBETCTBEHHAS 32 COCTOSTHUE HU3KOTO
YPOBHS TPEBOKHOCTH, BKITFOYAET KPYMHBIN Ki1acTep, Coziep-
skamuii 10 cBA3aHHO B3aUMOICHCTBYIOIIMX OCJIKOB U T'€HOB,
Y TSITh H30JTMPOBAHHBIX MaJIOPa3MEPHBIX KIIacTepoB (puc. 2).

B rennoii cetu HAGn, oTBeTCTBEHHOM 32 COCTOSIHHE BBICO-
KO TPEBOXKHOCTH, BO-TIEPBBIX, BBIJIEIISAETCSI KPYIHBIN KlIacTep
13 32 cBA3aHHO B3aNMOCHCTBYIOIINX OCITKOB M TEHOB, 3aTEM
CPeIHHM, KOTOPBIA COCTOUT U3 7 OCIKOB M T'CHOB, a TaKXKe
JIBa M30JINPOBAHHBIX KJIaCTepa MEHBIIECTO pa3mepa (puc. 3).

Otmertnm, uto kpynHbA knactep HAGn (eum. puc. 3, I-111)
BKITIOUAET B ceOs mennkoM Tpu kinactepa LAGn (cM. puc. 2,
I-1I1), a cpennuii kitacrep HAGn (cm. puc. 3, IV) Bkiroyaer
B ce0s menmmkoM oxnH kimactep LAGn (em. puc. 2, IV). [IBa
kiactepa HAGn (cwm. puc. 3, VII, VIII) u nBa knacrepa LAGn
(cm. puc. 2, V, VI) He UMEIOT aHAJIOTOB B KJacTepax Ipyron
rennoit cetu. U xora knacrepst IV, VII u VIII moryt nmers
COBMaaoNIMe OCITKH C TPOYNMH KJIacTepaMu IpyTroif FTeHHOH
CETH, HO IaKe B 3TOM CIIydae UX POJIb B CBA3AX B «CBOMX) KJla-
cTepax OTIMYAETCS OT POJIM B KJIACTEPax APyrol FeHHOM ceTu.

O6e cetn (LAGn u HAGn) umeror Tpu 001mmx rena. Ouen-
ka 3Haunmoctu nepecedenuss LAGn u HAGn, cornacHo ru-
[IEPreOMETPUUECKOMY PACIPENEIICHUIO ¢ MOIpaBkoil boH-
(heppoHHM JUIT MHOXKECTBEHHBIX CPABHEHHH, 1aeT BEIHUUHY
Py <0.040 (<0.050) (cm. puc. 1). Taxoke cetu LAGn u HAGn
uMeroT 21 o6umii 6enok, Pyg; < 0.0001 (cm. puc. 1).

O6cyxpeHue

MO’KHO TPENONIOKHUTE, YTO TPH BBISIBICHHBIX T€HA, 00IIHe
qutst iByx cereit (LAGn mu HAGn), popmupyror ocodyto res-
Hyt cetb — untTepdeiic Gnl (Gene Network Interface), pery-
JMPYIOLIYIO B3aUMOJICHCTBIE MEX Ty TeHHbIMHU ceTsiMu LAGn
1 HAGn, KOTOpbIE OTBETCTBEHHBI 32 (HOPMUPOBAHUE COCTOS-
HUSI HU3KOM U BBICOKOI TpeBokHOCTH. KauecTBeHHas cxema
B3anmopeiictBust LAGn, HAGn u Gnl npuBenena Ha puc. 4.
3neck nomer 1 (wacte LAGn) oTBeuaer 3a peakiuio MOHHU-
JKEHHOH TpeBoxkHOCTH; oMeH 2 (dacth HAGn) oTBevaer 3a
PEaxITIIo MOBBIIICHHOHN TpeBoKHOCTH; foMeH 3 (Gnl, oOrmas
yacth 1 Uit LAGn, u it HAGn) BeicTynaer kak mHTepQeinc
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Puc. 2. Busyanusauma noTeHumanbHON reHHon ceTn yenoseka LAGN, OTBETCTBEHHOM 3a COCTOAHME HU3KOW TPEBOXHOCTU
y uenoBeka.

Pumckumn undpamn 0603HaUeHbl U30IMPOBaHHbIE KnacTepbl. 1 — reH, 2 — 6enokK, 3 — nogasneHne akTMBHOCTY 6esika, 4 — NoBblleHne
aKTUBHOCTY 6enka, 5 — KaTanuTryeckas peakuyus, 6 — SKCnpeccus, 7 — nofasneHmne SKCNPeccun reHa, 8 — perynaums SKCNpeccnm rexa,
9 - noBblLWeHMe 3Kcnpeccum reHa, 10 — 6enok-6enkoBoe B3arMogencTeue.
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Puc. 3. Busyanusauma noteHumanbHom reHHom cetn yenoeka HAGN, OTBETCTBEHHON 3a COCTOAHME BbICOKOW TPEBOXHOCTM
y yenoseka.

Ycn. 0603H. CM. Ha puc. 2.
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Bcero 36 6enkos,

oXHocTb HAGN

s & domeHe 2

Bbicokasa TpeBoxxHOCTb HAGN

13 HUX 15 6enKoB B JOMeHe 2
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PeKOHCprKLl,I/Iﬂ M aHaNWn3 reHHbIX ceTen,
aCcCcouMmMpPOBaHHbIX C Pa3NNYHbIMN YPOBHAMUN TPEBOXKHOCTN

Huskasa TpeBoxHOCTL LAGN
Bcero 3 reHa, HanoXxeHue
nomeHa 1 n gomena 3 (Gnl)

Gnl,

AuncneTyep Hu3kasa TpeBoxHOCTb LAGN \
Bcero 26 6enkos, |
21 6enok 13 HUX 5 6enKoB B AOMeHe 1 /

B JOMeHe 3

Puc. 4. KauectBeHHasA cxema B3ammopaencTena LAGn (reHHasa ceTb NOHMXKeHHOW TpeBoXxHOoCTH), HAGN (reHHas ceTb
NOBbILIEHHON TPEBOXKHOCTW) 1 Gnl (AncneTyep, KOTOPbIN aKTUBMPYET JOMEH T nnun AOMeH 2).

A- pacnpeneneHmne reHos, b- pacnpeneneHne 6EJ'IKOB, KoAnpyembIX reHamun.

Mexay aomeHamu | u 2. OH urpaer posp AUcCHeTdepa, Ko-
TOPBIA aKTUBHPYET AOMEH | i 2 B 3aBUCUMOCTHU OT T€He-
THYECKOT0, AIUTEHETHUECKOTO, (PU3UOJIOTHYECKOTO CTaTyca
opraamMa. O6CyXIeHIe TTOIX0/1a Ha OCHOBE CYIIECTBOBAHHUS
nogoOHoro aucnerdepa aaxo B (Shin et al., 2024).

Kak moka3zeiBaer Ham a”anu3 J[OI' Ha ocHOBe 3KcHepu-
menta GSE29014, amanormyHas TpexIOMEHHas CTPYKTypa
MPOSIBIISIETCS U B3aUMOACHCTBHUS IBYX HaOOpOB T€HOB,
accorunpoBanHbIX ¢ Hu3koi (LAB) u Bricoxoit (HAB) tpe-
BOYKHOCTBIO MBIIIIEH, a TAK)KE TEHOB-OPTOIOTOB (CM. puc. 1).
Bzaumoneticteust LAGn, HAGn u Gnl HocaT cnoxHbIM Xa-
paKkTep U Hy)KIaloTCs B IajbHENIIIeM U3yueHuu (CM. puc. 4).

[Iprumaa BrIOOpa B HaIIEH paboTe MOSICHOW KOPBI TOIOB-
HOTO MO3Ta JUIsl BBISIBIICHHS T€HOB, SKCIPECCHST KOTOPBIX
TIOCJIE CTPECC-0TBETa ACCOLMMPOBAHA C MOBBIIIICHUEM WJIH MO~
HIDKEHHUEM YPOBHS TPEBOKHOCTH SKCTIEPUMEHTAIBHBIX MbI-
mei, oOycnosiena tem, uro B YMPT uccienoanusx (de la
Pena-Arteaga et al., 2024) ObLia moka3aHa M3MEHEHHAsI AKTHB-
HOCTb IMEHHO ITOSICHOM KOPBI MO3T'a B yCIIOBHAX BOCTIPHATHS
ABEPCUBHBIX CTUMYJIOB, aCCOIIMMPOBAHHBIX C TPEBOXKHOCTBIO.

OOparyM BHUMaHHE Ha TOT (PAKT, YTO SKCIIEPUMEHTHI, IPO-
BomuBmmecs L. Czibere ¢ komteramu (2011) Ha TeHeTHYSCKOI
JUHUY Mbllen nukoro tuna CD-1, BeIIBUIM ABE NPOTUBOIIO-
JIOKHBIE PEaKIMU Ha OJIHO U TO XK CTPECCOBOE BO3/ICHCTBHE.
OTO MOXXHO OOBSICHUTH HAIWYMEM CKPBITOH TE€HOMHOW H3-
MEHYHBOCTH B TIOIYJISIIMN 00CIIEI0BAHHBIX MBIIICH (Hanmnaue
CIIEKTpa MOJIMMOP(HU3MOB HITH SUTCHETUICCKUX MO UKA-
U, 3aTParuBaONINX Pa3HOOOPA3HBIE TEHOMHBIEC JOKYCHI).
Bo03MOXXHO, IMEHHO C 3THM CBsI3aH TOT (hakKT, YTO CTEIECHb
TPEBOXXHOCTH TIPEJICTABIAET COOOW HEKOTOPBI KOHTHHYYM,
OLIEHKH KOTOPOTO HETIPEPBIBHO BAPbUPYIOT OT HU3KHUX Yepe3
cpennue K BeicoknM 3HadeHusM (Friligkou et al., 2024).

[IpoBeneHHbII HAMU aHAJIN3 [T0KA3aJl, YTO B OCHOBE Kade-
CTBEHHBIX Pa3/IMYUi y MBIIIEH MEXIy HU3KUM U HOPMaJlb-
HBIM YPOBHSIMU TPEBOXXHOCTH C OJHOH CTOPOHBI U MEXKITY

BBICOKUM U HOPMAJIEHBIM C JIPYTOH CTOPOHBI, BBISIBICHHBIX B
skcnepumente (Czibere et al., 2011), MOTYT JIe)KaTh TCHHBIC
ceTH, GyHKIMOHUPYIOLINE B MOSICHOM KOpPE TOJIOBHOTO MO3ra
1 o0ecreunBarone KOHTPACTHBIE COCTOSHUS TPEBOKHOCTH
OTHOCHUTEJIEHO HOPMBI.

Panee B reneTnueckmux HCCIICAOBAaHUAX ITOKa3aHa CBA3b TPC-
BOXKHOCTH C TeHaMHU MOHOAMHHOBBIX crcTeM Mo3ra (Lesch et
al., 1996; Murphy et al., 2013). [Torumopdusm o renam ce-
POTOHUHOBOM CUCTEMbI, BKJIFOUasi T'€HbI, KOJAUPYIOLIUE CEPO-
TOHHWHOBBIE PELIENITOPHI M TPAHCIIOPTEPHI CEPOTOHUHA, acCO-
IIMMPOBAH C Pa3HBIM ypoBHeM TpeBokHocTH (Purves et al.,
2020).

KowMmruteke BBISIBIEHHBIX HAMH T'€HOB YEJIOBEKa B COCTa-
BE PEKOHCTPYHPOBAHHBIX IOTCHINAIBHBIX ICHHBIX CETEeH
BKJIFOYAET T€HBI MOHOAMHHOBEIX cHcTeM Mo3ra. K TaKOBBIM,
HaIpuMep, OTHOCATCS penenTtopsl cepotoHnHa SHT2A u
SHT2C (momMeH MoTeHIHAIBHOM TeHHOH CETH JUTST COCTOSTHUS
C BBICOKOW TPEBOYKHOCTBIO). DTH PELIENTOPBI PUHAIEKAT
K CYTIEpCEMEHUCTBY pEIENTOpPOB, CBA3AHHBIX ¢ G-OeirKom
(GPCR), u mocpencrBom B3anmoxeiicteus ¢ GPCR mepenator
BHCKJICTOUHBIC CUTHAJIbI BHYTPb KJICTOK, a TAKKE OITOCPEAYIOT
JieiicTBHE OOJBIIIOT0 KOIMIECTBA COSTNHEHUH, BIHUSIONINX HA
JIeTIpeCCHIo, MHU30(PEHHIO, TPEBOTY, TAILTIONWHALINY, JHC-
TUMHIO, XapaKTep CHa, MUILIEBOE MMOBEACHUE U HEHPOIHIIO0-
kpuaHBIe QyHKIHH (Van Oekelen et al., 2003), yto xopormio
corylacyercss ¢ MOHOAMHUHOBOH THIIOTE30H TPEBOKHOCTH
(Morris-Rosendahl, 2002; Gottschalk, Domschke, 2017;
Hirai et al., 2024).

B pexoHcTpynpOBaHHBIC HAMH TOTEHIMAJIbHBIC TCHHBIC
CETH YeJIOBEeKa BKIIFOYCHBI TAK)KE B3AUMOJICHCTBHS C TEHAMH,
Kopupyromumu Takue oenku, kak COMT nim APoE, koTopsie
HE OTHOCSTCS K HEMpPOTpaHCMHUTTEpaM, HO acCOMHPOBAHbI
C TPEBOXKHOCTBIO U JICNIPECCUEH Yepe3 y4acTHe B PEryJIsiiuu
IIMPOKOTO Kpyra Mertabommueckux mporeccoB (Koskinen,
Hovatta, 2023).
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VYcraHoBieHO Hanmu4yue (QYHKIIMOHAIBHOW B3aWMOCBS3H
MEXy TEHeTHIECKUMH TOMUMOP(PU3MAMH ¥ YPOBHEM Tpe-
BOXKHOCTH TSI TPYIII JIFONCH, KUBYIIUX B PA3HBIX YCIIOBHSIX
cpenbl (Gunthert et al., 2007). [Tokazano, 4To CpeqoBBIC
(haKkTOPBI CIOKHBIM 00pa30M B3aMMOJICHCTBYIOT C TEHETHYE-
CKAMH MapKepaMH TPEBOKHOCTH, B PsJIC CIy9IaeB IPUBOIS K
nHBEpcrH 3(PHEKTOB aJIETHLHOIO NONIUMOP(U3Ma ITPU CMEHE
ycmoBuii %xm3HH (Schinka et al., 2004; Sen et al., 2004; Ivanov
et al., 2019; Meng et al., 2024; Petrican et al., 2024).

MoskHo MPEANOI0KUTh, YTO YPOBEHb U HAITPABJICHHOCTDH
TPEBOKHOCTH KaK CTPECC-OTBETA 3aBHUCAT: (@) OT TEHOB, HETIO-
CPEACTBEHHO BOBJICYCHHBIX B 00Pa0OTKY HEPBHBIX CHTHAJIOB;
(0) OT reHOB, PEeryMpyrOIIUX Apyriue GYHKINH OpraHu3Ma
(meTabonnyeckne, GU3MOIOTHYECKHE...); (B) OT HAIHIUSA
CKPBITOH TEHOMHOH M3MEHYMBOCTH — SMMATCHETHYCCKUX MO-
JUpUKanni, ToIMMOpGU3MOB U Ap. 10 IBYM YKa3aHHBIM
BBIIIIE TPYyTIIIaM TeHOB (a) 1 (0).

W3BecTHO, YTO pE3yNbTaThl, MOyYCHHBIC HA )KHBOTHBIX
MOJICIISIX TIPU Pa3pabOTKe JICKAPCTBEHHBIX CPEICTB, HE BCE-
T71a MOTYT OBITH a/IeKBaTHO HKCTPAITOIINPOBAHEI HA YEIOBEKA
(Hackam, Redelmeier, 2006). Bo3HuKaeT Takxe ormaceHue,
4TO MCCIICIOBaHUE Ha 25 0CO0SX OIHOTO MOKOJCHHS JTUHUU
JTUKUX MBITIEH MOXKET PUBECTH K YIIPOIIEHHBIM BEIBOIAM H
OTPaHUYCHHOMY MTOHUMAHHIO CIIO)KHOW CETH T€HOB, BOBJIC-
YEeHHBIX B (JOPMHUPOBAHUE TPEBOXKHOCTH, a JHOObIC OLIMOKH
WA HETOYHOCTH B NTEPBOHAYAIBFHBIX JAHHBIX — K HEBEPHBIM
BEIBOJIaM O POJIH TCHOB B TPEBOKHOCTH.

[Tpu Hamel anpoOayK TPaHCISIIMOHHOTO ITOX0/1a TAKHUe
BOTIPOCHI OBUTH PEIICHBI CIETYIONTIM 00pa3oM: MOTyICHHBIC
Ha ocHoBe crircka JOI nmosicHoi KOpbl TOJIOBHOTO MO3Ta Mbl-
e TCHBI-OPTOJIOTH Y€JIOBCKA U MbILIN 6])1.]'11/1 COIIOCTAaBJICHbI
¢ Habopom m3 6a3p1 MalaCards (176 TeHOB yenoBeka, KOTO-
pBIE aCCOIMUPOBAHBI C TCHEPATH30BAHHON TPEBOKHOCTHIO
U PacCTPOWCTBAMH TPEBOXKHOTO M JICTIPECCHBHOTO CIICKTPa
1t gyenoseka). B 6aze MalaCards maercst Habop CCBUTOK Ha
pabOThI, OIHMCHIBAOIIIE COOTBETCTBYIOIIIE SKCIICPUMCHTHI,
YTO MO3BOJIACT HNPOBEPATH UX JOCTOBCPHOCTH JIA KaXKJI0T'O
ciydast. [Tocie Takoro comocTaBiIeHus ObUIa IPOBEICHA Pe-
KOHCTPYKIIHS TOTCHITATIBHBIX (T. €. IPESIIOIATAOIINX CIICIH-
aJbHOE JalibHEHIIIee N3yueHUE) TeHHbIX CeTel UMEHHO s
YeIloBeKa C IMOMOIIBI0 KOTHUTHBHOHN cucteMbl ANDSystem
HA OCHOBE aBTOMATHUYCCKOTO aHajm3a (M pa3pelIcHHs Haii-
JICHHBIX B HUX HETOYHOCTEH U MPOTUBOPEUHii) 6 MIIH TEKCTOB
cTareil M3 BEOYIINX W3AaHUH MO0 OMOJIOTHYECKON TeMaTHKe.
Takum 00pa3oM, BIMSHAC HETOYHOCTH WIJIH HEIOCTATOYHO-
CTH UCXOJHBIX JJaHHBIX B rpynnax Mmbiiieii LAB u NAB B Ha-
1rei anpodaryy ObITO CBEICHO K MMPEHEOPEKUTETFHO MAJIOMY
YPOBHIO.

3aknioyeHune

Ha ocHOBe HCIONb30BaHHBIX HAMH IPOTPAMMHBIX PECYPCOB
1 chOpMHUPOBAHHOTO AITOPUTMA aHAIM3a AaHHBIX 110 U de-
PEHIMATBHOM SKCITPECCHH TEHOB pa3paboTaH MPOTpaMMHBINA
MOJIYJTb ISl KOMITBIOTEPHON PEKOHCTPYKIIMHU TeHHBIX CETEeH,
BOBJICUCHHBIX B PETYIAINIO CTPECC-0TBETA, IPHUBOAAIICTO K
TPEBOXKHOCTHU PA3IMIHOTO YPOBHSI.

B pamMkax TpaHCISIIMOHHOTO MoAXoa OblIa PEKOHCTPYH-
poBaHa TpEXAOMCHHAas MOTCHIINAJIbHAA I'CHHAasA CE€Th, KOTOpasd
ACCOLMMPOBAHA C TEHEPAITM30BAHHOM TPEBOXKHOCTBHIO Y UEIIO-
BEKa, 10 MOJIEIISIM MBIIIEH C Pa3HbIM YPOBHEM TPEBOXKHOCTH
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MyTeM aBTOMaTHYECKOTO aHaJIM3a TEKCTOB HAyUHBIX CTaTeH.
OnuH TOMEH acCOLMUPOBAH C MOHMKEHHON TPEBOKHOCTHIO
Y 4€I0BEKa, BTOPOM — € MOBBIIIEHHOH, TPETUH CITY>KUT JTUC-
MEeTYePOM, KOTOPBIN aKTMBUPYET OIMH U3 ABYX JTOMEHOB B
3aBUCHMOCTH OT CTaTyca OpraHm3Ma (TeHETHYECKOTO, SIH-
TEHETHYECKOTO0, (PM3HOJIOTHYECKOT0).

MBplI 1oniaraeM, 4To 3TOT IOJXO0/ MOKET ObITh MOJH(UIIH-
POBaH JUIs PEKOHCTPYKIMH T€HHBIX CETEH, aCCOLUUPYIOIINX
KaK C TPEBOXHOCTBIO, TaK U C JPYTUMHU MOBEJEHUECKUMU
peaxIMsIMUA IIPU CTPECC-0TBETAX PA3HBIX THIIOB.

OrpaHuyeHusa

PeKOHCprI/IpOBaHHaH HaMU MYJIbTUIOMCHHAasA I'€HHas CCTb
YeJIoBeKa, KOTOpasi acCCOLMUpPOBaHa C T€HEPATN30BAHHON
TPEBOXKHOCTBIO, SIBISIETCS TOTEHIUAIIBHOM, T. €. IPE/IIoIaraeT
crieualbHOE JaJbHEHIEe U3yUYEeHUE U yTOUHEHUe. Takum
o0Opa3om, B TaHHOH paboTe caenaH HaYaIbHBIH II1ar B McCie-
JIOBaHUH JIOMEHOB F€HHOM CETH, KOTOpask aCCOLUHPOBAHA C
TPEBOXKHOCTHIO YEJIOBEKA.
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