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TeHETHKA; 3BOJIIOLUSI

Momueayus u yenw: Bensrit Tomoas (Populus alba L.), sBomonnoHH0 MOIOIOM BHI
IBYJOMHBIX JPEBECHBIX pACTEHHH, OOBIYHO BCTpEYaETCS B YMEPEHHbIX H
cyoTpormueckux pernonax EBpaszuum m CesepHoit Adpuku. B Poccum ero moxxHO
BCTPETHUTH Ha I0TE €BpOIECKOM yacTy, tore 3anaanoii Cubupu u Ha KaBkaze. B apeane
MEXIy EBpPONEHCKOM M KaBKa3CKOM 4YacTsAMHU CyLIecTByeT pas3pbiB. HecmoTps Ha
HSKOHOMHYECKYIO0 3HAa4MMOCTh JTOTO BHJA W €ro OONBIION TOTeHHWANl ISt
WCIIOJIb30BaHMS, MOJICKYJISIPHBIC UCCeaoBaHus (uiaoreorpaduu MOMyJIAIUN 0eoro
tononsi B Poccun He mpoBogmnuck. llens naHHOTO HcciiegoBaHMA — MPEACTABUTH
TUNoTe3y O (HOPMHUPOBAHUM NPHUPOIHBIX U KYJIBTYPHBIX apeayioB OesbIX TOHOIEH B
eBporeiickoil yactu Poccun.

Memoowst u anecopummsi: Mbl CEKBEHUPOBAIN TIONHBIE TEHOMBI 36 pacTeHHi Oenoro
TOnoJyiA, B TOM uuciae 12 u3 MOCKBBI M NOpPUIETalOIIMX K HEM PEruoHOB, 2 U3
Huxeroponckoii, 6 u3 Boarorpanckoit obnacreit, 9 ¢ Ceepnoro KaBkaza u 2 u3
[Jarecrana. MbI Takke 106aBuiu 3 pacTeHus U3 KojuleKuuu LleHTpanbHOro cuGupcKkoro
00TaHMYECKOTO caja (MECTHAsl MOIyJSIUsS OeNbIX TOMOJEH, THOPUABI MEXITy OeIbIM
ToroJjieM u ocunoii — Populus canescens (Aiton) Sm. u var. ‘Xonepckuii’) u 2 pacTeHus,
cobopannble Onm3 Anma-Atel B Kazaxcrane. CexkBeHHUpOBaHWE TNPOBOAWINA C
ucnonb3oBanueM Mmatgopmbl Illumina NextSeq 500 (B pexume 2x%150 Hyki.) ¢
MOKPBITHEM B AMamna3oHe oT 7x n0 20x. JlaHHbIe CEKBEHMPOBAHMs OIyOJIMKOBAHbBI B
NCBI BioProject (PRINA1109753). ®unoreHetnueckuii aHaiu3 ObLT MPOBE/ICH Ha
ocHOBe cpaBHeHusi mnpoduielr 3amen (SNP), Bkmowas ToueunHsle SNV u
BcraBku/nmenenun  (indels). Takodi aHanmM3 TO3BOJISIET Y4e€CTh  BO3MOYKHOCTH
nonumionanu. [lpouteHuns ObUTM KapTHPOBAHBI HA pe)epeHCHBII TeHOM OEJIOT0 TOMOJIs
(GCF _005239225) ¢ ucnons3oBanuem BWA-MEM (-k 14) ¢ ynaneHHbIMH BTOpHY-
HbIMH BbIpaBHUBaHusMU [1]. Jliist moncka 3amen ucrnons3oBaics freeBayes. Jlanee mst
BEKTOPOB YacTOT BapraHTHBIX ayuteseid (VAF) Obuto paccuntaHo monapHoOe eBKINIOBO
paccrosiHue Mexay oOpaslamu. 3ateM o0pasilbl ObLIH KJIACTEPHU30BaHBI C MCIOJIB30-
Banuem anroputMa UPGMA c¢ Oyrcrpenmnuurom. OueHka CMEIIEHHUs MOIYJISIIUR
npoBoguiaack ¢ ucnoib3oBaHMeM NGSAdmix Ha OCHOBE OLIGHKM BEPOSTHOCTH
regotunupoBarus 1151 Bcex SNP (-K 3) [2]. DToT MeTox MO3BOIISIET OIIEHUTh HATHIUE
TCHETHUYECKMX TpUMeced B MOMYJLIIUAX JIaXKe Ha JaHHBIX ¢ HEOOJNBIION TiryOuHOU
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ceKkBeHHpoBaHUS. /I TOBBIIEHWS TOYHOCTH B aHaiW3 OBUIM  BKIIOYEHBI
JIOTIOJTHUTENbHBIE 00paslibl JEPEBHEB OEIOTO TOIOJS, MPOU3PACTAIOLINE B KUTAWCKOM
npoBuHIMN CuHbIRSIH 1 B Utammu (manabie noxydensl u3 NCBI SRA).

Pesynomamsi: Ha ocHoBe aHanms3a cxoxected npodumeit SNP-mpodwmieir moxHO
BBIJICJINTh MO0 KpalHeW Mepe TpU TeHETHYECKH CXOAHbIE TPYHnbl: oOpas3ubl U3
Hwuxeroponckoii, Bonrorpanckoit oomacteit 1 HoBocubupcka oopasytot kmacrep (C1),
B TO BpeMms kak o0pasisl ¢ CeBepHoro KaBkaza u FOxuoro [larectana o6pa3yrot qpyroit
kinactep (C2). OOpasmpl u3 MOCKBBI M TPHICTAIONIMX PaliOHOB OOPa3yrT TpPETHi
kinactep (C3). Xors neHmporpaMMbl TEHETUYECKOTO CXOJCTBA JUISL XJIOPOIUIACTHBIX,
MHUTOXOHJIPUAIBHBIX M SAIEPHBIX TEHOMOM pa3IMYalOTCsA, Ha BCEX ICHIpPOrpaMMax
HaOJIIONAIOTCS TPU KPYMHBIX KJIACTEpa, MPUYEM JIBa KJIacTepa B OCHOBHOM COCTOSIT U3
JIEpeBbEB LICHTPAIBHOTO PETUOHA, a ellle OJHa OJHOPOAHAS TPYIIa BKIIOYAET ACPEBbsI
Coun, Jlarecrana u CeBepo-KaBkasckoro ¢enepaipaoro okpyra (puc. 1).
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Puc. 1. A— ¢QuoreHeTnyeckuii aHa M3 JIEPEeBHEB OEJIOTO TOIOJS, INPOU3PACTAIOMIETO HA
teppuropun Poccum u Kazaxcrana. «YIMHEHHBIE BETBM» Ha JACHAPOTPaMME SBISIOTCS
CIIEZICTBHEM HETOYHOCTEH B ompeeneHny 3HaueHnil VAF, KOTopbie pacCUNTHIBAIOTCS MO YHCITY
MPOYTEHHH, MOIKPEIUIIONX pedepeHCHYI0 U allbTePHATHBHYIO ajuienb. B — oueHka cMecu
YCIIOBHBIX HOMYJISIIMNA AJIS TOIOJIEH U3 pa3HBIX pernoHoB. HekoTopbie 00pa3ibl OMyIieHb!

[TpoBeneHHBII aHANN3 CMEIIEHHsI YCIOBHBIX momyiisiiuid 6enoro tomoiist (NGSAdmix)
OBLI OCHOBaH Ha TUTIOTE3€ O CYIIECTBOBAHUH TPEX OCHOBHBIX IIEHTPOB, KOTOPBIE MOTJIH
MOCITY>KUTh OCHOBOM U1 (JOPMHUPOBAHUS COBPEMEHHOM MOMYJISIIMU O€I0ro TONOIs Ha
Iore eBpornenckod gactu Poccun B mocnenenHUKoBeIM nepuoxa. K Takum neHTtpam
otHocsTes: FOxknas EBpomna, KaBka3ckuil pernon, a Takxke 10KHbIE paifoHbl 3anajaHoi
Cubupu u HOxnoro Ypana. B nepnoj MakcMManbHOTO OJIEJICHEHHs Ha 3TUX TEPPUTO-
PHUSX COXpaHsUIaCh JIECHas PAcCTUTENBHOCTb. | eHeTwmueckuil marepuan u3 HOkHOM
EBponiel mpeobnagaer B reHomax mnomnyssiiuii LleHtpansHoit EBporibl 1 B JIECHBIX
pationax Poccmm. B cremsx Bonarorpanckoit obmacth 10 YETBEpPTH TeHOMA
WCCIICIOBAHHBIX 00pa3loB COACPXKUT reHeTnueckuii Matepuan u3 lOxuoit Cubupn.
Crnemyer OTMETUTb, YTO HEOONBLIOE KOJMYECTBO T'EHETHUECKOrOo MaTepHaia u3

BGRS/SB-2024 977



3amagnoit Cubupu mnpucytcTByeT B mnomyisuuax Llenrpansaoii EBpombl. Taroke
reHeTnyeckuii Mmatepuan u3 KOxxknoit EBporisl Obl1 00HapyKeH B HOMYJSIIUAX 3ana Hon
Cubupu, 4To BIOJHE €CTECTBEHHO, YUUTHIBAsI HEMPEPHIBHOE PACIPOCTPAHEHHUE BUIOB B
JTOJIETHUKOBEIH mepuo. KaBka3ckuil reHeTHIecKrit MaTepHrall MOTHOCTHI0 (hopMupyeT
TeHOM pacTeHWi B momynauusx 3akaBka3bsi U CeepHoro Kaskaza. bonpmmHCTBO
00pa3moB coAepKaT B CBOMX T'€HOMAax IOXKHOCBPOIICHCKHI T€HETHYECKUH MaTephal.
Hanuduye 3T0ro reHeTH4eckoro Mareprana Mo>KHO OOBSICHUTh HCTOPUUECKUMHU CBSI3SIMU
Mmexay EBpomnoii n KaBkazom uepes Manyro Azuto, T1e Oenblii TOMOMNb PacTeT U 1Mo cei
JIeHb, a TaK)Ke€ MUTpalel ero HOCUTENE! ¢ ceBepa Ha IoT uepe3 JoJIMHBI pek JloH u
Ky6anp. IHTEpEecHOI 0COOEHHOCTHIO SBISETCS MOTHOE OTCYTCTBHE I0KHOCHOMPCKOTO
TEHETHYECKOr0 MaTepHuaja y eBpOICOMAHBIX MOMysauid, 1 HaoOopoT. [lo-Buaumomy,
CyLIECTBYET Pa3pblB B PacIpOCTPaHEHUH OEJIOTO TOTOJIS, IIOCKOJIBKY OH MPOU3PacTaeT
B BocTouyHOM TypKMeHHCTaHe, ceBepo-BOCTOUHOM Mpane, paBHUHHOM Y30eKkncTaHe u
ceBepo-3amasHOM AdraHucraHe, 4UTO CIYXUT IpEnsTCTBUEeM I oOMeHa
TeHeTUYECKUM MaTepHuajoM MEXIy 3THUMHU pPEeTHOHaMu. TOuHOe paclpocTpaHEeHUe
Oenoro Tomons B LleHTpanbHOM A3MM ocTaeTcs CHOPHBIM H3-3a HEIOCTAaTKa
MH(POPMALK O LIBETOBOJCTBE U JOJTOM HCTOPUH €0 BBIPAIIMBAHMS B PETHOHE.
I'eHeTHUeCcKUi COCTAB NMOMYJIALMI PACTEHUN B LICHTPaIbHO-€BpOIecKoi yacTu Poccun
TpeOyeT OTAeNbHOro paccMoTrpenus. [Ipu aHanmze o0pa3loB pacTEHUH 3/1eCh MOXKHO
0OHApYXHUTh CIEIbl IBYX M3 TpeX odaroB. | eHeTmueckuit marepuan FOxuol EBporibt
MOJIyYEeH KaK U3 KKHOPYCCKOW, TaK M U3 LEHTPaIbHOEBPONEcKol nomynauuid. Pomb
MOCJIETHUX, TI0-BUIMMOMY, BO3pacTaeT BOJIM3H KPYITHBIX TOPOIOB U B CEBEPO-3amaTHBIX
peruoHax, rzue 3TO CBA3aHO C IEPHOAOM MOsABJICHHUS NMapkoB B koHue XIX — Havane
XX B. KaBka3ckuil TreHEeTHUECKUH Marepuall, C JpPYyroil CTOPOHBI, CBSI3aH C
MHTpOAYKIMEH B cepenuHe XX B., KOrJa 00TaHUYECKHUE CaJIbl U CEICKIIMOHHBIC IICHTPHI
HaYaJiy TIOMOJIHATh CBOM KOJUICKIIMM MaTepHaJIOM O Bcell ctpaHbl. OcoObIN MHTEpeC
MPEICTABISIIOT MUPaMUAAIbHbEIE GOPMBI OETI0Tr0 TOMOJIS B LICHTPaIbHOM YacTH EBpOIIEL.
CuuTaercs, 4TO ATH IK3EMIULPHI MPOU3OIIIN OT CpelHea3naTCKUX MUPaMUAATIBHBIX
TtunoB. OfHaKoO, Kak IOKa3ald aHalIW3, B UX COCTAaBE MPUCYTCTBYET TOJBKO IOXKHO-
eBPONEHCKNI W KaBKa3CKHUH TreHeTHYecKuil mMaTepuan. M3-3a orpaHndeHHOTO 00BEMa
JOCTYNHOM HH(GOpPMalUUd HEBO3MOXXHO JaTh OJHO3HAYHOE OOBSICHEHHE STOMY
otkpeiThio. CrezioBaTenbHO, HEOOXOAMM Oojiee JeTajbHbIi aHAIW3 TEeHOMHBIX
M0CJIeI0BAaTENILHOCTEH 00pa310B NMpaMHUIANIEHBIX GOpM OeIoro TOIoIs, MPOU3pacTao-
nmx B FOxHol EBpone n LlentpansHoil A3uu.

Buisoowi: CoBpeMeHHOE pacpocTpaHeHne 0eJI0ro TONOJIsI Ha ore eBpOIEHCKON YacTh
Poccun chopmupoBaioch B TIOCIENEAHUKOBBIA TEPUOJ B PE3yJbTaTe MHIPAIUU
nomyisinuid ¢ bankanckoro noiayoctpoBa, Bocrounoit u 3anagnoit Cubupu u FOxxHoTro
VYpana. KaBka3ckue nomyssinuu 0€J10ro TOIOJS HE CIOCOOCTBOBAIM PACCENICHHIO HA
3TOW TEPPUTOPHH B UCTOpHUeckre BpemeHa. COBpeMEeHHbIE KyNbTHBHUpYEMBbIe Oenbie
TONOJSL B €BpomNeiickod dacTh PoccHM BKIIOYAIOT PACTEHMs pa3iIMYHOrO IPOHUC-
xoxnenus (Lentpansnas EBpomna, FOr Poccun u Kaskas).

Qunancuposanue. Vccnenoanue mojajaepxano Poccuiickum HaydHbIM (GOHIOM (TpaHT
Ne 22-14-004).

Materials on the history of the development of Populus alba,
which grows in the European part of Russia and the Caucasus,
are based on whole-genome sequencing
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Motivation and Aim: The white poplar (Populus alba L.), an evolutionarily young
species of dioecious woody plant, is commonly found in temperate and subtropical
regions of Eurasia and North Africa. In Russia, it can be found in the southern European
part, southern Western Siberia, and the Caucasus. There is a gap in the range between
the European and Caucasian parts. Despite the economic importance of this species and
its great potential for use, no molecular studies have been conducted on the
phylogeography of white poplar populations in Russia. This study seeks to present a
hypothesis on the formation of natural and cultivated areas of white poplars in the
European part of Russia.

Methods and Algorithms: We sequenced the complete genomes of 36 white poplar
plants, including 12 from Moscow and its surrounding regions, 2 from Nizhny
Novgorod, 6 from Volgograd regions, 9 from the North Caucasus and 2 from Dagestan.
We also added 3 plants from the collection of the Central Siberian Botanical Garden
(a local population of white poplars, hybrids between white poplar and aspen — Populus
canescens (Aiton) Sm. and var. ’Khopersky’), and 2 plants collected near Alma-Ata in
Kazakhstan. Sequencing was performed using the Illumina NextSeq 500 platform
(2x150 bp), with coverage ranging from 7x to 20x for each sample. The sequencing
results are published in NCBI BioProject (PRINA1109753).

A phylogenetic analysis was conducted based on SNPs profiling, including point SNVs
and insertions/deletions (indels). Reads were mapped to the white poplar reference
genome (GCF_005239225), using BWA-MEM (-k 14) with removed secondary
alignments [1]. FreeBayes was used for variant calling. The Euclidean distance between
samples was calculated for variant allele frequency (VAF) vectors, and samples were
clustered using UPGMA algorithm with bootstrapping, taking into account the
possibility of polyploidy. The assessment of population mixing was performed using
NGSAdmix software, based on the assessment of the probability of genotypes for all
SNPs (-K 3) [2]. This method allows for the evaluation of admixture at a low sequencing
depth. For the accuracy of the analysis, additional samples of white poplar trees were
used, growing in the Xinjiang province of China and in Italy. The raw genomic data for
these samples were obtained from the NCBI SRA.

Results: Based on the analysis of SNP profiles, at least three genetically similar groups
can be identified: samples from the Nizhny Novgorod, Volgograd regions and
Novosibirsk form a cluster (C1), while samples from North Caucasus and southern
Dagestan form another cluster (C2). Samples from Moscow and surrounding areas form
a third cluster (C3). Although the patterns of genetic similarity between chloroplast,
mitochondrial and nuclear genomes vary, three large clusters are observed in all
dendrograms, with two clusters mainly composed of central region trees and one more
homogeneous group containing Sochi, Dagestan and the North Caucasus Federal District
trees (Fig. 1).
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Fig. 1. A, Phylogenetic analysis of white poplar trees growing in Russia and Kazakhstan, with
some samples omitted. “Long branches” on the dendrogram are a consequence of inaccuracies in
the determination of VAF values, which are calculated by the number of reads supporting the
reference and alternative allele. B, Evaluation of a mix of conditional populations for poplars
from different regions, with some additional samples also omitted

The population mixing analysis (NGSAdmix) was based on the hypothesis that there
were three main centers that could have served as the basis for the formation of the
modern white poplar population in the south of the European part of Russia during the
post-glacial period. These centers include: Southern Europe, the Caucasus region, and
the southern parts of Western Siberia and the Southern Urals. During the period of
maximum glaciation, forest vegetation was preserved on these territories. The genetic
material from Southern Europe predominates in the genomes of Central European
populations and in forest areas of Russia. In steppes of the VVolgograd region, up to one-
quarter of the genome of the studied samples contains genetic material from South
Siberia. It should be noted that a small amount of genetic material from Western Siberia
is present in Central European populations as well as genetic material from southern
Europe found in populations in Western Siberia, which is quite natural, given the
continuous distribution of species during the pre-glacial period. The Caucasian genetic
material completely forms the genome of plants in populations of Transcaucasia and the
North Caucasus. Most samples contain Southern European genetic material in their
genomes. The presence of this genetic material can be explained by historical links
between Europe and the Caucasus through Asia Minor, where white poplar still grows
today, as well as migration of its carriers from the north to the south via the Don and
Kuban River valleys. An interesting feature is the complete absence of South Siberian
genetic material from Caucasian populations, and vice versa. There appears to be a gap
in the distribution of white poplar since it originated in eastern Turkmenistan, north-
eastern Iran, lowland Uzbekistan and north-western Afghanistan, which serves as a
barrier to exchange of genetic material between those regions. The exact distribution of
white poplar in Central Asia remains debatable due to lack of floral information and the
long history of its cultivation in the region.
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The genetic composition of plant populations in the central European part of Russia
requires separate consideration. When analyzing plant samples, traces of two of the three
centers can be found here. Southern European genetic material comes from both
Southern Russian and Central European populations. The role of the latter seems to
increase near large cities and in Northwestern regions, where it is associated with the
period of park introduction in the late 19th—early 20th centuries. Caucasian genetic
material, on the other hand, is associated with mid-20th-century introduction, when
botanical gardens and breeding centers began expanding their collections with material
from all over the country. Pyramidal forms of white poplar in the central part of Europe
are of particular interest. It is believed that these specimens were derived from Central
Asian pyramidal types. However, as the analysis has shown, only southern European and
Caucasian genetic material is present in their composition. Due to the limited amount of
information available, it is not possible to provide a definitive explanation for this
finding. Therefore, a more detailed analysis of the genome sequences of samples from
pyramidal white poplar forms in southern Europe and central Asia would be necessary.
Conclusion: The modern distribution of white poplar in southern European Russia was
shaped during the postglacial period through migration from populations in the Balkan
Peninsula, eastern and western Siberia, and southern Urals. Caucasus populations of
white poplars did not contribute to settlement in this area during historical times. Modern
cultivated white poplars in European Russia include plants of diverse origins, such as
Central Europe, South Russia, and the Caucasus.

Funding: The study is supported by the Russian Science Foundation (Grant No. 22-14-
004).
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