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Ba)kKaeMble KOJUIETH, JOPOTHE YHTa-
tenu! [Ipeanaraem Baliemy BHUMA-
HUIO TIOCJIEHUI B YXOJAILEM TOny

BBIITYCK «BaBUIIOBCKOTO ’KypHaa reHeTHKH

U CEJICKLIUI».

OtkpbiBaeT HOMep pyOpuka «leHeruka

U CEJIEKIMs PACTECHUI», BKITIOUAIONIast ONHY

0030pHYO U TP 3KCIIEPHUMECHTAJIBHBIE CTa-

ThU. B 0030pe paccMOTpeHb! IUTepaTypHbIe

JIaHHBIE O TEHETHYECKHX MEeXaHU3MaX H
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PyOpuxa «MeaumHCKast TeHETHKA» BKIIIOYAeT TPH OpH-
TUHAJIbHBIE CTAaThH, B NEPBOH M3 KOTOPBIX PacCMOTPEHBI
ATHUYECKUE OCOOCHHOCTH B PACIpeeNICHUH MOTUMOP(HBIX
BapHAHTOB FEHOB JINIIMHOTO OOMEHA B KOPEHHBIX MOMYJIISIIN-
X OypAT, TEJICYTOB U PYCCKHX, MTPOXKUBAIOIINX B BocTouHoi
Cubupu. B cienyromieit pabore cieiiaHa SKCIICPUMCHTATb-
Hasl TIOTIBITKA MOAN(HKAIIMYA AKTHBHOCTH T€HOB JIMITHIHOTO
oOMeHa 4YenoBeKa ¢ MOMOIIbI0 AHTHCMBICIOBBIX OJHOHY-
KJICOTH/IHBIX TIPOU3BOJIHBIX, MOJy4YeHHbIX Ha ocHOBe MPHK
9THX T€HOB. ABTOPBI TPEThEeH CTaThH 00CYKIAIOT TPOOIEMBI
BBISIBJICHHSI TIEPCTICKTHBHBIX MapKEPOB IS TPOTHO3a HMMY-
HOJIOTUYECKOM pCaKkuru MauueHTOB B OTBET HAa BaKIIMHAIIUIO
MPOTHUB KJIETEBOTO SHIE(ATHTA.

Pa3nen «bronndopmarrka n cucreMHast OMOIOTHSD» OTKPbI-
BAET CTaTbsl, B KOTOPOil OIIMCAH HOBBII CTAaTUCTUYECKUI METO],
PCF-Seq, mo3Bomnsttomuii U1t 110001 OCIe10BaTeTFHOCTH,
B TOM YHCJIC MOJICKYJISIPHOH, MTOTYYUTh TIIaBHbIC KOMITOHEH-
ThI B YMCJIOBOM BH/IC M BU3YaJIM3UPOBATh UX B BUE Ipadu-
KOB. JIBa IpyTHX OPUTHHAIBHBIX UCCIIETOBAHUS MOCBSIIECHbI
npoOsieMaM MOWCKa TeHOB-KaH/INAATOB, KOHTPOIUPYIOIINX
HIIIEMHYECKYI0 O0JIC3HB Cep/ilia M PCBMATOUIHBIN apTpuT. Pa-
OOTBI BBITIOIHEHBI € TIOMOIIBIO MOIHOT€HOMHOTO TTOHCKa ac-
COIMAIMI ¥ COBPEMEHHBIX OMONH()OPMATHUECKHX TTOXO/I0B.

3aKTIOYUTENBHBIA pa3fen 3HAaKOMUT YUTATelNs ¢ OpPUTH-
HAJIBHBIMHU Pa0OTaMH IO SKOJOTHIECKOM reneTuke. PaccmMoT-
peHo pazHooOpa3zue MOOMIIBHBIX 3JIEMEHTOB y 16 BUIOB U3
orpsiia Hacekombix Orthoptera; Ha OCHOBE TAaHHBIX CEKBE-
HUPOBAHUSI BBICKA3aHO TMPETION0KEHHE O TOPU30HAIHLHOM
MepeHoce FeHETHIECKOT0 MaTepralla THX BH/IOB B y/IAJICHHBIC
TAKCOHBl HACEKOMBIX U3 APYIUX OTpsAnoB. B cienyromein
paboTe MpuMeHeH KOMIUIEKCHBIH TOIXO/ IO UCTIONIb30BaHUIO
MOpP(]OIOrHIecKUX, OHOXUMHIECKUX TPU3HAKOB M MOJICKY-
JSIPHBIX MapKEePOB JUIs pa3JielieHnst BUAOB MAThl Mentha ssp.
C MEPEKPBIBAIOIIMMUCS MPU3HAKAMU. ABTOPHI MOCIEAHEN
CTaThbU MPEACTaBUIM TAKCOHOMUYECKUM aHaIN3 HEKOTOPBIX
BUJIOB U THOpuaHBIX hopm Miscanthus Anderss. B xauecTtse
KPUTEPHEB pa3/ielIeHNs1 00pa31i0B NCIIOIb30BAHBI PE3YIIETATHI
MeTaboJIOMHOTO aHaJIN3a M HyKJICOTHIHbIE 1TOCIIeJOBATEIIb-
HOCTH ()parMeHTOB IUIACTUIHOTO T€HOMA.

Penxomternst «BaBHIOBCKOTO KypHaia FeHETHKH U Ce-
JEKIUW» TI03paBIsET YUTATEJIeH M aBTOPOB JKypHaja C
Hactynatoum 2020 rogom. XKenaem ycriexoB B HOBOM rOj1y,
OPHUI'MHAIIBHBIX PE3YJITATOB U ITyOTMKAII C BBICOKHM ypOB-
HEeM IIUTUPOBAHHMS!

Axaodemux B.K. [LlymHuvii
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[eHeTHYeCKNe MeXaH3Mbl aKKJIMMAaTU3alun
yaiiHoro pacteHus (Camellia sinensis (L..) Kuntze)
K XOJIOJJOBOMY CTPECCY

A.C. Camapuna ®, A.C. MaarokoBa, M.B. [Bacaauss, A.M. Edpemos, B.JI. Maasiposckasi, C.B. Aomkapésa, M.T. Tyos
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MpoBefeH 0630p Ny6MKaLMiA O FeHETUYECKMX MeXaHV3MaXx, NeXaliMx B OCHOBE XOJIOf0YCTONYMBOCTU Yas U
OpYrvx BMAOB BbICWIMX pacTeHui. XOnoAoBoW CTpece, BKovaowmi oxnaxgeHve (0...+15 °C) n 3amopo3ku
(< 0 °C), HapywaeT MeTabonn3M B KNETKax M TKaHAX U UHIMOMPYET pocT pacTteHuid. MokasaHo, YTo B nocneq-
HMe AecATUNEeTUA AOCTUrHYT GONbLUOI NPOrpecc B MOHUMaHUM FeHETUYECKMX MEXaHM3MOB OTBETa pacTeHui
Ha XONI0A0BOW CTpecE, Obinm OTKPbITbI Ktouesble reHbl — ICE (inducer of CBF expression), CBF (C-repeat-binding
factor), COR (cold-regulated genes) — 1 nx curHanbHble MyTW. YCTaHOBNEHO, UTO HaKOMIeHUe TpaHcKpunTos CBF
NPONCXOANT yxe Yepes 15 MVH nocsie Hayana Bo3feNCTBMA HU3KUX TemnepaTtyp, +4 °C, OHW UrpatoT BaxKHeN-
LUYI0 POSib B XONIOA0BOW akKIMMaT/3aLum YarHoro pacteHuns. OgHako cywiectByeT u CBF-He3aBUCUMMBbIN NyTb,
BK/IOYAIOLWMIA Pa3fINYHbIE TeHbl Y TPAHCKPUMLUMOHHbIE GaKTopbl, Takne Kak HSFC1, ZAT12, CZF1, PLD (docdo-
nunasa D), WRKY, HD-Zip, CsLEA, LOX, NAC, HSP, KoTopble WWPOKO pacnpoCTpaHeHbl y pacTEHUI 1 BOBJIEYEHbI
B 6a30Bble MeXaHU3Mbl YCTONYMBOCTY Yas K xosnoay ¥ 3amopo3kam. OBHapy»eHO NOBbILEHHOe HaKomnaeHne
TpaHckpunTtos reHos CSDHN1, CsDHN2 n CsDHN3 'y ycTOMUMBbIX reHOTUMOB Yas B CPaBHEHMM C HEYCTONYMBbBIMM
copTamu B nepuog 3amopo3koB. OnpepeneHa BaxHaA ponb MUKPOPHK B MexaHM3max oTBeTa Ha oxnaxkaeHue
1 3aMOPO3KM Y Yas. [eHeTMYeCKNiA OTBET pacTeHWI Ha OXNaXKAeHWe U 3aMOPO3KM He OMHAKOB, 1 SKCNpeccua
reHOB OTBETa HOCUT reHOTUN-cneunduyeckunin xapaktep. MNpriBefeHHble pe3ynbTaThl UCCEA0BAHNIN NOAYEPKU-
BalOT HEOOXOAUMOCTb JarbHENLLEro N3yyYeHnsa MeXaHM3MOB, MOCPEACTBOM KOTOPbIX Pa3fiuHble FeHbl perynu-
PYIOT YCTONUYMBOCTD Yas K XONIOLOBOMY CTPECCY, ANA BbIABIEHWA reHETUYECKNX MapKePOB YCTONUYNBOCTM.
KntoueBble cnoBa: Camellia sinensis; MOPO30YCTONYMBOCTb; PerynatopHble reHbl; CBF; TpaHCKPUMNUMOHHbIe
daKTOpbl; reHeTUYeCKNe MapKepbl; cenekuums.

Ana yutuposauusa: CamapuHaJ1.C., Maniokosa J1.C., Bacanua M.B., Eppemos A.M., ManapoBckas B./., Jlowkapé-
Ba C.B., TyoB M.T.TeHeTuueckne MmexaHn3mbl akknmmaTm3auum YanHoro pacteHnsa (Camellia sinensis (L.) Kuntze) k
XONI0[0BOMY CTpeccy. BaBUNOBCKMIA XKypHan reHeTnku 1 cenekumm. 2019;23(8):958-963. DOI 10.18699/VJ19.572

Genes underlying cold acclimation
in the tea plant (Camellia sinensis (L.) Kuntze)

L.S. Samarina®, L.S. Malyukova, M.V. Gvasaliya, A.M. Efremov, V.I. Malyarovskaya, S.V. Loshkareva, M.T. Tuov

Russian Research Institute of Floriculture and Subtropical Crops, Sochi, Russia
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The article reviews the latest studies showing the diversity of genetic mechanisms and gene families underlying
the increased cold and frost tolerance of tea and other plant species. It has been shown that cell responses to
chilling (0...+15 °C) and freezing (< 0 °C) are not the same and gene expression under cold stress is genotype-
specific. In recent decades, progress has been made in understanding the genetic mechanisms underlying the
cold response of plants — ICET (inducer of CBF expression 1), CBF (C-repeat-binding factor), COR (cold-regulated
genes) pathways and signaling have been discovered. The ICE, CBF and DHN gene groups play a key role in the
cold acclimation of the tea plant. The accumulation of CBF transcripts occurs after 15 min of chilling induction,
and longer cold stress leads to accumulation of CBF transcripts. It is shown that the transcripts of the CsDHN1,
CsDHN2 and CsDHN3 genes accumulate at a higher level in resistant genotypes of tea in comparison with sus-
ceptible cultivars during freezing. CBF-independent pathways include genes involved in metabolism and tran-
scription factors such as HSFC1, ZAT12, CZF1, PLD (phospholipase D), WRKY, HD-Zip, CsLEA, LOX, NAC, HSP, which
are widely distributed in plants and are involved in the basic mechanisms of tea resistance to cold and frost. The
most recent studies show an important role of miRNA in the mechanisms of response to chilling and freezing
in tea. The data obtained on different plant species may correlate with the mechanisms of frost tolerance of tea
and are the basis for future studies of the signaling pathways of response to cold in the tea plant. The results of
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[eHeTYecKme MexaHn3mbl aKKMMaTM3aLuy YaiHOTro pacTeHuns
(Camellia sinensis (L.) Kuntze) K xonogoBomy cTpeccy

the research emphasize the need to further explore the ways in which various genes regulate the tolerance of
tea to cold stress to find the molecular markers of frost tolerance.
Key words: Camellia sinensis; frost tolerance; regulatory genes; CBF; transcription factors; genetic markers;

breeding.
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BBepeHune

Yaiinoe pacrenue (Camellia sinensis (L.) Kuntze) cimyxur
CBIPBEM JUIS TIOTYYEHHUS OAHOTO M3 Hambolee pacmpocTpa-
HEHHBIX B MUPE O€3aIKOTOJILHBIX HAITUTKOB. Apeait BO3/IEIbI-
BaHMS ATON MHOTOJIETHEH JIpeBECHOM CyOTPOITMYECKON KYIlb-
TYPbI PACHPOCTPAHUIICS OT TPOITMUYECKUX JI0 YMEPEHHBIX KITH-
MaTUYECKHIX PerHoHOB 3emin. B Oojee ceBepHBIX MHUpPOTax
9TO pacTeHHE MOABEPraeTCs BO3AEHCTBUIO XOJI0I0BOIO CTPEC-
ca B TEpPHOJ| 3UMHUX 3aMOPO3KOB M BECEHHUX PE3KHX I10-
HIDKCHNH TeMIepaTrypbl, KOTOPBIE COBMAJAIOT C MEPHOIOM
BEreTaliy 1 NepBbIM ypokaeM (Vyas, Kumar, 2005; Yue et
al., 2015). XonmomoBo# cTpecc, BKIIOYAIOIMNN OXJTaKICHUE
(0...+15 °C) u 3amopo3ku (< 0 °C), HapymIaeT KICTOUHBIN
MeTabO0JIN3M, BBI3BIBASI CHIDKEHHE CKOPOCTH ITOTJIOIICHUS
MUTATEIIbHBIX BEIIECCTB, CKOPOCTH (POTOCHHTE3a; HHIMOMPOBA-
HUE POCTa paCTEHUI; CHUKEHHE YPOXKasl U KaueCTBa YaliHOTO
JUCTA, YTO MPHUBOAUT K CYIIECTBEHHBIM SKOHOMUYECKUM
norepsim (Zheng et al., 2015). I1pu xonomoBoM crpecce 3a-
IycKaeTcst psizt GU3U0IOTO-OMOXUMHIECKUX M MOJICKYIISIPHBIX
3alIUTHBIX MEXaHU3MOB, MPEMSATCTBYIOMINX MMOBPEKACHUIO
TKaHEeH U KJIETOK pacTeHUM.

[ToirHOE MOHMMAaHME PTUX MEXAHU3MOB IS JTFOOO0I CEJTBCKO-
XO3SIHCTBEHHOH KYJIBTYPBI SIBJISICTCS KITFOYOM K CO3IaHHIO HO-
BBIX N'€HOTHUIIOB C IIOBBILIEHHON YCTOMUMBOCTBIO. 1loaTOMY
MIPOBOJSTCSI MHOTOUNCIICHHBIE MCCIIEIOBAHNS B 3TOH 00-
JIacTH, a B MOCJICHAE IOkl O1arojapsi TaKUM METOJaM, Kak
RNAseq, HaKOIUIeH OY€Hb IICHHBIH MaTepHall, KacatouIHics
TEHETHYECKUX MEXaHN3MOB YCTOWINBOCTH Yast. OJJHAKO MHO-
THE BOIIPOCHI €IIle HE BBISICHEHBI, B YaCTHOCTH PA3IMUMS Me-
XaHU3MOB YCTOHYMBOCTH MEXKIy '€HOTHIIaMU, crienupuka
MEXaHHU3MOB OTBETA Ha OXJIAK/ICHHE U 3aMOPO3KH, a TAK¥Ke
MOCTTPaHCISIMOHHEIE TIporiecchl y yast (Zheng et al., 2015).

Mopo3zoycToiiunBble copTa 4as, Kak MpaBUIIO, UMEIOT B
OCHOBE CBOEH YCTOMYUBOCTH Pa3INIHbIC MOp(oIorHIecKne
1 (pU3HOI0r0-0MOXMMHUYECKHE MEXaHU3MBI, 00ECIICYHBAIOIINE
YCTOWYMBOCTh K HEOJIAronpusTHBIM a0MOTHYECKHM (haKkTo-
pam. Hekotopsie copra o0mamaroT 6oiee BRICOKOH KOHIICH-
Tpamyeldl OCMOJIMTOB B IIUTOIUIA3ME B IEPUOJ 3aMOPO3KOB,
JPyTHe XapaKkTepHU3yTCsl 0COOBIMU TPUCIIOCOONICHUIMH Ha
MOP(]OIOrHIECcKOM yPOBHE, @ 4aCTh COPTOB BKIIIOYACT MEXa-
HU3MBI a/IalTalliy Ha (pU3HoIorndeckoM yposHe. [Tpn atom
€CTh COpTa, KOTOPBIE MOTYT COUETATh B ce0e cpa3y HECKOJIBKO
MEXaHU3MOB, 00ECIICUNBAIOIINX MX MOBBIIICHHYIO yCTOWYH-
BocTh (Dr. Janaki Mohotti, personal communication). B psine
HCCIIeIOBaHMH OBIIO MOKA3aHO, YTO SKCIPECCUS TCHOB Yas
IIPU XOJIOZIOBOM OTBETE W MEXAHM3MBl YCTOMYMBOCTH Kade-
CTBEHHO OTJIMYAIOTCS Y HEYCTOHUYMBBIX U YCTOHYMBBIX COPTOB,
T. €. HOCST reHoTuI-crieruduueckuii xapakrep (Pennycooke
et al., 2008; Eriksson, Webb, 2011). Ipyrue ucciemnoBarenu
MPUXOAT K 3aKIIFOYCHUIO, YTO Yy HEYCTOHYMBBIX COPTOB IIPH
XOJIOJJOBOM CTpecCe HHIYIUPYIOTCS T€ JK€ IMPOLECCHl, 4TO U

Yy MOPO30YCTOHYMBBIX, HO 3HAUUTEIBHO MeuicHHee (Zhang
et al., 2011). OnHako B paboTrax 1mo GpyHKIIOHAIEHON T€HO-
MHKE 4asi 0OBIYHO MCIIOIB3YIOT TOJIBKO 1B TEHOTHIIA, OJIUH
YCTOWUYUBBIA U OAMH HEYCTOMYUBBIN, U UX TPAHCKPUIITOM
CPaBHUBAIOT B YCIIOBHAX XOJOI0BOIO CTPECCA, HO TAKOM MOJ-
XOJI HE 14T B MOJIHOW MepE BBISBUTH Pa3IHUUs MEXaHHU3MOB
YCTOMYMBOCTH y Pa3HBIX COPTOB.

B nacrosmeii crarbe OblIa ITOCTaBIIEHA IETD — 0000IIUTE
pe3yabTaThl UCCAEJOBAHUI M'EHETUYECKUX MEXaHHU3MOB
YCTOMUMBOCTH 4asi U APYTHX JIPEBECHBIX KYJIbTYp K HU3KO-
TEMIIepaTypHOMY CTpecCy JIsl TOHUMaHUS TIIaBHBIX (aKkTo-
POB, JIEXKAIIMX B OCHOBE ATOI0 LIEHHOIO MPU3HAKA.

leHeTUYeCcKne mexaHn3mbl YCTOI‘/‘I'-II/IBOCTI/I
pacTeHunin Yas K XONoJ40BOMY CTpeccy

B nocnennue gecatuiieTus: JOCTUTHYT OOJIBIION ITporpece B
MOHMMaHHWU TeHETHYECKUX MEXaHN3MOB, 00y CIIaBIUBAIOIINX
OTBET PACTEHUH Ha XOJIO0BOH cTpecc. BhIABIEHB OCHOBHBIC
renbl-peryisatopbl otBera: COR (cold-responsive), KIN (cold-
induced), LTI (low temperature induced) u RD (responsive to
dehydration). ITpogyKThl 3THX T'€HOB MOXHO KJIacCHU(HIIHU-
poBarh Ha J[Be TPYNIILL: TepBas Britouaer Oenku LEA (late
embryogenesis abundant proteins), HSP (heat shock proteins),
aHTU(PU3-0€IIKH, OCITKU TPAHCIIOPTA JIUITH/IOB, IETUIPUHBI 1
OCMOPETYJISTOPHI (caxapa, CBOOOIHBIE CTepoibl, padduHo3a,
TTFOKO3H/IBI, MIPOJIMH, IIIMLUH O€TalnH); BTOPasi — pa3IndHbIe
TPAHCKPUIIMOHHBIE (DAaKTOPBI, PETYIUPYIONINE TIepeiady
CUTHAJIOB U JKCIIPECCHIO TeHOB oTBeTa Ha xoyion (Megha et
al., 2018). CewmeiictBo reroB /CE (inducer of CBF expres-
sion) — CBF (C-repeat-binding factor), COR (cold-regulated
genes) — BIEPBbIE U3YUUIIM HAa MOJEJIBHOM TPAaBSIHUCTOM
pactrenun Arabidopsis thaliana (Thomashow, 1999), a 3a-
TEM €ro POJIb B OTBETE Ha Pa3IMUHbIC BUJIBI CTpecca (XOJIox,
MOpO3, 3aCyXa M T. JI.) OblIa MOATBEPIKICHA Y PsiJia IPEBECHBIX
kynsTyp (Kitashiba et al., 2004; El Kayal et al., 2006), B Tom
yucne u'y gast (Wang et al., 2012).

VY yaliHOrO pacTeHus: ONpe/ieIEHO HECKOJIBKO KIIFOUEBBIX
TeHOB, YYacTBYIOIINX B MpOIeccax aJanTalud K HU3KO-
temneparypaomy crtpeccy: CsICEl (FE861156), CsCBF1
(EU563238), CsCBF2 (KC702795) (Wang et al., 2012; Yuan
et al., 2013). Ilpu cpaBHEHHH OTBETHBIX PEAKINN KOHTPACT-
HBIX TI0 YCTOMYMBOCTH K XOJIOZY COPTOB Hast Oblila yCTaHOB-
JIeHa JKcTpeccusi pa3iuuHbelx reHoB: CsCBF[ — y ycToii-
YUBOTO K X0noxy copra 4asg, CsCBF2 — y HEeyCTOHUMBOTO
(Wang et al., 2012; Ding et al., 2015). IIpu 3TOoM BBICOKHIT
ypoBeHb dkcripeccuu reHa CsCBF ] oTMeueH B pe3ylbTare
nomasnerns 3xcrpeccud CsCBF2, 9T0 CBUAETENHCTBOBAIIO
00 aHTaroHn3Me JEHCTBUS 3THX TeHoB. Hapsy ¢ 3Tum oTcyT-
CTBOBAJIM PA3IU4Us MeKAy copramu B skcnpeccun CsICE|,
TEeHA, yYaCTBYIOIIETO B 0a30BOH PETyIAIINI MOPO30CTOWKOCTH
pacTeHuil.
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Tpanckpunuus reHoB rpynns! CBF, B OTIHYUE OT T€HOB
ICE, naunnanace yxe npu +4 °C (Wang et al., 2012), uro
CBHJIETENBCTBOBAJIO O Ba)KHOM POJU MEPBBIX B MpoIEcce
AKKJIUMATHU3aIMK K X0J101y, a reHbl /CE, BeposiTHO, OO0JIbIIIe
OTBEYAIOT 3a 0a30BYI0 MOPO30CTOMKOCTH pacTeHuil. Bos-
MOXHO, YTO CYNIECTBYIOT Kakue-To /CE-1ogoOHbIe TeHbl,
YyBCTBUTEJIbHBIC K U3MEHCHHIO TEMIIEPATyphl U BIUSIOLINE
Ha Tpanckpumuio CBFI u CBF2. OcuoBHas ¢pyukius CBF,
M0-BUAMMOMY, 3aKJIIOYAETCsl B TOM, YTOOBI OTIOCPEOBAThH
aJaNTUBHBIC OTBETHI IIPH XOJIO0BOM BO3JCHCTBUH, T. €. BbI-
3BaTh M3MEHEHUs], IMEIOINE PEIIaroNiee 3HaYeHUE ISl 110-
BBIIIIEHUS YCTOWYNBOCTH K XOJIOJJ0BOMY cTpeccy (Zhao et al.,
2016; Zhao, Zhu, 2016). BeisiBiicHO, YTO HAKOTUICHHE TPAHC-
kpuntoB CBF IponCXOANT yXe uepe3 15 MuH nocie Havana
BO3/IE€HCTBHsI HU3KUX TeMnepatyp +4 °C, a oTpunarensHble
TEeMIEepaTypsl MPUBOAAT K JajJbHEHIIEMY MX HAKOIUICHHUIO
(Hua, 2016).

I'ens! rpynner CBF He TONBKO Y4acTBYIOT B HOBBIIIEHUH
YCTOMUMBOCTH K XOJOAY, HO TaKXe MIPAIOT BAXKHYIO POJIb
B OTBETE HA Jpyrue aOMOTHYECKHE (PaKTOPHI, B YACTHOCTH
OCMOTHYECKHH cTpecc (3acyxa, 3aCOJICHUE U 3aMOPO3KH ), TIPH-
BOJSILIMI K BOJTHOMY JIE(DUILIUTY M TOBPEIKICHHIO KIIETOYHBIX
MemoOpas (Chinnusamy et al., 2003; Jia et al., 2016; Yin et al.,
2016; Zhao et al., 2016).

YcTaHOBIIGHO, YTO MYTaHTHI apaOuIoNCcHca ¢ TUIIEPIKC-
npeccueil reroB CBF NMEIOT CyIIECTBEHHBIC PA3TUINs IO
(enorumny. OTMEUEHO HHTHOMPOBAHHE POCTA PACTEHUH TIPH
MOBBIIICHUH 3KCIIPECCHH 3TOW rpymmbl reHoB (Achard et
al., 2008). Y. Yin ¢ xomuteramu (2016) BBISIBHIIN, YTO THITEP-
akcnpeccus reHa CsCBF3 y apabujoricuca BbIpaxasach
MOBBIIIEHHOH (DOTOCHHTETHYECKOW aKTUBHOCTBIO, Kapiiu-
KOBBIM (DEHOTHIIOM U TEMHO-3€JICHBIM I[BETOM JIUCTHEB, UTO
noaTBepxieHo aApyrumu aBropamu (Welling, Palva, 2006;
Sharabi-Schwager et al., 2010).

Jlo HeaBHEro BpEMEHH HE MPEICTABIAIOCH BO3MOKHBIM
OINPENENUTh POib KaXI0ro OTAENbHOro reHa rpynmnsl CBF,
TaK KaK OHH PACIOJIOKEHBI ITOCIeI0BATENIbHO O/IUH 32 APYTUM,
HEOOXOAMMO TOIYYNUTh CTAOMIIbHBIE HYJIEBbIE MyTaHTHI OT-
JIETTBHO 0 3THM T'€HaM JUISl TOHUMAaHHST POJIN KaX<JIOTO U3 HUX.
OpHAKO C MOSBICHUEM CHCTEMbI TEHOMHOTO PeJaKTHPOBaHUS
CRISPR/Cas9 ynanoce ompenenuTs BKIaJ KaXKI0TO U3 TPeX
renoB CBF B MexaHM3MBI XoJotoycroitunBoctr (Ban et al.,
2017). C npuMeHeHneM TeHOMHOTO PelaKTUPOBAHUS ObLIO
BBISBJIEHO, YTO BBIKIIOYEHHE BCEX TPEX T'€HOB MPUBOAMIO K
CYLIECTBEHHOMY MOBBIIIECHHUIO YyBCTBUTEIBHOCTH PACTEHUN
K 3aMOPO3KY y A. thaliana. I'naBHy0 pojb B MEXaHHU3Max
XOJIOIOYCTOWYIHBOCTH Y A. thaliana W3 Tpex T€HOB UTpacT
CBF?2 (Zhao et al., 2016; Zhao, Zhu, 2016). OnHako y 4das
OBLII0 MOKA3aHO, YTO U3 TpeX reHoB CBF HanOoIbIINI BKIA]T
B MEXaHM3MBI XOJIOI0ycToWYnBOCTH BHOCUT CBF (Ban et
al., 2017).

TeM He MEHee MyTaHThI, Y KOTOPBIX BBIKJIIOUEHBI BCE TPU
rera CBF, He TEPSIOT MOTHOCTHIO CIIOCOOHOCTH K XOJIOJIO-
BOM aKKIMMaTHU3allUH, YTO yKa3blBaeT Ha Hannuue CBI-He-
3aBHCHMOTO IYTH, BHOCSIIIETO BKJIAJ B MEXaHU3MBI XOJI0/10-
ycroitunBoctu (Jia et al., 2016; Zhao, Zhu, 2016).

BaxHoe 3HaueHHE B OTBETE HA XOJIOJOBOM CTpECC UMEET
rpynmna reHoB DHNS, KoAUPYOUHMX OeIKH-AEr APHHBI, KOTO-
pBIE MOTYT JEHCTBOBATH KaK KPHUOIIPOTEKTOPBI, MOJICKYIISIP-
HBIE [IANIEPOHBI, @ TAKXKe aHTHOKcuaanThl (Ban et al., 2017).
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Tpanckpunuust renoB DHNs KoppeaupyerT C IOBBILEHHOH! X0-
JIOAOCTONKOCTRIO Hapsay ¢ reHamu CBF (Paul, Kumar, 2013;
LiY.Y. et al,, 2016). V yas Obutu BeigeneHsl TeHsl CsDHN
(GQ228834.1), CsDHN2 (FJ436978) u CsDHN3 (K'Y270880)
(Li Y.Y. et al., 2016) n moka3aHo, 9YTO MX TPAHCKPHUITHI Ha-
KaIUTMBAIOTCS B OOJIBIIEH CTENIEHN Y yCTOHYMBBIX T€HOTHITOB
yasi, B CPAaBHEHHUU C HEYCTOWUYUBBIMU COPTaMH, B IEPUOL
3amopo3koB (Li Y.Y. et al., 2016). HenaBane ncciiemoBanus
TIO/ITBEP/IMIIH, YTO KITFOYEBYIO POJIb Y XOJIOJ0yCTOHYHNBBIX COP-
TOB 4as Urpaet BbIcokas akcnpeccust CsCBF1 B coueTaHuH ¢
reHamu Tpynnbl CsDHN v HaKOTUTEHHEM CaXapo3bl.

CBF-He3aBUCHMBII ITyTh MOXKET TAK)KE BKIIIOYATH IPyTUE
reHbl METadoNIN3Ma ¥ TPAHCKPHITIHOHHBIE (haKTOphI, TaKkue
kak HSFCI1, ZAT12 uw CZF1 (Vogel et al., 2005; Park et al.,
2015), PLD (dochonumaza D) (Lietal., 2004), WRKY (Wang
et al., 2016b), HD-Zip (Shen et al., 2018), LOX (Zhu et al.,
2018), LEA (Wang et al., 2018), NAC (Wang et al., 2016a),
KOTOPBIE UTPAIOT BXKHYIO POJIb B PETYIISIIMN OTBETA Ha XOJIO-
nosoii crpecc. CemetictBa CPK (calcium dependent protein
kinases) u CIPK (CBL-interacting protein kinases) — reHsI
MIPOTEMHKNHA3 — TAKXKE PACCMATPUBAIOTCS KaK MOJIOXKHTEIb-
HBIE PETYJSATOPHI OTBETA MPU 3aMOPO3Kax, MOCKOJIbKY JKC-
MIPECCHs 3TUX T'€HOB IOBBIIIANACH B MEPHOJL 3aMOPO3KOB y
Camellia japonica (Li Q. etal., 2016). ImetoTcs coobieHus o
TOM, YTO Y Yas IpH XO0JI0JO0BOM OTBETC I'CHBI (bHaBOHOI/II[HOFO
IIyTH aKTHBU3UPYIOTCS B OOJBIIEH CTENEHH, YeM Te€HbI OHO-
cuHTe3a aHTonnanos (Wang et al., 2009).

TpaHCKpUNITOMHBINA aHaU3 OOHAPYKWJI 33 TpPaHCKPHII-
IUOHHBIX (hakTopa HD-Zip (roMeomoMeHconepKammx 0em-
KOB pacTEHHH), yJacTBYIOIIMX B YCTOWYMBOCTH K XOJOIY
yaifHoro pactenus copra Longjing43. BeisiieHo, 4To ycTOM-
YUBOCTH K XOJOAY MOXKET OBITh cBs3aHa ¢ TreHamu Cshdz
(Shen et al., 2018). Psix TpancKkpunnoHHBIX GakTOpoB bZIP
(c IOMEHOM THHA «JICHIIMHOBAs 3aCTEKKA-MOIHHI», KaK
MIPaBUJIO, PETYIHPYET OTBET HA aOCIM30BYIO KUCIOTY U THO-
OepeJUTHHEI) IIPU XOJIOI0BOM cTpecce y apalduIoncuca, pruca
1 COM U MOKET BHOCUTH BKJIAJ] B XOJIOZI0BOM OTBET y YaliHOIO
pactenus. ['unepakcnpeccust renoB GmbZIPI n AtABF3 u3
9TOH TpyNITbl MPUBOJMIIA K TIOBBIIICHUIO Y PACTCHUH pas-
HBIX BUJIOB YCTOMUMBOCTH K XOJIOZY, 3aMOPO3KaM, BICOKUM
TeMIeparypam, OKUCIUTeTFHOMY cTpeccy u 3acyxe (Kim et
al., 2004; Gao et al., 2011). ¥V gas ren CsbZIP6 HanpsiMyro
Y4YacTBYET B XOJIOZIOBOM OTBETE, B TO BpeMsi Kak reH AthZIP63
MOKET OBITh BKJIIOUEH B PETYISITOPHBIE ITyTH U €T0 POJIb Tpe-
OyeT nanpHeero n3yueHus. Y 4aifHoro pactenus 18 reHos
CsbZIP Taxke SKCIPECCUPYIOTCS B OTBET Ha XOJIO, 3aCyXY,
3aconenue u apyrue crpeccel (Cao et al., 2015), omHako
9KCTIPECCHUSI ITUX T€HOB, KAaK U MHOTHX JPYT'HX, HAXOAUTCS
0]l CE30HHOM peryisiluedl HUPKagHbIX PUTMOB, KOTOPbIE B
OOJIBIIION CTETEHH BIMSIOT Ha OTBET KJIETOK HA XOJOAOBOM
ctpecc (Wang et al., 2017).

MHorue TpaHCKpHUIIIMOHHbIE (hakTopbl cemericTBa WRKY
COZIepKaT TaK Ha3bIBAEMbIC IIMHKOBBIC TAJbLBI U BAJKHBI B
peryJsiuM OTBETa HAa HU3KHE W BBICOKHME TeMIIEpaTyphl, a
TaKKe COJIEBON CTpecc M 3acyxy. Y 4aHOTo pacTeHus: ObLl
BEIJIEJICH HOBBIH T'eH ATOro cemeiictBa, CsWRKY2, sxcripec-
CHsI KOTOPOTO MOBBIIIATACK ITPU X0J10710BoM cTpecce (+4 °C)
napa’juiesIbHO ¢ oBhIIeHneM koHeHTpauu ABK (Wang et
al., 2016b). YcraHoBneHO TakKe, YTO HHTHOUTOp OHMOCHHTE3a
ABK cumxan skcnpeccuto CsWRKY2, Ha OCHOBaHMH 4€ro
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OBUI clieslaH BBIBOJ| O BaYKHOCTH JTOTO I'€Ha B CHI'HAJBHBIX
MyTAX ¢ aOCITI30BOM KUCIOTOM.

I'pyrma 6enxoB LEA (Oenku mo3aHero sMOpuoreHesa xu-
BOTHBIX M PACTEHHH ) — OOJIBIIIOE U pa3HOOOPa3HOE CEMENCTBO
MOJIUTIENTH/IOB, UTPAIOIINX 3HAUYUTEIBHYIO POJTb B PETYIISIIIUH
pocTa u pa3BuTHs pacTeHui. [Ipn XomogoBom cTpecce y uast
9KCITPECCHsI TEHOB 3TOM IPYIIIBI MMOBBIIIAIACH, BCETO OBLIO
BoIsiBIIeHO 33 rera CsLEA (Wang et al., 2018).

CewmeiictBo 6enkoB NAC COCTOUT M3 HECKOIBKUX TPaHC-
KPHITIIMOHHBIX ()aKTOPOB U PETYJIUPYET pa3inuHble OHOJIO0TU-
YeCcKHe MPOLECCHl (Tepeady ayKCHHOBOTO CHTHAJIA U Pa3BH-
THE MEPHCTEM), B TOM YHCJIIC /IANTAIINIO K Pa3JIMYHBIM CTpeC-
cam. br1o ycranoBieHo, uTo skcnpeccust reHoB ANACO019,
ANACO055, ANACO072/RD26 y apabuaoncuca HHIYITUPYETCS
3aCyXOH, 3aCOJICHHEM, XOJIO/IOM U TTOBBIIICHUEM COACPKAHUS
abcrmzoBoi kucioTel (Wang et al., 2016a). YV nByx n3ydeH-
HBIX COPTOB 4aifHoTO pactenus (Huangjinya — 9yBCTBHTEb-
HBII 1 Yingshuang — ycTOWYMBBIN K XOJIOY) TIPH XOJIOJO-
BOM CTpecce MPOUCXOANIIO YCHIICHUE SKCIIPECCUH OOJIbIIHH-
ctBa reHoB CsNAC. Dxcrpeccust Takux TeHoB, Kak CsNAC2,
CsNACY, CsNAC12, CsNAC30, CsNAC44 u CsNAC45, nio-
CTETIEHHO MOBBIIIANACh U JJOCTUTajda MakCUMyMa uepe3 12—
24 9 ipu +4 °C (Wang et al., 2016a). Dxcripeccuss CsNACI2
n CsNACI8 y obonx copToB Bo3pacTajia ¢ MEHbIIEH CKOPO-
CThIO (B JIBa pasa), B OIMYKeE OT Apyrux reHoB (Wang et al.,
2016a). Y ycroitunBoro copta Yingshuang skcrpeccus TeHOB
CsNAC17u CsNAC26 nocTeneHHO yMEHbIIAIACh IPU XOJI0-
nioBoM BozaeicTBum. [Ipu sTom sxcnpeccust rena CsNAC32
CHIDKaIAch y 000Mx copToB. TakuM 00pa3oM, BBHISBICHHBIC
PO MM SKCTIPECCHH 3TUX TEHOB Y Yast TI03BOJISIOT IPEIo-
JOXUTb, 4TO CsNAC KOHTPOIUPYIOT KOMIUIEKC PETYISTOPHBIX
ceTell TeHOB U OKa3bIBAIOT BIMSIHUE HA Pa3IUIHbIE (PU3HOII0-
rudeckre (pyHKIUY /IS a/IalTalii K Pa3InIHbIM CTPECCaM.

HccnenoBanusi FeHOB PEryIisilUU YIIIEBOIHOTO METab0 M3~
Ma B 3MMHHUH NEPHO y Yas OKa3ajx, YTO B Ha4aJIe 3UMBI IIPO-
MCXOJHT XOJIONOBAsI aKKIMMAaTH3AIHs, COMTPOBOKIAOMIASICS
OBICTPBIM PAcIaZoM KpaxMala v IOCTEIICHHBIM ITOBBIILICHHU-
€M COfIepKaHMsI MOHO- U AMCAaXapHIoB (caxapos3bl, PpPyKTo-
3bI, TIIFOKO3bI) B IIUTOILIA3ME. DTO OCYIIECTBISICTCS Ha (hOHE
MOBBILIEHUSI DKCIIPECCHU TEHOB YITIEBOAHOTO 00MEHA, TAKHX
Kak TeH 6era-ammnassl (CsBAM), uaseptassl (CsINVS), ren
cunre3a papduuozsr (CsRS?2), ydacTBYIOMINX B META0OIN3-
Me Kpaxmaia, caxapo3bl 1 padduHossl coorBeTcTBeHHO. Ol
HOBPEMEHHO IOBBIIIANIACH U IKCIIPECCUS TCHOB TPAHCIIOPTa
YIIIEBOJIOB, 32 HCKIIFOYEHHEM I'C€HOB TPAHCIIOPTEPOB CAXapoB
CsSWEET2, 3, 16, TeHOB paHHETO OTBETa Ha JIETHIpaTallnio
CsERD6 wn Tpancnoprepa nHosurona CsINT2, sxcnpeccust
KOTOPBIX CHMKaynach. MHTEpecHO, YTO TeHbl TeKCOKHMHA3,
CsHXK3 u CsHXK2, y4yacTBytolle B Peryisiiud MeTtado-
JIM3Ma caxapoB, Ha Ha4yallbHOM CTaJNU aKKJIMMATH3ALUH K
XOJIOZYy UMEIH TPOTHBOMOIOKHBIN XapakTep KCIPECCHH.
DKcrpeccusi ITUX TeHOB B 3UMHUI TIEPHOJ] IPUBOJIUT K TO-
BBIIICHUIO KOHIIEHTPAINX B IIUTOILUIA3ME MIPOCTHIX CaXapoB,
CHIDKCHHUIO copepskanus kpaxmana (Yue et al., 2015), co-
OTHOIIIEHHE KOTOPBIX MEHSETCsl Ha 00paTHOE BO BpeMs IO-
terieHust. [Ipy akkiaMMaTtu3anny pacTeHWH 4Yas K 3MMHHAM
3aMopo3KaM psi reHoB, CsSPS, CsRS2 u CsINVS, cBsi3aHHBIX
C CHHTE30M YIVIEBOJIOB, TAK)KE YCHIEHHO 3KCIPECCUPYETCS
(Yueetal., 2015). Y Gomnee yCTOIUMBBIX COPTOB TPAHCKPHIITHI
9THX T'€HOB HaKAIUTMBAIOTCS B IIUTOILIA3ME, @ Y HEYCTOHUMBBIX
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[eHeTYecKme MexaHn3mbl aKKMMaTM3aLuy YaiHOTro pacTeHuns
(Camellia sinensis (L.) Kuntze) K xonogoBomy cTpeccy

AKCIIPECCHs ITUX T'EHOB He MeHsieTcs1. [103ToMy 1aHHbIE TeHbI
paccMaTpUBaIOTCSl KaK TE€HOTHUI-CIIeNn(UIHBIE MapKEPbI
XOJIOZIOCTOWKOCTH M MOTYT HCIIOJIB30BAaTHCS B CENICKIINH Hasl.

Benku rertosoro moka HSPs (heat shock proteins) — Bes-
Jecytye OeIKH B KJIIETKaX PaCTEHUH, pOJIb KOTOPBIX CHavyasa
CBOJIMJIACH K TETJIOBOMY CTPECCY, HO TETIEPh CTAJIO H3BECTHO,
YTO OHHM MIPAIOT BAKHYIO POJIb B OTBETE HA pazHbIe OHO-
THYECKHE W A0MOTUYECKUE CTPECCHI, TOMOTAIOT IOAEPKH-
BaTh CTAOMILHOCTD KJICTOYHBIX MEMOpaH. YCTaHOBJICHO, YTO
y apabumgorncuca skcrpeccus HSP9I( CyliecTBEeHHO MOBBI-
IIaeTCs B YCIOBHAX JKapbl, XOJIOAA, 3aCOIEHHs, BO3/IEHCTBUS
TSDKEIIBIX METAJIOB, OKuciuTensHoro crpecca (Chen et al.,
2018). V yas taxxe 6b110 BbIsiBIeHO 47 renoB CsHSP u3 ce-
meiictB HSP90, HSP70w sHSP n oTMedeHa uX BayKHast (pyHK-
IS B PETYJISLUH POCTA M OTBETA Ha 3aCyXy U SKCTPEMalIbHbIE
TEMIIEPaTyphl.

B nocnetH1e ro/151 MHOTHMHE HCCIIEN0BATEISIMU TTOATBEPXK-
JIeHO, 4To pazinuyHbie MUKpoPHK akTHBHO y4acTBYIOT B 3a-
IIMTHBIX peakuusix pacreHui (Zheng etal., 2015). Y yaiinoro
pactenus ommcansl 233 mukpoPHK, muddepennmnansuo
9KCTIPECCUPYIOLINXCS TIPU X0JI0/10BOM cTpecce. [TokazaHo,
YTO YeM CHJIbHEE XO0JI0JI0BOE BO3ACHCTBUE, TEM OOJIbIIIEe KO-
mmaectBo MUKpoPHK BoBiedeHo B oTBeT. Onpenenena KoH-
cepBatuBHast PYHKIMS OOIBITMHCTBA HACHTH(OUINPOBAHHBIX
MukpoPHK: mpu pa3Hoii cTeneHu X01010BOro BO3IeHCTBUS
BbIsBJIEHBI pa3Hble MUKPOPHK, nepekpbiBanust MEXaHU3MOB
OTBETa Ha XOJI0/] M 3aMOPO3KH He Tporcxoauio. OOHapyx eHo,
9TO B OOJIBIIMHCTRE CiTyyaeB koimdectBo MUKpoPHK, 0Opaso-
BaHHOI ITPH XOJIOIOBOM CTPECCe, 00paTHO MPOTIOPINOHAIIBHO
konuuecTBy Heneoit MPHK.

Xouo1oBasi aKKJIMMaTHU3alKs BIMSET HA COCTAB JIMIIH-
JIOB B Tu1a3Matndeckoir memOpane xmerok (Li et al., 2008).
VY Camellia japonica B OTBET Ha 3aMOPO3KH HAOJIIOAATIOCH
MOBBIIIEHHE SKCIIPECCUH T'€HOB, YUaCTBYIOIIUX B OMOCHHTE3E
HEHACHIMEeHHBIX XUpHBIX kucioT (Li Q. et al., 2016). Hena-
CBIIIIEHHOCTD )KUPHBIX KACIIOT KOHTPOJIUPYETCSI TPAaHCKPHII-
IIUEH KITFOUEBBIX TCHOB Jiecarypa3sbl — FAD2-3 (Kargiotidou et
al., 2008). Y xomomoycToiHunBOTO cOpTa Yast MPH HHIYKIINH
cTpecca dKcrpeccust rena aecarypassl CsFADS Oblna Bblle
1o cpaBHEHHIO ¢ HeycToiunBeIM (Wang et al., 2012).

CewmeiicTBo TeHOB umnokcurenas LOX (9-LOX, 13-LOX n
9/13 LOX), kKak U3BeCTHO, OTBEUACT 32 KaTaOOJIN3M JIUTIHIOB,
CHHTE3 OKCUJIMIIMHA, KOTOPBIH BBITIOJIHSET 3alUTHYIO (QYHK-
IIUI0 OTIOCPEOBAHHO UYepe3 aneH-okcua-cuHTeTasy (AOS)
n ruaponepokcun ymasy (HPL) st cunTesa sxacMOHOBOM
kuciotsl 1 C6-anpaernnon (Li Q. et al., 2016). [Tpu Hu3KHX
TeMIIepaTypax KaCMOHOBasl KHCIIOTa MOXKET MTPEAOTBPATHTH
MOBPEXX/ICHUE TKaHEH, 3a1epKUBasi aKTUBHBIE (POPMBI KHCIIO-
poza ¥ epeKrCH BOJOPOJIa, PEryIUpysl aCKOpOaT-TiIyTaTno-
HOBBIN MK W aKTUBUPYS BaXKHBIE TeHBI, Takne kKak MYC2
(BKIJIIOUCHHBIN B CUTHAJIBHBIE ITyTH a0CIIM30BOH M KaCMOHO-
Boii kucnor), AP2/ERF (0onblioe ceMeicTBO TPaHCKPHUIILIHU-
OHHBIX (DPAKTOPOB, BOBJIEUYEHHBIX B IEpeady ITHICHOBOTO
CUTHaJIa ¥ PETYISIMIO PAa3BUTHS IBETKOB 1 ceMsH) (Wu et
al., 2015) wiu WRKY (Li et al., 2017). beuio mokaszaHo, 4to
sKkcrpeccust reHoB LOX MHAYyINpPYyeTCsl HU3KUMHU TeMIIepary-
pamu, y gaiiHoro pactenus reusl CsLOX6 u CsLOX7 mMoryt
y4acTBOBaTh B CHHTE3€ KaCMOHOBOW KUCIIOTHI. AOCIIM30Bast
KHCJIOTa HE BIHsIA Ha dKcripeccnto reHoB CsLOX, CsLOX6
u CsLOX7, 910 MOXET CBUACTEIBCTBOBATh 00 OTCYTCTBUHU
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ABK-3aBucumoro snementa (ABREs) B mpoMoyTepax 3TUX
reHoB. B ycnoBusax xomomoBoro crpecca mpu +4 °C y gas
0oOHapy’>KEeHO HAKOIJICHWE TpaHCKpUNToB reHoB CsLOX],
CsLOX6 u CsLOX7, npu 3TOM HauOONbIINN ypPOBEHb UX
SKCTIpECCHH oTMedancs gepe3 9, 6 u 12 94 coOTBETCTBEHHO
(Zhu et al., 2018). Y poncrennoro Buna Camellia japonica
00OHapyKeH MOXOKHH MEXaHH3M OTBETa — IKCIPECCHsI TCHOB
OMocHHTE3a KaCMOHOBOM KuciaoTel LOX3, AOSI, AOS2,
AOC2,A0C3, OPR3, OPCLI,ACX2 u ACAAI noBpIanach
B YCJIOBHSIX XOJIOJIOBOTO CTpECCa, KaK CJIE/ICTBUE, TPOUCXO/IN-
JI0 HAKOIUICHNE CBOOOTHOI >KACMOHOBOM KHCJIOTHI B JINCTBSIX.

J11s1 BBISIBIICHUST KOPPEISALINH MEKITY OTBETOM Ha XOJIOA U
OTBETOM Ha 3aMOPO3KH y 4asi BBIIIOJIHEHA (DYHKIIMOHAIbHAS
orneHka auddepennnansHoil sxcnpeccnn MPHK. Anamus
TpaHckpunTomoB 4as o 6azam KEGG moxreepawi, 4ro
IIPU HU3KUX MOJIOKHUTENBHBIX TEMIIEPaTypax aKTHBUPYIOTCS
MIPOIIECCHI YIIEBOMHOTO 0OMeHa, (hochOopuInpoBaHus Oei-
KOB, OMOCHHTE3a NINKaHa, TOPMOHAIBHOM ITepejaun CUTHAIIA,
peryssiniuu potocuntesa, MAPK-omnocpenoBanHoii nepea-
Y¥ CHUTHAJIOB, METa00JM3Ma KCEHOOMOTHKOB, META00IM3Ma
riyTatroHa. [Ipu oTBeTe Ha 3aMOPO3KH aKTHBUPYIOTCS TEHBI
(hochopuinpoBaHus, ayKCHH-ONOCPEAOBAHHBII MyTh Mepe-
Jla4¥l CUTHAJA, TEHbl PETYJSIINU TPAHCKPUIINH, YTIEBOJI-
HOTO MeTaboyM3Ma, TeHbl PerysiUH IIBETeHUs, a TaKKe
reHbl MeTa0oM3Ma U OHOCHHTE3a MikKaHa. [Ipu x0m010B0M
CTpecce, BBI3BAHHOM HU3KHUMH IOTOKUTEIEHBIMY TEMIIEpa-
TypaMH, MPOUCXOIUT aKTHBAIMs TPAHCKPHUIIIHNH, & B OTBET
Ha 3aMOpO3KH — ee noaasieHue (Zheng et al., 2015). Bouio
MIOKA3aHO, YTO HEKOTOPBIE MEXaHW3MBbI OTBETA Yasi HA XOJIO]
1 3aMOPO3KH TIePEKPBIBAIOTCS, HO JIPyTHe KIIoYeBble OHO-
JIOTMYECKHE MPOIIeCChl, OTHOCSIINECS K Mepeiade CUIrHaI0B
(MAPK-xackan, ABK-aktuBanusi), mpoueccsl yIiaeBOIHOTO
oOMeHa 1 MeTabo3M aKTHBHBIX (hOpM KHcioposa (pacma
MepeKUCH BOAOPO/a), a Takke (POTOCHHTE3 MPU ITHUX BO3-
JIEUCTBUAX MPOTEKAIH MO-Pa3HOMY.

3akno4veHne

Takum 00pa3oMm, B HACTOSIIEE BPEMsT IKCIIEPIMEHTAIBHO IO
TBEPKJIEHBI MHOT'ME MEXaHU3Mbl yCTOWYMBOCTH PACTEHUH Yast
K XOJIOZIOBOMY CTpPECCy U OIpe/ieNieHa POJlb KIFOUEBbIX TEHOB,
JIeXKalMX B OCHOBE YCTOMYMBOCTU. TeM HE MeHee OYeBU-
Ha HEOOXOIMMOCTH TaJbHEHINETO H3YIeHHS Ty T, TIOCPEICT-
BOM KOTODBIX Pa3JIM4YHbIC I'€HbI PEryJIUPYIOT YCTOMUUBOCTh
4asi K XOJIOAOBOMY CTPECCY M YCTAHOBICHHUIO BKJIA1a OTACIH-
HBIX T€HOB B ATOT Ipu3HaK. KakoB OTHOCHUTENbHBIN BKIIA[
CEMEHCTB NePEUHCIICHHBIX TEHOB B MOPO30yCTOWYHNBOCTh yast?
KakoBa perymsaTopHas apxuTeKkTypa X TPaHCKPHUIIIIHOHHBIX
(haxTopoB? U Kak M3MEHECHUS SKCIIPECCUH ATUX TEHOB CBSI3aHBI
C 6HOXHMH‘IGCKHMH, 6H0(1)I/I3I/I’~IeCKI/IMI/I U KJICTOYHBIMU U3MEC-
HEHHSIMH, KOTOPBIE B KOHEYHOM HTOTE MPHUBOIAT K MOPO30-
YCTOHYHUBOCTH COPTOB? DTH BOIIPOCHI OCTAIOTCS OTKPBITHIMHU.
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Polymorphism of Sdr genes regulating seed dormancy
in Triticum persicum Vav. and Triticum aethiopicum Jakubz.
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Preharvest sprouting of wheat grain, sporadically observed in many regions of cultivation of this crop, leads
to deterioration of its food and sowing qualities. Seed dormancy is considered to be the main component of
resistance to preharvest sprouting. This physiological state of seeds is regulated by many genes, and it depends
heavily on environmental conditions. One of the regulators of seed dormancy in cereals is the Sdr4 gene (Seed
dormancy 4), which was first studied in rice. In common wheat, the homologues of this gene (TaSdr-A1 and
TaSdr-B1) are also involved in the regulation of seed dormancy. The search for valuable alleles in local varie-
ties and endemic forms is a promising area of research aimed at increasing the resistance of crops to adverse
environmental factors. In this study, Sdr genes were sequenced in several accessions of two tetraploid wheat
species with limited cultivation areas: Persian wheat (Triticum persicum Vav.) and Ethiopian wheat (Triticum
aethiopicum Jakubz.). As a result, the same Sdr-AT and Sdr-B1 variants that had been found in common wheat
were detected in these species. The Persian wheat accessions possessed only the Sdr-Ala allele, while Ethiopian
ones, only Sdr-A1b. The analysis of F, hybrids obtained from crossing these tetraploid species showed that the
Sdr-A1b allele was associated with a lower germination index of grains than Sdr-A1a. This result was inconsis-
tent with earlier association studies. Previously unknown polymorphisms were found in the promoter of the
Sdr-B1 gene in the studied accessions. A deletion of 16 nucleotides was detected in the 3'-terminal region of the
TraesC52B02G215200 gene, located on the complementary DNA chain close to the 3"-end of the Sdr-B7 gene.
Possible effects of the detected polymorphisms on the expression of Sdr genes are discussed.

Key words: preharvest sprouting; tetraploid wheats; markers; interspecific hybridization; sequencing.
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[TonumMop@usm reHoB Sdr, peryJaupyooIix MMoKo ceMsiH
y Triticum persicum Vav. u Triticum aethiopicum Jakubz.

M.C. Baxkenos!l 2, E.A. l"yceBal, B.C. Py6e1.[1

T Poccuiicknin rocyjapcTBEHHbIN arpapHbii yHrBepcutet — MCXA nm. K.A. Tummpasesa, Mocksa, Poccus
2 Bcepoccrinckuii HayuHo-UCcCieAoBaTeNIbCKUN UHCTUTYT CeNbCKOX03ANCTBEHHON brioTexHonoruy, Mocksa, Poccus
® e-mail: mikhabazhenov@gmail.com

Mpeny6opouHoe NpopacTaHvie 3epHa NLeHWLbl, NeproAnYeckn Habnogaemoe BO MHOMVIX PErMoHax Bo3aenbl-
BaHWUA 3TOW KyNbTypbl, NPUBOANT K YXYALWEHMWIO €r0 NMPOAOBOMIbCTBEHHBIX U MOCEBHbIX KayecTs. [ToKon cemaH
CYNTAETCA OCHOBHbIM KOMMOHEHTOM YCTONUMBOCTY K NpesybopoyHOMy npopacTaHuio. 3To dpusmonornyeckoe
COCTOSIHWE PEerynnpyeTcss MHOXECTBOM FeHOB U CUIbHO 3aBUCUT OT YCIIOBUIA OKpy»Katowel cpeapbl. OguH us
perynAaTtopoB NoKoA ceMsAH 3/1aKoB — reH Sdr4 (Seed dormancy 4), BnepBble U3yYeHHbI Y puca. Y MATKOW niue-
HYLbI FOMOMOTU 3TOrO reHa, TasSdr-A1 v TaSdr-B1, Takxe yyacTBytOT B PerynaLum nokos cemsaH. Monck LeHHbIX
annenen reHoB y MeCTHbIX COPTOB M SHAEMUYHbIX POPM CUMTaeTCA NepcrnekTVBHbIM HamnpasfieHneM ncce-
[OBaHWI, HaLleNeHHbIX Ha MOBbIWEHNE YCTONUMBOCTY CENIbCKOXO3ANCTBEHHbIX KYNbTYp K HEGNaronpuaTHbIM
daKkTopam oKpyatoLiel cpepbl. B HacToAwem nccnefoBaHny reHbl Sdr 6binM CeKBEHUPOBaHbI Y HECKOSbKMX
06pa3uUoB ABYX TETPaNIoONAHbIX BULOB MLUEHNMLbl, UMEIOLMX OrPaHNYEHHbIe apeanbl BO3feNblBaHuWs, — Mlle-
HUUbI KapTanuHckon (Triticum persicum Vav.) n nweHuuypbl 3duronckon (Triticum aethiopicum Jakubz). B pe-
3ynbTaTe y 3TUX BUAOB Oblv HaliAeHbl Te Xe BapuaHTbl anienei reHos Sdr-A1 n Sdr-B1, koTopble paHee 6binn
0o6Hapy»KeHbl y MLeHNLbl MATKON. [py 3TOM Y NLeHWLbl KapTaMHCKOW BCTPeYaeTca TonbKo annenb Sdr-Ala,
a 'y nweHmnLbl 3$uonckon — annenb Sdr-A1b. Mpu aHanmse rmbpraos F,, NONyUYeHHbIX OT CKpeLlmBaHNA AaHHbIX
TeTpanIovAHbIX BUAOB, annenb Sdr-A1b 6bin cBA3aH C MEHbLUMM MHAEKCOM MPOpPacTaHuA 3epHa, YeM annesnb
Sdr-Ala, uTo He cornacyertca ¢ pesynbTaTaMi NPeaLecTBYOWMX acCOUMATBHBIX UCCefoBaHUiA. B npomoTo-
pe reHa Sdr-B1 y nsyyaembix o6pasLioB 6binn 0OHapyxeHbl paHee Hen3BecTHble nonrmopdusmbl. B 3'-KoHue
reHa TraesCS2B02G215200, pacnonoXXeHHOro Ha KomnaemeHTapHow uenu HK 6nr3ko K 3'-KoHuy reHa Sdr-B1,
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Monvmopdu3sm reHoB Sdr, perynupyioLmnx NoKon cemMaH
y Triticum persicum Vav. n Triticum aethiopicum Jakubz.

obHapyeHa peneuns 16 Hykneotngos. O6CyKaaeTcA BO3MOXHOE BAMAHMNE HaAEHHbIX NONMMOPGH3MOB Ha

3KCnpeccuto reHoB. Sdr.

KntoueBble cnosa: npeay6opouHOe NpopacTaHune; TETPANIONAHbBIE MLIEHNLbI; MapKepbl; MEXBUAOBas rMbpuau-

3aumnA; ceKBeHUpoOBaHMe.

Introduction

Preharvest sprouting of wheat grains remains a challenge in
many regions of cultivation of this crop around the world.
It decreases the grain yield and deteriorates the quality of the
end products (Olaerts, 2018).

Seed dormancy is the main component of resistance to
preharvest sprouting. This special physiological condition
of seeds is observed after their maturation and associated
with a delay or complete absence of germination even with
sufficient moisture. Seed dormancy is controlled by many
genes and is highly dependent on environmental conditions.
Currently, quantitative trait loci (QTL) associated with resis-
tance to pre-harvest sprouting have been mapped on virtually
all wheat chromosomes. The most significant loci have been
found on chromosomes 2B, 3A, and 4A. In some of these
QTL, candidate genes were identified, including TaMKK3,
TaPHS1 (TaMFT), TaVpl, Tamyb10, and TaSdr (Nakamura,
2018; Vetch et al., 2018).

The Sdr4 gene (Seed dormancy 4) was first identified in rice
as a candidate gene in one of the major QTL for resistance
to preharvest sprouting. Experiments with rice showed that
Sdr4 gene expression was reduced in forms mutant for the
OsVpl gene. It was also shown that the Sdr4 gene upregulates
the genes associated with seed dormancy (OsDOG-like)
and downregulates the genes associated with germination
(OsGA200x-1, OsEXPB3). The protein encoded by the Sdr4
gene has no similarity to other proteins of known functions,
but has a nuclear localization signal (Sugimoto et al., 2010).
Bioinformatic analysis suggested the presence of coiled coil
and zinc finger domains in its structure (Zhang et al., 2017).
Presumably, the SDR4 protein is a specific regulator of seed
dormancy, acting as a transcription factor under the control of
a more general regulator of seed maturation, the VP1 protein
(Sugimoto et al., 2010).

In common wheat, homologues of OsSdr4 gene — the genes
TaSdr-A1 and TaSdr-B1, located on chromosomes 2A and 2B,
respectively, were cloned. Point mutations associated with
germination index variation were found in the sequences of
these genes. The association of Sdr4 alleles with the germi-
nation index was shown both in a comprehensive collection
of Chinese wheat varieties and in recombinant inbred lines
Yangxiaomai x Zhongyou 9507. It was also shown that the
alleles of these genes associated with resistance to sprouting
are often present in Chinese and Japanese wheat varieties
but nearly nonexistent among Russian ones (Zhang et al.,
2014, 2017).

One of the ways to seek valuable alleles associated with
resistance to adverse environmental factors is the investigation
of wild forms and landraces of the crop. In order to expand
the allelic diversity of the Sdr genes used in wheat breeding,
what is especially important for Russia, we decided to study
these genes in two locally cultivated tetraploid wheat species:

Persian wheat (7riticum persicum Vav.) and Ethiopian wheat
(Triticum aethiopicum Jakubz.)!. Persian wheat is grown in
the Caucasus geographical region, including regions of Russia
(Dagestan), Georgia, Armenia, and northeastern Turkey. It is
characterized by low demands for heat, resistance to fungal
diseases, and a long period of afterripening of the grain.
However, this species has poor drought tolerance (Dorofeev
et al., 1979). Ethiopian wheat is a naked tetraploid species
found in mountainous regions of Ethiopia and in the south of
the Arabian Peninsula. Ethiopian tetraploid wheat is character-
ized by an exceptional diversity of botanical forms. However,
these forms share some common features that allow them to
be merged into a separate species (Dorofeev et al., 1979).
Due to the mountainous topography of the original ranges of
Persian and Ethiopian wheats, the climatic conditions under
which these species developed are very diverse. Some areas
of cultivation of these species have a humid climate in which
precipitations touch the season of grain ripening. Thus, we
may assume that some forms of Persian wheat and Ethiopian
wheat carry valuable alleles of genes associated with resistance
to preharvest sprouting.

Materials and methods

The accessions of Ethiopian wheat collected during a joint
Ethiopian—Russian biological expedition in 2012 were ob-
tained from the Vavilov Institute of General Genetics, Russian
Academy of Sciences (Badaeva et al., 2018). The accessions
of Persian wheat were obtained from the Vavilov All-Russia
Institute of Plant Genetic Resources. The information on the
country of origin of each accession is presented in Table 1.
Wheat accessions were grown in the field on 1-m? plots in
2016-2017. Every year they were assessed for resistance to
preharvest sprouting by germinating grains collected at full
ripeness and calculating the germination index.

To determine the germination index, the grains were
manually extracted from the ear and placed in Petri dishes
on two layers of filter paper moistened with 8 mL of distilled
water. Germination was carried out in the dark at controlled
temperature of 24 °C. Sprouted grains were counted and re-
moved daily. The filter paper was moistened as it dried. The
germination lasted 7 days. The grains that did not germinate
within this time interval were kept in a refrigerator at 4 °C
for 3 days to break dormancy; after that, viable seeds were
counted. The experiment was performed in six replications.
The grains from each ear were placed in a separate Petri dish.
The germination index was calculated as:

GI=(7Txn +6xn,+5xn;+ ... +1 xn )7 xN),

where n, n, ... n, are the numbers of germinated grains on
the first, second and subsequent days up to the seventh day;

T This article follows the taxonomy of the genus Trificum reported in (Dorofeev
etal., 1979).
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Table 1. The country of origin and botanical varieties of Persian
and Ethiopian wheat accessions used in the study

No.! Accession number,

site code3

VIR catalog
accession?

Country of origin

Polymorphism of Sdr genes regulating seed dormancy
in Triticum persicum Vav. and Triticum aethiopicum Jakubz.

Botanical variety®

1 Numerical designation in this study; 2 Vavilov All-Russia Institute of Plant Genetic Resources; 3 in the joint Ethiopian-Russian biological
expedition in 2012; 4 breeding or research material; > identified using (Dorofeev et al., 1979).

N is the total number of viable grains taken for germination.
The germination index ranges from 0 to 1, and the deeper is
the seed dormancy, the lower the index (Walker-Simmons,
1988).

In 2016, interspecific crosses of some Persian wheat and
Ethiopian wheat accessions were made, including crosses
T aethiopicum no. 15 x T. persicum no. 5 and T aethiopicum
no. 15 x T. persicum no. 8. In 2017, F, hybrids were grown
in the field, and in the winter of 2017-2018, F, hybrids were
grown in a greenhouse. To estimate the germination index, half
of the grains harvested from each F, plant were germinated
in a Petri dish (single replication).

DNA was extracted from dried leaves of plants by the
P.J. Doyle method (1991). Primers for amplification of the
SDR-A1 (SDR-AF, SDR-AR) and Sdr-B1 (SDR-BF, SDR-BR)
genes, including parts of their promoters, were selected spe-
cifically for wheat subgenomes A and B on the basis of wheat
genome sequences IWGSC RefSeq v1.0 (Alaux et al., 2018)
using Primer BLAST (NCBI).

The sequences of all primers used in the study are shown
in Table 2. PCR was performed in a SimpliAmp Thermal
Cycler (Applied Biosystems). The concentrations of the reac-
tion mixture components were as follows: 1x buffer supplied
with the polymerase (including 2.5 mM MgCl,), 0.2 mM of
each ANTP, 10 % v/v dimethyl sulfoxide, 1 um of each of
the forward and reverse primers, 0.05 U/uL Tag-polymerase
(Sileks), 0.01 U/uL Pfu-polymerase (Sileks), and 4 ng/uL
template DNA. The addition of dimethyl sulfoxide to the
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reaction mixture is needed due to the high content of GC base
pairs (bp) in amplified DNA fragments. The PCR program
was conducted as follows: predenaturation 94 °C, 5 min; 45
cycles 94 °C, 30 s; 57 °C, 45 s; and 72 °C, 2 min; postexten-
sion 72 °C, 5 min. Prior to sequencing, the PCR products were
purified with a Cleanup Mini Kit (Evrogen).

The sequencing was carried out with a BrilliantDye Ter-
minator v3.1 Cycle Sequencing Kit (Nimagen), SimpliAmp
Thermal Cycler (Applied Biosystems) and 3130xI Genetic
Analyzer (Applied Biosystems). The end primers (used for
PCR) as well as additional primers SDR-2AF, SDR-2AR (for
the Sdr-A1 gene) and SDR-3BF, SDR-3BR (for the Sdr-B1
gene) were used for the sequencing reaction (Zhang et al.,
2014). The nucleotide sequences were aligned with GeneDoc
v.2.7 software. The nucleotide sequence of the Sdr-B1 pro-
moter was analyzed with the PlantCARE online service
(Lescot et al., 2002).

Primers for creating new markers were designed with
Primer BLAST (NCBI). The PCR volume was 25 puL. The
final concentration of the components of the mixture was
similar to that mentioned above, but without the addition of
Pfi-polymerase. SDR-5BF and SDR-SNP-BR primers were
used to detect the single nucleotide polymorphism at position
(—11) of the Sdr-B1 gene. The PCR program was as follows:
95 °C, 1 min; 40 cycles 95 °C, 45 s; 65 °C,45s; 72 °C, 45 s;
postextension 72 °C, 2 min. The PCR products were digested
with PspCI restriction endonuclease (SibEnzyme) without
pretreatment. The reaction mixture included a buffer solution
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Table 2. DNA primers used in the study

Sequence 5'-3'
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Monvmopdu3sm reHoB Sdr, perynupyioLmnx NoKon cemMaH
y Triticum persicum Vav. n Triticum aethiopicum Jakubz.

Amplification of the entire gene,
"~ sequencing

Amplification of marker fragments

* Primers designed in (Zhang et al,, 2014). Other primers are of our own design.

supplied with the endonuclease (buffer B, SibEnzyme) and
bovine serum albumin (BSA) at recommended concentrations
(1x) plus 1 U/uL restrictase. The volume of the reaction mix-
ture was 10 uL. The reaction was carried out at 37 °C for 2 h.

To identify the deletion located 449-464 bp downstream
from the stop codon of the Sdr-B1, the primers SDR-B1-InDel-F
and SDR-BR were used. The PCR program was as follows:
95 °C, 2 min; 35 cycles 95 °C, 30 s; 58 °C, 30's; 72 °C, 30 s;
postextension 72 °C, 2 min.

The SDR-SNP-AF and SDR-SNP-AR primers were used to
detect a single nucleotide polymorphism at position 643 of the
Sdr-A1 gene. The PCR program was as follows: 95 °C, 1 min;
10 cycles 95 °C, 45 s; 66 °C (with a temperature decrease by
0.4 °C per cycle), 45 s; 72 °C, 45 s; 35 cycles 95 °C, 45 s;
62 °C, 45 s; 72 °C, 45 s; postextension 72 °C, 2 min. The
PCR products were cut with Ple191 restriction endonuclease
(SibEnzyme) without pre-treatment. The reaction mixture
consisted of the buffer solution, supplied with endonuclease
(buffer Y, SibEnzyme) at the concentration 1%, and 0.1 U/uL
restrictase. The volume of the reaction mixture was 10 pL.
The reaction was carried out at 37 °C for 2 h.

The electrophoresis of the PCR and restriction products was
carried out in 1.5 % agarose gel in TBE buffer supplemented
with ethidium bromide. The results were visualized using a
GelDoc XR+ Gel Documentation System (Bio-Rad).

The statistical analysis of the data was carried out us-
ing Statistica 6.0 software. Before the analysis of variance,
germination index values were transformed according to the
formula: arcsin(+/x ). In the Tables 1-3 and Figures 1—4, back
transformed mean values are presented. The nontransformed
germination index values were used in the Mann—Whitney test.

Results

The tested wheat accessions differed significantly from each
other in terms of germination index both in 2016 and in 2017
(Table 3). The lowest germination indices averaged over the
two years were recorded in accessions nos. 2, 4, 8, and 10 of
Persian wheat and accession no. 15 of Ethiopian wheat. The
highest germination index was found in Ethiopian wheat ac-

cessions nos. 13, 16, and 18. On the average, Persian wheat
showed a lower germination index than Ethiopian (p <0.05).

The Ethiopian wheat accessions nos. 15 and 16 and Persian
wheat accessions nos. 5 and 8 were chosen for sequencing the
Sdr-A1 and Sdr-B1 genes, as these accessions showed the most
contrasting germination indices. The resulting sequences were
deposited into the GenBank database under accession numbers
MK396766, MK396767, MK396768, and MK396769.

Sequencing of the Sdr-A4 1 gene in the mentioned accessions
showed that they differed in the same single nucleotide
polymorphism that had been found in common wheat (Zhang
etal., 2017). The nucleotide A, characteristic of the Sdr-A1b
allele, was found in Ethiopian wheat accessions nos. 15 and
16 at position 643 from the start-codon, and the nucleotide G,
characteristic of the Sdr-Ala allele, was found in Persian
wheat accessions nos. 5 and 8. Apart from that, the Sdr-A1
gene sequences of the two studied wheat species did not differ
from each other, and they matched the reference sequence of
the common wheat genome of the cultivar Chinese Spring.

In other Persian wheat and Ethiopian wheat accessions
that were characterized in our study by the germination index
alleles of the Sdr-A1 gene were determined using the molecular
marker previously developed by Y. Zhang et al. (2017), based
on PCR and endonuclease cleavage. All studied Persian wheat
accessions possessed only the Sdr-Ala allele, whereas all
Ethiopian wheat accessions possessed only Sdr-A41b.

We also analyzed the effects of different alleles of the
Sdr-A1 gene on seed dormancy in F, of two interspecific
crosses between Persian and Ethiopian wheat accessions.
A molecular marker developed by Y. Zhang et al. (2017),
involves the amplification of a DNA fragment of 1294 bp.
Due to the fact that the amplification of such large DNA
fragments, especially those containing GC-rich sites, with 7ag-
polymerase is often difficult, we decided to reselect primers
for the marker of this single-nucleotide polymorphism so that
the resulting amplicon be as short as possible. Primers SDR-
SNP-AF and SDR-SNP-AR specific for subgenome A (see
Table 2) were designed to yield an amplicon of 499 bp. The
obtained PCR product was cleaved with restrictase Ple191. The
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Table 3. Alleles of the Sdr-A1 and Sdr-B1 genes and germination indices

in T. persicum and T. aethiopicum accessions

No. Alleles of the genes

Germination index™*

............................................. InDeI*

e SAEAT ST 2016 2017 Mean
T. persicum
g T e g e
2 @ . 20 017 012 1% .
R Do . 214 062 035 0480 .
R Do . 214 018 008 . E
I @ b 214 063% . 057% 060%% .
6 a b 214 0.38¢ 0.364 0.372bd
7 ....................... a ..................... b ..................... 2 14 ................................. 0 27abc ..................... 0 2 1 L 0 24ab ....................
8 ....................... a ..................... b ..................... 2 14 ................................. 0 136 ........................ 0 1 Oab ...................... 0 11a ......................
9 ....................... (.1. ..................... (.J. ..................... 2 30 ................................. o soef ....................... 0 1 'é'{;'c' ...................... 0 _'j,f'c;a'ia'é&é ................
B e g
T. aethiopicum
o G230 080 0B oewtE
A2 b O 230 ) 085 0755 080> ..
BLE b b 230 1009 083" . 0.96%
LS. b b 230 044 035 0397 ..
B b b 2V 016%™ 0152 015
6 b b 230 090° . 097" 094%
17 b b 230 0.45< 0.559 0.50%cde

18 ..................... b ..................... b ..................... 2 14 ................................. 0 89f ........................ 0 8 Sgh ...................... 0 8 7Cde ...................
p-values of differences between accessions (Ftest) - <0001 - <0001 - <0001

* Marker of the deletion close to the Sdr-B7 gene; amplicon sizes (bp) are shown; *

with the same letters do not differ significantly according to Tukey'’s test.

PCR product of the Sdr-41a allele was not cleaved, and that
of Sdr-A1b yielded fragments of 387 and 112 bp (Fig. 1, a).
Test of the new marker on the Persian wheat and Ethiopian
wheat accessions showed a complete coincidence of the results
of the analysis with the results obtained with the previously
developed marker. In addition, the new primers significantly
improved the reliability of amplification.

Atotal of 66 F, plants T. aethiopicum no. 15 x T. persicum
no. 5 were analyzed with the new marker. Of them, 15
plants were homozygous for the Sdr-Ala allele, 11 were
homozygous for Sdr-A1b, and the other 40 were heterozygous.
The segregation in F, matched the Mendelian 1:2:1 ratio
(? = 4.125; p = 0.178). As the statistical distribution of
the germination index in F, was far from normal, we
used the nonparametric Mann—Whitney U test to estimate
the association of the index with plant genotypes. Only
homozygous forms were used in these calculations. According
to the results of the statistical test, the Sdr-A/ gene had
no significant effect on the germination index in F, of the
T’ aethiopicum no. 15 x T. persicum no. 5 cross (p = 0.09), but
plants with the Sdr-A b allele tended to possess lower indices.

We genotyped 83 F, plants in the 7. aethiopicum no. 15 x
x T. persicum no. 8 intercross. Of these, 25 were identified
to have the Sdr-Ala allele, 15 — Sdr-A1b, and 43 were
heterozygotes. The segregation generally corresponded to
the Mendelian 1:2:1 (%> = 2.98; p = 0.284); however, as in
the cross described above, the proportion of homozygotes in
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*The germination index values marked in each column

the Sdr-A1b allele was slightly lower than expected. In this
cross, the relationship between the germination index and the
marker of the Sdr-A1 gene was significant (»p = 0.035 by the
Mann—Whitney U test). The plants with Sdr-A41b had a lower
grain germination index than plants with Sdr-4/a. The same
trend remained when data from the two F, populations were
bulked into one sample (p = 0.012 by the Mann—Whitney
U test) (Fig. 2).

The sequencing of the Sdr-B1 gene in Persian wheat
accessions nos. 5 and 8 and Ethiopian wheat accessions
nos. 15 and 16 showed that they did not differ from each
other in the coding region of this gene. In the gene promoter,
accession no. 16 had two single-nucleotide substitutions,
while accessions nos. 5, 8, and 15 had a dinucleotide insertion
CT compared to the reference sequence of Chinese Spring
wheat (Fig. 3, a). The previously known variant of the single
nucleotide polymorphism at position (—11) from the start
codon characteristic for the Sdr-B1b allele (Zhang et al., 2014)
was found in the 5'-noncoding region of the gene in all the
four wheat accessions.

We also optimized the marker intended for the identification
of Sdr-B1 gene alleles by redesigning the primers to obtain a
shorter PCR product (see Fig. 1, b). The alleles of the Sdr-B1
gene, differing by the single-nucleotide polymorphism at
position (—11), showed no statistically significant correlation
with the germination index in the studied collection of the two
wheat species (p = 0.9 by Fisher’s F test).
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Near the 3’-end of the Sdr-B1 gene, the DNA fragment sequenced in our study
partially overlaps the 3 -untranslated region of the TraesCS2B02G215200 gene,
lying close nearby on the complementary DNA chain and supposedly encoding the
18-kDa subunit of NADH ubiquinone oxidoreductase. In the 3 "-untranslated region
of TraesCS2B02G215200, accessions nos. 5, 8, and 15 have a 16-nucleotide deletion,
which is absent from the sequence of accession no. 16 and from the reference
sequence of common wheat, cultivar Chinese Spring (see Fig. 3, b).

Due to the fact that this 16-nucleotide deletion can serve as an easy-to-use linked
marker of Sdr-B1 alleles, we designed flanking primers (SDR-B1-InDel-F and
SDR-BR) for its identification. Electrophoresis of the PCR products obtained with
these primers makes it possible to identify two variants of the DNA fragments with
sizes 230 and 214 bp. There is also an additional fragment of larger size (about
266 bp), probably amplified from chromosome 2A (Fig. 4). A test of the marker with
the collection of Persian wheats showed that the presence of the 230-bp fragment
coincided with the presence of the Sdr-B1a allele, which had been associated with
a low germination index in previous studies. However, this pattern was broken
among the Ethiopian wheat accessions. In general, in the two wheat species, the
accessions showing the shorter marker fragment (214 bp) had a low germination
index on the average (0.35), while the accessions with the longer fragment (230 bp)
had high (0.57). However, this correlation between the presence of the deletion and
the germination index in the tested collection was of low statistical significance
(» = 0.1 according to the Fisher F test for the two-year means).

Discussion

Earlier, researchers had noted that Persian wheat possessed good resistance to
preharvest sprouting (Dorofeev et al., 1979). This was confirmed by our results.
For two years of our experiments, the average germination index of Persian wheat
was lower than that of Ethiopian wheat.

In previous studies, the Sdr-41a and Sdr-Bla alleles were associated with resis-
tance, while Sdr-41b and Sdr-B1b were associated with susceptibility to preharvest
sprouting (Zhang, 2014, 2017). In all the Persian wheat accessions tested we found
the Sdr-A1a allele, while all, Ethiopian wheat accessions that generally less resis-
tant to sprouting, had solely Sdr-41b. Thus, it could be assumed that the Sdr-A1a
allele contributes to the resistance to preharvest sprouting in Persian wheat.

However, the analysis of the germination index in connection with plant genotypes
in F, showed a relationship inconsistent with the hypothesis proposed above: plants
with the Sdr-A1b allele produced grain with a lower germination index than plants
with Sdr-A1a. Heterozygous plants showed an intermediate value of the germina-
tion index between the homozygotes. There may be several explanations for the
different direction of the connection of plant genotypes with the germination index
observed in this case. First, the effect of the Sdr-A41 alleles on seed dormancy may be
strongly dependent on the conditions of plant growth. The F, plants were grown in
a greenhouse, while the original wheat accessions were grown in the field. Second,
it can be explained by the interaction of the Sdr-41 gene with other genes, which
may invert the effects of the alleles in these crosses. Third, it may be associated
with a mutation in a closely linked regulatory DNA sequence (enhancer or silencer),
which was not covered by the sequencing of the Sdr-41 gene.

Analysis of the promoter of the Sdr-B1 gene using the online service PlantCARE
showed that it contains mainly cis-regulatory elements associated with the response
to light, abscisic acid, methyl jasmonate, and anoxia, as well as elements respon-
sible for expression in meristem. The presence of such regulatory elements in the
promoter of the Sdr-B1 gene can explain to some extent the known enhancement
of seed dormancy in wheat and other relative cereals with the presence of light
or abscisic acid and with oxygen shortage in contrast to the weakening of seed
dormancy in response to methyl jasmonate (Walker-Simmons, 1988; Hoang et al.,
2014; Xu et al., 2016). Probably, the CT dinucleotide insertion in the Sdr-B1 pro-
moters of accessions nos. 5, 8, and 15 does not affect the structure of cis-regulatory
elements. In accession no. 16, the single-nucleotide substitutions detected involve
two regulatory sequences. The nucleotide mutation G(—454)C leads to the appear-
ance of an additional element responsible for the reaction to methyl jasmonate and

Monvmopdu3sm reHoB Sdr, perynupyioLmnx NoKon cemMaH
y Triticum persicum Vav. n Triticum aethiopicum Jakubz.
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499 —
387 —

112 —

bb aa ab M

Fig. 1. The new markers of single nucleotide
polymorphisms (SNP) in Sdr genes of wheat.

a - the marker of SNP A643G in the Sdr-Al
gene. An example of electrophoresis of the PCR
products obtained with primers SDR-SNP-AF/SDR-
SNP-AR and cut with endonuclease Ple19l: aa - ho-
mozygote for Sdr-Ala allele, bb - homozygote for
Sdr-A1b allele, ab — heterozygote. The sizes of the
products are given in base pairs (bp); b - the marker
of SNP A(-11)G in the 5’-untranslated region of the
Sdr-B1 gene. An example of electrophoresis of the
PCR products obtained with primers SDR-5BF/SDR-
SNP-BR and cut with endonuclease PspCl: bb - ho-
mozygote for Sdr-B1b, aa - homozygote for Sdr-
Bla, ab - heterozygote. The fragment of 343 bp
corresponds to the intact PCR product, which
remains as a result of low efficiency of cutting off
the short 57-bp fragment. M — DNA ladder M-100
(Syntol).

0.6

051

04+
03F
0.2+
0.1
0 . .
aa ab bb

Fig. 2. Germination indices of the grains
collected from F, plants with different Sdr-A1
genotypes: aa - homozygotes for Sdr-Ala
allele, bb - homozygotes for Sdr-A1b allele,
ab - heterozygotes.

The means are calculated from the combined data
of two crosses no. 15xno. 5 and no. 15xno. 8.
Error bars show 95 % confidence intervals.
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a -454
T. carth 5 CTGCCAACGTGACCCCACCCCACGCCCCATGAATGGAGCGGCAGCCAGCCAGTGACCGCG 240
T. aeth 16 CTGCCAACGT/gACCCCACCCCACGCCCCATGAATGGAGCGGCAGCCAGCCAGTGACCGCG 240
T. aest CS CTGCCAACGTGACCCCACCCCACGCCCCATGAATGGAGCGGCAGCCAGCCAGTGACCGCG 240
T. carth 5 GCGGGACGCGCCACGGGGGACGAGGCGACACGAAGCGAGCAGGCGCGGTGCGGCGAACGT 300
T. aeth 16 GCGGGACGCGCCACGGGGGACGAGGCGACACGAAGCGAGCAGGCGCGGTGCGGCGAACGE 300
T. aest_CS GCGGGACGCGCCACGGGGGACGAGGCGACACGAAGCGAGCAGGCGCGGTGCGGCGAACGT 300

-317
T. carth 5 GATCGCGCCGCGCATGCAACGGGCCTCTCGCGCCTCCCCGTGCCCGCCCGCCCGTCCGRT 360
T. aeth 16 GATCGCGCCGCGCATGCAACGGGCCTC--GCGCCTCCCCGTGCCCGCCCGCCCGTCCGRT 358
T. aest _CS GATCGCGCCGCGCATGCAACGGGCCTC--GCGCCTCCCCGTGCCCGCCCGCCCGTCCGGT 358
T. carth 5 GCCTCCCCCCACTCCGTCACACGCCTGACGCCCCTCTCACTGGACGCCACTGGAATCCAC 420
T. aeth 16 GCCTCCCCCCACTCCGTCACACGCCTGACGCCCCTCTCACTGGACGCCACTGGAATCCAC 418
T. aest _CS GCCTCCCCCCACTCCGTCACACGCCTGACGCCCCTCTCACTGGACGCCACTGGAATCCAC 418
6
T. carth 5 AGTCCTCTCCCTCCAAAGCAGCGCGCCCCGCGACTCGCCTCCGCCTACGTGTCGGCCCCG 480
T. aeth 16 BGTCCTCTCCCTCCARAGCAGCGCGCCCCGCGACTCGCCTCCGCCTACGTGTCGGCCCCG 480
T. aest _CS AGTCCTCTCCCTCCAAAGCAGCGCGCCCCGCGACTCGCCTCCGCCTACGTGTCGGCCCCG 478
T. carth 5 TCCCCGCCCGCTCGCCCACGTACCCCGCGCCTCGTTCCCACGTGCCCCTCCCTCTGCGCG 540
T. aeth 16 TCCCCGCCCGCTCGCCCACGTACCCCGCGCCTCGTTCCCACGTGCCCCTCCCTCTGCGCG 538
T. aest_CS TCCCCGCCCGCTCGCCCACGTACCCCGCGCCTCGTTCCCACGTGCCCCTCCCTCTGCGCG 540
5'UTR
T. carth 5 CATCCGATTGGCCGCCCACGCCTTCTTAAGCCGGCACGGCACCGGGACCCAACGCCGTGE 600
T. aeth 16 CATCCGATTGGCCGCCCACGCCTTCTTAAGCCGGCACGGCACCGGGACCCAACGCCGTGE 598
T. aest_CS CATCCGATTGGCCGCCCACGCCTTCTTAAGCCGGCACGGCACCGGGACCCAACGCCGTGE 598
-11 CSD (Sdr-Bl)
T. carth 5 ACTCCGTCCACCCCCGTCAGCAGACTTCGACTCGCECGTGCACGC AN NI 660
T. aeth 16 ACTCCGTCCACCCCCGTCAGCAGACTTCGACTCGCECGTGCACGCALN oo bvelehieler 658
T. aest CS ACTCCGTCCACCCCCGTCAGCAGACTTCGACTCGCACGTGCACGCALNNeloler.NidelehielelN 658

b 3'UTR (TraesCS2B02G215200)

T. carth_5 TAGCCAAGAAATTCTGTGTGAAGGGGAATTTTACA-——————————————— AGCATTTTG 2084
T. aeth 16 TAGCCAAGAAATTCTGTGTGAAGGGGAATTTTACAGGCAAGGCTAATAACAAGCATTTTG 2098
T. aest_CS TAGCCAAGAAATTCTGTGTGAAGGGGAATTTTACAGGCAAGGCTAATAACAAGCATTTTG 2098

Fig. 3. The alignment of nucleotide sequences containing polymorphisms identified in the Sdr-B7 gene neighborhood.

a-the promoter and 5'-end of the Sdr-B1 gene of Ethiopian wheat no. 16, Persian wheat no. 5, and the reference sequence of chromosome
2B of wheat variety Chinese Spring (CS). Numerals above the lines designate the distance from the start codon. UTR is the-untranslated
region. CSD is the-protein-coding sequence of the gene; b — alignment of the 3’ untranslated region of the TraesCS2B02G215200 gene,

located on the complementary DNA chain next to the SDR-BT gene (TraesCS2B02G215300), containing a 16-nucleotide deletion.

Fig. 4. The marker of the deletion close to the 3"-end of the SDR-BT gene in Triticum persicum accessions (1-10), T. aethiopicum accessions (11-18),

and T. aestivum cultivar Chinese Spring (CS).

M - the DNA ladder M-100 (Syntol). The marker fragments are 230 and 214 base pairs (bp). The fragment of 266 bp is a byproduct amplified from chromosome 2A.

the disruption of the light-sensitive G box, and the mutation
A(-226)G disrupts the light-sensitive GT-1 binding element.
All these changes in the promoter may weaken, although
slightly, the expression of the Sdr-BI gene and, accordingly,
can be among the causes for the weak seed dormancy in ac-
cession no. 16.

Conclusion

The CAPS-marker-identified single-nucleotide polymorphism
A(-11)G in the 5"-non-coding region of the Sdr-Bl gene
showed no statistically significant correlation with the germina-

tion index in the studied wheat accessions. At the same
time, on the same plant material, we found a weak (p = 0.1)
correlation between the germination index and the deletion in
the 3 -untranslated region of another gene lying close on the
complementary DNA chain. Presumably, this deletion affects
the expression of the Sdr-B1 gene through the mechanism
of RNA interference, as the genes TraesCS2B02G215200
and Sdr-B1 (TraesCS2B02G215300) lie on DNA strands
complementary to each other, being separated by a very small
gap, about 200 bp. Even if the deletion of 16 nucleotides near
the Sdr-B1 gene actually does not influence its expression,
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it can be used as a convenient supplementary marker to
discriminate the alleles of this gene in specific crosses without
using endonucleases.
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The plastid and mitochondrial genomes
of Vavilovia formosa (Stev.) Fed. and the phylogeny
of related legume genera
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The plastid and mitochondrial genomes of Vavilovia formosa (Stev.) Fed. were assembled on the base of the data of
high-throughput sequencing of DNA isolated from a sample from North Osetia, Russia, using lllumina and PacBio plat-
forms. The long PacBio reads were sufficient for reliable assembling organellar genomes while the short lllumina reads
obtained from total DNA were unacceptable for this purpose because of substantial contamination by nuclear se-
quences. The organellar genomes were circular DNA molecules; the genome of mitochondria was represented by two
circular chromosomes. A phylogenetic analysis on the basis of plastid genomes available in public databases was per-
formed for some representatives of the tribes Fabeae, Trifolieae and Cicereae. As was expected, the V. formosa branch
proved to be sister to the Pisum branch, and the tribe Fabeae was monophyletic. The position of Trifolium L. appeared
sensitive to the phylogeny reconstruction method, either clustering with Fabeae or with the genera Medicago L., Trigo-
nella L. and Melilotus Mill., but the internodes between successive divergences were short in all cases, suggesting that
the radiation of Trifolium, other Trifolieae and Fabeae was fast, occurring within a small time interval as compared to fur-
ther evolution of these lineages. The data on the relatedness of the plastid genomes of Trifolium and Fabeae correlate
with the similarity of N,-fixing symbionts in these legumes represented by Rhizobium leguminosarum biovars trifolii and
viciae, while the symbionts of Medicago, Melilotus and Trigonella belong to the Sinorhizobium meliloti and S. medicae
species, which are distant from Rhizobium.
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IT1acTUOHBIN Y MUTOXOHAPMAJIbHbBIV '€ HOMbI
Vavilovia formosa (Stev.) Fed. u punoreHus
POJICTBEHHBIX POJOB 60O0BBIX

H.B. lllankas'®, B.C. Borpanosal?, 0.9. Kocrepunl 2@, I.B. Bacuaben!, A.K. Kumexauc?, E.E. Aupponos?, H.A. TTposopos?

1 DepepanbHblii NCCNeRoBaTENbCKUI LeHTP VHCTUTYT ymtonorum u reHetnkn Cnbrpckoro otaeneHnsa Poccuinckolt akagemmnm Hayk, HoBocnbnpck, Poccns
2 HoBocrbrpCKmMii HaLMoHaNbHbI KCCNefoBaTeNbCKNA FOCYAAPCTBEHHDIN yHUBepcuTeT, HoBOCOMpCK, Poccms

3 Bcepoccnitckuin Hay4HO-MCCNejoBaTeNbCKNI MHCTUTYT CENIbCKOXO3ANCTBEHHON MMKpobronoruw, MywkuH, CaHkT-MeTtepbypr, Poccua
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Ha ocHoBaHUM AaHHbIX BbICOKOMPON3BOAUTENBHOIO CeKBEHPOBaHMA Ha nnatdopmax lllumina n PacBio TotanbHom
[HK, BblgeneHHon 13 obpasua Vavilovia formosa (Stev.) Fed. n3 CesepHoi Ocetun (Poccusa), cobpaHbl NnacTuaHbIv 1
MUTOXOHAPWANbHBIA FeHOMbI 3TOro BuAa. [nvHHble puabl, nonyyaemble Ha nnatdopme PacBio, okazanucb fgoctatou-
HbIMW ANA HafjeXXHoW COOPKY reHOMOB OpraHesif, TOrAa Kak KopoTK/e puabl, nonyyaemble Ha nnatdopme Illumina, -
HENPUrogHbIMU ANA 3TOW Leny BBMAY 3HAUUTENIbHOW KOHTaMMHALMN NOC/e[0BaTeNIbHOCTAMY ALEPHOrO MPONCXOX-
feHuA. TeHOMbl opraHenn npeacTaBnAlT coboi Konbuesble monekynbl AHK, npuyeM MUTOXOHAPUANbHBLIA reHoM
COCTOMT 13 ABYX KOJIbLIEBbIX XPOMOCOM. Ha OCHOBE uMetowmxcs B Ny6nnyHbIX 6a3ax faHHbIX NOCNefoBaTeNIbHOCTEN
NNacTUAHbIX FeHOMOB 1 NAacTUAHOro reHoma Vavilovia npeanpuHAT GrnoreHeTMYeCcKnin aHanmns, BOBEKLLNIA HEKOTO-
pbix NnpeacTaBuTenen Tpub Fabeae, Trifolieae n Cicereae. Kak 1 oxunganocs, BeTBb V. formosa okasanacb ceCTpUHCKoM
K BeTBU Pisum L. (ropox), a Tpnba Fabeae — moHopunetnuHa. Mosuuma poga Trifolium L. (knesep) 3aBmcena ot metoaa
PEKOHCTPYKLMM GUNOreHMn — OH KnacTeproBancsa nubo ¢ Fabeae, nn6o ¢ pogamn Medicago L. (mouepHa), Trigonella L.
(naxunTHUK) 1 Melilotus Mill. (QOHHMK). BHe 3aBMCMOCTV OT MeTofa PEKOHCTPYKLMU AAVHA BETBEN Mexay nocnepo-
BaTeSIbHbIMU AMBEPreHUMAMN Oblfla He3HAUNTENbHOW, YTO CBMAETENbCTBYET O GbicTpol paavaumm Trifolium, ppyrux
npepctaButenei Tpub Trifolieae n Fabeae B TeueHre KOPOTKOro BPEMEHY MO CPABHEHMIO C JanbHelLel 3BontoLnen
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MnacTuaHbIA 1 MUTOXOHAPUANbHbIN reHombl Vavilovia formosa
(Stev.) Fed. n dpunoreHuns poacTBeHHbIX pogoB 6060BbIX

COOTBETCTBYIOLLVX JIMHUIA. [laHHble O POACTBE MNacTuAHbIX reHoMoB poga Trifolium n Tpubbl Fabeae koppenupytot
co cxoactBoM N,-OUKCUpyoWmMX CUMOMOHTOB 3TUX 6060BBIX, MPeACcTaBieHHbIX Rhizobium leguminosarum wtamMmmoB
trifolii v viciae, Torga Kak cumbrnoHTbl Medicago, Melilotus v Trigonella npvHagnexart K Bugam Sinorhizobium meliloti n

S. medicae, 3BONOLMOHHO OTAANEHHbIM OT Rhizobium.

KnioueBble cnoga: Vavilovia formosa (Stev.) Fed.; Vavilovia A. Fedorov; Lathyrus L.; Vicia L.; Pisum L.; Lens L.; Trifolium L.;
Medicago L.; Trigonella L.; Melilotus Mill.; Cicer L.; Fabeae; Trifolieae; Cicereae; aukne copoanum KynbTypHbIX pacTeHuU;
ropox; NnacTuiHbli reHom; dunoreHns; napapunus; MoHopuUKA.

Introduction

Vavilovia formosa (Stev.) Fed. is a small perennial herbaceous
legume confined to highlands of the Caucasus and Ante-
rior Asia (Davis, 1970; Vishnyakova et al., 2016). Although
morphologically variable, it is traditionally considered the
only member of the monotypic genus Vavilovia A. Fedorov.
Morphological and molecular data suggest it to be the closest
genus to Pisum L. (peas, annual plants), to which the important
crop Pisum sativum L. belongs. Both genera belong to the tribe
Fabeae Rchb. Recently, H. Schaefer et al. (2012) reconstructed
aphylogeny of this tribe and showed that Pisum and Vavilovia
form a clade inside the speciose genus Lathyrus L., making it
paraphyletic. They propose to subsume Pisum and Vavilovia
to Lathyrus but the corresponding nomenclatorial change for
Pisum is not yet broadly accepted and that for Vavilovia has
not been formally made.

At present, genomic research is extensively conducted in
both fundamental (e. g., phylogenetics, phylogeography, evo-
lutionary theory and taxonomy, comparative and functional ge-
nomics) and applied (e. g., QTL analysis, association mapping,
and marker-assisted selection) aspects. Organellar genomes are
among the most popular research objects, since their relatively
small size allows their sequencing through the high-through-
put approach rather easily. Since mitochondria and plastids
have the apparently symbiotic origin (from a-proteobacteria
and cyanobacteria, respectively), their research may shed light
on the coevolution of plants with microorganisms that gene-
tically and functionally interact with these organelles. Spe-
cifically, the N,-fixing symbionts of legumes, rhizobia, form
organelle-like compartments, symbiosomes, inside the plant
cells. Being metabolically integrated, they apparently co-
evolve with plastids and mitochondria (de la Pefia et al., 2018).

Thus far, plastid genomes have been sequenced in many
legume genera, including Vicia, Lathyrus, Pisum, Lens, Cicer,
Trifolium, Medicago etc., whereas complete mitochondrial
genomes are available only for 14 species of Fabales (ncbi.
nlm.nih.gov, accessed on March 5, 2018). This is due to the
nature of plant mitochondrial DNA, which generally occurs
as a set of interconverting subgenomic molecules as a result
of homologous recombination between repeted regions
(reviewed in Gualberto et al., 2014). For this reason, plant
mitochondrial genomes are more difficult to assemble than
those of plastids (Smith, Keeling, 2015).

The plastid and mitochondrial genomes of V. formosa are
not available yet, in spite of explosive interest to this species
in the recent decade (Akopian, Gabrielyan, 2008; Miki¢ et
al., 2009, 2013, 2014; Sinjushin et al., 2009; Akopian et al.,
2010, 2014; Atlagi¢ et al., 2010; Oskoueiyan et al., 2010; Sin-
jushin, Belyakova, 2010; Zemerski-Skori¢ et al., 2010; Zori¢
etal., 2010; Vishnyakova et al., 2013, 2016; Safronova et al.,
2014, 2015). This interest was motivated by V. formosa being
although the most distant but still a pea crop wild relative,

which may harbor some genes useful for pea pre-breeding
and somehow transferrable to pea.

The phylogenetic tree of most species of the tribe Fabeae has
been extensively and reliably reconstructed by H. Schaefer et
al. (2012), but the positions of the genera evolutionary closest
to this tribe are problematic. According to the traditional taxo-
nomy, the tribes most related to Fabeae are Cicereae Alefeld,
with the only genus Cicer L., and then Trifolieae (Bronn)
Benth., with the genera Trifolium s.1., Medicago L. s.1., Trigo-
nella L., Melilotus Mill., Parochetus Buch.-Ham. ex D. Don.
and Ononis L. (Yakovlev, 1991). These genera comprise the
so-called ‘vicioid clade’ in the sense by M.F. Wojciechowski
etal. (2004). However, in the phylogenetic tree reconstructed
by M.F. Wojciechowski et al. (2004) based on the plastid
gene matK there was a highly supported divergence between
the branches including (i) the genera Ononis, Medicago,
Trigonella, and Melilotus and (ii) the genera Trifolium, Vicia,
Pisum, Lathyrus, and Lens, the last four genera belonging to
Fabeae. Interestingly, this classification is correlated to the
plant symbiotic affinities to N,-fixing nodule bacteria, since
the plants from the second branch are inoculated by closely
related symbionts: Trifolium by Rhizobium leguminosarum
bv. trifolii, Vicia, Pisum, Lathyrus, Lens by R. leguminosarum
bv. vicieae), while Medicago, Trigonella, and Melilotus have
distant symbionts from the Sinorhizobium genus (Biondi et al.,
2003; Dudeja, Nidhi, 2013). The genus Cicer (traditionally
attributed to the monophyletic tribe Cicereae) appeared sister
to branches (i) and (ii) taken together. The more proximal
branch contained the genus Galega L. (traditionally attributed
to the large tribe Galegae (Bronn) Torr. ex Gray), and the first
divergence again was formed by a Trifolieae representative
Parochetus.

The phylogenetic analysis of Fabeae by H. Schaefer et al.
(2012), based on five plastid and one nuclear (ribosomal ITS)
sequence, included an outgroup consisting of three Trifolium
species, three Medicago species, one species Melilotus, and
one Ononis species. Although the entire tree including the
outgroup is inevitably unrooted, there was a node with boot-
strap support 100 uniting the genus Trifolium with the tribe
Fabeae, which agrees with the result by M.F. Wojciechowski
et al. (2004).

Their coherent results meant that the evolutionary lineage
including Fabeae and Triolium is sister to the lineage includ-
ing most of the rest of the tribe Trifolieae in the traditional
sense, thus making Trifolieae paraphyletic. It is noteworthy
that the phylogenetic marker used by M.F. Wojciechowski et
al. (2004) and five of six markers used by H. Schaefer et al.
(2012) were plastid sequences. However, a Maximum Like-
lihood phylogenetic analysis based on 28 nuclear sequences
showed Trifolium to cluster with Medicago and form a branch
opposed to Pisum (Kreplak et al., 2019, Fig. 2, ), which is a
pattern corresponding to the traditional systematics.
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In view of this controversy of the phylogenetic position
of Trifolium, it was interesting to consider a phylogenetic
tree reconstructed from complete or nearly complete plastid
genomes.

In this work we (i) for the first time report the complete
DNA sequence of both plastid and mitochondrial genomes of
Vavilovia formosa and (ii) use the plastid genome to recon-
struct the phylogeny of several legume genera. The obtained
data allow us to address the correlation between the plastid-
based phylogeny of legumes and their symbiotic affinities
presumably reflecting the tight functional and coevolutionary
interactions of plastids with temporal N, -fixing organelles,
symbiosomes (de la Pefia et al., 2018).

Materials and methods

Plant material. Javilovia seeds were provided by the Gorsky
State Agrarian University in Vladikavkaz. They represent a
V. formosa population in the North Ossetian State Natural
Reserve, North Ossetia, the Caucasus, Russia.

DNA isolation and high throughput sequencing. DNA
from Vavilovia plant tissues was isolated with AxyPrep™
Multisource Genomic DNA Miniprep kit according to manu-
facturer’s recommendations. Whole genome sequencing was
done on the Illumina and PacBio platforms in the Macrogen
genome sequencing company (Korea).

Organellar genome assembly. To assemble the plastid
genome of Vavilovia, the reads were filtered with the Mira-
bait utility of the MIRA4.0 package (Chevreux et al., 1999)
using the sequence of the Pisum sativum chloroplast genome
(NC_014057) as a probe. A subset of sequences longer than
10 kb was searched to find a read containing the starting point
of the assembly, the #nH gene. Then a read overlapping the
initial read was selected, the reads were merged, and the da-
taset was searched for a next read to elongate the assembly.
The assembly was elongated in such a manner, until it closed
into a circle. It was used as a reference sequence for mapping
the Vavilovia plastid genome with MIRA4.0 (Chevreux et
al., 1999).

Two assemblies were made, one starting from long PacBio
reads and the other from short [llumina reads. It is commonly
accepted that the best results are gained by combination of
these two types of reads (see e.g. Gnerre et al., 2011). The
comparison of the two assemblies of Vavilovia plastid genome
revealed that there appeared various regions with a lot of dis-
crepancies. While the assembly of long reads corresponded
well to the reference sequence, the assembly of short reads
had a number of mismatches, such as nucleotide substitutions
and short indels.

To understand the origin of the discrepancy, some of such
regions were checked more carefully. For example, the region
corresponding to nucleotide positions 39,400-40,000 of the
reference sequence contained 17 mismatches within about
120 bp of alignment, possibly due to the nuclear origin of the
reads involved into the assembly. Since short Illumina reads
(up to 150 bp) do not permit to investigate their genomic en-
vironment, all long reads of our dataset that shared homology
with that region were checked whether they belonged to the
chloroplast genome indeed. A sample of 939 PacBio reads lon-
ger than 10 kb was filtered with the Mirabait utility (Chevreux
et al., 1999) using the above-mentioned stretch of 600 bp of
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the reference sequence. In total, 89 reads were filtered out.
Of them, 80 lay entirely in the plastid genome, while the
other 9 matched the assembly partially, sharing with it DNA
stretches of variable lengths, 300 to 16,000 bp. These 9 reads
were used as a query for a BLAST search of the nonredundant
database at ncbi.nlm.nih.gov (Altschul et al., 1990). Three of
them appeared to correspond entirely to the mitochondrial
genome. This is quite natural, since the mitochondrial genome
shares about 2.5 kb of homologous DNA stretches with the
chloroplast genome, as evidenced from the comparison of the
Vicia faba L. mitochondrial genome (KC189947) with the
Pisum sativum plastid genome (NC_014057).

The remaining six reads contained a 300—500 bp region
of homology with plastid/mitochondrial DNA, but the rest
part had either no homology in the nonredundant database or
1000—1500 bp stretches of homology with genomic clones
of some leguminous plants. Most probably, these reads re-
presented nuclear copies of plastid genes. The DNA stretch
corresponding to the region 54,400-55,200 of the reference
sequence had 15 mismatches per 600 bp of the assembly.
A total of 88 reads (longer than 10 kb) that had homology to
this region were filtered out. Four of them matched the plastid
genome partially, with 8—16 kb corresponding to the plastid
genome and 600—2700 bp with no significant similarity in the
nonredundant database. Other two randomly taken regions
had no obvious discrepancies in the assembly made of short
reads with the reference sequence. Seventy-eight reads (longer
than 10 kb) were filtered out that passed across the region
60,000-60,500. One of them contained a stretch of 2700 bp
that did not match the plastid DNA. All of the 119 long reads
passing across the region 80,000—80,500 entirely matched
the plastid DNA.

Based on the above observations, a conclusion was inferred
that discrepancies in the assemblies made from long vs. short
reads arose due to the presence of nuclear copies of plastid
DNA of various lengths, from about 300 to 16,000 bp, with
the mean of about 7,000 bp. Therefore, the assembly of long
PacBio reads was considered more appropriate for plastid
genome reconstruction.

The resulting assembly was reasonably consistent. The total
amount of mismatches was 0.25 %, and the average coverage
depth was 78. These values suggested that the PacBio reads
were sufficient for reliable assembling an organellar genome,
while the short Illumina reads obtained from total DNA were
unacceptable for this purpose because of substantial contami-
nation by nuclear sequences.

The mitochondrial genome was assembled in a similar
manner, with the original filtering of reads using the V. faba
mitochondrial genome (KC189947). The assembly consisted
of two ring chromosomes with average coverage depth 84 and
59, and the total number of mismatches was 0.37 %.

The plastid genome of V. formosa was assigned the acces-
sion number MK604478, and the two chromosomes of its
mitochondrial genome got the accession numbers MK48602
and MK48603 in public databases.

Alignment of plastid genomes for phylogenetic analysis.
We undertook phylogenetic analysis of the plastid genomes
available in public databases of some representatives of the
tribes Fabeae, Trifolieae and Cicereae. The plastid genome
sequence of Vavilovia formosa in general was not collinear

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 201923 -8



H.B. Waukasn, B.C. boraaHoBa, O.3. KoctepuH, .B. Bacunbes
AK. Knmeknuc, E.E. AugpoHos, H.A. [Tposopos

2019
238

MnacTuaHbIA 1 MUTOXOHAPUANbHbIN reHombl Vavilovia formosa
(Stev.) Fed. n dpunoreHuns poacTBeHHbIX pogoB 6060BbIX

Accession numbers, coverage information, and percentages of similarity to the V. formosa plastid genome

in the plastid genome reconstructions studied

Accession Tribe

number

Species

Representation

of the reconstruction
in the original plastid
genome, %

Coverage
of the V. formosa
plastid genome, %

Identity
to the V. formosa
plastid genome, %

MK460508 Trigonella foenum-graecum Trifolieae
voucher 1.S. Choi MD025

EU835853 Cicer arietinum voucher ICCV 10 Cicereae

DQ317523 Glycine max cultivar Pl 437654 Phaseoleae

to those of other Fabaceae, differing from them by a large
number of structural rearrangements. To make alignment,
homologous DNA stretches were found by Blastn software at
ncbi.nlm.nih.gov and manually put in the order and orienta-
tion corresponding to the Vavilovia plastid genome. Each next
stretch of homology was sought in the portion of the plastid
genome of a species to be aligned that was not yet included
in the reconstruction. Then the plastid genome of V. formosa
and reconstructions of the plastid genomes of the other species
were aligned with ClustalW (Larkin et al., 2007) incorporated
into the MEGAG package (Tamura et al., 2013).

The obtained plastid genome reconstructions of the genera
in question covered 77 to 93 % of the Vavilovia plastid ge-
nome, whereas that of Glycine max, used as an outgroup,
covered 70 % (Table).

Phylogenetic analysis. Bayesian MCMC analysis was per-
formed with the use of BEAST 2.4.3 software (Drummond,
Rambaut, 2007). The GTR+I+G model was chosen using
jModelTest 2.1.10 (Guindon, Gascuel, 2003; Darriba et al.,
2012). An uncorrelated lognormal relaxed clock model and a
Yule process of speciation were applied. One MCMC analysis
was run for 100 million generations. Trees were visualized
using the program FigTree 1.4.3 (http://tree.bio.ed.ac.uk/soft-
ware/figtree/) by A. Rambaut.

The Maximum Likelihood reconstruction of the phylogeny
was made with the aid of the MEGAG6 package (Tamura et
al., 2013) using the Kimura 2-p parameter, GTR+I+G model
of mutation rates, and bootstrap test with 100 replications.

Results and discussion

The structure of the Vavilovia formosa mitochondrial ge-
nome. The mitochondrial genome of Vavilovia was assembled
into two non-overlapping circles, 264,766 bp and 88,581 bp,

81.9 84 94.0
70.2 79 92.1
57.2 70 87.2

totaling 353,347 bp. This is close to the mitochondrial genome
size of Lotus japonicus L. (JN872551), 380,861 bp; or Arabi-
dopsis thaliana (L.) Heynh. (NC_037304), 367,808 bp. It is
larger than in Medicago truncatula (KT971339),271,618 bp,
and smaller than in Vicia faba (KC189947), 588,000 bp.

Interestingly, it appeared impossible to construct a single
master molecule of the Vavilovia mitochondrial genome. In-
stead, two ‘chromosomes’ were obtained (Fig. 1). However,
this is quite consistent with the dynamic nature of plant mito-
chondrial genomes (Gualberto et al., 2014). Another curious
fact concerns the Nad5 gene, which appeared to belong to both
‘chromosomes’, since its exons 1-3 reside in the first, larger
‘chromosome’, whereas exons 4-5 are in the second ‘chro-
mosome’, thus requiring trans-splicing to produce the entire
coding sequence. A similar situation has been described in
Silene L., where some species possess up to 128 mitochondrial
‘chromosomes’, with exons of many genes present in more
than one ‘chromosome’ (Sloan et al., 2012).

Phylogenetic analysis of the mitochondrial genomes of
Vavilovia and related genera is impossible yet, as of the stud-
ied genera (see Table) complete mitochondrial genomes are
presently available only for M. truncatula, V. faba and G. max
(ncbi.nlm.nih.gov accessed on 22 August 2019).

The structure of the plastid genome of Vavilovia formosa.
The content of the plastid genome of V. formosa is shown
schematically in Fig. 2.

The total length is 122,196 bp, which is similar to the plastid
genome size of Pisum, 122,180 bp in P. sativum (HG966674)
and 120,837 bp in P. fulvum (MG458702). Expectedly, the
gene content appeared very similar to that of Pisum. A notable
difference is that the Vavilovia plastid genome has a tandem
triplication of the tRNA gene for methionine. The three copies
differ by nucleotide substitutions and a 5 bp long insertion/
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Fig. 1. Schematic presentation of V. formosa mitochondrial genome (assembled as two circles) drawn with OGDRAW (Lohse et al., 2013).
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Fig. 2. Schematic presentation of V. formosa plastid genome drawn with OGDRAW (Lohse et al., 2013).

deletion. It is not known whether all the copies are functional.
In addition, the gene order in Vavilovia differs from that of
Pisum by 10 rearrangements.

Phylogenetic analysis involving plastid genomes of
some related legume genera including Vavilovia. Figure 3
shows the obtained Bayesian phylogeny reconstruction for
representatives of the tribes Fabeae, Trifolieae and Cicereae
based on the plastid genome reconstructions and using the
soybean plastid genome reconstruction as an outgroup. As
expected for so long sequences, all nodes of the obtained
tree are well supported by high posterior probabilities. The
tree topology is also expectable, and it corresponds to the
phylogenetic reconstructions based on shorter sequences: the
Vavilovia branch is sister to the Pisum branch, as in (Sinjushin
et al., 2009; Oskoueiyan et al., 2010; Schaefer et al., 2012),
and their united branch is sister to Lathyrus clymenum as in
(Schaefer et al., 2012); Lens culinaris L. is sister to the two
involved Vicia spp.; and the tribe Fabeae is monophyletic, as
in (Wojciechowski et al., 2004; Schaefer et al., 2012). Thus,
the phylogenetic position of Vavilovia is unequivocal.

As already mentioned, the positions of Medicago and Tri-
folium in the phylogenetic reconstructions by M.F. Wojcie-
chowski et al. (2004) (not involving Vavilovia) and H. Schae-
fer et al. (2012) contradicted the traditional taxonomy as
showing Medicago, Trigonella and Melilotus to be a sister

branch to that uniting 7rifolium and Fabeae, thus making
the traditional tribe Trifolieae paraphyletic. The phylogeny
reconstructed here by the Bayesian analysis of the complete
(or nearly complete) plastid genomes is expected to be more
reliable, and it is consistent with the aforementioned results
by M.F. Wojciechowski et al. (2004) and H. Schaefer et al.
(2012). However, one can notice that although the node uniting
Trifolium with Fabeae has a robust support of the posterior
probability of 0.86 (see Fig. 3), the branch leading to it after
the divergence from Medicago is very short. The same is seen
in the trees by H. Schaefer et al. (2012).

At the same time Trifolium and other representatives of
the traditional Trifolieaec — Medicago, Melilotus, Trigonella,
formed a united branch in the Maximum Likelihood tree with
the highest possible bootstrap support (100), which is sister
to Fabeae (Fig. 4). A similar pattern, with Medicago and
Trifolium forming a branch sister to Pisum, was constructed
by K. Kreplak et al. (2019), who made a phylogenetic re-
construction based on 28 nuclear sequences using the same
Maximum Likelihood method. However, the branch leading
to the traditional Trifolieae, including Trifolium, is again very
short, both in our tree (see Fig. 4) and in the tree by (Kreplak
etal., 2019, Fig. 2, b).

The fact that the positions of Fabeae, Trifolium, and other
Trifolieae in the tree depend on the method of phylogeny re-
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Fig. 3. The Bayesian phylogeny reconstruction (GTR+|+G model) with posterior probabilities for representatives of the tribes
Fabeae, Trifolieae, and Cicereae based on the plastid genome reconstructions.
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Fig. 4. Phylogenetic relationships of some Fabaceae obtained with the Maximum Likelihood algorithm based on the recon-

structed plastid genome sequences.
Bootstrap values are given.

construction but each time reveal a short branch suggests that
the radiation of Medicago, Melilotus, Trigonella, Trifolium,
and Fabeae was fast. Its duration was short as compared to
further evolution of these lineages; that is, the last common
ancestors of Fabeae and Trifolum, of Fabeae and the traditional
Trifolieae, and of 7rifolium and the rest of traditional Trifolieae
existed at close times. H. Schaefer et al. (2012) reconstructed
the crown age of Fabeae as Middle Myocene (23—16 mya). The
relative lengths of branches in the reconstructed phylogenetic
trees suggest that the radiation to Fabeae and Trifolieae took
place ca 1.5-1.8 myr earlier, that is in the Oligocene. For the
time being there is no unequivocal reason to reconsider the
traditional taxonomy uniting 7rifolium and Medicago as op-
posed to Fabeae.

The data on relatedness of the plastid genomes of Trifolium
and Fabeae correlate to the similarity of N,-fixing symbionts
in these legumes represented by Rhizobium leguminosarum

978

biovars trifolii and viciae (Dudeja, Nidhi, 2013), while the
symbionts of Medicago, Melilotus and Trigonella belong to
the Sinorhizobium meliloti and S. medicae species, which are
distant from Rhizobium (Biondi et al., 2003). This might arise
from the functional relationship between rhizobial bacteroids
and host plant plastids, where nitrogen fixed by the bacteroids
is included into the amino acids and amides synthesized inside
plastids of the infected cells of the nodules formed by the host
plant (de la Pefia et al., 2018). In view of this interaction, one
can suggest that the related rhizobial symbionts were acquired
by Trifolium and Fabeae plants due to compatibility with the
similar plastid genomes.

Conclusion

Thus, phylogenetic analysis of a sample of the available pla-
stid genomes of representatives of related legume genera,
including Vavilovia, reported here, confirmed the expected
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phylogenetic position of Vavilovia itself but challenged the
presumed position of 7rifolium and conjectured a certain
coevolution between the plastids and bacterial symbionts
of legumes, possibly because of their functional interaction.
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Ecological stability of broad bean (Vicia faba L.)
in organic farming conditions
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The main direction in the breeding of legumes is the development of high-productive cultivars with stable yields.
In order to assess the ecological stability of 17 broad bean accessions (Fb 1896, Fb 1903, Fb 1929, Fb 2481, Fb 2486,
Fb 3270, BGE 002106, BGE 029055, BGE 032012, BGE 041470, BGE 043776, BGE 046721, FbH 13, FbH 14, FbH 15,
FbH 16, BGP) with regard to key quantitative traits, a field experiment was conducted in the Institute of Forage
Crops (Pleven) in 2016-2018. Plants were grown under organic farming conditions without the use of fertilizers or
pesticides. Three types of stability parameters were calculated based on regression, variance, and nonparametric
analysis. The results of the variance analysis showed a significant genotype x environment interaction for all quan-
titative traits except pod width. The factor ‘environment’ had the greatest impact on the phenotypic manifestation
of the traits, followed by the factors ‘genotype’ and ‘genotype x environment interaction’ In terms of plant height
and 1st pod height, accessions FbH 16 and FbH 13 can be classified as high (79 cm, 35 cm) and ecologically stable
(bi = 0.76, bi = 0.79). BGE 029055 was little variable and had high numbers of pods (15) and seeds (41) per plant.
Accessions FbH 14, FbH 16, FbH 15, and BGP were distinguished by high seed weight per plant (from 28.36 to
34.93 g), but they exhibited instability (bi>1) under unfavorable environmental conditions. In contrast, Fb 1903,
BGE 043776, and Fb 3270 were very stable (bi<1) but low-productive. Accessions Fb 1896, Fb 1929, Fb 2481,
Fb 2486, BGE 002106, and BGE 029055 showed intermediate parameters, as they had the coefficient of linear
regression close to 1, but they were also low-productive. BGE 041470 appeared to be of special interest for breeding.
It had high values of 100 seed mass (101.38 g) and seed weight per plant (32.14 g), being relatively stable (bi = 1.10).
GGE biplot analysis determined accessions BGE 046721, BGE 032012, FbH 15 and FbH 16 as a promising breeding
material combining high and stable seed yield.

Key words: Vicia faba L.; stability parameter; productivity; traits; accessions; regression analysis; nonparametric
analysis.
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DKojiormueckasi crabuiabHOCTh 600a oBoiHoro (Vicia faba L.)
B VCJIOBUSIX OPTaHMYECKOro X03sIicTBa

H.A. Teopruesa®, B.J1. Koces

NHCTUTYT KOpMOBbIX KynbTyp, lNnesen, bonrapus
® e-mail: imnatalia@abv.bg

BaxHoe HarnpaBneHue B cenekummn 6060BbIX — CO3AaHNE BbICOKOYPOXKAMHbIX COPTOB CO CTabUIbHOW NPOAYKTUB-
HOCTbIO. [1N51 OLEHKM 3Konornyeckonm ctabunbHoctn 17 obpasuos Vicia faba (Fb 1896, Fb 1903, Fb 1929, Fb 2481,
Fb 2486, Fb 3270, BGE 002106, BGE 029055, BGE 032012, BGE 041470, BGE 043776, BGE 046721, FbH 13, FbH 14,
FbH 15, FbH 16, BGP) N0 0CHOBHbIM KONMMYECTBEHHbIM NPU3HaKam B IHCTUTYTe KOPMOBbIX KynbTyp (r. [neseH, bon-
rapus) B 2016-2018 rr. 6bin NpoBefieH NoNeBol SKCNepuMeHT. PacTeHrA BblpalyMBam B YCIIOBUSX OpraHUYecKo-
ro 3emnegenus, 6e3 UCNoNb30BaHMA YAOOPeHN 1 necTnumaoB. Ha ocHoBe perpeccMoHHOro, AUCNEPCUOHHOIO
1 HenapameTpryeCcKoro aHanm3a Obiny paccymTaHbl TpY TUMNA NapaMeTpoB CTabubHOCTY. Pe3ynbTaThl gucnepcu-
OHHOrO aHanM3a [OKa3blBaloT B3aMMOLENCTBME FeHOTUMN X Cpeaa AfiA BCEX KONMYECTBEHHbIX MPU3HAKOB, Kpome
WMpUHbI 6060B. DaKkTOp Cpeabl OKa3biBaeT HaubosbLLee BAVAHVE Ha GeHOTUNMYECKOe MPOABIEHME NMPU3HAKOB,
Janee cnepytoT GakTopbl «FEHOTUM» U «Te@HOTUMN X cpefax. o NpU3HaKam «BbICOTa PACTEHUA» U «BbICOTa 6060B»
ob6pasubl FbH 16 n FbH 13 MoXHO 0THeCT K BbICOKM (79 1 35 CM COOTBETCTBEHHO) 11 SKONOTMMYECKM CTabWbHbBIM
(bi=0.76, bi = 0.79). BGE 029055 vmeeT HU3KYyt0 BaprabenbHOCTb, C BbICOKMMM 3HaYeHMAMU KosnyecTsa 60608 (15)
1 KOJTMYECTBA CEMSH C pacTeHus (41). O6pasubl FbH 14, FbH 16, FbH 15 1 BGP xapakTepusytoTcs BbICOKOI Maccoi
cemsH (0T 28.36 10 34.93 1), HO NPOABAAIT HeCTabubHOCTL (bi> 1) B HebnaronpuATHbIX ycnoBuaAx cpefbl. Fb 1903,
BGE 043776 v Fb 3270, HanpoTuB, o4eHb cTabunbHbl (bi< 1), ofHaKo HM3KOMPOAYKTUBHbI. [TpOMeEXyTOUHble NO3K-
uun 3aHMMatoT obpasubl Fb 1896, Fb 1929, Fb 2481, Fb 2486, BGE 002106 1 BGE 029055, y KOTOpbIX KO3bdurLmneHT
NNHENHOW perpeccr NpubMKaeTcs K eIHNLE, HO OHM TaKXKe ABNIAOTCA HA3KOMPOW3BOANTENIbHbIMU. VIHTepeceH
C no3uuun cenekumn obpasel, BGE 041470, oTinyatowmiica BbICOKMMM 3HaYeHnsaMmn maccbl 100 cemaH (101.38 1)
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1N MAccbl CeMsIH € pacTeHus (32.14 1) n oTHOCKTeNbHON cTabunbHOCTbiO (bi = 1.10). Pe3ynbTtaTthl aHanm3a ABOVIHbIX
avarpamm GGE nossonstoT pacueHuBaTb o6pasubl BGE 046721, BGE 032012, FbH 15 n FbH 16 kak nepcnekTuBHbIN
mMaTepuan Asia cenekumm, CoYeTaloL i BbICOKYIO 1 CTabUNbHYIO MPOAYKTUBHOCTb CEMAH.

Kniouesble cnoBa: Vicia faba L.; napameTpbl CTabUIbHOCTY; MPOAYKTMBHOCTb; NMPU3HAKM; 06pa3Libl; perpecCUoHHbIN

aHanms; Hel'lapaMeTpVI‘-IECKVIVI aHanus.

Introduction

Broad bean (Vicia faba L.) is an important legume crop that
is primarily used as a protein source in human diet, as forage
for animals and as an available source of nitrogen for the bio-
sphere (Rubiales, 2010). Enlargement of broad bean growing
is desirable, but it is hampered due to unstable yields (Link
etal., 2010).

Yield is a complex quantitative characteristic that is usually
controlled by several genes and affected by environmental
conditions. The importance of genotype-environment interac-
tion in national programs for cultivar evaluation and breeding
programs has been found in most major crops (Kendal et al.,
2016; Pouresmael et al., 2018). Researchers investigate and
describe stable genotypes by use of different parametric and
nonparametric methods or single-variate and multivariate sta-
tistical methods (Hamayoon et al., 2011; Imtiaz et al., 2013;
Kendal, Sayar, 2016).

In recent years, breeders’ interest in legume crops, and
especially in broad beans, has increased. Great attention is
paid to the study of the starting material, both for the develop-
ment of new varieties and for the improvement of the existing
ones (Kurkina, 2013). In order to identify the best donors and
promising candidate cultivars, statistical analysis of as many
quantitative traits as possible can be used (Kurkina, 2003;
Buravtseva et al., 2009).

The main direction in the breeding of legumes is the deve-
lopment of high-productive cultivars with stable yields over
the years (Kazydub, Shamanin, 2003). The terms “plastic-
ity” and “stability” are used to characterize the potential of
modification variability and genotypic variability of the indi-
vidual traits (or their groups). Plasticity (the ability of traits
to change), as well as stability under different environmental
conditions, are considered to be the basic adaptive proper-
ties of living organisms. Ecological plasticity of a genotype
(cultivar) is the ability to a sustainable formation of high
(compared to other genotypes) yield over a wide range of
meteorological and agro-technical conditions (Zhuchenko,
2012; Marakaeva, Kazydub, 2016). Stability is a particularly
important characteristic of cultivars in organic production
conditions (Konvalina et al., 2009; Georgieva, 2017).

The aim of this study was to evaluate the ecological stability
of'broad bean accessions regarding main quantitative traits in
broad bean in organic farming conditions.

Material and methods

The experimental activity was conducted at the Institute of
Forage Crops (Pleven, Bulgaria) during the period 2016-2018.
The objects of the study were 17 broad bean (Vicia faba L.)
accessions of different origins: Portugal (Fb 1896, Fb 1903,
Fb 1929, Fb 2481, Fb 2486, Fb 3270), Spain (BGE 002106,
BGE 029055, BGE 032012, BGE 041470, BGE 043776,
BGE 046721) and Bulgaria (FbH 13, FbH 14, FbH 15, FbH 16,
BGP).The randomized block method (Barov, 1982) was used,
with a plot size of 4 m? and three replications. The sowing was
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done by hand, at a depth of 8 cm and with a rate of 30 seeds
per m2. Plants were grown under organic farming conditions
without the use of fertilizers and pesticides. A biometric es-
timation was performed, including the following traits: plant
height (cm), 1st pod height (cm), pods number per plant, pod
lenght (cm), pod width (cm), seeds number per plant, seed
weight per plant (g), 100 seeds mass (g).

The obtained data were processed by two-factor analysis
of variance for each trait for determine of the influence of
genotypes (accessions) (G), environments (E) and their inter-
action (GxE). The evaluation of the ecological stability of
the studied accessions was performed using the following
analyzes and parameters: regression analysis — according to
(Eberhart, Russell, 1966) where the regression coefficient (bi)
and the variance of the deviations from regression (Si?)
were calculated; according to (Tai, 1979) in which the pa-
rameters a; (linear response to the environmental effects)
and A; (deviation from the linear response) were determined;
variance analysis —mean variance component (PP) according
to (Plaisted, Peterson, 1979), ecovalence (W2) according to
(Wricke, 1965), stability variances (o2 and W;) according to
(Shukla, 1972) and (Annicchiarico, 1992) respectively; and
non-parametric analysis — by the rank-parameter (Si,) on the
model of (Huehn, 1990a, b). Plaisted and Peterson’s (1979)
mean variance component (PP) was a measure of a cultivar’s
contribution to the G x E interaction and was determined from
a total through “pair-wise” analysis. According to Annic-
chiarico’s method (1992), a reliability index (W;) was calcu-
lated which estimates the probability of a particular genotype
(cultivar) to show a performance below the environmental
average or below any standard used. GGE biplot model was
done, which uses decomposition of the singular value of first
two principal components (Yan, 2002). All experimental data
were processed statistically with using the computer software
GENES 2009.7.0 for Windows XP (Cruz, 2009).

Results

Analysis of variance

The results of the two-factor analysis of variance of the traits
(Table 1) confirmed the differences in the environmental con-
ditions during the experimental period. With regard to the trait
of pod width, the variances of factors were insignificant, on the
basis of which it can be considered that genotype differences
between the accessions were not essential. For all other traits,
the influence of the factors was statistically significant, and
the environment had the greatest share. The effect of geno-
type was stronger pronounced than that of GE interaction for
the 1st pod height, pod length and 100 seeds mass. In terms
of plant height, the GE interaction was more pronounced.
Consequently, for improving this trait, further research will
be needed. The statistical significance of the factors genotype,
environment and their interactions for almost all traits was an
objective prerequisite for determining the stability parameters.
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Table 1. Mean squares in analysis of variance of broad bean accessions regarding main quantitative traits

Source DF Plant 1st pod Pods
of variation height height number
CEnvionment 2 128511%  690.94*  28632°
Genowp e o 1 7713* ........... o 3 432* ..........
GXxE 32 182.05% 72.12% 23.55%
Env/Gen 34 927.29% 108.52% 39.012%
Env/Gen 1 2 605.38" 92.03* 23.24%
Env/Gen 2 2 1122.58* 156.85% 32.18*
Env/Gen 3 2 732.47% 205.65% 23.94*
Env/Gen 4 2 1051.84* 283.73* 23.23*
Env/Gen 5 2 903.05% 109.54% 17.44%
Env/Gen 6 2 3035.11% 516.04* 12.72%
Env/Gen7 ............... S § 0300** ......... 3 6 G . 017* ..........
Env/Gen8 ............... S 5 5112*** ........ § 35*** ............ ; 957* ..........
Env/Gen9 ............... S 1 32665* ......... é 175* ............. 1765* ..........
Env/Gem e S 1 07302* ......... 8 375* ............. 1926* ..........
Env/Gem S e SRR o o
Env/Gen 12 2 700.98% 44.45% 5.21%%
Env/Gen 13 2 469.91% 47.73% 6.51%%
Env/Gen 14 2 660.35% 11.43%% 345.16%
Env/Gen 15 2 142.95% 2.34% 20.34*
Env/Gen 16 2 477.29% 14.25% 24.62*
Env/Gen 17 2 227.38* 111.63% 34.21*
s P S S

JKonornyeckana ctabunbHocTb 606a osouHoro (Vicia faba L.) 2019
B YC/TOBUAX OPraHM4eCckoro Xo3ancrea 23.8
Seeds Pod Pod 100 seeds Seed
number lenght width mass weight
2926.02% 113.83% 1.20 35356.36°  9731.29%
28938* ........... 1 772* ............. o 24 ................. 2 29223* ......... 3 1092* .........
263.85% 3.18%%* 0.08 709.42% 239.80%
420.45% 9.69% 0.14 2747.48% 848.94*
58.24% 1.30 0.13 5874.38% 608.41%
273.06* 2.65% 0.05 452.619% 343.72%
136.60% 6.28** 0.10 3476.60% 446.80*
149.73* 1.78 0.01 3253.31% 436.17*
70.98% 9.37%** 0.16 4837.00* 831.81%
419.25% 2.57% 0.04 597.64* 59.35*
60013* ........... 1701* ............. (.). 19 ................. 2 2516*45560* .........
61076* ........... 2 38 ................. 0 11 .................. 2 9567* ........... 5 6318* .........
376.83% 15.97% 0.18 2068.95% 694.54*
26696* ........... 1 748* ............. 0 05 ................. 1 28591 T 7 9475* .........
3651* ............. : 4 0 ................. 0 43 ................. 1 20942* ......... 9 313* ...........
3.46™* 7.83%% 0.21 3452.99% 383.41%
306.33% 14.00% 0.22 3273.78% 1014.93%
2023.68% 17.02% 0.08 3474.64% 2971.63%
710.91% 14.30% 0.17 2949.75% 1652.84*
658.21* 16.51% 0.01 5105.18* 1505.32%
446.05% 16.83% 033 4874.15* 1576.42*

Note: Genotypes: 1,Fb1896; 2, Fb1903; 3, Fb 1929; 4, Fb 2481; 5, Fb 2486; 6, Fb 3270; 7, BGE 002106; 8, BGE 029055; 9, BGE 032012; 10, BGE 041470; 11, BGE 043776;

12, BGE 046721; 13, FbH 13; 14, FbH 14; 15, FbH 15; 16, FbH 16; 17, BGP.
*Significant at p < 0.1; ** p < 0.05; *** p < 0.01.

Evaluation of stability

The influence of environmental conditions on the trait forma-
tion was expressed by the values of the stability parameters
calculated by the different methods (Table 2 and Table 3).
Regarding the plant height, when comparing the accessions,
it was found that the FbH 13 and FbH 16 (79 cm) had the
greatest height, followed by Fb 3270 and BGE 043776 (78 cm)
(Fig. 1). For the experimental conditions, BGP and FbH 15
were the most stable. They were characterized by very low
values of bi (bi=0.24; bi=0.31), as in FbH 15, the value of
SiZ was considerably lower (Si2 = 43.97).

The accessions Fb1896, Fb 1929, BGE 046721 and FbH 14
were distinguished by mean stability for bi (bi = 0.86-0.95)
and low variance. From the highest plant accessions, particu-
lar attention should be paid to FbH 16 and FbH 13, which
were definitely stable (bi = 0.76; bi = 0.79) and weakly af-
fected by the environmental conditions, unlike Fb 3270 and
BGE 043776, whose plants were also high but they exhibited
strong variability. According to the values of the regression
coefficient, BGE 002106, BGE 029055, Fb 2481 and Fb 2486
were stable, with height below the average for the group of
tested accessions, and BGE 032012 and BGE 041470 exhi-

bited plasticity with respect to this trait due to its high value
(bi=1.18-1.32).

The trait of 1st pod height had high values in FbH 16,
Fb 2481 and FbH 13, followed by Fb 1929 and BGE 046721.
According to stability data, FbH 16 exhibited high stabil-
ity (bi = 0.06; 6>= 4.17, W; = 103.31), while Fb 2481 and
Fb 1929 (considering the coefficient of linear regression bi
as well as the parameter PP) were characterized by very
well-expressed responsiveness (bi > 1; PP = 33.65-36.85).
Similarly was the behavior of Fb 1896, Fb 1903, Fb 2486,
Fb 3270, BGE 032012, BGE 041470 and BGE 043776, but
they set their 1st pods at a relatively lower height. Plants of
FbH 13 formed their first pods highly and, according to most
stability parameters, showed very low variability.

The largest number (15) of pods per plant was obtained
from accessions BGE 029055 and FbH 14 (see Fig. 1). The
following positions were occupied by Fb 2486, BGE 043776,
BGP (12 pods per plant). According to the stability data of the
considered trait (see Table 2), all parameters defined FbH 14
as unstable. It is notable that accessions that formed a larger
number of pods (11-15) were highly variable and responsive
to improvement in growing conditions. An exception was
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Table 2. Parameters of phenotypic stability in broad bean accessions regarding main quantitative traits

Accessions bi Si? ‘ a;

i i
Eberhart, Russell, 1966 Tai, 1979 Shukla, 1972 | Plaisted, Wricke, 1965 | Annicchiarico,
Peterson, 1979 1992
Plant height
Fb 1896 0.86** 24.51%* 0.8669 39.6022 14.69 38.9799 101.3134 96.6814
Fb 1903 1.06 184.23** 1.0578 294.1470 936.34 79.4805 558.7322 91.1648
Fb 1929 0.93 52.96™* 0.9291 84.9413 39.15 44.8390 167.4867 91.5588
Fb 2481 1.09 100.43%* 1.0916 160.6005 142.12 57.8982 314.9792 91.9984
Fb 2486 1.09 3.10** 1.0899 5.4691 71.45 32.0026 22,5111 86.7744
Fb 3270 1.94%* 116.75%* 1.9450 186.5475 -8.33 180.6308 1701.1350 88.8600
BGE 002106 1.08 14.99%* 1.0789 24.4243 38.59 34.9145 55.3980 84.1335
BGE 029055 1.10% 14.60** 1.1085 23.7940 351.60 35.5501 62.5767 90.7561
BGE 032012 1.32%* 0.74 1.3240 1.7015 47.84 443418 161.8715 93.4103
BGE 041470 1.18** 8.91** 1.1838 14.7143 54.03 36.9819 78.7482 90.5619
BGE 043776 1.35%* 0.27 1.3512 0.9337 245.44 46.6715 188.1837 102.2922
BGE 046721 0.95 12.36** 0.9498 20.2371 205.40 33.7193 41.9000 97.6550
FbH 13 0.76™* 20.34** 0.7619 32.9499 46.44 43.0864 147.6932 104.3693
FbH 14 0.90% 31.41%% 0.9003 50.6029 23.40 39.7729 110.2691 95.6382
FbH 15 0.31% 43.97%* 0.3181 70.6230 19.58 104.0226 835.9135 88.7764
FbH 16 0.79%* 0.03 0.7946 0.0476 118.85 35.6631 63.8529 105.7174
BGP 0.24** 119.96** 0.2491 191.7374 0.33 137.4324 1213.2480 90.0438
1st pod height
Fb 1896 1.29 15.77%* 1.2928 25.6599 24.01 16.5806 55.2583 86.9871
Fb 1903 1.92%* 4.24%* 1.9224 7.2371 186.74 19.0091 82.6858 89.5109
Fb 1929 1.50% 75.50™* 1.5045 120.8449 203.76 33.6578 248.1301 97.6634
Fb 2481 2.24%* 52.64** 2.2437 84.3306 25.86 36.8590 284.2840 100.6840
Fb 2486 1.58%* 4.93%* 1.5823 8.3652 32.82 15.5190 43.2677 72.4388
Fb 3270 3.25%* 57.62%* 3.2526 92.0538 7.25 63.4964 585.1307 83.5793
BGE 002106 0.23%* 0.69 0.2262 1.5986 70.32 16.2578 51.6120 81.6485
BGE 029055 0.26** 4.01** 0.2658 6.8280 110.24 24.3403 142.8964 63.9726
BGE 032012 1.22 13.71%* 1.2223 22.3807 47.56 15.7731 46.1379 95.1409
BGE 041470 1.26 12.67%* 1.2577 20.7200 6.71 15.6185 44.3912 76.0487
BGE 043776 1.32 0.33 1.3196 0.0067 0.67 12.4233 8.3049 91.5196
BGE 046721 0.78 12.80%* 0.7802 20.9221 3.97 15.5222 43.3041 105.1743
FbH 13 1.08 0.32 1.0838 0.0164 161.84 11.7412 0.6005 115.3304
FbH 14 0.18** 6.39"% 0.1811 10.6762 13.94 18.2874 74.5346 101.0185
FbH 15 0.23 0.23 0.2309 0.1270 36.65 15.9604 48.2529 98.1128
FbH 16 0.06™* 0.81 0.5578 1.6707 417 29.4062 200.1110 103.3181
BGP 0.07** 72.05%* 0.2763 115.2605 66.35 42.6060 349.1913 79.2728
Pods number
Fb 1896 1.13 0.74 1.1336 1.7139 11.73 3.9314 3.8258 99.3485
Fb 1903 0.58 17.32%* 0.5807 28.1234 28.86 8.8026 58.8420 70.7805
Fb 1929 1.19 0.21 1.1884 0.1928 28.67 3.7303 1.5543 67.0757
Fb 2481 1.14 0.50 1.1430 1.3265 1.64 3.8745 3.1832 82,9719
Fb 2486 0.99 0.35 0.9874 1.0895 228.57 3.7748 2.0565 109.5617
Fb 3270 0.07** 1.51% 0.7752 2.7405 14.35 13.4150 110.9343 72.4880
BGE 002106 0.98 2.30%* 0.9812 4.2002 21.31 4.2938 7.9188 84.8447
BGE 029055 127 1.19% 1.2739 24223 0.55 42193 7.0777 131.0650
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Table 2 (continued)
Accessions bi Si2 ‘ a; N ‘ o? ‘ PP W2 ‘ W,

‘ Eberhart, Russell, 1966 ‘ Tai, 1979 ‘ Shukla, 1972 ‘ Plaisted, ‘ Wricke, 1965 ‘ Annicchiarico,

Peterson, 1979 1992
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Table 2 (end)

Ecological stability of broad bean (Vicia faba L.)
in organic farming conditions

Accessions ‘ bi Si? ‘ 3; N

BGE 029055, in which most of the stability parameters char-
acterized it as relatively stable.

With respect to the number of seeds per plant, BGE 029055,
BGP and FbH 14 can be distinguished, which formed 35—
41 seeds per plant. As in the previous trait, and in this one,
accessions with an increased number of seeds showed clearly
pronounced instability. However, the values of the parame-
ters Si? and PP gave reason to consider that BGE 029055

986

Shukla, 1972 | Plaisted,
Peterson, 1979

Wricke, 1965 | Annicchiarico,
1992

(Si2 = 9.85; PP = 68.89) and BGP (Si>= 14.03; PP = 57.37)
had a breeding value. They had a high adaptive ability, which
in conditions above the averages, could provide them with a
high realization of the number of seeds per plant. Accessions
Fb 2486 and BGE 046721 were determined as very stable,
with the coefficient of linear regression significantly smaller
than 1, parameter W; close to 100 and number of seeds above
the average for the group of tested accessions. Their low adap-
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Table 3. Rank-parameter (Si,) of the studied traits according to the model of Huehn (19903, b)

Accessions Plant height 1st pod height Pods number  Seeds number Pod lenght 100 seeds mass  Seed weight

MMM mMm i@ @ @ @ . m .e: m:Mm:m:im:m:m:

Note: Si, = 1: better performance; Si, = 17: worst performance.

100 -

80

40t

20+

Al A2 A3 A4 A5 A6 A7 A8

Fig. 1. Main quantitative traits in broad bean accessions (2016-2018).

B Plant height
B 1st pod height

W Seed weight
W 100 seeds mass

B Pods number Pod length
B Seeds number m Pod width
A9 A10 A1 A12 A13 A14 A15 Al6 A17

Accessions: 1, Fb1896; 2, Fb1903; 3, Fb 1929; 4, Fb 2481; 5, Fb 2486; 6, Fb 3270; 7, BGE 002106; 8, BGE 029055; 9, BGE 032012; 10, BGE 041470; 11, BGE 043776;

12, BGE 046721; 13, FbH 13; 14, FbH 14; 15, FbH 15; 16, FbH 16; 17, BGP.

tive ability implied that they were not suitable for growing at
a high level of agro-technology, but they can exhibit well in
unfavorable environmental conditions.

Because of the lack of significance in the stability para-
meters of Eberhart and Russell (1966) regarding the trait of
pod length for all accessions, the complex evaluation of eco-
logical stability was made on the basis of the remaining pa-
rameters. According to the parameter values based on variance
analysis and nonparametric method of Huehn (1990a, b),
Fb 1903 and BGE 029055 outlined as the most stable, although
they were one of the accessions with the shortest pods (see
Table 3). A breeding compromise between the value of the trait

and its stability (according to the indicator 62) can be found
in BGE 046721 (c? = 18.4) and BGE 032012 (52 = 10.04).
The ambiguous assessments according to the different types
of parameters show that longer-term researches are needed to
determine the environmental sustainability of this trait.

In terms of 100 seeds mass, Fb 1896 (105.48 g), Fb 1903
(102.34 g) and BGE 041470 (101.38 g) were clearly pro-
nounced favorites, characterized by a high value of the trait
(see Fig. 1). A comparison of the three types of stability
parameters showed that Fb 1896 was unstable and largely
variable (see Table 2). Its reaction to the environment is highly
predictable. It is suitable for growing in favorable environ-
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mental conditions. If conditions deteriorate, it can give way
to the other accessions and to form seeds with smaller mass.
Accession Fb 1903 also had a high mass of 100 seeds, but its
coefficient of linear regression bi was less than 1, so it can
be defined as stable.

BGE 041470 was characterized by the fact that the coef-
ficient bi (bi = 0.73) was closer to 1 (compared to Fb 1903),
which determined it as closest to the “ideal” genotype for this
trait. The stability parameters of Plaisted and Peterson (1979)
and Annicchiarico (1992) confirmed the evaluation according
to Eberhart and Russell (1966) and Tai (1979). This accession
is of interest from a breeding point of view, combining a high
mass of 100 seeds with ecological stability. It is suitable for
growing in a wide range of environmental conditions.

Table 2 also presents data on the stability parameters of the
seed weight per plant. FbH 14, FbH 16, Fb H 15 and BGP
had high values of the regression coefficient (bi > 1.5), which
determined them as unstable. With close average productivity
(see Fig. 1) and similar values for bi (bi = 1.10-1.15) were
accessions FbH 13 and BGE 032012. More plastic, i.e. more
responsive to favorable growing conditions was FbH 13.
Plants of BGE 041470 formed seeds with relatively large mass
and were characterized by a coefficient of linear regression
slightly above 1. Because of these characteristics, this acces-
sion was of interest from a breeding point of view.

Accessions Fb 1896, Fb 1929, Fb 2481, Fb 2486, BGE
002106 and BGE 029055 had coefficients close to 1, but
they were distinguished by low productivity. Fb 1903 and
BGE 043776 were stable under changing environmental
conditions, with regression coefficient values of bi = 0.45
and bi = 0.30, respectively. In addition, BGE 043776 was also
characterized by a low variance, i.e. its empirical values ap-
proximate to the theoretical ones. The most stable (bi =0.05),
but with the lowest value of the considered trait was Fb 3270.

GGE biplot analysis

The differences in stability of the accessions and their adapt-
ability to the environment are presented in a two-dimensional
coordinate system (Fig. 2). The axial axis shows the main
effects (environment and genotype), and the ordinate axis —
the effects of their interaction (PC1 or PC2). On the vertices
of the polygon are situated the accessions, which are furthest
from the center. All accessions fall into this polygon. The lines
separating the polygon of sectors represent a set of hypotheti-
cal environments. The accession, forming the polygon angle
for each sector, has the highest value regarding the studied
trait for the environment that falls within this sector.

In terms of the plant height, from the location of the acces-
sions and environments (years), it is obvious that there is vari-
ability due to the influence of the environment and especially
the climatic difference between the second (2017) and third
(2018) experimental years. This result is in full compliance
with the data from the variance analysis (see Table 1). The
accessions, whose projections on the ordinate were close to
the origin of the coordinate system, were stable and very
weakly interact with the environment. These were Fb 1896,
Fb 3270, BGE 002106, Fb 1929, BGP, FbH 15. By contrast,
accessions Fb 1903 and BGE 043776 were the most distant
therefore they were characterized by a specific reaction to the
environment and low adaptation.
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The result regarding the 1st pod height indicated that the
first two components (PC1 and PC2) determined 90.3 % of
the total variation of the trait as a result of GE interaction. The
vertices of the polygon were occupied by Fb 1929, Fb 1903,
BGE 002106, BGP, FbH 13, FbH 14 and FbH 15. Acces-
sions FbH 16, BGE 043776 and BGE 002106 exhibited their
biological potential the best during the third year. They were
among the genotypes with the greatest environmental stabili-
ty. Fb 2486, Fb 3270 and BGE 041470 developed relatively
well in the first and second years. The location of the first year
(closer to the center of the coordinate system) determined it as
the most suitable environment for the broad bean development
with respect to the considered trait.

The accessions, which were characterized by a number
of pods above the average, had positive values of the first
principal component (PC1 > 0) and a value of PC2, tending
to zero, were suitable for growing in different environments.
In this trait, the accessions reacted differently to changing
environmental conditions. In the most favorable position were
those located in the quadrant, limited by the positive part of the
abscissa (PC1) and the ordinate (PC2). From the accessions
with a larger number of pods (FbH 14, BGP and BGE 029055),
BGE 029055 can be preferred because of its lower variability.
Fb 1903 and Fb 3270 were in the group of stable genotypes,
however, they formed relatively few pods (10). A considerable
part of the accessions had high (positive or negative) values of
PC2, so they can be identified as having specific adaptability
to the environment.

The graphical analysis of the stability in terms of the number
of seeds per plant gave an analogous assessment obtained from
the stability parameters. BGE 029055, BGP and FbH 14 had
an increased number of seeds and occupied an extreme right
position of the coordinate system, which determined them as
the most productive and at the same time the most variable.
Accessions Fb 1896 and Fb 1929 were one of the lowest pro-
ductive, and their location close to the center of the coordinate
system suggests a slight influence of the environment on the
trait manifestation. In close proximity to them, with almost the
same stability, were accessions Fb 2486 and BGE 046721. In
breeding terms, they were more valuable because they formed
a larger number of seeds.

GGE biplot analysis regarding 100 seeds mass showed that
Fb 1929, BGE 032012 and BGE 043776 were located close
to the origin of the coordinate system. They had low values
on PC2 and PC1. This placement defined them as very stable,
but they had a small mass of 100 seeds. BGE 041470 also
had a small projection on PC2, but it was with a much higher
value on the axial axis due to its larger mass of 100 seeds.
Accessions Fb 1896 and Fb 1903 were distinguished with a
high mass of 100 seeds and specific adaptability.

With regard to the trait of seed weight per plant, the first
position was occupied by BGE 041470, characterized by a
very good combination between stability and level of the
trait. Accessions Fb 2486, FbH 16, FbH 14, Fb 1896 and
BGE 029055 were distinguished by relatively good produc-
tivity and stability, and can be recommended as suitable for
growing conditions. The most pronounced variability of the
considered trait had FbH 13 and FbH 15, and BGE 032012
was characterized by the best stability but with very low
productivity.

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 201923 -8



H.A.Teopruesa
B.W. Koces

PC2 (9.7 %)

JKonornyeckana ctabunbHocTb 606a osowHoro (Vicia faba L.)
B YC/IOBUAX OPraHNyecKkoro Xxo3ancraa

2019
238

Pods number

Plant height 1st pod height
‘\ i / gl }o 5 Y 14
2
_ _ T
R =0
n n .
o o [
a L2
(o] (o]
U U
a a
! ol
-4 -2 0 2 4 6 4
PC1 (87.2 %) PC1 (69.8 %) PC1 (49.9 %)
Seeds number Pod length
8
/7
14
1]
) 2 I 3
2} o
I -
e =
~ 3 5 ~
Y L Y
B ol
0
PC1(61.9 %) PC1(81.3 %)
100 seeds mass Seed weight
. b -
3 . /5 e
2 6 / 13
1 .9 ;
S A
o
5 0 ,
Pl 11
Y H
-2 ;'
-3 )
-4 7\’:\\1”| 16 \
-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 -4 -3 -2-1 0 1 2 3 4 5 6 7

PC1 (81.1 %)

PC1(78.3 %)

Fig. 2. GGE biplot analysis regarding the studied traits in broad bean accessions.
Accessions: 1, Fb1896; 2, Fb1903; 3, Fb 1929; 4, Fb 2481; 5, Fb 2486; 6, Fb 3270; 7, BGE 002106; 8, BGE 029055; 9, BGE 032012; 10, BGE 041470; 11, BGE 043776;

12, BGE 046721; 13, FbH 13; 14, FbH 14; 15, FbH 15; 16, FbH 16; 17, BGP.

In Figure 3, a, the X axis (or the line of the average yield of
the broad bean accessions) passes through the beginning of the
coordinate system with an arrow indicating the positive end of
the axis. The axis Y of the coordinate system (axis of stability)
also passes through the beginning of the coordinate system
perpendicular to the X axis. Thus, the average yield of the
accessions can be estimated from the projection of their mark-
ers along the X axis, and the stability — from the projection

along the Y axis. Accessions FbH 14, BGE 041470, Fb 2486
had the highest average yield, and Fb 3270, BGE 043776,
Fb 2481 and Fb 1929 — the lowest one. The yield in FbH 14,
BGE 041470, BGE 029055, Fb 1896 and Fb 1929 was the
most variable, whereas Fb 2481, FbH 16 and BGE 046721
were distinguished with high stability.

The graphical analysis also enables to be determined ac-
cessions that combine high yield and stability. The center of
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Fig. 3. GGE biplot analysis regarding seed yield in broad bean accessions.
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Accessions: 1, Fb1896; 2, Fb1903; 3, Fb 1929; 4, Fb 2481; 5, Fb 2486; 6, Fb 3270; 7, BGE 002106; 8, BGE 029055; 9, BGE 032012; 10, BGE 041470; 11, BGE 043776;

12, BGE 046721; 13, FbH 13; 14, FbH 14; 15, FbH 15; 16, FbH 16; 17, BGP.

Table 4. Correlation coefficients between stability parameters and seed weight per plant in broad bean accessions

Parameter bi Si? a; N o? PP w2 2 Si,
s S
al ......................................... S L
}\I ......................................... T L
s P e S i
o P e L
e T e s i
. WI ........................................ S S S S S L
o 2 ....................................... S PRI S s i
o We|ght per p R P e S S S S S

Note: bi, Si2 - Eberhart and Russell (1966); a;, \; - Tai (1979); 62 - Shukla (1972); PP - Plaisted and Peterson (1979); W2 - Wricke (1965); W; - Annicchiarico (1992);

Si; —Huehn (19904, b). Significant at ** p < 0.01, * p <0.05.

the concentric circles (Fig. 3, b) presents the position of the
“ideal” genotype, which is defined by the projection of the
environment axis determined by the longest vector of geno-
types with yield above the average and lower projection of the
perpendicular line (low variability in all environments). More
preferred is this one, which is closer to the “ideal” genotype.
In our study, BGE 046721, BGE 032012, FbH 13, Fb 1903,
FbH 15 and FbH 16 were located closer to the center of the
concentric circles, so they can be defined as close to the ideal
type with regard to the magnitude and variability of seed yield
compared to the rest accessions.

Correlation analysis

The results of the correlation dependences between seed
weight per plant and the stability parameters were presented in
Table 4. The average productivity of the accessions positively,
strongly and significant correlated with the parameters bi
(r=10.530) and a; (R = 0.530). For the remaining parameters

9290

(especially PP, W2 and Si?), the correlation was also positive
but statistically insignificant and weaker.

The coefficient of regression bi interacted positively with
the other parameters, especially with the parameter a; (r =
=0.990). The parameter Si? (Eberhart, Russel, 1966) was in
positive dependence with A; ( = 0.99), PP (» = 0.769) and
W2 (r = 0.769). Strong positive correlations at a high level
of statistical significance were found between W2 and the
parameters A; (» = 0.769) and PP (» = 0.990).

The only negative correlations were established between
the parameter Si, (Huehn, 1990a, b) and Si2 (Eberhart, Russel,
1966) (r =—-0.299) and W; (r =—0.371), as well as between
W; and respectively PP ( = —0.395) and W2 (» = —0.395).

Discussion

According to (Ilchovska, 2008), for a more objective assess-
ment of the genotype-environment interaction, the studied
cultivars (genotypes) should be studied in a wider range of en-
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vironmental conditions. Some researchers (Yan, Tinker, 2006;
Farshadfar et al., 2011) considered that in order to monitor
the model of interaction between genotype and environment,
and to better interpret the results, it is appropriate to use the
biplot analysis. This polygonal graphic model represented the
behavior and the interaction of genotypes in different environ-
ments, the differentiation of environment and also the specific
environment for each of the genotypes studied.

The data obtained in this study regarding the interaction of
genotype and environment confirmed the results of researches
in other crops. In spring vetch, Sayar (2017) found that the
factor ‘environment’ had the greatest impact on the yield,
followed by the GE interaction and the factor ‘genotype’.
The presence of a considerable share of the factor ‘environ-
ment’ on the manifestation of main quantitative traits was
reported by Tilahun et al. (2015) and Kanouni et al. (2015) in
chickpeas, and by Sayar and Han (2016) in peas. Mortazavian
et al. (2014) expressed an opinion that the stability analysis
of the traits acquires important meaning when the effect of
GE interaction is considerable.

The results of the correlation analysis of the data in our
study were in support of the conclusions reached by other
authors (Paula et al., 2014; Bornhofen et al., 2017) regarding
the presence of positive relationships between the stability
parameters and some main quantitative characteristics. Ac-
cording to Annicchiarico (2002), one of the possible expla-
nations of this fact is that these methods (to determine the
parameters mentioned) are related to the concept of static
stability, which is obtained independently of the average
expression of a given trait. The choice (made by these me-
thods) may lead to the selection of stable but not necessarily
productive genotypes.

Cargnelutti et al. (2009) concluded that the significant
positive relationships between the parameters of the different
methods showed that, in terms of stability, genotypes were
evaluated in a similar way. The authors stated that the me-
thods can provide much information and that only one method
for stability evaluation would be sufficient to select the best
genotypes. However, even in a strong relationship between
the methods, the genotype position could be different in the
different methods.

According to Balashova et al. (2013), one of the main tasks
in the breeding of leguminous crops, including broad bean,
was the seed yield stabilization. The authors considered that
this problem can be solved by changing the idiotype of plants.
According to them, one of the reasons for reducing the grain
yield was the excessive increase in height and the lodging of
plants. This was due to the fact that cultivars continue their
vegetative growth after the formation of reproductive organs,
especially in humid climatic conditions. For this reason,
breeders’ efforts should be directed to changing the plant habi-
tus and development of highly productive determinant forms.

Conclusions

The results of the variance analysis in 17 broad bean acces-
sions showed a significant genotype x environment interaction
for all quantitative traits (excluding pod width). The factor
environment had the greatest impact on the phenotypic mani-
festation of the traits, followed by the factors genotype and
genotype X environment interaction.
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In terms of plant height and Ist pod height, accessions
FbH 16 and FbH 13 can be determined as high (79 cm, 35 cm)
and ecologically stable (bi = 0.76, bi = 0.79). BGE 029055
was low variable, with high values of the number of pods (15)
and seeds (41) per plant.

Accessions FbH 14, FbH 16, FbH 15 and BGP were distin-
guished by high seed weight per plant (from 28.36 to 34.93 g),
but they exhibited instability (bi > 1) under unfavorable en-
vironmental conditions. In contrast, Fb 1903, BGE 043776
and Fb 3270 were very stable (bi < 1) but low-productive.
Intermediate positions occupied accessions Fb 1896, Fb 1929,
Fb 2481, Fb 2486, BGE 002106 and BGE 029055, which had
the coefficient of linear regression close to 1, but they were
also low-productive. Interesting from a breeding view point
was BGE 041470, which is characterized by high values of
100 seeds mass (101.38 g) and seed weight per plant (32.14 g),
as well as with relative stability (bi = 1.10).

GGE biplot analysis determined accessions BGE 046721,
BGE 032012, FbH 15 and FbH 16 as a promising breeding
material combining high and stable seed yield.
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Efficiency of using SNP markers in the MSTN gene
in the selection of the Pushkin breed chickens

N.V. Dementeva, A.B. Vakhrameev, T.A. Larkina, O.V. Mitrofanova &
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In the poultry industry, indicators reflecting the growth rate of young stock and the exterior characteristics
of chickens are important benchmarks for breeding. Traditional selection based on phenotypic evaluation is
characterized by low efficiency with a low character inheritance ratio and is difficult to apply in small groups
of animals and birds bred in bioresource collections. The use of molecular genetic markers associated with eco-
nomically important traits makes it possible to carry out early selection of birds. This entails an increase in the
profitability of the poultry industry. Recently, single nucleotide polymorphisms (SNPs) have served as convenient
markers for selection purposes. For five generations (P1-P5), an experimental selection of hens of the Pushkin
breed was carried out for live weight. It was based on selection for single nucleotide polymorphism rs313744840
in the MSTN gene. As a result, a significant increase in the frequency of allele A in this gene, from 0.11 to 0.50,
took place. The association of SNP markers with meat qualities in the experimental group led to changes in the
exterior profile of an adult bird at 330 days of age. The individuals with the AA and AG genotypes had the great-
est live weight and longest body. As a result of selection, the bird on average became larger due to an increase
in the number of heterozygous individuals with long bodies and large chest girths. The depth of the chest and
the width of the pelvis increased due to an increase in the frequency of allele A in the experimental population.
A tendency towards an increase in these indicators with the substitution of G with A in the genotype was found.
Saturation of the population with desirable alleles led to an increase in the average live weight of the chickens.
Analysis of the exterior parameters of adult birds showed that this growth is achieved by increasing the depth
and volume of the bird body, and not by increasing the length of the limbs. Thus, marker selection carried out for
five generations in the experimental population of Pushkin breed chickens to increase body weight has reliably
(p < 0.001) changed the exterior profile of adult birds.

Key words: PCR-RFLP; polymorphism; myostatin; chickens; marker selection; exterior.
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OPPEKTUBHOCTD UCIIOIb30BaHMsI SNP-MapKepoB
B reHe MSTN B ceJjIeKIn Kyp NYIIKMHCKON IMTOPOAbI
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Bcepoccuitcknii HayyHo-UccnefoBaTENbCKUN MHCTUTYT FEHETUKM 1 Pa3BeAeHNA CeNbCKOX03ANCTBEHHbBIX XKUBOTHbIX —
dunuan GepepanbHOro HayYHOro LeHTpa XMBOTHOBOACTBA — BUXK nm. akapemuka J1.K. SpHcta, MywkuH, CaHkT-MeTepbypr, Poccua
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B nTLeBoaCTBe NOKasaTenu, oTpaXkatoLme MHTEHCMBHOCTb POCTa MOJIOAHAKA M SKCTePbePHble XapaKTepucTukn
Kyp, — BaXKHble OPUEHTVPbI ANs cenekunn. TpaanLMOHHBI CeneKUMOHHbIN 0TOOP, OCHOBaHHbIN Ha GeHoTUMnYe-
CKOW OL|eHKe, OT/IYAEeTCA HEBbICOKON 3GeKTUBHOCTBIO NMPY HU3KOM Ko3dduLmeHTe HacnegyemocTy NprusHa-
Ka, 1 B MafIOYMNCIIEHHbIX MPYMMax »KMBOTHbIX U MNTUL, Pa3BOAUMbIX B BMOPECYPCHBIX KOMIEKLUAX, EFO CIIOXKHO
NpUMeHATb. /Icnonb3oBaHne MONEKYNAPHO-TEHETUYECKNX MaPKePOB, CBA3aHHbIX C SKOHOMUYECKM 3HAYNMbIMUN
npri3HaKamu, MO3BOJIAET MPOBOAUTL PAHHUI OTOOP NTULbI. ITO BNEYET 3a OO0 NOBbILLEHNE PEHTAOEBHOCTY
NTULUEBOACTBa. B nocnegHee Bpema yao6HbIMU ANA CeNeKUMOHHBIX Leniell MapKkepaMun Ciy»KaT OfHOHYKIeo-
TgHble nonvmopdusmsl (SNP). B onbITHOM nonynaumn Kyp NyLWKUHCKON NOPOAbl B TeUeHMEe NATA MNOKONEeHNN
(P1-P5) npoBofmnm MapKepHyto cenekuuio Ha yBesimyeHmne X1Bom Maccbl. B ee ocHoBe 6b11 0T6OP NO OAHOHY-
KNeoTaHOM 3ameHe rs313744840 B reHe MSTN. B pe3ynbTaTe 0T60pa 3a 3TOT Neprof NPou30LLIo 3HaUnUTeNbHOE
yBenunuyeHne yactotbl annena A B 3Tom reHe: ¢ 0.11 go 0.50. Accounauma SNP-mapkepa ¢ MACHbIMU KayecTBaMu B
OMbITHOW rpynne Kyp NpuBena K U3MEHEHUAM SKCTEPbePHOro Npodus B3pociol NT1Lbl B Bo3pacTte 330 gHeN.
Hanbonbluen »nBoi Maccoi 1 JfIVHHBIM KOPMYCOM OTAnYanmcb ocobm ¢ reHotunamm AG n AA. B pesynbrate ce-
neKkuun NTrLa B CpefHEM CTana KpynHee 3a CYET yBeIMYEHUS KONMYeCTBa reTepo3nroTHbIX 0Cobel ¢ AfIVHHbIM
Koprycom 1 6onbwmm obxBaTom rpyau. MMybmHa rpyam u WwmnpriHa Tasa yBennymincb napaanenbHo C poCcToM
YyacToTbl annens A B onbiTHOW nonynaumn. O6Hapy»KeHa TeHAEHUMA K YBENIMUYEHNIO STUX NOKasaTenen npu 3a-
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Efficiency of using SNP markers in the MSTN gene
in the selection of the Pushkin breed chickens

MeHe G Ha A B reHoTune. HacblleHre nonynsauym >enateslbHbIMY aniensmy NprBENo K POCTy CPefHMX NoKasa-
Tenewn XnBoW Macchbl Kyp. AHanm3 sKCTepbepHbIX MapameTPoB B3POCION NTULLbI MOKa3as, YTo 3TOT POCT JOCThra-
€TCsA 3a cYeT yBenmueHrs ry6rHbl 1 06beMa Kopryca NTHLbl, @ He pocTa ASIMHbI KOHEYHOCTEN. Takum o6pasom,
B OMbITHOM MOMYNAUMU Kyp MYLIKAHCKOW MOPOAbI Ha MPOTAXEHUW NATW MOKONEHU NpoBefeHa MapKepHas
ceneKkuys Ha yBenMYeHMe XMBOI MacCbl, KOTopas [OCTOBEPHO (p < 0.001) n3MeHMNa 3KCTepbepHbI NPodub

B3pOCJ'IOIZ nTndbl.

KnioueBble cnosa: MUP-MAP®; nonmopdusm; MMOCTaTWH; Kypbl; MapKepHasa cenekums; sKcTepbep.

Introduction

In the poultry industry, indicators reflecting the growth rate of
young stock and the conformation characteristics of chickens
are important breeding benchmarks. The use of molecular
genetic markers associated with economically important
traits allows for the early selection of birds, which entails an
increase in the profitability of the poultry industry. Recently,
single nucleotide polymorphisms (SNPs) have served as con-
venient markers for this purpose. Chicken genomes include
13.93 millions such polymorphisms (Boschiero et al., 2018).
Since the identification of SNP is not difficult and the search
focuses only on genetic sequences of interest, this reduces the
time and cost of evaluation (Smaragdov, 2009).

Currently, there are many studies in the world aimed at
identifying genomic associations between individual SNPs
and breeding traits in chickens (Fornari et al., 2014; Cruz et
al.,2015; Grupioni et al., 2017). This abundance of identified
links in the future can help in the mapping of polymorphisms
deterrmining complex traits in poultry. Modern technologies
based on work with SNP chips make it possible to identify
genome-wide associations for growth rates in chickens (Zhang
etal., 2015). But selection by individual markers continues to
be a convenient tool for achieving genetic progress in popula-
tions of farm animals and birds. It is especially relevant when
breeding small and gene pool populations of chickens.

Traditional selection is based on a phenotypic evalua-
tion, characterized by low efficiency and complexity. It is
not always possible to use it for quantitative traits, as well
as for small groups of animals and birds, which are usually
the populations bred in bioresource collection farms. In this
case, it is reasonable to use marker-based selection methods,
the so-called MAS (marker-assisted selection) (Khlestkina,
2014). This way allows breeders to choose farm animals
with high rates of breed specific traits and reproduction early
and efficiently. This is a selection process that focuses on the
trait of interest based on genetic markers associated with it
and leads to the accumulation of individuals in the population
with the desired combinations of genes (Collard et al., 2005).

When using this method on birds with a small popula-
tion size, it is necessary to control genetic diversity. Similar
studies were carried out on indigenous chicken breeds (Li
et al., 2008; Guo et al., 2016). Until now, genetic studies of
the conformation traits of the birds have been focused on the
qualitative indicators of the appearance of the birds, such as
color and shape (Sun et al., 2015; Guo et al., 2016). At the
same time, live weight and conformation traits are important
goals of breeding in the poultry industry. Consequently, one
should not overlook the search for links between genomic loci
responsible for the growth and accumulation of muscle mass.

994

One of these genes that directly affects the body weight of
various animals and humans which has been under investiga-
tion for the past twenty years is myostatin gene MSTN (Zhang
etal., 2012). Myostatin, a protein that inhibits the growth and
differentiation of muscle tissue in the body, acts as a negative
regulator of skeletal muscle mass. This protein is secreted by
muscle cells and acts on the basis of feedback regulation. With
increasing muscle mass increases the secretion of myostatin,
which inhibits further muscle growth.

Natural mutations that lead to a decrease in the amount
of myostatin and/or suppress its function were identified in
various species of animals and birds, including chickens. In
latter a large number of SNPs have been found in this gene
and their effect on growth rate, reproductive parameters and
meat quality have been documented (Baron et al., 2002; De-
menteva et al., 2017). In addition, mutations in non-coding
regulatory regions were identified in various breeds of sheep,
pig, dog, and chicken, which affect the expression level of
MSTN, and, consequently, growth and muscle mass (Hu et
al., 2013). The effect of SNP in this gene on live weight under
various growing conditions and mortality of chickens was
studied (Ye et al., 2007).

The aim of our study was to determine the effect of the
conducted MAS by rs313744840 SNP in the myostatin gene
on the conformation traits of Pushkin chicken breed from
the Russian Research Institute of Farm Animal Genetics and
Breeding bioresource collection farm.

The specific tasks of the research included tracing the dy-
namics of the rs313744840 allele frequency in the myostatin
gene in the population of Pushkin chicken breed over a number
of years, and also analyzing the associations of rs313744840
replacement in the myostatin gene with the conformation
traits of poultry.

Materials and methods
The material for the study was DNA isolated from the blood
of hens and cocks of the experimental population of Pushkin’s
breed, which was selected during five generations (P1-P5) for
rs313744840 replacement in the MSTN gene and live weight.
This population was formed on the basis of the Russian
Research Institute of Farm Animal Genetics and Breeding
bioresource collection farm “Genetic collection of rare and
endangered breeds of chickens” (Pushkin, St. Petersburg).
At birth, chickens were individually tagged. During raizing,
they were regularly weighed in 7, 33, 80 and 90 days. At the
same time there was a culling of sick or injured chickens. Birds
with the desired genotype for replacement in the myostatin
gene was selected in the breeding core, whose representa-
tives at the age of 330 days were weighed and evaluated by
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conformation traits. In addition, in the P2—P4 generations the
selection of chickens by weight was not carried out. In the
PS5 generation, a strict culling of chickens was carried out and
birds with an increased growth rate, high body weight and
good egg production of mothers was taken to the breeding
core, even if their genotype for rs313744840 replacement in
the MSTN gene was different from the desired one. The fol-
lowing traits were measured: body length, chest girth, tarsus
girth, keel length, tarsus length, hip length, chest depth, pelvis
width, chest width in the clavicle, chest angle. As a control,
a population of chickens of Pushkin breed from the same
bioresource collection farm was taken, which was contained
under similar conditions in group breeding.

Blood for DNA extraction was collected at the age of 33
days from a wing vein into a microtube containing 50 ul of 0.5
mM EDTA Ph 8.0 as an anticoagulant. Samples were stored
at—20 °C until use. Genomic DNA was isolated by a standard
phenol-detergent method.

Detection of a single nucleotide polymorphism was per-
formed using the PCR-RFLP method. Tools for the detection
of SNP are presented in Table 1. Polymerase chain reaction
was performed according to the previously described proce-
dure (Mitrofanova et al., 2017).

For electrophoresis, 1.5 % agarose gels containing ethidium
bromide fluorescent dye and TBE buffer (45 mM Tris-borate,
1 mM EDTA) were used. The mixture after restriction reac-
tion was introduced into wells of the gel. Electrophoresis
was carried out for 1 h at an operating voltage of 150 V. The
fluorescence signal was photographed in the gel documenta-
tion system (Kodak).

Based on the genotyping, one-factor analysis of variance
was performed to identify differences in productive charac-
teristics in the SigmaPlot software package (version 12.0.5)
based on the Shapiro—Wilk criteria and the Students ¢-test.

Analysis of differences in conformation traits in chicken
genotypic groups was carried out using the analysis of vari-

Table 1. Single nucleotide polymorphism detection tools
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ance analysis for multiple comparisons (All Pairwise Multiple
Comparison Procedures).

Results

For five generations (2012-2016) in the experimental
population of Pushkin’s chicken breed, selection was made
to increase the frequency of the allele A by replacement in
rs313744840 locus in MSTN gene. As a result of the selection
over this period, there was a significant increase in the
frequency of allele A from 0.11 to 0.50 (Table 2).

Since the critical ¥ is 3.84, violation in Hardy—Weinberg
equilibrium was observed in the P3 generation due to an ex-
cess of GG homozygotes, and in the P5 generation — due to
an excess of heterozygotes.

As part of the study of the association of SNP marker with
meat qualities in the experimental group, a comformation
evaluation of adult birds aged 330 days was carried out.
According to the results in the P5 generation evaluation, the
selection carried out reliably increased (p < 0.001) the length
of the body, the girth and depth of the breast, the length of the
keel, the width of the breast, the length of the tarsus and the
width of the pelvis in chickens of the experimental population
compared to the control group (Table 3). The chest angle in
P5 chickens increased in comparison with the chickens of the
previous P4 generation, but did not differ from the chest angle
of chickens of the control population.

Table 4 presents the analysis of differences between geno-
types in chickens in the P5 generation of the experimental
population by replacement in rs313744840 locus in MSTN
gene. The heterozygotes of AG differed from other individuals
in body weight and on average weighed 2731 £ 59 g. They
showed a significant increase in body size by three traits (body
length, taped body length, diagonal body length). By the traits
ofthe chest depth, the chest width at clavicle, the pelvis width,
there is a tendency to trait increase when replacing G with A
in the genotype.

SNP Replacement Annealing tem-  Primers (3'-5") Endonuclease  Fragment size,
perature, °C bp
rs313744840 A/G 60 aaccaatcgtcggttttgac Mspl 297,260, 37
cgttctctgtgggctgacta

Table 2. Dynamics of changes in the frequencies of genotypes and alleles for the replacement in rs313744840 locus in MSTN gene
in the course of directed selection in chickens of the Pushkin breed of the bioresource collection farm

Chicken Indicator Genotypes

generation AA AG

Allele x2
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Table 3. Conformation evaluation of the experimental population of Pushkin chickens (populations P4 and P5)

in comparison with the control population

Trait Population p-values
P 4 . ( n =93) ........................ P 5(n= 9 7 .......................... C ontro| (n=20) .............

Liveweightat330days,g 2430+20 2707£341° 2500£80 fa-1b;1b-1c-p<005
‘Bodylength,cm 18710002 1949£007° 1823£020% 2a-2b; 2b-2; 2-2 - p < 0,001
Breastgirthcm 3461£052% 3524£015% 3155£034% 3a-33b-3c-p<0001
Tarsusg"thcm .................................. 4 0210034081002 ......................... 3 85106 ........................... N on5|gn|ﬁcant ...........................
Tarsuslength,cm,cm 1033£000% 1064£007% 10152010  da-dbj4b-dc-p<005
H|p|engthcm .................................... 10661030 ...................... 10101007 ...................... 9 771034 ......................... N on5|gn|ﬁcant ...........................
Breastdepth,cm 1139£008% 1229£008% 11382012 5a-5b; 5b-5c-p<0001
Peliswidth,cm 872£006% 936+006® | 866+025% 6a-6b; 6b-6c—p <0001
Breastwidth at lavicle,cm 707£006" 756£006® 672£008 7a-7b;7b-7c-p<0001
Breastangle, degrees 7704£034% 8060+047% 8121+146% 8a-8b; 8a-Bc-p<0001
K e e .I. |e ngthc m ................................... 1121i0 07 ...................... 1135J_ro O 7% ................... 1095i0 1 69c .................... 9 b9 c _p< O O 0 1 .........................
Table 4. Conformation evaluation of the experimental population of P5 chickens of various genotypes
by rs313744840 replacement in MSTN gene

Trait Genotype p-values

Discussion

The myostatin gene in chickens in our work was selected for
use as a selection criterion. Interest for its investigation does
not fade. Various allelic variants has been identified, the rela-
tionships of single nucleotide substitutions in this gene with
productive traits in various animals has been determined (Ye
etal.,2007; He et al., 2013; Hope et al., 2013; Tu et al., 2013;
Dementeva et al., 2017; Mitrofanova et al., 2017; Rooney et
al., 2017). There are studies confirming the associative links of
SNPs in the region of the myostatin gene with the growth rate
of young chickens and body weight (Dushyanth et al., 2016).

996

Study of the results of chicken breeding by the marker allele
of the myostatin gene in non-industrial breeds yet was not
conducted. At the beginning of our work, several SNPs in
the myostatin gene (Dementeva et al., 2018; Mitrofanova,
Dementeva, 2018) were under study, but only the replacement
in the rs313744840 position of this gene was effective for
selection for live weight in birds. The marker-assisted selec-
tion in the Pushkin gene pool breed has been carried out for
5 years. As a result, an increase in live weight of the experi-
mental chicken population along with a shift in the frequency
of occurrence of allele A from 0.11 to 0.50 was achieved.

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 201923 -8



H.B. lemeHTbeBa, A.b. Baxpamees
T.A. NapkuHa, O.B. MutpodaHoBa

The violation in Hardy—Weinberg equilibrium is observed
in the P3 generation due to the disproportionate selection of
AAhomozygotes compared with the P2 generation, and in the
PS5 generation due to an excess of heterozygotes taken into the
breeding core by their productivity criterion. In the course of
breeding, the main selection criterion for hens was not only the
genotype of the individual, but also the reproductive qualities
of mothers (egg production, egg mass). Perhaps the increase
in the pelvis width (see Table 3) was a consequence of the
selection for egg mass increase.

The association of the SNP marker with meat qualities in
the experimental group led to changes in the conformation
profile of an adult bird at 330 days of age. An analysis of dif-
ferences in conformation traits between genotypes showed
that individuals with a heterozygous and AA genotypes were
characterized by the greatest live weight and body length.
For these genotypes, there was a significant increase in the
size of the body by three traits: body length, taped body
length, diagonal body length. As a result of breeding, birds
on average became larger due to an increase in the number
of heterozygous individuals in a population with a long body
and a large chest girth. The chest depth and the pelvis width
increased due to an increase in the frequency of allele A in
the experimental population compared to chickens from the
control group. A tendency to an increase in these traits with the
replacement of G by A in the genotype was found. Since the
selection was carried out over several years, one can witness
the saturation of the population with the desired alleles that led
to an increase in the average chickens live weight. Analysis of
the conformation traits of adult birds demonstrated that this
increase is achieved by increasing the depth and volume of
the bird body, and not by limbs elongating.

Conclusion

Thus, marker-assisted selection conducted for five genera-
tions in the experimental population of Pushkin chicken breed
resulted in body weight increase. Breeding carried out on this
population changed the conformation profile of adult birds
at 330 days of age (» < 0.001). There was an increase in the
body length, chest girth and depth, the keel length, the chest
width, and the pelvis width.
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Accoumanysi OMHOHYKJIEOTUIHOTrO rnmoammMopduimMma rs110861313
B MEXI'€HHOM palioHe XpOMOCOMBI 23 C pa3BUTIMEM JIeliKO3a
Y KPYITHOT'O POraTOro CKOTa YepHO-IIeCTPOI IIOPObI
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HefjaBHO ¢ NOMOLLbI0 MOSIHOFEHOMHOTO aHaIM3a accoLmaLmii 610 AEHTUOVLMPOBAHO HECKOBbKO OfHOHYKNEeOoTHA-
HbIX nonmmopdusmos (OHI), cBA3aHHbIX C YYBCTBUTENBHOCTbIO KPYMNHOro poratoro ckota (KPC) K nenko3sy. OgHako
BCe 3TV UCCNei0BaHWsA ObiNv BbIMOIHEHbI Ha >KMBOTHBbIX FOMLUTUHCKON MOPOfbl U VX rMbpraax. B cBA3m ¢ 3TMm akTyanb-
Ha npoBepKa UHGOPMATUBHOCTY BbIABNIEHHbIX PaHee reHeTUYeCKnX MapKkepoB ana poccuiickux nopoa KPC. Lienbio
nccnefoBaHna 6bina nposepka accoumaumm OHM rs110861313 B MeXreHHOM Y4acTKe XpOMOCOMbI 23 C IENKO30M Y
yepHo-nectpoii nopoabl KPC. Mpu rematonornyeckom NccnefoBaHUy KPOBU XUBOTHBIX, B CbIBOPOTKE KPOBU KOTOPbIX
ceponornyeckuMn MeTogamm obHapyKeHbl crieyuduueckme aHTuTena K BUpycy neiikosa KPC, 6binv chopmMmnpoBaHbl
TPW Fpynnbl: 30POoBble XXUBOTHbIE (N = 115), 6eccumnToMHble BUpYycoHocuTenw (n = 145) n 60nbHble NENKO30M XUBOT-
Hble C NepCcUCTEHTHBIM NnMdounTo3om (n = 107). feHoTunuposaHmne OHIM rs110861313 NnpoBoAWAM C UCNONb30BaHEM
NnonMMepasHoON LernHon peakuuy ¢ nociegyowmnm aHannsom nonmmopdusma AimH pecTpuKLMOHHbIX GparmMeHTOoB.
BblABNeHo fJoCTOBepHOE CHUKeHMe YacToTbl reHoTna A/A (11.2 %) y XKMBOTHbIX C MEPCUCTEHTHBIM TMMPOLUTO30M
no cpaBHeHWIo C BUpycoHocuTenamm (27.6 %) (p < 0.002). YactoTa xMBOTHbIX € reHoTUnom C/C y XXMBOTHbIX C Nepcu-
CTEHTHbIM NMdounTo30M (41.1 %) Gblla JOCTOBEPHO Bbille, YeM y BUpycoHocuTener (21.4 %) (p < 0.001). Mpu 3Tom
6eCCMMMNTOMHbIX BUPYCOHOCUTENEN MOXKHO cunTaTb 6onee afeKBaTHbIM KOHTPOJEM, YEM 3[0POBbIX, HO HE KOHTaKTV-
POBaBLUNX C BUPYCOM XIMBOTHbIX. [0 AaHHBIM BMOMHGOPMATNYECKOTO aHanm3a, yCToMYMBOCTb K MHGEKLUY BUPYCOM
neriko3a KPC moxeT 6bITb CBsi3aHa € Hannumnem B paoHe OHIM rs110861313 caiita CBA3bIBaHUA TPAHCKPUMNLIVIOHHOIO
¢dakTopa FOXM1, KOTOPbIN 3KCMpeccMpyeTca B KNeTKax MMMYHHOW CUCTEMbl U MOTEHLMANbHO MOXET B/IMATb Ha SKC-
npeccuto 6rvkanwmx reHoB (LY6G5B, GPANK1, ABHD16A, LY6G6F, LY6G6E, CSNK2B, ApoM). Takum obpa3om, Hamu ycTa-
HoBneHo, uyto OHIM rs110861313 B MeXreHHOM y4yacTKe XpOMOCOMbI 23 acCOLMMPOBAH C pa3BUTUEM NleKo3a MpU WH-
buULMpPOBaHNM BUPYCOM NIEKO3a Y XKMUBOTHbIX YepHO-MecTpoit nopogbl KPC.

KnioueBble c/loBa: KPYMHbIN pOraTbiil CKOT; YepPHO-NeCcTpasa NOPOAa; NENKo3; BUPYCOHOCUTESTb; MEPCUCTEHTHDIN NUMO-
LMTO3; OOHOHYKeOTUAHBIN nonnmopduram; rs110861313; accoumayus.

Ana yutnposaHua: AntHasapos Pb., WrHatbeBa E.B., Arapkosa T.A., iBoernasos H.l,, Ocunosa H.A., Xpamuos B.B.,
tOaunH H.C. Accoumanma ogHoHykneotnaHoro nonumopdrsma rs110861313 B MeXXreHHOM paioHe XPOMOCOMbI 23 ¢ pa3-
BUTUEM NEiKo3a Y KPYNMHOro poratoro cKkota YepHo-necTpor nopofbl. BaBUNOBCKNIA XypHan reHeTUKN 1 cenekumm.
2019;23(8):999-1005. DOI 10.18699/VJ19.576

Single nucleotide polymorphism rs110861313
in the intergenic region of chromosome 23 is associated
with the development of leukosis in the Russian Black Pied cattle
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In recent years, using a genome-wide association study (GWAS), a number of single nucleotide polymorphisms (SNPs)
have been suggested to be associated with susceptibility to leukemia in cattle. However, all studies have been done
with purebred Holstein cows and their hybrids. In this regard, it is important to confirm the functional role of polymor-
phisms previously identified in a GWAS study in Russian cattle breeds. The aim of this study was to verify the association
between rs110861313 in the intergenic region of bovine chromosome 23 and leukemia in the Russian Black Pied cattle.
Based on the levels of bovine leukemia virus (BLV)-specific antibodies detected in serum using serodiagnostic tech-
niques, animals were divided into three groups: healthy animals (n = 115), asymptomatic virus carriers (n = 145) and
animals with leukemia (n = 107). Genotyping of rs110861313 was carried out using polymerase chain reaction followed
by analysis of restriction fragment length polymorphisms. A significant decrease in the frequency of the A/A geno-
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Polymorphism rs110861313 is associated
with the development of leukosis in cattle

type (11.2 %) was revealed in animals with persistent lymphocytosis compared to virus carriers (27.6 %) (p < 0.002).
At the same time, the frequency of animals with the C/C genotype in animals with persistent lymphocytosis (41.1 %)
was significantly higher than that of virus carriers (21.4 %) (p < 0.001). In this case, asymptomatic virus carriers can be
considered a more suitable control than healthy animals that have not been in contact with the virus. According to
bioinformatics analysis, resistance to BLV can be due to the presence of the transcription factor FOXM1 binding site in
the region of rs110861313. FOXM1 is expressed in immune cells and can potentially affect the expression of the neigh-
boring genes (LY6G5B, GPANK1, ABHD16A, LY6G6F, LY6G6E, CSNK2B, ApoM). Thus, we found that SNP rs110861313 in the
intergenic region of bovine chromosome 23 is associated with the development of leukemia following BLV infection in
the Russian Black Pied cattle.

Key words: cattle; Russian Black Pied cattle; bovine leucosis; virus carrier; persistent lymphocytosis; single nucleotide
polymorphism; rs110861313; association.
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BBepeHune

Jleiixo3 kpymHOro poraroro ckora (KPC) — xpornueckas us-
(hexmoHHast 00JIE3HB, CBA3aHHAS CO 3JI0KAUECTBCHHBIM Pa3-
pacTaHHeM KJIETOK KPOBETBOPHBIX OPI'aHOB, B PE3YJIBTATE YETO
00pa3yroTCcs OT/ICNbHbBIE Oy X0JIEBble MAacChl K (D dy3Hast
nH(pUIBTpanys pa3INIHbIX TKaHEH U opraHoB. Bo3OyanTens
MHQPEKINN — OHKOTeHHBIH B-nmuMdonurorponsslii Bupyc
nerko3a kpymnHoro poraroro ckora (BJIKPC), otHOCsmuiics
K cemeicTBy perpoBupycoB (Gillet et al., 2007). bruskum
poncteennukoM BJIKPC siBnsiercst T-nmumgoTporHblil BUpyC
yesoseka tuna 1 (T lymphotropic virus type 1, HTLV-I), BbI-
3bIBAOLIMN y uesoBeka T-Ki1eTouHbIH J1eliko3 U T-KIeTouHy0
muMdoMy. BorbIIMHCTBO HHPUIIMPOBAHHBIX )KUBOTHBIX — Oec-
CHUMIITOMHBIE HOCUTETH BUpyca. [IprHOInu3nTensHO Y ONHON
TpeTH MHOUIMPOBAHHBIX KUBOTHBIX PAa3BHBAETCS J100pO-
KaueCTBEHHAsl MOJMKIIOHAJIbHAs mponndeparnusi B-kimeTok
(nepcuctenTHbli JuMouuTos), a y 5-10 % — neranbHble
mumdouansie omyxonu (Ferrer, 1980; Burny et al., 1988).

B Poccun exeronno neiiko3 KPC HaHoCHT MHOTOMHUII-
JUApIHBINA yIiepO MOJIOYHOMY KMBOTHOBOJICTBY (Stepanova,
2016). ITockonpky k03(h(HUITUEHT HACIEAYEMOCTH TyBCTBH-
tesibHOCTH K BJIKPC cocrasmnsier ne menee 0.08, adpdextus-
HOM MEpOii TPOPHIAKTHKH 3TOr0 3a00ICBaHUS MOXKET CTaTh
reHoMHas cenekius (Abdalla et al., 2013). YcTouuBOCTh K
JIeiiKko3y CBsi3aHa C OOJIBIINM KOJIMYECTBOM T'€HETHYECKHUX
MapKEpPOB, MHOI'ME U3 KOTOPBIX Cl'IeHI/I(bI/I‘IHBI JUIS OTACIIBHBIX
nopox KPC (FOxun u ap., 20186). B wactHOCTH, HENaBHO ¢
MTOMOIIBIO ITOJTHOTEHOMHOTO aHaim3a accormanuii (GWAS)
OBLIO I/I}IeHTI/I(I)I/IHI/IpOBaHO HECKOJIBKO OJHOHYKJICOTUAHBIX
nonmuMopdHEIX MapkepoB (OHII), cBA3aHHBIX C YyBCTBH-
tesnpHOCThIO KPC k nadekin BJIKPC (Abdalla et al., 2016;
Brym et al., 2016; Carignano et al., 2018). Ho Bce 31 uc-
cienoBanus OputH BhIIONHEHBI HA KPC rommrruHcKoi 1mo-
ponel 1 ux rudpuaax. BBumy 3Toro IS poCCHHCKUX TOPO
KPC akryanbHa nmpoBepka HHHOPMATUBHOCTH FEHETUYECKUX
MapKepoB, paHee NACHTU(PHUIIMPOBAHHBIX C TIOMOIIBIO MOJIHO-
TEHOMHOT'O aHaJIM3a aCCOLUAIINH.

Ienwro nccnenoBanus Obl1a mpoBepka accouuanuu OHIT
rs110861313 B MEKT€HHOM y9acTKE XpPOMOCOMBI 23 ¢ Jeii-
KO30M y KPYITHOTO POTaTroro cKOTa 4YepHO-IECTPOr TOPOIbI.
Panee o pe3ynpraraM moTHOreHOMHOTO ananu3a 1ot OHIT
OBLT accoruupoBaH ¢ MpoBUpycHOI Harpyskoil BJIKPC u
KOJIMYECTBOM JICHKOIIUTOB B KPOBH Y TOJIIIITHHOB ¥ THOPHU/IOB
TOJIIIITUHOB ¢ uKepen B Aprertune (Carignano et al., 2018).

MaTtepwuanbl n metogbl
JKuortnble. MccnemnoBano 367 KOpoB YepHO-TIECTPOI TIOPO-
IteI B Bo3pacte 1.5-8 et u3 xo3siicte HoBocnbupcekoii oomac-
TH 1 Anraiickoro kpast. st 3a00pa BEeHO3HOH KpoBH Opaiu
BaKyyMHbIE MpoOupkH ¢ aHTtukoarynsaTom (I3ATA). uar-
HOCTHYECKHE PO PhI ITPOBOJIMIIH 110 OOIIENPUHSATOHN Me-
tomuke. Maunuposanusix BJIKPC KUBOTHBIX BBISBISUIH
C MPUMCHCHHUEM peaknuu ummyHoauddy3uu B rejie arapa
(PU[T) c momombto Habopa Tt CepPOIOTHIECKON JHAarHOCTH-
KM JIeliKo3a KpYIHOTO pOraToro ckota (rmpousBozactsa Kypckoit
61o(hadbpukn) U METOJIOM UMMYHO(DEPMEHTHOTO aHau3a
(U®DA), mpu ucrionszoBannu Tect-Habopa IDEXX Leucose
Serum Screening Ab Test. nenTudukanuio 60JbHBIX K-
BOTHBIX, a TaKkxke AU PepeHHaIbHYIO0 AUATHOCTHKY (hopm
n craanii 3a001eBaHNs OCYIIECTBISUIN IyTEM ITeMaToJIort-
YEeCKOro aHaJin3a KPOBH JKUBOTHBIX, B CHIBOPOTKE KPOBH
KOTOpBIX ceposorndueckumu metonamu (PUJI, MDA) Obimu
obHapyxkensl cnenuduieckue anrurena k BJIKPC. Konmye-
CTBO JICHKOIIMTOB ITOACYNTHIBAIIN TIOCPEICTBOM FeMaToJI0T U~
yeckoro ananu3aropa Mindray BC-288-Vet B coorBeTcTBHM
C MHCTPYKIHEH MO ero »Kcruryatanuu. [lpu oOHapyXeHHn
B IIpOO€ KPOBH IOBBIIICHHOTO KOJIMYECTBA JICHKOIIUTOB U
JUMQOIUTOB KUBOTHOE CUMTAIM OOJILHBIM JiciikozoM (Me-
TOJMYECKHE YKa3aHUS MO TUATHOCTHKE Jieiko3a..., 2000).
B pesynbrare >KHBOTHBIX pa3JelUIN Ha TPU TPYIIIBL: 310PO-
Bbie (n = 115), GeccumnToMHBIe BUpycoHOCHTENH (11 = 145)
u OompHbIC Jeiiko3oM (1 = 107). TIpoToKoN SKCIIEPHMEHTOB
0BT 0100peH kKomuccueit o ouodtuke UIul" CO PAH.
l'eHoTHIIMPOBaHNE OIHOHYKJIEOTHIHOTO MOJIUMOPdu3-
Mma rs110861313. I'eromuyio IHK Bbmensmn u3 mepude-
pUYECKOM KPOBH CTaHAAPTHBIM METOIOM IPOTEOUTHYE-
CKOM 00pabOTKH C MOCJEAYIONMICH IKCTPAKIUCH (eHOIOM
(Sambrook, Russell, 2006). [eHOTHTTHpOBaHKE aJIIEITBHBIX
BapuantoB OHII rs110861313 B MeXreHHOM y4acTke Xpo-
MOCOMBI 23 MPOBOIMIM C TIOMOIIBIO TTOIMMEPa3HOH IIeT-
HOW peaKUuy C MOCJIEAYIOINM aHAIN30M MOJUMOphu3Ma
JUINH pecTpUKIMOHHBIX (pparmenToB ([TLP-ITP®D). /Tuzaiin
npaiiMepoB u moabop ycnosuit I[P ocymecTsisiin ¢ uc-
nosib3oBaHueM nporpammbl Vector NT Bepcuun 11.5.1. Hy-
KJICOTH/IHBIC TIOCIIEN0BATEILHOCTH T€HOMA KOPOBBI (cOOpKa
Bos taurus UMD 3.1.1/bosTau8) nonydasiu u3 reHOMHOTO
opayzepa UCSC (https://genome.ucsc.edu/). DHIOHYKICa3y
pectpuknuu i renorunuposanust OHIT nonbupanm ¢ mo-
morpto niporpammel dCAPS (Neff et al., 2002).
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Jna nposenenus I[P npumensnu npamoit 5'-TACAA
AAACCCATCTAAAAGGGTGC-3" n obparusiit 5'-AAG
AAGCACCAGGACAAGCA-3' (momyepkHyTa 3aMeHa OT-
HOCHUTEJILHO peepeHCHON MOCIeI0BATEIbHOCTH KOPOBBI)
npaiimepsl. @parMenT 145 1. H. aMIITHUIMPOBAIH B 25 MKIT
peakunoHHO# cMecH, coaeprkamer 1x SE-Oydep u S en. ak-
tuBHoctH Taq JJHK-momumepasbr («Cuddu3uM», Poccust),
3 MM MgCl,, no 100 MxM kaxzaoro dNTP, no 0.2 MmkM
kaxnoro npaiimepa u 0.1-0.5 mxr JJHK. Pexum ammmudu-
kanuu: 35 muknos (95 °C—-30¢, 62°C—-30c¢, 72 °C—-30¢)
C TIpeaBapuTeNsHON AeHatyparmei mpu 95 °C — 3 muH. [Ipo-
JYKT aMIUTH(UKaIIU MOABEPTall PECTPUKIMN (PEepMEHTOM
AccB1 1 («Cub3Hu3um», Poccust) Ipu yCIoBUsIX, PEKOMEH-
JIyeMBIX TPOU3BOIUTENEM. AMIUTUKOH pasmepom 351 m. H.
00 ocTaBaJiCsl Hepa3pe3aHHbIM (reHoTun AA), mmbo ero
paspesanu Ha GparmeHTsl 326 u 25 n.H. (remotun CC) win
351, 326 u 25 m.H. (rerotun AC). DiaexTpodopeTndecKuit
aHaJIM3 MPOLYKTOB PECTPUKIHU MpoBoAMIHN B 4 % monu-
AKPpUJIAaMUIHOM I'€JI€ C OKpallIMBaHUEM 6pOMl/ICTI)IM STUAUEM.

Craructuyeckuii 1 GMouHGOpPMATHYECKUH aHAJM3BI.
[IpoBepKy OTKJIOHEHUS pacIpe/ie/ICHNsI TCHOTUIIOB OT PaBHO-
Becusi Xapau—BaliHOepra BBITOIHSIN C HCIOJIb30BaHHUEM
nporpamMbl Hardy—Weinberg equilibrium calculator (http://
www.oege.org/software/hwe-mr-calc.shtml). CpaBHenune
YacTOT TEHOTUIIOB U aJjieNiel MPOBOIMIN C IOMOIIBIO KPH-
Tepus 2 IS TaONUIBI CONPSUKEHHOCTH 2 X 2. Kpurraeckoe
3HAUCHNE YPOBHS CTAaTUCTUYECKOH 3HAUMMOCTH ITPU IPOBEP-
K€ HyJIEBBIX Tunore3 npuauManu paBHbM 0.05. PesynbraTst
o0OpabaThIBai ¢ TOMOIIBIO MakeTa Statistica Bepcun 8.0.

J171s1 OLIeHKH BO3BMOXKHOTO (PyHKIIMOHAIILHOTO d(phexTa Hy-
KIIEOTUTHOH 3aMeHbI B paiione mexkreHHoro OHITrs110861313
Ha MOTEHIMAIbHBIE CalThl CBA3BIBAHUS TPAHCKPHUIIIHOH-
HBIX (akTopoB ucnonb3oBanmu pecypc PERFECTOS-APE
(http://opera.autosome.ru/perfectosape). AHaIKU3 TPOBOIUIA
C TIPIMEHEHNEM JIaHHBIX O TO3UI[OHHBIX BECOBBIX MaTPUIIAX
CalTOB CBS3BIBAHNS TPAHCKPHUITIIMOHHBIX (DAKTOPOB UeI0BEKa
n3 6a3ps1 HOCOMOCO (Kulakovskiy et al., 2018). Paiionsr
JHK pasmepom 25 1. H., prmarkupyronre OHITrs110861313
¢ 5'- m 3'-KOHIOB, TOJy4aldu U3 cOOPKH IreHOMa KOPOBEI
Bos_taurus UMD _3.1.1/bosTau8 ¢ momoIip0 reHOMHOTO
6payzepa UCSC. IloporoBoe 3HaueHHe p-value, oreHmBa-
olee 10CcToBepHOCTh cxonctBa yuactka JJHK ¢ BecoBoit
MaTpUIel caiiTa, IPUHUMANHA PaBHBIM 5 * 10-4, Cuntanu, 4to
OHII nocToBepHO HapymIaeT CalT CBABIBAHUS TPAHCKPHII-
IIMOHHOTO (paKTOpa, €CJIN OTHOIICHHNE 3HAYCHUH p-value aist
pedepeHCHOTO U aJIETEPHATUBHOIO aJjUIeel ObUIO HE MCHEE
4. O¢urrrambHBIE CHMBOJIBI TEHOB, KOTUPYIOIIIX TPAHCKPHUTI-
oHHbIe Gaktopsl (T®P), cooTBeTcTBYIOMmMNE 00HAPYKEH-
HBIM TaKUM 00pa3oM caiiTaMm, WACHTH(PHUIUPOBAIN 110 0a3e
EntrezGene (http://www.ncbi.nlm.nih.gov/gene). ITockonpky
nHdopmarust 1o Buny Bos taurus BecbMa OrpaHHUYCHHAsI, B
3arpocax k 0azam Obu1 BeIOpaH Bux Homo sapiens. JlaHHbie O
TKaHEeCTeH(PUIECKOM XapaKTepe IKCIPECCHH TEHOB MOJTyYa-
i u3 6a36l qaHHBIX GeneCards (http://www.genecards.org/).

Pesynbratbl

Yactotsl renotunos 1 ateneir OHIT rs110861313 y Gob-
HBIX ﬂeﬁKOSOM, 310POBLIX JXMBOTHBIX U BprCOHOCHTeJ’leﬂ
TIpHUBEACHHI B Tabn. 1. Pactipenenenuie 9acToT TeHOTHITOB BO
BCEX M3YYCHHBIX BBIOOPKaX COOTBETCTBOBAJIO PABHOBECHIO

Accoumauyma nonmopdusma rs110861313 2019
C pasButmem nenkosa Y KPYNHOTro poraTtoro ckota 238
Table 1. Frequencies of genotypes and alleles of SNP
rs110861313 in animals of the Black-Pied cattle breed
with leukemia and in groups of healthy animals
and asymptomatic virus carriers
Geno-  Genotype (allele) frequency, % (number)®  p©
type (1) Healthy (2) Virus (3) Animals
orallele . } . .
animals, carriers, with leukemia
(n=115)° (n=145°  (n=107)°
p,,=0.053
A/A 17.4(20) 27.6(40)¢  11.2(12)¢ p,3=0.191
p, 5 =0.002
A/C 45.2 (52) 51.0(74) 47.7 (51) p,,=0.351
p,3=0.715
p,=0.597
c/C 37.4(43) 214319 41.1(44)° p,,=0.005
p, 5 =0.569
P, =0.001
A 40.0 (92) 53.1(154)¢ 35.0 (75)° p,,=0.003
p,5=0.282
P, =0.0001
C 60.0 (138) 46.9(136)¢ 65.0(139)¢ p,,=0.003
p, 5 =0.282
p, ;= 0.0001
Pan®  %3=039, ¥=009, ¥*>=0.24,
p=0.5 p=0.8 p=0.6

aNumber of animals with a given genotype or chromosomes with a given
allele; b number of animals; ¢ p-values calculated for comparisons among
groups of (1) healthy animals, (2) virus carriers, and (3) animals with
leukemia; 4 conformity of the genotype and allele frequency distributions
to the Hardy-Weinberg equilibrium assessed by the y? test.

Xapaun—Baita6epra. O6HapyKe€HO CTaTHCTUIECCKH 3HAUNMOE
MOBBIIIICHUE YaCTOTHI JKUBOTHBIX ¢ TeHOTHIIOM A/A 10 OHIT
rs110861313 y Bupyconocuteneit (27.6 %) no cpaBHEHUIO
co 3nopoBeME (17.4 %) (p = 0.053), a TakxKe TOCTOBEpHOE
CHIDKEHHE YaCTOThI )KMBOTHBIX ¢ TeHotnnom C/C y Bupyco-
Hocutenei (21.4 %) no cpaBHeHHIO €O 310poBbIMHE (37.4 %)
(p=0.005). CooTBeTCTBEHHO, Y BUPYCOHOCHTEIIEH OBLIa Cy-
IIIECTBCHHO MOBBIIIeHA yacToTa awens A (53.1 %) u cHibKeHa
yacrora ayutens C (46.9 %) mo cpaBHEHHUIO CO 3JOPOBBIMU
skuBoTHBIME (40.0 1 60.0 % cootBercTBeHHO) (p < 0.01).

BhIsBIIEHO 10CTOBEpPHOE CHIDKECHHE YACTOTHI TEHOTHIIA
A/A 1o OHII rs110861313 y KMBOTHBIX C IIE€PCUCTEHTHBIM
muMponuTo3oM (11.2 %) o cpaBHEHHIO C BUPYCOHOCHUTEISA-
Mmu (27.6 %) (p < 0.01). Ilpu 3TOoM "acToTa 0cobei ¢ TeHo-
tunoM C/C y )KMBOTHBIX C EPCUCTEHTHBIM JUM(OLINTO30M
(41.1 %) GbuTa TOCTOBEPHO BHIIIE, UEM Yy BUPYCOHOCHTENEH
(21.4 %) (p < 0.001). B pesynbrare y *KHBOTHBIX C I€pPCHU-
CTEHTHBIM JIMM(OIMTO30M OblIa CyIECTBEHHO CHH)KEHA
gactora amens A (35.0 %) u yBenmuena gacrora amiens C
(65.0 %) o cpaBHenuIo ¢ BupyconocutessiMu (53.1 146.9 %
cootBeTcTBeHHO) (p = 0.003). He HaiiieHo cTaTuCTUYEeCKU
3HAYMMBIX PA3UYMi B 4aCTOTaX reHOTHITOB U aiteneit OHIT
rs110861313 mexay rpynmamu OOJBHBIX M 37I0POBBIX XKH-
BOTHBbIX.

C npumenenuem nporpamMbl PERFECTOS-APE npose-
JICH ITOVCK MOTEHIINAIBHBIX CAlTOB CBS3bIBAHNS TPAHCKPHII-
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Polymorphism rs110861313 is associated
with the development of leukosis in cattle

Table 2. Characterization of transcription factors expressed in the immune system cells whose putative binding sites
were closely similar* to the weight matrix for allele A (rs110861313), associated with leukemia

Designa-  Agreed designa-  Agreed name of the  Site sequence for Ratio of p-values for the Expression in the

tion of the tion of the TF-encoding gene allele A/DNA strand reference and alternative immune system™*

predicted  TF-encoding gene alleles

TFBS

TBR1 TBR1 T-box, brain 1 aaaagtgtgcAaa/+ 5.03 Bone marrow, leukocytes,
lymph gland, thymus

FOXM1 FOXM1 Forkhead box M1 tgttTgcacact/- 1.5 Bone marrow, leukocytes,
lymph gland, thymus

FOXG1 FOXG1 Forkhead box G1 gttgttTgcacactttt/- 5.22 Bone marrow, lymph gland,
thymus

FOXD3 FOXD3 Forkhead box D3 gttgttTgcacactt/- 9.11 Bone marrow, lymph gland,
thymus

ZSCA4 ZSCAN4 Zinc finger and SCAN  aaagtgtgcAaa/+ 6.39 Bone marrow, lymph gland,

domain containing 4 thymus
MTF1 MTF1 Metal regulatory ctaaaagtgtgcAaaca/+ 12.8 Bone marrow, leukocytes,

transcription factor 1

*The similarity was assessed from p-values with PERFECTOS-APE software.

** According to the GeneCards database.

uoHHBIX QakTopoB (CCTD), cXOmCTBO KOTOPBIX C BECOBOM
MaTpUIIed MOIJIO U3MCHUTHCS B PE3yNbTaTe HYKICOTHIHON
3aMmeHbl B paiione rs110861313. bnaronapst mporpamme
65u10 BBIsIBIEHO miecTh CCT®, cX0ACTBO KOTOPHIX C BECO-
BOM Marpulell OlleHHBAJIOCh 3HadeHueM p-value < 5-10+4
1 OBLIO BBIIIC JJIST AJIBTCPHATUBHOTO ajlielis A, CBSI3aHHOTO
C YyCTOWYHMBOCTHIO K JIeHko3y. OKa3aiock, 4To BCE MIECTh Caii-
TOB COOTBETCTBOBAJIHM TPAHCKPHITIIUOHHBIM (PaKTOpaM, IKC-
MIPECCUPYIOMIMMCS B KJeTkax UMMyHHOU cuctembl (TBR1,
FOXMI1, FOXG1, ZSCA4, FOXD3, MTF1) (tat6m. 2).

O6cyxpeHue

C nomornpio metoaa ITIIP-ITP® Obuta nccaeaoBaHa 4acTo-
Ta reHotunoB u ameneid OHII rs110861313 B mexxreHHOM
y4acTKe XpOMOCOMBI 23 B BHIOOpKaX 310POBBIX M OOJBHBIX
JIEWKO30M JKMBOTHBIX, @ TAKXKe OECCUMIITOMHBIX BUPYCOHO-
CHUTEINEH YepHO-TIECTPOI MOPOJIBI KPYITHOTO POraToro CKOTa.
Habnronaemoe pacnipenenenue renorurnos OHITrs110861313
CYIIECTBEHHO HE OTJIMYAJIOCh OT OJKHIAEMOTO TI0 pacIpesie-
nenuto Xapau—BaiinOepra (cM. tabm. 1). Xors momyssiunu
CEJILCKOXO3SIICTBEHHBIX JKMBOTHBIX 1 YEJIOBEKA HE OTBEYAIOT
YCIIOBHSIM ACUCTBHS 3aKk0oHA Xapan—BaitnOepra (mormyssmus
OeckoHeuHO OONBIIOro pazmepa, B KOTOPOW He JIeHCTBYeT
€CTECTBEHHBIH 0TOOp, HE MJET MYTAlMOHHBII TpoLece, OT-
CYTCTBYET OOMEH 0COOSIMU C IPYTUMH MOMYJISIINSMHA, HE TIPO-
UCXOIHT JIpei( IreHOB, BCE CKPEIIMBAHUS CIyYalHBI), 3TOT
(haKT KOCBEHHO MOXXET CBHUJIETEIbCTBOBATH 00 OTCYTCTBUH
OmMOOK TeHOTHITHPOBAHUS B HameMm ucciemoBannu (Hos-
king et al., 2004).

B nureparype HeomHOKpaTHO oOCysKiaics Bompoc o0
a/IeKBaTHOM KOHTPOJIE ITPYU TIOMCKE TeHETHUECKIX BAPUAHTOB,
ACCOIMUPOBAHHBIX C Pa3BUTHEM MH(EKIIMOHHBIX 3a00eBa-
uuii (Loeb, 2013; KOauu u np., 2018a). [onynsnunoHHyO
BBIOOPKY 3/J0POBBIX ’KUBOTHBIX HEJIB3sI CUUTATh ONITUMAIBHBIM
KOHTPOJIEM, TTOCKOJIbKY OHa COCTOMT M3 JKHBOTHBIX KaK C

lymph gland, thymus

YCTOMUYMBBIM, TaK M UyBCTBUTEIBHBIM I'€HOTHIIAMH, KOTO-
pble POCTO HE YCIEIH KOHTAaKTHPOBATh ¢ HH(PEKIIMOHHBIM
areHTOM. Ilo3TOMY CuMTaercs, 4T0 KOHTPOJIBHYIO I'PYIILY
1esrecoodpa3zHo GoOpMUPOBATh U3 )KUBOTHBIX C KITMHHYECKH
JIOKa3aHHBIM COOBITHEM MH(DHUINPOBAHUS, Y KOTOPBIX 3a-
OosieBaHue MpoTeKano B beccumnTomMHoOl Gopme. B Haiem
ClTy4yae 3TO )KHBOTHbIE-BUPYCOHOCUTEIH.

Hamu oOHapykeHO JOCTOBEepHOE CHMXKEHHE YacTOTHI I'e-
Hotumna A/A o OHITrs110861313 y 60nbHBIX JICHKO30M KH-
BOTHBIX IO CPABHEHHUIO C BUPYCOHOCUTENAMH (cM. Tabm. 1).
Yacrora *knBOTHBIX ¢ TeHoTHIIOM C/C, Ha000pOT, y OOIBHBIX
JKUBOTHBIX ObLJIA JIOCTOBEPHO BBIIIIE, YEM Y BUPYCOHOCHUTEIICH.
ITpu 3TOM y OGONMBHBIX KUBOTHBIX ObLIA CYIIECTBEHHO CHHU-
JKEHA JacToTa ajulens A U yBenudeHa yactora amiens C mo
CPaBHEHUIO C BUPYCOHOCHUTEISIMU. DTH PE3yJIbTaThl XOPOIIO
cooTBeTcTBYIOT naHHbM H.A. Carignano ¢ komeramu (2018),
KOTOPBIE C TOMOIIBIO MOJTHOTEHOMHOTO aHaJIN3a aCCOUAIINH
nokaszanu accoruanuto amens C OHII rs110861313 ¢ Be-
JIMYMHON NPOBUPYCHOM Harpy3ku U YUCIIOM JIEHKOLIUTOB Y
JKMBOTHBIX, MH(HUIHpoBanHbIX BJIKPC.

OHII rs110861313 noxanu3oBaH B MEKI€HHOM y4yacTKe
XPOMOCOMBI 23 KPYITHOTO poraroro ckora. Ha paccrosHum
30 THIC. TI. H. OT HEr0 HAXOATCS JEBATH TeHOB (Tabum. 3). 13
HUX 9Th TeHOB — LY6GS5B, GPANKI1, ABHD16A, LY6GOF,
LY6GOE — xonupyroT OeIKM MMMYHHOW CHCTEMBI. [eH
CSNK2B xonupyet 0era-cyObeIUHUIY Ka3eMHKHHA3bI 2
(CK2) — BBICOKOKOHCEPBATHBHOMN IMOJU(DYHKIIMOHAIBHON
CepUH/TPEOHUHOBOH MPOTENHKUHA3HI, HKCIIPECCUPYIOIEHCS
BO Bcex TKaHsX. [loBbiienue ypoBHsi U akTuBHOCTH CK2
XapakTepHO JUIs OIyXOJIEBbIX KJIEeTOK. J[iis oHKoreHesa oco-
OeHHO BaxHBI aHTHanmonToTHdeckue Gynknmm CK2: sta
MpOTeHHKNHa3a crioco0cTByeT penapanuu JJHK, Biusier na
curnanbubie kackaapl NF-kB, Wnt, PI3K/Akt u JAK-STAT,
B3aUMOJICHCTBYET C IIAIEPOHAMH, aKTHUBUPYET aHTHAIIOTITO-
THUYECKHE M HHAKTUBHUPYET IPOAIONITOTHYECKHE OCIIKNU, B TOM
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Accoumauma nonumopdusma rs110861313
C pa3BUTMEM f1elKo3a Y KPYMHOro poratoro cKoTa

Table 3. Functional characterization of genes located within 30 kb from SNP rs110861313 in the intergenic region

of bovine chromosome

The agreed The agreed name Distance from SNP
symbol of the  of the gene rs110861313in
gene bp/gene region

Function

The ortholog of this protein in humans is involved in the immune
response and cell recognition

The housekeeping gene encodes the beta subunit of casein kinase Il,

a ubiquitous protein kinase that regulates metabolic pathways, signal
transduction, transcription, translation, and replication

LY6G5B Lymphocyte antigen 6  899/3'region
family member G5B

CSNK2B Casein kinase 2 beta 3447/3'region

GPANK1 G-patch domainand  7753/5'region

ankyrin repeats 1

The ortholog of this gene in humans is located in the major
histocompatability complex Il region. It encodes a protein involved
in immune responses

ABHD16A Abhydrolase domain ~ 8346/3'region »
containing 16A

C23H60rf47 Chromosome 23 13442/5'region
C60rf47 homolog

APOM Apolipoprotein M 15211/3'region

The protein encoded by this gene is an apolipoprotein and a member
of the lipocalin family. It is linked to high-density lipoprotein and,

to a lesser extent, to low-density lipoproteins and triglyceride-rich
lipoproteins

The ortholog of this gene in humans is located in the major

histocompatability complex Il region. It encodes a nuclear protein that is
cleaved by caspase 3 and is implicated in the control of apoptosis

BAG6 BAG cochaperone 6 19374/5' region
LY6G6F Lymphocyte antigen 6  23454/5'region
family member G6F
LY6G6E Lymphocyte antigen 6  27718/3'region »

family member G6E

guciie kacnasel (Bonoauna, [twie, 2012). Anonumnonpo-
TerH M (ApoM) — IepeHO CUHK JINTTHTHOTO MEHaTopa CHUH-
ro3uH-1-pocdara (S1P). CurnansHble MyTH, BKIIOYAIOINE
counrosnnknHassl (SphKs) u penenropst S1P (S1PR), urpa-
10T BaKHYIO POJIb B OHKOT€HE3€ MHOKECTBEHHBIX OITyXOJIEH,
BKJIIOUasi HeMeJIKOKIIeTouHbIH pak sierkoro (NSCLC). Ilo-
Ka3aHo, 4TO CBepXdKcpeccHss ApoM MOKET CTUMYJIHPOBATh
nponudeparuro U nHBa3uio0 ki1etok NSCLC in vitro u poct
OMYXOJH in Vivo, BEPOSATHO, dyepe3 aktuBanuio S1PRI u
curHanbhbix myted ERK1/2 u PI3K/AKT (Zhu et al., 2018).

B nuTeparype HaMu He BCTPEYEHO YIIOMHHAHHSA O KAKOM-
7100 U3 BBIMICIIEPEUHUCIICHHBIX TCHOB B CBS3M C MH(EKIMEH
BJIKPC. Tem He MeHee y JTroieit, 00IbHBIX T-KIeTOUHBIM JIeH-
ko30M B3pocibix (Adult T cell leukemia/lymphoma) n uadH-
poBaHHbIX BUpycoM HTLV-I, Obia oOHapyxeHa moBbl-
IIEHHAs 4acToTa coMaTH4ecKkux myraiuii B rene CSNK2B
(Kataoka et al., 2015). IHTEepecHO, YTO MyTaIllH B 3TOM I'eHE
y 4eJIOBEKa acCOLMHUPOBAHBI C Pa3BUTHEM IN30(peHUN
(Yangetal.,2018; Niu et al., 2019), cynoposKHBIX PUITAIKOB
(Nakashima et al., 2019) u smunencun (Poirier et al., 2017,
Sakaguchi et al.,2017). B cBsi3u ¢ 3TuM npecraBisiercs nep-
CIIEKTHBHBIM HCCIIE/I0BATh U3MEHEHHE MTOBEICHNUS )KUBOTHBIX
nocine nHpuuposanus BJIKPC.

C nomonipro 6MOMHPOPMATHUECKOTO aHAIN3a HAMH YCTa-
HOBJIEHO, 4TO 3aMeHa HykineoTnna C—Ars110861313 moxeT
OBITH CBsi3aHA ¢ 00pa30BaHMEM CaWTOB CBS3BIBAHUS TPaH-
ckpunnuoHHEIX pakTopoB TBR1, FOXM 1, FOXG1,ZSCAN4,
FOXD3,u MTF1 (cM. Tabi. 2). Bee 9T TpaHCKPUTIIIMOHHBIE

The ortholog of this protein in humans is involved in the immune
response and cell recognition

(haKTOPBI FKCTIPECCUPYIOTCS B KIIETKAX UMMYHHOW CHCTEMBI.
Haubonpimmit uatepec npencrariset Gpakrop FOXMI, ciy-
JKamui aktuBaTopoMm TpaHckpunmmu (Wang et al., 2008).
W3BecTHO, UTO 3TOT (haKTOP PEryInpyeT SKCIPECCHIO TCHOB
KJIETOYHOTO ITUKJIA, BaXKHBIX 115 pertukanuu JIHK un muro3sa,
KOHTPOJIMPYET Tpoiudepanuio KieTok u penaparmo JHK
(Nandi et al., 2018). Tak, FOXM1 omnocpenyer nponude-
panuio, BEDKUBAHUE, MUTPALIMIO/MHBA3UIO, TIPOTPECCUIO U
OHKOT€HE3 KJIETOK «TPHIK/AbI HEraTUBHOT0» PaKa MOJIOYHOM
xene3sl (Hamurcu et al., 2016). O1oT ke Oesok mocpencTsom
PETYISALNHU SKCIPECCUH IK30HYKIIea3bl | MOXKeT MOy TUpOBaTh
YYBCTBUTEIBHOCTD KJIETOK paKa SIMYHUKOB K XUMHUOTEPANuu
ucruiatuaoM (Zhou et al., 2014). YpoBeHb 3kcpeccuu
FOXM1 xoppenupyer ¢ IporHo3om npu paxe xenynka (Li
et al., 2018) u mouku (Liang et al., 2018). Hakonern, meTa-
aHanu3 narrepHoB skcnpeccuu 18000 obpasuos omyxoseit
YeJI0BEeKa, OTHOCUBIIMXCS K 39 THUMaM 3710Ka4eCTBEHHBIX
HOBOOOPA30BaHMH, HICHTH(OUIIUPOBAT PETYIATOPHYIO CETh
FOXM1 kak 0CHOBHO ITPEANKTOP HEOIAroNpUsITHOTO ITPOT-
Ho3a 3aboseBanus (Gentles et al., 2015).

MBI mpefmonaraeM, 4To y KHBOTHBIX C TEHOTHIIOM A/A
OHIIrs110861313 o6pasyercs caiit vHa JIHK, ¢ koTopsiM Mo-
JKET CBSI3BIBATHCSI TPAHCKPUIIMOHHBIN (akTop FOXMI m,
TaKUM 00pa3oM, aKTUBUPOBATh TPAHCKPUIILIUIO OJM3IIEKAIIIX
reHOB. B KOHEYHOM cyeTe 3TO MOXKET NMPUBECTHU K IOJaBiIe-
Huto nHpexuun BIIKPC u oTcyTCTBHIO NEPCUCTEHTHOTO
muMdorTo3a y BupycoHocuteneil. OqHako Ui MpOBEPKH
runore3sl 0 Hanmuuu B3anmoneicteus JTHK ¢ dakropamu
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TPaHCKPHITIIMU HEOOXOANMO IIPOBECTH IKCIIEPUMEHTHI i1 VIVO
u in vitro (Merkulova et al., 2007). DxcnepuMeHTaIbHOE
TMIO/ITBEPIK/ICHUE CBSA3BIBAHNS TPAHCKPHUITIIHOHHBIX (DAKTOPOB
¢ noimmopdueiM yuactkom JIHK, a Taxoke BInsiHUS HYKII€O-
TU/IHON 3aMEHBI HA UHTEHCUBHOCTh CBSA3BIBAHUS OyIET CBH-
JIETEIILCTBOBATh 0 BO3MOKHOM Biusgand OHIT rs110861313
Ha AKCIIPECCHIO OIM3IIekKAIUX T'€HOB M, BCIEICTBUE ITOTO,
Ha YCTOMUYUBOCTH K JIEHKO3Y.

3aKknoueHune

Hamu ycTaHOBIIEHO, UTO OHOHYKJICOTHIHBINA MOMUMOPHU3M
rs110861313 B MEKIT€HHOM y4acTKe XpOMOCOMBI 23 acCOLUH-
poBaH ¢ pa3BuTHEM Jieliko3a rpu uHduuuposannu BJIKPC y
KUBOTHBIX YEPHO-IIECTPOI MOPOIBI KPYITHOTO POraToro CKOTa.
ITo nanHBIM OMOMH(OPMATHIECKOTO aHAIN3a, YCTOHUHBOCTD K
nnpekyn BJIKPC moxeT ObITh acCOLMUPOBaHA C HATMYUEM
B patione OHIT rs110861313 cafiTa cBI3bIBaHNS TPAHCKPHII-
roHHoro akropa FOXM1, KOoTOpBIi MOTEHIINATBHO MOXKET
BJIMSITH HA 9KCIIPECCUIO ONrKkaiimx reHoB. Hamm pesysbrarsl
YKa3bIBAIOT HA BO3MOXKHOCTb HCIIOJIb30BaHUS 3TOTO TEHETH-
YeCcKOro MapKepa JJIsi MapKep-OpUEHTHPOBAHHOM M TEHOMHOM
cenekuuu (FOnun, Boesona, 2015).
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BiuisiHIIEe 9K30T€HHOT0 XOPMOHMNYECKOTO
rOHaJOTPOINNMHA Ue/IoBeKa Ha OBY/ISIINIO V MbIlIEi
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MprMeHeHVe HEKOTOPbIX BCMOMOTaTeslbHbIX PENPOAYKTUBHbIX TEXHOMOrMi (BPT), B YaCTHOCTM FOPMOHANbHOW CTUMYAALMN
OBYNALMU, MOXKET NPUBECTU K USMEHEHUIO YMCIIa U KauecTBa NoyyaemMblix 0oLnToB. Llenbto nccnenosaHma 66110 n3yyeHve
XapaKkTepa oBynAuMM y Mbieit mHuM CD1 nocne BO3AeNcTBNA Ha CaMOK XOPUMOHWYECKMM rOHaAOTPOMNMMHOM YesioBeKa
(XTY) n nccnepoBaHve NoCNeaCcTBU 3TOro BO3AeNCTBMA Ha ANTMTENbHOCTb 6epeMeHHOCTH, SMOPrOHaNbHble NOTePU 1 BeC
pOoXAEHHbIX MOTOMKOB. Mpu Bo3aencTeun npenapatom XY He 6bin0 06HaPYKEHO AOCTOBEPHbIX Pasnnynii No obLemy
YKy OBYIMPOBABLLMX OOLMTOB MO CPABHEHWIO C KOHTPOJIbHBIMY CaMKaMU, @ TakXKe pasnnyvii no Ymciy Hespenbix (6e3
NoNAPHOro Tena) v 3pesbix (C popMMpPYIOLLMMCA NOAAPHBIM TENOM) GOPM OBYNIMPOBABLLMX OOLMTOB. YMCNIO e 00LUTOB C
NONAPHBLIM TEJIOM Y MbILLEN SKCMePUMEHTaNIbHON rPyNMbl NOCie FOPMOHabHOM CTUMYNALMW OBYNALMM npenapatom XY
6b110 fJOCTOBEPHO 6onblue (p < 0.05) MO CPaBHEHUIO C KOHTPOMbHOM rpynnon (6.2+0.86 1 2.2+0.9 cOOTBETCTBEHHO). He
6bII0 MNONYYEHO AOCTOBEPHbIX PA3NYNA MeXAY rpynnamy No NPOLOSIKUTENIBHOCTU GEPEMEHHOCTU U YNCTY POXKAEHHbIX
NOTOMKOB, BK/TI0Has [0S0 XKMBO- N MEPTBOPOXKAEHHbIX 0coben. OfHaKo BeC AeTeHbILWeN Ha NATbIN AeHb Nocsie PoXKAeHNA
B DKCNepUMEHTaNIbHON rpymnne 6bl1 OCTOBEPHO MeHbLue (p < 0.001), yuem B kKoHTpone (3.16+0.09 1 3.76 £0.07 cooTBeTCT-
BEHHO). Takum obpa3om, BBefieHMe 3Kk3oreHHoro XY camkam MblLLein CTUMYANPYET pa3BUTME OOLUTOB in Vivo, YTo NprBO-
anT K GopmrpoBaHmio 6osbLLero uncna rnx 3penbix GopM, HO MOTOMKN, POXKAEHHbIE CaMKaMy, CTUMYIMPOBAHHbIMU Mnpe-
napatom XY, uMeoT MeHbLINI BeC TeNa B NepBble AHW NOC/e POXAEHUA.

KntoueBble C/10Ba: MblLUW; OOLUTbI; XOPUOHUYECKNIA rOHAZOTPOMNNH YenoBeKa.

[Ana untuposanma: Amctucnasckuin C.A., PaHHesa C.B., Paraesa [].C., Yyiiko 3.A., MNonkosa A.M., bpyceHues E.1O. Bnnaxune
9K30reHHOro XOPUOHNYECKOro FOHAOTPOMMHA YesIoBEeKa Ha OBYNIALIMIO Y MblLLelt. BaBUNOBCKUIA XKypHan reHeTKMN 1 cenek-
umn. 2019;23(8):1006-1010. DOI 10.18699/VJ19.577

Effect of exogenous human chorionic gonadotropin
on ovulation in mice
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BBepeHmne

The implementation of assisted reproductive technologies (ART), hormonal stimulation in particular, may change the
quality of ovulated oocytes. The purpose of our work was to study ovulation in CD1 mice after their stimulation with hu-
man chorionic gonadotropin (hCG) and to investigate the effects of such hormonal stimulation on the pregnancy duration,
fetal losses and the weight of the offspring. No significant differences were found in the total number of ovulated oocytes or
in the number of immature (without a polar body) ovulated oocytes; nor were there differences between the groups in the
number of oocytes with a developing polar body. However, the number of matured oocytes with a distinct polar body was
significantly higher (p < 0.05) in mice stimulated with hCG (experimental group) as compared with the controls (6.2 +0.86
and 2.2+£0.97, respectively). No significant differences were observed between the experimental and control mice in the
duration of pregnancy or in the numbers of term offspring, including the percentage of live and stillborn pups. However,
the body weight of the offspring in the experimental group was significantly lower (p < 0.001) as compared with the cont-
rols on the fifth day after birth (3.16+£0.09 and 3.76 £0.07, respectively). Thus, exogenous hCG facilitates the development
of mouse oocytes in vivo, which leads to the larger number of their mature forms at ovulation, however, the offspring born
after hCG-stimulated pregnancy was characterized by a lower body weight on the fifth day after birth.

Key words: mice; oocytes; human chorionic gonadotropin.

For citation: Amstislavsky S.Ya., Ranneva S.V., Ragaeva D.S., Chuyko E.A., Popkova A.M., Brusentsev E.Yu. Effect of exogenous
human chorionic gonadotropin on ovulation in mice. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics
and Breeding. 2019;23(8):1006-1010. DOI 10.18699/VJ19.577 (in Russian)

TKaHbIO XOPUOHA, OTCIOJa U TPOUCXOAUT HA3BAHUC TOPMOHA;

XopHOHMYECKIH TOHAIOTPONHH YenoBeka (XI'Y) urpaeT Bak- ~ €ro KOHLEHTpAlMs BO3PACTAET B HECKOJIBKO ThICAY pa3 K
HYIO POJib BO Bpemst OepemeHHocTH. Y uenoBeka XI'YU na-  7-11-if Hexene, a 3aTeM HAYMHAET MOCTENEHHO CHMXKATHCS
YMHAET BhIPAOAThIBAThCS Yike Ha 6-8-ii nenb Oepemennoctu  (Fournier et al., 2015). 3ToT ropMoH 061a1aeT JIOTCHHU3H-
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pYyIo1LEi aKTUBHOCTBIO, Oyly4r arOHUCTOM PELENTOPOB JII0-
TenHn3upyromero ropmona (JIIN), 1 mpeBOCXOIHT €ro Mo ITUM
corictBam (Keay et al., 2004). braronaps XI' B niepBble
Mecsilbl OEpPEMEHHOCTH COXPAHSETCs AKTMBHOCTH JKEJITOTO
TeJa, KOToOpoe 00ECIeunBaeT MPOAYKIMIO MTPOTECTEPOHa —
«rOpMOHa OEpPEMEHHOCTH.

XI'Y xapakrepusyercst CTPYKTYpPHbIM cxoncTBoM ¢ JII,
00a TopMOHa BO3/JIEHCTBYIOT Ha OJIUH M TOT 7K€ PELENTOp —
JIT/XTY (Drakakis et al., 2009). ®akrop, oTHYarOMUAN
XT'Y ot JIT, — Gosiee AIUTEIIbHBIIN IEPHOJT TIOTYBBIBEICHHS,
paBHBII 36 4, TOrJa Kak MEPUOJ ITOJyBBIBEACHUS PEKOM-
o6unanTHoro JII' onennBaercst mpumepHo B 10—12 1 (Cole,
2010). XI'Y nemoncTpupyeT Oosiee CuiibHy0 ahGUHHOCTH
ces3piBanms ¢ JII'/XT'U-penentopom (Drakakis et al., 2009).
HesaBucnumo oT HaM4Ms B CXeMe TOPMOHAIIBHOW CTUMYJISI-
UK (OJITMKYIOCTUMYIUPYIOIIET0 TOPMOHA, HU3KUE J03bI
XI'Y MOryT moaiepKuBarb pasBUTHE U CO3PEBAHUE HaU-
Oosee KpyHmHBIX (OJUIMKYIOB SIMYHHMKA, KIETKH KOTOPBIX
npuobpenu penenrtopst JII'/XI'Y B nmporecce cBoero pocra
(Cole, 2010).

XOpHOHMYECKHH TOHAZOTPOITMH YeJIOBEKa MPUMEHSIETCS
JUISL KOHTPOJISL OBYJISIIUKM Y YeJIOBEKa U JPYTUX MIIEKOIIH-
TaIONINX, a TaKXKe TPH JICYeHUH Oecruionus y 000X MoJIoB
(Delvigne, Rozenberg, 2002; Homburg, 2004; AmcTucnas-
ckuit, 20006). brarogapst paHHei mpoayKInu ropMoHa Tpodo-
6mactom smOproHa, XI 'Y cayXUT ropMOHATBHBIM MapKepOM
XPOMOCOMHBIX HapyIIeHHH 3aposibiiia y yenoseka (boprucosa
u ap., 2017). bezonacHbiMu 1 3 PEKTUBHBIMHU TPOTOKOIAMH
CTUMYIISILIMU CYTIEPOBYIIALINN Y KEHIINH IPU3HAIOTCS IIPOTO-
KOJIBI C TPUMEHEHHEM rOpMOHAIBHBIX Npenaparos (Homburg,
2004). B wactHOCTH, Ui 3TUX II€JIeH MIHUPOKO MCIOIB3YIOT
TPYIIITY TOHAIOTPOITMHOB, BXKHEHUIIINM 13 KOTOPBIX SIBISIETCS
XTI'Y (Delvigne, Rozenberg, 2002; Homburg, 2004).

B pannux paborax ObUIO MOKa3aHO, YTO BBEAECHHUE 00Ja-
JIAfoIIero (hOJUTUKYIOCTUMYINPYIONIEH aKTHBHOCTBIO TOHA-
JIOTpoTHA CBIBOPOTKH skepeObIx KoObu1 (I'CXKK) Ha pasHbIx
CTaJUsAX ICTPAIBLHOTO IMKJIA MBIIIEH BIMSIET HA Ka4eCTBO
MOTy9YaeMBIX TOCTIe 3ToH mporenypsl oounToB (Tarin et al.,
2002). B pabote (Wang et al., 2006) 65110 yCTaHOBIIEHO, YTO
MPEUMILIaHTAIIMOHHbIE SMOPUOHBI, Oy YEHHBIE U3 HE3PEIIbIX
OOIIMTOB ITocJIe mociieaoBaTenbHoi nabekimn 'COXKK u XTI,
C TIOCJICYIOIIMM JI03pEBaHueM in vitro (in vitro maturation,
IVM) u nocne UCKyCCTBEHHOTO OIUIOJOTBOpEHUs (in vitro
fertilization, IVF), Xy>ke pa3BUBaroTCs Mpy Ky T6THBUPOBAHUN
in vitro (in vitro culture IVC), yeM noiry4eHHbIC U3 JO3PEBIINX
in vivo oouiutoB. CyTnepoBYIISIIIUS MBIIIEH C UCIIOIb30BAHUEM
nabeknuii ' CXKK u XI'Y naet MeHbIIIee 9rCII0 3pETIBIX OOITH-
TOB, HO TIPH ATOM TOBBIIIAET YHCJIO OOLUTOB C ehopManisiMi
MUTOXOHIPUH, CHUKEHHON MUTOXOHIPUAJIbHON aKTUBHOCTBEO
u npoaykuueid AT®, 1o CpaBHEHUIO C OOLUTAMM, MIOJTy4EH-
HBIMH TIpH ecTecTBeHHOM oByssinu (Lee et al., 2017). JIumb
B €MHUYHBIX paborax u3ydanu 3(P(eKTsl ropMOHAIBHOMN
crumyssin npernapatom XI'Y (6e3 komOunanmu ¢ 'CXKK)
Ha pasButHe dMOpuoHoB mbimreit (Ertzeid, Storeng, 1992;
Dinopoulou et al., 2016). Tem He MeHee pe3yJbTaThl ITHX
paboT mPOTHBOPEUUBHI, TPEOYIOT AATBHEHUIIICH IPOBEPKH.

B Hacrosee BpeMs nccienoBaresi pa3padarsBaoT HO-
BbIE€ MPOTOKOJIBI CYNEPOBYIISALUH. Tak, CHHXpOHH3ALUs 3C-
TPaJbHOTO LMKJA y MBIIIEH ¢ Mociaenyroneil nHbeKIuen
AQHTUUHTMOMHOBOH ChIBOPOTKH U XY 1MO3BONSET MOTY4NTH
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rOHaJOTPOMVHA YenoBeKa Ha OBYNALMNIO Yy MblLLEeNn

B JiBa pa3a OoJIbLIe 3pesbIX OOLUTOB, YeM CTaHJIAPTHAS CXe-
Mma ['CKK u XT'Y (Hasegawa et al., 2016). beuto mokazaHo
(Takeo, Nakagata, 2015), 4To coBMeCTHOE BBEICHUC aHTH-
MHrHOMHOBOM cbiBopoTKH ¢ npernaparom I'CXKK u nocnenyro-
el nHpekuuen npenapara X1 noBsIIIano BEIXOA 3PEIbIX
OOIIMTOB TI0 CPABHEHHUIO C MX BBEIACHUEM II0 OTACIHHOCTH.
OpHaKo BO BCEX UCIMOJIb3yEMbIX MPOTOKOJIaX TOPMOHAIBHON
CTHUMYJISIIIH MBIIIEH C TIETBIO BBI3BATH CYTIEPOBYIISAIIIIO 00
3arenpHO npumensercs XI'Y.

B nareii panneit padote Ha Mbimax JuHAd DD BBISBIICHO,
YTO J0JIA 3pebiX (hopM OBYIMPOBABIIIX OOIIUTOB ObLIA HAH-
Oonpmeii mocie BBeneHus ronanoTporuHoB (I'CXKK n XI'Y)
camkam Ha ctaguu 3ctpyca (Redina et al., 1994). B atom
WCCIIEIOBAHNH TaK)Ke OBLIIO YCTAHOBIICHO, YTO TTOCIE TAKOTO
COYETAHHOTO BO3/ICHCTBHS BYX TOHAIOTPOITHBIX ITPEIapaToB
y MBbIIIEH OBYJIHMPYIOT OOLIMTBHI Pa3HOM CTENEHH 3Pe0CTH
(Redina et al., 1994). Tem He MeHee TOKa HEU3BECTHO, KaK OT-
pasuTCs CTUMYIISILIUS CaMOK MBIIIEH ToJIbKO IpenaparoM X1
Ha CTaJINU 3CTPYyCca HEMTOCPEACTBEHHO MEpe] CIIapUBaHUEM C
CaMIIOM Ha KadeCTBE OOIMTOB M JaJbHEHIIEM MPOTEeKaHUN
OepeMeHHOCTH. 3a/1auu HAIIIeTO UCCIICIOBAHUS — U3yYUTh Xa-
paKTep OBYJISLIUH Y MBILIEH [10CIIE BO3IEHCTBHSI 9K30T€HHBIM
XT'Y; ycTaHOBUTH, KaK BIMAET 3TOT TOPMOH Ha Takue napa-
METPHI, KaK JUTUTSIFHOCTh OEPEeMEHHOCTH, SMOPHOHAIEHBIC
MOTEPH U BEC POXKJCHHBIX TIOTOMKOB.

MaTtepwuanbl n metogbl
JKcnepUMeHTANIbLHbIE JKUBOTHBIE. B sKkcnieprMeHTe ObLI0
ucnons3oBanHo 10 camoxk meimeidt muann CD1 B Bo3pacte
2.5 Mec. 1715l TOSTy4eHUst OOLIUTOB U 14 caMOK MbILIEH TeX ke
JIMHUH ¥ BO3PACTa JIs MOTy4eHHsI TOTOMKOB. B KOHTponbHON
U 9KCTIEPUMEHTAIIBHOM TpyTMIax ObLIO MO MATh 0CO0eH A
cOopa 0OIMTOB 1, COOTBETCTBEHHO, IECTh U BOCEMb 0COOCH
JUISL TIOJTy4EHUSI MOTOMKOB. J[JIsI CTepHJIBHOTO cllapuBaHUs
MCTIONb30BAJIH IISITh Ba39KTOMHUPOBAHHBIX CaMIIOB /IS BBI/IE-
JICHUS OOIIUTOB U TIATH (PepPTHIILHBIX caMIOB (JuIst OepeMeH-
HocTH). JKUBOTHBIX cozlepKayli B KJIETKaX C MOACTHIIKON U3
OIMWJIOK B CTAHAAPTHBIX YCIOBUSIX KOHBEHIIMOHAIBHOTO BHU-
Bapust ncturyra muronoruu u renernku CO PAH (Hosocu-
oupck, Poccust): npu komdopTHOii Temneparype 22-24 °C,
CBOOOIHOM JIOCTyIE K cTaHmapTHOMY Kopmy («Yapay, Poc-
CHSI) M OUHMILICHHOH BOJIE, ITPY €CTECTBEHHOM PEKHUME OCBEIIIe-
HUs1. Bee akcriepiuMeHThI Ha )KUBOTHBIX 07100peHbl Komuccueit
mo Omostnke MHcTHTyTa mtonornu u renetnkn CO PAH
(mpotoxon Ne 5 ot 13.05.2011) u coorBercTBYIOT EBpOneii-
CKOM KOHBEHLIMH O 3aIIUTE TT03BOHOYHBIX JXMBOTHBIX, UCIIOJb-
3yEeMBIX JUIs 9KCTIEPUMEHTAIBHBIX U IPYTUX HAyYHbIX IETICH.
IIpoTokoJ ropMOHAJIBHONH CTHMYJISIMU OBYJISILHH.
B namreii pabore ObUT HCIIONB30BaH MPOTOKOJ, ONMUCAHHBIH
panee (Redina et al., 1994), c moguduxanmsmu. s ropmo-
HAJIGHOW CTHUMYJISIIMM OBYJISILIMM WCIOJIB30BAJIN Mpenapar
XI'Y Chorulon (Intervet, MSD Animal Health, HoBas 3e-
nmaaaus). CaMKkaM Jenaid 1Mo OJHON MHBEKITUH Iperapara,
PacTBOPEHHOTO B (DU3HOIIOTHUECKOM PACTBOPE B JTO3UPOBKE
5 ME (100 mki) BHyTpuOpromunHHO. BBenenue npemnapara
OCYIIECTBIILTN Ha cTaanu 3cTpyca, ¢ 17:00 mo 18:00 9. Cra-
JIVO IIUKJIA CAMKH OTIPEJISIISUTN 110 BIIAraIMITHBIM Ma3KaM.
Ilocne nabeKIUI CaMOK IIOACAXKUBAJIY 110 OIHOM K KaX10-
MY Ba33KTOMHPOBAaHHOMY CaMIly [UIsl OCJIEAYyoIero coopa
OOIIMTOB JINOO K (PEepTHILHOMY caMIly JUIsS MOJYyYCHHS TO-

FEHETUKA W CEJIEKUMA XUBOTHbIX / ANIMAL GENETICS AND BREEDING 1007



S.Ya. Amstislavsky, S.V. Ranneva, D.S. Ragaeva
E.A. Chuyko, A.M. Popkova, E.Yu. Brusentsev

tTomcTBa. Ha yTpo cremyromiero JHs y caMOK NPOBEPSIN Ha-
JIMYHE BarHHAJIBHBIX TPOOOK, 110 KOTOPBIM CYJHIIN O TOM, YTO
CHapuBaHUE COCTOSUIOCh. KOHTPOJIBHBIM CaMKaM BBOJMIIN
100 MK (PU3HOJIOTHYSCKOTO PACTBOPA U CHIAPUBAJIN C CaM-
IaMU 110 aHAJIOTUYHOU CXEME.

BaszskTomust camuoB. [Iporerypy Ba3sKTOMUH IPOBOIH-
JI1 HE MEHee YeM 3a JBE HEJeNu 0 Hadaja dKCIIePUMEHTa,
Kak OBLIO OIMCAaHO paHee, ¢ HeOOMBITUMHI MOTU(UKAITHIMA
(Hogan et al., 1994). [To10BO3pembIX CaMIIOB MBIIIECH JIMHUT
CD1 HapkoTH3MpOBAJIM MYTEM BHYTPHOPIOIIMHHOTO BBEJIE-
Hus 0.25 Mr/Kr mpemapara MeaeTOMEeINHa THAPOXIOPHIA
(Domitor 1 mr/mi, Orion-Corporation, @uHISHANS) ¥ Yepe3
10 mun 50 mr/kr npenapara 3oieruna (Zoletil, SA, Virbac
Sante Animale, ®@panrmus). [locne HapKOTH3aIMKA MBIIIAM
MOIKOKHO BBOAWIM aHTHOMOTHK: 0.01 M3 amOkcHIIIIMHA
tpuryzapara 150 mr/min (OAO «Cunres», Poccus). 3arem
’KMBOTHBIX ITOMEIIATTN HA TTOJI0TPEBAEMBI CTOJIUK, IIEPCTh B
30HE OIIEPAIIMOHHOTO TT0JIsl COpHBAIIH, @ KOXKY 00padaThIBaIn
70 % »TunoBsM cnupToM. [Ipu momMomu XUpypruuecKkux
HOXHHIL J€JIai TOPU30HTAIBHBIN HAIpe3 AITUHONH OKOJIO
5 MM KOXXHBIX TTOKPOBOB MOIIOHKH. [loATsruBanu smuau-
JIIMHUCBI K Kparo XUPYPrudeckoi paHbl U pa3BOpaYnBalId UX
TaK, 4TOObI OBIJIO BUIHO CEMEHHBIE KaHATUKU. CeMABBIHOCS-
IIMe KaHaJIBI OT/IEISITA OT CONPSDKEHHBIX TKAHEH M epeXnra-
JIM PaCKaJICHHBIM MTHHIETOM B JIByX MECTaX, ylaJlsis y4acTOK
MEKAYy HUMH. DHUIUIIMUCH TIEpEMEIaii B TIEPBOHAYAIIb-
HOE IOJIOKEHHUE. 3aTeM B paHy NPHUCHINAIN 2 MI' aMOKCHIIHII-
smHa Tpuruapara (OAO «Cunresy, Poccust). 3akpbiBany Haj-
Pe3BI HATOKEHHEM JIBYX IITBOB M 00pabarsiBamy nx Panocanom
(OO0 «AIIN-CAH», Poccus).

Ounenka oounToB. CaMOK HOCIE NPOAYKTUBHOTO CIApH-
BaHUS MOABEPTald 3BTAHA3MU NP MOMOIIN JUCIOKAIUH
WEeHHbIX MO3BOHKOB. OouUTHl M3BIEeKadu yepe3 20-22 y
MOCJIe CIIApUBAHUS IIyTEM PACCEYCHUs aMITyJISIPHOM 4acTh
SHUIIEBOJIOB B mHTaTensHOU cpene M2 (Merck, I'epmanus).
Jlnist ynaneHusi KyMyJIIOCHBIX KJIETOK HCTIONb30BaJIM THATYPO-
nunasy (Merck) B konnentparmn 80 ME/mu (Brinster, 1971).
O1eHNBaIN KAK 10 O0IIIEMY YHCITYy OOLIUTOB, TAK U T10 OTAENb-
HBIM KaTEeropusiM: 0e3 MOISIPHOTO Tena, ¢ (POPMUPYIOLIIUMCS
MOJIIPHBIM TEJIOM ¥ CO CPOPMHUPOBAHHBIM MOJISIPHBIM TEJIOM
(ctamus MII meiio3a), kak Obuto ommcano paHee (Redina
et al., 1994). Ouenky OOLMTOB IPOU3BOJMIHN C ITOMOIIBIO
MHBEPTUPOBAaHHOTO cBeToBOro Mukpockorna (DM IL LED,
Leica Microsystems, I'epmanns) npu yBenmumuenuu 10%, ams
(horomokymeHTHpOBaHUS ucnonab3oBasu kamepy (DFC 295,
Leica Microsystems, ['epmanus).

OueHkKa NPOA0IKATEIbHOCTH 0epeMEeHHOCTH M B3BeLlt-
BaHHe POKIEHHBIX IOTOMKOB. CaMOK, IMEIOIIMX BarHHAIIb-
HbIE TIPOOKH MOCIIE TOKPHITHS PEePTUIILHBIMU CaMIIaMH, OT-
CaKMBAJIU B OT/IC/IbHBIC KIIETKU. Y UUTBIBAIIH JJOJTEO TIOKPBITHIX
CaMOK, a TaKXe MPOIOKUTEIBHOCTh OEPEMEHHOCTH (JICHb
ponoB). OLleHUBAIK YUCIIO POXKACHHBIX TTIOTOMKOB, a TaK)Ke
JIOJIIO JKMBO- U MEPTBOPOKIEHHBIX eTeHblel. Kpome Toro,
Ha IIATHIA IEHb TI0CJIC POKICHUS TPOM3BO/IMIIH B3BELINBaHNE
MTOTOMKOB.

CrarucTudeckuii anaau3. J[aHHbIE aHATM3UPOBAIN C
MoMoIIbI0 TporpamMMel Statistica 6.0. CooTBeTcTBHE TTOITY-
YEeHHBIX 3HAYECHUIH HOPMaJbHOMY PACIpE/IENICHUIO OIpe/ie-
JsiM ipu noMo1uu kpurepus lanupo—Yunka. PesynbsraTs
10 OOIUTAaM, a TAKXKe MPOJOINKUTEIILHOCTH OEPEeMEHHOCTH,

Effect of exogenous human chorionic
gonadotropin on ovulation in mice

YHCITy POKICHHBIX IOTOMKOB M BECy Teja MPEeACTaBICHBI
Kak cpeqHee + omuoka cpegaero. st cpaBHEHUS TPy HC-
nonb30Banu -kputepuil CteroneHTa. JlaHHbIe 10 MOKPBITUIO
CaMOK, a TAaKXe M0 YHUCITY )KUBO- 1 MEPTBOPOXKACHHBIX TOTOM-
KOB ITPE/ICTABIIEHBI KaK MPOIIEHT OT ob1miero. [Ipu cpaBHeHNN
IpYII UCTIONB30BAIK KpUTepuid 2. 3Hauenus npu p < 0.05
CUUTAJIN CTATUCTUYECKH JOCTOBEPHBIMH.

Pe3ynbratb
JlaHHBIE 10 OLIEHKE YHCIIa M KaYeCTBA OOLIUTOB IPUBEICHEI B
Tabn. 1. CratucTudecknii aHaau3 HE BBIIBUI JOCTOBEPHBIX
pasnuuuil Mo o0uIeMy YHCIYy OBYJIMPOBABIIMX OOLMTOB,
a TaKKe 10 YHUCIy OOLUTOB 03 IMOJSIPHOTO TEela U YHCITY
OOIIMTOB C (HOPMUPYIOLIMMCS MOJSIPHBIM TEIOM MEXY 3KC-
NEPUMEHTAIBHON U KOHTPONIbHOM rpynmamMu. [Tpu aToMm uncio
OOIIMTOB €O c(hOPMHUPOBAHHBIM TOJIIPHBIM TEJIOM OBLIO J10-
CTOBEPHO OOJIBIIIE TTOCIIE TOPMOHAIBHON CTUMYJISIIIUE CAMOK
npenaparom XI' (p < 0.05) mo cpaBHEHHUIO ¢ KOHTPOJIBLHOH
rpynnoi (6.2+0.86 u 2.2+0.97 cooTBeTCTBEHHO). OOIMTHI
TpEX OLIEHMBAEMBIX KaT€rOpHii IOKa3aHbl HA PUCYHKE.
JlaHHbIE 110 OLIEHKE NPOIOILKUTEIEHOCTH OEPEMEHHOCTH 1
POXIICHHBIX IOTOMKOB TPEICTaBICHBI B Ta0. 2. CTaTuCTH-

Table 1. Ovulation in CD1 mice after exposure
to exogenous hCG

Oocytes Groups (number of mice

per group)

Control hCG

(n=5) (n=5)
Mean number of ovulated oocytes 12.80+0.58 13.40+1.81
Without polar body 340112 1.60%0.81
With forming polar body 720+1.93  5.60%1.60
With formed polar body 2204097 6.20+0.86%

* p < 0.05 as compared to control.

Table 2. Evaluation of the duration of pregnancy
and the born offspring of CD1 mice after the injection
of exogenous hCG

Parameter

Groups (number of animals)

Duration of pregnancy, 19.67+£0.33  19.00+0.32
days
Number offspring

of born per female 11.83+3.31 10.83+5.78

**¥p <0.001 as compared to control.
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BnnaHune aK3oreHHoro XOpnoHn4yeckoro
rOHaJOTPOMVHA YenoBeKa Ha OBYNALMNIO Yy MblLLEeNn

»

Oocytes of three assessed categories: a — without polar body; b — with a forming polar body (indicated by an arrow); ¢ — with a formed polar body

(indicated by an arrow).

YECKUI aHaJIN3 HE BBIABHUI JOCTOBEPHBIX Pa3IMUUl MEXTY
9KCIEPUMEHTAIbHONW U KOHTPOJIbHOM I'PYIIIaMU I10 J10JIE 110~
KPBITBIX CAMOK, a TaKKe 110 MPOAOIDKUTEIBHOCTH OepeMeH-
HOCTH M YUCILy POKJECHHBIX ITOTOMKOB, BKIIIOUasl KHBO- U
MEpPTBOPOXKICHHBIX 0co0cei. TeM He MeHee BeC JCTCHBIIICH
Ha IATBIA J€Hb MOCIEe POKACHHUS B DKCIEPUMEHTAIBHON
rpyrmme 6611 1octoBepHO HIKe (p < 0.001), uem B KoHTpOIIE
(3.16+£0.09 1 3.76£0.07 COOTBETCTBEHHO).

O6cyxpeHue

OrieHKa KauecTBa OOIUTOB, OTY4YEHHBIX MTOCIIE TOPMOHATb-
HOTO BO3IEMCTBUS HAa caMOK MbllIel npenaparoM X1 Y, moka-
3aJ1a BO3pacTaHue YKciIa 3pesbiX (PopM co ChOPMHUPOBAHHBIM
MOJISIPHBIM TEJIOM I10 CPAaBHEHUIO C KOHTPOJIBHOM IPYIION.
Hamm nanHble comIacyroTcs ¢ HelaBHUMH pPe3ysIbTaTaMy 110
IVM oouutoB MbllIeH cO cTaJul FepMUHAIBHOTO BE3UKYJIA,
e ObLIO yCTAHOBIIEHO, YTO CKOPOCTD JI03PEBAHUS B CPEIE C
nobasienreM X1 Y OblTa 3HAYUTEIFHO BBIIIE TIO CPABHEHHIO C
KOHTPOJIBHOH IPYTIITOH, a TAKKE YTyUIIaToch SMOPHOHAIBHOE
pa3BuTHe Ipu Bo3zaeicTBuM npenapatom XI'U B xoxe IVC
(Dinopoulou et al., 2016). B pabote 1o BIUSHHIIO TOHATOTPO-
MIMHOB Ha JIOMMIUIaHTalMOHHOE pa3Butie Mmbimei (Ertzeid,
Storeng, 1992) ObLIO BBISBICHO, YTO MOCIE CTUMYJISIIUU
oByJIMM npenaparoM XI'U yBennuminoch CpegHee 4uciio
SMOPHOHOB Ha MBIIIb, HO YMEHBIIWIACH 051 MOp]oIoru-
4eCKH HOPMaJIbHBIX SMOPHOHOB 10 CPABHEHUIO C IPYIITIOi CO
CIIOHTAHHOH OBYJISIMEHN. YIydllIEeHHE KaY€CTBEHHOIO COCTaBa
OBYJIMPOBABIINX OOIMTOB, OOHAPYKEHHOE B HalIel padore,
no cpaBHeHuto ¢ uccienoBanueMm G. Ertzeid u R. Storeng
(1992), moxeT OBITH 00y CITOBICHO METOIMYECKUMH Pa3ITHIHSI-
MU 11py BBeieHuy npenapara XI'Y. B Hammx sxcnepuMeHTax
npenapar X1 BBoAWIM MbILIAM JIMIIB HA CTAUU 3CTPYCa, B
To Bpems kak G. Ertzeid u R. Storeng (1992) craamro mukima
MBIIICI HA MOMEHT BBEJICHHMS IIpernapara He yuuTeiBani. Kax
0bUT0 ycTaHOBJIeHO Hamu panee (Redina et al., 1994), kaue-
CTBO OBYJIMPOBABIIHIX OOLIUTOB IIPH BBEJCHUH TOPMOHAIBHBIX
MPENapaToB CYIIECTBEHHO 3aBUCHT OT CTa/IUH 3CTPAIBLHOTO
UKJIa Ha Ha4YaJ10 FOpMOHaJ’leOﬁ CTUMYJIALIUU.

Pesynbrarsl nzydenus BosznencTsus npenaparom XI' Bo
BpeMs OepeMEHHOCTH Y JIIoJel Ha pa3BUTHE SMOPHOHOB JI0-
CTaTO4YHO NPOTHUBOPECUUBBI. TaK, B HACTOALICEC BPEMS HAKOII-
JIEHO MHOYKECTBO JIaHHBIX 110 IMO3UTHBHOMY BiusHHIO XY
Ha TIpe- ¥ MOCTUMILIAHTAlMOHHBIA TIEPHOBI PA3BUTHS 3apO-

neira genmoseka (Kane et al., 2009; Strug etal., 2016; Lietal.,
2017; Makrigiannakis et al., 2017). B ogHOM 13 rcciienoBaHuii
Ha JIIONAX OBII0 00HapyXeHo, 9To XY sBIseTCs perymisTo-
pom nponudeparnun marounbix NK-kierox (natural killer),
KOTOPBIE UTPAIOT BXKHYIO POJIb B YCIICIIHOM IIPOTEKaHUH Oe-
PEMEHHOCTH y YeI0BEKa, BO3IEHCTBYS Uepe3 PEenTop MaH-
Ho361 CD206 (Kane et al., 2009). B padore Ha npumarax ObL10
YCT@HOBIICHO, YTO TOCJIE CTUMYJISILIMK SIMYHUKOB BHYTpUMa-
toyHas nHQy3us XI'U moBermaet gncio perentopos ESR1
n PGR sHnomerpus, 3a1epKUBaeT pa3BUTHE €TO CTPOMBI, a
TaKKe CII0COOCTBYET CHHXPOHM3AIMH JIOHOPA U PELIMIIHEHTA,
YTO B KOHEYHOM CUETE CITIOCOOCTBYET YCHENTHON TPaHCILIaH-
Tamu sMOoproHoB (Strug et al., 2016).

XI'Y akTUBHO UCHOJB3YIOT B PENPOLYKTUBHON MEIULIUHE
JUIT UMMYHOMOJYJISIIIUY SHIOMETPHS Tepe]] TPaHCIUIAaHTa-
el SMOPHOHOB, TIOCKOJIBKY OH BBICTYIAET B KaueCTBE aK-
THUBATOPA BBEJCHHBIX B IIOJIOCTh MaTKH 2y TOJIOTMYHBIX MOHO-
HYKJIEApHBIX KJIETOK Mepu(epudeckoil KpOBH, YTO, B CBOIO
odepesib, MoBbIIIAeT 3hdexkTuBHOCTh UMIUIaHTanuu (Li et
al., 2017). Bce aT1 1aHHbIE CBUAETEIBCTBYIOT JIUIIb 00 OMO-
cpenoBaHHoM BiausHUKM XU Ha pa3BuUBarOUIUiics IUIOA U
HE YYHTHIBAIOT OTJAJICHHBIX 3(P(HEeKTOB HA POXKAEHHOE TO-
TOMCTBO.

B Gortee panHeM HCCIe0BAaHUN Ha MBIIIAaX OBIJIO OTMEYEHO
HEeraTUBHOE BIIMSHHUE KaK KOMOMHAITMH JIByX TOPMOHAIBHBIX
npemnapatoB, [ CXKK u XT'Y, Tak 1, COOCTBEHHO, 9K30TC€HHOTO
XT'Y Ha npe- ¥ MOCTUMIUIAHTALMOHHOE Pa3BUTHE 3apObIIIEeH
W BO3pacTaHue IpoleHTa pe3opouposannbix mionos (Ertzeid,
Storeng, 1992). Hamm pe3yasTarsl, HAPOTHB, HOATBEP)KIAIOT
no3utuBHOe BiausiHUE X1 Ha KauecTBO OBYJSLMH, HO NIPU
9TOM MPOJIEMOHCTPUPOBAaHA TEHACHIINS K MIOBBIILICHUIO JI0JIN
MEPTBOPOXKACHHBIX 0c00eii. OOHapYKEHHOE HAMH JI0CTOBEP-
HOE CHMKEHUE BECa TeJla y MIOTOMKOB rocie BeeaeHus X'
Ha TIATHIN JICHb MOCIIE UX POXKJICHHS COIIacyeTcsi ¢ oOHapy-
JKEHHBIM paHee CHIDKEHHEM Beca IUI0JI0B B KOHIIE OepeMeHHO-
ctu mocie BozaericTBus sx3orenHoro XI'Y (Ertzeid, Storeng,
1992). B uccnenoBaHny Ha TOAIX OBUTO YCTAHOBJICHO, YTO
3a4arble MPH IIOMOIHM BCIIOMOTATEeNIbHBIX PEIPOLYKTHBHBIX
TEXHOJIOTUH JETH YacTO POKIAIOTCS HEJOHOIICHHBIMHU U
MMEIOT MEHBIIMH BEC Tejla 10 CPAaBHEHHUIO C €CTECTBEHHO
3ayareiMu (Sazonova et al., 2011; Henningsen et al., 2015),
YTO TAKK€ MOXKET OBITh CBA3aHO CO CTUMYJISILIUEN NX MaTepei
B IIepuoA OBYIsMK npenaparoM XI'Y.

FEHETUKA U CEJIEKUMA XUBOTHDbIX / ANIMAL GENETICS AND BREEDING 1009



S.Ya. Amstislavsky, S.V. Ranneva, D.S. Ragaeva
E.A. Chuyko, A.M. Popkova, E.Yu. Brusentsev

3aknioyeHune

Takum 00pazom, Hallle HCCIIE0BaHNE ITOKa3ajI0, YTO BBE/ICHUE
sk30reHHoro XI' camMkam MblLIEH Iepe]] clapuBaHUEM UX C
CaMIaMH BIHSET Ha OBYJIALUIO, YIIydllasi KA4€CTBO OOLIUTOB.
Mesxay TeM Takoro poja Bo3A€HCTBHE OKa3bIBAET HETraTUBHOE
BIIMSIHUE HA IIOTOMCTBO, OTJIMYAKOLIEECs] CHUKEHHBIM BECOM
B IIEPBBIE THU MOCIIE POXKIACHUSA. MeXaHU3MbI 9THX OTHAJIEH-
HBIX 3()(EKTOB MOKa OCTAIOTCSI HEMOHATHBIMH M TPEOYIOT
JlaJbHEHILIEro U3yYeHusl.
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Lipid metabolism disorders underlie the pathogenesis of a number of diseases. Indigenous peoples of Siberia have a
specific genetically determined type of metabolism supporting such lipid blood parameters that favor increased con-
sumption (in comparison with Caucasians) of animal products. At the same time, indigenous Siberian ethnic groups are
less susceptible to metabolic diseases. The objective of the presented study was to investigate the allele frequencies of
lipid metabolism genes in indigenous populations of Siberia to identify the ethnic features of allele frequency distribu-
tion for polymorphic variants in genes CETP (G1264A, rs5882), LPL (C1791G, rs328) and FTO (C83401A, rs8050136) in the
samples taken from Buryats, Teleuts and Russians of Eastern Siberia, and to compare them with data on world popula-
tions. Samples of the Eastern (N = 132) and Western (N = 278) Buryats, Teleuts (N = 120), Russians (N = 122) and persons
of mixed Buryat-Russian origin (N = 56) were genotyped by real-time PCR using competitive TagMan-probes. The ob-
tained results have for the first time demonstrated that the CETP and FTO allele frequencies in the Buryat samples are
intermediate between European and East Asian populations. Significantly lower incidence of the obesity-assossiated
83401A allele of the FTO gene has been shown in Buryats, compared with Russians, which is consistent with lower sus-
ceptibility of the indigenous ethnic groups to metabolic disorders. There have been no population differences in the
distribution of LPL gene polymorphic variants associated with dyslipidemia, which means they probably do not con-
tribute to the ethnic characteristics of the lipid profile. The intermediate frequencies of the CETP 1264G and FTO 83401A
alleles found in the metis group demonstrate that the metabolic disorders associated with these variants can be rather
expected in the descendants of mixed marriages than among Buryats. It has also been demonstrated that Teleuts differ
by FTO 83401A allele frequency from some of the European groups and have the lowest detected frequency of the allele
CETP 1264G associated with the favorable lipid blood parameters.

Key words: Buryats; Teleuts; Russians of Eastern Siberia; mixed origin; real-time PCR; lipid metabolism; genetic polymor-
phism; CETP (rs5882); LPL (rs328); FTO (rs8050136).
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HapyweHua nunngHoro obmeHa nexar B 0OCHOBe naTtoreHesa paga 3abonesaHunin. KopeHHble Hapogbl Cnbrpu otnmnya-
I0TCA 0COObIM FreHeTNYeCKN 00YyCTOBMIEHHbIM TUMOM MeTabonm3ma, KOTOPbI NoaAepKMBaeT 6naronpuATHbIE NUNNA-
Hble MoKa3aTenu KPoBYW NPW MOBbILEHHOM, MO CPAaBHEHMIO C eBPOMNeorAamu, BKNIaAe B PaLMoH NPOAYKTOB XKMBOTHOMO
npoucxoxaeHna. MNpy 3ToM KopeHHble CMBUPCKMe STHOCHI MeHbLUe NMOoABeP)KeHbl 3a6oneBaHNAM MeTabonmyeckoro
cnekTpa. Llenb HacToALlero nccneaoBaHna — N3yyeHune YacToT anneneil reHoB NMMNUAHOrO 06MeHa B KOPEHHbIX Mormy-
nauynax Cnbupw. bbina noctasneHa 3agaya Ha npumepe 6ypsaT, TeneyTos U pyccknx BoctouHon Cnbupw BbIABUTL STHU-
yecKkme 0COBEHHOCTM B pacnpefeneHmn 4acToT nonmmopdHbIx BapuaHToB reHoB CETP (G1264A, rs5882), LPL (C1791G,
rs328) 1 FTO (C83401A, rs8050136) 1 cpaBHUTb C JaHHBIMU MO MUPOBbIM NOMYAALNAM. BbibopKy BocTouHbIX (N = 132)
1 3anagHbix (N = 278) 6ypar, Teneytos (N = 120), pycckux (N = 122) 1 NOTOMKOB CMeLLaHHbIX 6pakoB BypAT C pyCccKu-
mMu (N = 56) reHoTMNMpoBaHbl ¢ nomMoLbto MLP B pexrme peanbHOro BpeMeHW C NCNoJib30BaHNEM KOHKYPUPYOLLNX
TagMan-30HpoB. B HacToswwel paboTe BnepBble MOKa3aHo, YTO MO YacToTam NonnMmopdHbIX BapuaHTos reHoB CETP
1 FTO n3yyeHHble BbIGOPKY OYPAT HaXOAATCS B NMPOMEXKYTOUHOM MOJSIOKEHNN MEXAY EBPOMNEOVAHBIMA rPpynnamm u
nonynauuamu BoctouHon Asun. lNoKasaHa CTaTUCTUYECKM 3HAUMMO MEHbLLIAA BCTPEYaeMoCTb y 6ypsAT, NO cpaBHEHMIO
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¢ pycckumu, annena 83401A reHa FTO, accoLMMPOBAHHOIO C OXKMPEHNEM, YTO COrNTacyeTcA C MeHbLUeln NofBeP>KeHHO-
CTbIO 3TOFO KOPEHHOTO CMBUPCKOrO 3THOCA MeTaboNMYeCcKMM HapyLueHnAM. He BbIABNEHO NONYyIALMOHHBIX Pa3inynia
B pacnpepaeneHun nonnmopdHoro BapmaHTa LPL 1791G, cBA3aHHOTO C ANCAVNAEMUEN, KOTOPBIN, BEPOATHO, HE BHO-
CUT 3aMeTHOTO BKJ1afia B STHUYECKME 0COBEHHOCTV NMNUAHOTO Npoduns. MpomexyTouHoe 3HauYeHne YacToT annenen
CETP 1264G v FTO 83401A B rpynne NOTOMKOB CMeLLaHHbIX 6pakoB 6ypAT C pyCCKMMYM MO3BONAET NPenonoXnTb 605b-
UM PUCK aCCOLIMUPOBAHHBIX C STVIMI BapMaHTaMn METABbONIMUECKX HapyLLEHWIA Y NIVL, CMeLIaHHOTO MPOVCXOXKAEHNS,
Yyem cpeau 6ypsaT. Y TeneyToB NPOAEMOHCTPUPOBAHa NOHMKEHHaA YacToTa FTO 83401A no cpaBHEHNIO C HEKOTOPbIMU
€BPONeounaHbIMK rpynnamu 1 BbiiBNeHa HaumeHbLuasa yactota CETP 1264G, accouMmpoBaHHOro ¢ 6naronpuaTHbIMM

NNNMOHbIMN NOKa3aTeNIAMU KPOBU.

KnioueBble cnoBa: OypaTbl; TeneyTbl; pycckue BoctouHon Cnbmpm; metucsi; MNLP B pexxume peanbHOro BpemeHu; nmnua-
HbIl 06MeH; reHeTyeckuii nonumopdusm; CETP (rs5882); LPL (rs328); FTO (rs8050136).

Introduction

For centuries indigenous peoples of Siberia have been adap-
ting to severe climatic and geographical conditions and pre-
dominantly protein-lipid diet, and are now characterized by a
distinct type of metabolism with increased protein-lipid and
minimized carbohydrate exchange (Panin, 1978). It was shown
earlier that, if compared to the migrant population, representa-
tives of Siberian ethnic groups, who preserved their traditional
way of life, developed a favorable blood lipid profile charac-
terized by decreased total cholesterol, triglycerides, low- and
very low-density lipoproteins (LDL, VLDL), and increased
high-density lipoproteins (HDL) preventing cardiovascular
and other metabolism-associated diseases (Oteva et al., 1993;
Sevostyanova, 2013; Darenskaya, 2014; Polyakov et al., 2015;
Tsygankova et al., 2017). As the ongoing urbanization impacts
the indigenous population, their living and economic condi-
tions change, and the so-called ‘civilization diseases’ related
to metabolic disorders increasingly strike the Siberian peoples
(Ovsyannikova et al., 2007; Lyudinina et al., 2014).

Investigation of gene polymorphism in the metabolic profile
of indigenous Siberian populations is critical for understanding
the molecular-genetic foundations of adaptive potential they
developed by adapting to specific climatic and geographical
conditions and via certain nutritional habits, and for identi-
fying genetic reserves of ethnic groups in a rapidly changing
world (Hsieh et al., 2017; Hallmark et al., 2018). The goal of
the present paper is to study the frequencies of the polymorphic
variants of lipid exchange genes in Siberian populations, the
functional significance being established based on data on
world populations.

A CETP gene encodes a cholesteryl ester carrier (transfer
protein) responsible for cholesterol transport from antiathero-
genic HDL to atherogenic LDL (Koch et al., 2014). The data
on a number of world populations show that carriers of the
G allele of the CETP polymorphic locus (G1264A4, rs5882)
reduce transfer protein activity and therefore increase HDL
(Thompson et al., 2008) as well as decreased triglycerides
compared to 44 homozygotes (Hosseini-Esfahani et al.,
2019). In a number of studies, inverse associations of the
1264G allele increasing a risk of atherosclerosis have been
found (Thompson et al., 2008; Cyrus et al., 2016). A twin
study of European population showed that GG homozygotes
have lower body mass index, fat mass, and subcutaneous
fat thickness, while 44 homozygotes demonstrated a faster
weight gain under overnutrition (Teran-Garcia et al., 2008).

Studies in Caucasians, Americans of African origin, and Chi-
nese revealed the GG genotype could also be associated with
longevity, reduced risk of the Alzheimer’s disease, vascular
dementia, and grey matter anomalies in posterior brain in
healthy elderly people (Sanders et al., 2010; Yu et al., 2012;
Chen et al., 2014; Salminen et al., 2015).

A lipoprotein lipase (LPL) enzyme plays a major part in
fat consumption by tissues, as it is responsible for plasma
triglyceride hydrolysis to generate free fatty acids and gly-
cerol, thus converting VLDL into LDL and fulfilling tissues’
energy requirements (Koch et al., 2014). The polymorphic
locus C1791G (rs328) of the LPL gene is of interest to the
researchers, since, as it was shown in a number of world
populations, this G allele has been associated with favorable
changes in lipid composition, i. e. decrease in triglycerides
and increase in HDL in healthy subjects (Sagoo et al., 2008;
Webster et al., 2009; Tang et al., 2010; Shatwan et al., 2016).
The CC genotype is shown to be associated with metabolic
syndrome in Mexican women of European and African descent
and the descendants of indigenous peoples (Cahua-Pablo et
al., 2015). In addition, /791G is a protective allele against
Alzheimer’s disease (Ren L., Ren X., 2016).

An FTO gene (fat mass and obesity associated gene)
encodes 2-oxoglutarate-dependent demethylase for nucleic
acids involved in central control of energy homeostasis
(Kudryavtseva et al., 2010). In a genome-wide association
study (GWAS) it was demonstrated that 70 gene polymor-
phism was associated with a risk of obesity (Babenko et al.,
2019). The studies of the FTO polymorphic locus (C83401A4,
rs8050136) in world populations of various origins showed
that 4 allele carriers had decreased FTO gene expression and
increased a risk of obesity (Park et al., 2013; Chen et al., 2018).
The FTO (83401A) variant was shown to be associated with
type-2 diabetes mellitus in the Russian and East Asian popula-
tions (Suplotova et al., 2014; Yang et al., 2017).

We were unable to find any data on the CETP (G1264A,
rs5882), LPL (C1791G, rs328), and FTO (C834014,
rs8050136) allele and genotype frequencies in indigenous
Siberian peoples in the literature. In this respect we saw the
objectives of our study as to investigate the incidence of these
polymorphic variants in Buryats, one of the largest peoples in
Eastern Siberia (over 460 K ppl, according to the 2010 census),
Teleuts, a small indigenous people in Southern Siberia (about
2.5 K ppl), and Russians from Eastern Siberia; to compare
the results to the data on world populations available in the
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literature; to match the results obtained with the data on preva-
lence of dyslipidemia among these ethnic groups. Of equal
interest is the distribution of lipid exchange gene variants in
descendants from mixed Russian-Buryat marriages, which is
the reason they were included in the research as well.

Materials and methods

The genetic material for this study was collected by the em-
ployees of the Laboratory of Populational Ethnogenetics at
the Institute of Cytology and Genetics, SB RAS (headed by
L.P. Osipova, PhD) during the expeditions of 2003-2006.
Blood samples were taken from volunteers, who were ap-
parently healthy at the moment of the procedure after taking
their informed consent and receiving the approval of local
public health authorities and the Ethics Committee of the
Institute of Cytology and Genetics, SB RAS. Before the blood
samples were taken, every participant filled in a customized
demographic questionnaire, where they specified the ethnic
backgrounds of 3—4 generations of their ancestors. The data
collected were used to form 5 population samples for the
Southern and Eastern Siberia.

Persons of Buryat nationality having no ancestors with for-
eign ethnic backgrounds and living in Alkhanay and Orlovsky
settlements of the Agin-Buryat Autonomous District (ABD) in
Zabaykalsky Krai were included in the Eastern Buryat group
(N = 132). Ethnic Buryats living in the settlements of the
Ekhirit-Bulagatsky District of the Ust-Ordyn Buryat Autono-
mous District (UOBD) in the Irkutsk Region (N = 278) were
included in the western sample. First- and second-generation
descendants from mixed Russian-Buryat marriages were
included in the metis sample (N = 56). The Teleut sample
included the representatives of the indigenous population of
Belovo District in the Kemerovo Region (N = 120). Long-
living Russians from Eastern Siberia, whose ancestors lived in
the settlements of Zabaykalsky Krai and the Irkutsk Region for
several generations, were included in the fifth sample (NV=122).

DNA samples were recovered from venous blood leukocyte
fractions using the Biosilica assay kits (Russia). Genotyping of
single-nucleotide exchanges in the CETP (G1264A4, 1s5882),
LPL (C1791G,1s328),and FTO (C83401A4,1s8050136) genes
was performed via real-time PCR using competing TagMan-
probes complementary to polymorphic DNA segments. Primer
and probe structures were chosen based on the sequences
available from the NCBI database (http://www.ncbi.nlm.nih.
gov/) using UGENE (version 1.14, http://ugene.unipro.ru/)
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and Oligo Analyzer (version 1.0.3, https://eu.idtdna.com/
pages/tools/oligoanalyzer) software suites (Table 1).

PCR amplification volume was 25 pl, and PCR mixture in-
cluded primers (300 nM), TagMan-probes (100 nM), TrisHCI
(65 mM, pH 8.9), (NH,),SO, (16 mM), MgCl, (2.5 mM),
Tween-20 (0.05 %), dNTP (0.2 mM), DNA (0.5-10 ng), and
Taq-DNA polymerase (0.5 U, hot-start, Biosan, IHBFM).
PCR conditions were as follows: initial denaturation at 96 °C
lasted 3 min and was followed by 46 cycles including dena-
turation at 96 °C for 5 s and primer annealing with subsequent
elongation at 61 °C for 30 s (each step was accompanied by a
fluorescent signal recorded at the FAM and R6G fluorophore
emission wavelength).

Population allele frequencies of polymorphic variants were
determined based on the observed genotype frequencies. The
match between the empirically observed genotype frequency
distribution and the expected theoretical distribution in Hardy—
Weinberg equilibrium was examined using > Pearson test
(the equilibrium holds at p > 0.05). Significance of differences
in allele frequencies between the studied samples was deter-
mined using y? test with Yates’s correction for continuity; the
results were considered statistically significant at p < 0.017
(considering the multiple testing correction 0.017 = 0.05/3).

Results

Genotype distribution for polymorphic loci of the CETP
(G1264A4,1s5882), LPL (C1791G,1s328),and FTO (C834014,
rs8050136) genes in samples of Buryats, their metis, Teleuts,
and Russians from Eastern Siberia is presented in Table 2.

Genotype distribution matched the Hardy—Weinberg
equilibrium for all polymorphic loci and samples. The CETP
1264G, LPL 1791G, and FTO 834014 allele frequencies in
the studied samples, some additional ethnic groups described
in the literature (The 1000 Genomes..., 2012), and population
comparison (p-value) are presented in Tables 3—5.

The CETP 1264G allele associated with favorable lipid
blood parameters is widely spread in Africa with the aver-
age frequency of 63.8 % and the frequency in the Nigerian
population reaching 69 % (The 1000 Genomes..., 2012). It
is slightly less common in South (the average of 45 %) and
East Asian populations (the average of 43.7 %), as well as
Central and South America (the average of 40.1 %). European
populations are characterized by decreasing frequency of
this protective allele against atherosclerosis with the average
frequency of 33.1 %.

Table 1. Structures of the primers and probes used for genotyping of single-nucleotide exchanges

in the CETP, LPL, and FTO genes

Primers

Probes
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Table 2. Genotype distribution for CETP, LPL, and FTO in samples of Buryat, their metis, Teleuts, and Russians from Eastern Siberia

Population Eastern Western Metis Teleuts Russians from
Buryats Buryats Eastern Siberia
(CETP(G1264A, Genotype A 51(386) 125(449) 748y 68(567) 0
s dsbuion, s o ey s nwe
66 18(137) 3019 7025 130108 208
N pp| ..................................... 132 .......................... 2 78 .......................... 5 6 ............................ 120 .......................... 122 ..............................
p(H_W) ................................. 0 3350611 ........................ 0 457 ....................... 0 052 ....................... 0 945 ...........................
LPL(CI791G,  Genotype cc 114864 27819 47870 %(828) 102836
w2 dsbuion g sy 0 eass ease
GG .......... 1(0 7) ...................... 2 (07) ...................... 0 .............................. 4 (3 4) ...................... 1(0 8) ..........................
Npp| ..................................... 132 .......................... 2 77 .......................... 5 4 ............................ ”6 .......................... 122 ..............................
p(H_W) ................................. 0 9350945 ....................... 0 926 ....................... 0 519 ....................... o 981 ............................
FTO(C83401A, Genotype 6923 158(569) 21389 s7¢49.0) 4785
sE0S0130)  ditbuion, o g aggen ey wesen sewss
w763 14650 8148 3012 190156
Npp| ..................................... 132 .......................... 2 78 .......................... 5 4 ............................ 116 .......................... 122 ..............................
p(H_W) ................................. 0 3080431 ........................ 0 9 ............................ o 423 ....................... 0 733 ...........................

Note: N is the sample size; n is the quantity; p (H-W) is the probability of deviation from the Hardy-Weinberg equilibrium, metis are the descendants of mixed
Russian-Buryat marriages.

Table 3. CETP 1264G allele frequency in some populations (ethnic groups) and population comparison (p-value)

Population/ethnic group N, CETP 1264G  Population comparison (p-value)
PPl TeAUeNY Eastern  Western  Metis  Teleuts  Russiansfom
° Buryats Buryats Eastern Siberia
‘Easten Buryats* 132 375  029% 0378 0017 0155
Western Buryats* 78 335 0296 0859 0089 0559
Met,5*55321037808600401 ........... 0947 ...........................
Te|eut5* ................................................................ 1 20271001700890401 ............................... 0385 ...........................
‘Russians from Eastern Siberia® - 122 311 0155 055 0947 o038
‘Han Chinese, Beijing, China™ - 103 476 0035  p<0001 0011  p<0001 p<0001
‘Southern Han Chinese, China™ - 105 433 023 0015 0066  p<0001 0009
Japanese, Tokyo, Japan® - 104 529 0001  p<0001 p<0001 p<0001 p<0001
Kinh (Viet Ho ChiMinhCity, 99 384 0920 0247 0324 0016 0132
Vietnam**
‘Population ofthe state of Utah, 99 359 0798 0600 0581 0061 0335

descendants of Northern and Western
European settlers**

Finns, Finland** 99 354 0.714 0.691 0.643 0.077 0.393
‘Englishpeopleand Scots™ o1 297 0109 0391 0762 0632  08%8
\berians, Spain™* 107 308 0151 0529 0909 0444 0974
Toscani laly* 107 336 0430 0953 0881 0160 0638

Note:Hereinafter: metis are the descendants of mixed Russian-Buryat marriages; * the research data; ** the data from the literature (The 1000 Genomes..., 2012);
p <0.017 are highlighted in bold if the differences have been considered statistically significant.
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Table 4. LPL 1791G allele frequency in some populations (ethnic groups) and population comparison (p-value)

Population/ethnic group N, LPL1791G  Population comparison (p-value)

PPl frequency, fastern  Western  Metis  Teleuts Russiansfrom

% Buryats Buryats Eastern Siberia

E astem BuryatS* .................................................... 132 ............... 7 2 ...................................... 0 362 ............. 0 987 .......... 0 287 .......... 0 674 ...........................
WestemB uryatS* ................................................. 2 77 ............... 9 4 ............... 0 362 .................................... 0 434 ......... 0 797 .......... 0 820 ...........................
M etIS* ...................................................................... 54 ............... 6 5 ................ 0 937 .............. 0 434 ............................... 0 351 ........... 0 647 ...........................
Te|eut5* ................................................................. ”6 ............. 10 3 ................ 0 237 .............. 0 797 ............. o 351 ............................. o 633 ...........................
Russians from Eastern Siberia® 122 86 0674 0820 o647 0633
Han Chinese, Beijing, China™ 103 102« 032 0846 0377 0902 0675
‘Southern Han Chinese, China™ 103 124 o 0080 0280 0151 0588 0245
Japanese,Tokyo, Japan™ 04 M1 0189 0572 0263 0907 0463
“Kinh (Viey Ho ChiMinh City, - 9 131 0050 0184 0113 0451 0170
Vietnam™*
Population of the state of Utah, - % 126 0072 0255 0141 0551 0225

descendants of Northern and Western
European settlers™*

Finns, Finland** 99 11.6 0.143 0.454 0.218 0.783 0.374

‘Englishpeopleand Scots™ o 115 0163 0497 0234 0817 0407
lberians, Spain™* 107 164 0003 0009 0021 0078 0016
B e et e

Population/ethnic group N, LPL1791G

PPl frequency, actern  Western  Metis  Teleuts  Russiansfrom

% Buryats Buryats Eastern Siberia

EastemBuryats* .................................................. 132 ............. 2 65 ........................................ 0 5”003803140005 ....................
WestemBuryats* """""""""""""""""""""""""" s 241 os11 0004 0 055p<0001 """""""
Metls* ...................................................................... 54 ............ 3 80 ................. O 033 .............. 0 004 .................................. O 249 ............. 0 976 ....................
Te|euts* ................................................................. 116 ............ 3 10 ................. O 314 .............. 0 055 ............ 0 249 .................................... 0 105 .....................
Russians from Eastern Siberia® 122 385 0005  p<0001 0976 o105
Han Chinese, Beijing, China™ 103 150 0004 0009  p<0001 p<0001 p<0.001
‘Southern Han Chinese, China™ 105 138 0001 0003  p<0001 p<0001 p<0.001
Japanese,Tokyo, Japan™* 04 173 0023 005  p<0001 0001  p<0001
Kinh (Viet) Ho Chi Minh City, % 217 0281 0557 0003 0039  p<0001
Vietnam**
Population of the state of Utah, 9 444 p<0001 p<0001 0336 0006 0247
descendants of Northern and Western
European settlers**
“Finns, Finland®™ 9 389 0006  p<0001 0975 0106 099
CEnglish peopleand Scots™ o1 396 0005  p<0001 0884 0085 0897
lberians, Spain®™* 107 374 0014  p<0001 0987 0185 0884
Toscani,laly™ 107 463 p<0001 p<0001 01%4 0001 o111
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The ethnic group of Russians from Eastern Siberia matches
the other Caucasian populations described in the literature in
the CETP 1264G allele frequency (see Table 3). Our investiga-
tion showed that this allele frequency is higher in the Buryats
than in the Russians, but statistically speaking it is still signifi-
cantly lower than in a number of East Asian populations. The
group of descendants of mixed Russian-Buryat marriages is
intermediate between parent populations. The Teleuts, on the
other hand, demonstrated the lowest CETP 264G frequency
among not only the studied groups but among all the popula-
tions described earlier. The differences between the Teleuts,
Eastern Buryats, and a number of East Asian populations are
statistically significant.

Incidence of LPL 1791G, a protective allele against a series
of metabolic disorders, is relatively low in human populations
(The 1000 Genomes..., 2012). For instance, it varies from 2.5
to 10 % in African populations, from 2.4 to 8.7 % in the indige-
nous American population, and from 5.2 to 10.8 % in South
Asian populations. The incidence of this allele in East Asian
populations is 10.2—-14 % and in Europeans — 11.5-16.4 %.

No significant differences in the incidence of the LPL
1791G allele were found between the studied samples of
Buryats, Teleuts, and Russians (see Table 4). All the groups
showed a slightly decreased value compared to the data on East
Asian and European populations from the literature. However
statistically significant differences were found only in the
Buryats compared to the Caucasian population of Iberians
characterized by the highest incidence of 1791G.

The FTO 834014 allele associated with high body mass
index is widely spread in African populations at 38.1-46.8 %
and Caucasian populations — at 37.4—46.3 % (The 1000 Ge-
nomes..., 2012). It is less common in indigenous populations
of Central and South America (21.9-34.6 %) and South Asia
(24.3-33.8 %). The incidence of 834014 is even lower in East
Asian, i. e. Chinese, Japanese, and Vietnamese, populations
at 13.8-21.7 %.

The FTO 834014 allele frequency in samples of Eastern
and Western Buryats was statistically significantly lower than
in samples of Russians from Eastern Siberia and Caucasian
groups described in the literature (see Table 5). 834014 allele
was also less common in the Teleuts, than in the Russians.
In addition, statistically significant differences between the
Teleut sample and the Caucasian sample of the population of
the state of Utah and the Toscani group from Italy were found.
On the other hand, frequencies of the F7O 834014 variant
in Siberian samples significantly increased if compared to a
number of East Asian groups. It was shown earlier for other
gene frequencies that indigenous Siberian populations were
intermediate between Caucasians and East Asians (Tabikha-
nova et al., 2018a, b).

Discussion

The present study is conducted within a topical line of research
aiming to investigate specific features of population genetic
structure in indigenous Siberian peoples in the context of
medical biology and gene geography. Functionally significant
CETP 1264G, LPL 1791G, and FTO 834014 alleles have been
studied for the first time in populations of Buryats, Teleuts,
and Russians from Eastern Siberia, as well as the descendants
from mixed Russian-Buryat marriages.

Polymorphism of lipid exchange genes
in some populations of South and East Siberia

The discovered frequencies were shown to match the
general geographical gradient regarding the distribution of
CETP (G12644, rs5882) and FTO (C834014, 1s8050136)
polymorphic variants. The group of Russians from Eastern
Siberia matches the other Caucasian populations. Siberian
peoples are intermediate between Caucasian and East Asian
populations, the only exception being the CETP 1264G allele
frequency in Teleuts having the lowest recorded frequency
among all populations. The development of this population
was probably affected by microevolutionary factors (such as
genetic drift or passing through a bottleneck). Further research
focused on extending the studied sample and covering other
territorial groups of Teleuts is required to come to definitive
conclusions.

LPL (C1791G, rs328) gene polymorphism does not show
a pronounced frequency gradient on the world map, and no
distribution regularities were found for the LPL 1791G allele
in the samples studied.

It is worth noting that Buryats have higher ratio of cho-
lesterol-rich animal foods in their diet compared to Russians,
the prevalence of animal foods being a distinctive feature of
their nutritional intake (Bairova et al., 2013). In addition, it
has been shown that negative lipid profile changes (increase
in triglycerides, total cholesterol, LDL, and VLDL) in Buryat
women in their climacteric period were less noticeable than in
the Russian ethnic group (Semenova et al., 2018). Cholesterol
levels in patients with myocardial infarctions and diabetes
mellitus type 2 are lower in the Buryat population than in
patients from Caucasian populations (Bardymova et al., 2015).
Adaptation to the hypercontinental climate of the Siberian
region, livestock-based economy, and high-calorie diet with
high protein and fat contents appears to have affected the
frequencies of polymorphic variants of lipid exchange genes
in this indigenous Siberian ethnic group.

Lower prevalence of lipid exchange disorders in Buryats
matches the increased frequency of the CETP 1264G allele as-
sociated with favorable lipid blood parameters and decreased
incidence of obesity-associated 70 83401A4 in the population.
We were unable to discover any differences in the LPL 1791G
allele frequencies between the populations, and thus it may
turn out to have no effect on a distinctive ethnic lipid profile.
Further research into lipid exchange genes in the populations
studied will make it possible to better understand the nature
of ethnic differences.

Intermediate frequencies of polymorphic variants CETP
1264G and FTO 834014 in the metis group may indicate a
higher risk of the associated metabolic disorders in descen-
dants of mixed marriages. At the same time, the lowest inci-
dence of LPL 1791G observed in the metis group is possibly
due to the small sample size.

We were unable to find any data on distinctive features of
lipid spectrum in Teleuts in the literature, however studies in
Shorians, another small indigenous people in the Kemerovo
Region, showed the trend of lower prevalence of dyslipidemias
compared to migrant Caucasian populations, to be peculiar
for Siberian ethnic groups (Tsygankova et al., 2017). At the
same time, recent decades saw an increase in cardiovascular
diseases in the representatives of a Teleut ethnic group living
under environmentally unfriendly conditions in the urbanized
areas of Kuzbass (intermountain basin) (Ovsyannikova et
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al., 2007). A decreased frequency of obesity-associated F'70O
834014 allele in Teleuts and Buryats has been demonstrated
in the present paper, however the genetic differences of this
indigenous Siberian ethnic group from Caucasians are not
too significant, as it has been shown earlier for other genes
(Tabikhanova et al., 2018a, b). A low frequency of the CETP
1264G allele associated with the favorable lipid blood pa-
rameters in the population may indicate an increased risk of
dyslipidemies in a specific territorial group of Teleuts.

Conclusions

Ethnic distinctions in the frequency distribution of the poly-
morphic variants of the CETP (G12644, rs5882), LPL
(C1791G, 1s328), and FTO (C834014, rs8050136) genes
in Siberian populations of Buryats, Teleuts, Russians, and
descendants of mixed Russian-Buryat marriages have been
studied in the present paper for the first time.

The Buryat samples were shown to be intermediate between
Caucasian groups and East Asian populations in CETP 1264G
and FTO 834014 frequencies. Compared to the Russians, the
Buryats showed a statistically significantly lower incidence
of the FTO 834014 allele associated with obesity. This
agrees with the lower susceptibility of Buryats to metabolic
disorders compared to the Caucasian population described in
the literature. Intermediate frequencies of CETP 1264G and
FTO 834014 alleles in the metis group may indicate a higher
risk of the associated metabolic disorders in the descendants
of mixed marriages compared to the Buryats.

A decreased FTO 834014 was demonstrated in Teleuts,
however the genetic differences of this indigenous Siberian
ethnic group from Caucasians are not too significant; Teleuts
also showed the lowest CETP 1264G frequency among all
the populations studied. The results of the present study
may imply an increased risk of dyslipidemia in this specific
territorial group of Teleuts.

No differences were found in distribution of the polymorphic
variant LPL 1791G associated with dyslipidemia, and thus it
may turn out to have no effect on a distinctive lipid profile of
these Siberian peoples.
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[lnA nauneHTOB C HaCeACTBEHHON rMnepxonectepuHeMmen u/unmn He NepPeHoOCALLMX CTaTUHbI OCTAaeTCA akTyarb-
HoW pa3paboTka HOBbIX CPEACTB, CHUXAIOLMX YPOBEHb «MIOXOr0» XONIeCTEPUHA, HAaNpPUMep Ha OCHOBE aHTUCMBbIC-
NOBbIX ONIMFOHYKNEOTUAHbIX Mpoun3BofHbix (ACO). Llenbto nccnefosaHma 6bina oLeHKa M3MeHeHNA TMNMAHOMO 06-
MeHa B BapuaHTax coBmecTHoro Bo3aenctena ACO, agpecoBaHHbiMM Ha MPHK ero BaxHewnwunx reHos: anoB, PCSK9
n anoClll. icnonb3oBaHbl: caMky mMbim nnHUmM C57BL/6J; 3alymileHHble OT eCTBUA HyK/1eas3 ONMMroHyKneoTugHbie
Npon3BoAHble AvHONM 13 1 20 HYKNeOoTMAOB; CTaHAAPTHbIE METOAbI KONIMYECTBEHHOTO ONpeaesieHNA TMNonpoTen-
nos — XC JIMBM, XC He-JMBIM, obuiero xonectepuHa (XC) 1 anaHnHammnHoTpaHchepasbl (AJ1T) B CbIBOPOTKE KPOBU.
ACO B koMb6uHaumsx: 1) ACO k anoB, 2) ACO k anoClll, 3) ACO k anoB 1 ACO k PCSK9, 4) ACO k anoB, ACO k PCSK9
1 ACO k anoClll, 5) 3ACO k anoB, ACO k PCSK9 n 2ACO k anoClll (u1dpbl — 3TO KPaTHOCTb KONMYECTBa BBOAVMOTO
npenaparta), 6) ACO k PCSK9 n (ACO k anoClll - Tonbko B YeTBepTOE BBEEHWE) BBOAUIIV B XBOCTOBYIO BEHY MbILUAM
1o YeTbipe pa3sa. Bcnecreme TpexKpaTHOro eXXeHeieNIbHOro BBEAEHUA B 3TUX KOMOMHaLMsAX ypoBeHb XC He-JMBI
OTHOCUTENIbHO KOHTpONA 6bln Huxe Ha 25, 16, 35, 47, 60 1 7 % cooTBeTCTBEHHO, a cooTHoweHue XC JIMBM/XC
He-JIMBI Bbiwe B 1.8, 1.5, 1.9, 2.4, 3.1 n 1.24 pa3a. lNpu nocnepytowem eeeaeHnn ACO c 0OgHOBPEMEHHbIM nepe-
XO[0M Ha XVPOBYIO ANETY Yepes ofHYy Heflento B ciyyae KombrHaumii 1-6 ACO yposeHb XC He-JIMBIM 6bin Ha 28, 2,
28,70, 33 n 49 % HuxKe, yem B KOHTpone, a cooTHoweHne XC JIMNBIM/XC He-JIMNBM nyywe B 1.5, 1.1, 2,3.7,1.9 1 2 pa3a
cooTBeTcTBEHHO. KoHueHTpauunsa AJTT npu Bcex kKombuHaumsax ACO ocTaBanach B npefenax ypoBHS Y KOHTPOSb-
HbIX KMBOTHBIX, YUTO YKa3blBaeT Ha OTCYTCTBME renaToTokcnyeckoro adpdekra. [ina Hambonblielin 3GpdeKTUBHOCTH
AHTUCMbICSTOBBIX ONIMFOHYKIEOTUAHbBIX MPOU3BOAHBIX B KOMOUHALMAX BaXKHO YUMUTbIBaTb HEOOXOAMMOCTb Noabdopa
KOHLIeHTPaLMii, B TOM UKC/Ie U B COYETAHUAX, a TakkKe NopsaaKa 1 neproaos BBeAeHVA. Bnepsble npepnaraetca
BPEMEHHON KOMONHALNOHHO-KOHLIEHTPALNOHHbBI aHTUCMbICIOBO MOAXOL.

KnioueBble C10Ba: aHTUCMbICIIOBbIE ONIMFOHYKNEOTUAHbIE MPOU3BOAHbIE; PErynAaLma NTMNMAHOrO o6MeHa.

Onsa yutnposaHusa: Owesckuii C.U., ParnHo K0.M., KawTaHoBsa E.B., NMonoHckas fA.B., CraxHesa E.M., Hukonun B.I1,,
Monosa H.A., KonuaHos H.A., BoeBoaa M.U. IameHeHna nunyuaHOro obmMeHa mMbllwvi Npy OAHOBPEMEHHOM BO3Ael-
CTBMV @HTUCMbICITOBbBIMW ONIMTOHYKNEOTUAHbIMY NPOn3BOAHbIMN K MPHK reHoB anoB, PCSK9 v anoClll. BaBnnoBckmi
XKYpHasn reHeTuKu n cenekumm. 2019;23(8):1020-1025. DOI 10.18699/VJ19.579

Changes induced in mouse lipid metabolism by simultaneous
impact of antisense oligonucleotide derivatives
to apoB, PCSK9, and apoCIII mRNAs
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Development of new drugs able to decrease the level of “bad” cholesterol, in particular, based on antisense
oligonucleotide derivatives (ASOs), remains relevant for the patients with familial hypercholesterolemia and/or
intolerant to statins. The goal of the work was to assess the changes in the lipid metabolism caused by variants
of joint impact of the ASOs targeted to the mRNAs of its key genes: apoB, PCSK9, and apoClil. Female C57BL/6J
mice; nuclease-protected 13- and 20-nucleotide ASOs, and standard protocols for quantification of lipoproteins
(HDL CHL, non-HDL CHL, and total CHL) and ALT in the blood serum were used in the work. The following combi-
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JINNnZHbIM 06MEH MbILLN MPU OGHOBPEMEHHOM BO3LENCTBUN
AHTUCMbICNIOBBIMU OfIUFOHYKIEOTUAHBIMI NPOVN3BOAHBIMY

nations of ASOs were four times injected to the mouse caudal vein: 1) ASO to apoB, 2) ASO to apoClll, 3) ASO to
apoB and ASO to PCSK9, 4) ASO to apoB, ASO to PCSK9, and ASO to apoClll, 5) ASO to apoB (three doses), ASO to
PCSK9, and ASO to apoClll (two doses), 6) ASO to PCSK9 and (ASO to apoClll — only in the fourth administration).
Triple weekly administration of these ASO combinations resulted in a decrease in non-HDL CHL by 25, 16, 35, 47,
60, and 7 %, respectively, as compared with the control and 1.8-, 1.5-, 1.9-, 2.4-, 3.1, and 1.24-fold higher HDL CHL/
non-HDL CHL ratio. The subsequent ASO injection with concurrent switching to a high-fat diet after 1 week resulted
in a decrease in the non-HDL CHL by 28, 2, 28, 70, 33, and 49 % for ASOs (1-6), respectively, as compared with the
control; the HDL CHL/non-HDL CHL ratio was 1.5-, 1.1, 2-, 3.7-, 1.9-, and 2-fold better. The ALT concentration for all
ASO combinations remained within the norm for the control animals, demonstrating the absence of any hepato-
toxic effect. The best efficiency of ASOs requires selection of concentrations for single ASOs and their combinations
as well as of the order and timing of administration. Thus, a new antisense approach is proposed.

Key words: antisense oligonucleotide derivatives; lipid metabolism regulation.
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Kolchanov N.A., Voevoda M.I. Changes induced in mouse lipid metabolism by simultaneous impact of antisense
oligonucleotide derivatives to apoB, PCSK9, and apoClll mRNAs. Vavilovskii Zhurnal Genetiki i Selektsii= Vavilov

2019
238

Journal of Genetics and Breeding. 2019;23(8):1020-1025. DOI 10.18699/VJ19.579 (in Russian)

BBepeHune

Jucnunuaemusi — 3Ha4NMBbIH (AKTOp pa3BUTHS PAHHETO
aTepOCKIICPO3a U CEep/IeUHO-COCYAMCTHIX 3a00NIeBaHMM, TO-
ATOMY CHMI)KCHHE YPOBHS XOJIECTEPHHA JIMIIONPOTEHIOB He-
Bbicokoi moTHOocTH (XC He-JITIBIIT) Bo MHOTHX ciydasx
MPEACTABISIETCs] BXKHBIM JUISl TTPEJOTBPALICHUST ITHX 00-
ne3Hell. B xagecTBe MpoMIakKTHIECKOTO CPEACTBA XOPOIIO
3apeKOMEH/I0BaNIN ce0st craTnHbl. OHAKO IS TTALMEHTOB C
HACJIC/ICTBEHHOW T'HIIEPXOJIECTEpUHEMNUCH W/MIM HE mepe-
Hocsinux cratunbl (Visser et al., 2012) cymiecTByeT noTpeo-
HOCTb B JIONIOJIHUTEJIGHBIX MM aJIbTEPHATHBHBIX CTPATETHAX
a¢pexruBHOro cHInKeHUs XC He-JIIBII. Takoii cTparerucii B
TMOCJIS/THUE TO/Ibl CTAHOBUTCS TEPAITUSI AHTHCMBICIIOBBIMH OJIH-
TOHYKJICOTHIHBIMU TPOu3BOTHBIME (ACO), 6a3upyrommascs
Ha aHTUCMBICTIOBOM Moaxone (Antisense Drug Technology.. .,
2008), korma BBOAMMOE OJMTOHYKJICOTHIHOE TIPOU3BOIHOE
koMIiemMeHTapHo cBsizbiBaeTcsi ¢ MPHK mnu npe-MPHK 3Ha-
YHMOTO JIUIsl JIMITUTHOTO OOMeHa Oenka M, TakuM o0pazom,
OIOKMpYeT ee TPAHCIAIHMIO, T.€. B UTOTe CHIDKAeT KOHIICH-
TPALUIO JAHHOTO OEJIKa B KJICTKE.

K 2018 r. Food and Drug Administration (FDA, CILIA) no-
MYCTHJIO Ha PHIHOK TOJIBKO OJIMH IIperapar Ha OCHOBE aHTH-
CMBICJIOBBIX OJIMTOHYKJICOTHAHBIX IPON3BOIHBIX, IPEAHA3HA-
4yeHHbIH s nedenns pucnununemun. KYNAMRO (mu-
MIOMEPCEH) MpeIHa3HaueH [UIsl JICYEHHsI TOMO3UTOTHOH Ha-
CJIC/ICTBEHHOH TunepxonecrepuHeMun. OH CHIKAeT ypOBEHb
anoB B mna3zme u yposens XC JIITHII B no3o3aBucumMoii u
sKcro3uIoHHoi Manepe (Geary et al., 2015), Ho umMeeT cy-
niecTBeHHBIE T0O004YHBIe A3 dexTrl (Panta et al., 2015). [Ipyrue
npenaparsl: [IONIS-APOCIIIRx (volanesorsen) — juist jtede-
HUS HACJIECTBEHHOU XUIIOMUKPOHEMHUH U CEMEMHOMN YacTHY-
HOH JIMIOAUCTPO(UH — IPOIIEI TPETHIO CTA/INIO KITMHUIECKHUX
UCIIBITaHUH, HO He Obl1 nomynieH FDA Ha peiHok B 2018 1
GalNAc-xoustorupoBanabsie [ONIS-APO(a)-LRx — mist cHE-
JKeHus ypoBHs munonporenHa (a) m [IONIS-ANGPTL3-LRx —
JUISL IPEOJIONICHUS] CMEIIAHHOM TUCIUITUIEMHUN — HA BTOPOH
craauu KimHuYeckux ncnbitanuii (Hegele et al., 2019). Bee
9TH TOAXOBI OTHOCATCSI K MOHOTepanuu. [lo-Buaumomy,
MOHOTepartisi BOoOIIe He MOXKET OBITh JI0CTaToYHO (P dex-
TUBHOU 0e3 1mo0ouHbIX P dexToB. OUeBHIHO, YTO JH0OOE
pe3Koe M3MEHEHNE B KOHIEHTPAIHU (AKTUBHOCTH) OJHOTO
13 KOMIIOHEHTOB CHCTEMbI MOXKET IIPUBOUTH K HEOHO3HAY-
HBIM TIocTieACTBHUsIM. HeaBHO HamMu Ob110 cPOPMYIHPOBAHO

MPE/ICTABIIEHHE, YTO KOMIUIEKCHOE BO3/ICHCTBHE MOXKET OBITH
addexTrBHEE, TAK KAK CHCTEMA PETYJISILIUH JIMITHTHOTO 00Me-
Ha CJI0’KHA 1 €€ KOMIIOHEHTBI — 3TO B3aMOCBS3aHHbIC yJacT-
HUKH. MHOXXECTBEHHOE, MEHEE arpecCUBHOE BO3JCHCTBHUE
ACO Ha psiJ1 y4aCTHHKOB CUCTEMBI, BO3MOXKHOE B Pa3HOH CTe-
TIEHH, 4, MOXKET OBITh, I PA3HOHAIPABIEHHOE, TPE/ICTABIISETCSI
nepcriekTuBHBIM (OrmreBckuid u ap., 2015). beuta nmokaszana
MPUHLIMIHAIbHAS BO3MOXKHOCTD BIMSHUS Ha JIMITUIHBIH 00-
MeH cpa3y HeckonbkuMu ACO (OmeBckwii v ap., 2015). Tpu
BozaeiictBun ACO k Tpem MPHK BakHeHIIMX reHOB JAUIHI-
HOTo 00MEeHa, HEIOCPEACTBEHHO CBSI3aHHBIX COIVIACHO T€HHBIM
cersiM, — anoB, PCSK9 u anoCIII — nanbonpmmit 3¢ ekt
cHmkenus yposHsa XC JIITHII n nannydinee cOoTHOLIEHHE
XC JIIBII/XC JITHIT gocTuranock mpu OTHOBPEMEHHOM
Bo3zericTeun TpeMs ACO. MakcnmainbHyo 3¢ dekTnBHOCTD
neiictBus ACO B KOMOWHAIMSX HAONIOMAIH TIPH WMHTYKITHA
JKUPOBOH IUETOMU.

B nacrostmeit pabote 3a1eliCTBOBAHBI paHEe HCIIOIB30-
BaHHbBIC BapuaHTH 1 700aBieHb: ACO k anoClIII kak camo-
CTOSTEINIbHBIH peareHT, Habop Tpex ACO B 0oJIbLIeH KOHIICH-
Tpanuu IBYX W3 HUX ¥ KoMOWHUpoBaHHOE codeTanne ACO
k PCSK9 ¢ ACO x anoCIII (komOunanus 6). Takoe paciu-
PEHHOE BO3/1eiiCTBIE pa3BUBAET CTPATETHI0 aHTUCMBICIIOBOTO
noaxona. GakTUUECKN BIEPBLIE MPEIaraeTcss BpEMEHHOM
KOMOMHAIIMOHHO-KOHIIEHTPAIINOHHBIH ITOAXOI.

AHTHCMBICTIOBBIE OJIUTOHYKJIEOTHAHBIE TPON3BOHBIE, HC-
MOJIF30BaHHBIE B paboTe, oTHOCATCS K [ ammepam (Gapmers).
OTO OJNUTOHYKJICOTHAHBIE MPOU3BOAHBIC, UMEIOIINE Ha 5'-
u 3'-KOHI[aX KOPOTKHE (hparMeHTHI OJUTOMEpa — KPbUIbs
(Wings), OTIIMYHBIE IO XUMHYECKOH IPHPOJIE OT IIEHTPATBEHON
yactu ['anmepa. Kpbuibs mpraatotr I'3rivepy A0MOIHUTENTBHBIC
CBOMCTBA, HAIPUMeEP OOJIBIIYI0 YCTOWYNBOCTh K HyKJI€a3am
1 T. 1. OMUTOHYKJICOTHAHBIE MMPOU3BOAHBIE IHHONW 13 n
20 HyKJICOTHIOB, 3AIIUIICHHBIC OT JCHCTBUS HyKJea3 Ha-
JMYUEM MEXHYKJICOTHIHBIX (ochOopOoTHOATHBIX CBSI3EH U
6moxkamu LNA-mykneotnnos (locked nucleic acids) na 5'- u
3’-xonnax (Antisense Drug Technology..., 2008), mpetoxe-
HbI Hamu pasee (OmeBckuit u ap., 2015). Ouu npeacraBieHb!
B TaOJIUIIE, T/I€ TIPUBEACHBI TAKKE JAHHBIE O CIIEU(PUIHOCTH
JICWCTBHS MX aHAJIOTOB, UMEIOIINX TaKHe JKe HYKJICOTH/IHBIC
ajpeca. Xumuyeckoe ortrnure ACO B Halueit paboTe ot uc-
MOJB3yEeMBbIX APYTUMH aBTOPAMU — 3TO MEKHYKJICOTHIHBIE
¢ocdarnsre ocrarkn B LNA-Onokax Bmecro ocdoporro-
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Properties of ASO used

ASO structure
(LNA nucleotides are underlined)

Sr_gpsApsTpsTpsG psG psTpsApsTpsTC_A
target: apoB mRNA
2010)

5 _gpscpsTpsGpsTpststsApsAps&
target: PCSK9 mRNA

5"-GAPGPAPAPCPAPSTPAPCPST
PsTTp,Cp,CpCp,Cp TTA
target: apoClll mRNA, italicization designates

the replacement done:T (in the rat) is replaced by C etal., 2011)

aTHBIX. DTa 0COOCHHOCTh MOXKET OBITH BEChMa IOJIC3HA, TaK
kak uis ACO ¢ MeXHYKICOTHIHBIMU (pOCHOpPOTHOATHBIMU
ocrarkamMd B LNA-010Kax, 0COOEHHO C ITOCJIEI0BATEIBHO-
csimu TCC u TGC, mokaszaHa renaroTokcHaHOCTH (Burdick
et al., 2014). Kpome TOro, OJMroHyKJICOTHIHBIC TPOU3BO/I-
HBIE UMEIOT CTPYKTYpPHI, HCKIIOYAIOMINE 3HAYUMBIC KOM-
TUIEMEHTAIIMOHHBIC B3aUMOJICHCTBUS UX APYT C IPYTOM IpH
COBMECTHOM HCIIOJIb30BaHUH, KOTOPOE, 04EBUJIHO, IPHBOMIIO
OBI K CHIDKEHHIO UX 3(pdexTnBHOCTH. MBI HCCIE0BATIH T10-
cnenoBarenbHbie u3mMeHeHus1 XC JITIBII, XC ne-JITIBII, XCu
AJIT B TeueHune IIIUTENIBHOTO MEPUOJa Y KasKI0r0 )KUBOTHOTO
WHAWBUIYaNbHO, B TOM YHCIE U B KOHTpoje. Cutyanus co-
OTBETCTBYET HOHATHIO «IIEPCOHATN3NPOBAHHAS MCTUIIHHAY.
Hccnenoanue BozzerictBuss ACO Ha 0JiHY HALUEHTKY ObLIO
HenaBHO omybnukoBaHo (Van Poelgeest et al., 2013).

Lenp Hammeit paboTel — Ha MpUMepe JUITUIHOTO OOMEeHa
MBIIIH IT0Ka3aTh BO3MOXXHOCTb HOBOTI'O I1OAX04a B aHTUCMBIC-
JIOBOM TEXHOJOTMU — BO3AEHCTBOBaTb OJHOBPEMEHHO HeE-
CKOJIBKFIMH aHTHCMBICTIOBBIMU OJHTOHYKJICOTHIHBIMU TIPO-
HN3BOAHBIMU, HAIIPABJICHHBIMU Ha MPHK B3anMocBsi3aHHBIX
TEHOB, MCTIONB3YS TPOU3BOAHBIC B PA3IMYHBIX COUYCTAHUSAX,
W3MCHSISI COYCTAHUsS MPOM3BOMHEIX B Pa3HBIC BPEMCHHBIC
IIEPUOABI U BapbUPysl KOHLIEHTPALUKU MPOU3BOIHBIX B CO-
YETAHUSAX.

MaTtepwuanbl n metogbl

AHTHCMBICIIOBBIE OJMTOHYKJIEOTHIHBIE TIPOU3BOAHBIEC CHH-
Te3upoBanbl pupMmoit «brnocunres» (HoBocubupck, Poccust),
BBIJICIICHBI METOZOM OOparieHHO-(a30BoM XxpomMarorpaduu
U OXapaKTEepPH30BaHbI ¢ MOMOIIBIO AIEKTpodopes3a B JeHa-
Typupyromem [TAAT. Vcnonp3oBanu caMOK MBIIIH JTUHHA
C57BL/6J B Bo3pacte 20 nHeit, umeromux Bec 20-21 1, BbI-
pAIllEHHBIX B BUBAPUH KOHBEHIIMOHAIBHBIX KUBOTHBIX MInl"
CO PAH. DxcniepuMeHTSHI BBIOIHSIN B YCIOBUSX BUBAPHS,
Kak B pabore (Omesckuii u ap., 2015), npu temmneparype
22-24 °C u BIa’)xHOCTH OKOJI0 65 %. Panmon coctasmsi kopm
«Yapa» SPF-xareropun (3AO «Accoprument-Arpo», Poc-
cust). [t MHIYKIMK SKUPOBOM JIMETOI B KOPM J100aBIISIIH
XHp 110 obmiero coxepxkanus 17 %.

ACO BBOgMIN B (pU3MOJIOTMIECKOM PacTBOpe B oObeMe
200 MKJI B XBOCTOBYIO BEHY, KPOBb 3a0Upaliv U3 peTpoopou-
TaibHOTO cuHyca B kommdectse 250-300 mxit. [Tepex 3a6opom
KPOBH MBIIIEH THIany nuiy Ha 16 4. CbIBOPOTKY KPOBH I10-
Jy4aJld CTaHJapTHBIM METOIOM: uepe3 1.5 4 mpu KoMHaTHOH
TEMIIepaType Mociae CBEPThIBAHUSA KPOBH CTYCTOK aKKypaT-
HO OT/ICJISUTH HOCUKOM aBTOMAaTHYECKOM MUIETKH OT CTEHOK

Mouse lipid metabolism at simultaneous impact
of antisense oligonucleotide derivatives

Action of analogs — complete phosphorothioates — Injected
on mice (literature data) amount

(in this work)
Reduces the level of cholesterol and LDL cholesterol (by 80 %) 0.04

with a decrease in HDL cholesterol (by 50 %) (Straarup et al.,

Reduces the level of PCSK9 mRNA, which leads to a two- 0.08
to three fold increase in the amount of LDLR (Gupta et al., 2010)
Expected to reduce the level of apoClll and TG; its analogue 0.1

halved the level of apoClll and reduced by 40-60 % the level
of TG in the blood of rats on day 40 of action (Holmberg

npoOUpKH U HeHTpHupyrupoBanu coaepxxumoe mpu 1500 g
(4000 06./MHH) ITpY KOMHATHOI! TeMIIepaType Ha MUKPOLICHT-
pudyre Eppendorf B Teuenue 4 muH. CBIBOPOTKY aKKypaTHO
coOMpaJii aBTOMAaTHYECKON MUIETKOW M XPaHWIIN 3aMOpO-
sxernoi pu —70 °C. Bo Bcex 00pasiax ChIBOPOTKH OIIpe/e-
st XC, X0JIeCTepHH JIMMONPOTENI0B BBICOKOH MIIOTHOCTH
(XC JITIBIT), XC ne-JITIBII n ypoBens AJIT sH3MMaTHueCKU-
MU METOJaMHU C HCIIOJIb30BAHUEM CTaHAAPTHBIX PEaKTHBOB
Biocon Fluitest (I'epmanns) Ha OHOXMMHUYECKOM aHAIIN3a-
tope «Portomerp 5010+». B skcnepuMeHTax UCHOIB30BAIH
10 OJTHOMY JKHBOTHOMY, B KOHTPOJIbHOM JKCHEPUMEHTE —
YEThIPE )KUBOTHBIX, KOTOPBHIM BBOAMIM (PU3MOIOTHUECKUI
pacTBop.

Pe3ynbTaTbl n 06CyxaeHMe

OO0mas cxema ’KcIepuMeHTa pejicTaBieHa Ha puc. 1. ACO
BBOJIMJIM PACTBOPEHHBIMHU B (DU3HOJIOTHUECKOM PacTBOpE B
koMmOuHarusax: 1) ACO k amoB, 2) ACO k anoClIII, 3) ACO
k anoB u ACO x PCSK9, 4) ACO x anoB, ACO x PCSK9 u
ACO x anoClll, 5) 3ACO k anoB, ACO x PCSK9 u 2ACO x
anoCIII, 6) ACO x PCSK9 u (ACO x anoCIII)! B konuuecTse,
YKa3aHHOM B TaOJIHIIe, MM KPATHO.

Pesynbrarsl aHanu3a ChIBOPOTKM KPOBM MPHUBEICHBI Ha
puc. 2. B KOHTPOIBHOM SKCIEPUMEHTE TIOKA3aHBI CPEIHHE
3HaueHUs. CTaHIapTHBIC OTKIIOHCHUS 3HAYCHUI KOHIICHTPa-
uuu XC ne-JIBII ot cpennux Ha 15-, 23- 1 38-i1 tHU cocTas-
st 5.7, 1 14 cOOTBETCTBEHHO. Y OIBITHBIX MBIIIIEH Ha 15-1
JIeHb TIpU Bo3neiicTBur KaxaeiM 3 ACO (xomOmHanmu 1,
2 u 6) ypoBau XC wue-JITIBII ObuIM CYIIECTBEHHO BBIIIEC
YPOBHS KOHTPOJIbHBIX MbllIel. I[1o-BuanMomy, Bo3aencTBrE
nocne AByx BBeaeHud ACO okazanoch HE0CTATOUHbBIM JIJIs
cumxenuss XC ue-JIIIBII, uto Moo npruBecTd K OTBETHOMN
peaxmm ¢ noBsimenueM yposas XC ne-JIIIBII, T.e. 0110
MIPEOI0IICHO C OTBETHBIM IpeBhImcHIEeM. [Ipu Oonee KomII-
JIEKCHOM BO3JICUCTBHU: JIByMsl (KOMOMHAIMS 3), TpeMst (KOM-
OmHarus 4) U TpeMs C YBEINYCHHOW KOHIICHTpAIHEH KOM-
noHeHTOB (komOuHaImsA 5) ACO HaOmogaeTCs 3HAYMMOE
pesynbraTuBHOE cHIDKeHHE ypoBHel XC we-JIIIBII, uto
KOppeupyer ¢ moayueHHbMu cootHomenusmu XC JITIBIT/
XC ne-JIBIT st komOunarmit ACO Ha 15-it nessb (puc. 3).
[Tpu nanpHeimem BBenennn ACO k 23-My JHIO BO3/ICHCTBUE
B0 Bcex KomOnHammax ACO oxa3anoch 3pGEKTHBHBIM: CHH-
sxenue XC ne-JINIBII cocTaBisino OTHOCUTENBHO KOHTPOJIS
25,16, 35,47, 60 u 7 % cOOTBETCTBEHHO.

T Tpu pasa Beogunn ACO k PCSK9, a B ueTBepTbItt pas Ha 31-it feHb — ACO K
PCSK9 n ACO k anoClll.
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Days of ASO administration

0 7 16 31
5.5% 17 %
15 23 38

Days of blood sampling

Fig. 1. General scheme of ASO administration, blood sampling, and diet.
The line shows time, and its thickness reflects the fat content in animal diet (%).

CornacHo puc. 2, camwkenne XC ne-JI[IBII 6onpmmie B
komOuHau 3 — 1Byx nponsBogHbix ACO k anoB n ACO
k PCSK9, wem npu getictBun Tonsko ACO k amoB, ACO
k anoCIII mmm Tonmeko ACO — xk PCSK9. Cumxenue emie
Oonpme B momHoW KomOmHam ACO (47 %) u mocturaer
BenuuuHbI 60 % B MONHON KOMOMHALIMU C YBEIHYEHHBIMU
kouneHTparmsaMu ACO. Ilpu 3ToM HaOIIOMAaETCS U yITydIIe-
aue cootHoureHuss XC JIIBIT/XC ne-JIIIBIT oTHOCHTETBEHO
koHtpossi: B 1.8, 1.5, 1.9, 2.4, 3.1 u 1.24 paza, xoppenupyto-
mee ¢ mmeneHussMu XC He-JITIBII mpu aeiicteuun ACO B
COOTBETCTBYIOIINX COYCTAHUAX (CM. prc. 3). Takmm 0Opazom,
Ha 23-i1 geHb exeHenenbHOro Bo3aeiicTBus ACO Ha MbI-
el Mpu OOBIYHOI AMETE CYIIECTBEHHO CHIYKAETCS YPOBEHB
XC me-JINBII u yayumaercst coorromenune XC JITIBII/
XC ne-JIIIBII, ocobenno npu aevicteun ACO B MaKCUMaJb-
HOW KOMOWHAITNH U B MAKCHMaJIbHOW KOMOWHAITIH C yBEIH-
YCHHOM KOHIICHTpAINEeH KOMIIOHCHTOB.

Janee cucremMy JIMIUIHOTO OOMEHA CTHUMYJIUPOBAIIN HKH-
POBOI IMETOM, YBEJIMYUB COIEPKAHNE )KUpa B TP paza — OT
5.5 1o 17 % — HenocpencTBEHHO MOCIIe BBEACHUS CIEAYIOLIEH
no3el ACO (31-it nenn). Pe3ynbTarsl aHaJIU30B CHIBOPOTOK
Ha 7-H JIeHb IOCJIe NOCJIEIHEr0 BBEIEHUS IPEICTABICHbI
Ha puc. 2. Yposenb XC ne-JIIIBII B koHTpoJIE MOBBICUIICA B
1.34 paza u sBrIsETCSA CaMBIM BBICOKMM; Ha 2 % HIDKE YPOBEHb
B ciaydae ACO x anoClIII (moBsicuicst Ha 55 %). B ciyuae
ACO «k anoB u xombunarmu ACO k anoB u PCSK9 ypos-
Hu XC He-JIIIBII paBHbI 1 Ha 28 % HMXKe, UeM B KOHTPOJIE
(moBwicmmch Ha 29 u 47 % cooTBETCTBEHHO). B cimydae
koMOuHamuu 6, korma k ACO k PCSK9 no6asuinocs ACO k
anoClIIl, yposens XC ne-JITIBII cymiecTBeHHO MOHU3UIICS —
B 1.36 pa3a, u on 661 Ha 49 % HIKE, YeM B KOHTpoIe. B Han-
oonee nonuoi koMOuHarmu ACO HaOmromaercss CHIKEHUE
ypoBHs XC ue-JIIIBII B 1.3 pa3a, uto Ha 70 % MeHbIe, ueM
B KoHTpOIe. [Tpn 3TOM, KaK BUIHO U3 pUC. 3, COOTHOIICHHE
XC JITIBIT/XC ue-JITIBIT 0THOCHTEIBHO KOHTPOJISE B KOMOH-
Hanusix 1, 2, 3,4, 6 myumie B 1.5, 1.1, 2, 3.7, 2 pa3za cooTBeT-
cTBeHHO. [lo cpaBHEHUIO ¢ 23-M JHEM COOTHOIIEHHE CTaJIOo
CYIIECTBEHHO BBIIIC TOIHKO MPH ACUCTBUH KOMOWHAINH 6 U
HaunOosee nosHor komOuHarmu ACO B 1.6 u 1.5 pasa coot-
BETCTBEHHO, HECMOTPS Ha KUPOBYIO THETY.

BaxHo, 94TO 1IpH JKUPOBOH HETE MAKCHMAITLHO HU3KUH ypO-
BeHb XC ne-JIIBII no cpaBHEHHIO ¢ KOHTPOJIEM C pa3HULEH
70 % u Hannmyumee coornomenre XC JITIBIT/ XC ue-JITBIT -
6.4 HaOMIOMAIOTCS MMCHHO TPH HAaUOOJIee MOTHONH KoMOMHa-
1 ACO. CyliecTBeHHBIM ABIISIETCS Pe3yNbTaT H3MEHEHUs
ypoBHst XC ue-JIIIBII npu neficteun ACO B MakcHMaITbHON
KOMOWHAINH C YBEITMYCHHON KOHIICHTPAUEH KOMITOHCHTOB
(xomOuHanus 5). Ha 15-ii 1eHb OH MAKCUMAaJIbHO HU3KHUH, K
23-My mHIO Bo3pacTaeT B 13 pas, ocTaBasich IIPH 3TOM CaMBIM
HU3KUM (MUHYC 60 % OTHOCHUTEIHHO KOHTPOIIS) U Aajiee IPH
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—l— Control (isotonic solution)

apoB ASO
—@— apoClll ASO
—A— apoB ASO + PCSK9 ASO
—— apoB ASO + PCSK9 ASO + apoClll ASO
—@— 3apoB ASO + PCSK9 ASO + 2apoClll ASO
—@— PCSK9 ASO + (apoClil ASO)

mg/dl

701

601

40t
30t —

201

15 23 38 Days

Fig. 2. Non-HDL CHL serum levels in the C57BL/6J female mice on days.

HDL CHL/non-HDL CHL

0 1+
15 23 38

Days

Fig. 3. HDL CHL/non-HDL CHL serum ratios in the C57BL/6J strain female
mice on days.

Designations follow Fig. 2.

MHIYKIMH KUPOBOM JTUETON yBearunBaeTcs ele B 2.2 pasa,
JIOCTUTras YpoBHsI Ha 5 % MeHbIIle, 4YeM B cllydae JIeHCTBUS
ACO k anoB n xomOnnamun ACO k armoB 1 PCSK9. Dt
U3MEHEHUsS] KOPPENHUPYIOT C YMEHBIIEHHEM COOTHOILEHUS
XC JINBIT/XC ue-JIIBII or 98 no 5.8 u 3.3 k 38-my nHi0
Jutt komOuHanuu 5. K 38-My 1HIO COOTHOIIEHHE CTAHOBUTCS
PaBHBIM COOTHOIICHUIO i KomOuHanuu 3 ACO k armoB u
PCSK9 u 6nm3ko cootHoutenuro yist komOunauuu 1 ACO k
arnoB, paBHOMYy 2.6. Takum obpa3om, Ha 15-i 1eHb ypOBEHB
XC ne-JIIBII upe3Bbl4aliHO HU3KUN M MOCTENIEHHO MOBBI-
nraercs, HecMoTps Ha jeiicteue Tpex ACO, 1Ba U3 KOTOPBIX
B BBICOKOH KOHLeHTpauuu. [lo-BuauMomy, cToib peskoe
cHkenne yposHst XC ne-JITIBIT k 15-my nHI0 mpuBOIUT K
AKTUBHOM OTBETHOM peakLiy OpraHu3Ma MblIH, HAIIPaBJICH-
HO¥ Ha npeononernne 3¢dexra mpenaparos ACO B BEICOKOH
KOHIIEHTPAIUH, YTO AOMOJHUTENBHO CTUMYIHPYETCS KH-
POBOM IMETON U 3aBEpUIACTCS AOCTUNKECHUEM IIPUEMIIEMOIO
ypoBHs. CrieqlyeT OTMETHTB, YTO IIPH MAKCUMAJIBHOM Harpy3ke
ACO xonuentpauust AJIT B 15-, 23- u 38-i1 1uu cocTapisiia
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35, 40, 40 exn./n COOTBETCTBEHHO, T.¢. ()aKTHYCCKU OCTaBa-
yach 0e3 M3MEHEHHH U TaK XkKe, KaK y KOHTPOJIBHBIX MBIIICH,
OpL1a 0KO01I0 40 ex1./11. VIcrionp30BaHHEIC OTMTOHYKIICOTHIHBIC
HPOM3BOIHEIE 00/1a1ar0T BBICOKOM CTOMMOCTBIOZ. YUUThIBAS
HEBO3MOXKHOCTh TIOTYYEHHUS HA MEPBOM dTalre CTaTUCTHYEC-
CKUX JaHHBIX, B pa0OTE OLICHUBAIHN TOJHKO CYIICCTBEHHBIC
KOJIMYCCTBCHHBIC pa3inyusi. BaxkHO, YTO MBI HCCIICAOBAIN
nocienosarenbublie m3MeneHus XC ne-JITIBII B reuenue mmm-
TEJBHOTO TIEPHOIa HHINBUIYATHHO y KaXKIOTO KUBOTHOTO.
[Tpu cpaBHenun >ddekroB BozaeicTBus Tpex ACO B aByX
KOHIIEHTPAIIMOHHBIX codeTaHusx u AByX ACO B xomOmHa-
uu 6, a TaK)Ke MOJTHON KapTHHBI HAOMFOTaeMBIX H3MCHCHUH
ypoBaei XC ne-JITIBII Bo Bcex BapuanTax aeiicteus ACO B
15-,23- 1 38-if THU MOYKHO 3aKJIFOUHUTh, YTO JJISI JOCTIIKEHMS
HanOOJbIICH () PEKTHBHOCTH aHTUCMBICIIOBBIX OJTHTOHYKJIC-
OTHU/IHBIX TPOM3BOIHBIX B KOMOMHAIIUSIX BAXKHO YYUTHIBATH
HEOOXOIMMOCTh TIOA0Opa KOHIIEHTPAINI, B TOM YHCJIE U B
COoUYeTaHUsIX, U NOpsAoK U nepuonsl BBeaeHus ACO.

I1. 3ameynuk B 2007 1. BIepBbIe MPEATOXKUT OIHOBpE-
MEHHO HCIIOIB30BaTh TPU POCHOPOTHOATHBIE OTUTOHYKIICO-
THIIHBIC TPOU3BOMHBIC IJIs TOJABICHUS OaKTepHAIbHON
akTuBHOCTH Mycobacterium tuberculosis, "HruOUpys Tpu
Mukomi-Tpancdepassl (Harth et al., 2007). B 2012 r. rpymnma
uccinenonareneil BozaeiicrBopana 10 ACO st koppeKuuu
crutaiicuara PHK nucrpoduna (Aoki et al., 2012). Padora
pa3BUBaeTCA M B HACTOAIIEe BpeMs, MMOKa3aHO ICCTBHE
KOKTEHIISI KOHBIOTaTOB MOP(OIMHOBEIX OJTUTOHYKICOTHIHBIX
MIPOU3BO/IHBIX C MENTHIOM Ha U3MEHCHHE CIUIACHHIa IK30-
HoB 6 1 8§ PHK mucrpoduna cepaedHoit MBIIIIEI Ha MOJCITH
mucrpoduu [romena codak (Echigoyaetal., 2017). B2015 .
MOSIBUJICS. OYCHb MHTEPECHBIM BapUAHT BO3IACUCTBHS Ha J1Ba
reHa MbIH, anoB u anoCIIl, TOTMHYKICOTHIHBIM TTPOU3-
BOJIHBIM, cocToaluM U3 1ByX LNA-coaepxatux I'snmepos,
COCIMHEHHBIX MEKIY COOOW YEeTHIPEXHYKJICOTUIHBIM IPH-
POIHBIM JTHHKEPOM, KOTOPBIH THAPOIN3YETCS BHYTPH KJICTKH,
BBICBOOOXK/1as1 1B KOPOTKHUX (DYHKITHOHUPYIOIIHX B KA4ECTBE
AHTHCMBICIIOBBIX OJIUTOHYKJICOTH/THBIX TPOM3BOIHBIX aICHTA.
R.R. Subramanian ¢ xomreramu (2015) mokazanam BEICOKYIO
3¢ EKTHBHOCTH KOHCTPYKIIUH, OHH CYUTAIOT, YTO €€ HCITOIh-
30BaHUE CIOCOOCTBYET YMEHBIICHHIO KOJINYECTBA TOOOYHBIX
sapdexroB ot ACO x PHK amoCIII.

Takum o0Opa3oM, HAOMIONACTCS TEHACHIHS K Pa3BUTHIO
AHTUCMBICIIOBOM TEXHOJIOTHU B CTOPOHY BO3CHCTBUS HE
onuuM ACO. B mpuBeZeHHBIX BBIIIC BapHaHTaX HE pac-
CMATpPUBACTCsI 3HAUYCHUC BIUSHUS B KOMOWHAIINH KOHIICH-
Tpanun kaxjaoro ACO, nanenernHoro Ha PHK kaxoro u3s
T€HOB, WX X ITOCJIEIOBATEIFHOCTH BO3ACHCTBUS. FIMEHHO B
ciTydae BO3JCHCTBUS Ha IIETYI0 CHCTEMY OpraHH3Ma, a He Ha
OJIMH IIPOIIECC, U BXKHBI paCCMaTpUBAaEMBbIE B pabOTe KOHIICH-
TpanrOHHBIE 3aBHCUMOCTH B codeTaHussX ACO 1 BO3MOXKHAS
MOCIICIOBATEIIEHOCTD UX JACHCTBHSL.

3aknuyeHue
Takum 00pa3oM, BOEPBEIC IPEATIAracTCsi BPEMEHHOW KOM-
6I/IHaHHOHHO-KOHueHTpaHHOHHbIﬁ IIoAX01Q aHTl/ICMLICHOBOﬁ

2 B HacToAllee BPeMA PaHO MAaHPOBaThb MpUMeHeHne KombuHaumin ACO K
NeYeHnto AUCIUNNAEMIN Y YenoBekKa B CUiy 6OSbLION CTOMMOCTY MPOV3BOA-
HbIX MCMOMIb30BaHHOrO TuMna. Ho no mepe yBennyeHus noTpebHOCTN U, Kak
CneacTBurie, yBenmMUyeHUA maclutabos cmHTesa, ctoumoctb ACO, Kak nokasbiBa-
€T NPaKTUKa, CYLLeCTBEHHO CHUXKAETCA.

Mouse lipid metabolism at simultaneous impact
of antisense oligonucleotide derivatives

TCXHOJIOTUH, OTKpI)IBaIOLHI/Iﬁ HOBBIC IICPCHEKTUBLI CO3JaHUA
TEpareBTHIECKUX MHCTPYMEHTOB BO3JCHCTBHS HA CHCTEMbI
opranmsma. Ilogxon cormacyercs ¢ KOHIENIMEH MepcoHa-
ﬂHSHpOBaHHOﬁ MCOUIUHBI, TaK KaK JOITyCKacT THOKOCTEL U
BapnabeNbHOCTh, YUNTHIBAIOIINE O0COOCHHOCTH OpTaHM3Ma
MAIMEeHTA, B PE3yJIbTaTe Yero MOYKHO OXKUaTh OoJbIe 3¢-
(dhextuBHOCTH Bo3zecTBust ACO, 110 CpaBHEHHIO C MOHOTEpa-
TTHEH, ¥ CHIDKEHHSI OCTPHIX TIPOSIBIICHUH TTOOOYHBIX (D (PEKTOB.
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OCHOBHbIM MPVHLMNOM UHANBMAYaNU3aLUy BakLMHaLMIA ABIAETCA CO3AaHMe AOCTaTOYHON UMMYHHOW 3allyTbl Opra-
HM3Ma npu nsberaHny n3nuwHen nMMyHusaumun. OTcloaa BO3HUKaeT HeOOX0AMMOCTb pa3paboTKn METOJOB NPOrHO-
3UPOBaHNA BENMYVHbI IMMYHHOFO OTBETa elle A0 NPOoBeAeHMA BakuMHauun. [nvHy Tenomep MOXHO paccmaTpuBaTh
Kak NepcneKTVBHbIN NPOrHOCTMYECKINIA NapaMeTp AJA OLEeHKM MMMYHHOI peakuum nauueHTa npy npoBeaeHnn BakLy-
Hauuw. Lienbio paboTbl 6bii1 aHaIM3 BO3MOXKHOW accoumalmy AviHbl TenoMep NenKoLMTOB C YPOBHEM crieundurnyeckmnx
aHTUTEN Nocsie BakUMHaLMN NPOTYB KielleBoro sHuedanuTta. B uccnegosanvie 66110 BKIOYEHO 55 MyXXUWH 1 40 XKeH-
WMH, paHee He BaKLUWHMPOBaHHbIX MPOTMB KNewweBoro sHuedannta 1 He UMEBLUUX KOHTAKTOB C Kneljamu. BakuyuHa-
LMo NPOBOANAN BaKLMHON «IHUeBup». Yepes mecAl nocne BakuMHaLuuyM aHann3npoBani ypoBeHb crieyndpryeckmx
aHTuTen IgG NpoTMB BMpYCa KieLwweBoro sHuedpanumTa C UCnonb3oBaHUeM TeCT-cucTemMbl «BekToBKI-IgG-cTpuny, a Takxe
LJIVIHY TefloMep JIeKOLMTOB C MOMOLLbIo KonnyecTBeHHOM MLP B peanbHOM BpemeHu. 1o ypoBHIo OTBeTa Ha BaKLHa-
LMo MauMeHToB pasfenany Ha HepearnposasLlwux (yposeHb IgG 0-100 ME/mn), Hu3skopearnposasLlumx (yposeHb IgG
101-200 ME/mn) 1 BbicOKopearnpoBasLunx (yposeHb IgG Bbiwe 200 ME/mn). InuHa Tenomep Kak MUHUMYM Ha ypOB-
He TeHfeHumu (p < 0.1) 3aBKCena Kak OT OTBeTa Ha BaKUVHaLWI0, Tak 1 OT BO3PacTa, YPOBHA 06pa3oBaHNA 1 Hannuma
NcrxoaMoLmMoHanbHoro ctpecca. C noMoLLbio 06Lei NMHeHOW Moaeny 6bina BbiABEHa accoLuanmna AMHbI TefloMep
C OTBETOM Ha BaKLMHaLMIO NPOTUB KeLeBoro sHuedanuta Ha ypoBHe TeHaeHUuun (p < 0.1) TonbKo y xeHwuH. Mpu no-
NapHOM CpaBHEHU ANMHa TeIOMEP Y BbICOKOPearmpoBaBLUKX KeHLLVH Oblsla JOCTOBEPHO BbILLE, YeM Y HEPearnpoBas-
wyix. Takum o6pa3om, Hamy 0bHapy»KeHa accourauvsa AIVHBI TENIOMEP NEeNKOLUTOB 1 YPOBHA CrielndUYeckux aHtuTen
nocse BakuMHaLuy NPOTYB KNewweBoro sHuedpanuta y }eHwuH. Mo-sManMomy, AnvHYy Terlomep eKOLMTOB B KPOBU
MOXHO paccMaTpuBaThb B KauecTBe NepcrekTMBHOro Mapkepa Afid NporHo3a nponudepatBHOro oteeta MMMGoLMToB
1 BENNYMHBI UMMYHOOTMYECKOW peakLmm naumeHTa B OTBET Ha BaKLUVHaLWIO.
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The primary objective of personalized vaccination is to induce an efficientimmune defense while avoiding excessive im-
munization. Hence, it necessitates the development of methods for predicting the magnitude of the immune response
prior to vaccination. Telomere length can be considered as a promising prognostic parameter for assessing the immune
response to vaccination. The aim of the work was to analyze the possible association between leukocyte telomere length
and specific antibody levels after vaccination against tick-borne encephalitis. The study included 55 men and 40 women
who had not previously been vaccinated against tick-borne encephalitis and had no contacts with ticks. Vaccination was
carried out with the EnceVir vaccine. One month after vaccination, the level of specific IgG antibodies against tick-borne
encephalitis virus was analyzed using the VektoVKE-IgG-strip test system and leukocyte telomere length was measured
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using real-time quantitative PCR. According to the intensity of vaccine-elicited immune responses, patients were di-
vided into three groups: unresponsive (IgG level 0-100 IU/ml), slightly responsive (IgG level 101-200 IU/ml) and highly
responsive (IgG level above 200 IU/ml). The telomere length, at least at trend level (p < 0.1), correlated with the response
to vaccination as well as age, educational level and the presence of emotional stress. Using a general linear model, an
association between telomere length and immune response to vaccination against tick-borne encephalitis at trend level
(p < 0.1) was found only in women. Using a pairwise comparison, it was found that telomere length was significantly
higher in highly responsive women than in unresponsive women. Hence, an association between leukocyte telomere
length and specific antibody levels after vaccination against tick-borne encephalitis was identified in women. Therefore,
peripheral blood leukocyte telomere length can be considered as a promising marker for predicting lymphocyte pro-
liferative responses and the magnitude of vaccine-elicited cellular immune responses.

Key words: tick-borne encephalitis; vaccination; IgG antibodies; telomere length; gender; biomarker.

For citation: Yudin N.S., Belyavskaya V.A., Maksimov V.N., lvanoshchuk D.E., Orlov PSS., Voevoda M.l. Association between
leukocyte telomere length and specific antibody levels after vaccination against tick-borne encephalitis. Vavilovskii Zhurnal
Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2019;23(8):1026-1031. DOI 10.18699/VJ19.580 (in Russian)

BBepeHune
KnemeBoii sHIE (AT — IPUPOIHO-0YATOBasi BUPYCHAsI MH-
ek, XapakTepU3yIOIascs JINXOPaIKOi, MHTOKCUKAITUEH
1 TTOpa’keHIEM CEpPOTo BEIIecTBa TOJIOBHOTO MO3ra (dHIIeda-
JIMT) W/ MO3TOBBIX obomnouek (MeHuHrHT) (Valarcher et
al., 2015). Bo3OyaureneM KJIemeBoro sHiedainra sBiaseT-
ca PHK-conepxawmuii BUpyc, OTHOCALLUNCS K CEMEUCTBY
Flaviviridae, koTopblii mepeaeTcs 4eI0BEKY Yepe3 yKyC UH-
(unmpoBaHHbIX Kiewien u3 poaa Ixodes (Gritsun et al., 2003;
KOmuu u np., 2018). Kiemesoii sHIIEGaTUT pacpoCTpaHeH
B Poccun, [Ipudantuke, Ckannuuasuu, Boctounoii u L{en-
tpanbHoii EBporie, Kurtae n Sinonuu (Steffen, 2019). Cnyuan
3a00JIeBaHNS BCE Yallle OTMEYAIOTCS HA HOBBIX TEPPUTOPUSIX,
YTO CBHJIETENILCTBYET O MHUTpaniuy Bupyca (Jadskeldinen et al.,
2016). Knuandeckuii ciektp 3a00eBaHNs BAPHUPYET OT JIeT-
KHX JINXOPAJOYHBIX 10 TSHKENBIX (JOpM, COIPOBOMKIAIOIINX-
csl mopakeHHeM 000JI0YeK U BemecTBa Mo3ra. CMepTHOCTb
OT KJICLIEBOro dHIe(anTa Uil BUPYCOB €BPOIEHCKOro M
cubupckoro cyoTumnos cocrasisier 0.5-2 %. 1o 3aboneBanne
MOXKET NMPUBECTH K CTOWKUM HEBPOJIOTMYECKUM U IICHXHAT-
puyeckuM ocioxuHeHusM y 30-40 % narnuenros (Haglund,
Glinther, 2003; Karelis et al., 2012; Veje et al., 2016).
Hawubomnee a¢hpexTnBHBIM cr1oco00M NPO(UIAKTHKA KIe-
11eBoro sHIedannuTa, POPMHUPYIOIINM [UTATEITbHBINA AKTHBHBIN
UMMYHHUTET, ocTaeTcs BakiuHanus (Bopooresa u mip., 2006).
Hanpumep, B ABcTpun, rje 0XBar HaceleHHs BaKIIMHAIEH
noctur 86 %, HaunHas ¢ 2001 . cayyaun 3a00neBaHUs OTME-
YeHBI TOJILKO cpean HenmpuBuToro HaceneHnus (Heinz, Kunz,
2004). B Poccun exxeroiHo OT KIIENEBOTO SHIE(aInTa Bak-
LUHMpPYETCs He MeHee 2.5-3 MitH yernoBek (Onuiienko, 2000).
OnHaKo ypoBEeHb COBPEMEHHBIX 3HAHHUI O MEXaHU3ME Pa3BHU-
TUSI UMMYHHTETA U BO3MOXKHOCTH €T0 IPOTHO3MPOBAHUS, a
TAKXKe 0 HAJIMYHUHU [TOTEHIUAIBHBIX TOOOYHBIX 3P PEKTOB 10~
3BOJISIET TOBOPHUTH O HEOOXOAMMOCTH A hepeHITMPOBAaHHOTO
MOAX0/1a K MPOBEACHUIO NPO(PUIAKTUIESCKIX BaKIMHALNI
(venuBUAYyanu3anuu BaknuHanuii) (Mexynuisia, 2004).
OCHOBHOW NPUHIHUI WHAWBHUIYaJIN3alUH BaKIMHAIIUN —
CO3/IaHUE JJOCTAaTOYHONW MMMYHHOH 3alllUThl OpPraHU3Ma MpH
n30eraHny U3JIMIIHEeH nMMYyHU3anuu. Hanpumep, HEeKOTopble
MAMEHTHl MOTYT PEAarnpoBaTh BHICOKOI BBIPAOOTKON aHTH-
TeJI YK€ Ha IEPBUYHYIO BaKIMHAIMIO U, TAKUM 00pa3oM, He
TpeOyIOT MOBTOPHOM peBakiuHauy. [109ToMy Mo dSTHYECKUM
¥ SKOHOMHWYECKUM NTPUINHAM U30bITOUHAs UMMYHHU3aLs He-
nomnyctuMa. OHIM U3 TOIX0J0B K MHANBU/TyaTH3aI[H BaK-
LHALMH SBJISIETCS BBIOOD J103bI BAKIIMHBI B 3aBUCHMOCTH OT

0’KHMJIAEMOT'0 YPOBHSI MIMMYHHOTO 0TBeTa. OTCI0/1a BOSHUKAET
HEOOXOANMOCTh B pa3paboTKe METOAOB MPOTHO3UPOBAHUS
BEJIMYMHBI UMMYHOJIOTHYECKHUX PEaKIMi MaIMeHTa elle /10
MPOBEACHHs BaKIMHALWK. 3BeCTHO, 4TO MHAWBULyaIbHAs
BapuaOEIbHOCTh BBIPAOOTKH U JUIMTENBHON HUPKYIAUN
AQHTHUTEN TOCJIC BaKIMHAIMY B 3HAUYUTEIBEHON CTENeHN 00y-
CJIOBJICHA T€HETHYECKMMHU 0CoOeHHOCTSIMU MHAuBUAa (Ha-
ralambieva et al., 2010; Grondahl-Yli-Hannuksela et al., 2016;
Yudin et al., 2018).

Tenomepbl — KOHIEBBIE YUaCTKH XPOMOCOM, COCTOSIIIIHE U3
corer moBTopoB (TTAGGQ), 1 TermoMep-CBA3BIBAIONIIX OeI-
KoB, koTopbie nmpenoxpansror JJHK ot merpaganmu (Black-
burn et al., 2015). [Tockoneky JHK-momumepasa He MOKeET
PETUIUIIPOBATh JIMHEIHBIE KOHIBI XPOMOCOM, KXXI0€ JeTe-
HHE KJIETOK MPUBOJANT K IOTEpEe HEOOJBIIOT0 YYacTKa TeJo-
mepHoit JIHK. B nensimmxcst kiieTkax yTpadeHHble parMeH-
TBI TEJIOMEP BOCCTAHABIUBAIOTCS C TOMOIIBIO (PepMEHTA Te-
nomepassl (Shawi, Autexier, 2008). Tem He MeHee KpUTHUE-
CKOE YKOPOUECHHE TEeJIOMEp, KOTOPOEe HAKAaIIMBAETCs B XOJIE
MHTO30B, IPUBOAUT K MPEKPAIECHHUIO JCICHUS KIETKU HIIH
aroniro3y (Harley et al., 1990).

[Mockonbky 3¢ (deKTUBHBII aJal THBHBIA UMMYHHBIH OTBET
OCHOBAaH Ha KJIOHAJILHOHM 3KCMAHCUH OOJIBIIOTO KOJIUYECTBA
3¢ PEKTOPHBIX TUM(POLUTOB, TTOAEPKAHNE JUTHHBI TEJIOMEP
UTPaeT BAYKHYIO POJIb B PETYILILUK PO epanuu TuMQoru-
toB (Hodes et al., 2002; Weng, 2012). Tak, 01710 TTOKa3aHO,
YTO aKTHBUPOBAHHBIC B-KIIETKM T€pMUHATHBHBIX IICHTPOB
TUM(paTHYECKHX y3JI0B UMEJIH MOBBIICHHYIO JUTUHY TEJIOMEP
¥ TIOBBIIICHHBIN YPOBEHBb AKTHBHOCTH TEJIOMEPA3bl 10 CPaBHE-
HUIO C HEAaKTUBUPOBAHHBIMU (HanBHBIMN ) B-kierkamu (Weng
etal., 1997). OnHako Ipyrue UCClIe0BaTE A HE CMOTIIH BOC-
mpou3BecTH 3TOT APdekT (Son et al., 2003). mmaa Temomep
B HaWBHBIX T-KJIETKaX MpeBbIIalia 3TOT mapameTp B T-kier-
Kax MamsiTH Y OAHOTO U TOTO K€ UHJMBH/IA, HE3aBUCUMO OT
Bo3pacta (Weng et al., 1995). nunHa Teromep TUMGPOINTOB
MOXKET CYIIECTBEHHO pasziauyarbes Mexay B- u T-kierkamu
(Linetal., 2015). Xponuueckoe BO31eHCTBHE BBICOKUX YPOB-
HEW aHTHTCHOB Y MAIMEHTOB C XPOHUYECKHUMHU BUPYCHBIMHU
nHdpekuusamu (Bupycsl Dmmureiina—bapp, renarnta B/C/D,
BUY u T. 1.) MOXET IPUBOJUTH K MPOrPECCUPYIOLIEMY YKO-
pOUeHHIO TesoMep aHTureHcnenuduuecknx T-KkieTok, 4ro,
B CBOIO OYE€pe/ib, OCIAOISET MPOTHBOBUPYCHBI HIMMYHHUTET
(Bellon, Nicot, 2017). B uenom 311 paboThl yKa3bIBalOT Ha
KPUTHYECKYIO POJIb JJIUHBI TEJIOMEp MpHU aKkTHUBauuu T u
B-mumdornuros.
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Takum o0Opa3zoM, JUIMHY TEJIOMEP MOKHO paccMarpuBarh
KaK MepCIeKTUBHBIN MPOTHOCTHYECKHUI TAPAMETP /ISl OLICHKH
MMMYHHOT'O OTBETA MAIIUEHTa IPH MPOBEICHUH BAKI[MHAIINH.
OnHako B TUTEpAType UMEIOTCS JIUIIb JIBE pabOThI, B KOTO-
PBIX [UIMHY TEJIOMEp aHaJIM3UPOBAJIH MOCIE BaKIIMHALIUH, —
npotuB rpumma (Najarro et al., 2015) u omosceIBaromniero
repreca (Verschoor et al., 2017). lenbro Hamie# paboThl ObLT
aHAJIM3 BO3MO)KHOHN acCOLMALMU JAJIMHBI TEJIOMEpP JICHKOLU-
TOB C YPOBHEM CIelU(PUUECKUX AHTUTE MOCIIE BAKIIMHAIIUN
MIPOTHUB KJIEIEBOTO dHIE(aTUTa.

MaTepmanbl n metoabl
B nccnenoBanye 06110 BKIIIOUEHO 55 MykuuH U 40 KEeHIIUH
B Bo3pacte oT 15 no 30 et (cpemuuii Bozpact 24.9+0.5), pa-
Hee He BaKIIMHIPOBAaHHBIX ITPOTHB KIICIIEBOTO SHIIe(annTa u
HE MMEBIINX, [10 Pe3yJbTaraM aHKeTUPOBaHHs, KOHTAKTOB C
KJemamu. VcrpITyeMble 3aMoTHsITH aHKETHl CaMOCTOSTEIb-
HO, BKJIFOYasi HHPOPMAITUIO O BO3pacTe, IMOJe, COIUAIEHOM
nojokeHuu (B 0ammax ot 1 g0 6), oOpasoBanuu (B Oayax
ot 1 10 5), 3aHuMaemMoi okHOCTH (B Oamax ot 1 g0 6), Ha-
JUYAU TICUXOAMOIMOHANBHOTO cTpecca (Ia/HeT), KypeHHU
(B 6amwtax ot 1 10 3), ynorpebienuu ankoroiis (B 6ayuiax ot 1
110 4), HATMYHH AJITIEPTUH (J1a/HET), 9aCTOTe PECIIUPATOPHBIX
3200JeBaHUI B MPEAMICCTBYIOIINA BaKIMHAIIMH MTEPUOJ
(B Oamax ot 1 10 3), HATMYMKM XPOHUYECKOTO 3a00JICBAHUS
(TOH3MIUTUT, OPOHXUT, TUEIIOHEPPHUT U T. 1.) (Ha/HeT). Bakuu-
HAIIHIO [TPOBOIVIIA BAKIIIHOM [UTS IPOPHUIAKTUKHU KICIIEBOTO
sHnedanura «uneBup» (HI1O «Mukporeny», Tomck) mo pe-
KOMEHIOBaHHOI MPOM3BOIUTENIEM cXxeMe. Bee manmenTs! namm
JI0OPOBOIBHOE MH(POPMUPOBAHHOE COITIACHE HA y4acThe B
9KcIIepuMeHnTe. MccnenoBanue ObII0 0100pEHO ATHYECKUM
KomMHuTeTOM Hay4dHOo-HCcCce10BaTeIbCKOro MHCTHTYTA TEPATHN
u mpoduakTyeckoi MexunnHbl — pumana ML ul CO PAH.
Yepes Mecsiil 1ociie BaKIMHAIMY Y TAIIMEHTOB Opay mpo-
OBI BEHO3HOI KPOBHU. YPOBEHH crieruduaeckux anturen [gG
MPOTHB BHpYyca KienieBoro 3Hiedanmumra (BK3) ananmsupo-
BaJIM METOJIOM MMMYHO(EPMEHTHOIO aHaIn3a C UCIOJIb30-
BaHMeM TecT-cucTeMbl «BekToBKD-IgG-cTpun» (3A0 «Bek-
top-bect», p.1n. KomerioBo, HoBocubupckast obmacts). 1o
YPOBHIO OTBETa Ha BaKI[MHAIMIO MAIMEHTOB JICIWIN Ha He-
pearupoBaBmux (yposens IgG nporus BKD 0-100 ME/m,
B cpenaeM 40.0£5.8 (n = 22)), Huskopearupopapmux (101—
200 ME/mi, B cpennem 159.2+6.9 (n=19)) u BrIcOKOpearu-
posaBmux (Bbimre 200 ME/min, B cpenaem 246.4+2.4 (n=54)).
I'enomuyro ITHK Bbizensuin U3 KpoBU CTaHAAPTHBIM Me-
TOJIOM TPOTCOIUTUICCKON 00PaOOTKHU C MOCIEAYIOMICH IKC-
Tpakuuei ¢penonom (Sambrook, Russell, 2006). Nccnenosa-
HUE JUTHHEI Tenomep JseiikoruToB (I TJI) mpoBoammu ¢ mo-
Molso konndectseHHol [P B peansHoM Bpemenu (qPCR)
(Cawthon, 2002). B xadecTBe OIHOKONMHUIHOTO pedepeHc-
HOTO TeHa OBLT B3AT I'eH f-reMortoonHa. OTaeNbHbIC KOJH-
YEeCTBEHHBIC PEaKINU JUIS TeJIOMEp M reHa [-reMorioonHa
CTaBWJIM B TAPHBIX 96-ITyHOUHBIX IUIAIIKAX B WACHTHYHBIX
nmo3unuax. Kakmas miamka BKITFOYaIa CEPHI0 pa3BeICHHUN
KoHTposibHOTO 00pa3ma JJHK (0.78, 3.13, 12.5, 25, 100 =r),
KOTOpBIE OBUIM WMCIOJB30BAHBI U CO3MaHUS KaTHOPOBOY-
HOW KpUBOW. B Ka)1yr0 HHINBUAYAIFHYIO PEaKIHI0 Opaiu
no 10 ur JIHK. PeakuuonHast cMech JUisl aHaju3a TeIoMep
coxepxkana ciuenyromue peareHtsl: 270 HM tell mpaiimep
(5'-GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTG

Association between telomere length
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AGGGT-3"), 900 M tel2 npaiimep (5'-CACCAACTTCAT
CCACGTTCACC-3"), 0.2X SYBR Green I, 5 MM aurno-
tpeuton, 1 % mumermicynbpokenn, mo 0.2 MM Kaxaoro
nesoxcunykneosuarpudpocdara, 1.5 MM MgCl,, 1.25 en.
JHK-monmumepassr («Cn62u3uM», HoBOCHONPCK) B KOHEU-
HOM oObeme 15 Mk Oydepa mst TTLIP. Pexxum ammunduka-
uu: aeHarypauus npu remmneparype 95 °C (10 mun), 3arem
25 nuKIoB, BKIIOYAOMUX AeHaryparmio mpu 95 °C (15 c¢),
orxur nipu 54 °C (30 ¢) u snonranuio npu 72 °C (90 c).

PeakironHas cMech JIsl aHaIKM3a 'eHa [-reMOoro0ouHa
coxepskana cienytomue peareHTsr: 300 HM HBG1 mpaiimep
(5'-GCTTCTGACACAACTGTGTTCACTAGC-3"), HBG2
npaiimep (5'-CACCAACTTCATCCACGTTCACC-3'),0.2X
SYBR Green I, 5 MM autnorpenton, | % nuMeruicyinb(ok-
cun, mo 0.2 MM Kaxmoro Ie30KCHHYKIeo3uaTpudocdara,
1.5 MM MgCl,, 1.25 en. JHK-nomumepassl («CudOu3um»,
HoBocubupck) B koHeuHoM odbeme 15 mka Oydepa. TP
MIPOBOJIMIIN B CJIC/TYIONIEM PEKHME: JCHATypalus IpH TeM-
neparype 95 °C (3 MuH), 3aTeM 35 HMKIIOB, BKIIOYAIOIINX
neHarypanuio mpu 95 °C (15 ¢), oTxur mpu Temmeparype
58 °C (20 c) m anmonrarmro nipu 72 °C (20 c).

O06e peakiuu ctaBuwid Ha cucteme juist [P B peanbHoM
Bpemenu StepOnePlus (Applied Biosystems, CIIIA). dns
kaxxnoro oopasua JJHK ITL[P BeimonHsAmm He MeHee Tpex pas.
JlanHble 00pabaThIBajIX C TOMOLIBIO ITATHOTO TPOrPAMMHO-
ro obecneuenus mpudopa. [IpoBOAMIN KOHTPOIH KauyecTBa
n pacuer otHoureHust T/S (OTHOIIEHHE CHUTHAIOB TEIOMEp
K OJJHOKOIIMITHOMY T'€HY), YTOOBI ITOJIyYUTh OTHOCHUTEIbHYIO
JTII. Ecnn xpuBbIe aMIUTH(UKAINA 00pa3ia B TPEX Perriu-
Kax pasnmuganuchk > (.5 muKIia, To Takoi 00paser] HCKITFYa-
T U3 JaibHeiiero ananusa. Kaxnjas miamika BKJIro4aia
TPH KOHTPOJBHBIX 00pa3ima ¢ 3apanee omnpexaeneHnon J(TJI.
ConocTaBUMOCTh MEX/Y IUIAIIKAMH KOHTPOJIHPOBAIH T10
OTHOCHUTEJIbHBIM MHTEHCHUBHOCTSIM CHUTHAJIOB KOHTPOJBHBIX
00pasmos.

JlaHHbBIE 1O AJMHE TEJIOMEp IPOBEPSUIN Ha COOTBETCTBHE
HOPMaJILHOMY pacIIpe/IeJICHUIO C IoMolbio kputepus Ko-
MoropoBa—CmupHoOBa. [TockonbKy TaHHBIE HE COOTBETCTBO-
BaJIM HOPMAJIBHOMY PacCIpECICHUIO, TO JUIsl TAIbHEHIIEro
CTaTHCTHYECKOTO aHAIN3a UX HOPMAaJIHM30BaJIH C IIOMOIIBIO
morapupmMudeckon Tpanchopmanuu. s HaTIATHOCTH B
CTaThe JaHHbIE PEICTABIICHBI C IIOMOIIIBIO HeTpaHc(hopMUpo-
BaHHbIX CPEIAHETO apU(PMETHIECKOTO U CTaHaPTHOM OLINOKH.

st oneHKu accouuanuy MeKAy JJIMHOM TelIoMEp U OT-
JIeTbHBIMI HE3aBUCUMBIMH (haKTOPAMH, CIIOCOOHBIMH TIPUH-
LUITHAJIBHO HOBIIUSTH HA PE3YJIBTaThl HCCIIEI0BaHMs (BO3PACT,
10JI, COI[MAJIEHOE ITOJIOKEHHE, 00pa30oBaHuE, JTOIKHOCTD,
TICUX03MOIMOHAIIBHBIN CTpecc, KypeHue, yrorpedieHue a-
KOTOJIsI, 4aCTOTa PEeCIHUPATOPHBIX 3a00JeBaHUN, HAIMYUE
aJJIepPTrUy ¥ XPOHUUYECKOTO 3a00JIEBaHNs, OTBET HA BaKI[IHA-
LU0 ), MBI MCIIOJIb30BaJIM OTHOMEPHBIE JIMHEHHBIN perpeccu-
OHHBIN M JUCIIEPCHOHHBIN aHann3bl. CBS3b JUTMHBI TEJIOMEP
C OTBETOM Ha BaKIMHAIMIO NMPoTHB KD Takke npoBepsiiu ¢
MIOMOIIIBIO MeTo/a o0Iel rHeitHoi Mozenn (general linear
model, GLM). I[lonapHble cpaBHEHHUsI MPOBOAMUIH IIyTEM
post hoc ananmsa ¢ ucrnone3oBanueM Kpurepus Pumepa.
KpuTtrndeckoe 3Ha4eHNE ypOBHS CTaTUCTUUECKON 3HAYUMOCTH
IIPU POBEPKE HYJIEBBIX TUIIOTE3 MpuHUManu paBHbeiM 0.05.
O6paboTKy pe3ynbTaTOB MPOBOAMIN C IOMOINBIO MaKeTa
Statistica Bepcuu 8.0.
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Pesynbratbl

IporextruBHbIH ypoBens IgG npotns BKD (bite 100 ME/vor)
ormeyvaincsy 80.0 % sxenmmH u 74.5 % MyK41H, 94TO XOPOIIIO
COOTBETCTBYET JAHHBIM JIPyTHUX aBTOPOB, MOJIyYSHHBIM TIPH
MPOBEICHUH BAKIIMHOIIPO(UIIAKTUKH KIICIIEBOTO SHIIE(hauTa
cpenu B3pocioro Hacenenus (bunanosa, 2009). 910 mo3Bosu-
710 HaM c(OPMHUPOBATE PENPE3ECHTATHBHBIE TPYTITHI HEPEArn-
poBaBmux (yposenb IgG nporus BKD 40.0+5.8, n = 22),
HHU3Kopearnpoasinux (yposeHs [gG nporus BK3 159.2+6.9,
n=19) u BeicokopearnpoBabmux (ypoBeHb [gG mpotus BKD
246.4+2.4, n = 54) UHIUBUJIOB.

MBI NpUMEHUIN OAHOMEPHBIE PEIPECCUOHHBIN U JUC-
MEPCHOHHBIN aHAJIN3bI, YTOOBI ONPENEINTh, KaKue (PaKTOPbI
MOIVIA BIMSITH HA JUTMHY TEJIOMEp, M OOHApYKWIH, YTO Ha
9TOT MapameTp KaKk MUHUMYM Ha ypoBHE TeHAeHIuH (p <0.1)
OKa3bIBAJIM BIMSIHUE BO3PACT, yPOBEHb 00PA30BaHUsI, HAINIUE
MCUXO3MOIMOHATIBHOTO CTPECCa U OTBET Ha BaKLMHAIUIO
(taba. 1). C yuetroM 3TuX pe3ynasratoB npu aHanmse GLM B
MOJIENb BBOJIMJIM OTBET Ha BaKIMHANMIO KaK HE3aBUCHMYIO
BEJIMYMHY, @ BO3pacT, ypOBEHb 00pa30BaHUS M IICUXOIMO-
IIHOHANBHBIN cTpecc — Kak koBapuaTtsl. Metogom GLM Hamu
OblTa BBISIBIICHA ACCOLMAIMS JUIMHBI TEJIOMEP C OTBETOM Ha
BaKIMHAIMIO TPOTUB KJIEIIECBOTO SHIC(ATNTa Ha YpOBHE
tenaeHH (p < 0.1) B obmieit rpynmne o60ouX MONOB, a MpU
pa3/IerIeHn 110 MOy — TOIBKO y KeHIKH (Tadm. 2). [Ipu mo-
MapHOM CPABHEHUH AJIMHA TEJIOMEp Y BBICOKOPEarHpOBaBIINX
KCHIIMH ObLJ1a IOCTOBEPHO BHIIIIE, YEM y HEpearnpoBaBIIUX.
OTH pa3Iuumsi COXPAHSUINCH TAKKE TPHU OOBETMHEHUN MYK-
YHH ¥ KEHIIUH B OJIHY TPYIIITY.

O6cyxpeHue

JlnHa TesoMep B HalleM SKCIIEPUMEHTE, 110 JJAHHBIM OJIHO-
MEpHBIX PErPECCHOHHOIO M JUCIIEPCHOHHOTO aHAIM30B KaKk
MHUHUMYM Ha ypoBHe TeHaeHimn (p < 0.1), 3aBucena kak ot
OTBETa Ha BAKIIMHAIIMIO, TAaK ¥ OT BO3PACTa, YPOBHS 00pa3oBa-
HUS U HATWYHS ICHXO3MOITMOHAIBHOTO cTpecca (cM. Tad. 1).
3aBHCHMOE OT XPOHOJIOTMYECKOT0 BO3PACTa YKOPOUCHHE JITH-
HBI TEJIOMEP XOPOIIO M3YyUEHO Yy YeJI0BEeKa U, M0-BUINMOMY,
ABJIACTCA PE3YJIbTAaTOM KOM6I/IHI/IpOBaHHOFO BO3ﬂeﬁCTBHH
OKCHJIaTUBHOT'O CTPECCa, BOCIIAJICHHUS U IOBTOPSIOLIEIOCS
JIeTICHNS KIIETOK, a TaKkKe BO3pacTHhIX 3aboneBannii (Rizvi
et al., 2014). I3BecTHO, YTO XPOHUUYECKHUI CTPECC MPUBOAUT
TaKKe K YKOPOUCHHIO JUTHHBI TEJIOMEP H IOIaBICHUIO aKTHB-
HOCTH TelIOMepa3sbl B KIIETKaX MIMMYHHO# crcTeMbl (CrinBak
u np., 2015; de Punder et al., 2018). ITTonoxurenpaas Kop-
PeJSALMS JIMHBI TEJIOMEp C YPOBHEM 00pa30BaHUs B HAIIEM
HCCIICIOBAHHH, BEPOSITHO, CBA3aHA C HAJTMYHEM 3HAUMTEIBHBIX
TICUXOOMOIIMOHAJIBHBIX HATPY30K Y CTYACHTOB U CHH)KCHHUEM
UX [0CJIe OKOHYaHHs OOyUCHUSI.
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Table 1. One-dimensional regression and variation analysis
of the association of telomere length with vaccine-elicited
immune response and other independent factors

that can affect the results of the study

Criterion p

* Parameters indicated in bold affected telomere length at least as a trend
(p < 0.1). B is the value of standardized regression coefficient in regression
analysis; F is the Fisher test value in variation analysis.

Kax npaBmIt0, )KeHIIMHBI IMEIOT 0oJiee [UTMHHBIE TeIoMe-
PBL, 4EM MY>KYHHBI, ¥ C BO3PACTOM TH PA3IIHYKS yCHINBAIOTCS
(Gardner et al., 2014). XoTs o1 HE OKa3bIBAJI CYIIIECTBCHHOTO
BJIVSIHUSL Ha JUTMHY TEJIOMep MO pesyibraTaM OfHOMEPHOIo
JMCTIEPCHOHHOTO aHanmu3a (M. Tabi. 1), Mbl aHATH3UPOBAIH
ACCOLMALIMIO JUIMHBI TEJIOMEP C OTBETOM Ha BAaKIIMHAIHIO
KaK B 0OIIeH TpyIIe, TaK U OTASIBHO Y MYXKYHH U )KEHIIHH.
Okazanock, 4TO JKCHIIMHBI ¢ BEICOKOH peakiyeil Ha BaKIu-
HAIIMIO UMEJH JJOCTOBEPHO 0oJiee [UIMHHBIE TeJIOMEPHI, YeM
HepearnpoBaBIIne. Y My>K9rH 3TOT 3 PEKT OTCYTCTBOBAJ, HO
COXPAHSUICS NPH 00BbEANHEHUN 00OHX TI0JIOB B OJHY FPYIIITY.
[To-BuarMoMy, 3TOT 3PPEKT CBSI3aH C MEHBIIUM PaCIpo-
CTPaHEHHEM CpeIH KEHIIMH KypeHHs U 3JI0yHOTpeOIeHUs
QJIKOTOJIEM, KOTOPBIE MPUBO/IST K YKOPOUCHHIO JUTHHBI TEI0-
mep (Freitas-Simoes et al., 2016; Astuti et al., 2017). [dpy-
THe MCCIIeIOBaTeNI OOHAPYKHIIH, YTO aCCOIMANUS JUIHHEI
Tenomep ¢ caxapHeiM quaberom (Wang et al., 2016) wmu
conuanbHbiM cTpeccom (Willis et al., 2018) Taxxe 3aBHCUT
ot nona. Panee HaMu OBUTH BBISBIICHBI IIPOTHBOIIOJIOKHEIE
KOPPEJISLMH JUTHHBI TEIOMEpP ¢ 00EMOM TaJIHU Yy MYKYUH H
>keHIMH (MakcumoB u ap., 2016).

Table 2. Association between leukocyte telomere length and antibody response following the administration

of tick-borne encephalitis vaccine

Group Leukocyte telomere lengt®

* Mean + standard error (number of observations); “*p = 0.035 and *** p = 0.028 with reference to the nonresponding group according to GLM.

MEOAUUMNHCKAA TEHETUKA / MEDICAL GENETICS 1029



N.S. Yudin, V.A. Belyavskaya, V.N. Maksimov
D.E. Ivanoshchuk, PS. Orlov, M.I. Voevoda

Harmm naHHBIE XOPOILIO COOTBETCTBYIOT TOJIyYeHHBIM paHee
pe3yibTaTaM O MOJT0KHUTEIFHON acCONManny JUINHbI TEJIOMED
¢ orBeTOM B- 1 T-KJIeTOK Ha BaKIMHAIMIO TIPOTHUB TPHIIIA Y
noxuibix cyobektoB (Najarro et al., 2015). Ognako B pabore
(Verschoor et al., 2017) anmuHa TemoMep HE KOppenupoBaa ¢
MMMYHHBIM OTBETOM ITOCJIC BAKI[HAIINH ITPOTHB OTIOSICHIBAIO-
iero reprieca. OTCyTCTBHE acCOLHALINY B TIOCIIEAHEM CITydae
MOET OBITh CBS3aHO C TEM, YTO 3TO UCCIIEOBAHNE IPOBOAN-
JIM Ha JIMIAX MpekJIoHHOro Bo3pacTa (80—102 roma). YpoBeHns
crier(pUUECKUX aHTUTEI IT0CIIe BAKLIMHAIIMN, 0COOEHHO B I10-
KHUIIOM BO3PACTE, MOXKET 3aBUCETh OT MHOXKECTBA (DAKTOPOB:
TeHETHYecKoH npepacnonokenHoctd (Haralambieva et al.,
2010; Grondahl-Yli-Hannuksela et al., 2016; Yudin et al.,
2018), xapakTepa muTaHU ¥ (PU3NIECKUX HArPy30K (Saga-
wa et al., 2011), Tama u mo3s1 BakwHE (Cools et al., 2009) u
comnyTcTByomux 3adoneBanuii (Muszkat et al., 2003).

KonkpeTHbIil (hyHIaMEHTAIBHBIA MEXaHU3M, JICKAIINH B
OCHOBE HA0JI0aeMO 3aBUCHMOCTH MEK/Ty JUTMHOH TeJIoMep
JICWKOIUTOB ¥ BEJIMYMHOW MMMYHHOTO OTBETa Ha BaKIIMHA-
IO, B HACTOsAIIEE BPeMsI HE BIOJIHE TMOHsTEH. VI3BecTHO,
YTO JUIMHA TEJIOMEP MOKET PErYIHPOBAaTh IKCIPECCHIO TCHOB
3aJ10JITO JI0 TOT0, KaK TEJIOMEPBI JIOCTATOYHO YKOPAYUBAIOTCS,
9TOOBI BBI3BATH KJIETOYHBIN O0TBET Ha moBpexzacHue JJHK
(Laberthonniere et al., 2019). Ha kynpTypax KiIeTok uesose-
Ka OBbLJIO MIOKa3aHO, YTO «BBINETIIMBAHUE» XPOMOCOM MOXKET
COMMKATH «JUIMHHBIE» TEJIOMEPHI C TeHAMH Ha PACCTOSTHUU
J10 10 MITH 1. H. IpYT OT ApYyTa, a IPH YKOPOUCHHBIX TEIIOME-
pax 3TH JIOKYChI OCTalOTCs (pU3NUECKH pasae’IeHHbIMH (TaK
Ha3bIBAEMBIN TEJIOMEPHBIH 3P (PEKT MOTOKEHNST HA UTHHHBIX
paccrostausix, TRE-OLD) (Robin et al., 2014). B wactHOoCTH,
aBTOPBI O0Hapyx)uiu, uro nocpencteom TRE-OLD minna
TEIOMEpP MOKET PETYIMPOBATH IKCIPECCUI0 TEHOB UMMYHHOM
cucTeMBI (TeH cucTeMbl KoMiuieMeHTa C/S ¥ reH CHTHAIIbHOTO
nyta uatepdepona ISG15). A.K. Mukherjee ¢ xomieramu
(2018) mokazanu, uro O6enku menTeprHa (OETKOBBIA KOM-
TUIEKC, 3aIIMIIAIOIINI TeIIOMEPhI OT MEXaHU3MOB penapannu
JIHK u peryaupyromuii akTHBHOCTb TeJIOMepa3bl) CIOCOOHBI
TaKXKe PEryJUpOBaTh IKCIIPECCUIO TEHOB BHE TEIOMEPHBIX
paiionoB. Hanpumep, cBs3piBanue Oenka mentepuHa TRF2
C MPOMOTOpPaMH T€HOB Ha paccTosHUM 10 60 MIH II.H. OT
tenomepHoii JIHK 3aBuceno ot jummHbl TeaoMep.

3aknioyeHne

Takum oOpazom, HaMH OOHapy’)KeHa acCOLUMANHS THHBI
TeJIoOMep JICHKOLMTOB M YPOBHS CHEHM(DUUCCKUX aHTUTEIN
0CJIe BaKI[MHAIMY TIPOTHB KIIEIEBOTO dHILE(hATUTA y HKEH-
muH. XOTs JUIMHA TeJIoMep TUM(OLUTOB MOXKET Pa3IHIaThCs
mexay B- u T-xnerkamu (Lin et al., 2015), a takxe pas-
HounHocTsmMu B- u T-kierok (Weng et al., 1995, 1997),
H0-BUANMOMY, [UTHHY TEJIOMep JICHKOIIUTOB B KPOBH MOXKHO
paccMmaTpHuBaTh B Ka4eCTBE MEPCIEKTHBHOIO MapKepa Juls
MPOTHO3a NPOoJIH(EePaTHBHOIO OTBETa JUM(OIMTOB U BEJHU-
YMHBI UIMMYHOJIOTHYECKOH PEaKkIMH ITallMeHTa B OTBET Ha
BaKLUHALHIO.
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In the 1940s, Karhunen and Loéve proposed a method for processing a one-dimensional numeric time series by converting
it into multidimensional by shifts. In fact, a one-dimensional number series was decomposed into several orthogonal time
series. This method has many times been independently developed and applied in practice under various names (EOF, SSA,
Caterpillar, etc.). Nowadays, the name ‘SSA’ (Singular Spectral Analysis) is the most often used. It turned out that it is univer-
sal, applicable to any time series without requiring stationary assumptions, automatically decomposes time series into a
trend, cyclic components and noise. By the beginning of the 1980s, Takens had shown that for a dynamical system such a
method makes it possible to obtain an attractor from observing only one of these variables, thereby bringing the method
to a powerful theoretical basis. In the same years, the practical benefits of phase portraits became clear. In particular, it was
used in the analysis and forecast of animal abundance dynamics. In this paper we propose to extend SSA to a one-dimen-
sional sequence of any type of elements, including numbers, symbols, figures, etc., and, as a special case, to a molecular
sequence. Technically, the problem is solved using an algorithm like SSA. The sequence is cut by a sliding window into
fragments of a given length. Between all fragments, the matrix of Euclidean distances is calculated. This is always possible.
For example, the square root of the Hamming distance between fragments is a Euclidean distance. For the resulting
matrix, the principal components are calculated by the principal-coordinate method (PCo). Instead of a distance matrix, one
can use a matrix of any similarity/dissimilarity indexes and apply methods of multidimensional scaling (MDS). The result
will always be PCs in some Euclidean space. We called this method ‘PCA-Seq. It is certainly an exploratory method, as is its
particular case SSA. For any sequence, including molecular, PCA-Seq without any additional assumptions allows presenting
its principal components in a numerical form and visualizing them in the form of phase portraits. A long history of SSA ap-
plication for numerical data gives all reason to believe that PCA-Seq will be not less useful in the analysis of non-numerical
data, especially in hypothesizing. PCA-Seq is implemented in the freely distributed Jacobi 4 package (http://jacobi4.ru/).
Key words: time series; SVD; PCA; PCo; MDS; SSA; molecular sequences; p-distance.
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B 1940-x rr. K. KapyHeH 1 M. JloeB npennoxunm metos 06paboTku 04HOMEPHOrO YNCIIOBOro BPEMEHHOTO pAja Yepes ero
npeo6pasoBaHie B MHOTOMEPHbI NyTeM CABUIa HECKOMbKO Pa3 NoApAd U pPa3noXeHUsa Ha HECKONbKO OPTOrOHaNbHbIX
BPEMEHHbIX PALOB METOAOM raBHbIX KOMMOHeHT (PCA). MNpeanoXeHHbI MeTof paHee He3aBUCUMMO BO3HMKaN 1 NpuMe-
HANCA Ha NPaKTUKe noA pa3HbiMu HasBaHUAMK (EOF, SSA, TyceHnua 1 T.4.). OKa3anocb, YTO OH YHVBEpPCasbHbIN, MPUMEHUM
K NtoboMy BpeMeHHOMY psAy U, He Tpebya NpefnonoXeHUs CTalMOHaPHOCTLN, aBTOMATUYECKN pasflaraeT ero Ha TPeHA,
LUMKINYeCcKne cocTaBnaiowme v Wwym. B Hawwm AHKW Yalle BCero ncnonb3yeTca Ha3BaHue SSA (CUHIYNApPHbIA CeKTpanbHbI
aHanus). B Hauane 1980-x rr. @. TakeHC nokasan, 4YTo AnA AUHAMUYECKON CUCTEMbI CABUMA TOSIbKO OfHOM Habnogaemon
nepemeHHOI MO3BONAIOT MOCTPOUTb aTTPAKTOP BCEN CUCTEMbI, Y TEM CaMbIM MofBen Nog SSA MOLHY0 TeopeTnyecKyto
6a3y. Toraa xe BblACHUNACh NpaKkTUyeckas nosb3a $Gas3oBbiX MOPTPETOB, UTO ObINO NMPYMEHEHO, B YaCTHOCTU, MPU aHaNu3e 1
NPOrHo3e AUHaMUKN YNCSIEHHOCTM XMBOTHbIX. B HacToAwweln paboTe npeanaraeTca pacnpocTpaHuTb SSA Ha OfHOMEpPHY!O
nocnefoBaTeNbHOCTb 3/1IEMEHTOB N060ro TUMa, BKOYasA YMcia, CUMBOSIbI, GUIypbl U T. 4., U B KaUeCTBe YaCTHOro ciyvas —
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MeToa rnaBHbIX KOMMOHEHT 1 ero 0606LeHns
ons nocnepoBaTtenbHocTY ntoboro Tnna (PCA-Seq)

Ha MOJIEKYNIAIPHYI0 MOCNefoBaTeNbHOCTb. TeXHNUECK/ MPobnema peLaeTca NPakTUUeCcKn TeM Xe anropruTMoMm, YTo 1 SSA.
MocnenoBaTenbHOCTb PEXETCA CKOMb3ALMM OKHOM Ha GpparMeHTbl 3afaHHOM AnvHbl. Mexay Bcemu pparmeHTamu BblunC-
NAeTCA MaTpu1La eBKINAOBbIX PACCTOAHMNA. ITO BCeraa BO3MOXKHO. Hanprmep, KBaApaTHbIN KOPeHb 13 p-AnCcTaHuum (Anc-
TaHUMN XSMMUHra) ABAAETCA eBKAMAOBbIM paccToAHMEM. [11A NONyYEeHHO MaTpULbl METOLOM rMaBHbIX KoopanHaT (PCo)
BbIYMNCNIAIOTCA [MaBHble KOMMOHEHTbI. BMeCTo paccToAHMI MOXHO 1CNONb30BaThb Nlobble NHAEKCHI CXOACTBA/Pa3NnNuma n
NPVIMEHUTb METOAbI MHOFOMEPHOTO LWKanuposaHua (MDS). B ntore Bce paBHO OyayT nonyyeHbl rMaBHble KOMMNOHEHTbI B
HEKOTOPOM e€BKNNLOBOM MpocTpaHcTBe. Mbl HazBanu 31oT Mmetog PCA-Seq. 310, 6e3ycnoBHO, pa3BeloYHbI METOA, Kak U
€ero yacTHbI ciyyar SSA. ins noboii nocnefoBaTenbHOCTH, B TOM Uncie MonekynapHoi, PCA-Seq 6e3 BCAKUX AONONHY-
TeJSIbHbIX MPEAMNONOXKEHN MO3BONAET NONYUYNTH ee raBHble KOMMOHEHTbI B YACJIOBOM BUAE U BU3Yyann3npoBaTh MX B BUAE
rpadrikoB 1 Gpa3oBbIX MOPTPETOB. MHOrONETHMI ONBbIT IPUMEHEHUA SSA A1A UMCNOBbIX faHHbIX AaeT BCe OCHOBaHWA Nofa-
ratb, uto PCA-Seq oKa)keTcA He MeHee NoJsie3HbIM NPY aHaN3e HEUNCIIOBbIX AAHHbIX, 0OCOBEHHO NPW BbIAB/XEHUN TMNOTe3.

PCA-Seq peann3oBaH B cBO60HO pacnpocTpaHaemoM nakete Jacobi 4 (http://jacobi4.ru/).
KnioueBble crioBa: BpemeHHble pAagabl; SVD; PCA; PCo; MDS; SSA; monekynapHble NocsieoBaTeNlbHOCTY; p-AUCTaHLKMA.

Introduction

In the 1940s, Karhunen and Loéve proposed a method for
processing a one-dimensional numerical time series by shift-
ing it several times and decomposing into several orthogonal
time series by a multidimensional method of principal com-
ponents (PCA) (Karhunen, 1947; Loeve, 1948). In the 1980s,
Takens showed for a dynamic system, that shifts of only one
observed variable allow constructing an attractor of the entire
system, thereby bringing the method to a powerful theoretical
basis (Takens, 1981).

The method was independently developed and applied in
practice under various names (EOF, SSA, Caterpillar, etc.),
including by us for the analysis of animals abundance dynam-
ics (Efimov, Galaktionov, 1983; Efimov et al., 1988, 2003), and
for other topics (Golyandina et al., 2001, 2018; Golyandina,
Zhigljavsky, 2013). Today the name ‘SSA’ (Singular Spectral
Analysis) is the most often used. The method can be extended
for a sequence of any type of elements, including numbers,
symbols, figures, etc. and, as a special case, for a molecular
sequence (Efimov et al., 2018). This is the point of this article.

Material and methods
Algorithm. Let there be a sequence Q = {q;, q,, ..., qy} of
any type of elements. Choose a lag L, N>L>1. Denote by
Q, the fragment Q of length L terminated by the element q,
Qi=(q 141> Qi -+ -9 » 9)> 1= L, ..., N. Compute the matrix
of Euclidean distances D = (d;; = d(Q;, Q) between all frag-
ments (this is always possible, for example, using the number
of unmatched elements, but not only that). Apply the method
of principal coordinates (PCo) to D and obtain its principal
components PCs (Gower, 1966). Call this method ‘PCA-Seq’.
The usual method of finding principal components consists
in the following (Jolliffe, Cadima, 2016). Let X be a centered
matrix of objects’ coordinates in a certain Euclidean space.
We can apply to X the singular value decomposition (SVD):
X =PSVT, where P, VT are orthogonal matrices, and S is the
diagonal matrix of X singular values. It is possible to apply
SVD to a symmetric matrix XXT: XXT=PAPT, where Pis the
same orthogonal matrix as for X, and A is a diagonal matrix
of the matrix XXT singular values. But XXT=PSVTxVSPT =
=PSSPT=PS?PT. Consequently, S2=A and S = A2, That is,
the matrix of singular values of the matrix XXT is the matrix
of eigenvalues of the matrix X. Therefore, it is necessary to
calculate the principal components by the formula U =PA!2,
This is very useful in practice if the number of objects is sig-
nificantly lower than the number of traits that are becoming

more common in biological research, especially molecular
ones.

More than half a century ago, Gower (Gower, 1966) found
that if we calculate the matrix D of Euclidean distances be-
tween rows X, square these distances, double center and mul-
tiply them by —1/2, then we obtain the XXT matrix. Applying
SVD to it, we obtain principal components. For this reason,
Gower called this method the ‘principal coordinates (PCo)
analysis’. However, it follows from the results of Gower that
the matrix X itself is not needed and may not even exist in
numerical form. To calculate the principal components of a
certain set of objects, it is enough to have a matrix of Euclidean
distances between them obtained no matter which way. If we
calculate the Euclidean matrix of distances between the rows
of the matrix of principal components, then it will coincide
with the initial matrix of Euclidean distances D. This property
can be used to verify the calculations.

PCo is quite often used for dissimilarity matrices, for which
it is unknown whether they are Euclidean distances between
objects or not. In the case of non-Euclidean distances, some
diagonal values of the matrix A will be negative. Small nega-
tive diagonal values can sometimes arise due to the accumula-
tion of computational errors. All such “components”, as well
as zero ones, should be excluded from consideration.

Instead of a distance matrix, one can use a matrix of any
coefficients of similarity/dissimilarity. In this case, it is neces-
sary to apply methods of multidimensional scaling (MDS).
The results will always be the PCs in some Euclidean space
(Gower, 1966). PCo has another name: metric multidimen-
sional scaling abbreviated as MMDS or simply MDS. It is
more correct to call all the multidimensional scaling methods
‘MDS’, and apply ‘MMDS’ to PCo only.

Data. The amino acid sequence of the Homo sapiens
Cytb gene was used (QOZFD6 _HUMAN, Swiss Model re-
pository) (Table 1). The sequence (length N = 380) contains
two chains at positions 19-204, 259—359 and nine transmem-
brane helices at positions 30—56, 77-98, 113—133, 140—-158,
178-200, 229-246, 288-308, 320—339, and 345—372 (https://
swissmodel.expasy.org/repository/uniprot/Q0ZFD6).

Processing. Denote N—L+1 by N;. For L =2, ... , 24,
the sequence QOZFD6 represented as Seq; matrix of size
N, XL (Table 2 with L = 8, as an example). For each Seq,
the matrix A; of size N; x20 — each amino acid content in
the fragment and the H; vector of length N, — the fraction of
fragment positions coinciding with transmembrane helices
are additionally calculated. For all matrices Seq;, matrices
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Table 1. The amino acid sequence of the Homo sapiens Cytb gene

Principal component analysis and its generalizations
for any type of sequence (PCA-Seq)

(Q0ZFD6_HUMAN, Swiss Model repository, https://swissmodel.expasy.org/repository/uniprot/Q0ZFD6)
>tr|Q0ZFD6|Q0ZFD6_HUMAN Cytochrome b OS=Homo sapiens GN=CYB

MTPMRKTNPLMKLINHSFIDLPTPSNISAWWNFGSLLGACLILQITTGLFLAMHYSPDASTAFSSIAHITRDVNYGWIIRYLHANGASMFFICLFLHIGRGLYYGS
FLYSETWNIGIILLLATMATAFMGYVLPWGQMSFWGATVITNLLSAIPYIGTDLVQWIWGGYSVDSPTLTRFFTFHFILPFIIAALATLHLLFLHETGSNNPLGITSH
SDKITFHPYYTIKDALGLLLFLLSLMTLTLFSPDLLGDPDNYTLANPLNTPPHIKPEWYFLFAYTILRSVPNKLGGVLALLLSILILAMIPILHMSKQQSMMFRPLSQ
SLYWLLAADLLILTWIGGQPVSYPFTIIGQVASVLYFTTILILMPTISLIENKMLKWA

Note:The top line is the sequence identifier, the lower line is the sequence itself. The first and last fragments of length 8 are highlighted in bold type (see Table 2).

Table 2. Takens embedding transformation
of the amino acid sequence from Table 1

Note:The first and last rows are the first and last fragments of the sequence,
the same as in Table 1. The number of a fragment is defined by the number of
its last amino acid, therefore the table begins with row 8.

of Euclidean distances between the fragments are calculated
(square root of the p-distance (Hamming distance) between a
couple of fragments is used as the Euclidean distance (Efimov
et al., 2013)).

For all matrices of Euclidean distances, its PCs are cal-
culated by the method of PCo (Gower, 1966). The matrices
PC-Seq, , A, and the vector H; were combined into one ma-
trix, and for it, the matrix of Pearson correlation coefficients
was calculated between all columns. Only the correlation

coefficients exceeding a threshold of 0.316 in absolute magni-
tude (72 ~ 0.1, i.d. 10 %; p < 10-®) were considered. Jacobi 4
package was used for calculations (Polunin et al., 2014).

Results

For the first principal component PC1-Seq , the correlation
exceeding the threshold was found with a fraction of helix
positions (0.370<r<0.547 intherange 4<L<18;r,  =0.547
for L = 12), leucine content in the fragment (0.95< r in the
range 2<L<17;r,,=0.974), proline content (0.331<r<0.364
in the range 9 <L < 14) and tyrosine content (0.318 <r<0.351
in the range 14 <L <18), what is more, correlations PC1-Seq;
with the contents of proline and tyrosine have inverse signs in
relation of correlations with the fraction of helix positions and
the leucine content in the fragments. The graph of PC1-Seq
against the background of the fraction of helix positions is
shown in Fig. 1, the dynamics of the leucine content against
the same background is in Fig. 2, the scatterplot of PC1-Seq;
vs the leucine content in the fragment is shown in Fig. 3 (all
for L=12).

Discussion
The good correlation of the first principal component with
a fraction of helix positions means that the similarity of the
fragments depends on how much the fragments intersect with
a-helices. It is known that hydrophobic amino acids are most
often found in a-helices, and hydrophilic ones are outside
them. Leucine is a hydrophobic amino acid, and indeed it
appears in o-helices of humans more often than other amino
acids. This explains the high correlation between the first
principal component and the leucine content in the fragments.
Note that we did not specifically look for any information
about the amino acids content in the fragments or about the
secondary structure of the sequence. The only thing that we
investigated was how much the fragments coincided with each
other by amino acids in total for all L positions. If we had set
another measure of similarity, then perhaps we would have
discovered some other regularity. In this case, this one is found.

PCA-Seq is certainly an exploratory method, as is its
particular case SSA. For any sequence, including molecular,
PCA-Seq without any additional assumptions allows obtaining
its principal components in a numerical form and visualizing
them in the form of phase portraits. Today SSA for numeri-
cal series is a huge scientific field with applications in va-
rious sciences. There is no doubt that the analysis of non-
numeric sequences will become a scientific field, no less in
scope than SSA.

It should be noted that the approach of calculation is used
in the standard SSA through a covariation (correlation) matrix
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Fig. 1. PC1-Seq;, is first principal component of the Homo sapiens Cytb amino acid sequence (Q0ZFD6_HUMAN, Swiss Model
repository) and Hy, is the fraction of helix position in sequence fragments of length L =12 (r=0.547, N =369, p < 10-9).
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Fig. 2. Content of leucine in Homo sapiens Cytb amino acid sequence fragments (Q0ZFD6_HUMAN, Swiss Model repository) and
H,, is the fraction of helix position in sequence fragments of length L =12 (r = 0.499, N = 369, p < 10-9).

only, and the MDS methods, including PCo, despite more than  dissimilarity relations between objects are modeled by the
half a century-long history, are almost unknown. This gives  distance between points in a certain Euclidean space. In this
reason to hope that PCA-Seq can be useful in the analysis of  case, the objects are fragments of any sequence by length L,
real data, especially in hypothesizing. PCA-Seq is a particu-  including non-numeric, in particular molecular one. Orthogo-
lar case of the geometric approach, in which any similarity/  nal rotations of the entire set of points leave the distances

BUONHOOPMATUKA N CUCTEMHAA BUOJTIOTUA / BIOINFORMATICS AND SYSTEMS BIOLOGY 1035



V.M. Efimoyv, K.V. Efimov
V.Y. Kovaleva

121
Leucine: PC1-Seq,: r=0.974; p = 0.0000

101

PC1-Seq,
o o o o
N N [e)} (o]

o
T

* ¢

0 1 2 3 4 5 6 7
Leucine

Fig. 3. Content of leucine in Homo sapiens Cytb amino acid sequence
fragments (QOZFD6_HUMAN, Swiss Model repository) vs first principal
component PC1-Seq;, (L=12,r=0.974,N =369, p < 107°).

between them unchanged. This allows calculating such axes,
in the projection on which the maximum variances of the
set of points are reached. These axes always exist, they are
exactly the principal components. By construction, they are
not statistically correlated with each other.

This does not mean at all that they are meaningfully inde-
pendent. In particular, for a time series, it is a general rule that
their PCs, despite being uncorrelated, break up into couples
in which one component is derivative of another. When one
component shifts from another by a quarter of a period, the
correlation appears again. In successful cases, this allows pre-
dicting the future values of one component from the already
known values of another and thus predicting, to some extent,
the initial series. The sine/cosine couple is a telling example.
Moreover, it is possible that there is a third component, as
a rule, a trend, which, despite the lack of correlation with
the first two, modulates their amplitude. Thus, it is a part of
a general interconnected complex. In 3D phase space such
components form a funnel.

PCA-Seq is implemented in the freely distributed Jacobi 4
package (http://jacobi4.ru/).

Principal component analysis and its generalizations
for any type of sequence (PCA-Seq)

Conclusion
PCA-Seq is promising for processing molecular sequences —
and then some.
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K HacTosLLeMy BpeMeHM C NMOMOLLbIo KPYNHOMACLUTabHbIX MOTHOreHOMHbIX MCCNIeoBaHM 06HapyxeHo 6onee 100 no-
KYCOB, acCOLMMPOBAHHbIX C vwemmnyeckon bonesHbio cepgua (MBC). InA HEKOTOPbIX 13 HECKONbKUX COTEH FEHOB,
nexalymx B 3TUX JIOKycax, Oblla NokasaHa Ux posib B natoreHese 60ne3Hun. TeM He MeHee OCHOBHble reHeTnyecKre
MeXaHV3Mbl U KOHKPETHbIE reHbl, KOHTPONMpYHoLLMe 3a6oneBaHme, BCe elle MOSIHOCTbIO He N3BEeCTHbI. [laHHOe nccrne-
[loBaHVe NocBALeHo in silico NoncKy HOBbIX reHoB, KoHTponupytowmx VIBC. MpoBedeH pervoHanbHbI aHann3 acco-
umaumin, Npu KOTOpoMm Bce NonrmMopdHble BapraHTbl BHYTPY reHa aHam3mpyTca ogHOBpeMeHHO. MaTepuanom ans
aHanmsa CiyXunu pesysnbtaTbl MOJIHOrEHOMHOTO aHasn3a accoumaLnii, JENOHNPOBaHHbIE B OTKPbITbIX 6a3ax AaHHbIX
MICAD (120575 uenoBek, 85112 mapkepos) n UK Biobank (337199 uenosek, 10894597 mapkepos). Micnonb3osanca
nporpammHbin nakeT SUmMFREGAT, B KOTOpPOM peann3oBaH LUMPOKWIA CMIEKTP HOBbIX METOAOB ANA TeCTUPOBAHNA reH-
HbIX accoumaLmii C MOMOLLbIO CYMMApPHbIX CTaTUCTUK. Bcero 66110 o6Hapy*eHOo 88 reHoB. M3 Hux 44 ABNAIOTCA yxKe U3-
BecTHbIMY Ana VBC reHamn. Kpome TOro, B M3BECTHbIX TOKYCax HaMN MAEHTUPULMPOBAHO 28 AOMONHUTENbHbIX FEHOB,
KOTOpble MOXKHO paccMaTpuBaTb B KauyecTBe HOBbIX reHOB-KaHAMAaaToB. 16 reHoB (AGPAT4, ARHGEF12, BDP1, DHX58,
EHBP1, FBF1, HSPB9, NPBWR2, PDLIM5, PLCB3, PLEKHM2, POU2F3, PRKD2, TMEM136, TTC29 n UTP20), o6Hapy»eHHbIX
HaMK BHE N3BECTHbIX JIOKYCOB, ABNATCA HOBbIMU. IHbopMaLma o GyHKLMOHaNbHON PONN STUX FreHOB NO3BONAET pac-
CMaTpUBaTb MHOTVME M3 HIX B KauecTBe KaHaugatos ana MBC. Cpean Habopa nAaeHTUGULIMPOBAHHBIX reHOB 41 reH He
MMen 3HaYMMbIX CUTHaNOB NOJIHOFEHOMHOIO aHanM3a accoumauuii n 6bin naeHTUGULMPOBaH ToNbKo 6narofapsa oaHO-
BPEMEHHOMY PacCMOTPEHMIO BCEX BapVAHTOB BHYTPM reHa B PaMKax PervoHanbHOro aHanusa accouynaumi. Monyyen-
Hble pe3yibTaTbl AEMOHCTPUPYIOT, YTO PErMoHasnbHbIN aHanu3 accoumaLmin npeacTaBnaeT Co60 MOLLHbIA NHCTPYMEHT
A1 MOMCKa HOBbIX reHoB. OH MPYMEHVM LA aHanv3a pPasfnyHbIX NPU3HAKOB 1 60e3Hel C NCMoNb30BaHMEM HAKONM-
NEHHbIX B MVPE OFPOMHbIX 06EMOB AaHHbIX, MOAYUYEHHbIX C MOMOLLbIO MOTHOFEHOMHOIO aHann3a accoumaunii. Takue
nccnefoBaHysa 0bLWeoCTYMHbI, MOCKOMbKY He TPebyioT AOMONHUTENbHBIX MaTepUanbHbIX 3aTpar.

KnioueBble croBa: nwemmyeckas 6one3Hb cepua; NONHOreHOMHbIV aHalM3 accouMaLming permoHasnbHbIN aHanms acco-
LMaunin; cymmapHble CTaTUCTUKY; in silico KapTnpoBaHue.

Ana yutuposBaHma: 3opkonbuesa M.B., benoHorosa H.M., CBuwésa I.P,, KupnueHko A.B., AkceHosuu T.W. In silico nonck
reHOB, KOHTPONNPYIOLMX UeMUYecKyto 605e3Hb cepaua. BaBnnoBCKMi XypHan reHeTUKN 1 cenekumm. 2019;23(8):
1037-1046. DOI 10.18699/VJ19.585

In silico mapping of coronary artery disease genes
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To date, more than 100 loci associated with coronary artery disease (CAD) have been detected in large-scale genome-
wide studies. For some of the several hundreds of genes located in these loci, roles in the pathogenesis of the disease
have been shown. However, the genetic mechanisms and specific genes controlling this disease are still not fully un-
derstood. This study is aimed at in silico search for new CAD genes. We performed a gene-based association analysis,
where all polymorphic variants within a gene are analyzed simultaneously. The analysis was based on the results of the
genome-wide association studies (GWAS) available from the open databases MICAD (120,575 people, 85,112 markers)
and UK Biobank (337,199 people, 10,894,597 markers). We used the sumFREGAT package implementing a wide range
of new methods for gene-based association analysis using summary statistics. We found 88 genes demonstrating sig-
nificant gene-based associations. Forty-four of the identified genes were already known as CAD genes. Furthermore,
we identified 28 additional genes in the known CAD loci. They can be considered as new candidate genes. Finally, we
identified sixteen new genes (AGPAT4, ARHGEF12, BDP1, DHX58, EHBP1, FBF1, HSPB9, NPBWR2, PDLIM5, PLCB3, PLEKHM?2,
POU2F3, PRKD2, TMEM136, TTC29 and UTP20) outside the known loci. Information about the functional role of these
genes allows us to consider many of them as candidates for CAD. The 41 identified genes did not have significant
GWAS signals and they were identified only due to simultaneous consideration of all variants within the gene in the
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framework of gene-based analysis. These results demonstrate that gene-based association analysis is a powerful tool
for gene mapping. The method can utilize huge amounts of GWAS results accumulated in the world to map different
traits and diseases. This type of studies is widely available, as it does not require additional material costs.

Key words: coronary artery disease; gene-based association analysis; genome-wide association analysis; summary sta-

tistics; in silico mapping.
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BBepeHune

Winemuveckas 6osesus cepana (MBC) — onHa U3 OCHOBHBIX
MPUYHMH MTOTEPU TPYAOCHOCOOHOCTH M MPEXIEBPEMEHHOMN
cmeptu Bo BceMm mupe. MBC sBusiercst cnenctBuem arepo-
CKJIEpO3a KOPOHAPHBIX apTEPHid, KOTOPbIC MUTAIOT MUOKAP/]
1 cHaOXkaroT ero kucioponoM. CormacHo «MeXIyHapOTHON
CTaTHCTUYECKOW KilacCU(UKAIMK OOJIC3HEH, TpaBM M IpHU-
quH cMmeptu» (http://apps.who.int/classifications/icd10/
browse/2010/en#/151.6), ocroBHbIe hopmbr UBC BKiIFOYarOT
CTeHOKap/uIo, nHpapkT Muokapaa (M), kapanockiepos, Ha-
PYILLIEHHE CEPAEYHOr0 PUTMA U NMPOBOAUMOCTH, CEPACYHYIO
HEJI0CTaTOYHOCTh ¥ BHE3AIHYIO KOPOHApHYI0 cMepTh. Kin-
nuueckue nposieinenus VBC 3aBucar ot ee gopmsi: UM u
BHE3aIHasi KOpOHapHasi CMEPTh Pa3BUBAIOTCS B TCUCHUE He-
CKOJIBKUX MHUHYT, a OCTHH(apPKTHBIA KapAHOCKIEPO3 — XPO-
HUYECKOE COCTOSTHHE, KOTOpPOE CTa0MIILHO IPH aJIeKBAaTHO
nonoOpannom sieuennu. UbC gacto conpoBoXxaaeTcs rumep-
TOHHWEH, TIabeTOM BTOPOTO THIIA, THIIEPXOJIECTEPHHEMHUECH,
TaK Kak 3TH 3a00JIeBaHUsI UMEIOT 00IIre (GaKkTOpbl pucKa 1
naroreHeTnueckre mexanusmel (Ehret et al., 2011; Johnson
et al., 2011). Paznuunpie MmeTabonmdeckue M (GU3NOIOTHYEC-
CKHE paccTpOMCTBa, MMEIOLIMECS TIPU TEPEUNCIICHHBIX 3a-
6oreBaHUX, TAKKE CONEHCTRYIOT NoBbImeHHIO prcka MBC.
Pazsutre bC wacTo mpoxoanT Ha (hoHE HE3TOPOBOTO 00pa3a
JKM3HH, CBSI3aHHOTO C KypeHNEM, HEIIPaBHIIbHBIM TUTAHUEM,
OXXHPEHUEM, HEOCTaTKOM (hHM3MUecKol aKTHBHOCTU W Jp.
(Yusuf et al., 2004).

W3BectHO, uto HacneayemocTb MBC coctasnser 40-50 %
(Peden, Farrall, 2011), HO akTHBHBIN TOUCK MOJICKYJISPHBIX
MEXaHNU3MOB, PEAN3YIONINX HACIEICTBEHHYIO IPeIpacmo-
noxeHHocts Kk MBC, nmurenbHOe BpeMst ocTaBascsi Malo-
YCHECIIHBIM. MHorounciaeHHbIC MOJICKYJIAPHO-TCHETUYCCKUE
uccie10BaHus ObIIIM HAIpaBJICHbl HA M3yYEHHE MOJIMMOp-
(hn3MOB B PyHKIIMOHAIBHO 3HAYMMBIX T'€HaX, TPUHUMAOLINX
ydacTHe B Ipolieccax, cBi3aHHbIX ¢ nmaToreHezoM VBC: 06-
MEHE JINTTHI0B, TPOMO00Opa30BaHUH, SHAOTSITHATEHON TUC-
(yHKINU, PEeryisiiuy peHHUH-aHTHOTEH3WHOBOH CHCTEMBI,
BOCTIAJTUTEIBHBIX peakiuii. OHAKO JHIIb A HeOOIBIIOTO
Y1 TEHOB, ITIABHBIM 00Pa30M CBSI3aHHBIX C META00IM3MOM
JuronpoTrenHoB Hu3koi rorHoctr (JIITHIT), ynanocs ycra-
HOBUTH CBsI3b ¢ puckoM passutusi MBC (Brown, Goldstein,
1986; Abifadel et al., 2003; Cohen et al., 2006).

Hogas spa B u3yuyennn MBC navanace, korna omaromaps
Pa3BUTHIO TEXHOJIOTUH TCHOTUIIUPOBAHUA CTaJ JOCTYIICH
MTOJTHOTEHOMHBIH aHaym3 acconmaruit (ITTAA), craBmmii oc-
HOBHBIM HHCTPYMEHTOM ISl BBISICHEHHSI TeHETHYECKOU MTpH-
POABI CIIOKHBIX IMPU3HAKOB. Pe3yJ'II)TaTI)I IMEPBBIX IMOJHOTE-
HOMHBIX uccnenoBannii UBC 0putn omyomukoBans! B 2007 1.
Tpu rpynmsl uccienoBareseii He3aBUCUMO JPYT OT Apyra
oOHapy»uiu Jokyc 9p21.3, accoruupoanusiii ¢ UBC (Hel-

gadottir et al., 2007; McPherson et al., 2007; Samani et al.,
2007). Ces3b Mexy 9p21.3 u UBC siBIsieTcst OHOM U3 CaMbIX
CUJIbHBIX TCHETUYECKHX acColMalnii, HaOmoaaembix B [ITAA
(Schunkert et al., 2011), mpu 3TOM JaHHBIHA JTOKYC PACTIONIOKEH
B TaK Ha3bIBAEMOM T'€HHOH ITyCTBIHE — PETHOHE, B KOTOPOM HET
I'€HOB, KOJUPYIOIIUX M3BECTHbIE OelKU. TOUHBIN MEXaHU3M,
¢ oMot kotoporo 9p21.3 Bmuser na MBC, 1o cux mop
0CTaeTCsl HESICHBIM.

CHyCTH JABa roJila B HECKOJIBKUX OTHOCUTECJIBHO He6OJ'II)LHl/IX
WH/INBUAYAIBHBIX MCCIECIOBAHUIX yAaJIOCh BBISIBUTDH J[BE-
HA/IIATh JOMOTHUTENBHBIX JTO0KycoB (Erdmann et al., 2009;
Gudbjartsson et al., 2009; Samani et al., 2009; Tregouet et
al., 2009). CymiecTBeHHBIH mporpecc ObIT JOCTHTHYT, KOTa
CTaJIM ITPOBOJIUTH METAAHAIIN3, OOBEINHSS PE3y/IbTaThl aHa-
JIM30B OTAEJbHBIX UCCIENOBAHHNA. DTO CTAJO BO3MOKHBIM
Onarozmaps CO3aHMIO MEXIYHapOIHBIX KOHCOPLHYMOB IO
nzyuennto UBC n UM, nanpumep Myocardial Infarction
Genetics Consortium (MIGen, 6042 uei.), Coronary Artery
Disease (C4D) Genetics Consortium (68065 uen.), IBC 50K
CAD Consortium (180183 gen.), Coronary ARtery Dlsease
Genome wide Replication and Meta-analysis consortium
(CARDIoGRAM, 86995 uen.).

K nacrosimemy BpeMeHH B OOIIEH CII0XHOCTH M3BECTHO
0k0J10 300 OJJHOHYKJIEOTHIHBIX MOJMMOP(QHBIX BapUAHTOB
(single nucleotide polymorphism, SNP), acconmmpoBaHHBIX ¢
NBC, nokanm3oBanHbIX B Ooiee uem 100 jokycax (Schunkert
etal.,2011; The CARDIoGRAMplusC4D Consortium, 2013;
Nikpay et al., 2015; Nioi et al., 2016; Stitziel et al., 2016;
Howson et al., 2017; Klarin et al., 2017; Nelson et al., 2017,
Webb et al., 2017; van der Harst, Verweij, 2018), koTopsie co-
BMECTHO OOBSICHSIIOT OKOIO 40 % reHeTHdeCcKOi KOMIOHEHTHI
UBC (Nikpay et al., 2015; Hartiala et al., 2017; Nelson et al.,
2017; Vilne, Schunkert, 2018).

TpyaHO OOBSICHUTH TEHETHYECKYIO CTPYKTYpy 3aboieBa-
HUS TOJIBKO Ha OocHOBe pesyibratoB [IIAA, Tak Kak mojaas-
JIstroIee OOJIBIIMHCTBO aCCOLMUPOBAHHBIX ¢ O0Jie3HBI0 SNP
JIEKHUT B HEKOJMPYIOIIUX pernoHax reHoma. OHU He CBSA3aHbI
C U3MEHECHUSIMH CTPYKTYpPbI M (QyHKIIMH OejKa, a BeposiTHEe
BCEr0, OKa3bIBAIOT BIIMSHUE HA YPOBEHb SKCIPECCUU TCHOB.
Kpowme toro, nnenrudurmposannsie ¢ momorsio [ITAA SNP
ciryar cBoero pozaa ¢uarom jurst Bcex SNP, Haxopsmmxcst
B HEPABHOBECHU I10 CHEIJICHHUIO C HUMHU U KOTOPBIE TAKIKE
MOTYT OBITH 3a[I€HICTBOBaHBI B KOHTPOJE JAaHHOTO 3a0oJe-
BaHMs. BeirencTBrue 3THX NMPUYMH KOHKPETHBIE TEHBI, HEMO-
cpelcTBeHHO Bhustolue Ha puck passutusi UBC, Bce ee
OCTaIOTCSl HEN3BECTHBIMH.

Hecxkombko J1eT Ha3zaa ObUT MPEATIOKEH MOX0]l, B OCHOBE
KOTOPOTO JIEKUT PerHOHANbHBIN aHaIN3 acconuarmii (PAA),
WM aHAJIM3 aCCOIMAIINi Ha TEHHOM ypoBHe (gene-based asso-
ciation analysis), Tpx KOTOPOM BCe OIIMMOP(HBIC BAPHAHTHI
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BHYTPH I'€Ha aHaIM3upytoTcs oqaoBpemenHo (Li, Leal, 2008;
Eichler et al., 2010). 9To mo3BoIIET yCTAHOBUTH CTATUCTH-
YECKU 3HAYUMYIO ACCOIUAIIAIO0 MEKIY TCHOM U MPH3HAKOM
Jlake B TOM Cllydyae, KOTJia HU OJUH M3 BapUAHTOB BHYTpPU
TeHa He JIaeT 3HaYuMoro curHasa. [Ipu ucronb3oBannu PAA
B aHAJIN3 MOXKHO BOBJICYb HE TOJBKO PACIIPOCTPAHEHHBIC, HO
U PE/IKKE TCHETHYCCKUE BAPHAHTHI, TEM CaAMbIM YBEIINYHBAsI
CTaTHCTHYECKYIO MOIITHOCTH aHam3a. Kpome toro, PAA cpasy
MIO3BOJISIET MHTEPIPETUPOBATH 3HAYMMBIN CHT'HAJT ACCOIAAITHN
KaK yKa3aHUe Ha pOJIb CTPYKTYPBI COOTBETCTBYIOIIETO OeKa
B KOHTPOJIC H3y4aeMOT0 IpU3HAKa WIH OONE3HH.

IIpumenenune PAA s ananuza UBC no nenaBHero Bpe-
MEHH OBLTO 3aTPYIHEHO TEM, YTO OH TPeOOBaj OrPOMHBIX
BBIOOPOK, conep Kamix HHPOPMAIHIO 00 WHANBHIYATbHBIX
(heHOTHUITAX ¥ TEHOTHITAX BCEX WICHOB BRIOOPKH. Takue maH-
HBIC HUKOIJ/IA HE JICTIOHUPYIOTCSI B OTKPBITHIC 0a3bl TaHHBIX,
B oTIIIume oT pe3ynsTaroB [IIAA u meTaananmsa, mpeacTas-
JICHHBIX HA0OPOM CyMMAapHBIX CTaTHCTHK [T KAYKJOTO UCCIIe-
JIOBAaHHOTO '€HETUYECKOTo BapuaHTa. B mocnenux padorax
OBLIT0 TIOKa3aHO, 9T0 PAA MOXKHO IPOBOAMTS i Silico, NCTIONb-
3ysi CyMMapHBIE CTaTUCTHKH, HE TpeOys WHIWBUIYaTbHBIX
(dhenorunos u reroturos (de Leeuw et al., 2015; Bakshi et al.,
2016; Wang et al., 2017; Svishcheva et al., 2019).

Lenbro Hatreli pabOTHI SBISETCS IOMCK HOBBIX T€HOB, yUa-
ctByromux B koutpone UBC, myrem in silico xkapTupoBaHust
C HMCTION30BAHNEM PETHOHATBHOTO aHATN3A aCCOIIHAITIH.

MaTtepwuanbl n metogbl

CymMapHble cTaTHCTHKH. Mcnonb3oBanucek 1Ba Habopa
CYMMapHBIX CTaTHUCTHK, oiay4eHHbIX 11t UBC ¢ momonisio
[M'A A 1 IeNOHMPOBAHHBIX B OOIIEOCTYITHBIX 0a3ax JaHHbIX.
ITepserit Ha60p, MICAD (Myocardial Infarction Genetics and
CARDIoGRAM Exome), npeacrasisier co00# pe3ysbTraTbl
MmeraaHanu3a 20 oTenbHBIX Koropt. JleranbHas nHpopMarust
0 KaXJ0M U3 HUX TpEJCTaBICHA B OPUTMHAIBHOU cTaThe
(Stitziel et al., 2016). Meraananus Biodaet 42 335 yenoBex
¢ UBC wn/unmu UM u 78240 3m0pOBBIX JIHOJICH €BPOICHCKOTO
MPOUCXOKACHUS. | eHOTHITMPOBAaHKIE OCYIECTBIAIOCH C HC-
nonb3oBanueM mnaneneld [1llumina HumanExome BeadChip
array u Illumina OmniExome, mononauTensHas uH(OpMa-
Ul 0 KOTOPBIX pa3MelieHa mo aapecy http://genome.sph.
umich.edu/wiki/Exome Chip Design. Cymmapusle craTu-
ctuku (p-value, pazmep addekra (B)) st 85112 SNP 6butn
3arpykeHsl ¢ caiita www.cardiogramplusc4d.org.

Bropoit Habop nannbix, UKbb, npencrasnser pesynbsra-
1ol [IIAA XpoHHYECKOH HIIEeMHYEeCKOW OOJIE3HU cepjla U3
npoekta UK Biobank Resource, Bkimtouarormero 8755 60ib-
HbIX U 328444 310pOBbIX YesloBeKa. | eHOTUIIHPOBAHUE OCY-
IIECTBISUIOCH HA OCHOBE MeTab04HIIa, CIIEIUAILHO CO3/IaH-
noro 1yt UBC. TlogpoGHOe onricanre KPUTEPUEB BKITFOUSHUS
1 XapaKTepUCTUKH ()EHOTHIIA JTAaHO B OPUTUHAIBHBIX ITyOIn-
karusix (Klarin et al., 2017; van der Harst, Verweij, 2018).
Cymmapnsie cratuctuku st 10894597 SNP 6sum 3arpy-
JKCHEHI ¢ caiita www.ukbiobank.ac.uk.

Takum 00pa3om, aHAIU3UPyEMbIE BBIOOPKH Pa3INYaInCh
MEX Ty cOOO0M KaK 10 CTPYKType (MeTaaHa M3/ HHIUBH/yaThb-
HOE MCCJIE0BaHNE, YHCIO OOJIBHBIX U 310POBBIX), TAK H I10
Ha0Opy FeHOTUITMPOBAHHBIX MapPKEPOB.

PernonajbHbIil aHAIHU3 ACCOUMALMIA TPOBOJUIIN C UC-
nojb3oBaHueM nporpaMMmHoro nakera SUmFREGAT, cos-
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In silico NOUCK reHOB, KOHTPONVPYIOLLNX
nwemmnyeckyto 6onesHb cepaua

JIAHHOTO KOJJISKTHBOM aBTOPOB Ha sI3bIKE MPOTPaMMHPO-
BaHUs R. CBOOOMHBIN JOCTYN K HEMY OTKPHIT 1O aJpecy:
https://CRAN.R-project.org/package=sumFREGAT. ITaket
npeJHa3HaYeH JUIsl TECTUPOBAHMUSI TC€HHBIX aCCOLMAIUH C
MCTIONIb30BaHUEM CyMMAapHBIX CTaTHCTHK. B HeM peann3oBan
MIUPOKHUNA CIICKTP METOMIOB JIJISl PETHOHAIBFHOTO aHaIN3a ac-
COLIMALIN, TTOCTPOCHHBIX Ha 00OOILEHHOW PErpecCUOHHOM
MOJIETTH C aJUTUBHBIMU TeHeTHYecKuMHA dPpdexramu (Svi-
shcheva, 2019). DT METOTBI BKITFOYAIOT: METOJ] MHO)KECTBEH-
Ho¥ nuHelHo# perpeccun (MLR); MeTozab!, HCHonb3yoMe
¢ysknroHaneHBIN aHanmu3 naHHBIX (FLM) u ananm3 rnaB-
HbeIX KomroHeHT (PCA); meron komnmaricuara win bypaeH-
tect (BT); meton SKAT, ocHOBaHHBII Ha aHAIM3€ KOMIIOHEHT
JIUCTICPCHH U UCTIONB3YONINH IPHHIINT SAEPHOTO CIIaKUBa-
Hus, a Takke Mmeton SKAT-O, oobenunsronuii BT u SKAT.
[TepeuncrieHHbIE METO/IBI OTIIMYAIOTCS CTpaTerueli KOMOMHU-
POBaHUS CyMMapHBIX CTaTHCTHUK H SBISIIOTCS YPPEKTHUBHBIM
uHcTpyMeHToM it PAA. Kpome HUX B MakeTe peanu30BaHbl
ele TpYU METO/Ia, UCHOJIB3YIOUINE 1Ba TPAJUIIMOHHBIX TIOJI-
xoz1a 11 00BETMHEHUS CYMMapHBIX CTaTUCTUK. ONH METO/
OCHOBaH Ha CyMMe XHM-KBaJparoB (sum y2) 1 B JIByX METOAaX
NpUMeHeH MUHUMYM p-value (min p-value u SimpleM).

[ToapoOHO MeTOABI M MX UMIUIEMEHTAIUS ONMCAHBI B Ha-
el padote (Svishcheva et al., 2019), roe Taxke nmpoBeneHa
arnpobarys KaxJ0ro MeTo/ia Ha BHIOOpKax pasinyHON CTPYK-
TYpBI C UCHOJH30BAHUEM PEANbHBIX JaHHBIX, B TOM YHCIE
MICAD u UKbb.

Jlnist mpoBe/ieHus! aHaJk3a Ha TEHHOM YPOBHE C IOMOILBIO
makera SuMFREGAT gocrarodyno 3aaTek B KaU4ECTBE BXOIHBIX
JIAHHBIX cyMMapHble ctatucTuku [ITAA, BerunciaeHHble s
TeHETHYECKHX BapHUaHTOB HCCIIEAYEMOro I'eHa, a UMEHHO
p-value u pazmep s dexta (), 1 MaTPUIIBI KOPPEIALINI MEXK-
JTy TCHOTHIIAMH 3TUX BapuaHTOB. /11 mojicueTa MaTpuI KOp-
peIsIuii Mbl HCITIOJIB30BaH pedepencHyto manenb 1000 Ge-
nomes Phase 3, Bkimouatomyto 503 mHIUBHIA €BPOIIEHCKOTO
MIPOUCXOXKACHUS. [ paHUIIBI TCHOB YCTaHABIIMBAJIH B COOTBET-
ctBur ¢ GRCh37/hgl9. Mapkep npunuchIBaig K ONpeeIcH-
HOMY T€HY, €CIIM OH HaXOIUTCS B €ro SK30HE MIIM HHTPOHE.

YpoBeHb 3HAUNMOCTH OTPEACISUTH C TIOMOIIBIO TIOMTPABKH
boudepponn. Curnan acconyanuy CUUTAIH 3HAYUMBIM,
ecJM 3HaYeHne p-value 11 TeHa He MPEBHIIAaio TOPOTOBOTO
ypoBHs 4.58 - 1076 (0.05/10912 renos) s Bei6opkn MICAD
u 2.78-107° (0.05/17975 renos) ans BeiGopku UKbb. Mbl
CYHTANH, YTO T€H JOCTOBEPHO aCCOUMUPOBAH C OOJIE3HBIO,
eciH XOTs OBl B OTHOM M3 METOJIOB 3HaueHHE p-value 10CTH-
rajo IoporoBOro ypoBHsL.

BuoundpopmaTnyeckuii aHaau3. AHaIN3 TpEICTaBICH-
HOCTH (PYHKIIMOHATBHBIX TPYII TEHOB BBITOTHSITH C ITOMO-
b0 FUMA GWAS (Functional Mapping and Annotation of
Genome-Wide Association Studies) (http://fuma.ctglab.nl/),
WCTIONB3Ys CTAaHNAPTHBIC HACTPOMKH, MpeniaraeMble cep-
BHCOM.

H3BectHbIe Jokycsl UBC. Ha Havano manHOTO HMCCIe-
JTIOBaHUs OBLJIO M3BECTHO 97 JOKYCOB, aCCOMUUPOBAHHBIX C
NBC. Ux cnucok npusenaeH B padore (Klarin et al., 2017).
Kaxxzplil U3 J1OKyCcOB B 3TOM CIHUCKE NPEACTaBIEH OJHUM
W HECKOJIBKUMU TUAUpYoIMU SNP, yioBIe TBOpSIFOIIIMA
cienyouumM ycioBusM: curnan [II'AA pgocTturaer moyiHo-
TEHOMHOTO YpOBHs 3HauuMocTH 5.00 - 1078 B opurunansaOoM
WCCIICIOBAHUU U PEIUTHIIMPOBAH Ha HE3aBUCHMOM BBIOOpPKE
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WM B MeTaaHanu3e. {1 Kak0ro JIOKyca B CIHCKE IIPUBO-
JIUTCS TaKoke HaOOp TeHOB, KOTOpbIe comepskar 3Tu SNP /i
SIBIISTIOTCSI O KAMIMMK K HUM. B nanbHeHIem Takue JI0KyChl
U I'CHBI Mbl Ha3bIBA€M U3BCCTHBIMU.

Pe3ynbratbl

Ananuzupyembie BbiOopkn UKbb u MICAD Obinn reHo-
TUIHMPOBAHBI HA OCHOBE ABYX PA3IMYHBIX I1aT(HOPM, TTO3TO-
MY 4YHCIIO TeHOB U urciao SNP B HUX CHIBHO BapbHpPOBAIIO
(tabn. 1). I'ensl, conepkamue menee nByx SNP, Obutn mc-
KITFOYEHBI M3 aHAIIN3a.

st Be1Oopku UKbb MBI monmyuninm craTucTudeckn 3Ha-
yuMbIi curHan accouuanuu (p-value < 2.78-1079) xors
051 B omHOM m3 TecToB s 49 reHoB. Pesymeratel PAA s
9THX T€HOB OTPaKeHBI B Ta0II. 2, TJIe AJIs KK0T0 TeHa MPH-
BEJICHO HaMMEHbIIee CPEAr BCEX TECTOB 3HaueHue p-value.
AmHanorndHas tabnuma npuBeneHa as Beioopkun MICAD
(tabn. 3). OHa comepHT cnUCcoK U3 61 reHa, curHan acco-
[UAIUH KOTOPBIX JIOCTHT OPOroBOro yposHs 4.58 - 1070 xots
OBl B OZTHOM M3 TECTOB.

Bcero npu ananuse Beioopox UKbb 1 MICAD 65110 nnien-
TuuuupoBaHo 88 reHos, acconuuposanubix ¢ UBC, 22 u3
HUX OBUTH OTIpeIeNICHBI Ha 00enX BEIOOPKAX (CM. PHCYHOK).

MpI pa3nenuii Bce HACHTH(OUIMPOBAaHHBIC T'eHBI HA JIBE
KaTeropuu B 3aBHCUMOCTH OT HAJIMYMs B HUX 3HAYMMOTO
SNP-curnana. I'ensr co 3HaunMbIM SNP-curaamoM MoryT
OBITH MIeHTU(HUIIPOBAHEI yoke Ha ypoBHe [IT'AA, B TO Bpems
KaK I'eHbl, HE BKJIIOYAIOIUE TAKUE CUTHAJIBI, MOYKHO H/ICHTHU-

Table 1. Statistics for UKbb and MICAD data

In silico mapping of coronary
artery disease genes

(unmpoBarh ToJIBKO ¢ Hcnosb3oBaHreM PAA. HanGonbimii
WHTEPEC TPEACTABIAET BTOpas KAaTeTopHsi, K KOTOPOil OT-
Hocutcst 41 ren (45.5 % or Bcex MACHTH(UIIMPOBAHHBIX)
(tadmn. 4). Tpu u3 wux (COL4A42, FURIN u SMG6) Obutu
oOHapy»keHbI ¢ momonTsio PAA Ha 06enx BEIOOPKaAX.

Kpowme Toro, MbI cOMOCTaBHITH JIOKAIU3AINI0 HACHTU(HIIH-
POBaHHBIX T€HOB C M3BECTHBIMHU JIOKYyCaMH. MBI OIpeiesnim
M3BECTHBIN JIOKYC Kak pernoH + 500 THIC.T.H. OT MO3UINN
MOJTHOTEHOMHO 3HaunMoro SNP, mapkupyromiero 3Tor Jjo-
Kyc. PervoHsl, HaXozsiuyecst OT HEro Ha paccTosiHUK Ooliee
500 ThIC. 11. H., cuuTa¥ HOBEIMH. OKa3aoch, uto 72 u3 88 re-
HOB (81.8 %) near B y’e U3BECTHBIX JIOKYCaX, aCCOLUHPO-
BaHHBIX ¢ IBC. 44 13 3THX T'€HOB BXOAAT B CIIMCOK N3BECTHBIX
reroB-kaHaunatoB BC, a ocranbHbIe 28 TEHOB MOTYT pac-
CMaTpHUBAThCs Kak HOBBIE reHbl-KanauaaTsl BC, nexarne B
M3BECTHBIX JIOKycax. 16 renoB (AGPAT4, ARHGEF12, BDPI,
DHX5S8, EHBPI1, FBF1,HSPB9, NPBWR2, PDLIMS5, PLCB3,
PLEKHM?2, POU2F3, PRKD2, TMEM136, TTC29 n UTP20)
ObUTM UIEHTU(ULIMPOBAHBI HAMHU 3@ TPEJeIaMi U3BECTHBIX
JIOKYCOB, UTO ITO3BOJISIET CYUTATH X HOBBIMH MOTEHIINAIBHBI-
mu reaamu s UBC (cm. Tabim. 4). DTr TeHBI pactoIoKeHBI
B 13 HOBBIX JIOKycax Ha xpomocomax 1,2,4,5,6,11,12, 17,
19 n 20.

AHanms3 rnpeiCcTaBIeHHOCTH (DYHKIIMOHAIBHBIX TPYTII TEHOB
OBLT MPOBEACH Ui BCero Habopa MACHTU(HUIIMPOBAHHBIX
TeHOB. 3HAUUTENIbHAsl YacTh 3TUX TPy BKIFOUama MeTado-
JIMYECKHE ITyTH, CBSI3aHHBIC C 0OMEHOM JIMIIHIOB, HAITPUMEP
0EJIOK-JIUIUAHBIA KOMILIEKC, CBS3bIBAHHE JIMIIONPOTEHHOB,

Sample Platform Number of SNPs in gene Number Total number
...... R S of SNPs
min mean median max
MICAD Exome-chip 2 53 4 231 10912 57815
UKbb Metabochip for CAD 2 2374 85 21287 17975 4267351
MICAD UKbb

ABO GIGYF2  NT5C2 ABI2 MAP3K4

ADAMTS13 HDAC9  PCSK9 ABCG8  MIA3 AGPAT4 MAT2A

APOB HPR PDLIMS5 ADAMTS7  FURIN AIDA NPBWR2

ARHGEF26 ~ HSPB9  PLCB3 APOE NBEAL1 APOCT PEPD

ASMT KJAA1462  PLEKHM2 ATXN2 PHACTR1 ARHGEF12  PHB

BCAS3 LIPA PRKD2 CDKN2A  PLG ig‘f:‘m %

P1 LoX ARB1 CDKN2B ~ PPAP2B

BDP1 o SCARB CYP20A1 PVRL2

Q LPL SMAD3 CELSR2  SLC22A1 e e

CETP LRP1 SMARCA4 COL4A2  SLC22A2 EHBPT TMEM136

CNNM2 MRAS SVEP1 FAM177B  SLC22A3 FES TOMM40

CYPI7AT  MTAP TMEM116 LDLR SMG6 GGCX TTC29

DHX58 NAA25  UTP20 LPA WDR12 ICATL VAMPS

FBF1 NOTCH4  ZC3HC1 IGF2R ZNF652

Genes associated with CAD in two samples. Sixteen new genes are underlined.
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Table 2. Results of gene-based analyses of UKbb data

Chr Gene  Posion Number — pvalue — Method  LeadSNP
.................................................... Start S PR SR
1 PPAP2B 56960419 57045257 325 2.96E-07 PCA 6.94E-08 rs17114036
CELSR2 109792641 109818378 99 1.58E-14 min p-val 4.10E-16 rs660240
PSRC1 109822176 109825790 14 2.07E-06 MLR. FLM 2.66E-04 rs35358959
MIA3 222791444 222841351 170 5.85E-09 sum 2 2.28E-09 rs2133189
AIDA 222841355 222886602 107 6.14E-08 SKAT-O 3.89E-09 rs36079339
BROX 222885906 222908529 49 1.19E-07 SKAT-O 3.97E-08 rs12043288
FAM177B 222910558 222926932 44 2.01E-07 sum y2 2.90E-08 rs34885880
L oot o O 2007 me BOOE0S | ;asE
EHBP1 62900986 63273622 739 9.67E-07 SKAT 4.23E-05 rs13410889
MAT2A 85766101 85772403 14 9.96E-08 PCA 1.39E-08 rs2028900
GGCX 85771978 85788657 60 2.01E-07 SKAT-O 8.43E-08 rs7605975
VAMP5 85811531 85820511 29 1.67E-06 BT 1.64E-07 rs55971080
ICATL 203637873 203736708 292 2.07E-08 sum y2 4.60E-09 rs72932711
WDR12 203745323 203776949 110 1.49E-08 sum 2 7.47E-09 rs6722332
NBEAL1 203879597 204091101 485 3.12E-07 min p-val 2.53E-09 rs72934573
___________________________ CYP20AI 204103164 204170563 188 83307 | PCA SGSE-08 1sT1S6004T1
4 TTC29 147628179 147867034 758 3.43E-07 SimpleM rs534388792
EDNRA 148402069 148466106 171 1.68E-09 FLM rs77249653
P MR AR AN T S E o ST T
IGF2R 160390131 160527583 473 3.94E-12 PCA 7.58E-14 rs3777402
SLC22A1 160542821 160580147 139 5.54E-12 min p-val 1.33E-13 rs2282143
SLC22A2 160637794 160679963 146 1.97E-07 min p-val 4.29E-09 rs184091076
SLC22A3 160769405 160873613 361 4.47E-50 MLR 2.65E-27 rs4709431
LPA 160952506 161097478 410 2.85E-97 MLR 1.03E-48 rs55730499
PLG 161123225 161175086 203 1.69E-52 MLR 1.10E-32 rs4252185
MAP3K4 161412816 161538417 461 7.22E-11 min p-val 1.03E-12 rs141766382
. AGPATA 161551057 161695107 555 7OBE-07  minpval  781E-09 15148349043
9 CDKN2A 21967751 21994490 62 1.82E-17 MLR 4.21E-14 rs3731239
___________________________ COKNZB 22002902 22009312 15 120E-33  PCA 1932 rs32i7992
11 POU2F3 120107349 120190653 305 1.28E-06 PCA 2.01E-04 rs138488120
TMEM136 120195838 120204397 27 2.27E-06 MLR. FLM 2.86E-06 rs1893261
ARHGEF12 120207264 120360645 398 1.08E-06 sum y2 3.07E-07 rs12417256
L fRMGEFZ 120207200 12030065 3% L6 smp | 0RO s
o ATXN2_ 111890018 112037480 258 127E06  PCA 17807 1sa766578
13 COL4A1 110801310 110959496 863 4.36E-11 PCA 3.56E-06 rs9521642
COL4A2 110959631 111165374 1252 1.79E-06 FLM 5.46E-06 rs9515203
Ao AL S o GE0S et
FURIN 91411885 91426687 37 491E-07 sum 2 6.27E-08 rs8039305
___________________________ FES . 91427665 9143906 38 2SBE-08  sump 128607 657177338
17 SMG6 1963133 2207069 846 1.85E-06 BT 1.11E-06 rs67457628
ZNF652 47366568 47439835 209 3.05E-06 sum 2 1.13E-06 rs62076439
___________________________ PHB  ATASIATO 47492267 36 26307 sump  230E-08 157502499 |
19 LDLR 11200037 11244506 220 2.14E-08 PCA 2.62E-08 rs6511720
PEPD 33877855 34012799 754 1.64E-07 min p-val 1.91E-09 rs145436496
PVRL2 45349393 45392485 221 4.61E-09 FLM 9.24E-08 rs6857
TOMMA40 45394477 45406946 61 6.74E-07 PCA 7.47E-08 rs2075650
APOE 45409039 45412650 9 4.00E-15 PCA 2.64E-09 rs429358
. APOCI . asH7STT 45422606 M 399E-09  SKAT  4OTE-08  rs12721051
20 NPBWR2 62737183 62738184 6 1.92E-07 SKAT-O 1.06E-07 rs13036542

Notes. Here and in Table 3: gene positions are indicated with reference to GRCh37/hg19; new genes are indicated in bold.
p-values < 5.0-1078 are indicated in bold.
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Table 3. Results of gene-based analyses of MICAD data

Chr Gene Posion Number  pwalue ~ Method  LleadSNP
..................................................... Start ~ End  OofSNPs .. pvalue SNP
1 PLEKHM2 16010632 16061264 4 2.47E-06 SKAT 3.72E-06 rs12091750
PCSK9 55505149 55530526 5 3.21E-11 MLR 8.03E-10 rs11591147
PPAP2B 56960419 57045257 5 2.79E-10 SKAT-O 4.55E-10 rs9970807
CELSR2 109792641 109818378 18 1.43E-22 SKAT 1.13E-23 rs12740374
MIA3 222791444 222841351 11 9.03E-14 min p-val 1.22E-14 rs17465637
............................ FAM1778 222910558 222926932 3 175E-10  SKAT  1.12E-09 rs2378607
2 APOB 21224301 21266945 33 2. -06 MLR 1.09E-04 rs533617
ABCG8 44066103 44105947 10 1.30E-09 SKAT 4.88E-09 rs4299376
WDR12 203745323 203776949 2 1.24E-15 PCA 1.25E-15 rs35212307
NBEAL1 203879597 204091101 14 3.11E-14 min p-val 2.26E-15 rs2351524
............................ GIGYF2 233562015 233725287 5 817E-09 PCA 146E-08 rs1801251
3 MRAS 138066490 138124377 2 1.83E-08 min p-val 1.83E-08 rs2306374
ARHGEF26 153838792 153975616 3 4.92E-09 sum XZ 8.28E-09 rs12493885

5

5 BDP1 70751442 70863649 18 BT 3.84E-03 rs12187098
............................ LOX . ....121398890 121414206 2 . 140E-07  SKAT 172E-07 rs1800449
6 PHACTR1 12716888 13290476 7 5.17E-35 min p-val 8.61E-36 rs9349379
(@] 31865562 31913449 18 1.02E-06 SimpleM 7.87E-08 rs3130683
NOTCH4 32162620 32191844 33 2.41E-06 MLR 8.98E-06 rs394657
SLC22A1 160542821 160580147 15 2.47E-11 min p-val 1.78E-12 rs2282143
SLC22A2 160637794 160679963 3 2.18E-10 min p-val 1.09E-10 rs2279463
SLC22A3 160769405 160873613 5 7.41E-26 MLR 6.98E-21 rs1810126
LPA 160952506 161097478 17 1.16E-28 MLR 9.74E-24 rs3798220
PLG 161123225 161175086 11 . PCA 2.62E-10 rs4252120
7 HDAC9 18126572 19039135 6 A min p-val 3.20E-07 rs2023938
ZC3HC1 129658126 129691233 4 . min p-val 4.11E-13 rs11556924
9 MTAP 21802635 21941040 4 2.34E-07 min p-val 7.76E-08 rs7023954
CDKN2A 21967751 21994490 2 8.11E-07 PCA 8.46E-07 rs3731249
CDKN2B 22002902 22009312 2 1.67E-37 PCA 1.47E-33 rs1063192
SVEP1 113127528 113342160 35 2.91E-06 min p-val 1.05E-07 rs111245230
ABO 136130563 136150630 22 2.42E-18 MLR 9.31E-17 rs507666
. ADAMTSI3 | 136279459 136324525 14 978E-07  PCA 163E-07  rs4962153
10 KIAA1462 30301729 30348488 8 8.68E-09 SKAT-O 3.94E-09 rs3739998
LIPA 90973326 91011660 6 1.22E-15 min p-val 3.04E-16 152246942
CYP17A1 104590288 104597290 3 1.41E-06 SKAT-O 1.85E-06 rs1004467
AS3MT 104629183 104661656 4 2.97E-11 SKAT-O 2.16E-08 rs11191447
CNNM2 104678075 104838344 2 2.86E-09 sum 2 4.46E-08 rs12413409
NT5C2 104847774 104953063 2 min p-val 2.78E-08 rs11191580
12 LRP1 57522282 57607142 17 6.10E-08 PCA 1.78E-08 rs11172113
UTP20 101673905 101780397 6 2.42E-07 BT 3.31E-05 rs2305858
ATXN2 111890018 112037480 7 1.67E-13 PCA 2.50E-13 rs653178
TMEM116 112369086 112451023 2 2.91E-07 PCA 2.91E-07 rs3752630
NAA25 112464493 112546826 9 4.50E-08 min p-val 8.20E-09 1s17696736
o SCARBI 125262174 125348519 5 . . 148E-09  minpval  369E-10  rs11057830
E R COL4AZ 110959631 111165374 13 6.00E-07  SKAT 909E-05  rs3809346
15 SMAD3 67358036 67487533 3 2.15E-06 min p-val 8.77E-07 1517293632
ADAMTS7 79051545 79103805 7 8.87E-07 min p-val 4.43E-07 rs1994016
............................ FURIN . 91411885 91426687 4  164E-06  PCA  164E-06 1517514846
16 CETP 56995835 57017757 7 8.80E-07 SKAT 1.12E-06 rs1532624
............................ HPR . .72097125 72111145 2 . 755E-08  PCA  757E-08 rs2000999
17 SMG6 1963133 2207069 11 7.76E-07 SKAT-O 3.17E-06 rs903160
DHX58 40253422 40264751 23 2.97E-06 min p-val 5.93E-07 rs2074158
HSPB9 40274756 40275371 2 2.41E-06 SKAT-O 3.01E-06 rs1122326
BCAS3 58755172 59470199 9 2.06E-07 PCA 7.25E-08 rs8080784
............................ FBF 73905025 73937119 6. 148E-06  SKAT  913E-07 rs1135889
19 SMARCA4 11071598 11172958 4 1.45E-10 SKAT 1.02E-10 rs1122608
LDLR 11200037 11244506 3 6.84E-19 min p-val 2.28E-19 rs6511720
APOE 45409039 45412650 3 5.17E-19 PCA 9.97E-16 rs7412
PRKD2 47177573 47220384 11 2.60E-06 SKAT 2.05E-05 rs425105
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Table 4. Location of CAD-associated genes identified by gene-based analyses

Location Genes with significant GWAS signal

ABCG8, ABO, ADAMTS7, APOC1, APOE, ARHGEF26,
CDKN2B, CNNM2, EDNRA, GIGYF2, KIAA1462, LDLR, LIPA,
LPA, LPL,LRP1, MIA3, MRAS, NT5C2, PCSK9, PHACTR1,

Known genes
in known loci

Genes without significant GWAS signal

APOB, BCAS3, C2, CETP, COL4A1, COL4A2, CYP17A1, FES,
FURIN, GGCX, HDACY, LOX, SH2B3, SMAD3, SMG6, SVEP1,
VAMP5

PLG, PPAP2B, SCARB1,SLC22A3, WDR12, ZC3HC1

New genes AIDA, AS3MT, ATXN2, BROX, CDKN2A, CELSR2,

in known loci

FAM177B, ICA1L, IGF2R, MAP3K4, MAT2A, NAA25,

ADAMTS13, CYP20AT1, HPR, MTAP, NOTCH4, PSRCT, PVRL2,
TMEM116, TOMM40, ZNF652

NBEAL1, PEPD, PHB, SLC22A1, SLC22A2, SMARCA4

New genes
in new loci

Notes. Genes identified in both samples are indicated in bold.

Table 5. Ontologies of new genes

Gene ontology Number of genes p-value
in gene from
ontology the given set
Neutral lipid metabolic 83 7 9.39E-08
process
Catabolic processes 947 17 9.42E-07
within a body
Alcohol metabolism 347 10 3.68E-06
Vasculature development 468 11 8.17E-06
Circulatory system 786 14 1.07E-05
development
Regulation of endothelial 114 6 1.28E-05
cell migration
Vessel morphogenesis 364 9 3.88E-05
Organic hydroxy 481 10 6.12E-05

compound metabolism

Notes. New genes are indicated in bold.

TpaHcnopT GOochOIUITUAOB U Ip. DTOT pe3ylbTar XOPOLIO
coryacyeTcsl ¢ JHumonporengHon teopueit passutus WUBC.
OHTOJIOI MY, BKIIFOYAOIIIE HOBBIC T¢HBI, TPUBEICHBI B TA0I. 5.
Kak BuiHO, BO Bce (DyHKIIOHAIILHBIE TPYIIITbI, 0OHAPYKEHHbBIE
JUISL HOBBIX T€HOB, BXOJISIT TAKXKE N3BECTHBIE TeHbl. bonbmas
YacTh 9THX TPYII OTHOCHTCS K (DOPMHPOBAHHIO KPOBEHOC-
HBIX COCY/IOB.

O6cyxpeHue

B manHOM Hcclie1oBaHUH OBLITO MPOBENCHO in Silico KapTUPO-
Banme VBC c ucrons3zoBannem MetonoB PAA. Tlpu ananmze
JIBYX BBIOOPOK eBpomeiickoro npoucxoxaeHust MICAD u
UKbb Hamu uaeHTUGHUIIMPOBAHO 88 T€HOB, aCCOLUUPOBAH-
HBIX ¢ UBC, 16 13 KOTOPBIX ABIAIOTCS HOBBIMU.

Hay4nast HOBH3Ha HaIIIeTO ITO/IX0/1a 00eCIIeueHa KaK CIeIH-
(uKoii MaTepuaa, Tak ¥ HOBU3HOM CTaTHCTHYECKUX METO/IOB
aHanm3a. AHaim3 OBIT BHITIOIHEH HA Marepuaie, MpeacTaB-
JICHHOM CyMMapHBIMH CTaTUCTHKaMHM, TaKMMHU Kak p-value
u pazmep s dexra (), spistronumucs pesyasrarom [TTAA.
Hcnonp30BaHne CyMMapHBIX cTaTHCTHK it PAA obGmamaer
PSIIIOM CYIIECTBEHHBIX IPEUMYIIECTB Iepe]] TPaIUIINOHHBIM

ARHGEF12,BDP1, DHX58, EHBP1, FBF1, HSPB9, NPBWR2,
PDLIMS, PLCB3, PLEKHM2, POU2F3, PRKD2, TMEM 136, UTP20

Genes

LIPA, NT5C2, PLCB3, SCARBT1, COL4A1, COL4A2, ADAMTS?7, FURIN, HPR,
PEPD, APOE, PRKD2, APOB, SLC22A3, LPL, MTAP, CDKN2A

PPAP2B, LRP1, COL4A1, COL4A2, BCAS3, APOE, PRKD2, APOB, EDNRA,
LOX, NOTCH4

PPAP2B, LRP1, COL4A1, COL4A2, SMAD3, BCAS3, APOE, PRKD2, APOB,
PDLIM5, EDNRA, LOX, NOTCH4, HDAC9

TIOJIX0/I0M, OCHOBaHHBIM Ha MaTepHale, pe/ICTaBICHHOM HH-
JUBUIYaIBHBIMI (DEHOTHIIAMH U TeHOTHIaMH. Bo-nepBbIx,
MIPU UCIIOIb30BaHUU CyMMAapHBIX CTaTUCTHUK HE BO3HHKACT
ITUYECKHX ITPOOJIEM, CBSI3aHHBIX C JIOCTYIIOM K IIEpCOHAIBHOM
MH(POPMALINH, YTO ITO3BOJISET pa3MeIaTh UX B 6a3axX JaHHBIX C
OTKpBITEIM tocTynioM (Pasaniuc, Price, 2017). K nacrosiiemy
BPEMEHH CYIIECTBYIOT Y Ke IECATKH TakuXx 0a3 aHHbIX (Zheng
et al., 2017). Bo-BTOpBIX, TaKOW MOIXOJ MTO3BOJISET BOBIICYD
B aHAJIU3 MaTepuall, Ha TIOPSAKH IPEBHIMIAIONIIN 110 00beMy
KaK/10€ MH/IMBUJIyaJIbHOE UCCIIEIOBAHUE, TAK KaK CyMMapHbIE
CTATHUCTHKH YaCTO SBIISIOTCS PE3yIbTaTOM MeTaaHaIn3a, 00b-
€/IMHSIOIIETO PECYPChl OTICNBHBIX HccienoBanuid. Kpome
TOTO, aHAJIN3 CYMMAapHBIX CTaTHCTHK OCBOOOXIAeT Uccie-
JoBaTells OT NMPOoOJIeM, CBA3AHHBIX C MOAPA3JeICHHOCTHIO
BBIOOPKH, HAJTMYMEM B HEH CKPBITOTO POJICTBA, OTKIIOHEHUEM
pacnpeseneHus aHaTM3UPyeMOro Ipru3HaKa OT HOPMaJIbHOTO,
HaJIMYAEM BBIOPOCOB U JIP., TOCKOJIBKY 3TH POOIEMBI 00BIY-
HO ycTpaHeHs! ipu nposeennu [ITAA (Yang et al., 2018).
HoBu3Ha METOIMYECKOTO MOIX0/a 3aKIIF0YAJIACh B CIICYIO-
eM. Bo-TiepBBIX, MBI HCTIONTB30BaIN PA A, KOTOPHIIi ITO3BOITHIT
HaM 00Hapy)HTh 40 TeHOB, HE UMEIOIINX 3HAYNMbIX CUTHAJIOB
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[M'AA B ananu3upyembix BbiOOpkax. IIpu aToM st Tpex
reroB, COL4A2, FURIN u SMG6, cBsa3b ¢ IBC Obina panee
yCTaHOBJICHA Ha APYTUX BEIOOPKAX, M OHU YK€ BOIIUIN B CITH-
COK T'€HOB-KaH/IUJaTOB B U3BeCTHBIX Jiokycax (Klarin et al.,
2017). To, 9T0 MBI X OOHAPYKHIIH C TOMOIITBIO PAA, ciykuT
TIOJIOKUTEJILHBIM KOHTPOJIEM HAIlero aHajn3a. Bo-BTOphIX,
MBI UCITIOJIb30BAIIM IIUPOKHUII CIIEKTP METOJI0B 00bEIMHEHUSI
CYMMapHBIX CTaTUCTHK, PEaTM30BAHHBIX B CO31aHHOM paHee
aBropamu 3Toi ctarhy nakere SUMFREGAT (Svishcheva et
al., 2019). Kpome MeTon0B MUHMMYyMa p-value U CyMMBI
XH-KBa/IPATOB, 3TOT MAKET COAEPKHUT PsI/T MOIITHBIX METOJIOB,
HE peaJn30BaHHBIX HY B OJHOM U3 CYIIECTBYIOIINX ITAaKETOB
st PAA. TlpumeHeHne Bcero Habopa METOIOB MO3BOJISICT
CYIIECTBEHHO YBEJIIMYNTH MOIIHOCTh aHAJIM3a U MOIY4NUTh
MaKCUMAJIHO TOJIHYIO HH(OPMALUIO O TeHETHYECKON TpH-
poze 3aboseBaHusl.

AHanu3 acconanuii Ha TEHHOM ypPOBHE TTO3BOJIMII ITPUO-
PHUTH3UPOBATH T'€HBI B M3BECTHBIX JIOKyCax. TpaJulnoHHO B
KauecTBE I'eHOB-KaHJU/IaTOB PAacCCMATPUBAIOT T€HbI, BKIIIO-
Jarole camblii cunbHbIN curaan IIAA n/wnm Gmiokaiiime
K HeMy TeHbl. O/IHaKoO M3-3a HEPAaBHOBECHS I10 CIETIIICHHIO
K Pa3BUTHIO 3a00JIEBaHUsI MOTYT OBITh NPUYACTHBI U OoJiee
yaaneHusle oT muaupytornero SNP reHsl. MBI paccMoTpenn
peruoH | MaH 1. H. Bokpyr nosunuu SNP, Mapkupyromero
M3BECTHBIN JIOKYC, TaK Kak MOKa3aHO, 4To cBbIiIe 99 % re-
HETUYECKUX BAPHAHTOB, HAXONINXCS B HEPABHOBECHU TI0
creruieHuto ¢ 3tuM SNP, JToKan30BaHbl B OKHE pa3MepoM
1 cM (Bulik-Sullivan et al., 2015). [Tomumo 44 reHos u3
YHCIIa U3BECTHBIX, B 3TH PETHOHBI TOMAH 28 HOBBIX I'€HOB,
KOTOPBIC MOYKHO CYUTATh IIPHOPUTETHBIMH JUTS AaIbHEHIIIETO
MCCJIEZIOBaHUS U3BECTHBIX JIOKYCOB. HekoTophle U3 HUX yKe
TOSIBJISUTNCH B TTOJIE 3PEHHS YUEHBIX B CBSI3U C Y4aCTHEM IIPO-
JIyKTOB ATHX T€HOB B PA3JIMYHBIX META0OIMUYECKHX MPOIIEeC-
cax. Hanpumep, B nccienoBannu (Samani et al., 2008) aBropsr
TIPEITOJIOKIIIH, 9TO JOKyC BONM3u reHoB PSRC/ u CELSR?2
TMIOBBIIIAET PHCK PA3BUTHSI KOPOHAPHOTO aTepoCKIIepo3a Mo-
CPEICTBOM BIIMSIHHMSI HAa YPOBEHb JIMIONPOTEHHOB HHU3KOH
IUIOTHOCTH. BaxHy!0 poib B METabOJIN3ME JICKAPCTBEHHBIX
cpencts urpatot reusl SLC2241 u SLC22A2, xoTopble KOIH-
PYIOT OEJIKH-TPaHCIIOPTEPhI, OTBEYAIOLIHME 32 MOMaJaHue B
KJIETKHM OpPTaHN9IeCKHUX KaTHOHOB. MyTarmu B rene SLC22A41,
CHIDKAIOIINE €TO 3KCIPECCHUI0, TPUBOIAT K LIEJIOMY Py pas-
JIMYHBIX HETaTUBHBIX MOCIIE/ICTBUI Ha SHEPreTHYECKUI 00MEH
(Zhou et al., 2009). U3BecTHO TakXke, 9TO KIIOYEBHIM (hep-
MEHTOM JUTsl METa00JIM3Ma JIEKApCTB U CHHTE3a XOJIeCTEPHHA,
CTEpOUIOB U APYTHX JIMIHUJIOB SIBIIsieTCs nuToxpom P450,
KOAMpYeMBIii cemericTBOM TeHOB CYP, K KOTOPOMY TIpHHA-
nexut CYP20A1 (Zanger, Schwab, 2013).

Wnentuduipposannbie HamMu 16 reHOB momnaiy B 13 HOBBIX
JIOKYCOB, pacTioJokeHHBIX Ha 10 xpomocomax. ['enst AGPAT4,
PLCB3, PRKD2, PDLIMS5 6b11H KJIaCTEPU30BaHbI B TPYIIITHI,
ACCOIIMMPOBAHHBIE C HECKOJIBKUMH OMOJIOTMYECKUMH IPO-
IIeccaMu, KOTOPBIE paHblIle yrke Opin accormmpoBanbl ¢ UBC
n M. U3BecTHO, uTO OeoK, Kopupyemblit reHoM A GPATH,
UTPaeT BAKHYIO POJIb B MOJJIEPI)KAaHUU HOPMAJILHOTO YPOBHSI
JIOKO3areKCaeHOBOH KHUCJIOTHI (OCHOBHOTO CTPYKTYPHOTO KOM-
MIOHEHTA JINIIH/IOB B MeMOpaHe KJIeTOK rojioBHOro mosra) (Eto
etal.,2014). I'enst PLCB3 1 PRKDZ2 yuacTByIOT B IIpoLieccax
nponudepauy ¥ MUT ALK SHI0TEIHAIBHBIX KIETOK, HE00-
XOIMMBIX st anrnorenesa (Bhattacharya et al., 2009). I'en

In silico mapping of coronary
artery disease genes

PDLIM35 y4yacTByeT B IPOLECCE IKCIIAHCUU KapIUOMHOLU-
TOB M CBSI3aH C PAa3BUTHEM JIMJIATALOHHOW KapAMOMHOIA-
tuu (Bang et al., 2014).

JIBenanuare HOBBIX TeHOB, BDPI, ARHGEF12, DHX5S,
EHBPI, FBF1, HSPB9, NPBWR2, PLEKHM?2, POU2F3,
TMEMI136, TTC29 w UTP20, He BOULIA B COCTaB CTaTH-
CTMYECKH 3HaYMMBIX (DYHKIIMOHAJIBHBIX KiIacTepoB. Tem He
MeHee W3BEeCTHO, 4To TeH UTP2() KOHTPOTUPYET KaJIbIIH-
¢ukanuio koponaproii aprepuu (O’Donnell et al., 2007), a
EHBPI cBszan ¢ yposusimu siunuzoB (Willer et al., 2013).
Mytarmuu B reae PLEKHM?2 TpuBOAAT K aHOMAaJIBHOH J10-
KaJIM3aIiy JIM30COM M HApYIICHNIO MEXaHU3MOB ayTo(haruu
U SBJSIIOTCS IPUYUMHOW PELIECCUBHOW NWJIATALIMOHHOM Kap-
JUOMHOIIATUN U HEKOMITAKTHOW KapANOMHUOIIATHH JIEBOTO
xkemynouka (Muhammad et al., 2015). Ilomy4yennsle HaMu
JIaHHBIE 0 MPUYACTHOCTHU ATHX TeHOB K MBC MoryT coco6-
CTBOBATh Jy4IIeMy ITOHUMAHHIO STHOJIOTHUH W TaTOTEHE3a
9TOM OONE3HHU.

3aknioyeHune

OCHOBHO 3a/1a4ell COBPEMEHHOTO 3/IpaBOOXPAHEHUS SIBIISI-
eTcsl Mepexo/l K NepCOHAIM3UPOBAHHON MEIUIIMHE, B OCHOBE
KOTOPOM JIEXKHT y4eT MHANBUIYaIbHBIX OCOOEHHOCTEH Ia-
IIMEHTOB, B YaCTHOCTH HAJIMYUE TeHETHIECKNX MapKepoB 0o-
ne3nu. OueBHTHO, YeM MTOJTHEE CIUCOK TAKUX MapKepoOB, TEM
s dexTrBHEE TPOoIITAKTHKA U JieueHue 0oe3Hu. [lomydeH-
HBIE HAMH pe3yJbTaThl OTKPHIBAIOT HOBBIC BO3BMO)KHOCTH B
9ToM HamnpasieHUH. OHU JEMOHCTPHUPYIOT, uTo PAA ciayxut
MOIIIHBIM WHCTPYMEHTOM [UISl ITIONUCKA HOBBIX T€HOB, ITO3BO-
JISTFOIIIM M3BJICKATh HOBYIO MH(OPMAITHIO U3 HAKOTIICHHBIX B
MHUPE OI'POMHBIX 00BEMOB JaHHBIX, TOJTYYCHHBIX C IOMOIIbBIO
[II'AA, 6e3 TOTIOTHUTETHHBIX MaTePHUaIbHBIX 3aTpar.
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KauaumgaTaeie SNP-MapKepbl peBMaTOVIHOI'O II0JAMapTPUTA,
KOTOpPbIe MOTYT OCTOBEPHO N3MEHATH CPOZCTBO
TATA-cBsi3bIBaloIiero 6ejgka K IpoMOTOpaM rreHOB UejIoBeKa
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PesmatonpgHbii nonuaptput (PA) — ayToMMMyHHOe 3aboneBaHune C Hannunem ayToaHTUTesn (Hanpumep, aHTuTena K
aHTUreHaM LUTPYNIMPOBaHHbIX 6€/1KOB), 1 NPOBOCNANUTENbHBIX IUTOKNHOB, Taknx Kak TNF-a v IL-6, KoTopble npuHM-
MaloT yyacTme B MHAYKLMM XPOHNYECKOro CMHOBUTA, 9P03MKN KOCTHON TKaHW C nocnepytolen aepopmaumei. immy-
HonaToreHes 6a3mpyeTca Ha MexaH13max NoIoMa UMMYHHOI TOIEPAHTHOCTY K COOCTBEHHbIM aHTUIeHaM, UTo Xapak-
TepusyeTca NoBblEHNEM aKTUBHOCTU T-KneToK-3dpeKTopoB, obycnasnmBaoLwwmx cumntomatky PA. B To xe Bpems
Ha ¢poHe TaKol MOBbILEHHOW aKTUBHOCTM 3GPEeKTOPHBIX MMMPOLIMTOB PErMCTPUPYETCA CHXKEHME akTUBHOCTU pAAa
PerynAatopHbIX KNEeTOK, BKAOYaa perynatopHble T-knetku (Tper) 1 KNeTKn-cynpeccopbl MUEIOUAHOrO NMPOUCXOXKAE-
HUA. IMeloTcAa OCHOBaHMA nosaraTb, YTO UMEHHO M3MEHEHNe aKTUBHOCTM KJIETOK-CYNpecCcopoB ABMAETCA BeAYLUMM
3BEHOM B MnaTtoreHese pa3suTna PA. [1o3ToMy roBOpAT nulb O nepuogax ocnabnenua (pemuccun) PA. Bcnepctaue
60nee MOLLHOW KeHCKON UMMYHHOW CUCTEMBI, MO CPAaBHEHUIO C MYXCKOW, PUCK Pa3BUTUA PA y XXeHLUH BTPOE Bbille,
OH CHUXKaeTcA NpU NakTaumy 1 pacTeT Npu 6epeMeHHOCTH, a TaKXKe MNoce MeHoMay3bl MPONOPLMOHANIbHO YPOBHIO
NMOMOBbIX FOPMOHOB. CUUTAIOT, UTO PUCK Pa3BuTUA PA Ha 50 % 3aBMCUT OT YCNIOBUIA 1 06pa3a XKM3HM, TOrha Kak OCcTaB-
weca 50 % - oT reHeTNYeCKoW NpeapacnonoxeHHocTn. Nostomy PA oTBeyaeT rnaBHOM vaee NOCTTeHOMHOW npe-
LOVKTUBHO-MPEBEHTVBHOW NEePCOHaNM3MPOBaHHON MeAULIMHDI: [4aTb LWAHC TeM, KTO XoTen Obl CHU3NUTb pUCK 3abone-
BaHWi, NpvBefa o6pa3 CBOel »M3HW B COOTBETCTBUE C faHHBIMU MO CBOEMY paclundpOBaHHOMY FreHOMY. ITO OUYeHb
BaXXHO, NMOCKONbKY Bpaun oTHOCAT PA K Haubosnee yacTbiM NpuuMHam MHBanugmsaumn. C ncronb3oBaHneM paHee
co3paHHoro Hamu Web-cepsrica SNP_TATA_Z-tester (http://beehive.bionet.nsc.ru/cgi-bin/mgs/tatascan_fox/start.pl)
nccnenoBaHo 227 BapuvaHTOB OfHOHYKNeoTugHoro nonumopdusma (SNP) npomoTopoB reHoB yenoseka. B untore
6b110 NpefcKasaHo 43 kaHamaaTHbix SNP-mapkepa PA, koTopble cnocobHbl n3meHATb cpoacTBo TATA-CBA3bIBAKOLLETO
6enka (TBP) Kk npoMoTopam 3TuX reHoB.

KnioueBble cnosa: TATA-cBasbiBatowumin 6enok (TBP); cant TBP-cBa3biBaHMA (TATA-60KC); npomoTop; cpoactso TBP/
NPOMOTOP; FeH; OAHOHYKNeOoTUAHbIV nonumopdusm (SNP); skcnpeccus reHa; focToBepHoe nsmeHeHne; SNP-mapkep;
peBmaTongHbIn nonnaptpuT (PA).
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nonvapTpuTa, KOTopble MOTYT JIOCTOBEPHO M3MeHATb cpofcTBO TATA-cBA3bIBatoLero 6enka K NpomMoTopam reHoB
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Candidate SNP-markers of rheumatoid arthritis
that can significantly alter the affinity
of the TATA-binding protein for human gene promoters
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Rheumatoid polyarthritis (RA) is an autoimmune disease with autoantibodies, including antibodies to citrullant anti-
gens and proinflammatory cytokines, such as TNF-a and IL-6, which are involved in the induction of chronic synovitis,
bone erosion, followed by deformity. Immunopathogenesis is based on the mechanisms of the breakdown of im-
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Candidate SNP-markers
of rheumatoid arthritis

mune tolerance to its own antigens, which is characterized by an increase in the activity of T-effector cells, causing RA
symptomatology. At the same time, against the background of such increased activity of effector lymphocytes, a de-
crease in the activity of a number of regulatory cells, including regulatory T-cells (Treg) and myeloid suppressor cells,
is recorded. There is reason to say that it is the change in the activity of suppressor cells that is the leading element
in RA pathogenesis. That is why only periods of weakening (remission) of RA are spoken of. According to the more
powerful female immune system compared to the male one, the risk of developing RA in women is thrice as high,
this risk decreases during breastfeeding and grows during pregnancy as well as after menopause in proportion to the
level of sex hormones. It is believed that 50 % of the risk of developing RA depends on the conditions and lifestyle,
while the remaining 50 % is dependent on genetic predisposition. That is why, RA fits the main idea of postgenomic
predictive-preventive personalized medicine that is to give a chance to those who would like to reduce his/her risk
of diseases by bringing his/her conditions and lifestyle in line with the data on his/her genome sequenced. This is
very important, since doctors consider RA as one of the most frequent causes of disability. Using the Web service
SNP_TATA_Z-tester (http://beehive.bionet.nsc.ru/cgi-bin/mgs/tatascan_fox/start.pl), 227 variants of single nucleotide
polymorphism (SNP) of the human gene promoters were studied. As a result, 43 candidate SNP markers for RA that
can alter the affinity of the TATA-binding protein (TBP) for the promoters of these genes were predicted.

Key words: TATA binding protein (TBP); TBP-binding site (TATA box); promoter; TBP-promoter affinity; gene; single
nucleotide polymorphism (SNP); gene expression; significant change; SNP-marker; rheumatoid polyarthritis (RA).
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BBepeHune

Pesmaronansrii momumaptput (PA) siBnseTcs ayTOMMMYHHBIM
3a00JICBAHUEM C HAIMYHMEM ayTOAHTUTEN, TAKNX KaK aHTHTe-
Jla K aHTUTeHAM [IUTPYIIIMPOBAHHBIX OCIIKOB, M TPOBOCIIAIIH-
TeNbHBIX IUTOKHHOB, Hanpumep TNF-a u IL-6, mpuaumaro-
WX Y49acTHE B MHAYKIUH XPOHWYECKOTO CHHOBUTA, 3PO-
3UM KOCTHOW TKaHH C TOCJIEyomei nedopmarmeii. B oc-
HOBE HMMYHOIIaTOTCHE3a JISKAT MEXaHU3MBbI II0JIOMA HIMMYH-
HOW TOJIEPAHTHOCTH K COOCTBEHHBIM aHTHICHaM, KOTOPBIE
XapaKTepU3YIOTCS ITOBBIIICHUEM aKTUBHOCTH T-KiIeToK-3¢-
(hexropos, oOycnasauBaromuM cumMnToMaruky PA. 3a moBbI-
IIeHHe aKTUBHOCTHU 3(pdexkTopoB T-KIETOK OTBEUAIOT IJIaB-
HBIM 00pa30M JIBE CyOTIOMYJISIIINY KJICTOK-TOMOITHUKOB: Th1
u Th17. Bmecre ¢ Tem Ha ()OHE TaKOil MOBBINICHHON aKTHB-
HOCTH 3P PEKTOPHBIX TUM(POIITOB PETUCTPUPYETCS CHIKE-
HHUE aKTUBHOCTH P PETYISTOPHBIX KJIETOK, BKIFOYas pe-
rynatopasie T-xietkn (Tper) u KIeTKH-CyIIpeccopbl Mue-
JIOW/THOTO TIPOUCXOKAEHHsL. ECcTh OCHOBaHMS CUMTATh, YTO
HUMEHHO U3MEHEHNE aKTUBHOCTH KJIETOK-CYTIPECCOPOB — BEATY-
Iee 3BeHO B MaTorenese pa3sutus PA. Mimeromuecs qaHHbIE
CBUJICTENIBCTBYIOT O CHI)KEHHHU CYNPECCOPHOM aKTMBHOCTH
TeX ke peryasaTopHbix T-kietok y 6onpHbIX PA. C npyroit
CTOPOHBI, y TanMeHToB ¢ PA oTMedaercs MOBBIIICHHE pe-
3UCTEHTHOCTH y T-KIeTOK 3(PPEKTOPOB K CYIPECCOPHOMY
JICUCTBHIO peryaaTopHsIX T-kietok. B rienom, paccmarpusas
MaToOTeHe3 3TOro TsKeJeiimero 3abojaeBanus, CiaeayeT OT-
METUTh y4acTHE B HEM MHOTHX (DaKTOPOB, OTHOCSIINXCS K
HapyIICHUSIM MEXaHU3MOB PETyISIUH (QYHKIIMOHUPOBAHUS
MMMYHOKOMIIETEHTHBIX KJIETOK, B TIEPBYIO O4€pPE/ib, [IUTOKHU-
HOB M MX PELENTOPOB, XEMOKHHOB U UX PEIENTOPOB, (hakTo-
POB TPAHCKPHIIIIHH.

N3-3a ayTOMMMYHHO# Npupoasl nuarHo3 PA, ogHaXIbI
MIOCTaBJICHHBIN MALMEHTY, HE MOXKET OBITH CHST OKOHYATEJIb-
HO (Smolen et al., 2016) maxke mocie yCHEIIHOTO JICUCHHUS,
MOCKOJIBKY UMMYHHBIC KJIETKH MaMsTH B KPOBH CIOCOOHBI
COXpaHATh MH(OPMAIMIO 00 aHTUTeHAX JUTUTEILHOE BPEMs
(Sarkander et al., 2016). [ToaToOMy 0OBIYHO NMPAKTUKYIOIINE
Bpavy TOBOPSAT JIUIIB O TEPUOAAxX ocinabiaeHus (pemuccun) PA

(Smolen, Aletaha, 2015). Bcnenctsue 0osee MOIITHOW UMMYH-
HOW CHCTEMBI y XCHIIMH PUCK pa3BuTHs PA y HuX BTpoe
BhIlIe 110 cpaBHeHHIO ¢ MykunHamu (Krasselt, Baerwald,
2017) u pacTeT ¢ ypOBHEM ITOJIOBBIX TOPMOHOB ITOCJIE MEHO-
nay3bl ¥ B0 BpeMs oepemenHoctr (Ho, Weinshilboum, 2017),
HO cHmkaetcs B nepuo yakraiuu (Karlson et al., 2004).
PeTpoceKTHBHBIN KITMHUKO-(hapMaKoIOTHIEeCKAN MeTaaHa-
3 29880 6ombHbIX PA B cpaBHeHn ¢ 73 758 ycI0BHO 3710p0-
BBIMU JI00pPOBOJIBIIAMH BBISIBUII 42 HOBBIX JIOKyca 1 98 reHoB
B Ka4eCTBE KaHIWJATHBIX MUILIEHEH ISl TEpareBTUIECKOTO
BozneiicTeus pu PA (Okada et al., 2014). [Ipunsito cunTars,
yto PA y nnuBuaa odyciosieH Ha 50 % reHeTudyeckoii rmpe-
pacrionoxxeHHocThIO (Nair et al., 2017), Toraa Kak ocTanbHbIE
50 % — ucropueii, 00pa3oM M yCIOBUSIMHU €TI0 KHU3HHU, BKIIIO-
yasi BpeaHsle npuBbluky (Malm et al., 2016), mpexne Bcero
kypenue (Erlandsson et al., 2016), MmuxpoOnoM Kak oTpaxe-
HHE THIIeBoro pamuoHa (Sato et al., 2017), mepeHeceHHbIe
Oonesnu (Scott et al., 2010; Sakkas et al., 2017) u ycioBus
okpyxkaromei cpensr (Klareskog et al., 2006). B cBsi3u ¢ aTim
PA oTBevaet ujee MoCTreHOMHOM PEeTMKTHBHO-TIPEBEHTHB-
HOH nepcoHanu3upoBanHor MenuuuHbl (Ginsburg, Willard,
2009) — mpenocTaBUTh BO3MOKHOCTD JTFO/ISIM, TOTOBBIM TIPH-
JIOKUTB JUTS 3TOTO YCHUJIMS, CHU3UTH PUCK 3a00JI€BaHUM, KOP-
pekTupyst 00pa3 *HU3HU B COOTBETCTBUH C JAHHBIMH CBOETO
pacumdposannoro reaoma (Trovato, 2014). D10 ocobeHHO
Ba)XKHO, TaK KaK Bpaud OTHOCIT PA K KJlaccy XpOHHUYECKHX
BOCIIAJICHUI, KOTOPBIE Yallle BCEro BBICTYMAIOT IPHUYUHOM
naBanmanzanuu (Koller, Nobauer-Huhmann, 2009). Kpome
Toro, (pubpobracT-nogoOHBIE CHHOBHOIUTHI IIPHOOPETAIOT
CHOCOOHOCTD K Tuneprnpoiudepanuy Ha NO3AHUX CTaHIX
pas3Butust PA, 4To NpUBOANT K CHHOBHAJIBHOM T'MIIEPILIA3HH,
T. €. HapyIIeHUIo GOpMBI 1 TOJBIKHOCTH cycTaBa (Lim, Bae,
2011). Haxoner, mpu sefikoneHun 1oBeHUWIbHBIN PA y neteit
0 16 et 1oCTOBEpHO YacTO MEepepoKAACTCS B JICHKEMHUIO
(Jones et al., 20006).

OCHOBOI1 IPEAUKTUBHO-IIPEBEHTUBHON MEPCOHATU3UPO-
BAHHON MEAMLMHBI SIBISETCS CaMblii KpYIHbIH Hay4YHbIN
npoekT coBpeMeHHOCTH «1000 reHOMOB», B paMKaxX KOTO-
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poro yxe paciiudpoBano 6osiee 10 ThIC. HHIUBHYaTIbHBIX
reromoB Jmoneit (Telenti et al., 2016) u oOHapykeHO OGosee
100 miH omHOHYKICOTHIHBIX oTimunid (SNP) xaxkmoro u3
HUX OT pehepeHCHOro reHoMa YesIoBeKa Kak OMOIOrHYeCKOro
BUa, COOpaHHBIX B 6a3y naHHbX dbSNP (Sherry etal., 2001).
Cosnan Taxke 6ank maHHbBIX dbWGFP 060 Bcex 8.6 mupn
MOTEHIIMAIbHO BO3MMKHBIX SNP B pehepeHcHOM reHomMe ye-
JIOBEKa. DTH JaHHbIE 0 KakaoM 13 SNP HeoOXoanMMBb! 71 X
WCIIONIb30BaHMS B TIPETUKTHBHO-ITPEBEHTHBHOM TepCOHANH-
3upoBanHoi mequnmbe (Wu et al., 2016).

[Tockonbky pasmep momymsiuu (7.5 MIpI 4emoBeK) Bce
eule yucieHHo meneue 8.6 mupa SNP B ux reHomax, To
B pamkax quiemmbl Xongeiina (Haldane, 1957) u Teopun
HelTpansHoi 3BomonnH (Kimura, 1968) abcomoTHOE 607TH-
mmHCTBO 3THX SNP nomkHo ObITh HelTpanbHBIM. [ToaTOMy
UX TpeBApUTEIbHOE HCKITIOUEHHE ObICTPBIMU U JICHIEBBIMH
KOMIBIOTEPHBIMH METOJIAMH i7 silico 0 Hadana IPOBEACHUS
JIOPOTOCTOSIIINX, TPYJAOEMKHX U JUTUTEIIBHBIX NCCIIEJOBAHUI
in Vvitro dKCIEPUMEHTAIBHBIMUA U i1 VIVO KINHUYECKUMU
METOZaMH CTAHOBUTCS 3a/1a4€i-BbI30BOM JJIsi COBPEMEHHOMN
O6ronH(pOpMaTHKH.

CpaBuHenue yactot 3aaHHbiX SNP ¢ ucrnonb3oBaHueM KIK-
HUUYECKHUX CTAHIapTOB M IIPOTOKOJIOB HAa KOTOPTAaxX OOIBHBIX
1 3710poBBIX H00poBoubieB (Varzari et al.,, 2016) — eaun-
CTBEHHO NPHEMJIEMbIH Iy Th BbIABIeHUS SNP-MapkepoB s
3a00reBaHni YeT0BeKa C MUHUMAJIbHBIM PUCKOM OITMOOYHBIX
BpaueOHBIX PEKOMEHAAIMH Ha OCHOBE 9THX MapkepoB. Takue
kimHnueckre SNP-mapkepsl cooupatot B 6aze nanHbix OMIM
(Amberger et al., 2015). B 3To0ii 6a3e maHHBIX U3BECTHBIC
onomenmnuHckre SNP-Mapkepbl ObIITM KapTHPOBAHBI Yalle
BCEro B OEJIOK-KOJUPYIOIIMX pailoHax I'eHOB, IJie UM COOT-
BETCTBYIOT AC(PEKTHI CTPYKTYPbI W/MiH GYHKIIUN OSTKOB, HE
MO/ITAIOIIHMECS] KOPPEKINH; KPAaiHE PEIKO — B PETYIIATOPHBIX
paiionax reroB (Zerbino et al., 2015), rie oHE H3MEHSIOT
JIVIIb YPOBEHB SKCIIPECCUH 3TUX TEHOB, YTO KOPPEKTUPYEMO
MEIMKaMEHTO3HO W/MJIM M3MEHEHHEM 00pa3a >ku3Hu. MHo-
rUe peryiasiTopHble KinHuueckue SNP-Mapkepbl monanu B
paiion [-70; —20] mpoMOTOPOB TEHOB, I7Ie OHU POSBISIOTCS
kak Bapuarmu cpoactsa TATA-cs3piBaromero 6enka (TBP)
K 9THM [IPOMOTOpAM IPH PEOopraHu3aliy XpOMaTHHa OT
IUIOTHOW YNMaKOBKM B HYKJIEOCOMBI K IPEANHHIINATOPHBIM
KOMIIJICKCaM TPAaHCKPHIIMK 3THX TeHoB (Ponomarenko et
al., 2013). Ces3siBanue TBP ¢ mpomoTropamu aGCOIOTHO
HEOOXOIMMO IS TIEPBUYHOTO 3aITyCcKa SKCIIPECCHH JTI000T0
0eIT0K-KOAMPYIOIIETO I'eHa, MOCKOJIBKY JJBOMHbIE HOKAYTHI 110
reny TBP y mbiieii (Martianov et al., 2002) u y nanuo-pepuo
(Muller et al., 2001) pa3BuBaroTCs TUIIB 10 OIACTYIIBI, KOTIA
ucuepna 3anac marepuHckux TBP. B cpaBHennu ¢ Hopmoit
911 KiTuHn4Yeckrue SNP-Mapkepbl U3MEHSIFOT YPOBEHB dKCIIPeC-
CHM COOTBETCTBYIOILETO I'€Ha NMPONOPLUHOHAIBLHO CPOACTBY
TBP k npomoropy storo rera (Mogno et al., 2010).

PaHee MBI BbIBEJIN ypaBHEHHE TPEXILIATOBOTO CBSI3bIBAHUS
TBP/IHK (Ponomarenko et al., 2008), Bepucuriposam 310
ypaBHEHHE KaK B HaIIMX dKcliepuMmeHTax (Savinkova et al.,
2013; Arkovaetal., 2014; Drachkova et al., 2014), Tak u ¢ uc-
MOJIb30BaHUEM HE3aBUCUMBIX SKCIEPHMEHTAIBHBIX U KIIMHHU-
YeCKHX JaHHbIX Ipyrux aBropos (Ponomarenko et al., 2009,
2010; Suslov et al., 2010a, b). Ha 3Toii ocHOBEe MBI cO31aIU
Web-cepsuc SNP_ TATA Comparator (Ponomarenko et al.,
2015) st mprMEeHEHHs YKa3aHHOTO yPaBHEHHUSI CBS3bIBAHUS
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KanampatHble SNP-mapkepbl
peBMaToMgHOro noanapTpuTa

TBP ¢ IHK B mporiecce ananu3a peepeHCHOro reHoma 4e-
noseka (Telenti et al., 2016). C momorupio SNP_TATA Com-
parator paHee y>xe ObUI cJieJIaH IPOrHO3 KaHIuIaTHBIX SNP-
MapKepOB arpecCUBHOCTH, )KEHCKOTO PENPOIYKTHBHOTO TO-
TEeHIHAIa, MPEIPaCIIONOKEHHOCTH K COLHAIbHOMY MOAYH-
HEHUIO 1 IOMHHUPOBAHUIO, & TAK)KE OXKUPEHHSI, HAPyIICHUH
LUPKaTHOTO PUTMA, Ay TOMMMYHHBIX 3200J1€BaHNH 1 O0JIE3HU
Amsrreiimepa (Arkova et al., 2015; Chadaeva et al., 2016,
2018, 2019; Ponomarenko M. et al., 2016; Ponomarenko P.
et al., 2016, 2017). B Hacrosimield paboTe Mbl peCcTaBIIs-
em obnoBiernne SNP TATA Z-tester atoro Web-cepBuca
(Ponomarenko et al., 2015) 1 pe3ynbrarhl ero MPUMEHEHHS K
uccienoBannio PA B kadecTBe NPOJOIDKEHHST CEPUU HALIMX
OmomH(pOPMATHIECKUX TIPOTHO30B.

MaTtepwuanbl n metogbl

HccnenoBanu 1mociefoBaTelbHOCTH S = {S_g4...5;...5_;}
JuHOH 90 1. 0. OTHOCHUTENBHO cTapTa TpaHckpunuuu, TSS
(Transcription Start Site, TSS =s,.,=s,.; re ;e {a, c, g, t})
MIPOMOTOPOB TEHOB C M3BECTHBIMH SNP:MapKepaMI/I 3aboIe-
BaHMI 4YeJIOBEKa, CBsI3aHHBIX ¢ PA BcieacTBue M3MEHEHUS
cpoacrBa TBP k stum npomoropam. Mx HOpMasbHbIE Ba-
puaHTHI Opanu u3 pedepeHcHoro renoma gemoneka (Telenti
et al., 2016), munopHble — n3 6a3sl qaHHBIX AbSNP (Sherry
et al., 2001) nmubo u3 opuruHanbhbix crareir (Kavlie et al.,
2003). AxpoHumsbI TeHOB, naeHTH(ukatopsl SNP B 6azax
naaabix dbSNP (Sherry et al., 2001) wmun OMIM (Amberger
et al., 2015) u ¢parmentsr JJHK Bokpyr SNP, a takxe co-
mytcTBytomue PA 3aboseBaHUs M TUTEpaTypHBIE CCBUIKH
MIPUBE/ICHBI B TAOJHIIE.

Bce paccmarpuBaembie SNP ananuzupoBaiv ¢ OMOIIbIO
obonosienus SNP_TATA Z-tester Hamero Web-cepsuca (Po-
nomarenko et al., 2015), rae ObIT KI3MEHEH JIMIIb BBOJ aHIIC-
CTPAJILHOTO ayyiesns (HOpMbI). AJTOpUTM pabOThI MIPEICTaB-
nen B [punoxkennu' (Hahn et al., 1989; Bucher, 1990; Karas
et al., 1996; Ponomarenko et al., 2008, 2009; Waardenberg
etal., 2015). [Ipumenenue SNP_TATA Z-tester Ha mpumepe
SNP-mapkepa 152276109 rera MMP12 denoBeka Uil TO-
HIDKEHHOTO PHCKa ITUPOKOTO KPyra ayTOMMMYHHBIX 3a00I1e-
Banuii (Ponomarenko M. et al., 2016) BcieacTBue aedunura
MaTpPUKCHON METaJlI031acTa3bl Makpodara AJst Ipeoi0IeHUs
MEKKJIETOUHOTO MaTpHKca B MPOLECCEe €ro ayTOMMMYHHOM
aTaku Ha KJICTKy-MmuieHb (Starodubtseva et al., 2011) moka-
3aHO Ha PUCYHKeE, 0. J/|Ba BEpXHHUX OKHA Ha PUCYHKE COAEPKAT
BxonHble JanHble SNP_TATA Z-tester: mocienoBaTeabHOCTH
JIHK anniectpansHOro (BBepXy) U MUHOPHOTO (BHM3Y) aJljie-
neit mpomotopa MMP12 (KpyTH BBIICTSAIOT Pa3ITHINe MEXKITY
HUMH), B cTpoke Decision oxna Results — npornos deficien-
cy:significant, 4To coracyercsi ¢ U3BECTHBIM BiiussHueM SNP
1r$2276109 na ayromMmmyHHBIe 3a00neBanns (Ponomarenko M.
etal., 2016). DTOT pe3ynbrar nNpeacTaBiIeH TAKXKE B TAOIHIIE.

Hanee nnsa SNP, mpencka3saHHOro Kak JOCTOBEPHO M3-
MeHstomui cponctso TBP k mpoMoTopy, NpoBOAMIN TOUCK
MO KITFOUEBBIM CJIoBaM B Oa3e maHHbIX PubMed (Lu, 2011)
JUTS. KIMHUYECKU HAWICHHBIX (DU3MOJOTHUYSCKUX MapKepOB
PA, xoTopsIe oTBeuaroT BiusHUIO 3Toro SNP Ha skcmpeccuio
COOTBETCTBYIOIIETO TeHa. biiok-cx ema noucka nana B [Ipu-
noxeHnu. C ero moMoIIbl0 MBI HallLIU PETPOCIEKTUBHBIN

" Npunosetne cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx22.pdf
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Candidate SNP-markers
of rheumatoid arthritis

I.V. Chadaeva, D.A. Rasskazov, E.B. Sharypova ...
M.P. Ponomarenko, N.A. Kolchanov, V.A. Kozlov

Candidate SNP markers for rheumatic arthritis (RA) predicted here to be able
to alter the TBP affinity to human gene promoters

Gene | dbSNP 5'-flank th 3'-flank Ko nM Fact, References
mu ............................... . . .
(Sherry et al., wt | Al 7] q prediction (this work)
2001) Ut
MMP12 | rs2276109 gatatcaact @  tgagtcactc n 1| 3 10.01 | Lower risks of psoriasis, asthma, | Hunninghake et al., 2009;
9 1 scleroderma systematica, Manetti et al., 2010;
and RA Starodubtseva et al., 2011;
rs572527200 |gatgatatca @ ctatgagtca :_1 113107 «—RA Liu et al, 2004
9
DHFR | rs10168 ctgcacaaat 9 gggacgaggg | 13 119 | 10% | Methotrexate resistance Al-Shakfa et al., 2009
a 9 in leukemia
rs750793297 |tgcacaaatg 9 ggacgagggg % 1| 3 | 0.01 | Methotrexate resistance in RA Bennike et al., 2017
t
rs766799008 | ctgcacaaat @ tggggacgag | 13 | | 3 | 107 | Elevated methotrexate
g 19 bioactivity in RA
rs764508464 | ctgcacaaat a  tggggacgag % L1171 0
rs754122321 | ctcgcctgca € aaatggggac % 119 1073
9
NOS2 | -51t—c gtataaatac 1t tcttggctgc 2 1| 3 10.01 | Malaria resistance and epilepsy | Burgner et al., 2003;
(Burgner et al., c 1 — RA, target gene in RA Clark et al., 2003; Gonzalez-
2003) treatment Martinez et al., 2009;
Ohtsuka et al., 2002
F7 -33a—c ccttggaggc @ gagaactttg 53 1| 3 10.01 | Mild hemorrhages Kavlie et al., 2003
(Kavlie et al., ¢ 62
2003)
rs749691733 | agaactttgc € cgtcagtccc EE] 1| 4 |10 | — PA, F7-treatment of RA Zuber-Jerger et al., 2005;
t 66 Drobiecki et al,, 2013
F3 rs563763767 | ccctttatag € gcgeggggca | 3 116 |107® | Myocardial infarction, clotting | Arnaud et al., 2000;
t 2 —RA Lyberg et al, 1982
MBL2 | rs72661131 tctatttcta t  atagcctgca 2 1 1121107 | Variable immunodeficiency, Boldt et al., 2006;
¢ 4 preeclampsia, stroke Sziller et al., 2007;
Cerveraetal, 2010
rs562962093 | atctatttct a2  tatagcctge 2 1 1151107 | — Susceptibility to infections Nisihara et al., 2016
9 > in RA
rs567653539 | tttctatata 9 cctgcaccca 2 1112107 | — Risk of cardiovascular diseases | Troelsen et al., 2010
a ! in RA
APOAT | -35a—c tgcagacata @ ataggccctg 3 L5 107 | Liver steatosis Matsunaga et al., 1999;
(Matsunaga c 4 — RA with cardiovascular Kokkonen et al., 2017
etal., 1999) complications
TPI rs1800202 gcgctctata t  aagtgggcag | 1 1 117107 | Hemolitic anemia Vives-Corrons et al., 1978;
9 4 and neuromuscular disorders Watanabe et al., 1996
rs781835924 | cgcggcgctc ! atataagtgg % | 110 107® | RAmimicry in children Richardson et al,, 1984
c
SOD1 | rs7277748 ggtctggcct @ taaagtagtc 2 1117 1076 | ALS Niemann et al., 2007
9 7 — Inreased pain in RA Staronetal, 2012
INS rs5505 agatcactgt € cttctgccat % 1| 4 | 107 | Neonatal diabetes mellitus Landrum et al., 2014
t
rs563207167 | tcagccctgc % tgtctcccag % 1141103 —RA Abrahamson, 1952
IL1B rs1143627 ttttgaaagc € ataaaaacag E} 1115 [107® | Tumors in liver, lungs, Ponomarenko et al., 2015
t 2 and stomach; gastritis, obesity
— More pronounced circadian | Olkkonen etal., 2015
variation of pain in RA
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N.B.
M.M.

Table (end)

Gene

dbSNP
(Sherry et al.,
2001)

rs397509430
rs33980857
rs34598529
rs33931746
rs33981098
rs34500389
rs35518301%
1563750053

rs281864525

rs34166473%

rs200487063

rs34104384

rs183433761

rs757035851

rs369883779

rs9260120

Note. wt — norm (reference human genome); mut — minor allel

Yapaesa, [].A. Pacckasos, E.b. LLlapbinosa ...
MNMoHomapeHko, H.A. KonuaHos, B.A. Koznos

5'-flank Wt 3flank Ko M
mut e
wt A
mut
gggctgggca ' atacaacagt 25_9 l
gggctgggca __t  atacaacagt RN
a,9,C 21
ggctgggcat @ aaagtcaggg =X l
g 18
gctgggcata @ aagtcagggc S l
g,c 1
agggctgggc  _@  taaaagtcag 5 l
g,c 9
cagggctggg __ € ataaaagtca 3 |
a,t, 6
caggaccagc @  taaaaggcag g l
9
ctgggcataa 3@ gtcagggcag g l
tgggcataaa a  gtcagggcag g l
C
aggaccagca !  aaaaggcagg g l
C
ttggctctta t  cttggaagca }_0 l
C
tcgggccgct @ taagaggggc % l
9
tgatcgggcc 9 ctataagagg g T
a
ccgctataag a8  ggggcgggca g 1
t
gctggagagt 2 tataaaagca 0.9 l
g 1.6
tatataaaag ~ €@9 tgcgccttgg ‘1)_9 l
tttctcect b gtttctcaga 37
g 5 g9 g % !
cgcggtcget € 12
gcggteg 30 i !
e

KangupatHble SNP-mapkepbl
pPeBMaTOMAHOMO NoNMapTpuTa

24

14

10

1076

1076

107

Fact,
prediction (this work)

Thalassemia and resistance
to malaria

Malaria resistance

and leukopenia,

known to be a predictor of leuke-
mia mimicking RA in children

Obesity
— RA in smokers

<«—RA via lower autoimmune
activity
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deletion; Kp - dissociation constant of the TBP/DNA complex (Savinkova et al., 2013);

A - change of (T) increase, (i) decrease; Z - Z statistics; a - significance (a = 1 - p, where p is the probability shown in the figure). Disorders: ALS — amyotrophic
lateral sclerosis; RA — rheumatoid arthritis. Risk of RA: — (RA), elevated; «—(RA) lowered. Genes: ACKRT — glycoprotein D; APOAT - apolipoprotein ATl;
DHFR - dihydrofolate reductase; F3 - thromboplastin; F7 - proconvertin; GCG - glucagon; HBB and HBD - 3- and 6 hemoglobin chains, respectively; HLA-A - major
histocompatibility complex class |, a chain; IL1B - interleukin 1(3; INS - insulin; LEP - leptin; MBL2 — mannose-binding lectin; MMP12 - macrophage metalloelastase;

NOS2 - inducible nitric oxide synthase; PTPN22 - lymphoid phosphatase; SODT — Cu/Zn superoxide dismutase; TP/T - triosephosphate isomerase.

HBD promoter.

$ — SNPin the
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Candidate SNP-markers
of rheumatoid arthritis

a
UCSC Genome Browser on Human Dec. 2013 (GRCh38/hg38) Assembly
chr11:102,745,755-102,745,844 90 bp. | chr11:102,745,755-102,745,844 ‘ go
Icnrn q22.2) Y Bl 1] 1 I3El 1012 5EE [ T IR | [G21 BT [ ] I
chr11--—> CCGGGTTCTETGAATATGAATCCTAT GAGT GﬁCTCCCCTTGﬁTCTﬁTCTCﬁﬁﬂﬂﬂCRTGCﬁﬁﬁC AAAAGCATGACT
CF — N .
rs7827g::if : .
rs22761e9 N .
rs572527200
rs7976029793 | |
>
b c

Qain  (pasxa Bua  Xyprian 3aknaakn  URCTpymenTsl  Cpasxa
SMP TATA Z-tester » | +

€0 *EOL A4 €)0®

SNP TATA Z-tester

nscru,

®aiin  [paska Bua  XKypran 3axnanku MncTpymenTsl  Cnpaska

SNP TATA Z-tester « | +

*EDSHhA =
SNP TATA Z-tester

nsc.ry

Enter two 90-bp proximal promoter sequences for comparison (in FASTA-format)
st promoter, 90 bp in length (FASTA):
SWT

GTCTGAATAAAGTCATGCTTTTGTTTGCATGTTTTTGAGATAGAT
CAAGGGATGATATCAAC @ AGTCACTCATAGGATTCATATTCA
2nd promoter, 90 bp in length (FASTA):

SMUT
GTCTGAATAAAGTCATGCTTTTGTTTSCATGTTTTTGAGATAGAT

Enter two 90-bp proximal promoter sequences for comparison (in FASTA-format)
Ist promoter, 90 bp in length (FASTA):
>WT

GTCTGAATAAAGTCATGCTTTTGTTTGCATGTTTTTGAGATAGAT
CAAGGGATGATATC.
2nd promoter, 90 bp in length (FASTA

>N
GTCTGAATAAAGTCATGCTTTT

ATGAGTCACTCATAGGATTCATATTCA

TGCATGTTTTTGAGATAGAT

CAAGGGATGATATCAAC(T) ATAGGATTCATATTCA CAAGGGATGATATCAG)QATGAGTCASICATAGGATTCATATTCA
Calculate Calculate |

Rt rs2276109 Rl rs572527200
WT :max (+/-)s.d. :18.29 0.08 WT :max (+/-)s.d. :18.29 0.08
MUT :max (+/-)s.d.:18.10 0.09 MUT :max (+/-)s.d.:18.10 0.09
DECISION rdeficiency : significant DECISION :deficiency : significant

Z-score= 2.99 :p > 0.99

Z-score= 2.99

:p > 0.99

Example of the application of the SNP_TATA_Z-tester Web service to the analysis of the [-70; -20] region (<) of the human MMP12
promoter with the known SNP marker rs2276109 (dashed arrow) of the low risk of rheumatoid arthritis (Liu et al., 2004) caused by
macrophage elastase deficiency owing to lower affinity of the TATA-binding protein (TBP) to the TBP-binding site (box).

a - visualization of the human MMP12 promoter by the UCSC Genome Browser Web service (Haeussler et al., 2015); b - rs2276109, row
DECISION in the Result window shows the consistency of the SNP_TATA_Z-tester results with clinical data; c — analysis of the unannotated SNP
rs572527200 (dotted arrow in panel a), which may cause MMP12 deficiency and thus may be a candidate SNP marker of reduced RA risk.

0030p (Liu et al., 2004) 06 u36srTKe MMP12 Kax ¢uzno-
JIOTHYEeCKOM MapKepe TMOBBIIICHHs pucka pa3Butusi PA, rine
npeiaraercs paccMarpuBath SNP 1s2276109, Boi3biBaromumi
nepurnt MMP12, B kauecTBe kanaumatHoro SNP-mapkepa
MIOHIKEHHOTO pHcka pa3Butus PA (cM. Tabiuiy).

Pe3ynbTaTbl n 06CyxaeHMe

[Ipoanamusuposano 227 SNP B npomoropax 18 reHos uerno-
Beka: ACKRI, APOAI, DHFR, F3, F7, GCG, HBB, HBD,
HLA-A, ILIB, INS, LEP, MBL2, MMP12, NOS2, PTPN22,
SODI w TPII, cpenu KOTOpbIX HaifieHO 43 KaHIUAATHBIX
SNP-mapxepa g PA, 10cTOBEpHO U3MEHSIOMINUX CPOJICTBO
TBP/mpomoTop (cM. Tabnuiry).

PaccmoTprm Hanbos1ee MoApOOHO IPHMEpP OTHOTO U3 TIPEa-
CKa3zaHHBIX KaHAUAaTHEIX SNP-MapkepoB PA mis Toro, 4ro-
OBl 3aTeM Oosiee KpaTko MPENCTaBIATh OCTalbHbIEC 42 KaH-
munatHeix SNP-mapkepa PA Omaromapsi aHAJIOTHH C 3THM
MIPUMEPOM.

T'en MMPI12 necer n3ectHelid SNP-mapkep rs2276109
(pPUCYHOK, @) CHI)KEHHSI PUCKA IIMPOKOTO KpyTa ay TOMMMYH-
HbIX 3a00eBanuit (Ponomarenko M. et al., 2016), Takux kak
ncopuas (Starodubtseva et al., 2011), actma (Hunninghake
et al., 2009) u cucremuas ckieponepma (Manetti et al.,
2010), B cuty camxenus cpozcrtsa TBP k npomoropy atoro
TEeHa U, KaK CJIEICTBHE, Ae(PUINTA KOTUPYEMOI UM MaTpHKC-
HOW MeTajIoanacTa3bl Makpodaros, oOecIeunBarome Ux
JIOCTYT K KJIETKaM-MMIIEHSAM JJIi ayTOUMMYHHOM aTakH.
SNP_TATA Z-tester nan BepHbIN iporao3 nedumnnra MMP12
Onaromapsi cHmwkeHuto cpozactsa ot 11 HM TBP k Hopme

3TOrO TIpoMoTopa 10 14 HM K MHHOPHOMY aJlIeNIO0 3TOTO
SNP (cm. pucyHok, 6 n Tadmuity). [Tormyuennsiii pesymbrar
ykasbiBaeT Ha afiekBaTHOCTh SNP_TATA Z-tester muis uzyde-
HUsI PA B COOTBETCTBHU C paHEee MOKa3aHHBIM PE3yIbTaTOM
JUTS ay TOMMMYHHBIX 3a00JeBaHuii B riesioM (Ponomarenko M.
etal., 2016).

Pe3ynbraToM 1noucka 1o KIro4eBbIM CJIOBaM B 0a3€ JaHHBIX
PubMed (Lu, 2011) 6buT peTpOCIEKTUBHBIH KIMHUYECKUI
0030p (Liu et al., 2004) 06 u36siTKe MMP12 Kak ¢usumo-
JIOTMYECKOM MapKepe MOBBIIIEHHOIO pUcKa pa3Butus PA
(cM. Tabnuity), KOTOPBIH COTIacyeTcs C SMITMPUUECKH N3BECT-
HBIM MOJIEKYJISIPHBIM MeXaHU3MOM BiIusHus MMP 12 Ha puck
ayTonMMyHHBIX 3a0onmeBannii (Hunninghake et al., 2009;
Manetti et al., 2010; Starodubtseva et al., 2011; Ponomaren-
ko M. et al., 2016). 310 MO3BOINIO BIEPBbIC HPEIIIOKHUTH
SNP 152276109 B xagecTBe KaHAWAATHOTO MapKepa CHIDKCHHUS
pucka pasButus PA (cM. Tabiuiy).

Haxkowner, ¢ momorpsto SNP TATA Z-tester orieHeHsI ABa
HeanHoTHpoBaHHBIX SNP B patione [-70; —20] sToro mpo-
MOTOpa (CM. PUCYHOK, @), OTMH U3 KOTOPBIX, 1s572527200,
MOXET BIMTH Ha dkcnpeccuto MMP12 (cMm. pucyHoxk, 6)
Tak jke, kKak m3BecTHeIH SNP-mapkep 152276109 (cMm. pucy-
HOK, 0). [ToaTomy 1s572527200 Toxke MOXKET OBITH KaHIIH-
natHeM SNP-mMapkepoMm cHHXKeHus pucka pa3utus PA (cm.
tabnuiy). Hpyroit HeanHoTHpoBaHHBI SNP 15797029793
npomoTopa resa MMP12 HegOCTOBEPHO BIUSAET HA CPOJICTBO
TBP k HeMy, B CHITy 4ero OH ObLT MCKITIOUEH U3 JaJIbHEHIIIero
aHaiu3a (JaHHbIe He MTOKa3aHbl). TeM He MeHee ATO He 03Ha-
yaeT, uto 1$797029793 He MOKeT ObITh KaH AU aTHBIM SNP-
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n
M

MapkepoM PA: B 4aCTHOCTH, BO3ZMOXKHO €T0 BIUSHHUE Ha CAlThI
CBSI3BIBAHUS TPAHCKPUIIINOHHBIX ()aKTOPOB, HyKJICOCOMHYTO
YIIaKOBKY MPOMOTOpA MM CAHThI €T0 ATUTCHETHIECKOH pery-
nsinuy (Harpumep, Mmetunuposanus CpG-map mpoMoTopa) BHE
pamok 3Toit pabotsl. [yt oeHKH OoJiee IMHUPOKOTO CIIEKTpa
Maaupecraruii SNP MOXHO HCITONB30BaTh O0IIEIOCTYITHBIC
Web-cepBuchl, onrcannbie B 003opax (Deplancke et al., 2016;
Gunbin et al., 2018).

I'enst DHFR (nurunpodonarpenykrasa), NOS2 (uHny-
uoeNbHasi CUHTa3a okcuja a3ora) U F7 (IPOKOHBEPTHH)
HeCyT B mpomoTopax m3BecTHbie SNP-mapkepsr rs10168
JUIsl yCTOWYMBOCTH K METOTpeKcaTy npu jelkose (Al-Shakfa
et al., 2009), sameny T— C B no3unuu —51 (316Ch U nanee
—51T—C) ansa smunencun (Gonzalez-Martinez et al., 2009)
n ycroiunBocti K Mamsapuu (Burgner et al., 2003; Clark
et al., 2003), a taxxke 3ameny —33A—C Ui yMEpPEHHBIX
kpoBoteuenuii (Kavlie et al., 2003) u3-3a m30siTkoB DHFR
u NOS2, a taxxke nedurura F7 coorBercTBenHo. [Ipexe
Bcero, ypoenb DHFR y marueHToB Obl1 nponopuyoHalieH
YCTOWYMBOCTH 3THX MAaIMEHTOB K METOTpPEKCaTy NpH Tepa-
rnn PA (Bennike et al., 2017). [ToaTromy HeaHHOTHPOBaHHBIH
SNP 15750793297 (u36b1T0k DHFR) MOXeT ObITH KaH11aT-
HbIM SNP-MapkepoM MOBBIMIEHHON YCTOWYMBOCTH K METO-
Tpekcary npu Tepanuu PA, Torna Kak HEaHHOTHPOBAHHBIC
SNP 15766799008, rs764508464 u rs754122321 (neduuur
DHFR) — BoCcTIpuMMYHBOCTH METOTpeKcara (CM. TaOmuILy).
Amnanornano, —51T— C (u3061T0K NOS2) B mpomotope NOS?2
MOXeT ObITh KaHAUAATHBIM SNP-MapkepoM MOBBIIIEHHOTO
pucka pa3sutus PA, mockonsky NOS2 sBIsieTCS TEHOM-MH-
IIeHbI0 IMMYHOXHMHOTeparmu 1pu PA (Ohtsuka et al., 2002).

Haxoner, B opsiike 00CyskaeHus ieuiyTa mpoKOHBEPTH-
Ha, KOTOpBIi Tipecka3zan Web-cepsrucom SNP_ TATA Z-tester
B cirydae 3aMeHbl —33A— C B mpoMoTope reHa /7 yenoBeka
(cM. TabnuIly), Mbl HAIIUTK KaK KJIMHAYECKHE ciiydau PA pu
nedunure mpokoHBepTrHa (Zuber-Jerger et al., 2005), Tak u
CJlyyad TIPUMEHEHUsI SK30I'€HHOTO PEKOMOMHAHTHOTO aKTH-
BHUPOBAaHHOTO MPOKOHBEPTHHA JJIS yCNEUIHON Tepanuu PA
(Drobiecki et al., 2013). Kak npruMeHeHnE 3THX KITHHAYECKIX
HaOmoneHnit 6e3 Kakux-IM00 TUIOTE3 O BO3MOXKHBIX IPHU-
YHHHO-CJIEACTBEHHBIX CBSI35IX MBI ITpeJiaraeM 3/1eCh KaH/Iu-
nmataerid SNP-mapkep F7: —33 A— C npeapacIiioioxXeHHOCTH
K PA (cm. Tabnuiy).

I'ennbr F3 (tpomOorutactuH), MBL2 (MaHHO30CBSI3bIBAIO-
i nexTiH) 1 APOAI (anmonumonporend Al) comepikar
n3BectHble SNP-Mapkeps! 1s563763767 ninst undapkra Muo-
kapna u tpombo3a (Arnaud et al., 2000), rs72661131 mns
npeskinamicun (Sziller et al., 2007), uncynsra (Cervera et
al., 2010), Bapnabensroro nmmynonedummra (Boldt et al.,
2006), a Taxxe —35A— C 115 cTeaTo3a MeYeHU U OXKUPEHUS
(Matsunaga et al., 1999) B ciryuasix u3z6siTka F3, nepunnton
MBL2 u APOA1 cOOTBETCTBEHHO.

PesysibraroM nowucka 1o KitoueBbiM cioBam B PubMed
(Lu, 2011) opumn kmuaMYeckue nanneie (Lyberg et al., 1982)
0 CTYIIEHUH KpOBH Kak (huznonornueckom mapkepe PA. ITo-
CKOJIBKY M30BITOK TPOMOOIIJIACTHHA KaK UHYKTOPa CBEPThI-
BaHU KPOBH BBI3BIBAET ee crymienne (Arnaud et al., 2000),
TO B paMKax MPUMEHUMOCTH KIMHIYECKHUX MaHHBIX (Lyberg
et al., 1982) 6e3 Kakux-1U0O0 JOIOIHUTEIBHBIX THIIOTE3 O
MPUYNHHO-CJICICTBEHHBIX OTHOMICHUSX IpH maTorenese PA
BIIEPBBIC MPEJIAracTCcsl pacCMOTPETh U3BECTHBIN KIIMHUYE-
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ckuit SNP-mapxep rs563763767 mOBBIILIEHHOTO pUCKa Cep-
JIEYHO-COCYIUCTHIX 3a001€BaHNI €IIe M KaK KaHIUIATHBIN
SNP-mapxkep nossiienHoro pucka PA (cM Tabmmiy).

B pa6ore (Nisihara et al., 2016) coobmaercs o aeduiu-
Te MBL2 xak o (pu310JI0THYeCKOM MapKepe IMOBBIIICHHOTO
pucka MHQEKIIMOHHBIX 3a00JIEBAaHUHI BEPXHHUX ABIXATEIb-
HBIX IyTel U MoueBoro TpakTa npu PA. Halinens! kinHnYe-
ckue gannble (Troelsen et al., 2010) o pocTe pucka cepaed-
HO-COCYJMCTBIX 3a0osieBanuii mpu PA B ciryuasx kak aedu-
1uTa, TaKk 1 n30biTka MBL2. Ha ux ocHOBe MbI Ipejckasa-
i kKaaauaataeie SNP-mapkepsr 1s72661131, 18562962093 n
1s567653539 nepeuncieHHbIX ocinoxHeHnH PA (cM. Tabnuity).

Haxonern perpocrnekTiBHbIN KinHU4Yeckuit 0630p (Kokko-
nen et al., 2017) yxassiBaet Ha nedurutr APOA1 kxax dpuzno-
JIOTMYECKUH MapKep IOBBIIIEHHOTO pucKa pa3BuTHs PA ¢
CepJIeYHO-COCYUCTHIMU OCIIOKHEHUSIMH Y MOJIOJIBIX KYPHJIb-
IIMKOB C M30BITOUYHBIM BECOM. B CBSI3M ¢ 3TMM H3BECTHBII
SNP-mapkep —35A— C nedunura APOA, cTeatosa nmeueHn
U O)KUPEHHUs BIEPBbIC MPEIJIOKEH Kak KaHAuAaTHBIA SNP-
MapKep pucka pa3BUTHsA PA 1 ero 0CIOXHEHHH y MOJOIBIX
KyPHJIBIIMKOB (CM. TaOIHUIy).

T'en TPII conepxxut uzBectHbli SNP-mapkep 151800202
U geuimTa KOZUPYeMOoi 3THM Te€HOM Tpro30oghocdaru3o-
Mepasbl U, KaK CIeJICTBHE, reMoiuTnieckoi anemun (Wa-
tanabe et al., 1996) u HeitpombinieyHbix 3aboseBanuii (Vi-
ves-Corrons et al., 1978). Psyiom ¢ 5TUM U3BECTHBIM KITHHH-
yeckuM SNP-mapkepoM Hanuu HeaHHOTHPOBaHHBIA SNP
rs781835924, cnocobusbiii Takxke BbI3Barh Aeduuur TPI1 u
MO3TOMY OBITh KaHIuAATHBIM SNP-mapkepom Tex ke maro-
JorHii (cM. Ta0IuUIy).

[Mouck no kmoueBbiM ciioBaM B PubMed (Lu, 2011) Beisirn
peTpocTieKTHBHBIN KinmHUYIeckuid 0630p (Richardson et al.,
1984) o crrocoOHOCTH HEHPOMBIIIEUHBIX 3a00IeBaHNi Mac-
KHPOBaTh CUMIITOMBI toBeHUIIbHOTO PA. ITosTOMY MBI BIiep-
BbIe TpeIoXIIN Kauauaaraeie SNP-mapkepsr rs1800202
1 15781835924 nnst PA y nereii 1o 16 set, CHMIOTOMBI KOTO-
POro CXOXKH C CUMIITOMaMH HEHPOMBILIEUHBIX 3a00JI€BaHH,
YTO MOXET 3aTPYJHATH CBOCBPEMEHHYIO INarHOCTHKY FOBE-
HIIBHOTO PA (cM. Tabmumy).

T'ensl SOD1 (Cu/Zn-cynepokcunaucmyrasa), INS (uH-
cynuH) u IL1B (uaTepneiikun 1) HecyT B mpoMOTOpax M3-
BecTHBIE KimHN4Yeckne SNP-mapkeps! 1s7277748 6okoBoro
amuoTpoduueckoro ckieposa, ALS (Niemann et al., 2007),
rs1143627 mnsa racTpuTa, OXKUPEHUS, paKa NMEYeHH, JIETKHX,
JKEITyJIKa, SI3BBI JKEITy/IKa, MICUXUIECKUX paccTpoicT (Pono-
marenko et al., 2015), a Taxoke rs5505 HeoHATAIBHOTO caxap-
Horo guabera (Landrum et al., 2014), KoTopbie BBI3BIBAIOT
neduiut SOD1, n36srTok IL1B 1 runepuHcynmHEMHIO cOOT-
BETCTBEHHO. Psyiom ¢ knmuHnueckum SNP-mapkepom rs5505
ecTb HeaHHOTHPOBaHHEI SNP 1s563207167, crtocoOHBII BBI-
3BaTh TMIEPUHCYIUHEMHIO U TI0ATOMY OBITH KaH/IMIaTHBIM
SNP-mapkepom Tex xe 3a0oseBaHuil (CM. TabIHILy).

PesymnbraTtom morcka mo kirodeBsM ciioBam B PubMed (Lu,
2011) okazannuch peTpOCIECKTHBHBIC KIMHUYECKUE 0030PEI
(Abrahamson, 1952; Staron et al., 2012; Olkkonen et al.,
2015) o xapakTepHBIX O0IEBBIX OITyIeHUAX TpH PA, dhuzno-
JIOTMYECKUMH MapKepaMH KOTOpbIX ciyskar gedumur SODI,
n30bITOK IL 1B 1 runepuncynmuuemust. [Tpesx e Bcero, ypoBeHb
60mm ipu PA 10CTOBEpHO HETATHBHO KOPPEIHUPYET C YPOBHEM
Cu/Zn-cynepokcuaucmyTassl (Staron et al., 2012), crernens
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ee IIMPKaJHbIX 000CTPEHHH — ¢ YpOBHEM HMHTeplieiikuHa 1[
(Olkkonen et al., 2015), a 6omu n3-3a AUCTPOGUH MBIIII B
CUJTy HapyIICHUS METabOoJIM3Ma TIIIOKO3bI TIPH THUIIEPHHCY-
nuHeMun Mmackupyrotr PA (Abrahamson, 1952). [Toaromy
HaMH JaH IpOTHO3 KaHAnAaTHEIX SNP-MapkepoB rs7277748
n 151143627 ypoBHst n nupkagHocTn 6omu pu PA cootser-
CTBEHHO, a Taioke 1s5505 u rs563207167 kak MapKepoB ycHu-
nerns 60w ipu PA B cimydae n30bITKa HHCYAHHA (CM. TaOIH-
1y). OT0 03HauaeT, uTo KauuaatHeiii SNP-mapkep rs1143627
MOYKET CIIOCOOCTBOBATh CHIKEHHUIO 103 00€300IMBAIOLINX
MIPEnapaToB IMyTeM OIPaHNYEHHS NX IIPUEMa JINIIb B OIIpe/ie-
JICHHOE BpeMs CyTOK Hepe]] UPKaJHbIM MOSBICHUEM 00N
(Olkkonen et al., 2015), Toraa kak rs5505 u rs563207167 —
ocnabieHnio 0onmeBsIX omrynieHnid mpu PA Grmaromaps mpu-
MEHEHHUIO XUPHOWH HU3KOYIIIEBOIHOW (PPYKTOBO-OBOLIHOM
JmeTsl 0e3 kodenna (Abrahamson, 1952).

T'enst HBB u HBD necyt u3BectHbie SNP-mapkeps
rs397509430, rs33980857, rs34598529, rs33931746,
rs33981098, rs34500389 u rs35518301 nns nedunura B-
u O-1enei TeMOTIO0MHA, CBSI3aHHBIX C YCTOHYHMBOCTHIO K
MaJsipuy, a Takke ¢ tanaccemueit (Martiney et al., 1996).
Psinom ¢ atumu SNP ectb HeanHoTHpoBaHHBIE 1563750953,
rs281864525 n rs34166473, cnocoOHBIE TaK)Ke BIUATH HA
skcnpeccuto HBB u HBD w, COOTBETCTBEHHO, OBITh KaHTH-
nmatHeiMU SNP-Mapkepamu TeX ke MaToJIoTHil (CM. Ta0IuILy).

W3BecTen knmHWYECcKui ciydaid PA mpu tamaccemun
(Giakoumi et al., 2005), KOTOpPBIH 1MO3BOJSET paccMaTpu-
BaTh 1s397509430, rs33980857, rs34598529, rs33931746,
rs33981098, rs34500389, rs35518301, rs63750953,
1s281864525 n rs34166473 B kauecTBe KaHauaaTHBEIX SNP-
MapkepoB pucka PA (cMm. Tabmuiry).

I'en ACKRI (rnuxonporenH D) mMeeT B mpoMoTOpe KITH-
Huuecknit SNP-mapkep rs2814778 ycTouuBOCTH K Mas-
pun (Michon et al., 2001) 1 MOBBIIEHHOTO pUCKa JEHKOIIe-
uaun (Nalls et al., 2008) u3-3a camxenus cponctsa TBP x
IIPOMOTOPY 3TOTO T€Ha M, COOTBETCTBEHHO, Ae(UINTA €ro
poaykToB. COIIaCHO PETPOCHIEKTHBHOMY METaaHaIU3Yy Iie-
nmuatpoB (Jones et al., 2006), nefikoneHns oka3anach CaMbIM
JIOCTOBEPHBIM CPEJTH MTPEANKTOPOB MEPEPOXKICHUSI FOBEHHIIb-
Horo PA B neiikemuto y nereit 1o 16 net. [Toatomy Hamu 6611
npenackazaH KaHauaatHelid SNP-mapkep rs2814778 moBsI-
IIEHHOTO PUCKA TepepokaeHus IoBeHmIbHoro PA B nelike-
MHUIO y JieTelt 1o 16 ner.

TI'enst LEP (ropMoH ceiTocTH JienTrH), GCG (TOpMOH To-
noxa rirokaroH), HLA-A (TnaBHBIA KOMIUIEKC THCTOCOBME-
crumocTtH, | kiacc, a-tiens) u PTPN22 (mumdounnnas doc-
(hataza) He comepxar B MpoMoTopax u3BecTHble SNP-map-
Kepbl 11t M3MeHeHus cposctBa TBP k atuM mpomoropawm,
ACCOLIMUPOBAHHOIO ¢ 3a00JeBaHUAMH YesioBeka (Amberger
et al., 2015). C ucnons3oBanueM Hamero Web-ceppuca
SNP_TATA Z-tester oOHapy>eHbI HeaHHOTHPOBaHHBIE SNP
15200487063, rs34104384, rs185537537 u rs776909339,
crocoOHBIe YBEIMYUTH cpoacTBo TBP k mpomoTopam 3THx
reHoB, a takxe 15201381696, rs183433761, rs757035851,
1s375600763, rs369883779, 1s9260120 u rs41560714, xo-
TOpBIE MOTYT JIOCTOBEPHO CHIIKaTh TAKOE CPOJCTBO (CM.
TabIHIy).

Knunnueckuit ananus naHHbIX y 126 HbHEmHUX u 177
OBIBIIMX KYPIJIBIINKOB B CPABHEHUH C TaHHBIME Yy 240 HEKy-
psmux (Erlandsson et al., 2016) ycTaHOBHI e UIAT JICITHHA

Candidate SNP-markers
of rheumatoid arthritis

1 u30BITOUHBIN Bec Beaenctue nedurmra LEP (Zhang et al.,
1994) B xkauecTBe (paKTOPOB pHCKa pa3BUTHS PA y KypHIIBbIITH-
KOB. B cBsI31 ¢ 3THM OBLIT peITokeH KaHauaaTHeIi SNP-map-
kep 15201381696 pucka pazButus PA y KypuibIIUKOB (CM.
Tabmmiy). B cBoro odepens, peTpOCTIeKTUBHBIN MeTaaHAN3
KkimHIYecKuX daHHbIX (Cao et al., 2016) BeISBHI H30BITOK
JIETITHHA KaK 0e3ycioBHbIH (akTop pucka pazsutus PA. Ha
9TOI OCHOBE MBI MMPOTHO3UpPYEM KaHauaaTHble SNP-mapke-
pset 15200487063 u rs34104384 mOBBIIIEHHOIO pUCKa pas3-
ButHs PA. [IpeacraBnsiercs, 4TO UHIMBH/IBI-HOCUTEIH KaH-
muaatHeix SNP-mapkepoB rs201381696, rs200487063 u
rs34104384 pucka pas3sutusa PA n3-3a OTKIOHEHHS ypOBHS
JISTITHHA OT HOPMBI MOT'YT CHU3UTB 3TOT PUCK, TTOJ/ICPIKHBAs
YPOBEHB JIEITHHA B paMKaX HOPMBI ITyTEM COOTBETCTBYIOIECH
JTUCTEI.

B cBoro ouepens, 0630p mueronoros (McCarty, 1999) co-
00IIaeT 0 MOCTHPaHANATEHOM (T.€. TIOCIE €/Ibl) CHIKCHUN
OTHOIIICHUS YPOBHEH IVIFOKOTOHA K WHCYJIMHY B KPOBH Kak
o (akrope pucka pa3Butus PA, KOTOPbIit MOXXHO CHU3HTH 3a
CUeT BereTapruaHCKo! queThl. TakuM 00pa3om, MBI Ipeara-
eM Kanaunatabie SNP-mapkepsl 15183433761 urs757035851
MOCTIPaHAMAIBLHOTO BO3pacTaHus pucka pa3Butust PA, koto-
PBIi MOXKHO ITOHN3UTD BETETAPUAHCKOH METOH (CM. TaOmHITy).

Haxkonen, omy0OnmkoBaHbl KJIMHUYECKHE JaHHBIE 00 W3-
osiTke (Chang et al., 2016) u gedurute (Sood et al., 2016)
muMdouaHoH pocdarassl, a Taroke 00 u30bITKE (Zhang et al.,
2007) n nedunure (Rutten et al., 2014) HLA-A kak ¢usmo-
JIOTHYEeCKUX Mapkepax PA, COOTBETCTBYIONIMX CHUKEHHUIO
AyTOMMMYHHBIX TOBPEXKICHNUN, 3aITyCKAeMBIX IHTPYJIIH-
HaIlFeld ¥ MaHHO30H, a Takxke HHruoupoBannto NK-kietok
HaTypaibHbIX T-KWIIJIEPOB M CHIKEHUIO YPOBHS 2y TOMMMYH-
HOW aKTUBHOCTH B IIEJIOM. B CBSI3H C 3TM MBI BIIEpBBIC TIPE-
naraeM 3aech KanauaatHele SNP-mapkepst rs185537537,
rs375600763, rs776909339, rs369883779, rs9260120 u
1541560714 nns camxenus pucka PA (cm. tabmuiy). Ham
MIPOTHO3 COTTIACYETCS C BBIBOIOM HE3aBUCHMOTO PETPOCIICK-
TUBHOTO KJIMHUKO-(hapMakooruueckoro meraanainsa (Oka-
da et al., 2014), xotopsrit ykazan vHa PTPN22 u HLA-A xax
caMble TIepPCIICKTUBHBIC TeHBI-MHUIIICHHN JUTS 3aMECTHTEIILHOM
1 MHTUOUTOpHOM (opM Teparuu ripu PA.

3aknioyeHune

HccnenoBano 227 SNP B rpanunax mpomMoTopoB 18 reHos
4yenoBeka, 00mpIIiHCTBO (184) M3 KOTOPBIX OBUIH HCKITIOYE-
HBI KaK HEJOCTaTOYHO 0OOCHOBAHHBIC /ISl UX JTaJIbHEHIICH
9KCIEPUMEHTAIbHON U KIMHUYECKOU IIPOBEPKU B Ka4ECTBE
kauaunaTHeIX SNP-mapkepoB PA B paMkax COBpPEeMEHHBIX
Ouonornyeckux 3HaHWHU. B pesyinprare ObIIO TpencKasaHo
43 xanaunataeix SNP-mapkepa PA, xaxkIblii U3 KOTOPBIX
JIETaIbHO 0OOCHOBAH HAa MOJIEKYJSIPHOM YPOBHE OLIEHKAMH
BeMYMH cpoacTBa TBP k aHmecTpalbHBIM MU MHHOPHBIM
aJIJIEIISIM COOTBETCTBYOIIMX [TPOMOTOPOB, YPOBHSIMHU CTaTH-
CTUYECKON 3HAYMMOCTH PA3INIHsl MKy HIUMH, A TAKXKE Ha
(heHOTHIIMYECKOM ypOBHE, B TOM YHCIIE BOBMOXHOCTH CHH-
skeHusi pucka PA 3a cyer BbIOOpa TOro MM MHOTO 0Opasza
KU3HHU (HallpUMep, COOTBETCTBYIOMIECH THETHI). DTH MPOT-
HO3bI MOTYT Y/JICIIEBUTh KIMHUYECKUH ITOMCK OMOMEINIIMH-
ckux SNP-mMapkepoB ¢ HOMOILBIO KOTOPT OOJNBHBIX U yCIIOB-
HO 37I0POBBIX TOOPOBOJIBIIEB OJIaromapsi NCKIFOUCHUIO HE-
TpanbHbIX SNP.
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Mariner-like elements (MLEs) are among the most widespread DNA transposable elements in eukaryotes. Insects were
the first organisms in which MLEs were identified, however the diversity of MLEs in the insect order Orthoptera has not
yet been addressed. In the present study, we explore the diversity of MLEs elements in 16 species of Orthoptera be-
longing to three infraorders, Acridoidea (Caelifera), Grylloidea (Ensifera), and Tettigoniidea (Ensifera) by combining data
mined from computational analysis of sequenced degenerative PCR MLE amplicons and available Orthoptera genomic
scaffolds. In total, 75 MLE lineages (Ortmar) were identified in all the studied genomes. Automatic phylogeny-based
classification suggested that the current known variability of MLEs can be assigned to seven statistically well-supported
phylogenetic clusters (I-VIl), and the identified Orthoptera lineages were distributed among all of them. The majori-
ty of the lineages (36 out of 75) belong to cluster I; 20 belong to cluster VI; and seven, six, four, one and one lineages
belong to clusters II, IV, VII, lll, and V, respectively. Two of the clusters (Il and IV) were composed of a single Orthoptera
MLE lineage each (Ortmar37 and Ortmar45, respectively) which were distributed in the vast majority of the studied
Orthoptera genomes. Finally, for 16 Orthoptera MLE lineages, horizontal transfer from the distantly related taxa belong-
ing to other insect orders may have occurred. We believe that our study can serve as a basis for future researches on
the diversity, distribution, and evolution of MLEs in species of other taxa that are still lacking the sequenced genomes.
Key words: mariner-like elements; transposable elements; Orthoptera; Insects; horizontal transfer.
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Mariner-nofo6Hble snemeHTbl (MIM3) — 0fHM 13 CaMbIX PacNPOCTPaHEHHbIX MOBUIIbHBIX S1EMEHTOB 3yKapunoT. Haceko-
Mble — MepBble OpPraHn3Mbl, B KOTOPbIX Obln 06Hapy»keHbl MI13, ogHaKo A0 CMX MOP elle He K3yYeHOo pa3Hoobpasme
M3 Hacekombix oTpaga Orthoptera. B HacToAwel paboTe, coBMeLLas pe3ynbTatbl 6roMHGOPMaLMOHHOro aHanu3a
CEKBEHUPOBaHHbIX BblpoxAeHHbIX [LP-amnnnkoHos MIM3 1 [OCTYNHbIX reHOMHbIX NocnepgoBaTenbHocTtel Orthoptera,
Mbl uccnegyem pasHoob6pasme MM y 16 Bupos Orthoptera, nprHagnexawmx K Tpem nHopaoTtpagam: Acridoidea
(Caelifera), Grylloidea (Ensifera) n Tettigoniidea (Ensifera). Bcero cpen Bcex nsyyeHHbIX reHOMOB BbISIBIIEHO 75 reHe-
TUYeckmx nuHun MMN3 (Ortmar). ABTOMaTn3nMpoBaHHasA GUIOreHeTUYeCK onocpeaoBaHHas Knaccudukaums nogpas-
Lennna BCe N3BECTHOE B HacTosLlee BpeMs pasHoobpasne MM Ha cemMb KNacTepoB CO 3HAYMMOW CTAaTUCTUYECKON
nogaepxkon (I-VII), B Kaxxgom n3 KoTopbix Obina HaliaeHa ofHa U3 reHeTuyeckmx nuHuin MM Orthoptera. bonbwunH-
CTBO reHeTUYeCKMX NMMHUIA (36 13 75) npruHagnexunT K knactepy |; 20 nuHuin oTHocATcA K knactepy VI; 6, 7, 4 n no 1 nu-
HUN NpuHagnexat K knactepam I, IV, VII, [l n V cootBeTcTBeHHO. [1Ba Knactepa, Il n IV, 6binn npeactaBneHbl eguH-
CTBEHHbIMU reHeTnyeckumm nuHnamm M3 Orthoptera, Ortmar37 n Ortmar45, CooTBeTCTBEHHO, PacnpPOCTPaHEHHbIMM
cpeay 6onblIMHCTBA UccnefoBaHHbIX reHomoB Orthoptera. Mbl Takxe nokasanu, Yto 16 reHeTnyeckux nuHuin MIM>
Orthoptera mornv yyacTeoBaTb B rop/30HTasIbHOM NEePEHOCE C 3BOIOLMOHHO YAaneHHbIMY TAKCOHaMN HAaCEKOMbIX 13
LPYrnX OTPSAAOB.

KnioueBble cnosa: mariner-nofo6Hble 3nemeHTbl; MobubHble anemMeHTbl; Orthoptera; Hacekomble; rOpU3OHTaNbHBbIN
nepeHoc.

Introduction 2002; Feschotte, Pritham, 2007; Wicker et al., 2007). The
DNA transposons were the first mobile genetic elements dis-  most abundant and widespread group of DNA transposons
covered in eukaryotes (McClintock, 1950). Since that time,  is a Tcl/mariner superfamily (Plasterk et al., 1999; Tellier et
different groups of these “selfish” elements were identified  al., 2015) named after its two best-studied elements, 7¢/ and
throughout the whole eukaryotic tree of life (Robertson,  mariner from a nematode Caenorhabditis elegans (Emmons
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et al., 1983) and a fruit fly Drosophila mauritiana (Jacobson
et al., 1986), respectively.

Mariner-like elements (MLEs) form the mariner family
within the Tcl/mariner superfamily, MLEs are relatively
small in size (about 1300 bp) characterized by the presence of
28-30 bp terminal inverted repeats (TIRs), an intronless gene
encoding transposase, and a typical TA dinucleotide pattern
of'target site duplication (TSD) (Robertson, 1993; Robertson,
MacLeod, 1993; Leroy etal., 2003). MLE transposases contain
acommon to 7c//mariner N-terminal DNA-binding domain of
helix-turn-helix type and a C-terminal catalytic domain with
characteristic DD(34)D motif (Brillet et al., 2007). Former
studies have described nine well-defined canonical subfami-
lies based on the similarities of the transposase catalytic core
amino acid sequences (Robertson, 1997, 2002; Robertson,
MacLeod, 1993; Green, Frommer, 2001): vertumnana, cecro-
pia, mauritiana, irritans, mellifera, capitata, elegans, briggsae
and lineata. This list was later supplemented by the more
recently identified marmoratus and drosophila subfamilies
(Bui et al., 2007; Wallau et al., 2014).

Probably, the most exciting feature of 7c//mariner elements
and MLEs in particular is their ubiquity. There are numerous
reports suggesting horizontal transfers of MLEs between high-
ly diverged taxa (Yoshiyama et al., 2001; Lampe et al., 2003;
Silva et al., 2004, 2005; Oliveira et al., 2012; Dupeyron et
al.,2014). Such a tendency to horizontal transfer is explained
by (1) an evolutionary necessity for a long-term persistence
of a DNA transposon, which otherwise will be eventually
silenced by spontaneous mutations and cell’s internal defense
mechanisms (Lohe et al., 1995; Schaack et al., 2010), and
(2) the simplicity of MLEs structure and life cycle (Plasterk,
van Luenen, 2002). Presence of cis- or trans-encoded trans-
posase and intact TIRs are the only features required for the
transposition of MLEs (Plasterk et al., 1999). In addition, the
MLE transposase was demonstrated to be fully active in vitro
(Lampe et al., 1996; Tosi, Beverley, 2000). Such a low de-
pendence on host-encoded and other biological factors most
probably underlies success of MLEs as inter-taxa colonizers
and their use as transgenic vectors (Delauricre et al., 2009).

Insects were the first organisms in which MLEs were identi-
fied and for which the horizontal transfer of MLEs was first
proposed (Jacobson et al., 1986; Maruyama, Hartl, 1991; Ro-
bertson, 1993; Robertson, MacLeod, 1993). The insect order
Orthoptera comprises two suborders: Caelifera (grasshoppers
and locusts) and Ensifera (katydids and crickets). A computa-
tional analysis of the diversity of Tc//mariner elements was
carried out only for the genome of the migratory locust Locusta
migratoria (Caelifera, Acrididae, Oedipodinae), one of the
largest sequenced animal genome up to date (5.7 Gb) (Wang
et al., 2014). However, this study provided no classification
of the identified elements below the superfamily level (Bao et
al., 2015). Only a few partial sequences belonging to MLEs
were experimentally identified in two other grasshopper spe-
cies (both in Caelifera, Acrididae): Eyprepocnemis plorans
(Eyprepocnemedinae) (Montiel et al., 2012) and Trimerotropis
pallidipennis (Oedipodinae) (Tevy et al., 2007). In addition,
a recently published draft genome of the Hawaiian cricket
Laupala kohalensis (Ensifera, Grylloidea, Trigonidiidae) is
now also available for the analysis (Blankers et al., 2017). In
this work, we explore the diversity of MLEs in Orthoptera

Diversity of mariner-like elements
in Orthoptera

from three infraorders, Acridoidea (Caeclifera), Grylloidea
(Ensifera), and Tettigoniidea (Ensifera). We identify new
lineages of MLEs and take a first look into their horizontal
transfer dynamics among insects.

Materials and methods

Orthoptera specimens. Specimens of 14 species of Orthopte-
ra were provided by Dr. A.G. Bugrov, Institute of Systematics
and Ecology of Animals, the Siberian Branch of Russian Aca-
demy of Sciences, Novosibirsk, Russia. We used 10 specimens
of grasshoppers (Acridoidea), two of crickets (Grylloidea), and
two of katydids (Tettigonioidea). The taxonomic position of
each of the studied specimens is indicated in Table 1.

DNA extraction, PCR amplification and sequencing.
Total DNA was extracted from muscle or brain tissue of the
ethanol-preserved insect specimens using DNAeasy Blood and
Tissue kit (Qiagen, Germany). We used canonical degenerate
PCR primers specific for the conserved part of the MLE trans-
posase gene catalytic domain to amplify the corresponding se-
quences for each of the DNA specimen. The primer sequences
(MAR 124F and MAR 276R) and the cycling conditions are
from the previous study (Robertson, MacLeod, 1993). PCR
products were visualized and separated from unincorporated
primers on 1.2 % agarose gel stained with EtBr. The resulting
bands were cut out and then isolated from the gel for each of
the studied Orthoptera specimens using QIAquick Gel Extrac-
tion Kit (Qiagen, Germany).

Library preparation, sequencing and assembly. Approxi-
mately 100 ng of each of the isolated 14 PCR amplicon mixes
were used for barcode library preparation with Ion Xpress Plus
Fragment Library Kit (Thermo Fisher Scientific) following
the manufacturer’s protocol. Fragmentation time was 6 min
and 8 PCR amplification cycles were done. Purification of the
libraries was done with AMPure XP kit (Beckman Coulter).
A DNA fraction of 280-350 bp was extracted from the libra-
ries using LabChip XT (Caliper Life Sciences) on a DNAS500
chip with subsequent purification with AMPure XP kit. The
quality and molarity of the obtained libraries was evaluated
with DNA High Sensivity kit on the Bionanalyzer BA2100
chip (Agilent). The final libraries were amplified in emulsion
PCR with Ion PGM Hi-Q View OT2 Kit (Thermo Scientific)
and then sequenced on the Ion Torrent PGM system with
316v2 chip. Raw sequence reads produced by the Ion Tor-
rent sequencing were de novo assembled into contigs using
MIRA v. 4.0.2 (Chevreux et al., 2004), specifying “iontor”
as technology parameter and “est, denovo, accurate” as job
parameters in MIRA manifest configuration files.

Availability of supporting data. The genomic sequences
used in this work are available at NCBI GenBank (http://
www.ncbi.nlm.nih.gov/genbank). The genomes of Locusta
migratoria and Laupala kohalensis include 5,760 Mb covering
1,397,492 scaffolds and 1,595 Mb covering 148,784 scaffolds,
respectively (Wang et al., 2014; Blankers et al., 2017). The
genome sequences from other 259 insect species (actual on
11.07.2018) were retrieved from NCBI GenBank using the
following Entrez searching query on the Assembly database:
“Insecta”[Organism] NOT “Orthoptera”[Organism] AND
(latest[filter] AND “scaffold level”[filter] AND “representa-
tive genome”[filter] AND all[filter] NOT anomalous[filter]
filtering option.
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Table 1. Studied Orthoptera species and the identified diversity of MLE lineages

Pa3Hoob6pa3sve mariner-nopo6HbIX 2019
anemenToB Orthoptera 23.8
MLE cluster®* Number
| ........... " .......... ||| ......... |V ......... V .......... V| ......... (/.|.| ....... ofOrtmgr lineages
B (1) @ (1) (6 (0 @ PP
...... 2011135031
16 1 2 1 1 6 0 27
14 1 2 1 1 4 0 23
18 1 3 1 1 8 0 32
18 1 2 1 3 6 0 31
19 1 1 1 3 11 0 36
21 1 2 1 3 7 0 35
13 1 3 0 3 4 0 24
1 1 2 1 3 3 0 21

Family Subfamily Species
. Acn d|d ae ................ /.\c ”dmae ...................... Amda . Sp ................................
Eyprepocnemidinae Eyprepocnemis plorans
Gomphocerinae Notostaurus albicornis
Melanoplinae Sinopodisma punctata
Bryodemella tuberculata
Oedipodinae Locusta migratoria®
Oedipoda fedtschenki
Oxyinae Oxya japonica
Pezotettiginae Pezotettix anatolica
‘Pyrgomorphidae Pyrgomorphinae  Chrotogonussp.
‘Pamphagidae  Pamphaginae Paranocaracris karadagi
Tettigoniidae Tettigoniinae Gampsocleis sedakovii
Tettigonia viridissima
Grylidee Grylinae Cardiodactylus novaeguineae
Trogonidiinae Gryllus campestris
Eneopterinae Laupala kohalensis*

1 0 6 1 4 2 3 27
14 1 3 1 3 1 1 24
13 0 2 0 1 12 3 31

Note. Clusters correspond to those in Figure. Taxonomy is according to NCBI Taxonomy. See Supplementary 4 for more details.

* Species with available genomic scaffolds.

** For each cluster, (N) designate total number of different Ortmar MLE lineages found.

Detection of MLE sequences. We collected a setof 19 known
full-length transposase protein sequences belonging to eight
MLE subfamilies (Supplementary 1)! and used them as que-
ries in a batch tBLASTn search performed on the genomic
sequences of L. migratoria and L. kohalensis. The recovered
BLAST hits (High Scoring Pairs) were reassembled into
copies if they were following the previously defined criteria
(Wallau et al., 2014). Two hits from the same scaffold are
jointed together if the distance between their centers is less
than 1000 bp and if they have the same orientation. Only
copies longer than 400 bp were retained. In order to extract
the full-length sequence of each copy, the region of each
assembled copy was expanded to 1500 bp. The copies were
next clustered together into lineages by iterative BLASTn,
setting the similarity threshold to 75 % which was previously
defined in (Bouallegue et al., 2017), retrieving a majority rule
consensus sequence for each lineage during the clustering
process. Singlet sequences and consensuses derived from
less than 10 sequences were removed from further analysis.
Finally, we attempted to identify TIRs at the ends of the lineage
consensuses using EMBOSS EINVERTED tool (Rice et al.,
2000). Each newly identified complete sequence of Orthoptera
MLE lineage was added to the query set and the whole search
process was repeated to achieve the higher sensitivity.

The sequences of the query set obtained after the MLE
screening of L. migratoria and L. kohalensis genomes were
trimmed to the size of the conserved region of the MLE trans-
posase catalytic domain which is between the canonical MLE
degenerative primers (Robertson, MacLeod, 1993). Using this

T Supplementary Materials 1-6 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx23.pdf

set, we performed a batch tBLASTn search against the assem-
bled PCR amplicon sequences of 14 other Orthoptera species.
Contigs of expected length (between 450 and 550 bp) which
gave positive BLAST hits with more than 90 % coverage to the
query sequence were kept for further analysis. The retrieved
contigs were clustered into lineages as previously described.
To remove redundancy and to keep (when possible) only a
full-length representative of a lineage for further analyses,
we did a BLASTn search using the consensus sequences of
obtained lineages as queries against the database of full-length
Orthoptera MLE lineages identified in this work.

Finally, consensus sequences of the obtained MLE lineages,
both full-length and partial, were used as queries in a batch
BLASTn search against the sequences originally retrieved
by tBLASTn search from all the studied Orthoptera species
to estimate the prevalence and distribution of each lineage.

Classification and phylogenetic analysis. Corresponding
full-length and partial protein sequences of MLE transposases
were identified in lineage consensuses using BLASTx search
against the original transposase tBLASTn query set. The
obtained protein sequences were aligned together with full-
length transposase proteins of known MLEs from the previous
work (Bouallégue et al., 2017) using MAFFT v7.312 (Katoh,
Standley, 2013). The resulted alignment was used to build
a Bayesian phylogeny of MLEs using the MrBayes v3.2.5
(Ronquist et al., 2012). The best-fitting model LG+I+G with
four gamma rate categories was selected using SMS tool
(Lefort et al., 2017) based on Akaike information criterion
(Akaike, 1998). Bayesian posterior probabilities were esti-
mated by running ten Markov chain Monte Carlo chains for
2,500,000 generations in two parallel runs, sampling each
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250 generations, and discarding first 25 % of samples in
the end. Automatic phylogeny-based classification of the
sequences on the resulted tree was performed using Cluster
Picker tool (Ragonnet-Cronin et al., 2013). The minimal sta-
tistical support was set to 90 % and various genetic distance
thresholds from 40 to 60 % were tested.

Horizontal gene transfer detection. The full-length nu-
cleotide consensus sequences of the identified Orthoptera
lineages were used in MEGABLAST search against the
genomic scaffolds of 259 insect species from different orders
available in the NCBI. Cases of potential horizontal transfer
between the studied Orthoptera genomes and other insect
taxa were considered when MEGABLAST hit showed more
than 90 % of identity covering more than 90 % of the query
sequences as it was proposed by several authors (Filée et al.,
2015; Wallau et al., 2016; Bouallégue et al., 2017).

Results and discussion

Screening for MLE sequences was based on a homology ap-
proach (tBLASTn) with a set of 19 known full-length amino
acid transposase sequences used as queries (see Supplemen-
tary 1). First, we initialized the search in the available ge-
nomic scaffolds of L. migratoria and L. kohalensis in order
to identify Orthoptera full-length MLE sequences. A total of
4290 MLE copies from L. migratoria clustered in 27 lineages
and 992 MLE copies from L. kohalensis clustered in 24 line-
ages were identified. Here, one lineage corresponds to a group
of at least 10 sequences which have more than 75 % identity
to each other detected by BLASTn comparisons.

Partial sequences of the conserved region of the MLE trans-
posase catalytic domain were identified among the de novo
sequenced PCR amplicons obtained from 14 other Orthoptera
species. The sequences were then clustered into lineages fol-
lowing the same rules as described above (see Table 1). For
each lineage, obtained both from the full-length or partial
sequences, a majority-rule consensus sequence was derived
(Supplementary 2). A total of 75 lineages were identified in
all the studied Orthoptera genomes. For 49 of the lineages
there was a full-length representative either from L. migrato-
ria or L. kohalensis genome (Supplementary 3). There were
no lineages distributed in all the genomes studied. Sixteen
lineages were found only in the Caelifera, and 26, only in the
Ensifera genomes. Thirty-three lineages were present both in
Caelifera and Ensifera. Sixteen lineages were identified in a
single genome each (Supplementary 4).

On average, 26 lineages were found for a studied orthop-
teran genome. The maximum (36 lineages) was identified in
the genome of the migratory locust (L. migratoria) and the
minimum (9 lineages) in the genome of an African grass-
hopper (Chrotogonus sp.) (see Table 1). It should be noted
that the increase in the number of MLE lineages detected
in L. migratoria (from 27 to 36) and L. kohalensis (from 24
to 31) genomes is due to the fact that these lineages are pre-
sent as singlets or in less than 10 copies in the genomes and
therefore were filtered out during the initial stringent mining
process. Nevertheless, their minor presence is noted in Table 1
and Supplementary 4.

For the MLE lineage consensuses identified during the
first stringent search in the L. migratoria and L. kohalensis
genomes, TIRs as well as the characteristic to MLEs TA di-

Diversity of mariner-like elements
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nucleotide TSD have been identified. Among the 27 L. mi-
gratoria lineages TIRs were found in 24 lineages, and the
TSD was found in 17. TIRs were found in all the 24 lineage
consensuses from the L. kohalensis genome, 19 of which also
had the TSD (see Supplementary 3).

Transposase amino acid sequences of the lineage consen-
suses were then used in phylogenetic analysis together with
other known MLE transposases. To implement a phylogeny-
based automatic classification of the identified lineages, we
used the Cluster Picker tool (Ragonnet-Cronin et al., 2013)
which assigns sequences into a cluster if (1) there is a sub-
stantial statistical support for their clustering on a tree and
(2) a distance threshold between sequences in a cluster is
satisfied. Testing different distance thresholds we found that
at 43 % level all the “canonical” (historically first identified)
MLE subfamilies (like mauritiana, mellifera, cecropia, etc.)
still can be distinguished from each other, while increasing
the threshold to 44 % already results in collapsing mauritiana
and mellifera subfamilies into a single cluster. Using the 43 %
threshold results in 28 clusters (including those represented
by a single lineage), which can be supposedly of a subfamily
level. However, these clusters at the same time are the parts
of' the higher-level ones (see Figure). For further convenience
and the redundancy removal, we arbitrarily chose 55 % simi-
larity threshold at which seven higher-level and statistically
pronounced clusters (I-VII) are defined by Cluster Picker (see
Figure, Table 1, and Supplementary 4). Four of these clusters
(II1, V, VI, and VII) include previously known subfamilies.
Cluster III is comprised of mauritiana, mellifera, cecropia,
elegans and briggsae subfamilies. Cluster V is represented
solely by the irritans subfamily, even more supporting its
status as such. Members of a recently defined drosophila
subfamily (Wallau et al., 2014) were found within cluster VI.
Cluster VII includes vertumnana and marmoratus subfamilies
(Bui et al., 2007, 2008). Although no previously defined sub-
families were found grouped in cluster I, it includes elements
recently identified in the insect order Hemiptera (Bouallégue et
al., 2017) and assigned to irritans subfamily (which, however
it is not supported by our phylogenetic analysis). Clusters I
and IV are comprised of single Orthoptera lineage each (Ort-
mar37 and Ortmar45, respectively). However, these lineages
were found in the vast majority (13 out of 16) of the studied
genomes (see Figure, Table 1, and Supplementary 4).

The identified Orthoptera MLE lineages were distributed
among all the seven clusters. The majority of the lineages (36
out of 75) belong to cluster I; 20 to cluster VI; and seven, six,
four, one and one lineages, to the clusters II, IV, VII, II, and
V, respectively (see Figure, and Supplementary 4). Interest-
ingly, lineages of the cluster VII were identified only among
the studied Ensifera genomes.

Horizontal transfer was suggested to be one of the main
features explaining an extremely widespread occurrence of
MLEs (Robertson, Lampe, 1995). To ensure the long-term
survival, a transposable element has to be transferred hori-
zontally or otherwise it would be eventually “fossilized” in
the genome by vertical inactivation mechanisms (Lohe et
al., 1995). Therefore, to fully understand the evolution of
a transposable element lineage it is important to evaluate
its horizontal transfer rate. For 16 lineages identified in the
studied Orthoptera genomes, horizontal transfer between dis-
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Phylogeny of MLE transposases reconstructed by a Bayesian analysis using the LG+I+G amino acid substitution model.

The tree was rooted with transposases from rosa and LTIR Tc1/mariner families (see Supplementary 6 for the names and accessions). Posterior
probability is indicated for each node. Nodes with posterior probability below 90 % are collapsed and not shown. Names of the 75 Orthop-
tera MLE lineages identified in this study start with “Ortmar”and highlighted in blue. Clusters corresponding to original MLE subfamilies and
predicted by Cluster Picker (Ragonnet-Cronin et al., 2013) with 43 % genetic distance threshold are indicated by bold red lines to the right of
the tree, and their corresponding names (where applicable) are shown. Posterior probabilities of the nodes corresponding to subfamily-level
clusters are highlighted in red. Higher-level clusters predicted by Cluster Picker with 55 % genetic distance threshold are indicated with black
bold brackets and assigned with Roman numerals. Red stars indicate Orthoptera lineages which may have been horizontally transferred
between Orthoptera species and species from other insect orders (see Table 2 for more details).
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Table 2. Cases of potential horizontal transfer of MLE lineages identified in the studied Orthoptera genomes

between other insects detected by MEGABLAST search

Orthoptera Non-Orthoptera insect orders™*
lineage™ Lepidoptera Hymenoptera Hemiptera  Diptera  Coleoptera  Odonata  Phasmatodea Blattodea
(4/45) (15/67) (3/23) (3/100) (2/10) (1/2) (1/2) (2/4)

Ortmar1(13) ........ S T T g
Ortmare(m) ........ i s s ] e
Ortmarg(m) ........ S R R e
Ortmar9(1o) ........ e R e S s
ortmar13(9) ........ i e L
ortmar29(3) ........ S e S i
Ortmar32(1) ........ R R s i e
O s i
Ortmar39(11) ...... s R i
ortmar45(13) ...... S R i .
ortmar46(11) ...... e
Ortmar47(1o) ...... e i
Ortmar54(9) ........ i ey i
o.—tmar58(4) ........ e S s o
ortmar63(2) ........ i ey
ortmar69(1) ........ S i

Note. See Supplementary 5 for more details.

* For each lineage, (N) — number of studied Orthoptera genomes in which the lineage was identified;
** for each non-Orthoptera order, (X/Y) — (number of genomes with detected potential horizontal transfers/number of genomes in the database); for the
corresponding Orthoptera MLE lineage, values X/Y/Z designate number of genomes with MEGABLAST hit with more than 90 % identity/total number of
MEGABLAST hits among the genomes/the maximum MEGABLAST identity (%) found.

tantly related species (divergence time over 250 Mya (http://
www.timetree.org/home)) from other insect orders may have
occurred (see Table 2, and Supplementary 5). Among these
potential transfers, some draw an additional attention. For
instance, high-identity (up to 99 %) MEGABLAST hits with
the full-length sequence of the Ortmar63 lineage consensus
from the drosophila subfamily (see Figure, cluster VI) were
identified simultaneously in 16 genomes belonging to Diptera,
Hemiptera, Lepidoptera, and Hymenoptera, while the lineage
itself was identified in ten and two copies in two crickets only:
L. kohalensis and Cardiodactylus novaeguineae, respectively
(see Supplementary 4). A less prominent signal was found for
the lineage Ortmar39 of the mauritiana subfamily identified
in eleven Orthoptera genomes with 10 copies per genome on
average (see Figure, cluster III). MEGABLAST hits to Ort-
mar39 (up to 92 % identity) were found for nine Hymenoptera
genomes with the number of matches ranging from 1 to 257
(see Table 2, Supplementary 5). Two substantially diverged
lineages from the cluster I (Ortmar8 and Ortmar9, each was
found in ten studied Orthoptera genomes) gave 80 and 78 high
scoring hits with a single genome of a termite Cryptotermes
secundus. A substantial amount of high-identity hits with a
genome of a stick insect Clitarchus hookeri (Phasmatodea)
were found for the lineages Ortmarl (320 hits up to 95 %,
cluster I, distributed in 13 Orthoptera genomes) and Ortmar58
(51 hits up to 97 %, cluster VI, distributed in the 4 Orthoptera
genomes). Another example is even more extraordinary: 5784
high-identity (up to 95 %) hits with the sequence of the Ort-

mar46 lineage of the irritans subfamily, widespread within the
Orthoptera (see Figure, cluster V, Supplementary 4 and S5),
were found in a single genome of the blood-sucking bug Rhod-
nius prolixus (Hemiptera) (see Table 2, and Supplementary 5).

Interestingly, previous studies showed that the R. prolixus
genome is extremely saturated with members of a single li-
neage of the irritans subfamily, suggesting a relatively recent
transposition burst with the estimated expansion occurred
around the time of speciation of R. prolixus, approximately
1.4 Mya (Fernandez-Medina et al., 2016). With Orthoptera
species as a potential source, it can be hypothesized that the
horizontal transfer of the Ortmar46 lineage could be a cause
of the irritans subfamily expansion in the R. prolixus genome.
Although in all the identified potential horizontal transfer cases
the exact mechanism(s) and direction of the transfer remain
elusive, these findings can later help in deciphering of each
particular cases of the process in insects, as suggested by some
authors (Silva et al., 2004; Loreto et al., 2008). Overall, the
horizontal transfer cases identified here are in line with the
recent report on massive horizontal transfer of transposable
elements between insects which was based on more sophisti-
cated genome to genome comparisons (Peccoud et al., 2017).

Conclusion

In this study, we used a non-standard approach to investigate
the variability of MLEs. First of all, we took advantage of
modern high-throughput sequencing technologies to avoid
the bias of non-exhausting sampling which would occur if
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the standard molecular cloning of the PCR amplicons with
the subsequent Sanger sequencing was used. Here, the Ton
Torrent PGM was a platform of choice, however, any of the
currently available next-generation sequencing technolo-
gies can be utilized. The robustness of the obtained results
was additionally controlled by the results of computational
analysis of the two genome sequences from distantly related
taxa of Orthoptera, L. migratoria (suborder Caelifera) and
L. kohalensis (suborder Ensifera). Secondly, the automatic
phylogeny-based classification of MLEs with Cluster Picker
(Ragonnet-Cronin et al., 2013) allowed the definition of clus-
ters on a rational, researcher-independent basis. In all previous
studies on MLEs, it was a choice of the researchers whether to
include newly identified MLE lineages to previously defined
clusters, or designate new ones. Using this approach, we were
able to identify and classify MLE lineages in the diverse 16
species of Orthoptera (see Table 1 and Figure), for which so
far the genomic sequences were available only for the two
species. We believe that our study can serve as a basis for
future researches on diversity, distribution, and evolution
of MLEs in species of other taxa that are still lacking the
sequenced genomes.
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The identification of plants of the genus Mentha is often difficult due to significant intraspecific polymorphism, in-
tense interspecific hybridization, and ploidy changes. An attempt was made to apply an integrated approach to the
study of different parameters of two species: Mentha arvensis L. and M. canadensis L. Eight geographically dispersed
populations of Mentha in different regions (European Russia, Khakassia and Far East, Western Ukraine, and Indochina)
were studied. Diagnostic morphological characters and compositions of essential oil components were examined,
and DNA was analyzed with ISSR markers. The data obtained were statistically processed by cluster, principal compo-
nent, and principal coordinate analyses. The European and Asian groups of samples were clearly distinguished by the
analysis of quantitative parameters of the calyx and leaves, but different methods of data processing produced dif-
ferent results in determining the belonging of the Far Eastern plants to a particular group. Therefore, their taxonomic
positions can hardly be determined on morphological grounds. According to the composition of essential oil and
ISSR fragments, a group of the genetically, morphologically, and phytochemically closest plants was identified, which
included representatives of the populations of the Moscow oblast, Vladimir oblast, Kaluga oblast, the Komi Republic,
and Khakassia. All these plants belonged to M. arvensis. Plants collected in the natural flora of the Russian Far East
showed a greater resemblance in essential oil composition and ISSR markers to the European group of M. arvensis
than to plants from Indochina, which, according to the data obtained, belonged to M. canadensis. It was shown that a
comprehensive study of plant morphological characters, the compositions of essential oil, and ISSR fragments allows
one to clarify the species identity and to assess their polymorphism and the degree of kinship between populations.
A certain correlation between the data of molecular analysis and the composition of essential oil and, to a lesser ex-
tent, their correlation with morphological characters of plants was revealed.

Key words: Mentha arvensis; Mentha canadensis; polymorphism; DNA; ISSR; molecular markers; composition of
essential oil.
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Mentha arvensis L. u M. canadensis L.

M.B. Ceménona ®, O.A. Enuna, O.B. llleaenosa

TnaBHbI 6oTaHnyeckuii cag nm. H.B. LluyuHa Poccuiickon akagemmm Hayk, Mocksa, Poccus
& e-mail: lab-physiol@mail.ru

Mpw ngeHTMPrKaLmmn npeactaBuTenei poga Mentha L. 4acTo BO3HMKAIOT CJIOXKHOCTY U3-3a 3HAYUTESIBHOTO BHYTPU-
BMAOBOrO nonnmMopdursmMa, akTUBHON MEXBMAOBON rmbpuan3anmm, a Takke U3MeHeHnn B NIOUAHOCTU PacTeHUI.
B HacTosAwen paboTe npeAnpuHATA MOMbITKA KOMIMIEKCHOTO MOAXOAa K M3YUYeHWI0 pa3finyHbIX NapaMeTpoB pacTe-
HUIA OBYX TPYAHO pasfensemblX BUAOB C NepekpbliBalownummca npusHakamm: Mentha arvensis L. u M. canadensis L.
WccnepoBaHbl NpeacTaBUTeniv BOCbMU reorpaduriyeckn pasobLueHHbIx nonynaunii Mentha, cobpaHHble B pasHbix pe-
rmoHax: eBponernckasa yactb, Xakacua u JanbHun Boctok Poccun, 3anagHaa YkpavHa u iHgokutan. M3yuyeHbl gnar-
HOCTMYeCKMe AnA 3TUX BUAOB Mopdonormyeckre npusHakm, coctaB KOMMNOHEHTOB 3QUPHOro Macsia U nNpoBeaeH
¢dparmeHTHbIN aHanu3 HK ¢ ncnonb3oBaHuem ISSR-mapkepoB. MonyyeHHble faHHble 06paboTaHbl CTaTUCTUYECKN C
NOMOLLbIO K/IaCTEPHOTrO aHanmM3a, MeTOAA MMaBHbIX KOMMOHEHT 1 MeTOAA rMaBHbIX KoopAanHaT. Mo pesynbTatam aHa-
NN3a KONMMYECTBEHHbIX XapaKTePUCTMK Yalleykn 1 NNCTbEB YETKO pa3fenAloTCA eBponenckas 1 asmaTckasa rpynmbl
06pa3uoB, a B onpeaeneHny NPUHagNeXXHOCTV AanbHEBOCTOUHbBIX PACTEHWI K TOW U MHOW FPyMne eCTb Pacxox-
LEHUA NP NCNONb30BaHNM PasHbIX MeTOL0B 06PaboTKM JaHHbIX U, COOTBETCTBEHHO, 3aTPYAHEHO onpeaeneHune nx
TaKCOHOMUYECKOrO MONIOXKEHWA C NCMOJIb30BaHMEM TONbKO Mopdonornyecknx npusHakos. o coctaBy 3¢upHoOro
macna v ISSR-pparmeHTOB BblgeneHa rpynna Hanbonee reHeTUYeCKr, MOPGONOrnyYeckn 1 GUTOXUMUYECKIN BIN3KNX
pacTeHwuid, B KOTOPYIO BOLW NpefcTaBuTeny nonynaumin MockoBckon, Bnagnmupckoi, Kanyxckoii obnacrei, Pec-
ny6nmkn Kommn n Xakacuu. Bce oHn oTHocATcA K Bugy M. arvensis. PacteHns, cobpaHHble B npupoaHoi drnope Janb-
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Hero BocToka, Mo KOMMNOHEHTHOMY COCTaBy 3$UPHOro Macna 1 coctasy ISSR-pparmeHTOB nmenun 6onbluee CXOACTBO
¢ M. arvensis N3 eBPONENCKO YacTu, YeM C KONNEKLMOHHbIMU obpasuamu 13 dnopbl IHOoKKTasA, KoTopble, COrnacHo
nonyyeHHbIM JaHHbIM, OTHOCATCA K M. canadensis. KomnnekcHoe n3yyeHne Mopdosiormyeckrx npru3HakoB pacTe-
HUI, cocTaBa 3durpHOro macna n ¢parmeHTHoro ISSR-aHanm3a [1HK no3sBonAaeT yTouHUTb BUAOBYIO MPUHAANEXHOCTb,
a TaKkXKe oLeHNTb NonMopdU3M 1 CTeNeHb POLACTBA MeXAy nonynAaumamn. BoiasneHa Koppenaumna mexay AaHHbIMM
MOJIeKyNIAPHO-FeHeTMYeCKOro aHannsa 1n coctaBoM 3GprpHOro Macna ana pactenunn M. arvensis n M. canadensis w,
B HEKOTOPOW CTeNeHw, C MOPGONOrMYecKMU NPr3HaKaMU pacTeHn .

KntoueBble cnosa: Mentha arvensis; Mentha canadensis; nonumopéusm; AHK; ISSR; monekynsapHble mapKepbl; KOMMO-

HEHTHbI COCTaB 3PMPHOro Macna.

Introduction

Mentha L. species have a significant potential due to the
content of essential oil in the aerial parts of plants. Mint is
used in medicine as an antispasmodic, sedative, gastric, and
choleretic herb. In addition, it is employed in the food and
perfume industries. In southern regions of Asia, it is cultivated
to obtain technical essential oil. Special treatment of this oil
yields menthol, which is a component of many important
medicines.

Various sources report from 18 Mentha L. species and
11 hybrids (Tucker, Naczi, 2007) to 27 species and 15 hybrids
(WCSP, 2019). There are different opinions as to the volumes
and boundaries of morphologically similar but polymorphic
species. A distinctive feature of this genus is a significant
polymorphism within its species and, for all that, the simila-
rity of a number of morphological features among the species.
In this regard, it is advisable to use the composition of the
essential oil as an additional feature for the characterization
of species. The composition of essential oil in all Mentha
species is genetically determined. Under favorable growing
conditions, component synthesis proceeds to the full set of
terpenoid compounds characteristic of the species, but un-
favorable conditions result in arrest of the synthesis of these
substances at early stages, which leads to the appearance of
simpler essential oil components (Gouyon et al., 1986). It
raises difficulties in the taxonomical discrimination of related
species, such as Mentha arvensis L. and M. canadensis L.

Mentha arvensis grows in Europe and Asia. This species
is common in European Russia, Ciscaucasia, and Siberia
(Gubanov et al., 2004). The geographic range of M. canadensis
in Russia includes Siberia and the Far East (Doron’kin, 1997);
outside Russia, North America, and East Asia (Tucker, Naczi,
2007).

Mentha arvensis L. (field mint) is a widespread and very
variable morphological species, and the habit of plants can
vary significantly depending on the growing conditions. In
shady damp places, tall plants with ascending or recumbent
stems, large green or light green leaves, and pale lilac, some-
times almost white flowers are formed. Plants growing in
drier sites are undersized, with erect stem, close internodes,
small leaves with red-purple anthocyanin shade, and bright
lilac color flowers.

Mentha canadensis L. (Canadian mint) was described by
C. Linnaeus (Linne, 1753). It is related to M. arvensis and
difficult to identify. M. canadensis differs from M. arvensis
in having a higher, unbranched, densely pubescent stem; one-
half as wide, sharp, and deeply serrated leaves; and a specific
calyx shape. Different morphological criteria are used for the

discrimination of M. arvensis and M. canadensis. These spe-
cies are proposed to be divided according to the shape of the
calyx and the structure of the calyx teeth (Doro’nkin, 1997).
M. arvensis calyces are bell-shaped; the teeth are short and
wide-triangular, whereas M. canadensis calyces are tubular
with long pointed teeth. Other researchers identify the two
species by leaf form and flavor; however, these traits do not
provide a reliable criterion (Tucker, Naczi, 2007).

Such morphological features as the type and degree of
branching, the shape and size of the leaf, and shoot pubes-
cence cause difficulties in the identification of these two
species. These traits are so variable within a species that they
can overlap between species. All these features vary greatly
depending on growing conditions (especially in M. arvensis);
nevertheless, there are important in identifying species.

Researchers often disagree in recognizing these two spe-
cies. In particular, M. canadensis was considered a form or
subspecies of M. arvensis. Holmes (1882) described mint
from Japan as M. arvensis f. piperascens Malinv. ex Holmes.
Briquet (1894) identified mint from North America as
M. arvensis var. canadensis, and mint from Asia as M. arven-
sis var. haplocalyx, whereas Hara (1956) described the latter
as M. arvensis ssp. piperascens. Currently, M. canadensis
is recognized as an independent species, and its numerous
synonyms are most fully represented in the World Checklist
of Selected Plant Families, Royal Botanic Gardens, Kew
(WCSP, 2019).

M. canadensis is probably an amphidiploid resulting from
interspecific hybridization of M. arvensis and M. longifolia
(Tucker, Chambers, 2002). There is evidence from chloroplast
DNA sequences that in this interspecific hybridization process
M. arvensis may have been the maternal parent (the source
of female gametes) for the resulting species, M. canadensis
(Bunsawat et al., 2004). A comprehensive study involving
flow cytometry and ISSR-analysis suggested that M. canadensis
was an allopolyploid resulting from cytomixis between repre-
sentatives of parental species with different ploidies (Jedrzej-
czyk, Rewers, 2018).

Our work concerns the intra- and interspecific variability
and differentiation of M. arvensis and M. canadensis of several
populations distant from each other. Previously, we studied
polymorphism in M. arvensis populations on the base of mor-
phological and molecular data (Shelepova et al., 2016b) and
attempted to differentiate these species using morphological
and phytochemical analysis (Shelepova et al., 2016a). How-
ever, the resulting notion was still incomplete. A number of
investigators successfully undertook a combined assessment
of plants by morphological characteristics, essential oil com-
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position, and ISSR-analysis data to study interspecies and
interpopulation variation in the genus Mentha (Hua et al.,
2011; Rodrigues et al., 2013; Shelepova et al., 2017). There-
fore, to accomplish our task; we comprehensively examined
morphological features, essential oil compositions, and ISSR-
markers of DNA in two mint species.

Materials and methods

Sampling in populations. Plants of M. arvensis and
M. canadensis to be examined belonged to eight populations.
They were collected from four regions distant from each other
(Table 1).

Five to eight shoots from typical plants collected at 10-200-m
intervals depending on the population size in the nature and
1-3 shoots of plants cultivated in experimental plots were
taken for the study of morphological features and ISSR-
analysis of DNA. In our preliminary study, samples from
natural populations demonstrated a wide variety of amplified
fragments (significant diversity of genotypes within a popula-
tion), and the plants from the collection did not differ in the
spectrum of ISSR fragments (belonged to a single clone).
Mentha spicata L. was used as an external standard. One to
five plant samples were taken to study the composition of es-
sential oil in populations concurrently with the collection of
herbarium images (in the phase of mass blossoming) from a
site of 0.2 m2. Herbarium specimens are stored at the Labora-
tory of Plant Physiology and Immunity and in the Herbarium
of GBS RAS (MHA).

Study of morphological features. The collected plants
were identified to the species level. Most of the samples
were attributed to M. arvensis, but plants from the natural
flora of the Russian Far East and collection samples from the
Indochina flora were previously identified as M. canadensis.
The following quantitative indices were studied: calyx length,
calyx tooth length, calyx tooth width at the base, the tooth
length : width ratio, the calyx length : tooth length ratio, the
calyx tube length : tooth length ratio; the length and maximum
width of the leaf, the distance from the basis to the maximum
width of leaf; the density of secretory granules on the lower
and upper surfaces of the leaf per 1 cm?, the ratio between the
numbers of secretory granules on the lower and upper surfaces
of the leaf. The structure of the calyx was examined with a
light stereomicroscope at 400x magnification. Images for
comparative analysis were taken with a Lumenera Infinity 2
video camera and processed with the Infinity Analyses 5.0.2
program. Secretory granules were counted as in (Shelepova
etal., 2012).

Methods of studying the essential oil composition. Es-
sential oil was isolated from an average sample of the above-
ground mass (a mixture of inflorescences and leaves) of plants.
The oil was obtained by hydrodistillation of crushed air-dry
material (Ginsberg, 1932). Plant essential oil consists of a mix-
ture of natural compounds, mainly isoprenoids (monoterpenes,
diterpenes, hemiterpenes, sesquiterpenes, and their oxides).
The most detailed report on their classification, biosynthesis,
and detailed study of each class of compounds was provided
by V.V. Plemenkov (2007). The qualitative composition of the
oil was determined by gas chromatography in the “Biotechno-
logy” Shared Access Center, RAS (RFMEFI162114X0002) in
a Shimadzu GS 2010 gas chromatograph with a GCMs-QP
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2010 mass detector as previously described in (Shelepova et
al., 2017).

DNA extraction and PCR. DNA was isolated from dry
herbarium specimen leaves by the CTAB method (Doyle J.J.,
Doyle J.L., 1987). DNA polymorphism was analyzed by the
ISSR approach. Primers for PCR analysis were synthesized
and purified by PAAG by Syntol Company (Moscow, Russia).
Eight primers were chosen after pilot tests (Table 2). Two
series of PCR were carried out for 46 and 42 samples, and
some of the samples were retested by PCR. ISSR-PCR and
the separation of PCR products were carried out by previously
reported methods (Shelepova et al., 2016b, 2017).

Analysis of molecular data and statistical data proces-
sing. The band profiles of the ISSR fragments were compared
visually and with the CrossChecker program. Only bright and
distinct fragments were taken into consideration, and unclear
bands were discarded. Each band in an electrophoretic gel
was considered a countable character and used as a binary
code in the matrix of the presence/absence of fragments.
Then the results were analyzed in the PAST program using
cluster analysis, principal coordinate method, and principal
component method (Hammer et al., 2001). Bootstrap analysis
was carried out with 1000 replicas to assess the stability of
the dendrograms obtained.

Results

The analysis of quantitative morphological features by the
principal component method shows that the samples can be di-
vided into two main groups (Fig. 1, ). The first group includes
all samples from European Russia, the Republic of Komi,
Khakassia, the Russian Far East, and Ukraine and one plant
from Indochina (Ind2). Plants from the Far East are grouped
together to form part of a large group, and other samples
form a mixed cloud. An individual cloud is formed by plants
from Indochina, which were identified as M. canadensis.
Two main clusters with somewhat different compositions
of samples therein were obtained when processing the same
data by cluster analysis using the Gower distance (Fig. 1, b).
The first cluster includes all plants from the Russian Far East and
Indochina, and the second, plants from Europe and Khakassia.

Essential oil composition can be an independent criterion
for the identification of Mentha plants. About 47 components
were found in Mentha essential oil. All components constitut-
ing more than 0.1 % of the total amount were easily identi-
fied by retention time and mass spectra. The proportions of
individual components in the essential oil vary significantly
among plants from different regions.

The distribution of samples according to essential oil
composition proved to be consistent with morphological data.
However, the plant group from the Russian Far East shows
a more distinct and stable position among others regardless
of the statistical methods applied (Fig. 2). When using the
principal components method (see Fig. 2, a), the samples are
divided into three main groups: 1, M. spicata (the most abun-
dant component is menthone); 2, Indo-Asian plants (menthol);
and 3, a large group of samples, which included plants from
Moscow, Kaluga, and Vladimir regions, the Russian Far East,
Komi, Khakassia and Ukraine (the predominant components
are trans- and cis-f-ocimenes, y-terpinene, 1,8-cineole, a- and
B-pinenes and pulegone).
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Table 1. Sites of Mentha collection

Sample Number  Sampling locality Geographical coordinates

identifier  of plants

M-1,2 2 Moscow, territory of the Main Botanical Garden, RAS. Dry bed of a stream 55°50'35.7"N, 37°36'52.3"E
on the left bank of the Likhoborka River

M-3 1 Moscow region, Znamenskoye Sadki manor, shore of a pond over the Bitsa River 55°34'44.8"N, 37°33'19.3"E

M-4 1 Moscow region, the first river terrace of the Bitsa River, 3 km downstream 55°34'38.1"N, 37°33'47.1"E
from the Znamenskoye Sadki manor

M-5 1 Moscow region, 1.5 km south-west of Mar'ino village, Krasnogorsk district, 55°51'07.6"N, 37°18'35.6"E
at the water edge of a dam on the Sinichka River

M-6 1 Moscow region, Valuevsky forest park, near Meshkovo village 55°35'03.5"N, 37°18'31.6"E

M-7 1 Moscow, Vorobyevy Gory Nature Reserve 55°42'33.4"N, 37°33'16.6"E

Kh 5 Khakassia, Altai Kray, high right bank of the Abakan River, about 1.5 km west 53°33'4.54"N, 91°14'38.15"E
of Izykhskie Kopi village, on a pebble shallow

F 5 Vladimir region, Kovrovskiy district, floodplain of the Klyazma River 56°24'59.1"N,41°23'06.0"E

K 2 Kaluga region, Zhukovskiy district, outskirts of Okorokovo village 55°03'57.3"N, 36°42'55.5"E

Komi 3 Collection plot of the Laboratory of Plant Physiology and Immunity, Main Botanical 55°50'06.5"N, 37°35'17.4"E
Garden of the RAS, obtained from Syktyvkar, Komi natural flora

Ind1-5 5 Collection plot of the Laboratory of Plant Physiology and Immunity, Main Botanical 55°50'06.5"N, 37°35'17.4"E
Garden of the RAS, obtained from Vietnam, Indochina natural flora

Mentha 1 Collection plot of the Laboratory of Plant Physiology and Immunity, Main Botanical 55°50'06.5"N, 37°35'17.4"E

spicata Garden of the RAS, obtained from the Nikitskiy Botanical Garden, Yalta

U-1 1 Ukraine, Lviv, within the city, Pogulyanka Park, marshy lowland near a spring below 49°49'11.0"N, 24°02'14.3"E
a slope of beech forest

U-2 1 Ukraine, Lviv, Pogulyanka Park, swamp edge 49°49'22.9"N, 24°03'52.4"E

U-3,4 2 Ukraine, northwestern outskirts of Lviv, Belogorsha village, peatland 49°50'28.0"N, 23°55'02.5"E

U-5 1 Ukraine, lvano-Frankivsk region, Galich district, Tustan'village, floodplain of 49°08'00.0"N, 24°45'20.4"E
the Gnilaya Lipa River

U-6 1 Ukraine, lvano-Frankivsk region, Galich district, between the villages of Vodniki 49°04'33.1"N, 24°47'53.1"E

and Dubovtsy, dead arm of the Dniester River

Table 2. List of ISSR-primers used for PCR Euclidean distance-based cluster analysis of the essential

oil composition divided samples into two clusters with a high

Primer Sequence Primer anneal- Number of
ing tempera- polymorphic degree of support (bootstrap support level 84-87 %) (see
ture, °C ISSR fragments Fig. 2, b). M. spicata, taken as an external group, assumes a
..................................................................................................................... basal pOSitiOH in relation to two Clusters, the predominant com-
M BN 22D [ pound of its essential oil being menthone (67.9 %) (Table 3).
M3 (GA),(C/T)C 527 17 The first cluster includes plants from Indochina, which are
..................................................................................................................... Characterized by the accumulation ofmenthol (469_677 %)
M (AGRYE 00 A and its derivatives: menthone (3.11-30.3 %) and isomenthone
M7 (CAG) 557 16 (2.33-22.7 %) (see Table 3).
..................................................................................................................... The SCCOI’ld cluster includes all Other plants (fI'OIl'l Central
M (CTs 2 LSO Russia, Komi, Khakassia, and the Far East). This cluster has a
M12 (CALA/GIC/T) 500 13 bootstrap support below 8.4 %, and it is divided into three well-
..................................................................................................................... Supported subclusters' W]th]n the Second Cluster’ a Subcluster
BB AT 200 [ is distinguished, consisting of plants of M. arvensis from
UBC855  (AC),CYT 500 17 Moscow (M-6), Kaluga (K-1), and Vladimir (F) regions and

Ukraine (U-2). The mints from the Russian Far East (RFE),
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Fig. 1. Distribution of M. arvensis and M. canadensis samples based on morphological characters: a, by the principal component method; b, by cluster

analysis.

Hereinafter: @, Moscow region (M-6); 9, Kaluga region (K-1); 0, Vladimir region (F); /A, Republic of Khakassia (Kh); A, Russian Far East (RFE); ¥, Republic of

Komi (Komi); <, Ukraine (U-2); ®, Indochina (Ind1-5).
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Fig. 2. Distribution of M. arvensis, M. canadensis, and M. spicata samples based on essential oil composition analysis in the aerial parts: a, by the principal

component method; b, by the cluster analysis of the data.

as well as the Republic of Komi (Komi) and Khakassia (Kh)
formed two independent sister subclusters within it.

It appears from data in Table 3 that the populations M-6,
K-1, F, and U-2 are distinguished mainly by the contents of
trans- and cis-f-ocimenes (4.2-23.8 %) and y-terpinene (11.8—
21.8 %); RFE, Komi, and Kh populations, by 1,8-cineole
(20.1-28.8 %) and trans- and cis-p-ocimenes (15.6-24.0 %);
and in the Komi and Kh populations, in addition to 1,8-cineole
(24.7 and 12.8 %) and trans- and cis-B-ocimenes (12.1 and
17.3 %), pulegone and its predecessor, isopulegone are abun-
dant (15.5 and 21.1 %, respectively). Hotelling paired tests
indicate a significant variation (p < 0.02 with the Bonferroni

correction) among all populations. Thus, the revealed differ-
ences between Mentha plants allow recognition of the follow-
ing chemotypes: menthol (plants from Indochina), trans- and
cis-B-ocimenes and y-terpinene (M. arvensis plants from
Moscow, Kaluga, and Vladimir regions and from Ukraine);
1,8-cineole and trans- and cis-B-ocimene (plants from the
Russian Far East) and, provisionally, pulegone (plants from
the Republic of Komi and Khakassia).

DNA fragments were examined by the ISSR method for
better elucidation of the genetic similarity of populations. PCR
was performed according to two schemes. The first scheme
of experience included plants from Indochina, Khakassia,
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Table 3. The essential oil composition of Mentha

Component name

Percentage in the whole essential oil

Isopulegone 1.17 0.98 3.13 079 21.14
and pulegone

Methylacetate 036 011 063 081 047
|Somentho| ........................ 103 ........... 021 ............ 022 ....... 025 ....... 018
BCayophyllene 169 299 155 196 229
GermacreneD .................. 108 ........... 438 ........... 507 ....... 322 ....... 384
Plpentone ......................... 070 ........... 012 ........... 013 ....... 036 ....... 010

* Absent from the essential oil.
** Major essential components are shown in boldface.

European Russia, and Western Ukraine with M. spicata as an
external standard. Samples from the Far East flora were added
to this group in the second experiment.

A matrix including 117 polymorphic fragments was con-
structed in the first scheme of PCR. Plants were divided into
two main groups when analyzing the data by the principal
coordinate method involving the Dyce index (Fig. 3, a). One
of these groups includes plants from Indochina, and the other,
all plants from European Russia and Khakassia. M. spicata and
one sample of Asian flora (Ind1) occupied a separate position.
Plants from Ukraine formed a group hardly separated from other
European and Khakassian samples. According to the results of
cluster analysis (Fig. 3, b) there are two large groups of plants
with a medium level of bootstrap support (41-56 %) and a
fairly high degree of similarity (0.6). The first group included
Indo-Asian plants, and the second, European and Khakassian.

Intra- and interspecific variability
of Mentha arvensis L. and M. canadensis L.

1551 163 087 056 061 254 579 049 0.28
s
2 D B L
79 697 524 260 241 061 055 065 040
528 345 098 080 147 060 093 094 032
006 525 103 055 054 084 068 046 277

A matrix based on 80 polymorphic fragments was compiled
according to the results of the second scheme of PCR. As a re-
sult of processing the data by the principal coordinate method
and cluster analysis with the Dice index (Fig. 4), the plants
were also divided into two groups. The first group included
plants from Indochina, and the second, all the other plants.
Some of them formed a common cloud/cluster, and others
formed separate subgroups adjoining the general. Plants from
Indochina contained specific amplicons, absent from other
plants, including samples from the Russian Far East.

Plants of the second group fall into several subgroups.
Plants from the Moscow, Vladimir, and Kaluga regions, as
well as from the Republic of Komi and Khakassia, form a
common cloud in which samples are practically inseparable.
This indicates a significant genetic similarity between these
populations. Two relatively separate groups of plants adjoin
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coordinates; b, by cluster analysis.

the mixed group. One of them is formed by the population
of the Russian Far East and two plants from Khakassia. The
other consist of samples from Western Ukraine, which form
a cloud adjoining to plants from European Russia. All plants
collected in the Russian Far East have a very high measure
of similarity (0.9) and cluster bootstrap support (98 %), thus
indicating a close relationship among all the studied Far
Eastern local populations.

Discussion

On the base of quantitative calyx and leaf characters, the Euro-
pean and Indo-Asian groups of plants are clearly recognized,
but the assignment of Far Eastern plants to one or the other
group is ambiguous. Accordingly, it is difficult to determine
their taxonomic position solely by morphological features.
An additional criterion for the identification of M. arvensis

and M. canadensis might include such qualitative indicators
as the ultrastructure of the seed surface (Shelepova et al.,
2016a), but seeds were not available from plants of Indochi-
nese origin, as seeds rarely ripen when these accessions are
grown in Central Russia.

According to essential oil composition in the aerial parts
of the plants, all the samples were distributed into differ-
ent chemotypes related to the genetic characteristics of the
plants. The literature mentions many chemotypes for both
M. arvensis and M. canadensis isolated on the basis of com-
ponents with shares above 10 % (Tucker, Chambers, 2002).
Nine chemotypes are mentioned for M. arvensis: limonene,
pulegone, 1,8-cineole and/or B-pinene, and others. Trans- and
cis-f-ocimenes and y-terpinene dominated in the essential oils
of M. arvensis plants examined. These are acyclic limonene
precursors and cyclic terpenoid intermediates. Limonene is
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known to be transformed through a series of biochemical
reactions into isopulegone, which, in turn, is a precursor of
pulegone (Bugaenko, 2011). This is recorded in M. arvensis
plants from Komi and Khakassia (provisionally pulegone
chemotype).

There have been identified, among others, 1,8-cineole and
B-ocimene chemotypes in M. canadensis from North America,
and numerous chemotypes with menthol and menthone as
major components in M. canadensis from Asia (Tucker,
Chambers, 2002). Similar data were obtained in our stud-
ies: the menthol chemotype was identified in plants M. ca-
nadensis from Indochina and the 1,8-cineole and trans- and
cis-B-ocimene in plants from the Russian Far East.

Analyzing the composition of ISSR fragments, we infer
that M. arvensis plants from different populations of Euro-
pean Russia have significant genetic similarity and are almost
indistinguishable from each other. On the contrary, Ukrainian
and Far Eastern populations clearly differ from others. Far
Eastern plants form a distinct group different from European
populations, although they belong to the same cluster/cloud
according to the ISSR analysis. Plants from Indochina differ
significantly from other samples and belong to another species
according to the results of ISSR-PCR.

A similar pattern is observed for M. arvensis and M. cana-
densis plant distribution according to molecular analysis,
essential oil composition, and, somewhat, morphological
characters. Thus, there is a correlation between the molecular,
phytochemical, and, to some extent, morphological data. On
the basis of our results, a group of the genetically, morphologi-
cally, and phytochemically closest plants can be recognized.
It includes representatives of the populations of the Moscow,
Vladimir, and Kaluga regions; the Komi Republic; and
Khakassia. All of them belong to M. arvensis.

Conclusion

According to our data on the compositions of essential oils
and ISSR fragments, the plants collected in the natural flora of
the Far East were more similar to M. arvensis from European
Russia than to the collection samples from Indochina. With all
that, a certain similarity to M. canadensis was noted in plants
of'the Far Eastern population according to some morphological
features (lengths of the calyx teeth were intermediate between
M. arvensis from European Russia, and M. canadensis from
Indochina) and essential oil components, which were charac-
teristic of M. canadensis from North America. Also, genetic
isolation from the rest of the M. arvensis plants was detected.
Perhaps the Far Eastern population includes plants of hybrid
origin and has a closer relationship to M. arvensis than to
plants from Indochina, which, according to the data obtained,
belong to M. canadensis. It follows from our results that a
comprehensive analysis of morphological, phytochemical,
and molecular data allows the most complete view of spe-
cies polymorphism and clarifies the species identification
of plants.
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MeToz ra3oBoii xpoMaTtorpadui-Macc-clIeKTpoMeTpun
IIJISI TAKCOHOMMM MMCKaHTyCa

H.M. Cabinbko! @, H.B. BpraKI/IHal, O.M. l'[oueAyeBl, C.IO. Kal‘IYCTS{H‘II/H(l, [.IO. Taanupin!, T.H. FoquKOBCKaﬂl,

A.B. Ky1716MAa2, C.B. H_IeXOBLIOBl, C.E. ITeabrex!, B.K. ]_l_[yMl-u;H?[l

! DepepanbHbIit ccneaoBaTeNbCKMA LEHTP VIHCTUTYT LMTONOMM 1 reHeTuKn CUBUPCKOro oTaeneHns Poccuiickoil akaaemin Hayk, HoBocn6upck, Poccus
2 WHCTUTYT XMMNYECKO KNHETUKIM 1 ropeHns uMm. B.B. BoeBogckoro Cnbupckoro otaenenms Poccuiickon akagemmn Hayk, HoBocmbupck, Poccus
& e-mail: nslynko@bionet.nsc.ru

BblgeneHne HOBbIX BUAOOMPEAENAOWMX NPU3HAKOB aKTyaslbHO ANA CUCTEMATMKUN MUCKAHTYCa 1 MapKMPOBaHWA reHo-
TNoB rMbpraoB. KynsTvBupyembii B Myupe rubpug muckaHtyca Miscanthus X giganteus aBnaeTca aniononnnionsiom,
copepalynm reHombl Miscanthus sacchariflorus (B KauecTBe MaTepuHCKoro) n M. sinensis. B paboTte npoBeaeH xemo-
TaKCOHOMUYECKUIA aHanun3 obpasuos M. sinensis n M. sacchariflorus, cobpaHHbIx Ha [lanbHem BocToke, 1 rmbpugHbix
06pasLoB Kak NPYPOSHOr0 NPOVCXOXKAEHNA, TaK U MOSTyYEHHbIX UCKYCCTBEHHO. B 3KkcTpakTax 11 06pa3uLoB MUCKaHTY-
Ca MeTOi0M ra3oBoi xpomaTorpadurm-macc-cnektpomeTpun (MX-MC) obHapy»KeHo 153 coeanHeHUs, U3 KoTopbix 143
naeHTMONLMPOBaHO. M3 3TUX COeANHEHUNI B COOTBETCTBUN C UX XUMUYECKMM CTPOEHMEM Obinn BblAeneHbl rpynrbl as-
KaHoB (20 coefiHeHUN), »XNPHbIX KcnoT (34), peHonos (13), cteponos (18), Tokodeponos (8), HopTeprneHonaos (12)
n ¢uTonos (13) BMecTe ¢ Ux Npou3BoAHbIMUA. OCHOBHbIE KOMMOHEHTbI SKCTPAKTOB 06Pa3LoB MUCKaHTyCa — »KUPHble
KUCNOTbI 1 X NPon3BoAHbIe (06uiee copepxaHue 19.94-41.02 %), ¢ npeobnagaHnem NasbMUTUHOBOW U IMHONIEHO-
BbIX KMC/OT, @ TakXe CcTeposibl (0cO6eHHO B-cMToCTepOon, CTUFMacTePON U a-aMUPUH), Ha AOJ0 KOTOPbIX MPUXOAUTCA
17.15-31.73 %. 3HaueHUn «mnHAeKca HeueTHocTv» CPl Ans ankaHOBbIX KOMMOHEHTOB SKCTPAKLMOHHbIX CMeceli Obinv B
AnanasoHe 1.55-7.18, npuyem 3KCTpaKTbl U3 NNCTbEB [aNbHEBOCTOYHbIX 06Pa3LI0B XapaKTepU30BaInCh 3HaYEHUAMM
HUXHEN MOSIOBUHBI 3TOrO AnanasoHa (1.55-2.74), Toraa Kak 3KCTPaKTbl U3 INCTbEB rMOPUAOB — 3HAUYEHUAMM BEPXHEN
NonoByHbl (5.78-7.18). AHanu3 SKCTPaKUMOHHbIX Npodunent MeTofoM FMaBHbIX KOMIOHEHT NMO3BONWA BbIABUTL TPY OT-
YeTNIMBO pa3feNieHHbIX Knactepa, oobeanHsaowmx obpasubl M. sinensis, M. sachariflorus n ux ru6pugos, 1 yTOYHUTb
TaKCOHOMUYECKOEe OTHECEHME OJHOIO 13 FTMOPYAOB. XeMOTaKCOHOMMUYECKOEe OTHECEHME B LIeNIOM COrNacyeTca C pesyrb-
TaTaMn MONEKYNAPHO-TEHETNYECKOrO aHanm3a nocsiefoBaTeNibHOCTM dparMeHTa NAacTULHONO reHoMa MUCKaHTYCa,
KOTOPbI MO3BONW TaK»Ke NMOATBEPANTL BUAOBYIO MPUPOAY MaTEPUHCKMX PAaCTEHNIA, UCMOSIb30BaHHbIX 418 MOSTyYeHnA
3TMX rMOpPUAOB. XEMOTaKCOHOMUYECKMIA aHaNn3 C crnonb3oBaHeM MeTofa MX-MC moxeT oka3aTbca 3GdEKTVBHBIM
LOMOSTHUTENbHBIM UHCTPYMEHTOM B TaKCOHOMUYECKOM OTHECEHMU PA3NINYHbIX MOpdonornyecknx Gopm MIUCKaHTyca K
M. sinensis unu M. sachariflorus, a Take oA XeMOTaKCOHOMUYECKOI XapaKTePUCTUKY FTMOPUAOB.

KntoueBble cnoBa: MUCKaHTYC; NNCTbA; TakcoHoMusA; TX-MC; meToA rnaBHbIX KOMMNOHEHT; MAacTUAHbIN FeHOM.

Ana yntupoeaHua: CnbiHbko H.M., BypmakuHa H.B., Mouenyes O.M., Kanyctanuuk C.1O., FanuupiH I10., Topaukosckaa T.H.,
Kynéuga J1.B., Wexosuos C.B., Menbtek C.E., lymHbin B.K. MeTop razoBoii xpomaTtorpadumn-macc-cnekrpomeTpun ana
TaKCOHOMUW MUCKaHTYyca. BaBnnoBcKuia >kypHan reHeTukm n cenekuyun. 2019;23(8):1076-1081. DOI 10.18699/VJ19.583

Gas chromatography-mass spectrometry
in the taxonomy of Miscanthus

N.M. Slynko! @, N.V. Burmakinal, O.M. Potseluyev!, S.Yu. Kapustyanchik!, G.Yu. Galitsin!, T.N. Goryachkovskayal,
L.V. Kuybida?, S.V. Shekhovtsov!, S.E. Peltek!, V.K. Shumny!

Tnstitute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
2\Voevodsky Institute of Chemical Kinetics and Combustion, SB RAS, Novosibirsk, Russia
&) e-mail: nslynko@bionet.nsc.ru

Chemotaxonomy as a system approach deals with intra- and interspecific polymorphism of a group of taxa in order to
clarify their taxonomic positions or to select material for selection or introduction. In this study we performed chemo-
taxonomic analysis of specimens of Miscanthus sinensis and M. sacchariflorus collected in the Russian Far East and of
hybrid plants of both natural and artificial origin. We found 153 substances and identified 143 of them in extracts of
eleven Miscanthus plants by gas chromatography-mass spectrometry (GC-MS). These substances can be grouped into
alkanes (20 compounds), fatty acids (34), phenols (13), sterols (18) tocopherols (8), norterpenoids (12), and phytols (13),
as well as their derivatives. The main components of the extracts of miscanthus samples are fatty acids and their deriva-
tives (total content 19.94-41.02 %), dominated by palmitic and linolenic acids, and sterols (mainly -sitosterol, stigma-
sterol, and a-amyrin), which constitute 17.15-31.73 %. The values of the CPl“oddness index” for the alkane components
of the extracts were within 1.55-7.18, with extracts from leaves of the Far Eastern samples characterized by the lower
half of this range (1.55-2.74), while extracts from leaves of hybrids fell to the upper half (5.78-7.18). Principal compo-
nent analysis of extraction profiles allowed us to separate three distinct clusters: M. sinensis, M. sachariflorus, and their
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hybrids, as well as to verify the origin of one of the natural hybrids. The results of chemotaxonomic analysis mostly
matched those of DNA sequencing of a fragment of the plastid genome, which, moreover, allowed us to identify the
species nature of the maternal plants used to obtain these hybrids. Chemotaxonomic analysis using GC-MS was found
to be an efficient additional technique to delimit various morphological forms of M. sinensis, M. sachariflorus, and their

hybrids.

Key words: Miscanthus; leaves; taxonomy; GC-MS; PCA; plastid genome.
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BBepeHune

B xeMoTakcOHOMHM OCHOBHOHM KpUTEpHUIl pa3fesieHus op-
TaHU3MOB — OMOXHMHYECKAs! XapaKTEPUCTHKA BTOPUUHBIX
MeTa6OJ'II/ITOB, IIYTU CUHTE3a KOTOPBIX CKIIAAbIBAIOTCA B XOA€
9BOJIIOLIMOHHOTO Pa3BUTHL. B KauecTBe MapKkepOB HCIIONIB3Y-
10T TaKHE COEAMHEHNS, KaK CECKBUTEPIICHOM B! (JUIS THICS-
yesuctHuka) (ITokposckast u ap., 2009), hutoskaucTeponibt
(mmst cem. rBo3mmunBIe (Caryophyllaceae Juss.)), (lapmorpait
u ap., 2016), netyune TeplneHOBbIE COETUHEHUsS MPU aHa-
nu3e nmoaBuIoB obnenuxu Hippophae rhamnoides (Soca-
cietal., 2013), ankamouas! (s cem. Annonaceae) (Silva et
al., 2016). XeMOoTakCOHOMHUYECKHE MapKepbl IPEICTaBIIs-
IOT UHTEPEC 1A CUCTEMATUKU 6J'II/13KOpOI[CTBeHHBIX BUJIOB.
Hamnpumep, cecKkBUTEpPIIEHOBBIE COSANHEHMS N3 A(PUPHBIX Ma-
CeJI OKa3aJIuCh JIOMOJHUTEIIBHBIMI XEMOTaKCOHOMHYECKH-
MH KPUTEPHUAMU YCTAHOBJICHHS BULOBOIO CTaTyCa Pa3JIMYHbIX
noneiaei (Namzalov et al., 2019). Beigenenue HOBBIX BUIO-
OITPEIEIISIIONIMX TPU3HAKOB aKTYaJILHO JUISl POJIOB 1 CEMEHCTB
pacTeHuil, 00bEAMHSIOIMX OOJIBIIOC KOJHUYCCTBO BUIOB.

OnmHUM U3 TaKWX PACTCHUH SBISIETCS MUCKAHTYC (Beep-
HHK), IIUPOKO UCTIONB3yeMbIi B TaHAmadTHOM qu3aiine. Bee
BUAbI MUCKAHTYCa — MHOT'OJICTHUC KOPHECBUIIHBIC 3JIaKH. BrI-
cora cTedist y HeKoTophIX BunoB nocturaet 7 M (Chen, Ren-
voize, 2006). B Hacrosiee BpeMsi B MEpE MPOUCXOIUT yBe-
JIMYCHUC HJ'IOH.[a}Ieﬁ KYJIBTUBUPOBaHUA MUCKAaHTYyCa U paspa-
0aTBIBAIOTCSI HOBBIE TEXHOJIOTHH HAa OCHOBE €10 OMOMACCHI.
[IpoMbInIeHHOE 3HaYE€HHE UMEIOT TPU TAKCOHA MHCKAHTY-
ca: Miscanthus sachariflorus, M. sinensis u M. X giganteus.
M. x giganteus TipeaCcTaBIIeT cOOON CTEPHIBHBIA THOPHIT
M. sinensis * M. sacchariflorus (Hodkinson, Renvoize, 2001).
Ha Teppurtopun Poccuu B aukoit npupoae pacipoCcTpaHeHbl
MHCKAHTYC caxapouBeTHbIH (M. sacchariflorus) u MUCKaHTyC
kutaiickuit (M. sinensis).

Kynerusupyemsiit B EBponie u HoBoit 3enananu rubpun
M. x giganteus ssngercs tpuriounasiM (Linde-Laursen,
1993) u MopdoIOTHYECKH TIO COIBETHIO OOJIee MOXOK Ha
M. sacchariflorus, a 1o CTpyKTYpe pU30M 1 KOPHEBHILA — HA
M. sinensis. Y MHACKaHTyca CaxapOI[BETHOTO HIDKHSS IIBET-
KOBasl YeIrysi ¢ KOPOTKOH MPSIMOM OCTBIO, BOJIOCKH XOXOJIKa
Oenple, MHOTIA KPAacHOBAThIC, KOPHEBHUIIA TOHKUE, MOM3Y-
yue. MHUCKaHTyC KUTAUCKUN UMEET YKOPOUEHHBIE TOJICThIE
KOpHeBHIIa. KoJIoCKoBBIE Yellyn HECYT JUTMHHBIC BOJIOCKH.
Bonocku xoxonka HETYCTBIC, CWJIBHO OTTOIIBIPDCHHBIC, TPA3HO-
Oemple, HO Hepenko ObIBaroT kKpacHoBathle (Hodkinson et al.,
2016).

B nactosimieit pabote mpoBeeH XeMOTaKCOHOMHUYECKHUI
aHanm3 00pa3noB M. sinensis u M. sacchariflorus, coOpaHHBIX
Ha [lansHeM BocToke, 1 rHOpUIHBIX 00pa3IOB KaK MPHPOJI-
HOT'O ITPOUCXOKICHHUA, TaK U TOJTYYCHHBIX UCKYCCTBCHHO.

Matepunanbl n metopbl

O6pa3ubl pactennii. V3 xomuieknuu, cOOpaHHON BO BpeMs
akcrieniyy B [IpuMopckom Kpae, B3SThI 00pa3ibl MUCKaH-
tyca M. sinensis u M. sacchariflorus u, peIoaoK1TENbHO,
mukne rudbpunsl (Hodkinson et al., 2016). KomnexktuBom,
peanmsyronmM rpoekt GrassMargins, Ha ocHOBe M. sinensis
u M. sacchariflorus nony4eH MexXBUIOBON rudpug M. X gi-
ganteus.

KopHuu 00pas1ioB, BEIKOIIAHHBIE BO BPEMsI 9KCIIEIUITHOHHOM
noeszaku B [Tpumopckuii kpaii B centsiope 2014 1., B okTs10pe
TOTO K€ Trojia ObUTH BBICAXKEHBI B I'MJIPOTIOHHYIO TETIIHILY
WuctutyTa nutonaornu u reneTukn CHONpCKOro OTaeIeHuUs
Poccwuiickoit akanemun HayK. JINCThsS MECKaHTyCa OBLIH Cpe-
3aHbI 9 ceHTA0ps 2018 I. ¥ BRICYIIICHBI Ha BO3AyXE B TCUCHHE
TpeX JHEH JI0 IOCTOSTHHOTO Beca.

JlaHHbBIE 110 MPOMCXOXKICHUIO 00Pa3I0B MUCKAHTYyCa CBE-
neHsl B Tabm. 1. O6pasist 07—11 nomydens: B mpoekte Euro-
pean Framework Programme 7, grant number 289461 (Grass-
Margins). Ilpupoausie 0o6pasier 01-06 6bi1u Ki1accudu-
IUPOBAHBI IT0 MOP(OJIOTHIECKIM MPU3HAKaM (cM. Tadi. 1)
(Hodkinson, et al., 2016).

MeTonsl ananusa. OnpejeneHne SKCTPaKTUBHBIX Be-
mectB: 5.00 r BO3AYILIHO-CyXOro MaTepuaa 3KCTparupoBaiu
100 M cMecH sTHIIANEeTaT + XJI0poPOpM B 00BEMHOM COOT-
HomeHuu 1:2 B anmapare Cokciera, SKCTpakT GUIBTPOBAIU
yepe3 IUIOTHBIM CTEKJISTHHBIH (DMIIBTP, MTPOMBIBATH (DHIIBTP
JTUJIAIETATOM JI0 00111ero oobema 50 M1, mobassiu 0.25 mit
pacTBopa cTaHmapTHOro Bermectsa (5,60,7,8-terpadTopOeH-
300appenena) B atmianerare (1.00 mr/mi), otOupamm 1 Mo,
OTTOHSUTH OCHOBHYIO YaCTh PACTBOPHUTEIIS,, 0CTATOK HAHOCHITH
Ha OKuCh amoMuHus I1I CT. akT., CMOUEHHYIO ATHUJIALETATOM,
U DIIIOUPOBANN ITHIIAIETaTOM 10 oObeMa 5.0 mMi. DIoeHT
AQHAJIN3MPOBAIHM METOZOM T'a30BOH Xpomarorpaduu-macc-
cnexrpomerpun (I'X-MC).

Yenosus mpoBeneHns aHamm3a: xpomarorpad Agilent Tech-
nologies 6890 ¢ Macc-CIeKTPO()OTOMETPHUCCKUM JIETEKTO-
poMm 5973; xpomarorpaduyeckas KOJOHKA — KaHLISIPHAS
DB-1 J&W c BayTperHuM auamerpom 0.25 MM u ummHOU
30 M; ckopocTb raza-Hocurens (renuid) — 1.0 Mir/MuH; Temrie-
parypa Harpesarest BBozia mpoosi 250 °C; remmnieparypa Tep-
MocTaTa nporpaMmmupoBanack ot 50 10 250 °C co cKopoCThIO
25 °C/Mun; ckopocTb BBoja po0Osr 1.0 Ma/mMuH. BBo1 ipoOsI
(1 mxu1) B XpomarorpaduuecKyro KOJIOHKY OCYIIECTBIIsLIHN 0e3
JieneHust MoToka. CrierupuIHOCTE (CEIEKTHBHOCTD) OTIPEe-
JISUTH TTyTEM BBEZICHUS PACTBOPHUTEIIS C IIEIBIO TIOITBEPIUTS,
YTO HE OBUIO JIOKHBIX ITMKOB B TCUCHHE EJIEBOTO BPEMCHU
YAEPKUBAHMUS.

Xpomarorpaduuecknii Macc-CrieKTpOMETPUYECKUI aHa-
713 00pa3OB IJIsl K3MEPEHUS IIOJTHOTO HOHHOTO TOKA BBITIOJN-
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Table 1. Specimens examined

Specimen Species® Sampling site

Gas chromatography-mass spectrometry
in the taxonomy of Miscanthus

Parents

01 Miscanthus sinensis N42.702491, E130.814686 Khasan raion,
eastern outskirts of Kraskino Village, 50 m
north of highway 189
02 Natural hybrid N42.612412,E130.722623
Khasan raion, south of Mayachnoye Village,
.......................................................................... 250 m east of highway 189
03 M. sacchariflorus N43.761063, E131.454047
Ussuri city district, 2.0 km north
.......................................................................... of MonakinoVillage
04 M. sacchariflorus N44.473862, E135.950393
Dalnegorskiy city district, west
of the Ze Langou camping site,
e .1 00 M nOTEh Of highway 181
05 M. sacchariflorus N44.401283, E131.774052 Pogranichnyy
raion, south of Nesterovka Village, 300 m
.......................................................................... eastof highway 183
06 M. sacchariflorus N44.669587, E131.667229 Khasan raion,
north of Mayachnoye Village, 250 m east
.......................................................................... ofhighway 183 .
07 M. sinensis x M. sacchariflorus
08 M. sinensis x M. sacchariflorus
09 M. sinensis x M. sacchariflorus
10 M. sinensis x M. sacchariflorus
11 M. sinensis x M. sacchariflorus

Note. Specimens 01-06 were identified using morphological characters as described in (Hodkinson et al., 2016).

HSUTH KaK B PeXXMME CKaHWPOBAHUS B AMarazoHe macc 10—
800 a.e.M., Tak U B peXHUMe CEIEKTUBHOIO CKaHHPOBAHUS
noHoB. MHuekesl ynepxuanust Rl onpenensnu ¢ ucnosns-
30BaHMEM JIaHHBIX XPOMAaTOTpa(UYEecKOro aHaIn3a CMECH
TOMOJIOTMYHBIX JIMHENHBIX alkaHoB (Cy—Cs,) M paccUuThIBAIN
n3 BpeMeH BbIxoza mukoB 1o (Dool, Kratz, 1963). [Tnomanu
ITMKOB BCEX KOMITOHEHTOB PACCUHMTBHIBAIM C ITOMOUIBIO TTPO-
rpammbl Xcalibur 2.0. UneHTudUKamo KOMIOHEHTOB IIPO-
BOJIMJIN C MCTIONIb30BAHUEM BCTPOCHHOM 0a3bI MaCC-CIIEKTPOB
The NIST Mass Spectral Search Program for the NIST/EPA/
NIH Mass Spectral Library Version 2.0a, a Takxe CpaBHEHHEM
[I0JIy4€HHBIX 3HaueHui RI co 3HaueHusAMU U3 pacIIIPEHHOTO
BapuanTa Toi xe 0a3sl (https://webbook.nist.gov/chemistry/
ge-ri/).

MaccoByo JI0JII0 OIPENEIsIeMOro KOMIOHEHTa CMECH
(MKT/T 9KCTpaKTa) HAXOANIN Yepe3 COOTHOIICHHUE MIIO0IaAeH
MTUKOB CTaHAAPTHOTO U OIpEeAessieMoro BemecTs. [IpuHu-
Masoch, 4To (JaKTop OTKIMKA ISl KaKIAOTO OTAEIBHOTO CO-
€/IMHEHUSI OJJMHAKOB JUISI BCEX PACUCTOB.

B cBojike MaHHBIX HE YYMTBHIBAIM Xpomarorpaduyeckue
MTUKH, TIPUHAJUIEKAIINE BEIIECTBAM C OYEBHUIHBIM aHTPO-
MIOTEHHBIM TIPOUCXOXKACHHEM: 2,5-TH-TpeT-0yTHiI-p-0eH30-
XxuHOH (Bpemsi yaepxusanus RT 9.398 mun); 3-tper-0Oy-
tun-4-rugapokcuaran3on (RT 9.765 muH), H-mOogeTIMIAKPH-
nar (RT = 10.396 mun), mudytundranar (RT 11.517 mun),
ouc(2-srunrexcun)pymapar (RT 13.044 mun), nu-(2-otui-
rexcwn)dranar (15.972 mun).

MuorohakTopHbIi aHaIM3 OBUT BBIMIOJIHEH B MPOrpamMMe
Past 3, Bepcus 3.25 (Hammer et al., 2001). JIHK muckan-
Tyca OblJIa 3KCTPAarnpoBaHa U3 CBEKHX JIMOO0 CyXUX JINCTHEB
MHUCKaHTyCca B COOTBETCTBHHM C METOJMKOH, OMMCAHHOW B

crarbe (Shekhovtsov et al., 2012). [{ns ammudurkanmy ma-
crunHoro reHa tRNA-Leu(UAA) u GpraHKHPYOMIUX MOCTIe-
JIOBATENbHOCTEH HCIoNb30Bann mpaiMepsl Misc-Leu-Fw
(5'-TGGAA-GCTGT-TCTAA-CGAAT-C-3") u Misc-Leu-Rv
(5"-AATGG-GACTC-TCTCT-TTATC-CTC-3"). B coctas pe-
axuuu xoaumi: 60 MM Tris-HCI (pH 8.5), 1.5 MM MgCl,,
25 MM KCl, 10 MM 2-mepkanrrostanon, 0.1 % Tpuron X-100,
0.7 MM nipaiimepos, 1 ex. nonmumepassl TaqSE («Cuo2H3uM»,
Hoocubupck). Peaknuto ITLP nmpoBogmmu co cremyrommm
npoduinem peakunu: 3 MuH npu 94 °C; 35 HUKIOB, BKIIO-
garommx 15 ¢ pu 94 °C, 15 ¢ ipu 54 °C u 25 ¢ npu 72 °C,
(hrHANTBHBINA TTUKIT cuHTE3a — 5 MuH 1pH 72 °C. CexkBeHUpO-
Banue JIHK npoBonuim B MeXHHCTUTYTCKOM LEHTPE CEK-
BeHupoBanus CO PAH.

Pe3ynbratbl

CornacHo ananmuzy I'’X-MC (puc. 1), B akctpakrax 11 00-
pasnoB MHCKaHTyca Obuto oOHapykeHO 152 coenmHeHwHS,
13 KOTOPBIX MIACHTU(GHUIHMPOBAHO 143, mpeacTaBIeHHBIX B
[punoxernun!. Y3 9TuX coenMHEHN B COOTBETCTBHH C MX
XHUMHYECKUM CTPOCHNEM OBUIN BBIISJICHBI TPYIIIBI aTKAHOB
(20 coequueHwit), skupHBIX KUCIOT (34), penonos (13), crepo-
108 (18), Tokodeponos (8), Hopreprienon 108 (12) u hurosoB
(13) B7MecTe ¢ X MPON3BOTHBIMH.

CozeprkaHne alKaHOB B DKCTPAKTax U3 00pa31oB JINCTHEB
MUCKaHTyca ObU10 B nanasone 2.40-18.55 %, npuyem max-
CHMaJIbHBIC 3HAYCHUS ObUIH XapaKTePHbI U1l THOPHUIOB MHC-
kanTyca. Cpesn aJIkaHOB B OKCTPAKTaX M3 JINCTHEB JajIbHe-
BOCTOYHBIX 00pa3loB HauOoJbllee cojepkaHie Halona-

1 Mpunoxexne cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx24.pdf
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Fig. 1. Chromatograms of Miscanthus extracts: a — specimen 01, M. sinensis; b — specimen 04, M. sacchariflorus; ¢ — specimen 09,

M. sinensis x M. sacchariflorus.

JoCh y remnTako3aHa (kpome obpasna 01), B To BpeMs Kak y
THOPUIOB JUIEPOM OBbUT HOHAKO3aH.

B rpy1ire KupHBIX KUCIIOT U X ITPOM3BOIHBIX 0XKUIAEMO
JOMUHHPOBAJIN KHCIIOTHI C YeTHBIM KOJIMYECTBOM aTOMOB YT~
nepona u ux 3¢upsl. [TanemurnHOoBast (C16:0) u auHONEBas
(C16:219,12) kucaoTsl 001812711 HAMOOJIBITUM COIECPIKAHH-
€M CpEear KHCIIOT, OTHAKO SKCTPAKTHI U3 JINCThEB M. sinensis
(o6pasmer 01 u 02) comepxanu ux B Komudectse 7.74-9.95 u
5.13-5.96 % cOOTBETCTBEHHO, TOIIA KaK COJAEPKAHUE ITHX
KUCJIOT B OCTaJIbHBIX 00pa3lax ObUIO CYIIECTBEHHO BBILIE:
11.20-15.49 %.

deHoubl ke, HAIPOTUB, UMEJIN MAaKCHMAIIbHOE COoflepkKa-
Hue B oopasnax 01 m 02 — 11.78 u 16.20 % cooTBETCTBEHHO,
TOTa KaK MX CyMMapHOE CO/IepXKaHUE B MPOYMX 00pas3max
He npesbimano 7.54 %, a HaMMEHBIINMHU KOHLEHTPAIUsIMU
XapakTepu3oBanuch rudpuasl (He 6omnee 4.19 %). 13 deno-
JIOB HanOOIbIINE KOHIIEHTPAUU OBLIM 3apEruCTPUPOBAHbI
y 2-TUApPOKCU-5-MeTrnaneTo)eHoHa, paHee 00HAPYKSCHHOM
TOJBKO B Tabake u kode (Buckingham, 1996).

CxomHoe, HO Oolee CITIaKEeHHOE PacIpesielieHHe Xapak-
TEpHO Uit (PUTOCTEPONbHOU (PaKLMK, B KOTOPOM BIIOJIHE
0)KU/IaeMO TIPEBATUPOBAIIH B-CHTOCTEPOII, CTUIMAcTepoll U
kamrectepout (Winkler-Moser, 2012). IToBepXxHOCTHBIH aHa-

JIM3 HE BBIABIAET KaKUX-JIMOO 3aKOHOMEPHOCTEH B pacrpe-
JICTICHNH 9THX COCANHEHUH.

[IpeacraBuTeny rpynibl HOPTEPIEHONUIOB, YACTO OTIPEe-
JISTIOIINX apOMaT PacTEHHH, OTKPBITHI B SKCTPAKTAX N3 INCTHEB
MHCKaHTyca B OTHOCHTEIBHO HEOOIBIIOM KOJMUECTBE, MPHU-
4eM HauOOJIBIIMM CONIEPIKaHIEM OTMEUCHBI 00pa3IIbl IKCTPaK-
ToB U3 M. sinensis (3.54-5.54 %), a HAUMEHBIIIUM — SKCTPAKTHI
n3 uctbeB ruopunos (0.75-1.24 %). OTHEceHue MUKOB H30-
MEpOB MCFaCTHFManMeH-3-OHa BBIITOJIHEHO B COOTBCTCTBUU
¢ manHbIME paboTs! (Osorio et al., 2003).

[TpumMepHO OAMHAKOBBIM COJACP)KAHUEM B IKCTPAKTAX Xa-
PaKTepU3yIOTCs IMKU TOKO(hepostoB. MakcMMallbHasl KOHLICH-
Tpatust y ButamuHa E: 1.99-2.59 %. TlogoOnast kapTuHa y
MIPOMU3BOJHBIX (DPUTOJIA, TPUIEM CaMble XapaKTEPUCTHIECKHUE
COCIMHCHUS B JaHHOH rpyre — 310 cam ¢purod (1.58—4.45 %)
W TIPOAYKT €ro neruaparanuu HeoputamweH. [locnennuit
MMeeT BeIpaxeHHy10 oonmacts HU3KHX (1.09-2.30 % st axc-
TPaKTOB W3 JINCThEB TMOPHUIOB) U BBICOKHX (4.72-6.62 %
JUTS OKCTPAKTOB U3 MUCTheB M. sachariflorus) 3nauenmii. 13
HEKJIaCCU(HUIMPOBAaHHBIX coeanHeHui (cM. [Ipunoxenne,
«IIpoumne») obpaiaer Ha ceOsi BHUMaHUE HaJIU4YHe B JKC-
TPaKTax JIMCThEB AaTbHEBOCTOYHBIX BUIOB MUCKAaHTYCa a30T-
COZIEpIKAIMX TPOTYKTOB B3aWMOJACHCTBUS ali(aTHICCKUX
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anpaeruoB C3 u C4 ¢ anudarnueckumu amuHamu. [1omo0-
HBIE COSIMHEeHNUS B DKCTPAKTaX M3 JINCTHEB THOPUIOB HE 3a-
PETHCTPHUPOBAHBI.

O6cyxpeHue

[Tpn n3yueHnn 0ObEKTOB PACTUTEIEHOTO MUPA KaK B )KUBOH
MmpUupoac, Tak U B MAJICOHTOJOTUUCCKUX OTIIOKCHUAX MPO-
(hune comep’kaHUs aTKaHOBBIX COCIWHEHUN MOXKET CHal-
JIUTh HCCJeNoBaTelNsl BaKHOM MH(popManueil. H-AJIKaHbI
CrocoOCTBYIOT THIPOGOOHBIM CBOMCTBAM JINCTOBOTO BOCKA
U CIIy’KaT 4acThIO TIEPBOTO Oapbepa 3allUThl PACTEHHS OT
BHEIIHEH CpeJIbl, criacast INCThs OT TOTEPH BOABI B PE3yJIbTaTe
ucnapenus (Jetter et al., 2000). PacTeHus npou3BOAAT PsijI
H-aJIKaHOB OOBIYHO C CHJIBHBIM IIPEBATNPOBAHIEM HEUETHOTO
YHciIa aTOMOB YIJIEPO/a Ha/T YETHBIM M OJTHOM VITH JIBYMSI J10-
MUHHUpYommmE JuinHamu nened (Eglinton, Hamilton, 1967).
Tak, mocTynupoBaHo, 4TO MpeodIalaHie B CMECH AJIKAHOB
renTprakoHTana C3 1 sBisieTcst XapakTepUCTHIHBIM JUIS TPAB,
B TO BpeMsi kKak MakcumyMmsl Juist C27 u C29 Gonee cBOiicTBEH-
HBI 1epeBbaM u Kyctapuukam (Yi Duan, Jinxian He, 2011).
[TpuMeHuTENbHO K HAIIEMY HCCIECIOBAHUIO 3TO MOJOKEHNE
BBIMOJTHACTCSI JIJ1sl THOPUAHBIX 00pa3ioB Muckanryca 07—11,
B TO BPEMS Kak B XpOMarorpaMMax 3KCTPaKTOB U3 00pa31oB
M. sacharoflorus 04-06 npeBanupyer HoHako3aH C29, a B
obpasnax 01 u 02 moucku reHTpHaKkoHTaHA HE YBEHYAIHCh
YCIIEXOM.

Eme oanH XapakTepHCTHYHBIH TaKCOHOMHYECKHH Tapa-
METp — TaK Ha3bIBACMBIH MHICKC HeueTHOCTH (carbon pre-
ference index, CPI), mpencrasnstontuii cob6oii oTHOIICHNE
coyiepyKaHMs HeYEeTHBIX TOMOJIOTOB H-aJIKaHOB K 4YeTHBIM. Kak
MIPABUJIO, B PACTEHUSAX COJEPKaHUE HEUETHBIX aJIKaHOB, 00-
Pas3yIOMmUXCs ITIaBHBIM 00pa3oM IMPH METAOOIMIECKOM JIeKap-
OOKCHIIMPOBaHNY OOJIeE PACTIPOCTPAHEHHBIX KUPHBIX KUCIIOT
C YETHBIM YHCIIOM aTOMOB YIJIEpO/ia, €CTECTBEHHBIM 00pa3oM
JIOJKHO TIPEBAJIMPOBATh HAJl COZIEP’KaHUEM aJIKAHOB C YETHBIM
YHCIIOM aTOMOB. JIeHCTBUTEIFHO, pacCUNTaHHbBIC 3HAYCHUS
CPI o1 ankaHOBBIX KOMIOHEHTOB SKCTPAKIIMOHHBIX CMeCer
nexand B quanaszone 1.55-7.18, mpudaeM 3KCTPaKThI U3 JH-
CTHEB JJAJIbHEBOCTOUYHBIX 00pa3II0B XapaKTepPH30BaINCh 3Ha-
YEHHUSIMU HU)KHEW MOJIOBUHBI ATOTO Auanaszona (1.55-2.74),
TOTa KaK 3KCTPAKThI U3 JINCTHEB THOPHUIOB — 3HAYCHUAMHU
BepxHeil mooBuHE (5.78—7.18).

bou1o nosje3Hbim CpaBHUTH HAllM PE3YJIbTAaTbl C JaHHBLI-
MM, TIOJy9IEeHHBIMH B CXOIHBIX MCCIIEIOBAaHMAX. | a3-Xxpoma-
TorpaduuecKnii aHAIN3 DKCTPAKTOB JIUCThEB M. sinensis
BriepBbie ObL1 BhimosiHeH G. V. Weilmann u W. Lange (1991).
XO0Ts aBTOPBI HE TIPUBENN YHUCIICHHBIX 3HAUYCHU COZepKaHNs
AJIKaHOB, OHU OTMETHJIM, YTO B 3KCTPAKTAX MPEBATHPOBAII
MEHTAKO3aH, TeNTaKo3aH U HaHOKo3aH. B padore (Villaverde
et al., 2009) npu onmcaHUM cocTaBa SKCTPAKTOB U3 cTeOnei
W BIIATaJIMIIHBIX JTUCThEB M. X giganteus cpenu 63 uneHrudu-
IUPOBAHHBIX COC[[I/IHCHI/Iﬁ AJIKaHbl HE YIIOMHWHAIOTC BOBCE.

Amnamm3 MeTooM TaBHBIX koMnoHeHT (PCA) 6511 paccun-
TaH MyTeM HopManu3anuu 142 nepeMeHHBIX Ha OCHOBe 142
l/IZleHTI/l(bl/IL[I/IpOBaHHbIX BCHICCTB MO €BKJIMIOBBIM pacCTOsA-
HUSIM U CpPEeHEH CBS3M OCHOBHBIX KOMIIOHEHTOB II€PBOTO
nepesa (puc. 2). CoBOKyMHast JUCHEPCHS TIEPBBIX JIBYX KOM-
MIOHEHTOB cocTaBnseT 75.77 %. DTOT aHAIN3 TO3BOJISAET BbI-
SIBUTh TPH OTUCTIIMBO Pa3/IEJICHHBIX KJIacTepa, 00beINHSIIO-
mmx o0pasiel M. sinensis, M. sachariflorus u ux ruOpuIoB,

Gas chromatography-mass spectrometry
in the taxonomy of Miscanthus
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Fig. 2. Principal component analysis of extracts from 11 miscanthus
specimens, based on PC1 and PC2 scores.

Table 2. Variable positions in the alignment
of Miscanthus plastid sequences

Specimen P Species

npudeM OOJbIIas MIomanb Kiactepa, IpHUHAIIEKAIIETO
M. sachariflorus, 00bsCHsIETCS OOJIBILIMM PACCTOSTHUEM MEXKIY
TOYKamMH cO6opa 00pasloB W, COOTBETCTBEHHO, MPHHAICK-
HOCTBIO K Pa3HBIM MOMYISIIMSAM U PA3IMYHBIMHU YCIOBHIMHU
ux npouspactanus. CiaeayeT OTMETUTh, UTO apeallbl pacipo-
cTpanenust M. sinensis u M. sachariflorus nepecekatorcs u,
BIIOJIHE €CTECTBEHHO, MOYKET IPON30MTH MEXBHI0Basi THOPH-
qu3anusi. OnHako obpaser 01, oTHeceHHBIH 10 MOpdooru-
YECKMM IPU3HAKaM K THOPUIHOMY, 0 XeMOTAKCOHOMMYE-
CKHM IapaMeTpaM TECHO KJIaCTepU3yeTcs BMecTe ¢ M. sinen-
SIS, 9TO IaeT OCHOBAHMSI MIPEIIOararh UX OOILYIO TIPHPOJLY.

[IpencTaBisiio HHTEPEC CPABHUTD PE3YIBTAThI, MONTYUCH-
HBIE TIPU UCIOIb30BaHUM PA3INYHBIX METOJOB BUA0OIPEE-
neHus. MoneKyaspHO-TeHETHUECKHE MOAXOABI CUUTAIOTCS
OIJHNMHM M3 Han0OoJee HaAeKHbIX U JOCTOBEPHBIX. MBI 1OITy-
YIJIM MOCIIEA0BATEILHOCTH (pparMeHTa IIacTUAHOTO TeHO-
Ma JJIs ACBATH U3 OJMHHAIATH HCCICJOBAaHHBIX 00pa3IOB.
W3 tabn. 2 cremyet, 9To ABa 0Opas3iia MMEIOT TallIOTHII, TH-
MAYHEIA Ju1s M. sinensis, 11€CTh — TUIIMYHBIN 17151 M. saccha-
riflorus v onUH — PEIKUU TAIUIOTHII, BCTPEUAIOIIUICS Y
eIMHUYHBIX 00pa3noB M. sinensis, a Taxxe M. capensis. llpn
MHTEPIIPETANH PE3yIbTaTOB HEOOXOIMMO TOMHHUTb, YTO Xa-
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H.M. CnbiHbKo, H.B. BypmakunHa, O.M. Mouenyes ...
C.B. WexoBuos, C.E. MenbTek, B.K. LymHbIn

PaKTEP MIaCTUAHBIX HOCHG[{OBaTe,HI:HOCTe;I Fl/I6pI/IILOB YKa3bI-
BaeT Ha BUIOBYIO IPUHAIICKHOCTH MATEPHHCKOTO PACTCHUSL.

WuTtepriperannsi COBOKYIMHOCTH PE3yJIbTaTOB HE JaeT 3a-
BeplIeHHo# kapTuHbl. OnucanHoe B padore (Hodkinson et
al., 2016) oraecenne obpasnoB 03—06 x M. sacchariflorus
110 MOP(OIOTMYECKUM TPU3HAKAM, ITOATBEPKICHHOE XEMO-
TAKCOHOMUYECKUM aHAJIN30M; 00 3TOM K€ CBUETEIILCTBYIOT
PE3yNBTaThl, IOIY4YEeHHBIE MOJIEKYIIIPHO-TEHETHYECKUM Me-
TOZIOM. AHAJIOTUYHO TTOCIIEJTHUM METOZOM MO/ITBEPIK/ICHA BH-
JIOBast PUPO/ia MATEPUHCKUX PACTEHUH, UCTIOJIb30BaHHbBIX JIJIS
cunresa ruopuros 07-09. B o6pasime 10 BumoBoe oTHECEHHE
MaTepUHCKOTO PAaCTeHUsI K M. sinensis He BBIISLTUT OIHO3HAY-
HbIM. OTHecenue obpasna 01 k M. sinensis, BBITOTHEHHOE 110
XEMOTAKCOHOMHYECKHUM IPH3HAKAM, Pe3yJITaTaMH, 0Ty 4eH-
HBIMH MOJICKYJISIPHO-TEHETHYECKUM METOZOM, HE TIO/ITBEPIK-
naercst. [yt 0ObsICHEHHsI BCEX UMEIOIINXCS TIPOTHBOPEYHH,
CBSI3aHHBIX C yCTAaHOBJIEHUEM BHOBOH pupoabt obpasma 01,
MO>KHO TIPEITONIOKUTb, YTO 3TO PACTCHHUE SIBIISICTCS IPUPOJI-
HBIM THOPHIOM Pa3JINYHBIX BUIOB MUCKAHTYCa, 0013 Jaf0IIHM
XEMOTaKCOHOMUYECKHUM MPO(UIIEM, OTIINYHBIM OT TAKOBBIX Y
MCKYCCTBCHHBIX THOPH/IOB.

3aknioyeHune

XeMOTaKCOHOMUYECKHUH aHAIU3 ¢ UCIONb30BaHUEM METOAA
I'’X-MC B COBOKYITHOCTH C JaHHBIMH, TOJTyY€HHBIMH APYTH-
MH METO/IaMH, MOXET OKa3aTbCs 3(P(EeKTHBHBIM JOTMOIHU-
TEJbHBIM WHCTPYMEHTOM B TaKCOHOMHMYECKOM OTHECCHUH
pa3nnuHbIX Mopdosornueckux GopM MHCKaHTyca K BUILY
M. sinensis v M. sachariflorus. OTi TaHHBIC UMEIOT TaKXKe
MPUKIIQHOE 3HAYCHUE, TOCKONBKY BUABI M. sachariflorus n
M. sinensis UCIOJIBb3YIOTCS [UIsl CO3AaHUS ITPOMBIIITIEHHBIX
ruopunoB Miscanthus x giganteus. I3y4eHne XxeMOTaKCOHO-
MHUYECKHX XapaKTEPUCTUK THOPUIOB ITO3BOJIUT Pa3padboTaTh
«XUMHUYECKHE MacTopTa» TEXHOJOTMYECKU MEePCHEeKTUBHBIX
COPTOB MHCKaHTYCa.
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