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BOJIBHOCTM reHOMa: MHCepLu PparmMeHTOB
MUTOXOHApuaabHOM JHK B siiepHbIl rTeHOM

M.B. ToaybeHko ®, B.IL ITysbipéB

HayuHo-nccnefjoBaTenbCKMii MIHCTUTYT MEAULIMHCKON reHeTUKM, TOMCKUIA HauMOHasbHbIV CCNeRoBaTeNbCKUA MeULIMHCKUIA LeHTP
Poccuiickon akapemnm Hayk, Tomck, Poccua

@ maria-golubenko@medgenetics.ru

AHHoTauus. Mepexopd oTaeNbHbIX GparMeHToB MUTOXOHApUanbHo AHK B agpo n BcTpansaHue rx 8 IHK xpomocom
ABNATCA 0COObIM TUMOM reHETUYECKOIN N3MEHYMBOCTH, XapaKTePU3YIOLLMM CBA3b U B3aMOAENCTBME [iBYX TEHOMOB
JyKaproThyecKkon KneTku. B reHome yenoBeka cofepKUTCA HECKONbKO coTeH Taknx nHcepumin (NUMTS). Cratba no-
cBALleHa 0630py COBPEMEHHOIO COCTOAHUA UCCIef0BaHMI B 3TO 06acTu. K HacToALeMy BpeMeHU NosyyeHbl AaH-
Hble 0 TOM, YTO NosBNeHne HOBbIX MHcepuunin MTAHK B ApepHOM reHome — pefikoe, HO He UCKYKTeNbHOe cobbITue.
BcTpamBaHue HoBbix dpparmeHToB MTAHK B AfepHbIi reHOM NPOMCXOAWT NPU penapauun ABYHUTEBbIX Pa3pbliBOB
[HK no mexaH13my HEroOMOJIOMMUYHOIO COeAUHEHNA KOHLOB. Hapaay C 3BONMIOLMOHHO CTabUIIbHBIMU «TeHeTUYeCKN-
MU UCKOMAeMbIMU», BCTPOUBLUMMUCSA B AREPHbBIN reHOM MUTIMOHDI IET Ha3ad 1 06WMMY AA MHOTVX BUAOB 1 bonee
KPYMHbIX TAaKCOHOB, CyLLeCTBYIOT BugocneyndunuHble, nonumopdHbie 1 «nprsatHbie» NUMTS. Konnuun ¢parmeHToB
mMutoxoHapwuanbHon IHK B AlepHOM reHome yenoBeka MoryT nHTepdeprpoBaTb ¢ MUToxoHApranbHon AHK npu
SKCNeprMeHTaNbHbIX NCCefOBaHMAX MUTOXOHAPWANbHOIO reHOMa, TaknxX Kak reHOTUMMpPOBaHMeE N U3yYeHne re-
Teponnasmumn oTaenbHbIX BapuaHToB MTAHK, aHanu3 metunuposanma mtHK, onpepgenernne uncna konum mtAHK
B KneTke. Kpome TOro, B HEKOTOPbIX Clyyasx MHCEPLUMA HECKONbKUX KOMUI MOMHOW NocnefoBaTenbHOCTU MUTO-
XOHAPWaNbHOro reHoMa MOXeT UMUTUPOBaTb HacnepaoBaHue MTAHK oT oTua K getam. Bonpoc o ¢yHKLUMOHanbHom
3Haunmoctt NUMTS ocTaeTca ManounsyyeHHbIM. B 4aCTHOCTW, OHM MOTYT ABAATLCA MCTOYHUKOM M3MEHUYMBOCTMN ANA
MoAaynAumMmM aKcnpeccumn n cnnancmira. Pons NUMTS Kak npryviHbl pa3BuTMA MOHOTEHHON Hac1eACTBEHHOW NaTo-
MOV HEeBENMKA, MOCKOJIbKY OMMCAHO BCEro HECKOMbKO CydyaeB 3aboneBaHunii, obycnosneHHbix NUMTS. Momumo
s1oro, NUMTS moryT cny»kutb Mmapkepamun Asia 3BONIIOLVOHHO-TEHETUYECKNX nccnefoBaHun. OTaenbHbI nHTepec
npeactaBnseT 3HayeHne NUMTS B aBonoumy reHoMa 3yKapuoT. MOoCTOAHHbIN NOTOK QYHKLMOHANbHO HeaKTUBHbIX
nocneposatensHocter IHK 13 MUTOXOHAPUI B AAPO 1 €ro 3HaYeHne MOXHO UCCNeaoBaTb C TOUKM 3peHUs coBpe-
MEeHHbIX NpefCTaBNeHI TEOPUIM SBOMIOLMN, CBA3AHHbIX C HEaAaNTMBHOCTbIO CJIOMKHOCTM U LIeHTPanbHOM POJblo CTO-
XacTUYeCcKux NpoLeccoB B GOpMUPOBaHUM CTPYKTYPbl FEHOMOB.

KnioueBble cnoBa: mutoxoHapuanbHaa [OHK; agepHbie konun mTAHK; NUMTS; aBontouna reHoma, HacnefoBaHue
MTOHK.

[ina untnposaHus: flonybeHko M.B., My3bipés B.M. BonbHOCTU reHOMa: MHCEpLMU GParMEHTOB MUTOXOHAPWANbHO
[HK B ApepHbIi reHoM. Basusosckuli XypHasn 2eHemuku u cenexkyuu. 2024;28(5):467-475. DOI 10.18699/vjgb-24-53

®OurHaHcpoBaHue. ViccnepoBaHue BbINOMHEHO B pamkax nporpammbl ®HW PAH, pernctpaynoHHblin Homep
HWP 122020300041-7.

Liberties of the genome:
insertions of mitochondrial DNA fragments into nuclear genome

M.V. Golubenko (2 @, V.. Puzyrev

Research Institute of Medical Genetics, Tomsk National Research Medical Center of the Russian Academy of Sciences, Tomsk, Russia
@ maria-golubenko@medgenetics.ru

Abstract. The transition of detached fragments of mitochondrial DNA into the nucleus and their integration into
chromosomal DNA is a special kind of genetic variability that highlights the relation between the two genomes
and their interaction in a eukaryotic cell. The human genome contains several hundreds of insertions of mtDNA
fragments (NUMTS). This paper presents an overview of the current state of research in this area. To date, evidence
has been obtained that the occurrence of new mtDNA insertions in the nuclear genome is a seldom but not excep-
tionally rare event. The integration of new mtDNA fragments into the nuclear genome occurs during double-strand
DNA break repair through the non-homologous end joining mechanism. Along with evolutionarily stable “genetic
fossils” that were integrated into the nuclear genome millions of years ago and are shared by many species, there
are NUMTS that could be species-specific, polymorphic in a species, or “private”. Partial copies of mitochondrial DNA
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in the human nuclear genome can interfere with mtDNA during experimental studies of the mitochondrial genome,
such as genotyping, heteroplasmy assessment, mtDNA methylation analysis, and mtDNA copy number estimation.
In some cases, the insertion of multiple copies of the complete mitochondrial genome sequence may mimic pater-
nal inheritance of mtDNA. The functional significance of NUMTS is poorly understood. For instance, they may be a
source of variability for expression and splicing modulation. The role of NUMTS as a cause of hereditary diseases is
negligible, since only a few cases of diseases caused by NUMTS have been described so far. In addition, NUMTS can
serve as markers for evolutionary genetic studies. Of particular interest is the meaning of NUMTS in eukaryotic ge-
nome evolution. The constant flow of functionally inactive DNA sequences from mitochondria into the nucleus and
its significance could be studied in view of the modern concepts of evolutionary theory suggesting non-adaptive
complexity and the key role of stochastic processes in the formation of genomic structure.

Key words: mitochondrial DNA; nuclear copies of mtDNA; NUMTS; genome evolution; mtDNA inheritance.
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BBepeHmne

Muroxonapuanssas JJTHK (m1/IHK), noxanu3zoBanHas 3a pe-
JIeNIaMU siipa KIETKH, SABJSETCS 0COOCHHON YacThIO TeéHOMA.
YcranoBneHne CHMON03a MEXK/Ty ITPEIKOM DYKapHOTHIECKON
KJIETKU ¥ TTPEAKOM MHUTOXOH/IPHHU CTAJI0 BAKHEHIIUM COOBI-
THEM OHMOJIOTHUYECKOHM 3BOJIONNH, 00YCIOBUBILINM IOSIBIIC-
HHE DyKapHoT. B mporiecce nanbpHeime HBOIIOINYT yKapuOT
OOJIBLIMHCTBO FEHOB MIEPEMECTUIIOCH U3 MUTOXOHIPHH B SIPO.
DTOT mporecc, MO-BUANMOMY, HAYaJICsA HEMOCPEICTBCHHO
ocye BHEAPEHNS anb(a-mpoTeodaKTeprii B MUTOIIIa3My ITPO-
sykapuoTsl (ITaHoB 1 11p., 2020). Bornee Toro, nmpeanonararor,
YTO JIa)Ke MO3anydHasi CTPYKTypa T'€HOB 3YKapHOT BO3HHKJIA B
pesynbrare BcTpauBaHust B reHoM ¢parmenTtoB JIHK sanocnm-
OMOHTOB Ha PaHHMX CTAIMSIX IYKAPHOTUYECKOIl IBOIIOINHY,
YTO, B CBOIO OUEpEb, CTUMYIHPOBAIO KOMIAPTMEHTAIN3a-
U0 KJIeTKH 1 0bocobnenue sapa (Koonin, 2006; Rogozin
etal., 2012).

['eHOMBI COBpPEMEHHBIX MHUTOXOHJIPHH COJEp)KAT OYCHb
OTpaHUYEHHBII Ha0Op TeHOB. Y OOJBIIMHCTBA YKUBOTHBIX
MT/IHK xonmupyer Tonbko 13 GenkoBbIX CyObEAMHHUIL JIbIXa-
TEJNBHOM 11T, a TakXke pudbocoMHbIe U TpaHcnopTHeie PHK.
OcrasbHble TEHBI JABHO M HEOOPATHMO «IIEPECENMINCH» B
aapo. Tem He MeHee CpaBHUTEIBHBIN aHAIN3 TEHOMHBIX I10-
CJIEZIOBATEIIFHOCTEH MMOKA3bIBACT, YTO BCTPAMBAHHWE HOBBIX
¢parmentoB mT/IHK B simepHBIN TeHOM MPOUCXOIUT U B Ha-
CTOsILIIEE BPEMs, YKE KaK MUKPOABOIFOLIMOHHBLH nporecc. Ta-
KM 00pa3oM, B XpOMOCOMaX COBPEMEHHBIX DYKapHOT — B 4acT-
HOCTH, MJIEKOITUTAIOIINX, U B TOM YHCJIC B TEHOME YE€JIOBEKA,
€CTh MHO)KECTBO YYaCTKOB, FTOMOJIOTHYHBIX MHUTOXOHIPH-
AJIBHBIM reHaM. [[J1s 5THX MOCIIe10BaTeIbHOCTEH NCTIONB3YIOT
nHazganne NUMT, unu NUMTS (NUclear MiTochondrial
Sequences — siiepHbIE MUTOXOHIPHATIBHBIE OCIEA0BATEIBHO-
ctr). Jlokammsammus NUMTS B reHome gacTo acCOMUpOBaHa
C TIOBTOPSIOIIUMHUCS JJIEMEHTAMH U TPAHCIIO30HAMH, HO CAMHU
mo cebe 3TH (pparMeHTHl HE SABIAIOTCS MOOMIFHBIMU TEHE-
truyeckumu snemenTamu. «IIpennaznauenne» NUMTS noka
He orpezeneHo. OHU BBI3BIBAIOT HHTEPEC U C TIPAKTUYECKOH
TOYKH 3PEHUS], TAK KaK MOTYT IPOSIBIIATH [TATOJIOTMYECKUM -
(heKT, ¥ B TEOPETHYECKOM aCIIEKTEe, MOCKOJIbKY MOTYT pel-
CTaBIISITh COOOM OTIENIBHBIA CITOCO0 DBOIOIMH IEHOMA.

Crarbs ocBAIIeHa 0030pY COBPEMEHHOTO COCTOSHHS UC-
cnenoBanniit peromena NUMTS u X 3Ha4YCHHIO B JKU3HU
TeHOMa YeJIOBeKa.
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PacnpoctpaHeHHocTb NUMTS
B reHoOMe 4yeJjioBeKa
Vike BCKOpe MOCJIe OIpe/iesieHUs ITOJIHOM TI0CIIe/I0BaTeIbHO-
ctu mutoxouapuansHor JIHK wenoBeka Obuti 0OHAPYKEHBI
romosoruuabie MT/IHK gparMeHTsI, BCTpOSHHEIE B ITOCIIEIO0-
BaresibHOCTH JIHK xpomocom (Tsuzuki et al., 1983). ITo mepe
CEKBEHHPOBAHUS TEHOMA YEJIOBEKAa M aHaJIN3a FOMOJIOTHH
NUMTS c coBpemennoit MT/IHK uenoBexa u 1pyrux BUIOB
6BLT0 TIOKa3aHo, 4To MHcepunu pparmenToB MT/JHK B xpo-
MOCOMEI — IIpooInKaronuiics mpouecc (Mourier et al., 2001).
NUMTS HaiineHsl Ha BceX XpOMOCOMAX U Yallle BCEro JOKa-
JIM30BaHBI B 001aCTAX, OOTaThIX pa3IMYHBIMU oBTOpamMu. C
pa3BUTHEM TEXHOJIOT NI CEKBEHHPOBaHUS, OMOMH(OPMATHKH
U HAKOIIJICHHUEM JdaHHBbIX 00 WHAWBUAYaJbHBIX I'€HOMAax
BBIABJIISICTCA BCC 60.]'[])]]16 TaKux HHCGpHHﬁ, U CTAHOBUTCS
sicHo, uto NUMTS — pacnipoctpanenustii penomen. Hampu-
Mep, MMOCIIEeI0BAaTEIbHOCTh PEEePEHCHOTO TeHOMA YETIOBEKa
Bepcun GRCh37/hgl9 conepxur 766 BcTaBoK (pparMeHTOB
MHUTOXOHIPHAIBHOTO TEHOMa, TOMOJIOTHYHBIX COBPEMEHHOM
pedepencHoit nocnenoarenbrocT MT/JHK (Calabrese et al.,
2012). UyTs mozxe aHan3 NaHHBIX poekTa « 1000 reHoMoB»
(999 genosek u3 20 nmomymAnuii) BeIABUI 141 momuMopHBIH
caiit NUMTS B sinepHOM TeHOME B TOTIOTHEHHE K «(HUKCH-
POBaHHBIM» B HOMyANUAX nHcepuusam. M3 nux 42 % nomu-
Mopduerx NUMTS ObLi1n pacriosio’keHbl B HHTPOHAX TEHOB, a
43 % — B MexXTreHHBIX pernoHax. bonsmmacTBo 3T NUMTS
«wutaaiie» mutona et (Dayama et al., 2014).
ITpoBeneHHBII HETAaBHO aHAIM3 MTOJTHBIX TEHOMOB 06 TBIC.
WHAWBUIOB, B ToM ymcie Oomee 10 teic. Tpmo (Wei et al.,
2022), BeisiBua ysxe 6omnee 1500 HoBeix NUMTS, nopassito-
1mee OONBIIMHCTBO KOTOPBIX OBUTH PEIKUMH B ITOITYJISIIIUA
J'II/I6O (IIPUBATHBIMWY, T.€. Haﬁ[leHH]:lMH TOJIBKO Yy OAHOI'O
naauBuaa. Ouenena taxxke vyactora uacepuuii NUMTS
de novo: mpumepno onxa Ha 10000 poxxaeHuit 1 mpUMEpHO
omHa Ha 1000 omyxomneii. OneHKH BpEeMEHN WHTETPALUU B
siiepHbli reHoM Ui Heckonbkux coteH NUMTS nokazanu,
gyro B 90 % ciy4yaeB 3TH COOBITHS MPOM30LLIN HE Oojee
100 Thic. et Hazan (Wei et al., 2022). Hexkotopsie mokasa-
Tenu, xapakrepusyomme Maoroodpasue NUMTS B renome
YeIIoBeKa, MpeACTaBIeHb! B Ta0m. 1. CneayeT OTMETHTD, 9TO
obmas ymHa NUMTS cocrasisiet okoio 630 Teic. 1. H. (Tao
et al., 2023), wim npumepHo 0.02 % oT Bce UIMHBI TeHOMa
YeJI0BeKa.
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JIntepatypHbin uctounnk  Konnuectso NUMTS MepgunaHHoe O6wana annHa, CpepHee 3HauyeHune

3HayeHwne aNnHbI, N.H. Mn.H.

Ramos et al., 2011 755 225
Calabrese et al., 2012 766 214
Wei et al., 2022 1637 (Bkntouasa nonmmopoHbie) 156
Tao etal,, 2023 863 194
Uvizl et al., 2024 846 ND

MpumeuyaHne. ND — HET fJaHHbIX.

B 3aBHCHMOCTH OT MPUMEHSIEMBIX AITOPUTMOB TOUCKA
MHUHHMaJIbHas JUIMHA BbIsBIIsieMbIX pparmentos mtT/IHK co-
craBnseT oT 30 m.H., 1 OOMBIIMHCTBO UX Kopode 500 m. H.
OmHAKO BCTPEYAIOTCS MHCEPIUHU MPAKTHUCCKU TIOIHOH IMO-
CJIE/I0BAaTEIbHOCTH MUTOXOHIPUAIILHOTO TeHoMa. B wactHo-
CTH, B MEXTEHHOM PETHOHE Ha XPOMOCOME 4 pacIioioKeHa
BcTaBKa AnuHOW 14836 1. H., TOMOJIOrMYHasl y4acTKy IJIU-
Ho# 14904 n.H. B nocnenosarensHoct MT/IHK (mo3ummn
661-15564) (Calabrese et al., 2012).

MUTOXOHAPUN — HE CAMHCTBCHHBIC OPTaHEIUIBI, «IOCHI-
narorue» B aapo ¢pparmentsl cBoeit JTHK. DToT mpomece
xapakTepeH u s iactun (Zhang et al., 2024). Kpowme Toro,
Y Pa3HBIX OMOJIOTHYECKUX BUIOB 3TO SIBICHUE MOXKET OBITh
6oree umu MeHee pacrpoctpaHeHHbIM. Tak, mouck NUMTS B
reHoMax 13 pa3nu4YHbBIX BUIOB BEISBIII OYCHB OONBIITIE MEXK-
BUIOBBIC PA3IHYFSL: €CITH HEMATO/IA, IPEIACTABUTEIH JBYKPbI-
nbiX (aHo(erec, apo3oduia) win peida Gyry UMEIOT B CBOEM
SICPHOM T€HOME JIMIIb HecKonbKo (pparmentoB MT/IHK, TO ¥
YeIIOBEeKa, HEKOTOPBIX HACEKOMBIX, PACTCHUN WX HECKOIBKO
coreH (Richly, Leister, 2004; Leister, 2005). I[Tpu 3ToM KOJITH-
gectBO NUMTS MokeT 3aBUCETH OT pa3Mepa reHoMa U 0Co-
OGeHHOCTEH mporiecca BU000pa30BaHMsI.

HpI/lBeI[eHHbIe JaHHBIC TOBOPAT O TOM, YTO BCTPAaMBAHUEC
¢parmenTos MT/IHK B TIHK Xpomocom — He peaKuii ciydait,
a SCTCCTBCHHOE CBOMCTBO JWHAMHKHM T€HOMA YCIOBEKA, H,
COOTBECTCTBCHHO, €TI0 HeO6X0£[l/IMO YUHUTBIBATH U UCCIICOBATH
B PA3MUYHBIX ACIIEKTaX.

MexaHu3m nosasneHunsa Hoebix NUMTS
IIpakTHueckn Bce MCCIENOBAHMS MOKA3bIBAIOT, YTO OOIINM
MexaHu3MoM BeTpauBaHus pparmMentoB MT/IHK B siiepHbIit
I'€HOM SIBJISIETCS] HErOMOJIOTMYHOE coeTMHeHHe KOoH1oB (Non-
Homologous End Joining, NHEJ) xak crmoco6 pemapanun
nByHuTeBBIX paspeiBoB JIHK (I"azues, [laiixaes, 2010). Kax
npasuiio, NUMTS accormunpoBanbl ¢ MOOMIBHBIMHU T'€HETH-
YeCKUMH dIIEMEHTaMH: TakK, IpH uccneaoBannu 271 NUMTS,
XapaKkTEepHBIX JJISI TEHOMa 4ellOBEeKa, ObLIO MOKa3aHo, YTO
GONBIIMHCTBO U3 HUX PACHONIOKEHBI B peaenax 150 m. H. ot
KaKHX-TM00 MOBTOPSIIOINXCSI IEMEHTOB, IPEHUMYIIECTBEHHO
LINE u Alu moBTOpOB, MM J1a)ke BHYTPHU 3THX TOCIIEI0BA-
tenpHOCTEW (Mishmar et al., 2004). HenaBHo npoBeieHHBIN
nouck u aHanu3 NUMTS B reHomax 45 BUJOB MIIEKOITHTAIO-
KX, B CYITHOCTH, ToATBepAr1 3TOT pakt (Uvizl et al., 2024).
B paGore uccnenopareneir u3 Slnonun (Onozawa et al.,
2015) 6110 MOKA3aHO, YTO CITy9an WHCEPIHA, OTHOCSIINECS
KO BTOPOMY KJIACCy «MaTPUYHO-MHCEPIMOHHOTO ITOJIMMOp-
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romonorun ¢ mtaHK, %

548250 79.2
541113 79.5
ND ND
631156 ND
548500 80.9

¢usma» (templated sequence insertion polymorphism, TSIP),
HUMECJI XapaKTCPUCTHUKH, COTIIACYIOMINECH C UX MOSABJICHUEM
B pe3ysbTaTe pemapanuy JIBYIEHOYCUHBIX PA3pPHIBOB MO
MEXaHU3My HETOMOJIOTHYHOTO COCJMHEHMS KOHIIOB, U IIPHU-
MedaTenbHO, 4To Oosee yeM B 20 % ciryuaes «aoHopom» JJHK
JUISL TAKMX MHCEPIMI CITyXKWIa HNMEHHO MUTOXOHAPHATIbHAS
JHK (Onozawa et al., 2015).

ComtacHO pe3yJbraraM SKCIEPHUMEHTOB 110 00JIy4YeHHUI0
KyPHHBIX 51, y 25 % BBDKMBIIMX 3MOPHOHOB (2 13 8) ObLIH
oOHapy>keHbl HOBbIe BcTaBk (GparmentoB MT/IHK (AOmyn-
JaeB u 1p., 2013). B craTtbe 0 ciyyae maToreHHOM HHCEPIUU
NUMTS de novo, mpuBenieii k pa3BuTuio cuHapoMa [ lammm-
cTepa—XoJuia, yIIOMHUHACTCS, YTO CEMbsI, B KOTOPOI POJTHIICS
6051bHOI peOEeHOK, TPOJKUBAJIA HA TEPPUTOPHH, TOJBEPTILCIiCs
BO3/IEHCTBIIO IOCIEACTBHUI aBapuu Ha YepHOOBUTHCKO ADC
B 1986 1. (Turner et al., 2003). JIoru4aHO MPEIIOIOXKHUTD,
YTO, IOCKOJIBKY MOHU3UPYIOLIAs paaranus IpUBOIUT K ABY-
HuTeBbIM paspeiBaMm B JIHK, To BeposTHOCTH BeTpauBaHus
¢parmentoB MT/IHK B siepHBIi TeHOM MOBBIIIAETCS, TaK
kak nosiBnenue HoBeix NUMTS acconmupoBaHo ¢ mporeccom
pernapanuy 3THX MOBPEKACHHUH.

Crenyer OTMETHTH, YTO B HEACIALICHCS KIIETKE SIICPHBII
u MHTOXOH[[pHaHbH]:Iﬁ TE€HOMBI OTACJICHBI APYT OT Apyra B
001Iel CI0KHOCTH YeTHIPbMS MeMOpaHaMHt (IBOHHAS MEM-
Opana 000JI0UKH Spa U IBOHHAS MeMOpaHa MUTOXOHAPHH).
Just BerpanBanust pparmenta MT/IHK B IHK Xxpomocombl
HEOOXOIMMO, 94TOOBI 3TOT (pparMeHT CMOT IMOMACTh B SAPO.
K Hacrostiemy BpeMeHH PeTIOKEHO HECKOIBKO BO3MOXHBIX
nyTei Takoro nepeHoca. Hanbosee npuemiiemMoit sBisieTcst
runotesa, uyto ¢pparmeHTs! MTHK, 06pasyromumecs mpu Bo3-
JICHCTBHUHM aKTHBHBIX ()OPM KHCIIOPO/Ia, TIOTIA/IAt0T B IIUTOILIA3-
MY B pe3yJIbTare N3MEHEHU I B MUTOXOHIpUAIIbHOW MeMOpaHe
(OTKpBITHE TTOP, CITUSHIE/ IeIEHNe MUTOXOHIPHHN U . ) U 3a-
TEM TPaHCIIOPTUPYIOTCS B PO B cocTase Bakyoueit (Puertas,
Gonzalez-Sanchez, 2020).

UccnepoBaHme NUMTS

B 3BOJIIOLIOHHOI reHeTnKe

B 3aBucumoctu ot Bpemern npoucxoxaeHust NUMTS moryT
JIaTh HHGOPMAITHIO 00 3BOFOIIMOHHON HCTOPUH YEIIOBEUECKO-
ro Buza (Hazkani-Kovo, 2009). [Ipu 3TOM MOXXHO BBIAEIUTD
nBe ocobernocTH 3Bomonnun NUMTS mo cpaBHeHHIO ¢
roMmosiornyHbsiMu UM peruonamu MTAHK: ¢ ogHOM cTopoHsl,
OHU SABJIAIOTCA NICEBAOTCHAMU, IMO3TOMY OT60p Ha HUX HE
JIEHCTBYET M MyTallMOHHBIN Ipo1iecc Ooiee «paBHOMEPEH», a
C IpyTO¥ CTOPOHBI, CKOPOCTH MOJICKYJISIPHOM SBOFOITIH MTOCIIC
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BCTpaMBaHUs B SIAEPHBIA T€HOM CHIIKAETCSI B COOTBETCTBUH
C OOIIMMH PA3TMYMSIMHU B 4aCTOTE MYTAIUi AT SIIEPHON U
mutoxouapuansHoit JIHK. To ecTs, ¢ 0HOM CTOPOHEBL, «OHO-
noruueckue yace» st NUMTS pabotator Gosee TouHo, a
C JPYTOi — 3TO CBOETO POfia «TCHETHYECKHE HCKOIIAEeMBIE),
cozepxamue nHpopmanuio o ramorunax MT/JHK, koropsie
MOIIA HE COXPAaHHUTHCSI B COBPEMEHHBIX MOMYJISIHAX, a TaK-
K€ SIBIISTFOTCSI «ayTTPYIITION» JUIsl BHY TPUBUI0BOH (DHIIOTEHUT
(Bravi etal., 2006). UnaTepecHo, Hanpumep, uto 18a NUMTS
B TEHOME 4YeJioBeka, romojioruyneie reny COI, coaepxar
HYKJICOTHIHBIEC 3aMeHBI (110 CPABHEHUIO C pedepeHCHOI mo-
cienosarenbHocThio MTIHK), XapakTepusie miist HanOosee
JIpeBHEW MUTOXOHIpUaIbHOH cynepramiorpynmsl L (Mish-
mar et al., 2004).

C moMoIIbI0 CPaBHUTENBHOTO aHAIN3a MOJUMOP(PHBIX
NUMTS B renomax Homo sapiens sapiens, H. sapiens nean-
derthalensis m H. sapiens denisova OblTH BBISIBICHBI IIATh
nHcepunii pparmenros MtIHK, npounsomenmmx B Teuenne
9BOJIONMHU pojia [Homo u COXpaHUBIIUXCA B TEHOMaX COBpe-
MeHHbIX Trofei. M3 uux nse NUMTS, HalineHHbIE B TEHOMaX
HECKOJIBKUX MHJIOHE3UHIIEB, MPOU30IIIN OT MUTOXOHPH-
aJBHOTO TeHOMa JCHUCOBIIEB, HO B TEHOM COBPEMEHHOT0 Ye-
JIOBEKa TIOMaJIK yke B cocTaBe (pparmento saepHoit JJHK
(Biicking et al., 2019). Ananmu3 NUMTS B renomax uenose-
KOOOpa3HBIX 00€3bsIH BBISIBHII HECKOJIbKO (PparMeHTOB, IS
KOTOPBIX XapaKTep ANBEPTEHIINH UX MTOCIEAOBATEILHOCTH OT
coBpeMeHHBIX MT/IHK 3TuX BHIOB yKa3bIBall HA TO, YTO OHU
MoraJii B TeHOMbI TOMUHH]T TOKE B cocTase siiepHoii JTHK
BCJICAICTBUE THOPUAN3ALUKN C HEM3BECTHBIMH BBIMEPIINMHU
Buyamu (Popadin et al., 2022). IaTepecHo, 4TO Mpy aHaM3e
BpPEMEHH IOSIBJIICHUs B TeHOME 4esioBeka Homo-criennpuy-
HeIXx NUMTS BO3HHKHOBEHHE 3HAYUTEIHHOTO YHCIIa HHCEP-
i (TpeThb n3 18 aHamM3upyeMBbIX) [0 BPEMEHH COBIIA/IANIO C
MpeIoNaraeMbIM BPEMEHHBIM HHTEPBAJIOM ITPOMCXOXKICHUS
pona Homo, a Takke ¢ paJuKaaIbHbIMU KIMMaTH9IeCKUMH U3-
MEHECHUSMH — OKOJIO 2.5—2.9 MutH stet Hazax. Takum oOpazom,
BHUJ1000pa30BaHKe, BEPOSITHO, ACCOLMHUPOBAHO C YBEJIMYCHHEM
WHTEHCHBHOCTH BeTpanBaHus HOBBIX NUMTS B renom. Op-
HAaKO OCTAETCs! OTKPHITHIM BOIPOC O TOM, SIBJISIFOTCS JIM 3TH
MHCEPLMH JIIIb MapKepaMH EPHO0B F’eHOMHON HECTa0OMIIb-
HoctH (“riders”) WM ’k€ OHM UTPAIOT 3HAYUMYIO POJb B BH-
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J1000pa30BaHUM, U3MEHSS CTPYKTYPHYIO U 9KCIIPECCHOHHYIO
apxutekTypy reaoma (“drivers”) (Gunbin et al., 2017). B moms-
3y MIepBO I'MITOTE3bI CBUJICTEIILCTBYIOT JaHHBIE 00 aHAJIOTHY-
HOM «B3pbIBe» 4acToTel NUMTS y cymMuaThIx KyHHIL, IPOU30-
menmem B 3ToT ke nepuox (Hazkani-Covo, 2022). Bropas
THIIOTE3a 3aCTy’)KUBAET BHUMAHNUS B CBSI3H C TEM (PaKTOM, YTO
NUMTS Hepenko oOHApYKUBAKOTCS B Y4aCTKaX OTKPBITOTO
XpOMAaTHHA, ACCOLMHPOBAHHBIX C TUIIEPIYBCTBUTEIBHOCTHIO
k /IHKaze I u ¢ perymsuumeit sxcnpeccun (Wang, Timmis,
2013). O HepaBHOMepHOCTH ckopoctu uHcepuuit JJTHK op-
TaHEeJJI B XPOMOCOMBI B IIPOLIECCE 3BOIOIIMU TOBOPAT TAKXKE
pesynbrarsl ananusa romonoruu NUMTS u «poautensckux»
reHoMoB opranei: pacnpeaenenne NUMTS no crenenu
UJICHTUIHOCTH MUTOXOH/IPUAIbBHOMY TEHOMY ITOKa3bIBAET, YTO
XOTSI 3TH COOBITHS ITPOUCXOAAT HAa BCEM MPOTSHKCHUU HUCTO-
PHH BHJIa, CKOPOCTH NpoIecca HeMOCTOsIHHA. B wacTHOCTH, Y
Homo sapiens 6onpmmactBo NUMTS umetot ot 70 1o 85 %
UJICHTHYHOCTH C MUTOXOHIPHAJILHBIM TEHOMOM, a, HalprMep,
y ¢puropropsr — okono 100 % (Hazkani-Covo, Martin, 2017).

Matonornyeckne spdpektol NUMTS

Cuayudaitnas BcraBka jiroboro ¢parmenta /JIHK B sx30HHBIE
U PETYISITOPHBIE TTOCIIEIOBATEIEHOCTH TEHOB MOXKET UMETh
naroreHHsIi 3 dext. Cirydan HacleICTBEHHBIX OOJe3HEH,
BBI3BaHHBIX de novo uHcepuusmu ¢pparmentoB Mt/ IHK B
sZIEpHbIE T€HBI, IEHCTBUTEIHLHO OIMCAHbI, HO HAJI0 3aMETHUTb,
YTO OHU CJJMHUYHBI (TalI. 2).

B 2002 1. 6bu1 OnIMicaH NepBbIi ciryyail 3a0osieBaHusl, CBs-
3agHOrO0 ¢ NUMTS, — TsDKenmas HeoCTaTOuHOCTh (haKkTopa
ceeprbiBanust VII, HaOmonaemas y MalMeHTKH, KOTOpast siB-
JIS1ach KOMIIAYHI-TE€TePO3UTOTON: O/lHA KOMMsI TeHa MMena
JIeNennIo 7 HyKJI€0THIOB, @ Ha IPYTOi IPOM3011Ia HHCEPLUS
251 n.H. u3 resa MT-RNRI B NONMUOUPUMHINHOBBIA TPaKT
OKOJIO aKIENTOPHOIo caiiTa criaiicuura B 4-M UHTpoHE F7
(Borensztajn et al., 2002). B 2003 1. Op11 0XapakTepr30BaH
cropaauueckuii ciyyail cuaapoma [annucrepa—Xoinna: un-
cepuus de novo 72 n.H. uz MtIHK B sx30H 14 rena GLI3
MIPUBEJIA K CABUTY PAMKH CUMTBIBAHNUS 1 00Pa30BaHUIO MPEK-
nespemenHoro cromn-kogona (Turner et al., 2003). ITpume-
4aTeJIbHO, YTO aJUIeibh CO BCTaBKOM MT-(pparmMeHTa ObLI OT-
IIOBCKOTO MpOHNCcXoxkeHns. KpoMe Toro, omyOnmkoBaHo enie

Tabnuua 2. /13BecTHble cnyyaun 3aboneBaHuii, 06ycnoBfeHHble MHcepumammn dparmeHTos MTAHK

3aboneBaHne leH CobbiTue

HepoctatouHocTb PpakTopa F7
ceepTbiBaHMA VII

WHcepuma 251 n.H. n3 MT-TF n MT-RNR1 (591-809)
OKOJ10 aKLIeNTOPHOro caiiTa CNiaicuHra B UHTPoHe 4,

JInTepatypHbin
NCTOYHUK

Borensztajn et al., 2002

nprBOAALLanA K MPOMycKy 3K30Ha 5 Npwv cnnancrHre

WNHcepuwma 36 n.H. B 3k30H 9 n3 MT-TL2 (12253-12288)
WHcepuma de novo 72 n.H. u3 MT-TS2 n MT-TL2 (12244-12315)

Ahmed et al., 2002
Turner et al., 2003

B 9K30H 14, casur PaMKn 1 npe)K,qupemeHHbu?l CTON-KOAOH

NHcepuma 93 n.H. n3 MT-ND5 B 3K30H 2, HapyLueHue cnnancmnHra

NHcepuwma 130 n.H. B 3K30H 2, Nnepe CTapToM TpaHCaALuUK,

Goldin et al., 2004
Millar et al., 2010

13 MT-ATP8 (8479-8545) n MT-ATP6 (8775-8835) nn6o 13 NUMTS

CnHppom Ywepa IC USHIC
CuHppom Mannnctepa-Xonna GLI3
Mykonunngos, Tun IV MCOLNT
JInccaHuedanus PAFAH1B1
Ha xpomocome 1
X-cuenneHHbI CUHAPOM CD40LG

BblCOKOro IgM
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NHcepuma 147 n.H. n3 MT-RNR1 (664-805) B 3K30H 1,
CABUT PaMKM U NPeXAeBPEMEHHbIN CTOM-KOLOH

Li X. et al., 2021
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HecKonbko onucanuii maroreHHsIx NUMTS, paspymarorux
CalThI CIUIAficMHra WM CABHTAIONINX PAMKY CUHTHIBAHUSL.
YunTeIBast GONBIIOE YMCIO NPOBOJUMBIX B HACTOSIIEE BpE-
Ms TeHETHYECKHUX TECTOB, KOTOPBIE MOTEHIMAIBHO CIIOCO0-
HBI BBISIBUTH TAaKNUE HHCEPIUHN (TAPTETHOE U SK30MHOE CEKBe-
HUPOBAHHE), MOXKHO CKa3aTh, YTO CIy4Yad MAaTOreHETHUECKH
3HaYUMBIX NUMTS HCKITIOUUTETHHO PENIKHU.

B cpaBHeHNH ¢ HeMHOTOUHCIEHHBIMH cirydasmMu NUMTS,
MPUBEIIIMMI K PAa3BUTHIO HACJIEICTBCHHBIX OOJIE3HEH M
CHH/IPOMOB BCJIEJICTBHE HAapYIICHUS PyHKIIMH COOTBETCTBYIO-
IIET0 IeHa, B 3]I0KaYE€CTBEHHBIX OIyXOJISIX BCTaBKH de novo
B [IPe/ieNIaX S9K30HOB U PETYISTOPHBIX OCIIEI0BATEIBHOCTEH
He Tak yX peaku. Hampumep, B 0JHOM HCClI€JOBAaHUH B
mpezenax reHoB ObUTH WACHTUPHUIHPOBAHB! 220 coMaTnde-
ckux «omyxoib-crieruduaasix» NUMTS; n3 aux 13 6butn
PacIoIoXKEHbI B KOAUPYIOIIHUX PErHOHAX T'€HOB (B TOM YHC-
ne 3 u 4 Hapymanu COOTBETCTBEHHO TEPMUHHUPYIOMIHN U
CTapTOBBIH KO/IOHKI), a 16 pacronaranuce B 3'- wiu B 5'-He-
TpaHciupyembix peruoHax (Wei et al., 2022). Hakoruienne
comarngecknx NUMTS ¢ Bo3pacToM MOXKET TakKe CIToCco0-
CTBOBATh CTAPECHUIO.

HenaBHO OBLIO MMOKa3aHO, 4TO MHCEPUUH (HParMeHTOB
MT/IHK B HHTPOHBI MOT'YT OKa3bIBaTh BIMSTHUE Ha SKCIIPECCHIO
TeHa: TPAHCKPUIIHNIO ¥ CIUIAHCHHT, 0COOCHHO €CJIM BCTpau-
Batoiuecs pparmMeHTsl coneprkar reusl TPHK, kotopsie crio-
cOOHBI 00pa30BEIBaTh BTOPHYHBIE CTPYKTYpHI. B wacTHOCTH,
B uccienosannu (Hoser et al., 2020) u3y4eHo BInsSHUE TAKUX
uHcepuuii MutoxoHapuanbHbiXx reHoB TPHK (nimtRNA) Ha
CIUIAMCHHT C UCIIOJIb30BAHUEM CIUIACUHI-PENIOPTEPHOTO I'€H-
HOTO KOHCTpyKTa. [IpoBeneHHbIe SKCIIEpUMEHTHI TOKa3allH,
gto nimtRNA, BcTaB/IeHHBIC B MHTPOH I'€Ha-peropTepa, yCu-
nuBatoT crutaicunr npe-MPHK B 3aBucumocty ot ux umucia
W JIOKQJIM3aliH, 2 TAKXKe 0T 3PPEKTUBHOCTH PACIIO3HABAHUS
caifta crutaiicudra, npuuem uHceprus saepHsix TPHK ne
nMmena takoro s¢dexra. Kpome toro, B 310if paboTe mpo-
JIEMOHCTPUPOBAHO, 4TO yacTuaHast aenenus nimtRNA(Lys),
pacnoioxeHHoro B 28-M uHTpoHe reHa PPFIBPI, cHuxkaet
BeposTHOCTH BKitoueHus: B MPHK sk3oma 29 (Hoser et al.,
2020). Takum o6pazom, Hekotopsie NUMTS MmoryT BbITION-
HSTb PEryJIATOPHYIO (DYHKIIHIO.

NUMTS Kak ncTouHuK aptedakTtoB
B McciefoBaHNAX MUToxoHAapuanbHon JHK

leteponnasmua mtAHK

IIpu nccnemoBanun rereporasmud MTIHK NUMTS moryt
CYIIECTBCHHO BIMSTH HAa PE3yJbTaThl, 0COOCHHO B Cllydyac
HH3KOT0 ypoBHs MyTanTHoro ayutesns (Maude et al., 2019; Xue
etal., 2023). B gactHoctH, G. Dayama c xommeramu (Dayama
et al., 2014) upenrndunnposamm 59 nozummii B MTIHK, rie
MOXKET CHCTEMAaTHYECKH BBISBISITHCS JIOKHASI T€TEPOILIA3MUS,
00ycioBlIEHHAsT MTOTMMOP(HBIMI HHCEPLUUSAMHI B SACPHOM
renome. CpaBHeHHe MeTon0B oborammenus 1uist NGS (tubpu-
qu3anust 6o TP mimHHBIX QparMeHTOB) M TTOIXOMOB K
BBIPABHUBAHUIO (MCHOIB30BAHIE BCETO T'€HOMA MIIH TOJIBKO
mT/IHK, ycTanoBineHre HOpOroBOro ypoBHs reTepOILIa3MHH )
MOKa3aJ10, YTO 3aMETHAsI YaCTh «aJIbTePHATHBHBIX aJlIeNeil B
TeTePOIUTa3MUYHBIX TIO3UNNAX HA CAMOM JIEJIe COOTBETCTBY-
et ayutesiim NUMTS, u aTo BiusiHue O0JIbIIIE BEIPAXKEHO TIPH
MCIIOJIb30BaHUU HM3KOTO TI0pOra reTeporia3Muu, rHOpuIn-
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3alMOHHOI0 MeTo/Ia oboraieHus, a Takke MT/IHK kak enun-
CTBEHHOTO pedepeHca g BeIpaBHUBaHU:A. C Ipyroif cTopo-
HBI, y4eT 3THX (paKTOPOB IPUBOANT K CHIDKECHHIO TIOKa3aTeNeH
MOKPBITHS U YIYIIEHUI0 UCTUHHO IeTepOIIa3MUYHBIX T10-
suruit B MT/IHK (Li M. et al., 2012).

AHaIH3 TOJIHBIX MUTOTCHOMOB ITOYTH THICSIYM WHUBHIOB
13 IBEJICKOH MOMYJISIMY [TOKA3aJI, YTO [P CPeIHEH rTyOrHe
npouterns MTIHK 6omee 2000x oxomo 40 % (373 u3 934)
rarutorunoB MT/IHK nmMerotr «rereporia3MiuyHbIe) BapHaHThI
¢ yacToroil asens 6oinee 2 %, T.€. BBILIE «YPOBHSI IIyMay,
KoTopsle 00ycnosnensl BapuantamMu B NUMTS (Sturk-An-
dreaggi et al., 2023). IIpu aTom 31 «rereporurasMuyaHas Mo-
3UIHA XapaKTepHu30Baiach J0NeH aJbTepHATHBHOIO (acco-
uupoBanHoro ¢ NUMTS) annenst 6onee 10 %, HO aBTOpEI
OTMEYAIOT, YTO B 3THX CIydasx ryonHa npoutenust Mt/ JHK
obu1a Menee 100x (Sturk-Andreaggi et al., 2023). VuursiBas,
yto MyTaumu MTIHK, npuBozsime kK pa3BUTHIO MUTOXOHAPH-
AIBHBIX 3a00JIEBaHNH, TOXKE SBISIOTCS TETEPOTIa3MUYHBIMHU
1 YPOBEHb I'eTepOIJIa3MUH MOJKET KoJie0aThCsl B 3aBUCHMOCTH
OT TKaHU, BAXHO TIPHHUMATHh BO BHIMaHHE CYIIECTBOBAHHUE
NUMTS npu npoBeiecHUHN TeHETHYCSCKOI AHarHOCTHKH (Yao
et al., 2008).

NUMTS v oueHKa ypoBHA MeTUNMPOBaHUA
MutToxoHapuanbHon [IHK

OIUTeHeTHYECKUE HCCIIEI0BAHNS MUTOXOHIPHAITEHOTO TEHO-
Ma XapaKTepU3YIOTCs IPOTHBOPEYHBEIMU PE3YITBTATAMI: OIHU
rpynmnbL I/ICCﬂe[lOBaTeﬂeﬁ BbIABJISIFOT 1OBOJIBHO BBICOKHH Ypo-
BEHb METHJIMPOBaHus MTO3nHOB B MTIHK, npyrue — oueHb
Hu3kuil (Byun et al., 2013; Hong et al., 2013; 3uHoBKUHA,
3unoBkuH, 2015; Maresca et al., 2015; Patil et al., 2019). Ana-
I3 Iy OJTUKAIINH TTO3BOJISIET MPEATIONIOKUTh, UTO OTydaeMble
OIICHKH JIOJTU MCTITUPOBAHHBIX IUTO3WHOB 3aBHCAT OT WC-
nosik3yemoro meroza. Tak kak NUMTS nipencrasisitor co0oi,
B CYIIHOCTH, TICEBIOTEHBI, TO CIEAYET OKUIATh, UTO OHH Oy-
YT MCTHJIMPOBAHBI, M 9TO ICHCTBUTEIBHO MTOTBEPIKIACTCS
JaHHBIMU MPAMOTO ONPEACTICHUA YPOBHA MCTUJIIMPOBAHUS C
nomonibio TexHonoruu Oxford NanoPore (Wei et al., 2022).
B wacTHOCTH, Hali COOCTBEHHBIC UCCIICIOBAHHS ITOKA3AIH
KpaiiHe HU3KMH (Ha ypOBHE OLIMOKHM METO/1a) YPOBEHb METH-
JUPOBAHUS ITUTO3NHOB B peryasiTopHoM perunone (D-metme)
MT/IHK; 9Ta orieHKa ObLiTa moayvYeHa myTeM CEKBCHUPOBAHUS
(NGS) [ILIP-ponyxTOB ¢ ucnonb3zoBanuem JJHK, o6paboran-
HOW OMCYIB(PUTOM HATpHs, B KauecTBe MaTpuIls! (Golubenko
etal., 2018).

B nocneqnux myOnuKaIusx mo 3ToMy BOIPOCY ObLIO MMO-
Ka3aHO, YTO HCTHHHBIA YPOBEHb METHIMPOBAHUS ITUTO3NHOB
B MT/IHK neiictBuTepHO cocTaBiseT MeHee 1 %, a Gomnee
BBICOKHUE 3HAUSHUSI BbI3BaHbI «MHTEp(EpEeHIIneiD CUTHAIIOB C
SaepHBIX TIceBIOreHoB (T. €. NUMTYS) wiw BIusHIEeM HyKIIeo-
THJHOTO KOHTeKcTa Ha KoyumuHT (Bicci et al., 2021; Guitton et
al., 2022; Shao et al., 2023). BmecTe ¢ TeM ciieyeT OTMETUTb,
YTO B MUTOXOHApHUsAX oOHapyxeHa J|HK-mernnrpancdepa-
3a DNMT1; MutoxonapuanbHas n3odopma 3Toro hepmMeHTa
CHHTE3UpYeTCs ¢ albrepHaTHBHOTO TpaHckpunra (Shock et
al., 2011). CnemoBarenbHO, HEIB3s MOJTHOCTHIO UCKITIOYATH
cymecTtBoBaHue (GeHomMeHa MetmnupoBanus JJHK B muro-
XOHJPUAX — HAIIPUMED, 3TO MOXKET IPOUCXOIUTD IIPU 3aIIPO-
TPaMMHPOBAHHO HJTH TTaTOJIOTHYECKOH TeaKTHBAIIH/ Ierpa-
nanuu Mt/ IHK.
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NUMTS n onpepeneHne uncna konu MmTAHK B Knetke
Hannune NUMTS siBrisieTcst OCHOBHO#M TPYAHOCTBIO ITPH pas3-
paboTKe 1 UCTIONB30BAaHUU METOIOB KOJIMUECTBEHHOTO OTIpe-
nenenns yucia korui MT/IHK B Ki1eTke, T. €. OTHOIIICHHS YuC-
na koruid yyactka MT/IHK k uncny xonuil «KOHTPOJIBHOTO»
siIepHOro reHa. B Hacrosiee Bpemsi IpUMEHSIOT HECKOIBKO
METOJIOB ompezaeneHus yucna konui: ato [P B peanbHom
BPEMEHH C HCIIOIb30BaHUEM (ITIOOPECLEHTHBIX KpacuTeseH,
B ToM umnciie TagMan-301710B, a Takxe uudposas [1L[P. [Tpu
nonoope cnenuduuecknx Toabko kK MTAHK mpaiimepos st
MIPOBEJICHUSI TAKUX PEaKLMI HCCIEA0BaTENb CTAJIKUBAETCS
CO 3HAUUTEJbHBIMU CIIOKHOCTSIMH, TaK KaK MPAaKTUYECKHU
Bcsl nmocaeaoBateapbHocTh MTAHK npucyrcTByeT B BUae
NUMTS B siepHOM reHOME, U MPH 3TOM 3HAYUTENIbHAS ee
4acTh MPEACTaBICHA OOJBINNM YHCIOM (ParMEHTOB, UHO-
raa cpaBHuMbIM ¢ yuciioM konuit MT/IHK B kierke. Kpome
TOTO, KK HHIUBHUI UMeeT B cpeqaeM yetsipe NUMTS,
OTCYTCTBYIOIUX B pe)epeHCHON MOCIEIOBATEIBEHOCTH Te-
Homa (Wei et al., 2022). Takum 06pa3om, 1axe TIIATEIbHBIN
BLAST-ananu3 nmocieoBaTeIbHOCTH HpaiiMepoB U pod u
crenienu romoniorurt NUMTS u m1/IHK, B coBokynHOCTH €
BBICOKHM ypoBHeM nonmmopdmma camoit MT/IHK, He Bcerna
MO3BOJISIET a/ICKBAaTHO OIleHHWBarh yncio kot MTJHK B
KJIeTKe. BeposiTHO, Ui 3TUX LEelel cleayeT UCIoJIb30BaTh
OJTHOBPEMEHHO HeCcKoJIbKO yyacTkoB MTIHK.

NUMTS n JHK-npeHtndumkaums

YuuTeIBas, 9T0 COOBITHS BCTPAaWBaHUS B SACPHBIA TEHOM
tdparmentoB MTIHK de novo He Tak yx peaku, a JUIMHA MX
MOXET OBITh BEIIHKA, CICAYCT C OCTOPOKHOCTHIO HHTEPIIPE-
TUPOBATH IAHHBIE, IOTY9IaAEMbIC CYIeOHBIMU YKCTICPTAMHU ITPH
MIPOBEJICHUH MOJIEKYJISIPHO-TEHETUYECKUX dKcrepTu3. Ecmu
kpynHas uacepuus MTIHK coxpanurcs B reHoMeE B TeueHUE
HECKOJIBKHX MTOKOJICHHUH FITH €CITA peOCHOK «HACIIeoyeT» Ya-
ctuuHo renotunt MTAHK poauresneit B cBoeM siiepHOM reHOMe
BCJIC/ICTBHC UHCEPIUH de novo, TO aHaIH3 00pasiia TOTATEHON
JHK nacr cmech aByx ramiotunoB (Lutz-Bonengel et al.,
2021) 1 MOTeHUMAaIBLHO MOXKET MpHuBecTH K JoxHOH JIHK-
naeHTudukanuu. Kpome toro, xoammmudukanus NUMTS
MOXXET, BEPOSTHO, IPOMCXOANTH U B IPYTHX CITydasx (HarpH-
Mep, TIpH aHaIH3e AerpaaupoBaHHoro odpasma JIHK, xorna
yucio kornuid MTIHK Toxke Mano U conmocTaBUMO € YHUCIOM
xormit romosoruuabix NUMTS B uccnenyemom oOpasiie
(Bravi et al., 2006)). [Toka3aHo, 4TO MPH aHAJIN3E JTAHHBIX,
MOJyYEHHBIX C MCIIOJB30BaHUEM METOIOB MapauIeIbHOTO
cexBenupoBanus (NGS, nunmn MPS), BO3MOXXHO OTGHIBETPO-
Bath NUMTS ¢ momonipo MeTooB OMONH(POPMATHKH, Of-
HAKO B KPUMUHAIMCTUKE HCCIICIOBATEITN YaCTO HMEIOT JICIIO C
nerpaaupoBaHHbiMu oopasuamu JJHK, mist koTopsix ynaercs
MOJIYYHTh TOJIBKO KOPOTKUE (hParMEHTHI, @ B 3TOM Cllydyac Ta-
Kast ononHpopMarnaeckas «puapTparusy MeHee 3pPeKTuBHA
(Marshall, Parson, 2021).

«OTuoBCKOe HacnepgoBaHue» MTAHK

WNHTepecHa uCTOpHsI TOMCKA BOBMOKHOCTH HACJICTOBAHUS
mT/IHK denoBeka o ormoBckoit muaun. OnEcaHue cryvacs
npennonaraemoro Bkianga MtJAHK u3 Mutoxonapuii cnepma-
To30maa B oourwii myn Mt IHK 3uroTs! 1 pa3BuBaromierocs u3
Hee OpraHu3Ma MepuoMUECKH MOSBISIETCS B HAyUHO! MeYaTy.
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B nocnenneii pezonancHoi myonukanuu Ha oty Temy (Luo et
al., 2018) npoxeMOHCTPUPOBAHO, YTO KAK MUHHUMYM B TPEX
ponocioBHbIX ety HacseaoBanu MT/IHK oTna B onpenenen-
HOW TIPOTIOPITMH ¥ 3aT€M B TOH K€ MPOIOPIINH TIepeIaBai
€€ HEKOTOPBIM U3 CBOUX AETel. ABTOPBI MPEAION0KHIIIHN, UTO
BO3MOXKHOCTB HaclietoBaHus oTioBckoi MT/IHK o0ycmopme-
Ha BApPUAHTOM HEKOETO SIIEPHOTO TeHa ¢ JOMHUHAHTHBIM (-
(exrom. CTaThst OPOAMIIA HACTOSIIY IO HAYYHYO JUCKYCCHIO
(Luo etal., 2019; Lutz-Bonengel, Parson, 2019; McWilliams,
Suomalainen, 2019), a Takxe cTUMynTHpOBaIa NaTbHEHIINE
WCCIICIOBAHUS B 3TOW OOJIACTH, B PE3YNIBTaTe KOTOPBIX OBLIO
MOKA3aHO, YTO IMOJIOOHBIC CITyYau Ha CaMOM Jiejie OOBSICHSIOT-
Csl BCTaBKaMH KOHKAaTeMEPOB (TaHIEMHBIX JIMHEHHBIX KOTIHUHN)
MTIHK B simepHbIil reHoM, Tak Ha3biBaeMbix mega-NUMTS
(Weietal.,2020; Bai etal., 2021). OnuH 13 TakKUX KOHKaTeMe-
PoB, 00HapyKEeHHBII Ha XpomocoMme 14, cocTost 3 50 Korwid
mt/IHK (Lutz-Bonengel et al., 2021).

U Bce ke 3aKITIOUUTEIBHOTO BEPIUKTA 10 TEME «HACIIeI0Ba-
HHUE OTIIOBCKOTO MUTOXOHIPHUAJILHOTO TEHOMa» JI0 CUX IOp He
BBIHECEHO, TIOCKOJIbKY HESICHO, KaKk UMEHHO 00€CTIeUnBAETCS
obOnurarHas snumMuHanus ornosckux MT/IHK B 3urore. Hc-
CJIEZIOBAHUS TTOKA3BIBAIOT, YTO YHUBEPCATHHOTO MEXaHHM3Ma
TaKoW NMAMHUHALIAN He cymecTByeT. K mpumepy, y HemaTon
MUTOXOH/IPUU CIIEPMATO30Ua KIIEPEBAPUBAIOTCS» B 3UTOTE
MOCJIE OIUIOJOTBOPCHHUS 110 MEXaHU3MY ayTo(haruu, U eciu
9TOTO HE MPOM3OIIIO, TO SMOPUOHBI HEKU3HECTIOCOOHBI.
YV MbIiei (1, BEpOSATHO, YeTT0BEKAa) OTIIOBCKUN MUTOXOH/IPH-
AJBHBIA TCHOM AIIMMUHHUPYETCS YK€ B METOXOHIPHSAX CIIEp-
MaTo301a, KOTOphIe, TAKKMM 00pa3oM, BOOOIIE HE COIepKaT
MTIHK. Onnako ecnu no kakoit-to npuunne Mt/IHK He mon-
HOCTBIO JICTPAIMPOBaa, TO €€ MIPUCYTCTBHUE B SMOPHOHE MbI-
IS MOXKET MPOCIICKHUBATHCS 10 cTaauu Mopyssl (Luo et al.,
2013).

B cBsi31 ¢ 9THM BBI3BIBAIOT HHTEPEC PE3YIABTATHI IKCIICPH-
MEHTOB 10 BBeieHUI0 uenoBeyeckoid MT/IHK B 3Urotel M-
el ¢ ToMOIIbI0 MUKPOUHBEKLIUH, TPOBeieHHbIE B IHCTH-
TyTe dKCIepuMeHTaIbHOU Menuiabl B Cankt-IletepOypre.
Y HEKOTOpHIX YMOPHOHOB U HOBOPOXKIEHHBIX MBIIICK Ye-
noseueckasd MTIHK coxpaHsnach B HEKOTOPBIX TKaHSX, a B
OTIETBHBIX CITyYasxX repeaaBaiach motoMcTBy Fy n maxe F,
(Sokolova et al., 2004; Bass et al., 2006). [Toz:xe amepukaH-
CKHE HCCIIeI0BaTeNu MPoIeMOHCTPUPOBAIIH, YTO MBIIIIMHbBIE
1 YEJI0BEYCCKUE MUTOXOHIPHHU YCIICIITHO OOBETUHSIOTCS IPYT
C IPyroM B DKCHEPUMEHTAaX IO CIUSHUIO KJIETOK, a TaKKe
MONTYYIIIA «KCEHOIHOPHUIBI», CONEpKAIINE AP0 KICTKU
MBIITH 1 MUTOXOHJIPHX Y€JIOBEKa, XOTS OHHU HE MOTJIH PacTH
Ha cpefie, TpeOyromeii HopMaTbHOH (PyHKIIMA MHTOXOHIPUN
(Yoon et al., 2007). Takum 06pa3om, 00pazoBaHHE XUMEPHBIX
MUTOXOH/IPUH YEJIOBEKA U MBIIIU B MIPUHITUIIE BO3MOXXHO, U
BEPOSTHO, YTO MOCJIE MUKPOUHBEKITUH B 3UTOTY MBIIIH Y€JI0-
BEUECKHE MUTOXOH/IPHY COCANHSIINCH C MBIITMHBIMU. [Ipowc-
XOJIMJIO JIM B JaHHOM ciy4ae Bctpananue MT/IHK uenoBeka B
SIICPHBIA TCHOM MBIIIICH, Hen3BeCTHO. 11151 BELSICHEHUS 3TOTO
HY’KHBI JIOTIOJIHUTENBHBIE SKCIIEPUMEHTBI, HO YYUTBIBAs TO,
yro yenoBeueckas MT/IHK Oblia Haliena y Masioi yacTu no-
TOMCTBA, J1a ¥ HE BO BCEX TKAHSX, a TAKXKE TO, YTO HHBEKIIUN
MHUTOXOHAPHUI IPOBOAMIIH B YK€ OTUIOJJOTBOPEHHBIE 3UTOTHI,
MOYXHO TIPEIIONIOKUTH, YTO OHA CONEpIKalach HE B sfpe, a
UMCHHO B MUTOXOHAPUSX.
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®enomen tpancnokanuu pparmenroB MTIHK B saepHbIit
TEHOM MPENCTaBIsIeT cO00H 0CcOOBI TUIT TEHOMHOW W3MEH-
YMBOCTH, KOTOPBIN 3aCITy)KHMBACT NMPHUCTAILHOIO BHUMAHUS
uccienoBareneid. Pesynbrarsl padoT mociieHuX JIeT MoKasa-
JIM, 9TO PACIPOCTPAHEHHOCTD 3TUX COOBITHI TOpa3io BHIIIE,
YeM CUYHUTAJIOCh paHee. [€HOM MUTOXOHAPUH HEONKHUIAHHO
IpeaCcTal HE MOAYMHEHHBIM «y3HHKOM» HYKapHOTHUECKON
KJICTKH, @ CAMOCTOATEIEHBIM HCTOYHUKOM HOBOTO MaTepuaa
Ut sigepHoro reaoma. OcraeTcst moka HEM3BECTHOH pPOIb
9TOTO SIBJIEHUS B KM3HU KJIETKU. BO3MOXHO, €ro moHuma-
HUE BBIXOJUT 33 PAMKH KJIACCUUYECKOM «I€TEPMUHUCTCKOMN»
TEHETHKU U MOXKET OBITh NCCIIEIOBAHO B ITapaurMe HOBOTO,
«IIOCTMOZIEPHUCTCKOT0» MOAXO0/a, MPE/IIOIATraoIero MHOXKe-
CTBEHHOCTb ATTEPHOB U IPOLIECCOB IBOJIOLIMH KUBBIX (hOPM,
a TaKXKe [EHTPAIILHYIO POJIb HENPEICKAa3yeMbIX COOBITHIA, T. €.
HEaJIalTHBHOCTH OCHOBHOTO Ty TH 3BoMtorn (Kynus, 2014).
OTo0 mpenonaraeT He0OX0IMMOCTh CTOXaCTHYECKOTO MPe0d-
pa3oBaHUS TEHOMA B JBOJIOLMUH, «HETIOCTOSHCTBO I'E€HOMAa»
(Xecun, 1985) mn «BonpHOCTH TeHOMay (I1y3sipes, 2002).
OTmeTHM, 9TO HECMOTpsI Ha OoJiee 4eM MOTyBEKOBOE pas-
BUTHE T'€HETHKH B PYCII€ KJIACCHUECKHX, YIIPOIIEHHbIX TIpe-
CTaBJICHUH O TeHaX, MyTallUsAX U HACJIEACTBEHHOCTH, MBICIIU
0 TIOABIKHOCTH TE€HOB, CKaYKOOOPa3HOCTH MYTAIlMOHHBIX
M3MEHEHHH, MHO’KECTBEHHOCTH MPOSIBIICHHS T€HOB Ha YPOBHE
(heHOTHTIA BBICKA3BIBAJIMCH MHOTMMH HCCIIECAOBATEISIMU Ha-
gynHas ¢ KoH1a XIX B. (ITy3sipes, 2002; I'omy6oBckuii, 2011).

HurepecHo, uto B npeanoxkenHoi E.B. KynunsiM moaenu
SBOJIIOLIUY SHTPOIHUH U CJIOKHOCTU T€HOMA PacCMaTpUBAIOTCS
JIBA CLICHAPUS: «BBICOKO3HTPOIIMIHBIN, KOTOPBIH COMPOBOXK-
JIAETCsl CHIKEHHEM IUTIOTHOCTH T€HOB, ¥ IIPOTHBOIIOIOKHBIN
€My «HU3KOHTPOIUIHBII», 3aKITI0UAIOIIUICS B ONTUMH3AIMN
reHOMa M MakCUMajbHOU ruiotHOCTH nHpopmanuu (KynuH,
2014). MoxkHO cKa3ath, 9TO SBICHIE IIepeHoca (parMeHTOB
MT/IHK B simepHbIil TeHOM CITOCOOCTBYET €ro 3BOJIOIUH IO
«BBICOKORHTPOTIMHHOMY» ITyTH, B TO BpeMs KaK CaM MUTOXOH-
JIpUaJIbHBIN TeHOM ITOIIEII 110 TPOTHBOTIONOKHOMY «HH3KOIH-
TponHuiHOMY» clieHaputo. [IpuMeuarensHo, 4To 9TH JBa Ty TH
OIIPECISIFOTCS. B TOM 4Hcie 3P(EKTUBHON YHCICHHOCTHIO
MOMYJISIIAN: OHA HEBEJIMKA B TIEPBOM CIIydae (BBICOKOIHTPO-
MUHHOM) ¥ BBICOKA BO BTOPOM (HH3KO3HTPOITUITHOM) — ¥ 3TO
yCIIOBHE, KCTAaTH, YIUBUTECIBHBIM 00pa30M COOTHOCHUTCS C
JUTIDIONTHOCTEIO (B OOJBIIHHCTBE CITy4aeB) SYKapHOTHIECKIX
KJIETOK, C OJTHOM CTOPOHBI, ¥ OOJIBILIIM YHCIIOM HACEISIONINX
X MUTOXOHJpHUH, ¢ Apyroil. CremyeT Takke OTMETUTh, YTO
MMEHHO YIIPOILCHNE TeHOMa, CIIEAYIOIIee 3a CKaukooOpas-
HBIM YBEJIMUEHHEM €T0 CIIOAKHOCTH, IPE/TI0IAaraeTcs JaHHON
MOJICIIBIO KaK 0011ast TeHaeHIus B aBosronuu (Wolf, Koonin,
2013), a «yBeIMYCHUE YHTPOIUU TCHOMA... MOJKET 3aKOHO-
MEpHO paccMaTpHUBaThCs KaK “TE€HOMHBIH CHHIPOM”, Kak
HECIIOCOOHOCTh OPTaHU3MOB C HEOOJIBIINM A(PPEKTUBHBIM
pa3MepoM HOMYJISIUH CIPABUTHCS C PACHPOCTPAHEHUEM
STOMCTUYHBIX JIEMEHTOB U JPYTUX MPOIECCOB, BEAYIUX K
pocty sutponun» (Kynun, 2014, c. 286).

Ecmu xe paccmarpuBats NUMTS ¢ «mmpakTideckoii» Tod-
KU 3pEHHs, TO Ha CETO/HS MPOJEMOHCTPUPOBAHO, UTO SAEP-
Hble Konuu pparmeHToB MuToxoHapuaibHoi JIHK B renome
YeJIOBEKa MOTYT BHOCHUTb HEKENIAaTeJIbHBIN IIyM B JaHHBIE,
MOJTy4YaeMble MPU IKCIIEPUMEHTAIBHBIX HCCIE0BAaHUIX MH-
TOXOHJIPUAJBHOTO T€HOMa, a TaKXKe, BO3MOXKHO, HECYT HEKO-
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TOpYI0 (yHKIIMOHAIBHYIO Harpy3ky — no kpaiHeil mepe,
SIBJISIIOTCSL HCTOUHUKOM M3MEHUYMBOCTH JIJISI MOIYJISILIUM 3KC-
npeccuu U crutaiicnara. Kpome toro, oHu 001a1a10T 3Ha4HN-
TEJIbHBIM MOTEHIMAJIOM KaK MOJMMOpP(HBIE MapKepbl s
SBOJTIONMOHHO-TEHETHYECKIX HccnenoBannii. NUMTS moryT
y4acTBOBaTh B BHI000pa30BaHMUHM, OTHAKO ITOT BOIIPOC Tpe-
OyeT JOTMOJIHUTENbHBIX UccienoBannii. 3HaueHue NUMTS B
Pa3BUTUH MOHOT€HHOMN HACJIECTBEHHON NATOJIOTUH, [10-BU-
JUMOMY, HEBEJIUKO, a UX POJIb B CTAPEHUH U PA3BUTHU MHOTI'O-
(haxTOpHBIX 3200JIE€BaHNUI1, B TOM YHCJIE OHKOJIOTUYECKHX, eIIIE
MIPEJICTOUT U3YUUTh.
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AHHoTauuA. B 0630pHOI CTaTbe onrcaHa rMnoTesa, CoracHo KOTOPOW ApariBepaMm SNMreHeTUYecKon perynaumm
B GOPMUPOBAHMN NaMATU ABAIAIOTCA MOOUIIbHbIE FeHETUYECKIME SNIEMEHTDI, BAMAIOLWME Ha SKCnpeccuto cneyudurye-
CKMX FeHOB B rOJIOBHOM Mo3re. B nogTBepxaeHne npriBefeHbl pe3ynbTaTbl HayUHbIX NCCIeoBaHNI O 3aKOHOMep-
HOW aKTUBaLMM TPAHCMO30HOB B HEMPOHasbHbIX CTBOJIOBbIX KfleTKax npu anddepeHUMpoBKe HENPOHOB. [laHHble
npoLecchl NPOVCXOAAT B 30HE HeliporeHe3a — 3y6uyaToi N3BMIIMHE TMNNOKaMNa, rae onpenensaoTca HaubonbLuas
AKTUBHOCTb MOOWIbHBIX FreHETUYECKNX 3IEMEHTOB U UX MHCEPLMN B NIOKYCbl BONM3W reHOB, SKCMpeccnpyemblx
HenpoHamu C UX akTBaLmei. B skcneprMeHTax No 3MeHeHMI0 akTUBHOCTM aLeTuntTpaHcdepasbl FMCTOHOB, MHIU-
6uposaHuio AHK-meTtuntpaHchepasbl 1 06paTHON TPaHCKPUNTa3bl Oblfio NOKa3aHO BOBNEYEHME SMNFEHETNYECKNX
$aKTOPOB 1 PETPOINEMEHTOB B MEXaHU3MbI GOPMUPOBAHUA NaMATU. B TO e Bpems B page paboT Ha pasHbIX XKu-
BOTHbIX MPOAEMOHCTPUPOBAHO COXPAHEHWE JONTOBPEMEHHON NamATK 6e3 yyacTua CHaANTUYeCKOWN MnacTUYHO-
ctn. [onlyyeHHble faHHble MO3BONAT NPEeANONOKNTb, YTO TPAHCMO30HbI, ABMAIOWMNECA BbICOKOYYBCTBUTENbHBIMU
CeHcopamyi FeHOMa K PasfiInyHbIM CPeAO0BbIM 1 BHYTPEHHUM BO3AeNCTBUAM, GOpMUPYIOT NaMATb Ha YPOBHE Afep-
HOrO KOAMPOBaHMA. ITO OTPAXKAETCA B U3MEHEHUW CUHAMTUYECKON NIACTUYHOCTY, YeM MOXKHO O6BACHUTL COXpa-
HeHVe JONroBpeMeHHON NaMATY Nocsie YCTPaHEeHNA CUHANTUYeCKNX CBA3EN Y XKUBOTHbIX. [logTBepXKaeHnem cy-
XaT daKTbl MPOUCXOXKAEHUS OT MOOUIbHBIX FeHETUYECKIMX S11EMEHTOB B6EMKOB, HEMOCPEACTBEHHO YUaCTBYOLMX B
$opmMMpoBaHMM NaMATY, B TOM YKC/Ie B Nepeaaye reHeTuyeckom nHGopmaLmm yepes crHarncbl Mexxay HelipoHaMm
(6enok Arc). TpaHCNO30HbI — NCTOYHUKY AANHHBIX Hekoaupytowmx PHK n mnkpoPHK, ponb KoTopbix B KOHCONK-
Jauuy NnamAaTy onmcaHa. MNatonornyeckasa akTmBauma MOOUIIbHBIX FreHETUYECKUX IEMEHTOB ABNAETCA BEPOATHOM
NPVYMHOW HeNpoaereHepaTUBHbIX 60ne3HeN C HapyLweHneM NaMATW. AHann3 HayYHoOW NTepaTypbl NO3BONIMII HaM
06HapyXUTb AaHHble 06 M3MeHeHMsAX SKcnpeccmn 40 MrKpoPHK, nporsolueawmx ot TpaHCNoO30HOB, Npu 601e3HK
Anburenmepa. ns 24 13 31x MUKpoPHK onvcaHbl MexaHU3Mbl PerynaLmm reHoB, yuyacTByoLWMX B GYHKLUOHNPO-
BaHMM rofloBHoro mo3ra. CaenaHo nNpeanonoXeHue, Yto ycTaHOBMIEHHbIE Hamy MUKPOPHK Mornu 6bl cTaTb noTeH-
LManbHbIMM MHCTPYMEHTaMU ANA Perynaymm akTMBHOCTY TPAHCMO30HOB B FO/IOBHOM MO3re C Liefblo ynyyllueHuA
namaTu.

KnioueBblie cnosa: AnuHHble Hekoaupytowme PHK; ponroBpemerHasa namatb; MUKPOPHK; peTpoanemeHTbl; TpaHc-
NO30HbI; INUreHeTnYeckme GakTopbl.

[insa untupoBaHua: MyctapuH P.H. funoTtesa B3anmocBs3m annreHeTnyecknx GakTopos ¢ TpaHCNo3oHamu B Gop-
MUPOBaHWU NaMATW. Basuosckuli XypHan 2eHemuku u cenekyuu. 2024;28(5):476-486. DOI 10.18699/vjgb-24-54

A hypothesis about interrelations of epigenetic factors
and transposable elements in memory formation
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Abstract. The review describes the hypothesis that the drivers of epigenetic regulation in memory formation are
transposable elements that influence the expression of specific genes in the brain. The hypothesis is confirmed by
research into transposon activation in neuronal stem cells during neuronal differentiation. These changes occur
in the hippocampus dentate gyrus, where a pronounced activity of transposons and their insertion near neuron-
specific genes have been detected. In experiments on changing the activity of histone acetyltransferase and inhibi-
tion of DNA methyltransferase and reverse transcriptase, the involvement of epigenetic factors and retroelements
in the mechanisms of memory formation has been shown. Also, a number of studies on different animals have
revealed the preservation of long-term memory without the participation of synaptic plasticity. The data obtained
suggest that transposons, which are genome sensors highly sensitive to various environmental and internal in-
fluences, form memory at the nuclear coding level. Therefore, long-term memory is preserved after elimination
of synaptic connections. This is confirmed by the fact that the proteins involved in memory formation, including
the transfer of genetic information through synapses between neurons (Arc protein), originate from transposons.
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C TpaHcno3oHamy B OpMMpPOBaHMU MAMATY

Long non-coding RNAs and microRNAs also originate from transposons; their role in memory consolidation has
been described. Pathological activation of transposable elements is a likely cause of neurodegenerative diseases
with memory impairment. Analysis of the scientific literature allowed us to identify changes in the expression of
40 microRNAs derived from transposons in Alzheimer’s disease. For 24 of these microRNAs, the mechanisms of
regulation of genes involved in the functioning of the brain have been described. It has been suggested that the
microRNAs we identified could become potential tools for regulating transposon activity in the brain in order to

improve memory.
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BBepeHmne

[TamsTh OmIpeaensieTcs Kak XpaHeHHE U HCIIOIb30BaHNE TTOITY-
YeHHOH MH(OpPMAIK B TOJIOBHOM MO3T€ B XOJI€ a/[alTallnu
K OKpY Karollel cpefie MpU )KU3HEAEATENbHOCTH OPraHu3Ma.
[TamsTh BKITIOYaeT B ceOsi MpoLecchl KOAUPOBAHUS, KOHCO-
JIUJAnny, XpaHeHUs HHPOPMaLUK 1 BOCIIOMUHAHMA. Moie-
KYJISIDHBIC U KJIETOYHBIC MEXaHU3MbI ()OPMHUPOBAHHUS TAMSTH
JIOTHYHO TPAKTYIOTCS Tepeadeil HePBHOTO UMITYIbCA MEXKTY
CHUHaICcaMl MHO>KE€CTBA HEHPOHOB. BOJIBIIMHCTBO COBPEMEH-
HBIX HCCIIeioBaTeseil 00bSCHSIOT ITPOoLecch (YOPMUPOBAHUS
MaMsTH CUHANTHIECKOH maacTuaHoCThio (CIT) — BO3MOXKHO-
¢TI0 U (hepeHINaTLHOTO U3MEHEHNS CHITbI HEHPOHAIBHOM
nepesiady yepe3 OINpeseIeHHbIE CHHAICH (C OcIabiIeHneM
OJTHUX U YCUJICHHEM APYTUX COCIMHEHUN MKy HEHPOHAMH)
(Ortega-de San Luis, Ryan, 2022). 1I3BeCTHO 4eThIpe YPOBHS
M3YYEHUsI TTaMSTH: TICUXOJIOTHYEeCKUH, Helipodu3noIornye-
CKuil, Onoxumuueckuit 1 knoepuetndeckuii. CormacHo He-
POodHU3NOIOrHYECKOI KOHIIETIINH, TAMSITh TOPa3/IeIsIeTCs Ha
KpaTKOBpeMEHHYI0 U jtoiroBpeMenHyto ([I1). bonpmmucTBO
COBPEMEHHBIX HEUPO(DU3NOIOrHUCCKUX TCOPHUU CBOIUTCS Ha
ponu B popmupoBannn [I1 cHHAITHYECKOH TIaCTUIHOCTH,
KOTOpast TECHO CBsI3aHa C OMOXMMHUUECKON TEOPHEH, TOCKOJIb-
Ky 2JIeKTPOXHMHUYECKas pPeakus 00pa30BaHUs HEPBHOTO UM-
MyJbCca MEPEXOUT B OMOXUMHUUECKUH MPOIiecc 00pa3oBaHUs
HOBBIX 0ekoB (MynuH, Onenko, 2022).

Heo6xonumocTs TepecMoTpa KI1acCHUeCKO THIOTE3bI CH-
HaNTHYECKON IUTACTHIHOCTH CBSI3aHa C IIOJyYeHNEM JI0Ka3a-
TEJILCTB COXPAHEHUsSI MaMATH 0e3 y4acTHsi CHHAITHYECKOH
TUTACTHYHOCTHU. Pe3ynbTrarTsl MepBhIX IKCIIEPUMEHTOB B 3TOU
obmactu OpuTH OmyOnuKoBaHEI B 1984 1. CoxpaHeHne mamsi-
TH U30eranus 3araxa, copMHPOBaHHOM HA CTAIMU I'yCEHHII,
BBISIBJICHO y 3PeJIbIX MOTBUILKOB Manduca sexta nocie mera-
Mopo3a ¢ peopranmzanueii cunarcos (Levine, 1984). [lox-
TOBpEMEHHAs MaMsITh paclio3HaBaHHs TEKCTYPHPOBAHHOMH 110~
BEPXHOCTH IS OTIPENICICHUS HAINYIHSA MU COXPAHATACh Y
IUIAHAPHH TIOCJIE YJaJIeHUs TOJIOBBI M IOCIEAYIONel pere-
Hepanuu rojgosHoro mosra (Shomrat, Levin, 2013). Ha ko-
KyJbTYpE JIBUTATEJIBHBIX M CEHCOPHBIX HEMPOHOB MOPCKOTO
3aiina Aplysia 111 Ha TpEHUPOBKY HHTEPBATHHBIMH IMITYTb-
CaMH CEpOTOHMHA COXPAHSIACh OCIIE €€ OUEBUIHOTO yCTpa-
HEeHUS! aHTUMHEMOHHYECKUMH TIperiaparaMu, KOTOPbIe CTH-
paroT cBs3aHHEIN ¢ o0ydeHneM poct curarcos (Chen et al.,
2014). B skcriepuMeHTax Ha MbIIIax ObIJIO ONpeesIeHO BOC-
CTaHOBJICHUE IAMSTH O CTpaxe MPU peaKTUBALUH KIETOK JH-
TpaMMBbl B OTCYTCTBHE CHHAIITHYECKUX N3MEHEHHUH (T10CIIE BBE-
JICHHsI THTUOUTOpa crHTe3a Oeika annzomuiuHa) (Ryan T.J.
etal., 2015).
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B popmuposanme 11 BoBieUEHBI pa3nndHbIC TSHEI, HAU-
6onee n3BecTHbIN M3 HUX CREB (cAMP-responsive element
binding protein). Myraiuu B rene CREB BbI3bIBaIOT A DUIHT
nmamsta y meimreit (Hegde, Smith, 2019). Ilpoxyxt rena CREB
BMECTE C IIIFOKOKOPTUKOMTHBIMH PELIETITOPAMH BOBJIEUYEH BO
BHYTPUKJIETOUHBIE MEXaHU3MbI BIIUSIHUS TITIOKOKOPTHKOU/IOB
Ha popmuposanue 11 B rummokamme (Buurstede et al., 2022).

B skcnepuMenTax Ha ipo3oduiie moka3aHa poib reHa 6era-
kareHuHa (CTNNBI) B xonconuaauuu JII 3a cuer Bo3nei-
ctBust Ha Wnt-curaansabie myTH (Tan Y. et al., 2013). Cucre-
MaTHYecKre 0030pbl HAaKOIUICHHBIX B HAyYHOH JIMTEparype
JIAaHHBIX TTOKa3aJH CTHUMYJIMpPYIOLIEe BIMsSHUE Ha Pa3BUTHE
MaMATH KOAUPYIOUIUX TPAHCKPHUIIIIHOHHbIE (h)aKTOPBI TEHOB
NF-kB (Kaltschmidt B., Kaltschmidt C., 2015), Zif268, XBP1,
Srf, Npas4, Foxpl, Crtcl, c-Rel (Hegde, Smith, 2019). ITo-
MHMO HEOOXOANMBIX 151 KOHCOIHUIALINH TAMSATH TEHOB, K KO-
TOPBIM OTHOCHUTCS Takxke NR2B (komupyeT cyObeAnHHITY HHO-
TPOIHOTO IIyTaMarHoro peuenrtopa N-merui-d-acnaprara),
BayKHOE 3HaueHue B peryssanun I mMeroT reHbI-cynpeccopbl
namstu: AIM2, ATF4, BChE, Becl, CCRS5, Cdk5, Crtll,
Diapl, Dicerl, DFF45, GABAaB3, GABAARa4, Gabra 4,
Galectin-3, GAT1, OR2, Np65, Henl, Hdac2, Mef2, Kvpl.1,
PDEIb, Paip2a, Pkr, GCN2, IRS2, RGSI14, RARalpha,
p75NTR, PDE4A, Oggl, PERK, RPTPsigma, Piwil, Piwi2,
S100b, TLCN, Pde4d/8b, 11b-HSD1 (Noyes et al., 2021).

[Momy4eHHble pe3ynbTaThl CBUICTEIBCTBYIOT O HAJIMYNU
JIpyruX MeXaHu3MoB coxpaHeHus 11, koTopble peanusyrorcs
B BHJIE CHHANITHYECKOH ITacTHaHOCTH. Hambomnee BeposaTHO,
YTO NaMATh KOHcouAupyeTcs Ha ypoBHe siaepHoit IHK nox
JIpaiiBEpHBIM BIMSIHUEM TPAHCIIO30HOB, KOTOPBIE IIEPECTPan-
BAIOT CTPYKTYPY XpOMAaTHHa NP MX aKTHBAIL[UH, a TAKXKe
BCTPaMBAIOTCS B clienM(pHUECKIE JIOKYCHI B X0/e tuddepeH-
poBkH HelipoHoB (Perrat et al., 2013; Upton et al., 2015). Pe-
MOJICTHPOBAHHIE XPOMATHHA IO BIUSTHAEM ITUTCHETHUECKHX
MOAM(pUKAIMI HEOOXOANMO JJIsl COXPAHEHNUS U TOICPKaHUS
MaMsITH, OCKOJIBKY 9TO OTPayKaeTCsl Ha U3MEHEHUH PeryIsi-
I[1Y TEHOB B TOJIOBHOM Mo3re. K snureHernueckum akropam
OTHOCSTCSI METHJIMPOBAHKE IINTO3HMHA B IMHYKieoTnaax CpG,
Moandukanuu xpomaruna u Hekoaupytome PHK (1kPHK),
Ka)KZIbIii N3 HUX BOBJICUCH B (JOPMHUPOBAHHUE JOJITOBPEMEHHOM
namstH (Lipsky, 2013). Poxnb snurenernueckux GpakTopos B
obpazosanuu /II1 nokazana B skcniepuMenTax. Boszaeiicrue
narnouropa JTHK-metnntpancdepasbl pa3pymraino MmoJIHO-
CTBIO KOHCOJIMINPOBAHHYIO TAMSTh O CTPaxe 4epe3 OUH Me-
sy mociie ee Bo3uukHoBeHus (Miller et al., 2010).

VYeunenne aneTHINPOBAHUS THCTOHOB 3a CUET MAHUITYIIH-
POBaHMS aKTUBHOCTH CHEHU(PHUCCKOH M30(OPMBI alieThII-
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tpancdepassl ructoHoB (HAT — histone acetyltransferase)
B HEHMPOHAX IOCTOBEPHO CHMIKAJIO KOHCOJMJIAIMIO MaMATH
(Jarome, Lubin, 2014). Ha popmuposanue 11 Bnusttor crieny-
¢uueckue mopudukarmu rucronos H2BK120ub, H3K9me?2,
H3K36me3, H3K27me3, H3K9me3, H3K4me3, H3K 14ac,
H3K9%ac (Hegde, Smith, 2019).

B To xe Bpemst pepments metmiinposanus J{HK u peop-
raHu3aluy XpoMaTHHa B3auMoAelcTBYOT ¢ MUKpoPHK
(Mycradun, XycHyranHoBa, 2017), KOTOpbIE MOTYT CITYKUTb
TaKXKe I'MJIaMH, Y3HAIOIIMMHU KOMILJIEMEHTAPHbIE MOCIIe0-
BaTeIbHOCTH TeHoMa B Mexanusme PHK-3aBucumoro metu-
muposanus JTHK (Chalertpet et al., 2019). Dror denomen
MO3BOJISIET OXapaKTEPH30BaTh HCIOJIb30BAHUE MOOMIIBHBIX
TEHETUYIECKUX JIEMEHTOB B KaYECTBE JJPaiiBEPOB SMUTCHETH-
yeckoi peryssiuuu 11, TOCKOIBKY TPaHCIIO30HBI — BaYKHBIC
KJIIOYEeBbIE UCTOYHUKU BO3HMKHOBEHHS reHoB MUKpoPHK
(Weietal., 2016). O ponn MOOHIBHBIX TECHETHUECKUX HIIEMEH-
TOB B PEry/siiny (PyHKIIMOHUPOBAHHS HEHPOHOB Y UeJIOBEKa
caerano npexamnonoxenue B 003ope (Chesnokova et al., 2022).
KoneuHO, MOOMIIbHBIE TEHETHYECKNE HIIEMEHTHl HE MOTYT
OBITH JpaiiBepaMy BceX SMHUIEHETHYECKUX N3MECHEHHH, CBSI-
3aHHBIX C MHECTHUECKMMU Tporieccamu. Ho nockonbky oHn
CIIy’aT 9BOJIIOLIMOHHBIMUA HCTOYHUKAaMU MHOTUX MUKpoPHK
(Wei et al., 2016), OOTBITUHCTBA JUIMHHBIX HEKOJIMPYFOIITIX
PHK (nuPHK) (Johnson, Guigo, 2014), camu oHH MOTYT
Tparckpubuposarbes HeocpeacTseHHo B 7THPHK (Lu X. et
al., 2014; Honson, Macfarlan, 2018), ciegoBatrenbHO, TpaHC-
MI030HBI B TOM MJIM WHOI CTENEHH SIBJISIOTCS yYacTHHKAMH
OOJIBIIMHCTBA SMUTCHETUYECKUX M TEHHBIX CEeTEH Peryssinnu
(DyHKIIMOHUPOBAHUS TeHoMa. Kpome Toro, TpaHCIO30HEI
HaXOJSATCS TI0JI KOHTPOJIEM SMUIC€HETHUYECKUX M3MEHEHUH,
B TOM YHCJE 3a CUET B3aUMOPETYISTOPHOTO BO3ICHCTBUS
nponsomenmux or HuX MUKpoPHK (Mycradun, Xycnytan-
HOBa, 2017).

B snureneTnueckoil peryisuuyd TPaHCIO30HOB yYacTBY-
10T KRAB-06€JIKH ¢ MMHKOBLIMH IaidbIaMH C ITOMOIIBIO
reTepoXpOMaTUH-MHULIUUPYIOMIUX KOMIUIEKCOB, KOTOPbIE
MOIU(UITPYIOT TUCTOHBI M I3MEHSIOT MeTiupoBanue JJHK
(Wolfetal.,2015). Boiee monoBUHBI 00IaCTEH CBSI3BIBAHUS C
6exnxom PLZF (promyelocytic leukemia zinc finger), uneHom
ceMelCTBa IIMHKOBBIX TajblieB THNa Kpytmens, pactonoxe-
Ho BHyTpH reHoB LINEI-anemenrtos (Lapp, Hunter, 2016).
®axropsl SOX2 u HDACI ynpasinstot aktuBHOCThIO LINEL,
CBSA3BIBASICH C penpeccopoM TpaHckpunuuu MeTuin-CpG-
cBs3aHHBIM OenkoM-2 (MeCP2). CymecTByeT MHOXKECTBO
JIPyTUX CIOCOOOB PEryJisiiii aKTHBHOCTU TPAHCIIO30HOB,
K KOTOPBIM OTHOCATCS yka3zaHHbIe BbIIe 6exxn APOBEC3
(Mager, Stoye, 2014), APOBECI1, ERCC, TREX1, RBI,
HELLS, MEGP2 (Rodic, Burns, 2013), SIRT6 (Van Meter
etal., 2014).

B 6a3e nannsix MDTE DB ony6nmkosana 661 muxpoPHK
YeJI0BEKa, KOTOPbIE IIPOU30LILTH OT MOOMJIBHBIX TEHETHYECKHX
anemenTtoB (Wei et al., 2016). B HelipoHaIBHBIX CTBOJIOBBIX
knerkax (HCK) akTuBanmst TpaHCIIO30HOB CIIOCOOCTBYET Te-
HOMHOMY MO3aHMILIM3My CO3PEBAIOIIUX HEWPOHOB, YTO HEOO-
xomguMo ans ux auddepenmuposkn (Muotri et al., 2005).
JlanHbIe M3MEHEHHsI 0OHAPYKUBAIOTCS B 30HE HEWPOTeHe3a,
3y04aToii U3BUIIMHE I'MIIIOKAMITa HE TOJIBKO IKCIIEPUMEHTAIb-
HBIX )KUBOTHBIX, HO 1 uenoBeka (Coufal et al., 2009; Baillie et
al., 2011; Kurnosov et al., 2015). ITpx 5TOM peTpoanieMeHTbI
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(PD) nHCEpTHPYIOT B reHbl WM BOJIM3H FEHOB, YYaCTBYFOLIUX
B QpyHKIIOHMpoBaHNH HeiipoHoB (Upton et al., 2015), a rum-
MIOKaMII UTPaeT KIIIOYEBYIO POJIb B 00yUEeHHN 1 (POPMHUPOBAHUI
namst (Zhang H. et al., 2021).

[IprunHOM akTHBAIMKM TPAHCIIO30HOB MOTYT OBITH Cpe-
JIOBBIE (haKTOPBI, CUTHAJIBI KOTOPBIX MOCTYHAlOT B TOJOB-
HOM MO3I 110 HEUPOHHBIM CETSIM, II0CKOJIbKY TPAaHCIIO30HbI
SIBJISTIOTCSI BBICOKOTYBCTBUTEIBHBIMU CEHCOPAMU CPEOBBIX
" BHYTpeHHUX m3MeHeHuil (MycrtaduH, XycHYTIUHOBA,
2019). TpaHCMO30HBI IPEICTABIISAIOT COOON yUaCTKH reHOMa,
MepeMEIIAIOINECs BHYTPH FEHOMA C ITOMOIIBI0 MEXaHN3Ma
«BbIpe3annst U BeraBku» (JJHK-Tpancrozonsr) u «konmpo-
BaHU U BcTaBKu» (PD). PeTposneMeHTs MOTYT cozepkaThb
JUHHBIE KoHIeBBIe TOBTOPHI (LTR-PD) nmm He comepkarpb
nx (non-LTR-PD). K mocnennuM y 4enoBeka OTHOCATCS aB-
toHomHbIe PO (LINEs — long interspersed nuclear elements) u
nHeaBroHOMHBIE (SINEs — short interspersed nuclear elements,
SVA — SINE-VNTR-Alu elements) (Mycradun, XycHyTnu-
HOBa, 2017).

BompmmacTBo 7HPHK, momo6uno MukpoPHK, nponzomum
0T TpaHcno30HOB. B cpennem 41 % sx3on0B THPHK conepikar
nocienoBarebHOCTH PO, a 83 % 13 HUX UMEIOT XOTs ObI OIUH
(parmenT Tpancmo3ona (Johnson, Guigo, 2014; Wei et al.,
2016). bonee Toro, Tpanckpuntsl LINE1 camu ¢pyHKIIMOHN-
pytor B kauectBe nHPHK, B3anmoneicTBys co crienuduuecku-
MH y4aCTKaMU XPOMATHHA U PETYIHPYs SKCIPECCHIO TEHOB
(Honson, Macfarlan, 2018), a LTR-P3 ciy»xat reHaMu MHOTHX
qaPHK (Lu X. et al., 2014). [Toaromy yuactue HkPHK B co-
xpaneHnu Il cBUaETENbCTBYET O 3HAYEHUH TPAHCIIO30HOB
B 3THX TIpOIeccax.

Ponb Hekoaupytowmx PHK

B opmMmpoBaHUN NaMATN

Txanesas ciennpuyunocts fHPHK npesbiinaer Takoyto Oel-
KoB. B perymsiun andQepeHnnpoBKr CTBOIOBBIX KJIETOK OHU
B3auMoeicTByroT ¢ PO (Ramsay et al., 2017). JTeHPHK 06-
pasyroTcsi U3 MEKIEHHBIX 00J1acTell TEeHOMOB 3yKapHOT, Xa-
PaKTEPU3YIONTNXCS TKaHECTIEIM(PHISCKON TPAHCKPHITIINEH,
a TAaK)Ke M3 IEPEKPBIBAIOIINXCSI N aHTHCMBICIIOBBIX TATTEPHOB
OTHOCHTEJIBHO NMPUMBIKAIOIIUX [€HOB, KOTOPBIE OHU U Pery-
mupyrotT (Arendt et al., 2017). D10 MO3BOIAET UM JAETEPMHU-
HHUPOBATh Pa3HOOOpa3ne KICTOYHBIX (PEHOTHIIOB, OCOOEHHO B
ronioBHOM Mo3re (Lapp, Hunter, 2016), uTo MOXeT oTpakaTh
OB TPAaHCTIO30HOB B AaHHBIX Mporeccax (Coufal et al., 2009;
Baillie et al., 2011). Ananu3 cexBennposanust PHK ¢ nnmyx-
mueit LTP (long-term potentiation) B 3yOuaroii H3BUIIMHE KPbIC
MOCJI€ BEICOKOYACTOTHON CTUMYIISIIMH MEP(OPAHTHOTO ITYyTH
MIOKa3aJI TTOJIOKUTEIBHYIO BBIPAKEHHYIO KOPPEISINIO TMHA-
mMuueckoii sxcripeccun fTHPHK ¢ PD u 6enok-koaupyrommmu
reramu (Maag et al., 2015).

B psine Hay4qHBIX pabOT MPOAEMOHCTPUPOBAHA PO CIICIH-
¢uueckux qHPHK B xoncomupanuu JI1. B sxcnepumenTax
Ha rpbI3yHax ooHapyxeHo, uto ;THPHK NEAT 1 sBrstercs amu-
TeHeTHYeCKnM cyrnpeccopoM (opmuposanus Il B rummo-
kamrie (Butler et al., 2019). B Heliponax rumnmnokamia orpe-
neneHa nosbimeHHas sxenpeccrs THPHK SLAMR mon neit-
CTBHEM KOHTEKCTyaJbHO-00ycIoBIeHHOTO cTpaxa. SLAMR
TPaHCTIOPTUPYETCA B ACHAPUTHI IIOCPEICTBOM MOJIEKY/ISIPHOTO
motopa KIF5C u pekpyTupyeTcs B CHHAIIC B OTBET HA CTHMY-
msmmio. SLAMR mopynupyer aktuBHOCTh Oenka CaMKlIla,
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KOTOPBII UIPAeT BaKHYIO POJIb B CUHAIITUYECKOH IIJIaCTHY-
HOCTH B cuHanToHeipocomax (Espadas etal., 2023). C 6exxom
CaMKII BzaumopnetictByer takxke nHPHK Carip, kotopas
ynpasisier B rummokamie ¢pochopunuposanuem AMPA- u
NMDA-penenTopoB, BIUss Ha IPOCTPAHCTBEHHYIO TTAMSTh.
IIpu orcyrcrBum Carip mpoOUCXOaUT TUCHYHKIMS CHHAIITH-
yeckol mactuuHocTd B CA3-CAl B runmnokamiie, 4to CBU-
nerenscTByeT o ponu nanHoi tHPHK B perymsmun 11 (Cui
et al., 2022). [Tockoneky MHOrHe tHPHK skcnipeccupyrorcst
B T'OJIOBHOM MO3I€, OHM MOTYT peryJupoBars reust mis 11
(Samaddar, Bnerjee, 2021).

He menee 70 % muxpoPHK yenoBeka skcrpeccupyroTcs
B TOJIOBHOM MO3T€ CO CHELU(PHYECKUM ITaTTePHOM aKTHBa-
un MUKpoPHK st xaxmoit obmactu (Chen, Qin, 2015).
B meiiponax runmokammna uHaykus Dicer 6emkom BDNF
MIPUBOIUT K YCUIICHHOMY cHHTe3y miR-7a, -7b, -7f, -9, -107,
-124a, -125b, -132, -134, -143, -375, xOoTOpBIE Y4aCTBYIOT B
perymsiun mamsitu (Leal et al., 2014). Cucremarnuecknit
0030p Hay4YHOI JINTEpaTy P! TI0Ka3aJl TIOBBILIEHHE SKCIIPECCUH
miR-124, miR-134, miR-206, a Takxe CHIDKEHNE SKCIIPECCHN
miR-9-3p, miR-92, miR-195 n xnacrepa miR-183/96/182 npu
koHconuuarmu AT (I'punkesuy, 2020). MiR-124 n miR-12
crocoOCTBYIOT popmupoBarmio panHel ¢a3sr A1 (Michely et
al., 2017). INockoneky MukpoPHK urpator poss B HOpMasib-
HoM (hopmupoBanuu 11, nx narosnornueckast 3KCIpeccHs Mo-
JKET BIMATH Ha Pa3BUTHE HEWPOJIETCHEPATUBHBIX O0JIE3HEH C
HapyIeHHEM NTaMsITH, TAKHX Kak 0oie3Hb Anbireiivepa (bA).
[Iposenennsiii B 2019 1. cucteMarnyeckuii 0030p HaydHOU
JUTEpaTypbl HOKa3aJ TOCTTPAHCKPHUITIIHOHHOE PETyIATOPHOE
Bimsiaue crieninpuaeckux MukpoPHK na MPHK renos, y4a-
cTByOIIMX B natorenese bA. BeisiBiieHo, uto ¢ MPHK Gernka
APP cs3pBatorcst miR-17, -655, -644, -323-3p, -153, -147,
-20a. Nuarubupytomee BiusHUE Ha o-cekperasy ADAMI10
okaspiBaroT miR-1306, -451, -181, -144, -107, -103, -9; na
B-cexperasy BACEl —miR-101, -107, -384, -339-5p, -200b,
-195, -186, -135a, -29a, -29b-1, -29¢ (Patel et al., 2019).

Ponb peTposnemeHTOB

B KOHCONUAaLUn AONTOBPEMEHHON NamATy

O 3nauenuu PO B popmuposanuu 11 cBHaETENBCTBYIOT pe-
3yJBTaThl HKCIICPUMEHTAIBHBIX PAOOT HE3aBUCUMBIX HCCIIE-
nosaresiei. Tak, npu narnduposanuu LINE] B runmokamme
MBIIIEH onpeaeneHa ponb PO B koHcoIMmanuu naMsaTH 3a
CUET TEHOMHOTO Mo3auiu3Ma. st 3Toro *KHUBOTHBIX TTOMe-
IIJTM HAa OCBEIICHHYIO CTOPOHY, ITOCIIC YETO pa3peray Ie-
pElTH HAa TEMHYIO CTOPOHY KaMepbl, IJle Ha HUX BO3JEH-
cTBOBaM TOKOM. [TamsTh 00 00ydueHNH OTpakaiach B yBe-
JUYEHUH JIATCHTHOCTH MBIIIN TPHU HEepexo/]e Ha TEMHYIO
CTOpOHY Kamepsbl. Uepes 72 4 nocie BBeIeHUS B TUIIITOKAMIT
WHTHOWTOpa 00paTHOHW TpaHCKpUNTa3sl JaMmuByanHa JI1
3HauMTENBHO yxymmanach (Bachiller et al., 2017). B npyrom
HCCIIeI0BaHUH KOHTEKCTHO-3aBUCUMOI! MTaMATH O CTpaxe, Mo-
MHMO JI0Ka3aTeIbCTBa 3HaUNTeIbHOTO Tofasienus Al mocne
BBEJICHIS JIAMUBYIMHA, ObUTa 0OHapy»keHa skcripeccust LINE1
B THIIIIOKaMIIE U Tpe(pOHTAIBHON KOPE IIPH BOCIIOMUHAHUH
0 cTpaxe ¢ nomoubto konuuectseHHoU I[P B peanbHOM
BpPEMEHM 00pa3IOB TMIIIOKaMIla B Mpe(pPOHTAIEHON KOPBI
(Zhang W.J. et al., 2021). 3HaunTesIbHOE KOJIMYECTBO TPAHC-
TTO3UIINH MOOHMITLHBIX TeHETHYECKHUX dTIeMeHTOB (Oomee 200 Ha
OZIHY KJIETKY) B CBSI3aHHBIX C ITAMSATHIO HEHPOHAX OIPE/ICIICHO
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TaKkXKe B roJioBHOM Mo3re japosoduisl (Perrat et al., 2013).
Pe3synbraThl MHOTHX HCCIIEIOBAaHHHN, IPUBEAECHHBIX B 0030DE,
OTPaXKAIOT KOPPEISIIIMOHHBIC B3aMMOCBS3M M HYXXJIAIOTCS B
OoJiee TIPSIMOM TIOJTBEPIKACHUH BIIMSHUS TPAHCIIO30HOB Ha
MaMsATh, TAKNX KaK OTHOKJIETOYHOE CEKBEHHPOBAHUE 00JIACTH
THIIOKAMITA U CTIeHU()UIECKUX 30H KOPHI TOJIOBHOTO MO3Ta
JIO ¥ TI0CJI€ TPEHUPOBKH JI0JITOBPEMEHHOM MaMsITH.

Cornmacuo nanaeM koHCOpITIyMOB ENCODE 1 FANTOM,
AKTHBHOCTH TPAHCIIO30HOB 3aBHCHUT OT THIA KIICTOK Y BIUSCT
Ha 9KCIIPECCHIO COCEHUX reHoB. Hanbosblee 3HaueHne Mo-
OWIIbHBIE TEHETUYECKUE IIEMEHTHI UMEIOT B PETYILSIINH pa-
0OTBI TOJIOBHOTO MO3Ta, 00eCcneYrnBasi alallTUBHbIC (PyHKIIUH
LIEHTPAJIbHOM HEPBHOHU CUCTEMbI. B OTBET Ha BO3IEHCTBUE
CTEPOHJIOB, SITUT'CHETUYECKIX 1 CPENOBBIX (PaKTOPOB OHU U3-
MEHSIOT paboTy HeHPOMEIMAaTOPHBIX CUCTEM JIJISl TIPHUCTIOCOO-
JICHUSI K MEHSIOIIIMCSI CPEJIOBBIM YCIIOBHSIM, B TOM YHCIIE ITPU
thopmuposanuu 1T (Lapp, Hunter, 2016). AKTHBHpOBaHHBIE
PO urparor perynsatopuyto pons He Tonbko ainst HCK, Ho u B
o300 (azy auddepenunposku Heliponos (Muotri et al.,
2010), ympasisist cienn(puIecKuM XapakTepoM 3KCIIPECCUU
TCHOB B HEMPOHAX, PACIIOIIOKEHHBIX B ONPEICIICHHBIX 00Jac-
TSIX TOJIOBHOTO MO3ra, Oiarofapst uemy (popmupyercst namsith
(Singer et al., 2010). B rummoxamiie MBIIIH MPOGUIN IKC-
npeccuu SINE sSBISrOTCS CICU(PUIHBIME TS THITA KICTOK.
IIpu kpaTkOBpEeMEHHOM BO3/1eHCTBUM HOBOro ctumyna SINE
AKTHBUPYIOTCS B 3yOUaThIX TPAHYIISIPHBIX HEHpOHAxX C Tede-
HHMEM BPEMEHH, CXOTHBIM C TAKOBBIM JJIs OCTTOK-KOIUPYIOIIHX
reHoB (Linker et al., 2020).

Baxwyto porns B pazsutan 11 urparor LTR-P3. benkoBsrii
nponykt rera env HERV akrusupyer BDNF (brain-derived
neurotrophic factor) (Huang et al., 2011), y4acTByromnumii B
cuHanTuieckoi nepepade u LTP B runmokamne u Apyrux
00acTsaX TOJIOBHOTO MO3Ta /It (JOPMHUPOBAHUS PA3ITMIHBIX
dhopm nmamsitu (Leal et al., 2014). B sBosmrouu oJj0ManiHu-
Banne LTR-PD mpuBeno x 06pa3oBaHMIO TEHOB, MMEIOIIHX
kirogeBoe 3Hadenue B JI1. CormacHo KOMIBIOTEPHOMY aHa-
nu3y (Campillos et al., 2006), moaTBepkIcHHOMY (hHUITOTCHE-
THYecKuMH nccaenoBanusamu (Ashley etal., 2018; Pastuzyn et
al., 2018), ren Arc (Activity-regulated cytoskeleton-associated
protein) y 4yenoseka npousouien ot ERV Ty3/gypsy. bemok
Arc perynupyer CHHATHYIECKYTO UNIACTHYHOCTh B KOHTPOJIE
CUTHAJIBHBIX CETeH P KOHCOJIUTALNH TaMSITH. TpaHCKPHITTHI
reHa Arc TpPaHCIIOPTHPYIOTCSl K CHHAIICAM JCHJAPHTA, TJe U3
HUX CHHTe3upyeTcs Oemok Ha pudbocomax. bemox Arc dop-
MUpYET KallCHJ, HHKarcynmpyoonmid coocrsenasie MPHK.
O0pa3yembie BUPYCOMOI00HBIC CTPYKTYPhI 3arPy»KarTCs BO
BHEKJICTOYHBIE BE3UKYIIBI U TPAHCTIOPTHPYIOTCS K HEHPOHaM,
nepesaBasi TeHETHYECKYI0 MH(OPMALNIO U PETYISTOPHBIE
CUTHAJIbI TI0 HEWPOHHBIM CETSIM, 4TO HeoOXonumo Juist (op-
mupoBanus JI1 (Ashley et al., 2018; Pastuzyn et al., 2018).

Ot obparHoii TpaHckpunTazsl ERV mpousomen 6emox
Prp8 — komnoHeHT crutaiicocomsl aykapuot (Dlaki¢, Mushe-
gian, 2011). B sxcriepumMenTax Ha qpo30duie OblIa mokasaHa
KJIF09YeBasi poiib Prp8 B KOHTpoOIIE HKCIIpeccHn HeponenTHIa
FMRFa B neiiponax (Cobeta et al., 2018). Bo3uukmmii ot
oOpartHo# TpaHcKpunTassl perpodnemenToB 6emok TERT (Ko-
peraetal., 2011) perymupyet hopMHpOBaHHE TPOCTPAHCTBEH-
HOM MaMsTH MOCPEACTBOM MOAYJISILIMM Pa3BUTHS HEHPOHOB
B rummokamrte (Zhou et al., 2017). Ot 6enxa Gag ERV mpo-
n3outen B3aumozaenctByromuii c ATXN2 u ATXN10 B ctpec-
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COBBIX I'paHyJIaX U BHEKJICTOYHBIX Be3uKynax oenok PEG10,
KOTOPBIH peryaupyeT MATPAIINI0 HEHPOHOB P GOPMUpPOBaA-
uun JII1 (Pandya et al., 2021). benok Gag B »BoOIMH CTAT
taxoke uctounnkoM CCHC-tuma Oelika IMHKOBBIX I1AJIbLIEB
(xomupyercst reHoMm SIRH11/ZCCHCI6). Jenemus SIRHI11/
ZCCHC16 B bKciepUMEHTaX Ha MBIIIaX BbI3bIBACT AHOMAJIb-
HOE MTOBEJICHUE, CBI3aHHOE C KOTHUTUBHBIMH CIIOCOOHOCTSIMH,
BKITI09ast pabouyto mamsth (Kaneko-Ishino, Ishino, 2016). Ot
rena Gag npounsomen red RTLI/PEGII, skcipeccupyemblit
B TOJIOBHOM MoO3re. Y MBIl ¢ HOKayTOM OTIIOBCKOTO aJje-
151 (Rtllm+/p—) onpeneneno camkenne mamsata (Chou et al.,
2022). [1oryueHHBIE TaHHBIE O POJTH OEIIKOB, MPON3OLIECAIITHX
ot ERV, B hopmupoBanuu J{I1 cBUAETEIBCTBYIOT O MOTCHIH-
anbHOM yuyactuu camux ERV B 3Tux npoueccax.

Takum 00pa3oM, criTbHasi CTOPOHA THITOTE3HI O POJIU TPAHC-
mo30HOB B (popmupoBanuu JII1 — Hamuuue npsiMbIX dKCIIC-
PUMEHTAIBHBIX J0Ka3aTeIbCTB yuacTust PO B TaHHBIX Ipo-
neccax (Singer et al., 2010; Huang et al., 2011; Perrat et al.,
2013; Leal et al., 2014; Lapp, Hunter, 2016; Bachiller et
al., 2017; Zhang W.J. et al., 2021). Nmerorcs 1 KOCBEHHBIE
CBUJIETEIILCTBA 3HAYCHNSI MOOWIIBHBIX T€HETHYECKHX dile-
MeHToB B MexaHu3max JI1, mockonbky PD — 3BomIOIIMOHHbBIE
MCTOYHUKH yJacTBYIOIINX B (JOPMUPOBAHHUH NAMSITH OEIIKOB
Arc (Campillos et al., 2006; Ashley et al., 2018; Pastuzyn
et al., 2018), Prp8 (Dlaki¢, Mushegian, 2011; Cobeta et al.,
2018), TERT (Kopera et al., 2011; Zhou et al., 2017), PEG10
(Pandya et al., 2021), CCHC-turma 6eka IIMHKOBBIX MTAJTBIICB
(Kaneko-Ishino, Ishino, 2016).

TpaHCIIO30HBI SABJISAIOTCS TAKKe UCTOUHMKaMU MUKpOPHK
(Weietal., 2016) u mymansix HKPHK (Johnson, Guigo, 2014),
AKTHUBHO Y4acTBYIOLIUX B dUIreHeTHYecKkou perysuuu JI1.
[TosToMy crmbHAs CTOpPOHA TAHHOM THITOTE3HI — OOBICHEHHE
MEXaHU3MOB BIIMSHHS CPEIOBBIX CTHMYJIOB Ha STHICHETH-
yeckue (akTopbl, TaKk Kak B JaHHBIX Iporeccax PO ciyxar
3¢ GeKTUBHBIMY TOCPEAHUKAMH, TyBCTBUTEILHBIMU HE TOJIb-
KO K CTPECCOBBIM, HO M KO MHOTHIM BHEIITHUM ¥ BHYTPEHHUM
(hakTopam, BocIipuHUMAas HH(GOPMAIIMIO ISl aJanTaluy op-
raamma (Mycradun, XycHyTanHoBa, 2019), 9T0 COOTBETCT-
ByeT onpenenenuio mamsth (Ortega-de San Luis, Ryan, 2022).
Bosee Toro, cnocodHocTh PO nHCEpTHPOBaTh B HOBBIE JIOKYCHI
TEeHOMa, U3MEHSS IIPH 3TOM 3KCIIPECCHIO CHEeNN(UIECKUX
TeHOB, yJacTByommx B ¢opmuposanun /I1, B oTnmune ot
THIIOTE3bl CHHANTHYECKOW MIACTUYHOCTH, OOBSICHSET J10JIT0-
BPEMEHHYIO KOHCOIHIAINIO Ha ypoBHE reHoMa (Perrat et al.,
2013; Bachiller et al., 2017; Zhang W.J. et al., 2021).

B nomnp3y npenioskeHHOI IUnoTe3s TOBOPUT Takke 00JIb-
111251 CKOPOCTH KOHCOJIUIANH MH(OPMALIN HA YPOBHE T€éHOMA
(o cpaBHEHMIO ¢ BO3MOXKHBIM BIMSIHHEM TIOTEHIMAla Ha
cUHTE3 OCJIKOB Ha prbOOCOMax) 3a cueT akTuBauuu PO, Tak
KaK TPAHCHO30HBI yYaCTBYIOT BO MHOXXECTBE T'€HHBIX U AIIH-
TEHETHUYECKNX CeTeH (B CBSI3M C HATMIHUEM KOMIUIEMEHTapHBIX
MOCIIEIOBATEIEHOCTEH ¢ MPOU30LICIINMHI OT HUX HEKOH-
pytormmu PHK). [TosTomy cpenoBeie CTHMYITBI, aKTUBHUPYTO-
M€ TPAHCIIO30HBI, MOTYT OBICTPO OTPaXkaThbCsl HA N3MEHe-
HUSIX TEHHBIX CETeH, 4TO JOCTaTOYHO JUIs (popMHpOBaHUS
JIOJITOBPEMEHHOM HaMSITH.

B03MO)XHBIM KOHTPapryMEHTOM POJIH TPAHCIIO30HOB B (hop-
MHPOBaHUH MAMSTH MOXKET CITYXKUTb (hakT akTuBauuu PO npu
CTapeHnH, I KOTOPOTO XapaKTEPHO CHIKEHHE KOTHUTHBHBIX
dyukIwii 1 mamsaTi. OJTHAKO IPOBEICHHBIN CHCTEMAaTHIE CKHAN
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0030p Hay4yHOU JMUTEpaTyphl MOKa3aj, YTO MPUUMHA CTape-
HUS — maTojorudeckas akrupanus PO (Mustafin, Khusnutdi-
nova, 2018), Tor/ia KaK Jiyist OHTOTreHe3a C JISICHUS 3UTOTHI U 710
JTIOCTHKEHUS ITOJIOBO3PEIION0 COCTOSIHUS OPraHu3Ma MPOUCXO-
JUT BUAOCTe(pUIecKast akTHBAIIUS CTPOTO OTIPEIeICHHBIX
TPAHCIIO30HOB, B TOM YHCJIC B TOJIOBHOM Mo3re (MycraduH,
XycnytauHoBa, 2018). B monbe3y 3T0ro yTBEp>KAEeHUS CBH-
JIETETBCTBYET MMATOJIOTHIECKast akTuBaIwst PO mpu accorum-
POBAaHHEIX CO CTapOCTBIO OOJE3HAX, XapaKTePU3YFOIIUXCS
HapylIeHUEM JIOJTOBPEMEHHOM MaMsTH.

B3aumocBA3b TpaHCNO030HOB ¢ MUKPOPHK

Apv HapyweHnAX NaMATU

[TepcriekTHBBI UCCIEIOBAHUS B3aUMOCBSI3M MOOMIIBHBIX Te-
HETHYECKUX JIEMEHTOB C SIMUICHETHIECKUMH (paKTOpaMH B
dhopmuposanuu JII1 B HOpME M MPHU MATOJIOTUU CBSI3aHBI C
BO3MOXXHOCTBIO KOPPEKIIMU HapyIIeHUH, TaKk KaK 3MUTCHe-
TUYECKUE M3MEHEHHUSI HOCST OOpaTHMBbIM Xapakrep. XOTs
IKCIIPECCHsI TPAHCIIO30HOB HEOOXOAMMA ISl KOHCOIHJAlIuH
MaMATH B HOPME, X TaTOJNIOTHYECKass aKTUBALUS SBIISIETCS
(hakTOpOM pa3BUTHSI HEHPOJIEreHEePAaTUBHBIX Oose3Hel. B axe-
MepUMEHTax Ha MbIIIAaX, MOJICIMPOBAaHHBIX 110 BA, ObLIO
mokazano Hapymenue 11 Bciaencreue nepenpeccun PO (El
Hajjar et al., 2019). G-xBanpymiekc, IPOUCXOISAIIUHI OT HBO-
moMoHHO-KoHcepBaTuBHBEIX LINE 1, mopaBnseT sxcnpeccuio
TeHOB B HelipoHax 1pu 6ose3nn Ansireiimepa (Hanna et al.,
2021). B ronoBHOM Mo3re MbIIIEH Tay-OCNKH aKTUBUPYIOT
ERV, noseimas konuuectBo ux JJHK-konwmit (Ramirez et
al., 2022), a y manueHToB ¢ 00JIe3HBI0 AJBITeiMepa JeKOH-
JICHCAIMs TeTepOXpPOMaTHHA M CHM)KEHHE YPOBHEH Piwi U
piPHK axtuBupytor HERV (Sun W. et al., 2018), LINE1 u
Alu (Grundman et al., 2021).

IMockonbky mukpoPHK Taxke xapaxkrepusyrorcst uszme-
HEHUEM DKCIIPECCHHU IpH HOopMalibHOM (opmupoBanun JI1
(Leal et al., 2014; Chen, Qin, 2015; Michely et al., 2017;
Grinkevich, 2020) u npu 6oe3nn Anbureiimepa (Patel et al.,
2019), 5T U3MEHEHHUsI MOTYT OBITh CBSI3aHBI C I1ATOJOTHYE-
CKOM aKTHBAIUCH MOOMJILHBIX TCHETHYCCKHX DJIEMEHTOB. J{j1st
MOATBEP KJICHUS JTAHHOTO TIPE/IIONIOKEHHS HaMU TIPOBE/ICH
aHaJIN3 Hay4vyHOH JUTeparypsl 0 B3aumocBsa3u MUkpoPHK c
TpaHcIo30HaMHu Tpu 6oe3rn AnprreiiMepa. C 3Toi 1eNbio
OBUTH M3yUYEeHBI pe3yabTaThl PadOT 00 U3MEHEHHUSIX IKCIIpec-
CHM MPOU3OLIEIIINX OT MOOMIIBHBIX TeHETHYECKHUX DJIEMEH-
ToB (comtacHo 6a3e manueix MDTE DB (Wei et al., 2016))
mukpoPHK mipu 6ones3nn Anpureiimepa. B pesynsrare oona-
pyxeno 40 mukpoPHK, koTopbie cBUIETENBCTBYIOT O POIU
B3aMMOCBSI3aHHBIX (32 CUET KOMIITIEMEHTAPHOCTH HYKJICOTH/I-
HBIX [TOCIIeIOBaTEIbHOCTEN) ¢ Tpancnozonamu MuKpoPHK B
MexaHu3Max (opMHpOBaHUS MaMSITH y YEJIOBEKa B HOPME U
npu naroiorud. [lnsg 24 u3 stux mukpoPHK ommcana ¢ysk-
IIMOHAJIbHAS 3HAYUMOCTb B TOJIOBHOM MO3Te (CM. Ta0nmuiy).

3aknioyeHune

HccnenoBanue posu sMUreHeTHYeCKUX (akTopoB B (hopMupo-
BaHuu J{I1 B HOpMe U ITpU MaTOJIOrUU MEPCTIEKTUBHO B CBA3U
€ 00paTUMOCTBIO IPOUCXO/SIINX MO UX BIUSHHEM H3MEHE-
HUI 1 BO3MOXHOCTBIO BO3JEHCTBUS HA HUX C IOMOIIBIO MH-
kpoPHK. HaunGosee BeposiTHBIE ipaiiBepbl SITUTEHETHYECKOM
PETYISIMN TeHOB IPH GOPMHUPOBAHUN TAMSATH — MOOWIIbHBIE
TE€HETUYECKHE 2JIEMEHTBI, BEICOKOUYBCTBUTENIBHBIE CEHCOPBI
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Accoumanms c 6onesHbio AnbLreiMepa NponsoLweawmx oT TPaHCNo30HOB MUKPOPHK

MUKpPOPHK  MicTouHnk

miR-1202
miR-1246
miR-1271

miR-151

miR-192
miR-211

miR-224

miR-28

miR-31
miR-3199

miR-320c

miR-3200
miR-325

miR-326

miR-335

miR-340
miR-342

miR-3646
miR-378a

miR-384

miR-4286
miR-4422
miR-4487

miR-4504

miR-4772
miR-495
miR-502
miR-511

miR-517
miR-545
miR-566
miR-576
miR-582

MUKpoPHK

LINE1
ERVL
LINE2

LINE2

LINE2
LINE2

MER135

LINE 2

LINE2
LINE2

LINE2

ERV-L
LINE2

hAT-Tip100

SINE

TcMar
SINE

SINE
SINE

LINE/Dong-R4
LTR/ERVL
LTR/Gypsy
LINE1

LINE1

LINE1
ERVL

LINE2
LINE1

SINE/Alu
LINE2
SINE/Alu
LINE1
LINE/CR1

MN3meHeHwme skcnpeccnnt MUKpoPHK  Ponb mukpoPHK B ronoBHom mosre

npu 6onesHn Anburerimepa
(nTepaTypHbI NCTOYHNK)

(1 — noBbIWweHNKe, | — CHUXKeHne)

1 (Henriques et al., 2020)
1 (Guo et al., 2017)
| (Majumder et al.,, 2021)

1 (Satoh et al., 2015)

| (Qinetal., 2022)

1 (Sierksma et al., 2018;
Lietal., 2021)

1 (Sun X. etal., 2023)

1 (Hongetal., 2017;
Zhao et al., 2020)

| (Barros-Viegas et al., 2020)
1 (SunC.etal., 2021)

1 (Raheja et al., 2018;
Boese et al., 2016)

| (Satoh et al., 2015)
| (Barak et al., 2013)

1 (Caietal, 2017)

1 (Bottero, Potashkin, 2019)

| (Tan X. et al., 2020)
| (Dakterzada et al., 2021)

1 (LuL.etal, 2021)
1 (Dong et al., 2021)

1 (Samadian et al., 2021)
| (Henriques et al., 2020)
| (Hajjri et al., 2020)

| (Huetal, 2018)

1 (Eysert et al., 2021)

Lugli et al., 2015)
Yuen et al., 2021)
Satoh et al., 2015)

(
(
(
(Wang et al., 2023)

— e

Schipper et al., 2007)
Cosin-Tomas et al., 2017)

T
L
1 (Yaqub et al., 2023)
L
L

Liu etal.,, 2014; Xu X. et al.,, 2022)

Eysert et al, 2021)

(nTepaTypHbIN NCTOYHVIK)

WHrnbupyet Rab1a n curHanbHble nytv TLR4/NFKB (Song et al., 2020)
H.a.

B3anmopencTtayeT c MPHK peuentopoB Tvpo3nHKkrHasbl ALK n RYK
(Majumder et al., 2021)

Perynupyet namatb B runnokamne (Xu X.F. et al,, 2019; Ryan B. et al.,
2017)

Bo3gelicTByeT Ha curHanbHbIvi NyTb TGF-B1 (Tang et al., 2019)

Perynupyet murpaumio n audpdepeHLUpPoBKY HENPOHOB
(Mainigi et al., 2016)

NHrnbmpyet nipnammacomy NLRP3 (Sun X. et al,, 2023),
perynupyet NPAS4, yuactsytowwii B A1 (Bersten et al., 2014)

H.a.

Perynupyet LTP (Parsons et al., 2012)

YuacTtByeT B perynauum skcnpeccun 6eta-amunonga (Sun C. et al,,
2021)

H.n.

H.a.

NHrmbmpyet skcnpeccuto 6enka ToMmo3nHa (HapyLiaeT CUHaNTUYecKyo
NAacTMYHOCTb B runnokamne (Barak et al., 2013))

Perynupyet reHbl, yqacTBytoLme B CUHaNTUYECKOW NIACTUYHOCTH
(Cohen et al., 2014), B otBeT Ha BDNF cHmxaeT akcnpeccuio Arc
(Wibrand et al., 2012)

MopynunpyeT cMHanTUYeCKyto NAacTUYHOCTb M NPOCTPAHCTBEHHYIO
namsTb B runnokamne (Capitano et al., 2017)

H.n.

PerynupyeT depmeHT, paclennsiowmin 6enok-npeaecTBEHHNK
amunoupa (BACE1) (Dong et al., 2022)

H.a.

NHrmbmpyet ren EZH2, perynnpys BblpaboTKy NpoBOCMannTenbHbIX
uutoknHos (Weng et al., 2023)

YuacTteyeT B nogaepxaHuu LTP (Gu et al., 2015)
H.n.
H.a.

MopasnaeT MHAYUMPOBaHHbIN 6eTa-aMUIOMAOM anonTo3
(Hu et al., 2018)

NHrmbmpyet B3aumopeincteytowmii ¢ APP ren FERMT2
(Eysert et al.,, 2021)

H.a.
YuacteyeT B dopmuposaHum [ B runnokamne (Puig-Parnau et al., 2020)
H.na.

Perynnpyet anddepeHUnpoBKy HENPOHOB 3a CUET MHTMGMPOBaHUA
reHa FKBP5 (Zheng et al., 2016)

H.a.
H.n.
H.n.
H.a.
Mopasnsaet akcnpeccuto FERMT2 (Eysert et al., 2021)
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OKoHuaHMe Tabnnubl

A hypothesis about interrelations of epigenetic factors
and transposable elements in memory formation

MUKPOPHK  MicTouHnk MN3meHeHwme skcnpeccnn MuKpoPHK

MUKpoPHK npwv 6onesHn Anburenmepa
(nTepaTypHbI NCTOYHNK)
(1 — noBbIWweHNKe, | — CHUWKeHnEe)
miR-603 TcMar 1 (Zhang C. et al.,, 2016)
miR-6087  LINET | (Lauetal, 2013)
miR-619 LINET | (Baek et al, 2021)
miR-659 LINE2 | (Luglietal., 2015)
miR-664 LINE1 1 (Schonrock et al., 2010)
miR-708 LINE2 | (Rahman et al., 2020;
Di Palo et al., 2022)
miR-885 SINE/MIR | (Tan L. et al., 2014)

MpumeyaHwne. H. a. - HET AaHHDbIX.

TeHOMa K CPEZIOBBIM U BHYTPEHHHUM BO3/eicTBHSIM. O0 3TOM
cBuzeTeNbeTByeT coxpanenue JI1 mpu momHOM ycTpaHeHnn
CHHANTUYECKUX CBs3el. TpaHCIIO30HBI KOHCOIMIUPYIOT I1a-
MATh Ha ypoBHe saepHoil JIHK 3a cuer 3anporpamMmmupoBaH-
HOTO NaTTepHa UX aKTUBALMK U TPAHCHO3UIMH. AHAIN3 Ha-
YYHOH JIUTEpaTypbl IIO3BOJIWI HAWTU JOKA3aTEIbCTBA POJIU
MOOMIIBHBIX TEHETHUECKHUX 3JIEMEHTOB M B3aNMOCBSI3aHHBIX
¢ anmu 1HPHK n mukpoPHK B ¢opmupoBanun namstu B
HopMe 1 narosioruu. [1pu Gone3nu AsblreiiMepa onpeaeseHsl
n3MeHeHus SKkcnpeccrd 40 MPOU3OIIENINX OT TPAHCIIO30HOB
MukpoPHK, ncTounnkn O0IbIIMHCTBA 3 KOTOPBIX — PETPO-
aneMenTsl (ans 24 mukpoPHK — LINE, nnst 7 — SINE, ns
5—ERV).

MoKHO NPeNONI0KUTb, YTO BbIsIBIEHHbIE HAMU MUKpOPHK
B IIEPCIIEKTHBE MOTYT CTaTh OOBbEKTAMH M MHCTPYMEHTaMH
JUISL PETYIISIN AKTUBHOCTH MOOMIIBHBIX TEHETHIECKUX dIIe-
MEHTOB B TOJIOBHOM Mo3re. IIpennokeHHas rumnores3a poiu
PEeTpOdIEMEHTOB B ()OPMHUPOBAHUH JOJITOBPEMEHHON Mamsi-
TH OOBSICHSIET HEIOCTAIOIINE 3BEHBS TEOPHH CHHAIITUYECKOI
TUTACTUYHOCTH, MOCKOJIBbKY aKTHBHPOBAaHHBIC TPAHCIIO30HEI
(hopMHUPYIOT UHCEPIMH B CHEHU(DUICCKHE JIOKYChI TeHOMA,
M3MEHSIOIINE 3KCIPECCHIO YUACTBYIOIINX B PA3BUTUH MaMsi-
TH T€HOB, YTO OOBSICHSACT KOHCOJH/IANNIO TOITOBPEMEHHOMN
MaMATH Ha YPOBHE SEPHOT0 KOJUPOBAHUS.
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Abstract. Chromatin is not randomly distributed within the nucleus, but organized in a three-dimensional struc-
ture that plays a critical role in genome functions. Cohesin and condensins are conserved multi-subunit protein
complexes that participate in mammalian genome organization by extruding chromatin loops. The fine temporal
regulation of these complexes is facilitated by a number of other proteins, one of which is microcephalin (Mcph1).
Mcph1 prevents condensin Il from associating with chromatin through interphase. Loss of Mcph1 induces chromo-
some hypercondensation; it is not clear to what extent this reorganization affects gene expression. In this study, we
generated several mouse embryonic stem cell (mESC) lines with knockout of the Mcph1 gene and analyzed their
gene expression profile. Gene Ontology analyses of differentially expressed genes (DEGs) after Mcph1 knockout re-
vealed gene categories related to general metabolism and olfactory receptor function but not to cell cycle control
previously described for Mcph1. We did not find a correlation between the DEGs and their frequency of lamina as-
sociation. Thus, this evidence questions the hypothesis that Mcph1 knockout-mediated chromatin reorganization
governs gene expression in mESCs. Among the negative effects of Mcph1 knockout, we observed numerous chro-
mosomal aberrations, including micronucleus formation and chromosome fusion. This confirms the role of Mcph1 in
maintaining genome integrity described previously. In our opinion, dysfunction of Mcph1 may be a kind of “Rosetta
stone” for deciphering the function of condensin Il in the interphase nucleus. Thus, the cell lines with knocked-out
Mcph1 can be used to further study the influence of chromatin structural proteins on gene expression.
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SMOPMOHAIBbHBIX CTBOJIOBbBIX KJI€TOK MBbIIIN
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AHHOTauuA. XpOMaTUH B AAPE KNeTKW pacnpefenieH He XaoTUYHO, a UMeeT OpraH130BaHHYI0 CTPYKTYpPY, KOoTopas
OKa3blBaeT NpsmMoe BvsHMEe Ha GYHKLUMOHMPOBaHMe reHoma. OfHVMY 13 OCHOBHbIX apXMUTEKTYPHbIX 6ETKOB XPo-
MaTrHa B KNeTKax MIEKOMUTAIOWMX ABSIOTCA KOHCEPBATUBHBIE MyIbTUCYObeUHNYHbIE GEIKOBbIE KOMMEKCbI: KO-
re3nH 1 KOHAEHCUHbI. DTN KOMMEKCbl CMOCOBHbI MPOTArMBaTh NETIN XPOMATUHA, ONOCPeays KOHTaKTbl Mexay yaa-
neHHbIMKM yyacTkamy [IHK. ToHKas BpeMeHHas perynauus nx akTMBHOCTY OCYLLECTBAAETCA PAAOM APYrUX Genkos,
O[IMH 13 KoTopbiX — MUKpouedanuH (Mcph1). Mcph1 npenaTcTByeT B3anmMofAencTBII0 KOHAeHCKHa Il ¢ xpomaTHOM B
uHTepdase. MNpwn HapylweHun ero GyHKLMM HabnogaeTca MaclwTabHas peopraHn3aLma XpoMaTUHa, Bbi3BaHHasA aHo-
MasnbHOM 3arpy3Koi KoHaeHcKHa Il. Kak 3To cKa3blBaeTcs Ha SKCMPeccu reHoB, 0 CUX Nop Heu3BecTHo. B gaHHOM
NCCNeA0BaHMM Mbl CO3AaMN HECKOMBKO NIMHUIA SMOPUOHANBbHBIX CTBOMIOBbIX KNETOK MbllK C HOKAyTOM reHa McphT,
OXapaKTepr30Bany UX 1 NpoaHanv3npoBany Npodub SKCNpeccn reHoB. AHHOTaLMA AuddepeHLmanbHO aKcnpec-
CUPYIOLLVIXCA FEHOB B TEPMIVHAX FreHHOV OHTOJNOT MY BbisiBUJIa KAaTEropriv reHOB, OTHOCALLMECA K 06LLeMy MeTabonu3-
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Generation and analysis of mouse embryonic stem cells
with knockout of the McphT1 (microcephalin) gene

MYy U QYHKLMOHMPOBaHWIO OOOHSTENBHBIX PELIENTOPOB, HO HE K PETYNALMMN KIETOYHOTO LUKIA, ONCaHHOWN paHee
ana Mcph1. Mbl Takxe He OGHaPYXUSIN KOPPENALMM MEXIY reHamMW, N3MEHUBLUVMU CBOK TPAHCKPUMLIMOHHYIO aK-
TUBHOCTb Nocsie HokayTa Mcph1, n BepOATHOCTbIO X TOKanv3auuy Ha AgepHon naMuHe. 3TOT pe3ynbTaT CTaBUT Nog,
COMHEHWMe runoTesy o BANAHUM ONOCPEA0BaHHO HOKayTOM Mcph T apXUTEKTYpbl XPOMAaTVHA Ha SKCMPECCUIO FTeHOB.
Cpepnu HeraTrBHbIX 3bdeKToB HoKayTa Mcph1 Mbl HabMIOAANIN MHOXECTBEHHbIE XPOMOCOMHbIe abeppauuu, BKoYasa
HapyLUEHUA CErperayun XpOMOCOM C 06pasoBaHNEM MUKPOAAEP, A TaKXKe CJIMSHNE XPOMOCOM. DTO NMOATBEPKAAET
OMMCaHHYI0 B NpeabIayLwmX nccnefoBaHnsax ponb 6enka Mcph1 B noggep»kaHny LeIoCTHOCTU CTPYKTYpPbl FeHOMA.
Mbi nonaraem, uto HokayT Mcph 1 MOXeT oKa3aTbCA CBOEOOPa3HbIM «PO3ETTCKM KaMHeM», CMOCOBHBIM paclumdpo-
BaTb GYHKLUMM KOHAEHCKHa |l B iHTepdasHom agpe. MonyyeHHble HAMU NMHUK SMOPUOHASbHbIX CTBOJIOBbIX KNETOK C
HoKayToM reHa Mcph1 mMoryT GbITb UCNOJIb30BaHbl A1 AaNibHELLEro N3yyeHns BAUAHUA CTPYKTYPHbIX 6eKoB Xpo-

MaTuHa Ha SKCnpeccuto reHoB.

Kniouesble cnosa: Mcph1 (MnkpouedanuH); KoHaeHcauma XpoMocom; SC KNeTKU MblLUW; TPAHCKPUMTOMHbIA aHanms.

Introduction

The three-dimensional organization of chromatin plays a
crucial role in maintaining genome stability and regulating
key cellular processes such as DNA replication, DNA repair,
and gene expression (Marchal et al., 2019; Stadhouders et
al., 2019; Sanders et al., 2020). Interphase chromosomes are
decondensed and distributed all over the nucleus. Contacts
between distant genomic regions are important in the regula-
tion of gene expression and mediated by CTCF and cohesin
complexes (SMC family of ATPases) (Dixon et al., 2012; Rao
etal., 2014) (Fig. 1). The transition from interphase to mitosis
leads to significant chromatin structure changes: chromosomes
become highly compacted due to the loading of condensin
complexes — other members of the SMC protein family (Earn-
shaw, Laemmli, 1983; Naumova et al., 2013). Condensin II
builds large regular chromatin loops early in mitosis forming
helically arranged axial scaffold, whereas condensin I gener-
ates smaller nested loops inside the large loop and promotes
the widening of the chromosomes. As mitosis progresses,
outer loops grow and the number of loops per turn increases,
promoting axial shortening of the chromosomes (Gibcus et
al., 2018) (Fig. 1).

In recent years, interest in condensin complexes as mo-
tor proteins involved in establishing chromatin loops has
greatly increased driven by advances in 3D genomics and
super-resolution microscopy methods. However, many of
their functions remain unclear. One of the most intriguing
questions is the role of condensin II in the interphase nucleus
(Wallace, Bosco, 2013). Unlike cytoplasmic condensin I,
which interacts with chromatin only after nuclear envelope
breakdown, condensin II is present in the nucleus throughout
interphase (Hirota et al., 2004; Ono et al., 2004). Some studies
suggest that condensin II loads coordinately with cohesin and
transcription factor TFIIIC onto chromatin at the promoters
of actively transcribed genes (Dowen et al., 2013; Yuen et al.,
2017). Other studies indicated that condensin II does not play
any significant role during interphase since the depletion of
condensin II in non-dividing cells does not lead to changes in
the spatial organization of the genome or gene transcriptional
activity (Abdennur et al., 2018; Hoencamp et al., 2021). It is
well established that condensin II’s activity during interphase
is blocked by microcephalin (Mcphl) (Trimborn et al., 2006;
Yamashita etal., 2011; Houlard et al., 2021). Mcphl is a mul-
tifunctional protein that also participates in DNA repair, cell

Interphase WT Prophase
i /
Cohesin Condensin Il O
Smc2 E :
SME3
" ( CapH2
@ CTCF Prometaphase
‘ CTCF-binding sites ) O
@ Vcph Condensin | Q
B Q Smc4 )Q
o =
CapH
Mcph1-depleted cells

Fig. 1. DNA loop extrusion by SMC (Structural maintenance of chromosomes) complexes during cell-cycle progression in WT and

Mcph1-depleted cells.
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cycle control, apoptosis, and chromatin remodeling (reviewed
by (Kristofova et al., 2022)). Mcphl binds to condensin II
through its short linear motif in the central domain thereby
blocking the condensin II interaction with chromatin (Houlard
et al., 2021). Disruption of Mcphl function leads to chromo-
some condensation of interphase nuclei (Fig. 1). As a result,
mutant cells acquire a unique phenotype characterized by
prophase-like compacted chromosomes during interphase
(Neitzel et al., 2002; Gruber et al., 2011).

It has been shown that in mouse embryonic stem cells
(mESCs) Mcphl knockout leads to altered chromatin archi-
tecture by enhancing the mixing of A and B chromatin com-
partments. This is consistent with microscopic observations —
highly condensed chromosomes become “individualized”
in the interphase nuclei, while the chromocenters have dis-
appeared (Houlard et al., 2021). Whether these chromatin
state changes can affect gene expression is not clearly un-
derstood. To address this issue, we generated mESCs with
stable Mcphl knockout and analyzed the changes in gene
expression profiles.

Materials and methods

Mouse embryonic stem cells culture. All AMcphl cell lines
were generated from mouse ES cells (Rad21-minilAA7-
eGFP) previously established in our laboratory (Menzorov et
al., 2019; Yunusova et al., 2021). Cells were cultured on the
plates coated with a 1 % gelatin solution under 2i conditions,
which ensures the pluripotency by specifically blocking the
MAPK-ERK pathway (PD0325901, 1 uM) and glycogen
synthase kinase 3 (CHIR99021, 3 uM) in DMEM (Thermo
Fisher), supplemented with 7.5 % ES FBS (Gibco), 7.5 %
KSR (Gibco), 1 mM L-glutamine (Sigma), NEAA (Gibco),
0.1 mM B-mercaptoethanol, LIF (1,000 U/ml, Polygen), and
1% penicillin/streptomycin (Capricorn Scientific). The growth
medium was changed to a fresh one every day. Upon reaching
appropriate confluence (70-80 %), the cells were passaged
every 2-3 days.

Gene targeting of the Mcphl gene in mESCs. The se-
quences of guide RNAs were taken from the article (Houlard et
al., 2021). gRNAs were cloned into the gRNA _cloning vector
(Addgene, 41824). For exogenous Cas9 expression, the vector
pCSDest2-2XNLS-SpCas9-WT-NLS-3XHA-NLS-TALentry
(Addgene, 69232) was used. The plasmids were introduced
into cells via electroporation (Neon Transfection System,
Thermo Fisher Scientific, USA) as follows: for each 10 ul
electroporation, 250,000 cells and 1 pg of total DNA (with an
equimolar ratio of the two vectors) were used. Electroporation
was performed following the manufacturer’s protocol under
conditions 6 and 10, previously determined as the most optimal
for efficiency/survival ratio for mouse ESCs in our laboratory.
After electroporation, cells were seeded into a 24-well plate
in pre-warmed media without antibiotics. The next day cells
were split into 10 cm dishes at low density. The medium was
changed every 2-3 days. After single-cell clones were visible,
a subset of clones was handpicked with pipette tips under the
light microscope and transferred into a drop of trypsin/EDTA
in each well of a 96-well plate, and then resuspended in growth
medium. Upon reaching a confluent density, subclones were
plated into two new 96-well plates (one for stock storage and
one for PCR-genotyping).
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For PCR-genotyping, cells were lysed in PBND buffer
(10 mM Tris-HCI, 50 mM KCl, 2.5 mM MgCl,, 0.45 % NP-40,
and 0.45 % Tween 20, pH 8.3) containing 1 pg/pl proteina-
se K (NEB, USA) for an hour at 55 °C. After inactivation of
proteinase K (95 °C, 10 minutes), 1 ul of lysate was used as
a template for PCR amplification of the Cas9-target site. The
target region included exon 2 of the Mcphl gene and was am-
plified using HS-Taq DNA Polymerase kit (Biolabmix, Russia)
under the following conditions: 95 °C for 30 s, followed by
34 cycles of 95 °C - 10°s, 60 °C — 20 s, 72 °C — 1 min, and
a final elongation at 72 °C for 5 minutes. The primers used
were: Mcphl-del-F — ACCACATGCTTTGGCGTAGA and
Mcphl-del-R - GCCAGACTCAAGTCTCCCAC. Amplified
DNA fragments were separated on 2 % agarose gel. For se-
lected subclones, amplicons were purified and their nucleotide
sequence was determined by Sanger sequencing.

Protein detection by Western Blotting. Growth medium
was discarded and cells were washed with PBS and scraped
from the surface in the presence of RIPA buffer (50 mM
Tris-HCI pH 8, 150 mM NaCl, 1 % Triton X-100, 0.5 % so-
dium deoxycholate, and 0.1 % SDS) containing the protease
inhibitor cocktail [1x Complete ULTRA, 1x PhosSTOP
(both from Roche, Switzerland), 5 mM NaF (Sigma-Aldrich,
USA)]. After that, the cell lysates were sonicated by three 10 s
pulses at 33-35 % power settings with UW 2070 (Bandelin
electronics, Germany). The sonicated samples were centri-
fuged at 14,000 g for 20 min at 2 °C, frozen, and stored at
—80 °C. The protein concentrations were quantified according
to instruction’s protocol by using Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific, USA). Equal amounts of the
denatured total protein (20 pg) were separated on 10 % SDS-
PAGE gel and then transferred onto the Immun-Blot PVDF
membrane (Bio-Rad). After blocking in 5 % milk in TBST
(50 mM Tris base, 150 mM NacCl, 0.05 % (v/v) Tween 20) for
2 h, the membranes were incubated with primary antibodies
against Mcphl protein (D38GS5) Rabbit mAb #4120 (Cell
Signaling Technology, USA) at a 1:1,000 dilution overnight
at 4 °C. On the following day, after three washes with TBST
buffer (10 min) membranes were incubated with horseradish
peroxidase — conjugated secondary antibodies (Anti-rabbit
IgG #7074, Cell Signaling Technology) for 2 h at room tem-
perature. Detection was performed with Clarity™ (BioRAD,
USA) and iBright™ FL1500 (Thermo Fisher Scientific, USA).

RNA extraction and transcriptome sequencing. The
isolation of total RNA was performed using Trizol reagent
(Sigma-Aldrich, MA, USA) following the manufacturer’s
instructions. The isolated RNA samples were resuspended in
DEPC-treated water, then RNA concentration and quality were
assessed by spectrophotometry and gel electrophoresis. Total
RNA was sequenced on the BGISEQ-500 High-throughput
Sequencing Platform (BGI, Beijing, China). The expression
of RNA transcripts was quantified using Salmon (Patro et al.,
2017). All analyses were performed using R Statistical Soft-
ware (v4.3.2; R Core Team 2023). Raw counts were processed
and normalized by Log2 fold change using tximport (https://
github.com/thelovelab/tximport), genefilter (https://github.
com/Bioconductor/genefilter), GenomicFeatures (https://
github.com/Bioconductor/GenomicFeatures) and DESeq2
(https://github.com/thelovelab/DESeq?2). Volcano plots were
constructed using the EnhancedVolcano R package (https://
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github.com/kevinblighe/EnhancedVolcano). The heat map
was generated using the ComplexHeatmap (https://github.
com/jokergoo/ComplexHeatmap). The gene ontology term
enrichment analysis was carried out using the PANTHER
server (https://www.pantherdb.org). The set of genes specifi-
cally expressed in mESCs with a base mean level >100 was
used as a reference set.

To examine whether the differences in gene expression in
AMcphl cell lines were associated with the differences in
lamina association, we used the LaminB1-DamlID libraries
from (Borsos et al., 2019). Next, we determined the DamID
score in a 100 kb bin containing the coordinates of the tran-
scription start sites of DEGs (Supplementary Material 1)!. To
determine the correlation between the DamID score and the
magnitude of the change in activity (log2FoldChange), the
Pearson correlation coefficient was calculated for each gene.

Cell cycle analysis by flow cytometry. After trypsinization,
cell pellets were washed with PBS and resuspended in cold
70 % ethanol for fixation overnight at 4 °C. The next day, the
fixed cells were centrifuged and the fixative was thoroughly
removed. The cell pellet was suspended in PI solution (1 %
Triton X-100, 500 pg/ml propidium iodide, and 10 pg/ml
RNase A in PBS) and incubated for 30 min at room tempera-
ture. After that, cell cycle distribution was analyzed using a
BD FACS Aria flow cytometer (BD Biosciences, USA).

Chromosome spread analysis. Chromosome preparations
were obtained following standard protocols (Matveeva et al.,
2017). Briefly, cells were exposed to a 0.1 pg/ml colcemid
(Merck, Germany) in growth medium for 3 h. After, cells were
treated with 0.05 % Trypsin-EDTA solution (Capricorn Scien-
tific GmbH, Germany), hypotonic solution (0.25 % KCl and
0.2 % sodium citrate) was added directly to the culture plates
for 20 min at 37 °C. Then, cells were harvested, fixed with
Carnoy fixative (3:1 methanol:glacial acetic acid) and dropped
onto cold wet glass slides. Nuclear DNA was counterstained
with 1 pg/ml 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich, USA). Representative images were captured under
a Carl Zeiss Axioscop 2 fluorescence microscope equipped
with a CoolCubel CCD-camera (Meta Systems, Altlussheim,
Germany) at the Public Center for Microscopy SB RAS, No-
vosibirsk. The fraction of PLCs was determined after counting
130 to 230 nuclei in two replicas for each sample. The total
length of all chromosomes in 15 metaphases for each sample
was measured in arbitrary units (au) using ImagelJ software.

Statistical analysis. Data analysis was performed using
GraphPad Prism software package, employing two-sided
Student’s t test or Analysis of variance (ANOVA). Differences
were considered statistically significant at p < 0.05.

Results

Generation and chromosome analysis of AMcph1 cells

Following the protocol described by (Houlard et al., 2021),
we generated mESCs with a deletion of exon 2 of the Mcphl
gene, consequently producing a gene knockout. Based on
PCR genotyping, we selected 3 clones (#23_ 1, #70, #85) and
confirmed the presence of the targeted deletion of exon 2 in

T Supplementary Materials 1-3 are available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx18.xIsx
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clones #70 and #85 (Fig. 2a, b) by Sanger sequencing. We
were unable to obtain satisfactory Sanger sequence data for
clone #23 1 because of difficulties in resolving overlapping
sequencing signal peaks of heterozygous deletions. However,
this clone was included in further analysis. The absence of
Mcphl was confirmed by Western blotting for all subjected
clones (Fig. 2¢). For CRISPR/Cas9 off-targets analysis, we
utilized NGS data from three Mcphl-knockout cell lines
obtained previously by our group (unpublished data). We
found no detectable off-target editing at the predicted sites
(Supplementary Material 2).

It is known that dysfunction of Mcphl is associated with
an increased fraction of cells with prophase-like condensed
(PLCs) chromosomes in interphase (Arroyo et al., 2017; Hou-
lard etal., 2021) (Fig. 2d). For the mutant clones we calculated
the proportion of PLCs, which amounted to over 20-30 %,
significantly differing from that in the parental Mcph I+/+ cell
line (4 %) (Fig. 2e). Interestingly, this significant disruption
of proper temporal activation of chromosome condensation
does not affect the cell cycle progression. The proportion of
cells in different stages of the cell cycle was similar in both
parental McphI+/+and AMcphl cell lines, which is consistent
with previous findings (Arroyo et al., 2017; Houlard et al.,
2021) (Fig. 2f).

Additionally we measured the metaphase chromosome
length from AMcphl cell lines and compared it to the parental
line. Our analyses demonstrate that metaphase chromosomes
in Mcphl-depleted cells are significantly shorter than the
chromosomes of the parental line (Fig. 2g, /).

Moreover, we observed a significant increase in micronuclei
in Mcphl-lacking cells (Supplementary Material 3). In two
out of three AMcph 1 cell lines we detected the formation of a
Robertsonian metacentric chromosome by the fusion of two
acrocentric chromosomes (marked by the red arrowhead at

Fig. 2g).

Effects of Mcph1 knockout on gene expression in mESCs
To determine if specific interphase chromatin features affect
gene expression, we conducted a transcriptome analysis in
the AMcph1 cell lines and the control parental Mcphl+/+ cell
line. RNA-seq also confirmed the deletion of exon 2 of the
Mcphl gene in all targeted cell lines (Fig. 3a). The absence
of transcripts aligning to the second exon in AMcphl cell
lines unequivocally indicates successful CRISPR/Cas9-me-
diated targeting. According to RNA-seq data, the expression
level of Mcphl in knockout cell lines decreases threefold
(p-value = 1.05e—15) compared to the parental cell line, likely
due to the activation of the nonsense-mediated RNA decay
mechanism (Brogna, Wen, 2009).

To determine the changes in gene expression following
Mcphl knockout, we analyzed RNA-seq data from three in-
dependently derived knockout cell lines and compared them
with three replicates of the parental cell line. Genes with a base
mean expression < 100 were excluded from analysis. We found
that 876 genes significantly changed their expression level
(twofold or more) after Mcphl knockout (see Supplementary
Material 1 for the whole list of differentially expressed genes
(DEGs)). These DEGs are equally distributed between up- and
downregulated genes’ groups. Classification by Gene Onto-
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Fig. 2. The deletion of Mcph1 in mESCs induces chromosome condensation and metaphase chromosome shortening.

a, Representative PCR genotyping of genome-edited mESCs clones (three potential clones are shown as an example). b, Genotyping
of the potential clones by Sanger sequencing. ¢, Western blot analysis of parental Mcph1+/+ and AMcph1 cell lines. d, Representative
images of prophase-like nuclei (arrowheads) observed in the AMcphT cell lines. The nuclei were visualized through DAPI staining.
Scale bar: 10 um. e, Quantification of the percentage of prophase-like nuclei cells. Data represent the mean of two independent experi-
ments+SD. A minimum of 134 cells was examined in each experiment. Two-sided Student’s t test. f, Cell-cycle analysis through pro-
pidium iodide flow cytometry in parental Mcph1+/+ and AMcph1 cell lines. g, Representative images from a normal-sized metaphase
and a metaphase with hypercondensed chromosomes in AMcph1 cell lines. h, Mean length of all chromosomes in parental Mcph1+/+
and AMcph1 cell lines. The lengths were measured in arbitrary units (au); 15 metaphases were examined for each sample. One-way
ANOVA followed by Dunnett’s test.
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Fig. 3. Effects of Mcph1 depletion on gene expression in mESCs.

a, RNA sequencing coverage across the first three exons of Mcph1 in AMcph1 cell lines. b, Volcano plot of the significant DEGs between
parental cell lines and AMcphT cell lines. The x-axis represents the log2 fold change and the y-axis represents —log10 of each significant
DEG. Red spots beyond the dashed lines are considered to be significantly expressed at p < 0.05. ¢, Heat map of pluripotency gene
expression values for all the cell lines used. Each horizontal line represents a gene and each column represents a single sample. The
color intensity reflects the level of gene expression (red for upregulation and blue for downregulation). d, The correlation between DEGs
and LADs. For the gene sets with significantly altered gene expression after Mcph1 knockout (log2 fold change y-axis) DamID contact
frequency scores are shown (x-axis).
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Generation and analysis of mouse embryonic stem cells
with knockout of the McphT1 (microcephalin) gene

Gene Ontology categories with FDR < 0.05 enriched after Mcph1 knockout in mESCs

GO biological process complete Over/under Fold enrichment Raw p-value FDR

Sensory perception of smell (GO:0007608) + 7.48 3.68E-08 4.95E-04
Sensory perception of chemical stimulus (GO:0007606) + 6.75 4.04E-08 2.72E-04
Oxidative phosphorylation (GO:0006119) + 339 5.83E-06 1.57E-02
Organic substance metabolic process (GO:0071704) - 0.81 5.66E-06 1.90E-02
Primary metabolic process (GO:0044238) - 0.80 6.55E-06 1.47E-02
Nitrogen compound metabolic process (GO:0006807) - 0.79 8.59E-06 1.65E-02
Macromolecule metabolic process (GO:0043170) - 0.76 2.14E-06 9.60E-03

logy (GO) terms revealed 5 significantly-affected categories  Discussion

(FDR p-value < 0.05) related to general metabolism and ol-
factory receptor activity (see the Table). Interestingly, terms
of sensory perception were not attributed to Mcphl knockout
before. While oxidative phosphorylation was highlighted
as one of the most affected pathways in primary cultures of
neural progenitors from Mcph! full-knockout mice (Journiac
et al., 2020).

We did not observe an enrichment of regulated genes as-
sociated with cell cycle control — pathways in which Mcphl is
known to be involved (Yang et al., 2008). In detail, there were
no significant differences in the expression levels of Chkl,
Breal, Topbpl, Ddb2, p73 and Tert, which were all reported to
show reduced expression following Mcph 1 knockout (Yang et
al., 2008). Contrary to previous reports, we observed a slight
but significant upregulation of Rad51 and Apafl expression
level in AMcph1 cell lines (log2FoldChange =—0.81, adjusted
p-value =3.27x107° for Rad51; log2FoldChange = 0.6, ad-
justed p-value = 6.38x1073 for ApafT).

One of the hallmarks of embryonic stem cells is their abili-
ty to differentiate into almost any cell type. Thus, the high
number of differentially expressed genes between parental
Mcphl+/+ and AMcphl cell lines might be a consequence
of cell differentiation after Mcphl depletion. To test this
hypothesis, we have further analyzed the expression levels
of key pluripotency markers such as Sox2, Pou5f1, Nanog,
Klf4, etc. We have not observed any significant or consistent
decrease in expression of these genes thereby indicating that
differentiation had not taken place (Fig. 3¢). Thus, Mcphl is
involved in the regulation of pluripotency in mESCs neither
directly nor indirectly through influencing global chromatin
organization.

The Mcphl depletion induces significant remodeling of
nuclear chromatin due to chromosome condensation. It can
be hypothesized that the formation of rod-shaped chromo-
somes during interphase may cause disruptions in chromatin
association with the nuclear lamina. Thus, we decided to find
a correlation between alterations in gene expression level
and frequency of contact with the lamina. Lamina-associated
domains (LADs) regions in mESCs were identified by DamID-
seqof Lamin B1 (Borsos et al., 2019). We found no correlation
between the DamID contact frequency scores and changes
in gene expression in mutant Mcphl cells (Fig. 3d). These
data suggest that Mcphl-mediated premature chromosome
condensation during interphase is not the one that leads to
changes in gene expression patterns of mESCs.

492

Microcephalin (Mcphl) is found in all metazoa. This multi-
faceted protein plays an important role in multiple fundamental
cellular processes including DNA damage repair, cell-cycle
progression and apoptosis, regulation of chromosome conden-
sation and centrosome biogenesis. Loss-of-function mutations
of Mcphl cause primary microcephaly, associated with severe
reduction in brain volume and clinical decline in neurocogni-
tive function (Jackson et al., 2002). Previous studies have
shown that the expression level of Mcphl is decreased in
many types of cancers including breast cancer, lung cancer,
cervical cancer, etc. compared to normal tissue (Alsolami et
al., 2023). Thus, Mcph1 has attracted intense research interest
due to its crucial role in neurogenesis and cancer suppression
(Pulvers et al., 2015; Liu et al., 2016).

Numerous studies have implied that Mcphl plays an im-
portant role in chromosome maintenance (Arroyo etal., 2017;
Cicconi et al., 2020). Tracking the dynamics of mitosis pro-
gression in Mcph1-depleted cells in real time revealed a range
of anaphase defects and missegregated chromosomes that
become encapsulated in micronuclei (Arroyo et al., 2017).
Mcph1 specifically interacts with TRF2 in the shelterin com-
plex of telomeric DNA and promotes homology-directed re-
pair of dysfunctional telomeres. Moreover, Mcphl supports
telomere replication during the S-phase of the cell cycle by
counteracting replication stress (Cicconi et al., 2020). In our
study we also observed an elevated frequency of chromosomal
abnormalities including micronuclei and Robertsonian trans-
locations in the knockout AMcph lines (Supplementary Ma-
terial 3). According to the previously published data we also
detected a significant reduction in chromosome length for all
AMcphl cell lines (Gruber et al., 2011; Arroyo et al., 2017)
(Fig. 2h). A similar phenomenon of hypercondensed meta-
phase chromosomes was also observed in cells continuously
treated with nocodazole resulting in spindle destruction and
significant prolonged mitosis (Naumova et al., 2013). Thus,
increasing the duration of condensin loading to chromatin
either by prolonged metaphase arrest after nocodazole treat-
ment or chromosome condensation in interphase nuclei me-
diated by Mcphl knockout leads to the shortening of mitotic
chromosomes.

Several studies reported the transcriptional activity of
MCPHI1 (Lin, Elledge, 2003; Yang et al., 2008; Shi et al.,
2012). It was shown that in HEK293 cells MCPH1 acts as
a coactivator by forming a complex with the transcription
factor E2F1 and regulates a number of genes (such as CHK 1
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and BRCA1) involved in DNA repair, the cell cycle and apo-
ptosis (Yang et al., 2008). Furthermore, MCPHI was first
identified as an inhibitor of hTERT expression — that is why
MCPH] is also called BRITI (BRCT-repeat inhibitor of TERT
expression) (Lin, Elledge, 2003). Later it was demonstrated
that MCPH1 directly binds to the hTERT proximal promoter
leading to reduced hTERT expression and telomerase activity
(Shi et al., 2012). Comparative gene expression profiling of
neural progenitors in Mcphl knockout and wild-type mice
has revealed altered expression of genes controlling the cell
cycle and genes related to metabolic pathways (Journiac et al.,
2020). In our study we investigated the changes in the tran-
scriptional profiles of mESCs after Mcphl knockout. Among
significantly upregulated and downregulated (876) DEGs,
GO analysis revealed enrichment for general metabolism
and sensory perception of smell. Although it is hard to draw
direct connections to the known Mcphl functions, these data
show that mESCs may try to adapt their metabolism to chronic
chromatin hypercondensation. Furthermore, contrary to the
aforementioned studies, we found no significant differences
in the expression levels for 7ert or for genes implicated in the
cell cycle pathway after Mcphl knockout in mESCs. Thus,
contribution of Mcphl to the regulation of gene expression
appears to be species- and tissue-specific. This is also sup-
ported by the fact that most of the human-specific amino acid
substitutions in MCPHI1 resulted in changes in the regulatory
effects on the downstream genes (Shi et al., 2013).

It is now established that spatial organization of chroma-
tin in the nucleus is important for proper regulation of gene
expression. Mcphl knockout results in the loading of conden-
sin IT onto chromatin followed by chromosome condensation
during interphase. It is possible to assume that at least a part
of the expression changes after Mcphl knockout could be
explained by alterations in chromatin spatial organization. It
was previously shown that condensin I1 depletion contributes
to the folding of the human genome by shifting from chro-
mosome territories to Rabl-like polarized organization with
chromocenter formation (Hoencamp et al., 2021). Such drastic
reorganization affects the expression of a small fraction of
genes within LADs and near LAD borders (Hoencamp et al.,
2021). Knockout of Mcphl also leads to large-scale reorga-
nization but in the opposite manner: interphase chromosomes
are individualized into prophase-like rod-shaped chromatids,
while chromocenters have disappeared. In our transcriptome
analysis of mESCs with Mcphl knockout, we found no cor-
relation between changes in the expression level of genes and
their proximity to lamina. Thus, loading of condensin II onto
chromatin does not affects smaller-scale chromatin structures
such as LADs and TADs (topology associated domains) con-
tributing to the regulation of gene expression.

Conclusion

In this work we have generated mESCs with a knockout of
the Mcphl gene. Our conclusion is that Mcphl is likely not
involved in the regulation of gene expression in mESCs by
direct binding to target promoters or by modulation of spatial
chromatin organization, while the DEGs observed may be the
result of secondary effects due to persistent chromatin hyper-
condensation. These cell lines will be a valuable resource for
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investigating Mcphl-condensin II pathway in chromosome
maintenance, and could also be used to study Mcphl roles
in DNA repair.
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AHHoTauuA. OQHMM 13 NepPCneKTUBHbIX HANPABIEHNI CeNeKLMU NMLeHULbl ABNAETCA NOJlyYeHne COPTOB C MOBbILLIEH-
HbIM COAepaHVeM aHTOLMaHOB B 3€PHOBKE A1 NPOV3BOACTBA GYHKLMOHaNbHbIX NPOAYKTOB NuTaHnA. OfHaKo BO-
NpPOC O TOM, KaK 3TV COefJMHEHNA BAUAIOT Ha XKM3HECNOCOBHOCTb CEMAH NOCSIe ANINTENIbHOIO XPaHEeHNA, OCTaBanCcA He-
n3yyeHHbIM. CpaBHUTENbHOE NCCNef0BaHNE XKN3HECNOCOOHOCTY ceMsiH Obifo NPOBeLEHO C NCMOMb30BaHeM Habopa
MOYTW M30reHHbIX MNHWIA NweHnLbl copTa CapaToBckasa 29. 3TN CECTPUHCKME NMHUN UMEIOT pasfinyHble coveTaHuA
pekoMbuHaHTHbIX yyacTkoB [IHK B xpomocomax 2A 1 7D ¢ AOMUHAHTHBIMU 1 PeLleCCUBHBIMU afnensaMu reHoB Pp3 n
Pp-D1 (Pp, Purple pericarp), KOHTPONMPYIOLLMX aHTOLMAHOBYIO OKPACKy KONleonTuen n okononnogHuka. CemeHa npo-
pawmBanu B yalukax MeTpu Ha yBnaxxHeHHOW GunbTpoBanbHom bymare B KNvMaTUYeCKO Kamepe npu NOCTOAHHON
Temnepatype 20 °C ¢ 12-4acoBbIM LIMKIOM JHEBHOIO ocBelleHuA. MNpn gnntenbHOM eCTeCTBEHHOM XpaHeHUW CeMAH
[10 9 IeT B CyXOM NPOBETPrBaEMOM NOMeLLEHUN B KpadT-nakeTax npu Temnepatype 20+ 2 °Cy ncnbiTaHHbIX 06pa3LoB
MnLeHnLbl nponcxoguna notepa Bexoxectn Ao 50 %. Mpu 3TOM NONOKNUTENbHOIO BAWAHUA HAIMYMA aHTOLMAHOB B
3epHe Ha COXpaHeHne BCXOXKECTY He BblsiBfieHo. OffHaKo aHToLVaHbl CoCO6CTBOBAN COXPAHEHMIO KM3HECNOCO6HO-
CTU 3epeH B HeGNaronpuATHbIX KPaTKOBPEMEHHbBIX YCIIOBUAX MOBbILLeHWsA TemnepaTtypbl A0 48 °C 1 100 % BRnaxxHOCTU.
TecT Ha MHAYLMPOBaHHOE CTapeHMe He MO3BOIWI NPeACcKasaTb yXyALleHre NpopacTaHNA Nocsne ANNTeNIbHOro XpaHe-
HUA ceMAH. Pe3ynbTaTbl MCCNefoBaHNA NOKa3aan HeNTPanbHYIO POb aHTOLMAHOB B COXPaHEeHNW NpopacTaHnA ceMaH
B TeyeHune 6-9 fieT B eCTECTBEHHbIX YCII0BUAX XpaHeHUa npu 20+ 2 °C. Hebonbluoe CTaTUCTMYECKN AOCTOBEPHOE MO-
BblILIEHMNE BCXOXECTU 3epeH Npu eCTeCTBEHHOM CTapeHUM 6blNo CBA3aHO C HaMuMeM PeKOMOVHAHTHOIO yyacTKa B
xpomocome 7D nieHunubl, cogepaliero reH Pp-D1.

KnioueBble cnoBa: nieHnLa; aHToLMaHbl; eCTeCTBEHHOE CTapeHNe; XKN3HeCNOCOOHOCTb CeMSH.
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Abstract. One of promising areas of wheat breeding is the creation of varieties with a high concentration of anthocya-
nins in the grain for the production of functional food products. Nonetheless, the question of how these compounds
affect seed viability after long-term storage has remained unexplored. A comparative study on seed viability was con-
ducted using a set of near-isogenic lines on the background of spring wheat variety Saratovskaya 29. These sister
lines carry different combinations of recombinant DNA regions (on chromosomes 2A and 7D) containing dominant
and recessive alleles at loci Pp3 and Pp-D1 (Pp: Purple pericarp), which determine the anthocyanin color of coleoptiles
and of the pericarp. Seeds were germinated on two layers of water-moistened filter paper in a climatic chamber at a
constant temperature of 20 °C on a 12-hour daylight cycle. During long-term natural storage of the seeds for up to
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Longevity of wheat seeds
containing anthocyanins

9 years in a dry ventilated room in Kraft bags at 20+ 2 °C, the tested wheat samples experienced a loss of seed ger-
mination capacity of ~50 %; anthocyanins were found to not participate in the preservation of germination capacity.
Nonetheless, anthocyanins contributed to the preservation of seed viability under unfavorable short-term conditions
of a temperature rise to 48 °C at 100 % humidity. The accelerated aging test did not predict poor germination capacity
after long-term seed storage. The results showed a neutral role of anthocyanins in the maintenance of seed germina-
tion capacity for 6-9 years under natural storage conditions at 20+ 2 °C. A small statistically significant increase in grain
germination capacity during natural aging was associated with the presence of a recombinant region containing the

Pp-D1 gene on wheat chromosome 7D.

Key words: wheat; anthocyanin; natural aging; seed germination.
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BeepeHmne

MsirKas MIeHn A — OHa U3 BaKHEHIITNX 3ePHOBBIX KYJIBTYD,
00eCIIeYNBAIONINX TPOJIOBOIBCTBCHHYEO 0C30IMaCHOCTh CTpa-
Hbel. B HacToAMEEC BPpEMA paCTET MHTECPEC K BbIpAIlIMBAHUIO
TMIIICHUIIBI C BRICOKAM COZICp’KaHHEM aHTOIIMAHOB B 000JI0Y-
Kax 3epHa HE TOJIbKO KaK pecypca CTPecCOyCTOMYMBOCTU U
anantupyemoctu pactenuit (Kaur et al., 2023), HO 1 Kak uc-
TOYHHKA MTOJIC3HOTO IS 370POBBS YeToBeKa (DYHKIIMOHATb-
HOTO MUTAHHUS W BO3MOXHOTO TEPAIEBTHUCCKOTO CPEICTBa
(FOnmuua u ap., 2021; Liu et al., 2021; Loskutov, Khlestkina,
2021; Garg et al., 2022).

AHTOIMAHBI — PACTUTEIBHBIC MIUTMEHTHI, OTHOCSIIIACCS K
kiaccy GuaBoHoMHbIX coenuuenuii (Patra et al., 2022). Onu
MPUHUMAIOT YYacTHE B 3alIUTE PACTCHUN OT W30BITOYHOTO
YIABTPa(QHOICTOBOTO U3ITYUCHHUSI, OT MATOTCHOB, UTPAIOT POJIb
ATTPAKTAHTOB B MMPUBJICUCHUN HACCKOMBIX U KXMUBOTHBIX JJIA
OTIBUTEHMS IIBETKOB U pactpocTpanenus cemsH (Corso et al.,
2020). SBnsAsch OGMOIOTMYECKN AKTUBHBIMH BTOPHUYHBIMH
MeTa6OJTI/ITaMI/I, AHTOLIMaHbI 06na;[a}0T AHTUOKCHAAHTHBIMHA
CBOWCTBAMH U CIIOCOOHBI HEUTPAIN30BAThH MTOBPEKIAIOIINE
KJICTKH aKTUBHBIC (popMbI krcioponaa (ADK), kotopsie Haka-
IUTUBAIOTCSI BO BPEMST HOPMAJILHOTO METa00JIM3Ma FITH CTPEC-
ca (Shen et al., 2022). HecmoTpst Ha BBIBEICHUE CEIEKIINO-
HEpaMU COPTOB TIICHHIIBI, HAKATUTHBAIOIINX aHTOIUAHOBBIC
IMUI'MECHTBI B 3€PHOBKAX, OCTACTCA HemyquHoﬁ CBA3b MEXKIY
OMOCHHTE30M STHX COSAMHEHHUN U UX 3aIIUTHO-TIPUCIIOCOOH-
TEJIEHBIMU SKOJIOTUYCCKUMH (DYHKITUSIMU, MEXaHH3MAaMH ITO]I-
JICPYKAHUS KU3HECIIOCOOHOCTH CEMsH, T.€. CIIOCOOHOCTHIO
JTaBaTh HOPMaJbHBIC MPOPOCTKU MPU OIATOMIPUATHBIX YCIIO-
BUSIX MTOCIIC JUTHTEIIBHOTO XPaHCHUS.

HIHCHI/IHa, KaK " 6OJ'[I)LHI/IHCTBO TTOKPBITOCEMEHHBIX pacTe-
HUA, pacIIpOCTPAHEHHBIX B PETHOHAX C YMEPEHHBIM KITMMAaTOM
CO 3HAYUTEILHBIMU CE30HHBIMU KOJICOAHUSIMU TEMITCPATYPHI,
HUMCEET OPTOAOKCAJIbHBIC, TOJICPAHTHBIC K BBICBIXaHHIO, CO-
3peBre cemeHa. ConepkaHue BIIaTy B HUX OITYCKaeTCsI HIDKE
10 %, 4TO CHMXKACT KICTOUYHYIO aKTUBHOCTH (ITOJBI>KHOCTh
MOJIEKYJ) BHYTPU CEMSIH JI0 MUHUMAJIBHOTO YPOBHS M TO-
3BOJISICT TIOJICPKUBATH JKU3HECTIOCOOHBIC TTOKOSIITHECS 3a-
POBIIIN B COCTOSIHUYM aHA0M03a B TCUCHUE JITUTEIHHOTO TIc-
puona Bpemenu (I'ypbeBa u ap., 2021). Takoe cocTostHrE MH-
HUMaJIbHOU KJIIETOYHOW aKTHBHOCTH TPEACTABISACT COOOU
BEChMa YCIICIIHYI0 CTPATCTUIO BEDKUBAHUSI PACTCHUIN B HE-
OIaroNpHUATHBIX YCIOBUAX OKPY’KAIOIIEH CPEIbl, TEM CaMbIM
MIPOJIeBast UX JOJTOJICTHE.

J10ATOBEYHOCTh CEMSIH — MOJUTCHHBIN MPHU3HAK, PEryIu-
PYEMBIH CIIOKHBIM B3aUMOICHCTBUEM M3MEHSIOIIMXCS (hak-
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TOPOB OKpY’KaromeH cpebl (Takux Kak TeMIeparypa, OTHO-
CHUTEJIbHAsI BIYKHOCTB, NapLUUabHOE JaBJICHUE KUCIOPO/a)
C 9HJIOT€HHBIMHU, TEHETHUECKH KOHTPOJIINPYEMBIMHU (pakTopa-
MU pacteHui. K mocietHiuM OTHOCSTCS CTPYKTypa CEeMEHHOM
o6onouxu, koHueHrpauust AOK, nesnoctHocTs hocdonumnu-
HBIX 000JI04€EK, OEJIKOB, HYKJIEHHOBBIX KHCJIOT U CBA3aHHBIX C
HUMH CHCTEM periapariy, JHEPreTHUECKHX 3a1acoB CaXxapoB
B 9HJI0CIIEpMeE, OaaHc GUTOrOPMOHOB ITOKOS U IIPOPACTAHUS
cemsiH (Zhou W. et al., 2020).

MornekynsipHble MEXaHU3MBI, JIEXKAIINEe B OCHOBE IPOIiec-
COB )KI/I3HeCHOCO6HOCTl/I " JOJITOBCYHOCTH CEMAH, MHTCHCHUB-
HO m3y4aroTcs B Hactosmee Bpems (Li et al., 2022; Stegner
et al., 2022). M3BecTHO, 4TO CTAAMIO MTOKOSI CEMSH KOHTPO-
JIUpyeT GUTOropMOH abCIU30Basi KUCIOTA U, HAPOTUB, B
MPOPACTaHUM CEMSH YJacTBYIOT (PUTOTOPMOHBI THOOEpeI-
JIMHBI, aHTaroHUCTHl abcru3oBoil kucnotsl (Longo et al.,
2020). Pacturtensublie ropmoHsl BMecTe ¢ ADK, TakuMu kak
CYNEPOKCH/I-aHHOH, MEPEKHCh BOAOPOAA, THAPOKCUIBHBIE U
MIEPOKCHIILHBIC PAJNKAIIBI, SIBISIFOTCS YACTBIO PETYISTOPHOM
CUTHAJIbHOM CHCTEMbI BOCIIpUATHA U aJallTallui K CTPECCY
METaboNIN3Ma PACTEHUH, YIaCTBYIOT B KOHTPOJIE TIPOIIECCOB
pocTa U pa3BUTHS, a Takxke B 3amure or narorenos (Kurek
et al., 2019; Considine, Foyer, 2021). Harpumep, nepekuch
BOJIOPO/Ia BBI3BIBACT KaTAa0ONMM3M aOCIM30BON KHUCIOTHI U
CTUMYJIUpYeT OMOCHHTE3 THOOEPEIIMHOB, TEM CaMbIM CIO-
COOCTBYsI BBIXO/Ly M3 COCTOSIHHS ITOKOSI M 3aITyCKasi POLIEcC
npopactanus cemstH (Chen et al., 2018). Perymsmms Hakome-
uust AQK 1omKHa HaXOAUTHCS 10T CTPOTUM KOHTPOJIEM aHTH-
okcuaaHToB. [Ipu HapylIeHnn OajlaHca MEXTy IIPO- U aHTH-
OKCHIAHTHBIMHU TIPOLIECCAMH 3aITyCKAETCSI OKHUCIUTEIbHBIN
CTpecC, BBI3BIBAIONINN MOAN(DHUKALINK OCIIKOB, MEPEKUCHOE
OKHUCJICHUC JIMIINA0B, MMOBPEKIACHUC MeM6paH C ITOBBIIICH-
HOM YTEUKOM 3JEKTPOJINTOB U Jerpajaleil MUTOXOHAPUH,
nospexxaerne JTHK u PHK, uto BenmeT k rnbemu KIICTOK U B
KOHEYHOM UTOTe K IToTepe x)u3Hecrnocoonoctu cemsi (Kurek
etal., 2019; Li et al., 2022).

Jlost mojuaep kaHust TOME0CTasa M IOJaBICHNS H30BITOYHOTO
ypoBHsI ADK pacTeHus akTUBUPYIOT BHYTPEHHHE CHCTEMBI
3aIINTHI, BKIIOYAIOINe (hepMEHTATUBHBIE 1 He(DepPMEHTATHB-
Hble anTrnokenaanTsl (Kumar et al., 2020). K ¢pepmenrarns-
HBIM aHTHOKCHJIAHTaM OTHOCSITCSI CYIEpPOKCHIIMCMYTa3a,
KaTasasa, PepMEeHTHI Ty TaTHOH-aCKOPOATHOTO ITHKIIA, aKTHB-
HOCTb KOTOPBIX PE3KO CHIKACTCSI B CyXHX CEMEHAX M3-3a BSI3-
KOCTHU LUTOINIa3MBbI. He(l)epMeHTaTl/IBHaﬂ AHTHUOKCHIaHTHAasA
cHCTeMa IpeJICTaBlIeHa MOJIEKYJIaMHU aCKOPOMHOBON KHCIIOTHI,
[Ty TaTHOHOM, JTMIO(MMILHBIMU TOKO(eponamu (BuTamuH E),
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KapOTUHOMIaMHU U OOJIbIION IPyIoi (heHOIBHBIX COeTHE-
uuit (Dogra, Kim, 2020; Kumar et al., 2020; Dumanovi¢ et
al., 2021).

Ku3HecrnocoOHOCTh CEMSIH TECHO CBsI3aHa ¢ MOP(OIIOTH-
YECKUM CTPOCHHEM CEMEHHOM 000JIOYKH ¥ KOHIIEHTpAIiel B
Hell peHoNmbHBIX coequHenni (Sano et al., 2016). Cemennas
000J104Ka UrpacT posib (PU3UISCKOTO Oaphepa OT BHEHIHHX
HEOJIaronpusATHBIX BO3ACHCTBHIN, OrpaHHYHBAast IIOTVIOIICHIE
BOJIBI, TOpakeHUe rpudamu 1 Mukpodamu (Rathod et al., 2017;
Zhou W. et al., 2020). Y myranTHbIX pactenuit Arabidopsis
thaliana nedextsl GpraBOHOMIHONW MATMEHTAITMH CHIDKAIN
NPOHHULAEMOCTh CEMEHHOU 00OJIOYKH M, KaK CIECICTBHE,
BJIMSUIN HA COXPaHHOCTH ceMsH (Sano et al., 2016). Tak, npu
W3yYeHUH MYTaHTOB #£2, tt10 n {12 Oblna BBIABICHA CBS3b
MEX]Y CHIDKCHHEM KOHLCHTPALUH TMTMEHTHPOBAHHBIX T10-
JIMMCPHBIX q)ﬂaBOHOI/l[lOB MMpOaHTONMAaHUAWHOB, HAXOAAIUX~
Csl B OHJIOTEJIMU CEMEHHOH 000JIOUKHU U B KIIETKaX XaJasbl, 1
YKOPOYCHHEM MPOIOJDKUTEIBHOCTH )KU3HH ceMsiH (Debeaujon
et al., 2001). MyTtanTsl #10 neMoHCTpHUpOBaIH (HEHOTHII 3a-
MEJICHHOTO TIOOypeHHsI CEMEHHOM 000JI0YKH, CBI3aHHOTO C
00pa3oBaHHEM KOHJICHCHPOBaHHBIX TAHUHOB IO/ ACHCTBHEM
npoaykrareHa TRANSPARENT TESTA 10 (TT10), komupyto-
IIero JJakKka3onomoOHyto 15-prnaBononmokcnaasy (AtLACILS),
U COIMYTCTBYIOLICE CHIKCHUE MOKOSI ¥ POIOKUTEIBHOCTH
»u3Hu cemsiH (Pourcel et al., 2007).

CuHTe3 (I1aBOHOJIOB M IPOAHTOLUAHUMHOB, SBIISIOMINX-
Csl IPEILICCTBEHHUKAMHU BBICOKOMIOIMMEPH30BaHHBIX He-
PacTBOPUMBIX ITMTMEHTOB, B CEMEHHOU 000JI0YKE 3€PHOBOK
KPacHO3EpHOH MNIIEHUIB! BINAET Ha YCHJICHHE MOKOS M yC-
TOHYMBOCTB K MPOPACTAHHIO IIepe COOPOM yporkasi B CpaB-
HeHuu ¢ OenoszepubivMu popmamu (Kohyama et al., 2017,
Mares, Himi, 2021). ITonmudeHOoTB IMEIOT TONIOKUTETBHYIO
CBSI3b C KOHTPOJIEM MOKOs CeMsIH OJ1arofapsi MX BIUSHUIO Ha
TPAHCKPHIIIIUIO TCHOB, CBA3aHHBIX C BBIPAOOTKOU (PUTOTOp-
MOHOB a0CIIM30BOM, CATUIIMJIOBOM M KACMOHOBOM KHCJIOT,
ruOOepeJIMHOB U MONUITHIICHA, a Takke ynaneHueM ADK
(Shah et al., 2018; Zhou G. et al., 2023). bsuto nokasaso,
YTO BOJOPACTBOPUMEIE (DEHOJIBHBIE COSTHHEHUS B 000JIOUKE
3EPHOBOK MIICHHIBI JICHCTBYIOT KaK SHIOTCHHbIE HHTHOUTOPBI
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Ha TMPOLECCHI IIPOPACTAHUS, YACTUYHO MTOAABIISS AKTHBALUIO
nepokcuaassl (Kong et al., 2008).

[Ipu TOBBIIEHNN TEMIEPATYpBl XPAHEHUSI U BBICOKOH
BJI&YKHOCTH TIPOLIECCHI OKUCIICHHSI KHUPOB, OCJIKOB U Hapy-
IIEHNE EJIOCTHOCTH HYKIEHHOBBIX KHCJIOT YCKOPSIOTCS, a
JIOJNITOBEYHOCTh CEMsIH 3aMeTHO cHipkaercs (Zhou W. et al.,
2020). Takum 00pazomM, MOXKHO UMHTHPOBATh €CTECTBEHHOE
CTapeHHe CeMsH. JTO sIBIeHHE ObIIIO HCITOIB30BAHO IS Pa3-
paboTKN MeTo/la «yCKOPEHHOTO WHAYIIMPOBAHHOTO CTape-
Hus» (accelerated ageing test, AA-tect) (Rehman Arif et al.,
2012; Hay et al., 2019). TecTsl Ha 2HEPTUIO IPOPACTAHUS U
JKM3HECIOCOOHOCTD CEeMSIH OBUIN TTPOBEPEHBI M BKIIIOUCHBI B
IIpaBuna rectupoBanus ceMsiH MexxIyHapOIHOM acCoLMaluu
tectupoBanus ceMsH (ISTA) (International Rules..., 2004).

Lenb npeacTaBiIeHHON pabOTh — CPABHUTEIBHOE UCCIIEI0-
BaHUC )KI/I3HCCHOCO6HOCTI/I CEMSIH ITOYTH M30TCHHBIX JTUHUU
MIICHNUIBI, OTIMYAIONINXCS HAJIUYUEeM PEKOMOMHAHTHBIX
Y4acTKOB B xpoMocomax 2A u 7D, KOTOpbIe HECYT TeHbl Pp
(Purple pericarp), perymupytoriye OMOCHHTE3 aHTOLIMAHOB B
THIepUKapIIe 36PHOBKH, OCIIE ECTECTBEHHOTO JUTUTEILHOTO Xpa-
HEHUS 1 ICKYCCTBEHHO MH/TyIIMPOBAHHOTO CTAPEHHS CEMSIH.
DTO IO3BOJIMT OTBETUTH Ha BOIIPOC, BJIMACT JIM HAKOIUICHUC
B [IEPHUKaPIIC 36PHOBOK MIIIEHUIIBI aHTOLIMAHOB, 001 Jaf0INX
AQHTHOKCHJIAHTHBIMH CBOWCTBAaMH, Ha JOJITOBEYHOCTH CEMSIH.

MaTtepwuanbl n metoapl

Pacrurenbublii MaTepuaji. BcxoxecTs ceMsH OEHUBAIH Y
CeMH CeCTPUHCKHUX ITOYTH N30TEHHBIX JINHUH MIIEHUIBI (near
isogenic lines, NIL), co3maHHBIX Ha OCHOBE SPOBOTO COpPTa
msrkoi mmennisl Caparoekas 29 (C29/529) myrem ckpe-
LIMBAaHUN C JIOHOpaMM JOMHUHAHTHBIX ajuiesiedl reHoB Pp,
copramu Purple (P) u Purple Feed (PF), u or6opom ¢uoie-
TOBO3EPHBIX TMOPUAHBIX pacTeHuil B moxoiaennn BCg oF,
(Arbuzova et al., 1998; Gordeeva et al., 2015). [lannsie
JUHAN XapaKTepU3YIOTCS HATWIHEM B XpoMocomax 2A u 7D
pexkoMOnHaHTHBIX yyacTkoB JIHK, yHaciemoBaHHBIX OT IMHHMN
JIOHOPOB, coniepkarux reusl Pp3 u Pp-D1 (Tereshchenko et
al., 2012; Gordeeva et al., 2015). Kparkoe onncanue TuHAN
npuBeeHo B Ta0i. | u Ha puc. 1.

KpacHo3epHas n3oreHHasa nmHuA C29 ¢ peKoMOMHAHTHBIM Y4acTKOM B XpOMOcoMme 2A,

HecyLMM JOMUHAHTHbIV annenb reHa Pp3 ot copta Purple

KpacHo3epHas nsoreHHas nmHma C29 ¢ peKoMOVHaHTHBIM y4acTKOM B Xpomocome 7D,

HecyLMM JOMWHAHTHbIV annenb reHa Pp-D1 ot copta Purple

DrioneToBo3epHas n3oreHHas NMHMA C29 ¢ 4BYMA PEKOMOMHAHTHBIMY YYacTKaMU B XPO-

Mocomax 2A 1 7D, HeCcyL MmN JOMVHaHTHble annenu reHos Pp3 n Pp-D1 ot copTa Purple

KpaCHosepHaﬂ n3oreHHasa nuHuna C29 ¢ peKOM6VIHaHTHbIM Y4aCTKOM B XpOMOCOMe 2A,

HecyLMM JOMUHAHTHbIV annenb reHa Pp3 ot copta Purple Feed

KpacHo3epHas nsoreHHas nmHma C29 ¢ peKoMOVHaHTHBIM y4acTKOM B Xpomocome 7D,

HecyLMM JOMUHAHTHBIV annenb reHa Pp-D1 ot copta Purple Feed

Homep CopT/nnHua CokpalyjeHHoe KpaTkoe onvcaHue

copTa/nMHMM  (NONHOe Ha3BaHWe) Ha3BaHue

1 CapatoBckana 29/  C29/529 KpacHo3epHbIi ApoBOI cOpT
cv. Saratovskaya 29
S29pp3pp-D1

2 i:529Pp3Ppp-D1 C29Pp3?

3 i:529pp3Pp-D1° C29Pp-D1°

4 i:529Pp3°Pp-D1P C29Pp3Pp-D1°

5 i:529Pp3*Fpp-D1 C29Pp3°F

6 i:529pp3Pp-DIPF  C29Pp-DI1PF

7 i:529Pp3°FPp-D1PF  C29Pp3Pp-D1°F

DrioneToBo3epHas n3oreHHasa NMHUA C29 ¢ 4BYMA PEKOMOMHAHTHBIMY YYacTKaMU B XPo-

Mocomax 2A 1 7D, HeCyL M1 [JOMVIHAHTHbIe annenu reHos Pp ot copta Purple Feed
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Longevity of wheat seeds
containing anthocyanins

LA AN 0 AN N

Pp-D1 (7D xp.) |PeueccmBHblii |PeyeccBHbIN |[IOMUHAHTHDIN | [JOMWHAHTHBIN | PelleccuBHbIN [[JOMUHAHTHbIN [[JOMUHAHTHbI
Pp3 (2A xp.) PeueccrBHbINn |[[JoMUHAHTHBIN | PelieccrBHbIA |[JOMUHAHTHBIV [[JOMUHAHTHBIN | PeLieccBHbIN |[JlOMUHAHTHbIV
D 2A D 2A D 2A 7D 2A 7D 2A 7D2A
Pp-DI° Po-DI” Po-DI Po-D1™
pp-D1 pp-D1 . T pp-D1 T I
o3 s’ o3 s pos” op3 s

[] Copt Capartosckas 29 (529)

B Purple (P) unu Purple Feed (PF) reHombl

@ LleHTpomepa

Puc. 1. 3epHa 1 cxemaTtrueckoe 13obpaxkeHre XpoMocom 2A 1 7D, HeCyLmX peKOMBUHAHTHbIE YYaCTKK, COAepKalime
PEerynatopHble reHbl 6GUOCMHTE3A AHTOLMAHOB, Y CECTPUHCKIUX IMHWIA NWEHNLbI, NCMOMb3YEeMbIX B TECTAX CTECTBEHHOMO

CcTapeHua.

[Tpn moxbope yciaoBHi yCKOPEHHOTO MHAYLMPOBAHHOTO
crapeHus (AA-TecT) UCTIOJIb30BAIUCH CEMEHA KPACHO3EPHO-
TO 03UMOTO0 copTa MupoHoBckas 808, 6e103epHOTo IPOBOTO
copra HoBocnbupckas 67 1 KpacHO3EpHBIX SIPOBBIX COPTOB
Caparosckast 29 u Chinese Spring n3 koyutekuuu [eHArpo
(Uul" CO PAH, HoBocubupck).

MeToq YCKOPEHHOI0 cTapeHust ceMsH. [ HHIynupo-
BaHHOT'O CTapEHHMsI CEMsIH ObLI puMeHeH A A-TecT, pa3pado-
TAHHBII MEXIyHapOIHON OpraHU3alueil 0 TECTUPOBAHUIO
cemsH ISTA, ¢ momnduxamusiMu. Cemena coproB MUpOHOB-
ckas 808, Hoocubupckas 67, Caparosckas 29, Chinese
Spring, BbIpaleHHbIE IPU OJJMHAKOBBIX YCIOBHUSX OTHOH Be-
TEeTaINU B THIPOIIOHHON TETUTNIIE, UCIIONB30BAIHCH JUTS TTOA-
Oopa TemIeparypHbIX yciaoBuii AA-Tecra.

[TaTbaecsT ceMsH Ka)J0ro TeHOTHUIIA B TPEX TOBTOPHOCTSIX
OBUIO TTIOMEIIECHO Ha HEP)KaBEIOLINE METAJUINUYECKUE CETKH,
PaCIOI0KEHHBIE HAl JUCTUIUIMPOBAHHOM BOJOMU B 3aKPBITHIX
BOZIOHETIPOHHUIIAEMOH MIIEHKOH MIaCTUKOBBIX cTakaHax. Cra-
KaHbI BBIZICpKau pu temrieparype 42, 44, 46 u 48 °C imbo
mpu 20 °C (kxoHTpois) 1 BiaxkHocTH 100 % B TeueHue 72 4 B
kuMataeckoit kamepe Rubarth Apparate (RUMED GmbH,
I'epmanmst). 3aTeM ceMeHa NMEPEHOCHIIN B KBapaTHBIC Yalll-
ku Iletpu pasmepom 24%24 cM Ha ABYXCIOWHYIO BIAXKHYIO
(upTpoBaNbHYI0 OyMary M MOMENIAdd B KIMMAaTHYECKYFO
kamepy mmpu 20 °C ¢ 12-9acoBbIM pe:KHUMOM OCBELIEHUS AJIS
[popacTaHusi. JHEPTHUIO POPACTAHUS CEMSH (B IPOLEHTaX )
OTIPEAEIISAIN KaK OTHOIIIEHUE KOJTMIECTBA CEMSH, IIPOPOCIINX
3a 72 4 (Ha TpeTuii eHb), K 00IIeMy KOINYECTBY aHaIN3H-
PYEMBIX CEMsTH B TpeX NOBTOpax. JKN3HEeCIOCOOHOCTh CeMSIH
(B mporeHTax) ompenesuii Kak KOJTHYECTBO MPOPOCIINX
CEMsIH uepe3 ceMb JHEH K 00IeMy YHCITy aHAIM3HPYEMBIX
CCMsH B TPEX MOBTOpaAX. Y4YUTBIBaJIUCH TOJIHKO 310POBLIC U
3eJIeHBIe CaKEHITB ¢ HOPMAIbHOW KOPHEBOW CHCTEMOMH, 0e3
anomaimit (TOCT 12038-84) (puc. 2).

Wunekce npopacranus ()KU3HECIIOCOOHOCTH) TIOCIIE UCKYC-
CTBEHHOT'O CTApEHUsI PACCUUTHIBAIIN TI0 (hopmyIie:

Koi1-Bo skHM3HECITOCOOHBIX

3epeH nocie 00padotku 48 °C
X100 %.

Wunexe nmpopacranus, % =
Pop ’ Koi1-BO 7KHM3HECTIOCOOHBIX

3epeH B KoHTpoie npu 20 °C
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Puc. 2. XapakTtepncTukn NpopoCTKOB MocCse CTaHZApPTHOro Tecta Ha
BCXOXeCTb.

X - aHoManbHoe npopacTtaHue, N- HOpPMaJibHaA BCXOXeCTb.

[To pe3ynbraram oneHkH OblIa BEIOpaHa TeMIeparypa Juis
npoBesieHus: AA-Tecta Ha M3y4aeMbIX IOYTH M30T€HHBIX
muHAAX copTta CaparoBckas 29. CemeHa 3TUX THHUHN ObLIH
cobpansl B 2012 1. mociie BeceHHEH BEreTaluyl B TCILIHIIC
100 Ha IKCIIEPUMEHTAILHOM y4YacTKe CEeJICKI[HOHHO-TeHe-
taeckoro komriekca MIul” CO PAH . Jlo nagana sxcrepu-
MEHTa CEMEHa XPaHWINCh JBa MEcsIa B KpadT-makerax npu
temneparype 20+2 °C. AA-tecT mpoBOJMIN aHATOTMYHO
SKCIIEPUMEHTY MO MOAOOPY YCIOBHIA, 33 HCKIIIOUEHUEM TOTO,
YTO BMECTO IISITHECCITH Opajy CTO CEMSIH KaKI0T0 TeHOTH-
na. JlocToBepHOCTH pa3Iuyui MEXTy pOAUTENBCKAM COPTOM
C29 u cecTpUHCKUMH TIOYTH U30TCHHBIMH JTHHASIMH TIPOBE-
PSUTH, MCTIOJIB3YSI TPU OMOJIOTMYECKUX TTOBTOPA U KPUTEPUi
Manna—Yutau (U-tect). Ilpu p < 0.05 pasnuuus cuutanu
JIOCTOBEPHBIMH.

EcrtecTBennoe crapenue 3epeH. /i1 TeCTHPOBaHMUS BCXO-
JKECTH B YCIIOBHUSIX €CTECTBEHHOTO CTapPEHUS CEMEHA n3yJae-
MBIX JINHUH COOMPAITH C paCTEHHI, BBIPAIINBAEMBIX B TEIUIHIIE
NIul' COPAH ¢ 2014102017 . u B 2021 1. (Juist KOHTPOIIA).
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CemeHa XpaHWIM B NakeTax U3 Kpadr-Oymaru npu temrie-
parype 20+2 °C. Bexoxects TectupoBanu B 2023 1., mocie
6-9 sieT xpaHeHus. B xauecTBe KOHTPOIIS UCTIOIBH30BAIH Ce-
MEHa [0CJIe IBYXJIETHETO XPaHEHHUSI.

Cro ceMsH KakJOW TOYTH W30TEHHOHN JIMHWU B TPEX II0-
BTOPHOCTSIX MPOPAIIMBAIM B KBaJpaTHBIX damkax llerpu
pasmepoM 24x24 cM Ha JIBYX CIIOSIX YBJIQXKHEHHOW (pUIIBTPO-
BayIbHOM Oymaru. Yarrku [TeTpu moMeniany B KITMMaTHIECKYIO
kamepy Rubarth Apparate, BeiaepkuBamu 24 4 npu Temrie-
parype 4 °C B TeMHOTe [UIsl CHHXPOHM3ALlUU NIPOPACTaAHUS,
a 3aTeM MPOPAITUBAIIN MIPH MTOCTOSTHHON Temmepatype 20 °C
¢ 12-9acoBBIM IMKJIOM JHEBHOTO W HOYHOTO OCBEIICHUS.
DHepruro NpopacTaHus U KU3HECTIOCOOHOCTh CEMSH OLIEHH-
BaJIM COOTBETCTBEHHO Y€PE3 TPU U CEMb JTHEH ITOCIIe Havaa
IpopacTaHusi. DJHEPTUIO MPOPACTAHUS CEMSH (B IPOICHTAX )
BBIUUCIISIM KaK OTHOILICHUE KOJTMYECTBA CEMSH, IIPOPOCIINX
3a 72 4 (Ha TPETHH JeHB), K 00IIIEMy KOJTMYECTBY aHAIH3HPYye-
MBIX CEMSH B TpeX MoBTopax. JKu3zHecrnocoOHOCTh ceMsiH (B
MIPOIIEHTAX ) OTIPEIEIISIIN KaK KOTMYECTBO MPOPOCIINX CEMSH
yepe3 ceMb AHEH K 00ILIeMy YnCIly aHAIN3UPYEMbIX CEMSH
B TpeX NOBTOpax. /l0CTOBEPHOCTH PA3IHUMIA MEXAY POAHU-
TenabCKUM coptoM CapaToBckas 29 ¥ CECTPUHCKUMU TOYTH
M30T€HHBIMH JJMHUSIMU TIPOBEPSIIN, HCIIONb3Ys TPU ONOI0TH-
YeCcKHX 1oBTOpa U kpurepnit Manna—Yurnu (U-tect). Ipu
p <0.05 paznuuus cuuTanu 10CTOBEPHBIMH.

Pesynbratbl

MpopacTaHne cemaAH Nocsie UHAYLNPOBAHHOTO CTapeHNA

st mogOopa yciioBuih AA-Tecta ObUTa IPOTSCTUPOBAHA
BCXOJKECTB Y YETBIPEX COPTOB MATKOH MIIEHUIIBI ITOCTIE TEM-
neparypHoil o0pabotku cemsiH npu 42, 44, 46 u 48 °C u
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MOBBIIICHHOMN BIQKHOCTH BO3yXa B TeucHue 72 u (Tadi. 2).
Copra Caparosckas 29 n Chinese Spring coxpaHsTH BCXO-
xkecTb 100 % mpu MOBBIMIEHUH TEMIIEPATypsl BIUIOTH 10
46 °C, Torma Kak BCXOXecTb copToB MupoHoBckast 808 u
HoBocubupckas 69 mpu 3T0it ke TemIepaType CHIDKaIach
10 78 u 96 % coorBeTcTBeHHO. [Ipy nanbHeleM NOBbILIE-
HHUH TeMIIepaTypbl Ha JBa Ipajyca y BCEX COPTOB OTMEUYEHO
CHIDKEHHE BCXOXKeCTH. Tak, BCXOKECTh 36PHOBOK KpPacHO-
3epHOro o3uMoro copra Muponosckas 808 coctasuina 52 %,
6eno3epHoro sipoBoro copra HoBocubupckast 67 — 64 %.
V sapoBbIX KpacHO3epHBIX copToB CaparoBckas 29 u Chinese
Spring mocie Takoi TeMneparypHoii 00pabOTKH BCXOXKECTh
coctaBuia 87 u 86 % coorBeTcTBeHHO. [I0CKONBKY MMEHHO
TocIIe TeMIiepaTypHoii 06padoTku mpu 48 °C Bce copTa Tpo-
JIEMOHCTPHPOBAIIN CHIDKCHUE BCXOXKECTH M PA3IIMUHS MO 3TO-
My napamerpy, JaJbHellIee CpaBHUTEILHOE UCCIICI0BaAHUE
BCXOJKECTH B AA-TeCTe y TIOUTH M30TCHHBIX JINHUH, pa3iu-
YaOUIUXCsl HAJMYMEM aHTOIMAHOBOW MUTMEHTALMH 3€pHA,
[IPOBOJMJIN IIPU JIAHHOM TeMIlepaType.

Pesynsrarer AA-Tecta copra CapaTtoBckast 29 u IByX II0-
YTH N30TCHHBIX JIMHHUI C aHTOLMAHOBBIMU TUTMEHTAMH B TIe-
puxaprie C29Pp3Pp-DI¥ u C29Pp3Pp-DIPY npencrasnenst
B Ta0m. 3. [Tociie HCKyCCTBEHHOTO CTapEHHUS BCXOKECTh 3ep-
HOBOK copra CapatoBckas 29 ynana Ha 19 %, Torna kxak y
(hMOJICTOBO3EPHBIX JIMHUH JAHHBIN [T0KA3aTellb CHU3HJICS Ha
4 %. npexcyl npopacTaHus 3epHa MOYTH U30TCHHBIX JINHUH
MIIEHUIB! ObUTH B 1.2 pasa Bhlle, 4eM HHJEKC IPOPACTaHuUs
HEOKpAaIIEHHBIX aHTOIIMaHaMuU ceMsiH copTta CaparoBckas 29.

OnHOBpeMeHHO OblIa IPOTECTHPOBAHA BCXOXKECTh 3€PEH,
COOpaHHBIX C pacTeHNH U3y4aeMbIX JIMHUN MIICHUIIBI, BBIPa-
meHHbIX B none. [locie AA-Tecta ku3HecrnocoOHOCTh To-
JIEBBIX 36PHOBOK ObITa HMKE B IBA pa3a M0 CPABHEHHUIO C Ce-

Tabnuua 2. Y1cno Xmn3HecnocobHbIX 3epeH MLLEHULbI, XpaHMBLLIMXCA 2 roaa npu 20 + 2 °C, nocne NCKYCCTBEHHOIO CTapeHus

Coprt Twin Beretauuun BcxoxkecTb 3x50 cemsaH yepes 7 gHen, %
KoHTponb Mocne TemnepatypHo 06paboTku 1 100 % BNaKHOCTW B TeueHue 72 Y
20°C 42°C 44°C 46 °C 48°C
CapatoBsckan 29 (C29)  flposas kpacHosepHaa  100+0 100£0 100£0 100£0° 87+1b
HoBocunbupckan 67 flpoBas 6eno3sepHas 100+0 99+1 99+1 96+ 4° 64+2°
Chinese Spring Aposas KpacHoszepHaa  100+0 100£0 100£0 100£0° 86+ 2P
MwupoHoBsckas 808 O3nmasn KpacHo3epHaa  100+0 100+0 100+0 78+7° 52+132

20 PazpbIMUM GyKBaMU OTMEUEHbI CTATCTUYECKM 3HAUUMbIE PasaINUMsA MeXy TMHUAMM npu p < 0.05 (U-TecT).

Ta6nuua 3. SHeprua npopacTtaHya Yepes 3 fHA (72 ) 1 BCXOXKeCTb 3ePHOBOK MLLEHMLIbI Yepe3s 7 fHel Nocsie NCKYCCTBEHHOTO CTapeHna

Homep CopTta v nuHumn Temnepatypa
06paboTky, °C yepes 3 aHA
1 C29/529 20 94+6
48 41+92
4 C29Pp3Pp-D1P 20 100+0
48 69+5°
7 C29Pp3Pp-D1°F 20 96+ 1
48 70+13P

DHeprua npopactaHua (%)

BcxoxecTb (%)
yepes 7 gHen

NHpekc
npopactaHus, %*

100+0
81+8° 80.7
99+1
96+3P 97.6
98+1
96+ 2P 983

* [IpoLUEHTHOE CoaepKaHMe XKU3HECNOCOOHbIX ceMsiH nocne 48 °C B CpaBHeHWM C KOHTPOosbHbIMU npu 20 °C.
2D pazubimm 6yKBaMU OTMEYEHbI CTAaTUCTUYECKN 3HaUMMbIE Pa3NNYMA MeXay NMMHUAMK Npu p < 0.05 (U-TecT).
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MEHaMU TEIUIMYHON Bererauuu. Tak, sHeprus npopacraHus
cemsiH copta Caparosckast 29 coctaBuia Bcero oxono 20 %,
a KOJIMYECTBO KHM3HECIOCOOHBIX ceMsH — 35 %, Torna Kak y
sepen uanu C29Pp3Pp-DIP ¢ aHTOIMAHOBBIM IIEPUKAPTIOM —
36 u 42 % coorBercTBeHHO. TakuM 00pa3oM, HECMOTPSI Ha
MIOPYy CeMSTH TOYBEHHBIMH MUKPOOPTaHH3MaMH, TIOJTyYCHHbBIE
pe3yJbTaThl CBUETENLCTBYIOT 00 YCTOWYHBOCTH MTUTMEHTH-
POBaHHBIX AHTOIIMAHAMH 3€PHOBOK MATKOW IMIIEHMIIBI K 0-
BBILIIEHHOH TEeMITepaType U BHICOKOH BIQYKHOCTH BO3JyXa.

MpopactaHue cemsaH
nocse ANUTENbHOIO eCTeCTBEHHOIO XpaHeHUA
Bce ncnbiTaHHBIE 00pa3libl MIIEHULBI JIPY>KHO MPOPOCIH
mocie AByX JieT XxpaneHnus npu 20+2 °C B GraronpusTHBIX
YCIIOBHSIX B CyXOM IIPOBETPHBAEMOM ITOMENIEHNHN. BexoskecTh
cemsiH coctasmia 100 % (tabi. 4 u 5).

OHeprus npopacTaHust ceMsiH cHu3mach 10 30-39 % uepes
6 et u 10 21-28 % mocne 9 et JIMTEIFHOTO €CTECTBEHHOTO
xpaneHus (cM. Tabdi. 4). [Ipu cpaBHeHNH SHEPrUM MTpopacTa-
HUSI TOYTH U30TCHHBIX JIMHUH C POAUTENHCKUM copToM Capa-
toBckast 29 cemena muaun C29Pp3PF (Ne 5) ¢ pekoMOHHAHT-
HbeiM yyactkoMm JJHK B xpomocome 2A ot copra Purple Feed
MOKA3aJI1 JIOCTOBEPHOE CHIDKEHHUE 110 JAHHOMY TTOKa3aTEeIro
yepes 6 jert, 7 net u § aer u 10 mec. xpanenus (cM. Tad. 4).
V cemstn munrun C29Pp-D 1P (Ne 3), HeCyIux peKOMOMHAHT-
ueiit pparment JJHK ot copra Purple B xpomocome 7D, suep-
TSI IPOPACTaHus ObUIA JJOCTOBEPHO CaMOIl BBICOKOH depe3
7 net xpanenus. Yepes 8 ner u 10 mec. 3Heprus mpopacta-

Longevity of wheat seeds
containing anthocyanins

uust cemsn uaun C29Pp-DIPF (Ne 6) ¢ pekoMOMHAHTHBIM
(hparmeHTOM B XpoMocoMme 7D TOCTOBEpHO IpeBHIIIAa
SHEPruIo npopacTtanus ceMsH copra Caparosckas 29. Uepes
9 ner u 2 Mec. TOCTOBEPHBIX OTIMYUN MEXIy JTUHUSIMH IO
SHEPTUHU MPOpaACTaHUs 3epeH 0OHAPYKEHO HE OBLIO.

Camoe HM3KOe 3HaYeHHe BCXOXKECTH 4yepe3 7 AHEH mocie
MOCeBa 3ePHOBOK IMIICHHUIIBI, XpaHuBIIKXcA 8 et u 10 mec.,
oOnapyxkeno y muaun C29Pp3PF (Ne 5), a y XpaHUBLIMXCS
9 et u 2 mec. —y nunuu C29Pp3P (Ne 2) ¢ pekoMOUHAHTHBIMU
yuactkamu JJHK B xpomocomax 2A ot coptos Purple Feed u
Purple cooTBeTcTBEeHHO (CM. Tabm. 5).

BexoxkecTs (puonetoBbix 3epHOBOK nunuil C29Pp3Pp-DIP
(Ne 4) u C29Pp3Pp-DIPY (Ne 7), Hecymux peKOMOMHAHTHBIE
tparmenTs! ot coptoB Purple u Purple Feed oqHOBpemenHO
B XxpomocoMax 2A u 7D, Oblia T0CTOBEPHO CHIDKEHA Yepes
8 et u 10 mec. xpanenus (45 u 44 % nportus 52 % y copta
Caparosckas 29). I manee, crycTs 9eThIpe Mecsla, MOCie
9 sieT 1 2 Mec. XpaHeHHs, )KMU3HECIIOCOOHOCTh CEMSIH YMEHb-
IIMIach U JIOCTOBEPHO HE omInyanack oT copra CapaTos-
ckas 29 (cm. Taom. 5).

Jlunust C29Pp-D1P (Ne 3) ¢ pekoMOMHAHTHBIM (pparMeH-
TOM TOJIbKO B XpoMocome 7D ot copra Purple nmena camyro
BBICOKYIO BCXO)KECTb Uepe3 7 JIHEU Mociie NOCEBa 3€PHOBOK,
xpanuBmuxcs 6 u 7 net npu temneparype 20+2 °C, cpas-
HUMYIO C KOHTPOJIbHBIMHU 3€pHAMU, XPAHUBIIMMUCS 2 TOJa
(BcxoxecTb 95-100 %). Yepes 8 net u 10 mec. xpaHeHHs Ku3-
HECTIOCOOHOCTH 3¢pHOBOK JuHUU C29Pp-D 1P (Ne 3) u nuunu
C29Pp-DIPF (Ne 6) ¢ pexombunanTbME pparmentamu JTHK

Ta6nuua 4. dHeprua npopacTaHmA (%) 3ePHOBOK MLWEHULbI, XPAaHUBLUNXCA B TeueHne 2 1 6-9 net npn 20+ 2 °C,

yepes 3 AHA Nocse nocesa

Homep JNIvHna 2ropa 6 net 7 net 8 net 8 net 10 mec. 9 net 2 mec.
1 C29/S29 1001 39+3 40+2 25+4 28+5 28+7

2 C29Pp3° 100+0 371 35+5 301 32+4 26+6

3 C29pPp-D1° 100+0 35+6 62+4* 28+5 29+3 22+4

4 C29Pp3Pp-D1°P 1001 39+2 40+4 3412 25+6 23+2

5 C29Pp3°F 100+0 30+ 5% 3243% 31+2 21+1% 28+2

6 C29Pp-D1PF 100+0 36+3 34+6 33+2 37+4% 27+5

7 C29Pp3Pp-D1°F 100+0 32+8 39+3 30+3 29+2 21+7

* Pa3nnuna JOCTOBEPHbI MO CPaBHEHMIO C KOHTponeMm, p < 0.05 (U-TecT).
Ta6bnuua 5. XKn3Hecnoco6HOCTb (%) 3ePHOBOK MLIEHULbI, XPAHMBLUNXCA B TeyeHne 2 1 6-9 net npm 20 £ 2 °C,

yepes 7 AHeN nocsie nocesa

Homep NnHns 2ropa 6 net 7 net 8 net 8 net 10 mec. 9 net 2 mec.
1 C29/529 100+£1 93+2 79+5 52+1 5242 46+7

2 C29Pp3p 100+0 89+3 774 66+ 3* 55+4 40+6

3 C29Pp-D1° 100£0 95+3 95+5* 57+7 58+3* 43+3

4 C29Pp3Pp-D1P 100+ 1 83 +4* 76 +4 55+3 45+ 2% 42+2

5 C29Pp3°F 100+0 85+3* 66+6* 57+5 38+ 1* 46+6

6 C29Pp-D1°F 100£0 89+4 74+8 54+6 58+4* 48+9

7 C29Pp3Pp-D1°F 100+0 86+ 6* 83+3 46 +2* 44+ 1% 41+1

* Pa3nmums 4OCTOBEPHbI MO CPABHEHWIO C KOHTponeMm, p < 0.05 (U-TecT).
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Puc. 3. /I3MeHUMBOCTb BCXOXKECTU 3€PHOBOK MOCSIE MHOTONETHErO XpaHeHUA ceMaH npun 20+2 °C.

Ta6nuua 6. Pe3yJ1bTaTbI pPerpecCMoHHOro aHannmsa N3MeHYNBOCTU BCXOXKECTU 3€PHOBOK N30T€HHbIX NIVHWN NWeHKLbl BO BpemMeHn

Homep JnHuna YpaBHeHe nuHeliHow perpeccunu (y = by + by-x) R p

1 C29/529 y=125.415-7.944x -0.876 0.0000
2 C29Pp3° y=124454-7.677x -0.888 0.0000
3 C29Pp-D1° y=127.712-7.594x -0.769 0.0002
4 C29Pp3Pp-D1P y=125342-8.527x -0.919 0.0000
5 C29Pp3°F y=125.718 - 8.806x -0.932 0.0000
6 C29Pp-D1°F y=121.357 -7.302x -0.903 0.0000
7 C29Pp3Pp-D1°F y =126.469 - 8.674x -0.878 0.0000

B XpoMocoMax 7D Obl1a JOCTOBEpHO BBIIIE POANUTEIHCKOTO
copta CaparoBckas 29 (58 mpotus 52 %).

[ocne murensHoTO XpaneHus npu 20+2 °C, uepes 9 ner
1 2 MeC., CpeIHNE 3HAYCHHSI BCXOXKECTH 36PHOBOK Y BCEX JIU-
Huit Obutk HIDKE 50 %, TOCTOBEPHO HE OTIMYASCH OT COpTa
Caparosckas 29 (puc. 3, 3Hauenue p50). 3aBHCUMOCTB BCXO-
JKECTH CEeMSTH OT BPEMEHH NX XPAHEHUSI XOPOILIO OITHCHIBACTCS
JIUHCHHON PerpecCHOHHON MOJENbI0 (KOA(PGUIIMCHTHI fe-
TepMUHAIMK R? 3HAYMMBI ¥ BAPHUPYIOT Y PA3HBIX JIMHUH OT
0.592 o 0.844). lns1 BceX TMHUI HAOTIONAINCH OTPUIIATEITb-
HBIC 3aBUCUMOCTH OT BPEMEHHU XPaHCHHS 3¢PHOBOK (TabI1. 6,
cM. puc. 3).

Cawmble BbICOKHE KO3(DPUIUEHTHI AeTepMUHAUU R 3a-
BHCHMOCTH BCXOXECTH M3y4aeMbIX 00pa3loB CEMsH IO
OTHOIIICHHUIO KO BPEMEHHU XpaHEHUs Obutn y jquHui No 4—6
(cMm. Tabm. 6). Camplif HU3KHH K03 UIMEHT neTepMUHALINT
R2=10.592 1 cabyro 3aBUCHMOCTH BCXOKECTH CEMSIH OT Bpe-
MEHH XpaHEeHUs oKazana TuHuA Ne 3, nmerornas e TMHUIHBIT
PEKOMOMHAITMOHHBIN YYaCTOK B KOPOTKOM IUIEYE Y TTaphl XPo-
MocoM 7D. Huzkue 3HaueHUs AETEpPMUHALIUY YKA3bIBAIOT HA
HEBBICOKOE Ka4eCTBO IIOCTPOESHHOM MOJIEIIH, UTO MOApa3yMe-
BACT BIIMSHHE HAa BCXOXKECTh CEMsIH, TOMUMO CPOKa XpaHECHNS,
JIOTIOJTHUTENBHBIX ()aKTOPOB, KOTOPBIE HE ObLIM YUTEHBI IPU
MOCTPOEHUH PErPECCUOHHON MOJIETH.

[Ipu aHanu3e ypaBHEHUI INHEHHON perpeccuy yCTaHOB-
JICHO, YTO CTAPTOBAsI BCXOXKECTh 3¢PHOBOK (KO PUIIUCHT b))
6p11a cxoxa. Koaddurment by xapakrepusyeT yron HakJIOHA
JMHUU PErpecCcHy: YeM BBIIIC 3HAUYCHHE b|, TEM UyBCTBH-
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TeJIbHEE JIMHUM K XpaHEHHUIo 3epHOBOK. Hambombmme 3Ha-
uenus b, ObUM BBISBIEHDI st Tuanit Ne 7 C29Pp3Pp-D1PF
(b, = —8.674), Ne 4 C29Pp3Pp-DI? (b, = —8.527) u Ne 5
C29Pp3PF (b, =-8.806), HeCyIMX PEKOMOUHAHTHBIE YUaCTKU
B XpoMocome 2A oT 10HOpoB. Torna kak HauMEHbBIIINE 3HaYe-
Hus by nonyvenst 1j1st unuii Ne 6 C29Pp-DIPF (b, =-7.302)
u Ne 3 C29Pp-DIP (b =-7.594), xapakTepusyoIuxcs HaJu-
Y1eM peKOMOMHAHTHOTO Y4acTKa OT JOHOpa B Xpomocome 7D.

B ommune oT MonoXXNUTETBHOTO BIMSIHNS aHTOLMAHOB HA
BCXOXECTb CEMSTH MOCJIE YCKOPEHHOTO MH/YIIMPOBAHHOTO CTa-
PEHUS, UX POJIb B MO/ICPKAHUH KHU3HECIIOCOOHOCTH CEMSIH
MSTKOW MIIEHWIBI B YCIOBHAX JUINTEIBHOTO XPAaHEHUS HE
BBISIBJICHA, OJJTHAKO YCTAHOBIICHO BIMSIHUE PEKOMOMHAHTHOTO
(hparmenra Ha xpomocome 7D.

O6¢cyxpeHue

NHayumpoBaHHOe CTapeHe CeMsH 1 XKN3HeCnoco6HOCTb
OO0menpu3HaHo, 4To Ha (POHE BHICOKON BIIAKHOCTH IPH I10-
BBILIICHUH TEMIIEPATYPbI XPAHEHHUS IIPOUCXOUT YCKOPSHHAs
moTeps KU3HECIIOCOOHOCTH CeMsiH. MeToll «yCKOPEHHOTO
WHIyIIUPOBAaHHOTO cTapeHus» (AA-TecT) Kak mporenypa
KOHTPOJIUPYEMO# TOPYH HMUTHPYET €CTECTBEHHOE CTAPCHUE
CEMSH U TI03BOJISICT OI[CHUTH MX JKU3HECIIOCOOHOCTD.

Hamu npoTecTHpOBaHbl XpaHUBIIKUECS MEHEE rola TOCe
cOopa yporkast 36pHOBKH HECKOJIBKHX SIPOBBIX M O3UMBIX COP-
TOB MATKOH IMIIICHUIIBI, BBIPALICHHBIX B OJJHOTUITHBIX KOHTPO-
JIUPYEMBIX YCIOBHSX B TCIUTUIIC, ¥ MTOA00PAHBI YCIOBHS IS
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AA-TecTa: TpeAnoceBHas TeMIieparypa o0padOTKH CeMsH
48 °C c OBBIIIEHHOH BIaKHOCTHIO BO3AyXa B TeUeHHUE 72 4.
TonbKko nocIie MOBBIIEHUSI TEMITEPaTypbl IPe100paboTKH /10
48 °C BCX0XKeCThb CeMSH KPaCHO3EPHBIX COPTOB SAPOBOIA MIIIe-
uutps! CapatoBckas 29 n Chinese Spring cHusmacs 1o 87 u
86 % cooTBeTCTBEHHO. BeXoskecTh CHOMPCKOTO 6e103epHOTO
copra HoBocubupckas 67 causmiach 10 64 %. MHTEpecHo,
YTO CaMble HU3KHUE TTOKA3aTEIHN BCXOKECTH OBIITH Yy 36PHOBOK
o3umoro copra Muponosckas 808 — Bcero 52 %.

[o nureparypHbIM JaHHBIM, B VIHCTUTYTE T€HETUKH pac-
TEHHH 1 HCCIIETOBAHNUHN CEITLCKOX03UCTBEHHBIX KyIbTyp (IPK
Gatersleben, ['epmanst) KOJIEKIINEO 36PHOBOK MIIICHHUIIBI 031~
MBIX COPTOB M CHHTETHKOB I10/IBEPIajii HCKYyCCTBEHHOMY CTa-
peHnro, BEIiepKuBast B TeueHne 72 4 pu 43 °C u BBICOKOH
(oxosro 100 %) Bnaxknoctu (Landjeva et al., 2010; Rehman
Arif et al., 2012; Agacka-Motdoch et al., 2016; Arif et al.,
2017). Ilpu u3y4eHun 3aCyX0yCTONIHBOIN KPAaCHO3EPHON M-
TaruIoN/THOH MOMYJISIUY MIIeHUIIB B CelTbCKOX03SHCTBEHHOM
yausepcuretre Hlanscn (Kurail) 3epHOBKH BBIICPKUBAIU B
teuenne 0, 24, 36, 48, 60 u 72 1 pu HGoJee BEICOKOH TeMmepa-
Type, 48 °C (Shi et al., 2020). [lanHbIi (akT CBUACTEIHCTBYET
0 TOM, YTO CEMEHa SIPOBBIX KPACHO3EPHBIX COPTOB MILEHHU-
1161 60JI€E YCTOMYMBEI K HETIPOJIOKUTEIEHOMY MOBBIIIEHHUIO
TEMIIEPaTyphl M BIAXKHOCTH.

Panee ObLIO MOKa3aHO, YTO Ha JJIMHHOM IUIEYE XPOMO-
combl 3A myTanus (QyHKIIMOHAIBHOTO aiens reHa R/
(Tamyb10-A1), npencTapisoIero cod00i TPaHCKPUIIINOH-
HbIl paxrop Thna R2R3-MY B u perynupyroiero myTs Ouo-
cuHTe3a (IaBOHOMIOB, IPUBEIA K ITOSBICHUIO 0ol 000104-
KI 3€pHAa MIICHUIIBI, a TAKXKE K YMEHBIICHHIO MTEPUO/IA TTOKOS
(Mares, Himi, 2021). ABTOpbI IPEAIOIOKHIIH, YTO KPACHBIH
LIBET CEMEHHOM 000JIOYKH caM I10 ce0e He ABIISIETCST a0COITIOT-
HO HEOOXOAMMBIM s TTOKOst. OH MMeN KyMYJISITUBHBIH 3(¢-
(heKT B COUETAHMH C IPYTUMH JIOKYCAMH, KOHTPOJIHUPYFOLIUMH
MIOKOH, HE CBSI3aHHBIMH C I[BETOM 3€PHA, TOCKOJIBKY BBIXO]
13 COCTOSTHHSI ITOKOS IPOHUCXOIMIT PAHBINE Y H30JMPOBAHHBIX
HMOPUOHOB 10 CPAaBHEHHIO C UHTAKTHBIMH, TOKPBITHIMU 000-
JIOYKaMH 3epHOBKaMHU. TakuM 00pa3om, QpyHKITHOHAIEHBIN
anyenb R/ ycuimBal SKCIPECCHIO TEHOB, KOHTPOINPYOIIUX
COCTOSIHME TTOKOSI B 36PHOBKaX IMIIEHUIIbI, U YIUTHHSIT BPEMsI
BbIXoa u3 crstaku (Mares, Himi, 2021).

Jlaxxe HECMOTpsI Ha TO, YTO KPACHO3EPHBIN COPT MIICHUIIBI
CaparoBckast 29 6osiee )KH3HECIIOCOOCH B CPaBHEHUH C OeI10-
3epPHBIMHU U O3UMBIMH COPTAMH, Y OYTH M30TE€HHBIX JINHUHN C
AQHTOILIMAHOBOM OKPAcKOH 3epHa, BEIBEICHHBIX HA €TO OCHOBE,
MHJIEKC MPOPACTaHus ObLI JOCTOBEPHO BhIIIE Ha ~20 % nocie
HCKYCCTBEHHOTO CTapPEHHs OTHOCUTEIBHO MCXOIHOTO COPTa
(cm. Tab6n. 3). [oBbImeHHas )KU3HECTIOCOOHOCTH 36pPHOBOK
W30TCHHBIX JIMHUH C aHTOLIMAHOBBIM IIEPUKAPIIOM B CpaBHE-
HHUM C KPACHO3EPHBIM POIMTEILCKIM COPTOM HAOMIONANACh
Uy CEeMSH II0JICBOTO YpOyKasl, 3apaKeHHBIX ITaTOTeHAMHU U
rpubkamu. Takoe neificTBUE aHTOIIMAHOB MOKHO OOBSCHHUTH
UX aHTHOKCHIAaHTHBIMH CBOWCTBAMH M yUaCTHEM B ITPOLIECCE
nerrpammnzamn ADPK, oOpasyronuxcs B ycI0BHUIX MOBBIIIIE-
HUS TEMIIEPATyPbI M BIIaXKHOCTH. Takum 00pazom, ycTaHOBIIe-
Ha MOJIOKUTENIbHAS CBA3b MEX/y COZIEPKAHUEM aHTOIMAHO-
BBIX IINTMEHTOB B OKOJIOTUIOHUKE SIPOBOW MSITKOH ITIIICHUIIBI
CaparoBckas 29 1 COXpaHCHHEM KH3HECIIOCOOHOCTH CEMSIH,
HaXOJSIIIMXCS B COCTOSHIH MOKOSI, PH HEMPOAOIKUTEIIEHOM
MOBBIIIEHUH TEMIEpaTypsl OKpyxkaromei cpensl 1o 48 °C u
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100 % BIa)KHOCTH BO3yXa. ITO MOKHO OOBSCHHUTH JACUCTBH-
€M TeHOB Pp, KOTOpBIE 3aIlyCKatoT OMOCHHTE3 aHTOIIMAHOB,
00J1aJal0MNX aHTHOKCHIAaHTHBIM TIOTCHIIAJIOM, B IIEpHKapIie
3EpPHOBKH IMIICHHIIBI [I0CJIE HEMTPOJODKUTEILHOTO MOBBIIIE-
HUSI TEMIIEPATYPhI U BIAKHOCTH.

Ha xpomocomax 2AL u 7DS, rne ObutM KapTHPOBaHbBI
reHbl TPAHCKPUIIIMOHHBIX (haKTOPOB, PEryIHPYIOIIUX OHO-
CHHTE3 aHTOLMAHOB B INEPUKApIIC 36PHOBOK, TAKXKe OBIIH
KapTHPOBaHbI JIOKYCBl KOJMYECTBEHHBIX mpu3HakoB (QTL),
KOHTPOJIMPYIOLIHE JO0JITOBEYHOCTh CEMSH IIIEHUIIBI [TOCIe
WHAyIEpoBaHHOTO cTapeHus. Cpean HuX, Hanpumep, QTL,
JIOKaIM30BaHHbIE B paiioHax 2AS5-0.78-1.00 u 2AL1-0.85—
1.00, comepKalux reHbl, BIUSIONINE Ha BRIPAOOTKY M YPOBEHb
tdhepmenToB, Takux kak HAJ[H-nmermaporenasa, mupyBat-
JiekapOOKcmI1a3a, HepoKcH1a3a, CylepoKCHICMyTa3a. [ eHbl
Per2 (nepokcunasa 2), Sod (cynepokcumaucmyrtasa), Wip
(TeHBI HFHTHOUTOPOB MIPOTEAa3) M IPyTHE TeHBI 3aIIIUTHOHN peak-
IINM pacTeHNH OBIIM OIMCAHBI Ha BCEX TPEX TOMEOJIOTMIHBIX
xpomocomax rpynisl 2 (Li et al., 1999). I'en Chp2 (6enox,
CBSI3BIBAIOIIMI XUTHHA3y) KapTUPOBAH HA JJIMHHOM ILIEUE
xpomocomsl 2A (Arif et al., 2017). QTL, xoHTponupyromuit
JIOJITOBEYHOCTh CEMSIH, TAKOKe KapTUPOBaH Ha XpoMocome 2H
sTAMeHs, TAe ObIT TIoKanm3oBaH Mapkep bPb6688 2H, romo-
JIOTWYHBIN TeHy, Koaupytomemy pudonykneasy H (RNaseH),
KOTOpasi y4acTBYeT B PEIUIMKAIMH, perapaluy, peKoMOrHa-
uuu 1 tpanckpunuuu JAHK npu BocCTaHOBIEHUM MTOBPEK-
JIeHnit Bo BpeMsl co3peBaHMs M xpaHeHusi cemsiH (Nagel et
al., 2015). ITate DArT-mapkepos, cueriennsix ¢ QTL, konTt-
POJMPYIOIIMMH I0JATOBEYHOCTH CEMSTH MIIEHUITBI, OBIITH Kap-
TUPOBAaHBI B XpOMOCOMax Irpymnmsl 7 B paiionax 7AS1-0.89—
1.00, 7BS1-27-1.00, 7BL10-0.78-1.00 1 7DS4-0.61-1.00 (Arif
et al., 2017). Ha opromoruanoii xpomocome siameHst 7H kap-
TUpoBaH Mapkep bPb5747 7H, cooTBeTcTBYIOIMIT TeHY, KO-
Jqupytomiemy Oernok u3 cynepcemeiictBa ERF/APETALA2,
KOTOPOE€ YJacCTBYET B PEAKIMM PAaCTEHHH HAa MHOTOUYHCIICH-
HBIE CTPECCHI, TPUBOJISIIIIE K TOBBIIICHUIO aHTHOKCHAAHTHOM
aktuBHocTH (Nagel et al., 2015).

EcTecTBeHHOE XpaHeHne ceMsAH U )KU3HeCrnoco6HOCTb
Cpenu CelbCKOXO3SIMCTBEHHBIX KYJIBTYp MSATKYIO IMIIEHUILY
OTHOCSIT K TPYIITIe ME300HOTHKOB, CEMEHA KOTOPBIX TIPH OJ1a-
TONIPHUATHBIX YCIOBUSAX XPAHCHUS HE TEPSIOT BCXOXKECTh B
teuenue 5-10 ner (I'ypwseBa u np., 2021). Cuuraercs, 4to
JIOJITOBEYHOCTH 3€PHOBOK MIIIEHHIIBI COCTABIACT 10 14 neT B
yCIOBHSX OKpYy:xatomieit cperpl (20 °C, oTHOCHTEbHAS BIaXK-
HOCTB 110 50 %) co 3HaueHuem pS50 (mepuo KU3HECIIOCO0-
Hoctu 50 %) okorno cemu et (Nagel, Borner, 2010).

B narmmeii paboTe mociie eCTeCTBEHHOTO CTapCHHUS MTPH Xpa-
HCHHUU CEMSH B CYXOM MNPOBETPUBACMOM INOMCHICHUU NPHU
20+2 °C mocne aByX, IIECTH, CEMH, BOCBMH U JEBSITH JIET
xpanenus morepst 50 % KHU3HECITOCOOHOCTH 36pHOBOK ITOUTH
M30TCHHBIX JTMHUH, CO3aHHBIX Ha OCHOBe copTa CaparoB-
ckasg 29, HabIIOmamachk MOCHE JNEBATH JIET XPaHEHUS (CM.
TaOII. 5), 9TO COOTBETCTBYET OMOIOTUIECKOM TOITOBEYHOCTH
ceMsH 710 18 neT xpaHeHusl.

B HacTos1ieM SKCTIepuMEHTe MOCIIe ABYX JIET XPaHSHHUS TIPH
20 °C Bce HCmbITaHHBIC 00PA3IBI MIIICHHUIIBI OBLTH 3JOPOBEI-
MU, UMEJIM BCXOXKECTh U dHepruto npopacranus 100 % (cm.
Tab1. 4 1 5). U TOBKO MOCIIE MIECTH JIET XPAaHEHHUS BCXOXKECTh
tpex nunuii, C29Pp3Pp-DIP, C29Pp3*F, C29Pp3Pp-DIPF
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(Ne 4,5, 7), 6b11a JOCTOBEPHO CHIDKEHA B CPABHEHHUH C COP-
toMm Caparosckas 29 (Ne 1 =93 %), cocrasisist 83, 85 1 86 %
cootBercTBeHHO. [1o TOCT P 52325-2005, BcxoxkecTh CeMEH-
HOT'0 Marepualia B KaueCTBE PEHPOAYKIIMH JUIs IPOU3BOJICTBA
TOBapHOI MpOIyKINK JoJkHA ObITh He MeHee 87 % (I'ypbeBa
u 1p., 2021). Hago ormMeTnTs, uto cam copt Caparockas 29
MPUHAUICKUT K KPACHO3EpHON Pa3HOBHMHOCTH IIICHHIIBI
U COJEPXKHT MOJIMMEPHbIE MPOAHTONNAHUANHEI, KOTOpPbIE
CHUHTE3UPYIOTCS B CEMEHHOW 00O0JIOUKE, YCHIMBAS ITOKOW M
JonroBeyHocTh cemsiH (Mares, Himi, 2021). MoxHo mipeario-
JIOXKUTb, YTO B JIMHUAX C PEKOMOMHAHTHBIMU YYaCTKaMHU B
xpomocoMsl 2AL ot coproB-noHOpoB Purple u Purple Feed
ObLT IPUBHECEH ajuielb Jiokyca Q.Lng.ipk.2A. 1(SW) (Arif et
al., 2022), HeTaTHBHO BIMSAIOMINI Ha IPOIODKUTEIFHOCTD
JKU3HU CEMSTH.

ITo npaBunam TecTupoBanus ceMsH Mex1yHapoIHOU ac-
conmanuu TectupoBanus ceMsH (ISTA), cHIDKeHne CKOpoCcTH
MPOPACTaHUs TOCJIE CTApEHUsI, U3MEPSEMOe 0 CPETHEMY
BPEMEHU NPOpacTaHus (CPEAHsIS 3a/IePIKKa JI0 MOSIBICHHSI KO-
PEIIIKOB), MHTEPIIPETUPYETCS KAK BPEMS, HEOOXOMMOE IS Me-
Tab0IMIECKOr0 BOCCTAHOBIICHUSI BPEHBIX ITOCIIEICTBHIH CTa-
peHHUS, IPEXKJIC YeM IpopacTaHue cMoKeT Hadathest (Powell,
Matthews, 2012). [Tociie cemu J1eT XpaHEHUS CAMBIMH APY K-
HBIMH 10 CKOPOCTH NPOPACTAHMS U BCXOKECTH OKa3aJINCh ce-
mena muauu C29Pp-D 1P (Ne 3) ¢ peKOMOUHAHTHBIM Y4aCTKOM
B Xxpomocome 7D ot copta-goHopa Purple (cm. Tabmn. 5). 3Ha-
YHMMO TTOBBIIIEHHYIO CKOPOCTH ITPOPACTAHMS ITOCIIE ICBSTH JIET
XpaHeHHsI TI0Ka3aJIi NPOPOCTKH U3 36PEH N30T €HHBIX JIMHUH
C29Pp-DI” u C29Pp-DIPF (Ne 3 1 6) ¢ peKOMOMHAHTHBIMU
yuacTtkamu B Xpomocome 7D ot coptoB Purple u Purple Feed
cooTBeTcTBeHHO. [10 pesynbraTaM perpecCHoOHHOrO aHau3a
HaMMEHBINE 3HAYCHUS KOdPQUIMEHTa yIia HakJIoHa by, a
CJIC/IOBATEIIFHO, M BIIMSIHAE BPEMEHH XPAHEHHUS Ha BCXOXKECTh
3€PHOBOK OBLLITH BBISIBIIEHBI YIS M30T€HHbIX i C29Pp-D 1P
1 C29Pp-DIPF (Ne 3 1 6), HeCylUX PEKOMOUHAHTHBIN y4acTOK
OT copTa-toHopa B xpomocome 7D (cm. Tabm. 6, puc. 3). ITo-
BUJIUMOMY, 9TO CBSI3aHO C FeHAMH ITOJI0KUTEIBHON PETYIISIIUK
JIOJNITOBEYHOCTH CEMSTH, HaXOIAIIUMHUCS B IAHHBIX YJaCTKAX
xpomocomsl 7DS.

Kak noxaszaHo panee npu U3y4eHHH IPU3HAKOB JI0JITOBEY-
HOCTH CEMSH y peKOMOWHAHTHBIX JJMHUH MIICHUITB Aegilops
tauschii, odmacte xpoMocoMsl 7DS, rae nokanusyercss Mu-
KpOcCaTeJUTUTHBIN Mapkép Xgwm (002, CueIIeHHbIH ¢ TeHOM
Pp-D1, conepxuT TOKYCHI, KOHTPOIHPYIOIINE PA3BUTHE HOP-
ManbHbIX ipopocTkoB (Landjeva et al., 2010). B To xe Bpe-
Msl camasi HU3Kasi BCXOXKECTh U BBICOKas UyBCTBHTEIILHOCTD K
XPaHEHHIO 36PHOBOK HAOMIONANINCH Y JTUHUH C OMMHOYHBIMU
PEKOMOMHAHTHBIMI Y4acTKaMH B Xpomocome 2AL, uro, kak
MBI MpEANoJaraéM, CBA3aHO C OTPUILATENIbHON peryisiuuen
amnens nokyca Q.Lng.ipk.2A. 1(SW), HaxonsIIerocs B JaHHOM
yuactke xpomocoMmsl 2AL (Arif et al., 2022).

Bexokects cemsn nunuit C29Pp3Pp-DIP w C29Pp3Pp-
DIPY (Ne4 u7) ¢ aHTOLMaHOBLIMH ITMTMEHTAMH B OKOJIOTLIOJ-
HHKE, HECYIIIMMH PEKOMOMHAHTHBIE (parMeHTHl OT COPTOB
Purple Feed u Purple B xpomocomax 2A u 7D, Oblna Toxe
cHrkeHa. [TomydyeHHbIe pe3ylbTaThl MOKa3all HEUTPaIbHYIO,
a B HEKOTOPBIX CITyJasiX Ja)Ke OTPULATEIIFHYIO POJIb aHTOLHA-
HOB B [IEPUKapIIe 3PHOBKH IIPH JUTUTEIHLHOM XPaHEHUH, YTO
OTJIMYAETCS OT PE3YNBTATOB TECTUPOBAHMS 36PHOBOK ITOCIIE
MCKYCCTBEHHOT'O HHyIINPOBAHHOTO CTAPEHHS C OBBIILICHHOH
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temrieparypoii (48 °C) u 100 % BIaxKHOCTBIO B TeUeHHE 72 U,
rJie Ipyu 00IIeM MaIeHUH BCXOXKECTH CEMSTH MHJIEKC Ipopac-
TaHMs OKPAIIEHHBIX aHTOIIMaHaMK 3epeH Obl1 Ha 20 % BhIIIIe,
4eM y JIMHUN 0e3 aHTOIIMaHOBOIO MUrMeHTa (cM. Taoi. 3).

Pe3ymbrarel 1a00paTOPHBIX METOJJOB HCKYCCTBEHHOI'O YCKO-
PEHHOTO CTAapEHHMSI, HCIIOIB3YEMBIX JUISl OLICHKH JIOJITOBEYHO-
CTH B YCJIOBHSIX XPaHEHHUsI CEMSIH, ITOJBEPraroTCsl COMHEHHIO
n3-3a Hed(PPEKTUBHOW MMUTAIMH (PAKTUIECKOTO CTAPEHHUS
CeMsIH U, KaK CJIC/ICTBHE, 3HAYNTEIBHBIX OTIININAN B PE3yIlb-
tatax (Schwember, Bradford, 2010; Roach et al., 2018; Gia-
nella et al., 2022). Hanmpumep, Op1a moka3zaHa HA3Kast KOppe-
JSIIAST MEXKTY )KM3HECIIOCOOHOCTBIO 3epHa ITOCTIE €CTECTBEH-
Horo xpaHeHus rpu 0 °C u otHocuTensHOU BirakHoCTH 10 %
B TedueHHe 12—-14 jer u KU3HECTOCOOHOCTHIO 3€pHA, TOA-
BEPrHYTOTO HCKycCTBEHHOMY cTapeHuio (Agacka-Motdoch et
al., 2016). ITpu 5TOM ObLTH BBIsIBIIEHBI JTOKYCHI Q. Lng.ipk-4A4
1 -7B, KOHTPOJHMPYIOIIHE )KH3HECTIOCOOHOCTH CEMSH B YCIIO-
BUSIX JUTUTEIFHOTO XPAaHEHUsI U MCKYCCTBEHHOTO CTapeHHS
(Agacka-Motdoch et al.,2016). Y sumens B xpomocomax 2H,
5H u 7H 6sumn xaptupoBansl QTL, oTBewaromue 3a q0ro-
BedHOCTh 3epHa (Nagel et al., 2015). IIpenmonaraercs, 4To
OJIMH M3 BBISIBICHHBIX JIOKYCOB KOHTPOJIUPYET OMOCUHTE3
ITyTaTHOHA, HanOoJIee IPEBHETO OKNUCIUTEIbHO-BOCCTAHOBH-
tenpHOTO Oydepa (I1IBauko, Xnectkuna, 2020).

CunTaercs, 4To CHU)KEHUE aKTHBHOCTH aHTHOKCH/IAHTHBIX
cucreM criocoO0cTByeT HakoruieHHIo ADK, uro sBisercs oc-
HOBHOW mprunHOU nospexaeHus JJHK u yxynmenus cocros-
HUSI KJIETOK B COCTapUBILMXCS CEMEHAX U, KaK CIIEJICTBUE, UX
noHrkeHHOM BexokecTH (LlIBauko, Xectkuna, 2020). B co-
3pPEBIINX CYXHX 3€PHOBKaX C MOHIKCHHBIM COZEP’KaHHEM
BJIary IIPH JUTMTEIBHOM XPaHEHNH HJIET IIOCTENIEHHOE HAKOII-
JIEHUE MyTaluil HyKJICOTHIOB U AETpajannsi MaKpOMOJIEKYI
B PE3yNbTaTe BHYTPEHHUX JACCTPYKTHBHBIX SH/IOT€HHBIX ITPO-
LIECCOB, CBSI3aHHBIX C 3aMeJICHHEM MEXaHH3MOB penapanum
Y Pa3BUTHEM HHTOKCHKAIINY TOOOYHBIMHU MIPOIYKTaMU METa-
6omm3ma. O6 3TOM CBU/ICTEIBCTBYET HAKOIUICHHE B CEMEHAX
ooubioro koanuectsa ADK, oKHMCIIeHHBIX IUIUAOB U aJlbJIe-
runoB (Wiebach et al., 2020; Zhang et al., 2022). [Torepst xwu3-
HECTIOCOOHOCTH CEMSH MPOSIBISIETCS] B CHI)KEHHH CKOPOCTH
Y pPaBHOMEPHOCTH MPOPACTAHHsI CEMSIH U3-3a JJTUTEIHLHOTO
nepuoaa npeapocrosoi penapauuu JHK, Haunnaromeics
Ha CaMBIX PaHHUX CTaJUsIX HPOIUTKH CEMSH BOJOH, /10 Ha-
Yaja pocTa M BbIXOJa KOpeIlIKa Yepe3 CEMEHHYIO 000JI0UKY.
IIponecc akTUBaMK KJIETOYHOTO IUKJIA PETYIUPYETCs TPO-
TEMHKMHa3aMH1 KOHTPOJIBHBIX To4ek (check points), koTopsie
3aMeJISIOT TpopacTanue Npy Hanmuunu nospesxaennit JJTHK,
YTO B UTOTE BIUSIET HA JOCTOBEPHOCTH NEPEIaull TeHeTHIe-
cKoii mH(popmarmn 1 kauecTBo ceMsH (Waterworth et al., 2016;
Considine, Foyer, 2021). Heo0XoaquMOoCTb JJTUTEIEHOTO BOC-
CTAHOBJICHUS HAKOIUICHHBIX TOBPEXICHUH JISKUT B OCHOBE
3aJICp>)KKH MTPOPACTaHUS U B KOHEYHOM CUETE MPHUBOIHUT K
ucroieHuro u rudenu cemsin (Waterworth et al., 2019).

Vrnanenue n3osrTounoro xkonuaectsa ADK urpaer kioue-
BYIO POJIb B PETyJISIMHN JOJITOBEYHOCTH ceMstH (Zhou W. et al.,
2020). OxpHako BOAOPACTBOPUMBIE aHTOLIMAHBI B MIEPUKapIIe
3€pPHOBOK IIPUCYTCTBYIOT B BHICYILIEHHOM COCTOSIHUM M Ha4YH-
HAfOT paboTaTh TOJBKO BO BPEMS! YBIAXKHCHHS U HAOyXaHUs
ceMsiH. [lo-Buaumomy, 3a1uTa CyXux CeMsiH C BBICOKOH BsI3-
KOCTBIO I[UTOILIA3MBl U HU3KON KJICTOYHOW TOJIBHIKHOCTBIO
BO BPEeMsI JUTUTEIBHOTO XPAHEHNUS OCYIIECTBIISICTCS PYTHMHU
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AHTUOKCHJAAHTHBIMU CHCTCMaMU, BepOﬂTHO I‘J'IyTaTI/lOHOM,
KOTOPBIN OBbLIT BBISBIIEH B BBICOKOW KOHIEHTPAI[MH B CYXHX
CeMeHaxX, MO0 KUPOPACTBOPUMBIMH aHTHOKCHUIAHTAMH.
B ToM ymciie Takyro (QyHKIUIO MOXHO IPEAIIOIOKUTE IS
AHTOILIMAHOB, HAXO/SIIUXCS B aJICiPOHOBOM CJIO€ 36pPHOBKH,
cojiepKamieM OOJBIIOE KOJMMYECTBO JKUPHBIX KHCIOT. Bo3-
MOYKHO, BBISIBJICHHOE IOJIOKUTEIBLHOC BIUSHHUE JIOKyCa Ha
xpomocome 7DS Ha KU3HECTIOCOOHOCTH CEMSH MIIEHHUITHI
MOCIIC JTUTEITBEHOTO XPAaHCHHUS CBA3aHO HMCHHO C ICHCTBHEM
9TOTO0 MOIIHOIO aHTHOKCHJIAHTA, a HE aHTOLMAHOB, CHHTE3
KOTOPBIX KOHTPOJIUPYETCsI IBYMS JIOKYCaMH, OINH U3 KOTOPBIX
(Ha xpomocome 2A) OKa3bIBaeT OTPHUIIATEIHHOC BIUSHIC HA
JKU3HECTIOCOOHOCTh TIOCTIE UTUTESIILHOTO CTAPCHUSI.

3aknioueHne

B pe3sysbrare npoBeIeHHOTO UCCIICIOBAHUS BIICPBBIC MMOKA-
3aHO, YTO AaHTOILMAHBI, HAKATUTHBAIOIINECS B 36PHOBKAX ITIIIe-
HUIIBI, OKa3bIBAIOT MOJIOKUTEIHHOE BIMSHHE HA BCXOXKECTh
CEMSIH TOCJIe UCKYCCTBEHHOTO CTAPEHUs, MHIYIIUPOBAHHO-
TO TOBBIIIEHHOH 10 48 °C TemmepaTypoil B TeueHue 72 4.
B yCIoBHSIX ATUTETHPHOTO €CTECTBEHHOTO XPAHCHHUSI ITOJIO-
JKUTCJIBHOI'O BJIUSHUSA aHTOLIMAHOB HA HOH}Iep)KaHI/Ie JKU3HEC-
CITOCOOHOCTH CEMSH BBISIBIICHO He ObuT0. OHAKO HaIU4Yne
PEKOMOMHAHTHOTO yYacTKa Ha XpoMocoMe 7D TOBEIMIAIo
JKU3HECIIOCOOHOCTh CEMSIH MOCJIE [UIUTEIILHOTO XPaHCHHUS,
YTO MOXKET OBITh CBSI3aHO C HAJMYHEM B ATOW XpOMOCOME
CIETUICHHBIX C TeHOM Pp-D] J10KyCOB, KOHTPOIUPYIOIIHX
JOJT'OBCYHOCTH CEMSH IIIIICHUIIbI.
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AHHoTauuA. Vicnonb3oBaHue reHopoHAa ANKNX COPOAMYEN ANA pacLUMPeHNA reHeTUYeCKoro pasHoobpasua mar-
KO MLUIEHULIbl ABNAETCA aKTyasIbHbIM HanpaBneHem cenekumm. OgHaKo NpakTnyeckoe NpUMeHeHne TMHUI MATKON
MNLEHMNLbI C YYXXEPOLHbIM FEHETUYECKM MaTeEPUANIOM CAEPXKMBAETCA BBIAY OTCYTCTBMA MHGOPMALMIN O XPOMOCOM-
HbIX MepecTporiKax M NX BIVAHUM Ha BaXKHble XO3ANCTBEHHble Npu3Haku. Llenbio HacToAweln paboTbl 6bino nsy-
YyeHure 14 VHTPOrPeCcCUBHBIX IMHWIA C TpaHcoKauwmel T2DL.2DS-2SS u 3amelternem 5S(5D) ot Aegilops speltoides,
NoMyYeHHbIX OT CKPeLUBaHNA COPTOB MATKOM MiueHuLbl ABpopa, KpacHogapckaa 99, Huka Kyb6aHu ¢ reHomHO-3a-
MelleHHON cnHTeTuYeckoi dopmoii ABpopec (BBAASS). TMbpraHble NMHUM C PasfMyHbIM COYeTaHMeM TPaHCIIO-
Kauwui T2DL.2DS-2SS v T1BL.1RS 1 3amelueHuns 55(5D) 6binn oxapakTepu3oBaHbl Mo YCTONUYMBOCTM K INCTOBOW 1
XKENTOW pXKaBYMHaM, KOMMOHEHTaM NPOAYKTUBHOCTM 1 TEXHOOrMYeCKNM KayecTBam 3epHa. OLieHKa yCTONYnBOCTH
COPTOB K PrKaBUMHHbIM 60ne3HAM nokasana, uto KpacHogapckas 99, Hrka KybaHu 1 copT ABpopa (HocuTesb TpaHc-
nokaumm T1BL.1RS) BbIcOKOBOCNPUMMYYBBI K 60N1€3HAM, TOrAa Kak Hanuume TpaHcnokauum T2DL.2DS-2SS n 3ame-
weHna 55(5D) Kak COBMECTHO, TaK 1 MO OTAENIbHOCT 06ecneyrBaeT YCTONUMBOCTb IMHUIA K TPUOHBIM NaToreHam.
AHanm3 AMHUIA C NOMOLLbIO MapKepoB, pa3paboTaHHbIX AN1A N3BECTHbIX FeHOB YCTONUMBOCTY OT Ae. speltoides, He
BbIAABUJT B IMHUAX MPUCYTCTBUA reHoB Lr28, Lr35 n Lr51. MNonyyeHHble pe3ynbTaTbl MO3BONAKT NPeAnoNoXKMnTb, UTO re-
HeTuuyeckuii matepman Ae. speltoides B xpomocomax 2D 1 5D copepuT HOBble reHbl ycTonumsocTy. [ina onpegene-
HWA BAMAHUA TpaHcnokaumm T2DL.2DS-2SS n 3ameleHna 55(5D) Ha NpoAyKTUBHOCTb M TEXHONOMMYeCKMe KayecTBa
3epHa NPOBEAIEHO M3yyeHne NNHKIA No Macce 1000 3epeH, Macce 3epHa 1 KONMYeCTBY Konocbes ¢ 1 M%, conepsKa-
HUIO 6efka 1 KNeNKOBHbI, KauecTBY KI1eMKOBUHbI 1 06LLei xieboneKkapHo oLeHKe. YCTaHOBNEH NMONOXKUTENbHbIN
3¢bdekT no macce 1000 3epeH, cofepaHuMto 6eska 1 KNenkoByHbI. [10 0CTanbHbIM NPU3HaKaM CYLLECTBEHHbIX pa3-
nnunn He HanpeHo. TpaHcnokauua T2DL.2DS-2SS n 3amewteHune 55(5D) He oka3biBaloT HEraTMBHOMO BAUAHUA Ha
NPOAYKTUBHOCTb 1 TEXHOJSIOTMYECKME KauecTBa 3epHa 1 MPeACTaBNAoT MHTepeC AN1A CeNeKLOHHON NPaKTUKN.
KnioueBble cnosa: Triticum aestivum; Aegilops speltoides; NHTpPOrpeccrBHble NMHUKN; XPOMOCOMbI; TPAHCIOKaLNUK;
MONeKynApHble MapKepbl; yCTOMYMBOCTb K 60N1e3HAM; NPOAYKTUBHOCTb Y TEXHONIOTMYECK/Ee KauecTBa 3epHa.

Ina yutnposaHusa: JaeosH P.O. bebsaknHa W.B., faBosiH 3.P, 3uHuyeHko A.H. 3y6aHosa [0.C., bongakos O.M.,
bacos B./., bapaesa E.[., ApoHnHa W.I, CannHa E.A. V3yyeHne BnuaHuna TpaHcnokaumm T2DL.2DS-2SS n 3amelue-
HuA 55(5D) ot Aegilops speltoides Ha ceneKUMOHHO-LieHHbIe MPU3HaKM MATKOW NLWeHWLbl. Basuiosckul XypHars 2e-
Hemuku u cenekyuu. 2024;28(5):506-514. DOI 10.18699/vjgb-24-57
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Bnusaxue tTpaHcnokaumm T2DL.2DS-2SS v 3amelyeHmns 55(5D)
Ha CeNneKUMOHHO-LIEHHbIE MPU3HAKW MATKOW MLUEeHWLbI

Abstract. The use of the gene pool of wild relatives for expanding the genetic diversity of common wheat is an
important task of breeding programs. However, the practical application of common wheat lines with alien genetic
material is constrained by the lack of information on chromosomal rearrangements and the negative impact of the
transferred material on agronomically important traits. This research is aimed at studying 14 introgression lines with
the T2DL.2DS-2SS translocation and the 55(5D) substitution from Aegilops speltoides obtained from crossing com-
mon wheat varieties (Aurora, Krasnodarskaya 99, Nika Kubani) with the genome-substituted form Avrodes (BBAASS).
Hybrid lines with different combinations of T2DL.2DS-2SS and T1BL.1RS translocations and 55(5D) substitution were
characterized by resistance to leaf and yellow rusts, productivity components and technological qualities of grain.
The assessment of the varieties’ resistance to rust diseases showed that Krasnodarskaya 99, Nika Kubani and the
Aurora variety, which is a carrier of the T1BL.1RS translocation, are highly susceptible to diseases, while the presence
of the T2DL.2DS-2SS translocation and the 55(5D) substitution, both together and separately, provides resistance to
fungal pathogens. The analysis of the lines using markers designed for known resistance genes of Ae. speltoides did
not reveal the presence of the Lr28, Lr35 and Lr51 genes in the lines. The results suggest that the genetic material of
Ae. speltoides transferred to chromosomes 2D and 5D contains new resistance genes. To determine the effect of the
T2DL.2DS-2SS translocation and the 55(5D) substitution on the productivity and technological qualities of grain, the
lines were assessed by weight of 1000 grains, grain weight and number of ears per 1 m?, by protein and gluten con-
tent, gluten quality and general baking evaluation. A positive effect was determined upon the weight of 1000 grains,
protein and gluten content. There were no significant differences in other characteristics. The T2DL.2DS-2SS trans-
location and the 55(5D) substitution did not have a negative effect on the productivity and technological quality of
grain, and are of interest for breeding practice.

Key words: Triticum aestivum; Aegilops speltoides; introgressive lines; chromosomes; translocations; molecular mar-
kers; disease resistance; productivity and technological qualities of grain.

For citation: Davoyan R.O., Bebyakina I.V., Davoyan E.R., Zinchenko A.N., Zubanova Y.S., Boldakov D.M., Basov V..,
Badaeva E.D., Adonina I.G,, Salina E.A. A study of the influence of the T2DL.2DS-2SS translocation and the 55(5D) sub-
stitution from Aegilops speltoides on breeding-valuable traits of common wheat. Vavilovskii Zhurnal Genetiki i Selek-

2024
285

tsii = Vavilov Journal of Genetics and Breeding. 2024;28(5):506-514. DOI 10.18699/vjgb-24-57

BBepeHmne

OcHOBa CeJIEKIMH, B TOM YHCJIE TAKOM BaXKHOM CEIbCKOXO03SIM-
CTBEHHOH KyJBTYpBl, Kak MsArkas nmenuna (7riticum aesti-
vum L.), — HaJM4uue 10CTaTOYHOTO FeHETHIECKOTO Pa3HOO0pa-
3us. MIHTeHCH(UKaMs CeIeKINOHHOrO Mpouecca 1 IHUpo-
KOE PaclpoCTpaHEeHUE OJHOTUITHBIX COPTOB IPHBEIH K 3HA-
YUTEIBHON TEHEeTHYECKOH 3PO3UH, U B OCOOCHHOCTH I€HOB
yCTOYuBOCTH K O01e3HaM. DPdeKTHBHOE HAMIPABICHUE Pe-
IICHHS ATOH MPOOJIEMBI — HCIIOJIb30BaHKUE TeHO(OH /12 MHOTO-
YHUCJICHHBIX POACTBECHHBIX MSATKOM MIIICHUIC BUI0B U pOIOB
(Knott, 1987; Friebe et al., 1996).

OnHuM 13 Hanbosee IMUPOKO MCIONb3yEMbIX B KaueCTBE
MCTOYHHKA YCTOMYMBOCTHU K OOJIE3HSIM JJMKOPACTYIIUX COPO-
naeit ssisieTcst BUI Aegilops speltoides Tausch (Manisterski
et al., 1988; Kerber, Dyck, 1990). Ot 3Toro Buja nimncHuIe
NepeaHbl TeHbl YCTOMUUBOCTH: K JIUCTOBOW prkaBunHe — Lr28,
Lr35,Lr36,Lr47, Lr51 u Lr66, x crebneBoi pxxapauHe —Sr32,
Sr39, Sr47, x myunucroit poce — Pm12, Pm32 (McIntosh et
al., 2013). Aegilops speltoides Taxxe XxapaKTepu3yeTcs BHICO-
KHAM COJepKaHWeM OeJka M CTIOCOOHOCTBI0 CTUMYIINPOBATh
TOMEOJIOTHYHYIO KOHBIOTaruio xpomocom (Dvorak, 1972).
O)IHaKO HN3-3a HCTAaTUBHOT'O BJIMAHUA HA IPYTUC XO3SIMCTBEHHO
LIEHHBIE MTPU3HAKK MHTPOTPECCHH OT 3TOTO BUJIA HE HAIIH
HIMPOKOTO MPUMEHEHUS B CeNEeKINOHHON mpaktuke (Mcln-
tosch et al., 1995; Helguera et al., 2005; Song et al., 2007;
Brevis et al., 2008). Cremyet OTMETHTD, 4YTO HETATUBHBIHN d(-
(heKT Uy>KepoaHON HHTPOTPECCHU MOXKET 3aBUCETh KaK OT OT-
pUIaTeJIbHOIO BIIMAHUA IEPECAAHHOTO BMECTE C ICJIEBBIM I'C-
HOM T€HETHYECKOTO MaTepraia JJUKOTO COPOINYa, TaK U OT
TeHOTHUIIHYECKOH cpefpl copra-perumnuenta (Hoffmann, 2008;
Jleonona, bynamkuna, 2016).

B HanmonanmsaoMm nientpe 3epra (HL3) um. [LI1. JIykbsHeH-
KO cO3[1aHa TeHOMHO-3aMeIeHHas popma ABpozec (BBAASS),
KOTOpAasi UCTIOJIb3YETCs B KAUECTBE «MOCTHUKA ISl IIepe/iadn

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING

TeHETHYECKOTo Marepuaia ot Ae. speltoides B MATKy10 Tiie-
Huiy (Kupos, Teprosckas, 1984; JlaBosn P.O. u ap., 2012).
Ota hopma posIBIIET IPYNIIOBYIO yCTOHYMBOCT K JINCTOBOM
prkaBunne (Puccinia triticina Eriks.), xxenToii pxasunne (Puc-
cinia striiformis West.), my4nuctoit poce (Blumeria grami-
nis f. sp. tritici) u OTINYAETCS BBICOKIM COZIEpYKaHUEM Oelka
(Hasosta P.O. 1 1ip., 2018). C ee yuacTueM moryueH OOIbIION
Ha0Op MHTPOTPECCUBHBIX JIMHUN MSTKOW MIIEHUIBI, Pa3in-
YAIOIIUXCS M0 KOMIUIEKCY MOP(O-OMOTOTHUSCKUAX M X035 -
CTBEHHO IIEHHBIX IPU3HAKOB, )OPMeE Mepeiady FeHeTHIECKO-
ro Matepuaia ot Ae. speltoides (JlaBosta P.O. u np., 2017).

C npuMeHeHneM MeTOIOB T HEPEHITATHFHOTO OKPALITH-
BaHMs XpoMocoM (C-09HAMHT) M (QIyOpEeCUEeHTHOH in Situ
rudpuanzanun (FISH) 66110 ycTaHOBIEHO, YTO MHTPOTPECCUH
3aTPOHYIIM B OCHOBHOM XPOMOCOMBI TeHoMa D. DT1oT dakt
O0OBSICHSICTCS TEM, YTO B CHHTCTHYCCKOU (opme ABporec
MMEHHO TeHOM D MSTKOW MIIEHHUIIB 3aMeIleH Ha TeHOM S
Ae. speltoides. Ilpn 3ToM a1t OOMBIINHCTBA N3yYEHHBIX JIH-
HUH xapakTepHsl TpaHcnokanus T2DL.2DS-2SS u 3amenie-
Hue 5S(5D). lnst onpeneneHus: CeNEeKIMOHHONW IIEHHOCTH
MOJYYCHHBIX TPAHCIOKAIIUH 1 3aMeIeHHi oT Ae. speltoides
HEOoOX0TMMO BCECTOPOHHEE U3YUEHHE HHTPOTPECCHBHBIX JIN-
HUMN 110 XO3MCTBEHHO BaKHBIM MPU3HAKAM.

[enpro HACTOSAIIETO MCCIIEA0BAHMS OBUIO M3yUEHHE BIIHSA-
Hust Tpanciokarn T2DL.2DS-2SS u 3amemenns 5S(5D) ot
Ae. speltoides Ha TPONYKTHBHOCTB, KA4€CTBO 3€PHA U yCTOM-
YMBOCTH K TPUOHBIM OOJIE3HSAM TpeX Pa3IHUYHBIX IO MPOHC-
XOXKJICHHUIO COPTOB MSATKOMW TIIICHUIIBI.

MaTeleaﬂbI n metogbl

Marepuanom A1 UCCIIEAOBaHUS CIyKuiu 14 mHTporpec-
CUBHBIX JIMHUI MATKOH MIIEHUIIBI, TOTYYCHHBIX OT CKPEIIH-
BaHMS CHHTETHUYECKOH (hOpMBI ABpOAEC C BOCIIPHUMYHUBHI-
MU K JIUCTOBOW M KEITOM P’KaBUMHAM COPTAMU CEJEKIHUU
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Ta6bnuua 1. Ycnosua amnandukauum, Ha3BaHWA 1 UCTOYHUKN NPaiMepPOB, NCNONb3yeMblX ANnA MaeHTUdGrKaumm reHos Lr28, Lr35, Lr51

leH Mpanmep Temnepatypa oTxura, °C Pasmep dparmeHTa, n.H. JInTepatypHbIN NCTOYHUK

Lr28 CS421570-L 60 570 Cherukuri et al., 2005
CS421570-R

Lr35 BCD260 59 931 Seyfarth et al., 1999
35R2

Lr51 AGA7-759 52 819 Helguera et al., 2005
S30-13

HI3 um. ILIL Jlykesauenko: ABpopa, Kpacnomapckast 99 u
Huxka Ky6anu. JInanu, co3manHbIe ¢ HCIOTB30BaHUEM COPTOB
Kpacnonapckast 99 n ABpopa, Obit niosrydensl panee (/la-
BostH P.O. u 11p., 2017) 1 oTOOpaHbl B paMKax TaHHON PabOThI
Ha Hanmuuwue TpaHcaokammii T2DL.2DS-2SS u 3amemenns
5S(5D). Jlunuwu, co3nannsle Ha ocHOBe copta Huka Ky6anwu,
OBUTM OXapaKTEepU30BaHbl LIUTOJOTMYECKUMH METOAAMH.

JuddepenimanpHoe okpammBanie XpoMocoM (C-03HIMHT)
npoBomut B MHCTHTYTE 00111e# rereTrky M. H.1. BaBumosa
10 METO/IMKE, Pa3padOTaHHOI B 1abopaTopru (HyHKIIMOHAIb-
HOU MOpdoIoruH XpoMocoM MHCTHTYTa MOJEKYIIPHOIH 610-
norun uM. B.A. Durensrapnra PAH (Badaeva et al., 1994).
OnyopecuentHyto in situ rudpuguzanuo (FISH) Beimomss-
mu B UuctutyTe muronorun u reHetnkn CO PAH mo panee
ormyonrkoBaHHOM MeToauke (Salina et al., 2000) ¢ mpumene-
nuem 30H110B Speltl (Salina et al., 2004) — st BeISBICHUS
TEHETHYECKOTO MaTepuaia Ae. speltoides B NCCIETYEMBIX JIH-
Husix pScl19.2 (Bedbrook et al., 1980) u pAsl (Rayburn,
Gill, 1986) — nnst uneHTHUKAIMKE XPOMOCOM MILIEHUIBI U
srmornica (Badaeva et al., 1996; Schneider et al., 2003). Pa-
60t1b1 mpoBouiH B LIKIT MuKpockonmyeckoro anaiamnsa Ono-
noruueckux 00bekToB CO PAH (1. HoBocuOupck).

3apaxxeHHe JIMHAN OCYIIECTBIISIN B MOJEBBIX yCIOBHSIX:
JKEITON PKaBIMHON — B (Da3y «BBIXOX B TPYOKY», JTMCTOBOM
PKaBUMHON — B a3y «rpyOka—kosomeHnue». B odoux ciy-
YasixX UCIOJIb30BAIM CMEChH YPEIOCIIOP, COOPAHHBIX C PA3HBIX
copToB muIeHUIbl. OIEHKY NPOBOAMIM TPHU JOCTHKCHUH
y HauboJiee BOCIPUUMYHUBOIO M IMO3HEr0 10 CO3PEBAHUIO
copTa-penunueHTa ABpopa MaKCUMaJIbHBIX MOKa3aTenei
MOPAXXaeMOCTH (THIT peaknnu 4, crerneHb nopaxenus 60 %).
Tun peakuyy pacTeHUN Ha 3apa)KCHUE JIMCTOBOU P>KaBUMHON
onpenensun o mkane E.B. Mains u H.S. Jakson (1926),
K JKenTol prkaBumHe — 1o mkane G. Gasner u U.W. Straib
(1934). Pacrenusi ¢ MpOMEXYTOUYHBIM TUIIOM peakiuu oT 0
1o 1 o6o3naganu 6amrom 01. CteneHp MopaXeHNs pacTeHHHA
OIICHUBAIU 110 MOTU(pHUIHpOoBaHHOI mikane Ko6oa (Peterson
et al., 1948). K ycTOWYMBBIM OTHOCHJIA PACTCHUS C THIIOM
peaxmm ot 0 1o 2 1 crenenbio nopaxkerns ot 0 go 20 %.

JHK Bbinensim u3 5—7-AHEBHBIX STHOJIUPOBAHHBIX MPO-
pocTKOB mieHuIb! 1o Metoiy J. Plaschke ¢ komeramu (1995).
Wnentudukannto reHoB Lr28, Lr35 u Lr51 ocymecTBIsIM ¢
ucrionb3oBanrem I[P Mapkeps! oTOnpann Ha OCHOBaHUHU
JIUTEPaTypHBIX JTaHHBIX (Ta0M. 1).

Peaxmmonnas cMech 06beMoM 25 MK coneprkaia 1 x Gydep
qutst Tag-AHK-nommepassr (50 MM KCl, 20 MM tpuc-HCI,
pH 8.4, 2-5 MM MgCl,, 0.01 % Teun-20), 2 MM MgCl,, o
0.2 MM xaxxgoro dNTP, 12.5 MM kaxmoro mpaiimepa, 50 Hr
JHK u 1 en. Tag-nonumepasbl. AMILTH(GUKAINIO TPOBOIUIN
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COIVIACHO YCIIOBUSIM, TipuBeAeHHBIM B Ta0. 1. [TpoxykTs! [TLP
JUIS TeHOB Lr28 n Lr35 pa3nernsiy ¢ OMOIIBIO 31eKTpodo-
pe3a B 1.8 % arapoznom rene ¢ 0.5% 6ydepom TBE, B cirydae
reda Lr51 ucnionszoBanu 3 % arapo3Hblil Telb ¢ IPUMEHE-
HUeM arapo3sl MS-12, Molecular Screening “diaGene” ¢ mo-
BBIIIIEHHOH YETKOCTBIO pa3iesicHns parMeHToB. B kauecTse
Mapkepa MoJeKysIpHoro Beca ucrnons3oBanu JJHK-mapkep
M24 100 bp «Cn62u3uM». ['enu okpammBamin OpOMHUCTHIM
STHIMEM U (OTOrpadupOBaIN B YIBTPAPHOICTOBOM CBETE C
nomotieto Gorodokca Infiniti 1000.

Jlnist XapaKTepUCTUKHN JIMHUHN IO IPOAYKTUBHOCTH OTIpEie-
nsun Macey 1000 3epen, Maccy 3epHa M KOTHYECTBO KOJIOCHEB
¢ onuoit mensuku. [lnomans gensaku 1 M2, HOBTOPHOCTH
YyeThIpexXKpaTHas. TeXHOIOTHYECKHE KaueCTBa 3epHa U MyKH
n3ydajau B OTJeNIe TeXHOJIOTHH M Omoxumuu 3eprHa HII3
uM. [LII. JIykbsiHEHKO 110 METOIMKAaM T'OCYAapCTBEHHOI'O COp-
TOUCTIBITAHHSI CENbCKOXO3SHCTBEHHBIX KynbTyp (MeTonuka
TOCY/IapCTBEHHOTO COPTOMCHBITaHus..., 1988). Crarucru-
YECKYI0 00pabOTKY MOJYYCHHBIX PE3yJIBTATOB BBIOIHSIH C
npuMeHerneM nporpammsl AGROS-2.10.

Pesynbratbl

Jnist onipesieneHus CeneKIMOHHON IEHHOCTH TPaHCIOKauu
T2DL.2DS-2SS u 3amemmenus 5S(5D) ot Ae. speltoides npo-
BEJICHO M3y4YeHHUe 14 MHTPOrpeCCUBHBIX JIMHUHI, TOTYIEHHBIX
C y4acTHEM TPEX BOCIPUHUMYMBBIX K JHCTOBOW M KEITOH
pkaBurHaAM copToB, ABpopa, KpacHogapckas 99 u Huxa Ky-
Oanwu (Tabdm. 2).

Jnst OONBIIMHCTBA MPEICTABICHHBIX JIMHUHA XapaKTepHO
coderanue Tpanciaokanuu T2DL.2DS-2SS ¢ xpoMocoMHBIM
3amenienneM SS(5D) (cm. tabm. 2, puc. 1). 3HaunTenbHas
yacTh IMHUHN nmeet Tpancmokanuio T1BL.1RS (cMm. Tabm. 2,
puc. 1), MoIy4eHHYI0 OT CHHTETHYECKOH (hopMbl ABpoec.
VY nunuum 1889m17 BhIsiBIE€HAa ONMHOYHASI TPAHCIOKALIMS
T2DL.2DS-2SS (puc. 2, a). Tonbko XpoMOCOMHOE 3aMeTIe-
uue 5S(5D) ycranosneno B mausAx 1009119 n 493n20 (cm.
puc. 2, 0).

Copra-perumuenTsl ABpopa, Huxa Ky6ann n Kpacromap-
ckasg 99 BOCIPUUMYMBBI K JINCTOBOU U YKEJITON prKaBUMHAM.
Tpancnokarus T2DL.2DS-2SS u 3amemenue SS(5D) kak co-
BMECTHO, TaK 1 10 OTAEIbHOCTH 00€CTIEUNBAIOT YCTOHIYHUBOCTh
JMHUHM K 3TUM naroreHaMm (cm. Tadm. 2). JInaus 1889m17 ¢
tpanciokanueit T2DL.2DS-2SS nposiBiisier 0os1ee BEICOKYIO
YCTOMYMBOCTH K JINCTOBOW prKaBUMHE (THIT peakiuu 1, crte-
nienb nopaxkenust 10 %) mo cpaBuenuto ¢ auausiMu 1009119,
95120 1 4931120 ¢ 3amemenuem 5S(5D).

Tak xak oHON M3 TVIABHBIX 3a/a4 OblIa rmepegada OT CHH-
TeTH4eCcKoW (GopMbI ABpoOJIEC YCTOHUYMBOCTH K JIMCTOBOM
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Tabnuua 2. Xapaktepuctuka nuHuii T. aestivum/Aspopaec

Bnusaxue tTpaHcnokaumm T2DL.2DS-2SS v 3amelyeHmns 55(5D) 2024
Ha CeneKUMOHHO-LEeHHbIE MPU3HAKM MATKOW MLUEHNLbI 28.5

MO HaNIMUNIO NHTPOTPECCUIN N YCTONYNBOCTU K IMCTOBOW U »KENTOW pPrkaBUMHaAM

JInHna T. aestivum (copT-peunnuneHT) TpaHcoKauusa, 3amelleHne Tvn peakuumn 1 cTeneHb NopaxeHus, 6ann/%
JInctoBas pxaBunHa Mentas pXkaBuvHa
D37n10 ABpopa T1BL.1RS, T2DL.2DS-2SS, 55(5D) 01/10 2/10
AA60M9 ABpopa T1BL.1RS, T2DL.2DS-2SS, 55(5D) 01/10 2/20
1575n17 ABpopa T1BL.1RS, T2DL.2DS-2SS, 55(5D) 1/10 1/5
3210n15 KpacHopapckasa 99 T2DL.2DS-2SS, 55(5D) 01/5 1/10
3198n15 KpacHopapckas 99 T1BL.1RS, T2DL.2DS-2SS, 55(5D) 01/5 1/10
3193n15 KpacHopapckas 99 T2A, T1D, T2DL.2DS-2SS, 55(5D) 01/5 1/5
2900n17 KpacHopapckas 99 T1BL.1RS, T2DL.2DS-2SS, 55(5D) 1/10 1/10
2955n17 KpacHopapckas 99 T1BL.1RS, T2DL.2DS-2SS, 55(5D) 01/5 1/10
2636n18 KpacHopapckas 99 T2DL.2DS-2SS, 55(5D) 1/5 1/5
1009n19 KpacHopapckasa 99 55(5D) 2/20 2/10
95n20 KpacHopapckasa 99 T1BL.1RS, 55(5D) 2/20 1/10
1889n17 Hrika Ky6aHu T2DL.2DS-2SS 1/10 1/5
1249n19 Huika Ky6aHu T1BL.1RS, T2DL.2DS-2SS, 55(5D) 01/5 1/5
493n20 Huika Ky6aHu 55(5D) 2/10 1/10
ABpopa T1BL.1RS 4/60 4/60
KpacHopapckasa 99 4/80 3/40
Huika Ky6aHu 3/60 4/60
1 2 3 4 5 6 7 J1i1st BBISICHEHUS CEJICKIIHOHHOM IEHHOCTH TPAHCIOKAIMU
. T2DL.2DS-2SS u 3amemenus SS(5D) npoBeeHa orieHka Ji-
A ‘i__,l HUH 110 KOMIIOHEHTaM IPOJYKTUBHOCTH U TEXHOJIOTHYECKUM
g | § KauecTBaM 3€pHa U MYKH.
" IIponykruBHOCTH Onpenensuin no macce 1000 3epeH, mac-
i C€ 3epHa 1 KOJIMYECTBA KOIOCheB ¢ 1 M2 (Tabu. 3). Y nunwui,
b MOJIyYEHHBIX C YYaCTHEM B Kaue€CTBE PEIUIIMEHTa COpTa
B ABpopa, 00HapyKEHO JOCTOBEPHOE MPEBBIIICHHUE 110 Macce
, 1000 3epen. HanbomnpImiee 3HaYCHNE TI0 STOMY MOKa3aTeIio
T RS:1.BL umena auaug 1575117 (41.7 1). 1o xonuyecTBy chopmu-

% &
. w ¥
9 %4 \ 1 i
i { \ 2
T2DS-2SS 5S
#131249n19

Puc. 1. IndpdepeHumanbHO OKpaLLeHHbI KapyuoTun nvHum 1249n19.

PKaBYMHE, TO POBOJMIIACH HJCHTU(UKAIMS T€HOB YCTOM-
YHBOCTH K 3TO Oone3Hu ¢ ucnois3oBanneM JJHK-mapkepos.
W3 u3BecTHBIX HACHTH()UIIMPOBAHHBIX TEHOB YCTOWYNBOCTH
K JINCTOBOW pyKaBYMHE, MOJIYYCHHBIX OT Ae. speltoides, B
ABpozec ObUTO yCTaHOBIEHO Hamuure 3()(EeKTHBHOTO TeHa
Lr35 (Jasosiz O.P. u np., 2012) (puc. 3, a), a Taxxe reHOB
Lr28 u Lr51 (cm. puc. 3, 6 1 6 cooTBEeTCTBEHHO). [TocKkobKy
paHee OBUIO YCTAHOBJICHO OTCYTCTBHE Te€HOB Lr28 u Lr35 y
muann AA60N9 (asosta P.O. n ap., 2017), B nanHo#i padore
9Ta JIMHUS U3y4yanach Ha Halu4Kue TOIbKo reHa Lr5/. ['ensl
Lr28,Lr35u Lr51 B uccnexyeMbIX TUHAAX HE BBISIBICHEI (CM.
puc.3,a,2—4,6,7,9-17;puc.3,0,4-8,10-15,17; 3, 6,4—17).

POBABIIMXCS KOMOChEB HAa | M? CyNICCTBEHHBIX Pa3iHyHil
He ycTaHoBIeHo. 1o macce 3epra ¢ 1 M2 yuamm D37010 u
AA60m9 6bun Ha ypoBHE copTa ABpopa, a muHus 1575117
JIOCTOBEPHO IIPEBBINIANIA €ro.

Bce nunuy, nomyuyeHHsle ¢ yyactueM copra KpacHogap-
ckas 99, noctoBepHo mpesbIany ero no macce 1000 3epe.
[To KoNMYECTBY KOJIOCKEB ¢ | M2 M Macce 3epHa JJOCTOBEPHBIX
pa3IuuUi HE BBISBIIEHO.

JInnns 12491119 n0cTOBEPHO MPEBBILIAET COPT-PELIUITUEHT
Huka Ky6anu o macce 1000 3epen (40.2 ) u Macce 3epHa ¢
1 M2(570.5 ). Macca 1000 3epen y munmii1 889m17 u 493120
Takke Oblma BbIIe, yeM y copra Huxa KyOanu. Pazmmuans
0 KOJMYECTBY KOJIOCheB M Macce 3epHa ¢ 1 M2 Gbun He-
CYIIECTBEHHBI.

Ba)xHpIMHU Ipr3HAKAMU, TUMHUTHPYOLIMMH UCIIOJIb30BAHHE
B CEJICKLIMOHHOMW IIPAKTUKE JIMHUN, HECYIUX 4YYy>KEPOAHbBIN
TEHETUYECKUIl MaTepual, sIBISFOTCS TEXHOJIOTMUECKHUE TTOKa-
3atenu 3epHa. JIMHNU, ONy4YeHHBbIE C yYaCTHEM B KadeCTBE
peuunuenTa copra ABpopa, UMeIoT OJIM3KHE ¢ HUM ToKa3are-
M cofieprKaHus Oenka M KJIEHKOBUHBI, KaYeCTBA KJICHKOBUHBI
n obmieit xsedornekapHoi oneHKH (Tadm. 4).
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Puc. 2. Pe3ynbtatbl FISH Ha meTadasHbix xpomocomax nuHuiA: (a) 1889n17 c 3oHgamu pAs1 (3eneHblin) n Speltl (KpacHbii);

(6) 493n20 c 30HAaMM PSc119.2 (KpacHbI) 1 Spelt1 (3eneHbin).

8 3 4. .aickiies cha ZRR O R Rl

570 n.H.
<

13 15,4416, 17

.

v P Py W g W R e e

819 n.H.
S S

——

e B

Puc. 3. Snektpodoperpammbl NPOAYKTOB ammandrKaLmm C UCrosib3oBaHMEM NPaiMePOB K ANAarHOCTUYECKNM MapKepam, cLen-
NEHHBIM C reHamu: a — Lr35 (1 — mapkep anuHbl, 2 — ABpopa, 5 - TcLr35, 8 — ABpopec, 2-4, 6, 7, 9—17 — UHTPOrpeccuBHbIE IMHUN);
6 —Lr28 (1 — mapkep anuHbl, 2 —TcLr28, 9, 16 — ABpopec, 3 — ABpopa, 4-8, 10-15, 17 — NHTPOrpeccuBHble NUHUNY; 8 —Lr51 (1 — map-

Kep AnuHbl, 2 — ABpopaec, 3 — ABpopa, 4—17 — UHTPOrPecCcMBHbIE NMNHKN).

Ilepenaua Tpancnokanuu T2DL.2DS-2SS n xpomocomHO-
ro 3amenienust SS(5D) copry KpacHomapcekast 99 crioco6-
CTBOBAJIA MTOBBIIIIEHUIO Y IMHNH colepKaHus Oeslka 1 KIeh-
KOBUHBI (cM. Tabmn. 4). [IpeBbimenne conepkanus Oeika y
nuHaui 3210015, 2955017, 2636n18 u 10091119 cocraBuino
ot 2 10 3 %. B To ke BpeMs clielyeT OTMETUTb, YTO BCE JIMHUHT
UMEIOT Ooree BeICOKHE rmokaszatenu MK u rmo kauecTBy KItei-
KOBHHBI COOTBETCTBYIOT BTopoii rpymnne ['OCT. JIunuu takxe
ycrymnarot copty Kpacromapekas 99 mo o0peMHOMY BBIXOTY
xyeba u obmieit xiebonekapHoi oneHke. Jlmann 1249119 u

510

493120 UMEIOT IPUMEPHO OAMHAKOBBIE TOKA3ATEIH C COPTOM-
peuunuentom Huka Kybanu. Jlunus 18891117 o conepixkanmto
0erKa 1 KIIEHKOBHHBI PEBBINIAET TIOKA3aTENIN COPTA-PELIUIHI-
€HTa, HO YCTYIIaeT eMy 0 KaueCTBY KJICHKOBHUHBI (CM. Ta0II. 4).

O6¢cyxpeHue

Hepe)laqa MSITKOH IMIICHUIEC XO3STMCTBEHHO ICHHBIX T'CHOB U3
FeHO(I)OHZla MHOT'OYHMCJICHHBIX POACTBECHHBIX BUJIOB U POJOB
octaerca 3()(HEeKTUBHBIM HAIMPaBICHUEM ISl PEIICHUS aK-
TyaJbHBIX 3a/1a4 CCJICKIINU.
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Ha CcenekUuMoHHO-LeHHble MPpU3Hakn MArKOW nweHnubl

Ta6bnuua 3. KoMNOHeHTb NPOAYKTUBHOCTU UHTPOTrPeCCUBHBIX NMHWIA T. aestivum/ABpogaec
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JnHna T. aestivum (copT-peLunnmneHT) Macca 1000 3epeH, r Konuuectso Konocbes Ha 1 M%, wT. Macca sepHac 1 m? 1
D37n10 ABpopa 40.3 345.2 435.4
AA60n9 ABpopa 40.9 331.7 448.2
1575n17 Aspopa 41.7 3523 528.5
3210n15 KpacHopapckas 99 393 437.2 558.3
3198n15 KpacHopapckasa 99 40.2 474.2 570.2
3193n15 KpacHopapckas 99 41.1 4529 543.4
2900n17 KpacHopapckas 99 40.5 450.7 5379
2955n17 KpacHopapckasa 99 39.7 461.5 542.8
2636n18 KpacHopapckas 99 40.3 452.7 527.5
1009n19 KpacHopapckas 99 39.8 462.7 556.2
95n20 KpacHopapckas 99 41.1 4474 550.3
1889n17 Huka Ky6aHu 394 443.6 540.8
1249n19 Huika Ky6aHu 40.2 410.2 570.5
493n20 Huka Ky6aHun 40.9 425.8 5284
ABpopa 394 357.0 410.7
KpacHopapckas 99 38.1 456.2 531.3
Huika Ky6aHu 38.7 430.4 510.8
HCP, 5 0.6 28.6 40.7
MpumevaHwne. HCP - HanmeHblLas cylecTBeHHas pasHuLa.
Ta6nuua 4. TexHonormyeckre xapakTepuUCTKN UHTPOTPECCHBHbIX NHWUIA T. aestivum/ABpopaec
NnHMuA CopT-peunnumeHT CopepxaHue CopepxaHue Moka3atenb O6beMHbIN 06L1an oLeHKa,
6enka, % KnenkoBuHbl, % WNIK, eq. BbIxoA xneba, mn  6ann
D37n10 ABpopa 15.9 24.0 86 680 4.2
AA60M9 Aspopa 16.1 29.1 85 700 43
1575n17 ABpopa 15.0 27.8 90 720 4.1
3210n15 KpacHopapckas 99 16.4 322 80 770 4.2
3198n15 KpacHopapckasa 99 15.2 28.7 86 700 4.3
3193n15 KpacHopapckas 99 15.6 29.6 85 760 4.5
2900n17 KpacHopapckas 99 16.3 28.5 85 720 4.3
2955n17 KpacHopapckas 99 159 313 93 670 4.3
2636n18 KpacHopapckasa 99 15.8 293 82 750 4.5
1009n19 KpacHopapckas 99 16.1 30.8 91 690 4.1
95n20 KpacHopapckas 99 15.2 29.1 88 740 4.0
1889n17 Huka Ky6aHu 15.4 31.1 87 780 43
1249119 Huika Ky6aHu 14.0 26.1 72 650 4.2
493n20 Huka Ky6aHun 14.5 273 83 765 4.1
ABpopa 15.7 29.8 84 700 43
KpacHopapckas 99 13.8 26.0 65 800 4.6
Huika Ky6aHu 14.5 28.7 74 770 4.3
HCP, 03 0.8 14 10.2 -

Mpumeuanue. UK - nHaekc gedopmanmm KnemnkoBuHbI.
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Hcnosnp3oBanue cuHTeTHYECKOM popmbl ABpoec, B mep-
BYIO 04epe/ib, IPEIIoarajo nepenauy ot Ae. speltoides msir-
KOH TIIIIEHUIIE HOBBIX T€HOB YCTOWIMBOCTH K OOJIE3HSIM, U B
YaCTHOCTH K JINCTOBOI pkaBunHe. B HacTosmiee Bpems Ka-
TAJIOT TEHHBIX CHMBOJIOB MIICHUI[BI BKIIIOYACT IIECTh TCHOB
YCTOHYMBOCTH, IEPEJAHHBIX OT 3TOro Buaa: Lr28, Lr35, Lr36,
Lr47,Lr51 u Lr66 (Mclntosh et al., 2013), tokau30BaHHBIX
B XpoMocomax Msrkoi mimeHunsl 4A, 2B, 6B, 7A, 1B u
3A coorBerctBenHo (Friebe et al., 1996). JlomomHUTEIBHO
W.T". AnonnHoii ¢ komuteramu (2012) Oplira 0XapakTepr3oBaHa
tpancnokaiust TSBS-5BL-5SL ot Ae. speltoides ¢ s3dpdek-
THBHBIM T€HOM, 0003HaUYE€HHBIM Kak LrASPS.

IIpoBeneHHbIN HAMU MOJIEKY/IIPHO-TEHETUYECKUI aHAIN3
HE BBISIBIJI B MCCJICJOBAHHBIX JIMHUSAX TIICHUIBI HATUYNS
MIPUCYTCTBYIOIINX y CUHTETHKa ABpoec 3 PEeKTUBHbIX Te-
HOB ycroituuBocTtu Lr28, Lr35 w Lr51. Mbl ycTaHOBUIIH,
gt0 Tparciokaus T2DL.2DS-2SS n 3amemenne 5S(5D) ot
Ae. speltoides kKak COBMECTHO, TaK U 110 OTACIBHOCTH 00eCIIe-
YMBAIOT YCTOMYMBOCTb JIMHUM IIICHULbI K JINCTOBOU P3KaBUU-
He. Ipu stom nmunus 1889117 ¢ tpancnokanueit T2DL.2DS-
2SS xapaxTepusyeTcsi 6ojee BHICOKOH YCTOWYHMBOCTBIO K
JIMCTOBOHN prKaBuMHE (THII peakiuy ), 4eM JIMHUH TOJIBKO C
3amenienueM 5S(5D) (tun peakuuu 2) (cM. Tabi. 2). Hu onun
U3 paHee MepelaHHBIX U3BECTHBIX '€HOB YCTOMUMBOCTH K
JIICTOBOH pyKaBYMHE HE UMEET JTOKAIU3aLuU Ha XpPOMOCOMax
2D u 5D. ITo nanueim C.H. CubukeeBa ¢ komteramu (2015),
TpaHciokaruo 2D/2S HecyT noimy4eHHbBIe IMU YCTOHYNBEIC
K JINCTOBOU W cTeOneBoi prkaBumHam nuHuH JI195 u J1200.
BBuy oTCyTCTBUS 3THX JIMHUI B HAIlIEM PacloOpsDKEHUH MbI
HE CMOIJIN BBISICHUTH BOIIPOC 00 MICHTUYHOCTH JAHHBIX Te-
HOB yCTOMYMBOCTH K JINCTOBOM P3KaBUMHE C FEHAMM, [IPUCYT-
CTBYIOIIIMMH B MOJYYCHHBIX HAMU JINHUSIX.

Cremyer Taxkke OTMETUTh YCTOWYMBOCTh HAIINX JTMHUH C
tpancnokanueit T2DL.2DS-2SS u 3amemenunem 5S(5D)
JKEJITOM prKaBUMHE, SIBIISTIOIIEHCS OTHOM N3 HanboJee pacipo-
CTpaHeHHbIX Oose3Hel nmuienunsl. Eciu no konma 1960-x rr.
Ha Tepputopun Poccun oHa He MMesla IKOHOMUYECKOTO
3HaueHus, To ¢ 1990 r. Ha rore, mpex e Bcero B Kpacnonap-
CKOM Kpae, 0TMeJaeTCs TeHICHIIUSI pacIIMPEHUs apeasia Bo3-
OyauTest )KeJITOI PHKABUNHBI, @ HOPaKEHHE HEKOTOPBIX COp-
TOB O3MMOM MIICHUIBI HA €CTECTBEHHOM HH(EKIIMOHHOM
¢one nocruraer 90 % (Bonkosa u ap., 2020). Ilpu sTom B
KaTajore reHHbIX CHMBOJIOB HE 3apeTMCTPUPOBAH HU OJIUH F'eH
YCTOWYMBOCTH K JKEJITOHN PrKaBUMHE, IIEPEHECEHHBIM B TEHOM
MIIeHUIB! oT Ae. speltoides (Mclntosh et al., 2013). Takum
00pa3omM, HaIlIN Pe3yIbTaThl CBUACTENBCTBYIOT O BO3MOYKHOM
nepeniade MATKOW MIICHHUIE HOBBIX TE€HOB YCTOWYHBOCTH OT
JTaHHOTO BHJA. ISl IPOBEPKHM ATOTO TPEIIONOKEHHS HE00-
XOJUMBI JIOTIOJTHUTEIbHbBIE HCCIIEAOBaHUS.

[Ipu mepenaue 4yXepOAHOTO T€HETUYECKOTO MaTepraia
Hapsily ¢ MOJIE3HBIMU NPHU3HAKaMHU (YCTOWIMBOCTB K O0rnes-
HSIM, BBICOKOE CofiepyKaHue OeiKa U Jp.) 9acTo HaOIromaeTcs
HEeraTUBHOE BJIMSHHE MHTPOTPECCHH Ha MPOILYKTUBHOCTD U
TEXHOJOIMUYECKUE XapaKTepUCTUKH 3epHa. [1o 3Tol mpuunHe
P UyKEPOAHBIX TPAHCIOKAIMH HE HaIlleN IIUPOKOTO MpH-
MEHEHHS B CEJIEKIIMOHHON MpakTuke. Tak, U3 MPUBEICHHBIX
BBIIIE IECTH TEHOB YCTOWYMBOCTH K JINCTOBOW PKaBUMHE B
[IPaKTUYECKON CENEKLUU UCHONb3YIOTCS TOJABKO TeHbl Lr28
u Lr47 (Jleonosa, 2018). B To ke BpeMst HHTpOTpeCCHBHBIE
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JMHUM C TEHETHYEeCKUM MartepuaioMm Ae. speltoides moryT
COYeTaTh YCTOHYMBOCTD K OOJIE3HAM C MPOTYKTUBHOCTBIO U
XOPOIIMMH TEXHOJIOTHYECKUMH KaueCTBAaMM 3€pHA U MYKH
(JlanmoukwHa u n1p., 1996; Cubukees u np., 2015; TaBosH u
ap., 2017).

HWcxonst U3 Mojy4eHHbIX HAMH pe3ysabraroB (M. Tad. 3),
MOXHO 3aKJIFOUUTh, YTO HAJUYUE B JIMHUSAX TPAHCIOKAIMU
T2DL.2DS-2SS u naxe xpomocoMHoro 3amernenus 5S(5D)
HE NMEET OTPUIIATEIFHOTO BIUSHUS Ha IEMEHTBI POy KTHB-
HoctH. JIBe nunuu, 15750117 u 1249n19, no macce 3epHa ¢
1 M? 10CTOBEPHO MPEBBIIIAIOT COPTA-PEIUMHEHTEI ABpOpa 1
Huxka Kybanu cooTBeTCTBEHHO. Y OCTaIbHBIX JIMHUI HH T10
KOJIMYECTBY KOJIOCHEB ¢ 1 M2, HH 0 Macce 3€pHa JOCTOBEPHBIX
pasnuunii He OOHApYKEHO. YCTAHOBIIEH MOJIOKUTENBHBIN 3()-
ekt Tpancrokarmu T2DL.2DS-2SS n 3amemenns 5S(5D) va
Mmaccy 1000 3epen. [IpakTuuecky Bce M3y4eHHbIE HAMU JIMHUU
MIPEBBIIIATA COPTA-PELHUIUEHTHI 110 3TOMY HPHU3HAKY, B TO
BpeMs Kak, Hanpumep, B padore H.B. [lerpanr ¢ komureramu
(2016) Ob110 OTMeueHo cHIbkeHHe Macchl 1000 3epeH y Bcex
MHTPOTPECCUBHBIX JIMHUN, HE3aBUCUMO OT XPOMOCOMHOMN
nokamm3anuu (xpomocoMsl SBL, 6BL u 7D) gyxepomgHOTO
XpOMaTHHa.

N3yueHne TeEXHOIOTMYECKUX XapaKTePUCTUK 3€pHA U MyKH
TaKKe He BBIIBUJIO OTPULIATEIBHOTO BIMSIHUS TPAHCIOKAIUU
T2DL.2DS-2SS u 3amenienus 5S(5D) (cm. Tadn. 4). Mexny
copToM ABpopa M JTHHHUSAMH, TTOJyYeHHBIMH Ha €€ OCHOBE,
HE YCTAHOBJICHO CYIIECTBEHHBIX PAa3IUUUH MO CONEPKAHHUIO
0eJKa 1 KICHKOBHHBI, KaUYeCTBY KJICHKOBHHBI M 00IIe Xire-
OornekapHoi orleHKe. JIMHUM, TIOJTyYeHHBIE ¢ yHYacTHEM copTa
KpacHonapckast 99, B cpaBHEHHUH ¢ HUM UMEIOT 0oJiee BbICO-
KM€ MOKa3aTeln Mo COAePKAHUIO OeTka 1 KIeHKOBUHBI U, He-
CMOTpSI Ha HE3HAYNUTEJIbHOE YXYyAIICHHE KadecTBa KIIEHKO-
BuHHI (BTopas rpymma ['OCT), B meixoM UMEIOT JTOBOJIHHO
BBICOKYIO XJIEOOTIEKapHYIO OLICHKY. TEeXHOIOTn4ecKre Xapak-
TepucTiky TnHUH Huka KyOann/ABpoec cXou ¢ TakOBEIMU
Juis copra-penunuenta Huka KyOaun.

IIposiBneHne NpPU3HAKOB y UHTPOIPECCUBHBIX JIMHUM 3a-
BHCHUT HE TOJBKO OT MPEICTaBIECHHOTO B HUX YYKEPOIHOTO
TEHETHIECKOTO MaTrepuala, HO M OT TeHOTHITNYECKOI Cpebl
COpTa-pelUNUeHTa. B Hammx ncene10BaHusIX BINSHNE TPAHC-
nokaruu T2DL.2DS-2SS u 3amemnienus 5S(5D) Ha cenek-
LIUOHHO-IIEHHbIE MPU3HAKU MITKON MIIEHUIbI H3y4aloCh Ha
TEHETHYECKOM (OHE TPEX COPTOB MSTKOH MIIEHUIIBI PA3HOTO
MIPOUCXOXKACHHA. JIMHUHU COYETArOT yCTOHYMBOCTE K OOJIE3HIM
C XOPOIINMH TTOKa3aTeIsIMHU TPOAYKTUBHOCTH, KaU€CTBA 3€PHA
1 MyKH HE3aBHCHUMO OT COPTa-pEIUINCHTA.

3aknioyeHue

Taxum 00pa3oM, MOXKHO 3aKITIOYUTh, YTO MOTyUYE€HHBIE HAMHU
HoBbIe TpaHcaokamus T2DL.2DS-2SS u 3amemnienue 5S(5D)
oT Ae. speltoides MOTYT cITIOCOOCTBOBATH YIYUIICHHIO MST-
KO TIIIICHUIIBI, B YACTHOCTH IO YCTOWYHBOCTH K OOJIC3HAM
U conepkaHuio Oenka u KieikoBuHbl, Macce 1000 3epeH, u
MIPENICTABISIOT MHTEPEC JIJIST CEJIEKIIMOHHOM MPAKTHKH.
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Abstract. Soybean [Glycine max (L.) Merr.] is one of the important crops that are constantly increasing their cultivation
area in Kazakhstan. It is particularly significant in the southeastern regions of the country, which are currently predomi-
nant areas for cultivating this crop. One negative trait reducing yield in these dry areas is pod dehiscence (PD). Therefore,
it is essential to understand the genetic control of PD to breed new cultivars with high yield potential. In this study,
we evaluated 273 soybean accessions from different regions of the world for PD resistance in the conditions of south-
eastern regions of Kazakhstan in 2019 and 2021. The field data for PD suggested that 12 accessions were susceptible
to PD in both studied years, and 32 accessions, in one of the two studied years. The genotyping of the collection using
a DNA marker for the Pdh1 gene, a major gene for PD, revealed that 244 accessions had the homozygous R (resistant)
allele, 14 had the homozygous S (susceptible) allele, and 15 accessions showed heterozygosity. To identify additional
quantitative trait loci (QTLs), we applied an association mapping study using a 6K SNP lllumina iSelect array. The results
suggested that in addition to major QTL on chromosome 16, linked to the physical location of Pdh1, two minor QTLs
were identified on chromosomes 10 and 13. Both minor QTLs for PD were associated with calmodulin-binding protein,
which presumably plays an important role in regulating PD in dry areas. Thus, the current study provided additional
insight into PD regulation in soybean. The identified QTLs for PD can be efficiently employed in breeding for high-yield
soybean cultivars.
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MaeHTUdUKALUS KOJINYeCTBEeHHBIX JIOKYCOB IIpM3HaKa
pacTpeckuBaHMsI 6000B B KOJIJIEKIIUN COU,
BBbIpAllleHHOM Ha I0ro-BOCTOKe KasaxcraHa
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AHHoTauusA. Cos [Glycine max (L.) Merr.] — ofHa 13 Ba)KHEMLINX CENbCKOXO3ANCTBEHHbIX KYNbTyp, MAOLWaan KOTopon B
KasaxcTtaHe noctosHHO yBenuumaTca. Oco6eHHO 3Ta KynbTypa 3HauMMa B F0XKHbIX U I0ro-BOCTOYHbIX PErMOHax CTPaHbl,
KOTOpble ABMAIOTCA OCHOBHbIMU PErroHaMu BbipalynBaHua coun. K HeraTuBHbIM dpakTopam, BIVAIOLUM Ha YPOXKaNHOCTb
COW B 3aCyLUNMBbIX ParioHaX, OTHOCUTCA pacTpecknBaHue CTpyykoBs. [103TOMy NOHMMaHMe reHeTUYeCcKoro MexaHv3ama
pacTpecknBaeMoCT CTPYUKOB COM BaXKHO [J1A BbIBeA€HNA HOBbIX BbICOKOYPOXalHbIX COPTOB. B HacToALem nccnenosa-
HUW Mbl U3y4mnin 273 copTa Y IMHAK COMN 13 Pa3HbIX PErMOHOB MMPa Ha YCTONYMBOCTb K PaCTPECKBAeMOCTH B YC/TOBMAX
tOxHoro KasaxctaHa B 2019 1 2021 rr. HabniogeHrs 3a Npr3HAKOM «PacTPeCKUBAEMOCTb CTPYUYKOB COM» B MOJIEBbIX YC-
nosuAx AIMaTUHCKOW 06acTy BbisiBUAN, 4To B 2019 1. pacTpecknBaHuio 6b11v nogeeprkeHbl 23 copTa, B 2021 .- 21 copT.
[lBeHapuaTb COPTOB COM MOBTOPHO MOABEPraNNCh PAaCcTPECKMBaHMIO B 06a rofa akcnepumeHTa. CornacHo cpefiHiM faH-
HbIM UCMbITaHMI, BCErO NOABEPKEHbI pacTpeckrBaHuto 32 copta con. Mpy reHOTUNUPOBaHUN KOMIEKLM C UCMOSb30-
BaHuem [JHK-mapkepa reHa Pdh1, OCHOBHOrO reHa pacTpecKnBaemMoCTN CTPYUYKOB cou, Y 244 06pa3uoB Obl BbIABIEH
YCTONUMBBIN annenb, y 14 06pasLoB — BOCIpUUMUMBBIN, a 15 0bpasLioB obnaganu reTepo3nroTHOCTbio. na naeHtndun-
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Identification of QTLs associated
with pod dehiscence in soybean

KaLuun JOMOSTHUTESNbHbIX JIOKYCOB KOMMYECTBEHHbIX NPU3HaKoB (quantitative trait locus, QTL) Mbl npumeHUn nonHo-
reHOMHbI aHaNn3 € ncnosb3oBaHrem 6 Tbicay SNP-mapkepoB Ha ocHoBe umna 6K SNP lllumina iSelect. B gononHeHune K
ocHoBHOMy QTL Ha xpomocome 16, cBA3aHHOMY € GU3MYeCKUM pacronioxeHnem reHa Pdh1, 6biim naeHTUGULMPOBaHbI
ZBa MUHOPHbIX QTL Ha xpomocomax 10 1 13. 06a MUHOPHBIX TOKYCa acCoLMMPOBaHbI C pacTPeCKNBAHMEM CTPYUYKOB COU
1 CBfI3aHbl C KallbMOLYINMH-CBA3bIBAOLLVIM 6e/TKOM, KOTOPbI, BEPOATHO, UTPaET BaXKHYIO POJib B PErynMpoBaHNM pacTpe-
CKNBAEMOCTV CTPYYKOB COM B 3aCyLUNUBbIX PervoHax. Taknum obpa3om, HaMm nosyyeHa AoNoNHUTeNbHasA uHdbopmaLuua o
perynaummn pactpecknaemoctu B coe. ipeHTnduumposaHHble QTL Ana npusHaka «pacTpecknBaemoCcTb CTPYUYKOB COM»
MOTYT 6bITb 3PpEKTVBHO NCMONb30BaHbI NPY CeNeKLMMN BbICOKOYPOXKalHbIX COPTOB COU.

KnioueBble cnoBa: cos; pacTpeckrBaHne 6060B; ypoXKall 3epHa; NMOMHOTEHOMHbBIV aHanu3; fIOKyCbl KONMYECTBEHHbIX

npu3sHakos; QTL.

Introduction

Soybean [Glycine max (L.) Merr.] is a major crop among
oilseeds worldwide and a global source of edible protein and
oil, providing approximately 60 and 28 % of the world sup-
ply, respectively (Vollmann et al., 2000; Zhou et al., 2020).
According to the USDA, Brazil, the United States of America,
and Argentina are the largest soybean production countries,
while Kazakhstan is on the list of the top forty producers
(https://ipad.fas.usda.gov). Kazakhstan is one of the largest
agro-industrial countries in Central Asia and is interested in
increasing soybean production areas (Abugalieva et al., 2016;
Didorenko et al., 2016; Zatybekov et al., 2017). Therefore,
developing new competitive cultivars for new cultivation areas
is a priority for the local breeding community.

One of the limiting factors for the increase in soybean
productivity, particularly in southern regions, is pod dehiscen-
ce (PD), which leads to a substantial yield loss (Zhang Q. et
al., 2018). For wild plants, PD is an important mechanism for
spreading progenies (Benvenuti, 2007; Fuller, 2007), but for
cultivated plants, it is an unfavorable agronomic trait because
mature pods open to release seeds before harvesting (Kang et
al., 2009; Zhang L., Boahen, 2010). PD was nearly eliminated
during soybean domestication and breeding (Liu et al., 2007;
Krisnawati, Adie, 2017). Nevertheless, the yield losses due to
PD today may range from 34 to 99 % depending on genetic
background, environmental factors, pod morphology and
anatomy, and management (Romkaew, Umezaki, 2006; Bhor
et al., 2014; Parker et al., 2021).

Pod dehiscence is a highly heritable and complex trait; it
was shown that its broad sense heritability may range from
90 to 98 % in different populations (Tsuchiya, 1987; Bailey
et al., 1997; Kang et al., 2009). Previously, two genes, Pdhl
and SHAT1-5, were identified and mapped on chromosome 16
(Funatsuki et al., 2008, 2014; Dong et al., 2014). The gene
pdhl was identified in cultivated soybeans by Funatsuki and
co-authors in 2014 (Funatsuki et al., 2014). The dominant
Pdhl encodes a dirigent family protein in soybean and is
highly expressed in the pod endocarp layer, increasing dehisc-
ing forces. The recessive pdhl in dehiscence-resistant types
includes a premature stop codon, which blocks proper protein
synthesis (Funatsuki et al., 2014). The effect of pdhl on pod
dehiscence is generally larger among the other genes that had
important value in worldwide soybean cultivation (Funatsuki
etal.,2014; Huetal., 2019; Zhang J., Singh, 2020). SHATI-5
gene activates secondary wall synthesis and stimulates the de-
hiscence site’s thickening in pods. The domestication process
resulted in extra SHAT-5 expression compared to the wild
soybean allele (Dong et al., 2014). Previous research suggested
that all domesticated soybeans carry SHAT-5 haplotypes
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derived from a haplotype that differs from wild soybeans
(Funatsuki et al., 2014; Sedivy et al., 2017).

Recently, a genome-wide association study (GWAS)
described another dehiscence-associated candidate gene,
Glyma09g06290 (Hu et al., 2019). This gene is highly ex-
pressed in developing pods; however, the biological func-
tions of this gene should be further investigated (Hu et al.,
2019). Later, another GWAS showed that the NST/A gene
(Glyma.07G050600) has a potential role in soybean pod
dehiscence (Zhang J., Singh, 2020). NST1A4 codes a NAC
family transcription factor and a paralog of SHATI-5 (NAC
are NAM, ATAF1/2, and CUC2 proteins, the largest families
of transcription factors in plants: NAM — no apical meristem
proteins, ATAF1/2 — Arabidopsis transcription activation fac-
tor, CUC2 — cup-shaped cotyledon; NST1-NAC secondary
thickeningl) (Zhang J., Singh, 2020). The authors identified
an indel in its coding sequence, leading to a premature stop
codon. Epistatic analyses showed that NST/4 works with Pdh1
to provide durable resistance to pod dehiscence (Zhang J.,
Singh, 2020; Parker et al., 2021).

Apart from genes, several QTLs were repeatedly identified
throughout the soybean genome on different chromosomes.
To date, several QTLs for PD have been identified on almost
all chromosomes in different soybean populations (Bailey et
al., 1997; Liu et al., 2007; Kang et al., 2009; Yamada et al.,
2009; Han et al., 2019; Hu et al., 2019). The identified QTL
on chromosome 16 was located near the major gene pdh/ and
had a high value of the coefficient of determination (Seo et
al., 2020; Jia et al., 2022).

Most new QTLs were identified using GWAS, a powerful
tool for detecting natural variation involving the regulation
of complex traits based on genotype-phenotype association
(Rafalski, 2010; Huang, Han, 2014). Although many QTLs
for PD in soybeans were discovered, some can be unstable
in different environments and may vary in diverse genetic
backgrounds (Hu et al., 2019; Seo et al., 2020; Jia et al.,
2022). Hence, additional studies for searching QTLs for PD
are important for breeding practices in new soybean environ-
ments. Therefore, this study aimed to identify QTLs for PD
in the southeast region of Kazakhstan using a diverse world
soybean collection.

Materials and methods

Field evaluation of the collection. The soybean collection
consisted of 273 cultivars and lines from Eastern and Western
European countries, North America, and East and Central Asia
(Supplementary Material 1)! (Zatybekov et al., 2017, 2018).

T Supplementary Materials 1-5 are available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx19.pdf
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The collection was grown in 2019 and 2021 at the experi-
mental stations of Kazakh Research Institute of Agriculture
and Plant Growing (KRIAPG, Almaty region, Kazakhstan)
located at an altitude of 740 m above sea level, 43°15" N,
76°54" W (Doszhanova et al., 2019). This site is characterized
by continental climatic conditions: mild and cool winters, cool
spring, hot and dry summers, and warm and dry fall. The me-
teorological data registered for the experiments are provided
in Supplementary Material 2. The collection was planted in
four rows per plot, 25 cm plant spacing, 50 cm row spacing,
and 1 m row length without soil fertilizers.

The yield component traits screened in soybean accessions
are the number of fruiting nodes (NFN, pcs), the number of
seeds per plant (NSP, pcs), yield per plant (YP, g), thousand
seed weight (TSW, g). The PD data was collected by visually
estimating the percentage of pods at the R8 stage in a plot that
had dehisced at the full maturity stage on a scale of 1-5, where
1 <1-20 %, 2 <21-40 %, 3 <41-60 %, 4 < 61-80 % and
5<81-100 % (Supplementary Material 1). Correlation analy-
sis was conducted using RStudio software (Allaire, 2011).

DNA extraction and PCR procedure. DNA was extracted
from young leaves by a modified CTAB method (Suzuki et
al., 2012). Amplification of DNA was performed using an
allele-specific PCR method with four primers for the SNP
marker of the Pdhl gene associated with pod dehiscence
in soybean (Funatsuki et al., 2014). PCR reaction of 10 pl
of the solution containing the DNA template (50 ng/ul),
AmpliTaqGold MasterMix (Applied Biosystems by Thermo
Fisher Scientific), two pairs of primers (forward and reverse
outer primers, forward and reverse inner primers), and M13
primer, labeled with fluorescent (FAM, NED, VIC and PET,
Applied Biosystems). PCR amplification used an initial 95 °C
for 7 min; 35 cycles of 94 °C for 30 sec, 56 °C for 30 sec,
and 72 °C for 1 min, and a final 72 °C extension for 7 min.
PCR products were analyzed on an ABI Prism 3500 Genetic
Analyzer (Applied Biosystems) with GeneMapper software
as described previously (Suzuki et al., 2012).

Linkage disequilibrium, population structure, and
genome-wide association study. For GWAS, the genomic
DNA of all samples in the collection was genotyped using
the 6K SNP Illumina iSelect array (Song et al., 2013) at the
Trait Genetics Company (TraitGenetics GmbH Gatersleben,
Germany). SNP genotype analysis was carried out using Illu-
mina Genome Studio software (GS V2011.1). The quality
control of genotyped data was performed by filtering SNPs
with call rate >90 % and minor allele frequency (MAF)>5 %.
Accessions with missing data being greater than 10 % were
removed. SNP loci with more than 10 % heterozygous calls
were also removed (Bradbury et al., 2007). Pairwise linkage
disequilibrium (LD) between the markers based on their corre-
lations (R2) was calculated using TASSEL. R statistical soft-
ware was used to plot the correlation between pairwise R2
and the genetic distance, LD decay plot (www.R-project.org).

The population structure (Q) analysis was performed using
STRUCTURE software version 2.3.4 (Pritchard et al., 2000).
The optimal number of clusters (K) was chosen based on the
AK as described by (Evanno et al., 2005). The obtained values
were then transformed into a population structure (Q) matrix.
The kinship matrix (K) was generated by TASSEL software
V5.0 (Bradbury et al., 2007).
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GWAS was conducted based on the Mixed Linear Model
(Q +K)using TASSEL software V5.0 (Bradbury et al., 2007).
The statistical significance thresholds, Bonferroni correction,
and alternative method False Discovery Rate (FDR) were
used to distinguish true positives from false positives and
false negatives. The significance level of 5 % after Bonfer-
roni multiple test correction was used to identify significant
associations (Buckler et al., 2011). The Benjamini-Hochberg
procedure was calculated to control the FDR threshold at 5 %
(Benjamini, Hochberg, 1995). The SoyBase database (www.
soybase.org) was used to search genes for identified marker-
trait associations.

Results

Field experiments and traits evaluation

Observing PD in the field conditions of the Almaty region
showed that 23 accessions in 2019 and 21 accessions in 2021
dehisced their pods in the field conditions (Fig. 1), and 12 ac-
cessions repeatedly fully or almost fully dehisced their pods
with grade 4 or 5 in two years of experiments in the Almaty
region (Supplementary Material 1).

The results of two years of experiments showed that the
vast majority of the soybean collection was resistant to PD in
the Almaty region conditions, but 32 accessions were found
to be susceptible to PD in one of the two years of study. Af-
ter harvesting, the soybean collection was analyzed by yield
components, such as NSP, NFN, YP, and TSW. The soybean
collection studied in the Almaty region was more productive
in 2021 than in 2019. The average values of two years for
NFN, NSP, YP, and TSW were 15.01 nodes, 37.88 seeds,
9.62 g, and 149.12 g, respectively. The ranges of soybean
yield components in the Almaty region in two experimental
years and average data are shown in Table 1.

Pearson correlation analysis suggested that the average data
ofthe PD trait in the field conditions of the Almaty region were
negatively and significantly associated with all yield com-
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Fig. 1. The field screening of the world soybean collection by the pod
dehiscence trait in 2019 (a) and 2021 (b) years of experiments.
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Table 1. The variability ranges of yield component traits in 2019, 2021, and the average of two years

Year Ranges NFN
2019 Max 31.3

Min 49

Mean + SE 14.38+0.33
2021 Max 52

Min 3.7

Mean + SE 15.63 +0.44
Average Max 34.05

Min 5.2

Mean + SE 15.01+0.35

NSP YP TSW

87.7 39.3 3109

84 1.5 18.9

36.28 +0.95 10.38 £0.34 124.28 +3.38
126 55.6 276

6.3 0.3 118

3943 +1.25 8.85+0.41 173.18 £1.51
81.85 315 2284

10.5 1.95 97.05

37.88 +1.01 9.62 +0.32 149.12+1.63

Note.NFN - number of fruiting nodes (pcs), NSP — number of seeds per plant (pcs), YP - yield per plant (g), TSW - thousand seed weight (g), SE - standard error.

NFN NSP TSW YP
1.00
FieldPD @ -027 -029 -0.20 -0.27 0.75
0.50
NFN . 0.33 0.25
0
NSP | 0.39 -0.25
-0.50
TSW -0.75
-1.00

Fig. 2. Correlation analysis of the pod dehiscence trait in the field condi-
tions and yield components.

Field PD - pod dehiscence in the field conditions.

ponents, NFN, NSP, YP, and TSW, with coefficients of cor-
relation —0.27,-0.29, —0.2, and —0.27 respectively (p < 0.01,
RStudio). In their turn, NSP, YP, and TSW had a significant
and positive correlation with each other (p <0.01) (Fig. 2).

Genotyping of soybean collection

The soybean collection consisted of 273 samples and was
genotyped using four primers for the SNP marker of the Pdh1
gene, which is associated with PD. The SNP analysis of soy-

—> Size, bp

bean accessions identified three alleles: S — pod dehiscence
susceptible, R — pod dehiscence resistant, and H — heterozy-
gous (Fig. 3). A t-test with significance confirmed the differ-
ence among groups of three alleles at p <0.001.

The results of Pdhl genotyping using an allele-specific SNP
marker showed that 244 out of 273 accessions were with the
homozygous R (resistant) allele, 14 had the homozygous S
(susceptible) allele, and 15 samples were heterozygotes
(Supplementary Material 1). Figure 4 illustrates the distribu-
tion of alleles of different origins in the soybean collection.

Most of the accessions carrying the susceptible S alleles in
homozygous or heterozygous genotypes were from Eastern
Europe (10 and 8 accessions, respectively). In accessions
from East Asia, three cultivars were with the homozygote
S allele (‘Kheikhek14’, ‘Dong doe 641° and ‘Ken feng 20°,
China), and one was heterozygous (‘Kharbin’, China). In ac-
cessions from Northern America, two cultivars were with the
homozygous S allele (‘KG 20°, Canada and ‘Carola’, USA),
and three were heterozygous genotypes (‘Maple Arrow’ and
‘GEQO’, Canada and ‘Linkoln’, USA). In accessions from
Western Europe, one cultivar carried the S allele (‘Sepia’,
France), and one was heterozygous (‘Fiskeby5’, Sweden). All
Central Asian accessions carried the homozygous R allele of
the pdhi (Fig. 4).

The results of field screening for PD of the average data
for the two years of experiments and genotyping data by

135 165 135 165 135 165
T T 2000 T T 2000 T T

1800
> L L
2 1500 | 1600 1600
g
c 1200 1200} 1200
=
S 900}
! 800} 800 |
g 600 -
> + L
S Ll L 400 400

0 P A e e 0 Pl o s, et Mies 0
Arctic Accord Toury

Fig. 3. Amplification products of specific SNP marker for the Pdh1 gene in Arctic, Accord, and Toury soybean varieties with S and R alleles and hetero-

zygote (H), respectively, detected by Genetic Analyzer 3500.
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PDH1 genotyping
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Fig. 4. The genotyping results of the soybean collection studied using an
allele-specific SNP marker of the Pdh1 gene.

S-homozygous genotypes with the susceptible allele, R — homozygous geno-
types with the resistant allele, H - heterozygotes.

DNA marker showed a moderate correlation link (p <0.01).
Comparative assessment of PD in field studies and Pdhl
genotyping indicated that in 14 accessions with the homozy-
gous S allele, only seven cultivars were susceptible to PD in
both years, and ten samples, in one of the two studies years
(Supplementary Material 1). These seven cultivars were from
Eastern Europe (6 accessions) and Northern America (1 ac-
cession). In 244 identified samples with the homozygous
R allele, four accessions were susceptible to PD in both years,
and 19 accessions, in at least one out of two studied years
(Supplementary Material 1). These four cultivars were from
Eastern Europe (3) and North America (1).

Linkage disequilibrium, population structure,

and genome-wide association study

After filtering the genotyping data by MAFs, missing data
in individuals, and heterozygous calls, a total of 4,651 SNPs
remained. The average density of the SNP map was one marker
per 246 Kb. Linkage disequilibrium (LD) decayed at 3.3 Mb
for the whole genome at R2 of 0.1 (Fig. Sa). The popula-
tion structure (Q) based on the results of STRUCTURE and
STRUCTURE Harvester analyses showed three subpopula-
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tions (Fig. 5¢). The Q matrix was developed using K = 3 as
the optimum (Fig. 5b).

The Manbhattan plot with SNP markers associated with PD
and the QQ plot are illustrated in Figure 6, the Manhattan plot
and the QQ plot of each year of the experiment are illustrated
in Supplementary Materials 3, 4. The threshold is 1.0x1073
at a significance level of 5 % after Bonferroni multiple test
correction. A significance threshold of 5 % FDR was used to
identify putative SNP associations. If two SNPs were closer
than the genome average LD decay value of 3.3 Mbp, they
were considered to belong to the same locus.

The GWAS with significance thresholds of FDR and Bon-
ferroni correction allowed the identification of three QTLs for
PD on chromosomes 10, 13, and 16 (Fig. 6, Table 2, Supple-
mentary Materials 3-5). For each identified QTL, one most
significant SNP marker with the lowest p-value was selected:
Gm10 47774781 on chromosome 10, Gm13 6207590 on
chromosome 13, and Gm16 29681065 on chromosome 16.
The information about the marker positions on the chromo-
somes, p-values, effects, and phenotypic variations for alleles
is shown in Table 2.

Gm16 29681065 was located in the vicinity of Pdhl on
chromosome 16 (Table 2). Other two minor QTLs were identi-
fied on chromosomes 10 and 13. Identified SNPs with the most
significant p-values of Gm16 29681065, Gm10 47774781,
and Gm13 6207590 were designated as gPD16-1, gPD10-1,
and gPDI13-1.

The influence of the allelic status of the most significant
SNPs of three stable QTLs for the PD phenotype is shown in
Table 3. The results in Table 3 indicate that the combination
of effective SNP alleles (TTG) in three QTLs resulted in PD
resistance with a value of 0.1. In contrast, the combination
of alternative alleles (GCA) showed susceptibility to PD
with a value of 3.9. Interestingly, two plants with the TCA
combination (a resistant allele for Gm16 29681065 and two
susceptible alleles for Gm10 47774781 and Gm13_6207590)
showed PD phenotype with the value of 4.5 (Table 3), sug-
gesting that the effective allele in Gm16 29681065 alone is
not sufficient for PD resistance.

b Delta K= mean(|L(K)|)/sd(L(K))
250+

200
150
100

50

Membership coefficient

Fig. 5. a, LD decay plot of 4,651 SNPs through the whole soybean genome; b, Delta K for differing numbers of subpopulations;
¢, bar plot of estimated population structure of 273 soybean genotypes on K = 3.

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING

519



Identification of QTLs associated
with pod dehiscence in soybean

B.N. Doszhanova, AK. Zatybekoy, S.V. Didorenko
T. Suzuki, Y. Yamashita, Y. Turuspekov

a p-values by chromosome for aver_shat b Expected —-Log10(p-value) vs. -Log10(p-value)

9.0 . 2.0

8.0 8.0

7.0
6.0
5.0

4.0 -

-Log10(p-value)

3.0 -
20
1.0

& B

=
R
-

] T T
] T T
H .

02 04 06 08 10 12 14 16 18 20 22 24 26 28 3.0 32 34 36 38 40
Expected -Log10(p-value)
[ = aver_shat — Expected values |

L X L] i 0
Position
3 4=5°6-7+*849 +10*11+12+13+14=15"16=17+-18 19 =20

[=1=2

Fig. 6. Manhattan (a) and QQ plots (b) for the pod dehiscence trait in the world soybean collection for average data of 2019 and 2021 in the Almaty

region.

Table 2. The list of identified significant SNP markers associated with PD for 2019 and 2021
and the average data for the two years of the experiment using the genome-wide association study

Parameter
Chromosome
Position, bp
Allele

p-value/FDR
Effect*
Rz**

p-value/FDR
Allele effect
R2

p-value/FDR
Allele effect
R2

Candidate loci

Gm16_29681065, gPD16-1

16
29681065
G

1.7576E-10/8,17E-07
1.05999
0.1645

1.5159E-6/2,35E-03
0.38581
0.08677

4.7063E-10/2,19E-06
0.45428
0.15097

Pdh1/Glyma16925580
(GM16:29601346...29601897)
(Funatsuki et al., 2014)

* Absolute effect; ** R2 — marker phenotypic variation.

Gm10_47774781,qPD10-1
10
47774781
C

2019
0.00203/4,50E-01
0.36111
0.03655

2021
2.1195E-5/1,97E-02
0.24986
0.06757
Average
3.8127E-5/2,22E-02
0.20783
0.06413

Glyma10g40330
(Calmodulin-binding protein,
start 47773565-stop 47775599)
(Schmutz et al., 2010)

Gm13_6207590, gPD13-1
13

6207590

A

0.00391/6,99E-01
0.29456
0.03527

5.89E-4/1,61E-01
0.17689
0.04363

1.0165E-4/3,64E-02
0.1743
0.05917

Near Glyma13905890
(Calmodulin-binding protein,
start 6199393-stop 6203098)
(Schmutz et al., 2010)

Table 3. Mean of PD scores for allelic combinations of SNP markers in three identified quantitative trait loci of PD in field conditions

Gm16_29681065

O 0 60 =4 4 4 -
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Gm10_47774781
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>0 60 P 60O o

Number of lines
192

29

19

2

9
4
4

Mean PD score
0.1
0.3
0.4
45
1.5
45
3.9
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Discussion

The assessment of the collection in the field conditions of the
southeast of Kazakhstan has confirmed a high negative impact
of PD on yield performance (Fig. 2). The field evaluation of
average data revealed that 32 genotypes were susceptible to
PD in at least one of the two studied years (Fig. 1). The phe-
notypic results for PD over two years of study were stable and
largely coincided with genotypic results using an allele-speci-
fic SNP marker of Pdhl, confirming the fact that Pdh 1 played
a critical role in soybean expansion (Funatsuki et al., 2014).
Nevertheless, 19 out of 244 accessions with homozygous
R alleles showed susceptibility to PD in the field conditions of
southeast Kazakhstan, suggesting that more genes are involved
in regulating PD. Therefore, GWAS was applied to identify
additional genetic factors that can potentially be involved in
the genetic control of PD. The application of GWAS suggested
that three stable QTLs for PD were significant in this study.

The three identified QTLs (¢PD10-1, gPD13-1, and
qPD16-1) were located on chromosomes 10, 13, and 16, re-
spectively (Table 2). As QTL gPD16-1 was highly significant
both in 2019 and 2021, it can be considered a major genetic
factor showing a remarkable effect on PD. The location of
QTN ¢PD16-1 coincided with the genetic position of Pdhl
(Funatsuki et al., 2014) (Table 2). The literature survey sug-
gests that Pdhl (Gm16:29601346-Gm16:29601897) encodes
a dirigent family protein known to be involved in lignification,
which increases dehiscing forces by promoting torsion of
dried pod walls (Funatsuki et al., 2014). The loss-of-function
pdhl gene has been widely used in soybean breeding as a pod
dehiscence resistance gene (Funatsuki et al., 2014).

The other significant SNP for PD identified on chromo-
some 10, ¢gPD10-1, was located in Glymal0g40330 (Schmutz
etal., 2010), the gene that is responsible for the expression of
plant calmodulin-binding protein (soybase.org). Previously,
another QTL for PD was identified on chromosome 10, which
was located within 10 cM of Satt243 (Gm10:46088332—
46088382, soybase.org) (Kang et al., 2009), suggesting a
strong genetic linkage between QTNs in two association
findings. Interestingly, the significant QTL identified on chro-
mosome 13 was located in the vicinity of Glymal3g05890,
which is also expressing plant calmodulin-binding protein
(Schmutz et al., 2010; soybase.org).

The results of influences of all three identified genetic factors
on PD performance suggest that although the role of gPD16-1
is remarkable, the allelic statuses of Gm10 47774781 and
Gm13 6207590 are also essential (Table 3). Hence, it can
be hypothesized that calmodulin-binding protein is part of
the gene network controlling PD. Calmodulin (CAM) is a
Ca?* sensor known to regulate the activity of many eucaryote
proteins and plays an important role in plant growth and de-
velopment (Yu et al., 2021). An increasing number of studies
have illustrated that plant calcium signals play a vital role
in life processes by acting as a messenger transducer in the
complicated signal network to regulate plant growth and de-
velopment and the response and adaptation to environmental
stresses (Hong-Bo et al., 2008). Hypothetically, drought or
high temperature as environmental stress can induce responses
by activating calmodulin-binding protein, leading to a change
in the structure of soybean pods. In general, the results of the
soybean PD study in conditions of southeast Kazakhstan sug-
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gest that it is controlled by one major and two minor QTLs,
which is congruent with results of previous reports, where one
major and few minor QTLs were revealed (Tsuchiya, 1987,
Bailey et al., 1997; Ogutcen et al., 2018; Seo et al., 2020).
Nevertheless, gPD13-1, identified in this work, has not been
reported in any previous PD studies, and, therefore, it can be
considered a putatively novel genetic factor for the regulation
of PD in soybeans.

Conclusion

The evaluation of the collection consisting of 273 soybean ac-
cessions with different origins for PD has confirmed a strong
influence of the Pdhl gene on trait performance and a nega-
tive impact on yield and yield components over two studied
seasons in southeast Kazakhstan. The application of GWAS
has allowed the identification of one major (¢PD16-1) and two
minor (¢PD10-1 and ¢gPD13-1) QTLs for PD. The location of
the major QTL has coincided with the physical position of the
Pdhl. Two minor QTLs have been associated with the genes
for calmodulin-binding protein on chromosomes 10 and 13.
The assessment of available scientific reports for the genetic
control of PD suggests that the QTL for PD on chromosome 13
is a novel genetic factor for regulating the studied trait.
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AHHOTaumA. HepocTaTok NOTpebneHna MUKPO- N MakpO3/IEMEHTOB 1 BUTaMUHOB B NMPOAYKTax MUTaHWA, KOTOPbI
3aTparvBaet 6onee AByX MUINIMAPAOB YeNIOBEK Ha 3eMHOM LIape, HeraTVBHO CKa3blBAeTCA Ha 30POBbe 1 NPVBOANT
K Pa3BUTMIO XPOHMYeCKNX 3aboneBaHnin. OBHNUM 13 NCTOYHVKOB MOME3HbIX HYTPUEHTOB ABNAETCA NLIeHNLa, KoTopas
obecneyrBaeT NULLEBON SHeprmen 6oNbLINHCTBO HaceneHus mMupa. CosfaHne COBPEMEHHbIX BbICOKOYPOXKalHbIX
COPTOB MPUBENO K 3HAUUTENbHOMY OOE[HEHVIO MUHEPANIbHOTO COCTaBa 3epHa 1 COKPALLEHUO NOTpebieHna mu-
HepanoB Yyepes NpPoAyKTbl NUTaHuA. briodopTudnkauma — akTBHO pa3BrBaloLLeeCs HanpaBieHne, OCHOBHOWN Le-
NblO KOTOPOTO ABAAETCA yNyYlleHNe NMTaTeNIbHbIX KaYeCTB CeIbCKOXO3ANCTBEHHbIX KYJIbTYP C MOMOLLbIO KOMMIeKca
KNacCUYeCKnX N COBPEMEHHbIX METOAOB. K unmcny OCHOBHbIX TEXHONOIMI, UCMOJIb3yeMbiX B Mporpammax 6uodop-
TUdMKaLMM NWEHNLbI, MOXKHO OTHECTN TPaAULIMOHHYIO CeneKkLMIo, BKNoUatoLLyo MeToabl rmbpran3saumm n otbopa,
COBPEMEHHYI0 CeNleKLMI0 C JOMONTHUTENIbHBIM NPUB/IEYEHEM METOAOB KapTpoBaHua reHos/QTL 1 6ronHdopma-
TUYECKOro aHanu3a, TPaHCreHes, MyTareHe3 U reHOMHOe pefaKTUpPOoBaHMe. YCnexm B co3aaHnm 61nooboralleHHbIX
COPTOB GbINM AOCTUTHYTbI B PaMKaXx PasfvyHbIX MeXAYyHapOAHbIX Nporpamm, prHaHcupyembix HarvestPlus, CIMMYT,
ICARDA, ¢ nomoLLbtlo TPaAMLMIOHHON CefleKLN 1 arpOHOMMYECKMX MeTOA0B. HecMoTpa Ha NepcnekTMBHOCTb Me-
TOAOB TPaHCreHe3a N reHOMHOTO pPefakTUPOBaHUA ANA Co3AaHMA BMOO6OralleHHbIX KySIbTYp, OHU TPebyloT 3Haun-
TesIbHbIX UHBECTULMOHHbBIX BIIOXEHWI 1 TPY[03aTPaTHbI, MO3TOMY AaHHble TEXHOIOTMU NPUMEHUTENbHO K NLUeHNLe
HaxopAATCA B CTaAuM pa3paboTKu 1 He MMEIOT MoKa NPaKTNYecKoro Bbixoaa. B nocnepHue rogbl nHTepec K 61oobo-
raleHuo NweHMLbl BO3POC B CBA3M C ycrnexamu B 0611acTu KapTupoBaHus reHoB 1 QTL AnA X038MCTBEHHO BaXKHbIX
npr3HaKkoB. Pa3paboTka HOBbIX MapKEPOB Ha OCHOBE PEe3YJIbTaTOB CEKBEHNPOBAHNA reHOMa MLWEHULbI 1 TpUBNeYe-
Hue 6ronHpopmaTnyecknx metofos aHanm3a (GWAS, meta-QTL) pacwumpunm nHGopmaLmio No KOHTPOSO NpuU3Ha-
KOB, OnpeaAenaALWmx cofepaHne MUHepPanoB B 3epHe, 1 BbIABUIN KITloUeBble reHbl-kaHAAaTbl. B faHHOM 0630pe
OnMcaHoO COBPEMEHHOEe COCTOAHME UCCefoBaHNIA B 06nacTy reHeTnyeckon 6rodpopTndmKaLmm nweHnLbl B Myupe
1 B Poccun. MpriBefeHbl cBefeHMA 06 NCNOMNb30BaHNM FePMOMIA3Mbl KYIbTYPHbBIX U AUKOPACTYLUMX POACTBEHHUKOB
INA pacliMpPeHna reHETUYECKOrO Pa3HO06pa3na COBPEMEHHbIX COPTOB MLUEHNLbI.

KnioueBble croBa: nileHrLa; MUKPO3SIEMEHTbI; MaKPO3IEMEHTbI; CeNeKLs; arpoHoMus; buodopTrdukaums.
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Abstract. Low intake of micro- and macroelements and vitamins in food negatively affects the health of more than
two billion people around the world provoking chronic diseases. For the majority of the world’s population, these
are soft and durum wheats that provide beneficial nutrients, however their modern high-yielding varieties have a
significantly depleted grain mineral composition that have reduced mineral intake through food. Biofortification is a
new research trend, whose main goal is to improve the nutritional qualities of agricultural crops using a set of classi-
cal (hybridization and selection) methods as well and the modern ones employing gene/QTL mapping, bioinformatic
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analysis, transgenesis, mutagenesis and genome editing. Using the classical breeding methods, biofortified varieties
have been bred as a part of various international programs funded by HarvestPlus, CIMMYT, ICARDA. Despite the
promise of transgenesis and genome editing, these labor-intensive methods require significant investments, so
these technologies, when applied to wheat, are still at the development stage and cannot be applied routinely. In
recent years, the interest in wheat biofortification has increased due to the advances in mapping genes and QTLs
for agronomically important traits. The new markers obtained from wheat genome sequencing and application of
bioinformatic methods (GWAS, meta-QTL analysis) has expanded our knowledge on the traits that determine the
grain mineral concentration and has identified the key gene candidates. This review describes the current research
on genetic biofortification of wheat in the world and in Russia and provides information on the use of cultivated and
wild-relative germplasms to expand the genetic diversity of modern wheat varieties.

Key words: wheat; microelements; macroelements; breeding; agronomy; biofortification.
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BeepeHune

[Tinennma urpaet BasKHYIO POJb B MUPE KaK MUCTOYHUK TT0JI-
HOLICHHOTO PaCTUTEIILHOTO OeJIKa, MUKPO- M MAKPOAJIEMEHTOB
1 BUTAMHHOB. 3a cueT NoTpeOiIeHns IPOAyKINH, POU3Be-
JICHHOW W3 TIICHUIbI, HACEJICHNE TIOJIy4aeT B CPEIHEM JI0
20-30 % xanopuil B ACHb; B HEKOTOPBIX Pa3BHBAIOIINXCS
crpanax 3t1a ugpa gocruraer 70 % (Shewry, 2009a; Shiferaw
et al., 2013; Tadesse et al., 2019). Jlns yzoBneTBopeHus pa-
CTYIIHUX TOTPEOHOCTEH B 3¢pPHE MIICHHUIIBI HAYuHAas ¢ 60-X IT.
MPOIIIOTO BeKa OCHOBHOM aKIEHT ObLI C/IeTIaH Ha TOBBIIICHUN
ypoxxaiiHOCTH. B pesynbrare pacmmpeHus HOCEBHBIX IUIO-
maaei ¥ BHEIPEHHs HOBBIX BBICOKOIPOIYKTHBHBIX COPTOB
MHPOBOE HPOU3BOCTBO MIIECHHUIIBI TOCTETIEHHO pacTeT. [1o
nanabpM PAO, cOop 3epHa B 2023 1. coctaBmi 805.6 MITH TOHH
o cpaBHeHHO ¢ ~ 600 Myt ToHH B 2000 1. (https://www.fao.
org/worldfoodsituation/csdb/ru). Ilo cpaBHEHHIO ¢ HaYaIOM
2000-x IT. OTMEUEH 3HAUUTEIbHBII IPUPOCT yPOKANHOCTH —
B 1.3—1.8 pa3a y OCHOBHBIX CTpaH-IIPOU3BOJUTEICH MIIICHH-
1eL, Takux kak Kurait, Mamws, Poccus u CIIA (https:/www.
fao.org/faostat/ru/#country/).

OJIHAKO IOCTUIHYThIE YCIIEXH B TIOBBILICHUH YPOXKAHHOCTH
IIICHAIIBI 32 CUET BHEAPEHUS BBICOKOIPOAYKTHBHBIX COPTOB
CONPOBOXKIAIOTCS YXY/IIIICHHEM MTOKa3aTesel KauecTBa 3epHa,
CHIDKEHUEM COfiepKaHusi Oelika, KJICHKOBUHbBI, MUHEPAJIOB,
KOTOpBIE 00ECTIEUNBAIOT TUTATEIbHYIO [IEHHOCTh KOHEYHOTO
npoaykra (Murpodanosa, Xakumosa, 2016; Helguera et al.,
2020). Ony0nuKoBaHHBIC TaHHBIC CBHACTCILCTBYIOT O TOM,
YTO COJEP’KaHNEe MUKPO- 1 MAKPOHYTPHUEHTOB B 3€pPHE COBpE-
MEHHBIX COPTOB 3HAYUTEIILHO HHKE IO CPAaBHEHHIO CO CTapO-
JTaBHUMH COPTaMH U JUKOPACTYIIMMU coponudami (Salantur,
Karaoglu, 2021; Zeibig et al., 2022).

MHUKpO- ¥ MakpodJIeMEHThl Y4acTBYIOT BO MHOTHX HpO-
1eccax pa3BUTHs PaCTEHUH C MOMEHTA IPOPACTAHUSI CEMSIH,
IIPU Pa3BUTHHI KOPHEBOH CHCTEMBI BIUTIOTH 10 (POPMHUPOBAHUS
ypoxas (Marschner, 1995). 13BecTHa posib MHUHEPAIbHBIX
BEILECTB B IPOTEKAHUH TIPOLECCOB (POTOCHHTE3A U JIBIXAHUSI
U PETYILIUN YCTOHIUBOCTH K cTpeccoBbM (akropam (De
Santis et al., 2021; Shoormij et al., 2022; Khan et al., 2023).
CIUCOK MaKkpOdJIeMEHTOB, KOTOPBIE CETrO/IHS CYUTAIOTCS He-
00XOIMMBIMH JUIS 3710pPOBOTO 00pa3a )KU3HU U HOPMAJIEHOTO
(DYHKIIMOHMPOBaHUs OpraHu3Ma, BKitouaeT Harpuid (Na), ka-
st (K), maruauii (Mg), kaneiuii (Ca), xitop (Cl), pocdop (P)
u cepy (S). B kauecTBe HE3aMEHUMBIX MUKPOIJIEMEHTOB TIPH-
HATO BBLAEIATH kene3o (Fe), nunk (Zn), mens (Cu), mapra-
uer (Mn), #ox (1), cener (Se) (Jomovaetal., 2022; AliA.A.H.,
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2023). Psix cienmanicToB B CIIMCOK HEOOXOANMBIX MUHEpa-
JIOB JOMOJMHUTENBHO BKI04aoT Opom (Br), Bamamuit (V),
kpemuwuii (Si), aukens (Ni) u xpom (Cr), ogHaKO JaHHBIE O
ITIOJIOKUTECIBHOM BJIHWSAHHUH 3TUX BJIEMCEHTOB Ha XUBOTHBLIX
1 YeJOoBeKa B HACTOsSIIEee BpeMs MpoTuBopeduBs! (Vincent,
2017; Genchi et al., 2020).

Henocrarok morpebieHns: MUKPO- 1 MaKpO3JIEMEHTOB C
MPOAYKTaMH MUTAHMUS, WM TaK HA3bIBAEMBIH CKPBITHIN TOJI0,
MIPUBO/INT K Pa3BUTHIO XPOHUYECKUX 3a00JI€BaHUN, CHIXKE-
HUIO YMCTBCHHOI'O pPa3BUTHUA U JAXKC MOBBIIIIEHHOMN CMEpPT-
HOCTH B OOJBITMHCTBE pa3BuBarontuxcs crpal (Faber et al.,
2014; Lockyer et al., 2018). Jepunur Makpo31eMECHTOB,
takux kak Na, K, Ca, Mg, P, Hapymaer ¢pyHKIMOHHpOBaHKE
HEPBHOM, CEPAEUYHO-COCYAUCTON, CKEIETHO-MBIILIEYHOH CHC-
teM. Cpeny He0OOXOIMMBIX MHKPO3JIEMEHTOB 0c00yIo obec-
MIOKOSHHOCTb BbI3bIBACT JAe(DUIINT JKeJe3a, IMHKa, Ho/1a, cele-
Ha, KOTOPbIE Y4acTBYIOT B CHHTE3€ TeMOIIOONHA, PEryIIsIIuT
(yHKIMH psga GepMeHTOB, BKJIIOYAs WHCYJIWH, B OOMEHe
BEILIECTB, MOJaBJICHUH 00pa30BaHUsI PAKOBBIX KIETOK U Jp.
(Prashanth et al., 2015; Islam et al., 2023).

B Hacrosimiee Bpemsl akTyaJIbHBIM M IIPUOPUTETHBIM Ha-
IMpaBJICHUEM B O6J'laCTI/I I'€HCTHUKU U CCJICKLUHU IIIICHHUIIBI
CTaJIO yIy4IlIeHHE TNTATENbHBIX CBOMCTB 32 CUET MTOBBIIICHUS
KOHIIEHTPAIMU ¥ OMOIOCTYITHOCTH HEOOXOANMBIX MUKPO- 1
MaKpoaJIeMeHTOB. JlaHHOe HarpaBieHue, /i KOTOPOro Hc-
MOJIB3YIOT YCTOSBIIHNACS TEPMUH «OHOpopTHUKAIIID) (WK
O6unooboraieHne), penraeTcs ¢ NOMOIIBI0 Pa3IUYHbIX IO/
X00B, OCHOBHBIMH M3 KOTOPLIX SABJIAIOTCA arpOHOMUSA U
TeHeTHIeckas 6nopopTuhuKaIms ¢ IPUMEHEHHEM METO0B
TPaJUIIMOHHON CEJIEKIIMU M COBPEMEHHBIX MOJICKYJISIPHO-
IeHEeTHYECKUX MOX0/0B. B 0030pe kpaTKo onucaHbl pesyiib-
TaThl, TOIyYEHHBIE C TIOMOIIBI0O ATPOHOMHYECKUX METOIOB
1 KJTACCHYECKOH CEeJIeKIINH ¢ MPUMEHEHNEM TEXHOJIOTHI Kap-
TUPOBaHUA I'CHOB, U MCPCICKTHUBLI UX HCIIOJIB30BAHUA JI
CO3JIaHUSI COPTOB MIICHHIBI C YIYYIIEHHBIM COJCPKaHUEM
MHUHEPAJIBHOTO COCTaBA.

MVIHepaﬂbelI?l COCTaB 3epHa nweHunybl

1 ee copoaunyen

KOHLIeHTpaLII/ISI MUHEPAJIOB KaK B ILCJIBHOM 3€pHE, TaK U B
MIIEHUIHOW MyKe UMeeT OO0 pa3Max BaprnaOenbHOCTH
U OmpeseNnsieTcsi TCHOTUIIOM 0o0pasiia, BIUsSHHEM (DakTopoB
BHEIITHEH Cpe€abl, COCTaBOM ITOYBbI, BHECCHUEM MUHCPAJIb-
HBIX yIOOpPEHUH U APYTHUMH arpOTEXHHYECKUMU ITOIXOJaMH.
CymniecTBeHHBIH BKJIaA B ()EHOTHIINYECKOE TPOSIBICHUE U
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HacJie/I0BaHie NPU3HAKA BHOCHT IT€HOTHII, YTO IO3BOJISET HC-
T0JIb30BaTh 00PA31LIbI C MOBBIIICHHBIM CO/ICP)KaHHEM MUHEpa-
JIOB JUTSL CO3aHUSI HOBBIX CEJIEKIIMOHHBIX JTMHUH NIICHULIBI.

ConeprxaHie MUHEPAJIbHBIX 3JIEMEHTOB B 36PHE COBPEMEH-
HBIX COPTOB MSITKOH MIIEHHIIB! 3HAYUTEIILHO BAPbUPYET: KOH-
ueHTpauus MukposnemeHToB Zn, Fe, Cu, Mn nHaxogurcs B
npezenax 10 40, 50, 4 u 38 MKI/T COOTBETCTBEHHO; COIEpIKA-
Hue MakposemMenToB K, Mg n Ca He peBbIIIIaeT B CpeIHEM
4200, 1150 u 370 mxr/r (Murphy et al., 2008; Zhao et al.,
2009; Khokhar et al., 2018; Morgounov et al., 2022; Pota-
pova et al., 2023). HecMoTpst Ha TO 4TO cOpTa TBEp/IOH Iiie-
HUIIBI HE3HAYUTEIEHO OTIIMYAIOTCS OT MSITKOH 110 KOHIIEHTpa-
IIUM OCHOBHBIX MUHEpasbHbIX teMeHToB (Ficco et al., 2009;
Shewry et al., 2023), HEKOTOpPbIC aBTOPHI YKa3bIBAIOT Ha TO,
YTO COAEp)KaHWe IIMHKAa W KEJIe3a B 36PHE MHOTHX COPTOB
TBEpIOH MIIeHUIIH JocToBepHO BhimIe (Cakmak et al., 2010;
Rachon et al., 2012).

CoBpeMeHHBIE COpTa MIIEHHUIBI UMEIOT O0Jiee HU3KNE KOH-
LEHTPaLUN MaKpO- ¥ MUKPOAJIEMEHTOB O CPABHEHHIO CO
CTapoJaBHUMHU 00pa3IaMy U JTUKOPACTYIIUMH U KyJIbTYPHBI-
MU pordamu. B psinie paGoT mokaszaHo, YTo CHIXKEHHE COoziep-
JKaHUS BEIIECTB HE BCEI/A CBSI3aHO C N3MEHEHHMAMH KJINMa-
THYECKUX (DAKTOPOB MITH XapaKTepUCTHKaMK ITouBkI (Garvin
et al., 2006; Ficco et al., 2009). M.S. Fan ¢ xomuteramu (Fan
et al., 2008) mpoBenu MacuITabHOE HCCIICIOBAHUE COCTaBa
MOYBBI M1 UBMEHEHUH B COACpKaHNU IHUHKa, KEJI€3a, MEIU
W MarHys B 3epHax MIICHUIBI, TPOU30IIeAnnX 3a 160 jer.
CozeprkaHne MUHEPAJIOB OCTABAIOCH CTAOMIIBHBIM B IIEPHO]]
¢ 1845 no 1960-x rr., mocse 4ero CyuiecTBEHHO CHU3UIIOCH B
CBSI3H C BHEJIPEHHEM YPOXKAIHBIX KOPOTKOCTEOEIBHBIX COp-
TOB. JlaHHas TEHJEHIMSI COXPAHSIIACh HE3ABHCUMO OT U3Me-
HECHHS KOHIECHTPAWU 3JIEMEHTOB B ITOYBE UJIM BHECCHUA Op-
TaHWYECKUX U HEOPraHW4ecKuX ynoopenuil. Hanmnane reHos
KOPOTKOCTeOCNbHOCTH RAt B COPTax TBEPAOI M MATKOM TIIIie-
HUIIBI COITPOBOXK/IAETCSI MOHMKEHUEM KOHIICHTPAallud MU-
KPOBJIEMEHTOB, IIPY 3TOM YPOBEHB COKPAIIEHUsI BAPbUPYET U
3aBHCHUT OT reHeTHUecKoi ocHOBBI copra (Velu et al., 2017a).
HeKOTOpBIe ABTOPBI OTMEYAIOT HAJTMYHEC OTPULIATCIIBHBIX KOP-
PEISIIMIA MEX Y YPOKANHOCTBIO COBPEMEHHBIX COPTOB U CO-
JIepyKaHNEeM IMHKA 1 XKeJe3a, YT0 MOXKET OBbITh IPHYMHOMN CHU-
JKCHUSI KOHIIEHTPAINH TAHHBIX MHHEPAJIOB B 3€pPHE B CBSI3U C
BBIPAIIMBAHUEM BBICOKOTIPOTYKTUBHBIX copToB (Monasterio,
Graham, 2000; Garvin et al., 2006).

[Tpu co3nannu OMOOOOTAIEHHBIX COPTOB TIICHUIIBI BO3-
HHUKAeT MpoOiIeMa COXPaHEHHs BBICOKOTO CONIEpPKAHUSI MU-
HEpaJioB B KOHEYHOH MPOIYKIUH, TOCKOJIBKY 3HAUUTEIbHAs
4acTh MEKPO3JIEMEHTOB CKOHIICHTPUPOBaHa B 000JI0UKeE 3ep-
Ha. KoHIIeHTpaIuy HKa, jKele3a, MU B MyKe CHHIKAIOTCS
B 2—10 pa3 1o cpaBHEHHIO C LEJIIBHBIM 3€pHOM, TOI/1a KaK B
oTpyOsIX U3 3epPHOBOI 0OOJIOUKH OHHM OCTAFOTCS Ha MTPEKHEM
ypoBHe (Peterson et al., 1986; Ciudad-Mulero et al., 2021).
Xoporei ampTepHaTHBON MOKET OBITh UCTIOE30BAHHUE TIETTh-
HO3EPHOBOM MYKH WM JT0OOaBKH B MYKY OTpyOei, KoTopble
cozieprKar Ha MopsiIoK OoJblle HEOOXOJUMBIX MHHEPAJIOB.
BxuttoueHue pasnuuHbIX MPOMOPLUMI MIIEHUYHBIX OTpyOei
B MYKY ITO3BOJIACT MMOBBICUTH COACPIKAHUC KEJIE3a B BhINCY-
Ke, TIPH 3TOM HanOoubImii 2 dext Habmonancs mpu qo6aBKe
10 % otpy6eit, 9TO CpaBHUMO C XJI€OOM, MMOIYYEHHBIM M3
nenbHOo3epHOBON MykH (Butt et al., 2004).
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CKpUHMHT 3apOJIBIIIEBOH I1a3Mbl TMKHX U KYJIBTYPHBIX CO-
pozryeil MIISHUIIbI TAK)KE BBISIBIII 3HAYUTEIbHBIC TCHETHYC-
CKHE pa3/Inyius B KOHIIEHTPAIUAX MUHEPAIBHBIX JIEMEHTOB.
Hecmotpst Ha mmpokuil quana3oH N3MEHYNBOCTH B COZIEP-
JKaHUM KaJIbIMs, MarHus, Kanus, IUHKa, jKeie3a, Maprania
Y MEJIM Y IMTUIONTHBIX M TeTPAIUIONIHBIX penkoB 7. durum,
T dicoccum, T. monococcum, T. araraticum, T. timopheevii u
Ae. tauschii, yaeHble OTMEYAIOT, YTO TeKCAINIONTHAS TIIIICHUTIA
T’ aestivum B CpeTHEM yCTYIaeT UM 110 KOHLIEHTPAL[UH 00JTb-
muHCTBA 37eMeHTOB (Marschner, 1995; Cakmak et al., 2004,
Gupta P.K. et al., 2021; Zeibig et al., 2024). Konuenrpanuu
Zn u Fe B 3epHe pa3nuuHbIX NpejcTaBuTeneil poaa Aegilops
(de. searsii, Ae. umbellulata, Ae. caudata, Ae. geniculata
U 1p.) B 2—3 pa3a BhIIIIE, YeM y COBPEMEHHBIX TeKCATUIONTHBIX
copros rmrenunsl (Gupta PK. etal., 2021; Zeibig et al., 2022).
Bricokoe reHeTHdIecKoe pa3sHOOOpasne o MUHEPAIEHOMY CO-
cTaBy OOHapyXeHO y Aukoi nonosl 7. dicoccoides; mpu 3TOM
JUIsl HEKOTOPBIX Pa3HOBUIHOCTEH HAONIONANIOCH COYEeTaHNE
BBICOKOT'O COJIEpIKaHHsI LINHKA, KeJe3a 1 OeJKa B 3epHE U Bbl-
cokoii ypoxaiinoctu (Peleg et al., 2008; Chatzav et al., 2010).

3HaYNTENbHOE BHYTPUIIOMYIISIIHOHHOE Pa3HOOOpasne sB-
JSIETCS] OCHOBOH YISl MICIIOJIb30BAHMUS TCHETHIECKOTO ITOTEH-
[yaja JTUKOPACcTYINX M KyJbTYPHBIX POJMYEH B KauecTBE
MCTOYHHKOB BBICOKOT'O COJIEpKaHMUsI MUHEPAJIbHBIX 2JIEMEHTOB
B 3epHe. Hanmnmune monoxuTeabHbIX KOPPEIsIUi Mex1y
KOHIIGHTPAISIMU HEKOTOPBIX aneMeHToB (Zn, Fe, Mg), co-
Jep>KaHueM OelKa M ypoKaifHOCTBIO TTO3BOJISET POBOJHUTH
OZIHOBPEMEHHOE YITyUIIICHNE HECKOIBKUX Ka9€CTBEHHBIX T1a-
pameTpoB 6e3 cHrkeHus mpoaykTuBHocTH (Oury et al., 2006;
Chatzav et al., 2010).

Jnst ynydieHus MUHEpallbHOTO COCTaBa ObUIM CO3/1aHbI
pas3iuyuHbIe HHTPOTPECCHBHBIE, JIOTIOJHEHHBIE, 3aMEICHHBIC
JIVHUH, TIOTyYeHHBIE HAa OCHOBE THOPUIN3AIINH COBPEMEHHBIX
COPTOB MSTKOH M TBEPAOH IMIICHHIBI C AUKOPACTYIIUMHU H
KynbTypHbIMH poandamu (Wang S. et al., 2011; Farkas et al.,
2014; CaBun u 1p., 2018). M3y4enue Taknux JIMHAHN TO3BOJIHIO
BBIJICJIUTH 00pas3iibl, 00T AFOIIUE JTYIIIUMHA XapaKTECPUCTH-
KaMH B CPaBHEHUH C UCXOJHBIMUA KOMMEPUYECKUMH COPTaMH
MIICHUIIBI, BEISBUTH KPUTHUECKHE XPOMOCOMBI, COZIEPIKAIIHE
IeIeBbIe TeHETHUECKHE (PAKTOPBI, M CO3/1aTh OCHOBY JJIS TIO-
CJIC/TYIOIIETO KapTUPOBAHUS TCHOB.

OOMMPHBIM HCTOYHUKOM TeHETHYECKOTO Pa3HOO0pa3us 1o
MHHEpaJIbHOMY COCTaBY SIBIISIFOTCS] CHHTETHYECKHE TeKCaIlIo-
WJTHBIC JINHUH, [IOJTyYEHHBIC HA OCHOBE THOPHIM3aI MK Pa3JIny-
HBIX TIpencTaButenei 1. turgidum ssp. durum u Ae. tauschii
(Alvarez, Guzman, 2018; Morgounov et al., 2022). C nmpusie-
YEHUEM CUHTETHYECKUX JJMHHUI OBUTO KapTHPOBAHO OOJIBIIIOE
YHCIIO0 OJaronpUsTHBIX aJuleleld HEeNIeBBIX TeHOB, KOTOPBIE
MOTYT OBITh MCIOJB30BaHbI B CXEMax I'€HETHYECKOW OHO-
dhoprudukaruu (Bhatta et al., 2018; Morgounov et al., 2022).
OmHako AeTaldbHBIM aHATN3 MPOAYKTHBHOCTH 00pa3IoB,
CO3/IaHHBIX C yYacTHEM COPOANYEH MIIECHUIIBI, TOKA3bIBALT,
YTO OOJBIIMHCTBO U3 HUX XaPAKTEPU3YIOTCS CHIDPKCHUEM I10-
Kazareseil ypoXKaifHOCTH U €€ KOMITOHEHTOB B 3aBUCHMOCTH
OT ’€HETUYECKOIl OCHOBBI COPTa-PEIUITMEHTa U KOJIMYEeCTBA
yy)epoaHoro remeruueckoro marepuana (Calderini, Ortiz-
Monasterio, 2003; Velu et al., 2017b). DT0T pakT cyrmecTBeH-
HO YCJIOXKHSET EPEHOC IETIEBBIX TEHOB B KOMMEPUECKHE COp-
Ta MIICHHIIBL.
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leHeTnuecKkasa 6uodoprTudmnkauma
bruodopruduxanus myrem TpagUIHUOHHON CENEKIUH SBIISI-
eTCst HanboJIee PacpOCTPAHCHHBIM M SKOHOMHYUECKHU Y dek-
THUBHBIM METOJIOM JUIsl YJTy4IIEHHsS MHHEPAIBbHOTO COCTaBa
3epHa MuIeHunbL. [Ipyu ncroabp30BaHNH KIIACCHYECKUX METO-
JIOB 00Pa3IbI-JOHOPBI BHICOKOTO COJIEPKAHUSI TUTATEIBHBIX
BEIIECTB CKPEIINBAIOT C COPTOM-PEIUINEHTOM, 00J1a/Iaf0IINM
KOMITJICKCOM HEOOXOJMMBIX XO3SICTBEHHO BayKHBIX ITPH3HA-
KOB, C OTOOPOM IO MPHU3HAKY B MOCIEIYIOUINX TTOKOICHUAX.
B Tom cirygae, eciti B kadecTBe JOHOpa OepeTcs TyKepOTHBIN
BUJ1, IPOLIECC MOYKET COTPOBOYK/IATHCSI HECKOIBKUMH IIUKJIAMHU
OGEKKpPOCCHPOBAHHUS IS IEPEHOCA IIETICBOT0 HHTPOTPECCHUPO-
BAaHHOTO ()parMeHTa U CHI)KEHHS KOJIMYECTBA Uy>KEPOTHOTO
TEHETHYECKOTO Marepuara.

B pamkax BbINOSHEHHs porpamMM 1o ornodoprrdukamum
B KPYITHBIX MEX/yHapOAHBIX [IEHTPaX, 3aHUMAIOIINXCS U3Y-
gyeHreM 3epHOBbIX KyabsTyp (CGIAR, CIMMYT, HarvestPlus,
ICARDA), 0111 HCIIOTB30BAHBI PE3YIIBTAThl CKPUHUHTA KOJI-
JIEKIMI COBPEMEHHBIX COPTOB MIIEHUIIBI, JAHAPACOB U JIUKO-
PacTyIIMX BUIOB, MO3BOJIMBIINE ONPE/ICIUTH BApHAOEIFHOCTh
MHUHEpaIBHOTO COCTaBa, pa3padoTaTh PEeKOMEHAALNU U CO-
3[aTh CENEKIIMOHHbBIE TpeOpuauHToBbie THHIUN (Monasterio,
Graham, 2000; Peleg et al., 2008; Ficco et al., 2009).

TpaauioHHbIe METOABI CEJIEeKIUU Ui OMo00OoTaIeHHUS
3epHa MIIEHHIIBI CTaIM TPUMEHATHCS B EBporie mocie peanu-
3armu nporpamMMel HEALTHGRAIN (2005-2010), B koTOpOi#t
npuHsM yaactue 43 maptaepa u3 17 ctpan. biaronaps atoi
IIpOrpaMMe Ha HECKOJIbKHMX CEJICKIIMOHHBIX yYacTKax B €BPO-
MEeHCKNX CTpaHax B TEUCHHE TPEX JICT MPOBOMIIACH OIIEHKA
COBPEMEHHBIX COPTOB M CEJICKI[MOHHBIX JIMHUH, CTApOMECT-
HBIX COPTOB MSATKOW IIIEHWIBI U APYTUX BUAOB 3JIAKOBBIX
KyJIBTYp (PO, STMMEHB, OBEC) Ha CoiepKanue Gpuroxumuye-
CKUX KOMITOHEHTOB U MHHEPAJIOB. Pe3ynbrarsl mokasaiu, 4To
3HAYMTENbHAs YaCcTh BapHAIMi TeHETHUECKN IeTEPMUHUPOBA-
Ha, OTOMY OTOOPaHHBIH MaTepual MOXKET ObITh JOCTYIIEH
JUISL CeNeKIMOHHBIX TiporpaMM (Shewry, 2009b; Van Der
Kamp et al., 2014).

Haumnas ¢ 2003 r. mexxayHaponuslid nentp HarvestPlus
WHBECTUPYET 3HAYUTEIIbHBIE CPEICTBA IS CO3/1aHusI OMOodop-
TU(GUIMPOBAHHBIX COPTOB MIIEHHIIBI, PHCa, KyKypYy3bl, ITpOca,
(haconu, O6arara U APYrux KyJbTyp C ITOBBIIICHHBIM COJIEp-
JKaHUEeM BUTaMHUHa A, jkelnie3a M IMHKA. buodopruduxarms
MIIEHAIB B paMKaxX JaHHOM NPOrpaMMBbI BEJIETCS B CTPAaHAX
Adpuxn (Ernner, Dduomnus, Manarackap, Hurepus, IOAP,
3amOus u 3um6a6Be), Azuu (Adranucran, banrnanem, Ku-
tait, Unaus, Heman, [Takucran, @umunmuael) 1 JIaTHHCKON
Awmepuxu (bonmususi, bpasnnus, Mekcuka) (https://www.
harvestplus.org/biofortification-hub). K nacrosiiiemy Bpemenn
s ctpad Asun i Adpuxu coznano 37 6mopopruduimpo-
BaHHBIX COPTOB MIIEHUIIBI, 13 KOTOPBIX 12 OTIMYAIOTCS BBICO-
KOW ypOXKaWHOCTBIO U yCTOWYMBOCTHIO K TPHOHBIM O0JIE3HAM
(Andersson et al., 2017; Bouis, Saltzman, 2017; Kamble et
al., 2022). M3y4yenue cOpTOB C MOBBIIICHHBIM COJCPKaHUEM
Zn, co3aaHHbIX B MIHAMM, TO3BOJIUIIO aBTOpaM SKCIIEpPUMEHTa
C/IenaTh 3aKJII0UEHHE, YTO, HECMOTPSI Ha HEBBICOKUH BKIIAJ
TEHOTHIIA B OOIIYI0 N3MEHUYMBOCTH KOHIIEHTPAIMHY Zn B 3¢pHE,
61opopTHUIIMPOBAHHBIE TEHOTHITBI MPOSIBIISUIM YKOJIOTH-
YEeCKYI0 CTAOMIBHOCTD IIPU BBIPAIMBAHUN Ha PA3HBIX TUIIAX
TI0YB, B TOM YHCIIE C HU3KOH ocTynHocThio nHKa (Khokhar
etal., 2018). Cnincok 6M0pOpTUPHUIIMPOBAHHBIX COPTOB MSIT-
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KOM M TBEPJOH MILEHUIbI, CO3IaHHBIX KPYITHBIMHU CEJIEKIIU-
OHHBIMU yupexxaeHusMu Munuu, [lakucrana, banrmazneu,
Henana n bormusuu B corpyaanuectse ¢ CIMMY T u pexomen-
JIOBaHHBIX JUIsl KOMMEPYECKOTO BBIPAIIMBAHMSI, [TPEJICTABIICH B
craree (Gupta O.P. et al., 2022). Cpenaut HUX MOKHO OTMETHTh
copra tBepaoi nuenuusl HI8777 u MACS 4028 ¢ conepxa-
HueM xenesa 48.7 u 46.1 mr/kr u uunka 40.3 u 43.6 mr/kr
COOTBETCTBEHHO, copTa MATKo# mmenunitsl WB 02, HI 1633,
DBW 187, DBW 332 u PBW 757, y KOTOpBIX KOHLIEHTpALUs
JIAaHHBIX MUKPOJIEMEHTOB IpeBbimaet 40 Mr/kr.

B mocnenHne rofpl NpuUCTaIbHOE BHUMAHUE YENAETCS
CO3/1aHUI0 OMOOOOTAIIEHHBIX TCHOTHIIOB IMIICHUIBI C He-
CTaHJApTHOM OKpackol 3epHa (cuHUil, (PUOIETOBbIH, Yep-
HBIIT), KOTOpbIE OTIMYAIOTCSI OT OOBIYHBIX KPACHO3EPHBIX U
0EeTI03epHBIX COPTOB BHICOKMM COAEPKAaHHEM aHTOILMAHOB,
o0J1alatoIMX aHTHOKCHIAHTHOM, aHTUMUKPOOHOH M aHTH-
KaHIIEPOTCHHON aKTUBHOCTHIO. V3ydyeHne nurMeHTHpoBaH-
HBIX 00pa3[oB ITOKa3aJI0, YTO HEKOTOPHIE U3 HUX 00IaaaioT
JIOTIOJTHUTEJIbHBIMH XapaKTEPUCTUKAMHU, B TOM YHCJIE MTOBBI-
IIEHHBIM COZEPKaHUEM O€JKa, MUKPO- U MaKpO3JIEMEHTOB
(Sharma S. et al., 2018; Xia et al., 2020; Dhua et al., 2021,
Liu Y. et al., 2021). AHanu3 Myku U3 00pa3IOB MIICHHUIIBI C
TOITyOBIMH, 3€JICHBIMU M YEPHBIMHU 3€PHAMHU YCTAHOBIII, YTO
TI0 COZIep KaHMIO OJIKa 1 AMHHOKHCIIOT TUIMEHTHPOBAHHbIE
copTa MpeBBIIAIOT CTaHAapTHBIE HA 7—18 %; comepkaHue
IIMHKA OBIJIO BEIIIE TIOYTH B 2 pa3a, a Jkesie3a 1 MapraHia — Ha
840 % (Tian et al., 2018). NmeroTcst naHHEBIE, 9TO 00pa3IIbl
royy003epHOM MIIEHUIIBI XaPAKTEPU3YIOTCSI 00JIee BHICOKOM
KOHIIEHTpAIKeH jxene3a ¥ [IMHKA 10 CPAaBHEHHIO C COPTAMHU C
(uoseToBOii, KpacHo# 1 Gernoit okpackoii (Ficco et al., 2014).
[TpoBeneHbI IKCIIEPUMEHTBI 110 TIOMCKY CPEIAH MUTMEHTHPO-
BaHHBIX COPTOB IIIEHUIIBI 00Pa31I0B C BEICOKHM COJEPKAHUEM
ceJieHa, KOTOPBIA 00J1a/laeT MPOTHBOOITYXOJICBOH aKTHBHO-
cthio. CoracHo pesyasraram Q. Xia ¢ coasropamu (2020),
IIPU OTIPBICKMBAHUN PACTEHUI CEJICHOM WM MPU BHECEHUH
€ro B MOYBY (DHMOJIETOBO3EPHBIC COPTa HAKAIJIMBAIOT OOJIb-
e Se B 3epHE 10 CpaBHEHUIO ¢ Oeno3epHbiMUA. OHAKO 1O
JTAHHBIM JIPYTUX aBTOPOB, IPH OTCYTCTBUH JONOJIHUTEIBHBIX
00paboTok ceieHoM roiy0o- n (roneToBo3epHBIE cOpTa
YCTYIAIOT CTaHJAPTHBIM COPTaM IILIESHUIIBI TIOYTH B 5 pa3 1o
koHIeHTparmu Se B 3epHe (Phuong et al., 2017).

B cBsi31 ¢ TeM, YTO MUTMEHTHPOBAHHBIE 00PA3IIBI IMIICHUIIHI
MOTYT COJIEPXAaTh ITOBBIIIEHHOE KOJIMYECTBO KJICHKOBUHBI,
AQHTOIIMAHOB, MHUHEPAJIOB, UX PACCMATPUBAIOT B KaueCTBE
MEPCIIEKTUBHBIX MCTOYHUKOB MOJE3HBIX HYTPHUEHTOB IPH
MIPUTOTOBJICHUH XJIEOOOYIIOYHBIX U MaKapOHHBIX HM3JIENHU.
PaboT, B KOTOPBIX I€TAILHO U3yUYEeHbI KAYECTBEHHBIE XapakK-
TEPUCTUKH KOHSYHOH MPOIYKIUH, TTOTYyYEHHOH N3 MyKH TTHT-
MEHTHUPOBAHHOM IMIIIEHUI[bI, HEMHOTO, ¥ BKIIIOYAIOT OHU B OC-
HOBHOM OLICHKY COJIEp>KaHNUsI aHTOLIMAHOB, OEJIKa 1 KJIEHKOBH-
HBI, XapaKTEPUCTUKY TECTa U OPTraHOJIETITHIECKHE CBOICTBA
(Pasqualone et al., 2015; Bacusiosa u ap., 2021; Sharma N. et
al., 2022; T'opneesa u ap., 2023; ®utmnena, Cudukees, 2023).
Tem He MeHee UMEIOTCs 00HA/ICKNBATOIIIE PE3YIBTATHI, YTO
MPOIYKIHSI U3 IIIEHHUIIBI C OKPALLICHHBIM 3€PHOM COXPaHSET
3HAUUTENIEHO OOJIBIIIE TTOJIE3HBIX HYy TPHEHTOB B ITPOIIECCE TIe-
pepabotku (Padhy et al., 2022). Tak, A. Kumari ¢ koiuteramu
(Kumari et al., 2020), anaim3upyst 4arnaTH, BbIICYCHHBIH U3
MUTMEHTUPOBAHHBIX COPTOB MIICHUIBI, TTOKA3aJIH, YTO I10
CoZIepKaHUIO (PCHOIIBHBIX BEIIECTB, aHTOIINAHOB, AHTHOKCH-
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JIAHTHOW aKTUBHOCTHU 00pas3Libl Pacriosarajituch B CIEAYIOLIEM
TIOpsiZIKe: 3€pHO YEpHOE > roxydoe > ¢uoneToBoe > Genoe.
Ha naHHBI MOMEHT NMUTMEHTHPOBAHHBIE COPTA IIICHHUIIBI
paccMaTpUBAKOTCsl KaK MHOTOOOCHIAOIINN UCTOYHUK OUO-
JIOTMYECKH aKTHBHBIX BEIIECTB U BEICOKOH aHTHOKCHIAHTHOH
AKTHBHOCTH.

KapTupoBaHue nokycos

KonnyecTtBeHHbIX NPN3HakKoB

BaxubpiM dTanoM Onodoprudukanuu sBisercs oroop mo-
TEHINAIbHBIX TEHOTUIIOB, COAEPKAIIUX IENEBBIE JIOKYCHI,
HaJIMYUe KOTOPBIX OyJIeT COMPOBOXK/IATHCS MTOBBIILICHNEM MHU-
HepaJIbHBIX JJIEMEHTOB B 3epHe. Ha aTom aTame orpomHoe
3HaueHue uMmerot JJHK-Mapkepbl, KOTOpbIe IOUTH TPU AECSITKA
JIET UCHOJIB3YIOTCS TS KapTHPOBAHMS JIOKYCOB KOJIMUECTBCH-
HbIX npu3HakoB (QTL) u B TeXHONMOTHIX MapKep-OpUEHTH-
posanHO# u renomHoM cenekunu (Collard, Mackill, 2008).
Onpenenenne XpoMOCOMHOM JIOKIN3alUH U TTIO3UIUH JIOKYCa
Ha XpPOMOCOME [103BOJISIET MOHSITh FTEHETHYECKYIO OCHOBY ITPH-
3HaKa, OIPE/ICNNTD JIOKYCBhI, KOHTPOJIMPYIOIINE COACPKaHNE
MHHEPAIBHBIX JJIEMEHTOB, BEIIBUTH HOBbIe QTL 1 Ha ocHOBe
MOTy4eHHOU HH(OPMAIK IPOBECTH 0TOOP T€HOTHIIOB, TIO]I-
XOJSIIHX JUIsl CETIEKIIMOHHBIX TIPOrPaMM.

Jlist ToKanM3anny 1esIeBbIX JOKYCOB M BBISIBIICHHST HOBBIX
ajyiesiel TeHOB IPUMEHSIIOT J[Ba [O/IX0/ia: TeHETHYeCKOoe Kap-
THPOBAHME C MCMOIB30BAHNEM HOMYIISINN, OCHOBAHHBIX Ha
JIBYPO/INTEIBCKUX CKPEIUBAHKSX, X TOJTHOTEHOMHBIN MOUCK
accormanuii (genome-wide association study, GWAS), riaB-
HBIM TPEUMYIIECTBOM KOTOPOTO SIBIISIETCS MCIIOJIB30BAHUE
TMaHeJIeH TeHOTHIIOB, XapaKTePH3YIOIUXCS OOJBIINM IeHETH-
yeckuM pazHooOpasuem (Collard, Mackill, 2008; Tibbs Cortes
etal., 2021).

3a mocnenHue 15 et ObUIO OMyOIMKOBAaHO MHOTO padoT
no kaprupoBanuto QTL, Hamuune KOTOPBIX OIMpeNeNsieT Co-
JieprKaHe HeOOXOIMMBIX MHHEPAJIOB B 3epHe MieHuIsl. Hano
OTMETHUTb, YTO OOJBIIMHCTBO HCCIIETOBAHUN BBITOIHSIIOCH
MPEUMYIIECTBEHHO C LIEJIbIO BBISIBICHUS TCHOMHBIX PailOHOB,
KOHTPOJIMPYIOUIMX KOHLEHTpaLuio Zn u Fe, NoCKoIbKY 3TH
MHUKPOJIEMEHTBI CYMTAIOTCS Hanbosiee BayKHBIMHU JUIS 3710~
poBbs uesnoseka (Peleg et al., 2009; Tiwari et al., 2009;
Wang S. et al., 2011; Hao et al., 2014; Pu et al., 2014). C uc-
nonb3oBanneM GWAS npoBenieHo 6osee TOUHOE KapTHPOBa-
HHE F€HOMHBIX JIOKYCOB, BBISIBIICHBI HOBbIE, paHee He oIry0-
mxoBaHHbIe QTL 1 BBITOTHEH MONUCK (PyHKIIMOHAIBHBIX I'e-
HOB-KaH/M/IaTOB B palloHax LeJIeBBIX JIOKycoB (Bhatta et al.,
2018; Alomari et al., 2019; Rathan et al., 2022; Tadesse et
al., 2023). KommekcuHast paboTa 1mo BBISIBICHUIO KITFOUEBBIX
TeHOMHBIX paifoHoB /st 6rodoprudukannu Zn u Fe y Msarkoit
nieHupl Obuta nposenaena P. Juliana ¢ komneramu (2022),
KOTOPBIE, HCTIONB3YSI MaHeTb 13 5585 MpeOpHIMHTOBBIX JIMHUN
MIPOJBUHYTHIX MOKOJICHUH, naeHTHuImpoBanu 141 mapkep
Ha BCEX XPOMOCOMaX IMIIEHHIIbI, 32 HCKJIFOYEHHEM XPOMOCOM
3A u 7D. Pe3ynbrarhl, CyMMHPYIOIINE JaHHBIE ITO XPOMOCOM-
Hoit snokanuzauuu QTL mist cogepxkaHust IUHKA U Kelle3a B
3€pHE IIIEHUIIbI, YaCTUYHO MPEICTaBICHBI B 0030PHBIX CTa-
Thsx (Garcia-Oliveira et al., 2018; Gupta O.P. et al., 2022).
B Hacrosimee Bpemst HaET Mpolecc HaKoIIeH s HH(OopMarmm
o0 HanOosee MH(POPMATUBHBIX JIOKYCAX, UX XPOMOCOMHOI JI0-
KaJu3anuu 1 Bamuaarun MmapkepoB KASP, co3nanHbIX Ha oc-
HOBE OIHOHYKJICOTH/THBIX MTOIUMOP]n3MOB. ClieniaHbl epBbie
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mary B HarpaBiieHuu cosnanust MmapkepoB KASP mo pesyinb-
tatam KaptupoBanust QTL (Wang Y. et al., 2021; Sun M. et
al., 2023), omHaKo 1MoKa HeT JOCTYITHOH HH(OpMauu 00 MX
CHEeUU(PUIHOCTH U PAKTUYECKOM HCIIOJIb30BAHHH.

OrpaHnYeHHOE YUCIIO pabOT MMEETCS 0 TeHETHYECKOMY
1 accoumatuBHOMY Kaptuposanuio QTL mist npyrux mune-
pasbHbIX 3neMeHToB (Alomari et al., 2017; Manickavelu et
al., 2017; Wang P. et al., 2017; Qiao et al., 2021; Hao et al.,
2024). C moMoIIbI0 CpaBHUTEILHOTO TeHOMHOTO 1 MeTa-QTL
aHaJIM3a, BHIIOJIHEHHOTO C HUCIIOJIb30BAaHUEM paHee OIyOIu-
KOBaHHBIX JaHHBIX 10 Kaptuposanuio QTL aist munepanos,
6bu10 HIeHTHGUIIPOBaHO Oostee 400 cTaObMITBHBIX JIOKYCOB,
JUIsl HEKOTOPBIX M3 KOTOPBIX MMOKa3aHbl TIEHOTPONHbIE d(-
(heKTHI IO OTHOLIEHHIO K Pa3HBIM MUHEPAIBHBIM 3JIEMEHTaM
M KOMIIOHEHTaM ypoxaiitnoctu (Shariatipour et al., 2021;
Singh et al., 2022; Potapova et al., 2023; Cabas-Lithmann et
al., 2024). GWAS, npoBeneHHsIit 1111 205 TeHOTHIIOB 03UMOH
MsITKOH meHuib! u3 Kuras, BeistBui 6oiee 280 accoruaruii
MOJIEKYJIIPHBIX MapkepoB ¢ copepkanueM Ca, Mn, Cu u Se
B Pa3lMYHBIX XpOMOCOMax MieHnIsl. [Ipn atom 6bu10 TO-
Ka3aHo, 4TO HanboJiee BBICOKHI BKIIA/1 B CO/ICPKAHHE TAHHBIX
3NIEMEHTOB BHOCST KJIaCTEePhl T€HOB B XpoMocomax 3B u 5A
(mms Ca), 4B (s Cu) m 1B (s Mn) (Wang W. et al., 2021).
Ha ocnoBe nonHoreHoMHOro aHanuza 252 COpTOB MSTKOU
MIIEHHIIBI 110 COIEPIKAHMIO CEJICHA CJEJIaHO 3aK/IIOUYCHUE,
YTO WCIOJIB30BAHUE CIIETIIICHHBIX C LEIEBBIMH JIOKYCAMHU
SNP mapkepoB B xpomocomax 5D n 1D MOXeT MOBBICUTh
KOHIIEHTparuio Se Ha 6.62 % mnpu MpoBeAEHUH T€HOMHON
cenexmuu (Tadesse et al., 2023). C momomibro GWAS, BbIToN-
HEHHOTO Ha MTAHEJN 13 768 COPTOB, ObIIN HIACHTU(PUIIMPOBAHEI
T€HOMHBIE 00J1aCTH, aCCOIIMUPOBAaHHbBIE C KOHIIeHTparuei Cu,
Fe, K, Mg, Mn, P, Se, Zn B MATKO#1 mIeHnIte, ¥ CTaOMIEHO
9KCTIPECCUPYIONINECS TeHBI-KaHU/IaThl, PACTIOJIOKCHHBIC B
obmactsix nokanusanuu QTL (Hao et al., 2024). B npomecce
UIeHTU(UKALUY T€HETHIECKUX JIOKYCOB, CBA3aHHBIX C Ha-
KOIUIEHHUEM KaJIbIHMs, OBUIO JEeTeKTHpOBaHO 11 JIOKycoOB B
xpomocomax 2A, 3A (2 nokyca), 3B (2 nokyca), 3D, 4A, 4B,
5B (2 nokyca) u 6A, n3 kotopsix detbipe QTL crabunpHO
MPOSIBISUINCH B pa3HbIX ycmoBusax cpeabl (Shi X. etal., 2022).
[IpoBeaeHHBIN 3TUMU aBTOpAMU aHAJIU3 T€HOB-KaHAUAATOB
BbIIeNI B XpoMocoMe 4A rer TraesCS4402G428900, xoto-
PBIiT BEICOKO KCIIPECCHPYETCS B 3epHAX MIICHHIBI 1 MOXKET
OBITH CBSI3aH C HAKOIUICHHEM KaJIbLIUSI.

Jlis momcka MCTOYHUKOB W TOHOPOB 3 (PEKTUBHBIX JIO-
KyCOB, CBSI3aHHBIX C HAKOTJICHHEM BBICOKMX KOHIIEHTpanuii
MHUHEPAJIOB B 3€pHE, BBINOJIHEH ITOMCK HOBBIX JIOKYCOB C
UCTIONB30BaHNEM POIWYEH MATKOW MIIEHHUIBI H PA3INIHBIX
cuHTeTHYecKknX JMHMH (synthetic hexaploid wheats, SHW)
(cMm. Tabmuiy). SHW, nonyueHHbIe OT CKpeIIMBaHus TeTpa-
mouaHBIX BUIOB (1. durum, T. dicoccum) ¢ Ae. tauschii, siB-
JISIFOTCS] HICTOUHUKAMHK HOBBIX aJlIeJIeii TeHOB JUISl PA3IMIHBIX
XO3SIMCTBEHHO Ba)KHBIX MPU3HAKOB MuIeHHIbL. [1o gaHHBIM
Z.E. Puc coaropamu (2014), 22 u3 29 aneneif, OTBETCTBEH-
HBIX 32 MMOBBIILIEHHYIO KOHIIeHTpauuto Zn, Fe, Mn, Cu u Se B
3epHE PEKOMOMHAHTHBIX HHOPETHBIX JIMHUH, IPOUCXOJIAT U3
TEHOMa CHHTETHYECKON JINHNH, TIOJTy9€HHOHN OT CKPEIBaHNS
T turgidum ssp. turgidum c Ae. tauschii ssp. tauschii. 3na4an-
TEITLHOE YHCIIO JIOKYCOB, B TOM YHCJIe HOBBIX, OBbLIIO BBISBIICHO
B XpOMOcOMax reHoma D, mponcxoqsimux oT pa3HOBUIHOCTEN
Ae. tauschii, 9T0 CBUJCTEILCTBYET O BHICOKOM HOTEHIIHAJIE
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XpOMOCOMHaﬂ JIOKanM3aumsa JIOKyCoB, aCCOLUMNPOBAHHDbIX C coAepKaHNeEM MUHePaJioB B 3€pHEe CUHTETUYECKNX reKcan1onaHbIX NHWI
n pOFI,VIl-IeIh nweHnubl, yCTaHOBJIEHHAA C MOMOLLbIO reHeTUYeCKoro n accounaTMBHOro KapTnpoBaHUA

SnemeHT KapTupylowas nonynauyma/ Xpomocoma KoHueHTpauma*, Hacnepyemoctb JlutepaTypHbiii
MeTOA KapTUpoBaHua MKr/T (h?) NCTOYHUNK
Zn RIL (T. durum/Ae. tauschii x T. aestivum)/ 2D, 3D, 4D, 5B 439 H.p.** Puetal., 2014
QTL kapTnpoBaHue
SHW (Triticum durum X Ae. tauschii)/ 1A, 2A, 3A, 3B, 4A, 4B, 23.1 0.65 Bhatta et al,, 2018
GWAS 5A, 6B
Triticum boeoticum x T. monococcum/ 7A 324 H.g. Tiwari et al., 2009
QTL KapTupoBaHue
T. aestivum x T. dicoccoides/GWAS 1A, 2A 60.6 0.97 Liu J. et al., 2021
RIL (T. durum x T. dicoccoides)/ 2A,5A,6B,7A,7B 58.0 0.62 Peleg et al., 2009
QTL kKapTupoBaHue
RIL (T. dicoccum/Ae. tauschii x T. aestivum)/ 4B, 5A, 5B, 6B, 6D 54.9 0.79 Crespo-Herrera et al.,
QTL kapTnpoBaHue 2016
RIL (T. spelta x T. aestivum)/ 2A, 2B, 3D, 6A, 6B 42.2 0.80 Srinivasa et al,, 2014
QTL kapTnpoBaHue
RIL (SHW X T. spelta)/QTL kapTupoBaHue 1A, 1B, 3B, 3D, 4A, 5B, 57.2 0.65 Crespo-Herrera et al.,
6A,7B,7D 2017
RIL (T. durum x T. dicoccum)/ 1B, 5A, 6A, 6B 60.2 0.73 Velu etal., 2017c
QTL KapTupoBaHue
[MWeHNYHO-3rMNONCHbIE 3aMeLleHHble 1B, 2B, 3A, 3B, 5D, 6A, 42.0 0.61 Kaur et al,, 2023
1 pobaBoyHble NHU/GWAS 6D, 7B
RIL (T: gestivum x T. dicoccum/Ae. tauschii)/  2A, 2D, 7D 38.0 0.77 Krishnappa et al., 2021
GWAS
SHW (T. durum x Ae. tauschii)/GWAS 1B, 2B, 2D, 3D 47.4 0.44 Morgounov et al.,, 2022
Fe RIL (T aestivum x T. dicoccum/Ae. tauschii)/ 1D, 2A, 3B, 6D, 7D 37.0 0.81 Krishnappa et al., 2021
GWAS
[MWeHnYHO-3rMNOoNCHbIE 3aMeLleHHble 1B, 2A, 2B, 3B, 3D, 5A, 39.0 0.68 Kaur et al., 2023
1 no6aBoYHble NHUN/GWAS 5B, 5D, 6A, 6B, 6D, 7A, 7D
RIL (T. durum x T. dicoccum)/ 1B, 3A, 3B, 5B 57.2 0.30 Veluetal., 2017c
QTL kapTupoBaHue
RIL (SHW X T. spelta)/QTL kapTupoBaHue  2A, 2B, 3A, 3B, 4A, 4B, 343 0.35 Crespo-Herrera et al.,
4D, 5B 2017
RIL (T. durum/Ae. tauschii x T. aestivum)/ 2B, 5B, 5D, 7D 72.6 H.a. Puetal., 2014
QTL kapTpoBaHue
RIL (T. dicoccum/Ae. tauschii x T. aestivum)/ 2B, 2D, 4B, 5A, 5B, 6A, 373 0.62 Crespo-Herrera et al.,
QTL kapTupoBaHue 6B, 6D, 7D 2016
SHW (T. durum x Ae. tauschii)/GWAS 1A, 3A 394 0.78 Bhatta et al,, 2018
T. boeoticum x T. monococcum/ 2A,7A 31.6 H.a. Tiwari et al., 2009
QTL kapTupoBaHue
RIL (T. durum x T. dicoccoides)/ 2A, 2B, 3A, 3B, 4B, 5A, 33.8 0.69 Peleg et al., 2009
QTL kKapTupoBaHue 6A, 6B, 7A,7B
T. aestivum x T. dicoccoides/GWAS 3B, 4A,4B,5A,7B 98.3 0.97 Liu J. et al., 2021
RIL (T. spelta x T. aestivum)/ 1A, 2A, 3B 1.1 0.79 Srinivasa et al,, 2014
QTL kapTupoBaHue
SHW (T. durum x Ae. tauschii)/GWAS 4A,78B 35.9 0.38 Morgounov et al.,, 2022
Cu RIL (T. durum/Ae. tauschii x T. aestivum)/ ~ 2A, 3D, 4A, 4D, 5A,6D, 5.86 H.n. Puetal., 2014
QTL kapTpoBaHue 7B
SHW (T. durum x Ae. tauschii)/GWAS 1B, 2A, 3A, 3B, 4B, 5A, 6.6 0.63 Bhatta et al,, 2018
5B, 5D, 6A, 6B
RIL (T. durum X T. dicoccoides)/ 1A, 2A, 3B, 4A, 4B, 5A, 6.9 0.76 Peleg et al., 2009
QTL kapTpoBaHue 6A, 6B, 7A, 7B
SHW (T. durum X Ae. tauschii)/GWAS 2B, 6D 4.25 0.40 Morgounov et al., 2022
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OKOHuaHMe Tabnuibl
OnemeHT KapTupytowas nonynauyms/ Xpomocoma KoHueHTpauna*, HacnegyemocTtb JlutepaTypHbIn
MeTo[ KapTUpoBaHuA MKr/T (h?) NCTOYHUK
Mn RIL (T. durum/Ae. tauschii x T. aestivum)/ 1A, 2A, 2D, 4D, 5D 26.99 H.p. Puetal, 2014
QTL kapTnpoBaHue
SHW (T. durum x Ae. tauschii)/GWAS 2D, 3A, 4B, 5D, 6B 43.1 0.67 Bhatta et al., 2018
T. aestivum x T. dicoccoides/GWAS 1B 334 0.94 Liu J. etal., 2021
RIL (T. durum x T. dicoccoides)/ 2B, 7B 41.6 0.41 Peleg et al., 2009
QTL kapTupoBaHue
SHW (T. durum x Ae. tauschii)/GWAS 2A, 3A,4B,7B 425 0.41 Morgounov et al., 2022
Ca SHW (T. durum x Ae. tauschii)/GWAS 1B, 2B, 2D, 3A, 3B, 3D, 73.7 0.41 Bhatta et al,, 2018
6A, 6B, 7A
RIL (T. durum x T. dicoccoides)/ 1A, 2B, 4A, 4B, 5B, 6A, 435.5 0.79 Peleg et al., 2009
QTL kapTupoBaHue 6B, 7B
SHW (T. durum x Ae. tauschii)/GWAS 3B, 5A, 5D, 6D 389.5 0.50 Morgounov et al., 2022
Mg SHW (T. durum x Ae. tauschii)/GWAS 1B, 1D, 2D, 3A, 3B, 4A, 1424.5 0.62 Bhatta et al,, 2018
4B, 4D, 5B, 5D, 7A
RIL (T. durum x T. dicoccoides)/ 1B, 2A, 3A, 5B, 6A, 6B, 1534.5 0.74 Peleg et al., 2009
QTL kapTupoBaHue 7A,7B
SHW (T. durum X Ae. tauschii)/GWAS 1B, 2A, 4B, 5A, 5B, 6D, 7B 1203.5 0.59 Morgounov et al., 2022
K RIL (T. durum x T. dicoccoides)/ 1A, 2A, 1A, 2B, 5B, 6A, 4568.4 0.58 Peleg et al., 2009
QTL kapTupoBaHue 6B, 7B
SHW (T. durum X Ae. tauschii)/GWAS 3A,7A 39245 0.44 Morgounov et al., 2022
cd SHW (T. durum X Ae. tauschii)/GWAS 1A, 2A, 2D, 3A, 6D 0.07 0.28 Bhatta et al., 2018
SHW (T. durum X Ae. tauschii)/GWAS 1A, 1B, 2A,2B,3D,4A, 0.033 0.44 Morgounov et al., 2022
4D, 5D, 7A, 7B
Se RIL (T. durum/Ae. tauschii X T. aestivum)/ 3D, 4A, 5B, 7D 0.55 H.4. Puetal., 2014

QTL kapTupoBaHue

* [priBepeHbl cpefiHMe 3HaYeHNA 3a roAbl MPOBeAEHNA MNONEBbIX SKCMEPUMEHTOB; ** H. Ai. — HET JaHHbIX.

ATOTO BU/IA JIsl YITyUIICHHs] COACPIKAHMUS TAKHX 3JIEMEHTOB B
3epHe, kak Ca, Co, Cu, Li, Mg, Mn u Ni (Bhatta et al., 2018;
Krishnappa et al., 2021; Morgounov et al., 2022).

B HekoTopbix paboTax ObUIO MMOKAa3aHO, YTO HAJIMYUE Uy-
JKEPOJIHBIX XPOMOCOM B T€HOMaX 3aMEIICHHBIX, HHTPOTPEC-
CHBHBIX 1 JOOABOYHBIX JTMHUH MIICHUIIBI IPUBOANT K TTIOBBI-
IICHHUIO KOHLIEHTPALIUK [IMHKA, JKeJie3a U JPYTHX MUHEPAJIOB
(Wang S. et al., 2011; Velu et al., 2017c; Gupta P.K. et al.,
2020; Potapova et al., 2023). YV TUIIonIHBIX BUIOB HIICHATIHI
(T monococcum, T. boeoticum) ObUI0 HASHTU(HHULIMPOBAHO JIBA
JIOKyca B XpoMocoMax 2A 11 7A, OTBEHAOIINX 32 COACPIKaHHe
JKelesa, U OfMH — B XxpoMocome 7A muist rimeka (Tiwari et al.,
2009) (cM. Tabmuity). Micrions30BaHue Pa3IHYHBIX TOMYJISIHNA
KyJIBTYpPHBIX U JAWKOPACTYIIMX TETPAIUIOWAHBIX BHIOB, pe-
KOMOMHAHTHBIX HHOPETHBIX JIMHUH, @ TAK)KE CHHTETHYECKUX
JIUHUHN, TONY4YEeHHBIX C UX ydacTueM, BbIiBIiI0 MHOro QTL,
npoucxonamux u3 A u B renomoB 7. durum, T. dicoccum,
T. dicoccoides n acconiMMpPOBAaHHBIX C COICPYKAHUEM JKeJIe3a
u uaka (Peleg et al., 2009; Crespo-Herrera et al., 2016, 2017;
Cabas-Lithmann et al., 2024). Hago ormeTnuts, 9To y psina
kaptupoBaHHbIX QTL n1st Zn, Fe, Mn u n1pyrux MuHepanaoB
OTCYTCTBYIOT HEraTHBHbIC d((EKThl 0 OTHOUICHHIO K CO-
JepxaHuio 6emnka B 3epHe, Macce 1000 3eper n ypoxaifHOCTH
B IIEJIOM, YTO TO3BOJISIET YIIydlIaTh COPTA IO HECKOJIBKUM

npusHakam onHoBpemenHo (Uauy et al., 2006; Liu J. et al.,
2021; Cabas-Lithmann et al., 2024). Takxe BO MHOTHUX HC-
CIIE/TOBAHUSX [TOKA3aH BHICOKUIT yPOBEHb HACIIEyEMOCTH U3y~
YCHHBIX HpI/l3HaKOB, CBI/I}IeTeHI)CTByIOIJlI/Iﬂ O 3HAYUTCJIBbHOM
BKJIaJIe TEHOTHUIIA, YTO MO3BOJISIET UCIONIB30BaTh 00PA3IIbI C
4y)KEPOJHBIMHU TPAHCIIOKAIMSIMHU B KAY€CTBE UCTOYHUKOB I[e-
JICBBIX TCHETUYCCKUX q)aKTOpOB B CCJICKIIMOHHBIX nporpaM—
Max (cM. TabmuIy).

ArpoHomunyecKkne meTogbl

Hamubonee nmpocTsIM 1 JOCTYIHBIM U3 BCEX METOAOB OHO(Op-
TH(MHUKALH SBISICTCS MPUMEHEHHE yIOOPEHHI, 000TaIlleHHBIX
MUKPO- U MaKpO3JIEMEHTaMU, IIpU BHECCHUU B IIOYBY WJIU B
Ka4eCcTBE BHEKOPHEBBIX MOIKOPMOK. P/ TaHHBIX CBUIETEIIb-
CTBYET, YTO NMPUMEHEHUE a30THBIX YNOOPEHUH pa3InIHBbIX
KOH].IeHTpaL[I/Iﬂ OTACJIbHO WX B COYE€TAHUN C MUHCPAJIbHBIMHA
J00aBKaMH MOYKET OKa3bIBaTh IOJIOKHUTEIBHBIN 3 (hexT Ha
coziepkanue MUKposneMeHToB B 3epHe (Shi R. et al., 2010;
Kutman et al., 2011; Niyigaba et al., 2019). ITo crenenu 3¢-
(heKTHBHOCTH pa3HBIX METO/IOB (00paboTKa CeMsTH, BHECCHHE
yAOOpPEHUIl B MOYBY, JIUCTOBOE ONPHICKUBAHKME) U UX BIIHS-
HUSI HA YPOXKaMHOCTB, COJepiKaHne Oesika U KOHLEHTPALHIO
MHUHEpaJoB Hanbomnee MEHCTBEHHBIM CIIOCOOOM CUHTAETCS
BHEKOpHEBas JucroBas odpaborka (Stepien, Wojtkowiak,
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2016; Hassan et al., 2019; Saquee et al., 2023). Ananu3 a3 dek-
TUBHOCTH JINICTOBBIX 00paOOTOK MIIEHHUIIBI PACTBOPAMHU CO-
€/IMHEHUH IIMHKA, TIPOBE/ICHHBIX Ha 23 3KCIEPHUMEHTAIBHBIX
ydacTkax B cemu ctpanax (Kurait, Munus, Kazaxcran, Mek-
cuka, [lakncran, Typrus u 3amOus), mMokas3ai MOBBIIICHHUE
KOHIEHTpaluy NuHKa B 3epHe Ha 80-90 % npu oTcyTcTBUM
CHIDKeHUsI ypoxkaitHoctu (Zou et al., 2012).

Obecreuenne 3amaca Zn B BereTaTUBHBIX TKaHAX BO Bpe-
M1 HaJIMBa 3€pHA C TIOMOIIBIO OIPHICKUBAHMS JINCTHEB pac-
TBOpaMH LIMHKA SIBIISIETCS] BAKHBIM NPUEMOM ITOBBILICHUS
koHIeHTparmu Zn B 3epHe (Cakmak et al., 2010; Velu et al.,
2014). D PeKTUBHOCTD TUCTOBBIX 00padOTOK OblIa Tposie-
MOHCTPHPOBaHa B OKCIIEPUMEHTaX 110 Onodoprudukanmy 0o-
Pas31oB TBEPIOH MIIEHUIIBI C IIETbI0 HACHIICHNUS 3epHA Celle-
HoM (De Vita et al., 2017). Konnenrpanus Se mociie nomoria,
a TakKe B MAaKapOHHBIX U3/1EIHAX MoBbIcHIach Ha 11 %, mpu
3TOM He ITPOM30IILII0 CHUKEHHS OCTAIbHbIX ITOKa3aTeNeH Ka-
4YecTBa, yPOXKaWHOCTH M OPraHOJICITHYCCKUX XapaKTePHCTHK
TOTOBOH MACTBHI.

Hano oTMeTHTh, YTO AAaHHBIC MO BIUSHHUIO PAa3THYHBIX
yaoOpeHHii Ha KOHIIEHTPAIMIO MUHEPAIEHBIX BEIIECTB B 3€p-
HE JIOCTAaTOYHO MPOTHBOPEUHBLL. HekoTopbie nccienoBarenu
OTMEUAIOT OTCYTCTBUE KOPPEISIUHA MEXIy NMPUMEHEHNEM
yAOOpEeHU M HaKOIJICHHEM MHHEpAJIOB B 3€pHE, YKa3bIBast
Ha CJIO)KHBIE B3aUMOJICHCTBUSI HECKOJIBKUX (haKTOPOB, TAKHX
KaK yCJIOBUSI CPE/Ibl, TEHOTHII, HOPMbI BHECEHUSI yI00pEHHUH,
MeXaHU3UpOBaHHas 00padoTka mouBs! u ap. (Jaskulska et al.,
2018; Caldelas et al., 2023).

K ocHOBHBIM HetocTaTKaM arpoHOMIYECKOi bnodopTrdu-
KAl MOXXHO OTHECTH ITPUMEHEHHE MUHEPaIIbHBIX 00pado-
TOK Ka)K/IbIi CE30H BereTalu 1 HEOOXOAMMOCTb YYUTHIBATh
PSII IOTIOJTHUTENBHBIX (JaKTOPOB, TAKUX KAK CTPYKTYPa IOUBBI
Y KOHIIGHTPAIXs B Hell HEOOXOIMMBIX MHHEPAJIOB, HEOCTATOK
WK U30BITOK OCA/IKOB, TEMIIEPaTypPHbIE YCIIOBHSL, CTETIEHb OHO-
JIOTUYECKOTO MONIOIEHHSI MUHEPAJIOB 13 TIOUBBI PACTEHUSMH,
a TaKxke BiMsHKe renoruna copra (Koctun u nip., 2020). Io
muenuto I. Cakmak ¢ coaBropamu (Cakmak et al., 2010), o1-
CYTCTBHE JIOCTaTOYHOH BIIaroo0ecriedeHHOCTH, BRICOKH pH
1ouBkl, Oosbiioe conepskanne CaCO; 1 Maioe KOJIMYecTBO
OPraHMYEeCKHX BEIIECTB 3HAYUTEIEHO CHIXKAIOT IOCTYITHOCTh
u nioromieHue Zn u Fe U3 mouBsl, 4TO HE O3BOJISIET JOCTHYb
ONTHUMAJIbHON KOHIICHTPAIIA MHHEPAJIOB B 3€pHE.

Eue onHuM HampapieHHueM arpoHOMHYecKol dnodopru-
(uKanuy SBIAETCS BOSMOXKHOCTH NMPUMEHEHHS TTOUBEHHBIX
MUKpoopranusmos (Bacillus, Azotobacter, Acinetobacter,
Pseudomonas, Rhizobium v ip.) [UTs COFOOMITU3AIMHA MUHE-
PaJbHBIX BEMIECTB ¥ MX MO/IBIYKHOCTH U3 ITOYBBI B ChEIOOHBIE
yact pacteHuid. [lokazaHo, 4TO pa3mMUYHBIE CIIOCOOBI HHO-
KyJISIIMM CEMEHHOTO MaTepHalia MM BHECEHHE MUKPOOp-
TaHU3MOB HETIOCPE/ICTBEHHO B TIOUBY COMPOBOXKAAIOTCSA I10-
BBIIIICHHEM KOHIIEHTPALINH TaKHUX AJIEMEHTOB, Kak Zn, Fe, Mn,
Cu u Se, B 3epHe u nmoberax mureHuip! (Rana et al., 2012;
Tomy6kuna u np., 2017; Sun Z. et al., 2021; Ali M. et al.,
2023). Mexann3Mbl MUKpOOHOH Onodoprudukannu u 3¢-
(hexTHBHOCTH MeTO/IA JUIsl ortoeHus Fe n Zn paznuyHbeiMu
CEIIbCKOXO3SIHCTBEHHBIMU PACTEHUSAMH ITOAPOOHO OTHCAHBI B
0030pe (Verma et al., 2021).

Kpome puzocdepHbIXx MUKPOOPraHU3MOB, BHUMaHHE HC-
ciemoBareeii 00paIieHo Ha HCIIOIb30BaHIE apOyCKYIIIPHBIX
MHUKOPH3HBIX TPUOOB B KaueCTBE JOMOIHUTEIHHOTO areHTa
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JJIA yTydlICHUA XO3STMCTBEHHO Ba)KHBIX XapaKTCPUCTUK CCJIIb-
CKOXO3AHCTBEHHBIX KyIbTyp. Mcronp30BaHue MTAMMOB ap-
OyCKyIIpPHOW MUKOPH3BI OT/ICJILHO WII B COYETAHHUHU C PH30-
c(hepHBIMH MHUKPOOPTaHM3MaMHU TOBBINIACT KOHIICHTPAIIUIO
MaKpodJIeMeHTOB (a30T 1 (ocop), MUKPOITEMEHTOB (IIMHK
1 5KEeJIC30) B 3€pHE MIICHUIIBI, a TAKKE MapaMeTphl MPOIYK-
tuBHOCTHU (Macca 1000 3epeH, YnCIIo 3epeH B KOJIOCE U YHCIIO
MpoayKTUBHEIX ToderoB) (Ma et al., 2019; Yadav et al., 2020).

Hecmotpst Ha 00HaAeKHUBAIONINE PE3YIBTATH 110 TPHUBIIC-
YEHUIO0 PU30CHEPHBIX MUKPOOPraHU3MOB i Ouodopru-
(uKanmy, MoKa B 3TOH 00JIaCTH JOCTUTHYTHI OTPaHUYCHHBIC
YCIIEXH U3-3a CJII0)KHOCTH MEXaHU3MOB B3aUMOJICHCTBUS MH-
KPOOPraHU3MOB C PACTCHUEM-X03IMHOM M BIIMSHUSI a0HOTH-
4ecKuX (aKTOpOB BHEIIHEH cpeabl (MUHEpaIbHBINH COCTaB
TIOYBBI, TEMIIEPATypa, BIUsHUE PUTHHOBOM KUCJIOTH! Ha OHO-
noctynHocTk Zn u Fe). DddextnBHOCTE MUKPOOHOI Onodop-
THU(UKAUK 3HAYUTEIBHO 3aBUCHT TaKKe OT TCHOTHIIA, YTO
MPe/IIToIaraeT NpOBEICHHUE JOTTOTHUTEILHBIX SKCIEPUMEHTOB
JUIsl OLICHKU OT3BIBUMBOCTH TeHOTHNA U 11oa00pa dpdexTrs-
HBIX IITAMMOB MHKpooprann3MoB (Garg et al., 2018).

BbrnodpopTudumkayna B Poccun

B Poccun paboTsI 110 M3y9YEHUIO COPTOOOPA3IIOB MIIICHUIIH C
LENTBIO CO3/IaHMSI TEHOTHIIOB C MOBBIIICHHBIM COJCPKaHUEM
MUHEPAJIBHBIX 3JIECMCHTOB NPAKTUYCCKU HE BEAYTCH. K na-
CTOSIILIEMY BPEMEHH OIyOJIMKOBAHO OTPAHIMYEHHOE YHCIIO JIaH-
HBIX 110 CKDHHUHTY COPTOB M CEJICKIIMOHHBIX JIMHUH OTede-
CTBEHHOM CEJIeKIIMHU M0 COJAECPIKAHHI0 HEKOTOPBIX MUKPO- U
MaKpOJIEMEHTOB U 10 OTPAOOTKE TEXHOJIOTUI TPUMEHEHUS
YIAOOpEHHH, PEryasTOpOB POCTa U MHUKPOOPTaHU3MOB IS
yIydleHUs MUHepaJlbHOro coctaBa 3epHa (I'omyOkuna u
Ip., 2017; Apucrapxos u ap., 2018; Yukumes u ap., 2020).
B UncruryTe 6nonornn Kapensckoro Hayanoro nientpa PAH
pa3pa6aTbIBa}0Tc;1 METO/bI MOBLIIICHUA COACPKAHNUA MEIU B
KOpHEBOH cucteme u moderax Triticum aestivum L. m Hor-
deum vulgare L. (Kaznuna u np., 2022).

B pamkax xomruiekcHoli Kazaxcrano-Cubupckoi mpo-
rpammsl (KACHB) perynspHo MpOBOTUTCS CKPUHUHT HOBBIX
COPTOB 1 CEJIEKIIMOHHBIX JINHUH Ha yPOXKaltHOCTB, TapaMeTpbI
KauecTBa 3epHa U MYKH U xJieOorekapHble KauecTsa. YTo Ka-
caeTcs CofepKaHHs MUHEPAIBHOTO COCTaBa, TO pabOTHI B 3TOM
00J1acTH TOJBKO HAYAThI M OIYOIMKOBAHBI IEPBBIC JAHHBIC 110
aHaJM3y OOJIBIINX KOJUICKIIMH COPTOOOPA3LIOB U CHHTETHYE-
CKHUX JINHUH TEKCAIUIONAHON MIIEHUIIBI Pa3JINYHOTO reorpa-
¢uuaeckoro npoucxoxaenust (lamanun u np., 2021; Mor-
gounov et al., 2022). CoriacHo pe3yjibTaraM aHajlu3a poc-
cuiickux coptos 1o nporpamme KACHUB, conep:xanne muHKa
B 3€pHE COPTOB POCCHMCKON CENICKIMH BBIIIE, YEM y COp-
TOB, CO3/IaHHBIX B pAMKaX MEXIyHapOIHOW IIPOrpaMMbl
HarvestPlus (Illamanws u ap., 2021; Shepelev et al., 2022).
Opnnako no conepxkanuto Fe, Ca, Mo, Mg poccuiicko-ka3zax-
cTaHcKue 00pasiibl yerymnaroT renotunam u3 CIIA u Snoxuw.

PaboThI 110 BEIBEICHNIO COPTOB MIIIEHHIIBI, IEPCIIEKTUBHBIX
JUIsL YHKIIMOHAJIBHOTO NMUTAHUS, BKIIOYAIOT CO3/IaHUC U
n3ydeHue GpuoseroBo3epHbIX coproB. [lokazaHo, uTo Hanu-
YHe aHTOIIMAHOB HE BIMSAET Ha TEXHOJIOTMYECKUE CBOHCTBA
xJyieda. JlobaBneHne mpu BeIeUKe xyieda oTpyoeit u3 duome-
TOBO3EPHBIX 00pa3l0B 0OOramaer MpoAyKIHIO MHIIEBEIMU
BOJIOKHaMHU 1 aHToraHamu (Ducenxo u ap., 2020). [Tomyden
(bmoseToBO3EpHBIN COPT APOBOM MSTKOH mmeHnipl Hamupa
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C NOBBIIIEHHOM aHTUOKCUJAHTHOM aKTUBHOCTBIO, YCTOMYU-
BOCTBIO K OOJIE3HSIM U BBICOKOH ypokaitHOCThIO (Bacuiiona
u np., 2021).

Havats! paOoThI 11O BBISIBICHHIO T€HETHUECKUX (PaKTOPOB
n kapruposanuio reHoB/QTL B coprax poccuiickoro mpowuc-
XOXK/ICHHS, CHHTETHYECKUX, PEKOMOMHAHTHBIX X HHTPOTPEC-
CHBHBIX JINHMsIX NineHunsl (Morgounov et al., 2022; Potapova
etal., 2023). Cuenanbl IepBbI€ LIArH 110 pa3paboTKe Mojieneit
TEHOMHOM CENIEKIINH JUTS YITyUIICHNS] MUHEPATIBHOTO COCTaBa
3epHa meHuts ([Toramosa u np., 2024).

3aknioyeHune

buodoprudukanus — oxuH U3 COBpeMEHHBIX U 3()(PEKTHBHBIX
MOZIXO/I0B, HANPABICHHBIX Ha OOOTalleHHUE MIICHUIB He-
00XOIMMBIMH BUTAMHHAMH W MHUHEPAIbHBIMH BEIIECTBAMHU.
Buooboramenne momoraer He TOIBKO MPEOAOIIETh AeHUINT
MUHEPAJIBHBIX YJIEMEHTOB B 3€PHE, HO U MOBBICUTH Kau€CTBO
3epHa, YPOXKAUHOCTh U YCTOHYHUBOCTH KO MHOTHM 3a00JicBa-
HUsM. B pa3paboranHbIx nporpammax rno onopoprudukaniu
JUISL CO3JJaHUSI HOBBIX TEHOTHUITOB MIICHUIIBI C YITyUIICHHBIMHU
CBOMCTBAaMHM MCTIOJIB3YIOTCSI PA3INYHBIE TOAXO/bI, OCHOBHBI-
MU U3 KOTOPBIX SIBIISTIOTCS METO/IBI TPAAUIIMOHHON CEICKIINT
C IIPUBJIEYEHUEM COBPEMEHHBIX TEXHOJIIOTUI T€HETUYECKOrO
KapTUPOBAHUA U ArPOHOMHUYECKUE TPHEMBI.

TexHOMOTHH TpaHCTEeHEe3a M TEHOMHOTO PEIaKTUPOBAHUS
HaXOMATCSl B CTaUM pa3pabOTKM M HE MMEIOT Ha JAaHHBIN
MOMEHT ITPAaKTHYECKOTO BbIXoaa. | eHernueckas onuodopru-
(ukanus cuuraercst 6onee SPPEKTUBHON ¢ FKOHOMUIECKOH
TOYKH 3pEHUS U UMeeT 0oJIee I TENbHBII TIepHoI IeHCTBUS
I10 CPaBHEHUIO C arpOHOMHUYECKOH. B HacTos111ee BpeMsi TOUCK
MEPCIEKTUBHBIX NCTOYHUKOB U TOHOPOB YITYUIICHUS MUHE-
paIbHOTO COCTaBa 3€pHA IMIIEHMIBI TPEITIONATaeTCsl BECTH
B HECKOJIBKMX HAIpaBICHUAX: 1) H3ydeHne BaprnadbenbHOCTH
KOHIIEHTPAIMU MUKPO- © MaKpPOAJIEMEHTOB CPE/IH CTapO/IaB-
HHX COPTOB ITILIEHUIIBI, 00J1aJAI0IINX OOJIBIIMM TeHETHYECKUM
pa3Hoo00pa3ueM IO CPaBHEHHUIO C COBPEMEHHBIMH COPTaMHU;
2) MOMCK HOBBIX T€HETHUECKHUX JIOKYCOB B T€PMOILIIa3Me CO-
ponudeil MIIeHNIIB U CO3JJaHUE C UX yJacTHEM JIOHOPOB Iie-
JIEBBIX TEHOB; 3) pa3paboTKa U ucmonb3oBanne HOBBIX JTHK-
MapKepoB, MOJTYYCHHBIX HA OCHOBE IAHHBIX CEKBEHUPOBAHHS
TEHOMOB 3J1aKOB; 4) yCOBEpIICHCTBOBAaHWE METOJIOB KapTH-
poBanus renoB/QTL ¢ npuBneueHne OnonHpoOpMaTHIECKUX
MOJXO/IOB /IS BBISIBJICHUS KJTIOUYEBBIX T'€HOB-KaHAHWIATOB,
CBSI3aHHBIX C HAKOTIJICHHEM MHHEPAJIOB; 5) pa3paboTka mpo-
rpaMM T€HOMHOM CEJIEKIIUH IS [IeJICHAPaBICHHOTO CO3/a-
HHSI TCHOTHIIOB ¢ OM0000TaIleHHBIM MUHEPAJIBHBIM COCTaBOM.
Hcnonp3oBaHne KOMITJIEKCAa METOZOB T€HETHUECKOH PopTH-
(uKanMu B COYETAaHUM C ONTUMAIBHBIMHU arpOTEXHOJIOTH-
YECKMMH IIPUEMaMH MTO3BOJIUT PELIUTh MpodiieMy jedunnra
MHUHEPAIbHBIX HYTPUEHTOB B MMPOyKTaX MUTaHMUS.
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Vcrionb30BaHVe reHeTUYeCKOro rnoTeHIana
poaoB Thinopyrum u Agropyron [Jjis 3alThI IIIII€HULIbI
oT 60Jie3Hel 1 abMOTNUYECKIX CTPEeCCOB

A 5. TIaoTHUKOBaA @, B.B. Knay6

OMCKUIA rocyfapCTBEHHbIN arpapHbiii yHusepcutet um. MN.A. CtonbinuHa, Omck, Poccua
@ lya.plotnikova@omgau.org

AHHOTauuA. MArkas nweHnua — ogHa 13 BaXKHENLWMX NPOLOBOSIbCTBEHHbIX KybTyp B Mupe. COopbl ee 3epHa MOX-
HO YBENNUNUTb, COKPATUB MOTEPU OT GOME3HEN 1 CTPECCOB OKpYyKaloLlel cpefbl. TPeTUUHbIN reHOPOoHS, BKoyas
BUAbI poaa Thinopyrum, ABNAETCA LIeHHbIM PeCypCoM AJIA yBeIMYEHUA reHeTMYeCckoro pasHoobpasna 1 NoBbilLeHNA
YCTOMNUYMBOCTM MLLEHNLbI K TPUOGHBIM 3a60n1eBaHNAM U abroTuyeckum ctpeccam. OTganeHHas rmbpuamnsanna Mexay
nweHuuen n Thinopyrum spp. 6bina Hauata B 1920-x IT. B Poccrin 1 no3aHee NpofosikeHa B pasHbix cTpaHax. OcHoB-
Hble pe3ynbTaTbl NONyYeHbl C UCMNONb30BaHNeM BULOB Th. ponticum w Th. intermedium. [lononHWTeNbHO Gbl cO3AaH
MNHTPOrpeCcCcHBHbIN MaTepuran Ha ocHoBe BUAoB Th. elongatum, Th. bessarabicum, Th. junceiforme, Agropyron cristatum.
B cTaTbe npuBefeH 0630p pe3ynbTaToB NMPUMEHEHVA FEHETUYECKOro MaTepurana BuoB poaa Thinopyrum nna nosbl-
LIeHNA YCTOMYMBOCTM MLLEHNLbl K 6one3HAM (Bypoit, cTe6neBON 1 XenTol pXKaBuMHe, MyYHUCTON poce, ¢py3apmnosy
Komoca 1 CenTopuo3HbIM NATHUCTOCTAM) U aBMOTUYECKMM CTPeccaM (3acyxe, SKCTpeManbHbIM TeMnepaTypam 1 3aco-
neHuto). OnmcaHbl NOAXOAbI K YYULIEHNIO arPOHOMUYECKMX CBOMCTB MHTPOrPECCUBHONO CeNeKLMOHHOro MaTepuana
(NprMeHeHVe pagnaummn, ph-MyTaHTOB 1 KOMMEHCUPYIOLWMX POOEPTCOHOBCKMX TpaHcnoKaumi). NpoaHanmsnposaH
OMbIT ANINTENBHON 3alWWThI MWEHULbI OT INCTOBOW 1 CTEGNEBOI PXKaBUMHBI B MUPE C MOMOLLbIO PAAa reHOB TPeTnY-
Horo reHodoHaa. Bug Th. ponticum sBnaetca Hexo3anHoM ans Puccinia triticina (Ptr) v P. graminis f. sp. tritici (Pgt) n
noAaBnAeT pasBuUTHE PXKaBUMHHbBIX TPUOOB Ha NMOBEPXHOCTY pacTeHnin. O6pasubl NWeHNLbl C NbIPENHbIMU FreHaMu
Lr19, Lr38, Sr24, Sr25 vn Sr26 npoABRAIOT 3alUUTHblIE MeXaHM3Mbl, CXO[HbIE C MEXaHU3MaM/ HEXO3AEB, YTO NPUBOAUT
K HapyLeHNo Pa3BUTKA MOBEPXHOCTHbIX MHOEKLIMOHHBIX CTPYKTYp ¥ rnbeny rpuboB npu NonbiTKe BHEAPEHUA
B yCTbuLUa (nperaycTopmanbHasa yCTOMYMBOCTb WM YCTbUYHBIN UMMYHUTET). OUEBUAHO, N3MEHEHNE XUMUYECKNX
CBOWICTB MOBEPXHOCTHbIX CTPYKTYP Pac, BUPYNEHTHbIX K Lr19, Lr24, Sr24, Sr25 v Sr26, npuBOANT K CHUMXEHWNIO NX NpU-
CNOCOBNEHHOCTU K Cpefie, UTo BAVAET Ha ANUTENbHOCTb YCTOMUYMBOCTM COPTOB K PXKaBUMHHBIM 6onesHaM. Yyxepoa-
Hble reHbl C aHanornyHbiM 3pdeKTom NPeCTaBNAT NHTEPEC ANA CeneKuMm COPTOB C ASINTENIbHON YCTOMYMBOCTBIO K
pP>KaBUMHHBIM 3260N1E€BAHUAM, @ TAKXKE KOHCTPYMPOBaAHNA KyNbTYpPbl C MOMOLLbIO MOSIEKYAAPHBIX TEXHOMNOT WA,
KnioueBble cnioBa: cenekuyma nweHnLbl; TPeTUYHbIN reHodoHA; Thinopyrum; Agropyron; UHTPOrpeccus; yCTOMYNBOCTb
K 6011€3HAM 1 abMOTUYECKMM CTPeccam; yCTOMUYMBOCTb HEXO3AEB; ANNTENIbHAA YCTOMUYNBOCTb.

[na yntnposanusa: MNnotHmkosa J1.A., KHay6 B.B. Micnonb3oBaHune reHeTuyeckoro noteHumana pogos Thinopyrum v
Agropyron onsa 3aluTbl MLUEeHKLbl OT 6one3Hel N abUOTNYECKMX CTPECCOB. Basunosckull XypHan e2eHemukKu U cesek-
yuu. 2024;28(5):536-553. DOI 10.18699/vjgb-24-60

®uHaHcpoBaHue. PaboTa BbinosiHeHa Npy $prHaHCOBOM nofaepke Poccniickoro HayyHoro ¢poHpaa
(npoekT 22-24-20067), https://rscf.ru/project/22-24-20067.

I'Ipospatmocn: ¢I/IHaHCOBOI7I AeATeNIbHOCTU. ABTOpr He nmeroT d)I/IHaHCOBOIZ 3aHTEpPeCoBaHHOCTN B NpeacTaBieH-
HbIX MaTepuanax nin metogax.

Exploitation of the genetic potential
of Thinopyrum and Agropyron genera to protect wheat
from diseases and environmental stresses

L.Ya. Plotnikova (5@, V.V. Knaub

Omsk State Agrarian University named after P.A. Stolypin, Omsk, Russia
@ lya.plotnikova@omgau.org

Abstract. Common wheat is one of the most important food crops in the world. Grain harvests can be increased by
reducing losses from diseases and environmental stresses. The tertiary gene pool, including Thinopyrum spp., is a
valuable resource for increasing genetic diversity and wheat resistance to fungal diseases and abiotic stresses. Distant
hybridization between wheat and Thinopyrum spp. began in the 1920s in Russia, and later continued in different coun-
tries. The main results were obtained using the species Th. ponticum and Th. intermedium. Additionally, introgression
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Mcnonb3oBaHne reHeTUYeckoro noTeHynana
popos Thinopyrum v Agropyron ons 3aluTbl MLUEHNLbI

material was created based on Th. elongatum, Th. bessarabicum, Th. junceiforme, Agropyron cristatum. The results of in-
trogression for resistance to diseases (leaf, stem, and stripe rusts; powdery mildew; Fusarium head blight; and Septoria
blotch) and abiotic stresses (drought, extreme temperatures, and salinity) to wheat was reviewed. Approaches to
improving the agronomic properties of introgression breeding material (the use of irradiation, ph-mutants and com-
pensating Robertsonian translocations) were described. The experience of long-term use in the world of a number of
genes from the tertiary gene pool in protecting wheat from leaf and stem rust was observed. Th. ponticum is a nonhost
for Puccinia triticina (Ptr) and P. graminis f. sp. tritici (Pgt) and suppresses the development of rust fungi on the plant
surface. Wheat samples with the tall wheatgrass genes Lr19, Lr38, Sr24, Sr25 and Sr26 showed defence mechanisms
similar to nonhosts resistance. Their influence led to disruption of the development of surface infection structures
and fungal death when trying to penetrate the stomata (prehaustorial resistance or stomatal immunity). Obviously, a
change in the chemical properties of fungal surface structures of races virulent to Lr19, Lr24, Sr24, Sr25, and 5r26 leads
to a decrease in their adaptability to the environment. This possibly determined the durable resistance of cultivars
to leaf and stem rusts in different regions. Alien genes with a similar effect are of interest for breeding cultivars with
durable resistance to rust diseases and engineering crops with the help of molecular technologies.

Key words: wheat breeding; tertiary gene pool; Thinopyrum; Agropyron; introgression; resistance for disease and
abiotic stresses; nonhost resistance; durable resistance.

For citation: Plotnikova L.Ya., Knaub V.V. Exploitation of the genetic potential of Thinopyrum and Agropyron genera
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BeepeHmne

Bunpt menuust Triticum aestivum L. w T durum Desf. or-
HOCATCSI K HanOoJee BaKHBIM KYJIBTypaM Ul TIMTaHUS Ha-
cenenust mupa. [Ipeanonaraercs, uro k 2050 r. HaceneHue
3emun peBBICUT 9.7 MuIHapaa uenoBek. J{iist obecrieueHust
MTUTAHUEM TAKOTO HACEIICHNSI HEOOXOANMO YBEJIMUUTH IIPOU3-
BOZICTBO 3epHa 10 900 mumonos Tonu (Baker et al., 2020;
Kumar et al., 2022). Msrkasi niieH1Ia OTINYaeTCsl BBICOKOU
IUIACTUYHOCTBHIO, YTO MO3BOJISIET BHIPAIIMBATH €€ B OOJIBIIINH-
CTBE CEJIbCKOXO3SHICTBEHHBIX 30H MHpa. B ¢Bsi3u ¢ 3TUM 11po-
M3BOJICTBO 3€pHA IIICHUIIbI OKa3bIBACT HANOOJIEe 3HAUMMOE
BIIMSIHUE Ha TTI00AJIBHYO TPOIOBOIECTBEHHYIO O€3011aCHOCTD
TI0 CPaBHEHUIO C APYTUMH 36pHOBBIMHE KybTypamu (Kuzma-
novi¢ et al., 2020; Kumar et al., 2022).

B x011e MHOTOBEKOBOH CEIEKIINH MIICHUIIEI OCHOBHOE BHH-
MaHHe Y/IeISII0Ch MOBBIICHUIO YPO)KaHHOCTH M Ka4eCTBa 3ep-
Ha. B pesysbrare Obuia yrpaueHa 3Ha4UTeNbHAs J10J1s1 TEHOB,
OIIPEAEIAIONINX ATANTHBHBIE CIIOCOOHOCTH K A0MOTHYECKUM
n 6nornueckuM Qakropam. CTpeccoBbIe YCIOBHUS OKpPYKalo-
el cpelbl U O0JIe3HH MPUBOIST K PETYISPHBIM U 3HAYH-
TEJILHBIM TTOTEPSIM YpOrKast 3epHa, KOTOPBIE MOTYT JOCTHTaTh
20-40 % (Curtis, Halford, 2014). YBenuuenne ypoxkaiiHOCTH
TILIEHUIBI MOXKET OBITh IOCTUTHYTO 32 CYET PACILIUPEHHUS 11O~
CEBHBIX IUIOMIAICH, MOBBIICHNS IIOTCHIINATBHOM TPOYKTHB-
HOCTH TIPH aKTUBH3aLUK ()OTOCHHTE3a M CHIDKCHHUS OTEPh
0T a0MOTHYECKUX U OMoTHYecKux (akTopoB (Savari et al.,
2019; FAO Report, 2021). Pacummpenre TeHETHIECKOTO pas3-
HOOOpa3usl MIICHHUIIBI aKTyaJIbHO JUIsSl CTA0MIBHOW 3aIUThI
ot OoJie3Heil u cTpeccoBbIX (HaKTOpOB cpefbl. Thinopyrum u
POZICTBEHHBIE €My POABI SIBIISIOTCS IEPCTIEKTHBHBIMHU UCTOY-
HHUKaMH JJ1sl 000TaleH st TeHO(OH/ 1A ITIICHUIIBI ¥ BBIBEJICHUS
COPTOB C YJIyUIICHHBIMU CBOWCTBAMH.

BnnaHme ocHOBHbIX 60one3Heln

1 abmoTnuyecknx CTpeccoB Ha noceBbl NWweHnUbl

B XX B. Ha pa3nUYHBIX KOHTHHEHTAX OBLIN CO3IAHBI KPYTI-
HOMacmTaOHbIe MOHOKYJIBTYPHBIC TTOCEBHI MIICHUIII, He-
PEIIKO OJHOPOIHBIC 10 TCHAM YCTOWYMBOCTH K O0Je3HsM. Ta-
Kasi CUTYaIHs CIOCOOCTBOBAJIA YCKOPEHNIO KOIBOJIIOIMH T1a-
TOTEHOB C PaCTCHUSIMU B arpoleHo3ax B rnocienaue 70 et
(Zhan J., McDonald, 2013). B pe3ynbrare oTME4€HO IosiBIIe-

YCTONYNBOCTb PACTEHUI K CTPECCOBbIM ®AKTOPAM / RESISTANCE OF PLANTS TO STRESS FACTORS

CokpallueHunsa

AOK - akTUBHblE GOpPMbI KNCIOPOAa

APR (adult plant resistance) — Bo3pacTHas ycTonum-
BOCTb pacTeHUN

ASR (all stage resistance) — ycTONUMBOCTb Ha BCeX
CTaanAxX pasBUTUA pacTeHNi

0O603HayeHusi FeHOB YCTONYMBOCTM K 6ONe3HAM

Bdv — BUpYyCY enToi KapIMKOBOCTW AUMEHS

Fhb — ¢py3apuro3sy konoca

Lr - 6ypoli pxaBuviHe

Pm — myuHucTon poce

Sr - cTebneBow pXkaBuUnHe

Snb - cenTopuro3sy, Bbi3biBaemomy P. nodorum (= Sep-
toria nodorum)

Stb - cenTopuno3y, Bbi3biBaeMoMmy Z. tritici (= Septoria
tritici)

Wsm — Bupycy nonocator Mo3aunkn (CTpumka)

Yr — »enTon p>kaBunHe

HHE HOBBIX Oone3Hel, 6oee yacToe BO3SHUKHOBEHHE BUPY-
JICHTHBIX pac B HOMYJISIIMSAX MAaTOT€HOB, a TaKKe Oosee yac-
Thie Benbiiiku 3aboseanuit (Chen X., 2005; Singh R.P. et
al., 2016). B mupoBom macmrade B 2010-2014 rr. ymuep©6 ot
Oone3Hel W BpemuTeNei MImeHuIbl oneHuBancst B 21.5 %,
u3 Hux 18 % omnpenensu rpubHbIe 3aboaeBanus (Savari
et al., 2019). OcuoBubie moTepu (15.1 %) ObLTH BBI3BaHBI
pacnpoCTpaHeHHBIMH 110 BCEMY MHpPY OOJE3HAMH: BHIaMHU
Pp’KaB4YUHBI, CETITOPUO3HBIMU TIATHHUCTOCTAMMU, My'-IHPICTOﬁ
pocoii, Gpy3apro30M KOJI0ca H KEIATON ISITHIUCTOCTRIO. [loTepn
3epHa 3HAYMTEIIFHO KOJIEOIIOTCS B Pa3HBIX PErMOHAX MUPA B
3aBHCUMOCTHU OT KJIMMAaTHYCCKUX YCJIOBHUi, Habopa marore-
HOB, Pa3HOOOPa3Msi COPTOB U TEXHOJOTHUI PAaCTEHHEBOACTBA
(McDonald, Stukenbrock, 2016; Singh R.P. et al., 2016).
[Mmenuiyy nmopaxaror Oypast (JiucToBas), credsienas (dep-
Hasl) 1 )KeJITas PAKaBINHA, BO3OYAUTEISIMH KOTOPBIX SIBIISTFOTCSI
pkaBUMHHBIE TpUOKI Puccinia triticina Eriks., P. graminis
Pers. f. sp. tritici Eriks. et Henn u P. striiformis Westend.
f. sp. tritici Eriks. cooTBeTCTBEHHO. XapaKTepHbIE 0COOCHHO-
CTH PKaBUMHHBIX TPHOOB — CIIOCOOHOCTh K MHTCHCUBHOMY
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Pa3MHOKEHHIO, BBICOKasi N3MEHYHBOCTh M BO3YIIHOE pac-
MPOCTpaHEHNE YPEINHUOCIIOP Ha OONBIINE PACCTOSHHUS,
4acTo B HOBBIC PETHOHBI M Jake KOHTHHEHTHI (McDonald,
Stukenbrock, 2016; Savari et al., 2019). Puccinia triticina —
HanOoJee MIACTHYHBINA CPeAr ITHX BUAOB, OH PETYISPHO
Mopa’kaeT IMIICHUIy BO MHOTHX pernoHax mupa (Kolmer,
2013). B nocnennee necsatuieTue NopaxxeHue noceBoB Oypoi
PKaBIMHON YCHIIMIIOCH B OCHOBHBIX PETHOHAX BBIPAIIMBAHUS
mennnbl B Kurae u Unanu (Gao et al., 2019; Aravindh et
al., 2020). Pa3Butue cTebneBoil p)kaBUMHBI MIIEHHUIIBI ObLIO
3HAYUTENIEHO TTOAABICHO BO BTOPOH MmojoBrHHE XX B. Oraro-
Jlapsi IUPOKOMY HCIIONIb30BAHUIO COPTOB, HECYIIHNX TeH Sr3/
oT pxu noceBHoM Secale cereale L. (Singh R.P. et al., 2015).
Opnako B 1998 1. B Yranze Bo3nmkia paca Ug99 (TTKSK),
npeozonesmas red Sr3 1, a Mo3xe MOSIBUINCH JOTOITHUTEIb-
HBIE pachkl, He cBsizanHble ¢ Ug99 (Jlurany u cunmmnuiickas). 3a
JIBa IECATHIIETHUS] yCUIIMIIOCH TOPAKEHHE TOCEBOB CTEOIEBOI
prkaBurHON B Adpuke, Ha bimxnem Bocroke u B 3anaHoit
Espore (Singh R.P. et al., 2015; Patpour et al., 2022).

XKenras pkaBuMHa paHee MPEUMYIIECTBEHHO IMOpakaa
MIOCEBBI MIICHUIIBI B 30HAX C MPOXJIAAHBIM M BIaXKHBIM KIIH-
marom. Ho niociie nosiBiienust kioHoB P. striiformis f. sp. tri-
tici, afaTUPOBAHHBIX K BBICOKMM TEMIIEPATYypaM, IIPOU30-
11770 OBICTPOE PACTIPOCTPAHEHHUE NTATOT€HA B HOBBIC PETHOHEI.
C 2000-x rr. )xenTas pKaBUMHA CTajla CEPbEe3HOH yrpo3oi
JUIsl IPOU3BOZICTBA 3€pPHA BO MHOTHX CTpaHax. B HacTosimee
BpEMSI PEryJsIpHbIE BCIIBIIIKHA OTMedeHbl B CeBepHOit 1 FOx-
Holt Amepuke, Adpuke, CeBepo-3anannoi EBpone, Mnaun,
Kurae u Poccuu (Ali S. et al., 2017; Gultyaeva et al., 2022).
I[To nanubiM FAO, p>kaBYMHBI SIBIISIOTCS] HAMOOJIEE pa3pyIin-
TEJIbHBIMH TPAaHCI'PaHUYHBIMHU Oosie3HsiMu mueHuisl (FAO
Report, 2021), gyTo nemaeT X cepbe3HON yrpo30il MposIo-
BOJILCTBEHHOH Oe3omacHocTH Bo BceM mupe (Singh R.P. et
al., 2016).

Jpyroe cepbe3HOe 3a00€BaHUE TIIEHUIIBI — MYYHUCTAs
poca, BbI3bIBaeMast Blumeria graminis f. sp. tritici (DC.) Speer.
Panee myuHucTast poca npeodiiaaina B peruoHax ¢ BIaKHBIM
U TPOXJIaJHBIM KiauMaTtoM. Ho B mocnenHue AecsTUiIeTus
WHTCHCUBHOCTH OOJIC3HH BBIPOCIIA B O0JIee TEIUIBIX PErHOHaXx,
0COOEHHO NPH UCIIOJIb30BAaHUN HHTEHCHUBHBIX TEXHOJIOTHH C
BBICOKMMHU J03aMH a30THBIX ynoopennit (Zhang R.Q. et al.,
2020; Yang G. et al., 2023). Haubonpmmue norepu ypoxas
ormeueHsl B Kurae, CeBepo-3anannoii Espone u Munun
(Savari et al., 2019).

Cenropro3Hble 00JIE3HH BBI3BIBAET KOMILIEKC I'PHOOB, U3
HUX HauOoJsiee pacpoCTPAHEHHBIMU SIBISIIOTCS Zymosepto-
ria tritici (Roberge ex Desm.) Quaedvl. & Crous. (= Sepforia
tritici Desm.) u Parastagonospora nodorum (Berk.) Quaedvl.
(= Septoria nodorum (Berk.)). 3nauntesabHOE yCUIICHUE BPE-
JIOHOCHOCTH KOMIUIEKCA CENTOPHO3HBIX OOIE3HEH B TOCEBAX
nueHuibl otMedeHo ¢ 1980-x rr. CHauana pa3Butue Z. tritici
MIPUBOJIMIIO K MOPAYKSHHUIO JINCTOBOTO allapara U BHICOKUM
MOTEPSIM 3€PHA BO BIAYKHBIX IPUOPEKHBIX pernoHax EBpors
u Cesepnoit Amepuku (O’Driscoll et al., 2014; Fones, Gurr,
2015). B mocnennue rosl OTMEUEHO YCHIICHHE TIOPAKEHUS
MIICHUIB! Z. tritici B 3aCyIUTUBBIX pernoHax Adpuku, Ce-
BepHoro Kasaxcrana u 3amagnoit Cubupn (Babkenova et
al., 2020; Tadesse et al., 2020; Plotnikova et al., 2023b). Ha
Tepputopun Poccun cenToprozHbie 00I€3HU JIMCTA U KOJI0Ca
TIICHUIBI IPEUMYIIECTBEHHO BBI3BIBAIOT 1BA BUJIA — Z. I7itici
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u P. nodorum, mpu4em COOTHOLIEHHE ATOT€HOB CYILIECTBEHHO
MEHSIETCS B 3aBHCUMOCTH 0T perroHa (Topomosa u ap., 2020).

®y3apno3 Kojoca, BEI3BIBACMBIN Fusarium graminearum
Schwabe [Teneomopda Gibberella zeae (Schwein.)]. [Tpu mo-
paKeHUH KOJIOCHEB (hy3apH030M IIPOUCXOANUT CHIKEHUE YPO-
JKasl TIIEHHIIBI, yXy/AIICHAE Ka4eCcTBa 3epHa 1 3aTrpsi3HEHHE eTo
MUKOTOKCHUHaMH, YTO BPEAUT 3JOPOBLIO HIOILeﬁ U XKUBOTHBIX
(Alisaac, Mahlein, 2023). C 1990-x rT. 9acTbIe SITHPUTOTUN
(hy3apmuosa xonoca ormedeHsl B CeBepHoit u FOxkHOM Ame-
puke, a Takke B Kurae (Zhu et al., 2019; Alisaac, Mahlein,
2023). YKenTyio MATHUCTOCTH MIICHUIIBI (TUPEHO(POPO3) BBI-
3bIBa€T HEKPOTPOQHBIH rpud Pyrenophora tritici-repentis
(Died.) Dreches [anamopda Drechslera tritici-repentis (Died.)
Shoemaker]. [TepBbie snrduToTHI OBLTH 3aPETUCTPUPOBAHBI
B 1970-x . B CeBepHoil Amepuke, Actpanun U HOxHoMI
Adpuxke. [Tozxe 0051€3Hb pACIPOCTPAHUIACH [10 BCEMY MHPY
(Carmona et al., 2006; Phuke et al., 2020).

V3meHeHus KIMMara npeJicTaBIsIoT yIpo3y yCTOHYNBOMY
pasButHio pacteHueBojcTBa. CornacHo otuety FAO, uncio
CTUXMIHBIX OEACTBUH B rojl (KIMMATOJIIOTHYECKHX, THIPOIIO-
THYECKHX, OMOJIOTHUECKHUX U Te0(hU3NUECKIX) BBIPOCIIO ¢ 90
B 1970-x rr. 10 360 B 2010-x rT. (FAO Report, 2021). Cambrit
6O0JIBIIION TPUPOCT OTMEUEH AJISI COOBITHH, BHI3BIBAHHBIX IO~
TOIHBIMH YCIIOBUSIMH, BKJIIOUAsl 3aCYXH, IITOPMBI U DKCTpE-
MaJibHBIE TeMneparypbl. Celbckoe X035 CTBO, IO CPAaBHEHUIO
C APYTUMH OTPACIAMU SKOHOMHKH, OCOOEHHO YSI3BUMO K
JICHCTBUIO SKCTPEMAaIbHBIX MOTOJHBIX YCIOBUI M M3MEHe-
HUIO KJMMara. Yiepd MpOoAyKIMU CEINbCKOTro XO3SHCTBA 3a
2008-2018 rr. onennBacs B 63 % (FAO Report, 2021). Cpenun
aOMOTHUYECKHX CTPECCOB HaHOOJIbIIIEe HETaTHBHOE BITHSIHUE
Ha TPOM3BOJICTBO 3€pHA IIICHHIbI OKa3bIBAIOT 3aCyXa, JKC-
TpeMaIbHBIE TEMITepaTyphl U 3acoiieHne mo4Bsl (Kosova etal.,
2014; Ali N., Mujeeb-Kazi, 2021). OKos0 TpeTH NPUTOAHBIX
JUISL CEJICKOTO XO3SIMCTBA TEPPUTOPUI, PACIIOIOKEHHBIX B
TEIUIBIX PErnoHaxX, CTAHOBATCS 3acylnumnBeMU (I'OH9apoB,
2021). Ilotepu cO0poB 3epHa B MHpE, CBSI3aHHBIE C HEIO-
CTaTKOM OCaJKOB 1 OKCTPEMAJIbHBIMU TEMIIEPATYPAMU, MOTYT
mocturath 28 % (Kumar et al., 2022). O3umble copta JaroT
BBICOKHE ypOXKaH 110 CPAaBHEHHIO C SIPOBBIMH, HO JUIS HX TTPO-
JIBIDKCHUSI B 30HBI PUCKOBAHHOTO 3eMJIE/IEITHsI HEOOX0IUMO
MTOBBICHTH 3UMOCTONKOCTE pacTteHuil (Pucenko, Kyzpmuna,
2020). [Inomanp BeIpAIIMBaHUS MIICHUIBI MOXKHO TaKKe
YBEJIMYHUTH 33 CUET 3aCOJICHHBIX 3eMelb. OHAKO ISl ATOTO
TpeOyeTcsl BBIBEIEHHE COPTOB IIIMIEHHIBI C BBICOKOW COJe-
ycrortunBocThio (Yang Z. et al., 2022). Mcnons3oBaHue mupo-
KOI'O CTICKTpa HOBLIX I'CHOB B CCJICKIINU ABJIACTCA OCHOBOH JIIA
HaJIe’KHOM 3alLUThl MATKOM U TBEPJOM MIIEHULIBI OT CTPECCOB
(Ceoloni et al., 2014).

PaCI.I.II/IPEHI/Ie reHeTn4yeckoro pa3H006pa3|/|$|
nieHuLbl 3a CYET YyKepoaHbIX reHopOoHA0B
['eHeTHuecKast 3alKTa COPTOB CUUTACTCSl HAMOO0JIee SIKOHOMH-
gecKH dP(PEKTHBHBIM H SKOJIOTHIECKH O€30MTaCHBIM CTIOCOO0M
60pr0BI ¢ Ooeznsivu (Singh R.P. etal., 2016; Gultyaeva et al.,
2022). lukue u KyabTypHbIE BUIBI 3JIaKOB SBIISIOTCS OCHOB-
HBIMH PE3€pByapaMHt [EHHBIX T€HOB JJIsI CEJICKIUH IICHHUIIBI
(Ceoloni et al., 2014; Kumar et al., 2022). B. Friebe mpemo-
JKHJT pa3/iesIUTh BUBI 3J1aKOB MO JOCTYITHOCTH JUISl CEJICKIIUH
Ha TIepBUYHBINA, BTOPUYHBIH U TpeTHIHBII reHooH s (Friebe
et al., 1996). Bunsl nepBu4HOrO TeHO(OHAa UMEIOT TE€HO-
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MBI, TOMOJIOTHYHBIe cyOreHomam 7. aestivum (AABBDD),
a BUJII BTOPUYHOTO TeHo(OH/1a HeCyT MO KpaifHeH Mepe OIiH
CyOreHOM, TOMOJIOTHYHBIH MIIIeHNYHOMY. [ eHeTHuecKuii Ma-
Tepuas HIEPBUYHOTO U BTOPUYHOTO reHO(OH/I0B MOXKET OBbITh
OTHOCHTEIBHO JIETKO TIEPEHECEH B TCHOM MIIEHHIIBI B JopMme
HeOOoMbIIMX (PParMEeHTOB 32 CUeT PeKOMOMHAIMY TOMOJIOT Y-
HBIX XPOMOCOM.

Buapl TpeTHuHOTO TeHO(OHIa UMEIOT TeHOMBI, KOTOpbIE
OTIINYAIOTCSI OT CYyOr€HOMOB MSTKOH MIIEHMIB! (TOMEOIIo-
ruyHbie). IHTporpeccus reHeTH4ecKoro Marepralia OT BU/I0B
TPETHYHOTO reHO(OH/IA B TILICHUITY 3aTpyAHEHA U3-3a PA3IIH-
YU B CTPYKTYpE TOMEOJIOTHYHBIX XPOMOCOM 1 TpeOyeT cIie-
uansHbIX mpuemMoB padotsr (Friebe et al., 1996; Li H., Wang,
2009). Tpetnunslii reHOGOH BKII0OYaeT poasl Aegilops L.
(Bunst ¢ renomamu U, C, M, T, X), Secale L., Hordeum L.,
Thinopyrum A. Love, Agropyron Gaertn., Leymus Hochst.,
Haynaldia L. (= Dasypyrum) n Pseudoroegneria (Nevski)
A. Léve (Friebe et al., 1996; Kroupin et al., 2019; Kumar et
al.,2022). B XX B. HanOoJIbIlIce BHUMAHUC YUCHBIC YICIISIIN
MCCIICIOBAHUAM BUAOB poza Thinopyrum. MHOTONETHHE BUIbI
Thinopyrum SBISIOTCS KOMIIOHEHTaMH MPUPOJHBIX AKOCH-
CTeM M nmactOuI B pa3nuuHbIX pernonax Espaszun (Tsvelev,
1984; Li H., Wang, 2009). B cBsi3u ¢ 3THM OHH XOpPOIIO
a/IalITUPOBAHBl K KOHTPACTHBIM KIIMMAaTHYECKUM YCIIOBUSIM
u 00JaJlatoT MUPOKUM CIIEKTPOM I'€HOB YCTOHYMBOCTU K
abmoTmueckuM u OmotmueckuMm crpeccam (Lammer et al.,
2005; Li X. et al., 2017).

Hayunble vccieoBanys TeHeTHUECKOro noteHuuana 7hi-
noOpyrum 1 POACTBEHHBIX POIOB M BHEAPEHNE MOITYyUCHHBIX
PE3yIIBTaTOB B TPAKTHKY MTPOIOIDKAIOTCS YoKe Ooee CToNeTnst
(tabm. 1). IlepBas ycrnemiHas padoTa 1Mo OTAaJICHHON THOPH-
JM3aluy MEXTy MIIeHULEeH 1 BugaMu poaa Thinopyrum (pa-
Hee Agropyron) Obiia ipoBeieHa akagemukoMm H.B. ummuabev
B Poccum B 1920-1930 rr. (uuun, 1979). Ilpu sToM OB
MIPOTECTUPOBAH HAOOP BHJOB, W3 KOTOPHIX J[BA OKAa3aJIUCh
HanboJiee MepCNeKTUBHBIMU ISl JanbHeHIel paboTel, a
MMEHHO TbIpel POMexyTouHblit Thinopyrum intermedium
Barkworth & D.R. Dewey u misipeii yanmuHeHHbIN Th. ponti-
cum (Podp.) Z.-W. Liu & R.-C. Wang. Cieayer OTMETHTb,
4TO KJacCcH(UKALUsI TAaHHBIX BU/IOB HEOJTHOKPATHO MEHSIIACh
U IO CHX TTOp HAXOOHUTCS B cTafguu (hopMupoBaHus. B cs3m ¢
9THM B ITyOJIMKAIUSIX Pa3HBIX JIET BCTPEUAIOTCS pa3HbIC HAa3Ba-
HUS 3TUX BUIOB: Th. intermedium (= Agropyron intermedium
(Host) Beauv., Ag. glaucum) u Th. ponticum (= Th. ponticum
(Podp.) Barkworth et D.R. Dewey, Ag. elongatum (Host)
Beauv., Lophopyrum ponticum (Popd.) A. Love, Elytrigia pon-
tica (Popd.) Holub.). Bragane o6a Buma 66Ut OTOOpaHBI TIO
MpU3HaKaM MHOTOJIETHETO 00pa3a »KU3HU U YCTOWYMBOCTH K
a0MOTUYECKUM cTpeccaM (MOPO30CTOMKOCTH, 3MMOCTORKOCTH
u 3acyxoycroituuBocTh). [To3xe Bumst pona 7Thinopyrum Opumm
MPU3HAHBI IEHHBIMU MCTOYHHKAMH I'€HOB YCTOWYMBOCTH K
00JI€3HIM, ¥ OOIBITHHCTBO UCCIEAOBAHMI OBIIO MTOCBSILEHO
atoit mpobiieme (Friebe et al., 1996; Li H., Wang, 2009). Ha
MIepBOM 3Tare ObUIN CO3aHBI MEKPOJOBBIE aM(UILIOHIH,
KOTOpBIE 3aTeM OBUTH CKpEUIeHbI ¢ 7. aestivum. 3aTeM Moiy-
YEHBI YaCTHYHBIE aM(HUIUION/IBI C PA3TMIHBIMHA HAOOpaMH TTbI-
PEHHBIX XPOMOCOM — MIIIEeHNYHO-NbIperible rHopu s (TTI1T).
Cpenu HUX ObUTH OTOOpaHbI CTaOMIbHBIE (POPMBI, KOTOPbIE
MOCITYKHJIM OCHOBOH ISl CO3/IaHMsI KOMMEPUECKHX COPTOB
orpactaromx 1 MHoronetHux [T (Lunwnn, 1979).
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Mcnonb3oBaHne reHeTUYeckoro noTeHynana
popos Thinopyrum v Agropyron ons 3aluTbl MLUEHNLbI

[Mo3xe ¢ ucnonb3oBanuem [1I1I" ObuIM BBIBENEHBI 3UMO-
CTOWKHME COpTa MIUEHUILB! Ul eBponeiickol yactu Poccun
(Ynemauex u ap., 2012). B HacTosmee BpeMs Haciemue
H.B. Ilununa noanep>kuBaeTcs B BUJIE KOJUIEKLIMHA YaCTUUHBIX
OKTOTUTOMIHBIX aMuIutonoB (2n = 56, BKIodas 42 xpo-
MocoMBI 1! aestivum u 14 XpoMOCOM 13 pa3HBIX CyOreHOMOB
BuioB Thinopyrum) (I'maBHblii OoTtannueckuit cax Poccuid-
cKoW akazmemuu Hayk, Mocksa, Poccust) (Ymennuek u mp.,
2012; Kroupin et al., 2019).

PaboThl 110 HHTPOTrpECCUH FEHETHYECKOr0 Marepuasa BH-
noB Thinopyrum B TeHO(GOH]] MIIICHAIIBI OBIITH MTPOIOIIKEHBI
B Poccun B 1980-2010-x rr. CeneKIIMOHHBIN MaTepuan Ha
ocHoBe amburuiona ABpokyM ObL1 co3zian B HarmonaasHOM
nerTpe 3epHa uM. [LI1. JIykesaenxo (1. Kpacnomap). ABpokym
MOJTy4YeH ITyTeM THOPHUIM3aluy TeTPATIONIHON (hOPMEI Te-
Tpa-ABpopa (Msirkas mieHuna copra ABpopa 6e3 renoma D)
¢ Th. intermedium ([JaBosH u 1p., 2015). Kpome Toro, moiy-
YeHbl aM(UIUIONABI ¢ NCTIONb30BaHueM Th. intermedium, a
MO3/IHee — JIMHUM MSATKOM MIIeHuIs! ¢ 6D xpomocomamu,
3aMEIICHHBIMU OIHOM M3 TOMEOJOTHYHBIX XpoMocoM OAgi
(6Agi nm 6Agi2). [Toxxe ObIIM BBIBEAEHBI COpTa SIPOBOH
MSITKOH IIIEHHIIBI C 4yKEPOIHBIMH XPOMOCOMaMH 6 A i J1ist
IToBomxkes (Camapckuil HAyYHO-HCCIIE0BATEIHCKIA HHCTH-
TYT cenbcKoro xossiicrea uM. H.M. Tynaiixkosa, r. Camapa, u
®denepanbHbII HEHTP CENbCKOX03IMCTBEHHBIX UCCIIEI0BAHUN
IOro-Bocrounoro pernona, . Caparos) (Salina et al., 2015;
Cubuxkees u s1p., 2017). B OMckoM rocyapcTBeHHOM arpap-
HOM YHHUBEpCUTETE Ha OCHOBE 1. ponticum ObUIN BHIBEIICHBI
HOBBIE HHTPOTPECCUBHBIC JTMHUM SIPOBOH MSTKOH MIICHUIIBI,
YCTOHYMBBIC K PAKAaBUMHHBIM 00J1e3HAM U cenToprosy (I1not-
HUKOBa u 1ap., 2014, 2021; Plotnikova et al., 2023b).

WHTporpeccrio TeHETHYECKOTO MaTepraina BUaoB 1hino-
pyrum TPOBOJMIN HE3aBUCHMO B pa3HBIX CTPaHax MHpa
(cm. tabm. 1). B 1930-1940 rr. W.J. Sando B CHIA mposen
rubpuamsaryio 1. aestivum ¢ Th. intermedium u Th. ponticum,
B pe3ysbTare 4ero Obula MONydeHa KOJUIEKIUSI YaCTHYHBIX
ampumuronnoB (koytekiust Sando, USDA, National Small
Grains Germplasm Research Facility, AGepaun, Aiinaxo,
CIIA) (Hang et al., 2005). Ananoru4nsie paboThl IpOBe/ie-
Hel B [epmannu u Kanazne (Peto, 1936; Smith D.C., 1943).
Bonbiioe BHUMaHHE OBLIO y/IEJICHO IEPEHOCY TEHETHYECKOTO
marepuaia pona Thinopyrum B TeHOM meHuIbl B Kurae B
1950-x rr. u mo3anee. S.C. Sun Mogy4YMs1 YaCTHYHBIE aM-
¢unnonasr ¢ Th. intermedium (cepust Zhong). ITo3zxke Ha
MX OCHOBE OBUTH BBIBE/ICHBI COPTA MATKOW IMIIeHHIB! (Sun,
1981). Z.S. Li co3nan Habop 4acTUYHBIX aM(UIUIONIOB Ha
ocHoBe Th. ponticum, yCTOHUUBBIX K OypO M KENTON prKaB-
ynHe (cepust Xiaoyan, Bkiodas Xiaoyan 68, Xiaoyan 693,
Xiaoyan 7430, Xiaoyan 7631 u Xiaoyan 784) (Li Z.S. et al.,
2008). Co BpemMeHeM B pa3HBIX CTpaHaX OBLTH MTOITyYeHBI IPy-
THe CEepHH YacTHYHBIX ampururonzion: Agrotana (Chen Q. et
al., 1995), PMV (Fedak et al., 2000), SS (Oliver et al., 2006),
BE-1 (Sepsi et al., 2008), SN (He F. et al., 2017). Yactuunsie
aM(HUIITONIBI OCITY>KHITH UCXOTHBIM MaTepHaIoM JUIsi MHOTO-
YHCJICHHBIX JOTOJHEHHbBIX, 3aMELICHHBIX JIMHUHI U JIMHUH C
TPAHCIOKAIUAMH PA3IHMIHOTO pa3Mepa.

MexyHapoHas Kinaccuukanys BUI0B poaa Thinopyrum
HaXOAMUTCSl B CTaJAWU (OPMHUPOBAHUS M YTOUHSIETCS C I10-
MOIIIBI0 METOZOB MOJIEKYJISIPHON IUTOreHeTHKH. CortacHO
COBPEMEHHBIM NPECTABICHUSIM, PO Thinopyrum BKIIOYAET
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Ta6nuua 1. OcHOBHble 3Tanbl NHTPOrpeccnm reHeTn4eCKoro Mmatepmnana Thinopyrum N POACTBEHHbBIX POAOB B I'eHOd)OHJJ, nweHnubl

MNepwog, CrpaHa HayuHbin pesynbtat
rogpl
1920-1970 Poccusn M3yyeHmne poga Thinopyrum. OnpepeneHve nepcnek-
TUBHbIX BUAOB. Co3aaHmne aMPpmniongoB Ha OCHOBe
Th. ponticum v Th. intermedium, YacTU4YHbIX aMbu-
nnowpos - MM
Konnekuwmsa MMl (2n = 56)
1930-1940 CLWA Amdunnongpl Ha ocHoBe Th. ponticum
n Th. intermedium.
YacTnyHble amdpunnongpl — konnekuma Sando
OPr Amdunnomnabl Ha ocHoBe Th. ponticum
n Th. intermedium.
Konnekuna yactnyHbix amounnongos
KaHapa Amdunnongapl Ha ocHoBe Th. ponticum
n Th. intermedium.
Konnekuna yactnyHbix amounnongos
1950-1970 Kutan YactuuHble amurnnomnabl Ha ocHoBe Th. intermedium,
cepus Zhong.
YactuuHble amurnnomnabl Ha ocHoBe Th. ponticum,
cepus Xiaoyan
1950-1980 CLUA Pa3paboTtka meTofoB 3PpEKTUBHON UHTPOrpPeccm
C MCMoNb30BaHVEeM Y-paauaumnm, ph-myTaHTOB,
PO6EePTCOHOBCKUX TPaHCIOKaLMA.
WHTporpeccmBHble NMHNN.
MepeHoc reHoB. Lr19/5r25, Sr24/Lr24, Sr26
1980-2010 CLUA, Amdunnonabl Ha ocHoBe Th. ponticum
Kutaia, n Th. intermedium.
OPT, Konnekumun yactnyHbix amdunnongos Agrotana,
OpaHyus  PMV, SS, BE-1, SN
1990-2010 CLLA, MNepeHoc reHoB Lr38, Sr43, Sr44, Pm40, Pm43,
Kntan Bdv2, Bdv3
1980-2010 Poccusa YacTnyHble amdpunnongbl Ha ocHose Th. intermedium,
JIHWK C 3amelleHHbIMU 6D-6Agi xpomocomamu.
YacTnyHble amdpunnongpl Ha ocHoBe Th. ponticum,
VNHTPOrpeccrBHbIE MMHUN
1990-2010 CLUA, M3yyeHune reHomHoro coctaBa Bugos Thinopyrum
Kutan N POACTBEHHbIX POAOB.
JINHWK C [ONONHEHHbBIMK, 3aMeLLEHHbIMW XPOMOCO-
Mamu 1 pasfiMyHbIMK TPaHCIoKaLUAMM
1990-2010 CLA, NHTporpeccus reHeTMyeckoro Matepurana us BMgos
Kutain Th. bessarabicum, Th. elongatum, Th. junceiforme,
Th. distichum, A. cristatum
1980-2010 CLUA, OpomaluHuBaHue Th. intermedium
Poccuna
2010-2020-e CLUA, CeKBeHMpPOBaHNE reHOMOB.
Kutaia, KnoHupoBaHue reHoB Sr26, Sr61, Fbh7
OPr

Mpumevanue. MMl - NwWeHWYHO-NbIPEHbIE TMBPUADI.

MpakTnyeckuin
pesynbTaT

Coprta dypaxHbIx
oTpacTaoLmnx

1 mHoroneTHux MNMr.
3rMocTonKne copTta

MATKOMN nweHnubl

Coprta msarkom
NweHnLbI

CopTta markon
MieHnLbI

CeneKkUMOHHbIN
maTtepuan

Coprta msArkom
NweHnLbI

CopTta markon
NweHnLbl.
CeneKkUMOHHbIN
maTtepuan

Coprta msarkom
nweHnLbl.
CeneKkUMOHHbIN
maTepwuan

CeneKkUMOHHbIN
maTepwuan

DyparkHble copTa
Mblpes NPoMexy-
TOYHOro

CeneKuMoHHbIN
maTepwuan

JInTepaTypHbI MCTOYHUK

Luuwnn, 1979;
Ynennvek u gp., 2012;
Kroupin et al., 2019

Hang et al., 2005

Peto, 1936

Smith D.C., 1943

Sun, 1981;
Li Z.S. etal., 2008

Sears, 1956, 1976; Knott, 1968;
Smith E.L. et al., 1968;
Friebe et al., 1994, 1996, 2000

Chen Q. etal., 1995;

Fedak et al., 2000;

Oliver et al., 2006;

Sepsi et al., 2008; He F. et al., 2017

Mclntosh et al., 1995, 2018

[aBosH n gp., 2015;
Salina et al., 2015;
Cnbukees u ap., 2017;
Plotnikova et al., 2023b, ¢

MclIntosh et al., 1995, 2018;

Zhang X. et al., 1996;

Chen Q. etal,, 1998;

ChenS.etal, 2013; Mo et al., 2017;
Guo X. etal., 2023

Qietal, 2010; Chen S. et al., 2013;
Zhang Z.etal., 2017;
Jiang et al., 2018; LiW. et al., 2019

Pugliese et al., 2019;
Bajgain et al., 2020;
Motoukas n ap., 2022

Arora et al., 2019;
Wang H. et al., 2020;
Frailie, Innes, 2021;
Zhang J. et al., 2021

BUJIbI C PA3JIMYHBIM COYETAaHHEM F€HOMOB U IJIOHIHOCTHIO
(ot murutonoB 2n 1o aekarwtonnoB 10n). Jurutonaabie 00-
pasubl (2n = 2x = 14) Obu HACHTHOUIMPOBAHEI y BHIOB
Th. elongatum D.R. Dewey u Th. bessarabicum (Savul &
Rayss) A. Love. Terparuionss! onpenenens y Th. junceifor-
me A. Love (2n = 4x = 28), a rexcaruiounsl — y Th. interme-
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dium v Th. junceum (2n = 6x = 42). JleKaraionabl BHISIBICHBI
cpemu obpasnos Th. ponticum (Chen S. etal., 2013; Mo etal.,
2017). Ha ocHOBE IUTOTCHETHYCSCKUX U MOJICKYIISIPHO-TCHE-
THUYECKUX UCCIIEIOBAHUI FT€HOMHBIN COCTAB IeKCaIJIOUIHOTO
Th. intermedium 6v11 onipeneneH kak JJJSJSStSt (Chen Q. et al.,
1998) mmn EEE*E*StSt (Wang R.R.-C., 2011). [lekarutonanblii
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Bun Th. ponticum uMeeT reHOMHBIH coctaB JIJJJSJSISISIS]s
(Chen Q. et al., 1998) nnm EEEPEPEXE*StStStSt (Zhang X. et
al., 1996). HanbGonee yacto ynorpedisercs: KiiacCupuKaIust
reHomoB, npeanoxkenHas R.R.-C. Wang (2011), o B psne
cTareil UCToNB3yIoT 0603HaueHne TeHOMOB J. CyOreHoMBI J
WM J° B BBICOKOI CTETIEHN TOMOJIOTMYHBI reHoMam E°u EP
BuoB Th. elongatum u Th. bessarabicum COOTBETCTBEHHO.
Cybrenom St poactBeH reHoMy Pseudoroegneria strigosa
(Chen Q. et al., 1998; Wang L. et al., 2017). Buzasr pona
Agropyron uMeloT pazHoe yuciio reHoMoB P (oT aByX 1o
mectn) (Wang R.R.-C., 2011).

PaspaboTka meTonoB 3¢pPeKTUBHOI MHTPOrpeccun
Yyy>XepoagHoro reHeTu4eckoro matepuasnaa
nynyJdweHuna CBOWCTB ceNnekKynoHHOro martepuana
[Tpu nepeHoce reHeTHYecKoro Marepraia OT BUIOB TPETHY-
HOTO TeHO(OHJa B TIIEHUIy BO3HHKAIOT MPEISITCTBUS Ha
pa3HBIX 3Tarnax padoTsl. OOUMMH SBISIOTCS CIIOKHOCTH TIPH
MEKPOJIOBOM CKPELIMBAHHUH, CTEPHIBHOCTh THOpUIOB F| 1
OTCYTCTBHE KOHBIOTAIIUH TOMEOJIOTHYHBIX XpoMocoM. M3-3a
HapyIICHHUs KOHBIOTAIINU MEX/Ty TOMEOJIOTHYHBIMU XPOMO-
COMaMH B JINHUU OOBIYHO MIEPEHOCAT KPYIHBIE UyXKEPOIHbIE
(bparMeHTBI: 11eJIbIe XPOMOCOMBI, XPOMOCOMHBIE TUICUH HITH
Oonpmme koHIeBble Tparcaokauu (Liu J. et al., 2013; Jleo-
HoBa, 2018). Kax npasuio, marepua, MoJIy4eHHBIH MyTeM
OT/IAJIEHHOW THOPUAN3ALINHY, 3HAYNTENBHO YCTYIAET 10 X035~
CTBEHHO IICHHBIM CBOIicTBaM komMepueckuM copraMm (Friebe
et al., 1996; Li H., Wang, 2009). OCHOBHBIMH NPHYHHAMU
YXYIIIEHUS CBOMCTB HHTPOTPECCUBHOTO MaTEPHaIa SIBIISTIOT-
Csl TECHOE CIICTUICHHE ME>K/Ty II€IEBBIMHU M HEXKEJIATEITbHBIMH
renamu (linkage drag) uim HegocTarouHasi reHeTHYECKast KOM-
TUIEMEHTALNS MEKAY Ty>KEPOAHBIM ()ParMEHTOM U TEHOMOM
mreHuts! (Wulff, Moscou, 2014; Hao et al., 2020). Bo mHO-
IHX CIIydasX yXyIIIEeHHE CBOMCTB IPOUCXOIUT W3-3a TOTO,
YTO OONBIION YyKEPOAHBIH PparMeHT He KOMIICHCHPYET I10-
TEpIO BYKHOTO Ir'eHeTH4YecKoro Marepuaia nuenuisl (Friebe
et al., 2005).

B 1950-1970-x rT. 6611 pa3paboTaHbl METOBI, KOTOPEIE
MOBBICHITH 3()(EKTUBHOCTH HHTPOTPECCHU OT POJCTBEHHBIX
BUJIOB B ITIIEHHILy. BriepBble mporeaypa Oblia peannzoBaHa
MIpH TIEPEHOCe TeHEeTHYECKOro MaTepuana ot Ae. umbellu-
lata (UU) B renom T. aestivum (Sears, 1956). Ha nepBom
aTane ObLI CO3aH MEXBHUIOBOM TMOPH]I, 3aTEM €ro XpoMo-
COMBI OBITH YABOEHBI C TIOMOIIBIO KOJIXUIIMHA. DTOT aM(pH-
JIUIIION]T OBLT BKITIOUEH B CEPHIO BO3BPATHBIX CKPEIINBAHUI
C MSITKOW TINeHHIIeH. 3aTeM ObuIa IMOJydeHa TOMOJHCHHAS
JIMHUS C XpOMOCOMOM 13 reHoMa U, KOTOPYIO UCTI0Ib30BAJIN
B Ka4€CTBE TeHETHYECKOT0 MOCTHKA JUTS TIEPEAadH MIICHNIIE
MpU3HAKA yCTOMYMBOCTH K Oypoii prxaBumne. J{i1st ooneryenust
MEepeHoCca TeHETHYECKOT0 MaTepyaia MbUIbIYy 3aMEIIeHHOH
JIMHUY TIO/IBEPIIIN PEHTICHOBCKOMY OOJIY4EHHIO, YTO BBI3BA-
JIO MHOXKECTBEHHBIE Pa3pbIBbl XPOMOCOM C HOCIEAYIOIIEH
pexoMOmHanmel GparmeHToB. B pesynbrare paboThl ObLI
coznaH copT TpaHcdep, HecyHii TeH yCTOHYUBOCTH K Oypoit
pxaBuune Lr9 (Sears, 1956).

[To3zxe, mocie n3yyeHusi FeHETUYECKOI0 KOHTPOJIS MeHo3a
MIIEHUIIBI, OBIIO YCTAHOBIJICHO, YTO XPOMOCOMA IIIeHHIB 5B
HeceT reH Ph, KOTOpbIi MO/IaBIIsieT TOMEOJIOTMUHY IO KOHBIOTa-
ITUIO XpPOMOCOM. MyTaHTHBIH r'eH ph b (n ananoruyansle ph2a
u ph2b) obneryaer 0OMeH JIOKycaM1 MEKTy TOMEOIOT HYHBIMH
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Mcnonb3oBaHne reHeTUYeckoro noTeHynana
popos Thinopyrum v Agropyron ons 3aluTbl MLUEHNLbI

xpomocomamu (Sears, 1976). s UHAYKIIUU KOHBIOTAIIUU
MEK Ly TOMEOJIOTHUHBIMU XPOMOCOMaMH HCIIONB30BaJIH CKpe-
[IMBaHNE MEX/y HHTPOTPECCUBHBIMH JIMHUSIMH U aHEYIION-
JIlaMH 110 XpoMocoMe 5B, a Takke ¢ MyTaHTaMu C TeHAMH ph.
Amnanorununsie 3¢($eKTs MOTYT OKa3bIBaTh XpoMocoMma 5P
A. cristatum (PPPP) n HexoTopsre 06pasisl Ae. speltoides (SS)
(Friebe et al., 2000; Han et al., 2023).

Iexcammonn Th. intermedium OTHOCUTEIHHO JIETKO CKpe-
IIMBACTCSl C MATKOM MIeHunel (cpeHss 3aBi3bIBaEMOCTD
ceMstH 0KoJIo 24 %), 1 aM(pUIUIOH bl MOTYT OBITh MOJYUYESHBI
npsMbIM ckpemuBanueMm (Mo et al., 2017). Ins meperoca
TEHETHYECKOTO MaTepualia OT JeKarutonHoro Th. ponticum
HEOoOX0IMMO CO3/1aTh aM(UIION bl C TETPAIUIOUHOM ITIiIe-
wunen 7. turgidum (AABB) (Uunun, 1979). Yactnanbie am-
(bunon1pl ¢ KOMOMHALIMSIMU XPOMOCOM M3 pa3INuHbIX CyO-
T€HOMOB BU/10B Thinopyrum ObUIA NOJTy4YeHbI Oce OeKKpOC-
coB ¢ msarkoit mmenuneit (Friebe et al., 2000; Li H., Wang,
2009). B penknx ciydasx IepeHOC TOMEOIIOTHYHOTO (par-
MEHTa IPOUCXO/IUT Iy TeM CIOHTaHHOH TpaHciokauu (Knott,
1968). Ho myis meperoca HeOONBINX JTOKYCOB B TEHOM IIIIIe-
HUIBI Oonee 3(h(EeKTHBHA CTUMYIIALUS TPAHCIOKALMH ¢ TIO-
MOIIIBIO 00 Ty4eHHsT MM MHYIUPOBAaHHOW MyTaHTaMu phlb
romeosorndeckor pekombuHanuu (Sears, 1978). C ncnons3o-
BaHMEM ATHUX METO/IOB OBUT OCYIIECTBIICH NEPEHOC 110 MEHB-
et Mmepe 134 jokycoB ot Th. ponticum B T€HOM MSITKOU
mmreHuts! (Baker et al., 2020). B pesynsrate Ob110 co31aHO
0O0ITBIIIOE KOJTMIECTBO JIMHUMA C MTBIPEHHBIMU HHTPOT PECCHAMHU
pasnuysoro pasmepa (Mo et al., 2017; Kroupin et al., 2019).

B xoze nHTpOTrpeccHun BO3MOXKEH IEPEHOC MHOKECTBEHHBIX
Yy>KEPOJHBIX ()PAarMEHTOB U JIOKAIU3AINS UX B PA3TMIHBIX
XpoOMOcoMax WK ruredax (tadi. 2). Hanpumep, pu cosnanuu
TMHUHN Ha ocHOBe Th. intermedium reH Lr38 Obln T0KaIN30-
BaH B YETHIPEX XpoMocoMmax mieHuIs! (2A, SA, 3D u 6D)
(Friebe et al., 1996). Tpanciokauuu ¢ renamu Sr24/Lr24 ot
Th. ponticum nneHTH(UIIPOBAHBI B ABYX XpoMocoMax (1B u
3D). Jlokycsl c renamu L1 9/Sr25 BBISBIICHBI B pa3HBIX IUICHaX
xpomocombl 7D (Mclntosh et al., 1995; Friebe et al., 1996).
IIpu cozmannm yCTOWYMBBIX K OOJE3HSIM COPTOB OBLTH OTO-
OpaHbl HHTPOTPECCUBHBIC JIMHUM C JIyYIIUMH XO3IHCTBEHHO
LICHHBIMU CBOMCTBaMHU.

ViydiieHne CBOWCTB HEKOTOPBIX MHTPOIPECCUBHBIX JINHUI
OBIIO IOCTUTHYTO 33 CYET YMEHBLICHHS pa3Mepa qy>KePOTHBIX
(parmenToB. OrpaHnYeHHOE IPUMEHEHHE JIOKyCa C TeHaMH
Lr19/Sr25 B ceneximu OBLIO CBA3aHO C €ro CIEIUIEHUEM C
TCHOM Y, OTIPE/ICIISIFOIUM KENTHIH nBeT MyKu. ['eHbr Lrl9/
Sr25 m Y ObuIN pa3/iesieHbl C UCIIOIBb30BAHUEM JIEJICIIMOHHON
no Phl nmuann (Zhang W. et al., 2005). LlenHbIii TBIpeHHBIN
reH Fhb7, npuniaroniuii ycToHuMBOCTb K (hy3apro3y Koioca 1
K KOPHEBOM THIJIN, TECHO CBA3aH ¢ reHoM PSY-E2, onpenes-
FOIIIMM JKEJITHIN IIBET MyKH. briarogaps BKIIIOUEHHIO B CKpEIIN-
BaHMS MyTaHTa ph b ObIIH TOTyYEHBI IMHUHU C YKOPOUCHHOM
TpaHcioKalue, numenHoi rena PSY-E2 (Li M.Z. et al.,
2022). C momompio phl-nHIyIInpOBaHHON TOMEOIOTUIECKON
PEKOMOMHAIINH OCYIIIECTBIICH MEXXBH/I0BOH IIEPEHOC TEHOB OT
T aestivum x T. durum. Tpu J1oKyca ¢ 4y)KepOJHbIMU F'€HaAMHU
Lr19/Sr25wu Pml3 (ucxomuo ot Th. ponticum u Ae. longissima
cootBeTcTBeHHO) U G/i-D1/Glu-D3 (BmusroImunii Ha CBoicTBa
KJICWKOBUHBI) ObUIN MepeHeceHbl 3 Xxpomocom 7D, 1D u 3B
MATKOH mmeHnttsl B iedn 7AL, 3BS u 1AS tBepmoit mre-
aunel (Kuzmanovié et al., 2020).
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Exploitation of the genetic potential of Thinopyrum
and Agropyron genera to protect wheat

Bua-goHop

Th. ponticum

Th. intermedium

Th. bessarabicum
Th. elongatum

Th. junceiforme
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leH, npusHak

Lr19/5r25

Sr24/Lr24

Sr26

Sr Hen3BecCTHbIN
Yr69

Yrip1, YrTp2

Yr Hen3BecTHbI APR
Yr Hen3BeCTHbIN
Pm51

Pm Hen3BeCTHbIN

Pm Heun3BeCTHbIN

Pm Heun3BeCTHbIN

Pm Heun3BeCTHbIN

Pm HeunzBecTHbIn APR
Fhb7

Stb Hen3BeCTHbIN

Snb Hen3BeCTHbIN
Lr38

Lr6Agi

Sr43

Sr44

Yr50

YrYu25

Yr Hen3BecCTHbIN
YrT14

YrL693
YrCH-1BS

Pm40

Pm43

Pm/Yr Hen3BecCTHble
Bdv2

Bdv3
Wsm1

ConeycTonumBocTb
Fhb-7EL

Pm
ConeycTonumBocTb
Fhb Hen3BecTHbIN
Wsm Hen3BecTHbIN

TpaHcnokauus,
3aMeLleHHasn
XpPOMOCOMa

7DL-7Ae#1L
7D-7Ag no.1
3DL-3Ae#1L
3D-3Ag#1
T1BL-1BS-3Ae#1L
T6AS.6AL-6Ae#1L
6A-6Ae#1L
T5DS-5DL

2AS

28BS, 7BS
5A-St
1B-1J3
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T5DL-5AgS

T1BL-1RS
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1D-1)8
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?

?
T1DS-1DL-7Ai#2L
T2AS-2AL-7Ai#2L
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7D,7DS-7el,S.7el,L
T7DS-7Ai#1L-7Ai#1S
4BL

?

Junn J5

VAR AN

?

T1BL.1BS-3Ai

7BS

2DL

T6BS.6AIL

T7DS-7DL-7Ai#1L
7DS-7Ai#1S-7Ai#1L
T1BS-7Ai#1S-7Ai#1L

7DS-7DL-7EL
TADL-4Ai#2S
T4AL-4Ai#2S
A29-1-13-2
T2JS-2BS-2BL
?

?

?

CopT, nnHna

Agatha

JInHun Sears
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Sears transfer

Amigo
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Thatcher

WTT34
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A-3
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SN19647
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11-20-1

SN0293-7
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SDAU1881
2/2015,337/2017
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B HEKOTOPBIX CiTy4asix B HHTPOTPECCUBHOM MarepHaie mpo-
HCXOJNT 00pa30BaHNE HEKOMIIEHCHPOBAHHBIX TPAHCIOKAINI
B T€HOME IMIIICHUIIBI. DTO CBA3aHO C YYaCTHEM B Mel03€ ToMeo-
JIOTMYHBIX IJIEY XPOMOCOM, KOTOPBIE Pa3InyaroTcsi HAbopaMu
TEHOB U UX NMOPsIIKOM. HekoMITeHCHpOBaHHBIE TPAHCIIOKAIINT
MIPOBOLMPYIOT TEHOMHBIC AYIUTUKAIMU WK AC(EKThI, YTO
MPUBOIUT K TCHETUYECKOW HECTAOMIIBHOCTH JIMHUN U Ipe-
MISATCTBYET UCIIOIH30BAHMUIO IIEHHBIX TeHOB B ceneknni (Friebe
etal., 1996). Komnencupyromnie podepTCOHOBCKHE TPaHCIIO-
karuu (RobT) ucrosb3yroTest 17t PyHKIIHOHAIEHOW 3aMEHbBI
yTpadyeHHBIX (PParMEeHTOB ¥ KOPPEKIINHI TEHOTHITOB MIICHUIIBI
(Friebe et al., 2005). C momorpio 3Toro MeToa ObUTH yiTyd-
IIEHBI CBOICTBA JMHUM C TeHOM Sr44 ot Th. intermedium.
ITocre ckpermmBaHus ¢ poOOSPTCOHOBCKOM KOMITEHCHPYIOIEH
JMHUEH OblIa MoJydeHa JIMHUS ¢ KoMIeHcupyomeid RobT
pexomOuHanueit T7DLx7J#1S, cocTosieii u3 MIIeHUuIHOTO
rieda 7DL, TpaHCIOMPOBAHHOTO B TIBIpEHHOE miiedo 7J#1S
(Liu W. et al., 2013). Ananoruunsie paboThI IPOBEICHBI TIPH
YIy4YlIeHUW TUHUN ¢ TeHamu Sr31, Sr52 u Sr53 (ot Ae. searsii
Feldman & Kislev ex Hammer u Ae. geniculata Roth coot-
BercTtBeHHO) (Liu W. et al., 2011a, b).

B o4eHb penkux ciiy4asx 3aMeHa HNIIEHUYHBIX XPOMOCOM
Yy>KEPOJHBIMU HE CHHMKAET arpOHOMHYECKHUX CBOICTB pac-
TEHHUH. DTO NPOSBUIIOCH B COPTAX SPOBON MATKOM MITEHUIBI
¢ xpoMocoMmoii 6D, 3amenienHol Ha 6A1 nim 6Ai2 (romoro-
ruunble) u3 cyorenoma J(=E) Th. intermedium. B IloBomxkbe
ObUT BBIBEACH PSJ] COPTOB C ATUMH XpoMocomamu (Myib-
1 6R, bensnka, Boesona, Jlebenymika, TymnaiikoBckas 5,
Tymaiikosckas 100, TymaiikoBckas 3omoTucras u 11p. ). JlanHsre
copTa MOKa3aJld yCTOHYMBOCTD IIMPOKOTO CIEKTpa K Oypoii
1 cTeOeBOl prKaBUMHE, BHICOKYIO YPOXKAWHOCTh, 3aCyX0yC-
TOWYMBOCTH M XOpoIee kauecTBo 3epHa (Salina et al., 2015;
CubukeeB u 1p., 2017). B Kutae GonpmuM TOCTIKCHHEM
CEJISKIIMU CTaJI0 BbIBEJIeHHE copTa Xiaoyan 6 C JBOMHBIMU
TpaHCIOKAIMsIMA Ha XpoMocomax 2A u 7D ot Th. ponticum.
Xiaoyan 6 o0nasan ycTOHYNBOCTBIO K HA0OpY TPHOHBIX 00-
JIE3HE, BBICOKOM YPOKAHHOCTBIO U 3KOJIOTMYECKOH IIacTHY-
HOCTBIO, @ TaK)XK€ XOPOIINM Ka4eCTBOM 3€pHa. DTOT COPT
KyJIETHBUPOBAIN Ha OonbInX muiomansx B 1980-1990-x rr.,
a TaKKe UCIOJb30BaJIH B KaYe€CTBE POJUTENBCKON (hOPMBI
npu co3nanun 6onee 60 coproB mmernis (Zhang X. et al.,
2011).

Wcnonb3soBaHue Th. ponticum v Th. intermedium

B KayecTBe NCTOYHUKOB MNOJ1e3HbIX reHOB

[Tpu wHTpOrpeccuH reHeTH4eckoro mMarepuana BuaoB 7hi-
nopyrum OCHOBHBIE YCHIIHS OBIIIM HalpaBJIeHBI Ha OOpEOY ¢
YCHJIMBAIOIIMMUCS MJIM BHOBb BOSHUKAIONIMMHU OOJIC3HIMH,
U B [IOCJIEJHNE JECATHICTUSI BHUMAHHE K 3THM MCCIIe/[0Ba-
HUSAM Bo3pocio. B teuenne 1960-2020 rr. ot Th. ponticum
K T. aestivum ObLI IepeHEeCeH HAOOP MACHTH(GUIIMPOBAHHBIX
TCHOB YCTOWYHMBOCTH K OypOU, CTEOICBO U KEITOM prKaBUH-
He. HacTb TeHOB TECHO CIETUICHBI U TPUCYTCTBYIOT B CIIOXKHBIX
Tpancnokamsx (Lr19/Sr25, Sr24/Lr24), a B ipyTrux JIOKycax
BBISIBJICHBI OJUHOYHBIE TeHbI (L129, Sr26, Sr43, Sr61 (= SrB),
Yr69) (cm. Tabn. 2) (Mclntosh et al., 1995, 2018).

[Tocne pe3koro ycmiieHHsI BPEIOHOCHOCTH CTeOJIeBOH U
xenToi pkaBunHbl B 2000-X I'T. ObLI IPOBEAEH CKPUHHHT
KOJIJIEKIIMH BUJIOB 3JIaKOB U aM(UIUION/IOB HA yCTOHYUBOCTD
K Oone3nsm. Mzyuenune nsitn BunoB Thinopyrum (242 oOpas-
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11a) mokasaino, 4ro 7Th. ponticum u Th. intermedium o0nanaoT
BBICOKOH yctoitumBocThio K pace Ug99 (Zheng Q. et al.,
2014a, b). YacTiuasle aMpUILIONB, CO3AaHHbIe B KuTae B
1950-x rr. (Xiaoyan 68, Xiaoyan 7430, Xiaoyan 784),
MPOAEMOHCTPHUPOBAIN BBICOKYIO yCTOHYMBOCTH K pacam
rpyrmsl Ug99 (Zheng Q. et al., 2014b). Ha ocnoBe amdu-
wionga Xiaoyan 784 Obuta coznana jaunHust ES-7 ¢ SA-St
3aMEIIEeHHBIMI XPOMOCOMaMH, TPOSIBIISIONIAST BO3PACTHYIO
ycroiunBocTs (adult plant resistance, APR) k sxenToit pxaB-
gure (Mo et al., 2017). Ter Yr69 Obu1 iepeHeceH u3 amQpu-
wronna Xiaoyan 7430 B miedo 2AS XpOMOCOMBI TIIIEHHUITBI
(Hou et al., 2016). MnTporpeccusnas nmuans WTT34 necer
M0 MEHBIIEH Mepe ONMH HOBBIA reH Sr B TPaHCIOKAIMU
T5DS-5DL (Yang G. et al., 2021). B nmuanm A-3 BBISBICHBI
JIBA IIPE/IITOJIOKUTEITLHO HOBBIX T'€Ha YCTOMYMBOCTH K XKEJITOH
pxaBunne — YrTpl u YrTp2 B mnedax xpomocoMm 2BS u 7BS
cootBercTBeHHO (Yin et al., 2006). JlonmomHUTENbHBIE TEHBI
YCTOHYMBOCTH K PXKaBUMHHBIM OOJIC3HSM ONpE/CNICHBI B
JPYTHX UHTpOrpeccuBHBIX MHMAX (Zheng Q. et al., 2014a;
Wang Y.Z. et al., 2020).

[Morenman pona Thinopyrum Mano UCIONb30BaH JUIS 3a-
IIMTHI MIIEHUIB OT MyYHUCTOU pockl. 13 65 naeHtuduimpo-
BaHHBIX T€HOB TOJIEKO Pm5 [ Ob11 iepenecer u3 1h. ponticum
(Mclntosh etal., 2018). Pm5 [ npunaet ycTOHYIUBOCTD K Myd-
HHUCTOH poce IUPOKOTO CIIEKTPa Ha BCEX CTAIMSIX PA3BUTHS
pacrenwmii (all stage resistance, ASR) (Zhan H.X. et al., 2014).
Hosrle HenpeHTHOUINPOBAHHBIE TEHBI Pt OBIIIM BBISIBICHBI
B muHMAX SN19647 u CH10AS, B KoTOpbIX XpoMocoMmsl 1B
u 1D Opmm 3ameniens! xpomocomamu 1J5 (Wang Y.Z. et al.,
2020; LiM.Z. etal., 2021). JInaun 11-20-1 (c Tpancnokammeit
TSDL-5AgS) u SN0293-2 nokazanu yctonunBocTh ASR-THma
k Habopy pac (Li X. etal., 2017; Li M.Z. et al., 2022). JIuaus
cuHe3epHoH meHuIs! Blue 58 coxpaHseT ycToHYMBOCTD K
MYYHHCTOM poce Oojiee Copoka JieT. B 3To# TMHUY MIeHnY-
Has xpomocoma 4D Opura 3amenieHa Ha MBIpelHy0 4Ag.
B kopoTkoM 1urede XpoMocombl 4Ag NMPUCYTCTBYIOT T'€HBI,
OIpEACIISIONINE BBICOKOAI(P(EKTHBHYO ycTolunBoCcTh APR-
tuna k 6one3nn (Yang G. et al., 2023).

[TomMuMO prkaBYMH 1 MyYHHCTOH POCHI, OTMEUEHO YCHIIEHHE
BPEZIOHOCHOCTH FreMUOMOTPO(HBIX, HEKPOTPOPHBIX H BUPYC-
HBIX TaTOreHOB. CeNTOPHO3HbIE OOJIE3HN MIIEHUIIBI TIPUBOMSIT
K 3HaYUTEIBHBIM MOTEPSIM ypOXkasi B Pa3IMYHBIX PETHOHAX
MUpa, IPU 9TOM I'eHeTHYEeCKasl 3allUTa COPTOB peaan3oBaHa
cmabo (Fones, Gurr, 2015). B HacTosiee Bpems cpean HaeH-
TU(QUIMPOBAHHBIX HET TEHOB YCTOHYMBOCTH K CEITOPHO3HBIM
0oJe3HsIM, IEPEHECEHHBIX U3 BUI0B Thinopyrum. Y MexXBu-
JIOBOTO THOPHIA, CO3MAHHOTO CKpeuBanueM 1h. ponticum
u Th. intermedium, onpesieneHa yCTOHInBOCTb K CETOPHO3Y,
BbI3bIBaCMOMY P. nodorum (= S. nodorum), Gpy3apro3sy kojoca
u xenroit maraucroctu (Oliver et al., 2006). Cpenn uHTpO-
TPECCHUBHBIX JINHUH, CO3JJaHHBIX HAa OCHOBE Th. ponticum B
3ananHoit CuOupu, BBISIBICHBI BBICOKOYCTOWYHMBBIC K TIOpa-
JKEHHIO JIMCTA U KOJIOCa TMHUY C HEM3BECTHBIMU TeHaMU Sth
u Snb (Plotnikova et al., 2023b). Kpowme Toro, ot Th. ponticum
nepeiaHbl HEKOTOPbIE TeHbl YCTOMYMBOCTH K (hy3apH03y KO-
noca (Fhb7), kopHEBO THIIH, BUPYCY JKENTOH KaPIHMKOBOCTH
staMeHs (Bdv) 1 BUpyCy TIOJIOCATON MO3anKH MIICHATBI (Wsm)
(Ceoloni et al., 2017; Kumar et al., 2022).

IIbIpeli yIUIMHEHHBIN TaKXe SIBJISAETCS HCTOUHUKOM TaKUX
LEHHBIX JUISl CEJICKIIMH TIIESHUIIbI TPU3HAKOB, KaK yCTOWYH-
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BOCTB K Ipopacranuio 3epHa B kosoce (Kocheshkova et al.,
2017), cunwmii aneiiponosslii cioit (Liu L.Q. et al., 2018), mo-
PO30yCTOIYNBOCTD, 3UMOCTONKOCTH (YIeaHuek u ap., 2012)
U TOJIEPAaHTHOCTH K 3acyxe (Kuzmanovic et al., 2016; Plotni-
kova et al., 2023c).

Thinopyrum intermedium TOCITY)KWI UCTOYHUKOM T€HOB
YCTOHYMBOCTH K PrKaBYMHHBIM OOJIC3HSIM M My4HHCTOH poce,
Bkittouas Lr38, Sr43, Sr44, Yr50, Pm40 u Pm43 (Mclntosh et
al., 1995, 2018; Friebe et al., 1996; He R.L. et al., 2009; Luo
etal.,2009a, b; LiulJ. etal.,2013; Niu et al., 2014). JTormoan-
TEITbHBIC TeHBI yCTOMINBOCTH K Oypoii 1 cTeONIeBoi prkaBuHE
Lr6Agi v Sr6Agi 6putn naeHTHGUIMPOBAHEI B 3aMEIIEHHBIX
xpomocomax 6Agi u 6Agi2 (Salina et al., 2015; Cubukees u
Ip., 2017). JIuHUN ¢ TEHOM YCTOHYHMBOCTH K JKEITOM pKaB-
yuHe YrYu25 monydeHsl Ha ocHOBe amdurmonga TAI7047
(Luo et al., 2009a). YUeTsipe reHa yCTOWIMBOCTH K JKEITON
prKaBUMHE oTpeneseHsl B cyorenome St Th. intermedium
(xpomocomsr 1St, 2St, 3Stu 7St) (Wang S. et al., 2022) u oguH
reH — B cyoreHome J uim J® (B KOPOTKOM ILjIede 3aMelIeHHO
xpomocombl iuaun Z4) (Lang et al., 2018). B Kurae co3nanbl
muann Zhongke 78 m Zhongke 15 ¢ renom YrT14 B TpaHc-
JIOKAIUU U3 dykepomHoi xpomocomsl 7] wmu 71 (Guo X.
et al., 2023). T'en YrL693 ycraHOBIEH B HHTPOTPECCUBHOMN
muann L693 (Huang et al., 2014). IToTeHnmansHO HOBBIE
TeHbl YCTOMUMBOCTU K kenToil pxkaBuune (YrCH-1BS) u
MYYHHCTOH pOCE BBISBJICHBI B JMHUSIX C TPAHCIOKAIMSIMHU
T1BL.1BS-3Aiu T6BS.6AiIL (Zhan H. etal., 2015; Zheng X.
etal., 2020). Th. intermedium TOCTYXWJI TaK’Ke HCTOYHUKOM
TEHOB YCTOHYMBOCTH K BUPYCY JKEITON KapIMKOBOCTH STUMEHS
(Bdv2, Bdv3) n nonocaroit Mo3anku mmeHutis: (Wsm1) (Wells
et al., 1982; Gill et al., 1995; Hohmann et al., 1996; Ohm et
al., 2005; Li H., Wang, 2009; McIntosh et al., 2018).

Thinopyrum intermedium MOXeT OBITh HCIIONF30BaH HE
TOJIBKO KaK Pe3epByap IeHOB IS yITyUIlIeHHs TUIIEBOM LEH-
HOCTH MSITKOH MIICHMIBI, HO M KaK acTOUIIHAS 1 KOPMOBast
Kynsrypa. B 1980-X 1. ObLITM Ha4aThl pabOTHI 110 OZIOMAITHUBA-
HHUIO TbIpest TpoMeskyTouHoro (Bajgain et al., 2020; [Toroukast
u p., 2022). /151 KOpPMOBBIX KYJIBTYp IIEHHBI TAKHE IPU3HAKH,
KaK MHOTOJIETHHI 00pa3 XU3HH, OBICTPOE OTpacTaHHE IT0-
Clle CKAIlMBaHWS WJIM BbINAca CKOTa, XOPOIINE KOPMOBBIE
CBOMCTBA, MOPO30CTOHKOCTb M YCTOMYMBOCTD K OOJIE3HSM, a
TaKXXe ylydlIeHHoe KauecTBo kopMmoB (Hassani et al., 2000;
Lammer et al., 2005). B pe3ynbrare IiuTeabHOU padOTHI
ObLIH BHIBEZICHBI MHOTOJICTHHE COPTA IBIPEst IPOMEKYTOYHOTO
(Kernza, MN-Clearwater, Sova) m1st moixy4eHus pypaxaoro
3epHa WK TBOWHOTO Ha3HaYeHH (Ha 3epHO 1 ceHo) (Hassani
etal., 2000; Bajgain et al., 2020; IToroukas u ap., 2022). Otu
copTa IpEeACTaBISIOT HHTEPEC B Ka9€CTBE Pe3epByapa reHoB
JUISl PA3JIMYHBIX HANPABJICHUH CEJICKIINH MIICHHIBI.

NHTporpeccua reHeTMYeCKoro matepuana
ANNAONAHbBIX N TETPanIonAHbIX BUAOB

pogoB Thinopyrum n Agropyron B reHOM MLUEHMLbl
Hecmotpst Ha GosibIive TOCTHKEHHMST B 00JIaCTH OTAaJICHHOM
TUOpUIN3AIINK, HHTPOTPECCHsI MaTepuana OT MOJUTIIIONI-
HBIX TeTEPOT€HOMHBIX BUIOB OCTAETCS CIIOKHOM MTPOOIEMOA.
B cBs3u ¢ 3THM B KadyecTBe JOIIOJTHUTEJIBHBIX PE3€PBYyapoOB
IICHHBIX I'CHOB OBLIHM HCIIONB30BaHbI JAUTUIOWIHBIC U TETpa-
IVIOUJHBIC BUJBI C TCHOMAaMH, CXOOAHBIMHU C Cy6FeHOMaMH
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Th. intermedium w Th. ponticum: Th. bessarabicum, Th. elon-
gatum, Th. junceiforme.

Bup Th. bessarabicum (JJ unu EPEP) otnnuaeTcst BRICOKOM
TOJICPAaHTHOCTHIO K 3acoNieHno mouBkl (Gorham et al., 1986).
Jlist obneruenus nepeHoca reHoB u3 Th. bessarabicum Ob1ma
CO3/1aHbI FeKCa- ¥ OKTOIUIONAHBIE aMuIuton ibl (2n =4x =42,
AABBIJJI = AABBEYEP, unu 21 = 8x =56, AABBDDIJJ) (Qi et
al.,2010). Ha ux ocHOBE MOJIyYEHbBI JIMHUU C XPOMOCOMaMH SA
u 5D, 3amenenHbMHy Ha 5J. [To3xke OpLta co3nana ymydireHHas
maAs ¢ Tpancnokarwen T2JS-2BS-2BL ot Th. bessarabicum
(cm. Tadm. 2) (Guo J. et al., 2016).

I'ernomuelit coctaB Buga Th. elongatum B HaCTOsIIIEE Bpe-
M3 yTouHsieTcsi. C UCTIOIb30BaHNEM METOIOB MOJIEKYISIPHON
IUTOTCHETHKN B HEM BBISIBJICHBI JI-, TETPa-, TeKCa- U JeKa-
wronausre popmel (Colmer et al., 2006; Chen S. et al., 2013;
Chen C. et al., 2023; Shi et al., 2023). OgHaxo mpu uccie-
JIOBAaHUHM JIEKAIUIOMIOB C IMOMOIIbI0 andepeHnupyromei
cyorenomsl GISH ¢ meuenoit IHK Pseudoroegneria (St) y
HUX BBISBJICHBI [1Ba St-1000HBIX ¥ Tpu E-110q00HbBIX cyOre-
noma (Wang L. et al., 2017; Baker et al., 2020). B cBsi3u ¢
STHM JEKAIIOUIHBIE (POPMBI, BEPOSITHO, OTHOCSTCS K ITBIPEI0
nonTuiickomy. Bun Th. elongatum obnanaeT yCTOHYIUBOCTHIO
K OOJIe3HSIM, 3aCOJICHUIO, 3acyXe, MOATOIUICHUIO U DKCTpe-
MmanbHbIM Temneparypam (Li Z.S. et al., 2008; Ceoloni et al.,
2014; Li X. et al., 2017; Yang Z. et al., 2022). B rubpuauza-
IIMFO OBUTH BKJIIOUEHBI JTU- U TETPaIIon (HbIe 00pa3ibl. Ha ux
OCHOBE TIOJTyYeHBI IMHUH C JJOTTOTHEHHBIMH, 3aMEIIICHHBIMU
XPOMOCOMaMH ¥ TPAHCIOKAIMAMHU pa3HOro pa3mepa. JInHnm
C KOPOTKHM TuIedoM XpoMmocoMbl 4Ag Th. elongatum necyT
JIOKYC C TeHOM/TeHaMH P, OTBEYAIOUIMM 33 YCTOWYHBOCTh
IIMPOKOTO CIeKTpa K MyuHuctoi poce (Yang G. et al., 2023).

Terpammouausiit Bung Th. junceiforme (2n = 4x = 28,
J1J11,J,) pacnpocTpareH B MOPCKHX HMPUOPEKHBIX 30HAX U
aJanTHPOBAH K 3a00JIaYNBAHUIO, 3aCONICHUIO, HU3KOMY CO-
JIep’KaHuUIo a30Ta v TeruioBoMy crpeccy (Singh D., 2019). s
nepeHoca reHeTuIeckoro Marepuaia Th. junceiforme Obln
notyueH aM(UIUIOn L, a 3aTeM CO3/1aHbl JOMOIHEHHbIC U HH-
TPOTPECCUBHBIC JIMHUK C TPAHCIOKAIMSIMH pa3HOil BeIHYH-
HBL. DTH JIMHUH, HAPAIY C YCTOMYMBOCTHIO K A0MOTHYECKUM
(hakTOpaM, IPOSIBIIIN BRICOKYIO YCTOHYHMBOCTH K (py3apro3y
KOJIOCa U BUPYCY MOIOCATOM Mo3auky mireHuI ! (Singh D.,
2019).

[Tomumo Bu0B pona Thinopyrum, ObUTH IPOBECHBI pado-
THI TI0 OTJAICHHON THOpUIU3aIiu ¢ posioM Agropyron. Bun
A. cristatum (2n = 4x = 28, PPPP) ycToifunB K MyYHHCTOH
poce, Oypoit u xenToii pxxkapunHe. Ha ocHOBe A. cristatum
MIOJTyYeHbl HHTPOTPECCUBHBIC JIMHUN C [IEHHBIMH T'€HaMH B
TpaHcioKausx u3 xpomocom 2P, 5P, 6P u 7P (Zhang Z. et al.,
2017; Jiang et al., 2018). Jlokycsl xpomocom 2P u 6P koHTpoO-
JUPYIOT KOMIAKTHBI THI paCTEHHs ¢ OOJIBIIUM KOJIOCOM U
KpYITHBIM 3epHOM (Zhang Z. et al., 2017; Xu S. et al., 2023).
®parMeHT XpOMOCOMBEI 5P MHAYIHPYeT MHOXKECTBCHHBIC
CTPYKTYpPHBIE IEPECTPOIKH, BKIFOYast TPAHCIOKAIIMN MEKITY
XPOMOCOMaMH Pa3IMuHbIX CyOreHOMOB. DTOT parMeHT Ho-
TEHIIMAILHO MOXXET OBITh HOBBIM WHCTPYMEHTOM JUISl YCH-
JICHHUSI PeKOMOMHAIINK TOMEOJIOrHYHBIX XpomocoMm (Li W. et
al., 2019).

B mocnegnue roapl HaKaIMBaeTCss HHPOPMAIHS O HallU-
YW1 Y BHJIOB C POJCTBEHHBIMH CyOT€HOMaMM1 OJTMHAKOBBIX MIJIH
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CXOIHBIX T€HOB. B wactHocTu, aurutonausiii Bug Th. elon-
gatum OBUT KICTOYHUKOM T'eHA YCTOMYMBOCTH K (y3apHO3y
konoca Fhb-7EL, aHamOTUYHOTO HACHTU(PHUIINPOBAHHOMY
reny Fhb7, nepenecenHomy u3 Th. ponticum (obpaser el2).
B o6oux Buaax reHsl F/hb ObUIHM CHETICHBI C M3BECTHBIM T'e-
HoM Lr19 (Ceoloni et al., 2017; Ma et al., 2018; Kuzmanovié¢
et al., 2020). Ot (akThl MOTYCPKUBAIOT HEOOXOAUMOCTh
TIIATEJILHOTO U3YyYEHHUS M CPABHEHHS WHTPOrPECCHBHOTO
Marepuaa, MOJTyIeHHOTO Ha OCHOBE BUIOB Thinopyrum, ans
UACHTU(PHUKAINN HOBBIX TCHOB YCTOWYMBOCTH K Pa3IHIHBIM
cTpeccam.

OnbIT [ONTOCPOYHOIo NCnoJsib3oBaHnA

reHoB TPpeTU4yHoro FeHOd)OHAa

ANA 3aLWNTbI MLLEHULbl OT 6one3Hen

B nacrosiee Bpemst naentuduimpoano 6osee 100 reHoB
YCTOHYMBOCTH K KaXKJJOMY M3 BUIIOB P)KaBUMHbI U My4YHUCTON
POCHI MIIEHUIBI, BKJIIOYAS HJICHTH(QHUIMPOBAHHBIC, HEU3-
BECTHBIC HOBBIE I'€HBI M JIOKYChl KOIIMUECTBEHHBIX MPH3HA-
koB (QTL) (Mclntosh et al., 2018). 3HaunTenbHas 4acTh Te-
HOB YCTOWYMBOCTH OBLIIA IOCTATOYHO OBICTPO MPEOIOJICHA B
pe3yJabTare HBOJIIOIHOHHBIX POLIECCOB B MOIMYJISIIUSX M1aTO-
renoB (Kolmer, 2013; Patpour et al., 2022). Vicnionp3oBanne
TEHETHYECKUX PECYPCOB TPETHYHOTO TeHO(POH 1A B CETICKIIUH
MIIEHUIB Hayanochk B 1960-X IT., Korja ObUIH CO3JaHbI ITO/I-
XOIAIINEe TOHOPHBIC IUHUH. HecMoTps Ha Gompmioil Habop
MHTPOTPECCUBHBIX JIMHHUH, MAJIOE YHCIIO Uy>KEPOIHBIX TCHOB
MHTEHCHBHO NPUMEHSJIM B CEJCKIIMOHHBIX MPOTpaMMax B
mupe. Takue pe3ynbrarbl ObLIH 00YCIOBICHBI TEM, YTO OJIHH
TeHBI 00Mafaau CIabbIM 3aIUTHBIM 3(deKrToM, a Apyrue
3HAUNUTENFHO CHIDKAIN XO3SHCTBEHHO IIEHHBIE CBOMCTBA
pactennii (Friebe et al., 2000). B gwacTHOCTH, HEKOTOpHIE
W3 U3BECTHBIX TCHOB, NIEPEHECEHHBIX U3 BUNOB Thinopyrum
(Lr29, Lr38, Sr43), mpakTHYECKU HE BOBJICKAJVCH B CEJICK-
LU0 M3-32 HETAaTHBHOIO BIIMSIHUS HA arpOHOMHYECKHE IPHU-
3naku (Zhang W. et al., 2005).

OMBIT HHTEHCUBHOTO MCIIOJIb30BAHUSI 1y>KEPOIHBIX TEHOB
Ha TIPOTSHKEHUH HECKOJBKHUX IECSATUIETHH JaeT MpecTaB-
nenue 00 nx 3pHEeKTHBHOCTH 1 BO3/ICHCTBUY Ha TIOMYJISIIAN
naroreHoB. R. Johnson (1983), 0CHOBBIBasICh Ha aHAJIH3E OIThI-
Ta PaCTEHUEBOJICTBA, MPEIOKNI KOHIICTIHIO «UTUTEIbHON
YCTOWYMBOCTHY, T.€. YCTOHYMBOCTH, KOTOpasi octaeTcs a¢-
(heKTHBHOM B TEUEHHE JUTUTEIHHOTO MEPUO/Ia BBIPAIIUBAHUSI
COpTa Ha OOIIMPHON TEPPUTOPUH B YCIOBHAX, OIarOMPHUST-
HBIX JUIA pa3BUTHs 3aboneBanus. OqauM n3 Hanbosee 3Ha-
YUMBIX JTOCTH)KEHUH B MPUMEHEHUH TPETHYHOTO reHO(oH 12
Obuta cenexuust coproB ¢ TpaHciokanueil 1BL/1RS ot pxku
moceBHoit copra Petkus, Hecy1iei reHbl yCTOHUMBOCTH K Ha-
0opy prKaBYMHHBIX OONIe3Hel u MydHUCTOM poce (Lr26/Sr31/
Yr9/Pm8). llnpokoe pactipocTpaHeHNE COPTOB, 3AITUIIICHHBIX
reHoM Sr31, IpUBENIO K MOAABICHUIO MONYIsuuil P. grami-
nis f. sp. tritici 1o BceMy MHpY B T€UE€HHE HECKOIBKIX JeCs-
TWJIETHH, BIIOTH 710 nosiBeHus pacsl Ug99 B Yranne B 1998 .
(Singh R.P. etal., 2015). B pe3ynbrare pactpocTpaHeHuUs pac
rpynmsl Ug99 ren Sr3/ cran HeahdexkTuBHBIM B Adprke
n Ha bmmwxaem Boctoke (Singh R.P. et al., 2015; Patpour
et al., 2022), Ho ocraercsa 3¢pdexruBupiM B CIIIA, Kanaze,
Wumun, Kutae u Poccun (Brar et al., 2019; CkonoTHeBa u
Ip., 2020; Wu et al., 2023). Mcropust UCIIONE30BaHUS COPTOB

YCTONYNBOCTb PACTEHUI K CTPECCOBbIM ®AKTOPAM / RESISTANCE OF PLANTS TO STRESS FACTORS

2024
285

Mcnonb3oBaHne reHeTUYeckoro noTeHynana
popos Thinopyrum v Agropyron ons 3aluTbl MLUEHNLbI

¢ reHoM Sr3 ] ToKa3bIBaET, YTO OH 00ECIIeUMBA JUTUTEIbHYIO
YCTOMYMBOCTH MIICHUIIBI K CTEONIEBOH prkaBUMHE.

OmnbIT BO3AETBIBAHUS COPTOB, co3naHHbIX B CIMMYT, B
Pa3IMYHBIX PETHOHAX MHUPA OKa3aJl, YT0 HanOosee IEHHBIMU
JUISL 3alIMTHl OT MPOTPEcCUpyIomiel cTebIeBoil pKaBINHBI
Obutn 12 reHoB. M3 HUX TpW reHa ObUTH HOJyYEHBI U3 MSIT-
kot menunsl (Sr2, Sr23, SrTmp), a 1Ba — IEPEHECEHbI U3
nepBuYHOTO reHodonaa (Sr33 u Sr45). OcranbHbie Sy TeHBI
ObUTH TIEPEHECEHbI U3 TPETUIHOTO U BTOPUYHOTO T'eHO(OH-
JIOB TIPEHMYIIECTBEHHO B COCTaBE CIIOKHBIX JIOKYCOB: W3
Th. ponticum (Sr24/Lr24, Lr19/Sr25), S. cereale (Sr31/Lr26/
Yr9/Pm8, SriRS§4mgo/Pm17 u Sr50), T. timopheevii (Sr36/
Pmé6), Ae. ventricosa (Sr38/Lr37/Yr17) (Singh R.P. et al.,
2015). IlpuauMasi BO BHUMaHUE BBICOKMH PUCK PacIpo-
ctpanenus pac rpynmnsl Ug99, 6onpimoe BHUMaHUE OBLIO
yzaeneHo 3G (HeKTHBHOCTH ITPOTUB HEE U3BECTHBIX S7 TeHOB. B
Hacrosiee BpeMs 3PEeKTUBHBI MPOTUB packl Tpymsr Ug99
reHbl Sr25, Sr26, Sr43, Sr61 w3 Th. ponticum, a Taxxe Sr44
u3 Th. intermedium (Zhang J. et al., 2021; Pathotype Tracker,
2023). o nosgsnenust pacel Ug99 BupyneHTHOCTH K Sr24
OpLTa peakoi B monymsamusax P. graminis f. sp. tritici Bo BceM
Mupe, onHako K 2006 . BUpYIEHTHOCTh MOSBUJIACH Y ISTH
pac rpyrmsl Ug99 B Adpuke (Jin et al., 2008; Bhavani et al.,
2019). B ABcrpanuu ren Sr24 6su1 adpexrusen okoso 20 Jer,
a Sr26 ocraetcst 3PPEKTUBHBIM Y)KE HECKOJIBKO JICCATUICTHIA,
YTO MOJKHO PacCMaTpUBaTh Kak JUTUTEIHHYIO YCTOHUHUBOCTE K
ctebnesotii pxxkaBunHe (Park et al., 2015; Zhang J. etal., 2021).

B mepuon 1983-2012 rr. B Mupe OBLIO CO3MaHO OKOIIO
12.5 ThICSYM COPTOB U JIMHUIA MSITKOH MIIeHULIbL. [ eHeTnueckuit
marepuail BUnoB Thinopyrum, npenuMyliecTBeHHo 1h. pon-
ticum (93 %), aKkTUBHO HCIIOIB30BAIM ISl 3AIUTHI COPTOB
(Martynov et al., 2016). PacnipenesieHue MbIpeHHBIX TEHOB B
copTax 3HaYUTEIbHO BAPHUPYET B 3aBUCUMOCTH OT PErMOHa.
370 MOXET OBITH 00YCIIOBIEHO aaNTaluel COPTOB K KIIMaTY,
TEXHOJIOTHYECKHMHU TPEOOBAaHMSMH K KadeCTBY MPOTYKINH
U MOMYJSAIUSIMU MaTOreHOB. bojee MonoBUHBI ceBepoame-
PHKaHCKHX COPTOB MMM MHTporpeccuut ot Th. ponticum,
peke OHM MPHUCYTCTBOBAIM B copTrax ABctpanuu (12.6 %),
Azun (14.8 %) u FOxuoit Amepuku (8.5 %) (Martynov et al.,
2016). B CIIIA GONBOIMHCTBO O3UMBIX COPTOB OBLIH 3aIITH-
nieHsl reHaMu Lr24/Sr24 (Kolmer et al., 2007), a Lr19/Sr25
npucytcTBoBain y 12 % coproB. B ABcTpanuu /is 3a1UThI
MIICHUIIBI OT PYKABYUHBI B OCHOBHOM HCIIOJB30BaIU Lr24/
Sr24 (82 %), pexe — Lr19/Sr25 u Sr26. B 1OxHoi Adpuke u
Erunre oxono 5 % coproB Hecnu renst Lr24/Sr24. B Poccun
n Krrae npenmymiecTBeHHO BKITIOYAIH B cOpTa TeHbl Lrl9/
Sr25 (Martynov et al., 2016; Xu X. et al., 2018; Gultyaeva
et al., 2021). Co BpeMeHEM B HEKOTOPHIX PETHOHAX yCTOM-
YUBOCTh COPTOB C MBIPEHHBIMM FeHAMHU Oblia MPEoaosIeHa
pkaBUMHHBIME rpubamu. Tak, ren Lr/9 Obu1 mpeonosieH B
Mexcuke u Uamun (Huerta-Espino, Singh, 1994; Bhardwaj et
al., 2005). Pacwl P, triticina, BUpYIIEHTHBIC K Lr24, TOSBUIHCH
B CesepHoii n FOxHOIT AMeprike, a Takoke B FOxHOM Adprke,
IJIe TPAHCIOKAIUIO C reHaMu Lr24/Sr24 npuMeHsun B Teue-
Hue qurenbHoro Bpemenu (Park et al., 2002; Kolmer et al.,
2007; Li H., Wang, 2009). Ha npumepax nomyssiiuii P. triti-
cina B CI1IA moka3aHo, 9TO JOJIU BUPYICHTHBIX K L1199 v Lr24
anienei ObUIM BBINIE B PErHOHAX, II€ MPEUMYIIECTBEHHO
KyJIETHBUPOBAJIM COPTA C KOMIUIEMEHTapHBIMU T'€HaMH, HO
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cHwkanmuch B Apyrux 3ouax (Kolmer et al., 2007; Kolmer,
2013). B apyrux pernoHax Mupa, IJie cCopTa ¢ TpaHCIOKaIen
Sr24/Lr24 6pun Majo pacupocTpaHeHsl, TeHbl Sr24 u Lr24
ocratorcs adpdexruapiME (Xu X. et al., 2018; Gultyaeva et
al., 2021).

[ToceBs! MsTKO# TIICHATIBI B Poccru peicTaBIstoT co0oi
WHTEPECHYIO MOJENb JJIsl OLIEHKH JIEHCTBUS T€HOB YCTONYHU-
BOCTH K JIICTOBOH | cTeOneBoil prkaBunHe. OCHOBHEIE ITO-
CeBBI pacnosoxkeHsl B eBponeiickoil (Ceepo-Kaskaszckui,
LentpanbHo-YepHozemusid, LlenTpanbHbiil u [ToBomkckuit
peruonsl) u azuarckoid (FOxueid Ypan u 3amagaas Cudbnps)
yacTsx cTpaHbl. Ha moceBax cymiecTBYIOT pa3iM4aionInecs
eBpoICiicKKe U a3uarckue nonyssinuu P, graminis f. sp. tri-
ticin P. triticina (CxomotHeBa u 1p., 2020; Gultyaeva et al.,
2021). IoBomxkee n FOxHBIH Ypau sBISIOTCS 30HAMH KOH-
TaKTa MEX/y HOIYJSILUMH OJaroiapsi IepeHocy Crop rnaro-
TeHOB Bo3ayITHBIME rToTokamu (Gultyaeva et al., 2021).

B 1970-2020 rr. B pernonax Poccun ObIIM CO3aHBI COP-
Ta, 3AIUIICHHBIC PA3JIMYHBIMU T'eHaMu L1 1 Sr U3 TPETUYHO-
ro reHo¢oHa. IloBomkckne copta (B pa3HbIe Toabl oT 15 no
30 %) necnm Tpanciokauuu Lr19/Sr25 w Lr6Agi/Sr6Agi (Cn-
oukees u 1p., 2017; Gultyaeva et al., 2021). B roxxHOypasib-
CKHe copTa ObUIH BBeACHHI TeHbI L9 u LrSp ot Ae. umbellu-
lata n Ae. speltoides cOOTBETCTBEHHO, a B 3aIaJHOCHOMP-
ckue — Lr9. ennl Lr26/Sr3 1 v xomOuHauuu menee s dexTrs-
HBIX T€HOB L7 11 Sr IPUCYTCTBOBAJIN B COPTAaX BCEX PETHOHOB,
a Sr24/Lr24 6vum penxu (menee 1 % copros) (Gultyaeva et
al.,2021; Baranova et al., 2023). JloiroBpeMeHHOE U3yUCHUE
nomyJsiuid P, triticina moxas3ao, 9To BUPYJASHTHOCTD K Lr]9
npeoOanana B MOBODKCKOHM momyisiiuu 10 2010 1., HO 1o
Mepe PaCHIMPEHUs CIIEKTpa FeHOB YCTOHYMBOCTU 4acTOTa
ayesielt BUPYJACHTHOCTH K L] 9 cHU3MIACh. AU BUPY-
JIEHTHOCTU K Lr19 u Lr9 He HaKalIMBAJIUCh B MOMYJISILIUIX
P, triticina, ecnii B permoHax OTCYTCTBOBaJIH (MITH OBbLIN MaJIo
pacnpocTpaHeHbl) COpTa ¢ KOMIUIEMEHTAPHBIMU reHaMu. Tak,
B Llenrpansaom u CeBepo-3amasiHOM peTHOHAX, ONM3KHUX
k [ToBoyKbIO, anenyu BUpYIEHTHOCTH K Lr19 n Lr9 Obutn
penknmu B 2001-2010 T, a MOIPKE MCUE3ITH U3 MOMYIISAIHNA
(Gultyaeva et al., 2023). B FOxHo-Ypanbckom u 3amaHo-
Cubupckom pernonax reH Lr9 obur npeogosen B 2008 r.
(MemxoBa u mp., 2012), Ho Lrl9 ocraercs 3¢hHekTHBHBIM
(Gultyaevaetal., 2021). Bo Bcex mommynsnusix BUPYJASHTHOCTb
K Lr24 ObLina 4pe3BbIYaiiHO PEIIKOiL, @ BUPYJICHTHOCTD K LrOAgi
u LrSp MOTHOCTBIO OTCYTCTBOBasA. Takke HE OOHAPYKEHO
MaTOTHIIOB, BUPYIEHTHBIX K KoMOuHamwsiM Lrl9 + Lr26 n
Lr9 + Lr26 (Gultyaeva et al., 2021).

CrebneBast prkaBIMHA B TEUEHHE AITUTEIBHOTO BPEMEHH Cy-
IIECTBEHHO HE MOPakaja MMOCEBbI MIICHUIIBI B OOJIBIINHCTBE
pernonoB Poccuu. [lepBbie cHiIbHBIE BCIBIIIKH O0JIE3HU ObLTH
orMmedensl B [ToBomxkne B 2013 12014 T, a Takoke B 3amaaHol
Cubupu u cocenaem Ceseprom Kazaxcrane B 2015 r. (Cubn-
KeeB u jip., 2016; Shamanin et al., 2016). Copra ¢ rerom Sr3 1
OBLTH TIOpakeHbI B 000mx pernonax (Cubukees u ap., 2016;
Plotnikova et al., 2022), Ho HOBbIE MATOTHITBI HE NTPHUHAJLIE-
sanu k pace Ug99 (Patpour et al., 2022). B cienyroriue rosr
BUPYJCHTHBIC TTATOTHITHI UCUE3ITH U3 TIOMYIISAINH, U TeH 573/
ocraercs ¢ dexruBHbIM B Poccnn (Cxonoraesa u ap., 2020;
Baranova et al., 2023). K koH1ty snuduroTun credieBoii pxas-
yuHEI B 3armagaoi Cubvpu B 2015 . copTa 1 TMHUY C TEHAMHA
Sr24, Sr25 n Sr26 6b1IM yMEPEHHO MOPasKeHBI, OHAKO 3aTEM
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UX ycTOoMunBOCTh BoccTaHoBmIach (Plotnikova et al., 2023a).
B IoBomxbe MHUY ¢ TeHaMU S725 TPOSBUIHA BOCTIPHAMYH-
BOCTH K cTeOneBoit pxasunHe B 2022 1., HO TeHsl Sr24 u Sr26
ocranuch Beicokod(dexruBHbIME (Baranova et al., 2023).
Ilociie npeononeHuss OTAEIbHBIX [€HOB YCTOWUYHMBOCTH
K PXKaBUMHHBIM OOJIE3HSIM COpTa HavyaM 3allUIaTh ¢ KOM-
OuHanusMu reHoB. KoMOMHAIIMY TBIPCHHBIX TeHOB (Sr24/
Lr24 wim Lr19/Sr25) ¢ pxxaasimu Lr26/Sr31 v Sr36/Pm6
ot T. timopheevii, a Taxxe Lr9 + Lr26/Sr31 Oblnu BBICOKO-
3¢ (EeKTUBHBI POTHB P’KABYMHBI B Pa3HBIX PETHOHAX MHpa
(Park et al., 2002; Martynov et al., 2016; Gultyaeva et al.,
2021). B IloBomwkbe Taxke ObuM APPEKTHBHBI KOMOMHA-
wun Lr19/Sr25 + Lr6Agi/Sr6Agi viu Lr19/Sr25 + Sr22 (ot
T. monococcum) (Cubuxees u np., 2017, 2021). Breicokyro
YCTOMYMBOCTH K Oypoil M cTeOIeBOH pKaBUMHE MTOKa3ald
copTa ¢ KOMOMHAIMSIMHU TBIPEHHBIX TeHOB Lr19/Sr25 unu
Sr24/Lr24 ¢ mo6siM 13 APR reHOB, mpencTaBIeHHBIX B
CIOXHBIX JOKycax: Lr34/Sr57/Yri18/Pm38, Sr2/Lr27/Yr30,
Lr46/Sr58/Yr29, Lr67/Sr55/Yr46 (Aravindh et al., 2020).

LlEHa BUPYNEHTHOCTU K reHam

TPETNYHOro reH0¢o0Hp,a n npoAaBneHne
MeXaHn3moB yCTOI‘/'NI/IBOCTI/I BMNAOoOB-HEX03A€eB

B MHTPOrpeccuBHbIX 06pasuax nweHnLbl

B arposkocucremax MocTOSHHO MPOUCXOAMT COMPSDKEHHAs
SBOJIFOLMS TATOTEHOB C PACTEHHUSMHU, HAIPABICHHAS Ha IIpe-
oJoleHHe ycToiunBocTH coproB. Ha mpumepe P. triticina
OBLIO MOKA3aHO, YTO B MOMYJISLUIX PETYJISIPHO MOSBISIOTCS
HOBBIE TTaTOTHUIIBI, HO 00JIee TTOJIOBUHBI N3 HUX BCTPEUAIOTCS
OJTHOKpATHO, a 3aTteM ucye3aroT (Gultyaeva et al., 2023). dns
3aKpeIUICHNs B TIOMYJISIIMU HOBast (hopMa JOJbKHA MPHoOpecTH
Ha0Op MPHU3HAKOB, YCHIUBAIOIINX €€ MPHUCIOCOOICHHOCTb.
[TpucniocobneHHoCTs (fitness) onpeensroT Kak OTHOCHTEIb-
HYIO CIIOCOOHOCTH I'€HOTHIIA CYIIECTBOBATH BO BPEMEHHU M
BHOCHTH BKJIaA B TeHO(oH momyssiuuu. IIpucnocoOnen-
HOCTBH 3aBHUCHUT KaK OT >KU3HECIIOCOOHOCTH TE€HOTHIIA, TaK
U OT HHTEHCUBHOCTH ero pasmHokenus (Park et al., 2002).
HoBble TeHbl BUPYJICHTHOCTH ITO3BOJIAIOT PACIIMPSTH KPYT
MOPAXXEHHBIX PACTEHUH, HO MOTYT MMETh pPa3HOE BIHSIHHUE
(11eHy) Ha pUCHOCcoOICHHOCTH MaroreHoB (virulence cost, fit-
ness penalty). IIpu GIaronpusATHBIX YCIOBHAX CPEIbI HOBBINA
MAaTOTHIT MOYKET HAKAIUIMBATh T'€HBI-MOAN(UKATOPEI, TIOBBI-
IIAIOIINE €r0 aanTHBHbIE CBOWCTBA. OJHAKO B CTPECCOBBIX
YCIIOBUSIX HOBBIE '€HBI MOTYT CHU3UTbH JKH3HECTIOCOOHOCTh
1 pa3MHOXXEHHE, YTO MPOSIBISIETCS] B CHIKEHUH TIPHCIIOCO0-
JICHHOCTH 11apa3nuTa, a B HEKOTOPBIX CIIy4asiX IPUBOAMT K Jie-
TaJbHOMY P PEKTy U OBICTPOMY HCIE3HOBEHHIO HOBOM (Op-
MbI U3 nomyssiun (Antonovics, Alexander, 1989; Zhan J.,
McDonald, 2013).

Pactenus urparoT posib cpepl OOUTaHUS Ul TTapa3suTH-
YEeCKHX I'pHOOB, TO3TOMY '€HOTHITHI COPTOB U pa3HO0Opas3ne
KYJIBTYP OKa3bIBalOT OOJIBIIOE BIMSIHUE Ha TOMYJISIIMY NaTo-
reHoB. LleHa BUPYIEHTHOCTH MOXKET OTPHIIATEIbHO KOPPETH-
POBaTh C JUIUTEIEHOCTHIO YCTOHYUBOCTH COPTOB K OOJIE3HSIM.
HaoGmonasmeecst B 1960—1990 1. nionaBieHne momysisiiuii
P graminis f. sp. tritici B OONBIIMHCTBE PETHOHOB MHUpPa
MOCJIe pacIpOCTpPaHEeHMsI COPTOB MUIEHUIIbI ¢ TeHOM Sr3 1, a
Tak)kKe MCYC3HOBEHUE BUPYICHTHBIX K S73/ KIOHOB U3 pOC-
cuiickux momymsuid B 2020-X IT. MOKa3bIBAIOT, YTO I[CHA BH-
PYJICHTHOCTH K 3TOMY I'€HY BEJIHKa, 9TO PE3KO CHIU)KACT MPH-
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CHIOCOOJICHHOCTh NaToreHa. B To sxe Bpemst mosiBiieHHE packl
Ug99 nponeMoHCTPHPOBAIO BO3MOKHOCTH IIOBBIIIICHUS TTPH-
CHOCOOJICHHOCTH B yCIOBHSIX AQPUKU NPH aJanTalnuu K
coptaM ¢ reHoM Sr3/. OTMe4YeHO yBeIU4YEeHUE YaCTOThl BH-
PYJIEHTHBIX pac B pErMOHaX CO 3HAUUTENILHOM J10JI€H COPTOB ¢
Lri9,Lr24,Sr24 u Sr25, HO CHUKEHHE UX YaCTOThI B PErHO-
Hax ¢ apyrum Habopom coproB (Kolmer, 2013; Gultyaeva
et al., 2021; Baranova et al., 2023). OTo cBHAECTEIHCTBYET O
TOM, YTO BUDPYJICHTHBIC K ITBIPEHHBIM I'€éHaM MaTOTHIIBI TTOJTY-
YHJIM HEKOTOPOE KOHKYPEHTHOE MPEUMYILECTBO Ha COOTBET-
CTBYIOIIMX COpPTax, HO MX MPHUCHOCOOICHHOCTh CHU3MIIACh
B JIpyrux 30HaxX. O BBHICOKOH IIeHE BUPYJICHTHOCTH K T'€HaM
Lr28u LrSp ot Ae. speltoides (BILJIOTH 10 JIETATBHOCTH) CBU-
JIETEJILCTBYET TO, YTO BUPYJICHTHBIE TATOTHITBI B POCCUHCKUX
MOMYJSINUSIX P, friticina He BBISIBICHBI B TSUCHHE ACCATIICTHH
(Gultyaeva et al., 2021). B 3ananuoii Cubupu B 2015 1. o1-
MEUEHO PE3KOE NOBBILIEHUE YaCTOThI BUPYJIEHTHOCTH K L147
(ot Ae. speltoides) — no 70 %, HO B CIIEAYIOMIHE TOIBI BUPY-
JICHTHBIE KJIOHBI Hcuesiu u3 nonyssiunu (I1noTHukosa u nip.,
2018). BeposiTHO, BUPYIEHTHOCTH K TeHYy L4 7 3HaUNTETFHO
CHIDKAET ITPUCIIOCOOIEHHOCTH TpHoda.

[Tarorennpie rpuObl HE CIOCOOHBI CYIIIECTBOBATH HA BUAAX,
K KOTOPBIM OHH HE OBUIN CIIEIMAIN3UPOBAHBI, TAK Ha3bIBaC-
MBIX HEX0351eBaX. YCTOMYMBOCTh BUIOB-HEXO35IE€B PEKO ITpe-
07I0JICBACTCSI, TI0ITOMY €€ TeHETHYECKHI KOHTPOJIb U 3alHT-
HBIE MEXaHM3MBI IpeAcTaBisaioT Ooxpimoi maTEepec (Niks,
2014). 115 co3maHus COPTOB C [UTUTEIBHON YCTOHYHUBOCTHIO K
0OJIE3HSIM CYMTACTCS IEPCIIEKTUBHBIM IIEPEHOC 3aIIUTHBIX Me-
XaHM3MOB BHI0B-HEX035IEB B Ky/IbTypHbIE pacTeHust. CornacHo
chopmymuposanHoii B 2010-X I'T. runoTe3e, yCTOWIHBOCTh K
[aToreHaM HeX0351€B U X0351€B KOHTPOJIMPYETCS Pa3IMYHBIMU
reHetndeckumu cucreMamu (PTI u ETI cooTBeTcTBEHHO)
(Peng et al., 2018).

[Tpu uzyuennu B3aumoneiicteus P. graminis f. sp. tritici ¢
BUIaMHU-Hexo3seBaMHu S. cereale u Th. ponticum OBLIO yCcTa-
HOBJICHO, YTO Pa3BUTHE MATOTCHA ITPEKPAIIATIOCh HAa PAHHUX
CTaJUsIX Pa3BUTHSI, 10 BHEIPEHHS B TKAHH (TIperayCcTopualib-
Hasi yCTOMYMBOCTR). HapyIieHne B3anMoIeiiCTBHS IPOSIBIISI-
JIOCh B HapyIICHUH OPUEHTAINU WHQEKINOHHBIX CTPYKTYP
Ha MOBEPXHOCTH PACTCHHH M MOJABICHUHM 00pa3oBaHUs
aImpeccopreB, 00eCIEINBAIOIINX MPOHUKHOBEHNE B yCTHHIIA
(Plotnikova et al., 2022, 2023a). [Tpu 3apaxxenuu P. graminis
f. sp. tritici TMHUN U COPTOB MIICHHILIBI C P)KAHBIMU U IBIPEH-
HbIMH TeHamu (Sr31, Sr24, Sr25 u Sr26) Oblnu BBISBICHBI
CXOJIHBIC MTPU3HAKKM HAapyIICHHUS PAa3BUTHS HA TIOBEPXHOCTH
pacrenuii. Kpome Toro, B pacTeHUsIX C 3TUMHU I'€HaMH yCTa-
HOBJICHA TeHepanus akTUBHBIX GopMm kuciopona (ADK) 3a-
IIUTHBIMH KJIIETKaMH yCTBUII IIPU KOHTAKTE C allPECCOPHUSIMHU.
I'eneparmst ADK npuBosuiia K ruOey pyKaBauHHOTO 'pHoa J10
MIPOHUKHOBEHMS B TKaHU pacteHnit (Plotnikova et al., 2022,
2023a). OueBHIHO, TEHBI MBIPES ¥ P>KU PACHIOZHAIOT pa3HbIe
KOMITOHEHTBI KJIETOYHBIX CTEHOK MaTOreHa.

CxofIHBIE 3alIUTHBIE MEXaHU3MBbI OBUIH OIIPEAEIIEHBI IPU
B3auMoJieicTBUH P, triticina ¢ BUIaMH-HEX035€BaMU 1 JIMHU-
SIMU MIISHUIBI ¢ MbIpeiHbIMU reHaMu L] 9 u Lr38 (IlnotHu-
koBa, 2008, 2009). Ananornunas reHeparmsg ADK 3amuTHbI-
MH KJICTKaMH yCTBHIl, HA3BaHHAS yCTbUYHBIM HIMMYHHTETOM,
ObLTa OOHApY)KEHA MPHU MH(DUIUPOBAHUN MOJICIIBHOTO BHJIA
Arabidopsis thaliana HenatoreHHBIME OakTepusMu Esche-
richia coli u Pseudomonas syringae pv. tomato (Zeng, He,
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2010; Melotto et al., 2017). D10 yka3sIBacT Ha TO, YTO OT-
JIeTTbHbIE TEHBI TPETUYHOTO TeHO(OH 1A MOTYT 00€CIIeunBaTh
CXOHBIE C HEXO3AMUCKUMH 3aIUTHBIE MEXAaHU3MBI, KOTOpBIE
MO/IABIISIIOT Pa3BUTHE rpuda HA PAHHHUX CTAJHIX U MPEIOT-
BpaIaloT NMPOHUKHOBEHUE B TKaHW. [IpH BO3ZHMKHOBEHUH
BUPYJIEHTHOCTU XUMUYECKHH COCTaB M MIMMYHOJIOTHUYECKHE
CBOMWCTBA KJIETOYHOI CTEHKU Ipuda MOTYT U3MEHAThCS. Be-
POSITHO, TAKNE N3MEHEHHS BIUSIOT HA )KU3HECTIOCOOHOCTH U
MPUCIIOCOOIEHHOCTh MYTAHTHBIX KJIOHOB, YTO HPUBOIUT K
HCYE3HOBEHUIO UX U3 MOIYISIIUA. MOXHO NPEAIONIOKUTD,
YTO TIOSIBJICHUE y TAaTOTCHOB BUPYICHTHOCTH K JIByM T€HaM
(Sr24 + Sr31 v Lr19+ Lr26 u T. 1.) BEI3BIBACT TIOTEPEO/H3ME-
HEeHHUE HabOpa Ba)KHBIX KOMITIOHEHTOB KJIETOK, YTO BPEIHO HITH
JIETAJILHO JUIS TTATOTUIIOB. DTO OOBSCHSET BEICOKYIO yCTOHUIH-
BOCTb COPTOB C COUETAHUSIMU TPAHCIOKAIUI OT NBIPEst ¥ PoKU
K cTeOsieBoi u Oypoil pkaBUMHE B pa3HBIX PETHOHAX MHUpA.

Braromaps mporpeccy B o0iacTu MOJEKYISIpPHON reHe-
THUKHU TOSIBUJIACh BO3MOXXHOCTH TIepeHoca B copra Habopa
I'€HOB YCTOHUMBOCTH B (hopMme KacceT (10 msiTu reHoB). [l
KOHCTPYHPOBAHHUSI COPTOB C JUTMTENBHON YCTOMYMBOCTBIO K
O6uoTpoHBIM MaToreHaM OCOOBIH WHTEpPEC MPEICTABISIOT
TeHBbl, KOHTponupytomue ycroiunBocts PTI-tuna (Hexo3ses)
(Liu X. et al., 2021). B cBs3u ¢ >tum rensl Thinopyrum u
POJICTBEHHBIX POIOB, 00ECIIEUNBAIOIINE 3AIUTY, CXOAHYIO C
HEXO03S5IICKOH, MEePCHEeKTUBHBI /Il co3anust APpHEKTHBHBIX
TEHHBIX KacCeT.

3aknioyeHune

YBenuueHne Mpou3BOCTBA 3EPHA MIIEHHUIIBI SBISETCS CTPa-
TErnYecKOH 3amaueii st obecredeHus MPoaOBOILCTBHEM
pacTyuiero HacejaeHUs Mupa. PaciimpeHne reHeTudecko-
TO pa3HOOOpa3us COPTOB HEOOXOAUMO I OpraHU3AIHUH
YCTOWYMBOTO 36pHOBOTO MPOM3BOJACTBA. BHabl BTOpHYHOTO
W TPETHYHOT'O TeHO(OHIOB C FTOMEOJOIHYHBIMU T'€HOMaMH,
BKtouast pox Thinopyrum, NpU3HaHBI BAKHBIMU HCTOUHUKaMHU
TEHOB YCTOHYMBOCTH K OOJE3HSIM M aOMOTHYECKHM (haKTo-
pam. Haubonee 1ieHHBI JUTsl CENEKIMU TTOJUIIONUIHBIC BHIBI
Th. ponticum u Th. intermedium. iccnenoBanus, MpoBeIeH-
HBIE B TTOCJICTHHE JACCATHICTHSI, TOKA3aJIH, YTO POICTBEHHBIE
Bunbl Th. elongatum, Th. bessarabicum, Th. junceiforme u
A. cristatum Tax>ke MOTYT OBITb TOHOPAMH MOJIE3HBIX TPH-
3HAKOB JUISl YIyUIICHHUs CBOWCTB IIICHUIIB. B HacTosmee
BpeMsi CO371aHO OOJIBIIOE YUCIO MHTPOIPECCUBHBIX JIMHUM
MIIEHUIBI, YCTOMUUBBIX K 3a00JIeBaHUAM (BKIIFOUasi BUJIBI
PrKaBYMHBI, MyYHHCTYIO POCY, CEIITOPHO3bI, (hy3apHo3 KOJIoca,
JKENITYIO TSITHUCTOCTh U BUPYCHBIE OOJIC3HU) M TOJNEPAHT-
HBIX K a0HOTHYeCKUM (akTopaM (3acyxe, FIKCTpeMalbHBIM
TeMIIepaTypam, 3aCOJICHHIO U T.J1.). OJJHaKO B CENEKINN HC-
TMOJTE30BaJIM HEOOJIBIIOE YUCIO HHTPOTPECCH, UTO CBSI3aHO
C HEraTUBHBIM BO3JICHCTBIEM OCTAIBHBIX TyKEPOIHBIX (hpar-
MEHTOB Ha arpOHOMHYECKHUE MPU3HAKY MMIIeHHIIBL. [T yiryd-
IICHHSI CBOMCTB MHTPOIPECCUBHBIX JIMHUH ObIIIH IPOBEICHBI
pabOTHI 10 YMEHBIICHHUIO PA3MEPOB JIOKYCOB HJIM UCIIONB30-
BaHMIO KOMITIEHCHPYIOIINX POOSPTCOHOBCKHX TPaHCIOKAINI
(RobTs), BoccTaHaBnMBarOIMX yTpadeHHbIE (PyHKIIUH ITIIe-
HUYHON XPOMOCOMBI.

OMBIT UTMTENTHHOTO KYJBTUBHPOBAHUSI COPTOB C I'€HAMH,
HMHTPOIPECCUPOBaHHBIMU OT S. cereale n Th. ponticum, no-
Ka3aJl, YTO OHM CYIIECTBEHHO BIMAIOT HA OISy P, grami-
nis f. sp. tritici n P. triticina. BeposiTHO, anjenyu BUPYJICHT-
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HOCTH K P>KaHBIM U MIBIPEHHBIM '€HaM CHIKAIOT ITPHUCIIOCO0-
JIEHHOCTB PXKABUMHHBIX T'PUOOB, UTO IPUBOJUT K YACTUIHOMY
WJIH TTOJTHOMY YCTPAHEHUIO HOBBIX MATOTUIIOB U3 MOMYJISIUAN
rpuboB. Copra ¢ KOMOMHAIMSMH TPAHCIOKAIMH OT TBIpest
YAJIMHEHHOTO U PKH COXPAHSIOT BBICOKYIO YCTOMUMBOCTD K
cTebeBoit u Oypoil p>kaBUMHE B Pa3IMYHbBIX PETMOHAX MUPA.
Buget Th. ponticum u S. cereale SBnsitoTCs BUIaMU-HEX0351€Ba-
Mu it P. graminis f. sp. tritici u P, triticina, n X 3alIUTHBIC
MEXaHH3MBbI 00eCTICYNBAIOT O/IABJICHUE PA3BUTHSI IATOTCHOB
Ha MOBEPXHOCTH PACTEHUH WM MPH MOMBITKE BHEPEHUS B
ycTbuna. [eHbl yCTOHYMBOCTH, HHTPOIPECCUPOBAHHBIE OT
Th. ponticum u S. cereale (Sr24, Sr25, Sr26, Sr31, Lrl9,
Lr38), KOHTPOIUPYIOT POSIBICHUS YCTONYUBOCTH, CXOIHBIE
C 3alIMTHBIMU MEXaHU3MaMH1 Hex0351eB. Takue 0cOOCHHOCTH
JIENatoT 3TH TeHbI (M TeHBI C aHAJOTUYHBIM JIEHCTBHEM) TIep-
CIIEKTUBHBIMM JUJISl CO3/IaHUSI COPTOB C JUIMTEIBbHOM YCTOM-
YHBOCTBIO, YTO MOXKET OBITH YCKOPEHO C ITIOMOIIBIO MOJIEKY-
JISIPHBIX TEXHOIIOTHIL.
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PacripocTpaHeHHOCTb U BUIOBOJI COCTaB BUPYCOB KapToderist
B HoBOCUOMpPCKOIL 061acTu
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AHHoTaumA. Cpean MHOXKecTBa 6one3Hel, Mopa)KaloLMX pacTeHna KapTodens, UMeHHO BUPYCHble MHGEKLUN ABNAIOT-
cA Hanbornee pacnpoCTPaHeHHbIMU 1 HAHOCAT 3HaUMTESNbHBIN YLep6 X03ANCTBaM, BUAA KaK Ha YPOXKaNHOCTb, Tak 1 Ha
KauecTBO KapTodens. B cBA3M € 3TM BaXKHOe yC/I0BME COXpaHeHnsa cemeHHoro ¢oHaa kaptodena B Poccum — cucTe-
MaTUYeCKNIA MOHUTOPUHE U paHHee BbicokocneunduyHoe obHapyxKeHne BUPYCHbIX nHbeKunii kaptodensa. Lienbio pa-
60Tbl ObINO NcCnegoBaHNe 06pa3LOB COPTOB KapTodens, cobpaHHbIX Ha TeppuTopmm HoBocnmbrpckor obnactu (HCO),
Ha Hanuuue BMpPYCcHbIX nHbekunin metogom OT-MLP. M3yueHo 130 pacteHuin kKapTodena n3 yeTbipex panoHoB Hoso-
cnbupckon obnactu. B pesynbtate MOHMUTOpPMHIa 06HapyxeHbl cnepytowme Bupycbl: PVY (potato virus Y), PVS (potato
virus S), PVM (potato virus M) n PVX (potato virus X). Hn B 0ogHOM 13 aHanu3npyembix 06pa3LioB He HafeH KapaHTUH-
HbIi 0OBEKT — BUPOUT, BEPETEHOBUAHOCTY KNy6Helh kapTodena (potato spindle tuber viroid - PSTVd). MakcumanbHas
YyacToTa BCTpeyaeMoCTy B paioHax 0651acTu 6biia oTMedeHa ana Tpex Bupycos — PVY, PVM n PVS. CmeluaHHble BUpYC-
Hble HbEeKLMM COCTaBMY 3aMeTHYI0 AoM0 06pa3LioB: BCTPeYaemMoCTb KOMOUHaumm nidekummn PVY + PVM B pacteHmnax
cocTaBnsAna 25.0 %, PVY + PVS - 22.6 %. [1na oTpaboTKy MeTOLOB BbIACHEHWA LUTaMMOBOW MPUHAAJIEXHOCTY U3yyae-
MbIX 06pa3LOB NPOBEAEHO CEKBEHMPOBaHME HYKNeOTUAHBIX NociefoBaTeNlbHOCTEN KancuaHbix 6enkos 10 n3onAatos
Y-Bupyca. C npoceKBeHNPOBaHHbIMU NOCef0BaTENbHOCTAMM Obin OCyLieCcTBNEH GUNOreHeTUYECKMI aHann3 COBMeCT-
HO ¢ Habopom nocnepoBaTenbHocTel pedpepeHcHbIX WTammoBs 261-4, Eu-N, N:O, NE-11, NTNa, NTNb, N-Wi, O, O5, SYR_|,
SYR_II, SYR_III, B3aTbix B GenBank. B pe3ynbraTte ¢punoreHeTyeckoro aHanmsa yctaHoBneHo, yto obpasubl n3 HCO pac-
npesennancL B ABe rpynmbl WTaMMOB: rpynmna 1, BKUaoLWasa Takxke n3onaTbl pedpepeHcHbIX Wwrammos 261-4/SYR_III,
n rpynna 2 - NTNa. MonyyeHHble pe3ynbTaTbl LUITAMMOBOW NpUHagnexxHocTn obpasuos 13 HCO 3aknaabiBaloT OCHOBY
ana paspabotku JHK- n uMmyHHOAMarHOCTMUECKNX cmcTem Ansa BbianeHua PVY, umpkynupytowmx B HCO, a Takxe ana
BbIACHEHVA NCTOYHMNKA U NyTe MPOHNKHOBEHWA KOHKPETHBbIX LITaMMOB BUpYyCa.

Kniouesble cnosa: Solanum tuberosum; BupycHble nidekumm; OT-MNLP; Y-Bupyc kapTodens; punoreHeTMyecKunin aHanms.
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cnbupckor obnactu. Basunosckuli xypHan 2eHemuku u cenekyuu. 2024;28(5):554-562. DOI 10.18699/vjgb-24-61
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Distribution and species composition of potato viruses
in the Novosibirsk region
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Abstract. Among the many diseases that affect potato plants, viral infections are the most common and cause sig-
nificant damage to farms, affecting both the yield and quality of potatoes. In this regard, an important condition for
preserving the potato seed fund in Russia is systematic monitoring and early highly specific detection of potato viral
infections. The purpose of the work is to study samples of potato varieties collected in the Novosibirsk region for the pre-
sence of viral infections using RT-PCR. 130 potato plants from three districts of the Novosibirsk region (NR) were studied.
As a result of monitoring, the following viruses were identified: PVY (potato virus Y), PVS (potato virus S), PVM (potato
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PacnpocTpaHeHHOCTb 1 BUAOBOI COCTaB
BUpYCcoB KapTodensa B HoBocrnbrpckoi obnactu

virus M) and PVX (potato virus X). The quarantine pathogen potato spindle tuber viroid (PSTVd) was not detected in
any of the samples analyzed. The maximum frequency of occurrence in the region was noted for three viruses: PVY,
PVM and PVS. A significant proportion of the samples were mixed viral infections: the occurrence of the combination
of infection PVY + PVM in plants was 25.0 %, and PVY + PVS, 22.6 %. To develop methods for determining the strain
affiliation of the studied samples, the nucleotide sequences of the capsid protein genes of 10 Y-virus isolates were
sequenced. Phylogenetic analysis of the studied sequences of NR isolates was carried out with a set of sequences of
reference strains 261-4, Eu-N, N:O, NE-11, NTNa, NTNb, N-Wi, O, O5, SYR_I, SYR_Il and SYR_III retrieved from GenBank.
As a result of phylogenetic analysis, it was established that NR viral samples fell into two groups of strains: group 1,
which also includes isolates of the reference strains 261-4/SYR_IIl, and group 2, NTNa. The obtained results of the
strain affiliation of NR samples lay the basis for the development of DNA and immunodiagnostic systems for identify-
ing PVY circulating in NR, as well as for elucidating the source and routes of entry of specific virus strains.

Key words: Solanum tuberosum; viral infections; RT-PCR; potato Y virus; phylogenetic analysis.
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BBepeHmne

HoBocubupckas 06macTs — 6:1aronpusATHBIN PETrHOH [T BO3-
nenbiBaHus kaprodens (batos, I'ypeesa, 2023). IInomanu
ero BBIpALIMBaHUs B IPOMBILLIICHHOM CEKTOpe KapTodere-
BOZICTBA (JITaHHBIE 11O CETbX030PTaHU3ALMSIM M KPECThSIHCKO-
(dhepMepckuM X03siicTBaM, 0e3 ydyeTa XO3SHCTB HACCIICHHS)
Hoocubupckoii obactu B 2023 1. cocrasmsuiu 3.8 ThIC. Ta,
4yTo Ha 6.2 % (Ha 0.2 ThIC. Ta) Gombire, yeM B 2022 r. [Tpu
9TOM BaJIOBBIE COOPHI KapTodems B MPOMBIIIIICHHOM CEKTO-
pe kaprodeneBoncTsa HoBocnbupckoir 061acT COCTaBUIH
74.9 ThIC. T, uTO Ha 12.9 % (Ha 8.5 THIC. T) OOINBIIE, YEM B
2022 r. B coctaB 10 nepBbIX pailOHOB 110 pa3Mepy yOpaHHOU
wiomanau kaprodens B HoBocubupckoit odmactu B 2023 1.
Borwr: HoBocubupcekwii (36.8 % ot obmielt ruromaan), Op-
nerHCKAR (25.6 %), Momkosckuit (18.6 %), Kapacykckuit
(5.2 %), Toryunuckuii (4.4 %), Yepenanosckuii (3.3 %),
Cysyuckwuit (1.8 %), Uckutumckuii (1.7 %), KouenéBckuit
(1.3 %), barauckuii (0.4 %). Ha momnto ocrajabHBIX paiioHOB
cymmapuo 60su10 1.0 % (https://ab-centre.ru/news/rynok-
kartofelya-novosibirskoy-oblasti---klyuchevye-tendencii).

Mo manHBIM denepanbHON CIYKOBI TOCYIapCTBECHHOM
CTaTHCTHKH, CPeNHssl ypoxalHOCTh Kaprodens B Poccun
cocraBisieT okoio 16 1/ra (https://rosstat.gov.ru/enterprise
economy), B HoBocubupckoii obmactu — 22.5 1/ra (baros,
I'ypeena, 2023), B TO BpeMs Kak MaKCUMaJIbHAsI TPOTYKTHB-
HOCTb 9TOH KyJIBTYPBI Ha OT/JEIBHBIX COPTAaX MOYKET IOCTUTaTh
400 1/ra (T'ocymapcTBeHHBIN peecTp CENEeKIIMOHHBIX TOCTH-
JKEHHH. .., https://gossortrf.ru/). CHmwkeHne yposkaitHOCTH
BO MHOTOM OOYCJIOBJIEHO BIIMSHUEM Pa3INYHBIX BHEIIHHX
(hakTOpOB, B TOM YHCJIE ¥ PACIIPOCTPAHEHHOCTHIO OOJIBIIOTO
KOJIMYCCTBA BUPYCHBIX IMaTOICHOB.

B nacrosmee Bpems 40 GUTOMATOTEHHBIX BUPYCOB KapTo-
(benst naeHTUGUIMPOBAHO B PA3IMYHBIX CTPAHAX U PETHOHAX
(Hameed et al., 2014; Onditi et al., 2021). Haubomnee BayxHbIMU
W3 HUX, TOJIYYMBIIMMH ITOBCEMECTHOE PACIpPOCTpaHEHUE
Be3JIe, I7Ie BO3/ICIIbIBACTCSI KapTO(Deb, SIBISIOTCS BUPYC CKPY-
yuBaHus JiuctheB kaproders (BCIIK, potato leaf roll virus —
PLRV), Y-Bupyc xaptodens (YBK, potato virus Y — PVY),
X-Bupyc kaprodemns (XBK, potato virus X — PVX), S-Bupyc
kaprodens (SBK, potato virus S — PVS), M-Bupyc kaproders
(MBK, potato virus M — PVM). Kasx/iplii 13 3THX MaTOTeHOB
criocobeH npusectu k norepe ot 10 10 60 % ypokas, a npu
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CMEUIaHHOH BUPYCHOI MH(MEKIMN ITOTEPH MOTYT OBITH elle
Beiie (Byarugaba et al., 2020).

Bupyc PVY 3aHumaer nstoe MeCTO B IECATKE CaMbIX
Ba)XKHBIX BHPYcOB pacTeHnit B mupe (Scholthof et al., 2011)
Y NIPUHOCUT HauOOJIBIINHA SKOHOMUYECKUH yIepO MpH BbI-
panmBanuy Kaptodenst. Kpome Toro, 3ToT BUpyc NpUBOANT
K MOPAXEHHIO JIPYTUX PaclpOCTPAHEHHBIX CEIbCKOXO3si-
CTBEHHBIX KYJBTYD, TAKUX KaK TOMarhl, riepel, tadax (Kerlan,
Moury, 2008; Lacomme et al., 2017). I'enom PVY obnamaer
BBICOKOHM CTENEHBIO T€HETHYECKON N3MEHUYNBOCTH, a TaKXkKe
moaBepkeH pekoMOnHanuu. Bupyc PVY cymecTByer B Buzie
KOMITJIEKCA ITaMMOB, KOTOPBIE MOKHO OIPEAEIHUTh Ha OC-
HOBE PEaKIHii I'MIePYyBCTBUTEIEHOCTH K TPEM M3BECTHBIM
N-renam kaptogenst (Jones, 1990; Chikh-Ali et al., 2014)
WJIM Ha OCHOBE TI0CJIE/IOBATEIbHOCTEH TeHOMa U NaTTEPHOB
pexombunarmu (Karasev, Gray, 2013; Green et al., 2017).
B nacrosimee Bpems upeHTHGHUIpoBano 14 mrammoB PVY
(Karasev, Gray, 2013; Green et al., 2017), B TOM 9ucie mstb
HepekoMOuHAHTHEIX (PVYO, PVYEU-N, PVYNA-N,PVYCu
PVYO-05) u neBsith pexoMOnHaHTHBIX ITaMMOB (PVY-N:O,
PVY-N-Wi, PVY-NTNa, PVY-NTNb, PVY-NE11, PVY-E,
PVY-SYR-I, -IT u -IIT) (Chikh-Ali et al., 2016a, b; Green et
al., 2017). Taxoxe cooOmraercs 0 14 JONOTHUTETFHBIX PEKOM-
O6unanTax u Bapnanrtax reaoma (Green et al., 2018).

[Tockonbky 3a00seBaHus, BEI3bIBAEMBIE BUPYCAMHU KapToO-
(hesst, B MOJICBBIX YCIOBHUSX HEHM3JICUUMbI, paHHEE OOHApy-
’KEHHE JTAHHBIX BO30YyIUTENICH U ONpe/ieieHHe UX BUIOBOTO
COCTaBa — aKTyaJIbHasl 3aja4a CEIbCKOTO X035HCTBA, BXOAUT
B TIOZIIpOrpamMmy «Pa3BuTHE ceneKnyu 1 CEeMEHOBO/ICTBA Kap-
totenst B Poccuiickoit @enepannm» QenepaabHOR HaydHO-
TEXHHYECKON POTPaMMBbI Pa3BUTHSI CEIbCKOTO XO3SHCTBA Ha
2017-2025 rr.

B Hacrosiiiee Bpemst CyIIECTBYeT TPU OCHOBHBIX METO/Ia
IUAaTHOCTHKHU BHpyca B KIyOHsIX KapTodems: OT-IILP B
pearbHOM BpEMEHH, UMMYHO(EPMEHTHBIH 1 IMMYHOXpOMa-
TorpadUIecKuii aHATU3BI.

Panee B HexoTophix pernonax Poccuiickoit denepanuu
OBbUIM TIPOBEJCHBI MCCIIEJOBAHUSI BUPYCHOM HAarpy3KH Ha
arporieHo3bI kaprodeisi. B 2016 1. B AcTpaxaHckoii obiactu
Ha BCEX MMOCAJKAX PAHHETO PENpOIyKIIMOHHOTO KapToders,
3a ucKIroYeHneM copta Kpona, Op11a 3aukcupoBaHa BBICO-
Kasi IOPayKEeHHOCTh Y-BHPYCOM, 0COOCHHO Ha copTax MMmana
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(65-95 %), Pen Cxapnett (85 %) u Kypax (60 %). B2017r.
Ha copte Mmnasa npu coxpaHEHUH BBICOKOM OPaKEHHOCTH
PVY (60 % pactenuii) HabIr01a10Ch 3HAUUTEIEHOE OpaxKe-
Hue 3toro copta (50 % pacrenuii) PVS u PVM (®omunbix
u ap., 2017). Hacrora Bctpegaemoctu PVS u PVM 1o Pec-
nmy6nuke bamkoprocran cocramia 87 u 78 %, PVX — 12 %,
PVY — 28 %; no 61.6 % knyOHel Obuin MHPHUIHMPOBAHBI
neyms Bupycamu (PVS+PVY, PVS+PVX u PVM+PVY) u
2.8 % 00pa3uoB — coueTaHueM Tpex BUpycoB. Tonbko 6.9 %
M3y4YEeHHBIX 00pa3loB He cozepKaii BUPYcoB (XaipymuiuH
u np., 2021).

C y4eToM BBICOKOH 3apa’KeHHOCTH BUPYCHBIMH HH(EKISI-
MU PacTeHUH KapTodess Mo pa3inyHbiM obnactsm Poccuu
KpaifHe BayKHA PaHHsISI U TOYHAS ANArHOCTHKA BUPYCHBIX MH-
(hexumii ¢ MccneqoBaHNEM FeHETHYECKOTO MOIMMOphH3Ma OT-
JIENTbHBIX HITAMMOB Han0oJiee BCTPE4aeMbIX BUI0B BUPYCOB.
ITocne BHeapenus metonos IILIP-auarHocTuku cranu mo-
CTyTIaTh MHOTOUYHCIICHHBIE IAHHBIE O TEHETHYECKOM Pa3Ho00-
pazuu mwrammoB PVY u nosBuiack BO3MOXKHOCTb IIPOBO-
JIUTH Oojiee NeTaabHbIC MCCIEAOBAHNS, HANIPABICHHBIC Ha
BBISICHCHHE HCTOUYHHMKOB 1 ITyTEH pacripoCTpaHeHHsI BUPYCOB
kaprodens. Hanpumep, 110 pe3yabsraraM MOHUTOPHHTA C TIO-
mortrsio Metoga OT-IIP BcTpewaemocTr BUpYCcOB B 00pa3-
ax gersipex copros kaprodeins (Pex Cxapnert, CunbBana,
Jlaberna, HeBckuit) Obu10 00HApYsxeHO, uTo 100 % pacreHuii
3apakeHbl X-BUpycoM u 26.3 % — Y-Bupycom (I'puropss,
Txauenko, 2019), a 3apaxenHocts Kaprodens Y-BHpycoM
B [lepmckoMm kpae B 2019 r. cocraBmia 100 % (Ileuenkuna,
Boponnnkosa, 2020).

B nccnenoBannsx A.M. Mainbko ¢ komteramu (2017) mo-
Ka3aHa BbIcokas BcTpedaeMocTh PVY B Camapckoii, TBepckoit
n Jlennnrpasnckoit obmactsx (33.3, 29.2 u 25.7 % cootser-
ctBeHHO), PVS — B Camapckoii u Upkyrckoit oomactsix (66.7
u 30.5 % cootBercTBeHHO), PVM — B TBepckoit, Camapckoit
n Hmxeropozckoit obmactsx (25.0, 22.2 u 19.4 % cootser-
CTBEHHO). /lnarHocTrka BUPYCHBIX 3a00JIeBaHNI KapTo(es
metoaoM TP B peamsHOM BpemeHnH, mpoBeeHHas B 20191 B
CaparoBckoii obmactu, o0Hapyxuiaa PVY y aByx copToB Kap-
To(hesIst IPU OTCYTCTBUH BU3YaJIbHBIX TIOPAKCHUH PACTEHHH.

denepanabHBIM HCCIIENI0BATEIBCKAM LIEHTPOM KapTodes
um. A.T. Jlopxa ¢ 2015 . mpoBoANTCS M3ydeHHE CEPOIOTH-

Distribution and species composition
of potato viruses in the Novosibirsk region

YECKMX M (DUTONATOJIOTHUECKUX XapPAKTEPUCTUK H30JISITOB
PVY u3 pasnmnunbix pernonos Poccuiickoit @enepanuu, B
ToM uncie HoBocubupckoi obnmactu. M3 cemn uneHTH(H-
LIMPOBAHHBIX M30JISITOB ¢ MOHOMHpekuueir PVY B marepua-
ne m3 HoBocuOmpckoit 06acTy NATh W30JIATOB MPOSIBISIIH
CEPOJIOTHYECKHUE M (PUTOTIATONIOTHYECKUE cBOlcTBa PVYO/C
(OOBIKHOBEHHBIH ILITAMM M HITAMM aKpOIIETaIbHOTO HEKPO3a)
(Uskov et al., 2022).

Lenpro HacTosmeH paboThI CTal0 M3yYeHNE C TOMOIIBIO
MOJIEKYJISIPHO-T€HETHUECKMUX METO/I0B BUI0BOTO COCTaBa BH-
pycoB KapTo(elst pa3HbIX COPTOB U KaTETOPHH M TOpPaKEeH-
HOCTH UMM PAacTeHHH B Xo3siicTBax HoBocnOupckoii odnmactu
JUISL OTIIpEJeIeHHs] PaCIPOCTPAHEHHOCTH UX B CEMEHHBIX
KIIyOHSIX, a TaKke MCCIIEJOBAaHNE MITAMMOBOTO COCTaBa OT-
JIEIBHBIX H30J19TOB PVY.

MaTtepwuanbl u metofbl
PaGora Obuia BemmonHena B 2023 1. McciienoBanus mpoBo-
nunck Ha 130 pactenusx kaprodens Solanum tuberosum u3
Uckurnmckoro (copra I'ama (PC1), Pen Ckaprnerr (3), Pozapa
(PC1)), Opasiackoro (copra ['ana (PC1), Jlenu Kimap (PC1),
Pozapa (PC1)), Kouenénckoro (copra 3narka (C3), Po3zapa
(PC1)) m HoBocubupcxoro (copra I'ama (PC1), Pen Ckapnert
(PC1)) paiionoB HoBocubupckoii oonmactu (tadm. 1).
OO0pa3ibl OCTABISUIA XO3sMCTBA U3 YKa3aHHBIX 00Jac-
tel no poroopy ¢ ®I'bBY «Poccenbxo3uentp» no Hoso-
CcHOMPCKO 00acTH, OHM OBIITM OTOOPAHBI B COOTBETCTBHUH C
I'OCT 33996-2016. Ananuszuposanu 10 00pa3ios. B o6pas-
1ax MICKUTHMCKOTO paifoHa HaCUYUTHIBAIOCH Mo 20 KiTyOHEeH,
B oOpasnax OpasiHckoro, Kouenésckoro m HoBocnbupcekoro
paiioroB — 1o 10 kiyOHeit. KityOHu KapTodesst Kax1oro copra
KyJIBTUBHPOBAJIH B INTACTUKOBBIX TopIikax (o6semom 0.7 1) B
6oxcax npu Temneparype +24 °C + 1 °C, poroneproze 16/8 u:
cBer/TemMHoTa. [IpOOBI IMCTHEB YISl ONpE/iesICHHs] BUPYCHOI
Harpy3kd OTOMpPajM Ha YETBEPTYIO HEIENIO MOCIHe TOCaIKH
C BEPXHET0, CPETHETO U HIDKHETO sipycoB pacteHuil. Cpenu
HCCIIeIOBAaHHBIX COPTOB ueThipe, Po3apa, Jlenu Kiap, T'ana,
Pen Ckaprnetr, sSBIAIOTCS cOpTaMH 3apyOeKHOM CeNeKInH, a
OZIMH COPT (31aTka) — 0Te4eCTBEHHOI cenekuun. Beinenenue
BupycHoii PHK u3 coOpannbix nuctbeB kaprodens mpo-
BOJIWIIN C MICTIONB30BaHNEM Habopa «PutoCop0» mpon3Boa-

Ta6bnuua 1. AHanusnpyemblin MaTepuan kKapTodens no parioHam HoBocnbupckoi obnactu

ParoH CopT, CPOK co3peBaHMsA KonnuectBo npoaHann3mpoBaHHbIX Penpogykuusa
Kny6Hen, Wr.

Nckntumckun [ana, cpegHepaHHMA 20 PC1
Pen CkapnetT, paHHecnenbii 20 E)
Po3apa, paHHecnenbiin 20 PC1

HoBocnbupckun lana, cpegHepaHHMA 10 PC1
Pen CkapneTT, paHHecnenbii 10 PC1

KoueHéBcKuin 3naTKa, cpeaHecnenbin 10 (@)
Po3apa, paHHecnenbin 10 PC1

OpablHCKMI lana, cpegHepaHHWIA 10 PC1
Jlegn Knap, paHHecnenbi 10 PC1
Po3apa, paHHecnenbin 10 PC1
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ctBa komnanuu «CMHTOJD» (Poccust) B COOTBETCTBHH C pe-
KOMeHauusMu npousBoautensa. AHanu3z PHK BwinonHsau
Ha ammndukarope Rotor-Gene Q (Qiagen, I'epmanust). Ha-
JIMYKEe BUPYCOB B 00pa3Liax JHCThEB KapTodess onpeessuim
¢ ucrons3oBanneM Habopa pearentoB (HIIK «CUHTOJI»)
PV-005: PVX, PVY, PVM, PLRV, PVA, PVS u PSTVd.

IMoaroroBka ob6pa3noB k cekBeHnposanuio JHK.
OtnenbHbIe Y-TI03UTUBHBIE H301ATHI (10 11T.) OBITH 0TOOpA-
Hbl Juts onyvenust KIHK ¢ nenbro mocienyromero cexse-
HUpPOBaHMs 00JIACTU reHa KarcuaHoro Oenka. OOpaTHYyIO
TPAHCKPUIIINIO TPOBOAMIN C UCTIOIBb30BaHWEM Habopa pe-
aktuBoB OT M-MuLV-RH («brnonabmuxkcy», Poccus), co-
IJ1aCHO TPOTOKOJIY MPOM3BOJIUTENS: HA pPeakiuio Opaiu
2-5 mxr cymmaproit PHK u BHOCWIM mpaiimepsr (473-F:
5'-CAAATGACACAATCGATGCA-3"; 474-R: 5'-CAT
GTTCTTGACTCCAAGTAGAGTATG-3"), npenHazHa4yeH-
Hble JJIs1 CUHTe3a nepBoil u 3atem Bropoi nenu kJIHK Ha
yuyactke renoMHoil PHK PVY, xogupyromem kancuaHbli
6enok Bupyca. [Tonoop mpaiiMepoB BBITIOIHSIIM HA OCHOBE
CpaBHEHHMS HyKJICOTHIHBIX IIOCIIE/IOBATENIbHOCTEN TeHa Oelka
000JIOYKH U3BECTHBIX H30JISITOB Y-BHPYCa, IPEACTABICHHBIX
B GenBank.

CunresupoBannusie IHK ncronp3oBaim manee g am-
mwinpukanuu meroxom [P xoxpmpyromeit obmactu reHa
KarcugHoro oenka PVY wuccinemyembix HU30I4TOB BUpPYyCA.
TIIP ocymecTBiIsuIM B pPEaKMOHHONW CMECH, COAepIKallen
Ha3BaHHbIE BbllIe npaiiMepsl 473-F u 474-R. Cmech Harpe-
Banu B TedyeHue 5 muH npu 70 °C 1 mepeHOCHIIN B JIESTHYIO
6aHI0 Ha 2 MUH, 3aT€M BHOCHJIM CMECh OCTAJIbHBIX PEareHTOB
(PHK-3aBucumyto JJHK-nommepasy, OT-Oydep, nezokcuny-
kieotuaTpudocars) MHKyOnpoBasu B Tedenue 10 MuH npu
KOMHATHOH TEMIIEpaType; 3aTeM MEPEHOCHIIN B TEPMOCTAT Ha
42 °C Ha 2 4; 10 OKOHYaHUH PEAKLIUIO OCTAHABINBAIN IPOrpe-
BaHueM B TeueHue 15 mun npu 70 °C. Konnuectsennyro [1L[P
C JETEeKNIMEH B peaJlbHOM BPEMEHH IPOBOAMIN C UCTIOIb30-
BanneM «bnoMactep HS-qPCR SYBR Blue(2x)» komnanuu
«buonadomukcy. [P Beinonasin B ammuingpukarope CFX96
Touch (2014, Bio-Rad Laboratories, CIIIA) B coOTBETCTBUHU
CO CIIeIyIoNel MPOrpaMMoi aMIUTU(HKAIMN: ICHATYPaIUs
JHK mpu 95 °C — 1 muH, ¢ nocnenywomumu 40 nukiaMu
TP (menarypanus JHK 95 °C — 20 ¢, omxur npaiimMepoB
npu 55 °C — 15 ¢, anonranus uenu AHK npu 72 °C — 30 ¢).
[TpomyKTh! aMIUIM(UKALMY Pa3IeIIsiiIa Tellb-3I1eKTpodope3om
B 0.8 % araposnom rene, comepskamem 0.00005 % EtBr.

CexkBeHHpPOBaHHE AMILIMKOHOB FeHa KalCUJIHOro 0enka
u30J151ToB PVY. Ammukonst pazmepom ~800 H. I1., KOAUPYIO-
IHe KancuIHbIH 6e1ok Y-Bupyca kaptodens (PVY), ounmia-
1 ot KomrioneHTos I11[P peakunonHoit cmecu copOrueit Ha
marHuTHbIX yactuiax SpeedBead (GE Healthcare, CILIA) B
npucytersun 7 % PEG-8000. ITocne Tpexpa3oBoii mpOMBIB-
ku 80 % STaHOIOM aMILUTHKOHKI AmonpoBaid MiliQ Bomoid.
Jlna peaknuu cekBeHupoBaHUs 1Mo CiHrepy HCIHONb30BalIU
0.5 mxmonp amruKoHa, 20 TTKMOJIb OTHOTO W3 MpaiMepoB
(473 F coat-Y-vir unmn 474 R _coat-Y-vir), 2 MK peareHTa
BigDye v.3.1, 8 mxu 5X Oydepa ans cexBenuponanust (Ni-
magen, CIITA), 8 Mk SM 6eranna u MiliQ Bomy 1o cymmap-
Horo oObema peakunu B 40 M. TemmeparypHblil mpoduib
peakiun CoHrepa cocTosul U3: AeHarypauuu npu 96 °C B
TedeHune 3 MuH, a 3areM 70 1uKIIOB (TUTaBiIeHus npu 96 °C B
teuenue 25 c¢; orxxura npu 40 °C B reuenue 10 c; anoHrauuu
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PacnpocTpaHeHHOCTb 1 BUAOBOI COCTaB
BUpYCcoB KapTodensa B HoBocrnbrpckoi obnactu

npu 60 °C B TeueHue 3 MUH) € 3aBEpUIAIOIIUM MTPOTPEBOM
mpu 98 °C — 5 MuH U XpaHeHueM 1o ouuctku mpu 4 °C. 3a-
TeM peakiuy CiHTepa OYUIIAIN OT HEIPOPEarnpoBaBIIETO
BigDye ¢ nmomoipto reib-GuibTpanud B MUKPOKOJIOHKAX
TUTAaHIIIETHOTO (opMaTa depe3 MOTychIpoi cTonouk Sepha-
dex G-50 (GE Healthcare, CIIIA) neaTpudgyrupoBaHuem
npu 1700 g B Teuenue 4 muH. Ilpoaykrel peakiuu Crnrepa
AQHAJIM3UPOBAIM HA aBTOMAaTHYECKOM T€HHOM aHaJN3aTope
ABI 3500XL (Applied Biosystems, CIIIA) B IIKIT «I'eno-
mukay (MXB®M CO PAH). Hykieotuaasle nocieaoBareib-
HOCTH HCCIIEyEMBIX aMIUTUKOHOB HCIONIB30BAIIN IS aHAIN3a
C TIOMOIIBIO BHIPABHUBAHMS M CPABHEHHUS C 0a30i JaHHBIX
GenBank (NCBI, CILIA).

CpaBHeHHe HYKJIEOTHIHBIX NOC/Ie10BaTeIbHOCTel re-
HOB KancuIHOro 6eiaka m3oasatoB PVY. s ¢unorene-
TUYECKOTO aHallM3a HYKJICOTHHbIE MOCIEI0BaTEIbHOCTH
TeHa KarcuaHoro 6emka u3onsaToB PVY u3 HoBocubupcekoit
obnactu cpaBHuBaIH ¢ omouisio cepsuca MAFFT (https:/
www.ebi.ac.uk/Tools/msa/mafft/) ¢ coorBeTCTBYOIIUMHU PE-
(hepeHCHBIMH TTOCIIEI0BATEIbHOCTSIMHU, IPEICTABICHHBIMHU B
GenBank (https://www.ncbi.nlm.nih.gov/genbank/). Ananus
npoBogwin B nporpamme MEGAX (Kumar et al., 2018)
C MOMOIIBI0 AJITOPUTMA MAKCHMAJIBHOTO IPABAOMOAO0MS
(ML). Inst pumorpaMmbl Ha OCHOBE HYKJICOTH/IHBIX IOCIIE-
JIOBaTEJIbHOCTEN ¢ NPUMEHEHUEM BCEX IO3ULUN KOJOHOB
3aJeiCTBOBAIIM HBOJIIOI[IOHHBIE MOJIEIH 3aMEH, YKa3aHHBIE
moayineM MEGAX>Models: TN92(G+I) (Tamura—Nei). st
(ustorpaMMbl Ha OCHOBE aMUHOKHUCIIOTHBIX [1OCIIEJOBATEIIb-
Hocteil — JTT(G+I) (Jones—Taylor—Thorton). B xauecTse
pedepeHCHBIX OCIIeI0BATENFHOCTEH HCIIOIB30BAHBI CIETYI0-
mue: 11 kiacrepa mrammon 261-4: KY 848023, AM 113988,
JF927755; Eu-N: KY847988, KY847986, JQ969036; N:O:
KY847974, KY848018, AY884985, 270238, AJ584851;
NE-11:JQ971975, HQ912867; NTNa: AJ890344, M95491 i,
AJ890345, AY884982; NTNb: AJ890343; N-Wi: KY847961,
AJ890350, JQ924286, IN034046, AJ890349, KY847996;
0: HQ912865, F1643479, EF026074, AJ585196, JX424837;
05:FJ643477, 009509, HM367076, HQ912909, KY 848035;
SYR I: GQ200836; SYR II: AJ889867; SYR III: AB461454.
Jlist onpenienieHust yCTOHYMBOCTH ICHAPOTPAMM MPUMEHSIIN
Mmeton Oyterpena (500 nreparii).

Craructuka. BecrpedaemocTsh BUpYCcOB Obliia OlleHEHa 110
KpuTepHio ¥2 ¢ nonpasKoii Meiirca.

Pe3ynbratbl
MakcumalbHast 4acToTa BCTpeuaeMoCTH B paiioHax Hosocu-
O6mpckoii obmacTi OpLTa OTMEUeHa IS TpeX BUPycoB — PVY,
PVMu PVS (1abx. 2). Bupyc PVY Berpeuascs Bo Beex uccie-
JIyeMBbIX pailOHax 1 Tiopaskall Bce copTa kapTodels, B OTIIHINe
ot M- u S-BupycoB. Pacnpenenenne BUpyCOB 1O paiioHaM
HoBocubupckoii o6iacTu 6610 HEpaBHOMEPHBIM (Ta0. 3).
Hawubonee Bbicoknii ypoBeHb uHpuuupoBanus PVY 0Obu1
ycranoBneH B HoBocuOupckom paiioHe, T/Ie ero pactipocTpa-
HEHHOCTb Ha copre ['ana nocturana 100 %. Ha Tom ke copre
ObUT OOHApY)KEH BHPYC CKPYyUMBAHHS JIMCThEB KapToders
(20 %). Bupyc PVS Bcrpeuasncst Bo Bcex paiioHax o0nmacT,
oznHaxo HanbosbInee pactpocrpanenue (30—100 %) BbIsABICHO
B OpaeiackoMm u Kouenésckom paiionax. Bupyc X kapto-
tens Berpewancs B MckutuMckoM n OpABIHCKUX paiioHax
(40-50 %). Caenyer Taxxe OTMETHTh, YTO B CBSI3U C IIIHPO-
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Ta6nuua 2. PacnpocTpaHeHHOCTb BUPYCOB KapTodess no panoHam o6nactu, %

CopTt PVX PVY PVM PLRV PVA PVS PSTVd
NcKutumcknia panoH
lana 50 30 75 - - 55 -
Pen Ckapnetr - 90 80 - - - -
Po3apa - 70 - - - 20 -
KoueHéBckunin parioH
3natka - 60 100 - - 100 -
Po3apa - 50 - - - - -
HoBocnbupckuin panoH
Pen Ckapnetr - 60 - - - 30 -
fana - 100 100 20 - 80 -
OpablHCKMI parioH
Po3apa 40 60 40 - 20 100 -
lana - 20 - - - 20 -
Jlegn Knap - 60 - - - - -
Ta6nuua 3. Cnyyan 3apaxeHusn Bupycamm kaptodens B pasHbix paioHax HoBocmburpckoi obnactu
ParnoH Copt Bcero 3apakeHHble pacTeHUA, WT. e p
PacTeHWA, WT. by pyy  PSTVd PVM  PLRV  PVS  PVA
Nekutumcknin Pep Ckapnetr 20 0 18 0 16 0 0 0
fana 20 10 6 0 15 0 1 0
Posapa 20 0 14 0 0 0 18 0
Cymma o copTam 10 38 0 31 0 29 0 112,067 7.52-107%
HoBocunbupckuin  Pep Ckapnett 10 0 6 0 0 0 3 0
fana 10 0 10 0 10 2 8 0
Cymma no copTtam 0 16 0 10 2 11 0 53.2 1.07-107°
KoueHéBckni Posapa 10 0 5 0 0 0 0 0
3naTka 10 0 6 0 10 0 10 0
Cymma no coptam 0 11 0 10 0 10 0 37.94 1.16-107°
OppbIHCKINT Posapa 10 4 6 0 4 0 10 2
fana 10 0 2 0 0 0 2 0
JNlegn Knap 10 0 6 0 0 0 0 0
Cymma no coptam 4 14 0 4 0 12 2 38.2 1.03-10°°

Mpumeyarue. lMnoTesa o NpeobnafaHnmn onpeaeneHHbIX BUPYCOB KapTodens B palioHax 061acTi NpoBepeHa no Kputepuio y2 ¢ nonpaskoii Veiitca. 3Have-

HUA p onpegeneHbl Kak p = 0.000.

KHUM BO3JICJIGIBAHNEM B HAIIel 00JIaCTH COPTOB 3apyOeKHOMH
CEJICKIIMH BBICOKYIO PACIIPOCTPAHEHHOCTH MOIYyYHII BUpyc M
(40-100 %). Cpennepannue copra (I'ana, 3narka) yaiie, yem
parHecmensie, 6pun opaxkensl PVM. Hanbonbimas Bupyc-
Has Harpy3ka (PVX, PVY, PVM, PVA, PVS) 6si1a oT™MeueHa
Ha copte Po3zapa OpapiHckoro paiiona. Bupoun BepeteHo-
BUHOCTH KITyOHEH KapTodens (KapaHTHHHBIH 00BEKT) OTCYT-
CTBOBAJI Y BCEX IIPOTECTUPOBAHHBIX 00PA3IIOB.

CMeniaHHble BUPYCHbBIE HHPEKIIUN COCTABUIIN 3aMETHYIO
JIONI0 00pas3IoB: BCTPEUAEMOCTh KOMOMHAIINH MH(PEKINN
B pactenusix: PVY+PVM — 25.0 %, PVY+PVS — 22.6 %,
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PVY+PVX—3.8 % (Tabmn. 4). [Ipu 3T0M pactipocTpaHEHHOCTh
«MOHOMH(pEKINN» Kakoro-mbdo Bupyca (PVS, PVM, PVX,
PVY) cocraBuna 19.4 %, a konu4ecTBO pacTeHUH, B KOTOPBIX
OTCYTCTBOBaJIM BUPYCHI, — MeHee | %. Y 15.37 % obpasuos
OBLTH BBISIBIICHBI TPH BHpYyca B couetann PVS+PVM+PVY,
ay 1.8 % — uetsipe Bupyca (PVS+PVM+PVX+PVY).

Jlnist BBIAICHEHUS IITAMMOBOM NPHHAATIEKHOCTH H3ydae-
MbIX 00pa3noB n3 HCO ammmudunmpoBannsie GpparMeHTbI
resoma PVY, cooTBeTcTByIOLIME 3pEiIOMY NIENTULY KaIlCH]I-
HorO Oenka, OBITH MPOCEKBEHHPOBAHBI U MTPOAHATHU3UPOBA-
HBI (DUITOTEHETHYECKUMH METOJIaMH C TIPUBJICYCHUEM pe-
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Ta6nuua 4. YactoTa BCTPEYaEMOCTH BUPYCOB KapTodens

CoyeTaHus BUpPYCOB YactoTta BcTpeyaemocTtu, %

be3 3apakeHusa 0.88
MoHo3apaxeHue:
PVS 6.85
PVM 1.25
PVY 11.25
PVX 0
[Ba Bupyca:
PVS+PVM 6.25
PVS+PVY 22.60
PVM+PVY 25.00
PVS+PVX 3.75
PVX+PVY 3.75
Tpwn Bupyca:
PVS+PVM+PVY 15.37
PVS+PVY+PVA 1.25
YeTbipe BUpyca:
PVS+PVM+PVX+PVY 1.80

(dhepencHbIX nocaenoBatenbHocTeil 3 GenBank, moapo6HO
oxapakTepn3oBaHHBIX B cTarbax (Green et al., 2017, 2018).
Perucrparionnsie HoMepa peepeHCHBIX IT0CIIEI0BATEIbHO-
cTel NIpUBENEHSI B paszene «Marepuaisl u metons». [lomy-
yeHHble B iporpaMMe MEGAX neHaporpaMMbl Ha OCHOBE
HYKJICOTUIHBIX ¥ aMHHOKHCIIOTHBIX TOCIIEI0BATEIBHOCTEH
MIO3BOJIMJIM BU3YaJIM3UPOBATh pacIipe/ieieHie HCIOIb30BaH-
HBIX Pe()EePEeHCHBIX MITAMMOB.

Camy1o KOMIAKTHYIO TpynITy oOpa3oBajy IITaMMBI Kia-
ctepa OS5, npencrapisiroiiye 00pa3iisl u3 CeBepHON AMepUKU
C OMTHOMMEHHBIM cepoTurioM O5. DToT KiacTep ObUT HCIOTb-
30BaH KaK YCJIOBHAs «BHEMIHSS TPYIMIA» MPU MOCTPOCHUH
ACHApOrpamMm Ijisd ONpECACTICHUS IMPUMEPHOIO HAallpaBJICHUA
SBOJTIOLUH T€HETHIECKOro pazHooOpasust PVY. [Ipyrue mram-
MOBBIE KJIACTEPBI CIPYIIHPOBAINCH HE CTOJb YETKO. DTO
MOXHO O6’I))ICHI/ITI) TEM, YTO IIPU IOCTPOCHUU MOHOJIOKYCHBIX
JeHIporpamMM (Kak B HAIIEM CIydae) HEeT BOZMOKHOCTH OT-
Pa3nTh NOCIEACTBHS PeKOMOMHAIIMOHHBIX COOBITHH, KOTOPBIE,
KaK M3BECTHO, TIOCTOSIHHO MPOUCXOJIAT B IIPOLIECCE a/1alTaluK
BUPYCOB UIsi 00ECIICUEHNUs TIPEOJONICHHS 3aIINTHBIX MeXa-
HHU3MOB MOPAXXEHHBIX PACTCHNI-X035I€B M PACIIPOCTPAHCHUS
Ha HOBBIC paCTCHUA.

Kak BumnO 13 pucynka, oopasirs u3 HCO pacnipenenumich
TI0 JIByM I'pyIIIIaM HITAMMOB: TpyTina |, BKiIrogaromas oopas-
el NSO01-05 1 NSO08-09, o6nefqunsieTcst CO mTaMmMaMu
kmactepoB 261-4 u SYR 111, a rpymnma 2, BkTrogaromias 00-
pas3isl NSO06-07 u NSO10, oObenuHsSeTCS CO MTaMMaMi
kiactepa NTNa.

CpaBHEHHE TOIIOJIOTHI HYKJICOTHAHON M aMHHOKHCIIOT-
HOHW JEHAPOrpaMM TaKKe JaeT OJKHIAEMbIH BBIBOJ O TOM,
4TO 3HAYUTECIIbHAA 4aCTh HYKJICOTHIHOIO pa3Hoo6pa3m[ BU-
PYCHBIX TIOCIIEIOBATEILHOCTEH HE MPOSBIAETCS HA YPOBHE
KOAMPYEMBIX IenTua0B. BuaHo, uto 06pasmsr HCO neproit
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PacnpocTpaHeHHOCTb 1 BUAOBOI COCTaB
BUpYCcoB KapTodensa B HoBocrnbrpckoi obnactu

IPyIIbl HA AMUHOKUCIIOTHOM YPOBHE UIEHTUYHBI IPYT APYTY
U, BEPOSITHO, OYIyT NMETh OJJMHAKOBBIC HMMYHOXHMHYECKHE
CBOMCTBA B CJIydae MCIIOIb30BAHUS AIUTOIOB 3PEJIOro Karl-
CHJHOTO OelKa B KauyecTBE CepoJIOrHuecKkoro tecra. To xe
MOXXHO CKa3aTh M 00 oOpasmax BTopoi rpymmsl. [Ipu 3Tom
MOXKHO OXHJATh, YTO MPU HAJTWIUN OOIIUX SMHUTOIOB YaCTh
UX BCE-TaKU OYIYT HACTOJBKO Pa3IMyuaThCsl MEXKIY MpPE-
CTaBUTEIISIMU JIBYX HCCIIEAYEMBIX I'PYIII, YTO MOXKHO OyzieT
paspaborars 1udQepeHraIbHbIe CEPOTIOTHYECKHE TECTHI.

O6cyxaeHue

Bupycubie napexnnu kaprodesst IpUBOAAT K 3HAYUTEITEHOMY
CHHUXKCHHUIO €TI0 ypO)KaﬂHOCTH, B CBA3HU C YEM MOHUTOPUHT 3a-
PaxXEHHOCTH CEMEHHOTO MaTepraia — HeoOXoauMas Mepa Jist
CTaOMIILHOTO M YCTOHYMBOTO POU3BOCTBA ITOW KYJIBTYPBHI.

B nacrosieit pabote meromom OT-IIIP nposenen MoHu-
TOPHUHT BUPYCHBIX HH(EKINI ceMeHHOTo KapTodens mo Ho-
BOCHOMPCKOI 00J1aCTH, KOTOPBIH BBISIBUJI BBICOKYIO BUPYCHYTO
Harpy3ky. Cpeu mpoaHaIn3upOBaHHBIX 00Pa3II0B HE OOHAPY-
JKEHO PA3NIMYMi B PACIPOCTPAHEHUH BUPYCOB, CBSI3aHHBIX C
COPTOBOH YCTOMYMBOCTBIO M/ penpoaykuunei. [To pesyis-
Taram aHajHM3a paclpoCTPAHEHHOCTH BUPYCHBIX MHPEKIUH
OBLTO YCTAHOBIIEHO, UTO YaIlle BCETO pacTeHUS MHOUIMPO-
BaHbl BUpycamu PVY, PVS u PVM, kotopsle BcTpedaroTcs
MPaKTUYECKH TTOBCEMECTHO B UCCIIE/LyeMbIX paiioHax 00JIacTH
¢ yacroroit 30-100 %. B oTiau4me ot GOMBIIMHCTBA APYTHX
BupycoB kaprodens, PVY pacmmpsier cBoe reorpagduyaeckoe
pacrpocTpaHeHne U HaHOCHT YKOHOMHYECKHUil yiiepO mo-
cazikaM Kaprodens He Toiabko B Poccun, HO BO BCeM MHpe
(Byarugaba et al., 2020; Kreuze et al., 2020). Cmemannas
BUpYCHas nH(ekuus, Bkitovaromas PVY, Bcrpeyaercst yaiie
Bcero (Kerlan, Moury, 2008), mockonbKy OOTBITHHCTBO COP-
TOB Kaprodens Kk HeMy He ycroiunBo (Ahmadvand et al.,
2012).

XapakTepHBIM /IS pACTEHHH KapTo(des, BO3IEIBIBAEMOTO
B HoBocuOupckoii obmactu, sSBISETCS MOPAKEHUE JABYMS
Bupycamu (61.35 % o00pa3oB), U3 KOTOPBIX Yalle BCETo
(25.0 %) Bcrpeuanucs Bupycsl PVM+PVY. Hamnune tpex
WA YETBIPEX BUPYCOB OAHOBPEMEHHO OTMEUEHO y 16.62 u
1.8 % oOpasuoB. Pactenus, mopaxxeHHbIe BUPYCaMH, ObLIH
HU3KOPOCIIBbIE, JTUCTOBBIE IUIACTHHKYA — HeJopa3BUTHL. Ha-
011r01a710CH OBICTPOE M TIPEKIEBPEMEHHOE Pa3pacTaHue Ia-
3YHIHBIX MOYEK. OTtMmeuajach MOPIIUHUCTOCTbL MU CKJIaa4a-
TOCTh JINCTHEB, UX NIyOOKOE KMIIKOBAHHE, XJIOPO3, KPAeBOMH
HEKpO3. DTOT PEe3yJIbTaT MOATBEPKAACT PE3YIbTaThl PYTHX
yueHsIX (Xalpy/uiuH u 1p., 2021), B KOTOPBIX OKA3aHO, YTO
KapTodens MOXKEeT OBITh OTHOBPEMEHHO 3apaskeH 0ojee 4eM
YeTHIPbMSI BHPYCaMH, BKIIIOUasi Hanbosiee YKOHOMUUIECCKU
BakHbIe BHUPYCHI. [1IlupokoMy pacrnpocTpaHeHHIO BHPYCOB
Ha KapTo(ere crmocoOCTBYIOT OOJIbIIIas 3aCOPSHHOCTD TONIEH
MHOTOJIETHUMH COPHSKaMHU-Pe3epBaTOpaMy BUPYCHON HH(]EK-
un (Szabd et al., 2020), orpoMHOE BHIIOBOE pa3HOOOpa3ue
M BBICOKAs YMCIIEHHOCTh TiepeHocunkoB (Danci et al., 2009;
Fox et al., 2017).

[TockonbKy BUpycHBIE 3a00eBaHUs KapTodessi Hensie-
YMMBI, BaKHOE 3HaYEHHE UMEIOT MPO(MIaKTHIECKIE MEPO-
MPUSATHS, HAIIPABJICHHBIE HA MCIIOJIb30BaHNE YCTOHUMBBIX K
BUPYCHBIM MH(EKLHUSIM COPTOB U HEMH(UIIMPOBAHHOIO Ce-
MEHHOTO MaTepHaia. ITH MPOPHIaKTHIECKHIE MEPHI TPEOYyIOT
CHCTEMaTHYEeCKOTO PAaHHETO BBISBJICHUS BHUPYCHBIX MH(EK-
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ILIUH, OTCYTCTBHE KOTOPOTO MPUBEIO K MACCOBOMY 3apasKeHHIO
(uTonarorenamu kaprodernst B Poccun, B TOM 4uciie 1 MOCeB-
Horo Marepuaiia. [IoaToMy co3nanue BICOKOUYBCTBUTENIBLHOM,
paHHElH ¥ NPUTOAHOM B TOJIEBBIX YCIOBHUSX JUATHOCTHKH
BUPYCHBIX MH(EKINH KapTodens — akTyanbpHas 3a1a4a.

Bupyc PVY cunraercs oqHuM 13 Hanbosee 3HaYMMBbIX BH-
PYCOB, OPaXKAIOMINX KaK KapTo(esb, TaK U JPyrue 3KOHO-
MUYECKH BaXKHBIE BUBI TTACICHOBBIX (TI€peIl], ToMaT, TabakK).
[TockonbKy 3THM BHIOM BUpYCa, 10 pe3yabTaTaM HAIINX
WCCIIeTIOBaHNH, OBLTO MHPHUINPOBAHO HAMOOJBIIIEe KOTHYE-
CTBO 00pas3IoB, ITPEACTABIIIIO HHTEPEC OMPEICIUTD HYKIIEO-
THJIHBIE TIOCJIEI0BATEILHOCTH I'eHa KallCHIHOTO Oelka Hc-
caenyembix u305aToB PVY 3 HCO ¢ nenbio BhISCHEHHS
YPOBHSI KOHCEPBAaTUBHOCTHU ITHX OEJIKOB /IS TIOCIETYIOIETO
CO3[aHMS Ha NX OCHOBE BBICOKOCTICITU(DITIHOH /51 CHOMPCKO-
IO peruoHa UMMYHOXPOMATorpaduIecKoil TecT-CHCTEMBI.
dunoreHeTHYECKUI aHAN3 TTOTYYSHHBIX 00PA3I0B ITO3BOJIHIT
BBIJICTIUTh CPEAM HUX JIBE Ipynmnsl mrammoB PVY: rpymmy,
BKJIro4arontyto mrammbl 261-4/SYR 111, u rpynmy ¢ NTNa.
Bupyc PVY nomyuaer Bce Oomnblnee pacrpocTpaHEHHE 10
BCEMY MHpY, TPEUMYILECTBEHHO 110 IPUUUHE pocTa 3abose-
BAaEMOCTH PEKOMOWHAHTHBIMU ()OPMaMU BHPYCa, TAKMMH KaKk
PVYNWiuPVYNTN. DT mrraMmbl 00J1a1a10T BBICOKOM BH-
PYJIEHTHOCTBIO M MAJIOW BBIPQKEHHOCTBIO CUMIITOMATHKH, 4TO
3aTpy/IHSET UX BBISIBJICHUE B CEMEHHOM KapTodere.

Hammu pe3ynpratsl coracyroTcs ¢ JaHHBIMU JIPYTHX yue-
HBIX, UCCIIEO0BABIINX IITAMMBI H30JIATOB Y-BHpYca Ha Tep-
puropuu P®. A.U. YckoB ¢ xomteramu (2016) npu mceme-
JIOBAaHWHM IITaMMOBOTO cOcCTaBa Y-BUpyca KapTodes, pac-
IpoCTpaHeHHoro Ha Teppuropun PO B 2015-2016 rr, Ha
OJTHOM COpPTOO00Opasie UACHTHPHUIMPOBAIN OPAMHAPHBII
mtamm PVYO, B 19 — mrraMmm KoJbIIEBOTO HEKPO3a KITyOHEH
PVYNTN, B 36 — pexomOunanTHbi mtaMmm PVYN:O u B
53 copToobpasiiax — OMHOBpeMeHHO /1Ba mrtamMMa, PVYNTN
nPVYN:O. A A. Craxees ¢ koieramu (2023) Ha 0cHOBaHUH
CPaBHUTEIBHOTO aHAJIN3a MapKEepPHOH MOCIe0BATEIbHOCTU
Jokyca 5'-nerpanciaupyemoit oosactu NTR onpenenu, uto
n30J1AThl Y-BUpyca Kaprodels, pacinpocTpaHeHHbIe Ha pa3-
JMYHBIX TeppuTopusix PP, OTHOCHINCH MPEUMYIECTBEHHO
K HEKPOTHYECKOH M PEeKOMOMHAHTHOW TIpyIIaM MITaMMOB,
3a MCKIIIOYEHHEM OTAENBHOIO M30JTa, 3aHUMAIOILEr0 Mpo-
MEXKyTOUHOE MOJ0KEHHE MEXKY ITUMU JIByMs TPyIIaMHU.

OmnpeneneHre mMTaMMOBOH NpuHaIexkHOCTH PVY nmeer
HE TOJIBKO Ba)KHOE 3HAYCHHE B IJIAHE COBEPIICHCTBOBAHMUS
CTpaTeruii 00pHOBI C TaHHBIM BHPYCOM, HO TaKXkKe U OOIBIIOe
JMarHOCTUYECKOe 3HaueHue. V3 cpaBHEHUs TOMOJIOTHI HY-
KJICOTUTHON ¥ aMUHOKHCIIOTHON JICHAPOTPAaMM CIIEyeT BbI-
BOJI, 4TO 00€ BBISBIEHHBIE HAMH TpymIbl 0Opasnos n3 HCO
HE MOKAa3bIBAIOT BHYTPUIPYTIIOBBIX PA3IHUUil HA aMUHOKHC-
JIOTHOM yPOBHE, YTO MO>KET 03HAYaTh CEPOJIOTHUECKOE CXOA-
CTBO 00pasloB B TPyMIIe W IMEPCIEKTHBHOCTH Pa3padOTKU
I depeHINATBEHON CePONIOrHIecKOil THarHOCTUKN TS
00pa3IoB U3 pa3HbIX IPYIIIL.

3aknioyeHune

Taxum o6paszom, ipu paspadorke JJHK- n mvmMyHOIMarHo-
CTUYECKHUX cHCTEM JUlsl BeisiBIIeHUs: PVY, HupKynupyromux B
HCO, MmoxHO HCTIONTB30BATH B IEPBYIO OYEPE/Ib TCHETHUECKHE
BapHaluy BUPyca 3TUX ITaMMOBBIX KJIAaCTEpPOB.
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PacnpocTpaHeHHOCTb 1 BUAOBOI COCTaB
BUpYCcoB KapTodensa B HoBocrnbrpckoi obnactu

HOJ’ly'-leHHbIe pe3yﬂI>TaT])I IJlTaMMOBOﬁ HpI/IHaZlHe)KHOCTI/I
obpasmoB n3 HCO 3akiagsiBaloT OCHOBY IUIS BBISICHEHUS
WCTOYHUKA U MTyTCH MPOHUKHOBEHISI KOHKPETHBIX IITAMMOB
BHpYCa, a TAKKE JIJIs OLICHKH (DUTOMATOrCHETHYCCKUX PUCKOB
g ucronbzyeMbix B HCO copToB xapToderns.

Cnucok nutepatypbl / References

baros A.C., I'ypeesa F0.A. CpaBHHTEIBHOE N3YYEHHE OTCYCCTBEHHBIX
CpelHepaHHUX COPTOB KapTodesst B yCIOBHAX Jecocteny HoBocu-
oupckoro [1puodss. 36. Openbype. coc. acpap. yn-ma. 2023;1(99):
34-39. DOI 10.37670/2073-0853-2023-99-1-34-39
[Batov A.S., Gureeva Yu.A. Comparative study of domestic mid-
early potato varieties in the forest-steppe conditions of the Novosi-
birsk Ob region. Izvestia Orenburgskogo Gosudarstvennogo Agrar-
nogo Universiteta = Izvestia Orenburg State Agrarian University.
2023;1(99):34-39. DOI 10.37670/2073-0853-2023-99-1-34-39 (in
Russian)]

TocynapcTBeHHBIN peecTp CEeNeKIMOHHBIX TOCTHKCHUHN JTOMYIEHHBIX
k ucnonb3oBanuto. Tom 1. Copra pactenuii [DnekTpoHHbIi pecypc],
URL.: https://gossortrf.ru/ ([laTa obpamenns: 15.10.2023)

[State Register of Selection Achievements Authorized for Use for
Production Purposes. Vol. 1. Plant Varieties [Web resource], URL:
https://gossortrf.ru/ (Access date: 15.10.2023) (in Russian)]

I'puropsiu M.A., Tkauenko O.B. IlonydeHue 0310pOBIECHHOTO KapTo-
(esst 1 ANarHOCTHKA BUPYCHBIX 3a00JICBaHUI B YCIOBHSIX DHICIIbC-
ckoro paiioHa CaparoBckoit obnactu. Aepap. nayka. 2019;3:60-63.
DOI 10.32634/0869-8155-2019-326-3-60-63
[Grigoryan M.A., Tkachenko O.V. Receiving improved potatoes
and diagnostics of viral diseases under the conditions of the Engels
area of the Saratov region. Agrarnaya Nauka = Agrarian Science.
2019;3:60-63. DOI 10.32634/0869-8155-2019-326-3-60-63 (in Rus-
sian)]

Manbko A.M., Kussix A.B., Hukutun M.M., ®@paniy3os [1L.A., Cra-
mok H.B., JlxxaBaxust B.I', ['onukoB A.I. MOHHTOpPHUHT BHPYCHBIX
nndexuuit xkaprodens ¢ ucnonab3opanueM marpuynoi ITIP-ana-
rHocTuku. Kapmogens u osowu. 2017;12:26-29
[Malko A.M., Zhivykh A.V., Nikitin M.M., Frantsuzov P.A., Sta-
tsyuk N.V., Dzhavakhiya V.G., Golikov A.G. Monitoring of potato
viral diseases in different regions of Russia using real-time PCR ma-
trix-based technology. Kartofel’i Ovoschi = Potato and Vegetables.
2017;12:26-29 (in Russian)]

ITeuenkuna B.A., boponnukosa C.B. 3apakeHHOCTh Bupycamu X u Y
[I0CaJIOYHOTO MaTepHaa coproB kaprodems (Solanum tuberosum L.),
BbIpanBacMbIX B [lepmckoM kpae. bronr. nayku u npaxmuxu. 2020;
5:203-210
[Pechenkina V.A., Boronnikova S.V. Infection with X and Y virus-
es of planting material of potato varieties (Solanum tuberosum L.)
grown in the Perm Krai. Bulleten’ Nauki i Praktiki = Bulletin of Sci-
ence and Practice. 2020;5:203-210 (in Russian)]

CraxeeB A.A., YcxoB A.U., Bapunes 10.A., lanymxka I1.A., Ycko-
Ba JL.b., XKesopa C.B., 3aBpues C.K. H3yuyenue uzonsitoB Y-Bupyca
KapTodess, pacpoCTpaHEHHBIX Ha TEPPUTOPHU PA3TMUIHBIX PETHO-
HOB Poccniickoit dexeparuy, ¢ UCIOIb30BAHUEM HOBBIX MOJICKY-
JISIPHBIX MapkepoB. 3emnedenue. 2023;6:37-40. DOI 10.24412/0044-
3913-2023-6-37-40
[Stakheev A.A., Uskov A.L., Varitsev Yu.A., Galushka P.A., Usko-
va L.B., Zhevora S.V., Zavriev S.K. Study of potato Y-virus isolates
widespread in various regions of the Russian Federation using new
molecular markers. Zemledelie. 2023;6:37-40. DOI 10.24412/0044-
3913-2023-6-37-40 (in Russian)]

VYexoB A, Bapuues 10.A., buprokosa B.A., I'anymka I1.A., Bapu-
uesa ['I1., HImeirna U.B., Kpasuenko /1.B. M3ydenue mraMMoBoro
cocraBa Y-Bupyca KapTodesi 3 pa3inuHbIX pernoHoB Poccuiickoit
Denepauuu u benapycu. 3emnedenue. 2016;8:36-38
[Uskov A.L., Varitsev Yu.A., Biryukova V.A., Galushka P.A., Va-
ritseva G.P., Shmyglya 1.V., Kravchenko D.V. Study of the strain

561


https://gossortrf.ru/
https://gossortrf.ru/

V.S. Maslennikova, M.B. Pykhtina, K.A. Tabanyukhov ...
A.A. Bondar, A.B. Beklemishev, M.l. Voevoda

composition of potato virus Y from different regions of the Russian
Federation and Belarus. Zemledelie. 2016;8:36-38 (in Russian)]
®omunsix T.C., MBanosa I.I1., Mensenesa K./I. Morutopusr BupyC-
HbIX OosesHelt kaprodens B [IckoBckoit 1 AcTpaxaHCkod 00nacTsIxX
Poccun. Becmmn. sawjumer pacmenuii. 2017;4(94):29-34
[Fominykh T.S., Ivanova G.P., Medvedeva K.D. Monitoring of viral
diseases of potatoes in the Pskov and Astrakhan regions of Russia.
Vestnik Zashity Rasteniy = Plant Protection News. 2017;4(94):29-34
(in Russian)]

Xatipyiuinn PM., Tapudymmna JI.B., Becenosa C.B., Uepenano-
Ba E.A., MakcumoB U.B. IlopaxeHHocTh KapTodens BHpycamu B
PecnyOnuke BamkoprocTaH ¥ akTUBHOCTB pHOOHYyKIeas. BecmH.
sawumul pacmenui. 2021;104(4):196-201. DOI 10.31993/2308-
6459-2021-104-4-15075
[Khairullin R.M., Garifullina D.V., Veselova S.V., Cherepano-
va E.A., Maksimov L. V. Potato infection with viruses in the republic
of Bashkortostan and ribonuclease activity in tubers. Vestnik Za-
shity Rasteniy = Plant Protection News. 2021;104(4):196-201. DOI
10.31993/2308-6459-2021-104-4-15075 (in Russian)]

Ahmadvand R., Takacs A., Taller J., Wolf 1., Polgéar Z. Potato viruses
and resistance genes in potato. Acta Agron. Hungarica. 2012;60(3):
283-298. DOI 10.1556/AAgr.60.2012.3.10

Byarugaba A.A., Mukasa S.B., Barekye A., Rubaihayo P.R. Interactive
effects of Potato virus Y and Potato leafroll virus infection on potato
yields in Uganda. Open Agric. 2020;5(1):726-739. DOI 10.1515/
opag-2020-0073

Chikh-Ali M., Rowley J.S., Kuhl J.C., Gray S.M., Karasev A.V. Evi-
dence of a monogenic nature of the Nz gene conferring resistance
against Potato virus Y strain Z (PVY?) in potato. Am. J. Potato Res.
2014;91:649-654. DOI 10.1007/s12230-014-9395-7

Chikh-Ali M., Alruwaili H., Vander Pol D., Karasev A.V. Molecular
characterization of recombinant strains of Potato virus Y from Saudi
Arabia. Plant Dis. 2016a;100(2):292-297. DOI 10.1094/PDIS-05-
15-0562-RE

Chikh-Ali M., Bosque-Perez N., Vander Pol D., Sembel D., Kara-
sev A.V. Occurrence and molecular characterization of recombinant
Potato virus YNV isolates from Sulawesi, Indonesia. Plant Dis.
2016b;100(2):269-275. DOI 10.1094/PDIS-07-15-0817-RE

Danci O., Ziegler A., Torrance L., Gasemi S., Daniel M. Potyviridae
family — short review. J. Hortic. For. Biotechnol. 2009;13:410-420

Fox A., Collins L.E., Macarthur R., Blackburn L.F., Northing P. New
aphid vectors and efficiency of transmission of Potato virus A and
strains of Potato virus Y in the UK. Plant Pathol. 2017;66(2):325-
335.DOI 10.1111/ppa.12561

Green K.J., Brown C.J., Gray S.M., Karasev A.V. Phylogenetic study
of recombinant strains of Potato virus Y. Virology. 2017;507:40-52.
DOI 10.1016/5.virol.2017.03.018

Green K.J., Brown C.J., Karasev A.V. Genetic diversity of Potato vi-
rus Y (PVY): sequence analyses reveal ten novel PVY recombinant

Distribution and species composition
of potato viruses in the Novosibirsk region

structures. Arch. Virol. 2018;163(1):23-32. DOI 10.1007/s00705-
017-3568-x

Hameed A., Igbal Z., Asad S., Mansoor S. Detection of multiple po-
tato viruses in the field suggests synergistic interactions among po-
tato viruses in Pakistan. Plant Pathol. J. 2014;30(4):407-415. DOI
10.5423/PPJ.0A.05.2014.0039

Jones R.A.C. Strain group specific and virus specific hypersensitive
reactions to infection with potyviruses in potato cultivars. Ann.
Appl. Biol. 1990;117(1):93-105. DOI 10.1111/j.1744-7348.1990.
tb04198.x

Karasev A., Gray S. Continuous and emerging challenges of Potato
virus Y in potato. Annu. Rev. Phytopathol. 2013;51:571-586. DOI
10.1146/annurev-phyto-082712-102332

Kerlan C., Moury B. Potato virus Y. In: Mahy B.W.J., van Regenmor-
tel M.H.V. (Eds.). Encyclopedia of Virology. San Diego: Academic
Press, 2008;287-296. DOI 10.1016/B978-012374410-4.00737-8

Kreuze J.F., Souza-Dias J.A.C., Jeevalatha A., Figueira A.R., Val-
konen J.P.T., Jones R.A.C. Viral diseases in potato. In: Campos H.,
Ortiz O. (Eds.). The Potato Crop. Chap: Springer, 2020;389-430.
DOI 10.1007/978-3-030-28683-5_11

Kumar S., Stecher G., Li M., Knyaz C., Tamura K. MEGA X: molecu-
lar evolutionary genetics analysis across computing platforms. Mol.
Biol. Evol. 2018;35(6):1547-1549. DOI 10.1093/molbev/msy096

Lacomme C., Jacquot E. General characteristics of Potato virus Y
(PVY) and its impact on potato production: an overview. In: La-
comme C., Glais L., Bellstedt D., Dupuis B., Karasev A., Jacquot E.
(Eds.). Potato Virus Y: Biodiversity, Pathogenicity, Epidemiology
and Management. Cham: Springer, 2017;1-19. DOI 10.1007/978-3-
319-58860-5 1

Onditi J., Nyongesa M., van der Vlugt R. Prevalence, distribution and
control of six major potato viruses in Kenya. Trop. Plant Pathol.
2021;46:311-323. DOI 10.1007/s40858-020-00409-x

Scholthof K.B., Adkins S., Czosnek H., Palukaitis P., Jacquot E.,
Hohn T., Hohn B., Saunders K., Candresse T., Ahlquist P., Hemen-
way C., Foster G.D. Top 10 plant viruses in molecular plant patho-
logy. Mol. Plant Pathol. 2011;12(9):938-954. DOI 10.1111/j.1364-
3703.2011.00752.x

Szabd A.-K., Varallyay E., Demian E., Hegyi A., Galbacs Z.N., Kiss J.,
Balint J., Loxdale H.D., Balog A. Local aphid species infestation on
invasive weeds affects virus infection of nearest crops under diffe-
rent management systems — A preliminary study. Front. Plant Sci.
2020;11:684. DOI 10.3389/1pls.2020.00684

Uskov AL, Varitsev Yu.A., Galushka P.A., Suslova N.V., Uskova L.B.,
Varitseva G.P., Zhevora S.V. Study of serological and phytopatho-
logical characteristics of potato Y-virus isolates distributed in vari-
ous regions of the Russian Federation. Dostizheniya Nauki i Tekhniki
APK = Achievements of Science and Technology in Agro-industrial
Complex. 2022;36(10):18-22. DOI 10.53859/02352451 2022 36
10 18 (in Russian)

KoH}nuKT nHtepecos. ABTOpbI 3aABNAIOT 06 OTCYTCTBUM KOHPIMKTa MHTEPECOB.
Moctynuna B pegakumio 24.10.2023. Mocne gopabotkm 15.05.2024. MpuHATa K ny6nnkauum 15.05.2024.

562

BaBunosckuii xKypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 5



3BONKOUNMA N BUOOOBPA30OBAHUE BaBunoBCKUi KypHan reHeTKM 1 cenexkumm

Vavilov Journal of Genetics and Breeding. 2024;28(5):563-570

DOI 10.18699/vjgb-24-62

Earthworm (Oligochaeta, Lumbricidae)
intraspecific genetic variation and polyploidy

S.V. Shekhovtsov (191 2, Ye.A. Derzhinsky 3, E.V. Golovanova ()%

TInstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

2|nstitute of Biological Problems of the North of the Far-Eastern Branch of the Russian Academy of Sciences, Magadan, Russia
3 Vitebsk State University named after PM. Masherov, Vitebsk, Belarus

4Omsk State Pedagogical University, Omsk, Russia

@ shekhovtsov@bionet.nsc.ru

Abstract. Earthworms are known for their intricate systematics and a diverse range of reproduction modes, including
outcrossing, self-fertilization, parthenogenesis, and some other modes, which can occasionally coexist in a single spe-
cies. Moreover, they exhibit considerable intraspecific karyotype diversity, with ploidy levels varying from di- to deca-
ploid, as well as high genetic variation. In some cases, a single species may exhibit significant morphological variation,
contain several races of different ploidy, and harbor multiple genetic lineages that display significant divergence in
both nuclear and mitochondrial DNA. However, the relationship between ploidy races and genetic lineages in earth-
worms remains largely unexplored. To address this question, we conducted a comprehensive review of available data
on earthworm genetic diversity and karyotypes. Our analysis revealed that in many cases, a single genetic lineage
appears to encompass populations with different ploidy levels, indicating recent polyploidization. On the other hand,
some other cases like Octolasion tyrtaeum and Dendrobaena schmidti/D. tellermanica demonstrate pronounced ge-
netic boundaries between ploidy races, implying that they diverged long ago. Certain cases like the Eisenia norden-
skioldi complex represent a complex picture with ancient divergence between lineages and both ancient and recent
polyploidization. The comparison of phylogenetic and cytological data suggests that some ploidy races have arisen
independently multiple times, which supports the early findings by T.S. Vsevolodova-Perel and T.V. Malinina. The key
to such a complex picture is probably the plasticity of reproductive modes in earthworms, which encompass diverse
modes of sexual and asexual reproduction; also, it has been demonstrated that even high-ploidy forms can retain
amphimixis.
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HoxxnmeBble uepBu (Oligochaeta, Lumbricidae):
COOTBETCTBUIE MeXOY BHYTPUBIUIOBbIM
reHeTUYeCKM pa3sHooOpa3neM U MIOUIHOCTHIO
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AHHOTauuA. ,D,O)K,ELEBble YepBU N3BECTHDI CBOE CJIOXKHOW CUCTEMATMKOW 1 pa3HOO6pa3HbIM Ha60pOM TNMNOB pas-
MHOXeHWA, BKNo4YanA aM¢MMMKCMC, camoonnoaoTBoOpeHNE, NapTeHOreHe3 1 HeEKOTopble Apyrue cnocobbl, KOTOpble
MHOIr4a MOryT CcoCyllecTBOBaTb B npefenax ogHoro smaa. bonee TOro, oHn LOEMOHCTPUPYIOT 3HAYUTESIbHOE BHYTPU-
BMnaoBoe pa3Hoo6pa3V|e KapnoTmnoB C YPOBHAMU MIOUAHOCTW OT AU- A0 AeKan/IONAHbIX U Bbllle, a TaKXe BbICOKYIO
reHeTn4yeCKyro N3MeH4YnBOCTb. B HEKOTOPbIX CyYyaax OoAunH BUL MOXET coyeTaTb 6OJ'IbIJJyK) MOpd)OJ'IOFI/NeCKyIO n3-
MEeHUYNBOCTb, HECKOJIbKO pac C pa3H0|7| NNONAHOCTbIO N HECKOJIbKO d)I/IﬂOFEHETI/NECKVIX JIMHUIN CO 3HAYUTENbHBLIMU
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Earthworm (Oligochaeta, Lumbricidae)
intraspecific genetic variation and polyploidy

pasnuuMAMM Kak no AREpPHON, Tak 1 no mmutoxoHgpuanbHon IHK. MNpu 5Tom cooTBETCTBME MeXAY pacaMiy PasfivyHOM
NAOUAHOCTN Y FeHETUYECKUMMN NHUAMN SOXKAEBbIX YepBEN OCTAeTCA B 3HAUUTESIbHOW CTENEHN HeUCCNe[oBaHHbIM.
B cBA3M C 3TM Mbl MPOBENV BCECTOPOHHUIA 0630P NMEIOLLMXCA AAHHbIX O FEHETMYECKOM Pa3sHO06pa3nn 1 KapuoTu-
nax foXzAeBbix YepBeil. Hal aHany3 nokasasn, Yto BO MHOTUX C/lyyasX OfjHa reHeTUYecKas JIMHUA BKIloYaeT B cebs
nonynAuUM C pasHbIMK YPOBHAMU MAOULHOCTY, YTO YKa3blBaeT Ha HeAaBHIot nonvniongmnsauuto. C 4pyroli CTOPOHbI,
B HEKOTOPbIX Clydasx, Kak, Hanpumep, Octolasion tyrtaeum v Dendrobaena schmidti/D. tellermanica, nmetoT mecto
Bblpa’KeHHble reHeTNYeCKMe rpaHuLIbl MeXay pacamu, YTO O3HavaeT [aBHIOK AMBEPreHUno Mmexay Hummn. Hekoto-
pble TaKCOHbI, TaKne Kak Komnekc Eisenia nordenskioldi, npenctaBnaoT co60 MHOXeCTBO AaBHO ANBEPTUPOBABLLNX
dUnoreHeTNYECKUX IMHNI CO CIOXKHBIMU POACTBEHHBIMM OTHOLLEHVAMU MEXAY HUMU U KaK APEBHEN, TaK 1 HeflaBHeN
nonunnoungmen. ConoctaBneHne GpunoreHeTNYeCKX N LUTONOrMYEeCKMX AaHHbIX NO3BOJIAET NPeANONOXUTb, UTO He-
KOTOpble NOAMIONLHbIE pachl HE3aBUCMMO BO3HMKaNM HECKOJIbKO Pas, YTo NoATBepKAaeT BbiBofbl paboTbl T.C. Bee-
Bonogoson-fNepens 1 T.B. ManuHUHOM. [TpUYMHON TaKoW CIIOXKHOWN KapTWHbI, BEPOATHO, CIY>KUT NACTUYHOCTb CMOCO-
60B penponyKLUmMK, KOTopble BKIIOUAIOT B cebs pasHo06pasHble BUAbI MOMIOBOrO U 6eCrnonoro pasMHOXKeHUs; Mpuyem

fAaxxe d)OprI C BbICOKOW MAOUAHOCTbIO MOTYT Pa3sMHOXaTbCA aMd)I/IMI/IKTI/ILIeCKI/I.
KnioueBble crioBa: reHeTMYecKue AnHnY; KapuoTunbl; Cl)I/II'IOFeHI/Iﬂ; aneepreHunAa snaos.

Introduction

Polyploidy in animals is relatively rare (Muller, 1925; Orr,
1990). However, certain groups are exceptions to this rule
and exhibit a significant incidence of polyploidy (Gregory,
Mable, 2005). Earthworms are among these exceptions
(Muldal, 1952; Viktorov, 1997): the initial studies demon-
strated that polyploidy is observed not only among groups of
closely related species, but even within a single species, and
often in sympatry (Omodeo, 1952, 1955). Subsequently, this
phenomenon was documented in representatives of diverse
genera (Vsevolodova-Perel, Bulatova, 2008; Mezhzherin et
al., 2018). In addition to that, earthworms demonstrate diverse
ways of reproduction (Pavlic¢ek et al., 2023). Although in ani-
mals polyploidy is generally associated with parthenogenesis,
polyploid earthworms often retain the ability for amphimixis
(Viktorov, 1989). While some species comprise a set of races
with different ploidy levels, the prevailing view is that this
alone is not a sufficient reason to classify them as distinct
species (Vsevolodova-Perel, Bulatova, 2008).

Molecular studies revealed a vast genetic diversity within
earthworm species (King et al., 2008; Porco et al., 2013). In
most cases, several well-defined clades within a given spe-
cies were identified, with 15-20 % of nucleotide substitutions
between mitochondrial genes (these estimates sometimes vary,
because different studies employ various distance measures,
like Kimura-2-parameter, etc.). These clades are commonly
referred to either as cryptic species or as the so-called genetic
lineages (Marchan et al., 2018). The attempts to clarify the
issue of genetic divergence on the nuclear level using vari-
ous molecular methods generally confirmed the existence of
significant nucleotide distances between these lineages (Mar-
tinsson, Erséus, 2017; Taheri et al., 2018), although in some
instances, the data did not demonstrate signs of reproductive
isolation of distinct lineages differing on the mitochondrial
level (Giska et al., 2015; Martinsson et al., 2017; Martinsson,
Erséus, 2018).

Thus, we can see that certain earthworm species have
multiple races with different ploidy levels, as well as seve-
ral genetic lineages with distinct mitochondrial and nuclear
genomes. However, the relationship between chromosomal
and DNA sequence variation remains unclear. Does each
chromosomal race correspond to a particular genetic lineage,
or do the boundaries between these entities lie elsewhere?
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In this review, we analyzed the patterns of chromosomal
and molecular variation in several earthworm species from
various genera within the family Lumbricidae. The results
provide insight into the relationships between these entities
and outline directions for future research.

Materials and methods

The data on the chromosome numbers of the populations of
various earthworm species were taken from published mate-
rials (Muldal, 1952; Omodeo, 1952, 1955; Vedovini, 1973;
Graphodatsky et al., 1982; Bulatova et al., 1984, 1987; Perel,
Graphodatsky, 1984; Casellato, 1987; Viktorov, 1989, 1997;
Kashmenskaya, Polyakov, 2008; Vsevolodova-Perel, Bula-
tova, 2008; Vlasenko et al., 2011; Mezhzherin et al., 2018).
The information on the number of genetic lineages and on
the assignment of particular populations to genetic lineages
was extracted from scientific papers (Heethoff et al., 2004;
King et al., 2008; Porco et al., 2013; Fernandez et al., 2016;
Shekhovtsov et al., 2014, 2020a—d; Ermolov et al., 2023), as
well as the GenBank database.

For Dendrobaena octaedra (Savigny, 1826), we also ob-
tained a sequence dataset for 99 specimens from 24 popula-
tions from Russia and adjacent countries (Fig. 1). Briefly,
earthworms were fixed in ethanol; DNA was extracted from
whole individuals or from parts of the body (ca. 100 mg)
using BioSilica columns (Dia-m, Russia) according to the
manufacturers’ instructions. Fragments of the cox/ gene were
amplified using universal primers and sequenced as described
in (Shekhovtsov et al., 2013). Sequences were deposited in
GenBank under accession numbers OR366494-OR366522,
KJ772497, KJ772504, KX400644, MH755642, MH755644,
MH755645, MH755647, MH755649, MH755654, MH755666,
MH755670, MH755672. A dataset of 157 full-length 658 bp
cox1 barcodes was taken from GenBank. Unique haplotypes
were extracted from these datasets. Sequences of D. octa-
edra L2 were additionally searched in the BOLD database
(https://v4.boldsystems.org/). Maximum likelihood trees were
constructed using RAXML v. v. 8.2.12 (Stamatakis, 2014)
with the GTRCAT substitution model and 1000 bootstrap
replicates. Bayesian analysis was performed in MrBayes v. 3.4
(Ronquist et al., 2012). Two simultaneous independent runs
were performed with 10 million generations each; 25 % of
the generations were discarded as burn-in.
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Fig. 1. Sampling locations of the sequenced D. octaedra individuals from Eurasia. Russia, Belarus, and Kazakhstan, our data;
other countries, GenBank.

Grey dots - lineage 1; red dots - lineage 2.

Results

Dendrobaena octaedra

Among the 99 D. octaedra sequences obtained by us, we
found 40 unique haplotypes. We also extracted 157 sequences
from GenBank with 41 unique haplotypes. We combined
these unique haplotypes from the two samples to construct
phylogenetic trees (Fig. 2). Our analysis revealed that average
genetic diversity within D. octaedra is very low compared to
other earthworms. The majority of haplotypes belonged to a
single group with lower diversity: average p-distance within
the group was 2.3 %.

However, two haplotypes from GenBank, MF121744 and
MF121754, differed significantly from the rest of the sample
with an average p-distance of 19 %. These specimens were
designated by the authors as Dendrobaena octaedra complex
sp. L2. They were collected in the Eawy forest in Normandy
(France), near the English Channel. Another three closely
related sequences were found in the BOLD database, one
from the vicinities of Florelandet (Norway), and the collection
points of the other two specimens were undisclosed. These
regions were affected by the most recent glaciation, so the
local populations of D. octaedra were obviously introduced
from another region relatively recently (ca. 10 kya). There are
too few data on these specimens; since there are no associated
papers with morphological descriptions, there is a chance that
they might belong to another yet unknown species.

Four chromosomal races are known within D. octaedra,
4n =172, 5n =90, 6n = 108, and 8n = 144 (Casellato, 1987,
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Viktorov, 1993; Mezhzherin et al., 2018). Since the predomi-
nant majority of D. octaedra populations belong to a single
genetic lineage, we can suggest that these three chromosomal
races coexist within this lineage.

Aporrectodea rosea (Savigny, 1826)

Races with 2n = 36, 3n = 54, 4n = 72, 5Sn = 90, 6n = 108,
8n = 144, and 10n = ~180 were described for A. rosea (Mul-
dal, 1952; Casellato, Rodighiero, 1972; Casellato, 1987,
Vsevolodova-Perel, Bulatova, 2008; Vlasenko et al., 2011).
The initial barcoding studied uncovered the existence of
several genetic lineages within this species: R.A. King et
al. (2008) detected three lineages, whereas D. Porco et al.
(2013) discovered four. R. Fernandez et al. (2016) performed
a detailed phylogeographic analysis of 4. rosea in Western
Europe, demonstrating that it can be divided into two major
clades: the Eurosiberian and the Mediterranean. The former
has a cosmopolitan distribution and includes the four lineages
identified by R.A. King et al. (2008) and D. Porco et al. (2013),
while the latter is confined to the Mediterranean region. Sub-
sequently, additional genetic lineages were found in Russia
and adjacent countries, all belonging to the Eurosiberian clade
(Shekhovtsov et al., 2020a).

Therefore, many genetic lineages and ploidy races coexist
within 4. rosea. Detailed data on the relationships between
them are currently not available. However, there is a single
example that can shed light on this issue: S.V. Mezhzherin
et al. (2018) reported a case of four chromosomal races (2n,
3n, 6n, and 8n) in the A.V. Fomin Botanical Garden (Kyiv).
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Fig. 2. The phylogenetic tree built for the D. octaedra haplotypes using the maximum likelihood method.

Numbers near branches indicate bootstrap support/Bayesian posterior probabilities.

According to phylogeographic studies (King et al., 2008;
Shekhovtsov et al., 2020a), three lineages are rarely found in
sympatry, and four have never been reported. Therefore, it is
plausible that in this case, several chromosomal races coex-
ist within a single lineage. Sure, this cannot be called hard
evidence, but we don’t have better data so far.

It is worth noting that body size does not correlate with
chromosome number in 4. rosea (Vlasenko et al., 2011). It
is presumed that the races with 2n = 36, as well as at least
some populations with 4n =72 and 6n = 108 are amphimictic
(Vsevolodova-Perel, Bulatova, 2008).
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Bimastos rubidus (Eisen, 1874)

B. rubidus (formerly known as Dendrodrilus rubidus) is a rare
species containing only a single genetic lineage (Ermolov et
al., 2023) despite the fact that it has considerable intraspecific
diversity and was until recently considered to contain four
subspecies (Holmstrup, Simonsen, 1996; Vsevolodova-Perel,
1997; Sims, Gerard, 1999; Csuzdi et al., 2017). Chromosomal
studies reported the presence of six ploidy races within the
species: 2n =34, 3n = 51, 4n = 68, 5n =85, 6n = 102, and
8n = 136 (Muldal, 1952; Omodeo, 1952; Vedovini, 1973;
Casellato, 1987; Mezhzherin et al., 2018). Thus, similar to
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D. octaedra, multiple ploidy races are encompassed within a
single genetic lineage.

Octolasion tyrtaeum (lacteum) (Orley, 1881)

O. tyrtaeum is generally believed to comprise two discrete size
groups, referred to as “small” (body length 4-8 cm) and “big”
(1014 cm) (Meinhardt, 1974; Heethoff et al., 2004). Molecu-
lar studies demonstrated that mitochondrial and nuclear gene
sequences of these two groups are significantly different and
belong to two distinct genetic lineages (Heethoff et al., 2004;
Shekhovtsov et al., 2014). These two lineages were reported
to differ in ploidy: the “small” one is diploid, while the “big”
one is triploid (Mezhzherin et al., 2018). Thus, in this case we
can observe that a ploidy race corresponds to a single lineage.
O. tyrtaeum is also a rare example of the dependence of body
size on ploidy in earthworms (Mezhzherin et al., 2018).

It should be noted that this division of O. tyrtaeum into
two groups is not straightforward. A third genetic lineage
with body size similar to the “small” lineage but with diffe-
rent body proportions was found (Shekhovtsov et al., 2014,
2020b). Its ploidy is unknown. Moreover, body size may also
differ between populations of different lineages (Shekhovtsov
et al., 2020b).

Dendrobaena schmidti (Michaelsen, 1907)

D. schmidti is widespread in the Caucasus and adjacent
regions. It exhibits a wide range of pigmentation intensity,
from unpigmented to deep purple coloration, and body size,
ranging from 35 to 160 mm. Due to this variation, many sub-
species were isolated from D. schmidti, some of them later
recognized as distinct species (Perel, 1966; Kvavadze, 1985;
Vsevolodova-Perel, 2003). However, not all these subspecies
were widely accepted by researchers due to the lack of clear
boundaries between them (Vsevolodova-Perel, 2003).

Chromosomal studies demonstrated that all the subspecies
of D. schmidti distinguished in the book of E.S. Kvavadze
(1985) exhibit the same chromosome number of 2n = 36
(Bakhtadze et al., 2003, 2005). On the other hand, D. tel-
lermanica, originally described as D. s. tellermanica in 1966
(Perel, 1966) and subsequently elevated to the species rank
(Vsevolodova-Perel, 2003), is tetraploid (4n = 72) (Bakhtadze
et al., 2003, 2005). D. tellermanica was distinguished from
D. schmidti based on the lack of pigmentation, the start of the
clitellum on the 25th segment (vs. 26th in D. schmidti), and
wider distribution beyond the Caucasus region. Initially, it
was believed to be strictly parthenogenetic, but later studies
revealed the presence of populations with mature spermatozoa
and spermatophores (Vsevolodova-Perel, 2003).

Recent molecular studies (Shekhovtsov et al., 2020c, 2023)
showed that while D. schmidti and D. tellermanica are related,
they exhibit significant differences in terms of nucleotide
substitutions. This implies relatively ancient polyploidization,
similar to O. tyrtaeum.

Eisenia nordenskioldi (Eisen, 1879) complex

E. nordenskioldi has a vast distribution in Northern Asia
and adjacent areas and is known for its high morphological
diversity (Malevich, 1956; Vsevolodova-Perel, 1997). Thus
it is not surprising that it was found to have extensive genetic
diversity (Blakemore, 2013; Shekhovtsov et al., 2013, 2016,
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2018; Hong, Csuzdi, 2016). Molecular studies revealed that
E. nordenskioldi consists of multiple genetic lineages divided
into two large clades (Shekhovtsov et al., 2020d). These
lineages strongly differ in mitochondrial and nuclear genome
sequences (Shekhovtsov et al., 2020c), as well as genome size
(Shekhovtsov et al., 2021). Therefore, E. nordenskioldi should
be regarded as a species complex. Preliminary, this complex
was divided into two large clades, referred to as E. norden-
skioldi s. str. (genetic lineages 6, 7, and 9) and Eisenia sp. 1
aff. E. nordenskioldi (all other lineages) (Shekhovtsov et al.,
2020d).

E. nordenskioldi is probably the best studied model of
karyotype diversity among earthworms (Graphodatsky et
al., 1982; Bulatova et al., 1984, 1987; Perel, Graphodatsky,
1984; Viktorov, 1989, 1997; Kashmenskaya, Polyakov, 2008;
Vsevolodova-Perel, Bulatova, 2008). Races with 2n = 36,
4n =72, 6n = 96102, and 8n = 142-152 were identified
(Viktorov, 1997). However, it is not yet clear how the divi-
sion into genetic lineages correlates with the different ploidy
races. Although no direct studies are available, published data
allow one to attribute certain populations of E. nordenskioldi
to specific lineages and races. For example, the population
from Magadan with 8 = 152 chromosomes (Viktorov, 1989)
belongs to lineage 9: individuals collected from the same loca-
tions were sent to A.G. Viktorov and the authors of this paper
by D.I. Berman. Furthermore, extensive studies failed to find
other lineages of the pigmented form of E. nordenskioldi in
this region (Shekhovtsov et al., 2020d).

M.N. Kashmenskaya and A.V. Polyakov (2008) conducted
a study on the chromosome set of two individuals identified
as E. n. nordenskioldi and E. atlavyniteae, a closely related
species isolated from E. nordenskioldi (Perel, Graphodatsky,
1984), from the Central Siberian Botanical Garden in Novo-
sibirsk. Both individuals were found to be diploid (2 = 36).
A later study of earthworms from the same location found
lineages 1, 2, and 3 of the pigmented form of E. nordenskioldi
(Shekhovtsov et al., 2013). Although we cannot attribute
the specimens from the study of M.N. Kashmenskaya and
A.V. Polyakov (2008) to a precise lineage, we know that this
location does not harbor any lineage of E. nordenskioldi s. str.
Therefore, these diploid populations belong to Eisenia sp. 1
aff. E. nordenskioldi.

Tetra- and octoploid races of E. nordenskioldi were re-
ported from the Taymyr Autonomous Okrug, located in the
north of West Siberia (Bulatova et al., 1984; Viktorov, 1989;
Vsevolodova-Perel, Leirikh, 2014). Molecular studies identi-
fied genetic lineages 1 and 9 of the pigmented form of E. nor-
denskioldi from the same region (Shekhovtsov et al., 2020d).
T.V. Malinina and T.S. Perel (1984) used allozyme data to
demonstrate that the octoploid population from Taymyr is
related to those from the south of West Siberia compared to
other regions, suggesting that it likely belongs to lineage 1.

The population of E. nordenskioldi from the Dzhanybek
experimental station of the Institute of Forest Science RAS,
located in the steppe zone of European Russia in Volgograd
Oblast, has been reported to have 4n = 72 (Malinina, Perel,
1984; Viktorov, 1989). This population was artificially in-
troduced from the floodplain of the Eruslan River in Saratov
Oblast, Russia (Vsevolodova-Perel, Bulatova, 2008). Accord-
ing to our data, only lineage 7 of E. nordenskioldi is found in
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Fig. 3. The position of chromosomal races of E. nordenskioldi on the phylogenetic tree of the species according to published data. The tree was taken
from (Shekhovtsov et al., 2020d) built using transcriptomic data of various genetic lineages of E. nordenskioldi and outgroup species using the maxi-

mum likelihood algorithm.

Grey boxes around lineage names indicate that these lineages belong to the pallida (unpigmented) form. Bold numbers indicate chromosome numbers; question
signs indicate that karyotype assignment is tentative. Numbers near branches indicate bootstrap support/Bayesian posterior probabilities. * Refers to 100/1.0.

this region. The population from the Prioksko-Terrasny Nature
Reserve in Moscow Oblast is also within the distribution range
of lineage 7. Moreover, T.V. Malinina and T.S. Perel (1984)
suggested that it is related to the Dzhanybek population based
on allozyme data, so we could also attribute it to lineage 7. The
same can be hypothesized for the Kursk population, which
has 6n = 102 chromosomes (Viktorov, 1989).

A.G. Viktorov (1989) reported that E. nana from East Ka-
zakhstan Oblast has 34 chromosomes. It has since been dis-
covered that this species is actually a synonym of lineage 5
of the pigmented form of E. nordenskioldi (Shekhovtsov et
al., 2020d; Golovanova et al., 2021). As the individuals used
for both genetic and chromosomal analyses were collected
from the same region, it is reasonable to hypothesize that they
belong to the same lineage.

The unpigmented pallida form of E. nordenskioldi is con-
sidered to be diploid (Vsevolodova-Perel, Leirikh, 2014).
These data were obtained for the population from the Novo-
sibirsk Akademgorodok (Malinina, Perel, 1984; Viktorov,
1989). However, the pallida form is distributed throughout
Siberia and the Far East and also contains many genetic li-
neages with different distributions (Shekhovtsov et al., 2016).
The pallida form from Akademgorodok belongs to lineage 6
(Shekhovtsov et al., 2020d). It has a small genome size
(ca. 270 Mb) (Shekhovtsov et al., 2021), while lineage 1 of
the pallida form has a big genome (ca. 2500 Mb), suggesting
that it may be polyploid.

We summarized the obtained data in Fig. 3, which includes
chromosome numbers and the phylogenetic tree constructed
using 212 nuclear genes (Shekhovtsov et al., 2020d). However,
it is important to note that the chromosome numbers displayed
are representative of certain populations and may not apply
to the entire lineage.

Eisenia tracta, the sister species of the E. nordenskioldi
complex, has 2n = 36 chromosomes, as does its relative
E. balatonica (Fig. 3). Therefore, it is reasonable to suggest
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that the ancestors of the two clades of E. nordenskioldi were
also diploid with 36 chromosomes, and that polyploidy arose
independently in both clades. This hypothesis on the indepen-
dent origin of polyploid races in E. nordenskioldi was proposed
by T.V. Malinina and T.S. Perel (1984) based on allozyme
data. The authors concluded that octoploid populations arose
independently at least twice. Our data supports this position,
as octoploid races appear to have arisen independently in the
two large clades of E. nordenskioldi (Fig. 3).

It is worth noting that published papers (Viktorov, 1997;
Vsevolodova-Perel, Bulatova, 2008) and our unpublished
data indicate that all studied populations of E. nordenskioldi
have well-developed testes and normal spermatogenesis. Ac-
cording to A.G. Viktorov (1997), the evidence for partheno-
genesis was only observed for the acystis form from Central
Asia, which was subsequently isolated into a separate species
(Vsevolodova-Perel, 1997). Additionally, octoploid indivi-
duals of lineage 9 from Magadan were observed copulating
(D.I. Berman, personal communication). Thus, the available
evidence suggests that polyploidy does not result in the loss of
sexual reproduction in the E. nordenskioldi complex in most
cases.

Discussion

Based on the data presented above, it is apparent that the
relationships between ploidy races and genetic lineages are
rarely straightforward. This was only observed in the cases of
O. tyrtaeum and the D. schmidti — D. tellermanica pair. For
many species, multiple ploidy races were found to belong to
the same genetic lineage. In all these cases, races of different
ploidy do not have any apparent differences on the level of
mitochondrial or nuclear DNA, suggesting that polyploidiza-
tion events in these cases may be recent. However, in other
cases, such as the E. nordenskioldi complex, the age of the
polyploidization events is unknown, but is likely to be sig-
nificant, 1-3 Mya as estimated in (Shekhovtsov et al., 2013).
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Although the precision of molecular clock dating using only
mitochondrial data and no fossils is limited (Kodandaramaiah,
2011), deep divergence between these taxa is obvious.

Earthworms exhibit a high degree of plasticity in their
modes of reproduction: most species are reported to have
either amphimixis or parthenogenesis, as well as less common
modes such as autogamy or restitutional automixis (Pavlicek et
al., 2023). Although it is generally considered that polyploidy
in animals should be associated with parthenogenesis, there is
no obvious association between these modes in earthworms:
many polyploid races retain the ability to reproduce sexually.
Furthermore, populations with sexual reproduction or partial
degeneration of the sexual system were found in species that
are considered parthenogenectic (Fernandez et al., 2010).
In other parthenogenetic species, there are genetic clues to
possible sexual reproduction (Simonsen, Holmstrup, 2008).
This flexibility in reproduction modes may contribute to the
widespread occurrence of polyploidy in earthworms.

Some researchers suggested that polyploid races may have
arisen as a result of allopolyploidization (Mezhzherin et al.,
2018). However, it is important to note that none of the avail-
able molecular studies have yet provided evidence to support
this hypothesis.

Conclusion

Based on the available data, we can conclude that the most
frequent case in earthworms is “one genetic lineage — several
ploidy races”, implying that this polyploidy is recent. How-
ever, in some instances, polyploid populations can survive for
prolonged periods of time, giving rise to new genetic lineages.
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AHHoTauus. K HacTosillemy BpemeHU ony6inKoBaH pag UCCnefoBaHWn o GUNoreHeTrike LepCTUCTbIX MAaMOHTOB
(Mammuthus primigenius), HauMHaA C aHanM3a YacTell MUTOXOHAPWANbHOIO reHOMa 1 3aKaHuMBas 13y4YeHneMm NMosHbIX
AfepHbIX reHomoB. OfHAKO [0 CUX MOP HUYEro He M3BECTHO O FeHETUYECKOM Pa3HO06PasnM LEePCTUCTbIX MaMOHTOB
Ha lOre Cbrpu, B 4aCTHOCTM B MUHYCMHCKOW KOTIOBUHE. B pamKax AaHHOM paboTbl 6biny nonyyeHbl 6UGAMOTEKM ANis
BbICOKOMPOU3BOAUTENIBHOTO CEKBEHVMPOBAHUA CEMU KOCTHbIX 06Pa3LOB LLePCTUCTbIX MAaMOHTOB, NPOBEAeHbl ABYX-
payHHoe oborallyeHye ¢ NCNonb30BaHNeM OGUOTUHUNMPOBAHHbIX 30HAOB coBpemeHHol MTOHK Elephas maximus, um-
MOGWM30BaHHbBIX Ha MarHUTHbIE MUKPOCHEPDI, ¥ CEKBEHMPOBaHWE C Noceayowmnm 61MonHGopPMaLMOHHbIM aHanu-
30M. QunoreHeTMUECKME PEKOHCTPYKLMM NOKa3anu MPUHaANeXHOCTb BCEX NCCNEeA0BaHHbIX HAMU BapraHToB MTAHK
MaMOHTOB K Knage |, uto paciuvpuno ee apeasn. PacnonoxeHue MUTOTUMNOB MaMOHTOB MIHYCUHCKO KOTNIOBUHbI B pas-
HbIX CyOKnafax BHyTpY Knafbl | MOXeT yKa3biBaTb Ha [JOCTAaTOYHO BbICOKOe pa3Hoobpasme unx reHodoHaa. Gunoreo-
rpaduyeckme peKoHCTPYKLUMMN BbIABUIM FTEHETUYECKYI0 6/1M30CTb MUTOXOHAPUAMbHBIX IMHUIA MO3AHENIeiCToLeHOo-
BbIX MAaMOHTOB MVIHYCUHCKOW KOT/IOBVHbI 11 APYTrX pernoHoB BoctouHoi Cubupm n nx anBepreHumio BO BpeMeHHOM
npomexyTke ot 100 fo 150 TbIC. €T Ha3ag, UTo CBUAETENbCTBYET 06 aKTUBHbBIX MUMPALIMAX LePCTUCTbIX MAMOHTOB Ha
06LWMpPHbIX TeppuTOpUAX BocTouHo Cnbupy B KOHLE CpeaHero—Hayasne no3gHero niaencroueHa.

KnioueBble cnioBa: apesHaAsa [HK; wepcTncTbiii MamMoHT; dunoreorpaduisi; MUTOXOHAPUanbHbIN reHom; KOxxHaa Cubupb.

Ana uyntnposanua: MogunHa CA., Kycnun M.A., Manukos [.I., Monoguesa A.C. ®unoreorpadus WepcTucToro ma-
MoHTa (Mammuthus primigenius) B MMHYCUHCKOI KOTNOBMHe Ha tore Cnbupw B no3fHem nnenctoleHe. Basunosckuti
XKYpHAU1 2eHeMUKU U centekyuu. 2024;28(5):571-577. DOI 10.18699/vjgb-24-63
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Phylogeography of the woolly mammoth (Mammuthus primigenius)
in the Minusinsk Depression of southern Siberia
in the Late Pleistocene
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Abstract. To date, a number of studies have been published on the phylogenetics of woolly mammoths (Mammuthus
primigenius), ranging from analyses of parts of the mitochondrial genome to studies of complete nuclear genomes.
However, until recently nothing was known about the genetic diversity of woolly mammoths in southern Siberia, in
the Minusinsk Depression in particular. Within the framework of this effort, libraries for high-throughput sequencing
of seven bone samples of woolly mammoths were obtained, two-round enrichment using biotinylated probes of mo-
dern mtDNA of Elephas maximus immobilised on magnetic microspheres and sequencing with subsequent bioinfor-
matic analysis were carried out. Phylogenetic reconstructions showed the presence of all studied mammoths in clade |,
which expanded its range. The assignment of mammoth mitotypes in the Minusinsk Depression to different clusters
within clade | may indicate a sufficiently high diversity of their gene pool. Phylogeographic reconstructions revealed
a genetic proximity of mitochondrial lineages of Late Pleistocene mammoths of the Minusinsk Depression and other
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Phylogeography of the woolly mammoth
(Mammuthus primigenius) in the Minusinsk Depression

regions of eastern Siberia and estimated their divergence time in the range of 100-150 thousand years ago, which
indicates active migrations of woolly mammoths over vast territories of eastern Siberia in the late Middle Pleistocene-

early Late Pleistocene.
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BsepeHune

K Hacrosimemy BpemeHn copMHUpoBaHa OOMIMpHAs HayIHas
6aza st u3ydeHust Gpuiroreorpaduu MIEpCTHCTHIX MAMOHTOB,
SIBIISIIOLUXCSL OJIHUMHU M3 HauOoJiee 3HAUYMMBIX IpejcTa-
BUTEJIe MaMOHTOBOM (ayHbl. B 6aze Genbank naxomutcst
32 murorenoma Mammuthus primigenius Blumenbach, 1799.
ITo maneoHTOIOrHIECKUM JaHHBIM, OOIIast IMHUS a3HaTCKUX
CJIOHOB M HIEPCTHCTBHIX MAaMOHTOB (Mammuthus primigenius)
OT/IeJINIIACh OT JINHWY aypUKaHCKUX ciIoHOB (Loxodonta afri-
cana) 6 MJIH JIeT Ha3aj, a JUBEPTeHIMs JUHUNA MaMOHTOB U
asuarckux cioHoB (Elephas maximus), COTIACHO TEHETHYE-
CKMM JaHHBIM, JaThpoBaHa nepuoaoM 440 Teic.—2 MIH JeT
Hazax (Krause et al., 2006; Rogaev et al., 2006).

B 2007 r. 661111 01Ty OJIMKOBaHBI PE3yIIBTAThI OTHOTO U3 TIep-
BBIX HCCIIE/JOBaHHH (pritoreorpamaecKix B3aMOOTHOIICHHH
MUTOXOHIPUAIBHBIX JIMHUH OOMIUPHON U pa3HOOOpasHOU
BBIOOPKH IIEPCTUCTHIX MAMOHTOB, OCHOBAaHHOTO Ha aHAIIN3e
mociiegoBaTensHOCTe 741 1. H. MUTOTeHOMa (TpH TeHa +
4acTh KOHTPOJIBHOTO paiioHa) (Barnes et al., 2007). Berbopka
BKJIIO4aja B ceds 41 mepcTucToro MaMoHTa, OOMTABIIETO B
Esporne, Azuu (3anagnas bepunrus, nomyoctpos Kamuar-
ka, Cesepo-Llentpansaas Cubups) u CeBepHoii AmMepuke
(Bocrounast bepunrus), Bo3pact o6pasiioB BappbHpoBai OT
12 mo 51 TeIc. meT. B Xonme uccnenoBanus ObUIN BBISIBICHBI
JIBE€ OCHOBHBIE MUTOTPYIIIBI HIEPCTHUCTHIX MAMOHTOB, CYIIlE-
CTBOBABIIHE B Mpenenax 3amagHoi, Bocrounoit Cubupu,
Janpaero Boctoka u AJsickd, a Takke MUTOXOHAPHAIbHAS
JIMHYSI MaMOHTOB EBpornelickoro peruona. [lepsas murorpy-
na 6bu1a pacnpoctpanena B Cubupu u CeBepHoit AMepHKe,
a BTOpas — TONBKO Ha ceBepe Bocrounoit Cubupu, MexmTy
nonuHamu pek Jlensl 1 KonbIMbl. AHaIM3 MOCIIEN0BATENb-
HOcTel 743 1. H. rhnepBapradeIbHOr0 paiioHa MUTOTEHOMA
160 MaMOHTOB TonapkTH4eckoit oonactu EBpasun u Cesep-
HOW AMepuku BbIsBHI 80 raruioTUIOB, 00pasyomuX MsTh
rarutorpyni (A—E), hbopMupyommx Tpu OCHOBHbBIE KJIAJIbI
(A, B u C+D+E), kmactepu3anus KOTOPBIX OAICPKIUBACTCS
BBICOKMMH 3HAUEHUSIMH alloCTEpPHOPHON BeposiTHocTH. Kita-
Jia A BKJIIOYAET TOJIBKO a3MaTCKUE MUTOTHUIIBL, Kiaaa C — Tomb-
KO CEBEpOaMEPUKAaHCKHE, OCTAIIbHBIEC TaIlIOTPYIIITBI SIBIISTFOTCS
cmemannbivu (Debruyne et al., 2008). Oxgnako aBTOpHI yHo-
MSIHYTBIX paboT ObLIM COCPEAOTOYCHBI JIUIIb Ha YACTUYHBIX
MOCJIEA0BATENLHOCTSAX MUTOTEHOMA, KOTOPBIE, B OTIAMYHE OT
MIOJTHBIX TTOCIIEIOBATEIbHOCTEH, IAI0T HE TAKOE YETKOE pas-
penieHue (GUIOTCHUH.

HccnenoBanust 18 MOMTHBIX MUTOI€HOMOB IIIEPCTHCTHIX Ma-
MOHTOB HOJATBEPINIIN HAJIMUUE JIBYX MUTOTpyII B CHOMpH
B mo3aHeM mieiicroneHe (Krause et al., 2006; Poinar et al.,
2006; Rogaev et al., 2006; Gilbert et al., 2007). Ogna u3
KJ1aJ CTa0MIbHO IPUCYTCTBOBAJIA B TeHO(OHE Oy IsIInii
JUTNTEIBHOE BPEMSI, TOT/1a KaK IPE/ICTaBUTEIN BTOPOH KITaabl
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BbIMepIiH. Mcue3HoBeHNe BTOPOI Ki1a bl MOIVIO OBITh CBSI3aHO
¢ ee orpaHMYeHHBIM pacnpocrpanenueM (Payne, Finnegan,
2007).

CymecTByIOT pa3HOIVIACHS B ONPE/ICICHUN BPEMEHH BHY-
TPHUBUIOBOH AMBEPTeHIIMN MaMOHTOB. OJJTHN aBTOPHI YKa3bI-
BaroT Ha 1-2 murH net Haszax (Gilbert et al., 2007), apyrue,
OCHOBBIBAsICh Ha (DUIIOreHETHYECKUX PEKOHCTPYKIHSX, — Ha
oxosio 1 mutH stet Hazaz (Van der Valk et al., 2021). Peripesen-
TaTUBHOCTH JAHHBIX O Pa3HOOOpa3ny BapHAHTOB MUTOXOH-
npuanbHoil JIHK, oTHOCAIMXCS K IEPBOM M BTOPOM Ki1aaam,
HEBEJIHMKa, 0COOCHHO JuIsl momysinuii Cubupu, mostomy
MIPOJIOJDKEHNE MCCIIEA0BaHMS JIOKAIBHBIX Cepuii 00pasIoB
MT/IHK 13 pasnuunbix ee pailoHOB HEOOXOAUMO JUIs TIOJTHO-
r0 MOHMMAHHUSI TEHETHUECKOTO Pa3HO00pa3us IEPCTUCTBIX
MaMOHTOB B 3TOM PETrMOHE.

AHanms3 s;IepHOro TeéHOMa MO3BOJIHII ITOATBEPANTE OJIN30CTh
IIEPCTHCTHIX MAaMOHTOB K a3uarckuM cioHaM (Greenwood
et al., 1999; Capelli et al., 2006; Miller et al., 2008) u ore-
HUTB BPEMsI IMBEPIeHIIM MAMOHTOB 1 a()PUKAHCKUX CIIOHOB
(Elephas maximus) B 5—6 mus et Hazaz (Poinar et al., 2006).
OTaenbHbIE HCCIIEI0BAHMS TIOCIIEI0BATEIbHOCTEH SIIEPHOTO
TEHOMa TOKE YKa3bIBAIOT Ha JBE KJIA/Jbl MAMOHTOB, paszeie-
HHE KOTOPBIX rpon3omnuto 1.5-2 v et Hazan (Miller et al.,
2008), oqHako MOTHOr€HOMHBIH aHAIM3 PeIoNaraeT BpeMs
pasaenenus ot 50 1o 155 teic. ner Haszan (Palkopoulou et al.,
2015). Takxe pe3ynbTaThl H3YyUCHUS SAICPHBIX TEHOMOB Ma-
MOHTOB PaHHETO U CPETHETO MIICHCTOIEHA YKa3bIBAIOT Ha Cy-
[IeCTBOBaHHUE IBYX TMHUN B BocTounoit Cubupw, uirs oxHa
13 KOTOPBIX MPE/ICTABISIET MPEIKOB IEPCTUCTHIX MAMOHTOB.

Hano momguepkHyTh, 4TO ONHMCAaHHBIE paHee o0pasIibl ¢
tepputopuu Cubupu u JlanpHero BocToka mpoucxomsr u3
CEBEPHBIX U BOCTOUHBIX PalOHOB. MOJIEKyIIPHO-TEHETHYE-
CKH aHamM3 00pasloB C reorpaduyecky N30IUPOBAHHBIX
TEPPUTOPUIL BBISBIIET HOBOE TEHETHUIECKOE pa3HOOOpasue,
TaKoe KaK HAJIMYME BTOPOH MUTOTPYMIIB MEPCTHCTHIX Ma-
MOHTOB B ceBepHOH yactu Bocrounoit Cubupu (Gilbert et
al., 2007). lonmonuutensHoe u3yuenue oodpasios JJHK ma-
MOHTOB M3 pa3HbIX pernoHOB CHOMPH TO3BOJISIET PACHINPUTD
MpeAcTaBlIeHNe 0 (pruoreHeTHIeckoM pazHoodpazuu Mt JHK
MaMOHTOB U 0COOeHHOCT:IX ee (puioreorpaduu. Hampumep,
Ha TalimbIpe Oblta 0OOHapy’>KeHA reHeTHYecKas JIMHUS 1ep-
CTHCTBIX MAMOHTOB, KOTOPAsl paHee CUNTAIACh XapaKTepHOI
tonpko [uist EBponbl (Maschenko et al., 2017). MamMoHTBI
HOxHo#t Cubupu ocTaroTcst HEIOCTaTOUHO M3YYCHHBIMU Ha
MOJIEKYIIIPHO-TEHETHUECKOM YPOBHE, XOTS 3TH JaHHBIE BaK-
HBI JUIS OLEHKH 0COOCHHOCTEN JIOKAJIbHOTO TE€HETHIECKOTO
pa3HooOpa3usi MAMOHTOB U CHEHU(HUKH 3BOJIOIHN UX pe-
THOHAJIBHBIX MOy sinuil. C 1eNblo BOCHOJHUTE ATOT HPO-
Oen Hamu mpoBezicHO u3yueHue apesHeit JJHK mepctucthix
MaMOHTOB MUHYCHHCKOU KOTJIOBHHBI.
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Pab6ora ¢ npesneit JIHK 3arpynHena n3-3a €€ HU3KOIO CO-
JIepKaHWs, IeTpalallid ¥ XUMUYECKIX M3MEHEHHH, a TakxKe
13-32 BO3MOYKHON KOHTaMUHAIIMHA 00Pa3Il0B MHUKPOOPTaHH3-
mamu (Paidbo et al., 2004; Brotherton et al., 2007; Carpenter et
al., 2013). OHIM 13 KITIOYEBBIX MTOX0I0B JJIS IPEOIOTCHUS
ITHX 3aTPYAHCHUH SBIISCTCS 000TaIlleHHE TCHOMHBIX OUOIHO-
tek uenesbiMu JTHK-pparmentamu.

Merton ruOpuAN3aIMOHHOTO 3axXBaTa 00JamaeT PSAIoM
npeumymiects 1o cpaBHeHuto ¢ [P (Meyer, Kircher, 2010;
Horn, 2012). IIponecc ruOpuan3anoHHOTO 3aXxBaTa BKIIO-
YJaeT TOATOTOBKY TeHOMHOW O6nbmuoTtexu u mnenessix JTHK-
(hparMeHTOB, X COCTUHECHUE Yepe3 THOPUAN3AIINIO U TIOCTIC-
JIyIollee pa3JielieHHe C UCII0JIb30BAHUEM MarHUTHBIX 4ac-
TU1. MeToapl THOpHIN3aMOHHOTO 3aXBaTa, TAKKE KaK 3aXBaT
C VIUTMHCHHEM IIpaiiMepa MM MYJIBTHIDICKCHBINA 3aXBaT IIe-
JeBbIX ()ParMEHTOB, IEMOHCTPUPOBAIN CBOIO OBICTPOTY U
a¢pexTBHOCTH (Briggs et al., 2009; Maricic et al., 2010).

B Hamem mcciieioBaHIH MBI HCITOITB3yEM METOJT o0orarie-
HUSL, IPE/UIOKEeHHBIH B padote (Maricic et al., 2010), ¢ nBywmst
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payHIaMH THOPUAM3ALNHU, KOTOPBIH, KaK YK€ MHOTOKPATHO
mokazano (Reich et al., 2010; Dabney et al., 2013; Thalmann
etal.,2013; Vorobieva et al., 2020; Kusliy et al., 2021), siBisi-
eTcs BBICOKOA()(DEKTHBHBIM MOIXOA0M JUIsl aHAJIU3a TIOJIHOTO
MHUTOXOHIPHAJIBHOTO TeHOMA B JIPEBHUX 00pasIiax.

MaTtepwuanbl n metopbi
Marepuan amst uccnenoBanus 6su1 coopan /1.I° MannkoBsM B
XOJI€ IKCIICAUITUOHHBIX padoT 2011-2021 T, a Takke YacTH4-
HO MoJTy4eH B poH1aX 300JI0THUECKOTO My3est XaKaCCKOro Io-
cynapcTBeHHOro yuusepcutera uMm. H.®. Karanosa n Xakac-
CKOTO HAIIMOHAIIFHOTO KpaeBemdeckoro myses uM. JI.P. Kui3-
nacoBa. KocTHbIE OCTaTKH TEPPUTOPHUATIHBHO OXBATHIBAIOT BCE
yacT MUHYCHHCKOW KOTIOBUHBI (puC. 1) U MPOUCXOIAT U3
[IECTH MECTOHAXOKICHHUI Pa3TMIHOTO TCOJIOTHYCCKOTO BO3-
pacra (cM. TabuILy).

I Bcex 00pasiios, 3a uckimouenneM MAM3, OpitH T10-
ayuensl “C marupoBku, paHee onyOIMKOBaHHBIE B 0000-
maronieii cojke (ManukoB u nip., 2023). JlatupoBanue mpo-

Puc. 1. KapTa MeCTOHaxXOXAeHMIN OCTaTKOB LEPCTUCTbIX MaMOHTOB (Mammuthus primigenius) n3 MMHYCUHCKOW KOTIOBUHDI.

MecToHaxoXaeHuUA (KpacHble Kpy»KKK) oTMedeHbl Lindpami, KOTopble COOTBETCTBYIOT HoMepam B Tabnuue (Manvkos n gp., 2023).

NHdopmaumsa no KOCTHOMY MaTepurany

Homep MecTo- leorpaduueckmne BospacT, net
n/n HaxoXaeHne KoopAMHaTbI
c.L. B. /. e

1 Capros ynyc 54110567 91.463749 14220+160
2 M3bix 53.569545 91.491608 17955+280
3 MNepBomainickoe 54.614021  90.947409 *

4 Hosocénoso 55.041728 91.024450 16710%110
5 annoBuanbHoe 20490+ 170
6 Os 53.395078  92.073517  27505+240
7 YepHoycoB nor  54.673669  90.757873  16760+135

* [laHHble NosTyyYeHbl Mo APYriM obpasLiam U3 KonneKumu.

Tun KocTHoro Ha3BaHue

maTepuana o6pasua

Jla6.wnop CalBP  Cal BP

median 95.4 %
COAH-9890 17306 17866-16920  Scapula MAM1
COAH-9783 21777  22395-21005  Tusk MAM?2
* 25020-21800  Cranium MAM3
COAH-9549 20200  20465-19910  Pelvis MAM4
COAH-9550 24659  25125-24201  Scapula MAMS5
COAH-9548 31465  31881-31121 Humerus MAM6
COAH-9673 20256  20551-19893  Costa MAM7
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BOJMJIOCH B J1a0OpaTOpHM I'e0JIOTHH KaliHO30sl, MaJIeOKIIU-
MaToJIOTUH U MUHEPAJOrHYeCKUX HHAMKATOPOB KJIMMaTa
Wuctutyta reonornn n muHepaiorun uM. B.C. Cobomnea
CO PAH 6eH30/1pHO-CHMHTHWUIAIIMOHEBIM METOLOM. Bo3-
pact obpasna MAM3 u3 mecronaxoxxaeHus [lepBomaiickoe
ompesener ucxonst u3 “C naTupoBOK, TONYYEHHBIX 10 JPY-
UM octarkaM M. primigenius U3 3TOI0 MECTOHAXOXKJIEHUS,
MMEBIIMM aHAJOTUYHYIO COXPAHHOCTh KOCTHOTO MaTrepuaia.
s paguoyniieponHoro natupoBaHus U Bbiaesnenus JHK
WCTIONIb30BAJINCH PA3JIMYHBIC YACTH OJHUX U TEX 7K€ KOCTHBIX
OCTaTKOB, KOTOPBIC HE TOJIBEPTaINCh NMPEABAPUTEIHLHOMN 00-
paboTKe XUMHYECKHMHU PEaKTUBAMHU.

Brinenenue apesneit JIHK u3 xoctHOro mopoika ocy-
IIECTBIISUIH 110 TIPOTOKOJY, OMMCaHHOMY B cTarhe (Yang et al.,
1996): cobmronast Bce KPUTEPUH YUCTOTHI M ayTEHTHYHOCTH
nony4deHHbIx o0pasnoB JJHK (Gilbert et al., 2007). B pamkax
HacTosiIeH paboTHI ¢ cronbp3oBanneM Habopa TruSeq Nano
LIbrary Prep (Illumina) no npotokoiry Ipon3BoaHUTeNs ObLTH
TOJTyYEHbl MUTOT'€HOMHBIE OMOJIMOTEKH JUIsl BBICOKOIIPOU3BO-
JIUTEJILHOTO CEKBEHUPOBAHUS CEMH ILIEPCTUCTHIX MAMOHTOB
n3 Munycusckoi komoBuHbI (FOxHas Cubups) BozpacToMm
17-30 TpIC. NMeT. JIns 3THX OMOMMOTEK MBI TIPOBENH IABYX-
payH0BOE 00OTramieHue ¢ MOMOIIBI0 THOPUIN3AINU ¢ Ono-
TUHWIMPOBaHHBIMH (pparMeHTaMu COBPEMEHHON MUTOXOH/I-
puansHoit JIHK Elephas maximus L., 1758, nMmoOnim3oBan-
Hoit na Dynabeads® Streptavidin marautabix yactunax (Life
Technologies, CIIIA), 9T0 TO3BOJISET 3HAYUTEIHHO YBEITHIUTH
JIOJIXO SHAOT€HHON MUTOXOHApUanbHOM apeBHert JJTHK.

Pesynbratbl

XapakTepUCTUKN MU3YyUYCHHBIX HAMH CEMH IOCIIEI0BATEIb-
HOCTEH MUTOTCHOMOB MO3IHEIIEHCTOIIEHOBBIX IIEPCTUCTHIX
MaMOHTOB MMHHYCHHCKOW KOTJIOBHUHBI NPEICTABICHBI B
cBoxnoii Tabmune (https://docs.google.com/spreadsheets/d/
1XaSB-cb14rxNy0OaasSxDLUil YiKeBSy- KwelRt2KQ/
edit?usp=sharing). CpenHsisi IyOMHA MOKPBITHS OXapaKTe-
PHU30BaHHBIX MUTOTEHOMOB BapbupyeT oT 0.5 10 15.5 pasa,
IIMPUHA HOKPBITHS cocTaBisieT oT 38 10 99.5 % ot anmmHsI pe-
(hepencroro MutoreHoma. CpeznHee cofepKaHue YHUKIbHBIX
KapTHPOBAHHBIX 00BEJMHEHHBIX ITPOYTEHHUH K 00IIIEMY KO-
4eCTBY 00BEJMHEHHBIX IPOYTEHHH cocTasisieT 7.9 %. Mcxoms
13 MOJTy4EHHBIX HAMHU 3HAYE€HUH YacTOTHI 1€3aMUHHUPOBAHUSI
OCHOBaHMi1 u cpesHero pazmepa pparmerros JJHK moxHo 3a-
KJTFOUNTb, YTO KOCTHBIE 00pa3Ibl MAMOHTOB 13 MHHYCHHCKOM
KOTJIOBHHBI UMEIOT BBICOKYIO CTeleHb coxpaHHocTu JHK,
YTO, CKOPEE BCETO, CBSI3aHO C OTHOCHUTEIIHLHO XOPOIINMH JIIS
coxpannocty JIHK ycrnoBusiMu okpy»xkaromieit cpe/sl.

Juis moctpoeHusi UIOreHETHYECKOro JiepeBa ¢ ompe-
JICIICHHBIM BPEMEHEM JIMBEPIeHIIMN TeHETHYECKUX JTMHUHN
(puc. 2) UCTIONB30BATNCh TOIBKO OOPA3IBI C AOCTATOYHON
mmpuHo# (6onee 70 %) 1 ITyOMHON MTOKPBHITHSI MUTOT€HOMA
(Oomnee 2), nmeromue TaTHPOBKY PaHOYTIICPOIHBIM METOIOM.
OTHM KPUTEPHUSIM OTBEYAJIH IISITh U3 ceMU 00pa3noB. Te ke
KpUTEpUH 0TOOpa NMPUMEHSUIUCH ISl BKIIIOYEHHS B aHAJIH3
OITyONTMKOBAaHHBIX paHEee TOCIIEI0BAaTENbHOCTEH MUTOTE€HOMOB
MIEPCTHCTHIX MAMOHTOB. AHAJIN3 MPOBOAMIICS MPH TTOMOIIN
nporpammuoil ratdpopmel BEAST Ha ocHOBe Tomomorun
MIOCTPOCHHOT'O JIEpeBa C HEONPE/ICICHHBIM BPEMEHEM pac-
XOXK/ICHHS] TEHETHUECKHX JIMHUH.
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JluBepreHuus reHeTu4eCKuX JINHUM MaMOHTOB MuHyCHH-
CKOH KOTJIOBHMHBI M HanboJIee TeHeTHUECKN CXOIHBIX ¢ HUMHU
MaMOHTOB M3 JPYTUX pernoHoB Bocrounoit Cubupu mpou-
301U1a BO BpeMeHHOM HHTepBaie oT 150 go 100 Teic. jer
Ha3zaj. [llepcTucteie MaMOHTBI U3 MUHYCHHCKOM KOTIIOBUHBI
00pasyIoT CECTPUHCKHUE KIIAJbI C IEPCTHCTHIMA MAMOHTAMHU
U3 IPYTUX IPEACTaBIeHHbIX pernoHoB Crbupu (octpoB Bpan-
resst, LlenTpansHslit, 3amaaabii 1 BocTOUHBIH pernoHsr), 4To
OTIIMYAET UX OT HEKOTOPBIX APYTUX JOKAIBbHBIX IPYIIT MAMOH-
TOB, TAKHX KaK MaMOHTBI OCTpOBa BpaHrers1, HaxonuBIIUXCA
B CTaJIMU CHIDKEHHOTO TEHETHYECKOTO Pa3HO00pasHsl.

O6cyxpeHue

JlaHHOE HcceoBaHNe MO3BOISIET OLIEHUTh MUTOXOHAPHATb-
HOE TeHETHYECKOe pa3HooOpas3ue MIEPCTHCTHIX MAMOHTOB
Ha TeppuUTOpuu MUHYCHHCKOHN KOTIOBHHEL 1o monydeHHOM
(huoreHeTHYECKON PEKOHCTPYKIIMH BHHO, YTO PACXOXK/ICHUE
JIBYX KJIaJ{ IIEPCTUCTBIX MAMOHTOB MPOU30ILIO 1—2 MITH JIeT
Ha3aJ1, 9T0 COOTHOCHUTCS C pe3yJIbTaTaMH UCCIICAOBAHNHN MOJ-
HBIX MUTOXOHAPHAIBHBIX U SAEPHBIX T€HOMOB MaMOHTOB,
onrcanHbIX Bo BBeAeHun (Gilbert et al., 2007; Miller et al.,
2008). [IuBepreHIUs TeHETUYCCKUX JIMHUA MaMOHTOB W3
MuUHYCHHCKOH KOTJIOBHHBI M HanOoJiee reHeTH4YecKn Onu3-
KMX K HUM JINHUH MaMOHTOB JApPYTUX PeruoHoB BocTouHOI
Cubupu mpoucxoauia BO BpEMEHHOM MPOMexyTke oT 150
1o 100 TrIc. et Hazan. CTpyKTypa IMOCTPOSHHOTO HAMHU (H-
JIOTEHETHYECKOTO JepPeBa CBUAETEILCTBYET, YTO MOCIIEA0BA-
tensHOCTH MTIHK mepcructeix MaMoHTOB MUHYCHHCKOM
KOTJIOBUHBI HE (DOPMUPYIOT OTAENBHYIO KJlaly Ha JepeBe, a
paccpenoToueHbl B pa3HbIX Kiactepax kiaasl [. [Ipu atom
nocnenoBarensHocTd MT/IHK MaMoHTOB M3 MUHYCHHCKON
KOTJIOBHMHBI 00Pa3ylOT CECTPUHCKHE KIIaJbl C MOCJIEH0Ba-
tenbHOCTAMU MT/IHK 111epcTrcThIX MAMOHTOB IpYTUX MpEa-
cTaBJIeHHBIX pernoHoB Cubupu (octpoBa Bpanresns, Llen-
TpaJIbHOTO, 3ama{HOr0 U BOCTOUHOr0 pernoHoOB), 4TO MOXKET
TOBOPHUTH 00 MHTEHCHBHBIX MUIPALIUSIX MAMOHTOB Ha 00IINp-
HBIX TeppuTopusax Boctounoit Cubupu B KOHIIE CpeTHEro—Ha-
Yyajie MO3HEr0 TUIEUCTOIICHA.

PacrionoxeHre MUTOTHIIOB MO3JHEIUICHCTOIICHOBBIX Ma-
MOHTOB MUHYCHHCKOIl KOTJIOBHHBI B Pa3HbIX KJIaJax BHYTPH
KJazsl [, B OTIM4ME OT rOJIOLIEHOBBIX MAMOHTOB C OCTPOBA
Bpanrens, yka3plBaeT Ha HEOOJIBIIYIO CTENIEHb BEPOSITHOCTH
TOTO, YTO B 3TOT NEPHO OHU HAXOAMUJIMCh Ha TPAHU BEIMHUpPa-
Hust. Ha manHOM 3Tame Mbl IpeznoaaraeM 1Ba BO3MOXKHBIX
0OBSCHEHUSI TAKOMY X MOJIOKEHUIO Ha (DHIIOTEHETHIECKOM
nepese: 1) mccrenoBaHHbIe 00pa3Ibl OTHOCSTCS K OHOH (T10-
CTOSTHHO CYIIIECTBOBABIIEH B PETHOHE) TOIYJISILIMY MAMOHTOB,
KOTOpasi XapakTepHu30Bajach BBICOKUM (HIOT€HETHUYECKUM
pasznoobpazuem MTIHK; 2) 00pa3iisl momy4deHsl OT mpecTa-
BUTEJIEH pa3HbIX NOMYJISINI MAMOHTOB, HE3aBUCHMO MHUTPHU-
POBABIINX Yepe3 TEPPUTOPHIO MUHYCHHCKOW KOTJIIOBUHBI HA
MPOTSHKEHUH ITO3/IHETO MIeHCToLeHa. MBI IMeeM apryMeHTbI
«3a» U IIPOTUBY Kaxa0i# u3 Bepcuil. Tak, B MOIb3Y TOTO, UTO
HCCIIeIOBAaHHBIE HAMU MaMOHTBI MUHYCHHCKOM KOTJIOBHUHBI
OTHOCSITCS K €THHOM MOMYJISIUH, MOXKET TOBOPHUTH (DaKT, YTO
HEKOTOpbIe 00pa3Ilbl N3 MECTOHAXOXKICHNI Pa3HOTO Teoo-
THYECKOTO BO3pPACcTa COCTABIISIOT MO0 €IHEIE, THOO0 OITU3KO
pacronoXeHHble Kiaasl (CM. puc. 2), BHE 3aBUCUMOCTH OT
UX T€0JOrMYECKOTo BO3pacTa U MecTa Haxonok. Kpome Toro,
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Puc. 2. DunoreHeTnyeckrie peKOHCTPYKLUM Ha OCHOBE MOJTyYEHHbIX Hamy nocnefoBaTesibHocTen MTAHK nATW LwepcTncTbix MaMOHTOB C TeppUTOPUN
MWHYCUHCKOI KOTNOBYHBI 1 25 paHee ony6nnkKoBaHHbIX nocnegoBatenbHocTen MTAHK wepcTnctbix MamoHTOB 113 6a3bl faHHbIX Genbank.

MocTpoeHne prnoreHeTNUECKOro AepeBa BbIMOAHEHO MPU NMOMOLM NPorpammHon nnatgopmbl BEAST ¢ BHYTpeHHEN KanvbpOBKON BpeMeHN PacxoXaeHns
BETBEl Ha OCHOBE PaAVoyrNepoaHbIX AAaTVPOBOK 06pa3LoB. LiBeTa KBagpaToB OTpaxaloT reorpaduyeckoe NponcxoxaeHne obpasuos: LieHTpanbHbIi pervoH —
yactb Cnbupu, ombiBaemas pekamu Konbimon v JleHoi; BOCTOUHbIN pernmoH — yactb Cbrpu K BOCTOKY OT KosbiMbl; 3anagHblil pernoH — yactb Cubupm K BOCTOKY
o1 70° B.A. U K 3anagy oT JleHbl; ocTpoB BpaHrens — rpynna ocTpoBOB Ha ceBepo-BocToke Cnbupu. baliecoBckas anoctepropHas BEPOATHOCTb TOMONIOMN fiepeBa
coctaBnAeT 6onee 0.75 BO BCex CyyasXx, KPOMe TeX, re 310 yKasaHo B BUAE Yncen paaom ¢ ysnamu. CBeTNo-cepble IMHUK, NPOXOAALLVE Yepes y3/bl jepeBa, 060-
3HAYAIOT CTaHAAPTHOE OTK/IOHEHVE MeAVaHHbIX OLIeHOK BPeMeHU AuBepreHumn. B Ha3aBaHUM Kaxxaoro obpasua nocse 3Haka «_» yKasaHa ero pagunoyrinepogHas

[aTMPOBKa.

BBISIBIICHHBI W30TOMHBIA CHTHAT CTAOHIBHBIX M30TOTIOB
yrmepona u azora (8'3C u §'°N) y MamonToB MUHYCHHCKOI
KOTJIOBHHBI CYLLIECTBEHHO OTJINYACTCS OT TAKOBBIX B CEBEPHBIX
nomyssinuax Bujaa (Manukos u ap., 2023). 31o nmo3Bonsger
IpeAIoIaraTh OTHOCUTEIBHO JUIHTENbHOE OOUTAaHUE JKH-
BOTHBIX B 9TOM PETHOHE, YTO OTPA3HIOCh B UX M30TOIHBIX
MOKa3aTesiX.

B T0 e Bpems 00mbII0i pa3dpoc n3ydeHHBIX OCIe0Ba-
TEJBHOCTEH MAMOHTOB Ha 00IIEeM (DHITOTCHETHYECKOM JICPEBE
MOJKET FTOBOPHTH U 00 MX NPHHAICKHOCTH K PA3HBIM MOITY-
JSLUsSM. B xauecTBe moATBepIKACHNS 3TOI BEPCUH OTMETHM,
YTO Ha JAaHHBI MOMEHT B pacCMaTPHBACMOM HaMH PETHOHE
HET HU OJIHOW HAXOJKH MaMOHTA, KOTOPYI MOXKHO OBLUIO ObI
C YBEPEHHOCTBIO OTHECTH K TEIUIOMY BPEMEHHOMY HHTEp-
Bally KOHIA MO3AHEro IwieiictoneHa. Bo3amoxHo, B Temibie
MHTEPBAJIBI TO3]THETO TUIeHCTolIeHa YCJIoBHs Ha rore CHOMpH
OBUTH HEOIATONPUATHBI ISl TIOCTOSHHOTO OOWTAaHUS BHIA
M. primigenius. B TakoM cilydae mpeIcTaBUTEeIH BUIA MOTJIN
HEOJHOKPATHO MUTPUPOBATH B KOTJIOBUHY TOJIBKO B XOJIOIHBIC
nepuozbl. Kpome Toro, m3BecTHO, 4TO COBpEMEHHBIE ad)pHKaH-
CKHE CJIOHBI )KUBYT HEOOIBLINMH IPYIIIAMH I10 [IECTh-BOCEMb

oco0eii, ¢ IIoIa b0 CE30HHOI0 yuacTka oouranust ot 130 no
1600 xm? (Hacumosud, 1975). OnHako B HEGIArOMPHATHBIX
YCIIOBUSIX WHAWBUAYaJIbHBIE MUTPAMU CIOHOB MOTYT JIO-
crurarb 32000 kM2 B rox (Wall et al., 2013). O6mas nuomans
MuHYCHHCKOTO MEKTOpHOTO mporuda, Bkimodas Hazapos-
CKYIO BHajuHy, coctasiser okono 100000 km? (BopoHLoB,
2012). MakcumanpHast AnuHa MUHYCUHCKON KOTJIOBUHEI, B
ceBepo-3alaHOM HaIpaBICHHUH, TOCTUTaeT ~450 kM mpu
MakcUManbHOI mmpuHe (110 FOsxHO-MuHYCHHCKOI BriainHe)
~400 kM. CrietoBaTesnbHO, 00LIEH IJIOIIAAN PEruoHa 0CTa-
TOYHO 711 OOWTAHMS JINIIE HEOONIBIION MOMYISAIMN TaKUX
KPYIHBIX >KUBOTHBIX, KAK MaMOHTBI. DTO MO3BOJISIET Tpe-
noJsararh, 4To TeppuUTOprst MUHYCHHCKON KOTJIIOBHHBI ObliIa
Maja Juisd HOCTOSTHHOTO OOWTaHus Momyssiuuil M. primige-
nius, TTOCKOJIbKY pecypcHast 0a3a KOTJIOBUHBI OIpaHUYCHA, a
CIKEIOAHBIC CE€30HHBIC MUT'PpALlMU BHUAa COIMMOCTAaBUMBI J'II/I6O
MPEBOCXOAAT COOCTBEHHBIE Pa3MePhl KOTIIOBUHBI.

E1ne oHIM apryMeHTOM B 110JIb3Y MUTPAIIMOHHON IPUPO-
AbI MOIMYJIAIUA MAMOHTOB MI/IHyCI/IHCKOI‘/II KOTJIOBUHBI ABJISA-
eTCsl TOT (paKT, 9To JBa 00pasia u3 MecToHaxoxaeHust HoBo-
cénoBo ayunoBnansHoe (MAM4 1 MAMS) nponemMoHcTpH-
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POBaJIM MaKCUMaJIbHOE T€HETHUUECKOE yaaeHue (CM. puc. 2).
Hanportus, o6pa3usr u3 MecToHaxoxaeHnid [lepBomaiickoe
(MAM3) u N3b1x (MAM2) cocTaBuiIN €AMHYIO TPYIITYy. XOTbh
MECTOHAXOKJCHHA U yJaJIeHbl JPYyT OT apyra Oosiee 4eM Ha
100 kM, OHM TaTHPYIOTCS TPUMEPHO OJHUM BPEMEHHBIM HH-
TepBasioM (oxoso 21.8 Teic. ner Hazan). He uckirodeno, uto
9TH 0COOU OTHOCSITCS K €ANHOM MOMYJISLIN, KOTOPast BpeMsi OT
BPEMEHU MUTPHUPOBAJIA B PETHOH, BO3MOXHO, Ha MTPOTSHKCHUH
JUTNTEIBHOTO TIEPUO/A.

Ecnu BepHa Bropas U3 03By4€HHBIX KOHLEILUHI, TO IOy~
YEHHBIE IAHHBIE MO)KHO PACCMATPUBATH KaK ITOATBEPKICHNE
JIOKJILHOTO BBIMUPAHUSI MAMOHTOB MUHYCHHCKOI KOTJIIOBH-
Hbl Ha TPaHUIIC IJICHCTOLIEHA U TOJIOLICHA, BEPOSITHOM IIpU-
YMHOW KOTOPOTO CTaJI0 Pa3BUTHE TACKHBIX U JIECOCTEITHBIX
nanamadros B 3anmanHoit 1 Boctounoit Cubupu. B pesyib-
TaTe MPEeKPaTHIUCh MOMOJHEHUE MOMYISAIUI TPaBOSIHBIX
MJIEKOIIUTAIOINX MHUHYCHHCKON KOTJIOBHUHBI M X CE30HHBIE
murpamuy (Mammkos, 2015).

3aknioueHue

V3MeHeHre KTMMaTa OT TIO3JHETO JIGAHUKOBOTO TIEpHoIa 110
TOJIOIICHA MPHUBEJIO K YMEHBIIICHUIO OTKPBITHIX IIPOCTPAHCTB
B EBpaszum, 4To coxpaTmio o6JacTi oOUTaHUS MaMOHTOB U
JIPYTUX CTCITHBIX JKHBOTHBIX. JTOT IPOIIECC BKITFOYAI CIIOXK-
HbIC U3MCHCHUS KJIMMaTa i PACTUTEIILHOCTH B IPOCTPAHCTBE
1 BPEeMEHH, BEDKMBAHUE BUIOB B YKPBITHAX, JJOKAJHHOE UC-
4Ye3HOBEHHUE U BPEMEHHOE PaCIIMPEeHUE 00IacTel OOMTaHus.

OnuH U3 3 HEeKTUBHBIX MOIXO0B IS ACTATBHON PEKOH-
CTPYKITUH 3THX TPOILECCOB — M3yUEHHUE JIOKAIBHBIX Cepuit
00pa3moB mutoxoHapruaabHoi JJHK MaMOHTOB, OTHOCSTIINX-
Cs K pa3HbIM XpOHOJOTHYecKUM nepuonam. [IposenenHnoe
HaMHU HCCJIEIOBaHUE SBJISIETCS OJHUM W3 IIIaroB B JAHHOM
HaIPaBICHUM.

Heo06x0a1mMo poI0/uKUTh MaICOHTOTIOTHUSCKUE U MOJICKY-
JSIPHO-TEHETHYECKHUE HCCIIEAOBAHNS IIEPCTUCTHIX MAMOHTOB
B M30JUPOBAHHBIX peruoHax CHOUpPH, YTOOBI IMOIHOCTHIO
OMPENIEIIUTh UX TEHETHYCCKOE Pa3HOOOpa3ne 1 MPUUNHBI BbI-
MHUpaHU B 3ToM MecTe. [IpeamouTnTensaee n3yv4aTh MOTHBIC
TCHOMBI, ITOCKOJBKY Ha UX OCHOBE (hmioreorpaduyeckuit
aHaJIN3 CTAHOBUTCS 00JIEE TOUHBIM M JOCTOBEPHBIM.
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