ARNA

N

AN

»

TPYAbl CAHKT-TNETEPBYPICKOTO
HAYYHO-MCCAEAOBATEABCKOIO
MHCTUTYTA AECHOTO XO3AMCTBA

www,journal.spb-niilh.ru
ISSN 2079-6080

DOI110.21178/2079-6080.2023.1.4
YK 630.174.755:575.17:582.475:630.425

N3ydyenune npoduien merwnuposanus JJHK
€JIU €EBPOIENCKON B 30HE TEXHOT'€HHOI'O
3arpasuenud merogamu MS-ISSR u MS-PCR
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The study of DNA methylation profiles of Norway spruce in the zone of technogenic pollution by
MS-ISSR and MS-PCR methods

D.S. Karzhaev, A.I. Baranova, G.V. Kalko (Saint Petersburg State Forest Technical University;
Saint Petersburg Forestry Research Institute)

In recent decades, the world community has been making efforts to reduce the level of man-made
emissions. The most dangerous pollutants are heavy metals (HM), which are contained in the
emissions of most industries. HM have a cumulative effect and are practically not removed from
ecosystems. The aim of the study was to investigate the profiles of DNA methylation in selected
genes (sequences) in spruces growing on contaminated and control plots. The plots were located
along the same azimuth, taking into account the wind rose, at different distances from

from the metallurgical enterprise in Gatchina, Leningrad Region, and characterized by
the content of metals Pb, Cu, Cd, Fe, Ni, Cr, Mn, and Zn and ratios of biophilic and toxic
metals in the needles of spruces. DNA from needle samples was isolated by the CTAB method.
Methylation was studied by MS-ISSR and MS-PCR methods based on the ability of Msp I and
Hpa 11 endonucleases to recognize the same restriction site: 5’-CCGG. The enzymes differ in
their sensitivity to methylation of this site. Detection of genomic DNA restriction results was
performed using monomorphic ISSR primers, primers to the fragment of PaLLAR3 gene promoter
and to the predicted with the TSSP and TSSPlant programs promoters of three genes. PaLAR3
gene is encoding the leukoanthocyanidin reductase enzyme. It is also involved in the mechanisms
of resistance against the fungus Heterobasidion parviporum in Picea abies. It was shown that
PalLAR3 can be considered as a candidate gene for studying the methylation profiles in spruce
from contaminated and control plots in natural forest.

Key words: Norway spruce, DNA methylation profiles, restriction, Msp I, Hpa 11, ISSR, heavy
metal, promoter, TSSP, TSSPlant
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N3yuenne npoduneii metusmposanusa JJTHK enu eBponeiickoii B 30He TEXHOT€HHOTO 3arpsi3HEHHs
meroaamu MS-ISSR u MS-PCR

J.C. Kapxkaes, A.W. bapanosa, I'.B. Kaabsko

B nocnenHue necsiTuiaeTuss MUpOBOE COOOIIECTBO MPUJIAraeT YCUJIMS ISl CHUXKEHUST YPOBHSI
TEXHOTEHHBIX BIOpOCcOB. HauboJee oracHbIMU 3arpsI3HUTESIMU SIBJSIIOTCS TSKEble METaLb,
KOTOpBIE COfepKaTCs B BHIOpOcax OOJIBIIMHCTBA OTpaciieil MpoMblilieHHOCTUH. OHU 001a1atoT
KyMYJSITUBHBIM 2(D(HEKTOM U MPAKTUYECKN HE BBIBOISTCS U3 9KOCUCTEM, OKa3blBasl BIUSIHUE
Ha COCTaB COOOIIECTB, TEHETUUYECKOE Pa3HOOOPa3Me BUIOB U MPOSIBIISISI IMTOTOKCUYECKOE J1eii-
CTBUE. DMUTCHETUYECKUE PeaKIu JIECOO0Pa3yIOIIEero BUIa €11 eBPOIEIICKOIi Ha 3arpsi3HEHNE
TSOKEJIBIMA MeTaJIaMU MCCJIeTOBaHbI B HEAOCTATOYHOM cTereHu. Lleapio HacTosieit paboThl
obuT10 M3yyeHue npoduieit metunupoBanus JJHK B oro6paHHBIX TeHax (ImocjieaoBaTesbHO-
CTSIX) Y eJieid, pacTyIIMX Ha 3arpsi3HEHHBIX U KOHTPOJIbHBIX Tepputopusx. [IpoOHbIe ruiomanu
OBLIM PACITOJIOXKEHBI IO OMHOMY a3UMYTY C YU€TOM PO3bI BETPOB, HA pa3HOM PACCTOSTHUM OT
MeTaJLTypruueckoro npeanpusitvs B I. [aTunHe JIeHMHTpaackoi ooacTu. 3arpsi3HEHHOCTb Ha-
CaXXIEHUI1 OIBITHBIX YYaCTKOB OXapaKTepu30BaHa I1o coaepxxaHuto metauioB Pb, Cu, Cd, Fe,
Ni, Cr, Mn 1 Zn ¥ OTHOILLIEHUSIM OMO(PUIBLHBIX M TOKCUYHBIX MeTajuioB B XBoe eneit. JIHK u3
xBou BbiAesn kiaaccuyeckum metogom CTAB (cetyl trimethyl ammonium bromid) ¢ Mmonugu-
Kauusamu. MetunupoBaHue nsydanu merogamMu MS-ISSR u MS-PCR, ocHOBaHHBIMU Ha CIO-
cobHocTu aHmoHykiea3 Msp I u Hpa 11 y3HaBaTh oquH u TOT Xe caiit pectpukunu: 5’-CCGG.
ITpu 3TOM hbepMEHTHI OTIUYAIOTCS TIO YYBCTBUTEILHOCTH K METUJIMPOBAHUIO 3TOTO caiiTa. [e-
TEKLIMIO Pe3yJIbTaTOB pecTpuKiMy reHoMHo# JIHK nmpoBoauau ¢ ucrnonb3oBaHHEM MOHOMOP-
¢HbIx ISSR-mipaiimepoB, mpaiiMepoB K (dparMeHTy nmpomoTtopa reHa PalAR3, Kkonupyooiero
(bepmeHT JieliKoaHTOLIMaHUANH-PEAYKTa3y, U TPOMOTOPOB T€HOB, MPEACKA3aHHBIX C TOMOIIILIO
nporpamMm TSSP u TSSPlant. Hamu nokazaHo, yto nipomotop reHa PalAR3, Konupyoliiero
(bepMeHT JelikoaHTOUMAHUINH-PEeIYKTa3y U BOBJAEYEHHOTO B MEXaHU3MBbI YCTOMUMBOCTU K
rpudy Heterobasidion parviporum, MOXHO paccCMaTpuBaTh KaK T€H-KaHIUIAT U1 UCCAEN0BAHUS
peakluit eJld eBPOIeCcKOoil Ha 3arpsi3HeHUe TSDKEIbIMU METaJIaMU, B YACTHOCTHU JIJISI U3yve-
HUsl poduiell MeTUIUPOBAaHUS Y eJlell U3 3arpsSI3HEHHBIX U KOHTPOJIbHBIX HAaCaXKIeHUI.

KmioueBbie cioBa: enb eBporneiickas, nmpoduin Metuaupoanus JHK, pectpukuus, Msp I,
Hpa 11, ISSR, Ts3xenbie MeTamibl, mpomoTop, TSSP, TSSPlant
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BBenenne

B Hacrosiiee BpeMs MOJ 3MUTCHETUKON
MMOHUMAIOT MUTOTMYECKM WU MEUOTUYEeCKHU
HacjelyeMble U3MEHEHUsI B (YHKIIUM TEHOB,
KOTOpbIE MPOUCXOMIT 06€3 U3MEHEHUSsI MOCIIe0-
BateabHOocTH [JHK.

MexaHU3MaMM 3TUTEHETUYECKOM peryJisi-
LIMM 3KCITPECCUU TeHOB CUMTAIOT METUJIMPOBa-
nue JIHK [16, 26, 35] 1 pasnuuHbie XUMUYECKUE
MoaubuKauuyu TMcToHoB, [17, 25, 27, 30]. Op-
ranuzanuss JHK B xpoMaTuH, cocTosinuii U3
JHK m rucToHOB, peryampyeT 3KCIPECCUI0 U
MojJiepXaHue, COXpaHEHUE M HCIOJIb30BaHUE
(peruiMkanuus, penapaiusi, peKoMmOouHalusi, ce-
rperaius) reHeTU4eCKoi nH(pOopMaIInu.

M3BecTHO, UYTO CyIIECTBYET B3aMMOIEHCTBUE
MEXIy MOIU(PUKALIMSIMUA THCTOHOB U METUJIMPO-
BanueMm JIHK [44]. B anureHeTnuyeckoil peryss-
LIUM 9KCTPECCUU TEHOB YYaCTBYET TPETUIA KOMITO-
HeHT — MaJibie PHK (sRNAs), KoTopble ripeacTaB-
JISIIOT COOOM TPYIIIY HEOOJBIIMX HEKOAUPYIOLINX
PHK, BBISIBJIEHHBIX U Y PACTEHUIA, U Y XKUBOTHBIX.
HoxkazaHo Hamuue Majibix 1 MUKpo (mMiRNA) pu-
OOHYKJIEMHOBBIX KUCTIOT [28, 29, 34, 36].

MetunupoBanue JIHK HeceT reHeTMueckue
CUTHAJIbI M MOXET MepeJaBaThCsl OCAeAYIOIIUM
MOKOJIEHUsIM, 4YTO CIHOCOOCTBYET 3BOJIOLUU
opranuzmoB. Manbsle PHK, npeacrasisioiiye
coboit 18—24 pmOOHYKICOTHIHBIC TTOCEI0BA-
TEJbHOCTHU, SBJISIOTCS MenuaropaMyd MeTUJIv-
poBanug JHK, a taxke momuanusa reHoB [28].
Mansie PHK B HacTosmiee BpeMs pa3aenstioT Ha
miRNA n siRNA (manbie mHTepdepupyoimne
PHK). UccnenoBanus mokaszanu, yto miRNAs
pearMpyioT Ha CTPEecChl OKpYXKalollel cpembl
OrpeJeIeHHbIM 00pa30oM, 3aBUCSIIIIUM OT Xapak-
Tepa cTpecca, TKAHW U TeHOTUIIA pacTeHus (W
JKUBOTHOTO). Bo BpemMs abnoTuyeckoro crpecca
mukpoPHK ¢yHKIIMOHUpPYIOT, perynupys re-
HbI-MUILIEHU Y KOHTPOJIUPYSI CUTHAJIbHBIC MYTH.
W uHayuupoBaHHbIE, 1 MHTUOUpYEMbIE CTpec-
com MukpoPHK nipencrapisitor co6oit KOHTpO-
JIUPYIOIIME MOJIEKYJIbI [IJISI TOHKOW HAacTpOWKHU
MO3UTUBHBIX UJIM HETATUBHbBIX PETYJISITOPOB pa3-
JIMYHBIX META0OJUTHBIX MyTeH, yUacTBYIOLINX B
peaklMu pacTeHUi Ha BO3AECHCTBUE OKpYXKalo-
meii cpenbl [36]. K. Brautigam u Q. Cronk no-
naraiot, uto Mmetuanpoanue JJHK 3akpenumocs
B DBOJIIOLIMM PACTEHUIA, MMes TIepBOHAYATbHYIO
¢bynkuuio nonasneHust Tpancro3oHoB (TE), To
€CTh MHTMOMPOBAHUS TPAHCISIIIUM YY>KEPOTHOM

JHK. B ganpHeiiiieM MeTWIMpOBaHUE MPUOO-
peiio GYHKUNU «peryIsiii CBOMX I€HOB» KaK B
(beHOTUIMYECKON MJIACTUYHOCTH, TaK U B HOP-
MaJIbHOM pa3BUTUM opraHusma [20].

MetunupoBanue JHK y pacTteHuit u xu-
BOTHBIX  OCYUIECTBJISIETCS ~ LIUTO3MHOBBIMU
JAHK-metuntpanchepazamMu 1 TpUBOAUT K 00-
pa30BaHUIO OCTAaTKOB S-meTuianuTo3nHa (mS5C)
B nocienoBateabHOCTIX CG, CNG u CNN.
DTOT Mpolecc MOXET CIYXKWUTb CUTHAJIOM Kak
MO3UTUBHOTO, TaK U HETAaTUBHOTO KOHTPOJS 3a
aKTUBHOCTHIO TeHOB. MeTunupoBanue JJHK sB-
JIIeTcsl crocoOOM Mepefauyu dMUTeHeTUYecKoi
nHMopMaLMy Mexay rmokoneHusimu |1, 35].

Takum o6pazom, MetwnupoBaHue [IHK
CUUTAIOT KJIIOYEBBIM MEXaHW3MOM, PEryJaupy-
IOIIMM 3MOpPUOHAJIbHOE pa3BUTHE, TPAHCKPUII-
LIMIO TeHOB, CTPYKTYPHYIO OpraHu3alio XxpoMa-
THHA, XPOMOCOMHYIO CTAOMIbHOCTbH M TEHOMHBI
WMITPUHTUHT.

HN3menenue npoduieit MeTUIMPOBaAHUS
JAHK un3yyaroT npu BIUSHUU HAa OPTaHU3M pa3-
JIMYHBIX OMOTUYECKUX U aOMOTUUYECKUX CTpec-
COB, B TOM UMCJI€ 3arpSI3HEHUI TSKEIbIMU Me-
Tastamu (TM).

PazpabotaHo 0oJibllIoe YUCIO METO/IOB
IS MCC/eOBaHUS M3MEHEHUU B MpodUIsIX
MmetuaupoBanusa JHK mpu ngeictBum pasnuy-
HbIX (HakTOpoB. Boiblilyl0 YacTh 3TUX METOJ0B
MOKHO OTHECTU K TPeM HaIpaBICHUSIM: METUJI-
YYBCTBUTEJIbHASI PECTPUKLUS, OUCyIbhUTHAS
KOHBEpCHUsS M MMMYHoNpenunuramus [6, 15].
B 3aBucHMMOCTH OT MPUMEHSIEMOTO METO/1a, MPO-
¢ metmmpoBanug JIHK m3yyarot Ha reHOM-
HOM YPOBHE WJIM Ha YpPOBHE crielU(UUHBIX TO-
cinenoBatenbHocTeit JIHK.

Llenbro HacTosIIElH pabOTHI OBUIO M3yUEHHE
npoduieit metunupoBaHus JJHK B oToOpaHHBIX
reHax (MocjenoBaTebHOCTSX) Yy eJell, pacTy-
LIMX Ha 3aTPsSI3HEHHON M KOHTPOJIbHOI ITPOOHBIX
moniansix. OnbITHbIE OOBEKTHI ObLIM PACIoo-
JKE€Hbl Ha PA3HOM PACCTOSIHUM OT CTAllMOHAPHO-
ro UICTOYHMKA 3arpsi3HEHUI 110 OHOMY a3UMYTY
1 OXapaKTepU30BaHbI MO COAEPKAHUIO TSIXKEbIX
MetayuioB Pb, Cu, Cd, Fe, Ni, Cr, Mn u Zn [4]
U OTHOUIICHUSIM 3TUX DJIEMEHTOB (TOKCUYHBIX U
01O(UIBHBIX) B XBOE €JICHA.

Marepuajibl 1 METOABI HCCJIIOBAHUS
XBos e eBpoIeiicKoil Oblia cobpaHa ¢
B3pocibIx eneil (amamerp D . = 20,0—-46,8 cm,
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H = 16—35 M) u noapocra BbICOTOI 3—8 M Ha
Tpex ydyacTkax B [aTymHCKOM JjiecHU4ecTBe Jle-
HUHIpaackoit oonactu. I[IpoOHbIE mOLIAANU
MoJadupaIn ¢ y4eToM po3bl BeTpoB. OHU pacro-
JIOXKEHBI MO0 OHOMY a3MMYTY Ha PacCTOSIHUU 5,

12 1 31 KM OT CTallMOHAPHOTO MCTOYHMKA 3a-
IPSIBHEHUI — METAJUTypTAYECKOr0 MPEIPUSTUS
000 «Opuon-CrencruiaB-Iaranna» (r. Tatum-
Ha). KpaTtkue cBegeHUsS O MPOOHBIX TIOIIAISIX
npeacTaBieHbl B Tabaulie 1.

Tabmuua 1
XapakTepucTrka MPOOHBIX TIIOMIAJCH, HAXOAIINUXCS B 30HE JICHCTBHS MCTOUHUKA
CTaIlMOHAPHOTO 3arpsi3HeHus B ['aTunHCKOM NiecHuuecTBe JIeHUHrpaickoi odnactu
PaccrosgHue
[TpobHas VYuactkoBoe
KgBapran (Bbiaen) OT UCTOYHMKA
U101 aab JIECHUYECTBO
3arpsI3HEHUS, KM
1 Taunkoe 142 (2—7) 5
2 Bripuiikoe 18 (33—45) 12
26 (23, 24, 26, 32
3 (KOHTpPOJIb) Caynnukoe (23,24, 26, 32) 31

33 (1, 2,10, 14, 25)

OOpa3upl XBOU IS M3y4eHUST IIpodueii
metmymmpoBanusg JJHK w anammza comepzkanus
TM ObUIM OTOOpaHBI C 5 YYETHBIX JI€PEBbLEB
B3pOCJBIX eieil U 5 3K3eMIUISIPOB IIOAPOCTa Ha
Kaxaoi nmpoOHo# ruromanu. s onpeneneHus
cojiepXKaHUsI METalJIOB B XBOE OOpasllbl ObLIU
B3SIThI U3 BEPXHEI TPETU KPOHHI B COOTBETCTBUU
C OOIIETTPUHATEIMU MeTonuKamu [7, 14], ananm-
3Bl BBITIOJIHSITUCH 110 ayTcopcuHTy B DBY «Poc-
JIeco3alluTa» MO AeHCTBYIOIIMM HOPMAaTUBHBLIM
npokymeHTam (ITHJ @ 16.2.2:2.3.71-2011 [8]).

XBOIO IIJISI MOJIEKYJIIPHBIX HCCJIeOBaHUIMA
MaKCHUMaJIbHO OBICTPO MOOCTaBIIsUIM B Jlabopa-
TOPUIO, UCIMOJIB3Ysd TEPMOCYMKU W HAKOIIUTEIIN
xojona, u xpaHwim rpu —80 °C 1o Havana Te-
crupoBaHus. JIHK 13 06pa3LioB XBou €11 BbIIe-
Jstm KitaccudeckuM Metogom co CTAB ¢ moau-
dukamusamu [37]. Yucrory BeigenenHoi JHK u
ee KOHIIEHTpalWIO OMpenessyii CrekTpodoTo-
metpudecku Ha rpudope SPECTROstar Nano,
BMG Labtech GmbH (Iepmanus). B paborty
ob1u B3Thl 00Opasibl JITHK ¢ cooTHoleHueM
MOMJIOLIEHUS TIPU JJIMHAX BOJaH 260 1 280 HM
(A260/280) ot 1,7 mo 1,99.

Memodvt MS-ISSR u MS-PCR, ipuMeHeH-
Hble HaMM JUISI TEHETUYECKUX MCCIIeIOBaHMIA,
OCHOBaHBI Ha CITOCOOHOCTH 3HAOHYKJea3 Msp |
u Hpa 11 «y3HaBaTb» OIMH U TOT Xe€ CAUT pe-
crpukiun: 5’-CCGG. Ilpu s1OM (DepMeHTHI
OTJIMYAIOTCS 10 YYBCTBUTEIBHOCTU K METUIIMPO-
BaHMIO 3TOro caiita [5, 12].

Meronuka 3akiouanach B pa3pe3aHuu
reHomuaoi JHK eneit ¢ 3arpsi3HEeHHBIX M KOH-
TPOJIBHBIX TIPOOHBIX IUIOIIAAe epMeHTa-
mu Msp 1 nu Hpa 11 n nocnenyoiieM MpoBene-
aum ISSR-PCR ¢ monomopdubMU mmm TTLHP
(MS-PCR) co crnemudpuyecKkumMyd K reHaM-Mu-
LLIEHSIM TTpaliMepamu.

Pectpukimio 3 Mk reHomuoi JIHK (oko-
J10 300 Hr) mpoBOAMIN B 001IeM o0beMe 15 MKII,
conepxarem 10,25 mxit H 0, 1,5 mxa 10x Oyde-
pa Bu 0,25 mxut (1 exn.) pectpukrassl (Msp | unn
Hpa 11). UnkyOGupoBaHue OCYILIECTBIISIIIN B TeUe-
nue 3unipu 37 °C. lns ISSR-ananun3za peakiimoH-
HasicMecboObeMOM 1 SMKIIcoaepKana I XToToBy1O
cmech s [P qPCRmix-HS ¢upmbr EBporex
(Poccus), 0,5 MxM mnpaiiMepa, OnHY €OUHUILY
Taq JHK-monmMepasbl 1 2 MKJI MHKYOMpPOBaH-
HOM PEeCTPUKIMOHHOM cMecHu ¢ (parMeHTamu
JHK, pa3spe3aHHbIMU OJHON W3 PEeCTPUKTA3-
n3omu3zomepoB. [TLP-peakunio mpoBoauan B
ciaenytoiiemM pexume: 5 muH npu 95 °C, 39 un-
k710B (30 — ¢ 95 °C, 45 — ¢ Ta °C (TemmnepaTypbl
orxura (Ta °C) mepeuuciieHbl B Tabnuie 4) u
1 mun nipn 72 °C), 3aKJIIOYWTENBHBIN 3Tam —
10 mun nipu 72 °C nepen oxJaXAeHUEM IPO-
o061 1o 4 °C. AMmumdunpoBaHHbIe (parMeH-
tel IHK pasgensim B 1,5 %-HoMm arapo3HoM
rene, comepxauieMm 1x TBE (45 MM Tpuc-6opar
+ 1 MM DTA) u 0,5 Mr/n atunuyM OpoMuaa.

Boioop eenos-muuteneii u paspabomka npai-
Mepos OCHOBBIBAIMCH Ha TIPEIIOJIOXKEHUU, UTO
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HauboJjiee TepCIrieKTUBHA OllEHKAa METWIMPOBa-
HUS B TPOMOTOpPaX TeHOB Y IEPEBbEB, PACTYIINX B
KOHTPACTHBIX IT0 YPOBHIO 3arpsSi3HEHUSI YCIOBUSIX.

Wzyyanm wmetwinpoBaHue B (parMeHTe
MpoOMOTOpa aHHOTUpOBaHHOTO TeHa PalAR3.
Kpowme Toro, B cBs13u cO ¢J1ab0il M3y4eHHOCThIO
T€HOMAa €JIM €BPONEWCKOW U OTCYTCTBUEM MH-
(opmaruu 00 aHHOTHPOBAHHBIX T€HAX, BOBJIE-
YEHHBIX B CTPECCOBBLI OTBET Ha 3arpsi3HEHUE
TM, cpenana momnbITKa Ipeacka3aTh IPOMOTOPBI
T€HOB, B cocTaB KOTOpbIX BxoasaT EST-SSR-mo-
KYChI, IIMPOKO HCIOJb3yeMbIe B IOIMYJISILIMOH-
HO-T€HETUYECKUX MCCIEAOBAaHUSIX BUIOB €U U

KOIMPYIOIIMX OenKu (MpearojaraeMble IIyTa-
PEIOKCHH, peMOpMH, oKcumopemykrasa [40]),
KOTOpbIE MOT'YT Y4acTBOBAaTh B METAOOIMUYECKUX
MyTSX, CBI3aHHbIX ¢ TM.

B ©0a3e naHHBIX TMOJTHOTEHOMHOIO CEKBE-
HupoBaHust (WGS) Picea abies Obl1n HaliIeHbI
IJIMHHBIC TIOCJIeI0BATEIbHOCTU (KOHTUTH), CO-
Jiepxaiiie BbIOpaHHbIE HAaMM MUKPOCATETUT-
HbIE JIOKYCHI (Taba. 2). Konturu oroupanu mis
HCTIOJIb30BAaHMSI MPU BbIPABHUBAHUU TOC/ENO0-
BaTeJIbHOCTEW 10 HOMepaM jaoctyma (Accession
Nno), onmyO0JIMKOBAaHHBIM aBTOpaMU MUKpOCaTes-
JIMTHBIX JIOKYCOB [24, 40].

Tabnuma 2

benku, Hanbomnee OM3KKUE MPOTEMHAM, KOAUPYEMBIM T'€HAMU
€ITU C PSIIOM MUKPOCATEIUTHUTHBIX JIOKYCOB

Tokye MoTue Howmep jloctyna HaubGonee cxonHsiii 6enok (blastx),
(Accession no) CChITKA Ha MCTOYHUK

WS0023.B03 (AT)10 CN480900 NP_.179617 — putative glutaredoxin (Arabidopsis
thaliana) [40]

WS0073. (AT)14 CN480903 AAD?28506 — remorin 1 (Lycopersicon esculentum)

HO08 [40]
AAA56991 — formerly called HAT?24;

W30092.A19 (AC)? CN430838 synaptobrevin-related protein (A. thaliana) [40]
NP_192787 — oxidoreductase, 20G-Fe(II)

WS0092.M15  (TCC)6 CN430889 oxygenase family (4. thaliana) [40]

Pa 28 (TCG)n GT887962 gi|134141945 — defensin (Pinus sylvestris) [24]
gi|15223482 HAP5B (Heme activator protein

Pa_47 (CAG)n AM172144 (yeast) homolog 5B); DNA binding / transcription

factor (A. thaliana) [24]

s moucka nMpoMOTOPOB B KOHTHUTax, Mo-
JIYYEHHBIX U3 0a3bl JAHHBIX MOJHOTEHOMHOTO
cexkBeHupoBanus (WGS) P. abies u cogepxaiimx
LIeJIeBble MUKPOCATEIJIUTHBIC JIOKYChI, UCITOJIb-
3oBau nporpamMmbl TSSP [42] u TSSPlant [43],
JIOCTyMHBIE Ha caiite http://www.softberry.com/.

B pabGoty ObUIM B3SITHI TOJBKO TOCJEIOBA-
TEJbHOCTHU, BBIPOBHEHHbBIE MO CMBICJIOBBIM HU-
tam JIHK (+/+) ¢c pparMeHTamu, cofepxaliuMu
JIOKYChl MMKpPOCATeUTUTOB. M3 TomoOpaHHbIX
KOHTHUTOB BbIpe3aju (hparMeHThI, BKITIOYAIOIINE
MOCJIeI0BaTeIbHOCTY  MpeArojaraeMbIX Ipo-
MotopoB (500 m. H. 1o TSS — crapToBoro caiita
Tpanckpunuuu — u 200 . H. mocae TSS) u nox-
Oupasiv mpaiiMepbl ¢ UCTIOJIb30BAHUEM HMHCTPY-
MEHTOB pecypca https://www.idtdna.com/ pages

C TeM, YTOOBI MOJIYYUTh aMIUIMKOHBI pa3MepoM
300—500 m. H., coaepxkallue 00JacTU He MEHee
200 11. H. 10 MecTa Hadayia TpaHCKPUIILIMA 1 He
MeHee 50 m. H. mocne TSS.

BropbIM HampaBlieHUEM SBIISIIOCH U3YHeHUE
memuaupoganus yuacmkos JIHK eau, eomonoeuy-
HbIX NOCAC008AMENLHOCMAM 2eHO8 U MPAHCHO30HO08
puca, 045 KOMOPbIX NOKA3AHO U3MEHEeHUe npogu-
Aell MemuAupo8anus npu 06pabomre AUCMves pac-
meopamu coneii TM [35]. B renomnoii 6aze NCBI
HaMU ObUIM CKayaHbl IOCJIEJOBATEIbHOCTU Te-
HOB pHca, MOCJIE Yero MPOBEIEH MOUCK CXOXUX
MOCJIe0BATEbHOCTEN B TeHOMHOM 0asze eu
eBporieiickoit Congenie ¢ MOMOIIbIO aJITOPUTMA
BLAST. Ilpaitmepsr Ha 3T ¢dparmeHTel JHK
pa3pabaThIBajii, C yY€TOM HaJUYUS B aMIUIMKO-
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Hax caiitoB pectpukunu Msp I u Hpa 11, c momo-
LIbIO MPUJIOXKEHUU, pa3MellleHHbIX Ha CTPaHUIIE
https://www.idtdna.com/ pages.

Tperbe HampaBjeHWe — M3yyeHUE METUJIU-
poBaHMsI B MOHOMOPGHBIX [SSR-¢paemenmax
Y eneil ¢ 3ae2PA3HEHHbIX U KOHMPOAbHbIX NPOOHBIX
naowjaded.

[TocnenoBateIbHOCT MOHOMOPGHBIX TIpaii-
mepoB ISSR u mipaitmepoB, crieindUIHBIX K 11O~
CJIeI0BaTEIbHOCTM-MUIIEHSIM (K TTPOMOTOpam
reHa PalLAR3 v TUIOTETUYECKNX TEHOB €JIN, CO-
nepxammx BeiOpanHbie EST-SSR; mocnemona-
TEJbHOCTSIM-TOMOJIOTaM T€HOB M TPaHCMO30Ha
puca) IpuUBeIeHBI B Ta0aM1IE 3.

Tabnuua 3
[MocnemoBaTeTbHOCTH TIpaitMEPOB, NCITOIH30BAHHBIX B paboTe
Hassanwme [MociemoBaTeTbHOCTD, [MocaenoBareTbHOCTB, .
JIoKyca 553 F 5’53’ R T,"C
[TpoMoTopH! ¥ TIpencKa3aHHBIE TIPOMOTOPHI TEHOB €T €BPOITECKOM
LAR3 10 ttggctggattgatcgaaa tctatacaccctcactgaact 60,0
WS23 7100 gggcataaacttgtggtctaatg ctcttgaaatactgggcgaaga 62,0
WS23 6306 aagcattcactccgactgtt agccttccatgagattgtgag 62,0
WS73 2931 tgcagtagcaatcctgaaagt catgtctatccctctccacaaat 62,0
WS73 3263 tggagagggatagacatgataaga  gttcttggtagatgcgggtatag 62,0
WS92M15 1341 acaaccaagggctctttactc tggtcagaattcactccagataag 62,0
[MocnemoBaTe TbHOCTH TOMOJIOTUIHBIE TEHAM prca
L HG acgcccaaacattcatcatatte ttgctctgtatcectgetttag 62,0
L _CAL-2 gtcttacggcetgetgatgtt gtccatgtccacctcatcaatta 62,0
L CAL-11 gtcccaaagaggacaacatgag gcttcaagtctcggtgcataa 62,0
[TocnenoBateTbHOCT TOMOJIOTUIHBIE TPAHCITIO30HY pHica
L Osr2.1 tcctectcaacaactccaatga gatgaagcaaaccaccaaagaga 62,0
L Osr2.2 gcaatcactccctcccttaaa tctactacctcgeatctctace 62,0
ISSR-npatimepsl

ISSR-4 (TG)8GC - 58,0
- (TG)8GG - 56,0
- (TG)8CA - 57,5
CR-217 (GT)6GG - 47,5
M9Bor (GAC)5AC - 56,0

PesyabraTsl ucclieoBaHui

WzyueHue memuauposanus 6 npomMomopax
eenoe eau memooom MS-PCR. Haubonpmmit
MHTEpeC IpeAcCTaBisgeT MCCAeIOBaHUE METUIM-
pOBaHUSI B TOYHO YCTAHOBJICHHBIX ITPOMOTOpPAX
reHoB. i usydeHuss mpoduiieil MeTHIMPO-
Banug JHK meromom MS-PCR 0On11 0TOOpaH
reH PalLAR3, xonupyomuii GbepMeHT JeiikoaH-
TOUMAHUANH-PENAYKTA3y (IMPUHAMIEKUT K Ce-

MelcTBy okcuaopenyktad — (2R,3S)-kaTexuH:
HAO®D+ 4-oxcupopenykrasbl), s KOTOPOIO
ObUIM 3KCIIEPUMEHTAJIbHO BBISIBJICHBI ITOCIJIEIO0-
BaTeJILHOCTU TPOMOTOpa U Teja reHa [33]. Dror
(epMeHT BOBJIEYEH B MEXaHU3MbI YCTOMUMBOCTU
K KOpHeBoii ryoke (Heterobasidion parviporum).
Ien mpencraBisier MHTEpeC, MOTOMY YTO YYB-
CTBUTEJIbHbBIC K TsKeNIbIM MeTajutaM Td (TpaHc-
KPUIIIMOHHbIEC (haKTOPbI) UMEIOT OJIUH U TOT XKe
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MyTh TIepeaun curHaja ¢ apyrumu Td, cBsi3aH-
HBIMU CO CTPECCOM, U TTIOTOMY MOTYT ObITh aK-
TUBUPOBAHbI APYTUMU aOMOTUYECKUMU (XOJIOf,
00e3BOXMBaHME, OKMCIUTEIbHBIN cTpecc) [22]
WU 6uoTnyecKuMu ctpeccamu [32]. boutu ore-
HeHbI Tpodwan MeTrmmmpoBanusg JJHK Bo ¢par-
MeHTe npomoTopa reHa Pal. AR3 miuHoit 940 1.

H. @parMeHT oxBaTbiBal obsacth 890 1. H. 70
TATA-60kca u 50 11. H. TIOCJIe Hero.

Pesynpsratel TP ¢ mpaiitMepamu, cnenu-
(buyHBIMU [J11 9TOTO (hparMeHTa M peCTpUKTaMu
reHomHoli JIHK dbepmMeHTaMu-un301M30MepaMu
Msp 1 nu Hpa 11 B xauectBe MatpuuHoii JHK,
Tpe/CTaB/leHbl HAa pUCYHKeE 1.

= o ) -—
D e TTCI AT T RO NS
v R =
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2 S e =
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JleBas nopoxka — mapkep mmH JJHK Express
ITpasas nopoxxka — mapkep aauH JJTHK 100+

Puc. 1. Buzyanuzauust pesynsraroB MS-PCR 1ipu ncIoib30BaHUM paiiMepoB K (pparMeHTy
npoMortopa reHa PalAR3

Ha pucynke crpenkoili 00O3HAaYeH eIUH-
CTBEHHBIN (pparMeHT, KOTOPHIH OBbIT aMIUTU (DTN -
poBaH B oaHOM 13 30 ucciie1oBaHHBIX OMOJIOTUYE-
ckux 00bekToB. O6pazen; JIHK 49.1 — ¢ mpobHoit
mwromany Ne 1 — OmmKaiimeii K MCTOYHUKY
MIPOMBIIIJIEHHBIX BHIOPOCOB, BbIICJIEH U3 caMOi
3arpsI3HEHHON XBOM ¢ OTHolIeHussMu Pb/Mn —

0,052 (B 2,2—22,6 pasa BbIle, YeM y IPYTUX
YUYETHBIX €JIeif C 3TOro yyacTka, B CpeHEM — B
8,8 paza); Fe/Mn — 1,99 (B 2,3—22,6 pa3a BbIlIIE,
YeM y OCTaJIbHBIX eJieil mpoOHoM turomany No 1,
B cpeaHeM B 8,4 pasza); Fe/Zn — 6,052 (B 0,7—
9,3 pa3a BblllIe, YeM Y OCTAJIbHBIX €JIeil C 3TOM
Ke TIpoOHOI Turomanu, B cpeaHeM B 2,7 pasa
Boiie); Pb/Zn — 0,152 (8 0,6—5,3 pasa Goblile,
YyeM y OPYIHX eJIeil C 3TOTO y4acTKa, B CpeIHEM B
2,3 paza). MI3BecTHO, YTO TTOpOroBas 103a Bped-
HOTro (hakTopa MOXET UMETh 3HAUEHUE JIJIST TPO-
SIBJICHUSI STIMTEHETUYECKOro OTBeTa Ha Hero [35].

B cBs131 ¢ HU3KOI TOYHOCTHIO COOPKYU T€HO-
Ma €JId €BpONenCKONM U MabIM KOJIMYECTBOM Ie-
HOB C M3BECTHBIMU IIPOMOTOPAMU MBI OLIEHUJIN
npodunm metrmmmpoBanug JIHK B mipenckaszan-
HBIX HaMM ¢ Momoleio nporpaMm TSSP [42] u
TSSPlant [43] mpoMoTOpax reHOB, COAEPKALINX
HEKOTOpbIE MMKPOCATEeJUIUTHI U3 TPAaHCKPHUOM-
pyembix peruoHoB JIHK (ta6na. 2 u 3). Btu mu-

KpOCaTe/UIUThI IIIUPOKO UCTIOJIb3YIOTCS POCCUT-
CKHMMMU U 3apyO0eXXHbIMU aBTOPAMM JLIsI U3YYEHUS
TeHEeTUYECKOTO pa3HOOOpa3us ek eBpOIeiicKOo
[21, 23]. [To maHHBIM aBTOPOB JIOKYCOB, 3TH KO-
pPOTKME MOBTOPbI HAXOAATCS B reHax, KOJUPYIO-
mux 6eaku. B tabnune 3 nepeunciaeHsl EST-SSR
JIOKYChl U HauboJyiee BEpOsITHbIe, MO MHEHUIO
aBTOPOB-Pa3pabOTUUKOB, OEJIKU, KOAUpYyeMble
reHaMU, B KOTOPBIX COIepKaTCs MUKPOCATEILIU -
T [24, 40]. DTH IPOTEeNHBI MOTYT OBITH BOBJIE-
YEHHBIMU B CTPECCOBBIN OTBET PACTEHUH €11 Ha
3arpsI3HeHUs TSDKEIBIMU METaJlJIaMU.

ITpu BemonHenuu MS-PCR 6bu10 TTOKa3a-
HO, YTO BCE€ aMIUIMKOHBI, TeHepUpyeMble Tpaii-
mepamu WS23 7100, WS23 6306, WS73 2931,
WS73 3263 u WS92M 15 680pr1341 (mmocieno-
BaTeJbHOCTU TpaliMepoOB IpeACTaBleHbl B Ta-
Osuiie 2), ObUIM METUJIMPOBAHBI 110 OOOUM LIUTO-
3MHaM B caiiTe pecTpukuuu hepmMeHToB Msp I u
Hpa 1l y eneit u ¢ 3arpsI3HEHHO, M C KOHTPOJIb-
HOU MPOOHBIX TUIOIIAIEH.

Ha pucyHke 2 mpeactaBieHbl pe3yjbTaThl
MS-PCR ¢ mpaiimepom WS73 3263. B cBs-
31 CO CXOAHBIMM pazMmepaMu mpoaykToB [TLIP,
BU3yaJIM3alUsl PE3yJbTaTOB BKCIEPUMEHTOB C
JIPYTUMU TapaMy TIpaliMepoB BBITJISIAUT aHaJO-
TMYHO.

10
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Express K Express

213 213 253 253 23’ 23 103 103 123 123 223 223 263 2653 49.1 49 (== -

|-

Puc. 2. Buzyanuszaums pesyiasraroB MS-PCR mnipu ucrionbs3oBanun rpaiimepos WS73 3263
K IIpeJcKa3aHHOMY ITPOMOTOPY BEPOSITHOTO T'eHa PEMOPUHA Y eJieli ¢ 3arpsi3HeHHOI (A)
¥ KOHTpoJbHOI (B) MpoOHBIX TIIOIIaneH

Takum obpasom, Toapko B JJHK omnoit u3
efieil, pacTyluMX Ha 3arpsi3HEHHOU TpOOHOM
mwiomanu Ne 1, ynaaoch 0OHapyKUTh OTIMYHBII
OT ApYyrux oco0eil nmpodusib METUJIMPOBAHUS BO
¢parmenTe mpoMmortopa reHa PaLAR3. BeisiBIeHO
METWIMPOBaHNE BHYTPEHHEr0 LIMTO3MHA B CaliTe
pectpukunu 5’-CCGG. [ng 3Toro sk3eMrispa
XapaKTepHO caMoe CUJbHOE Ha UCCIeIyeMbIX
MIPOOHBIX IUIOLIASX 3arPsI3HEHNE XBOU TSKEIIbI-
MU MeTaJslaMu (OTHoIleHue MeTaioB Pb/Mn
B XBoe — B 2,2—22.6 pa3a BBIIIE, YeM Y JIPYTUX
YUETHBIX IePEBbEB C 3arpsi3HEHHOM Tu1oIany No
1 u B 7,4—116,0 pa3za Bblllle, YeM B KOHTpoOJIE). Y
OCTaJIbHBIX 29 McceI0BaHHBIX eJieil 3ToT (hpar-
MEHT IIPOMOTOpPA He ObLI METUJIMPOBAHHBIM.

Ananuz memuauposanus 6 gppaemenmax JIHK
enu, 20MON0CUMHBIX NOCAe008AMEAbHOCSIM 2CeHO8
U MPAHCNO30HA PUCA, BOBACHEHHbIX 68 CMPECcCOBblil
omeem Ha TM, memodom MS-PCR. B cratee X. Ou

C COaBT. OBIJIO TTOKA3aHO, YTO TIPH 00pabOTKE JIM-
CTBEB pHCa COISIMU TsDKeIbIX MeTajutoB — Cu, Cd,
Cr u Hg — B HEKOTOPBIX HU3KOKOIIMIHBIX TeHAX
U TPAHCIO30HAX ITPOMCXOAMT M3MEHEHUE IIpO-
duneit metuauposanusi JHK, nepenaroieecs
noroMkaM (3 reHepauun) [35].

Hamu mpoBeneH moMcK IMocjienoBaTebHO-
creit IHK enu, roMoJIOTMYHBIX 3TUM Te€HaM U
MOOMJIbHBIM 25IeMeHTaM. OOHapyKeHO, 4To 3 U3
5 TeHOB puca, JAIOIIMX SIMUTEHETUIECKUI OTBET
Ha 3arpsisHeHue TM ¢ HauOoJIbIlIel YacTOTOM,
MMEIOT TOMOJIOTUYHBIE IOC/IEIOBATeIbHOCTA B
reHOMHOI 6a3e enu. M3 6 MOOUIIbHBIX BJIeMEH-
TOB, U3YYEHHBIX B CTaThe [35], y eIu uX yaajioch
HaAWTKU UISI OOHOTO TpaHCIo30Ha (2 ¢parMeH-
Ta). Pe3ynbraTel noucka ¢pparmenToB JIHK emnu,
TOMOJIOTUYHBLIX T€HaM pHCa, BOBJICYEHHBLIM B
CTPECCOBBIII OTBET Ha 3arpsi3HEHUE TSKEIbIMU
MeTaaamu [35], mpencTaBieHsbl B TaOaUIIE 4.

Tabnuua 4

Xapakrepuctuka nocienoBarensbHocteid JJTHK enn, roMonorndseix reHaM (M TPaHCIO30HY) pHUca,
JUTSL KOTOPBIX MTOKA3aHO N3MEHEHNE MPO(IIICH METHIIMPOBAHNUS ITPU BO3ICHCTBHUN TSHKEIBIME METAJTAMH

Haszsanue  Wpentudukarop Unentudukatop TOMOTOMMUHOCTS. % Tomonorust
reHa B NCBI (puc) B Congenie (eJ1b) 7P B Blast2GO
Homebox Class II knotted-like
AB007627 MA_576266 67,42 homeobox
gene )
Populus trichocarpa
Calcium-dependent
CAL-2 AK069341 MA 70277 70,08 kinase 3 Arabidopsis
thaliana
Calcium-dependent
CAL-11 X81393 MA 8898899 76,35 kinase 26
A. thaliana
TpaHcI030H
MA_ 637522 68,08
Osr2 AL442110 MA_123883 85.37 -

11



Tpynbt CankT-etepbyprckoro HayuHo-MCCNE[0BATENbCKOTO MHCTUTYTA NecHoro xo3aiicTea No 1, 2023

ITpu nposenenuun MS-PCR c¢ mpaiimepa-
mMu L CAL-2 npoayKT MeTUIMpPOBaH B cailTax
pectpuxkiuu ¢pepmenToB Msp 1 1 Hpa 11 (ppar-
MeHT JIHK oxupaemoii MIMHBI aMITTUDUIIN-
pyeTcsl) y BceX JIepeBbeB €U C 3arpsi3HEHHbIX
U KOHTPOJIbHOW MPOOHBIX TIIOlIaneid. AMILIN-
KOH, TEHEPUPYEMBIA B IPUCYTCTBUU MPAMEpPOB
L_CAL-11 He MeTHIMPOBaH y eJieit Ha BceX Mpoo-
HBIX ToTomansax. dparMeHTsl MPOAYIIUpPYeMBIE C
npaitMepamu L_HG y pa3HBIX TeHOTUIIOB OBLIN
METWJIMPOBAHHBIMU UM HE METWJIMPOBAHHBIMU
Ha 3arpsi3HEHHBIX M KOHTPOJIbHBIX TIOIIAASX C
MIPUOIM3UTEIBHO OIMHAKOBOI YaCTOTOM.

Takum  oOpa3zoM, MOCJIeAOBaTEeIbHOCTU
JHK enu eBporneiickoil, roMOJOrMYHbI€ TeHAM
puca, He ObuTM IUddepeHIInaTbHO METUIUPO-
BaHbl B 3aBUCUMOCTH OT 3arpsi3HEHHOCTH TPO0-
HBIX TUTOLIAAei u xBou TM.

Memod MS-ISSR. J1ns1 KOppeKTHOTO CpaB-
HeHUs Tpoduieid METUTUPOBAHUSI Y Pa3HbIX
TeHOTUIIOB €M ObUla MOCTaB/ieHa 1eJib OTO-
opatb ISSR-mpaiimepnl, TeHepupylole Mo-
HoMopdHbIe crekTpbl npoaykToB ITLIP y Bcex
TecTupyembix eneil. Hanuuume MoHOMOpdHBIX
ISSR-npaiiMepoB y Apyrux IpeBECHBIX MOPO/I
MOATBEPKAAIOT JaHHBIEC psiga aBTOpoB [31].

Bbbuto caenaHo mnpeanosioxkeHue, YTo MoO-
HOMOpGHBIE TIpaiiMepbl BBISBISIOT BBICOKO-
koHcepBaTtuBHbIe (hparmMeHTol [IHK. Metnnu-
pOBaHUE 3TUX KOHCEPBATUBHBIX (PparMeHTOB U
TJIAaHUPOBAJIOCH U3YUUTh.

Ccoutok Ha MoHoMopdHbIe [SSR-mpaiime-
Dbl eJI1 B JIUTepaTtype OOHAPYXUTh HE YAaloCh.
Bru1o nporecTupoBaHo 26 rpaiitMepoB, KOTOPbIE
0 OINMyOJIMKOBAHHBIM JJAHHBIM ObLITN HE 3(pdek-
TUBHBI JIJIS1 OLIEHKU TEHETUYECKOro pazHooOpa-
3us xBolHBIX MeTomom ISSR [11, 13].

Oxa3zanoch, YTO y OOJBIIMHCTBA U3YYEHHBIX
MpaiiMepoB CHEeKTPbl MPOIYKTOB MOJUMOPGHBDI.
ITo 1 MmoHOMOP(PHOMY MPOIYKTY B CIIEKTPE BBI-
SIBJIEHO TOJIBKO MPU MCITOJIb30BAHUU MpaiiMepoB

+100 K +100 Express
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ISSR-4 ((TG)8GC, dparmenT okojo 1400 1. H.),
(TG)8GG (pparmeHT okono 700 m. H.) u
(TG)8CA (oxomo 700 1. H.). B ITLP ¢ npaiime-
poM CR-217 (GT)6GG cuHTe3MpOBaJIoCh 2 MO-
HoMopdHBbIX ¢pparmMeHTa (okojo 700 u 500 m. H.
COOTBETCTBEHHO).

Hanuuue oxumaemoro 63Haa mocie TP
¢ reHomHoii JIHK, paspesaHHoii ¢epMeHTOM
Hpa 11, n ero oTrcyrcTBUe IIpy aMILIM(pUKa-
unn JAHK, paspesannoii Msp 1, ykasbiBaioT
Ha METWIMpPOBaHWE BHYTPEHHEro IIMTO3WHA
(CQG) B caiiTe pecTpUKLMU y TECTUPYEMOI €JIu.
ITpucyrcrBue ¢parmenra JHK B BapuaHte
¢ ucnosb3oBaHueM Msp 1 u ero orcyrcTBue C
npuMmeHeHuem Hpa 11 cBUAETEABCTBYIOT O Me-
TUIMPOBAaHUM BHelIHero umuto3mHa (5'-(5mC)
CGG-3'/ 3'-GGC(5mC)-5") B caiite pecTpuK-
muu. IlpucyrcrBue 63H10B B pe3yibratax [P
¢ AHK, mepeBapeHHoi1 obouMM (pepMEeHTaAMMU,
yKa3bIBaeT Ha METWUJIMPOBAHUE U BHYTPEHHETO,
M BHEILIHEro 1IMTO3MHOB B CailiTe pecTpUKIIMU.
OTcyTCcTBME MOJIOC Ha 2JIeKTpodhoperpaMme xa-
pPaKTepHO /11 HEMeTeJIMPOBAHHOTO caiiTa y3Ha-
BaHUSI HAOHYKJIEa3.

brls1o BBISIBIIEHO, YTO BO BCeX (DparMeHTax,
(rankupoBaHHbIX MoBTOpaMu TG, MeTWIMpO-
BaHBI 00a 1tMTo3MHa: Bo pparmenTax JHK pa3-
MepoM okojio 1400 1. H. (npaitmep (TG)8GC),
okojo 700 m. H. (mpaiimep (TG)8CA), oxoiio
700 1. H. (mpaiimep (TG)8GG), okomo 700 u
500 1. H. (TG)8CA) — u B 3arpsi3HEHHBIX, U B
KOHTPOJIbHBIX nomyasiuusix. Ha pucyHke 3 moka-
3aHbl pe3yabratsl TP ¢ nmpaitmepom (TG)8CA.
Kak BugHO Ha 3nekTpodoperpamMme, U Ha 4a-
ctu pucyHka 3A (c obpa3uamu ¢ 3arpsi3HeHHOM
MpOOHON TUIOIIAAM), U Ha 4acTu pucyHka 3b
(C KOHTPOJBHBIMHU 00pa3liaMu), MPUCYTCTBYIOT
noJjiockl okojio 700 u 500 1. H. B BapMaHTax ¢
obonmu pepmentamu (Msp 1 u Hpa 11). ®par-
meHThl JIHK noxa3zanbl crpenkamMu. @parMeHThbI
METUJIMPOBAHbI IO 00OMM LIUTO3UHAM.

+100 'K +100 Express
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Puc. 3. Busyanuszauwmst [TLP-nipoaykToB nmpu ucnonb3oBanuu ISSR-npaitmepa (TG)6GG
B obpasiax IHK eneii ¢ 3arpsisHeHHOM (A) 1 KOHTpoJibHOH (B) MpoOHBIX TToIaaei
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HomnoanutenbHo MetomoM MS-ISSR Owin
MpoaHaJU3UPOBaH MOHOMOPGHBII (hparMeHT
JAHK, BbISIBIECHHBII B CIIEKTpE IIPOAYKTOB, CH-
Te3UPyeMbIX B MPUCYTCTBUM IpaiiMepa M9Bor
(Tabn. 2). 3yyaembiit (pparMeHT ObLT Hanbosiee
BBICOKOMOJIEKYJISIPHBIM B CITEKTPE, YTO MCKITIO-

Express

1.1 Hpall
9.1 Mspl
9.1 Hpall

o L 1Ml

4yaji0 HeomHO3HauHbIe BbIBOABLI mpu MS-ISSR-
a”anusze. Kak BuaHO M3 pucyHka 4, aToT ¢par-
MeHT (okoso 1600 m. H., TTOKa3aH CTPEIKOii)
TaKkKe OBbLT METUTMPOBAH U Y €JIeil ¢ 3arpsI3HeH-
HOI TTPOOHOIA TUTOLIAAU, U Y KOHTPOJbHBIX Je-
pPEBBEB.

Puc. 4. Buzyanuzauus ITL[P-tiponykToB npu ucnonb3oBanuu ISSR-npaiimepa M9Bor
B oopasuax JAHK eieii ¢ 3arpsi3HeHHOI (A) 1 KOHTpoJIbHOM (B) MpoOHbBIX IuIomanei

Takum o6pa3oMm, MpU MUCIOJb30BAHUU Me-
toga MS-ISSR ¢ oTOOpaHHBIMU MSITHIO Mpaii-
MepaMM MPOAHAIU3UPOBAHO METUJIMPOBAHUE B
mect MoHoMopdHBIX (pparmeHTax JIHK enu B
caitite pecrpukiun 5’-CCGG. Pasznmuuaromimx-
cs criekrpoB MetunupoBanust JIHK y eneit Ha
3arpsI3HEHHBIX M KOHTPOJIbHBIX MPOOHBIX TLIO-
IIaasSX BBISIBUTH HE ydajaochk. Bce MoHOMOpP®-
Hble (parmeHTsl JJHK ObUIM MeETWUIMPOBAHBI
1Mo 00OUM LIMTO3WHAM U Y eJiel ¢ 3arpsi3HEHHOU
MPOOHO TuIoIIaaK (C MOBBIIIEHHBIM YACIbHBIM
CO/Iep>KaHUEeM «TE€XHOTEHHbBIX» BJIEMEHTOB IO
OTHONIICHMIO K OMODUIBHBIM), U Y eJieil ¢ KOH-
TpoJbHOU ruiolanu. IlepBUYHbIE AaHHBIE MO
CO/IEpKaHUIO TSKEJbIX META/UIOB B XBOE €11 Ha
M3y4yaeMbIX MPOOHBIX TIOMIAASX TPEACTABICHbI
B 0a3e JaHHBIX «AJUTeJIbHbIe BapruaHThl SSR-J10-
KYCOB Yy €JI €BpONEenCKO B HACAXKIEHUSIX C pa3-
JIMYHOW CTETIEHBIO 3aTrPSI3HEHUST XBOU TSXKEJIBIMU
MeTa/ulaMu B Jiecax I0XKHO-Ta€XXHOro pervoHa
eBporieiickoii yactu Poccuiickoii ®enepannm»
(CBuaeTenbCTBO O TOCYIapCTBEHHOM perucrpa-
mn 6a3bl maHHbIX N 2022670035). OmHako
Oosiee MH(POPMATUBHBIMU [IJISI XapaKTEPUCTUKU
3arpsI3HEHHOCTY MPOOHBIX TJIOIIAJEN SBIASIOTCS
He abCOJIIOTHbIE BEJIMYMHBI COAEPXKaHUS MeTal-
J10B [4], a ux cooTHoOIIEHUd B XBoe |3, 9, 10].

Oocyxaenue

DIUTeHETUUECKNE PEaKInM eI eBpOoIIeii-
CKOM Ha BO3ﬂeﬁCTBHC TAXKEIbIX METAJIJIOB HU3Y-
YEHbI B HC,I[OCTaTO‘IHOfI crerieHu. Haubosee
TIOJTHBIE JAaHHBIC MO METUJIMPOBAHUIO BCEIO I'c-

HOMa, BKJIOYasl Tejia TeHOB, MX ITPOMOTOPOB,
MOBTOPOB M TIOC/IeA0BaTeIbHOCTEM, (YHKIMU
KOTOPBIX €I1le HE BBISICHEHBI, JaeT MOJIHOTEHOM-
Hoe OucyibduTHOE cekBeHUpoBaHue [18]. Dra
MEeTO/IMKa camasi 1oporasi U, KpoMme Toro, Tpeoy-
eT 6MoMH(MOPMATUYECKOTO OCMBICIEHMST KOJIOC-
CaJIbHOTO KOJIMYECTBA MOC/IEI0BATEIbHOCTEM.

st u3ydeHus BIUSTHUST pa3IMIHBIX (DAKTO-
poB Ha nipounu metunupoBanust JJHK Hanbo-
Jiee KOPPEKTHO UCITOJIb30BaTh KJIOHHKI eJieil, uMe-
OIlIME OJIMHAKOBBII TEHOM.

bosee OromxeTHBII MeTOH ILeJIEBOro Ou-
cynbpuTtHoro cekBenuposanue (TBS) B Temax
reHoB K. Heer ¢ coaBT. ncnosib3oBasin AJisi U3y-
YeHUsl 3aKOHOMEPHOCTEN METUJIMPOBAaHUS Y Ue-
ThIpEX KJIOHOB €JIn 00bIKHOBEeHHOI (Picea abies),
pacTyliMx B JBYX JIOKalMSX B pa3HBbIX KJIMMa-
TUYECKUX YCIOBUAX B TeueHue 24 ner. Yurmbl
conmepxanu 6onee 26000 reHoB [26]. ABTOpPBI
He BbISIBUIM AUGDGEPEHIIMATBHOTO METUIMPO-
BaHUS Yy eJiell, pacTyllMX B pa3IM4YHbIX KiuMa-
TUYECKUX YCJIOBUSIX. YPOBHU METUIMPOBAHMSI
ObUIM OTHOCUTEJIbHO TOCTOSIHHBIMU [IJIS BCEX
ten renos: 21,3 £ 0,3 %, 11,0+ 0,4 % u 1,3 £
0,2 % B xonrekcrax CG, CHG u CHH, cootBer-
CcTBeHHO. TeM He MeHee, OblI 0OHapyXeHbI 334
nuddepeHIMaTbHO METUJIMPOBAHHbIE MO3UILIUN
(differentially methylated positions (DMPs)) y
0co0eil U3 pa3HbIX BAPMAHTOB OIbITA.

M3 3TOr0 MOXHO 3aKJTI0YUTh, YTO MPU W3-
MEpEHUU TJI00AbHBIX YPOBHEU METUJIMPOBAHUS
MpU BO3JENCTBUU (haKTOPOB TakKue M3MEHEHUS
npoduneit metmnupoBanus JHK, kak DMPs He
OY/IyT BBISIBJICHBI.
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E1ie 6osiee nemieBbIM IMMOIX0I0M K M3YUYSHUTO
npocduneit MermnupoBanust JTHK moryr ciy-
JKUTb METO/bl HA OCHOBE METWJIUYBCTBUTEIbHOM
PECTPUKIIMU C JETEKIIUeH ee pe3yJbTaToB C T0-
moiiplo ISSR-npaiimepoB. MukpocateJIuTHbIC
IOBTOPHI B T€HOME €JIM €BPOIIEHCKOI pacIipe-
JIeJIeHbl He CJIy4aliHO M OTHOCUTEJIBLHO PaBHO-
MepHO. bbl1o moKa3zaHo, 4TO AMHYKJICOTUIHbIC
MOBTOPHI B 20 pa3 pexe BCTPEYAINCh B TPAHCKPH -
OMpyeMBIX pEerMoHax T'eHOMa €11 eBPOIIeiICKOI,
YeM B HETpaHCKPpUOMpyeMbIX, 1 moBTOpbl TG/AC
obu 6onee penkumu, yeM AG/TC [41].

BmecTo m3yyeHMsT METUIMPOBAHMS Y KJIO-
HOB €JIeii MbI MCCJIEIOBAIM MOHOMOP(HBIE CTIEK-
Tpel pparmeHToB JJHK, ommHakoBEIe Vv pa3HBIX
IepeBbeB 3TOI moponabl. [Torck MOHOMOP(MHBIX
ISSR-mipaiimepoB ¢ OOJIBIIMM YHUCIOM CUHTE3M-
pyeMBbIX (hparMeHTOBOCIOKHEH TeM, uTO P. abies—
9TO BUJ C BBICOKMM YPOBHEM TI'€HETUYECKOTO
pa3zHooOpasusi, TUTAaHTCKUM T€HOMOM U OO0Jb-
UM YucyioM TToBTopoB. 1o Bceit BupumMocTu, y
€JIM TaKue IpaiiMepbl 04eHb peaku. VX rmouck B
JINTEPATyPHBIX UCTOYHUKAX 3aTPYOHEH TeM, U4TO
yucio pador ¢ ISSR-npaiimepamu HeBEIUMKO U
CHITXAeTcsl 10 Mepe pa3pabOTKM HOBBIX METO-
noB. Kpome Toro, uccienoBaTenu HalleJIeHBI Ha
OTOOp TOIMMOP(HBIX IPAaMEPOB, IIOJE3HBIX
IIpU OLIEHKEe TeHETUIECKOI0 pa3HOOOpa3us 1 Ma-
CHOPTU3AIUM OOBEKTOB MCKYCCTBEHHOIO JIECO-
pa3BeneHMs U 110 BCEil BUAMMOCTH HE COOOIIAI0T
0 mpaitMepax MoHOMOp®dHBIX. Hamm Ob110 1IpO-
aHaAJIM3MPOBaHO 6 MOHOMOPGHBIX (parMeHTOB
JAHK. Psa aBTOpoB cuMTaeT, 4TO aMIUTMKOHBI,
reHepupyemble ISSR-mpaiiMmepamMu, SBASIOTCS
¢parmenramu konupytouein AHK [24, 39, 40].
B npyrux pabotax mokazaHo, 4To TaKue rpaitMepbl
MOTYT (bJTAaHKUPOBATh PETPOTPAHCTIO30HBI U JIPY-
rvue MoOUJIbHBIE 3JIeMeHTHI [2, 38]. B 06oux Bugax
MOCJICAOBATEIbHOCTEI BO3MOXHO BbISIBIICHUE
u3MeHeHust Ipoduiieii metunupoBanust JHK
npu BosneiictBuu TM. Tak, o ganabeiM X. Ou
C COaBT., U3MEHeHHe Ipoduieil MEeTUINPOBA-
Husg JIHK mipu 06paboTKe TUCThEB prca COISIMU
MeraiioB — Cu, Cd, Cr u Hg — npoucxoauio u
B HU3KOKOIIMIHBIX T€HAX, 1 B MOOMJIBHBIX 3JI¢-
MeHTax. MccaemoBaTenn mokasaiu, 4TO M3Me-
HeHue npoduieit meruauposanus JJHK puca
3aBUCHUT OT KOHIIeHTpanuu u Buga TM. [is ame-
MeHToB Cu, Cd u Cr runomerusimpoBanue JJHK
HaOII0JaI0Ch TIPU BO3JAEHCTBUM 00JIee BHICOKMX
KOHIIeHTpanuit noHoB MeTaioB [35]. K coxa-
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JieHuto, B nmocaeaoBaTteabHoCcTIX JAHK enu eBpo-
MeHCKOM, TOMOJIOTMYHBIM TPEM T'eHaM 1 OTHOMY
TPaHCIIO30HY puca, onucaHHbIM X. Ou ¢ COaBT.,
pasnTuyaonIuxcs npoduiieii MEeTWIMPOBAaHUS Y
JIEPEBBbEB C 3apPsS3HEHHBIX M KOHTPOJIbHBIX ILIO-
1maneit BOJKU3u I. [ATYMHBI BBISIBUTH HE YAAIOCh.

Hamu He Obu1O OOHapyxkeHo muddepeH-
nuajabHbeIX Tpoduieit MmetwmpoBanus JHK y
eJieii ¢ 3arpsI3HEHHBIX Y KOHTPOJIbHBIX ITIPOOHbBIX
TIIOIIAEH B IIECTU TTOCAEA0BATETbHOCTSIX METO-
oM MS-ISSR, omHaKo 3TOT MOAXOI MOXKET OBITh
3G GEKTUBHBIM TIPU UCIIOJIB30BAHUM MOHOMOD-
¢ubix ISSR-mpaiiMepoB ¢ OOJBIIMM YUCIOM
IIPOIYKTOB.

Eiie onHo HarmpaBjiieHUe padOThl — U3yve-
Hue mnpoduieir metunuposanus JHK B mpo-
MOTOpax IeHOB ejeil. UMeHHO MEeTMIMpOBaHM-
e-ACMEeTUIMPOBaHUE IIPOMOTOPOB BIIMSCT Ha
9KCIIPECCUIO TE€HOB.

Hamu Obuto moxazano muddepeHImpo-
BaHHOe MeTuaupoBaHue B 940 1. H. (pparMeHTe
npomotopa reHa PalAR3, xomupytomiero dep-
MEHT JIEMKOaHTOLIMaHUANH-peayKTa3y, y IepeBa
C XBOE€I, 3arpsi3HeHHOM (1o oTHo1IeHuo Pb/Mn
B XBoe) B 2,2—22,6 pa3a cujibHee, YeM y Ipyrux
YUETHBIX ejiell ¢ mpoOHoit momany Ne 1, Hau-
Oosiee OJIM3KOM K METAJLTypPTUYECKOMY TTPEITTPU-
aTro. B paapHENIIMX MCClIeaoBaHUSX CIEayeT
HCIIOJIb30BaTh 0OoJiee 3arpsiI3HEHHBIE IIPOOHbBIC
TUTOLIAAA M OOJIbIllee YUCIO TECTUPYEMBIX Je-
PEBBEB LIS TTOATBEPXKICHUS TIPUTOAHOCTUA TaH-
HOTO MapKepa IIpY U3YyYeHUU Npoduieii MeTh-
smpoBanus JIHK eneii.

3akioyeHune

DNUreHeTUYECKUEe peakliuy ed eBpoIeii-
CKOI Ha BO3BIEUCTBUE TSDKEJIbIX METAJIOB Ha Ha-
CTOSIILIMA MOMEHT TIPaKTUUECKU He U3yYeHBDI.
Hamu mokazano, uro reH PalAR3, xomupyro-
muii  epMeHT JeMKOaHTOLMAHUAMH-PEayKTa3y
Y BOBJICUEHHBI B MEXaHU3Mbl YCTOMYMBOCTU K
Heterobasidion parviporum, MOXeT paccMaTpuBaTh-
csl KaK TeH-KaHAUJAT ISl UCCIeJOBaHMS peakiivii
€JI1 eBPOTENCKOI Ha 3arpsi3HEHNE TSKETbIMU Me-
TalJlaMM, B YACTHOCTM ISl M3ydeHUs Tipoduieit
METWJIMPOBAaHUSI B €ro MPOMOTOPE Y NIEPEBLEB C
3arpsI3HEHHBIX U KOHTPOJIbHBIX YYaCTKOB.

Hccnedosanue ewvinoaneno 3a cuem cpedcme
hedepanvroeo 6r00xcema 6 pamKkax eocyoapcmeeH -
Hoeo 3a0anuss PBY «CIIoHUHIIX» (Ne 053-0006-
22-00).
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