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AHHoTauuA. [lpoBefeHbl ABe cepuy TeCcToB (HAa Mbllax M Kpbicax) MO OLEHKe MNPOAOSIKUTENBHOCTU KU3HU
CTapbIX KMBOTHBIX, KOTOPbIM Oblfv perH}y3MpOoBaHbl KNETKM KOCTHOTO MO3ra CTapbiX »KUBOTHbIX, 06paboTaHHble
dparmeHTrposaHHo JHK uenoseka (hDNA?'), aHrMoreHMHOM PeKOMOMHAHTHBIM YeNTOBEYECKMM 1 ABYMA Npenapatamm
COBMeCTHO. B kauecTBe rpynn cpaBHeHVsi UCMOMb30BAINCh XKMBOTHbIE, KOTOPbIM penHby3npoBanu HeobpaboTaHHble
KNeTKN KOCTHOTO MO3ra CTapblX >KUBOTHBIX UM KNETKN KOCTHOIO MO3ra OT MOJIofblx 0cob6elt. B cnyyae Kak ayTopefHbIx
MbiLLel, Tak 1 Mbilwen nnHum CBA/Lac He BbIABNIEHO fOCTOBEPHONO yBeNYEHUA NPOAOIKUTENIbHOCTY XN3HN XUBOTHbIX
npy penHody3umM KneTok KOCTHOrO Mo3ra, ob6paboTtaHHbix npernapatom hDNAY, no cpaBHeHWIO C rpynnoi Mbillei,
KOTOPbIM penHby3npoBany HeobpaboTaHHble KNeTKM KOCTHOro mo3sra. Mpu ucnonb3osanum nuHum CBA/Lac mbiwim,
KOTOPbIM PerHPY3npOoBany KNeTkn KOCTHOro Mo3ra, 06paboTaHHble aHrMoreHnHoMm, Ha 10-i MecaL nocne o6paboTku
OIHOBPEMEHHO ManyM OT XapakTepHOro CUMMTOMOKOMMeKca. [laTomopdonornyecknii aHanus npeanonaraerT,
YTO OAHOBPEMEHHaA rmbenb Mbllen Mpou3oLWa B pe3ysbTaTe MaToNOrMyeckux HapylieHU B BblAENUTENbHbIX
CUCTEMAX KMBOTHBIX. PerHPy3ns KNEeTOK KOCTHOro MO3ra OT CTapblX »KMBOTHbIX, 06PabOTaHHbIX aHIMOrEHNHOM 1
hDNAY", 1 KneToK KOCTHOFO MO3ra, B3ATbIX OT MOMOAbIX *KUBOTHbIX, 3HAUUTENIHO YBENNUYMBAET MNPOJOMKUTENIBHOCTD
KU3HN Mblwen B rpynnax. COBMeCTHoe MpuMEHeHMe ABYX aKTMBATOPOB, aHrnoreHmHa u hDNAY, ysenuumsano
CpefHIo NPOAOMKUTENbHOCTb XM3HU 30 % 3KCnepuMeHTasbHbIX Mbller Ao 35 mec. npu 28 mec. B KoHTpone. pun
MCMOMb30BaHNN B KauyeCTBe MOAESbHbIX »KMBOTHbIX KPbIC NMHUN Buctap B NepBOM 3KcneprmMeHTe Obino nokasaHo
[LOCTOBEPHOE YBeNIMYEHME XN3HW KPbIC NPpU penHOY3Un KNeTOK KOCTHOTO MO3ra CTapbiX XXMBOTHbIX, 06paboTaHHbIX
npenapatom hDNAY, no 28 mec. No CpaBHEHMIO C TPYMMOW, NosyvaBLleil HeobpaboTaHHbIe KNETKU KOCTHOTO Mo3ra
CTapbIX KMBOTHbIX, rAe CpefHAA MPOAOIMKNTENbHOCTb XMU3HW KpbIC cocTaBuna 24 mec. Bo BTopom aHanormyHom
SKCNeprMeHTe JOCTOBEPHON Pa3HMLIbl B NPOJOIKUTENIbHOCTU XN3HN KPbIC ANIA YKa3aHHbIX ABYX FPymnn NokasaHo He
6b1710. MKMBOTHbIE, KOTOPbIM BBOAWN KJIETKM KOCTHOrO MO3ra, 06paboTaHHble aHrMOreHVHOM, MPOXWY JOCTOBEPHO
[onblle, YeM KPbICbl U3 KOHTPOMbHOM rpynnbl. [IpoBefeHHbIN aHanmn3 konuyectsa TenomepHon [1HK B KneTkax KOCTHOro
MO3ra KpblC 3KCMEPUMEHTasIbHbIX M KOHTPOJSIbHOM rpynn yepe3 12 mec. nocne o6paboTKM CBUOETENbCTBOBAN, YTO
focToBepHOro ysenuueHva tenomepHon [IHK He npowusowno. PaccmaTtprBaeTca monekynsapHasa/KneToyHasa Mojesnb
CTapeHnA opraHn3mMa, CBA3aHHasA C KOHLENUMen «NMprupogHON PEKOHCTPYKLUN FeHOMay.

KntoueBble cioBa: AfMHa TenoMepbl; MPOAOIKMUTENbHOCTb XMU3HKW; npenapat AsyuenodyeyHon [OHK (hDNAY);
AQHTMOreHNH PeKOMOVHAHTHDBIN YenoBeyeckuii; nraToMmopdonornyecknin aHanms; perHdysnsa KNneTok KOCTHOro Mosra
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The effect of modified hematopoietic
stem cells on the lifespan of animals

Concept of natural genome reconstruction.
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Abstract. Two series of tests were performed, on mice and rats, to assess the lifespan of old animals reinfused with bone
marrow cells from old animals treated with fragmented human DNA (hDNA?"), recombinant human angiogenin, and
both preparations together. Animals reinfused with untreated bone marrow cells from old animals or bone marrow
cells from young animals were used as comparison groups. Using both outbred mice and CBA/Lac mice, no significant
increase in the lifespan of animals reinfused with bone marrow cells treated with the hDNA9" was found compared
with the group of mice reinfused with untreated bone marrow cells. Using the CBA/Lac line, mice reinfused with
bone marrow cells treated with angiogenin simultaneously died of the characteristic symptom complex at 10 months
after treatment. Pathomorphological analysis suggests that the simultaneous death of mice occurred as a result of
pathological disorders in the excretory systems of animals. Reinfusion of bone marrow cells from old animals treated
with angiogenin and hDNA?" and bone marrow cells taken from young animals significantly increases the lifespan of
mice in groups. The combined use of two activators, angiogenin and hDNA?", increased the average lifespan of 30 %
of experimental mice to 35 months compared to 28 months in the control. Using Wistar rats as model animals in the
first experiment, a reliable increase in the lifespan of rats with reinfusion of bone marrow cells from old animals treated
with the hDNA9" preparation to 28 months was shown compared to the group that received untreated bone marrow
cells from old animals, where the average lifespan of rats was 24 months. In the second similar experiment, no reliable
difference in the lifespan of rats for the two groups was shown. Animals injected with bone marrow cells treated with
angiogenin lived significantly longer than rats from the control group. The analysis of the amount of telomeric DNA
in bone marrow cells of rats from the experimental and control groups 12 months after treatment showed that there
was no significant increase in telomeric DNA. A molecular/cellular model of aging of the organism associated with the
concept of “natural reconstruction of the genome”is considered.

Key words: telomere length; life expectancy; double-stranded DNA preparation (hDNAY); recombinant human
angiogenin; pathomorphological analysis; reinfusion of bone marrow cells
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BBepeHue
B coBpeMenHO#1 Oronmornueckoi Hayke TOMUHUPYET Ipooire-
Ma CTapCHUs. 9T0 CBsA3aHO C TEM, YTO OCHOBHBIM OPUCHTHPOM
Hay‘IHOfI MBICJIU U HpaKTH‘IeCKOﬁ HAYKH ABJISICTCA IMOUCK
BO3MOXKHOCTEN OCTAHOBUTH IPpOrpeCCMBHOC YBECIIMYCHUEC KO-
JIMYECTBA JIIO,E[eﬁ, CTpaJatonnX TaK Ha3bIBACMbIMHU 60J'I€3H$[MI/I
HUBWIN3alUH, KOTOPBIC CONPSKEHbBI UMCHHO C 3TUM €CTC-
CTBEHHBIM 6I/IOJIOFI/I‘I€CKI/IM npoueccom.

CTapGHI/IC " CMCPTb — 6330BLI€, CYHIHOCTHBIC 6HOJ’IOFI/I‘I€-
CKHe CBOﬁCTBa, OTpaXaro1ue (I)YHKLII/IOHI/IPOBaHI/Ie U DBOJIO-

MO BCEX JKMBBIX OPraHU3MOB, BKJIIOUas desnoBeka. C TOUKH
3pEHNUS] TEPMOJMHAMUKHN CTaPEHUE TIPEICTABISIET COOOH Te-
PEIIOMHBINT MOMEHT BPEMEHH MEXIY CHOCOOHOCTBIO Opra-
HU3Ma YMEHBIIATh CBOIO SHTPOIIHIO, YTO TAKKe SABIIsIETCS Oa-
30BBIM CYITHOCTHBIM CBOWCTBOM OpPTaHHM3Ma, U IIEPEXO0M K
TIOCIIEI0OBATEILHOMY TIPOABMKEHHIO K HEOOPAaTHMO CTaIno-
HapHOMY, T. €. MEPTBOMY COCTOSTHHIO, KOTOPOE XapaKTepH3y-
eTcst MakcuManbHoM sHTpormeit (Lefever, 2018; Tlidi et al.,
2018a, b). B oTHOmIEHNN KUBOTO OpTaHU3Ma CTapEHHUE — ITO
JUHAMHUYECKNH NaTo()U3NOIOTHYECKUH MPOIECC HAKOILIe-
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HUS U3MEHEHHUH Ha Pa3sHBIX YPOBHAX KHBOTO, IPUBOISIIUI
K ITOCTCTICHHOMY CHIDKCHHUIO )KH3HCHHOW aKTHBHOCTH U, KaK
cieacteue, kK cMepTi. CKOPOCTh ATOTO YHHUBEPCAIBHOTO He-
oOparuMoro (B paMKax TPaTUIMOHHOIO CYIICCTBOBAHIS)
TpoIecca onpenesieTcss MHOTUMU BHEITHUMH W BHYTpEH-
HUMH (aKTOpaMu, B OCHOBE KOTOPBIX, KaK HaM BUIHUTCS,
JIC)KUT «TEHETHYECKOE CTAPCHHE» PErapaTUBHON MAaITUHBI
OpraHu3Ma B BHJE CTBOJIOBBIX KJIETOK PAa3INYHOTO TeHE3a,
TIOJICPYKUBAIOILIX CKOOPIMHUPOBAHHBIE PEAKIMH, COXPAHSIFO-
II¥e MOCTOSTHCTBO BHYTPEHHETO COCTOSIHUS OpraHn3Ma. Bee
OCTaJIbHBIE TATOJIOTHYECKUE ITPOLIECCHI — ATO CIIEJICTBUE HECO-
CTOSITEIIBHOCTH CTBOJIOBBIX KJIETOK ITOJICP’KUBATH TOMEOCTa3
(Bowen, Atwood, 2004; Muxees u ap., 2023).

CymiecTByeT MHOKECTBO TEOPHI CTapeHHsl, KOTOpbIE, KaK
MIPaBUIIO, OOBEANHSIOT B JIBE KATETOPHH: «IIPOTPAMMHBICY
(9BOJIIOLIMOHHBIE) TEOPHU U TEOPUH KITOBPEIKIACHHSD).

CornacHO MPOTPaMMHBIM TEOPHUSAM, (PYHKIHOHHPOBAHUE
YKMBOTO OpTraHU3Ma 3aIporpaMMHUPOBAHO IIPUPOIOH JIHIIb Ha
TIEPUO]] €T0 AKTUBHOM JKU3HEACATSIIEHOCTH, BKIIFOYAOIICH B
cebs pa3BUTHE, a UMEHHO POCT OpTaHNW3Ma, U CIIOCOOHOCTH K
PENpOIYKIMH, TAK Ha3bIBAEMOI OMOJIOTMYECKOH IT0JIE3HOCTH,
YTO OTIPENIENAETCS BUIOBOH MOMYISAIMOHHOH T1e7Ieco00pa3Ho-
cthio (da Costa et al., 2016). To ecTh H3MEHEHHUSI, CBSI3aHHBIC
CO CTapeHUEM, TIOMKOHTPOIIEHBI CBOCTO POJIa OMOIOTHYECCKOMY
JIATYUKY, OCHOBHAs (DYHKIIHSI KOTOPOTO COCTOUT B TOM, YTOOBI
CJIC/IUTB 33 «PACIIHUCAHUCM» Pa3BUTHUS OMOIOTHYECKOTO Opra-
HHU3Ma JI0 TeX 0P, TI0Ka OH He JOCTUTHET MOJIOBON 3pPEI0CTH
u ciocobHocTu pasmHokeHust (Kosnos, 1999).

Teopun MOBPEk)ACHUS MPEIITONATAIOT, YTO CTapeHUE HE
SIBJISICTCS HeI/I36e)KHBIM PE3YIBTATOM KHU3HU OpraHu3Ma, a
IIPE/ICTABISIET COOOM ClIe/ICTBHE HAKOIUICHNUS! TIOBPEXKICHUM,
WIH CITyYaifHBIX OIIMOOK, B CHCTEME XPaHCHUS U Teperadn
TeHETHYECKOM NH(OpPMAaLMK, KOMIICHCAIHsI KOTOPBIX CO Bpe-
MEHEM CTaHOBHTCS HEBO3MO)KHOM, YTO U IMIPUBOTUT K CMEPTH
(Kirkwood, 2005; Vijg, Campisi, 2008; Gems, Partridge, 2013;
Muxees u ap., 2023).

[IpencraBurenu Teopuii «IpOrpaMMHUPOBAHHOT0» CTAPEHUS
HCXOJIAT U3 MOJIOXKEHUSI, COTNIACHO KOTOPOMY ITPOIIECC CTape-
HUS OIIpEIeNseTCs] TCHeTHIECKUMU MEXaHW3MaMH, HaIpaB-
JISIFOILIMU 9BOJTIOLIMIO KHUBOM 1iprpoabl. OJiHaKo B poliecce
W3MEHCHHH, CBI3aHHBIX CO CTAPECHUEM, MOTYT JICHCTBOBATh 1
Apyru€ MEXaHu3Mbl, HE BKIIFOYCHHBIC B TCHETUYCCKYIO IIPO-
rpaMMy, KOTOpPbIE OKa3bIBAIOT «HEIPOrPAMMHPOBAHHOEY BO3-
JeficTBHE Ha OPTaHU3M, TOXKE IMPUBOISIICE K 3aBEPIICHHIIO
*u3HU. Takoe BO3JeHCTBHE MOXKET IIPOUCXO/IUTH B PE3yJIbTare
CITy4aifHOTO TIOBPEKICHUS KIICTKH, MEHSIOIIETO €€ CTPYKTYPY,
(GYHKIMIO 1 METaOb0IIN3M (B TIEPBYIO 0YEPEb CTPYKTYPY MEM-
OpaH). OTH BO3IEHCTBHS MOTYT 3aTPOHYTh U TEHETHUYCCKYIO
unpopmarnmio B Buae JJHK xpomocom, comeprkaryro, Kak
CUUTACTCS, IPOTPAMMY CTapCHHUSI, MOAYIUPYS €¢ aKTHBAITHIO.
Kpome Toro, B pe3ymbrare HOPMaIbHBIX METaOOINICCKUX
IIPOLIECCOB B KJIETKE 00pa3yIoTCs SA0BUTHIC TTOOOYHbIE PO-
IYKTHI U CBOOOMIHBIC PAIMKAIIBI, IECTPYKTHBHAS aKTHBHOCTH
KOTOPBIX KOMIICHCUPYETCA AC3AKTUBUPYIOIIUMH CUCTEMaMU
kieTku. [Ipu cOoe B MexaHM3Max JIe3aKTUBAIIMU, aHAJIOTHY-
HO C BHEIIHUMH BO3JIEHCTBHUAMH, TAaKXKe MOTYT BO3HUKHYTh
noBpexaenust MemOpan u JJHK xpomocom, uto Toxke Oyner
COIIPOBOXKIAThCS AKTUBAIMEH HITH MOAYIISAIIEH MEXaHU3MOB
CTapeHHUsL.
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Takum 00pa3om, OIX0/1, B OCHOBE KOTOPOTO JIEXKHT MPE-
CTaBJIEHHUE O CTAPEHUH KaK O IIPOLIECCE, 3aIIPOrPaMMHUPOBAH-
HOM DBOJIIOIIMEH, U KOTOPBIN SIBJISIETCSI MPOTPaMMOM reHe-
THYECKOTO Koza (TIporpaMMHUpPYEeMOe CTapeHue), M MOIXO/,
COITIACHO KOTOPOMY HOBPEXK/ICHHUS KIIETOK HE JI€TePMHUHUPY-
I0TCSI TEHETHYECKH, HO ITPY ATOM HITH MOYJIHPYIOT, MIIK CaMU
COCTaBIIAIOT MEXaHMU3M CTapeHHs (HEIPOrpaMMHPOBAHHOE
CTapeHue), UMEIOT 00IIMii OMOIOrHUeCKUi Xapakrep B 00b-
SICHEHHMHY TIPIYMH HHBOJIOIMHN, CTAPOCTH ¥ OKOHIAHHS *KU3HH.

B cBsi31 ¢ BbIIIECKa3aHHBIM, Ha HaII B3DIISA, OyaeT Oosee
KOPPEKTHBIM, aHAJIHU3HUPYs BOIPOCH CTApEHHsI OpraHu3Ma,
paccMmaTpuBaTh He NPUYMHBI CTAPEHUs! B UX (QUII0coPckoM
MOHMMaHHH, a Y/ICJINTh BHUMaHUE N3MEHEHUSIM B OPraHU3Me
Ha ypoBHE (DYHKIIHH, KJIIETOK 1 MOJIEKYJISIPHBIX IIPOIIECCOB, KO-
TOpBIE CITy’KaT MapKepamu Tpoliecca crapeHust (Ipu3HaKy cTa-
penust). Kaxkoe U3 3THX M3MEHEHHH COITPOBOXKAACT ITPOIIECC
CTapeHUsl U SBISICTCS JICTEKTUPYEMBIM «OTPAKEHUEM) HTY-
IIIEr0 HHBOJIIOIIMOHHOTO TTporiecca. MBI CO3HATENBHO YXOAUM
OT TEPMHHA «MEXAaHU3M CTAPEHHS», TIOCKOJIBKY 3TOT TEPMUH
0003HaYaeT Npolecc 3amycKa 1 pa3BUTHs COOBITHIA, KOTOPBIH
OTIPEAEISETCS] OCHOBOIIOJIATAONIMMH ITPUINHAMHI CTapeHN,
B HACTOSIIIIMH MOMEHT HE MOIAI0NINMKCS TTOHUMAHUIO.

W3BecTHO MHOTO 0030PHBIX PadOT, KIaCCH(PUIMPYIOIINX
BBIP@XKCHHbIE, JIETEKTHPYEMbIe MTPU3HAKK cTapeHHs. B aTux
0030pax CHCTEMaTH3WPOBAHBI JIAHHBIC, XapaKTEPHU3YIOIUeE
MPU3HAKH, CONPOBOXKIAIOUINE cTapeHne opranm3Ma. K Hum
OTHOCSITCS: HECTAaOMIIBHOCTh T€HOMA, UCTOIIEHUE TeJIoMep,
SMHUTCHETHYECKUE M3MEHEHNs, TI0Teps MPOTe0CcTas3a, Hapy-
HIEHHE MaKpoayTo(ari, 1eperyIupoBaHnue BOCIPHUSITHS TTH-
TaTeIbHBIX BEIIECTB, MUTOXOHAPHATIbHAS AUCHYHKIHS, KIle-
TOYHOE CTapEHUE, UCTOIIECHNE CTBOJIOBBIX KJIETOK, I3MEHEHHE
MEKKJIETOUHOH KOMMYHHKAIMH, XPOHUUECKOE BOCIIAJICHHE,
nmucOamaHc MUKPOOHMOTHI, HapyIIeHHEe HEHpPOIHTOKPUHHON
peryinsiiuu. B pamMkax 3THX OCHOBHBIX KaT€rOpHid HAXOAATCS
MPAKTHYECKH JIF0ObIE KiIacCU(HUIUPYEMbIE TI0 OIIPE/eIeHHO-
My MPHU3HAKY MOJEKYJSIPHBIE 1 OMOXUMHUYECKHE MPOIIECCHI,
KOTOpBIE 3aTparnBaroTcs npoueccamu crapenus (Kenyon,
2010; Lopez-Otin et al., 2013, 2023; Krauss, de Haan, 2016;
Proshkina et al., 2020; Zhu et al., 2021; Muxees u np., 2023).

OnHUM W3 YOUBHUTEIBHBIX PE3YJIBTATOB HACTOAIIETO HC-
CJIE/IOBAHUS SIBJISIETCS TOT (DaKT, 4TO (PparMeHThI DKCTPaKIIe-
touHo neynenodeunoit JJHK (muIHK), mocraBmenHbe B
remornodTrueckre crBosioBblie kieTku (I'CK) ectecTBEeHHBIM
MPUPOJHBIM MEXaHW3MOM, WHIIYLUPYIOT IPOLECCHI, BCIIE/I-
CTBHE KOTOPBIX YBEJINIMBACTCS KOJINYECTBO TEIOMEPHOM
JIHK Ge3 yuacTus Teiomepasbl U HPEANOIOKHUTEIBHO MO
MEXaHU3MY allbTepPHaTHBHOTO Y/UIMHEHUs TesioMep. B padore
(Py3anoBa u ap., 2025) maHa XapakTepHUCTHKA CTPYKTYPHI U
(DYHKIIMOHUPOBAHUS TEIOMEDP M OXapaKTEPU30BaHbI MEXaHU3-
MBI COXPaHEHUsI JUTMHBI 3TOH CTPYKTYPBI XPOMOCOMBI.

Kparko, TenoMepbl — 9TO y4acTKH T'eéHOMa Ha KOHIIaX JIu-
HelHbIx XxpomocoM. Tenomepnas JIHK no3BoHOUHBIX cOcTOUT
n3 noBropoB TTAGGG, cBsi3aHHBIX C HUMH HA0OPOB OEJIKOB,
(hopMHUPYIONTUX TEIOMEPHBIH TeTepOXPOMATHH, KOTOPHIE
MOAYIHPYIOT Ouonorndeckue (GpyHKIUHM TesoMepsl. Tepmu-
HaJIbHAsl 9acTh OJIHOLETIOYEYHOH HUTH TEJIOMEPBI BMECTE C
OemkaMy K3MHUHTa 00pa3yeT KOMIUIEKC, TMPeHOXPaHSIOIIIHA
PCKOMOMHOTEHHYIO CTPYKTYPY OT pacrio3HaBaHus (haKTopamu,
3aIlyCKaloUIMMHU MEXaHU3M pernapaiun nospexxaenust JJHK.
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ObmenpusHano, uyto JJHK-nionnmepasa B criry KoHCepBaTHB-
HOTO MEXaHW3Ma PEIUIMKAINH HE B COCTOSHHUH IOJHOCTBIO
perunuupoBars JauHenble JJHK-marpuipl, uto B ciydae ¢
TEJIOMEPaMH TPHUBOIUT K MPOTPECCUBHOMY YKOPAYHBAHHIO
xoHIIOB xpomocoM (Harley et al., 1990). IIpu moctmxeHun
KPUTHYECKOH JUTMHBI TEIOMEPHI CTAHOBSATCS HE CIOCOOHBIMHA
CBSI3BIBATh JOCTATOYHOE KOJIMYECTBO OEIIKOB, YTO BOCIIPUHH-
MaeTcsl KaK OTKPBITHIC JIBYIIETIOYEUHBIE KOHIIBI. DTa KpaiiHe
PEKOMOMHOTEHHAsI CTPYKTYypa 3allyCKaeT MEXaHU3M periapa-
uun nospexaenust JJHK, koropslil, B cBOIO ouepenb, aKTH-
BHPYET HHTHOUTOPHI IIUKIINH-3aBUCUMBIX KnHa3 p21 u pl6 u
ocraHapimBaet mporudeparuro (Stein et al., 1999). Hecmotps
Ha KPUTHYIECKOE YKOPOUCHHE, TAaKHUE TEIOMEPBI COXPAHSIOT
HEKOTOPOE KOJTMIECTBO OCJIKOB, YTO MPEAOTBPAIIACT CIUSHHAE
TEJIOMEP pa3HbIX XPOMOCOM, HO TIPH ATOM HE OCTAHABIMBACT
AKTUBHPOBAaHHBIN penapaTuBHbIA MexaHu3M. B 3Toil cutyarmu
niposndepaTHBHBIIN apecT CTAHOBUTCS TEpMaHeHTHBIM. VHH-
LIUHAPYETCS ¥ TTOJIEP’KMBACTCS OCHOBHOW TPHUTTEP MHBOJIOINN
OpraHu3Ma M MHO)KECTBA BO3PACTHBIX 3a00JIeBaHMI — KIle-
TouHoe crapenue-ceHectenc (He, Sharpless, 2017). Oganm
13 MapKepOB CEHECIICHCA SIBJISIOTCS aCCONMHUPOBAHHBIC C
TesioMepamMu (POKyCHI penapanny IMoBpEKACHUH, BOSHUKIINX
B pe3ysbTaTe aTaku PeIIMKaTUBHBIX BUJIOK TestoMepHoi JITHK
AKTUBHUPOBAHHOUN MOJIEKYJISIPHOM penapaTUBHOW MaIIMHOM.

[MTokazano, 4To (hOKyCHI penapanny, CBsI3aHHbIC ¢ BO3HUK-
MU TIOBPEX/ICHUSAMH, TAK)KE BO3HUKAIOT B TEJIOMEPHOM
TeTepOXpPOMATHHE Ha JUTMHHBIX TEJIOMEpax B TEPMHUHAIBHO
mudpdepenmupoBanHbix kiaeTkax (Di Micco et al., 2021).
B sTOM cityuae MexaHN3M HHHIMAIIMN CTAPEHHS HEACTSIINXCS
KJIETOK MOXKET BBIIVIAIETh CIACAYIOIIMM 00pa3om. B nemsmumx-
Csl KJIETKax OCNKH, CBS3BIBAIOIINE TEIOMEPBI, HHTHOUPYIOT
pemapanmio JIHK in cis, 9To mpenoTBpammaeT causHue Xpo-
MocoM. Kak crencTBre, HETyBCTBUTEIBHOCT K peTaparun
noBpexaeHuil JIHK, Bo3HUKaOMIMX BHYTPH TEIOMEPHOTO
reTepOXpOMaTHHA YKOPAUHBAIOMINXCSI XPOMOCOM JEIISIIIIXCS
KJIETOK, BXOJIUT B KOH(IIUKT C MOJIEKYJISIPHOH perapaTuBHON
MAaIIMHOW M PENapaTuBHBIM MIPOIIECCOM B IETIOM, YTO BBI3BI-
BAeT MEXKKJIETOYHOE PaclpOCTPaHEHHE CUTHAJIA MEXaHU3Ma
penapanyu nospexxaenust JIHK u o6pazosanne ¢oxycos pe-
Tapayy B TEIOMEPHOM T'€TEPOXPOMATHHE JIMHHBIX TEINO-
Mep TepMHHAIBHO AU((HEPEeHINPOBAHHBIX KIETOK. DOKYCHI
penapanuy, o0pa3yIonuyecs: B TEIOMepax TaKuX KIIETOK, HE
penapupyroTCs, HaKaIIUBAIOTCS W WHAYIHUPYIOT (peHOoTHII,
mo00HEIH cTapeHnto. Crenysl yKa3aHHOW JIOTHKE, CTOMKas
aKTHBAIMsA MeXaHW3Ma perapanun nospexaeHus IHK sB-
JISIETCST OOMIETIONAralomyM COOBITHEM KaK PETIMKATHBHOTO
KJIETOYHOTO CTaPEHHMSI, BBI3BAHHOTO KPUTHUYECKH KOPOTKUMH
TEJIOMEPaMH, TaK U COCTOSIHUS, MOZOOHOTO CTapeHHUIO, BbI-
3BaHHOTO TTOBPEKICHHBIMH TEIOMEPAaMH B HEPEIUTHINPYIO-
muxcs kiaeTkax (Rossiello et al., 2022).

[Tpn BBIpaXXEHHOH TUCYHKINH TEJIOMEpP WHIYLIHPYETCS
aronTOTHYECKas KIIETOUHAast THOENb Wi ayTo(harus co BceMU
COTIPOBOSK/IAIOIIIMHE TH ITPOIIECCHI MOJICKYISIPHBIME COOBITH-
simu (Nassour et al., 2019). Craperomue KI1eTKH TPHOOpETaIoT
CBSI3aHHBIH CO CTAPEHNEM CEKPETOPHBIN (PEHOTHII, CEKPETUPYS
Ha0Op MPOBOCTIAIUTENBHBIX IMTOKMHOB, HETAaTUBHO BITHSIIO-
M Ha CTPYKTYPY BHEKJIETOYHOTO MaTPUKCa M KN3HECTIOCO0-
HOCTB CTBOJIOBBIX KileTok (Tchkonia et al., 2013).
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Taknm 00pa3oM, HECTIOCOOHOCTH BOCCTAHOBHUTH KOJIMUE-
CTBO yTPA4E€HHOTO TEJIOMEPHOTO T€TEPOXPOMAaTHHA SIBISIETCS
OIHOW M3 NMPUYHH KJIETOYHOTO CTAPEHHS M €ro pacrpocTpa-
HEHHMS HA BeCh OpraHm3M. KOH(INKT He4yBCTBUTEIEHOCTH K
penapauuu nospexaenni renomeproit JIHK u penapatusHo-
TO MEXaHW3Ma €Ille pa3 CBUAETENLCTBYET O JJOMUHUPYIOLICH
pomu nenoctHocTr JIHK XpomaTtnHa B MHUIIMAIIMN TTpoLiecca
CTapeHusl. AKTUBALIMS MEXaHN3Ma Peapaiy OBPEXKICHUS
JHK u HakoruieHne TeJOMEpHBIX (POKYCOB perapariiu, Kak
TIPEATIONIAraeTCs, CBA3aHbl U C IPYTMMH MIPOILIECCaMH, acco-
LIUMPOBAHHBIMH CO CTAPEHNEM, TAKIMH KaK MUTOXOHIPHAIb-
Hast AuC(yHKINSA, N3MECHEHHOE BOCHPHUSATHE THTATEIbHBIX
BEIIIECTB, HapylIeHHas ayrodarus, moreps MpoTeocTasa u
SMHUTeHeTHYecKast tucperymsys. [Ipeuaraercs «renomepo-
LEHTPUIECKOE» 000CHOBAHNE MHOTHX NMPU3HAKOB CTApCHUS
(Chakravarti et al., 2021), cpeau KOTOPHIX YMEHbBIICHHE
JUTUHBI TEJIOMEP — OINH U3 KITFOUEBBIX. DPO3HsI TEIIOMEPHOTO
TeTepOXpOMaTHHA SIBISIETCS MPUYMHON MHOTOYHCICHHBIX
3a0oJeBaHnii, acCOIMUPOBaHHBIX ¢ Bo3pacToM (Rossiello et
al., 2022).

B pabote (Py3anosa u mp., 2025) mokaszaHo, 9To mpu 00-
pabotke 'CK B cocTaBe KI€TOK KOCTHOTO MO3Ta MPErapaToM
¢parmertuposannoii nir/[HK (hDNA#') Ha Tpex MOIETBHBIX
opranmnsMax B kieTkax notomkax I'CK, B kotopsie 3tH ¢par-
MEHTBI THTEPHAIN30BaJINCh €CTECTBEHHBIM PHPOIHBIM MeXa-
HHU3MOM, IPOU30IILIO 3HAYUTEIILHOE JOCTOBEPHOE YBEIIUCHHE
kxonnuecTBa TenomepHoi JIHK, craBmero coumsmMepuMbIM C
xonnuecTBoM TenomepHor IHK roHbIxX kUBOTHBIX. Takke B
IUTHPYyeMOi paboTe MOKa3aHo, YTO 3TO YBEJINYEHHE HE CBSI-
3aHO C TEIOMEPa3HOH aKTHBHOCTBIO.

B Hacrosiiem mcciieoBaHnH B CBETE «TEIOMEPOLICHTPUYE-
CKOM» HMJIeH Mpoliecca CTapeHNsl U €ro PacrpoCTpaHEHHs Ha
CHCTEMY TeMOITO3THUYECKHX MPEIIECTBEHHNKOB TIPEIOKEH
9KCHEPHUMEHTAIBHBIA ITO/IX0/I, OLCHUBAIONINH CBSI3b NPO-
JOJDKUTEILHOCTH KM3HHM OKCHEPUMEHTAIBHBIX XKHBOTHBIX
u xonuyecta tenomepHoil JHK B I'CK u ux moromxax.
OKCHEepUMEHTANBHBIN N3aliH MCCIIEAOBAHNS BKIIOUANl pe-
MH(Y3UIO CTapbIM >KUBOTHBIM CYCIICH3HH KJIETOK KOCTHOTO
Mo3ra, 00pabOTaHHBIX ex Vivo TpemnapaTaMu (hparMeHTHpPO-
BanHOU reHomMHOM JIHK (hDNAZ®), aHTHOTeHHHOM U IBYMS
aKTHBAaTOPAaMH COBMECTHO. AHTMOTCHWH PEKOMOWHAHTHBIN
YeJIOBEUECKHI ObIT BRIOPaH B KAUECTBE MTperapara CpaBHEHUS,
TTOCKOJIbKY TIPH €T0 MCIIONB30BAHUH TOXKE IIPOUCXONUT yBE-
nnueHue konudectsa TenoMeproi JJHK B kieTkax moromkax
I'CK, HO 3TO yBEnMUEHUE, B OTIIMYME OT IEHCTBUS MIpenapara
JHK, cBs3aHo ¢ akTuBaImel reHa Tenomepassl (Py3zanosa u
ap., 2025). [Ipennonaranock, 9T0 B pe3yinbTaTe IPOBEICHHBIX
00paboToKk OyIeT AETEKTUPOBATHCS YBEIWICHUE MTPOJIOIIKH-
TENBHOCTH JKU3HH HKCIIEPUMEHTAIBHBIX )KAUBOTHBIX.

MaTtepuanbl n meTofbl

JKcnepuMeHTaIbHbIE JKUBOTHBIE. J[JIs MUIOTHBIX JKCIe-
PUMEHTOB 6bIJ'II/I HCIOJIB30BaHbI TTOJIOBO3PEIIBIC CaMIIbl KPBIC
nuann Wistar maccoit Tena 400—450 1. Bo3pacT kpbic Ha Ha-
4ajo paboTel ¢ HUMHU coctasisin 13.5 mec. B pabory Obuin
TaK)Ke BKJIIOYEHBI 18 ayTOpeIHBIX MbIIICH-CaMOK Maccou
tena 50-60 r. x Bo3pacT Ha Hayajlo SKCIEPUMEHTOB —
12 mec. J)KuBoTHBIE OBIIM MOSy4YeHB! U3 MUTOMHUKA Hayu-
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HOTO 1eHTpa OnoMenuHCKHX TexHoioruii ®MBA Poccun,
UMEIOT BeTepHHApHBIN cepTudukar. [locne mpoxoxkaeHns
JIBYXHEJICIIFHOTO KapaHTHHA MPOJIOJDKAIN COAEPIKATHCS B
BHUBaprH MeIUIIMHCKOTO paJinoIOTHUECKOT0 HayYHOTO 1IEH-
Tpa M. A.®. I[pi0a, MoKa HE JOCTHUIVIA COOTBETCTBYIOIIETO
BO3pacTa JJIsl MIPOBEICHUS SKCIIEPUMEHTOB. JKUBOTHBIE Ha-
XOJIMJIMCH B TIOJIMITPOMIJICHOBBIX KJIETKAaX CO CBOOOHBIM
JOCTYTIOM K TIHIIE ¥ BOJIE, IO 5 0cobeit B kaxkaoi. Bes pabo-
Ta ¢ JJAOOPaTOPHBIMHU KUBOTHBIMHU BBITIOJIHSUIACH B COOTBET-
ctBum ¢ [OCT 33044-2014 «IIpuHIATIBI HaUTEKATICH J1a00-
PpaToOpHOI MPAKTUKM. DBTAHA3ZUIO JKMBOTHBIX IIPOBOJIMIIH ITOJT
3(HUPHBIM HAPKO30M C ITOCIEYIOMIEH ANCIOKAIINEH IEHHBIX
TT03BOHKOB.

J17151 TOBTOPHBIX SKCIIEPUMEHTOB OBUTH HCTIOJTL30BAHbI CaM-
el Meitiieit CBA/Lac B Bozpacte 14 mec. 1 caMKU KPBIC JIMHUHT
Wistar B Bo3pacte 16 mec., BeiBenennsie B LIKIT «BuBapmit
KOHBEHIIMOHAJIBHBIX )KUBOTHBIX» VIHCTHTYTa INTOJIOTHH U Te-
uvetuku CO PAH (HoBocubupck, Poccns). JKuBoTHBIX comep-
JKaiu rpynmnamu 1no 6—10 meimei u no 3—4 KpbIChl B KIETKE
CO CBOOOTHBIM JIOCTYTIOM K ITHIIE 1 Boze. Bee akcriepuMeHThI
6butn 000peHsl KoMuTeToM 1Mo yXOmy M MCIIONB30BAHUIO
>kuBOTHBIX MHcTUTYyTa uTonorun u renetuku CO PAH. M-
1€l yMEpIIBISIIA METO/IOM IIEPBUKAIBHOMN TUCIOKAIINH IIeH-
HBIX TIO3BOHKOB, KpbIC — MeTonoM CO,-3BTaHA3MH MK JICKa-
nuTanuei. s BBIJENCHNS KIETOK KOCTHOTO MO3ra ObuIn
HCNOB30BaHbl 14- 1 2-MecsiuHble CaMLbl MbIIIEH JIMHUHU
CBA/Lac, 15-MecsaHBIe caMIIbI U 2.5-MecsdHast caMKa KPBIC
muann Wistar.

BbigeseHue KJIeTOK KOCTHOIO Mo3ra. [[j1sd BEIIEICHUS
KOCTHOTO MO3Ta XHMBOTHBIX yMEPIIBIISUI, BBIIEISIN Oe-
peHHBIE U OONbIIeOepPIIOBEIE KOCTH, OTCEKAIN AMHU(U3EI U
MIPOMBIBATIN KOCTHOMO3roBYyI0 mosocts DMEM+2 % FBS.
Knerounyro cycneH3mio MpomycKail HECKOIBKO pa3 uepes
unty 21-ro xanubpa, 9To0bI N30aBUTHCS OT KOCTHOMO3TOBBIX
poserok, ¢uiasTpoBanm yepes 40 Mxm. KieTku ocaxnanm
10 mun nipu 400g u pecycnieHnupoBaiy B 0ydepe co 130 MM
XJIOPUJIOM aMMOHHUSI JJIsl JIN3UCA 3PUTPOIMTOB HA 3—5 MUH.
3arem Oydep paszbasmsumm B 10 pa3 PBS, xiretku mepeocax-
Janu, pecycrnenaupoaiu B cpeae DMEM u nopcunTsiBamu
B Kamepe [opsieBa.

O0padoTKka KJIETOK KOCTHOI0 MO3ra HHAYKTOPAaMHU.
B xo0e NUIOTHOTO 3KCIEPUMEHTA KJIETKH KOCTHOTO MO3Ta,
BBIJICIICHHBIC U3 )KMBOTHBIX, HHKyOHpoBamu ¢ hDNAS' B
TedeHue | 9 mpu KomMHaTHOH Temmeparype (20-22 °C). Ko-
nuyectBo hDNAE st sxkcno3uim ¢ 1x10° k1eTok KoCTHOro
mosra — 200 HL.

B x071€ TOBTOPHOTO SKCIIEPHMEHTA KJIETKH KOCTHOTO MO3Ta,
BBIJICJICHHBIC U3 )XMBOTHBIX, HHKYONPOBAJIH C HHAYKTOPaMH B
teuenue 1 4 B armocdepe 5 % CO,, Bnaxnoctu 95 %, 37 °C
u3 pacyera: Ha 3 MutH KJ1eToK — 500 Mmxr hDNA®', 6o 500 Hr
anruorenuna, 1160 500 mxr hDNA®" u 500 Hr aHrHOreHUHA
coBMecTHO B 1 mit cpenst DMEM 6e3 CHIBOPOTKH.

[penapar hDNAS". Pexonctpykrop JIHK renoma uenoseka
(hDNA#) BpIieTieH U3 TUTAalleHT 3A0poBEIX JkeHmuH. JJHK
Ob11a pparmMenTrpoBana 10 1-20 HyKJICOCOMHBIX MOHOMEPOB
(200-2000 1.H.) ¢ TOMOIIBIO YIBTPa3BYKa, ACTIPOTCHHU3HU-
pOBaHa ¢ UCTIONB30BAaHUEM TTpoTenHa3bl K 1 akcTparupoBaHa
(denon-xmopodopmom.
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Anrunorenun npenoctasineH OO0 «Jlaboparopus AHrHo-
tbapm» (HoBocubupck, Poccust). Meuenne anrnorennaa CyS
TIPOBOJIMIIN COTIIACHO MPOTOKOITY MPOU3BOJUTEIIS, KOMITAHUN
Lumiprobe (I'epmanus).

BHyTpuBeHHOe BBeleHHe NTPenapara KJeTOK KOCTHOTO
Mo3ra. B xoze MMIOTHOTO 3KCIIEPUMEHTA OIBITHBIM MBI-
I1aM ¥ KpbICaM B XBOCTOBYIO BEHY OIHOKPATHO BBOAWIIN IO
1x10% knetok kocTHOTO MO3ra B 0.3 1w 0.5 mit 0.9 % pacTso-
pa xyopucroro Harpusi. KOHTpOIBHBIM KHBOTHBIM BBOJIHIIH
BHYTpHBeHHO 0.3 11 0.5 M1 0.9 % pacTBOpa XJIOPUCTOrO HATPUS
COOTBETCTBEHHO.

B xone MOBTOPHOTO 3KCHEPHMEHTA MBIIIAM M KpbICaM B
XBOCTOBYIO BEHY OJIHOKPATHO BBOIHIIH 110 1% 106 KJ1€TOK KOCT-
Horo mo3ra B 0.2 umu 0.5 ma 0.9 % pacteopa XIOpHCTOrO
Harpust. KOHTPOJIBHBIM KMBOTHBIM BBOAMIHM 110 1%10° HeoO-
pabOTaHHBIX KJIETOK KOCTHOTO MO3Ta, BBIICICHHBIX U3 CTAPBIX
1 MOJIOZIBIX KUBOTHBIX.

OneHka BIUSTHUS MpenapaTa KJIeTOK KOCTHOI0 Mo3ra.
B TedeHme Bcero MccienoBaHMS KUBOTHBIX €XEIHEBHO
ocMarpuBaii. OTCIEKUBaIM 00I1Iee TTOBECHUE U COCTOSIHNE
KHUBOTHBIX. OLICHNBAIIN SKCTEPHEP, KOTOPHIH MPOJEMOHCTPH-
poBan Ha (ortorpadusx. Usmepsman maccy Tena. [IpoBeneHs
MOpPQOJIOTHS CIIOHTAHHO BO3HUKIINX OIyXOJICH U perucrpa-
LUl €CTECTBEHHON THOEITN SKCTIEPUMEHTATBHBIX )KUBOTHBIX.

IMaTromopdonoruyeckuii aHaau3 OpraHos Mpimeii. Opra-
HBI ¥ OITyXOJIM OBIIN BBI/ICJICHBI U3 )KUBOTHBIX M (PUKCHPOBAHBI
B 4 % HeirpansHOM napadopmanbaeruae. OOpasibl OpraHoB
OBLTH JIeTUAPATHPOBAHBI B BO3PACTAIONIMX KOHIICHTPALIMIX
9TaHOJA, OCBETICHBI B KCHJIONE U 3aiUThl B mapaduH. Ila-
pauHOBBIE CPE3bl TONIIMHOW IO 5 MKM OBUIH OKpAaIleHBI
TeMaTOKCHIIMHOM W 303MHOM. Busyanmzamnmio npenaparos n
MHUKpodoTOrpadupoBaHne OCYIIECTBISUIN HAa CBETOBOM MH-
kpockorie Axio Imager ZI (Carl Zeiss Microscopy, [ epmanus).

IIpuroroBiieHne Ma3KkoB KPOBH. {11 IPUTOTOBICHUS
Ma3KOB HCIIOIb30BAIN KPOBb, B3STYIO M3 XBOCTOBOW BEHBI.
Masku kpoBu ¢ukcupoBanmu mMeraHoiaoM (OAO «Bekrony,
Poccust) B Teuenune 6—10 MuH, TpOMBIBATH BOIOH, BBHICY-
WMBaIM U okpamuBaiu 1no ['mmze—Pomanosckomy, pH 7.4.
[Ipenapars! mpocMaTpuBaIy ¢ IIOMONILIO MUKpOCKoma Leica
DV 4000V (I'epmaHusi) B IPOXOIAIIEM CBETE C MMMEPCHEH,
yBenuuenue x100.

IIpurorosjieHue Ma3KkoB KOCTHOro mMosra. Ilonroroska
TIPEnapaToB KOCTHOTO MO3Ta IIPOBOIMIIACK JINOO O CTaH/IaPT-
HOM METOJIMKE MPHUTOTOBICHUS Ma3Ka C HCIOJIb30BaHHEM
HEOOJIBIIOr0 KOJIMYECTBA CYCIICH3MH KIIETOK KOCTHOTO MO3Ta,
7100 MIPOCTHIM OTTICYATHIBAHIEM CEUCHNS TPYITHOIN KOCTH KH-
BOTHBIX. JlanbHeH s MoAr0TOBKA ITPpenapara KOCTHOTO MO3ra
ObLIa BBITIOTHEHA AHATIOTHYHO MPUTOTOBJICHUIO MA3KOB KPOBH.

AHaJu3 u3MeHeHMs1 KoJimyecTtBa TeqaomepHoi JJTHK.
Hns ouenku tenomepunoid JIHK mcnons3oBanuch KIeTKH
KOCTHOTO MO3Ta, BBIICIIEHHBIE U3 )KUBOTHBIX, 00pabOTaHHBIX
WHAYKTOpamu, depe3 12 Mec. mocie peuH(y3nu; KIETKH
KOCTHOTO MO3Ta YeJoBeKa depe3 15 cyT KyabTHBHPOBaHMS
Ha METHJIIEIUTIONO03E TTociie 00padboTkn nHIykTopamu. Kier-
KM KOCTHOTO MO3ra 3aiuBaiu B Onoku 1 % JierkorraBkon
arapossl u3 pacueta 500 ThIC. KJIETOK Ha onuH 01ok. J{o mpo-
BeZeHUs aHanm3a 0ok xparmwan B 0.5 M DJTA mpu 4 °C.
[epen smexTpodopezom 6moxu crionackuBamu B TE-Oydepe u
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UHKYOUpoBau ¢ musupyromum oydepom (50 MM DITA, 1 %
capkosu (Serva, ['epmanmst), 1 mr/vut mporernassl K (Thermo
Fisher Scientific, CIIIA)) B Teuenue 20 mun npu 50 °C. 3a-
TeM OJIOKM JIETKOIIIAaBKOW arapo3bl (PMKCHPOBAIHM B KapMa-
Hax arapo3HOTO OJI0OKa W TOJBEPTAH AIEKTPOPOPETHIECKOM
pa3roHKe B cucTeMe mynbe-popesa B pexxume: forward — 3 ¢,
reverse — 1 ¢, RAM-¢akrop — 0.9.

[Tocne storo JIHK nepenocuu va memopany Hybond N ¢
HCIIONIB30BaHNEM KamwusipHoro criocoda B 20xSSC (Manu-
aruc u ap., 1984). O6pasusr JJHK mprwkuranu k MeMOpaHe B
teuerne 10 MUH 1oz yneTpaduoIeTOBON JaMIION U XpaHHIIH
JI0 THOpUAM3aLINH.

Mewmb6pany ¢ npumutoi k Heit JIHK nepenocunm B 50 mit
npearnopuau3annonHoro oydepa, cogepsxkamiero 0.1 % SDS,
5%SSC, 5% pactBop Jenxapaa, 100 mxr/mi cymmapuoi PHK
Jpoxoked, n uHKyonpoBanm nipu 37 °C B Tedenue 1-3 u.
Meuensiii o6paszen JJHK (P32 onuronykneornn G-30H1 —
(TTAGGG)y, C-30u1 — (CCCTAA)g) neHATYpHPOBATU KHU-
mraeHreM 10 MuH u BHOCHIH B 50 MIT THOPHIU3AIIIOHHOTO
oydepa, conepxamiero 0.1 % SDS, 5xSSC, 5 % nekcrpan
cynbdar 500000, 100 mxr/mn cymmaproit PHK mpoxokeit.
[pearuOpuaAn3aMOHHBI PACTBOP CIMBAJIM U K MeMOpaHe
TocyIe IepeMEIINBAHMS MPYIINBAIN THOPHIN3AMOHHBIH Oy-
(ep, comeprkamuii MEUeHBII MaTeprall. | mOpruaus3anmio Bean
npu 37 °C Ha NpOTANKEHUH HOYM NPU MOCTOSHHOM Iepe-
MemunBanuy. [locie rudpuanzanun MeMOpaHy OTMbIBAIN
pactBopom, coaepxamuMm 0.1 % SDS u 0.1xSSC, Tpu paza
o 15 mun nipu 37 °C. Pexxum rubpuanzanun (OydepHast cu-
CTeMa 1 KOJINUECTBO OTMBIBOK) KOPOTKHX OJIMTOHYKJICOTHIOB
BBIOpaH AMITMPUYECKN MPU MPOBEICHUH MHOTOYMCICHHBIX
IKCTIEPUMEHTOB C painoakTHBHEIM (hochopom (Dolgova et al.,
2012). Temneparypa rudpuau3auy HaX0JUJIaCh B IIpeieax
3742 °C.

MewMmOpaHy ¢ NepeHeceHHbBIMU Ha Hee 00paslaMu KCIo-
HupoBaiy Ha 9kpaH K-truna. CkaHupoBaHUE PaaAnoN30TOITHBIX
00pa3IoB MPOBOAUIHN NpH momomu cucteMbl PharosFX.
[Tony4yeHHble N300paXKeHNs] aHAIM3UPOBAIIA B ITPOrpamMMe
Quantity One ¢ HCHOTb30BaHUEM MTApaMETPa ITIOTHOCTH IIATEH
(uETEeHCHBHOCTL/MM?) mimu iporpamMel GEL-Pro.

CrarucTHyecKuii aHAJIU3 TPOBOIAMIM C MPOTPAMMHBIM
obecneuenueMm Statistica 8 (StatSoft, CIIIA) u GraphPad
Prism 8.0.1 (GraphPad, CI1IA). AHanu3 BBKHBAaEMOCTH BbI-
TIOJIHSIIN MOCcTpoeHneM KpuBbix Karmana—Maiiepa ¢ npume-
HEHHEM JIOTpaHroBoro tecta (kpurepuit Mantens—Kokca). lo-
CTOBEPHOCTH Pa3INUUi OLEHUBAIIH C TOMOIIbI0 U-KpuTepus
Manna—Yutau. BeisBiieHHbIC pa3aIudus CUATAIN CTATUCTH-
4yeCcKH 3HaYMMbIMHU Tpu p < 0.05.

Pe3ynbratbl

BnusaHue penHdpysum Knetok KoctHoro mosra (MCK),
o6paboTtaHHbix hDNAY", Ha NPOAOCIKUTENBHOCTb KN3HN

1 obLLee cOCToAHMNE SKCMEePUMEHTaNbHbIX >KUBOTHbIX

Ha ocHoBanuu mMozenu, XapakTepusylouiel U3MeHeHHe KO-
nuyectBa TenomepHoi JIHK, u pesynsraroB FISH nokazana
BO3MOXKHOCTH ITOSIBIICHHSI TeHETHIECKON MH(DOPMAITIH, CONep-
Kareiics B okcTpakinerounsix JJHK ¢parmenrtax, B perumnu-
€HTHOM I'€HOME, KaK ITPeJIII0JIaraeTcs, B MIHTErPUPOBAHHOM CO-
CTOSTHUHY WM B (popMe Kojetl. Pe3ynasraTsl CBUACTENBCTBYIOT,
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YTO MPOM3OILIO YBEJIUUeHHEe KoauuecTBa TeaomepHon JTHK
W TIOSIBUJIMCH MHOTOUYHCIICHHBIE CaliThl HA XpOMOCOMaXx, T'H-
6punusyromuecs ¢ marepuaiom JIHK ncxonHo BHEXpOMOCOM-
HOH JIOKJIM3aIMH (KOTOPBIE, KaK CBH/ICTEIILCTBYIOT SKCIIEPH-
MEHTBI, MOTYT MPE/ICTABISTE COOOM KOJbIIA, OXBATHIBAIOIINE
Huth JIHK XpomMocoM u cocyliecTByrIIue B Takol opme
ompenenenHoe BpeMms (Py3anosa u mp., 2025)).

W3BecTHO, uTO KonMuecTBO TeraomepHoil JIHK sBusercs
OJTHUM U3 MapKepOB MPOAOIDKUTeNbHOCTH Xu3HH (Rossiello
et al., 2022). bruta npoBeieHa cepusi IKCIIEPUMEHTOB 10
OLICHKE MPOJOKUTENBHOCTH KHU3HU HKCIEPUMEHTAIBHBIX
MblLIENd U KpbICc. MBI Mcnonb3oBaiu kceHorennyrwo JHK
4esoBeKa, KOTopas CTOWKO JjaBajia yBeJIMYeHHE KOJIUUeCTBa
tenomepHoil JIHK B kiteTKax MbIIIEH U KPBIC B 9KCIIEPUMEH-
Tax 10 KJIOHUPOBAHHIO, YTO MPEAIIOIArano HaTHIne YCIOBHUM
YBEIMUCHHS MTPOJOIDKUTEIBHOCTH )KU3HH )KUBOTHBIX. OJTHa-
KO MBI 4ETKO ITOHMMAJIM, YTO TIOMMMO YIUTMHEHHS TEJI0MEp
MOTYT IPOUCXOIUTH HEKOHTPOIUPYEMbIE B3AUMOOTHOILICHHUS
Ha yposHe JIHK mexay uenoBeuecknmu JJHK pparmenTamu
1 XPOMOCOMAaMH T'PBI3YHOB, YTO Oy/I€T HEraTUBHO BIIMATH HA
COCTOSIHHE TIO/IOTIBITHBIX KMBOTHBIX. bojee Toro, B Hammx
paboTax M B HACTOAIIEM HCCIEJOBAHUU YCTAHOBJICHO, YTO
TOJILKO OKOJIO 1 % OT reHOMa MOXKET JOCTaBIIATHCS B KIETKY.
DTO0 03HaYaeT, 4TO pe3yapTaT nHTepHamm3anun takoi JJHK
OyzeT B BeICIIEH Mepe BBIPOXKIEHHBIM. B pa3zHble ki1eTkH mo-
naxyT pasznudabie TeHomHble JJHK, uro Oyner Tonbko ycy-
Fy6J'[5[TB MOCJICACTBHA BO3BMOXHBIX HEKOHTPOJIMPYEMbBIX B3aun-
MOOTHOIIEHUH MKy KCEHOTeHHOMU dKcTpakieTounoi JJHK
yenoseka U JIHK xpomocom rpeizyHoB. B coBokynHocTH
BBICKa3aHHBIE COOOpa)KeHMs IPe/IIoarali HelmpeacKasye-
MOCTB PE3yIBTaTOB TAKUX 00pabOTOK M BOSMOKHOCTH TIPO-
SABJICHUS KaK MCKOMOTO YBCJIWYCHUS MPOHOJIKUTCIBHOCTH
JKU3HH JKUBOTHBIX, TaK M IIPOTHBOIOIOKHOTO OTPHULIATENb-
HOTO pe3yJnbTara.

BnusHue peuHgy3uu Knemok KocmHoz2o mo3saa (ICK),
06pabomaHHbIX aKMusamopamu, Ha NPOOOIKUMeTbHOCMb
XU3HU U 0bWee cocmosHue Mblwel

J1J1st IMIIOTHOTO MCCIIEI0BAHMSI BIMSHUSL peMH(PY3UH KIICTOK
koctHOTO Mo3ra (I'CK), o6padoranabrx hDNA#, Ha mpo-
JIOJDKUTENILHOCTD )KU3HH )KUBOTHBIX ObUIN OTOOPaHbI EBSIThH
ayTOpeTHBIX MBIIIEH-CAMOK C OMHAKOBBIM BECOM 0e3 Ipo-
SBJICHUI CIIOHTAHHO Pa3BHUBAIOIINXCS TTOIKOKHBIX OITyXOJEH.
KoHTpobHOI TpymIe, COCTOSIIEH U3 MSATH 0COOCH, BBOIMIH
BHyTpuBeHHO 0.9 % pacTBOp HATPHsI XJIOPUAA, & OTBITHOH,
COCTOSIIIEH M3 YeThIpEeX 0Co0eH, — KIETKH KOCTHOTO MO3Ta,
skcroHnpoBanHble ¢ hDNA#. Ha Hagamo paboTel BO3pacT
MbIiel coctabisin 12 mec. CpenHss Macca Tela ONBITHBIX U
KOHTPOJIBHBIX MbIIeil —42.1+2.4 .

JuHamuka TuOeny SKCHEePUMCEHTAIbHBIX )KUBOTHBIX OT-
pakeHna Ha puc. 1, 4. Cpeassist IpOAOIKUTENBHOCTD KU3HU
MBIIIeH coctaBmia 16 mec.: B kouTpone — 487+30 nHeit, B
onbiTe — 490+31 nHeil. B rpynme onmeITHRIX MbIIIEH yepes
2 Mec. rmociie Hadasla 3KCHeprMeHTa HaOJIoalICs IIPUPOCT
Macchl Teja, TOrJa Kak B KOHTPOJIBHOW rpyrine HaOIomanu
notepro B Bece B cpeaneM Ha 20 % (cMm. puc. 1, B). ®uznye-
CKOE COCTOSIHUE MBILIEH B ONBITHOW IPYyIIIE CYLIECTBEHHO
OTIIMYAJIOCh OT COCTOSIHUSI MBIIIEH B KOHTPOJBHOH rpymie
(eMm. puc. 1, C). KoHTponbHBIC MBIIIN B TEPMUHAIBHON
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Puc. 1. Bavanne hDNAY" Ha NpofoIKUTENIbHOCTb KNU3HU MblLLE.

A — BbIXXMBaEMOCTb XMBOTHbIX; B — M3MeHeHWe MacCbl Tena Mbilel 13 KOHTPOJIbHOW 1 OMbITHOW rPynn B Bo3pacTe 14 MeC. OTHOCUTENIbHO NCXOJHOTO
Beca B 12 mMec. B Hauasle SKCMepuyMeHTa, MpUHATOro 3a 100 % (0603HauyeH KpacHoii NHuen). * [locToBepHble OTINYUA MO CPABHEHWIO C KOHTPOSIb-
Hol rpynnoi, p < 0.05, kputepuit MaHHa-YuTHU. C — CpPaBHUTENbHbIV BHELLHWIA BUA 0COOEN 13 KOHTPOJIbHOM 1 OMBbITHOM rpynn B Bo3pacTe 16 mec.;
D — BHELUHWI BUA MbILLK C OMYXOJ1bio U3 OMbITHON rPyMMbl B BO3pacTe 16 Mec.; E — NaToMop¢pONornyeckunii aHanms ornyxosnm Mbilun U3 OMbITHOW rPynmbl
B BO3pacTe 16 mec.: 1 — TMCTOCTPYKTYypa KapLIMHOMbl MOJIOYHOW esie3bl MbllV, yBennyeHne x40; 2 — MMKPOHEKPO3 B TOJILLE NapeHXUMbl KapLHOMbI,

yBennyeHve X40; 3 - coeaUHUTENBHOTKaHHAA cenTa B NapeHXnme KapLuHOMbI, yBennyeHue x10. OKpaCKa reMaToKCMJIMHOM U 3031HOM.

CTaJINH KU3HN OBUIN MEHEE TOIBIKHBI, BOJIOCSHON MOKPOB
HEPOBHBIH, C YACTHYHBIM OTCYTCTBHEM ITOIICPCTKA. MBIIIH,
KOTOPBIM BBOAWJIN KJIETKH KOCTHOTO MO3ra, 0OpaboTaHHBIE
hDNAS®', coxpaHsIM aKTHBHOCTB, MTUIICBOC MTOBEICHUE HE
OTIINYAIOCH OT HOPMBI, BOJIOCSHOH MOKPOB OBIT POBHBIM, C
BBIPaYKCHHBIM TTOAIIIEPCTKOM.

B skcniepuMeHTanbHOM rpyIine MbIIeH Y OHOW 13 0co0eH
B Bo3pacte 16 mec. ObII0 0OHApY)KEHO HOBOOOpa3oBaHUE B
BHUJIE CTIOHTAHHO PA3BUBAIOIIETOCS OIYXOJIEBOTO y3J1a B paifo-
He Masoro Tasza (cM. puc. 1, D). Omyxons Obita ObICTpOpa-
CTyIIEH M Yepe3 JIBe HEeleNN OT AaThl OOHApYKEHHS MMena
00beM 7.5 cM3. OIyX0JIEHOCUTEND OBLT BEIBEIECH U3 OIIBITA IS
MaKpOCKOITHYECKOTO 1 MOP(OIOTHIECKOTO NCCIIEJOBAHNS.

MOJIEKYNTAPHAA N KNETOYHAA BUONOIMNA / MOLECULAR AND CELL BIOLOGY

[TpoBeneHHbIN MaTOMOP(OIOTHIECKUN aHAN3 MTOKa3al,
YTO MTApEHXHUMa OITyXOJIH MBIIIH COCTOSIIIA U3 ATTUTEINAIBHBIX
KJIETOK KyOmueckoi popmMsbI ¢ 6a30(pmrbHOM IIUTOIIIA3MOH, CO-
JIeprKaliX YMEpPEHHO ITOIMMOP(HBIE S1pa, 3aHNMAIOIINE T10-
JIOBUHY KJIETOK H COZIEP KAl XOPOIIO BBIPAKEHHBIC SAPBIII-
KH. B HEKOTOPBIX MeCcTax SMUTEINNH UMEI BUJT KETIE3UCTOTO C
TEH/ICHIIMEH K 00pa30BaHMIO allMHAPHBIX WM TMAMMIUIIPHBIX
CTPYKTYp (cM. puc. 1, E1). DUrypbl MUTO3a M AITOTITOTHYECKHE
TeJIbIIa peikue. MUKpOHEKPO3bI IPUCYTCTBYIOT B HEOOIBIIIOM
KommaecTse (cM. puc. 1, E2). Pacnipenienenne snuTeIHanbHbIX
KJIETOK XaOTHYHOE, B OT/ICIBHBIX MECTaX BBISBISIACH CI1a00
BBIpa)KCHHAs! JOJIYATOCTh TKaHU, OTPAaHWYCHHAs] TOHKHIMHU
COEIMHUTENILHOTKAaHHBIMU CETITaMH, COJICPIKAIINMH MEJIKHE
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Puc. 2. AHanu3 NPOAOIKUTENIbHOCTU XXN3HW SKCNEPVMEHTANIbHbIX MblILLEN B rpynnax.

A - kpuBasa KannaHa-Mariepa; B — NpoAomKUTENbHOCTb »KU3HU Mbllel. * [loCcTOBepHble OTNINYMA NPOAOIIKUTENbHOCTY KN3HW MblLLEN MeXAay rpynna-

MU, p < 0.05, norpaHroBbin TecT (KpuTepuin MaHTena-Kokca).

COCYIBI, B POCBETE KOTOPHIX HAXOIMINCH IPUTPOIUTEL. Me-
CTaMH COCIUHUTEITHHOTKAHHEIC TTEPETOPOAKH YTONIIAINCE,
npuobperas oTpocTdaroe crpoeHue (cM. puc. 1, E3). beuro
C/ICTaHO 3aKITFOYCHHE, YTO MMPOU3OIILIO CIIOHTAHHOE PAa3BUTHE
KapIIMHOMBI MOJIOYHOMH JKEIe3bl.

B moBTOpHOM KCTIEpIMEHTE Ha MBITIIaX ObIIa BEIOpaHa JIH-
aust CBA/Lac. ChopMupoBaHO TSTh Tpymir: 1) >KHUBOTHBIE,
KOTOPBIM BBOJMIIN KJIETKH KOCTHOTO MO3Ta OT CTapBIX JKHU-
BOTHBIX; 2) )KUBOTHBIC, KOTOPBIM BBOJIMIIA KJIETKH KOCTHOTO
MO3Ta OT MOJIOJIBIX JKAUBOTHBIX; 3) KHBOTHEIE, KOTOPBIM BBO-
T KJIETKHA KOCTHOTO MO3Ta OT CTaphIX KUBOTHBIX, 00pa-
OOTaHHBIC aHTHOTEHHHOM; 4) )KHBOTHBIC, KOTOPHIM BBOJIVJIH
KJICTKHA KOCTHOTO MO3Ta OT CTaphIX JKUBOTHBIX, 00paObOTaHHEIC
hDNAE'; 5) >KUBOTHBIE, KOTOPHIM BBOJIFUTH KJIETKH KOCTHOTO
MO3Ta OT CTapBIX JKUBOTHBIX, 00pabOTaHHBIC AaHTHOTCHUHOM
u hDNA#'. AHanu3 MpOAOIKUTETHHOCTH JKU3HU MBIIICH B
TpyTIax MpeacTaBiIeH Ha puc. 2.

Peundysus I'CK, obpaborannsix hDNA#, He BinuseT Ha
TIPOIOIKUTENEHOCTD KU3HU MBITICH B CPaBHEHUH C TPYIITOH
JKUBOTHBIX, KOTOPHIM BBOJIWJIM KJIETKH KOCTHOTO MO3Ta OT
CTapBIX )KHBOTHBIX (CM. pHC. 2, B). DTOT (aKT, Kak U B IEPBOM
AKCIIEPUMEHTE, MPEIoiaraeT OTCYTCTBHE BIUSHUS 00pa-
6otku npenaparoMm hDNAS' Ha IPOOIKUTETFHOCTD KU3HH
MBIIIeH. Y MBITIei, KOTOPBIM BBOAWIIN KIIETKH KOCTHOTO MO3Ta
OT CTaphIX )KUBOTHBIX, 00pabOTaHHBIC AaHTHOTCHUHOM, Yepe3
8 Mec. mocIe MpoBeACHHOW 00PaOOTKH HaYall CTPEMUTEIIEHO
pa3BUBATHCS CUMITOMOKOMIUIEKC, B PE3yabTaTe KOTOPOTO
MBIIIH TIOXYAETH 10 17 T ¥ B TeUCHNE He3HAYUTETIHHOTO TIPOMe-
JKyTKa BpeMeHH (1 Mec.) mociemoBaTesHO mand (CM. puc. 2).

Haunbomp1as mpomomKUTENEHOCTD )KU3HHU ObLTa 3aUKCH-
pOBaHa JUIs TPYIIIT MBIIIIEH, KOTOPBIM BBOJIMUIIH KIIETKH KOCTHO-
IO MO3Ta OT MOJIO/IbIX JKUBOTHBIX U KJIETKH KOCTHOTO MO3Ta OT
CTapbIX JKUBOTHBIX, 00paOOTaHHBIC AHTHOTCHHHOM COBMECTHO
¢ mpemaparoM hDNA#: 1o 32 u 35 Mec. TOXWIHA OHA U JABE
MBI coOTBETCTBEHHO (17 1 30 % oT 0o0mero KoimvyecTra
MeImiei). [1o okoHuaHUK UCCTIeIOBaHHS Ha MBIIITHHON MOIEITH
OBLTH TIOTYYEHBI YeTHIPE MIPUHITUIHAIBHBIX PE3yIbTaTa.

1. O6paboTKa KIIETOK KOCTHOTO M03ra kceHoreHHo# mi/IHK
(hDNAZ#") He BIHseT Ha IPOAOIDKUTEITHHOCTD )KU3HHU MBIIIICH.
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[TpudauHEL, Ha HAII B3IV, CBS3aHBI CO CIIOXKHBIM, IIIEHOTPOII-
HBIM BJIMSHHEM (PparMeHTOB IK30TCHHOM TeTepOoIOTHIHON
nu/IHK nocne ee nunrepnanuzauuu B 'CK Ha ocHOBHBIE
MeTaboIMIecKne KOHCTAHThI, OTBEUYAIOIINE 32 CTAPEHHE Opra-
HU3Ma. TakxKe Clie/lyeT yUUThIBaTh TOT (AKT, YTO B CTBOJIOBYIO
reMomnodTHYecKyo knetky nomanaaet 0.1-1.0 % skcrpaknerod-
voit /IHK, mpencrapmnstomnieli co00i He3HAYNTEIBHYIO 9aCTh
reHoMa. JTO O3HAYaeT, 4To BCeraa OyAeT BEpOSITHOCTh TOTO,
41O B KJIeTKy He foctasisiercs: JIHK tenomepHbIx moBTOpOB
WM OHA JIOCTABIISIETCSI B HEJIOCTATOYHOM JUISl aMIUTH(UKAIIN
WM CalT-Cenu(pUIECKONH HHTETPAIIMN KOJIMYECTBE.

2. TpancruranTanus cTapbiM )KHBOTHBIM KJIETOK KOCTHOTO
MO3Ta MOJIO/IBIX MBIMIAT MPUBOANUT K CYIIECTBEHHOMY (10
32 mec.) yBEIWYECHHUIO MPOAOIDKUTEIBHOCTH KHU3HU MBITICH
B TpyTIIIE.

3. CoBMecTHOE NMPUMEHEHHUE JBYX IPENapaTroB, aHTHOTE-
auHa 1 hDNA®', naTepramusyronmxcst B 'CK (umu B ogHy
1 Ty € KJIETKY, WJIH B pa3Hble KJICTKH, MM B CMEIIAHHOM
BapuaHTe), 3HAYUTEIFHO YBEINYNBACT MPOAOIDKUTEILHOCTD
JKM3HU MBIIIEH (710 35 Mec.) ¥ TPEBBIIIAET PE3YIBTATh, OTY-
YEHHBIC HA MBIIIAX, KOTOPBIM TPAHCIUIAHTUPOBAIN KIIETKH
KOCTHOTO MO3Ta MOJIOZBIX MBIIIAT. DTO CBUJIETEIBCTBYET O
TOM, 4TO JBa He3aBHCUMBIX akTuBaropa I'CK, oTHOCsIIXCS
K JIByM KJIaccaM IOJIMMEPOB, CHHEPTUYHO U MOJOKUTEIEHO
BIIMSIIOT Ha «OCHOBHBIE MeTabommyeckue koHCTaHTh ['CK,
OTBEYAIOIINE 32 CTAPEHUE KJICTKH, YTO CONTPOBOXKAACTCS YBE-
JTMYEHUEM TPOIOJKUTEILHOCTH )KU3HH SKCIIEPUMEHTATBHBIX
Meiei. HafinenHsie (heHOMEHBI TPeOyIOT qalbHEeHIIero SKc-
TIEPUMEHTAIIBHOTO MCCIICIOBAHMS.

4. AHTHOTEHIH KaK MOHOIIPENapaT HHALIMHUPOBAI y MBIIICH
pa3BUTHE CIIEIM(PUIECKOTO CHMIITOMOKOMITIEKCA, KOTOPBIH
TTOCITY>KWJI IPUYUHOM THOEIH )KUBOTHBIX B rpyrme. st mo-
HUMAaHHS TPOU3OMICANINX COOBITHI B OpraHU3Me MBIIICH
TIPY BO3JICHCTBUM aHTHOTEHHHA OBUT IIPOBEAEH matoMopdo-
noruveckuit ananus (Ipunoxenus 1 u 2)'. V ogHol Mblmu
HE JICTEKTHPOBAIIMCH NATOJIOTMIECKNE N3MEHEHHMS B IPOaHa-
JTU3UPOBAHHBIX TKAHAX M OpraHax. Y ABYX JIpYyTHX Obuin

' Mpunoxenus 1-3 cm. no aapecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx20.pdf
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BBISIBJICHBI YYACTKH ATUITMYESCKON TKaHH B TICUCHH U MMOYKAX.
OCHOBHbBIE MATOJIOTHUYECKHUE HAPYIICHHS ObLTH BHIPAKEHBI B
MEYCHU U TOYKax. B meueHu aeTexkTupoBaiach AUCTpOdus
rernaroinUTOB, COMPOBOXK/IABINASICS MOTMMOPPHOKICTOUHON
uHUIBTPAIMEil, COOTBETCTBYIOIICH MOP(OIOTHYSCKON Xa-
PaKTEepUCTHKE OCTPOro renarura. B moukax HabMOnamiCh Bbl-
paKEHHBIE AUCTPOPUUECKIE U3MEHEHHS ITUTEITUS KAHAIIBIICB
U KIyOOYKOB, YTO COOTBETCTBYET OCTPOU MOYEUHOU HEJ0-
cratouHocT. O0e MaTONOrMYeCcKHe IECTPYKIUH OOHAPYIKH-
BAIOTCs B BOKHEUIIINX BBIICITUTEIBHBIX CHCTEMAX OpraHnu3Ma
1 B [IPUHIIATIC MOTITH ObI OBITH MPUYMHON THOEITH IKUBOTHBIX,
CBSI3aHHOM ¢ BIUsIHUEM aHruoreHuHa. OmHako maroMopdo-
JIOTHYECKUI aHaJK3, MPOBEACHHBIH C KUBOTHBIM, KOTOPOMY
BBOJIMJIN KJIETKH KOCTHOTO MO3Ta CTAPBIX dKMBOTHBIX, TOKA3aIl
MPAKTHYECKH aHAIOTHYHBIE Pe3y/IbTaThl. B riedeHu u moukax
TaK)Ke BBISBJICHA aTHIUYECKasi TKaHb. B meueHn oOHapyKu-
BAIOTCSl M3MEHEHHUS TAPSHXUMbI BOCIIAIUTEIBHOTO XapaKTe-
pa, Kak y MbiIiieii mociie 00paboTKu aHrHOreHnHOM. B moukax
BBISIBJICHBI AUCTPO(DUUECKUEC U3MEHEHHS KaHAJBIIEB U KITy-
004YKOB. DTO TOBOPHUT O TOM, YTO BCE YKA3aHHBIC H3MEHEHUS
MOTYT SIBIISITHCS CIIE/ICTBUEM CTAPEHUsI )KUBOTHBIX. JIyist By X
JPYTUX TPYII, KOTOPHIM BBOAMIM KIETKH KOCTHOTO MO3Ta
MOJIOZIBIX KUBOTHBIX U KJIETKH, 0Opadoranasie hDNA#, mo-
Ka3aHbI IOXOXKME U3MEHEHHUS B ITAPSHXUME MIEYCHU U [T0YCK,
HO IPY MOJHOM OTCYTCTBHH BOCHANCHUS. DTOT (aKT TaKkxke
MIPEIIOJIATaeT, YTO MPUINHOM rMOesn YKUBOTHBIX MOCIIE 00pa-
OOTKHU aHTHOTCHUHOM SIBJISIOTCS KAK OOHAPYKEHHbBIE TATOMOP-
(onoruueckue AeCTPYKIUK B IEYCHH U [TOYKAX, TAK U IPYTUe
HE BbISIBJICHHbBIC PUYKHBI (cM. [Ipunoxenue 1).
[MapannensHo ¢ MaTOMOP(OIOTHUECKUM aHATU30M TKa-
HEell W OpPraHoOB MbIIIeH ObUTH MPOAHAIN3UPOBAHBI KPOBb U
KOCTHBI MO3T )KHBOTHBIX, BEIBEJICHHBIX U3 KCIICPHUMEHTA B
npeicMepTHOU cTainu. KIleTKr KOCTHOTO MO3ra JIJIst BCEX IKC-
MIEPUMEHTAJIBHBIX TPYII HAXOAUIUCH B HOPMAJIBHOM COCTOSI-
Huu. J{j1s1 TPy, KOTOPHIM BBOIHUIIH KIETKU KOCTHOTO MO3ra
CTapbIX KUBOTHBIX U KIIETKH, 00Pa0OTAHHBIC AHTMOTCHUHOM,
B KPOBH HAOJIONANICS CJIBUT B CTOPOHY MOBBIIICHUS KOJTHYE-
cTBa JIUMQOIHUTOB. B rpymie »KHUBOTHBIX, KOTOPHIM BBOJIUIIN
KJIETKH KOCTHOTO MO3ra, 00paboTaHHbIe aHTMOTCHHHOM U
hDNAE', 6p11a oOHapykeHa MaToJormyecKas KapThHa MOp-
(bONOTHH IPUTPOIUTOB «EKUKNY, YTO B OOJNBIICH CTEIICHU
npeanonarano GyHKIHOHAIbHBIC HAPYIICHHS, TPUBE/IIINE
K MaTOJIOTHYECKOMY HU3MEHEHHIO (POPMBI IPUTPOIUTOB (CM.
[Mpunoxenue 2). [Ipu 5TOM U3MEHEHUsI HE MOBIHSIINA HA PO-
JIOJDKUTEIILHOCTD )KU3HU KHUBOTHBIX B TPYIIIIE.

BnusHue peuHgy3uu Knemok KocmHozo mo3ea (ICK),
06pabomaHHbIX aKmueamopamu,

Ha NpoO0IXKUMeNbHOCMb XU3HU KpbIC IUHUU Bucmap

B nepsoM nunotHoM skcniepumente (AO Knunuueckuii roc-
nutais «HeripoBuTa», MockBa) 171l HCCIICIOBaHUS BIUSHUS
hDNAZ$" Ha IpOIOIKUTENBEHOCTD XKU3HU KPBIC-CAMOK JINHUN
Bucrap 06110 3a510%K€HO 35 0c00eii. JKUBOTHBIX pa3aeinim Ha
TPU IPYIIIBL: JOHOPBI KOCTHOTO MO3T'a; KOHTPOJIbHAS IPYTINA,
cocrosimiedd u3 10 ocobell, KOTOPbIM BBOAMIM BHYTPHUBEH-
HO 0.9 % pacTBOp HaTpus XJOPUJA; U OMNbITHAs IpyImna U3
19 oco0eii, KOTOPBHIM BBOAMIIN KIIETKH KOCTHOTO MO3Ta, 00pa-
6orannsie hDNA#'. Ha Hadao paboThl BO3pacT KPBIC COCTaB-
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w1 13 mec. CpenHsist Macca Tela ONBITHBIX M KOHTPOJIBHBIX
kpbic —460.0+18.2 1.

JluHaMuKka THOETN SKCIEPUMEHTAIbHBIX KHBOTHBIX OT-
pakeHa Ha puc. 3, A. CpeqHss MpoIOKUTEIFHOCTD KU3HH
KPBIC MOMYISIN BrcTap B KOHTPOIBHOH IPyIIE COCTaBMIIA
717438 nuelt, unu 24 Mec., a B TPYIIIE C BBEACHUEM KIIETOK
KOCTHOTO M03ra, 00padboTanHeix hDNAS®!, — 842+25 nHedd,
nim 28 Mec., 9To OBIJIO CTAaTUCTUYECKU 3HAYMMO Pa3IndnMo
(p <0.01) (em. puc. 3, B). Cpennsist Macca Tea KpbIC B BO3-
pacte 24 Mec. B ONBITHOW Tpyrine Oblla JOCTOBEPHO BHIIIIE,
4geM B KOHTponsHOH (p < 0.05) (em. puc. 3, C).

HaOmonennst 3a GU3HMYECKUM COCTOSHHEM >KHBOTHBIX Ha
MIPOTSHKEHUN BCETO AKCIIEPUMEHTA TIOKa3all, YTO ONBITHBIC
KPBICHI YK€ B BO3pacTe 18 Mec. CynecTBEHHO OTIAMYAIINCh OT
KOHTPOJIbHBIX TAKMMH ITOKA3aTEJISIMH, KaK JIyqIIIee COCTOSTHHE
KOKHOTO M BOJIOCSTHOTO TIOKPOBOB, MOBBIIIICHHAS ABUTATEIb-
Has aKTHBHOCTH (cM. puc. 3, D). IlumeBas aKTHBHOCTE Y
OIIBITHBIX KPBIC OBIIA BBINIE, YEM y KOHTPOJBHBIX 0COOCH.
[pu noctmwxennu Bo3pacta 21 mec. (8 Mec. mocie BBEICHUS
rpenapara) U3MEHEHHS B (PM3MUECKOM COCTOSTHUH KMBOTHBIX
CTAHOBSTCSI OTYCTIIMBBIMH. BOJOCSIHO ITOKPOB y KOHTPOIb-
HBIX KPBIC PEIKUIi, TPYMHHT HapyIIEeH, TOHYC MBIIII] CHH)KCH.
OmbITHBIE KPBICKI HA ATOM JTare ObutM OoJiee TTOIBUKHBL,
OTJIMYAJIUCH MCCIIE0BATEIBCKIM MTOBEICHUEM, TOHYC MBIIII]
HE N3MEHEH, COCTOSIHUE BOJIOC M KOKHOTO MTOKPOBa B HOPME.
B Bo3pacte 25 mec. (12 mec. mocie BBEICHHS IMperapara)
Y ONBITHBIX KPBIC COXPAaHEHBI MOJBIKHOCTh M MCCIIET0BA-
TEJILCKOE TIOBEJICHNE, TOHYC MBIIII HE3HAYUTEIIFHO CHIKEH,
KOOPIMHANNS IBIDKCHUS He HapymieHa. OTMeuaeTcs He3Hau -
TENILHOE BBITIA/ICHNE MoAIIepCcTKa. KOXKHBIN TOKPOB YHCTHIMH,
TPYMHHT HE HapylieH. KoHTpoJbHbIE KPBICHI Ha 3TOM 3Tare
KU3HU MAJIOTIOJBMD)KHBI, TOHYC MBIIII] CHIDKEH, YaCTHIHO
HapyIlleHa KOOpAUHALHS IBIKeHNs. OTMEUEeHO MHOTOUHCIICH-
HOE BBITA/ICHNE BOJIOCSHOTO TOKPOBA M HAPYIIEHUE TPYMHHTa.
JoxxuBiiast 10 Bo3pacTta 27 Mec. KOHTPOJIbHAs KpbICa IMEET
CHIDKEHHYIO Maccy Tea, PeIKNil BOIIOCSHON TTOKPOB, MaJIO-
TTOABMYKHA M UMEET HAPYIICHHYIO KOOPIMHAIMIO JIBYKCHUSL.
B onbrTHOI rpynmne 1o storo nepuona goxuian 11 kpeic. Ux
Macca Tella He3HaYUTEeJIbHO CHIDKEHA, BOJIOCSHOM MTOKPOB pel-
kuit. Ho KpbICHI MOABMKHBI, KOOPWHANNS IBM)KCHHS HE Ha-
pyIIeHa, ¥ IPUCYTCTBYET HCCIIEI0BATEIHCKOE TTOBEACHHE.

Bb110 mpoBenieHo Mophotornyeckoe UecleJOBaHNE TKaHEH
BHYTPEHHHX OPTaHOB JBYX KpBIC ITOCJIE TEparuy KIeTKaMH
KOCTHOTO Mo3ra, o0paboTanasiMi hDNAE', moBeprimxcs 3B-
TaHa3uu B Bo3pacTe 30 m 32 mec. Y ocobu B Bo3pacte 30 mec.
JICTEKTUPOBAJIOCH CIIOHTAHHO BO3HUKIIIEE HOBOOOPA30BaHNE B
OpromrHOit monoctu (eMm. puc. 3, E). Ilpu Mmopdonorngeckom
00cIeJTOBaHNH B MMPOCKIIMN BEPXHETO ITOJTIOCA IPABOH ITOUKH
OBUTO 0OHApYXEHO JTOOpPOKaYSCTBEHHOE HOBOOOpA3OBaHUE
HEHPaIbHOTO MPOUCXOKIACHHUS — IMIBAHHOMA, KOTOPOE HOCHT
criopagudecknii xapakrep (cM. puc. 3, E, F). Bropyro kpeicy
13 9TOM K€ TPYIIIHI TIO/IBEPIIIN 3BTaHA3UH B BO3pacTe 32 Mec.
[Taromopdonornueckuii aHaJIN3 TKaH! CEPILIA, JIETKOTo, TTede-
HU, TIOYKH, CEJIE3EHKH, TOJIOBHOTO MO3Ta, CITMHHOTO MO3Tra 1
KPacHOTO KOCTHOTO MO3Ta CBHETEILCTBOBAI 00 OTCYTCTBHA
MATOJIOTHA.

B moBTOpHOM SKCHEpHMEHTE Ha KpbICax TOH K€ JIMHUH
(Uul" CO PAH, HoBocubupck) ObLTO CpaBHUTEIHHO OIIe-
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Puc. 3. BnusHrie hDNAY Ha NpoAomiKUTENbHOCTb »KIU3HU KPbIC NMHMKM BucTap.

A — BbI>KBaeMOCTb »KNBOTHbIX; B — cpeiHAA NPOAOCIKNTENBHOCTb M3HW XKUBOTHbIX. * [lOCTOBEPHbIE OTIMUMA MO CPABHEHUIO C KOHTPOJIbHOW FPYNMoi,
p < 0.01, norpaHrosbiit TecT (Kputepuii Mantena-Kokca). C — n3mMeHeHne Maccbl Tena KpbIC U3 KOHTPOJSIbHOW 1 OMbITHOW Fpynn B Bo3pacTe 24 mec.
OTHOCUTESIbHO MCXOLHOrO Beca B 13 Mec. B Hauasie SKCnepumMeHTa, NprHAToro 3a 100 % (0603HaueH KpacHow nnHuen). * [loctoBepHble OTANYUA MO
CpaBHEHMIO C KOHTPOMbHOM rpynnoi, p < 0.05, Kputepuit MaHHa-YUTHU. D — cpaBHUTENbHBIN BHELHWUI BUA 0CO6Ei 13 KOHTPOJIbHOW 1 OMbITHON rpymnn
B Pa3nIyHOM BO3pacTe; £ — BHELLHWI BUA KPbIChl C ONMYXOJIbIO U3 OMbITHOW rpynmbl B Bo3pacte 30 mec.; F — naToMopponornieckmin aHanms onyxonu
KPbICbI 13 OMbITHOM rpynmbl B Bo3pacTe 30 Mec. OKpacka reMaTOKCUAMHOM 1 S03UHOM. YBennyeHune x20.

HEHO BIMsSHHUE penH(y3un KieTok koctHoro mosra (I'CK)
CTapbIX KUBOTHBIX, 00pabOTaHHBIX aHTHOTeHHHOM 1 hDNA#
1 COBMECTHO 00OMMHU TpernaparaMu. B kauecTBe KOHTpPOIb-
HBIX TPYMNI OBUTH B3STHI KPBICEL, 00pabOTaHHBIC KIETKAMHU
KOCTHOTO MO3Ta OT MOJIOJIBIX M CTapbIX XMBOTHBIX (pHUC. 4).
B sToM nccnenoBannu OBUIO MPOAHATU3MPOBAHO N3MEHEHHE
B Kkonuuectse TenoMepHoil JJHK B kocTHOM Mo3re Kpbic B
TPYIIIAX IMOCJIE HHBEKINH KJIETOK KOCTHOTO MO3Ta OT CTaphIX
1 MOJIOABIX >KUBOTHBIX M KJIETOK KOCTHOTO Mo3ra, o0pado-
TaHHBIX hDNAE', aHTHOTeHUHOM M aHTHOTeHUHOM + hDNAS",
gepe3 12 Mec. mocine penH]py3nn METOIOM cay3epH-0JIOT T'H-
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Opuanzanuy. Takxke B 9TON 9aCTH UCCIICOBAHMS Ha KPBICHHOM
1 4€JI0BEYECKON MOJIEIISIX TPOAHANIN3UPOBAHO, KaKas U3 LeTel
(G nmmn C) Tenomeps! aMIIA(UIIPOBAHA.

[To pesyabpraTaM SKCIEPUMEHTOB CIEIAHBI CIEIYIONIHNE
BBIBOJBI. 1. PemH(y3mst KIETOK KOCTHOTO MO3ra OT CTaphIX
KMBOTHBIX, 00paboTanHbIX mpenaparoM hDNAE', e Bimsier
Ha YBEJIMUYCHUE MPOJIOIDKUTEIBHOCTH KU3HH KHUBOTHBIX MO
CPaBHEHHMIO ¢ KOHTPOJIEM (KJIETKH KOCTHOTO MO3Ta OT CTaphIX
KHMBOTHBIX 0€3 00paboTKn) (cM. puc. 4). CpeaHsst IPOIOIKH-
TENBHOCTD JKU3HU cocTaBmia 25 mec. 2. PenH)y3us KIeTok
KOCTHOTO MO3T'a MOJIOZIBIX ’KUBOTHBIX, KJIETOK KOCTHOTO MO3Ta,
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Puc. 4. AHann3 NpofJoIKUTENbHOCTY »KN3HW SKCNEPUMEHTASIbHbIX KPbIC B rpymnnax.

A - kpusasa Kannana—Manepa; B — NpoAomKUTENbHOCTb XM3HM KpbIC; C — KONMMYECTBO KPbIC C onyxonamu. * [locToBepHble OTANYmA Npo-
L[OSPKUTENIbHOCTM XKU3HU KPbIC MO CPAaBHEHMIO C KOHTPONbHON rPYMnoi, KOTOPOI BBOAWIN KNETKMN KOCTHOFO MO3ra CTapblX XMUBOTHbIX,

p < 0.01, norpaHroBblii TecT (Kputepuin MaHTensa—Kokca).

00paboTaHHBIX aHTMOTCHUWHOM W aHTHOTeHHHOM +hDNAE!,
YBEIMUYMBACT MPOJOIDKUTEILHOCTD KHU3HU KPBIC B TPyHIax
(cMm. puc. 4, A, B). Bo Bcex 3KCIIEpUMEHTAIBHBIX TPYIIIAX y
40-60 % >KMBOTHBIX pa3BHJIAcCh CHOHTAHHAS OIMYXOJIb (CM.
puc. 4, C). B KOHTPOIBHBIX TPyIITax STOT TOKA3aTeb COCTABHII
20-40 %. []yis1 TpyTnBI, KOTOPOI BBOJMIIN KIIETKH, 00paboTaH-
HBIC aHTHOTEHUHOM U aHTHoreHnHOM + hDNASE', sToT dakT
MOXHO OOBSCHHTH OOJBIICH MPOAOKUTEIEHOCTBIO JKU3HA
1, KaK CJIC/ICTBHE, TTIOSBICHIEM HOBOOOPA30BaHUs y OOJIBIIIETO
yucIa )KUBOTHBIX. B [Iprtoxkennu 3 mpezcraBieHs pe3yabTa-
TBI TATOMOP(OJIOTNIECKOTO HCCIIEIOBAHMS OITyXOJIEi KpPBIC 13
Pa3IMYHBIX SKCIIEPUMEHTANIBHBIX Iy, [lomydeHHbIe 1aHHbIe
CBHETEIBCTBYIOT, YTO BO BCEX IPYNIAX ObIIIM HHIYIIHPOBAHbI
WJIN CIIOHTAHHBIE COJNMAHBIC SIUTEINAIbHBIC OMYXOJH, WIN
TUTOCKOKJIETOUHBIE KapIIMHOMBI, MJIH JKEJIE3UCTHIE OITyXOH, B
HEKOTOPBIX CITyJasiX OTPEIEISIOIINECs KaK OITyX0Ib MOJIOUHON
XKeJe3bl. Bece omyxonmu MMenn HU3KYIO MposndepaTHBHYIO
aKTUBHOCTH. MBI IoJaracM, 4T0 BO3HHUKIIHE HOBOOOPa3o-
BaHMS SIBISIFOTCSI CIIEICTBHEM COZICPXKAHHS KMBOTHBIX, a HE
WHAYKIIMM TYyMOPOTEHE3a CTBOJIOBBIMH KJIETKaMH KPOBH.
I'CK moryt nuddepeHimpoBarbesi B KIETKHA KPOBU, HO HE B
SMHTEIHNANBHBIE KJIETKH, KOTOPHIE B PE3y/bTaTe CIIOHTAaHHON
HeoTpaHC(OPMALINH PA3BIIIKCH B OITyX0JIH. TeM He MeHee 1mo-
JIy4EHHBIH pe3ysbTaT HaCTOPaKUBACT M TPEOYET TIATEILHOM
TIPOBEPKH.

Taxoke cremyeT OTMETHTh BBICOKYIO JOJIO JKUBOTHBIX C
ITHEBMOHHEH, UTO CBA3aHO C YCIOBUSIMH COJICP)KAHHS U B IIe-
JIOM CHM)KaeT IEHHOCTb pe3yabTaroB. [lomydeHHbIe JaHHbBIC
MTHOHEPHBIX MCCIIETOBAHUN MO3BOJISAIOT O0JIee OCMBICICHHO
OIIPEEINTH CIEAYIONINIA YPOBEHB 3a/1ad.
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AHanus Hekomopwix demaneli cmpykmypel mesnomep

U cpasHumersibHbIl aHaau3 koaudecmasa mesaomepHou [JHK

8 KJIemKax KOCMHO020 M032d SKCNepUMeHMAasnbHeiX Kpblc

U 8 06pasuye K/1emok KOCMHO20 M032a Yesloeeka

Hcnons3yst cenmduyeckne 300161, MedeHnbie P32, ma G- n
C-TenoMepHBIi «XBOCT», MBI IPOaHATN3NPOBAIN HEKOTOPBIE
JIeTaIn CTPYKTYPBI TEJIOMEpP B KJIETKAaX KOCTHOTO MO3Ta JKC-
TIEPUMEHTAIBHBIX KPBIC U B 00pas3Ile KIETOK KOCTHOTO MO3ra
yenmoBeka. Taxke MPOBEACH CPAaBHUTEIBHBIA aHamu3: 1) u3-
MeHeHus konuuectsa teaoMepHoi JJHK B kneTkax kocTHOrO
MO3ra KpbIC, KOTOPBIM BBOAMIIN KJIETKH KOCTHOTO MO3Ta CTa-
PBIX )KHBOTHBIX 0€3 00padoTKH (KOHTPOIIH), KIIETKH KOCTHOTO
MO3Ta CTapbhIX KUBOTHBIX, oOpaboranHsie hDNAE', anrmo-
TEeHWHOM M TIperapaTtaMi COBMECTHO, depe3 12 mec. mocie
Tepanuy; 2) u3MeHeHus konndectBa tenomepHor JJHK B
KJIETKaX KOCTHOTO MO3Ta 4eJI0BEeKa B KOHTPOJIE U B 0Opasie
mocnie 06padoTku hDNA# gepe3 15 cyT KyTbTHBHpPOBAaHUS
Ha METHJILEIITION03E.

BbIn BBIMOHEHB! 71Ba HE3aBUCHUMBIX HKCIIEPHMEHTA 110
orenke konmmaectBa TenomepHbx JJHK B oOpasnax kieToxk,
MIOJTYYEHHBIX OT KPBIC, KOTOPBIM PEMH(Y3UPOBAIN KIETKH
KOCTHOTO MO3Ta CTapbIX KPBIC, 00paboTaHHBIE B IEPBOM JKC-
nepumenTe hDNA# 1 Bo BTOPOM 3KCIIEPUMEHTE aHTHOTECHHU-
HOM 1 aHTroreHHHOM + hDNA#'. B mepBoM dKCTIEpUMEHTE B
TeX 7K€ METOIMYECKUX YCIOBHAX, UTO U JUISl KPbIC, aHAJIN3HU-
POBAJINCH TAKXKE KJIETKA KOCTHOTO MO3Ta YeJIOBEKa.

Anasn3 koiauyectsa TesnomepHoii IHK. IIpoananuzupo-
BaHO KosinuecTBo TeromepHoi JIHK B kiieTkax KOCTHOrO MO3ra,
IOy YEHHBIX OT KPBIC KOHTPOIBHON IPYTIITBI M KPBIC, KOTOPEIM
peuHdy3upOBaIN KIETKH KOCTHOTO MO3Ta, 00paboTaHHBIE
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Puc. 5. AHanu3 HEKOTOPbIX netanen CTPYKTYpbI TeENOMEp B KNIETKaX KOCTHOINo MO3ra 3KCnepuMeHTanbHbIX KPbIC 1 B o6pa3L|e KJIETOK
KOCTHOro mo3ra yenoseka: A-D — KpbICMHaA Mmofenb; E-H - yenoBeyeckas mogenb.

A, B, E, F - renb-anektpodopes (1) n caysepH-6noT (2) o6pazos [HK nocne pasroHKM NU3MPOBaHHbBIX U AENPOTEUHU3NPOBAHHBIX KIETOK KOCTHOrO
MO3ra, 3annTbix B B7I0KM lerkoniaskoi araposbl. MMéprnansaumio NPOBOAUAM Ha P32-MeueHble KOMMeMeHTapHble ONUFOHYKNeoTUAbI, coaepxalume
LeBATb NMOBTOPAIOLLMXCA TENOMEPHbIX reKCaHyKneoTuaoB, cootBeTcTytowmx G n C TenomepHbim Lensam (G-probe, C-probe). C, G - oLeHKa pa3HuLbl Ko-
NMyecTBa TeIOMepHbIX NOBTOPOB G- 1 C-Lieneii B KneTkax KOCTHOrO Mo3ra CyMMapHO B KOHTPOJNbHOW 1 SKCNepuMeHTanbHow rpynnax. CpaBHuBanmcb
3HaueHus (CNT-mm?2) ¢ ncnonb3oBaHmem nporpammbl GEL-Pro. * [loctoBepHble otnnums npu rubprgasaumm ¢ C-30HA0M OTHOCUTENIbHO MHTEHCUBHOCTY
rmbpuausayum ¢ G-30HaoMm, p < 0.01, Kputepuii MaHHa-YutHu. D, H — oLieHKa KonnuecTBa TeloMepHbIX MOBTOPOB B 06pasuax, o6pabotaHHbix hDNAY', o1-
HOCUTENbHO KOHTPOJIbHbIX 06pa3LioB. CpaBHMBaNNCh OTHOCUTESNbHBIE LpPbI, NOSTyYeHHble B pe3ynibTaTe AefeHNA 3HaYeH N CBETUMOCTU PaarioaKTUB-
HOW 3aCBETKU Ha CBETUMOCTb 3TUAMYMa 6pOMMAA A1 KaXKA0N JOPOXKKH, BbIPAaKEHHbIX B YCIIOBHbIX AMHULAX C CMONb30BaHMeM nporpammbl GEL-Pro.

hDNAE', uepes 12 mec. mocne 00pabOTKH, ¥ B 0Opa3iax Kire-
TOK KOCTHOTO MO3Ta 4eJIOBEeKa TaKKe KOHTPOJIBHBIX U 00pa-
6otanHbIx hDNA#' Ha 15-¢ CyTKM KyTBTHBHPOBAHUS HA Me-
THJILEIUTIONO3E.

JluteparypHble TaHHBIE CBUAETEILCTBYIOT, UTO TEJIOMEpa
MMEET MPOTSHKEHHBIN G-XBOCT. DTO 03HAYAET, YTO NIPH THOPH-
JIM3aIUH C 30HAaMH Ha pa3HbIe [enu 0oJiee CHIIbHBIA CUTHAI
rudpuan3anuu OyaeT HaOMI0faThCs MPU HCITOJIB30BAHUA
C-3oH74.

[MomyueHHBII pe3yabTaT B CIydae KpbIC MOTHOCTHIO TTO/-
TBEPIWI UMEIoIIHecs cBeeHus (puc. 5, A-D). OmHako s
KJIETOK KOCTHOTO MO3Ta 4eoBeKa 3(HeKTHBHOCTD THOPHUIH-
sanuu Ha pasubie 308161 (G/C, P32-ynenbHas akTHBHOCTD U
xosmaectBo JIHK 30H710B 1t rubpran3annyt HASHTHYHbI) 10-
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CTOBEPHO HE pazauyaiack. ITO 03HAYAJIO0, YTO B aHATIH3NUPYE-
MOH cuctemMe 00e e UMEIOT OTMHAKOBYIO ITPOTSHKEHHOCTh
1 9TO NMPOM30IILIA TEPMHUHAIBHAS PEIYKIHS TEJIOMEPHOTO Te-
TEpOXpPOMAaTHHA ¥ TEJTOMEPBI TOCTUTIIN KPUTHIESCKON JUTHHBI.
Ha narmm B3misiz1, ckopee BCEero, 3TO CBSI3aHO ¢ 3a00/eBaHUEM
ranueHTa (ObUTH B3 ThI KpHOKOHCEPBUPOBAHHBIE KIICTKH KOCT-
HOTO MO3ra OOJIFHOIO MHOXKECTBEHHOW MHEIIOMOH, BO3pacT
59 net) (em. puc. 5, E-H).

B sTOM XK€ 9KCTIeprMeHTE OBIIO ITPOBEICHO CPABHEHNE U3-
MeHeHHs kommdecTBa TenomepHoi [IHK B 0Opa3max kieTox
KOHTPOJBHBIX U 3KCHEPHUMEHTAIBHBIX 00pa3loB It 00enx
Moneneit (cm. puc. 5, D, H).

[TokazaHo, 9TO Y KPBIC, KOTOPEIM MEPEBHIIH KJICTKH KOCT-
HOTO MO3ra, oopadoranabie hDNA®', uepe3 12 mec. mocme

BaBunoBckuii XXypHan reHeTnku u cenekuum / Vavilov Journal of Genetics and Breeding - 2026 - 30« 3
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peuHdy3Un yBenudeHHs KoiaudecTtBa TenoMmepHon JTHK
(a 3HAYMT, U JUIMHBI TEJIOMEP) HE TMPOU3OLLIO. DTH JaHHBIC
COBIIAJAIOT C JAHHBIMH 110 CPEIHEH MPOJOKUTEILHOCTH
KH3HU, T7Ie TOKE MTOKA3aHO OTCYTCTBHE JOCTOBEPHOH pa3HU-
16l B aHAJTM3UPYEMBIX TPYyTITIaX. DTO 03HAYACT, YTO B TAHHOM
KOHKPETHOM 3kcrniepuMenTe npenapat hDNAE' nm ve nHy-
IIUPOBAIT B KJIIETKaX KOCTHOTO MO3Ta YBEITMUCHNE TEIOMEPHI,
WM TaKue KIETKH ObUTH SIIMMUHHUPOBAHKI B TeueHne 12 mec.
HaOmonerns. K coxanenuio, B cirydae MepBOTrO MHJIOTHOTO
9KCTIEPUMEHTA KOJMYECTBEHHBIH aHAJM3 C HCIOIb30BAHUEM
paxoaKTHBHO MEUYCHHOTO 30H/1a He OBIIT IPOBE/ICH, UTO CBSI-
3aHO C TEXHHIECKUMH MTPOOIeMaMH.

AHaNOTHYHBINA pe3ysabTar (OTCYTCTBHE YBEINYEHHS KOJIH-
yectBa TenomepHor JJHK) momyden mias gemoBedeckoi Mo-
nernn (cMm. puc. 5, H). B naHHOM citydae MblI 00BsICHsIeM dPdeKT
CJIETyOIIMM 00pa3oM. [t KOHTPOJIEHBIX 00Pa3IIOB LI aM-
TUTN(UKAINAH TTO MEXaHU3MY ATBTEPHATUBHOTO YIUTMHEHHS Te-
JIOMEp HEOOXOAMMO MPUCYTCTBHE CBOOOTHO PACTIONOKEHHBIX
xoner TenomepHor JJHK. Taxue xombma (t-xombia) popmu-
PYIOTCS IOCIIE OTCOSTMHEHHS t-TIETIIH, KOTOpast HAXOUTCS Ha
KOHIIE ITpoTshkeHHOro G-XBocTa TesoMepsl. Kak cBuieTemns-
CTBYIOT TIOJTyYCHHBIE PE3YIIBTATHI 110 THOPUIN3AINH, B KIICTKaxX
KOCTHOTO MO3Ta aHAJIM3UPyeMOro 00pasiia, o BCeH BUMMO-
CTH, TaKasi MPOTSHKEHHAS IIETIh OTCYTCTBYET U ()OPMHUPOBAHNE
t-KoJIeT] OTpaHIUYCHO (PEAYLMPOBAHO). DTUM U OOBSICHSAETCS
OTCYTCTBHUE pa3HHULbI B KosinyecTBe TenoMmepHoi JTHK.

B crmyqae aktmBaTopa hDNA®', kak ObLUTO CKa3aHO paHee,
OCHOBHBIM MEXaHM3MOM YBEIUYEHUS JIHHBI TEIOMEp SIB-
JISIeTCs! aNbTEPHATHBHOE YUTMHEHHUE TEIOMED, P KOTOPOM
Ha KOJIBI[aX TEJIOMEPHBIX MOBTOPOB, C(HOPMUPOBAHHBIX IKC-
TPAKIIETOYHBIMH (PPArMEHTAMH, TPOUCXOANT AMIUTH(UKALIHS
tenomepHoi JIHK no mexannsmy karsiierocs koabla. Mbl mo-
JlaraeM, 4To OTCYTCTBHE YBEITHMUCHHS KOJIMUECTBA TEJIOMEPHOH
JHK, Tax ke kaKk 1 B cily4ae ¢ MBIIIMHON MOJEIBIO, CBSI3aHO
C HEOJHO3HAUYHOCTHIO ITpollecca MHTepHaNMU3aun. [lokasa-
HO, 4TO B CTBOJIOBYIO T'€MOITOITHUYECKYIO KJIETKY IMOIajaeT
0.1-1.0 % sxcrpaxnerounoit JTHK, mpencrasmisromeit coboit
HE3HAYNTEIbHYIO YacTh TEHOMA. DTO O3HAYACT, YTO BCETNa
OyzeT BeposSTHOCTB TOTO, UTO B KJICTKY He goctasisiercs JJHK
TEJIOMEPHBIX TOBTOPOB MJIN OHA JIOCTABIISETCS B HEAOCTATOU-
HOM JUTS aMITIA(UKALIH WK CalT-CIe(uaecKoif nHTerpa-
LUK KoIn4ecTBe. Bo3MOXHBI Apyrue oObscHeHUs (peHome-
Ha, cBs3aHHBIe ¢ Ononoruei ['CK, uro Tpebyer manpHEUIHX
DTyOOKMX MCcIeJoBaHu (HarpuMep, KOHKYPEHTHAS SIMMHU-
Halust U3 IPOCTPAHCTBA KOCTHOTO MO3Ta MOIM(UIIMPOBAHHON
CTBOJIOBOW KJIETKH KJIOHaMH, TIPHOOPETIINMH KJIOHAIBHBIC
XapaKTEPUCTUKH B XO/I€ BO3PACTHBIX N3MEHEHHN).

Takum 06pazom, B IEPBOM ITHIIOTHOM HKCIIEPUMEHTE KIICTKH
KOCTHOTO MO3Ta, 3kcroHupoBaHHbIe ¢ hDNAE" 1 BBeieHHBIE
9KCTIEPUMEHTAIBHBIM KHBOTHBIM, CYIIECTBEHHO M3MEHSIIN
Ka4eCTBO WX XM3HU B TEPMHHAIHHOM IIEPHOJE, a TAKXKE
YBEIMUUBAIH CPETHIOIO MPOJOJIKUTEILHOCTD )KU3HH KPBIC.
[TpoBeneHHBI SKCTIEPUMEHT CBHECTEILCTBOBAT 00 000CHO-
BaHHOCTH TPEUIOKEHHOW KoHmenuuu. Hadmonanucs oba
TIPE/TOIAaraeMbIX ONOIOTHIECKIX (D(EKTA: MONTOKHUTETBHAS
JMHAMHKA B OOIIEM COCTOSIHUHM CTAPbIX )KUBOTHBIX IO XOIY
JOKUTHS; CYIIIECTBEHHOE M JIOCTOBEPHOE YBEIMUCHUE MPO-
JOJDKUTEITBHOCTH JKU3HH HKCIIEPUMEHTAIIBHBIX KPBIC.
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Bnuanwne MO,E[I/I(I)I/ILU/IpOBaHHbIX remonosTn4yeCcKknx
CTBOJIOBbIX KNETOK Ha NPOAOIKUTENBbHOCTb XXU3HWN XXUBOTHbIX

B noBTopHOM 3KCTIepnMenTe 3P (EKT YBEITUUCHNS TIPOIOII-
KHUTEIBHOCTH JKU3HH KaK B CIIy4ae MBIIIMHON MOJENH, TaK 1
y KPBIC B TPYTIAX, /1€ KIETKH KOCTHOTO MO3Ta 3KCIIOHUPOBa-
muck ¢ hDNA#, otmeden He Obi1. Boiree Toro, MoneKyIsIpHBIit
aHaJIM3 CBUJIETEILCTBOBAJ, YTO OTCYTCTBYIOT U H3MEHEHHS B
konmyectse TeaomepHoi JJHK. To ectb MOKHO KOHCTATUPO-
BaTh CONPSDKCHHOCTD 3THX JIBYX TTOKa3aTelneH.

Paznuuust B KOHEUHBIX TOYKaX JBYX AHAJOTHYHBIX JKC-
TIEPUMEHTOB, KaK TOBOPMJIOCH B HAaYaJle CTaThH, MOTYT OTIpe-
JIeNSATHCSI HEOTHO3HAYHOCTHIO TTOBE/ICHHS aHATH3HPYEeMOn
cucteMsl I'CK vs hDNAE®', yTo CBsI3aHO C IOCIEACTBUSIMHU
BO3MOYKHBIX HEKOHTPOJIUPYEMBIX B3aNMOOTHOIICHUH MEXTY
KceHoreHHoi akcrpakierounoit JIHK gwenosexka n JJHK xpo-
MOCOM TPBI3YHOB.

Bo BTOpOii cepun ruOpuam3alnii ObLIO BEITOIHEHO CpaBHE-
Hue konuuecTBa TeaoMepHoi JIHK B kileTkax KOHTPOIbHBIX
KPBIC U KPBIC, KOTOPBIM PEHH(Y3UPOBAIH KIETKH KOCTHOTO
MO3Ta CTapbIX KPbIC, 00padOTaHHBIX AaHTHOT€HIHHOM U aHTHO-
rearnHOM coBMecTHO ¢ hDNAE yepe3 12 mec. mocie Teparniuu
(puc. 6). Heo6xomumocTs Takoro aHann3a Obliia BEI3BaHA T10-
JTy49EHHBIM PE3yJIbTaTOM, CBUAETEIBCTBYIOIINM, YTO ITPOJIOI-
KHUTEIBHOCTD KU3HHU KPBIC 1TOCIIe 00paObOTKN KIIETOK aHTHO-
TEHUHOM 1 aHTHOTEeHHHOM coBMecTHO ¢ hDNAE' ocToBepHO
TIPEBBIIIACT MPOJOJIKUTEIBHOCTD )KU3HU KaK KOHTPOJIBHBIX
JKUBOTHBIX, TaK W )KUBOTHBIX TociIe 00padoTkn hDNA®!

bbb poBenieH CpaBHUTENBHBIN aHAIN3 CHIIBI CUTHAJIOB
CBEYCHUsI KpacHuTelsi OPOMUCTOTO 3TUANS M PaIMOaKTHBHOMN
3aCBETKH. BayKHO OTMETHUTB, YTO B SKCIIEPUMEHTE BCE YCIOBHS
Kak 71eKkTpodopesa, Tak ¥ THOPUAN3AINH ObIITH HACHTHYHEI.
OTO MO3BOISET CENaTh ONPENEICHHYI0 KOJHYECTBCHHYIO
oreHky. Bo Bcex oOpasmax G-Ienb TeIOMEpHBIX ITOBTOPOB
(C-30u1m) momuuupyet Hax C-menbio (G-30HM) (KOTUIECTBO
JHK 308712 1 yaenpHast akTHBHOCTH 000MX 30HOB IPAKTHYE-
CKH OJIMHAKOBBI). DTO HAXOUTCS B COINIACHHN C MIMEIOIIIUMUCS
JUTEPaTyPHBIMH JaHHBIMU (CM. puc. 6, A2, C).

B mpensiaymelt rubpuamsanuu ObUIO IMOKa3aHO, 4TO 00-
paboTKa KJIeTOK cTapbIX Kpblc mpenaparom hDNAE' ve Bims-
€T Ha yBelnuueHue konnyectna TenomepHoit JJHK B kneTkax
KOCTHOTO MO3T'a ITOIOTIBITHBIX )KUBOTHBIX, & CPEIHSIS TPOJIOI-
KHUTEIBHOCTD JKM3HU B IPYIIE HE OTIAMYAETCS] OT KOHTPOJIS.
B 9T0#i cBA3M MBI NMPEIIIONIOKWIN, YTO TIOcIe 00pabOTKH
aarnoreHHOM coBMecTHO ¢ hDNA®' ocHOBHOM 2 dexT 00y-
CJIOBJIEH JIeficTBHEM aHTHOreHnHa, Ho He hDNA®', 1 MOXXHO
00BEIMHUTD 3HAUYEHUS T'PYNI «AHTHOTCHHH» U «AHTHO-
reaud + hDNA®gY. Ananu3s mmoxasaj, YTO OTHOCHTEILHOE
coziepXKaHue TeJIoMepHBIX moBTopoB C- n G-enm B oOmieit
Mmacce JIHK B BBIIENICHHBIX TPyMIax JOCTOBEPHO HE M3Me-
HUJIOCH TIO CPAaBHEHHIO ¢ KOHTpoJsieM. [Ipu 3ToM KonndecTBo
1oBTOpOB G-IIETTN JOCTOBEPHO MPEBBIMIAECT KOJTUIECTBO I10-
BropoB C-mierut (cM. puc. 6, C). [TomyueHHbIe JaHHBIE TIO TH-
Oopuam3anuu TenomepHoit JTHK cBUmeTeNbCTBYIOT, 4TO Cy-
IIECTBEHHOE YBEIMUCHNE MTPOJOIKUTEILHOCTH KU3HH KPBIC
riocsie 00paboTKM aHTMOT€HUHOM M @aHTHOTCHHHOM COBMECTHO
c hDNA# He cBSI3aHO ¢ yBEIWYEHHEM KOJIMUECTBA TEIOMEp-
Hoit /IHK (TeroMepHBIX TOBTOPOB), a 3HAYUT, FITH HE 3aBHCUT
OT CIOCOOHOCTH aHTMOTCHHWHA aKTHBUPOBATH 3HIOTCHHYIO
TeJroMepasHylo akTHBHOCTH (Py3aHoBa m mp., 2025), nmu
MMEET JpyTHe MPUYrHBI (HampuMep, KOHKYpEHTHAsK SJIMMH-
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Puc. 6. AHann3 HEKOTOPbIX AeTaNel CTPYKTYPbI TENIOMEpP B KNEeTKaxX KOCTHOTO MO3ra SKCMepUMEHTaNbHbIX KPbIC Yepe3 12 Mec. nocne
npoBefeHHON 06pPaboTKM.
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A, B - renb anektpodopes (1) u cayzepH-6n0T (2) o6pazos [JHK nocne pasroHKM TM3MPOBaHHbIX 1 AeNPOTENHN3NPOBAHHBIX KNETOK KOCTHOrO MO3ra,
3anmMTbiX B GIIOKM NIerkonnaBKoii arapo3bl. [MGpuar3aumio NpoBoAnIN Ha P32-meueHble KOMMIEMEHTaPHbIE OIMFOHYKIEOTUADI, CoAepallyve AeBATb
MOBTOPAIOLLMXCA TENIOMEPHBIX FeKCaHyKneoTnaoB, cooTBeTcTBYWMUX G 1 C TenomepHbim Lenam (G-probe, C-probe). C - oueHKa pasHULbl KonnyecTsa
TenomMepHbIX NOBTOPOB G- 1 C-Lienel B KneTkax KOCTHOroO Mo3ra CyMMapHO B KOHTPOJIbHO 1 SKCMeprMeHTanbHO rpynnax. CpaBHUBaNMCh 3HaueHns
(CNT-mm?2) ¢ ncnonb3oBaHvem nporpammbl GEL-Pro. * [loctoBepHble otnunuums npuv rubprigasauyum ¢ C-30HAOM OTHOCUTENIbHO MHTEHCUBHOCTY rMbpu-
Amnsaumm ¢ G-30HAoM, p < 0.01, Kputepuii MaHHa-YUTHU. D — oLieHKa OTHOCUTENbHOTO KOJIMYecTBa TeNIOMEPHbIX MOBTOPOB B 0bpasLiax, 06paboTaHHbIX
@HIIOreHNHOM, OTHOCUTESIbHO KOHTPOJbHBIX 06pa3sLoB. CpaBHUBaNVCh OTHOCKTESNbHBIE LMPbI, MOMTyYeHHble B pe3ysbTaTe AefIeHNsA 3HauYeHNn CBETU-
MOCTV PaAVoaKTVBHON 3aCBETKM Ha CBETUMOCTb STUANYMa 6poMMAa ANA KaxAoN AOPOXKKY, Bbipa)KeHHbIX B YCJIOBHbIX eAMHULIAX C UCMOJb30BaHMEM

nporpammbl GEL-Pro.

HaIuUsl peMH(Y3UPOBAHHOTO MOAU(PHUIMPOBAHHOTO KIIOHA
TeMOTIOATHYECKUMH MPEAIICCTBEHHUKAMH KOCTHOTO MO3Ta C
KJIOHAJILHBIMU XapaKTePUCTHKAMH).

O6¢cyxpeHune

TTOMBITKY MPOMIUTD KU3HB COITPOBOXKIAIOT YCIIOBCUCCTBO Ha
MPOTSKEHUH BCETO CYIECTBOBAHUS LUBUIM3AMU. B Ha-
cTosIee BpeMs: chopMHUPOBAHO MPE/ICTABICHUE O MapKepax,
XapaKTePHBIX JJIS [IPOIECCca CTAPCHUS M IPUCYIIIMX CTApOMY
OpraHu3My, ¥ MPUMEHSIOTCS Pa3IMYHbIe MPOTHBOBO3PACT-
Hble natepBeHimn (Lopez-Otin et al., 2013, 2023; Proshkina
et al., 2020; Zhu et al., 2021). Tem HE MCHEE COBPEMCHHEIC
[IPOTUBOBO3PACTHBIE MOAXO/IbI K PA3HOOOPA3HBIE IPEraparsl,
pa3paboTaHHBIC HA OCHOBAHHMH 3HAHUI MOJICKYJISIPHBIX TIPO-
LIECCOB, MPOTEKAIOIINX B KIIETKE U OPraHU3ME, PEJIKO TO3BOJISI-
10T IPEO/I0NIETh 3aBETHHIN cToNeTHH pyOesx. Ha Hamm B3z,
9TO CBSI3aHO C TEM, YTO CTAPEHUE — ITO HE OTBET KOHKPETHOU
(YHKIIMOHAIBHONW CHCTEMbI Ha MPOJIOJKUTENBHOCTh CYIIe-
CTBOBAHUsI, KOTOPYIO MOKHO «IIOTPABUTEY TEPANICBTHYECKUMHU
MIPOLIEAYPHBIMH U KAKMMH YTOAHO MHTEPBEHIIMSIMH, & HHBO-
JIFOIMOHUPYIOIIICE HHTETPATBHOE COCTOSHIE OPTaHI3Ma, TIPH-
YHHBI JIETPAAIUH KOTOPOTO HEU3BECTHBI. B 3T0ii CBsI3M 3/10-
POBBIiT 00pa3 KU3HK 00CCIEUNBACT KAK MUHUMYM TIOJIOBHHY
ycrexa JIoroi sku3nu. [eHetrnyeckuii (haktop TakxKe SIBISIETCs
[JTABEHCTBYOLIMM TPH pa3padoTKe MPOTHBOBO3PACTHBIX MO~
XOJIOB, M IMEHHO Ha HETO HAIIPABJICHBI YCUIIHS COBPEMEHHOMN
Hayku 0 crapocTi. K TakuM TeparusiM OTHOCSITCS, HAIIPUMED,
NepernporpaMMUAPOBAaHUE CTAPCIOIIUX KICTOK C HMCIOJIb30-
BaHueM (¢akropos Smanaku (Takahashi, Yamanaka, 2006;
Ocampo et al., 2016; Gowing et al., 2017; Brooks, Robbins,
2018; Sogabe et al., 2018), uconp3oBanue mukpoPHK, nmero-
[IMX MHOXECTBO MHUIIIEHEHW B T€HHBIX CETSX U PErylIupyro-
IIMX UHTerpaibHble myTH crapenus (Vaiserman et al., 2016),
reHHas komruiekcHast tepanus (FGF21+oKloho+sTGFPR2)
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(Davidsohn et al., 2019), Tepanus, cBsS3aHHAS C YBETHICHUEM
JUIMHBI TEJIOMEP, U B NIEPBYIO OUEPEIb C AKTUBALMEH HHIO-
TCHHOW TEJIOMEPAa3bl WU TPAHCTYKIIMEH TeIIOMEPa3HOTO T'eHa
(Aubert, Lansdorp, 2008; Bernardes de Jesus et al., 2012; Li
et al., 2017; Hong, Yun, 2019).

Kaxk 0bL10 CKa3aHO BBIIIIE, JUTHHA TEJIOMEP — OJIHH U3 OCHO-
BOIIOJIAraloNIUX (haKTOPOB, OMPEAEISIONINI KIETOYHOE CTa-
peHUE W pa3BUTHE MHOTHX OONIE3HEH ITMBHIIM3AINH, OCO-
OCHHO eclli COOBITHSA, CBA3aHHBIE C YKOPOUCHHEM TEIOMeEp,
MIPOUCXOMAT cO cTBONOBOU KieTkoi (Rossiello et al., 2022).
[TosTOMY MOHUMAaHKE TOIXOA0B, MO3BOJSIONIMX YBEIHUUTh
JUIMHY TeJIOMep ¢ MpOoeKIHed Ha Bechb OpraHu3M (a He Ha
KJIETKH, PACTYIIUE B KYJIbTypE), SBISETCS] HETPUBHAIBLHOMN
3aa4dell OMOIOTUH M KITHHUYECKOM MeaUIIHBI. [IpakTrdecku
BCC HAWJICHHBIC MMOIXOIbI K YBEIMUYCHUIO JUIMHBI TCIOMEpP
OCHOBaHbl Ha BO3JEHCTBUU HA TEJIIOMEPA3HBIA KOMIUIEKC U
omnpezenstomue ero reusl (Aubert, Lansdorp, 2008). Hamu
HE HAWJeHbI KIMHUYCSCKUE MOAXO/IbI, TIO3BOJISIIOIIHNE YBEIIH-
YHUTh JUIUHY TEJIOMEP 3a CUET APYroro, He MCHEE BaYKHOTO Me-
XaHW3Ma — aJbBTEPHATUBHOTO ymiuHeHUs teinomep (Lund-
blad, 2002; Hande, 2004; Pickett et al., 2009; Nabetani, Ishi-
kawa, 2011; Rovatsos et al., 2011; Doksani, 2019; Loe et al.,
2020).

Hacrosiee nccnenoBanye ObLIIO HAIpPaBlICHO HA OLECHKY
BO3MOKHOCTH YBEIHYCHHSI [TPOOJKUTEITLHOCTH HKU3HU C UC-
TM0JIb30BAaHUEM TEXHOJIOTHH, 3aJI0’KEHHON B HOBOM KOHIICTIIIUU
MIPUPOTHON PEKOHCTPYKIIMY TCHOMA ¥ CBSI3aHHOU C BO3MOYKHO-
CTBIO YBEJIMYCHHUS JUTUHBI TEJIOMED i1 VIVO B TEMOTIOITHIECKHX
CTBOJIOBBIX KJICTKAX.

[TpoBeeHHbBIE TECTHI HA JKUBOTHBIX CBUICTEILCTBYIOT 00
OTHOCHTEJIBHON 0€30MacHOCTH BBEACHHUS KJICTOK KOCTHOTO
Mo03ra, 00pabOTaHHBIX aKTUBATOpPaMHU. SIPKO BBIpa’KEHHBIX
HEME/JICHHBIX MATOJIOTHYECKUX N3MEHEHHH Yy SKCIIePHMEH-
TaJbHBIX )KUBOTHBIX 00EUX MOJIEIICH HE OOHAPYKEHO.
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[Tomy4yeHHbIC PE3yABTATHI IO XapaKTEPUCTHKE MPOIOIIKHU-
TEIBHOCTH KU3HH KPBIC, KOTOPBIM pEeHH(Y3UPOBATH KIETKU
koctHoro mo3ra (I'CK), akruBupoBaHHbBIC (hparMeHTHPO-
BanHo# JIHK 4enoBeka, CBUIETENBCTBYIOT, UTO CYIIECTBYET
MPUHIUIINATBHAS BO3MOXKHOCTD yBEIHMYCHHS MPOJOTIKHU-
TEITLHOCTH YKU3HU CTapbIX KUBOTHBIX. D((DEKT rmiacTuyeH:
B OJIHUX CITydasx HaOJIOaIOCh TOCTOBEPHOE yBEITHYCHUE
MIPOIOIKATENIHOCTHY KHU3HH, B APYTHX 00pabOTKa He BIUS-
J1a Ha TIPOIOJDKUTENIEHOCTD KU3HHU IKCTIEPHUMEHTAIBHBIX KH-
BOTHBIX.

B cnydae, xorja agdexT He HaOmoaaICs, KOTUIECTBO Je-
TekTupyeMoil TenomepHoit JIHK B kieTkax KOCTHOTO MO3ra
KphbIC yepe3 12 Mec. mocie 00paboTKH HE OTINIAIOCH OT IM0-
Kazaresei KOHTpoJIbHOTO 00pasia. [TpeanonoKuTeTbHbIM Me-
XaHU3MOM OTCYTCTBHUS YBETHYEHUS KOIUIECTBA TEIOMEPHOI
JIHK B KJ1eTKax KOCTHOTO MO3Ta uepe3 rof mocyie o0padoTKu
npernaparoMm hDNAE Mo)keT ObITh KJIOHAJbHAsI KOHKYPEHITHSI.
B 3TOM cityyae 0OHOBJICHHBII KIIOH C YBEJIIMUEHHBIM KOJIHYE-
ctBoM TenomepHoit JIHK, koTopsIii OsSIBIsIETCS B pe3ysibTare
MIpOBeIeHHON 00paboTKH, Kak moka3aHo B padore (Py3anosa
U ap., 2025), BEITECHAETCSI TPUOOPETIIMMH KIIOHAIBHBIE Xa-
PaAKTEPUCTUKN TOMUHAHTHBIMU KIIOHAMH, PACIIOI0KEHHBIMHU
B KOCTHOM Mo3re. Eciii 3T0 COOTBETCTBYET 1€HCTBUTEILHO-
CTH, TO 9TO Ba)KHEHIIIee HAOMIOCHNE, KOTOPOE IIPEAIoIaraeT
MHOTOKpaTHBIE Ha4aJbHbIE HHTCPBEHIINN MOAU(DHUIIPOBAH-
HBIMHU KJIETKAMH KOCTHOTO MO3Ta JJIsl HPOTUBOCTOSHUS KOH-
KypEHTHOH 9KCTIAaHCHUH JOMUHAHTHBIX KJIOHOB M CTaOMIBHOM
(buKcanyy npu3HaKka B KOCTHOM MO3Te.

AHTHOTEHUH PeKOMOMHAHTHBIN YeJI0BEYIECKUI MOJKET MPo-
ABJISITh TOKCUYHOCTH HAa YPOBHE OpraHu3Ma (MBIIIMHAS MO-
JIeNb), KOTOpasi HUBEIHUPYETCS IPU €ro COYETaHUH C Ipera-
parom hDNAE#', CuHepruyHoe NCIOIb30BaHNE aHTMOTEHUHA
u hDNA$' nmpuBOANT K yBETUYCHUIO TPOJOKUTEIBHOCTH
JKU3HHU MBIIIEH B TPYIIIE.

YBenu4eHne npooKUTETFHOCTH KU3HH KPBIC B TPYIIIaxX
rocse o0pabOTKH aHTMOTEHUHOM HE CBSI3aHO C YBEIWYEHH-
€M JUTMHBI TEJIOMEp, a OMpPEeAeseTcs APYTUMH CBOWCTBAMH
(baxTopa, WK KIIOHAIbHON KOHKYPEHIIHEH B KOCTHOM MO3TE,
WA U TEM U JPYTUM.

KoHuenunsa mexaHn3ma «3anporpammmpoBaHHOIO
KNMOHaJIbHOIro remonos3a» N MexaHn3mMma
«3anporpaMMmmnpPOBaHHOI CTAPOCT»
B pa6ore (Proshkina et al., 2020) cdopmupoBaHO TipeicTaB-
JICHHE O TOM, YTO CTapeHHE SBJISCTCS KBa3HIPOTPAMMOIA,
PETYISATOPHBIE SJIEMEHTBI KOTOPOIl epBOHAYAIBbHO HE TPE-
Ha3HAYEHBI JUTS €€ pealn3alit, a OTBEYAIOT 3a APyrUe mpo-
Hecchl (KIETOYHBIH POCT, pereHepaltio, CTPECCOBBIN OTBET,
HMMMYHOJIOTHYECKYI0 3aIUTy). Ha 0CHOBaHMHM 3TOTO JlenaeTcst
BBIBOJI O TOM, YTO HE CYIECTBYET NPOrPaMMBI CTapeHHUs, 10~
CKOJIBKY OTCYTCTBYIOT clIeLI()HYESCKUE MOJICKYIISIPHBIC U KJle-
TOYHBIE MTOANPOrpaMMBbl, Oepyiue Ha cedst QYHKINIO yIpaB-
JICHUsI JE3MHTErpaliieil JIEMEHTOB CHCTEMBI LIEJIOr0 opra-
HHU3Ma C BO3PAcTOM. JTO KaK pa3 M 03HAYaeT, YTO HPHUHHBI
CTapeHHUs] HEU3BECTHBI U MOJKHO PacCyXAaTh TOJIBKO O Map-
Kepax CTapeHHs.

Tem He MeHee MbI cHOPMYITHPOBAIIH, Ha HALI B3I, JO-
CTaTOYHO aJICKBaTHYIO KOHIICIIIHIO, IOKa3bIBAIOIIYIO, YTO CTa-
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Bnuanwne MO,E[I/I(I)I/ILU/IpOBaHHbIX remonosTn4yeCcKknx
CTBOJIOBbIX KNETOK Ha NPOAOIKUTENBbHOCTb XXU3HWN XXUBOTHbIX

peHne opranu3Ma — 3T0 IporpaMma, 3aJI0KeHHas B IHAJICKTH-
YECKOM €IMHCTBE OIPECICHHBIX 3JIEMEHTOB €T0 (yHKITHO-
HHUPOBAHUS U HEMIPEPHIBHOTO KOHTAKTA C arpECCUBHOM CpeJioit
CYIIIECTBOBAHHUS U CBA3aHHAS C PA3BUTHEM KJIOHAIBHOTO Te-
MOT11033a (BO3MO)KHO, TaKO€ TIPEICTaBICHHE XaPaKTEPHO IS
JII0OBIX CHCTEM CTBOJIOBBIX KJIETOK OpraHu3Ma). ITa KOHIIETI-
s O0ObeINHACT BCE HAalICHHbIE OMOIOTUYECKHE SIBICHUSA U
COOBITHS, C HIMH CBSI3aHHBIC. TakKe MBI IIpeJiaraeM crocoo,
TTO3BOJISIOIINI TPEOAOJIETh OCTECACTBHUSA YKOPOUCHHS TEJI0-
Mep, (QUKCAlMK MATOJIOTHYECKUX MYTAlUd U UX JJOMUHH-
poBanus B 'CK (1 B CTBOJIOBBIX KJIETKaxX IPYroro reHesa),
YTO MOKET COCTaBUTh OCHOBY OyIyIel MPOTHBOBO3PACTHOM
TEpanuy U Tepanuu 00Je3HEeH NNBUIN3ALINH.

IpeanonaraeMslii MeXaHU3M «3alPOrpaMMHUPOBAHHOIO
KJIOHAJIBHOTO IeMoIo033a» U MeXaHU3M «3anporpamMmu-
poBaHHoOIi ctapocTu». [Tpn poXkaeHNH y YeloBeKa eCTh BE
MPUHINIHAIBHBIE CAMOHACTPANBAIOIINECS OTHOCUTEIBHO
npyr apyra cuctemsl: 370 I'CK (BO3MOXKHO, BCE IPyTHE THUITHI
CTBOJIOBBIX KJIETOK, y4aCTBYIOIINX B PETIapaIy B OPTaHU3ME)
1 BCSI COBOKYITHOCTH KJIETOK OPTaHU3MA.

« I'CK otBeuator 3a pemapaiuio B Tese. CpsiTaHbl B CaMOM
MTOTaCHHOM MECTE, B KOCTHOM MO3T€.

+ KiteTku Tena KOHTaKTHPYIOT C arpeCCUBHOM OKpY Karoiei
Cpeon.

Monymsimst 'CK B MOMEHT pOXKIIEHUST XapaKTepU3yeTcs
TTOJIMKJIOHAJIFHOCTRIO C TIPEICTaBUTEIHCTBOM BCEH COBOKYII-
HOCTH aJUIeNIbHBIX (POPM, TPEOYIOIIUXCSI ISl OCYIIECTBICHHS
pernaparuBHOM QYHKIMH U TTOJIEPIKAHUSI MHOTOOOpa3Hs BO3-
MOXHOCTEH UMMYHHUTETA.

Crienyrorne 0COOEHHOCTH SIBIISIIOTCS OCHOBOW MEXaHU3Ma
3aMmporpaMMUpPOBAHHOTO KJIOHAJBFHOTO TeMOI033a U Mexa-
HH3Ma 3aporpaMMHUPOBAHHON CTapOCTH:

+ I'CK 3axBarbIBatoT (hparmeHThI dKcTpakierounon au/IHK,
0.02-1.0 % ot ramIouHOIr0 reHoMa.

« IIpu Tepmunanbaoil nuddepeniuporke I'CK nepecrpau-
BAIOT apXUTEKTYPY XPOMAaTHHA 32 CUET MHITYKIIHU OHOIIe-
MTOYEYHBIX pa3pbIBOB U penakcanuu Hureid JIHK xpomocom.
Tem caMbIM HHITYLIUPYETCS «PEKOMOMHOTEHHAS CUTY AL,
BO BpeMs KOTOPOH BO3MOYKHA MHTErpanus (parMeHToB
nuIHK, saxomsmumxcs BO BHYTPEHHUX KOMIApTMEHTaX
KJICTKH, TOCTABJICHHBIX B KJIETKY B PE3YJIbTAaTe PA3TUIHBIX
00CTOSATETBCTB.

+ IlomaB B MPUMHUTHBHYIO TEMOITO3THYECKYIO KIETKY, (hpar-
menTbl A/ IHK camu nnayupyror TepmuHansHyto nudde-
PEHIMPOBKY 3TO# KieTku. M, Takum 00pas3om, hparMeHThI
nu/IHK, nocraBneHHBIE B KIETKY, HHAYIHPYIOT «PEKOM-
OMHOTEHHYIO CHUTYAI[HI0» U OJHOBPEMEHHO CTAHOBSITCS
Y4aCTHHKaMH peraparuBHO-PEKOMOMHAIIMOHHOTO [TpoLiec-
ca, KOTOPBIN CaMH U aKTHBHPOBAIIH.

+ B mia3me kpoBu Beeraa MUKy upyoT ¢pparmertsr qi/IHK,
OCTAaBIIHUECS OT alIONTOTHPOBAHHBIX KJIETOK, XPOMAaTHH KO-
TOPBIX B KOHIIE KOHIIOB TUApoNu3yeTcst 10 1-20 Hykieo-
COMHBIX MOHOMEPOB B pe3yibTaTe BTOPHUYHOTO HEKpO3a
ATNONITOTHYECKUX TEIIel.

CyTb Mexanu3Ma. Knetkn opranusma co Bcel COBOKYITHO-
CTBIO MyTaIlNi, HAKOTJICHHBIX B XOJI€ CYIIIECTBOBAHUS, TIOCTIE
€CTECTBCHHON CMEpPTH — amoITo3a, JOBEICHHOTO J0 BTO-
PUYHOTO HEKpPO3a, MOCTABIISIIOT B KPOBOTOK CBOKO (hparMeH-
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The effect of modified hematopoietic
stem cells on the lifespan of animals
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Puc. 7. MexaHncTnyeckasa cxema BO3HUKHOBEHUSA KJIOHANIbHOIrO reMonos3a U BO3MOXHOCTM ero ncnpassieHnA.

A - noABieHNe MyTaLUii B KNeTKax COMb, UX BbIXOA B nepudepuyeckyto KpoBb 1 GuKcauma B KneTkax KOCTHOro Mosra. QopmmpoBaHue OfnroknoHasnb-
HOro reMomnoa3a. B - n3meHeHwne reHoma lCK pparmeHtamu skcTpaknetouHon AufiHK B cucteme ex vivo; C— pemHdy3mna KNeTok C peKOHCTPYPOBaHHbIM
reHoMoM B nepudepuryeckoe pycsio n nx Gpukcauma B KOCTHOM Mo3re. BocctaHoBIeHME NOMMKIOHANbHOrO remMmornos3a.

tuposanHyto I11/IHK, c MHOroUncIeHHBIMU T€HETHYECKUMHU
HapyUICHUSIMU B CTPYKTYPE Pa3IN4HBIX T€HOB.

Oraskerpakierounas qu/IHK nocrosiHao TpaH3suTHO nona-
naet B ['CK, rze B orrpesieieHHbIE MOMEHTHI BpEMEHH (HapH-
Mep, npu yBenudeHnn koHueHtpanun JIHK mmasmsr kposn
B CBSI3M C TPABMOM MJIM HIIEMHUEH) HHTyIUPYET KOMMHUTHPO-
BaHNE M CTOXACTUIECKU HHTETPHPYET B TCHOM, TT0-BHIUMOMY,
10 TOMOJIOTHYHBIM y4acTkaM. [Iporcxoaut renHast KOHBEp-
cust, 1 ['CK MEHSIOT TeHEeTHKY, JUIIasich CBOETO CTaryca, U
MIPUOOPETAIOT YEPTHI TEHETHUKH KJICTOK COMBI, OTPEarnpoBaB-
IIMX Ha BO3/ICHCTBUE arpecCHUBHON OKPY’KAIOLICH CpEIbI.
[Tocnenoarensbuo nonyssius ['CK kak cucrema cTBOJIOBBIX
KJIETOK MCTOIAETCSI, NCUEPITBIBACTCS TUTIOPUTIOTEHTHBIH pe-
cypc, u cucrema I'CK mproOpeTaeT oMrokIoHa bHbIC YePThI
(puc. 7).

Orcrona tepsitorcst penaparuBHble Bo3moxkHocTH ['CK
IJIaBHOE, UCYE3aeT UCXOIHOE MHOT000Opa3ne BO3MOKHOCTEH
nMMyHHTeTa. Hactymaer ¢u3ndeckas crapocTh OpraHu3Ma.

CymiecTByeT BO3MOXHOCTh MPEOIONICHUSI MEXaHU3Ma 3a-
MIPOrPaMMHPOBAHHOTO KJIOHAJILHOTO TEMOIT0332 M MEXaHNU3Ma
3aIporpaMMHpPOBaHHON cTapocTH. HeoOxoauMo ncmonb3o-
BaTh TO )K€ CaMOE «OPYXHE», a IMCHHO: PETyIIpHO JaBaTh
I'CK sxkerpaknerounstit nip/IHK cyOctpat, momydeHHbIH OT
MOJIOZIBIX 3JJ0POBBIX Jfofel. Takum cyOcrparom siBiIseTCs
npernapat hDNA#'. 3nopoBbie amnenu OyayT BEITCCHAThH Ha-
karuBatomuecs mytanTaele, 1 ['CK OymeT coxpaHsaTh cBOt
TUTIOPHUTIOTEHTHBIH CTaTyC.
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AHHoTaumA. MNonyyeHre NHAYLMPOBAHHbIX MIOPUMOTEHTHBIX CTBOMOBbIX KNEeTOK 13 T-numboumnToB nepudepnyeckomn
KPOBW MpefAcTaBnsAeT coboi MepCneKTUBHY anbTepHaTMBY WMCMNONb30BaHUO GUOPO6NACTOB KOXW. DTOT MOAXOS,
coyeTaeT MVHMMAJbHO VHBa3MBHbIN 3abop 6uomaTepuana COBMECTHO C ObICTPbIM MoJslyyeHreM o6oralieHHOW
nonynAuMN LieneBbIX KNeTok. [JononHNTeNbHbIM NPerMyLLeCTBOM ABMIAETCA OTHOCUTENbHO HU3KNI MYTaLMOHHbIN rpy3
T-nMMPOLIMTOB NO CPaBHEHMIO C TPAAULIMOHHBIM MCTOYHMKOM COMATUYECKMX KIEeTOK ANA pernporpaMMUpPOBaHUA —
dunbpobnactamum Koxu, BBMAY TOro Uto T-numdoLnTbl 3alKLLEHbl OT XPOHUYECKOrO BO3LAENCTBUA YbTPadroneToBoro
U3JTyYEeHNA — OAHOTO U3 KIloUYeBbIX GAKTOPOB HAKOMIEHWA COMATUYEeCKUX MyTauui. O6beKkTuBHas BepudurKaums
MOHOKJSIOHANIbHOCT  MOMYYEHHbIX JUHUA  UHAYLUPOBAHHbBIX MIIOPUMOTEHTHBIX CTBOJIOBbIX KNETOK BO3MOXHa
6narogaps Hanuuuio V(D)J-nepecTpoek reHoB T-KNeTOUHOrO peLienTopa, GOPMUPYIOLLKXCA B pe3ysibTaTe COMaTUYECKO
pekombuHauuM B TUMyce B MpoLecce ecTeCTBEHHOro co3peBaHuA T-MMMPOLUTOB. 3T NepecTporKM OCTaloTCA
HeM3MeHHbIMW MPU  PenporpaMmMMpoBaHNN U CRy>KaT YHWKalbHbIM MapKepoM, MO3BOJIAIOWMM [JOCTOBEPHO
NOEHTUOULMPOBATL MOHOKITOHAMbHbIE IMHWUN 1 UCKIYaTb KOHTaMUHUPOBAHHBIE MHUM WAV AMHUW NOSIMKOHANIbHOFO
npoucxoxpeHna. HapexHaa BepudUKaUMA KIOHAIbHOTO MPOUCXOXKAEHUA WHAYLMPOBAHHBIX MIOPUMOTEHTHBIX
CTBOJIOBbIX KIETOK MOXET OblTb BaXKHOW B KCMeprIMEHTaX, NMPeabABALWMX BbICOKME TPeboBaHNA K reHeTnyeckom
ofjHopoaHocT/. [laHHaa paboTa noceslleHa CO3AaHUI0 M KOMIMIEKCHOW XapaKTePUCTMKE MOHOKJIOHANIbHbIX JIMHUIA
VNHAYUMPOBAHHBIX MIOPUMNOTEHTHBIX CTBOJSIOBbIX KNETOK, mosyyeHHblx 13 CD3+ T-numdouutoB 340poBOro foHopa
METO[IOM 3MUCOMHOro penporpammupoBaHmna. [onyyeHHble nuHumM RCPCMIi014-A (PBM022E5) n RCPCMi014-B
(PBMO022E7) cOOTBETCTBYIOT MPUHATBIM KPUTEPUAM KayecTBa ANA WHAYLMPOBAHHbIX MIIOPUMOTEHTHBIX CTBOJSIOBbIX
K/1EeTOK: OHN AEMOHCTPUPYIOT SKCNPECCUio KNoYeBbIXx Mapkepos nopunoTteHTHocTn (OCT4, SOX2, SSEA-4, TRA-1-81),
CnocobHOCTb K AnddepeHUMpPOBKe B MPOU3BOAHbIE BCEX TPEX 3apofbllleBblX JAMCTKOB U 0651aAaoT HOpMasbHbIM
Kaprotunom. Obe NMHMM MOKa3anu CrnocobHOCTb K AnddepeHUUpoBKe B AePUHUTVBHYIO SHAOAEPMY C BbICOKOW
3bPeKTUBHOCTBIO, OLeHeHHON no 3kcnpeccun CXCR4, uto onpepenseT UX MNEePCNeKTUBHOCTb ANA pa3paboTku
NMPOTOKONOB reHepaLuuy 3-KNeTok NoaKenyaouHom »enesbl. MonyyeHHble IMHUN NHAYLMPOBAHHbBIX MITIOPUMOTEHTHbIX
CTBOJIOBbIX KNETOK MOTYT ObITb 1CMOMb30BaHbl AnA GyHAAMEHTaNIbHbIX UCCIE[0BaHNI MEXaHM3MOB MIOPUNOTEHTHOCTY
1 anpdepeHLNPOBKM, a Takxe AS1A CO3AAHNA N30TEHHBIX IMHWIN UHAYLIMPOBAaHHbIX MOPUMOTEHTHbIX CTBOSTOBbIX KJIETOK
C BHECEHHBbIMU MyTaLMAMN NMPU MOAENMPOBaHNN PEAKNX HAaCIeACTBEHHbIX 3a00NeBaHuN.

KnioueBble cnoBa: MHAYLMPOBaHHbIE MIOPUMNOTEHTHbIE CTBOMOBblE KNeTKW; T-numdounTbl; penporpaMmmMmnpoBaHue;
T-KNeTouHbIN pelenTop; KNoH KneTok; V(D)J-pekomburHauus; aeduHUTUBHaA SHAoAEePMA
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Abstract. The generation of induced pluripotent stem cells (iPSCs) from peripheral blood T-lymphocytes offers a
promising alternative to skin fibroblasts. This approach combines minimally invasive sample collection with rapid
isolation of enriched target cell population and provides a lower baseline mutational burden, as T-lymphocytes are
shielded from chronic ultraviolet radiation — a major driver of somatic mutations in skin fibroblasts. Objective verification
of monoclonality of the resulting iPSC lines is possible due to V(D)J rearrangements in T-cell receptor (TCR) genes,
which are formed as a result of somatic recombination in the thymus during the natural maturation of T-lymphocytes.
These rearrangements remain unchanged during reprogramming and serve as a unique marker, allowing for reliable
identification of monoclonal lines and exclusion of contaminated or polyclonal lines. Reliable verification of the clonal
origin of iPSCs can be crucial in experiments that place high demands on genetic homogeneity. This work is dedicated
to the generation and comprehensive characterization of monoclonal iPSC lines derived from CD3+ T-lymphocytes
of a healthy donor using episomal reprogramming. The resulting lines, RCPCMi014-A (PBM022E5) and RCPCMi014-B
(PBM022E7), meet the accepted quality criteria for iPSCs: they demonstrate expression of key pluripotency markers
(OCT4, SOX2, SSEA-4, TRA-1-81), the ability to differentiate into derivatives of all three germ layers, and possess a normal
karyotype. Both lines showed a high-efficiency capacity to differentiate into definitive endoderm, as assessed by CXCR4
expression, highlighting their potential for developing protocols to generate pancreatic 3-cells. The obtained iPSC lines
can be used for fundamental research into the mechanisms of pluripotency and differentiation, as well as for creating
isogenic iPSC lines with introduced mutations for modeling rare hereditary diseases.

Key words: induced pluripotent stem cells; T-lymphocytes; reprogramming; T-cell receptor; cell clone; V(D)J recom-
bination; definitive endoderm
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BBepeHue

OTKpBITHE TEXHOJOTHH TTOyYCHHS WHIYyIIHPOBAHHBIX ILTIO-
punoreHTHbIX cTBONOBBIX KiIeToK (VITICK) B 2006 1. oTKpBLIO
HOBBIC BO3MO)KHOCTH B PETCHEPATUBHON MEIUIIMHE U OHO-
MeIUITMHCKHX MccienoBanmsix (Yamanaka, 2020). braromgaps
crocoOHOCTH TU(PEPEHINPOBATHCS B MPOU3BOIHBIC BCEX
Tpex 3apompieBbix auctkoB, MIICK obmamnaror 3HaYHTENb-
HBIM TIOTEHITHAJIOM TSI MOZICITUPOBAHUS 3a00JI€BaHHN in Vitro,
MTO3BOJISIS M3y4YaTh TKaHECTEeIH(PHISCKHUE TaTOJIOTHICCKUE
IIPOLIECCHI HA KIIETOYHOM ypoBHE (Summers et al., 2024). [Tpn
CO3/IaHMU TaKUX MOZENEH, KaKk mpaBuiio, ucnoinssytoT UIICK,
MTOJyYCHHBIC OT IAIMEHTOB C HACIICICTBCHHBIMH 3a00JeBa-
Husmu (Grigor’eva et al., 2023), 9To O3BOJISIET BOCCO31aTh
WHAWBHIYyaIbHBIE 0COOCHHOCTH OoNe3HU. B momo0OHBIX wHc-
CJIEZIOBaHUAX JIMHUU OT 3JJOPOBBIX TOHOPOB CITY’KaT BAYKHBIM
pedepercHBIM KOHTpOeM. Oco0yI0 aKTyalbHOCTh OHH IIPH-
00peTaroT pu n3y4eHNH op(haHHBIX 3200JIeBaHUM, TIe KpaliHe
MaJtasi YUCIICHHOCTh AIIMEHTOB 3aTPYIHSCT MPSIMOE TTOTyYe-
HUE KICTOYHBIX MojieIel. B Takux ciydasix mepcreKTHBHBIM
penreHreM Oy/IeT Co3aHue N30TEHHBIX Tap METOIOM Fe¢HOM-
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Horo penaktupoBanus Ha ocHoe UIICK 310poBbIxX 10HOpOB
(XowmsikoBa u jap., 2023; denopenko u np., 2024). BaxkHo
otMeTHTh, uTo UTTCK 0T 310pOBBIX JOHOPOB TaKXkKe MPeJICTaB-
JISTIOT COOO0 HE3aMEHUMBIN PeCypc T CTaHIapTH3AIUH TIPO-
TOKOJIOB TU(DPEPEHIIMPOBKH, Pa3pabOTKH «yHUBEPCATHHBIX)
KJICTOYHBIX TMPOIYKTOB M H3YUYCHHsS 0a30BBIX MCXaHHU3MOB
penporpammupoBanus (Cerneckis et al., 2024).

CormtacHO OOLICTIPUHSITON MpakTHKE Kakaas mMopdoiio-
rudyecku ogHopoaHas kosoHusi UTICK cunrtaercs KiIoHOM,
MPOUCXOSIIUM U3 €IMHCTBEHHON PEnporpaMMHpPOBAHHOMN
knerku-npenmecrsennuibl (Takahashi et al., 2007). B coot-
BETCTBUH C ATOU MPAKTHKON OT/ICIIbHBIC KOJIOHUHU KYJIETUBHPY-
I0TCS HE3aBUCUMO U PACCMATPUBAIOTCS KAK MHIUBUAYyaJIbHbIE
KkJieTouHble JIMHUU. OJTHAKO MPSIMOE TOATBEPKACHUE MOHO-
KJIOHAJIbHOCTH PEJIKO OCYIIECTBIISIETCS: OTCYTCTBUE METOJIOB
Bepu(HUKAUU 03HAYACT, YTO MOJTHUKIOHATIBHBIC JINHUU MOTYT
0CTaBaThCsl HE3aMCUCHHBIMU, 0COOCHHO €CJIH KOJIOHHUHU CHOop-
MHUPOBAJIUCH B PE3YJILTATe OJHM3KOTO PACIIOJIOKCHHUS KIICTOK.
AyTteHTH(UKAIIUS KICTOYHBIX JIMHUM, BKIIFOYAs TONTBEPIK-
JICHUE TeHETUYECKOW MPUHAIEKHOCTU U OTCYTCTBHUE KOH-
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TaMHUHAIMH, SBISETCSI KPUTHYECCKH BaXXHOW JabopaTopHOH
TIPOLIEYPOH T 00eCHEUeHNs BOCTIPOM3BOANMOCTH HAYIHBIX
HCCIIeIOBAaHUM, MUHUMH3AIMY (DMHAHCOBBIX IOTEPb U IOA-
JIepIKaHMsl IOCTOBEPHOCTH TToiTydaeMbIX aHHbIX (Harbut et
al., 2024).

B stom koHTekcTe yHukanbHoe npeumyiiectso UIICK,
MOTY4YEeHHBIX U3 T-TMMQOIUTOB, COCTONT B BO3MOXKHOCTH
Bepu(HUKAUN MOHOKJIOHAIBHOTO MPOMCXOXKICHUS C TIOMO-
IBIO aHAJIN3a TCHOMHBIX IIEPECTPOEK, BOSHUKAIOIHUX B XO/I€
V(D)J-pexomOuHanuu npu GOpMHUPOBAHUU 3PEIBbIX TCHOB
ueneii T-knerounoro perentopa (TCR) (Kishino et al., 2014).
OTta KIIoH-creu(pHYHAs IEPECTPOIKA, COXPAHSIOIIASCS IT0CIIe
PenporpaMMHUpPOBAHHS, CITY>)KUT MOJIEKYJISIPHBIM «OapKOIOM)
ncxogHoi T-knetkn. CoBpeMEHHbBIE MOAXOABI K aHAIN3Y
V(D)J-nepectpoek, Britodas myiasruriekcHyto TP (Seki
et al., 2010) u TapreTHOE BBHICOKOIIPOU3BOIUTEIBHOC CCKBE-
nuposanue (Nishimura et al., 2013), nenaror BO3MOXXHBIM
MIPSIMOE BBISIBIICHUE MOIMKIOHAIBHOTO ITPOUCXOXKICHUS, YTO
0COOCHHO Ba)KHO IJIsi 00ECTIEYEeHHs BOCTIPOM3BOIUMOCTH U
JIOCTOBEPHOCTH PE3yNIbTaTOB B ONOMEINIIMHCKUX UCCIIEA0BA-
Husax. Coyeranue 0ObEeKTUBHON BepU(pUKALINN KIOHATBHOCTH
Y MaJOMHBA3UBHOCTH TIOJIy4ECHUs OMoMarepuaa JiesaeT uc-
rosib3oBanue T-TMM(OLUTOB NPHUBJIEKATEIbHON CTpaTeruen
s momydenns UTTCK kak B pyHIaMEHTaIBHBIX HCCIICI0BA-
HUSIX, TaK M IPU CO3/IaHUH KJICTOUHBIX Mojiesiel 3a0071eBaHnii.

B Hacrosmiei paboTe METOIOM ATIHCOMHOTO PETIPOrpaMMU-
posanwust nosyuensl inauu UTICK u3 T-mumdoruros 310po-
BOTO J0HOpa. Briepsrie ¢ momompio ananuza V(D)J-niepe-
CTPOEK TPeX T'€HOMHBIX JIOKYCOB OBLIM HCKIIIOUYEHBI MOJIH-
KJIOHAJIbHBIE MOMYISALMUHY, YTO IO3BOJIMIO JOCTOBEPHO U/IEH-
THQUIIPOBATh MOHOKIOHANbHBIEC MuHNA. Jlmamn UIICK
C TOATBEP>KJCHHBIM MOHOKJIOHAJIBHBIM HMPOUCXOKICHIEM
RCPCMi014-A (PBM022ES) u RCPCMi014-B (PBM022E7)
MIPOIEMOHCTPUPOBAIN TTOJTHOE COOTBETCTBUE KPUTEPHUSIM Ka-
YEeCTBA: COXPAHEHHE HOPMAJIBbHOIO KapHUOTHIIA, SKCIPECCHIO
kiroyeBbix Mapkepos (OCT4, SOX2, SSEA-4, TRA-1-81) n
CIIOCOOHOCTH K T hepeHInPOBKE B IIPOM3BOTHBIEC BCEX TPEX
3apOJBIIIEBbIX JINCTKOB, U, B YACTHOCTH, BBICOKYIO () (heKTHB-
HOCTb HalpaBJIeHHOH AU HepeHINPOBKU B Ie(PUHUTHBHYIO
SH0ZEPMY.

MaTtepuan u metogbl

JTHYeCKHE aCTEeKThI HCCJIe0OBAHMS H 3a00p OnoJioruye-
cKoro Marepuaa. VcciieoBanue npoBeieHo B COOTBETCTBUI
C 9THYECKMMHU HOPMaMH U 0JI00PEHO STHYECKHM KOMUTETOM
®denepanrbHOTO HAYYHO-KJIMHUYIECKOTO IIEHTPa (PU3UKO-XIMU-
YecKoil MeauuuHbI UM. akagemuka FO.M. Jlomyxnaa ®MBA
Poccun (mmpotokosr Ne 1 ot 01.06.2021). bruonornueckwnii
Marepuan (nepudepuyeckasl BCHO3Has! KPOBb) ObLIT MOJTyUCH
OT 100pOBOJIBIIA-IOHOPA MYKCKOTO T10J1a B Bo3pacte 35 JeT.
3a00p KpOBH OCYIIECTBIISUT KBATH(DUIIMPOBAHHBIN METUIITH-
ckuii nepconan nonukauHuky OI'bY OHKL @XM ®MFBA
Poccun ¢ cobmronenneM BceX CTaHIAPTHBIX MEIUIIMHCKHUX
nponenyp. [lepexn mpoBeneHHEeM MpOIEAYPHl TOHOP OBIIT
porH(GOPMHUPOBAH O IEISX MCCIENOBAaHUS U JOOPOBOIBLHO
roAnucan MHGOPMUPOBAHHOE COIVIaCHE Ha HCIIOJIb30BAaHHE
€ro OMOJIOTMYECKOTO MaTepHaja B HayuYHBIX IIEIIIX.
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Healthy donor iPSC lines RCPCMi014-A/B
with confirmed monoclonal origin

JK30MHOE CeKBEHHPOBaHHEe M OMOMH(pOPMATHYECKHUI
a”aau3. [eromuyto JIHK BeIiemsinm i3 3aMOpoyKeHHBIX 00pa3-
IIOB IIEJIEHON KPOBH € UCTIONB30BaHNeM Habopa ExtractDNA
Blood & Cells (EBporen). bubnuoteku 11t CCKBCHUPOBaHHS
TOTOBWJIN C Hcronb3oBanneM Habopa MGIEasy Universal
DNA Library Prep Set (MGI), oGoramienue 5K30MHBIX PErH-
OHOB TipoBOAMIH ¢ ToMotsio Tanen VAHTS Target Capture
Core Exome Panel (Vazyme) B COOTBETCTBHH C MHCTPYKIUSMHA
npousBouresisi. CeKBEHUPOBAHKE MOIYYCHHBIX OMOINOTEK
BhImoNHsUM Ha miardpopme MGISEQ-2000 (MGI) B mapHo-
KOHEYHOM pexume (paired-end) asst JOCTHIKEHHS CpETHETO
nokpeitust ~80% (He MeHee 30 MJIH MapHBIX MPOYTCHUH Ha
oOpa3err).

ITepBuunbIii OMOMH(DOPMATHIECKUI aHAM3 BKITIOYAJT KOH-
TPOJb KadecTBa CHIPbIX ImpouTeHnil ¢ momombio FastQC, B
X0/Ie KOTOPOTO HU3KOKa4eCTBEHHBIE TPOYTEHNUS 1 a/IalI TEPHBIC
TMIOCJIE/I0BATEIILHOCTHU OBIIIN OT(QUIBTPOBaHbL. BrlpaBHNBaHME
npouTeHnii Ha pedepencHslii reHoM yenoeka GRCh37/hgl9
TIPOBOAMIIN C MCTIONB30BaHueM anroputMa BWA-MEM. Ka-
4eCTBO BhIpaBHUBaHUS U d(H(HEKTUBHOCTH 00OTAIEHUS OTIe-
HHUBAJIK C TIOMOIIbI0 TakeToB SAMtools, mosdepth u Picard
Tools. BeIsiBiieHHE 0IHOHYKIICOTHTHBIX BADHAHTOB M HEOOITb-
mmwmx uHAeaoB (SNV/InDel) BEITONHSIIN ¢ HCIOIB30BAHUEM
mporpaMMHOTO Tlaketa Deep Variant.

Broigenenne n akrupauusa T-nmumdountoB. MoHOHY-
KJIeapHble KIeTKH nepudepudeckoii kposu (PBMC) Beinerns-
JIM U3 BEHO3HOW KPOBHM METOAOM I'PaJHUEHTHOrO LEHTpH]y-
TUPOBaHUs, IIPUMEHsII KOMMepueckuil peareHT NycoPrep™
(Axis-Shield) coracHo crannapTHOMY poTokoiy (I puropse-
Ba U 1p., 2024). CD3+ T-ki1eTKH BBACISUTN U3 MTOTYYCHHOM
thpaxmm PBMC MeTomoM MarHUTHOH cemapariiy ¢ HCIOhb-
3oBanreM Habopa Human CD3+ Cell Separation Kit (RWD)
B COOTBETCTBUH C MHCTPYKILIUEH MPOU3BOANUTENSL. AKTHBALIUIO
T-1MMpOIUTOB MPOBOIMIIN 110 MOTU(PHUIIMPOBAHHOMY JIBYX-
sTarHoMy rporokoiy (Maslennikova et al., 2022). Ha nepom
JTane KICTKH MHKYOMpOBAaIM ¢ MarHUTHBIMU YacTHLAMH
Dynabeads™ Human T-Activator CD3/CD28 (Gibco). Ha
CJIETYIOIINI IEHb YAaCTHUIIbI YAAIISIN C TIOMOIIBI0 MATHUTHOTO
IITaTHBa, MOCJIE Yero KIETKH PECyCHEeHUPOBAJIH B Cpelie
st T-xnerox: RPMI-1640 (ITan3Dko), momonnennoit 10 %
tepmonnaktiuBrpoBanHoi HI-FBS (BioFroxx) n 100 ME/mn
IL-2 (Buorex HIIK), B koHuenTpaimu 0.5 x 10 kineTok/mi 1
KyJIBTUBUPOBAIH TOTIOTHUTEIHHO 24 1.

PenporpammupoBanne T-k/1eToK U KyJIbTHBHPOBaHHE
HHIYUHMPOBAHHBIX IUIIOPUIIOTEHTHBIX CTBOJIOBBIX KJie-
Tok. PenporpamMmupoBanne T-KIIETOK MPOBOAMIN METOJIOM
TpaHcdekunu snucoMubiMu Bektopamu (Okita et al., 2013),
JKCIIPECCHPYIOIMMHE (hakTophl pernporpammupoBanus SOX2,
OCT4, KLF4, L-MYC, LIN28, noMHHaHTHO-HETaTHBHYIO
thopmy MermrHOTO Oenka pS3 (mpS53DD) u paktop momaepsxa-
Hust aricoM — 6esiok EBNAT (Addgene #41813-14,41855-57).
Tpanchekuo MpoBOIUIN C MCIOIB30BAHUEM CHCTEMBI
Neon Transfection System (Thermo Fisher Scientific) co cran-
JnaptHeiMu napamerpamu: 1650 B—10 mc—3 nynsca. B kave-
CTBE KOHTPOIISA (D (HEKTHBHOCTH TPAHC(EKIINHI HCITOTH30BAIH
mra3mMuay pCE-GFP (Addgene #41858). Uepes 24 1 mocie
ANEKTPOINOPALMH C MOMOIIBIO MPOTOYHOIO LUTOMETpPa
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NovoCyte (ACEA Biosciences) moJCYUTHIBAIN KOTHYECTBO
KUBBIX, DAPI-HETaTHBHBIX aKTUBUPOBAHHBIX OJTaCTHBIX KITe-
TOK (OJ1aCTOB), XapaKTEPU3YIOMIMXCS YBEIMUCHHEM pa3Me-
poB (FSC) u rpanynsaproctu (SSC). Kitetounyro cycrieH3nIo
BbICeBaNM Ha 35-MM wamku I[leTpu, mpeaBapuTeIbHO MO-
kpeiTeie Marpurenem (Corning) B pa3BeneHun 1:50, ucxons
u3 wiotHocTH 10—12 % 103 sxu3HecIocoOHBIX OnacToB/cM? B
cpene s T-knerok. Ha cnenyrommii 1eHb K KyJAbTypajabHOU
cpefie J0OaBIISUTN paBHBIN 00BEM CPEIbI VIS PETIPOTPAMMUPO-
BaHUA cienyrorero cocraBa: ReproTeSR™ medium (Stemcell
Technologies), 100 ur/mMa FGF2 (cobcTBeHHOE TPONU3BOICTBO
OHKI] ®XM), 10 MmxM uarudutopa ROCK (Ri) — Y-27632,
0.5 MmxM PD0325901 n 2 MmxM SB431542 (Bce — DC Che-
micals, KuTaif). B manpHeiimem cpeny s permporpaMMupo-
BaHMS 3aMEHsUIN Yepe3 AeHb. Ha 16-e¢ cyTku kieTkn mepe-
BOmIIK Ha MonmudumposanHyto cpexy amst UIICK, cocros-
mryto 3 cmecu [u6puC-8 (ITanDOxo) m mTeSR1 (Stemcell
Technologies) B cooTHommeHnu 4:1, ¢ exXeTHEBHON 3aMEHOI
cpensl. Ha 26-e cyTkr IpOBOIMIIM MEXaHUUECKII 0TOOP cop-
MUPOBABIINXCS KOJIOHUH ¢ ncnonb3oBanueM 0.1 % pacteopa
mucriassl (Invitrogen). [Momygennsie xonsr UTICK kymsru-
BHPOBAJIH B OeC(UIEPHBIX YCIOBHSX 110 PaHEe ONMCAHHOMY
npotokory (Goliusova et al., 2025).

AHaJIM3 HHTerPalMy TPAHCTeHHBIX KOHCTPYKLMII MeTO-
oM KITIIP B peanbHoM Bpemenu. J{Jist OLEHKH BO3MOXKHOM
HMHTETrpalliy SMHUCOMHBIX BEKTOpOB B reHoM JuHuu MIICK
KyJbTUBHpOBaiM He MeHee 10 maccaxeil. Jlanee BbIIENSAIN re-
voMuyt0 JIHK ¢ ncrions3oBannem Habopa M-Cop6 (CurTOM).
AHanu3 HHTErpauy TPAHCTEHHBIX KOHCTPYKIUH BBITTOTHSIIN
metonoM KIILIP B peanbHOM BpeMeHHM Ha aMILIH(HKaTOpe
CFX96 Touch Real-Time PCR Detection System (BioRad) c
ucnonp3oBanreM 5X qPCRmix-HS SYBR (EBporen) u crre-
uduueckux npaiimepos (tabu. S1 IMpunoxenus)!. IIporpam-
Ma ammumagukarmm: 95 °C — 4 mun; 40 mukios: 95 °C - 10 c,
60 °C —40 ¢ (neTexmust GIyopeCICHITNH); aHAN3 ITaBICHHS
mpomykTa: 95 °C -5 ¢, 65 °C — 5 ¢ (¢ HenpepbIBHBIM H3Mepe-
HueM (aryopecuentmm), 95 °C — 50 c.

AHauu3 nocJiegoBarenbHocTell yuactkoB V(D)J-nepe-
crpoek. C 1enbio onpenesieHnst KJIOHAIBLHOTO COCTaBa JIH-
Huii UTICK npoBoawiiv aHanu3 Nociaen0BaTebHOCTER Tpex
TeHOMHBIX JIOKYyCOB, (hopMupyemsbIx B pesynsrare V(D)J-pe-
KOMOWHAIINH, ONIPEASNISAIONINX MOCIEA0BATEILHOCTD 3PEIBIX
TeHOB 0/0-, - u y-tienet TCR. BubnmoTexn s BBICOKO-
TIPOM3BOIUTEIEHOTO CEKBEHUPOBAHNS TOTOBHIIM 13 42 HT Tre-
womuoi JIHK (oxBuBasieHT ~6500 IUIIIONIHBIX TEHOMOB) C
ncnonp3oBaHreM Habopa «Human IG/TCR DNA Multiplex
Kit 7G» (MaiimabopaTtopu) B COOTBETCTBHH C ITPOTOKOIOM
nipon3BoanTeiss. CeKBEHMPOBAHHUE BHITIONHSUIN Ha IIaT(Gopme
[llumina MiSeq B pexxuMe TapHOTO YTEHHS, C [UTHHOH KaXKI0TO
npourerus 150 m. H. B pe3ynbprare OpUTO MOTYyYeHO HE MEHEE
90 TBIC. MApHBIX YTCHUH [T KaXKI0TO 00pasIa.

Bronndopmarnueckuii aHamM3 AaHHBIX TPOBOJIIIH C T10-
Motsio mporpammuoro makera MiXCR (https://mixcr.com).
He menee 83 % npourennii B KaxoM o0pasiie ObIIN YCIIEITHO
NACHTH(HUINPOBAHBI KAK COAEPIKAIIHE TIOCIIEIOBATEIILHOCTD,
OJIHO3HAYHO aTpHOyTHPYEMYIO K OZTHOMY 3 HCCIIELYEMBIX JIO-

1 Ta6n. S1-S3 n puc. S1 MpunoxeHna AOCTYNHbI NO aapecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx21.pdf
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JInHnm UMNCK 3goposoro goHopa RCPCMi014-A/B
C noATBEPXAeHHbIM MOHOKIOHaNbHbIM NPOUCXOXAEHVEM

KyCOB IO pe3yJIbTaTaM COTIOCTABIECHHS C pe)epEHCHBIMH I10-
CIIEZIOBATEIILHOCTSIMI COOTBETCTBYIOIINX JIOKYCOB C TIOMOIIIBIO
1O MiXCR. /511 onpeeneHAst KIIOHATFHOCTH UCCIICTOBATH
pacripezielieHle MPEACTaBICHHOCTH 0 KOINYECTBY MpoYTe-
HUI U TpeATionaracMyo (GyHKIIMOHATBHOCTD HACHTH(GUINPO-
BaHHBIX rocienoBarensHocTeit V(D)J-mepectpoek B kKaskaom
13 TPeX JIOKYCcOoB. B aHamn3 BKItoyamich nepecTpoiku, moa-
JeprkanHble He MeHee ueM 100 He3aBUCHMBIMU TIPOYTCHUSMH.

CxpuHMHI MUKoONIa3MeHHOH nHexuuu. OTCyTCTBUE
KOHTAaMHHAIIUM MUKOIUIa3MOM OBIJIO MOATBEPKACHO METO-
nom [P ¢ ncnonb3oBaHreM paiiMepoB Ha TeH pHO0COMHOI
16S PHK (cm. Tabm. S1), kak ormmcano panee (Goliusova et
al., 2024).

Boigenenune PHK u OT-ITLP. Toransuyro PHK Beiaensinu
3 1 MiTH KITeToK ¢ momoripio peareHTa Extract RNA (Epo-
T'€H) COIVIaCHO MPOTOKOITY Ipon3BoanTeist. OOpaTHyIO TpaHC-
KPHTIIHIO TIPOBOIMIIN C UCTIONBb30BaHneM Habopa MMLV RT
kit (EBporen) u cy94aifHBIX JeKaHYKJICOTHIHBIX PAiiMepOoB.
OT-IIP npoBogmiIH ¢ UCTIOTH30BAHUEM CICITH(PIICCKUX
mpaiimepoB (cMm. Tabm. S1). [Iporpamma aMIITH(pUKAIIIH:
95 °C — 3 mun; 32 mukia: 95 °C—15¢,60°C—-15¢,72 °C —
30 c; punanpHas moHTarws: 72 °C — 5 MuH.

KapunoTunupoBaHue BBITOIHSIIN COIIACHO paHEe ONMCAH-
HOM MeTouKe ¢ paspemnrenuem 400 63u10B (Goliusova et al.,
2024).

STR anaam3 1jist ayrTeHTUPUKALNU KJIeTOYHbIX JIUHU .
STR-npo¢mmpoBaHye BBITOIHIIN C KOMMEPYECKUM Habo-
pom COrDIS Plus (I'opan3), mMo3BONSIOMAM aHATU3HPOBATH
19 ayTOCOMHBIX JIOKYCOB 1 TIOJIOBOI Mapkep Amelogenin.

AHAJIM3 KCNPeCCHH MAPKePOB IUIIOPUNIOTEHTHOCTH Me-
TOAOM MPOTOYHOI HUTOMeTPHH. [IPOTOUHYIO IIMTOMETPHIO
BBINOJHSIM B COOTBETCTBHH C PAaHEE OMMMCAHHON METOIUKON
(XomskoBa u n1p., 2023). AHTHTENa, NCNIOIF30BAaHHEBIC B pa-
oote, cM. B Tabir. S2.

NMmyHonuTOXMMHYeCKOe OKpamuBanue. VIMmyHoOIM-
TOXMMHYECKOE OKpaIIMBaHWE MPOBOAMIM COINIACHO paHee
omyOnukoBaHHOMY TIpoTokKony (Pemopenko u ap., 2024).
AHTHTENA, UCIONb30BaHHBIE B paboTe, MPEACTaBICHBI B
Tabmn. S2. Busyannzaruio MpoBOAMIN € HCTIOIB30BAHUEM HH-
BEPTHUPOBAHHOTO (IIyopecueHTHOro MuUKpockona Olympus
IX53F. O6paboTKy MOIyYeHHBIX N300paKCHAN BBITTOTHSITH
C TIPUMEHEHUEM TporpaMMHOro obecriedeHust GIMP-2.10.

DYyHKIUOHAJIbHAS OlleHKA IUIIOPUIOTEHTHOCTH MeTo-
JIOM cTIOHTAHHOM AU depeHunpoBKHU. 1151 TOATBEPKACHUS
mmopunoreHTHoro craryca MIICK npoBoaunu TecT Ha cro-
COOHOCTB K CIIOHTAHHOU N PEPEHIIMPOBKE B IIPOU3BOIHBIC
TPEX 3apOIBIIIEBHIX JINCTKOB 110 PaHEE OTIMCAHHOMY IIPOTOKO-
ny (Goliusova et al., 2024). Uepes 15-20 nHeit anre3m0HHOTO
KyJIbTHBUPOBAHNS SMOPUOMIHBIC TENbla (PUKCHPOBAIH B
4 % PFA n oxpammBaiy Ha crenupHUIecKue MapKepsl Tpex
3apOMBIIIEBAIX JIUCTKOB (CM. Tabm. S2).

JuddepenunpoBka B 1epuHUTHBHYIO dHA0AEpMY. [11h-
(epeHpoBKy B ACPUHATHBHYIO DHIOAECPMY MPOBOIMIN
¢ momomnsio Habopa STEMdiff™ Definitive Endoderm Kit
(STEMCELL Technologies) cormacHO MpOTOKOIY ITPOU3BO-
mutens. DddexruBHOCTH AU HEPSHITNPOBKH OIICHUBAH 110
skcrpeccun Mapkepa CXCR4 ¢ nomolipio aHTuTen, npea-
CTaBIICHHBIX B Ta0I. S2.
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PesynbraTtbl n 06CyKaeHne

Hamra pabora mmocBsiiiieHa oy YeHHUIO U JIeTaIbHON XapaKTe-
pucrtuke sinaui UTICK, monydyeHHbIX n3 T-TUM(OIUTOR 310~
poBoro JoHopa. [T0JTHO9K30MHOE CEKBEHHPOBAHUE JOHOPA HE
BBISIBAJIO TTATOTEHHBIX WIIH TIPETIOIOKUATEIBHO MTaTOT€HHBIX
BapUAHTOB B T€HAX, aCCOLIMMPOBAHHBIX C PA3BUTHEM OHKO-
JIOTHYIECKHX 3a00JIeBaHMi, cortacHo Oa3e maHHbIX Panel App
(Martin et al., 2019) u pyxosoacream ACMG (Richards et
al., 2015). Cxema perporpaMMHpOBaHHs MIPEACTaBICHA Ha
puc. 1, a. CD3+ T-nmuM}OIHTEI, BBIICICHHBIE U3 Tepudepu-
YeCcKOH KpOBH, aKTHBHUPOBAIIH C HcnoyibzoBanreM CD3/CD28
Dynabeads™ u TpaHCOUIIPOBATN KOKTEHIEM SITHCOMHBIX
mnasmu, kopupytomux OCT4, SOX2, KLF4, c-MYC, LIN2S,
EBNAI wmp53DD. Yepes 24 4 nocie TpaHCPEKITHHA KICTKH
BBICEBAIIM HA YAIlKH, OKpbIThie Matrigel®, n KyabTHBHpO-
BaJIM B CPEJie, JOMOIHEHHOW KOMOMHAIIMEH MaJIbIX MOJICKYII:
Y-27632 (ROCK-unrubutop), SB431542 (uarudurtop TGF-P)
u PD0325901 (MEK-uHruouTOp), 4TO HOBBIIIAET BHIXKUBAC-
MOCTb 1 3ppeKTHBHOCTH penporpammupoBanws (Watanabe et
al., 2019). Uepes Tpu Henmenu nociie TpaHcPeKuu HabIona-
71 (POPMHUPOBAHNE KOMIIAKTHBIX KOJIOHHUH, MOP(OJIOTHYECKH
CXOJIHBIX C KOJIOHUSIMHM 3MOPHOHATIBHBIX CTBOJIOBBIX KJIETOK.

O6mmas crparerus otoopa u Banuaanuu koo UIICK
moka3aHa Ha puc. 1, 6. B pesynprare 3mmucoMHOTO perpo-
rpammupoBanust T-1uMponnToB nonyueHo 14 nepBUYHBIX
xostornit UTICK (PBM022E1-E14), oroOpaHHBIX Ha OCHOBE
MOpQOIOTHUECKUX KpuTepueB. Kaxkmas u3 HUX Oblia BbI-
JIeJIeHa 1 KyJIBTHBHPOBaHA KaK OT/EIbHAS KJICTOYHAs JINHUS,
YTO COOTBETCTBYET OOIIETIPHHATON MPAKTUKE ITPH MOy IEHUN
UIICK (Takahashi et al., 2007). Teopetudecku, MOpQoIoru-
YECKH OHOPO/IHAS KOJOHHS MOXKET (JOPMHUPOBATHCS 32 CUET
OJIN3KOTO PACIIOIOKEHHS! HECKOJIIbKUX PEIPOrPaAMMHUPOBAHHBIX
KJIETOK, YTO NOTEHINAJIBHO NPUBOMT K ITOTYUCHHUIO ITOINKIIO-
HaJIbHOH JIMHNHU. XOTSl HEKOTOPBIE UCCIIEA0BATEIH IIPEATIOa-
raloT, YTO TaKHe JIMHUU MOT'YT COXPaHSTh (DYHKIIMOHAIBHYIO
crabmnpHOCTh (Willmann et al., 2013), npyrue cauTarot, 9To
MOJIMKIIOHATIBHOCTh MOXKET MPOSIBIATHCS B BUAE PA3THYUN B
muddepeHnnpoBouHoi ciocodnoctu (Yun et al., 2025) u
ckopoctu nposndeparwn (Mills et al., 2013), uTo MOXKeT CHU-
KaTh BOCIIPOM3BOIMMOCTD IKCIIEPHMEHTOB.

U3 14 nepBuunbix kimoroB UIICK, momydeHHBIX B X01€
penporpaMmupoBanus, 10 IpoaeMOHCTPUPOBAIH yCTOHYHUBOE
KyJIBTHBUPOBaHHE B TedeHne Oosee uem 80 nHel (He MeHee
10 naccasxxeii) 1 ObLIM OTOOPAHBI AJIsI HANbHEHIIEH (BYHKIINO-
HaJIPHOHM XapaKTepUCTUKH. AHAIN3 UHTETPALlH TPAHCT€HOB
metonom KIIIIP moxasai, 4to wersipe kiaoHa: PBMO22ES,
PBMO022E7, PBM022E9, PBM022E14 — nonHOCTBIO yTpa-
TIJIHA STIHCOMHBIE BEKTOPHI (cM. puc. 1, g). B xagecTBe oTpu-
LIaTeJILHOTO KOHTPOJIS, HE COAEPIKAIIETO MHTErpalnii TpaHC-
reHoB, ncnionbzosany uHuI0 UTICK RCPCMi007-A-1, oy-
YEHHYIO C IOMOIIbI0 HEMHTETPUPYIOIIEr0 BEKTOPa Ha OCHOBE
Bupyca Cennait (Bogomiakova et al., 2021). I'en B2M, xonu-
pyromtmii 6enok 6era-2-MUKpOTIo0yITHH, OBLT HCTIONF30BaH B
KauecTBe pe(h)epeHCHOr0 OIHOKOITMIHOIO IeHa, PACTIONOKEH-
HOTO Ha ayTOCOMHOW XpomocoMme. JlaHHbIE cornacyloTes ¢
JIUTEPaTyPHBIMU HAOTIOICHUSIMH 110 AITMIMUHAIMI STIHCOMHBIX
mnazmuA B apyrux auHusax UIICK, nonydeHHbIX ¢ TOMOIIBIO
storo metona (I'puropsesa u ap., 2024; [logsriconkas u ap.,
2025).
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B otnmume oT Apyrux COMaTMUECKUX KIETOK, 3pejible
T-mMQOIUTE 03BONSAIOT 0OBEKTHBHO MOATBEPANTH MOHO-
KJIOHANBbHOCTH moiy4eHHbIX u3 Hux MIICK mytem anammsa
TI0CJIEI0BATEILHOCTEH TeHOMHBIX JIOKYCOB, BOSHUKAIOIINX B
pesynbrare V(D)J-pekomOuHaImm B Xoae co3peBanus T-Kie-
Tok B TMyce (Alt et al., 1992). Ciyuaiinast komOuHarust V-,
D- n J-cermenToB, a Takke HHCEPUUH U CJICIUN HYKJICOTH-
JIOB B MECTaX MX CIIUBOK ITPUBOAAT K (popmupoBannio CDR3
pEerroHa ¢ MoCcie0BaTeIbHOCTHIO YHUKAIBHON ISl KasKI0H
NCXOOHON T-KIeTKH-TIpeIeCTBeHHUKA. JTa I0CIe]0BaATEb-
HOCTb HaCJIeyeTCsl BCEMH IIOTOMKAMU KJIETKU ¥ COXPaHSeTCsl
ToCJIe PENpOrpaMMUPOBAHUS, MO3BOJISS OLICHUTH KIOHAIb-
Hoe pasHooOpaszue nuHuil UIICK, nmomydeHHBIX U3 3pesbIX
T-mmdoruToB.

Tak xak B nepudepuyeckoil KpOBU 370POBOTO B3POCIIOTO
JoHOpa npeodnanatoT oy T-kieTku, Hanbosee BEposITHO, YTO
nony4yennbie K10Hs UIICK mpownsonum ot 3pensix T-nmum-
¢dbouuToB ¢ (QyHKIMOHATBHBIMU TeHaMu o- u B-meneit TCR
(Kreslavsky et al., 2008, 2010). Kputepuem MOHOKIOHAIB-
HOCTH OyJIeT CUMTAThCsl HAJTMUME KaK MUHUMYM OJHOU MpO-
nykruBHOU napsl V(D)J-niepectpoek B nokycax TRA n TRB.
Heckonbko MPOAYKTHBHBIX MEPECTPOCK M/MIM CyMMapHOE
YHCIIO0 IEpeCTPOEK OoJIee ABYX B OTHOM U3 ITHX JIOKYCOB Oy-
JyT yKa3bIBaTh Ha MOJHMKIOHAIBHOE MporcxoxaeHue. [lepe-
cTpoiiku B jokyce TRG He OynyT BIUATH HA HHTEPIPETALHIO
KJIOHAJILHOCTH 10 JokycaM TRA u TRB npu ycloBUU OT-
CYTCTBUSI IEPECTPOCK B TeHE d-11eTH (PACIIONOKEH B JIOKyCe
TRAD) n obmiero uncna nepecrpoek B 7RG He Gonee 1BYX
(Sherwood et al., 2011; Mahe et al., 2018).

Amnamusz V(D)J-penepryapa moaTBepaui MporCXOXKICHNE
BCEX KIJIOHOB OT OfT-KJIETOK, MOCKOJIBKY NMPOJYKTHBHBIC
nepectpoiiku rena o6-nienu TCR orcyTcTBoBanu. /IBa kioHa,
PBMO022ES u PBM022E7, npofneMOHCTpUPOBAIN TUITHYHBII
JUTSI MOHOKJIOHAJIBHOTO IIPOMCXOXKAEHHS ITATTEPH MEPECTPOCK,
XapaKTepHU3YIOIHUICsS HaJIMYHEM 0 OJHOW MPOTYKTUBHOU
mocnenoBarensHoCcTH rera o- u B-mernn TCR (em. puc. 1, e,
OTMEYEHbI 3eJieHbIM). Takoil poduiIb NO3BOJISIET C BBICOKOM
JIOCTOBEPHOCTBIO PAcCMaTpHBaTh 3TH JIMHUHM KaK ITOTOMKOB
OTIENBHBIX POAUTENbCKUX T-KiIeTok. B mpoTnBomomxox-
HOCTB 3TOMY, KiloH PBMO022E14 Obn knaccuduunpoBan
KaK IMOJMKIOHAIBHBIN M3-32 HAIMYMUS TPEX MPOLYyKTUBHBIX
nepectpoek B-menu u nByx — a-nenu TCR (cm. puc. 1, 2).
CyMMapHO B 3TOM KJIOHE HACHTH()HUIMPOBAHO IO YETHIpE
V(D)J-niepectpoiiku B tokycax TRA u TRB (tabmn. S3). Kion
PBMO022E9 nemoHCTpHpYeT acCHMMETPUYHBIN MTPOQHIb: 00-
Hapy’KeHa OfiHa NPOAYKTHBHAsI IOCIIE0BATEIbHOCTD B-1IenH
MIPY HAJTMYUH TPEX BAPUAHTOB O-IICIIH, YTO MOXKET YKa3bIBaTh
Ha NOJUKJIOHAJIBHOE MPOUCXOKIAEHHE. AHAIN3 COBIAJEHUI
V(D)J-nepectpoek MexIy KIETKaMH BCEX YEThIpPEX HCCIIe-
JYEMBIX JHHHUH BBISIBAJI HAJINYHE MICHTHUYHBIX ITOCIEI0-
BarenbHOCTel o- u PB-ueneit TCR y knonos PBMO022E9 u
PBMO022E14 (cwm. puc. 1, e u Tabn. S3, KpacHBIH I[BET), YTO
MOXET CBHJIETEIBCTBOBATh O BEPOSITHON TEXHHUUYECKOW KOH-
TaMHHAIIWH.

Taknm 00pa3oM, aHaJIN3 TEeHOMHBIX YYaCTKOB, (hOPMHUpYe-
MbIX B pesynbrare V(D)J-pekoMOMHAIMK TIPU CO3pEBAHUU
T-mmdonnToB, npeacTasiseT codoi 3h(HeKTUBHBIN HHCTPY-
MeHT 11t Bepudukannu knonansHocti UIICK, momydenHbIx
n3 3penbiX T-mmdonnToB. YHUKaIbHAS TTIOCIIE0BATEIEHOCT
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Puc. 1. PenporpammmpoBaHue T-KNeTok: a — CxeMa akTUBaLmm 1 penporpaMmnpoBaHuns T-KneTok; 6 — ctpaterus otbopa
n Banngaumm knoHos UMNCK; 8 — aHann3 nHTerpaumm TpaHcreHoB no 3HaveHwuto Ct: E5, E7, E9, E14 - nuHumn PBMO22ES5,
PBMO022E7, PBMO022E9, PBMO022E14 COOTBETCTBEHHO, OTpuUaTeNbHbI KOHTponb: nuHma WIMNCK RCPCMi007-A-1
(Bogomiakova et al., 2021). ConocTtaBrMble 3HaueHus Ct C oTpuULaTeNbHbBIM KOHTPOIEM CBUAETENIbCTBYIOT 06 OTCYTCTBMU
OCTaTOYHbIX TPAHCreHOB B UCCNIefyeMbIX KIIOHaX; 2 — aHann3 nocneposatenbHocTen V(D)J-nepectpoek: nogyepKmBaHu-
eM 0603HaueH OO0 pamMKM CUUTbIBAHWSA; 3e/IeHbIM BblieNeHbl MPeANONOXNTENIbHO GYHKLIMOHANbHbIE Lieny, B KOTOPbIX
OTCYTCTBYET COOI paMKM CUMTbIBAHUA; KpacHbIM BblAeneHbl BapraHTbl V(D)J-nepecTpoek, NoBTopAlomMecs B KNOHaxX
PBMO022E9 1 PBM022E14; 0 — mopdonorus nuHuin PBM022E5, PBM022E7; e — kapuoTtin nuHuin PBMO022E5 n PBM022E7.
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CDR3-pernoHa, ¢hopMupyromascs B pe3yabraTe cIydaiHOn
koMOuHaIWK V-, D- 1 J-CerMeHTOB, CITy)KUT HAICKHBIM «Te-
HETHYCCKUM OaPKOIIOM» JJIsl KasKI0H UCXOIHOU KIIETKH, 00ec-
MeyuBasi HEOMPOBEPKUMOE JJOKA3aTEIbCTBO MOHOKIJIOHAIIb-
HOTO mpoucxoxaeHusi. CTabMIBHOCTh 3TOTO Mapkepa, Co-
XPaHSIOMIETOCs HEM3MEHHBIM TTOCIIE PETPOrpaMMHUPOBAHUS,
MTO3BOJISIET MCTIONB30BATh €T0 IS JOJITOCPOYHON HICHTH(DHU-
Kallu¥ KJIOHAIBHOTO IPOMCXOXKICHUS, B TOM YHCJE B IUQ-
(hepeHIPOBAHHBIX MPOU3BOAHBIX. OCOOCHHO IIEHHBIM 3TOT
MOJIXOJT CTAHOBHUTCS IIPU pab0Te C YHUKAIBLHBIMU MOJICIISIMH,
takumu kak MIICK OoT MOHO3UTOTHBIX OJW3HEIOB, IIe Tpa-
JTUIMOHHBIC METOIBI TCHOTUIIPOBAHNS, OCHOBAaHHBIEC HA TI0-
mumopdmme THK, Tepsror nHGOpMATHBHOCTE M3-3a TIOYTH
TOJTHOM reHeTHYECKOH HIeHTHIHOCTH JoHOPOoB (Vlasov et al.,
2021). Kpome Toro, moaxos o0maaaet BEICOKOI 4yBCTBUTEIIb-
HOCTBIO K KOHTAMHHAIMH, TI03BOJISIS BBISIBIISITH TICPEKPECTHYIO
3arpA3HEHHOCTH MEXKAY JTHHUASMH 110 HATWYIHIO HACHTHYHBIX
V(D)J-nocnenoBaTenbHOCTEH.

BwMmecre ¢ TeM METOI MMEET OIpeIeICHHBIC OTPAaHIYCHNS.
Bo-mepBrIX, OH MPUMEHUM TOJNBKO K T-KIETOYHOMY IpowcC-
XOXKICHUIO U HE MOXKET ObITh Uctionb3oBaH it UTICK, mosy-
YCHHBIX U3 JAPYTHX THIIOB COMATHUCCKUX KJICTOK, HAPHUMEP
(hbubpobIacToB, HEe 00IATAIOINX AHATOTHYHBIMH KIETOUYHO-
cnenn(UIecKIMH MapKepaMu. Bo-BTOPBIX, HHTEpIpETaIHs

Healthy donor iPSC lines RCPCMi014-A/B
with confirmed monoclonal origin

PpEe3yNIBTaToB TPeOyeT yCTAHOBICHMS YETKHUX MOPOTOBBIX 3HA-
yeHui (B Hamel padore 100 mpoutennit) 1u1s pa3rpaHuueHus
TEXHMYECKHX OIINOOK U UICTUHHOM MOJIMKIOHAIBHOCTH, TaK-
K€ HEOOXOJMMBI CIIeIMaIM3UPOBAaHHOE 000py/IOBaHHE IS
CEKBEHHPOBAHMS 1 OMONH(OPMaTHYECKHE KOMITETEHIIUH AL
aHanm3a qaHHbIX. HecMoTps Ha 3TH orpanmyenus, V(D)J-mpo-
(aiiuHT MpeacTaBisieT coO00H MOIIHBI HHCTPYMEHT IS
CTaHJapTH3alUU KJIETOYHBIX MOJEJNEH M TOBBILICHUS BOC-
MIPOM3BOIMMOCTH MCCIIEIOBAaHUN B 00JIACTH KIIETOYHOM OMO-
JIOTHH.

[Momyuennsie iuann UTICK PBMO022ES (RCPCMi014-A)
u PBM022E7 (RCPCMIi014-B) 3apeructpuposansl B Human
Pluripotent Stem Cell Registry (hPSCreg, https://hpscreg.eu).
Wudopmanust mo JaHHBIM KICTOYHBIM JIMHUSIM MOXET OBbITh
HaliJleHa 1o CieAyIoIUM cchlikaM: https://hpscreg.eu/cell-
line/RCPCMi014-A u https://hpscreg.eu/cell-line/RCPCMi
014-B. O6e muHUY IPOIEMOHCTPUPOBAIN TUITHYHYIO MOP(O-
JIOTHIO TUTIOPUIIOTEHTHBIX CTBOJIOBBIX KJIETOK (CM. puc. 1, 0),
HOpMaNbHBIA KapuoTur (46, XY) (cMm. puc. 1, e), a Takke
TIOATBEPIMIIN CBOIO TEHETHYECKYIO IPUHAIIEKHOCTh JJOHOPY
o pesyiasraram STR-npodupoBanus (JJaHHBIE JOCTYITHBI
10 3aIpOoCy Y aBTOPOB). Bee uHMY ObLIH TPOTECTHPOBAHBI HA
OTCYTCTBUE KOHTAMHUHALIH MUKOILIa3MOH, YTO IIOATBEPIKACHO
oTpHnaTeasHBIM pesyisraroM [1I[P-ananmsa (puc. 2, a). Jkc-
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a 6 L& L& 8
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Puc. 2. Xapaktepuctuka nuHmin UMNCK RCPCMi014-A (PBM022E5) n RCPCMi014-B (PBM022E7): a - MNLP-aHann3 Ha oT-
CyTCTB/E MUKOMNa3meHHoMN nHdekumm; 6 — OT-TILIP aHanm3 skcnpeccun mapKepoB NPUNOTEHTHOCTY; 8 — MPOTOYHasA
LUMTOMETPUA ANA MapKepoB MitlopunoteHTHOCTY; 2 — NLUX okpawmnBaHve mapkepoB nntopunoTteHTHocTn: OCT4 (kpac-
HbIn), SOX2 (KpacHbii), TRA-1-81 (3eneHbiin), SSEA-4 (3eneHblin), aapo okpaweHo DAPI (cuHun); 0 - NLX okpawwmnsaHme
MapKepoB Tpex 3apoAbileBbix NNCTKOB: akToaepma PAN-CK (3eneHbin), mesogepma TROPONIN T (3eneHbin), sHTogepma
HNF-4 (KpacHbIi1); e — NPOTOUYHas LMTOMETPUS PaHHEro mapkepa aeduHnTMBHoON sHgogepmbl CXCRA4.
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TIpeccusi KITFOYEBBIX MapKePOB IUTIOPUITIOTEHTHOCTH ObLIA TTOAI-
TBEpPXkACHAa HECKOJNIbKUMU MeToaamu. Pesynbrarsr OT-IILIP
MOKa3aJI1 BBICOKHI ypoBeHb dKkctripeccun reHoB OCT4, SALL4
u DPPA5 (cwm. puc. 2, 6). JlaHHBIE TPOTOYHON IIUTOMETPUH
TIO/ITBEP/IMIIN BBICOKYIO JIONIO TIOJIOKUTEIILHBIX KJIETOK: Oosee
99 % sxenpeccuposanu OCT4, 6omnee 99 % — SSEA-4 n 6onee
92 % — TRA-1-81 (cMm. puc. 2, 8). UMMyHOIIUTOXUMHUYIECKAH
aHanu3 BeisiBUI dkcnpeccuto OCT4 u SOX2 B a1pe, a Takxe
JKCIPECCHIO MOBEpXHOCTHBIX MapkepoB TRA-1-81 u SSEA-4
(cMm. puc. 2, 2). CmocoOGHOCTH K MU GEPEHITIPOBKE B TPOMU3-
BOJIHBIE BCEX TPEX 3apOBIINIEBBIX JIMCTKOB ObLIA OlCHEHA B
XOJIC CTIOHTAHHOW JNGPEPEHIIMPOBKN in Vitro. DKCIpPECcCHs
TTAHIUTOKEPATHHA TIOITBEPIa (OPMUPOBAHNE TPOU3BOA-
HBIX 9KTOJIEPMBI, TportoHHHA T — Me30aepMBbI, BKJIIOUast Kap-
muomuorutel, a HNF4a — sHmonepmsr (cM. puc. 2, 0).
Crenyromnm aceKToM XapaKTepPUCTHKY MOTyICHHBIX JIH-
HUH cTana ux cnocoOHOCTh K AudHepeHITupoBKe B AePUHNU-

JInHnm UMNCK 3goposoro goHopa RCPCMi014-A/B 2026
C NOATBEPXKAEHHBIM MOHOK/IOHASIbHbIM MPOUCXOXAEHEM 30.3

THBHYIO 9HJI0IEPMY — KPUTHUYECKHH 3TaIl ISl TOCIICYIOIIETO
TIOTyYeHHS B-KIICTOK MOJIKEITY/IOYHOM *ene3bl. Hammm nanusre
TTOKa3bIBAIOT 3HAYMTENBHYIO BApHAOETbHOCTD AU PEpPEHITH-
POBOYHOTO IMOTEHIIMAIA MEXK/TY PA3TMIHBIMH JIMHUSIMH: JIHIIH
tpets muHui UTICK nemMoHCTpupyIoT BRICOKYIO 3¢ dekTus-
HOCTH POpMHUpOBaHUSA IeOUHUTHBHON dHAONEPMEI (prc. S1).
C noOMOIIBIO TTPOTOYHOM HUTOMETPUH OBUIO MOKA3aHO, YTO
muaun PBMO22ES nu PBMO022E7 uMeroT BBICOKYIO M CTa-
OMIIBHYIO CITOCOOHOCTH K MU(PepeHINPOBKE B 1CHUHUTHB-
HYIO SHZIOZIEPMY, O UeM CBHIETEIBCTBYET HKCIPECCHS MapKepa
CXCR4 6onee uem y 85 % KIJICTOK 1O JaHHBIM HPOTOYHOMH
LIUTOMETPHH (CM. pHC. 2, ). [lomydeHHbIe pe3yabTaThl MoA-
TBEPKJAIOT MEPCIIEKTHBHOCTh MCIIOIBb30BAHUS 3TUX JIMHHUN
JUIS pa3pabOTKH ¥ ONITHMHU3AINH IPOTOKOJIOB HAIPABICHHON
JU(GPEPEeHITNPOBKN B MHCYIHH-TIPOLYIUPYIONINE KICTKH.
[acnopr knerounsix auaIit RCPCMi014-A (PBMO022ES)
RCPCMi014-B (PBMO022E7) cm. nanee.

MacnopTt kKnetouHbix NHUIN RCPCMi014-A (PBM022E5) n RCPCMi014-B (PBM022E7)

YHuKanbHbI ngeHtTndrkatop
AnbTepHaTUBHOE Ha3BaHVe NNHUN
YupexneHve

O,qo6peHV|e 3TnYeCKoro kKomuTeTa

Tun KNeTok
Bupg opraHmsma

HononHutenbHas nHdopmauus
0 NPONCXOXKAEHNN
KNeTOYHOW NNHUMN

VicxogHbI TUMN KNEeToK

[aTa 3ab6opa 6romatepuana
Cnocob penporpammrpoBaHus
Penporpammupyiowme dakTopbl
KnoHanbHOCTb

3aboneBaHune

leH/nokyc

Mopdonorusa

MnoprnoTeHTHOCTb

Kapuotun

MNpoBepKa KOHTaMMHaLUK
O6nactb NpUMeHeHnA
Cnoco6 KynbTUBMPOBAHUA

Cpepa KynbTUB/MpPOBaHNA

Temnepartypa, °C
KonueHnTpauuna CO,, %
KoHueHTpauua O,, %
Cnocob nepecesa
KpaTHocTb nepeceBa
KpunokoHcepBaumsa
YcnoBuA xpaHeHuA

YyeTHas 3anncb B peecTpe

RCPCMIi014-A, RCPCMi014-B
PBMO022E5, PBM022E7

DepepanbHbI HAYYHO-KNMHUYECKUIA LLEHTP GUBNKO-XMMUYECKO MeANLNHBI
nmeHn akagemmka t0.M. JlonyxuHa, Mocksa, Poccus

WccnenoBaHme onobpeHo atndeckon kommccmen OefepanbHOro HayYHO-KAMHNYECKOTO LieHTpa
busnKo-xrmmnyeckon meanLnHbI MeHn akagemuka F0.M. JlonyxuHa, npotokon N2 1 o1 01.06.2021

MNCK
Yenosek

Bospact: 35
Mon: M
JTHMYeCKasa NPVHAANIEXKHOCTb: eBpoMneouaHas paca

T-kneTkun

26.03.2024

HenHTerpaumnoHHble 3NMCOMHbIE BEKTOPbI

OCT4, SOX2, KLF4, LIN28, L-MYC, EBNA1T n mp53DD

KnoHanbHble

Het

MoHocnoliHble KONOHUN, NOJOOHbIE MIIPUNOTEHTHBIM CTBOJIOBbIM KJIETKaM YesloBeKa

MoaTBep)kaeHa B TecTax Ha GOPMUPOBAHME SMOPUOVAHDBIX TeneL, CMOoHTaHHYIo AnddepeHUnpoBKY
B NPOU3BOAHbBIE TPEX 3aPOAbILLEBLIX IMCTKOB, @ TaKXKe SKCMpeccuto cneundryecknx Mapkepos

46, XY

Mwvikonnasma He obHapy»eHa

PedepeHcHaa nuHma UMNCK 3goposoro goHopa
Ha nognoxke 13 Matpurens

m6punC-8 (MaH3ko):mTeSR 1 (STEMCELL) = 4:1, 50 MKr/Mn NeHNUMUINH-CTPENTOMULNH
mnn 10 MKr/Mn reHTaMnumH

37

5

20

SH3umaTtudeckmin, TpuncnH-34TA (Gibco nnm Nan3ko)

1:4-1:6

90 % FBS, 10 % AMCO, 5 mkM ROCK inhibitor Y-27632 (Stemcell Technologies)
Knaokuin azor

https://hpscreg.eu/cell-line/RCPCMi014-A
https://hpscreg.eu/cell-line/RCPCMi014-B
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3aknioueHune

B xozne Hacrosimeit paGoThI TOTyYEHBI U OXapaKTEPH30BAHBI
MoHoksoHanbHble nHun UIICK, penporpaMMmupoBaHHbIE
n3 T-mumdoruTos 3p0poBoro poHopa. Ananuz V(D)J-me-
pectpoek reHoB TCR obecnieuns 1ocToBepHyI0 BepHudrka-
LU0 MOHOKJIOHAJIFHOCTH JMHHH, YTO KPUTHYECKH Ba’KHO
JUISL Mogielieit, TpeOyOIMX BBICOKOI T€HETHYECKOH OJJHOPOA-
Hoctu. ITokazano, yro noxydenusie uHIM RCPCMi014-A
(PBMO022E5) u RCPCMi014-B (PBM022E7) cOOTBETCTBYIOT
BceM kpurepusam kadectsa At UTICK u ieMoHCTpUpyIOT BbI-
COKYF0 3 eKTUBHOCTH TUPHEPECHINPOBKH B ICPHHUTHBHYFO
SHJIOAEPMY, UTO JICJIAeT UX IEePCIICKTUBHBIMHU JUTS TeHEPALIN
[B-KI1eTOK MoKeTyJ0uHOH *Kene3bl. [lomydyeHHble THHIN MO-
TYT CIIy>KHTh HaJEKHBIMHU 3TAJOHHBIMHA MOJICIISIMH KakK JUIs
(yHIaMEHTAIBHBIX MCCIEAOBAHNN MEXaHU3MOB IUIIOPHIIO-
TEHTHOCTH M JTU(PPEPESHINPOBKH, TaK U AJS HPUKIATHBIX
3aj1a4, BKJIIOUas CO3J[aHue N30T€HHBIX T1ap IPU MOAEINPOBa-
HUM PEAKHX U JIPYTHX 3a00JIeBaHni, a TakXkKe 0TpaboTKy Me-
TOAOJIOTHYECKHX MTOAXOJ0B B PETCHEPATHBHOIN METUIINHE.
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Pa3paboTKa MOJIEKY/ISIPHOT'O MapKepa K reHy Rund8
IJIst OTOOPA VCTOMUYMBEIX K ITBIJIbHOV I'OJIOBHE T€HOTUIIOB SIUMEHS

E.A. Opaosa (D@, H.IT. Bexroanp (91, FO.H. I'puropses (21, 0.10. 1lloesa (2, A.1O. T'aaroaesa ()2, T.B. Kykoesa (1)

T C6MpCKMit HayYHO-CCNeAOBATENbCKNN UHCTUTYT PacTEHNEBOACTBA U cenekuum — punuan OefepanbHOro NCCNeAoBaTeNbCKOTO LeHTpa
WHCTUTYT uutonorum n reHetukn Cnbmpckoro otaeneHns Poccuinickon akagemmm Hayk, p.n. KpacHoo6ck, HoBocmbupckas obnactb, Poccun
2 DepiepanbHblii NCCNEROBATENBCKUI LeHTP UHCTUTYT yutonorum u reHeTnkn Cnbrpckoro otaeneHnsa Poccuitckol akagemmnmn Hayk, HoBocnbrpck, Poccns

@ Orlova.Lenal0@yandex.ru

AHHoTauuA. MNbinbHasA roNoOBHA AYUMEHS, Bbi3biBaemas 6asumgnomuuetom Ustilago nuda (Jens.) Roster, BcTpeuaeTcs BO
BCEX PernoHax, rae BO3fenblBaeTca 3Ta Kynbrypa. Cenekumsa Ha Pe3nCTEHTHOCTb K MblIbHOW rOfIOBHE, OCHOBAHHaA
Ha MCNonb30BaHNM AOHOPOB, O6NajalWyX reHaMmnm YCTONYMBOCTY, MPEACTABAAET SKOMOMMUYECKN M SKOHOMUYECKM
6e30MacHbI CNocob, caepKMBaloWMin OTpULATeNIbHOE AENCTBME NaToreHa Ha AYMeHb. BHefipeHre B ceneKUMOHHbI
npoLecc MoneKynapHO-reHeTUYeCKNX MOAXOAOB MO3BOMAET KOHTPOSMPOBaTb Mepefayvy reHoB Pe3CTEeHTHOCTU B
rmépuaHbIn matepuan. feH Run8 KOHTPONMPYeT YCTONYMBOCTb KO MHOTVMM M3OMATaM MblUIbHOW FONOBHW U CIYXKUT
MNCTOYHMKOM BbICOKOW YCTONYMBOCTI K3TOMY BO36yauTento. Llenb npencraBneHHoON paboTbl — pazpaboTka MONeKynspHOro
MapKepa K reHy Run8 pna otbopa n3 rubpuaHbIX NONynALMUA reHOTUMNOB AYMEHH, YCTONUMBBIX K MblIbHOW TONIOBHE.
C NoMoLLblo CPaBHEHMA JOCTYMHbIX U3 6a3bl JaHHbIX MaHreHOMa AYMEHS HYKNeOTUAHbIX NOC/eA0BaTeNIbHOCTEN reHa
Run8 onpepeneHa nHcepums/aeneLus WecTy nap HyKIeOTUAOB B KOAMPYHOLLel obnacTy reHa. Ha ocHoBe BbiSIBNEHHOTO
nonumopdusma paspabotaH MONEKYNAPHLIN Mapkep Hor7050, no3sonsawowmii anddepeHUMpoBaTb annenu reHa
Run8. Mapkep 6binl NPOTECTVPOBAH Ha rMOPUAHbIX IMHUAX Fs—F4, MoMyueHHbIX OT cKpelymBaHus copTa dnbd — JoHOpa
PE3NCTEHTHOCTY K NbINIbHOW FONOBHE — 1 HECYLLEro, NO JaHHbIM OPUTMHATOPOB, reH Rung, ¢ coptom TaHaii, obnagatowm
NPaKTUYECKON YCTONYMBOCTbIO K BO36yauTento. C nomoLlblo pa3paboTaHHOro Mapkepa 13 84 rubpraos 6binmn otobpaHbl
18, Hecywwmx reH Run8 copta dnbd. OgHako NpoBefeHHan dUTonaTonornyeckasn oLeHKa nokKasana, Yto 13 BblAeNIEHHbIX
NVHUIA BOCEMb BOCMPUUMYMBBLI K 3aboneBaHuio. [inA yTOuHeHUs reHotuna 18 oTobpaHHbIX NUHWMIA Gbin nNpoBefeH
[OMOMHUTENBHbBIA aHanM3 C NOMOLLbD MUKPOCATENIUTHOTO Mapkepa EBmac0541, cuenneHHoro c reHom Runé. bbina
yCTaHOBJIEHa B3aMMOCBA3b MEXAY Halmymem annensd AaHHOro Mapkepa oT copTa bd 1 YCTONUYMBOCTbIO K 3aboneBaHuio.
Bo3mokHo, copT Inbd, Kpome reHa Run8, HeceT reH Run6, 3gpdeKTrBHbIN NPOTUB packl 1 BO3GYANUTENSA NbIIbHOW FONOBHM.
[lna yTouHeHnA Hannuma reHa Runé y copta Inbd TpebytoTca AONONHWUTENbHbIE NCCefoBaHMA. OMUMO YCTONYMBOCTH,
oTobpaHHble NMHNUY BbiNv OXapakTepr30BaHbl MO NPU3HaKam NPOAYKTUBHOCTW. Mo pe3ynbTaTam ABYXJETHErO aHanm3a
BbllefIeHbl TPU MPOAYKTMBHbIE Pe3UCTeHTHble NIMHUN C reHoM Run8 — 32, 65 n 79, fOCTOBEPHO MpeBbillatowwme no
YPOXKaNHOCTN KOHTPOJIbHBIN COPT Dnbd.

KntoueBble cioBa: AYMEHD; MblfIbHAA FONIOBHSA; reHbl YCTOMUYNBOCTU; MapKepbl; IMHUN

[na untuposaHua: Opnosa E.A., bextonbg H.M., Tpuropbes tO.H., loesa O.10., Maronesa A.l0., Kykoesa T.B. PaspaboTka
MONeKyNAPHOro MapKepa K reHy Run8 ansa otbopa yCTONYMBbLIX K MblfIbHOM FONIOBHE reHOTUMNOB AYMeHs. Basusosckuli
XKypHan 2eHemuku u cenekyuu. 2026;30(3):372-380. doi 10.18699/vjgb-26-41
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CTepPCTBa HAaYKN U MHHOBALMIOHHOM nonuTrKkn HoBocnbupckoi obnactu (N2 30-2025-000964 ot 21.05.2025).
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Development of a molecular marker for the Run8 gene
for the selection of barley genotypes resistant to smut
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Abstract. Loose smut of barley, caused by the basidiomycete Ustilago nuda (Jens.) Roster, occurs in all regions of the
world where this crop is grown. This seed-borne disease causes significant losses in grain production. Selection for
resistance to loose smut based on the use of donors with resistance genes is an ecologically and economically safe way
to constrain the negative impact of the pathogen on barley. The introduction of molecular genetic approaches into
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MoneKynapHbii Mapkep K reHy Run8 fna otbopa
YCTOMYMBBIX K MblIbHON rONOBHE reHOTUMOB AYMEHA

the breeding process makes it possible to control the transfer of resistance genes to hybrid material. The Run8 gene
controls resistance to many isolates of loose smut, including in the West Siberian region of Russia. The objective of the
current study is to develop a molecular marker for Run8 for the selection of barley genotypes resistant to loose smut from
hybrid populations. By comparing the nucleotide sequences of the Run8 gene available from the barley pangenome
database, an insertion/deletion of six nucleotide pairs in the coding region of the gene was identified. Based on the
identified polymorphism, a molecular marker Hor7050 was developed, which allows differentiating the alleles of Run8.
The developed marker was tested on hybrid lines (Fs-F4) obtained from crossing cultivar Elf, which is a donor of resistance
to loose smut and carries, according to the originators, the Run8 gene, with cultivar Tanai, which has practical resistance
to the pathogen. Using the developed marker, 18 hybrids carrying Run8 of EIf were selected from 84 hybrids; however,
the phytopathological assessment showed that eight of the selected lines were susceptible to the disease. To clarify the
genotype of 18 selected lines, an additional analysis was carried out using the microsatellite marker EBmac0541 linked
to Runé. A relationship was established between the presence of the allele of this marker from EIf and resistance to the
disease. It is possible that Elf, in addition to Run8, carries Runé, which is effective against race 1 of the causative agent of
loose smut. Additional studies are required to clarify the presence of Runé6 in the Elf variety. In addition to resistance, the
selected lines were characterized by productivity traits. According to the two-year analysis, three productive resistant
lines were identified, with Run8 — 32, 65 and 79, significantly exceeding the control Elf in yield. The selected lines were
transferred to breeding nurseries for their further evaluation by economically important traits.
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BBepeHue
SlumMeHb — 0/1Ha U3 OCHOBHBIX 3€pHO(YPaXKHBIX KYJIBTYp. BoI-
COKasl IUIACTUYHOCTDh M KOPOTKHH BETeTAI[MOHHBIH Mepros
TI03BOJISIIOT BO3ZEJBIBATH ATY KYJIBTYpY BO MHOTHX IIOYBEH-
HO-KJIMMaTHYeCKUX 30HaX. COBpeMEHHasl CENEKIHs TUMEHs
HarpasjieHa Ha CO3JJaHue BBICOKOYPOXKAHHBIX COPTOB, 00Ma-
JAIOIIMX YCTOHYMBOCTBIO K OMOTHYECKUM M aOMOTHYECKUM
cTpeccoBbIM (hakTopaM. [ToydeHnIo BEICOKOTO U CTA0MIIBHO-
TO yposKast KyJIbTYpPbI IIPEISITCTBYIOT OOJI€3HH, BHI3bIBACMBbIC
(uUTONATOTeHHBIMU I'pUOaMHU, CPEeIr KOTOPBIX MO pacIipo-
CTPAHEHMIO ¥ BPEJJOHOCHOCTH JIMANPYET MbIJIbHAS TOJIOBHSI.
[TeibHAS TOJIOBHS SYMEHS, BhI3bIBaeMasi 0a3uIMOMHIIE-
tom Ustilago nuda (Jens.) Roster, BctpedaeTcst BO BCeX pervo-
Hax, Tae Bo3xensiBaeTcs 3Ta Kynbrypa (Nielsen, Thomas,
1996). D10 3aboneBaHme, MEpeaArONICeCs] CEMEHAMHU, BBI3EI-
BAaeT 3HAUMTENbHBIC TIOTEPH 3epHOBOI npoxykuuu. [Ipu mo-
Pa’KeHUH [TaTOT€HOM Y PacTeHHUs] BMECTO Kojloca o0pasyeTcs
TOJIOBHEBBIH COPYC, COEPIKAIIUI TEINOCIIOPHI BO3OYANTEIIS.
Takum 06pa3om, ymep0 OT MbUTEHOHN TOJI0OBHH OyAET IIPOHOop-
LIMOHAJICH ITPOLICHTY MOPa’KEHHBIX KOJIOCHEB B 11071€ ([IpyXuH,
Kpynaos, 2008). OnHako 5JKOHOMHUYECKHUE TOTEPH OYIyT 3Ha-
YHUTENHHO BBIIIE. YTHETaroNee AeHCTBUE ITaTOreHa OTMEYaeT-
Cs Ha BCEX JTalax pa3BUTHs pacTeHuil. B pesynbrare rudenu
IIPOPOCTKA CHIDKAETCS T10JIeBasi BCXOXKECTh PACTEHHUH, OTPH-
LIaTeJIbHOE BIMSIHUE BUILHOM TOJIOBHU TPOSIBIISIETCS B CHIKE-
HUM IPOYKTUBHOHM KyCTHCTOCTH, BEICOTBI PACTCHUH, JTTHHBI
IJIaBHOTO KOJIOCA, KOJIMUECTBA 3€peH B Konoce, Macchbl 1000 3e-
per (Opmnosa u ap., 2015; Yeonsues, 2018). bonpmmHCTBO
COPTOB SIPOBOTO SUMEHS, BKIIIOUCHHBIX B [ OCynapcTBEeHHBII
peecTp COpTOB U THOPHJIOB, JOMYIIEHHBIX K HCIIOJIB30BAHHIO
B PO (https://gossortrf.ru/registry), B pa3m4HO# CTETIEHU BOC-
MIPUMMYHBO K ITBIIBHOH TOJIOBHE, 00pb0a ¢ KOTOPOH 3aKiTioya-
eTcsl B 00513aTeJIbHOM NPOTPABIMBAHUN CEMSIH CHCTEMHBIMHU
¢yurunuaamu. I1o3ToMy, ¢ TOYKM 3peHHST SKOHOMHYECKHX
3aTpar, MpeAroYTUTEIbHEE BO3IEIBIBATH YCTOHUMBEIE COPTA.
LleHHOCTB HETIOpa)KaeMBIX COPTOB COCTOUT €IIIE U B TOM, 4TO
WCIIONIb30BaHNE MX 0€3 JIOMOIHNUTEIBHBIX CPEJICTB 3alUTHI
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MTO3BOJISIET IPUMEHSTH X B OPTaHMYECKOM Majio3aTpaTHOM
3eMUIIE/ICNINH JUTS TIOTyYSHHNST SKOJIOTHUECKH O€3011acHON Mpo-
JYKIHH.

MHOTUMH HCCIIENOBATEISIMA B pa3HOe BpeMs OBIIO 1T01-
TBEP>K/ICHO, YTO TCHETHUECKAs! yCTOMYMBOCTD SIPOBOTO STIMEHS
K TIBUIBHOM TOJIOBHE MOXKET KOHTPOJNPOBATHCS OTICIHHBI-
MU JOMWHAHTHBIMU WJIA HECKOJIBKUMH PETIECCHBHBIMH T'€Ha-
mu (Kpusuenko, 1984; Menzies et al., 2010). Bnepssie ren
YCTOHYMBOCTH Run K MBUIBHON TOJIOBHE OBbUT MACHTH(UIH-
posan J.E. Livingston (1942) B copte Trebi, B nanpHeiIeMm
UM ke y copra Missuri OpUT HACHTH(UIIPOBAH CITa0BIH TeH
ycroitunBoctu Run2. B 1952 . W.P. Skoropad u L.P. Johnson
YCTaHOBWJIM y copTa Jet 7Ba HEe3aBUCHMBIX JIOMHHAHTHBIX
reHa Run3 u Run6. Ha ocHOBe 3TOTO copTa OBIT CO3/1aH COPT
Keystone, necyumii ren Run6. Y copra stumens Dorsett u
rubpuna X173-10-5-6 C.W. Schaller (1949) unentudunu-
poBaJI 1Ba JOMUHAHTHBIX TeHa Run4 u Run5. YcToiUnBOCTD
K copty Anoidium KOHTPOJHMPYETCSI PEHECCHUBHBIM T'€HOM
run7. T'en Run8 obut Beinenen D.R. Metcalfe (1966) u3 06-
pasua ozumoro ssumenst C.I. 4966, nHTPOAYLHPOBAHHOTO B
Awmepuky u3 Poccun. B Hactosmiee Bpemsi K BO3OyAHUTEIIO
MIBUTBHON TOJIOBHU Y STMEHS MACHTH(HUINPOBAHO 15 reHoB
ycrortunBoctH (Zang et al., 2015; Legkun et al., 2016), onraxko,
T10 JINTEPATYPHBIM TaHHBIM, 3 ()EKTHBHBI TOJIBKO TPU — Run3,
Run6 u Run8. OctanbHbie TeHBI Maod()(EeKTHBHBI U HE Ha-
IIJTH TTPAKTHYECKOTO TPHMEHEHUS B CEJICKIIMOHHONW padoTte
(Kpusuenko, 1984).

OrieHKa COPTOB SUMEHS Ha YCTOMYMBOCTD K MBIUIBHOM TO-
JIOBHE HA €CTECTBEHHOM (DOHE HE BCET/]a MOXKET OBITH JTOCTO-
BEPHOM, YTO MPUBOIUT K OLIMOOYHOM KIIacCH (UKL COPTOB
10 PE3UCTEHTHOCTH. VICKyCCTBEHHOE 3apa)keHHE PACTCHUH —
TIPOIIECC TPYIOEMKHUH M JUINTEIBbHBIN, OH OXBATHIBACT J[BA BE-
TEeTAlMOHHBIX NTEPUO/IA: B IEPBBII FOJ] ITPOBOISAT HHOKYIISIINIO
KOJIOCHEB CyCIICH3HEH ITaToreHa u cOop CO3pEBIINX CEMSIH; Ha
CJICITYIOIINI TOJ] TTOTyYEHHBIE OT MHOKYJIMPOBAHHBIX CEMSH
pacTeHHs OLICHUBAIOT HAa yCTOMYMBOCTD MO ()EHOTHITHIECKOMY
MIPOSIBIICHUIO Mpr3HaKa. KpoMe Toro, kauecTBo 3apakeHHs B
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3HAUUTEJILHOHN CTETIEHH 3aBUCHUT OT METEOPOJIOTHYECKHX yC-
JoBUH B nepuof uHokyisiuuu. Ilo gnanuev JI.B. MemkoBoit
u ee xoiuter (2024), oTMedeHa BBICOKAsT KOPPEILAIHS MEXKITY
YBIIQXKHEHUEM, OCaJIKaMH 1 ropaxkenueM (r > 0.7) u cpeusis
OTpHUIIaTeNbHAS — C TEMIIepaTypoii Bo3ayxa ( =—0.44). [TosTo-
My OTHUM 13 3P (HEKTHUBHBIX METOOB CO3AHUS YCTONIMBBIX
COPTOB SIBJISICTCS COBMECTHOE HCTIOJIb30BAHNE KIIACCHUECKIX
MIPUEMOB, OCHOBAaHHBIX Ha TMOPHIM3AIMNA JOHOPOB T€HOB
YCTOWYMBOCTH C PEIMNHEHTHBIMU COPTaMHM, C HOBEHIINMHU
METOZIaMH 0TOOPA C TOMOIIBIO MOJIEKYIISIPHBIX MapKepoB. Ta-
KOH METOJI CTIOCOOCTBYET COKpAICHHIO BPEMEHH M 00beMa
HETIePCHEKTUBHOTO THOPHUTHOTO MaTrepraa B CEJIEKIIHOHHOM
rporecce.

Omnpenensist yCTOMIMBOCTE 00pa3I0B, HEOOXOIMMO YN THI-
BaTh PacrpoOCTPaHEHHbIEC PAChl BO30OYIUTENS B IIpe/IIonarac-
MOH 30HE BO3/IETBIBAHUS OyIyIINX COPTOB, TOJIBKO TAKUM 00-
pa3oM CO3JjaHUE PE3UCTCHTHBIX TCHOTHIIOB MOXET OBITH Ha
mar Briepenu Bo3oynutens. [lonnmanne reHeTHKN yCTOHYIH-
BOCTH B KOHTEKCTE C BHPYJIEHTHOCTBIO TATOTC€HA MO3BOJIHT
BBIIBUTH 3()(PEKTHBHBIC TEHBI, K KOTOPBIM T'€HETHKH CMOTYT
nogo6pars JTHK Mapkepsl, HeoOXomuMble ISl BBIACICHUS
THOPHIOB, 00JIA/IAFOIINX BBICOKMM COITPOTHBIICHNEM K 3a0011e-
BaHUIO HA OCHOBE reHoTuna. [ en Runs npuaaer ycToiuuBOCTh
K OOJNBIIIMHCTBY Pac BO30yANTEINS MBUIHHOM TOJIOBHU H IIUPOKO
UCIIONB3YeTCsl B CEJICKNNH sTuMeHsT Kak B Poccum, Tak u 3a
pyOexxoM. DTOT TeH ObUT KAPTHPOBaH Ha JUTMHHOM ILIEYE XPO-
Mocomsl 1H (Zang et al., 2015). On xomupyeT 0eroK, comeprka-
W Ba TAaHJEMHBIX JIOMEHA IPOTEMHKNHA3bI, KOTOPBIH, KaK
HEJIaBHO 0OHApY)KEHO, OTHOCHUTCS K BAKHOMY KJ1acCy OEIKOB,
YYacTBYIOMINX B 00ECTICUCHNH YCTOHIMBOCTH pacTeHHH. BoI-
SIBJICH TTOJIMMOP(H3M OSITKOBBIX IOCIIEIOBATENIbHOCTEH Runs,
Ha OCHOBE KOTOPOTO BO3MOXHO pa3padoTarh BHYTPUTCHHBIC
JIMArHOCTUYECKHE MOJIEKYIISIPHBIE MapKepPhI ISl TOUHOH NIeH-
TruduKanuy amwiene reHa Runs. J1o OTKpBITHS HYKJICOTHIHON
TIOCIIEI0BATENILHOCTH reHa Rund B HayYHBIX HCCIICTOBAHMAX 1
CENEKIIMOHHOHN MPAKTHKE UCTIONb30BAIH CIEIUICHHBIE C 3TUM
reHoM MoueKyssipHble Mapkeps! (Li et al., 2001; Eckstein et
al., 2002). OmHako n3-3a peKOMOMHAIIH MEK/TY CIICTICHHBIMHA
MapKepaMH ¥ [EJIEBBIM TeHOM AHarHoctiyeckas 3pQexTus-
HOCTh TaKMX MapKepOB HIKE, YeM BHYTPHTCHHBIX. B cBs3n
C YeM aKTyaJlbHa pa3pab0TKa BHYTPUTEHHBIX MOJIEKYISIPHBIX
MapKepoB Ha OCHOBE M3BECTHBIX HYKJICOTH/IHBIX MOCIIEA0BA-
TEJILHOCTEN LIEJIEBBIX T€HOB. 3aaueil HAIIUX UCCIIeI0BaHUI
cTaja pa3paboTKa BHYTPUTEHHOTO MOJIEKYIISIPHOTO MapKepa K
reHy Run8 n ero NCHoJIb30BaHIE COBMECTHO CO CIICIUICHHBIM
¢ TeHOM Run6 mMapkepoM Aiisi TEHOTHITUPOBAHHS 00pa3IoB
STIMEHS C LIETIbI0 BBIICNICHUSI N3 THOPHIHBIX OIS JTMHUHA
¢ 3((eKTUBHBIMH T€HaMH, 00JIQ1al0NX BBICOKON YCTOWUH-
BOCTBIO K IMBIJIBHON TOJIOBHE.

MaTepmanbl n metopbl

PacTuresbHbIi MaTepuaJl. MaTepuaiom s UCCIEI0BaHUH
ciykunu 84 celeKIMOHHBIX JIMHUM, OTOOpaHHBIC B MOKOJIE-
Husix Fs—F ¢ n3 komounarmu Dmbd x Tanait. Copt Db BbICO-
KOYCTOMYMB K IIBUIBHOM T'OJIOBHE SIYMEHS, €r0 POJOCIOBHAS:
Ponann x Jluaua 1325. Jluausa 1325 — aurammoun (Ilepse-
Hen x 3azepckuii 85) F1 x H. Bulbosum, 1o TaHHBIM OpUTHHATO-
poB (I'ocynapcTBeHHBIH peecTp CENEKIIMOHHBIX TOCTIKEHHUI ),
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HUMeeT TeH yCTOHUuBOCTH Rund, mo-BUIUMOMY, TepeIaHHbIH
emy ot copta Ilepsenen. Copt Tanaii o6maiaeT npakTHIeCKON
YCTOWYMBOCTBIO K BO30YIUTEINIO U MOJYYEH OT JIBYX CEJeK-
1oHHBIX TUHUN [ 20275 %1 20191, B pomocioBHOM KOTOPBIX
MIpOCIIeKUBaETCs yaacTe copToB Jet (Run3, Run6) u Paragon
(Run3).

Hccnenoparensckas padota mpooauiack ¢ 2021 mo 2023 .
B 2021 r. 84 nucnbiTyemMble TUHUN BBIPALIUBAIN B MOJEBBIX
YCIIOBHSAX, B celekinoHHoM nuTomHuke CIT1; B manpHeiem
0TOOpaHHBIE [T0 YCTOHYNBOCTH JIMHUN ITOBTOPHO 3apaskaiy v
BbIceBasM Ha (uTonaronoruyeckom yyactke CuoHUNPC —
¢umane ULul" CO PAH.

Judpdepenunanusa Bo30yIuTe s NbLJILHON roJOBHH
U. nuda. ]]1s1 n3yueHust pacoBOTo COCTaBa MbUTLHOM FOJIOBHH
HCIIOJIb30BAIM AIMITUPHUCCKHUI HAOOp copToB-auddepeHiua-
TOPOB, & TAKKE FTEHETHYECKHUI HAOOP TECT-COPTOB C U3BECTHBI-
MU FeHaMH YCTOHUUBOCTH, IpeuioxkeHHsid B.M. Kpusuenko
(1984). Naentuduxanuio pachl ONpeAessUId MyTeM CpaB-
HEHUSI peaKIu coOpToB-TUDHEPEHIINATOPOB C KIIHOUOM ISt
ornpezeseHust pusnonorndeckux pac. [lo BocnpuuMunBocTH
TEHETUYECKOTO Habopa TeCT-COPTOB YCTaHABIUBAIH (DOPMYITY
BUPYJIEHTHOCTH Pachl. Peakiuio ycToiurBoCTH Kiaccudu-
LUPOBAJIN 110 MEKIAYHApOLHOM 1ikaye: R — yCTOWYMBOCTh
(mopaxenue 10 10 %); S — BOCIPUIMUYHUBOCTE (ITOpasKEHHE
BoIre 10 %).

OueHka yCTOHYMBOCTH JIMHMI K NbLILHOW TroJ10BHE.
JImHMK ¢ MOATBEPKICHHBIM T€HOM YCTOMYMBOCTU U POJHU-
Tenbekue copra Dibd u Tanait B mrone 2021 1. 3apakaiu HO-
BOCHOMPCKOH momynsiuuei melIbHON ronoBHH. KoHTpoiem
Ka4eCcTBa MHOKYIISIIUU CIYXKXMJI BOCIPHUUMYHUBBIA COPT-UH-
nmukarop I'peiic. B 2022 . mpoBenu MOBTOPHOE 3apaskeHHE
BBIJICJIMBIIMXCS 110 YCTOMYMBOCTH UCIIBITYEMbIX TUHUH. HO-
KYJISIIUIO KOJIOChEB STUMEHS (He MeHee §) OCyIeCTBISUIN Ba-
KyYMHBIM METOJIOM B IIEPHO]T Hayasla I[BETCHUS PACTCHHUHN CO-
mnacHo Metoauke BUP (Canun u ap., 2008). Cycniensuto criop
TOTOBHJIM HETIOCPEICTBEHHO MEpe] 3apaKCHNEM U3 pacdera
1 r criop Ha 1 1 Bozgbl. CIOPHI TOIOBHU COOMPAITH C TOPasKeH-
HBIX KOJIOCHEB Pa3IMYHBIX TEHOTUIIOB stuMeHs. Jis onpene-
JICHUS PacoBOTO COCTaBa BO3OYIWTENS MBIILHOW TOJOBHH
OJIHOBPEMEHHO MHOKYJIMPOBaH qu(depeHnpyommi 1 re-
HETHYECKHUI TeCT-HaOOPHI COPTOB AUMEHS.

3apaxeHHbie cemeHa (He meHee 100 mHpUUMpPOBaH-
HBIX 3€pEeH) BBICEBAJIM Ha (PUTONATOIOTUYECKOM yUaCTKe
CubHUUNPC — punmuane Ullul" CO PAH, pacrnionoxeHHOM B
1. Muaypunckom HoBocnbupcexkoit obmactu. O6paboTka mod-
BBI: BeCEHHee OOPOHOBaHNE, BHECCHUE a30THBIX YI00pEHH,
KyJbTUBAIINS. 3aKJIaIKy OIBITOB OCYIIECTBIISLIN 110 mapy. [1o-
CeB 3apakKCHHBIX CEMSH MPOBOAMIN B ONTUMAIbHBIC IS
KyJBTYPBI CPOKH, KOTJIa TeMIepaTypa MoYBhl B IIEPHOJ CEBa
Ha nyoune 5-8 oM Obuia 11.5-16.5 °C, 4ro OnaronpusTHO
JUTS IPOPACTaHMs CEeMSH U MTaTOTreHa.

Knaccudukanmio yeToiiuMBOCTH HCTIBITYEMBIX 00pa3IOB
K ITBUTRHOM TOJIOBHE OCyIeCTBIIsLIHN 110 1mkaixe BUP (Canun u
Iip., 2008) myTeM mojicueTa OONBHBIX U 30OPOBBIX KOJIOCHEB,
C JaJbHEHIINM BBIYHMCICHHEM J07H (B %) MOpakaeMOCTH
o0pasia, B (a3l MOJHOTO BHIKOJIANIMBAHMUS — Havana co3pe-
BaHUs pacTeHuid. Ilpu ompeznenenun pacoBoro cocrasa Io-
MYJISIAY TTBIIBHOW TOJIOBHU KJIaCCH(UKAIMIO YCTOWYHBOCTH
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E.A. Opnosa, H.l. bexTonbp, 0.H. lpuropbes MonekynapHbIi MapKep K reHy Run8 ans otbopa 2026

O.10. LWoeBa, A.fO. Tharonesa, T.B. Kykoesa YCTOMYMBBIX K MblIbHON rONOBHE reHOTUMOB AYMEHA 30.3

a ATG Run8 (MLOC_38442, HORVU.MOREX.r3.1THG0087290) TGA

6 e e e e
Morex ATATCAAGCCCTCTAATATTCTTCTGGGTGATGATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGG---——~ TTAAGAGACAACATTGAAAGTGCCATAAATGTGATAGGGTGTATT
Barke ATATCAAGCCCTCTAATATTCTTCTGGGTGATGATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGG-~~~-~--TTAAGAGACAACATTGAAAGTGCCATAAATGTGATAGGGTGTATT
Iari ATATCAACCCCTCTAATATTCTTCTGGGTGATGATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGG-~-~~-~-~-TTAAGAGACAACATTGAAAGTGCCATAAATGTGATAGGGTCTATT
Hockett ATATCAAGCCCTCTAATATTCTTC! 'GATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGG----—~ TTAAGAGACAACATTGAAAGTGCCATAAATGTGATAGGGTGTATT
Bonus ATATCAACCCCTCTAATATTCTTCT TICCATGCAAAGATATCAGATTTTGGAATATCAAGGCTIIICTTAAGAGACAACATTGAAACTACCATAJIATCTGAAAGGGTGTATT
Foma ATATCAAGCCCTCTAATATTCTTCTGGGTGATGATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGGCTTTTGTTAAGAGACAACATTGAAAGTACCATAAATGTGAAAGGGTGTATT
Bowman ATATCAAGCCCTCTAATATTCTTCTGGGTGATGATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGGCTTTTGTTAAGAGACAACATTGAAAGTACCATAAATGTGAAAGGGTGTATT
Golden Promise ATATCAACCCCTCTAATATTCTTCTGGGTGATGATTTCCATGCAAAGATATCAGATTTTGGAATATCAAGGCTTTTGTTAAGAGACAACATTGAAAGTACCATAAATGTGAAAGGGTGTATT

. J
Y
Onuna MUP-npopykTa: 76 n.H., 82 n.H.
8

500

200

Puc. 1. CTpyKTypHaa opraHu3sauma reHa Run8 (a), MHOXeCTBEHHOe BblpaBHMBaHVE HYKNEOTUAHbIX NOCieAoBaTe/IbHOCTEN palioHa
reHa, HecyLlero nHcepuuo/geneuuto ANMHONM 6 . H., K KoTopomy paspabotaH [JHK-mapkep (6), 1 pe3ynbTtaTbl TeCTMpOBaHMA pa3pabo-
TaHHOrO MapKepa Ha copTax AYMEHSA C 3BECTHbIMM reHaMU1 YCTONYMBOCTU K MblAbHON ronoBHe: PaywaH Run8, Run15 (1), nbd Runs (2),
Jet Run3, Runé6 (3), Keystone Runé6 (4), Grace — cTaHAapT BocnpuumMunBocTm (5). MecTa oTKura npaiMepoB OTMeYeHbl CEpbIM LIBETOM,

yKa3aHa oxugaemas anuHa MUP-pparmeHToB AaHHOTO MapKepa (8).

OIIPECIISIIN 10 MEKTyHAPOJHOM mKaje: R — ycroiunBocTh
(mopaxkernune 10 10 %); S — BOCIPUUMYNBOCTH (TIOpaskeHNE
Berme 10 %).

OuneHkKa JUHHH MO XO03MCTBEHHOH HMeHHOCTH. [
OLICHKH XO3HCTBEHHO IICHHBIX IIPH3HAKOB B OCCHHHI IEPHO
2022-2023 tT. OBUT MPOBEACH CTPYKTYPHBIH aHAIH3 CEICK-
LIMOHHBIX JIMHAN SYMEHSI 110 TAKUM HPU3HAKaM, KaK BBICOTA
pacTeHni, MPOyKTUBHAS KyCTHCTOCTb, JUTHHA KOJIOCA, KOJTH-
YECTBO 3€peH B kosoce, macca 1000 3epen. [lepeuncnennsie
TIPU3HAKN OI[CHUBAJIN COTIIACHO METOANKE TOCYAapCTBEHHOTO
COPTOMCITHITaHUS CEITHCKOX03IHCTBEHHBIX KyIbTyp (1985).

Pa3paborka MoJsieKy/JIsIpHOr0 Mapkepa K reny Runé.
Monekynspusrit Mapkep Hor7050 x rery Run8 pazpaboTan Ha
OCHOBE HYKJIEOTUAHOM nocienosarenbHocTd MLOC 38442
(HORVU.MOREX.r3.1HG0087290, HORVU1Hr1G087050)
(Zangetal., 2015) (puc. 1, a). Ucnionb3ys 5Ty OCIeI0BaTEIb-
HOCTh B KadecTBe peepeHCcHON B 0a3e JaHHBIX IMaHT€HOMA
samenst (Jayakodi et al., 2024), moctymHO# Ha BeO-pecypce
GrainGene (https://wheat.pw.usda.gov/GG3/), MBI 00HApYXH-
JIM HyKJICOTHHBIC TIOCIIE/IOBATEILHOCTH Ir'eHa Rund 'y BOCbMH
obpasuoB stamens: Barke, Bonus, Bowman, Foma, Golden
Promise, Hockett, Igri, Morex. C momomnst0 mporpaMMbl
Multalin v5.4.1 (Corpet, 1988) mpoBeneHo X MHOXKECTBEH-
HOE BBIPaBHUBAHME, Oy1aroiapst KOTOPOMY HaHICH MOINMOp-
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(GU3M MEXIY pa3udHBIMH AJUIEISIMUA ATOTO TeHa. [loMumo
OIHOHYKJICOTUAHBIX 3aMEH, y YETBIPEX N3 BOCBMH COPTOB
OTMEUEHaA JIeJICIUS IIECTH Tap HYKJICOTHAOB. [y reHoTH-
MTUPOBAHMS BBISIBICHHOW JENEIMH C MOMOIIBIO IPOrPaMMBbI
IDT PrimerQuest™ (http://eu.idtdna.com/PrimerQuest/Home)
OpuTa MOOOpaHa Tmapa MpaitMepoB TaKWM 00pa3oM, 4TOOBI
MecTa UX OTKuTa (praHkuposanu ee (cM. puc. 1, 6). Tectu-
poBaHue pa3paboTaHHOTO MapKepa Ha 00pas3Iax SUMeHs, He-
CYIIMX M3BECTHBIE T€HBI YCTOHYNBOCTH K IBUTLHOM TOJIOBHE,
TT0KAa3aJ10 BO3MOKHOCTD OTIIMYUTD aJlJIe reHa Rund ¢ IomMo-
IBI0 AMeKTpodopeTrueckoro ananmmsa B 5 % HR arapoznom
rejie y yCTOHYMBBIX K MBUIBHOH TOJIOBHE 00pa3IoB STUMEHS,
HecyImux reH Rund; neneBoi (pparMeHT aMIn(UKauy co-
CTaBwI 82 1. H., 2 y 9yBCTBUTEIBHBIX — 76 1. H. (CM. pucC. 1, 8).

CormocTaBisst JaHHBIE TCHOTUITMPOBAHUS U yCTOHYUBOCTH
JVHUH K TTBITGHON TOJIOBHE, MBI OLICHIIIN IAarHOCTHYECKYIO
3G PEKTUBHOCTh MapKepa, KOTOPYIO OMPEACISIN KaK JI0JII0
MIPAaBUIIBHBIX PE3YyNIbTaTOB TECTHPOBAHUS B OOIIEM KOJIHMUE-
CTBE PE3yJIbTaTOB MM KaK CyMMY MCTHHHO TTOJIOKHTEIBHBIX
1 MICTUHHO OTPHIATENIFHBIX PE3YyNIbTaTOB TECTa, ACTICHHYIO Ha
o011ee KOJINIECTBO Pe3yIbTaToB.

I'enorunupoBanue JuHMi 10 reHaM Runé u Run8. JJTHK
BBIJICIISUTH M3 JINCTHEB B (ha3e KYIICHUsI, CPE3aHHBIX C MSTH
pacTeHNH KaXkOW JIMHWH, 110 METOJMKE, ONMCAHHON paHee
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Ta6nuua 1. IHK-mapkepbl, ucnonb3yemble B paboTe 1A reHOTUMMPOBAHNA IMHWIA AUMEHA Mo reHam Runé n Run8

Onuna MNUP-npopykTa,
n.H.*

106 (S), 110+222 (R)

JlntepatypHbin
NCTOYHUK

Rumsay et al., 2000

leH XpomocomHasa  Ha3BaHume mapkepa  HykneotupHas nocnefoBaTenbHOCTb
nokanusauma  (tvn) npanmepa, 5'— 3’
Runé 3H EBmac0541 F: acggatctactttagctagca
(CyennerHbii) R: aaacaaccccacacaatc
Run8 H Hor7050 F: cttctgggtgatgatttcca

(BHYTpPUreHHbIN)

76 (S), 82 (R) [laHHOe nccnegoBaHue

R: tggtactttcaatgttgtctc

* YKkasaHbl AnviHbl MLP-npofyKTOB, XapakTepHble ANA YyBCTBUTENbHbIX (S) 1 ycTonumBbix (R) K NbibHOM ronoBHe 06pasLoB AUMEHS.

(Plaschke et al., 1995). IHK amanu3upoBanu ¢ MOMOIIBIO
MHKPOCATEIIIUTHOTO Mapkepa EBmac(0541, cuenyieHHOro
¢ reaoMm Run6 (Menzies et al., 2010), 1 BHYyTpUTCHHOTO
Mapkepa Hor7050, pa3paboTaHHOTO B Hamlei paboTe K TeHy
Run8 (tabdmn. 1). Ilomumepasnyro nenHyro peaknuto (ITLP) ¢
MapkepoMm Hor7050 npoBommu B cMecu o0beMoM 20 MK,
coxeprkamieit 100 ar IHK-marpumesr, 1 X TP Oydep (67 MM
tpuc-HCI (pH 8.8), 1.5 MM MgCl,, 0.01 % Tween 20, 18 MM
(NH4),S0O,), mo 0.2 MM xaxgoro tHT®, o 0.25 MxM mpsi-
MOTO M OOpaTHOTO crielupuIecKux mpaimepos, | en. Tag
JHK-momumepassr (Helicon, Mocksa). [TLP ¢ mapkepom
EBmac0541 npoBOOuIN ¢ MCHOJBb30BAaHWEM Habopa auis
BuoMactep HS-Taq ITL[P-Color (2x) (brnomadmukc, HoBocu-
6rpcK). AMIIMUKAIIIO ¢ YKa3aHHBIMH ITpaiiMepamMu poBO-
JIVJTH B CIIETYIOINX ycloBusix: — | muH 50 ¢ ipu Temrieparype
94 °C, nenarypauus — 30 ¢ npu 94 °C, oTKUT MaTpulbl ¢
npaimepamu — 30 ¢ ipu 50 °C (mapxep Hor7050) mabo 55 °C
(mapkep EBmac0541), momamepmsamus — 45 ¢ npu 72 °C,
KOJIIYECTBO IUKIIOB — 45, noctpanBanue [11[P-dpparmenToB —
5 muH nipu 72 °C. Paznenenue nponykros 1P npoBonuiu B
5% HR araposnom remre (HR Agarose PCR Grade, HydraGen,
NJ, USA) B ropu3oHTaNbHOM Kamepe B TeueHue 3—4 9 mpu
HanpspkeHUU 7 B/cM. @ortorpaduu B YD-cBeTe U aHAMM3
N300paKEHHMS JIETIali C TIOMOIIBIO CHCTEMBI JOKyMEHTAIIMN
reneit Gel DocTM XR+ System (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

Pe3ynbratbi
XapakTepHOil 0COOCHHOCTBIO BEreTallMOHHBIX MEPHUOIOB
2022-2023 rr. OBIJIO HEOCTATOYHOE YBIAKHEHUE B Mae Me-
caue. [Ipu atom B mae 2022 1. cpeHecyTOUHas TeMIeparypa
Bo31yxa coctaBuia +15.4 °C, uro Ha 4.5 °C BbIlIE CpeHe-
MHOTOJIeTHEro 3HadeHus. B mae 2023 1., HeCMOTpS Ha TO YTO
CpeIHeMeCsIYHas TeMIIepaTypa 3TOoro epro/ia Obliia Ha ypoBHE
CPEJHEMHOTOJIETHUX, PACTIPE/ICIICHUE TEILIA 110 JIeKalaM ObLIO
HepaBHOMEpHBbIM. Bo BTOpoOil nekaze Temmneparypa Bo3ayxa
Obu1a Hibke Ha 2.3 °C, a B TpeTheit Bbinie Ha 3.4 °C cpetHeMHO-
royieTHUX. Temmeparypa mo4Bbsl Ha ITyOHUHE 5—8 CM B epuoj
rmocesa coctaBuia B cpegHeM 14 °C, 9yTo OnaronpusTHO A7
MHQPEKIIMOHHOTO TMpolecca TOJOBHEBBIX IPUOOB B MEPHON
npopactanus ceMsH. CpeqHue TeMIepaTypsl Bo3ayxa ¢ Mast
1o aBrycT coctaBuiu B 2022 1. — 15.3, 17.3, 18.5, 16.6 °C, B
2023 r.—-11.8,19.0, 21.6, 17.8 °C.

CyMMapHOe KOJMYECTBO OCAJIKOB, BBIMABIIUX 33 CE30H,
B 2022 1. coctaBmwiio 153.8 MM, YTO HM)KE MHOTOJICTHUX Ha
30 %, 82023 1. — 204 mm, u3 Hux 173.8 MM BbITIajI0 B 3-ii je-
KaJie utons u 2-i u 3-i nexanax aBrycra.
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JAuddepennuanusa Bo30yauTe/si NbLIbHON TOJOBHHU
U. nuda. 1o peaknuy sMIIMpUYECKOro Habopa copToB-and-
(epeHInaToOpOB YCTaHOBJICHO, YTO MOIYJISLUS MBIILHON T0-
noBHY B 2022-2023 rr. ObUIa 1pejcTaBieHa pacoi 1, He mo-
paxaromieii copt Keystone. AHann3 criopoBbIX 00pa3IoB Ha
TeHETHYECKOM Habope TeCT-COPTOB C FeHaMU YCTOHYMBOCTH
T03BOJIMJT YCTAHOBUTb, YTO B IOITYJISIMH MBUILHON TOJIOBHU
MIPUCYTCTBYIOT OMOTHUIIBI, BUPYJIEHTHBIE copTam Trebi ¢ re-
HoM Run 1, OAC-21 (Run 9, Run 10), a Takxxe MockoBckuii 2
(Run 15). Takum 00pa3zom, popmylia BUPYJISHTHOCTH packl P1
Oyzmer 1 —1.9.10.15 (ta6n. S1 u S2 Ipunoxenus)'.

OTOO0p celeKIHOHHBIX JIMHUI ¢ TOMOIIBIO MOJIEKYJISIP-
HOI0 Mapkepa K reny Run8 u oneHka HX YCTOWYHMBOCTH
K NbLIbHOI rososHe. C nomobsio Mapkepa Hor7050 Bbl-
SIBJICHBI OTJIMYUS MEXK/Iy JUIeIsIMU TeHa Run8 coptoB Dibd
n Tanaii: Ha JIHK copra Dnbd Obut nmomyuen IIP-npoxyxr
nHou 82 m.H., a Ha JIHK copra Tanait — 76 n.H. bnaronapst
HAJIMYHUIO TTIOIMMOP(HU3Ma MEXKLy POIUTEIBCKUMH COPTAMH,
9TOT MapKep ObUI UCIOJIB30BaH JUIsl TEHOTHIIUPOBaHUS 84
CEJIEKIIMOHHBIX JTMHUH nokonenus F_, momy4eHHbIX Ha OCHO-
Be rubpuaHol nomymsinun Dnbd x Tanaii. [lo pesynpratam
MIPOBEZICHHOI0 aHayu3a OblIM 0TOOpaHb! 18 nuHMiA, yHace-
JOBaBIIKMX reH Rund ot copra Dibd.

[To raHHBIM UCKYCCTBEHHOT'O 3apa)KEHHMs1, IPOBEJICHHOTO B
2021 1., u3 18 0TOOpaHHBIX CEJNIEKIIMOHHBIX JIMHUH, HECYIIUX
reH Run8 copta Dnb(d, BICOKasl YCTOHUMBOCTD K MBLILHOMN
TOJIOBHE MOATBEpPXKACHA y BocbMu — 12, 14, 25, 32, 45, 49,
78 u 79. liBe nuHum, 42 u 65, OTHECEHBI K TPYyIIE C MpakK-
TUYECKOH yCTONUMBOCTBIO (MopakeHue MeHee 5 %). Takum
obpazom, y 55.6 % nuHUE (PUTOMATOIOTHICCKHM METOIOM
Obli1a MOATBEPIKICHA yCTOHUMBOCTD K U. nuda, y 0CTanbHBIX
OTMEYaJIi BapbUPOBAHUE MPU3HAKA OT CJ1a00 710 CHIIBHO BOC-
MPUUMYKBBIX (Tadm. 2). luarnocrtuueckas 3pQpeKTHBHOCTh
Mapkepa Hor7050 cocrasuina 0.56.

B 2022 r. oroOpanHble TuHUM TIOKoJIeHUs Fg Oblm ororn-
HUTENBHO TEHOTUIIMPOBAHBI C MOMOIIBI0 Mapkepa Hor7050,
MOJATBEPANBIIETO HaIM4KE TeHa Run8 y yCTONYMBBIX JTUHUI
14,32, 42,45, 49, 65,79. B omnuue ot copta b, 1eMOH-
CTPHPYIOIIET0 YCTOMYMBOCTB K MBUILHOM I'OJIOBHE B TEUCHUE
Tpex JIeT, He BCe OTOOpaHHbIC JMHWUHU, Hecylue red Runs
9TOTO COpTa, YCTOHUYMBBHI K JJAHHOMY 3a0osieBaHuto. JInHun
4,8,10,44,57, 60,71, 81 mpoaeMOHCTPUPOBAIIN TOPAKEHUE
NbUIbHOM ronoBHel oT 17.9 no 66.7 %. ITockonbky B poio-
CJIOBHOH poauTenbckoro copra TaHail mpucyTCTBYeT cOpT
Jet, u3BeCTHBII Kak HOCUTENb reHa Run6, 0To0paHHbIe JIMHUN

1 Tabn. S1 v S2 NprnoxeHns AOCTYrMHbI MO agpecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx22.pdf
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Ta6nuua 2. XapaktepucTika yCTOMUYMBOCTU K MblSIbHOW FrONOBHE CeNeKUVOHHbIX JIMHWIA, OTOOPaHHbIX 13 KOMOMHaLMK
Onbd X TaHal, 1 JaHHbIE rEHOTUMMPOBAHUSA STUX JIMHUI C MOMOLLbIO MOMEKYNIAPHbIX MapKepoB K reHam Run8 v Run6

Copt/nunHuna MakcnmanbHoe nopaxeHue
MNbiNbHOW ronoBHew, %,
2022-2023 rT.

4 19.5

8 29.7

10 56.7

12 0

14 0

25 0

32 0

42 34

44 62.8

45 0

49 0

57 52.8

60 66.7

65 4.1

71 17.9

78 0

79 0

81 284

TaHan 1.2

dnbd 0

Hor7050 (Run8) EBmac541 (Run 6)
2021 . 2022r.

- 82 106

82 - 106

82 82 106

82 - 110 + 222

82 82 110 + 222

82 - 110 + 222

82 82* 110 + 222

82 82 106

82 - 106

82 82 106, 110 + 222
82 82 106, 110 + 222
82 - 106

82 - 106

82 82 106, 110 + 222
82 82 110 + 222

82 - 110 + 222

82 82 106

82 82 106

76 76 106

82 82 110 + 222

MpumeuaHune. Mpoyepk — aHanM3 He NPOBOAMICS; ¥ — He yAanoCb OAHO3HAYHO OMNPefeNTb, B FOMO- UM FeTePO3NrOTHOM COCTOSHMN

HaxoauTca annenb.

Puc. 2. Pe3ynbTaTbl FeHOTMNMPOBAHMA OTOOPAHHbBIX IMHUI C MOMOLLbIO MUKPOCATENUTHOrO MapKkepa EBmac541. LUnd-
pamu cBepxy 0603HaueHbl Homepa nuHuiA, T — TaHan, 3 — dnbd, M — mapkep anvHbl 100 bp, cnpaBa yKasaHbl AnnHbI B
napax HykneotTnaos ¢parMeHToB MapKepa AJSIMHbI.

ObUIM TEHOTHUITMPOBAHBI C MOMOIILI0 MHUKPOCATEIUINTHOTO
Mapkepa EBmac541, cuienieHHOTO ¢ TeHOM Run6 (puc. 2).
W3 18 npoananu3upoBaHHbIX JUHHUH 1EBATH YHACIEI0BAIN
00a anmens mapkepa EBmac541 ot copra Tanaii (4, 8, 10, 42,
44, 57, 60, 79, 81), mecth — ot copta dmed (12, 14, 25, 32,
71, 78), Tpu TUHUN OKA3aJHCh TETEPO3UTOTHBIMH TI0 3TOMY
Mapkepy (45,49, 65). CormocraBisis TaHHBIC TCHOTUTTHPOBAHUS
1 yCTOHYMBOCTH M3y4aeMBbIX JINHUH K TIBUTBHOM TOJIOBHE, MBI
YCTAQHOBMIIN, YTO U3 ICCSITH JIMHUH, PE3UCTEHTHBIX K ITBUILHOM
rosioBHE (TTOpakeHHEe MBIIbHON rosnoBHEH oT 0 10 4.1 %),
BOCEMb yHACIlI€Z0OBaIU aJljiesib Mapkepa EBmac541 ot copra

CENEKUMA PACTEHUA HA UMMYHUTET U MPOAYKTUBHOCTb / PLANT BREEDING FOR IMMUNITY AND PERFORMANCE

Oib( B TOMO- WITH T€TEPO3UTOTHOM COCTOSIHUH. Cpei BOChMHU
HEYCTOMYMBBIX JIMHUN C MOPAKEHUEM MBUILHOM rOJIOBHEN OT
17.9 no 66.7 % HocuteneM amnens mapkepa EBmac541 ot
copra Dib() okazasach eIUHCTBEHHAs JIMHUA 71, Toraa Kak
OCTaJIbHBIC YHACIIEAOBAIH AJJIETh 3TOTO MapKepa OT copra
Tanaii. [To momyueHHBIM TaHHBIM OBLTA pacCUNTAHA JHATHO-
ctrdeckas dpdekTuBHOCTE Mapkepa EBmac541, cocTaBuB-
was 0.83.

OueHka 0TOOpPAHHBIX JIMHMII 110 XO351IICTBEHHOH LieH-
HOCTH. [IJI1 OIICHKH XO3SICTBEHHO NEHHBIX MPU3HAKOB B
ocenHuit mepuox 2022—-2023 rT. ObLT IPOBECH CTPYKTYPHBIH
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Molecular marker for the Run8 gene
for the selection of barley genotypes resistant to smut

Ta6nuua 3. OcHOBHble X03ANCTBEHHO LieHHble NoKa3aTeNn cenekUMOHHbIX MMHUIA KoMOuHaLmmn Inbd X TaHan, Fs

(cpepHee 3a 2022-2023 rr.)

Copt/nnHua BbicoTa [nunHa rnasHoro Konuuectso Macca MpopyKTnBHan YpoxanHoCTb,
pacTeHum, cm Konoca, ctM 3epeH C Konoca 1000 3epeH, r KyCTUCTOCTb r/m?

Snbd (koHTponb)  59.3 6.5 19.2 48.0 2.5 419.2
TaHan 69.5 6.8 19.4 50.05 2.8 724.4*
12 62.4 5.9 16.3 51.0 3.6* 509.6
14 65.4 6.8 19.4 48.9 2.8 593.9
25 64.9 6.2 19.2 47.4 25 480.4
32 70.3* 7.5% 20.9* 45.2 2.8 763.7*
42 71.5% 6.5 17.3 51.8 2.8 568.5
45 68.2 6.8 19.8 47.4 3.0 516.0
49 60.0 6.2 17.3 44.5 29 587.2
65 70.7* 7.8* 21.9* 45.8 3.2% 661.7*
78 72.2*% 6.8 18.0 50.2 2.8 521.3
79 75.3* 7.6* 21.6* 471 29 712.0%
HCPgs; 10.681 0.308 0.992 4.3997 0.646 219.8

* OTMeueHbl CTaTUCTMYECKN [OCTOBEPHbIE Pa3NNyUA C POAUTENbCKM COPTOM 3J1bd).

aHaJIN3 BBIZICTMBIINXCS 10 YCTOHYMBOCTH CEIEKIIMOHHBIX JIH-
HUH STIMEHSI, HECYIINX TeH Rund. YIUTHIBaIN Kak OnOMETpH-
YecKHe, TaK ¥ MPOAYKTUBHBIE CBOWCTBA pacTeHHi . KoHTponem
CITY’KWJI POIUTEIBCKUI COPT ¢ TeHOM Rund, Dibd.

Bce ucmbITyeMble JIMHUN TIO BBICOTE PACTEHUH IPEBOCXO-
JIAITH KOHTPOJIBHBINA copT Dnbd. Jluamm 32, 42, 65, 78 u 79
TaKXe MPEBBIIIAIN U OTIOBCKYyI0 Gopmy Tanail, nx BeICOTa
B CpelHEeM 3a JiBa roja Bapbuposaia ot 70.0 go 75.3 cwm,
OCTaJIbHBIC JINHUH 3aHIMAaJTH TPOMEKYTOUHOE 3HAICHHIE MEXK-
Iy poauTenbcKuMu (opmamu. VM3BECTHO MONOKUTEIHHOE
BIIMSTHUE JJIMHBI KOJIOCA Ha TPOXYKTUBHOCTD, TaK KAaK 3TOT
TIOKa3aTeNlb UMEET BBICOKYIO KOPPEIALMOHHYIO CBSA3b C KO-
JTUYeCcTBOM 3epeH B konoce (Haymona, 2021). [InuHa konoca
Y BBIICIUBIINXCS JTHHAHN BapbupoBaia ot 5.9 (mmaus 12) no
7.8 cm (nmuaUs 65). [To mmHE Kolloca M KOTMYECTBY 3€PCH B
KOJIOCE JIOCTOBEPHOE TPEBHIIICHNE POAUTEIBCKUX (POpM OT-
ME€UeHO y JIuHu# 32, 65 u 79. Huzkoi npoyKTUBHOCTBIO KO-
noca obnananmm auaun 12, 42, 49 u 78 (tadm. 3).

He MeHee BaKHBIM 3JIEMEHTOM B CTPYKTYpE ypOXKas siB-
nseTCsl KPYMHOCTh 3epHa. Hanbompnryto maccy 1000 3epen
Habmronanu B 2022 . y muann 49 — 54.5 1, y Onmeha — 51.1 1
B cpennem 3a nBa Toma KpymHOCTh 3€pHA HA YPOBHE COpTa
Tanait ormeuena y aunuit 12, 42 nu 78 — 51.0, 51.8, 50.2 r
COOTBETCTBEHHO.

[IponykTuBHAsE KYCTHUCTOCTh y JUHUHK 12 um 65 npeBsl-
CHIIa KOHTPOJNBHBIHA copT Dmbd B 1.4—1.3 paza u cocraBmia
3.6—3.2 MpOAyKTUBHEIX CTEOIS Ha PACTCHHE.

ITo pe3ynbraram IBYyXJICTHETO aHAJIN3a BBIJICJICHBI TPH TTPO-
JTYKTUBHBIE JIMHUU — 32, 65 1 79, 10CTOBEPHO NPEBBILIAIOLIIE
10 YPOXKaIHOCTH KOHTPOJIBHEIHN copT Dmb(d. Y nmuHUM 65 3TOT
npusHak BapsupoBal: B 2022 . on cocrasmi 809.7 /M2, B
2023 . — 513.7 r/m?. Haubosee cTabUIBHOM 110 3TOMY NpH-
3HaKy OblIa TMHUS 32, ee ypoXKaiHOCTh MO Toj1aM COCTaBMIIa
756.0—771.3 r/M?%, 51a 5Ke IMHKA B CPEIHEM 3a JIBA TOA TIpe-
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BBICHJIA JTYUIIYIO POAUTEIBCKYI0 popmy — Tanait, tuHUS 79
BBIJICNTUIIACH TI0 CKOPOCTIETIOCTH U MTPOYKTHBHOCTH.

Takum 00pa3om, ¢ TTOMOIIBIO MOJICKYJISIPHO-TEHETHYECKOTO
aHanmm3a u3 THOpUaHOHM KomOuHaIH Dibg x Tanait (Fs) oTo-
OpaHsI 18 CeNeKIMOHHBIX THHUH, HECYIITHX TeH YCTOHYHNBOCTH
K NBUIbHOW TonoBHE Rund, yCTOMUYMBOCThH OECSITH U3 HUX
TTOATBEPK/ICHA PE3yabTaTaMH (PUTOIATOIOTHIECKOTO TECTa.
K rpymnmamM BBICOKO M TIPAaKTUYECKH YCTOMUMBBIX TEHOTHUIIOB
sTaMeHs1 ObUTH OTHEeCEHBI TuHuu 12, 14,25, 32,42, 45, 49, 65,
78 1 79. BelneneHHble HA OCHOBE CTPYKTYPHOTO aHaJIn3a I'-
OpunHbIe THHAN 32, 65 11 79 OBUTH TIepeIaHbI B CENEKITNOHHEIC
MTUTOMHUKH JUISI X JalbHEHIIEH OIEHKHU 10 XO3SIHCTBEHHO
LICHHBIM TIPU3HAKAM.

O6c¢cyxpeHue

W3-3a 0coOeHHOCTEH KUZHEHHOTO NHKJIA 0a3uMOMUIIeTa
U. nuda (Jens.) Roster (heHOTHNUPOBAHUE YCTOWYMBOCTH K
BBI3BIBACMOMY MM 3a00JICBAHHUIO, MBUTLHON TOJIOBHE, — JUTH-
TEIBHBIN U pr[[OeMKI/Iﬁ po1ece, B CBA3U C YEM JTUArHOCTHUYC-
CKHE MOJIEKYJISIpHBIE MapKepbl 0COOEHHO BOCTpeOOBaHbBI IPU
CEJIeKIIMU Ha YCTOWYHMBOCTH K ATOMY 3abosieBanuto. OpHaKo
B HACTOsIIIIE€e BPEMsI MHOTHE I'eHbl Run, KOHTPOJIHUPYIOLINE
YCTOWYMBOCTH K IbUIBHOM T'OJIOBHE, JI0 CUX IIOp HE KapTHUPOBa-
HbI B TeHOMe stuMenst (Abo-Elyousr et al., 2022). Cpenun reHoB
C M3BECTHOM XPOMOCOMHOM JIOKaJIW3alMel OMUCAHbI JIUIIb
nBa— Run6 u Runé8, KOTOpble KapTHPOBaHbI Ha XxpoMocomax 3H
u 1H cootBerctBenHo (Menzies et al., 2010; Zang et al., 2015).
Jl1s mocIeiHero ¢ MOMOIIbI0 TOYHOTO KapTUPOBaHUS ObLia
olpeziesieHa HyKJICOTH/IHAs! IOCIIeI0BATEIbHOCTh, KOAUPYIO-
nras nporenHkuHazy (Zang et al., 2015). B xome MHOTOJICTHETO
TECTUPOBaHUA COPTOB C I/II[eHTI/I(bI/IL[I/IpoBaHHI)IMI/I reHamMu
YCTOHYMBOCTH YCTAHOBJICHO, YTO TeHbl Run6 u Rund s dex-
THBHBI TPOTHUB Pac MbUTLHON TOJIOBHU HA TEPPUTOPUU 3ara-
Hoi Cubupu. B Haweit padore copt Dibd, HCTOUHUK I'eHa
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Run8, ncrionp30BaH B Ka4eCTBE JIOHOPA ITPH CO3JaHNH YCTOMN-
YHUBBIX K IMBUTFHON TOJIOBHE JIMHUHA. J[11s 0TOOpa yCTONIUBBIX
JTUHUN OBLT pa3paboTaH MOJCKYISIpHBEIH Mapkep Hor7050
Ha OCHOBE HYKJICOTHIHOHU IOCIIEI0BATEILHOCTH TeHa Runs,
obHapyxxerHoit W. Zang ¢ komreramu (Zang et al., 2015).
[Ipu cpaBHEHNH aMHHOKHCIIOTHBIX MOCIIEIOBATEIBHOCTEN
MIPOTEMHKHMHA3, TPEJICKa3aHHBIX Ha OCHOBE HYKJICOTHIHBIX
MIOCJIeIOBATEIHOCTEH reHa Rund, OTMEYeHO, 4TO Ipymia
YCTOWYHMBBIX K IBIJIbHON TOJIOBHE 00PA3I0B XapaKTepPHU3yeTCs
15 yHMKaIbHBIMI AMUHOKHCIIOTHBIMH 3aMeHaMu (Zang et al.,
2015). Dtr 3aMeHBI 00YCIIOBICHBI OJHOHYKIICOTHIHBIMU 3a-
MEHaMH, 00HapYKEHUE KOTOPBIX C IMOMOIIBI0 pyTHHHOU [TLIP
TPYAOEMKO U TpeOyeT pa3paboTkyu crieru(uIecKux npaime-
POB, 30HJIOB JIMOO0 MOAOOpPa YHIOHYKIIEa3 pecTpuKuuu. [Ipu
CpaBHEHHH HYKJIEOTHIHBIX IIOCIIEI0BaTENbHOCTEH reHa Rund
13 0a3bl JAHHBIX TAHTEHOMA STUMEHSI HAMH YCTaHOBJIEHA pac-
MIPOCTPAHEHHAs JIeTenusl JUIMHON IEeCTh 1ap HyKJICOTH/IOB,
KOTOpast TPUBOJIUT K MOTEPE ABYX AMHUHOKHCIIOTHBIX OCTAaTKOB
B Oeske mporenHKHHa3bl. [Ipu cpaBHEHUH OEIKOBBIX MO-
ciietoBarenbHOCTeH Rund nenenys AByX aMUHOKHCIOTHBIX
OCTaTKOB OTIpe/ieiIeHa y YyBCTBUTEIIBHBIX K IIBUILHON T'OJIOBHE
00pa3IoB SUMEHs, TOTJa KaK 3TH JIBE aMHHOKHCIIOTHI NMe-
JIMCh KaK y YCTOMUYMBBIX, TaK U Y UYyBCTBUTEIBHBIX 00pa3ioB
(Zang et al., 2015). Takum o6pa3om, pazpaboTaHHBII MapKep
K BBISIBIICHHOM JIeJIeINH ANArHOCTHYECKH OIPaHNYECH: HE BCe
00pa3Ipl IYMEHS, HECYIINe HHCEPIHUIO IIECTH Nap HyKJICOTH-
JI0B, Oy/lyT XapaKTepHU30BaThCsl yCTOMUMUBOCTHIO K MBIIBHON
TOJIOBHE, HO X MCITOIb30BAHUE ISl OTCIICKMBAHMS IIepejadun
ayutens reHa Rund oT U3BECTHOTO JOHOPA, BITOJTHE BOZMOXKHO.
[IpumMeHsist 3TOT Mapkep, MBI 0TOOpanu 18 IMHUHA sSYIMeHs,
HEeCYyIHX reH Rund OT MOHOpa YCTOHYUBOCTH — copTa Dib(.
OnHako, B OINYKE OT 3TOTO COPTA, HEKOTOPhIE OTOOpaHHBIE
JIMHUN TPOJEMOHCTPHUPOBAJIM UyBCTBUTEIBHOCTH K pace |
IIBUTEHOH TOJIOBHU, NAECHTU(HUIIMPOBAHHON C TIOMOIIBIO COp-
ToB-au(pepeniaTopos. [TockoIbKy BTOpOH pOaUTEIIb, COPT
Tanall, uMeeT B CBOEH POAOCIOBHOM copT Jet, JOHOp reHa
Run6, cnenano mpeanoiokKeHue, 4To yCTOWINBBIE JIMHUH, MO~
MHUMO TeHa Runé, oT copta Dib(), MOTYT HECTH TeH Run6 OT
copra Tanaii. J[7s1 IpOBEPKH 3TOTO MPEIIIOIOKEHHS ITPOBE-
JICHO TeHOTUITMPOBAHNE OTOOPAHHBIX JINHUH C TIOMOIIBIO Map-
kepa EBmac0541, cueruienHoro ¢ reHoM Run6 (Menzies et
al., 2010). Onnako B pe3ysbTaTe NPOBEICHHOTO aHAIM3a 00JIb-
1asi 9acTh JIMHUH, IPOJEMOHCTPHPOBABIINX YCTOHIMBOCTh
K IBbUIbHOH rOJI0BHE, YHacienoBaia mapkep EBmac0541 ot
copra Dnb(, a He oT copra Tanail. Jluaum 4, §, 10, 44, 57,
60, 81, ynacnenoBaBume mMapkep EBmac0541 ot copra Ta-
Hall, XapaKTepH30BAINCh TyBCTBUTEIBHOCTHIO K IBUIBHON
TOJIOBHE, HECMOTPS Ha TO YTO OHH HECIIM I'eH Runs ot copra
Onbd. EnuHcTBeHHAs TMHMS, XapaKTEePHU3YIOIAsCcs HAJIH-
yueM Mapkepa EBmac0541 ot copra Tanail u ycroiuuBo-
CTBIO K MbUILHON rojioBHe, — tuHUA 79. [lockonbKy Mapkep
EBmac0541 cuenen ¢ reHoM Run6, HECOOTBETCTBHE aJUICIIb-
HOTO COCTOSTHHSI 3TOTO MapKepa U YCTOMYMBOCTH K IbIIILHON
TOJIOBHE OOBSICHSCTCS] pEKOMOMHALIMEN MEX/Ty HCIIOIb3yEeMbIM
JUISl TEHOTUIIMPOBAHMSI MAPKEPOM X T€HOM, KOHTPOJIPYIOIM
9TOT npu3HaK. Ha OCHOBaHNY IPOBEICHHOTO aHAIN3a MOKHO
TIPEATIONIOXKHUTE, YTO TEHOM copTa Dnb(, TOMUMO TeHa Runs,
COZIepKHT TeH Run6, 3pPEeKTUBHBINA POTHUB IBLTHHON TOJIOBHH
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pacsl 1. JlanpHelmnii aHann3 HyKJIEOTHAHBIX TOCIIE10BATENb-
HocTell reHa Run8 y U3BECTHBIX JOHOPOB YCTOMUYMBOCTU K
MTBUTEHO TOJIOBHE, & TAKXKE BBISIBICHHOH B HACTOSIIIIEH padoTe
KOCerperanuu Mexry MapkepoM EBmac(0541 ot copra Dnbdh u
YCTOMYHMBOCTHIO K MBUIHHOM TOJIOBHE TIO3BOJIT YTOYHUTH POJTH
reHoB Run6 u Run8 B yCcTOMUMBOCTH K pacaM 3TOT0 aToreHa,
pacIpocTpaHeHHbIM Ha TeppuTopun 3amnagnoi Cudupn.

Ha ocHOBe ()UTONIaTONOTHYECKON OLICHKH M OLIEHKH MOKa-
3aTesei MPOyKTHBHOCTH B XOZIE ABYXJICTHETO aHAJIN3a CPEAN
OTOOpaHHBIX JIMHUN OBIIIM OIIPE/IEIECHBI TPH NEPCIICKTHBHBIC
CENICKIIMOHHBIC JIMHNH, YCTONYMBBIE K MBIIILHON TOJOBHE U
JIOCTOBEPHO MPEBBIIIAIOIIIE 110 YPOXKAHHOCTH KOHTPOIBHBIN
copt Dnb(. OTOOpaHHbIE IMHUHN NIEPEaHbl B CENCKIIMOHHBIC
MTUTOMHUKH JUISI X JalbHEHINEH OIEHKHU 10 XO3SIHCTBEHHO
Ba)KHBIM TTPH3HAKAM.

3aKkniouyeHune

B npeacrasnenHol paboTe Ha OCHOBE HYKJICOTHIHOW IO-
CJIe/IOBATENLHOCTH IreHa Rund pa3paboTaH AnarHoCTHYeCKUi
BHYTPUICHHBII MOJIEKYJIIPHBINA Mapkep. Ero ucnons3oBanue
COBMECTHO C MUKPOCATEJUINTHBIM MapkepoMm EBmac0541,
CIIETIJICHHBIM C TeHOM Run6, Mpu TeHOTUITUPOBAHUN JIMHHUH
SYMEHsI, TOJIyYeHHBIX Ha OCHOBe copToB Oinb( n Tanaii,
MIO3BOJIMJIO BBISIBUTH B3aMMOCBSI3b MEXy ajUIeIeM MapKepa
EBmac0541 copra Db} ¥ yCTOWIMBOCTHIO THOPUIOB TYMEHS
K IIbIJIbHOM OJI0BHE. B pe3ynbrare npoBecHHON Uccie10Ba-
TENLCKOW pabOoTHI OTOOPAHBI MEPCIIEKTUBHBIC CEJIEKI[OHHBIC
JIUHUM, HE YCTyHAloIKe MO MOKa3aTelsM MPOTYKTUBHOCTU
HCXO/IHBIM COPTaM.
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Abstract. Hybridization of different landraces or wild crop species facilitates genetic recombination and leads to the
development of improved cultivars, particularly in sexually propagated crops. In contrast, genetic recombination via
hybridization in asexually propagated crops like sugarcane (Saccharum spp. hybrid) is challenging due to self or cross
incompatibility (low fertility). Such crops can be improved by somaclonal variation, which is achieved by tissue culture
techniques. As a major contributor to global sugar and bioethanol production, sugarcane suffers substantial yield loss due to
various biotic or abiotic stresses, which may be attributed to its poor resistance mechanism. Despite the potential of in vitro
culture techniques, somaclonal variation remains underexplored in sugarcane breeding programs. To address the challenges
posed to sugarcane under changing environmental dynamics, this review critically evaluates the role of somaclonal variation
in sugarcane variety development, its underlying mechanism, practical applications, and factors affecting its occurrence.
This review also discusses the limitations and challenges in the practical implementation of this technique in variety
development, resulting in its neglect in modern breeding efforts. The focus on the potential of somaclonal variation,
sustained by cutting-edge approaches, can unlock its limitations and fulfill the growing future demands of sugar, biofuel,
and bioenergy industries.
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CoMakJiIOHa/IbHAasI M3SMEHUYMBOCTb V BUZIOB poaa Saccharum:
PacCKphITIE ee IMOTEeHI[MaZIa B COBpEMEHHBIX VCIOBUSIX

C. MyHnup

L2 @, M.A.B. Asxaddap LI Scmuul, MLT. Xau3, VILA. Xau!

1 lpynna 6MOTEXHONOIWI CaXxapHOro TPOCTHYIKA, IAEPHDBIN MHCTUTYT cenbckoro xo3ancTea (NIA), TaHgo [kam, MakncTtaH
2 OTaen cenekumm 1 reHeTUKM pacTeHunii, AAePHbI MHCTUTYT CebCKOro Xo3sancTaa u uonorvmn, Oelicanabag, MakncraH
3 OTAen cenbCKOXO3ANCTBEHHON GroTeXHONOrMY, HauoHanbHbI MHCTUTYT BUOTEXHONOMN 1 FeHHON nHXXeHepuw, Qelicanabap, MaknuctaH

@ ch.sanal1@gmail.com

AHHOTauusA. M6pran3auma PasiNYHbIX MECTHBIX COPTOB UiV AUKMX BULOB CeNIbCKOXO3ANCTBEHHbIX KY/bTYp CrnocobcTeyer
reHeTNYeCKon PeKOMOUHALMMN 1 MPUBOANT K CO3AAHMIO YiyULEHHbIX COPTOB, B 0OCOBEHHOCTY Y KYJIbTYP, PAa3MHOXAOLLUXCA
rosioBbIM MyTeM. B oTiMume Ot 3TOro, y KynbTyp C 6ecrosibiM pasMHOXKeHMEeM, TaKUX Kak CaxapHbli TPOCTHUK (rmbpua
Saccharum spp.), reHeTMYeckas pekoMmbuHauna NoCpeaCcTBOM rMbpran3aLmn 3aTpyaHEHa 13-3a CaMO- WU NepeKpecTHOM
HECOBMEeCTUMOCTU (HM3KON GepTunbHOCTY). Takne CenbCKOXO3ANCTBEHHbIE KySbTypbl MOryT ObiTb yfyulueHbl 3a cyeT
COMaKJ/IOHANIbHON M3MEHYMBOCTM C MOMOLLbIO METOAOB KyJNbTypbl TKaHU. CaxapHblii TPOCTHUK, ABMSIOWMUACA OOHUM U3
OCHOBHbIX MICTOYHVKOB MPOBOIO NPOU3BOACTBA Caxapa v 6103TaHONa, 113-3a HEAOCTAaTOYHOW YCTOMYMBOCTM K GUOTUYECKM
1 abUOTUYECKMM CTPECCOBbIM GaKTopam HECeT 3HauuTeNbHble MoTepyr ypoxkas. Hecmotps Ha 3¢pdeKTMBHOCTb METOA0B
KyNbTUBUPOBAHWSA in Vitro, COMaK/IoHasIbHasi U3MEHYMBOCTb OCTAeTCs HEOCTAaTOYHO U3YyUYEeHHOW B NPOrpaMmmax cenekumm
CaxapHOro TPOCTHUKA. [Ins peleHns npobnem, NoABAAIWMXCA Y CAXapHOTo TPOCTHUKA B YCIIOBUAX MEHSIOLLENCS MHAMUKM
OKpY»KaloLLei cpefibl, B HaCTOALLEM 0630pe KPUTUYECKM OLEHBAETCA POJib COMAKIIOHANIbHON N3MEHUYMBOCTY B CO3L4aHNM
COPTOB CaXxapHOro TPOCTHYKA, PACCMOTPEHbI €8 OCHOBHbIE MEXaHN3MbI, MPAKTNYECKOE NMPUMEHEHVE 1 GaKTOPbI, BAKAIOLLME
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Somaclonal variation in Saccharum spp.:
unraveling its potential despite current neglect

OorpaHN4yeHnAa ”n I'IpO6J'IeMbI NnpakTnyeckoro npumMeHeHmMA >TOro

mMeToda npun Co3gaHnnM COPTOB, He No3BoNAKLWME afeKBaTHO NCNOJIb30BaTb €ro B COBPeMeHHbIX CefleKUMOHHbIX pa60Tax.
Vicnonb3oBaHue noTteHumana COMAaKJIOHaNbHOM W3MEHYMBOCTM B COYETaHUUN C nepegoBbiMn TeXHONOrMAMM Mno3BonnT
npeofoneTb AaHHble OrpaHNYeHnA N yaooBneTBoOpUTb pactyline I'IOTpe6HOCTI/I B Npomn3BoACTBe Caxapa u 6uoTtonnvea 1 B

6MOBHEDF€TVN€CKOI;I MPOMbILWIEHHOCTA.

KnioueBble cnoBa: Kannyc; reHeTuKka; KynbtmBrpoBaHme in vitro; MapKepbl; pereHepauna; COMakioHallbHaA N3MeHUYNBOCTb;

CaxapHbli TPOCTHUK

Introduction

The plant tissue culture technique is traditionally used for
development of uniform genetic plants through micropropa-
gation, which is the main benefit of clonal cultivars used for
commercial cultivation (Duta-Cornescu et al., 2023). However,
variation in plants generated from any cell or tissue culture
under in vitro conditions has been identified and termed
as “somaclonal variation” (Larkin, Scowcroft, 1981). This
variation provides a potential substitute for crop improvement,
especially in asexually propagated crops, such as sugarcane, or
crops with narrow genetic bases, self or cross-incompatibility,
and irregular inbreeding depression, which are considered
significant limitations in using conventional methods for crop
improvement. Such genetic improvement assists in reducing
the effect of abiotic and biotic stresses in crops like sugarcane
via development of resilient cultivars.

Sugarcane is a prominent genetic feedstock used in produc-
tion of sugar (Azu et al., 2022), biofuel (Marques et al., 2024),
and bioenergy (Ahmad, Ming, 2024). Sugar crops rank second
in total production among staple crops (Fig. la). Among sugar
crops, sugarcane yields up to 85 % of global sugar production
with the rest contributed by sugarbeet (FAO, 2024). Although a
large number of different crops are cultivated worldwide, only
four account for half of the global production; sugarcane ranks
first, being followed by maize, rice, and wheat, as shown in
Figure 1b. Beyond sugar industry, the significance of sugar-
cane extends from biomass resources to biofuel production
(Ahmad, Ming, 2024).

Conventional breeding by selecting superior parents for
mating is hampered in sugarcane by limitations like asynchro-
nous flowering, low seed viability, low fertility, and lack of
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flowering caused by environmental conditions (Khan M.T. et
al., 2018). In fact, sugarcane flowering is specific to certain
regions of the world. Continuous efforts have been made to
reduce the generational interval in other crops (e.g: doubled
haploid, shuttle breeding, etc.), but sugarcane breeding has
not benefited from such techniques.

These limitations have led to a narrow genetic base; as the
modern genetic feedstock of sugarcane exhibits poor resistance
to several diseases (Budeguer et al., 2021). To overcome the
common breeding constraints, in vitro culture is of keen in-
terest as a way to generate genetic variability for selecting de-
sired genotypes. Variants with a good yield potential developed
through tissue culture in sugarcane can be utilized for facing
regional environmental challenges and biotic/abiotic stresses.
Sugarcane variants developed from in vitro culture have been
reported since 1971 (Heinz, Mee, 1971).

This paper focuses on how somaclonal variation can com-
plement or replace conventional breeding to generate genetic
variations among clones in sugarcane. It covers the mecha-
nisms involved in development of variants along with the
factors leading to a satisfactory rate of variation. Despite the
successful practical application in developing variants in sugar-
cane, the progress over the last decade has been neglected.
Therefore, this review draws attention towards the significance
of somaclonal variation by highlighting its limitations, which
may constrain its application on a commercial scale.

In vitro culture techniques

The most promising tissue culture techniques widely adopted
in various crops include anther culture, cell suspension culture,
callus culture, embryo culture, micropropagation, and proto-

M Cereals M Sugarcane
B Sugar crops B Maize

B Vegetables B Wheat

B QOil crops H Rice

B Fruit H Oil palm
B Roots and tuber H Potatoes
m Others H Others

<@»

Fig. 1. Contribution of sugarcane to global production in 2023 by (a) commodity group and (b) individual commodity.
Source: (FAOSTAT, 2024).

BaBunoBckuii XXypHan reHeTnku u cenekuum / Vavilov Journal of Genetics and Breeding - 2026 - 30« 3



C. MyHup, M.A.B. Oxxadpdap
L. AcmumH, M.T. XaH, N.A. XaH

Ex-plant

Leaf disc
o0 @

Indirect somatic
embryogenesis

a

Protoplast s o

&g a0
AN
v \\
Direct shoot

Direct somatic

2026
30-3

ComaKnoHasbHas U3MeHUYBOCTb Y BUAOB pofa Saccharum:
packpbiTue ee NOTeHLMana B COBPEMEHHbIX YCTOBUAX

——
[ 9 '
vV Q|

Callus

\ﬂ, :.-I.i‘ I.
Somatic Y{f
embryogenesis USIUE l"(f
\\ Organogenesis

Induction of roots/shoots

G

F/ A\
J :
® ,.:(‘ > 0 | .

& 0%

d v

Cell suspension v . \ |

=7
| 4
Selection |
of somaclones

formation embryogenesis

Fig. 2. Regeneration pathways in sugarcane.

plast culture. Different researchers have established different
protocols for successful induction of somaclonal variation in
sugarcane, but detailed discussion of their protocols is beyond
the scope of this paper. However, the principles of extensively
used techniques for in vitro culture and their regeneration in
sugarcane are discussed briefly below.

Organogenesis and somatic embryogenesis are the main
pathways for in vitro plant regeneration. They require totipo-
tency and competency for plant regeneration under in vitro
conditions as shown in Figure 2. Newly regenerated plants
need to be acclimated to external growth conditions by plac-
ing them under low relative humidity and high illumination,
which results in cuticle production (Warren, 1991).

In organogenesis, shoots are induced to differentiate from
cells or cell clusters. The process involves the progression of
leaves, shoots or roots from the explant and their transfer to
a diverse medium for root formation (Bidabadi, Jain, 2020).
It can be further classified into direct and indirect organoge-
nesis. In the former, the root or shoot develops directly without
going into a callus phase. Thorat et al. (2018) has found that
sugarcane plants developed from indirect organogenesis ex-
hibit more genetic variation than those developed from direct
organogenesis.

In somatic embryogenesis, a cell or group of somatic cells
gives rise to a somatic embryo, which morphologically re-
sembles zygote embryos. The somatic embryo has a bipo-
lar structure giving rise to both shoot and root meristems

CENEKUMA PACTEHUA HA UMMYHUTET U MPOAYKTUBHOCTb / PLANT BREEDING FOR IMMUNITY AND PERFORMANCE

R

Plantlets

(Khan I.A., Khatri, 2006). Somatic embryogenesis can also
follow the direct or indirect (with an intermediate callus phase)
pathways.

The first phase in somatic embryogenesis is the induction
of embryogenic cells, which requires time to dedifferentiate.
Competence and embryo formation depend upon auxins,
mainly in the form of 2,4-dichlorophenoxyacetic acid (2,4-D).
It represses morphogenesis and disrupts cell-to-cell interaction,
leading to the fragmentation of a single cell or group of cells —
the mechanism of the proliferation of embryogenic suspension
cultures (De Klerk et al., 1997). It is a commonly used pathway
for sugarcane micropropagation (Naz et al., 2008; Almeida
et al., 2022), with different established protocols. However,
these protocols are efficient for not all genotypes due to their
differential behavior (Di Pauli et al., 2021).

Nickell and Maretzki (1969) were first to report cell sus-
pension culture in sugarcane. For this purpose, friable callus
is dispersed in a liquid medium and then agitated on a rotary
shaker to obtain a culture of isolated cells. This process is
genotype-dependent, and those with high phenolic compound
levels do not perform well. Generally, suspension cultures
have been utilized to study metabolic and physiological pro-
cesses in sugarcane (Goldner et al., 1991; Thorat et al., 2017,
Bottcher et al., 2021). However, Thorat et al. (2017) reported
the presence of variation in sugarcane somaclones developed
through cell suspension culture, although at a lower frequency,
as confirmed by molecular markers.
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Mechanisms of somaclonal variation
Somaclonal variation is a multifaceted phenomenon compris-
ing genetic or epigenetic mechanisms (Leva, Rinaldi, 2017).
The stability of mutations of qualitative features in subsequent
generations relies on their molecular basis (Hung et al., 2018;
Azizi et al., 2020). If these mutations are unstable or not in-
herited by the next generations, they may be regarded as epi-
genetic changes (Hung et al., 2018). Moreover, modifications
in tails of histones and DNA methylation are also viewed as a
part of epigenetic change (Azizi et al., 2020), which are usually
caused by residual effects of plant growth regulators in tissue
culture media (Jackson, Lyndon, 1990). Chromosomal varia-
tions are usually caused by explant source or culture media
conditions (Phillips et al., 1994). Such variations also have
been observed in sugarcane somaclones (Sobhakumari, 2012).
Somaclonal variation has been observed in several species
and extensively utilized due to its commercial potential, ir-
respective of the type of mechanisms involved (Leva, Rinaldi,
2017). Economically, somaclonal variation should be valuable
and heritable. Genetic changes can be induced by a variety
of mechanisms, including changes in chromosome structure
and number, chromosomal breakage or aberrations (deletions/
inversions), and cryptic changes. Variations in chromosome
number, structure, and aberrations are observed in regenerated
plants (Mujib et al., 2007). Such changes may lead to loss of
genes or their function (Leva et al., 2012). Point mutations
responsible for cryptic changes may affect mitochondrial and
chloroplast genomes and are typically predicted to take place.
Moreover, cryptic changes such as gene silencing or activa-
tion of a transposable element play a vital role in somaclonal
variation (Barret et al., 20006).

Factors affecting somaclonal variation

The frequency and type of somaclonal variations in sugarcane
can be affected by different factors, such as the genotype com-
position, explant source, culture medium, time period, and
number of culture cycles as discussed below.

Genotype

Different plant species or genotypes vary in their susceptibility
to somaclonal variation. The most significant factor among
various factors may be plant genotype (Shen et al., 2007,
Tican et al., 2008; Nwauzoma, Jaja, 2013). Moreover, diffe-
rent genotypes show different responses under stress, pointing
out that somaclonal variation is also affected by genotypic
composition.

Shen et al. (2007) assessed plant regenerants and showed
that plant genotype is a key factor influencing somaclonal va-
riation during in vitro culture. The rate of somaclonal variation
varies from 2.6 to 40.4 % depending upon the plant genotypes.

Thus, somaclonal variation is a genotype-dependent phe-
nomenon specifically linked to the regeneration potential of
different varieties (Manchanda et al., 2018).

Explant source

The origin of the explant exerts an important influence on the
rate of somaclonal variation (Ahuja, 1998). Also, it has been
reported that the explant source may greatly influence genetic
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fidelity (Krikorian et al., 1993). Regenerates from explants
with pre-existing meristems (such as axillary buds or shoot
tips), exhibited less somaclonal variation than those developed
from highly differentiated tissue (such as leaves, stems, or
roots), which usually produce significant somaclonal variants
(Duncan, 1997; Sharma et al., 2007).

However, successful cases of in vitro regeneration using leaf
pieces, leaf sheath, shoot apical meristem, or pith have been
reported in sugarcane (Ali et al., 2007; Abdullah et al., 2013).
A comparative study investigated better sources of explant in
sugarcane. Leaves, shoot apical meristem, or pith were used
as explant sources. Leaves performed better than all other
sources, followed by shoot apical meristem and pith during
callus induction (Ali et al., 2007). Moreover, Abdullah et al.
(2013) reported the leaf as the explant source that performed
best for indirect somatic embryogenesis technique in sugar-
cane as compared to pith. The genetic fidelity of somaclones
developed from leaves as explants showed polymorphism up
to 81 %, demonstrating that direct regeneration from immature
leaf slices could be helpful in exploitation of genetic varia-
tion and improvement of the existing genotype of sugarcane
(Khan I.A. et al., 2009).

Culture medium composition

From the viewpoint of in vitro culture conditions, the com-
position of culture media is the most influential element for
plant regeneration in sugarcane (Abdullah et al., 2013). For
the practical application of in vitro culture, appropriate con-
centrations and combinations of cytokinins and auxins are
necessary (Letham, Gollnow, 1985). The role of cytokinins
in the development of shoot apical meristem of sugarcane has
been reported in (Ali et al., 2007).

Plant growth regulators in culture media are potent agents
of somaclonal variations (Leva et al., 2012). Suboptimal or
supraoptimal concentrations of growth regulators, mainly
synthetic compounds, have been associated with variation.
Somaclonal variation is also favored by rapid, disorganized
growth (Karp, 1994). Adding auxin to the culture media of
unorganized callus increases the variation by augmenting the
rate of DNA methylation (LoSchiavo et al., 1989). Shahid et
al. (2012) reported superiority of 2,4-D as an auxin over [AA
during callogenesis in sugarcane. Highly significant differen-
ces were observed among somaclonal variants developed in
sugarcane using different levels of 2,4-D in media, thus point-
ing out that culture media greatly influence the occurrence of
somaclonal variation. In comparison to explant source or plant
genotype, remarkable differences were reported for 2,4-D in
sugarcane (Abdullah et al., 2013).

2,4-D and kinetin are two common growth regulators
that can lead to changes in chromosome number and induce
chromosomal abnormalities (Daub, 1986). Growth regula-
tors increase the cell division rate in the culture during the
somatic differentiation stage, leading to endopolyploidy,
polyteny, and chromosomal changes (D’Amato et al., 1977;
Larkin, Scowcroft, 1981). Culture medium conditions are
often responsible for chromosomal variations (Phillips et al.,
1994). Such variations have also been observed in sugarcane
somaclones (Sobhakumari, 2012). Khan I.A. et al. (2008) also
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reported 2,4-D as the best source of somaclonal variation when
comparing different auxins (Dicamba, Picloram, and IAA) in
sugarcane. The maximum number of chlorophyll mutants was
developed with 2,4-D as compared to other auxins, represent-
ing the highest rate of somaclonal variation in sugarcane.
Plants obtained with 2,4-D auxin showed higher phenotypic
variability in sugarcane mainly due to the true change in
genetic makeup while showing its enhancing effect on cane
yield and plant height.

Culture age and number of subcultures
Somaclonal variation increases with the duration of the culture
(Farahani etal., 2011; Sunetal., 2013). As callus age increases,
chances of diverse plant production increase during successive
subcultures (Zayova et al., 2010). Khan S. et al. (2011) showed
that somaclonal variation increased after the eighth subculture.
However, not only the number of subcultures but also the
duration of each subculture is significant in creating soma-
clonal variation particularly in callus culture and cell sus-
pension (Bairu et al., 2006; Sun et al., 2013). Somaclonal
variation is more promising in plants regenerated after longer
culturing, as rapid multiplication of tissue may influence the
genetic stability (Israeli et al., 1995; Etienne, Bertrand, 2003;
Petolino et al., 2003). About 30 % of genetic variations marked
by morphological changes appeared in sugarcane clones after
the fourth subculture (Nogueira et al., 2022).

Detection of somaclonal variation

Detection of somaclonal variation is the foremost step in se-
lecting a cultivar with desirable traits or discarding material
with unwanted characteristics. Various biochemical, cyto-
logical, morphological, and molecular approaches have been
employed to detect the extent and type of somaclonal variation
in sugarcane.

Somaclonal variants can be simply assessed by morphologi-
cal traits such as abnormal pigmentation, plant height, or leaf
morphology (Israeli et al., 1991).

The existence of somaclonal variation among in vitro-cul-
tured sugarcane plants has been shown by different researchers
using morphological markers (Doule, 2006; Dalvi et al., 2012;
KhanI.A.etal.,2015; Yasmeenetal., 2017; Abo-Elwafa et al.,
2021). In sugarcane variety CoJ 64, morphological variations
in traits such as leaf length, stalk diameter, etc. were observed
during three years (Sobhakumari, 2012). Likewise, Rajeswari
et al. (2009) reported 51 commercially promising sugarcane
somaclones out of 700 and evaluated their genetic variabil-
ity using morphological traits. Morphological markers have
been widely used in assessment of genetic variations among
sugarcane somaclones (Khan I.A. et al., 2015; Yasmeen et al.,
2017; Abo-Elwafa et al., 2021). Nonetheless, the detection
of somaclonal variants using morphological tools is environ-
mentally sensitive and time-consuming (Bairu et al., 2011).

Change in chromosome number or structure is assessed by
cytological analysis (Sobhakumari, 2012; Abreu et al., 2014).
Flow cytometry and complex microscopic techniques are
usually used to detect somaclonal variation in tissue-cultured
plants. Flow cytometry is widely accepted (Dolezel et al.,
2004), though it is time-consuming and chemicals used to
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prepare cytosolic suspensions may interfere with DNA content
(Krishna et al., 2016).

In characterization of the complex genome of sugarcane, ge-
netic difference has been verified by flow cytometry (Oliveira
etal., 2015; Metcalfe et al., 2019). Thus, Oliveira et al. (2015)
detected variation in DNA content in sugarcane varieties and
proposed a reliable analysis technique for flow cytometry.
Sixteen varieties were classified into four groups relative to
their DNA content. Similarly, Nogueira et al. (2022) observed
changes in DNA content in regenerated sugarcane plants. Three
out of ten genotypes showed change in DNA content. Among
these three, two showed reduction of 0.45 pg DNA, while
one genotype showed an increase up to 61 % in DNA content
during in vitro culture. This increase in genome size might be
due to polyploidy or transposable elements (Bennetzen et al.,
2005), whereas the decrease might be caused by chromosomal
breakage or deletions (Petrov, 2001).

Phenotypic variations among organisms are the outcome
of biochemical variations that can be due to polymorphism
in the genetic makeup of organisms. Isozyme analysis was
first performed in sugarcane in 1969 (Heinz, 1969). Enzymes,
such as peroxidase, superoxide dismutase, and malate de-
hydrogenase were used to study variation in sugarcane (Weis-
ing et al., 2005). Sugarcane somaclones showed improved
activity of antioxidants like catalase, superoxide dismutase,
peroxidase, ascorbate peroxidase, and ascorbate under drought
stress (Naheed et al., 2020). Variation in sugarcane based on
biochemical parameters was also reported by Yasmeen et al.
(2017) and Dalvi et al. (2012). Nevertheless, the implementa-
tion of isozyme analysis is limited due to some limitations,
such as their being tissue-specific, few in numbers, and being
affected by environmental conditions.

The complete picture of variations in complex plant genomes
can be assessed with the help of molecular markers. They are
more reliable tools, as compared to biochemical markers, as
they are more numerous, environment-independent, reproduc-
ible, and highly specific (Manchanda et al., 2018). Currently,
different molecular markers, such as amplified fragment length
polymorphism (AFLP), randomly amplified polymorphic DNA
(RAPD), simple sequence repeats (SSR), and inter-simple se-
quence repeats (ISSR), are utilized in different plants to study
somaclonal variation (Leva et al., 2012). Somaclonal variation
was widely detected in sugarcane by using molecular mar-
kers (Thumjamras et al., 2011; Seema et al., 2014; Mahmud
et al., 2015; Tawar et al., 2016). In particular, SSR markers
are frequently utilized to study variation among somaclones
in sugarcane (Nair et al., 2002). Smiullah et al. (2012) rated
SSR markers the best tool to study genetic diversity and found
up to 51 % polymorphisms using SSR primers in sugarcane
somaclones.

Achievements through somaclonal variation

in sugarcane

The success of any conventional breeding program depends
on genetic variability. However, a program lasts for about
10—15 years and comprises genotype selection and variety
testing, passing through different crop development stages.
Therefore, to boost the variation, especially in asexually propa-
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gated crops, plant tissue culture presents a novel technique,
which assists breeders in creating variability in crops in a short
time (Karp, 1992; Mathur, 2013). Tissue culture techniques
significantly contributed to crop improvement in sugarcane.
Useful somaclones have been developed around the globe

against different biotic and abiotic stresses (Oloriz et al., 2011;
Dalvi et al., 2012; Kumar et al., 2012; Nikam et al., 2015).
The most significant somaclones developed mainly during
the last two decades, along with their improved features, are
shown in the Table. Ono was one of the pioneer tissue-cultured

Promising clones developed in sugarcane

Plant material Findings Resistance Reference
if any
LSC and B36464 Reported efficient callus-mediated regeneration system with a survival - Azu et al.,, 2022
rate of 85-91 % of regenerated plants
GT-549 Eleven somaclones were assessed for yield and quality parameters - Abo-Elwafa et al., 2021
CPF-248 Somaclones (IPSV1 and IPSV2) exhibited improved photosynthesis Drought Naheed et al., 2020
and antioxidant response
Co 05011 Induction of regeneration of shoot culture at a higher rate - Kumari et al., 2017
and multiplication ratio via pretreatment of explant with thidiazuron
CoC 671 Somaclones with improved agronomical traits, tolerance to biotic Drought Tawar et al,, 2016
and abiotic stress in sugarcane and red rot
Isd 37, Isd 38, Isd 39, Disease-tolerant somaclones were screened and further assessed Red rot Mahmud et al., 2015
and Isd 40 for their genetic variability using RAPD and SSR markers
NIA98, BL4, RAPD was utilized to confirm the somaclonal variation in sugarcane - Seema et al., 2014
and AEC82-1026 clones derived from callus cultures
HSF-242 SSR markers were applied for the identification of somaclonal variation Sugarcane Abdullah et al., 2013
mosaic virus
CoC671 Clones with superior yield parameters Smut Dalvietal., 2012
BF-162 Assessment of red rot disease tolerant clones developed Red rot Shahid et al., 2012
from susceptible genotype BF-162 and genetic variation using SSR
and RAPD markers
CoJ 64 Somaclones were evaluated for different morphological parameters - Sobhakumari, 2012
S97US297 Determination of somaclonal variation using RAPD and SSR markers Red rot Shahid et al., 2011
CP48-103 Salt-tolerant clones were developed via in vitro culture Salinity Shomeili et al., 2011
K84-200 Application of SSR and RAPD markers to detect genetic variability Salinity Thumjamras et al., 2011
in somaclones in sugarcane
NIA-98, BL4, Use of SSR markers to confirm variations among somaclones - Khan L.A. et al., 2009
and NIA-2004
S. officinarum x Thirty-nine hybrids were used as donors for in vitro culture. - Rajeswari et al., 2009
S. spontaneum, Fifty-one sub-clones showed good commercial potential
S. officinarum x
Erianthus arundinaceus
CoJ 88 and CoJ 64 Somaclones regenerated from calli screened for red rot disease showed  Red rot Sengar et al., 2009
better tolerance to the disease than parents in the field
CoC 671 The selection of 147 plantlets was made at different salt concentrations  Salinity Patade et al., 2008
CoJ 88 Three resistant and four moderately resistant clones of red rot disease Red rot Singh et al., 2008
were developed
CoC671 Somaclones showed good performance for quality and yield parameters - Doule, 2006
CP65-357 Salt tolerant lines were developed via in vitro culture Salinity Gandonou et al., 2006
COC671 RAPD markers were used to detect genetic variability Salinity, Yadav et al.,, 2006
among somaclones drought
CP-43/33 Somaclones with desirable traits were developed Salinity Khan S.J. et al.,, 2004
Q77N1232, Co6519 No inferior morphological parameter was observed in any developed Drought Wagih et al.,, 2004

CP 70-321, LCP 85-384,

and HoCP 85-845

386

somaclone

Plantlets regenerated from the callus of leaf roll have lower stalk weight
and diameter with a higher stalk population than bud-propagated cane
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sugarcane varieties developed from the susceptible variety
Pindar that was found resistant to Fiji disease (Krishnamurthi,
Tlaskal, 1974). Two somaclonal variants of sugarcane variety
CoC 671 were released as cultivars: Phule Savitri, which has
high sucrose content, early maturity, and moderate tolerance
to smut and red rot (Jalaja et al., 2006), and VSI 434, which
showed an almost double increase in sugar and cane yield
(Tawar et al., 2016). After VSI 434, no significant commer-
cially released variety or clones have been produced in the last
decade, as shown in the Table.

Challenges encountered

in somaclonal variation
Regardless of various somaclones developed in sugarcane, ge-
netic improvement remains limited with few varieties released
to date. Some distressing concerns hindering its practical ap-
plication on commercial scale are listed below:

 Quantitative inheritance in sugarcane is a major limiting

factor for the generation of favorable mutations via tissue
culture, explicitly regarding yield and sucrose content.

» Somaclonal variation is an expensive technique, as it de-

mands a closed facility.

* The rate of somaclonal variation depends on the genotype

of explant used.

* Somaclones exhibit uncontrolled and unpredictable va-

riation.

* Most of the traits acquired by this variation are uncontrolled,

unstable, and epigenetic in nature. Therefore it is essential
to study the genetic diversity of tissue-cultured plants after
their transplantation into field.
Multilocation trials are demanded to test the stability of
desired traits over generations.
» To assess the genetic stability of somaclones, extensive
field trials are required.
Issues such as poor acclimatization, contamination, and
tissue dying also impede the practical application of variant
development.
To overcome these limitations, somaclones can serve as
an initial material for plant breeding rather than as finished
cultivars. They act as donors of specific valuable traits, re-
quiring further improvement through conventional breeding
methods. Integrating conventional breeding with tissue culture
technique, along with other advanced molecular tools such as
marker assisted selection, genetic mapping, or gene editing
tool (e. g. CRISPR-Cas9) or mutation can enhance sugarcane
resilience to abiotic and biotic stresses. Moreover, gene editing
approaches enable the modification of targeted genes linked to
stress tolerance, ultimately improving the resistance mecha-
nism in sugarcane. Implementing these advance approaches
can help breeders overcome the aforesaid concerns.

Conclusions and future prospects

Genetic variability exists both in wild-type and commercial
varieties, serving as the foundation for improving cultivars.
However, in sugarcane, aspects such as the complex genome,
narrow genetic pool, long breeding cycle, and low fertility
are the key limiting factors for the development of superior
cultivars via recombination. In this context, the tissue culture
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technique can overcome the hardship of creating genetic
variation in sugarcane. Somaclonal variation induced by tissue
culture has become the most prevalent approach in sugarcane
for developing varieties and superior lines or clones with tole-
rance to biotic or abiotic stresses, particularly in regions where
climatic conditions limit fertilization.

Despite of its potential, somaclonal variation has been un-
derexplored in recent years due to several challenges. These
challenges can be met by integrating the tissue culture tech-
nique with other biotechnological or latest approaches. For
instance, identification of variants at an early stage by means
of molecular markers can be productive, as early selection or
elimination of variants reduces the time expenditure, especially
in long duration crops like sugarcane. Combinatorial use of
induced mutagenesis with in vitro culture can further enhance
variation frequency in crops with large complex genomes and
lead to development of sugarcane for commercial use under
changing environmental conditions. Moreover, harnessing
genetic edition tools like CRISPR-Cas9 can enhance crucial
traits related to biofuel and bioenergy production and fulfill
the growing future demands in sugar, biofuel, and bioenergy
industries.
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AHHOTauuA. [1nA 031MON NWeHNLbl 3MMOCTOMKOCTb — OAVH 13 KOMMIEKCHbIX MPU3HAKOB, Onpefenaiowmx ycnewHoe
BO3[eNblBaHNe 3TON KyNbTypbl, @ OTBEYaloLie 3a Hee reHbl NMpu3HaHbl BbICOKO 3HAUMMbIMU ANA CEeNeKUMOHHbIX
paboT. HakonneHne 6ekoB, MPenATCTBYIOWUX pekprcTannm3aumm nbaa (ice recrystallization inhibition proteins, IRIP),
KoppenupyeT C BbPKMBAaEMOCTbIO O3MMOW TMLUEHWLbI, YTO yKa3blBaeT Ha BaHOCTb yyeTa 3TOro npu3Haka npwu
nonyyeHunn 6onee MOpPO30yCTONUMBbLIX COPTOB. 3HaueHMe IRIP Ans BbKMBaeMOCTN onpefenaeTca X CoCo6HOCTbIO
BCTPaMBaTbCA B pacTyLyme KpUCTambl ibfla, YTO OrpaHnymnBaeT GOpMUPOBaHNE KPYMHbIX JIefAHbIX KOHTIOMepPaToB
B TKaHAX 03UMbIX pacTeHui. IRIP nweHuWupbl, HakannMBalowWmeca NPeumyLlecTBEHHO B arnoracte JINCTbeB "
Y37I0B KyLleHMA B Mepuof XOJIOQOBOW aKKIMMaUWW, XapaKTepU3yloTCA TUMWYHOW [BOWCTBEHHOW CTPYKTYpPHOM
opraHusauven, onpepgensawollen Kak nposasneHve [RI-akTVBHOCTW, Tak M aHTMNAaTOreHHble CBOMCTBa. Monekyna
IRIP nweHwnubl copepnT Ha C-KOHLE KOHCEepBATMBHbBIN, HECKONIbKO pa3 noBTopalwminca ¢parmeHT NxVx(X)G,
bopmupytoLWnii OTBETCTBEHHYIO 3@ CBA3blBaHME C MOBEPXHOCTbIO fibfa B-cnupanb; Ha N-KOHLE pacnonoXeHbl
TUNUYHAA ONA aKTUBMPYeMbIX NMaTtoreHamu KnHa3 LRR-mocnefoBatenbHOCTb, a TakKe HanpaBiAloLWmA CUrHabHbIN
nentua. lfeHom nweHuubl cogepkmT Ao 11 IRl-reHoB. MNMpomoTop reHos TalRl copepUT TUMNYHbIE OCHOBHbIE YUC-
AKTUBMPYIOLLME 3NIEMEHTbI M HEKOTOPbIE 3NIEMEHTbI, pearnpytoLe Ha abroTUUeCcKnii CTpecc U ropMoHbI. M3odopmbl
OTBETCTBEHHbIX 3a 3alUTy OT naToreHoB 6enkoB (pathogenesis related proteins, PRP), HakannvBaowumxca y 03Mmon
nweHnubl B Nepuoj XonofoBON akkIMmauun, Takxke obnagatot IRI-akTMBHOCTBIO. dKcnpeccus reHos IRIP n PRP
NONOXKUTENIbHO KOPPENUPYeT C XONOA40YyCTOMUNMBOCTbIO PacTeHUI 03UMoN nweHuubl. Perynauma reHos IRIP u reHos
PRP, akTMBMpyembIX XONO4OM, COrMacHO COBPeMeHHbIM AaHHbIM, ABK-He3aBucrmasn, HO 3aBUCUT OT MPUCYTCTBMUA
»KaCMOHOBOW KMCNIOTbl Y OT HEKOTOPbIX MPOTEOMHbIX $paKTOPOB TpaHCKpuNuun. B 063ope npusegeHbl npumepbl
NPaKTNYeCcKoro NCnosnb3oBaHNA N301poBaHHbIX IRIP 031Mon nweHuLbl. Bonpoc o dakTopax perynaumm akTuBHOCTA
reHos IRIP 1 akTuBupyembix xonofom PRP aBnfetca HaumeHee pa3paboTaHHbIM Ha CEroAHALWHNIA AeHb. CBA3b 3TUX
6eMKOB C 3MMOCTONKOCTBIO MNMIEHNLbI YKa3blBaeT Ha NePCrekTUBHOCTb NX AaSIbHENLEro n3yyeHus.

KnioueBble cnoBa: 6enku-MHrMbUTOPbI pekpucTannmsaummn nbaa; Triticum aestivum L.; 3MMOCTONKOCTb; perynauusa
AKTVBHOCTM FeHOB
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Factors of wheat frost hardiness —
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Abstract. For winter wheat, winter hardiness is one of the complex traits that determine the successful cultivation of
this crop, and the responsible genes are recognized as highly significant for breeding work. The accumulation of
proteins that prevent ice recrystallization (ice recrystallization inhibition proteins, IRIP) correlates with the survival of
winter wheat, which indicates the importance of taking this trait into account when obtaining more frost-resistant
varieties. The importance of IRIPs is determined by their ability to integrate into growing ice crystals, which limits
the formation of large ice conglomerates in the tissues of winter plants. Wheat IRIPs, which accumulate mainly in
the apoplast of leaves and in the crowns during cold acclimation, are characterized by a typical duality of structural
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Factors of wheat frost hardiness —
ice recrystallization inhibitor proteins

organization that determines both the manifestation of IRl activity and anti-pathogenic properties. The wheat IRIP
molecule contains at the C-terminus a conserved NxVx(x)G fragment that repeats several times, forming a (3-helix
responsible for binding to the ice surface; at the N-terminus, there is an LRR sequence typical of pathogen-activated
kinases, as well as a guiding signal peptide. The wheat genome contains up to eleven IRl genes. The TalRl gene
promoter contains typical basic cis-activating elements and some elements that respond to abiotic stress and
hormones. Isoforms of proteins responsible for protecting against pathogens (pathogenesis related proteins, PRP),
which accumulate in winter wheat during cold acclimation, also have IRI activity. The expression of the IRIP and PRP
genes positively correlates with the cold resistance of winter wheat plants. According to modern data, the regulation
of the IRIP genes and cold-activated PRP genes is ABA-independent, but depends on the presence of jasmonic acid
and on some proteomic transcription factors. The review provides examples of the practical use of isolated winter
wheat IRIPs. The issue of the factors regulating the activity of the IRIP genes and cold-activated PRPs is the least
developed to date. The association of these proteins with the winter hardiness of wheat indicates the prospects for
their further study.

Key words: ice recrystallization inhibition proteins; Triticum aestivum L.; winter hardiness; regulation of gene activity
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BBepeHue

O3uMmas IIIeHNIIa — X03SHCTBEHHO BayKHBIH 3J1aK, 0OBEKT 0CO-
00ro BHIMaHHS CEIEKIIMOHEPOB. DTy KYJIBTYPY BEIPAIIUBAIOT
IO BCEMY MUY, B PETHOHAX, CYIIESCTBCHHO Pa3IMIAFOIIUXCS
10 COYCTAHUSM KIIMMATHIECKUX YCIIOBHIA, UTO TpeOyeT O0ITb-
I0ro pa3sHooOpa3us paOHUPOBAHHBIX BBICOKOYPOXKAHHBIX
copTtoB. Hanmumne 3Ha4nTEIPHOTO HaOOpa HMCCICIOBAHHBIX
MIPU3HAKOB M OMPEACIAIONINX MX TeHOB CYIIECTBEHHO pac-
IIUPSCT BOSMOKHOCTH TSI PAOHUPOBAHUSI MIIICHUITBI U TI0-
BEIIIICHUS €€ YPO)KAHHOCTH B YCIIOBHSX KOHKPETHOTO PETHOHA.

AKTUBHBII BET€TATHBHBINA POCT, 00SCIICUYNBAOIINI BBICO-
KYIO YPOXKaifHOCTh O3UMOM MIICHHUIIBI, 3aBUCUT OT YPOBHSI
MIEPE3MMOBKHU 03UMBIX CEITLCKOXO03IHCTBEHHBIX 371aK0B. [1pu-
3HAKH, OT KOTOPBIX 3aBUCHT BBICOKAsI BBLKHBACMOCTB IIPH TIPO-
XOKICHUU 3UMHE-BECEHHETO TIePHO/ia, — 0COOCHHO BaKHBIC.
3UMOCTOMKOCTh — 3TO CJIOKHBIN KOMIUJIEKCHBIM MpPU3HAK,
MTO3BOJISFOIINI OOPOTHCS C HECKOJIBKUMU BHEITHIMH BO3/ICH-
CTBHSIMH, B TOM YHCIIE C IPOMEp3aHueM Mo4BHl (Ambroise et
al., 2020).

[Ipomep3aHne mMOYBHI, BIEKyIIee 3a co00if oOpa3oBaHUE
JBJa B y37IaX KyIICHUS 03UMOM MIICHHUIIBI, — OWH U3 CaMbIX
3HAYMMBIX MTOBPEXKIAOINX (PAKTOPOB, CHIDKAIOIINX BEDKHU-
BaeMOCTb U ypoxKaiiHOCTh. HakorieHne aHTu(prU3HBIX OCIKOB
3alIHIIACT OT MPOMEP3aHHUs Y3IIbI KYIICHUS 1 JIMCTOBYIO YaCTh
paCTeHUH U SIBISACTCS OJJHUM U3 IPH3HAKOB, KOTOPHII CBUIEC-
TEJECTBYET O IMOBHIIIICHUHN €€ MOPO30yCTOWYNBOCTH. Pe3ynbra-
THI HCCIIEIOBAHMH aHTH(PPUIHBIX OSITKOB 3JIAKOBBIX PACTCHHUI
panee u3noxeHs! B 063ope J.G. Duman u M.G. Wisniewski
(2014). 13BecTHBIC HAM CTaThH, KaK MPABHIIO, TTOCBAIICHBI
XOIIOZI0YCTOHYHNBOCTH JTHOO aHTH(PPUZHBIM OETIKaM pacTCHUI
B 11e7ioM. ViMerormasics K HacTosIeMy BpeMeH! HHPOPMAITIs
00 3TuX OeKax y MIIEHHIIBI OCTaeTCs Pa3pO3HEHHOM.

Lenmpro HAaCTOSTIIErO 0030pa CTATI0 KOMIUICKCHOE OCBEIIICHUE
MMEIOIINXCS Ha CETOMHSAIIHUN JICHb B IUTEPAType CBEACHUI
00 aHTU(PHU3HBIX OeNKaxX MATKOU MINCHUIBI Triticum aesti-
vum L. B crarbe Oyzmer mpencraBieHa OOIIas XapaKTepH-
CTHKA 3TUX OCJIKOB, pACCMOTpPEHA OpTraHM3aIHs MOJICKYT Ha
MIPOTEOMHOM U TCHOMHOM YPOBHSIX, IPUBEICHBI U3BECTHHIC
B HACTOSIIECE BPEMS CBEACHHUS O PETYJISIIUN aKTUBHOCTH HX
TCHOB W IPAKTHYCCKOM MMPUMEHCHUH aHTH(PH3HBIX OCIKOB
T aestivum.

O6wan xapaKTepncTuKa aHTUGPU3HbIX 6eNnKoB

Antndpusasle 6enku (antifreeze proteins, AFP) Bepsbie omu-
CaHbl y aHTapKTH4YecKux peid 6oiee 50 mer Hazaxn (DeVries,
Wohlschlag, 1969). C tex nop 3nanus 00 3TUX OenKax cyuie-
CTBEHHO PACIINPEHBI, OBUIN IPEUIOKEHB! U arpoOUpPOBAHbI
croco0bl uX npakTuieckoro npuMenenus (Voets, 2017; Liu
et al., 2021). B nurepaTypHbBIX HCTOYHHKAX BCTpEUACTCS He-
CKOJILKO BAPHAHTOB HAa3BaHUH 3THX OCJIKOB: «CTPYKTYPUPYIO-
mue sient 6enkm» (ice structuring proteins, ISP) (Kontogiorgos
etal.,2007; Wang X. et al., 2024), «cBSA3BIBAIOIIHECS CO JIHIOM
oemkm» (ice-binding proteins, IBPs) (Janech et al., 20006),
«bemku Tepmoructepesncay (thermal hysteresis protein, THP)
(Ewart et al., 1999) nin «OenKu-uHTHOUTOPHI PEKPUCTAILIU-
3anuu Jbaa» (ice recrystallization inhibition proteins, IRIP)
(Knight et al., 1995). Yacts AFP pacTeHuii IBISI€TCS TITUKO3H-
JMPOBAHHBIMH O€JIKaMU, JJIsl HUX IIPHHATO HA3BaHNUE «aHTH-
(pusHble muKonporenHs (antifreeze glycoproteins, AFGPs)
(Griffith et al., 1992). dns AFP mmieHHIbl, reHbl KOTOPBIX
AQHHOTHPOBAHBI, B HACTOsIIIEe BpeMs MPHHATO Ha3BaHKe «IRI-
6enxm» (IRI proteins, IRIP), koTopoe B 3HAYUTEITHLHOI CTEIICHH
cootBeTcTBYeT popme aktuBHOCTH (Wisniewski et al., 2020).

V pacrennit AFP Bniepssie onncans! y nacieHa (Urrutia et
al., 1992) u o3umoii pxu (Griffith et al., 1992). [Toznuee Obu10
YCTaHOBJIEHO CIIEIM(UUECKOE OTIIMYHNE aHTH()PU3HBIX OCITKOB
pacTeHni oT GeJIKOB IPyTUX )KUBBIX OpPraHu3MOB. JJ1st pacTu-
tenbHbIX AFP XapakrepHa ciabast ciocoOHOCTH K CHU)KEHHIO
TeMITepaTyphbl 3aMep3aHusl BOJbI 10 CPAaBHEHHIO C TeMIIepa-
TYpOHi ee IIIaBIeHHs — CBOWCTBO, HA3bIBAEMOE «T€PMAIbHBIN
rucrepesurcy. JInmp HeMHOTHE BHIBI PACTCHHUH MPOSIBIISIOT
TepMaNBHBINA THCTEpe3nc, noxomsamuii 1o +2 °C (Jarzabek et
al., 2009; Bayer-Giraldi et al., 2011). 3To cBoiicTBO, Hanpo-
THUB, OYeHB sIpKO BhIpaxkeHO y AFP xuBotHBIX (Kristiansen
et al., 1999, 2011). Insg nMuCThEB MIIEHUIBI TEPMaTbHBINA
rucTepesuc mpu usmepenun B Qespaine cocrasisier 0.2 °C
(Duman, Olsen, 1993).

Pexpucranmu3anus 1ba MPOUCXOANUT Ha OJHOM U3 ITAIlOB
3aMep3aHus BOJbI IPH MEAJICHHOM OTBOJIE CKPBITOTO TeTlIa,
obpasyromierocsi B pesyabrare jbpnooopazoBanus (Ilyukos,
2017). Crocobnocts IRI-6enkoB pacteHnit HHTHONpPOBATh
PEKPUCTAJUIN3AIMIO JIBAA 3aKII0YAeTCs B CBS3BIBAHUHM MO-
JeKyJIbI Oellka ¢ MOBEPXHOCTHIO PACTYIIETO KPUCTAILIA JIbAA

392 BaBunoBCKuii XKypHan reHeTuKu u cenekumu / Vavilov Journal of Genetics and Breeding - 2026 30+ 3



H.E. KopoTaeBa, A.B. Depsesa, K.K. MycnHos
A.C. CypHaués, Ib. Boposckun

1 BCTPaMBaHWU B 3TOT KPUCTAILI, YTO HPHUIAET MOCICTHEMY
(opMy HIECTHTPAHHOTO JHUCKa (TIPH HU3KOM COAEPIKAHUHU
IRIP B cpene) wimu ABYCTOPOHHEH MPU3MBI (TIPH BBICOKOM CO-
nepxanuu [RIP) (Griffith et al., 2005). BaxxHo, 9T0 ipn TOM
HE MTPOUCXOANT 00pa30BaHMsI KPYITHBIX KOHIJIOMEPATOB JIbA
(Yang et al., 2024), 9T0 MOTIIO OBI TOBPEANTH YKUBBIM TKAHSIM.

VYposensb [IRI-aktuBHOCTH 3aBucHUT OT konuuecTBa [RIP B
3amopaxknBaeMoM pactBope (Regand, Goff, 2006). Crioco6-
HOCcTh [RIP pacTeHmnit HHTHONPOBATH PEKPHCTAIUTA3AIIHIO JThIa
BIiepBbIe ObLTa onmcana s pxku (Griffith et al., 1992), 3arem
JUTS IPYTHX XOJOAOyCTOUMBEIX BUIoB (Antikainen, Griffith,
1997). Okazanock, 9T0 3TO CBOMCTBO XapaKTEPHO TOIBKO IS
Mopo3oycToitunBhIX pacteHuit (Hon et al., 1995; Antikainen,
Griffith, 1997).

Kak 3umyronuii XonoqocToNKuii BUJT, MIIEHUIIA COAEPKUT
rensl /R]. Haxorenue IRIP mins pactennii mimeHAITsr 0coOeH-
HO aKTyaJIbHO ITO3/JHEH OCEHBIO U B HauaJle 3MMHETO IIepHoa,
KOTOPBIM MPE/IIECTBYET XOI0/I0Bast AKKIIMMAIINS TIPH HU3KUX
IJTIOCOBBIX TeMIiieparypax. [Ipu remneparypax or —6 10 —8 °C
Y aKKJIMMaTH3UPOBAHHBIX K XOJIOY PACTEHHH MIICHUIIBI ITPO-
HCXOIUT 00pa30BaHME JIb/Ia B MEKKIETOYHOM ITPOCTPAHCTBE
COCYIMCTOI 30HBI y3/1a KYIIEHHS, B KOTOPBIHA BOJIa B OOJIBIIIOM
KOJIMYECTBE TIEPEMEIIACTCs N3 30HBI MeprcTeMbl cTebis. Ta-
KOE MepeMelIeHHEe BOABI JICNIaeT 30Hy MEPHUCTEMBI Ooliee 3a-
IINIIEHHOM OT MOBPEKACHHSI 00Pa3yIONIMMCS JIBIOM H ITPEa-
OTIpe/IeTIsIeT BBDKUBAEMOCTD I1OCJIE 3aBEPIICHUSI 3UMHETO
nepuona (Willick et al., 2019). IRIP mpenmMytiiecTBEHHO HaKarl-
JIMBAIOTCS B COCYIUCTOM 30HE y3J1a KYIIIEHHS 10 CPABHEHHIO C
30HO# ctebneBoit mepuctemsl (Willick et al., 2018).

Ba)kxHO OTMETHTB, 4TO Y paCTCHUH MIIICHNIIEI MUHUMAJIbHAS
TeMIIeparypa, Ipru KOTOPOH KJIETKH MEPHCTEMBI OCTAIOTCS
KMBBIMHU TIOCJIC TIEPE3UMOBKH, Onu3Kka K mokaszarento LT50
(lethal temperature 50 — Temriepatypa, pu KOTOPOI HACTYTIACT
rubdens 50 % pacTeHuit nceiexyeMoi rpymiis), B TO BpeMst Kak
HakorureHue [RIP xoppenmpyeT ¢ o01ieid BEDKHBAaeMOCTBIO B
suMHuX yenoBusax (Chun et al., 1998). B Becennuii mepnon
reHsl /R/ 0Ka3bIBAIOT BIMSHHE HAa POCT, KOJIOIICHHUE U HAaYaJIo
LBETECHHS IIICHUIIBI, CTUMYINPYSI aKTUBHOCTH T€HOB, OTBE-
garomux 3a sipoBu3anmio (Cao et al., 2021).

CHEXHBII TTOKPOB CO3/1a€T ONAaronpusTHBIEC YCIOBHS JUIS
TToJ|/Iep>KaHus )KU3HH MAaTOTeHHBIX TpruOoB (Gaudet, Laroche,
1997). B pesynsraTe TKaHEBBIX MOBPEKACHUH PACTYIIIMH
BHYTPH TKaHEH KOHITIOMEpaTaMH JIbJa BO3HWKAET BBICOKAs
BEPOSATHOCTH MAaTOT€HHOTO MOPAXECHUSI PAaCTCHUH O03UMOMN
TIIICHAIB! B KOHIIE 3UMBI ITOCIIC CXOJa CHEXKHOTO MOKPOBA.
B oTBeT Ha MaTOreHHOE MOPAXEHUE PACTEHUSI CHHTE3UPYIOT
PR-6enku (pathogenesis related proteins, PRP), xoTopsie BbI-
CBOOOJK/IAIOTCA B aNOIUIACT MPH WHPHUITMPOBAHUN W MHTHOH-
PYIOT GEpMEHTHI MaTOTEHHBIX TPHOOB TNO0 (hepMEHTATHBHO
paspymaioT ux kiretodnsie creHkd (Jain, Khurana, 2018).

Monexynsl IRIP nieHuisl UMEIOT B CBOEM COCTaBE pac-
npocTpaneHHyio cpenu PRP ammHokucnoTHYO mocienoBa-
teapHOCTh LRR (leucine-rich repeat) (Tremblay et al., 2005),
onpenenstonnyto PR-akruBHOCTE (Juurakko et al., 2022).
Hexotopeie PRP mmenutst — -1,3-mmiokaHa3bl, XUTHHASHI,
TayMaTHHOIIOJ0OHBIC OCITKH, OSITOK-WHTHOUTOD MOTHUTaJIAKTY-
poHa3kl — obnmamatoT aHTH(GpU3HON akTHBHOCTEIO (Hon et al.,
1995; Kontogiorgos et al., 2007). B oTBeT Ha X0710/1 y TIIIICHU-
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DaKTopbl MOPO30YCTONYMBOCTM MIIEHULIbI —
6eNKN-NHIMOUTOPBI PeKpUCTanAn3aLnn nbaa

IIbI HAKAIUTUBAIOTCS crenupuieckne nzodopmer PR-6emxos,
KxoTopsle GYHKIHOHUPYIOT Kak IRIP u M3MEHSIOT pocCT Jbaa
BO BpeMs 3aMOPaXIBAHUS, a TAK)Ke 00ECIICUNBAIOT YCTONYIN-
BOCTH K TaToreHam ete 1o 3apaxenus (Griffith, Yaish, 2004).

IRIP mmeHHnBI 00HAPYKCHBI B TaKUX OpraHax pacTe-
HUH, KaK KOPHH, CTeOIeBAas YacTh, TUCThS U Y37l KYIICHUSI
(Duman, Olsen, 1993; Willick et al., 2018, 2019; Jin et al.,
2022; Vaitkevicitite et al., 2024). IlepBoHadanbHas aKTHBA-
s reHoB TalRI mocine BO3AEHCTBUS X0I0A0M IPOUCXOIUT B
JACTBSAX, a B TIOCIEAYIONIEM — B KOpHSX U cTeOmsix (Jin et al.,
2022), 9T0 00BSCHSETCS, TIO-BUANMOMY, IEPBOOYCPETHON IO
BEP)KEHHOCTHIO JIMCTHEB 3aMOPAKHBAHUIO U3-32 HAJ[3EMHOTO
monoxeHus. Tak, Tpanckpunt 7alRI1 oOHapYKEH B IUCTHSIX,
y3J1€ KYLEHHS U KOPHSIX, B TO BpeMsl Kak TpaHCKpunT TalRI2 —
ToibKO B MHCTHAX (Tremblay et al., 2005).

B mporiecce akkIMMaTH3aIuy K XOIOMY Y O3UMBIX 37TaKOB
MPOUCXOIUT 3HaunTeNbHOE Hakorsienue IRIP Bo BHekerou-
HOM TipocTpaHcTBe (Antikainen, Griffith, 1997). PRP, renst
KOTOPBIX PETYITHPYIOTCS XOJIIOOBOH aKKIMMAIIHEH/IeaKKIIn-
Marmei, u, BeposTHo, sBirsttomuecs [RIP, MmoryT ObITh TOKaH-
30BaHbBI BO BHEKIICTOYHOM IIPOCTPAHCTBE, B ITA3MaTHICCKOM
MeMOpane, siape i ruroruiasme (Vaitkevicitite et al., 2024).

AMNHOKUCIOTHasA nocnenoBaTeibHOCTb

IRIP T. aestivum

Panee Obl710 MOKa3aHO, UYTO y BBISBIEHHBIX 3pesbix IRIP
T. aestivum TalRI-1 u TalRI-2 ¢ maccamu 26.8 1 40.7 k]I co-
OTBETCTBEHHO MJIeHTUUHOCTH cocranisieT 40.4 % (Tremblay
etal., 2005). OcHOBHBIM KOHCepBaTUBHBIM (pparmenToM IRIP
pacTeHuii, B TOM YHCJIe MIICHUIIbI, TIPU3HAH (PParMeHT, pac-
TOJI0KEHHBIN Ha C-KOHIIE U COCTOAIIHIMA U3 MOBTOPOB NX VXXG
um NxVXG, rie X — HeKoHCepBaTUBHEIN ydacTok (Tremblay
etal., 2005; Middleton et al., 2012; Jin et al., 2018). Heckoub-
KO pa3 MOBTOPSAIONIAsICS KOHCEPBAaTHBHAS aMHUHOKHCIOTHAS
rmocenoBaTelbHOCTh C-KoHIa 00pasyeTt OeTa-crupaib, KOTO-
pasi MOCPEACTBOM JABYX CTOPOH criupaiu no3sossieT IRIP cBs-
3BIBATHCA C IOBEPXHOCTSAMH JBYX 00Pa3yIONTHXCS KPUCTAIIIOB
neaa (Middleton et al., 2009).

Ectb npenmnosnoxxeHue, 4To KOJIMYECTBO TOBTOPOB ATOM KOH-
CEpBATHBHOM MOCIEA0BATEIHHOCTH BO3HHIKJIIO YBOJTIOI[FIOHHO B
pe3yJibrare JyIUIMKaLuii B IIPOLIecce IPHOOPETEHUsI PACTEHUSI-
MU YCTOHYMBOCTH K XOJIOAY, M YBEIMYEHUE UX KOJINYECTBA,
BEPOSTHO, CBA3aHO C POCTOM YCTOHYHMBOCTH K 00pa30BaHHUIO
npaa (Sandve et al., 2008). KomuuecTBO OBTOPOB KOHCEPBA-
TUBHOTO C-KOHIIEBOTO MOTHBAa MOXKET pasziamyarbes. Tak, y
nByx IRIP T aestivum, TalRI-1 u TalRI-2, o6Hapy»)eHO COOT-
BETCTBEHHO 5 M 6 MOBTOPOB KOHCEPBATUBHOTO C-KOHIIEBOTO
motusa (Tremblay et al., 2005). Tlo3auee B mpyroii pabore
B mectu oOHapyxkeHHBIX IRIP 7. aestivum ObUIO BBISIBICHO
ot 9 o 13 mosTopos (Jin et al., 2018).

Ha N-konneBom ygactke IRIP pacrionoxken pparment, 60-
rarbiii terinuaoM (leucine-rich repeat, LRR) (Jin et al., 2018).
AMuHOKHCTOTHAs TocenoBaTenbHOoCTh LRR, koTopast mmpo-
KO BCTPEYACTCS CPENIU DY~ M MPOKAPUOTUIECKUX OPTaHU3MOB,
OTIpe/IeIIIeT CBOMCTBO OEIOK-OEIKOBBIX U JIUTaH/I-CBSI3bIBAIO-
LIMX B3aUMOJICUCTBUH M BKJIIOYEHA y PACTEHUI B MOJIEKYJIbI
MIPOTEUHOB, CHHTE3UPYEMBIX B OTBET Ha CTPECC, BHI3BAHHBII
naroreHHbIME opranm3Mamu (McHale et al., 2006). Tomen
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LRR 6enkoB 7. aestivum TalRI-1 n TalRI-2 okazascst romoso-
THYCH penenToproqo0HeM knHazaM (Tremblay et al., 2005),
3aJIcHCTBOBAHHBIM B CHI'HAJIBHOW LIETIOYKE PEaKIUU B OTBET
Ha [OSIBJICHUE MOJIEKYJI-JIICUTOPOB ITATOT€HHBIX OPTaHU3MOB
(He, Wu, 2016).

Eme onqun ygactok monekyn TalRI oka3ancst romonoruuex
peLenTopHOi KMHA3e MEeNTHAHOTO (PUTOrOpMOHA (PUTOCYITh-
¢doxmna (Tremblay et al., 2005), ygactByromero B nudde-
pEeHIMAMK UMMYHHOTO OTBETa PACTEHHH B 3aBUCUMOCTH OT
Bupa nmaroreHa (Sauter, 2015). Kak mporennkunass ¢ LRR mo-
CJIeJIOBATEIILHOCTHIO ObIIIM AaHHOTUPOBAHKI Oenku 7. aestivum,
konupyemsle reHamu 11001 _B19 v Tr001_M19, umeroummu
BBICOKOE CXOZICTBO C MOCIIEA0BATEIBHOCTIMHE PETYIINPYEMBIX
xomozoM IRIP (Monroy et al., 2007). Xots IRIP, B coctaBe
KOTOPBIX IPUCYTCTBYET KMHA3HbIN JJOMEH, HE IPOSIBIISIOT ITPO-
tenHkrHa3HOW akTmBHOCTH (Tremblay et al., 2005), mepe-
YHCIICHHBIC (paKThI yKa3bpiBatoT Ha oOmHOCTh IRTP 1 PRP. Ha
N-konueBoM yuactke IRIP 7. aestivum Takxe pacroyioxeH
CUTHAJIBHBIA MENTHA, KOTOPBIH HalpasisieT OelKH BO BHE-
KJIETOYHOE MIPOCTPAHCTBO Wi K MeMOpaHe (Tremblay et al.,
2005).

Bocewmp [RIP mieHUIIB OBUTH pactipeiesieHbl Ha TPYTIIEI B
COOTBETCTBHHU CO CPOJCTBOM MX AMHHOKHCIIOTHBIX TTOCIIE/I0-
BaresibHOCTEH. COracHO (GUIOTeHETHYECKOMY aHAJIN3Y, AMH-
HOKHCIIOTHI, pacriojokeHHble Ha C- mim N-KoHIe, onpene-
nsttoT BeiaeneHue yactu [RIP mmenwet B rpymmy 2 (TalRI-6,
TalRI-7 u TalRI-8). B rpynmy 1 Bomutm G6enku TalRI-1,
TalRI-3, TalRI-4 u TalRI-5. bemok TalRI-2, mmeromiuii oco-
6b1i1 LRR-ntomen, npunauesxxur k rpymme 3 (Jin etal., 2018).

OpraHunsauus reHos IRIP T. aestivum
CemelicTBo reHoB /R/ y X0IOJOCTOWKHX TpaB MOJCEMENCTBA
Pooideae crano dopmupoBarbcs u npuodperarb crnenudu-
YeCKHe YepThI OKOJIO 75 MIIH JIeT Ha3aj rnocie 00ocolneHus
MoJICeMEecTBa B OTACHbHBIN TakcoH (Sandve et al., 2008).
CornmacHo npeo6iaaaroreii runorese 06 sBomtoru LRR-IRI-
M000HBIX TEHOB, CaMblii TIO3HUH 001U NIpeIoK TeHOB /R/
y Pooideae — OsLRR-PSR-niopo0OHbIi1 reH, 00HapyKeHHBIN Y
puca. IOToT reH conepkan Ha 5'-konne LRR-nocneaosarens-
HOCTb, XapaKTepHYIO JUIs PELENTOPHON KUHA3bI (PUTOCYIIb-
(oKMHa; OTMEYaeTCsl, 4TO JaHHas OCIIeJ0BaTEIbHOCTD PH-
cyrctByet B rerax TalRI (Houde et al., 2006). [Ipennonoxu-
tenbHO, IRI-KonMpytomuii pparmeHT B cocraBe reHoB TalRI
TIOSIBUJICSI B pe3yJIbTare MHCEPIIMOHHOM BcTaBkH (Tremblay
et al., 2005). OcHOBHOE paciIMpeHHe TpyHIbl reHoB [R] 'y
Pooideae nponzonuio okoso 36 MIIH JIET Ha3a/l B pe3ysibrare
JOyTuIMKanui cnenuduueckoro /RI-ydactka reoB (Sandve
et al., 2008). B pa3ubix uccienoBanusx y 1. aestivum oOHa-
pyxeno nBa (Tremblay et al., 2005), mects (Jin et al., 2018)
wim opuHHaAuaTh (Sandve et al., 2008) /R/-reHOB, IMEIOIINX
B cocraBe LRR- u IRI-konupytomue pparmentsl. MnenTny-
HoCTb TeHOB TalRI] n TalRI2 coctaBnser 74.7 u 54.1 % c
5'- u 3'-koHnoB coorBercTBeHHO (Tremblay 2005).

3a OT/IeTbHBIMU UCKIIOYCHHUSIMH, Y OJHOAOJBHBIX pac-
TEHUH pacripeieneHre reHoB /R/ 1o rpymnmnaM 1o CXOJCTBY
TEHOMHBIX TIOCIIE/IOBATEIBHOCTEH MPOUCXOANT aHAIOTHYHO
POZOBOH MPUHAUIEIKHOCTH U (DPUIIOTEHETHUECKHUM CBS3SIM
TakcoHOB. CneflyeT OTMEeTUTh, uTO TeHsl /RI y Triticum 1o
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CBOEI OpraHM3aIK UMEIOT TECHYIO CBS3b C reHaMu /R/ pac-
TeHUH pona Aegilops, KOTOpbIE SBISIOTCS MPAPOIUTEISIMA
AJIJIOTeKCAIUIONAHON MIIEeHUIbl. Pa3nuuns B XapaKTepHBIX
obmacTsax mocnenosarenbHOcTeil TeHOB TalRI (T, aestivum)
ovutn o0Hapyxensl ¢ TdilRI1 (T dicoccoides), TmIRII (T. mo-
nococcum) u TulRI1 (T. urartu), oqHAKO HE HAWIICHO TaKUX
pasmunii ¢ TdIRI1 (T, durum) (Jin et al., 2018).

Bocemb nocnenoparensHoctedt reHoB 7alRI pacnipenens-
FOTCSI Ha YEThIPE rPYIIIbL: 10 0OAHOMY reHy B rpynnax 1l u IV
(TalRI6 u TalRI2 cOOTBETCTBEHHO), YETHIPE T'eHa B Tpyte |
(TalRIl, TalRI3, TalRI4 w TalRI5) n nBa rena B rpyme 11
(TalIRI7 n TalRIS8) (Sandve et al., 2008; Jin et al., 2018).

[Ipomotopsl renoB TalRI copepxar TUIIHYHBIE OCHOBHBIE
Yuc-aKTHUBUPYIOLINE 3JIEMEHTHI U pearupyromye Ha abuoTu-
YECKHI CTPECC U TOPMOHBI AJIEMEHTHI. TpH U3 HUX OTBEYaroT
3a peakIHIo Ha CTpecc NPH HU3KOH TeMIeparype U 3acyxe
(MYB, Mybb u MYC), onun — 3a peakiyio Ha CTpecc npu
Huskoit Temmieparype (LTR). /[Ba anemMeHTa y9acTBYIOT B pe-
akiun Ha neiictere MetmwnkacMoHara (CGTCA- u TGACG-
MOTHB), YETHIPE OTBEYAIOT 332 YYBCTBUTEIBHOCTH K CBETY
(G-Box, 4cl-CMA2b, ATC-motuB 1 TCT-mM0THB), OWH — 32
YyBCTBUTEIHHOCTH K abcim3oBoil kuciore (ABRE). Taxke
nipomotopsl conepskar ydactku ARE, CAT-box, O2-caiiT n
TC-06orarsie moeropsl (Jin et al., 2022).

KapTtuposaHune reHoB IRIP

n akTusmpyembix xonogom PRP T. aestivum

K HacrosieMy BpeMEHH ITOJy4EHO JIOCTAaTOYHO MHOTO CBE-
JICHUI1 0 XPOMOCOMHO JIOKaJIU3aIMHU TIPU3HAKOB, CBSI3aHHBIX
C MOPO30yCTOHYMBOCTBIO MIICHUIBI. BaxkHbIe 111 MOPO30-
YCTOWYMBOCTH IIIEHUIIBI TPU3HAKU pazMmenieHsl B QTL-00-
nacTsx (quantitative trait loci — JJOKyChI KOJM4ECTBEHHBIX ITPH-
3HaKoB) xpomocoM 1D, 2A, 2B, 6D n 7B (Baga et al., 2007); 5B
u 5D (Chun et al., 1998), 5A, 2D, 2Au 4B (Case et al., 2014);
5A u 4B (Kruse et al., 2017); xpomocomax rpymmsl 5, 2B u
4B (Sutka, 1994, 2001). I'enst Frl u Fr2 (Frost Resistance),
KOHTPOJIMPYIOIIHE MOPO30yCTOWYNBOCTb, OBLIN KAPTHPOBAHBI
Ha xpomocomax SA u 5D coorBercTBeHHO (Sutka et al., 1997).
3ameHnsl xpomocoM 4A, 6A, 3B, 5D u 3D y HeycToitunBoro k
npomopaxuBaHuio copta Chinese Spring Ha XpOMOCOMBI COp-
ta Cheyenne npuBOAWIN K YCUIICHHOW aKKyMYJISILIUH OSJIKOB
B amoruiacTe, a 3aMeHsl XxpoMocoM 1A, SA, 4B, 5B, 6B, 1D u
5D — x ycusenuro aHTU(PU3HON aKTHBHOCTH.

OCHOBHBIE PETYJISTOPHBIC TCHBI, TOBBIIIAIONINE KaK aHTH-
(pU3HYIO aKTHBHOCTH, TaK U HAaKOIUICHHE OEJIKOB B arorJa-
CTe KJIETOK JIUCTA, COAEpKAIUCh B XpoMmocomax 5B u 5D
(Chun et al., 1998); B 3THX ke XpOMOCOMaX, MOJyYSHHBIX U3
JIMCTHEB 3aKaJICHHOW K Xoiony 1. aestivum copra Zhoumai,
ObUTH KapTHpoBaHbl JBa reHa TalRI (Zheng et al., 2020).
Tenn1 7r015 M14wn Tr017 M15, xonupytomue IRIP, y copra
mreHuipl Chinese Spring okasainch pa3MeleHbl B JIOKyce
4A, npu 3TOM JJIsl aHAJIM3a UCIIOIB30BaJIM YaCTH pacTEeHUI
TIICHUIIBI, BKITIOYAIONIUX KaK y3el KYIIEHHs, TaK M JINCTbs
(Monroy et al., 2007), xoTs1 Ha dTare MPOMOPAKUBAHUS OC-
HOBHOE cozeprxkanue [RIP pacTeHuil nieHuIb! IPUXOANUTCS Ha
COCYIIMCTYIO 30HY y3JIa KyILEHHUS, a MEpHCTEMaTHueCcKasi 30Ha
W JIUCThSI ICMOHCTPUPYIOT CBOM CIICIM(HIECKIE 0COOCHHOCTH
orBera Ha mpomopaxkuBanue (Willick et al., 2018).
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[Mockomeky IRIP comepsxat pparment, ponctBenHbii PRP,
000CHOBaHHO HMCKATh JIOKYChl OJHOBPEMEHHOTO KOHTPOJIS
MIPU3HAKOB OTBETA HA XOJIOJ M HA MATOTCHHOE MTOPa’KCHUE.
QTL-o6nactu 7. aestivum, CBSI3aHHBIC C YCTOWYHUBOCTHIO
K 000nMM mpH3HAKAM, OBUIM MICHTH()HUIMPOBAHBI HA XPO-
MOCOME 5A M TECHO CBA3aHBI C JIOKycoM Fr2. OTaenbHbIE
QTL, oTHOCsMECS K YCTOMYMBOCTU K MPOMOPaKUBAHUIO,
oOHapy»XeHHI Ha XpoMocoMmax SA u 4B; QTL, cBs3aHHBIN ¢
YCTOHYMBOCTBIO K CHEXHOM TIIECEHH, ObUT MICHTH()UIINPOBAH
Ha xpomocome 6B (Kruse et al., 2017). Hakorurenue f-1,3-
IIIIOKAHa3, XUTHHA3, TAYMAaTHHOIIOJJOOHBIX OEJIKOB B YCIIOBUSIX
MIPOMOpPaKMBAHMS OBIIIO MOHIKEHO B PACTEHHAX C 3aMEHaMHA
xpomocoM 2A, 3A, 6B u 7A. 3amena XpoMocoMbl 7A IpUBOIU-
J1a K 3HAUUTEIHOMY YJIMHEHUIO TIEPHOA MPOMOPAKUBAHUS,
10 UCTEUEHUH KOTOPOTO MPOUCXOIUT aKTHBAIMs reHoB PRP
(Chun et al., 1998).

Cyns o mpuBeieHHBIM (pakTam, y mmeHuIsr coctaB QTL-
o0nacTel, OTBETCTBEHHBIX 32 MOPO30yCTOHYNBOCTh M aHTH-
(pU3HYIO aKTHBHOCTH, OTIINYACTCS JJIs pa3HbIX copToB. Kpo-
M€ TOTO, UMEET 3HaYEHHE, KaKyl0 4acTh PAaCTEHHS HCIIOIb-
30BaJIM MTPH KapTHPOBaHWH. TakuM 00pa3oM, aHaIHM3 opra-
HU3AIMM TeHOMa PACTCHUH MIIEHHIBI IPH HCCIIETOBAHNT
6enkoB ¢ IRI-akTHBHOCTBIO TPEOyeTCs] MPOBOJUTH C YIETOM
9THX OCOOCHHOCTEH.

BnanaHne HM3Knx Temnepatyp

Ha akTuBHocTb reHos IRIP T. aestivum

K macTosimeMy BpeMeHH HAaKOIUIEHO JOCTAaTOYHO JOKa3a-
TEJIBCTB TOTO, YTO SKCIPECCHS TCHOB aHTH(PPU3HBIX OEITKOB
T. aestivum BBI3bIBACTCS OXJIAKICHHEM (CM. TaOJIHITY ) U CBSI3a-
Ha C X0JI0JI0- U MOPO30YCTOMYMBOCTBIO pACTEHUN 3TOTO BU/IA.

Dxcnpeccust 4eTbipex reHoB, TalRI, TalRI16, TalRI17,
TalRI18, B TKaHAX cTeOIEH, TUCTHEB U KOPHEHW MOJIOIBIX
pactenmii 1. aestivum wHIynEpoBasack xonoaom (+4 °C, ot
2 no 72 4); cpenu HUX MHAYKOUsA reHa TalRI16 oxa3anach
Hanbosiee cymectBerHou (Jin et al., 2018, 2022). Tpanc-
kpunt TalRI1 y MSTKOH MIIEHUIBI HAUMHAET HAKATUTUBATHCS
rmocJje BO3ACHCTBUS MOHMKEHHON Temmeparyphl (+4 °C) u
JIOCTUTAET CBOET0 MaKCHUMAalLHOTO YPOBHS mocie 36 mHei
akkinuManuu. JlanpHeiiiiee BO3eCTBUE HU3KOM TemIepa-
TypHI HE IPHUBOAUT K 00JIee BEICOKOMY COAEPIKaHUIO JAHHOTO
Tpanckpunrta. Tpanckpunt TalRI2 Taxke HaKaIllJIuBaeTCs
Cpasy mocie Havayia 3aKaJHBaHUS, OJHAKO €r0 KOJHUYECTBO
JOCTHUTAeT MaKCHUMaJIbHOTO 3HAUEHHS PAHbBIIE B IEPHOL
akkimuManun. [locne geakknumManuy ypoBeHb TPAHCKPHUIITOB
BO3BpaIaeTCs K TAKOBOMY Yy HEAaKKIIMMHPOBAHHBIX PACTEHUI
(Tremblay et al., 2005).

[Ipu neficTBUM 3aKanuBaHus B TedeHUE 1—6 CyTOK Ha Mpo-
POCTKH IIIIeHHIIbI cOpToB Jagger u Alabaskaya Ob110 BBIsIBITC-
HO YBEJIMYCHHE KOINIEeCTBA TPAHCKPUIITOB reHoB 77001 B19
(GBID CK197231)u 7Tr001 _M19 (GB ID CK201227), xoTo-
PBIE UMEIOT BBICOKOE CXOJICTBO MOCIIEI0BATEIBFHOCTEH C TO-
cnenoBarenbHOCTIME [RIP, perymupyembix xomomom (Monroy
et al., 2007). AktuBHOCTB TeHOB Ta/RI, pOACTBEHHBIX ['€HAM,
xomupytoum IRIP Lolium perenne, ycunusaetcs 6onee yem
B JIBa pa3a 1ocie noMeuieHus 3aKkajieHHbIX pacTenuil 1. aesti-
vum B YCJIOBHSI C OTpHUIIATENLHOM TeMiiepatypoit (Herman et
al., 2006). AKTHBHOCTh I'€Ha-TIPEAIICCTBEHHUKA aHTH()PHU3-
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Horo 6enka I (represent sequence ID CK197682) Bozpacraer
Oonee yeM B § pa3 yxKe uepe3 CyTKH IIOCIIe Hadaja MpoMo-
paXuBaHUs MOJIOABIX pacTeHUI nieHuus! npu —5 °C u eme
0OIBIIETO 3HAYEHUS JOCTUTACT HA TPETHH CYTKH ITPOMOpa-
xuBanus (Kang et al., 2013).

Konmuectso TpanckpuntoB TalRI-1 v TalRI-2 cylieCTBEHHO
BO3pAcTaeT B Pe3yibTaTe Kak MOCTEIIEHHOTO, TaK U PE3KOTO
CHIDKCHUS TEMITEPaTypbl. VX MHAYKIHMS HACTYTIAET TTO3XKeE, IeM
WHTyKIOus TeHoB, kopupyrommx PRP. Hanbonpmee nakomie-
HUE ITPOUCXOJTUT B JINCTHSX, 0COOCHHO B CITydae TPAaHCKPUITA
TalRI-2 (Winfield et al., 2010).

3HaunTeNbHAS YACTh JToKa3aTenbeTB yaactus IRIP B dop-
MHUPOBaHUH XOJIOJIO- U MOPO30yCTOWYMBOCTH MOJYUCHA C
WCIIOJIb30BAaHUEM COPTOB IIICHUIBI, PA3IMYAIOMIUXCS IO
YCTOMYMBOCTHU K XOJIOY. YCUIIEHHYIO 3Kcnpeccuto TalRI-1 n
TalRI-2 B OTBET Ha MMOHIKCHUE TEMITEPATYPHI HAOMIOAIH Y
O3HMMBIX COPTOB IIICHHI] IT0 CpaBHEHUIO ¢ sipoBbiMu (Winfield
etal.,2010). ITpu Bcex UCCIETOBAHHBIX PEKIMAX OXJIQKICHHS
AKTHUBHOCTH TeHOB 1a/RI oka3anack BBINIC Y pacTeHU Oomee
ycToriumBoro copta Muponosckas 808 (Jin et al., 2022).
[Nocne nepBbIX 6 U 3aKATMBAHUS KOJTMYECTBO TPAHCKPHUIITOB
reHoB 17015 M14wuTr017 MI5, KomUpyIOIINX aHTHPPUIHBIC
6enku, y osumoro copra CDC Clair (LT50 —17 °C) 6sut0
MEHBIIIe, 9eM y sipoBoro copra Quantum (LT50 -8 °C). Ox-
HaKo HauMHas ¢ | cyT 3aKkannBaHUS aKTHBHOCTH 3THUX T'€HOB
y O3MMOTO COpPTa CTaja MPEBHIATh AKTUBHOCTD Yy SIPOBOTO
copra, mpuueMm pasHuua s resa 7r0l17 MI15 okazanach
MOYTH TPOeKpaTHOU. Dkcnpeccust rena 7r015 J17, aHHOTH-
poBanHoro kak IRIP-kogupyromuii, uepes cyTk 3aKanuBaHus
mipu +4 °C Ob1a B 2 paza OOJIbIIe Y IPOPOCTKOB O3MMOTO COp-
Ta 110 CPABHEHUIO C SIPOBBIM, M 3TA Pa3HHUIIA BO3pacTasa Mpu
YBEIMYCHUH BPEMEHH 3akanuBaHus 70 14 cyt. KomndectBo
TpaHckpunrto rera 71001 B19 y ozumoro copra CDC Clair
TIPEBBIIIANIO KOJMYECTBO TPAHCKPHUIITOB ATOTO TEHA Y SIPOBOTO
copra Quantum Ha Bcex dTarax 3akajauBaHus (0T 6 9 110 14 cyT)
(Monroy et al., 2007).

Psin nokaszarenscts 3Hauenust IRIP st Xonoaoycroituuso-
cTH pacteHuil 7. aestivum OBII TOIYyYECH C UCTIOIB30BAHUEM
mepeHoca reHoB. DKenpeccus B Tabake reHoB TalR14 v TulRI6,
00HApYCHHBIX Y 3UMOCTOMKOTO copra MupoHoBckas 808,
TP ICHCTBHH POMOPAXMBAHMS CIIOCOOCTBOBAJIA CHIKEHHIO
MpoHUIIaeMocT MeMOpaH (ripu Tpanchopmanuu TalRI4) n
CHIDKCHHIO aKTUBHOCTH OKHCIJICHUS JIMMTUIOB (TIPH TpaHC-
tdopmanuu TalRI4 n TalRI6) TpaHcTeHHBIX pacTeHnit (Jin et
al., 2018).

OnwncaHHbBIE UCCIEAOBAHMUS IOCTATOYHO YOSTUTENBHO 10-
Ka3bIBaloT, uTo sKcrpeccust reHoB IRIP 70 aestivum axtu-
BHPYETCS] OTPULATEIBHBIMA U HU3KUMH ITOJIOKUTEIBHBIMU
TeMIlepaTypaMn y pacTeHWH 3TOTO BHAA M BHOCHT BKJIAJ B
(bopMupoBaHe MOPO30YCTOHIMBOCTH.

Perynauna aktmeHoctun reHoB PRP T. aestivum
HU3KNMU TemMmnepaTtypamu

Psn renos, konupytouux PRP niieHubl, HaunHaeT skcnpec-
CHIO ITPH JISHCTBUH HU3KUX TeMmepatyp (cM. Tadbnuity). [pen-
MOJIOKUTENEHO, MMEHHO TAKUe I'eHbI KOAUPYIOT H30(pOPMBI
PRP ¢ IRI-aktuBHOCTHIO. M. Houde ¢ komuteramu (2006) moity-
gmin BeicokokauecTBeHHbIe EST (expressed sequence tags —
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leH Ycnosusa STan pa3BuTMA JlutepatypHbii
WSIN YacTb pacTeHns WNCTOYHMK
IRIP
TalRI4, TalRI16, TalRI17, TalRI1 +4°C,2-724 Crebnu, NUCTbS, KOPHU Jinetal, 2018, 2022
TalRI-1 +4°C, 36 cyT JlncTbAa, KopHY, y3nbl KylweHna Tremblay et al., 2005
TalRI-2 +4°C, 6 cyT Jlnctba
Tr0071_B19 (GB ID K197231); +4°C, 1-14 cyT MpopocTKu Monroy et al., 2007

Tr001_M19 (GB ID K201227);
Tr015_M14 (GB IDY742123);
Tr017_M15 (GB ID Y742648)

Tr015_J17 +4°C, 1-6 cyT MpopocTtkn

Contig3670_at; +3°C,3Hep. —» -3°C, 6 y-3 cyT -
Contig3668_at;
Contig7221_s_at

Ta.12663.1.51_at (CK197682) -5°C, 1-3 cyT Jlnctba

Herman et al., 2006

Kang et al,, 2013

TalRI-1; TalRI-2 «Wok» (cHUKeHne TemnepaTypbl Jlnctbs Winfield et al., 2010
Cc+16 po +4 °C B TeueHue 2 cyT);
«@KKMaTr3auus» (CHUXeHne TemnepaTypbl

Cc+16 go + 4 °C B TeueHue 5-9 Hep.)
TalRI-1 +3°C, 3 Hep. Jnctbsa
PRP

Pathogenesis-related protein 1-21 +2 °C, 7 Hep. — +10 °C, 24 y-1 Hep. —
(TraesCS7B03G0275300) +2°C, 24 y-2 Hep.

Livingston et al., 2021

Y3nbl KyLieHua Vaitkeviciate et al., 2024

PRP — xuTrHasbl

CL386Contig5* +4°C, 14 cyT -
CL386ContigT*

CL1911Contig1*

CL40Contig11*

CL40Contig9*

CL754Contig1*

JC5845 +3°C,3 Hep. —» -3°C,6 4-3 cyT -

Houde et al., 2006

Herman et al., 2006

XuTnHaza (ID AB029936.1)
XutnHaza (knacc Il)
TaCHT-1

-5°C, 1-3 cyT
+2°C, 1-28 ¢yt
+3°C, 3 Hen.

Jlnctba
Y3nbl KyLeHun

JInctba

Kangetal, 2013
Gaudet et al., 2000
Livingston et al., 2021

XutnnHaza EC 3.2.1.14

(TraesCS1B03G0732400)
(TraesCS3A03G0663800)
(TraesCS4D03G0756500)

+2°C,7Hen. — +10°C, 24 y-1 Hep. — Y3nbl KyLeHna Vaitkeviciate et al., 2024

+2°C, 24 y-2 Hep. Jnctbsa

PRP - TaymaTtnH-nofgo6Hble 6enku

TraesCS5B03G1182300
TraesCS2A03G0227600
TraesCS4A03G0142000
TraesCS4A03G0750400
TraesCS4A03G1252200
TraesCS4D03G0549700
TraesCS5A03G0810000
TraesCS5A03G0043700
TraesCS7B03G1303000
TraesCS7B03G1122500
TraesCS5B03G0034800
TraesCS7A03G1360800
TraesCS6B03G1288000

+2°C, 7 Hen. — +10°C, 24 u-1 Hep. — Y3nbl KyLieHnA Vaitkeviciate et al., 2024

+2°C, 24 y-2 Hep. Jlnctbs

PRP - rntokaHa3sbl
Winfield et al., 2010
Gaudet et al., 2000

TaGLB2b +16 — +4 °C B TeueHune 5-9 Heq. Jnctbs

(3-1,3-rntokaHa3sa +2°C, 1-28 ¢yt Y31bl KyLeHuna

* Mpwn ngeHTudrKaumm romonoros no 6ase gaHHbix Arabidopsis TAIR (Hannah et al., 2005).
GB ID - GenBank Identification Description.
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H.E. KopoTaeBa, A.B. Depsesa, K.K. MycnHos
A.C. CypHaués, Ib. Boposckun

9KCIIPECCHPYEMBIE METKH MTOCIIEA0BATENBHOCTEN ) N3 ONOIHO-
texk k/IHK mnmreHuns1, CBsI3aHHBIX C XOJOMOBBIM CTPECCOM.
Bt momryuen Habop u3 75488 yHUKAIBHBIX MTOCIICIOBATEIb-
Hocreit (31580 xonTHTOB 1 43 908 CHHITICTOB), 00OTAIIICHHBII
TeHaMH, PETYIUpyeMbIMU cTpeccoM. Cpea HUX OKa3allich
EST, xotopsie comepskar KOHTHTH, KOAUPYIOIINE XUTHHA3BI,
B-1,3-rroxana3y u TaymarnHononoO0HbIe Oenku. [TsaTHaanars
TI0CIIeI0BATENIbHOCTEN 13 HUX OBIIIM aHHOTHPOBAHBI KAK TTPE-
IIECTBEHHUKH WJIM COOCTBEHHO XWTHHA3bI, IIECTh U3 HUX
aKTHBUPOBAINCH X0JI0AOM. KOMUeCcTBO TPaHCKPUTITOB Ir'eHa
TaGLB2b, xomupyoIIero mIroKaHasy, 3HAYUTeIIFHO BO3pacTacT
TOJIBKO B PE3YJIbTATE MOCTEIIEHHOTO CHIKEHHS TEMIIEPATYPBI;
TIPY IIOKOBOM CHIDKEHUH TEMIIEPATYPBI KOTMUECTBO JaHHBIX
TPAHCKPUNTOB HE yBEIMUMBACTCA. VX MHIYKIUS HACTyIaeT
paHblie, 4yeM y reHoB TalRI, v MPOUCXONUT MEXKIY TPeThbel
W TISATOW HENeIsIMU mocie Hadana oxyaxaenus (Winfield et
al., 2010).

AxTtuBHOCTbH reHa JC5845, Konupyrowero XuTuHazy, ycu-
JIBaeTCs OoJiee ueM B 2 pasa MocJie MOMEICHUS 3aKaJIeHHBIX
pactennit 7. aestivum B yCIOBUSI C OTPULIATEILHOM TeMIepa-
Typoii (Herman et al., 2006). ['en, xonupyromuiit XuTuHA3Y 3
(represent sequence ID AB029936.1), oka3ancst OTHUM U3
T€HOB, aKTHBHOCTh KOTOPBIX BO3pocia Ooiee 4eM B 8 pa3 B
OTBET Ha MPOMOPAKUBAHNE MOJIOBIX PACTEHHH MIICHUIIBI ITPH
—5 °C. YpoBeHb €ro aKTUBHOCTH CYIIECTBEHHO BO3pacTal B
3aBUCHMOCTH OT JI03bI BO3JICHCTBHS, TOCKOJIBKY ITPH N3MEpe-
HHUH YPOBHS SKCIIPECCHH Ha | -€ 1 3-1 CyTKH IPOMOpasKMBaHHS
pasHHIa B ypOBHE 3Kcrpeccuu Obiia moutn B 20 pa3 (Kang
etal., 2013).

3adukcupoBaHbl Pa3IHUMs B YPOBHE SKCIIPECCHU T'€HOB
PRP nipn neficTBUM OXJaXX/I€HHUS HA PACTEHHS COPTOB, pPa3-
nmyaromuxes no PR- u mopo3oycroitunsoctu. [Tpu n3yuennn
AKTHBHOCTH T€HOMOB SIPOBOTO M O3MMOT0O COPTOB MIIICHHUIIBI
B OTBET Ha X0J10/10Bo¢ 3akanuBanue (+4 °C, IpogomKnuTeb-
HOCTB OT 6 4 710 14 cyTOK) HEe 0OHAPY)KEHO CYIIECTBEHHBIX
paznu4Mii B aKTHBHOCTH T'€HOB, KOAMPYIOMINUX TayMaTHH
nim XxuTuHa3y. Ho poct kommdecTBa TPAHCKPHUIITOB I'eHA
Tr017 _Cl17, KOnUpYIOLIEro NpeAecTBEHHUK XuTuHa3bl 11, B
OTBETHOW PeaKINy Ha 3aKaJIMBaHNE OKA3aJICSI BBIIIE Y 03UMOTO
copra (Monroy et al., 2007).

Psin renoB xuTHHA3BI U B-1,3-TII0KaHA3bl PEryIHpyeTCs
OCEHHEH XOJIOOBOW aKKIMMAaNWEH: NX IKCIPECCHs! TPOHC-
XOZIMT TTO3/THEH OCEHBIO, IOCTHI'AET BEICOKUX YPOBHEH K cepe-
JIMHE 3WMBI, 3aTeM CHIKACTCS M JOXOIUT JI0 MAaKCHMaJIbHBIX
3Ha4YeHU BeCcHON. IIpu AelicTBUM XONOI0BOIO 3aKaIHBaHUSI
TPaHCKPUNTHI TeHa f3-1,3-Tmokanasbl ¢1ab0 SKCIPECCHPYIOTCSE
TIPU KPaTKOBPEMEHHOM BO3JICHCTBHH, TP O0JIee AITUTEITHHOM
BO3JICHCTBUM MX DKCIIPECCHUS CYIIECTBEHHO YCHIIMBACTCA U
OCTaeTcsi Ha TOM € YPOBHE IOCJIE BO3BPALICHUS YCIOBUI
K KOHTPOJIBHBIM. | €H, KOMUPYIOIUi XUTHHA3Y, HAYMHACT aK-
THUBHO 3KCHPECCHPOBATHCS CPasy MOCIE Hadalla OXJIKICHUS,
YPOBEHb €r0 AKCIIPECCHU CHHMIKACTCS MOCIIE BO3BPAICHHS
yCcIoBuil K KOHTPOJBHBIM. Pa3niuust B ypoBHE SKCIIPECCHH
9THX TEHOB Yy YCTOMYMBOTO W MEHEE YCTOWYHMBOTO K IOpa-
KEHHUIO CHE)KHOH TNIECEHBIO COPTOB HaYMHAIN TPOSIBIISITHCS
B YCIIOBHUSIX OCEHHEH XOJI0/I0BOI aKKIMMAalNH;, yPOBEHb
9KCTIPECCHH OBbLT BBINIE Yy cOpTa, OojIee YCTOWINBOTO K I10-
paxenuro (Gaudet et al., 2000).

YCTONYMBOCTb PACTEHUN K ABUOTUYECKOMY CTPECCY / ABIOTIC STRESS TOLERANCE IN PLANTS

2026
30-3

DaKTopbl MOPO30YCTONYMBOCTM MIIEHULIbI —
6eNKN-NHIMOUTOPBI PeKpUCTanAn3aLnn nbaa

D.P. Livingston ¢ koyuteraMu 0OHapy>KHIIH, 9TO XOJIO0BOE
3aKaJMBaHUE MOJOJBIX PACTEHHH IIIEHHUIBI CIOCOOCTBYET
YCHJICHUIO KCIPECCHH TC€HOB, KOAMPYIOUINX XUTHHA3Y-1
(TaCHT-1) u IRIP. OxHaxo CBsSI3b MEXKIy TEMIIEpaTypoil 3a-
MEp3aHUs JINCTHEB, NMOJTYYECHHBIX OT HPEIBApUTENBHO 3aKa-
JICHHBIX PACTEHHUH, M YPOBHEM IKCIPECCHH 3THX TCHOB OKa3a-
Jach OTPHULATENIFHOM: NX 3KCIpeccust OblIa HUKE B JINCTHSAX,
3aMep3aBImuX MpHu Oonee HU3KOHM Temmeparype (Livingston
etal., 2021).

W3BecTHO, 9TO aHTH(PU3HBIC OCIKHM PACTEHUH TOHMKAIOT
TeMITepaTypy 3aMep3aHHs JIIIb Ha 100 Tpagyca (Tremblay
et al., 2005), TOATOMY OTCYTCTBHE TPSIMOU MTOJIOKHUTEITHHOM
CBSI3U MEXKIY YpOBHEM dKcnpeccuu reHoB TalRI-1 v TaCHT-1
1 TeMIIepaTypoil 3aMep3aHusl JIMCTHEB BBIVISIUT OOBSCHH-
MBIM. YpoBHU 3Kcnpeccuu reHoB TalRI-1 n TaCHT-1 no-
JIO’KUTEIBHO KOPPETUPYIOT C YUCIEHHOCTHIO M CIIOKHOCTBIO
0aKkTepHaIbHBIX U TPHOKOBBIX COOOIIECTB, YTO OOBSICHSICTCH,
I0-BUJINMOMY, CTPYKTYpPHO#H OJIM30CThIO aHTH(PU3HBIX Oe-
KOB C OeJTKaMH OTBETA Ha MaTOT€HHOE 3apaKEHNE M CXOTHBIMU
C MOCIETHUMH (DYHKITHSIMH.

[Tepeuncriennbie (axkThl YKa3bIBaIOT Ha CYIIECTBOBAHHUE
muddepeHnnaIbHON dKcnpeccun reHoB PRP, perymupyto-
11eif UX aKTHBHOCTh B 3aBHCUMOCTH OT XOJI0/I0y CTOHYMBOCTH
COpTa MIIEHUIBI, TPOIOIKUTEIHLHOCTH BO3ACHCTBHS, €TI0
HarpasJIeHUs], KOTOpasi HIMEET TAKXKe OpraHocnennupuIecKre
0COOCHHOCTH.

G. Vaitkevicitite ¢ komureramu (2024) vccite10BaIy BIUSHIE
XOJIOIOBOH JICAKKIMMAIIMN ¥ TOBTOPHON aKKJIMMAaTH3aIHH K
XOJIO/ly Ha aKTHBHOCTB T€HOMA Y yCTOIYNBOTO/TyBCTBUTEIb-
HOTO K IPOMOPaXKNBaHUIO copToB 1. aestivum. I1oka3aHo, 4To
3HAUUTEJIFHOE YHCIIO TEHOB, CBSI3aHHBIX C OTBETOM Ha I1aTo-
TeHHOE MOPaKCHNE, PearnpoBaio Kak Ha pa33aKalnBaHue, TaK
1 Ha TIOBTOPHYIO XOJIOI0BYIO 00pabOTKY, IPH 5TOM Ha aKTHB-
HOCTb T'€HOB BIIMSUIA MPOAOIDKATEIBHOCTE 00padoTok. Tak, n
TIPY KPaTKOBPEMEHHOM, ¥ TIPH JUTUTEIBHOM pa33aKaJMBaHUN
Y3JI0B KyIIEHUsSI TPOU30IILIO CHIDKEHHE aKTHBHOCTH I'€Ha Tay-
MaTHH-TIOI0OHOTO OeliKa, Tora Kak Mmpu Oosee [UINTEIbHON
00paboTKe TaKKe CHA3MIIACh AKTHBHOCTB T€HOB, KOMPYIOIIHX
(epMEeHT XUTHHA3Y.

B xone moBTopHOTO 3aKanmuBaHUs HaOmromanack audde-
peHIMabHas SKCIpeccus reHoB, Koaupytomux PRP ¢ nxen-
THUYHOH aKTUBHOCTBHIO. TaK, Cpean reHOB, KOIUPYIOMINX B y3-
Jax KyIIeHUs] XUTHHA3Y, IPH TOBTOPHOM 3aKaJIMBAHUH YacTh
TEHOB CHW)KAJIa aKTUBHOCTB, TOT/IA KaK aKTUBHOCTH JPYTHX
TeHOB Bo3pacTaia. [yl TeHOB TayMaTHH-TIoZoOHOTO Oenka
TIPY TIOBTOPHOM 3aKaJIMBaHUH y3JI0B KyIIIEHHS Oblia TOKa3aHa
muddepennnanbHas akTUBHOCTD B 3aBUCHMOCTH HE TOJIBKO
OT HAIPABJICHNS] U3MEHEHNUS MX aKTUBHOCTH, HO ¥ OT ITPOJI0JI-
KUTEITHHOCTH ITOH 00pabOTKH.

T'opasno Gosnblnee pasHOOOpa3He TeHOB, KOANPYIOLIHUX Tay-
MaTHH-TIOI00HbIE OCITKN M XUTHHA3BL, B IUCTBX 1. aestivum,
110 CPaBHEHHUIO C y3JIaMHU KyUICHHS, OTBe4ano auddepen-
LUATbHOM SKCTIpeccrei Ha pa33aKaJBaHHE U TOBTOPHOE 3a-
KaJIMBaHUE B 3aBUCHMOCTH OT IIPOJIOIKUTEILHOCTH ATHUX BO3-
neiicteuil. B y3max kymenus ycroitausoro copra Lakaja DS
AKTUBHOCTH '€HOB, CBS3aHHBIX C OTBETOM Ha 3apa)KCHNE, MCHb-
e PerynupoBasiach (QIYKTYalHsIMH TEMIIEpaTyp IO CpaB-
HEHHUIO0 ¢ MeHee ycroitunBbiM coptoM KWS Ferrum. B nu-
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https://yandex.ru/search/?text=%D1%83%D1%81%D0%B8%D0%BB%D0%B8%D0%B2%D0%B0%D0%B5%D1%82%D1%81%D1%8F %D0%B1%D0%BE%D0%BB%D0%B5%D0%B5 %D1%87%D0%B5%D0%BC %D0%B2 %D0%B4%D0%B2%D0%B0 %D1%80%D0%B0%D0%B7%D0%B0 %D0%BF%D0%BE%D1%81%D0%BB%D0%B5 %D0%BF%D0%BE%D0%BC%D0%B5%D1%89%D0%B5%D0%BD%D0%B8%D1%8F %D1%80%D0%B0%D1%81%D1%82%D0%B5%D0%BD%D0%B8%D0%B9 &lr=63&clid=2270455&win=298&suggest_reqid=837659094141689727086647965883409&primary_reqid=1745379331856850-14379279784637720184-balancer-l7leveler-kubr-yp-sas-1IMPORT
https://yandex.ru/search/?text=%D1%83%D1%81%D0%B8%D0%BB%D0%B8%D0%B2%D0%B0%D0%B5%D1%82%D1%81%D1%8F %D0%B1%D0%BE%D0%BB%D0%B5%D0%B5 %D1%87%D0%B5%D0%BC %D0%B2 %D0%B4%D0%B2%D0%B0 %D1%80%D0%B0%D0%B7%D0%B0 %D0%BF%D0%BE%D1%81%D0%BB%D0%B5 %D0%BF%D0%BE%D0%BC%D0%B5%D1%89%D0%B5%D0%BD%D0%B8%D1%8F %D1%80%D0%B0%D1%81%D1%82%D0%B5%D0%BD%D0%B8%D0%B9 &lr=63&clid=2270455&win=298&suggest_reqid=837659094141689727086647965883409&primary_reqid=1745379331856850-14379279784637720184-balancer-l7leveler-kubr-yp-sas-1IMPORT
https://yandex.ru/search/?text=%D1%83%D1%81%D0%B8%D0%BB%D0%B8%D0%B2%D0%B0%D0%B5%D1%82%D1%81%D1%8F %D0%B1%D0%BE%D0%BB%D0%B5%D0%B5 %D1%87%D0%B5%D0%BC %D0%B2 %D0%B4%D0%B2%D0%B0 %D1%80%D0%B0%D0%B7%D0%B0 %D0%BF%D0%BE%D1%81%D0%BB%D0%B5 %D0%BF%D0%BE%D0%BC%D0%B5%D1%89%D0%B5%D0%BD%D0%B8%D1%8F %D1%80%D0%B0%D1%81%D1%82%D0%B5%D0%BD%D0%B8%D0%B9 &lr=63&clid=2270455&win=298&suggest_reqid=837659094141689727086647965883409&primary_reqid=1745379331856850-14379279784637720184-balancer-l7leveler-kubr-yp-sas-1IMPORT

N.E. Korotaeva, A.V. Fedyaeva, K.K. Musinov
A.S. Surnachev, G.B. Borovskii

CThSIX y Oojee yCTOWYHBOTO COpTa, HANPOTUB, PETYIISIIHH
1071 ICHCTBUEM TEMIIEPaTyPHBIX (ITYKTyalni MoABEprajoch
OoIbIIIee KOJMYECTBO TEHOB M0 CPABHEHHUIO C HEYCTOHYNBBIM
COPTOM, IIPUYEM 3HAYUTEIBHBIM YHCIIOM M3 HUX OBUIN T'€HBI
TaymMaTuH-1oq00HbIX OenkoB (Vaitkeviciiite et al., 2024). Hc-
CIIEZIOBaHHUE PACKPBIBACT CBSI3b XOJOAOCTONKOCTH MIICHUIIBI
¢ TpaHckpunuueil reHoB PRP, koTopele, MpeanonoxkuTensHo,
obmnamaror IRI-akTMBHOCTBIO.

Taknum 00pa3oM, MOYKHO 3aKITFOUUTh, YTO I'€HBI IIICHUIIBI,
kopupytoue PRP, akTuBupyroTcs X0J1010M U IOBTOPHOM XO-
JIOIOBOM aKKJIMMallMel U BHOCST BKJIaJ] B yCUJIEHHUE XOJI0A0- U
MOPO30yCTOHYUBOCTH. [Ipr STOM T'€HBI, OTHOCSTIIAECS K OTHOMH
u Toii ke moxarpymie PRP (xutnHa3sl, TayMaTHH-1000HBIC
OeJkn), perynupyrorcst U hepeHInPOBaHHO, M HE BCE U3 HUX
AKTHBHUPYIOTCS OXJIaKICHUEM.

MyTn perynauum skcnpeccun reHos IRIP

n akTusmpyembix xonogom PRP T. aestivum
[Tokazano, yTo /RI-reHsbl NIIEHULBl HAUMHAIOT SKCIIPECCUPO-
BaThCsl TP NMOHMKEHUH TEMITEpaTypbl. AKTUBHOCTh T'€HOB
pacTeHHH, OTBEYAIOMIMX 32 YCTOMYMBOCTDh K OXJAXKICHHIO,
perynupyetcst ABK-3aBucumbiM 1 ABK-He3aBUCHMBIM Ty TS~
Mmu. M3 ABK-He3aBUCHUMBIX PETYIATOPHBIX IMyTeH OCHOBHBIM
sersieTcst curHanbHas nens [CE-CBF-COR: perynmpyembie
xononoM rensl (COld Related, COR) akTuBUpYIOTCSI CBSI3bI-
Barormmcs ¢ C-rioBTopoM (akTopom Tparckpumimy (C-repeat
binding factor, CBF), akTHBHOCTb ITOCIICHETO KOHTPOJIHPY-
ercst coocTBeHHBIM HHyKTOpoM (inducer of CBF expression,
ICE) (Chinnusamy et al., 2003). Poxp 7anHOTO MyTH B aKTH-
BU3AIMY I'€HOB aJanTaluy K Xoony y 7. aestivum oOumenpu-
3HaHa, OJHAKO peryisiuus /RI-reHoB rpyIIoil TpaHCKPHUII-
unoHHbIX (akropoB ICE-CBF-COR ne nokazana, xorst ICE
T. aestivum csi3piBatoTcsi ¢ MY C-amemenramu (Badawi et
al., 2008), mpucyrcTByrommMu B ipomoropax IalRI (Jin et
al., 2022). M1 00Hapy>kKHIJIN O/THO UCCIIEJOBAaHNE, YKa3bIBAIO-
miee Ha cymectBoBanue cBs3u myTu ICE-CBF-COR ¢ IRl y
T. aestivum (Tchagang et al., 2017).

Jlpyroii N3BECTHBIN ITyTh PEryJISIUH aJalTaluOHHBIX W3-
MEHEHHUH B OTBET Ha XoJof siBnsieTcss ABK-3aBucumbiv (Xue-
Xuan et al., 2010). HecmoTpst Ha TO 4TO M3BECTHA Ba)KHAs POJIb
ABK B dopmupoBanmm ycroituuBoctu 7. aestivium K XOJOIY
u 3amoposkam (Zheng et al., 2020), gactb pakTopoB, OTBET-
CTBEHHBIX 3a X0JIOZ0- U MOPO30YCTOHYHBOCTh, aKTUBHPYETCSI
uesaBucumo ot ABK (Wang W. et al., 2017). Yuactue ABK
B akTuBanuu reHoB Ial/RI u PRP Taxke HE JOKa3aHO, XOTs
npomMoTopbl reHoB TalRI conepkar 3JIeMEHTHI, OTBEYAOIINe
3a YyBCTBHUTEIILHOCTH K a0CIM30BoH kuciote (Jin et al., 2022).
AxtuBanuu TeHoB JalRI1 n TalRI2 mocie onmpbICKUBAHUS
6-CYyTOYHBIX MIPOPOCTKOB 7. aestivum abCIU30BOI KUCIIOTOM
He oboHapyxeHo (Tremblay et al., 2005).

Poct conepxanust ABK B THCTBAX U y37max KyIueHus 7. mo-
nococcum TPOUCXOJUT HA IIEPBOM dTalle HEJETAJIbHOTO XO-
JIOZIOBOTO BO3JEMCTBUS; C Ha4YaJIa TPETHETO AHS BO3AEHCTBUSA
HACTYyIAeT ITal aJalTallH, IPU ITOM CHIDKCHHUE COZIepIKaHHs
ABK coBnaio ¢ pocToM cosiep:KaHus CaauLIOBON KUCIOTHI.
Takum 00pa3zom, BO3MOXKHO, YTO B XOJIOHBII TEPUO]] BIHSHHE
ABK Ha sxcnipeccuto reHoB 71alRI v akTUBUPYEMBIX XOJI0I0M
PRP orpannumnBaeTcs npogoiKUTEIbHOCTHIO BO3ICUCTBUS U
ABK He BkIIIO4YaeTcs B afanTallMOHHBIM OTBET Ha MO3JHHX
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(hazax, Koraa BO3HUKAET HEOOXOMUMOCTh B HakoruieHuu IRIP,
MIPU 3TOM POJIb YIPABICHUS aJalTHBHBIMH M3MEHCHHUSIMHU
nepexonuT k ApyrumM ¢dakropam (Vankova et al., 2014).

IRIP nurenuusl crpykrypHo oinsku k PRP, a ee PRP
(B-1,3-m1rOKaHA3kL, TAYMATHH, XUTHHA3EI) TOTIOTHATEIEHO 00-
JIQJar0T CBOMCTBAMH aHTH(DPHU3HBIX O€IKOB. O00CHOBaHHBIM
Ka)XETCsl MPEAINOIOKEHUE, YTO (PaKTOpPaMU TPAHCKPUIILMN
TEHOB TPYHIBI PACTUTENBHBIX aHTU(PPHU3HBIX OCIKOB MOTYT
ObI1Th PR-CBsI3aHHBIE ()aKkTOPBI, B YaCTHOCTH IpyIia (pakTopoB
tpanckpunuuua WRKY (Pandey, Somssich, 2009). Psx dhakTo
KOCBEHHO yKa3bIBaeT Ha TaKyl0 BO3MOKHOCTh. Hampumep, ¢
skcrpeccueit reHoB WRKY cBsizaHO MOBBILLIEHHE YCTOMYH-
BOCTH PACTEHUH MIICHUIIBI HA HAYaJIbHOM 3TaIle X0JI010BOTO
3akanuBanus (Talanova et al., 2008; Winfield et al., 2010); psig
reHoB WRKY akTuBupyeTcsi B OTBET Ha OXJIQXIEHUE TOJIBKO
y ozumoii muenunst (Winfield et al., 2010); poct aktuBHOCTH
renoB WRKY nponcxoauT npu oTpuIaTeIbHBIX TEMIIEpaTy-
pax ¥ 3aBUCHT OT NMPOAOJDKUTENHLHOCTH Bo3aericTBus (Herman
etal., 2006). JIomOTHATEIIEHO HEKOTOPBIE TEHBI, KOMUPYFOIIIE
IVTIOKaHAa3bl, XUTHHA3Bl U TayMaTHHOMOMO0HbIC OENKH TIe-
HUIIBI, PETYIUPYIOTCS COBMECTHO C T€HAMH, KOJUPYIOIUMHU
¢axrops! Tpanckpunmmr WRKY (Winfield et al., 2010); ren
TaWRKY1 akTUBHpYeTCS KaK aTaKkoi MaToreHa, Tak U OXJIax-
nenneM (Wang W. et al., 2017), a nekotopsie WRKY camn
nposieisitoT cBoiictBa IRIP (Huang, Duman, 2002).

OOHapy»KeHO, UTO B PETYJISILIMU FeHOB aHTU(PH3HBIX OCITKOB
y4acTBYIOT ()UTOTOPMOHBI, aKTHBUPYIOIIIE OTBET Ha JICHCTBHE
[1aTOr€HOB — 3TUJICHA, )KACMOHOBOM U CAIMIIMIOBOM KUCIIOT.
OTH GUTOTOPMOHBI TAKKE 33/IeHCTBOBAHBI B PETYIISIINN aKTHB-
HoctH [RI-renoB menuis! (Tremblay et al., 2005), xotst ux
POJIb B POPMHUPOBAHMHU XOJIOJI0- U MOPO30yCTOHYMBOCTH IIIIE-
HUIIBI HE BCET/Ia MOATBEpKAaeTcs oqHo3HayHo (Kurepin et al.,
2013), a auist aTHIIEHA OBIIO MOKA3aHO, YTO C YCTOMYMBOCTHIO
TIIIICHUIIBI K X0IIOIy OH He cBsi3aH (Machacckova et al., 1989).

Dxcnpeccust reHoB TalRI17, TalRII8 n B 0COOCHHOCTH
TalRI16 B TKaHSIX CTEONCH, INCTHEB U KOPHEH MOJIOBIX pac-
teHuit 1. aestivum yCcuIuBanach B 1o0erax, KOpHsIX U JINCThSIX
MOJIO/IBIX PAacTEHHH MIISHUIBI IPH 3K30T€HHOH 00paboTke
METHKaCMOHATOM OZHOBPEMEHHO ¢ oxiaxaeHueMm (+4 °C,
24 4) (Jin et al., 2022). Ha akTMBHOCTh IPOMOTOPOB T'€HOB
TalRI Taxxe 0Ka3bIBaJl CTUMYIMPYIOLIEE BIMSHUE SK30T€HHBIN
merripkacMoHar (Jin et al., 2022). B 1o e Bpemst ’KacMOHOBast
KHCJIO0Ta MO-Pa3HOMY BIIMsJIA Ha SKCIIpeCcCcHIo TeHoB TalRI] n
TalRI2 y 6-CyTOYHBIX TIPOPOCTKOB MOPO30yCTOHYHNBOTO COPTa
T’ aestivum: onpbICKUBaHUE PACTBOPOM KaCMOHOBOM KUCIIO-
THI IPUBOAMIIO K MHAYKIWH dKcripeccuu reHa TalRI1, HO He
TalR12 (Tremblay et al., 2005). AHanu3 akTHBHOCTH MOTHBOB
MIPOMOTOPOB TeHOB 7a/RI B Tabake M OLIEHKA NX HKCIIPECCHH B
A. thaliana nocie COOTBETCTBYOIIUX TPaHCHOpMAIIHiA ITOKa-
3aimu, yto MoTHBEI MY B, Mybb, MYC, CGTCA u TGACG u3
mpomotopa TalRIp1 obmagany 3HAYNTETHHOI AKTHBHOCTHIO M
WH]IyUPOBAIUCH 00pabOTKOM X0I0/I0M M METHIIKACMOHATOM
(Jin et al., 2022).

Ponp camumuioBol KUCIIOTH B PEryislUd I'€HOB aHTHU-
(Gpu3HBIX OEIKOB B HACTOsIIEE BPEMs HE ITOATBEpIKJEHA
oxHo3HauHo. He BeIsiBIIeHO akTuBatmu renoB JalR11 v TalRI2
MOCJIE€ ONPBICKUBAHUS O-CYyTOUHBIX TPOPOCTKOB MOPO30YCTOH-
guBoro copra 1. aestivum camuumnoBor kucmoroi (Tremb-
lay et al., 2005). OOpaboTKa MOJIOJBIX PACTCHUI MIIICHUIIBI
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copra Yangmai 16 pacTBOpom, COEpKaIINM CATUIIHIOBYIO
KHCJIOTY, C TOCIEAYIOINM 0-CyTOYHBIM ITPOMOPaKUBAHUEM
B IOJIEBBIX YCIOBUSIX IpU cpenHeil temmneparype +5.3 °C u
MUHUMaJIbHOU TemIeparype, nocturasiieii —7 °C, He npusesna
K pocTy kcnpeccun reHa [R12 (AY968589) o cpaBHEHHIO C
Takoil 00pabOTKON B yCIOBHSIX KOHTPOJIBHOW TEMIEPaTyphI
(cpemnuee 3HageHne +12 °C) (Wang W. et al., 2021). ITpu s Tom
MIPOMOpPaKMBAHKE B OTCYTCTBHE OPOIICHHUS PACTBOPOM CaJIH-
LIUJIOBOM KHMCIIOTHI IIPUBOIMIIO K IBYKPATHOMY POCTY YPOBHS
9KCHPECCUH ITOTO T'€Ha TT0 CPABHEHHIO C KOHTPOJIBHBIMH yCJIO-
BusiMH. Kak 0TMe4aioT aBTOpBI HCCIIEI0BAHUS, TIPEBITYIIIE
9KCIICPUMEHTHI POAEMOHCTPUPOBAIIH, UTO ITPEIBAPUTEIIbHAS
00paboTKka CaIUIIUIOBONW KHUCIOTOM MOXET MOBBIMIATH YPO-
BEHb dKcnpeccuu rena 7alRI2 B reuenne 48-4acoBOi HU3KO-
TemneparypHoir oopadotku (Wang W. et al., 2020). Takum
00pa3om, BEpPOATHO, YTO PETYISINS CATHIIMIOBOH KACIOTOMN
sKkcnpeccuu reHa TalRI2 3aBucena oT NPOJOIKUTEILHOCTH
BO3JICHCTBHS, HO 3TO MPEITONOKEHNE TPEOYET TOTTOTHATEIb-
HBIX UCCIICIOBAHUH.

OTHIICH y4acTBYET B PETyIALUH aHTU(PUZHONH aKTUBHO-
CTH y O3UMOM PXKM B OTBET HA XOJIOA M 3aCyXy, IIPH 9TOM B
arorIacTe JIMCTHEB O3MMOW PKH IPOUCXOIUT HAKOIUICHHE
B-1,3-rmrokaHa3, XUTHHA3 U TayMaTHH-TIOMOOHBIX OCITKOB
(Yu et al., 2001). ¥ T aestivum onpbICKUBaHHE 6-CyTOUHBIX
MIPOPOCTKOB MOPO30yCTOWYHNBOTO COPTA PACTBOPOM ITHIICHA
MIPUBONIIIO K MU PepeHInaNbHON perynsanun reHoB TalR1]
u TalRI2: sTuieH uHAYyUMpoBa akcrpeccuto rena TalRI1, nHo
He TalRI2 (Tremblay et al., 2005). OmHako CBS3b STHIICHA C
(hopMHPOBAHUEM XOJIOAOYCTOHYNBOCTH MIICHHIIBI 0Ka3aJ1aCh
orpunatensHoit (Machacckova et al., 1989).

B nenom cexenmii 00 yqactun (haKTOpoB TPAHCKPHUITIIUH
B PETYISIIMN SKCIPECCHU TeHOB aHTU(PHU3HBIX OEIKOB MOKa
HEMHOTO, a nHpopManus 00 y4acTuu (UTOTOPMOHOB B HX
PETYISIIAN T0CTaTOYHO NMPpOTHBOpeunBa. [lo-Buaumomy, st
peryisnun (UTOropMOHaMH OOJTBIIOE 3HAYCHNE HMEIOT ITPO-
JIOJDKUTENTBHOCTD, MHTEHCUBHOCTD M 3Tall XOJOI0BOTO BO3-
neiictBus. Takxke ocTaeTcst HeSICHBIM, TIOUEMY HCCIIeIOBAHHbIC
(UTOTOPMOHBI, HECMOTPSI HA CHOCOOHOCTH aKTHBHPOBATH
renbl 1alRI, He yCHUIIMBalOT yCTOMUUBOCTD PACTEHUH MILIEHUIIBI
K XOJI0/Ty. DTa CTOpPOHA pealIu3alliy aHTH(HPU3HON aKTHBHOCTH
HYXJIACTCS B JOTIOTHUTEIILHBIX HCCIICIOBAHMSX.

MNpakTnyeckoe npumeHeHne IRIP

n akTusmpyembix xonogom PRP T. aestivum
HcnonpzoBanue pacturenbHbIX AFP orpaHnueHo ux CHUKEH-
HOW CIIOCOOHOCTBIO K Pa3BUTHIO TEPMAIBHOTO TUCTEpPE3Uca
1o cpaBHeHUIO ¢ AFP jXMBOTHBIX 1 000CHOBaHO B OOJbLICH
crenenu ux IRI-akTuBHOCTHI0. BaxkHBIM HarlpaBieHUEM TPAK-
THYecKoro npumeHeHust AFP Moo Ob1 ObITh IoTyueHHE Oosee
MOPO30YCTOWYMBBIX PACTEHUH U COPTOB. XOTS B HCCIIEI0BA-
TENBCKUX pab0TaX MePEeHOC TCHOB aHTHU(PH3HBIX OCIIKOB ITIIIe-
HUIBI IPUBOIMII K OOHAICKHUBAKOIIMM pe3yibraram (Jin et
al., 2022), takoe npumeHenue 3Hanuid 00 IRIP meHuib Ha
MPaKTUKE TIOKa OTPaHUYEHO.

OCHOBHBIE HaNpaBJICHUS IPAKTUYECKOTO MPUMEHEHUS pac-
tuTenbHbIX AFP Ha cerogHsmHuii 1IeHb — 3TO KPMOKOHCEPBa-
1Ys B MEIMIIMHE U MTUIIeBO npombiiiuieHHocTH. AFP npupon-
HOTO IPOUCXOXK]ICHHUS] MEHEE TOKCUYHBI, YeM HCIIOb3yEeMBIii B
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DaKTopbl MOPO30YCTONYMBOCTM MIIEHULIbI —
6eNKN-NHIMOUTOPBI PeKpUCTanAn3aLnn nbaa

Hacrosmiee Bpems muMeTiicyabdokenn (Chow-Shi-Yée et al.,
2020), 9To AeTaeT X BechMa MepCIIeKTUBHBIMU KPHOKOHCEP-
BaHTaMH. HeouHneHHbII SKCTPAKT U3 IPOPOCTKOB IMIICHHIIBI
3aIIMIIACT TEMaTOMUTHI KPBIC BO BPEMSI KPUOKOHCEpBAILIUH.
ViyqammTh 3G QEKT yaanock mocie JOMOITHUTETbHOW OUNCTKA
9KCTPaKTa WIN TPH NMPUMEHEHNH PEKOMOMHAHTHOTO OenKa
TalRI-2, gto obecreunio 6onee UINTETFHOE XpaHCHHE reTa-
TOIIUTOB ¥ BOCCTAHOBJICHNE OOJIBIIOTO KOJIMYECTBA 3J0POBBIX
KJIIETOK IT0CJIE Pa3MOPaKUBAHUSI C COXPAHEHWEM HX aKTHB-
HoctH (Grondin et al., 2009).

[Ipu ucnons3oBannu pekoMOnHaHTHOTO Oenmka TalRI-2
JUI KPUOKOHCEPBAIMH CEKPETHUPYIONNX WHCYINH KIETOK
INS832/13 okazamock, yto TalRI-2 cmocoben mpoHUKAThH
BHYTPb ATUX KIJIETOK, & TAKXKE BHYTpPb TeNaTONUTOB, UTO, 110-
BHUJMMOMY, CYIIECTBEHHO YIy4YIIaeT COXPAHHOCTH KIIETOK
ocyIe PasMOPAXUBAHMS M CHIKAET BEPOSITHOCTh UX THOEN
(Chow-Shi-Y¢ée et al., 2016). Ba>kHO yIUTHIBATH, YTO UCTIOINB-
30BaHHE KPHOKOHCEPBATOPOB PACTUTEIHHOTO IPOUCXOKICHHS
MOXKET 0011a1aTh UMMYHOTEHHOCTBIO, HHIYIUPYIOIICH HEeXe-
JaTeIbHbIE UMMYHHBIC W aJNIEPTUYECKUE PEAKINH, ITO SIB-
JSIETCSI CYIIECTBEHHBIM OTPAaHIMYCHNEM B MIX HCTIOJIb30BAHUN
IUTS METUITMHCKON KprokoHcepBanuu (Koctsies u ap., 2016).

B numiesoii npomsinuieHHocTH npupoansie AFP mupoko
MIPUMEHSIOTCS] TIPU MTPOU3BOJICTBE MOPOXKEHOTO, JJISI YETO
OBIIO MTOTYYEHO HECKOIBKO ITATEHTOB, B TOM YHUCIIE TATEHT Ha
ucnonp3oBanne AFP ozumotii pxxu (Boonsupthip, Lee, 2003).
AFP, coneprxkaiuecst B 9KCTPAKTE aKKIMMaTU3UPOBAHHOMN K
XOJIOZly TIIIIEHUIIBI, CyIIIECTBEHHO YITyUIIaI TEKCTYPy MOPO-
YKEHOT0, IIIOKOBOE 3aMOPAXMBAHHE HE MOBJINSUIO HA 3TO CBOM-
ctBo (Regand, Goff, 20006). [lobaBieHne kK XJIeOHOMY TECTy
AFP, skcTparupoBaHHbIX U3 MyKH O3UMOU MIIEHULIBI C TIOBbI-
IIEHHOH MOPO30yCTOHYMBOCTBIO, CHIKAET TEKYyUECTh BOJIBI
1 ee MHUTpAIMIO B TECTE BO BPEMs IHKJIA 3aMOPaKMBAHMS-
pa3MOpaKMBaHUS, YTO MO3BOJISICT COXPAHUTH BHYTPEHHIOIO
CTPYKTYPY 1 KJIICHKOBHHHYIO CETKY TECTa, TIOBBIIIACT BI3KOCTh
1 3IIACTUYHOCTh M YJIy4IIaeT TEKCTYpHbBIE CBOMCTBa TecTa
(Wang X. et al., 2024).

[TpssMoe mpUMEHEHHE CHIPOTO PACTHTEIBHOTO IKCTPAKTa
B MHIIEBOH MPOMBIIIJICHHOCTH MPEANOYTHTEIbHEE UCTIONb-
30BaHUs YMCTOTO BEIIECTBA U3-3a TPYAOEMKOCTH MOITYyUCHHUS
TIOCJIETHETO 1 €TO HU3KOTO BBIXO/1A, HO NCIIOJIB30BAHNE KOH-
LEHTPUPOBAHHOTO HKCTPAKTA MTPOOIEMATHIHO U3-32 HATTUIHS
(hepMEeHTOB, aKTHBHOCTH KOTOPBIX MOXKET YXY/IIAaTh BKYyCOBBIC
WM TEKCTYPHBIC KauecTBa MPOyKTa. M30aBineHne SKkCTpaKTa
OT HEXKEJIaTeIbHON ()epPMEHTATHBHON aKTHBHOCTH IIPOUCXOUT
ITyTeM HArpeBaHMs, TAaKUM 00pa3oM, TEPMOYCTOWYMBOCTH
JIOJDKHA OBITH 00s13aTeTFHBIM CBOMCTBOM ITpuponHbIX AFP, mc-
TIOJTb3YEMBIX B ITUIIIEBON IPOMBIIIIEHHOCTH. [IepcrieKTHBHBIH
C 9TOH TOUKH 3pEHUSI TEPMOCTAOMIILHBIN TayMaTHH-TIOOOHBII
AFP o6Hapy»XeH B cOCTaBe HKCTPAKTa U3 AIoIIIacTa JINCTHEB
aKKJIMMaTH3UPOBaHHOU K Xonoxy 1. aestivum (Kontogiorgos
et al., 2007).

3aknioyeHune

CBsI3b 9KCIIPECCUH TCHOB aHTU(PPU3HBIX OCIIKOB (C MOCICAYIO-
MM HAKOTJIEHHEM COOTBETCTBYIOIIMX MPOIYKTOB) C yCH-
JIECHUEM MOPO30yCTOMYMBOCTU O3UMOM IMIICHUIIBI IIOKa3aHa
JIOCTATOYHO YOEIUTEIILHO B PSIJIC MOJICITBHBIX SKCIIEPHUMEHTOB.
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BrIsBIIeHO, 9YTO HAKOIUICHUE AMOIDIACTHBIX U aHTHU(PPUIHBIX
0EITKOB KOPPENHPYET C BHDKUBAEMOCTBIO PACTEHUH O3UMOMA
TIIeHHIB! B 11oJeBbIx yesoBusx (Chun et al., 1998). Onnako
OCTaeTCsl HEM3BECTHHIM, HACKOJIBKO BEJMKO 3HAUCHHE aHTHU-
(pU3HOM aKTUBHOCTH JUIsl BEDKMBAEMOCTH PacTeHUI 03UMOI
TIIICHUIIBI IT0 CPABHEHHIO C APYTUMH H3BECTHBIMHE (paKTOpaMu
(HarpuMep, HAKOTUICHUEM CBOOOIHOTO ITPOJIMHA U OJIUrocaxa-
PpUIOB, ITyOMHOI 3asIeraHs y31a KymieHus ). CiaeJoBaTenbHo,
TOKA HESICHBI 000CHOBAHUS ISl BKITIOYEHUS IIPU3HAKA HAKOII-
JICHNS! aHTU(QPHU3HBIX OENKOB B HANpPaBJICHHBIC CEJICKIIMOH-
HbIe MeporpuaTus. AFP nmmeHnIsr mposiBISIOT JBOHHYIO ak-
TUBHOCTB (QaHTU(PU3HYIO U aHTHIIATOTEHHYIO), TAKasi aKTHB-
HOCTB, C OTHOU CTOPOHBI, 3aTPYIHSICT OIMCAHIE BKIIa/1a aHTHU-
(Gpu3HBIX OEJIKOB B BBDKMBAEMOCTH IMIICHUIIBI, C APYrOl —
JieTIaeT HaJIn4IKe IPU3HaKa HAKOTUICHHST aHTU(PU3HOTO OesKa
0COOEHHO IICHHBIM, TIOCKOJIBKY OH OMpPEAETsIeT IPUCYTCTBHE
YABOCHHOTO YHCIIa ()aKTOPOB YCTOWYHBOCTH M yPOXKAHHOCTH.

B mpeobnamaromiemM OOMBIIMHCTBE MOACTHHBIX dKCHEPHU-
MEHTOB OLICHUBAJIU BIMSHHUE Ha dKcrpeccuto reHoB IRIP u
AKTHBHPYEMBIX X0JI0710M PRP HU3KHX MTOJOKHUTEIEHBIX TEM-
TepaTyp; SAMHUYIHBIE HUCCICAOBAHNS BBISBIISUIN BIMSHNAE OT-
punarensHo# Temneparypsl (Herman et al., 2006; Kang et al.,
2013; Willick et al., 2018). Takum obpa3oM, MccaeI0BaTeIH
MOTYT CJeaTh BBIBOJA O CBSI3U IKCIIPECCHU COOTBETCTBYIO-
IIMX TEHOB TOJBKO C XOJIOI0YyCTOWYMBOCTBIO MIICHUIBL. Ho
HeO6XOI[I/IMOCTI) B OTHX O€JIKax BO3HHUKAET MMEHHO Ipu Ha-
CTYIUICHUH OTPULATENbHBIX TeMIIeparyp. IMuTarus moaeBsix
YCIIOBHH C OTPHULATETIHHBIME TEMIIEPAaTyPaMi B MOJICTBHBIX
9KCIIEPUMEHTAX MOIJIa ObI HE TOJILKO 3HAUUTEIBHO YIIIyOUTh
3HaHus 00 ’kcnipeccnu reHoB IRIP u PRP, Ho n mpuGmms3uTs k
MTOHUMAHHMIO TOTO, KAKMM 00pa30M pean3yroTcst uX QyHKIun
B JICHCTBUTEIHFHOCTH.

BasxHoii 3aaueit octaeTcs BbIICHEHHE MEXaHU3MOB pery-
JISIIIMW aKTUBHOCTY T€HOB aHTH()PHU3HBIX OCIIKOB, MOCKOIBKY
B OOIIIEM | I1EJIOM KapTHHA UX PETYISAIIH HesICHA, 0COOCHHO
9TO KacaeTcst OeJIKOBBIX (haKTOPOB IKCIpeccuu reHoB. Heus-
BECTHBI B TOYHOCTH 3aKOHOMEPHOCTH TOPMOHAIFHON pery-
nsiumn AFP mmenwnipl. Becbma BeposiTHO, UTO IBOWCTBEHHAS
npupona pacturesnbHbIXx AFP onpenenmia cymecrBoBanue
peryasTopHO# cuctemsl yrpasinenus reaamMu AFP, korma B
HEel MOTyT OBbITh 33JIeHCTBOBAHbI CUTHAJIbHBIC IIyTH OTBETa
KaK Ha OMOTHYECKHUH, Tak 1 Ha aOMOTHYECKHUIA CTPECCHI, YTO
TpebyeT 0COOEHHO TIIATEILHOTO UCCIICOBAHUSI.

Pesynprarel 3pPEeKTUBHOTO MPAKTHYECCKOTO MPUMECHEHUS
aHTA(PHU3HBIX OETKOB MIIICHUIIBI, TIOTyYeHHE JOKA3aTeIbCTB
CBSI3U MEXIY XOJIOA0YCTONUNBOCTBIO, HKCIIPECCUEN TEHOB U
HAKOIUIGHHEM 3THX OCIKOB y O3WMOMW MIIICHHUIBI TOBOPST B
M0JIb3y HEOOXOIUMOCTH MPOJODKCHHS UCCIICAOBAHUN ITOM
TPYTITEI OETTKOB HU3KOTEMITEPaTyPHOU aIanTalHu.
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YCTOMYNBOCTb PACTEHUW K ABUOTUYECKOMY CTPECCY BaBMNOBCKNI XypHan reHeTUKN 1 cenekumnn

Vavilov Journal of Genetics and Breeding. 2026;30(3):403-411

doi 10.18699/vjgh-26-44

ITyTy aganTaliiyi pa3sHbIX COPTOB I'PYIIINU
K HM3KOTeMIlepaTypHOMY CTpeccy B BeCeHHUII Iepuo,

A.E. Muuixo @, A.B. Karoknna

CeBepo-KaBkasckuii depepanbHblii HayUHbI LIEHTP CaAoBOACTBA, BUHOTPaAapcTBa, BuHoaenus, KpacHopap, Poccna
@ mishko-alisa@mail.ru

AHHOTaLMsA. XOpoLUO U3BECTHAA CEMeUYKoBas KynbTypa — rpylla — Ha TeppuTopmmn Poccun 3aHMmaeT okoso 7 % o6Lwmx
nnowagen HacaxaeHNn MHOTONETHUX MAOA0BbIX KynbTyp. OCHOBHYIO A0 FPYyLUEBbIX CaloB COCTaBAAT 3apybexHble
eBponenckne coprta. Bo3BpaTHble 3aMOPO3KM, KOTOpPble XapakTepHbl ASIA I0XKHbIX PErviOHOB CTPaHbl B BECEHHUI
nepwuog, NPYBOAAT K 3HaUMTENIbHLIM NOTEPAM yporKas. B HacTosALwen paboTe n3yuyeHbl 0CO6EHHOCTY OTBETHbIX peakLui
LIBETOYHbIX MOYEK COPTOB rpylM Ha HU3KOTeMMepaTypHbl cTpecc. MccnepgoBany KpbIMCKUIA COPT [KaHKoMCKas
no3aHsAs, ABa KpacHoAapcKmx copTa JleBeH 1 OnameHKo, a Takke MexBraosol rnbpug Kudpdep. LiBeTouHble nouku Ha
pasHbIX CTaAMAX Pa3BUTUA NPOMOPAXMBAIN B KIMMaTUYeCKON Kamepe B TeueHne 12 4 npu Temnepatype —-1.5...-2.0 °C.
Mocne cTpecca onpeaensany akTMBHOCTb HEKOTOPbIX GepPMEHTOB aHTUOKCMAAHTHOW CUCTEMBI, cofepKaHne deHOMbHbIX
COeAMHEHVI, MallOHOBOTO AVanbAerviaa 1 ypoBeHb SKCMPEecCUn reHOB Tex e GepMEeHTOB 1 6esikoB, y4acTBYIOLNX B
XONof0BOW afjanTauuu. BoiasneHo, uto oceHHUin copT Knddep B ycnosuax KpacHopapckoro Kpas GbicTpee Apyrmx
U3yUYeHHbIX COPTOB HauMHaeT LiBeCTy, BCNIeACTBME Yero Hanbonee NoABepKeH BO3AECTBMIO BO3BPATHbIX 3aMOPO3KOB,
0 YeMm CBUAETENbCTBYIOT BbICOKME 3HaYeHVA MaflOHOBOIO ANanbaernaa U YpoBeHb akTUBHOCTUN CYrNepOoKCUaANCMYTasbl.
OTtevecTBeHHble copTa JleBeH (3vmHuMiA copT) 1 DnameHKo (neTHW) obnapany CambiMK BbICOKMMY MOKa3aTensamm
AKTMBHOCTU NepoKcmuaasbl 1 skcnpeccun reHoB PCDREB2, PcCAP160, PcCOR413, PcPOX1 Ha ¢OHe CHMXEHHOIO YPOBHSA
MaJIoHOBOro Amanbpervpa. Kak npaBuno, gaHHble copTa Mo3fHee BbIXOAWIN M3 COCTOAHWA MOKOA MO CPaBHEHMIO
c coptom Kuddep. KpbIMCKMA COPT 3UMHEro cpoka co3peBaHusa Obin Ovke No MccnegyeMbiM MapameTpam K
MEXBMAOBOMY rmbpuay, HO OTINYANCA MEHbLUMMMK MoKasaTenAMn GepMeHTaTUBHON aKTUBHOCTM W 3SKCMpeccuen
paccmaTpuBaemblx reHoB. [onyyeHHble pe3ynbTaTbl MO3BOAAIOT 3aK/UUTb, YTO B YCIOBMAX NPOM3PACTaHUA rpyLwmn
Ha TeppuUTOPUM I0>KHOTO PErMoHa CTPaHbl, rAe BO3MOXHbl BO3BPaTHble 3aMOPO3KU B BECEHHWI nepuog, Gonbluen
buU3Monornyeckon yCcTonumBoCTbio O6GNafaldT copTa C HayanoM LBETEHUA BO BTOPOM-TpPEeTbel Aekadax anpens,
XapaKkTepusylowmeca BbICOKMMM NOKa3aTeNAMM aHTUOKCMAAHTHON GpepMeHTaTUBHOW aKTUBHOCTM, B NEPBYI0 oyepeb
nepokcmnaasbl, 1 ypoBHem sKkcnpeccumn reHoB PcDREB2, PcCAP160 n PcCOR413.

KnioueBble cnoBa: rpyLua; Xof0A0BOIN CTPECC; yCTONYMBOCTb; aHTUOKCUAAHTHAA CCTEMA 3aLUMTbl; SKCNPECCUa reHoB

[Ana untnposanua: Muwko A.E., KntokuHa A.B. TNyt agantaumm pasHbix COPTOB FPyLUN K HU3KOTeMMNepaTypHOMY CTpeccy
B BECEHHUI nepuog. Basunosckuli XypHan 2eHemuku u cenekyuu. 2026;30(3):403-411. doi 10.18699/vjgb-26-44

OuHaHcupoBaHue. NybnmKkauma NOAroToB/EHa B pamMKax peanusauuy rocyfapctBeHHoro 3agaHua FGRE-2022-0001
(per. Homep 225020408372-9) MnHUCTepCTBa HayKu 1 Bbicllero o6pasosaHus PO.

Adaptive responses of pear cultivars
to low-temperature stress in the spring period

A.E. Mishko () @, A.V. Klyukina

North Caucasian Federal Scientific Center of Horticulture, Viticulture, Winemaking, Krasnodar, Russia
@ mishko-alisa@mail.ru

Abstract. The pear is one of the most famous pome crops. It occupies about 7 % of the total area of perennial fruit crops
in Russia. Orchard plantings are predominantly composed of foreign European cultivars. Spring frosts, which are typical
for the southern regions of the country, lead to significant crop losses. This study determined the response characteristics
of pear flower buds to low-temperature stress. The Crimean cultivar Dzhankoyskaya Pozdnyaya, two cultivars — Leven
and Flamenco - of Krasnodar selection and the interspecific hybrid Kieffer were investigated. Flower buds at different
developmental stages were exposed to a climatic chamber for 12 hours at temperatures -1.5...-2 °C. After stress
exposure, the activity of certain antioxidant enzymes was determined, along with the content of phenolic compounds,
malondialdehyde, and the gene expression level of its enzymes and proteins involved in cold adaptation. It was revealed
that the autumn-ripening cultivar Kieffer, under conditions of the Krasnodar region, begins to bloom earlier than other
studied cultivars, making it more susceptible to recurrent frosts. This is evidenced by high values of malondialdehyde
and the activity level of superoxide dismutase. The Russian cultivars, Leven (winter cultivar) and Flamenco (summer
cultivar), showed the highest activity of peroxidase and gene expression of PcDREB2, PcCAP160, PcCOR413, PcPOX1, with
a reduced level of malondialdehyde. These cultivars typically emerged from dormancy later compared to Kieffer. The
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Crimean winter-ripening cultivar was closer to the interspecific hybrid in terms of the studied parameters but showed
lower enzyme activity and gene expression levels. The obtained results suggest that under pear cultivation conditions
in the southern region of the country, where spring frosts are possible, cultivars with flowering starting in the second-
to-third decade of April and high indicators of antioxidant enzyme activity (primarily peroxidase) and gene expression
levels of PcDREB2, PcCAP160, and PcCOR413 demonstrate greater resistance.
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BBepeHue

CeMeuKOBbIE KYJIBTYPBI, B YACTHOCTH TPYIIIa, SIBISFOTCS LICH-
HBIM pECypCcoOM ISl oTpaciu cajgoBoacTBa KpacHomapckoro
Kpast. J1omns rpymu B 00IIMX ITOcakax MHOTOJICTHUX TIJI0/I0-
BBIX HACAXKJCHUI UPE3BBIUYAHHO Maja U COCTABISIET OKOJIO
7 %, HO 3aMHTEPECOBAHHOCTD IIPOU3BOCTBA B JAHHOMN KYJIb-
Type MOCTOSIHHO pacTeT. [IpHuiHbBI HE0CTaTOYHOTO ee pac-
MIPOCTPAHEHUs AK€ B CaMbIX OJIarONpPHUATHBIX YCIOBHSIX
tora Poccun mpocTsl — 110 CpaBHEHUIO ¢ SIOIOHEH, IpyIIa OT-
J4aeTcsi oiee BBHICOKOHM TpeOOBaTEeIbHOCTHIO K YCIOBHUSIM
IIPOM3pacTaHusl, IIIABHBIM 00pa30M K yPOBHIO Bojioo0ecIieye-
HUsI, 0OCOOCHHO B Hayajle BEreTaluy U B IEPHOJ] CO3PEBAHMS
wionoB (Asayesh et al., 2023). Mop030CTOHKOCTE KYJIBTYPEI
BBICOKA — 10 JIaHHBIM Pa3JIMYHbIX UCCIIEOBATENCH, [IBETOY-
HBIE IOYKH I'PYIIN B COCTOSTHUN OPTaHUYECKOTO TIOKOSI MOTYT
BbIJIep KuBath Temieparypsl 10 —25 °C (Cotauk u 1p., 2017;
Barnypxo, 2024). KitroueByto poiie UTParoOT HE TOIBKO OTPHU-
LareJIbHbIE TEMIIEPATYPBI U TPOJIOIDKUTEIEHOCTh MOPO3HOTO
rieproza (MOpo30B), HO U (paza UKJIA pa3BUTHS TeHEPaTHBHBIX
opranos (Xiao et al., 2022).

OnHUM U3 BaXKHEHIINX CBOWCTB a/IalTalliyd COPTOB ILIO-
JIOBBIX KYJIBTYp K YCIIOBHSIM BBIPAIIMBAHUS SIBISETCS MX
YCTOWYHMBOCTh K HU3KOTEMIIEPATypHBIM CTPECCAM B IEPUOJ
Bereranun. B KpacHomapckom kpae K 3Ha4MTEIbHBIM SKOHO-
MHYECKUM ITOTEPSIM MPUBOSAT BO3BPATHBIE BECEHHHE 3aMO-
PO3KH, yJacTHBIINECS B IOCIIeHEe BpeMsi. MHOTOJIETHHI MO-
HUTOPHHT TIOTOAHBIX YCIIOBHH ITO3BOJIMJI BEISIBUTH OCHOBHBIE
cTpeccoBble (PAKTOPBI JUIsl KyJIBTyphl TPYIIN Ha TEPPUTOPUN
Kpasi B TeU€HHE 3MMHE-BECCHHETO I1ePHO/Ia — 3TO OTCYTCTBHE
HU3KHX TeMIIepaTyp B JieKabpe—sIHBape, HEOOXOMUMBIX IS 3a-
KaJIMBaHMS PACTCHUH, M 3aMOPO3KH B IIEPHOJ HaUasIa BereTa-
1un (MapT—anpens). Kaskaplid n3 9Tux HeraTuBHbIX (JakTOPOB
TIPY BO3/ICHCTBUH Ha COPTa IPYIIN MOXKET IIPUBOJHUTH K CHH-
KEHHUIO YPOXXaHOCTH WIX K ITOJHOM motepe ypoxas (Evers
etal.,2021; Leeetal.,2023; Zhao et al., 2023). YcTaHoBieHo,
YTO JII00ast KyJIbTYpa, U B YACTHOCTHU COPT, UMEET CBOM MOPOT
KPUTHYECKUX MUHUMAJIBHBIX TEMIIEPaTyp, CIOCOOHBIN NHH-
LIUMPOBATH C BEICOKOH /1071l BEPOSITHOCTH THOEIb [IBETOYHBIX
mouek (Kirokuna u 1p., 2024). Kpome ToT0, 115 pa3smuaHBIX
COPTOB XapaKTEPHBI Pa3HbIC CPOKH ITEPHO/Ia IITyOOKOTO OKOS,
MIPOJOIKUTENILHOCTh KOTOPOTO TPH KOHKPETHBIX YCIOBHUIX
TEMIIEPAaTYpPHOTO peXuMa OyleT OnpeaeiiaTh AadbHEHIIYIO
CKOpocCTh BbIXoza u3 Hero (Gabay, Flaishman, 2024).

YcTOHYNBOCTh COPTOB K HU3KOTEMIICPAaTypHOMY CTpPEcCy
IIPE/ICTABISIET COOOH CIOKHBIE B3aNMOACHCTBUS (PH3HOIIOT0-
OMOXMMHUUYECKUX M MOJICKYJISIPHO-TEHETHIECKHX MTPOIIECCOB,
KOTOpbIE OTPA)XEHbI psiioM nokazateneid. Jlroboe 3Haun-
TEJIFHOE CTPECCOBOE BO3JCHCTBHE HA PACTEHHUE NMPHBOJNUT K
BO3HMKHOBEHHIO BTOPUYHOT'O OKHCIIUTEIBHOTO CTPECCa, BbI-
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3BaHHOTO POCTOM aKTHBHBIX (popMm krciopona (ADK) B kiret-
kax (Suzuki et al., 2012). OgHO# U3 BaXKHBIX 3alIUTHBIX pe-
aKIMi Ha TAKOE HETaTUBHOE BIUSIHUE SIBJSICTCS YBEITHUCHUE
AKTUBHOCTH aHTHOKCHIAHTHBIX ()ePMEHTOB, CICPKUBAIOIIIX
POCT CBOOOHBIX PAJAMKAIOB, NU30BITOYHOE HAKOILUICHHUE KO-
TOPBIX MOXKET MPUBECTU K PA3PYIICHHUIO JHITUIOB, OCIKOB,
HYKJICMHOBBIX KHCJIOT, BIUTOTh J10 KiieTouHo rudenu. Cyrmep-
OKCHJUIMCMYTa3a HEUTPAIM3YET CyEePOKCH THbII aHHOH, TIep-
OKcHIa3bl — mepekuch Bogopoaa (Dumanovic et al., 2021).
[Monudenonokcuaza KaTaau3upyeT peakiiy OKUCICHUS pa3-
HOOOPa3HbIX PEHOJIBHBIX COSMHEHHH, CHHTE3UPYSI HJIH JIeTpa-
JPYsl HEOOXOIMMbIE B MOAJICPIKAHUN TOMEOCTa3a PacTeHHUs
MeTtabomuTsl (Zhang S., 2023).

OnHOBpEeMEHHO ¢ (hepMEHTaMU 3aIUTHYIO (PYHKIIUIO BbI-
MOJHSIFOT MHOTOYHCIICHHBIE (DeHOobHBIe coeaunenus (Du-
manovic et al., 2021). ®IaBOHOUABI OTHOCATCS K TIIABHBIM
AHTHOKCHIaHTaM (eHOIbHOU pUpoibl. OHU CIIOCOOHBI BOC-
cranaBnuBaTh ADK 110 cTaOUIBHBIX 1 MEHEe BPeIHbIX GOopM
(Treml, Mejkal, 2016). Ha rereTiueckoM ypoBHE HU3KOTEMITE-
PaTypHBI CTPECC HHAYIHPYET IKCIPECCHIO (PYHKIIMOHATBHBIX
U PErYJSITOPHBIX TEHOB, TPOJYKTHI KOTOPBIX JIHOO HEMOCPE/I-
CTBEHHO 3alHINAIOT KJISTKH OT MOBPEXICHUHN (pepMeHTbHI
OMOCHHTE3a OCMOJIHMTOB, (DEPMEHTHI JETOKCUKAIMU U JIP.),
7100 YIaCTBYIOT B IIEPE/Iaue CUTHAIIOB U PETYIISIMU YKCIIPEC-
cun reHoB (Yang, Huang, 2018; Zhang Y. et al., 2023).

B cB#13U ¢ y4aCTHUBIIUMHECS BO3BPATHBIMU 3aMOPO3KaMHU Ha
TeppuTopun KpacHomapckoro kpast 1elbio JAHHOTO HCCIIEI0-
BaHMSI CTAJIO U3YYEHHE OTBETHBIX PEaKIUil COPTOB rPyIIH HA
HU3KOTEMIIEPATYPHBIN CTPECC B BECCHHUIA TIEPHO/I.

Martepuan n metoabl
Hccnenosanns nposeneHs! B [IpukyOaHcKoi 30He cagoBoa-
ctBa KpacHomapckoro kpas (45°16'N, 38°93'E) B mapre—
anpene 2023-2025 rT. Ha 6a3e TEHETUYCCKOW KOJUICKIIHH
HKIT «CeBepo-KaBka3ckuii (enepalibHbIil HAyqHBIH LIEHTP
CaJIOBOZICTBA, BUHOTpanapcTsa, BuHOMeus (CKOHIICBB).
B kauecTBe 00BEKTOB N3y4U€HHs OBbLTH BEIOPAHBI COpTa IPYIIN
Pyrus communis L. oreduecTBeHHOT0 IpouCcXoxeHus JIeBeH
®namenko (cenekiyst CKOHLICBB), kpeivckuii copt [xan-
KOWCKasl TIO3IHSA M aMepuKaHckuid copt Kuddep, koTopsrit
SIBIISICTCST MEXKBUIOBBIM THOpUIOM (P. communis % P. pyrifolia
Nakai). Copra ObutH IpuBHTEI Ha T01Bo¢ BA-29. o moca-
ku— 2007, cxema mocagku — 5x2 M. Otéupanu o 10 moberos
C IIBETOYHBIMH TTOYKaMH ¢ 5—7 JIepeBbEB KayKAO0TO COpTa.
AHanmu3 peakiiy TeHepaTHBHBIX OPTaHOB HA HU3KHE TEM-
TiepaTypbl BECEHHETO MEPHO/Ia MTPOBOIMIIN Ha OCHOBE KPUTH-
YEeCKUX MUHUMAJILHBIX TEMIIEPATyp st KaXKI0H (a3bl pa3BH-
THUS IIBETOYHBIX MTOYCK B KIIMMaTtndeckoir kamepe BPC500D/
CVSI-Spector (Fujian Jiupo Biotechnology Co, Kuraii) mo

BaBunoBckuii XXypHan reHeTnku u cenekuum / Vavilov Journal of Genetics and Breeding - 2026 - 30« 3



A.E. Muwko
A.B. KntoknHa

obmenpunsaToi Mmeroauke (IIporpamma m mMeronmka copro-
U3y4YeHHS. . ., 1999; HoBbie MeTompl. . ., 2023). da3bl pa3BUTHS
I[BETOYHBIX TTOYEK OIPE/ICIICHBI COINIACHO OOMIECTIPUHSATHIM Me-
togukaMm (Komommuerr, 1952; Iutt, 1958). TemmeparypHbIe mmo-
KazaTely U3yYeHHOTO NepHo/ia MOIydeHbI C MECTHOH METE0-
cTaHuH (cuHONTHYeCKUH nHAeKe 34927). B mabopaTtopHbIX
YCIOBHUSX OBII CMOAEIMPOBAH TEMIEPATYPHBIH PEKUM, CO-
OTBETCTBYIOIINI €CTECTBEHHBIM BO3BPATHBIM 3aMOPO3KaM:
MIOCTETIEHHOE MTOHIKEHNE TEMITEPaTyphl B TEUEHHE CYTOK 110
kputmdeckoit B —1.5...—2.0 °C. KonTponsHbsie 00pa3Iisl HE
TIOIBEpTrali HU3KOTeMIeparypHomy crpeccy. [Tocie okonua-
HUSI OKCIIEPIMEHTA PAaCTUTEIbHBIN MaTepHall 3aMOPaKUBAIIN
B JKHJIKOM a30T€ JJIs TATbHEHIIEro CIONb30BaHMsI B CEPUN
OMOXMMHUUYECKUX W MOJICKYJISIPHO-TCHETHYECKUX aHAIIM30B.

B 1nBeTouHBIX MOYKaxX TPYIIN OMpEnessuin odlee conep-
»kaHne (PeHONBHBIX COeANHEHHH 1 (hraBoHOMIOB (Ainsworth,
Gillespie, 2007; Hikmawanti et al., 2021). DxcTpakmuto pac-
TBOPUMBIX OCITKOB TIPOBOIMIIN cOTTTacHO Metomuke (Wei et al.,
2018), MX KOHIICHTPALINIO OIICHUBAH C TTIOMOIIIBIO OKPAIIIHBa-
Hus pactBopoM Kymaceu (Bradford, 1976). AktuBHOCTB dep-
MEHTOB cyrepokcuarcmyTassl (SOD), mepokcunass (POX)
n o enonokcunazsl (PPO) m3mepsim craHiapTHEIMI KO-
nmopumetpraeckumu Metonamu (bospkur, 1951; Queiroz et
al., 2011; Edumosa u np., 2018). ConeprkaHne MaIOHOBOTO
mansaeruna (MDA) ompenensnm mo peakiuu ¢ THobapoOu-
TypoBoii kucnotoit (Bonyanpour, Jamali, 2020).

Jlis aHanm3a ypoBHS SKCHPECCHH T€HOB M3 IBETOYHBIX
nouek rpyum Beiiensii PHK ¢ momomnipro momuduipoBan-
Horo CTAB-metona (Cynnsipesa u ip., 2018). Cuate3 k IHK
OCYIIECTBILSUIN C TIOMOIIBI0 00paTHOH TpaHcKpunTazsl MMLV
(«EBporen», Poccust) cormacHO HHCTPYKIIMH IIPOU3BOIUTEIS.
[1LIP B peasrbHOM BpeMEHH NPOBOJIMIIH C HCIIOJIB30BAaHNEM Ha-
6opa qPCRmix-HS SYBR («EBporen», Poccus). [Tpaiimepsr
ObUTH TIOOOpaHbI U3 JUTEPATYPHBIX UCTOYHUKOB (Talm. 1).
B kadecTBe pedepeHCHOTO reHa ObUT B3ST KOHCEPBATHBHBIN
(parMeHT mocie0BaTeIbHOCTH reHa akThuHa. OTHOCHTENb-
HYIO SKCIPECCHUIO HCCIIEIOBAaHHBIX TEHOB PACCUUTHIBAIIH C 110~
Mompro 2-2ACt metoma (Livak, Schmittgen, 2001).

W3mepenus npoBoauiau B 2—4-KpaTHOW aHAIUTHYECKOM
MTOBTOPHOCTH. [I0CTOBEPHOCTD pa3INyuuil ONpEIeIIsuIN MO pe-
3ynbTaraM Tecta ThIOKH 0HO(AKTOPHOTO JTHUCTIEPCHOHHOTO
aHanu3a npu ypoHe 3HaunmocTu 0.05. Cratuctuueckui
aHaJIM3 BBITIOJHEH C TOMOIIIBIO IIPOrPaMMHOTO 00eCTICYeHUS
STATISTICA 12. Pe3ynbrarsl npeicTaBiIeHbI B BUJE CPEAHUX
3HAUCHUI U UX CTAHIAAPTHBIX OLINOOK.
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Ta6nuua 1. lNocnegosatenbHOCTU NPanNMepos,
ncnosnb3oBaHHbIX ANA nposefeHuns MLP B peanbHOM BpemeHun

leH MNocnepoBatenbHOCTH JlntepatypHbin
npanmepos 5'—3’ NCTOYHUK

PPO1 F CCTACTCACAAAGCCCAAGC  Busatto et al., 2021
R CCTCCAAGACCAAGAAGCAC

SOD1 F  GGGAGATGGCCCAACTACTG  Azarabadietal, 2017
R CCAGTTGACATGCAACCGTT

POX1 F  AAGGCATGCATGTGGTCAGT  Zhaietal, 2018
R CGACATATCCACCATGCCCA

DREB2 F GCAAAGAAACAGACCTTGTGC Nham etal., 2017
R GCATATAAGTCGTCCATCAACC

COR413 F GGTCGAACAGCACTGAAGGA
R CTCAAATGGGTTGCCTCCCT

CAP160 F GCCACTACTGCTATTGCCGA
R ATACCCTGTTGCTCAGGTGC

Actin F  CTGCTGGCATTCATGAGACT Sahin et al.,, 2022
R TCTGGTGGAGCTACAACCTT

MpumeuaHue. F - npamoiir npainmep, R — 06paTHbI npanmMep.

PesynbraTtbl
TemmneparypHble yCIIOBHS B U3y4aeMblii Teproj1 ObUIN pa3HO-
pomHBIMH (Ta0II. 2), 9YTO OTIIMYHO OTPAXKAIOT (ha3bl Pa3BUTHS
I[BETOYHBIX Mo4eK (puc. 1). OTO0p pacTuTeIpHOrO Marepuana
MIPOBOJMIIN B TPEThEH JAeKajie MapTa WIN MEepBOil aekase
arpe’si, IPUyPOYEHHOTO K Havaly [BETEHUs IPYIIH.

YenoBus A5 paciyCKaHUsl TeHepaTUBHBIX Modek B 2023 .
ObLIH OJTarONPHATHBIME: TIOCIIE BECEHHHUX 3aMOPO3KOB B MapTe
(o —6.3 °C) HabIroma M MOTEIUIeHHE B arpene 10 +5.4 °C, 9ro
MIPUBEJIO K pAaHHEMY ITPOXOXK/ICHUIO (pa3bl «HAYAIIO IIBETCHHS»
y copra Kuddep, rorna xak copra @namenxo, JleBen u JxaH-
KOMCKasl TO3HIS OCTAIHCH B (paze «obocobieHne OyTOHOBY.

CocTosiHME TeHepaTUBHBIX OpraHoB B 2024 I. 0IN4anoch ot
JlaHHbIX 32 2023 1. 3aMOpPO3KU B MapTe JOCTUTANIU TEMIIEPATy-
pbr—4.3 °C, B anipenie MUHUMaIIbHAsI TEMIIEPATypa COCTaBUIA
yums +2.0 °C. BormemmaCcTBO coproB (JIeBeH, [kaHKoicKas
no3aHsAs 1 PIaMeHKo) OCTanCh B (a3e «paciycKaHue Mo-
4geK», a copT Kuddep — B paze «obocobdneHne OyTOHOBY.

3a Tpu roja HCCIeOBAaHUH MHUHUMYM TEMIIEpaTypsl (J10
—13.9 °C) 6bu1 3adurcupoBan TosbKo B Mapre 2025 . Mu-

Ta6nuua 2. TemnepaTypHbIi PeXUM B 3MMHe-BeCceHHWI nepuog 2023-2025 rr.

Mecsay MwuHManbHble TemnepaTypbl Bo3gyxa, °C
2023 r. 2024r. 2025r.
| Il 1l | Il 1] | Il 1]

AlnBapb -13.4 -9.7 -8.1 -11.3 -14.2 -12.0 -6.2 -5.5 -3.1
Despanb -14.5 -11.5 -84 -29 -1.6 -4.5 -83 -84 -18.6
MapTt -6.3 23 1.5 -4.3 -35 -0.8 -13.9 -0.6 0.2
Anpenb 0.2 54 52 2.0 10.1 2.0 0.2 0.3 3.1
MpumeuaHne. I-ll - gekagbl MecALeB. XUPHbIM WPUPTOM BblgenieH abCOMIOTHDIN MUHMYM TeMMepaTyp 3a MecAL,.
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Puc. 1. ®a3bl pa3BUTUA LBETOYHbIX MOYEK FPYLUN.
a - pacnyckaHue noyek; 6 — 06ocobneHre 6yTOHOB; 8 — HAYaNo LBETEHUA.
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Puc. 2. CogepxaHue obwwux ¢eHonos, pnaBoHOMAOB U ManioHoBoro Ananbgervaa (MDA) B reHepaTMBHbBIX MOYKax rpy-
LUK MPY HU3KOTEeMMNepaTypHoOM cTpecce B 2023-2025 rr.

F — ®nameHko; K — Kuddep; D - IxxaHKomckan nosgHas; L — JleseH; C — KOHTponb, St — cTpecc. ManbiMu NaTUHCKMMMN GyKBamyi OTMeYeHbl
[IOCTOBEpPHble pa3nnymsA B onpefeneHHbIl rof nccnefoBaHnsa No pesynbratam Tecta Tbtoku npu p < 0.05.

HUMaJIbHAs TEMIIEpaTypa BO3AyXa MEpPBON AEKAIbl arpess
cocrasmiia +0.2 °C. Ilpu Takux ycinoBusix copra JxaHKoHcKas
no3aHss 1 PrraMeHKo HaXoMITHCh B (Dase «pacirycKaHue 1o-
4YeK», B To BpeMst kak copra Kuddep n Jleen qocturm ¢daszst
«obocobnenne OyTOHOBY.

Coneprkanne o0mux (EeHOIOB B IBETOYHBIX MMOYKAX TPY-
1 OBIJIO Pa3IMYHBIM B 3aBUCHMOCTH OT T'0/1a HCCIICIOBAHUS
(puc. 2, a). MakcuManbHbIC 3HAYEHHS, BAPHUPYIOIIHE B CPE/I-
HeM oT 17.2 1o 18.6 Mr/T cBIporo Beca, y OONBITHHCTBA COp-
TOB ObUTH BBIABICHHI B 2023 T. MUHHMAaNbHBIC MTOKA3aTEIN
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y.e./Mr 6enka
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C st

Puc. 3. AKTUBHOCTb NepPOKCKAa3bl, CynepoKCUaANCcMyTasbl U NoNnMdeHONoKC1aa3bl B reHepaTBHbIX NOYKaX rpyLwy npu

HU3KoTemnepaTypHom cTpecce B 2023-2025 rr.
Ycn. 0603H. cm. Ha puc. 2.

(5.1-11.7 Mr/T cpIporo Beca) COOTBETCTBOBAIH BECCHHEMY
nepuony 2025 . Ilocne KpaTKOBPEMEHHOIO0 HU3KOTEMIIEpa-
TYpPHOTO CTpecca HaOJIoaICsl 3HAYUTEIBHBINA POCT JAHHOTO
napametpa Tosbko B 2025 1. [TouTn 1BykpaTHOE yBEIUUEHUE
(heHOITOB OBUTO XapaKTEPHO IS TAKMX COPTOB, Kak DraMeHKo,
Joxankoiickas no3assist u Jleen. Copt JleBeH 3a Bech nepuoz,
W3YYEHUsI B CPETHEM MMEIT CaMble HU3KHE TT0Ka3aTesN TOTO
rapameTpa, cocTaBIsomue ~12 Mr/T ceIporo Beca.

I[Tpu comocTaBIeHNN JAaHHBIX 110 COICPKAHUIO (DIIaBOHOU-
JIOB HanOOIbIINE TTOKA3aTEIH, U3MEHSIONINECs B Ipeesax
ot 0.8 mo 1.1 Mr/r ceiporo Beca, ObUTH BBIABICHEI B 2024 T.
(cMm. puc. 2, 6). B mepuon 2025 1. HakorIeHHE (pIIaBOHOUIOB
B [[BETOYHBIX MTOYKAX IPYIIN JTOCTUTAIO MUHUMAIIbHBIX 3Ha-
yernii — 0.4—0.6 M1/t ceiporo Beca. [Ipu 3ToM y Bcex COpPTOB,
3a uckmoueHneMm Kudgep, B 2025 . crpeccoBoe Bo3IeH-
CTBHE MHUIIMMPOBAJIO PocT (hraBoHONI0B Oostee ueM Ha 30 %.
VY copra Kuddep xonunaecto (prraBOHONI0B PE3KO BO3POCIIO
(8 1.5 pa3a) B ycioBusix 2023 1. Takum 06pa3oM, Ha IIPOTSIKE-
HUH TPEXJIETHETO IKCIIEPUMEHTA MaKCHMaIIbHbIE ITOKa3aTeln
cozeprkaHus (HIaBOHOMJIOB TTOCIIE CTpecca ObUIN BBISBICHBI
y pa3sbIx coptoB: B 2023 . — Kuddep u Jlesen, B 2024 1. —

YCTONYMBOCTb PACTEHUN K ABUOTUYECKOMY CTPECCY / ABIOTIC STRESS TOLERANCE IN PLANTS

Jxankoiickas no3aHss u Jlesen, B 2025 1. — dnamenko,
Jxankotickas mo3nasst u Kuddep.

3HAYUTENBHBIC PA3INYNS 110 HAKOTICHHIO MaJIOHOBOTO
Juanbaeruia ObuTH OOHApY)KEHBI B 3aBHCHMOCTH OT rofia
nccnenosanns. Cample BBICOKHE MTOKa3aTesn (B CpeiHEM
0.03 MxM/r cwIporo Beca) ObpuTH XapakTepHb i 2023 T,
naumenbmue (0.004 MM/t criporo Beca) — st 2025 T (eM.
puc. 2, 8). HuskoremneparypHbIii cTpecc BbI3Ba yBEIHMICHUE
MDA B 1.5-2 paza B 2025 r. y Bcex copToB rpyiu, B 2024 1. —
y coproB @namenko u JxaHkolckas no3aHss Ha 45 n 65 %
COOTBETCTBeHHO, B 2023 1. — ToMmbKO y copra Kuddep Ha
30 %. Ilpn ananuse cpeHUX 3HAYEHUI TaHHOTO MapaMeTpa
3a 2023-2025 rr. cTpeccoBble MaKCUMaJIbHbIE MOKA3aTEIN
nmenu copra Jlesen, Jkankoiickas mo3masas u Kuddep.

V3MeHeHNS B aKTUBHOCTH HCCIICIOBAaHHBIX (DEPMEHTOB
TaKKe 3aBHCENN OT rojia u3ydeHus (puc. 3). AKTUBHOCTB Hep-
OKCH/1a3bl IOCTHTaJIa MAKCHMAJIbHBIX TIOKa3arene (ot 5.9 no
18.3 y.e./mr Genka/muH) B BeceHHU nepuon 2024-2025 T,
MHUHHAMAJBHBIX, U3MCHSIOMUXCS B mpenenax 0.5-1.4 y.e./
mr 6enka/muH, — B 2023 T. (cM. puc. 3, a). CTpecc gaie Bcero
TIPUBOIMI K yBENWYECHUIO akTHBHOCTH POX, B HEKOTOPBHIX
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Puc. 4. OTHOCUTENbHBIN YPOBEHb 3Kcnpeccum reHoB PcPOX1, PcSOD1, PcPPOT B reHepaTUBHbIX MOYKaX rpyLUmM NPy HA3-

KoTemnepaTypHom cTpecce B 2023-2025 rr.
Ycn. 0603H. CM. Ha puc. 2.

ciry4asx Oosee 4eM B 2 pa3a. Hanbosee BIcoKne OKa3aTenn
aKTHBHOCTH (pepMEHTa TOCIIE BO3JCHCTBHS HU3KUX TEMIIEpa-
Typ BO3yXa B MOJEIHPYEMBIX YCIOBHAX OBUIN XapaKTEPHBI
s copta JleseH — 11.6 y.e./mr Oenka/MUH B CpeTHEM 32 BECh
TIEPUOJT U3YUCHHSI.

JlnHamM¥Ka aKTHBHOCTH CYNEPOKCHAIMCMYTa3bl MMEIa
00paTHYIO HAIPaBICHHOCTH M0 CPABHEHUIO C M3MEHEHUSIMA
AKTHBHOCTH TIEPOKCH/A3bl, @ UMEHHO: MaKCUMAJIbHBIA POCT
npuxoqwics Ha 2023 r., a MuHuMyM — Ha 2024 1. CaMmble BbI-
cokne 3HaueHns SOD B TeueHne BCEro MepHoia N3ydeHUs
ObLTH BEISIBIICHEI y copTa Kuddep, B cpentem 6.8 y.e./mr 6en-
Ka (cM. puc. 3, 0). [Tocne cTpecca akTUBHOCTE (pepMEHTa B
MOYKax rpyuu ysenuuuiach B 1.4-2.4 paza tonbko B 2025 1.
3a Tpu rojia UCCIIEIOBaHS MAaKCHUMAIIbHbIEC TTOKA3aTEIH MPH
KPaTKOBPEMEHHOM HETATHBHOM BO3JICHCTBUH, COCTABIISIONIHE
B cpenneM 8.0 y.e./Mr Oenka, umenu copta Kuddep u xan-
KOMCKast TIO3/IHSSI.

AKTHBHOCTB IOIA(EHOIOKCH 13l N3MEHSIIACH TOXKE B 3a-
BHCHMOCTH OT I'oJIa NCCIIEI0BAHMS: MAKCUMYM IMPUXOMIICS Ha
2024 1., muanmyM — Ha 2023 1 2025 rT. (M. puc. 3, 8). Cop-
TOBBIC PA3ITHUMSI OBUIN BBIPAXKEHBI CJ1a00, TONBKO IJISl COpTa
JlxaHKoMCKast TIO3/1HsS OBLIN XapaKTepHBI Hanbosee HU3KHUe
mokazarenu PPO B 2024 u 2025 . — 7.1 u 3.0 y.e./mT OGenka
COOTBETCTBEHHO. HHU3KOTEMIEpaTypHBIi CTpece He MPUBOIHIT
K 3HAYUTEILHOMY M3MCHEHHUIO aKTUBHOCTH (DepMEHTa, 3a
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WCKIIIOUEHHEM JIBYX BapuaHTOB: yBennueHnue PPO B 2 paza 'y
copra Kuddep B 2023 1. u camwkenne PPO na 60 % y copra
Jxankoiickas mo3nuss B 2024 1.

CornacHO JTaHHBIM YPOBHSI OTHOCHTEIBHOW IKCIIPECCHU
TCHOB TEX )K€ M3YYEHHBIX aHTHOKCHIAHTHBIX ()EpPMEHTOB, B
2023 r. ObUTH BBISBICHBI HAHMOOJBIINE CPEAHNE ITOKA3ATCIH
PcPOXI n PcSODI (puc. 4, a, 6). I1pu 3TOM MakCUMAaJTbHBIC
3HAUCHMS TI0 OTHOCHUTEIIFHOH SKCIIPECCHH TeHA TIEPOKCHA3hI
umen copt Kudpdep B 2025 r. B ornHomennu rena PcPPO1
OTMEYEH BBICOKHH ypoBeHb 3kcnpeccuu B 2025 . ¢ MakcH-
MyMmoM y copta Kuddep (cum. puc. 4, ). [Tocie crpeccoBoro
BO3JICHCTBHS YPOBEHB SKCIIPECCHUH T€HOB aHTHOKCHAAHTHBIX
(hepMEHTOB 3HAUUTENBEHO HE N3MEHWIICS, KPOME OTAEIBHBIX
BapHaHTOB: pe3koe yBenmmdeHue PcSODI Habmromanoch y
coptra Kuddep B 2023 u 2025 rr., mokazareneir PcPOXI —
y coprta JleBen B 2024 r. Takke 3apUKCHPOBAHO CHIKCHHC
3HaueHui skcnpeccun PcPOX1 y coproB dnamenko u J{xan-
koiickas no3ausis B 2023 r., PcSODI — 'y copra ®nameHKo
B 2025 ., PcPPOI —y copra Kudpdep B 2024 u 2025 .
(8 2023 1., HaLIPOTHUB, Y 3TOTO COpTa OBLT OTMEUYCH POCT JIaH-
HOTO TTapameTpa).

Ienernyeckuii aHanm3 ObLT IPOBEAEH M JJIS TPYTIIBI TCHOB,
OTBEYAIOIINX 33 YCTOHYMBOCTH K HU3KOTEMIIEPATypHOMY
cTpeccy — OBbUIM MCCIIEOBaHbl TPAHCKPUIIIIMOHHBIN (akTop
PcDREB2 (puc. 5, a) u 6emKu X0I010BON aKKINMaTH3AIIH
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Puc. 5. OTHoCMTenbHbIN ypoBeHb sKkcnpeccumn reHoB PcDREB2, PcCOR413, PcCAP160 B reHepaTUBHbIX MOYKax rpyLv npu

HU13KoTemnepaTypHom cTpecce B 2023-2025 rr.
Ycn. 0603H. CM. Ha puc. 2.

PcCOR413, PcCAP160 (cm. puc. 5, 6, 6). B KOHTpOIBHBIX
YCIIOBUSIX COPTOBBIX OTJIIMYMI HE OOHAPY’KEHO 32 BECh IIEPHOJT
HCCIeI0BaHUs, 3a UCKIoUeHueM noka3zareineit PcCOR413
copra ®namenko B 2023 1., koTopble Ha 78 % IMpeBbIIIATH
3HAUECHUS OCTAIbHBIX.

Bo3sneiicTBre HU3KMX TeMIIEpaTyp Ha FeHePaTHBHBIC TOYKH
IPYLIN y BCEX M3YUCHHBIX COPTOB BBI3BAJIO 3HAYUTEIIHLHOE
MOBBINIEHUE (B 2—5 pa3) OTHOCUTENBHOTO YPOBHS JKCIIpEC-
cun reHa PcCOR413 tonbko B 2023 1. YV copra dnamMeHKO
BBISIBHJIM POCT CTPECCOBBIX 3HAYEHUH 3TOTO reHa B 2 pasa
B 2024 1., MOCKOJIBKY B IEPBBINA I'OJl UCCIEA0BAHUS, KaK OT-
MEUYEHO paHee, KOHTPOJIbHBIE TIOKa3aTeNI ObIIN JOCTATOYHO
BBICOKUMU. UTO KacaeTcs ypoBHSI OTHOCUTEIILHOM SKCIIPECCHN
reHa PcCAP160, To ero 3Ha4eHUsl B CTPECCOBBIX YCIOBHAX
pesko yBemumumnchk B 2023 1., ocodbenHo y copta Kuddep, a
Takke B 2024 1. y coproB ®ramenko u JIleseH (B 8—14 pa3) u B
2025 r. y mocnenHero u3 HUX (B 3 pasa). MisMeHeHns mokasza-
teneid PcDREB?2 Hocwiy ernie 0oee TMHAMUYHBIA XapaKTep.
B 2023 r. npeBbllIeHre KOHTPOJIBHBIX 3HaUueHui B 30—46 pa3
oTMeueHO [uisi copToB PnaMenko u JkaHKoMCKas TO3/1Hss, B
109 pa3 — st copra JleeH, B 122 pa3za — ais copra Kuddep ¢
MHUHHMaJIbHBIMHU 3Ha4eHUsIMU. B crieytommuii ro pocT moxa-
3areneit PcDREB2 Obll He TAKMM 3HAYUTEIFHBIM — B 2—17 pa3,
HO y copra DIaMEeHKO YpOBEHb HKCIIPECCHH YBEINYMICS B
68 pa3. MakcumanbHbIe 3HaYeHUST PcDREB2 ObUTH BBISBICHBI

YCTONYMBOCTb PACTEHUN K ABUOTUYECKOMY CTPECCY / ABIOTIC STRESS TOLERANCE IN PLANTS

nocie crpecca B 2025 1. y coproB dnamenko u Jleen. Menee
3HAYNTEILHOE MOBBIIICHUE YKCIPECCHH 3a(UKCUPOBAHO Y
coproB Kuddep n Ixankoiickast mo3mHss.

O6c¢cyxpeHue
[TonyueHHbIe TaHHBIE TO3BOJISIOT YTBEPIKAATD, YTO OT CTaIUN
pa3BUTHUS TEHEPATHBHOMN TIOUKH 3aBHUCAT €€ (PU3U0JIOr0-0Ho-
XHUMHYECKHE U MOJICKYJSIPHO-TEHETHYECKAE OCOOCHHOCTH.
Tak, Ha 3Tane «paciyckaHue MOYeK» XapaKTepPHbI HAJTHYHE
BbIcOKOH akTuBHOCTH (pepmentoB POX u PPO u nakome-
HHe (raBoHOMIOB. B Gosiee XOJIIOAHBIX YCIOBUSIX BECEHHETO
nepuoaa 2025 1. Ha 3TOM XKe dTare pa3BUTHU FeHEPaTUBHBIX
CTPYKTYp ObLIa OTMEUCHA OOJIee pe3Kasi OTBETHAS PEaKIUs Ha
CTpecc B BHJIE YCHIICHHSI aKTHBHOCTH NIEPOKCH/IA3bl, CyIep-
OKCH/JIMCMYTa3bl, yBEJIMYCHHS HAKOTUICHHS 001X (peHOIIOB,
¢daBonoun 108, MDA u BbIcOKO#1 9KCcTipeccun reHa PcDREB2.
Cxoxue pe3ynbTaThl 110 YBEINYEHHIO aKTHBHOCTH aHTHOKCH-
JIAHTHBIX ()EPMEHTOB ITPU PACITYCKAHUH MTOYEK IpyIu P. pyri-
folia 6un TipecTaBieHsl B padote (Hussain et al., 2015).
Juist cranun «obocobneHre OyTOHOBY» MOXKHO OTMETHUTh
MaKCUMaJbHOE HakoruieHne o0mux ¢enonoB 1 MDA, Hau-
Oombinyto akTuBHOCTH SOD M BBICOKHIT ypOBEHB KCIIPECCHU
PcCOR413. Tlpu ctpecce HaOMONAIN YBEINUCHUC AKTHB-
Hoctu POX u pe3kuit poct skcnpeccuu reHoB PcPPOI,
PcDREB2, PcCOR413 n PcCAP160. Ctanus pa3BUTHSA

409



A.E. Mishko
A.V.Klyukina

TEHEPaTUBHBIX MOYEK IPYIIN «HA4Yalo LBETEHH», KOTOpas
6buta 3adukcupoBana Tosbko y copra Kuddep B 2023 r,
XapakTepusyercsi 0ojee MHTCHCUBHBIM OTBETOM Ha CTpECC:
yCHJICHHEM cHHTe3a (raBoHOUI0B, aktuBHOCTH PPO U mo-
Kazaresnel ypoBHsI SKCIIPECCHH BCEX MCCIIEJOBAaHHBIX TEHOB.
[ToBbimenune akruBHOCTH SOD M 10711 TPAHCKPUTITOB TEHOB,
CBSI3aHHBIX ¢ OMOCHHTE30M (D1aBOHOMIOB, OBLIO OTMEUEHO
KUTaWCKUMH HCCIIEAOBATENSAMH TIPU W3YYEHUH OTBETHOU
peakiny [BETKOB Pa3HbIX TEHOTHUIIOB a3MaTCKUX TPy, IO/~
BEP)KEHHBIX HU3KOTEMITEpaTypHOMY cTpeccy oT +2 1o —4 °C
B Teuenue 4 u (Li et al., 2023; Lin et al., 2023). B gpyroii
paboTe Bo3zieiicTBHE HU3KUMH TEMIIEpaTypaMy Ha KyJIbTypy
KJIETOK sIOJIOHU TPUBOJMIIO K aKTUBALUHU 3KCIPECCHU T€HOB
DREB/CBF (Du et al., 2015).

Kak mpezacraBieHO BBINIE, YPOBEHb IKCIIPECCHH T'€HA
PcDREB2 B reHepaTUBHBIX MOYKaxX TPYIIU MOCJIE cTpecca
OTIIMYAJICSI MaKCUMaJIbHBIM poctoM (routu B 100 pas), uto
COOTBETCTBYET JAHHBIM TPYIIN YCCYPUUCKOH (P. ussuriensis
Maxim. ex Rupr.) — ¢ Haubosb1eii sxcripeccuei renos DREB
u DREB2 B nepBbie 12 4 B ycnoBusx runotepmun (Yang,
Huang, 2018). B to xe Bpems B ruiogax copra Bunbsamc npu
JCWCTBUM HU3KUX TEMIIEpaTyp IpyMIa YICHBIX HE BBISBH-
na yBenudeHus skcnpeccun reHoB CBF1, CBF4, DREB?2,
COR413, 3a uckmrouerneM reHa CAP160 (Nham et al., 2017).

ITo pe3ynbTaTraMm MPOBEAECHHOTO CPABHUTEIHLHOIO aHAIN3a
W3YYEHHBIX COPTOB TPYIIN MOXHO 3aKJIFOYHUTh, YTO OCEHHHN
copt Kuddep obragaet ciocoGHOCTHIO K OBICTPOMY BBIXOIY
U3 COCTOSIHUSI TNIYOOKOTO TTOKOSI, YTO OIpEeAeseT ero dosee
paHHUE CPOKHU PaCITyCKaHHs IBETOUHBIX MTOYEK. DTO CBSI3aHO
C TIPOUCXOXKACHUEM COPTa, OJIHOW W3 POIUTEIBbCKUX (popm
Kotoporo siBisiercst Bua P. pyrifolia, ne TpeGyromuii HU3-
KHUX TEMIIepaTyp Ul BCTYIJICHUS B (pa3y nryOOKOro Mmoxos
1 OBICTPO BBIXOIAIIMN M3 HEro mocie Temibix 3uM (Gabay,
Flaishman, 2024). /locTaTo4HO BBICOKHE CTPECCOBBIEC TOKa-
3arenu MDA, ckopee Bcero, 00yCJIOBIHBAIOT MOBBIIICHHYIO
BOCIIPHUMYHUBOCTH copTa Knddep k HU3KMM Temiieparypam
BECEHHETo mepuoja Ha (oHe OBICTPON OTBETHOUM pPEaKITUH.
Jst copra JxaHkolcKast TIO3/1HsIsS 3SMMHET0 CPOKa CO3PEBaHMs
OBLTO XapaKTepHO, TaK ke Kak u 1yt copTta Kuddep: Bricokoe
cozepkanne (hEHOJBHBIX COEAMHEHUH, POCT CO/epIKaHUs
MDA u aktuBHoctu SOD B CTpecCOBBIX YCIOBUAX, HO B
LIEJIOM B MEHbIICH CTENEHH BbIPaKCHHAs] aHTHOKCHIAHTHASI
cHCTeMa 3allUThl U KCHPECCHsI TEHOB XOJIOZOBOI YCTOHYH-
BocTtH. Copra ®namenko u JIeBeH MMEH CXOKHE OTBETHBIC
peaknuy Ha HU3KOTEMIIEpaTypHBIH CTpecc, XOTs MO CpoKam
CO3pEBAHMS MEPBBI OTHOCUTCS K TPyNIIE JETHUX COPTOB, a
BTOPOIi — K 3uMHUM. AkTHBHOCTE SOD u copepxanne MDA
3a BeCh IEPHOJ] UCCIICIOBAHNS B CpeHEM OBbLIM Ha YpPOBHE
KOHTPOJIbHBIX 3HAYEHUH WM HUXKE UX, IIPU 3TOM 3HAUCHUS
POX u skcnpeccun renoB PcPOXI, PcDREB2, PcCAP160
u PcCOR413 nocTurainu MakCUMyMa.

3akJiloyeHue

BrisiBiieHa pazHuna B croco0ax ajanrtaluyd COpTOB IPYIIN
pa3IUYHOrO CpoKa CO3pEBAHUS U MPOUCXOXKICHUSA K HU3KO-
TEMIIEPATYPHBIM CTpPECCAaM 3MMHE-BECEHHEr0 MEpHoJa Kak
Ha 5KOJIOTMYC€CKOM, TaK U Ha (1)I/I3I/IOJ'IOFI/I‘I€CKOM YPOBHE.
Pactenus rpyum, A KOTOPBIX XapakTepHO Ooiiee paHHEee
Ha4vyaJI0 IBCTCHHA, KaK 5TO GI)IJ'IO YCTAaHOBJICHO IJid COpTa
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Kuddep, odmagaror 60s1b111eH BOCIPUAMYNBOCTHIO K HU3KUM
TeMIepaTypam 3a cueT pocta aktuBHocTH SOD Ha oHe BbI-
cokoro ypoBHA HakorureHuss MDA. V copToB GoJee mo3nHero
repro/ia BETEHUsI (BTOPasi-TPEThs AeKa/ia anpesis) 3aluTHbIe
MEXaHU3MBbI C/ICPIKUBAHKSI OKHCIIUTEIBHOTO CTPECCa B PacTH-
TEINIbHBIX KIIETKaX cpadaThIBajy ObIcTpee: ObUTH yCTAaHOBIICHBI
MaKCHUMaJIbHbIC MMOKA3aTeNN IKCIPECCUH [CHOB XOJOJOBOMN
YCTOWYMBOCTH U aKTUBHOCTH MEPOKCU/IA3bl PU HU3KHX I10-
kazarensix MDA.

[MonyueHHbIe pe3y/bTaThl TO3BOJIST B JalIbHEHIIIEM [IPOBO-
JIMTH OIIEHKY COPTOB IPYIIH MO MPU3HAKAM-MapKepaM XOJ0-
JIOBOU YCTOWYMBOCTHU JIJIsl CO3JJAHUSI COBPEMEHHOTO TIEPEUHs
MEPCIEKTUBHBIX COPTOB JAHHOM KYJIBTYPbI U UX PAL[OHAIb-
HOTO pa3MeIeHHs Ha TePPUTOPUH Fora Poccri ¢ 1ienbio moiy-
YeHUs! CTAOUIIbHBIX M KAYECTBEHHBIX YPOXKALB.
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XapaKTepUCTUKa reHOB rajakrypoHarpenykras (GalUR)
yecHOKa (Allium sativum L.) 1 U3SMeHeHle X SKCIIPeCcCun
B OTBET Ha ab1oTnuYecKue CTPecCcopbl

M.A. OuarommyH @, T.M. Cepeaun, A.B. lllennukosa (%), E.3. Kounesa

NHcTuTyT 6rontkeHepun nm. K.I. CkpsabrHa, OepeparnbHblii nccnefoBaTtenbckuii LeHTp «DyHaameHTalbHble OCHOBbI OMOTEXHONOT N
Poccuiickoit akapemun Hayk, MockBa, Poccua

@ michel7753@mail.ru

AHHoTauuA. [TOMMMO OCHOBHOTO L-raflakTO3HOrO MyTW CMHTe3a L-ackopbuHoBoii KncnoTbl (AcK) B pacTeHusX, N3BECTHO
TPW anbTepHaTMBHbIX MyTW. OAMH U3 HUX, D-ranakTypoHOBbIN, CcYMTaeTcA cneunduyHbIM ANA TKaHel C U36bITKom
D-ranaktypoHata — cybcTtpata D-ranaktypoHatpepaykTasbl (GalUR), oTHocALeNcA K ceMelicTBy anbherngketopenyKkras
(AKR). B HacToAwen paboTe naeHTMoULMpoBaHo cemelncTBo reHoB AKR uecHoka Allium sativum L. n onpeaeneHo cemb
reHoB, AsGalUR1-7, npegnonoxutenbHo kogupytowmx ¢epmeHTbl GalUR. OxapakTepr3oBaHbl CTPYKTypa 1 ¢unoreHus
reHoB AsGalUR1-7 n Kogunpyembix UMK GefKoB, a TakKe npodusnb skcnpeccun reHos AsGalUR B pa3nnyHbIX opraHax
pacTeHna yecHoka (in silico n TMLUP-PB). Ha ocHoBe nonyyeHHbIX AaHHbIX FeHbl YCIIOBHO pa3feneHbl Ha KOPHEeBYIO
(AsGalUR1-4) n nuctoByto (AsGalUR5-7) rpynnbl No Npu3Haky Hanmbonblueil SKCnpeccun B NOA3EMHOM U HaA3eMHOMN
YacTAX pacTeHWA COOTBETCTBeHHO. [NpoBefieH aHanu3 sKkcnpeccun reHoB AsGalUR B NMUCTbAX N KOPHAX B OTBET Ha
BO3JeNCTBUE 3aCyXM, CONIEBOrO 1 XONIOA0BOIO CTPECCOPOB, @ TaKkKe 3K30reHHbIX PUTOropMOHOB (abcLM30Ban KNCIOTa,
MeTUMKacMoHaT), BKyrne c uamepeHuem cogepxanus AcK. MokasaHo, uTo 06paboTka ropMoHaMM NMoAaBAET SKCMPeCcuto
BCEX aHaNM3MpyeMbIX FeHOB B 060UX TUMax OpraHoB. XON0A0Bble YC/I0BUA B KOPHAX CTUMYNINPYIOT SKCMPECCUI0 KOPHEBBIX
reHOB 1 NOAABAIOT — JIMCTOBbIX M OKa3blBaloT MPOTUBOMONOXKHBIN 3$PeKT B nncTbax. OcmoTnyeckme ctpeccopbl (NaCl,
PEG) nopaBnstoT TpaHCKPUNUKMIO BCEX FeHOB B NNCTbAX, HO He MeHAtoT (NaCl) nan ctumynupyiot (PEG) ee B KOPHSAX, 4TO
ConpoBOX/AaeTcA PoCcToM HakonneHna AcK. B nincTbaAx B CTPeCCOBbIX YCJIOBUAX BbiABNEHA NONOXMUTENIbHAA Koppenauma
Mexpay sKcnpeccuein reHoB AsGalURT w 4 n copepkaHnem AcK. MonyyeHHble AaHHble MOFYT CTaTb OCHOBOW ANA
JanbHelLero n3yyeHna mexaHm3mMoB perynaumm cruHtesa AcK 'y yecHoka u gpyrux supos Allium.

KnioueBble cnoBa: yecHok; Allium sativum L.; 6nocunHTe3 L-ackop6uHOBO KNCNOTbl; D-ranakTypoHoBbI nyTb; D-ranak-
TypoHaTpepykTa3sa; GalUR

[na untuposanna: QunowmnH M.A., CepeanH T.M., LLlenHnkoBa A.B., Kounesa E.3. XapakTepucTuka reHoB ranaktypo-
HaTpeaykTa3 (GalUR) uecHoka (Allium sativum L.) n U3MeHEeHNe X 3KCMPeccMmn B OTBET Ha abNOTMYECKME CTPECCOpDI.
Basunosckuli xypHan 2eHemuku u cenekyuu. 2026;30(3):412-423. doi 10.18699/vjgb-26-45

OuHaHcnpoBaHue. ViccnefoBaHve BbINOIHEHO 3a cYeT rpaHTa Poccuiickoro HayuyHoro poHpaa (N2 24-76-10005; xapak-
TEPUCTMKA U aHaNM3 reHOB, SKCMPECCUOHHBIV aHann3) U MUHMCTepCTBa HayKu 1 Bbicliero obpasoBaHus Poccuinckoi
Qepepauny (@HanU3 3KCNPECCMM Ha OCHOBE AaHHbIX TPAHCKPUMTOMHOIO aHann3a).

Characteristics of galacturonate reductase (GalUR) genes
in garlic (Allium sativum L.) and changes in their expression
in response to abiotic stressors

M.A. Filyushin (%) @), T.M. Seredin (), A.V. Shchennikova (%), E.Z. Kochieva

Skryabin Institute of Bioengineering, Federal Research Centre “Fundamentals of Biotechnology” of the Russian Academy of Sciences, Moscow, Russia
@ michel7753@mail.ru

Abstract. In plants, the synthesis of L-ascorbic acid (Aa), in addition to the main L-galactose pathway, is carried out by
three known alternative pathways. One of them, the D-galacturonic acid pathway, is thought to be specific for tissues
with excess D-galacturonate, the substrate of D-galacturonate reductase (GalUR), which belongs to the Aldo-Keto
Reductase (AKR) superfamily. In this study, the AKR gene family of garlic Allium sativum L. was identified and seven genes,
AsGalUR1-7, presumably encoding GalUR enzymes, were determined. The structure and phylogeny of the AsGalUR1-7
genes and the proteins they encode, as well as the AsGalUR1-7 expression pattern in different organs of the garlic
plant (in silico and qRT-PCR), were characterized. Based on the obtained data, the genes were conditionally divided into
root (AsGalUR1-4) and leaf (AsGalUR5-7) groups depending on the highest expression level in the underground and
aboveground parts of the plant, respectively. The AsGalUR expression in leaves and roots was analyzed in response to
drought, salt and cold stresses, as well as exogenous phytohormones (abscisic acid, methyl jasmonate), accompanied by
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leHbl ranaktypoHatpeaykTas (GalUR) uecHoka

the AsA content measurement. It was shown that hormone treatment suppresses the expression of all analyzed genes in
both organ types. Cold conditions stimulate the expression of root group genes and suppress that of leaf group genes
in roots, and have the opposite effect in leaves. Osmotic stressors (NaCl, PEG) suppress the transcription of all genes in
leaves, but do not change (NaCl) or stimulate (PEG) it in roots, which is accompanied by an increase in AsA accumulation
in organs of both types. A positive correlation between the expression of the AsGalURT and 4 genes and the AsA content
is found in leaves under stress conditions. The data obtained can form the basis for further study of the mechanisms
regulating AsA synthesis in garlic and other Allium species.

Key words: garlic; Allium sativum L.; L-ascorbic acid biosynthesis; D-galacturonic pathway; D-galacturonate reductase;

GalUR
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BBepeHue

L-ackopbunoBas kuciota (AcK, ackop6ar) sIBISCTCS OXHUM
13 OCHOBHBIX KOMIIOHEHTOB He()epMEHTAaTUBHON aHTHOKCH-
JAaHTHOM cucteMbl pactenuil (Smirnoff, Wheeler, 2024). He-
00X0JMMO€ KOJIMUYECTBO ackopOara B KIETKax MOAJEepP)KUBaA-
eTcs myTeM OajaHca MeXIy OMOCHHTE30M, Jerpajanueid u
PELMKIMHTOM (BOCCTAaHOBJICHHEM OKHCIEHHBIX Gopm) AcK
(Smirnoff, 2018), a Taxxe Tpancnoprom ackopbara. AcK cun-
Te3UpyeTCs MPEUMYIIecTBeHHO B MUCThsX (Franceschi, Tarlyn,
2002; Badejo et al., 2012) u gocTaBnseTcs mo ¢ro3mMe B pas-
JIMYHBIC YaCTH PACTEHUS B BUJIE CTAOWIIBHBIX U 3aIUIIICHHBIX
OT OKUCcIIeHHs ackopomirmuko3uaoB (Richardson et al., 2021;
Huang et al., 2025).

V pacrennii buocunTe3 AcK mmeT B ocHOBHOM 110 L-ranak-
To3HOMY Iyt CmupHOBa—Ymniepa. OHAKO UMEIOTCS TPH
aJbTEPHATUBHBIX MyTH, D-ranakrypoHoBbIi, L-ryno3uslii u
Muo-rHO3UTOJNOBBIN (Broad et al., 2020; Smirnoff, Wheeler,
2024), KOoTOpBIe TaK)Ke BHOCST CYIICCTBEHHBIN BKJIA] B Ha-
KOIUIEHHE acKopOaTa B HEKOTOPBIX OpraHax WIIM Ha OIpeje-
JICHHBIX CTAIHAX Pa3BUTHs pacTeHus.. Hanpumep, mis smc-
TBEB 3eMIIHUKM Fragaria X ananassa Duchesne ex Rozier
XapakTepeH L-raakTo3HbIH My Th, a A7 CIIeNbIX aro — D-ra-
nakTypoHoBbId (Agius et al., 2003; Cruz-Rus et al., 2011;
Liu et al., 2022). IToxoxum 00pa3oM JTUCThS U PACTYIIUE
wtoas! ToMara Solanum lycopersicum L. cunrezupyror AcK
1o L-rajgakro3HOMY HyTH, a CHeJble 106l — no D-ramak-
TypoHoBomy myTH (Badejo et al., 2012). [lepexon B crienbix
IUIOJaX OT OCHOBHOTO ImyTH 6nocunresa AcK k ansrepHaTyB-
HOMY BapHaHTY CBSI3BIBAIOT C aKTUBHOM Jerpajayei mek-
THHA KJIETOYHBIX CTEHOK, 00Pa30BaHHOTO ITIaBHBIM 00pa3oM
OCTaTKaMM TajlaKTypOHOBOW KHCIIOTHI M KOHBEpTAalMeil ero
OCHOBHOTO MOHOMepa, D-ranakryponara, B AcK (Peltonen,
Richard, 2022).

Cpenu anpTepHaTUBHBIX IMyTeill D-ragakTypoHOBBIN IyTh
HambOosiee xopomo u3ydeH. OH HaYMHAETCS, KAaK TOBOPH-
JIOCH BBIIIE, C Pa3JIOKEHHS NIEKTHHA, B PE3YIbTaTe KOTOPOTo
oOpasyercst D-ranmakTypoHOBasi KHCJIOTa, HEpeXoasiias B
D-ranakryponar (D-GalUA) ¢ nocnexyronuM BOCCTaHOB-
JIeHneM 110 L-ranakroHara, Karaian3upyeMbiM D-rajgakrypo-
HaTpeayKTa30i. L-ranakToHaT ¢ HOMOIIBIO aJIbIOHOIAKTOHA-
3bl IpeBpalaercs B L-ranakrono-1,4-makroH, noj AecTBUEM
L-ranakro3onaktoHaeruaporenassl okucisitomuiics 10 AcK
(Ishikawa et al., 2008; Peltonen, Richard, 2022).

lanmakryponarpenykrassl (EC 1.1.1.365; GalUR) crpyk-
TYPHO OTHOCSITCS K CEMEHUCTBY anpaeruakeropenykras (AKR)
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(Duan et al., 2020), ogao u3 16 MoACEMENHCTB KOTOPOTO,
AKR4, Brurtouaet 6enkn AKR pacTuTensHOTO Iporcxoxk ie-
Hus (Penning, 2015). KommuectBo renoB AKR, uneHTH(OU-
IMPOBAHHEIX y BBICIIHX pacTeHuit (Sengupta et al., 2015),
3HAUYNTEILHO BapbUPYET B 3aBHCUMOCTH OT Buaa. Hampu-
Mep, TeHoM Arabidopsis thaliana L. conepxurt 22 rena AKR,
S. lycopersicum — 25, a F. x ananassa — 80 reros (Duan et al.,
2020; Liu et al., 2022), u ¢pyHKINH X OSITKOBBIX TPOTYKTOB
He orpannunBatorcs yuactueM B cuHteze AcK. AKR xoHTpoO-
JMPYIOT 00pa30BaHKE TAKXKE IPYTUX BTOPUIHBIX METAOOIUTOB
1 OCMOJIMTOB PACTCHUH, BKIIO4Yas BUTaMuH B6, copburomn,
n30(IaBOHEI, (GUTOACTpOTeHHI U 1p. (Sengupta etal., 2015; Ha
etal., 2019). Cunuraercs, 9ro Takas GyHKIHOHATBHAS Tudde-
pernmanus 6emkoB AKR crmocoOHa mOBEICHTE 3 PEKTHBHOCTE
a/lanTauy PacTeHUH K Pa3IMIHBIM YCIOBHAM OKpYXKAIOMIEH
Cpelbl, B TOM YHCJIE CTPECCOBBIM BO3/eHCTBUSIM. [0BOpS O
cuntese AcK, uarepecHo orMeTuTsh, 4To K cemeictBy AKR
oTHOCATCA He TONbKO (pepmenTs GalUR D-ramaktypoHOBOTO
myTH, HO U L-ranmakrozonerunporenasa (L-GalDH) ocHoBHOTO
L-ramakro3noro mytu (Vargas et al., 2022).

UYecHok (Allium sativum L.) — 5)KOHOMHYECKH 3HAYHMAS
OBOIIHASI KYJIbTYypa C €XETOJHBIM IPONU3BOACTBOM OKOJIO
30 mute T (FAO; http://www.fao.org). Comeprkanue ackopbara
B JIMCTBSIX U JIyKOBHIIE AKTHBHO M3Yy4aeTcs HA Pa3IHMIHBIX
coprax 1 obpasiax yecHoka (Skoczylas et al., 2023; Snirc et
al., 2023; Popa et al., 2024; Yenealem et al., 2024). Ognrako
JAaHHBIE O MOJIEKYJSIpHOW perymsiun meradommima AcK B
pacteHusx A. sativum W He MEHEe SKOHOMHUYECKU IICHHBIX
POACTBEHHBIX BUJOB Allium TpencTaBieHbl pe3ylbTaTaMy
HaIIAX UcclieoBaHni. Tak, B TeHOME A. sativum uneHTu(u-
LINPOBAHBI ¥ OXAPAKTEPU30BaHbI OTACIbHBIC TCHBI MOHOJICTH-
npoackopbarpenykras (MDHAR) myT penuKInHATa ackopoa-
Ta (AHrcuMoBa 1 np., 2022) ¥ yCTaHOBJICH XapaKTep h3Me-
HEHHMS HKCIIPECCHN TeHOB OnocuHTe3a u penuismara AcK B
OTBET Ha 3apa’KeHNE PACTEHUH Y€CHOKA ITATOT€HHBIM I'PHOOM
Fusarium proliferatum (IleaankoBa u ap., 2025). ¥V myka-
mopest (Allium porrum L.) onpeneneHa BapuadeIbHOCTh TeHa
I'1®-L-ramakrozodocdopmnazst GGPI L-ranakTo3HOTo Iy TH
(ArncumoBa u 1p., 2021a) 1 U3y4eHBI BO3MOKHBIC KOpPEIs-
MK Mexy coaepkanneM AcK n ypoBHEM SKCTIpeccHy TeHOB
MDHAR (Arucumosa u nip., 20216; @wumromms u nip., 2021),
a TaKkXKe HEKOTOPBIX JIPYTHX TeHOB L-ramakTo3HOTO MyTH U
permkimaTa AcK (@umromms u ap., 2025).

Llenbro HacTosmIEeH pabOTHI CTANM MACHTU(GUKALNSA U Xa-
pakrepuctuka reHoB D-ramakryponarpenykra3 (GalUR) B
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reHOMe YeCHOKa A. sativum u ompejeneHue npoduiein ux
9KCIIPECCHH B PA3IUUHBIX OpraHax pacTeHHs, a TAKIKE B OT-
BET Ha BO3JIEHCTBHE aOMOTHUECKHUX CTPECCOBBIX (haKTOPOB U
9K30I'€HHYIO 00pabOTKY (PUTOrOPMOHAMH.

MaTtepuanbl u meToAbl

HNnenTndukanus v cTpyKTYpHasi XapaKTEPUCTHKA TeHOB
AsGalUR 4ecHoka. ITouck mocinenoBareiabHOCTE TeHOB
raJlakTypOHaTpelyKTa3 IPOBOAMIN B TEHOMHBIX M TpaHC-
KPUNITOMHBIX JaHHBIX YecHOKa 4. sativum copta Ershuizao
(PRINA606385, coopka Garlic.V2.fa), noctynHbIX B 0a3e
naaabix AlliumDB (https://allium.qau.edu.cn/). B kagecte
pedepeHca UCoNb30Baik MOCIe0BATENIbHOCTH TalaKTy-
ponatpenykra3 Tomara (LOC101256763 u LOC101250974
(=SIAKR4B)) (Suckawa et al., 2016) u 3emustauku (FaGalUR,
AF039182.1) (Agius et al., 2003).

BripaBHUBaHIE W aHATW3 MTOCIEIOBATEIIEHOCTEH BHIMOI-
v B iporpamme MEGA 7.0 (https:/www.megasoftware.
net/). J{ns 6enkoBbix nmocnemoBarenbHocteit AsGalUR onpe-
JIeNsIM: KOHCepBaTUBHBIE JoMeHbl U MoTHBB (NCBI-CDD,
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi;
MEME 5.5.7, http://meme-suite.org/tools/meme), mMoneky-
nsapHEIA Bec (Mw) 1 m30amekTpraeckyto Touky (pl) (ExPASy,
https://web.expasy.org/protparam/), MOIEKYyIApHYTO (DYyHKITHIO
1 KJICTOYHYFO JIoKau3anuio B repmuaax Gene Ontology (GO,
PANNZER, http://ekhidna2.biocenter.helsinki.fi/sanspanz/).
duoreHeTHYECKUI aHAN3 BBITIOJIHSIIN C UCIIOJIB30BAHHEM
nocnenoBarensHocTeit AKR A. sativum, S. lycopersicum n
A. thaliana (MEGA 7.0, metoz 6mmxkaiimmix coceneit (Neigh-
bor-Joining), 6yrcTpan Ha ocHoBe 1000 mMOBTOpEHMIA).

AHaau3 npoduis 3xcnpeccun reHoB AsGalUR B pa3-
JIMYHBIX OPraHax pacTenust YecHoka. [Ipoduib sxcnpeccun
naeHTH(UIMPOoBaHHBIX reHoB AsGalUR B opranax 4ecHOKa
OTIpeNesUIn AByMsI criocodamu — in silico u metomom TP
(monmuMepa3Has LemHas peaknus) B PeaJbHOM BPEMEHH
(ITIIP-PB).

In silico ananu3 skcnpeccuu reHoB AsGalUR ocyiecTsiis-
JIM Ha OCHOBE CEKBEHHPOBAHHBIX TPAHCKPHIITOMOB Pa3IMYHBIX
OpraHoB pacTeHus yecHoKa copta Ershuizao (kopHH, THCTBS,
cTeOIn, MPOPOCTKH, Oy TOHBI, [IBETKH, TYKOBHUIIHI Ha CTAIUSIX
pasButns 1-8) (Sun et al., 2020). /laHHBIC BU3yaTHM3UPOBAIU B
BHJIe Ter1oBo# kapThl (Heatmapper, http://www.heatmapper.
ca/expression/), IJi¢ yPOBEHb 3KCIIPECCHUHU BBIPAXKaJIH B 3Ha-
yenusix FPKM (fragments per kilobase per million mapped
reads — )parMeHTHI Ha KWJ100a3y TPAHCKPUIITOB HA MUJUIMOH
KapTHPOBAaHHBIX POYTCHUH ).

C nomompio [TI[P-PB ompenensinm 3KCIpeccHio TeHOB
AsGalUR B KOpHSAX, JOHIIE, JTYKOBHIIE, JIOKHOM cTeOlIe H
JIUCTBSIX pacTeHHH YecHOKa copTa CKOPIIMOH, BBIPAIIEHHBIX
B 1ouBe B ycioBusix teruilsl (DY UK, UL 6notexHomoruu
PAH; dotonepuon 16 u (cBetoBas dasza ¢ 8:00); neHb/HOUb —
22/16 °C; ocsemennocts 190 MxM/(m2c)). PacTurenbHbIM
MaTepHal pacTUPaTH B JKUIKOM a30T€ M MPHUMEHSIIN IS
BbiaesieHus cymmapHoit PHK ¢ ounctkoii ot npumeceii JJHK
(RNeasy Plant Mini Kit u RNase free DNasy set; QIAGEN,
I'epmanus) n cunresa kJHK (GoScript™ Reverse Transcrip-
tion System, Promega, CIIIA).
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Ta6bnuua 1. MocnegoBaTenbHOCTY NPaiMepoB
anAa nposepeHuna MLP-PB

leH MNMocnepnoBaTenbHOCTL Npaimepos (5'—37)

AsGalUR1 TGCCATCCGAAGGAGTCTTGT

AGCATTTGGCACTCCTCCATC

AsGalUR2 TGCCATCCGAAGGAGTCTTGT
AGCATTTGGCACTCCTCCATG
AsGalUR3 GAGGAGTGCCAAATGCTTGGAT
CGTCCACCCAAAGGAGAGTG
AsGalUR4 GTGTAACGATGCCCATCCTGAT
CTACTGGAAATGGGTGTGATCC
AsGalUR5 CTGCTGTTAATCAGGTGGAGT
ACACTTCCCCACGGAGCTC
AsGalUR6 CTGCTGTTAATCAGGTGGAGC
ACACTTCCCCACGGAGCTC
AsGalUR7 TCGGTGTGAGCAATTTCTCATC
ACACTTCCCCACGGAGCTC
GAPDH CCATGTTTGTTGTTGGTGTGAATGAG
TGGTGCAGCTAGCGTTGGAGAC
UBQ AAGCCAAGATACAGGACAAG
GCATACCACCTCTCAATCTC

Ha ocHOBe naeHTHOUIMPOBAHHBIX TTOCIEI0BATCIHHOCTEH
AsGalUR 6w1mu pazpaboTaHbl CHICITUPUIHBIE TIPaiMeEpPBI IS
[IL[P-PB (ta6a. 1). B kauecTBe pedepeHCHBIX T€HOB OBLIH
reusl GAPDH (MZ171220.1) u UBQ (MZ171222.1). Peak-
nuoHHas cMech Burrodana 3 Hr kJJHK u Habop «PeakunonHast
cmech it nposenenust PB-IILP B npucyrctBun SYBR Green
I ROX» (OO0 «CunTom», Poccust). Peakmiro mpoBoanm B
cucreme CFX96 Real-Time PCR Detection System (Bio-Rad
Laboratories, CIIIA) B 1ByX OHOJOrMYSCKUX U MIECTH TEXHHU-
YECKHX MOBTOpax B Clenyromumx ycnoBusx: 95 °C — 5 MuH;
40 ko (95 °C — 15 ¢; 62 °C — 50 ¢). JlaHHBIC CTATHCTHYC-
CKH 00pabaThIBaIIH, UCTIONB3Ys OHOCTOPOHHII JHCIICPCHOH-
veid ananm3 (One-Way ANOVA) ¢ monpaskoii bordeppo-
Hu (multiple comparisons, corrected with Bonferroni test) u
BU3yanusuposaiu B iporpamme GraphPad Prism v. 8 (https:/
www.graphpad.com).

AHaJM3 IMHAMHUKH IKcnpeccuu reHoB AsGalUR B nipo-
POCTKAX YeCHOKA MPHU BO3/IEICTBHHU Pa3IMIHBIX CTPeCco-
poB (3acyxa, 3acojieHHMe, X0J10/1) U IK30TeHHbIX (putorop-
MOHOB. PacTenust uecHoka copra CKOPIHOH BBIPAIINBAIH
JI0 TIONTy4eHHS 1 5-HEBHBIX MPOPOCTKOB B IMTPO3PAYHBIX CTEK-
JITHHBIX CTaKaHaX B BOJE; 3yOKH YECHOKA 3aKPEIUISIIN B I10-
PHUCTO¥ MOTUATUIICHOBOM MOJIOKKE TAK, YTOOBI TOJTHKO HIK-
HsIs 4acTh 3yOKa (30Ha KOpHEH) Haxommiack B Boge. B 9:00
u 15:00 cBetoBoii (pa3sl pocta codrupanu MpoOHI JUCTHEB U
xopHeit (xparmn mpu —80 °C) I MOCIeTyIOIEero aHaIu3a
(TTLIP-PB) skcnipeccuu renoB AsGalUR.

Jlyist co3nanmsi CTPECCOBBIX YCIOBHH ONBITHBIE PACTCHHS
Ha 24 4 mepeMeInaiy B COOTBETCTBYIOUINE BOJHBIE PacTBO-
pst (100 MM NaCl — 3aconenne; 10 % PEG-6000 — 3acyxa;
100 MxM ab6cmu3oBoit kucimotsl (ABK); 100 MkM meTwi-
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xacmoHara (MeJA)). KoHTponbHBIE pacTeHHS OCTaBISUTH B
BoJie. JJy1s X0I0J0BOTO BO3/I€HCTBYSI ONIBITHBIE PACTEHUSI 110-
MeIIaan B KINMaTHIecKyro kamepy (4 °C, 6e3 ocBemieHns),
TapaJuIeTbHO BBIICPKHUBAst KOHTPOJIb B TeMHOTE Tipu 22 °C.
Uepes 6 u 24 9 BO3ACHCTBUS CTpeccopa/TOpMOHA y PaCTCHHUN
OIIBITHOM M KOHTPOJIHOHM I'PYMIT OTOMpANN KOPHU U JIUCThS
(xparnmu ipu —80 °C).

CoOpaHHBIA pacTUTETBHBIN MaTepHall PACTHPAIN B JKUIKOM
a30Te 1 MPUMEHSUTH s orydeHus mpenapatoB PHK/xIHK
u nposenenus [11[P-PB, kak onucano Bbiwe.

OmnpenesieHue coep:kaHus ackopdara B TKaHMAX pac-
Tenus. Comepkanue (Mr/r ceiporo Beca) AcK m3mepsin B
KOPHSIX M JINCTBSIX PACTCHNH YECHOKA, TIOIBEPTHYTBIX CTPEC-
COBBIM BO3/ICHCTBHSAM U 00paboTKe (GUTOrOPMOHAMHU. AHAIN3
BEITIONTHSUTHA ¢ TIOMOMIBI0 Habopa “L-Ascorbic acid” (R-Bio-
pharm AG, I'epmanust) ¢ perucrpanueif CrieKTpoB MOTJIONIe-
Hust Ha ciiektpodoromerpe Eppendorf BioSpectrometer® basic
(Eppendorf, I'epmanus). C ucmonbp30BaHHEM MPOTPAMMBI
GraphPad Prism v. 8 (https://www.graphpad.com) ocymecr-
BIISTM PETPECCHOHHBIN aHAIN3 JaHHBIX (IIOMCK KOPPESIIi
MEXIY YPOBHEM 3KCIPECCHUH TCHOB TaJIaKTypPOHATPEAYKTA3 1
comep:kaHUeM acKkopOara).

Pe3ynbratbl

NpeHTndrKaums n CTpyKTypHasA XapakTepucTuka
reHoB raflakTypoHaTpeayKTas YecHoKa
B renome A. sativum Obu10 MaeHTU(GHUIMPOBAHO 27 TEHOB,
xonupyromux Oenku cemeiictBa AKR, n3 kotopsix 7 ro-
mostoruunbl GalUR S. lycopersicum (LOC101256763 u
LOC101250974) u F. x ananassa (AF039182.1) u anHOTHpO-
Banuch B AlliumDB kak “KEGG pathway: D-galacturonate
reductase”. DTH ceMb T'€HOB YE€CHOKa OBLIN MPOHYMEpPOBa-
Hbl AsGalURI-7 B mopsiike X JOKAJIM3AIMA Ha XPOMOCO-
Max 5, 6 u 7. ['eHbl pa3snuyaiich KOJIMYECTBOM HK30HOB —
3 (AsGalURS5-7) umu 4 (AsGalURI1—4) n pasmepamu — OT
1105 m. 1. (AsGalURS) no 4085 n.H. (AsGalUR?7). 1o nnmuHe
xoaupyrorei nocnexoBarensHOCTH (CDS) 1 peackazaHHbIM
(U3MKO-XUMHYECKHM CBOMCTBAM KOJHMPYEMBIX OCIIKOB I'€HbI
OBLITM CXOMHBIMU (TalII. 2).

Jas moctpoeHust PHIIOTEHETHYCCKON JACHAPOTrPaMMBbl
OBUTH HMCIIONIBF30BAHBI AMHHOKHCIIOTHBIE TOCIIEIOBATEIBHO-

Ta6nuua 2. Xapaktepuctmka reHoB AsGalUR

2026
30-3

leHbl ranaktypoHatpeaykTas (GalUR) uecHoka

ctu Beex 27 npentudunupoaHubix AKR A. sativum B cpas-
Henun ¢ romonoramu AKR S. lycopersicum n A. thaliana.
Ha momy4yenHo# neHaporpaMme OCIKH pa3IeNinch Ha J1Ba
moncemetictBa, AKR4A n AKR4B (puc. 1). [Tocnenosaremns-
Hoctr AsGalUR1-7 ¢popmMupoBanmm OTACTBHYIO KIIATy BHYTPH
AKRA4A, pazpemuBmuck Ha cyOkmans! | (AsGalUR1-4) u
I (AsGalUR5-7). ITepssie (1) oka3ammuch ToMOJIOTaMH Tajlak-
TypoHarpenykras A. thaliana (AT1G59950 u AT1G59960
(Duanetal., 2020)), S. lycopersicum SIAKR4B (LOC101250974
(Suekawa et al., 2016)) u HeoxapaKTepHU30BaHHOTO OeIKa
S. Iycopersicum AKR (LOC101254364). Bropsie (II) 00sb-
enuHIIACKH ¢ S. lycopersicum GalUR (LOC101256763 (Sue-
kawa et al., 2016)) (cm. puc. 1). Tomonorus mocnenoBaTens-
Hocreit AsGalUR BuyTpn cyOkman nocrurama 86—99 % (I)
u 89-95 % (1), a mexxny cyokmamgamu [ u 11 — 48-52 %.

B 6enxoBrix mocnenoBatensHOCTIX AsGalUR1-7 (B cpas-
HEHWH ¢ TomonoramMu u3 S. lycopersicum, Vitis vinifera L.,
F. Xananassa u A. thaliana) Ob110 OTIPENEIIeHO TOTOKEHIE
koHcepBatuBHOro AKR-nomena PF00248.18, a taxxe B co-
orBerctBuu ¢ (Suckawa et al., 2016) nunerTHdUIHPOBAHO
10 ¢hyHKIIMOHAEHO Ba)KHBIX OCTaTKOB aMHHOKHCIOT (20),
BKITIOYAsi CAWTHI CBsI3bIBaHUS pacTUTeNbHBIX AKR ¢ xodak-
Topamu (puc. 2).

B Tex ke Oenkax yCTaHOBIICHBI KOHCEPBAaTHBHBIC MOTHBEI
(puc. 3). CocTaB U MOJIOXKECHUE MOTHBOB OBLIM CXOIHBIMH
BHYTPH TPYIIIBI aHATH3UPYEMBIX OCITKOB, 32 UCKIIOYCHUEM
HECKOJIBKO pazmuyarormuxcs C-KOHIIEBBIX KOHCEHCYCOB, YTO
CBSI3aHO C BapruaOeIbHOCTHIO BHEIOMEHHOI obmactu. Tak, y
OTAETHHBIX OSITKOB OTCYTCTBOBAIN MOTUBHI 7 (AT 1G59950
AT1G59960), 8 (SI_ LOC101256763, FaGalUR u VvGalUR)
niu ob6a motuBa (AsGalUR?2).

[IpoBenennsrit anamu3 nocienosarenbHocTer AsGalUR1-7
B PANNZER mnpenckazan, 94To BCce ceMb OCIKOB 00IalaloT
OKCHIOpenyKTa3Ho# akTuBHOCTHIO (GO:0016616) 1 mokanm-
30BaHbl B iuTo307e (GO:0005829).

OnpepeneHune npoduns skcnpeccum reHoB AsGalUR1-7

B pacTeHUAX YeCHOKa

Ha ocHOBe naHHBIX TPaHCKPUNITOMHOIO aHanu3a A. sativum
copra Ershuizao (Sun et al., 2020) OblIM OnpenesieHs! npo-
¢dun sxcnpeccuu reHoB AsGalUR -7 B pa3nuHbIX OpraHax
YecHOKa (BKIIIoUasi cTaauu 1—8 pocTa n pa3BUTHS JTyKOBHIIbI)

len ID reHa/ID TpaHcKpunTta Jlokann3zauua B reHome OnnnHa Kon-Bo CDS, benok, Mw, pl
reHa, n.H. 3K30HOB [.H. ao k[a

AsGalURT ~ Asa5G02985/ Asa3G05397.1 chr5:764719171..764720824 1654 4 945 314 350 573
AsGalUR2  Asa5G05896/ Asa5G00222.1 chr5: 1607364860..1607366708 1849 4 969 322 362 548
AsGalUR3  Asa6G06508/ Asa1G06086.1 chr6: 1808233236..1808234881 1646 4 945 314 35.1 573
AsGalUR4  Asab6G06509/ Asa1G06085.1 chr6: 1808295357..1808297099 1743 4 951 316 355 5.21
AsGalUR5  Asa7G05242.1/ Asa5G04903.1  chr7: 1457744393..1457745497 1105 3 963 320 36.1 6.39
AsGalUR6  Asa7G05243.1/ Asa5G04902.1  chr7: 1457746950..1457748486 1537 3 975 324 36.7 596
AsGalUR7  Asa7G05244.1/ Asa4G05086.1  chr7: 1458214446..1458218530 4085 3 963 320 36.1 6.18
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Puc. 1. [leHaporpaMma, NoCTPOEHHasi Ha OCHOBE aMVHOKMCIOTHBIX NocriejoBaTenbHocTeln 6enkoB cemerictea AKR un3
reHoOMOB YecHoKa (A. sativum), pesyxosuaku Tans (A. thaliana) n Tomara (S. lycopersicum) (MEGA 7.0, metog Neighbor-
Joining, 1000 6yTcTpan-penvK, 3HauYMMble 3HaueHnsA 6yTcTpan (%) yKasaHbl B OCHOBaHUV BETBEN).

AsGalUR1 104
AsGalUR2 104
AsGalUR3 104
AsGalUR4 105
AsGalUR5 106
AsGalUR6 106
AsGalUR7 106
FaGalUR 109
VvGalUR 106
AT1G59950 105
AT1G59960 111
SI_LOC101250974 P-IDDLTSI] 107
SI_LOC101254364 - APSLPE-HDQLVST] 111
SI_LOC101256763 TE‘LSSRPGADPSETMIS 107
AsGalUR1 216
AsGalUR2 2.3
AsGalUR3 216
AsGalUR4 217
AsGalUR5S 218
AsGalUR6 222
AsGalUR7 218
FaGalUR 221
VvGalUR 218
AT1G59950 217
AT1G59960 223
SI_LOC101250974 220
SI_LOC101254364 L} 227
SI_LOC101256763 ILSVSE----TIQKLPI- 219
L bl - il - IGVSNF
320 340
AsGalUR1 S-IGSEN-T! " o SLEHQSKMVSFGTIVPNSRSSNLNPDDEL = 314
AsGalUR2 S-SGSEN-. H i DE‘EIFDFELPPLAFLFGSVYSPLHAGTALFGL!FFCFLSI 322
AsGalUR3 S-IGSEN-T H 2\ SLIHQSKMVSFGTMVPNSRSSNLNPDDEL 314
AsGalUR4 SNSGSEN-T! H I} IGLIPQRKKVYFGTMVPNIENSSLNPDDEL--- -- 316
AsGalUR5S G-APWGSVK! R ) PQWRGCSGEFIIAETS-PFRSPQDLWDDE 320
AsGalUR6 G-APWGSVR! H il POQWRGCRGEFIIAETG- PFRSLHDLWDDE 324
AsGalUR7 G-APWGSVR! H I} POQWRGCRGEFIIAETG-PFRSLHDLWDDE 320
FaGalUR R-TKWGDDR! § v ISHLPQRKGVTFASILGPHD-IVLEV----DEE 319
VvGalUR G-TKWGDNR: S| N SQLPQRKGFLISSILGAHD-FTLQL----DDE: 316
AT1G59950 G-AFWGTHKINM S| “ STEISQSRIVDGEVMYISEKGPIKSVTEMWDGE 320
AT1G59960 G-AFWGT PK: S| R STEIPQFRNVHGEMYTSKKGPIKSVAEMWDGE 326
SI_LOC101250974 GAS-- A (ODIPQKKGYNGED-FTHPNGPYKSVDEIWDGE 316
SI_LOC101254364 GLTPWGIHSVMESP) R IAQEQETIPPCTGFNVDMVLVHPNGPYKSANQFWDGE 331
SI_LOC101256763 N-TTWGHN] IEC; H I} IORDLEKESELPQHKGFTMASEFGPHD-FVLQL----DAE 313
Puc. 2. BoipaBH/MBaHMe aMUHOKUCIOTHbIX NOC/eoBaTeIbHOCTeN ranakTypoHatpegykTas A. sativum (As), F. X ananassa

(Fa), V. vinifera (Vv), A. thaliana (AT) n S. lycopersicum (SI).

LiBeT $poHa cOOTBETCTBYET YPOBHIO KOHCEPBATVBHOCTA aMUHOKUCIIOT Y aHanm3npyembix 6enkoB (3eneHbiii — 100 %, ronyboii — 80 %,
po30BbIii — 60 %). KpacHbiM noguepkmBaHnem otMedeHo nonoxeHne AKR-gomeHa PF00248.18. CHUMM 3Be3404YKaMu 0603HaueHbl
AKTUBHbIE CaliTbl 1 CalTbl CBA3bIBaHNA pacTuTenbHbiX AKR ¢ kodakTopamm, B cooTBeTcTBUM C (Suekawa et al., 2016).
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Jlokanusaumsi MOTMBOB
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100['L AsGalUR? [ I || | 1]
63 L AsGalURs _ [ . | I | | I
siLoc101256763 1 [ | I | | |
ﬁ'_;FaGaIUR I —  — —
59 VvGalUR _ [ I \ | .
—— AT1G59960 [ I I | | .
100 — AT1G59950 _ [ A | I | [ |
e siociousoss [ EE— | I | .
SI1LOC101250974 [ I | I I I
100, AsGalUR1 [ | I L | [
AsGalUR3 [ I | I | I
100 ﬁAsGalURZ [ \ | \
AsGalUR4 _ I I | ——
010 MoTrB KoHceHcycHas nocnefoBaTenbHOCTb
1. B FITSKLWCTDAHPDLVLPAIKRSLRNLKLEYLDLYLIHWPVSLKPGSHPF
2. [ ] KEDJVPLDMKSVWKAMEECQRLGLAKAIGVSNFSCKKLEZLLTTAKIPPA
3. [ | SDVLKEIAEAKGKTVAQVALRWIYEQGVSVVVKSFNKERLKENLEIFDWE
4, I PEELKQAVLDAIEIGYRHFDTAALYGSEEPLGEALVEAIERGLIKSREEL
5. L] VEMNPAWQOKKLREYCKEKGIHVTAYSPLGGRGAPW
6. 3 LNGSHAMPVIGMGTAAYPP
7. LSEEELEKISLIPQRKGVS
| FITETGPFRSVNELWDDEI

Puc. 3. DunoreHeTnyeckne B3aMMOOTHOLIEHWA U CPaBHUTENIbHOE MPOGUINPOBaHE KOHCEPBATVBHbIX MOTUBOB ranak-
TypoHatpepnykTas A. sativum (As), F. X ananassa (Fa), V. vinifera (Vv), A. thaliana (AT) n S. lycopersicum (S).

-3 -2 -1 0 1 2 3
Row Z-Score

KopHu 1 2 3 4 5 6

3.77
0.00
15.10
0.61
10.48

8.56
0.00
11.62

15.88
0.00
16.88
11.58
14.48

GalUR1
GalUR2
GalUR3
GalUR4
GalUR5

0.02 0.17 0.03 GalURé6

6.55 5.28 3.44 GalUR7
8  Jluctba Crebenb byToHbl LiBeTku MpopocTku

35.81

23.61

JlykoBuubl

Puc. 4. Tennosas kapTa akcnpeccun AsGalUR1-7 B pa3nuyHbIX opraHax YyecHoka A. sativum copTta Ershuizao Ha ocHoBe

TPaHCKPUMNTOMHBIX AaHHbIX (Sun et al., 2020).

Lindppamu B npaMoyronbHrKax ykasaHbl cpeaHme 3HadeHusa FPKM no Tpem 6ronornyeckum nostopam. [na nykoBuy nprBefeHbl CTa-
Anun pa3suTua 1-8, cooTeeTcTByOWME Bo3pacTy 192, 197,202,207, 212,217,222 n 227 fHen.

(puc. 4). Bwraeneno, uro reabl AsGalURI, 3 u 4 (cyOxia-
na ) sxcrpeccupyioTcst BO BCEX aHAIM3MPYEMbBIX OpraHax
¢ HanboJiee BBICOKUMH YPOBHSMH B KOPHAX (BCE TPH I'eHA),
muCThAX (AsGalUR3 u 4), crebnsax (AsGalUR1 n 3) n OyToHax
(AsGalURI). TpaHCKPHIITEI YETBEPTOTO IeHa CYOKmamsl [ —
AsGalUR?2 B aHaNM3UPyEeMBIX OpraHaX OTCYTCTBOBAIH.

Tpanrckpuntsl TeHoB cyOknansl 11 AsGalUR5—7 npucyr-
CTBOBAJIM MPEUMYIIIECTBEHHO B Ha/I3MHBIX OpraHax (Kpome
IBETKOB) C MAaKCUMYMOM B IIPOPOCTKax (BCE TPH I'eHA).
AsGalURS5 n 7 (0o He AsGalURG) Taxke BBICOKO dKCIpeEcC-
CHPOBAJINCH B JINCThSIX, cTeONsIX 1 OyToHax. B mykoBuiax u
KOPHSIX YPOBEHbB dKcTpeccril reHOB AsGalUR5—7 ObLT HU3KUM
OTHOCHTEJIFHO HAaJ36MHON YacTH pacTeHNSI.

B menom mo mpennouTHTeNsHOMY MPOQHIIIO SKCTIPECCHH
(cM. puc. 4) reHbl ObUIM YCIIOBHO OTHECEHBI K KOPHEBOM
(AsGalURI, 3 u 4, HecMOTps Ha 3HAYMMOE KOIHYECTBO
TPAHCKPUITOB, B TOM YHCIIC B JIUCThSIX/CTEOISIX) ¥ JINCTOBOH
(A4sGalUR5-7) rpymmam, 9To COOTBETCTBOBAJIO UX pacIperie-
TIeHuro 1o uioreHeTnaeckuM cyoxmagam [ u I (em. puc. 1).

YCTONYMBOCTb PACTEHUN K ABUOTUYECKOMY CTPECCY / ABIOTIC STRESS TOLERANCE IN PLANTS

Uckmrouenne coctaBui reH AsGalUR2 cyoxnansr 1 (cwm.
puc. 1), IIst KOTOPOTO HE BBISBIICHA DKCIIPECCHS B OpraHax
YecHOKa (CM. puc. 4).

B opranax pacrenuii uecHoka copra CKOpPIHOH Mpodu-
mm sKcrpeccun TeHOB AsGalURI—7 omnpenerneHsl MeTOIOM
[ILIP-PB (puc. 5). B oTmu4me oT TpaHCKPUIITOMHBIX JaHHBIX
(cMm. puc. 4), Be3ae ObLTH JEeTEeKTHPOBAHEI TPAHCKPHIITHI TCHA
AsGalUR2, Torna xak AsGalURG6, HanpOTHB, HE SKCIPECCHPO-
Bascs. ['ensl cyoxmansl [ (4sGalUR 1—4) skcripeccupoBalliCh
BO BCEX aHAIM3HUPYEMBIX OpraHaX, ¢ MAKCHMYMOM B KOPHSAX
u nmoHme. TpaHckpunThl TeHoB cyOkmansl 11 (AsGalURS n
AsGalUR?7) BBIABICHBI TOJIBKO B JTUCTHSIX (MAKCUMYM) U JTOXK-
HOM cTeOre (cM. puc. 5).

Taxwmm obpazom, pesynsratsl [1L[P-PB (cm. puc. 5) BHec-
U KOPPEKTHUBHI B in silico TPOPUIH dKCIPECCUHA TCHOB
AsGalUR2 un 6 (cM. puc. 4) U MOITBEPIIH BO3MOXKHOCTD
paszaencHus reHoB cyoknan [ u Il Ha TeHBI ¢ TPenMyTIeCTBCH-
HOM kcpeccueit B momzemuol (1) u Hagzemuon (1) gactax
pacTeHus.
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Puc. 5. Mpodunb sxcnpeccun (MLUP-PB) reHos AsGalURT-7 B pacTeHusAxX YecHoKa copTta CKOpMMOH.
3HaunMble Pa3NNUNA YPOBHA SKCNPECCHM reHa Mexay pasHbiMy opraHamu npum “’dp <0.05.

OnpepeneHune npoduns skcnpeccum reHos AsGalUR1-7

B NPOPOCTKax YeCcHOKa: 6-yacoBas fuHaMMNKa

B CBeTOBOV (pase pocTa pacTeHUsA 1 peakuus

Ha cTpeccoBble BO3AeNCTBUA N 3K30reHHble GUTOTOPMOHbI
[poduns sxcnipeccun renoB AsGalUR -5 u 7 6611 onipeiereH
B KOPHSX H JIUCTBSIX |5-THEBHBIX MPOPOCTKOB YECHOKA COPTa
CkoprnoH B ABYX BpeMeHHBIX Toukax (9:00 u 15:00) cBeToBoi
¢azer pocra (puc. 6). IloaTBEepKIEHO, YTO TEHBI KOPHEBOU
cyoxmanst 1 (4sGalURI—4) nHanbonee akTUBHBI B KOPHSX, a
reHbl JucToBoil cyokmans! 11 (AsGalURS n 7) — B MACTHSIX.
[Ipuuem B TeueHne 6 9 cBETOBOM (a3l pOCTa PACTCHUN YpO-
BEHb KCIIPECCUH TEHOB MEHSJICS] HE3HAYUTEIBHO, COXPaHss
opraHocnenupuIHoCcTs. MHTEpEecHO, 9TO TPAaHCKPHIITHI «JIH-
cTOBBIX» TeHOB AsGalURS5 u AsGalUR?7, KOTOPBIE Y B3POCIIBIX
pacTeHH IPUCYTCTBOBAJIH TOJIBKO B HA/[36MHBIX OpraHax (CM.
puc. 5), B mpopocTkax 0O0HapyKEHBI TaK)Ke B KOPHSX, XOTS U
C CymIecTBeHHO Oonee HU3KMM (B 20-25 pa3) ypoBHEM 3JKcC-
MIPECCHH, YeM B JIUCTBAX (CM. puC. 6).

Jluist onipesieneHyst BOBICUYCHHOCTH TJIaKTYPOHATPENYKTa3
B CTPECCOBBIIl OTBET PacTEHHUH YecHOKa 15-THeBHBIE MpO-
poctku copra CKOPIMOH OBUIN MOABEPTHYTHI BO3ICHCTBHIO
Pa3INYHBIX CTPECCOPOB: 3aCOJICHHE, 3acyXa, OXOJIOJaHuE,
sk3oreHHbie puroropmonsl ABK m MeJA. Yepes 6 u 24 g
BO3JICHCTBHA B KOPHSX M JHCTBSIX PacTCHWH ObLIa IpoaHa-
TU3UpoBaHa dKcnpeccus reHoB AsGalURI-5 n 7 (puc. 7).

B cmydae xoprei mokazano, yto n30eiTok NaCl He me-
wset (AsGalURI1, 3—5 n 7) v nogassiet (AsGalUR2, 6 4
B CTPECCOBBIX YCIOBHAX) dKCIIpeccrio reHoB. O0e3BOKMBa-
aue (PEG) 3nauntensHO cTMynupoBaio (B 1.5-9.3 pasa)
9KCIIPECCHIO TEHOB B 00EMX BPEMEHHBIX TOYKAX, 32 MCKIIO-
yeaneM AsGalUR7, ypoBeHb TPAHCKPHIITOB KOTOPOTO Yepe3
24 9 mpuOnu3nics K KOHTPOIBHBIM 3HadeHUAM. [llecTs vacoB
XOJIOJIOBOTO BO3JEHCTBUS MOBIUSUIN HA OTACIbHBIC TEHBI,
can3uB (AsGalUR3, 4 m 5) v oBbIcUB (AsGalUR7) ux dKc-
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Puc. 6. TennoBasa KapTa akcnpeccum (no pesynbtatam [LP-PB)
reHoB AsGalUR1-5 v 7 B KOPHAX 1 NMNCTbAX 15-IHEBHbIX PacTEHUN
yecHoka copTta CKOPMVOH B ABYX BPEMEHHbIX TOUKax CBETOBOW
dasbl pocTa pacteHus: 9:00 n 15:00.

Lindpamn ykasaHbl cpefHMe 3HAYEHUA YPOBHEW SKCMPeccun reHOB
AsGalUR, HopMupoBaHHble Ha 3Kcnpeccuto pedepeHcHbix reHoB GAPDH
n UBQ.

npeccrio. OHAKo cycTs 24 4 I3MEHHIIACh IKCTIPECCHST yKe
BCEX I'€HOB, IPHYIEM CHEIM(DUIHBIM JUTs CyOKI1a ] 00pa3oM: oHa
crana Boie (AsGalUR 14, cyoxnana I) wm vike (AsGalURS
u 7, cyoxmazna 1) kouTponsHOTO ypoBHS. OOpadoTka (huto-
TOPMOHAMH 3HAYUTEILHO CHU3MIIA HKCIIPECCHIO BCEX I'CHOB,
B cirydae AsGalURS5 u 7 — o HyNeBbIX 3HaUCHUH (CM. puc. 7, a).

B nucThsx 6 4 BO3/IEHCTBHS COIEBOTO CTPECCOPA CTUMYIIHU-
poBaim sxctipeccrro AsGalUR7 (B 1.5 pasa), a 24 94— monaBisi-
JIA aKTUBHOCTB BCEX TeHOB, kKpoMe AsGalUR?2. Illects yacoB
3aCyXHu HE MCHSITH JKcTpecchto TeHOB (AsGalURS u 7) wmn
TIPUBOIIIIN K CHIDKEHHIO (AsGalUR 1—4); uepe3 24 4 ypoBeHb
TpaHckpunToB AsGalURI-5 n 7 camsuncs B 2.5-3.4 paza.
B oTBeT Ha 6 9 XOJIOMOBBIX yCIOBHH 3KCIPECCHS TEHOB T10-
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2026
30-3

leHbl ranaktypoHatpeaykTas (GalUR) uecHoka

a 1.00 0.86 1.21 1.64 233 AsGalUR1
1.00 0.75 1.04 1.52 2.02 AsGalUR2
1.00 0.85 1.24 1.48 2.01 AsGalUR3
1.00 0.93 1.07 242 243 AsGalUR4
1.00 0.86 0.87 2.76 AsGalUR5
1.00 0.95 0.81 1.15 AsGalUR7
6
1.00 1.03 0.85 0.86 0.83 AsGalUR1
1.00 1.09 0.97 0.94 0.61 | 1.05 0.67 | AsGalUR2
1.00 1.01 0.76 0.83 0.86 AsGalUR3
1.00 0.90 0.80 0.82 0.78 0.61 | AsGalUR4
1.00 1.21 0.72 0.91 0.76 0.82 | AsGalUR5
1.00 1.46 0.65 0.94 0.69 0.63 | AsGalUR7
8
1.00 1.16 1.17 0.89 1.18 1.09 | Kophu
1.00 1.13 1.02 0.97 1.02 091 | Jinctba
KoHTponb 64 24 4 64 24 4 6y 24 4 6y 24y 6y 24 4
NaCl PEG Xonog ABA MeJA

Puc. 7. [lnHamuiKa skcnpeccun reHoB AsGalUR B KOpHSAX (a) 1 NUCTbAX (6) NPOPOCTKOB YeCHOKa B OTBET Ha abroTnyeckme
cTpeccopbl (3aconeHune, 100 MM NaCl; 3acyxa, 10 % PEG-6000; xonofnosow ctpecc, 4 °C) 1 3K30reHHble GUTOrOPMOHbI
(100 MmkM ABK; 100 MkM MeJa). iameHeHune cogepxaHuna AcK (8) B KOPHAX U INCTbAX TEX »Ke MPOPOCTKOB YeCHOKa B OT-

BET Ha abroTnyeckme cTpeccopbl n (I)I/ITOFOpMOHbI.

3Haummo (p < 0.05) oTiMyaloLmMecs OT KOHTPOSIA 3HaUYeHVA BblgeneHbl MONyKNPHbIM WpudTom. pagueHTHas OKpacka sueek oT Kpac-
HOrO K 3€/IeHOMY COOTBETCTBYET M3MEHEHUIO YPOBHA SKCMPECCHUN reHa B CTOPOHY CHUKEHUA (OTTEHKM KPacHOro) uiv MoBblEHNA
(OTTEHKM 3€N1eHOro) MO OTHOLLIEHWIO K KOHTPOIO (KeNTblIl LiBET).

Beicwtach (AsGalURS u 7), camsunack (AsGalUR3) nwnu He
mmenmnack (AsGalURI, 2 n 4); 24 14 BO3ACHCTBHS IPUBEIH K
yBenmueHnto sketnpeccun AsGalUR1, 3 u 5. Obpabdorka ABK
1 MeJA tax ke, KaKk ¥ B KOPHSIX, HETaTUBHO HOBJIUSUIA HA IKC-
npeccuto reHoB AsGalURI-5 n 7 (cMm. puc. 7, 6).

B nmpopocTkax 4ecHOKa, NMOJBEPTHYTHIX BO3JCHCTBHIM
CTPECCOBBIX (DAKTOPOB M HK30T'€HHBIX (PUTOTOPMOHOB, OBIIIO
OTIpeJIeJIEHO COoJepKaHue ackopOara, KOTOpOe B KOPHSX M
JCThIX coctaBmiio 1.4-2.2 u 12.1-24.3 mr/100 r cooTBer-
cTBEHHO (cM. puc. 7, 6). B orBer Ha 3acyxy (PEG) B xopHsx
oOHapy>keHo yBenmuenue cogepkanns AcK B odenx BpeMeH-
HBIX Toukax (6 u 24 4 cTpecca), Torna Kak Apyrue CTpecco-
PBI 1 pUTOTOPMOHBI HE OBIHSIN HA KOJIMYECTBO acKkopoOara.
B mmcthsix HaOr0naI10Ch MTOBBIIIEHHOE HAKOTUICHNE acKopOaTa
yepes 6 1 BozzaeiicTBust NaCl, 3acyxu 1 X0JI0J0BOTO cTpeccopa,
ontHako uepes 24 4 conepxkanue AcK BepHyI0Ch K KOHTPOJIb-
HBIM 3HAYCHHSM (CM. pHUC. 7, 8).

[TpoBeneHHBII KOPPEISMOHHBIN aHAIU3 BBISIBUJ 3HAYH-
Myt (p < 0.05) B3aHMOCBSI3b MEXKIY COIEPIKAHHEM acKOp-
0aTa B JINCTBSX IPOPOCTKOB YECHOKA U YPOBHEM 3KCIIPECCHHU
reHoB AsGalURI (xo3¢dunment xoppemsinuu » = 0.63) n
AsGalUR4 (r = 0.66) B CTPECCOBBIX yCIOBHSIX.

O6c¢cyxpeHue

D-ranaktypoHOBBIN 1yTh OHMOCHHTE3a L-ackOpOMHOBOIT KHC-
JIOTHl B PACTEHUAX BIEpBBIE OTKPHIT B 1950-x romax, u
Torza ke oOHapyxeH (epMeHT D-ramakrypoHarpemykrasa,

YCTONYMBOCTb PACTEHUN K ABUOTUYECKOMY CTPECCY / ABIOTIC STRESS TOLERANCE IN PLANTS

KaTaJIn3UpYIOMNii BOCCTaHOBJICHUE METHIIOBOTO 3¢upa D-ra-
JIAKTYPOHOBOM KHCIOTH 10 L-ramakToHoBoit kucmots! (Isher-
wood, Mapson, 1956), mpeoOpazyeMoif B HECKOIEKO JTaIoB
B AcK (Ishikawa et al., 2008; Peltonen, Richard, 2022).
B 2003 r. ximoHmpoBaH mepBblil reH cemelictBa GalUR, xonu-
pytommii D-ranakrypoHarpeayKkrasy, y 3eMIsIHUKY F. X ana-
nassa (FaGalUR), B cuensIx srogax KOTOpoil ackopOar
CHHTE3UPYETCsl MPENMYIIECTBEHHO M0 D-rajakTypoHOBOMY
myta (Agius et al., 2003; Cruz-Rus et al., 2011).

B nmamHo# pabore B reHOMe YecHOKa A. sativum BIIEPBBIC
UICHTU(UIIMPOBAHO TeHHOE ceMeiicTBo AKR4 (cMm. puc. 1),
moacemeiicTBo A KR4A xotoporo BKirodaet reusl GalUR pac-
teHuit. CeMHaanare u3 27 o0HapykeHHBIX TeHOB AsAKR BX0-
nIo B noacemeinictBo AKR4A, 4To cormacoBajioch ¢ 0ojee
BBICOKUM KOJIM4eCTBOM reHoB AKR4A B cpaBHenuu ¢ AKR4B
y BeIcmux pacternii (Duan et al., 2020). CeMb TeHOB TPYIIIIBI
AKR4A, AsGalURI-7 (cMm. puc. 1 1 Tabmi. 2), KOTUPOBAIH TO-
Monoru m3BecTHBIX OenkoB GalUR S. lycopersicum (Suekawa
et al., 2016), A. thaliana (Duan et al., 2020) u F. X ananassa
(Agius et al., 2003).

Ha ocHOBaHWMM CTPYKTYPHOH TOMOJIOTHH CIETaHO TIpe.-
monoxxenue, 9o AsGalUR1—7 MOTyT BBIOMHATE (QYHKIIUH
D-ranakrypoHaTpenyKTa3 B pacTeHHsIX decHOKa. [IpucyT-
CTBHE B IOCJea0BaTelbHOCTIX Bcex OcnkoB AsGalUR1-7,
xapaktepHbIX g1 AKR QyHKIHOHATPHO Ba)KHBIX CaliTOB
1 KOHCEPBATHBHOTO JOMEHa (CM. PHC. 2), B COBOKYMHOCTH
¢ pesynsraramu GO-aHanmM3a TakKe CBHUICTEIHCTBOBAJIO O
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nHanmann y AsGalUR 1-7 cBotictBennoit AKR okcnpopenyk-
Ta3HOM aKTHBHOCTH TPH JIOKAIN3AIIUH B IIUTO30JIC KIETKH.
IIpenckazannas nokanuzanus AsGalUR1-7 cormacoBanach ¢
TE€M, UTO ABYXCTaJuiHbIi niepexon D-ranaxkryponara B L-ra-
J1aKToHO- 1 ,4-naktoH ¢ yuactiueM GalUR npoucxoaut uMeHHO
B riuTo3oie (Smirnoff et al., 2001).

Ve 1Mo KOTHYECTBY IK30HOB TE€HBI Pa3/ICiIINCh Ha JIBE
rpymmsl: AsGalUR1—4 (4 sx30Ha) U AsGalURS5-7 (3 7x30HA)
(cM. Tabm. 2), 9TO MO3BONMIO PEAIOIOKUTE CYIIECTBOBAHHE
(YHKIMOHAIBHBIX PA3JIMYMI MEXKLy HUIMH, CBSI3aHHBIX, BO3-
MOXHO, CO CIEIM(PUIHOCTBIO HKCIIPECCUU JUTSL OTJEIBHBIX
OpraHoB/TKaHeW/cTaaui pa3BUTHS W/WIN C adalTUBHBIMHU
peaknmusIMHu pacTeHHs YeCHOKa. PasleneHne mOITBEpIu-
JIOCHh TIpU (UIIOTEHETHYECKOM aHanmm3e. Ha menaporpamme
AsGalUR 1-7 cchopmuponamm ase cyoxmanst — I (AsGalUR 1-4)
u II (AsGalUR5-7) (cM. puc. 1), xoTs HaOOp KOHCEPBAaTUBHBIX
MOTHBOB Yy OCJIKOB BBIIVISJICT OJIMHAKOBO, 32 MCKJIFOYEHUEM
C-xonuesoii wactn AsGalUR2 (cm. puc. 3). OcobenHoctn
C-xonneBoit mocienosarenbHOcTH AsGalUR2 moryT cBu-
JeTeIhCTBOBATH O HAIWYHMH y TAHHOTO Oellka WHINBUAYalb-
HBIX (PYHKIIHOHAJIBHBIX OCOOCHHOCTEH, HO HE OTMEHSIOT €ro
yuactusi B cunrese AcK. Pasznoe konnuectBo renoB Gal/UR
cyornan I u Il y A. sativum wu, x ipumepy, S. lycopersicum,
A. thaliana wim Brassica rapa L. (Duan et al., 2020) (cm.
puc. 1) mpenmonaraet NOSBICHUE MPEIICCTBEHHUKOB JAHHBIX
TCHOB JIO pa3eICHNs KJIACCOB OAHOMOIBHBIX U ABYHOIBHBIX
1 JANBHEHITYI0 BHIOCTICHU(PHYHYIO TYTTHKAINOHHYIO 3BO-
JIFOIIMIO COOTBETCTBYIOLIMX F€HHBIX CEMEHCTB.

Kak ynomuHanocs BbIlIe, akTHBaIys D-ranakTypoHOBOTo
cunTe3a AcK kak ajsTepHaTHBBI OCHOBHOMY L-rajakTo3zHOMY
Ty TH IIPOUCXO/IHT B CIEJIBIX COYHBIX IDI0/IaX, YTO CBS3BIBAOT C
Jerpaganueii MeKTHHA KIETOYHOW CTEHKH B MAKOTH C BBICBO-
6oxnernem D-ramaxryponara (cyoctpat mins GalUR) (Cruz-
Rus et al., 2011; Badejo et al., 2012). Pacrymuue u 3perorue
TUTOJTBI MOJTYYalOT HE0OX0MMOe KOJIMYECTBO ackopOara 3a
CUeT BHYTPEHHETO CHHTE3a 110 OCHOBHOMY ITyTH M TPAHCIIO-
karuu AcK u3 mmcteeB (Badejo et al., 2012). Pasmsiraenne co-
3pPEBIINX IUIOIOB COTIPOBOXKIACTCS Pa3pyIICHUEM KICTOTHBIX
cTeHOK. Taxxe pacrnajaercsi NeKTHH, KOTOPBIM COCTaBIIsAET
~35 % NepBUYHBIX CTEHOK y JIBY/IOJIbHBIX M HE3JIAKOBBIX OJJHO-
JONBHBIX (B TOM unciie y uecHoka) (Mohnen, 2008) u Ha ~70 %
COCTOHMT M3 OCTAaTKOB r'aJlakTypoHoBo# kuciotsl (Melhgj et al.,
2004; Cruz-Rus etal., 2011; Badejo et al., 2012). IIpoucxomut
3HAYUTENIFHOE MOBHIIIICHUE KonecTBa cyocTpara st GalUR,
YTO CTUMYJIUPYET B IDIO/IAX MEPEKII0UCHIE Ha aTbTepHATHB-
Hbli myTh cuHTe3a AcK (Peltonen, Richard, 2022).

Takum 00pa3om, JJst BKITFOYeHHs1 D-ranakTypoHOBOTO IyTH
pactenuto HeoOxoauM D-ramakTypoHar kKak cyOcTpar Juis
GalUR (Peltonen, Richard, 2022). Oqrako B BereTaTUBHBIX
TKaHSAX, KaK U B PACTYIIUX 3aracaloiifx OpraHax, JaHHOE
COGIMHEHHUE CTPOTO HEOOXOANMO TSI CHHTE3a MeKTHHA KJTe-
TOYHON CTEHKH, TIOCKOJIbKY POCT M pa3BHTHE PACTECHUS CO-
MIPOBOXKIAFOTCS AKTUBHBIM JiesicHrneM kiieTok (Mohnen, 2008).
Tem He MeHee IOCTOSTHHOE IPUCYTCTBUE OOJBIINX KOHLICHTpa-
it D-ranaktypoHaTa B IATO30JI¢ KIIETOK BEreTaTHBHBIX TKa-
HEl TOBOPUT O TOM, UTO U TaM MOKET UATHU D-ranakrypOoHOBBII
cunTe3 AcK kak MMHOpHOE, Mall03aMETHOE JIOIOJHEHUE K
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OCHOBHOMY L-TraiakTto3HOMy IIyTH. DTO KOCBEHHO ITOATBEPXK-
JTAeTCsl TIOJIOKUTEIbHON KOppENSILUEd MEXAY COAepKaHUEM
AcK u ypoBHEM 3KCIpecCHU TeHOB TaJakTypOHATPEIyKTa3s,
00OHapy>KeHHOH B JINCThsIX B. rapa (Duan et al., 2020) u yaii-
Horo kycta (Camellia sinensis (L.) O. Kuntze) (Lietal., 2017).

B nanHolt paGore nmpoaHann3upoBaHa KCIPECCHUs] TEHOB
AsGalURI—-7 B pa3nmu4HBIX OpTraHax pacTeHus A. sativum
copra Ershuizao (in silico, mo Tpanckpuntomam (Sun et al.,
2020)) (cm. puc. 4), a Taxke B TUCThsIX U kKopHsxX (ITIIP-PB)
4yecHoka copra CKOpPITHOH, B TOM YHUCJIE B OTBET Ha aONOTHYE-
CKHE CTpeccopbl 1 00pab0TKy IK30I€HHBIMH (PUTOrOpMOHAMHU
(cMm. puc. 5-7). Kpome BeretaTnBHBIX OpraHOB, B aHAJIN3 in
silico OBITHM BKITFOYCHBI 00Pa3IIbl TyKOBHII (KaK 3aITacaroIiero
opraHa) Ha HECKOJIBKUX CTAIHIX POCTa U co3peBaHms (Sun et
al., 2020).

HpOBe}IeHHbIﬁ aHaJin3 MOATBEpANJI, YTO I'pyIIIbl T'€HOB
AsGalUR, ornocsimuxces k cyokiagam [ u 11, pasmuyarorcs
0COOEHHOCTSIMH ITPOQUIIS SKCIIPECCHH 1, ITPEIIOJIOKUTEIIBHO,
(yHKIMOHANBHON crienuanu3anueid. Tak, ypoBeHb TpaHC-
kpuntoB reHoB AsGalUR 1—4 (1) oka3acs 3HaYUTENBHO BEIIIE
B [IO/[36MHOH YaCTH PACTEHHs YECHOKA B CPABHEHHH C HA/I3eM-
HBIMH OpraHaMu; oOparHas KapTHHa HaOIro[anack 1Jisi TeHOB
AsGalURS5-7 (I1) (cm. puc. 4—6). D10 mpeAroiaract opraHo-
crieuQUIHOE yyacTHe JaHHBIX T'eHOB B D-rajnakTypoHOBOM
ITyTH; ¥ TeHbI CyOKIIa I IOy YHIIN YCIOBHOE Ha3BaHNE KOPHE-
BbIX (AsGalUR 1—4) n muctoBbIX (AsGalURS5—7). Hexotopsie
BOIIPOCHI OCTAIOTCA KacaTenbHO TeHOB AsGalUR2 u 6, ioka-
3aBIIMX PAa3HbIC PE3YJIBTAThI B 3aBUCUMOCTH OT BH/Ia aHAIN34,
HO B COBOKYITHOCTH (CM. pHC. 4 ¥ 5) OHU COOTBETCTBYIOT OCO-
OEHHOCTSIM CBOUX I'PYII, XOTS M TPEOYIOT JIOMOIHUTEIBHOTO
uccienoBanus. Jlanee mbl onupanuch Ha pesynbrarsl [1LP-PB,
T. €. UCKITIOUMIIH U3 paboTsl AsGalURG.

OxumaeMo dieHbl kKopHeBoit rpynibl AsGalUR -4 B nyko-
BUIIC OKCIIPECCUPOBAIIMCH 3HAYUTCIIBHO BbILIC JIUCTOBBIX I'C-
HOB, OJTHAKO KaKMX-JIMOO BBIPAKEHHBIX TCHICHIINI N3MEHEHHSI
YPOBHSI TPAHCKPHUIITOB B IIpoLiecce NPUOIMKEHNS K CTauN
CO3peBaHMs He HaOMonanock (M. puc. 4). BoaMoxxHo, 310 CBsI-
3aHO C TEM, YTO y COYHBIX IIOJI0B 1 ITOA3EMHBIX KOPHETLIO0B
10-Pa3HOMY OIPEJEINAETCSI COCTOSHUE MOIHOTO CO3PEBAHUSL.
Ecnu y mionoB Ouonoruueckast CrejgocTb COMPOBOKAACTCS
pasmsruennem msikotu (Badejo et al., 2012), To y kopHeruio-
JIOB OHA O3HAYACT YBEJIMYEHHE U BAKyOJIM3ALHUIO KIETOK C
LIENIbI0 HAKOIUICHUS TINTATENIbHBIX BEIIECTB M HACTYIUICHHE
¢usnomornueckoro nokost (Teper-Bamnolker et al., 2012).
PazmsirueHne TkaHeil KOPHEIUIONOB MOKET OBITH ITPU3HAKOM
HX BBIXO/Ia U3 MOKOA, YBAAAHWUA WA THUCHUA.

B comnacuu ¢ Tem, uto 12 renoB GalUR B. rapa nemoH-
CTPHPYIOT OYEBUIHYIO JMBEPIEHIMIO AKCIIPECCHU TIPH pa3-
JUYHBIX CTPECCOBBIX Bo3neiicTBrsAX (Duan et al., 2020), rerbr
AsGalURI-5 v 7 B HaIlIeM HCCIIEIOBAaHIH TaKKe pearupona-
JIM pa3HOOOPa3HO M OPraHO3aBUCHMO KaK Ha aOMOTHYECKHe
CTpeccopbl, Tak U Ha dk3oreHHble (puToropmonsl ABK un
MeJA (cm. puc. 7, a, 6). HecMoTpst Ha yCIIOBHOE pa3/ieiCHUE
TEHOB Ha KOPHEBYIO M JIMCTOBYIO I'PYIIIBI, X SKCIIPECCHUS B
OTBET Ha BO3/ICHCTBHUS B OOJBIIMHCTBE CIIydacB MEHsIACh U
B KOPHSX, U B TUCTBAX (CM. pucC. 7, a, 6). DTO yKa3bIBaeT Ha
BOBJICYEHHOCTH BceX reHoB AsGalURI-5 n 7 B cunte3 AcK
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T10 QJITEPHATUBHOMY ITyTH IIPH CTPECCOBBIX BO3AECHCTBUIX BO
BCEM PacTE€HHH, HO C IPEUMYIIECTBEHHON CIIEU(PUIHOCTHIO
B IMOJI3EMHOM MJIM HAJI3€MHOM YaCTH.

DK30reHHbIE (PUTOrOPMOHBI OJABIISUTH SKCIIPECCHUIO U TEX,
U IpyTUX TeHOB B 000MX THIIaX TKaHH (CM. puc. 7, a, 6), 9To
cornacyercs ¢ ponbio ABK 1 MeJA kak perynsatopoB pocta
pacTeHus ¥ CTUMYJIATOPOB Kietounoro nenenus (Fattorini et
al., 2009; Xie et al., 2020). K mprmepy, 00paboTka ropMOHaMH
YCKOpSIeT JieTICHNE KJIETOK, YTO TPeOyeT MOBBIIIIEHHOTO CHHTE-
3a IEKTHHA, YMEHBIIAET KOJIMYECTBO BOBMOXKHOTO CyOcTpara
it GalUR wu, xak clencTBUE, CHIDKACT DKCIPECCHIO TCHOB
AsGalUR. C npyroit CTOPOHBI, MOKA3aHO, YTO 3K30TCHHAS
ABK ctamymupyer cunate3 AcK (Xu et al., 2022), ograko
9TO, CKOpEe BCET0, OTHOCHUTCSI K OCHOBHOMY IIyTH CHHTE3a
ackopb6ara. K Tomy e MbI He HaOIIoaTu YBEIUYCHHUS COep-
YKaHUs ackopOara B OTBET Ha (PUTOTOPMOHBI (CM. pHC. 7, 8), UTO
MOKET IPEIoararb OTCYTCTBHE BIMSHHS WIN OTJIOKESHHBIN
crumynupytomnit a¢pdexr ABK na cunres AcK.

OTBeT Ha aOMOTHYECKUE CTPECCOPHI OBLT Goee pa3Hoo0-
pazeH (cMm. puc. 7, a, ). OCHOBHBIM OTJIINYNEM PEAKIIUH YCIIOB-
HO KOpHEBBIX T€HOB (AsGalURI—4) OT yCIOBHO JTHUCTOBBIX
reHoB (AsGalURS, 7) crana mpOTHBOIIOIOXKHAS JUHAMUKA
9KCIIPECCUH TIPU BO3JCHCTBUN MOHIKEHHON TeMIepaTyphbl.
B xopHsix criyctst 24 4 Bo3AecTBUS SKCIPECCUs] KOPHEBBIX Ie-
HOB yBEJINYHBAJIACh, a INCTOBBIX — CHIKAAch (CM. puc. 7, a).
B nucteax, HanpoTus, gepes 6 9 BO3IEHCTBHSA Pe3K0 BEIpOCa
aKcnpeccust TUCTOBBIX AsGalURS, 7 M cCHU3WIACH WIH HE
HU3MCHHUIIACh IKCIPECCHs KOPpHEBbIX TeHOB AsGalUR1—4 (cM.
puc. 7, 6). ITO coracyeTcs ¢ MOJIMKUTEIBHOMN 3aBHCUMOCTHIO
xoJotocToiKocTH pactenus ot coxepxanust AcK (Fu et al.,
2023) u moguepKUBaeT OPTraHOCIICIIU(PIIHOCTh YBEITUICHUS
aKTHBHOCTH T'eHOB AsGalUR B OTBET Ha XOJIO], TPUBEAIIETO
K CyIIECTBEHHOMY (JIUCTBHsI) WK OoJsiee ci1abomy (KOpHH) TMo-
BBIIIICHUIO COJICPIKaHuUs ackopbata (cm. puc. 7, ).

AckopOMHOBasI KHCIIOTa CIIOCOOCTBYET YCTOMIMBOCTH pac-
TEHUH K 3acoieHuro U 3acyxe (Younis et al., 2010). B coot-
BETCTBHH C 3THUM 3Kcrpeccus TeHOB AsGalUR MeHsnach B
oTBeT Ha ocmoTtuueckne/nonusie crpeccopsl (PEG, NaCl), u
6ounpInii 3 ekt HabIoIAICs B KOPHSIX, YTO CBA3aHO C 0CO-
OCHHOCTSIMH CO3/IaHMsI CTPECCOBBIX YCIOBHI (KOPHH MOTpPy-
xensbl B pactBop PEG nnn NaCl). OnHako ¢pyHKIMOHAIBHBIX
Ppas3IUMii MEX/Ty JINCTOBBIMH U KOpHEBBIMU TeHaMu AsGalUR
He 00HapY’KEHO; B JINCTBSIX YPOBEHb IKCIIPECCHH BCEX TEHOB
CHIBMJICH, a B KopHAX He n3MeHmics (NaCl) nnm noBeicuics
(PEG) (cm. puc. 7, a, 6), 9T0 CONPOBOKIAAIOCH POCTOM Ha-
roreHuss AcK B TkaHsax (cM. puc. 7, 8). 31eCh K€ OTMETUM,
YTO KOPPEJSALHUS MEXKTy DKCIPECCHEH TeHa U coylepKaHueM
ackopbaTta B CTPECCOBBIX YCIOBHSIX OOHapykeHa TOJBKO B
JIMCTBAX U TONBKO JJig TeHOB AsGalURI u 4, OTHECEHHBIX
HaMM K KOPHEBOW IpyIIIe, YTO MOATBEPKAAET YCIOBHOCTh
(byHKIMOHANBHOTO pazzeneHus reHoB AsGalUR nipu anarn-
TAI[MOHHBIX OTBETaX PACTEHUS YECHOKA.

[TonyueHHbIE JaHHBIE TOTHOCTHIO COMIACYIOTCS C TEM, YTO
B CTPECCOBBIX YCIOBHSX B PACTEHHH MOTYT aKTHBHPOBATHCS
aNbBTepHATUBHBIC IyTH CHHTE3a ackopbara (Xu et al., 2012;
Ruggieri et al., 2016). B gwacTHOCTH, 3TO MOKET OBITH CBsI3a-
HO CO CHIH)KEHHEM B OTBET Ha CTPECCOPHI MOTOKa OCHOBHOTO
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L-rajakTo3HOTO Iy TH CHHTE3a (M3-32 aKTHBHOTO BOBJICUCHHUS
TIPEIICCTBEHHUKA ITy TH — D-TITFOKO3BI, B CTPECCOBBIC PEAKITHH
pAacTeHHst), UTO MPOJEMOHCTPUPOBAHO MIPH AHATH3E MYTAHTOB
vtcl uvte2 A. thaliana (Quiiiones et al., 2024).

3aknoyeHune

B HacTosieit padote HACHTUPHUIIMPOBAHO CEMEHCTBO FCHOB
AKR A. sativum v onpesieieHo ceMb reHoB, AsGalUR 1-7, npen-
TIOJIOKUTEIEHO KOAMPYIOMKX D-ranakTypoHaTpeayKTasbl —
KITFOYEBbIE (DEPMEHTHI AJITEPHATHBHOTO D-TaakTypOHOBOTO
myTH 6bnocuHTe3a L-ackopOnHOBOI KMCTIOTHL. OXapakTepH30-
BaHBI CTPYKTypa U (DUIOTCHHUS T'€HOB U KOIUPYEMbIX OEJIKOB,
a TaKke opraHocnenupUIHbIH MPOPUIL IKCIIPECCUH TEHOB
AsGalURI-7, Ha OCHOBE 4ero reHbl ObUIH YCIIOBHO pasziere-
HbI Ha KOpHEBYI0 (AsGalUR 1-4) n mactoByto (AsGalURS5-7)
rpynmsl. [IpoBenen anann3 SKCHPECCHH TEHOB B OTBET HA
BO3JICICTBHE a0MOTHYECKUX CTPECCOBBIX (haKTOPOB (3aco-
JICHHE, 3aCyXa, X0JIO[) K 9K30reHHBIX (puroropmoHoB (ABK,
MeJA), KOTOpBIii BBISIBUII IONIOTHUTEIBHBIE ()YHKIIHOHAJIbHbIC
0COOCHHOCTH T'€HOB B OINPEJEIICHUH CTPECCOyCTOWYHBOCTH
pacTeHus YeCHOKa.
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Vi3MeHeHle TPaHCKPUIIINY FeHOB aKBaIllOpMHOB
B JIMCTBSIX JIIO1IepHBI XMeJIeBUIHOI B pe3y/IbTaTe MUKOPU3al UM
I'pu60M apOVYCKVYISIPHO MUKOPM3bI B VCIOBUSX JeduiiuTa BOObI

A.TT. IOpxkos (%), T.P. Kyapsuosa (%), A.J. beasiea, A.A. Kprokos ®

Bcepoccrinckmin HayuHO-MCCNeA0BaTENbCKUIA MHCTUTYT CeNTbCKOX03ANCTBEHHOWM MUKpobuonorun, CaHkT-MeTepbypr, Poccusa
@ rainniar@rambler.ru

AHHoTauuA. OQHUM 13 aKTyanbHbIX HanpaBaeHW NCCefoBaHNI PaCTUTENIbHO-MUKPOOHbBIX B3aMMOAENCTBU ABNAETCA
n3yyeHne MeXaHV3MOB ajanTauum pacTeHuUn K cTpecc-dpakTopam cpefibl 3a CYeT Pas3BUTUA CUMOMO30B C Pas3fiMyHbIMUK
MUKpPOOPraHM3Mamu. XopoLLo 13BECTHa POfb rprbOB apbyCcKyNAPHOM MUKOPU3bl B aanTauuy pacTEHUIA K 3acyxe, HO
MeXaHV3Mbl AaHHbIX NPOLIECCOB A0 CKX MOP PACKPbITbI HE MOHOCTbIO, 0COBEHHO B TKaHAX NNCTbeB. Mpeanonaraercs, uto
HeKoTopble 13 reHOB aKBaropUHOB MOTYT UFPaTh BaXKHYHO POSib KaK B afanTaLMmn pacTeHWI K He[OCTaTKy Braruv, Tak u B
pa3BuTM 3$PeKTUBHOIrO CUMOMO3a ¢ rpubdamm apbycKynAapHON MUKopKU3bl. Taknm 06pa3om, BaxKHOM 3afjayelt B U3yYeHnmn
pPacTUTENIbHO-MUKPOOHbIX CUMOMO30B ABNAETCA OLEHKa BAVSAHUA UHOKYNALUN FPUOOM apbyCKynsipHO MUKOPU3bl Ha
JKCMPECCHI0 reHOB aKBaNoOPVHOB B JINCTbAX PACTEHUIN B BbICOKOIPOEKTVBHON MOAENbHON PacTUTENIbHO-MUKPOOHOW
cucteme “Medicago lupulina + Rhizophagus irregularis” B ycnosusax 3acyxu. CpaBHUTENIbHasA OLEHKa TPaHCKpUMNLUn
reHoB BbinosHeHa MeTogom 27°2CT no pesynbratam konuuectBeHHoil MUP B peanbHOM BpemeHW: HOpManM3aums
npoBefieHa Mo OTHOLIEHNIO K pedepeHCHOMY reHy — aKTVHY, KOHTPOJIEeM BbICTyMan BapraHT 6e€3 MHOKYNALMU FprOoM.
WccnenoBaHne npoBefeHO Kak B HauvanbHylo ¢asy passutva — dasy pasBuUTUA 2-TO NINCTA, Tak U B $asy akKTUBHOrO
pacTUTeNbHO-MUKPOBHOro B3anmMoaencTaus — dasy LBeTeHus. B pesynbtaTte BbIABEHbI FeHbl, UMELLEe AOCTOBEPHYIO
anddepeHUnanbHy0 SKCNPeCccuio B YCIOBUAX 3aCyXy MPU CPaBHEHUW MUKOPU3OBAHHbBIX W HEMUKOPW30BaHHbIX
pacTeHwuii nouepHbl xmenesugHol: NIP3;1, NIP4,2, cneuuduueckuin NIP7;:1, TIP5;1 - B da3y pa3sutus 2-ro nucta; NIP3;1,
NIP5;1, NIP6;4, NIP7;1 (cneunduyeckun), PIP1;4, TIP2;3 n XIP1;1 (cneunduueckuin) — B a3y LBeTeHns. PaHee B nofobHOM
SKCMEPVIMEHTE, HO B YCNOBMAX HOPMAJSIbHOrO MOJMIMBA 3TU e reHbl He umenu auddepeHumanbHON SKcnpeccun B
CpaBHEHNM MUKOPU30BAHHbIX M HEMUKOPU3OBAHHbIX pPacTeHui. BepoATHO, nepeyncrieHHble reHbl MPUHUMAlOT
yyacTue B ajanTaluy U3yUYeHHbIX PacTeHUI K YCNoBMAM 3acyXu. MonyyeHHble cBefleHVs MOTYT ObITb 1CMOb30BaHbl B
pa3paboTKe BbICOKOMPOAYKTUBHBIX PacTUTENbHO-MUKPOOHBIX CUCTEM C yyacTvem rpuboB apOycKynAaApHON MUKOPU3bI
C Lenbto nepexofa K 61MONOrnyeckomy 3eMnefenmio, MUHUMM3aLMN HEraTUBHOMO BIMSHUA Ha OKpY»atoLLyto cpeay v
MOBbILLIEHWNIO YCTOMYMBOCTU PacTeHNI K HEAOCTaTKY Bnaru.

KnioueBble cnoBa: akBanopuHbl; AQP; apbyckynsapHas mukopusa; Medicago lupulina; Rhizophagus irregularis; 3acyxa
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Transcriptional changes of aquaporin genes
in leaves of black medic induced by arbuscular
mycorrhizal fungal inoculation under water deficit
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All-Russia Research Institute for Agricultural Microbiology, St. Petersburg, Russia
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Abstract. One of the current research directions in plant-microbe interactions focuses on the mechanisms of plant
adaptation to environmental stress through symbioses with various microorganisms. While the role of arbuscular
mycorrhizal fungi in plant adaptation to drought is well-known, the underlying mechanisms of these processes remain
poorly understood, particularly in leaf tissues. It is suggested that certain genes from the aquaporin family play a critical
role both in adaptation to water deficit and in the development of an effective arbuscular mycorrhizal symbiosis. Thus,
the important task in this study of plant-microbe symbioses is to assess the effect of arbuscular mycorrhizal fungal
inoculation on the expression of aquaporin genes in leaves. This study utilizes the highly effective plant-microbe model
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M3MeHeHVA TpaHCKPUNLMY reHOB akBarnopyHOB B MYKOPU30BaHHbIX
pacTeHWAX NoLEePHbI XMeNEeBUAHON Npu 3acyxe

system “Medicago lupulina + Rhizophagus irregularis” under drought stress conditions. A comparative assessment of
gene transcription was carried out using the 2-2ACT method based on real-time quantitative PCR results: normalization
was performed relative to the actin reference gene with non-inoculated plants serving as the control. The study was
conducted both at the initial development stage (the 2nd leaf stage), and at the stage of active plant-microbe interaction
(the flowering stage). The study revealed genes with significant differential expression under drought conditions when
comparing mycorrhizal and non-mycorrhizal Medicago lupulina plants: NIP3;1, NIP4;2, specific NIP7;1, TIP5;1 at the 2nd
leaf stage; genes NIP3;1, NIP5;1, NIP6,4, NIP7;1 (specific), PIP1;4, TIP2;3 and specific XIP1,1 at the flowering stage. Previously,
in a similar experiment, under well-watering conditions, the same genes did not have differential expression between
mycorrhizal and non-mycorrhizal plants. Thus, the listed genes likely participate in the adaptation of the studied plants
to drought conditions. The obtained information can be used to develop highly productive plant-microbe systems
involving arbuscular mycorrhizal fungi, aimed at transitioning to organic farming, minimizing negative environmental
impact, and enhancing plant resistance to water deficit.

Key words: aquaporins; AQP; arbuscular mycorrhiza; Medicago lupulina; Rhizophagus irregularis; drought
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BBepeHue
B pesynbrare HapyIIeHHs: IPUPOAHBIX SKOCHCTEM TIOJT BITHSI-
HUEM MHTEHCHUBHOTO CEJILCKOTO XO3siiCTBa, BO03a00pOM 1
TIOTOZIHBIMH OCOOCHHOCTSIMH PsiJia PETHOHOB Ipodiiema gedu-
LIUTa BIIATH ITPY BBIPAIIUBAHUH CEIbCKOXO3SIHCTBEHHBIX KYIIb-
Typ CTOUT Haubosee ocTpo. [ist penteHust mpooIeMbl 3aCyXH
MIPUMEHSETCS PS MEP, BKIIFOUAIONINX HE TOJIBKO OPOLIEHHE,
BBE/ICHHE HOBBIX METOZOB HyJIeBOI 00paOOTKH MOUBHI, JIECO-
T10JI0C, CeBOOOOPOTA, HO M OMOIOTHUECKHE METO/IbI Yy CHUIICHHS
aJlanTayy pacTeHUH K cTpecc-(hakTopam cpezbl C HCIO0JIb30-
BaHWEM MHUKPOOPTaHN3MOB — CHMOMOHTOB. XOPOIIIO U3BECTHA
poib rpubOB apOyCKyIIpHOH MUKOPU3EI (AM), CHITpaBIINX,
BEPOSITHO, JUIUPYIOUIYI0 POJIb B 3aBOCBAHUM PACTEHHUSIMHU
cymm 400 mutH net Ha3ax (Remy et al., 1994), xorga oHU BBI-
TIOJTHSUIN 9acTh (PYHKINI KOPHEBOM CHCTEMBI, aKTUBHO 00ec-
TIeYnBasi pacTeHUs] BOAOH M MHMHEPAJIbHBIMH BEIIECTBAMH.
['pubs1 AM nognep >kKuBaOT HOHHBIA TOMEOCTa3 PaCTCHUS-XO0-
3siMHa, 00ECIEeYNBAIOT OCMO3AIINTY H HOBBIICHHYIO 3 dek-
THBHOCTH UCHOJIB30BaHUs Boabl (Mammadov et al., 2018;
Luo et al., 2022). ITo Hacrosmiee Bpems 6oixee 80 % BUIOB
Ha3eMHBIX pacTeHnii obpasyor AM c rpubamu kinacca Glo-
meromycetes (Smith, Read, 2008). B cBsi3u ¢ 3TUM akTyaib-
HBIM HalpaBJICHUEM HCCIIEJOBAaHMI CTAJIO BHISIBICHUE MeXa-
HU3MOB, KOHTPOJIMPYIOIINX aallTallli0 PACTeHUH K HeNo-
CTaTKy BJIard B TIOYBE U poib IprboB AM B 3TOM TIporecce.
Creyer nonararb, 4TO a/IaNTalys PACTEHHUI K 3aCyXe TECHO
CBsI3aHA C PEryJsIIMei TPaHCIOPTEPOB BOJIBI B TKAHSX pacTe-
HU, CpeJii KOTOPBIX HanOoJ1ee peICTaBICHHAs TPyIIa — aK-
BaTlOpUHBI, HEOOIBIIINE MEMOpaHHBIE OeJIKH ceMeiicTBa Major
Intrinsic Proteins (MIP), ¢popmupyromme kaHaJIb s miepe-
HOCa MOJICKYII 4epe3 ononorndeckue MemOpansl (Maurel et al.,
2015). Y pacTeHui1 OHH HTPAIOT KITFOUEBYIO POITb B IalITALIHI
K 3acyXe, 3aCOJICHHUIO, a TAKXKe B peryisiiuu pocra ([lanenns
u np., 2024; Kyapsmiosa u np., 2025). Haunbonpimee pa3Ho-
o0pa3ue aKBallOPHHOB XAPAKTEPHO JUIS MOKPHITOCEMEHHBIX
pacTeHni, 4To CBS3aHO C AYIUIMKALMEH I'EHOB B PE3yNbTaTe
momumutonam3anuy (Singh et al., 2020), cBoiicTBEHHO TOUTH
BCEM IOKPHITOCEMEHHBIM. [lomummionan3anust IpuBOANT K
JYIUTMKAllMK T€HOB C TOSIBJICHUEM HOBBIX n3odopm. B wact-
HOCTH, y apabuzorncuca oOHapy>KeHO 35 reHOB aKBaIlOPHHOB,
y mroriepHBI — 46, y parica — 120 (Min et al., 2019; {anenus u
Ip., 2024). AKBartopuHbI IMEIOT KOHCEPBATHBHYIO CTPYKTYPY.

BaxHO# 0COOCHHOCTBIO B CTPYKTYPE SBISECTCS TO, YTO OHU
00pa3yIoT TeTpaMephl, Te KaXIbIii MOHOMEP QYHKIIHOHUPYET
kak He3aBucuMbid kaHan (Kudoyarova et al., 2022). Aktus-
HOCTB aKBaIlOPUHOB MOJKET PETYIHPOBAThHCS (pochoprmpoa-
HUEeM, pH, OKHCIHTETFHO-BOCCTAHOBUTEIEHBIMHU PEAKITHSIMH.

He Bce akBanopuHBI 0qHAKOBO 3()(HEKTHBHO TPUHUMAIOT
ydacTHe B TPAHCTIOPTE BOABI. Tak, aKBaITOPUHBI TIOKPHITOCE-
MEHHBIX PACTCHHUH JEAT Ha CICAYIOIINE IIATh TOJICEMEHCTB:
1) NIP (nodulin 26-like intrinsic proteins) ¢ HU3KOH MPOHU-
[IA€MOCTBIO JIJTS BOIBI, IPUHUMAIOT y9acTHe B OOMEHE MeTa-
6omuramu ¢ mukpocumbuontamu (Kruse et al., 2006), oka-
JM30BaHBI B TUTA3MaTHYECKOM MeMOpaHe 1 MeMOpaHax SHIO-
mia3marrdeckoi cetn (Ma et al., 2006; Mizutani et al., 2006;
Lopez et al., 2016); 2) PIP (plasma membrane intrinsic pro-
teins), MPOHUITAEMEBIC IS BOMBI, IEPEKUCH BOJOPO/A, yIIIe-
KHCJIOTO Ta3a, JIOKAIM30BaHKI B IJIa3MaTHUECKOH MeMOpaHe,
BHYTpPCHHEH MeMOpaHe XJIOpOIIacToB, MeMOpaHax THja-
KOHJIOB, MeMOpaHe dHJIoIIIa3MaTiHdeckoit cet (Zhou et al.,
2024); 3) SIP (small basic intrinsic proteins) ¢ HU3KOH Mpo-
HUIIAEMOCTBIO JJIS BOJIBI, JIOKAJIM30BaHBI HA MEMOpaHe SHI0-
ITa3MaTHYECKOH ceTH, u3ydeHsl crabo (Hussain et al., 2020;
Zhou et al., 2024); 4) TIP (tonoplast intrinsic proteins), mpo-
HUIIAeMBIC JUTS BOJBI, IIEPEKICH BOIOPOAA, aMMOHUS, MOYe-
BHHBI, IOKAJTN30BaHBI B TOHOIIIAcTe Bakyose (Maurel et al.,
2008; Zhou et al., 2024); 5) XIP (uncharacterized/X intrinsic
proteins) ¢ HU3KOW MPOHUIIAEMOCTBIO JUTSI BOIBI, JIOKAITN30-
BaHBI Ha IJIA3MAaTHYECKON MeMOpaHe, UCCIeAOBaHbI c1abo
(Lopez et al., 2016; Noronha et al., 2016).

AHanM3 TUTEpaTyPHBIX JaHHBIX CBHUICTEIHCTBYET O TOM,
9T0 (DYHKIMU aKBAIlOPUHOB B 3HAYUTETHHOH CTETICHU Tpe-
OyIOT manmpHeHIIero n3ydeHus. HeKoTopele MCCIIe0BaHUS
YKa3bIBAIOT HA TO, YTO MUKOPH3AIIHs TIOBBIIIACT YCTOHINBOCTh
pacTeHuil K 3acyxe, HO MEXaHH3MbI PETYIIAINN aKBaITOPHHOB
HEOOXOIMMO PacCMaTPUBATh C YUETOM BHUIOCICIIH(PHIHOCTH
U CTICIIU(PUIHOCTH WX (PYHKIUH B Pa3UYHBIX TKAHIX, B TOM
grcie cnabo U3ydeHa MX PETYIANUs SKCIPECCHH B TUCTHIX
(Hanemus u ap., 2024; Kynpsmosa u nip., 2025). 3MeHneHus
PETYIAIHNN aKBaITOPHHOB, OTIOCPEAOBAHHBIC MUKOPH3AIICH,
mo-TipeskHeMy ocTatoTcst 3araakoit (Sharma et al., 2021). ITep-
CTIEKTHBHBIMH HAIIPABICHUSIMHU CIUTAFOTCS: BEISIBIICHIE TCHOB-
MapKepoB pa3BUTHS d(H(HEKTUBHBIX CHMOMO30B (B TOM YHCIIC
AM-cnMb6m03a), 00eCTICUNBAIOIIIX aIANTAIIII0 PACTCHUH K
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HEIOCTaTKy BOIBI B CyOCTpaTe; aHaJIN3 HKCIIPECCHN TCHOB
aKBaITOPHHOB MPH BOJHOM CTPECCE; U3yUCHNE MOCTTPAHCIIS-
IMOHHBIX Mogudukanuii. C MpakTHYECKOH TOYKH 3pEHUs
pa3BUTHE TAKUX MCCIIECAOBAHUH MTO3BOJIUT pa3padOTaTh CUM-
O6roTHUECKH BBICOKOA(D(EKTHBHBIEC U BBICOKONPOTYKTHBHBIC
pacturensHO-MuKpoOHBIe cucTeMbl (PMC), HeoOxoanmble st
peann3alyi KOHIEIINH TOYBO3AIINTHOTO pecypcocOeperato-
IIIEr0 3eMIIE/ICIHS 1, KaK CIIC/ICTBHE, MOy IEHHUS SKOJIOTHUECKU
YUCTOM CEJIbCKOXO3SIICTBEHHON MPOYKIUH.

Ha ocHOBaHWMM BBIIIECKA3aHHOTO IIETBIO HACTOSIIETO HC-
clie/10BaHNs OBIT TONCK TeHOB-MapKepOB I PEKTUBHOTO CUM-
6103a cpe/iv TEHOB aKBAIIOPUHOB B JINCTHSX MTPU HHOKYJIISIIIAT
rpuboM AM JIOTIepHBI XMEJIEBUIHON B BRICOKOI () (hEKTHBHOI
monensHOU PMC “Medicago lupulina + Rhizophagus irregu-
laris” B ycnoBHsIX 1e(UINTa BIArd B CyOCTpare Ha paHHEM U
TIO3/THEM JTarax pa3BUTHS cuMOno3a. B kadecTse Hanbomee
TTOAXO/ISIIEr0 O0BEKTA ISt ATOW eI aBTOPAMHU CEJICKTH-
pOBaHa BBHICOKOOT3BIBUMBAS HA MUKOpU3aIMio JTHUS MIS-1
Medicago lupulina, Ha KOTOPOH IO pe3yabTaTaM TPAHCKPHII-
TOMHOTO aHaJlM3a ¢ MPUMEHEHHEM METOJla MacCOBOTO aHa-
nmu3a xoH1oB kJIHK (MACE-Seq) 6pu10 BBIsIBICHO Oolee
4500 renos ¢ mnpGepeHIMATEHON SKCTIPECCHEH (Pygj < 0.01)
B JIUCTBSIX ITPU MUKOPH3AIINH BBICOKOI((PEKTHBHBIM IITAMMOM
rpuda AM Rhizophagus irregularis RCAMO00320 (Yurkov et
al., 2023).

MaTepmanbl n metopbl

PacTtutenbHblii 1 rpudHoil MaTepuaJbl. B xauecTBe mo-
JIETBHOTO PacTEHHsI UCTIOIB30BANIN JIIOIEPHY XMEIEBUAHYIO
(Medicago lupulina L..) — mIMpOKO pactpOCTPAaHCHHBIA BHU]I
pona Medicago, nuruionsi, caMOONbLTUTEb. OOBEKTOM HC-
ClIeI0OBaHMs BbIOpaHa CENEeKTHpPOBaHHAs U3 COPTOMOIYJIs-
uun BUK32 nuaust MIS-1, kotopast oTiu4aercs: BHICOKOMH
YyBCTBUTEIBHOCTHIO K MuKkopuzanuu (Yurkov et al., 2015).
Pacrenus 3101 TMHUU NPOSIBISIOT IPU3HAKU KapIMKOBOCTH
B OTCYTCTBHE HHOKYJISILIUK TPHOOM AM B yCIIOBHSIX HU3KOTO
YPOBHSI JOCTYITHOTO JyIsl IMTaHUsI pacTeHuii pocopa B cyo-
ctpare (Yurkov et al., 2020). JI7st HHOKYJISIIUH HCIIOIB30BAIH
mramm RCAMO00320 Rhizophagus irregularis n3 KOJUICKIIUU
BHUUNCXM, obnanarorniuii BBICOKOH CUMOMOTHYECKOM (-
(DEeKTUBHOCTBIO.

Bereraunonnslii Meroa. Metonuka npoBeieHUs SKCIIEPU-
MEHTa OCHOBaHa Ha NPoToKoe, omucaHHoM A.I1. KOpkoBbIM ¢
xosuteramu (Yurkov et al., 2015). JI71st mpenoTBpalieHus CroH-
TAHHOTO 3apaKEHHS KITyOCHbKOBBIMH OAKTEPHUSMHU U APYTUMHU
MHUKPOOPTraHU3MaMHU TOYBO-IIECUYAaHYI0 CMECh (COOTHOIIEHUE
cyOcTpatoB 2:1) cTepuIu30Baiy aBTOKJIABUPOBAHUEM JIBAK-
1wl ipu 134 °C 1 2 at™ B TeueHue | 4 ¢ UHTEpBAJIOM B 2 CyT.
[Tocie 00paboTKM cMECH TOKCHYHOCTh CyOCTpaTa He BBISIBIIS-
nach. PacTeHuns mronepHbI BRICAXKUBAIM IO JIBA POPOCTKA B
KaKJIbIN COCY/I, HaroMHeHHBIH 210 T mo4BO-TIecuaHoi cMecH.
[TonoBrHY COCYZ0B MHOKYJIMPOBaIN KOpHIMU Plectranthus
verticillatus, MUKOpU30BaHHBIMU R. irregularis, a B apyrou
M0JIOBUHE (KOHTPOJIb) HHOKYJISAIS HE TPOBOAMIACH. ATPOXHU-
MHYECKHUE MTapaMeTPhl UCTIOJIL30BAHHOM OYBHI ITPE/ICTABICHBI
B pabore (Yurkov et al., 2020): conepxanue P,Os — 23 mr/kr,
pH — 6.44. YcnoBus yBIIa)XHEHUS BBIOPAaHBI HA OCHOBAHUU
TIpe/IBAPUTEILHO OTOOPaHHOTO BapHaHTa 3acyxu. Cxema oIibl-
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Ta BKJIIOYaJia BAPHAHTHI C PA3HBIM YBIa)KHEHHEM PAaCTCHHH C

WHOKYIISIIHEH 1 0e3 HHOKyYIAun rpudoom AM R. irregularis:

— «HOpMa» — TIOJIUB, NCXO/1s M3 pacyera 0.6 ONHOH B1aroem-
xoctu cyocrpara (I1B);

— «3acyxa, BapUaHT |» — cMEHa HOPMAJIEHOTO TTOJTNBA B TIEp-
BbIE 8 CYT Ha OJUB, ucxoas u3 pacuera 0.4 1B, B reuenue
16 cyT (o (ha3sl pa3BuTHs 2-T0 MHCTa) U B TeueHue 40 qHei
(o a3er BeTeHMS);

— «3acyxa, BapHaHT 2» — CMEHa HOPMaJbHOTO MOJMBa Ha
nonus, ucxoas u3 pacuera 0.4 I1B, B reuenue 7 cyT nepen
ChEMOM B (pa3y pa3BUTHS 2-TO JIMCTA U B (a3y LBETCHUS
(OTIENBbHO; T. €. PEKUM 3aCyXH TTOAICPKUBACTCS IS OTHOTO
pacTeHus B TeUeHUE 7 CYT 10 YOOPKH).

Tpertuil BapuaHT 3acyxu ¢ noauBom, ucxoas u3 0.4 I[1B B
TEUCHHWE BCETO NEpHoja BBIPAIINBAHMS PAcTCHUH, HE pac-
CMaTPHBAJICS B CBA3M C BBICOKOM JI0JICH IMOETH pacTeHIH IpH
TIPOBEpKE pexknMa. B taHHOM IpeiBapuTEIbHOM SKCIIEPUMEH-
Te (Tabn. S1 [punoxkenus)! onpenenniu MOKa3aTeu Cbiporo
Beca HAJ3EeMHBIX YacTeH, CHMOMOTHYECKOH S PEKTUBHOCTH
T10 HTOMY MOKa3aTeJTto, JOJIF0 TOTUOIINX PAcTEHHH, BCcTpeuac-
MOCTb MUKOPH3HOW HH(EKINU B KOPHE ¥ OTOOpAITH BapHUaHT 2
3aCyX1 CO CMEHOM HOPMaJILHOTO MTOJIMBA HA TTOJIMB U3 pacueTa
0.4 TIB 3a Henento 10 (PUKCAIIH PE3YIIETaTOB B OKCIICPUMEHTE
T10 OIICHKE OTHOCHTEIILHOTO YPOBHS SKCIIPECCHUH TCHOB aKBa-
TTIOPUHOB B JIUCTHSIX.

B ocHOBHOM 3KCIIEpHMEHTE, BKIIIOYAIONIEM aHAIIN3 OTHO-
CHUTEITLHOTO YPOBHS 3KCTIPECCHY T€HOB aKBAIIOPHHOB, TIEPBBIi
y4eT MPOBOJWIIHN Yepe3 24 CyT Mocie MOCaaKi U HHOKYJISILINH,
B (hazy pa3BHUTHS 2-TO HACTOSAIIETO JIMCTA, BTOPOH yUeT — Ha
48-e cyTku, B Pazy 1eteHus1. OICHUBAIH TApaMeTPhI TPOIYK-
TUBHOCTH (CyXO0i BeC Ha3€MHBIX YacTel 1 KOpHel) i d(pek-
THUBHOCTH CHMOM03a COITIACHO PaHEE ONMMCAHHBIM METOIUKAM
(Yurkov et al., 2015). [ns oxpacku KOpHEH HCIIOTH30BAIH
TpuraHoBbIi cuHuii cormacHo (Phillips, Hayman, 1970). Pac-
YeT MoKa3aTesIeii MUKOPHU3aIii, THTEHCUBHOCTH MUKOPH3HON
nHpeknun B KopHe (M, %) n obunms apOycKysl B MUKOPH30-
BaHHOU yacTH KOpHS (a, %) mpoBomuiu cornacHo (Trouvelot
etal., 1986), c npumeHeHNnEM pa3paboTaHHON aBTOPaMHU KOM-
MBI0TEepHOM TiporpamMmbl (BopoOses u ip., 2016). I anammsa
YPOBHEH KCIIPECCHUH TEHOB PACTUTEIBHBIH MaTrepual cpasy
rocse cOopa 3aMOPaKMBAIIN B SKHIKOM a30T€ M XPaHWIH MTPH
—80 °C no Beiaenenust PHK.

Broinenenne PHK n ananu3 sxcnpeccun renos. [Togoop
TCHOB W TpaiiMepoB [T X amIutudukanuu (Tadm. S2) ocy-
IIECTBILUTN HAa OCHOBE JaHHBIX M. truncatula n3 6a3sl reHETH-
YecKuX rmocienoBarenpHocTei Phytozome (https://phytozome-
next.jgi.doe.gov/) u TpaHCKpUTITOMHOTO aHanmu3a M. lupulina
(Yurkov et al., 2023). B ucciaenoBanue ObUIO BKJIIOUYCHO
30 reHoB u3 46 U3BECTHBIX OPTOJIOTOB y M. truncatula, pen-
CTaBIeHHEIX B ctaThe (Min et al., 2019). B sxcniepumenTe B
pe3yabTare MoJIMMepa3HoN ETTHOH peaknnuy B peaJbHOM Bpe-
menu (I[TL[P-PB) 16 reHoB BO BceX BapHaHTax OITBITA UMEITH
OYEHb HU3KUE YPOBHH IKCIIPECCHH, HAa TPHU-IIECTH MOPSIKOB
HIDKE (LMK BBIX0Za Oosee yeM Ha 10 IIMKIIOB Mo3/1Hee) yPOBHS
pedepencHoro reHa. Takue ypoBHHU SKCIIPECCHH B aHAIIM3E
MMEIOT 3HAYNTEIBHYTO OINOKY M HE TOJKHBI IPHHUMATHCS B

1 Ta6n. S1 11 S2 MpunoxeHna cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx23.pdf
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pacyer, O3TOMY JIaHHbIE TeHbI OBITH UCKITFOUCHBI M3 PAOOTHI
1 panpHennIero aHanu3a. OTCyTCTBHE HEIETIEBBIX TPOTYKTOB
[P KOHTpPOIMPOBAIN TOCPECTBOM Tellb-AIEKTpodopesa n
aHanmM3a KPUBBIX TUIABIEHUS 1o pesynbraram [1LP-PB. D¢-
(hEeKTHBHOCTB IIPaltMEPOB PACCUNTHIBAIIM HA OCHOBE CEPHIHHBIX
pa3sexenuii K IHK, B paboTy OBUIH BKITIOYEHBI IpaiiMepsl ¢
s¢dexruBrOCTHIO OnU3K0# K 100 % (>95 %). Tectuposanue
TIpaiiMepoB NMPOBOIMIIN HA 000X CPOKAX ydeTa.

Toranenyto PHK u3 pactutensHoro marepuana BblAESUIA
c ucrronp3oBanueM Tpusona (Thermo Fisher Scientific, CLLIA)
¢ momuduranusmu (MacRae, 2007). [Tepex cuaTezom kJHK
kagecTBo 00padoTku PHK JIHKa3oii mposepsim B [TL[P. Cun-
te3 kK IHK ocymectsisimi n3 ~1 Mkr TotansHoi PHK Ha mpoOy
¢ moMotrsio Habopa “Maxima First Strand cDNA Synthesis
Kit with dsDNase” B COOTBETCTBHH C HHCTPYKIUSMH ITPOM3-
Bomutens (Thermo Fisher Scientific, CIIIA). KagectBo mosy-
yerHO# K/IHK mpoBepsii ¢ ToMOIIbI0 aMIUTA(UKAIIH TeHa
YOMKBHTHHA. YPOBEHB 3KCIIPECCHUH T'€HOB OLICHUBAIN METOZIOM
[TIP-PB c ucnons3osanuem repmornukiepa C1000 ¢ CFX-96
(BioRad, CIIIA) u Habopa pearcHTOB, BKJIIOYas KPACHTENb
SYBR Green I («CuaTom, Poccnst). YemoBus aMImmiprKaITim:
HavajbpHas neHarypauus — 95 °C, 5 mun; 40 uukios — 95 °C,
15 ¢; 60 °C, 30 c; 72 °C, 30 c; olleHKa KPUBBIX IJIABICHHUS.
Jnst cpaBHEHMS ypOBHEH SKCIIPECCHH aHATN3UPYEMBIX TEHOB
aKBaropuHoB ucnonb3osamn 2-24CT meton — cpaBHuBaNM
YPOBEHB PKCIPECCHH B BapHaHTE C MUKOPW3AIMEH MPOTHB
KOHTpOIst 6e3 AM. Hopmasnm3anuro mpoBOANIA OTHOCUTETBHO
pedepeHcHoro reHa — akTiHa, coracHo (Yurkov et al., 2020).
M[IP-muxe (06pem 10 mxor) BRtrogan: 1 Mk 10x 6ydepa B +
SYBR Green, 1 mxx 2.5 MM dNTP, 1 mxn MgCl, (25 MM),
0.3 mxut kaxmoro mpaiitmepa (10 MM), 0.125 mxi (0.625 en.)
SynTaq AHK-momumepassr («Curtomy, Poccus), 4.275 Mxi
JnenoHn3upoBaHHoi Boasl U 2 Mxa kK IHK. Ananu3z npoBoau-
JU TS KasKIoro oOpasia (kak ¢ AM, tak u 6e3 AM) ¢ Tpems
OMOTOTNYECKUMH U YETHIPbMSI TEXHUUECKIMHU TTOBTOPAMH.

CrarucTuyeckyo 00padoTKY JaHHBIX BBIIOIHSIIN C IPU-
menenueM ANOVA u nocnenyromiero recra ThloKH € ompese-
JIEHUEM 3HAYUMBIX pasnuuuil pu p < 0.05. lns cpaBHeHUs
YPOBHEH 3KCIIPEeCCHU MEXKIY rpymmaMu «+AM» i «6e3 AM»
ncnonp3oBand -kputepuiit Cteronenta (p < 0.05).

Pe3ynbratbi

IIpoBeneHa oLeHKa MOKa3aTeslel MUKOPU3aLMK JIFOLEPHBI
XMEJICBU/IHON M BIMSTHUSI MHOKYJISIIMU rpuboM AM Ha pocr,
Pa3BUTHE PACTEHUS-X035IMHA, IKCITPECCHIO ITEHOB aKBAIIOPUHOB
B JIUCTHSIX B YCJIOBUSIX 3aCyXu. J{iiss MOJIeTMpOBaHus BOAHOTO
cTpecca ObLT MoJ00paH PEKUM 3acyxH (Ha OCHOBAHUU MPE/I-
BapUTEIILHOTO SKCIICPUMEHTA; CM. Tabi. S1), BKIIFOYAOLIHIA
moauB u3 pacyera 0.4 OT MOJHON BIArOEMKOCTH CyOCTpaTa
B TEUCHHE OJJHOI HEIEH Mepel KaKAbIM CheMOM 3KCIIepH-
MEHTA, BBIMOJHAEMbIM Ha 24-¢ 1 48-¢ CyTKH OT MOCAIKU U
WHOKYIISIHH.

AHanu3 MpoxyKTUBHOCTH JIFOLEpHBI (puc. 1, A, 5) moka3al,
4to y pacreHuit imauu MIS-1 M. lupulina, "HOKYTMpOBaHHBIX
rpuboM R. irregularis, HabIIOAANIOCH 3HAYUTEIILHOE YBEIHYC-
HHUE cyXoif 6MOMacChl Ha/I3eMHBIX YacTel Kak Ha 24-¢ CyTKH
(B dazy 2-ro nucra), tak u Ha 48-e¢ cytku. [IpubaBka npu
MHUKOpPHU3AIMU CyXOro Beca KOpHeW HaOIofanach JUIIb Ha
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TI037THEM dTare pa3BuTHs (Ha 48-¢ cyTki). OTMETHM TOT (aKT,

gyT0 cuMOuoTHueckas apdexrnsHocTh AM (MGR, mycorrhi-

zal growth response) ObLTa TOCTOBEPHOI M BEICOKOH (Oonee

100 %) Kax 1o cyxoMy Becy KOpPHEH, TaK U 110 CyXOMY Becy Hal-

3eMHBIX YacTeld IMEHHO B (a3y 1BeTeHus (cM. puc. 1, B, I).
Pe3ynbraThl MUKPOCKOITHH KOPHEH JIIOIICPHBI TOKA3aJIN aK-

THUBHOE PA3BUTHE MUKOPH3bI 1 apOyCKyll B MUKOPHU30BaHHON

4acTH KOPHS B YacTHOCTH (cM. puc. 1, /, E). IHTEHCHBHOCTH

AM B xopHe (M) Bo3pacraia ¢ 24-x cyTok Ha 48-¢, a o0mne

apOyCKyN B MEKOPH30BAaHHOM YacTH KOPHS (@) OBIIIO BEICOKIM

yKe HaunHast ¢ pas3bl pa3BUTHS 2-TO HACTOSIIETO JIUCTA. JTO

CBH/JICTEIIECTBOBAJIO O BEICOKOH aKTHBHOCTH AM-ciMO1o3a B

CMOJICTUPOBAHHBIX YCIIOBHSIX 3aCyXH M ITO3BOJIMIIO TPOBECTH

TOHKYIO OIIEHKY BIMSHHS MUKOPH3AIIMH Ha SKCIIPECCHIO TEHOB

ceMeiCTBa aKBAIIOPHHOB B JIMCTHsIX. BoHBIHN cTpecc ObLI 10-

CTATOYHBIM JUTS MHIYKIINM MEXaHU3MOB AN TAIINH K 3aCyXe,

HO HE KPUTHYHBIM JUIsl BEDKMBAEMOCTH PACTCHUH JIFOIIEPHBI C

COXPAaHEHNEM BBICOKOTO YPOBHSI MUKOPH3AIINH.

Crenyer nomnararb, 4To 1okaszareian 3QHEeKTUBHOCTH U aK-
TUBHOCTH AM B yCIIOBUSIX HEOCTATKA BIary (IIOJIUB, HCXO/S
u3 pacyera 0.4 [1B cyOcTpaTa) He ycTynamu pe3yiasraraM, mo-
JTy4EeHHBIM paHee PN CTaHJAPTHOM YBIaKHEHHH, UCXOJIS U3
pacuera 0.6 1B cy6crpara, B MomensHOH PMC «imamst M1S-1
M. lupulina + mramm RCAMO00320 R. irregularisy» (Yurkov et
al., 2021). DTo moATBEpKIACT, UTO JaKEe B YCIOBHSX 3aCyXH
BO3MOJKHO TOZJIEPKAaHNE BBICOKO(YHKIIMOHAIBHOTO MHKO-
PHU3HOTO CHMOM03a; IIPU 3TOM YMEPEHHBIH CTPEeCC OT 3aCyXH
CTUMYJMPOBAJI N3MEHEHHE TPAHCKPUIIIINH TCHOB aKBAIIOPHHOB
6e3 momasieHus dpdexTHBHOCTH AM-cnMOHo03a.

Jlnst pemieHus 3a7a4d MCCIENOBAaHUS ObUIM TIPOBEACHBI
moa00p U TeCTUPOBaHUE MpaiiMepoB (cM. Tabn. S2). B xome
aHanmu3a yacTh U3 30 TeHOB aKBAIOPHHOB TOKa3ana andde-
PEHIMATIBHYTO 3KCIPECCHIO B INCTHAX M. [upulina B oTBET Ha
MHUKOPH3AIHIO B yCIIOBHSIX 3acyxH (puc. 2 u 3). Cpean npounx
BBISIBJICHBI T€HBI CO CHEU(PHUIECKOI IKCIIpecchel (OTMEIEHBI
Ha pHc. 2 1 3 3HAYKAMH «+» U «n. d.» — HaJI4Ke U OTCyTCTBHE
skcrpeccun (not detected) COOTBETCTBEHHO).

B pesynbrare oneHku skcnpeccuu Ha 24-¢ CyTKH, B (azy
Pa3BUTHS 2-TO HACTOSIIIIETO JINCTA, B JTUCTHSIX MUKOPHU30BaH-
HBIX PacTEHHH (CBETIIBIC CTOJIONBI) MO CPABHEHHUIO C KOHT-
poneM (TeMHO-Ccephle CTONOIBI) HAOMIOTAUCH CIIEAYIOIINE
N3MEHEHHUS:

— JIOCTOBEpHAs MO3UTHUBHAS PETYJSIIUS MPH MUKOPU3AILNH
(Kcmpeccust Tpu MUKOpH3aIy ObLIa 10cToBEpHO, p < 0.05,
BEIIIIC TAKOBOH B KOHTPOJIE O3 HHOKYIAIIUH rpruooM AM)
st reHoB NIP3; 1, NIP4;2, TIP2;2, a Taxke cnenudude-
ckas skcnpeccust NIP7; 1

— JIOCTOBEpHasi HETaTUBHAs PEryJSLUs IIPH MUKOPH3AINH
(KcTpeccust Tpu MUKOpH3aIH ObLIa 10cToBEpHO, p < 0.05,
HIDKE TaKOBOW B KOHTPOJIE 0e3 MHOKYIISIHUU Tpudoom AM)
quist renoB PIP2;3, TIP1;1, TIP1;4, TIP2;3, TIP4, 1.

ITpn onenke skcnpeccnu Ha 48-¢ cyTkH, B (ha3zy IBETCHUS,
B JIUCTBSAX PACTCHUH C MHOKYISANEH rpuboM AM OBLIH BHI-
SIBTICHBI:

— JIOCTOBEpHAs MO3UTHUBHAS PETYJSIIUS MIPU MUKOPU3AINH
renoB NIP3;1, NIP5;1, NIP6,4, PIP1;2, PIP1;4, PIP2;1,
TIP2;3, a Taxxke cnenupuueckas sxcrnpeccust NIP7;1,
XIPI; 1,
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Puc. 1. Moka3satenn npoayKTMBHOCTY (A — CyXOll BeC Hafi3eMHbIX YacTell, b — cyxoll Bec KopHelt), cuMbroTnyeckom 3¢-
bEeKTVBHOCTM, paccuMTaHHONM MO BeCy Haa3eMHbIX YacTen (B) n KopHel (), n nokasatenu mukopusauuu: [ — nHTeH-
CMBHOCTb MUKOPU3HON MHdeKuun B KopHe (M), E — obunne apbyckyn B MUKOPU30OBaHHOW YacTu KOPHA (a) Ha 24-e

1 48-e CyTK/ OT NOCaZKN U UHOKYNALMN.

BykBbl Hag cTonbuamu (a, b, ¢) ykasbiBaloT Ha gocToBepHble (p < 0.05) pa3nuuma nokasartenen.

— JIOCTOBEpHAsl HETaTWBHASA PETYIANUSA IIPH MUKOPU3ALUU
renoB NIPI;2, NIP1;5, NIP2;1, NIP4,;2, PIP2;3, SIPI,3,
TIP1;1, TIP2;2, TIP4;1.

Takum 06pa3oM, B pabOTe OTpeeIeHbl HanboJee 3HA9INMbIe
TeHBI aKBaIIOPHUHOB, YUACTBYIOIINE B pa3BUTHH Y(P(HEKTHBHOTO
AM-cnMbro03a B yCIOBHAX HEOCTaTKa Blaru. B gactHOCTH,
TakuM TeHOM siBisieTcst NIP7; 1 co cnennndaeckon Wit HHITY -
UPOBAHHON PKCIIPECCHEH MPH MUKOPU3AIINH KaK B Berera-
THUBHYIO, TaK U B PEIIPOMYKTUBHYO (Das3bl pa3BUTHS PACTCHHSI-
xo3simHa. Oco00e BHUMaHHE TAKXKE CIEAYET YICIHUTh TCHY
XIP1;1 co cnenuudaeckoi FIKCIpeccrerd B a3y IBETCHUS.

I'ensr moncemetictBa NIP oOmamanu, Kak MpaBHIIO, TTO3HU-
THBHOH peryisueil (MOBBIIICHHBIM YPOBHEM JKCIIPECCHH,
p <0.05, OTHOCUTETHFHO YPOBHS B KOHTPOIIE 03 HHOKYJIISIIIHN
AM-rpubom) B paHHIOO a3y pa3Butus AM-cuMOm03a, HO K
mo3nHel ¢asze pazButus (pasze mBeTCHH) HAOTIOTATNCH KaK
MTO3UTHBHAS, TaK W HETATUBHAS PETYILAIUS I TCHOB 9TOTO
cemeiicTBa. ITO CBHICTEIBCTBYET O CIOKHOW PETYIISIIH aK-
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BarfOPHHOB B 3aBUCUMOCTH OT BET€TaTUBHOW/PETIPOTyKTUBHON
(ha3bl pa3BUTHUS PACTCHUS-XO35IMHA C TIEPECTPOHKOM BOAHOTO
oOMeHa B YCIIOBHSAX 3aCyXU NPH MUKOPH3ALIUH.

O6c¢cyxpeHune

Pe3synbrarsl moka3anu, 4To aKTUBHOE y94acTHE B pa3BUTHH AM
CUMOMO03a B YCIIOBHSIX 3aCyXH IPHHUMAIOT aKBAIOPUHBI OJI-
cemeiictB NIP u TIP. Onnako Tosbpko akBanopussl TIP cyte-
CTBEHHO BJIHSIFOT HA TPAHCIIOPT BOBI uepe3 MeMOpansl (Zhou
etal., 2024). B To ke Bpems akBariopunbl NIP nepenocsr paz-
HOOOpa3HbIe CyOCTpaThl, BKJIIOYast METAJUIOUbI, HO 00JIa/1at0T
HU3KOM IPOHULIAEMOCTBIO U1 BoAbl. lIpennonaraercs, uro
6enku NIP 3aneiicTBoBaHbI B 0OMEHE META00JIMTAMK MEKTY
pacTeHUEM-X035IMHOM ¥ CHMOMOTHYECKUMU MUKPOOPTaHU3-
mamu (Kruse et al., 2006). M3BecTHO Takke, 4TO IpH 3acyxe
pacTeHusi MOTYT CHHKAaTh SKCIIPECCUIO TCHOB aKBAIIOPHHOB
JUTSL COXpaHEeHUsI BOJIbI, TOATOMY 0C000€ BHUMAHHUE CTOUT YJIe-
JIUTh T€HaM, SKCIIPECCHsI KOTOPBIX MOAABISAETCS B YCIOBHSX
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Puic. 2. OTHOCUTENbHBIN YPOBEHB TPAHCKPMMNTOB (HOPManu3oBaHHoe 3HadeHve 2722CT) g nuctbsax M. lupulina Ha 24-e cyT-
K1 OT nocagku n nHokynaumm AM-rpubom R. irregularis (B a3y pa3BuTnA 2-ro 1ncta) nocne 3acyxu.

Cepble cTon6LbI (CIeBa) — 3HaUEHWA YPOBHA TPAHCKPUMNTOB B KOHTPOJIbHOM BapuaHTe «6e3M», necoyHble cTonbLbl (Cnpasa) — 3HayeHus

YPOBHA TPaHCKPUNTOB B BapuaHTe «+AM».

* [loctoBepHble (p < 0.05) pa3nnuus B BapuaHTax «+AM» 1 «6e3M». n.d. n «+» — OTCyTCTBME SKCNpeccun B BapuaHTte «6e3M» npu

HanMuny cneumdryeckom SKCNpPeccmn B BapuaHTe «+AMy.

nedunura Boasl (Quiroga et al., 2019). ITo npyrum maHHBIM,
Je(GUIUT BIard MOXET CIYXXHUTh TPUTTEPOM JUIsl aKTHBALIN
HEKOTOPBIX T€HOB AaKBATIOPHHOB, UTPAIOIINX KIFOYEBYIO POJIb
B YCTOMYUBOCTH pacTeHni Kk 3acyxe (Jia, Liu, 2020; Zhou et
al., 2024). Takum 00pa3omM, B3aUMOCBSI3M MEXKTy SKCTIPECCUEH
9THX TCHOB, YPPEKTUBHOCTHIO CHMON03a PACTCHUS C TPHOaMH
AM 1 yCTOHYMBOCTBIO K 3aCyX€ OCTAIOTCS MaJION3yY€HHBIMA
(Sharma et al., 2021). Mx uccrnemoBanre MOIJIO OBI IPOJIUTH
CBET Ha MEXaHW3MbI ajantannd AM-pacTeHHI K BOJHOMY
cTpeccy.

ITo pe3ymnbraram HacTOsIIEH paOOTH HOOOPAHHBIN PEKUM
nonuBa, ucxoas u3 0.4 I1B B Teuenue 7 aHel 10 chema, ObLI
JIOCTaTOYHBIM ISl pa3BUTHSI CUMOMO03a, YTO MOKHO BHJEThH
10 CYIIECTBEHHOMY OTKJIMKY Ha MHKOPH3AIHIO U BBICOKOH
BcTpeyaeMocTH AM-rprba B KOpHE pacTCHUA-X035MHA («3a-
Cyxa, BapmaHT 2», cM. Tabm. S1). Mexay TeM moka3areinn
MIPOYKTHBHOCTH OBIIM CHIKEHBI B CPABHEHHHU C TAKOBBIMHU
B YCIIOBHSIX HOPMaIBHOTO mmomuBa, ucxoms u3 0.6 [1B (Yurkov
et al., 2020). BersiBnena Beicokast 3ppekTHBHOCTH CUMOM03a
B MOJZIENBHOM cucteme “M. lupulina + R. irregularis” B ycio-

Busax aedunuta Bozsl (0.4 T1B) Ha paHHHX U MTO3IHUX dTaITax
Pa3BUTHA pacTCHHUSA-XO3IMHA: Ha 24-¢ CyTKH, B (ha3y pa3BUTHSA
2-r0 JHcTa, KOoTaa HaOMoNAI0Ch 3HAUNTEIFHOE YBEIIMICHUE
OmomMacchl HaJ3eMHOI YacTH 3a CUYeT MHUKOPW3AINW, U Ha
48-¢ cyTKH, B a3y IBETCHHS, XapaKTePU3yeMyI0 OoJiee BBICO-
KO CHMOMOTHYECKOH 2P PEKTUBHOCTEIO TT0 CYXOMY BECy KaK
HAJ3EMHBIX YacTel, TaKk W KOpHEH, a Takxke 0oJiee BEICOKOI
AKTHUBHOCTBIO pa3BUTHI AM, 9TO OTPa3mIIOCh B TTOBHIIICHIH
WHTEHCUBHOCTH MUKOpH3anuu B KopHe (M, %). C npyroi
CTOPOHBI, TIOKa3aTelb O0MINS apOyCKylT B MUKOPHU30BaHHOM
yacTH KOpHA (a, %) OBLT BEICOKHM YK€ ¢ paHHel (a3bl pas-
BHTHS CHUMOHO03a.

Panee OBITO TIOKA3aHO, YTO B YCIOBHAX HOPMaTHHOTO
yBrnaxkaerus (0.6 IIB) (Yurkov et al., 2021) mapamerpsr
(P PEKTHBHOCTH U aKTUBHOCTH AM TOXe OBUTH BBICOKHIMU.
Taxum 00pazoM, BEIOpaHHBIH PEKUM 3aCyXH BBI3BAI CTPECC,
JOCTATOYHBIN JUTS H3MEHEHHS SKCIIPECCHH Psifia TCHOB, HO HE
KPUTHYHBIH 7151 GYHKITHOHUPOBaHMUS camoro AM-cuM6Omo3a.
Bwmecre ¢ TeM poih aKBallOPHHOB B Pa3BUTHA YPPEKTUBHBIX
PMC B ycnoBusax meuIuTa BOIbl, KaK U UX PErYISIUS IPH
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Puc. 3. OTHOCHTENbHbIN YPOBEHb TPAHCKPUMNTOB (HOpManu3oBaHHoe 3HaueHmne 2724CT) B niuctbax M. lupulina Ha 48-e cyT-
K1 OoT nocapku n nHokynaumm AM-rpubom R. irregularis (B da3y LiBeTeHNA) nocse 3acyxu.

Ycn. 0603H. CM. Ha puc. 2.

MHUKOPH3AIIHH B IIETIOM, H3y4eHBI HEJOCTATOYHO. DTO CBSI3aHO
C IIUPOKUM CIIEKTPOM CYOCTPATOB y ITHX TPAHCIIOPTEPOB, a
TaKKe C WX Pa3IMIHON (YHKIMECH B 3aBHCHMOCTH OT THIIA
TKaHU U CyOKIeTOYHOH nokamm3anuu ([Janenwst u ap., 2024;
Kynpsimosa u ap., 2025). IlomydeHHbIC B HAIIeM HCCIIEHO-
BaHWU NaHHBIC BBISBHIN Pa3HOHAIIPABICHHBIC H3MCHCHHS
SKCIPECCHH TEHOB B 3aBHCUMOCTH OT TTOJICEMeicTBa 1 (Dasbl
pa3BuTHs: Ha paHHEH (aze (24-e CyTkH) HaOMOmaIach mo-
3UTHBHAs PETysAus TeHOB moacemeiictBa NIP (NIP3; 1,
NIP4;2, a takxe cnenuduueckas sxcrpeccus NIP7;1) Ha
(doHe, Kak TPaBUIIO, HETATUBHOMW PETYISAIINH TEHOB ITOCe-
meticta TIP (T1P1;1, TIP1,;4, TIP2;3, TIP4,1); B TIO3HIOIO
¢bazy (48-¢ cyTkm) oOHapyKeH MapUTET MO3UTUBHOW U He-
raTUBHOU perymnsmuu B moncemeiictse NIP (1o getsipe reHa,
Cpear KOTOPBIX OMWH T'eH CO CHEeIM(pUIeCcKoil dKCIpeccuei
npu mMukopm3anuu — NIP7;1). Ina moncemeiicta TIP, xax
1 Ha paHHEW (aze, OBUTO XapaKTepHO IMpeolinagaHue Hera-
TUBHOW perynsanuu (Tpu rena). Taxke OBUT ompeneieH TeH
CO CrIeU(pUIEcKON IKCIPECCUEH TP MUKOPH3AIHU B (azy
userenusi —XIP1; 1 uz noacemeiicrsa XIP. Cnenyer oTMeTUTh
MAaJTyI0 H3y9eHHOCTh TEHOB ATOTO MojiceMeiicTBa. 13BecTHO,
yto Oenkn XIP J0Kann30BaHkI HA TIA3MaTHYECKON MeMOpaHe
(Lopez et al., 2016; Noronha et al., 2016).
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[IpencraBnser nHTEpPEC CpaBHCHNE TaHHBIX, TIONyYCHHBIX B
HACTOSIIIEM MCCIIeTOBAaHUH B ycIoBHAX 3acyxu (mipu 0.4 [1B),
C pe3ysbTaTaMy aHalli3a TPAHCKPUIITOMA MUKOPH30BaHHBIX
¥ HEMHUKOPH30BAaHHBIX PACTCHHI JIFOIEPHBI XMEJICBHIHON B
HOpPMaIBHBIX yCIOBHUX yBrnaxkHeHus (mpu 0.6 I1B; Yurkov
et al., 2023). 13 geTsIpex TCHOB C MO3UTHBHOMN PETYIAIIUCH
B YCJIOBHUSAX 3aCYXH TONBKO TeH T/P2;2 obnanan Takxke mo3u-
TUBHOU peryisrnuell B HOPMAJIbHBIX YCIOBHSAX YBIAKHEHUS
B (pasy pasButus 2-ro mmcra, a Takke PIPI1;2 w PIP2;] (nBa
u3 BochMH) — B (pazy nBerenus (Yurkov et al., 2023). Cpemu
TCHOB, XapaKTePU3yEeMBIX CHIDKCHHEM YPOBHS IKCIIPECCUH
TIpH 3acyxe, Tuih reH NIP 1, 5 (ofH U3 AeBATH) TOXKE 00Iaga
CHIDKCHHEM YPOBHS TPAHCKPHIIIIUHU B YCIOBUSX HOPMAIHHO-
ro yBnaxkaerus (Yurkov et al., 2023). Takum 06pa3om, ocTab-
HBIC TEHBI, UMeBIIHEe nuddepeHITHaNbHYI0 IKCIIPECCHIO B
YCIIOBHSAX 3aCyXH B HACTOAIIEM dKCIIEPUMEHTE, HO HE IMEIO-
e TAKOBOH B YCIOBUSX HOPMAIBHOTO TIOJIMBA B IKCIIEPHU-
menTe 2023 1., BEpOsITHO, MOT'YT CUMTAThCS TEHAMHU aJJarTalul
pacTeHuil JTIOePHBI XMEJICBIIHON K YCIIOBHSAM 3acyXu. B mx
yucio Bouwu: NIP3,1, NIP4,2, cnetuduaeckuii NIP7, 1,
TIPS, 1 — B ¢a3y pazButus 2-ro nucta; reusl NIP3, 1, NIP5; 1,
NIP6,4,NIP7; 1 (cnetmuuaeckuit), PIP1;4, TIP2;3n XIP1, 1
(crrertudmaecknii) — B pasy nBeTCHHS.
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CpaBHuTenbHbIN aHanu3 ¢ Apyrumu PMC BbIsiBUII psifl aHa-
moruit (Asadollahi et al., 2023; danenus u np., 2024; Wang
et al., 2024; Kynpsmosa u np., 2025). B PMC “Zea mays +
R. irregularis” ren ZmTIP2,3 Taxke MOABEPTaCs TTO3UTHB-
HOW PETyJSIUN NMPH MUKOPU3ALUN U TPEATIONOKHUTEIHHO
UTpaj BaKHYIO POJIb B IOBBIIICHUH yCTOHYUBOCTH KYKYPY3bl
K CTpeccy OT 3acyXH Hpu MukKopuzauuu. IIpu sTomM maHHas
PMC xapakrepusoBanach MEHbIIEH OT3bIBUNBOCTHIO HA MHO-
KyJIAIUIo TpuooM AM, MOCKOJIBKY JINIIB Y HEMHOTHX T€HOB
KyKypy3sl (ZmPIP1;6, ZmPIP2;2, ZmTIP2;3, ZmTIP4,1)
9KCTIPECCHsSI CYIIECTBEHHO M3MEHIIIAch B OTBET HA MHKOPH-
3aruro. C Ipyroi CTOPOHSI, MOKa3aHa HeTaTHBHAS PETYIISAINS
TIPY MUKOPH3aMK B (a3bl pa3BUTHs 2-r0 U 13-ro0 nucra uis
HEKOTOpBIX TeHoB nonicemetictsa TIP (Zm TIP3, 1, ZmTIP4,4 —
B 00¢ dazel; ZmTIP4,;3 — Tonpko B ¢a3y 13-ro nmcra) B 1u-
CThsIX KyKypy3sl (Wang et al., 2024). HeraTuBHas perynsamus
B YCJIOBMSIX 3aCyXH HEKOTOpPBIX IeHOB noacemeiicrBa TIP
(PtTIP2;1w PtTIP 5, I mokazaHa 1 B KopHsx B PMC “Poncirus
trifoliata + F. mosseae” (He J.-D. et al., 2019). Takum 00-
paszom, HECMOTps Ha TO, 4TO pe3ynbTarsl B PMC “Z. mays +
R. irregularis” (Ha 56-e CyTKH) COTJIACYIOTCS C pe3yJIbTaTaMH
B PMC “M. lupulina + R. irregularis” (Ha 48-e CyTKH) 110 TCHY
TIP2;3, Hano oTMETHTH (ha303aBUCUMBIN XapakTep dddekra
(3aBUCHMOCTB OT (ha3bl pa3BUTHSI PacTEHU ), BUAOCTICIH(DHU-
YecKHe M TKaHecnenuduieckne 0COOCHHOCTH B JTMHAMUKE
9KCTIPECCUH aKBAITOPHHOB.

B monp3y mpeanonoxeHus 0 BBICOKOW TKaHecTenudud-
HOCTH CBHIETEILCTBYET OOJIee PAaHHSS OLIEHKA OTHOCHUTEIb-
HOTO YPOBHS 3Kcrpeccuu B kKopHiIX B PMC “M. lupulina +
R. irregularis” (KprokoB u nip., 2025), mokasasimas, 9to B (ha3y
Ppa3BUTHS 2-TO JHCTA (BETETAaTHBHYIO (pa3y) MUKOPH3aNKsI ITPH-
BO/IMJIA K MOBBIIEHHOM 3Kcnipeccuu renoB NIPI,;2, NIPI;5,
TIP2; 1, cietudpuyaeckont sxcrpeccut NIP4,;2 v CHIKCHHOU
skcnpeccuun NIP2; 1, NIP3;1, PIP1;4,TIP3;1,XIPI;1.B 1o xe
BpeMs B a3y IBETEHHs (TCHEpaTUBHYTO (pazy) OBLIO BBISBICHO
JIBa TeHa co cnenuduaeckoii sxkcnpeccueit — NIP4, 1, NIP7, 1,
MIPU HETaTUBHOW PETYJISIUUU 1eNI0i rpymisl — 14 reHoB noa-
cemeiicts NIP, PIP, SIP, TIP u XIP (KprokoB u ap., 2025).
BwMmecTe Bce 3TO CBHIETENBCTBYET O TOM, YTO B HCCIEIOBA-
HHUH yCTaHOBJICHA BBICOKAsl TKaHECTICIIM(PIUIECKas SKCTIPECCHS
TCHOB CeMeiCTBa aKBAaIlOPUHOB: UMb TeH N/P4;2 obmaman
MTO3UTHBHOW PEryssiiuell Kak B KOPHSAX, TaK W B JIUCTBSAX B
PMC “M. lupulina + R. irregularis” B BereTaTHBHYIO (a3zy;
mumb TeH NIP7;1 uMen crieupuIecKyro SKCIPECCHI0 Tpr
MHUKOPH3aIMH B TCHEPATUBHYIO (a3y, XOTs OOUIMH CIIEKTp
TEHOB C HETaTHMBHOW PEryJsIIMeH B JUCTHIX W KOPHAX INPH
MUKOpH3anuu B a3y usererus Ovut mmpe — NIP2; 1, SIPI, 3,
TIP2;2, TIP4, 1. ®azo3aBucuMEIii 3p(eKT y TeHOB-MapKepoB
pasButHs dpdpexTrnBHOT0O AM-cnMOno03a OBLT MTOKa3aH U Ha
HHBIX cemeiicTBax reHo, Hanpumep B SWEET cemeiicTBe
TpaHcmopTepoB caxapoB (Kprokos u np., 2023; Kynpsimosa
u ap., 2024, 2025). B wactHOCTH, UMEeHHO TeH T/P2;3 enuH-
CTBEeHHBIHN B mozicemeiictse TIP oOnamgaer cMeHOi perymsimm
C HETaTUBHOW HA MO3WTHUBHYIO IPHU NEPEXO/e OT pPaHHEH
(24-¢ cyTkH) (ha3pl MUKOPU3AIHH K TO3THEN (ase (48-¢ CyTKm).
BozMoxHO, GyHKITHOHAIEHO €T0 KOMITeHCHpyeT TeH T1P2;2
B a3y 2-ro JMCTa, MOCKOIbKY MOCIECAHUI UMET 00paTHYIO
CMEHY PETyJISIINH, C TO3UTHBHOW Ha HeratueHy10. [Tomo6HoE
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M3MeHeHVA TpaHCKPUNLMY reHOB akBarnopyHOB B MYKOPU30BaHHbIX
pacTeHWAX NoLEePHbI XMeNEeBUAHON Npu 3acyxe

TIPEATIONIOKEHNE O KOMIIEHCATOPHOM MEXaHU3ME TPAHCKPHII-
ILIMX IpyTHX aKBallOPUHOB Ob1T0 BeIBUHYTO R. Porcel ¢ korme-
ramu (Porcel et al., 2005; Sharma et al., 2021). Uto kacaetcst
TKaHeCNennPIIHOCTH dKcTpeccnu akBaropuHoB TIP u PIP, To
€e CBS3BIBAIOT C yCHIICHHEM BOI0OOMEHA 1, KaK CIIE/ICTBHE, C
ycunerneM pocta pacrenuii (He F. et al., 2016). Tak, ypoBHU
skenpeccunt RpTIP2;1 v RpPIP2; 1 non neicTBUEM MUKOPH-
3aIlM TIPH 3aCyXe MOCIIEJOBATENIFHO MOBBIIIAINCH B Pa3HBIX
TKaHAX — JINCTBSIX, CTEOJIC ¥ KOPHAX, TEM CaMbIM HaIlpaBIIsis
MOTOKU BOJBI K TKaHsM pactenuil. Ho RpTIPI,3, RpPIP1;3
VMMM HeTaTHBHYIO PETYISAIHI0 B THCThIX B PMC “Robinia
pseudoacacia + R. irregularis” (He F. et al., 2016).

B pesynsrare mHactosmero uccrnenoBanus B8 PMC “M. [u-
pulina + R. irregularis” moxa3aHa HeTaTUBHAsI PETYISINS B
moacemeticte PIP (ren PIP2,3) xak Ha paHHeH ((haza pa3Bu-
THUS 2-TO JIUCTA), TAK U Ha TO3AHEH ((ha3a BETCHUS) CTATHIX
passuTns. MHTEpECHO, UTO, COMIACHO JINTEPaTypHBIM JaHHBIM,
Ooree BRICOKast akKTUBHOCTH OenkoB PIP momxkHa Obia Ob1 00y-
CJIOBUTB OOJIBIITYTO MTPOBOMMOCTD BOJIBI B TKAHSIX PACTEHHH B
ycnoBusIx 3acyxu. OJJHaKo 3Ta rHIoTe3a ObljIa OPOBEPTHYTA
B xoze dkcriepuMeHToB B PMC “Glycine max + F. mosseae”
u “Lactuca sativa + F. mosseae”, B KOTOPBIX HAOIIOIAH He-
raTuBHYIO peryisuto reHoB PIP (GmPIP1, GmPIP2, LsPIP1,
LsPIP2) (Porcel et al., 2006). Takoit appexr AM-cumbmo3a
MIPEACTABIAET COO0H Peryaupyromnuii MeXaHn3M, KOTOPBIHA
TTO3BOJISIET PACTEHUIO-XO35IMHY SKOHOMHTH METAa0O0IHMIeCKHe
pecypcsl M MOTEpH BOABI B ycloBHAX cTpecca. CormacHo
npeanonoxkernto J.M. Ruiz-Lozano, R. Aroca (2010), rpu®
AM nomoraeT pacTeHHUIO yAEp>KHBATh MONIONICHHYIO BOJY,
CHIasl BOAOTIPOHUIIAEMOCTh MEMOpaH ITyTeM ITOJaBICHUS
SKCIPECCUU I'eHOB akBanopuHoB nojacemeiicrsa PIP. C npyroit
CTOPOHBI, IIOCKOJIBbKY TH(BI 'prda caMy MOTYT CHaOXaTh pac-
TEHNE-XO35IMHA BOJIOH, 3TO MOXET OBbITh CTpaTeruei, mo3Bo-
nsiroeit AM-pacTeHUsIM MEHBLIE 3aBUCETh OT MHTEHCUBHOM
9KCTIPECCH COOCTBEHHBIX aKBANIOPWHOB M TaKMM 00pazoM
SKOHOMUTH dHepruto (Sharma et al., 2021). OcHOBBIBasiCh Ha
HCCIIEIOBAaHNAX (PYHKIIMOHAIBHON 3HAYMMOCTH aKBAIlOPH-
HOB, MOJKHO CJI€JIaTh BBIBOJI, YTO MMEHHO IoacemeiictBo TIP
BKJIFOYAET OCHOBHBIE IEPEHOCYMKH BOJIBI Y€PE3 BAKYOIISIPHYIO
MeMOpany (ToHoract) (Zhou et al., 2024). BeposiTHO, UX T10-
JIaBJICHUE Ha MO3JHUX 3Talax pasBUTHA CHMOMO03a CIIOCO0-
CTBYET MUHUMH3ALUH TIOTE€Pb BOJBI M ONITHMHU3AINH KIIETOY-
HOTO ToMeocTas3a (Quiroga et al., 2019). MapiMu croBamu,
HeraTuBHas perynsiust reHoB TIP Ha sTare BeTeHus MOXKeT
OTpakaTh CTpaTeruro coxpaneHus Boasl B PMC “M. lupu-
lina + R. irregularis”.

AxBanopunsl nojacemeiictsa NIP npuHumaroT yyactue B
TPAHCIOPTE MHOXKECTBA CyOCTpPAaToOB, BKJIIOYAs TOKCHYHBIC
METaJUION/IbI, CIOCOOHBI MEPEHOCUTh PACTUTEIBHBINA [IIHIIE-
puH (Dean et al., 1999), urpatoT BaxHyI0 poiib B Pa3BUTHU
B3aMMOZCHCTBHS MEX/y MapTHepaMHu CUMOMO3a pacTeHHH
¢ mukpoopranm3mamu (Kruse et al., 2006). CobcTBeHHO
WCCIIeJOBAaHNE aKBAIIOPHHOB HAYAJIOCh UMEHHO C M3YyYCHHS
6emxa NLM moncemeiicta NIP, o6Hapy:keHHOTO B riepudax-
TEpONAHON MeMOpaHe CUMOMOTHYECKUX KOPHEBBIX KITyOCHb-
xoB cou (Sandal, Marcker, 1988). AxBaropuss! mocemeiicTa
NIP BcTpedatorcst u 'y He6000BBIX pactenuii (Kruse et al.,
2006). Takum oOpa3om, akBamopwHBI moacemeiicTBa NIP
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MOTYT UMETh BXXHOC 3HA4YCHHUE B aJanTalny K 3acyXe Mpu
pasButun 3¢dexkruBHOrO cMMOMo3a ¢ rpudbom AM B PMC
“M. lupulina + R. irregularis”. I3BecTHO, 9TO aKBaIIOPHHBI
NIP Gmmke 1o cTpykType K OakrepuanbHOMy AQpZ, 9eM K
TJIMIIEPUHOBBIM MTepeHocurKaM u3 mojcemetictea GLP (Hey-
mann, Engel, 1999). 310 yka3piBaeT Ha TO, YTO TPEIAKOBBII
aKBAINOPUH y PACTEHHH, BEPOSITHO, HE 0011a/1aJ1 CIIOCOOHOCTHIO
TPAaHCIIOPTHPOBATh INIMIEPUH U AaHHAS (YHKINS BO3HHUKIA
TIO3/IHEE B TTPOLIECCE IBOMIOIHN, KAK KOMITEHCAINS OTCYTCTBHS
GLPy pacrennii (Murata et al., 2000). Bo3amosxHo, B poriecce
a/lanTalnuy K 3aCyXe UMEHHO TPAHCTIOPT IIIMIEPHHA B JINCTHSIX
pactenus-xo3siuaa B PMC “M. lupulina + R. irregularis”
UTPAET BaXXHYIO POIIb.

[oBeiennas skcnpeccust NIP3,1, NIP4,2, a Takxe cre-
nududeckas sxcrpeccus NIP7,; 1 TipearnonaraioT UX poib B
paHHHX 3Tanax cumonosa “M. lupulina + R. irregularis™. Ila-
PHUTET NO3UTUBHON M HETaTHBHON PETYIISIIMN B JINCTHSAX Pac-
TEeHUA-X0351Ha B nojceMeiictse NIP Ha no3Hem arane cuMm-
o6mosa “M. lupulina + R. irregularis” CBUIETEIBCTBYET O
(azozaBrcuMoM 3 dexTe MUKOpU3aILIK Ha SKCIIPECCHIO aKBa-
TTOPHHOB, KOTOPBIC YYAaCTBYIOT B Pa3BUTHH 3(PHEKTHBHOTO
AM-cumbuo3a. [Tpu 3tom rens akBanopuroB NIP3; [ u crie-
muduyaecknit NIP7, I cOXpaHWIN TIO3UTUBHYTO PETYIISIIHIO TIPH
cMeHe ¢a3bl pa3BuThs. TakuM 00pa3oM, MUKOpH3aIHs TpHooM
AM R. irregularis MORynHupyeT 3KCIPECCHIO aKBAIIOPHHOB,
TIPUYEM XapaKTep N3MEHEHUH 3aBUCHUT OT (ha3bl pa3BUTHS pac-
TeHust. MO)KHO Tonarath, 9to reHsl NIP3, [ v crierudrdeckuit
NIP7;1 MoryT BbICTyHIaTh B KAYE€CTBE MO3UTUBHBIX MAPKEPOB
pa3BuTHa dpdexTrBHON AM B yCnoBUAX 3acyxu. Takas akTH-
Bars NIP, BeposiTHO, CBsI3aHa ¢ aKTUBHBIM META00JIMYECKUM
obmerHoM B AM-cumOno3se. [lonst akBarmopruHOB, UMEIOIINX
TIOIaBIICHHYTO KCIIPECCHIO B YCIIOBHAX 3aCyXH PH MUKOPH-
3aI1H, MOKET 3aBHCETh OT €€ JUINTEIbHOCTH. Tak, Hanpumep,
coracHo 3kcriepuMenTaM G. Barzana ¢ komeramu (2014), B
PMC “Zea mays + R. intraradices” nipn KpaTKOBpEMEHHOI
3acyxe (4 cyT) HaOmoganachk HeTaTUBHAS PETYISINS JINIIb
ZmNIP2;1, ZmNIP2;2, HO yBEeIUYEHUE JUIUTEIbHOCTH 3a-
cyxu 710 12 cyT mIpuBOIMIIO K MIEpEXoTy 3HAYNTEIHHON YacTH
TCHOB aKBallOPMHOB K HETAaTWBHOU perymsmuu (ZmPIPI; 1,
ZmPIP1;2, ZmPIP1;3, ZmPIP1;4, ZmPIP2;2, ZmPIP2;4,
ZmNIP2;1, ZmNIP2;2, ZmTIP1;1, ZmTIPI;2). Ilocnenyto-
miee yBENWYCHUE JITUTENBHOCTH 3acyxu (1o 42 cyt) B PMC
“Poncirus trifoliata + F. mosseae” Ioka3aino, 9T0 SKCIIPECCHS
BCEX M3yYCHHBIX T€HOB aKBAIIOPHHOB ITOAABIISIACH B KOPHSX
pu MuKopu3arma (Zou et al., 2019). Ipyrumu npuanHaMu
W3MEHEHMSI SKCIIPECCHN OJTHUX M TeX kK€ M30()OopM I'eHOB
aKBAaIlOPUHOB MOTYT OBITH HE TOJBKO THIT aHATH3HPYEMOI
pacTUTENLHON TKaHM, HO M CHenn(pUUEcKne 0COOCHHOCTH
B3aMMOJICHCTBHUS PaCTECHHA ¢ pa3HBIMU BUAaMHU TpuOooB AM
(Béarzana et al., 2014; Sharma et al., 2021).

[To-BuauMOMYy, CyIIECTBYIOT W WHBIE MEXaHU3MBI (op-
MHUPOBAHMS YCTOWYMBOCTH MHUKOPH30BAHHBIX PACTEHUH K
3aCyXe B CBSI3M C MOBBIIICHHEM YPOBHS 3KCIPECCHU TEHOB
nogcemeiictB PIP u TIP (B HacTosimeMm McCiIeJOBaHWM Ha-
Omronanace mosutuBHas perynsamus PIP1;2, PIP1;4, PIP2; 1,
TIP2;3 B da3y uerenus). Tak, cormacHo (Sharma et al., 2021),
TIOBEINIICHHAs aKTUBHOCTH OenkoB PIP u TIP HemmocpencTBeHHO
CBsI3aHA C YCTOWYMBOCTBIO PACTEHHUH K 3aCyXe U HPOSBIISCT-
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csi: 1) B moBbImeHnH 3P (PEKTHBHOCTH BOJHOTO TpaHCHIOPTa
(TMapaBIHYECKON TIPOBOAMMOCTH KOpHEH); 2) WHTCHCU(H-
Kaluy oOMeHa MHUTATeNbHBIMU BEIIECTBAMH, B YAaCTHOCTH
TIOTIIONICHUS a30Ta; 3) ycuneHnn (poTtocuHTe3a (O6maromaps
ydactuo akBamopuHoB B audpdysun CO,) U yBeIHUCHUN
mpou3BoacTBa porocuHTeTnecknx BemiecTs (Uehlein et al.,
2003; Barzana et al., 2012); 4) mogep>xaHIH OCMOTHYECKOTO
JIaBJICHUSI ¥ TypPropa, B TOM YHUCIIE 3 CYET PErysIsiiuy paboTh
YCTBHII, YIYYIICHUS] BOJHOTO CTaTyca pacTeHuil Omaromaps
TTOBBIIICHUIO Y(PPEKTHBHOCTH HCIIONB30BaHUS BOnbl (Shar-
ma et al., 2021). Hamo oTMeTHTB, 9TO HCCIICIOBAHHUS, Pa3bsiC-
HSIOIIME TPUYUHBI HETaTUBHOM PETYIISIINH AKBAIIOPHHOB ITPH
3acyxe B YCIOBHMSX MHUKOPH3AIMH, SIBISIOTCS €AMHUIHBIMA
(Asadollahi et al., 2023). 310 OTYEPKUBACT AKTYAIbHOCTD
MIPOBEZICHHOTO aHAJIH3A.

Taxum 00pa3oM, MOXKHO 3aKIIOUYNTh, YTO MHUKOPU3HBIA
CHMOMO03 CyIIIECTBEHHO TTOBJIHST Ha BOJHBIN CTaTyC pacTeHUs-
xo3suHa B PMC “M. lupulina + R. irregularis” mocpencTBomMm
PETyISIIN aKBallOPUHOB B YCIIOBHUSIX 3aCyXH.

3aKknioyeHune

JlaHHOe Hccae0BaHue TTOKA3aj0, YT0, HECMOTPSI Ha YCIOBUS
JneduITa BOAHOTO MHUTAHMS, PACTUTEIBHO-MUKPOOHAST CH-
crema “M. lupulina + R. irregularis” npogeMOHCTpHPOBAIA
BBICOKHE TI0Ka3aTesId MUKOPH3AMHA U CUMOMOTHYECKOH (-
¢dexruBHOCTH. B panHioro dazy (24-e cytku, 2-i JHCT) Ha-
Oirozaniach pa3HOHAIPABIICHHAS PETY/ISILIUS: AKTHBALUSI TEHOB
NIP3;1,NIP4;2, TIP2;2, cneuududeckas sxcupeccust NIP7; 1
v nnonasiienue renoB PIP2;3, TIP1;1, TIP1;4, TIP2,3, TIP4,1.
[ToncemeiictBo SIP He MPOSIBIAIO 3HAYUMBIX W3MEHEHUH.
B nozaHtor0 dasy (48-¢ cyTku, IBETCHUE ) 0OHAPYKCHO DoJiee
BBIPKEHHOE TMOJIaBJICHHE IKCIPECCHN OOJBIIMHCTBA TEHOB
(NIP1;2, NIP1;5, NIP2;1, NIP4,;2, PIP2;3, SIP1;3, TIPI,1,
TIP2;2, TIP4;1). I103UTUBHYIO PETYISLUIO CPEIN OCHOBHBIX
MePEHOCUYMKOB BOAbI coxpausnu PIPI;2, PIP1;4, PIP2;1,
TIP2;3. 1Ba rena (NIP7;1, XIP1,I) coxpaHsuii aKTUBHOCTb,
YTO MOXKET yKa3blBaTh Ha MX CHEHU(PHUECKYIO POJIb B CUM-
6no3e. Cpen MpecTaBlICHHBIX TEHOB MapKepaMu pa3BUTHUS
a¢dexTrBHOI AM B yCIIOBHSX 3aCyXH HE MOTYT OBITh TCHBI
TIP2;2, PIP1;2, PIP2;1 u NIPI;5 B CBSI3U C T€M, YTO OHU
00mafarT TOH ke peryisaiueil B yCIOBUSIX HOPMaJIbHOTO
YBIQXKHEHHUS 1O pe3yabTaTaM CPAaBHUTEIHHOTO aHAIN3a C
oIy OJIMKOBaHHBIMU paHee JaHHBIMU TPAHCKPUIITOMHBIX ITPO-
¢buneii nmucreeB M. lupulina.

B ¢yHkimronansHOM miane rexsl noacemeiictsa TIP, konu-
pytolme 6eIKH, KOTOpbIe PETYIUPYIOT TPAHCTIOPT BOJIBI Yepe3
BaKyOIISIPHYIO MeMOpaHy, oKa3ayiu Harnbosiee 3HaYuMOoe 110-
JTaBJICHME KaK Ha paHHEM, TaK U Ha M03/{HeM dTare. BeposTHo,
UMEHHO OHHU MPHHMMAIOT y9acTHE B OCMOPETYISALUHU MPH
BOIHOM ctpecce. ['ensl NIP, npeanonoxuTenbHo, BOBICUEHbBI
B IIPOIIECCHI B3aUMOJACHCTBHS ¢ TPHOOM-CUMOMOHTOM, YTO
HOJITBEPIKIACTCS MX M30MpaTeIbHON akTuBalieil. Posib reHoB
noxcemencrsa XIP B peakuuu Ha 3acyXy IpuU MUKOPU3ALUU
eIlle MPeACTOUT U3y4uTh. [lonydeHHbIe JaHHBIEC PACIIUPSIIOT
MOHUMaHHE MEXaHM3MOB aJaNTallil MUKOPHU30BAHHBIX pac-
TEHUH K 3aCyXe, B UaCTHOCTH: 1) MOATBEPIKAAIOT KITFOUEBYIO
poJib akBanopuHoB noxacemericrsa TIP B perynsuuu BoOgHOTO
OanaHca; 2) yKa3blBalOT Ha BO3MOXHYIO CIEHU(PUIHOCTH
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NIP-reHOB A7151 MUKOPH3HOTO CHMOM03a; 3) IEMOHCTPUPYIOT
(ha303aBUCHMBII XapaKTep PETYISIMN IKCIPECCHN aKBaIlo-
PHHOB, YTO ITOJYEPKUBACT CIOKHOCTh UX B3aMMOJICHCTBHS C
rpuboM-cnmOronToM. Taknm 00pa3zom, UcciieIOBaHUE BHOCHT
BKJIa/ B U3yUECHHE MOJIEKYIISIPHBIX OCHOB 3aCyX0yCTOHINBOCTH
MHUKOPH30BaHHBIX PACTCHUI W OTKPHIBACT MEPCIIEKTHBEI JUIs
JaTTbHEHIIIETO aHAJIN3a POJIH OT/ICIIbHBIX T€HOB aKBAIIOPHHOB
B CHMOMOTHYECKUX CHCTEMaX.
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I[TpoM3BOACTBEHHBIN IIITAMM KJIYOEHbBKOBBIX 6aKkTepuii coum RZ300
Bradyrhizobium japonicum, yCTOMYUBBIN K BHICBIXaHUIO

Ha [TIOBEPXHOCTU CEMSH: KY/IbTypajibHbIe CBOIICTBA

U crienudumuueckre 0CO6eHHOCTY reHoMa

10.B. Kocyabnukos (%), A.A. Kproxos (12, K.H. Bepapimesa ((2), A.J1. Koaabuyk (12), A.IT. IOpkos (12, IO.B. AakTrioHoB @
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AHHoTauusA. MNpepnoceBHasa obpaboTka cemsAH Bo3fenbiBaeMblx 6060BbIX KyfnbTyp npenapataMn KinybeHbKOBbIX
6aKTepUN ABNAETCA CTaHAAPTHON arpOHOMMYECKON MPaKTUKOW, akTWBHO MCMOJSIb3yeMOol Npu BblpalyyBaHUN COW,
3¢ PeKTUBHbIE MUKPOCMMOMOHTbI KOTOPOWM 4acTo OTCYTCTBYIOT B MouyBe. B To e Bpems, Kak Mokasanu MHorue
nccnefoBaHua, 3gpdeKT oT NprMeHeHVa Gruonpenapara BO MHOTOM 3aBUCKT OT BbXKBAeMOCTU Pr300MasbHbIX KNEeTOK
Ha cemMeHax npu BblCbIxaHUW. B HacToALel paboTe NpoBEAEH aHaNN3 XKN3HECNOCOOHOCTA Y TPEX NPOV3BOACTBEHHbIX
wrammoB Bradyrhizobium japonicum, 6436, 640 n RZ300, Ha cemeHax cou Glycine max L. pa3HoOro nponcxoxgaeHns
(copta OH ApreHTa, bapa un lpygeHc) B onbiTax, pa3nMyaloOWUXCA MO pa3HbiIM MapameTpaM: KOHLUEeHTpauuvam
MHoOKynAHTa (10 n 100 %), TemnepaTypam BbicywmsaHua (5, 15, 25 °C) n coctaBam 3aLUTHbIX MONMMEPHO-YTNEBOAHbIX
KOMMo3uumin. B pesynbrate 3KCNEPUMEHTOB OOHAPYXKEHO, UTO COPT COM HE OKasbiBaj 3aMETHOrO BAMSHUA Ha
KM3HECNOCOOHOCTb M3yyaeMbiX LWITaMMOB pu1300MiA, B TO BPeMA Kak LUTaMMbl CYLLEeCTBEHHO Pa3nnyanncb no 3Tomy
npu3Haky. Hanbonbluyto yCTONUMBOCTb K BbICbIXaHMIO Ha CEMeHax cov Nokasan wramm RZ300. CpaBHUTENbHDBIN aHanu3
reHoMa 3TOro LUTamMmMa C FreHOMOM C/1abo YCTONUYMBOIO K BbICbIXaHUMIO WTaMMa B. japonicum 6346 No3Bonvn BbISBUTb
Hanuume y wramma RZ300 reHa opgC (kopupyeT 6enok OpgC, yyacTBylOWMA B GMOCKHTE3E OCMOpPErynmpyembix
nepunnasmaTnyeckmx rmokaHos (OPGs)), KOTOpbIi OTCYTCTBYET Y LWTaMMa 6346 1, BO3MOXHO, MOXET onpefenatb
MOBBILLEHHYI YCTONYMBOCTb KyOEHbKOBbLIX 6aKTepWii K BbICbIXaHWIO Ha cemeHax. [pu n3yueHunn sdppekTa pasnuuHbIx
3aLWTHBIX KOMMO3ULMUIA 6GblI0O OTMEYEHO, YTO JyYLMMK 3aLiMTHbIMK CBOMCTBaMU 06najaloT COCTaBbl Ha OCHOBE
50 % pacTBopa caxapo3bl, @ HanboMbLaA YCTONUMBOCTb PU306MIA K BbICbIXaHWIO MPOABAAETCA NpW TemnepaType
+5 °C. MNonyueHHble B 3TOW paboTe pe3ynbTaTbl MOrYT ObITb NCMONb30BaHbI Kak B cenekumm 3GGeKTUBHbIX LWTaMMOB-
VNHOKYNAHTOB, Tak M B TEXHOJIOTMYECKOM COMPOBOXAEHUN NPpY CO3faHnM bruonpenapaTtos. [JlaHHble, NofyyYeHHble Npu
N3yYeHUN FeHOMOB LITAaMMOB, NPEeACTaBNAIOT UHTEPEC KaK A pa3paboTKM CUCTEM FeHeTUYECKOro CKPUHUHIA npu
NovcKe NepCnekTUBHBIX LUTAMMOB, TaK U AN1A N3yYeHWA BO3MOXHOCTY BBELEHNA reHETUYECKNX KOHCTPYKLMUIA C reHOM
opgC B nepcneKkTUBHbIE WTaMMbl PU306UIA ANA YYULWEHNA UX TEXHONTOMMUYHOCTY, T.e. obecneyeHna BO3MOXHOCTY
3¢bdeKTUBHON 3a6N1aroBpeMeHHON NHOKYNALUN CEMSH.

KnioueBble cnoBa: KnybeHbKoBble 6akTepuu; cona Glycine max L.; Bradyrhizobium japonicum; mnkpo6Hble 6rionpenapa-
Tbl; OCMOTUYECKNIA CTPECC; NMOSIHOFEHOMHOE CEKBEHVNPOBAHKE; FeHbl YCTONUYMBOCTM K OCMOTUYECKOMY CTpeccy
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A production strain of soybean nodule bacteria RZ300
Bradyrhizobium japonicum resistant to drying on the seed surface:
cultural properties and genomic features

Yu.V. Kosulnikov 12/, A.A. Kryukov {2/, K.N. Berdysheva {2/, A.I. Kovalchuk {2/, A.P. Yurkov {2/, Yu.V. Laktionov @

All-Russian Research Institute for Agricultural Microbiology, Pushkin, St. Petersburg, Russia
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Abstract. Pre-sowing treatment of cultivated legume seeds with nodule bacteria preparations is a standard
agronomic practice. This is particularly important in soybean cultivation, as effective microsymbionts of soybeans are
often absent from the soil. However, as many studies have shown, the efficacy of biopreparations depends largely on
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Yu.V. Kosulnikov, A.A. Kryukov, K.N. Berdysheva
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A production strain of soybean nodule bacteria RZ300
B. japonicum, resistant to drying on the seed surface

the survival of rhizobial cells on seeds during drying. In this study, we analyzed the viability of three production strains
of Bradyrhizobium japonicum Kirchner (634b, 640 and RZ300) on soybean (Glycine max L.) seeds of various origins
(varieties: EN Argenta, Bara and Prudence). The experiments evaluated several parameters: inoculant concentrations
(10 and 100 %), drying temperatures (5, 15, and 25 °C), and protective polymer-carbohydrate formulations. The
experiments revealed that the soybean variety had no noticeable effect on the viability of the studied rhizobial
strains, while the strains themselves differed significantly in this regard. The RZ300 strain demonstrated the
highest resistance to drying on soybean seeds. A comparative genomic analysis of this strain and the less resistant
B. japonicum strain 634b revealed the presence of the opgC gene in the RZ300 strain (encodes the OpgC protein
involved in the biosynthesis of osmoregulated periplasmic glucans (OPGs)). This gene is absent in strain 634b and
may potentially determine the increased resistance of nodule bacteria to drying on seeds. An evaluation of various
protective formulations demonstrated that formulations based on 50 % sucrose provide the best protection, with
rhizobia showing the highest resistance to drying at +5 °C. The results obtained in this study can be used both in
the selection of effective inoculant strains and for providing technological support in the development of biological
products. The genomic data support the development of genetic screening systems to identify promising strains and
the potential introduction of the opgC gene into promising rhizobial strains to improve their manufacturability, i.e. to
enable effective early seed inoculation.

Key words: nodule bacteria; soy Glycine max L.; Bradyrhizobium japonicum; microbial biologics; osmotic stress;
genome-wide sequencing; osmotic stress resistance genes
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BBepeHue
BaxxHast arpoOHoI0rnyeckasi 0COOCHHOCTD COU 3aKITF0YaeTCsl
B CITOCOOHOCTH K (DOPMHPOBAHHIO a30T(PHKCUPYFOIIETO 6000-
BO-PHU300HMAIBHOTO CHMOMO03a C KITyOSHBKOBBIMH OaKTEpUsIMU
(Basuios, [Tocemanos, 1983; Regar et al., 2017). ITpu aTom
3¢ PEKTUBHBIN CHMOMO03 00pa3yeTcsl TONBKO IPU HAIWIHH B
TIOYBE AKTUBHBIX BUPYJICHTHBIX OaKTEPHii-CHMOHMOHTOB COU
B JOCTAQTOYHOM KOJIMYECTBE, YTO PEAKO BCTPEYAETCs B MO-
JIEBBIX YCJIOBUSX M, TAKAM 00pPa3OM, CHIKACT yPOXKaAHHOCTh
6000Boi1 KynsTypsl (Lamptey et al., 2014). CoorBeTcTBeHHO,
JU1s HanboJiee MOTHOM peau3aliy noTeHIrata 6060B0-pH30-
OuanbHOr0 CUMON03a HEOOXOIMMO HCKYCCTBEHHOE BHECCHHUE
cuMbuoTndecku d(PPEKTUBHBIX IITAMMOB KITyOCHBKOBBIX
Oakrepuii B puzochepy 6000BO# arpOKyIBTypBI, UTO B CEIlb-
CKOXO3SHICTBEHHOM MIPAKTUKE OCYLIECTBISETCS OCPEICTBOM
MPEANOCEBHON MHOKYJISILUK CEMSIH COU Ouolpenaparamy,
CO3ZIaHHBIMH Ha OCHOBE KIIyOCHBKOBBIX OaKTepHi-HHOKY-
nsaTOB (Bashan et al., 2014). B oredecTBEeHHOM CEIIECKOM
XO3SHCTBE aKTHBHO NPUMEHSETCS Ouompernapar Ha OCHOBE
mrramMma Bradyrhizobium japonicum 6346 o ToproBoii Map-
Koit PusotopduH, obecrednBaronnii BBICOKHE TPUOaBKU ypo-
KaHHOCTH Ha Pa3IMYHBIX cOpTax cou (Bacuisuankos, ['ypbes,
2018; Volobueva et al., 2023). Bo MHOTHX pa®oTax mo mu3y-
YeHHIO0 3P (OEKTUBHOCTH HOBBIX IITAMMOB OH BBICTYHAET B
KadecTBe pe)epeHCHOro ITaMMa, B YaCTHOCTH TIPH OLICHKE
a¢pdexruBHOCTH ITamMMma 640 (MaromenoB u ap., 2011).
[Tpu aHanuze 3GHEeKTUBHOCTH PU30OUATIBHBIX LITAMMOB
HHOKYJIALMIO CEMSH OCYLIECTBISIIOT B ICHb IT0CEBA, TAK KaK
W3BECTHO, YTO KITyOCHBKOBBIE OAKTEPHHU YyBCTBUTEIIBHBI K BbI-
cbixanuio. OIHaKO B CEIbCKOXO3SHCTBEHHON IIPAKTHKE I10 TEX-
HOJIOTHYECKUM M SKOHOMHYECKHM IPHYNHAM ITPEAIIOCEBHYIO
00paboTKy CeMsiH NPOBOIAT 3a0JIarOBPEMEHHO, YTO MOXKET
NPUBOJUTH K THOEIN HAHECEHHBIX PU300Mil elie 10 MO-
MeHTa 3a1e1KH ceMeHH. O030p 3Toi MpoOIEeMBbI OCYIIECTBIICH
J. Vriezen ¢ xomneramu (2007). Eme B 1932 1. E.B. Fred ¢
KOJIJIEraMy COOOIIMIIA O CHHIXKCHUH YHCICHHOCTH YKH3HE-

CIIOCOOHBIX KJIETOK KJIyOCHBKOBBIX OakTepnii Ha ceMeHax U
TIPEATIONOXKIIIH, YTO COCTAaB MUTATENbHON cpefpl, pH 1 Tem-
rieparypa sSBISIOTCs (JaKTOPAMH, OTIPECIISIONIMMH YCTOHIH-
BOCTB KJICTOK K BBICBIXQHHIO.

[Mo3xe J.M. Vincent ¢ xomreramu (1961) m3ywanu Kyib-
Typy Rhizobium trifolii BO BpeMs ee CyIIKd Ha CTCKISTHHBIX
IIapUKax ¥ TPEINONIOKIIN, YTO CHIDKCHHE YHCIIA JKU3HE-
CIOCOOHBIX PH300MiT 00YCIOBICHO «(haKTOPaMH CEMSH» H
(haxTOpOM COOCTBEHHO BBICBIXaHMS. B nx pabore mokasaHo,
YTO OTPUIATEIBHBINA dPQPEKT CYIMIKH MOXKET OBITh YaCTHIHO
KOMIICHCHPOBaH 100aBICHIEM CaXapH/I0B, B YACTHOCTH Mallb-
TO3BI, YTO YKa3bIBAET HA TO, YTO JJOCTYITHOCTh IUTATEIbHBIX
BEIIIECTB, a BO3MOXKHO, M JPYTHX PACTBOPEHHBIX BEIIECTB,
BJIMSICT HA BBDKMBAEMOCTH OAKTEPHAIbHBIX KIIETOK.

B psine nccnenoBarenbCKux paboT MPOAEMOHCTPUPOBAHO
pas3inuue AMHAMUK KH3HECIOCOOHOCTH KITyOEHBKOBBIX OaK-
TEpHi Ha MaTPUKCAX Pa3HOTO COCTaBa (CTEKIISTHHBIE IAPHKH,
CeMeHa, T0YBa, HUTPOIISIUTIONO3HbIe (pUinbTpel U T. 11.) (Vriezen
et al., 2006). OmHa M3 BO3MOXKHBIX MPUYHH HAOIIOIACMBIX
Ppas3numnii — cyxX¥e HHOKYIHPOBAHHBIC CEMEHA NMMEIOT aKTHB-
HOCTB BofHI OT 0.45 10 0.6 (Smith, 1992) u, Takum o6pazom,
BCE €IIIe CO/IEPKAT OTHOCHUTEIBFHO OOJBIIOE €€ KOJTHYECTBO,
B OTJIMYHE OT a0COIIIOTHO CYXUX TIOBEPXHOCTEH CTEKIISIHHBIX
OyCHH WJIN HUTPOLEIUTIONO3HBIX (PUIIBTPOB.

C mpakTHYeCcKON TOYKHM 3pEHUs, YUUTHIBAs BBICOKYIO
YyBCTBUTEIBHOCTh KITyOCHBPKOBBIX OAKTEPHH K BBICBIXaHHIO,
BaXHO OO 0OSCICYUTHh BBICEB CEMSIH B JICHb 00pabOTKH
(BacumsankoB, ['ypee, 2018), mnbo ncmoiap30BaTh CHENHU-
QJIbHBIC TTOJTMMEPHBIC U YIIICBOIHBIE TPOTEKTOPHI, TIOBBIMIAI0-
e YCTOHYNBOCTh OAKTEPHH K OCMOTHYECKOMY CTpECCy
(Skorupska et al., 2006; Deaker et al., 2007; Reina-Bueno et
al.,2012). B wvacTHOCTH, HAMU paHee TOKa3aHO, YTO BOAOpAC-
TBOPUMBIH TOJIMMEP TTOTMBUHUIIITUPPOINAIOH B KOMIO3UIINH C
AKTHBUPOBAHHBIM YIJIEM CYIIIECTBEHHO ITOBBINIAET BBIKHBAC-
MOCTh pH3001ii Ha HHOKYJIMPOBAHHBIX ceMeHaX. DPPeKTHB-
HOCTh TaKOH KOMITO3MIIMH BBIIIE, YEM TP HCIOJIB30BAHUN
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TTONMBUHIWITTPPOInAoHa 6e3 yrist, 1 Ha 20-30 % ymeHbInaer
rudenb OakTeprii Ha HHOKYJIMPOBAHHBIX CEMEHAX ITOCIIE TIep-
BBIX 5—7 cyTok xpanenus ceMsH (JlakrnoHoB u ap., 2019).

HaKOHeH, CJIEAYCT OTMETUTD, UTO UCCIICAOBAHU BbIXKUBAC-
MOCTH PHU300UI MPH TPEINOCEBHONW MHOKYISLUH JIOJKHBI
CTaTh BRKHBIM JJIEMEHTOM CeJIeKIMU 3()h(PEKTUBHBIX IITaM-
MOB-MHOKYJISIHTOB. KiTtoueBoii aneMeHT 1pu 3ToM — U3ydeHne
MEXaHU3MOB YCTOIUMNBOCTH pU300Hii K BRICBIXaHUIO. B Mupo-
BOH JIUTEpaType psizi paboT MOCBSIIEH UCCIEA0BAHNUIO MOJIEKY -
JIIPHO-T€HETUYECKUX aCIIEKTOB OCMOTHYECKON YyCTOMYMBOCTH
KIryOeHbKoBbIX OakTepuii (Vriezen et al., 2007), ocobeHHO B
pamMkax npobieMbl M3MeHeHus Kinmara (Zhang et al., 2024).
Ho oTrHOCHTENBHO MaJIO MCCIIE0BAHMI TI0 OIIEHKE KHU3HECTIO-
COOHOCTH KOJUIEKIIHOHHBIX IITaMMOB MHKPOOPTaHW3MOB Ha
ceMeHax 3epHO0000BBIX KYJIBTYP, a TAKXKE 10 CrIocobam, ¢ 1mo-
MOMIbIO KOTOPBIX MOKHO IMOBBICUTH yCTOfI‘IHBOCTI: KJIETOK K
ocMoTtHueckoMy crpeccy (Jlakrnonos u ap., 2019).

[lens Hamel pabOTHI 3aKI0YAIACh B OLIGHKE YCTOHYMBO-
CTH TpeX IMPON3BOACTBEHHBIX MITAMMOB KIIyOCHBKOBBIX OaK-
Tepuii con: mramma 6340 (MCTIONMB3yeTCS AJIS MOTyYeHHUS
HWHOKYJISTHTOB Mapku Puzoropun), mramma 640 (B psiae pa-
00T onpejeneH kak Ooiee SPPEKTUBHBIN 110 CPAaBHEHHIO CO
mraMmmoM 6346) 1 HOBOTO NEPCHEeKTUBHOTO mTamMMa RZ300
Ha CEMEHaX COM Pa3JINYHBIX COPTOB, ITPU PA3INYHBIX TEMIIE-
PaTypHBIX pSKUMaX XpPAaHEHUS M HCTIOJIb30BAHUN IPOTEKTOP-
HBIX TIOJIMMEPHO-YTOJIBHBIX KOMIIO3UIMI Pa3IMIHOTO COCTa-
Ba, 4 TAK)KE B BBIICHEHNH MEXaHU3MOB YCTOWYMBOCTH IITaM-
MOB K BBICBIXaHHIO C TPUMCHCHNUEM METOI0B CpaBHI/ITeHLHOﬁ
T€HOMHKH.

MaTepmanbl n metopbl
B pabore ucrnionb3oBanu mramMmmer 6346, 640 u RZ300 B. japo-
nicum U3 ceTeBOI OMOPECYPCHOM KOJUICKIIMU B 00J1aCTH I'eHe-
TUYECKUX TEXHOJOTHH ISl CEbCKOTO XO3SHCTBA.

[HTamm 6346 BeIIEIICH U3 KITyOSHBKOB con copTa Komxma 4
B I'py3un nHa llxakaiickoii cranmmu. OH TPUMEHSIETCS IS
MIPOU3BOJCTBA MHOKYJISIHTA IO COX0 II0J TOPrOBOM MapKoil
Puzoropdun (Bacunsunkos, ['ypees, 2018; Volobueva et al.,
2023). Ilramm 640 noyuen n3 kiryoeHbKoB con copra CMeHa
Ha JTYTOBO-YEePHO3EMHOH MmouBe AMypcKoii oomactu B 1976 T
Bo Beepoccuiickom HUU con. B psime pabot mramm ompe-
JenieH Kak 0osiee 3 QEeKTUBHBIN 110 CPABHEHHIO CO IITAMMOM
6346 (MaromenoB u np., 2011). [lItamm RZ300 BeizneneH B
KpacHomapckoM kpae u3 Kiry0eHbKOB cou copTa bapa B 2022 1.
1 JI0 HACTOSIIIIETO BPEMEHH IIOYTH HE M3Yy4eH. DTOT IITaMM
OTJIMYAETCs CTaOMIBHOCTHIO 00pa30BaHMs KIyOCHBKOB B BE-
TETAllMOHHBIX M IOJIEBBIX ONBITAX MPH HOPMAJIBHBIX M JKC-
TPEMaJIbHBIX YCJIOBUSX (HAIN4YNE XMMUYECKUX TIECTHIUIO0B,
Hepocrtarok Biaru). ITo mrammy RZ300 momydeH maTeHT
Ne 2806593 «Criocob KysIbTUBHPOBaHMS KIIyOSHBKOBBIX OaK-
tepuit con Bradyrhizobium japonicum RZ300».

BripammBanme mramMoB 6346, 640 u RZ300 B. japonicum
JUIS1 THOKYJISILIMM OCYILECTBIISUIM B )KUAKOM TOJTy CUHTETUYECKOM
cpene cuemytomiero cocrasa (Yadav et al., 2011): maHHUT —
10.0 r/m; npoxokeBoit akcrpakt — 1 r/1; Ko,HPO, — 0.5 1/m;
MgSO0,*7H,0 — 0.2 r/1; NaCl — 0.1 r/m; CaCOs3 — cienbl, B
TeyeHne 7 cyTok npu 28 °C B CTEKISIHHBIX KoJI0ax ¢ BaTHOM

Mpoun3BoACTBEHHDIN WTaMM Ky6eHbKOBbIX 6akTepuii con RZ300 2026
B. japonicum, yCTOMYMBbBIV K BbICbIXaHWIO Ha MOBEPXHOCTU CEMAH 3.3

mpoOKoit oobeMoM 250 M Ha OpOUTANBEHOM IIEHKepe MpHU
180 06./mMuH. [To OKOHUaHNH KYJTETHBHPOBAHUS KOOI CHIMA-
JIM C Ka4aJIK{ ¥ [TOMEIIAIN B XOJIOAMWIbHUK Ha XPaHEHHE TIPH
+5 °C. JIns nomydeHHst ONBITHBIX XKUAKUX KyJABTYp MOCEBHOM
MarepHall U3 Koj0 acenTHYeCKN IEPEHOCHIIN B J1a00paTOpHbIN
¢depmentep BIORUS. O6beM nHOKyImtOMa coctaBisui 2 % ot
obnema cpertbl. CocTaB MUTATENbHON CPEIbl MHOKYTIOMA COOT-
BETCTBOBAN paHee ykazanHoMy (Yadav et al., 2011).

KyneTuBupoBaHue MHKPOOPTaHW3MOB MPOU3BOIWIN [0
CTalMOHAPHOH (a3bl, B KOTOPOU KJICTKH HANOO0JICe YCTONYHBBI
K OCMOTHYECKOMY cTpeccy (Soria et al., 2006), B mepuoauye-
CKOM pexHMe B TeueHue 7 cyTok mpu +28 °C npu cKopocTu Me-
XaHn4eckoro nepemenmBanys 150 00./MUH 1 HHTEHCHBHOCTH
aspauuu | 1 Bo31./1 11 cpenpl B MuH. [lomydeHHBIE ONIBITHBIE
IIpenaparsl aCENTUYECKH PA3INBAIIN IO IPEABAPUTEIILHO ITPO-
CTEPWIN30BaHHBIM CTEKIITHHBIM KOJIOaM C BaTHOI MPOOKOW 1
ToMeIaay B XOJIOAWIBHUK Ha XpaHenue. st onpeneneHus
TUTPA MOITyYCHHBIX OaKTEpUAIILHBIX CyCIEH3UI TOTOBMIIN Ce-
PHIO MX TOCJIEIOBaTENbHBIX |0-KpaTHBIX pa3Be/eHNH ¢ T10-
CJIEYIOILMM [TIOCEBOM Ha yalliku [leTpu ¢ arapu3oBaHHO 1H-
TaTeaBHON Cpeoil ykasaHHOro panee cocrara (Yadav et al.,
2011), nakyouposainu B Teuenne 10 cyrok npu +28 °C u noa-
CUUTBIBAJIM YUCIIO 00Pa30BABILUXCS KOJIOHUH.

Jlis u3ydeHus: yCTOMYMBOCTH MITAMMOB K BBICHIXaQHHIO
WCIIONB30BAJIN CTEKIISTHHBIE IIApUKN U ceMeHa cou Glycine
max L. Tpex nmepcekTuBHBIX copToB: OH Aprenta ([epuria-
30Ba, Mopo3os, 2022), bapa (ITapaxun u np., 2017), Ilpynenc
(bobxoga, 2020), pa3uyaromuxcs Mo MPOUCXOKICHHUIO.

JIMHAMMKy KM3HECIIOCOOHOCTH KIIYOSHBKOBBIX OakTepuit
IIPY BBICBIXaHUU M3y4YaJld IIPH 00pabOTKe CeMsIH M CTEKJISH-
HBIX [ITAPUKOB CXOTHOTO pa3Mepa (JUIs OTIpe/IeIICHHS BIUSHHS
«paxropa cemsH») IpenaparaMyd pu300wil B TeUeHHE 24 U
T10cIIe MHOKYJIALMH. [Ipenaparsl HAHOCHIIM B KOHLIEHTPALHAX:
10 % (BomusIit pactBop) u 100 % (Hepa3BeneHHBII HHOKY-
JAHT) U3 pacuera 10 1 Ha 1 T ceMsiH, IPUHATBIX B CEIbCKO-
XO3SICTBEHHOH MPAKTHKE BO3/EIBIBAHUS IOJIEBBIX KYJIBTYP
(KurgapoBa, MatBuenko, 202 1). I30BITOK HHOKYIISTHTA B BUZIC
HEepa3BEJICHHOTO Nperapara HaHOCWIIN JUTS OLICHKH BINSTHUS
BHOCHMBIX C HUM 3K30II0JIMCAXapUI0B U OCTATKOB CPEAbI, a
TaKke 6os1ee BEICOKOM TIIOTHOCTH KJIETOK Ha UX YCTOHYUBOCTD
K BBICBIXaHHIO Ha ceMeHax. OOpaboTKy CeMsH U IIapuKOB
BapuaHTaMH OaKOBBIX PAaCTBOPOB C MOCIEIYIOIICH OLEHKON
JUHAMHKH KH3HECIOCOOHOCTH OAaKTEpUH ¢ TEUCHUEM Bpe-
MEHH TPOBOIMIIN 110 aBTOPCKOI MeTomauke (JIakTrnoHOB 1 1p.,
2019), TOBTOPHOCTH OMBITA — TPEXKpATHASI.

J1nst oieHKM 3(h(EKTHBHOCTH IMOJIMMEPHO-YTIIEBOJAHBIX KOM-
MIO3MIMI B KAYECTBE MPOTEKTOPOB OaKTEpHil Ha CEMEHaXx, BbI-
CBHIXAIOIIUX IPU PA3INYHBIX TEMIIEpaTypax, TOTOBHIH Cle-
Jylomue cocTaBbl: 1 % pacTBOp KapOOKCHMETHIIIIEIITIONO3bI
(KMLI); 50 % pactBop caxapo3sl; cmech 1 % pactBopa KMII,
50 % pacTBOpa caxapo3sr; cMech 1 % pactBopa KMLI, 50 %
pactBopa caxaposbl U 1 % aKTHBUPOBAHHOTO YIJIS.

YucToTy MUKPOOHBIX KYJIBTYp B Ipoliecce padoThl orpe-
JIeTISUTH KaK 10 MOP(OJIOTHYECKUM ITpHU3HaKaM (Mopdosorus
KOJIOHWH Ha Yallkax M KJIETOK pHU300MH B (MKCHPOBAHHOM
Ma3Ke), TaK ¥ ¢ TOMOIIBIO MOJIEKY/ISIPHO-TEHETHUECKOH U/IeH-
trduKanuy (aHAM3 ocnenoBarenspHocTei reHa 16S pPHK).
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JHK puzobuii Beimensitm metogqom CTAB (Doyle J.J.,
DoyleJ.L., 1987, 1990). CexBenuponanue oomei JIHK mrram-
moB RZ300 (BioProject PRINA1266151) u 6346 (BioProject
PRINA1334995) ocymiecTBasiii METOAOM 3-TO MOKOJICHHS
(Oxford Nanopore Technologies, Bennkoopuranus). Coopky
Y aHHOTAIUIO MTOJIHOTCHOMHBIX JTAHHBIX BBITOJIHSIIN C TPU-
MEHEHHEM COBPEMEHHBIX OMOMH(POPMATUYIESCKUX METOJOB:
flye, SPAdes, mauveAligner, GeneMark, Prokka, EggNOG-
mapper. [lo pe3ynsraram 6monH(pOpPMATHUECKOTO aHAIM3a
MPOU3BEIN aHHOTUPOBAHUEC B FeH6aHK ITIOJIHOI'CHOMHBIX I10-
CJIC/IOBATEIbHOCTEH I TaMMOB.

CrarucTuuecKyro 00pabOTKy JaHHBIX IPOBOIMIIN C HCIIONb-
30BaHKeM OnbnuoTeku SciPy, a BU3yanu3auro pe3yabTaTtoB —
¢ momotpto 6mbmmorexn matplotlib s3p1ka Python.

Pe3ynbratbl

Ha nepBom 3Tarme nccnenoBaHmii ObLT OpeeNieH TUTP KIETOK
N3y4aeMbIX LITAMMOB B COOTBETCTBYIOLIMX OaKTepHAIbHBIX
CYCIICH3USIX HA MOMEHT IPUTOTOBJICHUSI pa00YHX PACTBOPOB.
On cocrasmsur: 1.8+0.24 muipy KOE/ma st mmramma 63406;
1.77£0.29 mapa KOE/mit quist uramma 640; 2.0+0.19 mupn
KOE/mn mis mrramma RZ300.

JI1st IeMOHCTpaIiH Crienn(pMIECKOro BINSHNIS HA BBDKUBA-
€MOCTb M3y4aeMbIX IITaMMOB B IIPOLIECCE UX BBICBIXAHUSI ITPO-
BeJICHa OLIEHKa )KU3HECTIOCOOHOCTH pU300Hii Ha CEMEHAX COU
copra OH ApreHra u Ha CTEKJISTHHBIX IIapUKax (Pe3ynbTaThl
nipesicTaBieHsl Ha puc. 1). [TokazaHo, 4To Ha CTEKJITHHBIX I1a-
PHKAX )KN3HECTIOCOOHBIC KIIETKH COXPAHSIOTCS B KOIMYECTBE
HeckonbkuxX Thicsiy KOE Ha opnH mapuk aums B Tedenne 3 9
10CJI€ MHOKYJISLIUY U TIOYTH TIOJTHOCTBIO TIOTHOAOT yKe uepe3
CYTKH nociie 00paboTku. B T0 ke BpeMsi Ha ceMeHax CoXpaHsi-
F0TCSI IECATKH THICSY )KU3HECTIOCOOHBIX KIJIETOK CITYCTS CyTKU
rocie oopadorku. [1pu 5TOM pazHuLa B )KU3HECIOCOOHOCTH
KJIETOK Pa3HBIX IITAMMOB HE SIBISIETCSI CTATHCTHYECKH 3Ha-
9nMOii; paccuntanHas F-crarnctuka (2.67) < KpUTHIECKOTO
3radeHus F (3.89) mpu 5 % ypoBHE 3HAYMMOCTH.

Ha Bropom stare ucclieJoBaHui U3yyaii BO3MOXKHOE BIIHS-
HHE CEMSTH TPEX COPTOB COM Ha IMHAMUKY )KU3HECTIOCOOHOCTH
KIIyOCHBKOBBIX OakTepuil 0e3 jmo0aBiIeHHs 3aIIUTHBIX KOM-
no3utwii (puc. 2). Ilpn obpadorke cemstn 10 % pactBopom
WHOKyIsHTA B HOpMe 10 11/T cirycts 168 9 mociie HHOKYISAIHT
xietkn mramMmma RZ300 coxpaHsSIOTCS Ha CEMEHax COH COop-
toB OH Aprenra, bapa u Ilpyaenc B konnuecte 16, 14 u
21 teic. KOE Ha 01HO ceMsi COOTBETCTBEHHO. B TO ke Bpemst
Uit mTaMMoB 6340 u 640 3TOT moKa3areib HE MPEBBIIIAT
(cootBetrcTBeHHO) 3, 6 M 2 THIc. KOE Ha 071HO cems.

AHanm3 KU3HECTIOCOOHOCTH TPEX IITaMMOB B. japonicum
Ha pasHBIX copTax cou udepe3 168 4 mocie oO6pabOTKH Mo-
Kazai, 9to ais coptra OH ApreHra KOIWYECTBO YKU3HECIIO-
cobHbIX K1eTok mTamma RZ300 (X = 15.67 teic. KOE/cems)
crarucTrdecku 3Haunmo npesbimaer (HCP =5.19; p < 0.05)
TakoBoe y mramMmoB 6346 (X = 2.00 teic. KOE/cems) u 640
(X =2.67 thic. KOE/cems1). AHanOrHYHbIE 3aKOHOMEPHOCTH
HabOronanuch A coproB bapa u Ilpymenc. Itamm RZ300
TIPOJIEMOHCTPUPOBAJI CTATUCTHYECKH 3HAYUMO 00JIee BEICOKYIO
JKM3HECTIOCOOHOCTH KIIETOK Ha coprax bapa (X = 14.00 Thic.
KOE/cems; HCP = 4.85) u Ilpynenc (X = 21.33 tbic. KOE/
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BapwuaHT 1 Tvn obpasua

Puc. 1. Kn3Hecnoco6HOCTb KNETOK M3yyaeMbiX LWTaMMOB Ha
ceMeHax cou copTa OH ApreHTa 1 CTEKAAHHbIX WapuKax CnycTa
24 4 nocne NHOKYNALMW.

cemst; HCP = 3.20) o cpaBHeHUI0 co mraMmamu 6346 u 640,
MEKTy KOTOPBIMH CYIIIECTBEHHBIX Pa3IndIuii He 0OHAPYKEHO.
Yepes 336 41 uncino 6akrepuii mtamma RZ300 Ha cemeHax Beex
coprtoB ncuucisuiock Teicsiuamu KOE/cemst, B To Bpemst Kak
JKU3HECIIOCOOHBIE KIIETKH ITaMMOB 6340 m 640 BBIIEIUTE C
CeMSH He ynaBanock. Cxokas 3aKOHOMEPHOCTH HaOII0Aanach
n 15t 100 % pacTBOPOB HHOKYJISTHTOB M3yYaeMBbIX IITAMMOB,
C MOIPABKOI Ha N3HAYAJIBHO OOJIbIIIEE KOIMUECTBO HAHECEH-
HBIX KJIETOK.

Ha tperbsem aTane nccienoBanus ObIIO U3yUSHO BIMSHUC
Pa3JIMUHBIX 3AIIUTHBIX KOMITO3ULIUH U TEMIIEpaTypHOTO pe-
JKIMa Ha JKU3HECMOCOOHOCTH KieTok mramma RZ300, mpo-
JIEMOHCTPHPOBABILIETO JIyYIIIHE TOKA3aTeN BEKUBAEMOCTH
Ha MHOKYJHMPOBaHHBIX ceMeHax. Ha puc. 3 mokaszaHo, 4To ¢
POCTOM TeMIIepaTypbl YBEINYNBAETCSI CKOPOCTh THOCIH Kile-
TOK. [Tp¥ 5TOM KapOOKCHMETHIILIEIITION03a SIBIISIETCS] OTHOCH-
TENBHO MAI03()(PEeKTUBHBIM IIPOTEKTOPOM KIIETOK, B TO BpPEMsI
Kak caxapo3a M KOMIIO3HINY Ha €€ OCHOBE CYIIIECTBEHHO yBe-
JIMYUBAIOT YCTOWIMBOCTh OAKTEPHIi K BBICBIXaHHIO HA CEMe-
Hax. /{711 Temneparypsl +5 °C, 1eMOHCTpHpPYIOIIEeH HaUMEHb-
LIMH KOHTPACT MEXKAY CPEHUMHU 3HAYCHUSIMHU 110 BApHAHTaM
IIPOTEKTOpa, MMOKAa3aHO, YTO BapHUAHTHI C caxapo3o0il odecme-
YHMBAIOT )KU3HECTIOCOOHOCTH KIIETOK JOCTOBEPHO BHIIIE (TIpH
5 % ypoBHE 3HAUMMOCTH) TO cpaBHEHHIO ¢ | % KapOOKCcH-
METHIILEIUTION030H, TP ATOM Pa3HHULA MEXY Pa3IHIHBIMU
BapUaHTaMU C caxapo3oi Obuia He3Haunma. Takum o0pazom,
MOXKHO TIPEJIIIOI0KHTh, YTO IMEHHO Caxapo3a OKa3bIBaeT Hau-
GombLINiT 3aIUTHBIH A(D(EKT B OTHOLIEHUN OaKTepHH, OBEp-
TaloOLINXCS BHICHIXaHMIO Ha ceMeHaX. COOTBETCTBEHHO, IT0-
CPE/ICTBOM KOMITO3HMIIMII Ha OCHOBE CAaXapO3bl MOXKHO EIIe
OoIbIe MOBBICUTh YCTOWYMBOCTH mTaMMa RZ300 K BBICH-
XaHUIO Ha CEMEHaX.

HakoHern, ¢ 11enbi0 BBISIBICHUSI 0COOGHHOCTEH reHOMa
mramma RZ300, koTopble MOTYT OBITH OTBETCTBEHHBI 32 €T0
YCTOMYHMBOCTD K BBICHIXaHHIO, OB BHITIOJTHEH CPABHUTEIILHBIN
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SH ApreHTa (10 % UHOKYNAHT)

KOE*103/cems

Bapa (10 % UHOKYNAHT)

Mpov3BOACTBEHHDBIN LWUTaMM KIybeHbKoBbIX 6akTepuii com RZ300 2026

B. japonicum, yCTONUMBBI K BbICbIXaHMIO HA MOBEPXHOCTU CEMAH  30.3
MpypeHc (10 % NHOKYNAHT)
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BpeMﬂ, npowepjuwee ¢ MOMeHTa MHHOKYNAUNN CEMAH, Y

Puc. 2. [InHamumKa »13HecnocobHbIX KNeTok Ha cemeHax con coptoB JH ApreHTa, bapa, MpyaeHc, nHokynuposaHHbIXx 10 1 100 %
pacTBopamu npenapaTtoB 6e3 fobaBneHNA 3aLUTHbIX KOMMNO3NLNIA.
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BpeMﬂ, npowepwee ¢ MOMeHTa MHOKYNnAUUM CceMAH, Y

Puc. 3. [luHamuKa »mn3HecnocobHoct knetok RZ300 Ha cemeHax copTa OH ApreHTa B TeueHMe ABYX HeAesNlb XpaHeHNsA Npu pasHbix
TemnepaTtypHbix pexunmax (5, 15, 25 °C) n coctaBe nonnmepHbix NpoTekTopos (1 - 1 % KML; 2 - 50 % caxapo3a; 3 - 1 % KML +50 %

caxapo3a; 4 - 1 % KML + 50 % caxapo3a+ 0.5 % akTMBMPOBaHHbIN Yronb).

aHaJIM3 ero MOJHOTO TeHOMa ¢ TEHOMOM MEHEee YCTOWYHNBOTO
mramMMma 6346.

Pe3ynbTarsl MOJTHOTEHOMHOTO CEKBEHHPOBAHMS LITaAMMa
RZ300 nemornposansl B NCBI (BioProject PRINA1266151).
Pazmep xombrieBoit xpoMocoMbl — 9199961 1. 0. Ob1ee yncio
TEHOB paBHO 9643, 13 HUX Koaupyolue — 5736, 3HaunTeNbHAS
yacThb — 3842 — OTHOCHUTCS K IICEBAOreHaM. Pe3ynbraTsl nos-
HOTEHOMHOTO CEKBEHMpOBaHMS mTamma 6340 Taxxke Jero-
aupoBanbl NCBI (BioProject PRINA1334995). CpaBaenue
reHoMoB mTaMMoB RZ300 1 6346 OBLITO BEITTOITHEHO € TIOMO-
1pro mporpammuoro obecrieueHns — RAST (Rapid Annotation
using Subsystem Technology) server. B Tabmuie mpuBeneHbI
i depeHnnanbHo MpeacTaBICHHbIC TeHBI, CeNU(pHIECKIe
JUISl U3yYCHHBIX IITAMMOB.

O6¢cyxaeHune

B cenpckox03siCTBEHHON MPAKTUKE MTOTSHITHAT POYKTHB-
HOCTH 0000BO-pU300HATEHOTO CUMON03a BO3MOXKHO pealn-
30BaTh TOJBKO MPU OOCCIICUCHUH BBHICOKON BBDKHBACMOCTH
OakTepuii Ha HHOKYJIMPOBAHHBIX CEMEHAX JI0 WX BHICEBA B
mouBy. [Ipu 3TOM, HECMOTPSI Ha BBHICOKYO IIPUKIATHYIO 3HA-
YUMOCTh BOIIPOCA YCTOMYMUBOCTU KIYOCHBKOBBIX OaKTepHil
K BBICHIXaHHIO Ha CEMEHAX, 3TO HAMpaBJICHUE UCCICTIOBAHUI
0CTaeTCsl MAJIOU3YYCHHBIM KaK B OTEYECTBEHHOMH, TaK U B 3a-
PpyOeXHOI HayqHOI TUTEparype.

[Ipu UCTONB30BaHUU CTEKIITHHBIX IapUKOB BBISBICHO,
YTO TIOBEPXHOCTH CEMSH — OoJiee OarompusiTHas cpeaa st
KITyOCHBKOBBIX OAaKTEepHIA, 4eM HHEPTHASI IOBEPXHOCTH CTEKIIA.
DTO CBHIETENBCTBYET O TOM, YTO BOJIIONMOHHAS HCTOPHS
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CpaBHUTENbHbBIN aHaNM3 reHoB Mo GyHKLMOHAIbHBIM rpyrnam y yCTOMYMBOTO 1 YyBCTBUTESILHOTO K BbICbIXaHIO

wrammoB RZ300 v 6346 B. japonicum

DyHKUVOHanNbHas rpynna reHos MmetoTca Tonbko
y wTtamma RZ300
Peakuus Ha cTpecc opgC, opgG2, bphP, hflX

YrneBoabl

MNMopcuctembl Ha OCHOBE KNactepusauumm tseT, rny, fixO, trmE, dgkA

Metabonusm OHK vsr
MeTabonunam PHK rpoE, mucD
A30THBbI 06MeH narB, narK, ntrC, norB
MeTabonunsm 6enkos Igt, trnV

Mem6paHHbIN TpaHcnopT

nhaA
AMUHOKMCNOTbI U NPOU3BOAHbIE potA, potl, urtA, urel, tdh
[bixaHve cydA, resA
*KvpHble KncnoTbl, nunugpl, nsonperongsl  hbd
MeTabonu3am apomaTyecknx coefuHennin - mucl, estA, hbaP, maoA

BupyneHTHOCTb, 6one3Hb 1 3alyuTa

MeTabonunsm cepbl gshT, trkA
MeTabonusm xenesa tonB, fhuA
KodakTtopbl, BUTamuHbl, npocTeTuyeckre  pdhA, btuB
rpynmnbl, MUFrMeHTbI

®aru, npodarn terL
[MoABMKHOCTb 1 XeMOTAKCKC cheA
PasHoe cdhA, gpmA

nagk, nagB, nagA, hatA, livK, malF, thiH,
hbd, bdh, ribB, gadh, gcdC, gcd, deoC

oppF, oppD, oppA, dppC, livH, livM, livG, livF,

lodB, lodA, czcD, cusA, czcA, nccB, merR, cueO

y Wwramma 6346
LTCA4S, katA, tehA

bkdA, bkdB, bkdC, bkdD, actP, hpr, ppsA, malK,
fixX, xyIR

aepA, rtxC, minE, rad50, mre11

yieH, yrrC, rep, pcrA, hup

rpoH3, rnpA, mbl

nosD, nosF, nosR, nosL, nosY, nosZ, cynD, cynB, cynA
hypC, ere

mgtA, trbB, trbC, trbD, trbE, trb), lapB, lapC, lapE,
flpA, hrcU

prpA, atzA, arcA, arcD, odc, antA, hmg
hupV, hupU, hoxX, hoxT, hoxA, hoxJ

bkdA

bcd

flis

MpumeyaHwne. KnupHbim IJJpI/Id)TOM BblleNIeHbl FeHbl, NMPEeANONIOKNUTENIbHO MMeloLie OTHOLIEHNE K MOBbILEHHON yCTOI;I‘-IVIBOCTVI wramma RZ300

K CTpeccam.

CHUMOMO03a, KPOME ITUPOKO U3BECTHBIX (DYHKIIHMI, CBA3aHHBIX
C BUPYJIEHTHOCTBIO U a30T(HUKCAIHEl, BO3MOXKHO, BKIIIOUAIIa
Y pa3BUTHE CrielpuuecKux (PyHKIHH, CBSI3aHHBIX C COXPaHEe-
HUEM YKU3HECIIOCOOHOCTH PU300Uil Ha TIOBEPXHOCTH CEMSIH,
YTO, OYEBUIHO, MIMEET OOJBIIOE 3HAYEHHE IS 00€CTIEUEHIS
CTa0UILHOCTU CUMOMO03a.

WHTEpecHO OTMETHUTS, YTO MO JAHHBIM, [TOJY4YECHHBIM B Ha-
CTOSIIIIEM HCCIICIOBAHNH, COPT CEMSIH HE BIHSET HA IMHAMUKY
CHIKEHHSI YMCIIa KIIETOK, TOT/Ia KaK IITaMMbl OaKTepHii 3Ha-
YUTEIBHO PA3INYAIOTCS 110 YCTOHYMBOCTH K BEICBIXAHUIO. DTO
YKa3bIBaeT, BO-TIEPBbIX, HA KOHCEPBATUBHOCTh MEXaHU3MOB
(co CTOPOHBI pACTEHHS), 00ECIIEIUBAIOIIIX COXPAHHOCTD PH-
300uil Ha MOBEPXHOCTH CEMsIH, & BO-BTOPBIX, — Ha MEPCIIEK-
TUBHOCTh CEJICKI[UH IITAMMOB MHOKYISHTOB TI0 MPU3HAKY
YCTOWYHMBOCTH K BBICHIXaHHIO KaK CIOCO0A MOBBIIICHUS UX
TEXHOJIOTHYHOCTH, T. €. HHTETPAIIUH C CYIIECTBYIONMMH arpo-
TEXHOJOTHUECKUMH CXEeMaMH, Ha UTO JI0 HACTOSIIIIEr0 BPEMEHH
oOpaliiajid O4eHb Maj0 BHUMAHHUSL.

B HacTosIIieM UCCIIeqOBAHUN MBI TIOKA3aJId, 4TO B 00€eCTIe-
YEeHUE BBDKUBAEMOCTH PU300UIi HA MHOKYJIMPOBAHHBIX CEME-
HaX 3HAYUTEIIBHBIN BKIIAJ] MOXKET BHECTH OA00DP AP deKTHB-
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HBIX 3AIIUTHBIX KOMITO3MIIMH M METOZOB 0OpaOOTKM CEeMSH.
Tak, moBeIIeHNe HOPMBI pacxoa HHOKYJstHTA B 10 pas nmpu-
BOJIMJIO K ITPOTIOPIIOHAIBHOMY YBEIHUCHHUIO YNCIIa )KU3HE-
CIIOCOOHBIX KJIETOK HA CEMEHaxX Ha BCEM ITPOTSHKEHUHN HCCIIe-
nyemoro rieproaa. OpHako o01mas JMHaMHUKa THOEIH KIIETOK
0CTaBaNach CXOXKEH ¢ TakoBOM Ipu ucnonszosanuu 10 % pac-
TBOPOB. DTO MO3BOJISET MPEIIOIOKUTE OTCYTCTBUE BBIPAXKEH-
HOTO 3aIIUTHOTO 3()(EKTa HK3O0MOINCAXAPUIOB, BHOCHMBIX
C YBEJIMYEHHBIM 00BEMOM MHOKYIJISHTA, HA OCMOTHYECKYIO
YCTOWYMBOCTH IITAMMOB.

OOHapyXeHO, YTO IMHAMHUKA COKPAIICHHS YnCIia KHU3HE-
CTIOCOOHBIX OAaKTEPHii Ha CEMEHAX 3aMEIIICTCS CO CHIKEHHEM
TEMITEpaTyphl, a TAKIKE TPH YCIIOBUHU JOOABICHHS 3aIIUTHBIX
TIOJIMMEPHO-YTIIEBOHBIX KOMITO3UIINH, B YACTHOCTH HAa OCHOBE
50 % caxapo3bl. Takum 00pazoM, TOHMKEHNEM TEMITEPaTypbl
1 100aBIEHUEM caxapo3bl IIpH 00padOTKE CEMSIH COM MOKHO
JOOWUTBCS YBEITMUYECHUS YNCIIa KU3HECITOCOOHBIX KIJIETOK Ha
CEMEHH K MOMEHTY €r0 33JICJIKH B ITOUBY.

[Ipu cpaBHUTENBHOM aHajIM3€ reHOMOB IITaMMOB RZ300
u 6340 BEIIBICHBI cieAyromue pasnuans. [1o rpymie reHoB
«peaKuuu Ha CTPecc» YCTOMUMBBIA K BbIchIXaHuio RZ300
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obmanaer renamu opgC u opgG2, OTBEHAIOMINMH 32 CHHTE3
OCMOPETYIHPYEMBIX MEPUTUIa3MaTHIECKUX TIIIOKAHOB, YTO
HarpsiMyo OOBSICHSIET €ro0 CHOCOOHOCTD ITPOTUBOCTOSTH OC-
MOTHYECKOMY CTPECCY, B TO BPEMs KaK OCMOYYBCTBHUTEIIBHBIN
6346 mumen >tux reHoB. OpgC — GeNoK, YIacTBYIONIHA B
OHMOCHHTE3€ OCMOPETYINPYEMBIX IIEPUTUIA3MATHIECCKUX TITIO-
kxaHoB (OPGs), xapakTepHBIX A7 paga 6akTepuit. DTH TITio-
KaHBI UT'PAIOT BA)KHYIO POJIb B a/IallTAIlMN K OCMOTHYECKOMY
CTpeccy, a TaKXKe YJacTBYIOT B TOJICPKAHUH IIETOCTHOCTH
KJIETOYHOH 000104KH, ()OPMHUPOBAHNH OMOTLICHOK M ITaTOTeH-
HOCTH. BO3MOXKHO, IMEHHO POJIb 3TOTO TeHa B ()OPMHUPOBAHUN
OMOTUICHOK M OTIPE/IeIIsieT yCTOMINBOCTD OaKTEPHIA K BBICHIXa-
HUIO Ha ceMeHax. MyTannu B rene opgC MOTYT ITPUBOANTH K
n3MeHeHusM B cuaTese OpgC, uTo, B CBOIO OYepE/b, BIUSIET
Ha BBDKHBAEMOCTh OAKTEpPHH B YCIOBHSIX OCMOTHYECKOTO
ctpecca (Bontemps-Gallo, Lacroix, 2015).

Cpenu Ipyrux TeHOB, KOTOPbIE TTOTEHIIMAIBEHO MOTJIH OBl
OBITH BOBJICYECHBI B KOHTPOJIb YCTOHYMBOCTH K CTpeEccy, y
mwramma RZ300 npucyrcerByer rex, kogupytomuii ['TO-css-
3pIBaromunil 0enok, poxctBernbrid HfIX. Pesynbrarer mocnen-
HUX HCCIEI0BaHUH yKa3bIBaroT Ha poib HfIX B onpenenennn
YCTOHUMBOCTH OaKTepHil K MakpoJIHIaM M JMHKO3aMHIaM
(Rudraetal., 2020). O6pamiaet Ha ceOs BHUMAaHNE HATHINC Y
mramMMa RZ300 rena dgkA. M3BecTHO, UTO HKCIIpECCHS TeHa
dgkA cBsi3aHa ¢ yCKOpPEHHEM pOCTa M BEKUBAEMOCTH OaKTe-
pHii B OTBET HA BO3JCHCTBHE HEOIATONPUATHBIX (HaKTOPOB
okpyxkaroreit cpensl (Baker et al., 2021). B xoHTekcTE MEM-
OpaHHOTO TPAHCIIOPTA, YCTOWUIMBBINA K BBICHIXAHUIO IITAMM
RZ300 nemoncTpupyet 6oiee pa3BUTHIE CHCTEMBI HMITOPTA,
BKJTIOYAsl TPAHCIIOPTEPHI 1T OJUTONIENTHIOB (TEHBI OppA,
oppD, oppF), munentunos (rex dppC) n amurOoKUCIOT (/ivH,
livM, livG, livF), a Taxoke UMeeT TeH nhaA s perynsim
Na+/H+-antunopra. [IpuMeuarensHo, 9TO pPeryssinus reHa
nhaA xummeunolt nanodxu Escherichia coli ncnionb3yercst s
TIOTyYeHUsI TPAHCTEHHBIX pacTenuii puca (Oryza sativa L. ssp.
Jjaponica) c TIOBBIIICHHON yCTOHYMBOCTHIO K 3aCOJIEHHIO, HO
MTOHIKEHHOMU — K 3acyxe (Wu et al., 2005).

3ameTHOI 0cobeHHOCTRIO RZ300 siBisieTcst Hanmm4Iue reHa
lgt, xogupytomero GpepMeHT, YIacTBYIOIINI B OMOCHHTE3E
JIUTIOTIPOTENHOB, YTO KPUTHIECKN BasKHO JIJISI TTOZJICPIKAHHS
LIEJIOCTHOCTH KJIETOYHOH 0OOIOUKH, a CIIeIOBATENBHO, U JUIs
YCTOWYHBOCTH K CTPECCOBBIM (akropam. [TokazaHo, 4T0O CHU-
KeHue ypoBHs Lgt B KITMHNYECKOM [ITaMMe YPOIaTOreHHON
KHIIIEYHOH MAJOYKH MTPUBOANT K MTOBBIIICHUIO IPOHUIIAEMO-
CTH BHEIIHEH MEeMOpPaHbI M yBEINYECHHIO TyBCTBUTEIBHOCTH
K cbIBOpoTKe 1 aHTHOMOTHKAaM (Diao et al., 2021). Hakorer,
y mramma RZ300 oGHapyxeHBI TeH cdhA, KOIUPYIOMUT
XOJIMHAETHPOTEHasy, U TeH gpmA, OTBedaromuii 3a gpocho-
DIAIEpaTMyTasy, KOTOpbIe YKa3blBalOT Ha €ro CIoCOOHOCTh
TIOAJICP)KUBATH LIEIOCTHOCTH KJIETOYHBIX MEMOpaH.

B psine uccnenoBaHuii BBIBICHO, YTO MATOTEHHbBIC Oak-
TEpUH, MyTaHTHBIE 110 TeHYy cdhA, 00IaaloT MMOHMKEHHOH
BUPYJIEHTHOCTBIO M YCTOHYMBOCTHIO K aHTHOMOTHKAM, BO3-
JIEHCTBYIONINM Ha KJIeTouHyTo cTeHKY (Pancholi et al., 2010).
U3zBectHO, uTO nmenerus B reHe gpmA 'y E. coli mpUBOANAT K
crierduaeckoii rurepayBcTBUTENEHOCTH K H,O,, cpaBHIMOI
¢ nenereit ocHoBHOTO reHa-nornorurens H,O, katG. [pu
BozaeiictBun H,O, Tpanckpunuus gpmA ycunuBaercs, 4to

Mpoun3BoACTBEHHDIN WTaMM Ky6eHbKOBbIX 6akTepuii con RZ300 2026
B. japonicum, yCTOMYMBbBIV K BbICbIXaHWIO Ha MOBEPXHOCTU CEMAH 3.3

TIOTYEPKUBACT €TO POJIb B 3AIIUTE OT OKHCIIUTEILHOTO CTpecca.
B cootBeTcTBUM C 3THM, T€H gpmA MOXHO OIPENEIUTH KaK
9NIEMEHT MEXaHHW3Ma 3aIUThI OAKTepHii OT OKHCIUTEIHLHOTO
ctpecca (Roth et al., 2022).

Taknm 006pazom, MO pe3ysbTaTaM MPOBEIECHHOTO aHAN3a
TEHETHUECKHX PA3IIMIMI MEXy OCMOYCTOHYMBBIM IIITAMMOM
RZ300 n ocmouyBcTBUTENFHBIM 6340 OBLIO TTOKA3aHO, YTO
cpenn nuddepeHnaNbHO MPEACTABICHHBIX TEHOB MOXHO
BBIJICJINTH OOJBIIYIO I'PYIITY, KOTOpPasi MPEeAoI0KUTEIHLHO
Morv1a ObI OBITH CBSI3aHA C KOHTPOJIEM yCTOHUMBOCTH. U3 3THX
TCHOB HaWOOIBIINI HHTepec npeacTaBiaoT opgC u opgG2,
OTBEUAIOIINE 32 CHHTE3 OCMOPETYINPYEMBIX TEpHUIIa3Ma-
THYECKUX TIIOKAHOB, KOTOPBIE MOTYT UI'PaTh BayKHYIO POJIb
B ONpEJCICHUH yCTOWYNBOCTH KIyOCHBKOBBIX OakTepuil K
BBICBIXaHNIO Ha MHOKYJIMPOBAHHBIX CEMEHaX. JTH JTaHHBIC
HE TOJIBKO OTKPBIBAIOT TIEPCIICKTUBY B MCCIICIOBAHUN MeXa-
HU3MOB YCTOWYMBOCTH PU300Mil K BBICBIXaHHIO, HO U JIAIOT
HaIpaBJICHI I SKCIIEPUMEHTOB C IEPEHOCOM TeHETHYECKUX
KOHCTPYKITHH, COZIEP KAINX 3TH T'€HbI, B CHMOHOTHYIECKH 3(-
(heKTHBHBIE IITAMMBI PU300HH AJ1s1 00ECTIEYEHHS UX COOTBET-
CTBHS TPEOOBAHMSAM COBPEMEHHBIX arpOTEXHOJIOTHH.

3aKknioyeHune

B Hacrositiem mcclieoBaHUM AETAIbHO M3ydeHa mpoliiema
o0ecrieueHns1 yCTOMYMBOCTH PU300HAIIBHBIX IITAMMOB-HHO-
KYJISTHTOB K BBICBIXaHHUIO HA TIOBEPXHOCTH MHOKYJIUPOBAHHBIX
cemsH cou. [TokazaHo, 4To BEDKMBAEMOCTb IITAMMOB PU300UH
Ha CEMEHaX COU, BO-NIEPBBIX, CYILIECTBEHHO BbIIIIE, YeM Ha HEll-
TpaJbHOM HOCHTEIIE (CTEKIISIHHBIX IIIaPHKaX ), @ BO-BTOPBIX, HE
3aBHCUT OT COpTa COU. BbIsBIEHO, UTO IIaBHbIE PA3IUYUS 110
BBDKMBAEMOCTH CBA3aHbI C CAMUMM HITAMMAaMH, YTO YKa3bIBAET
Ha BAKHOCTb CEJIEKIUY EPCIIEKTUBHBIX IITAMMOB-HHOKYJISH-
TOB UMEHHO I10 3TOMY IpHU3HaKy. Pazpaboransl onTrMaibHbIe
TEXHOJIOTMU IPUMEHEHHSI 3l THBIX KOMIIO3ULIUH, TOBBIIIA0-
LIUX YCTOHYMBOCThH HITAMMOB K BBICBIXaHHIO Ha CEMEHax.
JUis BBISICHEHUS! MEXaHU3MOB YCTOHUMBOCTHU IITAMMOB K BbI-
CBIXaHMIO [IPOBEICH CPABHUTEIIbHBIN aHAIN3 OJTHBIX TEHOMOB
YCTOHYMBOTO M MEHEE YCTOHYMBOTO ITaMMOB. OOHAPyKEHBI
TeHBI-KaHANUIATHI, KOTOPbIE OTEHIMAIbHO MOTYT OBITH BO-
BJIEYEHBI B KOHTPOJIb JAHHOTO TPU3HAKA.

Oco0bIii MHTEpEC NMPECTABISET HAJTMYHE Y YCTOHYUBOIO
mramma RZ300 rena opgC, KOTOpBII OTCYTCTBYET Y MEHEe
ycroitunBoro mramma 6340 1, BepOsITHO, UI'PAET pPOJb B
(OpMUPOBAaHNH YCTOHYMBOCTH OAKTEPHUH K BBICHIXaHUIO Ha
cemenax. [Ipennonaraercs, 4ro reH opgC MOXET CIyXKHUTb
MOJIEKYISPHBIM MapKepOM YCTOHYMBOCTU K BBICBIXaHMIO
OakTepHii Ha ceMeHax M OBbITh MCIOJIB30BaH B Oy/IyIeM st
LieJICHAIPABICHHON CeNIeKIINY WIM TeHHOW MO (UKaIIUK pH-
300MaJIbHBIX ITAMMOB, IIPUMEHSIEMBIX B COCTaBE MHUKPOOHBIX
IIpernapaTos.
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CpaBHUTENBbHBIN [IUTOT€HETNYECKNIT aHaIN3 XPOMOCOMBI,
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AHHoTauusA. [lobaBoYHaA XPOMOCOMA, OrpaHNYeHHas KNeTKaMu 3apogpleBoii nuHun (germline-restricted chromosome,
GRC), obHapy*eHa y Bcex uccnefoBaHHbIX BOPOObnHOO6PasHbIX NTML. OHa 3NMMMUHUPYETCA U3 KNEeTOK COMaTU4eCcKown
NVHUW B paHHeM 3MOproreHese 1 13 CriepMaToLyTOB NOCSe MEPBOrO MU BTOPOro AeneHus Meiosa. GRC nepepaetca
B pAfdy MOKONEHWU MPEerMyLLEeCTBEHHO MO MaTEPUHCKOWN JIMHWUW, COAEPXKUT ammanduuMpoBaHHbIe U NepecTpoeHHble
KOMWK MocnefoBaTeNbHOCTEN XPOMOCOM OCHOBHOroO Habopa. HekoTopble U3 HMX SKCNPeccmpyoTca B roHagax camLoB
n camok. OpgHako ¢PyHKUMA 1 3BOMOUMOHHaA AnHammnka GRC ocTaloTca HensBeCTHbIMU. Mbl MpoBenu CpaBHUTENbHbIN
uuToreHeTnyecknii aHanms GRC naty BugoB nNtuy cemeincTea BolopkoBble — 0ObIkKHOBEHHOTO cHernps Pyrrhula pyrrhula,
06bIkHOBEHHO 3eneHywku Chloris chloris, obbikHoBeHHOrO werna Carduelis carduelis, 06bIKHOBEHHOI YeuéTkn Acanthis
flammea n o6bIkHOBeHHOTO LWypa Pinicola enucleator — ¢ nucnonb3oBaHvem ¢nyopecUeHTHON rnbpuan3aummn in situ
[HK-30Hpa Kk uenon GRC OOGbIKHOBEHHOrO CHermps C MaTepuanom Afep pachiacTaHHbIX CMepMaToLMTOB AaHHbIX
BULOB 1 MMMYHOJNIOKanMn3aummy 6enkoB CYHANTOHEMHOrO KOMIIEKCa U LieHTpomepbl. Mbl BNepBble onvcanyi KapyroTun
CMHANTOHEMHBIX KOMMEKCOB OObIKHOBEHHOrO uypa (2n = 82+ GRC). brBaneHTbl OCHOBHOrO Habopa COCTOAT K3
[eBATN cyOmeTaLeHTpUYeCKMX (CemMb MaKpo- M fiBa MUKpoOuBaneHTa) M 32 aKpOLEHTPUYECKMX MUKPOOMBANEHTOB.
Bce akpoueHTpunyeckne MMKPOOMBaNeHTbl OCHOBHOTO Habopa copepaT LieHTPOMEPbI, COCTOALME W3 HECKONbKMX
LieHTPOMEPHbIX AOMeHOB (MeTanonuueHTpomepbl). GRC wypa npepctaBnseT cobOW KPYyMHbIA aKpOLEHTPUYECKNN
MaKpoyHuBaneHT. MepekpecTHasa rmbpuansaumns in situ JHK-3oHaa K GRC cHermps nokasana TonbKo cnabble CUrHasbl
Ha GRC wypa n yeuétkn, Torga Kak Ha GRC 3eneHywKn 1 werna cMrHanbl OTCYTCTBOBaNW. DTW AaHHble COrnacyloTca ¢
ony6nMKoBaHHbIMI pe3ybTaTaMu, MOSTlyYeHHbIMW ANA ABYX APYIUX NpefcTaBUTeNieil 3TOro CeMelncTBa, U CBUAETESb-
CTBYIOT O BbICOKOW B1AOBON crielyndunyHocTn nocnepoBatenbHocTell GRC B npepenax cemelictBa BolopkoBble. Mbl Takke
O0OHapy>X1NN MeXBVAOBbIE PA3NIMUMA B NIOKaNM3aumMmn NocsiefoBaTeNIbHOCTEN, CXOAHbIX C nocniepoBatenbHocTAMK GRC
CHervps, Ha 6uBaneHTax OCHOBHOrO Habopa nccieayemMblx BUAOB. Takim 06pa3om, Hallm JaHHble YKa3blBatoT Ha BbiCTpyio
3BONIOLMIO reHeTuyeckoro coctaBa GRC u BupgocneunduuHyo AUHAMUKY YBENNYEHWA W COKPALLEHMA KOMUMHOCTU
BbIABNIEHHbIX NOCNef0BaTENIbHOCTEN HAa XPOMOCOMax OCHOBHOTO Habopa B Xxofie 3BOMOLMY NEBYMX NTULL.

KnioueBble cnoBa: germline-restricted chromosome; GRC; xpomocomHas 3Bontouus; ¢pnyopecLeHTHas rmbpuamnsayms
in situ; UeHTpPoMepa; BbIOPKM
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CpaBHUTESbHBIV LUTOreHETUYECKIIA aHaNIN3 XPOMOCOMbI,
OrpaHMYEHHO KNeTKaMu 3apOofbILLEBON NMHNW, Y BbIOPKOBbBIX NTUL]

Abstract. An additional germline-restricted chromosome (GRC) has been found in the germline cells of all studied
passerine bird species. It is eliminated from somatic cells during early embryogenesis and from spermatocytes after the
first or second division of male meiosis. The GRC is transmitted across generations predominantly via the maternal line.
It contains amplified and rearranged copies of genomic regions from the standard chromosome set. Some of these genes
are expressed in the gonads of both males and females. However, the function and evolutionary dynamics of the GRC
remain unknown. We conducted a comparative cytogenetic analysis of the GRC in five closely related finch species - the
Eurasian bullfinch Pyrrhula pyrrhula, the common greenfinch Chloris chloris, the European goldfinch Carduelis carduelis,
the common redpoll Acanthis flammea, and the pine grosbeak Pinicola enucleator — using fluorescent in situ hybridization
(FISH) with a whole-chromosome DNA probe derived from the bullfinch GRC on spread spermatocytes of these species
and immunolocalization of synaptonemal complex (SC) and centromere proteins. We described for the first time the
SC karyotype of the pine grosbeak (2n = 82 + GRC). The standard chromosome set consists of nine submetacentric
bivalents (seven macro- and two microbivalents) and 32 acrocentric microbivalents. All acrocentric microbivalents
contain centromeres composed of multiple centromeric domains (metapolycentromeres). The grosbeak GRC is a large
acrocentric macrounivalent. Cross-species in situ hybridization of the bullfinch GRC DNA probe showed only weak signals
on the GRC of the grosbeak and redpoll, whereas no signal was detected on the greenfinch and goldfinch GRCs. These
data are consistent with published results for two other representatives of this family and indicate rapid divergence and
high species specificity of GRC sequences within the family Fringillidae. We also detected interspecies differences in the
localization of sequences homologous to the bullfinch GRC on the bivalents of the standard set of these species. Thus,
our data indicate rapid evolution of the GRC's genetic composition and reveal species-specific dynamics of increase and
decrease in the copy number of detected sequences in the standard chromosome set during the evolution of songbird
species.

Key words: germline-restricted chromosome; GRC; chromosome evolution; fluorescent in situ hybridization; centromere;
finches
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BBepeHue

Jlo6aBouHast XpoMOCOMa, OTpaHWYEHHAsI KJIETKAMH 3apOJIbl-
meBoi imHuK (germline-restricted chromosome, GRC), o6na-
PY’K€Ha y BceX HCCIIeJOBAaHHBIX BOPOOBMHOOOOPa3HbIX ITHUII,
YTO CBUJICTEIBCTBYET O €€ MOHO(MIICTHIECKOM ITPOHCXOXKIE-
nun (Torgasheva et al., 2019). GRC Bcex M3y4eHHBIX BHOB
COZIEPXKHUT aMIUTH(HUIMPOBAHHBIE U MIEPECTPOCHHBIC KOIINU
I0CJIE0BaTEILHOCTEH XPOMOCOM OCHOBHOTO Habopa. Heko-
TOpPBIE U3 HUX HKCIIPECCUPYIOTCS B TOHAAX CAMIIOB U CAMOK
(Biederman et al., 2018; Kinsella et al., 2019). GRC s1umu-
HUPYETCs U3 KJIIETOK COMaTHYECKOW JINHUN B PAHHEM 3MOpHO-
TeHe3€ U U3 CIIEPMAaTOIMTOB ITOCIIE IEPBOTO I BTOPOTO JIe-
nenust merosa (Pigozzi, Solari, 2005). GRC nepenaercs mo-
TOMKaM IPEUMYIIECTBEHHO 0 MarepuHckoi nuHuu (Pei et
al., 2022).

OnumuHanust GRC n3 comaTHueckux KJIETOK MO3BOJISET
reHaM, JIOKQJIM30BaHHBIM Ha Hell, n30erarb 0TOopa, Xapakrep-
HOTO JUISl TeHOB, JIOKQJIM30BAaHHBIX HA XPOMOCOMaX OCHOBHOTO
Habopa. DTO JOIDKHO BECTH K OBICTPOMY M3MEHEHHIO T'eHe-
tnyeckoro cocraba GRC. [leiicTBUTENBHO, pa3Mep U IeHe-
Trdeckuil coctaB GRC mmpoko BapbUPYIOT MEXTy BUIAMU.
V¥ onnux BugoB GRC — ogHa u3 caMbIX KPYIHBIX MaKpOXpO-
MocoM (Makpo-GRC), y ipyrux — ofHa U3 cCaMbIX MaJICHbKUX
MukpoxpomocoM (Mukpo-GRC) (Borodin et al., 2022).

Pesynbrarel mepekpecTHOH (ryopeceHTHON ruOpun3a-
uuu in situ (fluorescent in situ hybridization, FISH) ¢ ucrioss-
3oBanueM nosiHoxpomocoMHbIx JIHK-30810B kK GRC 3e6po-
BoOi amanuubl Taeniopygia guttata, TacTOYKNA OEPETOBYIIKA
Riparia riparia, anxa Spinus spinus ¥ OOJIbIIOH CHHUIIBI
Parus major npoieMOHCTPUPOBAIM OY€Hb HU3KHH YPOBEHb
cxoncrea Mexxay GRC pasHbIX BUAOB (BpeMsl AUBEpIreHINH
MEXAY CaMbIMM JJaJE€KUMHU BUAAMH cOCTaBisieT ~25-30 MiH

ner) (Torgasheva et al., 2019, 2021), 9T0 CBUACTENECTBYET O
KpaifHe OBICTPOH DBONIOIMH TCHETUYCCKOTO COACPIKIMOTO
9TOH XPOMOCOMBI. JTOT BBIBOJ MTOATBEPIKIACTCS TaHHBIMHU
CpaBHUTEIBHOTO ceKBeHHpoBaHMsI MUKPO-GRC y 6rmuskopo-
CTBCHHBIX BHJIOB, TAKMX KaK OOBIKHOBEHHBIH conoBeit Lusci-
nia luscinia v 3aagHbIA conoBert L. megarhynchos, KOTOpbie
TTOKA3aJI! CYIIECTBEHHBIC PA3IIMUMUS B TCHETHUECKOM COCTaBE
GRC, HECMOTPSI Ha UX OTHOCHUTEIIFHO HEABHEE PACXOKICHHEC
(oxomo 1.8 mura neT Hazanm) (Schlebusch et al., 2023).

Mmuorwue reast Ha GRC npencraBneHs! B )parMeHTHPOBAH-
HOM, BEpOSITHO, He(DyHKIIMOHATIFHOM, COCTOSTHHUH, 32 HCKITIO-
YeHHEM HeOOIBIIIOTO YHciia BRICOKOKOHCEPBATUBHBIX H, IIO
Bcell BUIIMMOCTH, KI3HCHHO BAYKHBIX TeHOB. Takoe OBICTpoe
M3MEHCHHE TeHETHIECKOTO COCTaBa M OOWIHe TyTUTHKAIINH,
JIETICTINI 1 TICEBIOTEHOB PE3KO BBIJEIISICTCS HA (POHE KOHCEpBa-
TUBHOTO Kapruotuna nrutl, aeias GRC camoit 6p1cTp0o3BOITIO-
IHOHUPYIOIICH XpOMOCOMO# B TeHOMe TieBurX Ituil (Borodin
et al., 2022; Ruiz-Ruano et al., 2025).

BricTpoe m3MeHeHHe pa3Mepa W TeHETHYECKOTO COCTaBa
GRC wu, xak ciencTsue, pa3HooOpas3me ee TEHHOTO COCTaBa,
BKITIOYAIOIIETO TCHEI, CBSI3aHHBIC C PA3BUTHEM PEIIPOTYKTHB-
HOM CHCTEMBI, TIPUBEIIO K (HOPMYIHPOBKE THUIIOTE3, COTTIACHO
rxotopbiM GRC 6o paspemaet KOHGIUKT MEXKITY 3apOIbIIIIe-
BO M COMaTHYECKON THHUSMHE KJICTOK, H30JIUPYS TCHEI C B3a-
WMHO TIPOTHBOPEYUBBIME dY(PPEeKTaMH, THOO0 BBICTYTIACT B POITH
TEeHOMHOTO TIapa3uTa, JINOO CII0COOCTBYET BUI000Pa30BAHHIO
Omaromapsi ObICTPON JWBEPTEHIIMHA TCHETHYECKOTO COCTaBa,
T00 y9acTByeT BO BCEX ITHUX MPOIECCaX OTHOBPEMEHHO
(Borodin et al., 2022; Bopomus, 2023; Vontzou et al., 2023).

Macmtabsl u 3akoHOMepHOCTH M3MeHunBocTH GRC Ha
IUTOTCHETHYCCKOM YPOBHE BHYTPH Y3KHX TAKCOHOMUYECKHIX
TPYTII, TAKUX KaK CEMEHCTBO, OCTAIOTCS HETOCTATOYHO H3Y-
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Puc. 1. Knagorpamma BMAoB NTWL cemencTBa BblopKoBble, MCNONb30BaHHbIX ANA CpaBHUTeNbHOro aHanmsa GRC.

YepHblii Kpy»Kok 0603HauaeT Makpo-GRC, 6enbiii — MuKpo-GRC. Knagorpamma noctpoeHa ¢ ucnonb3oBaHneM pecypca Timetree.org
(Kumar et al., 2017) (nocnepHuin goctyn — 3 gekabpa 2025 r.).

YEHHBIMH. DKCIIEpUMEHTHI 110 iepekpectHor FISH, B ToMm unc-
JIe eIMHUYHBIE CITyJan CPAaBHEHHS TCHETUYECKOTO COJIepPKaHMs
GRC BHYTpH OJHOIO CEMEICTBA, OXBAaThIBAJIM JIUIIb J1BA-TPU
Buna (Torgasheva et al., 2019). bornee ciucremaTideckuii cpas-
HurenbHblil aHanu3 GRC y HeCKOAbKUX MpeAcTaBUTENEH
OIHOM KJIaJbl paHee He MPOBOMIICS.

Llenbro HacTosmiell padOTHI OBUIN CPaBHUTEIBHBIN IUTO-
renernyeckuil ananu3 GRC nsitu BuoB cemelictsa Boropko-
BEIC U OIeHKa narTepHa rudpumusarmm JJHK-30H1a K ienoit
Makpo-GRC oGwsixkHOBeHHOTO CcHerups Pyrrhiula pyrrhula c
MaTepuaoM SiIep paciulacTaHHBIX CIEPMATONNTOB y BH/OB
C pa3HOil CTENEHBIO (PUIOTEHETHUECKOH OIM30CTH M pa3HOM
Mopdomnoruert GRC. JImst 5Toro Mbl BRIOpaNH YeThIpe BHIA,
OTHOCSIIMXCS K Pa3HBIM poOsiaM B 9TOM ceMmeicTse (puc. 1):
0OBIKHOBeHHYIO 3enenymKy Chloris chloris (Mukpo-GRC),
oOwsikHOBeHHOTO Tierna Carduelis carduelis (Mukpo-GRC),
OOBIKHOBEHHYTO 4eueTKy Acanthis flammea (Mmaxpo-GRC) u
OOBIKHOBEHHOTO 1ypa Pinicola enucleator, KapruOTHIT 1 MOP-
¢omnorust GRC xoToporo 10 cux mop He OMUCAHEI.

Br1OpaHHbIe BUABI IPECTABIISIOT pa3HbIC SBOTIONMOHHbIC
JIMHUY B TIPEJIETIax CEMENCTBA: BpeMs TUBEPTCHIIUHE MEXKTY
CHETHPEM U IIIyPOM COCTABIISIET OKOJIO 11 MIIH JIeT, a Mexay
CHETUPEM U 3€JIEHYIKOM C IIENIOM U Ye4ETKON — 0K0JI0 13 MitH
net (Price et al., 2014; Hooper, Price, 2017). O6pennHeHme
PE3YyIBTaTOB TAKOTO IKCTICPIMEHTA C JIAHHBIMH, OJTyY€HHBIMH
paHee TpH aHalIW3e OBYyX IPYTMX BHJIOB 3TOTO CEMEHCTBa,
gmka Spinus spinus (Makpo-GRC) 1 00BIKHOBEHHOTO IIIeTiIa
Carduelis carduelis (mukpo-GRC) (Torgasheva et al., 2019),
KOTOpBIE AMBEPrHpoBaiu okoso 8.5 miH net Haszan (Price et
al., 2014; Hooper, Price, 2017), mo3BomuT OoJnee IeTaIbHO
onieHuTh u3MeHunBocTh GRC BHYTpU 0fHOTO ceMelcTBa.
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Matepuanbl n meToAbl

Bronornueckunii MaTepua oydeH OT NTHII, JOCTaBICHHBIX
C TSDKETIBIMH TpaBMaMu B LleHTp peabuinTanuy AUKUX KH-
BOTHEIX (I. HoBocmOupcK) B miepro ¢ anpens mo Mai 2022—
2023 rr. B HacTosmielt paboTte mccaeq0BaHo IO OTHOMY CaM-
Iy CHETHpS], Ty pa, 3eJCHYIIKH, IIerIa U YeUETKN. DBTaHA3HS
OCYIIECTBIIAIIACH ITePEH03upOBKOi m3odmmypana (Laboratories
Karizoo, S.A., bapcenona, Ucnanwus). PaboTa ¢ ntunamu u
9BTaHa3Ms IPOBOJMINCH B COOTBETCTBHH C HAIMOHAILHBIMA
HOPMaTHBaMHM I10 YXOAy M HMCHOJIb30BAHHUIO JJAOOPATOPHBIX
KMBOTHBIX. [ [pOTOKOJ 3KCIIEpIMEHTa PACCMOTPEH M 0J00pEH
Komuccueit mo 6mostuke MHCTHTYTa UTOJIOTUU U TCHETH-
ku CO PAH (nportokonsr Ne 114 ot 17.12.2021 u Ne 199 or
21.11.2024).

[Tpenapars! cunanToHeMHBIX KoMmIuiekcoB (CK) rotosuim
o metoxy A.H. Peters ¢ xommeramu (1997). UmmyHOIIMTOXH-
Muueckoe BeisiBiieHHe 0ekoB CK n ieHTpoMephl MpoBOANIN
o ipotokony L.K. Anderson ¢ kommeramu (1999) ¢ ucromns3o-
BaHMEM CJIETYIOIINX IEPBUYHBIX aHTHTEII: TOINKIOHAIbHBIC
anrutena kponuka k SYCP3 (paszsenenue 1:500; Abcam, Be-
TUKOOpUTaHNS; KaT. HoMmep ab15093), aHTUIIeHTpOMEpHBIC aH-
THUTeNa 13 chiBOpoTKH nanueHToB ¢ CREST-cunnpomom (pas-
Beaenue 1:100; Antibodies Inc., CIIIA; xar. Homep 15-234).
Bbuti Benonb30BaHbl BTOPHYHBIE aHTHTENA: AaHTHTENA KO3BI K
IgG xponuka, konbroruposanssle ¢ Cy3 (passenenue 1:500;
Jackson ImmunoResearch, CIIIA; kat. Homep 111-165-144), u
anturena ocna k IgG uenoseka, koHbloruposanHsie c AMCA
(paszBenenne 1:100; Jackson ImmunoResearch, CIIIA; kar.
HOMep 709-155-149).

[Tpenaparsl nHKyOupoBanu B TedeHne Houu npu +4 °C
C IEpBUYHBIMU aHTUTENIAMU U o1uH yac npu +37 °C co BTO-
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PUYHBIMU aHTUTEIAMH BO BIaKHOU Kamepe. [ mpemoTBpa-
IICHUS BRITOPaHUS Ha ITpenaparsl HaHocuiu cpexy Vectashield
(Vector Laboratories, CIIIA; xar. Homep H-1000-10).

JIHK-3017 k 11e710#i GRC cHerupst moaydaiu myTeM MUKPO-
JIUCCEKLIUH TSATU KOMHMM MUKPOSAJIEpP ¢ MEHOTHYECKHX XPO-
MOCOMHBIX MpenapaToB, kak onucano y A.A. Toprauesoil ¢
routeramu (Torgasheva et al., 2019). [IpenBaputensHO Tpe-
napatsl okpammBanm 0.1 % pactBopom ['mv3sl (Sigma, CLIA)
B Te4yeHue 3—5 MUH mpu KoMHaTHOHU Temmeparype. JJHK u3
MHUKPOJIMCCEKTHPOBAHHBIX MUKPOSACP aMILTH(GHINPOBAIN
u Metwiu ouotuHoM-11-dUTP (Sigma) ¢ nomorpio Habopa
GenomePlex Whole Genome Amplification Kit (Sigma-Ald-
rich, CIIA; xat. Homep WGAL).

FISH ¢ ucnons3zoBanuem 30u7a K JIHK GRC cHerups
TIPOBOJIMIIM 110 cTaHaapTHOMY mpoTtokony (Liehr et al., 2017)
C HEKOTOPBIMU Mo duKamsamMu. [ nOpuau3annonHas cMech
(32 mxu1) conmeprkana rudbpuan3anuonHsii Oydep (50 % dhop-
mamug, 2xSSC), 0.2 % Tween 20 u 40 Hr MEYEHOTO 30H/A.
Oo6paborannpie PHKa3o0ii A mpemapatsl qeHaTypUpOBaIH
B 70 % ¢opmamune ¢ 2xSSC mpu +72 °C 3 muH. 30HI 1e-
HarypupoBanu npu +95 °C 5 mun. ['mbpunnzamuio nposo-
i B TedeHne Houn mipu +39 °C Bo BnakHo# kamepe. Me-
YEeHHBII OMOTHHOM 30H]I BBISBISUIM C TIOMOILBIO aBHJIMHA-
FITC (pa3Benenue 1:400) u antn-aBununa-FITC (pa3senenue
1:200) (Vector Laboratories, CI1IA). Ha npemaparst HaHOCHITH
cpeny Vectashield ¢ DAPI (Vector Laboratories, xat. Homep
H-1200-10).

N3o6paxkenuss CK mociie ”NMMYHOIIOKQJIN3alluu OEJIKOB
u FISH ¢uxcupoanmu ¢ nomouipto CCD-kamepsl, yCTaHOB-
neHHol Ha Mukpockore Axioplan 2 (Carl Zeiss, ['epmanus),
¢ pumsrpamu Ne 49 (DAPI), 10 (FITC) u 15 (TRITC) (Zeiss)
u nporpamMMHbIM obecnedeHuem [SIS4 (METASystems
GmbH, I'epmanmust). SIpKkOCTh M KOHTPACTHOCTH U300pAKEHUN
Koppektuposany ¢ nmomouisio Corel PaintShop Photo Pro X6
(Alludo, Kanana).

s moctpoenuns uauorpammbl CK kaproTwiia nrypa 0su10
usMmepeno 28 xnerok. Hnuny CK u monoxkeHue LeHTpo-
Mep ONpEeAesUT B MUKPOMETpaxX C MOMOIIBIO MPOTPaMMEI
MicroMeasure 3.3 (Reeves, 2001). Bce ncxomHble JTaHHbIE
npusenenst B [Ipunoxkennn!. B Kaxk10#i KiIeTke pamkupoBa-
s CK 110 OTHOCHTENBHOI JUIMHE U IEHTPOMEPHOMY UHJIEKCY
Y PACCYUTHIBAIN CPETHUC ITOKA3ATEIN 110 BCEM KIICTKAM.

OmnucarenbHbIe CTATUCTUKY TIOIYYaIH C UCIIOTB30BAHUEM
Statistica 6.0 (StatSoft Inc., Tanca, OK, CIIIA). B Tekcre npu-
BOJISITCSI 3HAYEHMSI CPETHETO + CTaH/IapTHOE OTKJIOHEHHE.

Pe3ynbraTtbl

Hu comarnueckuit, Hu CK kapruoTun 0oObIKHOBEHHOTO ITypa
Pinicola enucleator L. He n3BecTHBI 0 cUX TOp. MBI 0OHa-
pyxuny, yto CK kapuorumn 3Toro Buja Bkmodaer 41 mapy
6uBanenToB ocHoBHoro Habopa u GRC (2n = 82 + GRC;
grcno wied (FN) = 50) (puc. 2). O6mas pmaa CK coctaBmia
334 + 47 mxm. MakpoOuBanieHTsl 1—7, a TakKe MEKpOOHMBa-
JIEHTHI 9 U 16 ABISAIOTCS CyOMeTaleHTPHIECKIUME; MUKPOOH-
BAJICHTHI § 1 BCE OCTaJIbHBIE MUKPOOUBAJICHTHI — aKPOLICHTPH-

" MpunosxeHne cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx24.xIsx
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Puc. 2. ®oTorpadua npenapata CK 13 naxmteHHoro cnepmaro-
uWTa LWypa nocne nmMmMyHonokanusauum 6enka SYCP3 (KpacHblii
uBeT) 1 6eNKOB LieHTpoMepbl (3eneHbli).

TONOBKM CTPESNIOK yKa3blBaloT Ha CybMeTaLleHTpuyeckre busaneHTbl 1-7,
9, 16 n GRC. MacwTabHas nMHelrKka 5 MKM.

yeckuMmi (puc. 3). Bee akporieHTprieckne MUKpOOUBaICHTHI
OCHOBHOTO Habopa cozepXkar IEHTPOMEPbI, COCTOSIINE U3
HECKOJIBKUX HEHTPOMEPHBIX JOMEHOB. Takue IEeHTPOMEPHI
TPUHATO Ha3bIBaTh MeTanonunenTpomepamu (Grishko, Boro-
din, 2024). GRC 1rypa npeacraBiseT co00# KPYyITHYO aKpo-
LEHTPHUECKYI0 MaKkpoxpomocoMy. Ha craguu maxuteHs! oHa
(opMHpyeT aKpOLECHTPUUYECKUI YHUBAJICHT, KOTOPBIH pac-
mo3HarT aHTHTeNa K 6enky SYCP3, popmupyromemy nare-
panbHei anemenT CK (cM. puc. 2).

JI1s1 olleHKH CXOACTBAa MEXIY IOCIETOBATEIHHOCTIMHU
GRC cuerups u GRC apyrux BumoB BbIOPKOBBIX IPOBEICHA
nepekpectHas FISH ¢ ucnons3oBanuem JJHK-30n12 k GRC
cuerupsi, nonydenHsM panee (Grishko et al., 2025). 3onn
cimabo rudpuamsoBaics ¢ Makpo-GRC mypa n yeuétku u He
rubpuamnzoaincs ¢ Mukpo-GRC 3enmeHymiku u mera (cM.
Ta0NIHILY).

VY Bcex 4eThIpex BHUIOB 30H]] METHII HECKOJIBKO oOacTeii
OMBaNIeHTOB OCHOBHOrO Habopa. Ha npenaparax CK mypa
CUTHAJIBI THOPHM3ALMK HAOMIIOAIUCh HA KOPOTKOM ILIeue
MakpoOuBajeHTa 4 ¥ B 00J1aCTH JUIMHHOTO ILIeYa MakpoOH-
BasieHTa 5 (pHc. 4, a). 30H] TaKKe AaBaJI CIa0ble CUTHAIBI Ha
MHOTHX Apyrux ouBaneHTax. Ha mpemaparax CK 3eneHymkn
U 4e4ETKU 30HJ r'MOpHUIM30BajCs C MEPULIEHTPOMEPHBIMU
pailioHaM1 HECKOIIbKMX MUKPOOHMBAJICHTOB M BCEX MaKpOOHBa-
JIEHTOB, 32 UCKJIFOYEHUEM €TMHCTBEHHOIO METALIEHTPHUYECKOTO
MakpoOwuBaineHra (BepoarHo, ZZ) (cum. puc. 4, 6, 2). Ha nipe-
naparax CK mera ruOpun3annoHHbI CUTHAT BBISBIISUIN B
MIEPUIICHTPOMEPHOM paiioHe MakpoOUBaieHTa | 1 KOPOTKOM
riede MakpoouBanenTa 6 (cMm. puc. 4, ).
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Puc. 3. Viguorpamma CK kapuoTtuna wypa 6e3 yyeta GRC.

Mo ocn Y ykasaHa cpeaHaa anuHa CK B MKM; no ocu X — GuBaneHTbl, ynopAaaoUeHHble no y6biBaHUo pasmepa. YepHble KpY»KKU
OTMEUAIOT PACMONOXKEHNE MOHOLIEHTPOMEP, Geble — METaNOANLEHTPOMED.

Pinicola enucleator Chloris chloris

Carduelis carduelis Acanthis flammea

Puc. 4. ®oTtorpadum npenapatoB CK U3 NaxmTeHHbIX CNIePMaTOLMTOB Liypa (a), 3eNieHyLWKN (6), werna (8) n Yeuétku (e)
nocne FISH ¢ 3oHgom k IHK GRC cHerups (3eneHbli UBET), UMMyHOoKanu3auumn 6enka SYCP3 (KpacHblii) 1 6enkos
LeHTpoMepbl (CUHUIA).

lonoBKu cTpenok ykasbiBatloT Ha GRC 1 6rBaneHTbl OCHOBHOIo Habopa, MeueHHble 30HAoM K JHK GRC cHernpa. MacwwiTab 5 MKM.
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BbisBneHve rubpugmnsaumoHHoro curHana nocse FISH c 3oHgom
K HK GRC cHerupsa Ha npenapatax CK BblopKOBbIX MTUL,

Bug CurHan
Ha GRC Ha MaKpobusaneHTte®
CHervpb Pyrrhula pyrrhula®  CunbHbiit cl,6
Lyp Pinicola enucleator Cnabbin p4, 95
3eneHywka Chloris chloris OtcytctByer  c1-3,5-7
Leron Carduelis carduelis OtcytctByetr  c1,p6
Yeuétka Acanthis flammea  Cnabbiii c1-3,5-7

% ¢ - UeHTpOMEpPa; P — KOPOTKOE niedo GUBANeHTa; q — AMHHOE Mfieyo
6uBaneHTa.
B (Grishko et al., 2025).

O6¢cyxpeHune

B Hacrosmem ncceinenoBanuu Mbl Briepsbie ommcanu CK kapuo-
TUT OOBIKHOBEHHOTO IITyPa, II0KA3aB, YTO OH, KaK U KAPHOTUIIBI
TOJIOBUHBI HCCIICIOBAaHHBIX BEIOPKOBBIX ITHI (Borodin et al.,
2022; Malinovskaya et al., 2022), conepsxut makpo-GRC. M1
YCTaHOBWIIM, YTO MHOTHIC OMBAJICHTHI TAaHHOTO BHIAa UMECIOT
METAIOIUIIEHTPOMEPHL. PaHee HaTmdre MeTanoIuIeHTPOMEP
OBLITO TTOKA3aHO JUTSA CHETHUPSI ¥ KOHOTUISHKHY Linaria cannabina
n3 TOrO Xe cemelicTBa Brropkossie (Grishko et al., 2023).

OCHOBHBIM pPe3yIIETaTOM JAHHOTO CCIICIOBAHUS CTAJIO BBI-
SIBIICHHE BBICOKOW MEKBHIIOBOH BapHaOEIbHOCTH TeHETHYC-
ckoro coctaBa GRC Mmexay npeactaBUTENsIMU CEMENcTBa
BrropkoBeie. HecMOTpst Ha OTHOCHTENBFHO OJIM3KOE POACTBO
MEX]Ty BHIOPKaMU (BpeMsl TUBEPTCHIMU MEKIY CHETHPEM U
JIpYrUMH HCCIEI0BaHHBIMU BUJIAaMU — OKoJio 11—-13 muH net
(Price etal., 2014; Hooper, Price, 2017)), 3011 k JIHK makpo-
GRC crerups naBain ciaa0Oblii THOPHIN3AIMOHHBIN CUTHAT Ha
Makpo-GRC mrypa u yeu€Tku U He JaBall CUTHAjIa Ha MUKpPO-
GRC 3enenyuiku u wemna.

OtcyTcTBHE HeTeKTHpYyeMoro curnana Ha MUkpo-GRC 3e-
JICHYIIIKH ¥ eI, B OTINYUE OT cI1ab0ro CUTHAIA Ha MaKpO-
GRC mypa u 9ed€TKy, TI03BOIISIET MPEAIIOIOKUT, YTO pa3-
Mep GRC moker ObITh OZHUM U3 (HAKTOPOB, BIMSIOMINX HA
CTETICHb BBIABISIEMOTO CXOJCTBA KAK MHHUMYM B IIpeeiiax
omHOTro cemelicTBa. [lomydeHHbIE HaHHBIE COTIACYIOTCS C
JAHHBIMH JTUTEPATYPhI: TaK, IIPU MCHBIIEM BPEMCHH TUBEP-
reanuu (~9 vH net) JHK-3081 k Mukpo-GRC umka gaBan
CITa0bIil THOpHUIM3AMOHHEIN curHal Ha Makpo-GRC miera
(Torgasheva et al., 2019). BepositHo, 32 ~9—13 MH N€T 1U-
Bepreanmn MUKpo-GRC ycneBaroT yTpatuTh OOJIBITUHCTBO
CXOITHBIX [TOCTICIOBATEIIFHOCTEH, YTO IPUBOAUT K OTCYTCTBHIO
THOPHUIN3AIIMOHHOTO CHTHANA, Torna kak Makpo-GRC coxpa-
HSIOT UX B JJOCTATOYHOM KOJIMYECTBE /IS BBISBICHHS C1a00-
IO CUTHAaJa.

B skeniepumentax o nepexpectnoit FISH mb1 0O0Hapysxumm
pasmmuus B marrtepHax rudpumusamun 30812 K JJHK GRC
CHETHUps C OMBaJICHTaMU OCHOBHOTO Ha0Opa Y pa3HBIX BUOB
BBIOPKOBEIX. Panee ObuTO TOKa3aHo, uto 30HI K JJHK GRC
CHETHUPS THOPHUIM30BAIICS C ICPUIICHTPOMEPHBIMH palloHAMH
OITpe/ICIICHHBIX MAKPOOHUBAJICHTOB U PSZIOM MIUKPOOHBAICHTOB
cuerupst (Grishko et al., 2025). B Hammx skcniepuMeHTax 1o
nepekpectHoil FISH aToT 3081 neMoHCcTprpoBan HHON Har-

2026
30-3

CpaBHUTESbHBIV LUTOreHETUYECKIIA aHaNIN3 XPOMOCOMbI,
OrpaHMYEHHO KNeTKaMu 3apOofbILLEBON NMHNW, Y BbIOPKOBbBIX NTUL]

TepH rudpuau3anun. [lomydeHHbIe MEKBHIOBBIC PA3ININs
B MaTTepHaxX rHOpHUIM3alnU CBHJICTEIBCTBYIOT O OBICTPON
9BOJIOLUH MTOBTOPEHHBIX MOCIEA0BATEIHHOCTEH, JIOKAIN30-
BaHHBIX HA XPOMOCOMaX OCHOBHOTO HabOpa, MpOTEKaromeh
Ha (hore 001Iel KOHCEPBATUBHOCTH T€HOMOB TITHII.

I'mbpunmzamus 3ou1a k JJHK GRC crernpst ¢ mepuieH-
TPOMEPHBIMH palilOHaMH BCEX MAaKpOOMBAJICHTOB, 32 HCKIIIO-
YEHHEM MaKpOOHMBaIEHTA 4 y 3eTCHYIIKH U YeUETKH, MOJKET
CBHJICTEIHCTBOBATh O KOHCEPBATHBHOCTH 3THX MOCIEA0BA-
TENBHOCTEHN y JaHHBIX JBYX BHIOB. JTa KapTHHA KOHTPACTH-
PYET ¢ MmarTepHOM, OOHAPYKEHHBIM y IIypa ¥ IIEIIa: 30HA
Ce(pUIHO THOPUIN30BAJICS TOIBKO C OT/IEIBHBIMA Y4acT-
KaMH MakpOoOMBAJICHTOB, YTO yKa3bIBacT Ha OoJiee OrpaHH-
YEHHOE ¥ BHOCHECIU(PUIHOE PACIIPE/ICIICHUE BBISBISIEMBIX
TIOCTIEIOBATENILHOCTEH 110 OMBaJICHTaM OCHOBHOTO Habopa y
oTuX BUAoB. Crabsie qudQy3HbIe CUTHAIBI, 00OHAPYKCHHBIC
Ha OOJBIIMHCTBE OMBAJIECHTOB Y IIypa, MOTYT IIPEACTABIATH
c000i1 «ITpr3pavHbIe) MOCIEI0BATEIFHOCTH, KOTIa-TO Ooiee
IIMPOKO PACTIPOCTPAHEHHBIE, HO BIIOCIEICTBUU JCTPaUpPO-
BaBIIIME WM 3aMEHEHHBIC B OOJIBITMHCTBE PAHOHOB.

Taxmm 06pazom, GRC —3T0 OBICTPO IBOTONMOHNPYIOIINT
9JIEMEHT FeHOMa MEBYMX IITHIL, KOTOPBIH MOKa3bIBaCT HEOOIb-
IIyIO CTEIIEHb CXOJICTBA AAXKe MEXKIY BHJIaMH BHYTPH OJJHOTO
cemeiicTBa BeiopkoBsie. Paznmunst B martepae ruOpuan3annu
3ou1a K JIHK GRC cherups ¢ MaTepuanom siiep pacriacTaH-
HBIX CIIEPMATOLNTOB Pa3HbIX BU/IOB BEIOPKOBBIX YKa3bIBAIOT
Ha BUAOCTICHIN(UIHYIO IMHAMUKY YBEITMUICHHS M COKPAIIICHHS
KOITMIHOCTH BBISIBIISIEMBIX MTOCIIEA0BATEIBHOCTEH B OMBaJICH-
TaxX OCHOBHOTO Ha0Opa B XOJ1€ IBOJIOLIUH.

3aKknioyeHune

Hame uccnenoBanue npoaeMOHCTPUPOBAIO, YTO IEHETUYE-
ckuit cocraB GRC oTnenbHBIX NpeacTaBuTeneil ceMeicTBa
BbIOpKOBBIE B BBICOKOH CTENIEHN BUAOCTICU(PHUICH, YTO yKa-
3bIBaET Ha ObICTPYIO HBOMIONNI0 GRC. Hannuue cXoaHbIX Mo-
cnenoBarenbHocTelt Mexxay GRC cHerups u GuBaneHTaMH
OCHOBHOTO Habopa pa3HbIX BHJIOB BBIOPKOBBIX, a TAKKE BU-
JocnenupUYHbIe NaTTePHbI UX JIOKAIN3AIMY COTJIACYIOTCS C
AQHAJIOTUYHBIMU pe3ynbTaraMu nepekpectHsix FISH, momy-
YeHHbIMH ¢ ucnonb3oBaHueM 30H10B kK JIHK GRC npyrux
BUJIOB ITHII.

Cnucok nutepatypbl / References

Bopoxnun I1.M. XpoMocombl eBYMX NTHL, OTPAHUYCHHBIE 3apOJIbILIe-
BOH nuHHEN. Basunosckuil ocypran eememuxu u cenexyuu. 2023;
27(6):641-650. doi 10.18699/VIGB-23-75
[Borodin P.M. Germline-restricted chromosomes of songbirds. Vavi-
lovskii Zhurnal Genetiki i Selektsii = Vavilov J Genet Breed. 2023;
27(6):641-650. doi 10.18699/VIGB-23-75]

Anderson L.K., Reeves A., Webb L.M., Ashley T. Distribution of cross-
ing over on mouse synaptonemal complexes using immunofluores-
cent localization of MLHI1 protein. Genetics. 1999;151(4):1569-
1579. doi 10.1093/genetics/151.4.1569

Biederman M.K., Nelson M.M., Asalone K.C., Pedersen A.L., Sal-
danha C.J., Bracht J.R. Discovery of the first germline-restricted
gene by subtractive transcriptomic analysis in the Zebra Finch, Tae-
niopygia guttata. Curr Biol. 2018;28(10):1620-1627. doi 10.1016/
j.cub.2018.03.067

Borodin P., Chen A., Forstmeier W., Fouché S., Malinovskaya L.,
Pei Y., Reifova R., Ruiz-Ruano F.J., Schlebusch S.A., Sotelo-Mu-
fioz M., Torgasheva A., Vontzou N., Suh A. Mendelian nightmares:

FEHETUKA XXUBOTHbIX / ANIMAL GENETICS 449


https://doi.org/10.18699/VJGB-23-75
https://doi.org/10.18699/VJGB-23-75
https://doi.org/10.1093/genetics/151.4.1569
https://doi.org/10.1016/j.cub.2018.03.067
https://doi.org/10.1016/j.cub.2018.03.067

L.P. Malinovskaya
K.V.Tishakova, PM. Borodin

the germline-restricted chromosome of songbirds. Chromosome Res.
2022;30(2-3):255-272. doi 10.1007/s10577-022-09688-3

Grishko E.O., Borodin P.M. Structure and evolution of metapolycen-
tromeres. Vavilov J Genet Breed. 2024;28(6):592-601. doi 10.18699/
vjgb-24-66

Grishko E., Malinovskaya L., Slobodchikova A., Kotelnikov A., Tor-
gasheva A., Borodin P. Cytological analysis of crossover frequency
and distribution in male meiosis of cardueline finches (Fringillidae,
Aves). Animals. 2023;13(23):3624. doi 10.3390/ani13233624

Grishko E., Malinovskaya L., Tishakova K., Borodin P. Germline re-
stricted chromosome (GRC) in diploid and polyploid spermato-
cytes of the Eurasian bullfinch, Pyrrhula pyrrhula (Fringillidae,
Passeriformes, Aves). Animals. 2025;15(23):3394. doi 10.3390/ani
15233394

Hooper D.M., Price T.D. Chromosomal inversion differences correlate
with range overlap in passerine birds. Nat Ecol Evol. 2017;1(10):
1526-1534. doi 10.1038/s41559-017-0284-6

Kinsella C.M., Ruiz-Ruano F.J., Dion-C6té A.-M., Charles A.J., Gos-
smann T.I., Cabrero J., Kappei D., Hemmings N., Simons M.J.P.,
Camacho J.P.M., Forstmeier W., Suh A. Programmed DNA elimi-
nation of germline development genes in songbirds. Nat Commun.
2019;10(1):5468. doi 10.1038/s41467-019-13427-4

Kumar S., Stecher G., Suleski M., Hedges S.B. TimeTree: a resource
for timelines, timetrees, and divergence times. Mol Biol Evol. 2017,
34(7):1812-1819. doi 10.1093/molbev/msx116

Liehr T., Kreskowski K., Ziegler M., Piaszinski K., Rittscher K. The
standard FISH procedure. In: Liehr T. (Ed.) Fluorescence In Situ Hy-
bridization (FISH). Springer Protocols Handbooks. Springer, 2017;
109-118. doi 10.1007/978-3-662-52959-1 9

Malinovskaya L.P., Slobodchikova A.Y., Grishko E.O., Pristyazh-
nyuk LE., Torgasheva A.A., Borodin P.M. Germline-restricted chro-
mosomes and autosomal variants revealed by pachytene karyotyping
of 17 avian species. Cyfogenet Genome Res. 2022;162(3):148-160.
doi 10.1159/000524681

Pei Y., Forstmeier W., Ruiz-Ruano F.J., Mueller J.C., Cabrero J., Cama-
cho J.PM., Alché J.D., ... Hertel M., Teltscher K., Knief U., Suh A.,
Kempenaers B. Occasional paternal inheritance of the germline-re-
stricted chromosome in songbirds. Proc Natl Acad Sci USA. 2022;
119(4):€2103960119. doi 10.1073/pnas.2103960119

Comparative cytogenetic analysis of the germline-
restricted chromosome in Fringillidae species

Peters A.H., Plug A.W., van Vugt M.J., de Boer P. A drying-down
technique for the spreading of mammalian meiocytes from the
male and female germline. Chromosome Res. 1997;5(1):66-68. doi
10.1023/a:1018445520117

Pigozzi M.1., Solari A.J. The germ-line-restricted chromosome in the
zebra finch: recombination in females and elimination in males.
Chromosoma. 2005;114(6):403-409. doi 10.1007/s00412-005-0025-5

Price T.D., Hooper D.M., Buchanan C.D., Johansson U.S., Tietze D.T.,
Alstrom P., Olsson U., Ghosh-Harihar M., Ishtiaq F., Gupta S.K.,
Martens J., Harr B., Singh P., Mohan D. Niche filling slows the diver-
sification of Himalayan songbirds. Nature. 2014;509(7499):222-225.
doi 10.1038/nature13272

Reeves A. MicroMeasure: a new computer program for the collection
and analysis of cytogenetic data. Genome. 2001;44(3):439-443. doi
10.1139/g01-037

Ruiz-Ruano F.J., Schlebusch S.A., Vontzou N., Moreno H., Biegler M.T.,
Kutschera V.E., Ekman D., ... Segami J.C., Tan D.J.X., Torgashe-
va A., Whibley A., Suh A. Programmed DNA elimination drives
rapid genomic innovation in two thirds of all bird species. bioRxiv.
2025. doi 10.1101/2025.07.16.664580

Schlebusch S.A., Ridl J., Poignet M., Ruiz-Ruano F.J., Reif J., Pajer P.,
Paces J., Albrecht T., Suh A., Reifova R. Rapid gene content turnover
on the germline-restricted chromosome in songbirds. Nat Commun.
2023;14(1):4579. doi 10.1038/s41467-023-40308-8

Torgasheva A.A., Malinovskaya L.P., Zadesenets K.S., Karamy-
sheva T.V., Kizilova E.A., Akberdina E.A., Pristyazhnyuk LE.,
Shnaider E.P., Volodkina V.A., Saifitdinova A.F., Galkina S.A.,
Larkin D.M., Rubtsov N.B., Borodin P.M. Germline-restricted chro-
mosome (GRC) is widespread among songbirds. Proc Natl Acad Sci
USA. 2019;116(24):11845-11850. doi 10.1073/pnas.1817373116

Torgasheva A., Malinovskaya L., Zadesenets K., Shnaider E., Rub-
tsov N., Borodin P. Germline-restricted chromosome (GRC) in
female and male meiosis of the great tit (Parus major, Linnaeus,
1758). Front Genet. 2021;12:768056. doi 10.3389/fgene.2021.
768056

Vontzou N., Pei Y., Mueller J.C., Reifova R., Ruiz-Ruano F.J., Schle-
busch S.A., Suh A. Songbird germline-restricted chromosome as a
potential arena of genetic conflicts. Curr Opin Genet Dev. 2023;83:
102113. doi 10.1016/j.gde.2023.102113

KoH$nuKT nHTepecoB. ABTOPbI 3aABNAIOT 06 OTCYTCTBUN KOHGMKTA MHTEPECOoB.
Moctynuna B pepakuuio 11.11.2025. Mocne gopabotkm 23.12.2025. MpuHaATa K nybnnkauum 24.12.2025.

450

BaBunoBckuii XXypHan reHeTnku u cenekuum / Vavilov Journal of Genetics and Breeding - 2026 - 30« 3


https://doi.org/10.1007/s10577-022-09688-3
https://doi.org/10.18699/vjgb-24-66
https://doi.org/10.18699/vjgb-24-66
https://doi.org/10.3390/ani13233624
https://doi.org/10.3390/ani15233394
https://doi.org/10.3390/ani15233394
https://doi.org/10.1038/s41559-017-0284-6
https://pubmed.ncbi.nlm.nih.gov/?term=Hemmings+N&cauthor_id=31784533
https://pubmed.ncbi.nlm.nih.gov/?term=Simons+MJP&cauthor_id=31784533
https://pubmed.ncbi.nlm.nih.gov/?term=Camacho+JPM&cauthor_id=31784533
https://pubmed.ncbi.nlm.nih.gov/?term=Forstmeier+W&cauthor_id=31784533
https://pubmed.ncbi.nlm.nih.gov/?term=Suh+A&cauthor_id=31784533
https://doi.org/10.1038/s41467-019-13427-4
https://doi.org/10.1093/molbev/msx116
https://doi.org/10.1007/978-3-662-52959-1_9
https://doi.org/10.1159/000524681
https://doi.org/10.1073/pnas.2103960119
https://doi.org/10.1023/A:1018445520117
https://doi.org/10.1023/A:1018445520117
https://doi.org/10.1007/s00412-005-0025-5
https://doi.org/10.1038/nature13272
https://cdnsciencepub.com/doi/10.1139/g01-037
https://cdnsciencepub.com/doi/10.1139/g01-037
https://doi.org/10.1101/2025.07.16.664580
https://doi.org/10.1038/s41467-023-40308-8
https://doi.org/10.1073/pnas.1817373116
https://doi.org/10.3389/fgene.2021.768056
https://doi.org/10.3389/fgene.2021.768056
https://doi.org/10.1016/j.gde.2023.102113

FEHETUKA »XUBOTHbIX BaBWNOBCKNI XKypHan reHeTUKN 1 cenekymm

Vavilov Journal of Genetics and Breeding. 2026;30(3):451-460

doi 10.18699/vjgh-26-49

Genetic diversity of horses of the Sargarinsko-Alexeevskaya
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Abstract. The multidisciplinary approach is in increasing use in modern science for solving complicated problems.
Molecular genetics not only helps us understand biological processes, such as evolution and speciation, but also sheds
light on numerous historical questions as to the directions of peoples’ migrations, the degree of interpenetration
of contemporaneous cultures, and their continuity. In particular, investigation of phylogenetic relationships of
domestic animals allows us to detail the interactions between bearers of different archaeological cultures. In the
Bronze Age, Inner Asia and adjacent territories were characterized by intense human migrations and rapid spread
of productive economies, including livestock farming. Here we examine the phylogenetic patterns of horses from
two important Bronze Age Ob-Irtysh cultures in Western Siberia, the Sargarinsko-Alexeevskaya and Irmen ones, and
the degree of their genetic proximity to horses from earlier (Andronovo and Eluninskaya) and later (Khereksur and
“Deer Stone”, Biykenskaya, Bystryanskaya and Pazyryk) cultures in the region and adjacent territories. Data obtained
from sequencing and analysis of mitochondrial genomes reveal differences in the mitochondrial gene pool of horses
from the Sargarinsko-Alexeevskaya and Irmen cultures of the south of Western Siberia, highlighting the unique
mitochondrial genetic diversity of the original horse herds of these cultures and the lack of close breeding contacts
between them. We demonstrate an overlap between the mitochondrial gene pools of horses from the Khereksur and
“Deer Stone” cultures of Mongolia and the Andronovo culture. We also established continuity between many of the
obtained haplotypes of horses from the Early, Developed, Late Bronze Age, and Early Iron Age in southern Western
Siberia, indicating the preservation of a significant part of the maternal gene pool diversity of domestic horses in the
region across several historical and cultural periods. The similarity of mitochondrial haplotypes among horses of the
Sargarinsko-Alexeevskaya culture, modern horses of the Akhal-Teke breed of Central Asia, and indigenous breeds of
East Asia and Southern Europe, as well as between horses of the Irmen culture and modern horses of local breeds in
Northern Europe, may reflect the migration routes of bearers of these cultures after their disintegration in the region
under study. It also characterizes features of the formation of these breeds in ancient times. However, nuclear genetic
markers should also be investigated to corroborate these hypotheses.
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AHHOTaLUuA. B coBpeMeHHOW HayKe AnA pelleHna CIOXKHbIX 3aA4ay BCE valle MCNonb3yeTca MybTUANCLUIIMHAPHDIN
nopaxop. Tak, MoneKynsipHas reHeTKa MOMOraeT HaM MOHATb HE TONbKO TaKme 61MOoNornyeckime NPoLEeccsl, Kak 3BoJto-
uMa 1 BMAOOOPa3oBaHMe, HO 1 MPOACHAET MHOTOUYMCIIEHHbIE NCTOPMYECKMe BOMPOCHI O HanpaBieHUAX MUrpauui
HapoZOB, CTEMEHN B3aVMOMPOHUKHOBEHMNA CUHXPOHHbBIX KYNbTyp U UX MPEeeMCTBEHHOCTU. B yacTHOCTM, n3yyeHune
dunoreHeTNYECKMX B3aMMOOTHOLLEHWIA AOMALLIHUX XXNBOTHbIX MO3BOSIAET AeTaIM3MPOBaTh KapT/HY B3aUMOAeCTBIA
HocuTenel pa3HblX apXeonornyecknx Kynbtyp. BHyTpeHHAA A3na n conpepenbHble TeppUTOpUnN B 6POH30BOM Beke
XapaKTepr30BannCb akTUBHLIMU MUTPALMAMU NIOAEN 1 GbICTPbIM PacnpPOCTPaHEHNEM MPOU3BOAALLErO XO3ANCTBA, B
TOM YnCne XMBOTHOBOACTBA. B Halwe paboTe 6binm n3yyeHbl GpunoreHeTMYeCKne NaTTePHbI OWagen ABYX BaxHbIX
KynbTyp O6b-UpThiwba 3anagHorn Cnbupwy 3noxm 6poH3bl: CaprapuHCKO-aNeKCEEBCKOW 1 UPMEHCKON, @ TaKXKe CTeneHb
NX reHeTnyeckon 6nm3ocTy C nowapbmu 6onee paHHWUX (aHAPOHOBCKOW, eNyHUHCKOW) 1 6onee MO3AHMX KynbTyp
(XepeKcypoB 1 "“0NleHHbIX" KaMHel, BUNKEHCKO, BbICTPAHCKO 1 Na3blpbIKCKOW) pervoHa 1 conpeenbHbIX TePPUTOPUIA.
[laHHble, MONyYyeHHble MOCNe CEKBEHWPOBAHUA W aHanu3a MUTOXOHAPWANIbHbIX FEHOMOB, CBULETENbCTBYIOT O
pasnnunAx B MUTOXOHAPUATIbHOM reHOodOHAe Nolafeli capraprHCKO-anekceeBCKOM M MPMEHCKOW KynbTyp iora
3anagHon Cnbupw, 4To NOAYEPKMBAET CBOEOBPA3ME MUTOXOHAPMANIBHOMO FreHETUYECKOro Pa3HOO6pas3na NCXOHbIX
TabyHOB NlowWwagen BbilenepeyncyieHHbIX KyNbTyp U OTCYTCTBME MeXAY HUMU TECHbIX KOHTaKTOB B cdepe pa3BefeHua
nowagen. bbino nokasaHo nepeceyeHVe MUTOXOHAPUANbHBIX FeHOPOHAOB nowWafelt KynbTypbl XepeKCypoB U
“oneHHbIX” KamHe MOHronun 1 aHAPOHOBCKOW KynbTypbl. TakKe HaMu YCTaHOBNEHa MPeeMCTBEHHOCTb MeXAy
MHOTVIMY MOJTyYEHHBIMY ranioTNaMm NoLaaein paHHero, pasBmUToro, No3AHero 6POH30BOT0 BeKa, PaHHETO »Kesle3HOro
BEKa C Tepputopuu tora 3anagHon Cubrpu, UTo CBUAETENbCTBYET O COXPaHeHWM GOMbLIOM YacTU pa3HOO6pasms
MaTEPUHCKOro reHOpOoHAa AOMALIHUX SoWafe B PermoHe Ha MPOTAXKEHUN HECKONbKUX WCTOPUKO-KYNbTYPHbIX
nepuonos. bAn3ocTb MUTOXOHAPUANbHBIX TFAMAOTUMOB MeXAY JIOWaAbMU CaprapvHCKO-anekceeBCKOM KynbTypbl
1N COBPEMEHHbIMMN NOoWabMM axanTeKnHCKon nopogbl LieHTpanbHol A3um n abopureHHbIx nopoa BoctouHom Azum
n tOxHol EBponbl, a Takke mexxay NoLWaabMU MPMEHCKOW KySbTypbl 1 COBPEMEHHbIMY NTOLIAAbMI MECTHbIX Mopos
CeBepHol1 EBponbl MOXeT yKa3blBaTb Ha MyTW MUrpaLun HOCUTENEN STUX KyNnbTyp NOCe NX pacrajga Ha Tepputopumn
paccmaTprBaemMoro pervmoHa, a Takke XapakTepu3oBaTb 0COOEHHOCTVM GOPMMPOBaAHMA 3TUX MOPOL B APEBHOCTU.
OpHako AN NoATBePXKAEHUA STUX MMNOTe3 HEOOXOAMMO NCCNeA0BaTb AAEPHbIE FEHETUYECKME MapKepbl.

KnioueBble cnosa: apeBHAa [HK; MUTOXOHAPWaNbHbLIN reHoM; GpunoreHeTuKa; JOMALLHAA noLwaab; 6POH30BbIN BeK;
caprapuriHCKo-aneKkceeBCKas KynbTypa; MpMeHCKas KynbTypa

Introduction

In the context of equine genetic research, the Bronze Age
(BA) has been less studied than the Iron Age (Keyser-Tracqui
et al., 2005; Dawei et al., 2007; Cai et al., 2009; Lei et al.,
2009; Cieslak et al., 2010; Benecke et al., 2017; Fages et al.,
2019; Vorobieva et al., 2020; Kusliy et al., 2021; Librado et
al., 2021; Kusliy, 2023). However, some important data have
already been obtained. Regarding the territory of Inner Asia,
it has been found that horses of the Sintashta culture, which is
associated with the first ritual burials of horses together with
parts of chariots with spokes, made a significant contribution
to the equine gene pool of many subsequent Central Asian
cultures, including the Khereksur and “Deer Stone” culture
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of Mongolia (Fages et al., 2019) and the Altai Biykenskaya
culture (Librado et al., 2021). It should be noted that the
Sintashta culture was the earliest stage in the development
of the Andronovo cultural and historical community, which
spread across the territory of the Southern Urals, the south of
Western Siberia, Kazakhstan, and the western part of Central
Asia (Zubova et al., 2014).

In this study, we examined the mitogenome diversity in
horses of the Irmen and Sargarinsko-Alexeevskaya cultures,
widespread in the Ob-Irtysh region of Western Siberia in the
Late Bronze Age (Grushin, 2020). Bone materials for genetic
analysis had been obtained from the sites of Chekanovsky
Log-I (Demin, Sitnikov, 1998), Barsuchikha-IV of the
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Sargarinsko-Alexeevskaya culture, Kaltyshino V (Kovtun,
2022), Barsuchikha-IV, Gusinaya Lyaga-1 (Demin, 2015) of
the Irmen culture. Researchers of some of these sites had noted
the important role of horses in various spheres of life of the
inhabitants of these sites; for example, the majority of bone
remains of domestic animals found at the Gusinaya Lyaga-1
site belonged to horses (Demin, 2015). Materials from both
cultures studied were identified at the archaeological sites of
Barsuchikha-IV and Gusinaya Lyaga-1, so the researchers
classified these complexes as mixed-type sites (Sitnikov,
Gel’mel’, 2017). The results of our study highlight differences
in the horse maternal genetic lineages of the Sargarinsko-
Alexeevskaya and Irmen cultures, which allows us to hypo-
thesize different maternal origins of horses of these cultures
and the absence of intensive exchange of horses between
them. It is also shown that the horses of mixed sites on the
border between these cultures are closer in mitogenomes to
the Sargarinsko-Alexeevskaya culture horses. However, this
hypothesis requires confirmation based on more sample sets
from each culture.

Thus, according to archaeological data (Grigor’ev, 2018;
Kovalevsky, 2020), the Andronovo culture made a great
contribution to the formation of the Irmen and Sargarinsko-
Alexeevskaya cultures. We included samples from Altai and
Kazakhstan sites of this culture in our study in order to trace
possible continuity. Archaeological data provide no compre-
hensive answer to questions about other ancestral cultures or
the continuity of the cultures under consideration in relation
to later cultures of the region (Sitnikov, 2013; Papin et al.,
2018; Popova, 2019). In order to strengthen the evidentiary
base for resolving these issues, we supplemented our materials
with samples of the Early BA Eluninskaya culture, formed in
the Forest-Steppe Altai as a result of the migrations of Indo-
European tribes to the eastern and southern regions of Eurasia
(Kiryushin, 2002; Grushin, 2019), and from synchronous and
later sites of the Altai and Mongolia (Tishkin, 2007).

Materials and methods

Materials studied. Our material included two bone samples
ofthe Eluninskaya culture from Altai (Berezovaya Luka site),
two bone samples of the Andronovo culture from Altai and
Kazakhstan (Chekanovsky Log-2 site (Altai), Tasty-Bulak site
(Kazakhstan)), six bone samples from Altai mixed sites of the
Irmen and Sargarinsko-Alexeevskaya cultures (Barsuchikha-
IV and Gusinaya Lyaga-1 sites), two bone samples of the Irmen
culture from southern Western Siberia (Kaltyshino V sites),
four bone samples of the Sargarinsko-Alexeevskaya culture of
Altai (Chekanovsky Log-I site), and one bone sample of the
Bystryanskaya culture (Manzhikha-2 site (Altai)). Detailed
information about the samples studied is given in Supple-
ment 1. Supplement also provides information on radiocarbon
dates of samples whose archaeological dating was ambigu-
ous. Radiocarbon dating was performed at the AMS Golden
Valley (Novosibirsk, Russia). Accurate dating of a sample
is necessary to prevent errors in the cultural assignment of
samples.

1 Supplements 1-3 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx25.zip

2026
30-3

Genetic relationships of horses from the Bronze Age
archaeological cultures of Western Siberia

Ancient mitogenome sequencing. All experiments were
performed at the Institute of Molecular and Cellular Biology
(IMCB SB RAS), Siberian Branch of the Russian Academy of
Sciences, in a special ancient DNA laboratory, in accordance
with the basic authenticity criteria for ancient DNA research
(Willerslev, Cooper, 2005), which presently remain relevant:
(1) The work areas for ancient DNA experiments before the
PCR stage and after it were separated. (2) Laboratory rooms
for experiments with ancient DNA before the PCR stage
were equipped with a ventilation system that created elevated
pressure; experimenters wore special laboratory suits and
two pairs of gloves, the outer one of which was constantly
changed; the gloves and all work surfaces were constantly
wiped with decontaminants (DNArid (Biomedical Innova-
tions), Dezomax (Maxima LLC)) before, during, and after
work; ultraviolet lamps (30 W) and an air sterilizer (recircula-
tor ORB-2N (POZIS)) were also used to decontaminate work
surfaces; tubes with samples and reagents were opened only
inside laminar-flow cabinets (BAVnp-01-“Laminar-S”-1.5
LORICA (LANSYSTEMY)) with the ventilation turned on.
(3) We added negative controls at the stages of isolating ancient
DNA and preparing genomic libraries, which we conducted
through all processes of the experiment to verify the absence of
cross-contamination and foreign contamination in the samples.
(4) At the stage of sequencing data analysis, the sizes and base
deamination profiles of ancient DNA fragments were evaluated
(subsection Statistics and authenticity of sequencing data of
the Results and Discussion section). (5) The ancient origin of
the samples was proven based on the archaeological context
of related materials and direct and indirect radiocarbon dating
(Supplement 1).

The preparation of bone samples for DNA extraction and the
DNA extraction process itself, as well as the method used to
prepare double-stranded, dual-index libraries for sequencing,
are described in detail in (Kusliy et al., 2021).

Two rounds of library enrichment were performed using
hybridization with biotinylated modern mtDNA of Equus
caballus, immobilized on Dynabeads M-280 Streptavidin
magnetic particles (Life Technologies, USA). The method
reported in (Maricic et al., 2010) was modified as follows:
(1) When preparing biotinylated samples, we ligated a double-
stranded adapter with a 3’ single ‘T’ nucleotide overhang
(5'-CCTGCCTCGGATGTCCTTGAT-3") to modern horse
DNA fragments using a TruSeq Nano DNA Sample Prepara-
tion Kit (Illumina) according to manufacturer’s recommenda-
tions. (2) Modern horse mitogenome fragment libraries were
amplified using biotinylated primers (Biotin-5-CCTGCC
TCGGATGTCCTTGAT-3"). (3) Biotinylated probes were
immobilized onto magnetic beads with streptavidin according
to the Dynabeads™ Streptavidin Trial protocol using sodium
citrate saline (SSC) as binding and washing buffer. (4) The final
purification of magnetic particles after the enrichment proce-
dure was carried out in SSC (3 times with 100 uL of 2x SSC
at 65 °C for 5 min, 2 times with 100 pL of 0.2x SSC at room
temperature). (5) At the final stage of the procedure, 20 cycles
of amplification of enriched libraries were conducted. Ampli-
fication of the enriched libraries was performed in a volume
of 50 uL containing 1x Phusion HF Buffer, 0.2 mM of each
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The GenBank accession numbers
of the obtained nucleotide sequences

Sample name GenBank accession numbers

Bar4-1 PV926031
Berl-3-2 PV926032
BerlL-4 PV926033
Chek1-1 PV926035
Chek1-2 PV926036
Chek1-3 PV926037
Chek1-4 PV926038
Chek1-6 PV926039
Gus1-2 PV926040
Gus1-3 PV926041
Gus1-4 PV926042
Gus1-5 PV926043
Gus1-6 PV926044
Kalt5-2 PV926045
Kalt5-3 PV926046
Man2-1 PV926047
Tas-1 PV926048

dNTP, 1 uM of each primer for library fragment adapters (SuD
Nano DNA Library Prep Kit for [llumina), and 1 U of Phusion
DNA polymerase. The PCR program was as follows: 30 s ini-
tial denaturation at 95 °C; 20 cycles, each of which included
20 s denaturation at 98 °C, 20 s primer annealing at 65 °C,
20 s elongation at 72°C; and final 5 min elongation at 72 °C.

Quantification of the obtained libraries was performed using
a Qubit 4 Fluorometer (Invitrogen) and a Qubit dsSDNA HS
Assay Kit, according to manufacturer’s recommendations.
To check for contamination at the stages of DNA isolation,
library preparation, and amplification, blanks were used that
showed the absence of target DNA during final data analysis.
Paired-end sequencing of the enriched libraries was carried
out on the MiSeq platform (Illumina, USA) using a MiSeq v2
Reagent Kit (300-cycles, 2x150bp). Library sequencing was
performed at Genomics Core Facility ICBFM SB RAS, Novo-
sibirsk).

Sequence data analysis. Secondary data analysis per-
formed in PALEOMIX BAM Pipeline v1.3.2 (Schubert et al.,
2014) is described in detail in (Kusliy et al., 2021).

Phylogenetic analysis. Multiple alignment of the mito-
genome consensus sequences was conducted using the
MAFFT v1.4.0 multiple sequence alignment program (Katoh
et al., 2002) (plugin MAFFT in Geneious Prime v2024.0.4).
PartitionFinder v2.1.1 (Lanfear et al., 2012) was used to select
the best-fit partitioning schemes and models of molecular
evolution for phylogenetic analyses. In the alignment of horse
mitochondrial genome sequences, five partitions were identi-
fied with the following evolutionary models of nucleotide
substitutions: HKY+I for the second codons of protein-coding
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genes; HKY+G+I for RNA coding genes, first and third co-
dons of protein-coding genes; GTR+G+I for hypervariable
regions. The Bayesian phylogenetic tree was constructed with
the MrBayes v.3.2.6 program (Ronquist, Huelsenbeck, 2003)
using the above partitioning schemes and evolutionary models
and the following parameter values: 8 million generations of
Markov chain Monte Carlo, sampling frequency 800; the first
25% of trees discarded. The tree visualization was performed
with the FigTree v1.4.4. program (“http://tree.bio.ed.ac.uk/
software/figtree/).

Haplotype diversity analysis. The haplotype median
joining network and haplogroup map were generated in the
PopART population genetics software version 1.7 (Bandelt et
al., 1999; Leigh, Bryant, 2015) with standard parameter values.

Analysis of genetic differentiation of populations. The
Fgr values, reflecting the measure of population differentiation
(10,000 permutations), as well as nucleotide diversity values,
were obtained with the Arlequin v3.5.2.2 integrated software
package (Excoffier, Lischer, 2010).

Data availability. All bone samples were obtained from
the collection in the repository of the Institute of History and
International Relations of Altai State University (Barnaul,
Russia) (collection manager Dr. Alexey A. Tishkin). The
described study complies with all relevant regulations. The
GenBank accession numbers of the mitogenome consensus
sequences are given in Table.

Results and discussion

Statistics and authenticity of sequencing data. The ancient
origin of the obtained sequences is proven by the profiles of
nucleotide misincorporation in DNA fragments of the sequenc-
ing libraries obtained in the MapDamage v2.2.0 computational
framework (Jonsson et al., 2013). The percentage of nucleotide
substitutions therein increases towards the ends of the frag-
ments due to the presence of protruding ends in the fragments
of ancient DNA (Green et al., 2006; Sawyer et al., 2012). The
distribution graphs of the sizes of the sequenced libraries also
confirm the data authenticity, since the average fragment size
of each library is extremely small (less than 100 bp), which is
typical for degraded ancient DNA (Sawyer et al., 2012). The
graphs of postmortem damage and fragmentation patterns are
shown in Supplement 2. The statistical parameter values of
the obtained sequencing data are given in Supplement 3. The
frequency of deamination at the ends of DNA fragments, which
is on the average 2—3 times higher than in the middle of the
fragment (Supplement 3), also points to the ancient origin of
the DNA under study.

Haplotyping and haplogroup diversity assessment
among the ancient horses studied. We compared the con-
sensus sequences of the mitogenomes of the ancient horses
studied here and in previous works (Vorobieva et al., 2020;
Kusliy et al., 2021) with each other, determined their charac-
teristic nucleotide variants relative to the reference sequence
and assigned them to previously determined haplogroups
(Achilli et al., 2012). Based on this data, a map of the geo-
graphical distribution of these mitochondrial haplogroups in
Inner and Central Asia in ancient times was constructed. The
map is shown in Figure 1.
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Fig. 1. Map of the geographical distribution of haplogroups of ancient and medieval horses in Inner Asia and adjacent territories
studied here and earlier. The circle size is proportional to the number of haplotypes obtained. The sector colors highlight different
haplogroups. The symbols show the belonging of the sites to a time range or archaeological culture. The legend is shown in the inset.

As can be seen from the figure, the haplotype of the Paleo-
lithic Altai horse is not found among the studied ancient or
medieval horses in Inner Asia and adjacent territories.

The most ancient haplotypes of domestic horses, namely
those of the Early and Developed Bronze Age (Andronovo cul-
ture (Chekanovsky Log-2, purple sector; and Tasty-Bulak sites)
and Eluninskaya culture (Berezovaya Luka site)), belong to
haplogroups A, I, and M. These ancient haplogroups were also
found in the Altai Krai (Irmen + Sargarinsko-Alexeevskaya
cultures) and Mongolia horse groups in the Late Bronze Age,
and in the mountain and steppe Altai in the Early Iron Age,
which may point to a certain genetic continuity of horses of
the corresponding cultures.

The figure also shows significant differences in the com-
position of haplogroups between the ancient horses of Altai
and Mongolia, which share only haplogroup M, present in
the Andronovo group. In contrast to the small overlap in mi-
tochondrial genetic diversity shown between ancient horses
of the Mongolia and Altai regions, modern horses of these
regions show a much greater degree of genetic closeness
(Kusliy et al., 2023). This observation is most likely indicative
of a common origin and the absence of close contacts between
horses associated with the cultures of these territories after the
Developed Bronze Age.

Turning attention to the Irmen and Sargarinsko-Alexeev-
skaya cultures of the Late Bronze Age, which are in the focus
of this study, we note that the mixed-type sites in the northern
Altai Krai are close in haplogroup diversity to the sites of the

Sargarinsko-Alexeevskaya culture of the southern Altai Krai,
and they both differ greatly in these indicators from the sites
of the Irmen culture, located in the north-eastern direction. As
can be seen from the map, the mitochondrial haplogroups of
horses from the Irmen sites coincide only with the haplogroups
of horses from the Pazyryk (Verkh-Kaldzhin-1) sites of Early
Iron Age, located in the south of the Altai Republic. Since,
according to archaeological data, the Irmen culture did not
contribute to the formation of the Pazyryk culture, this close-
ness of haplogroups most likely traces the common origin of
the horses of these cultures but not continuity between them.
In order to determine the differences between the mitogenome
haplotypes of the studied ancient and medieval horses of Inner
Asia and the adjacent territories from each other, we built a
median joining haplotype network (Fig. 2).

As can be seen from the network, the most ancient haplo-
types of domestic horses in the sample (Early and Developed
Bronze Age, brown) are closest to the haplotypes of Mongolian
horses of the Late Bronze Age (blue) and haplotypes of Altai
horses of Early Iron Age (green). The constructed network
shows the proximity of horse haplotypes of the Sargarinsko-
Alexeevskaya culture and mixed sites of this and Irmen cul-
tures (pink and red, respectively) and their remoteness from
horse haplotypes of the Irmen culture, which cluster together
with haplotypes of Early Iron Age Pazyryk horses from the
territory of the Altai Mountains. The resulting haplotype net-
work also visualizes the differences between the haplotypes
of the ancient Mongolian horses under study and most of the
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Fig. 2. Median joining haplotype network of studied ancient and medieval horses in Inner Asia and adjacent territories.
The colors of the circles are associated with different semantic groups of horses (according to historical and cultural
periods, belonging to a specific culture or region). The legend is shown in the inset. Lines on the branches of the network
represent genetic variants that distinguish the ancestral haplotype from younger ones.

other haplotypes of the sample and the similarity of the Bronze
Age Mongolian horses to the Andronovo horse, which is most
likely related to their origin. The described figure shows a more
detailed history of the studied ancient horse haplotypes, whose
key features are outlined above.

Our analysis of population differentiation in the culture
groups of Sargarinsko-Alexeevskaya (samples Chekl-1,
Chekl1-2, Chekl-3, Chekl-4) and Irmen (samples Kalt5-2,
Kalt5-3) and in the group of mixed sites of these two cultures
(samples Bar4-1, Gusl-2, Gusl1-3, Gusl-4, Gusl-5, Gusl-6)
revealed a high degree of differentiation between the Mixed
and Irmen groups (Fgr = 0.24, p-value > 0.05) and a very
high degree of differentiation (Fgr = 0.52, p-value > 0.05)
between the Sargarinsko-Alexeevskaya and Irmen groups.
Their Fgranalysis also showed an insignificant degree of dif-
ferentiation between the Mixed and Sargarinsko-Alexeevskaya
groups. However, since the sample sizes were small, and the
p-values were unreliable (p-value > 0.05), this can only be
considered an additional evidence.

Phylogeographic reconstructions. In order to see a more
detailed picture of the relationships between haplotypes within
haplogroups and to trace phylogenetic relationships to the
present, we constructed a Bayesian phylogenetic tree based
on mitogenome sequences of ancient, medieval, and modern
horses from different regions of the world, including our
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samples and previously published ones (GenBank sequence
database). The constructed tree is shown in Figure 3.

In the above discussion of phylogeographic reconstructions,
only clades with high Bayesian posterior node probabilities
are considered in the analysis of reliable phylogenetic rela-
tionships.

The constructed phylogenetic tree shows that haplogroup I
represents the intersection of haplogroups of the Eluninskaya
and Andronovo cultures of the Bronze Age. One of the Elu-
ninskaya horses we studied is located basal to the clade of
all other domestic horses of haplogroup A, which supports
the origin of horses of this haplogroup from horses of this
culture. However, since the Andronovo horses not included
into our study could also occupy a basal position within this
haplogroup, we cannot rule out the Andronovo origin. The
Eluninskaya culture is known to form earlier (Early Bronze
Age) than the Andronovo one (Developed Bronze Age). Most
of the animal bones found in the Berezovaya Luka settle-
ment (samples BerL-3.2, BerL-4) belong to domestic species
(Kiryushin et al., 2011), but it has not been shown whether
the horses of Berezovaya Luka site were domesticated or wild
(hunted). Our data (Fig. 3, haplogroup I) clearly indicate that
some horses of this settlement were domesticated, because
the corresponding haplotypes are located within the clade of
modern domestic horses. Since the development of animal
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Fig. 3. Bayesian phylogenetic tree of ancient, medieval and modern horses from different regions of the world, constructed on the
grounds of mitogenome sequences. The names of the samples consist of three parts, separated by an asterisk: (1) the geographical
origin of the sample (the An prefix at the beginning denotes ancient and medieval samples, and the His prefix indicates historical
horses); (2) registration number of the GenBank database or name of the sample and culture; (3) age of the sample. Letters A-R to the
right of the clades correspond to the names of equine mitochondrial genome haplogroups according to the classification by Achilli et
al. (2012). The colors of the sample names are associated with different semantic groups of horses (according to historical and cultural
periods, belonging to a specific culture and/or region); the correspondence is described at the upper left of the figure. For better
clarity, some clades of the tree have been collapsed. The Bayesian posterior probability of the tree topology is shown as numbers next
to the tree nodes (probability less than 0.7 (confidence level) is highlighted in red). The numeral under the horizontal scale bar at the
bottom of the figure indicates the number of nucleotide substitutions related to a segment of equal length on a tree branch.
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husbandry in the Altai steppe zone is primarily associated
with the bearers of the Eluninskaya culture, who migrated
there at the beginning of the Early Bronze Age (Kiryushin
et al., 2012), the South Siberian origin of some ancient do-
mestic horses of Asia remains questionable. However, since
the Eluninskaya and Andronovo cultures overlapped in time,
and horses of the Andronovo culture spread very quickly to
adjacent territories (Koryakova, Epimakhov, 2007; Lindner,
2020; Epimakhov, 2020), the question of local domestication
or Andronovo origin of the Eluninskaya culture horses will
remain relevant until whole genome data on horses of these
cultures are obtained. Based on our data, we conclude that
some domestic horses from both cultures are genetically very
close. It should also be noted that, according to our results,
the haplogroups of the Eluninskaya culture horses were found
only among horses of Early Iron Age from the south of the
Altai Republic (Biykenskaya, Pazyryk, Turkic cultures), and
the haplogroups of the Andronovo culture were widespread
not only among the Pazyryk horses of Altai, but also among
the horses of the Late Bronze Age from the Ob-Irtysh region of
Western Siberia (Irmen + Sargarinsko-Alexeevskaya cultures)
and Mongolia (the Khereksur and “Deer Stone” culture). The
closeness of the haplotypes of horses of the Khereksur and
“Deer Stone” culture of Mongolia and the Andronovo culture,
detected by us for the first time on the basis of mitogenome
data, is most likely associated with continuity between the
horses of these cultures. A horse of the mixed site of the [rmen
and Sargarinsko-Alexeevskaya cultures, which occupied the
basal position in clade M, is also quite close to the mitochon-
drial haplotypes under consideration (samples Gan-1, Gan-3,
Chek1-6). The closeness between the haplotypes of domestic
horses of the Andronovo culture, from which most domestic
horses of Asia originated, and horses of later cultures of Mon-
golia and Siberia more likely points to their common origin
from horses of the Andronovo cultural-historical community.
The intersection of the mitogenome gene pools of horses of
cultures later than Andronovo in Siberia and Mongolia is
more likely to point to close contacts between archaeological
cultures of these regions.

Within haplogroup I, the BerL-4 horse of the Eluninskaya
culture, one of the most ancient in our sample occupies the
closest position to horses of the Kustanai local breed of Ka-
zakhstan and the indigenous Iranian breed. This observation
looks consistent with the migration of part of the population
of the Eluninskaya culture to the west after the arrival of the
Andronovo population to their territory (Grushin, 2018).

Within haplogroup E (Fig. 3), which turned out to be one
of the key haplogroups of the Sargarinsko-Alexeevskaya
culture and mixed sites (Irmen+Sargarinsko-Alexeevskaya),
the domestic horses of the latter-listed cultures we studied
are located next to modern horses of the indigenous breeds of
Italy (Maremmano), China (Jinjiang), and historical Yakutian
horses. The last of these horse breeds migrated to Yakutia from
southward regions together with the Yakut people several
centuries ago (Librado et al., 2015). The genetic closeness
we identified between the ancient domestic horses of the
mixed sites we studied and the Yakut horses is also noticeable
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within haplogroup Q. There is evidence that the Maremmano
horse breed was formed in the 8th century BCE by Etruscans
(Giontella et al., 2020; Vernesi et al., 2004), an ancient people
primarily of South European origin (Ghirotto et al., 2013;
Vernesi et al., 2004). Previous studies have shown maternal
genetic closeness between modern Maremmano horses and
domestic horses of the Altai Biykenskaya culture of Early
Iron Age (Vorobieva et al., 2020). The Jinjiang horse is a
breed indigenous to Central and Southeast China; it formed
at the end of the 1st millennium CE and developed with a
small genetic infusion from foreign breeds (Ma et al., 2019).
The similarity of mitochondrial haplotypes of horses of the
Sargarinsko-Alexeevskaya culture, mixed sites, and modern
domestic horses of indigenous breeds from different regions
of China (Yangqi, Yimen, Yili, Sanhe) can also be traced within
the Q and R haplogroups. The basal position of one of the
horses from the mixed Irmen and Sargarinsko-Alexeevskaya
culture site Barsuchikha-IV in relation to the other horses of
clade E and clade M indicates that some horses of the Marem-
mano, Jinjiang, and Yakutian breeds might derive from ancient
domestic horses of these cultures, with migration occurring in
both the eastern and western directions.

As can be seen from the phylogenetic tree we constructed,
the horses of the Sargarinsko-Alexeevskaya culture and the
mixed sites of the Irmen and Sargarinsko-Alexeevskaya
cultures are also very close in mitochondrial DNA to modern
Akhal-Teke horses (haplogroup Q), one of the most ancient
riding breeds of Central Asia (Szontagh et al., 2005).

Horses of the Irmen culture were assigned to clade N, which
is mainly represented by modern horses of local breeds of
Southern and Northern Europe and breeds formed on their
basis. Within this haplogroup, horses of the Irmen culture
are located in the subclade that also contains horses of Early
Iron Age Pazyryk culture in Altai and modern horses of the
English Shire breed and the American Saddlebred breeds. The
English Shire breed is native to England (Stephens, Splan,
2013), and the American Saddlebred breed was developed
on the basis of many riding and draft horse breeds of English
and Spanish origin in North America in the late 18th to early
19th centuries (Regatieri et al., 2016). The described geo-
graphical distribution of haplotypes of clade N may reflect
the predominant distribution of ancient haplotypes of this
haplogroup in the western direction. It should be noted that
clade N is not included in the haplogroup diversity of horses
of the Sargarinsko-Alexeevskaya culture or mixed sites of both
of the above-mentioned cultures under study.

The obtained data reflect the proximity of the mixed sites
to the Sargarinsko-Alexeevskaya culture at the level of the
gene pools of domestic horses, as well as differences in the
mitogenome genetic diversity of domestic horses of the
Sargarinsko-Alexeevskaya and Irmen cultures, but how strong
they were can only be understood by expanding the sample
of Irmen culture horses. The phylogenetic closeness of the
mitogenome haplotypes of the studied ancient and modern
horses from different regions of the world most likely points
to features in the migration directions of bearers of the Irmen
and Sargarinsko-Alexeevskaya cultures after their collapse.
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Conclusions

The study of mitochondrial genomes of ancient horses of the
Sargarinsko-Alexeevskaya and Irmen cultures in the south of
Western Siberia, mixed sites of these cultures located on the
border between their areas, older cultures (Eluninskaya and
Andronovo) in Western Siberia and Kazakhstan, and later
cultures of Western Siberia and Mongolia revealed the pre-
sence of horse haplogroups of the most ancient of the studied
cultures among horses of the Earle Iron Age Mountains and
Forest-steppe Altai cultures. Our phylogenetic reconstructions
are first to show the closeness of haplotypes of Mongolian
horses of the Khereksur and “Deer Stone” and Andronovo
cultures on the grounds of mitogenome data. They have also
identified differences between the horses of the Sargarinsko-
Alexeevskaya and Irmen cultures. The horses of the mixed
sites with ceramics of both of the aforementioned cultures are
closer in mitochondrial DNA to the horses of the Sargarinsko-
Alexeevskaya culture, some haplotypes of which, in turn, fell
into the haplogroup with the highest content of Akhal-Teke
horses. Other haplotypes of this culture turn out to be geneti-
cally close to horse haplotypes of ancient indigenous breeds
of Southern Europe and China. In contrast, the horses of the
Irmen culture show a closer relationship to the horses of the
native breeds of Northern Europe. The differences between
the mitochondrial gene pool of horses of the Sargarinsko-
Alexeevskaya and Irmen cultures may be associated with the
origin of the studied horses of these cultures from different
stock populations, as well as with the absence of a strong ex-
change of horses between them, which most likely correlates
with the different histories of the cultures under consideration.
The close mitochondrial relationship between Bronze Age
Mongolian and Siberian Andronovo horses is most likely
connected with the origin of the former from the latter. Fur-
ther study of horses of the cultures under study is required to
understand how strong the differences in their mitochondrial
gene pools were.
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TOKCUYHbBIE MeTaJUIbl I TeHETUYECKU IMOAMMOPPIU3M
Yy KOpeHHOro HaceneHuda Cesepa A3 1 AMepuKIu

B.A. Maaspuyk @, H.B. [Toxnarox

WHcTuTyT 6ronornyecknx npobnem Cesepa [lanbHEBOCTOYHOIO oTAeneHus Poccuiickoin akagemun Hayk, MaragaH, Poccus
@ malbor@mail.ru

AHHoTaumA. B HacToAweln pabote y KopeHHoro HaceneHua Cubupu npoaHanM3npoBaH NonavMopdU3M reHos,
Koaupyowyx GpepmeHTbl MeTabonim3Ma TSXKENbIX METaNifIoB, Ha OCHOBE [aHHbIX O COAEep)KaHWW PTYTW, CBUHLA
N KagMUA B KPOBM Y KaHAACKUX 3CKUMOCOB — HOCUTENel PasfIyHbIX FeHOTUMOB; M3YUYeH TakKe nonnmopdusm
reHeTUYeCKnX JIOKYCOB, CBA3AHHbIX C YYBCTBMTENbHOCTbIO K BO3AENCTBMIO MbIlbAKa MO AaHHbIM O COAepKaHuu
HeopraHNMYecKoro MbllbAKa B MOYe y KOPEHHOro HacesneHusa AHf, AnUTeNibHoe Bpemsa (B TeuyeHue TbicAYeneTnii)
noTpebnALLero NMTbEBYO BOAY C MOBbILWEHHbIM COLEPKAaHUEM MbIlbAKA. /1A MOMCKA reHeTUYeCKNX MapKepoB
BO3[ENCTBUA TOKCUYHBIX METaSIFIOB Ha OPraHM3m YesioBeKa MCMosib30BaH MONyNALNOHHO-FEeHETUYECKNIA NOAXOA,
HanpaB/ieHHbIA Ha aHann3 reHeTUYeCKMX Pasnuunii Mexay nonynAunaMM, NPOXKUBAKOWMMK B Pa3HbIX YCIOBMAX
npUYpoAHOMN cpefbl (M B Pa3HbIX YCNOBUAX 3arpA3HEHWA TOKCUYHBIMU 3riemeHTamu). CTaTUCTUYECKN 3HayvMble
pasnnunA rnaBHbIM 06pa3om 0OHapPYKeHbI MEXAY KOPeHHbIM HaceneHrem CeBepo-BocTouHomn Cnbmpn (3cKMmocsl,
YYKUM 1 KOPAKM) 1 BbIGOPKaMU 113 LIeHTPanbHOM (3BEHbI, SBEHKM, AKYTbI) U 0XKHO (anTaluibl, WopLibl, 6ypATbl) YacTei
Crbrpun. MakcrmanbHble 3HaueHnA cTaTucTuky PBS (population branch statistics), cBnaetenbcTBytoLivie 0 BEpOATHOM
LencTBMM oTOOpa Ha reHeTnYecKre NOKyCbl YyBCTBUTENbHOCTM K BO3LENCTBUIO PTYTU, BbIABNEHbI B CEMU NOKYyCax
reHoB MTHFR (rs2274976 n rs1801131), GPX4 (rs713041), ABCB1 (rs1128503), AHR (rs2066853), TXNRD2 (rs5748469) n
SEPHS2 (rs1133238). K reHeTUYeCK1M MapKepam BO34eNCTBUA CBMHLEA MOTYT ObITb OTHECEHbI IOKYCbI 1713041 (GPX4),
rs7483 (GSTM3) n rs2282143 (SLC22AT). B oTHOwWeHWM pacnpefeneHna KagMusa B KPOBM MHPOPMATUBHBI JTOKYCbI
rs2274976 (MTHFR) n rs1056836 (CYP1B1). ObHapy»<eHo, UTo B NOMynAumuAX KOPeHHoro HaceneHna Ceepo-BocToka
Cnbupn C BbICOKOW yacToTol (65.8 %) pacnpocTpaHeHbl BapuaHTbl nonuMopdusma reHa AS3MT, 3awmwaowme
OT BO3[ENCTBMA HEOPraHMYeCKoro MbllbAKa, XOTA CBEAEHUA O [LONIrOBPEMEHHOM YMoTpebneHnn KOpeHHbIMU
Xutenamu nobepexuii YykoTkr u MNproxoTba NUTbEBOW BOAbI, 3arPsA3HEHHON MbILUbAKOM, OTCYTCTBYIOT. [peanona-
raeTcs, YTo BEPOATHbIM MCTOUYHUKOM MbILLIbAKA, @ Tak»Ke APYrMX TOKCUYHbIX 3neMeHToB Ha CeBepo-BocToke Crnbupu
MOTYT GblTb MOPENPOAYKTbI, ABNALMECA OCHOBON TPAAULMOHHOW «apKTUYECKOW» AMETbl KOPEHHOIO HaceneHus
NpU6PeXKHbIX PafioHOB CeBEPHbIX MOpPe. 1A NpoACHeHNA MexaHU3MOB AONTOBPEMEHHOIO BO3eNCTBNA TOKCUUYHDBIX
METa/NIOB Ha FEeHETUYECKYID CTPYKTYpy MOMynAuMin KOpeHHOro HaceneHua KpanHero CeBepa Heo6xogumbl
fanbHerlmne MoneKynapHo-reHeTnYecKme, BUOXMMMYECKIe N TOKCUKONOTMYeCKre NCCnefoBaHuA.

KnioueBble croBa: reHeTUYeCKre MapKepbl; reHeTnyeckasn auddepeHumanms; nonynayum Yyenoseka; Cnbmpb; pTyTh;
CBUHeL; KafMUIA; MblLLbAK

Ona yutnpoBaHua: Manapuyk B.A., Moxuniok H.B. TokcnyHble MeTansbl U FeHETUYECKUIA MONMMOPOU3M Yy Ko-
peHHoro HaceneHua CeBepa A3um 1 AMepuku. Basunosckul XypHan eeHemuku u cenekyuu. 2026;30(3):461-469.
doi 10.18699/vjgb-26-50
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Toxic metals and genetic polymorphism in indigenous
populations of northern Asia and America
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Abstract. The polymorphism of genes encoding enzymes involved in heavy metal metabolism was analyzed in
indigenous Siberian populations based on the mercury, lead, and cadmium contents in the blood of Canadian Inuit
carrying different genotypes. Additionally, we examined the polymorphism of genetic loci associated with sensitivity
to arsenic exposure in indigenous Siberian populations using data on inorganic arsenic content in the urine of
indigenous Andean populations who had consumed drinking water with elevated arsenic levels for thousands
of years. A population genetic approach was used to seek genetic markers of toxic metal exposure in humans by
analyzing genetic differences between populations living in different natural environments and under different
conditions of toxic element contamination. Statistically significant differences were primarily observed between
indigenous populations in Northeast Siberia (Siberian Eskimo (Yupik), Chukchi, and Koryaks) and samples from
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the central (Evens, Evenki, and Yakuts) and southern (Altaians, Shors, and Buryats) regions of Siberia. The maximum
population branch statistics (PBS) values, which indicate the probable effect of selection on genetic loci sensitive
to mercury exposure, were identified in seven gene loci: MTHFR (rs2274976 and rs1801131), GPX4 (rs713041),
ABCBT (rs1128503), AHR (rs2066853), TXNRD2 (rs5748469), and SEPHS2 (rs1133238). Loci rs713041 (GPX4), rs7483
(GSTM3), and rs2282143 (SLC22AT) can be considered genetic markers of lead exposure. Loci rs2274976 (MTHFR) and
rs1056836 (CYP1B1) provide information about cadmium distribution in blood. It was found that protective variants
of the AS3MT gene polymorphism are widespread (65.8 %) in the indigenous populations of Northeast Siberia. This
is despite the lack of information regarding the long-term consumption of arsenic-contaminated drinking water by
indigenous peoples along the Chukotka and Priokhotye coasts. It is hypothesized that seafood, which constitutes the
core of the traditional “Arctic” diet of the indigenous populations inhabiting the coastal regions of the northern seas,
may potentially be a significant source of arsenic and other toxic elements in Northeast Siberia. Further molecular,
biochemical, and toxicological studies are necessary to elucidate the mechanisms by which toxic metals impact the
genetic structure of indigenous populations in the Far North over long periods of time.

Key words: genetic markers; genetic differentiation; human populations; Siberia; mercury; lead; cadmium; arsenic
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BBepeHue

Tokcu4HbIE MeTaIUIBI, TAKUE KAK PTYTh, CBUHEL], KQJIMHI H 110-
JIyMETAJIT MBILIBSIK, OTHOCSTCS K YUCITY IIUPOKO PACIpoCTpa-
HEHHBIX 3arpsi3HUTEIIEH OKpyKaroel cpelibl; OHU TOKCHYHBI
JUISL 4eNlOBeKa U MPEJCTABISIOT yrpo3y 310poBbio. Ocolyio
032004CHHOCTb BBI3BIBACT 3arps3HeHne 3kocucTeM KpaiiHero
Cesepa, r1e, Kak IOKA3aHO B PSAJIE HCCIIEIOBAHUHN, aKKYMYJIH-
PYIOTCS pa3JIndHbIC 3arPsI3HSIONINE BEIIECTBA, M0T1a/1al0IIe
4yepe3 BOLy, MLy M BO3IyX B opranusm jozaeit (Fernandez-
Llamazares et al., 2020; Basu et al., 2022; Adlard et al., 2024).
TpaguuuonHas auera kopeHHoro Hacenenusi Kpaiinero Ce-
Bepa A3un 1 AMEPHUKH, 0COOEHHO IPUMOPCKHUX TEPPUTOPHIA,
OCHOBaHa Ha NMOTPEOJCHUH MPOAYKTOB MUTAHUS (MOPCKHX
MJICKOIIMTAIOIINX, PHIOBI, MOJUTIOCKOB), COJEPIKAINX MOBBI-
IICHHBIC YPOBHH 3arpsi3Hsromux seniects (Becker, 2000; ['a-
MOB ¥ 1p., 2022). B npombInuieHHbIX pernonax CHOMpH Takxke
CYILECTBYET NpolieMa 3arpsi3HEHUS! TSHKEJIBIMU METaJUIaMH,
TIPE/ICTABISIFOIIMMH OTIACHOCTD JJIS 30POBBsSI YETIOBEKA.

Hecmotpst Ha TpOBOIMMbIE MEPOIPHUSITHS 10 OMOMOHUTO-
PHHTY 3arps3HSIOIINX BEIIECTB B OMOIOTMYECKHUX TKAHAX Ye-
JIOBeKa (IIPENMYILECTBEHHO 3TO BOJIOCHI M KPOBB), CIIOKHOCTD
MHTEPIIPETALNH ITOTyYCHHBIX JAHHBIX MOXKET OBITH CBSI3aHA C
TEHETHYECKUMH PA3INYUSIMU MEXITY TTOITYIISINASMA YeJI0BEKa,
MIPO’KUBAIONIMMHI B Pa3JINYHBIX IPUPOTHO-KIMMATHUECKUX
30HaX. OIHAKO MOMYISINOHHO-TEHETHYECKUX CCIICIOBAHUH,
HalpaBJIeHHBIX Ha IMOMCK I'€HETHYECKUX MapKepoB, yKa3bl-
BAIOIIMX Ha BO3JECHCTBHE 3arpsi3HAIONINX BELIECTB Ha Opra-
HU3M, ITPOBOANTCS OYeHb Maio. Hambonee n3ydyeHHBIMU B
9TOM OTHOUICHHH SIBJISIOTCS TOITYIISALMN 3CKUMOocoB Kananbt n
I'pennangun (Ayotte et al., 2011; Ghisari et al., 2013; Parajuli
etal., 2018, 2021).

[Tony4eHHbIe TaHHBIE TIO3BOIMIIH ITPEIIOJIOKHTH, YTO YPOB-
HU 3arps3HAIOMINX BEIIECTB B KPOBU CBSI3aHBI C MOJIMMOP-
(U3MOM TeHETHYECKHX JIOKYCOB ISl psia OMOIOTHYECKUX
ITyTeH, TAaKMX KaK MeTa00IIM3M (DOJIEBON KUCIIOTHI, JINIIH/IOB
1 KCeHOOMOTHKOB. Tak, y KaHaJICKNX 3CKUMOCOB BBISBICHBI
TeHETHYECKHE BAPHAHTBI, C KOTOPBIMH ACCOLMMPYFOTCS ITOBBI-
IIEHHBIC WY TOHIKEHHBIC KOHIIEHTPAIINH TSDKEIBIX METAJIOB
(pTyTH, KaaMus, CBHHIA) U OPraHUYECKUX 3arps3HHUTENCH
(4,4'-AJ1E u I1XB-153) B xpoBu (Parajuli et al., 2018, 2021).
YcraHoBIIEHO, YTO KOpeHHOE HaceneHne AHI (ApreHTuHa,
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Yunn, bonmBns), moTpebnsiBiiee B TEUCHHUE THICTUCICTHH
MTUTHEBYIO BOJLY C BEICOKOW KOHIIGHTPAINMEH MBIIIbSKA, TPH-
CTIOCOOMIIOCH TeHETHYECKH K TOKCHYHOMY BO3JICHCTBHIO 9TOTO
xummdeckoro meMenTta (Engstrom et al., 2011; Apata et al.,
2017; De Loma et al., 2022). B pe3yabTare B 3THX TOMYJISAIHIX
CYIIECTBEHHO BBIPOCTIA YaCTOTa MPOTEKTUBHBIX BAPUAHTOB,
KOAMPYIOMUX (pepMeHTHI, criocoOHbIe 6oree 3 HEKTHBHO Me-
TabOIM3UPOBATH MBIIIBSK U BEIBOJUTE €TO U3 OPraHU3Ma.

B cBsI3M C BBIIIEN3IOKEHHBIM MIPEACTABISIIOTCS AKTyallb-
HBIMH HCCJICIOBAHHS PACIIpe/IeICHNs TCHETHIECKNX BapraH-
TOB, CBSI3aHHBIX C META0OJIM3MOM TOKCHYHBIX METAJIOB, B
JPYTHX STHHYECKHUX TpyNIax desnoBeka. Llenpro HacTosmen
paboTHI CTAJ aHAIN3 PACIPE/IENICHNS YaCcTOT MOIUMOP(HBIX
BapHUaHTOB T€HOB, BOBJICUCHHBIX B META0OIN3M TOKCHUHBIX
9JIEMEHTOB U CBSI3aHHBIX C UYBCTBHTEILHOCTBIO K BO3/EH-
CTBHIO PTYTH, MBIIIbsIKA, KQJIMUSI 1 CBUHIIA, B PETHOHAIIBHBIX
BBIOOpKAX KOpeHHOTo HaceneHus Cudupmu.

MaTtepuanbl n meTofbl

B paborte ncronp30BaHbI OITyOIMKOBAHHBIC PaHEE PE3YIbTaThI
renotuniuposanus 200 npencTaBuTenei KOPEHHOTO HACEICHUS
Cubupw, nosry4eHHbIE ¢ TOMOIIBIO MTaHenu Mapkepos [1lumina
OmniExpress Bead Chips (Cardona et al., 2014). Beibopka ko-
pennoro Hacenenus Ceepo-Bocroka Cubupu (N = 58) cdop-
MHpOBaHa XUTENIMU Mobepexxuit bepuHrora (3CKUMOCH U
4yykun) 1 Oxorckoro (Kopsiku) Mopeil. B nieHTpaipHocnoup-
CKYIO BEIOOPKY BOIILIM 9BE€HBI Maraianckoii 001acTu, 9BEeHKU
KpacHosipckoro kpast 4 IKyThI U3 Pa3IHMYHbBIX PalloHOB SIKyTHH
(N ="70). B to:)xHOCHOHPCKOI BBIOOPKE 00BEAMHEHBI IIOPIIBI
u3 KemepoBckoii o0nactu, 10kHbIe anTaiipl u3 PecryOnuku
Anrait u KemepoBckoit o0mactu, OypsiThl M3 pa3iMuHbIX
paiionoB bypstuu (N = 72). HecMOTpsi Ha TO 4TO KOPSKH U
9BEHBI COCEICTBYIOT Ha O/THOM TeppuTopru CeBepo-IBEHCKO-
ro paifona MaranaHckoit oGnactu npumepHo ¢ XVI B., oHI
TCHCTUYCCKHU PA3JINYAIOTCA U MTOOTOMY OTHCCCHBI B pa3HbIC
peruonanbubie Tpymmsl (Cardona et al., 2014).

B nmomynsimsax xopeHHoro HacesieHust Cubupu mnpoaHa-
JIM3UPOBAH MOIUMOPHHU3M 78 JOKYCOB, KOTOPBIC MPEAIIONO0-
JKUTCIIBHO CBA3aHbl ¢ MCKUHAWBUAYAJIBbHBIMU PA3INYUAMU
MO KOHUCHTpAILUAM TAXKEIIbIX MCTAIIOB (pTyTI/I, KaaMusa U
CBHHIIZ) B KPOBH Y KaHaJICkuX ackumocos (Parajuli et al., 2018,
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2021) (ta6u. S1 Ipunoxenus)!. UccnenoBaHHbIe JTOKYChI Ha-
XOJISITCSL B T€HAX, KOAUPYIOMNX (pepMEHTHI, BOBJICUCHHBIC B
CIIeyIOIIHE KITI0UEBbIe OMOIOTHUECKHE Iy TH: AaHTHOKCH/IAHT-
HBIE CBOWCTBA, META0OIIM3M (DOITNEBOM KUCIIOTHI, META00IN3M
DTy TaTHOHA, TEMOITIOONH, TPAHCTIOPTEPHI HOHOB, OKHCITHTEITh-
HBIH CTpecC, CeleHONPOTENHBI, METa00IN3M KCEHOONOTHKOB,
METaJUIOUyBCTBUTEIbHBIC MEXAaHU3MBbI (METAJUIOTHOHEHHBI ),
JIUMUAHBINA OOMEH U BOCTIAJINTEIBHBIE TIPOLIECCHI.
Pacripenienenue anieneii 1 TeHOTUITOB, TETEPO3UTOTHOCTH U
TeHeTHIeCKyo D hepeHINANTIO TTOMYI SN (FSt-pa3dms)
HCCIIE/IOBANIN C TIOMOIIBIO MakeTa mporpamm Arlequin 3.5
(Excoffier, Lischer, 2010). OTk10HeHHE OT paBHOBeCHS Xap-
nr—BaitHOepra B MOMyIISIIUSIX ¥ Pa3Iudust [0 9acTOTe ajuiesieit
Y TEHOTHIIOB OIIEHUBAJIU C OMOIIBIO TOYHOTO TecTa Puinepa.
CreneHb HepaBHOBECHS O CHETUICHUIO MEK/Ty QJUTSIISIMU JIBYX
Pa3HBIX JIOKYCOB Ha XPOMOCOME OITPE/IEIISIN C TOMOIIIBIO CTa-
THCTHKH 12, JIJist OLEHKH JeHCTBUsSL OTOOpA Ha ayTOCOMHbIE
JIOKYCHI MICTIONB30BaN cTaTuCTUKY PBS (population branch
statistics), OCHOBaHHYO Ha F'St-pa3nuansax MEKIY TPEMs CpaB-
HuBaeMmbMu onyrirusam (Yi et al., 2010). Beicokue 3nave-
HUst PBS MOTYT CBU/IETETIHCTBOBATH O CHIIBHOM CEIEKTHBHOM
BO3JICHCTBHH Ha JIOKYC, B PE3YyJIbTATE YEro YacTOTHI ajieieh
H3MEHSIOTCS OBICTpEE, YeM OKUAACTCS B pe3ysbTare Apeida.

Pe3ynbratbl 1 06CyxaeHne

leHeTMUYecKne MapKepbl BO3AECTBUA PTYTH

PryTh (Hg) — TOKCHYHBIIT XUMUYECKHH JJIEMEHT, IPEIICTABIISIO-
IIHUH yrpo3y JUTst 30pOBbsl BCETO HAceJIeHUsl Mupa. Breicokast
TOKCHYHOCTH HEOPTaHUUECKUX M OPraHHUECKUX COSTMHEHUI
pTyTH (OCOOEHHO METHIIPTYTH ) 00YCIIOBIIEHA B3aUMO/ICHCTBH-
eM ¢ cyab(ruapuibHbMu (-SH) rpynmamMu aMHMHOKHCIIOTHBIX
OCTaTKOB IMCTeHHA. B CBS3M C 9THM NMPOMCXOIAT HapyIe-
HUSI CTPYKTYpPBI O€JIKOB M aKTHBHBIX IIEHTPOB (DEPMEHTOB,
TIOBPEkKICHHS KIIETOYHBIX MEMOpPaH M OpraHellT; BO3pacTaer
YPOBEHb OKHCIUTEIBHOTO cTpecca (Apednera u ap., 2010;
Basu et al., 2022).

Amnanu3 nonumop(husma JOKyCOB, CBSI3aHHBIX ¢ MeTabo-
JIU3MOM PTYTH Y KaHAJICKUX 3CKHMOCOB, COTJIACHO JaHHBIM
R.P. Parajuli ¢ xomneramu (2018, 2021), mokasai, 4ro s
47 w3 78 JIOKYCOB HAOIIOAFOTCS CTATHCTUYCCKH 3HAYUMBIC
Ppa3IMYus 10 pacIipe/ie]IeHHIO ajlleliel pH ITONapHbIX CpaBHe-
HUSIX perHOHANIBHBIX rpyrin Cudupu (cm. Tadmn. S1). Hanbonee
BBICOKHE 3HAUSHHUS CTAaTUCTUKH PBS, CBUIETEIbCTBYIOIINE O
BEPOSITHOM CEJISKTUBHOM BO3/ICHCTBHH Ha JIOKYC (B AMara3oHe
ot 0.266 110 0.043), BBISIBIICHBI B CEMH JIOKYCaX, JUIsl KOTOPBIX
paHee ObUIN ITOKa3aHbl ACCOIMAIMH MEXLy TOIUMOP(OHBIMH
BapuUaHTaMHU M COJEPKaHUEM PTYTH B KPOBH Y KaHAJICKUX
ACKUMOCOB — HOCHUTEJICH Pa3InYHbIX FCHOTHIOB (Tabi. 1).
910 nokychl 152274976 (ren MTHFR), 1s713041 (ren GPX4),
rs1801131 (ren MTHFR), 1s1128503 (ren ABCBI), 1s2066853
(ren AHR), rs5748469 (ren TXNRD2) n rs1133238 (ren
SEPHS?). Pe3ynsTarsel aHann3a MOKa3bIBAIOT, YTO AJIS JaH-
HBIX JIOKYCOB HaOJIIO[1aeTcsl yBEJIMUYCHUE YacTOThI ajuiesei,
ACCOIMHMPYIONIUXCS C TOBBIIIEHHBIM COAECPKAHUEM PTYTH
B KPOBH, B HaIlpaBJICHUU C I0Ta Ha ceBepo-BocTOK Cnubnpn

' Mpunoxenue cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx26.xIsx
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(Tabm. S2). HanbGomnee BBICOKME YaCTOTHI MapKepHBIX ajLre-
aeit (rs2274976-T, rs713041-C, rs1801131-G, rs1128503-A,
rs2066853-G) 3apeTUCTPUPOBAHBI KaK y KaHAJICKUX ICKHU-
MOCOB, TaK M y KOPEHHOTO HACEJICHNSI TPHOPEKHBIX paio-
HOB CeBepo-BocTounoit Cubupu (y 3CKHMOCOB, YyKdeH U
KOPSIKOB).

Kpome sroro, Bapuantsl 1s5748469-A rena TXNRD2 u
rs1133238-Arena SEPHS2 o6Hapy»XeHBI C MAKCIMAaJTbHOMN Ja-
cToToii Tonpko Ha CeBepo-Bocrtoke Cubupu. [Ipruem ammensb
rs1133238-A HaxonuTcs B OCHOBHOM B COCTABE IE€TEPO3UTOT,
y HOCHTENeH KOTOPBIX 3a(h)MKCHPOBAHBI HanOOJICe BBICOKHE
KOHILIEHTpalUu PTyTH B KpoBH, — 110 yactore GG u GA+AA
BeIOOpKa 13 CeBepo-Bocrounoit CHOUpH cTaTHCTUIECKH 3HA-
YHUMO OTJIMYAETCH OT JAPYIHX CUOMPCKHUX BBIOOPOK (P < 1074,
TOYHEIA TecT Durepa).

BbIsBIIEHHBIE TEHETHYECKHE JIOKYCHI, ISl KOTOPBIX HAaOIIIO-
Jlaach CBsI3b ¢ U3MEHEHMSIMH B COIEPYKaHUH PTYTH B KPOBH
KaHaJCKNX HCKUMOCOB, OTHOCSITCS K CIICYIOIIIM OHOIIOTHYE-
CKUM TyTsAM: MeTabonu3M ¢omreBoii kuciotsl (red MTHFR)
1 celeHOnpoTenHOB (TeHsl GPX4, SEPHS?2), TpaHCTOpT pas-
JTUYHBIX MOJIeKyI (TeH ABCB 1), MeTabom3M KCEHOOMOTHKOB
(rer AHR), oxucnurenbHbii cTpece (Ter 7XNRD?2). CornacHo
mauaeM ClinVar Miner (https://clinvarminer.genetics.utah.
edu/), momumopdusm mokyca rs2274976 (aMHHOKHCIOTHAS
3ameHa Arg594Gln) rera MTHFR, KOMUPYFOIIETO METHIICH-
TeTparuapodonarpeayKkrasy, ¢ MOMOIIBI0 KOTOPOH N3 TOMO-
oUCcTenHa 00pasyercsi OMoNMorHuecKy akTHBHAsA (Gopma ¢o-
JIMEBOH KUCIIOTHI, SABIISICTCSI HEUTPAIbHBIM B (DYHKIIHOHAILHOM
OTHOIICHNH, XOTS y TETEPO3NUTOT HAOIIONATIOCH HEOOIbII0e
TIOBBINICHNE KOHIIEHTPANU TOMOIcTeHa B KpoBH (Melo
et al., 20006).

Amnanornaao nomuMopdmM mokycars 1801131 (Glu429Ala),
XOTS ¥ IPUBOZUT K HEOOJBIIIOMY CHHKEHHIO aKTUBHOCTH KO-
JaupyeMoro (gepMeHTa, HO He BIHUSIET HAa YPOBEHb TOMOIIMC-
TEHHA B IJIa3M€ KPOBH M TaK)XK€ OTHOCHTCS K UHMCIY HEH-
TpanpHBIX m3MeHeHnr (Weisberg et al., 2001). B To xe Bpems
3ameHa Ala222Val B mokyce rs1801133 cBsizaHa ¢ BBIpaKeH-
HbIM cHWkeHneM aktuBHOCTH MTHFR (Frosst et al., 1995),
B PE3yJIBTATe YETO CYIIECTBCHHO MTOBBIIIACTCS PUCK PA3BUTHS
THIIEPTOMOIIMCTENHEMHH, 00yCIOBIEHHOH Ae(UIINTOM Me-
THJICHTETparuapodonarpeaykrassl. HeooxoanmMo oTMeTUTb,
YTO KOPEHHOE HACEJICHNE CEBEPO-BOCTOYHON 1 [IEHTPATBHON
gacTet CuOupH XapakTepu3yeTcsl MOHIKEHHOW 9acTOTOM
BapuanTa 1s1801133-A, cBsa3aHHOTO C OOIIee HU3KOW aKTHB-
HOCTBIO (DEPMEHTA, B CPABHEHHMH C JPYTHMH PETHOHAMHU
mupa (cM. Tadmn. S1). s rena MTHFR xapaktepHa OouHast
opraumu3zarus (Tpudonosa u np., 2012), 1, B yacTHOCTH, Ba-
pHuaHTH ToMuMopdu3Ma B JoKycax rs2274976 m rs1801131,
PAacIIOIOKeHHBIC HAa PACCTOSIHUY 3.5 THIC. I1. H. IPYT OT JIpyTa,
HaXoJSITCA B COCTOSIHUM CLICTUICHHSI.

[TpoBeneHHBI HAMM aHAIN3 MOKa3all, 9TO y KOPEHHOTO
Hacenenust CeBepo-Bocroka Crbrnpn HepaBHOBECHE TIO CIIETI-
JICHUIO MEXIY 3TUMH JIOKYCaMHU CYIIECTBEHHO BBINIE (3Ha-
yenus 1> BapbupytotT ot 0.6 y uykdeit 10 1.0 y 3cKUMOCOB),
4eM B 0oiee F0XKHBIX MOMYISIHAX (3HAYECHUS 72 BAPBUPYIOT
ot 0.2 1o 0.3). Takum 0Opa3oM, MOBBIIICHHBIC YaCTOTHI Ba-
puanToB 1s2274976-T nrs1801131-G y KOpeHHOTO HaceIeHus
Cesepo-Bocroka Cubupu u BeIpaXeHHOE HEPaBHOBECHE 110
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Ta6nuua 1. PacnpeneneHune BapraHTOB NONIMMOPPM3MA, CBA3AHHbIX C YYBCTBUTESIBHOCTbIO
K BO3AeNCTBUIO TAXENbIX METANINIOB, Y KOPEHHOro HaceneHna CMbupmn 1 KaHaaCKUX SCKMMOCOB

MeTabonunueckuin TeH BapuaHT YacTtoTa BapraHTa nonumopdursma P (Fst) PBS
nyTe nonumop¢nsma KaHagckne CeBepo- LleHTpanbHaa OxHasA
3cKkumocbl  BoctouHas Cunbupb (2) Cnbupb
Cnbupb (1) (3)

MeTabonunsm MTHFR  rs2274976-C 0.488 0.595 0.871 0.944 (1-2)0(1-3) 0(2-3) 0.039  0.266

¢donatos

CeneHonpoTenH  GPX4 rs713041-T 0.113 0.152 0.321 0.410 (1-2) 0.0019 (1-3) 0 0.106
(2-3) 0.137

MeTabonmsm MTHFR  rs1801131-T 0.425 0.543 0.721 0.674 (1-2) 0.0054 (1-3) 0.04 0.045

¢donaToB (2-3)0.44

MeTtabonumsm AHR rs2066853-A 0.119 0.112 0.221 0.264 (1-2) 0.033 (1-3) 0.0028 0.05

KCeHOOMOTUKOB (2-3) 0.41

OkucnutenbHbin ~ TXNRD2  rs5748469-C 0.192 0.079 0.193 0.187 (1-2) 0.01 (1-3) 0.016 0.043

cTpecc (2-3) 0.99

CeneHonpotenH  SEPHS2  rs1133238-A 0.143 0.32 0.13 0.125 (1-2) 0 (1-3) 0 (2-3) 0.99 0.102

TpaHcnopTep ABCBT rs1128503-G 0.233 0.224 0.336 0.437 (1-2) 0.052 (1-3) 0.0006 0.051
(2-3) 0.084

CeneHonpotenH  GPX4 rs713041-T 0.113 0.152 0.321 0.410 (1-2) 0.0019 (1-3) 0 0.106
(2-3)0.137

MeTabonmsm GSTM3  rs7483-C 0.32 0.198 0.421 0.41 (1-2) 0 (1-3) 0.0004 0.101

rnyTaTMoHa (2-3) 0.908

TpaHcnopTep SLC22AT rs2282143-T 0.129 0.129 0.014 0.028 (1-2) 0.0003 (1-3) 0.0016  0.084
(2-3) 0.69

MeTabonunsm MTHFR  rs2274976-C 0.488 0.595 0.871 0.944 (1-2)0(1-3) 0(2-3) 0.039  0.266

¢donatos

MeTabonunsm CYPIB1  rs1056836-C 0.099 0.070 0.207 0.174 (1-2) 0.0021 (1-3) 0.016 0.054

KCEHOONOTUKOB (2-3) 0.547

MprumeuaHwue. [JaHHble ANA KaHALCKUX 3CKMMOCOB NprBoaATcs no pabotam R.P. Parajuli c konneramu (2018, 2021). P (Fst) — cTaTucTyeckas 3Hauu-
MOCTb Fst-pa3nnymii No YacToTe annenei Npu NonapHbIX CpaBHEHWAX nonynsauuin Cnérpu.

CIICTUICHHUIO MOTYT MMETh (PyHKIMOHAJIFHOE 3HAUYCHUE, BO3-
MOYKHO, CBSI3aHHOE C N3MEHEHHEM aKTUBHOCTH METHJICHTET-
paruznpodonarpeayKTassl.

Bapuant rs713041-C rena mytarnonnepokcuaassl GPX4,
4acTOTa KOTOPOTO BO3PACTAET K ceBepy A3Mn U AMEPUKH 110
ooiee yeM 80 %o, 110 Bcel BUAMMOCTH, IMEET BAKHOE 3HAUCHHE
B 3aIUTE OPTraHU3Ma OT BO3/ICHCTBHS IEPOKCHIOB, 00pa3yro-
IMUXCS NP BO3ACHCTBUM Pa3IMYHBIX (PAKTOPOB, BKIIOUAsS
PTYTh. YCTaHOBIIEHO, YTO TPH AOCTATOYHOM YPOBHE CEleHa
(KaK B TIPIMOPCKHUX NOMyJsiusax) skcrpeccust GPx4 6puta
BBIIIE ISl TPAHCTEHOB, BKJItOYaromux Bapuant rs713041-C
(Gautrey et al., 2011).

I'ern SEPHS? xomupyer ceixeHodocdar cuaTerasy 2, odec-
TICYMBAIOIILYI0 META0OIIHM3M CENIeHa, KOTOPBIN B CBOIO OUEpe/b
BBITIOJTHSIET OOJIBIIYIO POJb B 3aIUTE OT TOKCHYHOTO BO3-
necTBus pTyTH U MeTIIpTyTH (Jorge et al., 2024). [Tostomy
OTMEUEHHAsl y KaHAJCKUX SCKMMOCOB aCCOIMAINS BapHaHTa
rs1133238-A ¢ noBbILIEHHON KOHIIEHTPALUEN PTYTH B KPOBH

464

MOJET OBITh CBsI3aHa C MPOTEKTHBHBIM 3HAYCHHEM 3TOTO
amnens. ['en ABCB1 kogupyeTt P-rukonpoTenH — TpaHcnop-
Tep, BBIBOJSIIMN U3 KIETOK Pa3INYHbIC BEIIECTBA, BKITIOYAs,
BeposATHO, u pTyTh (Sanchez Rodriguez et al., 2020). Ilo-
sromy Bapuadt rs1128503-A, nocturaromuii Ha Kpaitnem
CeBepe 04eHBb BBICOKHX 4acToT (0Koso 80 %), MOXKeT OBITh
MIPOTEKTUBHBIM, CITIOCOOCTBYSI CHIPKEHIIO TOKCHIECKOTO BO3-
JIEUCTBUS PTYTH.

I'en AHR xopupyeT peuenTop apoMaTHYECKUX YIIIEBOIO-
POZIOB, YYacTBYIOIINI B PETYIANNN TPAHCKPHUIIIIUN TEHOB
(hepMeHTOB, CITOCOOCTBYIOIINX META00IN3MY KCEHOOMOTHKOB,
B TOM 4YHWCIIC PTYTH, KaJMHs, MbIIbska 1 HUKens (Moham-
madi-Bardbori et al., 2015; Alqahtani et al., 2024). T'en
TXNRD?2 xonupyeT MUTOXOHJPUAIbHYIO THOPEIOKCHH-pe-
JyKTa3y 2, BXOJSIIYIO B COCTAB aHTHOKCHIAHTHON 3aIUTHI
opranmsma. [Tormumopdusm B 3THX reHax, 1mo Bcei BUIMMOCTH,
OKa3bIBaCT BIMSHUE HA BOCTIPHMMYNBOCTh K WHTOKCHKAIINU
pryThio (Crespo-Lopez et al., 2023).
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leHeTMYecKne MapKepbl BO3[eliCTBUA CBUHLIA

OCHOBHOW MeXaHN3M TOKCHYHOCTH cBHHIIA (Pb) cBsi3an ¢ Go-
KHPOBKOH ()epMEHTOB 3a CUET COCANHEHUS C CYIIb(TUAPHIb-
HBIMHM I'pyIIIamMu ocTaTkoB Iuctenna (Gonzalez-Villalva et al.,
2025). He cymiectByeT onpe/eIeHHOTo opora 0e301acHOCTH
JUIS1 CBHHIIA B KPOBH, ITOCKOJIBKY JIa’kKe HU3KNE KOHLICHTPALIN
9TOTO XMMHYECKOTO IEMEHTA MOTYT IIPUBECTU K CEPHE3HBIM
mpobaemMaM: TOBPEKACHUAM KICTOYHBIX MEeMOpaH, HapyIle-
HUAM CHHTE3a T'eéMOITIO0MHA, Pa3BUTHIO OKHCIUTEIBHOTO
crpecca. MccnenoBanus KaHaICKUX ICKUMOCOB ITOKa3aJIH, 4To
Y HAX BOCTIPUMIMYHBOCTb K BO3/ICHCTBUIO CBUHIIA 00y CIIOBIIC-
Ha pa3JNYHBIMU T€HAMH, OTBETCTBEHHBIMH 32 METa00IN3M
cesreHONIpOTenHOB (TeH GPX4), OKNCINTENBHBIN cTpece (TeH
TXNRD?), TpaHCHOPT pa3auIHBIX Moiekyn (reusl SLC22A1,
SLCO1B1), merabonusm kceHoOnuotukoB (ren CYP2CI19) n
npyrue mytu (Parajuli et al., 2018, 2021).

VY xopennoro Hacenenus Cubupu Hanboee BeICOKast -
(depenmmanus (3Hauerns PBS ot 0.106 mo 0.08) obHapyxeHA
Mex Ty BeIOopkoit m3 CeBepo-Bocrounoit Crubupu u ocTais-
HBIMHU Tpymnnamu 1o jJokycam 1s713041 (rex GPX4), rs7483
(rer GSTM3) n 12282143 (ren SLC22A41) (tabn. S3 u S4).
Takum o06pazom, jokyc rs713041 rena GPX4, koaupyoero
DTy TaTHOHIIEPOKCHA3Yy, BEPOSITHO, IMEET OOJIBIIIOE 3HAYCHHE
B 3aIIUTE OpPTraHW3Ma OT BO3/ICHCTBUS HE TOIBKO PTYTH, HO U
cBuHIA (cM. Taom. 1).

I'er GSTM3 koqupyeT mIyTaTHoH S-TpaHcdepasy Mio 3, Ko-
TOpasi UrPaeT BaKHYIO POJIb B IETOKCHKAIIMN KCEHOOHOTHKOB.
YcranosneHo, uto BapuaHT rs7483-T, npusondmumii k amu-
HOKHCIJIOTHOH 3amene Val224lle, 3Ha4uTENIbHO yBEININBACT
aKTHBHOCTb 3TOTO (h)EepPMEHTA, YTO MO3BONISIET dPPeKTHBHEES
MeTa0oIM3uPOBaTh JIeKapCTBEHHBIE Mpenapartsl (Tetlow et al.,
2004). [NoBbimeHHas: pepMEHTATUBHAS AKTUBHOCTH MOYKET
BIIMATh U Ha META0OIN3M TSXKEIBIX METAJUIOB, B YaCTHOCTH
cBuHIa. [ToaToMy yBennueHue yacToTsl BapuaHTa rs7483-T
reHa, Kopupytorero 6onee aktuBHyIo popmy GSTM3, y ko-
penHoro Hacenenust CeBepo-Bocroka Cubupu B cpaBHEHNH C
JPYTHMH PEeTHOHAIBHBIMHA Ipynamu CHOMPH 1 KaHAICKUMHA
3CKMMOCAMH, 110 BCEH BUAUMOCTH, CBSI3aHO C IPOTEKTUBHOM
POJIBIO 3TOTO BapHaHTa I'EHETHUECKOTO IMOIMMOp(pH3Ma B OT-
HOILLICHUH TOKCUYECKOT0 BO3/IEHCTBUS CBUHIIA.

I'en SLC22A4 1 xopupyeT TpaHCTIOPTEP OPraHUIECKUX KaTHO-
HOB 1 (OCT1), KOTOPBIit UTpaeT BAXKHYIO POJIH B TPAHCIIOPTE
Pa3JINYHBIX BELIECTB, BKIIIOYAs JEKAPCTBEHHBIC IPETIApaThl,
yepe3 KICTOYHBIC MEMOpaHbl. YCTAHOBICHO, YTO BapHUaHT
1s2282143-T He BNUsACT CYLIECTBEHHO Ha HKCIPECCHIO T'eHa
SLC22A41, vo camxaet criocoonocts OCT1 TpancmopTupo-
Barb JiekapcTa B ki1eTky (Chen et al., 2018). Takum o6pazom,
yYBeJIMUEHUE 4acTOThl ajiens rs2282143-T B momynsiuusx
xopenHoro Hacenenns CeBepo-Bocroka Cubupn 1 KaHaICKUX
ACKUMOCOB MOXKET OBITh CBSI3aHO C MPOTEKTUBHON POJIBIO
9TOr0 BapUaHTa TeHETHYECKOTO NOIMMOpP(hHU3Ma B YCIOBHUSIX
BO3JICHCTBHS TSDKEIIBIX METAIOB.

Hanbomnee M3BECTHBIM I'€HOM, XapaKTepU3YIOMINUMCS T10-
BBIMICHHON YyBCTBUTEIBHOCTHIO K OTPABICHUIO CBHHIIOM,
sersieTcs reH ALAD (Stajnko et al., 2024). OtoT reH konupyer
Jieruparasy 0-aMHHOJIEBYIMHOBOM KUcI0ThI (AJIK-gernapa-
Ta3y), y4acTBYIOIIYIO0 B CHHTE3¢ MOPGHOOHINHOTCHA — MPE/I-
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TOKCMYHbIE MeTanbl U reHETUYECKUA NoNMopPr3mM
y KopeHHoro HaceneHuna Cesepa A3nun 1 AMepuku

IIECTBEHHUKA TETPAIMPPOIIOB (TeMa U APYTUX COCTUHEHUN).
W3BeCcTHO, 4TO 3TOT ()EPMEHT OUEHb UyBCTBUTEIICH K HHIHOH-
poBaHHIO TsDKeNIbIMU MeTaiutamu (Perini et al., 2024). Takxe
NOKa3aHo, 4To nonumopdusm B sokyce rs18053 13 nposiBisier
CHJIbHYIO aCCOIMAIMIO C YPOBHEM CBHHIIA B KDOBU M OKa3bl-
BaeT BiusiHKUE Ha skcnpeccuto AJIK-nerunparassl B KiieTkax
kposu (Warrington et al., 2015). V kaHaICKUX 3CKIMOCOB HE
00HapyKEHO PAa3MUYM MO PaCIpPENeTCHUI0 KOHIICHTPAIIHA
CBHHIIA X PTYTH B KPOBH B Pa3JIMUHbIX IPyIIIaX T€HOTUIIOB 10
nokycy rs1805313, oqHako cpaBHUTEIBHBIN aHAIN3 TTOKa3al,
YTO W KaHAJICKUE ICKMMOCHI, 1 KOpeHHbIe xkutenn CeBepo-
Bocroka Cubupy xapakTepHu3yroTcsl MOBBIIICHHBIMH 4acTO-
tamu BapuanTa 1s1805313-A (3nauenue PBS = 0.143) (cm.
Tab71. S4). DT0 MOXKET OBITH CBSI3aHO C IPOTEKTUBHOH POJIBHIO
JaHHOTO TIoTuMop¢u3Ma reHa ALAD B OTHOIIIEHUH CBHUHIIA.

leHeTMYecKne MapKepbl BO3JECTBUA KagMunA

Kagmuii (Cd) kak OqMH U3 MIUPOKO PacIpOCTPAHCHHBIX 3a-
TPS3HUTENIEH OKPYIKAIOIIEH Cpelbl MOXKET OKa3blBaTh Psif
TOKCHYECKHX (P (PEKTOB, BKIIOUAsT U3MECHEHHSI B DKCIIPECCHU
T€HOB M MHTMONPOBaHKE MTPOIIECCOB PENapaIiiy MOBPEXKICH-
voit /IHK, BMemaTebCTBO B ammomnTo3 u ayTogaruio, OKHc-
JIUTENBHBIN CTPECC M B3aUMOJICHCTBHE C MUKPOIJIEMEHTAMH,
HEOOXOIMMBIMH UL KaTATUTHYECKON aKTUBHOCTH (pepPMEHTOB
(Qu, Zheng, 2024; Wang et al., 2025). Tak, kaaMuii criocoOcH
KOHKYPHPOBATh 32 MECTa CBSI3bIBAHMSI MUKPOAJIEMEHTOB (Zn,
Mn, Fe, Se, Mg) B akTHBHBIX LIEHTPaX aHTHOKCHIAHTHBIX
depmenToB, uTo MPUBOIUT K nX noBpesxkaenuio (Pukié-Cosié
et al., 2020).

OCHOBHBIE HCTOUYHMKH BO3/IEHCTBUS KaaMUs I Hacele-
HUS QPKTHYECKUX PETHMOHOB — HE TOJIBKO MTOTPeOIeHNE TpaIu-
LIMOHHBIX MIPOAYKTOB MUTaHUsI, HO 1 KypeHue (Becker, 2000;
Adlard et al., 2024). Hanpumep, y KaHaJCKHX 3CKHMOCOB
3apErHCTPUPOBAHO §-KPATHOE IMPEBBIIICHIE KOHIICHTPAINN
kammus B kpoBu (Parajuli et al., 2021). YV HEX BBISBICHBI
TaK)Ke aCCOLMAINU MEKAY YPOBHIMHU KaJMUs U BapHaHTaMU
nonumopduama B reHax antuokcuaanToB (TXNRD2, SELS),
okuciuTensHoro crpecca (NOST), tpancrioprepoB (ABCCI),
cemeiictBa nutoxpoma P450 (CYP2D6, CYP24AI), merabo-
nm3Ma (orreBoit kucnotsl (reH MTHER). Hamu ipoaHanuzu-
POBaHO pacHpeiesIeHHe YacTOT BApHAHTOB MOIMMOpH3Ma B
psiaie JIOKYCOB, CBA3aHHBIX C META0OIM3MOM KaIMHUs1, Y KOPEH-
Horo Hacesnenus: Cubupu. OHAKO B pe3yJibTaTe aHaimu3a 00-
Hapy»KeH TOJIbKO OJJuH BapuaHT —1s2274976-T rena MTHFR,
B PacIIpe/IeNICHNH KOTOPOT0 HAOIOAETCsI CTATUCTUYECKH 3Ha-
YMMOE yBEJIMYEHHE 4acToThl Kak Ha CeBepo-Bocroke Cudu-
PH, TaK B y KaHAJICKAX 3CKUMOCOB (cM. Tabm. 1 u Tabm. S95).
V nocneaHnx yBeIUdeHNe YacTOThI ayutens 1s2274976-T co-
NPOBOXK/IACTCS YBEIIMUCHUEM KOHIICHTPAIIUK KaJIMUsI B KDOBH,
a TaKk)Ke PTYTH, K&K OTMEUEHO BBIILIE.

CraTHCTHYECKH 3HAYMMBIE Pa3JIndMs MEXJy BBIOOPKOH
3 CeBepo-Bocrounoit Cubupu 1 0cTambHBIMA CHOMPCKUMHU
TPYIIIaMH BBISIBIICHBI U 110 PACHIPEIEIICHHIO aJlIesel JIoKyca
rs1056836 rena CYPIB1, 1o KOTOpOMY TaKKe HalIeHBI pa3ii-
YHsl pacrpeieIeHHs KaJIMUsl B KDOBH Y KaHA/ICKUX DCKUMOCOB
(cM. Tadi. 1 utabi. S2). Yactora Bapuanra rs1056836-G mak-
cumaibHa (6osee 90 %) y kopeHHBIX xuteneit CeBepo-Boc-
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Toka CHOMPH M y KaHaJICKHX 3CKUMOCOB. [Ipu 3TOM BapraHT
rs1056836-G acconuupyeTcsi ¢ HOHUKEHHON KOHUEHTpaUei
KaJMUs B KPOBH.

BwMmecte ¢ TeM B pe3ynbTare HCCIeI0BaHHUS HaM1 OOHApY-
KEHBI TEHETHYECKHE JIOKYCHI, MOTCHIIMAIBFHO CBSI3aHHBIE C
BO3JICHCTBHEM TSKENBIX METa/UIOB. [l 3THX JIOKYCOB, Xa-
PaKTEPHU3YIOMINXCS OTHOCHTENIFHO BBHICOKUMH 3HAYCHUSIMH
craructuku PBS (ot 0.087 mo 0.043), oTMEYEHBI CTaTUCTH-
YECKH 3HAYMMO ITOBBIIIICHHBIC YAaCTOTHI aJUTEJICH Y KaHAICKUX
ACKUMOCOB M KOpeHHBIX kuTeneil CeBepo-BocToka Cubupu
(rs688 rerna LDLR s xammust; 15628031 rena SLC2241 n
18732774 rena ATP7B nns pryTi) wim e Tonbko Ha Cese-
po-Boctoke Cubupu (1s4895441 rena HBSIL mis pTyTH) B
CpaBHEHHH C Opyrumu perroHamu Cubupu (tadm. S6). Oxn-
HaKO IO 9THM JIOKyCaM y KaHa/ICKUX ICKIMOCOB HE HaWIECHBI
Pas3JINyus 10 COIEPKAHUIO TSDKEITBIX METAIIOB Y HOCHTEICH
Pa3NYHBIX TEHOTUIOB. TeM He MEHee OHM MEepPCIIEKTHBHEI
JUISL TAJTbHEHIINX MCCIIEIOBAaHUH B 00JIACTH KOJIOTHYECKON
TEHETHKH KOPEHHOTo Hacenenust Cubupu.

leHeTNYecKne mapKepbl BO34eNCTBMA MbilbAKa

K 4nciy moteHIMaibHO ONACHBIX JUIS 3/I0POBbS 3JIEMEHTOB OT-
HOCHUTCS MBIIIBSK (AS). I3BECTHO, UTO B OOIBIIMHCTBE MOpE-
MIPOJYKTOB YPOBEHb MbIIIIbsIKa MTOBbIIIEH. OTHAKO Y MOPCKUX
OpraHu3MOB (KUTOB, TIOJICHEH) OH HAXOAUTCSI B OCHOBHOM B
BUJIe apceHOOeTanHa, KOTOPBIH, [0-BHIUMOMY, HETOKCHYCH
U He mpenacTaBiseT omacHocTH ais moned (Becker, 2000).
BwmecTe ¢ TeM B HEOOJIBLIMX KOJIMYECTBAX B MOPEIPOIYKTaX
MIPUCYTCTBYIOT M JPyrHe opraHudeckre (HOpMbl MBIIIbSIKA,
KOTOpbIE MOT'YT OBITh Jlaske O0Jiee TOKCUUHBIMHU, YEM €ro He-
opranndeckue ¢popmsl (barpsunesa, XorumueHko, 2021). Ot-
MEUEHO, YTO B ITPOIIECCE METa0O0IM3Ma OpraHuIecKue (hOPMbI
MBIIIbSIKA MOTYT ITPEBPAIIATHCSI B METUIIMPOBAHHBIE U HEOP-
rann4yeckue (GopMbl, CIOCOOHBIE MTOBPEKIATH OHOJIOTHUECKHE
MOJICKYJIbl U HHAYIIUPOBATH LIEIIbIA Psiji HEraTUBHBIX AP dek-
TOB B MeTabOIMUECKHX mporeccax opranusma (barpsHiesa,
Xotum4eHko, 2021).

[Mpeapinyyre uccaeqoBaHus MOKA3aiM, YTO MPH JIOJITO-
BPEMEHHOM yMOTPeOIICHUH BOJIbI, CO/IepIKAIICH BbICOKHE
KOHIICHTPAIMU MBIIIbSIKA, Y KODEHHOTO HAaCeJIeHUsT AHJI IPO-
n3o1Ien 0T00p reHeTHISCKUX BapHUaHTOB, CIIOCOOCTBOBAB-
IMX JeTOKCHKAuU Mblmbsika (Schlawicke Engstrom et al.,
2009; Eichstaedt et al., 2015; Apata et al., 2017; De Loma et
al., 2022). Ilpexxae BCEro 3TMM W3MEHEHHUSAM MOABEPICS TCH
MBIIBSIK-MeTHATpancpepasbol ASIMT, ¢ TOMOIIBIO KOTOPOit
Heopranuyeckas opma MbIbsika (1As) IEPEBOAUTCS B COTU
MOHOMETHIIAPCOHOBOM (MMA) 1 MeHee TOKCUIHOW TUMETH-
napcuHoBO# (JIMA) KHCTIOT.

Db dexruBHOCTS MeTHIITPpaHChepasbl AS3MT ompexersier-
sl IPOLEHTHBIM cooTHomenneM % AMA u %MMA B moue:
yeMm OoJiee akTUBEH (EpMEHT, TeEM MEHbIIE B Helt YoMMA u
6omnbire %JAMA. NccnenoBanust x)utenbHuIl aepeBHun SAC
(San Antonio de los Cobres) B CeBepHOii ApreHruse, Imo-
TPEOJISIIOIIUX BOAY C BBICOKOW KOHLIEHTPALUEH MbIIIbSIKA
(mpumepHo 0.2 MT Ha JTUTP), TOKA3AITH, YTO, KPOME MBIIIbSIK-
MeTmiITpaHcdepasbl, B JETOKCUKAIIMK MBIIIbSKA 331€HCTBO-
BaHbl U Jpyrue (epMeHTHI, HAPUMEp, YUaCTBYIOIIHE B
onHoyepogaHoM Metabonusme (reabl MTRR, CHDH) v anTH-
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okcunanTHOU 3amute (reHsl PRDX2, GLRX) (Schliwicke
Engstrom et al., 2009).

K HacrosiieMy BpeMeHM ONMCaH LEJbId psl MyTalui
reHa AS3MT, onpenensomux pa3auius B pepMEHTaTHBHON
3G GEKTUBHOCTH PA3IUYHBIX (POPM MBIIBSIK-METHITPAHC-
(epa3pl. HaMu mccieoBaHo MOMYISIIMOHHOE pacIipeaese-
HHE YacTOT BAPUAHTOB MOJMMOP(HHU3Ma B CEMH JIOKycaxX TeHa
AS3MT, a taxoxe B 1eBATH JoKycax renoB CYPI1741, PRDX2,
DNMTIla, INMT, MTRR, CNNM2, WBPIL, N6AMT1
(tabmn. S7). CTaTUCTUYECKHU 3HAUNMBbIE PA3IHUYHs MEXK/Ty BbI-
6opkoii kopenHoro Hacesnenus: Cesepo-Bocrounoit Cubupu
1 IPyTUX PETMOHOB U MAaKCHUMAJIbHBIC 3HAUCHNSI CTATUCTHKA
PBS (o1 0.217 1o 0.083) obHapyxeHs! 110 JIokycam 1s7085104
nrs10786719 rena AS3IMT v noxycamrs743572 urs17115100
rena CYPI741.

Panee ObUIO TOKA3aHO, YTO B pe3yibTaTe aJalTalud K
TIOBBIIIIEHHOMY COJICPKaHHIO MBIIIBSKA B MMUTHEBOW BOZE Y
apreHTHHIIEB 1 OOJIMBUHIICB Oy IIUPOKOE pacipocTpa-
HEHHE MPOTSHKCHHBIN MPOTEKTUBHBIN TAIUIOTHII, AJlJICIbHBIC
BapUAHTHI KOTOPOTO ACCOLMUPYIOTCS C CAMBIMU HU3KUMH 3Ha-
geansiMu %MMA B moue (De Loma et al., 2022). Oaur u3
MapKepHBIX BApUaHTOB 3TOro raminorumna —rs7085104-G, gac-
TOTa KOTOPOT'0 Y apreHTHHIEB cocTasisieT 72.9 % (Engstrom
et al., 2011). [TpoBeneHHBIN HAMH aHANH3 TOTHMOpPdHU3Ma
reHoB AS3IMT n CYP17A1 y xopennoro Hacesnenus Cubupn
TaKKe MPOJEMOHCTPUPOBAT TECHOE CICIUICHHE MEXIy Ba-
puanTaMu nonuMopdu3Ma B Jokycax 1s743572, rs7085104
u 1510786719, paznenennbix pacctosinueM B 40.8 Thic. 1. H.
(cM. pUCYHOK).

Camas BbIcokast yactora Bapuanrta 1s7085104-G (65.8 %)
u, cooTBeTcTBeHHO, ramoTuiia GGG s yka3aHHBIX BBIIIE
J0KycoB BbIsiBiaeHa Ha CeBepo-Bocroke Cubupn (tabim. 2).
Takum 00pazoM, MoIydeHHbIE Pe3y/IbTaThl IIOKa3bIBAIOT, YTO
B IOIYJALUSX KOPEHHOTO HaceieHust CuOupyu HaOIromaeT-
Csl YBEJIMYEHUE YaCTOThI YYBCTBHUTEIBHBIX K BO3JICHCTBUIO
MBIIIbSKa BAaPUAHTOB nosnMopdusma B reHax AS3IMT n
CYP17A41I B ceBepo-BOCTOYHOM HAIllPABICHHU.

[Mpencrasinsercst BEpOSTHBIM, YTO OCHOBHAsI IPHUMHA TAKO-
TO TpeH/1a — 0COOCHHOCTH TPAJANIIMOHHON TUETHI KOPEHHOTO
HaceJIeH!sI TpUMopcKuX pailoHoB CeBepo-Bocrounoit Cudu-
pH (3CKMMOCOB, UyKueid, KOpsKoB). [Ipesku 3Tux Hapo10B -
TEJIBHOE BPeMs1 YIOTPEOIIsIN IPOIYKTHI, T00bIBAEMbIE B MOPE:
pBIOY, MOJUTIOCKOB, BOZOPOCIH, MOPCKUX MJICKOITUTAIOIINX;
1 B HACTOSIIEE BPEMsI AMETa KOPEHHBIX HApOAOB MOOEPEKHi
CEBEPHBIX MOpEH TakXKe OPHEHTHPOBaHAa Ha MOTpediIeHne
JapoB MOpst. MexX/ly TeM M3BECTHO, YTO MOPEIPOAYKTHI CO-
JIeprKaT JI0BOJIHO BBHICOKME KOHIIEHTPAINH TSDKEIIBIX METall-
JI0B, a Takke MbImIbsika (Becker, 2000; I'amoB u np., 2022).

MBIIBSK B TAaKUX MPOIYKTAaX HAXOAMTCS B OCHOBHOM B
MEHee TOKCHYHOW OpraHn4eckoit gopme (Harpumep, B Bujie
apceHo0eTanHa W apCceHOXOJMHA), HO M B HEOPTraHWYECKOH
(hopMe OH TarKe COIEPKUTCS B HEOOIIBIIIOM KOJINYECTBE (Ha-
IIpuMep, B IIEYEHH U IoYKax XnBOTHHIX) (barpsHiesa, Xo-
tumMueHKo, 2021). [ToaToMy mocTostHHOE yrmoTpeOieHue Mo-
PETpOIYKTOB B 4epeze MOKOJIEHHH MOIVIO CTaTh HPUYUHOM
oTOOpa BapuaHTOB MBIIIbSIK-MeTHATpaHChepa3sl AS3IMT,
MTO3BOJIFOINUX Oosee A3 PeKTUBHO H30aBIATHCS OT 1As. UH-
TepecHo, uTo Hanboee onTuMansHbIME Ha CeBepo-BocToke
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TOKCMYHbIE MeTanbl U reHETUYECKUA NoNMopPr3mM
y KopeHHoro HaceneHuna Cesepa A3nun 1 AMepuku

CeBepo-BocTouHas Cnubupsb (66 %) rs743572-G rs7085104-G rs10786719-G
100 82.3
81.9
LlenTtpanbHas Cnbupb (28 %) rs743572-G rs7085104-G rs10786719-G
50 421
844
tOxHan Crbumpsb (37 %) rs743572-G rs7085104-G rs10786719-G
74.9 75
89.5

HepaBHoBecue no cuennenmio (r?) mexay BapraHTamu nonumopdusma nokycos rs743572 resa CYP17A1
nrs7085104 n rs10786719 reHa AS3MT y kopeHHOro HaceneHusa Cubupu.

Ta6nuua 2. YacTtoTbl reHOTUNOB U anneneii nokyca rs7085104 rena AS3MT

B nonynAumnAX KOPeHHOro HaceneHunA CI/I6I/IpI/I n ApFeHTI/IHbI

Monynauua (N) [eHOTMNbI

GG GA
ApreHTturHa (170) 0.547 0.365
CeBepo-BoctouHan Cnubupsb (58) 0.456 0.404
LlentpanbHaa Cnbups (70) 0.071 0414
tO>kHan Cnbupsb (72) 0.181 0.375
Cnbupb B Lesiom (200) 0.221 0.397

Annennu H, P
AA G A
0.088 0.729 0.271 0.396 0.33
0.14 0.658 0.342 0.45 0.39
0.515 0.279 0.721 0.405 1.0
0.444 0.368 0.632 0.468 0.13
0.382 0.42 0.58 0.489 0.009

Mpumeuarune. N - pasmep BbIbOPKU; H, — OXKIAaemasn reTepo3nroTHOCTb; P — cTaTUCTYeCKas 3HaYMMOCTb OTKITOHeHMA OT paBHoBecuA Xapan-BaiiH-
6epra (goctoBepHoO npu P < 0.05). [laHHble AN1A apreHTUHCKON BbIGOPKU NpuBoaATcA no paboTte (Engstrom et al., 2011).

Cubupu, B COOTBETCTBUH C TIOJyYCHHBIMH HAMH PE3yibTa-
TaMH, OKa3aJIMCh TE )K€ BAPHAHTHI TCHETHIECKOTO MTOJIMMOp-
¢u3Ma, 9TO U y KOPEHHOTO HACENCHUSI AHJI, TOTPEOISIONINX
JUTUTEITEHOE BPEMS BOY € ITOBBIIICHHBIMH KOHIIEHTPALIUSIMA
HEOPTaHUYECKOTO MBIIIBSIKA.

3akniouyeHune
B HacTosimeii padote mpoaHaaH3UpOBaH MOIUMMOP(U3M Te-
HETHYECKHX JIOKYCOB, CBSI3aHHBIX C YyBCTBHTEIBHOCTBIO K
BO3/ICHCTBHIO TOKCHYHBIX METAJUIOB (PTYTH, CBHHIIA, KaJIMHS U
MBIIIBSIKA), Y KOpeHHOTo HaceneHuss Cubupu. CratucTuiecku
3HAYMMBbIC Pa3JINyuusl NIABHBIM 00pa3oM 0OHAPYIKEHBI MEXKTY
nonyisinueit n3 CeBepo-Bocrounoit Cubupu (3ckumocamu,
YyK4aMH M KOPSIKaMH) U BEIOOPKaMU U3 IIEHTPAJILHOM U F0K-
Ho#t yacteit Cubupu. MakcuMalibHbIC 3HAUCHHSI CTATUCTHKU
PBS, cBUICTEIBCTBYIONIUEC O BEPOSITHOM JCHCTBUH OTOOpa
Ha TeHETUYECKHE JIOKYChl YyBCTBUTEIBHOCTH K BO3ACHCTBHIO
PTYTH, BBISIBIICHBI B ceMHU JIOKycax reHoB MTHFR (rs2274976
n rs1801131), GPX4 (rs713041), ABCBI (rs1128503), AHR
(rs2066853), TXNRD?2 (rs5748469) u SEPHS?2 (rs1133238).
K renernueckiuM MapkepaM BO3/ICHCTBHUS CBUHIIA MOTYT OBITh
oTHeceHbl NOKychl 15713041 (GPX4), rs7483 (GSTM3) u
152282143 (SLC22A41). B oTHOIIEHUH paclpeeseHus Kal-
MUl B KPOBH MOTYT ObITh HH(OPMATHBHBI JTIOKYCHI 152274976
(MTHFR) n 151056836 (CYPI1BI).

Heo0xoauMo OTMETUTh, YTO B OOJIBIIMHCTBE CIIy4aeB y
kopeHHOTo HaceneHus CuOMpPU HAOIIONACTCS YBEIMUCHHUEC

B CEBEPO-BOCTOYHOM HAIPABJICHUH YaCTOTHI T€HETHYECKUX
BapHUAHTOB, ACCOLMHPYIOMINXCS C TOBBIIICHHBIM COZIEpXKa-
HHUEM PTYTH, CBUHIA 1 Kagmust. [Iprdem Takoil TpeHn corna-
CyeTcs C JTaHHBIMHU I KaHaJCKUX 3ckmMocoB (Parajuli et
al., 2018, 2021). HauGonee BepoATHONW MPUINHON ITOTO HAM
MIPECTABIISIETCS] JOJITOBPEMEHHAs (B TCUCHNE HECKOJIBKUX
TBICSTUEIICTHH) afanTanusi KOPEHHBIX XKHUTEJICH moOepexuit
Bepunrosa, UykoTckoro n OXOTCKOTO MOpEH K CHEIU(pH-
YECKUM YCIJIOBHSM TIPHUPOIHOMN CPEZbl, IaBHBIM 00pa3oM K
BBICOKOMY TMOTPEOJICHUIO MOPENPOIYKTOB — PBIOBI, Msica 1
KHMPa MOPCKNX MIICKOTIMTAIOIIUX, MOJITFOCKOB ¥ BOJIOPOCIIEH,
00TaThIX HE TOJIBKO IOJIE3HBIMA MUKPOAJIEMEHTAMH, OMeTra-3
TTOJTMHEHACHIIICHHBIMH )KUPHBIMHU KUCJIOTAMH U CEJICHOM, HO
1 TOKCHYHBIMH BEIIECTBAMH.

Brionze BeposITHO, 9TO MIMPOKOE PACTIPOCTPAHCHNE Y ICKH-
MOCOB, UyK4€i U KOPSKOB TeHETHIECKNX BAPHAHTOB, CBSI3aH-
HBIX C TOBBIIIIEHHBIMH YPOBHSMH TSDKEJIBIX METAIIJIOB B KPOBH,
00ycnoBiIeHO (JOPMHUPOBAHUEM OTHOCHUTEIBHO OE3BPEIHBIX
KOMIIJIEKCOB TSDKEITBIX METAJIIOB € CEJICHOM M APYTUMH JICTOK-
CHKaHTaMH, HallpuMep TIIyTaTHOHOM M THOPEIOKCHHOM, YTO
CHIKAaeT OMOJOCTYITHOCTh METANIOB U MUHUMHU3UPYET MX
BpeaHoe BozzelcTBre. OMHAKO JUIS BBISICHCHHS MCTHHHBIX
MIPUYUH HEOOXOJMMBI JOTOJTHUTENBHBIE MOJICKYISIPHO-TE-
HETHYECKNE U OMOXMMHUYECKHUE HCCIICAOBAHHUS KOPEHHOTO
HaceJICHUs, MMOCKOIbKY MMEIONINXCS B JIMTEpaType AaHHBIX
0 MEXaHM3Max JETOKCHKAINN TSDKENbIX METAJUIOB U3 OKpY-
JKarolleil cpenbl y kopeHHoro HaceneHus: Kpaitnero Cesepa
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1 pUCKax 3a00JIeBaHMUI, OTTOCPETOBAHHBIX UX BO3/ICHCTBHEM,
moka HerocTaTtowHo (Ayotte et al., 2011; Ghisari et al., 2013;
Parajuli et al., 2018, 2021).

Bonee n3y4eHHBIM IPEACTABISAETCS BOIPOC O TCHETHYECKUX
MOCJIEACTBUAX aJalTallid YeJIOBeKa K BO3JEHCTBUIO HEOp-
TaHWMYCCKUX (POPM MBIIIbsIKA W3 OKpyxaromieit cpensl (Gon-
zalez-Martinez et al., 2024). Pe3ynsrarsl ucciaeqoBaHui MO~
MyJTSIIANR KOPEHHOTO HACEJIEeHUS TOPHBIX PalOHOB ApPreHTH-
Hel, Ynin, bonuBun npoeMOHCTPUPOBAITH, YTO BCIICACTBUE
JIOJITOBPEMEHHOTO YIOTPEOJICHUS TUTHEBOI BOJBI C MOBBI-
LICHHBIM COJICP’KAHHEM MBIIIbIKA Y HUX MPOHU30IICT 0TOOD
BapuaHToB nojumMopdusma rena AS3MT, no3BoauBIIMX 00-
nee 3PPEKTHBHO METHIIMPOBATH MBIIITBSIK W BBIBOTUTH €TO0 U3
opranmsma (Schlebusch et al., 2015).

[IpoBeneHHOE HaMU MCCIIEAOBAaHHUE MOKA3ajo, 4TO B IIO-
mynsnusix kKopenHoro Hacesnenusi Cesepo-Bocroka Cubupn
TaKKe CYIIECTBEHHO YBEJIMUYEHA PACIPOCTPAHEHHOCTh Ba-
puaHToB nojumopdusma rena AS3 M7, 3aUIIAIONINX OT BO3-
NEHCTBHUS HEOPTAaHMYECKOTO MBIIIBAKA, XOTS CBEACHUSIMHU O
JOJATOBPEMEHHOM YTIOTPEOICHIN KOPEHHBIMHE KUTEIISIMH T10-
oepexuiit YykoTku u [IproXoThst MUTHEBOM BOJIBI, 3aTrPs3HEH-
HOW MBIIIBSIKOM, MBI HE pacrojiaraeM. BeposiTHbIM HCTOY-
HUKOM MbIlbsika Ha CeBepo-Bocroke Cubupu sBISIOTCS
MOPEIPOIYKTHI, TOCKOJIBKY COJCPIKAIIUICS B HUX MBIIIBSK
MpeacTaBlieH B 00enx GopMax — OpraHWYecKoil U Heopra-
HUYECKON. B CBsI3M ¢ »TMM HEOOXOOMMBI JaJIbHEHIIINE MO-
JIEKYJISIPHO-TEHETUYECKIE U OMOXMMHUYECKHE HCCIEJOBAHUS
norynanuii kopeHHoro Hacenenust Kpaitnero Cesepa, a Taxoke
MHUKPO3JIEMEHTHOTO COCTaBa I'PYHTOBBIX BOJ M OOBEKTOB
TPAJAUIUOHHOTO ITUTAHHUS.
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AHHoTauuA. DopmrpoBaHNe My3blKaJibHbIX CMOCOOHOCTEN, BKIIIOYAIOLWMNX aBCOMOTHBIN CIYX, My3blKallbHYIO MamATb,
YYBCTBO PUTMA, MY3bIKaJIbHOCTb, B 3HAUMUTENIbHON CTeMNeHn onpefenaeTca HacleACTBEHHONW cocTaBnawLen (Ao 68 %).
MpoBefeHHble K HacToALEeMy BpeMeHM paboTbl C MCNONb30BaHNEM NOHOrEHOMHOIO aHaM3a cLenieHna u accoymaumn
C My3blKaNlbHOW OfjAPEHHOCTbIO NMO3BOAUN BbIABUTL 6osiee 100 reHeTUYeCKrX NOKYCOB. B 3TOT cneKkTp BXOAAT reHbl
TPaHCKPUMLNOHHBIX (GaKTOPOB, PerynAaunm HeporeHesa U CMHANTAYECKOWN MNACTUYHOCTY; TeHbl, 3aKpernyieHHble B
Xofie MO3UTVBHOWN CeNeKLuMmn My3blKaJIbHOCTW, a TakKe CBA3aHHble C 0COOEHHOCTAMU GOPMUPOBAHNA BHYTPEHHEro
yxa. lMNockonbky paHee B Poccuiickon ®efepauuy MCCNefoBaHWn MO U3YYEHUIO CBA3M My3blKaJIbHOTO TanaHTa ¢
reHeTUYeCcKol KOMMOHEHTOW He MPOBOAMIOCH, HacToALaA paboTa HanpaB/ieHa Ha perMKauuio accoumauny paHee
NAEHTMOULMPOBaHHbIX 17 OLHOHYKNeOoTUAHbIX BapuaHToB (SNP) ¢ dopmupoBaHmeM My3biKaibHbIX CNOCOOHOCTEN Y
pycckux. lfeHoTMNpoBaHe NoAMMOPdHbIX NIOKYCOB B reHax GATA2, PCDH7, UNC5C, ASAP1, SBSPON, DCBLD2, KALRN,
VLDLR, OTOF, GRIN2B, FoxP1, FoxP2, BDNF, EGR1, SNCA NnpoBOAMAOCh C MOMOLLbIO KOHKYPEHTHOW annenb-cneunduyHom
MUP B BblbOpPKe CTYAEHTOB, MPOLWEAWNX CTPOrNA KOHKYPCHbI OTOOP MpW MOCTYM/eHWM B KOHCepBaTopuu, U B
COOTBETCTBYIOLLEN KOHTPONbHON rpynne. MeToa NorucTnyeckon perpeccnm NpUMEHANCA Kak AflA OLeHKN OCHOBHOMO
abdekTa oTAENbHBIX MONUMOPQHBIX BapWaHTOB, Tak W ANA BbIABMAEHVA Haunydwel MPOrHOCTUYECKON MoZenu,
cofepallen pasfinyHble reHeTnyeckne NIOKycCbl. MaTtemaTnyeckaa mopesb, MOjyyeHHaa B pesynbraTe BK/OYEHUA
TONbKO accouumnpoBaHHbix SNP, coctoAna n3 reHeTnuyecknx nokycoB GATA2 rs9854612, SNCA rs356168 n rs3910105,
ASAPT rs3057 n VLDLR rs1454626 (p = 0.0018, ncesgo-r> = 0.188, AUC = 0.791). [JobaBneHne BCEX M3yUYeHHbIX
reHeTNYeCcKnx JNIOKYCOB B KayecTBe MPeAMKTOPOB B PerpecCUOHHbIN aHanu3 MOo3BOAWMAO CO3[aTb CTAaTUCTUYECKHU
3HauMmylo Mofenb, obnagaiollyio 6onee BbICOKOW MPOrHOCTUYECKON cnocobHocTbio (p = 0.012, ncesgo-r? = 0.380,
AUC = 0.889). MNMonyuyeHHble pe3ynbTaTbl yKa3blBaloT Ha NOTEHUMaNbHbIA KYMYNATUBHbIA 3PeKT 6eKOBbIX MPOAYKTOB
MN3YUYEHHbIX FeHOB, MOATBEPXAA BOBJIEYEHHOCTb AodamuHepruyeckon n TAMKepruyeckon HempoTpaHCMUCCUK,
PUNNHOBOTO MYTW 1 POJb anbda-crHyKerHa B GOPMMUPOBaHMN My3blKallbHOCTU.

KnioueBble cnoBa: My3blKka; JIOTUCTUYECKasa perpeccus; matemaTtnyeckas MOAeSNb; KOTHUTUBHblE CMOCOBHOCTY;
O-CUHYKNeuH; fopaMuH; TONLWMHA N3BUVHDI Xeluna
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Abstract. The development of musical abilities, including absolute pitch, musical memory, rhythm sense, and musicality,
at a high degree is determined by a hereditary component (up to 68 %). The studies implementing a genome-wide
linkage and association approach to musical aptitude have revealed more than 100 genetic loci. This spectrum is
comprised of the genes encoding for transcription factors and those responsible for neurogenesis and synaptic plasticity,
genes fixed as a result of positive selection of musicality, and those related to inner ear formation. Since no studies
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MccnenoBaHmve accoumalny reHeTuyeckrix BapuaHToB
C pa3BUTMEM MY3bIKanbHbIX COCOOGHOCTE YenoBeKa

linking musical aptitude with genes have been previously conducted in Russia, the present study aimed at replicating
the association of 17 previously identified genetic variants with developing musical abilities in Russians. Genotyping
of SNPs in the GATA2, PCDH7, UNC5C, ASAP1, SBSPON, DCBLD2, KALRN, VLDLR, OTOF, GRIN2B, FoxP1, FoxP2, BDNF, EGR1,
and SNCA genes was performed using competitive allele-specific PCR in a sample of students who underwent rigorous
contest selection at admission to the conservatory and in the corresponding control group. A series of logistic regression
analyses were used both to evaluate the main effect of SNP and to identify the best prognostic model based on various
loci. The mathematical model obtained by including only statistically significant SNPs consisted of GATA2 rs9854612,
SNCArs356168, 53910105, ASAP1 rs3057,and VLDLR rs1454626 (p = 0.0018, pseudo r>= 0.188, AUC = 0.791). The addition
of all examined SNPs as predictors enabled the construction of a statistically significant model with a higher predictive
ability (p = 0.012, pseudo r?> = 0.380, AUC = 0.889). The results revealed indicate a potential cumulative gene effect,
confirming the involvement of dopaminergic and GABAergic neurotransmission, the reelin pathway and the role of
alpha-synuclein in musicality formation.

Key words: music; logistic regression; mathematical model; cognitive abilities; a-synuclein; dopamine; thickness of
Heschl’s gyrus
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BBepeHue

My3bIKa — HeOTheMIIeMast 9aCTh KOTHUTHBHOTO U COLMATIEHOTO
B3aUMOJICHCTBHSI MEXTy JIFO[bMHU, KOTOpasi UCIIOIb30BaIach
B Ka4eCTBE BAXKHOW COCTaBIISIONIEH NIpH Iiepeade nHpopma-
LIUH e1lie 0 cTaHoBieHus pedn. [Ipenmnonaraercs, 4To My3bIKa
cymectBoBaina 6onee 35000 et Ha3ad, CBUACTEIBECTBA YETO
00OHapPYKHUBAIOTCSI B aPXEOJIOTMYECKNX PacKomKax rerep [ep-
Mmannu, Asctpun, @pannmu (Conard et al., 2009). Hecmorpst
Ha TO YTO B HAacTosIIee BpeMs 3Ta (QyHKIUsSI B OCHOBHOM IIPH-
HaJUIEXKUT BepOaIbHONH KOMMYHHKAIMHU, My3bIKQJIbHBIE CIIO-
COOHOCTH TECHO CBSI3aHBI C KOTHUTUBHOW U IICUXMYECKOI J1es-
TEJIBHOCTHI0. My3bIKaJIbHBIE CIOCOOHOCTH OXBATHIBAIOT 3HA-
YUTENBHBINA JUAIa30H PA3IMYHBIX HHANBU/YaIbHO-TICHX0JIO-
TMYECKUX XapAKTEPUCTHUK JINYHOCTH, BKIIIOYasi aOCOIIOTHBIN
CITyX, My3bIKaJIbHYIO TAMSTh, 1yBCTBO PUTMA, MY3bIKQJIbHOCTh
(Aiikmaa, 2017), 1 IPEeaCTaBISAIOT COOON KOJTHMYCCTBCHHEIC
I0Ka3aTeN!, pacipeesieHne KOTOPBIX B MOMYIISIIIMN MTOAYH-
HSIETCs 3aKOHY HOPMAJIHOTO PACIpe/IeNIeHNsI.

[Tpenmnonaraercs, 94T0 CIIOCOOHOCTH BOCIIPUHUMATH U BOC-
TIPON3BOIUTH MY3bIKY HMEET B CBOEH OCHOBE HACIIEACTBEHHYIO
COCTABJIAIOIILYIO0, YTO MHUIIMUPOBAJIO POBEICHNE HCCIIEI0Ba-
HUH, HAalpaBJICHHBIX Ha BBIABICHHE T€HOB, OTBEYAIONINX 32
pa3BUTHE MY3BIKAJIIBHBIX CIIOCOOHOCTEH (My3bIKAIBHOH Of1a-
peHHocTHn). Pe3ynbrarsl, MoOMyYeHHbIE C TIOMOIBIO METOAA
OJIM3HEIOBBIX UCCIIEI0BAaHNH KaK HAYaJIbHOTO 9TaIa N3yUCHNUS
pOJIM TEHOB U cpenibl B (popMHUpPOBAaHMN OCOOCHHOCTEH IT0-
BEJICHUS U KOTHUTHBHBIX criocoOHocTel (Kazannesa, 2008),
CBHJIETEIIHCTBYIOT O CYILIECTBEHHOM BKJIa/I€ HACJIEACTBEHHOTO
KOMITIOHEHTA: T€HbI ONpeAesstoT 10 68 % Bapualuii B npea-
PAacIIONIOKeHHOCTH K My3blkaigbHOMY TanaHTy (Oikkonen et
al., 2015).

OnHY ¥3 NIEPBBIX MCCIIETOBAHNN T€HETUKH MY3bIKAIbHBIX
criocoOHoCTEH OBl COKYCHPOBAHBI HA AHAIM3E 3HAYUTEIb-
HBIX TI0 pa3Mepy POJOCIOBHBIX (PMHCKOTO HMPOUCXOXKACHHS,
XapaKTePU3YIOIUXCS aKKyMYJISIEH My3bIKQJILHOH O/lapeH-
HocTH B ceMbsix (Pulli et al., 2008). C ucronp3oBaaremM MeTona
MTOJTHOT@HOMHOTO aHaJIn3a cleruieHus (genome-wide linkage
studies, GWLS) aT0ii ¥ ApyruM HayuHbIM IpyINIaM yAanoch
HICHTU(PUIIUPOBATE XPOMOCOMHBIE peruoHbl 3q21.3 (reH
GATA2), 4p15.1 (ren PCDH?7), 4q22 (rer UNCS5C), 8q24.21

(rer ASAP1I), 8q21.11 (rer SBSPON) KaK CIIETUICHHBIE C 0CO-
6ennocTamu Boctpustis My3biku (Pulli et al., 2008; Oikkonen
etal., 2015) u popmupoBarmem adbcomrotHoro ciyxa (Theusch
et al., 2009).

CymiecTByIone MOJTHOTCHOMHBIC aHAIM3bl ACCOIMAIMN
(genome-wide association study, GWAS) unentudunnposanm
TeHETHUECKHE JIOKYCBI, ONPE/IeIISIOIINE HHANBH TyaJIbHbIE Ba-
PpHALIH TONIIMHBI U3BIIMHBI [ eI — IeHTpanbHOH 001acTh
CITyXOBOH KOPBI, OTBETCTBEHHOH 32 BOCIIPUSATHE 3BYKOB PEUH U
MY3bIKH, @ UMEHHO: 1872932726 B rene DCBLD2 nrs333332 B
rene KALRN (Cai et al., 2014). C npyroii ctoponsl, B GWAS
OBbLIH OTIPEEIICHBI JIOKYChI, CBSI3aHHBIE C TO3NTHBHOM 9BOJIIO-
IMOHHOM CeNeKIueil My3bIKaIbHEIX criocoOHocTeit (Liu et
al., 2016). Tak, npu U3y9eHUN JTUI U3 PUHCKON TOITYIISIINH,
JIEMOHCTPHUPYIOMINX BEICOKYIO CTEIIEHb MY3bIKaIbHOCTH, BbI-
SIBJIEH Ps1/l TCHOMHBIX PETMOHOB, BKIIIOUAIOIUX TeHbl VLDLR,
FOXPI1, OTOF, GRIN2B u np., onpeieaeHHbIe rarioTHIIbI KO-
TOPBIX BCTPEYAIHMCh CTAaTUCTHYECKN 3HAYMMO YaIlle CPeIu My-
3BIKAJIBHO OJJAPEHHBIX JINI. BOBIEUEHHOCTH BBIICYKa3aHHBIX
T€HOB HEY/IMBHUTEIIbHA, TOCKOIBKY H3MEHEHNS HYKJICOTHIHON
TI0CJIEI0BATEIEHOCTH B HUX PaHEe CBA3BIBAIIUCE C HAPYIICHH-
simu peun y genoBeka (Rappold et al., 2023), Bokanmu3sanueii u
M3MEHEHHMEM SKCIIPECCHH F'eHOoB y neBunx ntuil (Adam et al.,
2016; So et al., 2019; Heim et al., 2023).

HN3BecTHO, 4TO B (hOPMHUPOBAHHUE JTFOOOT0 KOJIMUECTBEHHOTO
MIPU3HAKA BHOCHUT BKJIA/I OTPOMHOE YHCIIO OTAEIBHBIX T€HETH-
YECKHX JIOKYCOB, YTO JUKTYET IPOBEJCHNE HCCIICOBAHUN B
OTHOIIECHWU MY3BIKQIEHON OlapEHHOCTH C UCIIOJIb30BAHHEM
MH(OPMALIUH IO OOJIBIIOMY YHCITy TEHOB U UX CTPYKTYPHBIX
BapuaHToB. B aTOM Kittoue Hapsany ¢ nanabiMu GWAS u GWLS
MHTEPEC MPE/ICTABISIIOT PE3yIbTaThl (DYHKIMOHAIBHBIX PA0oT,
MIPOBEACHHBIX Ha MOAEIBHBIX 0OBEKTaxX 1 TO3BOJIMBILIHX OIle-
HUTb yPOBEHb HKCIIPECCHN ACCOLMMPOBAHHBIX FeHOB. B yacT-
HOCTH, Au(depeHInaNbHBIN XapaKkTep SKCIPECCHH TaKhX
reHoB, Kak FoxP2, BDNF, EGRI, B psiie OTAEI0B rOJI0BHOTO
Mo3ra HaOJrofancst Npu oO0y4eHUH W BOKAJIHM3aLWH ITEBUYNX
NITHL, & TAaKXKe TPH MPOCITYIIUBAHUN MY3bIKH MOJICIbHBIMA
mbimramu (Li et al., 2010; Drnevich et al., 2012; Shi et al.,
2013). Kpome Toro, m3MeHeHHEe NaTTepHa SKCIPECCHH Y ITI0-
JIeli IpH IPOCITYIIMBaHNH KJIACCHYECKOM MY3bIKH OTMEYEHO B
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oTHOIIeHNH TeHa anbda-curykinenHa (SNCA) (Kanduri et al.,
2015), MyTanuu B KOTOPOM CBSI3BIBAIOT C pa3BUTHEM OOJIC3HU
[Mapkuncona u npyrux cunykiaenHonarui (Jarveld, 2018).

B pamkax HacTosiIIero ucciaenoBaHus ObUIN BHIOPAHBI 110-
JMMOpP(HBIE JIOKYCHI B TeHAX, CBA3aHHBIX ¢ (JOpPMHUPOBaHNEM
MY3bIKaJIBHBIX CIIOCOOHOCTEH, M3MEHEHHUS! B 3KCIIPECCUHU
KOTOPBIX HAONIONAINCH MPHU MPOCITYIINBAHUN MYy3bIKU. [1o-
JUMOpP(HBIE JIOKYCHI OBIIIH B3SITHI JINOO HEMOCPEACTBEHHO U3
GWAS u GWLS nccnenosanunii, 160, B cIydae OTCYTCTBHUS
nH(popManuu o cBsi3u KOHKpeTHbIX SNP ¢ hopmupoBanuem
MY3bIKaJIbHBIX XapaKTEPHUCTHK, U3 paO0T MO BOBJIEYEHHOCTH
TeHETHUECKHX JIOKYCOB B ()OPMHPOBAHHE CXOXKHX ITOBE/ICHYE-
ckux xapakrepuctuk (Crawford et al., 2008; Hu et al., 2011;
Koks et al., 2021). MtoroBas mHpopManus IO TeHaM U JOKa-
JIM30BaHHBIM B HUX T'€HETHUECKUM BapHaHTaM, BHIOPaHHBIM
B KauecTBe OOBEKTOB MCCIIEIOBAHMS B HACTOSILICH padoTe,
npuBeJieHa B Taom. 1.

OTO MccaeI0BaHNe NMPEACTABISET cOO0H MPOIODKEHHUE
Hallled nmpeapaymed paboThl, OIEHUBAIOIICH BEPOSITHOCTh
Pa3BUTHUS My3bIKQIbHON OZAPEHHOCTH Ha ocHoBaHMuU 10 re-
Hermuyeckux BapuantoB (Kazantseva et al., 2023). Takum
oOpa3omM, Hama paboTa HampaBiIeHa Ha PEIUIMKAIHIO BO-
BJIIEYEHHOCTH PACIIUPEHHON MaHEIN FeHeTHYEeCKNX BapuaH-
TOB B ()OPMHPOBAHNE MY3bIKaJIbHOTO TAJIAHTA Y PYCCKUX M3
Poccuiickoit @enepauuu.

MaTtepuanbl u meToAbl

s mpoBeneHus SKCIepUMEHTaIbHOM YacTH UCCIIeI0BaHUS
ObLIM OTOOPaHbI MH/MBU/IbI, XapaKTEPH3Y FOLIUECS MY3bIKaJIb-
HOW 0JTapEeHHOCTHIO, KOTOPBIE OBUTH CTyACHTaMH KOHCEPBATO-
pwii (. MockBa) ¥ POLITH CTPOTH KOHKYPCHBIN 0TOOD MpH
MIOCTYTUICHUH, TIPOAEMOHCTPHUPOBATIH BBIIAIOIINECS YCIEXU
Ha BCTYNHUTEJIBHBIX 9K3aMEHaX MO TaKUM HCIBITAHUAM, KaK
CoNb(EKIO, TAPMOHHUS, TOTU(OHUS, YTCHUE NAPTUTYP U JP.,
B 3aBHCUMOCTH OT BBIOPAaHHOM CIIeHaIbHOCTH.

Bri0opka cocTosia U3 MHIUBUAOB PYCCKOH ITHUYCCKON
npuHaanexxnoctu 18-22 ner (N =100, 66 % >xeHIuH, cpe-
Huli Bo3pacT 19.36 + 1.44 rona). B KOHTpOIbHYIO TPYIITY BO-
LIJIM CTY/ICHTBI BHICIIHUX yueOHbIX 3aBeieHnit MockBbl 1 Y (bl,
PYCCKHeE 0 3THUYECKOI MPUHAUISKHOCTH, COOTBETCTBYIOIINE
110 BO3pPACTy M MOJIOBOMY COCTaBY BBIOOPKE MY3BIKAHTOB
(N=200, 67 % xenuus, cpenuuii Bo3pact 19.84+1.85 roga).
Bce ucnbiTyemble He HaOJOIAIMCh B ICMXOHEBPOJIOTMYECKUX
YUPEKACHUAX M OTPULIATH CEMEHHYIO OTSTOIIEHHOCTh IICHU-
XHUYECKHUMH paccTpoiicTBamu. JloOpoBOIBHOE coriacue Ha
ydacTHe B MCCIEI0BAaHUM MOJYYSHO OT BCEX PECIIOH/ICHTOB.
UccnenoBanue onodpeHo Ouostnyeckum komutetom VMBI
YOUIL PAH.

COop O61oIOrnuecKoro Mmarepuaia (CIrHb 00bEMOM 5 MiT)
[IPOM3BOJIUIIH B IIPOOUPKH C KOHCEPBAHTOM B COOTBETCTBHUH C
niporokosiom rpousBoauteis (Oragene DNA, DNA Genotek,
Kanana). [Tocnenyromee Beinenenue JJHK 6bu10 mposeneHo
¢ ucnonbzoBanreM HabopoB (PreplT, DNA Genotek) ¢ mpo-
Bepkoii kauectsa BoiaesienHoN JIHK Ha criekrpodoromerpe.
l'enotunupoBanue nzyueHHbIXx SNP ocymecTBIsiIoCh MeTo-
JoM III1P B peasibHOM BpEMEHH 110 KOHEYHOM TOUKE HA aMILIU-
¢duxarope CFX96 (Bio-Rad, CIIIA) ¢ npumeHenneM HabOpoB
KASP (LGC Genomics, BenukoOpurtanust).
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CoOTBETCTBHE MU3YYaeMOTO PACIPEHCICHHS JacTOT TeHO-
THUTIOB TEOPETHYCCKU OKUAAEMOMY TI0 3aKoHY Xapau—BaiiH-
Oepra HaOIIONATOCH B KOHTPOIBHOW TPYIIIE, OHO MOKA3allo
otknoHenue A 1s13109270 B rene PCDH7, B CBS3H ¢ YeM
JTAHHBIH JIOKYC OBLT HCKITFOUCH M3 aHammn3a. CTaTHCTHYeCKUI
aHaIN3 BKITIOYAl TECTUPOBAHNE PA3TMIHBIX PErPECCHOHHBIX
MoJIeNeil M3yYeHHBIX TeHETHYCCKHUX JIOKYCOB: aJINTUBHOM,
JIOMUHAHTHOH, pEIIeCCUBHOW, CBEPXIOMUHAHTHON U KOIOMU-
HautHoi (PLINK v.1.09).

Vcnonp3oBaHre aJIUTUBHOW MOJETH JIEMOHCTPUPYET —
sIBISICTCS U 3(p(PEKT TeCTUPYEMOTO aJuIeNst HAKOITUTSITHHBIM;
JOMHUHAHTHOW MOJICTTH — OOHapyKUBaeTcs U 3PQEKT IToro
AJIIeIIs IPY HAJTMYUH XOTs OBI OTHOW KOTIHH (T. €. B TETEPO3HU-
TOTHOM COCTOSTHUH M TOMO3HUTOTE 110 TECTUPYEMOMY aJIIeITiO);
peIeCCUBHON MO — OOHApy)KUBAaeTCS T dPPEKT aHa-
JTU3UPYEMOTO aJUICIS TOINBKO MPU HAJTUYUHU €TO IBYX KOTIHH.
CBepXIOMHHAHTHASI MOJICITb OI[CHUBACT CUTYAIUIO, KOT/IA Hau-
Oompmmmii 2 ekt HabmonaeTes mpu HATHIHUHN 000X aIeTei
(T. €. TETEPO3UTOTHOTO TEHOTHITA) TIO CPABHEHHUIO C IByMS pe-
(hepeHCHBIMU WK ABYMSI allbTEPHATHBHBIMH aJUICIISIMH (T. €.
TOMO3HUTOTHBIME TeHOTHIIaMHK). KomoMiHaHTHASt MOIEITE TpeI-
IOJIATaeT, UTO JIF00O0I TeHOTU OKa3hIBACT 3HAYUMBIN Y (heKT
Ha (popMuUpOBaHUE MTPU3HAKA HEAIUTHBHO, T. €. HE3aBUCHMO
0T ocTaJbHBIX TeHOTHNOB (KyTuxun u ap., 2017).

MHOXKeCTBEHHBIHN JIOTHCTUYECKUI pErpeCCUOHHBIN aHAIN3
OBLT WCIIOB30BaH ISl TECTHPOBAHUS Pa3UYHBIX MOJCICH
(Bce SNP) u co3maHus HTOTOBOM MaTeMaTHYECKOW MOJIEIH,
BKITIOYAIOMICH CTATUCTHYECKU 3HAYUMBIC TIPEAUKTOPHI U 00B-
SICHSOIICH HaWOOBIIHIA TIPOIIEHT BapuaIiu B (opMupoBa-
HUU MY3BIKaTbHBIX criocoOHocTel (R v.4.4.2). [lns oreHKH
KauecTBa MOJISIICH NCTIONTB30BaH HHPOPMAITMOHHBIN KPUTEPUit
Axamnke (AIC), CBHIETETHCTBYIONIHHN O TyUIIIEM Ka9eCTBE MO-
Jieny npy Menbliei Bennuune kputepus AIC. Buzyanuzanus
HAWTydIIeld Mojienu npeactanieHa B Buae ROC-kpuBoii (re-
ceiver operating characteristic) ¢ yka3aHHEM KOIHIECTBEHHOTO
nokasarens AUC (area under curve).

Pe3ynbratbl
Ha nepBoM sTame npu aHagn3e acCOIMAIi TeHETHYECKUX
BapHUaHTOB C MY3bIKQJIBHOCTBIO TI0 OT/EIBHOCTH HAMHU TOJI-
TBEPIKJICHA BOBJICUYCHHOCTH MOIUMOP(HOTo Bapranra rs3057
B rene ASAPI (p = 0.032) B ¢popmupoBaHre MY3bIKaIbHBIX
CIIOCOOHOCTEHW Ha ypOBHE CTATHUCTUYECKONH 3HAYUMOCTH
(Tabn. 2). B yacTHOCTH, yBeIHUEHHUE ITAHCOB HA Pa3BUTHE
MY3bIKaJIbHBIX CIIOCOOHOCTEH OBLIO XapaKTEepHO Uil HOCH-
Tenei retepo3urotHoro renotumna rs3057*CT B rene ASAPI
IO CPAaBHEHMIO C TOMO3UTOTHBIMU HOCUTENSAMH (TeHOTHIBI TT
n CC) (OR=1.94,95 % CI 1.05-3.56), uTO CBHIETENHCTBYET
0 HauOobIIeM 3(h(heKTe UMECHHO I'eTEePO3UTOTHOTO TEHOTHUIIA
10 3TOMY JIOKYCY B ()OPMUPOBAaHHH MY3bIKaJIbHOIO TAJIaHTA.
Jlpyrue reHeTHuecKrue BapHaHTHI HE OBUTH acCOLUHUPOBAHbI
Ha YPOBHE OT/ICJIBHBIX JIOKYCOB C MPEAPACIIONOKEHHOCTHIO
K Pa3BUTHIO MYy3BIKAJIbHOTO TAJaHTa HU B OJJHOI M3 MpoaHa-
JIN3UPOBAHHBIX MOJIENEH — aJANTUBHOM, IOMUHAHTHOH, pe-
[[ECCUBHOM, «MOJIEIN OTKJIOHEHHS OT JOMUHAHTHOCTH».
[TockonbKy pa3BUTHE MY3BIKAJIBHBIX CIIOCOOHOCTEH, KaK U
JPYyroil KOMIIJIEKCHBIN IPU3HAK, SBJIIECTCS PE3yJbTaTOM B3au-
MOJICHCTBHS OEJIKOBBIX MPOJYKTOB PA3IUYHBIX I'€HOB, Ha
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Ta6nuua 1. NMonrmopdHbie NOKYCbl, aCCOLUMPOBaHHbIE C Pa3BUTMEM My3blKaJlbHbIX CNIOCOOHOCTE

Ne  PervoH leH (6enok) SNP CBA3aHHbIN NPU3HaK DyHKUmMA 6enka JlutepatypHbIii
n/n NCTOUYHUK
MonHoreHoMHble aHanu3bl cuennexHns (GWLA)
1 3g21.3 GATA2 rs9854612  BocnpuaTie My3biKu YyacTByeT B pa3BuTIU Oikkonen et al.,
(GATA-cBs3bIBatOLWNIA (cnocobHOCTb pasnuyaTb KNeTOK BHYTPEHHero yxa 2015
6ernokK 2) BbICOTY 3BYKA, ANINTENbHOCTb
3BYKOBble MaTTe
2 4p1sa PCDH7 rs13146789 ! 3BYKOBbIE NaTTEDHbI)
npoToKafrepuH
3 (npotokaareput) rs13109270
4 8q24.21 ASAP1 rs3057 AGCONIOTHBIN CyX Perynupyet membpaHHbii  Theusch et al,,
(FT®aza-akTUBMpPYOLWNIA TpaHCNopT n pemogenupo- 2009
6es10K) BaHMe LuToCcKeneTa
5 8qg21.11 SBSPON rs1007750 KOMMNOHEHT BHEKNETOUYHOTO
(6enok, copepaLymim MaTpUKca
[IOMeHbl comaTomeanHa B
1 TPOMOOCNOHANHA)
6  4g223 UNC5C rs9307160  My3bikanbHble CNOCOOHOCT  Y4acTByeT B YASIMHEHN Pulli et al., 2008
(peuenTop HeTpuHa) aKCOHOB 1 MUTPaLUV
KNeTOK; B3aumopfencTayeT
C peLenTopamu cemMeincTaa
ROBO, cBA3aHHbIMYK
C pa3BUTVEM SUCIEKCUN
[MonHoreHoMHble aHanu3bl accouunaunin (GWAS)
7 3q12.1 DCBLD2 rs72932726 TonwmHa n3BuAvHbl Xewnsa —  PerynupyeT pocT KNeTok; Caietal, 2014
(anckonaunH) LieHTpanbHom obnactun CBA3bIBAIOT C 3a[1€PXKKOM
CJTyXOBOW KOPbI — pa3BuUTuA
onpegenaeT cnocobHOCTb
8 3921.1-q21.2 KALRN rs333332 peA B3aumopewicTtByeT ¢ 6enkom
BOCMPUHVMATb 3BYKM
(KMHa3a KanvpuHa) HTT, skcnaHcma KoToporo —
npvyriHa 6onesHn MapKuk-
COHa; MyTaLMKn CBA3bIBaOT
C U3MeHeHvem Mmopdonorum
HelpoHOB
9 9p24.2 VLDLR rs14546262 [103UTVBHAA 3BONMOLMOHHAA  ABNAETCA MULLEHDBIO Liuetal., 2016;
(peuenTop nunonpoteun- cenekuma My3blKanbHbIX ans 6enka FoxP2, ASD Working
HOB HV3KOW NIIOTHOCTN) cnocobHocTel BOBJIEYEHHOTO B popMU- group etal.,
pOBaHMe NeHus N peun 2017
10 3p13 FOXP1 rs6803008 CBA3aH C HapyLeHnAMHN
(4neH cemelicTBa TPaHC- peun, PAC; c Bocnpuatmem
KPWMNLMOHHBIX paKTOpOB My3bIKM 1 MEHNEM Y NeBUMX
Forkhead Box P1) nTuy
11 2p23 OTOF rs4416176° YyacTByeT B 3K30UMTO3€E
(oTodpepnuH) KNeTOK BHYTPEHHEero yxa;
MyTaLuW B reHe CBA3bIBaOT
c notepew cnyxa
12 12p13.1 GRIN2B rs3764030 YuacTtByeT B perynauyuu
(cy6benmHuua CMHaNTWNYEeCKOW MNacTUYHO-
peuenTtopa rnytamata CTn 1 0byyeHus; cBA3aH
[NMDA] ancunoH-2) C BOCNPUATNEM MY3bIKM
1 NeHVeM y NeBYmx NTu
OyHKLMOHanbHble nccefoBaHnA (OLeHKa YPOBHSA SKCNpeccum)
13 7qg31.1 FoxP2 rs2396753  CHwKeHue aKkcnpeccumn TpaHCKPUNUUOHHDIN Shietal., 2013

(4neH cemeiicTBa TPaHC-
KPWMNLMOHHBIX paKTopoB
Forkhead Box P2)

HapyLuaeT obyyeHune
MEeHWIo Y NeBYMX NTHL;
MyTaLU B reHe NPVBOAAT

K ayTOCOMHO-AOMUWHAHTHOMY

HapyLleHUto peun

FEHETUKA YEJIOBEKA / HUMAN GENETICS

bakTOp, perynmpyiownia
sKcnpeccuio 300-400 reHos,
BbICOKO 3KCnpeccmpyeTca

B CTpMaTyme, oTBeYaeT

3a pa3BUTHE OTAENIOB MO3ra,
CBA3aHHbIX C peyblo,

BO BpeMsi SMOpUoreHesa
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OKOHuYaHue Tabn. 1

The association study of genetic variants
with developing musical aptitude in humans

Ne  PervoH leH (6enok) SNP
n/n
14  11p14.1 BDNF rs6265
(HempoTpoduyecknin
dakTop mo3ra)
15 4q22.1 SNCA rs356168
16 (cvHyKnenH anbda) rs3910105¢
17  5931.2 EGR1 rs7729723

CBA3aHHbIV NpU3HaK

MNoBblweHne 3Kkcnpeccumn
B NpedpOoHTanbHON Kope,
MUHAANIMHE 1 rMnnokamne
Y TPAHCreHHbIX MblLLei

no reHy BDNF (Met/Met)
npwvi NPOCNyLWNBaHNN
My3bIKU

MNoBblweHne sKkcnpeccumn
y NnioAein BO Bpema Npociy-
LUIMBAHUA KNAaCCUYECKON
My3bIKU

MoBblweHne SKcCnpeccnn

DOyHKLMA 6enka

YuacTtByeT B perynauuu
HelporeHesa u CMHaNTu-
YeCKoW NNacTUYHOCTH

Perynunpyetca 6enkom
GATA2

TpaHCKPUMLMOHHbIN

JInTtepatypHbin
NCTOUYHUK

Lietal., 2010

Kanduri et al.,
2015

Drnevich et al,,

(6enoK paHHero oTeeTa)

npuv NpoCyLINBaHNN

perynatop FoxP2 2012

N NeHnn 'y neBvynx ntmy

MpumeuaHue. BbibpaHbl reHETUYECKIE JTOKYCbI B FeHaX, paHee NpoAeMOHCTPYPOBaBLUKE CBA3b: 2 ¢ ypoBHeM nunonpoTengos (Crawford et al., 2008);
b hopMUpOBaHEM CoLManbHbIX HABBIKOB MPW PAcCTPONCTBAX aymuctuyeckoro cnekrtpa (PAC) (Hu et al,, 2011); € auddepeHumanbHom sKkcnpeccren

reHa npu pasfiMyHbIx annenbHbix BapnaHTtax (Koks et al.,, 2021).

CIIEYIOIIEM dTare OblIa MPOBe/IeHa CePHst MHOKECTBEHHBIX
PETPECCHOHHBIX aHAIM30B, B KOTOPYIO Ha HAYalIbHON CTaJHN
OBLTO BKITFOYCHO 16 TeHETHYECKHX JIOKYCOB B Ka4ecTBE TIpe-
uKTOpoB (Monenb 1 (Tabm. 3), x> = 46.24, p = 0.012). B pe-
3yJbTaTe UCKIIFOYCHHS CTATUCTUICCKH He3HAaYNMBIX SNP mormy-
YeHa MOJIeITh, COfIeprKalas moauMopdHeie BapuanTel GATA2
rs9854612, SNCA rs356168 u rs3910105, ASAPI rs3057
u VLDLR 151454626 (momenb 2 (cM. Tabmd. 3), x> = 24.61,
p=0.0018).

CornmacHO CKOHCTPYHPOBAHHOI HTOTOBOM MOZIEITH HAHOOITh-
e TIaHCHI Pa3BUTHS MY3BIKAJIBHBIX CIIOCOOHOCTEH OyIyT
peaNn30BBIBATHCS TIPH OJHOBPEMEHHOM HATMYNH TEHOTHIIOB
rs9854612*AG B rene GATA2 (p = 0.026), rs356168*TT
(p = 0.007) u rs3910105*TT (p = 0.043) B rene SNC4,
rs3057*CT Brene ASAPI (p=0.027), rs1454626*AA B rene
VLDLR (p =0.027).

Taxum 00pa3om, HANOOTBIINI TeHETHIEeCKHUI AP PEKT, CBS-
3aHHBIN ¢ (POPMUPOBAHUEM MY3BIKAIBHBIX CHOCOOHOCTEH,
OyZeT peam30BBIBATECS [IPH HATMYUHU TeTEPO3UTOTHOTO Ba-
pHaHTa 110 CPaBHEHHIO C HOCUTEISIMHU JTFOOOTO M3 TOMO3UTOT-
HBIX TeHOTUTIOB (r$3057 B reHe ASAPI, cCBepXTOMUHAHTHAS
MOJIeITh) WJTH HOCHUTEIISIMU JIBYX KOITHI aJbTepHATUBHOTO all-
nenst (rs9854612 B rene GATA2, KOMOMUHAHTHAST MOJIENb ).

PesymbTaThl TOTHCTHUECKON PETPECCH TAKKE YKa3bIBAIOT
Ha MOTCHIIHANBHBIA TTOJIOKUATEIBHBIA HAKOTTUTEIBHBIN d(-
¢exr amnens T (B 06oux mokycax rs356168 mrs3910105 rena
SNCA, perieccuBHas MOJIEITh, OyZIET HAOTIOIATHCS TOTBKO ITPH
HAJIMYWH IBYX KOMHUH 3TOTO aJJIeNsi) W OTPHUIIATeIHHBIN Ha-
xorutenbHBIN dPdext amnens C (rs1454626 B rene VLDLR,
JOMWHAHTHAas MOJAEINb, OyleT HaONIoaThCs MPH HAIUIUU
XOTsI OBI OTHOW KOTIMH aJIIEIIs) Ha pa3BUTHE MY3BIKATbHOCTH.

Coznanue ROC-KpuBBIX U MOACYET MJIOLIAAH [TO]T KPUBOH
(AUC, area under curve) CBUACTENBCTBYIOT, YTO MOAECTH 1,
BKITIovaromiast Bce 16 SNP, oOmamaet HanOompIel mporHoCcTu-
geckoii cnocoOHocThIO (AUC = 0.889) (cM. pHCYHOK), XOTS HE
BCE BKJITFOUCHHBIC TIPEAUKTOPHI IEMOHCTPHUPYIOT CBS3b C pas-
BHTHEM MY3BIKaJIbHOTO TallaHTA HA YPOBHE CTaTUCTHUYCCKOM
3HaYMMOCTH. HecMoTpst Ha Ooiee HU3KYIO NMPEIUKTUBHYIO
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CIOCOOHOCTh UTOrOBOM Monenu (Moaens 2) (AUC = 0.791)
(cM. pHECYHOK), OHa XapaKTepU3yeTCs JTYUIINM TTOKa3aTeJIeM
kadgectBa (AIC = 131.31 mna momemu 1, AIC = 123.94 st
MoJienu 2).

O6c¢cyxpeHue

B pamMkax gaHHOro ucciieI0BaHuUs IPOBEJCH PEIIMKATUBHBII
aHaJM3 accoluanuii moJuMop(HBIX JOKYCOB T€HOB, paHee
NPOAEMOHCTPHPOBABIIHX CBOIO CBSI3b C (JOPMHUPOBAHUEM MY-
3BIKaJIbHBIX CIIOCOOHOCTEH M BOCIIPHUSATHEM MYy3bIKH. BKiIrO-
YCHUC BCCX M3YUCHHBLIX T'CHETHYCCKUX JIOKYCOB B Ka4YCCTBE
NPEIUKTOPOB B PETPECCHOHHBIN aHAIN3 MTO3BOJIUIIO CO3/aTh
CTaTHCTHYECKH 3HAYMMYIO MOJIEIb, 00JIa/IatoIy0 BBICOKOM
MPOTHOCTUYECKOH CrtocoOHOCTRIO (Tutomaapb mog ROC-kpu-
Boii = 0.889). OtHAKO CTATUCTHYCCKU HAaUOOJICE 3HAUNMON 1
XapaKTepU3yIoLEencs JIyYlIMM KauyeCTBOM SIBJISLIACh UTOTO-
Bass MOACJIb, CO3/JaHHasA Ha OCHOBAHHUU ITATH HOHI/IMOpq)HbIX
noKycoB: GATA2 159854612, SNCA rs356168 u rs3910105,
ASAPI 153057 u VLDLR 1rs1454626 (nnomaas nox ROC-
kpuBoit = 0.791).

leHeTuueckune nokycobl, ugeHTuduympoBaHHblie B GWLA
OnHMMU U3 U3yYCHHBIX B HACTOALIEH paboTe TeHETHUECKIX
JIOKycoB siBsitoTes 159854612, 1513146789 u rs13109270,
JIOKAJIN30BaHHbIE B OJIM3JISKAIINX 001acTIX K reHaM GATA2
n PCDH7 v IpoileMOHCTPUPOBABLINE CLEIICHHE C 0COOCH-
HOCTSIMHM BOCIIPHUSTHS MY3BIKH Ha MOJHOI'€HOMHOM YpPOBHE
(Oikkonen et al., 2015). M3BecTHO, uT0 GATA -CBSI3BIBAFOIIHIA
0eJ10K 2, KOAMPYEMBbI OJHOMMEHHBIM T'€HOM, Y4acTBYET B
Pa3BUTUU BOJIOCKOBBIX KJIETOK BHYTPEHHETO yXa, KOTOpbIE
BaKHBI JUIsl TOHOTONMYeckoro kapruposanus (Oikkonen et al.,
2015). Kpome toro, GATA2 ydacTByeT B 10()aMUHEPT HIECKON
HEHPOTPAHCMUCCHH U PETYJINPYET SKCIIPECCHIO TeHa allb(a-
cunykiienta (SNCA), oBbIIIEHHE TPAHCKPUIILIMN KOTOPOTO,
Hapsily C BBICBOOOK/IEHHEM Jo(aMuHa, HaOItoaeTcs B mpo-
necce npociymuBanus My3bsiku (Jarveld, 2018), ykaspias
HA BOBJIEYEHHOCTb CUCTEMBI BO3HATPAXKAECHUS MO3ra B 3TOT
mpouecc.
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Ta6nuua 2. YacToTbl BCTPEYaeMOoCTU ansieneil v FeHOTUMOB M3YUYeHHbIX MOMMOPQHbIX TOKYCOB
CPeAv My3bIKaHTOB 1 B KOHTPOMNbHOW Fpynne 1 pe3ynbTaTbl aHan3a accoLmaLmin

leH SNP YacTtoTbl p Puwe
reHoTVnos? anneneit®

OTOF rs4416176 GG AG AA G A 0.843 0.977
0.013 0.253 0.734 0.139 0.861
0.010 0.200 0.790 0.110 0.890

FOXP1 rs6803008 AA AG GG A G 0.616 0.679
0.115 0.436 0.449 0.333 0.667
0.150 0.510 0.340 0.405 0.595

DCBLD2 rs72932726 AA AG GG A G 0.983 0.761
0.038 0.288 0.674 0.181 0.819
0.050 0.317 0.633 0.208 0.792

KALRN rs333332 T cT CcC T C 0.951 0.651
0.138 0.424 0.438 0.350 0.650
0.119 0.416 0.465 0.327 0.673

GATA2 rs9854612 AA AG GG A G 0.357 0.631
0.051 0.449 0.500 0.276 0.724
0.057 0.314 0.629 0.214 0.786

PCDH7 rs13109270 Ccc cT T C T 0.427 <0.001
0.324 0.188 0.488 0.419 0.581
0317 0.238 0.445 0.436 0.564

rs13146789 T TG GG T G 0.816 0.835

0.202 0.494 0.304 0.449 0.551
0.152 0.494 0.354 0.399 0.601

SNCA rs356168 CcC cT T C T 0.897 0.681
0.175 0.512 0.313 0.431 0.569
0.260 0.532 0.208 0.526 0.474

rs3910105 CcC cT 1T C T 0.110 0.655

0.291 0.405 0.304 0.494 0.506
0.215 0.532 0.253 0.481 0.519

UNC5C rs9307160 CcC CcT 1T C T 0.958 1.000
0.118 0.448 0.434 0.342 0.658
0.079 0.406 0.515 0.282 0.718

EGR1 rs7729723 GG AG AA G A 0.441 0.229
0.227 0.506 0.267 0.480 0.520
0.170 0.560 0.270 0.450 0.550

FoxP2 rs2396753 CcC AC AA C A 0.724 0.410
0.128 0.487 0.385 0.372 0.628
0.152 0.535 0.313 0.419 0.581

SBSPON rs1007750 Ccc AC AA C A 0.247 0.997
0.182 0.376 0.442 0.370 0.630
0.099 0.426 0.475 0.312 0.688

ASAP1 rs3057 T cT CcC T C 0.032 0.842
0.152 0.645 0.203 0.475 0.525
0.228 0.485 0.287 0.470 0.530

VLDLR rs1454626 CcC AC AA C A 0.702 0.995
0.039 0.368 0.593 0.224 0.776
0.089 0.426 0.485 0.302 0.698

BDNF rs6265 AA AG GG A G 0.711 0.995
0.013 0.237 0.750 0.131 0.869
0.040 0.313 0.647 0.197 0.803

GRIN2B rs3764030 AA AG GG A G 0.753 0.755
0.038 0.418 0.544 0.247 0.753
0.030 0.343 0.627 0.202 0.798

MpumeyaHue. Pyye — YPOBEHb 3HAUMMOCTUN NPW OLIEHKe OTKJIOHEHWA OT paBHOBecua Xapan-BaiiH6epra B KOHTPOSILHON rpynne; p — ypoBeHb 3Ha-
UY/MOCTM MO JaHHbIM PErPecCUOHHOrO aHanu3a A MOAESN CPpaBHEHWs reTepo3nroTHONO reHoTMMNa C KOMOMHaLVe FoOMO3UTroT (CBEPXAOMUHAHTHAsA
MOAeSIb); YKa3aHbl YacTOTbl reHOTUNOB (a) v annenen (b) Ans rpynnbl My3blIKaHTOB (BEPXHSAA CTPOKA) U KOHTPOJbHON FPynmbl (HMKHAA CTPOKa) COOT-
BETCTBEHHO. MoNy>KUPHBIM WPUGTOM YKasaHbl CTaTUCTUYECKM 3HAUMMbIe Pas3finuus.
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Ta6nuua 3. MNpefnKTUBHbIE MOAENV NPEPACMONOKEHHOCTU K Pa3BUTUIO My3blKallbHbIX CMOCOOHOCTEN,
BbIAIBNIEHHbIE B pe3ysibTaTe MHOXECTBEHHOIO IOMMCTUYECKOrO PerpeccoHHOro aHanmsa

MNpeankTop lpynna PedepeHcHan Mogenb 1 Mogenb 2

rpynna B p 8 p
GATA2 159854612 AG GG 29 0.002 1.2 0.026
SNCA rs356168 T cC 35 0.004 23 0.007
SNCA rs3910105 T TC 2.6 0.043 1.5 0.043
ASAP1 rs3057 CcT TT+CC 2.2 0.007 1.1 0.027
VLDLR rs1454626 CC+AC AA -1.4 0.079 -1.2 0.020
DCBLD2 rs72932726 AA+AG GG -1.1 0.153 - -
KALRN rs333332 T cC -1.2 0.238 - -
FoxP2 rs2396753 AC AA -1.2 0.149 - -
PCDH7 rs13146789 TG+TT GG -0.03 0.970 - -
UNC5C rs9307160 cT cC 0.4 0.574 - -
SBSPON rs1007750 Ccc AA 0.9 0.441 - -
BDNF rs6265 AG GG -1.3 0.084 - -
GRIN2B rs3764030 AG GG 1.1 0.166 -
EGRT rs7729723 AG AA 0.01 0.983 -
FoxP1 rs6803008 AG GG -1.1 0.110 -
OTOF rs4416176 AG AA 1.5 0.158 - -
MceBpo-r2 0.380 0.188
¥2 Mogenu 46.24 24.61
AIC 131.31 123.94
p-value mogenu 0.012 0.0018

MpumeyaHme. r2 - NPOLEHT BapuaLm, O6bACHAIOLLMI MPOrHOCTUYECKYIO CUY MOAENU; B — PerpeccroHHbIN KoadduumeHT; AlC - MHGOPMaLIVIOHHbIi
KpuTepunin Akarike. MonyKNpHbIM LPUPTOM BbIeNEHbI CTaTUCTUYECKUN 3HaUYMMble Pa3nyms.

ROC-KpuBble perpeccrmoHHbIX Mogenen
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Pe3synbrathl mogenupoBaHnsa ROC-KpMBbIX 151 NOMMCTAYECKMX PErpeccrioHHbIX MOAeseli, B KOTOpbIX MpeaukTopa-
MU BbICTYMAOT Pas3fiMyHble KOMOVHALUMM M3YYEHHbIX FeHeTUYECKMX JIOKYCOB (Moaenb 1 BKouyaeT Bce 16 NOKYCOB,
MoZenb 2 — NATb Hanbosee 3HaUMMbIX JTOKYCOB B reHax GATA2, SNCA, ASAP, VLDLR).

OnvcaHne nepemMeHHbIX, BXOAALIMX B MOAenu, NoapobHo npreegeHo B Tabn. 3. B nerenge ykasaHbl nnowaamn nog Kpusbimu (AUC)
L1 KXoV MoAaenu.
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B nacrostmeit pabore mpoaeMOHCTPHPOBAH TOJIOKHUTEIb-
HBIH 3P (PEKT OTHOBPEMEHHOTO NPHUCYTCTBUS KON pede-
PEHCHOTO U aJbTEPHATUBHOTO ajuieneil B jiokyce 1s9854612
reHa GATA2 Ha NOBBILIEHHUE LIAHCOB Pa3BUTHUS MY3bIKAJIbHBIX
criocoOHOCTEl. B cBOIO 0uepestb, MPOTOKaArepHUHBI PETYIHpY-
10T TIPOIIECChl HEHPOHAIBHON MHTpanny, tuddepeHnmuanun
1 CHHANTOTEHE3a, YIaCTBYIOT B ()OPMUPOBAHUN KOXJIEAPHO-
simepHOTO M MuUHAaneBuaHoro komruiekcoB (Oikkonen et al.,
2015), obycnaBmuBasi CBOIO PO B Pa3BUTHH MY3BIKAIBHBIX
ciocoOHocTeil. [IpoTBOnONOKHBIN P deKT oT™MeueH npu
aHaJM3€ CEerperalnyy JeJelny KIacTepa TeHOB MTPOTOKare-
PUHOB B TeHOMHO# oOmactr 5q3 1.1 B OOJBIINX POOCITOBHBIX,
YTO OTPAXKAIOCH B CHIPKEHUH CIIOCOOHOCTH K MY3bIKaJIbHON
kpearuBHocTH (Ukkola-Vuoti et al., 2013).

HHTepecHbIM MPEeACTaBISIETCS] HEIAaBHEE OTKPBITHE O CBSI-
3M YPOBHS THIIEPMETHIIMPOBAHMS KJIacTEpa T'€HOB, BKIIIOYAs
PCDH?7, B mna3Me OepeMEHHBIX JKEHIIUH C COMACpKaHHEM
CBHHIIA B KPOBH, TIPEABIIYIIast 0pEMEHHOCTH KOTOPBIX ITPHBE-
na k poxxaenunto pederka ¢ PAC (Aung et al., 2022). CoritacHo
aHaJIM3y F€eHHOM OHTOJOrMHM, poBeieHHOMY M.T. Aung ¢ koi-
JIeraMH, KOHIIEHTPANus 3TOT0 TOKCHYHOTO MeTajlla cBi3aHa
C TAKMMH OMOJIOTHYECKIMU MPOLIECCAMH, KaK HeHpOHAIIbHOE
pa3BUTHE U U3MEHEHHUS PETYISIIMNA UIMMYHHOW CHCTEMBI, UTO
MOKET IMPUBOIUTH K TIOPAKEHUIO PA3BUTHSI HEPBHOW CHCTEMBI
mrona. ITockonbKy AaHHBIX O (DYHKIIMOHAIBHOM XapakTepe
aJJIeIbHBIX BAPUAHTOB U3YUYEHHBIX JIOKYCOB B reHax GATA2 u
PCDH?7 He onyOIMKOBaHO, HEBO3MOYKHO CJICNIATh 3aKITFOYCHIC
o uddepeHnnanbHON HKCIPECCHH ATHX TEHOB, COITPOBOK/IAI0-
1Ieit pa3BUTHE MY3bIKAJIBHOTO TaJaHTa B BBIOOPKE PYCCKUX.

ITpn onenke oTenbHOTO 3(h(heKTa TeHETHUECKHIX JIOKYCOB
MBI OOHAPYKHII CTAaTUCTHIECKN 3HAYNMOE yBEIWICHHUE Ya-
ctotel reHotuna rs3057*CT B rene ASAP! y CTYICHTOB C My-
3BIKAJIBHBIMH CITOCOOHOCTSAMH 110 CPABHEHHUIO C KOHTPOIBHON
TPYIIIOH, YTO ITO3BOJISIET PEITOIOKUTE CBEPXIOMHUHAHTHYIO
MOJIEJTb HACIIETOBAHMSI, XapaKTEePHYIO /sl JAHHOTO JIOKYyCa,
MTOCKOJIbKY HaMOONBIIHAN MOJOKHUTEIBHBIN 3 dekT Hadmo-
JIaeTCsl B Ciydae OJHOBPEMEHHOTO HAJIMUUs pedepeHCHOTOo
W ambTepHATHBHOTO ayeneid. V3ydeHHbIH momuMopHEI
BapHWaHT sBJsIeTCs peryiasaTopHeiM (Bryzgalov et al., 2013)
1 paHee ObLT MACHTH(UINPOBAH KaK CHETIICHHBIA ¢ popMu-
poBanueM abcomotHoro ciryxa (LOD = 3.46 y eBporeiines)
(Theusch et al., 2009).

CyImecTByIonue JaHHbIE YKa3bIBAIOT HA TO, YTO TEH
ASAPI — omun u3 30 muddepeHIaIbHO IKCIIPECCHPYEMBIX
TEHOB B IPEPPOHTAIHLHON KOPE TOIIOBHOTO MO3Ta B OTBET Ha
JIeYeHUE CHHApOMa Ae(UIMTAa BHUMAHUS C THUIIEPAKTHBHO-
cteio (dela Pefia et al., 2014), Takum 00pa3oM CBHICTEIBECTBYS
B IOJIb3Y €r0 BOBJICYCHHOCTH B PETYISAIUIO KOTHUTHBHBIX
nporieccos. JIuteparypHbie TaHHBIE TAKKE COOOIIAIOT O CBA3H
JIpyTUX TOMUMOPGHBIX BapraHTOB reHa ASAPI ¢ ICHX03Mo-
LIUOHAIBHBIMUA OCOOEHHOCTSIMH JIMYHOCTH B HOPME W TIPH
MIaToJIOTHH, BKJIIo4as pasButue mmsodpennn (Goes et al.,
2015), xorautuBHOTO Aeduruta (Mega Vascular Cognitive
Impairment and Dementia (MEGAVCID) consortium, 2024),
ypoBHs obpa3oBanus (Okbay et al., 2022).

Wzyuennsrii Hamu momuMopdHsIii tokyc rs1007750 B rene
SBSPON panee ObUT HICHTH(OUITUPOBAH KaK CICTUICHHBIN C
pasButnem abcomrotHoro ciyxa (Theusch et al., 2009) u B TO

2026
30-3

MccnenoBaHmve accoumalny reHeTuyeckrix BapuaHToB
C pa3BUTMEM MY3bIKanbHbIX COCOOGHOCTE YenoBeKa

e BpeMsi OOHapy»KeH B unciie AupGepeHnaIbHO IKCIpec-
CHPYIOIIUXCS TEHOB B IIOCTMOPTAJIBHBIX 00pa3Iax nepeaHei
pe(POHTANBEHON KOPBI TOJIOBHOTO MO3Ta MAalMeHTOB C IIH-
30¢penueit (Maycox et al., 2009).

JIpyruM BKITFOYEHHBIM B ITPOTHOCTHYECKYIO MOJIENb MY3bI-
KaJIbHOTO TaJIaHTa FTeHETUYECKUM JIOKYCOM siBisieTcs rs9307160
B reHe perentopa HetpuHa (UNCSC), CUeIUIeHHBIH ¢ aKKy-
MYJISIIIIEH My3BbIKQJIBHOTO TAJIAHTA B CEMBSIX (PHHCKOTO MPO-
ucxoxnenus (Pulli et al., 2008). Perrenrrop Hetpura UNCSC
9KCTIpeccupyeTcs B J0(aMUHOBBIX HEHpPOHAX, YYaCTBYET B
riepesiade CUrHaIa HeTPUHA TIPH MUTPAIlMK HEHPOHOB B MPO-
mecce pa3BUTHA U akcoHanbHOTO HaBeneHwus (Treccarichi et
al., 2024). Ilpenpimymnie pabOTH CBUACTEIBECTBYIOT O CBS3H
HEKOTOpbIX MyTauuii B rene UNC5C ¢ pa3BUTHEM CEMEWHOM
(hopmbl Oone3Hn AnplreiMepa, mu30(QPEHUH, OUITOIIPHOTO
1 ICTIPECCUBHOTO PACCTPOMCTBA U APYTUX NMCUXHMUECKHIX Pac-
ctpoiict (Treccarichi et al., 2024) 3a cuyeT U3MCHEHUS TyB-
CTBHUTEILHOCTH HEHPOHOB K arornTo3y.

CoXpaHHOCTh KOTHUTHBHBIX (DYHKIMH B CTApUYECKOM BO3-
pacTe CBSI3BIBAIOT KaK C MOIMMOP(HBIMI BapHaHTaMH B T€HE
UNCS5C, TaKk 1 ¢ UBMEHEHUSIMU €T0 METHJIMPOBAHUS U CHU-
KEHHEM YPOBHS €ro 3KCIPECCHHU B OPCOIaTepaIbHON mpe-
(poHTANBHOW KOpE, YTO, MPEAIOIOKUTEIBHO, OTIOCPETyET
M3MEHEHUs B COCTaBe NpecuHanTHIeckoro tepmunana (White
et al., 2017). Hecmotps Ha TO uTO (pyHKIIMOHATRHAS 3HA-
YUMOCTh TToTUMOpdHOTO JoKyca 1$9307160 B OoTHOIICHUH
perynauuu sxkcnpeccuu rena UNCS5C Hen3BecTHa, peicTaB-
JICHHBIC BBIIIC JaHHBIC YKA3bIBAIOT Ha €0 MOTEHIMAIBHYIO
BOBJICYCHHOCTH B (DOPMHPOBAHUE KAaK KOTHUTHBHBIX, TaK 1
TTOBE/ICHUECKUX PEAKINi, OMOCPEAOBAHHBIX HO(PAMUHEPTH-
YECKOM HEHPOTPaHCMHUCCHEN.

leHeTNYeCKMe NOKyChbl,
naeHTndmumpoBaHHbie B GWAS
BxitrodeHHbIE B perpecCHOHHYTO MOZIEIb TEHETHUECKAE JIOKY-
cel B reHax VLDLR, FOXPI, OTOF n GRIN2B n3Ha4anbHO
OB NACHTU(GUIIMPOBAHBI KaK CBSI3aHHBIC C IIO3UTHBHOMN 3BO-
JFOIIMOHHOM CeTeKITIel My3bIKaIbHBIX criocoOHOCTei (Liu et
al., 2016). T'en VLDLR xopupyeT perenTop JIUIOMPOTEHHOB
HU3KOH TNIOTHOCTH, BOBJICYEHHBIN B PUIIMHOBBIN CUTHATBHBIN
KacKal, U TPEACTaBIAeT cO00H MuIIeHb i Oemka FoxP2.
[Mocneanii ABsIETCS TPAHCKPUITIIMOHHBIM (JaKTOPOM, UTPAT0-
MM BaXXHYIO PETyJISATOPHYIO POJb B TIporieccax (hopMUpO-
BaHMS BOKAJIM3AIMK U pedd. B yacTHOCTH, HOKayTHpOBaHWE
reHa FoxP2 crocoOCTByeT CHMXEHHUIO YPOBHSI TapreTHOTO
6emxa VLDLR y MoieIbHBIX )KHBOTHBIX, B TO BpeMs Kak T10-
BEIIIICHIE dKCTIpeccuu reHa VLDLR obHapykeHo B cienndu-
YecKkol 00JIacTH TOJIOBHOTO MO3Ta TEBYMX MTHI] IPH 00yde-
HUU NIeHAIo 1 Bokanm3anuu (Adam et al., 2016), yka3siBas Ha
MTOTEHIINATIBHOE YYacTHE PHIIMHOBOTO CHUTHAJIBHOTO KacKaaa
B KOTHUTHUBHBIX ITPOIECCAX, CBA3aHHBIX C MY3BIKQIEHOCTBIO.
Kpome Toro, yBennueHHe SKCIPECCHH TEHOB, HAXOSIIIXCS
mof1 KoHTpoJeM FoxP2, HabmonaeTcs B meprudepruaecKoi Kpo-
BU Y JIIOZIEH TIPH ITPOCITYIIUBAHUN MY3BIKAJIbHBIX KOMITO3HIIHHA
(Kanduri et al., 2015).

CornacHO NpeAbIAYIINM HCCIEAOBAHNUSAM, BBIOPAHHBIH
HaMu TiouMopdHBIA Jokyc 151454626 B rene VLDLR (an-
nenb C) acCOMUPOBAH € BEICOKUM YPOBHEM JIMITONPOTECHHOB

FTEHETUKA YEJIOBEKA / HUMAN GENETICS 477



A.V. Kazantseva, A.V. Toropova
E.K. Khusnutdinova, S.B. Malykh

Y WHACKCOM MAaCCHI Tea; MPHUeM 3TOT d(P(EKT yCHITHBAIICS
TIPH HAJIMIUH «PHCKOBOTOY» BapruaHTa €4 B TeHE allOJIAIIONPO-
teuna E (APOE) (Crawford et al., 2008). IToay4eHHbIe HAMI
pe3yabraThl 00 acconmaiuu amiens rs1454626*C ¢ 6onee
HU3KOH BEPOSITHOCTBHIO ()OPMUPOBAHUSI MY3bIKAJIBHBIX CITOCO0-
HOCTEH yKJIaJ[bIBAIOTCS B IIPE/ICTABICHUS O CBSI3U KOTHUTHB-
HOTO (PYHKITHOHHPOBAHUS C COOTHOIICHUEM JIUTIOTIPOTCHHOB
HU3KoM 1 BeICOKOH tutoTHOCTH (Poliakova, Wellington, 2023)
1 CBHJICTEIBCTBYIOT B MOJIb3Y TOMUHAHTHOW MOZIEIH HaCTIe 0~
BaHUsI OTpHUIlaTeIbHOTO ddekra amens C Ha pa3BUTHE MY-
3BIKAJILHOCTH.

M3ydeHHble B paMKax HaCTOSIIIEH pabOThI I'eHbI TPAHCKPHII-
HOHHBIX (pakTopoB FoxP1 (rs6803008) u FoxP2 (1s2396753)
PeryIupyIOT SKCIPECCHUI0 OONBIIOTO KOJTUYECTBA TCHOB,
BKJTFOUAs TeH pUIIMHOBOTO TyTH (VLDLR). De novo MmyTanuu
B reHe FoxP] nexar B 0CHOBE 3THOJIOTHH TaK HAa3bIBAEMOTO
FoxP1 curapoma — ayTOCOMHO-IOMAHAHTHOTO 3200JICBaHUS,
XapaKTepU3yeMOro HapyIIeHUSIMH KOTHUTHBHON M pe4eBOr
cdep, kKoMMyHUKau U noBeaeHus, Biirodas PAC, CIBT,
TPEBOJKHBIE PACCTPOICTBA, © OPOMOTOPHBIMHU AUCHYHKITHSIMA
(Rappold et al., 2023). Kpome toro, 6emtok FoxP1 omocpemyer
BOKaJIbHBIC MPEANOYTEHNSI U MOTHUBAIMIO K aKTHBHOMY 3a-
IIPOCY Ha NPOCIYIINBAHNE BOKAJIU3AINHT Y CAMOK 3¢0pOBBIX
amaauH (Heim et al., 2023), 4yro MoxeT yka3bIBaTh Ha I10-
TEHIMAIBHYIO PO TAaHHOTO TPAHCKPHUIIIIMOHHOTO (haKTopa
B (hOpMHIPOBAHUH MY3BIKAJTFHOCTH Y YEIOBEKA.

Eme oiHO BaykHOE 3BE€HO MPOIECCOB KOTHUTHBHOTO (yHK-
LIMOHUPOBAHMUS M CHHAIITUYECKOH TNIACTUYHOCTH — TITyTama-
Tepruyeckast CHCTeMa, CyIeCTBEHHBIM KOMITOHEHTOM KOTOPOM
SIBJISICTCS N3YUYCHHBII B PAMKaX HACTOSIIETO NCCIIE/IOBAHMS I'eH
GRIN2B, xopupyomuii CyObeIUHUITY PeIenTopa IIIyTaMara.
[oseimenne MPHK sToro rena 3a¢ukciupoBaHo NpH TEHUN
y [IE€BYMX OTHII (B YaCTHOCTH, 3¢0poBoii amaauusl) (So et al.,
2019). CornacHo 01yOIMKOBaHHBIM JIaHHBIM, IIPOAHAIN3UPO-
BaHHBIN ajuieNbHbIA BapuaHT 1s3764030*A B rene GRIN2B
TaKKe ObIIT ACCOIIMUPOBAH C YIIy4IIEHHEM CKOPOCTH 00paloT-
KU WH(POPMAITIH BCIICACTBUE YBEIIMICHHOTO YPOBHS dKCIIpec-
cnu qanHoro reHa (Jiang et al., 2017). ITo Harmmm pesynsraram,
asensb 1$3764030* A pu BKITIOYSHUH B PETPECCHOHHYIO MO-
JIeITb CBSI3aH C MOJIOKHUTEIBHBIM IIPOTHOCTHYECKUM A dhexTom
B OTHOUICHHH Pa3BUTHS MY3bIKaJIbHBIX CIIOCOOHOCTEH, 4TO
TIOTBEPIKAACTCS BBIICOTMEUEHHBIMU PE3YJIbTaTaMHU.

I'en otodhepimHa Takke OBUT HACHTH(GUITIPOBAH KaK HMEIO-
IIHA CeNIEKTHBHOE MPEUMYTIECTBO ISl HBOITIOIMOHHOTO 3a-
KpeIIeHHsI My3bIKaIbHBIX criocoOHocTel (Liu et al., 2016).
JlaHHBIN TeH KOAUPYET TPAHCMEMOpPaHHbII OCJIOK, Y4aCTBYIO-
LM B 9K301IMTO3€ BHYTPEHHHUX BOJOCKOBBIX KJIETOK, YKa3bl-
Basi Ha ero NOTEHIIMAJILHYIO BOBJICUEHHOCTH B (hopMUpOBaHHE
MYy3BIKaTbHOCTH. [I0CKONBKY paHee He coodmanoch 00 acco-
HaAN KOHKPETHOTO mouMopdHoro Bapuanta B rene OTOF
C My3bIKaJbHBIMHU XapaKTEPUCTUKAMH, I aHATII3a HAMH OBLT
BbIOpaH JoKyc rs4416176, amienbHble BapUAHTHI KOTOPOTO
paHee IPOJEMOHCTPUPOBAIIN CBA3b C COLMAIM3alMe y ma-
muentoB ¢ PAC (Hu et al., 2011).

Ponb rena OTOF HEOIHOKPATHO U3yYallaCh B KOHTEKCTE €0
CBSI3U C HAPYIICHUSAMH CIIyXa, a IPIMEHEHNE TEHHOH Tepamnin
B OTHOIICHHH JTOTO TeHa y OOJBHBIX JAETEeH C BPOXKIACHHOMN
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TITyXOTOH AEMOHCTPHPOBAJIO BHIPAKEHHBIN TOIOKATEIBHBINA
3¢ (eKT Ha BOCCTAHOBICHHE CITyXa, YIYYIICHHE CIyXOBBIX
1 PEUeBBIX CHOCOOHOCTEI M BOCIPUSATHE MY3bIKH JaXe IO
CPaBHECHUIO C NALIMEHTAMU C KOXJIEApHOU MMIUIAHTALUEH
(Cheng et al., 2025).

I'enernueckue snokycsl B renax DCBLD?2 (1s72932726) u
KALRN (rs333332) Obutn BEIOpaHs! 110 pesyasraram GWAS
KaK acCOITMMPOBAaHHBIC ¢ TONIIMHON m3BmiawHEI [enura (Cai
et al., 2014) — obnacTu CIIyXOBOW KOPBI, y4aCTBYIOIIEH B
BOCIIpUATHH 3BYKOB U pE€YU, JUHTBUCTHUUCCKOTO TOHA U PEC-
TYIUPYIOIIEH pa3BUTHE BHYTPEHHETO yXa. BakHO OTMETHTB,
YTO JJIsl My3bIKAHTOB XapaKTePHO yBeIHUIEHHE 00beMa ceporo
BEIIIECTBA B TPABOM U JIEBOM OTIEJAX CIYXOBOH KOPHI, B TO
BpEMsI KaK yBEJIMUYEHHE NTPABOH M3BUIMHBI X eIt HaOmona-
€TCsl y My3bIKaHTOB C abCOIOTHBIM ciiyxoMm (Wengenroth et
al., 2014). [TonumopdHsIii Tokyc rs72932726 B rene DCBLD?2,
BXOJISIIIMH B UTOTOBYIO PErPECCHOHHYIO MOJIEIIb B HAIIIEM UC-
CJIC/IOBAaHHH, CBSI3aH TAKXKe CO CTPYKTYpPHBIMU H3MEHEHHUSIMHU
B OT/I€JIaX TOJIOBHOTO MO3Ta, yYacTBYIOIIUX B 00paboTKe peun
u si3bika (Cai et al., 2014).

Jpyrum u3yueHHbIM reHoM sBiisiercs KALRN, konupyto-
M KUHA3y KaJMpUHA, TPEJICTABISIONIYI0 CO00H CHHANTH-
YECKHUH PeryIsiTop, y4acTBYIOIIMH B MOP(OreHe3e CHIPUTOB,
pocTe akcoHOB, KOHHeKTHBHOCTH Mo3ra (Parnell et al., 2021).
Coobmraercst 0 HapyIICHUAX perymsnuu reHa KALRN mipu
KOTHUTHBHOM nedurnmre, mm3oppennu, PAC (Parnell et al.,
2021), a annenwsHbIi BapuaHT 1s333332 B rene KALRN nemMoH-
CTPUPYET aCCOLUALIMIO C TOJIIIMHON JIEBON U3BUIIMHBI XIS
(Caietal., 2014).

MonumopdHble BapnaHTbI
B AnddepeHLManbHO S3KCNPECcCMpPyIoLNXCA reHax
B nToroByto perpeccnoHHyI0 MOZIEIb MPEIPACIIOIOKEHHOCTH
K MY3bIKaJIbHOCTH TaK)Ke OBLIN BHIKITIOUCHBI BAPHAHTHI TCHOB,
paHee AEMOHCTPUPYIOMNX (DYHKIMOHAIbHBIE N3MEHEHHUS
Ha ypOBHE I'€HHOW »KcHnpeccuu. B yacTHOCTH, CHUXKEHUE
9KCIPECCUH T'eHa TPAHCKPUMIHOHHOrO (akTopa FoxP2,
UTPAIOLIEro BAKHYIO POJIb B Ipoleccax AupPepeHInpOBKI
HEHPOHOB, pa3BUTUH MO3Ta M Pe4H, HaOIIOAAIOCh IIPH Ha-
pyumeHnn Bokanmu3anuu meBunx nrui (Shi et al., 2013), a
CTPYKTYPHBIE U3MEHEHHS B 3TOM T'€HE CBS3BIBAIOT C KIMHH-
YECKOM CHMITOMATUKOW TpH In3odhpenun (Salmon-Gomez
et al., 2025) u Bocnpusituem peun (Ocklenburg et al., 2013).
[Ipu »Tom amnens 1rs2396753*C, o naHHBIM HEJIaBHETrO
cucreMaTnueckoro o63opa (Salmon-Gomez et al., 2025),
aCCOIMMPOBAH CO CHMKEHHEM IUIOTHOCTH CEPOTO BEIIECTBA
B MO3T€ M BCTPEYAETCSI CTATHCTHYECKH 3HAYMMO Yalle y JII]
¢ BepOaJbHBIMU TaJUTIOIMHALIMSAMU Tipu m30dperHun. B To
Ke BpeMsl Hallli JIAHHBIC YKa3bIBAIOT HA aCCOIMAIIMIO aJuIelist
1s2396753*C ¢ oTcyTCTBHEM MY3BIKJIILHOTO TaJlaHTa.
TpaHCKPUNLIMOHHBIM PErYIATOPOM reHa FoxP2 saBisercs
6enok pannero oreeta EGR 1, ygacTByromii B HeHpOHaIBHOM
IUTACTUYHOCTH, ACWCTBHE KOTOPOTO OomocpenoBaHo audde-
peHIanbHo# skcnpeccueid MUKpoPHK miR-23a, b (Nair et
al., 2021). bosnbiroe 4ncio paboT OTMEUaeT BOBJICUYCHHOCTD
oenka EGR1 B ¢opmupoBanue namstu u oOyueHus, a €ro
9KCIIPECCHsl B PA3IMYHBIX OTJIEaX TOJIOBHOTO MO3Ta JIEMOH-
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CTPHPYET CTpeCC-UHAYILMOCTBHBIA XapaKTep, COMPOBOXKIAs
pa3BUTHE TAKHUX IICUXUYECKUX 3a00JICBAHUH, KaK MH30(pe-
HUSI, IETIPECCUBHOE PacCTPONCTBO M 00JIe3Hb Anblreiimepa
(Gallo et al., 2018).

OnHuM 13 Hanbosee 9acTo U3y4aeMbIX TeHOB, yUacTBYIO-
WX B PETyJSLUN HeHporeHe3a M CHHANTHYECKON IIacTHy-
HOCTH, B KOHTEKCTE MHANBU/TyaTbHBIX KOTHUTHBHBIX CIIOCO0-
HOCTEH W HapyIICHUH, SBISETCS TeH HeHpoTpopuIecKoro
(axropa ronoBHoro Mo3ra (BDNF), yBennueHNe SKCIIPECCHT
KOTOPOTO — pe3ynbTar npociymuBanus My3siku (Li et al.,
2010). ITo manabIM Hameid momenu 1, renotun A/G (Met/
Val) nmomumopdHoTro BapmanTa rs6265 (Valo6Met) xapakre-
PpH3yeTCs MEHBIIMMHU [ITAHCAMH K MIPOSIBIICHUIO MY3bIKaTEHOTO
TaJaHTa, 1o cpaBHeHMIO ¢ TeHoTHTIOM G/G (Val/Val). Bonpmoit
TUIACT MCCIICIOBAHNIT CBU/ICTEIILCTBYET O TOM, UTO aJUIeIIbHBIN
BapmaHT 1s6265*Met (komupyercs amieneM A) cBsA3aH C 1O-
HIDKEHHOH JKCTIpeccHell TeHa, YMEHbBIICHHEM KOIWYecTBa
CEeporo BEIIECTBA B OT/EIaX MO3Ta, OTBEYAIONINX 3a TaMSTh,
CaMOKOHTPOITb 1 AMOIInoHANBHYT0 cepy (Kunikullaya et al.,
2025).

Panee Takxke ObIJI TOKa3aH MOJIOKUTEIBHBIN 3P YEKT My3bI-
KaJIbHOTO BOCHPOM3BEAEeHMs Ha yBennueHue ypoBHs BDNF,
TIPUBOAS K CHIDKEHHUIO JeTIpeccuBHON cuMnTomMaTrky (Yeh et
al., 2015). Ilpenmonaraercs, 4TO TaKOTO Pona 3aBUCHMOCTH
MOXKET OBITh OOYCIIOBIICHA BOBICUCHHOCTBIO JIOKyca 1$6265
B PETYISIMIO HEHPOIUTACTHIHOCTH B CIIyXOBOH KOpE TOJIOB-
Horo Mo3ra. IIpy n3ydeHnn HeraTHBHOCTH PacCOIIacOBaHMS
(mismatch negativity, MMN) kak BeTHYHHBI, OTpaKaIOMICH
MIPOIIECC aBTOMATHYECKOH JETEKIMN OMHMOOK CITyXOBOH KO-
PO¥i M IpOLIEeCChI TPEIBHUMAHNS, TIPH BHITIOIIHEHNH 3JIEKTPO-
sHIedanorpadhun oOHApYKEHO, YTO Hamboliee 3HAYNMEIC
n3menennss B MMN nukax XapakTepHBI Ul My3BIKaHTOB —
HocuTenel reHotrnna Val/Val, 1o cpaBHEHHIO ¢ My3bIKAHTAMH,
nMeromumu ayienb Met (Bonetti et al., 2023).

B cBo10 ouepenp, BOCIPOM3BEICHNE MY3BIKH 3aTParuBacT
Ha MOJIEKYJSIPHOM YPOBHE M3MEHEHHS B SKCIPECCHH I'eHa
anbda-cunykinenHa (SNCA) (Kanduri et al., 2015). Kogupye-
MBIii OEJIOK BOBJICUEH B PETYIALNIO OMOCHHTE3a HO(paMUHA
TTOCPEZICTBOM U3MEHEHHS €ro 00paTHOTO 3axXBara U3 CHHAICca
OEJIKOM-TIEPEHOCUNKOM, a TAKKE IEMOHCTPHPYET CBSI3b C 3THO-
narorene3om 6oe3nn [lapkuacona (BIT). Ha yposae SNP cy-
IIECTBYIOIIHE JAHHBIC YKA3bIBAIOT HA ACCOIMAIMIO TCHOTHUIIA
CC nokyca rs356168 B rene SNCA ¢ puckom pazsutus bl u
YBEIIMYCHNEM YPOBHS allb(pa-cuHykKIenHa Bo (ppakmmun CD45+
KIIeTOK nepudepryeckoil kposu namueHToB (Emelyanov et
al., 2018). IIpenmomnaraercs, 9to MOKyc 1s356168 ygacTByeT
B PETYJSIINI COOTHOIICHHS KOJTMIECTBA JUTHHHBIX (Ha OCHOBE
3'-pernona) 1 KOpOTKUX TPAHCKPHUIITOB aib(a-cHHyKIeHHa,
OIIPEAENISAs TAKUM 00pPa30M €ro CriocOOHOCTh K OJIMTOMEPH-
3anuu u Marudecrarn BIT (Rhinn et al., 2012).

B Hameit paboTte mpopeMOHCTpUpPOBaHa BOBICUYCHHOCTD
anpTepHAaTHBHOTO reHotuna rs356168*T/T u renoTuma
rs3910105*T/T B pa3BUTHE MY3bIKaTLHOTO TaJIAHTA B PAMKaX
PperecCUBHON MOJIENIN HACIIEIOBAHHS, IPEIIONIATAIOIIEH, YTO
HaJIM4YMe MMEHHO JABYX Komuii amutens T Oymer okas3bIBaTh
GmaronpusaTHBIN 3()dexT. [TomydenHble JaHHbBIE ABIAIOTCS He-
CITy4aifHBIMH, TIOCKOJIBKY COTVIACYIOTCSI C BRIBOZAAMH, OITyOIIH-
KOBAaHHBIMH B HEJIJaBHEM cucTtemMarnieckoM ob3ope (Navarro
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MccnenoBaHmve accoumalny reHeTuyeckrix BapuaHToB
C pa3BUTMEM MY3bIKanbHbIX COCOOGHOCTE YenoBeKa

et al., 2023), yka3pIBaromeM Ha CBS3b JO(HaMUHEPTUICCKOM
HEHPOTPaHCMHUCCHH, YPOBHS anb(a-CHHYKICHHA, TTOI0KH-
TeNBHOTO (P PEeKTa OT MPOCITYIINBAHAS U BOCIIPON3BEICHUS
my3biku (Kanduri et al., 2015; Jarveld, 2018) Ha KTHHIYECKYTO
CHUMITTOMATHKY TP HEHPOJereHepaTHBHBIX 3a00ICBaHUSX.

Kpome Toro, monydeHHbIC HAMU CBHCTEIHCTBA O BAXXKHOM
KYMYISITUBHOM 2(QEKTe M3yUYEHHBIX TCHOB COTIIACYIOTCS C
maaasivu MetaaHanmza U.K. Kunikullaya ¢ komnmeramu (2025),
TTOATBEPIUBIITUMH POIIb HEHPOTPOPHIECKOTO (haKTOpa TOI0B-
HOTO MO3Ta, anbda-cuaykienHa 1 GATA?2 Oenka B I3MEHCHUHT
HeliporeHe3a U HelfpOMeINAIX BCIICACTBHE ITPOCITYIITHBAHUS
¥ BOCTIPOM3BEICHNUS MY3bIKaFHBIX MTpou3BeneHuil. [locnen-
Hee WHUIIMHPYET YBEIHMYCHHE YPOBHS HEHPOTPO(HUHOB, HEll-
POTIPOTEKTOPOB, PETYASATOPOB CHHANITUIECKOH ITACTHYHOCTH,
yAydIIaeT UMMYHHBIC (QYHKIIHHA U CHHKAET CTPECC.

[IpoBeneHHOE HAMU UCCIICIOBAaHNUE UMEET Psifl OTpaHUYe-
Hull. Bo-IepBBIX, MpoaHATU3NPOBaHHAS BHIOOpPKA SBIIACTCS
HEOOJBIION TI0 pa3Mepy, TeM He MEHee OHa TOMOTCHHA 10
BO3PACTHOMY M STHUYECKOMY COCTaBY, YPOBHIO MY3BIKAIEHOTO
oOpa3zoBaHms. Bo-BTOPBIX, KOMHYECTBO M3YUCHHBIX TCHETHU-
YECKUX BApPUAHTOB OTPAHIUYCHHO M JUKTYET HEOOXOIMMOCTh
ero pacmupenus. Kpome Toro, HEKOTOpBIE TEHETHYCSCKHUE JIO-
KYCBHI B3STHl Ha OCHOBE JIUTEPATYPHBIX JaHHBIX 00 WX acco-
OHAIAA CO CXOKUMHU (QeHoTunamu 0e3 mHdopManuu 00 ux
(YHKIIMOHAIBHON 3HAYUMOCTH. B-TpeThuX, HECMOTPS Ha
MHOTO(aKTOPHBIN XapakTep MaHU(ECTAIIMH MY3bIKaTbHBIX
criocoOHOCTEH, MBI HE MIMETIH JaHHBIX IS TIPOBEACHUS Ma-
TEMAaTHIECKOTO MOJCITUPOBAHUS C YUCTOM ITOTCHIIHAIBHBIX
CPEHOBBIX MPETUKTOPOB, TAKMX KaK Ka9eCTBEHHAs U KOJIMYe-
CTBEHHas crieIi(rKa My3bIKAIEHOTO 00pa30BaHMUS B JICTCTBE,
HAJIWYHE MY3bIKaJIbHOTO OKPYKCHHUS, COIIMATEHO-DKOHOMUYe-
CKHUii cTaryc u p. B-4eTBepThIX, HEOOXOIMMO yIECTh MIUIOT-
HBII XapaKTep HACTOAIICH pabOTHl M HEIOCTATOYHYIO CTa-
TUCTHYECKYIO MOIITHOCTH MIPY aHAIHM3€ MPEAUKTHBHON MOJIe-
iy, BKimovatomie 16 SNP, uto MOXeT Takke OTpakaTbCsl B
Hammunn omubok [ u 11 pona.

JlanbHeiime uceaeoBaHus B 9TOI 00acTu ciexyet cho-
KyCHpOBaTh Ha PACIINPEHUH TTAHETH U3y9aeMbIX TCHETHYC-
CKUX JIOKYCOB B OTHOIICHHUH MY3BIKAaJTbHBIX CITIOCOOHOCTEH
U OlleHKe NX (PyHKINOHAIBHONH 3HAYUMOCTH B KOHTEKCTE
PETYISAIMA IKCIIPECCHU TCHOB.

3aknioyeHune

B pamkax mpoBeieHusI pEILTMKATHBHOTO aHATIN3a aCCOIIHAIINH
Ppsiia TeHETHYECKUX JIOKYCOB, HICHTH()UITMPOBAHHBIX paHee Ha
BBIOOPKAX €BPOMEHCKOTO MPOUCXOXKICHHS, CO3/[aHa MPOTHO-
CTHYECKAasT MOJICTb, BKITFOUAOIIAS TIATh OJHOHYKICOTHIHBIX
BapHAHTOB, HA JOCTATOYHOM YPOBHE UYBCTBHTEIHHOCTH H
CTECU(PUIHOCTH OIICHUBAOIIAS MPEAPACTIONOKEHHOCTD K
Pa3BUTHIO MY3BIKAIIBHOCTH Y PYCCKHX IO STHHYCCKON MPH-
HaJITIOKHOCTH.

HecMmoTpst Ha TO 4TO M3HAYATBHO MOTUMOP(HBIC TOKYCHI
HaMHU ObLTH BBIOpAHBI HA OCHOBAHWH NAHHBIX PA3IUYHBIX
meroandeckux noaxonos (GWAS, GWLS, nuddepennpans-
Hasl OKCIIPECCHST), N3YUICHHBIC TCHBI 3aUaCTYIO SIBISIOTCS Tie-
PECEKAOIINMUCS, & KOTUPYEMbIC UMH OCIKOBBIC MPOTYKTHI
BKJTFOUCHBI B OJTMHAKOBBIC MOJICKYJISpHBIC TyTH. Kpome Toro,
3HAYUTENIBHAS YACTh U3 MPOAHATH3UPOBAHHBIX TCHOB KOJUPY-
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€T TPaHCKPHITIMOHHBIE (PaKTOPBI, TAKUM 00pa30M yKa3bIBasi Ha
MOTEHIINATIBHYTO BOBJICUCHHOCTh PA3INIHBIX MOJIEKYIISIPHBIX
IyTeH, peryJupyeMbIX JaHHBIMU (pakTopamu, B HOpMHUPOBa-
HUEC MY3bIKAJIbHOCTH.

[TosryueHHBIe HAaMU pe3yibTaThl OMOCPEIOBAaHHO CBH/IE-
TEJIbCTBYIOT O B3aUMOJEHCTBUU aHAIU3UPYEMBIX I'€HOB,
MIOATBEPKAasi, 9TO (HOPMHPOBAHNE MY3BIKAIBHBIX CITOCOO-
HOCTEW CBSA3aHO C OCOOCHHOCTAMHU AO(aMUHEPTUUCCKON U
T'AMKeprudeckoit HEHpOTPAaHCMUCCHU, PETYIISIIIMEH CHHAITH-
YECKOMU IJIACTUYHOCTH, HEHPOreHe3a U PUIIMHOBOI'O CUTHAJIb-
Horo kackasa. [Tpuuem orMeyaeTcst 00IIHOCTH MOJIEKYIISIPHO-
TeHeTHYeCKnX (DaKTOpOB, y4acTBYIOIIMX B ITHOINATOTEHE3E
30 peHNH, KOTHUTUBHBIX HapytieHni, PAC, apdekTiHBHBIX
PpacCTpOMCTB U Pa3BUTUH MY3bIKaJIbHON OAAPEHHOCTH.
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Abstract. Whole-exome sequencing (WES) has revolutionized the diagnostics of hereditary diseases, yet its efficacy
varies across populations. Data on the genetic architecture of rare hereditary disorders in many Russian regions,
including the ethnically diverse Khanty-Mansi Autonomous Okrug (Yugra) are scarce. The aim of this study was to
evaluate the diagnostic yield of WES for identifying genetic variants associated with hereditary disorders in this
ethnically heterogeneous population. The study involved 286 probands with suspected hereditary disorders observed
by regional geneticists in the years 2021-2024. WES was performed on the DNBSEQ-G50 platform (MGI, China).
Bioinformatic analysis included variant calling and annotation using population databases and pathogenicity prediction
tools. Identified variants were classified according to ACMG/Russian Medical Genetics Society guidelines and correlated
with clinical phenotypes. Molecular genetic diagnoses were categorized as definitive, partial, potential (based on variants
of unknown significance), or unknown. The examined cohort was predominantly pediatric, the most common clinical
indications were neurological, dysmorphic, and metabolic disorders. Definitive molecular diagnoses were established
in 24.8 % of patients. Inclusion of potential diagnoses increased the total yield to 48.6 %. Diagnostic efficacy varied
significantly among disease categories ranging from 58.3 % for renal disorders to 0 % for neurodevelopmental disorders.
A total of 420 unique variants were analyzed, and missense changes were the most frequent among clinically significant
findings. The most commonly implicated genes were ATP7B, GJB2, ABCA4, and GALT. The study results indicate that WES
is an effective first-tier molecular tool for a wide range of suspected hereditary diseases in the Yugra population, with a
diagnostic yield comparable to similar studies abroad. The findings support the utility of WES in diverse populations and
highlight the potential for increasing yield through trio-WES and periodic data reanalysis.
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3¢¢eKTI/IBHOCTb NOJTHO3K30MHOIO CEKBEHNPOBAHNA

B AMArHOCTMKe HacneACTBEHHbIX 3aboneBaHunii B XMAO-IOrpe 30.3

AHHoTauuA. [ONHO3K30MHOEe CEKBEHMPOBAHME NMPOU3BENO PEBOJIIOLMIO B ANArHOCTMKE HacneACTBEHHbIX 3aboneBaHuin,
ofHako ero 3$¢$eKTMBHOCTb BapbupyeT B pPa3HbiX NOnynAuuAx. [JaHHble O TFeHeTMYeCKOW apXWUTeKType peaKkux
HacnedcTBeHHbIX 3a60neBaHNii BO MHOMMX permoHax Poccuu, BKtoYas STHUYECKU pa3HOo6pasHblii XaHTbl-MaHCMNCKmi
aBTOHOMHbIN OKpyr — lOrpy, orpaHnyeHHbl. HacTosllee nccnefoBaHMe HanpaBneHO Ha OLEHKY AUArHOCTUYeCKON
LEHHOCTU MONTHO3K30MHOIO CEKBEHMPOBAHMA [NA BbIABNEHUA TeHeTUYeCKNX BapUaHTOB, acCCOLMMPOBAHHBIX C
HacneACcTBeHHbIMY 3aboneBaHMAMM B 3TOW STHUYECKM HEOAHOPOAHOW nonynauun. B uccnepoBaHue BKAOYMIMN
286 npobaHfoB C MpefnonaraemMbiMy HacieLCTBEHHbIMM 3ab0NeBaHUAMY, HAbMIOAAEMbIX FEHETMKaMM pervioHa B
nepuon ¢ 2021 no 2024 r. NoNHO3K30MHOE CeKBEHMpPOBaHME BbINONHEHO Ha nnatdopme DNBSEQ-G50 (MGI, Kutaii).
BrionHdopmaTyecknin aHanmn3 BKIOYan BbIABIEHME U aHHOTaLMIO BapUAHTOB C UCMONb30BaHMEM MOMNYAALMOHHBIX 6a3
[aHHbIX 1 UHCTPYMEHTOB MPOrHO3MPOBaHNA NaToreHHOCTW. HaaeHHble BapuaHTbl Obiny pacnpeaeneHbl No KaTeropnam
B COOTBETCTBUM C pekomeHpaumamn ACMG/Poccuitckoro obliectBa MeAMLMHCKUX FEHETUKOB M KOppenupoBanu ¢
KNMHUYecknmu deHotnnamm. MonekynapHo-reHeTyYecKme AnarHo3bl 6b11n KnaccmpruLumpoBaHbl Kak MOJIHblE, YaCTUYHbIe,
noTeHUmanbHble (Ha OCHOBAHMWN BapVaHTOB HEU3BECTHOWM 3HAUMMOCTW) UK oTcyTcTBylolwmne. ObcnenoBaHHas KoropTa
NpenMyLLecTBEHHO CoCToAna M3 AeTel; Hambonee YacTbIMM KAMHUYECKMMU MOKasaHWAMMU Obinn HeBposiormyeckue,
ancvopdurueckne n  metabonumueckue HapyweHus. OKOHYATENbHbIM  MOMEKYNAPHO-TEHETUYECKNA AMarHo3 6bin
ycTaHoBJeH y 24.8 % nauneHToB. C yyeToM NoTeHLManbHbIX 3aKo4eHn 06Las 3HaYMOCTb NCCIeA0BaHMNA yBeNnYMnach
[0 48.6 %. narHocTtuueckas 3$GeKTMBHOCTb 3HAUMTENIbHO BapbMpOBaa B 3aBUCMMOCTY OT KaTeropun 3abonesBaHuii:
oT 58.3 % pna 3aboneBaHun novyek Ao 0 % AnA HapylweHUn HenporeHesa. MpoaHanM3MpPOBaHO B OOLLEN CIOXHOCTU
420 yHWKanbHbIX BapMAHTOB FEHOB, NPU 3TOM MUCCEHC-BapUaHTbl Obifiv CambiMX BCTPEYALWMMUCA CPEAUN KIIMHUYECKN
3HauMMbIX pe3ynbratoB. Hambonee yacto BbiABNANUCH reHbl ATP7B, GJB2, ABCA4, GALT. Pe3ynbTaTbl UcCCnefoBaHUA
NMoKasasnu, 4To NOSIHO3K30MHOE CeKBEHUPOBaHUE — 3GPEKTUBHDBIN MONEKYNAPHBIA TECT NEPBON ANMHUN AN LWMPOKOro
cnekTpa npepnonaraembiX Hac/eACTBEHHbIX 3aboneBaHuin y »xutenen lOrpbl € [MArHOCTUYECKOW LIEHHOCTbIO,
COMOCTaBUMOIN C aHaNOrMYHbIMK UCCNefoBaHUAMUN 3a pybexxom. [onyuyeHHble AaHHble MOATBEPXKAAIT pe3ynbTaTus-
HOCTb MOJIHOSK3OMHOIO CEKBEHWPOBAHWA B reTepPOreHHON MONynAuMM 1 MOAYEPKMBAIOT MOTEHLUMANn MOBbIWEHWA
ANarHOCTMYEeCKOM LIeHHOCTM 3a cyeT dopmaTa «TP1O» 1 NeprofMYeCcKoro NOBTOPHOTO aHann3a faHHbIX.

KnioueBble c/ioBa: NMOSIHO3K30OMHOE CEKBEHMPOBaHWE; HacneACTBEHHble 3aboeBaHNsA; CEKBEHUPOBaHNE HOBOFO MOKO-
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NIeHVst; TeHETNYECKOE KOHCYNbTUPOBAHNE; 3GPEKTVBHOCTb ANArHOCTUKI; MOSIEKYSIIPHASA ANArHOCTUKA

Introduction

Due to the development of molecular genetic diagnostic
methods, especially high-throughput sequencing, significant
progress has been made in determining the molecular nature
of hereditary diseases over the past 15 years. In particular,
the introduction of whole-genome (WGS) and whole-exome
(WES) sequencing has enabled both large-scale population
projects to describe the frequencies of genetic variants and
the analysis of complex clinical cases with unclear disease
etiology.

Although technological advances allow for more precise
results and cheaper research, the clinical interpretation of
genomic data necessary for a specific patient has become a
new challenge (Petersen et al., 2017). Given the enormous
amount of data obtained from WGS, the main obstacles to
implementing this method are the difficulty of interpretation
in the context of a specific disease, the high cost, and the bur-
den on laboratory infrastructure with the general diagnostic
efficiency of about 40 % (Stranneheim et al., 2021).

In terms of diagnostic efficiency, WES allows focusing on
the analysis of protein-coding regions of genes. It is hardly
inferior to WGS, and its advantage is less laborious interpreta-
tion. However, its key disadvantages are the loss of information
outside of exons, the uneven coverage of gene sequences by
probes, and limitations in analyzing copy number variations
(CNVs) (Wang et al., 2017; Ross et al., 2020).

Since the diagnostic efficiency of WES for hereditary di-
seases significantly exceeds that of targeted panels, its main
niche includes cases with suspected rare genetic diseases,
diseases with recently identified or extended genes, a suspected
heterogeneous disease in a young child, and negative results
from other diagnostic methods (Okuneva et al., 2020).

According to OMIM Morbid Map Scorecard (www.omim.
org/statistics/geneMap, accessed September 25, 2025), there
are currently 6,619 phenotypes with 4,661 involved genes
corresponding to single gene disorders and traits with known
molecular basis. Most common forms of monogenic diseases
vary significantly not only among different countries but also
within distinct regions of a country. Therefore, it is of utmost
importance to study the spectrum of genetic variants and
monogenic diseases in all regions of Russia (Zinchenko et al.,
2019), taking into account the vast diversity of subpopulations
that have been practically unexplored by large-scale studies
(Barbitoff et al., 2024).

The aim of this study was to identify the genetic causes of
the most common hereditary diseases in the West Siberian
Russian Khanty-Mansi Autonomous Okrug (Yugra) and to
assess the diagnostic efficiency of WES in this population.

Materials and methods

Patient enrollment. Patient selection was carried out from
2021 to 2024 inclusive, as they were admitted for consulta-
tion at the regional medical genetic service located in Surgut
(Yugra). For the study, 286 probands of various ages and
ethnicities were selected according to the following inclu-
sion criteria: the suspected monogenic nature of the disease
(early age of manifestation, indications in the family history,
inherited nature of the disorder, rare and specific symptoms of
multiple organ damage), as well as already diagnosed heredi-
tary diseases with an unspecified molecular cause based on
clinical picture and common biochemical tests. For molecular
genetic testing, 5 mL of peripheral blood (with EDTA) were
taken from patients and transferred for processing to the Yugra
biobank laboratory, established at the Surgut State University.
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All participants (or their official representatives) provided
informed consent for participation in the study and personal
data processing. The study was conducted in accordance with
the Helsinki Declaration.

DNA extraction, library preparation, and sequencing.
Genomic DNA was extracted from peripheral blood using a
MagPure Blood DNA Kit (Magen, China). Whole-exome libra-
ries were prepared using a KAPA HyperPlus Kit and KAPA
HyperExome probes (Roche, United States). The libraries
were converted with a MGIEasy Universal Library Conversion
Kit (MGI, China) and sequenced on a DNBSEQ-GS50 system
(MG]) in the paired-end mode with the read length of 150 bp,
following the manufacturer’s recommendations.

Bioinformatics analysis. Samples with an average 70x
coverage of target regions and at least 10x coverage width of
98 % were included in further analysis. Samples that did not
pass quality control were sent for repeated library preparation
and sequencing.

Mapping of obtained reads to the human reference genome
(hg19in 2021-2022 and hg38 in 2023-2024) was performed
using BWA (0.7.16) (L1, 2011). Post-processing steps of align-
ments, variant calling, and filtering were carried out using
the Genome Analysis Toolkit (Van der Auwera, O’Connor,
2020).

Variant annotation for all known transcripts of each gene
from the RefSeq database was performed using snpEff (v.5.1)
(Cingolani et al., 2012), with population frequencies of identi-
fied variants from The 1000 Genomes Project and gnomAD
samples added to the annotation. Pathogenicity prediction of
sequence variants was performed using DANN (Quang et al.,
2015), GERP (Davydov et al., 2010), REVEL (Ioannidis et
al., 2016), SIFT (Kumar et al., 2009), PolyPhen2 (Adzhubei
et al., 2010), PrimateAl (Sundaram et al., 2018). Algorithms
AdaBoost (Pashaei et al., 2016) and SpliceAl (Strauch et al.,
2022) were also used for assessing the impact of variants on
the splice site function.

Clinical data interpretation. To assess the clinical relevan-
ce of identified sequence variants the following resources
were used: OMIM database, disease-specific databases (if
available), and scientific literature data. Reports included only
variants that had a possible relationship to the patient’s clinical
manifestations or met other criteria specified in the physician’s
referral. Polymorphisms classified as benign or likely benign
were excluded from the report.

Identified variants were categorized according to criteria
from ACMG guidelines (Richards et al., 2015) and the Rus-
sian Society of Medical Genetics (Ryzhkova et al., 2019) as
pathogenic (P), likely pathogenic (LP), variants of unknown
(clinical) significance (VUS), and asymptomatic carriers (AC).
The last category included heterozygous pathogenic and likely
pathogenic variants not causing the disease in the proband but
strongly associated with other monogenic diseases.

Classification of molecular diagnoses. Based on the num-
ber of identified variants in each gene and inheritance type,
molecular testing results were categorized as follows:

— complete molecular genetic diagnosis (MGD): at least one
heterozygous or hemizygous P/LP variant with a dominant

484

Efficiency of WES in diagnosing hereditary diseases
in Yugra (West Siberia, Russia)

or X-linked type of inheritance, as well as one homozygous

P/LP variant or two (potentially) compound heterozygous

P/LP variants with a recessive type of inheritance;

— partial MGD: one heterozygous P/LP variant in a gene as-
sociated with an autosomal recessive disease;

— potential MGD: one VUS clearly associated with the phe-
notype with autosomal dominant or X-linked inheritance,
or two VUSes clearly associated with the phenotype with
autosomal recessive inheritance;

— no MGD: absence of identified variants, one P/LP variant
or VUS in a gene with autosomal recessive inheritance,
incomplete relation of VUS associated with autosomal
dominant, or X-linked inheritance to clinical presentation;

— incidental findings: only AC variants.

Statistical analysis and graph plotting were performed us-
ing the RStudio programming environment. Patient data and
genetic variants were imported from a proprietary database
(Glotov et al., 2025). They are available upon request.

Results

Characteristics of the examined cohort of patients

From 2021 to 2024 inclusive, 286 probands with suspected ge-
netic diseases were referred from the regional medical genetics
counseling service for whole-exome sequencing. The gender,
age, and ethnic compositions of the subjects are presented
in Table 1. The majority of patients (86.7 %) belong to the
child-adolescent age group, the mean age of the cohort being
10.9 years. The most represented ethnic groups are Russians
(65.4 %) and Tatars (11.5 %).

Regarding the structure of symptom categories (Table 2),
neurological disorders occupy the leading position in Yugra
(41.3 %). They are followed by dysmorphic syndromes
(12.2 %) and metabolic disorders (11.2 %). It should be noted
that psychiatric disorders are the only category not represented
in the study group.

Clinical and molecular characteristics

of identified genetic variants related to the phenotype

A total of 420 genetic variants (SNVs, InDels) were identi-
fied in patients. These variants were associated either with the
observed phenotype or with the asymptomatic heterozygous
carrier status (AC) of various monogenic diseases. Although,
as shown in Figure 1, most of the identified variants are not
of confirmed clinical significance, their potential contribution
to disorder manifestation cannot be ignored.

The clinically significant variants detected (194 out 0f 420)
(Fig. 2) belong to the following classes: missense, 43.3 %;
stop-gained, 21.6 %; frameshift deletions, 20.1 %; splice donor/
acceptor variants, 8.2 %; frameshift insertions, 5.2 %; inframe
deletions, 1.5 %. It should be noted that the class of repeat
length variation is not represented in our study, as the bioin-
formatics algorithm used has not undergone strict validation
for the analysis of this variation type.

The inheritance patterns of identified clinically significant
variants are presented in Figure 3. Gene variants with the
autosomal recessive inheritance pattern have a significant
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Table 1. Demographic characteristics of the studied cohort (N = 286)

2026
30-3

Characteristic
Gender
Male
Female
Onset age
Neonatal
Infancy
Childhood
Adolescent
Adult
Median onset age [Q1; Q3]
Age at sampling
Neonatal
Infancy
Childhood
Adolescent
Adult

Median age at sample accession [Q1; Q3]

Patients, no. (%)

159 (55.6)
127 (44.4)

38(13.3)
85(29.7)
128 (44.8)
18 (6.3)
17(5.9)
2[0.5; 4.5]

1(0.4)

4(1.4)

180 (62.9)

64 (22.4)
37(12.9)
8.4[3.8;14.9]

Table 2. Categories of clinical symptoms (N = 286)

Characteristic
Ethnic structure
Russians
Tatars
Azerbaijanis
Tajiks
Ukrainians
Chechens
Dagestanis
Uzbeks
Kumyks
Armenians
Belarusians
Germans
Kazakhs
Moldovans
Bashkirs

Lezgians

Patients, no. (%)

187 (65.4)
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Symptom category

Patients, no. (%)

Neurological disorders 118 (4.3)
Dysmorphic and congenital abnormality syndromes 35 (12.2)
Metabolic disorders 32(11.2)
Hearing and ear disorders 16 (5.6)
Skeletal disorders 15(5.2)
Renal and urinary tract disorders 12(4.2)
Neurodevelopmental disorders 9(3.1)
Hematological and immunological disorders 8(2.8)
Dermatological disorders 8(2.8)
250 59 %
200

£

S

< 150

>

ks

£ 100t

€ 19 %

z 14%

50 8%
0
AC LP P VUS
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Fig. 1. Pathogenicity classes of the identified variants.
AC - asymptomatic carrier; LP - likely pathogenic; P - pathogenic; VUS -

variant of unknown significance.

Symptom category

Autoimmune or rheumatological disorders
Cardiovascular disorders

Gastrointestinal and hepatic disorders
Endocrine disorders

Ophthalmological disorders

Respiratory disorders

Growth disorders

Tumor syndromes

Missense
Stop gained
Frameshift deletion

Splicing 82%

Variant type

Frameshift insertion 5.2%

Inframe deletion || 1.5 %

21.6%

20.1%

Patients, no. (%)

0 25

Number of variants

Fig. 2. Molecular classes of clinically significant variants.
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Fig. 3. Distribution of pathogenicity classes by inheritance types.

AR - autosomal recessive; AD — autosomal dominant; DD - digenic dominant; DR - digenic recessive; XLD - X-linked dominant; XLR - X-linked recessive.
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Fig. 4. Human genes with the largest numbers of variants in the studied cohort.
Table 3. The most common clinically significant variants in the studied cohort
cDNA variant Patho-  Inheritance Position (hg19) gnomAD Mutation No. Relationship
genicity AF, % type of patients  with diseases
ATP7B c.3207C>A P, AC AR chr13:52518281G>T 0.1524 Missense 6 Wilson disease
GJB2 c.109G>A P, AC AR, DD chr13:20763612C>T 0.1392 Missense 4 GJB2-related
deafness
GJB2 c.35delG P, AC AR, DD chr13:20763685AC>A 0.9578 Frameshift 4 GJB2-related
deletion deafness
PAH c.1222C>T P, AC AR chr12:103234271G>A 0.1719 Missense 4 Phenylketonuria
NEB c.23989C>T AC AR chr2:152357937G>A 0.05838 Stop gained 3 Nemaline
myopathy 2
(€2 c.841_868del AC AR chr6:31902065ATGGTGGACAG 0.7159 Frameshift 2 C2-complement
GGTCAGGAATCAGGAGTC>A deletion deficiency
CFTR c.274G>A AC AR chr7:117170953G>A NA Missense 2 Cystic fibrosis
KIAA0586 c.392del  AC AR chr14:58899156AG>A 0.4773 Frameshift 2 Joubert syndrome
deletion

OTOA ¢.2359G>T LP AR chr16:21747639G>T 0.03104 Stop gained 2 Autosomal recessive

weight in the cohort studied (47.6 % for LP and 46.5 %
for P). Autosomal dominant inheritance is observed for a
substantial number of P/LP variants (40.7 and 42.9 %, respec-
tively). X-linked inheritance has a relatively low prevalence
in the cohort, accounting for no more than 10 % of all likely
pathogenic variants and no more than 5 % of all pathogenic
variants.

Among the genes with the greatest number of detected va-
riants, as shown in Figure 4, the most prominent are ATP7B,
GJB2,ABCA4, and GALT, which are associated with Wilson’s
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disease, GJB2-related deafness, Stargardt disease, and galac-
tosemia, respectively.

The most frequent clinically significant variant, as presented
in Table 3, is ¢.3207C>A in the ATP7B gene, associated with
Wilson’s disease. However, the majority of the most frequent
variants were detected in the AC (asymptomatic carrier)
state. All most frequent variants detected are described in
the literature as pathogenic, including the CFTR ¢.274G>A
(p.Glu92Lys) variant (Chuvash mutation), which is absent
from the gnomAD database.
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Total: 286 patients

-

Patients with clinically significant variants: 120 Negative results: 54 Patients with VUS only: 112
Side findings Individuals with pathogenic
(only asymptomatic carriers): 14 and likely pathogenic variants: 106
/v Y. )
Molecular genetic Partial molecular No molecular Potential molecular genetic diagnosis
diagnosis: 71 genetic diagnosis: 13 genetic diagnosis: 134 (strong clinical correlation): 68
Y ¢ ¢ ¢

Final diagnostic yield: 48.6 % (139/286)

Fig. 5. WES testing summary.

Others (33) 54.5% 3% 152% 273%

Dermatological disorders (8) 62.5% 12.5% 25%

Haematological and immunological

disorders (8) 37.5% 37.5% 25%

Neurodevelopmental disorders (9) 88.9 % 11.1% Diagnostic type
MGD

Renal and urinary tract disorders (12) 333 % 8.3 % 58.3 %
Partial MGD

Skeletal disorders (15) 533 % 6.7 % 13.3% 26.7 % Potential MGD
No MGD

Hearing and ear disorders (16) 50 % 6.2% 6.2% 375%

Metabolic disorders (32) 46.9 % 31% 15.6% 34.4%

Dysmorphic and congenital o o o

abnormality syndromes (35) 60% 20% 20%

Neurological disorders (118) 37.3% 5.9 % 373% 19.5 %

0% 25% 50 % 75 % 100 %

Fig. 6. Types of molecular genetic diagnosis (MGD) in the most common disorder groups.

Clinical effectiveness of WES in the examined cohort

As shown in Figure 5, WES results produced no findings in
54 out of 286 examined patients. Variants of P/LP and AC
classes were found in 120 patients, with 14 of them having
only AC as a secondary finding. Among 106 patients with
phenotype-relevant variants, 71 received a molecular genetic
diagnosis, and 13 had only a partial diagnosis. Among the 112
studied samples with only VUS, 68 patients had variants that
allowed for a potential molecular genetic diagnosis. Thus, the
diagnostic effectiveness of WES in the examined cohort was
48.6 % (139/286).

The distribution of molecular genetic diagnosis types va-
ries significantly across different symptom categories (Fig. 6).
The highest percentages of patients with confirmed molecular
genetic diagnosis belong to the following categories: Renal
and urinary tract disorders, 58.3 % (7/12 patients); Hearing
and ear disorders, 37.5 % (6/16 patients), and Metabolic
disorders, 34.4 % (11/32 patients). The lowest diagnostic ef-

fectiveness among the most common categories is observed
in the Neurodevelopmental disorders group, where 88.9 % of
patients (8/9) received no molecular genetic diagnosis.

The most ambiguous molecular diagnoses are observed in
Haematological and immunological disorders —37.5 % with
potential MD (3/8 patients) and Neurological disorders —
37.3 % with potential MD (44/118 patients). The presence of
a large number of variants of uncertain clinical significance
(VUS) explains the ambiguity in these groups.

Discussion

We performed whole-exome sequencing for 286 probands with
suspected hereditary diseases to clarify the molecular genetic
diagnosis. The majority of patients (86.7 %) belonged to the
child-adolescent age group, which is associated with the early
manifestation of hereditary diseases. Male subjects were more
numerous in the group studied (55.6 %), owing to the presence
of X-linked recessive disorders.
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The diagnostic effectiveness of the method was 24.8 % for
cases with complete molecular genetic diagnosis and increased
up to 48.6 % when taking into account variants of uncertain
significance that have a close relationship with the observed
phenotype. These variants may be reclassified using updated
information in the foreseeable future, as with similar findings
from studies in other countries (Han et al., 2025).

As long as WES testing was conducted only for probands,
the experience of other researchers brought us to the assump-
tion that diagnostic effectiveness could be increased signifi-
cantly through the implementation of duo- and trio-WES (Lai
et al., 2024), mainly due to more reliable identification of
compound heterozygous variants and de novo variants (Tan et
al., 2019). This is particularly relevant for the studied popula-
tion, where the proportion of autosomal recessive pathogenic
or likely pathogenic variants is close to 50 %

Additionally, diagnostic effectiveness could be improved
through re-analysis of exome data due to the constant emer-
gence of new data about the relationships between variants
and phenotypes (Arteche-Lopez et al., 2022). Finally, since
approximately 13 % of genetic variability is associated with
copy number variations (CNVs) (Stankiewicz, Lupski, 2010),
we conceive that it would be desirable for patients with ne-
gative WES results to undergo whole-genome sequencing
(WGS) or low-coverage genome sequencing in combination
with re-analysis of WES (Moey et al., 2025).

We found that the most common symptom categories of
hereditary diseases in Yugra were Neurological disorders
(118 out 0f 286 cases), Dysmorphic and congenital abnormali-
ty syndromes (35/286); and Metabolic disorders (32/286).

Our study shows significant differences in WES diagnostic
effectiveness among different symptom categories: from zero
yield for percentage of confirmed molecular genetic diagnosis
cases in the Neurodevelopmental disorders group to 58.3 %
in the Renal and urinary tract disorders group. Thus, the high
occurrence of neurological disorders in our cohort presumes
that just nervous system disorders pose the greatest challenge
to productive WES analysis. Such differences may be related
to yet uncharacterized molecular causes of these diseases
(Adams, Eng, 2018), and generally they are consistent with
results obtained from the analysis of 3,040 WES samples,
where a wide range from 4 to 55 % of positive reports (Retterer
et al., 2016) was also observed in different disease groups.

It is also important to consider the relevance of applying
special molecular genetic methods to specific inherited di-
seases, such as search for duplications on chromosome 17 in
cases of hereditary motor-sensory neuropathies (Shchagina et
al., 2020), which was not conducted within the scope of our
study. Other studies note the effectiveness of duo- and trio-
WES for patients with intellectual disability, developmental
delays, and epilepsy due to the high number (up to 80 %) of
de novo variants in these cases (Lai et al., 2024).

It is particularly important to emphasize the significance of
providing sufficient data on clinical picture by referring physi-
cians (mostly by geneticists), as incomplete understanding of
the symptoms by the interpreter may lead to false elimination
of many genes from the search criteria and produce false-ne-
gative results. Additionally, for multiethnic populations deter-
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mining the patient’s ethnicity (at least based on a questionnaire)
is an important aspect, which was considered in our study,
involving 16 ethnic groups.

Furthermore, the importance of secondary findings classified
in our study as the asymptomatic carrier state (about 20 % of
all identified variants) should not be underestimated, as they
provide insight into the genetic burden of the population and
should be appropriately considered during genetic counseling
of families, particularly for planning future pregnancies.

It can be noted that 8.9 % of asymptomatic carrier cases
among the examined patients are referred to genes with an
autosomal dominant inheritance pattern. However, for these
cases no significant effect on the phenotype was observed,
which may be due to the different inheritance patterns of the
variant depending on its belonging to a particular protein
domain, as in the case of GJB2 (Xiang et al., 2023). Another
consideration is the risk of mutation manifestation at an older
age, as in the case of mutations in the BRCA! and BRCA2
genes (Azzollini et al., 2016).

Conclusions

In our study of 286 residents of the KHMAO-Yugra region, we
accurately established molecular genetic diagnoses in 24.8 %
of patients by using the whole-exome sequencing approach
and identified the possible genetic nature of inherited diseases
in 48.6 % of cases within the ethnically heterogeneous group.
We characterized 420 gene variants, excluding benign and
likely benign ones. Thus, whole exome sequencing should be
considered a sufficiently effective first-tier diagnostic method
for unveiling the genetic causes of a broad range of presum-
ably hereditary diseases. However, some specific cases may
demand duo- or trio-WES, whole-genome sequencing, or
additional specific methods well proven in revealing the mo-
lecular background of certain classes of molecular disorders.
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Penkue BapMaHTbI B I'eHaX TPAaHCIIOPTEPOB XO/JIeCTEPIMHA
V IIallMIeHTOB C HapyVHI€eHVUSAMU JINIINOHOT'O ob6MeHa

A.A. Viziomuenko (D 2 @), M.H. I'pysuna (D12, K.B. Apauesa (D)1, O.A. Uymakosal, K.O. Taunasui (92, K.B. Aerocraesa ()1,
A.H. Kyauxos (21, O.A. Bepxosuu (91, E.M. Bapanosa (91, C.H. IMTueanna (91 2, B.B. Mupomnukosa ()12

T Nepabiit CaHKT-TeTep6yprckui rocyaapcTBeHHbIN MeANLIMHCKIIA YHUBEPCUTET M. akagemuka W.MN. Masnosa, CaHkT-Tletep6ypr, Poccus
2 MNeTepbyprckui MHCTUTYT AgepHOmn Gr3mnkin nm. b.M. KoHcTaHTMHOBa HauroHanbHOro NCccieoBaTeNbCKoro LieHTpa «KypUaToBCKIM MHCTUTY T,
laTuvHa, JleHnHrpaackas obnactb, Poccun

artemiz98@yandex.ru

AHHoTauuA. CeppeyHo-cocyaucTtble 3aboneBaHnA ABNAIOTCA OCHOBHOW MPUYMHON cmepTn B Poccum n mupe. OguH
13 npefpacrnonaralwWmx K pasBUTUIO CepAeYHO-COCYANCTbIX 3aboneBaHuin GakToOpoB — HapyLWeHUA NUMUAHOMO
obmeHa (oucnunuaeMun), Cnoco6CTBylOLE MPOrPECCMPOBAHNI0 aTepockieposa. Ha HacToAWmMiA MOMEHT M3BeCTHbI
reHbl, acCOUUMPOBaHHbIE C Pa3BUTMEM MOHOFEHHbIX GOPM HapylweHW AUMAUMLHOTO OOMEHa, XapaKTepusyloLmnxcs
Bblpa’Ke€HHbIM V3MeHeHUeM YpPOBHA nunnpoB. OfHaKo BbiABMEHWE NWL C MOBbLILWEHHbIM TFEHETUYECKUM PUCKOM
pasBuTVA AUCAUNUOEMUN OCTAETCA HEpELIeHHOW 3afauyel, YTo CBA3AHO C MOJIMFEHHON MPUPOLON GONbLIMHCTBA
cnyyaeB. Llenbto HacTosAweln paboTbl 6bINI0 M3yunTb CMEKTP PefKUX BapraHTOB B reHax TPaHCMOPTEPOB XosiecTeprHa
ABCA1, ABCG1, ABCG5, ABCG8 n NPCIL1, KOTOpble BCTPEYaTCA Y MaLMEHTOB C HapPYLIEHUAMY UNNAHOTO O6MeHa B
nonynauun CeBepo-3anagHoro pervoHa Poccun. MpoBeeH NOUCK pefKkmx BapuaHToB (Yactota gnomAD meHee 1 %)
B reHax ABCAI1, ABCGI1, ABCG5, ABCG8 w NPCIL1 c ncnonb3oBaHWEM [OaHHbIX TapreTHOro CeKBeHMpPOBaHUA AnsA
169 NaumMeHTOB C HapyLIEeHUAMN NMNNLHOro obmeHa. BoiasneHo 14 BapuaHTtoB B reHe ABCAT (17 nauneHToB), 4 BapraHTa
B reHe ABCGT (5 naumeHToB), 11 BapuaHToB B reHe ABCG5 (18 nauymneHToB) 1 7 BapraHToB B reHe ABCGS (11 nayuneHTOB).
YacToTa HeKOTopbIX U3 HIX, cornacHo 6a3e aaHHbIx RUSeq, 6bina Bbille, YeM B 06LLeMMPOBOI nonynaummn. 19 nauneHToB
(11 %) 6bInn HocuTtenamu rannotuna p.(Val177lle)/p.(His221Tyr)/p.(Ala271Phe) rena NPCIL1, koTopbii npepnoso-
KUTENbHO MOXeT ObiTb cneunduyeH ANA POCCUACKON MONYNAUMMW, T.€. 3T BapuaHTbl ABMAIOTCA He pPeaKkumMu,
a NoNMMOPdHLIMY 1 BCTPEYAITCA Yalle Y NMaUMeHTOB C HapyLIEHUAMYM MNAHOro obMeHa. ns BapuaHTa p.(Val177lle)
reHa NPCTL1 6bin mpoBefeH aHanv3 ero BK/aja B pa3BUTME aTepoCKepo3a C MCMOoJb30BaHMEM AOMOJIHATENbHbIX
BbIGOPOK (rpynna nayneHToB C aTepOCKIePO30M, KOHTPOSIbHAA FPynna), KOTOPbI/i He BbIABW JOCTOBEPHBIX Pasnnunii
B YacToTax reHoTMrnoB. Takum o6pa3om, B HacTosllee BPeMs AaHHbIX B Monb3y BAuAHWUA rannotuna p.(Val177lle)/
p.(His221Tyr)/p.(Ala271Phe) reHa NPCIL1 Ha pa3BuT/e AUCAUMUOEMUN 1 aTePOCKNepo3a HefocTaTtouHo. MNpoBegeHHoe
nccnefoBaHvie 3acTaBisieT o6paTUTb BHMMaHWE Ha MOMYJALMOHHYI0 CMeunerYHOCTb pAfa BapUaHTOB B reHax
TPaHCNOPTEePOB XonecTeprHa, B yactHoctn B reHe NPCIL1, pna CeBepo-3anagHoro pernmoHa Poccuu. lNMonyyeHHble
JaHHble B AanbHENLEM MOTYT ObITb YUTeHbl B Pa3paboTKe LKaJl FeHeTYeCKOro prcka pasBuTWs ANCIUMUAEMUNA.
KnioueBble cnoBa: ceMeiHasa runepxonecteprHemMus; QUCINNNAEMUS; TapreTHOe CEKBEHMPOBAHKE; LWKana reHeTuye-
CKOTO pU1CKa; 06paTHbIi TPAHCMOPT XoNnecTepuHa

[Ana untnposaHusa: Nstomuernko A[l., NpyHuHa M.H., payesa K.B., Yymakosa O.A., TaHaaHu K.O., Jleroctaea K.B., Kynu-
koB A.H., bepkosuy O.A., bapaHoBa E.W., NMyennHa C.H., MnpowHnkoBa B.B. Pegkine BapuaHTbl B reHax TpaHCNopTepoB
XONecTepUHa y NaLMEHTOB C HaPYLUEHUAMY IMMMAHOTO 0OMeHa. Basuiosckul XypHan e2eHemuku u cenekyuu. 2026;30(3):
490-501. doi 10.18699/vjgb-26-53

OunHaHcnpoBaHue. lpaHT PHO N2 25-25-00351: «BnuaHue natoreHHbIx BapraHToB B reHax LDLR n APOB Ha TpaHcKpun-
TOMHbIV Mpodub Makpodaros Npu ceMerHON rmnepxosiecTepuHemMmnm».

BnarogapHocTi. ABTOPbI BblpakaloT MpPU3HaTENIbHOCTb BCEM [OKTOpPaM (BpavaM-KapAmosioram v JeTCKMM crneuuanu-
CTam), KoTopble HanpaBnAnyM obpasubl NALUVEHTOB Ha FeHEeTUYECKY OMarHOCTUKY HapylleHWid nMnugHoro obmeHa B
OThen MonekynapHO-reHeTUYeCKNX 1 HaHobuonoruuecknx TexHonoruin HAL MCA6IMY nm. akagemuka W.M. MNMaenosa u
TEM CaMbIM CMOCOOCTBOBANN HAKOMEHWIO AAHHbIX.
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PepKune BapraHTbl B reHaX TPaHCMOPTEPOB XONeCTeprHa
y NaLMeHTOB C HapyLEeHUAMY MNMAHOro obmeHa

Abstract. Cardiovascular diseases are the leading cause of death both in Russia and in the world. One of the factors
predisposing to the development of cardiovascular diseases is lipid metabolism disorders (dyslipidemias), which contribute
to the progression of atherosclerosis. Currently, there are known genes associated with the development of monogenic
forms of lipid metabolism disorders characterized by marked changes in lipid levels. However, identifying individuals with
an increased genetic risk of dyslipidemia remains an unsolved problem, due to the polygenic nature of most cases. The aim
of this work was to study the spectrum of rare variants in the cholesterol transporter genes ABCA1, ABCG1, ABCG5, ABCG8
and NPCTL1 that occur in patients with lipid metabolism disorders in the population of the Northwestern region of Russia.
The search for rare variants (gnomAD frequency less than 1 %) in the ABCA1, ABCG1, ABCG5, ABCG8 and NPC1L1 genes was
performed using targeted sequencing data for 169 patients with lipid metabolism disorders. 14 variants were identified
in the ABCAT gene (17 patients); 4 variants, in the ABCGT gene (5 patients); 11 variants, in the ABCG5 gene (18 patients);
and 7 variants, in the ABCG8 gene (11 patients). The frequency of some of them, according to the RUSeq database, is
higher than in the global population. 19 patients (11 %) were carriers of the p.(Val177lle)/p.(His221Tyr)/p.(Ala271Phe)
haplotype in the NPC1LT gene, which may be specific to the Russian population, meaning that these variants are not rare,
but polymorphic, and occur more frequently in patients with impaired lipid metabolism. Influence of the p.(Val177lle)
variant of the NPCT1L1 gene on the development of atherosclerosis was assessed using additional sample sets (a group
of patients with atherosclerosis, a control group), but no significant differences in genotype frequencies were revealed.
Thus, at present, there are insufficient data to support the role of the p.(Val177lle)/p.(His221Tyr)/p.(Ala271Phe) haplotype
of the NPC1L1 gene in the development of dyslipidemia and atherosclerosis. The study draws attention to the population
specificity of a number of variants in cholesterol transporter genes, in particular in the NPC1L1 gene, for the Northwestern
region of Russia. The data can be further used for design and calculation of genetic risk scores for dyslipidemia.

Key words: familial hypercholesterolemia; dyslipidemia; targeted sequencing; genetic risk scale; reverse cholesterol
transport
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BBepeHune

Cepneuno-cocynuctsie 3a6oneBanus (CC3) SBISIOTCS OCHOB-
HOU prunHOM cMeptH B Poccnn n mupe (Danilova et al., 2021;
Heron, 2021). MuorodaxropHaas mpupoxa CC3 ompenenseT
B)XHOCTh M3yYCHUSI HOBBIX MapKepOB Hadasa MaToIOTHYE-
CKOTO TIpOIiecca, B TOM YHCIe TeHeTHIecKnX. Bkiayx renern-
YeCcKOH COCTaBISIONICH B pa3BUTHE 3a00JeBaHM cepana n
cocynos orennBaercst kak 40-50 % (McPherson, Tybjaerg-
Hansen, 2016; Roberts et al., 2021). ['mnepxonecrepuaeMus,
KOTOpasi 9aCcTO MMEET HAaCJEICTBEHHbIH XapaKTep, CIoco0-
CTBYeT (DOPMUPOBAHHIO ATEPOCKIICPOTHIECKUX OIISATIEK KOPO-
HapHBIX COCY/IOB, YTO B CBOIO OYEPE/Ih MPUBOIUT K PA3BUTHIO
nmemudeckoit 6one3nn cepamna (MBC) u ocrporo undapkra
muokapaa (OMIM) (Prasad, Mishra, 2022). Oco6oe mecTo cpe-
JIM HAaCJIEACTBEHHBIX HAPYIICHUH JIMITUIHOTO OOMEHa OTBO-
mutcst cemeitHor rumepxonecrepuaemun (CI'XC), kotopas
MHOTOKpaTHO ToBkImaeT puck paszsutis CC3 (Tokgozoglu,
Kayikcioglu, 2021). Hamu u qpyrumu aBTOpaMu ITOKa3aHo,
9T0 B OONBIIMHCTBE cinydaeB mpuarHoi CI'XC BRICTymaoT
MaToreHHble BapuaHThl B reHax LDLR u APOB, ogHako B 3a-
BHCUMOCTH OT TsDKeCTH runepxonectepuneMuu B 40-60 %
Clly4aeB YCTaHOBHTb '€HETHYECKYIO0 PUUUHY 3a00JICBaHUS
He ymaercs (Shakhtshneider et al., 202 1; MupormauKoBa 1 1p.,
2023, 2025). Takum 00pa3oM, OCTaeTCsl aKTyaITbHBIM TTOMCK
PEIKNX TCHETHYECKUX BAPUAHTOB, IMEIONINX KyMYJISTHUBHBIA
3¢ }EeKT B pa3BUTHH MOJUTCHHBIX CIIy4aeB THIIEPXOIECTEPH-
HeMuu U conyterByromux CC3.

B uccnenoBannu A.H. MemkoBa ¢ komteramu (2022) 6b110
TIPOJIEMOHCTPUPOBAHO yBenuueHne prucka passutus VbC y
HOCHTEJICH PelKNX W HU3KOYACTOTHBIX BApHAHTOB B I'CHAX,
ACCOLMMPOBAHHBIX C HAPYIICHUSIMH JIMITHIHOTO oOMeHa. Pen-
K€ (pyHKIIMOHAIbHbIC TCHETHYECKIE BAPHAHTHI, CBSI3AHHbIC C
MeTaboIM3MOM X0JIECTEpHHa, BCTpedaroTes y 60 % nareHToB

¢ OUM (Pan-Lizcano et al., 2022). briio mokasano, uto 25 %
JIOKYCOB, accoruupoBaHHbIX ¢ OVIM, oTHOCSTCS K T€HaM JIH-
rmuaHoro oomena (Musunuru, Kathiresan, 2016). Penkue rene-
THYECKHE BapHAHTHI UMCIOT TOMYIAIMOHHYIO PacIpocTpa-
HeHHOCTh <1 % ¥ CTaTHCTUYECKH MOTYT OBITh HE CBSI3aHEI
C TIPE/ICTABIAIONIIMHA HHTEPEC 3a00eBaHUSAMH B OOIBIINX
BBIOOpKaX, HO TayKe HEOOIBIIIOE YBEITMICHUE BCTPEUACMOCTH
amnens (1-5 %) y marmeHToB MOXET CBHIETEILCTBOBATH O
€T0 BITUSTHIH Ha CIIOKHBIC 3a001eBaHus U pu3Haky (Cross et
al., 2022; Li et al., 2024). Kpome ToTr0, TaKue TeHETUICCKIEC
BapHaHTHl MOTYT OBITH MOMYISIIMOHHO-CIICIH(DHIHBIMA T
JIOJDKHBI YYUTBHIBATHCS TIPH Pa3padOTKe KAl TeHETHYECKOTO
pHCKa T KOHKPETHOW TOITYJISIIIHN.

ATeporeHHBIH AucOanaHc TUMUIHBIX (QPaKIUi TTa3Mbl
KpPOBH TIPOSIBISICTCS B TTOBBIMICHUN KOHIICHTPAITUH OOIIETO
xonectepuna (OXC), xonecTepruHa B COCTaBE JIMTIONPOTCHHOB
Huskoi mwrotHOCTH (XC-JIHII) 1 cHMKEHUN XOJeCTepHHA B
COCTaBe JIUTIOTIPOTEHHOB BBICOKOH TuioTHOCTH (XC-JIBII).
TpancMeMOpaHHBIE TPAHCIOPTEPHI XOJICCTECPHHA UTPAIOT
BaXHYIO POJIb B PETYISAIMH YPOBHS KICTOYHOTO XOJIECTEPH-
HA, B Iporeccax GOpPMHUPOBAHUS TUTIOMPOTEHHOBEIX YaCTHII,
abcopOImy XoJecTeprHa B KHUIIICYHUKE W BBHIBEICHUS XOIe-
crepuHa u3 opranmsma (Yu, Tang, 2022). AT®-cBs3bIBaromie
tpancnoprepsl cemeiictea ABC —ABCA1 nu ABCG1 — nepe-
HOCSIT XOJIECTEPHUH Ha aHTHATEPOTCHHBIC JINTIONPOTEUHBI BHI-
coxoif TuiotHoctr (JIBIT) (Yu, Tang, 2022). MyTanuu B reHe
ABCA 1 npuBOAAT K pa3BUTHIO ayTOCOMHO-PELIECCUBHOTO 3a-
OoneBanHus — 60e3HN 0cTpoBa Tamkep, XapaKTepH3yIomeics
MIPaKTUICCKH MTOJTHBIM OTCYTCTBHEM B 1a3me kposu JIBIT u
TIpeXIeBPEMEHHEBIM pa3BUTHEM atepockieposa (Koseki et al.,
2021). Tpaucmoptepst ABCGS n ABCGS8 B kuIIIeYHAKE pery-
JUPYIOT a0COPOIIHIO XOJIECTEpUHA U PACTUTEIBHBIX CTEPOJIOB.
MyTanuu B 3THX TeHAX SBISIOTCS MPUIHMHON Pa3BUTHS CHTO-
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1-m 3Tan
MNMounck peakux BapraHToB
B reHax TPaHCMopTEPOB XoecTeprHa

B rpynne nauneHToB C HAPYLIEHUAMMN INMUGHOTO obMeHa

2-14 3Tan
OueHka Bknaga BapuaHTa p.(Val177lle) rena NPCTLT

B pa3BUTUNe aTepoCKieposa
(ccnepoBaHMe «CiyYal—KOHTPOSIbY)

"\ ABCAT, ABCGI,

nmnnaHoro

obmeHa,
N=169

0
(4actota gnomAD meHee 1 %) RUSeq

" Tapretroe ‘“-\Q:\
.C (' cekseHupoBaHue ))
\\_ 2023-2024 rr_.//j/

BapuaHt

lpynna /
nafzemos \ ABCG5, ABCGS,/’ rs149017550

C HapyLeHNAMM p WL g p.(Val177lle)
N 4 reHa NPCIL1

gnomAD 0.0063

Pepkue BapmaHTbl

lpynna nauveHToB F‘ ] KoHTponbHas

C aTepocCKIepo3om,
N=209

rpynna,
N=234

N

Konnekuma HK OMIHT MCrermy

e ——————

0.042

Puc. 1. [ln3aiiH nccnegoBaHus.

CTEpOJICMUH, IMEIOIIEH CX0XKHE KIIMHUIECKUE TIPOSIBIICHNUS C
CI'XC (Tadaetal., 2022). Tparcmoprep NPC1L1, u3BecTHBIH
kak Cl-momoOusiii 0enox Humanna-ITuka 1, Taxke 3aaeiicT-
BOBaH B a0COPOINH XOJIECTEPHHA B KAIICUHHUKE U MTPE/ICTAB-
JsieT co00¥ MUIIEHD IS TUIIOUITAAEMHUYECKOTO TIperapaTa
a3etuMub (Zhang et al., 2022). MoXHO TIPEAIOIOKHUTE, YTO
COYETAHNE PEIKNX BApPHAHTOB B T€HAX TPAHCIIOPTEPOB XO-
nmecTepuHa 00yciIoBIHuBaeT pa3utie qucnunuaemuii 1 CC3
(Memxos u ap., 2022; Ghaleb et al., 2022).

Llenbro HacTosIEH PabOTHI OBUIO U3YUNTH CIIEKTP PEAKNX
BApUAHTOB B I'eHaxX TpaHCHOPTEPOB XxosectepuHa ABCAI,
ABCG1,ABCG5,ABCG8 u NPCILI1, koTOpbIE BCTPEUAIOTCS Y
MAIMEHTOB C HapYIICHNUSIMH JINTIHHOTO 0OMEHA B TTOITYIISIIAN
Cesepo-3anaaHoro pernona Poccuu.

MaTtepuanbl u meToAbl
HUccnenoBanue 0100peHo JIOKaIbHBIM STHYECKIM KOMUTETOM
OI'BOY BO IICII6IMY um. W.I1. [TaBnoBa Mun3zapasa Poc-
cuu (mpotokoi Ne 275 or 4 cenrsiops 2023 r). Bee yuactHuku
JIali MICbMEHHOE MH()OPMHUPOBAHHOE COTJIacHe.

OOt U3aiiH MccleIoBaHMs TIPEJICTABICH Ha pHC. 1.

AHanus faHHbIX CEKBEHNPOBaHUA
[Nonck penknx BapuaHTOB B T'€HAaX TPAHCIIOPTEPOB XOJIECTe-
puna ABCA1,ABCGI1,ABCGS5,ABCG8 u NPCILI 611 ipo-
BEJICH C MCII0JIb30BaHUEeM JaHHbIX NGS-ceKBeHMpOBaHMs, BbI-
TIOJIHEHHOTO JUIs 169 nanueHToB ¢ HapyIEHUSIMHU JIMITHHOTO
obmeHa (134 B3pocibix (65 MyxuuH U 69 xeHIuH) oT 24 10
85 net, cpennmii Bozpact 52.3+ 14.6, u 35 nereit (18 manpun-
koB 1 17 neBouex) ot 3 o 17 e, cpenuuii Bozpact 9.7+3.8),
HAIpaBJICHHBIX Ha TEHETHYECKYIO IMarHOCTHUKY HACIIE/ICTBEH-
HBIX AuCIUnuAeMuid B OTes MOJIEKYISIpPHO-TEeHETHUECKUX 1
Ha"oOuonornueckux texuonoruii (OMI'HT) u3 pazmuunbix
KIIMHUKO-TMarHOCTHYECKUX 1eHTpoB I. Cankr-IlerepOypra,
B ToM uucie u3 [ICII6IMY um. W.I1. I1aBnoBa, B TeueHHe
2023-2024 .

Kpurepun HanpasneHus: 00pa3loB Ha FeHETHYECKOE HC-
cienoBanue: 1) BosmoxkHast/BepositHast/onpeznenenHas CI'XC
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y IanueHToB crapiie 18 net B cooTBeTcTBUM ¢ [ 0manackumu
muarHoctrnaeckumu kputepusmu (Kyxapayk u ap., 2020);
2) BepositHas/onpenenenHas CI'XC y manueHTOB Miajamie
18 et B cooTBeTcTBUE ¢ KpuTepusmu Caiimona Bpyma (EsxoB
u 1p., 2019); 3) BeIpakeHHas THTICPTPUTITATICPUACMUS (OBLTH
BKJTIOUCHBI JINIIA ¢ KOHIIEHTPAaNEeH TPUIIHLEPUIOB OT 3.3 10
10.5 MMoutb/1).

BrbnnoTexy roTOBUIIH C HCTIONIB30BaHUEM HaOOpa peareH-
ToB Prep&Seq (Parseq Lab Co, Poccust) 1 kacToMHOM TaHETTH
«ducnununemus u puck CC3», BKIIOYAIONIEH KOAUPYIOIINE
pervonsl cienyromux renoB: ABCAI, ABCGI, ABCGS,
ABCGS8,ANGPTL3,APOAIl,APOA4,APOA5,APOB,APOC?2,
APOC3,APOE, CETP, CREB3L3, GCK, CYP27A1, CYP7Al,
GPDI, GPIHBPI1, HNFIA, LCAT, LDLR, LDLRAPI, LIPA,
LIPC, LIPG, LMFI, LPL, LRP6, MTTP, MYLIP, NPCILI,
PCSK9, PNPLAS, SARIB, SCARB1, SORTI, STAPI1, TTR
(VariFind LM assay IL-v1.1.1, Parseq Lab Co, Poccus). Cex-
BEHUpOBaHKE MPoBoIH Ha prbdope MiSeq (Illumina, Inc.,
CIIA). JanHble CeKBEHUPOBAHHUS OBLTH 00pabOTaHBI aBTO-
MaTu3upoBaHHOU mporpammoit Seq&Go Software (Parseq
Lab Co, Poccus). BeisiBneHHBIE TeHETHYCCKHAE BapHUaHTHI
AHHOTHPOBAHBI M ONHCAHBI COITIACHO peKOMEeHIAnusM the
Human Genome Variation Society (HGVS) (www.hgvs.org)
W TIpezcTaBieHsl B opmare Tabmum. [lanee ObUT BBITTOTHEH
oTOOp penkux BapuaHToB (dactora gnomAD menee 1 %) B
reHax TpaHcnoprepos xonecrepuna ABCAI1, ABCG1,ABCGS,
ABCG8 u NPCILI. YacToTbl OTOOpaHHBIX BAPHAHTOB COTIO-
CTaBIISUTA C POCCHICKOHM 0a30i reHeTHIecKoi HHPOPMAIIH
RUSeq (http://ruseq.ru/#/) (Barbitoff et al., 2024). dns
OLICHKN KJIMHUYECCKOH PEJIEBAHTHOCTH BBISBICHHBIX BAapH-
AHTOB HYKJICOTHIHOH ITOCIIEI0OBATEILHOCTH HCIIONB30BAHbI
6a3sl qarabIX OMIM (https://omim.org/), gnomAD (https://
gnomad.broadinstitute.org/), ClinVar (https://www.ncbi.nlm.
nih.gov/clinvar/), HGMD (https://www.hgmd.cf.ac.uk/ac/
index.php), LOVD (https://www.lovd.nl/) u nureparypHsie
nanHble. KIMHMYEeCcKy10 3HaYMMOCTh (ITaTOT€HHOCTD) BBISIB-
JICHHBIX BapHUAaHTOB OICHWBAJIM HA OCHOBaHWH POCCHHCKUX
PEKOMEHAIMH ISl MHTEPIpPETalny JTaHHBIX, MOIYYCHHBIX
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Ta6nuua 1. HykneotrgHaa nocnefoBaTesibHOCTb NpaiMepos,
NCMosib30BaHHbIX AJ1A CeKBeHNpoBaHuA no CaHrepy

leHeTuyecKkun BapuaHT MocnepoBatenbHoOCTb 5'-3'

Jk30H 2, p.(Val177lIle) F-TTGGGACTCATTGCAACGTG

R-CCCCAATCAGAGCCTCTTCA

OK30H 2, p.(His221Tyr) F-CCTTCTTGGGGTCCACCATC

R-ATGTGTGGCGTGTATGGCTCT

3K30H 2, p.(Ala271Phe) F-CCTTCTTGGGGTCCACCATC

R-CTTCCACCTCTTGGAGCCTG

METO/IaMH MacCOBOTO MapajIeJIbHOTO CEKBEHUPOBAHMS, a
Takke pekomeHnannit ACMG2015 (PsokkoBa u ip., 2019).

Bepuduxanmus Bapuantos p.(Vall771le), p.(His221Tyr)
u p.(Ala271Phe) rena NPCILI, cOCTaBISIONIMX TaIUIOTHII,
TIPOBOJIMIIACH METO/IOM CEKBEHMPOBaHMS 110 ChHTEpy Ha CeK-
BeHnarope Hanodop-05 («CunTom», Pocenst) ¢ ncnonp3oBa-
HueM Habopa peakTuBoB BigDye™ Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, CIIIA). Pe3ymbrarsr
AHAJTM3UPOBAIN C TTOMOINBIO MTPOTPAMMHOTO 00ECIIEUEHUS
Mutation Surveyor (Soft Genetics, CILIA). [Ipatimepsr mist
CEKBEHUPOBAHNS OBIIN MOI00PAHbI ¢ TOMOIILIO OHJIAWH-TIPO-
rpammbl Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/) (ta6m. 1).

OueHKa BKnaga BapuaHTa p.(Val177lle) rena NPC1L1

B pa3BuTHe aTepoCKiepo3a

XapakTepucTHKA rpynn. ['eHOTUNUpPOBaHHE BapuaHTa
p-(Vall771le) rena NPCL1 ObIO BBIIIOIHEHO CYMMAapHO ISt
443 nanyeHToB, B pa3HOe BpeMst IPOXOIUBIINX 00CIIeIOBaHIE
win siedenue B [ICITIOI'MY um. WLIT. [TaBnosa, JIHK kotopbix
Obuta noctynHa n3 ouodanka OMI'HT: nauments! ¢ arepo-
CKJIEPO30M pa3nndHoil oxanusauuu (N =209); KoHTpoabHas
rpymma (N = 234).
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PepKune BapraHTbl B reHaX TPaHCMOPTEPOB XONeCTeprHa
y NaLMeHTOB C HapyLEeHUAMY MNMAHOro obmeHa

B rpymimy nanmeHToB ¢ paHHUM pa3BUTHEM aT€POCKIIEPO3a
Bonwio 209 manueHtoB (146 (70 %) myxums u 63 (30 %)
JKEHILUHBL; CpeHuM Bo3pacT 54.6+ 8.5 roaa; cpeqHuii Bo3pact
TIEPBBIX KIMHUYCCKUX MposiBIeHn 48.2+ 6.8 roma) ¢ arepo-
CKJIEPO30M apTepHii pa3InIHON JTOKAIN3aNHU (KOPOHAPHBIX,
1epeOpaIbHBIX, apTeprii HIPKHUX KOHEYHOCTEH), TOATBEPXK-
JICHHBIM TIpU aHTHOTpaUIecKoM mccienoBaHuu (Tadi. 2).
Kpurepuem orbopa ciayXniao Halu4ue TeMOIMHAMHYECKU
3HAUMMBIX CTCHO30B KaK MHHIMYM B OJJHOW apTepHH OJJHOTO
13 TpeX apTepualIbHBIX 0acceHOB — 1epedpaIbHOT0, KOPo-
HapHOTO, bacceliHa apTepuii HIDKHUX KOHeUHOCTeH. ChemyeT
OTMETHTh KaK OTpaHHUCHNUE, YTO BBIOOPKA Obli1a c(hOopMHUpOBa-
Ha I10 MPUHINITY HAJIWYHs TOITBEPKICHHOTO aTepPOCKIIEPO3a,
0€30THOCUTEIBHO, UMEIHN JIM MAMEHTHI AUCIUIHEMHIO, TT0-
CKOJIBKY JUTUTETBHOCTD M 9 ()EKTUBHOCTH JICUSHNS CTaTHHAMH
B OOJIBIIMHCTBE CITyyaeB ObLIO CIIOKHO OTCIICITUTB.

KonrpombsHyro rpymity cocrasmii 234 yenoseka (154 (66 %)
myxunnbl 1 80 (34 %) sxeHmmH; cpenHuid BodpacT (48.3+
+5.8 roa) COOTBETCTBOBAJ CPEAHEMY BO3PACTy Hadaja 3a-
OoneBaHus y MAIMEHTOB C aTePOCKICPO30M) O€3 HapyIICHN I
JMITUTHOTO 0OMEHa, OKUPEHUS M CEPICTHO-COCYTUCTBIX 3a-
Gonesanuii. JInma, BomeauIne B KOHTPOJIBHYIO TPYIITY, ObUTH
OCMOTpPEHBI BPauOM-Kap IHOJIOTOM, a IIPOBE/ICHHBIE 00CIIe10-
BaHMS BKITIOYAITH 3JIEKTPOKAPINOTpaduio, BEIOIPTOMETPHIO,
3XO-kapnuorpaduto.

HNnentnduxanus sapuanra p.(Vall771le) rena NPCIL1
¢ MCIOJIb30BAHHEM IO0JMMePa3HOil LHeNHO! peakuuu U
PeCTPUKIMOHHOTO aHaJu3a. TUNHpOBaHUE BapHUAHTOB
rs149017550 chr7:44539868C>T ¢.529G>A p.(Vall771le)
rena NPCILI npoBOoauId METOAOM MOJIMMEPA3HOHN LIEMHON
peakmmu (ITLP) n mocnemyroniero pecTpuKIMOHHOTO aHa-
mm3a. [Ipaitmepst mrs TP 6p0mr momoOpaHbl ¢ TOMOMIBIO
ornaitH-niporpamMmsel Primer-BLAST (https://www.ncbi.nlm.
nih.gov/tools/primer-blast/). Hykmeotnanas mociemgoBa-
TeNbHOCTH mpaiiMepoB (5'-3"): mpsamoit — TTGGGACTCATT
GCAACGTG, obparnsiii —CCCCAATCAGAGCCTCTTCA.

Ta6nuua 2. KnuHnyeckne n 6UoXMMmyeckrie xapakTepucTrkn UCCIeAyeMbIX rpymnmn

MapameTpbl lpynna nayueHToB KoHTponbHas rpynna p
catepockniepo3om (N=209) (N=234)
JunuaHbii npodunb, Mmonb/n*
OXC 5.20 (4.46 + 6.15) 456 (4.02 +5.14) 0.000
XC-NHN 2.76 (2.45 +3.39) 2.66 (2.19 + 3.23) 0.129
XC-nBn 1.06 (0.80 + 1.10) 1.45 (1.26 + 1.66) 0.000
T 2.00(1.18 +2.28) 0.81 (0.59 + 1.02) 0.000

MapameTpbl aTepocknepoTnyeckoro nopaxeHusa aptepu, N (%)

KopoHapHbIi aTepocknepos 112 (53.6) - -
LlepebpanbHblii aTepocknepos 43 (20.6) - -
ATepocKepo3 coCyi0B HNXHIMX KOHEYHOCTEN 76 (36.4) - -
MopakeHue ABYX 1 6onee apTepuranbHbix 6accenHoB 21(10) - -
MHorococyancToe nopaxeHue (Tpex n bonee aptepuin) 164 (78.5) - -

MpumeuaHmne. OXC - obwuin xonectepuH; XC-JTHM — xonectepuH B COCTaBe NMMNONPOTENHOB HU3KOM NnoTHocTw; XC-JIBIM — xonecTepuH B cocTaBe

NIMNOMNPOTENHOB BbICOKOW MAOTHOCTY; TI — Tpurnuuepuabl.
* YKa3aHbl MeAnaHa n UHTEPKBaPTUbHbIN pa3max (IQR).
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B pesynbrare ammimnuKannu ¢ yKa3aHHBIMH TpaiMepamu
nony4danu [1LP-npoaykr pazmepom 352 1. H.

Jnst mpoBenenus pectpukuroHHoro ananusa [ P-npoxykT
nHKyOnpoBaiu ¢ | ex. sumonykieassl Fok I B Oydepe Y, conep-
xarem: 33 mmons Tris-aerara (pH 7.9 pu 25 °C), 10 mMorns
Mar"uii-amerara, 66 MMoJb Kaiuii-anerara, 1 Mmoinb DTT,
nipu +37 °C B TeueHue HOUM. Pe3ynbTaTsl BU3yaIu3UpOBAIIM C
TIOMOIIIBIO 3MTEeKTpodopesa B MONHaKPIIAMUAIHOM Telle: B 3a-
BHCHUMOCTH OT TeHOTHITa ory4anu pparmentsl JJHK pmuHOM
352,224 128 m. 1. (m1st GG — Tonmbko pparMedT 352 1. H., U1
GA - ¢pparmentsr 352, 224 u 128 . 1., i1 AA — pparMeHTsI
224 m 128 m.H.).

CraTuctnyeckas o6paboTka JaHHbIX

CrarucTHuecKuil aHaJiu3 ObUT ITPOBEJICH C UCIIOJIb30BAHHEM
nporpammsl SPSS, Bepcust 17.0. J{ns cpaBHeHUs kaTeropuab-
HBIX IIEPEMEHHBIX NPUMEHSIIN KpuTepuil xu-kBaapar. Coor-
BETCTBHE JJAHHBIX HOPMAJIbHOMY paclpe/IeJIEHHIO TPOBEPSITU
¢ nomouipto kpurepus Koiamoroposa—CmupHosa. J{ns cpas-
HEHUS KOJMUYECTBEHHBIX IOKa3zaTesiell Mexy AByMs He3a-
BHUCHUMBIMU I'pyNNaMu (MalUeHThI—KOHTPOJIb) UCIIOIb30BAIN
HenapameTpuueckuil kputepuit Manna—Yuruu. Bozmoxzoe
prnusinue renotuna NPCILI Ha pa3BUTHE aTepocKiiepo3a C
y4eToM IOMpPaBKU Ha IOJI U BO3pAacT OLCHUBAJIU METOAOM
MHOTO(aKTOPHOTO JIOTUCTHYECKOTO PErPECCHOHHOTO aHAIN3a.

Rare variants in cholesterol transporter genes
in patients with lipid metabolism disorders

Pe3ynbratbl

AHanus BCTpeyaemoCTV peAKux BapraHToB

B reHax ABCA1, ABCG1, ABCG5, ABCG8 n NPCI1L1

y NaLNEHTOB C HapyLIeHNAMM INNNAHOro o6meHa

Hawmu npoanani3upoBaHb! JaHHBIE TAPT€THOTO CEKBEHHPOBA-
Hus 171 169 nanneHToB ¢ runepxonecTepuHeMueii, a HMEHHO
OCYIIECTBIICH MOUCK PEIKUX BapHaHTOB (dactora gnomAD
menee 1 %) B reHax TpaHcrnoprepoB xonectepuHa ABCAIL,
ABCGI1,ABCGS5,ABCGS8 nu NPCILI1. Pe3ynbraTsl IpeAcTaB-
JIeHBI B Ta0m. 3—7.

Bruto BeLsiBNIeHO 14 BapuanToB B rene ABCA 1y 17 nanuen-
TOB U 4 Bapuanra B reie ABCG/ y 5 narenToB (cM. Tad. 3
n 4). DTH BapuaHTHI KJIACCUPUIIMPYIOTCS B 0a3aX JaHHBIX KaK
nobpokadectBernble. Tpancnoprep ABCA1 siBisiercst Baxk-
HBIM peryisitopom Onorenesa JIBII, ocymectsisist mepeHoc
XOJIECTEpHHA U3 KJIETKH Ha HE3peJible YacTHUIlbl Ipe-OeTa-
JIBII. Takum obGpa3zom, Bapuantel rena ABCAI, Bnusironiye
Ha (QYHKIUIO Oelika, MOTYT OBITh CBSI3aHBI CO CHM)KEHHEM
xoHnenTpauu JIBIT B rutazme kpoBu, criocoOCTBYsI pa3BH-
THIO areporeHHou auciunuaeMuu (Shim et al., 2021). Onna
13 MalueHToK ¢ kiauHudeckoi kaptuHoi CI'XC u HU3KUM
ypoBHem XC-JIBIT (1.2 MMOIb/1, HUKHSS TPaHHUIIA HOPMBI
JUTS KSHIIMH) ObLIa HOCUTENEM Cpa3y JIBYX PEIKUX BAPHAHTOB
B ree ABCAI: rs187652566 p.(Cys887Phe) u rs138422574

Ta6nuua 3. Pegkue BapraHTbl reHa ABCAT, BbifiBfIEHHbIE Y MAaLMEHTOB C HapyLIEHUAMY INMAHOTO obMeHa

Kon-Bo rsID [eHoMHasA KoopAnHaTa 3ameHa YactotagnomAD  Yactota RUSeq

nalyeHToB (GRCh38) NM_013389.3/6enok

1 rs199976989 chr9:104903705T>G c.-26A>C 0.0001511 N

1 rs1408196930 chr9:104928007A>T c-165T>A 0.000006569 -

1 rs1015644827 chr9:104840350T7>C c.983A>G 0.000001368 0.0002962
p.(Asn328Ser)

1 rs764824326 chr9:104832735C>T c.1348G>A 0.00001232 0.0002998
p.(Glu450Lys)

1 rs186911476 chr9:104832706T>G c.1377A>C 0.0002719 0.001574
p.(Thr459=)

1 rs142342160 chr9:104832616G>A c.1467C>T 0.0000314 0.0005928
p.(Asn489=)

1 rs145582736 chr9:1048257817>C C.2444A>G 0.0001826 0.0008339
p.(Glu815Gly)

2 rs370414528 chr9:104824558G>A c.2563C>T 0.00001232 0.0001044
p.(Pro855Ser)

1 rs187652566 chr9:104822664C>A €.2660G>T 0.0003932 0.001469
p.(Cys887Phe)

1 rs41277767 chr9:104820060G>A €.2970C>T 0.00003765 0.0002089
p.(Val990=)

1 rs138422574 chr9:104798522C>T ¢.5020G>A 0.0004845 0.001780
p.(Val1674lle)

1 rs13306077 chr9:104796059G>A c.5376C>T 0.0024642 0.001195
(Thr1792=)

3 rs142688906 chr9:104791982C>T c.5774G>A 0.002204 0.009880
p.(Arg1925GlIn)

1 rs144588452 chr9:104784371C>T c.6730G>A 0.0002198 0.0004175
p.(Val2244lle)

MprumeuaHue. Bce BapnaHTbl — BEPOATHO JOOPOKaUECTBEHHbIE.
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Ta6nuua 4. Pegkne BapraHTbl reHa ABCG1, BbIABNEHHbIE Y NALMEHTOB C HaPYLUEHVAMU IMMUAHOTO obmeHa

Kon-Bo rsID [eHOMHasa KoopamrHaTa
nauyeHToB (GRCh38)

1 rs141619254 chr21:42225766G>A

2 rs4148108 chr21:42225918G>A

1 rs143199611 chr21:9.42284612G>A
1 rs138421137 chr21:42290169C>T

MpumeuaHue. Bce BapnaHTbl — BEPOATHO JOOPOKAYECTBEHHDIE.

3ameHa Yactota gnomAD YactoTa RUSeq
NM_013389.3/ 6enok

c.144G>A 0.001088 0.0002413
p.(Thr46=)

€.2924+4G>A 0.001545 0.005481
c.793G>A 0.0001834 0.0009681
p.(Ala265Thr)

c.1350C>T 0.001220 0.002301
p.(Phe450=)

Ta6bnuua 5. Pegkre BapuaHTbl reHa ABCGS5, BbisiBNeHHbIe y NaLMEHTOB C HapyLIeHUAMW TNAMAHOro obmeHa

Kon-so rsID [eHOMHas 3ameHa YacroTa YacroTa KnuHnyecknin spdekT

nayneHToB koopauHaTta (GRCh38) NM_013389.3/ 6enok gnomAD RUSeq cornacHo 6a3se gaHHbix ClinVar

3 rs56204478 chr2:43838600C>G c.80G>C 0.00308 0.004534 BepoATHo fob6pokayecTBEHHbIN
p.(Gly27Ala)

1 rs560839317  chr2:43838755G>A c.-76C>T 0.0006295 - HeonpepeneHHasa KnMHnyeckas

1 rs373819340  chr2:43837861G>T  <.238C>A 0.00007 0.0001042  3HadnMmocte
p.(GIn80Lys)

2 rs145164937  chr2:43832056G>C c.293C>G 0.00237 0.002706
p.(Ala98Gly)

1 rs1250295912 ¢chr2:43831947C>T c402G>A 0.000003578 0.0001044  BepoAaTHO fOOPOKAUECTBEHHDII
p.(GIn134=)

1 11044946422 chr2:43828090C>T c.527G>A 0.000007 - HeonpepeneHHasa KNnHMYeckas
p.(Ser176Asn) 3HaUMMOCTb

1 rs141828689  chr2:43828024C>T c.593G>A 0.00140 0.004739
p.(Arg198GlIn)

1 rs72796720 chr2:43826460G>A c.696C>T 0.00199 0.002380 BepoATHO fo6pOoKayeCcTBEHHbIN
p.(Val232=)

1 rs552803459  chr2:43824988C>T c.805G>A 0.000007 - HeonpepeneHHasa KNnMHMYecKas
p.(Gly269Arg) 3HaYMMOCTb

1 rs150716811  chr2:43813266G>A c.1806C>T 0.0003297 0.0004180  BepoATHO AOOGPOKAYECTBEHHDIN
p.(Phe602=)

5 rs140374206  chr2:43813208T>C c.1864A>G 0.00602 0.007414

p.(Met622Val)

p-(Vall674lIle). MoXHO OTMETHTB, UTO YaCTOTa BYX BapHaH-
TOB reHa ABCAI B poCCUIICKON MOMYJISILIMU BbIIIE YacTOTHI
gnomAD: rs764824326 p.(Glu450Lys) u rs138422574
p-(Vall6741le) (cm. Tabm. 3).

Tpanrcmoprep ABCG1 obecrieunBacT HACHIIIICHUE 3PEIBIX
JIBII xonecTeprHOM AJIsl HOCIIEAYIONMIETO TPAHCIIOPTA B Tie-
yeHb. Cpenu BbIIBIEHHBIX BapuaHTOB reHa ABCG1, cornac-
HO 6aze manHeIx RUSeq, B poccHiickOl MOMyYISAIIAN JaIle
BCTpevaroTcsl nBa BapuaHTta: 1s4148108 (c.292+4G>A) n
rs143199611 p.(Ala265Thr) (cm. Tabm. 4).

BrisiBneno 11 BapuantoB B rene ABCGS y 18 nanueHTOB
u 7 BapuantoB B reHe ABCGS y 11 mauueHToB, BKIOYAst
nBa matoreHHbIX (ABCGS rs137852987 p.(Trp361Ter) y Tpex
u ABCGS 15769576789 p.(Leu572Pro) y nByX MamnueHTOB)
1 9 BapHaHTOB HEONPE/IEICHHON KIMHUYIECKON 3HAYNMO-
cta (VUS) (cm. Tabm. 5 u 6). Takum 0Opa3om, aTOTCHHBIC
BapuaHTHl B reHe ABCGS Obutn 0O0HApYKEHBI y TISATH Ta-
uueHToB (3 %). BapmanTtel HeonpeneneHHONH KIMHIYECKON

3HagyuMOCTH 15141828689 p.(Argl98GIn) u rs145164937
p-(Ala98Gly) B rene ABCGS, paHee ONMCaHHBIC Y MMAITUCH-
toB ¢ CI'XC (Toton-Zuranska et al., 2023), B HacTOsmEM
WCCIIEIOBAaHUN OBUIN JAETEKTHPOBAHBI y ABYX IAIMEHTOB C
runepxosuecrepuHemueit u panaum Hauasiom CC3, npu 3ToMm
YacTOTa 3THX TCHETHYECKUX BAPHAHTOB COTIIACHO Oase JaH-
veix RUSeq B poccuiickoii momymsinuy BeIme (cM. Tadl. 5).
OnHako B HacTosiiee BpeMs HEOCTATOYHO AAHHBIX, YTOOBI
KIIACCU(HUIIMPOBATh 3TH BapHaHTHI KaK IMaToreHHsle. Kpome
TOTO, B HAIIEM HCCIIEIOBAHNH OBUIM BBISIBICHBI BAPHAHTHI
HEONPEIEICHHON KIMHNYeCcKoN 3HaunMoct 151167870780
p-(Leul95Gln), rs776335488 p.(Ser569Pro) u rs113005049
p-(Ala642Thr). Bapuantsr rs1167870780 p.(Leul95GIn) u
rs776335488 p.(Ser569Pro) ObTH OMHUCAHBI Y MAIMEHTOB
¢ curocreponemuei (Measi¢ et al., 2021; Chubykina et al.,
2025), Bapuant rs113005049 p.(Ala642Thr) — y marnmenTa
¢ CIT'XC (Averkova et al., 2018). Bapuantsr B reae ABCGS
rs776335488 p.(Ser569Pro), rs189249032 p.(Tyr613His) u
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Ta6nuua 6. Pegkne BapraHTbl reHa ABCGS8, BbIABNEHHbIE Y NALMEHTOB C HaPYLUEHVAMU INMUAHOTO obmeHa

Kon-Bo rsID [eHOMHas KoopavHata 3ameHa YactoTa YactoTta KnuHnyecknin apdekT

nauneHToB (GRCh38) NM_013389.3/ 6enok gnomAD RUSeq cornacHo 6a3se pgaHHbix ClinVar

1 rs1167870780 chr2:43852376T>A c.584T>A 0.000003810 - HeonpepeneHHan
p.(Leu195GIn) KIMHMYeCKas 3HaYMMOCTb

3 rs137852987  chr2:43872094G>A c.1083G>A 0.00102 0.0005935  MaToreHHbI
p.(Trp361Ter)

1 rs115227860  chr2:43873940C>T c.1365C>T 0.00169 0.0003131  BepoAaTHO fOOPOKAUECTBEHHDIN
p.(lle455=)

1 rs776335488  chr2:43875362T>C c.1705T>C 0.00001 0.0003132 HeonpepeneHHas
p.(Ser569Pro) KNUHMYecKasa 3HaunMMoCTb

2 rs769576789  chr2:43875372T>C c.1715T>C 0.00007 0.0005924  [laToreHHbIN
p.(Leu572Pro)

1 rs189249032  chr2:43877641T7>C c.1837T>C 0.00006 0.0002962 HeonpepeneHHas
p.(Tyr613His) KNUHMYecKasa 3HauMMoCTb

2 rs113005049  chr2:43877815G>A c.1924G>A 0.0008841 0.008137
p.(Ala642Thr)

Ta6nuua 7. Pegkue BapuaHTbl reHa NPCTL1, BbIABNEHHbIE Y NALMEHTOB C HaPYLLUEHUAMU TUMULHOTO 0OMeHa

BapuaHT Kon-Bo YpoBeHb OXC

nayueHToB nnasmbl KPOBY, MMOJIb/N
Fannotun p.(Val177lle) 13 B3pocnbix 8.5+0.9
/p.(His221Tyr) 6 neten 7.3+£0.9
/p.(Ala271Phe)®
Fannotun p.(His221Tyr) 2 B3pocnbix 8.7
/p.(Ala271Phe) 8.0

1 pebeHoK 6.9
rs375614485 1 5.1
chr7:44541254C>T
c.6G>A p.(Ala2=)
15116204045 2 9.1
chr7:44539876C>T 9.1
c.521G>A p.(Arg174His)
rs757263723 1 -
chr7:9.44538977G>A
c.1420C>T p.(Pro474Ser)
rs758137107 1 9.3
chr7:44534597C>T
c.2016G>A p.(Gly672=)
rs137889714 2 10.0
chr7:44533515G>A 9.3
€.2325C>T p.(Thr775=)
chr7:44533487G>A 1 pebeHoK 6.7
¢.2353C>T p.(Leu785Phe)

YpoBeHb XC-JIHI MposasneHus Yactota Yactota
B M1a3me KpPoBW, MMONb/N  aTepocknepo3a gnomAD RUSeq
6.2+1.3 y7un313(54%) 0.0063* 0.042*
5.8+0.8 B3POCIbIX

6.2 Het - -

49

43

34 Oa 0.0018 0.0015
6.8 Het 0.0009 0.0011
74

- - 0.00001 -

55 Oa 0.0003 0.0005
7.0 Oa 0.0005 0.0022
6.6

MpumeuaHue. OXC - o6wmin xonectepuH; XC-JTHI - xonectepriH B cOCTaBe MMMONPOTENHOB HU3KOMN MIOTHOCTH.

§ CoueTaHHOe HOCUTENbCTBO BapuaHToB chr7:44539868C>T ¢.529G>A p.(Val177lle) (rs149017550), chr7:44539736G>A c.661C>T p.(His221Tyr)
(rs114376659) n chr7:44539585_44539586GC>AA c.811_812delinsTT p.(Ala271Phe) (rs117724326/rs139533378).

* Yka3aHa yacToTa ans rs149017550 chr7: 44539868C>T ¢.529G>A p.(Val177lle).

rs113005049 p.(Ala642Thr), a TakKe MATOTCHHBII BapHaHT
rs769576789 p.(Leu572Pro) BcTpeyaroTcss B pOCCUUCKOM
TIOMYJISIIIMY Ha TOPSAOK Yallle, YeM yKa3aHo B 0a3ze JaHHBIX
gnomAD (cm. Tabm. 6).

V 29 manueHToB OBIIIO BBISIBIICHO AEBSATH BAPUAHTOB B I'eHE
NPCILI (cm. Tabm. 7). 19 manneHTOB OBLTH HOCUTEISIMH TPEX
BapuanTtoB p.(Vall771le), p.(His221Tyr) u p.(Ala271Phe),
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KOTOpBIE, KaK MBI MPEIIoIaracM, HepaBHOBECHO CIICTIIICHEI
u cocrapistoT rarutotun (Fath et al., 2020), xapakrepusyto-
LIUICS TIOBBILIEHHON 4aCTOTOM HOCHUTENBbCTBA JUJISl POCCUU-
CKoH momynsuH (cM. Tabm. 7). DTO TPEAIoIoKeHHE MO~
TBEPIKAACTCS Pe3ylIbTaTaMH IIPOBEICHHOTO CCKBEHUPOBAHUS
mo CoHrepy ABYX ceMel, B KOTOPBIX ISl aHalu3a OBLIH
JOCTYTIHBI POJICTBEHHUKH MaIMeHToB (puc. 2). Taxke HaMU
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p.(Ala271Phe)
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NPCILT p.(Ala271Phe) u
p.(Val1771le)
p.(His221Tyr)
p.(Ala271Phe)

Puc. 2. CekBeHupoBaHue no CaHrepy AnA ABYX CEMENHbIX CIly-
yaeB HocutenbctBa rannotuna  p.(Val177lle)/p.(His221Tyr)/
p.(Ala271Phe) B reHe NPCIL1.

A, b - popocnoBHble nauneHToB, HocuTenein rannotuna p.(Val177lle)/
p.(His221Tyr)/p.(Ala271Phe) B reHe NPCILI; B - npumep Bepuduka-
UMy BxopaAwmx B rannotun BapuaHtoB p.(Val177lle)/p.(His221Tyr)/
p.(Ala271Phe).

UACHTH(UIIPOBAH OTMH TOMO3UTOTHEIH HOCHUTEITh TAIIOTHIIA
p-(Vall771le)/p.(His221Tyr)/p.(Ala271Phe) rena NPCILI.
Hano ormeruts, 4To ommcaHHBIC B 0a3¢ HaHHBIX ONHOHY-
KIICOTHAHBIC 3aMeHbI 15117724326 p.(Ala271Val) (dactoTa
cormacHo RUSeq 0.04729) u rs139533378 p.(Ala271Ser)
(gacrora cormacao RUSeq 0.04729) B cocenHUX HYKIEO-

& 16v
File Genomes View Tracks Regions Tools Help

Human (GRCh38/hg38) v chr7

v |ch7:44,539,565-44,539,604 Go

2026
30-3

PepKune BapraHTbl B reHaX TPaHCMOPTEPOB XONeCTeprHa
y NaLMeHTOB C HapyLEeHUAMY MNMAHOro obmeHa

THAAX Ha CaMOM JIeJe SBIAIOTCS OJHUM BapHAaHTOM
c.811 812delinsTT p.(Ala271Phe) (puc. 3). Kax mpaswuo,
rarmorun p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe) rena
NPCILI BcTpedaeTcsl y NAaMEHTOB, Y KOTOPBIX HE yIaeTCst
MOATBEPANTH MOHOTEHHYIO AWCIMNHIEMHI0. B Hamewm wnc-
CJICIOBAHHH TOJIBKO y OJJHOTO HOCHTEJISI JAHHOTO TarjioTuna
ObLTa Tarxke MyTarus B rene LDLR.

OueHka BKnaga BapuaHTa p.(Val177lle) rena NPC1L1

B pa3BuUTMe aTepoCKnepo3a

Bapuanter p.(Vall771le), p.(His221Tyr) u p.(Ala271Phe)
rena NPCILI pacrionoxeHbl B N-KOHILIEBOM JIOMEHE Oelika
NPCI1L1, koTopslit OTBETCTBEHEH 3a CBA3bIBAHUE XOJIECTEPUHA
(Hu et al., 2021). HocuTenbCTBO TaHHOTO TarjiOTUIIA MOXKET
MPUBOJINTH K YCHJICHHIO aOCOpOIMU XOJIecTeprHa B KHIIIEU-
HUKE U OBITh aCCOLMUPOBAHO C Pa3BUTHUEM JHCIUIHICMUN
u arepockieposa aprepuii (Fath et al., 2020). [lns BapuanTa
p.(Vall77lle) rena NPCILI Obuta pa3paboTaHa METOIHMKA
uneHTudukamnuu Ha ocHose [1I[P u pecTpukioHHOrO aHa-
nu3a. [eHoTunupoBanue ObIIIO MPOBEACHO B IPYIIIIE MAlMeH-
TOB C aTepPOCKIIEPO30M PA3IMYHON JIOKAIN3AIHMH, a TAKKE B
KOHTPOJIBHOH rpyrime Jui (Tad. 8).

Yacrora Bapuanra p.(Vall771le) rena NPC1L 1 B KOHTPOJIb-
Ho# rpynme coctaBmwia 0.043, 4To coBHajao ¢ 4acTOTOM B
6a3ze manubix RUSeq (0.042). B rpymre naiueHToB ¢ arepo-
ckiepo3om yactota (0.067) ObLIa BBIIIE, YeM B KOHTPOJIBHOM
rpyInIe, OAHAKO Pa3JIn4yusl HE JOCTUIIIM CTAaTHCTUYECKON
3HaYUMOCTH. [Ipy NpoBeseHUN PErpecCHOHHOTO aHajIu3a C
UCIIOJIb30BAHNEM BCETO MacCHBa JIAHHBIX, YYUTHIBAIOIIETO
JIOTIOJTHUTENBHO Takue (hakTopsl, KaK I0J1, BO3PACT, HAINYNE
aTepoCKIIepo3a, HaM TaKKe He YAaJI0Ch II0Ka3arh CBsI3b BApH-
anrap.(Vall771le) rena NPCIL1 ¢ pa3BuTHEM arepockKiepos3a
Ha (hoHe aucunaeMun. Takoil pe3yasTaT MOKeT OBbITh CBS3aH
C HEJOCTAaTOYHBIM pa3MEepPOM PacCMaTPUBAEMBIX BBIOODOK,
TpeOyroTCs JalbHEHIIINE NCCIISI0BaHNUS.

| o« » @M x 2 | Eonnnnl]

p22.1  p212 pl53 pl43  plal pl23

pll2 qIl2l

q11.23 921.12 o213 q22.2 ¢31.1 q31.31 @321 ¢33 434 4361 4362

44539 570 bp
1 |

#bp

44 539 580 bp 44 539 590 bp 44 539 600 bp
I 1 | 1

1spbgmuLabMecGen_GD229_ L
16.genome_alignment bam

Sequence ->

Y F T B
Refseq Genes

6 6 TAGAAGGTT®GGAGT G CGAGS G GT CT CTTG6G66 66 CG6 6 GCTATGG C

D L A Q P R A 1 A
NPC1L1

Puc. 3. Pe3ynbtatbl NGS-cekBeHupoBaHua BapuaHTa p.(Ala271Phe) B reHe NPCILT (bam-daiin).
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Ta6nuua 8. CpaBHeHMe YacTOTbl BCTPeyaemocTu BapuaHTa rs149017550 p.(Val1771le) rena NPC1L1 Bo BCex nccnegyembix rpynnax

leHotun

KoHTponbHas rpynna, N = 234 214
lpynna nauneHTOB € aTepockneposzom, N =209 182
lpynna naumeHTOB € HapyweHuAMN nnnngHoro 150

obmeHa (aaHHble cekBeHupoBaHus), N = 169

lomosuroTa GG (Val/Val)

Hocutenb BapuaHTa p.(Val177lle) YacToTa BapunaHTa
(3 HUX roMo3UroTa no AaHHoMy BapmaHTy) p.(Val177lle)

20(0) 0.043
27 (1)* 0.067
19 (1)** 0.059

* p=0.136 Npn CPaBHEHUN C KOHTPONbHOW FPYMMOW; rPYNMbl CONOCTaBMMbl MO BO3PACTy M MOJY.
** p=0.366 Npy CPaBHEHW C KOHTPOJIbHOW rPYNMOWN; rpynMbl He CONOCTaBMMbI MO BO3PacTy 1 nony.

O6¢cyxpeHune

Bauny Bricokoii pacnipoctpanenHocTH CC3 0CTaeTces akTyallb-
HBIM BOIIPOC BIMSHUS pa3JINUHBIX (PAKTOPOB HA Pa3BUTHE Na-
TOJIOTHUYECKUX TporeccoB. CylecTBeHHBIH TeHeTHYEeCKIH
BKJIa7 B porpeccupoBanre CC3 cCBUAETENBCTBYET O epCIeK-
TUBHOCTH YTOYHEHHS CTaTyca PEIKUX BapHAHTOB, ACCOINH-
POBAHHBIX ¢ HAKOIUICHUEM JIMITHI0B 1 TIOCIIETYIOINM TT0pa-
KEHHEM cocynoB (MemkoB u 1ip., 2022). CoXHOCTh TeHETH-
YEeCKOU apXUTEKTYPbl TUCIHITUAEMHN OTIpe/IeNsieT BAXXHOCTh
BHEJ[PEHHSI COBPEMEHHBIX JHArHOCTUYECKUX IOJXO0B JUIs
CKPUHMHIA U PAHHETO BBISIBJICHUS] HOCUTENIEH PEAKHX T'eHe-
tryeckux BapuanTos (Kalwick, Roth, 2025).

Hawnbosnee pacripocTpaneHHast HaclIeACTBEHHAs! IUCIIHITH-
aemusi — 310 CI'’XC (Mupomnukosa u np., 2023). CI'’XC —
ayTOCOMHO-/IOMHHAHTHOE 3200JIEBAaHNE, XapaKTEePU3YIOIIEeCs
BBICOKUM ypoBHeM xonectepuna 1 XC-JIHII B mna3me kpoBu.
K ommunTensabiM penornnmueckuM npossieHmsiM CI'XC
OTHOCSITCS. KCAHTOMBI, KCaHTENIa3Mbl U JIMIHUIHBIE YT PO-
roBulibl. [eHoanarnocTuka y nauuentoB ¢ CI'XC no3Bosser
BBIABUTH TOIBbKO 40—-60 % ciryuyaeB ¢ MOHOT€HHBIM XapaKTe-
pom 3aboneBanust (Medeiros et al., 2024; MuponrHukoBa u
ap., 2025). Pacnpocrpanennocts CI'’XC Bapsupyer ot 1:250
o 1:173 B 3aBucumoctu ot momyrsinuu (Meshkov et al.,
2021; Toft-Nielsen et al., 2022). Berpeuarorest 6ornee peakue
MOHOTEHHbIE AUCIUIHICMHUH, TAKNAE KaK J1e(UIUT JIUIOIPO-
tenrrmmasbl (Hegele etal., 2015), mucOeranumonporenHeMus
(Heidemann et al., 2022), cutocteponemus (Miroshnikova et
al., 2023) u npyrue (MBanosa u ap., 2020). OcransHble cirydan
HapyUIEHUH JINIUIHOTO 0OMEHa MOTYT HOCHTbD HOJINT€HHBIN
xapaktep (Futema et al., 2015).

Kak noxazano B GWAS-nccne1oBaHusIX, 4acTble TeHETHYE-
CKH€ BAPHAHTBI UTPAIOT BAXKHYIO POJIb B (POPMHUPOBAHHUH TIPE-
PacIoNOKEHHOCTH K HapyIIeHUIO T IHOro oomena (Ripatti
et al., 2016), omHaKo peAKwe W HU3KOYACTOTHHIC BapUAHTEHI
TOK€ MOT'YT BHOCHTH BECOMBIH BKJIaJl B Pa3BUTHE JIUCIIHITH-
JIEMHUH C TIOCJIETYIOLINM IIPOrPECCHPOBAHNEM aTEPOCKIICPO3a
(Hindy et al., 2022). [TomynsinnoHHO-CcIeIA()UIE CKII XapaK-
TEp paclpeeieHns] TeHeTHIECKUX BAPHAHTOB OIPEEIsieT
B)XKHOCTh NPOBE/ICHHS OLIEHKH YAaCTOTHI JUIS KaXKIOW I1OITy-
msnun otaensHo (Read et al., 2021; Senftleber et al., 2024;
Fan et al., 2025). Tak, B JTaHHOM HCCJICIOBAaHUH OBLT U3yUCH
CIIEKTp PEIKHX BapHaHTOB (4acTora gnomAD menee | %) B
reHax TpaHcnoprepos xonecrepuna ABCAI, ABCG1,ABCGS,
ABCG8u NPCILI y naiiieHTOB ¢ HapyLECHUSMHU JTUITAIHOTO
obmena B nonyssinnu CeBepo-3anagHoro pernona Pocenn.
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Bb1n BeIsiBIIEH psi BapuaHTOB B reHax ABCGS5 u ABCGS, pa-
Hee onucaHHbIX y nauueHToB ¢ CI'XC unu curocteponeMueit
(ABCGS 15141828689 (p.Argl98Gln); ABCGS rs776335488
p-(Ser569Pro), rs769576789 p.(Leu572Pro), rs189249032
p-(Tyr613His), rs113005049 p.(Ala642Thr)), HekoTophIe OKa-
3aJMch OoJiee pacIpoCTPAaHEHHBIMH B POCCUICKON OMYIISALIN
(cm. Tabm. 5 v 6). [OMO3ZUTOTHBIE M KOMITayH/I-TE€TEePO3UTOTHBIE
MaTOTeHHbIE BAPHAHTHI B ATUX FeHAX MPHUBOIST K PA3BUTHIO
PEIIKOTO ayTOCOMHO-PELIECCHBHOTO 3a00JI€BaHUS CUTOCTEPO-
JIEMHH, 9acTOTa KOTOporo oneHuBaercs kak 1:200000 (ITre-
HUYHHUKOBA U Ap., 2024). 3aboneBaHue XapakTepu3yeTcst 1Mo-
BBIIIIEHUEM B KPOBH KOHIICHTPAINH PACTUTEIBHBIX CTEPOJIOB,
a raxoke OXC u XC-JIHIIL. V nanuenToB ¢ cutocTeponeMuei
4acTo HaOJIONAIOTCSl KCAHTOMBI M paHHEE pa3BUTHE Cepled-
HO-COCYIMCTBIX 3a001eBaHni. TakuM 00pa3om, KITMHHUYECKast
kapTHrHa 3a0oneBanus cxoxa ¢ CI'XC. ['erepo3urornoe HoCH-
TEeNILCTBO BapuaHTa B reHax ABCGS nnu ABCGS ve npuBoanut
K Pa3BUTHIO CHUTOCTEPOJIEMHH, HO MOXET HOBBIIIATh PHUCK
pasButus runepxonecrepuaeMun (Reeskamp et al., 2020).
B namreit paboTe reTepo3uroTHbIE HOCUTENN MaTOr€HHbBIX 1
BEPOSITHO NIATOT€HHBIX BapuaHTOB B reHax ABCGS u ABCGS
coctaBuin 3 %, 4TO comacyercs ¢ JaHHBIMH 3apyOeiHbBIX
aBTopoB (Reeskamp et al., 2020; Medeiros et al., 2024).

[TpoBeneHHOE HCCIIEOBaHKME MTO3BOJIIIO HaM 00paTUTh
BHUMaHIE Ha IMOBHIICHHYO YacToTy rarutorumna p.(Vall 7711e)/
p-(His221Tyr)/p.(Ala271Phe) rena NPC1L 1 xaK y mariieHTOB
C HapyUIeHUsMH JUnUAHOTO0 oOMeHa B CeBepo-3ama Hom
pernone Poccum, Tak 1 B 11eJIOM B POCCHICKOH IOy ISIIAH.
AxTtuBHOe m3yuyenue tpancnoprepa NPCIL1 obGycioBieno
BO3MOYKHOCTBIO TE€paIMu JUCIUITNIeMHN. B HacTosmIee Bpe-
M1 IIUPOKO TPUMEHSETCS TIpernapar 33eTUMHO — HHTHOUTOp
NPCILI1, 6nokupyrouuii abcopbunio xonecTepuHa B KH-
LIEYHUKE. D3ETUMHO SIBISCTCS AJUIOCTEPUUECKUM MHTHOM-
topom NPCI1L1, BbI3bIBaronM o0pa3oBaHUE «3aKPHITOI»
KOH(OpPMaIU TPAHCIIOPTEPA, YTO NMPHUBOJANUT K HAPYIICHUIO
cBs3bIBaHUs ¢ xonecrepuHoM (Valdivia et al., 2023). ITonu-
Mop¢HbIe BapuaHTHl B TeHe NPCILI, xak ObLIO MMOKa3aHo,
00yCIIOBIMBAIOT MEXWHANBUIYaJIbHBIE PA3IHUMS UyBCTBH-
TenpHOCTH K 33eTuMuOy (Liao et al., 2022), a Takxke MOTYyT
MIPUBOIIUTH K ITOTHOMY OTCYTCTBHIO oTBeTa (Mauriello et al.,
2023). [TosToMy BayKHOI 3a1aueii CTAHOBUTCSI U3YICHUE TCHE-
trdeckux BapuantoB NPCI L[ kak (pakTOpoB pUCKA Pa3BUTHS
JUCITAIHUIEMUN 1 ()apMaKOT€HETHUECKIX MapKepOB JUIs PO-
THO3UPOBAHUS dPPEKTUBHOCTH ITMITOIHUITHIEMUIECKOH Tepa-
muu (Liao et al., 2022). Kak npaBuiio, BapuaHTHI B 7TOM T€HE
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ACCOIMMPOBAHBI CO CHIKEHNEM aKTUBHOCTH O€IIKa 1 TI03TOMY
SIBJISTIOTCSI TPOTEKTUBHBIMH, O/THAKO M3BECTHBI BAPHAHTBI, IS
KOTOPBIX XapAKTEPHO YBEJIIMUCHNE BCACBIBAHUS XOJIECTEPUHA,
Kak, Hanpumep, p.(Argl74His), kotopslii ObuT HAeHTHUIH-
poBaH Hamu y AByX nanueHToB (Mokhtar et al., 2022).

3amens! p.(Argl74His), p.(Vall771le), p.(His221Tyr),
p-(Ala271Phe) pacnionararorcst B N-KOHIIEBOM JOMEHE Oenka
NPCI1L1, urparormiem KIFOYEBYIO POJIb B 3aXBaTe XOJIECCTCPHHA
(Valdivia et al., 2023; Yoon et al., 2023). Panee yxe Oblia
MIPOAEMOHCTPUPOBaHA BapuadeIbHOCTh BCACHIBAHHUS XOJIECTe-
puna u ypoBHs XC-JIHII B nna3sme kpoBU B 3aBUCUMOCTH OT
COBOKYITHOCTH peAKHuX BapuanToB B rene NPC/LI (Simonen
etal., 2023). B uccnenoBannu F. Fath ¢ xomeramu BapraHTsI
p-(Vall771le), p.(His221Tyr) u p.(Ala271Phe) rera NPCILI
ObUIM OIHCAHbI Y OJHOTO MAaIMEHTa C THUIEPXO0JIeCTEepUHE-
MHEH, U UX COYeTaHUe KJIACCH(PUIUPOBAHO aBTOPAMHU Kak
BO3MOXKHasi npuunHa 3adonesanust (Fath et al., 2020), 4ro co-
IJIacyeTcsl C HAlIMMM JAHHBIMH. J{J1s1 pOCCHICKOM MOITYIIsIn
Obls1a TOKa3aHa MOMYIISIHOHHAS CIIeIN(UIHOCTD TAIIOTHITA
p-(Vall771le)/p.(His221Tyr)/p.(Ala271Phe): on sBusercs He
peAKnM, a cKopee MoauMOp(hHBIM. MBI Taxke BIEpBbIE OLe-
HUJTU BKJIQJ] OTHOTO U3 BAPHAHTOB, COCTABIISIONIETO TAHHBIN
rarutorutt, p.(Vall771le), B pazBuTHe arepockiieposa. OHako
pas3yInynsl 4acTOT I'EHOTHIIOB Y MAalMEHTOB C aTepOCKIEpo-
30M U B KOHTPOJIHOH TpyTIIe HE JOCTUININ CTAaTHCTHYECCKON
3HAQUMMOCTH, YTO HE TIO3BOJIAET CJEJaTh BBIBOJ O BIMSHHUN
Bapuanta p.(Vall77lle) rena NPCILI Ha pa3BuTHE arepo-
ckiepo3a. [loiyueHHbIe pe3ysbTaThl He CBHETEIBCTBYIOT 00
OZIHO3HAYHOM OTCYTCTBHH BKJIaJla KaK OTAEIBHOIO BAPHAHTA,
tak u ratutoruna p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe)
rera NPC1L] B monureHHBIN ()OH, TIOATOMY PacIIPEHHUE pas-
Mepa n3ydaeMoi BEIOOPKH MOKET TO3BOJIUTH TOUYHEE BEPH-
(buLpOBaTh 3HAYMMOCTb AaHHBIX BapHaHTOB. HeoO0xoanmel
JIalIbHEHIIINE UCCICAOBAHUS JUIsl M3YyUCHHUS BIVSIHUS OTICIb-
HBIX BapUMAHTOB W TaIlJIOTHIA HA ITOJUTCHHBIA PUCK pa3BH-
THS TUIIEPXOJIECTEPUHEMUH U 3(PPEKTUBHOCTD JIEUCHHS I3e-
THUMHOOM.

3aknioyeHune

B HacTosiee BpeMs py OTCYTCTBUH Y TAIIMEHTa MOHOTCHHBIX
BapUAHTOB IPE/IIONAracTCs MOJIUTCHHAs THIIEPXOJIECTEPHHE-
MUsI, IPU KOTOPOH HAKOIUICHHWE YaCThIX U PEIKUX TeHETHYE-
CKHUX BapUaHTOB ¢ HEOONIBIIUM d(PHEKTOM MOXKET TPUBOIAUTH
K Pa3BUTHIO JUCIHNUAEeMHUN. B pabore ObuI M3yueH CIEeKTp
peAKuX BapHaHTOB B IeéHaX TPAaHCIOPTEPOB XOJIECTEPUHA
ABCAIl, ABCGI, ABCG5, ABCGS8 n NPCILI y nauueHToB
C HapyIICHHEM JIMITUIHOTO 0OMEHa, KOTOPBIM MPOBOANIACH
TeHeTH4ecKasl JuarHocTuka. Hamm pesynbTarsl yKa3blBaroT
Ha 0oJjiee BBICOKYIO YaCTOTY HEKOTOPBIX PEIKUX BapUAaHTOB B
9TUX IeHax, B yactHoct NPCI L1, B poccuiicKoil momysinuuy,
OJTHAKO ISl BBIABJICHUS uX BKiana B puck CC3 tpelyercs
OIICHKA MX PaclpOCTPAHECHHOCTH Ha PACHIMPEHHBIX IPYIIax
nanueHToB. HeoOXoauMbl JONMOMHUTEIBHBIE UCCIIEOBAHNS
JUISL CO3AAHMS OMYISIIMOHHO-CIIe(PMYECKUX IIIKaJl [eHEeTH-
YECKOTO PUCKA, KOTOPBIC MOIIN OBl YUHUTHIBaTh CyMMAapHBIi
BKJIAJ] PUCKOBBIX U MIPOTEKTUBHBIX aJjuleel B reHax, CBA3aH-
HBIX C JIMITUTHBIM OOMEHOM, ¥ HCTIOB30BAThCSI JUIS ITIPOTHO3H-

2026
30-3

PepKune BapraHTbl B reHaX TPaHCMOPTEPOB XONeCTeprHa
y NaLMeHTOB C HapyLEeHUAMY MNMAHOro obmeHa

POBaHMS MHANBUIYaIbHOTO PUCKA PA3BUTHSI AUCIUIAICMHUH
1 CEpIEYHO-COCYIUCTHIX 3a00JIEBaHMUI.

Orpannyenne ucciaenoBanus. K orpannueHusm uccie-
JIOBaHUSI CJIEAYET OTHECTH CPAaBHUTEIBHO HEOOJIBIIOHN pa3mep
BBIOOPOK ISl M3YUYECHHS MOIYJSLUOHHBIX 0COOCHHOCTEH
pacIpocTpaHeHHs] T HETHYECKUX BAPUAHTOB U OCOOCHHOCTH
(opMupOBaHHs caMuX BBIOOPOK. B wacTHOCTH, B TMEpBYyIO
BBIOOPKY OBUTH BKIJIIOUEHBI JINIA C BBIPAKCHHOW IMCIINIIH-
JEMHEH, KOTOPBIM MOKa3aHO IPOBEIEHUE I€HETUYECKOIO
tectupoBanus. Clies0BaTeNbHO, B JAHHOW BEIOOPKE J10JISI JIUIT
C MOHOTEHHBIMH (POpPMAMHU JIUCITUITUIEMHH, B IEPBYIO O4Epe/ib
CI'XC, 6buta nocratouHo Beicoka u coctasmia 30 %. C apy-
TOI CTOPOHBI, MOJKHO OTMETHUTB, 4TO Tarutotut p.(Vall771le)/
p-(His221Tyr)/p.(Ala271Phe) rera NPCL [ 3a UCKITIOUCHIEM
OZIHOTO TIAI[EHTA BBIABIAJICSA TOJIBKO Y JIUII, Y KOTOPBIX HE
yCTaHOBJIEHa MOHOTEHHAsl MpUUMHA JuciunuaemMud. Orpa-
HUYEHHUEM JIJIsl BBIOOPOK, MCIIOJIB3yEeMbIX Ha BTOPOM JTare
HCCIIeJOBaHNS, SIBISIETCS] POPMHUPOBAHUE TPYIIITHI HALIUEHTOB
C aTepOCKIIEPO30M I10 MPHUHIIMITY HAIMYNS 3200J1eBaHMs, 0€3-
OTHOCHTEIIBHO, IMEJIH JIN MAIIMEHTHI H3HAYAIBHO TUCIUIHIC-
MHUIO, TIOCKOJIbKY IUTUTENBHOCTh U 3()(DEKTUBHOCTD JICUEHUS
CTaTMHaMHM B OOJIBLIMHCTBE CITy4aeB ObLIO CII0KHO OTCICANT.
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MaTeMaTuuecKoe 1 KOMIIbIOTepHOEe MOoJe/lIpOBaHIe
6MOJIOTMUYECKIX CYCTEM Ha pas3HbIX MepapxXmnyecKux
VPOBHSIX OpraHmu3aiim

C.A. Aammn

@, P.A. MBanos (12, I0.I'. MaTyumkux

DepeparnbHblii NCCNefoBaTENbCKUIA LeHTP VIHCTUTYT umTonorum n reHetnkn Cnbrnpckoro otaeneHns Poccuinckol akagemum Hayk, HoBocnbupcek, Poccns
@ lashin@bionet.nsc.ru

AHHoTauuA. CoBpemMeHHas 6Guonorus Bce B OONblUEl CTEMeHW OMMPAeTCd Ha MaTemMaTUyeckoe U KOMMbloTepHoe
MOAEeNMPOBaHME ANA ONUCaHNA CNTOKHbIX MepapXmnYeckin opraHn3oBaHHbIX brocnctem. B gaHHOM 0630pe paccmaTpuBaloTcs
MaTeMaTUYecKne MOJENV, OXBaTblBalol/e OCHOBHble YPOBHU OUOMOrMYECKOl OpraHM3auum — OT MOJIEKYNAPHO-
reHeTUYeCKoro U KEeTOYHOro A0 TKaHEBOro/OpraHHOro, OpraHM3MEHHOro, MOMyAAUMOHHOIO M 3Konornyeckoro. Llenb
PaboTbl COCTOUT B CUCTEMATM3ALUN KIIOUYEBbIX MOAXOAOB K MOLENMPOBAHUIO Ha KaXAOM W3 3TUX YPOBHEW, aHanmse
MNX BO3MOXHOCTEN WM OrPaHMYeHMWI, a TakkKe B OOCYXKAEHUW CTpaTerMini MNOCTPOEHUA MHOFOMAcCLUTabHbIX Y FMOPUAHBIX
MoZernei, CBA3bIBAOWMX BOEAUHO MPOLEeCChl PasHbiX MPOCTPAHCTBEHHO-BPEMEHHbIX MaclwTaboB. PaccmatpuBatoTcs
Knaccmuyeckme OeTepMUHUPOBAHHbIE U CTOXAacTMUYeCKMe Mofeny Ha ocHoBe AuddepeHumanbHbIX YPaBHEHWI B YaCTHbIX
NPOW3BOAHbIX, IOrMUYecKne 1 rpadpoBble MOLENN PEryNaTOPHbBIX CETe, KNeTOUHble aBTOMATbl, ar€HTHO-OPUEHTUPOBAHHbIE
N MHAMBUAYaNbHO-OPUEHTUPOBaAHHbIE MOAENUN 1N NOAXOAbl, 6asvpytolmeca Ha 6anaHce NOToKoB. [PUBOAATCA TUMUUYHbIE
npvMepbl MOAESIMPOBaHNSA MONEKYNIAPHO-TEHETUYECKMX CeTell, MeTabonM3Ma U XeMOTaKCMCa, PoCcTa TKaHen U OpraHos.,
AVNHAMUKN NONYNALMNIA U FeHETUYECKON CTPYKTYPbI, a TakKe QYHKLMOHMPOBaHWA sKkocnctem. Ocoboe BHUMaHME yaensaeTca
COMOCTaBMIEHMIO MOAXOAOB MO KPUTEPUSAM MACLUTaboB OMVCaHWsA, COXKHOCTA MOAENMPYEMbIX MPOLECCOB, AOCTYMHOCTM
VNCXOLHbIX AAHHbIX, BBIYNCIIMTENBHON TPYLOEMKOCTM M MHTEPNPETUPYEMOCTY pe3ynbTaToB. O630p 0606LLaeT 0TeYeCTBEHHDIN
N 3apyOexHbI OMbIT, MoAYEepPKMBas BKMAA POCCUMACKUX W, B YacCTHOCTW, HOBOCUOUPCKMX KOMNEKTVBOB B pPa3BUTUE
rMopPUIHbIX METOLOB MOAESIMPOBAHMSA, MOCTPOEHNA MHOFOMACLUTAaOHbIX MoAesNel 1 peannsaunm NpPorpammMmHbIxX niathopm
INA CMCTEeMHOW Gronorun. B pesynbTaTe NpoBefeHHOro aHam3a NnokasaHo, YTo rmépugHble 1 MHOroMaclTabHble Mogenv
No3BONAT Hanbonee NOMHO YYecTb HEeIMHEMHOCTb, CTOXaCTUYHOCTb U CTPYKTYPHYIO HEOAHOPOAHOCTb BMONOrnyecKmx
CUCTEM, HO TPeOBYIOT 3HAUUTESNIbHBIX BbIUUCIUTENBHBIX PECYPCOB M TLIATENIbHOW KanMOpPOBKM MO AaHHbIM. OTMevaloTcst
MeToAMYEeCKMe 1 MPOrpaMMHO-TEXHONOTMYECKNE TeHAEHUMW, BKJOYAs pPasBUTUE CMeuuann3npoBaHHbIX nnathopm u
peno3utopres Mofenei, CpefCcTB CTaHAAPTV3aLMM ONMCAHKA 1 MOBTOPHOTO MCMOMb30BaHNA MOAENbHbIX KOMMOHEHTOB.
KntoueBble cfloBa: MaTeMaTUYECKOE MOAENVPOBaHE; G1ONOrMYeCcKmne CUCTEMbI; MHOroMacLTabHble MOAENN; KOMMblOTEPHanA
6uonorus

[na yntnpoBanus: JlawwnH CA., MBaHoB PA., MaTywkuH 0.I. MaTemaTmyeckoe 1 KOMMbIOTEPHOE MOZEeNMpoBaHne 6uo-
NOFMYECKMX CUCTEM Ha Pa3HbIX MepapXmMyecKmx YPOBHAX OpraHu3auun. Basunosckul XypHana e2eHemuku u cenekyuu. 2026;
30(3):502-514. doi 10.18699/vjgb-26-21
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Mathematical and computational modeling
of biosystems at different levels of organization
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®), RA. Ivanov (9, Y.G. Matushkin

Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
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Abstract. Modern biology increasingly relies on mathematical and computational modeling to describe complex
hierarchically organized biological systems. This review considers models that cover the main levels of biological
organization, from the molecular-genetic and cellular levels to tissue/organ, organismal, population and ecological ones.
The aim of the work is to systematize the key modeling approaches at each of these levels, to analyze their capabilities
and limitations, and to discuss strategies for constructing multiscale and hybrid models that consistently link processes
operating at different spatial and temporal scales. We survey classical deterministic and stochastic models based on ordinary
and partial differential equations, logical and graph-based models of regulatory networks, cellular automata, agent-based
models, as well as flux-balance approaches. Typical examples are given for the modeling of gene regulatory and metabolic
networks, chemotaxis, tissue and organ growth, population dynamics and genetic structure, and ecosystem functioning.
Special attention is paid to comparing approaches with respect to the scale of description, complexity of modeled processes,
data requirements, computational cost and interpretability of results. The analysis shows that hybrid and multiscale models
provide an adequate framework to account for nonlinearity, stochasticity and structural heterogeneity of biosystems, but
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require substantial computational resources and careful data-driven calibration. Methodological and technological trends
are outlined, including the development of specialized platforms and model repositories, standards for model representation

and tools for reuse of model components.
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BBepeHue

Buosornyeckne CUCTEMBI — 3TO CIOXKHOOPTaHW30BAHHBIE
nepapxXruyecKue CHCTEMBI, PA3INYKs B XapaKTEPHBIX pa3Mepax
00BEKTOB KOTOPBIX COCTABIIOT 10 10 MOpsIIKOB, a B Xapak-
TEpPHBIX BpeMEeHaX IporeccoB — 10 18 mopsiakos (Pu3HuueHKo,
2003; Hlymusrit u gp., 2006).

Beinensst HanOosiee mpopaboTaHHBIE C TOYKU 3PEHUST Ma-
TEMaTHIECKOTO OIMCAaHUs yPOBHHU OMOJIOTHYECKON OpraHn3a-
LIUH, OTMETHM CIIeyIOIINe:

* MOJICKYJISIPHO-TeHETHUECKHI;

* KJICTOYHBIN;

* TKaHEBBII/OpPTraHHEIN;

* OpraHM3MEHHbII;

* TOMYJSIIMOHHBIN;

* HKOJOTMYECKUII/OMOIIEHOTHYECKHH.

Kaxnplil n3 3TUX ypoBHEH XapaKTepusyeTcs OIpeieseH-
HBIMH OOBEKTaMH M TIPOIECCaMH M, COOTBETCTBEHHO, Tpe-
OyeT Ul CBOETO OIMCAHUSI COOCTBEHHBIX MaTeMaTHUECKHX
1 KOMIBIOTEPHBIX Mozeseil. OTMeTHM TakXke, YTO MOHSATHS
2enomun M ¢henomun, SIBISSICH OAHUMH U3 HanOoJee 4acTo
HCIIONIb3YEeMbIX TEPMHUHOB B OMOJIOT MU, MOTYT OBITH OITUCAHBI
C TOYKHM 3pEHHUS] MAaTEeMaTHYECKOTO MOJAEIMPOBAHHS COBEp-
LIEHHO I10-Pa3HOMY M, B 3aBUCHMOCTH OT 3TOTO ONHCaHHS,
(opMarIbHO OTHOCHTBHCS K Pa3InYHBIM YPOBHSIM OHMOJIOTH-
YeCKOll opraHu3anyuy. B 3aBUCHMOCTH OT KOHTEKCTa pac-
CMaTPUBAEMOM CHTyallUH 3TH aJUICJIbHBIE BAPUAHTHI MOTYT
OBITH BBIPAXKEHBI KaK CHMBOJIBHBIC MTOCIIEAOBATEIBHOCTH,
yucna u T. 1. PazHooOpasue crioco0oB onurcanust (heHOTHIIH-
YEeCKHX MMPHU3HAKOB OpPraHn3Ma eIie MUpe — 3TO MOTYT ObITh
JVICKPETHBIE NPU3HAKHM (HAIpuUMep, IIBET IvIa3 WK BOJOC,
L[BETKA) WM HETIPEPHIBHbIC IPU3HAKY (HAPUMEp, POCT WIN
Bec). [Ipu3Haky MOTYT OBITH pe3yJabTaTOM U3MEPEHHH, Mpo-
BE/ICHHBIX C TIOMOIIBIO KaK MPOCTHIX MPUOOPOB THIIA JTMHEH-
KH WJIM BECOB, TaK U CIOKHBIX (DU3UUECKUX W/HMIM OMOXH-
MHUYECKHX MpHOOpoB (Hampumep, Mop(ohU3noIOrHIeCKue
TIPU3HAKH).

Llens HacToOAIIEH 0030pHON PAOOTHI — CHCTEMATH3ALUS OC-
HOBHBIX MaTeMaTHYECKUX W KOMITBIOTEPHBIX METO/I0B MOJIE-
JIMPOBAHMS OMOJIOTMYECKNX CHUCTEM Ha PA3IMYHBIX YPOBHSX
OpraHM3ali{, aHAJM3 UX BO3MOKHOCTEH M OrpaHUYCHHH, a
TaKXe PacCMOTPEHHUE IMOAXOJO0B K MOCTPOCHUIO MHOTOMAc-
mTaOHBIX ¥ THOPUIHBIX MOZIENEH, 00BEIMHSIONINX HECKOIBKO
YPOBHEH B paMKax eIMHOM KOHIIENTYaJIbHON 1 BBIYUCIIHTEIIb-
HOM CXEMBI.

MonekynAapHoO-reHeTuYeCcKui

ypOBeHb opraHusauumn

MormnekynspHo-reHeTH4YecKas cuctema ynpasieHus (MI'CY)
KJIETKH — COBOKYITHOCTB €€ Hepery IpHbIX moianMepoB (JJHK,
PHK u 6enK0B), a Taxke MOJEKYISIPHBIX ITOICHCTEM, BHITIOI-
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HSIOMINX pa3IHYHbIC OMOXUMUYECKHE IPOIIECCHI HAJl HEpery-

nsapuaeiMy TonuMepamu (ITpodremsr Teopun. .., 1985):

* CHHTE3,;

* mpeoOpa3oBaHNCE;

* pacman;

* TMIEPEHOC U T. I
Cpenn METOMONIOTHYECKUX TIOIXO0B TS MCCIIEIOBAHMS

MI'CY MOXXHO BBIIEIUTH TPU OCHOBHBIX:

1. CtpykTypHO-()YHKIMOHATHHBIA TOAXO — KOHIICHTPHUPYET
BHUMAaHHE Ha MaTePHAJIHHBIX CBOUCTBAX MAKPOMOJICKYI U
MI'CY B cBsi3u ¢ ux (yHKIHCH. 3ydatoTcs CTpyKTypHBIE,
(U3NKO-XUMHUUECKUE M SHEPTeTHICCKIE 3aKOHOMEPHOCTH
CTPOCHHS MaKpPOMOJEKYJ, TSPMOINHAMUKA W KHHETHKA
MIPOIIECCOB M T. II.

2. NadopmManinoHHO-KHOSPHETHIECKAN TTOXO — COCPEIO-
TOYMBACTCS HA BBIABICHUU NMPHUHIIUIIOB OpTraHU3alldU U
ynpasienuss MI'CY, oTBiiekasich OT UX CTPYKTYPHBIX OCO-
OoennocTeil. Mccienyores caMOBOCIIPOU3BEICHHE, UH-
(hopMaImoOHHBIE IPOIIECCHI, KOAUPOBAHHE, TAMATE, Ha ICK-
HOCTb, CHCTEMBI PETYANPOBAHUS H T. 1.

3. DBOJIOIMOHHKIN ITOJXOJ — BBISBISICT Ty TH BOZHUKHOBEHHS
u spomor MI'CY B nenom, pa3inuyuHbIX MOACUCTEM U
(bpakIii MaKpOMOJIEKYII, a TakKe (PaKTOPBI PBOIIOLNH,
TUTIB BONIONMOHHON AWHAMUKH U T. 1. (IIpobnemsr Teo-
pum..., 1985).

Yactubim cityyaeM MI'CY gBasitOTCS TaK Ha3bIBAEMbBIE 2€H-
Hble cemu — TPYIIIBI KOOPIMHUPOBAHHO (DYHKIIMOHUPYIOITHX
TCHOB, B3aMMOJICHCTBYONINX APYT C JPYTOM Kak d4epe3 CBOU
nieperyHbie TponykTel (PHK u 6enkn), Tak u gepe3 pa3Hoo0-
pa3HbIe METa0OIHTH U APYTHE BTOPUYHBIC TPOAYKTHI (DYHK-
IHOHNpOBaHMA TeHHBIX cetel (Komuanos u np., 2013).

Mopnenu GHOIOTHIECKAX CHCTEM Ha MOJICKYIISPHO-TCHETH-
YeCKOM YPOBHE BKITIOUArOT B ceOst pocteiimme OJ]Y (00BIKHO-
BeHHBIC MU PepeHIInATBHBIC YpaBHEHUS) U cucTeMbl O] m3
HECKOJIBKHX YPaBHEHHUH, TUCKPETHBIC MOJICITH, TOCTPOCHHBIC
C WCIIOJIE30BAHUEM DPa3HBIX (popmann3MoB (OyIeBBI CETH,
cetu IleTpu, KICTOYHBIC aBTOMATHI U JIp.), TUCKPETHO-HE-
TIPEPBIBHBIC MOJICIH, & TAKXKE BCEBO3MOKHBIC KOMITHIOTCPHBIC
MMUTAIAOHHBIC U aTCHTHO-OPUCHTUPOBAHHBIC MOICIIH.

[pocreiimmue mogenu MI'C cTponsnuch Ha OCHOBE ypaBHe-
HUH XUMHAYECKOM KuHeTHKH Buaa (1), mpemcTaBmsim coboit
pa3IHYHBIE CTI0COOBI TPEICTABICHUS KUHEMUYECKO20 3aKOHA
deticmgyrwux macc 1 0000IMIEHHOTO XUMHKO-KHHETHYE-
ckoro Metona monenupoBanust (OXKMM), nmpemiokeHHOTO
B.A. JluxomBaem (JIuxommsaii u 1p., 2000):

L py, k), (1)
rae X — BEeKTOp (CIHCOK) YIMpPaBIseMBIX IMePEeMEHHBIX; Y —
BEKTOp (CITMCOK) YIPaBISAIOMINX MEPEMEHHBIX; K — CIIHCOK
apaMeTpoB.
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JlotryckaeTcst BXOXK/ICHHE OHUX U TeX JKe TICPEMCHHBIX B
o0a crricka, HO B 00IIeM ciydae CIiMcKu X 1 Y He COBIagaroT
U MOTYT BOOOIIe He mepecekaThes. [lepeMeHHble 0OBIYHO
HUMEIOT CMbICI KOHLEHTPAILIMM BEIECTB UM BEPOATHOCTEH
peanu3alyy BbIJIJIEHHBIX COCTOSIHUM BelecTB. [lepemeHHbIe
U3 cIucKa Y, He BXOJALIME B CIIUCOK X, SIBJSIIOTCS Mapame-
TpaMu 715l TEKyLIEH srieMeHTapHol Mozenu. @yHKIuoHat V
OINMCHIBAET 3aKOH CKOPOCTEH M3MEHEHMS KOHLEHTPALUN Be-
LIECTB U3 CIIUCKa X.

Kunetnueckuii 3akoH JIEHCTBYIONUX MacC BBIBOAUTCS Ha
OCHOBC TeopuH coynapeHuil. [1ycTb nmeercs OMOXUMHYCCKAsT
peakuus

A+B e C. 2)
Torma cxopoctb Vaip_,c popmupoBarms komriekca C B
TEKyIIUil MOMEHT BPEMEHH / paBHA

VA+Bﬁc(t) :k][A][B]; (3)

a CKOpoCTh V¢ _, 4+ g pacnaja komiuiekca C Ha COCTaBIISIONINE
A u B B Teky1muii MOMEHT BpEMEHHU ¢ paBHA
Veoars(0) =k[Cl. “)

Ecim nmeercst KOHKpeTHast OMOXMMHYECKas CXeMa PeaKkIui
Buma (yp. (2)), To MTHOBEHHAsT CKOPOCTh U3MEHEHHS KOH-
LEHTPALIHN JIF0OO0TO BEIIECTBA PABHACTCS CyMME JIOKAJIbHBIX
CKOpOCTeﬁ U3MCHCHUA KOHUCHTPAIIUMNU JAaHHOT'O BCUICCTBA B
K10l peakuuu, B KOTOPOH JaHHOE BEIECTBO Y4aCTBYET
(Kazannes n ap., 2009; Ax6epaun u np., 2013). 310 npo-
CTOE ITPABHJIO O3BOJISIET JIETKO BBIITMCATh HTOTOBYIO CHCTEMY
muddepeHanbHEIX YpaBHEHUH, OMHCHIBAIOIINX [IEIEBYIO
OMOXMMHUYECKYIO CXEMY, HCIIONIB3YSI IIPH ITOM B Ka4ECTBE Tpa-
BBIX YacTeil ypaBHeHuil cuctemsl (yp. (1)) TOTBKO TOTHHOMBI
TIEpBOTrO U BTOPOTO Mopsiaka. TeopeTnyeckod OCHOBOM IJIst
9TOTO CITYKUT BaXKHEHIIIast I MOACIMPOBAHUS XUMHYECKON
KHHEeTHKH Teopema Kop3yxnHa, kotopast yrBepxaaet: « /s
T1000¥ COBOKYTTHOCTH HEOTPHUIIATEIbHBIX KPHBBIX, 38 JaHHBIX
Ha KOHEYHOM HMHTEpBaJIe BPEMECHH, U JIFOO0H 3aJaHHOHN TOU-
HOCTH CYIICCTBYET Takasi (MOKET ObITh, HE O/IHA) OMOXHMHU-
Yyeckasi CxeMa, COCTaBIICHHAs! TOJIBKO U3 OMMOIIEKYIISIPHBIX U
MOHOMOJIEKYIISIPHBIX peaKInii, 4T0 MaTeMaTHuecKast MOJIEb,
TIOCTPOCHHAs 10 IAHHON OMOXMMHYECKOH cXeMme, TPHOIKaeT
3aJJaHHYI0 COBOKYITHOCTh KPHBBIX C 33JaHHOI TOYHOCTBHIO»
(PKaboruHuckuid, 1974).

BakHe#1mm 3J1eMeHTOM IOCTPOSHHUsI 00JIEE CIIOKHBIX MO-
neneit MI'C ¢ nmomorpto OXKMM (Jluxomsaii u nip., 2000) siB-
JISIETCSI IPABUIIO CyMMHUPOBAHHMS JIOKAIBHBIX CKOPOCTEH Mpo-
TeKaHUs1 OMOXMMUYECKUX PEaKInii: 0011ast CKOPOCTh H3MEHE-
HUSI KOHIIEHTPaNNi KOMIIOHEHTOB CHCTEMBI SBIISETCS CyMMON
CKOpPOCTEH N3MEHEHHsI KOHIIEHTPAIUH JJAHHOTO KOMIIOHEHTa
BO BCEX JIEMEHTApPHBIX Tporieccax (moapoduee cm. Tadbm. S1
[punoxkenus)'.

Jlozuueckue nodxoowr nus mozpenupoBauus MI'CY, BBe-
neHHble eie B 60-x rogax XX B., OCHOBaHbI HAa IPUMEHEHUH
JUISL OTIMCAHUS MOJIEKYIIPHO-TCHETHYECKIX MEXaHHU3MOB B
TePMHHAX JIOTHKU U AuckperHoi maremaruku (Kauffman,
1969). IIpuBeneM nmpumep onucaHus padOThI TEHHOW CETH B
TepMHHaxX OyseBOM JIOTMKH. [€HHas ceTh Mpe/CTaBIsieTcs B

1 Ta6n. S1 1 puc. S1-S7 MpunosxkeHns cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx27.pdf
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Boolean Functions
A=D

B=A|D
C=A&!D

D=B

MpriMmep npocToii 6yneBol reHHOW CeTH.

B npaBoi uyactu nepeuncneHbl Gynesbl GYHKLMU CMEHbI COCTOAHUI;
WITPVXOBAA SIMHUA O3HAYAET, YTO UCXOAHbIV TeH LOSKEH ObiTb UHIM6U-
POBaH, CM/OLWHAA — YTO UCXOAHbIN reH JOMKeH OblTb akTUBMPOBaH (Mo:
(Chen et al,, 2018)).

BUjIe OyJIeBOI CETH — HalpaBJICHHOTOo Tpada, Tie BepIINHBI —
9TO COCTOSTHHSI T€HOB, & IyT'H — PETyJISITOPHBIE COOBITHS, T. €.
JielicTBYE TeHOB Ha ApyrHe rensl (Parymnslii u np., 2005; Tran,
2016; Barbuti et al., 2020). Tekymiee cocToSHIE TEHHOH CETH
OTIMCBHIBACTCS CIIUCKOM AKCIIPECCHPYIOMTIXCS (PaOOTAIOINX )
1 HE IKCIPECCUPYIOMIMXCS (HEe pabOTArOIINX) T'CHOB B IHC-
KpEeTHbIE MOMEHTHI BpeMeHH. CuuTaeTcsi, 4To TeHbl MOTYT
HaXOJUTHCS TOJILKO B JIByX COCTOSIHUSIX: «IKCIIPECCUPYETCSD»
(true,1) mubo «He 3kcnpeccupyercs» (false,0). Cocrosiaue
TEHHOH CETH, TAKMM 00pa3oM, IPECTaBIsET co00i OyneB-
CKHI1 BEKTOP

X:(Ai)7 ielaNa (5)
rae A; — cocrosiaue i-ro reHa. CMeHa COCTOSTHUIM CETH OITHCHI-
BACTCSI C TIOMOIIIBIO OyJIeBOI BEKTOP-(PYHKIUH f:

X+ 1) = fX(0) = (L4, (X)), f1,(XO), ... [1,(X(D))), (6)
rae fy,;:{0,1}V — {0,1} ommceiBaeT BO3AEHCTBHE YKCIIPECCHH
BCEX T€HOB Ha AKCITpeccHIo i-ro reHa. [Ipumep npocroii Oyite-
BOU I€HHOM CETH NOKa3aH Ha PUCYHKE.

OT™MeTHM, YTO YNIOMSTHYTBIE BBIIIE MOAXOAbI HUMEIOT Orpa-
HUUYCHHYIO IPUMEHUMOCTb B KOJIMYECTBEHHOM IIPOTHO3HPO-
BaHMU B CHIIy CBOei ympouieHHocTH. [loaTomMy B HacTosimiee
BpeMsi HanOoJIee YacTo UCIONb3yEMbIMH TTOJIX0/IaMH K OITHCa-
Huro MI'C sBnsitoTCest pasnuyHble eubpuoHbie Memoobsl, Code-
TaloIINe TPUMEHEHHNE HETIPEPHIBHBIX, THUCKPETHBIX METONOB
U CTOXAaCTHYECKHUX METO/0B MojenupoBanus. OQuH n3 nep-
BBIX MOJIOOHBIX METO/IOB — pa3paboranHblii B HoBocuOupceke
P.H. UypaeBbim emie B 70-x rogax XX B. 0000IIEHHBIH IMO-
porosblif MeTon Monenuposanus (Uypaes, Patuep, 1972; Uy-
paes, 2005). B ;aHHOM METOIE COYETAOTCS TTOAXO/IBI TCOPHH
aBTomatoB u MuHEWHBIX O/1Y. B ocHOBe naen nexuT pa3one-
HHUE (Ha30BOTO MPOCTPAHCTBA CUCTEMBI Ha OONACTH, BHYTPH
KOTOPBIX MOBEJEHUE CUCTEMbI ONMCHIBACTCS JIMHEHHBIMU
OJ1Y, a ycroBus mepexoja MexIy 00JacTsIMU — OyJIeBBIMH
(dyHKIMAMU. Perenns TMHEHHBIX CHCTEM «CIIMBAIOTCS» Ha
rpaHMLax 30H. J{pyrum npuMepoM rHOpUIHBIX TTOJX0/I0B SIB-
TSeTCA MoOdenuposarue Ha ocHose npasu (aHTi. rule-based
modeling), B KOTOPOM MOZAETH ONpeaenseTcss KOCBEHHO, T10-
cpeacTBOM 3amaHHOro Habopa mpasui (Blinov et al., 2004;
Harris et al., 2016). {lansueiimee passutue B MI{ul' CO PAH
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OXKMM wu meronoB uucineHnoro mozaenauposanuss MI'C na
€T0 OCHOBE TaKKe BEIIOCH B ITAapaIurMe THOPHUIHBIX MOIXOIOB
(Kazanmes u np., 2009; Kazantsev et al., 2018).

KneTouHbIll ypoBeHb opraHusayuu
Maremarndeckoe MOICTUPOBAHUE Ha KJIETOYHOM YPOBHE Op-
TaHMU3AIUHN PACCMATPUBACT TAKUE OMOJIOTHUYCCKHUEC MPOLICCCHI,
KaK TPAHCIIOPT BEILECTB U SHEPTUU U3 OKPY>KAIOIIEH Cpe/ibl B
KIJIETKY ¥ 00paTHO U X METa0O0IU3M, NIEPEABIKCHHE KIETOK
B [IPOCTPAHCTBE U UX JesieHue. B yactu mojenupoBanus me-
Ta0OJIMICCKHUX MPOLIECCOB KICTOUHBIN YPOBEHb OPraHU3auu
HampsIMyIO CBS3aH C MOJIEKY/ISIpHO-TeHeTHYeCKUM. [1osiBUB-
muiica B koHue XX—Hayaje XI B. TEPMUH «JIEKTPOHHAS
kieTka» (Tomita et al., 1999; Tomita, 2001; Ishii et al., 2004;
Price et al., 2004; Karr et al., 2012; AxGepaun u np., 2013)
1ojipazyMeBaeT MOJECIMPOBAHUE KJIETKH MPEXKIE BCEro Ha
MOJICKYJIIPHO-TCHETUYCCKOM YPOBHE OMOJIOTHMYCCKON opra-
HU3AILHH.

Tem He MeHee, B OTVIMYUE OT PACCMOTPEHHBIX BBIIIE MO-
Jiesiei, B KOTOpbIX MHTepec npeacTaBisitoT camu MI'C, ux
COCTOSIHUS, PSKUMBI (DYHKIIMOHHUPOBAHUS U T.II., MOJCIIH
KJICTKA MOTYT (DOKYCHPOBAThCS U HA JPYTUX COOBITHUAX U
npoiieccax, paccmarpunasi mozenu MI'C, Bxosuie B HUX, B
Ka4eCTBE «IOJIPYYHBIX HHCTPYMEHTOBY. Tak, SOHCKUHN CH-
CTeMHBII OuoJior u obuonHpopmaruk Macapy Tomura, munep
npoekrta E-CELL — o1HOTO U3 NepBbIX YCIEIHIHBIX IPOEKTOB
10 MOJICITMPOBAHUIO JICKTPOHHOW OAKTCPUABHOW KIICTKH,
BBIJICNISIET CPEAM MPOLIECCOB KJIETOYHOTO YPOBHS OpraHu3a-
1IUH, KOTOPBIE MOYKHO CMOZIEITUPOBATH C TOMOILIBIO ITPOLIECCOB
MI'C, TpaHcnopT BEIIECTB Yepe3 MeMOpaHy, KJIETOUHBII LIUKIT
U JIeTICHNE KJIETOK, @ TAK)Ke Pa3BUTHE MATOJIOTMYECKUX COCTOS-
HU (HanpuMep, JJIst KIIETOK pUTpoLuToB yenoseka) (Tomita
et al., 1999; Tomita, 2001; Hucka et al., 2003). [Iporpammsi,
paspaborannbie B pamkax npoekra E-CELL, ucronb3yror
THOPHTHBIN TOJIXO0 K MOJICIHPOBAHUIO KU3HEICATCILHOCTH
kieTku. B vactHocth, B Bepcun E-CELL 3 ncnons3yrorcs
cuctembl OJ1Y, cToxacTuyeckoe MOJIEIUPOBAHHE C ITOMOIIBIO
anroputMa ['Wiiecu, a TakKe CICHUATbHBIC aJTrOPUTMBI
«CIIMBKW PEIICHUH.

Jlpyrum Ba)KHBIM KIJICTOUHBIM IPOLIECCOM, IS MOACTHPO-
BaHUsI KOTOPOTO TAKKE MOTYT MPUMEHSThCS Mozieid MI'C, siB-
JISIETCS XeMOMaKcuc — KJIETOUHOE JIBUKEeHHEe. bakrepuaabHbIi
XEMOTAKCHUC IMPEJCTABISCT COOON OIMH M3 CaMBIX MPOCTHIX
U XOPOIIIO M3YYCHHBIX MPUMEPOB MOBEICHUS MUKPOOOB. OH
MO3BOJISICT TUTABAIOIIMM OaKTepUATbHBIM KJICTKAM CJICIO-
BaTh 3a XMMHUYECKHMH BEIIECTBAMH B OKpYXarolie cpeze
110 TPaJUEHTY KOHIIEHTpauuu. MoieKyisipHble MEXaHU3MBbI
XEMOTaKCHCa B MOJCIbHOU Oaktepuu E. coli U3y4amuch c
OOJIBIIION JeTanu3anueii B TeueHue mocieanux 50 jer ¢ uc-
M0JIb30BAHUEM IIIHPOKOTO CHEKTPa AKCHEPUMEHTAIbHBIX, B
OCHOBHOM Omodusnuecknx, meronos (Berg, Purcell, 1977;
Vladimirov, Sourjik, 2009; Kaizu et al., 2014). Hakoruienue
9KCIICPUMCHTAIIBHBIX TAHHBIX B 3TOI 00JIACTH MPUBEIO K
CO3/IaHMI0 HECKOJIbKMX MOjeNiell xeMoTakuca. Tak, Hampu-
Mep, rpynmoii (Bray et al., 1993) onybiukoBana rubpugHas
OJIOYHO-MOJTYJIbHASL MOJICIIb, B KOTOPOW MOJICKYJISIPHO-TCHE-
TUYECKasi KOMIIOHEHTA OMUCBIBAETCS C IIOMOIIBIO0 YPaBHEHUI
XUMHYCCKOM KHMHETHKH, a (PU3UYECKas — BpAICHUE CIICIHU-
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AIBHBIX OCITKOB-MOTOPOB — C TIOMOIIIFIO KOHEYHOTO aBTOMATA.
[IpuHumnuanbHas cxema 3Tol MOZIEIM NpUBEAeHa Ha puc. S1.
Mopens BOCTIPON3BOIUT MOBeieHUE Ooee 30 MyTaHTOB, 9TO
TOBOPHT O e¢ BEICOKOM KadecTBe. OHa MOTydHia pa3BUTHE U
ObLTa peanm30BaHa B BHJE IporpaMMHOro komruiekca BCT
(BacterialChemoTaxis) (Bray, Bourret, 1995), uro B mams-
HEHIIIeM TI03BOITIIO Omucath yxe 6onee 60 myranToB (Bray
et al., 2007). Kpome Toro, ms WccieqoBaHUs XeMOTaKCHCa
HCTIOTB30BAIACH areHTHO-OPUEHTHPOBAHHBIC MOJICIH, COYe-
TAIOMIHE ATOT MOAXOJI CO CTOXaCTHIECKIM MOJCITUPOBAHUEM
MI'C (AgentCell (Emonet et al., 2005)), TubpuaHbIM MOzIe-
TrpoBaHueM, KoMOMHHUpYIommM ook OIY u croxacTude-
CKOTO MOJICTTMPOBAHUS, a TAKXKE alPOKCUMAIINCH CPEIHETO
noss s Moaenan Mono—Vaiimena—Illanxké? (RapidCell
(Vladimirov et al., 2008), cm. Taxke puc. S2).

MonexynspHble MEXaHU3MBI BHKCHUS OOJIee CIIOKHBIX
KIICTOK JYKapHOT MPHUHITUIHATHHO OTIIHYAIOTCS OT TAaKOBBIX
y Oakrepmii. TeM He MeHee METOAMUYCCKUN perepTyap st
MaTeMaTH9IeCKOTO MOJICIHPOBAHUS ITHX IPOIIECCOB B IIEJIOM
TaKoii xe. Hampumep, MareMaTnieckasi MOJICTIh PETYIISIIHN BO-
JIOCKOBBIX KIICTOK — PEIIETITOPOB CITyXOBOM CHCTEMEI M BECTHU-
OyJISIpHOTO armapaTa XHBOTHBIX U YEJIOBEKA, OTHACHIBAIOIIAS
WOHHBIA TPaHCIIOPT, MEMOPAHHBIA MMOTEHINAN M JTBUKCHUE
xierok (O’Beirne, Patuzzi, 2007), Obma peann3oBana Ha
OCHOBe ypaBHeHHs bormbiimana.

HecmoTpst Ha mMetoTHiAcs 3a1e71 10 MOJICTTHPOBAHHIO OHO-
JIOTHYECKUX CHCTEM Ha KICTOYHOM YPOBHE OpPTaHU3AINH, B
OONBIIMHCTBE PabOT, MPOBOASIINXCS B HACTOSIIEE BpeMs,
MOJICITH OT/ICBHBIX KJIETOK UCIIONB3YIOTCS B Ka4ECTBE BCIIO-
MOTaTeIbHBIX WHCTPYMEHTOB. DTO OTHOCHTCS K YPOBHIM
OHMOIIOTHYECKOW OpraHW3alNy, PACCMATPHBAIONIIM MOJICITH
KIIETOYHBIX aHcaMOlel, — TKAaHEBOMY, OPTaHU3MEHHOMY U
MTOTTYISIIHOHHOMY.

TkaHeBbI/OpraHHbI ypOBEHb OpraHu3auumn
Buonornyeckast mxans — 3TO cucTeMa KJIETOK, CXOAHBIX IO
MIPOUCXOXK/ICHUIO, CTPOCHHUIO U BBINOIHAEMBIM (DYHKIHSIM B
OpraHu3Me, a TaK)Ke MEKKJICTOUHBIX BEIECTB U CTPYKTYp —
MIPOJYKTOB UX JKU3HEAEATeIbHOCTH (BHOIIOrHuecKuil. .. ciio-
Baph, 1986). JKusommuvie mranu pa3aeisiFOTCS HA YETHIPE
OCHOBHBIX THIIA: COSIUHUTEIIbHBIC, MBIIICUHbBIC, HEPBHBIC U
SMUTEIHANBHBIC. TKaHu pacmenuti pa3aeisIIoTCs Ha npocmuble,
COCTOSIIIME U3 KJIETOK OJIHOTO THUIIA (HAIpUMep, KOJUIEHXUMA),
U CI0JICHblE, COCTOSIIIINE U3 PA3HBIX TUIIOB KJICTOK (HarpuMep,
snuaepMa). B 3aBucuMocTH OT KilacCU(UKAIMK BBIJICISIOT
J1Ba JIMOO TPH THIIA PACTUTEIBHBIX TKaHel. B nepBom ciryuae
TKaHM TOJPA3CISIOTCS Ha Mepucmemamuydeckue (aKTHBHO
JTISIIUECS KIICTKH, HallpUMeED, B KOPHSX WM KOHYHKaX CTeO-
neit) u nocmosinivie (YTPaTHBIIUE CIIOCOOHOCTH K JICJICHHIO).
Bo BTOpOM cilydae TKaHU JENSATCS HA MKAHesble CUCTEMbL:
INUOEPMUC, MEXAHUUECKAS MKAHb U NPo6oodsiwas mrkanb (buo-
JIOTHYECKHUH. .. clIoBaph, 1986). COBOKYITHOCTb pa3In4HBIX U
B3aUMOJICHCTBYIOINX TKaHEW 00pa3yeT OpraHsl.

VYuuteiBast Takoe pazHooOpa3zue CBOWCTB U QyHKIUIT OHO-
JIOTHYECKHX TKaHEH U OpraHoB, perepTyap MareMaTH4eCcKuX

2 Mopnenb MoHo-YaiimeHa-LLaHxé onucsiBaeT perynaumio epmeHTaTMB-
HOI aKTUBHOCTU Gesika, COCTOALLErO 13 OAMHAKOBbIX CyObeanHML, 13-3a
anoCcTepryYecKoro n3meHeHus ero cTpyktypbl (Monod et al., 1965).
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1 KOMITBIOTEPHBIX MOZAEIEH, IPE/ICTABISIONINX 3TOT YPOBEHb
OrorornuecKkoi OpraHu3anny, Ype3BbuaiiHo BemuK. MeTomu-
YeCKUI apceHalt ISt TOCTPOCHUS TOA0OHBIX MOZIENIEH ITMPOK
1 BKJTFOYACT B ce0sl KaK KJIAaCCHIECKUE METO/IbI MOJICITMPOBAHMS
¢ momorsio cucteM OV u muddepeHImanbHbIX YpaBHESHIH
B YACTHBIX NMPOU3BOAHBIX (Yallle MCHONB3YyEeMbIX IJISI MOJE-
JUPOBAHNS OMOJIOTHYECKUX TKaHEH), TaK U COBPEMECHHBIC
METO/IbI THOPHUTHOTO MOZAEIMPOBAHUS, BKIIIOUAIONIHE B ceOs
areHTHO-OPUEHTUPOBAHHBIE TTOJIXO/BI U T. 1.

MareMarndeckoe ¥ KOMIBbIOTEPHOE MOJICINPOBAHUE OHO-
JIOTHYECKNX TKaHEH M OPTaHOB BBI3bIBACT HANOOIBIIHNI HHTE-
pec MeANKOB M OHOJIOTOB B CIIEIYIOMINX KOHTEKCTax: 1) Mo-
JICINPOBAaHNE PA3BUTHSA, TAaK HA3BIBAEMOTO Mopdozenesa,
ambpuocenesa M T.11.; 2) MOIENUpOBaHHE TaTtojorui (0omes-
Hell) ¥ cTpaTernii nx koppekuu. B psie cimydaes ofHa 1 Ta ke
MOJIETb MOXKET PACCMaTPHUBATHCS B 000MX KOHTEKCTaX OIHO-
BPEMEHHO, HAIIPUMEp, MOJETb PA3BUTHS PAKOBOH OITyXOJIH,
TT03BOJISIONIAst YMCIICHHO MCCIIE/IOBATh PA3INIHBIC CTPATETHN
JICYCHUSL.

Krnaccrueckoii MOIeNbio TeOpun MOpGOreHe3a CUUTaACTCS
MOZIETb «peakius-Iupdy3us», IpeUIOKEHHasT B CEPEIHE
XX B. Amanom Teropuarom (Turing, 1952):

(')x_P( )+ D 0%x
ar VYT Exgre
(7
dy y) + D 0%y
ot = Qe+ Dyas,

rae r — OpOCTPAHCTBEHHas koopauHara; D, 0%x/0r? n
D,6%y/0r? onuchiBaioT G Qy3HIo BEIECTB X U y BIOMb STOH
koopauHathl. Juddy3us HenmMHEWHO CBS3aHHBIX KOMIIOHSHT
X ¥y B JJaHHOI CHCTeMe NPHBOAUT HE K BBIPABHHUBAHUIO, A
K MIEPHOJMYECKOMY BO BPEMEHH M HEpaBHOMEPHOMY B MPO-
cTpaHcTBe pactpenenernto (Pusamuenko, 2003).

Mogudukauu Moaenn «peakuus-qudy3us» aKTHBHO
HCCIIEIOBAIINCH M TPUMEHSIIUCH IS ITUPOKOT0 Kpyra OHoJio-
TMYECKHX 3a]1a4, BKIIF0Yast MOJIEIIMPOBaHUE TKaHEH 1 OpraHoB.
B yacTHOCTH, C IOMOLBIO MATEMATUYECKON MOJIEIIH, PEAIIU-
30BaHHOW B BHIE CHCTEMHI (8), UCCIIEAOBAIICH TATTEPHBI
OKPACKH IIKYPbI )KUBOTHBIX. B 3aBHCHMOCTH OT apaMeTpoB
MOJIEIIH, KOTOPBIM COOTBETCTBYIOT pa3Hble cOueTaHUs MOp(ho-
T€HOB (BEILECTB, BIMSIOIINX Ha HHIUBUIYAIBHOE Pa3BUTHE
OpraHu3Ma), MaTTepHbl OKPACKH BAPHUPYIOT B IIHPOKOM
npenene (puc. S3).

ou ov

—=yf(w,v) + V?u,— =yg(u,v) + dV?v,

Jt ot
fu,v)=a—u—h(u,v),glu,v)=alb—v)—h(w,v), (8)
puv
hw,v) = 1+u+Ku?’

3necs f, g, h — QyHKINH, ONMCHIBAIOIINE KHHETHKY PEaKIINi;
a, b, 0, p U K — MONIOKUTEIBHBIE MTAPAMETPhI, OITUCHIBAIOIINE
KMHETUKY PEaKIUH, ITPEACTABISIONE COO0H COOTHOIICHHMS
KHHETHYECKUX KOHCTAHT (AETaJbHbIN BBIBOJ TUX ITapaMeTPOB
npusonutcst B (Murray, 2003)); d — cootHolenue ko3hdu-
LIUEHTOB UG y3UH; Y ONPeesIeT pa3mep 00IacTu.
Jlpyroii mmojixo/| K MOIEINPOBAHHIO OUOIIOTMYECKUX CUCTEM
Ha TKAHEBOM M OPTaHHOM YPOBHE OpraHM3aluu ObLI Mpei-
noxeH B.A. JIuxoniBaem 1 osxy4mt pa3BuTHe B paboTax Mo
pykoBozactsoM B.B. MupoHOBOU 10 MOAEIUPOBAHUIO TKa-
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Helt pactenuit (Jluxomsait u np., 2007; daxnees u ap., 2008;
Mironovaetal.,2010,2012; Novoselova et al., 2013; Pasternak
etal., 2019). Ero cyTb COCTOWT B OIIIICAHWY TKaHU PACTCHHS B
Buje cucteMbl O1Y moctaTtogHo OONBIIOH Pa3sMEPHOCTH — OT
COTEH JI0 HECKOJIBKHUX THICSIY ypaBHEHHUH. [Ipn 3 TOM oTienbHOM
KJIETKE TKAaHN COOTBETCTBYET HECKOJIBKO YpaBHEHHH, B 00ITb-
IIMHCTBE PAabOT — BCETO YETHIPE YPaBHEHMS, OMMCHIBAIOIINX
JUHAMHKY HHTEPECYIOIMINX HCCIIET0BATENSI BEIIECTB: OCIKOB
1 ropMoHOB. KiieTkn paccmarprBaroTcst Kak CHCTEMBI C TON-
HBIM IepemMernBanueM. [lepepacrpenenenue BenecTB Mex 1y
KIIETKaMH MTOCPEACTBOM U (y3HH U TIPOIIECCOB AKTUBHOTO
TPaHCIIOPTAa ONMCHIBACTCS YPABHEHUSIMH ITEPEHOCA BEIIECTBA.
[Tpumep Takux ypaBeHHUH AJIsi TOPMOHA ayKCHH IPHUBE/ICH B
ciexyrommeM ¢parmente cuctemsl (9) u3 crarbu (JInxomBaii
u ap., 2007) (cxeMy Momenu cM. Ha puc. S4).

da P a, — [g a + K a a

_dt”*a Ptanfl t“n d%n 0 nf( n)7

_‘ q4i — Pt(a‘ﬂ a; 1) Koa'ﬂf(a'H) 9
7 I3 - ! ! ( )

—2Pa;— Kya;— Koa; fla)), i=n-12,

d
% =—P,a; — Kya; + P,a, + Kya, fla,),

IJIC @; — KOHIICHTPAIlUsI TOPMOHA ayKCHH B i-i KJICTKE KOPHS
pacTeHus (caM KOpPEeHb paCCMaTPUBACTCSI B 3TOM MOJIEIN KaK
OJTHOMEPHBIA MAacCHB KJIETOK, CM. Takxke pHuc. S4, a); napa-
METp 0. OTIACHIBACT MOCTOSIHHBIN MPUTOK ayKCHHA B CHCTEMY;
P, — nudpdysuro aykcuHa Mexay kietkamu; K, — mapameTp
Jerpaalliy ayKCUHa B KJIeTKe; QyHKIUA f(a,) ONMHUCHIBACT aK-
TUBHBIN HAIIPABJICHHBIN TPAHCIIOPT ayKCHHA Yepe3 MeMOpaHy
MTOCPEIICTBOM JICHCTBHS CIICIIUATIBHBIX OCITKOB-TPAHCIIOPTEPOB

(yp. (10)):

&
1
f(ai) = +q(i)p1 1+(ﬁ)p2 (10)
q12 q2
B sToli QyHKIIMM ¢;; — KOHCTaHTa MOPOTa aKTHUBAIUU

AyKCHH-3aBUCHMOTO TPAHCIIOPTA; ¢, — KOHCTAHTa 1mopora
HACBILICHHS ayKCHH-3aBHCUMOTO TPAHCIIOPTA; ¢, — KOHCTAHTa
HOpora MHrHOMPOBaHHUs ayKCHH-3aBUCUMOTO TPAHCIIOPTa; P, U
P> — KO3(POUIMEHTBI HETMHEHHOCTH MEXaHU3MOB AKTUBAIMH 1
MHrUOMPOBAHMSI COOTBETCTBEHHO. B BhIIIICYIOMSHYTOH ceprn
paboT 1Mo MOIETTUPOBAHUIO OPTAHOB M TKaHEW pacTeHUH pac-
cMaTpuBaIKCh Kak ogqHoMepHbIe (1D), Tak u aBymepHbIe (2D)
Mozen (cM. puc. S4). XoTst TH MOJIENH MPECTABIISIOT CO00i
cuctembl OJIY (Hepenko OONBIION pa3MEPHOCTH), HIIEOJIO-
FHYECKH OHH OJIM3KU K KJIETOYHO-aBTOMATHBIM MOJICIISIM, KO-
TOPBIE TOXKE YACTO HCIOIB3YIOTCS [UIsl MOJICIIUPOBAHHST OH1O-
JIOTHYECKHUX CUCTEM Ha TKAHEBOM M OPraHHOM YPOBHSIX Opra-
HU3ALIUH.

Tak, MOJIETMPOBAHKE C ITOMOUIBIO KJIETOYHBIX aBTOMATOB
HCIIOJIb30BAJIOCH JIJIS HCCIIEIOBaHKSI IIPOL[ECCOB OHTOTeHE3a
(Markus et al., 1999; Akberdin et al., 2007; ButBunkwuii, 2014;
Patubicki et al., 2019) u Bereramuu (Komarov et al., 2003;
Colasanti et al., 2007) pacTeHuii. AKTUBHO IIPUMEHSIETCS ITOT
MIOIXO/] U JUIsl MOJICITMPOBAHMSI TKAHEW M OPraHOB KHUBOTHBIX
U 4YeliOBEKa, B YaCTHOCTH, OOJIE3HEHHBIX COCTOSIHHM, TAKUX
Kak oHKosornueckue 3adoneanus (Gevertz, Torquato, 2006;
Szabo, Merks, 2013; Briiningk et al., 2019; Salguero et al.,
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2019), ummynnsie (Bezzi et al., 1997), uadexmmonnsie (Slimi
et al., 2009) u npyrue (Talaminos-Barroso et al., 2020).

B GoJbIIMHCTBE MEPEUNCICHHBIX PabOT, a TAKKe BO MHO-
JKECTBE JIPYTHX, HE BOUICAIINX B JIAHHBIA 0030p, METO/I0JI0-
sl KJIETOYHO-aBTOMATHOTO MOJICIIUPOBAHUS HCIIOIb3YeTCs
B COYETAHHU C APYTUMH ITOJXOIAMH, B YACTHOCTH areHTHO-
OPHEHTHPOBAHHBIM MOJICIIMPOBAHUEM M MOJICITUPOBAHUEM,
OCHOBaHHBIM Ha MpaBuiiax (puc. S5), yIoOMUHABIINMCS B pa3-
nene « MoJeKysIpHO-TeHeTHUECKHI YPOBEHb OPraHU3aIHI).
Takue ruOpuIHBIC MOJICITH, HCIIOJIB3YEMBbIE TIPEIK/IE BCETO IS
MOJICITUPOBAHUSI TKAHEH U OPTaHOB, TIOIYYUITH HA3BAHHE (KJ1e-
moynwvle mooenu Ilommcay (Cellular Potts Models) (Glazier,
Graner, 1993; Marée et al., 2007; Voss-Bohme, 2012).

JlanbHeiiiee pa3BUTHE METOIOB MOJICITUPOBAHUS OHOJIOT U~
YeCKHUX TKaHEeW U OPraHOB MPHUBEJIO K MOSBICHUIO TPOTPAMM-
HBIX KOMIUIEKCOB, OMOIHOTEK U M1aTdopM, aJanTHPYIOIIUX
moytenu [10TTca U areHTHO-OPUEHTUPOBAHHOE MOJICTTUPOBAHIE
JUTSL PEIICHUS] KOHKPETHBIX COAEPIKATENbHbIX 3a/1a4 B OHOJIO-
run. OTMETHUM TaKue porpaMmHbie Komruiekesl, kak CellSys
(Hoehme, Drasdo, 2010), EPISIM (Siitterlin et al., 2013,
2017), CompuCell3D (Swat et al., 2012) u np. OtaensHO
HA30BEM MPOEKTHI IO MOJCIUPOBAHUIO I[ETIBIX OPraHOB, Ha-
npumep, mIatGopmy il MOJICITUPOBAHHKS [IEUYCHU YeIOBEeKa
VirtualLiver (Holzhiitter et al., 2012; Drasdo et al., 2014).
Pa3BuTHe METOI0B MOJICITUPOBAHHSI OMOTIOTHUECKUX TKAHEH 1
OPraHoOB MOJrOTOBHJIO OYBY JJIsl pa3pabOTKU KOMITbIOTEPHBIX
MoOJIeJIeH IENTbIX MHOTOKJIETOYHBIX OPraHU3MOB, O YeM Oy/eT
CKa3aHO B CIEYIOIIEM pas/ere.

OpraHn3MeHHbI ypOBEHb OpraHu3auumn
VcTopusi MareMaTuieckoro U KOMITbIOTEPHOTO MOJAEIHPO-
BaHMs (DYHKIIMOHUPOBAHUS OT/EIBHBIX OPraHU3MOB Oeper
cBoe Havayo eme B 60-x rogax XX B. IlepBas u mpocTeiiias
MoJienb nepeBa Obuta npesctasiena M.A. [loneraeBbiM 1 ero
yueHukamu B 1965 r. (IToneraes, 1965, 1966). Hecmotps Ha
MIPOCTOTY, MOJIeIIb, 0a3upysiCh Ha (PU3UUECKUX TPHHIUIAX,
JlaBajia OTBET Ha BOIPOC, «IIOYEMY JEPEBO HE pacTeT B BbI-
coty OeckoHeuHO?» B manpHeiiimeM Ha 0a3e 3TOW MomeH
OBUTH TIOCTPOCHBI U UCCIIEI0BAHBI O0JIee CIOKHBIE BAPHAHTHI
(Kapes, Cxomoposckuit, 1999; Kono6os, ®@pucman, 2008).
Hacrosmmii pacuBeT 1eTanbHbIX MO/IENIEN OT/IEIbHBIX MHOTO-
KJIETOUHBIX OPTaHU3MOB IpuIIesncs Ha nocueanue 10—15 net.
Bo MHOrom 310 00YyCJIOBIEHO KOJIOCCAIBHBIM HPOIPECCOM,
KOTOPOTO JIOCTHUIJIA TIPOU3BOJUTEIBHOCTh KOMITBIOTEPOB, a
UMEHHO OBICTpOJIECTBIEM, 00BEMOM OIEPATUBHOI MaMsITH
1 00beMaMH 3aIOMHHAIONINX YCTPOUCTB. CTaao BO3MOXKHBIM
CO31aBaTh pCAJIUCTUYHBIC MOJCIIN KUBBIX OPraHU3MOB. ITo-
SIBUJICSI TEPMUH «IIU(PPOBBIC IBOWHUKH KUBBIX OPraHHU3MOBY
(anm. digital twin of biological organism) (Barnabas, Raj,
2020; Tellechea-Luzardo et al., 2020; Miehe et al., 2021) u ap.
MeTtonuueckuii apceHalt, UCIoIb3yeMbIH JUTs MOJITUPOBa-
HUS Ha OPraHU3MEHHOM YPOBHE OMOJIOTMYECKON OpraHHu3alnH,
€CTECTBEHHBIM 00pa30M BKIIIOYAET B Ce0sI BCE TE€ ITOJXO/IbI, O
KOTOPBIX LIJIA peub B IPEAbIYIIUX pa3aeiaax. B 3aBucumo-
CTH OT ILIeJIeH W 3ajia4, KOTOpbIe aBTOPbI «IU(PPOBBIX Opra-
HU3MOBY CTaBsIT IEPe COOO0M, OTHU YPOBHU OMOIOTHYECKON
OpraHM3alliy, a TaK)Ke COOTBETCTBYIOLIME OMOJIOTHYECKUE
MIPOLIECCHI MOTYT MPOIHKCHIBATHCS B MOJIENIH O0JIee IETaIbHO,
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a apyrue — MeHee. Tak, HampuMep, B N3BECTHOM IPOEKTE
OpenWorm («OTKpBITEII YePBB» ), MOCBSIIICHHOM CO3JJaHHIO
KOMITBIOTepHOH Mozaemnn uepBsi Caenorhabditis elegans (Szi-
geti et al., 2014; Sarma et al., 2018; ITanssrO0B, 2019), OC-
HOBHOE BHUMAaHHUE Y/IEJIIEHO MOJCIMPOBAHNIO OMOMEXaHUKN
JBIDKCHUS U Onodrsnke mepeaun HeHpOUMITYIIbCOB, TOTAA
kak mpoekt Digital Salmon («udposoit mocock») (Omholt
etal., 2013) B GopIIeii CTETIEHN COCPEIOTOUCH Ha IIPOIIeccax
MeTaboJIM3Ma 1 OHTOTE€HE3a JI0COCSI.

OTMeTHM, 9TO PabOTHI 1O CO3/IaHNIO KOMITBIOTEPHBIX MO-
JIeTIeH LIENTBIX OPTaHU3MOB — «IIH(POBBIX JBOHHNKOBY — B Ha-
CTOSIIEE BPeMs BEIyTCs OONIBIINMH HAYYHBIMHU KOJIJICKTHBA-
MH, a HEPEJKO M KOHCOPIIMYMaMH, COCTOSIIINMH M3 MHOTHX
KOJIEKTHBOB. Kak mpaBmito, B paMkax 3Tux padboT pa3padaTbl-
BAIOTCS IIEITBIC TIPOrPaMMHBIE KOMIUICKCHI U JIaXKe TTPOTPaMM-
HBIE TIaT(GOPMBI, KOTOPBIE CIIOCOOCTBYIOT Pa3BUTHIO METO-
JYecKoi 0a3bl MaTEMaTHIECKOi U CHCTEMHOI OHOIoTrHy.

MonynAuMOHHBbIN ypOBEHb OpraHn3auun
buonornueckas nonyrayus (nar. populus — HacelneHUe) —
COBOKYTHOCTh 0c00eil 0HOTO B, 00JIAAAIONIUX OOLIIM
reHo(OH/IOM ¥ 3aHUMAIOIIMX OINPEACICHHYIO TEPPUTOPHUIO
(buonorngeckuii... ciaosaps, 1986). Mcropus maremaruye-
CKO OMOJIOTHH CBsI3aHa, MPEXKIIE BCETro, C MOJICIIUPOBAHHEM
ouonorunueckux nonyssinuii. Haunnast ¢ «Kuauru abaka»
J1. ®ubdoHauy4H, KOTOPHII B CBOEM TPY/IE [0 apr(MeTHKE TTpe-
JIOXKWJI MOZIEJTh M3MEHEHHS pa3Mepa MOMYIISIIMU KPOJIUKOB C
TCUCHUCM BPCMCHU (pemeHI/Ie MOJCIIN — 3BHAMCHUTBIC YHUCJia
dubonauun), n nponoswkas padboramu T.P. Manbryca «O 3a-
KoHe HapooHacenerus» (Malthus, 1978) u [1.d. depxronbeTa
«O0paruTe BHUMaHKE Ha 3aKOH, KOTOPOMY CJIEJTyeT HaceJIeHHE
B cBoeM pocte» (Verhulst, 1838), umMeHHO MonenupoBaHue
JUHAMMKU TOMYJISLUN CTaIo JBUXKYLIEH CUIION pa3BUTHUS Ma-
TeMarr4eckoii ononornu. OnucaHHbIe B yIIOMSHYTBIX paboTax
MOJIETIH, KOHEUHO, 04eHb IMPOCTHI (cM. yp. (11) u (12)), Ho oHM
HOCITYKWIH (DYyHAaMEHTOM JIsi 00JIee CIOKHBIX Mojieeil He
TOJILKO B OMOJIOTHH, HO ¥ B IPYT'HX 0ONACTSIX HAyKH — (pr3mKe,
XUMUH U Jp. Huoke npezcraBineHo ypaBHenue Maspryca:

(11)

rae N — YUCIEHHOCTb MOMYJIILUH; d — KOO(D(GHUIUEHT NPHUPOCTa
YUCIICHHOCTH MOMYJISIIIMH.
VYpaBHenue OepxroibCTa BBIISINUT CIEIYIONINM 00pa3oM:
dN
o (12)
rae 7 — KOA(PQPUIMEHT MPUPOCTa YUCICHHOCTU TOMYJISIINY;
K — MakcuMasnbHasi YUCICHHOCTD MOMYJIISLUH.

Mopenu B3aMO/ICHCTBYFOIIUX MOMYJISIIIAN OBLITH BIICPBBIC
npeanoxeHbl A. Jlotkoii (Lotka, 1909, 1920, 1925) u B. Boss-
teppoii (Bonsreppa, 1928, 1976) u mosmyuuiiu B fajibHEHIIIEM
Ha3BaHue «Mmojenu JloTku—Bonbsreppay, Wi «MOAETH XUII-
HUK—KEPTBa»:

N
rN[l - E}’ r>0,K>0,

dN _
E - X(Sx - nyy)>

d
21% :y(nyx - Sy)a

IIe X — KOJIMYECTBO JKEPTB; ¥ — KOJIMYECTBO XHUIIHUKOB; KO-
3¢ PHUINEHTHI: €, — €CTECTBEHHOTO IIPHPOCTA )KEPTB, €, — €CTE-

(13)
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CTBEHHOMH yOBLITH XUIHUKOB (B OTCYTCTBUE KEPTB), Yy, — BIUS-
HHS XMITHAKOB HA YHCIICHHOCTD XKEPTB, Y, — BIUSIHHUS KEPTB
Ha YHCIICHHOCTh XHIIHUKOB.

O600mmenHas Mmoaenb Bomsreppst (yp. (14)) mo3Bomser pac-
CMaTpUBATh IOMUMO OTHOIICHUH «XHIIIHUK—KEPTBa» NPYyTUe
THITBI B3aMMOJCHCTBUH MEXKY JBYMS MOMYJISIIUASIMU:

v, _ aiNy +bN\N, — ¢ N7,

dt

dN, 2 (14)
o aN, + by 1N\N, — N3,

rae N;, N, — 4uCIeHHOCTh (TUIOTHOCTH) COOTBETCTBYFOIICH
MONYJSILMHU; d), dy — CKOPOCTh IPUPOCTA COOTBETCTBYIOILEH
TOMYJISIHN; €|, €, — KOI(DPHUINEHTBI CMEPTHOCTH COOTBET-
CTBYIOIICH TONYISAIUH; bys, by; — KOXPPHUIUCHTHI BIUSHHS
MOMYJISIIIAKA APYT Ha JIpyra. B 3aBUCUMOCTH OT 3HaYCHUI
rapameTpoB by, u by; omnpenensiercs THII B3aMMOAEHCTBHUS
MEXKITy MOMYJISIIHUAMU (CM. TaOJHILY).

PexuMbl (YHKIIMOHHPOBAHUS, PCATU3YEMBIC B MOJICIIIX
(13) u (14), cBOISATCS K IBYM THIIAM — CTAlJHOHAPHBIE COCTOSI-
HUSI CUCTEMBI M OCILMIUIMpYIomHe pesxumbl (PuzHudenko,
2002, 2017). [Ipu B3aumozeiicTBIM HECKOIBKUX (O0Jee ABYX)
TOMYJISIIMKA OOraTCTBO JTMHAMHYECKUX PEKUMOB MOJIEIEH
pe3ko Bo3pacTaet. Tak, HarIpUMep, B CUCTEME «XUIIHUK—/IBE
JKEPTBBD» ObLiIa IOKa3aHa BO3MOKHOCTh CyIIIECTBOBAHMS Xa0-
THYECKUX PEKUMOB (ATOHMHA U 1Ip., 1982).

B xnure A./l. ba3bikuna «HenuHeliHas JuHaMUKa B3aMO-
nercTByronux nomysnuiny (2003) mpoBeneH ucyepIbBaio-
LU aHaU3 MOJIeNIel TpeX B3aUMOJICHCTBYIOLIUX MOMYIIS U
Thna 0000IeHHBIX Mojieneit Bonsreppsl. [luckperHble aHa-
JIOTH HETMPEPBIBHBIX MOJEICH MOMYJISIIUOHHON TUHAMUKH —
Mozenn Mopana u Pukepa — paccMaTpuBaloT YHCICHHOCTh
TIOMYJISIUY B BUJE JUCKPETHOM BEJIMYMHBI, N3MEHSIOIICHCS
B HEKOTOPBIE AUCKPETHBIE MOMEHTBI BPEMEHH, UTO COOTBET-
CTBYET 3KCIIEPUMEHTAIBHBIM JAHHBIM IT0 IIEPEIHCH PEaTbHBIX
noryssiuid. Ecim npeanonoxuTs, 4To YUCICHHOCTH IOITY-
JISIIK B MOMEHT BpemeHw ¢ (N,, t =0, 1, 2, ...) 3aBHCHUT OT
YHCIIEHHOCTEH B HEKOTOPbIE IPEALIECTBYOIUE MOMEHTHI Bpe-
MEHH, TO JIJIsl OTMCAHMS TUHAMHUKH YUCICHHOCTH TTOMYIISIIUI
MOYKHO IMIPUMEHHTB aMIiapaTr PeKypPEHTHBIX HITH PA3HOCTHBIX
ypaBHEHHI (0TOOpaKCHHUI):

Nt:F(]vt—h]vt—% "',Nt—k)' (15)

PemenneM 3TOro ypaBHEHHS SBISICTCS TOCIIEIOBATEIb-

HOCTB 3HaYEHUH N,, yIOBIETBOpSIONMas ypaBHeHuto (15) mpu

kaxaoM ¢. Momens Mopana u Puxepa (yp. (16)) Obiia mpen-

JIOKEHA JUISl OTTUCAHUS TUHAMHUKH YUCICHHOCTH TTOTYIIALINH
HacekoMmbIX (Moran, 1950) u pei6 (Ricker, 1958):

N,=N,_, exp {r[lf%]}. (16)

WurepecHo, 4To 1ake B TAaKOH MPOCTOi Mojienu 0OHapyXu-
BAIOTCsI OYCHb PA3HbIE PESKUMBI (PYHKIIMOHUPOBAHUS (pHC. S6).

Jlpyroe Goiplioe HampaBlICHHE B MOACIMPOBAHUH MOMY-
JSIIAA — MOJIEITMPOBAHNE I'EHETHKHU TMOIYJIALIUA — ObLIO 3a-
JIOKEHO KJIaCCHKaMM MaTeMaTriudeckoi ononorun: Ponansnom
@umiepom, [x. Xonaeitnom, C. Paiirom u npyrumu (Haldane,
1924, 1926, 1990; Fisher, 1930; Wright, 1931, 1951). B oiu-
YHe 0T MOAIeNIel HOMYJISIIMOHHON AMHAMUKH, OITMCHIBAIOIINX
M3MEHEHHS] YUCIICHHOCTH HOMYJISIIIAI, MOJICIIN TTOITYIISLIHOH-
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Tunbl B3aMOZeNCTBUN MeXay Nonynaumnamu,
paccMaTpurBaemMbiMu B 0606LLeHHON Mogeny BonbTeppbl
(yp. (14)), no: (Ogym, 1975)

Tvin oTHOWeEHNI Bnnanune Bnnanune MapameTpbl
Buaa 1 Buaa 2

Cnmbunos + + b5, b57>0
KommeHcanmsm + 0 b:,>0,b,,=0
XULWHNK-XepTBa + - b,,>0,by,,<0
AmeHcanmsm 0 - b,,=0,b5,<0
KoHKypeHLua - - by, by, <0
Hentpanuam 0 0 b5, b57=0

HOU reHeTHKH (POKYCHPYIOTCSI Ha OITMCAHUH M3MEHEHUH Jac-
TOT ajuiesnell (BapHaHTOB I'€HOB) B MOMYISIUIX. Maremaru-
YEeCKHUIl anmapar, UCIOJIb3yeMbli B KJIACCHUECKUX MOJIENIX
MOMYJISMOHHON T€HETUKH, BO MHOIOM HAlIOMUHAET TAaKOBOI
B MOJIEJISIX TUHAMHKH TTOITYJISILIUH — 9TO JTMOO0 peKyppeHTHbIE
ypasHenust, 160 O/1Y. B kauecTse npumepa HIKe IpUBEICHA
MOJIEJIb MEH/IEJICBCKOI OECIIOION UILIONTHOM TaHMUKTHYE-
CKOM IMOIYISIUK C OAHUM JIUAJUICJIBHBIM JIOKYCOM (TEHOM,
HMEIOIIUM TOJIBKO JIBa COCTOSIHUS — A WK A,):

dp _ sp(1-p)

= 17)
d 1-s(1-p)

~ sp(1-p)»
I7e p — 4acToTa ajulens A; B MOMYISNUK (TOrJa 4acTora ¢
aitenst A, paBHa 1—p); mpuCHOCOOICHHOCT TaMeT OIpeie-
JIIETCSI KaK Wy, Wo, @ UX PA3HULA § = W —W,. YpaBHeHue (17)
OITMCHIBAET N3MEHEHHE YaCTOT aJUleliel ¢ Te4eHHEM BPEMEHH.
Eme oauH xiacc mozeneil — MaTpuyHble MOJIENN JMHA-
MHKH CTPYKTYPBI TOMYJISIIUI CO CIOKHOM MOJI0OBO3PAaCTHON
CTPYKTYPOIi, HJIH TOMYJISILIMH, BKIIOYAIOLIHE 0CO0el OHOTO
BHJIa C pa3IMyYalOMIMMHUCA (U3UOJOTHYECKUMH WM OUO-
JIOTHYECKHMH XapaKTEePUCTUKAMM, BIEPBBIE TPEUIOKEHHBIC
I1. Jlecnu (Leslie, 1945, 1948), neranbpHO UCCIICIOBaHBI B
paborax ([{unamuueckas reopus. .., 1974; Jlorogert, benosa,
2007). Mopnens mpeacTaBiseTcss ypaBHEHUEM BUTA
x(t+1)=Lx@), t=0,1,2,..., (18)
rae BekTop-cTonben x(7) = [x,(£), x2(f), ..., x,(t)]” onucriBaer
CTPYKTYpy HOMYJSIUN (YMCIEHHOCTH OTAENBHBIX TPy

ocobeit), a MaTpuIa L, Ha3piBaeMas Takke Marpuueit Jlecny,
HMEET BULL

bl b2 bn—l bn
L= . : 0 - 0 : 0 ?
0 0 Sp—1 O

rae b; — K03 GUIMEHTH POKIACMOCTH; §; — KOAPPHUIIUEHTHI
JOKUTHS.

J10 HeJABHETO BPEMEHH, B CBA3U C HEJOCTATKOM IIHPOKO-
MaclITaOHBIX TEHOMHBIX JaHHBIX, TAKHE MOJEIH CTPOUIIUCH
NPEUMYIIECTBEHHO UCXO/S U3 HEKUX OMOJOIHYECKH OCMBIC-
JIEHHBIX MPEINOIOKEHHUIA, YTO MO3BOJISIO IPOBOIUTH TEOPETH-
YeCKHUE UCCIIEI0BAHMS B 9TOU 00JIACTH JIMIIb Ha KAY€CTBEHHOM
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ypoBHe. Pa3BuTHE METOIOB CEKBCHHPOBAHUS U TIOCTICIOBAB-
IHIA 32 3TUM OOJIBIION 00bEM IKCIICPUMEHTATBHBIX JAHHBIX
TIPUBEJIH K MTOSBIICHUIO KOMITBIOTEPHBIX MOJICTICH TOMTYIIAIIN-
OHHO-TEHETHUYECKUX MPOIIECCOB, YIUTHIBAIOIINX 3TH JAHHEIC
Ha KOJTMYECTBEHHOM ypOBHE. VIMUTAIIMOHHOE MOICTHPOBAHUE
SBOJIOIMH TCHETHYECKUX TIOCIICI0BATCIHHOCTEH MMOIYUHIIO
Ha3BaHUE «MOJCIHPOBaHME KoallecleHIn» (coalescence
simulation).

MeToandecky MOZISTUPOBAHIE KOAJICCIICHITHH TTPEICTABIIS-
eT co00if Pa3HOBUIHOCTH CTOXaCTHUECKOTO MOJICITUPOBAHUS C
TIPUMEHEHHEM Pa3INIHBIX TOAX00B (MeTomoB MonTe-Kapio,
MapKOBCKHX Iereit u np.) (Salem et al., 2005). BompmuHCcTBO
pabot B 3TOIt 00IACTH OCHOBBIBACTCS HA PA3BUTHH M MOIH-
(buKanmu KIIacCHUECKUX MOJIETICH MOy IAIIMOHHON TeHETHKH,
TakuX Kak Mozenb Paiira—®umepa (Hudson, 2002), octpoBHast
monens (Wakeley, 2001) u mp. Cxema mociie1oBaTeIbHOTO
YCIOKHEHUS TOMYISIIHOHHO-TEHETHYECKOH MOJEITH TyTeM
J00aBIICHAS B HEE JOTMOIHUTEIBHBIX OMOIOTHUSCKUX TMapa-
MeTpoB Oblma mpeokeHa (Schaftner et al., 2005) coBmecTHO
C aITOPUTMOM Bepu(UKAIIUN 3HAUYCHUH DTHUX ITapaMeTpOB.
B HacTosimiee Bpemst co31aH psiji IPOTPaMMHBIX ITAaKETOB JIJIS
takoro moxenupoBanus: SIMCOAL 2.0 (Laval, Excoffier,
2004), GENOME (Liang et al., 2007), Migrate-n (Beerli,
Palczewski, 2010), CoaSim (Mailund et al., 2005) u ap. C mo-
MOIIBIO ITUX MAKETOB IONYYCHBI OMOIOTHYECKHA 3HAYMMBIC
pesynbTatel. B padote (Bataillon et al., 2006) 6b11i o11eHEHBI
s dexTuBHAS YUCICHHOCTH momymsanuu Mcaanamu, cko-
POCTh pEKOMOWHAIIHNH, a TAKXKE PSJT IPYTHUX MOITYIISIIIHOHHBIX
mapaMeTpoB. TecTupoBaHHE HOBBIX METOJOB aHAJN3a I'eHe-
TUYECKUX aCCOIHMAIUI ¢ OOJNIe3HAMHU YeIOBEKa C IMOMOIIBIO
KOMITBIOTEPHOTO MOoJIeTTpoBaHus puBonutcs B (Guan et al.,
2009). Cratuctrdeckas OI[eHKa albTePHATHBHBIX CIICHAPUCB
ABOJIOIHNH YeJIOBEKA C TIOMOIIIBI0 MOJCTHPOBAHU IPOBEICHA
B padore (Fagundes et al., 2007).

JKonornyeckuin/6moueHoTNYECKNn

YypOBeHb opraHu3sauum

Oronoeus (ot rped. oikos — gom u logos — yueHwue), CoracHO
3. T'ekkelnto, — HayKa O B3aMMOOTHOIICHHUSIX OPraHU3MOB U UX
MOMYJISILMIA APYT ¢ APYTOM | co cpenoit oouranus (Haeckel,
1866). Dxonorust u3ydaeT 6uoyeHo3bl U IKOCUCHEMbl KaK pe-
3yJBTAT B3aUMOOOYCIIOBIEHHON YBOIIOIIMH OPraHU3MOB (OHO-
ThI) ¥ OMOLIEHOJIOTUYECKOU CPE/IbI C YUETOM OCYIECTBISIEMO
Ha Pa3HbIX TPOPUUECKUX YPOBHSIX ACATECIbHOCTH MOMYJISILIUHA,
OIpeeISIONIel MOIIHOCTh TIOTOKOB SHEPIUU M BEIIECTB B
9KOCHCTEMAX M OOIUi KPYyrOBOPOT BEILIECTB, & TAKIKE aBTOpE-
T'YJSILMEO DKOCHUCTEM H UX Polib B Onocdepe rianeTs! (bbikos,
1983). B Hactosimiee Bpemsi GyHKITMOHUPOBAHHUE IKOCUCTEM
IUIAHEThI 3aBUCHT OT COLMANBHBIX (DAKTOPOB M aHTPOIIOTEH-
HBIX BIMSHUHA. B 11000M OrpaHMYEHHOM MPOCTPAHCTBE, KaK
[IPaBHJI0, 00MTAET MHOYKECTBO BUJIOB, MEXY KOTOPBIMH yCTa-
HOBHWJIUCH [TOCTOSIHHBIC U CIIOKHBIE B3aUMOOTHOIIEHUSI. HBI-
MHU CJIOBaMH, PA3JINYHbIC BUJIbI OPTaHU3MOB, CYIIECTBYOIIHE
B OIIPE/ICNICHHOM ITPOCTPAHCTBE C KOMILIEKCOM (PH3UKO-XUMH-
YECKHUX YCIIOBHH, 00pa3ylOT CIOKHYIO CUCTEMY, Oosiee HiIu
MeHee JUINTEIbHO COXPaHSIONIYIOCs B Iprposie. B sxonorun
ux HasbpBaroT axocucmemamu (Tansley, 1935) nnm 6uoeceo-
yenosamu (Cykaués, 1972).
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MogenvpoBaHvie 61MONOrMUYecKrx CUcTem
Ha Pa3HbIX MepapXMYecKnX YpoBHAX OpraHmu3auum

TepMuH «aKon02UUecKOe MOOETUPOBaHIEY BKITIOUACT B CeOs
paccMOTpeHHe KaK MOJENeH B3aMMOICHUCTBUS OTACITBHBIX
OPTaHM3MOB CO CpeNoi (aymosxonoeus), B3aNMOICHCTBHUS IO~
MYJSIIAN CO CPEHOH (OemaKonozust), Tak M MENbIX COOOIIECTB
i OMOLIEHO30B (cuHoKon02Us). B OCHOBE IKOIOTHYECKHUX
MOJIeNeH JISKUT, TIPEXkKJIEC BCETO, OTMMCAaHUE MepeHoca Bellle-
CTBa, PHEPTUU W WHPOPMAIHMH MEXKIY Pa3HBIMH YaCTSIMH
sKocucTeMbl. OCHOBHOEC BHUMAaHHE YIEISICTCS TOMY, KaK STH
YacTH B3aUMOJICHCTBYIOT, KaK OHU CBSI3aHBI IPYT C IPYTOM U
BIIHSTFOT APYT Ha JPYTa, BKI0Yas (PU3HUCCKYIO CPEemy.

PasMepHBIME eMHUTIAMH, UCTIONB3YEMBIMH B YKOJIOTHYC-
CKOM MOJICTHPOBAHUH, KaK MPABHIIO, SBISFOTCS KOITUIECTBO
SHEPTHH WM MaTepUH, TePEMEIAIONIeHCsl Yepe3 CUCTEMY.
3TO OTHO U3 OCHOBHBIX OTIIMYHN HKOIOTUICCKIX MOJIETICH OT
TIOTTYJSIIMOHHBIX, B KOTOPBIX CITUHUIICH N3MEPEHUSI OOBITHO
ciryxuT pasmep nomynsiun (Jergensen, 2009).

Metoauueckuii apceHas 3KOJIOTHYSCKOTO MOICTHPOBAHUS
BO MHOTOM TIOBTOPSIET METOJIBI, HCIIOIB3YEMBIC JITSI OTICAHUS
MOJICKYIIIPHO-TCHETHUECKOT0, KIIETOYHOTO, OPTaHIU3MEHHOTO
Y TIOITYJISIIIMOHHOTO YPOBHEH. B 9acTHOCTH, B 9KOIIOTHYECKOM
MOJICITUPOBAHNN TIPUMEHSICTCS Memoo0 aHAIu3d 6aianca no-
moxog (anri. flux balance analysis, FBA) (Allen, Gillooly,
2009; Orth et al., 2010). Ero ocHOBHas njiesi COCTOUT B OITH-
CaHWH TTOTOKOB MPEBPAICHHUS BEUICCTB B BUJC 3aa4dM JIH-
HEHHOTO MPOTPaMMHUPOBAHUS C OTPAaHUYCHUSMH, YTO JaeT
BO3MO)KHOCTB OIICHUTH CKOPOCTH CHHTE3a U ICTPaIaIliH dTHX
BemecTB. [Ipumep cxeMaTHYyHOTO M300pakKeHUS MOJEIH,
OCHOBAHHOW Ha MPHUHIUIAX OallaHCca IOTOKOB, IIPUBEIICH Ha
puc. S7.

AKTHBHO HCITOB3YIOTCS B 9KOJIOTHIECKOM MOJICITHPOBAHUN
u metonbl OJIY (Beeaenwe..., 2001; Owolabi, Patidar, 2016;
Lavaud et al., 2020) u cuctem IY B 4aCTHBIX IPOU3BOIHBIX
(Holmes et al., 1994; Beenenwue. .., 2001), kj1eTouHbIC aBTOMA-
oI (GOmez Esteban, Rodriguez-Paton, 2011), croxactudeckoe
monenupoBanne (Kutalik et al., 2005; Phillips et al., 2006;
Khatri et al., 2012), rpadoBssrii anamus (Fath et al., 2007) u ap.

DKOJIOTHYECKOE MOJCIUPOBAHHE SBISACTCS TAKXKEe OTHUM
13 HaIlPaBJICHUH, B KOTOPOM MHOTOMacIITabHoe (aHTI. multi-
scale) m MHOTOYpOBHEBOE (anTI. multilevel/multilayer) momy-
YIITI0 HanboJee CHITBHBIA UMITYITBC K pa3BuTHro (Grimm et al.,
2005, 2010; Grimm, Berger, 2016).

YacTHBIH ciydait MHOTOMACIITa0HBIX MOJIENICH — areHTHO-
OPHECHTUPOBAHHBIC MOJICIH, KOTOPHIC B IKOJIOTHIECKOM MOJIe-
JMPOBAHWH TPATUIIMOHHO HA3BIBAIOTCS WHANBUAYaIIFHO-OpH-
CHTHPOBAHHBIMH. SIBISSCH IO CBOCH CYTH MMUTAIIHOHHBIMH
MOJICTISIMHI, OHU TTOKPBIBAIOT 3HAYUTEIBHBIH CIIEKTP BOIIPOCOB
(YHKIMOHHPOBaHHUSA SKOCHCTEM HA YPOBHE KaK OTICIHHBIX
OpPTaHM3MOB, TaK W WX Homysmuid u coodmects (Kreft et
al., 1998; Doebeli, Dieckmann, 2003, 2004; Hellweger et al.,
2016; Widder et al., 2016). B uHIuBHIyaIbHO-OPHEHTHPOBAH-
HOW mapagurmMe pa3padoTaHBl COBPEMEHHBIE ITPOTPaMMHBIC
KOMIUTCKCHI, B YaCTHOCTH, IS MOJICTTHPOBAaHUS OaKTepHaIb-
HBIX coobmiecTB. Hampumep, mporpamMma-cumyrsatop BacSim
(Kreft et al., 1998, 2001), a Takke mpOrpaMMHBIH KOMILIEKC
(Xavier et al., 2005) omUCHIBAIOT TaKWe MPOIECCH KU3HE-
NEeITEFHOCTH OaKTepHii, KaK MOMIOMeHHE (TPaHCIOPT) Cy0-
CTpaToOB, METa0OMI3M, KIETOYHOE JCTICHUE 1 THOCTH KIICTOK,
BBIZICIISIST B KaUeCTBE OOBEKTa OTACIBHYIO KJICTKY M pac-
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CMaTpHBasi COOOIIECTBA B BUIe aHCAMOIIEi TaKuX 0OBEKTOB.
OHM OpPUEHTUPOBAHBI, IPEXK/IC BCETO, HA UCCIIEAOBAHUE OaK-
TEepPHAIBHBIX COOOMIECTB B BHJe OHOIUIeHOK. [Iporpamma
Micro-Gen Bacteria Simulator MogenupyeT KHU3HESHHBIH IIHKIT
pactyiieii KyIsTyphl OaKTepHii U ee B3aUMOJICHCTBHE C pa3-
JIMYHBIMU MOJIEKYJIaMH, Harpumep antuororukamu (Murphy,
Walshe, 2011). B aTux mporpaMMax JeTaibHO ONHCHIBAIOTCS
IKOJIOTHYECKHE, META0OTNIECKUE H MTOYIISIIHOHHbBIEC KOMITO-
HEHTBI, HO OTCYTCTBYET OIHCAHHE TeHETHYECKHX MTPOIIECCOB
1 HaCJICIOBaHUSL.

3aknioyeHune

COBpeMeHHLIe METOAbI MOACTIUPOBAHUA 6I/IOHOFI/I‘ICCKI/IX CHC-
TEM Ha Pa3HbIX HEPAPXUUECKUX YPOBHAX OpraHu3aIuu 0asu-
PYIOTCS KaKk Ha TPaJMIUOHHBIX roaxonax (auddepeHnnanb-
HbIE, aNreOpanvecKue U CTOXaCTUUECKUE YPABHEHUS, TEOPHs
rpadoB, KJICTOYHbIC aBTOMAThI | T.].), TAK U HA THOPHTHBIX
TEXHHKaX, COYETAIONINX OObEKTHO-OPUEHTUPOBAHHBIN U
areHTHO-OPHEHTUPOBAHHBIN (MHANBUIyalbHO-OPUEHTHPOBAH-
HBII) TOAXO/IBI C YIOMSIHY TBIMH BBIIIIE TPATUIIMOHHBIMH. XOTS
B COBOKYITHOCTH OHU OXBATBIBAIOT IMTPAKTUYCCKH BCC aCIICKTHI
skostoruueckux (Jorgensen et al., 2009) 1 3BOTIOIUOHHBIX
(de Jong, 2002; Ferrer et al., 2008) mporieccoB, coueTaHHEe
9KOJIOTHYECKOW U IBOJIIOIIMOHHON COCTABIISIIOIIUX B PaAMKax
OJIHOM MOJIEJH TIO-TIPEKHEMY BCTPEUAETCS TIOCTATOYHO PEIKO.

CpaBHI/IBaH TpaAUIUOHHBIC TTOAXOAbl MOCTPOCHUSA MATC-
MAaTHYCCKHUX Moz[eneﬁ C UMHUTAIIMOHHBIM MOACJIMPOBAHUEM,
MBI BUAUM, YTO U B TOM U B JPYTOM CJiyda€ NMPUCYTCTBYIOT
OMMPEACIICHHBIC OrpaHUYCHUA, CYHICCTBCHHBIC JJIsI TaKOT'O
00BbEKTa MOJICTTMPOBAHNS, KaK CJIO)KHO OpPraHU30BaHHAs OMO-
JIOTHYECKasl CUCTEMa, HallpUMep MUKPOOHOE COOOIIEeCTBO.
B TNEPBOM CJIy4a€ B KQUCCTBC OrpaHNYCHHS BBICTYIIACT CTa-
TUYHAs CTPYKTYpa MOJIEIIN: YMCIIO YPaBHEHUH, IEPEMEHHBIX U
rapaMeTpoB MOJIEIIH B TIpOIEcCe pacueTa He MeHsieTcst. B ciry-
Yac UMUTAITUOHHOT'O MOACTIMPOBAHUA HpO6J'IeMa CTaTUYHOCTHU
CTPYKTYPBI MOJEIH PEIIAETCS], IOCKOIbKY UMHUTALIMOHHBIEC MO-
JISTIM MOTYT COZIepKaTh IEPEMEHHOE KOJIIMYECTBO OOBEKTOB
(mampumep, ocobeii). OnHaKO UMUTAI[HOHHBIC MOJECIIN 3BO-
JIFOIIMK U JTUHAMHWKHU HOHyJ'IHL[I/II‘/II BECbMa Tp660BaTeJ'H:HbI K
pasMepy OmnepaTUBHOW MaMATH W UMEIOT OOJBIINYIO BBIYHC-
JIUTENBHYIO CIOKHOCTb.

HWcxomst M3 BBIIIECKa3aHHOTO, pa3paboTka METOI0B MOJie-
JIMPpOBAaHUA CJIOKHBIX UECPAPXUYCCKU OPTraHU30BaAHHBIX 6I/IO-
JIOTHYECKHX CHUCTEM C YYETOM pa3HOMACIITaOHBIX MpOIEeC-
COB, NIPOTEKAIOUINX B ATHX CUCTEMaX, & TAKIKE C YUETOM HX
SBOJIIOLIMY — BaXKHas 3aJjaua COBPEMEHHON MaTeMaTH4eCKOM
ouonoruu. He MeHee BaxHOH siBIIsieTCs 1 3a/1a4a pa3pabOTKU
MPOrPaMMHBIX KOMIUIEKCOB, MO3BOJISIIOMINX I(P(PEKTUBHO
pemarh cofeprKarelibHbIe 331a4i OHOJIOTHHU C TIOMOIIBIO Ma-
TEMaTH4YEeCKOTO U KOMIIBIOTEPHOT'O MOJICIINPOBAHMSL.

OTaenbHO CllelyeT MOAYEPKHYTh, YTO POJIb MaTeMaruye-
CKUX U KOMIIIOTEPHBIX MOJEJeil B OMOTEXHOJIOTUU OyneT
TOJILKO BO3pacrtarb. MojienupoBaHue OHMOTEXHOIOTHUECKUX
MIPOIIECCOB — OT KHHETHKH (DEPMEHTATUBHBIX PeaKkiui 1 pa-
00TbI OMOPEaKTOPOB JI0 PAlMOHAIBEHOTO KOHCTPYHPOBAHUS
MeTabOoINYEeCKUX My TeH M ONTHMHU3ALMH IITaMMOB-TIPOYIICH-
TOB — IIO3BOJIACT HE TOJIBKO CHUXXATh CTOUMOCTD U JJIUTCIIb-
HOCTb IKCIIEPUMEHTAJIBHOTO MIOMCKA, HO U IeJICHANPaBICHHO
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(hopMHpOBaTH MPOCTPAHCTBO pelIeHHH. Takie MoJemH crysKar
OCHOBOW 151 in Silico-CKpUHUHTA yCIIOBUHN KYJIFTUBHPOBAHUS
1 KOHCTPYKLHUH TeHETHUECKUX MOAM(UKAINHN, TTOIAECPKKN
TIPUHSTHS TEXHOJIOTHUECKUX PEIICHNH N MacIITaOMpOBaHUS
MIPOIIECCOB OT JIAOOPATOPHOTO YPOBHS K MPOMBIILICHHOMY.
Bxuttouenne OMOTEXHOJIOTHYECKUX MPUIOKEHUH B KOHTYP
CHCTEMHOTO MOJICITMPOBAHUSI CIIOXKHBIX OMOCHCTEM TPEACTaB-
JsIeTCS BayKHBIM HAITPABICHUEM JAIbHEHIIIETO Pa3BUTHS MEXK-
JMCIMTUTMHAPHBIX UCCIICIOBAHUH Ha CTHIKE MaTEMaTHKH, OHO-
JIOTUH 1 MH)KEHEPHBIX HayK.
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Evolutionary inferences from the analysis of mutation dynamics
in the SARS-CoV-2 replication-transcription complex
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Abstract. The SARS-CoV-2 virus continues to evolve and remains a significant public health threat, while the worldwide
monitoring and sequencing of its genomic variants provide a unique opportunity to study its evolution and better
understand its molecular mechanisms. In our work, we analyze its replication-transcription complex (RTC) over a
5.5-year period (December 2019-July 2025). This complex is significantly more conserved (as any alteration impairing
its function prevents viral replication) than the S-protein (directly impacting infectivity and immune evasion) but
still dynamically evolving part of the genome. The study focuses on high-frequency substitutions, their temporal
behavior, co-occurrence, and structural context. Using genomes from GISAID, we identified 22 amino acid point
mutations present in at least 1 % of currently available sequences, analyzed their weekly dynamics, revealed three
distinct temporal patterns, and enumerated frequent co-occurring groups (pairs, triplets, and larger sets) within the
same genomes. We mapped the affected residues onto an RTC 3D structure and reviewed the literature to examine
the reported functional consequences. Notably, all these substitutions were single-nucleotide. One of the mutations,
nsp12:G671S, showed a unique dynamic feature: it emerged, dominated globally for months, disappeared twice, and in
2025 reappeared for the 3rd time, always accompanied with other mutations in the RTC. Thus, it was interesting to trace
its dynamics as an indicator of probable changes. In addition, our analysis of mutation and variant timelines suggests
that the Delta variant may have emerged 7-8 months earlier than commonly reported. Taken together, these results
provide a consolidated view of recurrent RTC variation, its temporal classes, co-occurrence, and structural context,
underscoring the value of systematic surveillance of nsp7-nsp14 alongside analyses focused on structural proteins.
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OBOJIIOILIVIOHHBIE aCIIeKThI AMMTHAMUKIN MYTal[Wii
B PEIIMKAIL[MMIOHHO-TPAHCKPUIILIMOHHOM KOoMILIekKce SARS-CoV-2
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! NHctutyT cnctem nidopmatukm um. A.M. Eposa Cnbrpckoro otaeneHnsa Poccuiickon akagemnmn Hayk, HoBocnbrpck, Poccna
2 HayuHo-MCCNe0BaTeNbCKMi UHCTUTYT BUpyconoruu, QeepanbHbiil UCCE0BATENbCKIAI LIeHTP dyHAaMEHTaNbHOM 1 TPaHCIALMOHHOM MeVNLIHBI,
HoBocnbupck, Poccun

@ palyanov@iis.nsk.su

AHHoTauuAa. Bupyc SARS-CoV-2 ocTaeTcA 3aMeTHOW Yrpo3om [nA YenoBeyecTBa, MOCKONbKY MNpPOAoKaeT
LMPKYIMpOBaTb U 3BOJSIIOLMOHMPOBaTb. [py 3TOM MNPOAOIKAWNIACA TNOGaNbHbI MOHUTOPWHI W HaKomMieHne
reHOMHbIX AaHHbIX MO3BOMAIT AETajIbHO M3yyaTb SBOMIOLMOHHbIE MexaHU3Mbl. B Hawen paboTe Mbl aHanusmpyem
pennnKauroHHO-TPaHCKPUNUMOHHbIN Komnnekc (RTC, nsp7-nsp14) — 60nee KOHCEPBATHBHYI0, YeM S-6en0oK, HanpAMyto
CBA3AHHbIN C UHOEKLMOHHOCTbIO M M36eraHMem WMMYHWUTETa, HO BCe-TakM AUHAMUYHO SBOIOLMOHUPYHOLLYIO
YyacTb reHoMa — B TeueHue 5.5-neTHero nepuopa (gekabpb 2019 r. — nionb 2025 r.). MiccnegoBaHue cocpefoToYeHO
Ha aMVMHOKMCJIOTHBIX 3aMeHaX, NMPUCYTCTBYIOWMX MO KpainHei mepe B 1 % JocTynHbix B 6a3e GISAID reHomOB, nx
BPEeMEeHHON [MHaMMKe, COBMECTHOW BCTPEYAEMOCTM U CTPYKTYPHOM KOHTeKcTe. Mbl ngeHtuduumnposany 22 Takmx
TOYEUHbIX aMUHOKMCIOTHBIX 3aMeHbl, MPOaHaNN3MPOBaNN UX HEAENbHYI0 AWHaMWKY, BbIABMAM TPU PasinyHbIX
BPEMEHHbIX MAaTTEPHA U PacCUMTaNM YacTOTbl A1 FPYN MyTauui (Mapbl, TPOMKM 1 T..), OAHOBPEMEHHO MPUCYTCTBYHO-
WKUX B reHomax. MNprmMeyaTenbHo, YTo BCe M3YUYeHHbIE 3aMeHbl Obl OAHOHYKNEOTUAHbIMU. Mbl BU3yann3npoBanu
AMVHOKUCIOTHbIE OCTaTKK, COOTBETCTBYIOLME PAaCCMOTPEHHBIM MyTaLMAM, Ha TpexmepHol cTpykType RTC, onncanu
X OCOBGEHHOCTM 1 0606WMAN AaHHble NUTEPaTYpbl ANA U3YYeHVs WM3BECTHbIX (GYHKLMOHANbHBIX MOCIeACTBUIA.
OpHa 13 myTaumia, nsp12:G671S, NPOAEMOHCTPUPOBaNa yHUKaNbHYI0 AUHAMUKY: OHa MOABAANAChb, AOMUHMPOBasa B
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Evolutionary insights from mutation dynamics
in SARS-CoV-2 RTC

rnobanbHOM MacliTabe B TeUeHMe HEeCKOSbKMX MecALEeB, 3aTem Mcyesana asaxapl, a B 2025 r. nosaBunacb B TpeTuin
pas. Mpu 3TomM OHa Bcerga CoOnpoBoXAanacb HAbOPOM COMyTCTBYOWMX MyTaumin B Komnnekce RTC, uto fenaet ee
NoTeHUUANbHbIM UHANKATOPOM M3MEHEHWIA B TEHOME, T.€. HEOOXOAMMO NMPOJOIIKNTb OTCIIEXUBaAHME e AVHAMUKM.
Kpome Toro, Hall aHann3 BPeMEHHbIX JIMHWIA MyTaLmWii 1 BapyaHTOB MO3BOJIAET NPeANoNoXKNTb, YTO BapuaHT [enbta
MOT NMOABUTLCA Ha 7-8 MecALEeB paHbLLe, YeM MPUHATO CUUTaTb. B COBOKYMHOCTM 3TW pe3ynbTaTbl JalOT LeNocTHoe
npeacTasieHne o NOBTOPALWMXCA Bapuaumax B RTC, x BpeMeHHbIX Knaccax i COBMECTHON BCTPEYAeMOCTH, @ TakKe
O CTPYKTYPHOM KOHTEKCTe, NofyepKmBas LLleHHOCTb CUCTEMaTUYeCKOro MOHUTOPUHIa Nsp7-nsp 14 Hapaay C aHann3om,

CPOKYCUPOBAHHBIM Ha CTPYKTYPHBbIX BenKax.

KntoueBbie cnoBa: SARS-CoV-2; RdRp; RTC; aBontouusa; 3ameHbl; MyTaLmm; UHaMWKa; aHanu3; nsp12:G671S; [enbta

Introduction

The COVID-19 pandemic catalyzed a sustained global effort
in next-generation sequencing, virology, and bioinformatics,
yielding an unprecedented corpus of SARS-CoV-2 genomes
over the past five years. As the virus continues to evolve and re-
mains a major public health concern, continuous genomic sur-
veillance and further investigation of its molecular mechanisms
are of considerable importance. The 29.9-kb positive-sense
RNA genome encodes structural (S, E, M, N), nonstructural
(nspl-nsp16), and nine small accessory proteins (Bai et al.,
2022; Yan W. et al., 2022), with approximately two-thirds of
the coding capacity assigned to the nonstructural machinery on
the 5" end (Eriani, Martin, 2022). A similar genomic structure,
in terms of both gene composition and gene order, is observed
across multiple related coronaviruses, including those hosted
by humans, bats, and pangolins (Brant et al., 2021, Fig. 1;
Temmam et al., 2022, Fig. 1). Approximately two-thirds of
the genome on the 5’ part codes for non-structural proteins
and one-third of the genome on the 3' part codes for structural
and accessory proteins (Eriani, Martin, 2022).

Mutations in the S-protein gene (~13 % of the 29.9 kb
genome) attract the greatest attention due to their direct
impact on infectivity and immune evasion. However, muta-
tions in other structural and nonstructural proteins, as well
as recombination events and other genomic alterations, can
also lead to diverse consequences that affect virus adapt-
ability. SARS-CoV-2 exhibits a complex interplay between
antigenicity, transmissibility, and virulence, which usually
has unpredictable consequences for the future trajectory of
evolution of the virus (Carabelli et al., 2023). In the present
study, we continue our investigation of SARS-CoV-2 evolu-
tion, using genomic sequences that have been collected and
deposited in public databases since the virus first emerged in
late 2019. In our previous works, we analyzed SARS-CoV-2
evolution at several scales: globally (Palyanov, Palyanova,
2024), regionally across Siberia (Palyanova et al., 2023), and
within the genomic variant landscape of the virus (Palyanov,
Palyanova, 2023). Here, we focus on a mutational analysis
of the replication-transcription complex, which carries out
several essential viral functions, including genome replication
and proofreading, and constitutes a substantial portion of the
viral genome (Romano et al., 2020).

Among nonstructural proteins, the replication-transcription
complex (RTC) is central to RNA synthesis and error control.
The nsp12 RNA-dependent RNA polymerase (RdRp) operates
with cofactors nsp7 and nsp8. Together they form a subcom-
plex (holoenzyme), which is the minimal core component
for mediating coronavirus RNA synthesis (Peng et al., 2020;
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Singh et al., 2025). In this work we analyze an extended,
structurally characterized RTC assembly spanning nsp7—nsp14
(PDB: 7EIZ) (Yan L. et al., 2021), which enables assessment
of substitutions not only within RdRp but also across its bind-
ing interfaces and the exonuclease proofreading module. The
analysis of this extended configuration may provide additional
insights into the structural and functional consequences of
mutations, particularly in cases where multiple substitutions
occur in close spatial proximity. For example, point mutations
at specific sites of the nsp12—nsp8 interface dramatically affect
the RNA polymerization activity of SARS-CoV-2 (Ferrer-Orta
et al., 2024). In the same year 2024, it was discovered that
the combination of nsp8:A21V and nsp12:P323L mutations
resulted in an approximately 50 % increase in polymerase
activity (Danda et al., 2024). The authors described this as the
first biochemical study demonstrating the functional impact of
amino acid substitutions involving all components of the RARp
complex in emerging SARS-CoV-2 subvariants.

The evolution of SARS-CoV-2 proceeds through a mixture
of point mutations, insertions, deletions, and recombinations,
and its consequences are highly diverse and difficult to pre-
dict. For instance, mutations in nonstructural proteins such as
nsp6:ASGF(3675-3677) (Fengetal., 2023) and nsp12:P323L/
G671S (Kim et al., 2023) have been shown to increase vi-
ral replication efficiency. Next, nspl:(Y154A/F157A) and
nspl:(R171E/R175E) mutations have been found to abolish
protein translation inhibition in a cell free system (Schubert
et al., 2020). The single mutation nsp14:F60S in the exoribo-
nuclease (ExoN), responsible for replication proofreading,
accelerates viral evolution by increasing the mutation rate
(Mack et al., 2023). Moreover, the evolutionary rate of SARS-
CoV-2 varies considerably among variants, and the emergence
of new lineages often coincides with episodic accelerations
of this rate. In certain periods, the evolutionary rate increased
up to fourfold relative to the background phylogenetic rate,
leading to the emergence of new variants within weeks rather
than months, as would be expected from the baseline tempo of
viral evolution (Tay et al., 2022).

While early global surveys mapped common substitutions
across the genome (Abbasian et al., 2023), a focused and time-
resolved analysis of RTC variation at population scale is still
warranted given its functional importance. Genes encoding
RTC are among the most conserved in viral genomes, as mal-
function of the replication machinery prevents the production
of viable virions. Nevertheless, SARS-CoV-2 (2019) exhibits
four to eight point amino acid substitutions compared to its
closest relatives (e. g., BANAL-20-52 (Temmam et al., 2022;
Ou et al., 2023) and RaTG13 (Rahalkar, Bahulikar, 2020;
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Zhou et al., 2020)), a range similar to the divergence observed
between the RTC genes of the ancestral SARS-CoV-2 and of
a typical 2023 Omicron descendant (Table S1)!. The RNA-
dependent RNA polymerases (RdRps) of viruses and cellular
organisms share a conserved structural core, most notably
the canonical palm domain that forms the catalytic center of
the polymerase, underscoring the universality of the RNA
synthesis mechanism. However, they diverge significantly in
their structural details and a variety of accessory proteins — so,
there is scope for variation, and the virus exploits it during
evolution. Therefore, it is crucial to monitor the rate and con-
sequences of these changes to identify emerging, functionally
significant RTC substitutions that rise above the background
noise in global surveillance data.

In this study, we aimed to identify RTC substitutions that
eventually attain population-level peaks and to characterize
their post-peak behaviors, including distinct cycles of re-
emergence and decline or extinction, while also assessing
co-occurrence within the extended complex. Using all publicly
available genomes from late 2019 to July 2025, we quantified
amino acid substitutions in nsp7-nspl14 occurring in >1 %
of sequences; profiled their weekly and monthly dynamics
to classify persistent, transient, and recurrent patterns; and
analyzed co-occurrence. We then interpreted these population-
scale signals in structural and functional terms by centering
the analysis on the structurally resolved RTC (nsp7-nspl4;
PDB 7EIZ), with the broader genome-wide context provided
by prior surveys (Abbasian et al., 2023).

Materials and methods

We performed a secondary analysis of SARS-CoV-2 genomic
surveillance data in the public domain to quantify the amino
acid (AA) substitution dynamics in the proteins of the replica-
tion-transcription complex (RTC: nsp7/8/9/10/12/13/14) from
the start of the pandemic through July 15, 2025. The primary
outcome was the weekly global fraction of genomes carrying
a given A A substitution; secondary outcomes included (i) geo-
graphic stratification by continent, (ii) co-occurrence patterns
among substitutions within RTC genes, and (iii) lineage/clade
context for substitutions with notable temporal behavior. The
pre-specified gene set and date horizon are described in the
main text and the Results sections.

Data sources

1. GISAID (https://gisaid.org) (Khare et al., 2021): the source
of genome sequences and metadata used for lineage context
and targeted queries by mutation, date, and location. All
GISAID queries used the web interface (EpiCov—Search)
with the filters complete + low coverage excluded + collec-
tion date complete for reliability, as detailed in the Results
and Materials sections of the manuscript. It retains 15.5
of 17.5 million of genome samples, whereas the stronger
variant, high coverage instead of low coverage excluded
(entries with <1 % of Ns vs entries with <5 % of Ns), keeps
only 5.7 million genomes. Text input fields for collection

' Supplementary Materials 1-4 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx28.pdf
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(from) and collection (to) dates were used to specify the
necessary time interval, A4 Substitutions, to input single
or multiple mutations in proteins (for example, nsp9_T35I,
nspl2 G671S,nspl3_S36P), and Nucl. Mutations, to input
single or multiple mutations in genome nucleotides.

2. CovidCG (https://covidcg.org) (Elbe, Buckland-Merrett,
2017): weekly counts of genomes carrying specified
AA substitutions, and tools for comparing/combining
substitutions within a gene (the Compare AA mutations
module), used to obtain mutation frequency time-series
and co-occurrence tallies. As of July 15, 2025, CovidCG
reported 21,082,039 analyzable genomes (vs. 17,413,645
in the GISAID’s own counter).

3. Nextclade (https://clades.nextstrain.org) (Aksamentov et al.,
2021): used for clade assignment and recombinant flags on
downloaded FASTA selections.

4. PDB structure 7EIZ from the Protein Data Bank, PDB
(https://www.rcsb.org) and PyMOL v3.1 (https://www.
pymol.org) were used solely for structure-mapping of resi-
dues corresponding to substitutions.

5. SARS-CoV-2 (COVID-19) stores the genome map of the
Wuhan-Hu-1 isolate, with complete nucleotide and amino
acid sequences (https://www.snapgene.com/plasmids/
coronavirus_resources/SARS-CoV-2 (COVID-19)
Genome); together with GISAID’s genome sequences lists
of nucleotide and corresponding amino acid mutations
available for all genome samples. We used it to create the
table, showing which specific codon triplets in nucleotide
sequences represent protein sequences in the reference
genome.

Inclusion criteria and quality control

Sequences: human SARS-CoV-2 genomes flagged as com-
plete, with low-coverage entries excluded, and complete col-
lection dates (YYYY-MM-DD) required. These exact GISAID
web interface options are enumerated in the Results/Methods
narrative and were applied to every targeted query (e. g., first
occurrence tables).

Time frame: December 2019 — July 15, 2025, matching
the scope stated in the paper. Access dates for all web tools
were within July 1-15, 2025 (final extraction and checks on
July 15, 2025). All queries (filters, date ranges, and mutation
lists) are specified in the main text (Tables/Figures).

Gene set: RTC proteins nsp7/8/9/10/12/13/14.

Data acquisition for single-point mutation frequencies
Data on amino acid substitution frequencies in SARS-CoV-2
RTC proteins (nsp7-nspl4) were obtained from the Com-
pare A4 Mutations section of the CovidCG platform (https://
covidcg.org). This tool provides aggregated daily/weekly/
monthly/annual counts of genomes carrying specific amino
acid substitutions based on submissions to the GISAID da-
tabase.

For each RTC protein (nsp7 through nsp14), amino acid—
level data were selected. The grouping parameter was set
to mutation, and the genomic coordinate system defined by
protein. The analysis was performed using the full residue
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range for each protein and included all geographic regions.
The time range was set to cover the entire pandemic period
(from December 2019 to July 2025) according to the Since
pandemic start preset.

We extracted the information on all single amino acid sub-
stitutions with a total global frequency exceeding 1 % from
the resulting datasets. This threshold is not a biological or
statistical boundary. It was chosen as a pragmatic, operational
cutoff to suppress locality-driven and unstable low-frequency
noise and to keep the population-scale analysis tractable.
Functionally important sub-1 % changes can exist, but these
fall outside the scope of our population-scale focus. For each
mutation, the CovidCG interface provides the number and
proportion of genomes carrying the substitution relative to
the total number of genomes available for the corresponding
week, and the figures were used in further analysis of temporal
dynamics.

Construction of weekly frequency-time series

Building on the dataset described above, we investigated
the weekly dynamics of each identified mutation using
the A4 Mutation Co-occurrence module of the mentioned
CovidCG platform. For each selected amino acid substitution
within RTC proteins (nsp7-nspl4), we examined the New
AA Mutation Percentages by Week chart, which displays
the proportion of SARS-CoV-2 genomes carrying a given
substitution over time. The data are shown as percentages and
grouped by week to visualize the mutation prevalence dynam-
ics throughout the entire observation period. The resulting time
series for each substitution were exported via the CovidCG
Download function and used to assess temporal trends in
mutation frequencies.

Classification of dynamic types

Each mutation identified within the RTC (nsp7-nsp14) was
represented as a weekly series reflecting the proportion of
genomes carrying that substitution relative to the total number
of genomes reported globally for the same week.

The observed temporal trajectories were categorized into
three distinct dynamic types based on their characteristic
shapes and relative frequency changes over time.

Persistent or fixation-like pattern. The frequency of
the mutation exhibited a rapid increase from near 0 % to
>90-100 %, followed by a consistently high level for the
remainder of the observation period. These trajectories cor-
respond to mutations that became fixed or near-fixed in the
global SARS-CoV-2 population.

Transient pattern. The mutation frequency increased
noticeably (typically reaching 10-60 %) but subsequently
declined to near 0 %, indicating the rise and disappearance of
a temporary lineage or variant in which the substitution was
predominant.

Recurrent pattern. The mutation frequency showed
multiple distinct peaks separated by intervals of decline, i.e.,
a pattern of emergence, near-complete disappearance, and
subsequent re-establishment of high frequency (>80-100 %).
In our dataset, this behavior was observed only for the
nsp12:G671S substitution. This mutation was accompanied by
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different sets of co-occurring substitutions during individual
peaks, each exhibiting highly correlated frequency profiles
throughout their respective intervals.

Lineage and clade context

Nextclade was run on representative FASTA samples exported
from the GISAID for periods of rising and falling phases to
obtain Nextstrain clades and recombinant flags. The Pango
lineage labels shown in tables/figures were taken from the
GISAID metadata of the same records (e. g., B.1.617.2/Delta,
XBB.*, IN.1, etc.).

Structural mapping

Substitutions with a weekly peak frequency of over 25 %
were mapped onto 7EIZ (extended RTC) with residue atoms
rendered as spheres in PyMOL v3.1 (The PyMOL Molecular
Graphics System, Version 3.1 Schrodinger, LLC, https://
www.pymol.org). Figures were rendered directly from these
models and used solely to visualize the spatial dispersion and
proximity to RNA. No structural inference beyond visualiza-
tion was performed.

Results and discussion

Mutations in SARS-CoV-2 RTC (nsp7-nsp14) proteins

with overall average frequencies >1 % in the population
The list of mutations in nsp7-nspl14 proteins with the to-
tal average frequency exceeding 1 % in the global dataset
during the period from January 1, 2020 to July 15, 2025 was
obtained from CovidCG.org (Elbe, Buckland-Merrett, 2017),
as described in “Data acquisition for single-point mutation
frequencies” (section Materials and Methods). The results are
presented in Table 1. The rightmost column contains values
of peak weekly frequency of the same mutations, obtained as
described in “Construction of weekly frequency-time series”
(section Materials and Methods). In total, 22 mutations were
identified.

Dynamics of SARS-CoV-2 mutation frequencies within RTC
The data on the weekly dynamics of mutation frequencies
(from CovidCG.org) presented in Table 1 were obtained as
described in “Construction of weekly frequency-time series”
(section Materials and Methods) . The analyzed time interval
is from January 1, 2020 to July 15, 2025.

We classified the curves presented in Figure 1 into three dy-
namic patterns: (1) persistent or fixation-like, (2) transient and
(3) recurrent, as described in “Classification of dynamic types”.
We noticed only one mutation out of 22, nsp12:G671S, with
two specific properties that distinguished it from all the others.

First, upon its emergence, it reached a 100 % frequency,
remained dominant for months and then disappeared; however,
the cycle repeated, and the mutation appears to be undergoing
this process for the third time at present. Second, during each
round of emergence, it was accompanied by other RTC muta-
tions during either a single tide (nsp13:S36P, nsp14:A394V)
or two subsequent tides (nsp13:S36P). Their mutation fre-
quency curves during this period also reach high values (up to
90-100 %) and closely resemble that of nsp12:G6718S.
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Table 1. High-frequency substitutions in the RTC proteins
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RTC protein Protein Mutation name Number of genomes % of genomes Peak % in weekly
length, aa with this mutation with this mutation dynamics
nsp7 83 - - - -
nsp8 198 N118S 218,846 1.0 129
nsp9 113 T351 1,181,871 6.8 100.0
nsp10 139 - - - -
nsp11 14 - - - -
nsp12 932 F192v 484,275 23 9.6
(RdRp) P227L 313,050 1.5 17.2
Y273H 199,613 3.1 53.6
P323L 20,916,671 99.3 100.0
G671S 7,424,696 353 100.0
F694Y 328,845 1.6 10.9
L838I 325,059 1.5 8.1
nsp13 601 S36P 1,452,092 6.9 894
(helicase) P77L 5,810,196 27.6 100.0
T127N 501,924 24 23.0
H164Y 370,389 1.8 6.4
M233I 792,615 3.8 53.9
N268S 490,535 23 40.6
1334V 600,127 2.8 13.1
E341D 207,872 1.0 10.0
R392C 8,622,554 40.9 100.0
K460R 335,412 1.6 15.7
nspl14 527 142V 11,613,863 55.1 100.0
(ExoN) N129D 274,952 13 24.0
A394V 5,197,852 24.7 95.6

Note. Substitutions present in at least 1 % of genomes were collected globally for the period from December, 2019 to July 15, 2025. For each mutation,
the number of genomes with this mutation, the percentage of genomes with this mutation in the global population, and the weekly peak percentage

are presented.

The dynamics of nsp12:G671S frequency in the population -
two and a half tides

The first tide of nsp12:G671S

The atypical dynamics of nspl12:G671S frequency in the
population showed two complete “tides” (by analogy with
the SARS-CoV-2 pandemic waves), each consisting of an
emergence phase, growth, a plateau, and a decline to near-zero
level. Early in 2025, a third tide appeared to have begun, and it
is still ongoing. As we needed to better understand the process
dynamics, we conducted an investigation to determine the
connection between these events and the dominance periods
of the Delta, Omicron, and other variants.

Since the frequency curves of genomes with nsp12:G6718S,
nsp13:P77L and nsp14:A394V almost completely overlapped
during the first tide (May 2021 — May 2022), rising from near
0 % to nearly 100 % level and back, it is highly probable that
these three mutations tended to occur together. Indeed, among
4.12 million genomes with nsp12:G671S, 4.19 million with
nsp13:P77L and 3.81 million with nsp14:A394V (collection
dates between May 1, 2021 and May 1, 2022 in GISAID),
3.75 million contained all the three amino acid substitutions
simultaneously. Moreover, all samples collected in mid-May
2021 (during the rise of the tide) belonged to the Pango
lineage B.1.617.2+AY.*, also known as the Delta variant. Our
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analysis aimed to determine whether the genomes carrying
the nsp12:G671S +nsp13:P77L +nsp14:A394V combination
or the Delta variant appeared first, or whether they appeared
simultaneously. The results indicate that the latter is likely.
Supporting details and evidence for this conclusion are shown
in Figure 2.

By March 2020, the SARS-CoV-2 genome variants carrying
nspl12:G671S, nspl13:P77L, and nsp14:A394V already existed.
However, according to GISAID data, none of the samples
contained them all simultaneously. When this combination
first appeared in August 2020, the earliest genome identified
as belonging to the Delta variant was detected, and it carried
precisely these three mutations. Nearly all Delta genomes col-
lected and sequenced thereafter also contained this mutation
trio, suggesting that these mutations may have been required
for the emergence and/or fitness advantage of Delta. Literature
analysis revealed that this mutation trio had been mentioned
in two articles describing variants detected in Iran (Ahmadi et
al., 2023) and India (Bokolia, Gadepalli, 2022), but apparently
received little attention at the time.

Timing the emergence of the Delta variant

The analysis of samples corresponding to the Delta variant
(including early events classified as B.1.617.2 / Delta based
on GISAID Pango metadata) and containing the trio of muta-
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Fig. 1. Global frequency dynamics of mutations within RTC.
Weekly frequencies of 22 substitutions in the RTC proteins (listed in Table 1) from January 2020 to July 2025. g, Trajectories of mutations
that reached a peak frequency between 25 and 100 %. b, Trajectories of mutations with a peak frequency below 25 %. Frequencies were

calculated as the proportion of all GISAID genomes per week containing a specific mutation.
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Fig. 2. Dynamics of the number of genomes with three key mutations in RTC genes related to the Delta variant.

Shortly after their simultaneous appearance in the Delta genomes, their number started to increase rapidly. Monthly numbers of genomes
(GISAID) carrying only one of the mutations (nsp12:G671S, nsp13:P77L or nsp14:A394V), genomes with all three mutations and genomes
belonging to Delta variant during the latent period (less than 10 cases per month) before the apparent rise of Delta in May 2021 are shown.
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tions in question led us to an accidental finding: according to
these data the Delta variant may have emerged 7—8 months
earlier than commonly reported in the literature, and in a dif-
ferent geographical location. This observation is based on the
GISAID data, which includes hundreds of genome samples
(filtered by complete + low coverage excluded + collection
date complete for reliability). Detailed data providing the
evidence and explaining this conclusion are presented in
the Supplementary Materials, Table S2 and Figure SI. In
brief, the earliest B.1.617.2 (Delta) genome was collected
on April 26, 2020 in “Europe/Germany/Freiburg” (GISAID
EPI ISL=852796). This contradicts the statement that “The
Delta (B.1.617.2) variant was first identified in Maharashtra,
India, in late 2020 (Cherian et al., 2021), which is frequently
cited in earlier (Mlcochova et al., 2021), later (Rahman et al.,
2023), and very recent (Kandhasamy et al., 2025) publications.
According to GISAID data, during the period from April 26,
2020 to December 9, 2020 — that is, before the first Delta case
reported in India (Maharashtra) in “late 2020 (December 10,
2020, GISAID EPI ISL 2131509) — the Delta (B.1.617.2)
variant was not only detected but also collected and fully
sequenced in various locations across multiple continents, in-
cluding North America, South America, Europe, Asia, Africa,
and Oceania, with a total of 275 genome records. Notably,
254 of these contained the nsp12:G671S mutation. During the
subsequent period from April 26, 2020 to April 26, 2021, a
total of 12,157 Delta genomes were collected and sequenced,
of which 11,135 (92 %) also carried the nsp12:G671S substitu-
tion. A pronounced and rapid increase in the number of Delta
genomes began only in mid-May 2021, marking the onset of
its global expansion. The accompanying details and contextual
events are described in “The first tide of nsp12:G671S”.

The second tide of the nsp12:G671S

The SARS-CoV-2 variants with the mutations nsp13:P77L,
nspl14:A394V and nspl12:G671S, which were discovered
almost simultaneously and dominated at the peak of the
first nsp12:G671S tide, completely disappeared in early
2023 (Fig. la). However, in contrast to nsp13:P77L and
nsp14:A394V, which have not been detected since then,
nspl12:G671S reappeared about six months later and once
again reached a 100 % prevalence. This time, its rise almost
coincided with the emergence of a new mutation, nsp13:S36P,
which peaked at 89 %. The details and illustrations are pro-
vided in Supplementary Material 3 (Fig. S2).

We analyzed two sets of SARS-CoV-2 genome samples col-
lected worldwide. The first set (499 samples) was collected on
January 1, 2023, during the period of nsp12:G671S frequency
increase, and the second set (1,497 samples) was collected in
August 2023, at the onset of its frequency decline. During the
rise, almost all samples (91 %) belonged to the XBB lineage
(from XBB.1 to XBB.9), with the largest fraction (39 %)
corresponding to XBB.1.5. During the decline, eight months
later, the set of genomes was represented by XBB.* (31 %),
EG.* (30 %), FL.* (9.3 %), GK.* (3.2 %), and several other
sublineages. However, almost all of them were descendants
of earlier XBB, and XBB itself was derived from Omicron,
not Delta, which was the carrier of the nsp12:G671S muta-
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tion during the tide 1. Thus, it appears that in the tide 2 the
nspl12:G671S emerged de novo. The cause of the subsequent
extinction of all these variants was the emergence of the
IN.1(24A) lineage, which appeared at the end of 2023 and
took over almost the entire population by early 2024.

Additionally, within the considered period, another
group of three mutations (nsp12:Y273H, nsp13:M2331, and
nsp13:N268S) emerged and began to spread rapidly, coinciding
with the rise of the nsp12:G671S + nsp13:S36P combination
(Fig. 1a, b). Globally, the mutations nsp12:Y273H (a total of
493,881 samples), nsp13:M2331 (489,239) and nsp13:N268S
(377,576) showed similar dynamics and in most cases ap-
peared in genomes together. This trio therefore represents a
somewhat less extensive, but still substantial process: at one
point, over 40 % of all genomes carried all three mutations.
Variants harboring these substitutions mainly belonged to the
BQ.1.* lineage.

The third tide of the nsp12:G671S, in progress

In autumn 2024, the frequencies of the nsp12:G671S and
nsp13:S36P mutations declined for the second time to only
a few percent, dropping below 1 % by the end of the year.
However, this line did not disappear completely and continued
to persist at low levels through late 2024. At the beginning of
2025, for the third time, the proportion of nsp12:G671S and
nsp13:S36P in the population began to grow again, reaching
50 % in July 2025. The dynamics of nsp13:S36P in 2025
completely coincides with that of nsp12:G6718S, i.e. these
mutations occurred mostly together during this period. This
pattern suggests that, unlike the disappearance of the carriers
of the nsp12:G671S mutation after the first tide, it persisted
after the second tide, albeit in small numbers in individual
variants and then, under favorable circumstances and/or after
advantageous mutations, began to spread again.

The analysis of samples collected in early 2025 showed that
the vast majority of them originated from the JN.1 variant,
which gave rise to such lineages as NB.1(24B), NB.1.8.1(25B),
LP.8.1(25A), KP.3.1.1(24E), XFG(25C), LF.7(24H),
XEC(24F) and XDV (24D), as well as to the recombinants
XDA and XEV. Among them, the largest number of genomes
carrying the nsp12:G671S mutation (42 %) corresponded to
the lineage NB.1.8.1 (clade 25B) and 35 %, to PQ.1-PQ.9
(also clade 25B). Since JN.1 is a descendant of XBB, the
suggestion that the nsp12:G6718S and nsp13:S36P mutations
have been preserved and their proportion in the population has
grown again appears quite plausible.

Overview of all three tides of nsp12:G671S

At the start of both tide 1 and tide 2, a rapid and significant
change in the proportion of nsp12:G671S in the population
occurred, accompanied by the emergence of new co-occurring
mutations in the RTC genes (and sometimes in the rest of the
virus genome) or noticeable changes in their mutation fre-
quencies. This trend also holds for tide 3 due to nsp13:S36P,
which co-occurred with nsp12:G671S in 2025 (Fig. la).
Additionally, we identified a recent mutation, nsp12:D284Y,
which accompanied the two mutations and exhibited the same
frequency dynamics in 2025. It is not included in Table 1,
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because its prevalence among all genomes in GISAID in the
time span from December 2019 to mid-July 2025 is below 1 %.
However, in 2025, the frequency of this mutation followed the
same pattern as nsp12:G671S and nsp13:S36P, reaching 50 %
by mid-July 2025.

In addition, we noticed that during tide 3 (from early 2025
to mid-July 2025), the frequency curves of nsp12:G671S and
nsp9:T351 were in antiphase (Fig. 1a). As the frequency of
nsp12:G671S increased, that of nsp9:T351 decreased, and to-
gether, they consistently accounted for >80 % of all genomes in
the weekly global samples. Based on these observations, a ge-
neral trend can be inferred: when the fraction of nsp12:G671S
mutation in the population changes rapidly, an emergence of
new mutations in the RTC genes or changes in the frequencies
of existing ones becomes more likely.

In contrast to nsp12:G6718S, there are mutations with no
obvious relation to others. One of them, nsp9:T35I, which
emerged shortly after the onset of tide 2, displayed a nearly
linear increase in frequency, from 0 to 100 %, in the interval
between early 2023 and early 2024. This rise was much slower
than any other curve in Figure 1, and it showed no correlation
with any of them, which is quite unusual. The analysis of the
genome samples carrying this mutation revealed the follow-
ing. At the beginning of the growth phase in early 2023, it
was represented by 51 % of FL.*, 25 % of XBB.1.9*, 20 %
of EG.*, and 4 % others, including XCC recombinants. At the
beginning of the decline phase in early 2025, the distribution
shifted to its descendants: 29 % LP.*, 21 % XEC.*, 12 % NY.*,
7% LP.*, 7% MC.*, and the remaining 23 % comprised other
lineages, including various recombinants: XFL, XFJ, XFH,
XFC, XFB, XEW, XER, XEQ, and XEK.

Evolutionary insights from mutation dynamics
in SARS-CoV-2 RTC

Specific properties of the considered mutations

in the RTC nsp7-nsp14 proteins

Each single mutation in amino acid sequences encoded by
nucleotide triplets can include one to three changes within the
triplet. Due to the degeneracy of the genetic code, there may
be synonymous substitutions in RNA/DNA that do not change
the amino acid, but even such mutations can have a noticeable
effect on the fitness of their carrier, as shown by Shen et al.
(2022). They came to this conclusion by experimenting with
yeast, but they found “no particular reason why their results
would not generalize to other organisms”.

From the list of the previously considered mutations, we
selected those with peak proportions >25 % of the population.
By comparing their nucleotide and amino acid sequences in
the reference genome and after mutation, we determined which
mutated triplets appeared in the initial states and how they
changed after mutation (Table 2).

All 13 mutations examined involved only a single nucleotide
substitution within the codon encoding the affected amino acid;
no double or triple substitutions were detected. This is not
surprising, since if p is the probability of a single rare random
event, then the probability that another similar event with the
same probability occurs within the two adjacent nucleotides
is ~p? or less. The probability of a single point nucleotide
substitution in SARS-CoV-2 is quite low since its replication
mechanism includes a proofreading system. According to data
from (Amicone et al., 2022), during one cell infection cycle
(i.e., from virus entry into a cell until the release of new viri-
ons), on average, 1.3-1070+ 0.2+ 1076 substitutions occur per
nucleotide position. The actual number of observable cases of
2 substitutions at once will be less than p? because there will

Table 2. Properties of most prevalent mutations in RTC genes (peak frequency = 25 %)

Mutation Change Changes at RNA level
name atamino (bold indicates changed triplet,

acid level underline - changed a.a.)
nsp9:T35I Thr—lle (ACU,ACC,ACA,ACG) — (ATT,ATC,ATA)
nsp12:Y273H  Tyr—His (TAT,TAC) — (CAT,CAQ)
nsp12:D284Y Asp—Tyr (GAT,GAC) — (TAT,TAC)
nsp12:P323L Pro—Leu (CCT,CCC,CCA,CCG) — (TTATTG,CTT,CTC,CTACTG)
nsp12:G671S Gly—Ser (GGT,GGC,GGA,GGG) —

(TCT,TCC,TCA,TCG,AGT,AGC)

nsp12:L838lI Leu—lle (TTA,TTG,CTT,CTC,CTA,CTG) — (ATT,ATC,ATA)
nsp13:536P Ser—Pro (TCT,TCC,TCA,TCG,AGT,AGC) — (CCT,CCC,CCA,CCG)
nsp13:P77L Pro—Leu (CCT,CCC,CCA,CCG) — (TTATTG,CTT,CTC,CTA,CTG)
nsp13:M233| Met—lle ATG — (ATT,ATC,ATA)
nsp13:N268S Asn—Ser (AAT,AAC) — (TCT, TCC,TCA,TCG,AGT,AGC)
nsp13:R392C  Arg—Cys (CGT,CGC,CGA,CGG,AGA,AGG) — (TGT,GTC)
nsp14:142V lle—Val (ATT,ATC,ATA) — (GTT,GTC,GTA,GTG)
nsp14:A394V  Ala—Val (GCT,GCC,GCA,GCG) — (GTT,GTC,GTA,GTG)

Change of AA physico-chemical properties

polar, hydroxylic — non-polar, aliphatic

polar, aromatic — polar(+), heterocyclic
polar(-) — polar, aromatic

non-polar, heterocyclic — non-polar, aliphatic

non-polar, aliphatic —
non-polar, oxymonoaminocarboxylic

non-polar, aliphatic — non-polar, aliphatic

non-polar, oxymonoaminocarboxylic —
non-polar, heterocyclic

non-polar, heterocyclic — non-polar, aliphatic
non-polar, sulfur-containing — non-polar, aliphatic
polar, amide — non-polar, oxymonoaminocarboxylic
polar(+) — polar, sulfur-containing

non-polar, aliphatic — non-polar, aliphatic

non-polar, aliphatic — non-polar, aliphatic

Note. Substitutions of amino acids, changes in their physico-chemical properties and changes in RNA triplets encoding amino acids before and after
mutations, are presented. In RNA triplets, the original combinations (among possible variants due to degeneracy of genetic code) are shown in bold-

face; changed points are underscored.
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be only those variants which leave the virus viable despite
caused changes in the replication-transcription complex, and
the probability of this appears to be so small that it is practi-
cally unlikely to occur even over years. Nevertheless, it was
not obvious in advance that all mutations would consist only
of single-nucleotide substitutions, so this observation also
brings some new knowledge of mutation patterns. However,
changes can accumulate sequentially over multiple genera-
tions, experiencing only up to one nucleotide substitution per
triplet in each replication cycle.

Additionally, the amino acid substitutions derived from the
mutations examined frequently result in pronounced alterations
of physicochemical properties.

The groups of co-existing mutations
in the RTC nsp7-nsp14 proteins
Since we noticed co-occurring mutations in RTC proteins, we
decided to identify all such groups in an attempt to reveal the
underlying processes and possible connections between them.
Using GISAID web interface queries (as described in “Data
sources”, section Materials and Methods) for the time interval
from December 24, 2019 to July 15, 2025, we obtained the
numbers of genome sequences containing all possible pairwise
combinations of the mutations from Table 2, with the excep-
tion of nspl12:P323L (because it is present in 99.3 % of all
sequences in GISAID). The results are presented in Table 3.
For a pair of mutations, for example, i = nsp12:G671S
(34.9 % of total genomes) and j =nsp13:P77L (27.3 % of all
genomes), the value in cell [i][j] of the colored matrix corre-
sponds to 98.6 % of the smaller of the two proportions (34.9
and 27.3 %). Thus, the number of genomes carrying both muta-
tions simultaneously is approximately 0.273-0.986 - 15.5 mil-
lion = 4.2 million. In the global dataset, the most frequent
pairs include:
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nspl13:R292C + nsp14:142V (41.2 %),

— nspl2:G671S + nsp13:P77L (26.9 %),

nspl3:P77L + nspl14:A394V (24.7 %),

nspl2:G671S + nspl4:A394V (24.4 %).

Extending to triplets, representative high-frequency sets
(among the 15.5 million GISAID genomes analyzed) are:

— nspl2:G671S + nspl3:P77L + nsp14:A394V (24.3 %),

— nspl13:R392C + nsp14:142V + nsp13:M2331 (3.6 %),

— nspl13:R392C + nsp14:142V + nsp12:Y273H (2.9 %).

A notable triplet here is nspl12:G671S + nsp13:S36P +
nsp12:D284Y (0.08 %), as nsp12:D284Y emerged only in
2025, and the number of genome samples carrying this muta-
tion continues to increase, with its peak frequency reaching
50 % (see “The second tide of the nsp12:G671S”, section
Results and Discussion).

Finally, there are groups of genome samples with four or five
mutations occurring simultaneously. Illustrative sets include:
— nspl3:R392C+nsp14:142V +nsp13:M2331+nsp12:Y273H:

(2.89 %),

— nspl13:R392C +nsp14:142V +nsp13:M2331 +nsp12:Y273H
+ nsp13:N268S: (2.23 %).

Three-dimensional visualization of the selected mutations
We rendered the examined mutations listed in Table 2 in the
3D structure of the RTC to learn about their spatial location,
specific features, and distances between mutated amino acids,
as well as between amino acids and RNA threads (Fig. 3).
According to Figure 3, the highest concentration of muta-
tions is observed in nsp9 and nsp13 (helicase): 0.88 and 0.83
substitutions per 100 amino acids, respectively. Half as many
mutations, 0.43 and 0.38 per 100 aa, occur innsp12 (RdRp) and
nsp14 (ExonN), correspondingly. In the remaining proteins, no
mutations with a peak frequency exceeding 25 % of the popula-
tion size were found. Three of four shown mutations in nsp12

Table 3. Pairs and larger groups of simultaneous mutations in RTC proteins

mutation i = nsp9: nspld: nspl2: nspl2: nspl2: nspl3: nspld: nspl2: nspl3: nspld: nspld: nspl3:
T351 S36P D284Y G671S L8381 P77L A394V Y273H M2331 N268S 142V R392C
% in the
mutation j population>| 7.1 6.7 0.1 34.9 2.0 27.3 24.7 3.0 3.7 2.3 55.5 41.8
v %
nsp9:T351 7.1 0.7 34.3 0.3 0.8 0.7 0.3 0.3 0.2
nsp13:536P 6.7 35.1 0.0 0.0 0.0 0.1 0.1 0.0
nspl12:D284Y 0.1 0.7 0.2 7.2 6.8 0.3 0.3 0.2
nspl12:G671S 34.9 34.3 0.2 1.1 0.2
nsp12:18381 2.0 0.3 0.0 0.0 0.1 0.0
nspl3:P77L 27.3 0.8 0.0 7.2 0.1 1.0 0.1
nspl4:A394V 24.7 0.7 0.0 6.8 0.1 0.8 0.1
nspl2:Y273H 3.0 0.3 0.1 0.3 0.2
nsp13:M2331 3.7 0.3 0.1 0,3 1.1 0.1 1.0 0.8
nspl13:N268S 2.3 0.2 0.0 0.2 0.2 0.0 0.1 0.1
nspl4:142V 55.5 22.4 0.0 0.0 0.0
nsp13:R392C 41.8 _ 22.7 0.3 0.2 0.2

Note.The percentage of genomes in the GISAID (collected from December 2019 to July 15, 2025) that simultaneously contain mutation i and mutation j,
relative to the minimum value between the percentages of genomes with mutation i and genomes with mutation j.
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in SARS-CoV-2 RTC
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Fig. 3. 3D structure of the RTC, and its amino acids with mutations under consideration shown.

Distribution of the mutations from Table 3 over the replication-transcription complex (PDB:7EIZ) including nsp7, 2xnsp8, nsp9, nsp10, RdRp(nsp12),
2xnsp13, and nsp14 together with template RNA and product RNA. Cases with specific features are shown in the insets. The generated PyMOL files
based on PDB RTC 3D structures and examined mutations, are available upon request.

(RdRp) are located on the surface of the polymerase, on the
side closer to RNA. There are several proximity-based (within
~6-14 A) potential relationships that may merit functional
follow-up. The mutated amino acid closest to the template
RNA (9.1 A) is nsp13:M2331 (Fig. 3, inset). In nsp13, P77L
is positioned 10.1 A from the RNA strand coursing through
the complex and 9.1 A from an nsp8 o-helix, placing it in a
location where effects on replication kinetics and/or fidelity are
plausible. Next, nsp8:N118S resides 6.1 A from nsp7, which
may affect the interaction between them.

RTC includes two copies of nsp8 and two copies of nsp13,
with different neighborhoods for each protein of a couple. In
one nsp8, the amino acid N118 (mutation N—S) lies near two
nspl2 amino acids corresponding to the P323L and Y273H
mutations: the distance between N118 and P323 is 5.1 A, be-
tween N118 and Y273 is 9.8 A, and between P323 and Y273
is 10.2 A. This triangle (Fig. 3, inset) constitutes a cluster of
three amino acids involved in mutations, close to each other,
and we flag this cluster as a priority for subsequent functional
investigation.

Search for literature on SARS-CoV-2 RTC mutation effects

To complement our mutational analysis, we performed a lite-
rature search for all substitutions listed in Table 2. The goal
was to identify any previously reported structural, biochemi-
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cal, or phenotypic effects associated with these mutations.
Brief summaries of the available evidence are provided in
Supplementary Material 4. Overall, the collected publications
describe diverse potential impacts, including changes in RTC
stability, replication efficiency, drug response, and enzymatic
activity, although for many mutations experimental validation
remains limited.

Conclusions

We surveyed the evolution of the SARS-CoV-2 RTC (nsp7—
nspl4) over a 5.5-year horizon (December 2019 — July 15,
2025), identified 22 amino acid substitutions with a global
average frequency >1 % and quantified their weekly dynamics.
Compared to earlier global overviews that used higher preva-
lence thresholds (Rodriguez et al., 2023, 2025), this extended
window and finer temporal resolution revealed three charac-
teristic dynamic patterns: persistent, transient, and recurrent.
Interestingly, one notable mutation, nsp12:G6718S, exhibited
a unique multi-phase trajectory (“three tides”) marked by a
rise, near-disappearance, and re-emergence.

Re-analysis of early records indicated that SARS-CoV-2
genomes deposited to GISAID database and assigned to Delta
(B.1.617.2) variant have submission dates that are 7-8 months
carlier than commonly reported date of the first appearance
of Delta. GISAID’s first samples of Delta appear for the first
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time on April 26, 2020, they spanned multiple continents by
the end of 2020 (and frequently carrying the trio of mutations
nspl12:G671S+nspl13:P77L + nspl14:A394V). This observa-
tion motivates a reassessment of the widely cited timeline
stating that “Delta was first identified in Maharashtra, India,
in late 2020” (Cherian et al., 2021) and emphasizes the value
of stringent filtering of public surveillance datasets.

In the course of systematically scanning RTC varia-
tion, we revealed a robust linkage between Delta and the
nspl12:G671S + nsp13:P77L + nsp14:A394V trio. Tracing
these substitutions back showed that each appeared separately
before Delta, and that early genomes labeled as Delta appeared
sporadically for several months but had little immediate ef-
fect on global frequency among sequenced genomes. The
subsequent co-occurrence of all three substitutions around
August 2020 coincided with a marked shift to rapid expansion
and, soon after, global dominance. This perspective emerges
specifically from an RTC-centered analysis (traditionally
viewed as a conserved, lower-visibility target) and, in our
view, illuminates otherwise overlooked contingencies in the
evolutionary dynamics of the virus.

Across waves, nspl12:G671S re-emerged with different
companions: first with nsp13:P77L and nsp14:A394V, later
with nsp13:S36P, and most recently with nsp12:D284Y. In
contrast, nsp9:T35I followed a slow, largely independent,
monotonic rise, longer period of 97-100 % prevalence, and
a slow decline that began in 2025. A codon-level inspection
of the 13 highest-peak substitutions (=25 %) showed only
single-nucleotide changes (no double/triple codon substitu-
tions), yet many corresponding amino acid replacements entail
substantial physicochemical shifts. Co-occurrence analysis
highlighted frequent groups of co-existing mutations, ranging
from two to five. Structural mapping onto RTC assemblies
showed a relatively even spatial distribution without dense
clusters; only nsp13:M233I had a notable feature — it lay
directly adjacent to the template RNA. The repeated rise and
fall in the number of genome samples with the nsp12:G671S
mutation, given the accompanying events, probably represents
an example of natural selection in action. We can propose as a
hypothesis for discussion that it may be not a neutral change,
but a key player in the evolutionary “strategy” that provides
a short-term fitness advantage (compensating for proofread-
ing errors) at the expense of long-term stability (increasing
mutation load). This creates a predictable cycle of emergence
and extinction — a pattern that is the hallmark of selection, not
random drift.

Independent population genetic analyses have shown that
the evolutionary rate of SARS-CoV-2 varies among lineages
and can undergo episodic accelerations, up to fourfold exceed-
ing the baseline phylogenetic rate, with new variants emerg-
ing within weeks rather than months (Tay et al., 2022). The
recurrent G671S tides with changing co-mutation partners
documented in this study are consistent with such episodic
phases. Given that several high-prevalence co-mutations lie
in nsp14 (ExoN), these patterns raise the question of whether
fluctuations in effective error correction could accompany pe-
riods of rapid diversification. Targeted assays will be required
to test this hypothesis.
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To contextualize these findings, we reviewed the available
literature on all substitutions from Table 3 (Supplementary
Material 4). Reported effects encompass altered polymerase
stability/transmissibility for nsp12:P323L/G671S (Kim et
al., 2023), lineage-linked occurrences and additional RTC
changes documented through mid-2023 (Rodriguez et al.,
2023,2025), and mixed evidence regarding drug response and
enzymatic activity for several sites. While suggestive, many
substitutions still lack a definitive experimental validation
of their functional impact. Protein-protein and protein-RNA
interactions are complicated, and they involve many factors
even if a single protein is considered (for example, (St Laurent
etal., 2012, Fig. 5)). Our study is focused on one of the most
intricate protein complexes with a critically important func-
tion, RNA replication.

To sum up, our results refine the timeline of early Delta
emergence and dissemination, document repeated large-scale
shifts centered around nsp12:G6718, and provide a reproduc-
ible catalog of RTC mutation dynamics, co-occurrence, coding
changes, and structural context. The continued integration of
high-quality genomic surveillance with targeted biochemical
and virological assays will be essential to resolve the functional
consequences of these substitutions and to anticipate future
shifts in the RTC mutational landscape.
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AHHOTauuA. BcecTopoHHee onuvcaHne GeHOTMNOB PACTEHNUA KOHKPETHbIX TaKCOHOB ABMIAETCA BaXXHOWM 3ajayein npu
OMNUCAHNAX POJOB, BUAOB M MOCTPOEHUAX WX €CTECTBEHHbIX Khaccmbukauuin. Pa3BuTre COBPEMEHHbIX TEXHOMOrui
3¢ PeKTUBHOrO GEHOTUNMPOBAHUA MO3BOJNIAET MOMy4YaTb OONbLIOE KOMMYECTBO [aHHbIX C KOMMYECTBEHHBIM W/UNN
KauyecTBeHHbIM OMMCaHMEM Pa3fINYHbIX MPU3HAKOB Yy pacTeHUi, MPeNMYLLECTBEHHO Ha OCHOBE aHanu3a ux uudpoBbIx
n3obpaxeHnii. B nccnepoBaHnv NpPoBeAeHO CpaBHeHWe pe3ynbTaToB OLEeHKU paclienneHuns B F, rmbprnpos asyx
SHAEMUYHBIX TeTpanIouAaHbIX (2n = 4x = 28) BUAOB NweHnL — nweHubl 3puonckon (Triticum aethiopicum Jakubz.) n
nweHnubl KapTtanuHckon (T. carthlicum Nevski), nonyyeHHbIX BU3yanbHO 1 C MOMOLLbIO METOLOB MALIMHHOIO 0ByyeHus.
B nocnepgHem cnyyae nna aHanmsa pacliensieHnin NpeasioKeHo 1Cnob30BaTbh METOA CMECU raycCoBbIX (HOPManbHbIX)
pacnpeneneHmnin B MOPGOMETPUN PaCcTEHMIA A1A TOFO, YTOObI BbIAENWTb FPYMMbl, KOTOPbIE PA3/IMYAOTCA MO 3HAYEHUAM
npr3HakoB. Beray TOro uto GOMBLIMHCTBO TaKCOHOMMYECKM 3HAuMMbIX (BMAOOOpPa3yoWyX) NPU3HAKOB Yy MLIEHUL
KOHTPONMPYETCA OJIMTOrEHHO U UMEET 4YeTKoe (GEeHOTMMNMYECKoe MPOosBIeHWe, TMOPUAONOrMYECKMn aHanm3 6bin
He3aMeHUMbIM 1 OCHOBHbIM BUAOM aHanv3a fnAa nocnepyLlero geTtanbHOro GeHoTUNMPOBaHWA KONOCbeB BWAOB
MNWeHNL C UCNONb30BaHNEM METOLOB MALUMHHOTO 0byuyeHus. o psgy NPr3HAKOB OLEHKM XapaKTepa Hac/efoBaHs
TaKMX MNPU3HAKOB, MOMyYEHHble pPa3HbIMU MeTodamMK, coBnafaloT. Ha ocHoBaHMM pe3ynbTaToB NPOBEAEeHHOro
NCCNefoBaHUA Mbl MOXKEM YTBEPXKAATb, YTO MPU3HAK «TeTPAaoCTOCTby (Hanmumne ocTeil OLHOBPEMEHHO Ha LiBETKOBOMN U
KONOCKOBOW Yellysx) Bugocneundryeckunin (TakCOHommnyeckn 3Hauum) ans T. carthlicum v oH MoXeT 6bITb 3PeKTUBHO
MCMONb30BaH NCCNef0BaTENAMY B TAKCOHOMUYECKIX LIeNIAX Kak NP NPOoBEAEHNM TMOPMA0NOrMYecKoro aHanmnsa, Tak 1 B
SKCMepPMMEHTaXx C UCMOb30BaHNEM MaLLMHHOIO 06yueHuam. na T. aethiopicum Takum Bugocneunduyecknm NprsHakom
ABNAETCA «XapaKTep (Tun) ocTUCTOCTU». Hawa paboTa AeMOHCTPUPYET, YTO KOMOMHALMS METOLOB aBTOMATUYECKOro
dbeHoTNMPOBaHWA, MOAENN CMeCK FayCCoBbIX pacnpeneneHuii B NpUHLMMIE NO3BOSIMT NPOBOAMTb aBTOMATUYECKUIA
aHanu3 BbiaeneHna Knaccos B F, rmbpunaos, pasnuyaloLmnxcsa no BennyriHam GeHoTUNMUYECKUX NPr3HaKoB. ITO MO3BOMNT,
B CBOIO ovepefb, BbIABMATb Ha/lMuMe reHOB, aCCOLMNPOBAHHBIX C BUAOCNeUNUYECKMN NPr3HAKaMU pacTeHni. Tem He
MeHee TpebyeTcs COBEpPLUEHCTBOBAHME NPYIMEHSEMBIX aNTOPUTMOB UCKYCCTBEHHOMO VHTENEKTA.
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Genetic analysis of wheat ear architecture
in F, hybrid of tetraploid wheats

Abstract. A comprehensive description of plant phenotypes of certain taxa is an important task when describing genera
and species, as well as when setting their natural taxonomies. The development of modern technologies of effective
phenotyping makes it possible to obtain a large amount of data with a quantitative and/or qualitative description
of various traits in plants, mainly based on the analysis of their digital images. The study compared the results of the
F, hybrids assessment - visually and using machine learning methods - of two endemic tetraploid (2n = 4x = 28) wheat
species which are Ethiopian wheat (Triticum aethiopicum Jakubz.) and Kartalian or Dika wheat (T. carthlicum Nevski). In
the latter case, it is proposed to use the method of a mixture of Gaussian (normal) distributions in plant morphometry
in order to identify groups that differ in character values. Most taxonomically important (species-specific) traits are
controlled oligogenically and have a clear phenotypic manifestation, so hybridological analysis was an indispensable and
basic type of analysis for subsequent detailed phenotyping of wheat spikes using machine-learning methods. According
to a number of criteria, the estimates of patterns of inheritance obtained by different methods coincide. Based on the
conducted research, we can state that the trait “tetraaristatum” (the presence of awns on both flower and spike glumes)
is species-specific (taxonomically important) for T. carthlicum and it can be effectively used for taxonomic purposes both
in carrying out hybridological analysis and in experiments using machine learning. Such a species-specific character
is the “character (type) of awnedness” for T. aethiopicum. Our study demonstrates that a combination of automatic
phenotyping methods and a model of a mixture of Gaussian distributions can, in principle, lead to an automatic analysis
of the allocation of classes in F, hybrids. It allows, in turn, to detect the presence of genes associated with species-specific
traits of wheat plants. Further, the improvement of the applied artificial intelligence (Al) algorithms is required.

Key words: tetraploid wheat; Triticum aethiopicum; T. carthlicum; genetic analysis; hybridization; cleavage; digital
phenotyping; machine learning
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BBepeHue

BcecTtoponHee onncanne ()eHOTUMMYECKUX MTPU3HAKOB pac-
TEHWH y KOHKPETHBIX TAKCOHOB — Ba)KHAsI 3a/1a4a I 3P pex-
THUBHOTO ONHCAHMS BUJIOB U IIOCTPOCHUS €CTECTBEHHBIX KJIac-
cuduranuit (Hodac et al., 2023; Ran et al., 2024). Ognrako
9TO M TpyAOEMKas 33jada. B omHMX ciydasx cBeieHHH IO
KOHKPETHOMY BUIY KpailHe Majo WM BHJ OYCHb PEIKHi
(Goncharov, Adonina, 2025). B npyrux — uapopmannu, Hao-
00pOT, HACTOJIBKO MHOTO, YTO HCCIIIOBATEIH PACXO/STCS BO
MHEHHUH 110 OBOAY KiacCH(UKaNy KOHKPETHBIX 00pa3IoB
(JIsmyroBa, 2021). ITomumMo 3TOTO, B psifie KITACCHU(PHUKALINH,
WCIIONB3YIOIIUXCSI U 10 el 1eHb, MH(OpMaLs 110 BUIaM 1
00BbeMaM KOHKPETHBIX POJIOB CYIIECTBEHHO pa3HUTCsA. B ka-
YecTBE IIPUMEPOB MOXKHO IpuBecTH KapTodens Solanum L. —
cucremaruku C.M. bykacosa (1971) uJ. Hawkes (1963) aru-
noric Aegilops L. — I1.M. XKyxosckwuii (1928) n A. Eig (1929);
mmenuny Triticum L. —N.P. Goncharov (2011) u K. Hammer
et al. (2011); u npyrue. [TosToMy, Jaxe HECMOTpPS HA TO YTO
M3BECTHO, KaKue BHI000pa3yromue (TaKCOHOMHUYECKH 3Ha-
YHMBIE) TPU3HAKH XapaKTEPHBI JJIsI ONPEIEICHHOTO TAKCOHA,
MOTYT BO3HUKHYTh HETOYHOCTH NPH KJIACCU(UKALIUH BUIOB.
BbIxon U3 3TOH cUTyallu OIMH — OCTPOEHHE CUCTEMBI BH-
J000pa3yIomuX NIPU3HAKOB.

[Tpu Mcronb30BaHNM B KAUECTBE IKCIIEPHUMEHTAIBHOTO Ma-
Tepuaina 31akoBeIX (Poaceae Barnhart), a nmMeHHO nieHuIty
(pon Triticum) MOXXHO CTOJIKHYTBCSI CO BCEM KOMIIICKCOM 3a-
TpyIHEHHH, OITMCAHHBIX BbIIIE. [IToMHUMO 3TOTO, CIIe/TyeT UMEeTh
B BHJY, YTO HIICHMIA — NOIUMOpP(HAs KyJIbTypa, 9To Mpea-
T10J1araeT 3HAUYUTEIbHYI0 KaK MEX-, TaK U BHYTPHUBHIOBYIO
BapuabenpHOCTE (Hopodees u mp., 1979). Tak, B mporecce
€€ N3yUYEHUSI MOYKHO CTOJIKHYTBCS C TEM, UTO, 1aXKe NMes KOH-
KPETHBII BUJI, PEHOTUIIMIECKN PACTEHUS BHYTPH HETO OyIyT
HE MTOXOXXM M TOTPeOyIOT IPOBEACHHS SKCIEPHUMEHTATbHON
OILICHKH WX BHOBOH mpuHaIexkHOCTH (3yeB u ap., 2019).
B Taknx cimydasx peus OyaeT nati 00 OJHO3HAYHOH KilacCHpH-

Karuu 0oJiee HU3KHX TAKCOHOB — IMOJIBHIOB U Pa3HOBUTHOCTEH
(dopodees u np., 1979; I'oruapos, 2009).

B HacTosI1ICe BpeMsi CyLIeCTBYET PsiJi METOIOB, O3BOJISIO-
[IMX C BBICOKOW BEPOSITHOCTHIO OTHECTH KOHKPETHBIH 00pa-
3€l] MIICHHIIBI K ONMPEeIeNICHHOMY BHY. MICIIOIB3ys IUTOJIO-
THYECKHE METOJIBI, MOXKHO C TOYHOCTBIO OTHECTH 00paser K
KOHKPETHOM TPyIIIIe INIOMAHOCTH, TOCYUTAB Y HETO YUCIIO XPO-
MocoM (Dolezel et al., 2007), mpumeHeHEe MOJEKYISPHO-0HO-
JIOTHYECKUX METO/IOB [TO3BOJIUT OTHECTH 00pa3ell K KOHKpPeT-
HoMy Buny (Golovnina et al., 2007). OgHaKO HCITOTB30BaHUE
MOJICKYJIIPHBIX METOIOB MPEIOIaracT HAIHYHE 110 KKIOMY
BUy GOJBIIOrO 00beMa HHGOPMALIUH, @ IMEHHO ONMUCaHHE
KOHKPETHBIX BUIOCHEHU(DUUSCKHX TCHOB, UX JIOKAJIHU3AINI0
1 nHdopManuio 00 UX HYKICOTHIHON MOCIIEI0BATEIBHOCTH.
VY nmreHun BUIOCHENU(PHISCKAE TeHBI OMUCAHBI TOIBKO Y
BceX rekcaruionnion (2n = 6x = 42) (Goncharov, 2011). Co6-
CTBEHHO, 37€Ch Y TAKCOHOMHUCTOB U HAYMHAIOTCS TPOOIEMBI.
Bo-11epBhIX, HE Y Ka)0r0 OMMCAHHOTO Ha JaHHBIA MOMEHT
BUJIa MMIICHUIIBI BBISIBIICH TaKOH BUAOCTICHH(DUUECKU reH(bI).
Bo-BTopHIX, HaXke eciau Takue TeH(-bl) N3BECTHHI (OTHCAHBI),
MOTYT CYyIICCTBOBATB 3aTPYHCHUS C HACHTU()UKALIMCH UX HY-
KJICOTHTHBIX MOCIIEZIOBATENIBHOCTEH. B-TpeThuX, B HEKOTOPBIX
CITydasiX TeH H3BECTEH, KaK H €r0 OCIIeI0BATEIbHOCTD, OTHAKO
MoJieKysipHasi GyHKIUS 1 QSHOTHIMYECKOE ITPOSBICHHUE OKa-
3BIBAIOTCS HE U3yUdeHbl. Kpome Toro, HHpOpMaIus o TOM, Kak
HACJIeyeTCsl TOT WM HHOM I'eH, MOKET OTIIMYAThCs Y PA3HBIX
aBropoB (URL: http://shigen.nig.ac.jp/wheat/komugi/genes/
symbolClassList.jsp Accepted 20 October 2025). ITomumo
9TOr0, HEOOXOIUMO UMETh B BHY, YTO MOJICKYJISIPHO-OHOJIO-
THYECKHE METOJIBI aHaJIM3a OOJIBIIMX BHIOOPOK MPEITONIAraroT
3HAYMTEIIBHBIA YPOBEHB 3aTpar.

CyILeCTBYIOT H IPYTUE METOBI, HCTIONB3Ys KOTOPBIC MOYKHO
YTOYHHUTh UHOOPMALHUIO O BHIOCIEIH(PHISCKUX IeHaxX, Ha-
MPUMep THOPHIONIOTHYECKUI aHAITN3, TIO3BOJISIIOIINIA TOHSATB,
KaK BHAOCIECHU(PHYCCKHE MPU3HAKN HACIEAYIOTCS Y KOH-
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KPETHBIX BUJIOB MiIeHHIbI. C IOMOIIBIO 9TOTO METO/Ia, 3Has
XapakTep paclICIUICHUs] B TUOPHUIHBIX MOMYJISIUIX, MOXKHO
BBISICHUTh XapaKTep HACJICAOBAHUS MTPU3HAKA.

OTMEeTHM, 4TO Pa3BUTHE COBPEMEHHBIX TEXHOJIOTHH (-
(beKTUBHOTO (PEHOTUIIMPOBAHUS CIIOCOOCTBYET MOIYUYCHHUIO
GOJIBIIIOT0 KOJUYECTBA JAHHBIX C KOJUYECTBEHHBIM HMIIH Ka-
YECTBEHHBIM OMUCAHUEM PA3JIMYHBIX MPU3HAKOB pacTECHHN
MIPEUMYIIECTBEHHO Ha OCHOBE aHajm3a IU(POBBIX H300pa-
xeHnit (AdonaukoB U ap., 2016; Awada et al., 2024). Us-
BJICUCHHbBIC HA OCHOBE aHAIM3a UPPOBBIX U300pKCHUN
JIAHHBIE MOT'YT OBITh YCIIEIIHO KCIIOIb30BaHbI B TOM YHCIIE U
JUTS CUCTeMAaTHKH U Kiaccudukarmu pacteHuit (Chouhan et
al., 2024; Mulugeta et al., 2024).

ITonxoapl, OCHOBAHHEIE Ha aHAJIW3€ OOIBITHX 00HEMOB
JIAHHBIX U MAIITHHHOM O00YY€HHH, IPUMEHSIFOTCSI U JUIs aHAJIH3a
MOP(]OTOrHUECKIX XapaKTePUCTHK MineHu bl [Tokazano, 4to
JIAHHBIC, TIOJIyYCHHbIC METOJAMH aHAJIN3a U300paXKEHUH U
MAIMHHOTO O0YYEHUs], MOTYT YCIEIIHO PelaTh 3a/ia4u JUis
KIaccu()UKAIH BUIOB MIIICHUIIBI U ee copoamueii (Martinek,
Bednar, 2001; ITporos3un u 1p., 2021; Artemenko et al., 2024;
Komyshev et al., 2024). 310 04eHb IEPCIICKTUBHOE HATIPaB-
JICHHE HCCIIeIOBAHUsI THOPH/IOB C MOMOIIBIO METO/IOB OHO-
nH(OPMATHKK HAXOJMUTCS B Tpolecce pazpadborku. Bompoc
0 TOM, HACKOJIbKO HAJIeHO MOXKHO UCITIOIb30BATh MPU3HAKH,
XapaKTePUCTUKA KOTOPBIX MOJTy4eHa HA OCHOBE aHAIM3a I[H-
(bpOoBBIX U300paKEHUH, ISl BUJIOBOM KiIaCCU(DUKAIUK U KaK
OHU HACIIEYIOTCS, OCTACTCSI OTKPBITHIM.

Lenp paboTel — 00BETUHEHNE BO3MOXKHOCTEH THOPHIO-
JIOTHYECKOTO METOJIa C aHAITM30M PACIICIUICHUsI THOPHHOM
MOMYJISIIMY BPYYHYIO C aHAIN30M HI(PPOBBIX XapaKTEPUCTUK
pacteHuil (KOJIOChEB) ISl PELICHUS 3a/1a491 Pa3/ICeHHs pac-
TEHHI Ha TPYIIIbI, HECYIINE PA3IMYHbIC TEHBI KOHTPOJIS IPH-
3HAKOB pacTeHuil. MccneqoBanue mpoBOIUTCS HA THOpHUIaX
pacTeHui, MOJYUYEHHBIX B PE3yJIbTaTe CKPEIIMBAHUS IBYX JH-
JEMUYHBIX BUIOB MIICHUIEI — 7. aethiopicum u T. carthlicum.

MaTepVIaJ'IbI n metopbl

I'mdpunosnornueckuii anaaus. B pabore BbINONHEHA WICHTH-
(UKausi TCHOTUIIOB TETPAIUIOUAHBIX (271 = 4x = 28) nieHury
n ux F, rubpuioB o Buocnenuduieckum (TaKCOHOMHUYECKU
snaunmbiM) npusnakam (I[lpunoxkenne, Tabn. S1)!. Beuxy
TOTO YTO OOJBIIMHCTBO TAKUX MPU3HAKOB KOHTPOJIHPYETCS
OJIMTOTEHHO M MMEET YeTKoe (PeHOTUIINIECKOE MPOSIBICHHE,
THOPUI0JIOTHYECKUIT METO/T ObIIT HE3aMEHUMBIM M OCHOBHBIM
BUJIOM aHaJIn3a JUIsl TOCIIE/IYIOIIEr0 IeTalbHOro ()eHOTUTINPO-
BaHUS1 KOJIOCHEB BHUJIOB MIIECHUI] C UCTIOIb30BAaHUEM METOI0B
MaITMHHOTO O0YYEeHHSI.

Pacturenbublii MaTepuai. OObEeKTOM M3yUYeHHUS MOCITY-
KM MEKBHUJIOBBIC THOPHUJIBI OT CKPEIIUBAHUS JIBYX DHJIE-
MHYHBIX TETPATUIOWIHBIX BUIOB MineHuusl @ 7. aethiopicum
Jakubz. (k-19301/2) ¢ 3T carthlicum Nevski (k-32496). Dxc-
TIEPUMEHT ITPOBEJICH B SIPOBOM [IOCEBE B TAPHUKAX CEJICKIIMOH-
Ho-reHeTHueckoro koMmiutekca (CI'K) MacTuTyTa IMTONIOTMN U
renetuku CO PAH (HoBocubupck). F; rubpuios BeipaimBa-
71 ¥ (DeHOTUIIMPOBAIH B Teruuie, F, — B mapuukax B 2022 .
Uucno u3yyeHHsIx F, rubpuaos paBHsiock 185 pacteHusm.

1 Ta6n. S1-S3 1 puc. S1 MpunoxkeHns cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx29.pdf
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[eHeTYeCKnii aHann3 apXUTEKTYPbI KOloca NEHNL b
1 ero KomnbloTepHoe deHoTUnNMposaHue y F, rubpuaos

deHoTHIINPOBAHKE KOJIOCheB. M300pakeHnsi KOJIOCHEB
TOJTYYaJIH [0 POTOKOITY «Ha ITPHUILEIIKEY, ONMCAaHHOMY paHee
(T'enaes u ap., 2018; Genaev et al., 2019). Kosoc dukcupo-
BaJIM B BEPTHUKAJIBHOM IIOJIOKCHUHN l'[pHH.[el'IKOﬁ Ha CHUHEM
(dhone. CremKy npoBoawiy g pooit kamepoit Canon 350D,
o00bektuB EF-S 18-55mm /3.5-5.6. JInsa ouenku Maciiraba
M KaJMOpOBKM I[BeTa Mcroyib3oBaH Mapkep X-Rite Mini
ColorChecker Classic (http://xritephoto.com/colorchecker-
targets), KOTOpBI pacmonaranu B kaape. Konocbs cHumanu
B 4eThIpeX Mpoekiusx. [lepsas cooTBEeTCTBOBaANA JIHUILIEBOM
(Hamnbornee MUPOKO) CTOPOHE KOIOCA, OCTAIBHBIE TPOEKIINU
TMOJIYYCHBI ITOCJICA0BATCIIbHBIM BpAII€EHUEM KOJIOCa Ha IpH-
enke Ha 90°: 2-51 u 4-51 — O0KOBbIE, 3-51 — 00paTHasi CTOpOHa.

Kaxnoe nzobpakeHne komoca ObUIO CErMEHTHPOBAHO Ha
(hOH, LIBETOBYIO MAIUTPY, TEJIO KOJIOCA U OCTH C MOMOIILIO
MeTo/ia IIyOOKOr0 MAIIMHHOTO 00y4YeHUs!, pa3paboTaHHOTO
Hamu panee (Artemenko et al., 2024). ITonyueHHble Macku
ucnoib3oBanuck nporpammoit WERecognizer (Genaev et al.,
2019) nast pacueta MOPHOMETPUICCKHX XaPAKTEPUCTUK KO-
JocheB. PaccMaTprBaimy COKpaIIeHHBIH HaOOp MPHU3HAKOB,
KOTOPBIN BKJIIOUAIT OTMCAHUE KOJIOCA HA OCHOBE MOJICIIH JBYX
YeThIPEXyTrOJIbHUKOB, CHMMETPH30BAHHOI OTHOCUTEIEHO OCH
KOJIOCA, XapaKTePUCTHKN KOHTYpa Koyioca (MepuMerp, IIio-
1[a/1b, OKPYIJIOCTH U IIP.) U ILIOIIAlh OCTCH Ha H300pasKCHHH
(Komyshev et al., 2024). Cxema MOAEIH YSThIPEXYTOJbHH-
KOB ¥ HCIIOJIb30BAaHHBIX MApaMETPOB KOJOCa MpHUBE/IeHa Ha
puc. S1. Beero ananuzuposainu 19 npusHakoB pa3mepa u hop-
MBI KOJIOCHEB HE3aBHCHUMO TSI KOyKIOH poeKiuu (Tadi. S2).

CraTucTHYecKHii aHAJIU3 PU3HAKOB KoJI0ca. B Hamei
paboTe MbI MPEITONOXKUIIN, YTO MOMYJISIHS THOPUIHBIX pac-
TeHul F, MOXEeT paclueruaThes Ha Kacchl HE TOJBKO 110 Ka-
YECTBEHHBIM (AUCKPETHBIM) (Ta0J1. 1), HO ¥ KOJTMYECTBEHHBIM
rpu3zHakaM. Bo Bropom cityuae cuvtanu, 4To Kaxkablil Kjlacc
pacTeHul XxapakTepu3yeTcst paclpeieIeHUEM BETUYHHbI [TPU-
3HaKa ¢ OTVIMYHBIMH OT APYTOoro MaroXXuJAaHUEM U JUCIIEP-
cueii. Takum 00pazom, pactpeaeacHUE BEIMIUHBI TPU3HAKA
JUTSE Bcell BBIOOPKH Oy/IeT CMEChIO IBYX TayCCOBBIX pacIpeie-
JICHUH ¢ pa3IMYHBIMU CPEAHUME U AucriepcusimMu (Mepexko,
2005; Peukun, 2024). OTMETHM, UTO METOJ] CMECH T'ayCCOBBIX
pacripeiefieHnii UCIob3yeTcss B MOP(OMETPUH PACTECHUIA,
JUIsL TOro 1ITO6LI BBIJACJINTH I'PYIIIbI, KOTOPBIC pa3invdaroTCs
3HAUSHMSIMH IPU3HAKOB, a Taroke Juis Kinaccupukannu (Kim
et al., 2024; Tiburtini et al., 2025).

J1st BBISIBIIEHUS. CMECEH [IBYX I'ayCCOBBIX paclpelesIeHui
ucnonbp3oBana (Gyukuus sklearn.mixture.GaussianMixture
nakera scikit-learn v. 1.7 (https://scikit-learn.org/stable/index.
html). OHa no3BoJIsIeT MPOBOIUTH AaHAIU3 MOJENIN CMECH
rayCCOBBIX pacrpelesieHHi Ha OCHOBE METO/la MaKCHMaJlb-
HOTO TIPaBJIONOJO0HS: OLICHUTh KOJIMYECTBO U IapameTphbl
pacnpezeneHuil B cMecH, Kiaccu(uiupoBarb o0pasibl B
BBIOOpPKE 110 MPHHAUICKHOCTH K ATHM PaCHpPEesICHUSIM.
B Hacroseit pabote uist Kayk10 IPOEKIMH KOJIOCa MbI ITPei-
TMoJIaraju, 4To pacupelielieHne Mpru3HaKa sBISETCS CMEChI0
JByX pacrpenenenunii. C nomorsio GyHkimu sklearn.mixture.
GaussianMixture aisi KaXJ0ro U3 pacnpeesieHnid OblLIu
OLICHEHBI CPEeJIHUE 3HAYCHHSI, IUCIIEPCUH U YUCIIO KOJIOCHEB,
MPUHAUISKAIIUX Kax oMy 13 HuX. [lociie onpenesnenust yu-
Clla KOJIOChEB B K&K/IOM M3 KJIAaCCOB IPOBOAMIM TECT C HC-
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Ta6nuua 1. DeHoTMNMYecKoe onrcaHyie PoanTeNbCKNX Gopm

Genetic analysis of wheat ear architecture
in F, hybrid of tetraploid wheats

MpusHak

Q T. aethiopicum (k-19301/2)

TeTpaocTocTb (Hannune ocTe O4HOBPEMEHHO -
Ha LiBETKOBOW 1 KOJIOCKOBOW Yellye), ta

Okpacka Kosoca -
XapakTep (T1n) ocTucTocTu
3y6eL| Ha BEPXYLUKe KOJIOCKOBOW Yellyu +
OnyweHve vyewyu, Hg -
MnewkKa B onyLeHMN KONOCKOBOM Yelyu, Hgc -

MprnmeyaHue. [pr3HaK: - peLieCcCrBHbIN, + AOMUHAHTHbIN.

HoJb30BaHueM Kputepus [lupcona y2 Ha COOTBETCTBHE TEO-
PeTHYECKU OKHIAEMOMY OTHOIICHHIO. CUUTANH, YTO IS
TIPU3HAKOB KOJIOCA HAONIOMaeMbIe U TTONyYSHHBIC C UCTIONb-
30BaHMEM MCKYCCTBCHHOTO WHTEIUICKTA PACIICTUICHHUS COOT-
BETCTBOBAJIH, €CIIU TMOCIenHee OBIIIO JOCTOBEPHO JIJIS BCEX
YeThIpeX MPOCSKITNH Komoca. [ cTaTuCTHIecKoit 00paboTKI
(TecTsl Ha PaBEHCTBO CPEIHUX, NUCIEPCHOHHBIN aHAN3) U
BH3yaJIM3aliH JaHHBIX UCTIONB30BaH makeT Past v 5.3 (Ham-
mer Q. et al., 2001).

Pe3ynbraTbl
[Tpumeps! N300paKeHU KOJIOCHEB POANTEIBCKUX BUIOB, I
u F, rubpuos (mpoexuus 1) npuBeneHs! Ha puc. 1.

Jlis onieHKHM pa3HOOOpasus Mo NpPU3HAKaM «pasMep» U
«(hopma» KOJIOCHEB AJIsl YEThIPEX MPOCKIUIT ObUI MPOBEICH
aHanu3 miaBHbIX KoMroHeHT (PCA), pe3ynbraTsl KOTOpOTro
MIpeAcTaBIIeHbI Ha puc. 2. 13 76 nCnonp30BaHHbIX 71 aHATHU3a
MEepPEMEHHBIX Ha JIBE TEPBbIE KOMIIOHEHTHI MPUILIOCH 45 %
nucnepeun: 35 % na PC1 1 10 % na PC2 (cm. puc. 2). OcHOB-

Octn HanpaBNieHbl B CTOPOHbI

Bup/obpazey

& T. carthlicum (k-32496)

+

+
Octn HarnpasJ/ieHbl BEPTUKaJIbHO
+
+

+/-

HOM BKJIJl B N3MEHYMBOCTh BHECIIH MPU3HAKH, CBSI3aHHBIC C
pa3MepoM KoJioca, — ero JUIMHA U II0Iaab. Bropast rmaBHas
KOMIIOHEHTa M3MEHYMBOCTH 3aBUCHUT OT (POPMBI KOJIOCA H
OTpaXkaeT ero OKPynIocTh. M3 puc. 2 BUIHO, YTO KOJIOCHS Ma-
TEPUHCKHX W OTIOBCKHUX pacTeHuit u F ruOpumoB pacnosna-
rafoTcsi KOMIAKTHO, 3aHWMasi OTYACTH TEPEKPBIBAIOIINECS
00J1acTi ¥ JEeMOHCTPHUPYS OJIM30CTh MPU3HAKOB (hOPMBI/pas-
Mepa Kojoca (cM. puc. 1, a—g). Pactenus F, rubpunos nemon-
CTPUPYIOT CYIIECTBEHHO OONBITYIO BApHAOSIFHOCTS IT0 TIPH-
3HaKaM KO0J10ca, IPeXk/Ie BCEro pasMmepa. B Hell mpencraBaeHo
OOJIBIIIOE YHCIIO PACTEHMIH, UIMEIOIINX pa3Mep Kojoca OorbIIe,
YeM B CPEAHEM JUIS TIEPBBIX TPEX JIMHHMA.

Ha Bropom sTane uccienoBaHUi HaMU MIPOBEIEH aHAIH3
pacmieruienus B F, ruOpuios mo BupocnennpuaecKum mpu-
3HaKaM KoJIocheB (cM. Tabm. 1). s Kax0ro mpu3HaKa Juis
OLICHKH JIOCTOBEPHOCTH PACHICIUICHHUSI PACTEHNH B MOMYJIALINN
B ITPOTIOPIHSAX, OTPAKAIOMIMX TUI TEHETHYECKOTO KOHTPOJIS
(3:1,13:3,15:1, 61:3 1 63:1), moncunTaHO 3HAYCHUE KPUTCPHS
Tupcona y? (Tabm. 2).

Puc. 1. Konocba poautenbckmx BuaoBs, F, u F, rubpupos, npeacTtaBneHHbIX B OAVHAKOBOM Maclitabe v npoekummn. MatepunHckan
T. aethiopicum (k-19301/2) (a) n oTuoBckasn T. carthlicum (k-32496) (6) dopmbi; F, (8) n F, (2) rubpugos.
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[eHeTnYeCKn aHanms apxXuTeKTypbl KONOcCa MnieHnLbl 2026

1 ero KomnbloTepHoe deHoTUnNMposaHue y F, rubpuaos 30.3
PC2 (10 %)

E @ T. aethiopicum

Iz‘ & T carthlicum

PC1 (35 %)

Puc. 2. [inarpamma paccesiHus B NPOCTPaHCTBE ABYX NepBbIX rMaBHbIXx KOMNoHeHT (PC1, PC2) ona konocbes, napameTpbl
pa3mepa 1 GOpPMbl KOTOPbIX OblIN HE3ABMCKMMO OLieHeHbl AnA yeTbipex npoekuuii. O603HayeHVs B BEPXHEM MPaBOM
yrny. lona gucnepcun, npuxopawenca Ha nepsyto (PC1, ropusoHTanbHaa ocb) 1 BTopyto (PC2, BepTrKanbHasa ocb), AaHa
B CKOOKax. YcpefHeHHble HanpaBfieHNA MPOeKLUMU OCHOBHbIX FPynn MPU3HAKoB Kosloca 0603HaueHbl OpaHXeBbIMU

cTpenKkamu.

Ta6nuua 2. 3HaueHUs CTAaTUCTUKM X2 AN PasAnyHbIX NPOMOPLMIA BCTPEYAEMOCTU KaTeropuii
Bugocneundmnyeckmx npusHakos Konoca B F, rubpugos T. aethiopicum v T. carthlicum

Mpwr3HaK C yKasaHvem Kateropui

Yucno pacteHun

XapaKTep HaciejoBaHA 1 COOTBETCTBYIOLVE UM 3HAYEHUs )2

no kareropuam 1, 2

1 2
TetpaoctocTb, HeT (1), ecTb (2) 125 54
Okpacka Konoca, HeT (1), ecTb (2) 28 144
Tun octuctoctw, T. aethiopicum (1), T. carthlicum (2) 46 133
3y6el, HeT (1), ecTb (2) 10 175
OnyLwweHre KonockoBo Yeluyu, HeT (1), ecTb (2) 69 116
Mnewka, HeT (1), ecTb (2) 120 65

3:1 13:3 15:1 61:3 63:1
2.549 15.317 174.758 260.114 952.268
6.977 0.689 29.526 51.728 242.193
0.047 5.673 115.549 176.868 677.948

37.883 21.626 0.225 0.213 17.763

14.921 41.774 304.346 440.328 1535.938

10.135 32.602 263.432 383.873 1355.695

MpumeyaHue. B neBoii KONOHKE yKasaHbl MPU3HAKY KONIOCa U HOMepa COOTBETCTBYIOLMX KaTeropuii (B cKobkax). XZO 05 = 3-84. 3HauenuA y2 cooTHowe-
HWIA, KOTOPbIE [JOCTOBEPHO HE OTAINYAIOTCA OT TEOPETHUYECKMN OXKMAAEMbIX MPOMOPLINIA, BbIAENEHbI NOMYKUPHBIM HaUePTaHNEM.

Ha ocHOBaHUH MOTyYeHHBIX PE3YIIBTATOB (CM. Ta0I. 2) MOXK-
HO CJIeJIaTh 3aKJIF0YCHHUE, YTO TETPAOCTOCTD U THTI (XapakTep)
OCTHCTOCTH pacHIeuisiores B F, TOpraoB B oTHOIIEHHH 3: 1
(MOHOTEHHOE HACJICIOBAHWE), HATMYUE OKPACKH KOJIOCA B
otHOmeHNHA 13:3 (IUTEHHOE HACTIETOBAHUE C HETIONHBIM J0-
MUHHUPOBAHUEM), & HaJTHMYUE 3y0Ila Ha KOIIOCKOBOU Uelrye B
otHOmeHNH 15:1 (qureHHOE HacieqoBaHue). {7 TaKuX Ipu-
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3HAKOB, KaK OIYIIICHHE KOJIOCKOBOH UCITyH 1 HaJTIMIHUE TUICTII-
KW, JJIS ACCICTOBAHHBIX HAMH IPOMOPIIUI JOCTOBEPHOTO
cxoxctsa st F, THOpHIOB HE BEISIBICHO.

Hawmwu 661mn ontenens! 19 nmpusaakoB xonoca ams F, rudpu-
JIOB, TIPEIICTABISIONINX MHTEPEC IS BEIIBICHUS CPEAH HUX
TeX, KOTOPBIC MOTYT JIaBaTh PACIIETUICHIE, COOTBETCTBYIOIICE
KOHKPETHBIM THITaM HacJIeqOBaHUs. J{JIs M3ydeHHs 3TOTO BO-
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Ta6nuua 3. XapakTepncTmkm paclienneHmns Konocbes B F, rmbpuos no npusHaky «nnowagb octein» Ha nsobpaxeHum (SAA).
[na Kaxxpow npoeKkuumn Konoca NpuBefeHbl OLeHKN cpefHNX 3HaueHunin (SAA, n SAA,) v gucnepcuin 4na AByX rpymnn KOoCbes —
Var(SAA,), Var(SAA,), naeHTMdnUMpoBaHHbIX Ha OCHOBE MOAENM CMeCU ABYX rayCCOBbIX pacnpeaeneHunin

MpoeKkuua nsobpaxeHuna konoca SAA, Var(SAA,)  SAA, Var(SAA,) N, N, 2 p
1 7923 151092.6  244.6 32393.1 1 146 0.80 0.37
2 574.1 119803.5 1475 12517.7 42 145 0.53 0.47
3 759.0 136893.6  229.9 30079.3 48 139 0.09 0.76
4 578.4 127534.0 1335 11256.2 51 136 0.66 0.42
Mpumeyanue. Ny, N, — BbIGOPKY rpyrnn KONOCbeB, p — BEPOATHOCTb.
a s 6 1600
40 1400 .
= B 1200 ’
-Hp |
Tpynna 2 1000
© 25 \ =
5 \ i 800 .
2 20 \ <
IJ wv
600
15 {1
400
10
lpynna 1
5 B — 200
0 =i T [ w2 BN
0 200 400 600 800 1000 1200 1400 1600 BesocThie Octuctbie  TetpaocTbie
SAA, Mm2

Puc. 3. PacnpegeneHuve nnowaan ocTeil: a — rmctorpamMmma pacnpefeneHus nnowaan octein Ha nsobpaxeHumn (SAA) konocbes B F,
rmépuaos (npoekuwns 4). Mo ocn X OTNOXKEHO 3HaYeHMe NPU3HAKA, Mo ocun Y — Uncsio KonocbeB. KpacHbIMM IMHUSAMI MOKa3aHbl pac-
npeneneHuns NIOTHOCTU BEPOATHOCTY ANs ABYX rPYMM KOMOCbeB: ¢ 60nbwym (rpynna 2) 1 MmeHbwm (rpynna 1) KonmyecTBOM ocTell;
6 — pacnpefeneHvie NioLwaan ocTell Ha U306paXKeHNN KONOCbEB B MPOEKUUN 4 A5t 6€30CTbIX, OCTUCTBIX U TETPAOCTbIX KOMOCbEB, MO-
KasaHHoe B BuAe guarpamm. Mo ocn X nprBeaeHbl TUMbl OCTUCTOCTM, MO ocv Y — Nnowaab ocTen.

IPOCa MBI UCTIONIB30BAIIM MOJIEIb CMECH JIBYX I'ayCCOBBIX (HOP-
MaJIbHBIX) pacnpenesneHui. [ Kax 1ol MPOeKIy OLeHKa
TIPOBOIMIIACH HE3aBUCHMO. [T0CKOIIBKY I0CTOBEpHASI OLICHKA
IapaMeTpOB I'ayCCOBOTO pacHpesieNieHnsi 00ycoBiIeHa 00b-
€MOM BBIOOPKH (YHCIIOM U3YyUSHHBIX 00Pa3IOB), MBI PEIIHIH
B JJTAaHHOW pabOTe OTPaHWYNTHLCS NMPOBEPKON PACIIETICHUS
3:1; ms obmeit BeIOOpKH m3 187 KOIOCHEB TEOPETHUSCKH
OXWaeMas YHCICHHOCTh TPy pacteHuit oymer 140 x 47.
B Tabn. S3 amst kX010 NpU3HAKA M IPOSKIINH KOJIOCA TIPH-
BEJ/ICHBI CPETHHE 3HAYCHUS U JUCIIEPCHU /TSI IEPBOH U BTO-
PO TPYIII KOJIOChEB (KOMOHKM meanl, varl, mean2, var2),
TIPE/IMONIOKHUTENBHAS YUCIICHHOCTH KOJIOCHEB B IIEPBOH 1 BTO-
poit rpynmax (numl, num2), COOTHOIIEHUE YHCIA KOJTOCHEB
(numratio_1vs2), 3Hauenue x> U ypoBHs 3Ha4uMocTH (chisq,
chisq_p). M3 pe3ynbsraToB, mpeAcTaBICHHBIX B Ta0N. S3, BHI-
HO, 9TO JUIS OT JIBYX JI0 CEMH ITPU3HAKOB B KayKIOH MMPOSKINN
BBINOJHSACTCS COOTHOIIICHUE YUCICHHOCTH KOJIOCHEB B JIBYX
rpymmax, omuskoe k 3:1. Hampumep, 1715 iepBOii MPOEKIIAN —
9TO MpHU3HaK 1romianu octeit (SAA) u nenpHOCTH (SSO) KO-
soca. [l BTopoi mpoeKIuy — MIWPHUHA MOJIENHN KOJIOCa U e¢
romans (q_ym, q S), mepuMeTp KOHTYpa IIPOESKINH Kolloca
(SP), ee mmomazs (SA), mwomma s octeit (SAA) # OKPYTIIOCT
(SRO) u Tak manee. BaxxHO OTMETHTB, YTO JIHIIH TSI OTHOTO
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MpHU3HaKa, a UMEHHO «IUIOMIATN OCTEi» Ha M300paKCHHUH
(SAA) nocroBepHOE pacIIerIeHIE B IPOMOPIIHA OIU3KOH K
3:1 mabGromaeTrcs T BCeX YETHIPEX IMPOCKINi Kojoca. Xa-
PaKTEPUCTUKH PACIICTUICHHUS I10 TOMY TIPU3HAKY IS YeTHIPEX
NPOEKIMH 1 OLIEHKH YUCIIa KOJOCHEB JUIS ABYX IPYIIL, ¥>
BEPOSTHOCTH THUTIOTE3HI O PAaBEHCTBE COOTHOIICHUS C MOHO-
TCHHBIM HaclieoBaHUeM 3:1 mpuBeeHs! B Ta0I. 3.

W3 mpencTaBieHHBIX B Ta0N. 3 pe3yiIbTaTOB BHUIHO, YTO
CpeHuUe 3HAYCHUS TIIOMIAIN KOJIOChEB HECKOIBKO OOITBIIIE TS
mpoeKiun aumeBoi (1) u o6paTHOI (TBUTBHOM) cTOpOH (3),
4eM IS UX JBYX OOKOBBIX MPOEKITHiL (2, 4), KaK IUIs IepBOH,
TaK W BTOPOU M3yYEHHBIX TpymIl. [l TPYIITEI KOTOCHEB C
OopIIei TUToImaabio oCcTel (M OOMBIINM FX YUCIIOM, TIepBast
TpyTIa) UX YUCIO MEHBINE U BapbupyeT B mpenenax 41-51.
JL71st TpyIIibl pacTeHUi ¢ MEHbIIEH MIIOMAbI0 OCTEN YHUCIIO
KOJIOCheB BapbupyeT oT 136 no 146. 'mcrorpamma pacnpe-
JeIeHus 3HauCHUH SA A 711 4-1 IPOCKITNH ¢ OTOOpakeHUEM
JIBYX TayCCOBBIX pacIipelieNiCHI IprUBe/IcHa Ha puC. 3, a.

OO0nacTh THCTOTPaMMBI BH3YyaJIbHO pa30WBaeTCs Ha JIBE
YacTH: MPaBYI0 ¢ MEHBIIUM YHCIIOM PACTCHHUH U OONBITIM
3HaYeHHUEeM SAA U JIEBYIO C MEHBIIMMH 3HAUCHUAMH SAA
(ducio Takux pacTeHuit 6ompIe) (cM. puc. 3, a). ITo XOpoIIIo
coracyercs ¢ TaHHbIMHA Ta0u. 3. JlaHHBIE, TIPE/ICTaBICHHBIC B
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[eHeTYeCKnii aHann3 apXUTEKTYPbI KOloca NEHNL b
1 ero KomnbloTepHoe deHoTUnNMposaHue y F, rubpuaos

Ta6nuua 4. CpaBHeHVe CTAaTUCTVK PACMPEAENeHNi KOMIOCHER MO CPeAHEMY 3HAUEHMIO MIOLLAAN OCTel (MM?) Ha YeTbipex MPOEKLKsIX

Cratuctuka besoctble
Yucno Konocbes 6

SAA 13.79
Var(SAA) 25.59
CraHpapTHOE OTKJIOHEHME 5.06
CraHpapTHas owmnbKa 2.07

MpumeuaHwne. SAA - nnowanb ocTein Ha n3obpaxeHuw; Var — pucnepcns.

Tabi. 3 ¥ Ha puc. 3, a, HAXOAATCS B COIVIACHH C PE3yJIbTaTaMH
PY4HOH OIEHKH pacuieruieHus KosockeB B F, ruOpumos mo
MIPU3HAKY «TETPAOCTOCTH» (CM. Tabm. 2). XoTs Ha OCHOBE
TOJIBKO TAKOTO IIapaMeTpa, KaK INIOIIaab OCTEH, Hellb3s1 onpe-
JIETIUTH TETPAOCTOCTh KOJI0ca (HAJIMYHE OCTEel OZIHOBPEMEHHO
Ha I[BETKOBOW M Ha KOJOCKOBOH YeIlIye); TeTPaoCThle KO-
JIOCBS B IIEJIOM UMEIOT OOJIBILIEE YNCIIO OCTEH, YTO IPUBOIUT
K BO3pacTaHUIO y HHUX mapamerpa SAA. DTo moarBepxkaa-
eTcsl CMELICHUEM IUIOLIA N OCTEH Y TeTPAOCTHIX KOJIOCHEB
B CTOPOHY OOJBIINX 3HAYEHHUH MO CPABHEHUIO C OOBIYHBIMHA
OCTHUCTBIMH (CM. puC. 3, 6). MBI TakXkKe pacCUuTalI CPEIHNE
3HaYeHus napameTpa SAA 11 4eThIpeX MPOESKINi KOJIOChEB
Ha n300paxkenusix F, TrhOpruIoB 1 IpoBesr TECT Ha PaBEHCTBO
CPeIIHHX B TpeX IpyINIax pacTeHUH: 0€30CThIX, OCTUCTHIX U
TETPAOCTHIX (Ta0I. 4).

OTMeTHM, 4YTO cpejHee 3HaYeHHUE IUIOMAAN OCTeH Hau-
MeHbIIIee Y 6€30CThIX PACTEHNH, MAKCUMAJIBHO y TETPAOCThIX
1 TIPOMEKYTOYHOE Y OCTUCTHIX, B COIVIACHH C Pe3yJIbTaTaMu
pactpenenenus (cM. Ta0II. 4), IpeIcTaBIeHHBIME Ha PUC. 3, 0.
JlucnepcHoHHBIN aHaIn3 IEMOHCTPUPYET 3HAYMMBIE PA3IIH-
9Hst CPEJIHUX ISl TPEX TPy Kosoches (p < 10-4). Tlonaproe
CpaBHEHHE CPEIHNX C HCIO0JIb30BaHMEM apHOTO TecTa MaH-
Ha—YHUTHH TaKXKe ITOKA3bIBAET 3HAYMMBIC PA3IHUMS MEXIY
BCEMH TpPEMsI IPYIIIaMU KOJIOCHEB 10 IPHU3HAKY «IIIOIIA/Ib
ocrei» (p <0.001). Takum 00pa3zoM, pacIIeIUICHUE KOJIOCHEB
B F, rubpnoB no miiomanm octeii CBI3aHO ¢ TeM, 4TO TeTpa-
OCTBIE KOJIOCHSI B CPETHEM UMEIOT Ha M300pakeHUH OOJIBIITYIO
IUIOMIAh OCTeH (cM. puc. 3, 6).

Yro KkacaeTcs Ipyrux MPHU3HAKOB KOJOCHEB, KOTOPHIE JIe-
MOHCTPHUPYIOT MOHOTEHHOE paciuerienne 3:1 He I Bcex
MIPOCKINH, TO 3HAUCHHE COOTBETCTBUS BBIIIC y NPH3HAKA,
CBSI3aHHOTO C IUIOIIAJIbI0 KOHTYPa KOJIOCA Ha N300paskeHNH
(SA), xoTopslif JaeT pacuieryieHHe ULl TPeX M3 YeThIpex
npoeknuii. [Tepumerp xoutypa xonoca (SP), ero mmna (SL),
IUIOMIAh MOJIEIIH YeTHIPEXyToabHUKOB (q_S) u mmmHa (q_L)
JIEMOHCTPHUPYIOT OJM30CTH PacIIeNIeHUs K mporopunu 3:1
JUISL IBYX M3 YETHIPEX MPOEKIHH KOJIOCheB. BO3MOXKHO, 3TH
MIPU3HAKK TaKKe KOHTPOJIMPYIOTCS MOHOTEHHO, OJTHAKO He-
TOYHOCTH (HEOTHO3HAYHOCTb) OTIPEIEIIEHHs TAPAMETPOB IPH-
3HAKOB KOJIOCA Ha M300payKeHUH MOKET J1aBaTh MX HEMOJIHOE
COOTBETCTBHE /IS PA3HBIX MPOEKIUH 1 3aTPyIHATH aHAJIN3.

O6c¢cyxpeHue

Haubonee BakHBIM pe3yJIbTATOM HAIICH paOOThI SBISCTCS
OTBET Ha BOIIPOC, HACKOJIBKO PE3YJIbTAaThl, IOJTYYC€HHBIC PAa3HbI-
MU METOAaMMU: FI/I6pI/II[OJ'[OI‘I/I‘IeCKOFO aHaJIn3a 1 MalllMHHOI'O
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OcTuncTble TeTpaocTble
127 54

280.13 481.03
73082.20 129227.80
27034 359.48
23.99 48.92

00yUYeHHMS — COBNAAAIOT U MOYXKHO JIM CYIUTH O TOM, Ha KaKOH
CTa/INH HAXOANTCS BO3MOXKHOCTH HCTIOIb30BAHNS METOIOB Ma-
IIMHHOTO O0y4YEeHNUS B KOHTEKCTE paboTHI ¢ BUAOCHIENU(HIIE-
CKUMH TIPU3HAKAMH.

AHanu3 terpaoctocT. Cpeay M3y4eHHBIX TMOPUIHBIX
pacteHuii moxy4aeM pacuierieHune 125 (Hopma) k 54 (terpa-
ocTocTh), 2 3:1 = 2.549, p < 0.05. Pe3ynsrarhl COMACyOTCs
C THITOTE301 MOHOTEHHOTO HACJIEI0OBAHHS MPU3HAKA «TETpa-
OCTOCTB» MO pereccuBHOMY THITy. Panee B paborax (Mwury-
moBa, JKyxosckwit, 1969; Haque et al., 2011; PoxkoB u 1p.,
2014; JobpoBonbekas u ap., 2020) Takke OBLT MTOKa3aH pe-
LIECCUBHBIN XapakKTep HACIEJAOBAHUS 3TOTO NpHU3HAKA. [eH,
KOHTPOJINPYIONINH IPU3HAK TETPAOCTOCTH — /d, JIOKATM30BaH
Ha JUTHMHHOM Iuiede xpomocombl SA (Haque et al., 2011).
Hecmortpst Ha TOT (hakT, uro B.®. JlopodeeB u ero xomerun
(1979) ormeuany HaMU9KE TETPAOCTHIX (POPM KOTOCA, TOMIMO
T. carthlicum, n y psaa pasHOBUIHOCTEH TETPaNIONIHOTO
Buna 1. aethiopicum, GOIBITMHCTBO MCCIIEOBATEICH CXOAATCS
B TOM, YTO IIPH3HAK «TETPAOCTOCTHY SIBISIETCS BUIOCTICIN(H-
YECKHM TOJIBKO ISl OIHOTO TETPAIION/THOTO BU 1A TTIICHHIIBI,
a umenHo s 1. carthlicum (Haque et al., 2011; T'oruapos,
2012; TobpoBombckas u p., 2020).

[ToMHMO TETPAIIONTHBIX BUIOB, TIPU3HAK, (PEHOTUITNIECKH
TTOXOKMH Ha TETPAOCTOCTh, XaPAKTEPEH ISl TEKCATUIONHOTO
Bupa mueHuIs 7. petropaviovskyi Udacz. et Migusch., omHako
B 9TOM CIIy4ae pedb UAET O CIETKa YUTMHEHHBIX OCTEBH/THBIX
TpUIaTkax Ha KoJockoBoit venrye (l'orgapos, 2009). Tem He
MEHEE MBI MOKEM yYTBEP)KIATh, UTO KTETPAOCTOCTHY SBIISETCS
BUAOCTICHU(DUIECKUM IPU3HAKOM TOJIBKO 1itst 1. carthlicum n
MOXeT OBITH 3 (PEKTHBHO NCTIOIH30BAHA B TAKCOHOMUYIECKUX
LeIsX.

AHau3 OKpackH Kos1oca. Cpein N3ydeHHBIX THOPUIHBIX
pacteHuii momydaem pacuiericane 144 (4epHbIN + KpacHBIN
Ko1oc) k 28 (Genplii konoc), x> 13:3 = 0.689, p < 0.05. Takue
Ppe3yabTaThl WIUTIOCTPUPYIOT SBICHUE JOMUHAHTHOTO SITHCTa-
3a. ['eHbl, KOHTPOJIUPYIOLIME OKpPacKy Kojoca — Bg u Rgl,
JIoKaJIn30BaHbl B Xxpomocome 1AS, a Rg2 — 2BS. JlurenHslit
KOHTPOJIb KPACHOM OKPAacKH KoJIoca y IMIEHUI] ObIT paHee
mokasas B paborax (Cobko, CozuHoB, 1993; Kynpssies, I1o-
moBa, 1994; u np.).

AHayu3 Tuna (xapakrepa) ocrucroctu. [lo xapakrepy
OCTHCTOCTH B M3y4eHHOH komOmnanuu F, rubpumoB Ha-
Giroanoch pacuieryenne 46 pacTeHui ¢ OCTAMH IO THITY
T. aethiopicum» x 133 pacTeHUsIM ¢ OCTAMHU «110 THITY 1. carth-
licumy, 9TO COTIacyeTcs C THIIOTE301H MOHOTEHHOTO HACJIE/I0-
BaHUA 10 peneccuBHOMY THITY (¥* = 0.047). [Ipu3Hak «Tumn
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OCTei» HacleIyeTcss MOHOTEHHO, a TeH, KOHTPOIUPYIOMNI
ero, pacronoxeH B xpomocome 3A (T'oruapos u ap., 2003).
HaGmogaemblii B Hatiel pabote pa3opoc Mo BEIPaXKEHHOCTH
MIPU3HAKA «OCTUCTOCTBY (CM. pHC. 3) 00yCIIOBIICH HATMYUEM
3HAYUTEJIBHOTO YUCIIa TeHOB-MOAN(HUKATOPOB, KOHTPOJIH-
pyronux ero BeipakeHHOCTH (Sourdille et al., 2002; Wang
et al., 2019). M3BecTHO, 4TO Y HEKOTOPHIX BUIOB IIIICHUIIBI
MoAN(HUKATOPHI TPUBOAAT K IACTUIHON OCTUCTOCTH» (IOITY-
OCTHCTOCTb U JIp.) MM U3MEHEHHUIO JUTUHBI OCTEH (OT KOPOTKHX
JI0 OUEHb JJTMHHBIX, MPEBBIMIAIONTUX JUTUHY KOJIOCA).

Ananu3 popMbl 3y61a Ha Ko10cK0BOii yenrye. Hainune/
OTCYTCTBHE 3yOIla Ha KOJIOCKOBOW 4Yellye XapaKTepHO IS
BCEX TETPAIUIONIHBIX BUJIOB ITIICHUIIB!, H IPU3HAK y HUX HE
sBisieTcss BupocnennpuaeckuM. OJHAKO OH MOXKET UMETh
Pa3HyI0 BBIPAXKEHHOCTD y psAfa pasHoBUAHOCTEH. CormacHo
MOJTyYeHHBIM JTaHHBIM pacuieryieHue 175 (3yben ects) k 10
(3yO11a HeT) COOTBETCTBYET I'MIIOTE3€ JUI'€HHOIO HacIea0Ba-
Hust npusHaka 15:1 (x* = 0.225). B «OnpenennTerne nieHAbn
(1980) yxazano, uto kak mans 1. aethiopicum, Tak u 1. carth-
licum XapaKTepHO HaJH4Yue 3yOla, MpuueM y 00OWX BHIOB
(hopma 3y0O11a BapbUpyeT OT KOPOTKOM 10 JJTHHHOM, OT TYITOM
1o octpoit. OxHako Tonbko y 1. aethiopicum 3y0en; MOXET
OBITH HACTOJBKO JUIMHHBIM, YTO IEPEXOAMT B OCTEBUIHBIN
MIPUAATOK.

AHaJIu3 onylieHUus1 KOJIOCKOBOH Yellyu ¥ HaJIMuue Ha
Heil miuemkn. OmymeHne KOJIOCKOBOW YEITYH — BayKHBIH
TakcoHommuueckuit mpuzHak (Goncharov et al., 2007). Ono
KOHTPOJIUPYETCSA Y TETPAIUIOUIHBIX BUAOB IMIIEHUL] MOHO-
TFeHHO — IreHOM /g, JOKaJM30BaHHBIM B XpoMocome 1AS
(T'onuapos, 2012). Kpowme toro, st 7. carthlicum nokazaHo
OTCYTCTBHE CIIJIOIIHOTO OITYIICHHS KOJIOCKOBOW HYEIlyH, a
MMEHHO — HaJIMYHE IUICIIKN B ee HikHelH gact ([anauisH,
1972). B ¢Bs3U ¢ pa3HbIM THUIIOM OIMYIIEHUS KOJIOCKOBOM Ue-
uryu st Buna 1. carthlicum omynieHue ¢ TUICIIKOH SBIsieTCst
BUIOCTICIIM(DUUECKIM IPU3HAKOM, U JIJISI UX OTIINYUs reny Hg
Hamu mpUCBOeH cuMBoI «Cy» no HasBaHuio Buaa: HgC. Pac-
CMaTpHBasi 3TH MPU3HAKH, MBI HE TIOJTyIHIIH JOCTOBEPHBIX pe-
3yJIBTaTOB JUIsl TUIIOTE3bI HacIe10Banus 3: 1, moatomy TpedyeT-
Csl TIPOBEIEHNE JOTIOTHUTENbHBIX NCCIIEJOBAHNH, TOCKOIBKY
BBIPAKCHHOCTD 3aTPYIHEHA KaK JUUIsl BU3YyaJIbHOM OLIEHKH, TaK
1 TIPH UCTIOIB30BAHNH NCKYCCTBEHHOTO MHTEJIICKTA.

Tewm He MeHee U(POBbIC METO/IBI ITO3BOJIMIIN HAM OLICHUTh
pa3Ho0Opa3ue KOJI0CheB 10 19 mpu3HaKaM 1 MpoJeMOHCTPH-
poBamu ropa3no Ooibpliee UX pazHooOpasue y pacteHuit Fs,
4eM B pOJUTEIbCKHX U F| THOPUIOB. DTO MOXKET OBITH CBS3aHO
¢ HanuuueM reHos-moxudukaropos (bepcumbaes, lynem-
6aeBa, 2005). C uccreioBaHHBIMHM HAMHU BHJIOCTICIH(DUYECKH-
MH ITpHU3HaKaMHu (CM. TalI. 1), TETpaoCcTOCTHIO MO>KHO CBSI3aTh
HAaIpsIMyI0 JIUIIb OJIFH U3 KOJTWIECTBEHHBIX MPU3HAKOB — ILTO-
m1a s octeit Ha n3obpakernu (SAA). OcranpHbie 18 mpu3Ha-
KOB XapaKTepH3yoT (OpMy KOJIOCA U €T0 Pa3Mep U HE CBSI3aHbI
C IPU3HAKAMM OKPACKU U KOJIOCKOBOH delryu. [IpuMeHeHHbIH
HaMH aHajM3 CMECH rayCCOBBIX PacHpeieieHUH IoKasall,
YTO 110 NPU3HAKY IO OCTel pacTenus F, ruOpuios ne-
MOHCTPHPYIOT paclieIuIeHNe Ha 1Ba Kjiacca B mporopiyn 3: 1,
B COTJIACHH C TIPU3HAKOM TETPaoCTOCTH. CXOmHBIE AP PEKTHI
paciienIeHus MOMyJIAIUN Ha KJIACChl M0 PACIpPEieICHUI0
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MAcCCBhI 3epPCH ONHCAHBI Y TpUTUKane X Triticosecale Wittm.
ex A. Camus. (= cun. xTriticale Tscherm.-Seys. ex Miintzing)
(Kim et al., 2024). CneqyeT OTMETHTB, YTO TPUTHKAJIC IBIISICT-
Cs1 pe3yaBTaTOM MEXKPOIO0BOM THOPHUIN3AINHN MIIICHUIBI T7iti-
cum spp. ¥ pxu Secale cereale L. PacuieniicHue pa3IuaHbIX
COPTOB TPHUTHKAJIE MO0 Macce 3epeH HaOIoaloch B pa3HbIC
ITHH cOOpa KOJIOCheB (2—5 MHEH mociie KOIOMISHH S ) IS pas-
nmuaHOM ToTHOCTH moceBa (150-300 kr/ra). OgHako aBTOPHI
HE MPOBEPSIN COOTHOILICHNE YHCIa PACTCHUH B KJIaccax 1o
Macce 3epHa. Hama pabota 7eMOHCTpUPYET, YTO KOMOMHAIHS
METOJIOB aBTOMATHYECKOT0O ()eHOTUITMPOBAHHSI, MOJICII CMECH
rayCCOBBIX paclpe/ieIeHuil B IPUHIUIIE MOXET MO3BOJIHT
ITOBOJIUTH aBTOMATUYECKHU aHAJIN3 BBIICIICHUS K1accoB B F,
THOPHIIOB, pa3THYAIOIINXCS TT0 BETMUYNHAM (DEHOTHITHIECKUX
MIPU3HAKOB, IMEIOIINX PACIIETICHNE B 3aBHCUMOCTH OT MOJIe-
JIM HACJIEI0BaHMsL. JTO MTO3BOJIUT, B CBOIO OUEPE/lb, BBISBIISTH
HaJIM4Me TeHOB, aCCOIIMUPOBAHHBIX C BUIOCTICIIM(DUUECKUMHU
MIPU3HAKAMH PACTCHUH.

3aKkniouyeHmne
Ha ocHOBaHMH TIPOBEICHHOTO UCCJICIOBAHUS MBI MOXEM
YTBEPXK/IATh, YTO «TETPAOCTOCTHY SIBISIETCS] BHIOCHECIUPH-
YECKUM TIPU3HAKOM TONBKO ik 1. carthlicum ¥ MOXeT OBITh
3¢ GEKTUBHO UCIIOJIb30BaHA KaK B TAKCOHOMHUYCCKUX LEIISIX,
TaK U B 9KCIIEPUMEHTAX C MPUMEHCHHEM MAIIMHHOTO 00yYe-
HUSI, PAaBHO KaK M XapakTep OCTUCTOCTU st 1. aethiopicum.
[IpomomkeH MOUCK aNrOPUTMOB ISl PCIICHHS 3a/1a4d aB-
TOMATH3UPOBAHHOTO pasjiesicHuss (PEHOTUTIOB B THOPHHBIX
momyAnuAx Ha kiaccel (Mepexko, 2005; Peukun, 2024).
IIpennoxxeHHbIN B HACTOAIIECH paboTe METO UCTIOIB30BAHHS
JIByX rayCCOBCKUX (HOpPMaJIbHBIX) pacrpeseneHnit apdexru-
BEH JIJISl PACIpPE/ICIICHMUS Ha KJIACCHI IPU OJTUTOTeHHOM (MOHO-
Y JIUTCHHOM) HACJICOBAaHUH MIPU3HAKOB.
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