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ITos1HOreHOMHBIE TaHHbIE MOATBEPKIAIOT MPUCYTCTBHE
KpoccuHrosepa y ruopuaon codous (M. zibellina)
u JecHoi Kynuubl (M. martes)
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2 Hosocubupckuii 20cyoapcmeennsiii ynusepcumem, Hosocubupck, Poccus

3 Uncmumym cucmem ungpopmamuxu um. A.I1. Epwosa CO PAH, Hosocubupck, Poccust

4 Uncmumym 6uonozuueckux npodaem xpuonumosonvt CO PAH, Sxymck, Poccus

5 Cuxoma-Anunckuii 2ocyoapcmeennviii npupoouwiii 6uocgepnuiii 3anosednux um. K.I'. Abpamoea,
n. Tepneii, Poccus

6 30onapx «Jlecnas ckaskay, Bapuayn, Poccus

7 300n0euneckuti uncmumym PAH, Canxm-Ilemep6ypz, Poccus

8 Heszasucumbiii uccnedoeamens, Koneneazen, Jlanus
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KaroueBsble cjioBa: FI/I6pI/II[I/ISaL[PI$[; aHaJIN3 TCHCTUYCCKOT'O CMCIICHUA

Momusayus u yens: Cobonb (M. zibellina) u necuas kynua (M. martes) sBistoTcs
OJIM3KOPOJCTBEHHBIMHU TIpencTaButessiMu poxaa Martes (cem. Mustelidae). B 3ome
MEPEKPHIBAaHHS apeaioB ATHUX IMYIIHBIX BHJOB MPOUCXOIUT 0Opa3oBaHUE THOPHIOB —
KHJIACOB, KOTOpPBIE  XapaKTEpHU3YIOTCS  IMPOMEKYTOUYHBIMH  (PEHOTHITHYECKUMHU
MpU3HAKAMH POJUTETHCKUX BUOB [ 1]. BHYTpHITOMY ISIIMOHHBINA 1 MEXXBHIOBON aHATH3
TCHETHUYECKOH CTPYKTYpPBl 3THUX CHMIIATPUYECKHX BUIOB paHee MPOBOAMICS C
WCTIONIb30BaHUEM TIOAXOJ0B HHU3KOTO pa3pellicHHs, OCHOBaHHBIX Ha aHaJu3e
MUTOXOHJIPHUAJIFHBIX U OTAEIHHBIX SIIEPHBIX MapkepoB [2, 3]. Mconb3ys coOCTBEHHBIE
MOJIHOTEHOMHBIE JaHHbIe 7 00pasioB M. martes, 13 obpasuos M. zibellina u 12 o6pas-
[[OB UX MPE/I0oiIaraeMbIX THOPHIOB, a TAK)Ke TIOJIHOTEHOMHEIE IaHHbIe | omyOIMKoBaH-
HOro oOpasna kuraiickoro monsuaa co6osst, Mbl BemonaHmIH ADMIXTURE-ananu3
MCCIIeTyEeMBIX 0COOEH.

Memoowvr u ancopummei: Ilouck, mackupoBanue u ¢uisTpanus SNP ayrocom u
MICEBJI0ayTOCOMHOTO paiioHa BbInojaHeHbl npu nomormun BCFTOOLS, BEDTOOLS,
BEDOPS u PLINK [4-7]. B kadecTBe pedepeHca HCIOIb30BaHA OOIIEIOCTYITHAS
reHoMHasi cOopka co00Jii XPOMOCOMHOTO ypoBHs [8]. AHaJIU3 IIaBHBIX KOMIIOHEHT
(PCA) nposenen ¢ momomipio PLINK. Busyanuzaims mojsydeHHOTO pe3yibTaTa M
BEIYHCJICHHE OOBSICHEHHOU TUCTIEPCUU KaXXI0H KOMIIOHEHTHI BBIITOIHEHBI CPEICTBAMHU
SI3bIKA TIPOTPAaMMHUPOBaHUs R. AHaNM3 TEHETUYECKOTO CMEIIeHUsT 00pa3I0B BBHITOIHEH
¢ ucnionszoBanueM ADMIXTURE [8] anst 1-6 peamonaraeMbeix TeHETUIECKUX KIIacTe-
poB ucxonueix nomyssinui (K). AHanu3 IpoOBOMWICS B TPEXKPATHOW IMMOBTOPHOCTHU C
BBIYUCIICHHEM OIINOOK MEPEKPECTHOW BAIMAALUHN W 3HAYCHUH CpPEeIHEro MOomapHOro
cxozactra. Jlokanpabiit ADMIXTURE ananu3 BeImoHEH MyTeM OTAEIBHBIX 3aITyCKOB
ADMIXTURE (K = 2) ¢ uCrons30BaHHEM HETIEPEKPHIBAIOIIMXCS CKOB3SIINX OKOH
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pasmepoM | MiH 1. H. Busyanuzanusi BBINONHEHa CPEICTBAMHU SI3bIKa MPOTPAMMHU-
poBanus Python.

Pezynomamur: Ha rpaduike PCA (puc. 1, A) uccnemyemsie 00pa3iibl COOPMHUPOBAIA JBE
TPYIIBl OTHOCUTENHHO MIEPBON TJIABHOM KOMITOHEHTHI. JleBas rpymma chopmupoBaHa
JIeCHBIMU KyHUIIaMH. B CBOIO ouepenp mpaBas Tpymmna, ocodu U3 KOTOpoil Oosblie
paccpenoToUeHbI 0 BEPTUKAIH, COCTOUT U3 coborneit. O6pa3msr T87 u T84, a Takxke B
MeHbIIei creneHn T18 pacronoXmwimch MPaKTUUECKH MEXIY ABYMS TPYIIIAMH, Y4TO
ABJISIETCSl IPU3HAKOM HanOoJiee BBIPaKeHHOTO THOPUITHOTO CTaTyca STHX 0COOCH.
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Puc. 1. A — rpadux PCA uccienyempix 00pa3ioB co00Jist, IECHON KYHUIIBI U UX
TIpeAroIaraeMbIx THOpHIOB; B — pe3ynbraTsl rmodansHOro 1 tokansHoro ADMIXTURE-
anaimmza (K = 2)

Pesynbratel rnobansroro u sokaibHoro ADMIXTURE-anamusza (K = 2) Busyanu-
3upoBaHbl Ha puc. 1, B. I'mobamsabiii ADMIXTURE-ananu3 BbIsiBUI Hanuuue
UHTpOTrpeccuu B 9 obOpasiiax, 1051t KOTOpoii kosednercs B quana3oHe ot 3.9 % (T78) no
40.8 % (T87). CienoB MHTPOTPECCHH CPEIM OCTAIBHBIX O0pa3loB OOHAPYKEHO HE
ob10.  Jlokampabelii ADMIXTURE-ananu3 mo3BOJMJI  TONOJHHUTEILHO BBIIBUTH
uHTpOrpeccuto B obpasmnax 181 u T83, panyto 6.17 u 7.86 % coorBeTcTBeHHO. B
o01Ieli CI0KHOCTH MBI OOHAPYKHIIH clielibl HHTporpeccuu oT 1 10 5 % B 11 ob6pasmax
(Bxumrouast pepepeHcHbIE 00pa3Lbl POJUTENBCKUX BUIOB).

Jlokanbeueiii ADMIXTURE-ananu3 Ha ypoBHE KaXKJIO0W XPOMOCOMBI JIOTIOJTHUTEIBHO
MO3BOJIMJI HAM YCTAHOBUTH MO3aWYHOCTh XPOMOCOM Y THOPHIIHBIX ocobOei. B kauecTBe
npruMmepa Ha puc. 2, A nokazad rubpuanbiii oopasen T 18, Ha 10-if xpoMocome KOTOpOro
BBISIBJICHBI KaK YYaCTKH OT KaXKJIOTO U3 POJIUTEIBCKUX BUJIOB, TAK M THOPUIHBIE YIaCTKU
0T 000uX M3 HUX. MO03aWYHOCTh MPEACTABICHHOIO M IPYI'MX THOPUIHBIX 00pa3IoB
HPOSBIIAETCA B PA3HBIX MPOMOPIMAX M MOXKET MPOSIBIIATHCS HAa Pa3HBIX XPOMOCOMHBIX
y4JacTKax, 4TO CBUICTEIBCTBYET O TOM, YTO KPOCCHHIOBEp B TMOPUIHBIX 00pa3lax He
HOAaBJIeH. J[OTOTHNTENBHO TOKA3aHBl B ITOATBEPKACHHBIX JIECHBIX KyHHUIIBI W3
CeeptoBckoii (puc. 2, B) u Apxanrenbckoii (puc. 2, C) obnacreli ¢ uHTporpeccueii co
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cTopoHsl cobons B 3.4 u 4.3 % coorBercTBenHO. [ogo0HbBIe clenpl HHTpOTpECCUn y
TUIMYHBIX 0CO0EH JIECHOW KYHHIIBI TOBOPST O PAacIIMPEHHUU 3allaJHOW YacTH apeaia
co0ours, a Tak)Ke, BEPOSITHO, MOTYT OBITH CIIEZICTBHEM MTOOErOB cOo00IIei co 3BepodepM.
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Puc. 2. Pesymerars mokanmsHOro ADMIXTURE-ananm3a kaxmoi XpoOMOCOMBL: A — ISt
rubpugHoro odpasma T18; B u C — mist moaTBep K AeHHBIX 00pa3IIoB JIECHON KYHUIIBI

Buvigoowi: Ham ypnamoch BBISIBUTH B3aUMHBIE HHTPOTPECCHH HAa YPOBHE KaKIOW
XPOMOCOMBI MEX]Ty COOOJIEM U JISCHOW KyHHUIIEH. AKTUBHBIN JBYHAIPABIEHHBINA TTOTOK
TCHOB HAOJIOAaeTCs B TeHOMAax 0co0el KaK M3 30Hbl CHMIIATPUH, TaK U B YAAJICHHBIX OT
9TOH 00J1aCTH YacTAX apearoB pPOJUTENBCKUX BUAOB. Cpenu 00pas3ioB JECHBIX KyHHUI]
He OOHapy)XeHO HH OJHOH o0cobm 0e3 WHTPOTpeccCHH OT COO0OJS, YTO SBISETCS
CBUJICTENILCTBOM pacCIIMPEHHsl 3amajHoil JacTu apeana coOois. U3 paccMoTpeHHBIX
12 00Opa3uoB npeanonaraeMpIX KHIAacOB OATBEPIKICHHBIMHU OKa3aJliCh TOJIBKO 8, TOraa
KaK OCTaBIINECS 4 SBIAIOTCS JIECHBIMU KYHULIAMH C HHTPOTPECCUEH CO CTOPOHBI COO0IIS
MeHee ycinoBHOro mopora B 5 %. IlomyueHHble pe3ynbTaThl MOATBEPKIAIOT, YTO
KPOCCUHIOBEpP y THOPHUAHBIX 0COOEH He MOJIaBJICH.

bnazooaprnocmu: Boeipaxaem OnarogapHocTh AnekcaHzapy Murypy, Banepuro
3enenyxuny, Bukropy XasaraeBy, Baneputo Cepenkuny, Banentuny CnoGoaeHIoKy,
Cepreto KpexnoBy, Hpune lllysanosoii, Ceetnane 3yOakunoii, Ajnekcero JlaxTuny,
Cepreto llpmnenkoBy, Ceprero [lucapeBy, [laBny Pesnndenko u Banepuro XKnaniok
3a MOMOIIIb B cOOpe 00pa3IoB.

Qunarncuposanue. Viccnenosanue nopuep:kano rpantom PH® Ne 19-14-00034-11.

Whole-genome data confirm the presence of crossover
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Motivation and Aim: Sable (M. zibellina) and pine marten (M. martes) are closely related
species of the genus Martes (family Mustelidae). In the area of overlapping ranges of
these fur species, hybrids — kidases — are formed, which are characterized by
intermediate phenotypic traits of the parental species [1]. Intrapopulation and
interspecific analysis of the genetic structure of these sympatric species was previously
performed using low-resolution approaches based on the analysis of mitochondrial and
individual nuclear markers [2, 3]. Using the obtained whole-genome data of 7 samples
of M. martes, 13 samples of M. zibellina and 12 samples of their putative hybrids, as
well as the whole-genome data of 1 published sample of the Chinese subspecies of sable,
we performed ADMIXTURE analysis of the studied individuals.

Methods and Algorithms: SNPs of autosomes and pseudoautosomal region were
identified, masked, and filtered using BCFTOOLS, BEDTOOLS, BEDOPS, and PLINK
[4—7]. The publicly available chromosome-level genome assembly of sable was used as
a reference [8]. Principal Component Analysis (PCA) was conducted using PLINK.
Visualization of the results and calculation of the explained variance for each component
were performed using R. Genetic admixture analysis of the samples was performed using
ADMIXTURE [8] for 1-6 assumed genetic clusters of ancestral populations (K). The
analysis was performed in 3-fold repetition with calculation of cross validation errors
and average pairwise similarity values. Local ADMIXTURE analysis was performed by
separate runs of ADMIXTURE (K = 2) using non-overlapping sliding windows of
1 Mbp. Visualization was performed using Python.

Results: In the PCA plot (Fig. 1A), the studied samples formed two groups relative to
the 1st principal component. The left group is formed by pine martens, while the right
group, whose individuals are more dispersed vertically, consists of sables. Samples T87
and T84, and to a lesser extent T18, are located almost between the two groups,
indicating a more pronounced hybrid status of these individuals.

The results of global and local ADMIXTURE analysis (K = 2) are visualized in Fig. 1B.
Global ADMIXTURE analysis revealed the presence of introgression in 9 samples,
ranging from 3.9 % (T78) to 40.8 % (T87). No traces of introgression were found among
the remaining samples. Local ADMIXTURE analysis additionally identified
introgression in samples T81 and T83 equal to 6.17 and 7.86 % respectively. In total, we
detected traces of introgression from 1 to 5 % in 11 samples (including reference samples
of the parental species).
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Fig. 1. A, PCA plot of the studied samples of sable (M. zibellina), pine marten (M. martes) and
their putative hybrids; B, results of global and local ADMIXTURE analysis (K = 2)
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Fig. 2. Results of local ADMIXTURE analysis for each chromosome: A, for hybrid sample
T18; B and C, for confirmed pine marten samples

Local ADMIXTURE analysis at the level of each chromosome additionally allowed us
to identify chromosome mosaicism in hybrid individuals. As an example, in Fig. 2A, the
hybrid sample T18 is shown, where on the 10th chromosome, regions from each of the
parental species as well as hybrid regions from both of them were identified. The
mosaicism of both the presented and other hybrid samples appears in various proportions
and may appear on different chromosomal regions, indicating that crossover is not
suppressed in the hybrid samples. Additionally, two confirmed pine marten individuals
from Sverdlovsk (Fig. 2B) and Arkhangelsk (Fig. 2C) regions with introgression from
sable at 3.4 and 4.3 %, respectively, are shown. Such traces of introgression in typical
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pine martens indicate the expansion of the western part of the sable's range and may also
be a result of sable escapes from fur farms.

Conclusion: We succeeded in identifying mutual introgressions at the level of each
chromosome between sable and pine marten. Active bidirectional gene flow was
observed in the genomes of individuals both from the sympatric zone and in remote parts
of the ranges of the parental species. Among the pine marten samples, not a single
individual without sable introgression was found, indicating the expansion of the western
part of the sable's range. Out of the 12 examined suspected hybrids, only 8 were
confirmed, while the remaining 4 are pine martens with introgression below the arbitrary
threshold of 5 %. The results confirm that crossover is not suppressed in hybrid
individuals.
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