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Momusayus u yens: COOPKH A0 YPOBHS XPOMOCOM SIBJISIFOTCS 30JI0THIM CTaHAAPTOM JIJIS
CeKBeHUpoBaHMs Bcero renoma de novo [1-3]. TMomydeHue BBICOKOKAYECTBEHHBIX
STAIOHHBIX TEHOMOB ITO3BOHOYHBIX, COOPAHHBIX IO XPOMOCOMHOTO YPOBHS, TIPHBEIIO K
3HAYUTEIBHBIM pe3yJibTaTaM B (DYHKIIMOHAJILHOMW, CPABHUTEIHHON W TMOMYJISIIMOHHON
reHoMuke [4, 5]. CIOXHBIMH dTaraMy TpU TOCTPOSHHH STATIOHHOTO pehepeHCHOTO
TeHOMA SBJISFOTCSA MPABIIIFHAS OPHEHTAINS KOHTUTOB M CKaQQOII0B IO OTHOIIEHUIO
JIpyr K Opyry U cbopka cymnepckaddongoB B CTPYKTypUPOBaHHBIE XPOMOCOMHBIC
ckadGonabl, a TaKKe CEKBCHHPOBAaHHE W TO3WIMOHMPOBAHUE YYACTKOB I'€HOMa C
MOBTOPSIIOIIUMHCS MTOCIIEA0BATEILHOCTAMHE HIIH C CESTMEHTHBIMH JAyTUTHKanusMu [6-8].
MHorue 13 3THX MPOoOJIeM IPEOI0JICBAIOTCS IPU UHTETPAIlUU JTaHHBIX CEKBEHUPOBAHUS
reHOMa W JaHHBIX ITUTOreHEeTHKHW. KOMOMHMPOBAaHHBIA IMOAXOJ, 00ECICUYMBAIOIIUI
cOOpKy TeHOMa JO0 YpPOBHS XpOMOCOM, Tropasfo Oojee yCHemeH B OTBETe Ha
(yHIaMeHTabHbIE OWOIOTUYECKHE BOMPOCH], YeM OJHU JUIIb TE€HOMHBIE WIH
muToreHeTndeckre moaxoapl [9-11]. 3adacTyro COMOCTaBiICHHWE MAHHBIX CEKBEHH-
pOBaHHA T€HOMAa W IIUTOTCHETHYECKHX MAHHBIX HE MPOBOIHUTCS, YTO OTPaXKaeTcs B
HECOTJIACOBAaHHOCTH HyMEpAaIllM:l XPOMOCOM JIaXKe JIJISl BUAOB, JJII KOTOPBIX UMEIOTCS
CTaH/IaPTU3UPOBAHHBIC KAapHOTHIIBI, K HEBEPHOH opueHTaluu ckapdoiaoB, K
HE/IOOIEHKE Pa3MepOB XPOMOCOM H3-32 HEYYETOB OJIOKOB TeTepOXpOMaTHHA U T. 1.
Llenpro maHHOW pabOTHI SBISETCS MPUBIICYCHUE BHUMAHHUSA K BaXXHOCTH IMOHUMAHUS U
MPUMEHEHUsT KOMOMHHPOBAHHOTO TOJXOAa TPU BEINIOJHEHHH COOPOK T€HOMOB JIO
XPOMOCOMHOTO YPOBHSI.

Memoowt u ancopummor: B paboTe MCIONB30BaINCh METOIBI KiIacCHUecKoi, audde-
PEHUUATIBHON U MOJIEKYJISIpHOM HUTOreHeTHKu [12—15]. Mukpoauccekuus npoBoau-
JIaCh JUISI TIOJTyUEHHUS] XPOMOCOMO- U paiioHocnennpuyHbIx 0ubnmuoTek [16]. [Ipurotos-
JieHrue OMOJMOTEK ISl CeKBEHUPOBAHUS BBIMOJIHIIOCH, Kak onucaHo panee [17]. s
aHaJIM3a JIAHHBIX CCKBEHUPOBAHHMS IIPUMEHSJIMCH pasiindHbie moaxost [17-20].
Pe3zynemamur: IlyTem mapHOTO BBIpaBHHUBAHUS MBI WACHTU(UITUPOBAIA U BU3yaJIU3U-
poBanM CHHTEHHBIE OIIOKHW, obrmme aast Mopckoit ceuakm (Cavia porcellus), romoro
semiiekona (Heterocephalus glaber) u uenoBeka. Bricokoe kauecTBO cOOpKH reHOMA
YeJIOBEKAa MO3BOJIMIIO OMPEACIUTh MOJIOKEHUE [IEHTPOMEDP MPU CPAaBHEHUU CUHTEHUIL.

BGRS/SB-2024 23



Mpbl O0BEAMHWIN MEJKHE CHHTEHHH B OJOKM pa3MepoM He MeHee 5 M.ILO. JUIs
COIIOCTABJICHUS JJAHHBIX CPAaBHUTEIHHON LUTOTEHETHKHA M COOPOK T€HOMOB, MOJTy4YeH-
HBIX METOIOM aHaln3a JaHHBIX CceKBeHupoBaHus Oubmmorek Hi-C, uto mossosmio
IpUBSA3aTh T€HOMHbIE cKad (oAbl K OTAECIBHBIM XpPOMOCOMAaM M OPUEHTUPOBATh HX
OTHOCHTEIIFHO IIEHTpoMep U OJ0KoB rerepoxpomaruna. [lanusie Hi-C mo3Bommmm
3aKpBITh BCE MPOOETBl Ha CPABHUTENIBHBIX KapTax M BBIIBUTH JIONIOJHHUTEIbHBIC
NEPECTPOUKH, OTINYAIOIINE KAPHOTHIIBI TPEX BUAOB. B pe3ynpraTe Mbl HHTEIPUPOBAIN
OouonH(popMaTHUYECKUE U HUTOTEHETUYECKUE JaHHBIC U CKOPPEKTUPOBAIIN MPEIbIAYIIUE
CpaBHUTEJbHBIC KapThl M COOPKM TeHOMa MOPCKOW CBHUHKH, TOJIOTO 3EMJIEKONa U
genmoBeka [19].

B kapuworune crepnsam  (Acipenser  ruthenus, ARUT) wu3 120 xpomocom
OUTOTEHETUYECKH JIETKO HACHTH(UUUpYIOTCs TepBble 14—17 map U mapsl MemKHX
xpomocom, Hecymmue reHsl SIOP [21]. MeTomoM MHKPOAMCCEKINHA MBI TOTYYIHIN
OMOMOTEKH OTAETHHBIX XPOMOCOM CTEPJISAH. DTH OMOIMOTEKH OBLIM TIOMEUYEHBI W
WCIIOJIb30BaHbI B KauecTBe 30H10B /i FISH, a Takke cekBeHUpOBaHBI M BRIPOBHEHBI Ha
cOopky reHoma ctepisiiu xpomocomHoro ypoBHs (GCF _902713425.1/), utoObI yBsi3aTh
UTOTeHeTHYeckue W OnomH(pOpMaTHyecKnue naHHbIe. AHamu3 pesymbratoB FISH
MoKa3all, 4TO TEHOM CTEepJSIIM MPEACTaBIIeT CIOXKHYI MO3aWYHYH CTPYKTYpY,
COCpXKAIIYI0 JUILIONIHBIE U TETparuiouaHble cerMeHThl [22]. Ilpu comocTtaBieHUN
MOJICKYJISIPHO-IIUTOT€HETHUECKUX U OMOMH(OPMATHUECKUX AAHHBIX OBLIO MOJIyYEHO
XOpollee WM MPUEMIIEMOE COOTBETCTBHE PE3YyJIbTAaTOB IJIsl HEPBBIX IBAALATH Iap
XxpoMocoM. [l dYeThlpex map XpOMOCOM OBUIO BBISIBICHO CYIIECTBEHHOE
HECOOTBETCTBHE MEXY pu3ndecKuMu pazmepamu xpomocoMm (ARUT17, 21,22 u25)n
pa3MepaMu COOTBETCTBYROIMUX UM ckaddommos (24, 15, 29 u 18), oObsicHsIEMOE, CKOpee
BCEro, HEmojHOW cOopkoi. [lns Gombpmioro mo pasmepy ckaddonma 11 He ymanoch
YCTaHOBUTH COOTBETCTBHS C KakoW-TMOO XpoMocomHOW mapoil. [lo-Buammomy, 310
apredaKTHBIA pe3ysbTar.

[Ipu cpaBHEHMHM T'€HOMOB KPAacHOYXO# mpecHoBOaHOW uepernaxu (Trachemys scripta
elegans, TSE) u morrepxena (Caretta caretta, CCAR) uncrpymentom D-GENIES 6p11u
BBISIBJICHBI ~ MEXXPOMOCOMHBIE  IEPECTPOMKH,  3aTparuBaiollNe€  XPOMOCOMBI
TSE2=CCAR2/23/2, TSE4A=CCAR6/20 u TSE16=CCAR26/27, Takxe Obl1a I10Ka3aHa
oOpaTHas opueHTalus ckagdoaaoB s roMojoruunbix xpomocom 1SE1 u CCARL,
TSE4 u CCARG, TSE9 u CCARY u nip. MonekynspHO-IIMTOTeHETHYeCKas! JTOKATHU3aITHs
HabopoB xpomMocomocrierupuaHbXx 1mpod TSE u kopobOuatoii yepenaxu (Terrapene
carolina, TCA) na xpomocomax TSE u CCAR X0Ts M moaTBepIuiia HAIUYHE TPEX
MEXXPOMOCOMHBIX IepecTpoek, paznuuatomux kapuotunbl 1SE n CCAR, HO ykazana
Ha TO, 4TO0 cOOpKa XPOMOCOMHOI'O YPOBHSI HE IPHUBA3aHA K LUTOI€HETHYECKOH Kapre:
tak, CCAR6 u TSE16 B cOopkax coorBerctByroT Qusmuecku CCARS u TSE12.
Hcnonb3oBaHue  MUKPOJAMCCEKIMOHHBIX  pailoHOCHeNM(UYHBIX  Tpod  Juis
CPaBHUTEIBHOTO XPOMOCOMHOTO IIPMHTHMHIa BBIBWIO WICHTHUYHBIA  TOPSAIOK
PAacIoIOKEeHNSI TOMOJIOTHYHBIX CETMEHTOB, HAPUMEP, B TOMOJIOTMYHBIX XPOMOCOMax
TSE1 u CCARI, yka3aB Ha HEBEpPHYIO OpPHEHTANUIO CKapQOIIOB B XPOMOCOMHBIX
cOopkax.

CpaBHUTENBHBIA  XPOMOCOMHBIM IPWHTHHI ¢ TnpobdamMM JAoMamHeld cobaku
MPOJIEMOHCTPUPOBAI OJIMHAKOBBIA TOPSJOK TOMOJOTHYHBIX (DParMEeHTOB JUIsi BCEX
ayTOCOM JIACTOHOTHX. BBICOKHUIT ypOBEeHb KOHCEpPBATH3MA ayTOCOM ObLIT MOATBEPKIACH
npu cOopke reHoma Oaiikanbckord Heprmbl (Pusa sibirica, PSIB) meromom Hi-C u
CpaBHEHHH €ro ¢ reHoMamu rectpoit Hepnbl (Phoca larga, PLAR) u 00bIKHOBEHHOTO
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tronienst (Phoca vitulina, PVIT) [20]. Bbuto BBIsSIBICHO MHOKECTBO KOPOTKHX MHBEPCHIA,
W TONBKO TPU HMHBEpCHHU paszmepoM okono 1 m.mH. Ha PLAR6 un PVIT6. Pazmep
BBISIBIICHHBIX BHYTPUXPOMOCOMHBIX IIEPECTPOEK HIDKE YPOBHS —pa3perniaromnieit
crocoonocT Metoaa FISH, uTo moguepkuBaeT BaxKHOCTD MPOBEICHHUS CPABHUTEIBHOIO
OouonH(popMaTHYECKOro aHajnu3a reHoMoB. OJHAKO MOJy4YeHHBbIE TaHHbIE MO cOOpKe
reHoMa OalKaTbCKOM HEpHIBl JO YPOBHS XPOMOCOM HE COJAEp)KaT CBEICHUH O
MOJIOKEHWH IIEHTPOMEp, YTO HE IO3BOJSET YCTAHOBHTh, B KAKOM HMMEHHO IUICYE
METaLEHTPHUUECKONH XPOMOCOMBI HAXOSATCS BBISIBJICHHBIE TIEPECTPOUKH.

Buigoowvi: WuTerpauus UUTOTCHETHYECKHMX W OWOWH(POPMATHYECKUX NAHHBIX JUIS
KOPPEKTHBIX COOpPOK T'€HOMOB XPOMOCOMHOTO YPOBHS IIPEICTaBHTENCH pa3HBIX
TAKCOHOB II03BOHOYHBIX HMMEET OTPOMHOE 3HAu€HHWe, MO3BOJISASA KOPPEKTHPOBAThH
opueHtanmio ckadpdongoB W ycTaHAaBIMBATH COOTBETCTBHE C XPOMOCOMaMH
KapHUOTHIIOB, ONMCAHHBIX MOJIEKYJIIPHO-IIUTOTCHETHIECKUMH METOIaMH.
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Motivation and Aim: Chromosome-length genome assemblies are the gold standard for
de novo whole genome sequencing [1-3]. The availability of high-quality vertebrate
reference genomes led to significant advances in functional, comparative and population
genomics [4, 5]. Problematic steps in constructing a reliable reference genome are the
correct orientation of contigs and scaffolds relative to each other and the assembly of
superscaffolds into structured chromosomal scaffolds, as well as the sequencing and
positioning of genomic regions with repeated sequences or segmental duplications
[6-8]. Many of the above problems are overcome by integrating genome sequencing
data with cytogenetics data. A combined approach that assembles the genome down to
the chromosome level is much more successful in answering fundamental biological
guestions than genomic or cytogenetic approaches alone [9-11]. Unfortunately,
integration of genome sequencing data with cytogenetics data is often not carried out,
which leads to inconsistency in chromosome numbering even for species for which
standardized karyotypes are available, incorrect orientation of scaffolds, incorrect
assessment of chromosome sizes due to failure to take into account heterochromatic
blocks, and other problems. The purpose of this work is to draw attention to the
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importance of understanding and applying a combined approach when performing
chromosome-length genome assemblies.

Methods and Algorithms: The methods of classical, differential and molecular
cytogenetics were used [12-15]. Microdissection was carried out to obtain chromosome-
and region-specific libraries [16]. Preparation of sequencing libraries was performed as
previously described [17]. Analysis of sequencing data was carried out using various
approaches [17-20].

Results: By pairwise alignment, we identified and visualized syntenic blocks shared by
two rodent species: the guinea pig (Cavia porcellus), the naked mole rat (Heterocephalus
glaber), and humans. The high quality of the human genome assembly made it possible
to determine the position of centromeres when comparing syntenies. We grouped small
syntenies into blocks of at least 5 Mbp to align comparative cytogenetics data and
genome assemblies obtained by analyzing sequencing data from Hi-C libraries, which
made it possible to link genomic scaffolds to individual chromosomes and orient them
relative to centromeres and heterochromatic blocks. Hi-C data made it possible to close
all gaps in the comparative maps and identify additional rearrangements that distinguish
the karyotypes of the three species. As a result, we integrated bioinformatics and
cytogenetic data and adjusted previous comparative maps and genome assemblies of the
guinea pig, naked mole rat, and human [19].

In the sterlet, a Eurasian sturgeon fish, (Acipenser ruthenus, ARUT) karyotype of
120 chromosomes, the first 14-17 pairs and pairs of small chromosomes carrying NOR
genes are easily identified cytogenetically [21]. Using the microdissection, we obtained
libraries of individual sterlet chromosomes. These libraries were labeled and used as
probes for FISH, and sequenced and aligned to the chromosomal level sterlet genome
assembly (GCF_902713425.1/) to link cytogenetic and bioinformatics data. Analysis of
FISH results showed that the sterlet genome represents a complex mosaic structure
containing diploid and tetraploid segments [22]. When comparing molecular cytogenetic
and bioinformatics data, good or acceptable agreement of results was obtained for
chromosomes ARUT1-10, 13, 14, as well as the next twenty pairs of chromosomes. For
four pairs of chromosomes, a significant discrepancy was detected between the physical
sizes of the chromosomes (ARUT17, 21, 22 and 25) and the sizes of their corresponding
scaffolds (24, 15, 29 and 18), most likely explained by incomplete assembly. For the
large scaffold 11, it was not possible to establish a correspondence with any
chromosomal pair.

When comparing the genomes of two turtles: the red-eared slider (Trachemys scripta
elegans, TSE) and the loggerhead sea turtle (Caretta caretta, CCAR) using the D-
GENIES tool, interchromosomal rearrangements TSE2=CCARZ2/23/2,
TSE4=CCARG6/20, and TSE16=CCAR26/ 27 were identified, the reverse orientation of
scaffolds was also shown for homologous chromosomes TSE1 and CCARL, TSE4 and
CCARG6, TSE9 and CCAR9, etc. Molecular cytogenetic localization of sets of
chromosome-specific probes TSE and the eastern box turtle (Terrapene carolina, TCA)
on the chromosomes of TSE and CCAR, although confirmed the presence of the three
interchromosomal rearrangements distinguishing the TSE and CCAR karyotypes, but
indicated that the chromosome-length genome assembly is not tied to the cytogenetic
map: thus, CCARG6 and TSE16 in the assembly physically correspond to CCARS and
TSE12. The use of microdissection region-specific probes for comparative chromosomal
painting revealed an identical order of arrangement of homologous segments, for
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example, in the homologous chromosomes of TSE1 and CCARL, indicating the incorrect
orientation of scaffolds in the turtles' chromosomal assemblies.

Comparative chromosomal painting with the domestic dog probes demonstrated the
same order of homologous fragments for all pinniped autosomes (Carnivora,
Mammalia). A high level of autosomal conservatism was confirmed by assembling the
genome of the Baikal seal (Pusa sibirica, PSIB) using the Hi-C method and comparing
it with the genomes of the pied seal (Phoca larga, PLAR) and the common seal (Phoca
vitulina, PVIT) [20]. Many short inversions and three inversions approximately 1 Mb in
size on PLARG and PVIT6 were identified. The size of the identified intrachromosomal
rearrangements is below the resolution level of FISH, which emphasizes the importance
of conducting comparative bioinformatics analysis of genomes. However, the data
obtained on the assembly of the Baikal seal genome to the chromosome level do not
contain information about the position of the centromeres, which does not allow us to
establish in which arm of the metacentric chromosome the identified rearrangements
were located.

Conclusion: Integration of cytogenetic and bioinformatics data for correct chromosome-
length genome assemblies is of great importance, making it possible to correct the
orientation of scaffolds and to match chromosome scaffolds with chromosomes
described by molecular cytogenetic methods in representatives of different vertebrate
taxa.
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