doi 10.18699/bgrs2024-1.3-06

Coopka renoma odbikHOBeHHOI JJacku (Mustela nivalis)
Ha ypoBHe C-ckad)¢0,110B XpOMOCOMHOM AJIHHBI

Torukos Al 2* Tomaposckuii A.Y 2 Tlepensman I1.Y, Bynsonkosa T.3, ITanos B.*,
Koncopuuym DNA Zoo®, I'padonarckuii A.L, Kiusep C.°

Y Unemumym monexynspnoii u xiemounoti 6uonoauu CO PAH, Hosocubupck, Poccust

2 Hosocubupckuii 2ocyoapcmeennviil ynusepcumem, Hosocubupck, Poccus

8 Uncmumym cucmem ungpopmamuxu um. A.I1. Epuwiosa CO PAH, Hosocubupck, Poccus
4HHcmumym cucmemamuxu u sxonoeuu sxrcusomuwvix CO PAH, Hosocubupck, Poccus

S [fenmp apxumexmypul 2eroma, Omoenenue MONEKYIAPHOL 2eHEMUKU U 2eHEMUKU YeT06€eKd,
Meouyunckuii konneoc Batinopa, Xerocmon, CLLIA

6 Hesaeucumbiii uccnedoeamens, Konenzazen, [Janus

* a.totickovl@gmail.com

Kuirouesbie ciioBa: cbopka renoma; Hi-C; oObikHOBeHHast jtacka; Mustela nivalis

Momusayus u yenv: OOBIKHOBEHHAs JacKa SIBISIETCS IIMPOKO PacrpoCTpaHEHHBIM
MEJIKMM XHWIIHUKOM, OXBaTBIBAIOIIMM Bech [omapkrudeckuii peruoH. OIeHKa
TCHETHUYECKOTO pPa3HO0Opa3us pa3MYHbIX MOMYJSIIAN JIACKH BBI3BIBACT OOJBIION
MHTEPEC, TOCKOIBKY OTMEYAIOTCS COKPAICHHUS YHCICHHOCTH B HEKOTOPBIX JIOKAJIBHBIX
nomynsanuax. Jias  Oosee TOYHOrO TOHWUMAHUS TeHETHYECKOTO pa3zHooOpasus
HEOOXOUMO HallMuue BBICOKOKAUECTBEHHON COOPKH T€éHOMa XPOMOCOMHOTO YPOBHS.
Takue cOOpKH BO3MOXKHO TOJTyYHTh, UCIIONB3YS JTaHHBIE O KOH(pOpMauK XpOMaTHHA
(Hi-C). Ucnone3ys naunsie Hi-C cekBeHHMpPOBaHMS, MbI YIYyUIIWIH OOIIEIOCTYITHYIO
cOOpKy TeHOMa OOBIKHOBEHHOM JIACKM Ha YpPOBHE OTACIBHBIX CcKapdongoB 10
XPOMOCOMHOTO YpOBHS, a TaKXKe CONOCTAaBMJIM HOMEHKJIATYPY XPOMOCOMHBIX
ckaddonnos ¢ panee morydyeHHBIMHU TaHHBIMU Z00-FISH u G-63uaunra [1, 2].
Memoowr u  aneopummer: QO6menoctymuas cbopka remoma Mustela nivalis
(GCA 019141155.1) Ha ypoBHE OTAETBHBIX CKah(hOIIOB UCIIONB30BATIACH B KAUECTBE
yepHoBoro Bapuanta cbopku [3]. Hi-C 6ubinoTekn ObLIM TONyYeHBbI M3 6 maccaxka
MEPBUYHOM JIMHUM KJIETOK (hUOpPOOIACTOB YIIHOTO Xpsiilia OCOOH, OTJIOBJICHHOW B
HoBocubupckoii oonactu. CexBenupoBanue Hi-C Oubianorex mpoBoauioch Ha 0Oase
koucopuuyma “DNA Z00”. BsipaBuuBanue Hi-C maHHBIX BBIMOIHEHO C HCIOJb-
30BaHHMeM mporpammel Juicer v1.6 [4]. OnpenesneHne ramioTHINYSCKUX TYTUTHKALIMIA
MPOBOMIIOCE Tiporpammoit purge_dups v1.2.6 [5]. U3 gaHHBIX OBLIM yoai€HBI TE
KaHJHUJATHBIE PETUOHBI, B KOTOPBIX Ooiiee 90 % mocie10BaTeIbHOCTH OBLIO BOBIICUYEHO
B TaIUIOTUINYECKYI0 AymUiHKanuioo. COopka TeHOMa OCYyHIECTBIISUIACh C HOMOIIBIO
nporpammsbl 3d-dna v180419 [6]. Py4nasi KOppeKius IPOBOAMIACH C MCIIOJIb30BaHHEM
Juicebox v2.16.00 [7]. LlemocTHOCTH COOPKH TE€HOMA OIEHHBAJIACh C ITOMOIIBIO
nporpammel BUSCO Vv5.4.2 ¢ ucnionp3oBanuem 6a3pl ganabix OrthoDB v10 Mammalia
[8, 9]. INonHOreHOMHBIE BBIPABHUBAHUS BbIMOIHEHBI porpammoii LAST v1519 [10].
Busyanuzamnus qaHHBIX BBITIOJIHEHA ¢ UCIIOIB30BaHUEM MporpaMMHoro maketa MAVR
(https://github.com/mahajrod/MAVR).

s aHanmM3a CHHTEHHBIX OJIOKOB HCIOJIB30BAIMCH COOPKHM T€HOMOB XPOMOCOMHOTO
ypoBusi Martes foina (DNA Zoo), N.vison (GCF_020171115.1), M. erminea
(GCF_009829155.1), M. nivalis, M. lutreola (GCF_030435805.1), M. putorius furo
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(DNA Zoo) u M. nigripes (DNA Z00). MHOXECTBEHHOE MOJHOTC€HOMHOE
BBIPaBHUBaHKHE OBLIO BBHITIONIHEHO C MOMOIIBIO TporpamMmbl Progressive Cactus v2.8.0
[11]. M3BeueHre CMHTEHHBIX OJOKOB BEIIONHEHO ¢ momoInbio halSynteny v2.2 [12], ¢
ykazanueMm mapametpoB “--minBlockSize 50000 --maxAnchorDistance 50000”.
[TonyuyeHHBIE pe3yNIbTaThl ObLIH BU3YaJHU3HUPOBAHbI C IOMOIBIO MPOTPAMMHOT'0 MaKeTa
MACE (https://github.com/mahajrod/MACE).

Pesynomamor. Coopka reHoma M. nivaliS XpoMOCOMHOTO YpOBHSI HMEET pa3Mep
2.4 mupa 1. H. u 3Hadenre N50 138.3 mutH 1. H. AHaJIN3 ETTOCTHOCTH COOPKY TeHOMa C
UCIoNb30BaHueM 0a3bl naHHbIXx Mammalia (Bcero 9226 oprosoro) BbisiBuin 96 %
LEJIBHBIX OAHOKONUHHBIX OPTOJOroB M 3 % OTCYTCTBYIOUIMX. YIydlleHHas cOopka
reHoma BkitodaeT 21 xpomocomusblii ckaddong (C-ckaddonapr), 4TO COOTBETCTBYET
rarionIHoMy Habopy xpomocoM B kapuoturie M. nivalis (2n=42) [1, 2]. HaumeHnoBanue
C-ckaddonmos B c6opke M. nivalis mpoBezieHo ¢ HCIOIB30BAHUEM paHEe MPEIIOKEH-
HOW HOMEHKJIATypbl XpoMocoM [ 1, 2]. 1iist 3Toro ObLTH COTIOCTABICHBI: TIOJTHOT€HOMHBIE
BeIpaBHUBaHMs cOopku M. nivalis Ha c6opky Neogale vison (GCF_020171115.1,
2n=30), cobopky M. lutreola (GCF_030435805.1, 2n=38) u cbopky M. erminea
(GCF_009829155.1, 2n=44, puc. 1B), a Ttakke pesyabratel Z0O-FISH ¢
UCIIONIb30BaHUEM 30HIOB Ha ocHOBe xpomocoMm N. vison nHa xpomocomsl M. lutreola
u M. nivalis [1], u G-banded xapuotuns! stux Buzmos [2]. ITocne unentudukamum C-
ckapdonmpr OB  OTHECEHBI K COOTBETCTBYIOIIMM HOMEPaM XPOMOCOM C
UCrob3oBaHueM npedukca “chr” (puc. 1A).

nivalis

Mustela
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Mustela nivalis Mustela erminea

Puc. 1. (A) Kapra miotHoct Hi-C KOHTAakTOB CcOOpKH TeHOMa OOBIKHOBEHHOW JIACKH C
21 xpomocoMHbIM ckaddoinoM. (B) TlosHOreHOMHOE BBIpaBHMBaHHE XPOMOCOMHOH COOpPKH
OOBIKHOBEHHOM JIACKH HA XPOMOCOMHYIO cO0pKy reHoma ropaocrast (M. erminea)

[lpn ananu3e CUHTEHHBIX OJOKOB (pHC.2) OOHApYXKEHBI paHee MUTOTCHETHYECKH
BBISIBIICHHBIE TpaHciokaiuu [1]. Hanpumep, poGepTcoHOBCKas TpaHCIOKAIMs JBYX
AKpOILIEHTPHYECKUX XPOMOCOM, HaOmogaemas y OoJibpIIMHCTBAa BHIOB poxa Mustela,
CIIUSIHUE KOTOPBIX 00pa3yet xpomocomy 1y M. lutreola u M. nigripes. Tax)xe BbISBICHO
HECKOJIbKO KpYIHBIX HWHBEpCHH pazmepom Oosjee 1 MIH 1. H., KOTOpBIE paHee
MOJATBEP>KICHBI HE OBLIH.
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Puc. 2. CunteHHbIe OI0KH MEXy BUIaMu nojcemeiictea Mustelinae u Martes foina. Mueepcun

Mustela erminea
Neogale vison

Martes foina

U TpaHCJIOKalMnu pasME€poOM HE MCHEC 1 MIH ILH. BbIJACJICHBI KpPAaCHbBIM M CUHUM LBETAMU
COOTBCTCTBCHHO

Bowisoowr: Ucnonb3yst Hi-C nannbie, Mbl yayummin c6opky renoma M. nivalis mo
XPOMOCOMHOTI'0 YPOBHSI. BbUIH BBISBIICHBI MHOTOYHMCIICHHBIC MHBEPCHU pa3MepoM Ooliee
1 MJIH I.H., KOTOpBIE paHee omnpeesieHbl He Obutd. [Tomyuennas cOopka reHoMa MOXKET
WCTIONB30BaTbCd B PA3IUYHBIX  MOIMYJSIMOHHO-TEHETHYECKUX  HCCIICAOBAHUSX,
MO3BOJISS OTy4aTh OoJiee TOYHBIE PE3YIIBTATHI.

Qunancuposanue: 3a BOSMOKHOCTb IPOBEICHHS TaHHOH paboThl Mbl Onarogapum: Olga
Dudchenko, Rugayya Khan u Erez Aiden (Korcopuuywm “DNA Z00”, CIIIA); Karol Zub
(MRI, TIomema); Inés Miranda, Liliana Farelo u Jose Melo-Ferreira (CIBIO,
[opryramus); HOmuio byrakoy (MMKB CO PAH, Poccus). HccnemnoBanue
nozzaepxaHo rpantom PHO (Ne 22-24-01076).
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Motivation and Aim: The Least Weasel is a widely distributed small predator
encompassing the entire Holarctic region. The assessment of genetic diversity among
different populations of Least Weasels is of great interest due to observed declines in
some local populations. To achieve a more accurate understanding of genetic diversity,
high-quality genome assemblies at the chromosome level are necessary. Such assemblies
can be obtained using chromatin conformation data (Hi-C). Utilizing Hi-C sequencing
data, we have improved the publicly available genome assembly of the M. nivalis to the
chromosome level and have also aligned the nomenclature of chromosomal scaffolds
with previously obtained Zoo-FISH and G-banding data [1, 2].

Methods and Algorithms: The publicly available genome assembly of M. nivalis
(GCA_019141155.1) at the scaffold level was utilized as a draft assembly [3]. Hi-C
libraries were generated from the 6th passage of the primary fibroblast cell line derived
from ear cartilage of an male individual captured in the Novosibirsk region. Hi-C library
sequencing was conducted by the “DNA Zoo” consortium. Alignment of Hi-C data was
performed using Juicer v1.6 software [4]. Haplotypic duplications were identified using
purge_dups v1.2.6 software [5]. Candidate regions where more than 90 % of the
sequence was involved in haplotypic duplication were removed. Genome assembly was
carried out using 3d-dna v180419 software [6]. Manual curation was conducted using
Juicebox v2.16.00 software [7]. Genome assembly completeness was assessed using
BUSCO v5.4.2 software with the OrthoDB v10 Mammalia database [8, 9]. Whole-
genome alignments were performed using LAST v1519 software [10]. Data
visualization ~was  conducted using the MAVR software package
(https://github.com/mahajrod/MAVR). The synteny blocks analysis utilized
chromosome-level genome assemblies at the Martes foina (DNA Zoo), N. vison
(GCF_020171115.1), M. erminea (GCF_009829155.1), M. nivalis, M. lutreola
(GCF_030435805.1), M. putorius furo (DNA Zoo), and M. nigripes (DNA Zoo).
Multiple whole-genome alignments were conducted using Progressive Cactus v2.8.0
[11]. Syntenic blocks were extracted using halSynteny v2.2 [12] with parameters set to
“--minBlockSize 50000 --maxAnchorDistance 50000”. The resulting outcomes were
visualized using the MACE software package (https://github.com/mahajrod/MACE).
Results: The improved genome assembly has a size of 2.4 Gbp and an N50 value of
138.3 Mbp. BUSCO analysis for the M. nivalis assembly, we identified 96 % complete
and single-copy BUSCOs from the Mammalia database (9,226 BUSCOs), with only 3 %
missing. The improved genome assembly consists of 21 chromosomal scaffolds (C-
scaffolds), corresponding to the haploid chromosome set in the karyotype of M. nivalis
(2n=42) [1, 2]. The nomenclature of C-scaffolds in the M. nivalis assembly was
established using previously proposed chromosome nomenclature [1, 2]. This involved
comparing whole-genome alignments of the M. nivalis assembly to the assembly of
Neogale vison (GCF _020171115.1, 2n=30), the assembly of M. lutreola
(GCF_030435805.1, 2n=38), and the assembly of M. erminea (GCF_009829155.1,
2n=44), as well as the results of Zoo-FISH probes based on N. vison chromosomes on
M. lutreola and M. nivalis chromosomes [1], and G-banded karyotypes of these species
[2]. Following the identification of C-scaffolds, they were assigned to corresponding
chromosome numbers using the prefix “chr” (Fig. 1).
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Fig. 1. (A) Hi-C contact density map of the Least Weasel genome assembly showing 21 chromo-
some length scaffolds. (B) Whole genome alignment of the Least Weasel chromosome length
assembly to the ermine’s (M. erminea) assembly

During the analysis of synteny blocks (Fig. 2), previously cytogenetically identified
translocations were detected [1]. For instance, the Robertsonian translocation involves
two acrocentric chromosomes, observed in most species of the genus Mustela, the fusion
of which forms chromosome 1 in M. lutreola and M. nigripes. Additionally, several large
inversions exceeding 1 Mbp were identified.
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Fig. 2. Synteny blocks between species of the Mustelinae subfamily and Martes foina. Inversions

Neogale vison
and translocations of 1 Mbp and larger are highlighted in red and blue, respectively
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Conclusion: Using Hi-C data, we have successfully improved the genome assembly of
M. nivalis to the chromosome level. We detected numerous inversions larger than 1 Mbp
that were previously undetected. The resulting genome assembly can be utilized in
various population genetics studies, enabling more precise results to be obtained.
Funding: We acknowledge for making this genome assembly possible: Olga
Dudchenko, Rugayya Khan and Erez Aiden (Consortium “DNA Zoo”, USA); Karol Zub
(MRI, Poland); Inés Miranda, Liliana Farelo, Jose Melo-Ferreira (CIBIO, Portugal); and
Yulia Butakova (IMCB SB RAS, Russia). The study is supported by the RSF grant
(No. 22-24-01076).
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