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Momusayua u yens. MHBepcHH HrpalOT BaKHYIO POJIb B 3BOMIOLMH XPOMOCOM,
OrpaHHyYMBasl IOTOK TreHOB B  momymsimud. OHM  SBISIIOTCS  HauOolee
pacrnpocTpaHeHHBIMH XPOMOCOMHBIMH TIEPECTPOMKAMU B TOCTATOYHO KOHCEPBATUBHBIX
KapuoTHnax nrtuim. VccnemoBaHue WHBEPCUH BaKHO Ui MOHUMAHUS MEXaHH3MOB
BUA000Pa30BaHMA U afanTaluu.

Panee B momynsiuu Ha TeppuTopurd HupeprnaHmoB ObUT BBISBICH MOJMMOPQH3M TIO
KOMIUIEKCHO# mepecTpoiike B xpomocome 1A Gosbiioii cununsl (Parus major) [1].
CorjgacHo MAaHHBIM aHalIWM3a TETEPO3UIOTHOCTH M PACHpelesieHUs KOJMYecTBa
OIHOHYKJICOTUHBIX MMOJUMOP(HU3MOB, EPECTPOIKA MPEANOJIOKUTEIBHO BKIIOYAET B
ce0s Oonbinyto (0onee 90 % MIMHBI XpOMOCOMBI) MHBepcHi0. OIUH U3 €¢ KOHIIOB,
BEPOSITHO, HAXOAUTCS BOJIM3M KOMIUIEKCA, AJIsl KOTOPOro XapaKTEepHA BapHaLlUs YHCIIa
konui (copy number variants, CNV) [1]. Ilpu stom y 96 % rerepo3uror mno
KOMILJIEKCHOHM TepecTpoiike B XpoMocoMe A 4YUCIIO KOMHUH 3TOr0 KOMIUIEKCa OBbLIO
CYLIECTBEHHO BBIIIE, YeM y TOMO3HUTOT MO0 HOpMalibHOH XpomMocome 1A. OOmias anmuHa
M0CJIE0BATEIbHOCTEH,  JIOMOJHUTENBHO  NPUCYTCTBYIOIIMX B  IEPECTPOCHHOU
XPOMOCOME, TIPEIOIOKHUTEILHO MOTJIa COCTABIIATH OKOJIO 3.5 MO [1], uTo 3aTpyaHsieT
ofpeJieNIeHNe TOYHBIX IPaHUL] MHBEPCHH.

C noMoIIpl0 METOJOB LUTOTEHETHYECKOTo aHajlu3a HalM Kojulern u3 MHcturyTta
nurosioruu u redetuku CO PAH o6napyxnim noauMopdusM, NpearnoyoKUTeIbHO, M0
TOW K€ XPOMOCOMHOM TIepecTpoiike B XxpomocoMme 1A, y CHHHI[ U3 HOBOCHOMPCKOI
nomysinud. OnHAKO AJIMHA MEPecTPOSHHOH XpoMOCOMBI Oblla mpumepHO B 1.5 paza
Oosibllle, YeM HOPMAJIBHOW, T. €. YBEIMUYEHHE IJUHBI TOMOJIOra, HECYILEro HMHBEp-
TUPOBAHHBIN aJlIeNb, COCTABISLIO 10 30 MO — CylIECTBEHHO OOJIbIIE, UeM YBEIUUCHUE
Ha 3.5 MO, onmcaHHoe panblie. TakuM 00pa3oM, CTPYKTypa 3TOH MEpecTpOHKH —
TOYHBIE TPAaHHULBl HMHBEPCHH, a TaKXKe TIEHETHYECKOEe COJIEp)KaHue HWHCEPLUH,
HEU3BECTHBI.

Memoowvr u aneopummul. JIns WccIeOBaHUS CTPYKTYPBI CIOXKHOM NEepeCcTpONKH
ucnonb3oBauch Metoasl Hi-C-cekBenupoBanus [2] ¥ HOJIHOT€HOMHOI'O CEKBEHHPO-
BaHUsI NAPHBIMU KOPOTKUMH POUYTEHUSIMHU.

Jis Toro 4TOOBI ONpENeNuTh HYKJICOTHUIHYIO MOCIIE0BaTeNIbHOCTh HEW3BECTHOM
WHCEpIHHU, ObLT pa3paboTaH IMOJXOM JUIs MOWCKA JIOTIOJIHUTEIBHBIX TOCIIEI0BATEb-
HOCTEH, OTCYTCTBYIOUIMX B pPe(EpeHCHOM TE€HOME, C HCIIOJIb30BAHUEM JAaHHBIX
nonHoreHoMHoro U Hi-C-cexBeHupoBanus. B ero ocHOBE JEKUT aHAINU3 OTHOIICHUS
KOJINYECTBA Iap CETMEHTOB BBIPABHHBAaHUS, B KOTOPBIX OJHO W3 TPOUYTCHUI He
KapTHPYeTCsl Ha TEHOM, K 1apaM, B KOTOPBIX 00a IPOYTEHUs BEIPaBHUBAIOTCS HA TEHOM.
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OTOT METOJ MOAXOAUT JAJs MOHUCKA HEW3BECTHBIX BBICOKOMOBTOPEHHBIX MOCIEN0Ba-
TEIBHOCTEH C MOMOIIBIO JOCTYITHBIX METO/I0B CEKBEHHPOBAHUS BTOPOTO MOKOJICHUS, HE
npuberast K JOpOroCcTOSIIIMM METOAaM TPETHEr0 MOKOJIECHHUSL.

Pesynsmamur: Briepsbie 6bi1a moctpoensl Hi-C-kapThl 1uist G0IbLION CHHULBI AUKOTO
THUNA U C KOMIUIEKCHOM XpOMOCOMHOM MEPECTPONKOM.

Hamu Opimm pa3paboTaHbl ABE BEpCHM ajIrOPUTMa IIOMCKAa HEHU3BECTHBIX BBICOKO-
MOBTOPEHHBIX TOcienoBarenbHocTeil. [lepBblii OCHOBaH Ha CPaBHUTEIHHOM aHaJU3e
Hi-C-1aHHBIX KMBOTHBIX C WHBEPCHEH M IUKOTO THIA, BTOPOM — Ha aHaIH3e
ucKIounTenbHO Hi-C-naHHBIX )KUBOTHBIX C MHBEPCUCH M MOXKET NMPUMEHSATHCS, €CIIU
JaHHBIE IS )KUBOTHBIX TUKOT'O THUIIA HeNOCTYIHBI. C TOMOILBIO 3THX AJITOPUTMOB ObLIa
oOHapyKeHa ToclieioBaTeIbHOCTh IuHON ~700 1. 0., cienupuUecKy aMITTUQUINPO-
BaHHas y JKMBOTHBIX ¢ MHBepcuel. Ilo mpenBapuTensHON OLIEHKE, CyMMapHas JJIuHa
KOIIMH JTaHHOM IOCIIEAOBAaTEIBHOCTH cocTaBisger ~15 M0O. Dkcmepument FISH ¢
HalICHHOW TOCJIeI0BATEIBHOCTHIO MOKa3all, YTO 3TO MOBTOP, JUCIIEPTUPOBAHHBIN O
MEPECTPOCHHOMY IIJIEYy XPOMOCOMEI 1A.

C momotsio cekBeHupoBaHus Nanopore yaanock NOATBEPANTD pe3yIbTaThl, ONTyUeH-
Hble ¢ noMmotsio Hi-C cekBeHUpOBaHUS, U YCTAHOBHUTH MOCIIEI0BATEIBHOCTh IPAHHIL
WHBEPCHUU.

Buigoowi: ¢ momompio meroga Hi-C Obuta mocTpoeHa KapTa KOHTAKTOB XPOMaTHHA JUIS
CHHUL, TETEPO3UTOTHBIX MO KOMIUIEKCHOW MEpEecTporike B XxpoMocome 1A, W cuHMIL
JUKOTO THIIA.

YTouHeHa cOOpka XpOMOCOMBI 1A OOJBIIONH CHHHMIIBI, ¢ HYKJICOTHIHON TOYHOCTHIO
OmpeleNeHbl TPaHMLBl WHBEPCMM H  YCTAaHOBJIEHO, YTO TPAaHULBl HHBEPCHU
(hmaHKUpPOBaHbI IPOCTHIMU IOBTOPAMH.

C momoIpio pa3paboTaHHOTO MoAXoja M aHanu3a konuiHocTH CNV oOHapyXeHb
OTCYTCTBYIOIINE B PeepeHCHOM IeéHOME CHHHIIBI BBHICOKOIIOBTOPEHHBIE TOCIIEI0BA-
tenpHOCTH JIHK, cymMmapnas mmmHa KOTOpBIX cOcTaBisieT okono 3 MO B reHome
J)KMBOTHBIX JUKOIO THIIA MU OKOIO 14 MO B reHOME >KHMBOTHBIX C KOMILIEKCHOH
XpOMOCOMHOH TepecTpoiikoid. Takum 00pa3oM, OOBSACHEHO yBEIHMYCHHE TIOMOJIOra
XpOMOCOMBI 1 A ¢ KOMITJIEKCHOH XPOMOCOMHOM mepecTpoiikor Ha 11 M6 1o cpaBHEHHUIO
C TOMOJIOTOM JIMKOTO THIIA.
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Motivation and Aim: Inversions play an important role in chromosome evolution,
limiting gene flow within populations. They are the most common chromosomal
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rearrangements in relatively conservative avian karyotypes. Studying inversions is
crucial for understanding the mechanisms of speciation and adaptation.

Previously, polymorphism due to a complex rearrangement on chromosome 1A of the
great tit (Parus major) population in the Netherlands [1] was identified. According to
the analysis of heterozygosity and the distribution of single nucleotide polymorphisms,
the rearrangement presumably involves a large inversion (>90 % of the chromosome
length). One of the inversion breakpoint is likely to be near a complex characterized by
copy number variation (CNV) [1]. Notably, in 96 % of individuals heterozygous for the
complex rearrangement on chromosome 1A, the copy number of this complex was
significantly higher than in individuals homozygous for the normal chromosome 1A.
The total length of additional sequences present in the rearranged chromosome was
estimated to be about 3.5 Mb [1], making it difficult to determine the exact boundaries
of the inversion.

Using cytogenetic analysis methods, our colleagues from the Institute of Cytology and
Genetics of the Siberian Branch of the Russian Academy of Sciences discovered
polymorphism, presumably due to the same chromosomal rearrangement on
chromosome 1A, in a population of tits from Novosibirsk. However, the length of the
rearranged chromosome was approximately 1.5 times longer than normal, indicating an
increase in the length of the homolog carrying the inverted allele, up to 30 Mb —
significantly more than the previously described increase of 3.5 Mb. Thus, the structure
of this rearrangement — the exact inversion breakpoints as well as the genetic content of
the insertion — remains unknown.

Methods and Algorithms: Hi-C sequencing methods [2] and whole-genome sequencing
with paired short reads were employed to investigate the structure of the complex
rearrangement. To determine the nucleotide sequence of the unknown insertion, an
approach was developed for searching additional sequences absent in the reference
genome, utilizing data from whole-genome and Hi-C sequencing. It is based on
analyzing the ratio of read pairs, where one read is unmapped to the genome, to pairs
where both reads are mapped. This method is suitable for identifying unknown highly
repetitive sequences using available second-generation sequencing methods, without
resorting to expensive third-generation methods.

Results: Hi-C maps were constructed for both wild-type great tits and those with complex
chromosomal rearrangements for the first time. Two versions of an algorithm for
identifying unknown highly repetitive sequences were developed. The first is based on
comparative analysis of Hi-C data from animals with the inversion and wild type, while
the second solely analyzes Hi-C data from animals with the inversion and can be applied
when data for wild-type animals are unavailable. Using these algorithms, a sequence of
approximately 700 base pairs long, specifically amplified in animals with the inversion,
was discovered. The preliminary estimation of the copy number of this sequence is
approximately 15 Mb. FISH experiment with the discovered sequence indicated it to be
a repeat dispersed throughout the rearranged arm of chromosome 1A.

Sequencing with Nanopore technology confirmed the results obtained with Hi-C
sequencing and established the sequence of inversion boundaries.

Conclusion: Using the Hi-C method, a chromatin contact map was constructed for tits
heterozygous for the complex rearrangement on chromosome 1A and wild-type tits.
The assembly of chromosome 1A of the great tit has been refined, with nucleotide-level
precision defining the boundaries of the inversion. It has been established that the
inversion boundaries are flanked by simple repeats.
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Using the developed approach and CNV copy number analysis, high-repeat DNA
sequences absent in the reference genome of tits were discovered, with a total length of
about 3 Mb in the genome of wild-type animals and about 14 Mb in the genome of
animals with the complex chromosomal rearrangement on chromosome 1A. Thus, the
increase in the homolog of chromosome 1A with a complex chromosomal rearrangement
was explained by 11 Mb compared to the wild-type homolog.
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