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Momusayus u yens: KoHUETIIINS CYIIECTBOBaHHUSI MUTOXOHPUAIIEHOTO TEHOMa BBICIIIHX
pacTeHuii B Bujie «master circle» mimm mactep-XpoMOCOMBI CTaBUTCS TI0JI COMHEHHE B
nocneauue rojpl [1]. Bee Gomnblie 10ka3aTebCTB MOSBISIETCS B MOJIB3Y THHAMUYECKON
CTPYKTYpHI pactuTenbHoi MutoxonapuansHoi JJHK (mt/IHK), koTopas npeacrasnena
B KJIETKE MHOKECTBOM JIMHEHHBIX M KOJIBLEBBIX MOJIEKYJI, BOSHUKAIOIIUM B IPOLIECCE
PEKOMOHMHAIIMU U TIEPECTPOCK reHomMa [2].

Muroxonapuanbheiii reHoMm cou (Glycine max L. Merr) cuurtaercs oaHUM U3
CJIOKHEHIINX TEHOMOB Cpelli KyJIbTYPHBIX pacTeHuil. B renome G. max mpucyTcTByeT
HEOOBIYalfHO BBICOKAsI 10JIs1 AJTMHHBIX TOBTOPOB, PEKOMOUHALHNS [0 KOTOPBIM IPUBOJUT
K BO3HHKHOBEHHIO, TIPEMOIOKHUTEILHO, 00JIee THICAYN Pa3sHBIX CyOIMMOHOB [3].

B 0azax maHHBIX HYKJICOTHIHBIX MOCIEIOBAaTEIbHON MMeeTcs Tpu cOopku MTIHK
KyJIbTypHO# cou: coproB Aiganhuang [4] u Zhonghuang 13 [5], MuTOXOHIpHATBHBIIH
T€HOM KOTOPBIX, COTJIACHO aBTOpaM, MPEICTaBIsAeT COOOH €IMHCTBEHHYIO KOJIBLEBYIO
mosnekyny, 1 MTJIHK copra Williams 82 [3], cymiecTBytolieii, npeanonokuTeabHo, B
BUJIE BYX KOJBIIEBBIX XpoMocoM. OmHako naHHble mocienosarenbHoctH MTHK He
OTPa’KarOT BO3MOXHOTO COCTOSIHUSI TEHOMa MUTOXOHJIPUH B )KUBOH KIJIETKE.

B nanHOM mccnenoBaHWW Obla MOCTaBJIEHA €N W3YYUTh TOJIHYIO HYKJICOTHIHYIO
MOCJIE/IOBATEIbHOCTh MHTOXOHIPUAIBHOTO T'eHOMa KyabTypHOil com (G. max) c
WCTIOJIb30BaHUEM JBYX METOAOB CEKBEHUPOBAHMS C yYETOM €€ BO3MOKHOM JTaObnUnbHON
CTPYKTYPBI iN VIiVO.

Memoowt u aneopummoei: Jljis COOpPKM MHUTOXOHIpUaibHOro reHoma G. max
WCTIONB30BAJIOCh coueTanune napaiensHoro (Illumina MiSeq) um HanomopoBoro
(MinIlON, Oxford Nanopore Nechnologies) cexBenupoBanus. IlomydyeHHsle mocie
napaininensHoro cekBeHupoanusi FASTQ-daiine Obim o0paboTanbl Trimmomatic,
nanee ObUIM  COOpaHbl KOHTUTM C  HCHojib3oBaHueM SPAdes, KkoHTHTH
BU3yanu3upoBaiuchk ¢ mnomomeio Bandage. Combinator-FQ wucnonb3oBaics s
MpeBapUTENHHON OIEHKH KOIMUIHHOCTH KOHTUTOB, OCHOBBHIBASsICh HA WX MOKPBHITHH, U
MOPSJIKA UX PACTIOJIOKEHHS.

KoHTurH U3 JUIMHHBIX NPOYTEHHH HAHOIOPOBOI'O CEKBEHUPOBAHUS ObUIN MOJyYEHbI C
nomouisio flye n canu. BelpaBHHBaHNE KOHTUIOB Hapae/llIbHOIO CEKBEHUPOBAHUS Ha
KOHTUTH JUIMHHBIX TIpouteHuil (SnapGene) OBIIO HCHONB30BAHO YIS  OIEHKU
BO3MOXHOTO pacnonoxkenuss OnokoB MT/HK orHOcuTensHo npyr papyra u
WACHTHU(QHUKALNY TIOBTOPOB B NOCIEI0BATENILHOCTH MUTOXOHAPUAIEHOTO TeHOMa.
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Pesynomamei: B pesynbrate 00pabotku mpaHHbix NGS Obuto moiydeHo 23 KOHTHTA
pa3mepom oT 196 1o 65372 11.H., paznuunoro nokpeitust 1 GC-cocrasa (ot 36 10 46 %).
OnvH W3 KOHTUTOB 00pa3yeT KOJBIEBYID MOJEKyly pasmepoM 62661 m.H., He
HMEIOIYI0 00acTeil TOMOJIOTHH € OCTAIBHBIMU II0CIIEA0BATEIbHOCTSMH, YTO TOBOPUT
0 CYIIECTBOBAaHMHM MHTOXOHAPHAJIBLHOTO T€HOMa COM B BHJE KaK MHHUMYM JABYX
XpOMOCOM, HE PEeKOMOMHHPYIOIIUX APYT C APYroM. 3aMKHYTOCTb JAHHOTO KOHTHUIA
MOATBEP)KIACTCS TAKKE HAJIMYMEM JIMHHBIX HAHOIOPOBBIX IPOYTEHWH Ha IpaHHLE
COCIMHEHUS €ro B KOJBLIO.

BrlpaBHHBaHHE OCTalbHBIX 22 KOHTUTOB Ha HAHOMOPOBBIE MPOYTEHHS MOKA3ajo UX
cymecTBoBanne B Buae “‘OmokoB” wMtT/HK, pacmonokeHHBIX B Pa3IMIHON
MOCJIEe0BAaTEIFHOCTH U OPUEHTAIA OTHOCUTEIBLHO JIPYT ApYyTa.

Konturu, nMeroriee BBICOKOE IO CPABHEHHUIO C OCTAILHBIMH MOKPBITUE, TPECTABICHBI
B TEHOME MUTOXOHAPHWH B BUAE ABYX U Ooiee kommid. lIpeamonoxuTensHO, TaHHBIE
MHOTOKOTHIHBIE ydacTku pasmepom ot 440 gnmo 12042 mH. oOpasyroor
PEKOMOMHAIIMOHHBIC TIOBTOPHI, KOTOPBIE U 00ECIICYNBAIOT MHOXKECTBO O0OHAPYKEHHBIX
koHpopmanmii mTJHK.

B m1/IHK cou oOHapyxeHsl nHBepcuu pazmepom a0 183678 1m.H., nenennu u BCTaBKH
y4acTKOB TeHoma. OJUH U3 KOHTUTOB pa3MepoM B 15259 m.H. oTiauyaeTcs: HATMYUEM
JIBYX OTKPBITBIX PaMOK cuMThIBaHus, kogupyromux JHK-momumepasy rpymmer B u
PHK-momumepasy, 4ro MMeeT HEKOTOpOe CXOACTBO ¢ OOHApyXCHHBIMH paHee B
MHTOXOHJIPUAX PACTCHUH JIMHEHHbIMH IUta3mMumamu [6]. B ciyuae com paHHas
TUIa3MU/Ia He UMEET AJTMHHBIX HHBEPTUPOBAHHBIX MOBTOPOB U BcTpoeHa B MT/IHK. JIBa
koHTura (196 mu. m 1318 mn.H.), MO TpeABapUTENFHBIM TaHHBIM, O0pa3ylOT OJOK
Mt/IHK, cymecTByomuii BO BCTPOEHHOM B XpOMOCOMY BUJE U OTHOBPEMEHHO C 3THM
HaXOIUTCS B MHUTOXOHJpHUSIX B BHJE aBTOHOMHOW KOJblleBOW Moiyiekyinsl. [Tpupona
JAHHOTO y4YacTKa Ha JaHHBIH MOMEHT HaXOIHUTCS MO/ BOIIPOCOM.

Bcero, ecnu mpeacraButh omHy u3 xpomocom MT/JIHK B BHme «master circley,
MUTOXOHJPHUAJbHBIA T€eHOM coM uMeeT oOumii pasmep B 434295 m.uH., GC-cocrar
44,94% u opraHu3oBaH B BHJE JABYX XPOMOCOM, YTO COOTHOCHTCS C JAaHHBIMH Liu u
coastopoB (coopka mt/IHK copra Williams 82) [3].

Bb1600b1: MUTOXOHAPHAIIBHBIA TE€HOM COM TMPEACTaBICH iN VIVO MHHHUMYM [BYMs
MOJIEKYJlaMH, OJIHA M3 KOTOPBIX HMEET KOHCEPBAaTHBHYIO CTPYKTYpYy, a BTOpas
MOJBEPKEHA TOCTOSIHHBIM PEKOMOWHALMOHHBIM IepecTpoiikaM Oyiarozaps HaJlduUIO
JUIMHHBIX TOBTOPOB B mnocienosarensHocTd MTAHK 1 cymecTByeT B KieTke B Buje
pasHooOpasHbIx cybreHoMubx Mojekyn. Cogeranue texuomoruit Illumina u Oxford
Nanopore mo3Bouio ¢ 00JbIIeH yBEPEHHOCTHIO TOBOPHUTH 0 cTpykType MTIHK G. max
U TOKa3alo ce0sl Kak IEePCIEeKTUBHBIIA METOI COOPKH CIIOKHBIX MHTOXOHAPHAIBHBIX
T€HOMOB PacTEHUH.

Ha maHHBIE MOMEHT CTOMT 3aja4a CO3JlaHus M omyOauKoBaHus B Oa3e maHHbix NCBI
GenBank HykIeoTHIHO# MOCIEI0BATEIBHOCTH MUTOXOHPHAILHOrO reHomMa G. max,
oTpaxaromei kormitHOoCcTh O610KOB MT/IHK 1 ocobenHoctn ee cTpykrypsl. Takxke B
JAJTbHEHIINX UCCTIeIOBAHUSX IUIAHUPYETCS] U3yUHTh BBISBIICHHBIE TIa3MHUI0-TI0JI00HEIC
MOJICKYJIBI.

Qunancuposanue. Vccnegopanue noanepxxkano I'TIHU «buorexnonoruu 2» 2021-
2025 rr. moamporpamMmbl  «['€HOMHKa, OSIUICHOMHKA, OWOMH(pOpMaTHKa» (per.
Ne HUOKTP 20210443).
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Motivation and Aim: The master circle model of higher plant mitochondrial genome has
been questioned in recent years [1]. More and more evidence is emerging in support of
dynamic structure of plant mitochondrial DNA (mtDNA), which in the living cell takes
the form of a variety of linear and circular molecules that arise during the process of
recombination and genome rearrangements [2].

The mitochondrial genome of soybean (Glycine max L. Merr) is considered to be one of
the most complex genomes among cultivated plants. The G. max mtDNA contains an
unusually high number of long repeats, the recombination of which leads to the
formation of more than a thousand different subgenome molecules [3].

Nucleotide sequence databases contain three assemblies of mtDNA of cultivated
soybean. According to the authors, the mitochondrial genome of cultivars Aiganhuang
[4] and Zhonghuang 13 [5] is the single circular molecule, and mtDNA of cultivar
Williams 82 [3] exists in the form of two circular chromosomes. However, these
assemblies do not reflect the possible state of the mitochondrial genome in the living
cell.

The goal of this study was to investigate the complete nucleotide sequence of cultivated
soybeans mitochondrial genome using two sequencing methods. Also the possible labile
structure of mtDNA in vivo was taken in consideration.

Methods and Algorithms: A combination of parallel (Illumina MiSeq) and nanopore
(MinlON, Oxford Nanopore Technologies) sequencing methods was used to assemble
the G. max mitochondrial genome. The FASTQ files obtained after next-generation
sequencing were processed by Trimmomatic, after that contigs were assembled using
SPAdes. Contigs were visualized using Bandage. Combinator-FQ script was used to
preevaluate the order and copy number of contigs based on their coverage.

Contigs from nanopore sequencing long reads were obtained using flye and canu.
Alignment of parallel sequencing contigs to long-read contigs (SnapGene) was used to
estimate the possible order of mtDNA blocks and identify repeats in the mitochondrial
genome sequence.

Results: As a result of NGS data processing 23 contigs ranging in size (from 196 to
65372 bp) and GC-content (36 to 46%) were obtained. One of the contigs forms a
circular molecule of 62661 bp in size, which has no homologous regions with other
sequences, suggesting the existence of the soybean mitochondrial genome in the form of
at least two chromosomes that do not recombinate with each other. The presence of long
nanopore reads that contain the junction of two ends of this contig also confirms the
formation of one circular molecule.
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Alignment of the remaining 22 contigs to nanopore reads showed their existence in the
form of blocks of mtDNA located in different order and orientation. Contigs with higher
coverage are represented in the mitochondrial genome by two or more copies.
Presumably, these multicopy regions ranging in size from 440 to 12042 bp form
recombination repeats, which provoke the formation of multiple mtDNA conformation
variants that were detected.

Inversions up to 183678 bp in size, deletions and insertions of genomic regions were
observed in soybean mtDNA. One of the contigs 15259 bp long is notable for the
presence of two open reading frames encoding group B DNA polymerase and RNA
polymerase, which is of some similarity with linear plasmids previously described in
plant mitochondria [6]. In the case of soybean, this plasmid does not have long inverted
repeats and is integrated into mtDNA. Two contigs (196 bp and 1318 bp), according to
preliminary data, form a mtDNA block that was found to be integrated into the
chromosome and, at the same time, to be located in mitochondria as an autonomous
circular molecule. The nature of this mtDNA block is currently in question.

Overall, the soybean mitochondrial genome has a total size of 434295 bp, a GC-content
of 44,94% and is organized in the form of two chromosomes, which correlates with the
data of Liu et al. (assembly of mtDNA of Williams 82 cultivar) [3].

Conclusion: The soybean mitochondrial genome is represented in vivo by at least two
molecules, one of which has a conservative structure, and the second is subjected to
constant recombinational rearrangements due to the presence of long repeats in the
mtDNA sequence. This chromosome exists in the cell in the form of various subgenomic
molecules. The combination of Illumina and Oxford Nanopore technologies allowed us
to properly investigate the structure of G. max mtDNA and showed itself to be a
promising method for assembling complex plant mitochondrial genomes.

At present, our goal is to obtain and publish in the NCBI GenBank database the full
nucleotide sequence of the cultivated soybeans mitochondrial genome, which reflects
the copy number and structural peculiarities of mtDNA blocks. We are also planning to
investigate the nature of detected plasmid-like molecules in further studies.

Funding: The study is supported by the State Scientific Research Program
«Biotechnologies  2»  2021-2025, Subprogram  «Genomics, epigenomics,
bioinformatics» (No. 20210443).
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