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BUOUNHOOPMATUKA N CUCTEMHAA BUOJTIOTUA BaBMNOBCKUI XKypHan reHeTUKN 1 cenekuymm

Vavilov Journal of Genetics and Breeding. 2026;30(1):5-14

doi 10.18699/vjgh-26-11

PaliyoHabHbI 6MoMH(pOpMaTNUeCcKNIi IMOIXO0]

K aHaJ/IN3Vy QYHKIIMOHAJIbHbBIX CBOJICTB MeTab0/JINTOB
IIPOOMOTIUECKUX MUKPOOPTaHI3MOB

Ha OCHOBE PeKOHCTPVYKIINY reHHbIX ceTell

B.A. VIBaHuceHKO @, T.M. Xae6opapoBa, M.A. Kaemes (%), A.P. Boasinckas (1), VI.B. Aupix (12),
A .B. Apamosckas (%), T.B. ViBanucenxo (%), IT.C. Aemenkos (%), H.A. KoAauanos

KypuaTtoBcKuin reHoMHbIN LeHTp UL CO PAH, HoBocnbumpck, Poccun
salix@bionet.nsc.ru

AHHOTauuA. BaxHoe HanpaBneHWe MPOMbBIWIEHHOW MWUKPOOBUONOrMM — CO3[AaHMEe LWTaMMOB MPOOMOTUKOB,
obnagaowmx LeHHbIMY NoTpebuTenbckMn cBoncTBamu. IHAYCTpUA NpobUoTUKOB ABMAETCA OAHMM U3 Haubonee
OVNHAMUYHO  Pa3BUBAIOWMXCA CErMEHTOB nuweBo 1 dapmaueBTUUYeCKON npombliwneHHocT. CTeapuHoBas
(okTapekaHoBas) kucnota C18:0 — OAUH M3 OCHOBHbIX METAabONUTOB B KJIETOYHO-CBOGOLHOM CyrepHaTaHTe
6akTepun Streptococcus thermophilus, WMPOKO MCMNONb3yeMo B NPOM3BOACTBE Pa3fiMUHbIX GepMEHTUPOBAHHbIX
MOJIOYHOKMCIIbIX MPOAYKTOB, BKJlOUYaA MOrypT U cblp. S. thermophilus BnuAeT He TONbKO Ha TEKCTYPY W BKYCOBble
CBOWCTBa NPOAYKTOB, HO 1 0bnafgaeT pasnnUYHbIMU NPOBUOTUYECKUMY SPdeKTamu, B TOM UMCIEe aHTUOKCUAAHTHOW
AaKTUBHOCTbIO, MOAYNAUMEN KULWEYHON MUKPOOUOTbI, WHIMOMPOBaHMEM OMpPEeAeNeHHbIX NaToreHoB ©  Ap.
Mpepnonaraetca, uto pAg npobuoTnyecknx 3b¢dekToB, KoTopbiMKM obnagaet S. thermophilus, moxeT ObiTb
onocpeAoBaH MEHHO Yepe3 OKTaZleKaHOBYIO KUCIIOTY, Kak OCHOBHOW MeTabonuT. OKkTagekaHoBas kucnota C18:0, kak
1 ppyrvie OANHHOLEMOYEYHbIe XKMPHbIE KUC/IOTbI, MOCTYNaeT B OPraHun3m YenoBeka C UCMONb30BaHNEM Pas3fINYHbIX
MeXaHV3MOB 6efloK-ornocpefoBaHHOro TpaHcnopTa 1 naccusHol Andodysum yepes membpaHy Knetok. B kneTke
CTeapuHOBasA KNCNOTa He TONIbKO CNYXKUT CyOCTPaTOM ANA CMHTE3a TPUMMMLEPUAO0B U APYIUX CIIOXKHbIX INNNGOB, HO
1, KaK NMoKa3aHo Ha KNETOUHbIX 1 in vivo Mofensax, ABNAETCA MOAYNATOPOM CUFHaNIbHbIX 1 CTPECC-OTBETOB, CBA3AHHbIX
B TOM YMCJie C arnonTo30M. DTO OAMH M3 BaXKHbIX acMNeKTOB BUAHWA CTEapMHOBOW KNCOTbl Ha GYHKLMOHMPOBaHMe
opraHn3ma, onpenenAlwWmniA NPOTUBOBOCMANUTENbHbIA 1M NOTEHLMUANBbHO MPOTUBOONYXONeBbI 3ddekTbl. OfHako
MONEKYNAPHO-TeHeTUYECK e MeXaHN3Mbl BINAHNA OKTaJEeKaHOBOW KUCNOTbI Kak MPOOMOTIKa Ha OpraH13M YenioBeKa
B 3TOM OTHOLLUEHMM OCTalTCA HEAOCTaTOUHO M3yUYeHHbIMU. B HacToAwem nccnefoBaHny € MOMOLLbIO pa3paboTaHHOM
Hamun paHee MHOPMALMOHHO-NPOrpaMmMHoN cuctembl ANDSystem, ncnonb3ytoLiell MeToabl MalMHHOIO obyyeHuns
N WCKYCCTBEHHOrO WHTENNeKTa U npeAHasHauyeHHOW ANA aBTOMATMYECKOrO W3BJIEUEHUA 3HAHUI W3 HayuHbIX
TeKCTOB 1 6a3 faHHbIX, OblIN PEKOHCTPYMPOBAHbI FEHHbIe CEeTU PerynAaumny BHYTPEHHEro (MUTOXOHAPUANbHOrO) 1
BHELUHero (MHAYLUMpPYeMOoro peLenTopamm CMepTh) MyT anonTo3a KNeToK YesrioBeKa Mnof BAVWAHMEM CTeapyHOBOM
KUCNOTbl. [AnA noncka MeTabonutoB, NpOAyuMpyeMbIX MNPOOGMOTUUECKUMM MUKPOOPraHn3mamu, obnagatoLmx
NMofne3HbIMY TepaneBTUYECKMU CBOWCTBaMM, pa3paboTaH HOBbI MOXOH, BKOUAMOLWMA PEKOHCTPYKLUMIO FEHHbIX
ceTell 1 aHann3 auddepeHUranbHO SKCNPeCcCUpyoLMXCA reHoB. Ha ero ocHoBe 6bifo MoKasaHo, YTo CTeapuHoBas
Kncnota, npoayumpyemas S. thermophilus, KOHTPONMPYET Kak BHELHWI, Tak U BHYTPEHHWUI NyTU arnonto3a yepes
perynaumio sKkcnpeccun reHa PTGS2, kogupyowero GepmeHT LUMKNOOKCUreHasy-2. MNonyyeHHble JaHHbIe NO3BONAT
paccmaTpmBaTh LIMKIOOKCMIeHasy-2 Kak OfWH U3 LIeHTParbHbIX PErynaTopoB, Onocpenyowmx BAnaHMe cTeaprHoOBOM
KNCNOTbI Ha 3KCMPeCccuio reHoB amnonto3a. B pabote npennoxeH paunoHanbHblli 61MoMHGOPMaTNUECKMn noaxon K
MOWCKY HOBbIX LUITaMMOB, 06/1afatoLLx NPOBUOTUYECKMM NOTEHLMANIOM, Ha OCHOBE OLIEHKIM AeCTBIA NPOAYLMpPYEMbIX
UMK MeTaboNNTOB Ha LiefnieBble 61oNormyecKkme NPoLecchl B KIeTKax YeloBeKa Yepes PeKOHCTPYKLNMIO FeHHbIX CeTel.
KnioueBble cnoBa: MHAYCTPUanbHaa MUKPO6Monorusa; GyHKUMOHaNbHble MUKPOOPTraHW3Mbl; MPOBMOTUKY; LUTaMMbl-
npoAyLeHTbl; MeTabonuTbl; reHHble ceTr; ANDSystem
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MBaHnceHko T.B. JemenkoB M.C., KonyanoB H.A. PaunoHanbHbli 6uonHPopmaTnyecknii NOAXoA K aHanusy ¢oyHK-
LIMOHaJIbHbIX CBOMCTB METaboNUTOB NPOOMOTUYECKNX MUKPOOPTraH3MOB Ha OCHOBE PEKOHCTPYKLIMUN FeHHbIX CeTel.
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Gene networks
of probiotic microorganisms

Rational bioinformatic approach to the analysis
of functional properties of metabolites of probiotic
microorganisms based on gene network reconstruction
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Abstract. An important direction in industrial microbiology is the development of probiotic strains with valuable
consumer properties. The probiotic industry is currently one of the most rapidly developing segments of the food
and pharmaceutical sectors. Stearic (octadecanoic) acid C18:0 is one of the major metabolites present in the cell-free
supernatant of the bacterium Streptococcus thermophilus, which is widely used in the production of fermented dairy
products, including yogurt and cheese. S. thermophilus affects not only the texture and sensory properties of products,
but also exhibits various probiotic effects, including antioxidant activity, modulation of the gut microbiota, inhibition
of certain pathogens, and others. It is assumed that a number of probiotic effects exerted by S. thermophilus may be
mediated through octadecanoic acid as one of its main metabolites. Octadecanoic acid C18:0, like other long-chain
fatty acids, enters the human body via several mechanisms, including protein-mediated transport and passive diffusion
across cell membranes. Inside the cell, octadecanoic acid serves not only as a substrate for the synthesis of triglycerides
and other complex lipids, but, as shown in cell-based and in vivo models, also acts as a modulator of signaling and stress
responses, including those associated with apoptosis. This is an important aspect of the influence of stearic acid on
organism functioning, underpinning its anti-inflammatory and potentially anti-tumor effects. However, the molecular
genetic mechanisms by which octadecanoic acid acts as a probiotic on the human organism remain insufficiently
understood. In the present study, using our previously developed information - software system ANDSystem
(employing machine learning and artificial intelligence for automatic extraction of knowledge from scientific texts
and databases), we reconstructed gene networks regulating the intrinsic (mitochondrial) and extrinsic (death receptor-
mediated) apoptotic pathways in human cells under the influence of stearic (octadecanoic) acid. To search for
metabolites produced by probiotic microorganisms that may have beneficial therapeutic properties, we propose an
approach that combines gene network reconstruction with differential gene expression analysis. Using this approach,
we show that octadecanoic acid produced by S. thermophilus can control the intrinsic and extrinsic apoptotic pathways
primarily via regulation of PTGS2 expression; the results indicate that cyclooxygenase-2 is a key regulator mediating the
effect of octadecanoic acid on apoptosis-related genes.

Key words: industrial microbiology; functional microorganisms; probiotics; producer strains; metabolites; gene
networks; ANDSystem
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BBepeHue

BaxHoe HampaBlieHUE MPOMBILIICHHOH MHUKPOOHOJIOIUH —
CO3/IaHHE ITAMMOB IPOOUOTHKOB, 00JaJalOMIUX [IEHHBIMH
NOTPEOUTENHCKUMU CBOHCTBaMU. MHIyCTpHs IPOOHOTHKOB
SIBJISICTCS. OAHUM M3 Hauboliee TUHAMHUYHO Pa3BUBAIOIINXCS
CErMEHTOB IHIIEBOI MPOMBILIIEHHOCTH C OFPOMHBIM 00B-
€MOM MHPOBOTO pbIHKA. [IpoOHOTHYECKHE MUKPOOPTaHU3MBI
LIMPOKO UCIIONB3YIOTCS PH IIPOU3BOCTBE (hepMEHTUPOBaH-
HBIX IIPOAYKTOB, OMOJIOrNYECKH aKTUBHBIX JT00ABOK H CIIeLIHa-
JIM3UPOBAHHBIX IHILEBBIX MPOIYKTOB; IIPH ATOM K HPOMBIII-
JICHHBIM IITaMMaM MPEIbBISIOTCS TPeOOBaHHS HE TOJIBKO
110 6€30I1aCHOCTH U TEXHOJIOTUYHOCTH, HO U 10 BBIPa)KEHHBIM
¢byHKIIOHATEHBIM 3 (hekTaM (HMMYHOMOTYITHPYFOIIHM, TIPO-
THUBOBOCIHAIUTEIBHBIM, META0OIHMYECKH OIOCPEIOBaHHBIM
u ap.) (Terpou et al., 2019; Lau, Quek, 2024; Grujovi¢ et al.,
2025).

Streptococcus thermophilus — 0coObBIf BUI CTPENITOKOKKA,
MIPUMEHSIEMBIH B ITPOMBIIIICHHONH OMOTEXHOIOTHU At hep-
MEHTALIH ITHIIEBHIX IPOYKTOB, 0COOCHHO MY IPOM3BOICTBE
forypra u cbipoB. OH BIUSET Ha CKOPOCTDH IOJIKHCICHUS
MOJIOUHBIX IPOYKTOB, TEKCTYpY M UX BKYCOBBIE CBOMCTBA,
a Takke o0ramaeT pa3IHIHBIMU MPOOHOTHISCKUME P PeK-
TaMH, BKIIIOYast aHTHOKCUAAHTHYIO aKTUBHOCTbD, MOJYJISIIIUIO
KHMIIEYHOH MUKPOOMOTHI, MHTHOMPOBAHNE ONPEIEICHHBIX
MIaTOT€HOB U T. JI., 4TO JICJACT €ro MPUBIIEKATEIbHBIM JUIS ITPO-
MbluteHHoro npuMenenust (Cui al., 2016). B nenaBHeii paGote
(Sudheer et al., 2025) 6pUT0 IPOBEICHO UCCIICTOBAHUE IITAM-
MOB S. thermophilus, BbII€TIEHHBIX U3 JOMAIIHETO U KOMMEp-
YECKOI'0 KHCIIOMOJIOUHOTO POTYKTa JIaXH, C HCIIOJIb30BAHUEM
T€HOMHOT'0 aHAJIM3a 1 ITPO(MIINPOBAHUS KJIETOYHO-CBOOOIHO-
ro cynepHaranTa (KCC) MOIOYHOKHCIIBIX OaKTEpHii METOIOM
ra3oBoil xpomarorpaduu — macc-ciekrpomeTpuu ([ X—MC).
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[okazano, uto cpenu ocHOBHBEIX koMroHeHToB KCC mpu-
CYTCTBYET JUIMHHOLICTIOUEHYHAS KUPHAs OKTaJeKaHOBas (cTea-
puHOoBas) kuciota (C18:0), hopmupyromnias B MeTaboIOMHOM
aHaim3e oauH u3 kpynHeimmux nmukoB (RT = 29.12 muH)
(Sudheer et al., 2025).

OTH pe3yNbTaThl O3BOJSIOT MIPEATIONIOXKHTE, UTO PSIZL TPO-
onotnyeckux dPQPeKToB S. thermophilus MoXeT OBITH OTO-
CpeloBaH MIMEHHO Yepe3 CTeapUHOBYIO KUCIIOTY, KaK OTMH 13
OCHOBHBIX MeTa00IHuTOB, 00HapyxkuBaeMbIx B KCC nanHOM
OaKTepuu.

CreapuHoBas (okTanexanoBas) kuciora C18:0, kak u apy-
T'Hie JUTMHHOLIETIOUEYHBIE JKUPHBIE KMCJIOTHI, TOCTYIIAET B Opra-
HU3M YeJI0BeKa IyTeM OeJIOK-0M0CPEI0BAaHHOTO TPAHCIIOPTA
Y TacCUBHON AuQQy3uu depe3 MeMOpaHy KIIETOK. B 3Tux
TpoIeccax y9acTBYIOT Takue Oelkn, Kak Tpanciokaza CD36
(SR-B2), urparomiast KITIFO4eBYIO POJIb B TOMEOCTAa3€ KHUPHBIX
kuciot (Chen et al., 2022; Glatz et al., 2022), u TpaHcIiopTephI
cemeiictBa SLC27/FATP, obecrieunBaromuye UMIIOPT KACIOT
B CONPSDKEHHOM MPOIECCEe MX AlMIMPOBAHUS MPU yIACTHH
JUTMHHOIeToYeuHbIX anmi-KoA-cuateras (Mashek et al.,
2007; Anderson, Stahl, 2013). JlocTtaBka KUCJIOT in vivo K
MeMOpaHe obecrieunBaeTcss X 0OpaTUMBIM CBSI3BIBAHHEM C
anpOymmHOM (Kamp, Hamilton, 1992; Richieri et al., 1993;
Richieri, Kleinfeld, 1995).

B kierkax 4esoBeka CTEApUHOBAS KHCIOTA HE TOJIBKO
CIy’KHUT CyOCTPaTOM ISl CHHTE3a TPUITIMLEPUIOB H APYTHX
ciaoxHbIX unuaoB (Paton, Ntambi, 2009; Minville-Walz
et al., 2010; Houten et al., 2016), HO U, KaK TTOKa3aHO Ha
KIICTOYHBIX U in ViVo MOJIEIISX, SIBISETCS MOAYISITOPOM CHT-
HAJIBHBIX ITyTEH U CTPECC-OTBETOB, CBSI3aHHBIX C allONITO30M,
nposudepannei OmyxoiaeBbIX KIETOK, JeHKOTOKCHIHOCTBIO,
a TaKkXkKe C MPOBOCHAIUTEIBHBIMU OTBETAMH MaKpo(}aro u
mukporrn (Evans et al., 2009; Yang et al., 2020; Hung et al.,
2023). B 0630pe (Shen X. et al., 2025) mocraTtodHo monpoOoHO
o0CyXIamich (GyHKIIUN 3TOH KU3HEHHO BAXKHONW MOJICKYIIBI,
B TOM YHCJIE €€ POJIb B TAaKMX MATOJOTMUYECKHX IpoIeccax,
KaK Cep/IeYHO-COCYINCThIC 3a00JIeBaHNs, pa3BUTHE THa0deTa
1 nopaxxeHus nedeHu. ConacHo CyIIeCTBYIOIINM JTaHHBIM,
CTEapHHOBAsI KHUCIIOTa MOXET BIMATH HAa (DYHKIIMOHHUPOBA-
HHUE KJIETKH IyTeM B3auMoencTBus ¢ penentopom CD36 Ha
TUTa3MaTHYEeCcKO MeMOpaHe ¢ MOoCIeIyIomed MOIYIseH
BHYTPHKJICTOUHBIX CHUTHAJIBHBIX MyTEH, CBSA3AHHBIX C ITHM
penenrropom (Chen et al., 2022; Glatz et al., 2022). Kpome
TOTO, CTeapUHOBAsI KHCIIOTa, TPOHMKAS B KIETKY, MOKET OKa-
3BIBATh PETYJSTOPHOE BO3/ICHICTBHE HA SKCIIPECCHIO Psijia re-
HOB, B YaCTHOCTH 3a CUET MOAYIIAINN aKTUBHOCTH MUKpOPHK
(Shen X. et al., 2025), 9To MOXHO OXapaKTEpPH30BaTh Kak
BHYTPHKJICTOYHBIN My Th ICHCTBUS OKTaICKaHOBOM KHCIOTHI.
OnHaKo MOJICKYJISIPHO-TEHETHYECKHE MEXaHU3MBbI BIIMSHUS
CTEapUHOBOM KHMCIIOTHI KaK MPOOMOTHKA Ha OPTaHU3M Yello-
BEKa OCTAIOTCSI HEJIOCTATOUHO N3y4YeHHBIMHU. OJIHH U3 BaXKHBIX
ACTIEKTOB €€ BIUSHHS — MOAYJSIMS YPOBHS MPOTPaMMH-
pyemoii kinerouHoi tnbenu (Yang et al., 2020) xak daxropa,
OITPEAEIIAIONIETO TPOTHBOBOCTIANINTEIBHBIN U IIOTEHIINAIBHO
MIPOTHUBOOITYXOJIEBBINA AP PEKTHI.

Cpenyt BO3MOXHBIX MOAXOIOB JUISI HCCIIEAOBAHNS MeXa-
HU3MOB MOTEHIIMAIBHOTO BIMSHHUS META0OIUTOB, MPOLYIIH-
PYEMBIX MUKPOOPTaHH3MaMH, Ha ()yHKIIMOHHPOBAHUE KIIETOK

2026
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eHHble CeTV NPOBUOTUYECKINX
MWKPOOPraH13MoB

YeJIOBEKa MOTYT OBITh PEKOHCTPYKIUS M AHAJIN3 TEHHBIX
cereil. [eHHas ceTh — ATO TpyIIa KOOPIUHNPOBAHHO (DYHK-
IIMOHHUPYIOIINX T€HOB, KOHTPOINPYIONNX (EHOTUITNIECKNE
npu3Haku opranmma (Komaanos u ap., 2013). B3anmoneii-
CTBHS MEXKIY T€HaMH B TEHHOH CETH OCYIIECTBIISTIOTCS Yepe3
WX TICPBUYHBIC U BTOpUYHBIC MpoaykTel — PHK, Oenkn u
MeTaboNUThI. PEKOHCTPYKIINS TeHHBIX CETEH MO3BOJISIET BBI-
SIBJISITH KOHKPETHBIE MOJICKYJIIPHBIC ITyTH B KJIETKAX YeI0BEKa,
(DYHKIMOHMPOBAHNE KOTOPBIX M3MEHSETCS I0J BIUSHUEM
Pa3IMIHBIX (DAKTOPOB, BKITIOUAst METAOOIHTHI, ITPE/ICKA3bIBATh
MOJICKY/ISIPHO-TeHETHUECKHE MUILICHH UX JICHCTBHS U BIMSTHHC
Ha po(MITaKTUKY/pa3BuTHe 3a0oneBanuii (Saik et al., 2019;
Bragina et al., 2023; Ivanisenko V. et al., 2024).

B HacrosimieM ncciieoBaHUM ¢ MTOMOIIBIO pa3padoTaH-
HOW HaMH paHee MH()OPMAMOHHO-TIPOTPAMMHOM CHCTEMBI
ANDSystem, HCTIONB3YFOIIEH METOIBI MAITMHHOTO 00y UCHHS
1 UcKyccTBeHHOTO MHTEtekTa (Ivanisenko V. et al., 2015,
2019), ObuTH PEeKOHCTPYMPOBAHBI TEHHBIC CETH PETYISIIHA
MpoIIecca aronTo3a KJICTOK YEITOBEKa MO BIMSIHUEM CTeapH-
HOBOM (OKTaJICKaHOBOM) KHCIIOTHI, TPUCYTCTBYIOMIEH B Kile-
TOYHO-CBOOOIHOM cymiepHaTaHte S. thermophilus. Anamms
9THX TEHHBIX CETEH MMOKa3all, 9TO CTeapHHOBAs KUCIIOTA KOHT-
POJUPYET amorTo3 IMAaBHBIM 00pa3oM dYepe3 pPerylsiuio
skcnpeccun reHa PTGS2, kogupyromniero pepMeHT IMUKIO0K-
curenasy-2. [IpoBeIecHHBIN JOTIOMHUTEIBHBIN aHATN3 U de-
PEHIMAIBHOM SKCIIPECCHH T€HOB B KJIeTKax KyiIbTypsl HepG2
(Vendel Nielsen et al., 2013) mpu Bo31eiicTBAN Ha 3TH KICTKH
CTEapUHOBOM KHCJIOTHI TMOKa3all, 4yTo Ju(pdhepeHnnanbHo
9KCTIPECCUPYIOMINECS TEHBI BOIIIN B COCTaB PEKOHCTPYHPO-
BaHHBIX TEHHBIX CETEH.

[TomydenHsle pe3ynbTaThl GOPMHUPYIOT PAMOHAIBHBINA
O6ronH(pOPMaTHIECKUH TTOIXO0 K OLEHKE (DYHKIIMOHAIBHBIX
3¢ P eKTOB METa0OINTOB MUKPOOPTAHN3MOB Ha IEJIEBBIC OO~
JIOTMYECKHUE MPOIIECCHI B KIIETKAX YEJIOBEKA YEPE3 PEKOHCTPYK-
IIMFO TEHHBIX CETeH, KOTOPBII MOXKET OBITh NCTIOIB30BAaH PH
MONCKE HOBBIX INITAMMOB, 00JaJal0MIUX MPOOHOTHUECKUM
TIOTCHIHAJIOM.

MaTepmanbl n metoabl

PexoHCTPYKIMSI M aHAJIM3 TeHHBIX CeTeH PEryssinu dKc-
MPECCUM TEHOB YeJIOBEKa CTEapMHOBOI KUCJIOTOM OCyIlIecT-
BJSUTUCH C TOMOIIBI0 MH(OPMAIMOHHO-TIPOTPAMMHOM CH-
crembl ANDSystem (Ivanisenko V. et al., 2019, 2024; Ivani-
senko T. et al., 2020). Cucrema ANDSystem, npenna3Ha-
YeHHas JJIsl PEKOHCTPYKIIUH aCCOIIMATUBHBIX TEHHBIX CETEH,
OCYIIECTBIISET B aBTOMAaTHYECKOM PEKMME U3BJICUCHUE 3HA-
HUH U (aKTOB U3 HAyYHBIX MyOIMKalMid U OMOJIOTHYECKHX
6a3 manneix (Ivanisenko V. et al., 2015, 2019). Ogaum u3
KITfoueBbIX Moayie ANDSystem sBisieTcs MOCTOSHHO TIO-
nosHsieMas 6a3a 3HaHuil. B HacTosiiee BpeMst OHa COJEPIKUT
uHpopmaluio o 0osee ueM 150 MITH B3aUMOICHCTBHUI MEKTY
12 pa3mTUYHBIMU THIIAMU MOJIEKYISPHO-TEHETHYECKUX 00B-
ekroB (reusl, PHK, Oeyiku, MeTaOOIUTHI, JICKAPCTBCHHBIC
BEILECTBA M JIP.), aBTOMATHYECKH M3BICYCHHYIO U3 TEKCTOB
6onee 30 MITH Hay4HBIX CTaTel W MATCHTOB, a TAKXe (aKTo-
rpaduyeckux 0a3 maHHBIX. B 0a3e 3HAHUU MPEICTABJICHBI
49 THNOB B3aMMOJICHCTBUI MEXy 00BEKTaMH, BKIIIOUAs pe-
T'YJSIIMIO SKCIIPECCUU T'€HOB, (M3MYECKUE B3aMMOJICHCTBUS
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(Oemok—0eok, OeOK—JIMTa ), XUMIIECKUE B3aUMOJICHCTBHS
(KaTaMUTUYEeCKHE PEaKIIUH, IIOCTTPAHCIAIUOHHBIC MOAU(DU-
karun) u apyrue (Ivanisenko T. et al., 2022). DddexktuBHOCTD
ANDSystem jy1st u3y4eHust MOJICKYJISIPHBIX MEXaHU3MOB 3a00-
JIEBaHUH, TEHCTBHSA JIEKAPCTB U META0OIMTOB, B TOM YHCJIE HA
OCHOBE aHaJI3a OMUKCHBIX JAHHBIX, TAKUX KaK METa00JIOM H
TPAHCKPHUIITOM, ObIlIa TIOKa3aHa B IIEJIOM PsIZIC HCCIICIOBAHUIA:
HaTpUMep, TPUOPUTU3AIIH TCHOB aIloNTo3a IpH JIMMQeremMe
(Saik et al., 2019), morcke reHOB aroNTO3a KaK OCHOBBI IS
KOMOpOUTHOCTH OoJie3HH XaHTHHITOHA U paka (Bragina et
al., 2023), uaeHTU(UKAIINE META0OIMYCCKIX MAPKEPOB MOCT-
omeparuBHoro nemupus (Ivanisenko V. et al., 2024).

AHann3 1uddepeHINANBHON IKCIPECCHU TeHOB M UX
¢pyukumoHaabHasi anHoTamus. [Jisl U3y4YCHUS BIUSHUS
CTEapUHOBOMN KHCIJIOTHI Ha SKCIIPECCUIO I'eHOB OBLI IPOBE/ICH
aHaJM3 JOCTYIHBIX TPAHCKPUIITOMHBIX JIaHHBIX, TOJIyUYeH-
HBIX C HCIOJB30BAHMEM TEXHOIOTHMH MUKpountioB (DNA
microarrays), B 9KCIIepuMeHTaIsHOM HccnenoBannd (Vendel
Nielsen et al., 2013), TOCBSIIICHHOM BIFSTHUO )KHUPHBIX KHCIIOT
(9M1anAMHOBOM, OJIEMHOBOM M CTEaPHHOBOI) Ha METa00IN3M
KJIeToK KyibTypbl HepG2 (uneHTndukarop mccienoBaHus
B GEO Onimbus Database — GSE34045). K nacrosmemy
BPEMEHHU 3TO eIUHCTBEHHOE HKCIIEPHMEHTAIBHOE HCCIEH0-
BaHHUE, BKIIOYAIOINIEE aHAU3 TPAHCKPUIITOMHOTO TPO(HIIL
KIICTOK TIPHU BO3ACUCTBUH CTEAPUHOBOHN KUCIOTHL. BEIsBITe-
Hue audepeHraIbHo IKenpeccupyrommxcs reaos (JI21)
MIPOBOJIVIIH C UCTIONTBb30BaHueM makera Limma (Ritchie et al.,
2015). CratucTHYECKyI0 3HAaYUMOCTh Pa3lu4Ms B YPOBHAX
9KCIPECCHH TeHOB YeJOBEKa B KOHTPOJIE U P 100aBICHUI
CTEapUHOBOM KHUCJIOTHI OLIEHUBAJIM C NOMOLIbI0 Mepbl FDR
(false discovery rate). Pazmans ¢ FDR menee 0.05 cuntamuch
CTaTUCTHYCCKHU 3HAYUMBIMHU.

AHanu3 nepenpecTaBIeHHOCTH OHOIOTHUECKHX ITpoliec-
coB [yt chopmMupoBaHHOTO criricka /131, BBISBICHHBIX OIHU-
CAaHHBIM BBIIIIE METOIOM, BBIITOIHSAJICS C MCIOJIB30BaAaHHEM
BeO-cepBepa DAVID, Bepens 2021 (https://david.nciferf.gov/;
Sherman et al., 2022), ¢ HacTpoiikamu 1o ymomdauuro. DAVID
OLICHUBAJI CTATHCTUYECKYIO 3HAYNMOCTb IIEPECEUCHUsI CIIHCKA
M3y4YaeMbIX reHoB (B HareM cirydae JI91) co crimckamu reHoB,
COOTBETCTBYOLIMX OMOJIOTHYECKHUM IPOLIECCaM, OTTMCAHHBIM
B oHTOostoruu redoB (GO) (Sherman et al., 2022).

Pe3ynbTaTbl 1 06CyKAeHNE

PeKOHCTPYKLUA reHHbIX ceTei perynauum anontosa
OKTaf,eKaHOBOW KNCIOTON

W3BecTHO, UTO CTEapUHOBAs KHUCIIOTAa MOKET BIUATH HA (QyHK-
IMOHUPOBAHME KIIETKH Kak uepe3 perentop CD36 Ha mas-
Marmdeckoit MemOpane (Chen et al., 2022; Glatz et al., 2022),
TaK M MPOHMKas B KJIETKY M JCHCTBYS Ha SKCIIPECCHIO TCHOB
BHYTpH Kietku (Shen X. et al., 2025). B cBsi3u ¢ aTum Ha
OCHOBE MH(OpMAaLIUK, TPEICTABICHHON B 0a3e 3HAaHUN NPO-
rpaMMHO-uH(popMarmoHHo# cructeMbl ANDSystem, Ot pe-
KOHCTPYHPOBAHBI JIBE TEHHBIE CETH PETYISIINH allONTO3a OK-
TaJeKaHOBOW KHUCIIOTOM: 1) BHYTPHUKIICTOYHBIN Ty Th ICHCTBUS
CTEapHHOBOM KHCIIOTHI, HE BKIIIOUAIONINH OeOK-penenTop
CD36 no nndopmanuu 6a3sl 3HaHnit ANDSystem (rennas
cets ['C-BII/10); 2) CD36-onocpenoBaHHbIil MyTh (TeHHAS
cets 'C-CD36).

Gene networks
of probiotic microorganisms

[Mpesx e Beero, 6611 chOPMHUPOBAH CITHCOK OSIIOK-KOANPYIO-
IIMX T€HOB YEJIOBEKa, YYacTBYIOUIMX B IPOLECCE aroInTo3a
(748 reHOB), MONTyYeHHBIH U3 0a3bl JAHHBIX OHTOJIOTHMU Te-
HoB (https://geneontology.org/) mis tepmuna GO:0006915
apoptotic process (tabn. S1 Ilpunoxenus)!. DTOT crnmcok
OBIT MCIONB30BaH B KaUECTBE BXOAHBIX JTAHHBIX B CHCTEME
ANDSystem aJ11 peKOHCTPYKLUHU T€HHBIX CETEMH.

I'ennas cets I'C-BITJ]O perymsiuuu 3KkCpeccuy reHoB amno-
TITO32 CTEAPUHOBOMH (OKTaJeKaHOBOW) KHCIIOTOM, ITOCTYMA0-
el B KJIETKY, MPUBE/ICHA Ha puc. 1.

Ananu3 reanor cetu ['C-BIT/IO moka3sai, 4to 3Ta ceTh
BKJIFOYaja 33 reHa amonTo3a M JOMOJHUTENLHO 11 reHos,
YUYacTBYIOIINX B PETYISIINMU MX 3KCIPECCHH, a Takke 48 pe-
T'YJISTOPHBIX B3aWMOJEHCTBUI MEX1y T'€HaMM amnolTo3a u
OeJKaMU-pEeryJsiTopaMu U 2 peryisiTOpHbIX B3aUMOACHCTBUS
MEXy CTeapuHOBOU (OKTa/IeKaHOBOW) KUCIOTOW U T€HAMHU
arnornro3a (0TMe4YeHbI Ha puc. 1 OMPIO30BBIMU paMKaMH).

Benox mukiookcurenasa-2 uMel HanoosbInee 9uciio (25)
PETYISTOPHBIX CBS3EH C TeHaMU aronTo3a (Tadm. 1) B TeHHOH
cetu I'C-BIIJIO. Kpome Toro, k 4uMciay KIIIOUEBBIX PeryJs-
TOPOB I'€HOB arloNTO3a B ATOW CETH MOYKHO OTHECTH OEJIKH
PROX1 u CD276, kakaplii 13 KOTOPBIX PEryIUPYET M0 S TEHOB
(cm. Tabm. 1).

Heckonbko npumepoB nyTel peryiasTOPHOIO BIUSHUSA
OKTa/IeKaHOBOH KHCIIOTBI HA SKCIIPECCHIO TEHOB aIloNTo3a 13
rennoit cetu I'C-BIIJ1O npuBeaeHo Ha puc. 2.

I'en BIRC2. Ha puc. 2 noka3zaHo, 4TO 3KCIpecCusl reHa
BIRC2 naxonutcs oJ] peryasSTOPHBIM BIUSHUEM CTEapUHOBON
kucinoTsl. [TonaBieHne 3kcnpeccuu 3Toro reHa, 001a1aoIero
AQHTUAIIONTO3HOM aKTUBHOCTHIO, CTEAPUHOBON KHUCJIOTOH B
MIPEaANTIONNTAX SBISCTCS OJHAM M3 MEXaHU3MOB PEAYKIHN
YKMPOBOH TKaHM IPH JieicTBUM 3TOro Metadbonura (Shen M.C.
etal., 2014).

I'en SCD. Cornacuo nanHsiM ANDSystem, cTeapiuHOBast
KHCIIOTa PETyIUpyeT dKcnpeccuto rena SCD, SKCIpecCupyro-
miero 6emok SCD, KOTOpBIN, B CBOIO O4Yepeib, PETyIHPYET
reH DDIT3, HenmocpeCTBEeHHO BOBIICUCHHEIH B allONTO3 (CM.
puc. 2). Ilo nanabiM aureparypsl (Aardema et al., 2017),
CTeapuHOBasl KHUCJIOTa aKTUBUPYET 3kcipeccuto reHa SCD,
npoaykT kotoporo — 6esok SCD — nomasisiet (Minville-Walz
et al., 2010) rer DDIT3, oquH U3 BOKHCHIINX HHIYKTOPOB
anoniro3a (Bento et al., 2009).

e BCL2. Dxcupeccusi reHa PTSG2, Komupyromero 6eox
nukstookcurenasy-2 (PHG2), Haxoqurcest o perysisiTopHbIM
BIIMSTHUEM CTEApPUHOBOI (OKTaJeKaHOBOI) KHUCIOTHI (CM.
puc. 2). ITo nauneim muteparypst (Liu J. et al., 2014), creapu-
HOBasI KHCJIOTA HHIYIUPYET dKcTpeccuio reHa PTSG2 1uKIio-
okcureHasbl-2. [{ukmookcurenasa-2, cormacao ANDSystem,
B CBOIO Ou€pe/ib, YCUIIMBAET dKcrpeccuto rena BCL2, 4ro
TIOATBEPIKIACTCS Pe3yJIbTaTaMH SKCIIEPUMEHTAIBHBIX HCCIIe-
nosanuit (Lin et al., 2019). OrmeruM, uto, o nHGOpMaMK
u3 6a3bl 3Hanuit ANDSystem u mureparypst (Shen M.C. et al.,
2014), sxcpeccusi reHa BCL2 MOXeT TOXe MOJABIISATHCS cTea-
PUHOBO#1 KHCTI0TOH. Takum 006pa3om, 10 JaHHBIM PEKOHCTPYK-
MU TEHHBIX ceTell akcmpeccus reHa BCL2, KOMUpPyIOIero
KITroueBoi mHrnouTOop amonrtosa (Newton et al., 2024), moxeT
KaK aKTHBHPOBATHCS CTEApPUHOBON KHCIIOTOH MPH Y4acTHU

1 Tabn. S1-54 1 puc. S1 MpunoxeHNs JOCTYMHbI N0 agpecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx1.zip

8 BaBunoBckuii XKypHan reHeTuku u cenekuum / Vavilov Journal of Genetics and Breeding < 2026 « 30 « 1


https://vavilovj-icg.ru/download/pict-2026-30/appx1.zip

B.A. MiBaHnceHko, T.M. Xnebopaposa, M.A. Knewyes ...
T.B. MBaHuceHkKo, N.C. lemeHKos, H.A. KonuaHoB

e DDIT3

00
& CYP19A1
SMAD3 o
° .
°
SOX9
CP19A
FGFR3 r
E2F1 . s
° v
000
BCL2
00 TMPRSS2 PROX1
° o
TMPRSS2 -3 °

S o0 e g T
scb — = 000 PROX1 ° A » o

; °
scp “= )/ octatecanoic acid

LDHA

CXCR4 ATAX

° FLT4

CDK1

000 - Gene

A - Metabolite
@ roer

NFKB1

eHHble ceTy MPobUOTNYECKNX 2026
MUKPOOPraHn3mMoB 30.1
CAsP1
NLRP3 AKT1 mcL1
GPX4 PDCD1

Jak2”
HMOX1
> o o
18 . . ° 4 - GPX1
<) o
- - \‘\ ) ° GAS6

- PBH2, > XBP1
o N\ ° ERBB4
> \
000 o o ° CCN1
o
PTGS2 ,
_e® TLR2 o 1A
HIF1A o ° T ° w
ad CD276.. o HNF1B
MMPY
cD276 o< =
OVGFR3
s VEGFA

El

PARP1
VACE2

=
1S
2
>

DUX4

NR4A1

Puc. 1. TeHHan ceTb C-BMJO perynauum skcnpeccrm reHoB anomnTo3a cTeapuHOBON (OKTafieKkaHOBOW) KMCIOTOMN.

3efeHbIMM paMKamii MOKa3aHbl FeHbl, BOB/IEYEHHbIE B MPOLIECC anonTo3a no A4aHHbIM oHTosorum reHos (GO:0006915 apoptotic process), 61upto3oBbiMun
pamMKamMn OTMEUEHbI reHbl anomnTo3a, HaXoAALWMECs MO PEryNATOPHbIM BAMAHWEM OKTaf€KaHOBOW KMUCNOTbI 6e3 yyacTus nocpefHnKoB. leHbl, He
VIMEIOLLIIE PAMOK, — 3TO FeHbI-MOCPEHVKU, SKCMPECCUA KOTOPbIX PErynvpyeTcs OKTafeKkaHOBOW KUCIOTOW, UX GeNKoBble NPOAyKTbI (KpacHble Wapbl Ha
PUCYHKE) perynunpytoT 3KCNpeccuto reHoB arnonTo3a. KpynHbiMi pamMmkamu MapKUpoBaHbl reHbl, AnddepeHLmanbHo 3KCNpeccrpyoLwmnecs B KynsType
knetok HepG2 B oTBeT Ha okTagekaHoByto kKucnoty (Vendel Nielsen et al., 2013). CreapuHoBas (OKTagekaHoBas) KMcnoTa 0603HauyeHa Kak “octadecanoic
acid”. CuHMe CTpenKm — NPoLecchl SKCMPECCH reHOB, BefyLme K HapaboTKe KOAUPYEMbIX MMM GENKOB; KPacHble — PETYNIATOPHOE BMAHWE BENKOB Ha

SKCnpeccnto reHOB anonTosa.

Ta6nuua 1. Cnncok NATV 6eNKoB-PerynaTopoB C HaMOObLLMM YMCSIOM PETYNATOPHBIX CBA3EN C reHaMU anonTo3a

B reHHou cetn IC-BMNAO

Yncno cBA3aHHbIX reHoB anonTosa

Ne n/n CumBon 6enka HasBaHue 6enka

1 PTSG2 LinknookcureHasa-2

2 PROX1 Prospero romeo6okc 1

3 CD276 benok CD276

4 ADRB2 AnpeHopeuenTop 6eTa 2
5 ACE2

AHIMOTEH3MH-NpeBpaLLaloLwnin GepmeHT 2

25

L Y]

IUKIOOKCUTEHA3BI-2, TaK U TIOABIATHCS ITUM METa0O0IHTOM,
BEpOSITHO, Oe3 ydacTus 3Toro hepmenTa. CiemoBaresbHO, MO-
IYISAIAS SKCIPECCUH WA aKTUBHOCTH IIUKIOOKCHTCHA3EI-2
MOXKET U3MCHATH OaNaHC MPOATIONTOTHYCCKUX M aHTHAIIOI-
TOTHYECKHX 3(P(PEeKTOB CTeapuHOBOM KUCIOTHL. VMeromuecs
SKCTICPUMCHTAIBHBIC JaHHBIC CBHICTCIBCTBYIOT O TOM, UTO
IUKIOOKCUTEHA3a-2 MHTHOUPYET aronTo3; MPH STOM ITOBHI-
IICHHAS DKCIPECCUs TeHa IUKIOOKCUTCHA3bI-2 SBISACTCS
OIHUM W3 MEXaHU3MOB YKJIOHCHHS OITYXOJEBBIX KIETOK OT
anoniro3a (Liu C.H. et al., 2001).

I'ennt NFKB1, NLRP3, CASP1, MCLI. 1lo nanHBIM
ANDSystem (cm. puc. 2), sxkcripeccusi renoB NFKB1, MCL1,
Komupyromux aHtuanontotmdeckue oenkn NFKB1, MCL1
(Newton et al., 2024), a Taxxe reHoB NLRP3, CASP1, xonu-
pyrommx mpoarontorrdeckne oenku (Yu et al., 2023), perymm-

pyeTcst CTeaprHOBOH (OKTaJeKaHOBOW ) KHCIIOTO! MPH yIaCTHH
YIIOMSIHYTOTO BBIIIE OelTka IUKI00KcureHasa-2. [Tokazano, 4o
9TOT OEJOK aKTHBUPYET SKCIPECCHUIO aHTHAMONTOTHYECKUX
reHoB NFKBI1, MCLI n BCL2 (Lin et al., 2019), 9yT0 MOXeT
00yCcIaBIMBaTh MMOJABICHHUE allONTO3a IUKJIOOKCUTECHA30H-2.

PexoncrpyupoBannas Hamu rennas cetb I'C-CD36 pery-
JSIUM aIlonTo3a cozepkana 187 MoyeKyIsipHO-TeHeTHYe-
CKMX 00BEKTOB, BKJII0Uasi 98 reHOB, BOBJICUCHHBIX B ITPOIIECC
amoriro3a, coocTBeHHO Oenok-pernienitop CD36 u 44 reHa,
KOAMPYIOUINX OCIIKH, OKA3bIBAIOIINE PETYISTOPHOE BINSHHIE
Ha 9KCITIPECCHUIO TEHOB arloNTo3a. B ¢BsA3M ¢ TeM, 4TO MmoHas
rerHas cetb ['C-CD36 comep KUt 00bIII0e YHCI0 PEryasTop-
HBIX CBS3¢i, OHA npuBeneHa B [Ipunoxkennn (puc. S1).

[pu ananmze momHo# renHol cetr 'C-CD36 (cm. puc. S1)
OBLT BBISIBIICH PSAZ] OCITKOB — KIIIOUEBBIX PETYIIATOPOB alloNTo3a:
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Puc. 2. ®parmeHTbl reHHOW CeTU PerynaTopHbIX CBA3EN CTeapUHOBON (OKTafeKaHOBO) KACNOTbI ¢ reHamu BIRC2, SCD,
BCL2, NFKB1, NLRP3, CASP1, MCL1, BOBNeYeHHbIMM B NPOLIeCC anonTosa.

KpacHbIMI Wapamu nokasaHbl 6eikiy, KOAMpPYeMble reHaMu-nocpesHUKamm, 3efieHbIMU PaMKamu — reHbl anonTo3a. feHbl, He nveloLne
PaMOK, — FeHbl-MOCPEAHMKU, SIKCMPECCUA KOTOPbIX PEryinpyeTcs OKTaAeKaHOBOW KUCIOTON 1 6eNKoBbIe MPOAYKTbI KOTOPbIX (KpacHble
LIApbl Ha PUCYHKE) PEerympytoT SKCMNPeccuio reHoB anonTo3a. CTeaprHoBas (OKTafekaHoBas) KNCoTa 0603HadeHa Kak “octadecanoic
acid”. CvHWe CTpenkn — NPOoLEecchl SKCMPECCU reHoB, Befylime K HapaboTKe KOAMPYEMbIX MU GENIKOB; KpacHble — PerynsTopHoe

BNNAHNE 6eNKOB Ha SKCNpeccnto reHoB anonTosa.

PPARG, perynupyromuii 32 reHa anontosa; [HHUKJIOOKCHUIre-
Haza-2, perynupytomas 25 renos; SIRI1, peryaupyromuit
26 reHoB (Tadm. 2).

Ha puc. 3 moka3aHo HECKOJIBKO MPUMEPOB MyTeH peryis-
TopHOrO BiaMsHUSA penentopa CD36 Ha skcnpeccuio reHoB
arornTo3a, KOTOPbIE OMMCAHBI HUXKE.

I'en NFKBI1. BrisiBneno apa myTu peryisiuuu rena NFKB1,
BOBJIEYEHHOTO B Ipoliecc anonro3a. B nepsom ciyyae CD36
PEryJupyeT dKCIpeccuto reHa-nocpennuka SIRT1, sxcnpec-
cupyromrero 6exok SIR 1, KOTOpBI OKa3bIBAET PETYASATOPHOE
BozaekicTBrue Ha reH NFKBI. Cornacao (Yin et al., 2020),
6enok SIR1 oOmamaeT akTHBHPYIOIINAM BIHSHHAEM Ha PEryiis-
TopHbIi yTh NF-kB. BTOpoii myTh BKIIIOYAET PETYISITOPHOE
Bo3neiictBre CD36 Ha reH-ocpenauk 7RAF 6 1 ero OeTKOBBIi
TIPOIYKT — TPaHCKPUMINOHHBIN (hakTop TRAF6, KoTOpHIiA, B
CBOIO OUepe/lb, pEryaupyer akcnpeccuto rena NFKB 1. benok
TRAF6, skcnipeccusi reHa KOTOpPOTo CTUMYJIUPYETCS PH yya-
ctun CD36 (Cao et al., 2019), akTHBHpYET TaKKe IKCIPECCHIO
rena NFKBI (Saba et al., 2014).

I'en MYD88. CD36 perynupyert sxkcnpeccuto rena MYDSS,
BOBJICUEHHOTO B aNIONTO3 (KOPOTKHUH My Th peryssinun). Kpome

TOro, 3Kcrpeccusi rena MYDSS perynupyercst pelenTopom
CD36 gepe3 Ooee IIHMHHBINA MyTh, TPOXOIAIININ Yepe3 TeH-
nocpenHuk TRAF6 v KomupyeMBbIii UM OEJTOK, OKa3hIBAFOIIINI
PEryJIATOPHOE BO3JIEHCTBUE HA dKCIIpeccHto reHa MYDSS.
T'en MMP9. Kax otmedeHo BhITIe, 6emok-penentop CD36
peryampyeT 3kcrpeccuto reHa TRAF6, KomupyIomero 0einok
TRAF6. B cBoto ouepens, TRAF6 perynupyer skcnpeccuio
reHa MeTayutorporenHassl MMPY (Luo et al., 2016) u, momimMo
HETO0, eIlle IITH reHoB aronto3a: [FIT2, HIF 1A, IRF3, MYDSS,
NFKB]. Takum 00pa3om, TpaHCKpUTIHOHHBIH (pakTop TRAF6
UTPaeT POJIb KACCETHOTO aKTHBATOPa IIECTH T'EHOB aIMONTO3a.
CpaBuenue rennbix cereit ['C-BITAO u I'C-CD36 no-
kazano, yTo 30 reHoB, BOBJIECYCHHBIX B NPOIIECC AIONTO3a,
ObUTH OOIIMMM JJIST OTUX CETeH; Cpeau HUX DKCIPECCHs
25 TEeHOB perymupoBaiiach IIUKIOOKCHTEeHA301-2 (Tadm. S2).
CrenoBaTenbHO, 3TOT OEIOK MOXET paccMaTpHBATHCS Kak
B)KHEHIITMI PETYNIATOP TEHOB aronTo3a B KaXIOW M3 IBYX
PEKOHCTPYNPOBAHHBIX HAMH I'€HHBIX ceTel. B cricok renos
amornro3a, oomux st reHHbIX ceredt ['C-BITJIO u I'C-CD36
1 PETyNnpyeMbIX [IUKJIOOKCUTEHA30M-2, BOIIIIH, B YACTHOCTH,
takue rebl, Kak BCL2, MCL1 n NFKB1, 6eTKOBBIC TIPOTYKTHI

Ta6nuua 2. Cnycok NATV 6eNKoB-PerynaTopoB C HaMOObLLMM YMCSIOM PETYNATOPHBIX CBA3EN C reHaMu anonTo3a

B reHHou cetn [C-CD36

Nen/n CumBon 6enka HasBaHue 6enka

Konnuectso perynupyemblixX reHoB arnonTo3a

1 PPARG FamMMa-peLenTop, akTMBUPYEMbI NPoNdepaTopom nepokcncom 32

2 PTGS2 LinknookcureHasa-2 25

3 SIR1 CnpTymH 1 26

4 PPARA Anbda-peLenTtop, akTMBUpPYeMbI NponrdepaTopom nepokcnucom 19

5 GLI2 benok GLI2 c joMeHOM «LMHKOBbIE MasnbLbl» 19
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Puc. 3. ®parmeHTbl FeHHOW CeTU perynaTopHbix cBaAsei peuentopa CD36 ¢ reHamu IRF3, IFIT2, MMP9, HIFTA n NFKBT,

BOBJ1IEYEHHbIMUM B NMpouecc anonTos3a.

CuHein pamkoii BbifjeneH 6enok-petentop CD36, 3eneHbiMM paMKamy NMokasaHbl reHbl anonTo3a. [eHbl, He rMetoLe pamok, — FeHbl-
NMOCPEAHUKM, SKCMPECCHsA KOTOPbIX PErympyeTca OKTafAeKaHOBOW KNCIOTOW 1 6enKoBble MPOAYKTbI KOTOPbIX (KpacHble Wapbl Ha pu-
CYHKe) perynmpyioT 3KCnpeccuio reHoB anonTo3a. CTeapuHoBas (OKTageKaHoBas) KucnoTa o6o3HaueHa Kak “octadecanoic acid”. CnHue
CTPesnKM — MPOLIeCcChl SKCMPeCcrn reHoB, BefyLume K HapaboTKe KofupyembiX MU GeSIKOB; KpacHble — peryisaTopHoe BanaHne 6enkos
Ha 3Kcnpeccuio reHoB anonto3a. ProneToBow CTPENKoN NokasaHo B3aMIMOAENCTBE OKTaAeKaHOBOW KNCNIOTbI € pelienTopom CD36.

KOTOPBIX, KaK M3BECTHO, SBISAIOTCS BaKHEUIIMMH aHTHAIIO-
nrotraeckumu Oemkamu (Gupta et al., 2023; Newton et al.,
2024). C opyroii CTOPOHBI, B CIIHCOK T€HOB, PETYIHUPYEMBIX
LIUKJIOOKCUTEHA30i-2 B TEHHBIX CETAX, BOLUIN TAKXKE T'€HBI
NLRP3wn CASP1, npoayKThl KOTOPBIX YY4aCTBYIOT B aKTUBALIUU
MIPOIIECCOB NMPOTPAMMHPYEMOH KIICTOUHOM TnOenn, BKII0qast
amonito3 (Yu et al., 2023).

AHanus guddepeHumnanbHoI SKCNPeccun reHoB

npu BO3AeNCTBUN OKTaJeKaHOBOI KNCIOTbI

JUis BBISICHEHHS TOTEHIIMANA CTEAPHHOBOW KHCIIOTHI, MPO-
OYLUPYEMOH CTPENTOKOKKOM S. thermophilus, B perymsuun
armonTo3a HaMy OBLT MTPOBE/ICH aHAJIHN3 dKCIIEPUMEHTAIBHBIX
JAHHBIX 110 U HepeHINATEHON SKCITPECCHH I'EHOB B KIICTKAX
remaroruTonoaooHoi mauu HepG2, 00paboTaHHBIX cTeapu-
HOBOW KHCIIOTOMH, puBeneHHbIX B padore (Vendel Nielsen et
al., 2013). beuro BesBEeHO 2500 IO ¢ ypoBHEM CTAaTHCTH-
yeckoit 3HaunMocTi FDR < 0.05. Ananu3 nepenpencrabiieH-
HOCTH TePMHHOB TeHHOo# oHTONoTHH (GO) A71s1 3TOTO HAbOpa
reHoB BeIIBII 40 cratuctudeckn 3Ha9UMBIX (FDR < 0.05)
OMOIOTHYECKHUX IMporieccoB (Tabmi. S3), cpeau KOTOPBIX Kie-
TOYHOE JBIXaHHE, a TAKKE MTPOIIECCHI, CBA3aHHBIC C (YHKIIHO-
HUPOBAHUEM 3JIEKTPOH-TPAHCIOPTHON [ETTH MUTOXOHIPHHA,
arnonTo3. JlecsaTh OMOIOTHIECKUX MPOIIECCOB, HAanboIee cTa-
TUCTHYECKH 3HAYNMO TMTepernpeacTaBieHHbIX 1 {01 B kiet-
kax HepG2 mpu BO3AEHCTBUM CTEAPUHOBOW KHCIOTHI, TPH-
BEIEHBI B Ta0I. 3.

ComnocraBieHue peKOHCTPYHPOBAHHON TeHHOM CETH pery-
JISIAH SKCTIPECCHH TEHOB arloNTo3a MPH YIaCTHH PEeLenTopa
CD36 ¢ nanabIME 110 TU( HEepeHITHATEHOM SKCITPECCUU TTOKA-
3aJ10, YTO CPEIH TEHOB aroITo3a, PETYINPYEMbIX CTEapHHOBOI
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KHCIOTOH, 16 TeHoB (Tabn. S4) ZeMOHCTPHUPOBAIH TOCTOBEP-
HBIC M3MCHEHUS HKCIIPECCHH B KIIeTKaX KynsTypsl HepG2 B
OTBET Ha ee Bo3neiicTere. Cpeny HUX OBLIM MPEACTABICHBI
Takue reusl, kak MMP9, SOX9, HMOXI, GPX4, MCLI,
BIRC], urparoliiue BaXHYI0 poJib B Ipoliecce anonrosa. Yrto
kacaetrcsa rennoi ceru I'C-BIIJIO, To mis Hee KOIMYECTBO
TCHOB aIloITO3a, M3MECHUBIINX CBOIO DKCIIPECCHIO MO JIeH-
CTBHEM OKTaJICKAaHOBOW KHCIIOTHI, OKa3aJ0Ch CYIICCTBEHHO
MeEHbIIIE: TONBKO TATh (GPX4, MCL1, HMOXI1, MMP9, SOX9).
OTH e TeHBI OBLTH TIpecTaBIeHEI B reHHoi cetn ['C-CD36.
Taxum o6paszom, aHanm3 auddepeHInaTbHON IKCIIPECCHH
TCHOB CBHUJICTEIECTBYET O TOM, YTO IYTh PETYISAINH depes3
penenirop CD36 mmeet Oornbliee 3HaYCHUE TS PETYIISIIHN
arnorTo3a CTEapUHOBON KUCIOTOM.

3aKkniouyeHune

B Hacrosimeli pabore ¢ UCIIOIBb30BaHUEM METO/Ia PEKOHCTPYK-
MU I'CHHBIX ceTen HCCIICIOBAHBI PETYIATOPHBIC MCXaHU3MBI
BIIMSIHASA CTEAPUHOBON (OKTa/EeKaHOBOM) KHCIOTHI, OJHOTO
U3 OCHOBHBIX METa0O0JIMTOB B COCTABE KIETOUHO-CBOOOHOTO
CyIlepHaTaHTa CTPENTOKOKKa S. thermophilus, Ha arnonTo3 B
KJIETKaX YeJIOBEKa.

IToxasano, uto: 1) rennas cets 'C-CD36 onuceiBana pe-
TYJISAIHUIO 3KCIIPpeccu 98 TeHOB arnonTo3a, YTO CYIECTBEHHO
MIPEBBIIIAJIO YUCIIO TEHOB aloNTo3a, PEryIupyeMbIX B TeHHOU
cetu ['C-BITJ1O (33 rena); 2) HUKIOOKCUTeHA3a-2 BBICTyTAa
B Ka4€CTBE OCHOBHOTO OelTka-peryssitopa dKCIpecCHy TeHOB
aronTo3a o IeHCTBUEM CTEAPHUHOBON KUCIIOTHI KaK B TEHHOU
cetu ['C-CD36, Tak u B rennoii cetu ['C-BITJ1O.

[TonyueHHbIE pe3ybTaThl CO3AAI0T OCHOBY sl (POpMHUPO-
BaHMUS SKCHEPUMEHTAIbHO-KOMITBIOTEPHOU TIAaT(OPMBI ISt
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Gene networks
of probiotic microorganisms

Ta6nuua 3. Pe3ynbTtaTbl aHanm3a nepenpeacTaBieHHOCTM Gruonornyeckmx npoueccos GO A1 reHos,
anddepeHLManbHO SKCNPECCHPYIOLLMXCA B KNeTKax KynbTypbl HepG2, npu BO3AENCTBUM OKTaeKaHOBOM KNCIOTbI

Nen/n  TepMWH reHHOI OHTONOrUN Yncno reHos, BoBieyeHHbIx  FDR
B Grionornyecknin npowecc
1 [pOTOH-3aBUCUMbIN MUTOXOHAPWANbHbIN cCHTe3 ATO 28 9.14E-07
(proton motive force-driven mitochondrial ATP synthesis)
2 A3po6Hoe apbixaHue (aerobic respiration) 28 0.00000334
3 C6opka komnnekca | MUTOXOHAPVANbHON AbIXaTenbHON Lienm 28 0.00000334
(mitochondrial respiratory chain complex | assembly)
4 MuToXOHAPVanbHbIN NepeHoC 3NeKTPoHOB, npespalyeHrie NADH B y6uxuHoH 20 0.000194
(mitochondrial electron transport, NADH to ubiquinone)
5 Mepexop G2/M B MUTOTUYECKOM KNETOYHOM LiKe 19 0.00373
(G2/M transition of mitotic cell cycle)
7 YpnaneHue akTuBHbIX dopm Kucropopa (cellular oxidant detoxification) 23 0.00798
6 BbicBO60OXAeHMe LunToxpoma C U3 MUTOXOHAPUIA 12 0.0162
(release of cytochrome ¢ from mitochondria)
8 BeTta-okncneHue xnpHbix kncnort (fatty acid beta-oxidation) 17 0.0171
9 AyTtodarus (autophagy) 36 0.0392
10 AnonTo3 (apoptotic process) 108 0.0396

Mpumeuvanne. FDR (false discovery rate) - Mepa CTaTUCTUYECKOM 3HAUYMMOCTM NepenpeacTaBneHHOCTH 6uonormyeckoro npouecca C y4eTom MHOXe-

CTBEHHbIX CPaBHEHUN.

Lindposas nnatdpopma
«MuKkpobuoTex»
AN PEKOHCTPYKLMM
MeTabonmyeckux nytemn
MWUKPOOPraHN3MoB-
npo6broTNKOB

‘ PeKOHCTPYKLMA reHHbIX ceTel,
onuncblBatoLLMX
BO3J€eNCTBME METaboNNTOB
Ha 6uonornyeckmne NpoLeccobl
B OpraHu3me Yyenoseka
(cnctema ANDSystem)

-

ba3a 3HaHuUnN
6UOTEXHONOMMYECKNX CBOMCTB
NpPo6MoTUYECKNX
MUKPOOPraH3mMOB

OT60p MeTabonuTos,
OKa3blBaKLWMNX
MOJSIOXKUTENBHOE BUSHNE
Ha LeneBble npoLecco
B OpraHn3me yesioBeka

KCMeprMeHTanbHas oLeHKa
)| nonesHbIX GyHKLMOHANbHBIX
CBOWCTB METaboUTOB

Puc. 4. O6wan cxema nnatGopmbl Ans NoMcKa NPoAyLMPYEMbIX MUKPOOPraH13Mamur-npodrnoTukamy GyHKUMOHaNbHbIX MeTabonu-
TOB, OKa3bIBalOLLVIX MONOXKNUTENBHOE BAVAHUE Ha LieNeBble NMPOLLeCChl B OpraHrn3me YenoBekKa.

MONCKa (PYHKIIMOHAIBHBIX META0OIUTOB, TPOAYLIHPYEMBIX
MHUKPOOPTaHU3MaMH-NPOOHOTHKAMH, OKA3bIBAIOIMINX ITOJI0-
KHUTEIHHOE BIMSHUE HA IIEJIEBHIC IPOILECCH B OpPraHU3Me
yenoBeka. [IpuHImmHanbsabIe OIOKH ATOH MIaThOpMBI Tpea-
CTaBJICHBI Ha pucC. 4.

HWcxomnast nadopmanust 1u1st rathopMbl ITOCTYTIACT U3 IBYX
ncTouHUKOB. [lepBriii — mudpoas miaarpopma « Mukpo-
OroTex», pazpaboranHas B paMkax KypaaToBcKoro reHOMHOTO
nentpa Uul" CO PAH ([emenxoB u mp., 2024). Ona obec-
TICYMBACT PEKOHCTPYKIIMIO METa0ONNYECKUX MyTeH MHUKPO-
OPraHNU3MOB HA OCHOBE KOMITBIOTEPHOTO aHAJIM3a X TCHOMOB.
Bropoit nucrounnk — basza 3HaHUN OHOTEXHOIOTHUECKUX

CBOMCTB MHKPOOPraHW3MOB, pazpabaTbiBaeMasi B paMKax
Kypuarosckoro renomnoro nenrpa Ullul" CO PAH ¢ npume-
HEHHEM METO0B HCKYCCTBEHHOTO MHTEIUICKTA. DTH METO/IBI
TTO3BOJISTIOT aBTOMATHYECKN M3BJICKAaTh 3HAHUS M (DaKTH U3
HayYHbIX ITyOIUKAINHA U TaTeHTOB.

CdopMupoBaHHbIE AaHHBIE MCIIONB3YIOTCS ISl PEKOH-
CTPYKIIH TeHHBIX CETEH, OMMCHIBAIOIINX BO3/ICHCTBIE METa-
6011 TOB HAa OMOJIOTMUECKHE TPOLIECCHI B OPraHU3ME YeII0BeKa,
¢ npumenenueM cucteMbl ANDSystem (Ivanisenko V. et al.,
2015, 2019). Ananu3 peKOHCTPYHPOBAHHBIX TEHHBIX CETEH
TT03BOJISIET ONIPEAETUTH KpUTEPHUN 0TOOpa METabOINTOB, OKa-
3BIBAIOIIHX MTOJIOKHUTEIBHOE BIMSHHE Ha IIEJIEBBIE IIPOLIECCHI B
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OpraHu3Me YCJIOBCKA. Ha 3axmrountensHOM Tane MMpOBOAUTCA
OKCIICPUMCHTAJIbHAA OLCHKA IMOJIC3HBIX q)yHKI_[I/IOHaHBHLIX
CBOMCTB OTO6paHHBIX MeTa0OIUTOB.
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Pa3BuTue MeToaa GuaoreHeTnueckoro QyTIpUHTIHTA

IIJIsI pacIio3HaBaHMSI CaliTOB CBS3bIBAHMS TPAHCKPUIIIIMIOHHBIX
(dakTOpOB Ha OCHOBE HCITOJIb30BaHMsI bootstrap-mcnbiTadmii
IJIS1 aHa/IM3a OOJbIINX OaKTepuaabHbIX TeHOMHbBIX JaHHbIX
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AHHOTauuA. AKTUBHOE Pa3BUTUE TEXHONOMUI BbICOKONPOW3BOAUTENIbHOTO CEKBEHMPOBAHMWA MPUBENO K B3PbIBOOO-
pa3HOMY HaKOMJIEHMIO BbICOKOKAUECTBEHHbIX faHHbIX MO NociefoBaTeNbHOCTAM 6aKTepranbHbIX FEHOMOB — UX YACNO
nNpUGAMXKaeTCA K TPEM MUMINIMOHAM, W JafbHEWLLNIA POCT NPOAOKAETCA. DTO, B CBOIO ouepelb, AAeT AONOMHUTENbHBIN
MUMMYNbC Pa3BUTUIO TEXHONOMNIA AnA 6onee 3dbeKTUBHOM MX aHHOTaLMUM aHaNUTUYECKUMN METOLaMU C MPULENIOM Ha
NPYMEHeHVEe TaknX GOMbLINX FEHOMHbIX AAaHHbIX, @ TakKe MOoJlyYeHne HOBOrO KauecTBa aHHOTauui. OfHUM U3 TakmxX
aHaNUTMYECKUX MOLAXOAO0B CTal MeTod GuioreHeTMyeckoro GyTNPUHTUHIE, HanpPaBNEeHHbIA Ha BbiABNEHWE MOTVBOB,
COOTBETCTBYIOLMNX CaliTaM CBA3bIBAHUA TPAHCKPUMNUMOHHBIX (aKTOPOB B MPOMOTOPHbIX 06MacTAX GakTepuanbHbIX
reHOMOB NyTeEM CpPaBHEHMWs COOTBETCTBYIOLMX BbIOGOPOK PerynaTopHbIX MOCNeAoBaTeNbHOCTEN FEHOB-OPTONOroB
ONA POACTBEHHbIX OpraHv3moB. [lanbHelillee HaKOMJEHWEe FeHOMHbIX AaHHbIX CTano CTUMYIOM AfA Pa3BUTUA
noaxopa. Tak, 6bi0 OGHaPYXEHO, UTO M3BbLITOYHOE YMCNO MOC/efoBaTeNIbHOCTEN B BbIOOPKe, aHanusuMpyemomn ¢
NCMonb3oBaHMeM GUIOreHeTUYECKOro GYTNPUHTUHTA, NNLWLb YXyALWaeT TOYHOCTb METOA], TOrAa Kak BKJIlOUYeHMe 3Tana
oT6opa nocnefoBaTeNbHOCTEN B aHANIM3MPYEMYLO BbIOGOPKY C yUETOM AaHHbIX O B3aUMHbIX SBOMOLMOHHBIX PACCTOAHNAX
NoBbILWAET KayecTBo paboTbl MeTofa. B HacToALen cTaTbe HamMy NMPELIOKEH U PeanM30BaH CleyoLWmnii Wwar pa3suTus
mMeTofa dunoreHeTNYeCKoro Gy TNPUHTUHIA, OCHOBAHHbIM Ha MHOXECTBEHHOM 3aMnycke ONMCaHHOTO Bbllle 3Tarna oTbopa
ana GopMUPOBaHUA pa3nnYaloLLNXCA NOABLIGOPOK, MOCNeAYIOLEro 3anycka KOHBeepa AnA KaxXaon 13 noasblbopok u
Ha CTaTUCTNYECKOM aHanun3e nony4vyaembix pe3ysibTaToB MHOXECTBEHHbIX 3aMyCKoB KOHBelepa. [1peanoXeHHbI Noaxos,
peann3oBaHHbI B MeToe MotifsOnFly, no3sonaeT noBbICUTb YCTONUMBOCTb NOMYYaEMbIX Pe3yNbTaToB Pacro3HaBaHUA
MOTVBOB, BbISIBNSIEMbIX B MHOFOKPAaTHbIX 3amnyckax KoHBelepa. IddekTnBHocTb metoga MotifsOnFly npogemoHcTpupo-
BaHa Ha NprMepe aHanm3a XopoLlo aHHOTUPOBAHHOIo NpomoTopa reHa OmpW Escherichia coli.

KnioueBble cnosa: punoreHeTmueckuin GyTnpUHTUHE; 6akTepranbHbI FeHOM; CaliTbl CBA3bIBaHWA TPAHCKPUMNLMOHHBIX
bakTOpOB; MOTMBbI; ByTCTpen; Python
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Improving a phylogenetic footprinting method
using bootstrap trials on large bacterial genomic data

Abstract. The rapid development of high-throughput sequencing technologies has led to an explosive accumulation of
high-quality bacterial genome sequence data - their number is approaching three million, and this growth continues. This,
in turn, provides additional impetus for the development of technologies for more efficient annotation using analytical
methods designed to utilize such large-scale genomic data, as well as for achieving new levels of annotation quality. One
such analytical approach is phylogenetic footprinting, which aims to identify motifs corresponding to transcription factor
binding sites in the promoter regions of bacterial genomes by comparing corresponding sets of regulatory sequences
of orthologous genes in related organisms. The continued accumulation of genomic data has served as the basis for
further development of this approach. It has been found that an excessive number of sequences in a set analyzed using
phylogenetic footprinting only reduces the accuracy of the method, whereas the inclusion of a sequence selection
step in the analyzed set based on data on mutual evolutionary distances improves the method’s performance. In this
paper, we propose and implement a further step in the development of the phylogenetic footprinting method. This step
involves multiple runs of the selection step described above to generate distinct subsamples, subsequent pipeline runs
for each subsample, and statistical analysis of the results obtained from multiple pipeline runs. The proposed approach,
implemented in the MotifsOnFly method, improves the robustness of motif recognition results obtained from multiple
pipeline runs. The effectiveness of the MotifsOnFly method is demonstrated using the analysis of the well-annotated
promoter of the Escherichia coli OmpW gene.

Key words: phylogenetic footprinting; bacterial genome; transcription factor binding sites; motifs; bootstrap; Python
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BBepeHue
CrpemMuTENBHOE PA3BUTHE M MACCOBOE NPHMEHEHHE TEXHO-
JIOTHH BBICOKOTIPON3BOJUTEIBHOTO CEKBEHUPOBAHHS B MO-
JIEKYJSIPHOI TeHETHKE CTUMYJIHPOBAJIO PA3BUTHE HE TOIHKO
OMOTEXHOJIOIHH, 00€CIeYr B BO3MOXKHOCTh MacCOBOW COOPKHU
OakTepHaabHBIX TCHOMOB JJIsl UX aHajiHM3a, MOTU(HUKALNN
1 JaJbHEHIIero MCIONb30BAHMS IITAMMOB OaKTepuil mpH
pemeHnr OMOTEXHOJIOTHYECKUX 3aad, HO M METOJO0B OHO-
MH(OPMATHKH JUIsl Bce OoJiee KaueCTBEHHOM X aHHOTALUH.
AHHOTanMs OaKTepHaIbHBIX TCHOMOB CaliTaMU CBSI3BIBAHUS
TpaHCKpUMIMOHHBIX (akTopoB (CCT®D) sBnsiercst oHUM U3
B)KHCHIIINX ATAIOB B 3a/1a4aX OMOTEXHOJIOTHH U MUKPOOHO-
JIOTHH, TIOCKOJIBKY Yepe3 CBS3bIBAHUE TPAHCKPHUIIIHOHHBIX
(hakTOpPOB CO CBOMMH CaliTaMH B IPOMOTOpax IeHOB obec-
TICYMBACTCS OIMH M3 OCHOBHBIX MEXaHM3MOB PETYJSIIINU UX
sKcripeccun B OakTepusix (Browning, Busby, 2004).

Crparerust (pUIIOTE€HETHYECKOTO (QyTIPUHTHUHIA, HAIpaB-
nenHast Ha BbisiBieHne CCT® u BrepBble NpeioKeHHas B
1988 1. (Tagle et al., 1988; Katara et al., 2012), oka3zanach
TUTOZOTBOPHOH JUTsl HOMCKA MOTHBOB de 10VO C yI€TOM BBIPOC-
IIET0 Ha TOT MOMEHT YHCIIa CEKBEHUPOBAHHBIX TEHOMOB. JTa
CTpaTerust OCHOBaHa Ha 00IIEM NPHUHIIUIIE, YTO PETYISITOPHBIC
2JIEMEHTHI B IpoMoTopax, Takue kak CCT®, B nmopasisto-
1eM OOJIBIIMHCTBE CJIy4aeB IBOJIIOLHOHUPYIOT C MEHbILICH
CKOpPOCTBIO U 00Jiee KOHCEPBAaTUBHBI Ha YPOBHE MOCJIEA0BA-
terpHOCTH JJHK, uem oxpyxaromue nx HeyHKITHOHAIEHBIC
nocnenoBarensHocTH (Levy et al., 2001). JampHeimuii poct
qycia CeKBEHHPOBAHHBIX OaKTEPHAIBHBIX TCHOMOB Jeiall
IIpUMeHEeHHe (PUIIOTeHETHIECKOro (DY TIPUHTHHIA Bce Dosee
s¢dexruubiM (Blanchette, Tompa, 2002), naB cTuMyI K pas-
BUTHIO MHO)KECTBA aJITOPUTMOB, HanOoJee pe3yIbTaTUBHBIX
JUTSI IMEIOIIIMXCS K TOMY BPEMEHH CEKBEHUPOBAHHBIX TEHOMOB,
Takux kak MotifSuite, FootPrinter, AlignACE, BioProspector,
CONSENSUS, MDscan, MEME, CUBIC u BoBro (Hertz,
Stormo, 1999; Liu X. et al., 2001, 2002; Blanchette, Tompa,
2003; Olman et al., 2003; Chen et al., 2008; Bailey et al., 2009;
Lietal, 2011a; Claeys et al., 2012).

BnocneacTsum Op10 00HAPYKEHO, UTO OTPAHUYCHHOE
YHCIIO IPAaBIIIBHBIM 00Pa30M 0TOOpaHHbIX pepepeHTHBIX MTPO-

MOTOPOB MOXET OBITH JIOCTATOUHBIM ISl MJICHTH(UKAIUN
CCT® B rene (McCue et al., 2002), mOCKOIBKY CXOTHBIC
NOCJIEI0BATEIbHOCTH, UMEIOUINE CIIMIIKOM MaJible IBOJIO-
LINOHHBIE PACCTOSIHNUS, OKa3bIBAIOTCS MaJIONH()OPMATHBHBIMU
JUTSL QUITOTEHETHYECKOTO (DY TIPUHTHHTA B CHITY MaJIOTO YHCiIa
HAKOIJICHHBIX MyTanui B okpyxkatomux CCTO nedyHk-
LUOHAJIBHBIX MOCIenoBaTebHOCTAX. [ToaTOMYy nanbHeiniee
HaKOIICHHE TeHOMHBIX TaHHBIX JUIsl OAKTEpHH MO3BOJIMIO
YIYUIIATh METOJ (PUIIOTEHETHYECKOTO (Y TIIPUHTHHTA Ty TEM
IIPUMEHEHHMs 3Tana 0TOoopa MOCIEA0BATEIBHOCTEH B aHAIIH-
3UpyEMYIO BEIOOPKY C yUETOM JAHHBIX O B3aHMMHBIX SBOJIO-
LMOHHBIX PACCTOSIHUAX MEXIYy HMUMH. JTO OOecIeyrBacT
norydeHue Oonee HHPOPMATUBHBIX HAOOPOB OPTOJIOTHYHBIX
TIPOMOTOPOB JIJISI PACIIO3HaBaHUsI (PYHKIIMOHAIBHBIX MOTHBOB.
OnucaHHbIN TOIX0, peann3oBanHbIi B padote (Liu B. et al.,
2016), mpeBocxoau 1o kadecTBy pacrno3naBanusi CCTO mo-
ITyJISIPHBIE METO/IBI TOMCKA MOTHBOB, Pa3padOTaHHbBIE paHee 1
TIePEYHCIICHHBIC BBIIIE.

Vcrionb3yst B OCHOBE MOJXOM, NMpeuioskeHHblid B. Liu ¢
kosuteramu (2016), MbI paHee pa3padoTay BEIYUCIATCIBHBIN
koHBeiep i noucka CCT®D B OakrepuaibHBIX FEHOMAx
(MyxwuH 1 ap., 2024). OH HHTETpHPYET UCUSPIIBIBAIOIINN Ha-
00p HEOOXOMUMBIX 0a3 TaHHBIX U AITOPUTMOB IUIS PAOOTHI C
HHUMH, o0ecrieunBast ObICTPOE IIPUMEHEHUE ITUX PECYPCOB JUIs
AQHHOTAIMM BBIOPAHHBIX OAaKTEpUALHBIX TEHOMOB CaHTaMHU
CBSI3BIBAHUS TPAHCKPHIIIMOHHBIX (pakTopoB. OHAKO B X0
ero ucnoinb3oBanus yisi noucka CCTD B renome Geobacil-
lus icigianus (Peltek et al., 2024) MBI BBISIBIIN 3aBUCHMOCTD
pe3ynbrara pacno3HaBaHUs OT MOPsAKA, COCTaBa U crocoda
oTOopa IojaBaeMol Ha BXOJl IPOrpaMMBbl BEIOOPKH ITPOMO-
TOPHBIX PaifOHOB, HE MO3BOJISIONLYIO CAEIATh OJHO3HAYHBIN
BBIBOJ] O HanboJiee BEpPOSTHOM PACIIOJIOKEHHH CalTa CBS3bI-
BaHMsI U HAaK0OJIee BEPOSITHOM TPAHCKPHUITIUOHHOM (paKTope,
B3aUMOJEICTBYIOLIEM C 3TUM CaNTOM.

B nacrosmeii paboTe Ha 6a3e paHee pa3pabOTaHHOTO KOH-
Betiepa (MyxuH u ap., 2024) Hamu TIpeIIOKeHa M pean30-
BaHA MOJM(HKANUS METOa, Ha3BaHHOTO Hamu MotifsOnFly.
B ocHoBe 310l MoamMduKanMy exar: a) MHOXKECTBEHHBIN
3aIycK 3Tana KoHBeHepa Juis GopMHpOBaHHUS TOABBIOOPOK
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IIPOMOTOPOB M3 MOJTHOM BEIOOPKH C Y4ETOM JIAaHHBIX O B3aHUM-
HBIX 9BOJIFOLMOHHBIX PACCTOSHUSAX JUIS (POPMHUPOBAHHS pa3-
JIMYAIOIIMXCS OBBIOOPOK; 0) 3aIyCK KOHBEHepa JUIs KaKIon
TIOABBIOOPKHU JJISl TIOMCKA MEPENpeCTaBICHHBIX MOTHBOB
de novo B KaXJI0W U3 HUX; B) CTATHCTHYCCKUI aHAIN3 MOJTY-
YaeMbIX pe3ynbTaToB. Takoi OyTcTpen-noaxon (¢ Bo3Bparie-
HHEM) o0ecrieyrBacT ropaszio 0osee IMoJIHOE HCIIOIb30BaHHE
WCXOJHBIX JaHHBIX U IOBBIIIACT YCTOWYUBOCTE U JOCTOBEP-
HOCTbH IOJTyYaeMbIX PE3yJIbTAaTOB 33 CYET CTATUCTUYCCKOrO
aHAJIN3a PE3yJIbTAaTOB PAaCIIO3HABAHUS MOTHBOB, BBISIBISIEMBIX
B MHOTOKPATHBIX 3aryckax. Ha mpumepe aHammsa Xoporo aH-
HOTHPOBAHHOTO poMoTopa reHa omp W Escherichia coli no-
KazaHbI IPEUMYTIIeCTBa pa3padoTanHoro Metona MotifsOnFly,
CTaBIIUE PE3YJbTAaTOM MPEAJIOKCHHOTO Pa3BUTHS MOAXOIa
(buoreHeTHYECKOr0O QY TIPUHTHHTA.

MaTepmanbl n metopbl

Berunciure/bHbIH KOHBeiiep. [l pacrio3HaBaHus IIOTEH-
LMaJIbHBIX CAalTOB CBS3bIBAHUS TPAHCKPHUITIIMOHHBIX (PaKTOPOB
Ha OCHOBE BBISBJICHHS de nOVO MOTHBOB B OaKTepUalIbHBIX
TeHOMaX C OMOIIBIO PEaIM30BaHHOTO B pab0TE BEIYUCITUTEIb-
HO-KOMITBIOTEPHOTO KOHBElepa UCIOIb30BAINCH AaHHOTAIIMN
orepoHoB yist 3850 OakTepHaIbHBIX TCHOMOB, TOCTYITHBIC B
6a3ze ganubix (BJI) DOOR2 (Mao et al., 2014), nocienosa-
TeJIBHOCTU KOTOphIX OblTu u3BnedeHsl u3 bJl NCBI (Sayers
etal., 2021).

B xoHBeliepe UCIONB30BAH UHTETPATUBHBIA MOAXOM IJIS
peanuzanuu Metosia (prUIIoreHeTHYEeCKOro by THPUTHHTA, PeT-
noxeHHbId panee B. Liu ¢ komteramu (2016). B xoze BbinonHe-
HUSI 3TATIOB PabOTHI KOHBEHEpa JIJIsl HCCIICTyeMOro (I1IEIeBOT0)
reHa MPOM3BOUTCS BBISIBICHUE OPTOJIOTMYHBIX TEHOB CPEAN
BCEX IeHOB, nMeromuxcs B 6a3ze (3850) aHHOTMPOBAaHHBIX Te-
HOMOB. [Tonck ocyIecTBisieTcst MyTeM BBISIBICHUS CXO/ICTBA
OEJIKOBBIX IMOCJIEOBATEIBHOCTEH, Ul ATOTO MPUMEHSETCS
nporpammubiid Moayab GOST (Li et al., 2011b). danee s
Ka)KJIOTO M3 BBISIBJICHHBIX I'€HOB-OPTOJIOTOB, UCXOIS U3 M3-
BECTHOU OIEPOHHOM CTPYKTYpbl COOTBETCTBYIOILLEIO I€HO-
Ma, U3BJIEKACTCSl €r0 MMPOMOTOPHAS IOCIIEI0BATEILHOCTD, B
pe3yabrare 4ero GpopMupyercs MoJiHast BHIOOpKa MPOMOTOP-
HBIX TIOCJIE/IOBATEIBHOCTEH T€HOB-OPTOIIOTOB UCCIIEYEMOTO
neneBoro reHa. OIeHKa pacCTOSTHUN MEXAy KaxkKaoil mapoit
OPTOJIOTMYHBIX MPOMOTOPHBIX TOCIIEA0BATEILHOCTEH, BXO-
JSIIUX B aHAJIM3UPYEMYIO IMOJHYIO BHIOOPKY, MPOBOAMTCS
Ha OCHOBaHUU TMOCTPOCHHOTO (DPHIIOTEHETHYECKOIO JIepeBa ¢
nomorisio mporpammbl Clustal W2 (Larkin et al., 2007). ®op-
MHUPOBaHHE Pa3IMYaIOIINXCsI OJBBIOOPOK MOCIIEIOBATEIb-
HOCTEH IPOMOTOPOB MyTEM MX O0TOOpa B 3aBUCUMOCTH OT UX
B3aMMHBIX IBOITIOIIMOHHBIX PACCTOSHUI TPOBOIUITH COIVIACHO
npuHIKNaM, 3G HEeKTHBHOCTL KOTOPBIX OblIa ITOKa3aHa paHee
(Liu B. etal., 2016). /lanee, mo ananoruu ¢ noaxoaom (Liu B.
et al., 2016), 1151 BBISIBICHHUS MOTUBOB de n0VO B KaXIOW U3
T10/IBBIOOPOK ITPOMOTOPOB PHUMEHSIIH TPHHIIHIT TOJIOCOBAHUS
MEXY pe3yJbTaraMH, IMoJly4aeMbIMU HA0OpOM 0a30BBIX I10-
HCKOBBIX CHCTEM, B KQUECTBE KOTOPBIX OBUTH MCIOIB30BaHBI
panee pazpaborannsie anroputmbl AlignACE, BioProspector,
CONSENSUS, MDscan, MEME, CUBIC u BoBro (Hertz,
Stormo, 1999; Liu X. et al., 2001, 2002; Olman et al., 2003;
Chen et al., 2008; Bailey et al., 2009; Li et al., 2011a).

2026
30-1

Pa3BuTve meTofa dunoreHeTMUeCKoro GyTnpuHTUHrA:
bootstrap-ncnbitaHna ana 60nbLUNX FEHOMHbIX AaHHbIX

Haiinennsie de novo MOTHBBI CPaBHUBAINCH C MTOMOIIIBIO
anropurMa Tomtom (Gupta et al., 2007) ¢ uzBectHpIME CCTO,
conepKalUMHuCS B JIByX 0a3ax maHHBIX — SwissRegulon
(Pachkov etal., 2013) mst E. coli u PRODORIC myist 6axrepmii
(Dudek, Jahn, 2022). Ha ocHoBe paccunTsiBaeMoii B Tomtom
CTAaTHCTUYIECKONH MEpBHI CXOJCTBA OINpENesuiachk BHIOOPKA
CCT®, nauboJee moxoxKas Ha BBISIBICHHBIN de n0vo MOTHUB,
TakuM 00pa3oM ompezensicss Hanbonee BeposTHBINH T,
B3aUMOECHCTBYIOIIMM ¢ HAlJICHHBIM MOTHUBOM.

Bri0op aByx 6a3 qaHHBIX 00YCIIOBICH BO3ZMOKHOCTBIO J0-
TIOJTHUTEBHOTO CPABHEHHMS BBISIBICHHBIX de 10VO MOTHBOB
B ipoMoTopax E. coli xak ¢ BeiOOpkamu u3BecTHBIX CCTD
HWMEHHO TOTO OpTaHm3Ma, IpecTaBieHHbIX B bJ] SwissRegu-
lon, Tak u ¢ 0600mIeHHBIME BBIOOpKamMu U3BecTHBIX CCTD
Oaxrepwii, mpeacraBieHHBIX B bJ] PRODORIC. Pesymnbrarsr
MHOKECTBEHHOTO 3aITyCcka KOHBeWepa MoJBeprajuch CTaTH-
CTHYECKOMY aHAJIN3Y ¥ BU3yaJIN3allNu.

AHanmUTHYeCKHe CKPHUINTH ObUIN peann3oBaHbl Ha Python
3.12, 3.6 u 2.7 ¢ ucronp3oBaHueM TuaTGopmbl Anaconda
(https://anaconda.com) st ympaBlieHHS TPOTPAMMHBIMH
OKPYKEHHSMH W PA3IMIHBIMH BEPCHUSMH MIPOTPAMM B HUX.
Jlnist XpaHeHUsI HEOOXOANMBIX JAHHBIX U CTPYKTYPHPOBAHHOMN
MeTanH(OPMALUU O TeHAX, ITOCIEA0BATEIBHOCTSIX U OTle-
pOHax NMPHUMEHSTIACh CHCTEMa yNpaBJieHUs] 0a3aMy JaHHBIX
PostgreSQL (https://www.postgresql.org/), koropas OpL1a
pasBepHyTa Ha MHPPACTPYKType MHCTHTYTa IUTOJIOTHU U
reaetuku CO PAH cumamu LIKIT «bnonnpopmarikay.

Busyanauzauus u aHau3 pe3yJbTarToB. JlaHHBIE 1O U3-
BecTHBIM CCT® B rerome E. coli OblIM m3BJIcUeHBI U3 B/
RegulonDB, coneprkamieii Hanboiee MOIHBIN MacCHB 3HAHHHA
0 peryssiiiy MHULUALWW TpaHcKpunuuu Escherichia coli
K-12 (Salgado et al., 2024). IIpu pacuerax HCIIOIb30BaHa
anHortauus renoma NC_000913.3, usBneuennas u3z bJI NCBI.

Jnst BU3yann3anuy Kak JaHHBIX [0 aHHOTAMHU reHoMa U3
NCBI (mocnenoBarensHOCTh TeHOMA) 1 RegulonDB (3xcrre-
PUMEHTAIBHO BBISIBICHHBIC CAHTHI CBSI3BIBAHUS TPAHCKPHII-
IIMOHHBIX (PaKTOPOB), TaK U NMPOECKIMN PE3YIBTATOB PAOOTHI
KOHBelepa Ha LENICBOH MPOMOTOP TPUMEHSIICST MOYITbHBIH
reHOMHBIA Opay3ep JBrowse2 (Diesh et al., 2023), cmo-
COOHBIN BH3yaJIM3UPOBaTh MHOKECTBO PACTIPOCTPAHEHHBIX
(opmaroB (aisioB ¢ TEHOMHBIMU JaHHBIMH. Busyanmusanms
JIepeBa, OTPAKAIOIIETO TAKCOHOMUYECKYIO TPUHAUIC)KHOCTh
aHAIM3UPYEMbIX TCHOMOB, TIpesicTaBieHHyto B NCBI (Sayers
et al., 2021), ocymiecTBIsIaCh C MTOMOIIBIO ITPOTPAMMHOTO
moxnynst ETE3 (Huerta-Cepas et al., 2016). [{ns Buzyanm3a-
M PE3yJIbTaTOB MHOKECTBEHHBIX 3aIlyCKOB KOHBEHepa 1 MX
CTAaTHCTUYECKOTO aHAJIN3a MCTIOIB30BaH POTPAMMHBIN ITAKET
Matplotlib (Hunter, 2007).

PesynbtaTtbl

Mogudukauuns noaxopa punoreHeTmueckoro GyTnpuTMHIa,
peanu3oBaHHoro B metofie MotifsOnFly

B ocHOBe peain30BaHHOM B 3TOM pab0Te MOTUPHUKAIINH MO
X0Jla JieXKaT: MHOXKECTBEHHBIN 3allyCK dTara KoHBelepa,
o0ecrieynBaroIero GOPMUPOBAHKE PA3TNYAFONIUXCS TIO/IBBI-
0OOpOK TOCIIEN0BATENLHOCTEH TPOMOTOPOB C COXPaHEHUEM
MPUHIAIIOB 0TOOPA, 3P PEKTHBHOCTH KOTOPBIX OblJIa MOKa3aHa
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yCIoBUsIM 0T60pa

Mownck MoTMBOB de novo

sodoglagifou

Puc. 1. Cxema KOHBEEPHOro noucka de novo GyHKLUMOHANbHbIX MOTVBOB, COOTBETCTBYIOLUM CaliTaM CBA3bIBAHUSA
TPaHCKPUMNLUMOHHbIX $aKTOPOB, OCHOBaHHaA Ha noaxofe dunoreHeTMyeckoro GyTNPUHTVHIA Y peann3oBaHHasA B Me-
Toge MotifsOnFly.

®OuonetoBol pamKoii (1) 0603HauYeHbl AaHHble OT MOSIb30BaTeNA, CMHUMM LiBETaMK — MPOrpPaMMHble MHCTPYMEHTbI (2, 7) U BHeLWHNe
LaHHble (3), ucnonb3oBaHHble B KOHBeNepe. 3efieHblM LBeTOM (4, 6) MOKa3aHbl MPOMeXKYTOUHbIE JaHHble, reHeprpyemble B npoLecce
paboTbl KOHBeepa. KpacHoi pamKoi oTMeueHbl 3Tanbl, pa3paboTaHHble B pamkax meTtoaa MotifsOnFly (5, 8 1 9). 3Tan, BKnouatowmii
oT60p ¢ GOopMUPOBaHMEM NOABLIGOPOK MPOMOTOPOB NCXOAA M3 AAHHbBIX O B3aUMHbIX SBOSIIOLMOHHBIX PAaCCTOAHUAX MeXAY HUMMU (5),
Nno3BoNAeT NPOBOANTb MHOXECTBEHHDBIN 3anycK KOHBelepa ANA Nnonucka MOT1BOB de novo (7) Ha 3Tux nopaBbl6opKax. MNonyyaembie B
pe3ynbTaTe AaHHble O BbIABAAEMbIX de Novo MOTMBaX (8) 1 CTaTUCTUKE X pacnpefenieHnA B MPOMOTOPax reHOB-OPTONOrOB [/1A Kax o
no3nLMn BbipaBHNBAHNA aHaNM3MPyeMOro NPOMOTOpa NO3BOMAOT MOSTYYUTb MTMCTOrPaMMy YacTOTbl HAAEHHbIX de Novo MOTVBOB, OTO-
6parkaemyio B reHOMHOM 6pay3epe JBrowse2 (9). CpaBHeHYe NMOyUYEHHbIX B KaXXA0M 3arycKe de Novo MOTVBOB C MOMOLLbIO IHCTPYMEH-
Ta Tomtom c 6a3amu AaHHbIx n3sectHbix CCTO SwissRegulon 1 PRODORIC (8) 1 fanbHeNWWin aHanmn3 CTaTUCTAKN ANA STUX CPaBHEHUI

MO3BONIAKT NPEANONOKUTb Hanbonee BEPOATHbIE TPAHCKPUNLUNOHHbIE ¢aKTOpr-perJ'IﬂTOpr nccnegyemoro npomotopa.

panee (Liu B. et al., 2016); HakOTUIEHHE U CTAaTHCTUYCCKUN
aHAJM3 PE3yIbTaTOB MHOKECTBEHHOTO 3aIlyCKa alropHTMa
Ha 3TuX noaBeiOOpkax. [IpuHIMNMaNbHAs cXema aHaJN-
3a, peaJM30BaHHOTO B pa3padOTaHHOM KOHBEHEpe MeToza
MotifsOnFly, npencraBnena ua puc. 1. B coorBercTBUE C
MOAPOOHO ONMMCAHHBIME B paszene «Marepraibl 1 METOABD
sTanamMu paboThl KOHBEHepa, ncxoast 3 OenKoBOi mocie-
JIOBaTEIbHOCTH HCCIIEAYEMOTO T'€Ha, T0/1aBaeMOil Ha BXOJ
koHBetiepa (1), IpONCXOMUT BBISABICHHE OPTOJIOTMYHBIX Te-
HOB nporpaMMHEIM MozayieM GOST (2) mist uMeromuxcs B
6aze (3) aHHOTHPOBaHHBIX TEHOMOB. Jlanee, UCIONb3ys 3TH
K€ TEHOMHBIE TTOCIIE0BATEILHOCTH U Pa3METKy OTIEPOHHON
CTPYKTYPHI (3), N3BJICKAIOTCS BCE TIPOMOTOPHBIE MTOCIIEA0BA-
TEIBHOCTH T€HOB-OPTOIOTOB (4).

bazoBbIM ju1st pa3paboTaHHON MOTM(DUKAIINHN SBISIETCS HTAIT
CO3JJaHUSI MHOXKECTBEHHBIX MOBBIOOPOK (5) € COXpaHEHHEM
yCIIOBHIA 0TOOpa IPOMOTOPOB B aHATIM3UPYEMYTO TOABBIOOPKY
MCXOJISI M3 JAHHBIX 00 NX B3aNMHBIX YBOJIIOIIMOHHBIX PACCTOS-
HIAX. D(P(HEKTHBHOCTD NCHONB30BAHNS TAKHX YCIOBUH 0TOOpa
JUTSL peasTN3alii MeTo/1a GUIIOreHETHYECKOTO (Y TIPHHTHHTA
6puta mokaszana panee (Liu B. et al., 2016). ChopmupoBanHas
TIOJTHAsT BHIOOpKA NMPOMOTOPOB (4) MO PacCYUTAHHBIM C I10-
Morbio Clustal W2 3BONIOIIOHHBIM PACCTOSIHUSM OT IIETIEBO-

TO IIPOMOTOpA pa3/eIsiach HA TP ITOATPYIIIBI, PACCTOSHUS
KOTOPBIX JI0 IeJIeBOro mpomMortopa coctasisui ot 0.05 mo
0.31, 071 0.31 710 0.55 11 o1 0.55 10 0.73 cooTBeTcTBeHHO. Jla-
Jlee Ha OCHOBAHMH Pa3MEpOB 3THX MOATPYIIT ONPEIEIISIIOCH
MaKCHMaJIbHOE Y CII0 TOIBBIOOPOK M, CHOCOOHBIX BMECTHTH
BCE IIPOMOTOPHI MOITHON BEIOOPKHU B MOABBIOOPKH 110 12 ITYK
C IPOTIOPIIHEH POMOTOPOB M3 COOTBETCTBYIOIINX ITOATPYIII
3:3:6. Ha mocnennem stamne gopmupoBanuce N = 2M mon-
BBIOOPOK ITyTEM CIIy9aifHOTO 0TOOpa, NCXO/S U3 MPOTIOPIINN
3:3:6 1 TONONHUTENBHBIX TIPHHIUIIOB 0TOOPA, KOTOPHIE YUH-
THIBAIOT PACCTOSHUE MEXJy BXOASIIMMU B MTOTOBYIO BBI-
OOpKy IOCIIeI0BATEIBHOCTSIMH, HE JIOITyCKas TOTaJaHus B
HEe CIIMIIKOM CXOKUX MMPOMOTOpOB. Takoit OyTcTpen-moaxon
(c BO3BpameHneM) odecrneunBal MaKCHMaJIbHOE, HO HE TOJI-
HOE BXOJK/ICHHE ITPOMOTOPOB HCXOTHOHM BBIOOPKH B aHAJIN3,
MTOCKOJIBKY COXPaHEHNE NPUHIUIIOB 0TOOpA, OrpaHNINBAIO-
IIUX BXOXJICHHE TIPOMOTOPOB C MAJIBIM HH()OPMAITHOHHBIM
BKJIaJIOM JUISl KaK/T0H TIO/IBBIOOPKH, SIBISICTCSI IPHOPUTETHBIM
s apdexruBrOCTH Metona (McCue et al., 2002).
CchopmMrpoBaHHBIE ONMCAHHBIM BBIIIE CIIOCOOOM TTO/IBBI-
60pku (5), 1OTIOTHEHHBIE IETIEBBIM IPOMOTOPOM, HCIIONIB3Y-
I0TCSI 171t MHOTOKPATHOTO 3aITyCKa ATara KOHBeWepa JUIs TTONC-
Ka MOTHBOB de novo (7) (cM. pazmnen «Marepraisl 1 METOMIBD» ).
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reHOB-OPTOJIOrOB [/1A KaXAoW No3uLMmn aHanm3npyemoro npomoTopa. lmctorpamma GopmrpyeT NUKK, KOTopble MPOHYMEPOBaHbI B

COOTBETCTBUN C X YNOMNHAHUEM B TEKCTE.

B pesysbrare TakuX MHOYKECTBEHHBIX 3aITyCKOB aJITOpUT™a (7)
Ha MOJBBIOOpPKAX coOmpaeTcs craTucThuka (8), CyMMUpYIo-
11asi, B KaKMX MO3HLHSX LIEIEBOT0 IPOMOTOpa Kakue de novo
MOTHBBI OBUTH BBISIBIICHBI, 4 TAKXKE B KAKHX MO3ZULUIX KaKUX
MIPOMOTOPOB T€HOB-OPTOJIOrOB OHU OJHOBPEMEHHO OBLTH 00-
HapyxeHbl. CoOpaHHast TAKMM 00pa3oM MHCTOrpaMMa 4acTOThI
HalJICHHBIX de 10Vo MOTHBOB B TPOMOTOPAX FeHOB-OPTOJIOTOB
JUTSL KXKJO0H MO3UIMU aHAM3HPYEMOTo IPOMOTOpa MO3BO-
JSIET OLCHUTH HAJICKHOCTH MOJTY4aeMoro de novo MOTHBA
Ha mo3unmio (Tompa et al., 2005). /laHHBIC THCTOTPaMMEI
coxpanstoTcs B aiin ¢popmara BigWig mis mampHeimero
oToOpaXeHUs B TCHOMHEIH Opaysep JBrowse2 (9).

AHanus npomotopa reHa ompW Escherichia coli K-12
Ha ocHoBe pa3paboTaHHoro metoga MotifsOnFly
Hawubornee Xopomo M3y4eHHbIM U TOJHO aHHOTHPOBAaHHBIM
OaxkTepraJbHBIM '€HOMOM Ha TEKYIIHH MOMEHT OCTaeTCs
E. coli K-12 (Salgado et al., 2024). 1y 1eMOHCTpALIUU BO3-
MOXKHOCTEH pa3paboranHoro Hamu Merona MotifsOnFly,
PpacIIMPSIIONIETo TOTEHIMA ITOAX0/a, pear3oBaHHoro B. Liu
¢ coaBTopamu (2016), 6bu1 BEIOpaH reH ompW E. coli, B
KOHTPOJIE SKCHPECCHH KOTOPOTO YYacTBYIOT IHIECTh TpaHC-
KPUIIAOHHBIX ()aKTOPOB C MATHIO U3BECTHHIMY CaTaAMHU CBS-
3pIBaHMsL. [ eH omp W kopupyeT Oes10K Hapy>KHOM MeMOpaHbl 1
o0J1a71aeT MUPOKUM CIIEKTPOM (PU3UOTOTHYCCKUX (DYHKIIUH,
BKJIFOYAsl YCTOMYMBOCTD OaKTEpUil K Pa3INYHBIM aHTHOHO-
THKaM, repOUInIaM, OCMOTHYECKOMY CTPECCY U TOJJICPIKKY
pocra OaKTepuil B CypOBBIX YCIOBHUSIX OKPY)KaIOIIEH cpepl,
TaKWX KaK THIIOKCHS U MOBBIIICHHAS TeMIiepaTypa (Zhang et
al., 2020). XapaxkTepHoil 0COOEHHOCTBIO IPOMOTOPA 3TOTO
OIlepOHa, COJIEPIKAIIETO TOJIBKO TeH omp W, sBiseTcs: Hajunane
KaK OTJICJIHO PACIOJIOKCHHBIX CAalTOB cBsi3biBaHMs TD, Tak
U TPYIII THepeceKaronuxcsi caitoB pazueix TD. B kauectBe
BXOJIHBIX JTAHHBIX KOHBEHEpa UCIOJIB30BaINCh OCIKOBas U
IIPOMOTOpPHAsI TOCJIEIOBATEIBHOCTH T€Ha, KaK OIKMCAaHO B
pasnene «Marepualbl 1 METOIbI».

Ha puc. 2 npencraBieHsl pe3yinbraTbl paboThl KOHBEHe-
pa, BH3yaJM3MpOBaHHBIE ¢ TOMOIIbI0 JBrowse2, Bkirodas:
AQHHOTAIIMIO TeHOMa B 00J1aCTH TeHa omp W corltacHO JaHHBIM

NCBI (I), sxcriepuMeHTaIbHO MOATBEPXKICHHYIO JIOKAJIN3a-
o CCT® u3 B/ RegulonDB (II) 1 rucTorpaMmmy 4acToTs
HaWJCHHBIX de novo MOTHBOB B IIPOMOTOpPAaX I'€HOB-OPTOJIO-
TOB JIJIsI KXKI0H Mo3unuu aHanmsupyemoro npomoropa (I1I).
I'mcrorpamma ¢GopMupyeT OTYETIMBBIC MHKH (CM. pHC. 2),
yKa3bIBAIOIINE Ha TO, YTO B COOTBETCTBYIOUIMX MO3HMIUSIX
IIPOMOTOpA I'eHa omp W B 3HAUUTEILHOH J10J1€ 3aIyCKOB ObLIN
HaliieHbI MOTHUBHI de novo. [Ipu 3ToM niku 1 u 2 ¢ xoporeit
TOYHOCTBIO COBITA/IAIOT C AKCIICPUMEHTAIBHO BBISBICHHBIMA
caifTaMu CBSI3BIBaHUS TPaHCKpUIIIUOHHOTO (akTopa FNR,
a MUK 3 — ¢ U3BECTHOMU JIOKaJu3alKel caifiTa CBSI3bIBAHUS
TpaHckpunuuoHHoro ¢gakropa CRP. Obnacts npomoropa, B
KOTOPOH JIOKAJIH30BaH MUK 4, TIepeceKaeTcsi ¢ 3KCIePHMEH-
TaJIbHO BBISBIEHHBIM caiitoM cBsizbiBaHus T® NarL.Yto xe
Kacaercsl ITMKa 5, TO OH MEepeceKaeTcs ¢ JIOKAIN3auel Kak
caiita csa3piBaHus Td ArcA, Tak u caiita cBs3pIBaHHSI TD
Fur, 94T0 rOBOPHT O CII0KHOCTH HCCIIEI0BAHUS PETYIISI TOPHBIX
CHUT'HAJIOB BOJIM3M CTapTa TPAHCKPHIIIIMHI M TPEOyeT OTIeNbHO-
TO paccMOTpeHHs. TakxkKe JIETKo 3aMETHTh «XBOCT)» CIIpaBa OT
nuKa 1, CBUJICTEIbCTBYIOMIMN O TOM, YTO JJISl 3TOTO palioHa B
HEKOTOPBIX 3aIlyCKax KOHBeHepa ObLIN MAECHTH(UINPOBAHBI
MOTHBEI de novo. [lociennee noaTBepKAaCT HEYCTOIHUMBOCTh
Pe3yIbTaToB, MOMYyYaeMbIX B OTHOKPATHBIX 3aITyCKax.

CpaBHEHHE BBISIBICHHBIX de n0vO MOTHBOB C ITOMOUIBIO
nHcTpyMeHTa Tomtom ¢ 6a3zamu gaHHBIX U3BecTHBIX CCTD
SwissRegulon n PRODORIC no3Bossier npernoaoKuTs Han-
Goee BEpOSATHBIE TPAaHCKPUIIIIMOHHBIE (DAaKTOPBI-PETYISITOPHI
HCCIeyeMoro mpoMoTopa. J{ist Kaxk10ro Takoro cpaBHEHHs
paccuuThIBaeTCs 3HAUMMOCTh E-value cxoicTBa BBISIBICHHOTO
MoTHBa ¢ KaxabiM u3 u3BecTHhIXx CCT®. Hamu Opumm pac-
CUMTAHbI CTATHCTUKY 3HaueHnH E-value a1t Bcex BO3MOMKHBIX
KaH/U/1aToB Bcex NHKoB (puc. 3). Kak BUIHO U3 muarpamm,
TIOJTy4€HHAs CTATUCTHKA TI03BOJISIET OTHO3HAYHO OTPEICITUTh
T® FNR B kauecTBe HanOoIeE BEPOSTHOTO KAHAUIaTa Ha CBS-
3bIBaHHE [T MUKOB | (cM. puc. 3, a, 6) u 2 (cMm. puc. 3, 6, 2), a
T® CRP — mst muka 3 (cM. puc. 3, 0, e) IPU UCIOTH30BAHIH
11000 n3 0a3 JaHHBIX.

Jliist muka 4 3HaYMMBbIe COBIAICHUS OOHAPYKEHBI TOJIBKO C
caiitamu n3 bJ] SwissRegulon (puc. 4) xst T® NanR u NarL.
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Puc. 3. [lnarpammbl Tina «AWYK C ycaMu» Asis CTaTUCTUKN CPaBHEHVA BbIsIBNIEHHbIX MOTVBOB AJiA NuKa 1 (a, 6), nuka 2 (8, 2), nnka 3 (0, e)
¢ 6a3amu gaHHbIx n3BecTHbix CCTO PRODORIC (g, 8, 0) 1 SwissRegulon (6, ¢, e).

KpacHbim NYHKTMPOM 0603HaueH nopor 3HaunumocTtn 5 %. Ana Br3yanusaunmn pesynbTaToB CTaTUCTUYECKOro aHalM3a MHOXKECTBEHHbIX 3anyCKoB 6bIn

NpUMeHeH NporpaMmHbIi naket Matplotlib.

st muka 5 Takod pacueT He JAeT 3HAUMMBIX COBIAJIEHUM C
m3BecTHRIME CCT® u3 00enx 6a3 JaHHBIX, YTO MPEIIONATacT
HEOOXOIUMOCTh JOTIOJHUTEILHOTO aHAIM3A.

CrnemyeT OTMETHTS, UTO I TAKa | B ciTydae OTHOKPATHOTO
3aIycKa KOHBeepa TUIIb B 72 % cily4aeB IPU UCTIONb30BaHUI

B/l SwissRegulon u B 43 % ciay4aeB npu HCIIOIb30BAHUN
B1 PRODORIC npropuTeTHBIM pe3yIIbTaToM ObLT ObI IMEH-
HOo FNR. AHanorndnsie olleHKH Juia muka 2 garoT 90 u 65 %
cily4aeB IpaBWJIbHOIO pacno3HaBanus FNR, a ns nuka 3 —
49 u 54 % cnydaeB nmpaBuibHOrO pacrnosHasanust CRP co-
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Puc. 4. Inarpamma Tnna «AWmK ¢ ycamm» gnAa CTaTUCTUKN CpaB-
HEHUA BbIABIEHHbIX MOTVBOB /1A NM1Ka 4 € 6a30i AaHHbIX N3BeCT-
HbIx CCT® SwissRegulon.

KpacHbIM MyHKTMPOM 0603HaueH nopor 3HauMmocTn 5 %. [nsa Busyanu-
3aUuy pe3ynbTaToB CTaTUCTUYECKOTO aHa3a MHOXECTBEHHDIX 3arMyCKOB
Oblf NPYMEHEH NporpammMHblin nakeT Matplotlib.

OTBETCTBEHHO. [IpeayiokeHHbIH HaMU MOIM(UIIMPOBAHHBIN
TIOIXO/] TTO3BOJISIET MTPEOIOJIETH 3Ty HEYCTOMYMBOCTH pabOTHI
aNTOpuT™Ma (PMIIOTEHETHYECKOTO (D)YTHPUHTHHTA TIPH OJIHO-
KPaTHOM 3aITyCKe KOHBeHepa M OIHO3HAYHO PACCTABHUTH IIPHO-
PHUTETHI JUISl TTOJYYEHHBIX PE3YIBTAaTOB B TIOJTHOM COTJIACHH C
9KCTIEPUMEHTAILHBIMA TAHHBIMHU.

Mertox Takke JaeT BO3MOXHOCTH IPOCIECIUTh HAIUIHE
de novo MOTHBOB, COOTBETCTBYIOIINX KaXJOMY ITHKY, B
K2KJ0M U3 TIPOMOTOPOB T'€HOB-OPTOJIOTOB U OTOOPa3nTh
9TH JIaHHBIE HA TAKCOHOMHMYECKOM JIEpEeBE T'€HOMOB, pac-
CMOTPEHHBIX B IIpoIiecce aHainu3a. B ciydae, ecnu B mpo-
MOTOpPE TeHA-OPTOJIOTa OMPEICICHHOTO BUAA OaKTepuil mpu
BBIPABHUBAHMU C IEJIEBBIM ITPOMOTOPOM B TO3HIMH ITHKA
TaKXXe HalJIeH CXOIHBII MOTHB, 3TO OTOOpa’kaeTCsi KpaCHOM
TOYKOW Ha y3JI€ JAepeBa, COOTBETCTBYIONIEM JaHHOMY BHUJY.
Ha puc. 5 B kauecTBe npuMepa MOKa3aHO HAJTWIHE CXOTHBIX
MOTHBOB B HCCJICIOBAHHBIX ITPOMOTOpPAX TE€HOB-OPTOJIOTOB
JUISL TIO3UIMH, COOTBETCTBYIONINX MUKy | BBIPAaBHUBAHMS C
LIEJIEBBIM ITPOMOTOPOM.

Wudopmarust, naromiast BO3MOKHOCTb OTCICUTH HATMIHUC
CXOJTHBIX YYaCTKOB IO BCEM IPOMOTOPAaM T'€HOB-OPTOJIOTOB
(cM. puc. 5) B mpeenax OfHOTO MHKA, TAK)KE MO3BOJISIET 00b-
€IMHUTH BBIPABHEHHBIE YYACTKU TOJBKO TEX MPOMOTOPOB
T€HOB-OPTOJIOTOB, ISl KOTOPBIX B JIIOOOM M3 3aITyCKOB KOH-
Beifepa 0IHOBPEMEHHO C [IETIEBBIM IIPOMOTOPOM OB BBISIBIICH
CXOZHBIH MOTHB. biaromapst ’ToMy MOXHO TOJIyYUTH 00B-
€IMHEHHOE BHIPABHUBAHUE BCEX CXOAHBIX KOHCEPBATHBHBIX
yuactkoB JIHK B mpenenax omHOro muka, 4to o0ecrneunBaeT
MaKCHMAaJIbHO TIOJTHOE MX MPEICTaBUTEIHCTBO B TaKOW BBI-
paBHEHHO BbIOOpKe. ['paHnIpl MHOOPMATHBHBIX YUaCTKOB
BBIPAaBHUBAHUS, OUYEBUIHO, OTPENEISIOTCS IUPUHON KaX-
JIOTO M3 ITHKOB, YTO M CTaJI0 KPUTEPUEM ISl BBIOOpA JUTHHBI
00BETMHEHHOTO BBIPABHUBAHNUS U TIO3BOJIMIIO HCIIOIB30BATh
TaKxke WHPOPMANHNIo, coepKallyiocss Ha (IaHrax caiTos,

2026
30-1

Pa3BuTve meTofa dunoreHeTMUeCKoro GyTnpuHTUHrA:
bootstrap-ncnbitaHna ana 60nbLUNX FEHOMHbIX AaHHbIX

JuLs OoJiee KaueCTBEHHOTO CPaBHEHHS C BBIOOPKAMH N3BECT-
HbIX CCT®. CobpaHHbIe TakuM 00pa3oM 00bEIMHECHHEIC
BBIPABHUBAHUS ISl KQXK/IOTO MUKA OBUIM TOTIONHUTEIHHO
MIpoaHaNu3upoBaHbl B nporpamMMe Tomtom. B pesynbrare
CpaBHEHUSI TTOJTyICHHBIX 00bEANHEHHBIX BRIPABHUBAHUHN IS
nukoB 1-3 ¢ u3BectHbIMU CCT® MakcUMallbHBIA ypOBEHb
JIOCTOBEPHOCTH CXOJICTBA OBUIT IOCTUTHYT IPH UCHIOJIb30BAHIN
B SwissRegulon (puc. 6). [Ipu 3ToM Hanbomee BepOSTHHIMU
KaHIMaTaMH JUTS CBSI3BIBAHMS, B TOJTHOM COOTBETCTBHH C 9KC-
NepUMEHTaJIbHBIMU JAHHBIMU, CHOBA OKa3zanuch TA FNR st
muKoB 1 (M. puc. 6, a) u 2 (eMm. puc. 6, 6) 1 T® CRP anst mika 3
(cMm. puc. 6, ) ¢ yposaeM 3HaumMocTH (E-value) 3.13e—08,
9.17e—08 u 1.80e—04 cOOTBETCTBEHHO. DTO COMIACYETCS C pe-
3yJIbTaTaMy, MPUBECHHBIMHE BBIIIE JUIST aHAJIN3a CTAaTHCTHKA
CpaBHEHUS BEISIBICHHBIX MOTHBOB (CM. PHC. 3), ¥ TIOKa3bIBACT
TIPY 3TOM 3HAYUTEIILHO 00JIee BHICOKYIO JIOCTOBEPHOCTH CXOI-
CTBa MOTHBOB C COOTBETCTBYrOIUME BeIOOpKamu CCTD mis
TIOJTYYEHHBIX 00bEINHEHHBIX BBIPABHIBAHHH.

Amnamm3 nporpammoii Tomtom 00seTHHEHHOTO BEIPAaBHUBA-
HUSL JUIS TIMKA 4 JTaeT pe3yNbTaThl JHIIb IPH HCTI0JIb30BAHUN
Bl SwissRegulon — BEIIBICHO €r0 3HAYUMOE CXOJCTBO C
CCT® NanR (puc. 7, @) 1 HE3HAYNMOE CXOACTBO C BRIOOPKOM
CCT® NarL (cwm. puc. 7, 6). Apyrux TO, mMeronIinx CXoaHbIe
C TUKOM 4 CalThl CBA3BIBAHUS, BBISIBICHO HE OBLIO.

OObeauHEeHHOE BBIPABHUBAHUE [UISl y4acTKa MUKa 5 TpH
aHanm3e mporpamMmMoii Tomtom maeT pe3ynbTaTsl JHUIb TPH
cpasaenuu ¢ Bl PRODORIC. [Ipu stom Hu ogun CCTO ne
MTOKa3bIBACT 3HAUMMOTO CXOZICTBA C 3TOW BBIOOpKOH. Tem He
MeHee OBIJIO BBISIBIICHO cl1ab0e CXOCTBO 00bEANHEHHOTO BhI-
paBauBaHus ¢ CCTD ArcAu Fur (puc. 8), caifThl CBSI3bIBaHUS
KOTOPBIX UMEIOT 3HAYNTEIBHOE NIEpECEUCHHE.

O6c¢cyxpeHue
Hamu pa3paboTaH BEIYHCIUTEIBHO-KOMITBIOTEPHBIN KOHBEWEp
JUISA IIOMCKa (1)yHKI_II/IOHaJH)HbIX MOTUBOB, COOTBETCTBYIOIINX
CCT®, ocHOBaHHBINM Ha MOIU(HKAIMKH MeToa (HIOreHe-
THYECKOro (yTHpUHTHHTA, pa3paboTanHoro paxnee B. Liu ¢
kosuteramu (2016). KiroueBas uzest MonuuKauu COCTONT B
MHOKECTBEHHOM 3aIrycke 3 GeKTHBHO Mpoleaypsl 0TO0pa
IMpOMOTOPOB, y‘II/ITLIBaIOHIeﬁ UX B3aHMMHBIC 3BOJIFOIIMOHHBIC
paccTosiHus, 111 HOPMHUPOBAHKS PA3TUUAFONIUXCS [TOBBI-
OOpOK MPOMOTOPOB, TIOCIIEAYIOLIHX 3aITyCKOB KOHBeHepa 11st
Ka)X0# U3 TaKUX MOJABBIOOPOK M B CTATUCTHUECKOM aHAIIN3e
PE3YIBTATOB, MOJYYAaCMbIX MPU MHOXKCCTBCHHBIX 3aIlyCKax
KoHBeifepa (cM. puc. 1). B npemoskeHHOM Ioxose, peainso-
BaHHOM B MeTone MotifsOnFly, npumeHena cxema OyTcTper-
NOAXO0Aa C BO3BPAILCHHEM, YTO MO3BOJSIET UCIIOIB30BAThH
MaKCUMaJIbHOC YHCJIO UMCIOIIHUXCA Ha TeKyIJ_[I/Iﬁ MOMCHT
TCHOMHBIX JAaHHBIX, OTHOBPEMCHHO YUUTLIBAA CTATUCTUKY
Pe3yabTaToB Ha pa3JINuaroIIMXCs MOABLIOOPKAX TPOMOTOPOB.
D heKTHBHOCTH pabOThI peaIn30BaHHOIO KOHBEHepa Mpo-
JIEMOHCTPUpPOBAaHA Ha MPHUMEpE aHaiM3a Hanbosee MOJIHO
AHHOTHPOBAHHOTO IIPOMOTOpa reHa omp W, KOAUPYIOIIEro
Oenok Hapyx)HOUW MemOpaubl Escherichia coli K-12. Ins
HEro W3BECTHO IIECTh TPAHCKPHIIIIMOHHBIX (haKTOPOB-peETy-
JIATOPOB, Y KOTOPBIX SKCIICPUMEHTAJIIBHO ONPEACIICHBI IATh
caiiToB cBsi3biBaHus (Salgado et al., 2024). [TogpoOHbIii ananu3
PEryIISITOPHBIX B3aUMOJICHCTBHIA ATOr0 IIPOMOTOPA OBLT IIpeI-
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Puc. 5. OTO6pa)KEHI/Ie HaNMuMA CXOAHbIX MOTUBOB (OTMEYEHbI KpaCHbIMUN TOYKaMu) B MCCNefOBaHHbIX NPOMOTOpPax reHOB-OpPTONIOroB
Pa3HbIX BUAOB 6aKTepVIIh anA no3nunn, COOTBETCTBYOLWMNX NNKY 1 BblpaBHMBaHWA C LiefieBbIM MPOMOTOPOM.

[lepeBO NOCTPOEHO B COOTBETCTBMM C AAHHBIMU MO TAKCOHOMMYECKON NPUHAANEXHOCTV aHann3nmpyembix reHoMoB, npeactasneHHbiMy B NCBI. Ina

BM3yanu3auuu fepesa ncrnonb3osaH naket ETE3 (Huerta-Cepas et al., 2016).

crasieH panee (Xiao et al., 2016). CrarucTuka, mocYuTaHHAS
B pe3ysbTare paboThl KOHBeHepa, MO3BOJIHIIA TTOTYYHTh IHCTO-
rpaMMy YacCTOTbI HAHJICHHBIX de 10VO MOTHBOB B IIPOMOTOPax
TEHOB-OPTOJIOTOB ISl KaKAOH IMO3UIMK aHATU3UPYEMOTo
IPOMOTOpA, YTO, B CBOIO 04Yepeb, 0OSCIICUHIIO HAICKHYIO
UACHTH()HUKAMIO KOHCEPBATHBHBIX yYacTKOB IPOMOTODA,
000TaICHHBIX PETYISATOPHBIMI MOTHBAMHU U (POPMHUPYIOLINX
XapaKTepHbIEC TIMKH (CM. pUC. 2), KOTOPBIE, KaK TOKa3aJ IpH-
BCJICHHBIH aHAJIN3, TOYHO COBIIAJAIOT C DKCIIEPUMEHTAIBEHO
JI0Ka3aHHBIMH. TakuM 00pa3oM, MPEeIUIOKSHHBII HaMH ITOJI-
XOJI HAIVISZIHO WILTIOCTPHUPYET CYTh (PUIIOTeHETHYECKOTO (yT-
NPUHTUHTA, BBIABISAA HaHOOJIee KOHCEPBAaTHUBHBIC yYaCTKU
BBIPaBHUBAHHUI IIPOMOTOPOB T€HOB-OPTOJIOTOB.

[TpoBeneHHBIH CTATHCTHYECKHI aHATIN3 PE3YIBTaTOB CPaB-
HEHUsl de novo MOTHBOB, BBISBICHHBIX BO MHOXKECTBEH-
HBIX 3amyckax, ¢ u3BecTHbIMH BeIOOpKamMu CCT® u3 B]]
SwissRegulon u 5J] PRODORIC mo3Bommit TOYHO OTpeIeuTh
HanOosee BEPOSITHBIC PEryIsITOPHBIC (aKTOPHI, CBSI3BIBAIO-
IIMECs] C COOTBETCTBYIONIMMHU YYaCTKaMU aHAJIM3HPYEMOTO
mpomotopa. [Ipenckazanns metona MotifsOnFly momroCcTRIO
COBIAJIM C SKCTIEPUMEHTAIBHBIMHI JJAHHBIMH JUIS TTHKOB 1, 2, 3,
ompenenmuB T® FNR (Constantinidou et al., 2006; Myers et
al., 2013; Xiao et al., 2016) xax HanOoIee BEPOSTHEIN Oec-
nok-perynstop aas mukoB 1 u 2 u T® CRP (Gaston et al.,
1990; Ushida, Aiba, 1990; Xiao et al., 2016) — mus nuka 3
(cM. puc. 3). OTHOBPEMEHHO ATOT aHAIN3 TOKa3all, YToO HE
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Pa3BuTve meTofa dunoreHeTMUeCKoro GyTnpuHTUHrA:
bootstrap-ncnbitaHna ana 60nbLUNX FEHOMHbIX AaHHbIX

Puc. 6. Pe3ynbraTbl CpaBHEHVA BbIABNEHHbIX 0ObeAVHEHHbIX BblPaBHUBAHWI y4acTKOB MUKOB 1-3.

[inA Kaxgoro nuKa npuBefAeH CKPMHLLOT NyyLlero coBnafeHuns ¢ gaHHoimu b1 SwissRegulon v3 Bbigaum nporpammbl Tomtom. MNokasa-
HO 3HauYMMoe CXOACTBO 3TUX BblpaBHMBaHUN ¢ CCTO FNR ans nukos 1 (a, E-value=3.13e-08) n 2 (6, E-value = 9.17e-08) n ¢ CCT® CRP
ans nuka 3 (8, E-value = 1.80e-04), 4To NONHOCTbHIO COBMAAAET C IKCNEPUMEHTANTIbHBIMU AAHHBIMU.
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Puc. 7. Pe3ynbraTt cpaBHEHNA BbIABIEHHOIO 06beAUHEHHOTO BblPaBHUBaHWA ANA yyacTKa nuka 4.

MpriBeAeHbl CKPUHLLOTBI CpaBHEHNA ¢ AaHHbIMU Bl SwissRegulon n3 Bbigaun nporpammbl Tomtom. MokasaHo 3HauMoe CXOACTBO
¢ Bblbopkon CCTO NanR (a) n He3Haummoe cxoacTeo ¢ Bbibopkolt CCTO Narl (6).
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Puc. 8. Pe3yanaT CpaBHEHNA BbIABJIEHHOIO o6beMHEHHOTO BblpaBHMBAHWA AJ1A Y4aCTKa NKa 5.

MprBeaeHbl CKPUHLLOTLI CpaBHeHUsA ¢ aaHHbIMK b1 PRODORIC 13 Bbigaum nporpammbl Tomtom. MokasaHo He3HauuTenbHOe CXOACTBO
YacTelt 06befUHEHHOTO BblpaBHMBaHNUA Ans nnka 5 ¢ CCTO ArcA (a) v Fur (6). BugHo, uto pacnonoxeHue BbisiBJIEHHbIX CAaliTOB CBA3bI-

BaHWMA 3HAaUYUTENIbHO NMepeceKaeTcA.

BCETZla M JAJEKO HE B KaKAOM OZHOKPATHOM 3aIyCKe MMe-
€Tcsl BO3MOXKHOCTH IPaBUIBHONW MICHTH(HKAIIMN HanOoee
BEPOSTHOTO TPAHCKPUIIIMOHHOTO (AKTOPA, COBIAJAIONIETO
C OKCIIEPUMEHTAIBHBIMH JaHHBIMH (CM. puc. 3). OnrcanHoe
BBIIIIE MTPOJIEMOHCTPHUPOBAJIO HEYCTOWYNBOCTH PE3YyJIBTATOB
IIPU OTHOKPATHOM 3aITyCKe KOHBeHepa, Torna Kak MHOTO-
KpaTHBIHA 3aITyCK, HAPOTHB, TIO3BOJISET HAJISKHO BBISIBISTH
HanOonee BeposTHBIM Td HE TOMBKO C MOMOIIBIO aHAIN3A
CTaTHCTUKN MHOTOKPATHBIX 3aMyCKOB (CM. puc. 3), HO U C
TIOMOIIIBIO aHalIN3a OOBETMHEHHOTO BBHIPABHUBAHMS JUISl CO-
OTBETCTBYIOIIETO THKA C MTOCIEAYIOINM €T0 CPaBHEHHUEM
¢ BeIOpaHHBIMH 0a3zamu naHHBIX H3BeCTHBHIX CCTD (cMm.
puc. 6). IlomydeHnHast oleHKa 3HAYUMOCTH CXOACTBA 00B-
€IMHCHHBIX BBIPAaBHUBAHWN C ATAJOHHBIMH BBIOOPKAMH M3
B SwissRegulon 1 PRODORIC, nocturaromasi BEeTHIHNHEI
E-value ~3.1e—08, oTKpbIBaeT BO3MOXXHOCTH TCHEPAITUH Kave-
CTBCHHBIX BBIOOPOK IUIsI pacmo3HaBaHuS HEKOTOPhIX CCTO,
HEJIOCTaTOYHO MPEACTABICHHBIX B 0a3ax JaHHBIX. B pamkax
KOHBelepa pean30BaHa IpoLe/ypa, MO3BOJISIONIast Ipocie-
JIMTh HATNYHUE de noVo MOTHBOB, COOTBETCTBYIOIINX KayKIOMY
TTUKY, B KaXXJIOM 13 IPOAHATN3UPOBAHHBIX IIPOMOTOPOB T€HOB-
OPTOJIOTOB M OTOOPA3UTh 3TH JaHHBIC HA TAKCOHOMHYIECKOM
JiepeBe TeHOMOB, PACCMOTPEHHBIX B TIpOIecce aHaIM3a (CM.
puc. 5). Ota GyHKIUS MOXKET OBITH IOJIE3HA TIPU aHAIN3e
SBOJIOLMH ¥ TPE/ICTABIEHHOCTH OTJEIBHBIX PETYISTOPHBIX
CHUT'HAJIOB.

WuTtepecen pes3yibTar, MOMyYEeHHBIH ¢ TIOMOIIBI0 METOa
MotifsOnFly mst muka 4 (cM. puc. 4 u 7). DKcIIepuMEHTaIb-
HBIC TAaHHBIC YKa3bIBAIOT HA HAJIMYME B 3TOM paiioHe caiiTta
ces3piBanms T® NarL (Tyson et al., 1993, 1994; Xiao et al.,
2016). OqHako aHATH3 CTAaTUCTUKH MHOKECTBEHHBIX 3aITyCKOB
KoHBe#epa (cM. puc. 4) U 00ObEANHEHHOTO BHIPABHUBAHMUS
CXOIHBIX KOHcepBaTUBHBIX ydacTkoB JIHK (cm. puc. 7) BbI-
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sBrsieT NanR kak HanOonee BeposTHBIN TD 1y cBA3BIBaHUSA
¢ nanHbM caiitoMm. [Ipu stom T® NarL nume Bropoi mo
3HAUMMOCTH KaHJWJAT Ha CBSI3BIBAHWE, HECMOTPS Ha CXOA-
CTBO C KOHCEHCYCHOM MMOCIIeIOBAaTEILHOCTHIO ISl €TO caiTa
cBs3piBabusd “TACYYMT” (rne Y =Cwm T, a M = A uimu C)
(Tyson et al., 1993) ¢ 0ObeAMHEHHBIM BBEIpAaBHUBAHHUEM IS
muka 4 (cM. puc. 7). B To e Bpems, paccMaTpuBast 3TOT pe-
3yJBTAT, CIEAYET yUecTh, uTo nocienonaresisbHoctb GGTATA,
BBISIBICHHAst HAMH KaK BBICOKOZIOCTOBEPHBIN CANT CBSI3bIBAHMS
T® NanR (cwm. puc. 7), MOXKeT OBITH IPOCTO HETOCTATOTHOM
JUISL CBSA3BIBAHMSI AKTUBHON (hOPMBI 3TOTO (haKkTOpa, KOTOPBIH
SIBISIETCST TUMepoM. bosiee Toro, paHee sKCHEpHUMEHTAIBHO
MOKa3aHo, YTO BBICOKOE CPOACTBO cBs3biBaHMsA TP NanR ¢
JHK obecneunBaercsi KOONIEPAaTUBHBIM CBS3bIBAHUEM TpPEX
numepoB TO NanR ¢ Tpemst psiioM pacroioKEHHBIMU T10-
ropamu GGTATA (Kalivoda et al., 2013; Horne et al., 2021).
Hanuune Tonpko oxHoi nocnenosaresibHocTH GGTATA B mo-
3WIUH KA 4 CTABUT I10J] COMHEHNE BO3MOXKHOCTh YHaCTHs
NanR B perymsauuu sxcnpeccun rena ompW. Kpome toro, B
Hacrosiiee Bpems poiib NanR B perynsiium 3KCIpecCcuy TeHOB
E. coli cunraercs MUHOPHOIM M OTpaHMYMBACTCS €ro ydac-
THEM B PETYIISAILNH TOJIBKO YETHIPEX OTIEPOHOB, KOJUPYIOIINX
(hepmenTs! kaTabomm3ma cuanoBoii kucnots (Kalivoda et al.,
2013; Shimada et al., 2018). Tem He MEHEe BO3MOKHOCTH pe-
TYJSIIUY TeHa omp W WITH HEKOTOPOTO YMciia TeHOB-OPTOJIOTOB
yepe3 HaiiieHHbId Hamu CCT® NanR 3acinyxuBaeT BHUMaHUS
1 TpeOyeT AOTOITHUTEIBHOM SKCIEPHUMEHTATIBHON TPOBEPKH.

UYro kacaeTcst pe3ybTaToB aHalIn3a yIacTKa MpoMOTOpa,
COOTBETCTBYIOIIETO MUKy 5, TO B TIEPBYIO OYEPEb CIETYET
OTMETHUTB, YTO ITOT MUK MOJHOCTBHIO COBIIA/IAET C PAiOHOM
nocaaku PHK-nonmumepassl 670, BKIIOUAIOLIUM CTapT TPaHC-
kpunmuy 1 cnenuduaapie —35/—10 3eMeHTBL. ITOT y4acTOK
TIPOMOTOpA Iepe]] CaMbIM CTAPTOM TPAHCKPHUIIINY reHa omp W
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HACBIIIECH PETYIATOPHBIMY cUTHanamu. Tak, cormacHo Regu-
lonDB (Salgado et al., 2024), 3mech cocpeqOTOUCHBI CalThI
ces3biBanms ArcA (Park et al., 2013; Xiao et al., 2016) u Fur
(Zhang et al., 2020). 13BecTHAS ITACTHYHOCTH APXUTCKTYPBI
caiita cBsa3piBanus TD ArcA (Park et al., 2013) oGecrieunBaet
A PEKTUBHEIA CIIOCO0 KOAMPOBAHUS CAHTOB ATCA BMECTE C
calitaMu IpyTuX (pakTopOB TPAHCKPUIIIIMHU B OTHOM H TOM K€
Y3KOM MPOCTPAHCTBE mocienoBarensHocTeid. Tor dakrt, 9ro
caiiT cs3piBanust T Fur B paiioHe nuka 5 oLleHUBaeTCsl Kak
cma0brit (Zhang et al., 2020), MOXXEeT OOBACHATHCS 0COOCHHO-
CTSIMH €T0 KOHKYpeHTHBIX oTHOMIeHu ¢ T® SoxS (Graham et
al.,2012), o6mamaromuM crmocoOHOCTHIO B3aNMO/ICHCTBOBATh
¢ amementoM —35 (Taliaferro et al., 2012) B ycnoBusxX okwuc-
JIUTEJIBHOTO CTpecca, MPOBOIMPYEMOT0 aKTHUBHOCTBIO Fur B
MIPUCYTCTBUH NOHOB Xkene3a. Takum o0pa3zom, o0macTs mpo-
Motopa reHa Omp W B paiioHe TTHKa 5 001agaeT 3HAYNTEIIEHBIM
PETYIATOPHBIM MOTEHIIMAJIOM, OHAKO I10 JIAHHBIM HAIIETO
aHaJM3a HE COJACP)KUT HU OHOTO CaiiTa CO 3HAYMTEIBHBIM
cxoacTBoM ¢ u3BeCTHBIMU CCT®D. DT0 MOXKHO HHTEPIIPETH-
pOBaTh Kak OTCYTCTBHE CHIIBHBIX CAHTOB CBS3BIBAHUS KaKHX-
JI00 TPAHCKPHUITIIMOHHBIX (h)aKTOPOB, KOTOPBIE PETSITCTBOBA-
i 061 mocanke PHK-monmmvepasst 670. OmHOBpEMEHHO CpaB-
HUMOE T10 3HAYCHHSIM BBISBIISIEMOI! I0CTOBEPHOCTH CXOACTBO
00beAMHEHHOTO BRIpaBHUBaHU 171 ika 5 (E-value) ¢ 601s-
mmM grciioM u3BecTHRIX CCT® u3 bJI PRODORIC moxHO
HMHTEPIIPETHPOBATh KaK HAJIMYNE MHOXKECTBA CIIa0BIX CaliTOB
pazmunbix T, BKItoyas nepecekaromuecs caltol ArcA u Fur
(cM. puc. 8), 9TO HAXOUTCS B COOTBETCTBHH C MPUBEACHHBIMHU
BBIIIIE JINTEPATYPHBIMH JAHHBIMH.
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Wheat

AHHoTauuA. B paboTe paccmaTpmBaeTcA 3afjaya aBTOMATU3MPOBAHHOTO BbICOKOMPOM3BOAMTENBHOIO GEHOTUMUPOBaHUA
NMPY3HAKOB KOMOCa MIWEHULbI C UCMOJIb30BAaHMEM COBPEMEHHbIX METOLOB KOMIMbIOTEPHOIO 3PEHNA 1 FyOOKOro 0bydeHus.
TouHaa oueHKa uMcia KOMIOCKOB ABNAETCA Ba)KHbIM KOMMOHEHTOM aHanv3a NpoAyKTVBHOCTWN PacTeHWs, OAHAaKO Tpaau-
LIMOHHbIE METOAbl PYUYHOW pPa3MeTKM 1 MofdcyeTa KpalHe TPYLOEMKN, NIOX0 MacWTabupyoTca 1 TPebyoT 3HaUUTENbHbIX
BpeMeHHbIX 3aTpaT. B uccnegoBaHuv npepnoxeH nopxop AnA 3GGeKTMBHOM AeTeKUUM KOJIOCKOB, OCHOBAHHbIA Ha
MNCMONb30BaHMN YMPOLEHHON TOYEYHOW pPa3MeTKW, NPy KOTOPOWM 3SKCMEPT OTMEYaeT TOMbKO LEHTPbl KONOCKOB, 6e3
HeobxoanMocT GOPMMPOBaTb TPyAOEMKME MUKCENbHbIE MAaCKU WK OrpaHMyMBaloWme pamkn. Takas cxema nossonaer
CYLEeCTBEHHO CHU3UTb CTOMMOCTb MOAFOTOBKYM ObyyatoLeil BbIGOPKM 1 YCKOPUTb NpoLecc aHHoTauuuy. Ans onpeaeneHus
ONTUMaNbHOro crnocoba o6pPaboTKM yNpoLLeHHOM pa3MeTKK Obinv NccnefoBaHbl TPY MeToAa: CerMeHTauma 6UHaPHbIX MacoK
c nomoubio apxutekTypbl U-Net, perpeccua NNOTHOCTHbIX KapT Ha OCHOBE [IBYMEPHOIr0 HOPMaJibHOro pacnpeaeneHna u
byHKuuM gusepreHummn Kynbbaka—/lenbnepa, a TakKe fetekuma obnactein GUKCUMPOBaHHOIO pasmepa C UCMosb30BaHeM
mopenun YOLOVS. MpoBefeHo CpaBHEHME TOYHOCTM MeTooB Mo KonuyectBeHHbIM (MAE, MAPE) n npocTpaHCTBEHHbIM
meTpukam (Precision, Recall, F1) Ha TecToBbix Habopax u3obpaxieHWi. AHanM3 pesysbTaToB MOKasas, YTo MOAXOAb,
OCHOBaHHble Ha U-Net, 06ecneumBatoT BbICOKYIO TOYHOCTb JIOKanv3aLumm 1 nogcyeta KonockoBs Npyi MUHMMASTbHbIX 3aTpaTax
Ha pa3meTKy flaHHbIX, Toraa kak metof YOLOV8 meHee yCTONUMB K reOMETPUYECKON BapnaTUBHOCTY peanbHbIX O6bEKTOB.
MpennoXeHHbIi NOAXOA AEMOHCTPUPYET, UTO KOMOMHALMA TOYEYHOWN PasMETKM U COBPEMEHHbIX MOAENeln cermeHTaumm
AnAeTcA 3PPEKTVBHbIM MHCTPYMEHTOM ANA aBTOMaTM3aumnm GeHOTUMMUPOBAHMWA, UYTO MOXET 3HauUTeNbHO YCKOPUTb
CeNeKUMOHHbIE WCCNefoBaHUA U PacWMpUTb BO3MOMHOCTU BbICOKOMPOU3BOAUTENBHOIO aHanu3a Mopdonormyeckrx
NPV3HaKOB PacTEHUIA.

KnioueBble cfloBa: KOMMbIOTEPHOE 3PEHME; Ty6OKoe ObyuyeHUe; MIEHULA; KOSTOC; YNCIO0 KOMOCKOB; GeHOTMNPOBaHNe;
feTekumna o6beKkToB

[Ana untuposaHua: leHaes M.A., bycos W.[1., KpyunHuHa t0.B., Kosanb B.C., fToHuapos H.IN. JeTekuna Konockos B Konoce
nweHnubl Ha RGB-1306paXXeHunsax ¢ UCNoNb30BaHUEM Fy6OKOro MallMHHOTO 00yYeHNUs. Basuinosckul XypHaa eeHemuku u
cenekyuu. 2026;30(1):27-35. doi 10.18699/vjgb-26-09

@®uiHaHcupoBaHue. MoaroToBKa fAaHHbIX, pa3paboTka 1 BeprdUKaLumsa anroputMa BbiMOMHEHbI Npy Nnoaaepxke Poccnin-
CKOro HayuyHoro ¢oHpa, npoekt N2 23-14-00150.

BnaropgapHocTu. PacueTbl BbINOMHAANCD C WUCMONb30BaHUEM BblMUCIUTENbHbBIX pecypcoB LIKM «bruonHdopmatmka» npu
nogaepxke 6rogxerHoro npoekta N2 FWNR-2022-0020.

spikelet detection on RGB images

using deep machine learning
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Abstract. This study addresses the challenge of automated high-throughput phenotyping of wheat spike characteristics
using modern computer vision and deep learning methods. Accurate estimation of spikelet number is a key indicator of plant
productivity, yet traditional manual counting approaches are labor-intensive, slow, and difficult to scale to large breeding
datasets. To overcome these limitations, we propose a spikelet detection strategy based on simplified point annotations,
where an expert marks only the centers of spikelets rather than drawing detailed segmentation masks or bounding boxes.
This significantly reduces annotation time and lowers the overall cost of preparing training datasets for machine learning
models. To determine the most effective way of utilizing such simplified annotations, three computational methods were
explored: segmentation of binary masks using a U-Net architecture, density regression based on two-dimensional Gaussian
distributions optimized via Kullback-Leibler divergence, and detection of fixed-size bounding regions using the YOLOv8
object detection framework. The models were evaluated on dedicated test datasets using both quantitative metrics (MAE,
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Wheat spikelet detection on RGB images
using deep machine learning

MAPE) and spatial localization metrics (Precision, Recall, F1 score). The results demonstrate that U-Net-based approaches
provide consistently high accuracy in spikelet localization and counting while maintaining robustness to annotation
imperfections. In contrast, the YOLOv8-based method showed reduced performance, likely due to the geometric mismatch
between fixed-size boxes and the natural elongated shape of spikelets. Overall, the proposed methodology highlights
the effectiveness of combining minimalistic point-level annotation with advanced segmentation models for automating
phenotyping workflows. This approach has the potential to accelerate breeding programs, enhance the efficiency of large-
scale phenotypic data collection, and support further development of robust computer-vision tools for plant science

applications.
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For citation: Genaev M.A., Busov |.D., Kruchinina Yu.V. Koval V.S., Goncharov N.P. Wheat spikelet detection on RGB
images using deep machine learning. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov J Genet Breed. 2026;30(1):27-35. doi

10.18699/vjgb-26-09

BBepeHue

Poct HaceneHus 1 JTOKaJIbHOE U ITI00AIbHOE H3MEHEHHE KITH-
Mara 00yCIIOBIMBAIOT HEOOXOAMMOCTh B YCKOPEHHOH CeJeK-
LUK CEIIbCKOXO3IHCTBEHHBIX KYJIBTYP, TAKUX KaK MIICHUIA,
JUIS TIOBBIIICHNST YPOXKAHHOCTH U YCTOMYMBOCTH K OMOTHYE-
CKUM H abuotndeckuM (hakropam BHemHeH cpens! (Edhumon
u 7p., 2024). OneHka NpU3HAKOB, B TOM 4Hcie (PEHOTUIIH-
pOBaHKE MapaMeTPOB KOJIOCA, — OAWH U3 KIIIOUEBBIX ITAIlOB
cenekiuu. Cpeay HUX YHCIIO KOJIOCKOB B KOJIOCE SIBIISIETCS
Haunbosee BaXKHBIM [10Ka3aTeIeM IPOYKTUBHOCTH PAaCTECHHUS
reHns! (AQoHHNKOB 1 ap., 2016; Ckpunka u ap., 2016;
Macmnosa u np., 2018; Vahamidis et al., 2019; u ap.).

Yncito KOJIOCKOB B KOJIOCE Yy IMIICHHIBI UMEET CIOKHBIN
reHeTHdeckuii KoHTpoib (Zhang B. et al., 2015) u wacto
CBSI3aHO C IUIOTHOCTBIO KOJIOCA — HE MEHEE BAXKHBIM CEJIeK-
OHUOHHBIM M TaKCOHOMHYECKUM Ipu3HakoM (Vavilova et al.,
2017; BaBmioBa u zp., 2019; Casun, 2019).

TpamuunoHHbIE METOABI (PEHOTHIINPOBAHUS TAPAMETPOB
KoJtoca, 0a3upyrommecs Ha BU3yaJIbHOH OIIEHKE SKCIIEPTaMH,
SIBJISIFOTCS] MEJUIEHHBIMH, JIOPOTOCTOSIIIIMMH 1 CyObeKTUBHBIMH
(Konopatskaia et al., 2016). Oto ctumynupyer pa3paboTKy aB-
TOMaTHU3MPOBAHHBIX, HCTIOJIB3YIOMINX KOMIIBIOTEPHOE 3pEHHE
JUTSL BRICOKOTIpOu3BoauTeIbHOTO aHam3a (Lietal., 2017; Liu
et al., 2017; Genaev et al., 2019).

MeTozpl KOMIIBIOTEPHOTO 3PEHHsI HA OCHOBE IITyOOKOTO
00yueHHMs JOKa3aJIM CBOIO 3((EKTUBHOCTH B ABTOMAaTH3alNU
3a7a4 (pEeHOTHITUPOBAHMS CEIbCKOXO3SHCTBEHHBIX PACTEHUH
(Artemenko et al., 2024). CymiecTByroIIIe TOAXOIBI K pelire-
HUIO 33/J]a4H TI0JICYeTa KOJIOCKOB MO>KHO YCIIOBHO pa3[eiiTh
Ha J1Ba TUMa. [IepBeIii onmpaeTcs Ha ieTekiuo o0bexToB. Ha-
mpumep, . Xopomresckas ¢ kowteramu (Khoroshevsky et al.,
2021) ucronp3oBanu apxuTekTypy RetinaNet s gerekuun
1 TIOZICUeTa KOJIOCKOB HEMOCPEICTBEHHO B IIOJIEBBIX YCIIO-
BHUSIX; JOCTUTHYTHI CPEAHUE 3HAUCHNUS IIPOLICHTHOH OIINOKN
(MAPE) B quanazone ot 9.2 1o 11.5 %. JI. 11Iu ¢ coaBropamu
(Shi et al., 2023) mpumenumu monens Y OLOVSs 11st meTeximm
YHCciIa KOJOCKOB Ha M300paKeHMSAX KOJOCHEB, IOJyYHB HA
TECTOBOI BBIOOPKE JUTS 3PENIOH MIISHUIIBI CPeIHee 3HaYCHUE
abcomoTHO ommOku (MAE) uncina xomnockos, pasHoe 0.43.
Bropoii THIT TOIX0I0B HCTIONB3YEeT CEMaHTHYECKY IO CeTMEHTa-
uuto. B pabore (Misra et al., 2020) nmpeioskeHa apXuTeKTypa
SpikeSegNet Ha ocrHoBe U-Net, KoTopast 10CTUINIa TOYHOCTH
mozcyera (accuracy) 95 %. OmHako oOIIHM IS ITUX METOIIOB
SIBISIETCSI HEOOXOANMOCTD B TPYIOEMKOHM M JIOPOTOCTOSIIECH
TIOJTHOH pa3MeTKe AaHHBIX (MCIOIb30BaHUE OT PAHWIHBAIOIINX

MIPSMOYTOJIBHUKOB WJTH MIKCEIBHBIX MACOK), 4TO CTAHOBUTCS
KITIOUEBBIM OTPAaHWYCHUEM IIPH MacIITaOMpOBaHMHU HCCIe-
JIOBaHUI.

B kavecTBe anbpTepHATHBBI A7 CHIDKCHUSI 3aTPaT Ha Pa3MeT-
Ky MpeAsIaraeTcst NCIOIb30BaTh TOYEUHYIO aHHOTAIINIO, KOT/A
9KCTIEPTY TpeOyeTcst OTMETHTh JIMIIb EHTp o0bekTa. ®. Uen
¢ xommeramu (Chen et al., 2021) mporeMOHCTPUPOBAIIH, YTO
o0yueHHe C HEMOIHON TOUCYHOH pa3MeTKOMH, Iie aHHOTHPO-
BaHO JHIIb 50 % KOIOCKOB, TPUBOANT K IMTOTEPE TOYHOCTH HA
6.5 % (F1 mamgaet ¢ 84.15 1o 78.65 %) 1m0 cpaBHEHHIO C ITOTHOM
pa3MEeTKOH. A yMEHBIIEHHUE JI0JIH Pa3MEUEHHBIX 0OBEKTOB JI0
10 % camxaer TouHOCTH Ha 16.5 %. Takum 0Opa3oM, yMeHb-
LIEHNE TPYA03aTpaT Ha pa3MeTKy B 10 pa3 coxpansieT 83.5 %
WCXOIHOH TOYHOCTH, YTO MOATBEPIKIACT MEPCIIEKTHBHOCTH
9TOTO HampasiieHHs. [Ipyroi myTh yNpoIIeHHs MOATOTOBKH
JAHHBIX — TOTyaBTOMaTndeckas pasmerka (Alkhudaydi et al.,
2019). P. Kyu ¢ coaropamu (Qiu et al., 2022) mpemmoxwTin
METOJI, T/Ie IEpBOHAYAIbHAS MOZIENb 00y4JaeTcsi Ha ciiabo pas-
MEUECHHBIX JJAHHBIX, @ 3aTEM HCIIOIb3yETCs [UIsl aBTOMATHYE-
CKOM TeHepaIiy pa3METKH, Ha KOTOPOH IIOBTOPHO 00ydaeTcst
HOBAsI MOJICTIb.

OTH HCCIIeI0BaHMs IEMOHCTPUPYIOT POrpecc B 00IacTH
aBTOMaTH3anuy (PEHOTUIMPOBAHUS MTApPAaMETPOB KOJIOCA, HO
TaK’Ke YKa3bIBAIOT Ha INIABHYIO MIPOOJIEMY — CIIO’KHOCTB M CTOH-
MOCTBH TTOJTOTOBKH JIaHHBIX. HecMoTpst Ha mporpecc, 3a1a4a
pa3paboTKH TOYHOTO U POOACTHOTO anropuTMa, 3(H(HEKTHBHO
paboTaromero ¢ yrnpomeHHONH pa3METKOH U COXPaHSIOIIETro
BBICOKYIO TOYHOCTB, OCTACTCS aKTyaIbHOM.

B nacrosimeit paboTe Mbl HCCIIeyeM albTepHATUBHBIN 10/
XOJI, OCHOBAHHBIN HA NCTIOIBb30BAHUH YIIPOICHHON TOUETHON
Pa3METKH JINIIb IIEHTPOB KOJIOCKOB KOJI0CA, YTO 3HAYUTETHHO
COKpAIIIaeT BPeMsI M CTOMMOCTB TIOJIr0TOBKH JTaHHBIX (Chen et
al., 2021) m MmoxeT cTaTh 3HHEKTUBHBIM U IPAKTUIHBIM pelIre-
HHUEM /IS IIMPOKOTO TIPIMEHEHUS! B CEITbCKOXO3SIHCTBEHHBIX
HCCIIEIOBaHNUSX.

Matepuanbl n meToAbl

Buonoruyeckunii MaTepran n Habop AaHHbIX

B paboTe ncmonb30Banuch KOJIOChS PACTCHUH IMIIICHUIB 13
xoutekuuu H.I1. Tongapoa. Beibopka pacteHmii BKiIro9ana
MpeACcTaBUTENeH pa3InIHbIX BUIOB IU- (2n = 2x = 14), TeTpa-
(2n = 4x = 14) u rexkcamonAHbIX (2n = 6x = 42) NIICHMII.
N3006paskeHusT KOTOChEB OBLIHN TONyYeHBI B JTa0OPaTOPHBIX
YCIIOBHSIX COTJIACHO NTPOTOKOIY, ONcaHHOMY paHee (I'eHaeB
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u ap., 2018). JInst cheMKH McTionp30Baiachk mudpoBas kKamepa
Canon 350D, o6bexTuB EF-S 18-55 MM 1/3.5-5.6. [TapameTpsr
cheMKH: BeIIepikka 1/160, muadparma 11, ISO 100, dhoxyc-
Hoe paccrostare 55 MMm. Kosoc mmeHnmp! pacnonaraics Ha
cuHeM (DOHE PSIOM ¢ KapToi 1BeToBOU manuTpbl X-Rite Mini
ColorChecker Classic (http://xritephoto.com/colorchecker-
targets). Mcrionp3oBasick H300pakeHNs KOJI0Ca, IOy IeHHbIE
Ha MPHIIEIIKE, U KOJIOCA, PACIIONOXKEHHOTO Ha cTose. [Ipumep
n300pakeHNH, BKIIFOYCHHBIX B aHAJIN3, [TOKa3aH Ha pHc. 1.

Bcero Habop manHBIX BKIodan 1745 mudpoBeIx m300pa-
KEHHUH KOJIOCHEB IIICHUIIB! (ITPOTOKOM «Ha cTone» — 82 %,
TIPOTOKOJ «HA TpHIIenke» — 18 % nsobpaxenuii). st oneHKn
00001IaroEen CrrocoOHOCTA MOENIEN ObIIa B3ATa OTAEIbHAS
OTIIOXKEHHAs1 BEIOOpKa U3 14 n300pakeHNH, MOIyIEeHHBIX 1O
MIPOTOKOITY «HA CTOJIE», KOTOPBIE HE ObUTH BKIIOYEHBI HAMU
HU B 00y4YCHHE, HU B TECTHPOBAHNE AJITOPUTMOB.

PasmeTKa KONOCKOB Ha 1306paXkeHunAX

B pabote O6b110 HCTIOIB30BAHO TPH TUTIA PA3METKH: HA OCHOBE
OMHApHBIX MACOK, IayCCOBBIX MaCOK M Pa3METKH Ha OCHOBE
OTrpaHMYHUBAIOIIMX KBaJAparoB. [lepBoHaYanibHO pazMeTKa
n300paXkeHHH ocyIecTBIsuiach B mporpamme Imagel (Schnei-
der et al., 2012) Bpyunyro. ToukamMu pa3MedaavCh LEHTPHI
KOJIOCKOB, MX KOOPJIMHATBI COXPAHSUTICh B OT/IEJILHOM (haiiie
JUISL KayK10r0 M300paxkenusi. Ha ocHOBe KOOp/AMHAT LIEHTPOB
KOJIOCKOB TPUMEHSIJIUCh TPU BaApUAHTa F€HEepalul pa3MeToK
JUTSI MAITUHHOTO 00y4eHwus (puc. 2).

Pa3merka B BuJe OMHAPHBIX MACOK (CM. puc. 2, 0). s
Ka)KJIOr0 KOJIOCKa F'eHepHpOBaliach KPyroBasi 00J1acTh paany-
coM 2 MM. B 3TOM citydae Mbl UCIIOIb30BAIIN AJITOPUTM Cer-
MEHTAIUK M300pakeHUIt: HeHpoceTeBast MOIeIb 00yJanach
MPEACKA3bIBaTh 00JIACTH Ha N300PaKEHHH, COOTBETCTBYFOIIIUE
OMHApPHBIM MacKaM.

Pa3meTka B Bu/Ie rayccoBoii Macku (cM. puc. 2, 8). MOKHO
MIPE/INOIOKHITh, YTO HEHTPbI KOJIOCKOB, pa3MEUCHHbBIE BPYY-
HYI0, HE COOTBETCTBYIOT B TOYHOCTH MX I'€OMETPUYECCKUM
LIEHTPaM, a OTKJIOHSIOTCS ClIlydaiiHbIM oOpa3oM. Ml mpe-
TIOJIOXKHJIIH, YTO [IOTHOCTB ATOTO CIYYaiHOTO PACTIONIOKEHHS
METOK BOKPYT LIEHTPa UMEET BHJI PaANAIILHOTO PACTIPE/IeICHHs
T'aycca. IloaTomy B KauecTBe BTOPOIrO BapuaHTa pa3METKH
TeHEePUPOBAJIOCH IBYMEPHOE rayCCOBO PACIIPE/ICIICHNE, ICHTP
KOTOPOTO COBIIAJIaJl C pa3MEUCHHBIM [IEHTPOM KOJIOCKA.

OrpaHuvuBawIIue KBajapaTbl (cM. puc. 2, 2). Bokpyr
Ka)XJIOT0 Pa3MEueHHOI0 BPYYHYIO LIEHTPa KOJIOCKA aBTOMa-
THYECKU TeHEePUPOBAJICS KBaapar (UKCUPOBAHHOTO pazmepa
(6%6 Mmm). Monenb 0o0yuanach JeTEKTHPOBATH ATH KBaIPATHI.

ApXuUTeKTypbl moaenein n obyueHne
st oOy4eHus n300pakeHust ObLTH CITy4aifHBIM 00pa3oM pas-
O6uTHI Ha TpeHHPOBOUHYO (~60 %), BanmnaanmoHHyo (~20 %)
u tectoBy1o (~20 %) BEIOOPKH.

bbutn 3aeiicTBOBaHbI [1Ba MOAX0/A K ONPEICICHHIO LICHT-
POB KOJIOCKOB Ha U300paKeHUH C IIOMOILBIO aJITOPUTMOB IITy-
00KOr0 MaIMHHOr0 00y4eHwus. [1epBbIii 3akirodacs B pemie-
HHH 33/1a4K CerMEHTALMH ITHKCeNeil n300paskeH s, COITIACHO
KOTOPOMY M300paKeHUsI JICTUITHCh Ha IPHHAJICKAILHE MACKE
W He IPUHAUIeKAIIe Macke. J{JIsg 9TOro IpUMEHUITH MOACIN
CEMaHTHYECKOH CerMEeHTAlMU N300paKeHU T Ha OCHOBE CETH
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[leTeKkumA KONOCKOB B KOsloce MiueHnUbl Ha RGB-1306paxkeHunsax
C MCMONb30BaHNEM Fy60KOro MalMHHOTO 0byyeHun

rchecker EEEER

Puc. 1. MNMprimepbl n3obpakeHns Konoca MileHnLbl, 3aKpeneH-
HOrO Ha npuLlenke (a) 1 PacnonoXeHHOro Ha cTone (6).

U-Net (Ronneberger et al., 2015). Vicrmons30Bamnich 1Ba TUIA
MacOK 13 OITMCAHHBIX BhIIIE: ONHAPHBIE U r'ayCCOBLL. B ciywae
OMHApHOI MaCcKH ITPpeICKa3aHHBIMH IEHTPAMH KOJIOCKOB CUH-
TAJINCh TEOMETPHUYECKHE IEHTPHI 00J1acTeH, COOTBETCTBYIO-
KX MpEeACcKa3aHHBIM MackaM. B ciydae rayccoBoil Macku
LEHTP KOJIOCKA OIPEEISICSA KaK MUKCEIh C MAaKCHMaJIbHOM
BEPOSTHOCTBIO BHYTPU OOJIACTH, YJOBJIETBOPSIONIEH ycI0-
BHUIO: OTHOIIEHHE BEPOSITHOCTH KaXKJIOTO MHUKCENS K MaKCH-
MaJIbHOM BEPOSITHOCTH B JIAHHOW 0OJIACTH JJOIDKHO OBITH HE
Huxe nopora C.

Certp U-Net (Ronneberger et al., 2015) MoeT HCIIONBE30BaTh
KOZIMPOBIIMKH CIIOEB (PHKOZIEPHI) Pa3IMuHON apXUTEKTYpPHI.
B namreif paboTe ObUTH IPOTECTHPOBAHBI HECKOIBKO BAPHAHTOB
sukozepoB: efficientnet-b3, efficientnet-b4, mit b2, mit bl,
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Wheat spikelet detection on RGB images
using deep machine learning

Puc. 2. MeTogbl pa3meTKI KONIOCKOB KOMOCa Ha OCHOBE WX LIEHTPOB, YKa3aHHbIX BPYUHY!IO.

a — ncxogHoe |/|3o6pa>KeH|/|e Konoca C pa3MmeyeHHbIMU LEeHTPaMN KONOCKOB, NMOKa3aHHbIMN KpaCHbIMU TOYKaMK; 6 - 6I/IHapHaﬂ MacCKa AnAa KONocCKa
B BUAE KPYros, LEHTPbI KOTOPbIX cOBMagaloT C pa3METKOIﬁ LIEeHTPOB KOJIOCKOB; 8 — rayccoBa mMacka, B KOT0p0|7| LeHTPbI pacnpeneneHna cosnafatoT C
LeHTpamMn pa3sMeyeHHbIX KOJIOCKOB, a MJIOTHOCTb BEPOATHOCTU UMEET paanasibHOe pacnpeneneHne; e — Ha6op orpaHnymnBarOWnX KBagpaTos, LEHTPbI

KOTOpPbIX COBMNaAatoT C LeHTPpamMy KONNOCKOB.

timm-resnest26d, timm-regnetx 032, timm-res2next50, timm-
gernet m, timm-efficientnet-b4, timm-efficientnet-b3 (Tan, Le,
2019; Wightman, 2019; Radosavovic et al., 2020; Zhang H.
et al., 2020; Gao et al., 2021; Xie et al., 2021).

Bropoit moaxon 3akirodancs B JETEKIMK oOacTei n3o-
Opa’keHUsI, OTPaHIMUCHHBIX KBaJpaTaMH U COOTBETCTBYIOIIHX
LEHTPAITBHBIM 00J1acTSIM KoJlocka. JI7Ist 9TOTo Cnoib30Baiach
apxutektypa cetu YOLO B Bepcun YOLOv8m, koTopast aJis
Ka)XJIOTO KOJIOCKa Ha M300pa)KEHUN OIPE/IENsIeT OTpaHIIH-
BaBIIMiA pssMoyTobHUK (Redmon et al., 2016).

Taknm 06pa3oM, Mbl IPUMEHHIIH TSI ONPE/ICIICHHS [ICHT-
POB TP MeTO/Ia: CerMeHTanuIo ¢ momortnsio cetu U-Net s
OouHapHEIX (Hanee obo3HadeHa kak U-Net-BIN) u rayccoBbix
(manee obo3nauena kak U-Net-GAUSS) macoxk, orpaHudu-
BAIOIIMX MOJIOKEHUE [EHTPa W JETEKIMI0 00IacTh IEHTpa
KOJIOCKA B BHJIE€ KBaj[paTra ¢ MOMOIIBIO CETH apXHUTEKTYpHI
YOLO (nmanee o6o3nadena kak YOLOVS).

Bun ¢pynkuuu morepb. s anroputMa ¢ OWHAPHBIMEU
MacKaMH MCIOJIb30BaIach GYHKINS OMHAPHOI KPOCC-3HTPO-
muu (torch.nn. BCEWithLogitsLoss). [l TaycCcOBBIX Macok
B Ka4yecTBE (PyHKIUH TOTEPh MCIOJIB30BATACh AUBEPTEHIINS
Kyme6axa—Jleitonepa (torch.nn. KLDivLoss).

Opranusanust npouecca od0y4enusi. Bce Tpu anropurma
oOyuamuch B Teuenne 500 smox. Beca moxeneit Obutn WHU-
[HAJIN3UPOBAHbl HA OCHOBE MPEAOOYUYCHHBIX MapaMeTpoB,
TTOTy9eHHBIX Ha Habope manHbIx ImageNet (Deng et al., 2009).
B kagecTBe MeTOa ONTHMHU3AINHN MTAPAMETPOB MPUMEHNIN
anroputm Adam. B niporiecce 00yueHns HCIOIB30BaIN HAOOP
ayTMEHTAINH, peaTn30BaHHBIX B OnOroTeke albumentations
(Buslaev et al., 2020). N300pakeHue HOPMATHU30BAIOCH K
pasmepy 512x224 (Resize), 3aTeM MPUMEHSIIACH: TOPU30H-

TampHOE oTpakeHHe ¢ BeposTHocThio 0.5 (HorizontalFlip
(p=0.5)); BepTHKaIBEHOE OTpakeHHE C BEpoATHOCTHIO 0.277
(VerticalFlip (p=0.277)); moBOpOT Ha CITy9alHBIN yTON B IHA-
mazone —30...+30° ¢ BeposTHOCTRIO 0.735 (Rotate(limit=30,
p=0.735)); rayccoBo pasMBITHE C pa3MepOM sIpa, CITydaitHO
BEIOMpaeMBbIM B Juamna3oHe oT 1 1o 3, ¢ BeposTHOCThIO 0.25
(GaussianBlur(blur_limit=(1.3), p=0.25)); nobaBnenue rayc-
coBoro myma ¢ BeposTHOCTBIO (.15 (GaussNoise(p=0.15));
cilydyaiiHasi KOPPEKTUPOBKA SIPKOCTH M KOHTpAcTa C BEPOSIT-
HOoCcThIO 0.5 (RandomBrightnessContrast(p=0.5)); cmyuaii-
HOE U3MEHEHNE NHTEHCUBHOCTH KaHanoB R, G u B B nquana-
30He +15 ¢ BepostHOCTRIO 0.5 (RGBShift(r_shift limit=15,
g shift limit=15, b_shift limit=15, p=0.5)); uBeroBsIic mpe-
00pa3oBaHMs — CiTydaliHbIe U3MEHEHUS SIPKOCTH, KOHTPACTA,
HacwimenHocty u orteHka (ColorJitter(brightness=0.2, con-
trast=0.2, saturation=0.2, hue=0.2, p=0.703)); npeodpa3zona-
HHUE W300pa’keHUs B Tpajlalliél ceporo ¢ BeposTHOCTHIO 0.1
(ToGray (p=0.1)).

HcenenoBaHHbIE HAMH MOJIETIH HEHPOHHBIX CETEH /TSl HJICH-
TH(UKAIUK HEHTPOB KOJIOCKOB IIIEHHIIBI 3aBUCEITH OT IIETI0TO
psina mapameTpoB. K HUM OTHOCHIIMCEH: THI apXHTEKTYPBHI
suKozepa it cetn U-Net, paanyc KpyroBoii obnactu r uis
OUHApHBIX MacoK, MOpor C OTHOIIEHHS BEPOSITHOCTH MTUKCEIS
MIPUHA/AJIEKATh HEHTPY KOJIOCKAa K MaKCHMMAJIbHOW BEPOST-
HOCTH B CJIydae rayCcCOBOM MacKH, IMapaMeTphl alropuTMa
ONITUMU3AIMU W HEKOTOPbIE JApyrue. VX MOJHBINA CIMCOK U
o0acT 3HAYCHUH MTPUBEICHBI B Ta0M. 1.

B mpornecce paboTel 1 anroOpuTMOB TPEOOBAIOCH T10-
no0pars HanOoJiee ONTHMAIBHBIC 3HAYCHHUS MTapaMeTPOB U3
Tabm. 1. {7 9TOr0 MpUMEHEH alNTOpUTM 0aiieCOBCKOM ONTH-
MU3aIUN, peann3oBaHHbil B OnbmmoTeke Optuna (Akiba et
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Ta6nuua 1. [unepnapameTpbl, UCNOMb3yemble B MeTOfAaX ONpeaesieHNsA NOSTIOMKEHNA LIeHTPa KOJIOCKOB Ha 1306paxeHun

MeTop
U-Net-BIN

lMnepnapametpbl

ApxuTeKkTypa 3HKoAepa

O6nactn 3HaYeHun

efficientnet-b3, efficientnet-b4, mit_b2, mit_b1, timm-resnest26d,

timm-regnetx_032, timm-res2next50, timm-gernet_m, timm-efficientnet-b4,
timm-efficientnet-b3

KoaddpurumeHT rpagmeHTHOro cnycka
Ha HayasibHOM 3Tane onTUMM3aLnn

KoadduumeHT rpagmeHTHOro cnycka
Ha GVHaNbHOM 3Tane onNTYMK3aLMn

Papnyc 6rHapHoi macku (r, Mm)

U-Net-GAUSS  ApxuTekTypa s3HKOAepa

[0.5, 3]
efficientnet-b3, efficientnet-b4, mit_b2, mit_b1, timm-resnest26d,

[0.0001, 0.001]

[0.000001, 0.00005]

timm-regnetx_032, timm-res2next50, timm-gernet_m, timm-efficientnet-b4,
timm-efficientnet-b3

KoaddpurumeHT rpagmeHTHOro cnycka
Ha HayasibHOM 3Tane onTMMM3aLnn

KoadduumeHT rpagmeHTHOro cnycka
Ha GVHaNbHOM 3Tane oNTUMK3aLMn

I'IapaMETp O AnA rayccoBa pacnpeneneHna

Mopor BepoAaTHOCTU Ans Bbibopa obnactn
nonoXeHus LeHTpa konocka (C)

YOLOv8 KoaddpurumneHT rpagmeHTHOro cnycka

Ha Ha4yaJlbHOM 3Tane onTMumMmmn3sayunmn

KoaddpurumeHT rpagmeHTHOro cnycka
Ha GMHaNbHOM 3Tane onTUMK3aLnn

MapameTp DropBlock

al., 2019) ¢ uconp3oBaHrEeM H300paKEHII BaIAIAIIMOHHON
BBIOOPKH, a B KAYECTBE LIEJIEBOT0 ITApaMeTpa ONTUMH3AIINH —
MeTpHKa TouHOCTH F1, onucaHHas HUKe.

MeTpurKM OLleHKN TOYHOCTH aJIFOPUTMOB

D dexTHBHOCTH ONpeneneHus IEHTPOB KOJIOCKOB aHAIU3H-
POBAJIH [IPU ITOMOIIH JIBYX THIIOB MeTpHK. KonruecTBeHHbIC
METPHKH OLIEHUBAJIM OLIMOKY MO/ICUEeTa KOJTMYECTBA KOJIOCKOB
B KoJloce Ha m300pakeHnH. CpeHIO0 a0COMIOTHYIO OIIHOKY
(MAE) u abcomoTHyto mporeHTHyto ommnoky (MAPE) mox-
CUeTa KOJIOCKOB OIPEJIEIsINA CONIACHO:

n
MAE = %EJQ‘P:’L

MAPE = 100”’2| p,|

e f; — ICTHHHOE YHCIIO KOJOCKOB Ha M300pa)KCHHH, MOJI-
CYMTAHHOE BPYUYHYIO; p; — YHCIIO KOJIOCKOB, OINPEIEICHHOS
Ha OCHOBE METOJOB MAIIMHHOTO OOYYCHHS; 7 — YUCIIO U30-
OpaxxeHuil B BBIOOPKE, 110 KOTOPBIM OLICHUBACTCS] TOUHOCTb.

Jl1st OLICHKU TOYHOCTH OIPEACIICHUSI TIOJIOKSHHUSI LICHTpa
KOJIOCKOB Ha M300Pa’KCHUH MOACYUTHIBAIMCH METPUKH TOY-
HoctH (Precision), momroTH (Recall) u F1-mepa:

Precision = TP
TP + FP’
_ TP
Recall = TPIEN

. Precision - Recall

Fi=2 Precision + Recall’

[0,0.5]

[0.0001, 0.001]

[0.000001, 0.00005]

[0.000002, 0.0002]
[1/9,1/2]

[0.01,0.00005]

[0.000005, 0.000001]

WcTnHHO nonoxutenbHble (TP)
JloxxHononoxwutenbHble (FP)
® JloxHooTpuuatenbHble (FN)

Puc. 3. Busyanusauma UCTUHHO MONOXMWTENbHbIX, JTOXHOMONO-
MKUTENbHbIX N NOKHOOTPULLATENbHBIX NPeACKa3aHUA NPy BblUMC-
JIEHNM MPOCTPAHCTBEHHbIX METPUK OLEHKMN KayecTBa AeTekunun
KOJIOCKOB.

rae TP (true positive) — 9UCII0 BEPHBIX TOIOKUTEITBHBIX TIPEI-
CKa3zaHWI moJokeHus konocka; FP (false positive) — gucimo
HEBEPHBIX Npe/cKa3anuil monoxenns xonoca; FN (false ne-
gative) — 4HCII0 JIOKHBIX MPEACKA3aHUH TTOJI0KEHHS KOJIOCA.
Hnst onpenenenus napamerpos TP, FP, FN ncnons3osanoch
cienyroniee npasmwio (puc. 3): MpeAcKa3aHHOE IMOJOKEHNE

BMONHOOPMATUKA N CUCTEMHAA BUONIOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY 31



M.A. Genaey, I.D. Busov, Yu.V. Kruchinina
V.S. Koval, N.P. Goncharov

LIEHTPA CYNTANIOCh NCTUHHO NostoxuTenbHbIM (TP), ecitn Ha-
XOJMIIOCH B IpesiesiaX pajguyca 2 MM OT HCTHHHOTO LICHTPA;
noxHomnonoxurensHeM (FP), ecim meHTp Konocka mpeacka-
3aH HEeBEpHO; JioxHOoOoTpHnarensHeM (FN), ecnu B pagnyce
2 MM OT UCTHHHOTO LIEHTPa HET MPECKa3aHHbIX IIEHTPOB.

[Iporpamme! OpUTH peann3oBaHbI Ha s3bike Python 3.11 ¢
ncnonp3oBaHueM oudimmorek PyTorch 2.3.0, OpenCV 4.9.0 u
scikit-learn 1.5.0. PacueTs! BEITOTHSIIMCE HAa paboUe CTaHITH
¢ npoueccopom AMD Ryzen 9 7950X, 64 I'b onepatuBHoOi
namsTy U rpaduaecknm yekoputenem NVIDIA GeForce RTX
2080 Ti (11 I'b).

PesynbraTtbl n 06CyKaeHne

OnTuManbHbIC 3HAYEHUS TUIIEPIIapaMeTpoB IS TPEeX Mojie-
JIel TIpeJICKa3aHus MOJIOKEHUSI KOJIOCKOB Ha M300pakeHUH,
no00paHHbIC C TOMOIIBIO 0aHeCOBCKOM ONITUMH3AIINH, TIepe-
YHCJICHBI B TA0. 2.

Haunyumeill apxutexktypoil sHKOAEpa AJIsl ONpeAesIeHUs
[[CHTpa KOJIOCKA Ha OCHOBE CEIMCHTAIIMK ¥ OMHAPHOW MacKH
okazanack MiT-B2 (Mix Transformer-B2) (Xie et al., 2021).
JlaHHas apXUTEKTypa COUCTACT CBEPTOYHBIC CIIOU C MEXaHH3-
MOM CaMOBHHMaHUs, YTO MO3BOJISACT OJTHOBPEMEHHO 3aXBaThI-
BaTh JIOKAJIbHBIC OCOOCHHOCTH U II00AbHBIC KOHTCKCTHBIC
3aBHCUMOCTH Ha W300pakeHUH. ITO OCOOCHHO BaXKHO JIJIS
TOYHOT'O MO3UIIUOHUPOBAHUA MEJIKUX 06’LeKTOB, TaKHuX Kak
LEHTPBI KOJIOCKOB.

Jlyis TayccoBOi MacKU HaWIyUIIMe PE3y/abTaThl MoKa3aia
apxurektypa EfficientNet-B4 (Tan, Le, 2019). Monens uc-
MOJIb3yeT METOJ] COCTABHOTO MaciuTabupoBanus (compound
scaling), KOTOpBIH COANaHCUPOBAHHO YBEINYMBACT TIIyOHHY,
IIMPUHY U pa3pellieHue BXOIHBIX AAaHHBIX. Takoil moaxox
oOecrieurBaeT OaaHC MEXKTy TOYHOCTHEO M BEIUUCITUTEIBHOM
3G PEKTUBHOCTHIO, YTO JENAET apXUTEKTYPY XOPOLIO MOJA-
XOJAIICH JIJIs 3a/1a4 PErPECCHU TUIOTHOCTU PACIpPEICICHU.

Pe3ynbrarhl OIICHKH Ha TECTOBOH BBIOOpKE (Tabm. 3) mo-
Kazand, 4yro o06a moxxonaa Ha ocHoBe U-Net 3HaYUTENHHO
MIPEBOCXOAAT MeTo Ha ocHoBe Y OLOVS.

Wheat spikelet detection on RGB images
using deep machine learning

Kak BumHO U3 Tabm. 3, 06a moaxoaa Ha OCHOBE apXHUTEKTY-
ps1 U-Net mporeMOHCTpHPOBAIH BEICOKYO F COIIOCTABUMYIO
TOYHOCTh Kak 1Mo konmdecTBeHHbIM (MAE ~0.5), Tak u 1o
npoctpancTBeHHBIM (F1 > 0.96) MeTpukam Ha TeCTOBO BEI-
6opxke. Heznaunmmoe npeBocxonctBo momenu U-Net-GAUSS
o Metpuke MAE (0.502 mpotus 0.512) u mogeru U-Net-BIN
mo meTpuke F1 (0.965 mpotus 0.962) mo3BosSeT CUUTATH UX
OIMHAKOBO 3(PPEKTUBHBIME I TaHHBIX, PaCIpEICICHIC
KOTOPBIX COOTBETCTBYET oOydJaromieii BeIOOpKe. B To ke
Bpems Mozens YOLOvV8 maeT 3HauuTensHO Oojiee HU3KHE
pesymbratel (MAE = 3.641, F1 = 0.679), uTo yka3pIBacT Ha
€e HEeTPUTOAHOCTh ISl PeIICHUs 3aa49d B TeKyIIeH KOHpH-
TYpAIliH C aBTOMaTHYECKHU CTEHEPUPOBAHHBIMH KBaIPATHHIMH
OTPAaHUYHBAIOIIIMHI paMKaMH.

Ha otnoxennoii Beroopke (tadm. 4) momens U-Net-BIN
00yCIIOBIMBACT HAMITYUIIYIO TOYHOCTH, TOTAA KaK JIJIs MOJIe-
mn U-Net-GAUSS TodHOCTE OKa3anack Hike. Hanbonbmmmas
ommoka Haodmromaerces g moaenn Y OLOvVS.

PesynbTaThl Ha OTIIOKEHHOW BEIOOpPKE, COOPAHHOW B HHOE
BpeMsl M UMCIOTIEH HECKOJIBKO HHOE PacpeeiicHHe, IEMOH-
CTpUPYIOT O0JIee BBIpaKEHHBIC PA3ITHUUS MEKIY METOIAMH.
Mogens U-Net-BIN coxpanuia BEICOKYIO TOYHOCTb, [TOKa3aB
TUIIH He3HAYUTENbHBIA pocT ommoOku (MAE ¢ 0.512 mo
0.538), 9TO CBUIETEIBCTBYET O €€ BHICOKOH 0000IIatomIei
CIOCOOHOCTH W HAJC)KHOCTH. B oTimume oT Hee, TOYHOCTH
monenu U-Net-GAUSS Ha oTi0keHHOW BBHIOOPKE 3aMETHO
camsmiack (MAE = 0.846 nporuB 0.502 Ha TecTOBOW BEHI-
OopKe). DTO MO3BOISIET MPEAMIOTIOKHATE, YTO MTOIXOH MOXKET
OBITH OOJICe TYBCTBUTEINICH K MI3MEHIMBOCTH JAHHBIX. Moyienb
YOLOVS, kak 1 Ha TECTOBOH BBIOOpPKE, MMOKa3asia HAMXYI-
it pesyasrar (MAE = 3.0), ZonoTHATETFHO IOATBEPKAAS
BEIBOJI O TOM, YTO BBIOpAaHHBIH CIIOCOO TeHEepaluy OrpaHu-
YUBAIOIIUX KBAJPATOB HE TOIXOIWT IS OTUCAHUS (POPMBI
KOJIOCKOB.

O6a nipeoxkeHHBIX MeTona Ha ocHOBe U-Net mo3Bonmmm
TIOJYYHTH XOPOIIUE Pe3yAbTaThl Ha TeCTOBOI BeIOOpKE. O1-
HAKO MOJIeNTb, OOy4YeHHas Ha OMHAPHBIX MacKax, MPOJCMOH-

Ta6nuua 2. [vinepnapameTpbl A4A MOAENei HeMPOHHbIX ceTen NAeHTUGUKALMM MOSTOKEHNA LLEHTPOB KOMTOCKOB Ha M306paxeHnu,

nopgo6paHHble C MoMOLLbo 6alleCoOBCKOM ONTUMM3aLIK

Mopgenb MMnepnapameTpbl OnTrManbHble 3HaYeHus
U-Net-BIN ApXuUTeKTypa 3HKofdepa mit_b2
KoapdurumeHT rpagueHTHOro crnycka Ha HayanbHOM 3Tare onTUMmU3aLum 0.001
KoadpdurumeHT rpagnmeHTHOro crnycka Ha GruHanbHOM 3Tane onTUMU3aLum 0.000001
Papnyc 6rHapHom mackm (r, Mm) 1.5999
U-Net-GAUSS ApXuTEKTypa 3HKofepa efficientnet-b4
KoadpdurumeHT rpagnmeHTHOro crnycka Ha HayanbHOM 3Tare onTUMmU3aLum 0.0001
KoadpdurumeHT rpagmeHTHOro cnycka Ha GruHanbHOM 3Tane onTMU3aLum 0.0000063723
MapameTp o ana rayccosa pacnpegeneHna 0.00001121
Mopor BeposATHOCTY ANA Bbibopa 061acTy NONoxeHus LeHTpa konocka (C) 0.214564
YOLOv8 KoadpdurumeHT rpagnmeHTHOro crnycka Ha HayanbHOM 3Tare onTUMmU3aLum 0.00042
KoadpduruneHT rpagmeHTHOro crnycka Ha GruHanbHOM 3Tane onTyMU3aLnm 0.000001
MapameTp DropBlock 0.48
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Ta6nuua 3. OueHka 3pPeKTUBHOCTY METOLO0B ONpeAeneHA NONOKEHUA LIeHTPa KONOCKa Ha TeCTOBO BbIOOpKe

Mopenb MAE

U-Net-BIN 0.512
U-Net-GAUSS 0.502
YOLOv8 3.641

MAPE F1

0.032 0.965
0.032 0.962
0.280 0.679

Ta6nuua 4. OueHka 3GPeKTUBHOCTY METOLOB ONpeAeneHa MONOKEHNA LIeHTPa KONOCKa Ha OT/IOXKEHHO Bbibopke (n = 14)

Mopenb MAE

U-Net-BIN 0.538
U-Net-GAUSS 0.846
YOLOv8 3.000

MAPE F1

0.035 0.972
0.062 0.942
0.231 0.704

Puc. 4. Pe3ynbratbl paboTbl MofeNei: a — pa3MeyeHHble BPYUHYIO LIEHTPbI KOJIOCKOB B KONOCe; 6 — pe3ynbTaT paboTbl
mogenu, obyyeHHON Ha BUHAPHBIX Mackax, HalIOXKEHHbI Ha peanbHoe M306paxkeHne Konoca; 8 — pesynbTaT paboTbl
mogenu, 06y4eHHON Ha BUHAPHBIX MacKax; 2 — pe3ynbTaT paboTbl MOAeNU, 0GYUYEHHO Ha Mackax paauanbHoro pacnpe-
neneHus faycca; 0 — pesynbTtaT paboTbl Mogenu, 06y4eHHON Ha OrPaHNYMBAIOLLNX KBaZpaTax.

CTpUpOBaJIa 3HAYUTEIHHO JIyUIIyI0 000OIIAIONIYIO CII0CO0-
HOCTP Ha OTJIOKEHHOU BBIOOPKE, YTO TOBOPHUT O €€ OOJbIIei
HaJCKHOCTHU I pabOTHl C MaHHBIMHU, UMCIOIIUMH HHOC
pacmpeneneHne. PerpeccHoHHBIN aHATN3 MPEICKa3aHHOTO
Y UCTHHHOTO YHCTIa KOJIOCKOB TOKa3aJl CHIIBHYIO THHEHHYTO
3apucuMocth st moaeneit U-Net (R > 0.95 na tectoBoit
BEIOOpKE), TOATBEPIKIast BRICOKYIO TOYHOCTb ITOICUETA.
Wzmepenue ckopocTi HHPepeHca Ha OAHOM TpapuaecKoM
YCKOpHUTEIe TIOKA3aJ10, 9TO BpeMst 00pabOTKH OMHOTO n300pa-
YKESHUSI 11 MOJIEITH, 00Y9ICHHON Ha rayCCOBBIX MacKaX, COCTaB-

BUOUHOOPMATUKA N CUCTEMHASA BUOJTIOTUA / BIOINFORMATICS AND SYSTEMS BIOLOGY

nsiet mpuMepHo 0.67 ¢, Torna Kak 11 MOJEIN Ha OMHAPHBIX
Mackax — okoio 0.64 c. Takum o6paszom, mogxox U-Net-BIN
JEMOHCTPHUPYET HE TOIBKO 00JIee BHICOKYIO TOYHOCTh, HO U
HECKOJIBKO OOJIBIIYIO CKOPOCTH paboTHI.

Huzkas npouzsonutensHocTs Y OLOVS, BeposiTHO, CBsI3aHa
C HEONTHUMAJIBHOCTHIO aBTOMATHYECKH CTEHEPHPOBAHHBIX
KBaJpaTHBIX PAMOK IJISi ONMMCAHHS MPOAOJITOBATOW U H30-
THYTOH (OPMBI KOJIOCKOB (pHC. 4). DTO yKa3bIBaeT Ha TO,
YTO ISl METOJOB IETEKIIMH TpeOyeTcs Ooree TaTenbHas 1,
BO3MOYKHO, py4dHast KOPPEKTHPOBKA Pa3METKH.
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3aknioueHune

Hacrosimee uccneqoBaHue IEMOHCTPUPYET, YTO HCIONB30-
BaHHUE YIPOLICHHOH TOYCYHOU PA3METKH LICHTPOB KOJIOCKOB
B COYCTAHHU C COBPEMEHHBIMH apXUTEKTypaMu IIIyOOKOro
00y4eHUsl MO3BOJISIET JOCTHYb TOYHOCTH, COMIOCTABUMOM C
Jy4IIMMA COBPEMEHHBIMH METOJIAMH, UCIIOJIB3YIOIIUMHU 00-
JIee CIOKHYIO M Oporyro pa3merky (Misra et al., 2020; Kho-
roshevsky et al., 2021; Zhou et al., 2021; Shi et al., 2023).
VipouieHHas cxeMa pasMeTKH He TOJIBKO CHU)KAET CTOMMOCTh
9KCIIEPUMEHTOB, HO M OTKPBIBACT BO3MOKHOCTB OBICTPOrO pac-
IMpeHnsi HA0OPOB JaHHBIX. [IpeuIoKeHHBII OIX0 MOKET
OBITh aJANTUPOBAH Ul PELICHHs APYTUX 3a7ad MOojAcCYeTa
MOP(OIOrHYEeCKUX MPU3HAKOB PACTEHHH M MHTEIPUPOBAH
B CHCTEMbI aBTOMaTH3UPOBAHHOTO (DEHOTHIUPOBAHHUS IS
YCKOPEHUS! CENICKIMOHHBIX TIPOTPaMM.
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Different patterns of P transposon and blood retrotransposon
distribution in Harwich and Canton-S sub-strains

do not affect the manifestation of Drosophila melanogaster
intraspecific PM hybrid dysgenesis

L.P. Zakharenko (2 &), Y.Y. Ilinsky

Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
@ zakharlp@bionet.nsc.ru

Abstract. Intraspecific infertility, the nature of which is not always understood, occurs in many eukaryotes. Intraspecific
PM hybrid dysgenesis (PM HD) in Drosophila melanogaster manifests in one cross direction as offspring infertility and
other genetic disorders due to incompatibility between the maternal cytoplasm and the paternal genome. PM HD is
believed to result from a massive transposition of the P-element when the maternal cytoplasm lacks a repressor to block
it. In this work, we have investigated the distribution of the P transposon and blood retrotransposon in the reference PM
HD strains (Canton-S and Harwich), which have been maintained in different laboratories for several decades. P-element
distribution patterns vary among Harwich sub-strains, indicating that the P-element was translocated in these genomes.
The rate of movement of the P-element, which was not induced by crosses, is comparable to the rate of movement of
other DNA transposons. The distribution pattern of the low-active blood retrotransposon in Harwich sub-strains is more
stable than that of the P-element, indicating genetic relatedness between sub-strains. Derivatives of the P-element
detected in some Canton-S sub-strains possibly indicate genetic contamination. The significant difference in the blood
transposable element distribution pattern in Canton-S sub-strains also indicates genetic heterogeneity among them.
Despite the complex genealogy of the studied sub-strains, including cases of possible genetic contamination, and
differences in P-element distribution, the ability to express PM HD symptoms is preserved in the studied sub-strains.
Key words: PM hybrid dysgenesis; Drosophila melanogaster; P-element; blood retrotransposon
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IlaTTepH pacripeneieHs P-TpaHCIIO30HA

” blood peTpOTpaHCIIO30HA B OTBOAKAX pedepeHCHBIX JIMHU
Harwich u Canton-S n3 pa3HbIX JlabopaTOpuii He BIUSET

Ha MpOsIBJIeHe BHYTPUBUIAOBOTO PM rubpuaHOro amucreHesa
v Drosophila melanogaster

A.IT. 3axapeHko , 10.10. Viannckuit

DepepanbHblii NCCNe[oBaTENbCKUNIA LeHTP VIHCTUTYT umTonorum un reHetrnkn Cnbrpckoro otaeneHnsa Poccuinckol akagemum Hayk, HoBocnbupcek, Poccus
@ zakharlp@bionet.nsc.ru

AHHoTauuA. BHyTprBraoBoe becnnofme, NpMpoaa KOTOPOro He Bceraa MOHATHA, BCTPEYAETCA Y MHOTMX SyKapuoT.
BHyTpurBraoBsoi PM rubpuaHbin gucreHes (PM ') y Drosophila melanogaster nposiBnsieTca B O4HOM 13 HanpasieHunin
cKpelynBaHuA B 6eCcnnoamny NOTOMCTBA U HEKOTOPbIX APYIMX FreHeTUYECKUX HapyLIeHWAX B pe3ynbTaTte HeCOBMeCTU-
MOCTW MeXAYy MaTepUHCKOM LIMTOMIa3mMoi U OTLOBCKMM reHomom. Cumtaetcs, uto PM [l ABnAeTca pe3ynbraTom
MaccoBOro MepemMeLleHnn P-anemeHTa, ecny MaTeprHCKaa LUMTOMiasmMa He uMeeT penpeccopa, 6oKuMpytoLiero
ero nepemelleHre. B gaHHol paboTte Mbl UccrefoBanu pacnpefeneHre P-aneMeHTa B 0TBOAKaX pedepeHcHbIX ans
PM T nunHuax (Canton-S n Harwich), KoTopble fonroe Bpems COAepKanncb B pasHbiX nabopatopusax. MaTTepHbl
pacnpefeneHus P-snemeHTa pasnvyanncb B pasHbix oTBogkax Harwich. CKkopocTb nepemelueHuns P-nemeHTa, He

© Zakharenko L.P, llinsky Y.Y., 2026
KoHTeHT gocTtyneH nog nuueHsmen Creative Commons Attribution 4.0


https://orcid.org/0000-0002-6341-8522
https://orcid.org/0000-0002-2691-3241
https://orcid.org/0000-0002-6341-8522
https://orcid.org/0000-0002-2691-3241

J1.M. 3axapeHko
10.10. UnuHckmn

2026
30-1

Pa3Hblit naTTepH pacnpeaeneHna P-TpaHCNo3oHa
B OTBOAKAX NvHuM Harwich

VNHAYLMPOBAHHaA CKpeLyMBaHNAMM, COMOCTaBMa CO CKOPOCTbio NepemelleHna apyrux HK-TpaHcnosoHos. MNaTTepH
pacnpeaeneHns ManoakTBHOIO PeTPOoTpaHCno3oHa blood B npon3BogHbIX NuHMK Harwich 6bin 6onee ctabunbHbIM
Nno CpaBHEHMWIO C P-31eMeHTOM, UTO CBUAETE/IbCTBYET O FeHeTMYeCKOM POACTBE MexAay OTBOAKamWu. B HekoTopbIx
oTBofAKax nuHUKM Canton-S 6biny O6Hapy)KeHbl cnefbl P-3fiemMeHTa, UTO MOXET YKasblBaTb Ha reHeTuyeckoe
3arpasHeHune. 3HaunTenbHan pasHULUa B MaTTepHe pacnpepeneHns TpaHcno3oHa blood B otBogkax nuHum Canton-S
TakXe roBOPUT O FeHeTMYEeCKOW reTepOreHHOCT! OTBOAKOB. HECMOTPA Ha CIOXHYIO reHeanorvio OTBOAKOB McCie-
[OBaHHbIX JIMHUI, BKIIOYAIOLLYIO Cllyyan BO3MOXHOIO reHeTUYeCKOro 3arpAa3HeHuna, 1 pasnnumna B pacnpepeneHnm
P-3nemeHTOB, CMOCOBGHOCTb NPOABAATL cuMnToMbl PM T[] y nccnefoBaHHbIX OTBOAKOB COXpaHaeTca. Mbl nokasanu,
YTO BCe M3yyeHHble Npoun3BoAHble Canton-S UMeloT cunbHbIn M-LMTOTUN, @ BCe oTBoAKM Harwich — nHayumpyowmin

P-ymtoTmn.

KntoueBblie cnoBa: PM rubpuaHbin gucreHes; Drosophila melanogaster; P-anemeHT; peTpoTpaHcno3oH blood

Introduction

Progeny of some Drosophila melanogaster suffer from the
hybrid dysgenesis (HD) phenomenon that occurs in one cross
direction (Kidwell et al., 1977) and results in female sterility,
male recombination, high mutation rate and other genetic
disorders (Bingham et al., 1982). It is commonly considered
that HD is caused by massive P, hobo or I element transposi-
tions in PM, HE or IR HD, respectively (Bingham et al., 1982;
Bucheton et al., 1984; Blackman et al., 1987).

It is a commonly held opinion that P-elements appeared
in the D. melanogaster genome by horizontal transfer in the
middle of the last century. In American populations, P-ele-
ments were first identified in D. melanogaster obtained from
nature in 1938, from Russian populations, in 1966, and from
French populations, in 1967 (Anxolabehere et al., 1988). How-
ever, all D. melanogaster strains collected on different conti-
nents from 1969 contain P-elements in their genomes (Anxo-
labehere et al., 1988). Thus, the distribution of the P-elements
throughout the world was extremely rapid despite possible
harm.

PM is the most common variant of HD, manifesting with all
symptoms listed above. It was postulated to occur in crosses
between females with the M cytotype, which lack P-elements
in their genome, and males that harbor a functional P-element
(Bingham et al., 1982). However, it was later found that many
M cytotype strains contained a complete P-element (Bingham
et al., 1982), and the presence of a P-element in the genome
did not guarantee the induction of HD (Itoh et al., 1999, 2001,
2007). For this reason, the nature of PM HD is studied mainly
on the reference Canton-S (Maternal cytotype) and Harwich
(Paternal cytotype) strains. Crossing these strains results in
HD phenotypes with 100 % probability. Not every strain with
a full-length P-element in its genome induces HD, and none
of them consistently exhibits HD as strongly as the Harwich
strain. This fact alone casts doubt on the hypothesis of the
P-element’s involvement in HD induction. A correlation
was found between the strains’ ability to induce PM HD and
the presence of a highly truncated P-element variant named
“Har-P” in the Harwich genome, which is the most frequent
de novo insertion. However, genomic location may also influ-
ence host tolerance of Har-Ps, as a significant rescue of viable
pupae was observed in crosses with Har-Ps located only on
Chromosome 3, which has six P-elements, while no pupae
survived with Har-Ps located on Chromosome 2, which has
nine P-elements (Srivastav et al., 2019). Thus, the reason for
the uniqueness of the reference P strains remains not fully
understood. According to a widely accepted hypothesis, the

P-element mobilization is repressed in P cytotype strains by
small RNA (Brennecke et al., 2008; Khurana et al., 2011).

The Canton-S strain has been widely used among genetic
scientists since 1925. However, P-elements have been identi-
fied in some Canton-S strains (Ignatenko et al., 2015), pos-
sibly as a result of genetic contamination during cultivation
in laboratory. “A golden rule of Drosophila genetics is never
trust a stock label, no matter how reputable the source from
which it was obtained” (Ashburner, 1989).

Here, we analyze the pattern of P transposon and blood
retrotransposon distribution in Canton-S and Harwich sub-
strains from different laboratories and their ability to produce
dysgenic progeny to describe accumulated genetic differences.
We selected blood retrotransposon, as its distribution pattern
remained stable for two decades in spite of the presence of
a complete blood copy in the isogenic reference y; cn bw sp
genome (Ignatenko et al., 2015). According to our data, the
rate of movement of the P-element in Harwich sub-strains
without dysgenic crosses is comparable to the rate of move-
ment of other DNA transposons. All Canton-S derivatives have
a strong reactive M cytotype, and all Harwich sub-strains have
an inducer P cytotype.

Methods
Strains of Drosophila melanogaster. Five Canton-S (CS)
and three Harwich (H) sub-strains from different laboratories
were used for the study (see the Table). The H2 sub-strain has
a visible, spontaneously occurring mutation in the sepia gene
(66 D5), and the H3 sub-strain has a mutation in the white gene
(3 B6). There is no information in the literature about the artifi-
cial origin of these mutations. The LK-P (1A) strain containing
one complete P-element per genome (from S. Ronsseray) was
used to obtain a DNA probe of a full-sized P-element. Refe-
rence strain y; cn bw sp (No. 2057, Bloomington Drosophila
collection) with a completely sequenced genome was used
to obtain a blood probe (see the Table). The Harwich strain
was taken from nature (Harwich, Massachusetts) in 1967 by
M.L. Tracey (Kidwell et al., 1977). According to S. Ronsseray,
the Harwich strain descended from two females (Ronsseray et
al., 1984). Bloomington Drosophila Stock Center received the
Harwich strain (stock number 4264) from M. Kidwell in 1997.
Hybrid dysgenesis assays. To test HD sensitivity, sub-
strains were crossed to CS2 or H3, a cross between which
results in high penetrance of HD (Ignatenko et al., 2015).
Progeny from crosses between H3 males and females of each
Canton-S sub-strain, as well as CS2 female and males of each
Harwich sub-strains, were cultivated at 29 °C from the egg
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Strains description

Different patterns of P transposon distribution
in Harwich sub-strains

Strain Resource Year of strain appearance in ICG, Novosibirsk
CS1 Bloomington Drosophila Stock Center (BDSC ) #ND 2013
CS2 ICG, I. Zakharov from Obninsk 1990
cs3 ICG, B. Chadov 1990
Cs4 ICG, N. Gruntenko 2013
S5 CNRS-Universite” Pierre et Marie Curie, France, S. Ronsseray 2013
Harwich-1 BDSC #4264 2013
Harwich-2 France, S. Ronsseray 2013
Harwich-3 ICG, I. Zakharov from L. Kaidanov 1996
LK-P (1A) France, S. Ronsseray 2013
y; cn bw sp BDSC #2057 2006

stage to adulthood. As a marker of PM HD, ovary morpho-
logy was analyzed in 50 females aged 4-5 days (Kidwell,
Novy, 1979).

Fluorescence in situ hybridization (FISH). The P-element
probe was obtained by PCR with a primer complementary to
terminal inverted repeats 5'-TGATGAAATAACATAAGGTG
GTCCCGTCG-3' (Takasu-Ishikawa et al., 1992; Lapie et al.,
1993), and the blood probe, with primers 5'-CAGTGGCATAC
GCTTCAAGA-3' and 5-GGTTCGCGAAATACCAGTGT-3'
(Ignatenko et al., 2015). The probes were labeled by nick-
translation with digoxygenin-dUTP for the P-element, and
with biotin-dUTP for blood. FISH analysis was performed for
3-5 larvae for each sub-strain as in Ignatenko et al. (2015).
Squashed preparations of polytene chromosomes from the
salivary glands of third-instar larvae were made according to
standard procedures (Biémont et al., 1994). The hybridization
sites were analyzed using an Axio Imager M1 (Carl Zeiss)
microscope in the Shared Facility Center for Microscopic
Analysis of Biological Objects SB RAS, Novosibirsk.

Results

To test sub-strains for PM HD, they were crossed to CS2 or
H3, a cross between which results in high penetrance of HD
(Ignatenko et al., 2015). Females of the CS2 sub-strain were
crossed to H1, H2 or H3 males to check Harwich sub-strains
induction ability. Females of five Canton-S sub-strains were
crossed to H3 males to check the ability of Canton-S sub-
strains to respond to induction. Indeed, abnormal gonad mor-
phology was observed in progeny of all dysgenic crosses with
100 % penetrance, indicating a strong P cytotype for Harwich
and M cytotype for Canton-S sub-strains (Table S1)!. Opposite
crosses (female Harwich to Canton-S males) produced normal
progeny (Table S1).

Blood element pattern in Harwich and Canton-S sub-strains
The pattern of the blood retrotransposon was studied to deter-
mine the level of similarity among the sub-strains. The reason
for choosing the blood TE was its low-level mobility observed
in the isogenic reference strain y; cn bw sp. The localization

' Supplementary Tables S1-54 and Figs S1-S3 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx2.pdf
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Fig. 1. Distribution of common and unique blood hybridization
sites in unrelated strains.
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Fig. 2. Distribution of common and unique blood hybridization
sites in Harwich sub-strains.

of the blood retrotransposon in the y; cn bw sp strain has
not changed significantly over two decades (1992-2013)
(Ignatenko et al., 2015). As expected, unrelated strains (H3,
CS4 and y; cn bw sp) display mostly unique blood hybridiza-
tion sites (89 %), and no hybridization sites were found to be
common to all three strains. Pairwise matching sites were rare
(Fig. 1, Tables S2, S4).

Thirty two blood hybridization sites were found in the ge-
nomes of Harwich sub-strains: 6 sites common for all three
sub-strains, 15 unique sites, and 11 sites common for different
pairs (Fig. 2). Thus, 20 % of blood hybridization sites are com-
mon to all three sub-strains (H1, H2, H3), and 47 % are unique.
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Fig. 3. Distribution of common and unique blood hybridization sites in Canton-S sub-strains.

The HI and H3 sub-strains displayed the greatest similarity,
harboring 56 % (14 out of 25) common hybridization sites. It
can thus be assumed that of the three investigated Harwich sub-
strains, at least H1 and H3 sub-strains have common origin.

Strikingly, the blood distribution pattern shows extreme
variability among Canton-S sub-strains. Of the total 60 hy-
bridization sites, most are unique (60 %). One site is shared by
all five sub-strains, two sites are shared by three sub-strains,
and pairwise coincidences range from one to six common
sites between different pairs (Fig. 3). Consequently, genetic
contamination of at least some sub-strains cannot be excluded.
Additional evidence for genetic contamination comes from the
presence of traces of the P-element in some of these Canton-S
sub-strains (Ignatenko et al., 2015) despite the fact that classi-
cally Canton-S serves as the gold standard for being P-element-
negative. It is interesting that traces of the P-element (two
sites per genome) were found only on the third chromosome
and were localized in different regions of the CS1, CS2, CS4
genomes (Ignatenko et al., 2015). Notably, P-element appeared
in the D. melanogaster genome later than the Canton-S strain
was isolated from nature. Rahman with coauthors (2015) also
reported introgression of P-element-containing lab strains into
certain stocks of Oregon R, which should be free of P-ele-
ments originally (Robertson, Engels, 1989).

P-element pattern in Harwich sub-strains

We identified 85 P-element hybridization sites in Harwich
sub-strains, of which only 5 % were common for all three
sub-strains (Fig. 4, Table S3, Figs S1-S3). The percentage of
unique P-element hybridization sites is 33 % for H1, 69 % for
H2 and 28 % for H3 (Fig. 5). This result shows much higher
variability in P-element distribution compared to blood dis-
tribution among the Harwich sub-strains. Moreover, common
P-element hybridization sites, for example in 3F regions, show
weak signal in the H3 sub-strain, suggesting a possible dif-
ference in fine structure of P-elements in different sub-strains
(Fig. 4). Although FISH is a semi-quantitative method, the
use of a full-length copy of the P-element as a probe allows
interpreting the intensity of the signal as a reflection of the
size of the sequence with which the probe hybridizes on the
chromosome. Thus, the difference between sub-strains in the
distribution of hybridization sites may be greater than we
assume.

The H2 sub-strain harbors the largest number of unique
P-element sites (44 %), which is consistent with blood dis-
tribution in this sub-strain also being the most distinct from
the other two Harwich sub-strains in pairwise comparisons.
In turn, the H1 and H3 sub-strains, which show the greatest
similarity in blood distribution, shared 35 % (16 out of 47)

Fig. 4. Localization of P-element (red) and blood TE (green) hybridization sites on the end of the X chromosomes of
Harwich sub-strains from different laboratories. DAPI (blue).

FTEHETUKA »XUBOTHbIX / ANIMAL GENETICS 39



L.P. Zakharenko
Y.Y. llinsky

w W
o v
T T

N
[
T

[
T

o
T

Number of hybridization sites
N
o

v

B

H1, H2 H2, H3 H1 H2 H3
Combination of sub-strains

0
H1,H2, H3 H1,H3

Fig. 5. Distribution of common and unique P-element hybridiza-
tion sites in Harwich sub-strains.

of P-element hybridization sites. Thus, although the Harwich
sub-strains are more heterogeneous in P-element distribution
compared to blood distribution, a closer relationship between
the H1 and H3 sub-strains is suggested by distribution patterns
of both retrotransposons. Besides, the H2 and H3 sub-strains
have visible genetic markers that help to monitor the purity
of the strains. H3 has a mutation in the white gene, H2, in the
sepia gene. The origin of the sepia and white mutations has
not been precisely determined. The H3 strain was obtained
from L. Kaidanov in 1996. Similarities in P-element distribu-
tions at the end of the X chromosomes of different Harwich
derivatives support the spontaneous occurrence of the white
mutation at least (Fig. 4).

Three Canton-S sub-strains (CS1, CS2, CS4) contain P-ele-
ment derivatives as a result of possible genetic contamination.
Given that derivatives of P-element were found only on the
third chromosome, these sub-strains may share a common
origin and may have been distributed between laboratories
after P-element contamination. In terms of blood distribu-
tion, the CS1 and CS4 sub-strains show the highest degree of
similarity among all pairwise comparisons. CS3 and CS5 have
no traces of the P-element in the genome; this circumstance
makes them similar.

Discussion
We found that all Canton-S sub-strains have strong M cyto-
types and all Harwich sub-strains exhibit a strong P cytotype
independent of possible genetic contamination and a different
pattern of P-element distribution. A comparison of the Har-
wich sub-strains indicates that the P-element can change its
position without crossing with M strains. This is similar to the
genomic instability reported for /-elements, which also occurs
in the absence of dysgenic crosses (Moschetti et al., 2010).
The symptoms of IR (Inducer-Reactive) HD differ from those
of PM HD: dysgenic females lay eggs, but the offspring die at
the embryonic stage. In both cases, the symptoms are consis-
tently reproduced with the same physiological manifestations
typical of a given HD type and specific reference strains. All
other things being equal, only a limited number of strains can
induce HD in both cases.

The Harwich strain was separated from nature (Harwich,
Massachusetts) in 1967 by M.L. Tracey (Kidwell et al., 1977).

40

Different patterns of P transposon distribution
in Harwich sub-strains

The peak of activity in studying the PM HD phenomenon and
the spread of the strain across laboratories occurred in the 90s
of the last century (Anxolabehere et al., 1984, 1988; Wang et
al., 1993; Simmons et al., 1996; Ronsseray et al., 1998). During
this time, at least 300 generations of Drosophila have changed.
The H1 and H3 sub-strains differ in 11 out of 25 common
blood hybridization sites, and in 31 out of 47 P-element sites.
In our case, the rate of transposition can be estimated as at least
as 15x10~*(11/25/300) per site per genome per generation and
22x104(31/47/300) for blood and for P-element, respectively.

According to the FISH analyses, the rate of TE transposi-
tions in natural populations varies by several orders of magni-
tude, ranging from 107> per copy per generation to 102 per
copy per generation (Pasyukova et al., 1998; Maside et al.,
2000; Diaz-Gonzalez et al., 2011). Sequencing analysis of
parents and offspring from 18 families of full-sib D. melano-
gaster estimated the range of TE insertion rate from 1073 per
copy per generation to 107> per copy per generation (Wang
et al., 2023). By comparing the parents and offspring in each
family, authors identified 89 new TE insertions across the
89 samples, making it only one insertion per genome per gene-
ration on average (Wang et al., 2023). The rate of movement
of the P-element in our experiment is in the range typical for
the movement of other TEs.

Whole genome sequencing was used to estimate the rate
of P-element movement in dysgenic ovaries and germ cells
(Moon et al., 2018; Jansen et al., 2024).

Contrary to predictions based on the insertional mutage-
nesis model of hybrid dysgenesis, single-cell whole-genome
sequencing analysis of DNA from dysgenic and non-dysgenic
embryos at late embryonic stages (before dysgenic germ cell
death) shows that dysgenic and non-dysgenic germ cells ac-
quire unexpectedly similar, low numbers of new heterozygous
P-element insertions (Jansen et al., 2024). The authors found
double-strand breaks in generative cells and proposed that
transposase excises the P-element, but does not integrate it into
the genome (Jansen et al., 2024). To confirm their assumption,
the authors simulate the excision of the P-element by using
CRISPR Cas9. However, the gaps with blunt ends, induced by
CRISPR Cas9, are usually completed by a non-homologous
path (Quétier, 2016), whereas transposase recognizes the
inverted terminal ends of the P-element and cuts them with
the formation of sticky ends, which are successfully ligated
or completed by reparation enzymes using the homolog. The
excision of the P-element can occur precisely, without loss
of gene functionality (Weinert et al., 2005). Double-strand
breaks in dysgenic germline cells can be induced not only by
P-element translocation.

Moon with coauthors investigated the rate of P-element
movement in the ovaries of dysgenic females raised at 18 °C,
when symptoms of hybrid dysgenesis do not appear and the
ovaries have normal morphology (Moon et al., 2018). Never-
theless, the authors found 527 new P-element insertion sites
in dysgenic ovaries. However, only a single new P-element
insertion was found in F1 and F2 dysgenic progeny (Eggleston
et al., 1988). It means that cells with a huge number of new
P-elements should be eliminated, but the ovaries of dysgenic
females raised at 18 °C, paradoxically, have normal morpho-
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logy. Thus, disputable results were obtained about the mass
movement of P-elements during PM HD.

It should be noted that Moon with coauthors do not see the
movement of other TE families in the dysgenic cross direction
(Moon et al., 2018).

The Harwich genome contains 132 P-elements according to
Moon, and 80 (half of which are heterozygous) according to
Jansen with coauthors (Moon et al., 2018; Jansen et al., 2024).
On the one hand, the annotation of sequenced genomes with
repeats is still imperfect and the difference can be explained
by a reading error. For example, Moon with coauthors (2018)
admit that 34 new insertions per genome may be false posi-
tives. On the other hand, it is possible that the issue is not
only in the accuracy of the sequencing method or the choice
of tissue for sequencing but also that the Harwich sub-strains,
although having the same origin, were cultivated in different
laboratories for a long time. Jansen with coauthors used the
Harwich strain from BDSC. According to Ronsseray, this
strain descended from two females since 1967 (Ronsseray
et al., 1984). The initial polymorphism of the strain may af-
fect the heterogeneity of the sub-strains. Moon (Moon et al.,
2018) received the Harwich strain from Khurana et al. (2011),
Khurana (Khurana et al., 2011) received the Harwich strain
from Ronsseray. Thus, sub-strains originate from the same
source, but have been cultured independently for a long time.

According to our data, Harwich sub-strains from differ-
ent laboratories also differ in the number and localization of
P-element hybridization sites. The sub-strain obtained from
Ronsseray has more P-element hybridization sites than the sub-
strains from BDSC. This is less than that revealed by sequenc-
ing, because the sensitivity of the FISH method depends on the
specific activity of the labeled probe. In addition, weak signals
may be missed during FISH analysis. Nevertheless, according
to our data, relationship between the Harwich sub-strains is
undeniable, since the percentage of common hybridization
sites between the Harwich sub-strains is higher than between
obviously unrelated strains.

PM HD may result not only from possible massive P-cle-
ment movement, but also from an incompatibility of tempe-
rature-dependent metabolic processes of sensitive to PM HD
strains, as dysgenic flies, when reared at low temperatures
(20 °C), do not display dysgenic symptoms (Engels, Preston,
1979; Dorogova et al., 2017). Additionally, there is a hormonal
difference between dysgenic and non-dysgenic flies (Zakharen-
ko etal., 2014). The reference PM HD Harwich and Canton-S
strains also differ in a number of physiological characteristics:
life expectancy, fertility, locomotor activity, development rate
(Zakharenko et al., 2024). The asymmetry in the expression
of the dysgenic traits, characteristic of interspecific hybrids,
suggests a significant genetic distance between the reference
PM HD strains not only in P-element absence/presence.

Conclusion

The relationship between Harwich sub-strains is undeniable
despite the difference in P-element distribution pattern. The
rate of movement of the P-element in Harwich sub-strains
without induction by crossing is in the range typical for the
movement of other TEs. All Canton-S sub-strains have strong
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Pa3Hblit naTTepH pacnpeaeneHna P-TpaHCNo3oHa
B OTBOAKAX NvHuM Harwich

M cytotypes and all Harwich sub-strains exhibit a strong
P cytotype independently of possible genetic contamination
and a different pattern of P-element distribution.
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JIokyc cou qDTF-7 Kak rnpmuMep reHeTU4YeCKOM reTeporeHHOCTN,
ACCOLIMMPOBAHHOM C MIPOOO/IKUTEIbHOCTBIO IIBETEHUS
I CO3peBaHU4g

P.H. ITepduanen 1@, M.I. llImarosal, A.B. lJep6anp L2 E A. Caanna (012

T MepepanbHblil NCCNe[OBATENbCKNN LIEHTP VIHCTUTYT umtonornm u reHeTkn Cubunpckoro otaeneHus Poccuiickol akagemum Hayk, Hosocubupck, Poccus
2 KypuaToBCKWin reHoMHbIN LeHTp ULl CO PAH, HoBocnbupck, Poccus

PerfilyevRN@bionet.nsc.ru

AHHoOTauuA. B HacTosLlee BpeMAa MOHOrEHOMHbIV aHanu3 accouymnaumin (GWAS) ctan ctaHgapTHbIM NOAXOA0M ANA
NAEHTUOMKALMN NTOKYCOB KOJIMYECTBEHHBIX MPU3HAKOB, acCOLMMPOBAHHBIX C PasiUYHbIMU  GEeHOTUMMYECKUMMI
npusHakamu. [Mpv nocnegytowem nyyeHnn nokyca, T. €. MOUCKe reHa 1 MyTauuu, KOTopble BAUAIOT Ha MPU3HaK, MOXKHO
CTONKHYTbCA C pa3HbiMu npobnemamn. OpaHa 13 npobnem — reHeTnYeckas (MM NOKYCHasA) reTeporeHHOCTb, CUTyaLus,
KOTAia annenn 13 pasHbix 651IM3KO PacrofioXKeHHbIX FeHOB B OAHOM NOKYCe BAVAIOT Ha OAVH Npr3HaK. PaHee c nomoLLbio
GWAS Ha xpomocome 3 con Mbl 06Hapyxmnu nokyc qDTF-7, accoummpoBaHHbI C NPOAONIXKUTENIbHOCTbIO LiIBETEHUA B
ycnosusax Hosocmbrpcka. MepBoHayanbHoO AnA AaHHOMO NIOKyCa B KayecTBe Hanboree BEpOATHOrO reHa-KaHAvAaTa
Mbl onpegenunu GmTOET, optonor TOET (TARGET OF EAT 1), n3BecTHOro perynatopa LBeTeHus y apabupgoncuca.
Y GmTOET 66111 06Hapy»KeHbl YeTblpe OCHOBHbIX FanoT1Ma, KOTopble aCCOLMMPOBaHbI C LIBETEHMEM U CO3PEBaHMEM
COoW 1, BEPOATHO, CBA3aHbI C afanTaumnen con K ceBepHbIM LinpoTam. OAHAKO 3TOT reH AeMOHCTPUPOBa oYeHb cnabyto
accoymaumio ¢ uBeTeHrem com B HoBocnbupckoin obnacti no cpaBHeHmto ¢ OpnoBCKOW, YTO YKa3biBano Ha Hanuuve
B COCTaBe JIOKyCa [pyroro reHa, KOTopbli MOXeT BANATb Ha LBeTeHune cou. [ToBTOPHO MpoaHanM3MpoBaB reHbl B
cocTaBe niokyca qDTF-7, Mbl MpMMepHO Ha 21 T.N.H. Bbllwe reHa GMTOET o6Hapyxunu GmRVES8c, opTonor reHa RVE8
(REVEILLE 8), kOTOpbIN BOBMIEYEH B NPOLIECCH Pa3BUTUSA Y apabugoncrca B KauecTBe KOMMOHEHTa LMPKagHbIX PUTMOB.
M3yunB ecTecTBeHHOE HYKNeoTUAHOE pa3Hoobpasme GMRVESC, Mbl BbIABUM YeTbIpe OCHOBHbIX ranioTumna, Kotopble
BO3HVK/IN 13-3a TPEX OAHOHYK/IEOTUAHbIX 3aMeH 1 OfHOW Aeneunn AAMHon 19 n.H., NPUBOAALLEN K CABUTY PamMKu
cunTbiBaHUA. [ina onpefeneHna Tpex rannotunos GmRVESchar!. 3,4, npeobnapatolyx B COBPEMEHHbIX COPTaxX COU, Mbl
paspabotanu JHK-mapkepbl. C NOMOLLbIO 3TUX MapKePOB Mbl FeHOTUMMPOBann 129 copToobpasLioB Cou, ANIA KOTOPbIX
paHee V3yunny NpPOJOIKUTENBHOCTb Pa3BUTUA B ycnosuax Hosocubupckon n Opnosckoi obnacTeld. B pesynbrate
C MOMOLLbIO HALINX CBEAEHUA U AaHHbIX U3 SoyOmics Mbl 0O6HapyXunmM accounauuto rannotunos GmRVESchap3 n
GMRVES8char4 ¢ no3gHMM UBETEHMEM U cOo3peBaHMeM coun. PaHHecnenobin rannotmn GmRVE8char! npeobnapaer B
copToobpasuax M3 ceBepHbIX PErrmoHOB W, BEPOATHO, CBA3aH C ajanTauuelnl coum K ceBepHbIM WupoTam. fannotun
GMRVES8char4 nonHOCTbIO cUeneH ¢ paHHecnenbiM annenem GmTOETC, a rannotun GmRVE8char3 cunbHO cuenneH ¢
nosgHecnensim annenem GmTOETT. Kpome Toro, pesynbtat ANOVA nokasbiBaeT Hannuume B3avmopnenctausa GmRVESc
C FMaBHbIM PErynaTopom LiBeTeHnsA con — reHom E1. [laHHOe B3aMOAeNCTBIUE BblpaXkaeTcs 6onee cunbHbIM 3ddekTom
rannotunoB GmRVES8char3. 4 Ha LBeTeHVe 1 CO3peBaHNe Ha reHeTYeckom ¢oHe annens el-as B cpaBHeHun ¢ E7. Bce
3T0 popMUPYET [OCTAaTOYHO KOMMNEKCHBIN U UHTEPECHBIN TOKYC, KOTOPbIN MOXET BbICTYNaTb Kak BO3MOXHbI pumep
reHeTNYeCcKn reTeporeHHOro JIoKyca.

KnioueBbie cnoBa: con; uBeTeHue; TOET; RVES; reHeTnyecKkasn reTeporeHHoCTb

[nsa yntuposaHusa: Mepdunbes PH., LLimatoBa M.U., LLlep6aHb A.B., CanuHa E.A. JTokyc con qDTF-7 Kak npuMep reHeTu-
YeCKOW reTeporeHHOCTI, aCCOLMMPOBAHHOW C MPOLOSIKNTENIbHOCTBIO LIBETEHUA U CO3peBaHuA. Bagunosckuli XypHan
2eHemuKu u cenexkyuu. 2026;30(1):43-52. doi 10.18699/vjgb-26-06

®uriHaHcupoBaHue. PaboTa BbinosiHeHa nNpu noagepxke PHO (npoekT N2 21-76-30003-M). Pa3paboTka MapKepoB 1 Ux
BepudrKauma NnpoBeaeHbl B pamkax 6togxkeTHoro npoekta FWNR-2025-0033.

Soybean locus gDTF-7 as an example of genetic heterogeneity
associated with flowering and maturity time

R.N. Perfil'ev ()1 @, M.L Shmatoval, A.B. Shcherban (92, E.A. Salina (91 2

T Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Kurchatov Genomic Center of ICG SB RAS, Novosibirsk, Russia

PerfilyevRN@bionet.nsc.ru

Abstract. Genome-wide association studies (GWAS) have become a standard approach for identifying quantitative
trait loci associated with diverse phenotypic traits. Further investigation of the locus - specifically, the search for the
causal gene and mutation — may present various challenges. One of the challenges is genetic heterogeneity (or locus
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Soybean locus qDTF-7
as an example of genetic heterogeneity

heterogeneity), when alleles from different closely located genes can influence the same trait. Recently, using GWAS,
we found the gDTF-7 locus on soybean chromosome 3, which is associated with flowering time under Novosibirsk
conditions. Initially, we identified GmTOE1, an ortholog of TOET (TARGET OF EAT1), a known flowering-time regulator in
Arabidopsis, as the most likely candidate gene for this locus. Four major haplotypes were identified in GmTOET, which
are associated with soybean flowering and maturity and are likely to provide soybean adaptation to northern latitudes.
However, this gene showed only a very weak association with soybean flowering in the Novosibirsk region compared to
the Oryol region, suggesting the presence of another gene within the locus that influences flowering time. We therefore
re-analyzed genesin the gDTF-7 locus and identified GmRVESc, an Arabidopsis RVE8 (REVEILLE 8) ortholog, located ~21 kb
upstream of GmTOET; RVES is a circadian clock component involved in plant development. After studying the natural
variation of the GmRVE8c genes, we found four major haplotypes that arose due to three nonsynonymous substitutions
and one 19-bp deletion leading to a frameshift. To identify three haplotypes, GmRVESc? 34 which are predominant in
improved soybean cultivars, we developed DNA markers. Using these markers, we genotyped 129 soybean accessions,
the developmental time of which had been studied in the Novosibirsk and Oryol regions. Using our data and data from
SoyOmics, we found the GmRVE8c"P3 and GmRVE8c"P* haplotypes to be associated with late flowering and maturity
in soybean. The early-maturing haplotype GmRVESc"®' is predominant in cultivars from northern regions and is likely
associated with the adaptation of soybean to high latitudes. The GmRVESc"®* haplotype is in complete linkage with
the early-maturing allele GmTOE1S, whereas the GmRVE8c'?P3 haplotype shows strong linkage with the late maturing
allele GmTOE1. Furthermore, the ANOVA results indicate an interaction between GmRVESc and ET, the major regulator
of flowering in soybean. This interaction is manifested as a stronger effect of the GmRVESc"%P># haplotypes on flowering
and maturity in the genetic background of the e7-as allele compared with E7. Together, these findings define a complex
and intriguing locus, which may serve as a possible example of a genetically heterogeneous locus.

Key words: soybean; flowering; TOET; RVES; genetic heterogeneity
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BBepeHue

brnaromapst nocTmkeHHsM B METOJaX MaccoBOro (heHOTUIIH-
pPOBaHMS M TEHOTUIIMPOBAHUS PACTCHUI M PAa3BUTHIO Mare-
MaTHYECKHX MOZIENIEH, MO3BOJISIONINX HAXOUTh CBS3H MEXKITY
(PEHOTUIIOM U TEHOTUIIOM, OBIIO OTKPHITO MHOXKECTBO JIOKY-
COB KOJIMYECTBEHHBIX MPU3HAKOB y pacteHuit (Zhang et al.,
2022). I[IpomomKUTeTFHOCTD IIBETCHHSI M CO3PEBAHUS COH HE
SIBIISICTCS] UCKITIOUEHHEM, 1 ¢ ToMorbio GWAS (genome-wide
association studies) OpuTH 0OHAPYKEHBI T€HBI, KOHTPOIHPYIO-
[Iie TaHHBI npu3Hak, Hanpumep: Tof5 (Dong et al., 2022),
Tof8 (Li H. et al., 2023a), Tof13 (Li H. et al., 2023b), Tof16
(Dong et al., 2021), gFT13-3 (Li Y.F. et al., 2024), GmAP1d
(Guo et al., 2024). Taxk, ms nokyca 7of16 ObI7I0 ycTaHOBIIE-
HO, 4TO OH KOAHMpYyeT optoisior apabunoncuca — ren CCAl
(CIRCADIAN CLOCK ASSOCIATED 1), xntoueBoi KOM-
MIOHEHT IUPKAIHBIX PUTMOB U TPAHCKPHUIIIMOHHBIN (hakTOp
¢ JJHK-ces3piBaromuMm nomeHoM MYB (Dong et al., 2021).
PenieccuBHble amnenu f0f16, y KOTOPBIX YaCTUYHO WM TOJ-
HOCTBIO TTOTEpsIHA NEePBOHAYANIbHAS (PYHKINS KOTUPYEMOTO
Oernka, 3a/IepXKUBAIOT [[BETEHUE U CO3PEBAHNE COM, UTO HaM-
Goree OJIATONIPUSATHO JUISL COPTOB, BO3/IEIIBIBAEMBIX B FOXKHBIX
mmmporax (Dong et al., 2021).

B renome com 6put0 maentTudummposano 54 CCAl-like
Oenka (Bian et al., 2017), U3 HEX YeThIpe MOMAAAIOT B OIHY
(uIOreHeTHYECKy0 KAy M IOKa3bIBaIOT HamOoJbliee
cxXoicTBO ¢ reHamu apabuponcuca RVE4 (REVEILLE 4) u
RVES (Bian et al., 2017; Shan et al., 2021; Bao et al., 2024).
[oreps pyrkmmuu RVES y apadbunorncuca yKopaauBaeT BpeMst
LBETEHHS B YCIOBHUSIX KOPOTKOTO M JUIMHHOTO JIHS, TOT/IA KaK
CBEpXIKCIpeccHs, Hao00poT, 3axepxkuBaeTr nBereHue (Ra-
wat et al., 2011). TToMmumoO yMEHBIIEHUS CpPOKa IBETCHHUS,
MYyTaHTHL rved 6 8 u rve3 4 5 6 8 apabugorncuca UMEIOT
YCKOPEHHOE pa3BUTHE M yBEIMYECHHBIH pasMep KIETOK, 4TO
BBI3BAHO HapylieHueM B akcripeccuu PIF4 (PHYTOCHROME

INTERACTING FACTOR 4) n PIF'5 n CHI>KEHHOM IPOTEacoM-
Hoif aktuBHOCTRIO (Gray et al., 2017; Scandola et al., 2022).
@yHKIMOHAIbHAS POJib TeHOB RVE B IBETEHUH U CO3PEBAHUU
y cou 1oka cinabo oxapakrepu3oBaHa (Shan et al., 2021). He-
JIaBHO OBIJIO YCTaHOBIICHO, UTO cBepxaKcpeccuss GmMYB133
(ren, Hanbomee omu3kuii kK RVES apabunoncuca) u GmRVESa
B apa0uiorcrce IpUBOAMT K 3aiepxkKe nBeTeHus (Shan et al.,
2021; Bao et al., 2024). MaTEepecHO, Y4TO CBEPXIKCIPECCHUS
GmPIF4b y con yckopsieT He TOJBKO I[BETEHHE, HO U IIPO-
XOKIeHne nocuenyromux (a3 pazsutus (Arya et al., 2021).
VY cou Taxke HeJaBHO ObLIA MPEITIOKEHA CXeMa B3anMOJIeH-
ctBust GmMYB133-PRR5-PIF4, nockonbky GmMYBI133 B
apaOuIOTICHICe MOXKET CBSI3BIBATHCS C MPOMOTOpoM PRRS
(PSEUDO-RESPONSE REGULATOR 5), a PRRS5 — ¢ PIF4
(Shan et al., 2021).

B Hacrosee BpeMst JHIIb JUIs OTHOCHTEIILHO HEOOIBIION
YacTH JIOKYCOB KOJIMYECTBEHHBIX NPU3HAKOB Yy pacTeHUH
OBLTH BBISIBIICHBI TEHBI M MyTalllH, KOTOPBIE BIUSIOT HA TIPH-
3HaK. ECTh MHOTO pa3miyHbIX IPUYMH, MEIIAIOIINX TOYHOMY
KapTHPOBAHMIO — OIIPE/EIICHUIO T'eHa U MYTalluU B COCTaBe
JOKyca, Biusomei Ha GpopmupoBanne npusHaka (Clauw et
al., 2024). OxHoit u3 pobaeM sBIIETCS ajulesIbHask TeTepo-
TeHHOCTH — CUTYaIHs, KOI/Ia pa3Hble MyTalllil B OJJHOM I'eHE
BElyT K OIMHAKOBOMY MJIM TIOX0xkeMy eHotuiy (Sasaki et al.,
2021; Clauw et al., 2024; Liu H.-J. et al., 2024). Knaccnueckuit
TIpUMep JUISl paCTEHUI — 3TO MHOXKECTBEHHBIC aJJIEIH y TeHA
FRI(FRIGIDA) apabunorncuca, KOTOpble UMEIOT I0Ka3aHHBIH
sddekr Ha sxenpeccuro FLC (FLOWERING LOCUS C), Ho
IIPH 3TOM HE ACTEKTHPYIOTCs ¢ momMombio GWAS 6e3 nobas-
JICHUSI 9THX aJljIesIel Kak KoBapuaT B CTAaTHCTHYECKYTO MOJIEIb
(Atwell et al., 2010). Ipyras, MmeHee u3y4eHHas mpodIema —
reHeTn4ecKasi (WM JIOKYCHasl) TeTepPOreHHOCTh — CUTYaIHs,
KOTJIa aJIeNId U3 pa3HbBIX T€HOB B OAHOM JIOKYCE BIHSIOT
Ha onuH npu3Hak (Sasaki et al., 2021; Clauw et al., 2024;
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P.H. Mepdunves, M.N. LLimatosa
A.B. LLlep6aHsb, E.A. CanvHa

Liu H.-J. et al., 2024). [IpumMepoB TeHETUIECKOHN TeTepOoreH-
HOCTH M3BECTHO 3HaunTenbHO MeHbine. Hemasuo E. Sasaki
¢ xomreramu (2021) oxapakTepH30Bay MOIOOHEIN JOKYC y
apabwuoIicuca, oKasas, 4To acconuanms reao AOP2/A0OP3
(ALKENYL HYDROXALKYL PRODUCING) co BpeMeHEM
LIBETEHHS HAa CAMOM JIEJIC MOXKET OBITh OOBSICHEHA JABYMSI CO-
cenanmu renamMu NDX1 (NODULIN HOMEOBOX GENES 1)
n GAI (GIBBERELLIC ACID REQUIRING 1). Y cou Toxe
ObLT Hali/IeH TOI00HBIH JIOKYC M TOKa3aHO, YTO YCTOHIHBOCTh
6000B K PaCTPECKUBAHUIO BO3HUKJIA B pE3yJabTare MyTalnit
y ABYX ONH3KO PacmoiOKeHHBIX TeHOB, Shl u Pdhl (Li S. et
al., 2024).

B nacrosimieit pabote Mbl 00CysK1aeM BOZMOXKHBIIH TIPUMEP
TEHETHYECKN TETEPOreHHOTO JIOKYCa y COM. 3aHOBO IPOaHaIIH-
3UpOBaB I'eHbl B cocTase Jiokyca qDTF-7, accouunpoBaHHOrO
C I[BETEHHUEM COM, MBI OOHAPYXMJIM HOBBIH I'€H-KaHIUAAT
GmRVESc, koTOpbIl HAXOAUTCS HA PAcCTOAHUU 21 T.1. H. OT
Jpyroro cuiabHOro rena-kanaunata GmTOEI. Y GmRVESc
OBbLIH BBISIBIICHBI My TaIMH, (DOPMHUPYIOIIHE PA3IHIHBIC TarlIo-
THUIIBI ¥ aCCOLIMMPOBAHHBIE C I[BETEHHEM U CO3PEBAHUEM COM.
Kpowme Toro, 3phekT rarmoTnos Ha BpeMst IIBETCHHS U CO3pe-
Banue GmRVESc neMOHCTpUpPYET 3aBUCUMOCTD OT AJIJIETILHOTO
COCTOSIHMSI TVIAaBHOTO PETyJIATOpa IBETeHNs con —reHa E/. Bee
9T0 (OPMHUPYET JAOCTATOYHO WHTEPECHBIH M KOMIIJICKCHBIN
JIOKyC, ¥ Halla padoTa MOXET MOCITYKHTh TEOPETHUECKHM
MIPUMEPOM TOTO, KAKHE €CTECTBEHHBIE MyTalliH MOT'YT CTOSITh
3a ycTaHaBiIMBaeMbIMH ¢ momouibio GWAS accounanusmu.

MaTtepuanbl n metogbl
PacrureibHbli MaTepuas u ¢peHoTunbl. B kadecTse pacTu-
TEJILHOTO MaTepuaia Mbl UCIONIb30BaIK 129 copToodpasos
cou (63 copra u 66 CENEKIIMOHHBIX JIMHUI), KOTOpPBIE OBLIH
OIMCaHbl B HalMX npeabinynmx padorax (Perfil’ev et al.,
2023, 2024). 1ns atix coproodpasuos B 2021 u 2022 rr. B yc-
noBusix HoBocubupceka u Opiia Obliia n3ydeHa MPOI0DKUTEIb-
HOCTB OT BcxonoB 1o nsereHust (DTE, days from emergence
to flowering) u coszpeBanus (DTM, days from emergence to
maturity). Jletau noneBoro 3KkCrepuMeHTa O1caHbl B paboTe
(Perfil’ev et al., 2023). B kauecTBe (pEHOTUIIOB [IsI TaHHBIX
129 coprooOpasiioB Mbl Hcrionb3oBaiu 3HaueHnst BLUP (Best
Linear Unbiased Prediction), KoTopbie ObLTH MOTYYCHBI IS
Ka)XJIOTO PErHOHa OTACIbHO, Kak panee (Perfil’ev etal., 2024).
Bce noctynnbie Habmonenus no BBD (Beginning bloom
date) u MD (Pod maturity date) 6butH 3arpysxeHbl u3 SoyOmics
(https://ngdc.cneb.ac.cn/soyomics/index) (Liu Y. et al., 2023).
Jnst naHHBIX (PEHOTUIIOB OBUTH TAaK)KE pacUUTaHbl 3HAUCHMS
BLUP ¢ nomoursto Gpynkuunu “Imer” u3 nakera Ime4 (Bates et
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JNokyc con qDTF-7
KaK MprMep reHeTNYeCKol reTeporeHHoCTH

al., 2015) mo hopmyre, T TEHOTHIT, JIOKAIIUS ¥ TOJT OTMEUCHBI
Kak ciydaitaeiii ¢ ¢ext. [lomydennsie 3HaueHnss BLUP nc-
TIOJTH30BAJIH B IAJIbHEHIIIEM aHAIIN3E.

Xapakrepucruka jokyca DTF-7 u ecrectBeHHbIE My~
Tauum y rena GmRVES8c. Criucok reHoB, pacrioil0KeHHbIX B
cocrase nokyca qDTF-7, 6611 B3aT u3 6a3s1 SoyBase (https:/
www.soybase.org/).

Wudopmanus o rammorunax y rena GmRVESc/SoyZHI3
03G159500 B mpenenax Komupyromei obracTi ObLIa TOITy-
yeHa yepes Moayib “HapSnap” ¢ caiita SoyOmics. Hactpoii-
k1 B “HapSnap” nmo ymondanuio, 3a UCKIIOUEHHEM Hapa-
METpOB B “Variation type”, KOTOPBIi HE BKIIIOYAT BapUAHTHI
“Synonymous” u “Unclassed”.

Jlns ioncka OCHOBHBIX OETKOBBIX OMEHOB Y GmRVESc/
Glyma.03G177300 ucnons3oBanu 6a3y manaeix ModiDB
(https://mobidb.org/) (Piovesan et al., 2025).

Konokammsamus qDTF-7 ¢ panee o6HapyxenHbsiMu QTL
OpLTa M3ydeHa ¢ momoIrsio Moayis “BreedingTips” ¢ caiita
SoyOmics.

Boinenenne JTHK, pazpadorka JHK-mapkepoB, reHoTH-
nupoBanme. [enomuyio [JTHK u3 3—4-n1HeBHBIX TPOPOCTKOB,
BBIPAIICHHBIX B Yallkax [leTpu, BBLACTAIN ¢ IPUMEHEHUEM
CTAB 6ydepa (Rogers, Bendich, 1985).

Hnsa paspaborku JJHK-mapkepoB k reny GmRVESc/
Glyma.03G177300 ncrions30Baiu HyKJICOTHIHYIO MTOCIIEIO0-
BaTENBHOCTH, TOMYUYCHHYTO U3 0a3bl JaHHBIX Ensembl Plants
(https://plants.ensembl.org/index.html). [Tom6op mpaiimepos
ocymectrism B mporpamme UGENE V 48.0 (Okonechnikov
et al., 2012) (http://ugene.net/ru/). Hykneornauslie mociemno-
BaTEIbHOCTH MPAiMEPOB MPHUBE/ICHBI B TaOIHIIE.

Jos [P ucnonszoBanu buoMactep HS-Taq ITLIP-Color
(2x) («buomadmukcy, HoBocubupcek, Poccust). Cmech o0
oobemom 25 Mk copeprkana 10 MM Tpuc-HCI, pH 8.5, 50 MM
KCL 0.1 % Tsun 20, 2 MM MgCl,, 0.25 MM kaxmoro npaiime-
pa, 50-100 ur JHK u 1 e. a. Taq AHK-nonumepaspl. YcioBus
TILIP: 95 °C B Teuenue 5 mun; ganee 34 nuxina: 95 °C 15 c,
55°C10¢, 72 °C 20c; 72 °C B Teuenue 1 MuH.

I'mppomms TP npoxykros pectpukraszoit Mhl I (SibEn-
zyme, HoBocubupck, Poccnst) mpoBoauiy B peakmOHHON
cMmecu oommM 00beMoM 20 MKII, KOTOpas coaepikama: 8 MK
[P mponyxTa; 2 mxx 10x Oydepa, pekOMEHIOBAaHHOTO ITPO-
m3Bonutenem; 1 e.a. pepmenta; 10 mxn ddH,O. [IpomykTer
PECTPHUKINH ¥ aMIUTH(UKALUK pa3aessuin B 2—2.5 % arapos-
HOM TeJIe ¢ 3THIMyM OpomMuaoM. PesymbraTsl anekrpodopesa
¢dororpaduposamu ¢ momompeo Gel Doc™ XR+ (BioRad,
CIIIA). B xauectBe Mapkepa MoneKyspHbIX BecoB JIHK mc-
monp30Baiy “Step100+50” («buomabmukcey, Poccus).

OHK-mapkepbl, ncnonb3oBaHHbIe As onpefeneHns 0CHOBHbIX rannotunos GmRVESc (Glyma.03G177300/SoyZH13_03G159500)

leH 5-3 MocnepoBaTenbHOCTM NpariMepoB
HanpasneHve
GmMRVESc F AGATAGGATATGATACCATATATTG
R CGGACCAGCTCTCCCTTGAC
GmRVESc F AAGAACGGGGCAGTAGCACACG
R TTCATCCCATGTGACATACCCA

FTEHETUKA U CEJIEKUMA PACTEHUI / PLANT GENETICS AND BREEDING

Fannotnbl  OXupaemble NPOAYKTbI PecTpVKUMOHHBbIN
aMnandrKaunn/pecTpukumm, n.H.  pepmeHT

hap1-3 173 -

hap4 154

hap2, 3 251 Mhl |

hap1, 4 221+30
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R.N. Perfil'ev, M.I. Shmatova
A.B. Shcherban, E.A. Salina

I'erotumst o reny E1 u GmTOE ] nns 129 copTooOpasos
cou OBLTH yCTaHOBJICHEI U oyOnKoBaHK paHee (Perfil’ev et
al., 2023, 2024). JIns yay9imeHHBIX COPTOB M3 0a3bl TaHHBIX
SoyOmics TeHOTHITBI IO MyTamusM soy8699425 nns reHa
E1/SoyZHI3 06G195900 u soy4989324 ms rena GmTOE1/
SoyZHI13 03G159700 6bl1M TONYYESHBI Yepe3 MOIYIb
“HapSnap”, a nnsg myrauuu soy8699425 nononHUTENbHO
nepexoaupoBanbl kKak C — el-as, G — EI annens.

CraTucTHYeCKHH aHaJu3. Accoluanus rarmioTHIIOB
GmRVESc ¢ npoA0IKUTENBHOCTBIO LIBETEHUSI M CO3PEBAHUS
ObLTa yCTaHOBJICHA C TIOMOIIBIO 0a30BOW (DYHKIWH “aov’’ u3
R Bepcun 4.4.2 (https://www.r-project.org/). MHOXeCTBEHHOE
CPaBHEHHUE TAIUIOTHIIOB MPOBOIMIOCH C NCIOIB30BAHNEM
¢yakonu “TukeyHSD”, mocTpoeHue muarpamMMm pa3smaxa H
TEIUIOBBIX KapT C pe3ylbTaTaMi MHOKECTBEHHOTO CpaBHE-
HUS — C HCTIOJTb30BaHMeM mmakeToB “ggplot2” (Wickham, 2016)
u “ggcorplot” (Kassambara, 2023).

Pe3ynbratbl

lNMoBTOpHOE nccnepoBaHue nokyca qDTF-7

BbIABWUJIO HOBbIN reH-KaHaunaaT GmRVESc

Panee ¢ nomonisro mynsTrnokycHor mogenu FarmCPU na xpo-
Mocome 3 cor Mbl 00Hapyxi QTN (Gm03 40959110 A G),
KOTOPBIN OBIT aCCOLMMPOBAH C IIBETEHHEM B ycioBusix Hoso-
cubupcka (Perfil’ev et al., 2024). YcTaHOBICHO, YTO JAHHBIH
QTN naxomgutcst B LD Omnoke pasmepom 553 T.10. H., 3TOT
ydacTok 0611 0603HaueH kak Jokyc qDTF-7 (QTL days from
emergence to flowering 7) (Perfil’ev et al., 2024). B co-
crase sokyca Haxomurest 71 ren (tabn. S1 IMpunoxkenus)',
1 B KauecTBE HamOosee BEpOSITHOTO T'eHa-KaHIHM1aTa Mbl
nepBoHavanbHo onpenenwtn Glyma.03G177500 (nanee
GmTOE]) (Perfil’ev et al., 2024). Onnako 1aHHBIN TeH je-
MOHCTPHPOBAJl OYCHb CJIIA0YI0 ACCOLHMAINIO C I[BETCHHEM
cou B HoBocubupcke no cpasuenuto ¢ Opnom (Perfil’ev et
al., 2024). IToaToMy MBI pEIIIIN 3aHOBO OOJIee BHUMATEIILHO
MIPOAHAIN3UPOBATh TEHBI B COCTaBE JIOKYCa W B pe3ylbTare
obnapyxumu Glyma.03G177300. DTOT TeH KOAUPYET OAWNH
13 YETHIPEX TOMOJIOTOB COM, KOTOPbIE HanboJIee POACTBECHHBI
renam apabunoncuca RVES (REVEILLE 8) u RVE4 (Bao et
al., 2024). B manpHemeM B paMKax HAaCTOSIICH CTATBU TCH
Glyma.03G177300 6yner obo3nauen kak GmRVESc.

VY apabunoncuca red RVES — n3BeCTHBIN KOMIIOHCHT ITHp-
Ka/IHBIX PUTMOB, KOTOPBI B TOM YHCIIE 33/1€PKUBACT [[BETCHHE
(Rawat et al., 2011). CBepxakcnpeccust B apaOuorcrce oa-
HOTO U3 opToJNIoroB RVES (GmRVESa) TpUBOAMT K 3a/IepKKe
userenus (Bao et al., 2024). Bee ato nenmaer GmRVESc no-
TEHIMAJIBLHBIM T€HOM-KaHMJIaTOM B KaueCTBE PETYIATOpa
LBETECHHS U CO3PEBAHUS y COU.

Accounayumsa rannotunoB GmRVESc

C LUBETEHMEM U CO3PEeBaHNEM COU

C nomoripro 6a3sl maHHBIX SOyOmics MBI U3yYHIIA €CTECT-
BEHHOC HYKIICOTHIIHOC pa3sHooOpasue B reHe GmRVESc B
mpenenax ero Koaupyromeid odimactu. B pesymbrare ObLTH
00OHApYXCHBI YETHIPE TalIOTHIIA, KOTOPHIC BOHUKIIHN H3-32

1 Tabn. S1-56 1 puc. S1-S6 MpunoMxeHns JOCTYMHbI MO afpecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx3.zip
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Soybean locus qDTF-7
as an example of genetic heterogeneity

OIHOM JIENeINH, TPUBOSIICH K CIBUTY PAMKH CUMTHIBAHHS,
1 TpeX HECHHOHMMHUYHBIX 3aMeH (Tadm. S2). Jlannas nenenus
JIOJKHA BBI3BIBATH CABHUT PAMKH CUNTBIBAHUS TTOCIE 4-1 aMu-
HOKHCIIOTBI, YTO JJOJKHO ITPUBOIUTE K MOJHOH ITOTEpE TIEPBO-
HaganbHOU QyHKIMH y TeHa (cM. Tabm. S2). Bee BEIsIBICHHBIC
HECHHOHUMHYHBIEC 3aMEHBI HAXOISTCS 3a MPEAETaMu Mpea-
ckaszanHbIX JJHK-cBa3eBatommx gqomenoB MYB (puc. S1).
CI0XHO CKa3aTh, OKa3bIBAIOT JIM 3TH 3aMCHBI BIUSHHUE HA
CTPYKTYPY ¥ (PyHKITHIO KOANpPYeMOro Oenka.

Jlist Tpex Hanbonee pacpoOCTPAHEHHBIX TAIIOTHIIOB MBI
n3yunsim accoruaunio ¢ BLUP_BBD u BLUP_MD vy ynyu-
IIEHHBIX cOpToB cou. [1o pe3yipTaram aHamM3a accorMaIi
n1s BLUP_BBD, Bo3aenbiBaemble copTa ¢ GmRVES8chawr3
3alBETAIOT IOCTOBEPHO MO3KE B cpaBHEHUH ¢ GmR VES8char!
u GmRVESc"* (puc. 1, a). Ilo pe3ynsTaTaM aHajIn3a acco-
nuarmii it BLUP_MD, coproo6pa3sitst ¢ GmRVES8ch3 u
GmRVES8c"%? cospeBaroT JOCTOBEPHO MO3KE B CPABHEHHH C
GmRVESc"! (cm. puc. 1, a).

C menbio UASHTU(UKANNN 3TUX TPEX TalJIOTUIIOB MBI
paspaboramu JJHK-mapkepsr mist myTtammii s0y32494699 u
soy4988787 (cm. Tabmuiry, puc. S2) U ¢ UX ITOMOIIBIO TCHO-
tunrpoBany 129 coproodpa3oB con U3 HaIIeH KOJUICKIINH,
y KoTopsIx Tokyc qDTF-7 Ob11 HepBOHAYATEHO UACHTHPHIIN-
posaH. B pesymnbrare y 109 coprooOpa3mnoB ObLT yCTaHOBICH
GmRVESch! torna xak octaiabHsle 12 u 8 00pa3IoB HeCIH
rarmoruniel GmRVESchP3 w GmRVESchP? cooreTcTBEHHO
(tabm. S3). Takxe GmRVESc moka3pIBacT JOCTOBEPHYIO ac-
counanuio ¢ BLUP_DTF u BLUP_MD B ycnoBusix HoBocu-
6upckoit m OproBcKoif 00IacTei, 1 COPTOOOPA3ITHI, COIEpIKa-
mwe ramtotun GmRVESCP?, nBeTyT M co3peBacT 3HAYUTETh-
HO TI03ke (cM. puc. 1, 0, 8).

VY coptoB I'panims 1 BHUUC-1 MBI paHee oOHApYKUIH
amnens GmTOEIT (Perfil’ev et al., 2024), HO B pe3sysbrare
reHoTunupoBaHus 1o GmRVESc y HUX OBLT BBISBIICH Tarmio-
i GmRVESc"P4, 410 HeoOBIYHO, TTIOCKOIBKY GmRVESchwr*
cieruteH ¢ amteneM GmTOEIC. Crnenyer yuyuThIBaTh, YTO
red GmRVESc ¢hu3ndecku o4eHb OIU3KO PACIIONOKEH K
GmTOE]. 210 nenaet BEpOSTHOCTh HAIMYUS KPOCCOBEPHBIX
rerotunos GmRVESc"P? GmTOE T xpaiine nuskoii. K mpu-
Mepy, B SoyOmics Mbl He HAIlTH HU OTHOTO TAKOTO T€HOTHIIA.
[MosTomy mb 3aHO0BO BELTeH JIHK n3 maHHBIX copTooOpas-
110B, TCHOTUITMPOBAJIN HX C TOMOIIBIO paHee pa3padoTaHHOTO
JHK-mapkepa Ha awtens GmTOEIC (Perfil’ev et al., 2024) n
oOHapykuH y Hux amne’ds GmTOEIC (cM. Tabm. S3).

l'eH GMRVES8c noKa3blBaeT snucratnyeckoe
B3avmogencTeue c reHom E7, a Tak)Ke pacrnosnoKeH
pPAAOM C APYrUM perynatopom useteHna GmTOE1
VY conrensl GmCCAls (CIRCADIAN CLOCK ASSOCIATED 1)
aKTUBUPYIOT LIBETEHHUE Yepe3 MOIaBIEHHE IKCIIPECCUN OCHOB-
Horo pernpeccopa nerenusi — rena £/ (Dong et al., 2021).
I'ensr RVE oTHOCATCSA K CEMEHCTBY TPAHCKPUMIIMOHHBIX
¢daxropoB ¢ CCA1-like MYB nomenamu, mo3tomy Msl Ipea-
ONOXKUIH, 4To QyHKUUsT GmRVESc B KOHTPOJIC IIBETCHUS
TaK)Ke MOXET 3aBUCETh OT reHa E/.

Paccrosuue mexny GmRVESc u GmTOEI cocrtaBnser
~21 1.n.H.,, 1 GmTOE] npakTUYECKH! CIEIyIOIUNA mociue
GmRVESc ren B 5'-3" Harpasnenuu (cM. tadn. S1). Y GmTOE!
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JNokyc con qDTF-7
KaK MprMep reHeTN4eCKo reTeporeHHoCTH

a
ANOVA, df = 2, F value = 32.2, p-value = 4.41e-14*** ANOVA, df = 2, F value = 131, p-value = <2e-16***
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GMRVESC"®P!  GmRVE8ch®3  GmRVE8chP GMRVESC"®P!  GmRVE8ch®3  GmRVESchP*

Puc. 1. Accoumauums rannotunos GmRVESC C NpoaomKUTENbHOCTbIO LBETEHNA 1 CO3PEBaAHUA.

a - accoumauus rannoTtunos GmRVESc ¢ BLUP_BBD v BLUP_MD; 6 — accouymnauus rannotunos GmRVESc ¢ BLUP_DTF n BLUP_DTM B
HoBocnbupcke; 8 — accoumauumsa rannotunos GmRVESc ¢ BLUP_DTF n BLUP_DTM B Opne. benble kKBagpaTbl Ha fMarpaMmax — cpefHee
3HayeHue. 3HauMMble PasNunA Mexay CpaBHMBaeMbIMU reHoTUnamu: *** p < 0.001, ** p < 0.01, * p < 0.05.

€CTb €CTECTBEHHBIC MyTaIlH, KOTOPBIE ACCOIMNPOBAHBI C ITPO-
JIOJDKUTEITLHOCTBIO IIBETEHNUS 1 co3peBanus cou (Perfil’ev et
al., 2024). Panee MBI 0OHApYKWJIN YETHIPE OCHOBHBIX Ta-
TUTOTHIIA, BKJTIOYAsl B PAHHECTICNbIX 1 JIBa MO3IHECTIEIBIX
(manee o6osmauensl kak amiens GmTOEIC uw GmTOEIT
COOTBETCTBEHHO), KOTOPBIE PA3IHIAIOTCSI MKy cOOOH Hy-

FTEHETUKA U CEJIEKUMA PACTEHUI / PLANT GENETICS AND BREEDING

kieotuHOM 3amenor T3 16C, mpuBoAsIIei K 3aMeHe ceprHa
Ha riposuH B 106-it amunoxuciore (Perfil’ev et al., 2024).
MBp! m3yunmim acconnanuio ramiotunos GmRVESc ¢ yde-
ToM TeHeTrdeckoro (oua E/ m GmTOE] ¢ moMompio naH-
HBIX 13 SoyOmics 1 13 Hamero skcriepumenta (puc. S3—S6).
CornacHo pesynsrary ANOVA, mexny GmRVESc n E1 ecth
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JIOCTOBEPHOE B3aMMOJICHCTBHE HA OCHOBAHWHU JAHHBIX U3
SoyOmics (Tabn. S4, S5). DTo KOCBEeHHO yKa3bIBacT Ha Ha-
JINYKME SIMUCTATUYECKOTO B3auMoencTBust Mmexy GmRVESc
u El. Ananu3s yctaHoBiieHHbIX accounanuii jyist BLUP BBD
u BLUP_MD noxka3seiBaer, 9to Ha (hoHE ayiens e/-as ramio-
tansl GmRVESc"3 u GmRVESc"P? nmerot Gonee CHITBHBIN
a¢deKT Ha BpeMs IBETeHUS W co3peBaHus (puc. S3, a, b).
B Harmeii KOIIEKIUK pacTeHus ¢ ramtoTunoM GmRVESchw3
u GmRVESc"P? necyt annens el-as win el-nl, u pacTeHus ¢
GmRVESch4 neMOHCTPHpPYIOT MO3HEE BETCHHE U CO3PEBa-
HHUE OTHOCUTEIBHO OCTAIBHBIX TEHOTHIOB (CM. puc. S3, ¢, d).

ITo BLUP_BBD pacrenus ¢ GmRVESch®! GmTOEIT n
GmRVESchr3 GmTOE 17 3anBetarot JIOCTOBEPHO MO3KE B CPAB-
uennu ¢ GmRVESc" P! GmTOEI® u GmRVESc"! GmTOEIC
(puc. S4, a). [To BLUP_MD Habxiromaercst moxokasi CHTya-
LM, 33 UCKJIIOUeHUeM reroruna GmRVESchP* GmTOEIC,
KOTOpBII CO3PEBAET MO3Ke B cpaBHeHUH ¢ GmRVESchar!
GmTOEIC€ (cm. puc. S4, ). Ilo maHHBIM U3 HAIICH KOJUTEKIINT
pactenus c GmRVESc"* GmTOEI€ 3auBeTaror 1 co3peBaroT
JOCTOBEPHO MO3KE B cpaBHeHHH ¢ GmRVESch P! GmTOEIC
B 00omx permoHax (cm. puc. S4, b, ¢). [To BLUP_MD reno-
sl GmRVESC" ! GmTOE 1€ co3peBaloT 10CTOBEPHO PaHb-
me B cpaBHennu ¢ GmRVESc"! GmTOEI” (cm. puc. S4, a).
Mo maHHBIM Hamedl KOJIeKIUU reHoTHIsl GmRVESchw!
GmTOEIC€ 3anBeraroT J0CTOBEPHO PaHbIIE B CPABHCHUH
¢ GmRVESc"»! GmTOEI"T tonbko B ycmosusx Opna (cM.
puc. S4, b). Amtens GmTOEIC acconumpoBan ¢ paHHAM
IBETEHUEM M CO3PEBaHHEM, KaK ONMHMCAHO HAMHU paHee, a
GmRVESc"%?, no-uauMoMy, 4aCTHIHO BOCCTAHABIMBACT
panHectensii Gpenotun pactennii ¢ GmTOEIC, nenas ero
MTO3IHECTIENBIM (CM. puc. S4, a).

C y4eToM cpasy Tpex T'€HOB ISl HHTEPIPETALNH PE3YITh-
TaTOB MBI PAaCCMaTPUBAIN T€HOTHITBI, KOTOPHIE OTIINYAIOTCS
MeX Iy coboit mo omaomy rery. [Io BLUP. BBD u BLUP_MD
pactenus ¢ reHoturiom GmR VESchar! e ]-as GmTOE € 3amBe-
TaloT U CO3PEBAIOT I03XKe B CpaBHEHUU ¢ GmMRVESchP e]-as
GmTOEIC€ (puc. S5). Ilo BLUP_BBD MekIy IreHOTUIIAMH
GmRVESc! E1 GmTOEI€w GmRVESc" ! E1 GmTOEI" n
renotunamu GmRVESch#! el-as GmTOEIC u GmRVES8char!
el-as GmTOEIT net 10CTOBEPHBIX pasauuuii (cM. puc. S5, a).
[To BLUP_MD u3 3Tux AByX F€HOTHIIOB JOCTOBEPHO pa3iiu-
qaroTca MEXIYy co00il Tonmsko GmRVESch! EI GmTOEIC
u GmRVESch! E1 GmTOEIT (cm. puc. S5, b). B nameit
KOJUIEKIIMH pacTeHust ¢ GmR VESch! e1-nl GmTOE € 3auBe-
TaloT IOCTOBEPHO PaHbINe B cpaBHeHUn ¢ GmRVESc ! e]-nl
GmTOEIC B ycnosusx Opia (puc. S6, ¢). Taxike TeHOTHIIBI
¢ GmRVESch* e]-as GmTOEIC 3amBeTator u CO3pEBAIOT
T103K€ B CPABHEHUH C OCTAJIBHBIMH I'€HOTHIIAMH (CM. pHC. SO).
B memoM 3TOT pesyasTar cornacyercs ¢ moJlydeHHBIM paHee
JUIS IBYX TE€HOB.

Mexny renotunamu GmRVESc"»?! E1 GmTOEIC n
GmRVESchw? E1 GmTOEIC ecTh TakKe 10CTOBEPHBIE PA3JIH-
upsg o BLUP. MD u BLUP_BBD. Pacrenus ¢ GmRVESch?
CO3PEBAIOT TO3KE, HO 3aIl[BETAI0OT HEMHOTO paHbIIe (CM.
puc. S5). Ha ¢one amrens el-as y ramnoruna GmRVESch?
Habmronaercs Oonee cmibHBIN 3¢ dexkt Ha BLUP_BBD (cm.
puc. S5, a). s ramtotuna GmRVEScP3 ormedaeTcs mo-
XOKasi CUTyalust, 1 Mexay reHorunamu GmR VEScha3 E]

Soybean locus qDTF-7
as an example of genetic heterogeneity

GmTOEI" u GmRVESc"! EI GmTOEIT HeT 10CTOBEPHBIX
paznnuuit o BLUP BBD n BLUP _MD (cMm. puc. S95).
Xots Mexay reHotianamMu GmRVESch3 el-as GmTOEIT n
GmRVESch! el-as GmTOEIT noctoBepHble pasnuums 1o
BLUP_MD cymectsytoT (cM. puc. S5, b). B Hameit komek-
MM PACTEHMS C TallJIOTUIIOM GmRVESch4 naxe na thone
HYJIb-aJUIeNIs e/ -1l IeMOHCTPUPYIOT MO3/HEE [IBETEHHE U CO-
3peBaHue (puc. S5).

PacnpoctpaHeHune rannotunos GmRVES8c
y COpTO06pasLIoB COM PasANYHOro NPONCXOXKAEHNA
Jus rena GmRVESc Mbl U3y4niau 4acTOTy FalLIOTHIIOB y
coprtoB cou u3 Kurast B TpeX OCHOBHBIX PETHOHAX BO3/IEIbI-
Bauus cou (China I, China II, China IIT) u omHOM cMeTIaHHOM
(China IV-VI), a Takxe B HaIIeH KOJUICKIIUN B TPEX OCHOBHBIX
rpynmnax: A — 3anaanas Cubups (HoBocubupck n Omck);
B — npyrue pernonst Poccun; C — apyrue cTpassl (puc. 2).
TCammorun GmRVEScP! npeobnanaer B coprax u3 ceBep-
Horo Kurast, Torna kak B ocTanbHbIX pernonax Kuras momu-
nupyer GmRVESchP3 (cm. puc. 2, a). B Hamieli komnekinn
coprooOpa3isl u3 3anagHoil CHOMpPH NMPEUMYIIECTBEHHO
HecyT ramiotun GmR VES8chap! | mospHecnenslif rarmioTun
GmRVESc"? npeycrasnen TonbKo B COPTOOOpA3ax us apy-
rux pernoHoB Poccun 1 U3 ipyrux cTpas (cM. puc. 2, 0). 1o
[OKa3bIBAET POJIb ramioTunoB GmRVESc B anantauuu cou K
Pa3JINYHBIM PETHOHAM BO3/ICIIBIBAHMS.

O6¢cyxaeHune

GMRVES8c - HOBbIN FreH-KaHanaaT
B POV perynAaTopa LBeTEHNA 1 CO3peBaHuNsA con
B kauecTBe HOBOTO reH-KaHJHJara JUlsl paHee oOHapyKeH-
Horo jokyca qDTF-7, accouuupoBaHHOTO C LIBETEHUEM COU
(Perfil’ev etal., 2024), mb1 onpenenvy rex Glyma.03G177300/
GmRVESc. Y GmRVESc ObUI0 BBISBICHO YETHIPE OCHOBHBIX
raruioTUIIA, KOTOPbIE BOSHUKIIN B PE3YJbTaTe TPEX OAHOHY-
KIJICOTUIHBIX 3aMeH U aernennu 19 m. H. (cm. Tadm. S2). Cpenu
HalieHHbIX Y GmRVESc myTtannii 3amena soy32494699 (ne-
nenust 19 n. 1) y rartotuna GmRVESchP, BosmoxkHO, BeeT
K IIOJHOW MOTepe MepBOHAYAIbHONW (QYHKIMU KOTHPYEMOTO
OeJka 13-3a C/IBUra paMK{ CUMTBIBAHHUS TOCIIE 4-1f aMHHOKHC-
710ThI (cM. Tabn. S2). Jlpyrue Tpu rarotuna, GmRVESchw!=3,
BO3HHUKJIN M3-32 TPEX HECUHOHMMHUYHBIX 3aMeH (CM. Ta0i. S2).
W xoTst Bce TpH 3aMEHBI HaXOJATCA 3a MpeeaMu IpeJcKa-
3aHHBIX JJHK-cBsi3pIBarommx qoMeHoB (cM. puc. S1), Tem He
MEHEe OHM IOTEHIMaJIbHO MOTYT BiUATH Ha 3D cTpykTypy
OeJka WM Ha B3auMmoyieiictBue ¢ npyrumu Oenkamu. Tak, 1Be
MyTalmu HaxosTes B npenckasanHbix LIP (linear interacting
peptides) pernonax 6enka (cm. puc. S1). [Tonnas norepst GpyHk-
uuu GmRVESc, no-BuAMMOMY, BEIET K 3aJep>KKe pPa3BUTHUS
COM, MOCKONBbKY pactenusi ¢ GmRVESc"* nemonctpupytor
03//Hee IIBeTeHne U co3peBanue (cM. puc. 1). BoamoxHo, y
ramotuna GmRVESch3 Toxe yTpaueHa nepBoHadaibHas
(GyHKIMS OernKa, MOCKOJIbKY, COIIACHO AaHHBIM SoyOmics,
00pas3ibl C 3THM TaIuIOTUIIOM TaKXKe JICMOHCTPHUPYIOT IT03HEE
LIBETEHHE U co3peBaHue (cM. puc. 1, a).

Yacrora ramnotunoB GmRVESc u3MeHseTcs OT TUKOH K
KyJIbTYypHOH coe. B cpaBHeHMM ¢ TUKOH coell y MECTHBIX U
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Puc. 2. PacnpepeneHrue rannotunos GmRVESc: a - B ynyuiieHHbix copTax cou u3 Kutas (China | - ceBepHble MpoBuHLMY,
China Il, lll, IV-VI - toHble NpoBrHUMNK); 6 — B copToobpasuax cou 13 3anagHon Cubupu (Hosocmbrpckas n Omckas
obnactu) (A), n3 gpyrux pernoHos Poccuu (B), u3 gpyrux ctpat (C).

Yncna Ha KPYroebixX Anarpammax npueefeHbl B NpoLeHTax; N - KonuyecTBO 06pa3LIOB.

BO3/ICIBIBAEMBIX COPTOB MOYTH HE BCTPEYACTCS TAIUIOTHIT
GmRVES8c"%? (cM. Tab. S2). B momynsmuu TUKoii cou He 06-
HapyykeH ramiotunt GmRVESc?, BeposTHO, OH BO3HHK U OBLI
0TOOpaH rmocie JoMecTukarmu (cM. Tadm. S2). Pactipenencane
ramioTunoB GmRVESc B pa3nuyHbIX PETUOHAX BO3/ENIbIBA-
HHS TIOKa3bIBACT, UTO PAHHECIENbIH ramwtotun GmR VESchar!
npeobnagaer B coprax u3 ceBepHoro Kwuras, Torma Kak B
OCTaNBHBIX peruonax Kuras nomunupyer GmRVEScP3 (cm.
puc. 2, a). B Harreil KonaeKnuy NouTH BCE COPTOOOPA3IIBI U3
3anannoit Cubupy ToKe HecyT ramwiotunt GmRVESch! (cm.
puc. 2, 6). DTo moKa3bIBaeT ponb ramiotunioB GmRVESc B
aJlanTaniy K pa3InIHbIM PETHOHAM BO3ZIENIBIBAHNMS COH. M3-3a
MO3HET0 LIBETEHUS M CO3PEBaHUs TaryIOTHIL GmRVESchar4
SIBISIETCSI HEOIArONPHUSITHBIM QJIJIETIEM [UISl CEBEPHBIX IITMPOT,
OJTHAKO JUISl I0KHBIX IIUPOT OH, HA00OPOT, OIATOMPHATHBIH.
Mgl monaraem, uto GmRVESc"* moxkeT HaiiTh IIpuMeHe-
HUE B CEJIEKIIUH COPTOB COM, IIPUTOTHBIX K BO3/ICIIBIBAHHIO B
I0)KHBIX IIMPOTaX.

leH GmMRVES8c nokasbiBaeT

anmMcTaTMyeckoe B3amMopelicTene ¢ reHom E7

I'enn1 cemeticTBa RVE KOIUPYIOT TPAHCKPHUITIIHOHHBIE (haKTO-
psi c CCAl-like MYB nomenamu 1 O:1M3KOpPOIICTBEHHBI TCHAM
CCAI (CIRCADIAN CLOCK ASSOCIATED I)n LHY (LATE
ELONGATED HYPOCOTYL) (Rawat et al., 2009). ¥V coun
reHbl CCA1/LHY — n3BeCTHBIC PETYIATOPHI IBETCHUS COU, B
YCHOBHSX KOPOTKOTO AHSI GmLHY HanpsIMy0 CBSI3bIBAOTCS C
TIPOMOTOPOM £/ ¥ OAABIISIOT €0 SKCIIPECCHIO, UTO YCKOPSIET
LBETCHHE coM, a moTeps ¢hyHkunu GmLHY 3anepkuBaeT ee
usetenne (Dong et al., 2021). Ha ocHOBaHUY 3TOTO MBI TIpe/I-
TTONOKMIH, 4TO QYHKIUS GmRVESc B KOHTPOINEC IIBETCHUS

TaK)Ke MOXKET 3aBUCETh OT rena £/7. Pesynsrarsl ANOVA Ha
JaHHBIX SoyOmics IeMOHCTPUPYET HaJIW4YHe JOCTOBEPHO-
ro BzaumonencTust Mexay EI u GmRVESc, no3ToMy Mbl
npeanonaraeM, uto GmRVESc Toxe SBISETCs pEnpeccopoM
reHa E] (cM. Tabmn. S3, S4). AHanm3 acconuanuii STUX JaHHBIX
MOKA3bIBAET, YTO TaroTunsl GmRVESchar3 w GmRVESchawt
ropas/io CHIIbHEE 3a/Iep’KUBAIOT [IBETCHHUE U CO3PEBAHNE HA Te-
HEeTH4ecKoM (oHe Moy GpyHKIMOHAIBHOTO aiiesst e/-as (CM.
puc. S4, a, b). 3T0 TOBOIHHO HEOKHUIAHHO, ITOCKOIIBKY, €CIIH
npenmnonararb, yto GmRVESc MOXKET MOJABISTh SKCIIPECCHIO
reHa £/, To Ha GoHe cnabo QyHKIMOHATBHOTO aJutens el-as
sddekr ot norepu Gpyakunn GmRVESc He NOIKEH MPHUBO-
JMTH K I3MEHEHMIO ()eHOTHIIA WM, TI0 KpaiiHel Mepe, TOIKEeH
ObITH citadee. Tak, 3¢ deKT Ha BpeMs [IBETCHHUS JIOKYCOB/TCHOB
Tof16/LHYa, TofS/FKF1b u J/ELF3 na Qone amnens el-as
TIOJTHOCTBIO ITporaaai iy craHoBwics mensire (Lu S. et al.,
2017; Dongetal.,2021; Li H. etal., 2023a). Ananu3 ¢peHotu-
OB B HalIeH KoJUIeKIMK nokaseisaet sdpdexr GmRVESchw?
Ha IIBETEHHE M CO3peBaHMe Jaxe Ha (oHe el-nl, amens c
nenenuei Bcero rera £/ (cMm. puc. S3, ¢, d). BosamoxHo, B
HalMX ycaoBusAX GmRVESc MoxeT y4acTBOBaTb B TPAHC-
KpHUIIIIHOHHOM KOHTpOIIE Bcero cemeiicTBa reHoB E/ (El,
ElLa, EILb), nvmu GmRVESc peryaupyer BpeMs IBETCHUS
yepe3 He3aBUCUMBIM OT reHa £/ MeXaHu3M.

V apabunoncuca 6enxku LNK1 (NIGHT LIGHT-INDUC-
IBLE AND CLOCK-REGULATED 1) u LNK2 pekpyTu-
pytor RVE4 u RVES, 4ro0b! akTHBHPOBATH TPAHCKPHIILIHIO
renoB TOCI (TIMING OF CAB EXPRESSION 1) u PRRS5
(PSEUDO-RESPONSE REGULATOR 5), u notepst GyHKINH
reHoB LNK—4 npuBOAMT K 33J€P>KKE LIBETEHUS B YCIOBUSX
mmHHOTo 1HsA (Xie et al., 2014; De Leone et al., 2018). Ho-
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KayT 4eThIpex opTosoroB GmLNK?2 'y cou yCKOpSEeT IIBETEHUE
B YCJIOBHSAX AJIMHHOIO JHS M3-32 YMEHBIIEHUS dKCIPECCUU
rena £/ (Li Z. et al., 2021). XapakrepHasi 0COOEHHOCTD Te-
HOB LNK — orcyrctBue cobctBeHHbIX JJHK-cBs3pIBaronmx
JIOMEHOB, 1Jis1 4yero oHu pexpytupyror CCAI, LHY, RVE4 n
RVES n mepekiouaroT UX ¢ pPernpeccopoB Ha aKTHBATOPOB
TpaHckpuimu (Xie et al., 2014). /lanpHelnme nuccaea0BaHus
TIOKaXYyT, 3aBUCHT JI GyHKIMst GmRVESc B KOHTpOJIE IIBETE-
HUsI OT cemeiicTBa £/ n pekpytupytor 1u GmLNK?2s 6enkn
GmRVESs 1151 KOHTpOJIS TpaHCKPUIIUY I'eHa EJ.

Jlokyc qDTF-7 Kak BO3MOXHbI npumep

reTeporeHHoro Jiokyca y cov

JlokycHasi, MJIM TeHEeTHYeCKasi, FTeTepOreHHOCTh — CUTYaIHs,
KOT/Ia aJlJIeNI M3 Pa3HbIX T€HOB B OJTHOM JIOKYCE BIMSIOT Ha
onuH npusHak. s nokyca qDTF-7 Mbl panee npennoxuiu
JIOCTaTOYHO CHIBHBIA reH-kanaunar GmTOE] (Perfil’ev et
al., 2024), y xoroporo panee Obli1a IOKa3aHa poJib B KOHTPOJIE
userenus y con (Wang T. et al., 2016). B pamkax Hactosiien
pabotsl Ha ~21 T.11.H. Beiie GmTOE] MBI 0OHapyXWJIM HO-
BbIM reH-kanauaaT GmRVESc, KOTOPbI NOTEHIUANIBHO TOXKE
MOYKET OBITH BOBIICYEH B KOHTPOJIb IBETEHHSI M CO3PEBAHMS
cou. O0a reHa UMEIOT HYKJICOTHHbBIE 3aMEHBI, ACCOIIMUPO-
BaHHBIE C 3TUMH NpHU3HaKamH, 4to aenaet qDTF-7 Bo3moxk-
HBIM IPUMEPOM TeHETHYECKH ITeTePOreHHOTO JIOKYCa y COM.
C IOMOIIBIO JOCTYIHBIX HAaM JaHHBIX MBI ITOITBITAINCH PO-
aHaJIU3UPOBATh, Kak MyTalnuu B reHax GmRVESc u GmTOE1
COOTHOCSTCS MeK Ly coboii. Ha poune amnens GmTOEIC, ac-
COI[MMPOBAHHOTO C PAHHHUM IIBETEHUEM U CO3PEBAHHEM COH,
BO3HMK MTO3HOCIIENbIH ramtotut GmRVESch4. B 6a3e nan-
HBIX SoyOmics ¥ B HallIeH KOJUIEKIIUH MBI He HAIIUTH HHA OTHOTO
rerotuna GmRVESc"?* GmTOEIT (cm. puc. S4). Ilpu ToM,
cyns no ¢enorunam u3 SoyOmics, addekr or ramiorumna
GmRVESc"* MmoxeT 4acTHUHO KOMIIEHCHPOBATh 3QQEKT OT
pannecnenoro amnens GmTOE € wa BpeMs [BETEHUS U CO-
3peBanus (cM. puc. S4, a, puc. S5).

B Hamreli koeknuy HaOIIOMACTCs MTOXOXKasi CHTYaIusl,
HO y ramwtotuna GmRVESc"? sddexr Ha useTenue u co-
3peBaHMe ropaso cuibHee, yeM y GmTOEIC u GmTOEIT
(cMm. puc. S4, b, ¢, puc. S6, a, b). Ammenmu GmTOE] nmerot
MHUHOPHBIN 2()(EeKT Ha [[BETEHUE U CO3PEBAHKE B HAIINX YCJIO-
Busix. Tak, renorun GmRVESch?! GmTOE 1€ noctoBepHO OT-
nmuaetcs ot GmRVESc ! GmTOE 17 tonbko mo BLUP_DTF
B ycioBusx Opna (cum. puc. S4, b, ¢, puc. S6). UnTepecHo, 4To
apyroii ramotun — GmRVESc"3 — snauntensHo npeobia-
naet Ha poue amnens GmTOET; k npumepy, B 6a3e TaHHBIX
SoyOmics U B Haleil KOJUIEKIIMU Mbl OOHApYXWJIN TOJIBKO
nBa coproobpasua ¢ renorunom GmRVESchP3 GmTOEIC
(cm. puc. S4). [ToaToMy CIIOXKHO CKa3aTh, KAKOW U3 TEHOB —
GmRVESc"3 uin GmTOE T — 3aiepkuBaeT [BETEHHUE H CO-
3peBaHue, XOTs 1Mo JaHHBIM SoyOmics 00a reHa OKa3bIBaroT
s¢dexr Ha manHBIe TPU3HAKY (CM. puc. S4, a, puc. S5). OnHako
aHaiau3 (EeHOTHIIOB B HAIICH KOJUIEKIIMU HE BBISBUI KaKOIo-
mbo poctosepHoro spdexra GmRVESCP3 na usetenue u
co3peBanue (cM. puc. S4, b, ¢, puc. S6, a, b).

Crenyer cka3arh, 4TO OOHapy>KCHHbIE MyTallMM B TeHaX
GmRVESc u GmTOE TpebyioT GpyHKIMOHAILHON BaIUAAIIN
JUTSL TIOATBEPIK/ICHUS TOTO, YTO OHM AEHCTBUTEIHHO BIUSIOT Ha

Soybean locus qDTF-7
as an example of genetic heterogeneity

¢enorun. Ecin 510 okaxeTcst IEHCTBUTENBHO TaK, TO JIOKYC
qDTF-7 MoxeTr cTaTb UHTEPECHBIM PUMEPOM TOTO, KAaKUM
00pa3oM eCTEeCTBEHHBIC MyTalln (JOpMUPYIOT MHOTOOOpa3ne
(DEeHOTHTIOB y pacTeHUH, U B YACTHOCTH Y COH.

BnuaHune reHa GmRVESc Ha gpyrue npusHaku coun
Pannecnensii amnens GmTOE €, BeposTHO, CBA3aH ¢ aJjanTa-
LHEH COM K CeBEpHBIM IIMPOTaM U3-3a COKPAIICHHUSI BPEMEHI
userenns (Perfil’ev et al., 2024). Tannotun GmRVES8ch4,
HarpoTHB, HEOIATONPHUATEH IS CEBEPHBIX IIUPOT H3-3a
TTO3/THETO IIBETEHHSI M CO3PEBAHMS; B HAIIEH KOJUICKIIUU BCE
copToobpa3iel 3 3anagHord CUOMpPHU HECYT paHHECIeIbId
ramorun GmRVESch! (cum. puc. 2). Kak roBOpUIIOCE BBILIE,
GmRVESc"?, 10-BugumMoMy, BOCCTAHABINBAET PAHHECIIEIBIH
denotun GmTOEIC, X0T BO3HUKAET BOMPOC: MOYEMY Ha
¢one pannecnenoro amens GmTOEIC Bo3Hukia MyTanus
GmRVESchr*? BosmosxHOE 00bsACHEHHE 3TOTO (paKTa — rei-
orpornubii 3¢ dext GmRVESc Ha npyrue npusHaku cou. VH-
TEPECHO, YTO Ha XPOMOCOME 3 C TOMOIITBIO IBYPOITUTETHCKOTO
QTL-kapTupoBaHus ObUIO 0OHAPYIKEHO HECKOIBKO JIOKYCOB,
ACCOIIMUPOBAHHBIX C 3aCYXOYCTOWYMBOCTHIO cor (Tabi. S6).
B rpanuipl JaHHBIX JJOKYCOB TONanaroT u reHsl GmRVESc
u GmTOEI. OgHako Hag0 OTMETHTh, YTO B COCTaBE ITHUX
JIOKYCOB HAXOJUTCSI TaK)Ke M3BECTHBIH PETYIATOP 3aCyXO-
ycroiuuBocT GmSALTS3 (Shietal., 2018; Guan etal., 2021).

Caepxoakcnpeccuss GmRVESa B apabuaoricuce moBbIIIaeT
€ro 3aCyX0- M COJIEyCTOMUNBOCTh, 1 GmRVESa MOXeT B3au-
monerictBoBath ¢ benmkom GmMNACO019 (Bao et al., 2024), ko-
TOpBIN cBs3aH ¢ ABA-omocpeoBaHHOM peakiyen Ha 3acyXy
(Hoang et al., 2019). I'east GmLHY Toxe y4acTByIoT B ABA-
OTIOCPEOBAaHHOM pPEeakIy COM Ha 3acyXy, HOKAyT YeThIpeX
GmLHY yBennuuBaet 3acyxoyctoiunBocth con (Wang K. et
al.,2021). B pa6ote (Li C. et al., 2024) moka3zaHo, 4T0 KOMIIO-
HEHT IUPKAJHBIX pUTMOB cou GmPRR3b HanpsMyro TIo/IaB-
nsiet sxenpeccuto GmABF3 (ABSCISIC ACID-RESPONSIVE
ELEMENT-BINDING FACTOR 3), cBepXdKCTIpeCcCcust KOTOPO-
TO YJIyd4IIaeT 3aCyX0yCTOMYMBOCTh COM. MBI Ipearnosaraem,
yto norepst Qyukin GmRVESc Takke MOXKET MOJ0KUTEIBHO
BJIMATH HA 3aCyXOyCTOWYMBOCTh cou. IHTEepecHO, uTo y apa-
ounponcuca g reaos 7TOE u TOE?2 uenaBHO ObLIa ITOKa3aHa
KJIFOYEBast POJIb B M30eranuu 3acyxu; morepsi pyuxiuu TOE1/2
YCKOpPSIET 1IBETEHHE, HO CHMXAeT YCTOWYMBOCTbH PACTEHUI
k 3acyxe (Chen et al., 2025). Jlus paHHECIEIOr0 ayljIeis
GmTOEIC€ mpl npeanonaraeM 1o KpaiHeil Mepe 4acTHYHYIO
norepro pyukiuu kogupyemoro rena (Perfil’ev et al., 2024).
BosmoskHo, ratutotun GmRVESc"# Bo3HUK, 4TOOBI BOCCTA-
HOBMTB 3aCyXOyCTOHYMBOCTb y pacrenuii ¢ GmTOEIC. Ha
HAIll B3IV, 3TO MHTEPECHAas THIIOTe3a, KOTopast TpeOyeT Hab-
HEHIIero SKCIepUMEHTAIBHOTO OATBEPKACHNUS.

ComacHo ganHbIM Ta01. S6, reH GmRVESc KONMOKaIn3yeTcs
C APYTHMH JOKYCaMH, KOTOPbIE aCCOLIMUPOBAHBI C BHICOTOH,
Maccoil pacTeHHUH, COmepKaHHeM Macjia U n30(JIaBOHOB,
TOJIIMHON CEMSIH, YCTOWYMBOCTBIO K COEBOW ITUCTOOOpa-
3ytomeit Hematone. Teopetnaecku GmRVESc MOXeT BIUATh
Ha HEKOTOPBIE W3 ATHX MPHU3HAKOB, B YACTHOCTH Ha BHICOTY
U Maccy pacteHuit yepes perynsauuto PRR5-PIF4 monyns,
Kak ObwI10 mpemiokeHo At GmMYB133 (Shan et al., 2021).
Taxxe GmMYB133 sBASETCS TOT0KUTEILHBIM PETYIISITOPOM
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6nocunTe3a m3odraBoHoB y com (Bian et al., 2018). V apa-
Ouoricuca MyTaHTHI 7ve 4 6 § IEeMOHCTPUPYIOT N3MEHCHHBIH
METa0OJIN3M YIJICBOJIOB, )KUPHBIX KHCIIOT U JIMMNAOB M CHH-
KEHHYIO aKTUBHOCTb IIPOTEACOM, UTO U BBI3BIBACT YBEIMICHHE
pa3mepa kietok (Scandola et al., 2022). J{st pa3midHBIX TECHOB
LUPKAJHBIX PUTMOB M3Yy4YaeTcsl M MOKa3aHa pOJIb B 3alUTE
pactenuii o maroreHos (Lu H. et al., 2017). B wactHoCTH, ¥
COU HEZIaBHO IposieMoHcTpupoBana poib GmCCAI-1 B oTBETE
Ha 3apakeHHe Hematonoii Heterodera glycines (Niraula et al.,
2022). Bee ato nemaer GmRVESc WHTEPECHBIM TEHOM IS
JaTTbHEHIIETO N3YYEeHHUsI B KOHTEKCTE HE TOJIBKO I[BETEHHS 1
CO3PEBAHMS COU, HO M IPYTHX CEITbCKOX03HCTBEHHO IIEHHBIX
TIPU3HAKOB.

3aknioyeHune

B nHacrosieii pabore Mbl 0OHApPYKMIIM HOBBIH T€H-KaHTUIaT
GmRVESc, rannotunsl GmRVESc"P3 w GmRVESch? xoro-
POTO acCOLMUPOBAHBI C MIO3AHNUM 1IBETEHHEM M CO3PEBaHUEM
cou. Jlns onpeneneHus JaHHBIX TAIOTHIIOB MBI pa3pabo-
tamu JJHK-mapkepbl, KoTopble MOTYT OBITh HCIIOJIB30BAHBI
B MapKep-OpUEeHTHPOBaHHOHN cenekiuu cou. [en GmRVESc
PAacIIONIOKEeH OUeHb OJIM3KO K JPYTOMY PEryJsiTOpPY LIBETCHHS
cou, reny GmTOE 1, KOTOPbIH TOKE UMEET MyTaIl1H, ACCOITUH-
POBaHHBIE C MPOJOIKUTEIBHOCTHIO IIBETCHUS M CO3PEBAHUS.
[peanonoxutensao GmTOE | u GmRVESc BMecTe 00pasyoT
TeHETUYECKH TeTepOTeHHBIN JIOKYC, T.€. JOKYC, B KOTOPOM
aJIeTN U3 Pa3HBIX OJM3KO PACTIONIOKEHHBIX T€HOB MOTYT
BJIMSITH HA OJAMH U TOT XK€ NMpPU3HAK. BimsHUEe rarioTunon
GmRVESc"®3 v GmRVESc"P4 na BpeMs LIBETEHUS U CO3pE-
BaHMS CBHUJIETEJIBCTBYET TAK)KE O YaCTHUHOW 3aBHCHUMOCTH
OT anjensHoro cocrosHus reva E1. Bee ato nemaer qDTF-7
OY€Hb KOMIUICKCHBIM M MHTEPECHBIM JIOKYCOM, M B JIaIbHEH-
1IIeM MBI IUTAHUPYEeM BaIUANpPOBaTh MyTatmu y GmRVESc n
GmTOE] ¢ moMolipto THOPHUIHBIX TOMYJISILUN COU.
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A histochemical assay for polyphenolic profiling in cereal grains
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Abstract. In different cell layers, cereal grains may accumulate various economically important polyphenols such as colored
anthocyanins and melanins and colorless proanthocyanidins. To effectively create new cultivars with different combinations
of these compounds, a simple, fast, and precise screening method is required. Here, a histochemical assay that includes a
combination of hot ethanolic, acidic, alkaline,and ammoniacal silver treatments of grain cryosections followed by microscopy
was successfully applied to distinguish these substances in cereal grains. Barley lines previously characterized chemically for
the presence of anthocyanins, proanthocyanidins, and melanins in grains were used as a model. In black barley grains, this
approach allowed to visually distinguish insoluble melanins that do not react to a pH change from anthocyanins, which
can be insoluble or soluble but always react to changing pH. For the first time, ammoniacal silver staining commonly used
for melanin identification in human and animal tissues was adapted for melanin identification in plant tissues. Along with
melanins, this reagent stains other polyphenols thereby helping to detect colorless polyphenols including proanthocyanidins
in the testa of barley grains as confirmed by p-dimethylaminocinnamaldehyde (DMACA) staining. The applicability of this
assay to polyphenol profiling was demonstrated not only in the barley grain but also in wheat and common vetch grains.
The proposed histochemical assay allows rapid polyphenol screening using a single grain, making it a practical and efficient
alternative to time-consuming chromatographic methods for preliminary selection from large sample sets prior to detailed
quantitative and qualitative chemical analysis.
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[ICTOXMMIYECKIII TeCT IIJIs1 onpeneneHms ITpouIis
1Mo/ eHOIbHBIX COeAMHEHNIi B 3epHe 3JIaKOB

C.P. MypcaaumoB @ , O.I0. llloeBa

DepeparnbHblii NCCNIe[OBaTENbCKUIA LeHTP VIHCTUTYT umTonorum u reHetrnkn Cnbrnpckoro otaeneHnsa Poccminckol akagemum Hayk, HoBocnbupcek, Poccus
@ mursalimovsr@gmail.com

AHHOTaLmA. 3epHa 3/1aKOB B HEKOTOPbIX TWMMaX KJIETOK MOryT HakamnauBaTb pa3HOOOpasHble SKOHOMUYECKM BaXkHble
nonundeHonbHble COeANHEHUA, TaKMe KaK OKpaLLeHHble aHTOLMaHbl 1 MeNlaHUHbI, @ TakXKe 6ecLiBeTHbIE MPOAHTOLMAHNAWHDI.
OnAa 3¢ deKTnBHOro co3gaHmna HOBbIX COPTOB C Pa3INYHbIMU KOMOMHALMAMM STVX COeIHEHNI B 3epHaxX HEOOXOAUM MPOCTON,
ObICTPbIV 1 TOYHBIV METOA ONpeaeneHuns nx nonmdeHonbHoro Nnpoduna. B faHHoM cTaTbe ANA naeHTUGUKaLMM yKasaHHbIX
BELLECTB MPEANIOKEHO WCMONb30BaTb MCTOXMMUYECKWA aHanm3, BKIIOYAOWMNIA KOMOMHaLUMIo 06paboToK Kpuocpesos
3epeH ropAYMM 3TaHOMOM, KMUCJIOTOW, LLENIoYblo 1 aMMMaYyHbIM PacTBOPOM cepebpa C mocneaylolen MMKPOCKonmen.
B kauecTBe mMofenu WUCNONb30BanNCb JIMHWMM AYMEHS, 3€pHA KOTOPbIX paHee OblM OXapaKTepu3oBaHbl C MOMOLLbIO
AHaNUTUNYECKMX METOZOB Ha HaNlMyre aHTOLMaHOB, MPOAHTOLMAaHNAVHOB U MeNTaHMHOB. B YepHbIX 3epHax AYMEHA JaHHbIN
noaxo No3BOAWA OTAINYUTL HEPACTBOPMMbIE MENaHMHbI, He pearvpyoLlre Ha n3MeHeHne pH, oT aHTOLMaHOB, KOoTopble
MOTYT 6bITb PaCTBOPUMBIMU WS HEPACTBOPVIMBIMY, HO BCErAa MEHAIOT OKPACKy npu usmeHeHumn pH. Bnepsble o6paboTka
aMMMayHbIM cepebpoM, LINMPOKO MpUMeHAemMan AnA UaeHTUdrKauuy MenaHuHa B TKaHAX YENIOBEKa U XKMBOTHbIX, Oblia
afanTMpoBaHa A1Aa MCMOMb30BaHNA B PacTUTENbHbIX TKaHAX. HapAaay ¢ menaHnHamu, STOT peareHT OKpaluvBaeT 1 apyrue
nonndeHoNbl, YTO NO3BONAET BbIABNATL B TOM Uncie becuyBeTHble coefiHeHnA. C MOMOLLbIO 3TOro Noaxoaa 6binv BbiABEHbI
npoaHToLMaHNANHbI B 060M10UKe 3epHa AUMEHS, UTO NOATBEPKAEHO OKpaLLMBaHeM 4-(AMMeTUNAMUHO) LMHHaManbaernaom
(DMACA). Pa3paboTaHHbI NPOTOKON YCMeWHO NPUMeHeH A onpegeneHns noandeHonbHoro Npodunsa 3epeH aumMeHs,
MNLIEHNLbI M BUKW MOCEBHON. MeToA No3BosiAeT MPOBOAUTL ObICTPYIO OLLEHKY NoAndEHONbHOro Npodua C MCNosib3oBaHeM
e[MHNYHbIX 3epeH, 4yTo ABnAeTCA 3PPEKTVBHON anbTepHaTUBON TPYAOEMKUM XpomaTorpapryeckmm meTopaam Ha dTane
npeaBapuTeNIbHOro 0T6opa KoMNeKLMOHHOIo MaTepriasna nepes ero AeTajbHbIM XUMUYECKUM aHai30M.

KntoueBble cnoBa: aHTOUMaHbl; aHanuTnyeckaa TexHuka; DMACA; npoaHTouMaHuanHbI;, MenaHuHbl; peakuma OoHTaHa-—
MaccoHa
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Introduction

In different cell layers, cereal grains may accumulate differ-
ent polyphenols such as colored anthocyanins and melanins
and colorless proanthocyanidins. Melanins and anthocyanins
are known to participate in protection of grain against severe
environments and threats by predators and pathogens (Winkel-
Shirley, 1998; Glagoleva et al., 2020), while proanthocyanidins
are conducive to dormancy and longevity of seeds (Debeaujon
et al., 2000).

The aforementioned polyphenols are industrially important;
they affect final application of grains as a raw material. For
example, due to their protein-binding capacity leading to chill
haze (reducing beer quality), proanthocyanidins synthesized in
the testa (i. e., the seed coat) of barley under the control of the
Ant28 gene are undesirable in malt cultivars (von Wettstein,
2007). Anthocyanins that accumulate either in the aleurone
layer or in the pericarp under the control of genes Blx/—5 or
Antl and Ant2 cause the grain color to be blue and purple,
respectively, and melanins that accumulate in husks and the
pericarp under the control of Blp! cause the grain color to be
black (Shoeva et al., 2018). These anthocyanins and melanins
are promising functional food ingredients and are desirable
in cultivars for human consumption (Matseychik et al., 2020;
Loskutov, Khlestkina, 2021). Currently, the generation of new
cultivars with distinct compositions of polyphenolic pigments
in grain is an advanced task for plant breeders. To reach this
goal, analysis of many specimens for certain compounds to
choose adequate donors carrying the desired genes and screen
the resulting hybrids is required.

Currently available methods of chemical profiling of
polyphenols such as high-performance liquid chromatogra-
phy (HPLC) or thin layer chromatography (TLC) allow to
separate a large number of individual compounds (Vermerris,
Nicholson, 2008), but they are unnecessarily time-consuming
for preliminary screening of many specimens. In addition, they
do not show histological patterns of polyphenol accumulation,
which are known to be unevenly distributed within cereal grain
and should be taken into account while processing grain for
food (Barron et al., 2017). As an alternative to these methods,
microscopy techniques can be used (Panato et al., 2017).

Among polyphenols, anthocyanins can be easily detected
by microscopy owing to their color, which may vary from red
to blue and their shades and depends on the chemical structure
of the molecules, the presence of copigments, and metal ions
(Davies, 2009). Change of color at different pH levels is a well-
known characteristic feature of anthocyanins. In a strongly
acidic medium (pH < 1), anthocyanins are in the cationic
form, having a red color, whereas between pH 4 and 6, the
cation loses two protons and turns blue (Davies, 2009). This
pH-dependent color change of anthocyanins has been adapted
to the detection and quantification of these compounds (Lee
et al., 2005; Wrolstad et al., 2005).

Melanins are dark brown to black pigments formed in plants
by oxidation of diverse phenolic precursors among which
catechol, caffeic, chlorogenic, protocatechuic, p-coumaric and
gallic acid have been reported (Bell, Wheeler, 1986; Solano,
2014; Varga et al., 2016). The polymeric nature and poor solu-
bility of melanins constrains research on their chemical struc-
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ture. In plants, melanins are the least studied group of pigments
unlike melanins of the other kingdoms of living organisms,
such as animals, bacteria, and fungi melanins, which were
surveyed in details at the biochemical and molecular genetic
levels (Britton, 1983; Solano, 2014; Glagoleva et al., 2020).
It has been shown that melanins in barley grains accumulate
in specific plastids called melanoplasts (Shoeva et al., 2020;
Mursalimov et al., 2022).

Proanthocyanidins are colorless and require histochemi-
cal staining to be detected (Gardner, 1975; Treutter, 1989).
An aromatic aldehyde p-dimethylaminocinnamaldehyde
(DMACA) that binds to meta-oriented dihydroxy- or trihy-
droxy-substituted benzene rings is routinely used to detect
proanthocyanidins and their immediate precursor molecules,
namely, flavan-3,4-diols and flavan-3-ols, in plant tissues,
including grains of cereals (Aastrup et al., 1984; Abeynayake
et al., 2011; Kohyama et al., 2017; Zykin et al., 2020).

In barley, it can often be challenging to distinguish visually
dark melanins from anthocyanins owing to a brownish hue
they acquire during grain maturation (Glagoleva et al., 2022b).
Furthermore, anthocyanins and melanins can accumulate in
one grain simultaneously (Glagoleva et al., 2022a). Melanins
are usually identified by a series of solubility tests, and spectro-
scopy techniques such as Fourier transform infrared (FT-IR),
nuclear magnetic resonance (NMR), and the electron paramag-
netic resonance (EPR) spectroscopy (Glagoleva et al., 2020).
They dissolve in alkali solutions, discolor under the influence
of strong oxidizing agents, react with FeCl; and are stable in
common organic solvents that have been reported as hall-
marks of melanin (Sava et al., 2001). Histochemical analysis
of the melanin pigments in plant tissues is not common. For
detection of melanins in human and animal tissues, the Fon-
tana—Masson (FM) protocol with ammoniacal silver staining
is commonly used. The protocol is based on the reduction of
ammoniacal silver to metallic silver by phenolic substances.
The product of the reaction is an insoluble black precipitate,
which can be identified on tissue sections by light microscopy
(Wildi, 1951; Bancroft, Gamble, 2008).

Here, we use the barley lines, previously characterized
chemically for the presence of anthocyanins, proanthocyanins,
and melanins, to demonstrate the ability of a new histochemical
assay to differentiate these substances in grain tissue. Among
the lines used in the study are Bowman (hereafter: Bw) back-
cross-derived near-isogenic lines (NILs) developed for the
presence of anthocyanin (i:BwAnt1Ant2, hereafter: PLP) and
melanin (i:BwBlpl, hereafter: BLP) compounds chemically
identified by HPLC, a series of solubility tests, and Fourier
transform infrared spectroscopy (Shoeva et al., 2020; Glago-
levaetal., 2022c¢). The lines have been created by introgression
of recombinant genetic fragments from colored donor lines into
the genetic background of the parental cultivar Bowman, which
lacks pigmentation in the grain (Druka et al., 2011). Another
line used in the study is the mutant line ant25.264, which
lacks proanthocyanidins in the grain. This line was induced by
chemical mutagenesis of the parental cultivar Secobra 18193,
which retained its ability to accumulate proanthocyanidins in
the grain (Jende-Strid, 1993). NILs and mutant lines, which
have relatively few genetic differences from their parental
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cultivars, and are used extensively in genetic studies aiming
to discover the association of phenotypic differences between
the lines with specific chromosome regions or nucleotide
polymorphisms. The use of these lines in studies of the genetic
control of the synthesis of different classes of polyphenolic
compounds in barley grains has been accompanied by their
chemical profiling (Jende-Strid, 1993; Shoeva et al., 2020;
Glagoleva et al., 2022c¢).

Here, taking advantage of the detailed characterization of
these lines, a histochemical assay was developed to identify the
different classes of polyphenolic compounds in barley grains.
The described protocol may be employed for fast screening
of a large number of samples and requires only a single grain
for every sample. The method could be adapted to the grains/
seeds/fruits of a wide variety of plant species. Here, as an
example, besides barley, we successfully applied the assay to
polyphenolic pigment profiling of black grains of wheat line
$:829Bal14Th(4D)Pp3PPp-DIFF (hereafter: S29BLACK) ac-
cumulating anthocyanins in the pericarp and aleurone layers
simultaneously (Gordeeva et al., 2022), and common vetch
cultivar Obskaya 16, having a black color of grain due to accu-
mulation of anthocyaninis in the macrosclereids (Goncharova,
2020; Mursalimov et al., 2021).

Materials and methods

Plant material and growing conditions. The plant genetic
resources utilized in the current study and their origin are
listed in Table S1!. To obtain seeds for developing the protocol
for histochemical polyphenolic profiling, cereal plants were
grown in a greenhouse of the ICG SB RAS (Novosibirsk,
Russia) under a 16 h photoperiod at a temperature range of
20-25 °C, whereas vetch was grown in an experimental field
of the ICG SB RAS (Novosibirsk, Russia) in 2021.

The histochemical assay. The grains were sampled at the
hard dough developmental stage (BBCH-87) from each of
the aforementioned barley and wheat lines and at the brown
pod stage for vetch grains. All of them were snap-frozen in
liquid nitrogen and stored at —70 °C until analysis. Prior to
sectioning, the frozen grains were kept at —20 °C for 30 min,
mounted, and embedded in the Tissue-Tek O.C.T.TM com-
pound medium (Sakura Finetek Europe B.V., Netherlands).
The sectioning was carried out at —20 °C using an HM 505N
cryostat microtome (Microm, Germany). Sections of 20 um
thickness were mounted on a poly-L-lysine slide (Thermo
Fisher Scientific, Germany) and fixed by the addition of 1 mL
of a precooled fixative (4 °C) onto the slide. Then, the slides
were air dried at room temperature. For sections prepared for
hot ethanol treatment, 80 % ethanol in water was utilized as a
fixative, and 8 % formaldehyde (Sigma-Aldrich, USA) solution
in phosphate-buffered saline (pH 7.4) was used as a fixative
for the rest of the samples. All the slides were next rinsed for
15 min in distilled water to remove the fixative and embedding
medium. After that, for hot ethanol treatment, the slides were
transferred into 80 % (v/v) ethanol in water at 80 °C for 60 min
incubation. The slides were then rinsed in distilled water and
mounted in glycerol. For the pH test, the slides were immersed

' Supplementary Table S1 is available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx4.pdf

2026
30-1

TMCTOXMMUYECKINIA TeCT Ans onpeaeneHns
npoduna NoNndeHoNbHbIX COEAVUHEHNI B 3€PHE 3N1aK0B

for a few seconds either in 1 M NaOH or 1 M HCI, quickly
rinsed in distilled water and mounted in glycerol.

For ammoniacal silver staining, the FM protocol (Bancroft,
Gamble, 2008; Kiernan, 2008) was performed. A stock solution
was prepared by adding ammonium hydroxide solution drop
by drop to a 10 % (w/v) silver nitrate water solution, until the
solution yielded a precipitate and cleared again. After that, a
0.01 % working solution was prepared by dilution with dis-
tilled water. Next, the slides with the sections were incubated
in the working solution for 15 min at 60 °C. The slides were
then rinsed in distilled water and incubated in a 5 % (W/v)
sodium thiosulfate water solution for 15 min, rinsed in dis-
tilled water again, and mounted in glycerol. The sections were
analyzed under an Axio Observer Z1 microscope equipped
with an AxioCam HRc camera (Zeiss, Germany). The ZEN
software was used for image analysis and processing (Zeiss,
Germany). The microscopic analysis was carried out at the
Multi-Access Center for Microscopy of Biological Objects
at the Institute of Cytology and Genetics, SB RAS (Novo-
sibirsk, Russia). For each variety, at least three independent
grains were analyzed, and a minimum of ten sections were
examined for each grain.

Dimethylaminocinnamaldehyde (DMACA) staining. The
sections fixed as described above were incubated overnight in
a fresh solution of 0.5 % (w/v) DMACA (Sigma-Aldrich, Ger-
many, kindly provided by Dr. Pavel Zykin from St. Petersburg
State University, Russia) in 6 N HCIL. The microscopic analysis
was carried out as described above. For each variety, at least
three independent grains were analyzed, and a minimum of
ten sections were examined for each grain.

Results

Grain sections of three barley lines were analyzed by the
proposed assay: the control unpigmented Bowman line, the
PLP line with purple grains, and the BLP line with black
grains. Five groups of sections were obtained for every grain:
untreated or treated with hot ethanol, HCI, NaOH, or ammo-
niacal silver. All the resulting specimens were examined by
brightfield microscopy (Fig. 1).

Grain tissues on sections of the control Bowman line did
not have any visible pigmentation at the hard dough stage
(Fig. 14). There was no visible staining after hot ethanol
treatment as well as after the pH change. The only noticeable
dark staining appeared after ammoniacal silver treatment of
the testa.

Untreated sections of the PLP line are characterized by
accumulation of purple pigments in cells of the pericarp
(Fig. 1B). The other cell types of this line do not have any
pigmentation. The purple color disappeared totally after hot
ethanol treatment, and the whole slice became colorless. At
pH 1, the purple color persisted, whereas at pH 13, it turned
bluish-green and notably leached into surrounding tissues.
Intensive dark staining was observed in the pericarp, testa,
and husk after ammoniacal silver treatment.

In the BLP line, brownish-black pigments were observed
in untreated sections in the pericarp and husk (Fig. 1C). This
pigmentation did not change after hot ethanol treatment or
after the pH changes. After ammoniacal silver treatment, the
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Fig. 1. Seeds and cross-sections of the seeds of barley, wheat and vetch after corresponding treatment (brightfield microscopy).
Horizontal lines: A - Bowman, B - PLP, C- BLP, D - S29BLACK, E - vetch. A: aleurone layer, H: husk, P: pericarp, T: testa, Cot: cotyledon, Ms: macrosclereids,

Os: osteosclereids, Pa: parenchyma.

brownish-black pigmentation became even more intense in
the pericarp and husk, where it was present before, and it
emerged in the previously colorless testa and upper epidermal
cells of the husk.

The sections prepared from wheat and vetch grains were
assayed in the same manner. In black grains of wheat line
S29BLACK, pale bluish-gray and purple pigments were re-
vealed in aleurone and pericarp cells, respectively (Fig. 1D).
The pigmentation did not disappear after hot ethanol treatment,
and the bluish-gray color turned blue. At pH 1, blue aleurone
cells became purple, while the purple pericarp cells did not
change their color. At pH 13, the purple color of pericarp cells
became blue, while the bluish-gray color of aleurone cells
changed to bluish-green. Ammoniacal silver treatment gave
rise to gray pigmentation in the aleurone, a brownish-black
color in pericarp cells, and an intensive black color in the
testa. It should be pointed out that only in wheat grains was
the brownish-black color detected in cell walls of the pericarp.

In black vetch grains, blue pigmentation was observed in
macrosclereids (Fig. 1E), becoming more intense after hot
ethanol treatment and failing to be washed out. The blue pig-
ments turned purple at pH 1 and became bluish-green at pH 13.
In macrosclereids, ammoniacal silver stained the blue pigments
brownish-black. In addition, the brownish-black pigmentation
emerged in previously colorless parts of macrosclereids as well
as in osteosclereids and cells of the parenchyma.

A comparison between ammoniacal silver staining and
DMACA staining for revealing colorless polyphenols was
performed on proanthocyanidin-less barley mutant line
ant25.264 and its parental cultivar Secobra 18193 containing
proanthocyanidins in grains (Fig. 2).

There was no noticeable staining after the DMACA treat-
ment of grains of ant25.264, whereas pale brown staining
appeared in testa after ammoniacal silver treatment (Fig. 2).
The brownish-purple staining was observed in the testa of the
parental Secobra 18193 grains after DMACA treatment, and
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Fig. 2. Seeds and cross-sections of the seeds of anthocyanin-free (A) and anthocyanin-rich (B) grains of barley after DMACA and

ammoniacal silver staining (brightfield microscopy).
Horizontal lines: A — ant25.264, B - Secobra 18193. Arrows indicate testa.
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Fig. 3. The scheme for identification of polyphenols in barley grains.

in the same tissue, intense black staining was registered after
ammoniacal silver treatment (Fig. 2).

After summarizing the results of all the above-mentioned
tests, we built a scheme for identifying anthocyanins, melanins,
and proanthocyanidins in barley grains (Fig. 3).

Discussion

The analysis of polyphenolic profiles of crops is quite im-
portant for both the elucidation of fundamental aspects of
polyphenol biosynthesis and for industrial applications of the
raw material. Some attempts have been made to find a fast
and simple way to perform polyphenolic profiling of a large

number of samples, such as high-throughput phenotyping
approaches based on image analysis of color characteristics
(ElMasry et al., 2019; Komyshev et al., 2023). Nevertheless,
histochemical techniques combined with microscopy seem
to be the only approach nowadays allowing a fast and precise
polyphenolic profiling on a limited amount of the experimental
material and providing information about the cell type where
these polyphenols accumulate. Our assay involving a series
of standard chemical tests applied to cryosections followed by
microscopic examination successfully showed the possibility
of identifying polyphenolic pigments in barley, wheat, and
vetch grains.
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Hot ethanol treatment, which is a common test for solubili-
ty (Takahashi, Hara, 2014), allowed us to easily distinguish
soluble anthocyanins in PLP grains from insoluble melanins
in BLP grains. It is known that brown-pigment melanins
necessitate a special harsh treatment to become soluble and
are insoluble under the hot ethanol conditions we used (Sava
et al., 2001). Nevertheless, not all anthocyanins are soluble.
Melanins can be distinguished from insoluble anthocyanins
by the absence of a color transition at changing pH, which is
a well-known characteristic feature of anthocyanins (Davies,
2009).

Thus, in the PLP line, the solubility and pH tests enabled us
to identify the purple pigments — that completely disappeared
during hot ethanol treatment and changed color to blue in
the presence of sodium hydroxide — as anthocyanins, and to
identify the BLP line’s black pigments — that did not react to
hot ethanol treatment and changes in pH — as melanins. The
same results have been previously obtained by HPLC, a series
of solubility tests, and Fourier transform infrared spectroscopy,
when extracts from PLP and BLP grains have been assayed
(Shoeva et al., 2020; Glagoleva et al., 2022c).

As a first step, a FM protocol was included in our histo-
chemical assay to confirm the presence of melanins, which do
not react to hot ethanol treatment and a pH change. The FM
protocol is commonly used for the detection of melanins in
human and animal tissues (Bancroft, Gamble, 2008; Kiernan,
2008) and has not been used previously for the detection of
melanins in plant tissues. It turned out that the FM protocol
allows the detection of not only melanins by staining them
deep black but also of other polyphenols in a grain, including
colorless ones, owing to their common ability to reduce am-
moniacal silver to metallic one. It is known that silver nitrate
reacts with aromatic compounds that contain two or more
phenolic hydroxyl groups (Wildi, 1951).

In the barley grain, black melanins, purple anthocyanins,
and colorless proanthocyanidins can be detected by ammo-
niacal silver staining. In grains of the BLP line, the melanin-
containing tissues (pericarp and husk) were expectedly stained
by ammoniacal silver; however, metallic silver was also noted
in the testa, implying the presence of hidden polyphenols.
Ammoniacal silver staining in the BLP line was the strongest
in comparison to lines Bowman and PLP, thus pointing to the
presence of a much greater amount of polyphenols in BLP. The
higher accumulation of phenolic compounds in the BLP line
has also been observed elsewhere by HPLC analysis (Shoeva
et al., 2016). Moreover, for the black-grained BLP line, the
highest antioxidant activity has been documented (Glagoleva
etal.,2017). The ability of melanins and colorless polyphenols
to reduce ammoniacal silver may be explained by their well-
known antioxidant properties (Quideau et al., 2011; Panzella et
al., 2012). In the PLP line, ammoniacal silver strongly stained
both visible anthocyanin pigments and previously colorless
tissues, but less strongly than in the BLP line. In all three
barley lines, ammoniacal silver stained colorless polyphenols
in the testa. It was especially noticeable in noncolored control
Bowman grains, which do not contain any visible pigments
and do not react to hot ethanol and to changes in pH but show
prominent black granules after ammoniacal silver staining in

A histochemical assay for polyphenolic profiling
in cereal grains

only one tissue: the testa. It is in this tissue of the barley grain
that colorless proanthocyanidins are synthesized (Jende-Strid,
1993).

To evaluate the efficiency of ammoniacal silver staining
at detecting proanthocyanidins, it was compared with the
DMACA staining. Both methods were applied to barley
grain sections enriched with and low in proanthocyanidins.
We observed the better sensitivity of ammoniacal silver
staining: DMACA did not detect any proanthocyanidins in
proanthocyanidin-less ant25.264, while the ammoniacal silver
reaction in its turn was weak but positive. It is also important
to state that DMACA staining is performed in 6 M HCI, and
HCI negatively affects tissue preservation. Moreover, owing
to the low pH of the DMACA solution, this reagent must not
be used in the presence of anthocyanins because they could
change their color under such conditions and yield a false posi-
tive result. Due to the aforementioned problem, we could not
apply DMACA staining to the detection of proanthocyanidins
in grains of PLP barley, S29BLACK wheat, and vetch. The
results allowed us to conclude that ammoniacal silver stain-
ing has some advantages against DMACA staining and could
replace it to locate proanthocyanidins in grains.

The observations made on the barley grain sections treated
with hot ethanol, HCI, NaOH, and ammoniacal silver helped
us to develop a protocol for the identification of polypheno-
lic pigments in barley grains; it is presented as a scheme in
Figure 3. The relevance of the protocol was confirmed by
chromatography and independent chemical tests reported
previously for the same barley lines (Shoeva et al., 2020;
Glagoleva et al., 2022c¢). It is worth noting that this protocol
was devised for barley. For polyphenolic profiling of grains
of other plant species in the same manner, it is desirable to
verify the reliability of the proposed histochemical techniques
by precise analytical chemistry approaches. Nevertheless, for
a preliminary analysis, the proposed assay could be used in
its current state even for different species. Here we extended
the application of this assay to polyphenol profiling of darkly
pigmented grains of wheat and vetch. Wheat line S29BLACK
was constructed by marker-assisted selection for the presence
of genes ThMyc4E and Pp, which control the synthesis of
blue and purple anthocyanins in the aleurone and pericarp
(Gordeeva et al., 2022). The black color of grains of the vetch
line we analyzed in the current work has been ascribed to
the blue pigments accumulating in macrosclereids; however,
the precise chemical composition has not been determined
(Mursalimov et al., 2021).

Our assay revealed a sufficient amount of polyphenols in
testa and pericarps of the tested wheat grains, which yielded
positive staining with ammoniacal silver. This approach al-
lowed us to detect deposition of the polyphenols in cell walls of
the wheat grains pericarp with the bound phenolic acids among
which dehydrodiferulates have been reported as predominant
(Parker et al., 2005). Abundant colorless polyphenols were also
detected by ammoniacal silver staining in seed envelopes of
vetch; this feature may affect feeding properties of this crop
and deserves deeper research too. Unlike purple pigments in
the barley pericarp, the purple pigments in the wheat pericarp
are insoluble and are not washed out by hot ethanol; however,
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they alter their color after a pH change, thereby enabling us
to identify these purple pigments as anthocyanins. Previously,
cyanidin-based compounds have been identified in the wheat
pericarp as major pigments, among which cyanidin-3-gluco-
side, cyanidin-3-rutinoside, and peonidin-3-glucoside are pre-
dominant (Abdel-Aal et al., 2006; Ficco et al., 2014). Insoluble
blue pigments have also been observed in the aleurone layer of
wheat and in macrosclereids of vetch. They have been identi-
fied as anthocyanins owing to their color transition from blue
(original color) to red in an acidic medium. In blue-grained
wheat, delphinidin-derived anthocyanins — delphinidin-3-glu-
coside and delphinidin-3-rutinoside — have been identified as
predominant anthocyanins (Knievel et al., 2009; Abdel-Aal et
al., 2016), whereas in vetch, the precise chemical structure of
the blue pigments has not been determined yet. Judging by the
results of our test, we can predict that vetch grains accumulate
similar blue delphinidin-derived anthocyanins.

It also should be noted that differential behavior of antho-
cyanins during hot ethanol treatment may be attributed not
only to their distinct chemical structure but also to the type
of cells and organelles accumulating these pigments. For
example, in wheat, blue anthocyanins accumulate in aleurone
cells’ vacuoles. There are spherical particles called aleurone
granules in aleurone cells, which are either phytate inclusions
(type 1: composed of phytic acid minerals) or niacin inclu-
sions (type 2: composed of niacin and proteins), each granule
being surrounded by a fine layer of lipidic droplets (Morrison
etal., 1975; Yuetal., 2021). The anthocyanins accumulated in
aleurone cells may form complexes with metal ions or interact
with the proteins; both these properties are attributed to an-
thocyanins and reportedly improve stability of the molecules
(Lietal., 2021).

Conclusion

In the current work, the histochemical assay consisting of
a series of standard chemical tests applied to cryosections
followed by microscopic examination successfully showed
the possibility of distinguishing polyphenolic pigments and
uncolored polyphenols in barley, wheat, and vetch grains.
However, the extrapolation of results obtained on barley
(and confirmed by analytical chemistry approaches) to other
species requires caution, and further chemical analyses are
necessary for exact identification of polyphenols. Neverthe-
less, the proposed histochemical assay has a high potential
for polyphenolic profiling as part of preliminary screening of
grains of barley and many other species where only a single
grain is required. After the proposed preliminary screening,
the selected lines/varieties could be propagated and analyzed
in more detail for the presence of certain chemicals by more
precise quantitative and qualitative methods.
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Modification of the BphP1-QPAS1 optogenetic system
for gene expression regulation in Nicotiana benthamiana
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Abstract. In plants, the regulation of transgene transcription is typically achieved using chemical agents. A safe
alternative to chemically induced systems may be optogenetic systems. The BphP1-QPAS1 system has distinct
advantages over other optogenetic systems, as it is activated by near-infrared (NIR, 780 nm) light, which is beyond
the spectrum of plant photoreceptors. This system is based on the use of a split transcription factor (TF), consisting
of the DNA-binding and dimerization domains of the yeast TF Gal4, fused to the QPAS1 component, along with the
transactivation domain VP16 fused to BphP1. Under NIR light, BphP1 interacts with QPAS1, leading to the formation
of the functional TF Gal4-VP16. A primary obstacle to using optogenetic systems in plants is their undesired activation
under white light, which is vital for normal plant growth. A potential solution to this issue is temporarily removing
one component of the split TF from the nucleus under white light. We modified the BphP1-QPAS1 system to activate
reporter gene expression in Nicotiana benthamiana leaves using NIR light. We combined BphP1-QPAS1 with several
variants of LOV domain-containing proteins activated by blue light (460-480 nm). The best results were achieved
by combining the BphP1-QPAS1 system with the AsLOV2 domain, which carries the degron sequence RRRG at the
C-terminal Jo helix and initiates the degradation of the chimeric protein NES-Gal4-QPAS1-AsLOV2-RRRG under white
light. This modification induced the BphP1-QPAS1 system in tobacco leaves only under NIR light, but not in the dark or
under white light. We believe that, in the future, the BphP1-QPAS1 system could be applied to enhance plant resistance
to adverse environmental conditions, pests, and viral diseases.

Key words: optogenetic system; BphP1-QPAS1; VVD; AsLOV2; Nicotiana benthamiana; gene expression regulation;
Gal4/UAS
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Moaundukamnms ornToreHeTm4eckom cucremsl BphP1-QPAS1
IIJISI PETYAsIIIY SKCIIPECCUM I'€HOB B JIMCThSIX Tabaka
Nicotiana benthamiana ¢ IOMOLIbIO GJIVDKHETrO
MH(ppaKpacHOro cBeTa

3.C. CypkoBa L2 S, FO.A. Taaumosa (19! 5, H.B. BarTyAuHa 1 A.M. MoTopuHa L E.C. Omeauna ()1 @

T MIHCTUTYT MOneKynspHoii 1 KneTouHoi 6ronoruu Cubmnpckoro oTaeneHmna Poccuiickoil akagemunm Hayk, Hosocnbunpck, Poccusa
2 HoBOCMBMPCKMIA HALMOHANbHbI NCCIE[OBATENbCKMI rocyfiapCTBEHHbIN yHUBepcmTeT, HoBocnbumpck, Poccusa

omelina@mcb.nsc.ru

AHHOTauuA. B pacTeHuax perynsaumna TpaHCKPUNLUM TPAHCTEHOB 0ObIYHO OCYLLECTBIAETCA C MOMOLLbIO XUMNYECKUX
areHToB. be3onacHoOn anbTepHaTMBOW XUMUYECKU WHAYLMPYEMbIM CUCTEMAM MOFYT CIYXWTb OMTOreHeTUyeckue
(1. e. cBeTOMHAYyuMpyemble) cuctembl. baktepumanbHasa cuctema BphP1-QPAS1 BbirogHO OTNMYaeTcs OT APYrux
OMTOreHeTNYECKNX CUCTEM, MOCKONbKY aKTUBMPYeTCA BAMXHUM MHPpakpacHbiM cBeTom (BUK, 780 HM), BbIxoAALWMM 3a
npeaesnbl CnekTpa BOCNPUATMA pacTutenbHbix doToperentopoB. Cnuctema BphP1-QPAS1 ocHoBaHa Ha 1Cnosnb30oBaHUN
«pacLyensieHHoro» TpaHcKpunuroHHoro dpaktopa (TO), coctoAwero n3 [IHK-cBA3bIBalOLLErO N AUMEPU3YIOLLErO AOMe-
HoB fpoxxesoro TO Gal4, cnutoro ¢ kKomnoHeHTom QPAST, 1 TpaHcakTVBaUoHHoro gomeHa VP16, cnutoro ¢ BphP1.
Mop pencteuem BUK ceeta BphP1 B3anmopenctsyet ¢ QPAS1, uto npuBoaut K conmxkennto Gald ¢ VP16 n 3anycky
JKCnpeccnn penopTepHoro reHa. OCHOBHbIM MPENATCTBMEM LA LUMPOKOrO MCMOSb30BaHWA OMTOreHeTUYecKmnx
CUCTEM B PACTEHUAX ABNAETCA HeXenaTeslbHas akTBaLmA Takmx CUCTeM NPU BO3AENCTBUM AHEBHOrO (6enoro) ceeTa,
KOTOPbIN BKNIOYAET LUMPOKUIN CMEKTP AJIVH BOSH U XKN3HEHHO BaXeH 11 HOPManbHOro pocTa pacTeHun. PeweHrem
npob6nembl HeXenaTesibHOW aKTBaLMN MOXET CTaTb BPeMeHHOe yaaneHne u3 agpa KneTkn OAHOro U3 KOMMOHEHTOB
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Application of the optogenetic system BphP1-QPAS1
in plants

«paciyenneHHoro» TO npu Bo3gencTaum 6enoro ceeta. B agaHHom paboTe Mbl moanduumposanm cuctemy BphP1-QPAS1T
INA aKTMBaLMUN SKCMPEeCcCUn pernopTePHOro reHa B NUCTbAX Tabaka Nicotiana benthamiana ¢ nomowbio BUK cBeTa.
[ins 3Toro mbl KOM6UHMpPoBanu cuctemy BphP1-QPAST ¢ Heckonbkumun BapraHTamu LOV fomeH-copepalumx 6enKkos,
aKTMBUPYEMbIX CVHUM cBeTOM (460-480 HM). Haunyutume pe3ynbtaTbl 6biv LOCTUIHY Tbl PY KOMOVHALMM KOMMOHEHTOB
cuctembl BphP1-QPAS1 c someHom AsLOV2 13 6enka ¢oTtoTponuH 1 Avena sativa, Hecywmm Ha C KOHLeBOW Jo. cnvpanu
nocnefosaTenbHOCTb AerpoHa RRRG 1 3anyckatowmm gerpagauuio xumepHoro 6enka NES-Gal4-QPAS1-AsLOV2-RRRG
npwv Bo3aencTemm 6enoro ceeta. Takaa moandukauma aktmBmposana cuctemy BphP1-QPAST B nincTbax Tabaka TonbKo
npwv Bo3geincTeum BUK cBeTa, HO He B TemHOTe Nbo npw 6enom ceeTe. Mbl monaraem, 4to B 6yayLiem cuctema BphP1-
QPAS1 mMoXeT 6blTb NPYMeHeHa A MOBbILEHNA YCTONYMBOCTM PacTeHWUA K HeOGNaronpmuATHbIM YCIOBUAM Cpefbl,

BpeamnTeNam, BUPYCHbIM 3a601eBaHnAM.

KnioueBble cnosa: onTtoreHeTnuyeckasa cuctema; BphP1-QPAST; VVD; AsLOV2; Nicotiana benthamiana; perynauma

aKkcnpeccuu reHo.; Gal4/UAS

Introduction

The use of non-channel light-sensitive proteins, which can
change conformation or form homo- or heterodimeric com-
plexes under specific wavelengths of light, has enabled the
application of optogenetic systems for precise temporal tran-
scription regulation (Shimizu-Sato et al., 2002; Wang et al.,
2012; Konermann et al., 2013; Ochoa-Fernandez et al., 2016;
Gligorovski et al., 2023). Light control may serve as a valuable
alternative to chemically inducible gene expression systems.
The advantages of optogenetic systems over chemical ones
include the following: (1) the ability to focus light on a specific
small area of an organism or cell; (2) control over the intensity
and duration of light exposure; (3) activation or deactivation
of the system by switching the light On or Off, respectively;
(4) independence from the diffusion rate of a chemical agent;
and (5) absence of Off-target effects caused by chemical in-
ducers (Shimizu-Sato et al., 2002; Omelina et al., 2022).

One of the strategies for regulating expression by light is
based on photoreversible conformational changes (Fig. 14, B).
For instance, light illumination may induce the unfolding of
one of the a-helices in the LOV domain-containing proteins
(Crosson, Moffat, 2001; Zayner et al., 2012), which can be
used to expose an engineered peptide that controls intracellular
protein localization or protein-protein interactions (Krueger
et al., 2019). Another strategy is the use of split transcription
factors (TFs), where one component is a DNA-binding domain
of a TF fused to a light-sensitive protein, while its partner is
fused to an activator or repressor domain. When exposed to
light, heterodimers are formed, resulting in the generation of
an active transcription factor (Fig. 1C, D) (Pathak et al., 2017,
Noda, Ozawa, 2018; Omelina, Pindyurin, 2019; Hernandez-
Candia, Tucker, 2020).

One of the most popular systems for the activation and sup-
pression of gene transcription is the LOV domain-containing
proteins. LOV domains belong to the Per-Arnt-Sim (PAS)
protein family (Herrou, Crosson, 2011). The small size (~11—
15 kDa) and the presence of flavin chromophores in most, if
not all, cell types are key advantages of these domains for the
design of optogenetic tools (Wu Y.I. et al., 2009; Losi, Gért-
ner, 2011; Christie et al., 2012; Renicke et al., 2013; Niopek
et al., 2016; Redchuk et al., 2017). One of the strategies for
developing LOV-derived optogenetic tools is based on light-
induced homodimerization. This approach utilises the LOV
domain-containing protein Vivid (VVD) from the filamentous
fungus Neurospora crassa (Wang et al., 2012). VVD has an
N-terminal helix that is docked on the core in the dark state.
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Blue light (460—480 nm) leads to the dissociation of this helix
from the VVD core and interaction with the N-terminal helix of
another VVD, resulting in the formation of a VVD homodimer
(Fig. 14) (Zoltowski et al., 2007; Zoltowski, Crane, 2008). The
VVD-based strategy was used to develop the LightON system,
providing blue-light-induced transcription of target transgenes
in mammalian cells and in mice (Wang et al., 2012). VVD was
fused with the DNA-binding domain of the yeast TF Gal4 and
the p65 transcription activation domain. It formed homodimers
under blue light, resulting in the generation of the active dimer
Gal4-p65 and the transcriptional activation of the UAS reporter
genes. Dark relaxation caused dimer dissociation, meaning the
system returned to the non-active state.

Another LOV domain is derived from the LOV2 domain of
Avena sativa phototropin 1 (4sLOV2). In LOV?2, illumination
with blue light leads to the unwinding of the caged C-terminal
Ja helix and the exposure of the fused C-terminal peptide,
thus making it available for protein-protein interactions (Peter
et al., 2010; Lungu et al., 2012; Strickland et al., 2012; Yu-
merefendi et al., 2015; Kim et al., 2024; Kaya et al., 2025).
This property of the LOV2 domain has been utilized to create
a light-inducible nuclear export system (LEXY) (Niopek et
al., 2016). In this system, blue light releases the photocaged
nuclear export signal (NES) from the 4sLOV2 core, thereby
inducing the export of the protein of interest from the nucleus
(Fig. 1B). To create this system, a library of 33 different NESs
was generated, providing varying efficiencies of nuclear ex-
port for the chimeric protein NLS-mCherry-LEXY from the
nucleus to the cytoplasm under blue light. This system has
been tested in various mammalian cell cultures, and it has
been demonstrated that during the dark relaxation period, the
protein NLS-mCherry-LEXY returns to the nucleus, while
the export of the protein from the nucleus can be repeatedly
induced under blue light. An interesting application of LEXY
is the spatiotemporal control of transcriptional repressors by
sequestering them into the cytosol, which could be of particular
value for controlling reporter gene activity (Fig. 1B) (Niopek
etal., 2016).

Phytochromes are also a widely used optogenetic tool for
the activation and suppression of gene transcription. These
photoreceptors are found in plants, bacteria, cyanobacteria,
and fungi, playing essential roles in light-adaptive processes.
They share common domains in a photosensory core module
and phytochrome-specific domains (Wagner et al., 2007;
Yang et al., 2008; Chernov et al., 2017). Bacterial and fungal
phytochromes incorporate a tetrapyrrole biliverdin [Xa (BV)
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Fig. 1. Different strategies for regulating gene expression using light.

A, A schematic representation of the formation of homodimers due to conformational changes in the LOV domain of the VVD protein
induced by blue light illumination. The N-terminal helix dissociates from the VVD core and interacts with the N-terminal helix of another
VVD under blue light. As a result, the DBD and AD of the split TF associate into a functional TF, leading to the transcription of the reporter
gene. B, A schematic representation of the unfolding of the C-terminal Ja helix from the AsLOV2 domain and the exposure of the fused
NES signal, leading to the relocalization of the transcriptional repressor (DBD-KRAB) from the nucleus into the cytoplasm to control
gene activity. C, D, A schematic representation of the formation of heterodimers PhyB-PIF6 under far-red light (C) or BphP1-QPAS1
under NIR light (D), and their dissociation in darkness. Upon light induction, the DBD interacts with the AD, resulting in the transcription
of the reporter gene. The Pr and Pfr states refer to two interconvertible forms of phytochromes. AD, activating domain; DBD, DNA-
binding domain; KRAB, Kruppel associated box; NES, nuclear export signal.

as a chromophore. In plants and cyanobacteria, BV is further
enzymatically reduced to phytochromobilin (P®B) or phy-
cocyanobilin (PCB), which bind to plant and cyanobacterial
phytochromes, respectively. Phytochromes exist in one of
two interconvertible states: either the Pr state or the Pfr state
(Fig. 1C, D). The Pr state absorbs light at 660—700 nm, whereas
the Pfr state absorbs light at 740—780 nm (Li J. et al., 2011;
Chernov et al., 2017). Typically, the ground (inactive) state
of phytochromes is Pr, which converts to the active Pfr state
upon illumination with 660—-680 nm light (Fig. 1C) (Shcherba-
kova et al., 2015). A specific group of phytochromes, termed
bathy, adopts Pfr as the ground state (Fig. 1.D). Many photore-
versible dimerization tools have been developed based on the
light-regulated interaction of plant phytochrome with basic
helix—loop-helix proteins known as phytochrome-interacting
factors (PIFs). The plant phytochromes PhyA and PhyB
from Arabidopsis thaliana are readily activated by far-red
(640680 nm) light and deactivated by near-infrared (NIR)

(740-760 nm) light or in darkness. In the active Pfr state, PhyA
and PhyB interact with PIF3 or PIF6 (Fig. 1C) (Nietal., 1999;
Zhu et al., 2000). A far-red light-inducible gene expression
system in yeast was developed by fusing the components of
the PhyB-PIF3 system to the DNA-binding and transactiva-
tion domains of the Gal4 TF (Shimizu-Sato et al., 2002). The
interaction of PhyA and PhyB with PIF3 was exploited to
develop a light-switchable gene expression system in mam-
malian cells (Miiller et al., 2013). The PhyB-PIF6 system
for activating transcription in plants has also been reported
(Ochoa-Fernandez et al., 2020). PhyB is known to be very
light-sensitive and can be easily activated even in dim white
light. To prevent this, the authors combined the PhyB-PIF6
protein pair with a LOV-based optogenetic system. The system
was successfully tested in tobacco and Arabidopsis.

Among phytochromes, a subclass of bacterial phytochrome
photoreceptors (BphPs) that incorporate BV should be em-
phasized (Giraud, Verméglio, 2008; Auldridge, Forest, 2011;
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Piatkevich et al., 2013). BV has the most red-shifted absor-
bance relative to other tetrapyrroles, including POB and PCB.
The first BphP1-PpsR2 optogenetic system for transcriptional
activation in eukaryotic cells was developed based on the bac-
terial bathy phytochrome BphP1 from the nonsulphur purple
bacterium Rhodopseudomonas palustris. Under NIR light,
BphP1 interacts with its natural partner protein PpsR2. This
property was utilized to create a transcription activation system
in mammalian cell cultures and mice (Kaberniuk et al., 2016).
The original BphP1-PpsR2 system was optimized by reducing
PpsR2 to a single-domain binding partner, QPAS1, which is
three times smaller than full-length PpsR2, includes only the
a-helical Q-linker and PAS1 domain and lacks oligomeriza-
tion (Redchuk et al., 2017). The pair of proteins BphP1 and
QPASI1 was used to create NIR light-induced systems for the
activation (Fig. 1D) and suppression of gene expression, as
well as for the control of protein localization. These systems
were tested in various mammalian cell cultures (Redchuk et
al., 2017, 2018).

Previously, optogenetic systems for the activation of expres-
sion in plants utilized the plant phytochrome PhyB (Miiller et
al.,2014; Ochoa-Fernandez et al., 2016, 2020) or the bacterial
photoreceptor CarH (Chatelle et al., 2018) activated by far-red
(640—-680 nm) or green light (525 nm), respectively (Omelina
et al., 2022). A significant drawback of these systems is the
potential effect on endogenous plant photoreceptors (Miiller
et al., 2014; Battle, Jones, 2020; Christie, Zurbriggen, 2021).
In this study, for the regulation of the reporter gene tran-
scription in plants, we applied the bacterial BphP1-QPAS1
system activated by NIR light (780 nm), which is outside the
spectra of plant photoreceptors’ excitation and differs from
the wavelength required for their reversion. BphP1 is known
to incorporate BV as a chromophore, which is synthesized in
chloroplasts as a precursor of P®B, suggesting the usability of
BV-required tools in plants (Shikata, Denninger, 2022). How-
ever, the application of optogenetic systems in plant research is
known to have a significant obstacle. Plants are phototrophic
organisms and require exposure to white light, which may non-
specifically activate optogenetic systems (Andres et al., 2019).
To block the activity of the BphP1-QPAS1 system under white
light, we combined the BphP1-QPAS]1 protein pair with blue
light-controlled systems (the LOV domain-containing VVD
protein or AsLOV2 domain fused to several variants of the
NES and degron sequences). The best results were observed
for the combination of the BphP1-QPAS1 system with the
AsLOV2 domain fused to a degron sequence. In the leaves
of these transiently transformed tobacco plants, we observed
strong fluorescence of the plant EGFP (pEGFP) reporter under
NIR light and found no pEGFP signal when the plants were
incubated in standard day/night conditions.

We believe that in the future, the optogenetic system BphP1-
QPASI1 will enable the development of several approaches for
creating safe and highly productive agricultural plants that are
resistant to stress conditions, pests, and viral diseases, which
are common among agricultural crops. Unlike methods that
use various chemicals to combat pests and infectious diseases,
optogenetic biotechnologies are non-toxic and facilitate safe
and high-quality food production.
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Application of the optogenetic system BphP1-QPAS1
in plants

Materials and methods
Design of plasmids. All plasmids generated in this study are
presented in the Table.

Control reporter plasmids without the activator (RI, R2).
Two variants of reporter plasmids R1 and R2 (Fig. 24, B;
Supplementary Figs. 1, 2)! were obtained using the Gibson
assembly method based on the pBI121 vector (Chen et al.,
2003), which was hydrolyzed at the Sbfl/Clal restriction
sites. For that, the UAS sequence was amplified from the
pUASTattB vector (GenBank EF362409.1) (Bischof et al.,
2007). The pEGFP coding sequence, fused with the NOS
terminator, and the sequence of the minimal promoter from
the Cauliflower mosaic virus (mini35S) were amplified from
the pPCAMBIA pGFP vector (Gayatri, Basu, 2020).

Control reporter plasmids with the activator (R14, R24).
The sequences of the full-length promoter of the Cauliflower
mosaic virus (CaMV35S) and light-independent activator
Gal4-VP16 were added to the R1 and R2 plasmids to obtain
the R1A and R2A plasmids. The CaMV35S promoter sequence
was amplified from the pBI121 vector. The sequence of the ac-
tivator Gal4-VP16 (Fig. 2C; Suppl. Fig. 3) was amplified from
the plasmid pGal4-VP16 (Redchuk et al., 2017). The NOS
terminator sequence was amplified from the pPCAMBIA pGFP
vector. All fragments were inserted into the reporter plasmids
R1 or R2 using the Gibson assembly method after being hy-
drolyzed at the Pmel/Clal restriction sites.

Control reporter plasmids without the full-length CaM V35S
promoter from the pBI121 plasmid. To eliminate the influence
of the CaMV35S promoter from the pBI121 plasmid on the
expression of pEGFP, this fragment was excised from R1, R2,
R1A and R2A plasmids at the Sbfl/BamHI sites. Subsequently,
the vectors were treated with a Klenow fragment (NEB), fol-
lowed by self-ligation. These constructs were named R1d,
R2d, R1Ad and R2Ad, respectively.

Plasmid carrying the coding sequences of the BbhP1-VP16,
NLS-Gal4-QPAS1-VVD and VVD-CAAX chimeric proteins
(BOV). To generate the BQV plasmid (Suppl. Fig. 4), the
components of the BphP1-QPAS1 system were amplified
from the plasmid pQP-T2A (Addgene #102583 (Redchuk
et al., 2017)). The coding sequence of the VVD protein was
amplified from the GAVPO construct (Wang et al., 2012).
The NLS and CAAX sequences were included in the primers.
These fragments were inserted into the reporter plasmid R2d
using the Gibson assembly method after being hydrolyzed at
the Pmel/Clal restriction sites.

Plasmids carrying the coding sequences of the BphP1-VP16
and NES-Gal4-QPAS1-AsLOV2-NES21 or NES-Gal4-QPASI-
AsLOV2-NES27 or NES-Gal4-QPAS1-AsLOV2-RRRG chime-
ric proteins (BOL1, BOL2, BOL3, respectively). To generate
the BQL1, BQL2 and BQL3 plasmids (Suppl. Fig. 5), the
sequences of the NOS and CaMV35S promoters, the NOS
terminator, and the NeoR/KanR sequence were amplified from
the pBI121 vector. The components of the BphP1-QPASI1
system were amplified from the plasmid pQP-T2A. The Cau-
liflower mosaic virus polyadenylation signal sequence was
amplified from the pCAMBIA_ pGFP vector. The AsLOV2

1 Supplementary Figures 1-5 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx5.zip

BaBunoBckuii XKypHan reHeTuku u cenekuum / Vavilov Journal of Genetics and Breeding < 2026 « 30 « 1


https://vavilovj-icg.ru/download/pict-2026-30/appx5.zip
https://vavilovj-icg.ru/download/pict-2026-30/appx5.zip

3.C. Cypkosa, l0.A. TanumoBa, H.B. batTtynunHa
O.M. MotopuHa, E.C. OmennHa

sequence was amplified from the plasmid pKM546 (Miiller
et al., 2015). The N-terminal NES and C-terminal NES21,
NES27, and degron sequences were included in the primers.
These fragments were inserted into the BQV plasmid using the
Gibson assembly method after being hydrolyzed at the Pmel/
HindlIII restriction sites.

Preparation of chemically competent Agrobacterium tu-
mefaciens cells. An overnight culture (3 ml) of A. tumefaciens
strain GV3101 was grown in sterile YEP medium (10 g/l yeast
extract, 10 g/l Bacto Peptone, 5 g/l NaCl) for 16-20 hours at
28 °C. Subsequently, 2 ml of this culture was transferred to a
flask containing 50 ml of sterile YEP medium and incubated
at 28 °C until an optical density at 600 nm (ODg) of 0.5-1.0
was reached (typically several hours to overnight). The culture
was then cooled on ice for 30 minutes. Cells were harvested by
centrifugation at 5,000g at 4 °C for 8 minutes. The supernatant
was discarded, and the cell pellet was gently resuspended in
2 ml of ice-cold 20 mM CaCl,. The suspension was incubated
on ice for an additional 30 minutes. Aliquots of 100 pl were
dispensed into pre-chilled microcentrifuge tubes, flash-frozen
in liquid nitrogen, and stored at —70 °C.

A. tumefaciens transformation. Chemically competent
A. tumefaciens strain GV3101 was transformed with the plas-
mids of interest (see the Table). Specifically, 1 pg of plasmid
DNA was added to 100 pl of competent cells. These cells were
thawed for 5 minutes at 37 °C, after which 1 ml of YEP me-
dium supplemented with 50 pg/ml kanamycin and 100 pg/ml
rifampicin was added. The mixture was incubated with shaking
for 3 to 5.5 hours at 28 °C. The cells were then centrifuged at
1,000g for 5 minutes, after which the pellet was resuspended
in 100 pl of YEP medium and plated on YEP agar plates
containing kanamycin and rifampicin. Plates were incubated
in an inverted position at 28 °C for 72 hours until individual
colonies appeared. Colonies were confirmed by colony PCR
using Taqg DNA polymerase (Biolabmix).

Transient transformation of Nicotiana benthamiana
plants. A. tumefaciens cultures were adjusted to an optical
density measured at a wavelength of 600 nm (ODg, = 0.5)
in infiltration medium (10 mM MgCl,, 10 mM MES in H,0).
The cultures were incubated for 1-3 hours at 28 °C prior to
infiltration through the adaxial surface of the leaves of 4- to
5-week-old N. benthamiana.

Ilumination conditions and microscopy. To test the Gal4/
UAS system (plasmids #1-8 in the Table) in tobacco leaves,
the plants were kept in a plant incubator with fluorescent tubes
(cool white light, OSRAM), employing alternating cycles of
light and darkness (16 hours of light and 8 hours of darkness)
to simulate standard day/night conditions for 48 hours.

To analyze the modified BphP1-QPASI system variants,
N. benthamiana plants transiently transformed with the plas-
mids BQV, BQL1, BQL2, or BQL3 (see the Table) were grown
for 48 hours in simulated day/night conditions (16 hours of
white light and 8 hours of darkness). Thereafter, half of the
plants were incubated under NIR light for 24 hours to induce
pEGFP expression, while the other half continued to grow
under the same day/night conditions.

NIR illumination was performed using custom-assembled
LED arrays with a wavelength of 780/20 nm. For microscopic
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analysis, we conducted at least three independent experiments,
taking 1-3 samples from different areas of the tobacco leaves
and using a Zeiss Axio Imager M2 (Carl Zeiss).

Results

Testing of light-independent expression

of the control reporter constructs in tobacco leaves

To test the functioning of the optogenetic system BphP1-
QPASI in plants, we first selected an optimal structure for
the regulatory region of the UAS enhancer-based reporter
construct. This structure should provide minimal reporter
activity in the absence of the activator and a high level of
reporter gene expression in the presence of the activator. The
creation of different variants of the reporter construct for use
in N. benthamiana is necessary due to the lack of a single ver-
sion of the UAS regulatory regions of reporter genes in plants,
as their structure depends on the plant species (Wu C. et al.,
2003; Johnson A.A.T. et al., 2005; Sakvarelidze et al., 2007;
Yun et al., 2023). Additionally, the DNA-binding activity of
Gal4 is known to be sensitive to the methylation of its binding
site in plant chromatin, which can result in weak expression or
even the loss of Gal4-mediated expression (Gélweiler et al.,
2000). To develop these control reporter constructs, we em-
ployed the widely used binary Agrobacterium vector pBI121,
which carries a GUS (f-glucuronidase) reporter gene for
plant transformation (Chen et al., 2003). Based on the pBI121
vector backbone, we designed two variants of the control
reporter plasmids, R1 (Fig. 24; the Table; Suppl. Fig. 1) and
R2 (Fig. 2B; the Table; Suppl. Fig. 2). Both plasmids contain
five UAS repeats for the binding of the TF Gal4-VP16 and the
reporter gene pEGFP. The R2 plasmid additionally contains
the sequence of the minimal promoter from the Cauliflower
mosaic virus (CaMV35S) — mini35S.

The sequence of the light-insensitive Gal4-VP16 activator
was added to the reporter plasmids R1 and R2, resulting in the
creation of the R1A and R2A plasmids (see the Table). The
Gal4-VP16 activator consists of the DNA-binding and dimer-
ization domains of the yeast TF Gal4 (148 a.a.) fused with
the transactivation domain VP16 (Fig. 2C; Suppl. Fig. 3). For
testing in plants, the plasmids R1, R2, R1A, and R2A were used
to transform A. tumefaciens cells, which were subsequently
used to infiltrate the leaves of the tobacco N. benthamiana.
A microscopic analysis of pEGFP protein expression in the
transiently transformed tobacco leaves was conducted 48 hours
after infiltration. We anticipated observing pEGFP expression
in the tobacco leaves transformed with one of the variants of
the reporter plasmids in the presence of the Gal4-VP16 activa-
tor (R1A or R2A), but not in its absence (R1 or R2) (see the
Table). However, all the analyzed constructs exhibited strong
pEGFP expression (Fig. 2D-E").

As we mentioned above, we cloned the reporter plasmids
based on the pBI121 vector backbone. This vector carries the
GUS coding sequence under the control of the full-length
CaMV35S promoter located 494 bp from the UAS repeats in
the reverse orientation (Fig. 2F, G). We did not initially remove
the GUS sequence and its promoter from the vector, assuming
that its expression would not interfere with the analysis of
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Application of the optogenetic system BphP1-QPAS1
in plants

Plasmids for testing the Gal4/UAS (#1-8) and optogenetic (#9-12) systems in tobacco leaves

# Name Key element(s) Bb Cloning method, Presence of the
(reporter, activator, components of the optogenetic system) restriction sites CaMV35S promoter*
1 R1 5XUAS-pEGFP pBI121  GA, Sbfl/Clal +
2 R2 5XUAS-mini35S-pEGFP pBI121  GA, Sbfl/Clal +
3 R1A 5XUAS-pEGFP, R1 GA, Pmel/Clal +
CaMV35S:Gal4-VP16
4 R2A 5XUAS-mini35S-pEGFP, CaMV35S:Gal4-VP16 R2 GA, Pmel/Clal +
5 R1d 5XUAS-pEGFP R1 Restriction and self-ligation, -
Sbfl/BamHI
6 R2d 5%XUAS-mini35S-pEGFP R2 Restriction and self-ligation, -
Sbfl/BamHI
7 R1Ad 5xUAS-pEGFP, R1A Restriction and self-ligation, -
CaMV35S:Gal4-VP16 Sbfl/BamHI
8 R2Ad 5xUAS-mini35S-pEGFP, CaMV35S:Gal4-VP16 R2A Restriction and self-ligation, -
Sbfl/BamHI
9 BQV 5XUAS-mini35S-pEGFP, R2d GA, Pmel/Clal -
CaMV35S:BphP1-VP16-T2A-VVD-CAAX,
NOS:NLS-Gal4-QPAS1-VVD
10, BQL71, 5XUAS-mini35S-pEGFP, BQV GA, Pmel/Hindlll -
11, BQL2, CaMV35S:BphP1-VP16-T2A-NeoR/KanR,
12 BQL3 NOS:NES-Gal4-QPAS1-AsLOV2-NES21/NES27/degron

Note. Bb, backbone; GA, Gibson assembly method. * The full-length promoter CaMV35S from the pBI121 vector backbone, which controls expression
of the GUS reporter gene.

A 5XUAS NOS terminator
DEGFP >1:|:‘:
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N
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Fig. 2. Structure of the control reporter plasmids for testing the Gal4/UAS system in transiently transformed N. benthamiana leaves.

A, Reporter construct R1 without a minimal promoter. B, Reporter construct R2, containing the sequence of the minimal CaMV35S promoter — mini35S.
C, Scheme of the light-independent Gal4-VP16 activator, incorporated into the reporter plasmids R1 and R2 for the activation of the reporter gene.
It consists of the DNA-binding and dimerization domains of the yeast TF Gal4 (148 a.a.) fused with the transactivation domain VP16. The plasmid
elements are not shown to scale. D-E’, Microscopy images of N. benthamiana leaves transiently transformed with the constructs R1 (D), R1A (D'), R2 (E),
R2A (E'). F, A scheme of the reporter construct R1 (analogous to R2) based on the pBI121 vector backbone. G, A scheme of the construct R1A (analogous
to R2A) with the Gal4-VP16 activator based on the pBI121 vector backbone. F, G, The full-length CaMV35S promoter, which regulates the activity of the
GUS geneg, is located 494 bp from the UAS repeats in the reverse orientation. H-I', Microscopy images of N. benthamiana leaves transiently transformed
with the constructs R1d (H), R1Ad (H’), R2d (/), R2Ad (I'). Plants were incubated in simulated day/night conditions for 48 hours (D-E’, H-I'). Scale, 20 pm.
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the pEGFP fluorescence. However, a thorough review of the
literature indicated that the full-length CaMV35S promoter
could alter the activity level of adjacent genes located ap-
proximately 2 kb downstream of the promoter (Zheng et al.,
2007). Furthermore, this promoter can act as an enhancer in
either orientation and lead to an increase in the expression
level of neighboring genes (Zheng et al., 2007). To eliminate
the presumed influence of the CaMV35S promoter on the
expression of the pEGFP reporter, we removed its sequence
from plasmids R1,R2, R1A and R2A. As aresult, we obtained
two new variants of the reporter constructs (R1d and R2d) and
two constructs that carry both the reporter gene pEGFP and
the activator Gal4-VP16 (R1Ad and R2Ad) (see the Table).
Analysis of the activity of these constructs in tobacco leaves
showed that pEGFP protein expression was only observed
in the leaves transformed with the R2Ad construct with the
reporter containing the mini35S sequence in the presence of
the Gal4-VP16 activator (Fig. 27'). In the case of the other
constructs, the level of the pEGFP signal corresponded to au-
tofluorescence (Fig. 2H-I). Therefore, we subsequently used
the R2d reporter plasmid for the application of the optogenetic
system BphP1-QPASI in plants.

Optogenetic control of gene expression

with the BphP1-QPAS1 system in transiently transformed
N. benthamiana leaves

The application of optogenetic systems in plant research is
known to face a significant obstacle in the form of undesired
activity under ambient white light, which is vital for normal
plant growth and development (Braguy, Zurbriggen, 2016).
The original BphP1-QPASI system is based on the split TF
Gal4-VP16, which is assembled by exposure to NIR light.
The DNA-binding domain of Gal4 is fused to QPAS1 (Gal4-
QPAS1) and BphP1 is fused with the VP16 transactivation
domain (BphP1-VP16) (Fig. 1D) (Redchuk et al., 2017). To
address the problem of undesired activation, we fused the
Gal4-QPAS1 chimeric protein with several variants of blue
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light-sensitive LOV domains. This approach might provide the
removal of the Gal4-QPAS1 component from the cell nucleus
under white light.

We combined the components of the BphP1-QPAS1 system
with the VVD protein (see the BQV plasmid in the Table),
which forms homodimers under blue light (or white light
covering a broad spectrum of different wavelengths, includ-
ing blue light at 460—-480 nm). To achieve this, we fused the
DNA-binding protein NLS-Gal4-QPAS1 with VVD, resulting
in the chimeric protein NLS-Gal4-QPAS1-VVD (Fig. 34). We
also added to the BQV plasmid an additional VVD-containing
construct, VVD-CAAX, which facilitates the attachment of the
VVD protein to the plasma membrane via the CAAX peptide
(Fig. 34; Suppl. Fig. 4) (Redchuk et al., 2017; Willumsen et
al., 1984a, b). We hypothesized that in this modified variant
of the optogenetic system, BphP1-VP16 would predominantly
reside in the nucleus of the cells (Fig. 34). In darkness, the
system exists in a state of relaxation. Under white light, the
chimeric proteins NLS-Gal4-QPAS1-VVD and VVD-CAAX
form dimers due to VVD homodimerization, resulting in the
relocalization of the chimeric protein NLS-Gal4-QPAS1-VVD
to the membrane. Under NIR light, BphP1 interacts with
QPASI, leading to the activation of the reporter gene (Fig. 34).

To test the functionality of the BphP1-QPAS1 system
combined with VVD, we transformed Agrobacterium with
the BQV plasmid (see the Table), followed by infiltration of
the leaves of tobacco plants. The plants were incubated in
simulated day/night conditions (16 hours of light and 8 hours
of darkness) for 48 hours. Thereafter, half of the plants were
incubated under NIR light for 24 hours, while the other plants
continued to grow in simulated day/night conditions. As a
result, we detected pEGFP fluorescence in the transiently
transformed tobacco leaves incubated both under NIR light
and in white light/dark conditions (Fig. 3B, B').

It should be noted that a standard practice for testing opto-
genetic systems involves incubating samples under different
light conditions: in darkness and under pulsed light (e.g.,

A Darkness White light NIR light White light/darkness NIR light
Nucleus Nucleus Nucleus
PEGFP
f.”; ——
O %} Off r@ » off @ %%Dj On
‘:L”i/ R :)» O \AVAV,N J*,' A Y f’“w“* A L_» \
Oeorpien Oephpip 0 qrast owpie s caax O Wb © NLS-Gal4(1482.a)

Fig. 3. NIR light-controlled transcription activation of the reporter gene using the BphP1-QPAS1 system in combination

with the VVD protein.

A, A scheme of the proposed functioning of the BphP1-QPAS1 system under different light conditions. In darkness, BphP1 exists in the
inactive Pfr state and cannot interact with QPAS1. Under white light, BphP1 converts to the active Pr state. However, it cannot interact
with QPAS1, as the NLS-Gal4-QPAS1-VVD chimeric protein relocalizes to the plasma membrane due to dimer formation with VVD-CAAX.
Exposure to NIR light leads to the interaction of the BphP1 and QPAST components in the nucleus and activation of the reporter gene
expression. B, B, Microscopy images of N. benthamiana leaves transiently transformed with the plasmid BQV. The plants were incubated
in simulated day/night conditions for 72 hours (B) or in simulated day/night conditions for 48 hours, followed by incubation under

NIR light for 24 hours (B’). Scale, 20 pm.
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Application of the optogenetic system BphP1-QPAS1
in plants
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Fig. 4. Two strategies of the BphP1-QPAS1 system functioning to avoid undesired activation in simulated day/night
conditions.

A, A schematic representation of the proposed functioning of the modified BphP1-QPAS1 system in darkness. BphP1-VP16 exists in
the ground Pfr state and predominantly resides in the nucleus of the cells. The NES-Gal4-QPAS1-AsLOV2-NES/degron localizes in the
cytoplasm due to a weak N-terminal NES signal. B, A scheme of the proposed functioning of the modified BphP1-QPAS1 system under
white light. BphP1-VP16 possibly exists in the active Pr state. However, it cannot interact with QPAS1, as under white light, the NES or
degron signal unwinds from the AsLOV2 core. This results in the relocalization from the nucleus to the cytoplasm or degradation of the
NES-Gal4-QPAS1-AsLOV2-NES/degron chimeric protein. C, A scheme of the proposed functioning of the modified BphP1-QPAS1 system
under NIR light. BphP1 exists in the active Pr state and interacts with QPAS1, leading to the formation of the functional TF Gal4-VP16
and the activation of the reporter gene expression. D-F’, Microscopy images of N. benthamiana leaves transiently transformed with
plasmids carrying the components of the BphP1-QPAS1 system in combination with AsLOV2 fused to different peptides (degron in
D, D'; NES21 in E, E'; NES27 in F, F'). The plants were incubated in simulated day/night conditions for 72 hours (D, E, F) or in simulated

day/night conditions for 48 hours, followed by incubation under NIR light for 24 hours (D', E’, F'). Scale bar, 20 um.

30 seconds On and 180 seconds Off). Initially, after the tran-
sient transformation of the tobacco leaves with the BQV
plasmid, we employed various light conditions. We kept the
plants either in darkness or under continuous blue (480 nm),
NIR (780 nm), or white light for 48 hours. However, these
conditions were not optimal for the normal growth of the
plants, and they exhibited wilting. Therefore, in all subsequent
experiments, we decided to simulate the most natural lighting
conditions with a day/night cycle during the first 48 hours after
transformation. Thereafter, half of the plants were incubated
under NIR light for 24 hours to induce pEGFP expression,
while the remaining plants continued to grow in simulated
day/night conditions.

Thus, the combination of BphP1-QPAS1 with the used va-
riant of the VVD protein appears to be ineffective in plants, as
the addition of VVD did not eliminate the undesired activity
of the BphP1-QPAS1 system under white light (and possibly
in darkness). To address this issue, we first replaced the N-ter-
minal nuclear localization signal (NLS) with a weak NES
signal in the Gal4-QPAS1 component in the BQV plasmid.
It may relocalize part of this chimeric protein from the cell
nucleus, which could potentially reduce the level of undesired
activation in darkness. Secondly, we replaced VVD with the

blue-light-sensitive 4sLOV2 domain, which carries a specific
peptide on its C-terminal Ja helix. Utilizing the different pep-
tides allowed for two strategies: (1) white light-induced nuclear
export of the chimeric protein NES-Gal4-QPAS1-4sLOV2-
NES; (2) white light-induced degradation of the chimeric
protein NES-Gal4-QPAS1-4sLOV2-degron (Fig. 44-C). To
relocalize the NES-Gal4-QPAS1-4sLOV2-NES chimeric
protein from the nucleus to the cytosol, we used two different
NES signals, presented in plasmids BQL1 and BQL2 (see
the Table; Suppl. Fig. 5). These signals (NES21 and NES27,
respectively) were taken from a library of NES signals, which,
in fusion with 4sLOV?2, have shown different efficiencies of
nucleocytoplasmic translocation under blue light (Niopek et
al., 2016). For light-inducible degradation of the NES-Gal4-
QPAS1-4sLOV2-degron protein, the plasmid BQL3 was
generated (see the Table; Suppl. Fig. 5). For this strategy, we
utilized the previously described B-LID system carrying the
degron variant RRRG (Bonger et al., 2014).

We transformed Agrobacterium with the plasmids BQL1,
BQL2, and BQLS3, followed by the infiltration of tobacco
leaves. The plants were incubated for 48 hours in simulated
day/night conditions. Thereafter, halfthe plants were incubated
under NIR light for 24 hours, while the others continued to
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grow in simulated day/night conditions for a further 24 hours.
The strategy based on white light-sensitive degradation
enabled the avoidance of undesired activation of the BphP1-
QPASI1 system under white light and in darkness. We observed
a strong pEGFP signal under NIR light and did not detect
any pEGFP fluorescence in plants grown under standard day/
night conditions (Fig. 4D, D’). The strategy based on white
light-induced nucleocytoplasmic translocation was much less
effective. Both variants of the NES signals displayed pEGFP
fluorescence under NIR light as well as in alternating cycles
of white light and darkness (Fig. 4E—F").

Discussion

The undesired activation of optogenetic systems under ambi-
ent white light is known to be a significant obstacle to using
these systems in plant research, as white light is vital for
normal plant growth. This explains the relatively low number
of articles on the application of optogenetic systems in plants
compared to studies employing chemically inducible systems
(Omelina et al., 2022). However, optogenetic systems offer
several undeniable advantages over chemical systems, mak-
ing their application in plants very appealing. To address the
problem of undesired activation, optogenetic systems may be
combined with other light-sensitive proteins that have higher
light sensitivity to block undesired activity under white light.

In this study, we first applied the BphP1-QPASI1 system
in the leaves of N. benthamiana to induce the expression of
a reporter gene using NIR light. To avoid undesired activity
of the BphP1-QPAS1 system under white light in plants, we
combined it with the blue light-sensitive VVD protein (Wang
etal., 2012). Previous studies in mice have demonstrated that
VVD is more light-sensitive compared to the BphP1-QPAS1
protein pair (Kaberniuk et al., 2016). However, in plants, the
combination of these systems did not yield the desired result.
This may be related to the previously described dependence
of the photoinducible dimerization properties of VVD on
temperature (Qian et al., 2023). In this study, we used a variant
of the VVD protein bearing the mutations N56K and C71V,
which have previously shown a high On/Off ratio at 37 °C and
alow On/Off ratio at 25 °C in HEK293 cells (Qian et al., 2023).
The combination of the BphP1-QPAS1 system with the VVD
protein is very appealing for use in plants, as all components
are orthogonal to plant cells. Using another mutant version
of the VVD protein or other localization signals in the future
might enable avoiding undesired activation of the BphP1-
QPASI system in combination with VVD under white light.
We replaced the VVD protein with the plant-derived AsLOV2
domain. As a result, a variant of the AsLOV2 domain fused
with the degron sequence has shown very good results. We
observed a high level of pEGFP fluorescence after NIR light
illumination and did not detect the pEGFP signal in plants
grown in simulated day/night conditions.

It is important to note that light-sensitive proteins of plant
origin have been applied in plants before. For instance, the
PULSE system, which was previously successfully tested in
plants, is based on the use of the plant phytochrome PhyB
(Miiller et al., 2014; Ochoa-Fernandez et al., 2020). In this
system, the problem of undesired activation under white light
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was solved by the addition of the bacterial LOV-domain protein
EL222 fused with the repressor domain SRDX and binding to
the same promoter of the reporter gene as the PhyB-PIF6-based
split TF. We propose that the BphP1-QPAS1 system has several
advantages compared to the PhyB-based system, as its activa-
tion occurs at NIR light (780 nm) rather than at 640-680 nm.
NIR light is preferable not only because it is not toxic to eu-
karyotic cells, including plant cells, but also because it does not
affect the excitation or relaxation of endogenous phytochromes
(Johnson M.P., 2016; Guidi et al., 2017). Additionally, passive
activation of degradation by white light (but not blue light)
does not affect the activation of endogenous phototropins and
cryptochromes. The chromophores required for photoactiva-
tion of BphP1 and 4sLOV2 (BV and flavin chromophore,
respectively) are plant metabolites and are present in sufficient
quantities in plant cells. In contrast to BphP1-QPAS1, the func-
tioning of other optogenetic systems may lead to the potential
activation of endogenous photoreceptors, which play a crucial
role in plant development. Moreover, it should also be noted
that the BphP1-based system is significantly less sensitive to
ambient light compared to PhyB-derived optogenetic tools
(Kaberniuk et al., 2016). Furthermore, the PhyB protein is pres-
ent in all seed plants (Mathews, 2010; Li F.W. et al., 2015), so
the interaction of the components of PhyB-based systems with
endogenous proteins cannot be ruled out. These points favour-
ably distinguish the BphP1-QPAS1 system from previously
used systems for light-inducible regulation of gene expression
in plants. Thus, in the near future, the BphP1-QPASI system
has all the potential for wide application in plant research and
biotechnology, for example, for plant protection from adverse
climatic and chemical conditions (such as drought, toxins,
soil salinity, and radiation), plant diseases (including moulds,
bacteria, and viruses), and pests (such as insects and rodents).
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AHHoOTauuA. V/I3yuyeHrie MONeKynAapHbIX MEXaHNU3MOB, fleXaLLmX B OCHOBE PacCTPONCTB ayTucTnyeckoro cnektpa (PAC),
TpebyeT co3haHMsA KIIETOUHbIX MOZENEe, CNOCOBHbIX OTpaXKaTb LINC-PerynaTopHble 3PeKTbl 1 annenb-cneunduyHyo
JKCMpeccuio reHoB. B HacToAwem uccnenoBaHWM Mbl MPefcTaBisAemM MOAXOL K MONYYeHUIO WHAYLMPOBAHHbIX
NOPUNOTEHTHBIX CTBONOBBIX KheTok (UMCK), moandurumpoBaHHbIX C MCMNOIb30BaHMEM af€HUHOBOIrO pefakTopa
ocHoBaHun (ABE), anAa BBefgeHMA CMHOHMMUWYHBIX OAHOHYKNEOTUAHbIX 3ameH B reH AUTS2 - KaHgupata Ha
yyacTve B natoreHese PAC. OTu 3aMeHbl NMO3BOMAIOT MapKMPOBaTb afienn 1 OTCEXNBaTb Pa3fnunA B IKCNpeccmm
HOPMasIbHOIO 1 PeoPraHN30BaHHOTO annesne B UUC-KoHTeKcTe. Mbl pa3paboTanu cTpaTeruio BblCOKO3$GHEKTUBHOMO
reHOTUMNMPOBAHNA KJIOHOB C WCMONb30BaHWEM ceKBeHUpoBaHusa npopykToB [LUP (amnnvkoHoB) Ha nnatdopme
HoBoro nokoneHusa (NGS). AHanu3 6onee 100 cy6GKMIOHOB MOKasas, UTO NPEANOXEHHbI MOAXOA NPeBOCXOAUT
cekBeHMpoBaHne no CaHrepy Mo mMacliTabrpyemocTu, YyBCTBUTENBHOCTM U SKOHOMUYHOCTU. Mbl 0To6pan KnoHbl ¢
LieNIeBbIMU reTePO3MroTHbIMM 3aMeHaMK, OLLEHUNIM YPOBEHb MO3anLiM3Ma 1 NpoBenn GpasnpoBaHmne C repMrUHaIbHbIMK
reTepo3nroTHLIMIU BapriaHTamu, No3ponswoliee yoeanTbca B MOHOK/IOHANIbHOM MPOUCXOXKAEHNN KNETOYHOW NINHUN
U naeHTMoMUMpoBaTh annenb, acCoLMMPOBaHHbIN ¢ MyTauueid. MonyyeHHble nnHun UMCK MapKupyloT pasHble
annenu reHa AUTS2, 4To OTKpbIBaeT NepcnekT!By aHanmM3a BAVAHNUA LMC-PErYNATOPHBIX N1eMEHTOB Ha SKCNpeccuto
reHa B Pa3fIMYHbIX TUMax KeToK. PesynbraTbl paboTbl NOAYEPKMBAIOT NPAKTUUYECKYI 3HAaUMMOCTb PefakTopoB
OCHoBaHUi 1 Lenesoro NGS-reHoTMNMpoBaHMA NPY CO3AaHNN KNETOUYHbIX MoZenel C O4HOHYKIEOTUAHbIMU 3aMeHaMu
AnA GyHAaMEHTaNbHbIX U MPUKNaAHbIX NCCNEA0BaHMIN.

KntoueBble cloBa: MHAYLIMPOBAHHbIE MIOPUNOTEHTHblE cTBONOBbIe KneTku (UMCK); CRISPR/Cas9; ogHOHYKNeoTuaHble
3aMeHbl; annenb-cneyrdryHan oLeHKa 3KCNpPeccum; XpOMOCOMHasA NepecTpoinka

[na untupoBanus: AH A.l., CanbHukos M.A., By3auH A.A., KoBanbckas B.A., MycaToBa E.B., Opnos N.C., Pbixkkosa O.I1.,
Cy660T0oBCKan A.M., CyHuoBa M.B., XpuctuueHko A.lO., Xabaposa A.A. PegaktupoBaHue ocHoBaHUi B reHe AUTS2 u
BblCOKOMNpoun3eoanTenbHoe NGS-reHOTUNMPOBaHMe KNOHOB: CTpaTerna Co3haHuA KneTouyHon mopaenu. Basusosckuli
XKYPHAs 2eHemuKu U cesiekyuu. 2026;30(1):72-84. doi 10.18699/vjgb-26-04
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Abstract. Studying the molecular mechanisms underlying autism spectrum disorders (ASD) requires cellular models
capable of capturing cis-regulatory effects and allele-specific gene expression. In this study, we present an approach
for generating induced pluripotent stem cells (iPSCs) modified using an adenine base editor (ABE) to introduce
synonymous single-nucleotide substitutions in the AUTS2 gene - a candidate involved in ASD pathogenesis. These
substitutions serve as allele-specific markers, enabling the tracking of expression differences between normal and
rearranged alleles in a cis-regulatory context. We developed a high-efficiency strategy for genotyping clones using
amplicon-based next-generation sequencing (NGS). Analysis of over 100 subclones demonstrated that this approach
surpasses Sanger sequencing in scalability, sensitivity, and cost-effectiveness. We selected clones with targeted
heterozygous substitutions, assessed mosaicism levels, and performed phasing with germline heterozygous variants
to confirm monoclonal origin and identify the allele carrying the chromosomal rearrangement. The resulting iPSC
lines mark distinct AUTS2 alleles, providing a foundation for analyzing the impact of cis-regulatory elements on gene
expression across different cell types. Our findings highlight the practical value of base editors and targeted NGS
genotyping in creating cellular models with single-nucleotide substitutions for both basic and applied research.

Key words: induced pluripotent stem cells (iPSCs); CRISPR/Cas9; single-nucleotide substitutions; allele-specific
expression analysis; chromosomal rearrangement

For citation: Yan A.P, Salnikov P.A., Buzdin A.A., Kovalskaia V.A., Musatova E.V., Orlov PS., Ryzhkova O.P, Subbotov-
skaia A.l, Suntsova M.V., Khristichenko A.U., Khabarova A.A. Base editing in the AUTS2 gene and high-throughput NGS
genotyping of clones: a strategy for generating a cellular model. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J Genet

2026
30-1

Breed. 2026;30(1):72-84. doi 10.18699/vjgb-26-04

BBepeHue

ITo nanabeiM Global Burden of Disease, B 2021 1. ¢ paccTpoii-
CTBaMH ayTHCTHYECKOTO CIIEKTPa KIIK puMepHo 61.8 MiH
YEJIOBEK 110 BCEMY MUY, & COBOKYIIHbIE TIOTEPH JIET KU3HH,
CKOPPEKTUPOBAHHBIX 110 HETPYAOCIOCOOHOCTH, COCTABUIN
11.5 mua — T. e. 147 ner xu3an Ha Kaxasie 100000 genosex
(Global Burden of Disease Study 2021...,2025). Bersicuenue
TeHETUYECKUX MPUYMH ayTH3Ma TaK )K€, KaK U JIPYTUX BPOXK-
JICHHBIX HEBPOJIOTHUECKUX 3a00JIeBaHNH, 3a4acTyio TpedyeT
HCCIIE/IOBaHUSI MEXaHU3MOB MATOJIOTMYECKHX ITPOLIECCOB, ITPO-
HCXOJSIIUX B TOJIOBHOM Mo3re. C y4eToM MaJioi JOCTYITHO-
CTH 3TOTO OpraHa JJisi MPSMOTO MOJYUYCHHUS KIETOYHOTO
Marepuasa 0COOCHHO BKHO CO3[[aHUE KIETOUHBIX MOJIEIICH,
KOTOpBIE MO3BOJISIT OTCIICKUBATh U3MEHEHHUSI B DKCIIPECCHU
MHTEPECYIOUMX reHOB. He3aMeHUMbIM MHCTPYMEHTOM ISt
9TOTO SIBJISIFOTCSI MHYI[UPOBAHHBIC TUTIOPUIIOTEHTHBIE CTBO-
nosbeie kieTku (MIICK), koTtopeie momydaroT U3 OOIBIIOTO
CIIEKTpa KJIETOYHOTO Marepuaia namueHTta. Takue KIeTKH
MOKHO HanpapiieHHO (D depeHIIMpoBaTh B pa3iniHbIe Kiie-
TOYHBIE THIIBL, YTO OTKPBIBAET OOJIBIIYIO CBOOOY MOJIEITMPOBa-
HUSI IPOLIECCOB, TPOUCXO/ISIIUX B PA3HBIX TKAHIX OpraHu3Ma
(Rowe, Daley, 2019; De Masi et al., 2020).

MONEKYNAPHAA N KNIETOYHAA BUOJIOTUA / MOLECULAR AND CELL BIOLOGY

JI1st peKOHCTPYKITMH TMaTOTEHHBIX MYTallUi CO3TaHUS B
KIICTOUYHBIX MOJISIISX IITUPOKO MPUMEHSETCS CHCTEMa TeHOM-
Horo pexaktupoBanus CRISPR/Cas9. Omnako, HecMOTps Ha
ee pacIpoCTPaHEHHOCTh, 3Ta CHCTEMa IMEET OTPaHUICHUS,
BKITIOYAIONIHE HECTICTM(PUICCKYIO0 aKTUBHOCTh U HETOYHOCTh
pemapaIiy IByIeOYCYHBIX Pa3phIBOB, YTO MOKET IIPHBOIUTH
K HeXeJareNnbHbIM MyTarusaM (CMupHOB U 11p., 2016; Uddin
et al., 2020). B HacTosimee Bpems pa3BHBaeTCs psa Ooiee
TOYHBIX METOJOB, OCHOBaHHKIX Ha TexHojaoruu CRISPR/Cas9,
JIUIICHHBIX OCHOBHBIX HEJOCTATKOB MCXOIHOHN TEXHOJOTHH.
OnvH U3 TakKuX METOJOB — PENaKTOPhl OCHOBAHWH, ITO3BO-
JSFOIINE CIICII(PUIHO 3aMEHATH OMH HYKJICOTH/T Ha APYTOI
(A—G umn C—T) 6e3 HHAYKIIUH ABYTICTIOYCIHBIX pa3pPHIBOB
(Gaudelli et al., 2017).

Brecenne monn¢puKaimii B TeHOM C OJTHOHYKJICOTHIHOMN
TOYHOCTBIO HE TOJHKO OTKPBIBAET BO3MOKHOCTH MOJICIHPO-
BaHUS TCHETHYCCKUX 3a00JICBaHMUI, BRI3BAHHBIX TOUCUHBIMHU
mytanusmu (Lu, Huang, 2018; Geurts et al., 2023), Ho 1 103-
BOIISICT MAPKUPOBATh AJUICITH, YTO TaeT YHHUKAIHHYIO BO3MOXK-
HOCTP TIPOCIEINTH BIUSHUE IHC-PETYISTOPHBIX BapHAHTOB
Ha DKCIIPECCHIO0 U (D)YHKIMOHATIHHYIO aKTHBHOCTH TCHOB Ha
MOHOAIIENFHOM ypoBHE. CpaBHEHHE YPOBHEH SKCIPECCHH
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ayuiesiell MOBTOPSET NU3aiiH IMOPUI0IOrHIECKOTr0 MOAX0a,
TIO3BOJISISL OLIEHUTH LUC-PETrYISITOPHBIE 3()h(DEKTHI MPU HUBE-
JTUPOBAHUH IMIOOBIX TpaHc-BnusHUA (Salnikov et al., 2025).
Kpowme Toro, peaakTopbl 0CHOBaHHH aKTHBHO HCTIONIB3YIOTCS
JUTS pa3pabOTKN TeHHO-TEPANIeBTHUECKUX CTpaTeTrnit s Je-
YeHUs! 3a00JIeBaHNH, CBSI3aHHBIX C BAPHAHTAMH B SJICPHOI 1
vutoxouapuansHor JJTHK (Billon et al., 2017; Liang et al.,
2023).

B cucreme penakTHpoBaHHMS OCHOBaHWH HMCITONB3YETCS
THOPUIHBIN OETIOK, COCTOSIIINK U3 JIMIIECHHOTO HYKJICa3HOH
axTuBHOCTH Oenka Cas9 1 pepMeHTa HyKI€OTH - 1€3aMUHA3HL.
Taxoi#f XuMepHBIN OEITOK MO3BONISIET BHOCHTD 3aMeHBI A—G
mwm C—T 6e3 co3manus AByIenodedHbx pa3peBoB JJHK.
B ciygae anernHOBOTO penakTopa ocHoBaHMi (Adenin base
editor, ABE) ne3aMuHMpOBaHNE MPOUCXOANUT HA OTHOU IETTH
JHK B y3KOM OKHE aKTUBHOCTH JIe3aMUHA3HI (4 HYKICOTHIA),
a OJIHOLETIOUEYHBI Pa3pbIB HA APYTOH LEMH CTUMYIHUPYET
CHCTEMY peTlapalliy BOCCTAHABIMBATh IIOCIIEI0BATEIBHOCTh
o monuduimpoBarnoit e (Rees, Liu, 2018). Cucrema
ABE unnyuupyer kouBepcrio A—G rmyTeM 1e3aMUHUPOBAHUS
a/ICHUHA C ITPEBPAICHIEM €0 B THTIOKCAHTHH, KOTOPBIH 3aTeM
pacrio3raetcs JIHK-nmommmepasoii kak ryanus (Gaudelli et al.,
2017; Chen et al., 2023).

Takum 00pa3om, pefakTOpsl OCHOBAaHWH KaTalU3UPYIOT
MIPSMOE XUMHUYECKOE TPe00pa30BaHIEe HYKICOTHIOB 03 CO3-
JIaHUS! IBYIIETIOYCUHBIX Pa3phIBOB, YTO MUHUMHU3HPYET PHUCK
XPOMOCOMHBIX HapyIICHHUH M UCKIIOYaeT HEOOXOANMOCTh B
nocraske sk30oreHHon JJHK kak MaTpuiibl 1151 rOMOJAOrMUHOM
penapanun. ITO CYIIECTBEHHO CHIDKAET YaCTOTY HELIEJIEBBIX
WHCEpUUii, 1eenii 1 XPOMOCOMHBIX TIEPECTPOEK IO CpaB-
HEHUIO ¢ Kinaccuueckum Cas9.

Hecmotpst Ha psit O4eBHIHBIX MPEUMYIIECTB TAHHON CH-
CTEMBI peJTAKTHPOBAHUSL, PEIAKTOPHI OCHOBAHHI B CBOEM IIPH-
MEHEHHH UMEIOT psiji orpaHndeHui. KimoueBoit HepocTaTok —
KaTaJInTH4ecKas Creu(UIHOCTb Ae3aMUHa3HBIX (DEPMEHTOB,
MTO3BOJISIONIAs OCYIIECTBISATE TONBKO TPAH3MIUHU (3aMEHBI
C—T nwm A—G (3aMeHa ITyprHa Ha ITypUH WA THPUMHIH-
Ha Ha MUPUMUANH), HO HE TPAHCBEPCHH (3aMEHA MypHHa Ha
TTUPUMHUIMH WM HA000POT), UTO 3HAYUTETHHO CY/KAET CIIEKTP
koppektupyeMbix myTtarmit (Komor et al., 2016; Gaudelli et
al., 2017; Rees, Liu, 2018). [pyryro cepbe3Hyto npodiemy
TIPE/ICTABISIET HEelleNeBasi akTUBHOCTH. OHa MPOSIBIISIETCS KaK
B PEAAKTUPOBAHUH HE ITOJTHOCTHIO KOMIIEMEHTAPHBIX CATOB
B JIHK B npeznenax «oKkHa peJakTHPOBAHHS», TaK H, YTO 0CO-
OEHHO Ba)KHO, B HECTICM(PUIECKON MOAN(PHUKAIINH KIICTOYHOH
PHK. /IezamuHa3b1, 0COOCHHO IIUTO3MHOBBIC, MOT'YT CITyJaifHO
ne3aMuHupoBath IuTo3nHb B PHK, moTeHnmansHo Hapymas
TPAHCKPUIITOM M BBI3bIBas TOKCHYECKHE 3(DPEKTHI, TpHIEM
9Ta aKTUBHOCTb YacTO HE 3aBUCUT OT Hampasisitomein PHK
(Griinewald et al., 2019; Jin et al., 2019; Zuo et al., 2019; Yu
et al., 2020).

Hacrostimast crarest HOCBSIIIEHA UCTIONB30BAaHNIO CHCTEMBI
penaxTupoBanus ocHoBanuiit ABE u mHHOBannoHHOU cTpa-
TErny TEHOTUITMPOBAHMS KJICTOYHBIX KIIOHOB MPHU CO3IAHUH
kierouHblx Moaenel Ha ocnoBe UIICK. [Ipu ananuse xkapuo-
THTIA TAIMEHTA C PAcCTPONCTBOM AyTHCTHUECKOTO CIEKTpa
Obl1a 0OHApYKEeHAa XPOMOCOMHASI TIEPECTPOHKA HAa OJHOM M3
ayutenel, rpaHnIia KOTOPOH HAXOIUTCS B MEKT'€HHOM 00/1acTi

AUTS2 base editing
and NGS genotyping of clones

Bomu3u reHa A UTS2 (Gridina et al., 2025). MeI monaraem, 9to
9Ta MEPeCTPOKa MOXKET HapyIIaTh PEryssIUI0 SKCIIPECCHN
rera AUTS2, 94to, B CBOIO 0YepeIlb, MOJKET OBITh CBSI3aHO C Ha-
OimroaeMbIM (peHOTHIIOM TTarenTa. J{ist SKcrepruMeHTaIbHON
IIPOBEPKH 3TOM TMIIOTE3bI HEOOXOIMMO CO3/1aTh MOJIETIb, 1103~
BOJISIFOLTYTO OIIEHUBATh PA3JIMUMs B KCIPECCHU HOPMAILHOTO
aJIIeNs ¥ HaXOJSIIIErocs B IIMC-TIOJIOKEHNH C XPOMOCOMHOM
MIEPECTPONKOM B Pa3HBIX THMaxX KieTok. OJHAKO /sl 3TOTO
TIAlMEeHTa He HalJIeHO OIHOHYKJICOTH/IHBIX 3aMEH B KOJJUPYIO-
mieit obmactu reHa AUTS2, koTopbie OBl MTO3BOJHIIN JTUC-
KPUMUHHMPOBATh TPAHCKPUNTHI ¢ pa3HbIX ayuteneil. M3 panee
nonyuyeHHbix UIICK nanHoro mauueHTta ¢ MCnojab30BaHUEM
cuctembl ABE MBI co3anu MonenbHble TMHUN, HECYIIHE TeTe-
PO3UTOTHBIE OTHOHYKJICOTH IHBIE 3aMeHbI B 10-M 5K30HE reHa
AUTS?2. OTv TMHUY 1AI0T BO3MOXKHOCTH MOJTy4aTh HEHPOHBI/
HelpaJlbHbIe TPEIIIECTBEHHUKH i1 Vitro M KOJIMYECTBEHHO
OLICHMBATh ayieb-crenuduunyio Tpanckpunuuio AUTS2 ¢
NIePECTPOCHHOM U MHTAKTHOH XPOMOCOMaMH.

I'eHoTHIIIPOBaHME KJIOHOB U OLEHKY 3((eKTHBHOCTH pe-
JAKTHPOBAHUS PYTHHHO OLIEHMBAIOT CEKBEHHPOBAHUEM II0
ChaHrepy aMIUTMKOHOB LIEJIEBOTO JIOKyca. Hanbomnee ynoOHbIH 1
TOYHBIH MOJIXO]1 — CEKBEHNPOBAHNE aMITIMKOHA, COAEPIKAILETO
LIeJIeBYTO 3aMeHy. /{715l cCeKBEeHMPOBaHMUS aMIIMKOHOB ITPHUMe-
HUMBI /1Ba 11071X071a: MeTozt CaHrepa 1 CEKBEHHPOBaHUE HOBOTO
niokosieHnst (NGS) (puc. 1, 6, ¢). [Ipn cekBeHHpOBaHUN aMILTH-
KOHOB BBIOOp Mex 1ty MeTozioM Canrepa u NGS onpenensier-
Csl KOHKPETHBIMH 331auaMy uccieoBanns. Meron Canrepa
0CTaeTCs ONTHUMAIIBHBIM JIUISI aHAJIN3a OT/IENIbHBIX MPOIYKTOB
[P mpu HeOOMBIIOM Kom4ecTBe 00pasmoB. Ero orpaHu-
YeHHast ITPOITYCKHAs CIIOCOOHOCTH JINAET €r0 SKOHOMUYIECKH
Helleaecoo0pa3HbIM 1Ipu padoTe ¢ OOIBIIMM KOJTMYECTBOM
00pa3uoB. B omune ot 3Toro, NGS-TeXHOIOTHH O3BOJISIOT
IIPOBOJIUTH OIHOBPEMEHHOE CEKBEHHUPOBAaHNE MHOXKECTBA 00-
pasIoB, YTO 3HAYUTEIHHO CHIDKACT CTOMMOCThH aHAIN3a Ha
OZIMH 00pa3el 1 JeJaeT METO/l He3aMEHUMBIM JJISi MaCCOBOTO
a"annza. OHAKO cIeayeT yUuThIBaTh, 4To NGS Tpedyer 61o-
nHpopMarnueckoro aHain3a. Takum 00pa3oM, I PyTHHHOTO
aHaJIM3a eIMHUYHBIX aMIUIMKOHOB MeTost CaHrepa CoXpaHseT
CBOM IIPEUMYIIIECTBA, TOI/a KaK IPH HEOOXOIMMOCTH MacIlTa-
OupoBaTh aHAIM3 IS OOJIBIIOrO KoJaudecTBa 00pasnoB NGS
JIEMOHCTPHUPYET SBHOE ITPEBOCXOJICTBO.

B pamkax sToro uccinenosanus ¢ nomouso NGS npoana-
m3npoBaHo 117 cyOKI0HOB 1 0TOOPAHbI JIMHUH, TIOXO/ISIIIE
st nuddepeHnnpoBKy 1 aHanu3a skcrpeccnu reHa A UTS2.
MBI TOPOOHO OMHCHIBAEM IIPOTOKOJ IPOOOIIOATOTOBKH JUIsI
NGS-renorunupoBanust 1 OMOMH(GOPMAMOHHOTO aHAIHM3a
TIOJTYYEHHBIX JaHHBIX, KOTOPBI MOXKET OBITH aaanTHPOBaH
JUISL IPYTHX 3a]1a4d TeHOTHITUPOBAHMS.

MaTepmanbl n metopabli

Co3nanune BekTopa MLM3636-BstV2I. B kauectBe ocHo-
BBI JIJIs1 BEKTOpa MbI B3sutd mwiasmuny MLM3636 (Addgene
#43860), comeprkaIiyo mociea0BareIbHOCTh HATPABISIONIEH
PHK (#PHK) c caiitom kimoHHpOBaHUS creiicepa, paccuu-
TAHHOTO Ha MCIHOJb30BaHUe (epMmeHTa pectpukipu BsmBI
(New England Biolabs, CIIIA). bbutn 3aaelicTBOBaHbI Clie-
NyIOIMEe TOCeN0BaTeIbHOCTH npoTocnercepon: 5S-CAA
AAGTTGACCCATTCTAC-3" nns HO44 u 5'-TCACACT
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Puc. 1. O6wwan cxeMa SKCneprMeHTa Mo NoyYeHnio OAHOHYKNeOoTUAHbIX 3amMeH B UMNCK yenoseka 1 cpaBHeHMe 3Tanos
NPOTOKONOB reHOTUNMPOBaHUA KIOHOB MeTodamu NGS 1 cekBeHnpoBaHua no CaHrepy.

a - 3NeKTPonopaLs MOHOLMUTAPHbIX KIETOK KPOBU NaLMeHTa BEKTOpaMu 3KCnpeccum $akTopoB pernporpaMmMrmpoBaHms, NonyyeHne
WMCK 1 3atem anektponopauusa UMCK nnasmugamu, KogupyowymMmn cuctemy peflakTpoBaHUs OCHOBaHWIA: LieieBble HanpasnsoLme
PHK n mogundurumnposaHHbin 6enok Cas9, cnnTbiii ¢ afeHnHaeammHason TadA; 6 — cxemaTMyHOe B3aMMOZENCTBME KOMMIEKca Moau-
duumpoaHHoro 6enka Cas9 (cepblii LUBET), CIUTOTrO C AOMEHOM afileHnHAeaMnHa3bl TadA (CBeTno-XenTolid), 1 Hanpasnstowei PHK ¢
nocnefoBaTeNlbHOCTbIO MpoTocnericepa B reHoMHo [JHK. AfleHUHbI B OKHE pefjakTMPOBaHUA BblfeNeHbl XXeNTbIM; 8 — CXeMa NpUroTos-
neHna NGS-61bnmoTekn gna reHoTUNMPOBAHUA KIIOHOB NyTeM A06aBNeHNA afanTepHbIX NOCef0BaTeNIbHOCTEN U MHAEKCMPOBaHWSA C
nomoLybto AByx payHAoB MLP; 2 — cxema cTaHAAPTHOrO NPOTOKONa CeKBEHMPOBaHMA No CaHrepy.

MOJIEKYJIAPHAA U KNETOYHAA BUOJIOTUA / MOLECULAR AND CELL BIOLOGY 75



A.P.Yan, PA. Salnikov, A.A. Buzdin ...
M.V. Suntsova, A.U. Khristichenko, A.A. Khabarova

GTGCCGGTAGAAT-3" nns HO068. JlanHbIid depMeHT HE
MIPOM3BOUTCS Ha TeppuToprun PD, mosTomMy [u1st yrpomeHus
JaTbHEWIINX MAHUITYISIUNA MBI 3aMEHIJIN OPUTHHAIBHBINA
CailT KJIOHMPOBAHMS HA aHAJIOTUYHBIA CAWT W3 TUIa3MUIBI
pSpCas9(BB)-2A-GFP (PX458) (Addgene #48138), pacmo-
3HaBaeMbIi (hepmeHTOM BstV21, BeITycKaeMbIM pOCCUHCKUM
npouzBogureraeM OO0 «CubDH3mIMY.

Jlist 5TOro MBI aMIUIMGHUINPOBAIN (PArMEHT, COACpIKa-
i caiiT xioHuposanus pSpCas9(BB)-2A-GFP (PX458) ¢
mpaiimepoB pSpCas9_clonF u pSpCas9 clonR, u moutn Bcro
rnociuenoBarenbHOCTh Bekropa MLM3636 ¢ npuMmenenrem
mpaiimepoB MLM3636 clonF u MLM3636 clonR. ITomy-
YeHHBIA MPOAYKT obOpabotamu 1 en. ¢pepmenta Dpnl (New
England Biolabs, CIIIA) 11 04MCTHIIN C TOMOIIIBIO CyCIICH3UN
SPRI-gacturr VAHTS DNA Clean Beads (Vazyme, Kurait).
COopKy KOHCTPYKIHHU TpoBomun ¢ rmomornbio NEBuilder
HiFi (New England Biolabs) B cooTBeTCTBHH C IPOTOKOIOM
TIPOU3BOUTEIIS.

Jns momyueHus: BeKTopoB, skcupeccupyromux HPHK,
1 mxr mnazmuasl MLM3636-BstV2I nuneiipuzoBanu 25 en.
¢dbepmenTta BstV2] B 50 MK peaknmOHHOW CMECH IpH
55 °C B Teuenue Houu. Ilocne pecrpukunn JHK ounmanu
0.8-xparapIM 00BeMoM cycrier3nu SPRI-gactir VAHTS DNA
Clean Beads (Vazyme). OmHOIICTIOY€UHBIC OTUTOHYKICOTH/IBI
H044 F mw HO44 R (110 2 MKkM kaxmoro) (hochoprInpoBain
B 1% Oydepe mra T4-AHK-nurazer ¢ 100 EM AT® u 10 en.
T4-nomuayxneoruakuHasbl («Cruo2H3UMY). st mapsr HO68
MIPUMEHSUIIN aHAJIOTUYHYIO MPOLETypY. 3aTeM OJMTOHYKIIEO0-
Tuael HarpeBan 10 95 °C u THOpHIN30BAd MEIIICHHBIM
oxnaxkaerueM co ckopocteio 0.1 °C/c o 4 °C.

[Monmy4ennsrii pactBop A-onuronykaeoruna H044 (HO68)
F+R Ha cneyromem srare JUTHpOBaIN B IMHEHPU30BAHHYIO
BEKTOPHYIO KOHCTpyKuuio MLM3636-BstV21. Jlna storo
CMEIMBAJIM Ha JpJy cienyroomue koMnoHeHtel: 100 HM
pacTBOpa AI-OJIMTOHYKJIeoTHAa 10 20 HT TMHEAPU30BAHHOM
panee mmasmunsr, 100 €M AT®, 1x SE-6ydpep T4 JHK
nurassl, 20 en. T4 JTHK nurasel. PeakuinoHHy10 cMECh MHKY-
6uposanu B TedeHune Houn mipu 4 °C. Ounmanu npoaykr 0.8
oosemoM cycrier3nn SPRI-gactiuir VAHTS DNA Clean Beads
(Vazyme), smoupoBamu B 5 Mxin H,O. s mocnenyromieit
TpaHchopMannu OaKTepHaANTbHBIX KJIETOK UCIIOIB30BAIIH T10-
JIOBUHY TTOJY4E€HHOTO 00BEeMa MPOTYKTa.

Tparchopmanuto Escherichia coli mpoBOAMIH C TOMOIITHIO
METOo/Ia ANeKTponopaly, mwiasmMuanyo JJHK Beiensim Ha-
6opom Midi-prep («EBporen», Poccrst) u qOMOTHUTETBEHO
ountamu 0.8 o6semom cycrienznu VAHTS DNA Clean Beads
(Vazyme). Dmonnio mpoBOIMIIA B MUHUMAJIEHOM 00beMe
BOJIBI, YTOOBI NOCTUTHYTH KoHIeHTpanuun JIHK He menee
1 Mxr/MKi. 715 ceJIeKInH KJIETOK ¢ MPUMEHEHHNEM ITypOMH-
1rHa ucrnonbi3osany masmMuay pURC puro (mpegocrasiena
COTPYAHHKOM OT/IeJIa MOJICKYJISIPHBIX MEXaHU3MOB OHTOTCHE3a
Ulul" CO PAH A. HypucnamoBbeiM). [laHHas KOHCTPYKITUS
9KCIIPECCUPYET BCTPOCHHBIM B TUIA3MHIY MO IPOMOTOPOM
CMV reH ycTOWYHMBOCTH K MYPOMULIMHY, YTO MO3BOJISET
0TOOpaTh TakMe KJICTKH M 000TaTUTh MOMYIISIHIO KJIETOK CO-
OBITHSIMH PETAKTHPOBAHNSI.

KyabsTHBHpOBaHHe M 3JIeKTPONOPANMs KJIETOK C IO-
Moubio cucteMbl Neon. UTICK kynbTUBHpOBaiv Ha IIIACTH-

AUTS2 base editing
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KOBBIX IUTAHIIIETAX, THO KOTOPBIX MPEABAPUTEIBHO ITOKPBIBAIN
pacTBOopoM KynbTypanbHOTo MaTpukca Matrigel (Corning,
CIIIA), ¢ ucnonp3oBanmem cpeasl mTesrl (StemCell, Kana-
Ja) ¢ 1o0aBIeHNEM CMECH aHTHOMOTHKOB NEHUIMIUINHA 1
crpenrromuninHa («Ilandko», Poccmst). [Ins mesarperarum
kieTok mpuMmensn peareHt TripLE (Thermo Fisher, CIIIA),
paccaxuBanu B coorHomeHuu 1:3—1:5 ¢ mobaBmeHmeM
narHOuTOpa Y-27632 (10 MxM, marnouTop Rho-knHa36I)
(StemCell, Kanana). 3a meHp 10 AIEKTPOTOPAIH JIHHUA
UIICK nepecaxnuBanu Tak, 9TOOBI KICTOUHAS KyJIBTypa T0-
KpBbIBaJIa THO IUTaHIIeTa He 6ombiie ueM Ha 70 % oT miomann
ayHkH. [Tepen mepeHocoM TpaHc(hOpMUPOBAHHBIX KIETOK JTHO
KyJIbTypaJIbHbIX TUIAHIIETOB MTOKPBIBAJIN MaTprkcoM Matrigel
(1 mut ma 10 cM?) 1 uHKYOMpoBanu B Tepmocrare npu 37 °C
B teuerne 20-30 muH. 3a 1 9 10 TpaHCHOpMAIHU K KIETKAM
nobasmsumm 10 MM Y-27632.

Kietounyio KynbTypy Z1€3arperupoBain C MOMOIIBIO
700 mx TripLE (Thermo Fisher). 3aTem 10o0aBmsiii B KaXXIyr0
JYHKY 1O | MJI IIPOMBIBOYHON CpEbI, MSTKO PECyCHEeH/IH-
pOBaJIN KJIETKH M COOHMpAM CYCIICH3HIO B HEHTPU(YKHYIO
npoOupky. [Toxgcyer kireTok ocymecTsisun B kamepe [opsie-
Ba. Cycrniensuto nieHTpudyruposamu 5 mut npu 300 g. [Tocme
rojicyeTa HEOOX0ANMOE KOJIMYECTBO KIETOYHON CYCIICH3MH
(150-200 TBIC. KIETOK HA ONHY PEAKIIHIO IEKTPOMOPAIIHN)
OTMBIBaJH OAMH pa3 B (ocdaraom Oydepe. B mpodupke Ha
1500 MKT cMemuBaIy TPH TUIa3MUIBI (Kaxk 1o mo 0.5 MKT):
mra3musl dkcnpeccun HPHK (MLM3636-BstV2I), penax-
Topa ocHoBanuii (addgene #108382) u pURC _puro (ycroii-
YUBOCTH K ITYPOMHUITUHY) U 100aBysutu 150—250 ThIC. KIETOK,
pecycrieHIMpOBaHHbIX MOCIe OTMBIBaHUs B (pocdarHoM Oy-
(epe B 6ydhepe R n3 Habopa s snexrporoparmu Neon. Cym-
MapHbII 00beM CyCIICH3UHN KIETOK M CMECH TIa3MHU HE JI0M-
JKEH npeBbIaTh 10 MKIIL.

DJIEeKTPONIOpanHio MPOBOIMIH C TIOMOIIBIO CHCTEMBI Neon
npu ycioBusx 1100 V — 30 Mc — 1 umnynbe ¥ nepeHoCuiIn
KIIETKH B JIYHKY KyJIBTYpaJIHOTO IIaHmIeTa (6 JIyHOK) B 3 Ml
cpexsl mTesrl, He comeprkamieii aHTHONOTHKA. Uepes cyTKu
B cpeny A00aBisiy aHTHOMOTHKHU (1X cMech MEHNUIMIUTHHA
1 CTPENITOMHUIIMHA) U TaK)Ke T0OABIISIIN CEJICKTUBHBIN aHTH-
OMOTHK ITypOMUIIH B KOHIIeHTparwn | Mxr/mit Ha 48 1 (Gibco,
CIIIA). Cpeny MeHsIH MONHOCTHIO depe3 | menn. Yepes
7—10 aHEN KONOHUU KIIETOK MHAUBUAYAIbHO MIEPEHOCUIIN B
OT/IEJIbHBIC JTYHKH 24-TyHOYHOTO IUTAHIIETa (CHUMAJId OKO-
10 30 xonoHuit). Kak TOTBKO KOJOHUH JOCTUTATIH pa3MEpOB
1/4 or mnomaay JyHKH, UX €3arperupoBalIi C TTOMOIIBIO
TrypLE, 3aTeM nocie neHTpruyrupoBaHUs YaCTh KICTOTHON
cycrieH3nu octasisuty 4yt Beiaenenus JJHK u nocnemyromero
TEHOTHITUPOBAHMS, @ YaCTh CyCIICH3MN 3aMopaxnBaii B KSR
(Gibco) ¢ nobasnerneM 10 % muMeTtuicynbdokcua.

I'eHoTUnMpoBaHMe KJIOHOB ¢ MOMOIBI0 NGS-cekBeHH-
poBaHusi aMiIJIMKOHOB. Jlyis nocranoBku I1LP ucnoms3o-
Baiy Habop peakTHBOB OT koMmaHuu «MBC-TexHomorns
(Poccust). O6mmit 06bem 50 M copepskan: 50 ar JHK, 1X
BP MBUsion, 0.2 MM xaxmoro dNTP; 0.2 MxM mpaiitmepa
AUTS gen F; 0.2 MmxM mpaiimepa AUTS gen R (tabm. 1);
0.4 mxn MBUsion monmumepassl («MBC-Texuonorus»); H,O
110 50 mxa1. [P npoBoaniu nipu cineayomux ycinoBusx: 95 °C
3 muH, 20 nukios: 95 °C 15 ¢, 60 °C 30 ¢, 72 °C 30 ¢, m 3arem
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Ta6nuua 1. MNpaiimepbl 1 ONNTOHYKIEOTUADI

PepaktnpoBaHue reHa AUTS2 2026
1 NGS-reHoTUNMpOBaHMe KIOHOB 30.1

HassaHue
MLM_genF
MLM_genR
H044_F

H044_R

H068_F

H068_R
AUTS_gen_F
AUTS_gen_R
P5_IP{index_ID}
P7_IP{index_ID}
pSpCas9_clonF
pSpCas9_clonR
MLM3636_clonF
MLM3636_clonR
AUTS2_phase_F1
AUTS2_phase_R1
AUTS2_phase_F2
AUTS2_phase_R2

MocnepoBaTenbHOCTb 5'-3'

TCGGGCAGGAAGAGGGCCTATTTC

CCTCGAGCGGCCCAAGCTTAAAAA

CACCGCAAAAGTTGACCCATTCTAC

AAACGTAGAATGGGTCAACTTTTGC

CACCGTCACACTGTGCCGGTAGAAT

AAACATTCTACCGGCACAGTGTGAC
CTGGAGTTCAGACGTGTGCTCTTCCGATCTTGACAGCTTAATGACAGGGAAGC
TCTTTCCCTACACGACGCTCTTCCGATCTCTGATCTGTGGCAAGAGCACAA
AATGATACGGCGACCACCGAGATCTACAC{8bp_Index}ACACTCTTTCCCTACACGAC
CAAGCAGAAGACGGCATACGAGAT{8bp_Index}GTGACTGGAGTTCAGACGTGT
GGCCTATTTCCCATGATTCCT

CGACTCGGTGCCACTTTT

AGGAATCATGGGAAATAGGCC

AAAAGTGGCACCGAGTCG
CTGGAGTTCAGACGTGTGCTCTTCCGATCTACTAGCTTTTGCTTTGATCCC
TCTTTCCCTACACGACGCTCTTCCGATCTGCCTGACTGCCACTAAAGAG
CTGGAGTTCAGACGTGTGCTCTTCCGATCTTCCACTGTAGCAGTGAACAAA
TCTTTCCCTACACGACGCTCTTCCGATCTATGCCTGACTGCCACTAAAG

72 °C 1 muH, 4 °C. INonyuyennsie npoaykrs! [TLIP pa3Boauiu B
100 pa3 1 ucnonb3oBayiv 2 MKJI JAHHOT'O PACTBOPA B KAUECTBE
Matpuibl st nocnenyomei 1P, kotopyro npoBoguiu ¢
MHJICKCHPOBAHUEM 1 BKJIFOUEHHUEM ITOJTHBIX TTOCIICI0BATEIILHO-
cTel, HeoOXoauMBbIX T cekBeHuposanus, P5_IP {index ID}
u P7_IP {index ID} (cm. Tatm. 1).

AMIUM(UKAINIO OCYIIECTBIISIIM HAa JAaHHBIX yCIOBHAX:
95 °C 3 muH; 8 mukios: 95 °C 15¢;60°C30c¢;72°C30cu
3arem 72 °C 1 mun, 4 °C. [IpuOIU3NTETHHYIO KOHIICHTPAITIIO
nipoaykTos [TL{P onernBay ¢ TOMOIIBIO MX BU3yaIH3alluy Ha
aNeKTpoope3e B arapo3HOM Telle, 3aTeM Bce 00pasIsl cMe-
IIMBAJIM B TPUMEPHO PABHBIX KOIMUYECTBAX M OYHIIIAIN OTHIM
oobsemoMm cycniersun VAHTS DNA Clean Beads (Vazyme),
3areM smonposanu B 20 mxa H,O.

CeKBEeHMPOBAHNE BBITIONHSIIN B PEKUME MapHBIX MpOYTe-
Huii o 150 . 1. (B cpenaem ~10000 mpouTeHnit Ha oOpaserr).
W3 mony4eHHBIX AaHHBIX YOMpaIH MOCIEI0BATEIBHOCTH
ananrepos (cutadapt), mocie 4ero BIpaBHUBAIHM HA MHICK-
CHPOBaHHYIO pedepeHc-ToCIea0BaTeNbHOCTD ENEBOTO pe-
TMOHA WHCTPYMEHTOM bowtie2, mapamMeTpsl 0 YMOIYAHHIO.
[onyuyennsie nanupie B popmare BAM Bu3yanm3upoBaiu ¢
momorsio Integrative GenomicsViewer (IGV, CIIA).

Jns npentudukanun BaprantoB opmuposamn VCF-daii-
JIBI KOMaH0H beftools mpileup ¢ 3amucero TiryOMHBI auteneit
(¢mar AD). [Janee cobcTBeHHBIM cKpuritoM Ha Python pac-
CUUTHIBAJIN YACTOTY MPEJCTABICHHOCTH MyTAHTHOTO aJIJIeIIst
0 KKIOH MO3MINH, arperupoBa Pe3ybTaThl B SANHYIO
MaTpHIly ¥ CTPOMIIN JIMHEHHbIE TPAUKH JJIsI TPYIIIT 00pa3IoB,
YTO TO3BOJISUIO OLCHNTH PaclpeeeHIe aluIebHbIX YacTOT
JUISL 3aMEH 10 BCEM BO3MOKHBIM ITO3UIHUSAM. Bee nernone3o-

BaHHBIC CKPHIITHI ¢ TpuMepamu TocTymHbI Ha GitHub https://
github.com/Somatich/NGS-genotyping-Yan-et-al.-2025.

®a3upoBaHHe BHECEHHBIX 3aMeH ¢ FTePMHUHAJILHBIM Ba-
puanToM. [lox ¢asmpoBaHreM OTHOHYKICOTHIHBIX 3aMEH
MBI ITOAPa3yMEBAEM OMPE/IEICHUE TOTO, HAXOASTCS JIM B
BapuaHTa Pa3HbIX 3aMEH B IIMC-KOH(UTypaluy WIN B TPAHC-
KoHUTyparuu. Msl monobpany mapy mnpaiimepos, ¢iaH-
KHPYIONIMX KaK CalT WHIYyINPOBAHHOTO MyTareHe3a, Tak 1
repMuHaNbHBI BapuaHT (chr7:70768282 hg38, rs3829006
G/A), c oxunaemoit mmHOH ipoxykTa [P amiaoi 363 . 1.
K 5'-KOHIIaM TpaiiMepoB ObUIN 100ABICHBI TEXHUYECKHUE 110-
caenoBarenbHocTH uisi NGS. JlaHHBIN repMUHaANIbHBINA Ba-
PpUAHT HaXOAWJICS Ha pacCcTOsHUU 238 Mm.H. OT cailTa UHIY-
LIUPYEMOTO MyTareHe3a 1 ObUT BRIOpAH ITPH aHAJIN3E JaHHBIX
CeKBeHHpOBaHMA dk3oMa manueHTa (Gridina et al., 2025).
VYmanenue Ha paccrosaue He 6omee 200—300 HYKICOTHIOB
M03BOJISIET MOMY4YnTh poaykT I11P, ninHa koToporo onTu-
MaJbHa I CEKBEHHUPOBAHMS C MOMOIIbI0 cucTeMbl NGS
[llumina (cexBeHHpoBaHME oOpasna ¢ IHHON (hparMeHTa
JHK 6omee 500 1. H. 3HAYUTEITEHO CHIKAIO OBI er0 3(pheKTrB-
HOCTh). BpIIH HCTIONB30BaHbI JIBE Pa3HbIC MAPHI IPaiMepPOB:
AUTS2 phase F1/R1 u AUTS2 phase F2/R2 (cwm. ta6m. 1).

st mocranosku [P 3aeiicTBoBai HAOOpP PEaKTHBOB OT
komnanuu «MBC-Texnonorus». Uuaekcupyromyto TP u
OYHCTKY IPOBOAMIIN TaK K€, KaK yKa3aHo BbIlIe. bubmmorexn
CEKBEHHPOBAJI B PEKMME MapHbIX npouteHuil o 150 m. H.,
momy4yuB okono 5000 map mpoureHmit Ha oOpasen. YTeHHS
KapTHPOBAJIX YTHINTOH Bowtie2 ¢ HacTpoiikamu 1o ymomda-
Huto. @azupoBanre SNP BBINONHSIIN BpYUHYIO, aHATU3UPYSI
BEIpaBHUBAHHS B TCHOMHOM Opay3epe IGV.
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Pe3ynbratbl

Owu3zaiid HPHK n oueHka appeKTnBHOCTI

pepakTupoBaHua B 10-m 3k30He reHa AUTS2

Lenbto TaHHOTO UCCIIEA0BaHUS SBISIETCS CO3JaHNE KIIETOYHOM
mozenu Ha ocHoBe UIICK, comepkamiux reTrepo3uroTHyIO
OJHOHYKJICOTUJHYIO CHHOHUMHYHYIO 3aMeHy B 10-M 3K30He
rena AUTS2, ¢ mpUMeHEHUEM aJeHUHOBOTO PEAAKTHPOBA-
Hust ocHoBanuit (ABE) (cm. puc. 1, a). Beidop 10-ro sx30Ha
ObLT 00YCIIOBIICH T€M, YTO OH IMPUCYTCTBYET B OOJIBIITMHCTBE
ONMCAHHBIX U MPEeJICKa3aHHbIX TpaHCKpUNTOB. Kpome 3Toro,
UMEHHO psiioM ¢ 10-M 5K30HOM OOHApPYKEH TepPMUHAIBHBIN
OIHOHYKJICOTHIHBII BAPUAHT, ITO3BOJIIOIINI HaM (pa3upoBaTh
BHECEHHYIO 3aMEHY OTHOCHUTENILHO ajulesiei.

Ha »rane nusaiina HPHK Obita npoaHamisupoBaHa HyK-
JICOTUIHAA IocienoBarenbHOCTh 10-r0 sx30Ha rena AUTS2.
B pesynbrare 5TOr0 aHanu3a HailieHbl MO3ULUH aIEHUHA, Pac-
MOJIOKEHHBIE Ha TPETHEM MECTE B COCTaBe KOJAOHOB M IOIa-
naromire B pabouee okHO ABE (Hykieornast 4—7 npotocrieii-
cepa). Takum oOpa3oM, 3aMeHa TaKUX aJICHUHOB HA TyaHUH
SIBIISIETCS. CAHOHUMUYHON 3aMeHOoU. B 10-M 5K30HE HaeHTH-
¢umupoBano nBa Takux aneHuHa: chr7:70768044 A—G u
chr7:70768068 T—C (hg38). 3amena ajeHnHa Ha MO3UIMN
chr7:70768044 nmpuBOIUT K CHHOHUMHYHOU 3aMEHE aJCHUHA
B Tpututere AAA Ha AAG (p.Lys570Lys). /lanHblil BapuaHT
BCTpEYAeTCs B NOMyssinuu ¢ BepossTHOCTHI0 0.000005596, He
NpecKa3aH Kak BIMSIONIMM Ha CIUIAMCHUHT WM CO3/al0oLUi
HOBBIH CalT cIuTalicuHra (TIpU aHAIIN3E MOCISIOBATEIEHOCTH
B 6a3zax maHHbIX SpliceAl m MobiDetails). 3amena na mo3u-
uu chr7:70768068 T—C — curonnmuuHas 3amera AGT Ha
AGC, naHHBIN BapHaHT HE ONMCaH B 0a3e aHHBIX gnomAD
Y TaKXe He MpeJCKa3aH KaK BapUaHT, BIISIOIINI Ha CIUIaii-
CUHT WJIM CO3JAIONIMKA HOBBIA caldT crutaiicuara (SpliceAl
u MobiDetails) (Reese et al., 1997; Jaganathan et al., 2019;
Baux et al., 2021).

Jist 000oMX ATHX BapHMaHTOB CKOHCTPYHPOBAHKI JIBE Ha-
npasisirorine PHK: H044 u HO68 (cm. tabm. 1). Ouenka
s dexruBrocTr Hanpasisomux PHK B ycinoBusix in vivo mpo-
BeneHa Ha KynbsTrype UIICK ¢ ucnonb3zoBanueM miaa3Muibl,
aKkcnpeccupyromiei oeok Cas9 (addgene 62988), u Toxke mo-
Kazaja puMepHO OIUHAKOBYIO 3 dhexTrBHOCTH 00enx HPHK:
st mozutn H044 (chr7:70768044) cocraBuna 9.2 %, s
HO068 (chr7:70768068) — 7.6 %.

AHanu3 BBIMONHSIIM ¢ TOMOIIbIO UHCTpyMeHTa Cas-Ana-
lyser (Crisper Rgen) (Hwang et al., 2018). Baxxuno moguepk-
HYTb, 4TO 3PPEKTUBHOCTH TCHOMHOTO PEIaKTHPOBAHUS OIIpe-
JETSIETCS] MHOKECTBOM JIPYTHX TPYAHO KOHTPOIHPYEMBIX (pak-
TOPOB, TAKUX KaK JOKAJIbHOE COCTOSIHUE XPOMAaTHHA KOHKPET-
HOM JINHUY, IOTOMY HE CJIEIyeT MOJIHOCTBIO MOJaraThCs Ha
pacdueTHOE IpeIcKa3aHue aKTHBHOCTH U CIICITU(HYHOCTH Ha-
npasisttomeit PHK, Ho, 9TOOBI TOBBICHTE BEPOSITHOCTH MOITY-
YyeHus TpeOyeMOoi My TaIlvH, IIeIecO00pa3HO MapauIeIbHO HC-
nosib3oBaTh Heckonbko HPHK ¢ pa3nbiMu nporocneiicepamu.
Tako#i TO/TX0/1 OBBIIITAET BEPOSITHOCTH ITOIYICHHS TPeOyeMOoit
myTanuu. [1oaToMy B nanbHEHIINX SKCIIEPUMEHTAX Mbl IIPU-
Mensu 06e HPHK.

B xagecTBe MpoOHOTO 3KCIIEPUMEHTA HA MOMYIISAINH Kile-
TOK (TI0CIIe TpaHC(HEKIINH JIJIs aHaT3a ObLUTH B3ATHI BCE KIIET-

AUTS2 base editing
and NGS genotyping of clones

ku, 6e3 oTOopa TeX, B KOTOPhIC JEHCTBUTEIHFHO MOMAIHA KOH-
CTPYyKINH), Obla oreHeHa 3()()eKTHUBHOCTH 00eHX Harpas-
nstomux PHK B koMOWHAImum ¢ peqakTopoM OCHOBaHUI
Cas9(ABE7.10). ITocne anekrpornopanuy KIECTOK TeHETHYe-
CKUMU KOHCTPYKIUSAMH, dKCTpeccupyromumu oemok Cas9 u
Hanpasistonyto PHK, Ha TpeTuil 1eHp U3 KIeTOK BBIACIISIN
JHK u mpoBommimm mpo6onoarotoBky oopasios mis NGS.
AHanu3 0CyILECTBISUIM C IOMOILBIO UHCTpyMeHTa BE-Ana-
lyser (Crisper Rgen, FOxxnas Kopest) (Hwang et al., 2018).
O} PexTHBHOCTH BHECCHHS 3aMEHBI aJICHHHA C TIOMOIIBIO
penakropa ocHoBauwmid st H044 (chr7:70768044) cocraBmna
5.1 %.

Ha cocennux mosumusx (chr7:70768041-70768043) ¢ mie-
neBbIM afieHnHOM (chr7:70768044) HaxoosaTCs YeThIpe aCHNU-
Ha. MBI OIICHWIIN BEPOSTHOCTh PEAAKTHPOBAHUS PEIAKTOPOM
OCHOBaHHUH: Tak, /Ui ajennHa B mo3umuu chr7:70768043
oHa cocraBuia 3 %, yacToTa BHECEHHUS 3aMCHBI aJcHUHA
eIIIe B IBYX cOoceqHUX Mo3umusx (chr7:70768041-70768042)
obima 0.4 u 0.7 % coorBercTBeHHO. st HO68 B mosummn
chr7:70768068 >pdexTnBHOCTE cCocTaBmia 3 %. [Tomyuennsie
JTAaHHBIC CBHJICTEIHCTBYIOT O TOM, UTO, HECMOTPSI Ha HAJTUHE
KIactepa u3 ueThipex ageHuHoB (chr7:70768041-70768044)
BOMH3H 11eIIeBOi mo3uiuw, mpotocneticep H044 obecrieunBaet
Ooree BEICOKYIO 2(p(heKTHBHOCTE peIaKTHPOBAHNS B 32 TaHHOM
no3uuuu no cpasuenuto ¢ HO68. JloctaTtouHo BeICOKast 4acTo-
Ta HEIEJIEBON 3aMeHsl ajeHnHa B no3unuu chr7:70768043
B HAIlIEM CITyYae HE SBILUIACH KPUTHICCKUM (PAKTOPOM IS
ucnonb3oBanus ganHol HPHK, Ho BeIHY X /1aeT 3a1elicTBOBaTh
OOITBIITYIO BEIOOPKY MOITH(HUIIMPOBAHHBIX KIIOHOB JIJIS TIOMCKA
HY>KHOTO HaM TeHOTHIIA C 3aMEHO B HEOOXOIUMOM MTO3UIIHH.

Taxoke JUIsi HOBBIIICHHUS TOJIHM KJIETOK C HCOOXOIUMOI T'eHe-
THYECKOW MOAU(UKAIINCH B TIOMYIISIINH MBI PEIIFIIHN ITpHMe-
HUTH METOJIBI 00OTAIICHNS, TAKHE KaK KOTPAHC(EKITHS KIICTOK
C TUTa3MHJOW, HECYIICH CEeNeKTUBHBIA Mapkep (Hampumep,
YCTOWMYUBOCTHU K ITyPOMHIIFHY ), YTO TIO3BOIUT dPPEKTHBHO
0oTo0paTh KIETKH, YCIENTHO TpaHC(HUINPOBaHHBIC TCHETHU-
YECKUMH KOHCTPYKIHUSAMH, W 3HAYUTEIHFHO MOBBICUT BBIXOM
MOTU(PHUIIMPOBAHHBIX KIETOK. TakuM oOpa3oM, pe3yiabTaThl
MMAJIOTHOTO JKCIIEPUMEHTa TOATBEPKIAIOT paboTocmocoo-
HOCTb CUCTEMBI PEJAKTOPOB OCHOBaHMI B JIoKyce reHa A UTS2;
HPHK H044 nemoncTpupyeT 0omee BEICOKYTO 3(h(DEKTUBHOCTh
peaaKTUpOBaHUs LeneBor no3uuuu no cpaBuenuto ¢ HPHK
HO068, HecMoTps Ha TOTCHIIHATEHBIC TIPOOIEMBI, CBI3aHHBIC
C KJIACTEPOM aJICHIHOB.

MonyuyeHune n or6op kKnoHos UMCK

C BHECEHHOW 3aMeHOoW nocJie pefakTupoBaHNA OCHOBaHUN
Jns BHecenus neneBoi 3ameHbl B 10-m 3x30He reHa AUTS
TIPUMEHUITN JICKTPOTIOPAITIIO C HCITOIH30BAHUEM CHCTEMEI
Neon™. DnexTpornoparuio IByX HCXOIHbIX JIHHUH deIoBede-
ckux UIICK npoBonmiu cMeChIO TpeX MIa3Mul, KOOUPYIOLIUX
Hanpasistomyto PHK, aneHnHoBbIi penakrop 0oCHOBaHUH 1
MapKep YCTOHYUBOCTH K mypoMuuHy. [locie snekrpormopa-
MU KJICTKHU PAcCaXKUBaIH B HU3KOW TNTIOTHOCTH HA MaTPUKCE
¥ KynsTHBHpOBanm Ha cpene mTesrl, comeprkarieid cenex-
TUBHBII aHTHOMOTHK B TeUEHHE TpeX cyTok. Ha 7—10-it neHp
mocine TpaHc(eKuy ObUTH BU3YalbHO MICHTH(DHUIINPOBAHEI
U MEXaHWYECKH OTOOPaHBI WHIAWBHUIYATbHBIC KOJOHHWH, Je-
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Puc. 2. [pumepbl pe3ynbTaToB NpeacTaBieHHOro NPoToKona.

a - BU3yanusauma CyMMapHbIX pe3ynbTaToB reHOTUMMPOBAHUA Af1A 69 KNEeTOUHbIX KNTOHOB, MOAUGULIMPOBAHHbIX C MOMOLLbIO Hanpas-
nsaiowein PHK HO44; 6 — npumMep BU3yann3auum pesynsTaToB reHOTUMNMPOBaHWSA ANl Tpex n3bpaHHbIx o6pasuoB. Mo ocu abcumce - re-
HOMHasa nocnefoBatenibHOCTb chr7:70768037-70768062, hg38 B Hykneotnaax, Mo ocv OPAUHAT — [AONA NPOYTEHUI CeKBEHPOBaHWS,
cofeprKallyx 3aMeHy; 8 — BU3yanu3auma CyMMapHbIX pe3ynbTaToB reHOTUNMPOBaHNA A 48 KEeTOUHbIX KNOHOB, MOANGULIMPOBaHHbIX
c nomouyblo HanpasnawLwen PHK HO68. Mo ocn abcumcc — reHoMHas nocnefoBatesibHocTb chr7:70768048-70768077, hg38 B Hykneotu-
nax. Cepas obnacTb COOTBETCTBYeT NOC/IeAOBaTENbHOCTU Hanpasnsaowein PHK, ncnonb3oBaHHOM B SKCNeprMEHTE; 2 — CeKBEHOrPaMMbl
o6pa3suoB iP-63-2 (ncxogHaa nuHua UMNCK) n iP-63-2A32 (nununa UMNCK ¢ cuHoHummyHol 3ameHoi Tpunneta AAA/AAG) ana cainta myTa-
reHesa; 0 — mopdonorusa KnetouHoin Kynbtypbl MMCK B npoxofslem caete; 6enas nuHua — 100 MKM.

MoHcTpupylomue xapakreprayto ans UTICK mopdonoruio
(puc. 2, 0). B pesynbrare mpoBeieHHOTO 0TOOpa JUIs Mocie-
JyIOMIeH IeTaabHON XapaKTepUCTUKHU OBLIO COXPAHEHO
117 KITOHOB, KOTOPBIE TIOKA3aJIA CTAOMIBHBIN POCT ¥ TIOAICP-
YKMBAJIN TUITUYHBIH TS TUTIOPUITOTEHTHBIX KJIETOK MOP(OIIO-
THYECKUI ()EHOTHII.

Ha cnenyromem stare ObIIIO HEOOXOIUMO PELIUTH JKC-
MIEPUMEHTAIIBHYIO 33/1a4y 110 TEHOTHITMPOBAHMIO Oosiee deM
100 o6pasuos. st oneHkn o01meH 3 GEeKTHBHOCTH 1 pe3yiThb-
TaTOB TEHOMHOTO PETaKTUPOBAHUS TPATUIIMOHHO UCTIONB3YIOT
CeKBeHMpoBaHHUe 10 CIHTepy aMITMKOHOB PEAAKTHPYEMOTO
caifra (cM. puc. 1, 6, 2). OnHaKo 3TOT METOJ TPYJ03aTpaTeH,
a Ipy aHajm3e OOJNBIIOro KosimdecTBa 00pas3moB (Oosbie
80) cranoBuTCst HEpeHTaOETBHBIM (pHc. 3). MBI npearaemMm
aJbTEPHATHBHOE PEIICHHE — MAacCOBOE T€HOTHUIIMPOBAHUE
KJICTOYHBIX KJIOHOB C MCIOIb30BAHNEM CEKBEHHPOBAHMUS HO-
BOTO MOKOJICHUS. DTOT MOJX0/T 00ECIIEYNBACT BHICOKYIO Mac-
MTabNPyeMOCTh, CYIIECTBEHHO YCKOPSET TPOIecC aHAIH3a,
TI03BOJISIST OTHOBPEMEHHO MOIYYUTh HH(POPMAINIO KaK O CO-
CTaBe aJuleNel, Tak ¥ 00 MX 9acToTax B MOMYIISAILUH KIETOK.

Just ananmza NGS neneBoii ¢pparmMent, copepkaiuii BHe-
CEHHYIO 3aMEHY, aMIUTH(UINPOBAIIH C TIOMOIIBIO CalT-CIIe-
IU(GUIHBIX TpaiiMepoB, (IAHKUPYIONINX CAWT MyTarcHesa.

KnroueBbIM TpeboBaHMEM ISl yCHIEIITHOTO TEHOTHITHPOBAHHUS
(TIp¥ MCTIONB30BaHMH TAPHBIX MpoUYTeHUH amuHOH 150 map
OCHOBAHMIA) SIBIISICTCS PACIIONOKEHHE ITPaiitMepPOB Ha PACCTOSI-
HUM OT caiiTa MyTareHesa B npenenax 50—130 map ocHoBaHui
710 5'-KOHIIOB mpaiiMepoB (cM. puc. 1, ). Ilpu Takom anzaitne
9KCHEPUMEHTA 00ECTICYNBAETCS TIOKPBITHE BHECEHHOH 3aMEHBI
000oMMH MPOYTESHHUSMH B paMKax OJHOM mapsl. st nHTErpa-
nuu B NGS, Ha 5'-KOHIIBI calT-CcrIeNH()UIHBIX TIpaiiMepoB
HE0OX0ANMO JT00aBUTH TEXHUYECKUE TTOCIECIOBATEILHOCTH,
npeacrasisiomue coboit 3'-pernonst JJHK-anantepos s
cekBeHupoBaHUs. il 3aBepIIeHHs] OCIIEI0BATEIbHOCTEN
ajanTepoB mposoauTcs Bropoit payna I[P ¢ nrabopom yHn-
BEPCABHBIX ITPAHMEPOB, COEPIKAIINX NHJICKCHBIE TIOCIIE/I0-
BaTEIBHOCTH JUISl TAIBHEHIIIETO ITYJIIMPOBAHUS U JIEMYJIBbTH-
TUIEKCUPOBaHUS OMOIMOTEK.

OueHKa 3G PeKTUBHOCTU peAaKTUPOBaHUNA

1 MO3aUYHOCTU KOJIOHWI

[ocne snexTponopanyuy MOMYYUIN U NTPOAHAIN3UPOBAIN B
o01meii cnoxHocTH 117 KIT0HOB: 69 KIIOHOB € UCTIONIB30BaHUEM
HPHK HO044 (cMm. puc. 2, a) u 48 gt HO68 (cMm. puc. 2, 6).
O0mast 3 peKTHBHOCTB peaKTHPOBAHS AT HATTPABIIIOICH
PHK H044, paccunTanHast KaK J10J1s1 KJIOHOB ¢ JIFOOBIMH 00-
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Puc. 3. 3aBMCMMOCTb CTOMMOCTW FE€HOTUMUPOBAHNA METOLOM
cekBeHmpoBaHna no CaHrepy (cvHuni uBeT) U metogom NGS
C yYeToM (OpaHXeBblIii) 1 6e3 yyeTa (3eneHbll1) CTOUMOCTN CUHTe-
3a MHAEKCMPYIOLNX NpaiMepoB.

Hapy>KCHHBIMH 3aMEHAMH C YaCTOTOH BCTPEUYAEMOCTH aJlIeIIs
6omee 2 %, cocraBuna 54 % (37/69). [lockombKy ais Daib-
HEHINX UCCIIeIOBaHUN HaM TPeOOBaIOCh MONYYUTh JTHHUH,
HECYIIHE 3aMCHBI B TETEPO3UTOTHOM COCTOSHIH, MBI IIPOBEITH
(uBTpaIio ¥ 0ToOpau KIOHBI C J0JICH OTpeaKTHPOBaH-
Horo amens > 30 %. Ipu Takom mopore 3 peKTHBHOCTH pe-
nmakTupoBaHUs coctaBmia 13 % (9/69), mpu 3TOM 1Ba KIOHA
JEMOHCTPHUPOBAIIN YaCTOThI BHECEHHBIX 3aMeH 68 1 89 %, uTo
TOBOPHT 00 MX OTCHIINAIBHOW TOMO3UTOTHOCTH (JIOJIST OTpe-
nmakTupoBaHHOTO amrens > 30 %). s vanpasnstomeir PHK
HO068 cymmapnas a¢dexruBaocTs coctamia 31 % (15/48)
ripu opore 2 % n 4 % (2/48) nipu mopore 30 %.

BumHO, 9TO TIpH TEOPETHUYESCKH BOSMOXKHBIX TOJIBKO TOMO-
Y TETEPO3UTOTHBIX COCTOSHUSIX JIOKYCa HAOMIOMaeMbIe YaCTOTHI
BCTPEYAEMOCTH abTCPHATHBHOTO AJIIENSI MOTYT CYIICCT-
BEHHO OTKJIOHATHCSA OT okmmaeMbIx 0, 50 m 100 %. Yacts
HaOIIOMaeMbIX PACXOXKIICHHH, BEpOSITHO, CBSI3aHa C 0OCO-
oerHocTIMHU TTOAroToBKH NGS-0mOaroTek (MHOTOYUCITICH-
HBIC IUKIBI aMIDTH(QHUKAINN U PUCK KPOCC-KOHTAMHIHAITIH).
OnHAKO KITFOYEBYIO POIIh, IO-BUIMMOMY, HTPACT BEPOSITHOCTD
KpOCC-KOHTaMHHAITMH KYJIBTYp Ha dTare CyOKIOHHPOBAaHUS
TIOCIIE JIEKTPOIIOpaIid. VICKITIOUHTE €€ TOTHOCTHIO 3aTPy/I-
HUTEIBHO, ITOCKOJIBKY KIICTKH HE BCETAa JAUCCOUUUPYIOT JI0
OJMHOYHBIX, MOTYT MTOBTOPHO arperupoBaTh U MUTPHPOBATH
B XO/Ie COBMECTHOTO KYIBTHBHPOBaHUSA. J[OTIOTHUTEIEHYIO
Bapra0eIbHOCTh BHOCUT aCHHXPOHHOCTH IPOIIecca peaak-
THPOBAHUS: MEKIY TpaHC(EKIMeH 1 HadalloM SKCIIPECCHH U
PpaboTHI KOMIIOHEHTOB CHCTEMBI PSTaKTHPOBAHUS OCHOBAHUI
MIPOXOAUT BPEMs, 32 KOTOPOE HEKOTOPHIC KICTKH YCIIEBAIOT
TIPOMTH IUKJI IeJICHUSL. B pe3ynbraTe B pa3HBIX KIIETKAaX OTHOMH
U TOW € KOJIOHWH MOTYT TOSBUTHCS Pa3IHUHBIC MYyTaIlUU
WM HE TOSBUTHCS BOBCE, YTO (POPMHUPYET MO3AUYIHYIO ITO
BHECEHHBIM 3aMeHaM KynbTypy. Takum o0pa3om, He3aBHCH-
MO OT MCXOMHOU 3(h(hEeKTHUBHOCTH MyTareHesa, HeOOXOIMMO

AUTS2 base editing
and NGS genotyping of clones

HCCIIEIOBAaTh 3HAYUTEILHOE KOJIMUYECTBO KJIIOHOB, YTOOBI HC-
KITIOYUTh MO3aWIHBIC KOJIOHHH.

B okHO penmaktupoBaHus (4—6-i HyKICOTHABI crieficepa)
TIOTIAAaeT cpa3y HECKONIBKO aJIeHUHOB. Pe3ynbraTel cBHie-
TENBCTBYIOT O TOM, YTO 3aMEHBI IPOUCXOJAT IO BCEM «Ba-
JCHTHBIM» MO3HMIUSAM, HO C Pa3InNIHON 3(PPEKTUBHOCTHIO!
HanOoJbIIeH — 1o maToi mo3uiuu (chr7:70768044, okono
45 % MO3UTHBHBIX KJIIOHOB IpH Nopore B 2 % 4acTOTHI ajuie-
7)) U BABOE peke O deTBepTor mozumuu (chr7:70768043,
oxoio 17 % mpu Tom sxe mopore) (cMm. puc. 2, a). llecras
TTO3HIMSI TIPEJICTABIICHA TYaHWHOM M HE TTOJ/IaeTCsl OLICHKE
3G PEeKTUBHOCTH 3aMEH, XOTS M IONA/IaeT B TEOPETHIECKOE
OKHO peJJaKTUpOBaHMs. HacToTa peJakTHPOBAHHS 110 OCTAJb-
HBIM aJICHUHAM perHoHa He npesbimana 5 %. [Ipumedarens-
HO, YTO CITy4aeB OJIHOBPEMEHHBIX 3aMEH JIByX HYKJICOTH/IOB B
TIpesiesIax OJJHOTO 1 TOTO XKe ajutelis He 3auKcupoBaHo. Takxke
He 3a(MKCHPOBAHO CIIyYaeB BHECCHUS 3aMEHBI Ha HETIEIIEBOH
e (koaBepcun T—C).

JIist HaIAJHOCTH Ha pHC. 2 IPUBE/CH NpeyIaraeMbli cro-
co0 BU3yaJM3anny pe3ynbTaToB (cM. puc. 2, a—6). [Ipencras-
JICHHBIM METOJ BU3yaJIN3alliy ITO3BOJISIET OBICTPO CPAaBHUBATH
00pas3ibl MeX 1y COOOH, OIIEHNBATh YPOBEHB IITyMa  OTONPATh
TIO3UTHUBHBIE 00PA3IIBI TS TIOTYYEHNS MOIEITBHBIX KJICTOUHBIX
JUHAN 718 JanbHeiteil paboThl.

MBpI 0TOOpaIH TSITH KOJOHMH C TOAXOASIIMMH 3aMEHaMH B
MTOTEHIINATIBHO TeTEPO3UTOTHOM M TEHETHYECKH TOMOTEHHOM
cocTossHUAX. JIJIsl OLIEHKH TOTO, KaKOW ajuieib MapKHpyeT
BHECEHHAs 3aMCEHA, a TaKkKe JJIsI OLICHKH MO3aWYHOCTH, He-
00x0mMo (hazupoBaTh BHECEHHBIE 3aMEHBI C TEPMUHAIBHBIMU
T€TEpPO3UTOTHBIMY BApHAHTAMH B TEHOMHOM OKpYyXeHHH. Tak,
ecyi HaOJII0/IaeTCsl BCETO /1B KOMIIAYH/I-aJuIelIsl, TO MOYKHO
CUUTATh, YTO MOTyYCHHBIE TETEPO3UTOTHBIE IMHUM MOHOKJIO-
HaJIbHBL. MBI (pa3npoBaiy MOTydeHHBIEC 3aMEHBI ISl KIIOHOB C
OHOHYKJIICOTHIHBIM BapraHToM (SNV chr7:70768282 hg38,
1rs3829006 G/A), cymiecTBOBaHIE KOTOPOTO OBLTO 00HAPYKEHO
TIPH TTOJTHOTEHOMHOM CEKBEHHPOBAHHH MAIMEHTA, MAPKHPYFO-
MW aJuTeNb, HAXOISIIMNCS B IINC-OKPYKEHUN C XPOMOCOM-
Hol abepparel. bputo 0ToOpaHo TP HEMO3aMYHBIX KIOHA
(c gacToTOI BCTpe4aeMOCTH MO3aMYHEIX ajuiesieil MeHee 5 %),
JIBa U3 KOTOPBIX HECIIM CHHOHUMUYHYIO 3aMEHY B T€TEPO3H-
TOTHOM COCTOSIHUH, TIPH TOM MapKHPYIONIYIO Pa3HbIC aljIen
y pa3HBIX KJIOHOB (Tabd. 2).

Ta6nuua 2. Gas3rpoBaHMe 1 OLeHKa MO3auyHOCTH
MOANPULMPOBaHHbBIX MO reHy AUTS2 KonoHui

Knon Mo3nyns 3ameHbl, Yactota  Annens Mo3anumsm
hg38 3ameH, %
63-2_A32 chr7:70768044 415 SNV -
63-1_C16 chr7:70768043 40.2 WT -
63-1_C21 chr7:70768044 484 WT -
63-2_A30 chr7:70768043 46.5 WT +
63-2_A30 chr7:70768044 39.5 SNV +
63-2_C19 chr7:70768064 28.60 SNV +

MpumeuaHne. WT - gukuii Tun; SNV — BapraHT C 3aMeHOIA.
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Ta6nuua 3. CpaBHeHVe reHOTUNMPOBaHKWA C MOMOLLbIO CeKBEHUPOBaHKA Mo CaHrepy 1 ¢ nomotbio NGS

Kputepun CekBeHunpoBaHue no CaHrepy

MacwrabupyemocTb  [lo3BonAeT cekBeHNPOBaTb MO BOceMb 06pa3LioB
O[IHOBPEMEHHO, @ aHaIM3MPOBaTb Pe3ynbTaThl
no ogHomy obpasuy

TpynoemKocTb OpwH payHp MNLP, peakuna cekBeHpoBaHUA

npo6onofroToBKY N OUYNCTKA peakLmmn CeKBEHUPOBAHUA.

TpebyeTca nHamBUayanbHas NPo6onoAroToBka

(MUP n oumnctka obpasLios)

CKopoCTb aHanu3a NHAavBrayanbHbI aHaM3 XpoOMaTorpamm.

NGS-reHoTMNMpoOBaHMe

Mo3BonseT cekBeHVPOBaTb 1 aHaNM3NPOBaTb
[EeCATKN-COTHM 06Pa3LIOB OAHOBPEMEHHO

[Ba payHga NLP c ueneBbiMr 1 UHAEKCMPOBAHHBIMU
npaiMmepamv MHAVBUAYaNbHO ANA Kaxaoro obpasua.
MNocne nHpekcnpoBaHnA B pesynbraTe BTOporo payHaa lNLP
NX MOXKHO OObEANHUTD B OAVIH 11 OUNCTUTD C MOMOLLbIO
MarHuTHbIX SPRI-yacTuy

BbICTpbIN 1 aBTOMaTM3MPOBaHHbIN aHaNn3

No3BonAeT pasnuyath 1 KOMYECTBEHHO OLieHMBaTb YacToTy
oTfenbHbIX annenei (annenb-cneynPpryHbIN aHanus).

[0 0.1 % - no3BonseT 06HAPY>KMBaTb HU3KOYACTOTHbIE
BapUaHTbl 1 MO3anL13M

Kpa|7|H|/|e y4yacTkum CeKBeHI/IpyeMOIZ nocnenoBatesibHOCTU
XopolLlero Ka4yecCTtBa

pe3ynbTaToB TpebyeTca pyyuHan UHTepNpeTaLmns XpoMaTorpaMm
YyBCTBUTENBHOCTb AHanu3npyeT yCpefHeHHbIN CUrHan; CNOXHO UHTEpP-
NPeTMPOBATb NP HANIMYUN HECKOJTbKIX arenei.
Mopor obHapyxeHus — okono 15-20 %;
HM3KOYaCTOTHbIE MyTaLUK He BbIABNAIOTCA
KauectBo KpaiHue yyacTku nocnepoBatenbHocTv (o 100 n.o.),
CEeKBEHMPOBaHWA 6nM3KMe K MecTam Nnocafikv npanmepos,
nocnefoBaTeNlbHOCTN  CEKBEHMPYIOTCA B HU3KOM KauecTBe 1 4acTo
He NPUrofHbl As aHanm3a
TpeboBaHuA O6blYHble

K Npanmepam

Bbl6op KNOHOB
UK cybKnoHanbHble cobbITUA

MprMeHMOCTb MoOXoAWT ANA NPOBEPKU OTAENbHbBIX MyTaLui
meToda C BbICOKOW YacToTow B obpasLe.
Hu3kyto 3¢ PpeKTMBHOCTb peakTPOBaHUA
(MeHee ~20 %) He yaaeTca 0OHapyXNTb
CTonmocTb Okono 700 py6nei Ha obpaseL

[MTocre ananu3a KOJIOHMI Ha MO3AaUIIN3M BHIOPaHHBIC KIle-
TOYHBIEC JIMHUHU KYJIBTUBUPOBAIKCEH IS AAJbHEHIIETO aHa-
TU3a aJuieIbHOM dKkcpeccun reHa AUTS2. [nsa m3bexanus
BEPOSITHBIX OIIMOOK B XOAE MacCOBOTO KYJIBTHBHPOBAHUS
KJIETOYHBIX JIMHUH MBI TOBTOPHO ITPOAHAIM3NPOBAIIN HAJTMIHE
TeTePO3UTOTHBIX 3aMEH, PE3yNIBTAThl aHAN3a MPEICTABICHBI
Ha CEKBEHOTpaMMe (CM. pHc. 2, 2). Takum oO6pa3om, MbI TIOITY-
YHUIIM HEOOXOIMMBbIE JINHUN M MHCTPYMEHT JUISl aHAJIN3a BIIH-
STHUSL XPOMOCOMHOI IepecTPOKH MallMeHTa Ha SKCIIPECCHIO
rena AUTS2.

O6cyxpeHune
B nanHO# paboTe MBI MOTYYWIN TPU TEHETHYCCKU MOAU(DU-
uuposanublie TuHur UTICK nanmenTa, Hecyime oIHOHYKIIeO-
TUJHBIE 3aMeHbl B 9k30He 10 rena AUTS2, a Takxke npoje-
MOHCTPUPOBAIH 3P PEKTHBHOCTB ¥ padOTOCIIOCOOHOCTD CTpa-
TEruu 0TO0Opa FTeHETUYCCKH MO (PUIIMPOBAHHBIX KOJIOHHHU C
HCIIONIb30BaHUEM e HOTUITUPOBaHUsI ¢ momolsio NGS cekBe-
HUPOBAHUS AMILIMKOHOB. DTH JINHUH XapaKTePHU3YIOTCS FCHE-
THUYECKON TOMOTCHHOCTBIO, MTOJTYYCHBI U3 IBYX Pa3HbBIX JTMHUI
HIICK onHoro namuenra, ABe U3 HUX HeCYyT CHHOHUMHUYHbIE
3aMEHBI U1 MAPKHUPYIOT pa3HbIe ajuteu. Takum o0pa3oM, OHU
MTOJTHOCTHIO TIOAXOJAT JIJIsl NaTbHEHIIIEr0 H3YUCHUS BIUSHUS
XPOMOCOMHOM TEPECTPONKH MAIUCHTa Ha SKCIIPECCUIO TeHa
AUTS?2 n ee nanpHeiiniero pyHKIMOHAIBHOTO BIUSHUSL.
IeHeTnueckass MapKHPOBKA aJuIeNIel MO3BOJISIET OILICHUTH
pa3iauyus B UX [UC-PETYJSIMHA B OXHOM M TOH K& KJICTKE.
Takast SkCriepUMCHTaJIbHAS CXeMa MHHUMHU3UPYET BIIUSHUC

He nossonsaeT HageXHo pasnnyaTtb MO3an4yHble

[nviHHbIe Npaimepsl, YyBCTBUTENbHbI K OWMOKaMm, TpebyioT
ouncTky Ha MAAT

Mo3sonsaer BbI6leaTb KMOHbI C 3afjlaHHO YaCcTOTON annens;
BblABNAET Cy6KJ'IOHbI N NCKOYaeT MO3anumsm

MopgxoanT AnA WMpPOKOro Kpyra 3agay,

BKJI0UaA KOIMYECTBEHHYIO OLIeHKY pefaKTMpoBaHus,
oTcnexmBaHue cybnonynauunii n gp. O6HapyxmBaeT
faxe 5-9 % pefakTnpoBaHUA B MONyNALMK KNETOK

Okono 100 py6nei Ha obpaseLy

TPYAHO KOHTPOIUPYEMBIX (DAaKTOPOB HAa OMOIOTHUECKYIO MO-
neib. [TockonmbKy 00a ajesst HaxoasTes o/ ISHCTBHEM OJTHO-
TO ¥ TOTO K€ Habopa TPaHC-PEryIsiTOPOB, OTPAKAIOIINX KJIIe-
TOYHOE COCTOSIHUE W BHEIIHHE YCIIOBHS, OOHApYyKHBacMbIe
pa3nuyaust B AKCIPECCHH 00YCIIOBICHBI NCKIIIOUUTEIBHO UX
UC-OKpykeHneM. [10 3Tl mpuYnHe B aHAIN3 MOXKHO BKIITIO-
YaTh AaXe JIMHUHM C HECHHOHMMUYHBIMH 3aMEHAMH: €CIIH U3-
MEHEHHE aMHHOKHCIIOTHOH TTOCIJIEI0BATEIbHOCTH BIHSET HA
TPAHCKPHIIIIUIO YePe3 MEXaHU3MbI 00PATHOM CBS3M, 3TOT A-
(heKT OMHAKOBO BIIUSIET Ha 00a aJIesst ¥, TAKUM 00pa3oMm, He
HCKaXKaeT OICHKY Pa3IMIUi B IUC-PETYISIINH.

[Ipumenenne NGS 1151 reHOTUIIMPOBAHUS 3HAYUTEIBHO
COKpAIIIaeT BpeMsl Tab0paTOPHBIX MAHHUITYIISIIMH U YIIPOIIAET
MIPOIIEeCC aHaJIN3a 10 CPABHEHUIO C CEKBEHMPOBAHHEM IIEp-
BOTO ITOKOJICHUS. B oTiinume oT CeKBEHNPOBAHUSI OT/ICIIBHBIX
o0pasmoB merogoMm Conrepa, NGS mo3Bomiser MacmTadbupo-
BaTh MPOIIECC U aHaIM3upoBaTh 6osee 100 0O6pa3mos 3a oquH
pa3 (tabm. 3). Jnsa mpurorosnenus NGS-0nOIHOTEKH He-
obxonumel pytuHHOE BheneHue JJHK n nmpoenenne ayx
payumos ITLP ¢ ucronp3oBaHueM paiMepoB, CIICITH(DPUIHBIX
K [IEJICBOH ITOCIIE/IOBATEIEHOCTH HYXHOTO paiioHa reHoMa 1
BHOCSIINX HEOOXOMMBIE TEXHUUECKHE TIOCIIEI0BATEIbHOCTH
JUISl CEKBEHHPOBAHUSI.

Wnterpamus NGS ¢ OnonH(OopMaTHIECKUMI HHCTPYMEH-
Tamu oOecreunBaeT aBTOMaTH3MPOBAHHYIO HICHTH()UKAIINIO
HYKJICOTHAHBIX BapUAHTOB M yCTPAHsET OMMOKH, 00yCIIOB-
JICHHBIE KaueCTBOM Xpomarorpamm B mertoze Coanrepa. [lo-
MHUMO 3TorO, TpuMeHeHne NGS mpu aHanmmse pe3ysbTaToB
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Ta6nuua 4. OueHka CTOMMOCTY FeHOTUNUPOBaHKA 06Pa3LIOB NP NCMOIb30BaHNM CeKBEHNPOBaHMA MeTogom CaHrepa

1 c nomolbto NGS

JTan HanmeHoBaHune Konuyectso Llena 3a wt. Wtor
(peareHT/npouecc) (py6.) (py6.)
CekBeHunpoBaHue no CaHrepy
Ha cant Cant-cneymduyrble  CUHTE3 ONIMIOHYKIEOTNAOB 2% 540 1080
nparimepbl 20 ocHoBaHUM
Ha obpaszey nup MBUsion nonvnmepasa 1 20 20 555%**
Peakuua CaHrepa GenSeq-1000 2 159.5 319
OuncTka MepeocaxaeHne cnupTom 2 0 0
Sephadex G-50 2 Ha 20 mr 4 8
SeqMag-1000 2 33 66
VAHTS DNA 2 55 110
Clean Beads
CekBeHMpoBaHMne [eHeTMYecKkun aHanv3aTop 2 104** 208
«HAHO®OP 05»
NGS
Ha cant Cant-cneumduyrble  CUHTE3 ONIMIOHYKIEOTUAOB 2 2035 4070
npaimepbl 55 ocHoBaHum
3aBucnT MHpekcnpytowme CrHTE3 ONUTOHYKNEeoTUAOB 2N, 2035 4060+N,
OT KONMyecTBa npanmepbr* 55 ocHOBaHUiA rae N — Koni-Bo roe N - Kon-Bo
06pa3LoB. B nyne obpasuoB obpasuos
Ha o6paszeu MupP MBUsion nonnmepasa 2 20 40 49.744
CeKBeHVpOBaHMe GenolLab M V2.0 (aueinika FCM, 0.01M npouteHnn 243 600 9.744
300 yuknos, 250M npouTeHwuin)
Ha nyn Ounctka VAHTS DNA Clean Beads 1 110 110

* B npeane cieayeT NCMNosb30BaTh CUCTEMY M3 YeTbipex NPaiMepoB: ABa — Aisi HapaboTKM NpogyKTa ¢ nomoubio MLP 1 ewle gBa — Ans CEKBEHMPO-

BaHUs B 060Mx HanpasneHnAax.

** CTOMMOCTb aHanm3a ogHoro 06pa3ua B nepecyeTe Ha pacxof nonvmepa B 35-CaHTMETPOBOM Kanunnsape.

**% C yUeTOM OYMCTKM Ha CMUH-KOJNOHKax ¢ copbeHTom Sephadex G-50.

PENaKTHPOBAHKS TEHOMA PACHIMPSIET HKCTIIEPUMEHTAILHBIHN
apceHal, MOo3BOJs pemaTh 3aJadd, HeJOCTIKUMBIC TIPH
TpaJUINOHHOM cekBeHHpoBannu no Courepy. Ecim meron
Conrepa (GuKCHpyeT yCpeAHEHHBIH CHUTHA 10 KaXKI0H Io-
3WUIUH U CIIOCOOCH BBIABIATH MYTAIMH JIMIIb TPH UX J0JIE
>20 % (o Bu3yasnpHOMY aHanu3y xpomarorpamm) (Davidson
et al., 2012; Bennett et al., 2020), To NGS npenocrasnser
MH(OPMALIUIO TT0 KayKAOMY aJUIEITI0, 00ecreunBasi TOUHOCTh
JETEKIMN 10 2 % ¥ TeM CaMbIM HCKITI04ast 1By CMBICIIEHHOCTb
MHTEpIIpeTanny. Vcnonp3ys 3TOT MOAXO0, MBI OLICHWIH 3(]-
(dexTuBHOCTH Hanpasirttonieid PHK B kireTouno mommysmnum.

Anamm3 maaabIX NGS moxaszan HU3KYI0 4acTOTy MOIH(pH-
Karuu (= 5 % ot o0rieii mOIysIni), 4TO 00YCIOBIIIO KOp-
PEKTHUPOBKY CTpAaTETUH MOIYIEHHSI MyTaHTHBIX JINHNH: ObllIa
BBIOpaHa KOHCTPYKIUS C CENIEKTUBHBIM MapKepoM Juisi 000-
TalIeHNs KJIETOK, B KOTOPBIE YCTICITHO MHTETPUPOBAH BEKTOP.

Ha cnenyromux sranax nanusie NGS-anannza no3Bojauiu
HaM BBUIBUTH KJICTOUHBIC JIMHUH C HY)KHOM MyTaruei u 6e3
MO3an4YHOCTH, 00ECHeYnBasi YNCTOTYy T€HETHIECKOTO MaTe-
pHana, Win BEIOPATh KIIOHBI C HY>KHON YaCTOTOH auiess, 4To
KPUTHYECKH Ba)KHO JUIS TTOTYYEHHS CTAOMIBHBIX TeHETHYE-
CKHUX JIMHUH. brarompaps BBICOKOH ITyOMHE MOKPHITHS (CEK-
BEHMPOBAHNE AMITTMKOHA OOBIYHO BBITIOIHSUIN C TIOKPBITHEM
10000 pourenuii Ha pparmMeHT okoso 300 I1. H.) MOXKHO 00-
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Hapy>KUTh 1a’Ke HU3KOYACTOTHBIE BAPUAHTHI, YTO HEBO3MOXKHO
TIPY MCHOJIB30BAHIH MEHEE TyBCTBUTEIBHBIX METOIOB.

Pacnpocrpaneno Muenue, uto NGS CEKBEHUPOBAHHUE —
CITHIIIIKOM JIOPOTOE ¥ TEM CaMbIM HUBEJINPYET CBOH IPEUMYIIIE-
ctBa. OHaKO Ba)KHO MOHMMATh, YTO B HAILIEM CJTy4Jae UCIIONb-
3yeTcsl [IeJIEBOe CEKBEHNPOBAHHIE AMIUTMKOHOB, UTO CHIKAET
CTOMMOCTB 3aTpar Ha camo cekBeHnpoBanue 70 < 10 py0. 3a
oOpazen. OcHOBHasI CTaThsI 3aTPpaT — HHACKCUPYIOIIUE Tpaii-
MepBbI, 9HCII0 KOTOPBIX PACTET MPONopiHonanbio VN, tie N
— KOJIM4eCcTBO 00pa3noB. HecMoTpst Ha 3TO, TaHHbIE IpatMepbI
YHUBEPCAJIBHBI: X MO’KHO TPUMEHSTH KaK B aMIITH(HKAIIHOH-
HOM ITPOTOKOJIE MO/ITOTOBKH OMOINOTEK, ONIMCAaHHOM B padoTe,
TaK ¥ B CTAaH/JAPTHBIX CXEMax C JIMTHPOBAHUEM YHUBEPCAIb-
HBIX aanTepoB. Takke BO3MOXHO HCHOIB30BAHIE TOTOBBIX
KOMMEpUECKIX HaOOPOB MHAECKCHPYIOMHUX HpaiiMepos,
OIHAKO 3a4acTyl0 3TO JOPOXKE WHAWBUAYAIHLHOTO CHHTE3A.
B KoHEYHOM UTOTE TIPH yUETE [IEHBI 3aKa3a HHACKCHPYIOIINX
npaiiMepoB, NGS-reHoTUnUpoBaHUE HAYUHAET IPEBOCXOIUTH
Metox CaHrepa o CTOMMOCTH 1pu 00beme > 80 00pasios; 6e3
ydeTa 3ToH cTaThH (TIpH yKe IMeroeMcs Habope MHAECKCHPY-
IOIIMX TIPaiiMepOB) SKOHOMHMS M BOBCE JOCTUTACTCS YKE MTPH
aHanm3e >7 00pa3mos (cM. puc. 3), UTO AeNIaeT MPETOKESHHBIN
METOJ MEPCTICKTUBHBIM JJISI IIMPOKOTO KPyTa HcclieioBaTeei
(Tabm. 4).
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NGS-cexkBeHHpPOBaHNE AMITTMKOHOB MOXKET OBITh ITPHUMeE-
HEHO U MpH aHanu3e SPPEKTUBHOCTU JIPYTUX CUCTEM pelaK-
TUpOBaHUs, ocHOBaHHBIX Ha cucreMe CRISPR/Cas9. Ecnu
WHyIUpyeMas MyTalys, HalpyuMep, TPy MOITyYeHUH TIPOTsI-
YKEHHBIX JICJICIIMH MJIM MHBEPCHH, TPEBBIIIAET BO3MOXKHOCTH
mokpeITst NGS (MakcumainbHast AimuHa napsl puaos 300 map
OCHOBAaHHUI1), JOCTATOYHO CEKBEHUPOBATH TOJBKO TPAHHUIIBI
MyTalnu, 9TOOBI MPOBEPHUTH LEIOCTHOCTH MPHJICTAIONINX
Y4YacTKOB U BBIIBUTH HE)KEJIaTeNIbHbIe COOBITHS MyTareHesa.
Merton npIMEHHM, ITOKa MyTareHe3 He 3aTPOHYJI CalThI Ipaii-
MEpOB; TeM K€ OTpaHWYCHHEM oOnamaeT u 00l Apyroit
cnioco6 I[MI{P-renorunupoBanusi.

OpnHako cieayeT MPUHUMATh BO BHUMAHHE OTPaHWYCHUS
Y HEJJOCTATKH MpejuiaraeMoro Meroaa. Tak Kak MpOUCXOIUT
6osnbinoe KoauyecTBO IMKIOB [1LIP, B JaHHBIX CeKBEHHPOBa-
HUSI 3a9aCTY0 MOSBIISIOTCS aMILUTN (DUKAIOHHBIC apTe(haKThI.
Takoke n3-3a OOJIBIIOrO KOJMYECTBA MAHUITYIISILIMN C aMILIH-
KOHaMH J0 MHICKCUPOBAHMS U 3HAYNTEIBHON TyBCTBUTEIb-
HOCTH METO/Ia BBICOKA UyBCTBUTEIBHOCTh M K KOHTAMHHAIINH.
Crenyet 00s3aTeIbHO TPUAEPKUBATHCS TIPABHII IPABUIIEHON
paboThl ¢ MOCT-aMIUTM(PUKATMOHHBIM MaTepUAIOM U HC-
KJII0YaTh JIIOObIE €ro KOHTAKThl C MECTaMH HPUTOTOBIICHUS
cmeceit [TLP u Beinenenus JIHK. Kpome Toro, ucnonb3oBanue
MpaiiMepoB, COAEPIKALIMX JJIUHHbIE HEKOMIUIEMEHTapHbIC
renomHoit IHK nocnenosarensHOCTH Ha 5'-KOHLE, TPUBOJIUT
K 00I1IeMy CHMKEHHIO 3((PEKTHBHOCTH aMIUTU(PHUKALIUH, YTO
TpeOyeT HHANBHUIYaTbHON onTruMu3anuu ycnoBuit [P ms
Ka)KJOU Iapsbl.

3aknioyeHune
B HacTosel cTatbe NpeacTaBIeH METOA MOy YEHUS MOJIEIIb-
HbIX HAH Ha ocHOBe NTICK ¢ MapkupoBaHHBIM CHHOHUMHY-
HOM MyTanuen amnenem resa A UTS2 ¢ npuMeHeHneM TeXHO-
Jioruu peaakropoB ocHoBaHui. [lomyuennsie muaun UTICK
OyAyT UCTIONB30BaHbI I U3YUCHUS BIUSHUS XPOMOCOMHBIX
abeppanuii Ha sxcnpeccuto AUTS2 u s ucciaeIoBaHUS
(DYHKIIMOHAIBHBIX MOCIEACTBHH 3TOTO HAPYIICHUSL.
[TpensokeHHBIN MOIX0/ K TEHOTUITMPOBAHUIO OOJIBIIOTO
KOJIYECTBA KJIIOHOB ¢ oMonsio NGS-cekBeHHpOBaHUS aM-
TUIMKOHOB JIEMOHCTPUPYET BBICOKYIO 3(h(heKTHBHOCTH U Mac-
mTadupyeMOCTh IPU CHIKEHHH CTOMMOCTH aHAJIN3a B CPaB-
HEHUU C TPAAULMOHHBIMU MeTogaMu. boibias npomyckHas
CIIOCOOHOCTB METO/1a TI03BOJIMIIA IPOBECTH AHAJIN3 3HAYUTEIIb-
HOTO KOJIMYECTBA 00pa3IloB, a TAK)KE OLEHUTH MO3AUIM3M,
COCTaB Y YaCTOThI aJUIEICH B KIETOYHOU MOIMYJISLIUU.
Taxum oOpazoM, IpeacTaBICHHAs CTPATErHs 1aeT BO3-
MOXHOCTb 3((QEKTUBHO MOJIyyYaTh KJICTOYHbIC MOJICIH JUIs
WCCIIC/IOBAHNUS BIMSHUS IIMC-PETYISTOPHBIX BapUAHTOB Ha
TPAHCKPUMIIMOHHYIO aKTUBHOCTH T'€HOB, IIPH 3TOM KOHTPO-
JIUPYsl TEHETHYECKYI0O TOMOT€HHOCTh MOAM(DUIIMPOBAHHBIX
KJIETOYHBIX MOJIENIEH, YTO MOXET OBITH BOCTPEOOBAaHO KakK B
(byHIaMEHTABHBIX UCCIICOBAHUSX, TAK U B PELICHUH TPH-
KJIaJTHBIX 3a/1a4.

Cnucok nutepatypbl / References

Cwmupros A.B., lOnycosa A.M., Jlykbsnunkosa B.A., barrymun H.P.
Cuctema CRISPR/Cas9 — yHuBepcanbHbIi HHCTPYMEHT TEHOMHOMN
WHKCHEpUU. Basunoeckuii swcypnan cenemuxu u cerexyuu. 2016;
20(4):493-510. doi 10.18699/VI16.175

2026
30-1

PepaktnpoBaHue reHa AUTS2
1 NGS-reHoTUNMpOBaHMe KIIOHOB

[Smirnov A.V., Yunusova A.M., Lukyanchikova V.A., Battulin N.R.
CRISPR/Cas9, a universal tool for genomic engineering. Vavilovskii
Zhurnal Genetiki i Selektsii = Vavilov J Genet Breed. 2016;20(4):
493-510. doi 10.18699/VJ16.175 (in Russian)]

Baux D., Van Goethem C., Ardouin O., Guignard T., Bergougnoux A.,
Koenig M., Roux A.-F. MobiDetails: online DNA variants interpre-
tation. Eur J Hum Genet. 2021;29(2):356-360. doi 10.1038/s41431-
020-00755-z

Bennett E.P., Petersen B.L., Johansen LE., Niu Y., Yang Z., Chamber-
lain C.A., Met O., Wandall H.H., Frédin M. INDEL detection, the
‘Achilles heel’ of precise genome editing: a survey of methods for
accurate profiling of gene editing induced indels. Nucleic Acids Res.
2020;48(21):11958-11981. doi 10.1093/nar/gkaa975

Billon P., Bryant E.E., Joseph S.A., Nambiar T.S., Hayward S.B.,
Rothstein R., Ciccia A. CRISPR-mediated base editing enables ef-
ficient disruption of eukaryotic genes through induction of STOP
codons. Mol Cell. 2017;67(6):1068-1079.e4. doi 10.1016/j.molcel.
2017.08.008

Chen X., McAndrew M.J., Lapinaite A. Unlocking the secrets
of ABEs: the molecular mechanism behind their specific-
ity. Biochem Soc Trans. 2023;51(4):1635-1646. doi 10.1042/
BST20221508

Davidson C.J., Zeringer E., Champion K.J., Gauthier M.-P., Wang F.,
Boonyaratanakornkit J., Jones J.R., Schreiber E. Improving the limit
of detection for Sanger sequencing: a comparison of methodologies
for KRAS variant detection. BioTechniques. 2012;53(3):182-188. doi
10.2144/000113913

De Masi C., Spitalieri P., Murdocca M., Novelli G., Sangiuolo F.
Application of CRISPR/Cas9 to human-induced pluripotent stem
cells: from gene editing to drug discovery. Hum Genomics. 2020;
14(1):25. doi 10.1186/s40246-020-00276-2

Gaudelli N.M., Komor A.C., Rees H.A., Packer M.S., Badran A.H.,
Bryson D.I., Liu D.R. Programmable base editing of A*T to G°C
in genomic DNA without DNA cleavage. Nature. 2017;551(7681):
464-471. doi 10.1038/nature24644

Geurts M.H., Gandhi S., Boretto M.G., Akkerman N., Derks L.L.M.,
Van Son G., Celotti M., ... Andersson-Rolf A., Chuva De Sousa
Lopes S.M., Van Es J.H., Van Boxtel R., Clevers H. One-step gene-
ration of tumor models by base editor multiplexing in adult stem
cell-derived organoids. Nat Commun. 2023;14(1):4998. doi 10.1038/
s41467-023-40701-3

Global Burden of Disease Study 2021 Autism Spectrum Collabora-
tors. The global epidemiology and health burden of the autism spec-
trum: findings from the Global Burden of Disease Study 2021. Lan-
cet Psychiatry. 2025;12(2):111-121. doi 10.1016/S2215-0366(24)
00363-8

Gridina M., Lagunov T., Belokopytova P., Torgunakov N., Nurid-
dinov M., Nurislamov A., Nazarenko L.P., ... Filipenko M., Ro-
gaev E., Shilova N.V., Lebedev I.N., Fishman V. Combining chromo-
some conformation capture and exome sequencing for simultaneous
detection of structural and single-nucleotide variants. Genome Med.
2025;17(1):47. doi 10.1186/s13073-025-01471-3

Griinewald J., Zhou R., Garcia S.P,, Iyer S., Lareau C.A., Aryee M.J.,
Joung J.K. Transcriptome-wide off-target RNA editing induced by
CRISPR-guided DNA base editors. Nature. 2019;569(7756):433-
437. doi 10.1038/s41586-019-1161-z

Hwang G.-H., Park J., Lim K., Kim S., Yu J., Yu E., Kim S.-T., Eils R,
Kim J.-S., Bae S. Web-based design and analysis tools for CRISPR
base editing. BMC Bioinformatics. 2018;19(1):542. doi 10.1186/
$12859-018-2585-4

Jaganathan K., Kyriazopoulou Panagiotopoulou S., McRae J.F., Fa-
zel Darbandi S., Knowles D., Li Y.I., Kosmicki J.A., ... Gao H.,
Kia A., Batzoglou S., Sanders S.J., Farh K.K.-H. Predicting splicing
from primary sequence with deep learning. Cell. 2019;176(3):535-
548.e24. doi 10.1016/j.cell.2018.12.015

Jin S., Zong Y., Gao Q., Zhu Z., Wang Y., Qin P, Liang C.,
Wang D., Qiu J.-L., Zhang F., Gao C. Cytosine, but not ade-

MONEKYNAPHAA N KNIETOYHAA BUOJIOTUA / MOLECULAR AND CELL BIOLOGY 83


https://doi.org/10.18699/VJ16.175
https://doi.org/10.18699/VJ16.175
https://doi.org/10.1038/s41431-020-00755-z
https://doi.org/10.1038/s41431-020-00755-z
https://pubmed.ncbi.nlm.nih.gov/33170255/
https://doi.org/10.1016/j.molcel.2017.08.008
https://doi.org/10.1016/j.molcel.2017.08.008
https://doi.org/10.1042/bst20221508
https://doi.org/10.1042/bst20221508
https://doi.org/10.2144/000113913
https://doi.org/10.2144/000113913
https://doi.org/10.1186/s40246-020-00276-2
https://doi.org/10.1038/nature24644
https://doi.org/10.1038/s41467-023-40701-3
https://doi.org/10.1038/s41467-023-40701-3
https://doi.org/10.1016/s2215-0366(24)00363-8
https://doi.org/10.1016/s2215-0366(24)00363-8
https://doi.org/10.1186/s13073-025-01471-3
https://doi.org/10.1038/s41586-019-1161-z
https://doi.org/10.1186/s12859-018-2585-4
https://doi.org/10.1186/s12859-018-2585-4
https://doi.org/10.1016/j.cell.2018.12.015

A.P.Yan, PA. Salnikov, A.A. Buzdin ...
M.V. Suntsova, A.U. Khristichenko, A.A. Khabarova

nine, base editors induce genome-wide off-target mutations in
rice. Science. 2019; 364(6437):292-295. doi 10.1126/science.
aaw7166

Komor A.C., Kim Y.B., Packer M.S., Zuris J.A., Liu D.R. Program-
mable editing of a target base in genomic DNA without double-
stranded DNA cleavage. Nature. 2016;533(7603):420-424. doi
10.1038/nature17946

Liang Y., Chen F., Wang K., Lai L. Base editors: development and
applications in biomedicine. Front Med. 2023;17(3):359-387. doi
10.1007/s11684-023-1013-y

Lu Z., Huang X. Base editors: a powerful tool for generating animal
models of human diseases. Cell Stress. 2018;2(10):242-245. doi
10.15698/cst2018.10.156

Rees H.A., Liu D.R. Base editing: precision chemistry on the genome
and transcriptome of living cells. Nat Rev Genet. 2018;19(12):
770-788. doi 10.1038/s41576-018-0059-1

Reese M.G., Eeckman F.H., Kulp D., Haussler D. Improved splice site
detection in Genie. In: Proceedings of the First Annual International
Conference on Computational Molecular Biology (RECOMB ’97).
1997;232-240. doi 10.1145/267521.267766

AUTS2 base editing
and NGS genotyping of clones

Rowe R.G., Daley G.Q. Induced pluripotent stem cells in disease mo-
delling and drug discovery. Nat Rev Genet. 2019;20(7):377-388.
doi 10.1038/s41576-019-0100-z

Salnikov P., Belokopytova P., Yan A., Viesna E., Korablev A., Serova [,
Lukyanchikova V., Stepanchuk Y., Torgunakov N., Tikhomirov S.,
Fishman V. Direction and modality of transcription changes caused
by TAD boundary disruption in Slc29a3/Unc5b locus depends on
tissue-specific epigenetic context. Epigenetics Chromatin. 2025;
18(1):55. doi 10.1186/513072-025-00618-1

Uddin F., Rudin C.M., Sen T. CRISPR gene therapy: applications, limi-
tations, and implications for the future. Front Oncol. 2020;10:1387.
doi 10.3389/fonc.2020.01387

Yu Y., Leete T.C., Born D.A., Young L., Barrera L.A., Lee S.-J.,
Rees H.A., Ciaramella G., Gaudelli N.M. Cytosine base editors
with minimized unguided DNA and RNA off-target events and high
on-target activity. Nat Commun. 2020;11(1):2052. doi 10.1038/
s41467-020-15887-5

Zuo E., Sun Y., Wei W., Yuan T., Ying W., Sun H., Yuan L., Stein-
metz L.M., Li Y., Yang H. Cytosine base editor generates substan-
tial off-target single-nucleotide variants in mouse embryos. Science.
2019;364(6437):289-292. doi 10.1126/science.aav9973

KoHnuKT nHTepecos. ABTOpbI 3aABNAIOT 06 OTCYTCTBUM KOHPVKTa UHTEPECOB.
Moctynuna B pegakuuio 14.06.2025. Mocne gopabotku 05.11.2025. MpuHaATa K nyénmnkauum 11.11.2025.

84 BaBunoBckuii XXypHasn reHeTnku u cenekuyum / Vavilov Journal of Genetics and Breeding < 2026 - 30 « 1


https://doi.org/10.1126/science.aaw7166
https://doi.org/10.1126/science.aaw7166
https://doi.org/10.1038/nature17946
https://doi.org/10.1038/nature17946
https://doi.org/10.1007/s11684-023-1013-y
https://doi.org/10.1007/s11684-023-1013-y
https://doi.org/10.15698/cst2018.10.156
https://doi.org/10.15698/cst2018.10.156
https://doi.org/10.1038/s41576-018-0059-1
https://doi.org/10.1145/267521.267766
https://doi.org/10.1038/s41576-019-0100-z
https://doi.org/10.1186/s13072-025-00618-1
https://doi.org/10.3389/fonc.2020.01387
https://doi.org/10.1038/s41467-020-15887-5
https://doi.org/10.1038/s41467-020-15887-5
https://doi.org/10.1126/science.aav9973

MONEKYJTAPHAA U KNETOYHAA BUOJ1IOTUA BaBMNOBCKNI XypHan reHeTUKN 1 cenekumnm

Vavilov Journal of Genetics and Breeding. 2026;30(1):85-93

doi 10.18699/vjgb-26-02

BronmH@opMaTuecKii aHa/au3 MeXaHlI3MOB >KII3HECIIOCOOHOCTH
JIVTHUI OITYXO0J/IEBBIX KJIETOK IIPU Jelelliii TeHOB-CyIlepMUIlleHeli

A.A. YerBepuHa L H.4. Koseapuyk L A.B. Aomaes L ALA. lItuas (92, M.M. Epoxun 1

T MiHcTTyT Bronorum reHa Poccunckoin akagemumn Hayk, Mocksa, Poccns
2 HauyoHanbHbI MeaULMHCKUIN NCCefoBaTeNbCKMil LeHTP oHkonornm nm. H.H. BrioxuHa, Mocksa, Poccns
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AHHOTauuAa. MyTaumm TreHOB W W3MEHEHMA SMUreHeTUYeCcKoW peryfauum  3KCNpeccMm reHOB  ABAATCA
XapaKTepHbIMW MpPU3HaKamy 3110KayeCTBEHHbIX HOBOOOpa3oBaHWi. CouyeTaHUA [aHHbIX HapyleHun GopmMupytoT
6uonormyeckne ocobeHHOCT UHAMBUAYaNbHBIX OMyXOfieil Ha MONeKyNApHOM ypoBHe. Pa3paboTka cTpaTtervuin nep-
COHANM3UPOBAHHOIO NleyeHna TpebyeT rny6oKOro NMOHUMAHUSA MONEKYNAPHbBIX «MOPTPETOB» OTAENbHbIX OMyXOmei.
B pamkax kpynHomacwTabHoro npoekTa Dependency Map (DepMap) obLrpHble NaHenu AVHUIA ONMYXONEBbIX KNEeTOK
yenioBeKa TECTMPYIOTCA Ha YYBCTBUTENbHOCTb K MHAKTMBaLMM OTAENbHbIX reHoB. PaHee Ha ocHoBe AaHHbIXx DepMap
HaMK OXapaKTepr30BaHbl TeHbl, MOMYYMBLUME Ha3BaHUE «CyMepMULIEHW», MPU feneunn KOTOPbIX CyLeCTBEHHO
CHVXEHa >KN3HEeCrNOCOOHOCTb KNEeTOK KOHKPETHOrO TKaHeBOrO MPOUCXOXKAEHWA MPU MUHUMATbHOM HapyLlleHun
MKM3HEeCNoCcobHOCTM APYrnX NMUHWIA. B HacToAeM nccnegoBaHum onpeaesieHbl GakTopbl HA3KOW XKMU3HECNOCOBHOCTM
(MHrMOVpoBaHNA nponudepaum unM rmbenn) KNETOYHbIX JIMHWIA NPU WHAKTMBALMU TeHOB-CYyNepMULLEHEN.
B pe3ynbrate ycTaHOBNEHO, YTO B 79 % CnyyaeB HM3KasA XM3HECNOCOOHOCTb MOXET ObiTb Bbl3BaHa SMUreHeTUYeCKMU
N3MeHeHNAMY B SKCNpeccun reHoB. B ocTanbHbix ciyyanx (21 %) oHa Bbi3BaHa HapyLLeHUAMM CTPYKTYpbl reHoB. Micxopa
13 NONYYEHHbIX JaHHbIX, MOXXHO BbIAENUTb TPY FPYMMbl, COAEPXKaLLMe Pa3HOro TMMna HapyLweHNA SKCNpPeccun reHoB.
B nepBoii rpynne HM3Kasa XM3HECMOCOBHOCTb KNIETOK KOppenvpyeT C NOBbILEHNEM SKCNPeCcMUn reHa-cynepmMuLLIEHN
(Hanpumep, SOX10 n HNF1B). Bo BTopoli rpynne feTeKTNpyeTca rmnepaKCcnpeccun reHa, OTIMYHOIo OT AeneTupyemon
cynepmuiueHu (napbl reHoB FOXAT n SPDEF, TP63 n SERPINB13 v fip.). TpeTba rpynna xapaktepu3yeTca Koppenaumnamm
MeXAy MOHWKEHHOW 3Kcnpeccmen onpefeneHHbIX reHOB M YyBCTBUTESIbHOCTbIO OMYXONEBbIX KNeTOK (Mapbl reHoB
FAM126A n FAM126B, SMARCA2 n SMARCA4 v pp.). Habniopaemble reHeTnYecKme nsmeHeHus Bkitoyanu GOF-myTtaumm
(KRAS, BRAF v pp.), LOF-myTaumm (STAGT, SMARCA2 v pp.), cnuaHne reHoB (BCR-ABL1, PAX3-FOXO1 n gp.) n amnnndukaumm
(CPM, BEST3  aip.). Takm 06pa3om, pasHble MONeKyNApHbIe MexaH/3Mbl BbICTYNaloT NpefnKTOpamy OTBETa OMyXOseBbIX
KNeTOK Ha MHMMOUpPOBaHMe reHOB-CynepMULLIEHEN.

KnioueBble cnosa: onyxonu; pak; oHkomapkepbl; Dependency Map; DepMap; TpaHckpunuusa; myTtaunm; SMARCA2;
SMARCA4; APP; FOXA1; ATP6V0A2; ATP6VOAT; buonHdopmaThKa; aHanm3 6a3 AaHHbIX; NepCcoHann3nMpoBaHHaa MeguumnHa

[Ana untnpoBaHusa: Yetsepura [.A., Kosenbuyk H.A., Jlomaes [.B., lWtunb A.A., Epoxud M.M. BrionHpopmaTtnueckui
aHaNn3 MexXaHM3MOB MM3HECNOCOOHOCTY IMHUI ONYXONEBbIX KNETOK Npu Aeneunmn reHoB-cyrnepmuieHen. Basuos-
cKuli XXypHasn 2eHemuku u cenexkyuu. 2026;30(1):85-93. doi 10.18699/vjgb-26-02

®uHaHcpoBaHue. PaboTa BbinosiHeHa Npy noafepKKe rpaHta Poccuiickoro HayuHoro ¢oHaa N2 20-74-10099.

BnaropgapHoctu. Pabota npoBoamnack ¢ Ucnonb3oBaHvem npubopHoi 6a3bl MBI PAH, nopgaep»aHHo MuHucTep-
CTBOM HayKM U Bbicllero obpasosanus PO.

The computational analysis of tumor cell
sensitivity to supertarget deletion
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Abstract. Gene mutations and altered epigenetic regulation of gene expression are characteristic features of malignant
neoplasms. Combinations of these abnormalities form molecular features of individual tumors. In the large-scale
Dependency Map (DepMap) project, the broad panels of human tumor cell lines are being tested for sensitivity to
single gene inactivation. Using DepMap data, we have previously identified a set of genes termed supertargets, the
deletion of which significantly reduced the survival of cells of a particular tissue origin while minimally impairing the
unrelated cell lines. In the present study, we determined the factors of viability (inhibition of proliferation or death)
of cell lines in which the supertarget genes have been deleted. We found that, in 79 % of cases, the reduced survival
may be caused by epigenetic changes of gene expression. In the remaining 21 % of cases, it is associated with altered
gene structure. Three groups containing different types of gene expression alterations can be distinguished. In the first
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The computational analysis of tumor cell
sensitivity to supertarget deletion

group, the reduced cell survival correlated with a higher expression of the supertarget gene (e.g., SOX70 and HNF1B).
In the second group, a gene different from the deleted supertarget was overexpressed (gene pairs: FOXAT and SPDEF,
TP63 and SERPINB13, etc.). The third group was characterized by correlations between low expression of a certain gene
and tumor cell sensitivity (e.g., FAM126A and FAM126B, SMARCA2 and SMARCA4). The genetic changes included GOF
mutations (KRAS, BRAF genes, etc.), LOF mutations (STAGT, SMARCA2 genes, etc.), gene fusions (BCR-ABL1, PAX3-FOXO1,
etc.), and amplification (CPM, BEST3, etc.). Therefore, many different molecular mechanisms act as predictors of tumor

cell response to inhibition of supertarget genes.

Key words: tumors; cancer; oncomarkers; Dependency Map; DepMap; transcription; mutations; SMARCA2; SMARCA4;
APP; FOXAT; ATP6VOA2; ATP6V0AT; bioinformatics; database analysis; personalized medicine
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BBepeHue

CoBpeMeHHBIH TOIXO0 K TepaIMK OIyXOoJed MpemaycMaTpH-
BAaeT BBISIBJIICHUE MOJICKYJISIPHBIX MEXaHH3MOB, CIICIIM(UIHBIX
JUIST KOHKPETHOTO Tumna omyxouu. [IpuHINI MuIIeHb-Ha-
MIPABJIICHHON Teparuy — WHAKTUBALUS TaKUX (PAKTOPOB JUIs
JOCTIDKSHUS aHTUTIPOIH(pepaTHBHOTO Y QeKTa 1/HiH rHOeTn
KJIETOK TP HaWMEHBIIEM TOBPEKACHUH APYIUX KIETOK, B
TepBylo odepenp HeomyxoneBbix (Verma, 2012; Pfohl et al.,
2021). Ilouck omyxoyiecrenupUIHBIX MUIICHEH BKITIOYaCT
CKPUHHMHIOBBIC MCCIICIOBAHMS HA MIMPOKHUX MaHENSIX JIMHNAH
KJIIETOK Pa3IMYHOIO0 TKaHEBOTO NMpOHCXoXkaeHus. Hambomee
MaciTabHbBIM siBiseTcs mpoekt Dependency Map (DepMap,
https://depmap.org/), B KOTOpOM HCITOIH30BaHA HHAKTHBAITUS
o0mmMpHOTO HAOOPa TEHOB C MOMOIIBI0 TeXHONIOTHI RNAI 1
CRISPR/Cas9 (Tsherniak et al., 2017; Arafeh et al., 2025).

Panee ¢ momompto pecypca DepMap MbI poaHaIn3npo-
BayM 27 THCTOJNIOTHYECKUX THIIOB OIyXOJIeH M ISl KasKI0TOo
Trmna onpeaenuta itk reHoB, CRISPR/Cas9-omocpenoBan-
HBI HOKayT KOTOPBIX OOYCIIOBIMBAJl CHIDKCHHYIO KH3HE-
CrocoOHOCTh (MHrHOUpOBaHKE MPOTH(Eepanuy WK THOCIH)
KJIeTOK mMeHHO naHHoro Tura (Chetverina et al., 2023). Takue
T'€HbI, Ha3BaHHBIE «CYIIEPMHIICHSIMI», MOT'YT PACCMaTpUBATh-
Csl KaK IIePCIIEKTHBHBIC MUIICHHU JJIsl TIEPCOHU(DUIIMPOBAHHOM
TEparnuu.

B HacrosimeM mccieJoBaHUM MBI C ITOMOILNBIO pecypca
DepMap n3y4niny Koppemsiuy CHHKEHHOH )KU3HECIIOCOOHO-
CTH KJICTOK C TeHETHYECKUMH U STIMT€HETHIECKUMH U3MEHe-
HUSIMU TIPH JICTICINH CyTIepMHUIIeHeH. BrrsiBineHHbIe hakToph!
MOTYT OBITh 33JJeHCTBOBAHBI JJIsI IPOTHO32 1yBCTBUTEIBHOCTH
KJIETOK OTJICJIbHBIX THITOB OITyXOJIeH K MHAKTHBAIMN TEX WIN
MHBIX MOJICKYJISIPHBIX MEXaHU3MOB.

MaTtepuanbl u meToAbl

AHanHu3 KU3HECIIOCOOHOCTH KJIETOK OMYXOJIEBBIX JIMHUN
BBIMOJIHSUTM Ha OCHOBe 0a3sl DepMap (https://depmap.org/
portal/, Tsherniak et al., 2017), Bepcust Public 22Q4+Score,
Chronos (https://doi.org/10.25452/figshare.plus.27993248.
v1). YpoBeHb KU3HECTIOCOOHOCTH KJIETOYHBIX JMHHUM aHa-
JIM3UPOBAK ¢ moMolbio nmapamerpa “Gene effect”. J{s
OTHECEHHS TPU3HAKa K (pakTopaM HU3KOU KHU3HECHOC00-
HOCTU NMPUMCHCHBI ABa KPUTCPHA: 3HAYCHUEC MapaMeETpa
3Haunmoctu (Importance) > 10 % u cTeneHs JOCTOBEPHOCTH
(xputepuit Ctpronenta) < 0.01. YpoBHH 3KCTIpeccHr T€HOB
NIpOAHAJIIM3UPOBAHbl C UCIIOJAb30BaHUEM Bepcuu DepMap
Expression Public 22Q4 (https://depmap.org/portal/data

page/?tab=allData&releasename= DepMap%20Public%20
24Q4&filename=OmicsExpressionProteinCodingGenesTPM
Logp!.csv). KomuitHOCTE TeHOB OIPEeNsuIv C IIOMOIIBIO Bep-
cun DepMap Copy Number Public 22Q4 (https://depmap.org/
portal/data_page/?tab=allData&releasename=DepMap%20
Public%2024Q4&filename=0OmicsCNGene.csv).

Jlns ananu3a OGellOK-OENKOBBIX B3aMMOACHCTBUM HC-
monmb3oBaim 0azy mamHbIXx STRING (https://string-db.org/,
Bepcus 12.0). VUUTHIBaNIH TONBKO B3aUMOJICHCTBUS, MO-
TBEPKJCHHBIC OMOXMMUYECKUMH METOAAMH.

PesynbraTbl m 06cyKeHne

HusKas *K1M3Hecnoco6HOCTb IMHMI OMYXONEBbIX KNeTOK
npu geneunn reHoB, KOANPYIOLLX CyNepMULLEHN
Panee 17151 27 rucTONOrMuECKUX TUIIOB OITyXOJIEeH HAaMH OIpe-
JICTICHO 10 TISITh TEHOB (Bcero uaeHTnunuposano 124 yHu-
KaJbHBIX TeHA-CYTICPMHIICHH, 9 TCHOB IBKIbI TIOBTOPSUTHCH
B Pa3HBIX TUIAX OIyXOJIEH M OJJH TPHIKIbI), HOKAYT KOTOPBIX
MIPUBOANT K HAHOOJIBIIEMY HHTHONPOBAHUIO MposHdepaun
wm Kk rudenu xietok (Chetverina et al., 2023). JIns BbIsSB-
JICHNS! TEHETUYECKUX W/WIIM SIUTCHETHYECKUX M3MEHEHUH,
KOPPEIUPYIOMINX C YyBCTBUTEIBHOCTBIO KIJIETOK K JICIEIHN
CyNEepMHUIICHEH, MBI HCIIOIB30BAIN MapaMeTp 3HAYNMOCTH
(Importance) nmpoekra DepMap. IIpu moucke koppemsnunit
WccIeJOBaH OOIINH MyJT KJIETOYHBIX JIMHKH U3 62361 DepMap
0e3 pazzeneHust Ha THCTOJIOTHYECKHE TUIIBI.

Bcero obnapykeno 167 Koppensiui, acCOMUMPOBAaHHBIX
C HHU3KOH KHM3HECIIOCOOHOCTBIO OITyXOJEBBIX KJIETOK (T.e.
MHTHOMpOBaHNE NMpoiHdepannu/mim TuOebio) MpH Jeie-
LUK TeHOB-cynepmuiienei. [locneane npoanann3npoBansl
WHIMBHUIYaJIbHO; JUISl PsiJia TEHOB BBISIBJICHO HE MEHEE JBYX
(akTOpoB HM3KOW *kM3HEecnocoOHOCTH; Ut 23 n3 124 cy-
TIEPMUIICHEH JTOCTOBEPHBIX KOPpEIIIni He 00HApYXKEHO.
Cpenu axTopoB HHU3KOH KU3HECMOCOOHOCTH OOJBIITNH-
cTBO (132 ciydwast) cBsI3aHO C U3MEHEHHSIMH DKCIIPECCUHU
TeHOB, a 35 cly4aeB — C U3MECHEHUSIMH CTPYKTYpPbl TCHOB
(MyTammsaMm).

HapylueHna sKkcnpeccum reHoB, Koppenupytowme

C HN3KOW KN3HEeCNoCoBHOCTbIO KNIeTOK

npv geneunn reHoB-cyrnepmMuLIeHein

IloBbllIeHHE IKCIIPECCHHU CylIepMUILLIeHH. [leTanbHblil aHa-
JIN3 BBIABUWII TPU IPYIIIBI, COAEPIKAILUE PA3HOIO TUIA Ha-
pYLIEHUS SKCIPECCUU I'€HOB IIPU JEICLUU CYIIEPMUILCHEH.
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[.B. Jlomaes, A.A. WTtunb, M.M. EpoxuH JIMHWI ONYXONEBbIX KNETOK NPW JefeLun reHOB-CynepMULLIEHEN  3(Q. 1

Ta6bnuua 1. [eHbl-cynepmuiLeHn, Npu eneuun KoTopbix HabnopaeTca Koppenauma

MeXAy X M’MnepaKCnpeccmein U HU3KOM >KN3HeCNoCcoOHOCTbIO KITETOK
Nen/n CynepmuweHb Importance, % Pearson p-value Nen/n CynepmuweHb Importance, % Pearson p-value
1 SOX10 81.8 -0.84 299E-268 | 26 SOX17 39.6 -0.446 2.90E-50
2 IRF4 78.9 -0.813 7.16E-238 | 27 BATF3 38.7 -0.347 9.19E-30
3 POUZ2AF1 733 -0.67 7.79E-132 28 DUSP4 383 -0.416 2.64E-43
4 HNF1B 72.7 -0.751 1.76E-182 29 PHOX2A 373 -0.455 2.36E-52
5 PAX8 71.9 -0.677 1.38E-135 30 MYOG 37.0 -0.554 1.03E-81
6 MYB 714 -0.671 5.92E-132 31 TP63 36.4 -0.702 1.19E-149
7 PAX5 67.6 -0.645 3.21E-119 32 LEF1 35.7 -0.278 3.05E-19
8 SPDEF 66.7 -0.446 4.28E-50 33 MECOM 345 -0.363 1.38E-32
9 MYCN 62.9 -0.647 5.57E-120 34 FLIT 339 -0.312 4.86E-24
10 MEF2C 62.1 -0.464 1.27E-54 35 SPIT 31.8 -0.523 2.14E-71
11 FOXAT 61.0 -0.433 3.48E-47 36 CCNET 315 -0.451 2.29E-51
12 ESR1 59.0 -0.481 3.55E-59 37 PPARG 313 -0.385 1.05E-36
13 SATB2 58.5 -0.278 3.06E-19 38 PRDM1 294 -0.286 2.27E-20
14 WT1 524 -0.209 2.34E-11 39 ISL1 27.5 -0.456 1.42E-52
15 GATA3 52.1 -0.522 3.84E-71 40 HAND2 274 -0.469 6.63E-56
16 KLF5 51.8 -0.609 8.22E-103 |41 ZBTB18 245 -0.247 2.16E-15
17 MITF 514 -0.472 9.45E-57 42 KLB 20.8 -0.383 1.80E-36
18 MYOD1 51.3 -0.711 3.27E-155 | 43 TEAD3 20.2 -0.355 3.67E-31
19 GFI1 49.2 -0.423 8.75E-45 44 NFIA 15.1 -0.155 8.37E-07
20 TRPS1 48.0 -0.458 4.83E-53 45 DOCK5 14.9 -0.312 4.96E-24
21 BCL6 44.7 -0.383 2.03E-36 46 PAX3 13.2 -0.367 2.26E-33
22 NKX2-1 41.9 -0.391 5.39E-38 47 PARD3 12.3 -0.243 6.06E-15
23 PHOX2B 414 -0.458 4.49E-53 48 SOX4 12.3 -0.163 2.09E-07
24 IGF2BP1 40.3 -0.348 5.62E-30 49 CDX2 11.8 -0.399 1.09E-39
25 IKZF1 40.2 -0.583 1.58E-92 50 IRST 10.0 -0.292 3.81E-21

B nepsoii rpynme (50 cmydaeB) HU3Kas JKH3HECIIOCOOHOCTh
KIIETOK KOPPEINPYET C TOBBIIIEHHON SKCIIPECCUEH CynepMHu-
menu (taom. 1).

Ha puc. | npeacraBieHo /Ba XapaKTEpHBIX IpUMepa.
I'er SOX10 (SRY-box transcription factor 10, cMm. puc. 1, a)
ObIT MICHTU(HUIIUPOBAH HAMH paHee KaK CyIepMHUIICHb IS
KJIETOYHBIX JTUHHUH, TPOUCXOIAIINX U3 MEITaHOMBL. DTOT
TeH KOJMPYET TPAaHCKPUIIIHOHHBIN (AKTOp, BAXKHBIN /IS
1 hepeHINpPOBKH KIETOK B PA3IMYHBIX TKaHSAX, BKIIOYAs
LEHTPAIBHYIO ¥ Mepru(epruIecKyio HEPBHYIO CHCTEMY, Me-
JIAHOLMTHI U XOHApouuThl. [deperymsuus SOX10 cBsizana c
kaHreporere3om (Bahmad et al., 2023).

I'en HNF'1B (HNF1 homeobox B, cMm. puc. 1, 6) BbIsiBICH
B KAQUECTBE CYNEPMUIICHH /U JIUHUH paka MOYKH. DTOT TeH
KOZIUPYET roMe00OKC-COIep KN TPAaHCKPUIIIMOHHBIN (ak-
TOp, BaXKHBIH B SMOPHOHAIILHOM PAa3BUTHH IIEUCHH, TTOUYEK U
mmopKeynouHoi skenessl (Chandra et al., 2021). Hapymrenus
¢byukuuit HNF 1B, BKITIouasi TepMUHATBHBIC U COMAaTHICCKIC
MYTaIl1, OOHAPYKEHBI B COJMHMIHBIX OIMYXOJAX Pa3IHMIHOTO
TKaHEBOTO TpoucxoxaeHus (Bartd et al., 2018).

MONEKYNAPHAA N KNIETOYHAA BUOJIOTUA / MOLECULAR AND CELL BIOLOGY

I'mnepakcnpeccusi reHa, 0TJINYAIONIET0CS OT AeJIeTHpYe-
Moii cynepmuienu. Bropas rpynmna koppesiiuii conepKuT
71 ciyuaii, Korjaa HU3Kast JKU3HEeCII0COOHOCTD KIJIETOK IPH Jie-
JICLIMU CYTIEPMHUILIEHU KOPPENUPYET C THIIEpIKCIIPEecCHel TeHa,
OTJINYHOI'0 OT HOKAYyTHPOBAaHHOM cyrepMuIeHu (Tali. 2).

B 65 ciyuasix BBISBICHBI KOPPEISLIUU MEXKYy HU3KOH K13~
HECIIOCOOHOCTBIO KJIETOK TPH HOKayTe I'eHa-CyIlepMHUILCHN
U TIOBBIIICHHBIM YPOBHEM 3KCIIPECCUU I'€HA, HE BXOJSAILErO
B CIUCOK cynepMuieHei. IlpumepoM Takoil 3aBUCUMOCTH
MOXET CITy>KUTh nlapa renoB 7P63 u SERPINBI3 (puc. 2, a).
I'en TP63, onucaHHbIN HAMU KaK CyNEpMUILIECHb ATl TUHUI
paKa CIM3MCTOH 000JIOUYKH BEPXHUX JIBIXATEIbHBIX M IMHILE-
BapuTEJbHBIX IyTeil (upper aerodigestive cancer), Koaupyer
0e11oK p63 — TPaHCKPUITLIMOHHBIA PETYIISTOp, BXKHBIH, KaK U
ero romoJioru pS3 u p73, B 6uosnoruu omyxouneii (Sadu Murari
et al., 2025). dnsa SERPINBI3 naHHBIX MEHBIIIE; U3BECTHO,
YTO TOT I'€H KOJMPYET MHIMOUTOP CEPUHOBBIX IIpOTEa3, Mo-
JABIISTIOIINE akTUBHOCTH KarercuHoB K u L (Jayakumar et al.,
2003; Welss et al., 2003). HenmaBHue uccieioBaHus oKa3aiiy,
yto SERPINB13 MokeT BBICTynaTh B pOJIM MOTEHIIMAILHOTO
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Puc. 1. lNoBbiweHHaA JKCnpeccna reHa-cynepMmmileHn n HU3KaAa XKMN3HECNOCOBHOCTb onyxoneBbIX KJIETOK.

Koppenauun mexxay sKkcnpeccuein reHoB 1 HU3KOW KU3HeCNoCOBHOCTbIO KNeToK npu Aeneuyunn reHos SOXT0 (a) n HNF1B (6). Mo ocn
Y — ypoBeHb 3KCNpeccuy COOTBETCTBYIOLLMX FeHOB (3HaUeHUA NpefcTaBieHbl B Buae napametpa log2(TPM+1)), no ocu X — oLeHOYHbI
napameTp Gene effect, oTpaxkaloLmii XM3HECMOCOOHOCTb KNETOK NpY AeneLun reHa-cyrepmuieHn. Yem Hrxke napametp Gene effect,
TEM HUXKE XKM3HECNOCOOHOCTD 1 Bblle MHIMOMpOoBaHue nponudepaunv n/unu rubenb KNEToK AaHHON KNETOYHON IMHUN NPU UHAKTU-
BaL1V COOTBETCTBYIOLLErO reHa. 34ech 1 Ha pyC. 2—4: YepHble TOUKW — 3HAUYEHUA 414 OTAENbHbIX IMHNIA; AUaroHanbHaa NpAmas — MMHNUA

perpeccun.
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Skcnpeccus SPDEF log2(TMP+1)
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Puc. 2. anepaKcnpeccvm reéHa, Hé OTHOCALLEroca K cynepmMmuLlleHAM, N HA3KaA MMN3HECNOCOBHOCTb KNETOK npw geneynn

CynepMuLLEHN.

a - Koppenauna mexay skcnpeccuenn SERPINB13 1 »13HeCnocobHOCTbIO KNeToK Npu Aeneunn TP63; 6 — Koppenaunusa Mexay dKkcnpec-
cuen SPDEF v )n3HecnocobHOCTbIO KNeTOK npu feneunun FOXAT.

OHKOT€HA B KJIETKaX IIOCKOKIIETOYHOTO paKa JerKoro (Zhang
et al., 2025). OgHaxo, HAaCKOJBKO U3BECTHO, TAHHBIX O KOOTIE-
paruBHocTH p63 1 SERPINB13 ner.

B mectn ciaydasx mMbl HaOMIO#AIH KOPPEISIIMIO MEXTY
HU3KOH ’KU3HECTIOCOOHOCTHIO KJIETOK IIPH JICNICIINU T'eHa-Cy-
TIEPMHIIECHN W YPOBHEM 3KCIIPECCHH JIPYroro reHa, HO Tak
e, KaK 1 AEIEeTUPYEMBIH, KIIacCH()UIIMPOBAHHOTO KaK CyTep-
MHULIEHb B MPEBIIYIIEM CKpPUHUHTE: Mapbl reHoB FOXA -
SPDEF,MYODI-MYOG, TCF7L2-HNF4A4, RXRA-PPARG,
HAND2-PHOX2A, SMARCALI-MYODI. Tax, nns napsl
FOXAI (forkhead box Al) u SPDEF (SAM pointed domain
containing ETS transcription factor, cm. puc. 2, 6) 0b6a reHa
paHee HICHTH(UIUPOBAHBI HAMH KaK CyTIEpMHUILICHH B TMHUAX
paka MomnouHo# kene3sl (Chetverina et al., 2023). TIpogykr
reHa FOXA I aktusupyet red SPDEF, a 6enox SPDEF — tpan-
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ckpurio FOXAI (Buchwalter etal., 2013; Paranjapye et al.,
2020). XoTsl JaHHBIE O HEMOCPEACTBEHHBIX B3aUMOICHCTBHIX
6enxoB FOXA1 u SPDEF oTcyTCTBYIOT, HX T€HBI HAXOAATCS
B OJIHOM DPEryJsITOPHOM KJIacTepe, BKIIOYaromieM Take ER
u GATA3, BaxkHbIe B IATOT€HE3€ PaKa MOJIOYHOH >KeIe3bl
(Lemieux et al., 2017).

O6HapyXeHHBIE 3aBHCHMOCTH MOTYT OBITH 00YCIIOBJICHEI
(U3HIECKUMH B3aUMOZICHCTBUSIMU MEX Ty OelIKaMu, KOIUpye-
MBIMH HCCJIEIOBAaHHBIMY T'€HAMH, U Y4aCTHEM B OTHUX U TeX
e PerynaTOpPHbIX MyTsaX. {715 mpoBepKU Takoi BO3MOKHOCTH
MBI IPOTECTHPOBAIN HAITMYHE PU3NIECKIX KOHTAKTOB MEXKTY
MIPOAYKTAaMH BBISIBJICHHBIX [TAp TEHOB C MCIIOIL30BAaHUEM 0a3bl
nanHbix STRING. BersicHuiiocs, uro ais 12 nap reHoB ecThb
JIAaHHBIC O TIPSIMBIX OEIOK-OCeTKOBBIX B3aMMOAEHCTBHUSIX (CM.
Tabm. 2).M0oXXHO NPEIOI0KUTh, YTO B OCTAIBHBIX CIydasx
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[.A. YetBepuHa, H.A. Kosenbuyk BrionHpopmaTnuecknin aHann3 mexaHn3mMoB xmn3HecrnocobHoctn 2026
[.B. Jlomaes, A.A. WTtunb, M.M. EpoxuH JIMHWI ONYXONEBbIX KNETOK NPW JefeLun reHOB-CynepMULLIEHEN  3(Q. 1
Ta6bnuua 2. [eHbl-cynepmuLLEHN, NPU AeNeLun KOTOPbIX HU3Kas XKN3HECMOCOOHOCTb KIeTOK
KoppenunpyeT C NOBbILEHHOW 3KCMpeccren Apyroro reHa
Ne  Cynep- leH uyyscTBU- Importance, Pearson p-value Ne Cynep- leH uyBcTBU- Importance, Pearson p-value
n/n  MulleHb  TeIbHOCTU % n/n  mMuweHb  TenbHoCcTM %
1 EBFI1 CD79A 83.5 -0.76 1.57E-189 | 37  SOS1 ITGA2B 20.6 -0.333 2.37E-27
2  EBF1 VPREB3 39.8 -0.758 4.90E-188 | 38 TRIM8 TPTE2 20.6 -0.536  8.63E-76
3  MEF2B BORCS8-MEF2B 73.8 -0.575 246E-89 39 TRIM8 CYP4F22 153 -0.501 7.02E-65
4 MEF2B ELL3 39.2 -0375 7.15E-35 40 MECOM WNT7A 18.6 -0.355 3.26E-31
5 TP63 SERPINB13 61.1 -0.659 8.31E-126 | 41 CRTC2 AVPIT 18.5 -0.284  4.89E-20
6 FOXA1 SPDEF 57.6 -0.596 1.86E-97 | 42 CRIC2 SIK1 16.3 -0.194  5.41E-10
7  CTNNBT*  AXIN2* 55.9 -0.619  2.43E-107 | 43  BCL6 ELL3 18.3 -0.221 1.31E-12
8 PAXS cD19 454 -0.701  5.36E-149 | 44  EPAST SEC14L6 18.3 -0.27 3.30E-18
9 PAXS VPREB3 14.9 -0.706  2.08E-152 | 45  EPAST* EGLN3* 11.8 -0.123  8.80E-05
10  PAX5 CD79A 11.8 -0.682 6.22E-138 | 46  RUNXT* TALT* 17.5 -0.435 1.87E-47
11 TCF7L2*  RNF43* 42.6 -0.5 140E-64 47  RUNXT GMFG 10.9 -0.497  9.38E-64
12 TCF7L2  HNF4A 14.6 -0.604 8.80E-101 48 HAND2 PHOX2A 15.7 -0.509  3.09E-67
13 PAX3 SOX8 40.4 -0.382 3.72E-36 | 49  POU2AF1  JCHAIN 14.7 -0.676  9.14E-135
14 NFE2L2  AKRICT 389 -0.545 1.27E-78 | 50  ISLT STMN2 14.1 -0.539  8.01E-77
15  NFE2L2*  MAFG* 16.2 -0.267 7.06E-18 | 51 EGFR ITGB4 13.9 -0.491 5.21E-62
16 NFE2L2  NQOI 16.1 -0.304 7.02E-23 52 EGFR* AREG* 123 -0.504 1.01E-65
17  LMO2 LYLT 36.1 -0.496  2.06E-63 53 EGFR Clorf116 10.5 -0.53 9.47E-74
18 LMO2 NFE2 30.0 -0.525 543E-72 |54 EGFR GJB3 10.5 -0.53 8.17E-74
19 LMO2 SIGLEC8 1.1 -0.599 1.14E-98 | 55  HS2ST1*  CKAP4* 13.7 -0.355  4.24E-31
20 LMO2 GATAT 10.7 -0.612 4.03E-104 56  PARD3* PARD6B* 13.7 -0.347  9.26E-30
21 PRDM1  TXNDC5 35.2 -0.281 1.12E-19 | 57  PARD3 KCNJ16 13.0 -0.44 9.86E-49
22 (CDX2 CDX1 343 -0.495  2.98E-63 58  DUSP4 MIA 13.0 -0.509  3.01E-67
23 MAPK1 S1008 315 -0489  2.32E-61 59  STAT5B PRSS57 129 -0.453 5.73E-52
24 MAPK1 CPNT 16.8 -0.548 1.52E-79 | 60 HMGA2 0s9 12.8 -0.282  9.55E-20
25 IL13RAT  IL5RA 28.0 -0.345 230E-29 | 61 EDF1 HCAR2 124 -0.347  8.23E-30
26 JAK2* CSF2RB* 26.8 -0434 2.75E-47 62  FZD5 FERTL6 12.2 -0.32 3.01E-25
27  JAK2* MPL* 20.8 -0404 142E-40 63  PRKARIA* PRKACA* 12.2 -0.333 1.95E-27
28 JUN SERPINE1 24.8 -0.502  5.32E-65 64  PRKARIA  TICAM2 11.5 -0.45 2.94E-51
29 JUN PDCDI1LG2 12.8 -0.544 2.63E-78 | 65 PRKARIA RTL3 10.4 -0.351 2.13E-30
30 MYOD1  MYOG 23.7 -0.724 1.95E-163 | 66  PHOX2A SLC6A2 1.7 -0412  2.60E-42
31 SPi TYROBP 229 -0.509 2.52E-67 | 67 MITF MLANA 11.6 -0.579  8.32E-91
32 FGFRI1 FGF2 223 -0432 8.11E-47 | 68  SMARCALT MYODI 1.1 -0.298  5.12E-22
33  ITGBT GJB5 223 -0.488  2.82E-61 69  BATF3 MYBPC2 10.8 -0.439 1.37E-48
34 ITGB1 LAMA3 11.1 -0.39 6.99E-38 70  TRPST CREB3L4 10.2 -0.303  8.35E-23
35 RXRA* PPARG* 20.8 -0.371  3.87E-34 | 71 RAB10 BICDL2 10.0 -0.387  2.86E-37
36 ETV6 PTGER3 20.7 -0411  4.64E-42

MpumeuaHune. CUMBONOM «*» OTMEYEHbI Mapbl 6€NKOB, A1 KOTOPbIX GBUOXUMUYECKMI METOAaMV NMOKa3aHbl NpsAMble B3aMOAeNCTBYA (6a3a faHHbIX
STRING). OTTeHKamu ceporo LiBeTa OTMeYeHbl nayLyme noapag CTPOKM C OANHAKOBbIMU reHaMu.

HMMEET MECTO OITOCPEOBAHHOE BIMSHNE, MM JaHHBIE O (H-
3WYECKUX B3aUMOJICHCTBHSAX MEXKTY OCITKaMH €1Iie IMPEeCTONT
YCTaHOBUTb.

IMonn:keHHas1 IKCIPeccusi FeHa, He OTHOCSIIErocs K cy-
nepMHIIeHsIM. B TpeTbeii rpymime Koppessiuii mpeacTaBieHo
11 ciryuyaeB, Korma HHU3Kask )KU3HECTIOCOOHOCTh KIIETOK HPH

MOJIEKYJIAPHAA U KNETOYHAA BUOJIOTUA / MOLECULAR AND CELL BIOLOGY

JIeTICLIMH CYTIePMHUILICHN KOPPEITUPYET C HU3KOU IKCIpeccHeit
ompeneneHHoro reHa. HanGonee yacto (9 cinydaeB) Takas
CUTyalusi HaOJIrOaeTcss IPH HAIUYUK OJIM3KOrO TOMOJIOTa
reHa-CylepMHuIIeHH (Tadm. 3).

Ha puc. 3, a, 6 npeacraBieHbl XapaKTepHbIC TPUMEPBI.
B nepBoM ciryyae HHU3Kast )KHU3HECHIOCOOHOCTh KJICTOK IIPH Jie-
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Ta6nuua 3. [eHbl-cynepmMuLLIEHN, NPY AeneLrn KOTOPbIX HU3KasA XKMU3HECNOCOOHOCTb KIIeTOK

KOppenupyeT C MOHWKeHHOWN SKCMpeccren 4pyroro reHa

Nen/m  CynepmuiieHb [eH yyBcTBMTENBHOCTM Importance, % Pearson p-value [eHbl ABNAOTCA romonoramu
1 RPP25L RPP25 75.0 0.743 1.05E-176 Oa
2 FAM126B FAM126A 71.6 0.408 1.64E-41 da
3 ATP6VOET ATP6VOE2 60.3 0.564 2.13E-85 nda
4 SMARCA2 SMARCA4 55.0 0.39 9.62E-38 a
5 ATP6V0A2 ATP6VOA1 51.6 0.412 2.61E-42 Ha
6 STAGT STAG2 289 0.253 3.61E-16 Oa
7 SH3GL1 APP 26.0 0.535 1.86E-75 Het
8 TIMM17A TIMM17B 24.7 0.399 1.04E-39 na
9 ARHGEF7 ARHGEF6 23.0 0.457 6.96E-53 a

10 VRK1 VRK2 12.2 0.357 1.66E-31 Oa

11 STAT5B NPHP1 10.8 0.198 2.33E-10 Het

a 9- 6

Skcnpeccna FAM126A log2(TMP+1)

-1.5 -1.0 -0.5 0
FAM126B Gene effect

Skcnpeccusa ATP6VOAT log2(TMP+1)

0 ° e o o o ° e
-1.5 -1.0 -0.5 0
ATP6VO0A2 Gene effect

Skcnpeccns SMARCA4 1og2(TMP+1)

0.5 -2.0 -15 -1.0 -0.5 0 0.5

SMARCA?2 Gene effect

Skcnpeccna APP log2(TMP+1)

-2.0 -15 -1.0 -05 0 0.5
SH3GL1 Gene effect

Puc. 3. MoHW>KeHHasA SKCNPeCccra reHa, He OTHOCALLEroca K CynepMULLEHAM, KOPPEVPYeT C HU3KOM XK1U3HeCcnocobHo-

CTblO KNETOK Npu geneynn cynepmuileHn.

a — koppenauna skcnpeccun FAM126A n 4yBCTBUTENBbHOCTY KNEeTOK K aeneuun FAM126B; 6 — koppenauua skcnpeccun SMARCA4 v
KM3HECNocobHOCTH KneTok npu aeneunn SMARCA2; 8 — koppenauua skcnpeccun ATPVOAT n 4yBCTBUTENBHOCTY KNETOK K Aeneunmn
ATPVO0A2; 2 — koppenauma skcnpeccumn APP 1 4yBCTBUTENbHOCTU KNETOK K Aeneuunn SH3GLT.

sieruu reda FAM 126 B 3aBUCHT OT HU3KOTO YPOBHSI DKCIIPECCUU
ero romosiora FAMI126A (cm. puc. 3, a). I'eust FAM126A4 u
FAM126B (n3BectHble Taxke kak HYCCI n HYCC2, hyccin
PI4KA lipid kinase complex subunit) KogupyroT OSITKH, SBILIO-
recst KOMIOHEHTaMH KoMIUTekca mporenHKkrHA3bl PI4K o/

PI4KA, perynupyromiero JUIUAHbIA COCTaB U aCUMMETPUIO
Tta3MaTrdeckoit MeMopansl (Suresh et al., 2024). TIpumep, mo-
Ka3aHHBIN Ha pUC. 3, 6, IEMOHCTPHPYET 3aBUCUMOCTB HU3KOTO
mokazarens Gene effect mpu nenermnu SMARCAZ2 OT HU3KOTO
ypoBHs 3kcnipeccun ero romonora SMARCA4. SMARCA2 u
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SMARCA4 (SWI/SNF related, matrix associated, actin de-
pendent regulator of chromatin, subfamily a, member 2)
SIBISTIOTCST KoMIoHeHTaMu koMrutekca SWI/SNF, pemonernn-
pytomiero xpomaruH. HapyieHus CTpyKTypbI 1 PyHKIHI KOM-
mwiekca SWI/SNF o6HapyxwuBarorcs B omyxomsx (Nguyen et
al., 2023; Reddy et al., 2023).

B ciyuae nokayra reHa ATP6V0A2 (ATPase H+ trans-
porting VO subunit a2) HabIromaeTcs 3aBUCUMOCTh HU3KOH
KHM3HECTIOCOOHOCTH KIIETOK OT HU3KOTO YPOBHS AKCIIPECCHN
ero romonora ATP6V0AIL (cm. puc. 3, g). Tenst ATP6V0A2
u ATP6V0AI xonupyloT KOMIOHEHT MPOTOHHOIO KaHaja
V-AT®a3bl, noaaepKuBaroLell JIeKTPOXUMUUYECKUI Tpa-
JIMEHT TPOTOHOB I10 00€ CTOPOHBI IIIA3MATHIECKO MEMOPAHEI.
Opnnako V-AT®a3a, TOMIMO OCHOBHOW (PYHKITHH, YIaCTBYET
B curHanpHOM yTH Notch/Wnt (Eaton et al., 2021). [leramu
¢ysaxmmonupoBanus ATP6V0A1/2 B OIMyXONeBBIX KIETKAX
€IlIe MTPEICTOUT YCTAHOBUTD.

[pu nHokayTe rena SH3GL 1 (SH3 domain containing GRB2
like 1) HU3Kas KU3HECTIOCOOHOCTH KIETOK aCCOMMUPOBAHA C
TTOHIKEHHOM 3Kkcnipeccueli reHa APP (puc. 4, 2). Ten SH3GL1
KOAMpPYeT SHAOGWINH A2, BOXHBIA JUIs TUHAMHUKHA BHYTPH-
KJIETOYHBIX MEMOpaH, B 4aCTHOCTH JJIst SHA0IMTOo3a (Yang et
al., 2023). Poms APP (amyloid precursor protein) merambHO
n3ydeHa mpu Oone3Hn Anpnreiimepa: gpparment APP (Gera-

2026
30-1

BrionHdopmaTMuecKmnii aHanys MexaH13MOB XKN3HECNOCOOHOCTH
NHWI ONYXONeBbIX KNETOK NPy AeneLuy reHoB-CynepMuLLeHen

aMHIION]) 00pa3yeT XapaKTepHbIE ONAMIKM B TKaHAX MO3Ta
(Chen et al., 2024). NmeroTcs yka3anus Ha ydactie APP u
B KaHIIEPOTEHE3€, OTHAKO 31A€Ch IAHHBINA (aKTOp U3ydeH He-
noctarouno (Lee et al., 2021). O B3aumoneiictun SH3GL1
u APP B Guonorun omyxoneit He coodmanocsk. Takum oOpa-
30M, aHAIHM3 KOPPEJSIIUil JKU3HECTIOCOOHOCTH KIIETOK I03-
BOJISIET HE TOJIKO MPOTHO3MPOBATh OTBET OMYXOJH Ha Jie-
JEIHI0 OTNPEAETICHHBIX TeHOB, HO W OOHApyKMBaTh paHee
HEHM3BECTHBIE PETYISATOPHBIC B3aMMOCBS3N MEKTy TeHAMH 1
1X IPOAYKTAMH.

I'enernyeckune mytamuu. B 35 cirygasx HaOmromammce Kop-
PESIMN MEKTY HU3KOH KH3HECHOCOOHOCTHIO OITyXOJIEBBIX
KJIETOK M HApYIICHUSMH CTPYKTYPBHI TCHOB B aHAIN3UPYEMBIX
KJIICTOYHBIX JINHUSAX. BBIABIECHHBIC TUIIBI HAPYIICHUH BKIIIO-
YaroT TOYeYHbIe MyTanuu (12 ciydaeB), cimsaue TeHoB (13)
u ammomudukanuio (10 cirydaes) (Tadm. 4).

Ha puc. 4, a moka3zans! koppensiinuu it TeHa KRAS (Kirs-
ten rat sarcoma virus), kogupytoriero mManyro [ Tdazy — kirto-
YEeBOW KOMITOHEHT CHUTHAJIBHOTO IMyTH, aKTHBUPYEMOTO IpH
B3aMMOZICHCTBUH 3IUAEPMAIBHOTO (PAKTOpa pocTa ¢ COOT-
BeTCTBYIOIUM perienitopoM (Seres et al., 2025). B narHOM
cllydae MyTalud, akTuBupytontine KRAS (gain-on-function,
GOF), xoppenupyioT ¢ 4yBCTBUTEIBHOCTBIO KJIETOK K JIeTIe-
IIUH HTOTO TeHA.

Ta6bnuua 4. I3meHeHnA CTPYKTYpbl FeHOB-CyNepMULLEHEN U MyTaLU APYTrMX reHOB,
aCCOLMMPOBAHHbIE C HU3KOW KN3HECOCOOHOCTbIO KIIETOK NpW AeNeLn reHOB-CynepMuLLIeHeN

Ne  Cynep- TeH Importance, Pearson p-value Ne  Cynep- leH uyBcTBU- Importance, Pearson p-value
n/N MULIEHb YYBCTBUTENbHOCTMN % n/n muweHb TenbHocTM %
GOF myTaymm LOF myTaumm

1 KRAS KRAS 69.3 -0.680 391E-146 | 1  STAGI STAG2 328 -0425 2.65E-48
2 BRAF BRAF 68.2 -0.689 7.68E-152 | 2 SMARCA2 SMARCA4 31.9 -0.399 3.33E-42
3 MAPK1  BRAF 15.7 -0.438 2.06E-51 |3  CTNNBT APC 242 -0.528 6.34E-78
4  CTNNBT CTNNBT 13.8 -0.288 6.57E-22 |4  WRN KMT2B 19.4 -0.517 2.50E-74
5 DOCK5  KRAS 13.1 -0.331 941E-29 | 5 WRN RPL22 12.2 -0.479 2.02E-62

CnuaHve reHos 6  FAM126B RNF43 14.8 -0.231 1.78E-14
1 BCR BCR_ABL1 44.8 -0.703 2.50E-150 | 7  EPAST VHL 10.5 -0.292  1.45E-22
2 ABL1 BCR_ABL1 42,6 -0.626  2.73E-110 Amnnuonkaumm
3 TRIM8  EWSRI_FLI1 234 -0.546  5.04E-79 OTpuuaTenbHasa Koppenauma
4 NFE2L2 AKR1C1_AKR1C6P 18.7 -0.328 1.59E-26 | 1 CPM CPM 320 -0.376  1.30E-37
5 PAX3 PAX3_FOXO1 18.6 -0.662 1.99E-127 | 2 BEST3 BEST3 20.8 -0.175  6.97E-09
6 MYOG  PAX3_FOXO1 16.5 -0.638 1.00E-115| 3  MYCN NBAS 16.2 -0.42 2.28E-47
7 FLIT EWSRI1_FLIT 13.5 -0.548 1.24E-79 4 NFIA NFIA 11.9 -0.213  1.74E-12
8  MECOM AC093821.1_LINC0O1091 13.3 -0.278 286E-19 |5  CCNET CCNET 11.0 -0.299 9.61E-24
9 DLL1 PAX3_FOXO1 12.8 -0.41 485E-42 |6 KLB UPF1 10.9 -0.093 2.26E-03
10 ZBTB18 PAX3_FOXO1 11.2 -0.482 1.60E-59 |7 MEF2B KIR2DS4 10.8 -0.089 3.60E-03
11 CCNET  AC093821.1_LINCO1091 10.8 -0.298 4.77E-22 |8  CAPS2 CAPS2 10.7 -0.176  5.99E-09
12 MYOD1 PAX3_FOXO1 10.5 -0.659 823E-126 | 9 HMGA2 HMGA2 10.0 -0.229 3.01E-14
13 JAK2 HBB_AC104389.5 10.3 -0.365 6.35E-33 MonoxwutenbHasa KoppenAayma

1 DDX5 DDX17 133 0.338 3.28E-30
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LOF myTaumun SMARCA4

-15

-1.0 -0.5 0 0.5
SMARCA4 Gene effect

Puc. 4. leHeTnyeCcKre MyTaLMK, acCCOLUMPOBAHHbIE C H3KOM »IM3HECTIOCOOHOCTHIO OMYXONEBbIX KIETOK MpU Aeneuun

reHOB-CyrnepMuLLIEHeN.

a — Koppenaumna mexay Konmyectsom myTtaumnin reHa KRAS 1 uyBCTBUTENbHOCTbIO KNeTOK K Aeneumn KRAS; 6 — koppenaumsa Mexay Ko-
nuyectsom myTaumii reHa SMARCA4 1 uyBCTBUTENbHOCTbIO KNETOK K Aeneunn SMARCA2.

[Ipumep, mpuBenCHHBIN Ha puc. 4, 6, AEMOHCTPHUPYET 3a-
BHCHUMOCTH moka3arens Gene effect mpu nenenmu SMARCA2
oT xonmmdecTtBa mHaKkTHBHpYomX (loss-of-function, LOF)
MyTanuii B Omm3koM romonore — reae SMARCA4. Kak ykaza-
Ho BbIiie, SMARCA2 u SMARCA4 — KOMIOHEHTHI XpoMa-
TuH-pemonenupytomero komroiekca SWI/SNF. Toseimennas
YYBCTBUTEIBHOCTb KIETOK K Aenennu SMARCA2 xoppenupyeT
KaK C HAJIMYMEM MOBpeKAatonX MyTauil B rene SMARCA4
(cMm. puc. 4, 6), Tak 1 ¢ TOHMKEHHOU dKcTipeccueit SMARCA4
(cMm. puc. 3, 6).

3akniouyeHune

[TpoBenen OnonHpopmaTryecknii aHaIn3 HU3KOH )KU3HECTIO-
COOHOCTH JTMHUH OIyXOJIEBBIX KJIETOK MPHU JAEICLUU TeHOB-
cynepmuileHed. TepMuH «CynepMUILIEHb) NPEAJIOKEH HAMU
JUIs TEHOB, MHAKTUBAIUS KOTOPBIX CYIIECTBEHHO CHIDKAET
KU3HECTIOCOOHOCTh KJIETOK OMPEAETICHHOTO TKaHEBOTO MPo-
ucxoxaeHus (mo manasiM DepMap). B HacTtosiieit padote
YCTaHOBJICHO, YTO B OOJIBIIMHCTBE CIy4acB HU3Kas JKH3HECIIO-
COOHOCTH KJIETOK KOPPETUPYET C U3MEHEHUSIMU SKCIIPECCHH
OTIpe/ICJICHHBIX TEHOB — KaK CylepMHUIIeHEeH, TaK ¥ TeHOB, HE
OTHOCSIIIUXCS K TakoBbIM. Ha >XM3HEeCIOCOOHOCTh KIIETOK
MOTYT BIUATh U TEHETUYECKHE MyTalluHd — aKTHBUPYIOIINE,
WHAKTHBUPYIOIINE, a TAKKE CIUSHUE TCHOB U aMIUTH(UKaIIHsL.
[TonyueHHbIe B3aMMOOTHOIIEHUS MOTYT OBITh HCIIOIb30BaHbI
JUI TECTMPOBAHUS YyBCTBUTEIBHOCTH OITyXOJIEBBIX KJIETOK
Pa3IMYHOTO THCTOTeHE3a K MHAKTUBALIMU T'€HOB-CYNEPMHU-
IIeHEeH ¢ MOMOIIBI0 HU3KOMOJIEKYISAPHBIX COSAMHEHHUH, Ipu-
MEHSEMBIX B IIPAKTHKE.

VYcTaHOBIIEHHBIE B3aMMOCBSA3H MMEIOT OTHOIICHHE K aK-
TyaJbHBIM MPOOJEeMaM MEIUIMHBI, IJIABHBIM 00pa3oM OH-
KOJIOTMM — pa3paboTKe MEPCOHATU3UPOBAHHOTO JICUCHHUS,
OCHOBaHHOTO Ha OMOJOTHMYECKHUX OCOOCHHOCTSX OIMYXOJIH
KOHKPETHOTO MaIlMeHTa — €€ MOJICKYJISIPHOM «IOPTPETE».
Pa3Butue npeacraBiaeHnit 0 MeXaHU3Max YyBCTBUTEILHOCTH
OITyXOJIM K TOMY WJI HHOMY JIEKaPCTBEHHOMY BO3/I€HICTBHIO

yIIyOJisieT TOHMMaHUe BaKHOH POJIM FeHETUYSCKUX H/WITH
SIUTEHETHYCCKHUX (PaKTOPOB.

[ToNOXXUTENBHBIN PE3yNIbTaT TEPAIHH (T. €. THOCITb WITH HH-
rHOMpoBaHue MpoiH(pepaiy OMyXOIEBbIX KICTOK) Onpe/e-
JeTCS HE OJHUM NPHU3HAKOM, a MX couetaHusmu. s a¢-
(DEeKTHBHOCTH KOHKPETHOTO Ipernapara TpeOyeTcst Haluuue B
OITyXOJTH IBYX (BO3MOKHO, M O0JIee) COOBITHIA OTHOBPEMECHHO:
ru0esb KIIETOK MPH ACHCTBHIH Ipernapara 0COOSHHO BBIPaKeHa,
€CIIM MyTalllsl OJHOTO TeHa CONMPOBOXKIACTCS HapyLICHHEM
BTOPOT0 MEXaHU3Ma («CHHTETHYECKas JICTAIBHOCTBY). YBe-
JMYMBACTCS KOIMYECTBO INPUMEPOB IIEPCOHATIM3UPOBAHHOMN
TEepaIyy OIyX0Jed ¢ MyTallMOHHON «HATPy3KOW» TP BbISIB-
JICHUH TIap FeHOB CHHTeTH4Yeckoi neransHocTH (Du et al.,
2023; Previtali et al., 2024). Jlns omyxonei ¢ TpaHCKPHUII-
LHUOHHOW «HArpy3koi» (B YaCTHOCTH, HOBOOOpa3o0BaHUI
JICTCKOTO BO3PAcCTa) TEHETHYECKHE MYyTAllMHd MEHEe BaXKHBI,
4yeM snureHeTmdeckue Hapymernns (Comitani et al., 2023). Ha
MOJIEINTH APO30(HIIBI TIOKAa3aHO, YTO Ja)Ke BPEMEHHbIE TpaHC-
KPHITLHMOHHBIC HAPYIICHUs] MOTYT IPHBOJMThH K Pa3BUTHIO
oryxonu 0e3 reneTudecknx Mytanuii (Parreno et al., 2024).

YcTaHOBIICHHBIE B HACTOSIIEH paboTe MOJIEKYISIpHbIE CO-
OBITHS1, 00y CIIOBIHBAIOILIIE JICTATBHOCTD KIETOK ITPY HHAKTHU-
BallM¥ TPAHCKPHIILIMOHHBIX MEXaHU3MOB, PACIIUPSIOT BO3-
MO>XHOCTH KOMOMHUPOBaHHBIX (hapMaKOIOTHYESCKUX BO3ICH-
CTBUIi B TEpaIiH «MYTALOHHBIX» ¥ «TPAHCKPUIILHOHHBIX)
HOBOOOpa30BaHHH.
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FEHETUKA YEJTIOBEKA BaBMNOBCKUI XXypHan reHeTUKN 1 cenekuymm
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Ocob6eHHOCTHU noauMop@u3Ma reHa pelernropa
TUPEOUIHbBIX TOPMOHOB THRB Vv KOpeHHOTO HaceneHust Cuoupm

B.A. Maaspuyx ®, H.B. Moxuarox ), T.A. Aenncoa ), A.H. Aursunos

WHcTHTYT 6ronornueckux npobnem Cesepa [lanbHEBOCTOMHOIO oTAeNneHna Poccrinckon akagemmn Hayk, MaragaH, Poccus
malbor@mail.ru

AHHOTauuA. B npoueccax agantauny K Xonogy y yenoBeKka 3afeliCTBOBaHbl reHbl, BXOAALME B CUTHaNbHbIE NYTU
TUPEOMAHON CUCTEMbI, KOTOPbIMU PEryinpyloTca TepMOreHes, 3HepreTnyeckue 3atpatbl UM MeTabonuuyeckue
nepectpoiikn. OavH 13 Takux reHoB — THRB, Kopupywowmin agepHbliin peuentop TRB, ¢ KOTOpbIM B3anMOZeNCTBYET
rOPMOH LYMTOBUAHON »Kenesbl — TPUNoATUPOHUH (T3). OT KoHueHTpauun komnnekcoB TRPB-T3 3aBUCKT aKTMBHOCTb
TepmoreHnHa UCP1, ¢ nomolybio KOTOPOro MPOUCXOAWUT pPa3oblueHre OKUCIUTENbHOrO ¢GpocdopunmpoBaHis B
MUTOXOHAPUAX W YCUAMBAETCA MPOMU3BOACTBO Tenna. Takum obpa3om, peuentopbl TUPEOUAHbIX FOPMOHOB MrpatoT
Ba)KHYl0 pOJib B aAanTUBHOM TepMoreHese. B HacTosLell paboTe Hamy BNepBble MPOBeAeH aHann3 ony6iMKOBaHHbIX
[aHHbIX 0 nonumopdursme reHa THRB B nonynAuMAX KOPeHHOro HaceneHua Cmbupu C Lenblo MOUCKa BapraHToB
nonumopd@dursma, NOTEHLMANbHO CBA3aHHbIX C afanTtauyen K xonogy. AHann3 nonvmopdusma 3K30HOB 1 NpUeraoLLmnx
HeKoAMpYIOLWKMX YYacTKoB reHa THRB nokasan Hanuume BCEro OfHON HyKNeOoTUAHON 3aMeHbl B 6enoK-KoanpyoLlen
obnactm (CMHOHVMMWYHAA 3ameHa B NOKyce rs3752874), Bce ocCTajlbHble HYKNEOTUAHblEe 3amMeHbl BblABMEHbI
npenMyLLeCcTBEeHHO B 3'-HeTpaHCIMpPyeMbIX yyacTKax M MHTPOHax. AHanu3 pacnpefeneHna ramniotunos reHa THRB
Nno3BoANN 0OHapyX1Tb ABa CneundryHbIX ANA KOPAKOB ranjoTuna, Xapakrepumsyowmecs 3ameHon rs762175401-A.
MonynALNOHHBIN CKPUHUHT NOKas3as, YTo 3Ta 3aMeHa pacnpocTpaHeHa Cpeam KOpAKoB € Yactoton 13.8 %, a Takxke
NPUCYTCTBYET Yy CUOUPCKMX ICKMMOCOB, XOTA B OCTalIbHbIX MPYNMax HaceneHna M1pa YactoTta 3aMeHbl 1s762175401-A
He npesblwaeT 0.05 % (y ANOHLEB 1 Kopelnues) nin nmeet ele 6onee HU3KMe 3HaueHUa (MeHee 0.02 %). AHanu3
HYKNeoTUAHON nocnefoBaTeNbHOCTY reHa THRB nokasbiBaeT, UTo NoKyc rs762175401 HaxoguTca B 3'-HeTpaHcnu-
pyemol 06nacti B No3uvummn +2 OT TEPMUHUPYIOLLErO KOJoHa. BrnonHe BepoATHO, YTO 3Ta 3amMeHa Morna npuBecTu
K U3MeHeHVAM B 3PEKTVBHOCTN TEPMUHALMUN TPAHCNALMMN 1 B CJlyyae MOBbileHNA dGPEeKTUBHOCTM TepMUHaLnn
Cnoco6CTBOBaNa YBENUYEHNIO CKOPOCTW CUMHTe3a Genika 1, COOTBETCTBEHHO, KOHUEeHTpauun kommnnekcos TRB-T3.
Mpennonaraetca, YTO MOBbIWEHME YACTOTbl BapmaHTa rs762175401-A y KOpPAKOB M 3CKUMOCOB, MpeAcTaBnsAloLmX
opeBHelwee HaceneHne Cesepo-Boctoka Cubupuy, o6ycrioBneHO AOAFOBPEMEHHON ajanTauuei MonynAumi
K xonogy.

KnioueBble cnoBa: reH THRB; nonynauum yenoseka; Cnbrpb; agantaumsa K Xonoay; TMpeongHas cuctema; agantTusHbIN
TepmoreHes

[na yutnposaHua: Manapuyk b.A., Moxuniok H.B., AeHncosa A., JiutBuHos A.H. OcobeHHOCTM nonumopdu3sma reHa
peuenTopa TMPeougHbIX ropmMmoHoB THRB y KopeHHoro HaceneHusa Cubrpwn. Bagunosckull XypHan 2eHemuKu U ceslek-
yuu. 2026;30(1):94-100. doi 10.18699/vjgb-26-07

The specific features of the thyroid hormone receptor
gene THRB polymorphism in indigenous populations of Siberia

B.A. Malyarchuk A Nv. Pokhilyuk 2/, G.A. Denisova ), A.N. Litvinov

Institute of Biological Problems of the North of the Far Eastern Branch of the Russian Academy of Sciences, Magadan, Russia
malbor@mail.ru

Abstract. In the process of adaptation to cold in humans, genes belonging to the thyroid system signaling pathways
that regulate thermogenesis, energy expenditure, and metabolic rearrangements are implicated. One such gene is
the THRB gene, which encodes the nuclear receptor TRB, with which the thyroid hormone triiodothyronine (T3)
interacts. The activity of thermogenin UCP1 is influenced by the concentration of TRB-T3 complexes, which serve to
uncouple oxidative phosphorylation in mitochondria, thereby enhancing heat production. Consequently, thyroid
hormone receptors have been demonstrated to play a significant role in adaptive thermogenesis. In the present study,
we conducted a comprehensive analysis of published data on the THRB gene polymorphism in Siberian indigenous
populations, with the objective of identifying potential associations between polymorphism variants and adaptation to
cold. The analysis of exon and adjacent noncoding regions of the THRB gene revealed a single nucleotide substitution
in the protein-coding region (synonymous substitution in the locus rs3752874). All other nucleotide substitutions
were detected primarily in 3-untranslated regions and introns. Analysis of the THRB haplotype distribution revealed
two Koryak-specific haplotypes characterized by the rs762175401-A substitution. The results of population screening
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OcobeHHOCTU nonMmopdramMa reHa peLientopa
TUpeounHbIX ropMoHOB THRB y KopeHHoro HaceneHna Cnbupu

demonstrated that this substitution is prevalent among the Koryak population, with a frequency of 13.8 %, and is also
present in the Siberian Eskimo population. However, in other global populations, the frequency of the rs762175401-A
substitution does not exceed 0.05 % (in the Japanese and Koreans) or has even lower values (less than 0.02 %).
The analysis of the nucleotide sequence of the THRB gene indicates that the rs762175401 locus is situated in the
3’-untranslated region at position +2 from the terminating codon. It is plausible that this substitution may have led to
alterations in translation termination efficiency. In the case of enhanced termination efficiency, it is conceivable that
it contributed to an elevated rate of protein synthesis, thereby resulting in an increase in the concentration of TR3-T3
complexes. The higher frequency of the rs762175401-A variant in the Koryak and Eskimo populations, representing the
oldest populations of Northeastern Siberia, is assumed to be due to long-term adaptation of these populations to cold.
Key words: THRB gene; human populations; Siberia; cold adaptation; thyroid system; adaptive thermogenesis
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BBepeHue

du3nonornueckue NCCiIeJOBaHMs MOKa3all, YT0 KOPEHHOE
Hacesnenne CHOMPH XapaKTepH3yeTcs TOBBIIICHHOW CKOpPO-
CTBIO MeTabomu3Ma (0COOEHHO B 3IMHEE BpeMsi) U CHHXPOH-
HBIMH C XapaKTE€pOM MeTadoJIM3Ma N3MEHEHHSIMH YypPOBHEH
TUpeonJHEIX ropMoHOB (Leonard, 2024). Y siKyTOB, KOPEHHBIX
XKHTEIIeH OHOTO M3 CAMBIX XOJIOIHBIX PETHOHOB MUPA, 3UMON
MeTaboIudIecKast TEeIIONPOAYKIHS YBEITMUMBACTCS B CPEITHEM
Ha 6 % (Leonard et al., 2014). I[Ipennonaraercs, 9To B 3UM-
Hee BpeMsi TKaH! opranusMa (TIpexie Bcero, Oypast xKuposast
TkaHb, BXKT) 11 moBbIIEHHUS TEMIONPOAYKIIUN TOPa30
aKTHBHEE MONIONIAIOT TOPMOHBI MIMTOBUIHOM JKeJe3bl, YTO
MIPUBOANT K PE3KOMY CHMKEHHIO YPOBHEH TPUHOATHPOHUHA
(T3) u tupokcuna (T4) B xposu (Levy et al., 2013; Nikanorova
et al., 2023). 13BectHO, uT0 B bXKT 3Kcmpeccupyercs 6em0k
tepmorennH UCP1 (uncoupling protein-1), ¢ momormipto KoTo-
OO IPOUCXONT Pa300IIeHIE OKUCIUTEIHLHOTO (hochopru-
pOBaHUsI B MUTOXOHIPUSX U BeIIeNeHns Teria (Bianco, Silva,
1988). B cBoro ouepenp, aktuanus UCP1-omocpenoBanHOTO
TepMoreHe3a 00yCJIOBIICHA B3aUMOJICHCTBHEM THPEOUIHBIX
TOPMOHOB C siJIepHbIM perienrropoM TRB: uem Gombiiie KoHIeH-
Tpauus komruiekcoB TRB-T3, rem Beimre akruBaocTs UCPI
(Martinez de Mena et al., 2010; Lee et al., 2012; Yau, Yen,
2020; Ma et al., 2023). Takum 06pa3oM, peenTopbl THPEO-
WJIHBIX TOPMOHOB, TI0 BCEH BUMMOCTH, UTPAIOT BasKHYIO POJIb
B pPeaJIN3aliy MIPOIECCOB HECOKPATUTEIHHOTO TEPMOTeHE3a,
CBSI3aHHOTO C aJarnTannuei K Xonomy.

K HacrosimieMy BpeMeHH JDOCTATOYHO HAJEKHO yCTaHOB-
JICHO, YTO PacIpe/ielieHne BApUAHTOB MOINMOp(H3Ma reHOB
pazobmatonx 6enxkoB UCPI, UCP2 u UCP3 B OMyIAIHSIX
YeJIOBeKa CBS3aHO C BIMSHHUEM psiJia IPUPOAHO-KINMATHYE-
CKHX (paKTOpOB: reorpadpuuecKoil MUPOTHI, BBICOTHI HaJl YPOB-
HEM MOpsI 1 CypOBOCTH IIpHpoaHbIX ycnosuii (Hancock et al.,
2011; Nikanorova et al., 2021, 2022; Ko3noB u ap., 2024).

[Monmmopdusm rena THRB, KOAUPYIOIIETO SACPHBIN pe-
uenrtop TRP, Takke oxapakTepH30BaH B pa3sIMUHBIX Oa3ax
reaerndeckux AaHHBIX (dbSNP, https://www.ncbi.nlm.nih.
gov/snp/), OHAKO CIICIIATIFHBIX ITyOIMKAIINI, TOCBSIICHHBIX
aHaJM3y paclpeesIeHUs] TONUMOP(HBIX BAPHAHTOB 3TOTO
TeHa B TIOIYIISIMAX YeJIOBEKa, HAMU He 0OHapyskeHo. OCHOB-
HBIC TyOJIMKAIINH, CBSI3aHHBIE ¢ TouMopdu3mMoM reHa THRB,
TIOCBSIIIEHBI ITONCKY TeHETHYECKUX BapHAHTOB, ACCOIIMUPO-
BAaHHBIX C CHHAPOMOM PE3UCTEHTHOCTH K FOPMOHAM IIIUTO-
BuIHOM xemne3sl (Dumitrescu, Refetoft, 2013), prckom oHKO-

normdeckux 3aboneBannii (Gonzalez-Sancho et al., 2003), pe-
TYISIIAEH TPAaHCKPHIIIMN U PEMOACIHPOBAHUEM XPOMaTHHA
(Grontved et al., 2015).

Taxum 00pa3om, enabI0 HACTOSIIEH pabOTHI SBIAIOTCA
XapakTepucTuKa moauMopdusma reHa 7THRB y KOpSHHOTO
Hacesnenust CHOMpH 1 MOMCK BapHaHTOB MoiuMopdusma, 1mo-
TEHIMAIBHO CBI3AHHBIX C aJanTannuei K XoIoy.

Matepuanbl n meToAbl

[Ipoanann3upoBaHbl OMyOIMKOBaHHBIE paHee JaHHbIC O MOJ-
HO9K30MHOM NOJMMOpP(HU3ME B MOMYISALUSIX KOPSHHOTO Ha-
cesnenust CeBepo-Bocrounoit Cubupu (3¢KMMOCHI, 9yK4H,
xopsiku; N = 25), llentpansHoit Cubupu (9BEHBI, IBEHKH,
sakyTbl; N = 29), Oxuoit CuOupn (TyBHHIIBI, IIOPIIBI, aj-
Taiuel, Oypsatsl; N = 28) u 3anagnoit Cubupu (KeTbl, XaHTBI,
MaHCH, CEJbKYIIbl, HeHLIbl, HraHacausl; N = 20) — cymmapHO
102 yenoBexka (Pagani et al., 2016). Beimonnen ananus mosuu-
Mopdur3Ma Bcex SK30HOB M ITPUIIETAIOIINX K HUIM HEKOANPYIO-
LIUX Y4aCTKOB reHa THRB, pacnonoKeHHOro Ha XpoMocoMe 3
Mexay nosuuusamu 24158651 u 24536773. J1ns BbIssBICHUS
TaruIOTUIIOB W3 TEHOTHUIIOB C HEM3BECTHOM rameTHOH (hazoi
npumensm anroput™ ELB (Excoffier et al., 2003), peann3zo-
BaHHBIN B TakeTe nporpamm Arlequin 3.5. J{ist oneHku cratu-
CTUYECKOH 3HAUMMOCTH PA3INYMH B 4aCTOTAX ITOJMMOP(PHBIX
BapUaHTOB IIPUMEHSUIN TOUHBIN TecT Pumepa. Menuannyio
CeTb TalUIOTUIIOB TeHa THRB KOHCTPYHUPOBAIU € MOMOIIBIO
nporpamMmbl Network 10.2 (www.fluxus-engineering.com).
J171st cpaBHUTEIIBHOTO aHAJIN3a B pabOTeE NCTIONB30BaIM HH(OP-
Maluio u3 60a3 TEHOMHBIX JaHHBIX B MOIMYJISLUIX YeT0BeKa:
dbSNP (www.ncbi.nlm.nih.gov/projects/SNP), 1000 Genomes
(https://www.internationalgenome.org/) n gnomAD (https://
gnomad.broadinstitute.org/).

[TpoBeneH MOMYJSLMOHHBI CKPHHUHT HOIUMOp(dHU3Ma B
nokycax rs762175401 (aykneorunHas mosunus 3:24164373)
1 1572619908 (mo3unmst 3:24164268) rena THRB. Hymepa-
LS HYKJICOTHUAOB MPHUBOJMUTCS COIIACHO peepeHTHOH Io-
cienoBatenpHOCTH reHoma denoBeka GRCh37.p13 (hgl9).
Marepuanom i uccneaoBanus ciryxkuna toranbHas JJHK,
BBIJICJICHHAs] U3 LIEJIbHOM KPOBH OT ITPEACTaBHUTEINCH KOPEH-
Horo HaceneHusi CeBepo-ODBEHCKOrO paiioHa MaranaHCKol
obnactu: kopsikoB (N=98) u 3BeroB (N = 110). Ha ocHoBaHuH
JAHHBIX aHKETUPOBAHUS 0OCIICIOBAHHBIC KOPSKH M IBEHBI
OTHOCHJIN ce0sl K yKa3aHHBIM ATHUYECKUM IPYIIIaM Ha Mpo-
TSDKCHUHU HE MEHEE JIBYX-TPeX ITOKOJICHUH.
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Hyxneoruanyio nocnenoBareabHOCTh TeHa THRB, BKITO-
YaloUIylo B CBOM coctaB JIOKYCh 1s762175401 n rs72619908,
aMITTU(UIHAPOBAIN C IPUMEHEHHEM OJHMTOHYKIJICOTHIHBIX
npaiimepoB 5-GCGCCATTTTGCTGACTCAA-3'u5-TCTT
CTCTCTTCCCCGCAGA-3'. [Ipaiimepbl CKOHCTPYHPOBAHBI
Ha OCHOBE HYKJIEOTHHOW mocienoBareabHocTH reHa THRB
(mon Homepom NC_000003.12 B 6a3e manabix GenBank) c
nomornsio nporpamMmsl Primer3 (Untergasser et al., 2012).

[TponykTsl ammu(UKaAUMN CEKBEHUPOBAIU C HCIOIb30-
BaHMEM HaOopa Jurd nuKIndeckoro cekBennposanust JJHK
BrilliantDye™ Terminator Cycle Sequencing kit v3.1
(Hunmepmanmsr) u reHeTHdeckoro aHamm3aropa ABI Prism
3500xL (Applied Biosystems, CLIIA). J{yst BBIpaBHUBaHUS U
aHaJIN3a HYKJICOTH/IHBIX ITOCIIE0BATENILHOCTEN HCITOIb30BAIIN
naket rporpamm MEGAS (Tamura et al., 2011). Hacrory an-
Jienei, reTepo3uroTHOCTh M COOTBETCTBUE PaCIIpEIeIICHHS
TeHOTHIIOB paBHOBecHI0 Xapan—BaitnOepra paccuuTsiBanu

The specific features of the thyroid hormone receptor gene THRB
polymorphism in indigenous populations of Siberia

¢ momomipio makera mporpamm Arlequin 3.5 (Excoffier, Li-
scher, 2010).

Pe3synbratbl 1 06CyxaeHune

AHanu3 HyKJIEOTUJHBIX NocienoBarenbHocTel rena THRB
y 102 npencraButeneil pa3nUYHbIX ATHUYECKUX TPYTII KOPEH-
Horo HaceneHust CHOMpH 1oKa3aj HaIn4re ITOITMMOphHI3Ma B
22 HYKJICOTHIHBIX TO3HUIUAX ITOTO TeHa (Tabu. 1). OxHako B
9K30HaX OOHapy)KeH JINIIb OJMH BapHaHT MmoiauMopduima —
CHHOHMMHYHAsI 3aMeHa B JIOKyce 1s3752874 (aMHHOKHCIIOTHAS
no3unmst 245). Bee octanbHble MOTUMOPQHBIE BapUAHTHI
HalJIeHbl B HEKOAMpYIoued odnacTi (IPeMyYIIECTBEHHO B
3'-HeTpaHCIMPYEMBIX YJacTKaxX W MHTPOHAX TeHa). AHaln3
pacripezienieHust MOIMMOP(HBIX BApHAHTOB MOKA3bIBACT, YTO
TOJIBKO B ABYX carydasix (Jurst 1s56204436-A n rs13326381-T)
BBISBIIIETCS CXOJIHOE pacipeenieHe yactor ameneit B Cu-
oupu, Boctounoit Asun u Esporre (p > 0.05).

Ta6nuua 1. YactoTbl BapriaHToB nonumopdusma reHa THRB y kopeHHoro HaceneHus Cnbupu, BoctouHoin A3um 1 EBponbl

BapuaHT Yyactok CeBepo- LeHTpanbHaa tOxHas 3anagHas Cubupb BoctouHas p (Cubupb- EBpona p (Cnbmpb-
nonumopdriama BoctouHas Cnbupb Cnbnpp Cnbupb  (N=102) A3susa BoctouHass (N=1266) Espona)
Cnbnpb (N=29) (N=28) (N=20) (N=1170) Asun)

(N=25)
rs3752874-A syn 0.16 0.052 0.107  0.15 0.113 0.056 0.0031 0.149 0.181
rs34833017-G~ WHTpoH O 0.017 0.161 0.075 0.064 0.006 0 0.191 0.000001
rs13326381-T 0.6 0.397 0.5 0.525 0.5 0.546 0.187 0.472 0.511
rs60502621-C 0 0.017 0.018 0.025 0.015 0.101 0.000002 0.024 0.481
1s58274299-C 0 0.017 0.018  0.025 0.015 0.101 0.000002  0.024 0.481
rs150604595-A 0 0.017 0.018 0.025 0.015 0.101 0.000002 0.024 0.481
rs13090120-C 0.12 0.034 0.054  0.175 0.088 0.012 0 0.113 0.3
rs572372574-C  5'-UTR  0.02 0.069 0 0 0.025 nd nd nd nd
rs75272640-T 3-UTR  0.12 0.052 0.089  0.15 0.098 0.05 0.0085 0.137 0.134
rs2167116-A 0.06 0.19 0.143 0.225 0.152 0.092 0.0089 0.074 0.0004
1s56204436-A 0.04 0.052 0.107  0.075 0.069 0.046 0.169 0.057 0.53
rs1349265-G 0.54 0.431 0.607  0.375 0.495 0.697 0 0.694 0
rs79270057-T 0.12 0.052 0.089  0.15 0.098 0.05 0.0085 0.139 0.111
rs561918607-T 0.08 0.138 0.018  0.075 0.078 0 0 0.0003 0
rs844107-C 0.52 0.586 0.536  0.65 0.569 0.626 0.114 0.419 0.00005
1s826371-G 0.38 0.397 0.393 0.35 0.382 0.529 0.00007 0.262 0.0004
rs826372-C 0.38 0.397 0.393 0.35 0.382 0.529 0.00007 0.262 0.0004
1s826373-G 0.4 0.534 0429 05 0.466 0.574 0.0032 0.257 0
rs826374-C 0.38 0.397 0.393 0.35 0.382 0.529 0.00007 0.262 0.0004
rs826375-C 0.4 0.534 0429 05 0.466 0.574 0.0032 0.257 0
rs72619908-G 0.02 0.138 0.036  0.15 0.083 0.045 0.024 0 0
rs762175401-A 0.12 0 0 0 0.029 0 0 0.00003 0

MprumeuaHwue. laHHble Ans HaceneHna BoctouHon Asum 1 EBponbl B3sTbl 13 6a3 AaHHbIX 1000 Genomes (https://www.internationalgenome.org/) n
gnomAD (https://gnomad.broadinstitute.org/). CraTuctyeckasa 3HauUMMOCTb Pas3nunii (p) Mexgy 4actoTamMm BapuaHTOB NoMmopdr3ma B CpaBHMBa-
eMblX perroHax oLeH1Banach ¢ NomolLbio TouHoro Tecta Ouuwepa. 3'-UTR n 5'-UTR - 3'- n 5’-HeTpaHcMpyemMble 0611acTu; Syn — CMIHOHUMUWYHas 3aMeHa
B 6enok-kogupytoLiem yyactke; nd — HeT AaHHbIX. [oNyXKMPHBIM LWPUGTOM BbleNEeHbl BapyiaHTbl MONMopdu3ma, A KOTOPbIX B HacToALeln paboTe
npoBe/eH JOMONHNUTENbHbIN NOMYNALUMOHHBIN CKPUHVIHT, @ TaKKe 3HaueHusA p > 0.05 B cllyyasx co CXOAHBIM pacnpefeneHnem YactoT anneneii B Cnbu-

pu, BoctouHon Asnm n EBpone (ana rs56204436-A 1 rs13326381-T).
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OcobeHHOCTU nonMmopdramMa reHa peLientopa
TUpeounHbIX ropMoHOB THRB y KopeHHoro HaceneHna Cnbupu

HT21@

MepguaHHas ceTb rannoTunos reHa THRB'y KopeHHoro HaceneHua Cnbvpu.

YepHbIM LIBETOM OTMeYeHbl ranioTunbl HaceneHns Cesepo-BocTouHon Cnbupwn, cuHum — LieHTpanbHon Crnbupn, 3eneHbim — FOXKHOM

Cnbupun, KpacHbIM — 3anagHon Cnbupu.

B GonpmmHCTBE CciiydaeB HaOMIOAAIOTCSl CTATHCTUYECKH
3HAUMMBIE PA3IMYHS 110 YACTOTE TTOIMMOP(HBIX BApHAHTOB B
Cubupu B cpaBaeHnu ¢ EBponoit u Boctounoit Asueit. I1o psimy
JIOKYCOB YaCTOTBI aJlJIENIeH B CHOMPCKUX TOITYIISINSIX TTPOSIBIIS-
10T OOJIBIIIEE CXOJICTBO C EBPOIICHCKIMH, Ye€M C BOCTOUYHOA3HAT-
CKHMH 3HaYeHUsAMU (1s75272640, rs79270057, rs3752874,
1560502621, rs58274299, rs150604595, rs13090120). B Tpex
cirydasx oOHapy>KeHbI BapHaHTHI MOIMMOpP(dH3Ma, Xapak-
TEpHBIC JIUIIL JUI CHOMPCKHUX TOMYJISIINI — BCEX YEThIpEX
peruoHoB (rs561918607-T) wiam OTACIBHBIX TOMYISITUN
(rs572372574-C y uykdeit u 3BeHKOB 1 15762175401-A y
ACKUMOCOB H KOPSIKOB) (cM. Tadm. 1).

Jns ananusa pacnpezeneHus raoTunos reia 7HRB B
normynsinusax Cubupu Habop NMOIMMOP(HHBIX JOKYCOB HaAMH
0611 peynpoBaH 10 16 (1575272640, 152167116, 1556204436,
rs1349265, 1379270057, 15561918607, rs844107, rs826371,
1s72619908, rs762175401, rs3752874, rs572372574,
1s34833017, 1513326381, 1s60502621, rs13090120). D0 cBA-

3aHO C TEM, UTO P51 JJOKYCOB, PACTIONIOKCHHBIX Ha HEOOMBIINX
PacCTOSTHUSX JPYT OT IpyTa, TIOKAa3bIBAJI OANHAKOBBIC YACTOTHI
B CHOMPCKHUX, BOCTOYHOA3MATCKUX M €BPOTIEHCKIX BBIOOPKAX
u Ob11 crierieH. C moMorsio anroputMa ELB Ob10 BBISBITE-
HO 34 16-n0kycHbIx ramioruna (tabu. S1 Mpunoxenns)!. s
JabHEHIIeTo aHannu3a (PUIOTeHEeTHYECKUX CBSA3ECH MEXIY
TaruIOTUIIAMH HCTIONB30BAaHO 22 TaIUIOTHIIA, 3aPETHCTPUPO-
BaHHBIX B MOMYJSIIUAX OOJIee OHOTO pasa.

[NomyueHnnast MeanHast CETh TAITIOTUIIOB IEMOHCTPUPYET
JIOBOJIBHO CIIOKHBIE (PUITOTeHETHYECKHUE B3aMMOOTHOIICHHS,
YTO CBSI3aHO, 10 BCEH BUANMOCTH, C TIOBTOPSIOIINMHUCS MyTa-
OUSMH B HEKOIUPYIOIIUX ydacTkax reHa 7HRB wiu ommob-
KaMU CeKBEHHPOBaHUA B JTokyce rs13326381 (cM. pucyHOK).
Hccnenyembie rartoTHITEI 0OHAPYKEHBI B Pa3IMIHBIX PErHO-
HaJIBHBIX rpynmax CuOupH, 1 To3TOMY reorpadudeckas Kia-
CTEpH3aIHs TPYIIT FAIUIOTUIIOB MIPAKTHYECKH HE TPOCIEKH-

1 Ta6n. S1 MpunoxeHus cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx6.xlIsx
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The specific features of the thyroid hormone receptor gene THRB
polymorphism in indigenous populations of Siberia

Ta6nuua 2. YacToTbl reHOTUNOB U aneneii nokKyca rs762175401 reHa THRB y KOPAKOB 1 9BeHOB

Monynauwna (N) [eHOTUMbI

GG GA AA
Kopsku (98) 0.765 0.194 0.041
SBeHbl (110) 1.0 0 0

Annenn He p

G A

0.862 0.138 0.239 0.08
1.0 0 0 1.0

MpumeyaHue. 3gecb 1 B Tabn. 3: N — pasmep BbI6OPKY; H, — 0XKnfaemas reTepo3nroTHOCTb; p — CTaTUCTYECKaA 3HaUMMOCTb OTKIIOHEHNA OT paBHO-

BecuAa Xapav-BariHbepra (noctoBepHo npu p < 0.05).

Ta6nuua 3. YacToTbl reHOTUMOB U annenei noKyca rs72619908 reHa THRB'y KOPAKOB 1 9BeHOB

Monynauwna (N) [eHoTUMbI

CcC CG GG
Kopsku (96) 0.948 0.052 0
SBeHbl (110) 0.927 0.064 0.009

Baercs. Murepec npexncrapistor ramwtorunsl HT19 u HT20,
HaliieHHBIe B BBIOOpKax m3 CeBepo-Boctounoit Cubupmu.
OTH TalIOTHITEl XapaKTEPU3YIOTCsl HATMUUEM 3aMeHbl G—A
B JIOKyce 15762175401, koTOpbIil pacnoioxkeH B 3'-HeTpaHC-
TpyeMoi obmactu reHa. [lanHbIil BapHaHT nonumopduima
OOHApy’KEH TOJIBKO y SCKUMOCOB (dactoTa 25 %) M KOpSKOB
(wactota 12 %), a mo manHeIM dbSNP 1 gnomAD, ammens
rs762175401-A ObL1 BRISBIICH C OUYCHh HU3KUMH YaCTOTAMHU Y
sionteB (0.042 %) u xopeiines (0.04 %), a Taxke B OOTBITIX
BeIOOpKax w3 BocTounoit Azun (0.013 %), brrkaero Boctoka
(0.016 %), FOxuo#t Asmnm (0.005 %) u EBportsr (0.002 %).

[MTockonbKy pa3Mepsl H3yUEHHBIX BBIIIE CHONPCKUX BBIOO-
POK HEIOCTATOYHO BEIMKH, HAMH HCCIIEI0BAH TTOIIMMOPHU3M
Jokyca rs762175401 y xopsikoB u 3BeHOB MarajaHckoi
obmactu B Golsiee TIpe/ICTaBUTENBHBIX BbIOOpKax. B mccie-
JlyeMbIil yyacTok reHa 7HRB mnomnan Takke pacioia0KeHHbII
Ha pacctossHuM 104 . 1. oT 15762175401 nokyc rs72619908
(tabmn. 2 u 3). CormacHO UCTOPUYCCKUM TaHHBIM, KOPSKH
(Hapsiay ¢ YyK4aMH) OTHOCSITCSI K CEBEPOBOCTOUHBIM I1AJI€0-
azuaram — ApeBHedemy HaceneHuto Ceepo-Boctounoi
Cubupu, a TyHTYCOSI3BIYHBIC 3BEHBI HAYaJIM OCBaNBaTh MeCTa
TIpoXKUBaHUS KOpsikoB puMepHo ¢ X VII B. (XaxoBckas, 2024).
OnHako, HECMOTPSI Ha JUINTENHEHOE COCEICTBO M OpayHbIe CBSI-
3M, 9T THHYECKHE I'PYIIIBI COXPAHMIN 0COOCHHOCTH CBOMX
reHo()OHIOB, KOTOPBIE, KaK OKHJIAETCs, B PA3HOW CTEHNEHU
a/lalITUPOBAHBI K AKCTPEMAIIBHBIM YCIOBUSM OKpYXKAIOIIEH
ux npupomHoit cpensl (Cardona et al., 2014; Derenko et al.,
2023; Manspuayk, Jdepenko, 2024).

Amnanms momuMophu3Ma nokyca rs762175401 moxasa, 9To
B MCCIIETOBAaHHBIX BBIOOPKAX TOJIBKO Y KOPSIKOB HAOIIOMaeTcest
amnenb 1s762175401-A ¢ gacrotoit 13.8 % (cm. Tadm. 2).
Honmmumopdubie BapuaHTH JTokyca rs72619908 pacmpenerre-
HBI B 00€MX 3THHYECKHX TPYMIaxX MPUMEPHO OJMHAKOBBIM
obpazoMm (cm. Tabm. 3). Cromp BBICOKas 4acTOTa BapHaHTa
1s762175401-A, 3apeructpupoBaHHasi y KOPSKOB, a TakkKe
HaJIMYUE 3TOTO ISl Y CHOMPCKUX 3CKUMOCOB MO3BOJISIOT
TIPEATIONOXKHTE, YTO TAHHBIN BapHAaHT NOIUMOpP(H3Ma UMEeT
MIPUCIIOCOONTENHHOE 3HAUCHNE B OTHOIICHUH aJallTHBHOTO
TepMmorenesa. JIokyc rs762175401 pacnonoxeH B 3'-HeTpaHc-

98

Annenn He p

C G

0.974 0.026 0.051 1.0
0.959 0.041 0.079 0.156

nupyemMoit obiactu reHa THRB B mo3unuu +2 OT TepMHUHU-
pytomtero konoHa UAG. He uckioueHo, 4To 3aMeHa B 3TOH
HYKJICOTUAHOW MO3WIMM MOIJIA TIPUBECTH K M3MCHEHHSM B
3¢ (PEeKTHBHOCTH TEPMHUHAIMN TPAHCIISAIIH, TIOCKOJIbKY paHee
OBITO TOKA3aHO, YTO 3'-KOHTEKCT CTOI-KOJIOHOB OKa3bIBACT
BIIMSTHUE HA TEPMUHALIUIO TPaHCIAUK y dykapuoT (Cridge et
al., 2018; Coxomnosa u ap., 2020). Ecri 3amena rs762175401-A
CIIOCOOCTBOBAJIA TOBBIMIECHUIO 3()(PEKTUBHOCTH TEPMUHALIUH,
TO 3TO MOIJIO IIPUBECTH K YBEITMIEHHUIO CKOPOCTH CHHTE3a OeII-
Ka ¥ TEM CaMbIM K ONTUMHU3AIMN TPAHCIALNH (TIOBBIIICHHUIO
crabunpHOcTH MPHK, penmpkynsnun pubocoM, TouHOCTH
TPaHCIISIIINAN ), 9TO paHee OBLIO YCTaHOBICHO s Escherichia
coli n npoxokeit (Baggett et al., 2017; Wu et al., 2020).

VrydmieHne CHHTe3a perenTopa THPEOUTHBIX TOPMOHOB
MIPETIONOKUTEFHO MOXKET CIIOCOOCTBOBATh YBEJINUCHUIO
xoHIeHTparwn koMiuiekcoB TRB-T3 1 mosTomMy B ycImoBHAX
X0JI0/1a MOXET MMETh a/IallTHBHOE 3Ha4YeHHe. TakuM 00pa3oMm,
3apEeruCTPUPOBAHHOE HAMHU TTOBBIIICHHE YacTOTHI BAPHAHTA
1s762175401-A y KOPSIKOB U 3CKMMOCOB, IPEACTABIISIOIINX
npeBHeiiee HaceneHne CeBepo-Boctoka Cubupu, MOXXHO
OOBSICHUTB JIONITOBPEMEHHBIM BIIMSTHUEM KIUMaTHIECKUX (aK-
TOpOB Ha (pyKIpoHupoBanue reaa THRB.

W3BecTHO, 4TO B TpoIieccax aJAanTaly K XOI0ay y 9eio-
BeKa 3ajeiictBoBaH psn reHos (D02, UCP1, UCP3, THRB,
PPARGCIA, RXRA), BXOIAMINX B CUTHANBHBIC ITyTH THPEO-
WUJTHOW CHCTEMBI, KOTOPBIMH PETYIHPYIOTCS TEPMOTCHE3,
9HEprozarparsl U Meradonmueckue mepecrpoiikn (Laurberg
et al., 2005; Bianco et al., 2019; Tsibulnikov et al., 2020).
Pe3ynbraThl TeHETHYECKUX HMCCIIEIOBAHUN MOKA3alIM, 9TO B
OTHOIICHUU HEKOTOPhIX TeHoB (UCP I, UCP3) Habmromarotcs
TIOMYJISIIIHOHHO-TEHETHYECKUE P (EKTHI, MPOSBISIONINECS B
TIOBBIIICHUH YAaCTOTHI ONPEAEICHHBIX BAPHAHTOB MOINMOP-
¢uzma Ha CeBepo-Bocroke Asmm (Nikanorova et al., 2021,
2022; Ko3moB u z1p., 2024). B apkTudecKkux MOMyssAIusax Mo
XPOHUYECKUM BO3ICHCTBHIEM XO0JI0/1a, BEPOSITHEE BCETO, TTOBbI-
mraercst akTHBHOCTH epmenTta DIO2, perymupyromero ypo-
BeHb T3 B KJIETKAX, 4TO MO3BOJISIET MO//ICPKMBATh BHIPAOOTKY
9TOTO TOPMOHA M KOMIIEHCHPOBATH BBICOKHE META00IMUECKIE
motpebHOCTH TepmoreHe3a (Noahsen et al., 2021).
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BrioiHe BO3MOXHOE JIeHCTBHE €CTECTBEHHOTO 0TOOpa 3a-
peructpupoBano Takxe B reHax ANGPTLS n PLA2G2A4 y
KOpeHHOT0 HaceneHns: Cnoupu (KOpsSKoB, IOKarupoB, HEHIIEB
u npyrux Haponos) (Hallmark et al., 2019). Dtu rensr Takxe
3aJICHCTBOBAHBI B a/IAlITHBHOM OTBETE Ha XOJIOJ: OHU aKTH-
BUpyroTcsi TopMoHOM T3 M, B CBOIO OuYepesib, YIacTBYIOT B
perymsiin MeTabonmMa mumuaoB (Sharma et al., 2014; Tseng
et al., 2014). [eiictBue otbopa Ha TeH THRB (C TOMOIIBIO
tecta PBS) Taxke 3apeructpupoBaHO B SIKYTCKOH BEIOOpPKE
(Cardona et al., 2014), a ananu3 gefcTBUS 0TOOPa B PETHO-
HaJIBHBIX TPYIIAX MUPA 0OHAPYKMIJI CTATUCTUYECKUE CBS3H
(rect EHH) ¢ ¢yHKIMOHUpOBAaHWEM THPEOUIHOW CHCTEMEI,
BXT u tepmoperymnsmuei TOIbKO B IICHTPAIEHOCHOMPCKOI
BEIOOpKE 1 y adpukanieB (Pagani et al., 2016).

BwMmecTe ¢ TeM HenaBHEe TEHOMHOE HCCIIEIOBAHUE CKH-
MOCOB [ peHnanny He BBIABIIIO 0TOOpa, AEHCTBYIONIETO HA
TCHBI TUPEOUTHOM cucTeMsl (Stager et al., 2025). BapuanTtst
noiuMopdusma, criennpuIHbIe U1 SCKUMOcoB [ pernanan
u CeBepHOW AMEpHKH U cHOMpCKuX nomymsnuit (FADS1/2,
SI, CPTIA, TBCID) nnmu xe TOMBKO TS TPCHIAHICKUX U
aMepHKaHCKUX 3cKuMocoB (LDLR, HNF1A,ADCY3,ATP8BI,
PCCA/PCCB), o6HapyXeHBI IPEUMYIIIECTBEHHO B TeHAX -
MMUIHOTO U yIIIeBOqHOTO oOMeHa (Stager et al., 2025).

OTH JaHHBIE CBUAETENBCTBYIOT O HEOOXOANMOCTH MpO-
BezieHUs OoJiee JeTaabHBIX MCCIEJOBAaHUN MOIMMOpQHU3Ma
TEHOB THPEOMJHON CHCTEMBI CPEH KOPEHHOTO HAaCEICHUS
Kpaiinero CeBepa pa3HOT0 STHHUECKOTO IPOUCXOKACHHMS, TT0-
CKOJIbKY a/IalITUBHBIC N3MEHEHHS TeHO(OHIOB MOTYT UMETh
TIOTTYJISIIIHOHHYTO CIICHU(HKY.

3aknioyeHune

Pe3ynbTarsl NpoBeIeHHOI0 HAMM UCCIIEJOBAHUS MO3BOIMIN
BIIEPBBIE OLEHUTH PACIIPOCTPAHEHHOCTh PA3IMYHbIX BapHaH-
TOB noiuMopdusmMa rena THRB, KOOUPYIOMETO SIICPHBIH
peuenTop TUPEOUAHBIX TOPMOHOB, B 3THUYECKUX TpyHIax
KopeHHoro HaceyieHnuss CuOupHu. AHanu3 pacrpeaeieHus
rarotunoB reHa THRB nokasan, uto Ha CeBepo-Bocroke
CubupH 10CTaTOYHO IUPOKOE PACTIPOCTPAHEHUE MOJTYIHIT Ba-
puanT 1s762175401-A, oOHapy>KeHHBIH Y KOPSIKOB (€ 4acTOTON
13.8 %) u TaKke OTMEUYEHHBIH y CHOMPCKUX 3CKHMOCOB.
BrnionHe BeposITHO, YTO MOBBIILIEHHE YACTOTHI 3TOTO BapHaHTa
MoJMMOp(H3Ma CBSI3aHO C afanTaluel MOyl KOpeH-
HbIX HaponoB Kpaitnero Cesepa k X001y U nepecTpoiikaMu
TUPEOUTHON CUCTEMBI, HEMOCPEICTBEHHO y4acTBYHOLIEH B
Ipoleccax HECOKPATUTENBHOTO TepMoreHesa. JlanpHeiimue
MOJIEKYJIIPHO-T€HETUUECKHE HCCIEJOBAHUS TOMOTYT MPOsiC-
HUTb MEXaHU3MbI OOHAPY>KEHHOTO SIBIICHHS.
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TpaHCKpuUIITOMMKA TsxKenoi popmbl COVID-19

A.A.TycapoBa @, E.A. Tpudonosa (12), A.A. Babosckas (), M.M. I'aBpuaenxko (), B.A. Crenanos

HayuHo-nccnefoBatenbCKmin MUHCTUTYT MEAULIMHCKON reHeTVKM, TOMCKUIA HaLOHasbHbIM NCCNefoBaTeNbCKUA MeANLIMHCKUIA LeHTP
Poccuiickonn akagemunn Hayk, Tomck, Poccna

@ anastasia.gusarova@medgenetics.ru

AHHOTaumA. B HacToAlee BpemA BbliABNeHMe GMOMapKepoB, No3BoNALWMX IPGEKTUBHO onpenenvTb MaluueHToB
C puckom passuTtua Taxenon ¢opmbl COVID-19, KoTopas MOXeT NPUBECTW K NIeTallbHOMY UCXOLY, CYMTAETCA BaXKHOW
3afayeit. 3yyeHne naToreHeTUYECKX MEXaHM3MOB nepexofa yMepeHHON GopMbl B TAXENY C MOMOLLbIO aHanm3a
TPpaHCKpUNTOMa KpoBu obecneuvBaeT uaeHTndUKaumio AnddepeHUManbHO 3SKcnpeccupyowmxca reHos (O36),
KOTOpble MOTYT CTaTb MOTEHLMaNbHLIMA MPOrHOCTUYECKUMY BUOMapKepamy TAXKECTU MHGEKLMN, a TakKe HOBbIMMK
TepaneBTUYECKMU MULLEHSAMU B 60pbbe ¢ ocnokHeHnamu COVID-19. B saHHOM 0630pHOM MCCeA0BaHNN NPOBELEHDI
MOUCK W aHanu3 paboT MO M3yYeHUIO PasNMuuii B SKCMPeCcCUr TeHOB NPV NPYIMEHEHUM NMOAXOAA CEKBEHUPOBaHWSA
PHK nyna knetok kpoBu (bulk RNA-seq) npu cpaBHeHWM YMEPEHHOW W TAXKEeNOW CTerneHn KOpPOHaBUPYCHOMN
nHbekuun. Mo pesynbratam NATU paboT GblIM onpefeneHbl NATb 00WMX, Hanbonee 3Hauumbix auddepeHUranbHO
skcnpeccnpytowmxca reHos (CD177, PPARG, PCOLCE2, SLC51A n ADAMTS2) n paccmoTpeHa nx npegnonaraemasa posnb
B passutun Taxenon ¢opmbl COVID-19. MpoBeaeH aHann3 ¢yHKUMOHaNbHOrO O6OralleHuns, KOTopbll onpeaenun
obLme nyTy, B KOTOpble BOBMIEYEHDBI reHbl, AuddepeHLnanbHo aKcnpeccupyowmecs npu Taxenon popme COVID-19,
TaKMe Kak aKkTMBaLMA MPOLECCOB AerpaHynauuy HenTpodunos, MyTell MHTEPNenkUHOB, BUOCUHTE3a KonlareHa u
nopasnieHne nyTel afanTMBHOIO 1 onocpefoBaHHoro NK-kneTtkamy MMMyHHOro otBeTa. [poaHann3npoBaHbl Takke
pe3ynbTaThbl cekBeHUpoBaHua PHK eguHmnyHbix KneTok (single-cell RNA-seq) B n3yuyeHun ymepeHHoM v Taxenon dopm,
noaTBepXKaatoLme HekoTopble pesynbraTbl bulk RNA-seq. B cBA3M ¢ HU3KOM O6LWHOCTbIO AaHHBIX B paccMaTpriBaeMbixX
paboTax oauH 13 pa3fenos 0630pa NOCBALWEH aHaNy3y AN3aliHOB BbIOPAHHbIX NCCIef0BaHU, BKIOYAA NHCTPYMEHTDI
aHanu3a, cbop mMaTepuana u Kputepun GOPMUPOBAHUA CPaBHMBAEMbIX Fpynmn. TpaHCKpUNTOMUKa Taxenon Gopmbl
COVID-19 packpblBaeT Kak KNeTouHble, Tak U MOJIEKYIAPHbIE MeXaHN3Mbl IMMYHHOTO OTBETa, AUCPEryNALNA KOTOPOro
MOXEeT NPUBECTU K PasBUTUIO TAXKeNbIX MPOABAeHUNA. [py 3TOM Apyrme OMUKCHble TEXHOMOMMU CMOTYT AOMOMHUTb
npo6esnbl B M3yyeHN 0cobeHHOCTel TAXKeon GopMbl U PacKpbITb MEXaHU3MbI MPOrpeccMpoBaHmna 3aboneBaHna ana
pa3paboTKn Noaxofos npodunaktnkmu n Tepanuu COVID-19.

KnioueBble cnoBa: Taxenasa dopma COVID-19; cekBeHupoBaHue PHK; TpaHckpuntomumka; bulk RNA-seq; single-cell
RNA-seq; anddepeHumanbHO IKCNPeccnpyoLmecs reHbl

[na untuposanua: [ycaposa A.A., TpoudpoHosa E.A., babosckas A.A., TaBpuneHko M.M., CtenaHoB B.A. TpaHCKpunToMMUKa
Taxenon popmbl COVID-19. Bagusnosckuli xypHasn eeHemuku u cesiekyuu. 2026;30(1):101-116. doi 10.18699/vjgb-26-08

DuHaHcmpoBaHme. ViccnenoBaHyie BbIMOSIHEHO 3a CYET CPEACTB roCyAapCTBEHHOrO 3a4aHus no Teme OHU
N2 122020200083-8.

Transcriptomics of severe COVID-19

A.A. Gusarova () @, E.A. Trifonova (1), A.A. Babovskaya (%), M.M. Gavrilenko (), V.A. Stepanov

Research Institute of Medical Genetics, Tomsk National Research Medical Center of the Russian Academy of Sciences, Tomsk, Russia
@ anastasia.gusarova@medgenetics.ru

Abstract. Currently, identifying biomarkers that can reliably predict the risk of developing severe COVID-19, potentially
leading to fatal outcomes, remains a critical challenge. Studying the pathogenetic mechanisms underlying the
progression from moderate to severe disease through blood transcriptome analysis enables the identification of
differentially expressed genes (DEGs), which may serve as potential prognostic biomarkers of disease severity and as novel
therapeutic targets for managing COVID-19 complications. In this review, we have summarized and analyzed studies
that compared gene expression profiles between moderate and severe COVID-19 cases using bulk RNA sequencing
of blood cell samples. Based on the results of five studies, five commonly and significantly differentially expressed
genes were identified (CD177, PPARG, PCOLCE2, SLC51A and ADAMTS2), and their potential roles in the progression to
severe COVID-19 are discussed. Functional enrichment analysis was performed, and shared pathways associated with
severe COVID-19 were identified, including neutrophil degranulation, interleukin signaling, collagen biosynthesis, and
suppression of adaptive and NK cell-mediated immune responses. Additionally, single-cell RNA sequencing (scRNA-seq)
studies were reviewed, comparing moderate and severe cases, supporting some of the bulk RNA-seq findings. Due to
the limited overlap of data in the reviewed articles, one section of this review focuses on the study designs, including
analytical tools, sample collection protocols, and criteria used to define comparison groups. Transcriptomic analysis of
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Transcriptomics
of severe COVID-19

the COVID-19 severe form reveals both cellular and molecular mechanisms of the immune response, the dysregulation
of which can lead to the development of severe manifestations. RNA-markers seem to be promising predictors of the
severity of COVID-19. At the same time, other omics technologies can fill in the gaps in understanding the characteristics
of severe COVID-19 and identify mechanisms of disease progression to develop approaches for COVID-19 prevention

and treatment.

Key words: severe COVID-19; RNA sequencing; transcriptomics; bulk RNA-seq; single-cell RNA-seq; differentially

expressed genes
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BBepeHue

COVID-19 (Coronavirus Disease 2019) — octpast pecimparop-
Hast nH}eKIwys, BbI3BaHHast BUpycoM SARS-CoV-2. Kinnnnye-
ckas kaptuHa COVID-19 nmeer mmpoxuii CekTp mposiBiie-
HUH 1 Te4eHHs OOJNE3HHU: OHA BapbUPYET OT JIETKOW CTENeHN
TSDKECTH 110 KpaiiHe Tsoxenoi (IIpodunaktuka... COVID-19,
2023). Tsoxenas popMa MOXKET COIPOBOKIATHCS PA3BUTHEM
octporo pecrimparopHoro pucrpecc-cuaapoma (OPJIC), xo-
TOPBII XapaKTepU3yeTCsl OCTPHIM HavdajaoM, TSXKEIIOH THITOK-
ceMuei, IByCTOPOHHEH MHOHUIbTpALEHd U OTEKOM JIETKHUX.
YV OopIIMHCTBA MAMEHTOB C TSKEI0H hopMoii HabmropaeTcest
TUMQOTIEHHS, @ Y HEKOTOPBIX — TPOMO03IMOOIHMUECKIE OC-
noxHeHus. Tsokenas crenenb COVID-19 MoxeT npuBecTH K
MIOJIMOPTaHHOM HEAOCTATOUHOCTH U CMEPTEILHOMY HCXOIY
(Berlin et al., 2020; Huang C. et al., 2020).

Jlnist onpenienieHnst METOOB JICUSHHUS ¥ TPO(MIIAKTHKH TS~
xenoit popmer COVID-19 Tpebyercs moHNMaHUE TaTOTEHETH-
YeCKOH OCHOBBI 3200JIEBaHMS, & TAK)KE KITIOUEBBIX IMMYHHBIX
1 BOCTIAINTEIIHHBIX IIPOLIECCOB, KOTOPBIE OTIMYAIOT TSDKEN0e
cocrostHue oT HeTspkenoro (Jovic et al., 2022). B Hacrosmiee
BpeMsl ISl PAaHHETO BBISBICHHS IMAIIMEHTOB TPYIIIBI PHCKa
Tspxenoro tedeHuss COVID-19 nmpumensror mabopatopHbie
mokazarenu kposu (Chen et al., 2022; Roessler et al., 2023).
Briomapkepsbl, HCIIOIb3yeMbIe IS IPOTHO3UPOBAHMUS TSKECTH
COVID-19, BKITIOYAIOT MOKA3aTeNN OOIIETro aHaln3a KPOBH
(YpoBHH JICHKOIINTOB, TMM(OLUTOB, HEUTPOPHIOB, COOTHO-
IIeHNe HEeHTPO(QMIOB U JIUMQOIUTOB, YPOBEHb TPOMOOIH-
TOB), MApPKEPhI BOCHAJICHHS U IIPOBOCTIAINTEIHbIE IATOKUHBI
(C-peakTHBHBIH O€IOK, MPOKATBIUTOHUH, (hepputuH, NJI-6,
NJI-8, DHO-anbdha u T. A.), MapKepbl HOBPEXKICHUS OPraHOB-
munenel (pakropel cBepTHIBaHUA KpoBH, D-11Mep, kapano-
MapKepbl ¥ MapKepbl (YHKIUH TI0YEK), a TAKKe MapKephl
OKHCJINTEIBHOTO cTpecca (YPOBHH aKTHBHBIX (DOPM KHCIIO-
poxa M aHTHOKCHAAHTOB: BuTamMuHa C, THOJIOBBIX OEJIKOB,
CBIBOPOTOYHBIX MTApaMETPOB CHCTEMBI IIIyTaTHOHA, OKUCIIH-
TEJIbHO-BOCCTAHOBHUTEIIBHBIN CTATYC, IEPEKUCHOE OKUCIICHUE
munuoB) (Polonikov, 2020; Pincemail et al., 2021; Tabassum
et al., 2021; Chen et al., 2022; Karu et al., 2022; Roessler et
al.,2023; Liu X. et al., 2024). JlanHBIC OOMapKEPHI SBIISIOT-
Csl BAKHBIMHM MHAMKaTopamu Tspkenoi gopmser COVID-19,
OIHAKO YacTO OHH ONPEJEIISIOTCS yXKe Ha MO3MHUX CTaIIIX
3aboneBanust (Chen etal., 2022). B cBs13u ¢ 5THM IpHOOpETAIOT
aKTyaJbHOCTh MCCIIEOBAHUS, HAlIPAaBICHHbIE HA OOHApYKe-
HUE TIOTCHIHAIBHBIX OMOMapKepoB, KOTOPbIE MOTYT OBITh
n3MepeHsl Ha Oosiee paHHUX (azax MHOUIUPOBAHUS K MOTYT
MIPOrHO3UPOBATh 0COOEHHOCTH NMMYHHOM 3allIUTHl OPraHu3Ma
oT SARS-CoV-2 (Schultze, Aschenbrenner, 2021).
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TpaHCKpUTITOMHUKA UTPAET OONBIIYIO POJIb B ONIPEICICHUH
MEXaHH3MOB, OTPAKAIOIINX MUMMYHHBIE PEAKIUU OpraHH3-
Ma-X031rHa. V3ydeHne TpaHCKPHUITOMHBIX Mpoduiei na-
IIUEHTOB C PA3IMYHON CTENEHBIO TSHKECTH MH(MEKITMHA MOXKET
TIPEAOCTaBUTh YHUKAIBHYIO HH(POPMAITHIO O OMOTOTHIECKUX
Iporeccax, JeXalluX B OCHOBE TSDKECTH TEUEHHS, KOTOpast
MOXXET OBITh HCTIONIb30BaHA JJIsI BBISIBIICHNUS TPOTHOCTHYECKUX
1 IMarHOCTHYECKUX OMOMapKepOB 1 TEPATIEBTUYECKIX MHUIIIE-
ueit (Lee H.J. et al., 2018; Huang W. et al., 2021; Schultze,
Aschenbrenner, 2021). Ha ceromusmauii 1eHp Hanbonee
pacIpocTpaHeHHbBIH METO/ paciI(POBKH TPAHCKPUIITOMA —
BEICOKOTIpom3BoauTenbHOe cekBeHnpoBanre PHK (RNA-seq),
KOTOPOE ABJIAETCS KOTMIECTBEHHON CHCTEMOM ATt PO HIIH-
POBaHMS SKCTIPECCHH B MaclITabe reHoMa |, CIEA0BaTeNbHO,
MIPUMEHUMO ISl XapaKTEPUCTHKH COOBITHH, CBSI3aHHBIX C
HapyIIEHHEM PETYISINN 3KCIPECCUH T'€HOB Y TAIlEHTOB C
Tsokenoit popmoit COVID-19 (Hegenbarth et al., 2022).

Paznnunst B 9KCIIpecCHH TEHOB, BBISBIISIEMBIE TIPH Pa3HOH
KIIMHUYECKOH TsDKECTH OONIE3HH, YKa3bIBAIOT Ha TO, YTO CY-
IIECTBYIOT TIOTEHIIMAIBHBIE T€HBI, KOTOPBIE CBA3aHbI C MPO-
rpeccupoBaHNEeM 3a00JI€BaHN, & HE C 3a00JICBAHIEM B LIEJIOM.
Wnentndukanus 1 pyHKINOHAIBHAS XapaKTePUCTUKA JTU]-
(epeHINATBHO YKCIPECCHPYIONINXCS TEHOB MTPH TSDKENION U
yMepeHHOH (hopme 3a001eBaHNS IPECTABISIOTCSI MHOT000e-
IIAIOMIEH CTpaTerhei A7l BBIIBICHNS OMOMapKepOB TSHKECTH
teuerans COVID-19. 31o moxkeT obectieduTs Oosee rrydokoe
rmornManne naroreHeza COVID-19, momoras B BEIOOpe MeTO-
JIOB JIedeHHs Oaroziapsi paciupoBKe CII0KHOCTH IMMYHHOH
peaKknuy OpraHu3Ma W OTKPBITHH HOBBIX TEPalleBTHYECKHUX
mumieHedt (Arunachalam et al., 2020; Bando et al., 2023).
OnHako B HacTosIIee BpeMsl B KIMHHYECKOH MPAKTHKE HE
ycranoBieHo TouHbx PHK-mapkepoB, mo3Bossiomux onpe-
JICTIUTh TAllMEHTOB, y KOTOPBIX MOXET Pa3BUTHCS TSKENOE
coctosinue npu COVID-19.

Taknm 06pa3oMm, B IpE/ICTaBIEHHON 0030pHOI CTaThe MBI
c(hOKyCHpPOBAINCh Ha TIOMCKE OOIIMX T€HOB NPH aHAIH3E
muddepeHraabHON SKCIIPECCHN TeHOB, MOTYYEHHBIX NpPH
WCCIeOBaHUN yMepeHHOH u Tsoxenoir popm COVID-19 ¢
nomouisio ceksenupoanus PHK nelikountos kpoBu.

HOHHOTpaHCKpMﬂTOMHbIVI aHaln3 KpoBu

npun pasnnuyHonm ctenenun taxectn COVID-19

Ha 2025 1. npoBeneHsl MHOXECTBEHHBIE PA0OTHI 110 U3YYSHHIO
tparckpuntoma mpu COVID-19. KomndecTBo pa3nmuvHbIX Ha-
6opoB nanHbIX B 0aze manueix GEO (https://www.ncbi.nlm.
nih.gov/geo/) cocransier okoso 300, Ipy TOM OPUTHHATLHBIX
HCCIIeIOBAaHUN B MOMCKOBOI cucteme PubMed HacunThIBa-
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RNA-seq

bulk RNA-seq scRNA-seq

Matepuan LlenbHana KpoBb

MoHOHyKNeapHble KNeTKy neprdepuyeckomn Kposu

(PBMCQ)
Mna3ma T-numdountsl (CD4+, CD8+)
NK-kneTtkmn
lpaHynoumnTbl

AHTUreHnpeseHTHpYloLWwre
knetkn (APC)

Masku 13 Hocornotku/poTtornoTku (NP)
O6pa3sLbl 6poHx0anbBEONAPHOro nasaxa (BALF)
SnuTennanbHble KNeTKU AbiXaTeSIbHbIX MyTein

KneTku cnvsnctorn 060104Kkm
6poHx0B

AcnupaTbl 13 Tpaxen

MoHOHYKneapHble KNeTkn
nneBpasbHOW XXNAKOCTN
(PFMC)

O6pa3Lpbl TKaHel (@ayToncum, cpesbl):
nerkue (anbBeosbl, AbIXaTesbHble MY TN, COCYAbl),
cepaue, neyeHb, NOYKKM, NMMbaTYeCKre y3nbl U T. 4.

2026
30-1

TpaHcKpunTomMmKa
Taxenon popmbl COVID-19

MaumneHTbl C NOATBEPKAEHHDBIM
COVID-19

lpynnbl cpaBHeHuUs

+ KoHTponbHasa rpynna (yCNoBHO 3[0POBble)

« TauneHTbl € pasHbIMK KNMHUYECKMU Gopmamu:
6eccMNTOMHas, Nerkas, CPeaHss, TAXeNan U Kputnyeckas

+ TaumneHTbl C pa3HbIMK NCXOAAMM:
BbI30paBMBaloLLNe, NeTabHbIN NCXOA

+ MNaumeHTbl C gpyrrmn BupycHbimn OP3, HeBupycHbimu OP3,
6aKTepuanbHON NHEBMOHMEN, MHEBMOHMEN, He CBA3AHHOM
c COVID-19, actmoi, BUY, XOBJ1, cencrncom, oHKonornye-
CcKMY 3aboneBaHvaMY, GrGPO30M NErKKX, APYrMM
ConyTCTBYOLWMMMN 3a60/1eBaHUAMM

« Pa3Hble rpynnbl Mo nony, BO3pacty, I'IOI'IyJ'lFILl,I/IOHHOVI
NnpUHaaIeXXHoCTn

+ [pynnbl NaUMEeHTOB C Pa3HOW BUPYCHOW Harpy3Komn

« [pynnbl nauneHToB, MHGULMPOBAHHbIE Pa3HbIMU
wTtammamm SARS-CoV-2

» B 3aBncMMOCTM OT BpeMeHr NoABNEHNA CUMITOMOB
n rocnuTannsaunmn

+ JloHruTIOAHbIE NCCNefoBaHNA

« [pynnbl NaUMeHTOB C pa3HbIM fieYeHrem

Puc. 1. Nogxopabl PHK-cekBeHnpoBaHuWs, MaTepuanbl (a) v rpynmnbl CpaBHeHWs (6) B CCnefgoBaHnmM cpefHeln n tsxkenoi dopm COVID-19.

etcst 6onee 60. Mx nu3aifH BKITIOYAaeT pa3TUYHBIC TIOAXOIIBI
cexseHnpoBanust PHK, rpynmet cpaBHEHNS 1 aHATM3HPYEMBbIE
Marepuaisl (puc. 1).

Tak, OCHOBHBIM MaTepHaJIoOM JJIsI TPOPHUINPOBAHUS IKC-
TIPECCHH TEHOB SIBIISIETCS] KPOBB M €€ KOMIIOHEHTHI. B ¢Bsi3m ¢
kimHuYeckuMu nposisnenusiMu COVID-19 uzydarorcs Tpanc-
KPUTITOMBEI Ma3koB U3 HocornoTku/porornotku (Chua et al.,
2020; Hadzega et al., 2024), 00pa3moB OpoHX0ATEBEOSIPHOTO
nmaBaka (BALF) (Xiong et al., 2020; Nassir et al., 2021) u 1. 11.
Kpowme toro, nockonbeky perentop, csa3biBatouuiics ¢ SARS-
CoV-2, obHapyxeH Bo MHOTHX TKaHsX (https://www.uniprot.
org/uniprotkb/Q9BYF 1/entry), uccnemyercs BusHIE KOPOHA-
BUPYCHON MH(EKIIMN U Ha IPYTHE CUCTEMBI OPTaHOB, BKIIIO-
Yast aHaJIM3 TPAHCKPUIITOMOB TKaHEH cep/iia, MeYeHH, ITOUEK,
mamparnaeckux y3mos (Delorey et al., 2021), a Takke m1aBHON
vumieHd SARS-CoV-2 — tkanu nerkux (cM. puc. 1, a). Ipym-
bl CPABHEHMS BKIIOUAIOT MAIMEHTOB C ITOJTBEP)KICHHBIM
COVID-19 1 KOHTPOJIBHYIO TPYIIITY, COCTOSIILYIO U3 YCIOBHO
3I0POBBIX MHAMBHIOB. B equHNYHBIX paboTax cpaBHHBa-
I0TCSI TPAHCKPHUIITOMHBIE TPOQMIIN y PA3HBIX KIMHUYECKUX
(dhopm: OeccuMnTOMHON (HOPMBI, JISTKOW, CPeTHEH, TSHKEIOH,
KPUTHYECKOH, a Taroke MPU pa3HbIX MCXOAAX, BKIJIIOUAs BBI-
3/I0OpABIMBAIOIINX TAlMEHTOB U JIETalbHBIC ciydau. [lo-
MHMO TOTO, M3y4aroTCsl Pa3Iniusi MEXITy KOPOHaBHPYCHOH
WHQEKIMEH U IPYyTUMH BHPYCHBIMU B HeBUpYCHBEIME OP3,
OaxrepuanpHOIl THEBMOHHMEH, actMoil u XOBJI, cercucom,
(nOPO30M JIETKUX, PA3INIHBIMH COITYTCTBYIOIIMMH 3a0071e-
Banusmu (Blanco-Melo et al., 2020; COvid-19 Multi-omics
Blood ATlas (COMBAT) Consortium, 2022). AHaJIi3 MOXET

BKJIIOYATh pasHble rpymsl nanqueHToB ¢ COVID-19 no nomny,
BO3pAcTy, MOMY/SIIUOHHON NMPUHA/UIE)KHOCTH, C BBICOKOH 1
HU3KOH BHPYCHOH HAarpy3Kod, B 3aBUCHMOCTH OT BPEMEHH
TIOSIBJICHHSI CHMIITOMOB M BPEMEHH B3SITHSI Marepuaa, Tpyr-
bl TAIMEHTOB 0€3 JICUCHUSI M C JICUCHHEM OIPEICIICHHBIM
npernaparom, pasubie mTaMMbl SARS-CoV-2 (cwm. puc. 1, 6).

B GompmmaCcTBEe pador mo tpanckpuntomuke COVID-19
nepugepruieckas KpoBb SBISETCS OCHOBHBIM MCTOYHHKOM
oOHapyxeHus: OnomMapkepoB 3aboneBanusd. 3mMeHeHHus B
TPAHCKPUIITOMHBIX NMPOQHIISIX KPOBH MOTYT OBITH BBI3BAHBI
BO3/ICHCTBHEM NIMMYHOTEHHBIX (DaKTOPOB M/MITH N3MEHEHUSIMA
B OTHOCHUTEIHFHOM COCTaBe MMMYHHBIX KJeTok (Chaussabel et
al., 2010). O0mrast quCperyIsIys ONpeIeICHHBIX TEHOB MOYKET
TIPEATIONAraTh ONPEACICHHbBIH MEXaHU3M HMMYHHOTO OTBETA.
Jnst BBISIBIICHNST HanOoJiee HaZeKHBIX ONOMapKepOB MBI IIPO-
BEJIM TIOMCK 00IINX TU(depeHnnanbHO IKCIIPECCHPYIOIINXCS
reHoB (/I9I") B HECKOJNIBKMX HE3aBUCHMBIX HCCIICTOBAHUIX
pu yMepeHHoH u Tsoxenor popmax COVID-19. 3to mokeT
CHIXATh BEPOSITHOCTH TOTO, 4TO HAOIIOTaeMBbIi TATTEPH JKC-
MIPECCHM BBI3BAH TE€TEPOTCHHOCTHIO KJIETOYHON HMOMYIISIINN
(Song et al., 2017).

[pu mouncke B cucteme PubMed crareid, rae mokazaHbI JaH-
HBIE 110 T(depeHnnanTbHON HKCIIPECCHU TEHOB ITPHU TAKEIIOM
u ymepenHoM teueHur COVID-19 ¢ nomonibio ceKkBeHupoBa-
nust PHK, Ob1iin ncrionb30BaHb! TakKe KITFOYEBBIE CIIOBA M BBI-
paxenus, kak: “severe COVID-19”, “moderate COVID-19”,
“mild COVID-19”, “bulk RNA-sequencing”. Takum oOpa3zom,
KPHUTEPUSIMH 0TOOPA SIBIISUTUCH aHAIIN3 TPAHCKPUIITOMA I1ETTh-
HOH KpOBH, OIYYEHHOI'O € MOMOUIbI0 cekBeHUpoBaHusi PHK
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Transcriptomics
of severe COVID-19

Ta6bnuua 1. ViccnenoBaHuA, B KOTOPbIX NPOBefeH MNOTHOTPAHCKPUMNTOMHBbIN aHanu3 Taxkenon v nerkoii/cpegHeit ¢opm COVID-19

Nen/n WccnemosaHue pynnbl CpaBHEHUA N KONNMYECTBO NaLMEHTOB Mnatpopma Pe3ynbtatbl
1 Tang et al., 2020 Taxenaa popma (n = 6) n ymepeHHasa popma (n = 6) HiSeq 4000 3082 13 (22671, 815))
(INlumina)

2 Aschenbrenner et al., 2021  Tsxenasa ¢popma (n = 20) v nerkas popma (n = 19) NovaSeq 6000 1097 13 (6231, 474])

3 Jackson et al., 2022 Taxenasa ¢opma (n = 10) n nerkas dopma (n =19); (Illumina) 7343 3T (33291, 4014]);
Taxenaa popma 1 ymepeHHas dopma (n = 26) 8971 [15r (43801, 4591))

4 Wang. et al., 2023 Taxenaa popma (n = 32) n ymepeHHaa ¢opma (n = 25); 1448 151 (10131, 435]);
Txenaa popma u nerkasa ¢opma (n =31) 4592 131 (26171,1975])

5 Armignacco et al., 2024 MHeBMOHWMA TAXenon cTenenn (n=11) 345 15 (2371, 108])

1 MHEBMOHMA Nerkon ctenexun (n = 53)

Mpumeyanue. I3 - anddepeHumnanbHO SKCNPECCUPYIOLLMECH FeHbl; T — TMNEPIKCNPEeccus; | — TMNosKCnpeccus.
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Puc. 2. Mpaduk UpSet plot, oTpaxatowwuii Konnyectso anddepeHuranbHO SKCNPeCCMpYOLUXCca reHOB NPU CPaBHEHUN pe3ynbTaToB

Bbl6paHHbIX nccnefoBaHmin.

Cronbuatas Amarpamma, pacrosioxeHHas CleBa, NokasblBaeT KONMYeCTBO BbiABeHHbIX [3 Ana kaxporo nccneposaHus. Kpyru, coctaenatwouime ma-
TpuLy, NpeAcTaBnAT coboii cekummn anarpammbl BeHHa. CoenHeHHble Kpyri yKasbiBaloT Ha NepeceyeHne reHoB Mexay onpefeneHHbIMN NCCefo-
BaHuaAMM. CTonbuaTtas AvarpamMmmMa Hag MaTpuLel MOKasbiBaeT KONMMYeCTBO YHMKambHbIX Uiy nepekpbiatowmxca A3 Hanprmep, nepBbiil 1 BTOpoi
CTON6LbI AVAarpamMmMbl OTPAXKAIOT KONMMUYECTBO YHUKaNbHbIX FreHOB AnA nccnegosanuii (Jackson et al., 2022) n (Tang et al., 2020) - 3153 n 1471 3T cooT-
BETCTBEHHO. TpeTnii cTonbel, NoKasbiBaeT KOIMUECTBO 06LLMX reHOB TONbKO Ans AaHHOW napbl (599 [3I). Ana pabot (Jackson et al., 2022; Wang Y. et
al., 2023) 6binn BKNtoueHbl 06wwme [13[, nonyyeHHble NPy CPaBHEHWUV THXENON 1 HeTAXenon ¢opm cornacHo knaccndukaumm taxectr BO3. narpamma
nocTpoeHa ¢ nomoulbto https://intervene.shinyapps.io/intervene/ (Khan, Mathelier, 2017).

myna kiaetok kposu (bulk RNA-seq) y onpeneneHHBIX TPy
CpaBHEHUSI — TSOKEI0H (GOpMBI 1 yMepeHHOH/erKoit Gpopmbl
COVID-19 (severe versus moderate/mild). B ananu3 Opumn
BKJIFOYEHBI PAOOTHI, TOYHO COOTBETCTBYIOIMINE KPUTEPHUSIM, NX
XapaKTepUCTHKA Mpe/ICTaBIeHa B Ta0I. 1.

Bcero npu cpaBHEeHHHN TPYNIT TSDKETOH POPMBI 1 yMEpEH-
HOI/TIeTkol (opM B JAHHBIX paboTax OBLUTO WACHTHPHUIIUPO-
BaHO 7650 muddepeHnnanbHO IKCIPECCUPYIOMINKCS TSHOB
(puc. 2). Ans xkakaoi mapsl padoT KOITUYECTBO OOIINX TEHOB
cocraBisieT oT 23 (Aschenbrenner et al., 2021; Armignacco
etal., 2024) no 1102 (Tang et al., 2020; Jackson et al., 2022).

[pu ananmze obmrHOCTH 1D 0T™MEYamach HU3Kasl peTIiKa-
ILIUsT PE3yJIbTaToB. BEISBIIEHO BCETo MSITh TeHOB, KOTOPBIE OBLITN
NACHTH(UIMPOBAHBI TIPH CPAaBHEHHUH TSKEIIOW M yMEPEHHON
¢opm COVID-19 B kak10M U3 BEIOPaHHBIX HUCCIICTOBAHUH.
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JlaHHBIC HAOIFONCHUS MOTYT yKa3bIBaTh Ha 3HAYHUMOCTb H3-
MEHEHHS DKCIIPECCHH THX T'€HOB B IATOTEHE3E TSKEIOMH
¢dopmer COVID-19.

XapaKkTepucTuka Hanborsnee 3HaUMMbIX FeHOB
Bonee monpoOHO OCTaHOBMMCS Ha XapaKTEPUCTUKE ISTH
0011MX, Hanbosee 3HaYMMBIX U] depeHInanIbHO YIKCIPECCH-
pytotuxcsi renoB: CD177, PPARG, PCOLCE2, SLC51A4 (tu-
nepaKcnpeccupoBanbl) U ADAMTS2 (TUIO3KCTIPECCUPOBAH B
uccienoBanun (Armignacco et al., 2024) u runepakcrpeccu-
posan B uccinenoanusix (Tang et al., 2020; Aschenbrenner et
al., 2021; Jackson et al., 2022; Wang Y. et al., 2023)).

I'en PPARG xonupyer anepusiii perientop PPARy, ax-
TUBHUPYEMBIl EPOKCHCOMHBIM MPOIU(PEPaTOPOM TaMMa.
PPARY perynupyer nepokCHCOMalIbHBII TyTh OeTa-oKucie-
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HUSI JKUPHBIX KHUCJIOT, @ TaK)Ke aKTHBAIMIO MAKpO(haroB, NHIH-
Oupyst MPOAYKIUIO BOCTIAIMTEIbHBIX IINTOKMHOB MOHOITUTAMH
(https://www.genecards.org/).

Cornacuo 6a3e ganubix DisGeNET, 5ToT reH 3Ha4nMo ac-
COIIMMPOBAH C CaXapHBIM THA0ETOM 2-TO THIA y B3POCIHBIX
1 C OKUPEHHEM, JUISl KOTOPBIX MOKA3aTeNlb ACCONNAINHU TeH-
6ome3nb (GDAscore) paBeH 1. JlaHHBIC TATOJIOTHH SBISIOTCS
(akxTopamu pucka Tspxenoro teueHuss COVID-19 (de Seabra
Rodrigues Dias et al., 2022). Kpome Toro, BEIIBICHA accoIra-
st ¢ COVID-19 mpu GDAscore pasaom 0.3 (https://disgenet.
com/).

[pennonaraercs, uro SARS-CoV-2 nofapisieT sKCIpeccuto
PPAR B nerkux u HapymaeTr paboTy IpOTHBOBOCHIAIUTEIb-
Horo mexann3Ma NF-kB, TeM cambIM BBI3bIBasi TUIIEPBOC-
MAIATENFHYIO PEAaKIMI0 Y MAalMeHTOB C TsKenoi (opmoit
COVID-19 (Desterke et al., 2020; Hasankhani et al., 2024).
HaOmonatorest pa3nuyHble H3MEHEHUs SKCIIPECCHH TeHa, B
TOM YHCIIE B pa3HbIX TKaHAX. Hampumep, B pabdore (Vlasov et
al., 2021) sxcnpeccust PPARG 0blia IOBBIIICHA Y MAIIICHTOB
C HEONATONPUATHBIM UCXOAOM. ABTOPBI PEIIOIOKHIH, YTO
TTOBBITIICHHBIH ypoBeHh PPARY MoXeT OBITH IpH3HAKOM He-
Pa3pelIeHHOT0 BOCTIAICHHS B YCIIOBHSIX HCTOIICHHS JINTIHIOB,
xapakTepHoro st Tsoxenord popmel COVID-19 (Pei et al.,
2021). ITo pe3ynbraraM HCCIEIOBAHUH C MUCIOIH30BAHUEM
CETEBBIX MOIX0H0B reH PPARG ObLI MPEIUIOKCH B Ka4eCTBE
MHOTOO00CIIAIONIEH TePANeBTHIECKOW MHUIIIEHH KOHTPOJISI BOC-
nanenus mpu COVID-19 (Auwul etal., 2021; Oh etal., 2021).

SLC51A. TlepeHOCUMK OPraHUYECKUX PACTBOPEHHBIX BE-
IecTB anbda, Koaupyemsbiii reHoM SLCS [ A, sBsieTcst OCHOB-
HbIM KoMmoHeHToM Komriekca OSTo/OSTP, xoTopsii meii-
CTBYET KaK TPAHCIIOPTEP, OTBEUAIONIHH 33 SKCIIOPT XKEITTHBIX
KHCJIOT U3 SHTEPOLINTOB.

Cornacuo 6a3e nanabix DisGeNET (https://disgenet.com/),
SLC51A 3Ha9MMO acCONMUPOBAH C IEPBUYHBIM OMITHAPHBIM
uupposom meueHn (GDAscore = 0.65), cuanpomom Baiinepa
(GDAscore = 0.5) u ¢ OCIO)KHCHHAMHU CaXapHOTO auabera
2-ro tuna (GDAscore = 0.4).

[Mokazano, uto SLC51A4 sBnseTcs MULIEHbIO AJIs Mpena-
paros nipu seaenun COVID-19 (Morselli Gysi et al., 2021).
Kpome Toro, SLC5/A BXOAWT B 3HAYMMBIC T€HBI TIPH TUQ-
(epeHInanny MAaMeHTOB C CETICHCOM M OIPENEIICHUH €T0
SHJIOTHIIOB, KIMHUYECKHE XaPAKTEPUCTUKH KOTOPOTO 4acTo
o0cyxmaroTcst kKak oommue ¢ TsokensiM COVID-19 (Baghela et
al., 2023; Fang, Ma, 2023). B uadummpoBarasix SARS-CoV-2
OpraHOM/ax JIbIXaTeIbHBIX ITyTEH 1 aJIbBEOJI, IOy YEHHBIX 13
SMOpPHOHAJIBHBIX CTBOJIOBBIX KJIETOK YEIIOBEKA, MIEPEHOCUNK
SLC51A obHapyxeH B cHIbDKeHHOM kommdectse (Pei et al.,
2021). Hecmotps Ha 3HaumMOCTh TeHa SLCS 14 npu nudde-
pCHIMAINY TTAIMEHTOB U ONPECIICHUH TEPareBTHIECKUX
muiieneit COVID-19, ero ponas B MexaHu3Max pa3BUTHS
TSOKECTH KOPOHABHUPYCHON MH(EKIMH OCTaeTCs MaJou3y-
YEHHO.

I'er CD177 omocpenyeT akKTUBAIHIO HEHTPO(HIOB, HHIY-
mpoBaHHEIX TNF-0, BKITIOUast AETpaHyIIsAIUIo0 U IPOTYKINIO
CYIEpPOKCHIA, U CTIOCOOCTBYeT aare3nu HerTpodmos (https:/
www.genecards.org/).

Cornacuo 6a3e ganubix DisGeNET, 5ToT reH 3Ha4iMMo ac-
COIIMMPOBAH C MUEJIONPONH(EPATUBHBIMU 3a00JICBAaHUIMHI
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(GDAscore = 0.35), a Takke ¢ COVID-19 npu GDAscore
pasHOoM 0.25 (https://disgenet.com/).

3HaYNMOCTh JTaHHOTO OMOMapkepa IpH MPOTHO3E TshKe-
JIOTO TEYEHUsI KOPOHABUPYCHON MH(EKINH BBIIBICHA B HE-
CKOJIBKMX TPAHCKPUIITOMHBIX ¥ IIPOTEOMHBIX UCCIIETOBAHMIX
(Derakhshani et al., 2021; Lévy et al., 2021; Meizlish et al.,
2021; Schimke et al., 2022; Wang Q.S. et al., 2022; Lei, 2024).
B pab6ore (Lévy et al., 2021) rHaOmogamuch BBICOKasT dKC-
npeccust CD 177 u 6omnee BRICOKUI CPETHIA YPOBEHB JAHHOTO
CBIBOPOTOYHOTO O€JIKa B KPOBH Y MALMEHTOB, HAXOASAIINXCS B
KPUTHYECKOM cocTostHHM. [Ipearnonaraercst, 9To AerpaHyIis-
LU HEUTPO(HIIOB BBI3BIBACT MOBPEXKICHHE HIOTEIHS H, Clle-
JOBaTeIbHO, TpoMOOTHIECKHE ocnokHeHus mpu COVID-19
(Reusch et al., 2021). Takum 00pa3oM, TUIIEPIKCIIPECCHS
CD177 smisercs npusHakoM ¢pusuomnaronorur COVID-19 u
MOXKET BBICTYIIATh B KA9€CTBE BO3MOXKHOTO MPOTHOCTHIECKOTO
(baxTopa mporpeccupoBaHus 3a00IE€BaHNS.

PCOLCE? xomupyeT OCIOK-IHXaHCEp MPOKOJIIAreHOBOM
C-sHponenTuaassl 2, KOTOPBIH 00€CHEeYNBAET aKTHBHOCTH
CBSI3BIBAHUS KOJTareHa M TelnapuHa.

[NosrrmenHas sxcnpeccus rena PCOLCE?2 obHapyxeHa y
MAIEHTOB ¢ Tshkenoi ¢popmoit COVID-19 (Alqutami et al.,
2021; Che et al., 2022). [Tpu anamm3e 00OTanIeHAS BEISIBICHO,
YTO JIAHHBII I'€H yJacTBYeT B OPraHU3alnK BHEKIETOYHOTO Ma-
TPUKCA ¥ PETYIALNH BOCHIAIMTENFHOTO 0TBeTa. OT™MEwaeTcs,
yto PCOLCE2 MOXET yCcUIMBaTh aKTUBHOCTb KOJUIareHa, a
nHpekimsa SARS-CoV-2 BEI3bIBacT OBHIIICHUE YPOBHS KO-
JareHa | B opraHoMax 1 CIOCOOCTBYET AaKTHBAIIMN CUTHAIb-
HBIX ImyTel gudposza (Jansen et al., 2022). [Ipeamonaraercs
takke, 9T0 PCOLCE2 ctumynupyeT BBIPaOOTKY aKTHBHBIX
(dop™m kucopona HelHTpodmIamMu 1 GOPMUPOBAHHE BHEKIIE-
TouHbIX JIoByIIek HerTpodminoB (NET) (Yoon et al., 2022).

I'ern ADAMTS?2 xoqupyeT pecTaBUTENs ceMeiicTBa Oel-
k0B ADAMTS, KOTOpBIN UrpaeT KIUeBYyI0 pojb B IpeBpa-
meHnH GuOPHILIAPHBIX TPEIIECTBEHHNKOB MPOKOJJIAareHa B
MoneKybl koyutareHa (https://www.genecards.org/).

Cornacuo 0asze manaeix DisGeNET, ADAMTS?2 3nauumMo
ACCOLMMPOBAH C PA3BUTHEM 3JI0KAYECTBEHHOH ME30TEIIMOMBI
(GDAscore =0.4), a rakxxe ¢ COVID-19 mpu GDAscore pas-
HOoM (.25 (https://disgenet.com/).

benku ADAMTS y4acTByIOT B peMOAETUPOBAHUH BHEKJIE-
TOYHOTO MaTPHKCa, YTO TOTEHIINAIBEHO MOXKET IMETh BAXKHOE
3HAYCHHUE TIPH Pa3BUTHH JIETOUHOTO (hrndpo3a, HabII0IAeMOTO
y nauueHToB ¢ TsokenbiM COVID-19. 10T -ananu3 u ananus
reHHoi onTonoruu (GO) B rpymmax TSHKENOro, MPeIKpUTHIC-
ckoro 1 kpurnaeckoro COVID-19 noka3zanu, 4To B MOHOLIUTaX
B BBICOKOH CTENEHH IKCIIPECCUPYIOTCS TCHBI, CBA3aHHBIE € (DH-
o6po3om (AREG, EREG, ren untokuna 1L-18) u ADAMTS?2
(Zhang Y. et al., 2022).

Brickazano npeanonoxenue, yto ADAMTS?2 onocpenyer
myts TGF-B, Tparncopmupyromero dakropa pocta-f (de
Seabra Rodrigues Dias et al., 2022). Hapymenue nepenadyn
curaanos TGF-f MmoxkeT ciocoOCTBOBaTh Upe3MEPHOMY OTIIO-
JKEHHUIO BHEKJIIETOYHOTO MaTPHUKCa B TKAHIX, KOTOPOE MOJKET
ObITh BBI3BaHO MH(peknueil u Bocnanenuem (Togami et al.,
2017; Deng et al., 2024). Kpome toro, TGF-f3 yaactByer B moz-
Jiep>KaHUM UMMYHHOTO TOMEOCTa3a, MOJaBIsisl aKTHBHOCTh
MMMYHOKOMIIETEHTHBIX KJIETOK: JIAHHBIA IUTOKHH IPEMST-
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Transcriptomics
of severe COVID-19

Taxenaa ¢opma COVID-19

A

A

lMnepBocnanexHve Ounbpos Cynpeccua BpoxaeHHoro
1 afjanTMBHOIO MMMYHHMTETA
A A A
Accouvauna . m [Lerpanynsauua OpraHusauus
¢ bapmMakoanHaMMKOM poBOCNanuTeNbHble HERTPOGMIOB BHEKIIETOUHOMO < 17GF-B
NIEKAPCTBEHHbIX LMTOKMHbI (1 ADK) MaTpHKCa
CcpepncTs
? A A A
’ | PPARy ‘
« [MepBrYHbIN GUANMAPHDIN « CaxapHbIin gnabet « XpoHuuyeckas + CnHpgpom dnepca-[aHnoca,
yuppo3 neyexn (0.65) 2-ro TMnay B3pocnbix (1) MmuenonponudepaTnBHas 1N gepmaronpakcmc (1)
« CuHppom Bainepa (0.5) OxnpeHue (1) 6onesHb (0.35) + CuHgpom
« OCNOXKHEHNA caxapHOro HeankoronbHas npoBas « MwuenonponudepaTuBHbie Snepca-faHnoca (0.85)
aunabeta 2-ro Tuna (0.4) 6one3Hb neyeHn (1) paccTtpouctBa (0.35) « 3n0KayecTBeHHas

» CemeliHaa yacTuyHan
nunoancTpodusa
3-rotuna (1)

- COVID-19(0.3)

» BbonesHb Bakesa-Ocnepa (0.3)
» Mpgnonatnyeckas
TpomboumTemus (0.3) .

- COVID-19 (0.25)

Me30Te/INOMa, CBA3aHHasA
cacbectom (0.4)
Me3oTenmoma
3/10KayeCcTBEeHHasA
nporpeccupytoulas (0.4)

« COVID-19 (0.25)

Puc. 3. MNaTtoreHeTnyeckne acnektbl Taxenon popmbl COVID-19, BKntovatoLime obLyme reHbl, BCTpeyatowmecs B AT BbIOPaHHbIX NoJi-
HOTPaAHCKPUNTOMHbIX NCCEeAOBAHUAX CPeAHen 1 TAXKenon GopM KOPOHABMPYCHON UHbEKLMK, N Hanbonee 3HauUMMble accoumalmn
NaHHbIX reHOB C 3aboneBaHnAMM cornacHo 6a3e aaHHbix DisGeNET (GDAscore > 0.3).

*KVpHbIM WpM$TOM BbifeneHbl 3a601eBaHNA, OTHOCALLMECA K rpynnamM NaTonorum, ABNALmnmMca paktopamm pucka Taxkenon popmbl COVID-19. AOK -

aKTMBHbIE GOPMbI KNCSIOPOAA.

cTByeT nuddepeHnnpoBKe HaMBHBIX T-KJIETOK B KacCHUe-
ckue apexropusie T-KIeTKH, MOAABISIET IKCIPECCHIO ITUTO-
TOKcHYeCKUX (akTopoB u pazutie NK-kmetok (Deng et al.,
2024). Ilpenmonaraercs Taxoke, 9ro TGF-f sBnsercs kmode-
BBIM ITUTOKHHOM, PETYIHPYIOINM XPOHHUECKYIO HMMYHHYIO
peaxrwro ipu TsoxenoM teaeHun COVID-19 (Ferreira-Gomes
etal., 2021).

Bnaromaps csizu ADAMTS?2 ¢ aktuBarmmeit TGF-f mytu
1 (OPMUPOBAHHEM BHEKIICTOYHOTO MATPUKCA, TIOBBIIICHHAS
AKCTIPECCHs JAaHHOTO TeHa Tpu Tsokenon popme COVID-19
MOXET OTpakaTh MMMYHOIATOJIOTHYECKHE TPOLECCHI, Xa-
paKTepHBbIE ISl IPOTPECCUPOBAHUS 3a00I€BAaHNS U PA3BUTHS
¢ubdpo3a JerKuxX.

Takum 00pa3zom, OBUTH pacCMOTPEHBI IPE/IIIOIaracMbIe Me-
XaHHU3MBI, TOCPEICTBOM KOTOPBIX BBISIBIICHHBIC T€HBI Y4acT-
BYIOT B marorenese tsikenoil crenenn COVID-19. Onu otpa-
YKCHBI B 00111e# cxeMe (puc. 3), BKIFOYAroIIel Takke Hanooee
3HAYMMBIE aCCOLMAIINY STHX TCHOB C 3a00JIEBAaHUSIMH TI0 Oa3e
nmaaHbIX DisGeNET. Camxkenne skcnipeccnn PPARG MOXeT
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npuBecTd K HU3KoM skcnpeccun PPARGY, uto Bieuer 3a co-
0011 ycuieHne MpOBOCTIANNTENBHBIX PEAKIMH; MOBBIIICHUE
skcnipeccudl CD 177 IPUBOIUT K IETPaHYIISIINN HEHTPOPHIOB
1 BBICBOOOXKJICHUIO AKTHBHBIX ()OPM KHCIIOPOAA — Pa3BHUBA-
eTCs XapakTepHOEe UIS TSHKENIOHW (OPMBI THIIEPBOCIATICHHUE.
BoBnedyenune B matorenes HEWTPOPHUIOB BO3MOXKHO M Uepe3
moBbITIeHHYI0 3Kcripeccnto PCOLCE?2 xak akropa, Taxke
CTHMYJIUPYIOLIETO BBIPAOOTKY aKTHBHBIX (POPM KHCIOPOJIA.
B pasButne ¢pubposa neroyHoi TKAaHU KAK OCIOKHCHHS
TSDKETION TTHEBMOHHUU MOTYT ObITh BoBleueHbl PCOLCE?2 u
ADAMTS?2 uepe3 pa3nnyHble yTH OpraHU3aluy BHEKJIETOY-
HOTO MaTpHKCa MOCPEACTBOM aKTHBAIMH CHHTE3a KoJlTareHa
u TGF-B mytu. M3menenue B sxcnpeccru ADAMTS2 Toxe
MOXKET MPUBECTHU K Hapymenuto perymsimun TGF-B u, Takum
00pazomM, BBI3BaTh CYNIPECCHIO KaK BPOXKJICHHOTO, TaK M afIaIl-
TUBHOTO MMMYyHHTeTa. [IprMeuarensro, uto mo DisGeNET
JTaHHBIC TCHBI CBSA3aHBI C 3a00JICBAHUSIMH, OIPE/ICIICHHBIMU
Kak (hakTopbl pucka Tsokenoit popmer COVID-19 (ITpodmmak-
tuka... COVID-19, 2023): caxapHbsiM 11abeTOM 2-TO THIIA H
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ero ocnoxkHeHUsIMA (PPARG, SLCS5 14), oxupenuem (PPARG),
oHkonorndecknumu 3aboneBanusmu (CDI177, ADAMTS?2) u
XpOHUUYECKMMH 3a0oneBanusmMu nedenu (SLC514).

He Bce MexaHM3MBI, HOCPEICTBOM KOTOPBIX YMEpEHHAs
¢dopma COVID-19 MoXKeT HepelTH B TSHKEITYIO0, JOCTaTOYHO
M3y4eHBI, U O0JIee TTOJTHYIO POJIb JaHHBIX T€HOB B ITaTOTCHE3e
TSDKETIBIX TIPOSIBIICHNMI eI1Ie TPEICTONT BRIICHUTE. Kpome Toro,
pas3yinyus B HAIPaBICHHOCTH X SKCIIPECCUH, HAOII0AaeMble
B pa3HbIX MCCIIEIOBAHMSX, BO3MOXKHO, IIPE/IIONIATAIOT HHBIE
3aKOHOMEPHOCTH. CHIHAJIbHBIC ITyTH, B KOTOPBIE BOBJICYEHBI
N3y4EHHBIE TeHBI, MOTYT PACKPBITh ITATOr€HE3 TSUKEIIOH cTere-
HU KOPOHABUPYCHOW MH(EKIMH C IPYTOH CTOPOHBI, yIUTHIBAS
(YHKIIMOHAIEHBIE B3aHMOCBSI3U T'€HOB.

AHanu3s ¢pyHKUMOHanbHOro oboraieHnsa o6wmx
anddepeHLnanbHO SKCNPECCUpYOLLNXCA FreHOB,
accounmpoBaHHbIX € TAKecTbio COVID-19

B xaxmoM 3 paccMoTpeHHbIX uccaenoanuii s 91, momy-
YEHHBIX PU CPABHEHUH TSHKEIION U cpetHelt (hopM KOpOHABH-
PyCHOM MH(EKILNH, TaK)Ke NPOBE/ICH aHann3 QyHKIHOHAIb-
HOTO 00OTaneHNs. YCTaHOBIICHO, YTO 3HAYNMbIE CHTHAJILHBIE
Ty TH, ACCOIIMUPOBAHHBIE C TUIIEPIKCIIPECCUEN TEHOB, CBA3aHbI
C BOCTIAJIUTEIHHBIM HIMMYHHBIM OTBETOM Opranuima. Hanpu-
Mep, MPOLECChl JerpaHy/sIIuU U aKTHBALMKH HEHTPO(UIIOB.
[TyTr numMdOoLTapHOr0 IMMYHHOTO OTBETA ObLTH 000TAIEHbI
KaK THIIEPIKCIIPECCUPYIOLTIMUCS, TaK U THITOIKCIIPECCHPYIO-
LIMMHACS TeHaMH. BBISBICHBI 3HAYUTENBHBIE 00OTAIIEeHUs B
MyTAX, CBSA3aHHBIX ¢ T-Xenmepamu 2-ro THIIA, YIaCTBYIOIINMHI
B rymopajbHoM ummyHnHoMm oteete (Jackson et al., 2022), u
B IpOILIeCCax, CBSI3aHHBIX C aKTUBAIMEH, mpoiudepanuein u
perymanueit mumdoruros (Tang et al., 2020). Hapsny ¢ atum,
MIPOIIECChI, 00OTaIEHHbIE TeHAMH C IIOHKEHHON IKCIIPECCHU-
el, He mepeceKaanch. TakuM 00pa3oM, BO3HUKAIOT BOTIPOCHI
0 MEXaHHW3MaxX HapYUICHNS B3aNMOICHCTBHSA BPOXKICHHOTO 1
aIalTHBHOTO UMMYHHBIX OTBETOB H IIEPEX0/Ia OT «BUPYCHOW
peaxiuu ripy HeTsprenol popme COVID-19 k Tsorenomy Boc-
nanuteiabHoMy Tporueccy (Jackson et al., 2022).

Ta6bnuua 2. Han6onee 3Haunmble Nyt Reactome npwu FDR < 0.05
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IMockomnbKy IpH CpaBHEHNH TSDKEIION U cpeHei (hopM Kopo-
HaBHPYCHOW MH(PEKINH OOJBIIMHCTBO 3HAYNMBIX CUTHAJIBHBIX
MyTeH B aHAJIM3UPYEMbIX HCCICAOBAHUSAX PA3IMYHbI, HAMU
OBLT IPOBEICH aHAIM3 OOoTameHHs s o0muX auddepeH-
[IUATBHO YKCIPECCUPYIOIINXCS TEHOB, YTOOBI BEISIBUTH OOIIIHE
3aKOHOMEPHOCTH Pa3BUTHUS TsDKEJON (opmbl. beimm BeIOpa-
HBI geThIpe padoTs! (Tang et al., 2020; Aschenbrenner et al.,
2021; Jackson et al., 2022; Wang Y. et al., 2023), B KOTOpBIX
HalieHHbIe TUQQPEPEHIMATBHO HKCITPECCHPYIOIINECS TeHBI
Hambonee nepecekanuck. Oun Brmovanu 149 J10I: 102 rena
C MOBBIIIEHHON 3Kcrpeccuel U 47 reHOB ¢ MOHMKEHHOU
9KcTIpeccrel. AHaIN3 (yHKIMOHAIBHOTO 00OTaleHNsT ObUT
BEITIONTHEH ¢ MMOMOIIbI0 pecypca WebGestalt (https://www.
webgestalt.org/), a Takke Reactome (Fabregat et al., 2017).

Pesynprarsl aHanu3a (yHKIMOHAIBHOTO OOOTAIICHHS C
romortnbio Reactome npencrasieHs! B Tao. 2.

I'eHBI, THIIEPIKCIIPECCUPYIOLINECS B IPYIIIE C TSHKEIBIM Te-
YeHHEeM OOJIE3HHM, CBSI3AHBI C JIETPaHYISIIMEH HEUTPOQHIoB
(R-HSA-6798695) u ¢ 6uocunTe3om kojutarena (R-HSA-
1474290). Taxxe Oblna BBIABICHA aKTHBAIHS MyTEH Iie-
penaun curaanoB uHTeprneiikuHoB (R-HSA-449147) — IL-18
(R-HSA-9012546), cemeiictBa mHTepneiikuHoB-1 (R-HSA-
446652), sxmovast 1L-33 (R-HSA-9014843), IL-4 u IL-13
(R-HSA-6785807). IL-4, 0cCHOBHO#1 ITUTOKIH UMMYHHOTO OT-
Bera Th2, xak u [L-13, mpenmyIiecTBEHHO CBs3aH ¢ HUOPO3-
HBIM BOCTIQJMTENBHBIM pemoaenupoBanueM (Vaz de Paula
et al., 2020; Wang F. et al., 2020). Kpome Toro, IL-33, cur-
HaJIBHBIH OJIOK, TPEeIyNPEXAAIONINN NMMYHHYIO CHCTEMY O
TTOBPEXICHUH, MOYKET UTPATh BAXKHYIO POJIb Ha BCEX CTAINAX
COVID-19 (Zizzo, Cohen, 2020) 1 To)ke MOXXET OBITh CBSI3aH C
pasButuem Gudposa (Yuacosa u sip., 2018). Coobiranock, 9to
niepemada curHanos [L-18, ygactytomiero B perymsiun Thl-,
Th2-u Th17-THII0B IMMYHHOTO OTBETA, B JISTKUX aKTUBHPYET
WHpIAMMACOMEIL, CBSI3aHHEIE ¢ TDKeCThIo 3a0oneBanus (Filbin
et al., 2021; Haconos, ABjeeBa, 2022).

I'mmoskcnpeccupyromuecs TeHbl IpH TsDKEIon Gopme
COVID-19 06putn cBs3aHBI ¢ aAallTHBHBIM HMMYHHUTETOM

Myt

nyTVI, accoynmnpoBaHHble C rmnepakcnpeccnpyrowmmnca reHamm

[Lerpanynsauua Hentpodunos (R-HSA-6798695)
Mepepaya curHanoB nHTepnenknHa-18 (R-HSA-9012546)
Ob6pazoBaHue KonnareHa (R-HSA-1474290)

MNepepaya CMrHanoB C NOMoLLbIO MHTepnenknHoB (R-HSA-449147)

Mepepaya cMrHanoB NHTepnenKknHa-4 n nHTepnenknHa-13 (R-HSA-6785807)

MNMepepaya curHanoB nHTepnenknHa-33 (R-HSA-9014843)

Mepenaya curHanoB cemencTBa NHTepnenknHos-1 (R-HSA-446652)

nyTVI, accouyMnpoBaHHbIe€ C TMNO3KCNpecCcnpyrWmMmMnca reHamm

MIMMyHOperynaTopHble B3auMomencTma Mexay numdoungHon n HenumponaHom TkaHbio (R-HSA-198933)

Skcnpeccua TGFBR3 (R-HSA-9839394)
ApantuBHaa MMMyHHas cuctema (R-HSA-1280218)
MNepepaya curHanos TGFBR3 (R-HSA-9839373)

p-value FDR
7.24e-10 2.83e-07
1.22e-04 0.024
2.76e-04 0.035
3.86e-04 0.035
4.58e-04 0.035
5.52e-04 0.035
6.45e-04 0.035
1.22e-07 2.53e-05
1.56e-04 0.016
7.70e-04 0.041
7.83e-04 0.041
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a MMMyHHBbI 3bdeKTopHbI npoLecc
KneTouHas akTBaLusA, BOB/IeYEHHasA B IMMYHHbBI OTBET
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OTpuuatenbHasa perynauma UMMYHHOrO oTBeTa
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KoadduumeHT oboraterus. FDR > 0.05
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YHnutoxeHne knetox [N

ﬂeﬁKOLl,I/ITapHO-OI'IOCpep.OBaHHaﬂ LUNTOTOKCUYHOCTb

NK-knetounbiin umvyruter [
Perynauus NK-knetouroro nmmyrutera [
MonoxutensbHas perynaums NK-knetounoro ummyrnteta |

0 10 20 30 40 50 60

Puc. 4. MyTtn Gene Ontology, oboralyeHHble rmnepaKCnpeccupyowmnuMmcs () u rmnoskcnpeccupyowmnmmcs (6) reHamu.

(R-HSA-1280218), ¢ sxcipeccueii (R-HSA-9839394) u riepe-
mageir curaanoB TGFBR3 (R-HSA-9839373) — penentopa
TGF-p I Tumna, maTHONpYIOMIETO NIepenady curaaioB TGF-f
(Ahnetal., 2010; Chu et al., 2011). Ponp ganHOTO ITyTH OBITA
paccMoTpeHa TpH XapakTepucTike obmero reaa ADAMTS?.

Takum 00pa3om, aHaNW3 ITyTEH, BHIABICHHBIX B OTICIb-
HBIX MCCJIEJOBAHMSX, M aHAJIU3 ITyTeH, acCOIMMPOBAHHBIX
¢ OOIIMMM TeHaMH, NPU Hepexone B TSKenylo (Gopmy BbI-
SIBISIIOT JicOalaHCUPYIONINEe N3MEHEHUSI B IMMYHHOM OT-
BETE, XapaKTePH3YIONIIECs aKTUBALMEH ITyTeH JerpaHy i
HEHTpo(MITOB, cCUTHAIOB TipoBOCcTaTUTENbHBIX (IL-1f3, IL-18)
1 mpoTtrBoBOCTAMATENBHBIX (IL-4/13) IMTOKUHOB, a Takke
TIOIaBJICHUEM aJaNTHBHOTO UMMYHHOTO OTBETa, YTO MOMKET
OBITH KITFOYEBBIM ()aKTOPOM, BIIMSIFOIINM Ha TSHKECTh TCUCHUS
COVID-19.

[Ipu sTom pesymbsratsl aHanmm3za Gene Ontology (puc. 4)
BKJTIOYAJIM 3HAYMMbIE CUTHAJIBHBIC TTyTH, aCCOLIMMPOBAHHBIC
C THIOAKCIPECCUPYIONMMUCS TeHAMH, KOTOPBIE OTHOCSTCS
K (YHKIIMOHAJIBHBIM KaTEropusM HMMYHHUTETa, OMOCpe-
noBanHoro NK-kmerkamu (GO:0002228), numdonnramu
(GO:0002449), n neKOIUTAPHO-OTIOCPEIOBAHHOMN ITUTOTOK-
cuaroctr (GO:0001909). [lanHple HAOMIOACHHUS OTMEYAIOT
BaXHOE Y4aCTHE UMMYHHBIX KJIETOK B 0TBETE HAa SARS-CoV-2.

OwnsaiH nccnegoBaHuin

IIpu ycraHOBIIEHUY IPUYMH BapUALUY U HU3KOU PEILIMKALUI
FCHOB M CUTHAJIbHBIX MyTeH OBLJIO MPOBEIACHO CPaBHCHHUE
JTU3aHOB MCCIIC0BAHUN: XapaKTEPUCTHK KOTOPT MAI[MEHTOB,
mwiatdopm cexkBenuporanus PHK, a Takxke METOI0B cTaTu-
cTHYCCKON 00paboTku maHHBIX. Jlajee mo TekeTy padboram
(Tang et al., 2020; Aschenbrenner et al., 2021; Jackson et al.,
2022; Wang Y. et al., 2023; Armignacco et al., 2024) oyayT
COOTBETCTBOBATh HOMepa 1,2, 3,4 u 5.
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HucrpymenTsl anamm3a. s nomyyenns auddepeHnu-
QJIBHO SKCHPECCHPYIONINXCS TEHOB MCIIOIb30BAIIICH PAa3HBIC
nporpamMMHEIe TakeTsI cpensl R: DESeq2 (Love et al., 2014),
edgeR (Robinson et al., 2010) u limma (Ritchie et al., 2015).
3HaYNMBIM CUHMTAJIOCH CKOPPEKTHPOBAHHOE 3HAUYCHUE P Me-
uee 0.05. TTopor morapudmrmaeckoro mmeneHus log2FC mo
MoyITto cocTaBisii >1 B ananmsze (1) m>1.5 B ananmzax (4, 5).

Crenenu tsxectn COVID-19. Ilpu BKiItoueHUN NALUEH-
TOB B aHAJIN3HUPyEMbIe BEIOOPKH COOIIONAIICH HEKOTOPBIE
o01Ire KpuTepru: Bo3pacT 18 JeT u cTapiie; MoIoKUTETbHBIN
pesyasrar tecta OT-TILP Ha SARS-CoV-2 B pecinparopHbIx
o0pasmax (Ma30K W3 HOCA/TIIOTKH/MOKPOTHI/OpOHX0AThBEO-
JIIPHOTO JIaBaka) W/HMIJIM CEPOJIOTHUYECKOTO TecTa (5) m/mimm
ycraHosnenue quarnoza COVID-19 Ha ocHOBaHUM HATMYMS
TUIMYHBIX KIMHAYECKIX CHMITOMOB 1 pe3yisTatoB KT (2, 5).
[ManmenTs! ObIN KITacCUHUIMPOBAHBI KAK MMEIOIIHE JIETKYIO,
CpEITHIOFO MITH TSDKEIYTo popmy 3aboneBanms. Kimaccndukaris
msokectd COVID-19 B yetbipex paborax Oblla OCHOBaHA Ha
pexoMeHamsAX BceMupHoii oprann3aniy 31paBooXpaHeHNs,
OIHAKO TPAHUIIBI TSDKECTH AJIsl (POPMHUPOBAHUS TPYI OBUTH
paznuunbl. Jlerkasi creneHb cooTBeTCTBOBaja oneHke BO3
1-2 B uccnenosanuu (3) u orieake BO3 1-4 B (2, 4). Cpenass
(yMepeHHas1) CTETIeHb COOTBETCTBOBaNa ypoHI0 BO3 3—4
B (3) u yposuto BO3 5 B (4). Tsxenas crenens COVID-19
COOTBETCTBOBaNA YpoBHIM TspkecTn BO3 5-7 B (2), BO3 5-8
B (3)mBO3 6-9 B (4). llIxara BO3 110 ycTaHOBICHUIO CTETICHU
TsDKecTH npuBesieHa B (3). B mccnenoBannu (5) cTereHsb TsoKe-
CTH MAIMEHTOB OIPE/IEISIACH T10 TEUCHHIO PAa3BUBAOIICHCS
rmHeBMOHNHU. COCTOSHHE MAIMEHTOB KIaCCU(PHUINPOBATIOCH
KaK JICTKasl, CPETHSISI MITN TSDKEJIast THEBMOHUS B 3aBUCHMOCTH
OT Hayajna u pa3BuTus ocioxHeHudd COVID-19, Bxirouas
MIPOJIOIKUTENIFHOCT TOCTIMTAIN3AINH, TIOTPEOHOCTD B I10-
Jlade KHUCJIOpOAa, NCKYCCTBCHHOW BEHTWISALUH JIETKUX WIIN
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9KCTPAKOPHOPATBHON OKCUI'CHAIIMK. B CBsI3M ¢ Bapuarmen
(bopMupoBaHus rpymn cpaBHeHHs aHanu3 31" mpoBoxwmiics
C BKJIIOUEHHEM T'PYIII, KOTOPBIE OTHOCHIINCH K JIETKOH (hopme
3aboJieBaHusl.

Coop marepuaa. O0umii st Bcex paboT mepuon cobopa
Marepuaia cocTaBisiI rof, ¢ gespans 2020 . mo deBpanb
2021 r. 3a gaHHBIN NEPUOJ LUUPKYIUPOBAIHN TAKUE BAPUAHTHI
SARS-CoV-2, kak Beta, Alpha, Delta, Gamma u ap. (https://
www.who.int/ru/activities/tracking-SARS-CoV-2-variants).
[Ipeamnonaraercs, 9To BAPHAHT BUPYCA MOXKET BIUATH HA TsI-
KECTh TeueHNs 3a001eBaHNs. bpun MpOBEICHBI TPAHCKPHIT-
TOMHBIE HCCIIC/IOBAHMS ITPU BBISIBICHUN PA3IHYNNA B PEAKIIUH
OpraHM3Ma-xo3siMHa Ha MHQEKINN C pa3HbBIMU BapHaHTAMHU
SARS-CoV-2: «tipe-VOC» u «VOC» (BapHaHTHI, BBI3BIBAO-
e 00ecImoKOeHHOCTS). MH(ekius npu «mpe-VOCy» xapak-
TEPU30BaIaCh YMEPEHHBIMH MPOSBICHUAMH W COXPAHSIIACH
HAMHOTO JIOJTBIIIe, YeM HHEKIHs BO BpeMs IupKyIsmn VOC.
Wndexnns Delta Obina TsKE101, 9TO TPUBOIMIIO K BEICOKHM
TIOKa3aTeNsaM rocnutanu3anuu u cmepraoctd (Hughes et al.,
2023; Maurya et al., 2023). DTOT BapraHT BHpyca ClIOCOOCH
K YCWJIEHHOH pEIUIMKAIMK M3-3a YCTOWYMBOTO MOAABICHHS
BPOJKAEHHOTO MMMYHHOTO OTBETa OpPraHM3Ma-X03SMHA, 4TO
MTOTEHIINATIBHO CIIOCOOCTBYET TSDKENBIM CHMIITOMAM M JJIH-
TenpHOMY BBI3TOpoBieHuto (Laine et al., 2022). HecmoTps Ha
BBIABIICHHE AN HEPEHIIMPOBAHHBIX TPAHCKPUIITOMHBIX OTBE-
TOB, TAHHBIE TI0 BIMSHUIO HA TSHKECTh TEISHHS ONPEZICIICHHOTO
BapuanTa SARS-CoV-2 Bce ke 0cTaioTcst MpOTUBOPEUUBBIMHU.
B nexoTopbIx HccnenoBaHusx Ha ypoBHe 3Haunmoctu 0.05
He OBUTO 0OHAPY)KEHO CBSA3M MEXK/Ly BUPYCHBIMU JIMHUAMU 1
TSOKECTHIO 3a00JIeBaHMs Ha paHHeH cTaaun manaemun (Parikh
et al., 2022).

OO0pa3npl KpOBH MAIMEHTOB COOMPAIINCH B pa3HbIC Bpe-
MCHHBIC TIEPUOABI: B TEUCHHUE MEPBHIX 24 4acoB ¢ MOMEHTA
rocruranu3any (2, 5) win yepe3 5—7 aHEH mocie MOoCTyII-
nenns B crarmonap (3). Kpome toro, kpoBb coOupanach He
TOJIBKO B YCJIOBHSX cTannoHapa. Hampumep, B padore (3)
cobupanm 006pasibl KPOBH OT MALMEHTOB C JIETKOH CTETIEHBIO
Ha gomy. COop KpoBm Ut maibHeWmnero Beiencans PHK
mpoBoIITH B Tipobupku PAXgene™ u mociie HeoOXOIUMBIX
MaHUIYJISIUN Xpanuinu npu temneparype —80 °C, npu 3Tom
B uccienoBanud (1) Tum npoOupky He packpbiBaiics. BakHo
OTMETHTB, UTO TIPH CPABHEHHUH MTPOQHIIEH IKCTIPECCUH TCHOB
KJIETOK KPOBH, COOpaHHOW B pasHbIC BHJBI MPOOUPOK IS
Beiienennst PHK, nabmonaercs HemonHas CXOIUMOCTD pe-
synsratoB (Menke et al., 2012).

Kpurepun popmupoBanusi BbIOOPKHM NALUEHTOB.
Kpureprnem HCKIIOYEHHUS MAIMEHTOB JISI BCEX HCCIEN0BaA-
HUH ObLTa BEIIBICHHAS KOMH(EKIUS (HapuMep, BUPYC UM-
MyHOzxeduIuTa deroBeka). Takke B padore (2) Obuth uc-
KITIOYCHBI MAIIMEHTHI C HEHTPOIICHNEH, TeMaToIOTHIeCKUMHA
37I0KaY€CTBEHHBIMH HOBOOOPA30BaHMUSIMH H/UITN C aKTHBHON
XMMHOTEpaIueii, TpaHCIIAaHTANeN COJTMIHBIX OPTaHOB, Ay TO-
MMMYHHBIMH 3200JICBAHUSIMH | JIIOOBIM TPEJIIIECTBYFOIAM
MIPUEMOM NMMYHOJIETIPECCAHTOB (KOPTHKOCTEPOUIOB, aHTH-
IIUTOKMHOBBIX OMOJIOTHYECKHUX MPENapaToB U MOIU(HUKATO-
POB OHOJOTHYECKOTO OTBETA), B TO BpeMs Kak B aHanu3e (3)
MMMYHOMOJYJUPYIOIIEE JICUCHHE YUNTHIBAIOCH KaK KOBa-
PHALMOHHBIN (aKTop.

2026
30-1

TpaHcKpunTomMmKa
Taxenon popmbl COVID-19

I[Tpu cpaBHEHNN CHOPMUPOBAHHBIX IPYTII HE OBIIO BHISBIIE-
HO CTaTHCTUYCCKH 3HAYUMBIX pa3nudunii o momy (1, 2,4, 5)u
Bo3pacrty (1, 2,4). Ognaxo B padore (3) mokazaHa 3aBUCHMOCTh
MEXXY CTETIEHBIO TSDKECTH M MOJIOM/Bo3pacToM. Pasnnyana n
TIOMYJISIIIMOHHAS IPUHAIICKHOCTD TAIlEHTOB — BocTouHas
Asus, ABctpanust u EBporna.

ConyrcrBylomas narosorust. [Ipn anannse yuutsiBaics
1 TaKoW BaXHBIH (haKTOp JUIS MPOTPECCUPOBAHUS TSHKECTH
COVID-19, xak comyTcTByfomue 3adoneBanus. B padore (2)
JUIS KaXJIOW M3 TPYMIT CPAaBHEHHS PACCUMTHIBAJICS MHIEKC
romop6OuaHOocTH Charlson (Charlson et al., 1987). ITo nanHO-
MY HHJIEKCY HE BBISIBIICHO CTATUCTHYECKN 3HAYNMBIX Pa3iIH-
YUI MEX]ly TPYIIIaMU JIETKOU, CpeTHEN U TSKEION CTENEHU
TshkecTH. B mccnenoBannm (3) WacToTa SHIOKPUHHBIX CO-
ITyTCTBYIOMMX 3a00JIeBaHNH, KYpeHUsI U OKHUPEHUS ObLIa
caMoif BBICOKOH B TPYIIE C TSHKETIOH (opMOit 3a00IeBaHMS:
70, 50 1 50 % cooTBeTCTBEHHO MO cpaBHEHUIoO ¢ 53.8, 15.4
n 46.2 % manueHToB co cpeaneit popmoit u 21, 5.3 n 5.3 %
¢ nerkoii popmoit COVID-19. 3Haunmble pa3inuyusi MExKIy
TTAMEHTaMH1 Pa3HOHN CTETICHH TSDKECTH CPEIH COITY TCTBYIOIINX
3aboseBaHuil B (5) OBLTH BBISBICHBI TOJIBKO IO CaXapHOMY
mabety (ckoppektupoBanHOe p = 0.048).

Taknm 00pa3oM, HECMOTpSI Ha COOTBETCTBUE KPUTEPHUSIM
oTOopa, 0OHAPYKEHBI 3aMETHBIEC Pa3INIns B 0COOCHHOCTSIX
TPYIII CPaBHEHHUS, a TAK)KE HHCTPYMEHTAX BBITIOIHCHNS aHa-
JIM3a, ITO MOXKET OOBSICHSTH HAOMIOAEMYTO BapHAIIHIO PE3YITh-
TaTOB BBIOPAHHBIX MCCIIENOBAHUN. J[pyrnM HEMaOBaKHBIM
(akTOpOM, BIHSIOIINM Ha BapHaOEIbHOCTh PE3YNIBTATOB,
SIBIISIETCSI KJIETOYHAs TETEPOreHHOCTh pacCMaTpUBacMBIX 00-
pa3noB. M3yunTsb BKIIa KICTOYHOM T€TEpOreHHOCTH U Ooriee
MOAPOOHO PacCMOTPETh COCTaB U (DYHKIIMOHAIBHYIO XapaK-
TEPUCTHUKY KIJIETOK BO3MOKHO C ITOMOIIIBIO MTOAXO0/]a CEKBEHH-
posarus PHK emmangnbIX Kiaetok (single-cell RNA-seq).

CekBeHupoBaHue PHK otaenbHbIX Knetok

B nccnepoBaHum Taxkenon ¢popmbl COVID-19

Ha ceronusiHmii 1eHs IPOBEIEH PsiJT UCCIIEA0BAHUH C UCIIONb-
3oBanueM TexHosoruu single-cell RNA-seq st nsydeHwust
HMMMYHHOTO KJIeTOYHOTro Janamadra marpentos ¢ COVID-19.
B Ta6mn. S1 Ipunoxenus! npeacTaBieHbl 0COOEHHOCTH KC-
MIPECCUU TEHOB M KJIETOYHOTO COCTaBa MPH CPAaBHCHHUH TH-
xkenoit u ymepenHoi popmer COVID-19. Tlo pesynsraram
scRNA-seq KJ1eTok KpoBH TsDKemas popma XapaKTepu3yeTcs
OIIpeACICHHBIMH N3MEHEHUSMH B COCTaBE IMMYHHBIX KJICTOK:
HaOJIIOIAJIOCh CHUIKEHUE TIA3MOLMTOUIHBIX JACHIPUTHBIX
kieTok, NK-KIIeToK, HeKJIaCCHYeCKIX MOHOITUTOB U YBEIHU-
YEHHE /10N KIIACCUUECKUX MOHOIIUTOB, 3pPENIbIX HEUTPO(DUIOB
U HE3PEJbIX CyOMOIy IS MOHOIIUTOB B HEUTpohuioB. [Tpu
sorenoi popme COVID-19 Obu1r 00HAPYIKEHBI HEHTPODUITBI
Hu3koi moTHocTH (LDN), BO3HHKAIOIIME B YCIOBHUSIX JKC-
TPEHHOTO MUEIIONI033a 1 CBSI3aHHBIE C TUC(PYHKIIMOHATEHBIMHU
uMMyHHBIME peakiusimu (Schultze et al., 2019), gero He Ha-
6sronaioch mpu Jierkoit hopme. LDN, Kak U 3peiibie HeWTpo-
(buItbl, BBIICISUIM BBICOKHE YPOBHHU anapMuHOB S100A8 u
S100A9 (Schulte-Schrepping et al., 2020; Silvin et al., 2020;
Ren et al., 2021; Wilk et al., 2021). AnapMHHBI BEICBOOOK-

1 Ta6n. S1 MpunoxeHna cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx7.pdf
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JIAIOTCSl B YCJIOBHSIX BOCIAJICHUsI U 00pasyloT CTaOMIBHBIN
reTepoarnMep, N3BECTHBIM Kak KanbmpoTekTuH (Wang S. et
al., 2018), KOTOpBIil y4acTByeT B aKTHBAIIMU M XEMOTAKCHCE
uelitpoduoB (Ryckman et al., 2003), a Taxxe mpeanomo-
YKUTEIIBHO SIBIISIETCSl IPUUUHOM CHHIPOMa BBICBOOOMKICHHUS
muroknHoB (Silvin et al., 2020). Oxnako npu TspKenol Gop-
M€ YCTaHOBJIEHA Pa3HOHAINpPABICHHAsl YKCIIPECCHsI TEHOB He-
KOTOPBIX IpoBocnaiauTeNbHbiX (/L 1B, TNF) n npoTuBoBoc-
nanuTenbHeIX (/FNG) MTUTOKHHOB TIpH 00Tl TTOBBIMICHHOMN
BbIPA0OTKE MPOBOCHANUTENBHBIX [IUTOKMHOB MMMYHHBIMU
KIIETKAMH.

Paznuuus B cocraBe n (pyHKIHOHAIBHONW aKTHBHOCTH
T-kJeTOK Npy pa3HoOi CTENEHH TSHKECTH M Ha Pa3HbIX CTAINSX
COVID-19 MoryT yKa3bIBaTh Ha CIIOKHOCTD T-KIIETOYHBIX pe-
axuuii B orBeT Ha nHQekmio (Ren et al., 2021). I[Tpu sToM Kax-
JIBIH THII KJIETOK, BOBJICYCHHBIX B OTBET HA KOPOHABUPYCHYIO
UH(DEKIHUIO, OTIINYACTCS CIIEIU(PUISCKIM ITaTTEPHOM IKCIIPEC-
CHH{ T'€HOB M MEMOpPaHHBIX OEJKOB, YTO OTPAKAET CIIOXKHYIO
naTo(Gu3noN0ruio TsKeNbIX cuMntoMoB COVID-19. OcHog-
HBIE Pa3IN4Ksi 0OHAPYKEHBI B OTBETE KJIETOK Ha HHTEP(EpOH
I Tnna n B 3xcnpeccnu HHTEPPEPOH-CTUMYITUPYEMBIX TEHOB
(ISG15wn IFITM1/2). Takue HaONIOACHUSI MOKHO OOBSICHUTD
BPEMEHHBIMU N3MEHEHNSIMH Ha Pa3HbIX CTaJIUsIX IIPOTPECCH-
poBanus 3aboneBanus. [Ipu Tsoxenoit hopme HaOmIomaeTcs
BPEMEHHOH CIIBUT: OT paHHEH, HO KPaTKOBPEMEHHOW peakIun
Ha uHTEepdepoH | THma K MPOBOCTIANUTENEHONW PeaKkny Ha
Oonee nmo3auux cramusix (Arunachalam et al., 2020), mostomy
Ba)KHO YUHTHIBATH 1 MOMEHT BPEMEHH B3STHS Marepuasa na-
IIMEHTOB IPH aHAJIM3€ — JIEHb OT Hadasia 3a0oneBanus. OJHaKo
HE BO BCeX paboTax KOHKPETH3MPYIOTCSI THIBI KIETOK MpPH
aHaJIM3€ HKCIIPECCHN T'€HOB, YTO TOXKE YCIOKHSIET BBISBICHNE
001X M3MeHeHu npu Tsokenoi popme COVID-19.

B HECKOIBKMX HCCIENOBAHMUAX HAOIIOZAINChL U 00IHe
naro(pU3nOJOTHYECCKUE MyTH PA3BUTHS TIKENIOH (HOpPMBI,
OTpaXaIolIHe SBICHUE JUCPETYISAIUN UMMYHHOTO OTBETA.
Hampumep, orMevaeTcst HapylIeHHE MMPE3eHTAlu MOHOIH-
TaMH aHTHUTCHOB INIABHOTO KOMIUIEKCA TMCTOCOBMECTUMOCTH
knacca Il T-xnetkam (HLA-DR), 9T0 yKa3bIBaeT Ha pa3BUTHE
nmMmyHocynpeccuu (3ypouka u ap., 2008). Kpome Toro, ycra-
HOBJIEH aKTUBUPOBaHHBIN ITyTh NF-KB — TpaHckpununoHHoro
(dakTopa, ciocoOCTBYIOIIETO Pa3BUTHIO «IIUTOKHMHOBOTO
IITOpPMa» ¥ OKHCIUTEIFHOTO CTPECCa IIOCPEICTBOM YCHUIICHUS
CHHTE3a MPOBOCIAINTEIbHBIX IINTOKUHOB U aKTUBHBIX (POPM
kuciopona (APK) akTuBUpOBaHHBIMU Makpogaramu 1 Hei-
tpodunamu (bonesnu C.b., bonesnu C.C., 2020; Kesika et al.,
2024). OxcunaTuBHBIN CTpecc, BO3HUKAIONIUI B pe3ynbTare
MoBbIMIeHHOTO 00pazoBanust ADK m CHMKEHUSI aHTHOKCH-
JTAHTHOMH 3aIUTHI, CIOCOOCTBYET MaTOreHE3Y TSHKENON (hOPMBI
COVID-19, npuBOIUT K MOBPEKACHUIO KJIETOK U TKaHEH ue-
pe3 mpsiMoe MOBPEXICHNE, TIEPEKNCHOE OKHUCIICHHE JTUITH/IOB
u okucieHne 0enKoB. OKHUCIUTENBHBIN CTPECC B COYETaHUN
C BBICBOOOXK/ICHNEM IIUTOKMHOB BBI3BIBACT TUC(YHKIIUIO H-
JOTEJIMAIBbHBIX KIETOK M aKTUBHPYET KacKa]| CBEpPThIBAHMS
KPOBH, ITPOBOLIMPYST MUKPOCOCYANCTHIH TpoM003. [IpoBocna-
JIUTENbHBIEC IUTOKUHBI JIOTIOHUTENILHO CTUMYIINPYIOT CHHTE3
ADK, ycyryomsist OPJIC n noBpex/ieHre JIErOYHON TKaH! 1
(OpMHPYSI TOPOIHBII KPYT MEK/TY OKHCIUTEIEHBIM CTPECCOM
U uToKMHOBEIM 1mTopMoM (Polonikov, 2020; Gadotti et al.,
2021; Alam, Czajkowsky, 2022; Labarrere, Kassab, 2022).
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AHaJIM3 TPAHCKPUITOMHBIX JAaHHBIX TaKXKE MOJTBEPKIAET
3HAYCHUE HAPYUICHUSI OKHCIUTEIHHO-BOCCTAHOBHTEIHHOTO
OanaHca B matoreHese Tspkenoro reaeHust COVID-19. ABropsr
pabortst (Saheb Sharif-Askari et al., 2021) nmpoBenu ananu3
in silico o0menocTymHBIX AaHHBIX nanueHToB ¢ COVID-19
JUJIS OLIEHKU YpOBHEH dKcmpeccuu 125 reHoB, CBSI3aHHBIX
C OKHCIHUTEIBHBIM CTPECCOM, U OOHAPYKUIH CEMb T'€HOB
(MPO, S10048, S10049, SRXNI1, GCLM, SESN2 u TXN),
HMMEBIINX MOBBIIIEHHYI SKCIPECCUIO B LEIBHONH KPOBH U
ayTOTICHSIX JIETKUX MAIIMEHTOB C Tshkenoit popmoit COVID-19
110 CPaBHEHHMIO C MAaIMEHTaMH ¢ HeTshkesol (opmoii. B uc-
cnenoBannu (Tavassolifar et al., 2023) B MOHOHYKJICapHBIX
KkieTkax nepudepuueckor kposu manueHtoB ¢ COVID-19
BBISIBIICHBI TIOBBIIIICHUE YPOBHS BHYTPUKICTOUHBIX ADK,
CHIDKCHHE YPOBHSI aHTHOKCHIAHTA TIIyTaTHOHA, a TAKXKe THU-
MIEPIKCIIPECCHUs TCHOB OKCHIIAHTOB U aHTHOKCUAAHTOB (CAT,
NFE2L2, SODI1, SOD2 wn CYBB).

O6LWHOCTb NCccnefoBaHUi

bulk u single-cell RNA-seq

HekoToprle 3aKOHOMEPHOCTH, BBISBICHHBIC NP aHAIN3E
TPAHCKPHUIITOMOB ITyJIa KJIETOK KPOBH MAIIMEHTOB C YMEPEHHON
u Tsoxenoit popmamu COVID-19, 6611 ycTaHOBIICHBI U ITPH
IIPUMEHEHUU TPAHCKPUITOMUKH EANHUYHBIX KJIETOK.

VYBenn4eHne oM HUPKYIUPYIOMUX HEHTPO(DUIOB, UX
TUTEPAKTUBALUSA U TUCPETYISIINS, TMOSBICHUE HE3PENbIX
WM Pa3BUBAIOIIUXCS HEUTPO(DUIIOB, CBA3aHHBIX C TSDKECTHIO
COVID-19, obHapyXeHBl B HECKOIBKUX HCCICIOBAHUAX C
npuMmeHeHneM scCRNA-seq moaxona. AHaIu3 BBISIBIII THIIEP-
9KCIIPECCUIO0 TEHOB, KOANPYIOLINX POBOCHAIUTENbHBIE IINTO-
KHHBI, CBA3aHHBIE C (DaronnTO30M U IETpaHyIAIHIEH, a TAKXKe
reHoB (Hanpumep, PADI4, MPO, ELANE n PRTN3), koTopbie
Y4YacTBYIOT B 00pa30BaHWU HEUTPO(MIBHBIX BHEKIETOUHBIX
noyiek (Barnes et al., 2020; Schulte-Schrepping et al., 2020;
Silvin et al., 2020; Wilk et al., 2021). 130bITOYHOE BBICBO-
ooxaeare NET u3 HEHTpO(HIOB CIIOCOOCTBYET Pa3BUTHIO
OKHCIIMTEIBHOTO CTPecca, THIEPKOAry IsIuY, HapyIICHUIO
AJIbBEOJISIPHON MUKPOLUPKYIISILIMN M MOBPEXKIACHHIO JIETOYHOM
TKaHHU. YPOBHHU KOMIIOHEHTOB HEUTPO(DHUIbHBIX BHEKJIETOUHBIX
noy1iek — Hanpumep, PHK DEFA 1 v akTUBHOCTB 371aCTa3bl
Heiirpodunos (ELANE) B kpoBu — paccMaTpuBarOTCs Kak
MOTeHIMAIbHBIe OroMapkeps! Tspkenod Gopmsel COVID-19
(Wargodsky et al., 2022).

V 3penbiX akTHBUPOBAHHBIX HEUTPODUIIOB MPU TSKEIOH
¢dopme COVID-19 oGHapykeHa HOBBIIICHHAs! SKCIPECCHS
reHa CD177, BO3MOXHasl pOJb KOTOPOTO B MAaTOT€HE3E paHee
obcysxnanace, u renoB CD274 nu ARG (Schulte-Schrepping
et al., 2020; Wilk et al., 2021), Bxozmsux B cocras 149 06-
mwmx 2T CD274 (PD-L1) u ARG cBsi3aHBI ¢ TOJaBIEHUEM
aKTUBAIMHU T-KIJIETOK, YTO MO3BOJISIET IIPEATIONOKUTD, YTO HEH-
TPOQHUIIBI MOTYT BBIIOJIHATH UMMYHOCYIPECCUBHBIE ()YHKIHN
mpu TsokenoM tedeHnn COVID-19 (Schulte-Schrepping et al.,
2020). OTi HaOMIOAEHUS COTIIACYIOTCS € TTOJABICHUEM OOIINX
Iy TeH TMMQOIMTAPHOTO UMMYHHUTETA.

Oo6orarmieHne myTel CHTHAJIOB HHTEPICHKUHOB Kak C MPOo-
THBOBOCIIAJIUTENILHBIMH, TaK H C IIPOBOCTIANIUTEILHBIMH (DYHK-
UMy OOHapykeHo TpH aHam3ax bulk u single-cell RNA-seq.
[peamnoraraeTcs, 4To MOBBILICHUE YPOBHS IIPOBOCTIATNUTEIb-
HBIX IIUTOKMHOB UTPACT BAXKHYIO POJIb B TSDKEJIOM IIPOTpec-
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Puc. 5. 06wme anddepeHUmanbHO SKCNPECCMPYIOLLMECS FeHbl U 06LiMe 3aKOHOMEPHOCTY, BbIABNEHHbBIE MPU CPAaBHEHUN
cpepHeit n Taxkenol dopm COVID-19 npu bulk u single-cell noaxopax k cekBeHnposaHuio PHK kpoBsu.

T— yBenuyeHune fonm unn skcnpeccmnu; l— CHVXEeHMEe JoNnn unn sKkcnpeccnun; Tl— Pa3HOHanpaB/ieHHaA 3KCnpeccuA. CnenaHo C

nomouybto https://BioRender.com.

cupoBanuu COVID-19, BeI3bIBasi THIIEPBOCHANIHUTENBHYIO pe-
aKIIMIO, Ha3bIBAEMYFO IMTOKHMHOBEIM mTopmoM (Epios u ap.,
2020; Guo et al., 2020). Peakmmst IFN-I moxeT crmocodcTBO-
BaTh Pa3BUTHIO THIIEPBOCHAIUTEIEHOTO OTBETA, BBI3BAHHOTO
IL-1B, mpu Tsmxenom nporpeccupoBann COVID-19 (Lee J.S.
et al., 2020). I'eneTnyeckas cUTHaTypa CHTHAJIBHBIX ITyTEeH
IL-4/13 u IL-18 B MOHOIIMTaX 3HAYUTEIHHO YBEIMIUBAIIACH
mpu Tsoxenoit popme (Lee J.S. et al., 2020; Liu C. et al., 2021;
Jeong et al., 2023).

EcrectBennsie kmntepabie (NK) KI€TKH UTPAIOT BaXKHYIO
pOJb B PEakIMsAX BPOXKACHHOTO MMMYHHTETA Ha BHUPYCHBIC
napekmn. CHmKeHne QYHKIHOHANBHON akTuBHOCTH NK-
KJIETOK CBSI3aHO C OCTPOH M XPOHHYIECKOH BUPYCHON MH(EKIIH-
eit (AbakymmHa u ap., 2012). [Ipn ananm3e pe3ynbpTaToB CeK-
BeHnpoBaHusi PHK eqMHUYHBIX KIIETOK BBISBICHBI PA3IHIHS
B TpaHckpunrome NK-KJIETOK Mex/ly rpynnaMy NalueHTOB
C YMEpPEHHOH U Tspkenol crenennio Tshkectd COVID-19.
Hanpumep, oOHapy>keHa 3HaYNTETbHAS TPAHCKPUITIIMOHHAS
TIepeCcTpOiiKa, BHI3BaHHASI TOBBIIICHUEM YKCIIPECCUH KAHOHH-
YeckuX TeHoB akTuBannu NK-kieTok mpu Tspkesnoi gopme,
B TOM YHCJIE€ OBBIIICHHAs YKCIIPECCHS TEHOB, KOJUPYIOIINX
OUTOTOKCHYecKHe dppexTopHbie Monekyinsl GZMB, PRF I,
GZMA, a taxxe mapkep nponudeparmu MKI67 (Wilk et al.,
2021; Shaymardanov et al., 2022). OnHaKko TeHBI, CBI3aHHBIC
¢ nuToTokcMIHOCThI0 NK-Kkitetok (GZMM, GZMH, GZMA)
ObUTH MACHTH(UIIMPOBAHBI CPEIN OOIIMX HU3KOAKCIIPECCH-
pyrommxcst reHoB Tipu aHanmse bulk RNA-seq, n curnaib-
HBIA ITyTh UMMYHHTETa, onocpenoBaHHoro NK-kinetkamn
(GO:0002228), 6611 0OOTaIIIEH TEHAMH C THITOIKCIIPECCHEH.
[Mpusnaku ucromenus NK-KJIeTok Ha ypOBHE TPaHCKPUIITOMA
HAOTIOATNCH Y MTAIUEHTOB C Tspkemoi popmoit COVID-19 u
mpu npumeHeHnn sScCRNA-seq (Lee J.S. et al., 2020; Kramer

etal., 2021; Liu C. et al., 2021; Wilk et al., 2021; Witkowski
et al., 2021). B pa6ore (Witkowski et al., 2021) NK-knetkn
JIEMOHCTPUPOBAIIM TUCPETYISIIHIO MPOTYKINH IIUTOKWHOB,
KJIETOYHO-OIIOCPEIOBAaHHON ITUTOTOKCHYHOCTH M OTBETa Ha
BUPYC, HECMOTPSI Ha BBICOKYIO SKCTIPECCHIO IIMTOTOKCHIECKUX
s¢dexTopHbIx Monekyi. [Ipn 3ToM Ha TpPaHCKPHUIIIMOHHBIC
CETH, OTBEYAIOIIHE 3a akTHBaIio NK-KIIeToK, HakiIaapBaach
JOMUHHpYIolIas curHarypa orsera Ha TGF-f. B uccienona-
auu (McClain et al., 2023) muddepeHimanbHast SKCIPeCccus
rera TGFB 1, komupyromero TpaHcHOpMHUPYIOIIIA pOCTOBOI
¢axrop Gera-1, Habmroganace B MmoHorurax CD14* u Obuia
cBsi3aHa ¢ yxyamerneM teaeans COVID-19, a B pabote (Ren
et al., 2021) mosrrmienHas skcnpeccus 7GFBI1 nHabmromganach
B T-, B-mumponunrax, NK- u neHaputHeix xietkax. Cpemu
OCHOBHBIX ITyT€H, aKTUBHPYIOIIMXCS TIPU TSDKETIOH Gopme B
cirydae Delta mraMma KopoHaBHpyca, ObUT BBISIBIICH U ITyTh
TGF-B (Shaymardanov et al., 2022). Takum 00pazoM, ydacTue
TGF-B moarsepx/aercst U Mpy aHAJIN3€ TPAHCKPHUIITOMA HA
YPOBHE €IMHUYHBIX KIJIETOK. J[aHHbIE pe3yabTaThl MO3BOJISIOT
TIPEATIONIOXKHUTE, YTO HapyIeHus uToTokcuaHocTn NK-Kie-
TOK, B TOM uHcie nocpenctsoM Biustaust TGF-f mytu, moryr
OBITH CBSA3aHBI C MEXaHN3MAMHU PA3BUTHS TSKEIOH CTEIICHU
COVID-19 (Su et al., 2020; Lee M.J., Blish, 2023).
Ocobennoctr pazButus Tspkenoit popmer COVID-19 xa-
PaKTepU3yIOTCSI MHOTOIPAaHHONH MMMYHHOW JTUCPETYIISIHEH,
KOTOpAasi ONHCHIBACTCS Kak cocTosiHME auchananca (Yao etal.,
2021). HecmoTpst Ha pa3nuyus B MOJXOAAX K CCKBEHHPOBA-
uuto PHK, nipu cpaBHeHM™ cpemHei u Tsoxenoit hopm ObLTH
HOCHTUPUITIPOBAHEI 00mue nuddepeHITnanbHo dKCIpec-
CHPYIOLINECs TeHBI U HEKOTOpHIE O0IINe 3aKOHOMEPHOCTH
(puc. 5). Habmonaercst HapyIeHNne peryssinni BpOXKISHHBIX
(THTIEpBOCTIAVINTENBHBIC PEaKIINH, CHIKEHHE ITUTOTOKCHYHO-
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ctn NK-Ki1eToK, akTuBanus M AeTpaHyssiius HeHTPo(hHIIOB)
1 aJanTHBHBIX (YTHETEHHE MyTel JTUM(OINTapHOTO UMMY-
HUTETa) IMMYHHbIX peakuuil. [Ipu sToM 0OHapyKeHa Takxe
pa3HOHanpaBlIeHHasl dKCIPECCUsi HEKOTOophIx obmmx J(OT,
Hanpumep CD96, CD4 u CD247, sxcnpeccupyroluxcsi Ha
Pa3HbIX MIMMYHHBIX KJICTKaX M YYacTBYIOIIMX B MMMYHHOM
OTBETE, YTO COTTIACYETCS C SIBICHUEM KIJIETOYHON TeTepOTeH-
voctu. [Ipu bulk RNA-seq Bkiax B o0mmid ypoBEeHB JKC-
IIPECCHU T'€HOB MOJKET BHOCUTD IKCIIPECCHSI TEHOB B KJIETKAX,
KOTOPBIE COZIepIKaTcs B 00pa3iiax KpOBHU MALMEHTOB B Pa3HBIX
IIPOTIOPILIMSIX, B TO BpeMs Kak 1pu single-cell RNA-seq ypos-
HU SKCHPECCHU T'€HOB IOJIYYEHBI B OTAEIBHBIX ITOITY/ISIIUAX
KIIETOK.

3akniouyeHune

TpaHcKpUNTOMUKA KPOBH SBISETCS Ba)KHBIM HHCTPYMEHTOM
N3y4YEeHUs] 0COOEHHOCTEH NMMYHHUTETa Y ALIMEHTOB C KOPO-
HaBHPYCHOH nH(peknuen. JlnHaMuka IMMYHHOTO OTBETa Op-
raHu3Ma IMpHu WHPEKIIMOHHOM TPOLECCEe OTPAXKACTCS B U3-
MEHEHHSIX IKCIIPECCHH TeHOB U MOXKET OBbITh M3y4yeHa y mHa-
LIUEHTOB C PA3BUTHEM TSKEIOTO COCTOSHHUS ISl BBISIBIICHHS
ITyTeH, KITFOYEBBIX ISl IPOTPECCUPOBAHNS 3a00JICBaAHMS.
[Ipeamnomnaraercs, 4To 0OHapy>KEHHBIE TEHBI MOTYT CITy’KHTh
Oouomapkepamu kputudeckoro coctossaust nmpu COVID-19 u
BO3MOKHBIMH TEPAIIEBTHYECKUMHU MHUILICHSIMHU.

[IpoBeneH aHamu3 o0mKX, HarboIee 3HAYUMBIX TU(PEpeH-
LUAJILHO YKCIIPECCUPYIOMINXCS TEHOB U ITyTeH, ITOIyYeHHBIX
B TpaHCKpunToMHbIX uccaenoBanusix COVID-19. Ilpoana-
JTU3UPOBAHBI pabOTHI, COOTBETCTBYIOIINE KPUTEPUAM 0TOODA,
BKJTIOYAIOIITE MACCOBOE MapajuieibHOe cekBeHnpoBanrne PHK
KJIETOK LICJIBHOW KPOBU U CPaBHEHUE TSDKEJIOU U CpeiHel
cTeneHell TsxkecTH. PaccMOTpeHBl BO3MOXKHBIE MOJIEKYIISpP-
HBIC U3MeHeHus, Bbi3BaHHBIE SARS-CoV-2, kotopsie nudde-
PEHIMPYIOT MAIIMEHTOB C PA3BUTHEM TSKEIBIX OCIOKHEHUH
COVID-19 oT manuenToB ¢ yMEpeHHBIM TeUCHHEM OOJIC3HH.
B uccnenosanmsix bulk RNA-seq Bcero 0bu10 uaeHTHDHIIN-
poBano 7605 auddhepeHInanTbLHO SKCIPECCUPYIOIITUXCS TEHOB,
IIPH 3TOM BBISBJICHO TsiTh 00Imx renoB: CDI177, PPARG,
PCOLCE2, SLC514 u ADAMTS?2. PaccMOTpeHa UX BO3MOXK-
Has ponb B marorenese Tsokenond popmer COVID-19. Takue
TIATOJIOTHYECKHE MPOIIECChI, KaK THIIepBOCTaneHue, Guopo3
1 JUCPETYISIINS aJalTHBHOTO U BPOYKAEHHOTO UIMMYHHTETA,
MOTYT OBITh OJJHIMH 13 BO3MOKHBIX MEXaHU3MOB ITPOTPECCH-
pOBaHMsI KOPOHABUPYCHOI uHpekuuu. /s yeTpipex Hanbo-
Jiee ONM3KUX 10 Ju3aiiHy paboT ObUIN Hal/IeHbI 00IIUe Ty TH
oboramenus o 149 JIOT, koTopple BKIIOYANIHA aKTHBAIIHIO
MIPOLIECCOB AETPAHYISIINN HEHTPO(DHUIOB, CHTHAIBHBIX Iy TeH
MHTEPIEHKNHOB, ONOCHHTE3a KOJIJIareHa 1 IOaBIeHHE My Tel
agantuBHOro 1 NK-kjieTouHOro MMMyHUTETA.

B nanHol paboTe paccMaTpUBAaOTCS pe3yNIbTaThl H3yue-
HUSI TPAHCKPUIITOMOB ITAIIUEHTOB C Pa3HBIMU KJIMHUYECKUMHU
¢dopmamu COVID-19 ¢ ncronp3oBanueM single-cell Texuoso-
TMH, KOTOPBIE MOATBEP)KAAIOT MPEATOIOKEHNE 00 NMMYHHON
JUCPETYJISIIAHI, BBIABICHHOU 110 pe3yiasratam bulk RNA-seq
y TAIEHTOB NP Pa3BUTHH TsDKeI0# Gpopmbl. Tskenoe Teye-
HUE OTIMYAETCS YBEIIMYCHUEM JI0JIU U aKTHBHOCTH 3pEJIbIX U
pa3BUBAIOLINXCS HEHTPO(DMIIOB, pa3BUTHEM CHHAPOMA BbI-
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CBOOOXKICHHS [TUTOKMHOB, & TAK)KE HAPYIICHUEM [IUTOTOKCHY-
Hoctu NK-knetok ¢ BoBineuenuem TGF-f myTn.

Uccnenoanust B obmactu Tpanckpuntomukun COVID-19
PacKpbIBalOT 0COOCHHOCTH KIIETOYHBIX M MOJICKYJISIPHBIX TTPO-
LIECCOB, KOTOPBIE MOTYT IMPHUBECTH K Pa3BUTHIO TSHKEIOU
(opMbl KOpoHaBUPYCHOI nH(pekunu. BrrsiBnenne PHK-6no-
MapkepoB y manueHToB ¢ COVID-19 Moxer crmoco6cTBOBaTh
6omee 3¢ pekTHBHOMY pacro3HABaHUIO TTAIMEHTOB M3 TPYIIII
pucka, crparudukanyu TSHKECTH 3a00J1eBaHUs, POTHO3UPO-
BaHMIO TshKesoro TeueHus u ucxonos COVID-19. Tpanckpur-
TOMHBIE OMOMapKephbl MOKa3bIBAIOT CBOIO 3P (PEKTHBHOCTD 1
B muddepeHnmanun maueHTos ¢ napexmeir SARS-CoV-2
1 TIAIUEHTOB C JIPyTUMH JIETOYHBIMH MHpeKmmsamu. Kpome
TOT0, OHM UTPAIOT BAXKHYIO POJIb B OIIPE/ICIICHUN HAIPaBICHUH
3¢ dexTuBHOrO Ne4eHuss HHPEKIHMH, B TOM YUCIe AJIUTENb-
Hoit COVID-19. PHK-mapkepbl MOTYT OBITh HCIIOJIB30BAHbI
B KaueCTBE TEPAlleBTHYECKUX MUILICHEH, a TaK)KEe B OLICHKE
OTBeTa Ha JeueHue. JJaHHbIe IperMyIecTBa MOAYEPKUBAIOT
noreanuan PHK-OnomapkepoB Juis KIMHAYECKOTO TIPUMeE-
HEHHUS B IMarHOCTHKE, IPOTHO3MPOBAHNH U pa3pabOTKe mep-
COHAJIM3UPOBAHHBIX CTPATETHi JICUECHUs] ¥ peabuInTanuu
NAlHEeHTOB.

OpHako, HECMOTPS Ha BBICOKYIO 4yBCTBUTENbHOCTE PHK-
OMOMapKepoB, UX WHTETPALUs B KIMHUYECKYIO MPAKTUKY
CTAJIKNBACTCSI CO 3HAYUTEIBHBIMH TpyaHOCTIMH. OcoOeH-
HOCTH JU3aifHOB UCCIIEIOBAHMI HEPEIKO 3aTPyaHIIOT 0000-
LIEHUE PE3YNIbTaTOB M OIPAaHUYMBAIOT BO3MOKHOCTb HJICH-
tudukanuu cornacoBanHbix PHK-O0momMapkepoB TskecTH
teuenust COVID-19. Bapuabensnocts nanneix PHK cek-
BEHUPOBAHUSI MOXET OBITh 00yCIIOBICHA U BIMSIHUEM HH-
JVBHIYaJIBHBIX (PU3NOIOTHYECKUX pa3Iniuii MallMeHTOB U
(hakTOpOB OKpyXKaroiiel cpeasl. Pe3ynbraTsl MOTyT OBITH He-
PEIPEe3eHTaTUBHBIMU /ISl TALIMEHTOB Pa3HbIX MOIYIISIHN, B
TOM YHCJIE M3-32 MOMYJISAIUOHHON CIIe(pUIHOCTH HMMYH-
noro orBera (Nédélec et al., 2016; Randolph et al., 2024).
BaxHO y4nTHIBaTH 1 OCOOCHHOCTH TIOJIyYESHHUs] MaTepHaa B
KIIMHUYECKUX yCIoBusX: TouHoe n3mepenue PHK 3arpynne-
HO HecTabmTpHOCTRI0 PHK B KpoBH M CITOKHOCTBIO OYHCTKH.
B nmepcniekTuBe MHTETpAIMs HOBBIX TEXHOJIOTHH, TAKMX KakK
PHK-cekBeHHMpOBaHUE €IMHUYHBIX KJIETOK, IPOBEpKa 3¢-
(DEeKTHBHOCTH BBISBICHHBIX IIPEUKTOPOB B O0JIee KPYITHBIX
MHOT'OLIEHTPOBBIX MCIBITAHUSIX U pa3paboTKa CTaHAapTH3H-
POBAHHBIX MPOTOKOJIOB UCCIIEAOBAHUM TOMOTYT IIPEOJI0JICTh
HEKOTOPbIC OTPAaHUYCHUS KIMHHUYECKOTO MCIOJIb30BaHUS
PHK-mapkepos (Schultze, Aschenbrenner, 2021; Chen et al.,
2022; Wargodsky et al., 2022; Eldien et al., 2025; Shimansky
et al., 2025). Kpome Toro, Juisi MOJHOTO PacKpPBITUS CIOXK-
Horo natorenesa Tspkenoid popmel COVID-19 BaxkHo mpume-
HUTbH KOMITIEKCHBIH, «OMUKCHBIH» TTO/IXO/1, KOTOPBII ITOMUMO
TPAaHCKPUIITOMHKH OyZIET BKIIIOYATh HHBIE METO/IbI H3yUCHHUS
ocobeHHocTel UMMyHHOTO 0TBeTa HA SARS-CoV-2: mporeo-
MHKY, META00JIOMHKY, SITUTCHETHKY, MYJIbTHIIIICKCHBIE U3Me-
peHUsI IUTOKMHOB/XEMOKHUHOB U Ap. Ha ocHOBaHuM pe3yiib-
TATOB NPUMEHEHUSI MYJIBTHOMHKCHBIX TEXHOJIOTMH MOXET
ObITH oOecrieueHa pa3paboTKa HOBBIX IOJXO/IOB B IPOTHO-
3UPOBAaHUM HCXOOB, MPOMUIAKTUKE U JICUCHUN TSHKEJIOTO
COVID-19.
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(Acrocephalus dumetorum)

E.IT. [TonomapeBa 1@, B.A. TepHoBoit LEB. [Tporomnonosa LHA. Tynora 1 B.B. Aokren (D12

1 focyaapCTBEHHbIN HayUHbIl LEHTP BUPYCONorm n 6rotexHonorum «Bektop» Pocnotpe6Hagzopa, p. n. Konbuoso, Hosocubupckas obnactb, Poccus
2 DepepanbHblil UCCNIe[OBaTENbCKUMN LEHTP VIHCTUTYT umTonorum u reHeTnki CbMpckoro otaeneHns Poccuinckon akagemun Hayk, Hosocnbunpck, Poccus

@ ponomareva_ep@vector.nsc.ru

AHHOTauuA. BoBneyeHme pasnuyHbIX BUAOB AMKUX NTUL B GOPMMPOBaHME MPUPOAHBIX OYaroB BUPYCOB KiELeBOro
sHuedanuTta (BK3) n 3amagHoro Hwuna (B3H) obecneumBaeT ObicTpoe pacnpocTpaHeHue 3Tux opTodiaBMBMPYCOB
B Pa3fiMuHbIX reorpaduryeckmx paoHax 1 GOPMMPOBaHME HOBbLIX MPUPOAHbLIX 0YaroB AaHHbIX MHPeKunin. OpHaKo
ponb nonynAunoHHom BapuabenbHocT BK3 1 B3H B dopmMupoBaHum NprpoAHbIX OYaros, BO3MOXHOCTb MOABMEHNUA
(cenekuum) HOBbLIX BUPYCHbIX BAapMAHTOB, MaTOrEHHbIX AJSiA YeNIoBEKa, B 3TUX MPUPOAHbIX Ouyarax OCTalTCA elle
HeloCTaTOYHO M3yyeHHbIMU. Llenb HacToALlero nccneaoBaHUA — OLEHWUTb MOMYNALUOHHYIO reTeporeHHOCTb reHOMOB
BK3 cumbupckoro n [JanbHEBOCTOYHOrO reHoTMnos M B3H, KoTopble Obiiv OLHOBPEMEHHO BblAeneHbl M3 TKaHen
ofiHO ocobu capoBoli KambllwoBKM (Acrocephalus dumetorum), oTnoBneHHOW B NPUPOAHBIX NlaHAWadTax npuropoaa
Tomcka. C 3Toll Uenblo GbIIM MCMONb30BaHbl METOAbl BbIAENEHUSA BUPYCHbIX LUTAMMOB Ha PasfiNYHbIX KynbTypax
KNeTOK B COYETaHUM C aHanM30M TMOJIHbIX BUPYCHbIX FEHOMOB MOJyYEHHbIX W30MIATOB, OMNpefesieHHbIX MeToAamu
TPaAMLUMOHHOIO 1 BbICOKONPOU3BOAUTENIbHOTO cekBeHrpoBaHuA (NGS). KOHCEHCYCHble NOHOreHOMHbIE HYKNeoTUAHbIE
nocnefoBaTeslbHOCTU BUPYCOB MOJyYanu cekBeHWpoBaHmem no CaHrepy M CpaBHMBaNM C NocnefoBaTebHOCTAMMU,
nonyyeHHbiMn metopom NGS, ¢ opHOHyKneoTupHbiMu 3ameHamu (single nucleotide variant, SNV) 2 % un Bbiwe,
B Mpeaenax vsydyaemon nonynauuu. O6Hapy>KeHHbI OLHOHYKNeoTUAHbIA nonumopdusm (SNP) accouumnpoBancs Kak ¢
CUHOHVMUWYHBIMM, TaK N HECMHOHUMUYHBIMI HYKNEOTVAHBIMU 3aMeHaMy NMPEVNMYLLECTBEHHO IOKaNM3YOWMXCA B reHax
HeCTPYKTYpHbIX 6enkoB BKS 1 B3H. MNpn 3ToM BO3MOXHbIX peKOMOMHALMOHHbBIX COObITUIA B FreHOMAax M30/MPOBaHHbIX
opTopnaBnNBMPYCOB OOHapYKNTb He yAanocb. Pe3ynbTaTbl Mokasanu, uto usonatbl B3H Tomsk/bird/2006/A4, BKD
PT12 v PT122, BbigeneHHble u3 A. dumetorum, npeAcTaBneHbl reTePOreHHbIMU BUPYCHBIMU MONYNALUMAMU, B KOTOPbIX
06HapyKmnBalTCA MHOXecTBeHHble SNV, Bo3HMKatowme ¢ yactoton ot 1.75 go 19.88 % gna B3H un ot 2.08 go 23.73 %
ana BK3. 1na 6onblwinHcTBa BbiABeHHbIX SNP HaneHbl aHaNorMyHble HyKNeoTUHbIe 3aMeHbl B rTeHOMaX Y»>Ke N3BEeCTHbIX
wrammoB BK3 n B3H, uto MoxeT cBupeTenbCcTBOBaTb O BaXHOW ponu 3Tux SNV-CNekTpoB B BMPYCHOWN apanTtauuu v
obecneyeHn reHeTUYECKOro 1 GeHOTUNMYECKOTOo pa3Hoobpasna 3TX BUPYCOB B NpUpoJe.

KnioueBble cnoBa: BUPYC Krewesoro sHuedbanuta; BUupyc 3anagHoro Huna; ogHOHYKNeoTUAHbIM nonnmopdursm; Brpyc-
Hbll FeHOM; BbICOKOMPOU3BOANTENIbHOE CEKBEHMPOBaHKE; CAA0BaA KaMblLWOBKa; 0pTOdpIaBUBUNPYCHI

[na yntuposaHua: NoHomapesa E.lN., TepHoson B.A., Mpotononosa E.B., Tynota H.J1., Jloktes B.5. OgHOHYyKneoTnaHble
nonumopdursmMbl B reHoMax BUPYCOB KnelleBoro 3Huedanuta n 3anagHoro Huna npu TponHOM NprupogHon NHGeKumm
y cafloBoli KambIWwoBKY (Acrocephalus dumetorum). Basunogckuli xypHan eeHemuku u cenekyuu. 2026;30(1):117-125. doi
10.18699/vjgb-26-12

OuHaHcpoBaHue. ViccnefoBaHyie BbIMOTHEHO B paMKax rocyfapCcTBeHHOro 3agaHuna 7/21 1 9/21 ®BYH MHL Bb «BekTop»
PocnoTtpe6Hagsopa.

BnarogapHocTu. ABTOpPbI Bblpa)atoT riy6oKyto 6narogapHocTtb(AH. UJBanOBy|w|T.I'I. MVIKpIOKOBOI7l|3a nomolLb B NpoBe-
LEHUN SKCNEePVIMEHTOB, CEKBEHNPOBAHUN 11 BbIMOSIHEHMM aHaNM3a BUPYCHbIX FEHOMOB.
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are typical for tick-borne encephalitis and West Nile viruses
during triple natural mixed infections in Blyth’s reed warbler
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Single nucleotide polymorphisms in the genomes
of TBEV and WNV isolated from Blyth's reed warbler

Abstract. Wild bird species contribute significantly to the rapid geographic dissemination of tick-borne encephalitis viruses
(TBEV) and West Nile virus (WNV), facilitating the establishment of new natural foci of these orthoflaviviruses. However,
the impact of TBEV and WNV population variability on shaping these foci, as well as the potential emergence of new
human-pathogenic viral variants, remain underexplored. This study aimed to assess the genetic heterogeneity of TBEV
(Siberian and Far Eastern genotypes) and WNYV, isolated simultaneously from the tissues of a single garden reed warbler
(Acrocephalus dumetorum) collected in the suburbs of Tomsk. The methods of viral strain isolation on various cell cultures
were used in combination with a whole-genome analysis of isolates through traditional and high-throughput sequencing
(NGS) methods. Consensus full-genome nucleotide sequences of the viruses were obtained by Sanger sequencing
and compared with those obtained by NGS, with single nucleotide substitutions (single nucleotide variants, SNVs)
accounting for 2 % or higher within the population under study. Our findings revealed single nucleotide polymorphisms
(SNPs) associated with both synonymous and non-synonymous nucleotide substitutions, primarily located within the
non-structural protein genes of TBEV and WNV. Notably, recombination events were not detected in the genomes of
isolated orthoflaviviruses. The WNV isolate, Tomsk/bird/2006/A4, and the TBEV isolates, PT12 and PT122, obtained from
A. dumetorum, exhibited heterogeneous viral populations, with SNVs ranging in frequency from 1.75 to 19.88 % for WNV
and from 2.08 to 23.73 % for TBEV. Most identified SNPs shared similar nucleotide substitutions in the genomes of already
known strains of TBEV and WNV, suggesting that these SNVs could play a crucial role in viral adaptation and underscore
the genetic and phenotypic diversity of these viruses in nature.

Key words: tick-borne encephalitis virus; West Nile virus; single nucleotide polymorphism; viral genome; high-throughput
sequencing; garden warbler; orthoflaviviruses
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BBepeHue
Bupyc knemesoro suuedanuta (Orthoflavivirus encephaliti-
dis) n Bupyc 3anannoro Huna (Orthoflavivirus nilense) oTHO-
csitest K ceMeicTBy Flaviviridae, pory Orthoflavivirus (Current
ICTV Taxonomy Release; Postler et al., 2023). Bupycs! kie-
mieoro sHIedamurta (BKD) n 3amagroro Huna (B3H) cro-
COOHBI BBI3BIBATh 3a00JI€BAHNS YEJIOBEKA, KOTOPHIE MOTYT
IIPUBECTH K PA3BUTHIO TSDKENBIX ITOPAKCHHUH IEHTPAIBLHON
HepBHoii cuctemsl (Worku, 2023; Singh et al., 2024). Bupycst
(OpMHPYIOT IPUPOAHBIE OYATH, A YSIIOBEK, KaK PaBHIIO, 3apa-
xaercst uepes ykyc komapa (B3H) mm kiema (BK3). ITpupon-
Hble ouarn BKO xapaxrepns! 11 ceBepHoii EBpasun, a B3H
pacnpoctpaneH (akrudecku riodambHo (Pustijanac et al.,
2023; Simonin, 2024). Ha reppuropuu rora 3anaanoi Cubnpu
OTMEYEHa OJJHOBPEMEHHAsI IIMPKYJISIIUS 9THX ABYX OpTOdIa-
BuBupycoB (TepHoBoii u ap., 2004; Koronosa u 1p., 20006).
Jls BKO 1 B3H xapakrepHo reHeTHueckoe pazHooOpasue,
Tak, 11 BKD onmcano cymecTBoBaHue He MEHEE IISITH OC-
HOBHBIX F'€HOTUNOB, a A1 B3H — mo MeHb1Iel Mepe neBaTH
rerotunos (Dai et al., 2018; Kozlova et al., 2018; Simonin,
2024). YpoBeHb HYKJICOTHIHBIX Pa3INuUi MEXIy pasHbIMU
TCHOTHIIAMU MOKeT mocturats 18-20 %. ns cubupckoro
permoHa XxapakTepHa IUPKYISLUS CHOMPCKOTO U TAIEHEBOC-
TouHoro renotunos BKO u renoruna 1a B3H.
CoBpeMeHHBIE METO/IbI BBICOKOIIPON3BOANTEIBHOTO CEKBE-
HHUPOBAHUS JAI0T BO3MOXKHOCTB BBISIBUTB Haimune SNP (oqHo-
HYKJICOTUAHBINA NOIUMOP(U3M) B OTHOCUTEIHHO HEOOIBIINX
BHUPYCHBIX HONYJSIMAX. Tak, uccienoBanue Hanmmausg SNV
(single nucleotide variant) B IOMyJIAUSAX aallTHPOBAHHOTO
K pa3ju4YHbIM YCJIOBUSAM KyJabTUBHpOBaHMs wTamma EK-328
BKD u ero knoHupoBaHHBIX BapUaHTOB MOKa3ajuo, uto SNV
BO3HMKAIOT C 4acTOTOW okoio | % B momymsnusax sabopa-
topHoro mramma BK3 (Litov et al., 2018). DTo mo3Bonmio
MIPEIIONIOKUT, YTO CyllecTBOBaHME MUHOPHBIX SNV BKO
obecrieunBacT MUKPO3BOIIIOIUIO U BO3MOKHOCTH OBICTPOI

aJlanTalliyd BUPYCHON MOIYJISIIMK K M3MEHEHHIO YCIOBUH
Jake MPH KyJIBTUBHPOBAHWU B JTAOOPATOPHBIX YCIOBUSX.
JlanHy!0 THTIOTE3y MOATBEPANIN UCCIECAOBAHUS TTO N3MEHUH-
BocTH reHoMa mramma C11-13 BKD cubupckoro renorumna
TIPY KyJIBTHUBUPOBAaHHH B TabopaTopHbIX ycnoBusx (Ternovoi
et al., 2024). Hanmnune ogHOHYKICOTHIHOTO TIOMUMOppU3Ma
TaKKe OMMCAHO B TECHOMaX BUPYCOB 31Ka, JCHTE, STTOHCKOTO
sanedanuta u B3H (Kaiser et al., 2019; Zarate et al., 2019;
Borda et al., 2021). Ognako nomnbITKa Hemoiib3oBaHus SNP,
XapaKTepHBIX 11 TeHa Oernka E BakmHHOTO IITaMMa BHpyca
SITOHCKOTO SHIe(annTa ¢ neibio arrenyanyu B3H e nmpunec-
7a ycriexa. bpiio BhICKa3aHO MPEATIONOKEHUE, YTO poduIiIb
SNP xapaxrepeH [uist KaXk10T0 BUa OPTO(IaBUBHPYCOB.

Panee yuactue qukux nrun B iupkyssitia BKO n B3H B Tom-
ckoif 1 HoBocuOupckoit odmacTsx 0110 okasaHo s 42 u3 60
uccrnenoBanublx BuoB ntul (Mikryukova et al., 2014;
Moskvitina et al., 2014; Korobitsyn et al., 2021). [Ipudem y
NITHI U KJICIIEH, CHATBIX ¢ HUX, OTMEUCHO HAJIMYNEC MHKCT-
nHpexmi B 2.13 % caydaeB st kiemei u 10 39 % Ut nTHiL.
Takoe Bu0BOE pazHOOOpa3ue NTHLI, 0OECTIeUNBAIOIIEe IIUP-
kymsiunio BKO u B3H B npuponHbIX ycinoBusix, 3aKOHOMEPHO
CTaBUT BOITPOC O MEXaHNW3MaX aIalTaINHU 3THX OPTO(IABUBH-
PYCOB K HOBOMY XO3MHY. bbLI10 BRICKa3aHO MTPEAIIONIoKeHNnE,
YTO BOBJICUCHHUE PA3INYHBIX BHIOB IUKHX IITHI] B (YOPMUPOBa-
Hue npupoaHsix ouaroB BKD u B3H obecneunBaet OpicTpoe
pacrpocTpaHeHHe 3THX OpTO(IaBUBHPYCOB B Pa3HBIX I'cO-
rpaduyeckux paifoHax U (POpMUPOBAHIE HOBBIX TPUPOTHBIX
0YaroB JaHHBIX MH(ekui. OnHaKO pOIb MOMYIAIHOHHON
BapuabenpHOCcTH BKD 11 B3H B popMupoBaHmm mprupomHbIx
09aroB, BO3MOKHOCTb ITOSIBIICHUS (CEJIEKIINH) HOBBIX BUPYC-
HBIX BAPUAHTOB, TATOTEHHBIX JJIsI YETOBEKA B ATHX ITPUPOIHBIX
0dYarax, OCTaroTCs €IIe HEAOCTATOUHO H3yUCHHBIMH.

B nacrosiieM mcciie10BaHuU MBI ITOITBITATIICH OLICHUTB T10-
MyJSIIMOHHYI0 reTeporenHocts reHoMoB B3H n BKO B Tkansix
OIHOM CcaJ0BOM KaMBIIIOBKH, KOTOpas ObUIa paHee OTIOB-
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JiIcHa B IPpUTOpoaAc Tomcxka. C atoi OCJIbIO Mbl IPUMCHUIIN
MCTOABI BBIACICHUA BHUPYCHBIX HITAMMOB Ha Pa3JIUYHBIX
KyJIbTypax KJCTOK B COUCTAHUH C aHAJIU30M IIOJIHBIX BU-
PYCHBIX T€CHOMOB ITOJYYCHHBIX HU30JIATOB, OIMPEACICHHBIX
MCTOAaMHU TPAAUITMOHHOTO U BBICOKOIIPOMU3BOAUTCIILHOTO
CCKBCHHUPOBAHU.

MaTepmanbl n metopbl

HccaenoBannbie 00pa3ubl — o0beauHeHHbIN 10 % romorenar
CEJIC3CHKH U TICUCHU CaI0BOI KaMblIloBKY (Acrocephalus du-
metorum), otnoBieHHo# B Tomckoit oomactu B 2006 1. (Mik-
ryukova et al., 2014). s uzosnsiuu opTodiaBUBUPYCOB KC-
T0JIb30BAJIM KJICTOYHBIE KYJIBTYpPbl IOUYKH AMOPHOHA CBUHBU
(CIIBB) u xomapa Aedes albopictus (C6/36), moiay4eHHbIC U3
KoJutekuuy KiueTouHbix KynsTyp @bYH I'HI[ Bb «Bekrop».
KnerouHble KyJabTypbl KyJIbTHBUPOBAIH C IMOMOIIBIO CPEJIbI
DMEM/F12 (THII Bb «Bekrtopy», P®), cogepxarieii 10 %
CBIBOPOTKH 1110712 KOpoBbI (Gipco, CIIA) u 80 MKr/mi cysib-
¢ara renramunuHa, npu 37 °C ans kierok CII9B u 28 °C
s knetok C6/36.

Onpenenenue NHPEKIMOHHONW aKTUBHOCTH BUPYCHBIX H30-
JISITOB TMPOBOJIMJIY MO PA3BUTHIO IIUTOITATOTEHHOTO ICHCTBUSL.
C aroit nensio knetku CIIOB paccenBanu B 96-1yHOUHBIE
KyJBTYpaabHbIE MUKPOIUTAHIIETHI B KonmuuecTBe 10° KiieTok
B 00beMe 50 MKJT Ha JTyHKY U OCYIIECTBIISUIN 3apakeHUE BU-
pyccoaepKaluM MaTepuanoM. Bupycsl THTpoBau B cpene
DMEM/F12 ¢ coneprxanuem 2 % ChIBOPOTKH T1JI0/1a KOPOBEIL, B
ooweme 100 MKk Ha TyHKY. Pe3ysbTar yquThiBaiv 4epes nsith
CYTOK C BBIUYMCIICHUEM MH(EKIIMOHHOTO TUTPA BUPYCOB, KaK
omucaHo B crathe (Svyatchenko et al., 2021).

HNvmmyHOpepMeHTHBI aHau3. BblsBlIeHUE aHTUICHOB
BKD3 n B3H B kynsTypansHOH cpezie MPOBOIMIN C HCTIONb30-
BaHHEM B Ka4eCTBE MOJIOKKN MBIITHMHBIX MOHOKJIOHAIBHBIX
antuten 13F6 nporu BKO u 9E2 nporus B3H (Razumov
et al., 2005; Shanshin et al., 2024). Cps3aBuiuiics aHTHICH
HaxOJIMJIM TIPU MOMOIIYM MOHOKJIOHANbHBIX antuten 10H10
(BKD) n 5H6 (B3H), Me4eHHBIX OMOTMHOM U CTPENTaBUANH-
nepokcuaazueiM kKoHbioratoM (ICN, CIIIA), xak omucaHo
panee (Korobitsyn et al., 2021).

IIpo6omoaroroBka. [Tocie 06padboTku OeH30Ha30it (Law et
al., 2013) Toransuyro PHK skcTparupoBanu ¢ momomipio Ha-
6opa «Pearent Extract RNA» («EBporen», Poccust) co-
IJIaCHO MPOTOKOIy mpousBogutens. [loctpoenue nmepnoit
nenu JIHK BeimonHsin ¢ ucnonb3oBaHueM Habopa MMLV
RT kit («EBporen») coriacHO HHCTPYKIUH TPOU3BOANTEIISL.
ITocranosky IILP ocymectBisiiau ¢ nomoupro «buoMacrep
LR HS-IIIP» («BioLabMix», Poccust) ¢ mpaiimepamu st
BeisiBiicHuss PHK-Bupyca kienieBoro suiedainra u Bupyca
3anaanoro Huma coorserctsenno (Ilpunoxenns 1 u 2)L.
Pexum nposenenus [P (ammmupukarop C1000, Bio-Rad,
CIA): 94°C—-10¢,58 °C—-20c¢, 72 °C — 30 ¢ (40 uukios),
72 °C — 7 MUHYT.

JuekTpodopeTHyecKUii aHAIU3 U Bbljejenue ¢par-
mMenToB BupycHoii JTHK u3 remsi. [Ipoxykrel amrumguka-
My aHau3upoBanu B 2 % arapo3som reje B Oypepe TAEx1
(40 MM Tpuc, 1 MM Na,3/ITA). [In14 BeIACTICHUS TIPOTYKTOB

' Mpunoxenus 1-4 cm. no aapecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx8.pdf
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OpHOHYKNeoTuaHble NOANMOPGU3MbI B FeHOMax
BK3 v B3H, BblAeneHHbIX 13 CafoBON KaMbILLOBKU

aMIUTM(UKAIUY U3 arapo3HOTro Tels MPUMEHsUIH Habop
diaGene («Iuasm», Poccus).

OmnpeaesieHue HYKJICOTHIHBIX MOC/IEA0BATEIbHOCTE
BupycHoii k/IHK. Onpenenenue HyKI€OTHAHBIX MOCIEN0-
BaTENFHOCTEH MPOAYKTOB aMIUTM(HUKALINU OCYIIECTBISUIN
TIPY UCIIOIb30BAaHUH aBTOMAaTHYECKOTO T€HETHYECKOTo aHa-
mm3aropa ABI 3130x/ (Applied Biosystems (CLIA), BigDye
Terminator v3.1 Cycle Sequencing Kit) u Habopa peakTHBOB
Applied Biosystems (CIIA) cormacHO HHCTPYKITHH MTPOU3-
BOJUTENS. BRIpaBHUBaHNE HYKJICOTHIHBIX MTOCIIEIOBATEIb-
HOCTEH BBIITOHSUIN TIPH TTOMOIIH NpuiioskeHus: Lasergene 7
(DNASTAR).

Cunres nepsoit nenu kK IHK s NGS npoBoaunu ¢ npume-
uennem Moyt NEBNext® Ultra Directional (NEB). Cunres
BTOPOH IIETTH OCYIIECTBILUIH IpH rcronb3oBanny UMI Second
Strand Synthesis Module for QuantSeq FWD (Illumina,
Lexogen, ABctpus). Cutadapt (Bepcus 1.18) u SAMtools
(Bepcms 0.1.18) nucrop3oBam i yaaneHus agantepos [1lu-
mina ¥ TOBTOpHOTO uTeHus1. KoHTnrn 66111 cOOpaHsI de novo
¢ mpuMmeHeHneM accemoOnepa MIRA (Bepcus 4.9.6).

HyxsieoTnaabple MOCIEI0BATEIBEHOCTH CPABHEHUS OBIIH
B34THI 113 0a3bl anHbIX GenBank. MHOXeCTBEHHOE BEIPABHH-
BaHNE HyKJICOTHAHBIX MTOCIIEI0BATEIBEHOCTEH IIPOBOIMIIH ITPH
romorny npuitoxeHus AlignX, mporpammuoro nakera Vector
NTI 11 (InforMax, CILIA). AHanH3 MOTyYeHHBIX HYKICOTH/I-
HBIX TTOCIIEIOBATEIFHOCTEH OCYIIECTBIISIIIN € TOMOIIIBIO MPO-
rpamM Unipro UGENE v.1.30 u MEGA 7/10 (Kumar et al.,
2018). ®uoreHeTUYECKIE IEPEBbs PACCUUTAHBI IO METOIY
MaKCHMaJIBHOTO MPaBIOMOA00ws ¢ ucnois3oBanmem 1000
perMK OyTCTparos.

Pe3ynbratbl

B nanreit pabote 3aeiicTBOBaH 00bEIMHEHHBIH 00pasel] u3
TICYCHH U CEJIC3CHKHU CaJ0BON KaMbIOBKY (4. dumetorum),
omioBieHHOH B Tomckoit o6mactu B 2006 . (Mikryukova et
al., 2014). Ha puc. 1 mpexacrariicHa cXeMa BBIICICHUS BU-
PYCHBIX M30JISITOB U3 JAHHOTO 00pasiia Ha KyJIbTypax KIETOK
C6/36 u CIIDOB.

V:ke mocie npoBeACHUs ABYX Maccaxei ObUIO 3aperucTpu-
POBaHO MEpBOE MOSIBJICHHE IIMTONATOreHHOro 3 dexra, Ko-
TOpOE, MPEANOIMKUTEIBHO, CBA3aHO ¢ perummkanuein BKD.
OnHako 1mocie ceMH JIOMOJIHUTENBHBIX Maccaxel B mpode
OOHapy»XCHBI aHTUTCH U reHeTHueckuii matepuan B3H wu
BKD. ITaccupoBanue nHGEKIIMOHHOTO MaTepHalia B KJICTKax
komapa C6/36 1mo3BOJIUIIO TIOJTYYUTh YUCTYIO KyabTypy B3H.
JlononHUTeNBbHBIE MACCAXKHU ITOTO JKE Marepualia Ha KJIeTKax
CIIDB ¢akruuecku snumuHupoBanu nomysinuio B3H u
chopMHPOBaIH CTAOMIBHYIO MOMYJISIIIAIO BUPYCa KICHICBOTO
SHIIe(anuTa.

CekBeHMpoBaHHE 00pPa3IOB a0 BO3MOKHOCTH OIpelie-
JIUTh HYKJICOTUJHBIC MOCJIEI0BATEILHOCTH I€HOMOB IS
nByx m3ossitoB BKO (PT12 u PT122) u onnoro n3zonsara B3H
(Tomsk/bird/2006/A4). ®uoreHeTHUESCKUN aHAIN3 MOJTHO-
TEHOMHBIX ITOCIIC0BATECIILHOCTEH TTOKa3al, uTo u3oysT PT12
OTHOCHJICS K JlanbHeBOCTOYHOMY TreHoturny BKD, a uzomar
PT122 npencrasnen cudupckum renorunom BKD. Uzomst
Tomsk/bird/2006/A4 GbLI TEHOTUIUPOBAH KaK BUPYC, OTHO-
csamuiicst k reHoruny la B3H (Ilpunoxenue 3).
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| CapoBasn KamblloBKa (A. dumetorum) |

v

| MeueHb + ceneseHka |

2 naccaxa Ha ClM3B /

7 naccaxeit Ha Cl5B

BK3
PT12 (KM019546)

BK3 (PT12 (KM019546) + PT122 (KM019545)
1 B3H (Tomsk/bird/2006/A4 (MN149538))

TUflgy/Mn - 10602
AHTureH BK3 B DA - 1/256, pna B3H - 1/729

3 naccaxa Ha C6/36 /

11 naccaxen Ha ClM3B v

B3H - Tomsk/bird/2006/A4

TU/go/mn - 10802
AnTured B3H B UDOA - 1/6165, pna BK3 - otpuu.
MUP Ha BK3 - oTpuu.

BK3 (PT12 + PT122)

TU/g/mn - 107202
AHTUreH BK3 B IOA - 1/256, ansa B3H — otpuy.
MLUP Ha BK3 - nonox., Ha B3H - oTpuu.

Puc. 1. Cxema BbigeneHunsa nsonartos BKD n B3H 13 o6begnHEHHOro romoreHaTta cefe3eHKun 1 neyeHu caloBoi Kambi-

LIOBKM Ha KyJbTypax K/IeTOK.

Mo Mepe NpoBefeHNA Naccakel Ha KNETOUHbIX KyJibTypax B KaXXAOM OTMEUYEHHOM Ha cxeMe 610Ke BbINOHANNCH onpefeneHne nHobek-
LIMOHHOW aKTMBHOCTW, Hannums BUPYCHOro aHTureHa B IOA ¢ moMoLLbio MOHOKIOHasbHbIX aHTuTen, nposefeHue MNLP 1 cekBeHupo-
BaHue obpasua metogamu CIHrepa 1 BbICOKOMPON3BOAUTENIbHOTO CEKBEHMPOBAHUS, KaK ONMCaHo B pasaene «MaTtepuarsbl i METOAbI».
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Puc. 2. KapTupoBaHue ogHOHYKNEeOTMAHbIX 3amelleHnid B reHoMax BKD n B3H meToom BblCOKOMPOM3BOANTENIbHOTO

CeKBEHNPOBAHUA.

Amnanu3 Habopa HyKJICOTHIHBIX MOCIEA0BATEILHOCTEH B
pe3yabTare BHICOKOITPOM3BOUTEIILHOTO CEKBEHUPOBAHMS T10-
3BOJIMJT BBISIBUTH Hanmuuue SNV B BUPYCHBIX MOMYJISIHAX.
OOHapy>keHHBIE OTHOHYKJICOTH/THBIEC 3aMEHBI, BOSHUKAIOIINE
c yactoToit 1.75 % u BeIlIE, U TPEX UCCIEJOBAHHBIX BUPYC-
HBIX TOMYJISIIAN TIPECTABICHBI Ha PHC. 2.

[HonyuyenHsle pe3yaprarhl MoKa3ai, 4To u3ostel B3H
Tomsk/bird/2006/A4 u BKD — PT12 u PT122, BelaeiacHHBIE
n3 A. dumetorum, IpeACTABICHBI T€TEPOTCHHBIMU BUPYCHBIMI

120

TIOIYJIAIIUSIMHA, B KOTOPBIX 00HAPYKUBAIOTCS MHOKECTBEHHBIC
SNV, Bosaukaromue ¢ yactotoi oT 1.75 1o 19.88 % nna B3H
u ot 2.08 10 23.73 % mis BKD (cm. Tabmuiry). BeisisieHHbie
SNP xapTupyroTcst Ha MPOTSHKSHUH BCETO BUPYCHOTO TEHOMA
KaK B TeHaX CTPYKTYPHBIX BUPYCHBIX OCITKOB, TaK U B TeHAX
HECTPYKTYpHBEIX OenkoB. Ilpn sTom m3omst PT12 mameHe-
BocTouHOro renoruna BKD Obu1 monHocteio nuiieH SNV B
00IIacTi TeHOMa, KOIUPYFOIIeH CTPYKTypHBIC OSIIKH BUPHOHA.
Haubomsmmree xommaectso SNP B 3TOM paiioHe TeHOMa 0O0Ha-
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OpHOHYKNeoTuaHble NOANMOPGU3MbI B FeHOMax
BK3 v B3H, BblAeneHHbIX 13 CafoBON KaMbILLOBKU

OpHOHYKneoTuHble 3amelleHns B reHomHol PHK B3H 1 BKS npu accoummpoBaHHomi uHdekumm y A. dumetorum

2026
30-1

N2 To3uuwma B HyKneoTugHoON MpeBanupytownin
n/n nocnefoBaTenbHOCTU Hykneotuna/SNV
BMPYCHOrO NONMMNPOTENHA, B UCCiefyemon

YactoTa [poToTMNHbIE WTaMMbl B/PYCOB Knewesoro

BO3HUKHO-  3HUedanuTa 1 3anagHoro Huna (Homepa goctyna

BeHna SNP,  GenBank) ¢ BbIABNE€HHbIMY aHANOrMUYHbIMA

n.o. BMpYycHOM nonynauum -~ %

1 3093 /T

2 3201 T/C

3 4083 T/C

4 6087 T

5 6572 T/C

7150 G/T
8430 T

8 9038 G/A

9 10217 A/C

1 218 T/C

2 231 A/G

3 234 /T

4 732 T

5 1605 T/C

6 3027 T

3031 G/C
3159 A/C

9 5643 /T

10 5658 G/A

BK3 PT12 (KM019546), nanbHEBOCTOUHbIV FEHOTUT

2.95 JF819648
JN229223
JN003205 v gp.

2.08 KF880803
KU761572
EU816451 n gp.

2.23 JQ825154
EF469661
KY069125 v gp.

348 JN003205
AF069066
KP716978 v gp.

223 JF819648
JN003205
JN003206

7.41 Het

2.76 JQ825147
JQ650523
JX534167 v gp.

2.27 KJ633033
DQ862460
KF880803 v ap.

233 Het
BK3 PT122 (KM019545), cMbupckuii reHoTun

6.32 EU816451
KT321430
JN003208 n gp.

6.10 JQ825155
DQ862460
0OP902895 u gp.

5.18 KJ626343
JX498939
JN003205 n gp.

6.01 JQ825147
FJ402886
JF819648 n gp.

5.17 JN003207
EF469661
AF069066
JQ650523 n gp.

5.22 KJ000002
KJ739729
KC414090
FJ572210 v gp.

7.09 FJ968751

23.73 U27495 KP716978
KJ922516
KY069125 v gp.

6.05 KJ633033
EU816451
JQ825147 v pp.

5.86 KJ922516
KC414090
MF774565 v np.

HYKNeoTnaHbIMW 3aMeLleHNAMN B reHOMax

leH

NST

NS2a

NS3

NS4a

NS4b

NS5

preM

NST1

NS3

AMUHO-
KNCNOTHas
3ameHa

Y1031 Y

D1067 D

S1361 S

T2029 T

Ny N

Yssa Y

o

D1 009

N1881 N

E1886 E
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Single nucleotide polymorphisms in the genomes
of TBEV and WNV isolated from Blyth's reed warbler

OKOHYaHue Tabnuubl
N To3uuma B HyKNeoTUgHOM MNpeBanupytownin YacToTa MpoTOTUMHbIE LWTaMMbl BUPYCOB KJleLeBoro leH AmuHO-
n/n nocnefoBaTenbHOCTU Hykneotng/SNV BO3HUKHO-  3HUedanuTa 1 3anagHoro Huna (Homepa goctyna KNCNIOTHasA
BMPYCHOrO NOAUMNPOTENHa, B UCCieayemMon BeHus SNP,  GenBank) ¢ BbisiBNeHHbIMY aHaNOrMYHbIMU 3aMeHa
n.o. BUpYCHOW nonynaumn - % HYKNEOTVAHBIMU 3aMeLLEeHUAMUN B reHOMaXx
BK3 PT122 (KM019545), cM6UPCKIMIA reHoTHN
11 7194 c/T 5.42 MF774565 NS4b  Vyes V
KJ633033
12 8220 c/T 5.20 JN003208 NS5 Ny N
KF826914
JQ654701 v ap.
13 8238 c/T 5.15 KU761572 Ny746 N
JQ825155
KP716978 v gp.
B3H Tomsk/bird/2006/A4 (MN149538), reHoTun la
1 1748 A/G 10.55 KX547363 E Esgs G
KX547219
MH507756 n gp.
2 4434 c/T 12.58 AF196835 NS2b  Ci4s C
EF657887
AF404754 v gp.
3 6807 c/T 6.29 AY262283 2k Soo60 S
DQ786572
7149 G/T 2.52 AF196835 NS4b  Vy355 V
EF657887
AF404754 v pp.
5 7566 C/A 19.88 KJ958922 Dy, E
GQ851607
GQ851608 un ap.
6 8388 G/A 2.55 AY701413 NS5 Gy G
JN858069
GQ851607u ap.
7 8907 c/T 1.75 FJ766332 Ryss9 R

MpumeuyaHune. TemHo-cepbiM pOHOM BblfjeNIeHbl HECHOHUMUNYHbIE HYKeOTUAHbIE 3aMeHbI; CBETNIO-CEPbIM — OTCYTCTBUE MPOTOTUMHBIX LUTAMMOB C
BbIAABIEHHBIMU aHANOTUYHBIMU HYKNEOTUHbIMY 3aMeLleHraMY B reHoMax. O603HaueHUsA aMUHOKMCIIOT yKasaHbl B COOTBETCTBMM C OOLIENPUHATBIM
MeXayHapofHbIM ofHOOYKBeHHbIM KofoM. SNV/SNP — ofjHOHyKneoTuaHble 3ameHbl (single nucleotide variant)/ofgHOHYKNEOTUAHbIV NoAMMopdU3M
(single nucleotide polymorphism). Hykneotuabi: A, T, C, G — aieHUH, TUMUH, LUMTO3UH W T'yaHNH COOTBETCTBEHHO.

PY’KEHO ISl CHOMPCKOTO TeHOTHUIIA BUPYyCa KIICIIEBOTO HHIIE-
(anmra.

HHTepecHo oTMETUTb, uTo Bee 29 BbIsiBIEHHBIX SNP B Tpex
M30JISITaX OpPTO(IABUBUPYCOB OBIIM OPUTHHAIBHBIMH. JTO
TTOKA3BIBACT, UTO OOHAPYKEHHBIN criekTp SNV XapakTepeH u
crier(UIeH st NCCIISIOBAaHHBIX BUPYCHBIX mommyrrsitid BKD
n B3H B ogHOM MHOUINPOBAHHOM XO3SIMHE, YTO KOCBEHHO
TIOATBEPKIACTCS paHEe MOTyYCHHBIMU JAHHBIMU 11O HECOB-
najieHnio criekTpos SNV I BaKIMHHOTO INTaMMa BHpyca
simoHckoro >Hnedanmnta u B3H (Kaiser et al., 2019). Onnako
pu cOOpKeE MOJTHBIX TEHOMOB 3THX BHPYCOB HaM HE YaJloCh
BBISIBUTH HAIMYHUE TPU3HAKOB PEKOMOMHAIINH MTPOTSHKEHHBIMU
(bparmMeHTaMu MeX Ty BEIIeIeHHBIMHA H3otstamu BKO u B3H,
KOTOpBIE OBUTH OOHApPYKEHBI B TKAHSIX OAHOW JAWKOM ITHIIBL.
VYuukanbubiil narrepH SNV 115 Bcex TpexX M30J5TOB MOJ-
TBEPXK/IACT OTCYTCTBHE PEKOMONHAIINY TIPH OHOBPEMEHHOM
LUPKYISIIA TPEX BUPYCOB B OJJHOM XO3SHHE.

Haunbompmree xommaectBo SNP (13) oOHapy»)eHO IS H30-
nsata PT122 cubupckoro reroruna BKD, Hanmenbee — s
B3H (7). Bonee 60 % SNP kapTupoBaioch B reHaX, KOIH-
PYIOIINX HECTPYKTYpHBIEC BUpycHbIe Oenku. CpemHsis npen-

122

CTaBJIEHHOCTb 4acTOThl SNP B OTHOLIEHHWH KOHCEHCYCHOM
TeHOMHOM MOCeAoBaTeIbHOCTH cocTaBuia 3.1 % misa uzo-
nsata PT12 BKD (mampHeBOCTOUHBIN TeHOTHIT), 7.1 % — MIst
PT122 BKD (cubupckwuii renorun) u 8.0 % — mist nzomsarta
B3H renotumna la (cM. Tabnuiy).

[IpumedaTensHO, YTO IS BBIABICHHBIX HamMu SNP Obutn
Hali/IcHBI aHAJIOTHYHBIC TIOATBEPIKICHHBIC 3aMCHBI B TCHOMAX
yke u3BecTHbIX mTaMMoB BupycoB BKO u B3H. Tonpko
SNP;;50 B 6enke NS4b u SNP,17NS5, kapTupoBaHHBIC IS
JATFHEBOCTOYHOTO TeHoTHITa BKD, He nMenn aHamoroB cpemu
n3BeCTHBIX reHoMoB BKD. D10 mo3BosnsieT mpeanonoxkuTh,
YTO HAJMYWE UICHTHYHBIX HYKICOTHIHBIX 3aMCH B TCHOMAX
OIMMCAHHBIX paHee BUPYCHBIX M30JSTOB CBHUICTECIBCTBYET O
HecllydailHOM XapakTepe BO3HUKHOBEHUsI SNV u roBoput
00 ¥X TOTCHIMATBHOW PONH B 0OCCIICUCHUN TEHETUIECKOM
M3MEHYHBOCTH ITHX (PITaBUBHPYCOB.

O6c¢cyxpeHue

W3BecTHO, uTO M30m14TH paznuuHbix PHK-conepxanmx supy-
COB MPEJICTABIISIOT COOOH, KaK IIPaBUIIO, T€TEPOTEHHYIO MOITY-
JISILIHIO OJIM3KOPOZICTBEHHBIX BAPUAHTOB, KOTOPYIO YacTO TPaK-

BaBunoBckuii XKypHan reHeTuku u cenekuum / Vavilov Journal of Genetics and Breeding < 2026 « 30 « 1



E.M. NMoHomapeBa, B.A. TepHoBON
E.B. Mpotononosa, HJ1. TynoTa, B.b. JlokTeB

TyroT Kak kBasuBH[ (Eigen et al., 1988; Holland et al., 1992;
Domingo, Holland, 1997; Domingo et al., 2012; Karbowiak
et al., 2016). BupycHast momymsiusi OOBIYHO TIpECTaBICHA
COBOKYITHOCTBIO OOJIBIIIOTO KOJMYECTBA BUPYCHBIX YACTHIL,
ee pasmep MoxkeT gocturark 1019-10!2 u Gosnee BUPHMOHOB Ha
WHOUIIPOBaHHBIN MakpoopranusMm (Mari Saéz et al., 2015;
Diallo etal., 2016; Thorson et al., 2016; Domingo et al., 2021).
[Tpu 3ToM U1 MHQUIMPOBAHUS YyBCTBUTEIHHOTO OPraHU3Ma
OBIBAET JIOCTATOYHO BCETO0 HECKOIBKHUX BHPYCHBIX YACTHII.
Hanpneiias perumnkanus PHK-cogeprkanux Bupycos B opra-
HU3ME XO035iMHa oOecreunBaeT (popMHpOBaHNE TETEPOTCHHON
BUPYCHOH TTOITYJISIINH.

I'eTeporeHHOCTH KBa3MBHAA MOKET (DOPMUPOBATHCS B CHITY
LIEJIOTO Psijia TIPHYMH U IPUBOJNTH K TOSBICHUIO HOBBIX BH-
PpycHbIX BapraHTOB. Harbomnee 9acTo n3MeHIMBOCTE BUPYCHOTO
PHK renoma acconumpyercs co 3HaYUTEILHBIM YPOBHEM OIIIH-
6ok PHK monmmepaspl, 4TO MPUBOIUT K BEICOKOMY YPOBHIO
BO3HMKHOBEHHS HYKJICOTHIHBIX 3aMEH; OTCYTCTBHEM MeXa-
HU3MOB KOPPEKINH (BOCCTAHOBIICHHS) HYKJICOTHIHON ITO-
cienoBarenbHocT BupycHot PHK; neiicTBreM pazmuuHbIX
CENEKTUBHBIX ()aKTOPOB HA BUPYCHYIO TMOMYJISIINIO TIPH Pa3-
MHO)KCHWHU B OPTaHU3ME XO35HHA.

Panee B ropojcknux u MpUTOpoAHBIX Omoromax Tomcka
OpLTa 0OHapyKeHa omHOBpeMeHHas upKymsanus B3H u BKD
(MocksutnHa 1 1p., 2008; Yaycos u ap., 2009). Xapakrep-
HOW 0COOEHHOCTBIO NPHUPOTHBIX 0YaroB JaHHBIX MH(EKIMH
B 9TOM peruoHe OblI0 yyactue 6onee 42 BUIOB AUKHX MITHIL
(Mikryukova et al., 2014; Moskvitina et al., 2014; Korobitsyn
et al., 2021). IIpu aTOM COBMECTHOE MPUCYTCTBHE B MPOOE
regeTrmueckux mapkepoB BKD u B3H 0Owino 3apeructpu-
posano B 1.7 % wuccienoBaHHBIX MPOO. V3BeCTHBI Takxke U
JpyTHe Cllydan MUKCT-WH(EKINH, BEI3BAHHBIX PA3THIHBIMA
renotunamu BKD (Bespykosa u mp., 2008; Kosanes u np.,
2008; Koszmosa u sp., 2010; I[Toroxguna u ap., 2012). [Ipraem
4acToTa 0OHAPYXEHUs pa3HbIX oaTuioB BKD B nkcomoBom
KJIeIIe MOXKeT gocturars 4.4—15 %.

YpOBEHb TEHETHUECKHUX PA3NINUNil MEXy eBPOIEHCKHM,
CHOMPCKHUM U JTaIbHEBOCTOYHBIMU reHoturamu BKD moxer
66116 18-20 % (Ternovoi et al., 2007). BKD u B3H otHOCSATCS
K pa3HbIM BHJaM OpTO(IaBUBUPYCOB M HMEIOT CYIIECTBEHHO
Goee BEIpaKEHHBIE OTIIMYHSI TEHOMOB, YPOBEHb KOTOPBIX MO-
s)KeT gocturarhb 28—32 % u 0onee. Takue reHETHYECKHE OTIIN-
Y1, XapaKTEePHBIE IS 3TUX JABYX BHJIOB OPTO(IABUBUPYCOB,
TTO3BOJIMITN BBIACINTH HE MEHEE MSITH OCHOBHBIX TEHOTHUIIOB
st BKD u nesiti renotunoB B3H (Dai et al., 2018; Kozlova
et al., 2018; Simonin, 2024). Kak mpaBwiio, pa3miudHbIe Te-
HOTHITBI 3THX BUPYCOB ACCOIMUPYIOTCS C IPHPOAHBIMH O4a-
TaMH, PacloJOKEHHBIMH B Pa3HbIX Treorpaduiecknx paio-
Hax MHpa.

B nocnennee BpeMst HAKaIuIMBAIOTCSl MHOTOUHCIICHHBIE JIAH-
HBIE, TOBOPSIINE O BO3MOXXHOCTH COBMECTHOM INUPKYIISIINH 1
IIMPOKOM PACTIPOCTPAHEHUH Pa3INIHBIX OPTO(IABUBUPYCOB
B HOBBIX pernoHax. Lupkynsuus BKO u B3H B ropoackux u
MIPUTOPONIHBIX OMoTomax ToMcKa MOATBEPKIAET 3Ty TEH/ICH-
1IUI0, @ 00HAPY)KEHHE COBMECTHOM IIUPKYJISIIINN HECKOJIBKUX
opTo(hITaBUBHPYCOB B OHON 0COOM CaJOBOI KaMBIIIOBKY Ha-
DIISITHO WIUTIOCTPUPYET 0COOCHHOCTH PacipoOCTPAHEHNUS 3THX
BHpPYCOB Ha fore 3amaaaoit Cubupu.

2026
30-1

OpHOHYKNeoTuaHble NOANMOPGU3MbI B FeHOMax
BK3 v B3H, BblAeneHHbIX 13 CafoBON KaMbILLOBKU

Brrasrenne 1ienoro Habopa SNV B MOMyIAIISIX H30TSTOB
Tomsk/bird/2006/A4 B3H, PT12 BKD u PT122 BKD B Tka-
HSX OHOW JTUKOHM NTHIBI CBUACTEIBCTBYET O BBIPAKCHHOM
TeTEPOTCHHOCTH 3TUX BUPYCHBIX NOMYIANnil. Bo3aMOXHOCTH
BO3HUKHOBCHHS CITyYaifHBIX HYKICOTHUIHBIX 3aMEH B Te-
momuoit PHK wuckimrouars Henp3s. OqHako OOMBIIMHCTBO
oOHapyxeHHBIX SNP mMeeT aHalOTHYHBIC HYKJICOTHIIHBIC
3aMeHbl B reHoMax yxe u3BectHelx B3H u BKD. BepositHo,
cymecTBoBaHHe enoro psga SNP ompenenser mpenemns
JUT TCHETUYECKOW BapHaOeNbHOCTH ITHX (IIaBUBHUPYCOB U
TIPEAOTPEEIIACT BOZMOKHOCTH TeHETHUCCKOM H3MEHUNBOCTH
JMAHHBIX OpTO(MITaBHBHPYCOB B MPUPONHBIX odaraxX. Kaprtu-
pOBaHNE OPUTHHANBHBIX MATTEPHOB SNV, XapaKTepHBIX IS
Ka)XJIOTO U3 TPEX PA3INIHBIX H30SATOB OPTOPIABUBHPYCOB U
OUPKYTUPYIONIX OMHOBPEMEHHO B OTHON MHPHUIIUPOBAHHOKN
0co0u, TOBOPHT O HE3aBUCHMOCTH MEXaHU3MOB TIO/IIICPIKAHHS
TeTEPOTCHHOCTH BUPYCHOW TOMYJSIMH B TIpeNenax CHOMp-
CKOro M JajibHeBOcTOYHOro renoruna BKD u renorumna la
B3H. BaxxHo orMeTuTh, 4TO HaM HE YAaJOCh BBISIBUThH Ha-
JMYUE TTPU3HAKOB HOBBIX PEKOMOWHAIIMOHHBIX COOBITHI TIPH
cOopke M aHaIM3e KOHCEHCYCHBIX TEHOMOB ATHX BHPYCOB
(ITpunoxenne 4).

Takum 00pa3oM, MMOTydeHHBIC PE3yIBTATHl MMOKA3EIBAIOT
CYIIECTBOBAHNE BBIPAKCHHON T'€TEPOTEHHOCTH TMOITYIISIIHH
reaomHOl PHK (hmaBuBHpyCcOB, KOTOpasi coxpaHsIeTcs MPH
KonH(EKITNH TpeMs (DITaBUBHPYCaMHU OTHOM 9yBCTBUTEIHHOMN
oco6u. [1o Bceil BepOsSTHOCTH, CYIIIECTBOBAHIE MHOXKECCTBEH-
HbIX SNV BHYTpHM OrpaHMYEHHOM BUPYCHOU MOMYJISLIMU
opTO(ITaBUBHPYCOB MOXKET OBITH BAXXHBIM MEXaHU3MOM
(dbopmupoBaHus HOBBIX TeHOoBapuaHTOB BKD m B3H maxe
TIPH PETUTAKAITIH 3TUX BUPYCOB B TKAHAX WHPHUIIMPOBAHHOTO
XO03sMHA.

3aknioyeHune

OrieHka BO3MOXHO MOIMYISIIMOHHOM reTepOreHHOCTH BUPY-
coB KienieBoro sHiedanmura u 3anagHoro Huna merogamu
METareHOMHOT'0 aHaJIM3a [TOKa3aja HalnIie MHOKECTBEHHBIX
SNV B BUPYCHBIX MOMYJSIMIX BCEX TPEX MCCIEAOBAHHBIX
U30JIITOB OPTO(IaBUBUPYCOB, BBIJICIICHHBIX U3 TKAHEW OIHON
0co0u cajioBoi KaMbImioBkH. YacToTa oOHapyxeHust SNV y
uccienoBanHbix n3onsitoB BKD u B3H konebanace or 1.75
10 23.73 %.

Brisinennsie SNP Obuin accouMmnpoBaHbl Kak ¢ CUHOHH-
MUYHBIMU, TaAK U ¢ HCCUHOHUMHWYHBIMHU OAWMHOYHBIMU HYK-
JICOTUAHBIMH 3aMC€HAMU, KOTOPBIC MPECUMYIICCTBCHHO JIO-
KaJM30BaJHNCh B T€HAX BUPYCHBIX HECTPYKTYpPHBIX OEIKOB.
HawubGonpmee konmnuectBo (13) SNP oOHapyxeno y PT122
BKD (cubupckuii renorun). OHM XapaKTEepHU30BAIUCH BBICO-
KOM 4aCcTOTOM BCTPEYAEMOCTH B BUPYCHOM MOIYJISLIUU, KOTO-
past mocturana 23.73 % anst SNP3 59 B Oenike NS1. V mram-
ma PT12 BKD nanpHeBOCTOYHOrO reHoTHIa Hauboiee
yacto Betpedascs SNP;5o0NS4b ¢ aMUHOKHCIIOTHOW 3aMeHO
V3531, BozHukaromeit ¢ yacroroit 7.41 % u He omucaHHOI
paHee s IpYruX U3BECTHHIX mTamMmoB BKD, Tak xe, kak u
SNP;,7;NS5. Haumensiee koiuuectBo (7) SNV BBISBICHO
y B3H, omgrako SNP;745E, SNP4434NS3b 1 SVP;54,NS4b rme-
JIU BBICOKYIO 4acTOTY BcTpedaeMoctH, oT 10.55 no 19.88 %,
B UCCJIEIOBAHHOUN BUPYCHOMN MOMYJISAIUN.
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Bcero B ncciienoBannsix mrammax BKO u B3H o6Hapyxe-
HO 29 SNP, npuBOSILIIX K CYILIECTBOBAHHIO JEBATH BUPYCHBIX
BapUaHTOB C AMUHOKHCIIOTHBIMH 3aMeHaMu. COBOKYITHOCTb
MOJTyYCHHBIX PE3yIbTaTOB CBUAETENBCTBYET O 3HAYMMOCTH
SNP st obecriedeHusi FTeHeTHYECKOTO Pa3HO00pasus OpTo-
(hraBUBHPYCOB.
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AHHoTaumsA. MNMukobrpHasupycol (MBB) n3 cemeiictea Picobirnaviridae HaxopAT y caMbIX Pa3HbIX XO3A€B — BbICLUNX
N HU3WKMX 3YKapuroT, a TakkKe B rpmbax n 6aktepmax. OgHaKo cpefmn yuyeHblx B oTHoweHumn MNBB Ha cerogHAWHWN
[eHb HeT OfHO3HAYHOro MOHVMaHWA, KTO ABAAETCA MX WCTUHHBIM X03AuHOM. MpuHagnexHoctb MBB K Bupycam
BbICLUMX 3YKapWOT He [OKa3aHa, NMOCKOMbKY He NofobpaHbl HU KynbTypa MMBOTHbIX KNETOK AN1A UX Pa3MHOXeHUA,
HW KMBOTHOE-THOTOBUOHT. B CBA3N C OBHapyeHMemM NPOKaproOTUYECKNX YYacTKOB (MOTUBOB) B CErMeHTax reHoma
MBB 6bino BbiCKa3aHO MpPeAMNoNoKeHe O MPOKAapMOTUYECKON npupoae ux xo3feB. OfHaKo M 3TO OTKPbITME He
3aKpenuio OfHOro KOHKpPeTHOro xo3sauHa 3a BB, Tak Kak 3atem 6binn ob6HapyxeHbl MNBB-nogo6Hble reHoMmbl, He
XapaKTepHble AnA U3yyeHHbIX WTammoBs BB, - ¢ MUTOXOHAPWANbHBIM FeHETUYECKMM KOLOM, CBONCTBEHHBIM HU3LINM
JyKapuoTam (nneceHn 1 6ecno3BOHOYHbIM). A HelaBHO MoABMIacb HOBaA BepcuAa npoucxoxgeHua MNBB ot Bupycos
NO3BOHOYHbIX 1 FPM6OB, oTpuruatLwas ux Garosyto npupody. AnA NOHUMaHNA NPUPOAbI FEHETUYECKN Pa3HOPOAHbBIX
wrammoB [1BB, obHapy»KeHHbIX Y pasHbIX OPraHW3MoB, UCCiefoBaTeNM PYKOBOACTBOBaNMCb UHboOpMaumen o
NPUCYTCTBUAMN cneunduyecknx Ana BUPYCHOrO ceMencTBa MOTUBOB B FeHOME, MCMOSIb3yeMOM FeHeTMYeCKoM Kopae
n cnocobe pacnpocTtpaHeHua. CylecTByowan B HacToAlee BpeMa UHGOPMaLMA BCeNAeT yBEPEHHOCTb B CKOPOM
3aBepLUeHNM NPOJOKAOLLENCA ANCKYCCUM O BO3MOXHbIX Xo3AeBax MBB. B yacTHocTW, HepaBHO nosABMnach rmnoTesa,
LEMOHCTPUPYIOLWan BepOATHbI MexaHU3M 3aMeHbl reHeTuyeckoro kKopa y PHK-Bupycos, KoTopas no3sonseT
06bACHUTL NporcxoxaeHne ¢opm MBB ¢ MUTOXOHAPUANBHBIM FEHETUYECKM KOLOM, CMOCOBHBIX K penpoayKumn B
KneTkax HM3LWKMX dyKapuoT Ha npumepe daros. OgHako elle He NpeAcTaBfeHa SBOJIIOLMOHHO AeTePMUHNPOBaHHaA
Mogerb, AeMOHCTpUpYtowWwan NyTb dopmmupoBaHua MNBB ¢ reHeTNYeCKMM KOAOM KNEeTOK nieceHn 1 6ecno3BOHOUHbIX.
DTOT 3BOJIIOLMOHHBIA NyTb B MNpeACTaBieHWM aBTOPOB AaHHOro o63opa OOYCNOBAEH 3SHAOCUMOMOTUYECKUMMN
OTHOLLUEHUAMY MeXAy npeanonaraembimy xo3aesamu MNBB, cnocobcTByOWIMU rOPU30HTaNIbHOMY PacipPOCTPAHEHWIO
Bupyca. Llenb Haweln cTtaTbh — NOMbITKA OMMCaHNA BO3MOXHOrO Nyt GopmrpoBaHna 13 npepkosoi ¢opmbl M5B
ee NpoV3BOAHbIX 3BOMOLMOHHbBIX $OPM, OAHU M3 KOTOPbIX YHAC/€A0BaNN reHOM C NPOKapUOTUYECKMM MOTUBOM 1
CTaHAaPTHbIM FeHeTMYECKMM KOLOM, a Apyrve obpenn HecTaHOapTHY GOopMy reHoma C KOAOM HU3LWMX SYKapuoT.
B ctatbe penaetcAa akueHT Ha Befylleil Pony FOPU3OHTaNbHOW nepefaunm B GOpMUPOBaHUM HeCTaHAAPTHbIX
NPOMEXYTOUHbIX GOPM NMKOOUPHABUPYCOB.

KnioueBble csioBa: NMKOOVMPHABUPYC; CErMEHT reHOMa; K/1eTKa-X03AMH; MUTOXOHAPWANbHBIN FeHEeTUYECKMI Kof; peac-
copTauyma

[na untuposanua: KawHukos A.lO., EnndaHosa H.B., Hosukosa H.A. HoBble aprymeHTbl B AUCKycCcUM O npupoge
NMKo6VPHaBNPYCOB. Basunosckul XypHan 2eHemuku u cenekyuu. 2026;30(1):126-135. doi 10.18699/vjgb-26-13

New arguments in the discussion
about the nature of picobirnaviruses
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I.N. Blokhina Nizhny Novgorod Research Institute of Epidemiology and Microbiology, Nizhny Novgorod, Russia
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Abstract. Picobirnaviruses (PBVs), members of the Picobirnaviridae family, are found in a wide range of hosts, including
eukaryotes (both higher and lower), fungi, and bacteria. However, scientists are unsure about their “true master” or
primary host. While often found in animals, including cases of gastroenteritis, they are also detected in environmental
samples and have shown genetic links to bacterial and fungal viruses. The lack of a reliable cell culture or animal
model for PBV propagation further complicates determining their host specificity. Due to the discovery of prokaryotic
regions (motifs) in segments of the PBV genome, it was suggested that their hosts are prokaryotic. However, even this
discovery did not pin one specific host to PBVs; since then PBV-like genomes not characteristic of the studied PBV strains,
with a mitochondrial genetic code characteristic of lower eukaryotes (molds and invertebrates), were discovered. And
recently, a new version of the origin of PBVs from vertebrate viruses and fungi has appeared, denying their phage nature.
To understand the nature of genetically diverse PBV strains detected in different organisms, researchers were guided
by information about the presence of motifs specific to the viral family in the genome, the genetic code used, and the
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HoBble aprymeHTbI B UCKyCChm
0 NpYpoge NMKOBYPHABMPYCOB

method of distribution. Recent research suggests that PBVs, previously thought to have a vertebrate origin, may have
also evolved from fungal sources denying their phage nature. Some PBV-like sequences have been found to utilize the
fungal mitochondrial genetic code, indicating a possible fungal origin or a close relationship with fungal viruses like
mitoviruses. This discovery challenges the previously held view of PBVs as exclusively vertebrate viruses and suggests a
more complex evolutionary history. The information available today inspires confidence in the imminent conclusion of
the ongoing discussion about the possible PBV hosts. In particular, a hypothesis has recently emerged demonstrating
a possible mechanism for the replacement of the genetic code in RNA viruses, which makes it possible to explain the
origin of PBV forms with the mitochondrial genetic code capable of reproduction in cells of lower eukaryotes using
the example of phages. However, an evolutionarily deterministic model demonstrating the path of PBV formation with
the genetic code of mold and invertebrate cells has not yet been presented. According to the authors of this review,
this evolutionary path is due to the endosymbiotic relationships between the putative PBV hosts, contributing to the
horizontal virus spread. The purpose of this review article is to attempt to describe a possible path of formation from
the ancestral PBV form and its derived evolutionary forms, some of which inherited a genome with a prokaryotic
motif and a standard genetic code, while others acquired a non-standard form of the genome with the code of lower
eukaryotes. This review article focuses on the leading role of horizontal transmission in the formation of non-standard
intermediate PBV forms.

Key words: picobirnavirus; genome segment; host cell; mitochondrial genetic code; reassortment
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Anckyccns o npupoge nMKo6rpHaBupycoB
Picobirnavirus (muxobupuaupyc, [1I6B) — enquHCTBeHHBIH
poxn B cemeiictBe Picobirnaviridae, OTHOCSIIHIACS K KJIAcCy
Duplopiviricetes, tunty Pisuviricota (Reddy et al., 2023).
Yacrunpl [16B auamerpom 33-37 HM ¢ OJHOCIOHHON Oei-
KOBOW O0OJOYKOH MMEIOT MKOCAdIPUICCKYI0 CHMMETPHIO.
JlumonipotenHOBass 000JIOYKA OTCYTCTBYeT. [ €HOM COCTOUT
u3 aByx cermentoB apyrernodedHoi muPHK (Delmas et al.,
2019). Cermenr | (6onee kpynHbIi, pazmepom 2.4—2.6 T.11. H.)
KOJHMPYET J1Ba OeKa — KarlCHIHBIN OCIOK U OeoK, (PyHKITUSL
KOTOPOTO JI0 CUX op HensBecTHAa. CerMeHT 2 (MEHBIINH, pa3-
Mepom 1.5-1.9 T.m. 1.) kogupyet pepment PHK-3aBucumyro
PHK-nmonmmmepasy (RdRp cemeiicta Pfam RdRp 1), mo nep-
BUYHOM cTpykType kotoporo IIbB pnenst Ha reHorpymnisl.
OcHOBHBIMH, HanboJiee pacIpOCTPAHCHHBIMH T€HOTPYIIIIa-
mu sieisirores 1 (GI) u 1T (GII) (Malik et al., 2014; Reddy et
al., 2023).

[epBonawyansHO [16B ObLTH 00HAPYKEHBI B CONEPIKUMOM
KUIICYHUKA U B JBIXATCIBHBIX MYTSIX BBICIINX 3YKAPHOT
(Pereira et al., 1988; HoBuxoBa u ap., 2003; Delmas et al.,
2019; Kumar et al., 2020; Ghosh, Malik, 2021). IIpu cum-
nroMmatrdecknx nHpeknusx [1bB wacto oOHapyxuBamu B
KHIIICYHUKE KUBOTHBIX M YEJIIOBEKA B aCCOIMAIINU C BHpYCa-
MH, ITATOTEHHOCTh KOTOPBIX YCTaHOBIeHA. OTHAKO MX TaKKe
HAXOIWIIN B CTYJIC KUBOTHBIX 0€3 CHMIITOMOB HH(EKINH U Y
310pOBBIX >KUBOTHBIX. [10 3TOM npruuune [1BB Tpagunonno
CUUTAHNCH YCIIOBHO-TIATOTEHHBIMHU KUIICYHBIMU BUPYCAMH
miekonuraronux u ntuil (Shi et al., 2016; Delmas et al.,
2019; Kumar et al., 2020). Ho mockosibKy ycHemrHoro pas-
MHOxeHus [IBB B KynmbTypax KI€TOK MIICKOITUTAFOIINX FUTH
YKHUBOTHBIX-THOTOOHMOHTOB JIOOUTHCS HE YIAIIOCh, Y ICCIIEIOBA-
Tenei nosBusIoch comHenue o cBsizu [1bB, npucyrerByromumx
B KHIIEUHHUKE, ¢ 3a0oeBanreM >kHBOTHBIX (Ghosh, Malik,
2021; Sadiq et al., 2024). IIbB naxomuin y 6ecIio3BOHOYHBIX
(MOJITFOCKOB, WICHHCTOHOTHX, HacekoMbIX) (Shi et al., 2016),
a OoIree TTO3HAUE UCCIICIOBAHUS TTOKA3ali, YTO 3TH BUPYCHI,
BEpOSITHO, MOTYT WH(MUIIUPOBATH MPOKAPHOTHICCKUE WITH
rpuOKOBBIE KIeTKH-X03s51eBa (Adriaenssens et al., 2018; Boros

et al., 2018; Krishnamurthy, Wang, 2018; Yinda et al., 2018;
Kleymann et al., 2020).

B nacrostiee Bpemst 00CyK1al0TCs TP JIbTEPHATHBHBIC
Bepcuu o npupoae xo3seB [16B. Cornacno nepoil Bepcuu,
xo3sieBa [1bB — kIeTku BRICIIAX 3yKapuoT (’KHBOTHEIX). [1o
BTOpoii Bepcuu, [IBB MoryT OBITE BHpyCaMu MPOKAPHOT.
Takoe mpenrnonoxeHue cBI3aHo ¢ 0OHAPYKEHHEM B TCHOME
I1bB y4acTkoB (MOTHBOB), XapaKTEpHBIX Ul BUPYCOB MPO-
kapuoT. CormacHo 3To# Bepcuw, mockonbKy [1BB-momo6HbIe
HYKJICOTH/THBIC [TOCIIEI0BATEIFHOCTH YaCTO O0OHAPYKHUBAIOT B
(eKanmusIx pa3HbIX )KUBOTHBIX, OHH MOTYT IMETh OTHOILICHNE
HE K KJIETKaM 3THX XHBOTHBIX, & K IPUCYTCTBHIO B MHKPO-
O1oMe KHIIEYHWKa COOTBETCTBYIOMMUX OakTepuii. OmHaKo B
JaTbHEHIIEM M3 MUKPOOHOMa KHIIEYHUKA KUBOTHBIX OBLIN
BbIIeneHbl arunuaHble [IBB-1ogo0HbIe reHOMBI ¢ IpoKapro-
THYECKIMHU MOTHBAMH, HO C HE CBOWCTBEHHBIM ITPOKapHOTaM
MHUTOXOHIPHATEHBIM FT€HETHIECKIM KOJIOM, XapaKTEPHBIM JUIS
HU3IIUX YKapHOT — IUIECHEBBIX TPHOOB M OECITO3BOHOYHBIX
(Yinda et al., 2018; Kleymann et al., 2020). Tax Bo3HHKIa
TPEThsI Bepcusi: KpoMe KIIETOK MPOKapHoT, HekoTopbie [1BB,
BBIJICTICHHBIE U3 COIEPKUMOT'0 KUIIEUHUKA )KHBOTHBIX, MOTYT
MHUIIMPOBATE MUTOXOHIPUHU I'PHOOB MITH OECITO3BOHOYHBIX
(Shi et al., 2016; Ghosh, Malik, 2021).

IMo nuckyTHpyeMOMy BOIPOCY JI0 CHX IO HET OTHO3HAYHO-
TO OTBETA — KaKOW OPTaHU3M (OPTaHN3MBbI) SBISIETCS XO3IUHOM
IIBB. X0Ts Ha TPOTSKEHUU Psijia JIET albTEPHATUBHBIE TOUKH
3penust o npupoxe [IbB momonHsancs HOBEIMU apryMeHTa-
MH B CBOIO HOJIEPKKY. B 4acTHOCTH, B OCiietHEE BpEMST B
MONTb3Y THIIOTE3bI, oTpuameil ¢arosyro npupoxny [16B,
BO3HUKIIA HOBasi BEpCHs O MapaienbHoi somtonuu [16B ot
JIBYX pa3HbIX MPEIKOB, KOTOPBIE ObUIN Mapa3uTaMu TpHOOB 1
mo3BoHOYHBIX (Perez et al., 2023).

Bepcus, cornacHo KoTtopow npeakamu MNb6B
ABNAKOTCA BUPYCbl MO3SBOHOYHDbIX U FpI/IGOB
Ota BepcHs CTPOUTCS HA HATUYNH MUMMYHHOTO OTBETA Y
TMO3BOHOYHOTO XO3sMHA MpH oOHapykeHuu y Hero [1BB co
CTaHJAPTHBIM T€HETUYECKUM KOJOM M OTCYTCTBHH HMMYH-

TEHETUKA MUKPOOPTAHU3MOB / MICROBIAL GENETICS 127


https://pubmed.ncbi.nlm.nih.gov/?term=Reddy MV%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Reddy MV%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adriaenssens EM%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.sciencedirect.com/topics/medicine-and-dentistry/microbiome
https://www.sciencedirect.com/topics/medicine-and-dentistry/microbiome
https://www.sciencedirect.com/topics/medicine-and-dentistry/microbiome

A.Yu. Kashnikov, N.V. Epifanova
N.A. Novikova

' & P
Reoviridae

3apakaeT MO3BOHOYHbIX

MWW

.

T'Ipep,OK supos NBB-R1, R?:
3apa)KaeT MO3BOHOUHbBIX |~

i -
‘ i, prauv? o

“"\-.q:eacco
~

New arguments in the discussion
about the nature of picobirnaviruses

-~

Bup MBB-R1
3aparkaeT MO3BOHOUHbIX

ANV

s ( BualBB-R3
3apakaeT MO3BOHOUYHbIX

. Bupyc c kancnaom

WNVVAA CermeHT € reHoM

NV

O6wwin npepok MN6B

NV

Mpepok Buga NB6B-R2
Partitiviridae

— AWV

6enka Kancuaa

PV CermeHT € reHom
) PHK-nonnmepasbl

Bua MBB-R2

e

3apaaeT rpmbbl

NV

3apaxaeT rpmbbl

NV
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Puc. 2. Bropaa mogenb 3BONIOLNOHHOIO pa3BuTtua cemeinctaa MNBB no Bepcun L.J. Perez ¢ konneramu (2023).

EOpﬂOBbIM M XKeNTbiM LIBETOM 0603HaueHbl CErMeHTbI C reHaMm 6eska Kancupaa; KpacHbIM — CerMeHTbl C reHaMmun PHK—nonmmepasbl.

HoOro oTBeTa npu BeisiBieHuu [1BB ¢ anpTrepHaTHBHBIM Te-
HETHYECKUM KojloM rpuba. Bepenst mpemgycmarpuBaer Be
pa3HbIe MO 3BOIOLIMOHHOTrO pa3Butusi cemeiictsa [1b6B,
KOTOPOE CIOKMIIOCH U3 TPEX Pa3HbIX MPenKOBbIX JIMHUH. Co-
mracHO Bepcuu L.J. Perez ¢ xommeramu (2023), mpenkoBbie
muann [16B (ITEB-R 1 u [TBB-R3) mpoucxomsT oT peoBHpyCcOB
MTO3BOHOYHBIX (TTOCKOJIBKY CO3/1alI0T UMMYHHUTET y MO3BO-
HOYHOTO, B KMIIIEYHUKE KOTOPOTO UX HAXOJAT), a TPEIAKOBAs
nuans [IBB-R2 nponcxoauT ot rpuOKOBBIX TAPTUTHBUPYCOB
(MIMMYHHTET y )KHBOTHOTO, Y KOTOPOTO OHH OBIIM HalJCHBI,
He HaOJIomaeTcs).

B cootBeTcTBHM ¢ TIEPBOI MOJEIBIO SBOJIONMH CHavaa
obmmii mpenok [16B, conepsxamntuii Tomsko rer RARp, pasme-
Juiicst Ha JiBa Bua. OZIMH 13 HUX B IbHEHIIIEM Pa3IeITiICs
eIlle Ha /IBa BU/a C OTHOBPEMEHHBIM 3BOJIIOIIMOHHBIM IIPHOO-
pereHreM 0O0OMMH BHAAMH KallCHAa B pe3yibTare COOBITHS
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peaccopTaIii CeTMEHTOB UX TEHOMOB C CETMEHTaMHU TeHOMa
UX 00IIeTo MpeKa, OTHOCSIIETOCS K ceMeHCTBY Reoviridae.
B pesynbrare nBa KancuaAUpPOBaHHBIX NpeakoBbiX Buja [16B
PaCTIONOKIINCH Ha OHOM BETBH (PHIIOTEHETHIECKOTO JICPEBa.
Bwmecte ¢ otnenuBmmmMes panee BugoM [1bB-R2 npu nans-
Helmel muBepcuuKanuy 00pa3oBajIoch TPHU MapauieIbHO
ABOIOIMOHHUPYIOIINX NpeIKoBBIX Buaa (yaun) [16B (puc. 1).

CornacHo BTopoii Mozieru 3Botor, Tpu [1bB-nomo0HbBx
MPEIKOBRIX BHA, comepykanux red RARp, mpomsommmm ot
Pa3HBIX TPEIKOB, IIPHU STOM JIBa BHJA 00JaIaIH KallCHIOM C
MOMEHTA CBOETO TIOSIBTICHUS 1, KaK B IIEPBOU MOJIENH, C(HhOpMU-
pOBaH OOIIYTO BETBb, PEATIONOKHUTEIHHO, SBOIIOIHOHUPYS
OT PEOBHPYCOB MTO3BOHOYHEIX (pHC. 2).

Tpernit rpudkoBsrii Bun (II6B-R2), m3navanpHO nUIIICH-
HBII KaIlCHIa, IPHOOPEN CErMEHT ¢ TCHOM KaIlCH/Ia TO3Ke B
pe3yibTare TyTIHKAIUN | PeacCOpTaIli CETMEHTOB TeHOMa
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C OJJHUM W3 JIBYX KallCHIUpOBaHHBIX BuaoB [16B, nadunmm-
PYIOIINX TO3BOHOYHBIX, 10 MEXaHU3MY, OITHCAHHOMY B pabo-
te (Luo et al., 2018). DTOT npeAKOBBII BU CHAYaIa HAIIOMH-
HaJl MUTOBHPYCHI C MUTOXOHIPUATbHBIM KOJIOM, aHAJIOTHYHO
[1bB-noo0HeIM mTammam, oonapyxenubiM C.K. Yinda ¢
xoseramu (2018) u A. Kleymann ¢ xoyuteramu (2020), u B
JaTTbHEHIIIEM PAaCIONIOKHIICS Ha OTHOM BETBH C CEMEHCTBOM
Partitiviridae, 3apaxxarolinM HEXOPIOBEIX SyKapHOT (TprOOB
1 OECTIO3BOHOUYHBIX ).

[TapannenbHas sBomonus 3Tux Tpex npenxos [16B B cxon-
HBIX YCJIOBHUSIX CYIIECTBOBAHMUS MOIJIA IPUBECTH K (POPMHUPO-
BAHMIO IOXOXKUX U B TO JK€ BpeMsl TEHETHUECKH TUBEpPCUH-
IHUPOBaHHBIX IIPEJCTaBUTENEH cemeiicTBa Picobirnaviridae
(Perez et al., 2023). Kak u rumoresa o ¢arosoii npupoze [16B,
JIAHHOE MPEATIONOXKEHNE UMEET IPaBo Ha cymiectBoBanue. Ho
Y CTOPOHHUKH THUIIOTE3bI, OTCTAaUBaIOIIEH (haroByo mpuposy
[IbB, Taxyke NpUBOJAT HOBBIE apryMEHTHI B MOJIb3Yy CBOEH
TOYKU 3PEHUSL.

Touka 3peHus, CornacHo KoTopom

MBB moryT nHGULMpPOBaTbL KNeTKN NPOKapuoT

CTOpOHHHKH THIIOTE3bI, PEINOIATAIOIIEH, YTO X035eBaMHU

I16B MoryT OBITh KJIETKH MPOKAPHOT, B MOAJEPIKKY (haroBoi

npupozsl [16B npuBoasT ciaenyronye apryMeHThl.

1. 'erom [16B o6orarieH (110 CpaBHEHHIO ¢ BUPYyCaMU dyKa-
PHOT) MPOKAPHOTHUECKUMH MOTHBAMH — ITOCIIE/IOBATEIb-
Hoctsamu laitna—/{anerapao (Shine—Dalgarno sequence
nmn SD — rekcamep AGGAGG), mogo6HO reHoMam OakTe-
puodaros cemeticta Cystoviridae (Ghosh, Malik, 2021), y
KOTOPBIX 3TOT MOTHB BCTPEYAETCSI JIaXKe C MEHbIIEH 4acTo-
to# (Krishnamurthy, Wang, 2018). Haripumep, B HetaBHeM
nccaenoBanuu S. Sadiq ¢ koyuteramu (2024) mokaszaHo, 4To
renoM I1BB 6511 ob6oramen morusom SD B 83-85 % ORF
(open reading frame — OTKpBITBIE PaMKH CUUTHIBAHUS) B
reHoMax Picobirnavirus, 4To peBbIIIaeT 000TaIeHHe YTHM
MotuBoM reHomoB PHK-Gaktepuodaros Leviviricetes
Cystoviridae.

2. ITbB 06HapyKHUBaIOTCS HOYTH UCKITFOYNTEIEHO B (heKaImsIx
JKMBOTHBIX U JIO CHX TTOp HE MOTYT OBITh KYJIBTHBHPOBAHBI B
KaKUX-JIM00 TMHUIX 3YKapHOTHIECKUX KIETOK. DTO TaKxKe
MOJKET 03Ha4arb, 4yTo [I6B Ha camoM fene aBisitoTes BUpY-
camHu OaKkTepuii, BXOASAIIMX B COCTaB MUKPO(IIOPHI KUILIEY-
HHKa )KUBOTHBIX WJIM KOMIIOHEHTOB MX UM (Adriaenssens
etal., 2018; Delmas et al., 2019; Bell et al., 2020; Guajardo-
Leiva et al., 2020; Ghosh, Malik, 2021; Knox et al., 2023;
Sadiq et al., 2024). Takoe mpennOIOKEHNE COTIIACYETCS C
TEM, YTO UX ONMKAMIINX POJACTBEHHHKOB — IPEICTaBUTE-
neii cemeiictsa Partitiviridae, "THOUIMPYIOMINX pacTeHNUS,
rpuOsl 1 npoctedmux (Vainio et al., 2018), Takxe oOHa-
PY)XHBAIOT B MUKpOQJIope KuieuyHuka >kxuBoTHBIX (Chen
etal., 2021) u B Mukpodbmnome Oecrio3BoHOUHEIX (Shi et al.,
2016; Le Lay et al., 2020).

3. PacronoxxeHue cerMeHTOB reHoMa y THNHYHGBIX [IBB Ha-
Oroz1aeTesl B OJTHOM YacTHIE, KaK Y BUPYCOB OaKTepHid, B TO
BpeMs Kak y OOJIbIIHCTBA BUPYCOB I'PHOOB C CErMEHTHPO-
BaHHBIM TEHOMOM CEIMEHTBI HHKAIICYJIMPOBAHBI OTAEIHHO
(Luque et al., 2018).
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4. TlpenmonoxeHne MPOTHBHUKOB (haroBoit mpupozas! [1EB
(Perez et al., 2023), uTo BupYyCHI, GOPMHUPYIOIIHE UIMMYHHU-
TEeT y MHHULUPOBAHHBIX )KUBOTHBIX (MJIM YEJIOBEKA), IOJIK-
HBI OTHOCHUTBCS K DYKapUOTHYECKHM BHPYCaM, HE MOXKET
OJTHO3HAYHO CBUIETEIILCTBOBATH B M0JIb3Y BEPCUU yKapHO-
TH4ecKoi npuposl xo3seB I1bB, TockonbKy ycTaHOBIIEHO,
YTO UIMMYHHBIE OTBETHI XO35IMHA MOT'YT BO3HHKATh M ITPOTHB
OaxrepuansHBIX BupycoB (Dabrowska et al., 2005; Gorski et
al., 2006). CiaenoBarensHo, [IBB MOryT BBI3BIBATH HMMYH-
HBII OTBET Ha 3apa’kKeHHE He KIETOK CaMOro KUBOTHOTO, a
OaKTepUaNIbHBIX KIIETOK, COCTABIISIIOIINX €r0 MUKPOOHOM
(Ghosh, Malik, 2021).

5. Unentndukanust yHUKaIbHOTO ISl BUpyca Oellka — KIIfo-
YEBOM IIIAr 10 ONPEAETICHHUIO €T0 IIPHHAATICKHOCTH K KOH-
KPETHOMY XO3SIMHY, HOCKOJIBKY IPUCYTCTBUE OAKTEPHOIIH-
TUYECKHX CBOICTB Yy €ro BiIajeiblla MOXKET yOeTUTEIHHO
CBUJICTEJILCTBOBATH, YTO JAHHBII BUPYC SIBIISIETCS OaKTepH-
odarom (Kamraukos u nip., 2023; Gan, Wang, 2023). Kax
BBIACHHUJIOCH, B Karicuze y I[16B mpucyTcrByet Oernok ¢ jiu-
3upyromel GpyHKIMen, KoTopslil msupyet Escherichia coli,
a Takue OeJIKU KOANPYIOTCs TOJBKO TeHAMU JIBYX U3BECTHBIX
cemeiictBs PHK-daros, Leviviridae u Cystoviridae (Cai et
al.,2021). OnHako, BO3MOXHO, HE BCE, & TOJIBKO HEKOTOPBIC
I1bB xomupytor 6akrepronusunsl (Gan, Wang, 2023).

6. B monTBepkaeHNe MpennonoXeHust o GparoBoii nmpupose
[1bB moxHO prBeCTH 1 HeaBHee nccieaoBanne S. Sadiq
¢ xoyueramu (2024), B KOTOPOM Ha OCHOBE MPOBEIEHHOM
KJIACTEpU3aLH BbISBICHO ceMb Kiactepos [IBB B Mukpo-
Ounome, X035eBaMU KOTOPBIX MOIJIM OBITh TOJIBKO KJICTKH
Pa3HbIX MUKPOOOB, ITOCKOJIbKY (pHIIOreHeTHYecKon rpyr-
ITMPOBKH 110 TIpHHAUISKHOCTH [16B K )KMBOTHBIM-X0351eBaM
TIPU BBICOKOW reHeTHdeckoil BapmabenpHocTH [IBB He
HaOmoanock. OTCYTCTBHE TPYNITUPOBKU MEKAY BUPYCOM
1 XO3sIMHOM CBHJIETEIILCTBYET O (PUITOreHETHYECKOM HECO-
orBeTcTBUM Mexay HuMH (Duraisamy et al., 2018; Woo et
al., 2019; Mahar et al., 2020). Ha ocHoBanuu storo S. Sadiq
¢ kommeramu (2024) BBIABHHYTO Mpemonoxenue, uro [16B
MH()UIMPYIOT Pa3INnIHbIE MUKPOOHBIE OPTraHU3MBbI, HMEIO-
M€ CBA3b C TI03BOHOYHBIMHU U OECIIO3BOHOUHBIMH YEpPe3
UX PAlMOH IUTAHMS U Cpely OOMTaHHS.

PyKoBOACTBYSICH STHMH HAONIONECHHUSMH, CTOPOHHHUKH (ha-
roBoii ipupoasl [16B cuuTarot, 4To mupokoe pasHooOpasue
I1bB orcyTcTBOBaNO OBI, €CIIM MX XO35€BAMH SIBISIUCH OBI
MJICKOTIMTAIOMINE, NTHIEI U Oecro3BoHOUHBIE (Sadiq et al.,
2024). OHu mpeArnonaraioT, YTO KJIaCTEPHU3AIHs, CBI3aHHAs
¢ OakTepusiMH, TOATBEPIKIAACTCSI BHICOKOM CKOPOCTHIO pac-
npoctpanenus [16B cpeny sxuBoTHBIX (faxe 00Jee BRICOKOH,
4yeM B 1t000oM apyrom cemeiicte PHK-Bupyco). Takas cko-
POCTh pacmpocTpaHeHUs! 60Jiee COOTBETCTBYET IPHHAIIICHK-
HoctH I1BB K MPOKapHOTHYECKUM XO035IeBaM C UX OOIIHPHOI
MEXBHI0BOH mepeaaueii. Kpome toro, cropoHHHKH (HharoBoit
npupoas! [IBB cuuraroT, 4TO0 COXpaHeHHe IPOKAPUOTUYE-
ckux SD-nocnenoBaTeNnbHOCTEH HEBO3MOXKHO Y BHPYCOB,
nHpuuupyromux rpudsl (Ullah et al., 2022; Wang, 2022).
JlaHHBII apryMEHT NOIKPETIISIETCS BEPOSITHOM CITOCOOHOCTBIO
[1bB momo0HO HEKOTOPEIM (paraM W3MEHSTh CBOM TeHeTHYe-
CKHUH KOJI.
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A.Yu. Kashnikov, N.V. Epifanova
N.A. Novikova

CMeHa reHeTU4YecKoro Kopa

KaK TeHfeHuuA B 3Bontouunn ¢paros

B renomax HEKOTOPBIX MUKPOOPIaHU3MOB BO3MOYKHA 3aMEHA
CTaHJAPTHOTO I'C€HETHYECKOTO KOJa allbTePHATHBHBIM (MH-
TOXOHJIPHAJBHBIM). DJTa 3aMeHa, o MHeHuio Y. Shulgina u
S.R. Eddy (2021), cBsi3aHa cO CHUKEHUEM B XOJIC IBOJFOIIHH
cogepxkanuss GC-oCHOBaHUII 3a CUET PEeIyKIUU IeHoMa y
MHKPOOPTaHU3MOB, KOTOpasi MOXKET OBITh 00YCIIOBJICHA MX
Tapa3uTHIECKUM CTIOCOOOM CYIIECTBOBAHMUS — 3HI0CHUMONO-
30M (McCutcheon, Moran, 2011). B yacTHOCTH, yMECHBIICHUE
konmuectBa GC-OCHOBaHMIT B TEHOME Y OPraHU3MOB BEJET
K CHIKEHHUIO fonu cton-kogoHa TGA (¢ TOBEIICHHEM Be-
POATHOCTH NepeHasHadeHust 3tToro kojgona) (Korkmaz et
al., 2014).

OTKpBITHE aJIFTEPHATUBHBIX TEHETHYECKHIX KOJIOB B TEHOME
MUTOXOH/IPHH KJICTOK IUIECHEBBIX IPUOOB 1 OECIIO3BOHOYHBIX
y OaxTepuil m apxel JEMOHCTPUPYET CIIOCOOHOCTH TeHe-
THYECKOTO Koja dBomonnonnpoBath (Shackelton, Holmes,
2008; Kollmar, Miihlhausen, 2017; Shulgina, Eddy, 2021).
CMeHa reHeTHYEeCKOTO KOJla aIbTePHATHBHBIM Y MUTOXOH/IPHH
9YKapUOTHYECKUX KIIETOK y OaKTepuii M apXeH, peIronoxKu-
TEJIEHO, MOTJIA OBITH CBSI3aHA C MX CTPEMJICHUEM CIIaCTUCh OT
6akTeprodaroB, KOTOpbIC U3HAYAIBHO MTOJIB30BAIICH TEM JKE
KoztoM, uTo n Oakrepuu (Bender et al., 2008).

Bbakreprodaru Takxke ciocOOHBI K CMEHE CBOETO T'eHETH-
YEeCKOTO KOJla, KOTJ]a BO3HUKAET HEOOXOJMMOCTH OOMaHyTh
3alIUTHBIC POTHBOBUPYCHBIE CHCTEMbI OaKTEePUH-XO3sIMHA.
Hampumep, ycTaHOBIIGHO, YTO T€HETHYECKUI KO B TEHOME
HEKOTOPBIX (paros, BBIICICHHBIX U3 (heKaIUi TABUAHOB, COOT-
BETCTBYET «aJIBTEPHATHBHOMY» TeHETHIECKOMY KOy TeHOMOB
6akrepuii Bacilli (Al-Shayeb et al., 2020). B nccnenoBannu
N. Yutin ¢ xomneramu (2021) cooOrmraercst o 3ameHe (mepe-
koxuposanun) cron-kooHoB (TAG) y JIHK-6akreprodaros
crAssphage npu TpaHCISIIMU Ha KOJIOH, KOAUPYIOIMINH aMH-
HOKHCIIOTY ITyTaMuH. [IlepeHasnadenue cran1apTHOTO CTOII-
konoHa TGA Ha anbTepHATUBHBIN, KOAUPYIOIMIMA aMUHOKHUC-
JIOTy TpUNTO(haH, COOTBETCTBYIOLINI KOy MUTOXOH/IPUI TpH-
60B 1 OECIIO3BOHOYHBIX, HAOMIOAAIN B HEKOTOPHIX [1BB-1m0-
no6ueix reromax C.K. Yinda ¢ xomeramu (2018), BriepBeie
0OHAapy>KUBIIHE 3TO SBICHNE Y MMKOONPHABUPYCOB.

Cornacno D. Wang (2022), TeHIeHIIUS K CMEHE TeHETH-
yeckoro koja [1bB, xak n y 6akrepuogaros, BEposiTHO, CBsI-
3aHa CO CIIOCOOHOCTHIO CUMTBHIBATH WIIM TEPEKOAMPOBATH
cromn-kojoH TGA mpu TpaHCIISIMN, HE3aBUCHMO OT TaKCOHO-
MHUYECKON MPUHAIICKHOCTH KIIETOK, KOTOPhIE OHH 3apakaroT
(TmockonbKy (harm, BEposATHO, HAILlEJICHB Ha MUTOXOHAPHH B
9YKapHOTHYECKHUX KJIETKaX, YUUTHIBAas MX OaKTepHaIbHOE
MIPOUCXOXKAeHHUE). Bo3MokHO, HekoTOpHIe mTammbl [16B, mo-
no0HO OakTepuodaraM, OKa3aBIIUCH B KIIETKEe Tpuba, CIo-
COOHBI 3aXBaTHIBATh KOAMPYEMYIO XO35IMHOM CYIPECCOPHYIO
tpancnoptayo PHK (TPHK) mnm xakum-to obpazom Hapy-
1aTh MEXaHU3M TpaHcIsnuy xo3snHa (Wang, 2022).

ITo uadopmaru S.L. Peters ¢ xomteramu (2022), Heko-
TOpbIe (haru JUIsl TPAHCISIIMN CBOMX OEJKOB, BEPOSITHO, HC-
TOJTB3YIOT OaKTepHabHbIE PHOOCOMBI C MPUMEHEHHEM Kak
CTaHJapTHOTO, TaK M AIIBTEPHATUBHOTO Kozia. [Ipu aToM nepe-
Ha3HaueHue HOpMasibHbIX cTOMN-KOIOHOB TAG u TGA anst
TPaHCISIIMN Ha TIIyTaMUH U TPHUIITO(GaH 0COOCHHO pacrpo-
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CTpaHeHO B (parax, HHPHUIUPYIONIUX TPAMIOIOKHUTEIbHBIC
Oaxrepun THIIOB Firmicutes u Bacteroidetes (Peters et al.,
2022). Y Firmicutes, W3BeCTHBIX CBOUM HU3KUM COICPKAaHIEM
GC B rerome (menbine 50 %), CBSI3aHHBIM, BEPOATHO, C UX
Mapa3uTHYECKUM CIIOCOOOM CYIIECTBOBAHUS — «IH/I0CUMOHO-
30M», 4aCTO HAOIIOIAETCSI CMEHA CTAHAAPTHOTO KOZIA AJIBTEp-
HaTHBHBIM. PaHee ormeuanocs, 4to Firmicutes THIOTETHYECKA
Goree Bcero MoAXOIAT B KauecTse Xo3sieB /i I16B, kotopeie,
MIPEIIOIOKUATEEHO, MOTYT ObITh (aramu (Krishnamurthy,
Wang, 2018). Bo3moxno, y arunuasbix [1BB-mrammoB ¢
«aJBTepHATUBHBIMY» TeHETHIECKM KortoM Tprda (Yinda et al.,
2018; Kleymann et al., 2020), mogo6Ho aram, mpoU30ILIO
riepekonpoBanue pu Tpancisnuu (Peters et al., 2022) Beien
3a ceonM xo3sitHOM Clostridia Firmicutes, mapa3uTHPYIOIIAM
B KJICTKe Tpuoa.

Taxum 00pa3oM, ocTaeTcsi BEPOSITHOCTH Toro, uto [IBB,
WCTIONB3YIONIHE TPUOHONH MUTOXOH IPHUAIIBHBIN KO, SIBIISIOTCS
GakTeprodaramu, y KOTOPBIX CMEHa Kojia 00yCIIOBIEHa 9BO-
JIONMEH, CBI3aHHOH ¢ X03IMHOM-TIpokaprotoM. bornee Toro,
E.V. Koonin ¢ xomreramu (2020) npeanomnararot, uto [16B,
CUHMTABILHNECS PAaHEE BUPYCAMH )KHBOTHBIX, — HICKITIOUUTEIIEHO
OakTepranbHBIe BUPYCHI, B OTIMYUE OT (HIOTCHETHUECKU
OJIM3KOr0 K HUM ceMeiicTtBa Partitiviridae, BKIIIOUAIOILIETO
9YKapUOTHYECKHE H, IO MOCIECIHAM JAHHBIM, OaKTepHaib-
HBIC BUPYCHI, TIOCKOJIBKY Y HUX, Kak y [IBB, Opumn 00HApY-
xeHsl OakTepronm3unbl. [1o muenuto U. Neri ¢ xoineramn
(2022), cemetictBO Picobirnaviridae MOXeT TIPEICTABIITH
cobotii Tpetrio kmany PHK-6akreprnodaros BmecTe ¢ cemeii-
ctBamu Leviviridae n Cystoviridae.

MoryT nu KneTku nnecHeBbiX rpnbos

1 6ecno3BOHOYHbIX 6bITb X03AeBamu MNBB?
Hexotopsie apryMeHTbI CTOPOHHUKOB (haroBoii mpupozs: [I6B
CTaBST IT0J] COMHEHHME CyiecTBoBaHue popm [1BB, criocoOHbIX
MHQUIUPOBATH KIETKH HU3LIUX dyKaproT. OHako (GakT BbI-
siBIIeHNs1 HeTUTTUIHBIX popMm [1BB, reneTndaeckuii ko KOTOPBIX
COOTBETCTBYET BUPYCaM IJICCHEBBIX TPHOOB U OECII03BOHOY-
HBIX, TIO3BOJISIET MPEIOIOKUTh, 4TO HE Bee [1BB konupyror
0aKTepUONM3UHBI U, BEPOATHO, Y HEKOTOphIX (hopm [1BB,
noxooHo Mitoviridae nin Partitiviridae, BMeCcTO KJI€TOK OaK-
Tepuii X035eBaMy MOTYT OBITh KJIIETKH HI3IIHNX dykapuoT (Luo
etal.,2018; Shietal.,2018; Yinda et al., 2018; Ghosh, Malik,
2021; Ullah et al., 2022; Reddy et al., 2023). IIpennoceiikamu,
YKa3bIBAIOMIMMHU Ha TAKYIO BO3MOKHOCTB, SIBJISIFOTCS: TIPOHC-
xoknenne PHK-Bupycos sykapuor ot +PHK-haros (Wolf et
al., 2018) 1 ux MpeapacnosoKEHHOCTh K TOPU30HTAIHLHOM
nepeaade (Son et al., 2015; Dolja, Koonin, 2018).

MpouncxoxaeHne PHK-Bupycos sykapuot ot +PHK-daros
KaK CBUETENbCTBO CNOCOGHOCTY BUPYCOB

K MI3MeHEeHVI0 CBOeli TAKCOHOMIYECKOI Npupoabl
Nwmeromuecs Ha CETOAHALIHUN JE€Hb PE3yIbTaThl (PHIOTeHe-
THYECKHUX HMCCICOBAaHUI CBHICTEIBCTBYIOT O CYIIECTBOBA-
HUU POJACTBEHHOM CBsI3u Mexay cemerictBamu PHK-Bupycos
9YKapHOT U MPOKAPHUOT U UX 0OIIEM MPOUCXOKICHHH (pHC. 3)
(Dolja, Koonin, 2018; Wolf et al., 2018). B wactaOCTH, CO-
rmacHo E.V. Koonin ¢ komneramu (2015), 6akrepuodaru ce-
metictBa Cystoviridae 3BOIIOMOHHO CBSI3aHBI C CEMEHCTBOM
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Tun Lenarviricota (BeTBb 1) cofepxmT +ouPHK-BMpychI,
NHGMLMPYIOLLME MPOKAPUOT N HUZLWINX SYKapuoT
r 1
e s a syl i aa eyl .
Narnaviridae Narnaviridae | [Narnaviridae
. ARAAAAN RdRp . RdRp RdRp Kancup
+PHK-dparn (" Leviviridae Mitoviridae TpubbI BecnozsoHouHbie | [ Becnozsorourbie
RdRp &| RdRpKancup|——| ,RIRP
+ - E—— CL
Baktepun \ Baktepun Mpn6bi Uriniaviridae
RdRp
+ —
pr6bl
Tun Pisuviricota (BeTBb 2) copepxuT +oUPHK-Bupycbl 1 AUPHK-Bpychl, HOMLMPYIOLMEe NPOKaprOT 1 SyKaproT
r )
ARRASAR
Picobirngvirildlge
Mitoviridae-like
. AARAARA PARARAN PAAAAAN 6 )] ‘ RdRp
g Amalgaviridae Hypoviridae itoviridae-li Partitiviridae | |Picobirnaviridae lpu6ei,
+PHK-paru AUPHK-dparu RdRp yp: Mitoviridae-like RRo K 6eCHOIBOHOUHBIE
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Puc. 3. Mogenb 3BONOLMOHHOIO Pa3BUTUA BUPYCHbIX CEMENCTB, BefyLumx Hayano ot PHK-B1pycoB npoKkaproT, CornacHo Bepcuu, Nog-
OepxrBaemon nccnegosatenamu: E.V. Koonin ¢ konneramm (2015); Y.I. Wolf ¢ konneramm (2018); S. Ghosh un Y.S. Malik (2021); S. Sadiq

c konneramu (2022).

Reoviridae (BUpyCOB dyKapHOT) ¥ MOTYT OBITH MPSMBIMH
npeaKamu cemeiictBa Picobirnaviridae.

Ha ocnoBanuu ananusa PHK-3aBucumoit PHK-nonumepa-
3bI JOKa3aHO POICTBO MeX Iy onHonenouednsiMu PHK-0akre-
puocaramu cemeiictBa Leviviridae w3 xnacca Leviricetes n
mutoBupycamu (Wang, 2022). [To mpeamnonoKeHnio uccie-
nosarenel, cemeiicrea PHK-BupycoB tuna Lenarviricota
(Mitoviridae, Narnaviridae, Urmiaviridae), BOTIOIUOHHO
MIPEICTABIIOT coboii mepexonusie Gopmer ot PHK-6akre-
puocdaros k paranMm PHK-Bupycam, nHQUIUIpYOIUM HA3-
mmx dykapuot (Wolf et al., 2018; Sadiq et al., 2022). Kax
CUHUTAIOT UCCIIEJOBATEIIN, SBOMIOLMOHHBINA TIEPEX0]] BUPYCOB
nipokapuot K popmam PHK-BrpycoB, 3apakaronuyx sykapHor,
IIPON30LIEN NPUMEpHO 1.45 MiIp J1eT Ha3a]] BCIIEICTBHUE Iiepe-
X0JIa O-TIPOTE00AKTEpHil K IHITOCUMONOTHUECKOMY CIIOCOOY
cymecTtBoBaHus. [Ipu 3ToM (GOpMBI, yTpaTHBIINE KarCui
BCJIE/ICTBHE JAHHOTO 3BOJIOLMOHHOTO IIEpexo/ia, TaKue, Kak
Mitoviridae, mepenuyi K penpopyKIUU B MUTOXOHJIIPUSX, a
B JaJIbHEHIIeM, 1oo0Ho Narnaviridae, BB B IUTO30JIb
kneTku (Dolja, Koonin, 2018; Wolf et al., 2018).

Y.1. Wolf ¢ kommeramu (2018) cunrarot, 94T0 pa3HbIe TPYIIIBI
PHK-BHpycOB MOIIIH 3BOJIOIMOHUPOBATE OT MPOKAPHUOTH-
yeckux +PHK-BupycoB He3aBUCUMO, ITOCKONIBKY TeHbl RAR

y HEX 00MagaroT OOIBIIUM cXOnCTBOM ¢ TeHamu RdAR mpern-
koBbIX TPHK-BHpycoB, uem ¢ renamu apyrux PHK-Bupycos
13 TIApaJUICBHBIX BETBEH (PIIIOTCHETHYECKOTO JIepeBa.

Ponb cnoco6a pacnpoctpaHeHus PHK-supycos

B GopMUpPOBaHNM NX TAKCOHOMMNYECKOI NPUHaANEXHOCTH
JlanHbIC (UIOTEHETHYECKNX MCCIEOBAaHUH MOKA3alIH, 4To
PHK-Bupycsl, npuHaaiexaliye K OAHOMY CEMEICTBY, MOTYT
TOpaXkaTh X035€B U3 Pa3HbIX TAKCOHOB, BKIIIOYAst I'PHOBI, pac-
TEHWSI, J)KHBOTHBIX U TipocTerux (Son et al., 2015). [Ipruem
moaBIIsItoNIee 6opIMHCTBO ceMeiicTe PHK-Bupycos 3apa-
KAIOT OTHOKJIETOUHBIX 3YKapHOT, UCIIOIb3ys COOTBETCTBYIO-
1€ 3TUM OpTaHM3MaM aJIbTEPHATHBHBIC TCHETHYECCKHE KOJIBI
(Neri et al., 2022). DTu uccleI0BaHAS COTIIACYIOTCS C «THIIO-
Te30i1 ApeBHEeH kKodBomonumy (Pearson et al., 2009), kotopas
YTBEPXKJIAET, YTO BUPYCHI MOTYT MEPEXOAUTH OT XO35MHA, OT-
HOCSIIIETOCs K OTHOH TaKCOHOMUYECKOM KaTErOpUH, K XO3SIHHY
13 IPYroi TakCOHOMU4ecKoi kareropuu. [logoOHast cBs3b ¢
OpraHM3MaMH U3 pa3HbIX TAKCOHOB HAOIIONACTCS, HATIPHMED,
y PHK-BupycoB cemeticts Partitiviridae, Reoviridae, Amal-
gaviridae, Totiviridae, Chrysoviridae. Ynenst PHK-Bupycos
TUNOB Lenarviricota, Duplornaviricota u Pisuviricota (x Pisu-
viricota otHocsT I1bB) ouens pazHooOpasHbI, pacrpocTpa-
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HEHBI IPAKTUYECKH B JIFOOOW Cpejie U CBA3aHBI C IHUPOKUM
CTIEKTPOM XO35I€B, BKIIIO4Asl OaKkTepuil, MpOCTEHIINX, TPUOBI
u pacternns (Dolja, Koonin, 2018; Sadiq et al., 2022).

CornacHo «THIoTe3e JpeBHEN KOABOIIOINNY, OeCKaICHI-
HBIe MUTOBHpYcoronoonsie (hopmsl [1BB, mogodro MuTOBHpY-
caM, MOTyT IPE/ICTABIISTH COO0H MEPEXOTHYTO HBOIFOIMOHHYIO
¢dopmy ot mpenkoBoro +PHK-Bupyca nmpokapruoT k mpocTeii-
mM BupycaM dykapuot (Wolf et al., 2018). Yracnenosas
OT CBOETO MpeJKa, MPOKapruoTHIecKoro Bupyca, red RARp ¢
MIPOKAPHOTHUYECKUM MOTHBOM M CHIEIN(PUIECKUMHA MOTHBAMHU
(DFXKFD, SGSGGT u GDD), sta ¢opma mpu mepexoae K
HOBOMY XO3SIMHY — I'pHOy MOIJIa IPHOOPECTH €ro TreHeTHde-
CKHH KOJI, KOTOPBIH €€ epBOHAYATIBHBIN X035I1MH — IPOKAPHOT
MOT 3aUMCTBOBAaTh, HAXO/SICh B 3HAOCHMOMOTHYECKUX OTHO-
IICHUSAX C TPHOOM.

DHaocuMOm03 (CHMOMOTeHe3) — Pa3HOBUIHOCTH CHMOHO-
32— KOI7Ia O/IMH W3 TAPTHEPOB JKUBET BHYTPH KIIETKH JIPYTOTO.
[Tpu sH0CcMMOMO3€e OoJIee KPYITHOTO U3 MTAPTHEPOB OOBIYHO
Ha3bIBAIOT XO35SMHOM, a IapTHEPA, OPraHW3Ma, >KUBYIIETO
BHYTPH CBOETO XO3s5IMHA, — Mapa3suTOM B TOM CIydae, eCin
OH KOHKYPEHTHO BJIMSIET HAa CBOETO XO3SIMHA, MOMABIISS €TI0
penpoxykuuio. Bo MHOTHX accoruanusix MUKpOOPTaHU3MBbI-
MIapa3HuThl MEPEXOIAT K MOCTOSHHOMY BHYTPHUKICTOUHOMY
CYIIECTBOBAHHIO U IIEPEAAIOTCS 110 HACIIE/ICTBY.

[oteps xancuna mepexoxuoit popmoit 1B (momoOHOM
Mitoviridae) TpeboBaia penpoayKIINN BHYTPH MUTOXOHIPHH
WM Bakyosel (kak y Narnaviridae), aTo0bI n30exkats n30upa-
TEJIFHOTO YHUYTOKEHHS CHCTEMOM 3aINTHI KIIETKH €€ JABYIIe-
TIOYEYHOTO TEHOMa, COOTBETCTBYIOIIETO PETITMKATUBHON (hOp-
Me reHoma Mitoviridae, opMupyeMoil Ha TPOMEKYTOTHOM
CTaJMM PEIUIMKAINK. B nanHOM ciydae KarncHINpOBaHHYIO
[BB-mono6uyto Gpopmy P16-366 (Yinda et al., 2018) moxxHO
paccMaTpuBaTh KaK SBOJIIOIIMOHHO 00JIee MPOBUHYTYIO TIepe-
XOIHYIO ()OpPMY, TOCKOIBKY HAJIMIHE KANICHA Y 9TOH (OPMBI
I1bB =e TpedyeT yKphITHS €€ IBYLENOuYeIHOTO TCHOMA B MH-
toxoHnpusx rpuda (Wolf et al., 2018).

[MToaTBepkaeHNEM BO3MOKHOCTH TAKOTO BOIIONHMOHHOTO
CIIEHApHsI MOJKET OBITh HEIAaBHEE MACIITAOHOE METareHOMHOE
uccienoBanue sykapuornyeckux +PHK-Bupycos cemeiicTBa
Narnaviridae — 0mHOTO W3 JIByX M3BECTHBIX CEMEHCTB-TIO-
TomKoB +PHK-daros, xo3sieBaMu KOTOPOTO SIBISIFOTCS TPUOBL.
JlanHoe nccneioBanne 0OHAPYKHUIIO CPEIH MPEICTaBUTEICH
Narnaviridae MHOTOUYHCIICHHBIE HapHa-1IOJOOHBIC TEHOBA-
PHAaHTHI, Kak 0e3 reHa Oeska Karcua, Tak ¥ ¢ TeHOM Karch/ia,
X0351€BaMH KOTOPBIX OBUTH pa3HO0Opa3HbIe OECII03BOHOYHBIC
(Shietal.,2016). B coBpeMeHHO# TAKCOHOMHH TIPOUCXOISIITIEC
oT 6akTeprodaroB MuTo- 1 HapHa-nonoousie PHK-BUpycs ¢
MHUTOXOHIPHAIIBHBIM TEHETHUECKIM KOJIOM I'prOa IOy IniIn
craryc cemelictBa u onpenenstorcest kak PHK-Bupycel syka-
puot. [Ipudem, ecnu Ha ypoBHE ceMeiicTBa CIIEKTp XO35IEB
PHK-BupycoB MOXeT OBITH IINUPOK, TO HA YPOBHE POAA ITOT
CTIEKTp OOBIYHO OTPAaHUYCH, U CYIIECTBYIOT YETKHE (hritore-
HETHYECKHE Pa3IINIHs MEXK/Ly POJIAMH, 3apaskarolMH X035€B
13 pa3HBIX TakcoHOB (Sadiq et al., 2024).

Cormacho Y.I. Wolf ¢ xomneramu (2018), mpouncxoxaeHue
[IbB wunu mapTUTHBHPYCOB OOBSICHSICTCS peaccopTamueit
Mexy cermeHToM reHoMa RARp Bupyca ¢ +onPHK u3 ximaget
MTApTUTUBUPYC-TTMKOONPHABUPYC (C MUTOBHPYCOITOIOOHBIM
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CIIOCOOOM PENPOAYKIMN) U CETMEHTOM C TEHOM KallCHa BH-
pyca ¢ nuPHK-reHOMOM U3 Ki1a/1bl IUCTOBUPYCOB, TOTHBHPY-
COB M PEOBHPYCOB.

Peaccopranus — ¢popma oOMeHa TeHETHUECKOW MHQOP-
Manyei MeXIy BHpyCaMH C CErMEHTHPOBAHHBIM T'€HOMOM.
VY BHPYCOB ¢ CETMEHTHPOBAHHBIM T€HOMOM OOMEH CErMeH-
TaMH BO3MOXKEH, Korja /iBa (Win 0ojee) TeHeTHYECKH pa3-
JWYHBIX BHPYCa OTHOBPEMEHHO HH(DUIIUPYIOT OJHY H Ty XKe
KIIETKY. BHpYCBI, MEXly KOTOPBIMH MPOHUCXOIUT peaccopTa-
1¥st, 00pa3yroT HOBBIH BH/ WJIH IIITAMM BHpYca, 00J1a/IafoIii
WHBIMH KaU€CTBAMH 1 B OOJIBIIMHCTBE CITy4aeB MOBBIIICHHON
MaTOTeHHOCTHI0. Peaccopranus B MpUposie Jalie BCEro mpo-
WCXOIHT BHYTPH OTHOTO BH/IA, HO TAKXKE MOXKET MIPONUCXOTUTH
B TIpeJiesiax OHOTO Pojia.

B03MOXHOCTB peaccopTaly MeKay CETMEHTaMH BHPYC-
HBIX TeHOMOB, oOpa3zoBaHHBIX AIPHK u +onPHK, MoxHO
OOBSICHUTB yJacTHEM B peaccopTaruu co croponsl +PHK-u-
PYCOB CETMEHTOB, HaXO/SIIIMXCS HA CTAIMN PETUTMKATHBHBIX
npomexxyTogabix popm PHK (muPHK). Taxoit BapuaHT mpo-
ucxoxnenust [I6B o0pscuseT dakt BeisBienus C.K. Yinda ¢
xosuteramiu (2018) GecKancuIHBIX 1 KallCHINPOBAHHBIX (hOpM
I1bB c anbrepHaTHBHBIM TEHETHYECKUM KOJIOM, HATTOMUHAFO-
IIUX BUPYCHI TPHOOB 110 CIOCO0Y PETTPOLYKIUH.

BmMecTe ¢ TeM B COOTBETCTBHH € «TEOPHEH SHIOCHMON03a
6eckancuanabie [1bB-mog00HbIe PEMIIMKOHBI ¢ MUTOXOH/I-
pHaNBHBIM TeHeTHYecKuM KomoMm Tpubda (P11-300, P11-378,
P14-90, P15-218, WGML128211, M17A), obHapyxeHHBIE
C.K. Yinda ¢ xomreramu (2018) u A. Kleymann ¢ xomieramu
(2020), MO)XKHO paccMaTpUBaTh HE TOIHKO KaK MPOIYKTHI
0oOMeHa TOMOJIOTHYHBIMI CETMEHTaMU MEK/1y CEMEHCTBAMHU
poncteenHbIx PHK-BHpYCOB, HO M Kak pe3ynbraT CHMOMOTH-
YecKUX OTHOmeHuH. [To mMerommmMest Ha CeroAHAIIHIN 1eHb
JaHHBIM, TeHOMBI [IBB ¢ mpokapuoTHdecknMi MOTHBaMH 1
MOTHBaMH IIECHEBBIX TPHOOB 1 OECTIO3BOHOYHBIX OOHApYKe-
HBI B KHIIEYHUKAX KUBOTHBIX B COCTaBE OHOW MUKPOOHOTBI,
COCTOSIIIIEH M3 KIETOK OakTepHi M MPOCTEHUIINX YKAPHOT.
Brisienenue B ogaoM Mukpobmome I1bB ¢ remermueckum
KOJIOM KJICTOK OAaKTepHi M IIIECHEBBIX IPHOOB TPE/IIoNaract
HaJINYUE SHI0CUMONOTHYECKIX OTHOMIECHUI MEXTy UX X035
esamu (Bruto et al., 2014). HegaBHue ncciieqoBaHNUs COCTaBa
KHIIEYHOH MUKPOOHOTHI, B TOM 4ncIie OaKTepuii U rpuoOKoB,
CBHJICTENBCTBYIOT O 3HAYMTEIBHON B3aMMO3aBHCHMOCTH
Mex Iy rpudamu u 6akrepusimu (Li et al., 2022).

Cy1mecTBoBaHNE CUMOMOTHYECKUX OTHOIICHUH MEKTy TaK-
COHOMHMYECKH pazHbIMH x03sieBamu PHK-BupycoB nomyckaer
TIPEOI0JICHUE BUPYCOM Oapbepa M1y KIIeTKaMH-CHMOMOHTa-
MH ITyTEM TOPU30HTAIIBHOTO TTEPEHOCA C BO3MOKHOCTBIO JIalTh-
HeWIIeH penpoayKIny B KIIETKaX HOBOTO X03s1HA. Pacimpen-
HBIN (PUITOTEHETHUYECKUH aHaIN3 JOKa3bIBAET IIOBCEMECTHOE
pacnpocTpaHeHue ropu3oHTanbHOro epenoca PHK-supycos
MEXXIY pa3lTUIHBIMH X035€BaMHU U €TO BEAYILYIO POJIb B 3BO-
mrorim 3TuX BHpycoB (Dolja, Koonin, 2018). Ycranosnero,
4T0 OAKTEPHUN CTIOCOOHBI IIPOHHUKATD B IIUTOILIA3My T'PHOOB 1
HAXOIWTHCS TaM JutnTensHoe Bpems (https://www.pravda.ru/
news/science/2024301-simbioz/). [Ipygem ropu3oHTATHHBII
TIEPEHOC T'€HOB MM BUPYCOB, KaK IPaBHIIO, OCYIIECTBIISETCS
oT 6akrepuii k TpudaM. B 0OpaTHOM HarpaBIeHHH MIEPEHOC
TEHOB (BUPYCOB) BPSIJL JIN BO3MOXKEH (MHKOBHPYCHI IEPEAAIOT-
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Cs1 KJIeTKaM1 IpHOO0B MCKITFOYUTENILHO M0 BEPTUKAIN — OT PO-
nmuTelel k moromkam) (Bruto et al., 2014).

OupmukyTs (Firmicutes), mpenmnonaraeMeie xo3siesa [I6B
(Krishnamurthy, Wang, 2018), sBissce Hanbomnee pacmpo-
CTpaHEHHBIM MUKPOOPTAHU3MOM B KHIIIEYHUKE KUBOTHBIX U
YeJIOBEKa, MOTJIM OKAa3aThCsl TAM BMECTE C KJIETKaMH TpHoa.
VmeroTcs aHHBIE, CBUACTEILCTBYIONIUE O TOM, YTO HE-
KOTOpBIe (UPMUKYTHI, OTHOCsIMECs K kiacey Clostridia,
KOHKYPEHTHO B3aMMOJAEHCTBYIOT B KHIICYHUKE C KICTKaMU
rpubka Candida albicans, penaATCTBYS KOJIOHHU3AIAN dTUM
TpUOKOM KIIETOK BRICIIUX dyKapuoT (Shulgina, Eddy, 2021).
[Mapasurnyeckuii crmocod CyIecTBOBaHUS (dHIOCHMOWO3),
CBSI3BIBAIOINHN Firmicutes ¢ OJHOKJIETOUYHBIMH TprubamMu
C. albicans, nomyckaeT TOPU30HTAIBHBIN IIEPEHOC MEXKTY
HuUMH BHpYycoB U reHoB (Taggart et al., 2023).

Oo6napyxenue renomoB [IBB ¢ reHeTH4ecKkuM KOIIOM,
XapaKTePHBIM JUTS Pa3HBIX B TAKCOHOMHYECKOM OTHOIICHUH
X035I€B TIPOKapPHOT, HU3IINX SYKapHOT, O0BSICHSETCS 1 HEKOTO-
potii o0mieit 3akoHOMepHOCTRIO B dBotortuu iiPHK-Bupycos,
3aMEUEHHOHN HCCIIeIOBATEIIMI. JTa 3aKOHOMEPHOCTH CBSI3aHA
co crocobHOCTRI0 HeOompmux APHK-BupycoB ¢ MuHMMA-
JUCTUYHBIMU T€HOMaMH, 00pa30BaHHBIMH MHHHMAJIbHBIM
KOJINYIECTBOM CETMEHTOB, KOAMpPYIOmUX oauH Oenok RARp
(Narnaviridae) nim nBa, RARp u 6enox kancuna (7otiviridae,
Partitiviridae, Picobirnaviridae), x Hecrenu(puIecKOMY
TOPU30HTAIBHOMY PACIIPOCTPAHEHHUIO CPEIH PA3HBIX B TaK-
coHOMHUYeCKoM OoTHommeHnHu xo3seB (Dolja, Koonin, 2018).
ITo sroit npuunne [16B, BeposTHO, MOIMIM IPOHUKHYThH U B
KJIETKH OECITO3BOHOYHBIX, TAK KaK OECIIO3BOHOYHBIE SIBIIIOTCS
0COOCHHO HEepa300PUMBBIMU X035€BAMU TSI BUPYCOB.

YacTo OTIaNeHHO POJICTBEHHBIE OECIIO3BOHOYHBIE MOTYT
OBITH XO35i€BAaMH OIHOH W TOH e rpymnmsl BupycoB (Wolf
et al., 2018). C nmpyroii croponsl, nuPHK-Bupyce ¢ Mmakcu-
MaJIbHO BO3MOYKHBIM JUTS HUX pa3MepoOM I€HOMa, TAKHE Kak
ceMeicTBO Reoviridae, XapakTepu3yIOTCs ropas3io OobIIeit
CTEMNEHBIO CTICU()UIHOCTH K XO35HHY, BEPOATHO, H3-3a 00IIb-
Ieit ajanTanuy K HeMy ITOCPECTBOM NTPHOOPETEHUS TEHOB,
YYacTBYIOUIMX BO B3aUMOJCHCTBHAX BHpyc—xo3sauH (Dolja,
Koonin, 2018).

Cunraercs, 9TO BUPYCHI OaKTepuil HE MOTYT HAIpSIMYIO
MH(UIIMPOBATH KJIETKH OPTraHOB BBICIINX 3yKApHOT U B 3TH
OpraHbl OHM MOTYT TIOTIACTh TOJIBKO ITyTEM HeCTIeN(pIIECKOI
TPAHCIIOKAIMH C TOMOIIBIO OaKTEpHHi, B KOTOPHIX OHU Pa3MHO-
sarotcs (Dabrowska et al., 2005). Y mummb HeiaBHO TOSIBUITACH
nH(pOpMAIHs, YTO KIETKH MIEKOIMTAIOIINX MOTYT HETIOCPE-
CTBCHHO MHTEPHAJIM3UPOBaTh Oakteprodaros (Bichet et al.,
2023) yepes MaKpOMHHONINTO3 (HecTenupuIeckas HHTCPHA-
JIU3aHst) ¥ B PEIKHX CIy4asix C IOMOIIBIO PEIETITOP-0TIoCcpe-
JIOBAaHHOTO HJIOIMTO3a (CTieu(uuecKoil MHTEpHATM3AIIIH)
(Bichetetal., 2023). OqHako 10 HACTOSAIIETO BPEMEHH CITOCO0-
HOCTb pOHUKHOBeHU [15B B KIeTKM *KUBOTHBIX HE I0Ka3aHa.

3akniouyeHune

Ccbutasich Ha UMEIOIIMECS B HAILIIEM PACHOPSKEHUH UCTOY-
HHKH, B KOTOPBIX JJaHA MOJIEKYJISIPHO-T€HETHYEeCKas XapaKTe-
PHUCTHKA OOHAPYKEHHBIX JI0 HACTOSIIIETO BPEMCHH ILITAMMOB
I15B, MO’XHO IPEANIOTI0KUTH, UTO BEPOSITHEE BCETO X035IeBaMH
CyllecTBYIOIMX B pupoze mrammoB [1bB sBasitorcs nmpoka-
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HoBble aprymeHTbI B 4UCKycchm
0 NpYpoge NMKOBYPHABMPYCOB

PHOTEI, a B OAHOKJICTOYHBIX DYKapHOTax (TJIECHEBBIX rpruodax
1 OECII03BOHOYHBIX) MOTYT IPHCYTCTBOBATH UX TIEPEXOIHBIC
9BONIOLMOHHBIE (JOPMBI.

B 1onp3y Takoro mpeAronoKeHust Mbl IPUBOMM CIEIYIO-
1€ apTyMEHTBI, KOTOPBIE, KaK HaM MPEACTaBISIETCs, Han0o-
JIee BECOMBI.

ApPryMeHTbI, NOATBEP K/1aI0lIe BO3MOKHOCTh Penpo-
aykuuu [IBB B kieTkax nmpokapuor

* Tenom y I1BB oboramen mocienoBarensHocTamMu Lllaii-
Ha—/lamerapHo, kotopsie pucymu npokapuoram (Krish-
namurthy, Wang, 2018).

* [IpucyrcrBue OakrepuonuTrdeckoro o6enka y [IBB moxer
CITY’XUTh yOenmuTenmpHOH aprymeHTanueit, uro I16B sBis-
torcst Oakreprodaramu (Gan, Wang, 2023).

» CxionnocTs [1BB k reHeTndecknM M3MEHEHUSAM (Xapakx-
TEpHasi JJIsl BUPYCOB C CErMEHTHPOBAaHHBIM I'€HOMOM) B
OostbIIeil CTENIeHN CBOMCTBEHHA BUPYCaM ITPOKapHOT.

* [ToBcemectHOE 0OHapyx)eHUe [15B — B KUIIeUHUKE JKUBOT-
HBIX Pa3HOTO yPOBHS OpraHU3alyy (T03BOHOYHBIX U Oec-
ITO3BOHOYHBIX) U B CTOUHBIX Boyax (Ghosh, Malik, 2021).

* HeBo3mokHOCTH KynmbTHBHpOBaTh [IBB B 1abopatopHBIX
YCIIOBHSIX WJTH BBIICIUTB MX U3 00pa31i0B TKaHEH JKUBOTHBIX
(Sadiq et al., 2024).

* bonee uyacras mexsunosas nepenada [1bB, ywem PHK-Bu-
PYCOB, ’KMBOTHBIX H3 JIFOOOTO Jpyroro cemeiictBa (Sadiq
et al., 2024).

* SIBeHue epeHa3HaueHNs IPU TPAHCISIIIUH CTOT-KOJJOHOB
TAG u TGA Ha anmsTepHaTHBHBIC (KOTUPYIOIIHE aMHHOKHC-
JIOTHI NTyTaMHUH U TPUNTO(haH) 0COOEHHO PACIIPOCTPAHEHO B
(arax, mapunmpyromux Firmicutes u Bacteroidetes (Peters
etal., 2022).

AprymeHTbl, YKa3bIBaloOlIe HA BO3MOKHOCTh CyIle-
CTBOBAHHS HEKOTOPBIX MePeX0HbIX IBOIIOLMOHHBIX hopM
IIbB B nmuiecHeBbIX rpudax 1 0ecno3BOHOYHBIX

» OOmiee NPONUCXOXKACHUE CEMEHCTB NMPOKAPHOTHIECKUX U

sykapuotnueckux PHK-Bupycos nomyckaer Ha ypoBHE

CeMeiCcTBa CyIIEeCTBOBAHUE MIMPOKOTO CIIEKTPa XO35EB

PHK-Bupyca, IMEIOINX OTHOIIECHHUE K Pa3HBIM TAKCOHAM

(Wolfet al., 2018).

OHA0CMMONOTHYECKNE OTHOIIEHUSI MeXAy Firmicutes

(mpenmonaraembivu xo3sieBamu [16B) u rpubamu C. albi-

cans (Peters et al., 2022), 3aHIMAIOIIMMH OHY YKOJIOTHYC-

CKYIO HUITY (KMIIEYHUK XMBOTHOTO MJIH YEJIOBEKA), TIpe/I-

TIOJIATat0T BO3MOYKHOCTB TOPU30HTAIBHOTO IIEPEHOCA TCHOB

u BUpycoB Mexay HuMu (Shulgina, Eddy, 2021).

* DHIOCUMONOTHYECKHE OTHOLICHUSI MexXay Firmicutes n
C. albicans sBnsroTcs npuanHOM cMeHBI koxa y [16B Been
3a cBOMM Xxo3stuHOM Firmicutes (Bender et al., 2008).

* MexanusMm n3MeHenus [IBB cBoero renetnyeckoro xona
(Wang, 2022) MOXXET IEMOHCTPHPOBATH HE TOITHKO BO3MOXK-
HOCTB (haroB K penpoyKINH B KJIETKAaX HE3aBUCUMO OT UX
TAKCOHOMHMYECKOH MPUHAUISKHOCTH, HO ¥ BEPOSTHBIH ITyTh
(hopMupOBaHUS EPEXOHBIX IBOTIONNOHHBIX opM [1BB,
00Hapy>KEHHBIX B KIIETKaX HEKOTOPBIX HU3IINX JYKAPUOT.

* Tonpko y HekoTOpbIx [16B B Karicume o0HapyKeHBI OSITKH C
OakrepronuTIdeckoi hyHkmmei (Wang, 2022), kak 'y Ommm3-
KOPOJICTBEHHOTO UM ceMeiicTBa Partitiviridae, mpencTaBuTe-
JIeH KOTOPOTO OTHOCHT K Bupycam rpuooB (Neri et al., 2022).
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A.Yu. Kashnikov, N.V. Epifanova
N.A. Novikova

OtH HaOTIOAEHHS TOITBEPKIAIOT BO3MOXKHOCTB CYIIIECTBO-
Bauus otAenbHBIX (popm [1BB, TakcoHOMMYECKH CBA3aHHBIX
Kak ¢ 0aKTepUsIMH, TaK U C OTHOKIIETOYHBIMH 3yKapHOTaMH —
TUIECHEBBIMU TprubamMu 1 Oecrio3BOHOUHBIMH. [lo3aTOMYy, Kak
crpasemrBo 3ameTn D. Wang ¢ xommeramu (2022), okoH4a-
TEJIbHBIE BBIBOJIBI OTHOCHTEIBHO HCTHHHOTO XO35MHA (X035€B)
BbIsABIeHHBIX [IBB He MoryT OBITH 0000IIICHBI Ha YPOBHE CE-
MeicTBa, a TpeOyIOT UCCIIeIOBaHM Beero pasHoodpasus [16B,
YTOOBI OIPEIETNTH TAKCOHOMHIECKYIO IPHHA/IIEKHOCTH BCE-
TO CHEKTPa UX X035€B.
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DBOJIIOLMS ITOpsiAKa reHoB B MT/JHK 6alikajibCKIUX
SHIEMMWUYHBIX aM@UIION I ee BO3SMOKHbIE MeXaH3MBbl

E.A. Cuporusuna (1) @), A 1O. lep6axos (1), E.B. Pomaxosa

JIumHonornueckunit UHCTUTYT CbMpCKoro oTaeneHna Poccuiickoin akagemun Hayk, MpkyTck, Poccua
@ haleo.inc@gmail.com

AHHOTauuA. 3HauuTenbHoe pa3Hoobpasve B MOPAAKE FEHOB MUTOXOHAPUANbHbLIX (MT) reHoMoB 6ecno3BOHOYHbBIX
oTmevaeTca B noaTtune Crustacea, u, B YacTHOCTK, B oTpsAae Amphipoda. Amdunoabl o3epa balkan Takxe M3BeCTHbI Kak
rpynna ¢ yHUKanbHbIM/ NOPALKaMU reHOB B MT reHomax. Ytobbl oLeHNTb pa3Hoobpasne nopsaKoB 6enoK-KoanpyoLwmnx
reHoB (M) améunog, 6bin NpoBefeH CPaBHUTENbHbIM AHANIM3 TFEHHbIX MEPECTPOeK B MT reHoMax 6aikanbCKux W
HeballKanbCKMX BUOB. B HEKOTOPbBIX Clyyasnx AaHHble O NepPecTPoKax reHOB 1 UCTOPUMN NX NepeMeLLeHIN y Pa3fINYHbIX
TaKCOHOMMYECKMX TPYNM Takxe MOryT MHPOPMATUBHO JOMONHATb AaHHble GuioreHeTUYecKoro aHanmsa. na 13 paHee
MOMYyYeHHbIX HYKNeOTUAHbIX MOC/IeA0BaTENIbHOCTEN MT FeHOMOB 6alikanbCKMX BUAOB Mbl onpefenvnn 4 Bapuanta I, ana
114 MT reHOMOB Hebalikanbckux BuaoB — 14 BapuaHToB Tl Bbiny Takke paccuMTaHbl TUMbl U YAC/IO LWIAroB NepecTpoek
(ot 1 po 3), Tpebytowmxca AnA nepexofda OT OJHOrO MOPAAKA FEHOB K APYrOoMy, U YMCNO MT reHOB, MOABEPrmxca
nepectporikam B Kaxxgom Ml (ot 1 go 5). baikanbckme ambunogbl npuHagnexat K Asym nuumam (I u Il) B cootBeTCcTBUM C
MONEKYNAPHbIMY JaHHBIMU, YKa3blBaOLWVIMUN Ha UX MPOUCXOXKAEHME OT [BYX HE3aBUCUMbIX BCENEHUI MPEAKOBbIX BUAOB
B 03epo. Bce cnyvan nepectpoek nopsafkKa MT reHoB OOHapyeHbl y BUAOB M3 NHUK |, Torga Kak NopsfaoK MT reHOB B
nnHUK || KOHCepBaATMBEH Y BCEX M3YUYeHHbIX BUAOB 1 COOTBETCTBYET Mofenu Pancrustacean pattern (Mawlr). Mawnllr 6bin
onpefeneH Kak NpPeaKoBbli NMOPSAAOK reHOB Ans obenx NUHWIA 6aikanbckux améunod. B uccnegosaHnm obcyxpatotca
BO3MOXHbl€ MeXaHM3Mbl MepecTpPoeK MopafKa MT reHOB, Takue, Kak MOSIHaA WAN YacTUYHAA JyrnaMKaumsa MT reHoma v
nocnepyiolme ciyyaiiHble aeneuyn. BbickasbiBaeTca NpenrnosioxkeHne, YTo MOBbIlEHHAA CKOPOCTb MyTaLuii, ocnabneHve
cTabunmsupytoLlero otbopa 1 apyrme ocobble GakTopbl MOTYT BVATb Ha BEPOATHOCTb NOABNEHUA U GUKCALMMN Pa3fNUHbIX
MI B MT reHoMax 6aiKanbCcKUx aMmeprnoa.

KnioueBblie cnoBa: amdprnoppl; 03epo balikan; MUTOXOHAPWaNbHbIV FEHOM; MEPECTPONKN FreHOB

[na untuposanus: CupotuHmHa E.A,, LLlep6akos [.t0., PomaHoBa E.B. dBontouus nopsgka reHos B MTAHK Gaiikanbckumx
SHAEMUYHBIX aMPUMOA N ee BO3MOXHble MeXaHW3Mbl. Basunosckuli XypHan eeHemuku u cenekyuu. 2026;30(1):136-145.
doi 10.18699/vjgb-26-15

Evolution of gene order in mtDNA
of Baikal endemic amphipods and its possible mechanisms

E.A. Sirotinina (%) &, D.Yu. Sherbakov (2), E.V. Romanova

Limnological Institute of the Siberian Branch of the Russian Academy of Sciences, Irkutsk, Russia
@ haleo.inc@gmail.com

Abstract. Significant gene order diversity of mitochondrial (mt) genomes of invertebrates is peculiar to subphylum
Crustacea, and to order Amphipoda in particular. Amphipods from Lake Baikal are also known as a group with unique gene
orders in their mt genomes. To estimate the diversity of protein-coding gene orders (GOs) in amphipods, a comparative
analysis of gene rearrangements in the mt genomes of Baikal and non-Baikal species was performed. In some cases, gene
rearrangement data and the history of gene relocation in different taxonomic groups can also supplement the results of
phylogenetic inferences. Among the thirteen mt genomes of Baikal species sequenced in previous studies, four gene order
patterns were identified, and fourteen gene order patterns for 114 mt genomes of non-Baikal species were observed. The
type and number of rearrangement steps (from 1 to 3) required to transition from one order to another and the number
of mt genes rearranged in each GO (from 1 to 5) were also defined. Baikalian amphipods belong to two lineages (I and II)
according to molecular data which reveal their origin from two independent introductions of ancestral species into the
lake. All cases of mt gene order rearrangements have been detected in species from the first lineage, whereas the mt gene
order in the second lineage is conserved in all species studied and corresponds to the Pancrustacean pattern (PanGO).
PanGO has been determined as the ancestral gene order for both Baikalian amphipod lineages. The possible mechanisms of
mt gene order rearrangements such as a complete or partial duplication of mt genome and subsequent random deletions
are discussed in our study. It is supposed that increased mutation rate, weakening of stabilizing selection and other specific
factors may influence the probability of emergence and fixation of different GOs in mt genomes of Baikalian amphipods.
Key words: amphipods; Lake Baikal; mitochondrial genome; gene rearrangement
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BBepeHue

PazHooOpasne mopsiiIkoB T€HOB MUTOXOHAPHAIBHOTO (MT)
reHOMa SYKapuOT OYeHb BENIMKO. B 3aBHCHMOCTH OT ImyTel
9BOJIIOIUH B Pa3HBIX JIMHUIX, THUIBI OpPraHU3allMd MT Te-
HOMa (JIMHEHHBIE, KOJIbIEBbIE, OPOPMIICHHBIE B HECKOJIBKO
XPOMOCOM), COCTaB I'€HOB (IIOTEPsI U MPHUOOPETCHUE TCHOB)
u ux pacnosioxkenue pasnngarorcs (Sterling-Montealegre,
Prada, 2024). Ilupoxwuit pazdbpoc B pazMepax MT T€HOMOB
(ot 11-50 T.1.H. Yy KHUBOTHBIX A0 66 T.1m.H—11.3 MIIH 1. H.
y pacTeHuil) HaONOaeTcsi BO MHOTOM H3-32 BapHalui B
YHUCJIEe TEHOB, a Takke JUIMHbI Hekoaupytomeid mT/IHK. Pas-
HooOpasue nopsiakoB reHoB (I1IN) ompexnensercs kak n3me-
HEHHEM HUX TIOJIOKEHUI OTHOCUTENBHO APYT Apyra, Tak H
HaJIMYUEM JIeNIenni 1 TyIUIHKAUKA. Y HEKOTOPBIX KPYITHBIX
TakcoHOB [1I" KOHCepBaTHUBEH (HarpUMep, Y MO3BOHOYHBIX),
y apyrux [1I" mmpoxo BapbupyeT (B HEKOTOPBIX IpyIiax oec-
03BOHOYHKIX) (Zardoya, 2020). [Topsiky TeHOB B MT TeHOMAaX
PaKooOpa3HBIX SABIISIOTCS OJHUMH M3 CaMBIX Pa3HOOOPa3HBIX
cpeau 6ecrio3BoHOUHBIX (TtoxTHn Crustacea), YTo IPOSIBIAETCS
B U3MEHEHHH I0JIOKEHUH TeHOB OTHOCHUTEIILHO 0a30BOTO I10-
psiziKa, XapaKTEepHOTo Takxke /st HacekoMbIx (Pancrustacean
pattern, [TanI1l") (Boore, 1999; Kilpert, Podsiadlowski, 2006;
Sterling-Montealegre, Prada, 2024).

Turer m3menernit [ MoryT ObITE pa3HbIME. B HenaBHEM
nccienoanny R.A. Sterling-Montealegre u C.F. Prada (2024)
cpeau 464 Mt reHoMOB 47 OTPsI0B WIEHUCTOHOTUX [TPOaHaIH-
3upoBaHo 299 renHomoB noaruna Crustacea u BoiaeneHo 87 I11
B ToM umcie deTbipe [, Hanbosee yacTo BeTpeyaronuxcs
Yy pakooOpa3HBIX.

CoracHo 3TUM AaHHEIM, B MT reHoMax Crustacea Ha TPHK
rensl npunuiocsk 70.1 % ot yncna Bcex nepectpoek, 29.9 %
COCTaBHWJIM N3MEHEHHS OJIOKCHUH IPYTUX TeHOB. MI3MeHeHns
noNokeHnH O6eok-koaupyronmx u pPHK renos Berpegarorcst
pexe (Castellucci et al., 2022), wem y TPHK renos, nomno-
MKEHUsI KOTOPBIX Pa3INyaroTcsl MOPOH ake y BUJOB OJHOTO
cemeiictsa (Jithling et al., 2012). Panee 6pu1a mokasana moso-
KHUTEIIbHAS ACCOMAINS 3HAYUTEIILHBIX IIOKa3aTeIeH FeHHBIX
MIEPECTPOEK C BHICOKOH CKOPOCTHIO HYKJICOTHIHBIX 3aMEH
B OeJIoK-KOAUpyonMx reHax noxakiacca Caenogastropoda
Cox, 1959 (6proxonorue momtrockn) (Fourdrilis et al., 2018).
VY GalikanbCKUX aM(UIIOA, TPpynmsl ¢ pasHoodpasueM [1I" B
MT T€HOMaX, TaKke 0OHAPYKEHO 3HAYNMOE yCKOPEHHE BO-
JIFOIIMHU B HECKOJIBKUX OEJIOK-KOJUPYIOIINX I'eHax 110 CpaBHe-
HUIO C POJICTBEHHBIMHU BH/IaMH IIPECHOBOAHBIX ampumon poaa
Gammarus (Romanova, Sherbakov, 2019). Tem HEe MeHee
Takasi CBA3b IIPOCIICIKUBACTCS HE BO BCEX IPYIIIAX OpraHu3-
MoB (Shao et al., 2003; Xu et al., 2006). [IpumeuarensHO,
YTO B HEKOTOPBIX JIMHHUSAX PAKOOOPA3HBIX MOPSIOK I'€HOB B
MT T€HOMaX OCTAaeTCs] HEM3MEHHBIM B TEUCHNE JITHTEIBHBIX
TIEPUO/IOB BPEMEHH, B TO BPEMsI KaK B JIPyTHX IPyIIax 3TOT
npu3Hak cuisHO BapeupyeT (Kilpert et al., 2012; Tan et al.,
2019; Zardoya, 2020).

DUIOreHeTHYEeCKUH M CTAaTUCTHYECKHUI aHAM3bl M03BO-
JISIFOT PEKOHCTPYHpOBaTh ncropuro namenenus [1I° y pasHbix
TakcoHOB. B HexoTopbIx ciydasx [ moryT siBisiThest HHGOP-
MaTHBHBIMY CHHAIOMOP(USIMH TS OTAETBHBIX IPYII, JOTION-
HUTEJIBHO ITOMOTast yTOUHHTh POJICTBEHHBIE CBSI3U HAa YPOBHE
nHpPaoTPsI0B, HagceMelicTB u cemelicTs (Tan et al., 2019).
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SBontouuna nopaaka reHos B MTAHK 6aikanbckmx
SHAEMUYHBIX aMPUMOZ 1 ee BO3MOXKHbIE MEXaHW3Mbl

MT reHOMBI ¢ NI3MEHEHHBIM TIOPSIIKOM T€HOB 4acTO BCTpe-
yarotces y amgunon u3 o3epa baitkar (Romanova et al., 2016,
2020; Drozdova et al., 2024). Dto rpynma 0eCII03BOHOYHBIX
JKUBOTHBIX, BO3HHUKIIAS B 03€pe B pe3yibTaTe aJalTHBHOMN
paauayy U CyMIECTBYIOIIAs Ha TMPOTSHKEHUH [UTHTEIEHOTO
Bpemenn (Sherbakov, 1999; Mats et al., 2011). [Tpuaunsl, mpu-
BozsLMe K nepecrpoiikam I1I" B JaHHOM rpynie SHAEMUYHBIX
0eCII03BOHOYHBIX, HE W3BECTHBI, KaK M UX IMPEIIOoIaracMble
mexanm3mbl (Mueller, Boore, 2005).

Crarps mocBsIIeHa onieHKe pa3sHooOpasus [1I' B MT reHo-
Max aM(HUITo]] C TOMOIIBIO CPABHUTEIHFHOTO aHATN3a TEHHBIX
TIEPECTPOEK y STOM TPYIIIBI M IIPEIIOTIOKEHUN 0 MEXaHM3Max
UX TIOSIBIICHUS B KOHTEKCTE YBOJTIOIIMOHHON HCTOpHU. Pe3yib-
TaTel No3BoMWIM onpenenuth [lanlll’ kak npeakoBbIA It
0alfKaTbCKUX BHIOB, & TaK)Ke HEKOTOPHIC 3aKOHOMEPHOCTH
BO3HHKHOBEHUS MEPECTPOCK B 3TOH Tpymme. Taxke ObLTH
BBIJICITICHBI TPYIIIHI ¢ HeoanHAKOBEIMU [1I" B BEIOOpKE BHIOB.

MaTtepuanbl n metogbl

Haoop nannsix IIT" amdunoa. [TocnenoBaTenbHOCTH MT Te-
HOMOB aM(HITOJ JJIs STOTO CCIIeIOBAHMUS B3sIThI U3 0a3bl 1aH-
ueix GenBank ([Tpunoxkenue 1)'. MT renomsl Galikaibckux
BUJIOB OBLIIH OIyOJIMKOBaHBI B 00JIee PAHHHUX MCCIIET0BAHMSIX
(Rivarola-Duarte et al., 2014; Romanova et al., 2016, 2021;
Mamos et al., 2021). Mecta cOopa 00pa3sioB, a TaKke JeTa-
nu Beigenenus JJHK, nposeaenus I[P, cexBenupoBanusi,
COOpKHM ¥ aHHOTAIMK MT T€HOMOB OITUCAHBI B ITyOIHKAIMSIX
E.V. Romanova ¢ xomteramu (2016, 2021), a Takxe B Ilpu-
JIO)KEHUH 2.

B Habop naHHBIX A7l CpaBHEHUSI TIOPSIKOB T€HOB BKITIO-
YU TOJIBKO T€ MT reHOMBI (127 BUAOB), U1 KOTOPBIX ObLIa
MOJTHOCTBIO OTIpe/ieNieHa HyKJICOTH THAS TOCIIEI0BATEIbHOCTD
koaupyrorei yactu (13 Oenok-koaupyronmx reuos). 13 Ha-
Oopa ObLIH HcKITIoUeHbI pubocoMHblie renbl, reHsl TPHK n KP
(KOHTPOJIBHBIN PErHOH), TaK KaK y psiia BUA0B KOITHYECTBO Te-
HOB OBLIIO HETIOHBIM MJIM MIMEJIHCH Y TUTHIIUPOBAHHBIE KOTIUH,
YTO 3aTPYHIIO OBl UX aHaIN3. MT reHOM 0aiikabCKoro Buaa
Linevichella vortex (Dybowsky, 1874) 6bu1 Tak:ke HCKITFOUYCH
u3 ananu3a [ u3-3a HermoIHOTO reHOMa, HO BKITFOUCH B (PHJIO-
reHernueckuit ananu3. Cxema Ilanlll’ Opina ucnonbp3oBaHa
JUISL TIONIApHBIX cpaBHeHUH. ClielyeT OTMETHUTh, YTO CIIoco0
BolziesieHus 11" Ha ocHOBaHUM MMOI0KEHUH 13 MT reHos Oe3
yuaeta TPHK, pPHK u nonoxenus KP, B onune ot ananmusa
37 reHoB, Jarle onpeAesseT MOPsAAKA FTeHOB KaK OIMHAKOBBIE —
orHocutensHO [Ianlll” mmu apyr npyra. Ilonnsie III aTux
K€ BHJIOB HE Oy/1yT MICHTHYHBIMU U3-32 PA3HBIX TOJI0KEHUN
OCTaJIbHBIX T€HOB.

AHanu3 nopsinka renos B nporpamme CREX. Tum nepe-
CTPOEK MT T'€HOB Yy aM(UIIO] OI[EHUBAIH C ITOMOIIBIO MPO-
rpammbl CREx (Common Interval Rearrangement Explorer),
Bxozsiei B coctaB CREx2 (Bernt et al., 2007; Hartmann et al.,
2019), na cepepe Galaxy (The Galaxy Community..., 2024)
(https://usegalaxy.cu/). B anropurme CREX npumensieTcst mo-
HATHE O0IINX UHTEPBAJIOB — IPYIIN FEHOB, TOCIEI0BATEIIEHO
pacrnionoxeHHbIX B cpaBHMBaeMbIX [1I. KonmuecTtBo oOmmx
unTepBanoB (NSCI) ucnonb3yetcs s oneHku cxoactsa 117

' Mpunoxenus 1-4 cm. no aapecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx9.zip
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9YeM BBIIIE ATOT MTOKA3areNb, TeM 0oJliee WACHTUYHBIMUA OHU
sBrsttoTes. [lpu momomm moneneit cooerrnit CREX ompene-
JISTACh BO3MOYKHBIE CIICHAPUHU MEPECTPOCK, BKIFOUAFOIIHE
TaHAEMHYIO TYTUTHKAIIAIO CETMEHTA COCETHUX T'€HOB C TIOCTIe-
IYIOIIAM CIy4aiiHbIM ynaneHneM yacti koruii reHos (TDRL),
tparcrno3unuio (T) — mepeMenieHue reHa B mpeesax Tou ke
xomupytomiei ienm MTIHK, maBepcuro rena (1) Ha mpyryro
xomupyrorryro merns MTIHK u mHBEpCHYIO TpaHCIIO3UIIHIO
(iT) (Bernt et al., 2007; Basso et al., 2017).

B pamxkax anropurma CREX Ha3BaHHBIE THUIIBI IEPECTPOEK
OIICHUBAIOTCS TOJIBKO TP ITOMOIIM MAaTeMaTHICCKUX MOJIe-
neit. TDRL wamme mpemmnonaraercss B CIiCHapuu Ooiee mMac-
MTa0HBIX TIEPECTPOCK MT TEHOMA U TICPEMEIIICHHS OOJBIIIETO
Yriclia TSHOB 32 ONIMH IIIAT, YeM IIPH TPAHCIIO3HIINH, a TAKKe
SIBIISICTCSI HECUMMETPHYHOHN TTepeCcTPONKON, KOTOpast MOXKET
OBITh TIPOM3BEICHA TOJHKO B OJTHOM HANPABICHUU IS JBYX
cpaBHIBaeMbIX [1I, T03BOIISAS ONPEIEUTH IIPETKOBOE COCTOS-
umue (Bernt et al., 2007). [Ipu npencka3anuu AByX U Oonee
ANBTCPHATUBHBIX CIICHAPHEB BBIOMPAIICS TOT, KOTOPBIN TIPeE/I-
oJIara HAMMEHBIIIee KOMMIESCTBO MIaroB.

PyuHoii moacuer u3MeHeHMil MOJI0KEHUH OTAEJIbHBIX
renoB. [Tpu nonapuom cpasuenuu [laulll’ ¢ III" kaxxnoro
BHJIa pACCMAaTPUBAIIH MTOPSAIOK TCHOB BHYTPH T'CHHBIX OJIOKOB
Ha nByX nersx MTIHK, a Taxoke mpoBepsiiy, COXpaHsIeTCs T
MOPSZOK OIOKOB B TeHOME. J[BHTasICh IO HANPABICHHUIO OT
cox1 x nad1, onipenes; BU3yaabHO, TIe HaXOMATCS TPAHUIIBI
Ka)X/IOTO KOHCEPBAaTUBHOTO OJIOKA, OTHOCUTEIHHO KOTOPBIX
TIPOM30IILIA TIEPECTPOIKA TeHOB. [ €HBI, HAXOMSAIINECS B TOH JKe
mo3unuy, uto 'y [Tanlll, o603Haganmce kak «0», OTAeThHBIC
TCHBI, TIOJIO’KCHIE KOTOPBIX H3MEHEHO OTHOCHUTEITFHO KOHCEep-
BaTHBHBIX TeHHBIX 0710k0B B [laHIIl, — xax «1» (I[Ipumoxe-
Hus 3 u 4). Pesynsrarel moncueTa ObIIH BH3YalTU3HPOBAHEI
B BHJC THCTOTPaMM, CXEMBI COOTBeTCTBYomuX [1I" OpITH
COBMEIIICHBI C (PHIIOTCHETHYECKUMH JIEPEBbIMHU.

dDunoreHeTHYecKHe PEKOHCTPYKIMU. [ mocTpoeHus
(bUITOreHETHIECKUX ISPEBHEB HCTIONH30BAIH aMUHOKHCIIOTHEIC
MTOCTIeTOBATEIHHOCTH 13 OETOK-KOMUPYIONIHX TEHOB MT T€HO-
MoB 128 BumoB ampumion (noctymHble B 6a3e qaHHbX GenBank
k 10.12.2023), B ToM ynciie 14 6alKkambCKUX BUAOB (BKITFOYAs
BUJ L. vortex ¢ HETIOMHBIM MT T€HOMOM) ¥ 3 BUIa U3 OTpsiza
Isopoda (Ligia oceanica (Linnaeus, 1767), Eophreatoicus
karrkkanj Wilson & Humphrey, 2020, Neomysis japonica
Nakazawa, 1910), B3ThIX B KaueCTBE BHCITHEH TPYIIIIEI.

AMWHOKHCIIOTHBIC TOCIEI0BATEIFHOCTH KaXJ0TO Oe-
JOK-KOJUPYIOIIETO TeHa BBRIPABHUBAJINCH IO KOJOHAM B
TranslatorX (Abascal et al., 2010) ¢ mOMOIIBI0 anTOPUTMA
ClustalW u 3ateMm ObLTH 00BEIMHEHBI B ITporpamme SeaView
4.5.4 (Gouy et al., 2010). B ModelFinder (Kalyaanamoorthy
et al., 2017) OGpuTa BRIOpaHa ONMTHUMAalbHAS MOAETH aMHHO-
kuciotHbix 3ameH JTT+F+I+R9. C nmomompio 1Q-TREE 2
(Minh et al., 2020) MeTOIOM MaKCHMAIIEHOTO TIPABIOTIOO0HS
MTOCTPOCHO (DMIIOTEHETUIECKOE IEPEBO, KOTOPOE 3aTeM OBLIO
Bm3yanmusupoBano B FigTree 1.4.3 (Rambaut, 2018).

OuUIIOreHeTHYECKOe IePeBO aM(pUIION COBMECTHO C JIaH-
HBIMH O TIOPSIKaX TEHOB OBLIO WCIONB30BAHO /IS BEISBIIC-
HUS 3aKOHOMEPHOCTEH T'eHHBIX MEPECTPOCK, BOSHUKIIUX B
XOJIE BOIOIIUH HCCIIEAYEMBIX TaKCOHOB. OTMEUEHBI BETBU
1 y3IIBI IepeBa, B KOTOPBIX MPOU3OIILITH U3MECHEHHUS MTOJI0Ke-

138

Evolution of gene order in mtDNA
of Baikal endemic amphipods and its possible mechanisms

HUM OTAENBHBIX TeHOB, BapuaHThl [1I" pasHbix BuaoB. Takxke
OIICHUBAJIOCh COOTBETCTBHE MEXIy M3MeHeHusmu B 11T
1 (UIIOTCHUEH BHUIIOB.

Pe3ynbraTbl

AHanus nepecTpoek nopsaka reHoB

Cpenn 127 npoanann3upoBaHHBIX ITOJIHBIX MT TEHOMOB aM{u-
TI0J1 BBIJIETICHO 18 Pa3iIM9HBIX MOPSIIKOB OEIOK-KOANPYIOIHNX
renoB (III'1-T1I"18). C nomouipto CREX paccunTano ot 1 10 3
I1ar0B [EPECTPOEK, MUHUMAJIbHO HEOOXOAMMBIX IS ITIEPeXo-
Jla OT OJTHOTO TOPsAIKA K ipyromy. Buner amdunon, nopsiaku
TEHOB MT T€HOMOB M THIIbI IIEpECTPOCK MpuBeseHb! B [Ipu-
noxenuu 3. JlanpHelni aHaIu3 FeHHbIX EPECTPOEK IIPOBO-
JIJTH, YYUTBIBask TOJbKO yHUKanbHEIE [1I. Beuto moncunrano
BPYUYHYIO ¥ OTMEUYEHO O0Iee YHCIIO MT I'€HOB, H3MEHHMBIINX
nosoxxenue 1o cpaHenuro ¢ [Tanlll': B 1ByX rpynmnax amdu-
noj — 0alKaIbCKUX U HeOalKaIbCKUX BUIOB (pHcC. 1), a Takxke
otzensHO B kaxaoM 1IN (puc. 2, cm. [punoxenue 2). Takue
MepeCcTPOHKH BCTPEUAIOTCS Yallle B Oosiee KPYIHOM 1 9KOJIO-
THYECKH Pa3HO0Opa3HOH BHIOOpKE HeOaMKaIbCKUX BUIOB.

I'en nadl sBnsercs HanOoJiee YacTO MEHSIOIINM ITOJIOKE-
Hue 1o cpaHenuto ¢ [lanlll" (B Bocemu I1I') kak B rpymme
0aifkaIbCKUX, TaK M HEOAMKaIIbCKUX BHIOB (CM. pHc. 1, CM.
[Tpunoxenue 4). [Tokazano, uto 8 n3 13 O6eIOK-KOAUPYIOLINX
reHoB (nadl, cytb, nad6, nad5, cox2, nad3, nad4, nad4[) vame
JPYTHX TIOJIBEPTaiCh IIepecTpoiikaM (B YaCTHOCTH, HHBEP-
cusim) (em. puc. 1). I1I" ¢ HanOOTBIINM KOJTUIECTBOM T'€HOB,
M3MEHUBIIHX ITOJIOKEHNE CPEAN BCEX aM(UITO, UMEIOT BHIbI
Macrohectopus branickii (Dybowsky, 1874) (I1I" 4, nsitb re-
HOB), 1Ba Buyia pona Caprella Lamarck, 1801, Cyamus boopis
Liitken, 1870 (I1I" 5, Tpu rena) u Crypturopus tuberculatus,
C. inflatus (Dybowsky, 1874) (III" 2, Tpu rena) (cm. puc. 2,
cm. Ilpunoxenue 3).

V¥V 20 BUI0B OTMEUEHBI CIIOKHBIE NEPECTPONKHU, COOTBET-
creytorwme nessitu [T (I 2, [T 4, TIT" 5, I 6, TIT" 7, 1T 11,
Ir 15, T 16, III" 17), B KOTOPBIX H3MEHEHO IOJIOKCHUE
oT 2 10 5 otaenbHbIX renos (eM. [Ipunoxenue 4). Y ocrains-
Heix [II" u3meneno nosoxxenne 1 rena. MuBepcuu (I) u
MHBEpCcHBIE TpaHcno3uiuu (iT) reHoB BCTpeyaroTcs 4acTo —
y 7 u3 17 u3menennsix I1I7 (cm. TIpunoxenue 3). Cambrii
pacnpoCTpaHeHHBIN THUI TIEPECTPOMKH T€HOB B MT F'€HOMax
amdunox — Tpancnozunus (y 11 II).

K cioxHOMY THITy MBI OTHOCHM IEPECTPOHKH, Tpelyto-
IIMe YHCIIO IIaroB, paBHOE 2 WK Ooliee (COrIacHO pacuery
npu oMo CREX), coueranune nepecTpoek pasHbIX THIIOB
(MHBepcHil, TpaHCTIO3ULINI) JINOO HE MeHee OHOM mepe-
crpoiiku tuna TDRL (Bernt et al., 2007; Castellucci et al.,
2022). Cnoxusiii Tun nepecrpoek TDRL ormeueH ToIbKo y
Oaiikanbckux BUn0B M. branickii, C. tuberculatus, C. inflatus.
YV HebaliKkaabCKUX BUOB HalIEHBI COUETAHUS PA3HBIX TUIIOB
nepectpoek, a TDRL orcyrcrBoBanu. Tonbko y Oalikaiib-
ckoro Buga smHuH | (M. branickii) oTME4eHBI KaK OOJBIIOE
KOJIMYECTBO 1IATOB NEPECTPOEK, TaK U BBICOKAsI CI0KHOCTD
(uHBepcHsl, TaHJEMHasl TyTUIMKaLUs CO Cly4allHOH moTepeit
TEHOB, TPAHCIIO3UIINS), B TO BpeMs Kak y BHJOB JuHUM [I
MT T€HOMBI MO IMOPSAKY OEIOK-KOANPYIOIUX I'E€HOB COOT-
BetcTBYIOT [Tanlll” (cm. [puioxenue 3).
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Puc. 1. Yncno cnyyaeB nepectpoek Kaxgoro 6enok-KogmpyoLLero reHa MT reHoMa no CPaBHEHKIO C VX MOJIOKEHUAMN
B MaHIl, nogcunTaHHOe AnsA rpynnbl 6aikanbCKuxX 1 HebaKanbCKx ampunos.
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Mopsaky reHoB amounog,

Puc. 2. Mopagku reHos amdunog (NI 2-TF 18) ¢ cOOTBETCTBYOWMM YACIOM 6ENOK-KOAMPYIOWMX FEHOB MT FreHOMa,
N3MEeHMBLUNX NonoxeHune no cpasHeHuto ¢ Manll. NI 1, cootBeTtctBytowumin MNanll, He NokasaH.

dunoreHeTUYeCKN aHanu3
DuoreHeTHYECKOE AePEeBO ObUIO MOCTPOSHO 110 AMHUHOKHC-
JIOTHBIM IOCJIE/IOBATENBHOCTSM 13 OelI0K-KOAMUPYIOIINX TeHOB
128 BupmoB amdunon. OnHa Kiana MpeacTaBiIeHa ayTrPyIl-
ot — m3ononamu (puc. 3). I'pynma OaiikanbcKix ampuiozn
npencrasieHa 13 Bumamu. baiikanbckne BUABI pa3aeTiinch
Ha JBE KJIaIbl, COOTBETCTBYIOIINE PaHEEe BBIACICHHBIM JIH-
ausMm [ m 11

Kaxnas Oafikanbckast TUHIS KIACTEPHU3YETCS C Pa3HBIMHU
Bugamu u3 pona Gammarus Fabricius, 1775, 1 — ¢ G. pisin-
nus Hou, Li & Li, 2014, G. fossarum Koch, 1836, Baikalo-
gammarus pullus (Dybowsky, 1874), G. roeselii Gervais, 1835;
II-c G. lacustris G.O. Sars, 1863. Takum o6pazom, pox Gam-
marus siisiercst napadunernunbiM. Kinacrepusaius duore-
HETUYECKOTO JepeBa MOKA3hIBALT, UYTO 00€ THHIH OaHKaTbCKIX

BHIOB IMEIOT OOIIETO Npesika ¢ Buaamu pona Gammarus, Tak
kak G. duebeni Lilljeborg, 1852 u G. chevreuxi Sexton, 1913
3aHUMAIOT 0a3aJIbHOE MTOJIOKEHHNE TT0 OTHOILICHHUIO K 3TUM JIH-
HusM. Jluaus [ BkmodaeT Bunbl ceMeiicte Micruropodidae
Kamaltynov, 1999, Macrohectopodidae Sowinsky, 1915 n
Crypturopodidae Kamaltynov, 2002; nmuauro Il cocraBustor
BuIbI ceMelicTB Eulimnogammaridae Kamaltynov, 1999,
Acanthogammaridae Garjajeff, 1901 n Pallaseidae Tach-
teew, 2001.

Bunsr ponoB Metacrangonyx Chevreux, 1909 (oburator
B MOPCKOW COJIOHOBATOM BOJE, PEAKO B IPECHBIX BOJAX) U
Pseudoniphargus Chevreux, 1901 (cturodononTsl, odburaror
B CpeZie OT COJIOHOBATHIX KOJOJIIEB JI0 TOPHEIX PEK) 00bean-
HEeHbI B MOHOMIeTn4eckne rpynnsl. Bux Echinogammarus
berilloni (Catta, 1878), BcTpedaromuiicsi B pekax u pyubsx 3a-
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gen.Eulimnnogammarus

. i nri

bankanbckne Echiuropus macronychus (TarTIT)

amdunoabl Garjajewia cabanisii 4 e [ cox1 | coxz | ates | atps | coxs | nap3 | -naps | -Nap4|-Napar] Napé | cyrs | -naD1] nap2 |
Brachyuropus grewingkii

nnHuA Il Acanthogammarus victorii
Pallaseopsis kesslerii
Gammarus lacustris

M Crypturopus tuberculatus [ cox1 | coxz | arps | ates |-naps| cvis [-nab1] coxs | nap3 | -napa |-napa] nas | napz |

barkanbckue Crypturopus inflatus

Macrohectopus branickii ---- [ cox1 [ -coxz | arps | ates |-naD5 | cviB [-Nap1] coxs | nap3 |-Nap4 |-napa] nap2 | nabs |

améunogb! Gmelinoides fasciatus ~ ---

nmHuA |

[ cox1 | coxz | ares | ats | coxa | napa [-nab1] -naps [ -napa |-napai] nape | cvrs | napz |

Baikalogammarus putfus
Gammarus pisinnus
gen.Gammarus
Gammarus duebeni
Gammarus chevreuxi
Echinogammarus berifioni
Dikerogammarus haemobaphes
Pandorites podoceroides
Echinogammarus veneris
Marinogammarus marinus
i gen.Epimeria

<l Eusirus giganteus -

Gondogeneia antarctica
<] gen.Platorchestia

Ir 15

[ cox1 | coxz | arps | ates | coxa | napa | nabs | cvts | -naps | -napa |-napad] -nap1] napz |

[ cox1 | coxz | arps | ats | coxs | nap3 | -nap4 |-nabar]-nabs | naps | cyrs | -nap1] nabz |

. [ cox1 | coxz | atps | atpé | cox3 | nap3 [-Naps | -NaD4 [-napa] -Nap1] naps | cvs | napz |

- [ cox1 | coxz | atps | arpé | cox3 | nap3 [-naps | -napa [-napai] naps [ -nabz] cvrs | napz |

Trinorchestia longiramus [ cox1 | coxz | ares | ats | coxa | -naps | -nap4 [-napad] cvrs | naps | -nap1 | nap2 | napz |
Parhyale hawaiiensis or 12
< genﬁyaleltla U243 LI - [[cox1 | coxz | ares | ates | cox | nap3 | -naps | -nap4 [-napai] nave [ cvrs [+napa] nabz |
yalella azteca MH542433 «---weemeeeee -
Haustorioides koreanus
ger.l.'Eurythenes. } e BL 1S [coxa | coxz | ates | atps | coxs | nap3 | nabe | cvis | -Naps [ -Nap4 [-NapaL] -NaD1 ] Nab2 |
o] cﬁggg,ﬁ g%qjﬁgéeni ILS ... [cox1 [ coxz | atps | atp6 | coxs | Nabs [-naps | -Nan4 |-NapaL] -Nap1 [ -cvTe | -Nabs | napz |
Alicella gigantea - - wrssemsscusiaeans L 1T 15
Pseugonfpélafguﬁ e/onga,tus --------------------------- [ cox1 | coxz | arps | ates | coxa | napa | nabs | cvts | -naps | -napa |-napad] -nap1 ] nabz |
gen.Pseudoniphargus
Pseudoniphargus sp. 1-Portugal
gzgqu;#;%ﬁganﬁ/l r{l; ls5 _____ [ cox1 | coxz | ares | ates | coxa | napa |-naps | -Nap4 [-napac] -nab1] naoe | cvrs | napz |
Pseudonipharqus sorbasiensis -..e..........BE18 g = E =
gen.Psetidoniphargus i [ coxa | coxz | arps | ates | coxs | naps | wape | cvts | -naps | -nap4 [-napad] -nap1] nabz |
Haplogmglym:ss ;i%umensis
Jesog
en.Stygobromus
g,ygobfmus foliatus NI 18 [‘cox1 | ates | atps [[coxa | coxz | NaD3 |-NaD5 | -NaDa4 |[-naDaL] Nap6 | cvra |-nap1] napz |
gfg&%%ﬁf ;g%eysciaudus nr7 . [coxi | coxz [ ares | atpe | coxs | nap3 |-naps | naps | cvra |-nap4 [-napar] -nap1 | nabz |
ggg%%’;;ﬁ)’;g’%’;;}g%‘;g?ensm --------------- E:i: ----- [ cox1 |-Nabs| coxz | ares | ares | coxs | naps [-Nab1| -nap4[-napac] naos | cvrs | nanz |
N gez- '(; tacrangonyx [ cox1 | coxz | arps | ates | coxa | napa |-naps | -Nap4[-napar] naps | -nap1 [ -cyvrs | napz |
ahadzia jaraguensis
100 [ gen.Caprjellag [ . -
- " Cyamus boopis [ coxa | coxz | ates | atps | coxs | nap3 | naoe | cyrs | -Nap1 [+Naps | -NaD4 [-NaD4L] NaD2 |
w_— Ampithoe facertosa
- Pleonexes koreana L [ cox1 | coxz | arps | ats | coxa | nap3 |-naps | -Naps | -Napa |-napai] cyrs | -Nap1] nabz |
gen.Grandidiereffa - - . [ ori1
- Halice sp. [ cox1 | coxz | arps | ats | coxa | nap3 |-napa |-nabac] naps | cvre [+nap1]+naps] nabz |
<] Isopoda

20

Puc. 3. OunoreHeTnyeckoe AepeBO, MOCTPOEHHOE HAa OCHOBE aMWHOKMCIIOTHBIX MOC/iefoBaTeNbHOCTeN 13 6enoK-KoanpyoLwmx
MT reHoB 128 BUZOB aM¢puUnom, co cxeMoii MopsiAKOB 6eNoK-KoAMPYOLUX FeHOB COOTBETCTBYIOLLNX MT FreHOMOB.

[epeBo 6bin0 Bu13yanbHO TpaHCd)OpMVIpOBaHO Mo NponopunAM; A4NINHbI BETBEN MaCLLITa6VIpOBaHbI. BblaeneHHble 3eneHbIM LiBETOM 06/1aCTV MOKa3blBAOT
rpynnbl BMAOB C HEOANHAKOBbIMUN Mr. Bua L. vortex He nofAnucaH, Tak Kak He 6bin BKAtoueH B aHanu3 Ml XKenTbimM LUBETOM Ha CXeme BblAeNEeHbI reHbl,

n3MeHuBLLVe KoaupytoLyio Lerb (I, iT), KpacHbIM — reHbl, NoaBepriumeca nepectpoikam tinos T v TDRL.

naiHoi EBpoIIbl, 3aHMMaeT 6a3anbHOe MOI0KEHHE Y TPYIIIIBL,
BKJTIOHAroIel OalikaibCKue BUIBI U BUBI pofa Gammarus.
[opsimok reHoB Mt reHoMa Buaa E. berilloni nnentmaen 17
mocnenHux (kpome G. chevreuxi).

JlaHHbIC (DMITOTEHETHYIECKOTO aHAJM3a BKYIIC C JJAHHBIMHU
PYYHOT0 aHAJIN3a IIEPECTPOEK MTO3BOJIMIITN OOHAPYKUTh TAKCO-
HBI aM(HITOA, TOPSIIOK TEHOB MT FT€HOMAa KOTOPBIX TO/IBEprest
HambOompImmM u3MeHeHusM. M3 puc. 2, 3 u [punoxenns 3
BUJIHO, YTO Y Psi/Ia IAJIEKHUX JIPYT OT PyTa BUJIOB OTHU 1 TE Ke
0eJI0K-KOANPYIOIINE TeHbI N3MEHIIIN TOJIOKEHUE B MT TCHOME,
U B HEKOTOPBIX CIydasx (Hampumep, Eurythenes maldoror
d’Udekem d’Acoz & Havermans, 2015 u G. chevreuxi B
I 15) >t mepecTpoiiku CIrydaifHBIM 00pa30oM MPHUBETH K
oOpazoBanmio oguHakoBbIX [1I7 (romoniasust). AHaJIN3 MT re-
HOMOB BUI0B posia Gammarus TI03BOIMI HAaM 1TOKa3aTh, 9TO
[anlll" sBrnseTcs cuHIIIe3nOMOpQHEH A1 00enX TMHAHN Oaii-
KaJIbCKUX BHJIOB.
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O6¢cyxaeHune
[ony4ennsie pe3ynsrarsr aHamu3a [1I° B MT reHOMaX aMQHITO
XapaKTePU3YIOT X KaK TPYIIITY C YaCTO BCTPEUAIOIIHMUCS U
Ppa3HoOOpa3HBIMHU IEPECTPOHKaMu TeHOB B MT reHoMax (18 I
Mo OeNOK-KOAUPYIOMUM TeHaM s 127 Bunos). YeTbipe u3
13 GaifkambCKUX BHIOB COOTBETCTBYIOT TpeM I1I" ¢ m3meHe-
HusMH, a 53 u3 114 HeOalikaIbCKUX BHIOB COOTBETCTBYIOT
14 TIT" ¢ m3menenmsivu (cM. puc. | u 2). Takum obpazom,
mmeHenwus [1I" Habmromarorest y 57 BHIOB U3 BEIOOPKHU, YTO
cocrapiser 17 III. Panee omumcannwiii Ilanlll’ sBasercs
cambIM 4acto BerpedarormmMcs [1I7 mo 6emoK-Koaupy oM
TeHaM cpely aM(UITON, XOTs He JOKa3aHO, YTO OH — CaMbIi
IpeBHUi s atoit rpymmsl BuaoB. 1IN 11 y 6a3amsHOTO 11
rpymmel ampumnon Buna Halice sp. (Li et al., 2019) 3ameTHO
otimmuaetcs ot ITanlll.

BeposiTHO, M3-32 TOTO, 9TO aM(HUITOABI — APEBHSSA TpyIIa
0ECITI03BOHOYHBIX JKUBOTHBIX, B XOJI€ IBOJIOIMH y HHUX 00-
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pa3oBaJIOCh MHOTO BapHaHTOB mopsikoB renos (Hou et al.,
2014; Mamos et al., 2021). M.H. Tan ¢ xomieramu, Hcciemys
paszHooOpaszue MT reHoMoB oTpsina Decapoda BuyTpu nnpa-
OTPSZIOB U MEXJYy HUMH, IPOAHAIM3UPOBAIHN (PUITOTCHETH-
YecKoe JIepeBo ¢ oTMeueHHbIMU Ha HeM 117 1 BbIennm Tak
Ha3bIBaeMble «ropsane Toukm» (Tan etal., 2019). Do rpymmst
OJIM3KHX BHOB, B KOTOPBIX BCTPEUAETCSI OJHOBPEMEHHO /1Ba
i Gosee yHuKanbHbIX 11, oTmmuaronmxes apyr ot apyra
u OT mpenka. Becero Ha nepeBe BBIAEIEHO YETHIPE T'PYMIIBI
amurnon, conepxaniux HeonuHakossie [11. JIga I1I" B rpymme
HajceMmeiicTa Lysianassoidea Dana, 1849 (III"' 6 u I1I" 15, B
IIOCJICIHEM OJIHHU M T€ K€ I'€Hbl U3MEHEHBI Y IIECTH BUIOB),
nBa — B Tpytmme poxa Epimeria A. Costa in Hope, 1851 (TIII" 8 u
I 9), nBa — B rpynme poxa Pseudoniphargus (I § u I1I" 15)
u Tpu B Oaiikansckoi muauu [ (1T 2, T 3, TIT" 4, ecTh TeHsl,
U3MeHeHHbIe y 4 u3 5 BUI0B) (cM. puc. 3).

[To KonMYECTBY 11aroB IEPECTPOCK I'€HOB, COITIACHO PacyueTy
ripu nomoru CREX, nmunns [ Gatikansckux BunoB (1-3 mara)
cxoka ¢ Tpymmoi BunoB pona Caprella, C. boopis (2 miara) u
6azanpHBIM BuaoM Halice sp. (2 mara). B atux rpynmax co-
cpenotouensl 11" ¢ Gosee CIIOKHBIMU TepecTpoikamu (puc. 4).
Oopasosanue [1I" y BumoB pona Platorchestia Bousfield, 1982
(2T), Buna P. daejeonensis (2T) npennonaraet 0ojee mpocThie
CLIEHApUH [IEPECTPOEK, HO TaKoKe Tpedyromue 2 maros. Takum
o0pazom, smHus | GaliKkanbCKuX aMUIIO SBISETCS TPy
C HanOOJIBbIIEH HHTEHCUBHOCTHIO SBOMOIIOHHBIX IPOLIECCOB,
TaK Kak B Hell 00HApY)KEHO MAKCHMaJIbHOE KOJIMYECTBO KaK
cnoxHbIx nepectpoek 1IN Tak u yHukanpHbix 1110

Buner amunon ¢ msmenennsivu [, nmerorye pasinuyaHblie
OMOJIOTHYECKUE U DKOJIOTHYECKHUE OCOOCHHOCTH, IIMPOKO
BCTPEUAIOTCS Y Pa3HBIX TAKCOHOB Ha JepeBe (CM. puc. 4),
YTO yKa3blBaeT Ha HeycToluuBocThb III" kak nmpusHaka Juist
takcoHomuu. HoBbie I1I" u [TanIll" BeisiBISsIFOTCS KaK y JaBHO
OT/ICJIMBIIUXCS BUJIOB, TaK U B 00Jee MOJIOIBIX pajinalusX.
Oskm1aeMo yarie MOKHO HaOMoIaTh MPUMEPBI TOTO, KaK BH/IbI
13 OJHOTO ceMeiicTBa, (POPMUPYIOLINE OHY KJIaJy, UMEIOT
onmaakoBbie [T, Hanpumep Caprella mutica Schurin, 1935,
C. boopis (IIT" 5).

Taxoke cyIIecTBYIOT HEPOACTBEHHbIE BUIbI aM(UIIo, uMe-
rorre onuHakoBeid [ mpu aHas3e BBIOOPKU OCIOK-KOIHU-
pyIOIHUX reHoB. [ oMoIIa3ust OTMEe4aeTcs B TpeX OTJaICHHBIX
IpyIIax BHJOB, IJI€ BCTPEYACTCs OJMHAKOBOE M3MEHEHHOE
MIONIOKEHHE TeHOB nad6 u cytb, coorBerctBytomee [1I7 15
(cm. [Mpunoxenue 3, puc. 3 u 4). [Ipu BKIIOYCHHN B aHAIIN3
TPHK, pPHK u KP mopsiiku reHoB Takux BHIOB B OCHOBHOM
He OyayT UICHTUYHBIMH.

T'omornazum I1I" MT reHOMa HEPEAKO MOXKHO BCTPETHTH Y
pa3HbIx BI0B OecriozBoHouHBIX (Kilpert etal., 2012; Tan etal.,
2019; Castellucci et al., 2022). Mbl OTMETHIIH 3TO SIBIICHUE C
ydeToM OoJtee pekoif BCTPEYaeMOCTH N3MEHEHHS ITOTIOKEHHH
Oes10K-Komupyonux reHos 1o cpasaenuto ¢ TPHK (Jiihling et
al., 2012), a Taxke KaK BO3MOKHBIN KOHBEPICHTHBIH MPU3HAK
y OT/IJIEHHBIX Py aM(pHIToA. Y MHOTHX IIPECHOBOHBIX U
MOPCKHX aM(UII0]] HaOIIOAIOTCS CXOKUE JUIS PA3HBIX BH-
JIOB MIEPECTPOMKH B OJHOM M TOM JKE KJIacTepe TeHOB nadJ-
nad4---nad6---nadl. TlepecTpoiKu y 4eThIpex OalKaIbCKUX
BUJIOB TAK)K€ 3aTPAaruBaloT JaHHbIH KIacTep I'EHOB.
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B Mt renomax 6ecro3BonounbIX [ He Bcerma coBmamaet
C WX IPUHAIJICKHOCTHIO K BUAY, POAY U IPYTUM TaKCOHaM,
BBISIBICHHBIM Ha OCHOBaHUH MOP(OJIOTHYECKUX MTPU3HAKOB.
Tem He MeHee, UCTIONB3YsI (HUIOTEHETHYECKUIT aHAIU3 COB-
MecTHO ¢ anaian3oM [T, MoXXHO 0OHAPYKUTh KJIabl BUIOB C
HanOosiee pazHooOpasueiMu 117 1 y31161 Ha nepeBe, BHYTpU
KOTOPBIX MAHHBIA MPU3HAK OBUT ITOABEPKCH HAMOOIBIITNM
n3MeHeHusAM (Tpymmsl ¢ HeogumHakoBeIMH 1117). Hampumep,
cpeny BUIOB OAHOTO pona Pseudoniphargus 'y BU0B 0aii-
kanbekoi tuauu 1, rae psip I He coBnagaer c I, xapaxrep-
HBIMH JIJIsl 3TON TPYIIIIBL.

B nuteparype ormedaercsi, YTO HEPaBHOMEPHOCTH pac-
TIpeIeTICHISI TIEPECTPOCK TEHOB Ha (PHIIOTCHETHIECKOM JIe-
peBe xapakTepHa A moaruiia Hexapoda m pakooOpasHBIX,
4YTO, BO3MOYKHO, OOBSICHSETCS MapauieIbHOW IBOJIOIHEH
nannoro npusHaka (Tan et al., 2017; Moreno-Carmona et
al., 2021). [IpumepomM MOTYT CIY)KHUTb NEPECTPOUKN TCHOB
y psla TakcOHOB Kiajouep (nadHuit, 60cMUH u 1p.), rIe
MT TeHoM cootBercTByeT [lanlll, HO He y Bcex BumoB (17
u3 32 BunoB cootBetcTBYIOT [1anlll], 15 BumoB — 9 apyrum I117)
(Castellucci et al., 2022) u ap. Cpeau BuaoB poga Gammarus,
601BIIMHCTBO U3 KOTOpbIX cooTBeTcTBYET I1anlll], ecTs oqun
BU/JI, UMEIOLIMH N3MEHEHHUS TT0JIOKEHHSI TeHOB cyth u nad6, —
G. chevreuxi. Eme Oonee 3aMeTHOE pa3iniune B IOPSIKE TCHOB
BCTpEYaeTCs y MT TeHOMOB Buna Hyalella azteca (Saussure,
1858): B renome MH542433 ykazaHa nHBepcHs reHa nad 1, ot-
cyrcrByromas B rerome MT672041. F. Zapelloni ¢ kouieramu
(2021) Takxke OTMEUAIOT HHBEPCUH 1 HHBEPCHBIE TPAHCIIO3H-
un BHYTpH pona Hyalella S.1. Smith, 1874, mpeamonarast, 4o
OHHU MOTYT OBITh CBSI3aHBI C MPUHAUIC)KHOCTBIO K FOXKHBIM U
CEBEPHBIM TIOITYIIALIUSIM.

Tak kak [Tanlll" aBnseTcs mpeaKOBBIM IS 00SHX JTMHHHA
OalKaJIbCKUX BUIOB, Bce n3MeHeHus B 11, BeposTHO, BO3HUK-
JIM Y Pa3HBIX BUJIOB OalKaJIbCKUX aM(HIION B XO/IE 3l THBHOM
pauanyy B o3epe. [lepecTpoliku MT TeHOMOB, I10-BHIMMOMY,
MIPOMCXO/IMIIN B HECKOJIBKO IIar0B B HAIIPaBJIEHUH OoJiee pas-
HO0Opa3ubIx [1I" Oafikanbckux BuaoB U3 muHnn . Hanmenee
n3MeHenHble mopaaku renos (117 3, TN 810, I1T" 12—-14)
SBIIAIOTCS TuIe3noMOpdHBIME. baiikanbckue ampunons! u3
nuHuu 1, otHOCcsmuecs k cemeiictBam Crypturopodidae,
Micruropodidae u Macrohectopodidae (Kamaltynov, 1999),
MUMEIOT CHJIBHO M3MEHEHHBIE TOPSIKU I'€HOB, KOTOpbIE HE
BCTpevatoTcs y npyrux ampuron. CieayeT OTMETHTE TakKe,
YTO HEMOJHAS HYKJICOTHIHAS IOCIIeIOBATEIFHOCTh MT T€HO-
Ma Bujaa L. vortex (Micruropodidae) umMeeT TOT ke MOPSII0K
reHoB, uTo ¥ [TanlIl". Buasl aT0it rpynms! (3a HCKIIOUEHHEM
Buna M. branickii) — MEIKOBOJHbBIC U YCTOWYHMBBIC K TOBBI-
meHHbIM Temreparypam (Gmelinoides fasciatus (Stebbing,
1899), C. tuberculatus, L. vortex) (Kamanteiaos, 2001).

OnuH 13 BOBMOXKHBIX (PaKTOPOB, 00ECTIEUNBAIOIINX OBHI-
[ICHHYIO BEPOATHOCTh M3MEHEHHWH IMOpSAAKA T€HOB B YACTH
BHUJIOB, — OCJIA0JICHHE CTAOMIM3UPYIOIIETO 0TOOPA, BBI3BAHHOEC
HU3KUM 3(P()EeKTHBHBIM pa3MepoM M HEOOJNBIINM I'eHeTHYe-
ckuM pasHooOpasueM momyisiuu npeaka (Charlesworth,
2009; Lavrov, Pett, 2016) B X0me ABOTIOIMOHHON HCTOPHH
Bu0B (Shao et al., 2003). MenkoBomHbIE BHIBI aMm(pUTION 03epa
Baiikam MOTyT OBITh, BEpOSTHO, O0OJiee CKIOHHBI K PE3KOMY
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Evolution of gene order in mtDNA
of Baikal endemic amphipods and its possible mechanisms

gen.Eulimnnogammarus
Echiuropus macronychus

Garjajewia cabanisii

Brachyuropus grewingkii
Acanthogammarus victorii
Pallaseopsis kesslerii

Imr 1
(TaxIr)

Lo 7 Gammarus lacustris

1TDRL
nads Crypturopus t'ubercu/atus } Ir 2
1T,1TDRL, 11 o0 100 Crypturopus inflatus
cox2- | nad5 Macrohectopus branickii  IIT* 4
Gmelinoides fasciatus r 3

Baikalogammarus puflus

Gammarus pisinnus

100

gen.G us
Gammarus duebeni
Gammarus chevreuxi IIT' 15
Echinogammarus berilloni

Dikerogammarus haemobaphes
Pandorites podoceroides
Echinogammarus veneris
nad5 - Marinogammarus marinus TIT 13

< gen.Epimeria TIT' 8

Eusirus giganteus IIT 9

86 100

100

Gondogeneia antarctica
gen.Platorchestia T 16
Trinorchestia longiramus

Parhyale hawaiiensis
100

100 gen.Hyalella
100 nad1+——————— Hyalella azteca MH542433 IIT" 12

Haustorioides koreanus

gen.Eurythenes IIT" 15
Onisimus nanseni TIT' 15

cytb- nad6-

Charcotia amundseni TIT' 6
Alicella gigantea TIT" 15

Pseudoniphargus elongatus
gen.Pseudoniphargus |
Pseudoniphargus sp. 1-Portugal
gen.Pseudoniphargus I

=) o Pseudoniphargus daviui TIT 8
89 | 100 Pseudoniphargus sorbasiensis TIT' 15
100 .
81 < gen.Pseudoniphargus Il
] Haploginglymus sp.
Jesogammarus hinumensis
100
- —————" | gen.Stygobromus
85 100 85 }— cox2 Stygobromus foliatus TIT 18
Bactrurus brachycaudus
%3 > | Crangonyx forbesi TIT' 7
100 nad5 WREAI =" ||~ pseudoniphargus daejeonensis TIT 17
L Pseudoniphargus joolaei
=, % = }— cytb- | gen.Metacrangonyx TIr 14
Bahadzia jaraguensis
1T,11 190 100, en.Caprella
- nad5+| nad4 g Pr nrs
100 100 Cyamus boopis
100 100 —— Ampithoe facertosa
L—— Pleonexes koreana
N 1T 1T — }— nadé | gen.Grandidierelia 1T 10
L H—nadi+nad5+ Halice sp. TIT" 11
100

| Isopoda

20

Puc. 4. QunoreHeTnyeckoe AepeBo, NoCcTpoeHHOe Ha OCHOBE aMMHOKWUCITIOTHbIX nocneposatenbHocTen 13 6EJ'IOK-KO,D,VIpyIO|JJ,VIX

MT reHoB 128 B1aoB améounos.

Ha BeTBsAX OTMeUeHbl reHbl, U3MEeHUBLLME NOJIOXKEHKE Mo cpaBHeHWIo ¢ MaHIl. BepTrKanbHble YepTbl Ha BETBAX COOTBETCTBYIOT UMCITY LLArOB NepecTpoek
(CREX). [eHbl, n3meHuBLUMEe KopumpytoLyto Uenb (I, iT), BbiaeneHbl »kentbim LBeTom. BeTBu 1 11, oTMeUYeHHble KpacHbIM LIBETOM, MOKa3bIBAOT CJIOXKHbIE TUMbI
nepecTpoeK B flaHHON rpyrnmne BUAOB, CUHUM Bble/eHbl MPOCTble TUMbl U3MeHeHWin. Bug L. vortex He nofnucaH, Tak Kak He 6bin BKtoyeH B aHanu3 MMI.

YMEHBIICHUIO YUCICHHOCTH CBOCH MOIYIISIINN U3-3a H3MEHE-
HUH OKpYXaroLlel cpebl. B yacTHOCTH, IEpUO/bI JTETHUKOBbBS
B XOZI€ I'€0JIOTMYECKOM NCTOpUM o3epa baiikas npuBoawin K
neprogam BeiMupanus BunoB (Goldberg et al., 2010; Mats et
al., 2011), aTo 6BUTO TTOKA3aHO /AT FOTO-3aTIa THOM TOMYIISAIIIH
G. fasciatus (Bukin et al., 2018) u M. branickii (Iletynnna
u 1p., 2023). Kpome Toro, OBBIIICHHBIH YPOBEHD 3apakeH-
HOCTH TapasuTaMu (MHKPOCIOPUANSAMHE), HAOIIOMATOIINHACS

142

y G. fasciatus v M. branickii (Ilerynuna u nip., 2023), moxer
BECTH K YMEHBIICHUIO YHCJIa caMIOB B nomynsnuu. Ilo-
CKOJIBKY Tapa3uThl HE UMEIOT MUTOXOHJPUI U MCHOJIB3YIOT
aneHo3uHTpupochar (ATD) xo31uHA, BIOIHE BEPOSTHO,
YTO JUIS aJJaNTalliy K UX HETaTHBHOMY BO3/ICHCTBHUIO Y psifa
BUI0B aM(UIIO0]] BO3HUKIIA HEOOXOIMMOCTb B IIEPECTPOHNKax
MtIHK mns moBermenust agpdexruBHOoCTH ipomyKimn ATO
(Bukin et al., 2018).
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Bunpr ampumnon ¢ mogHOCTHIO ONPENeIeHHBIMI HYKJICO-
THJIHBIMH MTOCJICIOBATEIBHOCTAMI MT FT€HOMOB B HACTOSIIIIEE
BpeMs MPHUHAIICKAT K Pa3HBIM TaKCOHAM W OOWTAIOT B
pazHoOoOpa3HBIX OmoTonax o3epa baifkam. MHorue uccie-
JIOBATENH MPEATPUHUMAIOT TTOMBITKH OMPEICIHTh, CYIIe-
CTByeT Ju acconuarust m3meHeHni B [1I° ¢ sxomormgeckumm
0COOCHHOCTSMH BUJOB, BpEMEHEM WX IUBEPTCHIINH WIIH
0COOCHHOCTSAMH >KH3HEHHOTO IMKJIa, MECTOOOUTAHUH H T. 1.,
MPUXOJs K BBIBOAY, 4To m3MeHeHus [1I" MHOTOdaKTOPHEI,
MOTYT OBITH CBSI3aHBI C ABOJIOIMCH psifa OMOXMMHUYECKUX,
MeTabonmudeckux npusHakoB (Romanova, Sherbakov, 2019;
Tan et al., 2019; Castellucci et al., 2022; Benito et al., 2024).
B uccinenosanuu nzonon suna Janira maculosa Leach, 1814
F. Kilpert ¢ xomneramu mMpeanoNIoKUINA, 9TO YacTO HaOITIO-
JacMbIe TICPEMEIIICHHS TCHOB B MT TEHOME YaCTHYHO MOTYT
OBITH OOBSICHEHBI HU3KOM CTETICHBIO CIIOKHOCTH MT TeHOMA TI0
cpaBHeHmio ¢ saepHbM (Kilpert et al., 2012). [Tepemenienns
TEHOB, 0COOCHHO Ha ITPOTHUBOIIOIOKHYIO KOIUPYIOIIYO IICTT,
3aTparuBaiOT MPOIECC TPAHCKPHUIIIIUA MT T€HOMa W MOTYT
BIHSTH Ha ee 3(p(peKTHBHOCTE.

Baiikanpckue ampunons! 3 muaUN 11 — Gomee TakcoHO-
MUYECKH M IKOJOTHYECKH pa3HOOOpa3Has rpymnma BHIOB,
TTOPSIOK OSITOK-KOIMPYIOIIIX TEHOB KOTOPBIX OCTAJICS UICH-
TUYHBIM TI0 CPAaBHEHHUIO C TIPEIKOBBIM COCTOSIHHEM, HO B TO
JKE BpeMsI Y Pa3HBIX BHJIOB €CTh Pa3NUUUs B KOJIUICCTBE U
mopsiake TPHK reroB (Romanova et al., 2016; Romanova,
Sherbakov, 2019). B HekoTopbIX paboTax BBICKAa3BIBACTCS
MHEHHE, YTO U3MEHEHUS B TIOJIOKECHHUIX M KOJIMISCTBE TEHOB
TPHK B MT reHOMax mpOUCXOAST Yalie, YeM B TOJTOKEHISIX
pPHK u 6enox-xomupyromux rexnos (Pédbo et al., 1991;
Jihling et al., 2012).

OmvH W3 TIpeanoiaraéMbIXx MEXaHH3MOB W3MEHEHHUs T10-
PpsiAKa TEHOB MT T'eHOMA — YaCTUYHASI HIJTH [TOTHAS Ty TUTHKATINS
MT T'€HOMa C TTOCTICYIOITAMH ACTCIASAME Ty TITHIIAPOBAHHBIX
yuactkoB (Jiihling et al., 2012). CymecTByromue MOAeIn
pacdeTa cueHapueB mpeobpa3oBanus oxgaoro [1I7 B apyroit
OCHOBAHHI Ha TPENOIOKECHAH, YTO MPOUCXOIUT PaBHOE
KOITMYECTBO COOBITHH AYIUTMKAIIMN M JETCIHA Ha KaKIOM
sraie TDRL. M3BecTHO, 4TO OLIEHKA PACCTOSHUS MEXKIY
JIBYMs nopsiikamu reHoB B ciaydae TDRL necummerpuyHa
1 TpedyeT pa3HOro YHcia [IaroB MpH pacyeTe CIICHApUEB B
IpsiMOM 1 oOpaTtHOM HampasneHusx (Bernt et al., 2007), Tem
HE MEHEE OHa HE YYUTHIBACT BOSMOKHOCTH TOTO, YTO COOT-
HoIeHue npeodpazoBanwmii B mporiecce TDRL (1 myromkarist
Ha HECKOIIBKO JICNICIN WIH HA00OPOT) MOXKET OBITH Oolee
CIIOKHBIM, a PACCUNTAaHHOE MHHUMAIFHOE YHCIIO IIATOB IS
BO3HUKHOBCHHS IEPECTPOUKH MOKET OTIMYATHCS B OOJBIITYTO
CTOPOHY OT TOTO, KOTOPOE MUHUMAJIBHO HEOOXOANMO COTIIACHO
peaNbEHOMY CIICHAPHIO COOBITHH.

Bo Bpems yaBOEHUS MOTHOTO TEHOMA JI0 TUMEPHON MOITe-
KYJIBI TIPH PETUTHKAIIAN C TTOMOIITHIO MEXaHU3Ma «KATSIIIETOCs
rxombiia» B MTJIHK (Fucikova et al., 2016; Xia et al., 2016;
Wang et al., 2022) u genennu 10001 U3 €ro KON MOTYT
O0pITh mymmunupoBaHbl kak TPHK, Tak u rpynma Gemok-
KOJUPYIOIIUX TeHOB. VI3BECTHO O pa3imMyHBIX MEXaHU3MaX
00pa3oBaHMS ICICIUH Y Pa3HBIX TPYIIIL, pEeaTn3yeMbIX dyepes
pexoMOmHaIMIO U ommoOKH perumnkarnmu (Nissanka et al., 2019;
Oliveira et al., 2020). Ecu B mumepe Mt IHK ects myTamms
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MIPOMOTOPA B OTHOM U3 Y IUTHLUPOBAHHBIX KOIHIA, 9TO MOXKET
puBecTH K 00pa3oBaHmio icenoreHos (Lavrov et al., 2002).

KoCBEHHBIM CBHICTEIBECTBOM CYIICCTBOBAHHUS TAKOTO Me-
XaHH3Ma y OaifKalbCKHX BHIOB MOTYT CIYKHTb KOITUS TeHA
cox2 u Tpu ¢parMeHTa koruit atp8'y M. branickii, a Taxxe
MIPUCYTCTBHE YKOPOUCHHBIX KONMHMU T'€HOB B IPOTSKECHHBIX
HEKOAMPYIOIIKX MOCIenoBarenbHoCTIX y G. fasciatus (atp6,
nad4l), Brachyuropus grewingkii (Dybowsky, 1874) (atp$,
cox2, nad?2), Garjajewia cabanisii (Dybowsky, 1874) (cytb),
prurodas ko TPHK renos (Romanova et al., 2020). Takue
obnacTu, OOBIYHO HE XapaKTepHbBIC JJIsI MT [CHOMOB JKHU-
BOTHBIX, MOTYT CBHJIECTEILCTBOBATH O IPOILIBIX COOBITHIX
JYIUTMKAUAK ¥ TOCIeAYIOMed JereHepalii 9THX Y4acTKOB
(Boore, 1999), a Taxke cayXuTh (paKTOPOM, BIHSAIONINM Ha
TIOSIBJICHHE ITEPECTPOCK T'CHOB.

B HEKOTOpBIX CiTy4asx MOPSJIOK T'EHOB B MT T'€HOMax MO-
XKET CTaTh JOMOJHUTEIBHBIM AUArHOCTUYECKUM IPH3HAKOM
B TakcoHomuH (Lavrov, Lang, 2005; Tan et al., 2019). Uto0651
OOBSCHUTH NPUYUHBI MOBBIIICHHON CKOPOCTH JBOJIOLUH
B MT/IHK 1 BBICOKYIO BapHaOenbHOCTh MOPSAKOB T'€HOB Y
0aifKa bCKHUX M JPYTUX BUIOB aM(DHUITOM, HOTPEeOyIOTCS Tajlb-
HEWIINe UCCIeJOBaHHS.

3aknioyeHune
AnHanu3 nopsiika OeOK-KOTUPYIOIINX TeHOB B MT F€HOMax
OaiiKaJIbCKUX aM(UITOA MO3BOJIMI ONpeAeanTh, uro [Tanlll’
SIBJISICTCSI PEKOBBIM JUTSE 00SHX JIMHUN OaliKaIbCKUX BUJIOB.
Wzmenenus [1I° B MT reHOMaX HECKOJIbKUX OalKaIbCKUX BUIOB
MIPOM3OIIIN B XOJI€ SBOJIOIMOHHON UCTOPUH TaHHBIX BUJOB
B o3epe. Paccunrannsie npu nomoru CREX cuienapuu, cko-
pee Bcero, MpeanoaraT YIPOIIEeHHBIE MEXaHU3MBbI TeHHBIX
MEPECTPOEK, MOCKOIBKY COOBITUS MYTUIMKAIMNA U JEJEIHi,
MPUBOSIIINE K HUM, MOTYT OBITh HEPaBHOBEPOSTHBI.
Awnanus nepecrpoek [1I" u ¢punorenernueckuii ananus oe-
JIOK-KOJTUPYIOIINX MOCIEA0BATEILHOCTEH MT TeHOMOB aM(u-
T0J1, IOCTYIHBIX B 0a3e JaHHBIX, TTO3BOJIMIIN BBISIBUTH YETHIPE
rpynnsl HeoAUHAKOBBIX 1117 CO CI0XKHBIM TUIIOM EPECTPOEK
TEHOB: ATO KJIaJ1bl, 00BCAMHSIFOLIHE BUIBI Ha/iIceMelicTBa Lysia-
nassoidea, pona Epimeria, pona Pseudoniphargus, a Takxke
BUJIbI OalikasIbCKHX ambumo auHun 1. MBI ipemonaraem, 4rto
Oosiee ApeBHEE MPOUCXOKICHHUE BUIOB JTHMHUH | OaiikalbCKuX
BUJIOB 110 CPaBHEHUIO ¢ JIMHHUEH [] MOXKET 4acTHUHO 0OBsIC-
HATB Oouiee pazHooOpasublii [1I. Taroke npeanonaraercs, 4To
HU3KUH 2(QGEKTUBHBIN pazMep MOMYISIHUN y OaiKkaabCKUX
am¢unon tuHuu [ Mor ObITh OAHUM M3 (AKTOPOB, OCIA0-
JISIONUM JICHCTBHE CTAOMIM3UPYIONIETO 0TOOpa U MO3BO-
JISIOIIMM 3aKPENHUThCA MYTAIUsAM B BUJC NEPECTPOCK TCHOB
MT FeHOMa.
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Mopdosiornueckuii 1 MOJIEKYISIPHO-TeHeTUYeCKI aHaJIn3
rmoanumopdusma poga Iris L. B Pecriybmke BankopTocTaH
11 OpeHOYPprckoii obaacTu

2.A. AyxaAMeBal, A.L. Baunos?, EJL. BLL[I/IBLIeBaZ' 4 @, 3.X. luramnos3, A.P. I/[Lu6MpAMH5, .M. ToaoBanoB3, A.B. KpIOKOBa3

T YorMCKIN HayuyHO-MCCNeA0BaTENbCKUN UHCTUTYT MeaULMHBI TPYAA U SKONOMM Yenoseka, Yda, Poccus

2 DepepanbHbIi MCCNeRoBaTeNbCKMil LeHTp VHCTUTYT uuTonorum n reHetukn Cbupckoro otaeneHns Poccniickoii akagemum Hayk, Hosocmbupck, Poccns

3 OXKHO-YpanbCcKuit 6OTaHNYECKIN CaA-MHCTUTYT — 060cobNIeHHOE CTPYKTYpHOE nofpasaeneHmne YOUMcKoro dpeaepanbHOro NcciefaoBaTeibCkoro LieHTpa
Poccuiickoi akagemun Hayk, Yéa, Poccua

4 HoBOCMBUPCKIIT HALUMOHANbHbIN NCCeA0BaTENbCKNIA FOCYAAPCTBEHHDIN YHIBEpCuTeT, HoBocnbupck, Poccus

5 YrUMCKmit yHnBepCHTeT Haykm 1 TexHonorui, Yéa, Poccus

@ evsivceva4d@gmail.com

AHHoTauwms. Iris L. (Iridaceae Juss.) — 3TO KOCMOMONUTHBIN pog, BKAovatowmin oT 200 go 340 BUAOB, pacnpoCTpaHeHHbIX
no Bcemy CeBepHoMy nonywapuio. XoTa Iris ABnAeTCcA camol pa3HoobpasHol rpynnoi B cemenctse Iridaceae,
CyllecTByeT MHOXeCTBO HeornpefeneHHOCTe OTHOCUTENIbHO ero TakCOHOMMYEeCKOro CocTaBa M cuctematuku. Llenb
HaCTOALLEro NCC/IeAOBaHNA — MOUCK MONIEKYNAPHBIX MapKePOB 1 TAKCOHOMMUYECKM 3HaUYMMbIX MOPGONOrnYeCcKmX npu-
3HaKOB reHepaTVBHON 1 BereTaTMBHOM chepbl M oLeHKa NX MHGOPMATUBHOCTM ANA BbiABNEHNA GUNOreHeTNYeCKoro
poacTBa npefctasutenein poga Iris. Obpasubl MPKUCOB B3ATbI M3 NPUPOAHbLIX NonynAumin Pecnybnnkn bawkoptocTaH
n OpeHObyprckoii 06nacTy, a Takke nosydyeHbl M3 GoTaHuuecknx cagoB CaHkT-MeTepbypra, boHHa, BaliponTta 1
BpHo. B pe3synbrate MOCTpOeHMA CTPYKTYpbl M3MEHUMBOCTM MOpPPOMETPUYECKUX NoKasaTenein 11 BMAOB HalpeHO
10 TaKCOHOMMYECKMX WHAMKATOPOB, OOWMX ANA aHaNM3UPYeMblX TakCOHOB M XapaKTepu3yLWUXCA OTHOCUTENbHO
HV3KMMIM OOLLei 1 COrnacoBaHHOWM M3MEHUMBOCTBIO: ANIMHA U LWIMPMHA HAPY>KHbIX JOJell OKONMOLBETHMKA, AJIMHA 1
LIMPVHA BHYTPEHHUX AOMEN OKONOLBETHMKA, ANIMHA ThIYMHOUYHOM HUTK, MblfIbHMKA Y NECTUKa, WWPUHA NNO0A3, a TakKe
L/IVHa Y WIMPVHA CeMEHW. YCTaHOBNEHbI HYKNEeOTUAHbIE NMOCNefoBaTeNIbHOCTU trnl-trnF GparmMeHTOB Xf0pONIACcTHON
[OHK nna 13 obpasLoB yeTbipex BULOB AvKopacTyllein Gnopbl Pecnybnukn bawkopToctaH 1 OpeHOyprckoii obnactu:
Iris pumila L., I. scariosa Willd. ex Link., I. pseudacorus L., I sibirica L. TonyyeHHble nocnepoBaTenbHOCTV Obinu
MNCMONb30BaHbl AfiA MOCTPOeHWsA UIOTeHEeTUYECKOro epeBa COBMECTHO C trnl-trnF nocnepoBaTeNbHOCTAMU elle
ceMy BWAOB MPUCOB, M3BMIeYEHHbIX U3 6a3bl AaHHbIX. Ha ¢unoreHeTnyeckom papese dopmupyetca MATb rpynn
(knactepos): 1) I. pumila L., I. scariosa Willd. ex Link; 2) I. pseudacorus L., I. setosa Pall. ex Link; 3) . lactea Pall.; 4) I. sibirica L.,
I. sanguinea Hornem.; 5) I. spuria L., I. xanthospuria Mathew & Baytop., I. foetidissima L., I. sintenisii Janka. BbiaBneHHble
KnacTepbl MO COCTaBy BXOAALMX B HUX BUAOB MPAKTUUYECKM MOMHOCTbIO COBMAfAIOT C KnacTepamu, O6HapyKeHHbIMY
npy Mopdonornyeckom aHanuse. [na NOATBEPXKAEHWA MOSYUYEHHbIX pPe3ynbTaToB MpoBeAeH GuIoreHeTUYeckni
aHan13 UHTepPeCyoLX BYAOB eLLe Ha ABYX XN0POMIacTHbIX MOC/eA0BATENbHOCTAX, JOCTYMHbIX B 6a3e faHHbIX: matK n
trnS-trnG. Knactepusauua nccnefoBaHHbIX BUAOB Ha trnS-trnG n matK nonHOCTbO coBMafaeT C Knactepusauuen Ha
trnL-trnF. Taknm 06pa3om, MOXKHO KOHCTaTMPOBaTb, YTO BbIABNEHHbIE ASIA POLOBOrO Kommnekca Iris mopdonornyeckme
NPU3HaKM AEMOHCTPUPYIOT 3HAUMMYIO ANArHOCTUYECKYIO LLIeHHOCTb NPY NPOBeeHNM TAKCOHOMMYECKNX NCCeoBaHN.
KnioueBble cnoBa: Iris; TaKCOHOMUA; TaKCOHOMUYECKNE MHAMKATOPbI; HYKeoTAHblE nocnefoBaTenbHOCTY; trnl-trnF
nocnefoBaTenbHOCTb xioponnactHon AHK; dunoreHeTnyeckoe gpeso

[na yutnpoBaHua: Ayxaguesa D.A., bnuHos AlL, BwwmBuesa E.W., Luranos 3.X., NwéupguH A.P, TonoaHoB .M.,
KptokoBa A.B. Mopdonornueckuin n monekynapHo-reHeTuyeckunii aHanns nonumopodusma poga Iris L. B Pecny6nu-
ke bawkoptoctaH U OpeHOyprckoin obnact. Basunosckul xypHan 2eHemuku u cenekyuu. 2026;30(1):146-156. doi
10.18699/vjgb-26-16
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Mopdonornyeckunin n MoneKynapHO-reHeTUYeCKni aHanmn3
nonumopodwmama poga Iris L. B bawwkvpum n OpeHbypre

Abstract. Iris is a cosmopolitan genus comprising 200 to 340 species distributed throughout the Northern Hemisphere.
Although Iris is the most diverse group in the family Iridaceae, there are many uncertainties regarding its taxonomic
composition and systematics. The aim of this study was to search for taxonomically significant morphological characters
of the generative and vegetative spheres and molecular markers with subsequent assessment of their informativeness in
identifying phylogenetic relationships and compliance with the most relevant modern classification systems of the genus
Iris. As a result of constructing the structure of variability of morphometric parameters of 11 species, 10 taxonomic indicators
were identified that were common to the analyzed taxa and were characterized by relatively low total and coordinated
variability: length and width of the outer perianth lobes, length and width of the inner perianth lobes, length of the
filament, anther and pistil, fruit width, as well as seed length and width. Nucleotide sequences of trnL-trnF fragments of
chloroplast DNA were established for 13 samples of four species of wild flora of the Republic of Bashkortostan and the
Orenburg Region: Iris pumila L., I. scariosa Willd. ex Link., I. pseudacorus L., I. sibirica L. The obtained sequences were used
to construct a phylogenetic tree together with trnL-trnF sequences of seven more iris species extracted from the database.
The tree contained five clusters: (1) I. pumila, I. scariosa; (2) I. pseudacorus, I. setosa Pall. ex Link; (3) 1. lactea Pall.; (4) 1. sibirica,
I. sanguinea Hornem.; (5) I. spuria L., I. xanthospuria Mathew & Baytop., . foetidissima L., I. sintenisii Janka. By the composition
of their species, the identified clusters almost completely coincided with the clusters found during the morphological
analysis. To confirm the obtained results, a phylogenetic analysis of the species of interest was performed on two more
chloroplast sequences available in the database: matK and trnS-trnG. Clustering of the studied species on trnS-trnG and matK
completely coincided with clustering on trnL-trnF. Thus, we can state that the morphological features identified for the Iris
generic complex work in the taxonomic direction. The analysis also showed that /. scariosa from natural populations of the
Republic of Bashkortostan and the Orenburg Region were identified correctly.

Key words: Iris; taxonomy; taxonomic indicators; nucleotide sequences; trnL-trnF chloroplast DNA sequence; phylogenetic tree
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BBepeHue

Pon Iris L. — caMblii KpynHBII 1 KOCMOIMOJIUTHBINA B CEMENUCTBE
Iridaceae, pactpocTpaHeH B OCHOBHOM B YMEPEHHBIX 30HaX
CesepHoro nonymapus, Bkiatodaet ot 200 go 340 Bunos
(Dorofeeva, Zhurbenko, 2020). HecMoTpst Ha OTpOMHEIA ITpoO-
rpecc B U3y4eHUH pojia [7is, BCe elle CYIIeCTBYEeT MHOXKECTBO
HEONPEICICHHOCTEH OTHOCUTEIBHO €r0 TAKCOHOMHYECKOTO
COCTaBa M CUCTEMaTHKH. PosoBbIE TpaHHIIBI HPHUCOB CHIOPHBL, U
TI0CIIe/IHNE JaHHBIE, TT0-BHIMMOMY, TOBOPSIT B I10JIb3y rOpa3Io
6onee y3kux rpanun (Crespo et al., 2015; Boltenkov et al.,
2020). K Tomy e cocTaB HCCIEIyeMOTo poia NEPUOAHICCKU
JIOTIONTHSCTCS. HOBBIMH OIMCAHHBIMU Bumamu (Zhao, 1992;
Mitic, 2002; Alexeeva, 2013), 9To warmie cBs;3aHO ¢ MOPQOIIO-
TMYECKOM N3MEHUMBOCTBIO 1, KaK CIICZICTBHE, HEOJHOKPATHBIM
OITMCAaHUEM BHUJIOB C IIUPOKHUM apeasioM (boireHkoB u ap.,
2018).

Krnaccuduxanmonnsie cxemsl poja [ris TpaiulHOHHO
OTIMPAIOTCSl Ha CPABHHUTEIBHBIN aHAJIN3 aHATOMO-MOP(O-
JIOTHYECKHUX W IIUTOI€HETHYECKUX MPHU3HAKOB (/lOpOHBKUH,
Kpacuukos, 1984; Mathew, 1989; Maxkapesud u ap., 2001),
JIONIOJIHSIEMBIH B TIOCIIEIHEE BPEMs JAHHBIMH MOJIEKYJISIPHO-
Oronornyecknx 1 OMOXMMHYECKNX HccieioBanuii (JJoporuna
u ap., 2012; Weber et al., 2020). Co)XHOCTb 3aKJIFO9AETCS B
TOM, YTO Cpelyl CUCTEMaTHKOB OJMHAKOBO PACIPOCTPAHEHO
Kak MIMPOKOE, TaK M y3KOe IMOHMMaHue pona [ris. EnuHoM,
oOmmenpuHATON KiIacCU(pUKAUU poJia HE CYIIECTBYET, a
HauOoJiee omyIsipHbIe KiaccupuKaoHnble cxemsl (Poano-
HeHKo, 1961; Mathew, 1989; JloponbkuH, 2006) pa3nugaroTcs
TIOJIO’KEHUEM HE TOJIBKO OT/ICJIBHBIX BUIOB, HO M O0jIee KpyTI-
HBIX CHCTEeMaTH4eCKNX eIMHUI] — MOAPOIOB U ceKiuid. [1o-
IIBITKY Pa3peIInTh MPOTHBOPEUHS C TIOMOIIHIO COBPEMEHHBIX
METOJIOB 3a4acTyl0 JAl0T HEOJHO3HAYHbIC Pe3ysbTarThl. Tak,
mouekyssipHblii RAPD-ananus .M. MakapeBud ¢ kojuieramu
(2001) mokazaun 6onpiiee coorBeTcTBHe cucteme .M. Poxuno-
HeHKo (1961) B ycTaHOBICHHN (DMITOTCHETUIECKHUX CBS3CH.

HWccrnenoBanns cHOMPCKUX BHIOB BBISIBUIIA HEOXKHUTAHHBIC
TPYNIAPOBKA: TipeacTaButenu Xyridion wu 1. sibirica (Lim-
niris) OObEIVHUINCH B OOHY TPYIIY, Torna Kak I lactea m
L setosa (Limniris) chopMHPOBAIH TPYIITY C MPEACTABUTE-
JSAMHE TIOfposa [ris. DTH TaHHBIC BCTYTAIOT B IPOTHBOPEUHE
C CYMICCTBYIOUIMMH CXEMaMH, OCOOCHHO B OTHOIICHHH TIO-
numopdHoTro oapoxa Limniris. OTCYTCTBUE KOHCEHCYCA 110
cocTaBy pofa [ris cpelri COBpeMEHHBIX MCCIeIoBaTeNeH Tpe-
OyeT IpoBeIeHHS TATbHEHIITNX KOMIUIEKCHBIX HCCIIEIOBAHMHA
C IIETBI0 YTOYHEHUS (PHIOTEHETHYSCKUX B3aNMOOTHOIIICHHH
BHJIOB, BXOJISIINX B COCTaB 3TOTO POJa.

B nuTeparype nMeroTcs myONnuKaIiuy 0 UCIOIh30BAHIIO
B OMOJIOTHU OLIEHKH CTPYKTYPBHI MOP(OIOTHICCKON H3MEH-
YUBOCTH JJIS KIacCUPUKAITMNA MOP(POTIOTHUCSCKUX ITPH3HAKOB
HEKOTOPBIX BUIOB PACTCHUH M JKUBOTHBIX ITO COOTHOIIICHHUIO
oOmIelt 1 cortacoBaHHON M3MEeHYNBOCTH. [Ipemioxkena xiac-
cuduxanus, o0beIUHAIOMAs HHANKATOPHEIC TTPU3HAKU B
YeTHIpEe TPYIIIBL: SKOIOTO-OMOIOTHICCKIE CUCTEMHBIE, OHO-
JIOTHYECKHE, TCHETHYECKHE (TAKCOHOMHYECKHE) M KOJIOTHYe-
ckue naauKatopsl (Pocrora, 2002; Umbupawa u np., 2005).

DKOJIOTO-OHONIOTMIECKUE CHCTEMHBIC HHINKATOPHI XapaKTe-
PU3YIOTCS BBICOKOI OOIIIeH M COTTTacOBAaHHOW M3MEHUYHBOCTBIO,
CUITBHOU 3aBUCUMOCTBIO OT YCIOBHH CPEJIbI H CITOCOOHOCTHIO
BBI3BIBATh COTIIACOBAHHBIC M3MEHECHUS BCEH MOP(POCHUCTEMEI
opranusma (uncio OyToHOB, unHa obdera y Cephalanthera
rubra, NMMHA TUCTOBOU TACTHHKHA Y Triticum aestivum L.).

Buonornyeckne WHAMKATOPHI O0MAAAIOT YMEPEHHOU 3a-
BHCHMOCTBIO OT CpEIbl, HU3KOHW 00IIeH W BBHICOKOW COTIIa-
COBAaHHOW M3MEHYHBOCTBIO, ONPEICIITIOT MOP(POCTPYKTYPY
pacteHus (HampuMmep, BBICOTY rmo0era, mapaMeTpsl JINCTa Y
C. rubra, 9uciio METaMepPOB BET€TaTUBHOW YaCTH TOMUIHOTO
nobera y Helianthus annuus).

Ienetndeckue (TAKCOHOMHYECKUE ) MHIUKATOPBI OTIIHYAFOT-
Cs1 HU3KOM 00I1Iel U COIaCOBAHHOM H3MEHUNBOCTBIO, BEICOKOM
ABTOHOMHOCTBIO U cITa00i 3aBUCHMOCTHIO OT BHEIITHHUX YCIIO-
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BHH (HampuMep, 9ucIio TUcTheB Y C. rubra), SBISIOTCS HAHOO-
Jiee MH(OPMATUBHBIMH /IS TAKCOHOMUYECKHX NCCIIEI0BAHNH.

DKOJIOTNYECKHE HHANKATOPHI MIPOSIBIISIIOT CHIIEHOE, OTHOCH-
TEJIFHO HE3aBUCHMOE BAPbUPOBAHUE, U X H3MEHEHHS cl1abo
COIIACOBAHEI € 00IIIEH CHCTEMOW OpraHN3Ma, HO OHH 1yBCTBH-
TEJIBHBI 1aKe K HE3HAUYUTEIbHBIM BHELIHUM BO3/ICHCTBUSIM
(HampuMep, YHMCIIO HEPa3BUTHIX IIBETKOB, IIPU3HAKN BETBIIE-
HUs y Rhinanthus L.). JIns Takux BUIOB, Kak H. annuus L.,
C. rubra L., Panicum miliaceum L. M psiia IpyTUX IIBETKOBBIX
pacTeHun, TaHHbIE IPU3HAKN yKe OOHAPY>KEHBI, AJIsl POIOBO-
TO KOMIUIEKCa [ris KOppeIsIMOHHbIA aHan3 Mopdoornye-
CKHX IIPH3HAKOB C LIEIIbIO BBISIBIICHHSI HHIUKATOPOB [TPOBEAEH
BIICPBBIE.

Jnst ycraHoBIIeHHS (DHIIOTCHETHIECKIX B3aMMOOTHOICHHH
BHJIOB pofa [ris YCHEIIHO MPUMEHSIOTCS HOIUMOP(PU3MBI
JUHK B HEeKOaMpYIOINX perHoHax XJIOPOIUIACTHOTO T'eHOMa
(Pleines et al., 2009). Cpean Hanboee 9acToO UCTIONB3YEMBIX
yuacTkoB XJIIHK — untpon trnl u mexxrennsli cneiicep trnl-
trnF, a Taroke Apyrue BapuaOesbHbIe YYaCTKH XJIOPOILIACT-
HOTO TeHOMa: MEXIeHHBIN crieiicep atpB-rbcL, trnS-trnG n
trnH-psbA (Kosbipenko u nip., 2009; bonrenkos u ap., 2016).

Llenb HacTOsIIEH PAOOTHI — ITOMCK TAKCOHOMHWYECKH 3HAYH-
MBIX MOP(OJIOrNYECKNX IIPU3HAKOB FeHEPATHBHOI 1 BereTa-
TUBHOH c(epbl 1 MOJIEKYISIPHBIX MapKepOB C MOCIEAYIOIECH
OLICHKOW MX MH(OPMATUBHOCTH MPH BBISIBICHUH (HUIIOTEHE-
THYECKOTO POJICTBA U COOTBETCTBUS HanOOJIee aKTyallbHbIM
COBPEMEHHBIM KJIaCCU(HMKAIIMOHHBIM CHCTeMaM pofa [ris.

MaTepmanbl n metopabli

Pacrurenbusiii MaTepnag. O0beKTaMu MOP(OIOTHUECKIX
WCCIIeIOBaHNI ObUIN JIUKOPACTYIIHE MPEJCTABUTENN BHJOB
pona Iris (I. pseudacorus L., I. sibirica L., I. pumila L., I. sca-
riosa Willd. ex Link), coOpaHHbIe B IPUPOAHBIX ITOITYJISILIUSLX
Pecnyonuku Bamkoprocran u OpeHOyprckoit obnactu u
HMHTPOLYyIMPOBAHHBIE HA KOJJICKIIMOHHOM ydacTke FOxHO-
Ypasbckoro 60TaHUYECKOro caga-uHCTUTYyTa Y hruMckoro e-
JlepaJIbHOIO UccienoBareabkoro nenrpa Poccuiickoil aka-
nemuu Hayk B iepuox 2019-2021 rr., a Takxke BHIBI, BBIpa-
LIIEHHBIE U3 CEMEHHOI'0 Marepualia, MojJy4eHHOTro Mo JejeK-
Tycam u3 boranuueckux canoB Cankr-IlerepOypra (1. lactea
Pall., I. setosa Pall., I. halophila Pall.), bouna (I. sanguinea
Hornem., 1. spuria L.), Baiipoiita (I. carthaliniae Fomin) u
BpHo (I. graminea L.). Crircoxk ucciae0BaHHBIX BUI0B, MECTa
cOopa u reorpapuueCcKrue KOOPIUHATHI yKa3aHbl B Ta0M. 1.

B ¢Bsi31 ¢ OOJIBIIMM KOJHUECTBOM JAUCKYCCHOHHBIX BOITPO-
COB OTHOCUTEJIBHO TAKCOHOMUU BUJIOB poza /ris L. B HacTosI-
1iei paboTe Mbl OPHEHTUPOBAIUCH HA KiIacCU(UKAIIMH TPEX
aBTopoB: B. Mathew (1989), I'1. Ponnonenko (1961, 2013)
u B.M. Jloponskuna (2006).

Mopdoaornyecknii anaams. MopdomeTpruuecKre rmokasa-
TeJIH ObLIH YUTCHBI Y 25 pacTeHUH KayKa0ro Buaa. J{jist oeHKH
M3MEHYHMBOCTH IIPOBOMIIN aHAJIH3 CICAYIOIIUX [TAPAMETPOB!
BBICOTA 'CHEPATUBHOIO H06era, JUIMHA U U pUHA JIUCTA, JJTMHA
U LIMPUHA JI0JIel OKOJIOI[BETHUKA, JJIMHA PEIPOAYKTUBHBIX
9JIEMEHTOB (TI€CTHKA M THIYMHKH) — B (pa3e MaccOBOrO I[Be-
TEHHs], a TAKKE JUIMHA U IIUPUHA IJI0JIOB M CEMsIH — HOCIIe
TIOJIHOTO X CO3pEeBaHUsl. 3aMepbl MOPHOMETPUIECKUX TTOKA-
3arenen HO6CFOB, IBETKOB U IIJIOJOB BBIIIOJIHEHEI C IIOMOIIIBIO
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JMHEHKH, CeMsH — ¢ IpUMEHeHneM Mukpockona Levenhuk
DTX 90 (T'omy6eB, 1962). CTanmapTHYIO CTaTHCTHYCCKYIO
00paboTKy MOJTYYEHHBIX TAHHBIX MPOBOANIN C HCIOJIB30Ba-
Huem nporpamMm MS Excel 2010 u IBM SPSS Statistics 21
(3atitieB, 1984; Hdocmexo, 1985). PaccunteiBanu cpemHue
apu(MeTHUECKUE 3HAUCHHUS, OMNOKY cpeqHero apudmern-
YECKOTO 3HAYEHHS, CPETHEKBAAPATHIHOE OTKIOHEeHue. [l
OILIEHKH BHYTPHIIOMYIAIIMOHHONW U3MEHYMBOCTH MOP(HOII0-
THYECKUX MPU3HAKOB BBIYMCIISUIM KOI(G(OHUINEHT Bapualnu
(CV, %) (3aiies, 1990).

BrimonHeHno cpaBHeHNE OMOMETPHUYECKHUX TOKa3aTenen
pacTeHunit Ha MPeMET CTAaTUCTHIECKON 3HAYNMOCTH UX pa3-
nmuunii 32 2019-2021 rr. Bererauuu. Bennaunel uccnenyembix
TIOKa3atesiel OBl IPOBEPEHbI Ha HOPMAIBHOCTB pacipeere-
Hus 1o kpurepuio Komvoroposa—CmuproBa. [t cpaBHEHUS
HE3aBHCHUMBIX BBIOOPOK C HOPMAJIbHBIM PacCIpe/IeICHuEM
WCIIOJIB30BaH OJHO(MAKTOPHBIA TUCIIEPCUOHHBIN aHAIN3, a
JUISL BBIOOPOK, HE MOJUYMHSIONINXCS 3aKOHY HOPMAaJbHOTO
pacnpenenenus, — kpurepuid Kpackena—Yomnuca. Ananus
TIOKA3aJI, YTO JUIS BCEX MCCIIEIYEMbIX ITapaMeTPOB pa3Inine
HE3HAYUMO NPH ypoBHE 3HAUMMOCTH W = 5 %, 9TO IO3BOJISET
MIPOBECTH OLICHKY CTPYKTYPbI H3MEHUYNBOCTH MOpdoornye-
CKHUX TPHU3HAKOB M KIACCH()UIIMPOBATH UX MO TPYTIIIaM.

CtpyKTypa M3MEHUYMBOCTH TPHU3HAKOB ITOCTPOCHA IO ME-
toxy H.C. PocroBoif (2002) ¢ mpumeHeHHEM porpamMm MS
Excel 2010 u IBM SPSS Statistics 21. Mopdonorngeckue
TIPU3HAKHA CKOOPAWHUPOBAHEI B IPOCTPAHCTBE 0011eH (kohhu-
IIMEHT Bapralliy IPU3HAKA) U COTIIACOBAHHOM (YCpPETHEeHHBIH
TI0 IPU3HAKY «KBaJpaT Ko3((PUIHEeHTa KOPPEISAINN ) H3MEH-
YMBOCTHU. [0 MHANKATOPHON POJIM MPU3HAKK PACIIPE/ICIICHBI
B TPH I'PYIIIBI: TAKCOHOMUYECKHUE (TEeHETHYECKHUE), OHOIOoTH-
YECKHE M IKOJIOr0-ON0JI0THYECKUE CHCTEMHBIE.

Broigenenune cymmapuoii JHK, IIIP amninudukauus u
YCTaHOBJIeHHE HYKJIEOTHAHBIX MOC/Ie0BaTeJbHOCTel 1
¢usorenernyeckuii anaaus. Beienenne cymmapnoit JIHK
MPOU3BOIMIN ¢ TIoMomIsio Habopa DNeasy Plant Mini Kit
(QIAGEN, I'epmannst) cOracHO MPOTOKOTY MTPOU3BOIUTEIIS.
Jnst Beraenenust JJHK ncnonezoBanu 50—100 mr BeICyiIeH-
HBIX JINCTBEB, MOIYYEHHBIX C PAaCTCHHH Kakaoro oOpasma.
KonuuectBo n kauectBo BhinenenHoil JAHK onpenensnu
¢ momomipio crekrpodoromerpa NanoDrop2000 (Thermo
Scientific, CIIIA) u 21eKTpoQOpEeTUIECKOTO pa3aeICHUs
B 1 % arapo3HoMm rere, comepiKamieM OpOMHCTBIA ITHIIHA
(0.5 mr/mi) B 1XTAE.

[LIP-ammuKanuio oCcymiecTBISIMI, Kak OIUCaHO B pado-
te (Makarevich et al., 2003), ¢ mpalimepamu, crieriupUIHBIMA
Jutst trnL/trnF TIOCTIEIOBATEILHOCTSM XJIOPOTUIACTHBIX T€HOB!

trnL (5'-CGAAATCGGTAGACGCTACG-3");

trnF (5'-ATTTGAACTGGTGACACGAG-3).

Peaxmmio mpoBomi B 00bemMe 20 MKJI C HCIOIBE30BAaHUEM
BioMaster LR HS-PCR-Color (“Biolabmix”, Poccust) B mpu-
cyrcrBuM 10 nMoib Kaxkaoro npaiiMepa u 30 Hr cyMMapHOI
JHK. Iomyuyennsie [T1LIP-hparmentsr pazaernsin B 1 % ara-
PO3HOM TeJIe M BRIICISIIH U3 refis ¢ momotbio QIAquick Gel
Extraction Kit (QIAGEN), a 3aTtem cexBeHHpoBau. Peak-
IINM CEKBEHUPOBAHMS BBIITOIHSIIN ¢ Hconb3oBanueM 200 Hr
JHK ¢parmenta u Hadopa BigDye Terminator v3.1 Cycle
Sequencing Kit (Thermo Scientific) Ha reHeTHUSCKOM aHAIH-

BaBunoBckuii XKypHan reHeTuku u cenekuum / Vavilov Journal of Genetics and Breeding < 2026 « 30 « 1



3.A. Ayxaauesa, Al. banHos, EN. Blunsuesa ... Mopdonornyeckunin n MoneKynapHoO-reHeTUYeCcKnii aHanus 2026
A.P. NwbunppauH, A.M. TonosaHos, A.B. Kptokosa nonumopodwmama poga Iris L. B bawwkvpum n OpeHbypre 30.1
Ta6nuua 1. O6pasLbl MPUCOB, COOPAHHbIX B MPUPOAHbIX MOMYNALUAX, MecTa 1 reorpaduyeckme KoopanHaTbl coopos

Bug MecTo c6opa maTepurana leorpadpuueckme

I. pseudacorus

Poccus, Pecnybnuka bawkopTocTaH, KyluHapeHKOBCKNIA palioH, 4. inbMyp3nHo

KoopAnHaTbl

54.952323 c. w.,
55.811026 B. 4.

Poccus, Pecny6nuka bawkopTocTaH, KylwHapeHKOBCKUiA palioH, . TapabepauHo 55.092243 c. .,
55.418299 B. A.

Poccus, Pecny6nuka bawwkoptocTaH, [lemckuin painoH r. Yool, A. PomaHoBKa 54.736672 c. L.,
55.834274 B. o.

I. sibirica Poccus, Pecny6nuka bawkopTocTtaH, r. Bupck 55.454523 c. w.,
55.537686 B. A.

Poccus, Pecny6nuka bawkopTocTaH, r. Armgens 55.844276 c. ww.,
53.935868 B. p.

I. scariosa Poccus, Pecny6nuka bawkoptocTaH, XanbynnmHckuid panoH, TawTyranckme ropbl 51.910798 c. .,
58.494056 B. p.

Poccus, OpeHbyprckan obnactb, KyBaHAbIKCKMI paiioH, 4. PamasaHoBo 51.526943 c. w.,
57446162 B. A.

Poccus, OpeHbyprckas obnactb, CBETAIMHCKUI paiioH, noc. To6onbckui 51.430173 c. .,
61.164358 B. 1.

I. pumila (enTble LBETKM) Poccus, Pecnybnuka bawkopTocTaH, KytoprasuHckuii paiioH, . JleHa 52.802508 c. .,
55.603231 B. 4.

I. pumila (cMHVe LBETKM) Poccus, Pecny6nuka bawkoptocTaH, KytoprasuHckuii paiioH, . JleHa 52.802508 c. .,
55.603231 B. A.

I. pumila (enTble UBETKMN) Poccus, Pecny6nuka balkopTtocTaH, KytoprasuHckuii painoH, ¢. AKwnmbeToBo 52.578021 c. .,
55.654848 B. a.

I. pumila (cnHne LuBeTKN) Poccus, Pecny6nuka balwkopTtocTaH, KytoprasuHckuii painoH, ¢. AKwnmo6eToBo 52.578021 c. w.,
55.654848 B. A.

I. pumila (kenTble UBETKM) Poccus, OpeHbyprckas obnacTb, MepeBonouKuii paroH, ¢. PolukoBka 51.721765 c. .,

3arope ABI 3130XL (Applied Biosystems, CIIIA) B Lieatpe
resomuku CO PAH (http://www.niboch.nsc.ru/doku.php/
corefacility). Hykneorugasie mocinenoBaTenbHOCTH (par-
MeHTOB frnl-trnF xnopomnactuoi JJHK npencrasiens! B
GenBank (Ne PV335670-PV335682).

Jlnist BBIOJTHEHNST (PUIIOT€HETHYECKOTO aHaIM3a ObUTH HC-
TIOJTb30BaHBI {71 L-trnk IOCIe10BaTeNbHOCTH XJIOPOIIIACTHON
JHK wupucos, n3BnedeHHble n3 0a3el naHHBIX GenBank u
TIOJTydeHHBIE B HacTosmeil padore. BrlpaBHNBaHNE HyKII€0-
THJTHBIX [T0CIIEI0BATEIBHOCTEH MPOBOAMIIH C HCIIOIb30BAHNEM
mporpammbel MAFFT v7.312 (Katoh, Standley, 2013). Betoop
MOJIETH HYKJICOTHHBIX 3aMEH OCYIIECTBIISUICS C MTOMOIIBIO
BaifecoBckoro nndopmarmonaoro kputepust. [loctpoenne pu-
JIOTEHETHYECKOTO JIEPEBa BBIOIHSIIH IO METOY MaKCHMallb-
HOTO IIPaBIONON00Ns ¢ MCIIOIb30BaHNEM Mojienu JIKykca—
KanTopa B mporpamme 1Q-tree (Trifinopoulos et al., 2016).
Jl0CTOBEPHOCTH MOCTPOCHHOTO JIepeBa MPOBEPSITH METOIOM
Bootstrap ¢ konnuectBom noropeHuit, paBasiM 1000.

Pe3ynbraTtbl

AHanus moppomeTpuyeckmx napameTpos

Mopororndeckue faHHbIE TPOAHATU3NPOBAHBI 32 TPH TOAA
nccrenoBannil. [IpoBeieHo cpaBHEHIE OMOMETPHUIECKHX T10-
KaszareJei Ha mpeaMeT CTaTUCTUUECKON 3HAYMMOCTH UX pas-
JIMYHH 110 TofaM. AHAJIU3 TTOKA3aJI, 4TO /TS BCEX UCCIIETyeMBIX

54.523130B. 4.

MapaMeTpoB Pa3Inine HE3HAYMMO NPH YPOBHE 3HAUUMOCTH
W =35 %, 4To m03BOJIIET MIPOBECTH OLIEHKY CTPYKTYpHI U3-
MEHYHUBOCTH MOP(OIOTNIECKHUX MPU3HAKOB 10 COOTHOIICHNIO
0011eit ¥ corTacoBaHHOI N3MEHUYMBOCTH 1 KJIACCH(UIINPOBATh
nx 1o rpynnam. O0o0IeHHbIE MOPPOMETPHUYECKIE TapaMeT-
PBI HCCIIETyEeMBIX BHJIOB IPUBE/ICHBI B Ta0M. 2.

Amnanu3 BaprabensHOCTH MOPHOMETPHUECKHX TApaMeTPoOB

BUIOB pojia [7is BBISBUII CIEIYIOMINE 3aKOHOMEPHOCTH!

1. HauOonpmmii ypoBeHb M3MEHUMBOCTH XapaKTEPEeH IS
JaHBl uctoBod mactuakn (CV pocturaer 20.7 %) u
BBICOTHI TeHepaTuBHBIX 1moberos (CV mo 16.7 %).

2. Hanbornee crabmiibHbIC MOKA3aTeH — IIMPUHA BHY TPEHHNX
noneit okosonBetHuka (CV =2.2-5.3 %) u JuiHAa TIeCTHKa
(CV =0.8-3.4 %), neMOHCTpHUpYIOIINE HANMEHBIINH pa3-
Opoc 3HaueHuH K03 (PUITeHTa BapHAIIHN.

3. B xapakTepHCcTHKaX IUIOA0B U CEMsTH HabmoatoTest bomee
BBICOKas BapruabenbHOCTh HE tona (CV mo 9.4 %), mo
cpaBHeHuto ¢ ero mmpuHoi (CV 1o 5.8 %), n ymepeHHast u3-
MEHYHBOCTH pa3mepoB ceMsiH (CV B auamnazone 0.9-5.9 %).
Moponornueckue NMpu3HAKH CKOOPANHUPOBAHBI B IIPO-

CTpaHCTBE 00mIeH (KopPHUIIHEHT Baprauy MprU3HAKa) U CO-

IJTaCOBaHHOH (yCpEAHEHHBIHN 110 MPU3HAKY «KBaapaT K03 hu-

LIUEHTA KOPPEISIINI» ) n3MeHInBOCTH. COCTaBICHBI rpauKn

T10 CTPYKTYPE N3MEHIMBOCTH MOP(OIOTNIECKUX MTPU3HAKOB.

Ha puc. | B xaduecTBe mprMepa Moka3aHa CTpyKTypa U3MEH-

yuBoCTH 111 1. pseudacorus. CTPyKTYpbl H3MEHUYHMBOCTH JUIS
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Ta6nuua 2. 0606LieHHble MOpdOMeTprYECKMe NapameTpbl BUAOB popaa Iris (2019-2021 rr.)

Mapametp

[nanasoHbl 3HaYeHWi (min-max)

KoaddpurumenTsl Bapuaumm (CV, %)

HapzemHble noberu

BbicoTa reHepatvBHOro nobera, cm 9.0-97.5 8.5-16.7
[nvHa nnucTa, cm 7.1-97.2 6.8-20.7
LnpwuHa nncta, cm 0.5-1.9 4.1-10.9
LiBeTok
[inuHa Hapy>HbIX gonen, cMm 4.0-6.1 1.4-4.2
LnpnHa Hapy»KHbIX gonen, ctm 1.1-33 0.8-6.0
[nuHa BHYTPeHHNX Jonewn, cm 1.0-5.1 1.6-6.7
LnpunHa BHyTpeHHNX fonewn, cm 0.2-2.2 2.2-53
[nvHa TbIYMHOYHOW HUTK, CM 1.1-1.6 1.4-3.8
[nvHa nbibHUKA, CM 1.1-2.0 1.2-5.0
[nvHa nectuka, cm 2.8-44 0.8-3.4
Mnogbl n cemeHa
[nvHa nnoaa, cm 3.3-6.3 3.1-94
LLvpwnHa nnoaa, cm 1.0-2.1 0.7-5.8
OnunHa cemeHu, cm 0.4-0.8 0.9-4.5
LLnprHa cemeHn, cm 0.2-0.8 1.2-5.9

L sibirica, I. sanguinea, 1. setosa, 1. halophila, I. graminea,
L carthaliniae, I. spuria, I. pumila, I. scariosa, I. lactea npu-
BeneHsl B [Ipunoxenun!.

B nacTosmem ucciiefoBaHUM 1O UHIAMKATOPHOM poiu
paccMaTprBaeMble TPU3HAKU PACIIPEICIICHBI B TPH TPYIIIIBL:
TAKCOHOMHUYECKHE (TEHETUYICCKHE), ONOIOrMUCCKUE M IKOJIO-
ro-ouonorudeckue (cMm. puc. 1). B pesynasrare nocrpoeHus
CTPYKTYPbI U3MCHUHBOCTH BBIABICHO 10 TAKCOHOMHUYECKUX
HMHAWKATOPOB, OOMIMX /IS aHATM3UPYEMbIX TAKCOHOB U Xa-
paKTepHU3YyIOIIUXCSI OTHOCUTENILHO HU3KuMH obuiel (CV =
=0.8-6.0 %) u coracoBanHoii (72 = 0.005-0.078) usmenun-
BOCTBIO: [UTMHA U IIIMPHHA HAPYKHBIX 10JICH OKOIOIBETHHKA,
JUTMHA U ITUPUHA BHYTPSHHHUX 0JICH OKOJIOIBETHHUKA, [THHA
TBIYMHOYHOW HUTH, MbLIBHUKA U MECTHKA, IIMPUHA IJI0/a, a
TaKXKe JUIMHA U IIHPUHA CEMEHHU.

J1y1s yCTaHOBJICHUS POJICTBA UCCIICYEMbIX IPEICTaBUTEIICH
pona Iris MpoOBeEH KJIACTEPHBIN aHAIU3 (Mepapxudeckas
kinaccudukaiusi, metox Bapaa) u mocrpoeHa aeHApOrpam-
Ma pa3IHYHsI-CXOICTBA BU/IOB I10 BHISIBIICHHBIM THATHOCTHYC-
CKUM MapkepaM (puc. 2). Buasl Ha nenaporpamme Gpopmu-
PYIOT IIECTh KJIACTEPOB:

1. L carthaliniae, I. halophila, I. spuria, npencTaBUTEH MO~
pona Xyridion (Ponuonenko, 1961) unu Limniris (Mathew,
1989);

2. I. lactea, nonpon Limniris (Pomuonenko, 1961; Mathew,
1989) wnu Eremiris (Jdoponbkus, 2006);

3. I sibirica, 1. sanguinea, nonpon Limniris,

4. I. pumila, I. scariosa, noapon Iris;

5. 1. graminea, noapon Xyridion una Limniris;

6. 1. pseudacorus, I. setosa, nogpox Limniris.

' Mpunoxenue cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2026-30/appx10.pdf
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Scatterplot of Var2 against Var1 Spreadsheet3 10v*14c
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Puc. 1. CTpyKTypa N3MEHUYNBOCTM MOPPONOrMUYECKMX NPU3HAKOB
1. pseudacorus.

Mo ocn abcumcc — cornacoBaHHas M3MEHYMBOCTb; MO OCU OpAMHAT — 06-
LA M3MEHUYMBOCTb. 1 — BbICOTa reHepaTMBHOMO Nobera; 2 — AfiviHa INCTa;
3 - WMpUHa NNCTa; 4 — ANVHA HaPY»KHbIX AONeN OKOMOLBETHMKA; 5 — Wnpw-
Ha Hapy»KHbIX AoONeN OKONOLBETHNKA; 6 — A/INHA BHYTPEHHUNX A0MeN OKo-
NIOLBETHUNKA; 7 — LUMPUHA BHYTPEHHIX [0M1eil OKONOLBETHUKA; 8 — ANMHa
TbIYMHOYHOWN HUTK; 9 — ANNHa NbiNbHUKA; 10 — AnvHa necTuka; 11 — anvHa
nnoaa; 12 — wupuHa nnoga; 13 — anvHa cemeny; 14 — WMpUHa CEMeHN.

MonekynsapHo-bunoreHeTnYecKuii aHanns BUAOB poga Iris
B xoze npoBeieHHO# pabOThl YCTAHOBIEHBI HYKJICOTHUIHBIE
MOCIIEN0BATENBHOCTH trnL-trnF GpparMeHTOB XJIOPOILIACTHOU
JHK nmns 13 00pasnoB 4eTsipex BUIOB UPUCOB: . pumila,
1 pseudacorus, 1. sibirica, I. scariosa. DTi TIOCIE0BATCIIb-
HOCTH OBIJIM UCTIOB30BAHbI IS TOCTPOEHUSI (PUITOTCHETHYE-
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Mopdonornyeckunin n MoneKynapHO-reHeTUYeCKni aHanmn3
nonumopodwmama poga Iris L. B bawwkvpum n OpeHbypre

EBKnNnpaoBbl pacctoaHnA

0 5 10
I. carthaliniae 1 J ' '
1 [ spuria 1 —
I. halophila 3
2 |l lactea 4
I. sanguinea 8
3
I. sibirica 10 —
1. pumila 6
4
I. scariosa 7
5  l.graminea 2
I. pseudacorus 5
6
I. setosa 9

PacctosiHue cBA3zmn

Puc. 2. )J,eH,qporpamma pa3nnymna-cxoacTsa BUAOB poaa Iris N0 TAKCOHOMMYECKUM NHONKATOpaM.

CKOTO JIepeBa COBMECTHO C frnL-trnkF mocienoBaTenbHOCTIMU
eIle CeMU BHIO0B MPHCOB, M3BJICUCHHBIX M3 0a3bl JAHHBIX:
L setosa, I. lactea, I. sanguinea, I. spuria, 1. xanthospuria
Mathew & Baytop., I. foetidissima L., 1. sintenisii Janka.
Bboutn npoananu3npoBassl trnl-trnF MOCIE0BATENBHOCTH
u3 63 obpasuos 11 Bumos. [lomyueHHoe hroreHeTHIECKOE
JPEeBO MpeACTaBiIeHo Ha puc. 3. MecTa cOopa HccieIoBaHHbIX
00pa310B UPHCOB OTMEUEHBI Ha JIPEBE.

Ha npeBe npucyTcTByeT IATh KJIACTEPOB:

1. I spuria, I. xanthospuria, I. sintenisii, I. foetidissima;

2.1 lactea;

3. L sibirica n I. sanguinea;

4. 1. pumila u I. scariosa,

5.1 pseudacorus u I. setosa.

JlaHHBIE KIIacTEphl 0 COCTABY BXOJSIIMX B HHUX BHJIOB
MIPAaKTHYECKH MOJHOCTBHIO COBIIAAAIOT C KiacTepaMu, oOHa-
PY’KEHHBIMH TP MOP(OIOTUIECKOM aHaIH3e (CM. pHC. 2).

JIyist TOATBEPKICHHS TTONTyIEHHBIX PE3yJIbTaTOB MBI IIPO-
By (prytoreHeTHYECKUi aHAIN3 HHTEPECYIOMINX HAC BU/IOB
MPUCOB C HCIIOJIb30BaHNUEM €IIIE IBYX XJIOPOIIACTHBIX ITOCIIe-
noBatenbHOCTeH, matK u trnS-trnG, NOCTyNHEIX B 0a3e JTaH-
HbeIXx NCBI. [lennporpamma, Mory4eHHas ¢ HCIOJIb30BAHUEM
IOCIIE0BaTeILHOCTH matK, IoKasana pasjesieHne 00pasoB
Ha [T TPYTII, CXOAHBIX C TPYIITUPOBKOM IS [TOCIIEI0BATEb-
HOCTH trnL-trnF (puc. 4):

1. I spuria u I. halophila;

2.1 lactea;

3. L sibirica n I. sanguinea;

4. 1. pumila u I scariosa,

5.1 pseudacorus u I. setosa.

OpHaKo ecTh HEOOJNBIINE Pa3INIHs MEXIY JCPEBbIMHU,
[OJIYYEHHBIMH C IOMOILBIO trnL-trnF u matK. Tlpu ucnosns-
30BaHUU IocienoBarelibHocTel matK u trnL-trnF He non-
TBEPXKJICHbI BUJIOBBIC pa3inyius B napax [. pumila/l. scariosa,

1 sibirica/l. sanguineaw I. halophila/l. spuria. A Buns! I. pseu-
dacorus u I. setosa TOCTOBEPHO OTIAMYAINCEH APYT OT Jpyra.
Ecnm MexmonyisionHsle pa3nuaust (rnl-trnF nocienosa-
TEJIHOCTEH OOHApY>KEHbI TOJIBKO y IBYX BHIOB, . scariosa
u I. setosa, To B ciy4ae matK 1mOCIe0BaTeNbHOCTEH Taknue
pa3nu4us MPUCYTCTBYIOT y OOJBIIEr0 KOJMYECTBA BUIOB!
L setosa, I. pseudacorus, 1. sibirica, I. sanguinea, 1. lactea.
Bo3MoXxHO, OHE IPUCYTCTBYIOT U Y BUIOB [. pumila u I. sca-
riosa, HO B 0a3e MaHHBIX MBI OOHAPYKWIN TOIBKO TPH MO-
CJI/IOBATEIbHOCTH I'eHa matK 3TuX BUJIOB.

Wudopmanuu o trnS-trnG mocuenoBaTeNbHOCTAX B 0ase
JTAaHHBIX MEHBIIIE, YeM O BYX Ipensiaymux. Ha puc. 5 npen-
CTaBJIEHO JPEBO, IOCTPOEHHOE HA ¢rnS-trnG moce10BaTeb-
HocTsIX. Ha HeM nmpucyTcTBYIOT 4 M3 5 KilacTepoB, MOTy4YeH-
HBIX Ha MPenpIIymux AepeBbsix: 1) I lactea; 2) I sibirica u
I sanguinea; 3) I. pumila u I. scariosa; 4) I. pseudacorus n
1. setosa. I1aTbIi1 KJIaCTEp OTCYTCTBYET, HOTOMY 4TO trnS-trnG
nocrnenoBarensHocTel . spuria v 1. halophile B 6a3e mTaHHBIX
HeT. JleTabHO OCTaHABIUBATHCS Ha aHam3e trnS-trnG npesa
MBI He Oy/ieM 10 NPUYMHE MAJIOYHCIEHHOCTH 00pa3loB He-
KOTOPBIX BHIOB. OJJHAKO OCHOBHOM BBIBOJ OYEBMICH: Kila-
CTEpH3ALHSI HCCIICIOBAHHBIX BUJIOB Ha 111nS-1rnG MOIHOCTHIO
COBIAJAET C TAKOBOU Ha trnl-trnF- nu matK-nepeBpsx.

O6¢cyxaeHue

MopdomeTpuueckmne napamerpbl

CpaBHUTENBHBIN aHATH3 MOP(OMETPUIECKHX MapaMeTPOB
HCCIIEIYEMBIX BUIOB C JINTEPaTyPHBIMU JaHHBIMU (Boskosa,
2010) BBIIBIII BRICOKYIO CTETIEHb COOTBETCTBHSI IIOKA3aTeIICH
Ha/[36MHON 4acTH y OOJBIIMHCTBA BHUJIOB, C HE3HAYHUTEIb-
HBIMH OTKJIOHEHHUSIMH Y HEKOTOPBIX BUA0B. OOHApYyKEeHHBIE
OTIINYHSA, MPEATIONOKHUTEIBHO, 00YCIOBIEHBI ClEeNN(PUKOI
YCIIOBUH KYJIBTHBUPOBAHUS, YTO TOATBEP)KIACTCS, B YaCT-
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Puc. 3. OunoreHeTnyeckoe apeBo, MOCTPOEHHOE Ha OCHOBe trnL-trnF nocneposatenbHocTen xn[IHK npuncos ¢ ncnonb-

30BaHMem metoaa ML.

3pecb 1 Ha puc. 4 n 5: mecTa C60pOB 1 HOMepa HyKNeoTUAHbIX nocnepoBaTtenbHOCTe 13 6a3bl JaHHbIX GenBank oTmeueHbl Ha Aapese.

HOCTH, BIMSHUEM aMITIUTY/Ib TEMIIEPATyp Ha N3MEHIMBOCTh
MOpP(OMETPUIECKUX TTapaMeTpOB T'€HEPATHBHOTO TOOera
u yucta y I. pumila w3 nomymsuuii Hiokaero [ToBomkes u
Oxnoro Ypana (Kamms u np., 2022).

ITo cTpoennto n MOp(OMETPUH OKOJIOIIBETHUKA BUJIBI pa3-
JICTIEHbI Ha yCJIOBHBIC TPYIIIBL: 1) ¢ JNTMHHBIMA Y3KUMH JTOJISIMA
(I carthaliniae, I. halophila, I. spuria, I. graminea, I. lactea);
2) ¢ KpyIIHBIMH Hapy>KHBIMH U PEAYLIHPOBAHHBIMH BHYTPCH-
Humu gonsmu (1. pseudacorus, 1. setosa); 3) ¢ KpyITHBIMHU
mpokuMu gonsamu (1. sibirica, 1. sanguinea); 4) ¢ monsaMu
cpenHux pasmepoB (1. pumila, 1. scariosa), 9TO CBUIETEIb-
CTBYET O BBICOKOH CTETIEHH JJOCTOBEPHOCTH M 0OOCHOBAaHHO-
CTH COBPEMEHHBIX KiaccuuKkanuii posa.

CpaBHHUTENBHBIN aHATN3 MOP()OMETPHIECKNX XapaKTEepHC-
THUK TUTOJIOB U CEMSIH [ris 13 IPUPOAHBIX TOMyssinnii Pecrry6-
mkn bamkoprocran n OpenOyprckoit ob6iacTu ¢ mureparyp-
HBIMU JTaHHBIMHU HHBIX peTHOHOB (AnekceeBa, 2020) BBISBHI
yMepeHHbIH reorpaduuecknii nommmopdusm. Ilo pasmepam
CeMsTH HanOoJIee MEJIKHE CeMEHa XapaKTEPHBI IS IOITYIISIN I
L sibirica (CapaTtoBckas obnacte), I. halophila n I. pumila
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(Bomnrorpanckas o0macTs); KpymHOCceMstHHas (popma oTMe-
yeHa y I. pseudacorus (Ilpumopckmii xpaii). Ilo mapamer-
paM IUIOZOB HECYNIECTBEHHOE YMEHBIIEHUE HAOII0aeTCs
y L setosa, 1. graminea, I. spuria n I. pumila (benroponckas
obmactp). OOHapy)KeHHAsT He3HAYUTEIbHAS BapHaOeITbHOCTD
pa3MepoB, a TAK)Ke MUTMEHTAIIMN PETPOYKTUBHBIX CTPYKTYP
OTpakaeT MUKPOIIOMYIISIIHOHHYIO (D HEPEHITNALINIO BUTOB
1 JIOKaJbHBIC aJallTHBHBIC PEaKIWU HAa YCIIOBHUS IPOHM3pac-
TaHMs, 00ECTIEUNBAIOIIIE NX YCIIEITHOE BOCIIPON3BOACTBO B
Pa3HOOOpa3HbBIX YCIOBUAX CPEIIBI.

Koa¢pdunnent Bapuanun MophOIOTHIECKUX TTPHU3HAKOB
CITy’)KUT TIOJIE3HBIM MHCTPYMEHTOM ISl MIPEABApUTEIHHOMN
OLICHKH CTAOMIBHOCTH MOP(OIOTHUECKUX XaPAKTEPUCTHUK,
OIHAKO CYANTb O TAKCOHOMHYECKON 3HAYMMOCTH ITPU3HAKOB
WCKJIIOYUTENBHO 110 Koddduimenty Bapuanmn HeBepHo. Ho
TAKCOHOMUYECKHE PEIICHHS I0JKHBI OCHOBBIBATHCS HA CHH-
Te3e MOP(POJIOTHIECKNX, TCHETHIECKHX U HKOJIOTHIECKUX
naHHBIX. [ poxa [ris 9TO 0COOEHHO aKTyalbHO M3-32 €T0
nonuMop(du3Ma M CKIOHHOCTH K THOpuamnsanuu. Meron
BBISIBJICHNS! TAKCOHOMUYECKHX NPHU3HAKOB, TPEIIIOKEHHBIN
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Puc. 4. OunoreHeTnyeckoe OpeBo, NOCTPOEHHOE Ha OCHOBE matK nocnepgosatenbHocTen xnHK NpncoB C NCnoJib30-

BaHMeMm meTtofaa ML.
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Puc. 5. DunoreHeTnyeckoe peBo, NOCTPOEHHOE Ha OCHOBE trnS-trnG nocnepoBatenbHocTel xnAHK nprcos ¢ ucnonb-

30BaHnem metoga ML.

H.C. Poctogoii (2002), ocHOBaH Ha aHANN3e KOPPEISAIIHOH-
HBIX TIJI€A]] — TPYIIT B3aMMOCBSA3aHHBIX MOP(OIOTHUECKUX
MIPU3HAKOB, KOTOPBI HaXOAWT YCTOHYMBEIC CBSI3U MEXIY
MIpU3HAKaMH. METol IOMOTaeT OTIIMYUTh KOHCEPBATHBHBIC
TaKCOHOMHMYECKHE MMPU3HAKHU OT KOJIOTUYECKHU 3aBHCHMBIX.

Crenyer OTMETHTb, 4T /. scariosa XapakTepu3yeTcs BBICO-
KO M3MEHYMBOCTBIO MOP(HOIOTHUECKHX IIPH3HAKOB, OCOOCH-
HO, KaK ¥ OJIM3KOPOACTBEHHBIN /. pumila, B OKpacke IBeTKa.
Bup onmcan ¢ camoii 3amatHOH OKpauHbI CBOETO OCHOBHOTO
apeayia 1o sk3emInisipy [lamnaca, coOpaHHOMY UM BOCTOUHEE
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Bounru. BeTpedaeTcst mpenMyIecTBEHHO B CEBEPO-3araqHoi
yactu [Ipukacnuiickoit Hu3MeHHOCTH ¥ Boctounom Ilpeaxas-
Ka3be; YHIEMUYHBIN IPUKACTUHCKUN €BPOIEUCKO-KaBKA3CKHI
Bua (Kpachas xuwra. .., 2024).

TakcoHOMMYECKOE TMONIOKEHNE ONM3KUX BHIOB I. scariosa
u I. glaucescens Bunge BbI3bIBaET ONPEIEICHHBIE TPYTHOCTH.
O0a Buma MO0 CHHOHUMHUPYIOTCS, JTHOO paccMaTpUBAIOTCS
B KadecTBe OTHenbHBIX BHIOB (L[BeneB, 1979; Anekceena,
2020), mpu 5TOM MPUOPHUTETHBIM BUIIOM SIBIISIETCS 1. scariosa.
1 glaucescens onucan B CpenHeit Asun. Bua npezacrasieH He-
MHOT'OYHMCIICHHBIMH HOITYJISILISIMH, BCTpevarommucs B Poccrn
Ha rpaHHlie apeaja Ha rore 3anagHoi Cubupu. 3a npeaenamu
Poccun on n3Becren B CeBepo-Bocrounom Kazaxcrane, B Cee-
po-3amamHbix paitonax Monromun u Kuras (Amekceesa, 2020).
Ha IOxHOM Ypane HaOmromaercst cxoxkasi TeHAeHIus: B Pec-
nyonuke bamkoprocTan 1. scariosa BKIIFOYEH B PETHOHAIBHYIO
Kpacnyto kuury (Kpacnas kaura..., 2021-2024), a B cocenneit
Yensibunckoit odnactu npusogurcest . glaucescens (Kynankos,
2005). TaxrM 006pa3oM, TAKCOHOMAYECKOE Pa3rpaHIICHIE STHX
OM3KHX BUOB BRI3BIBACT TPYAHOCTH. B muTeparype nMeroTcs
TIO/ITBEPIK/ICHHBIE MOJICKYJISIPHBIM, MOP(OJIOrHIECKUM U TAJTH-
HOMOP(OJIOTHYECKIM aHAIN3aMU JIaHHbIe, 4To /. glaucescens,
a Takke 1. timofejewii u 1. curvifolia — cunoHuMsI 1. scariosa
(Boltenkov, Artyukova, 2024).

Kak cienyer u3 neHaporpaMMbl pa3IHIms-CXOACTBA BUIOB
T10 BBISIBIICHHBIM THATHOCTHYECKAM MapKepaM Hauboee Tec-
Has prsoreHeTHIeCcKas CBsI3b 0OHAPYKUBACTCS MEKTY TTapa-
MU BUJIOB: . carthaliniae v I. spuria; 1. sibirica v I. sanguinea;
I pumila wu I. scariosa. PoncTBO UX OYEBUIHO U 110 TAOUTYCY
pacrenuii. Tak, mapa I. carthaliniae v I. spuria — 310 BBICOKO-
pOCIBIe pacTeHHUS, IMEIOT JUTHHHBIC KOPHEBUIIA C YTONIICH-
HBEIMH 3BEHBSMH, MOIIHBIC, BETBUCTHIE CTEONH, MIHUPOKUE
MEUYEBUAHBIC JINCTHSI, MHOTOIIBETKOBBIE colBETHS (3—5 mBeT-
xoB). [apa I. sibirica v I. sanguinea — CpEIHEPOCIIBIC HPHUCHI,
HUMEIOT KOPOTKHE KOPHEBHIIA C Y3KUMH 3BEHBSIMH, HOJIBIC,
ci1aboBeTBsIIIMECs CTEONN, y3KUE JINHEHHBIE JIUCThSI B TIPH-
KOPHEBBIX KypTHHAX, MaJOIIBETKOBBIC COIBETHA (2—3 1BeT-
xa). [lapa I. pumila w I. scariosa — HI3KOPOCIBIE PACTCHUS C
TOJICTBIMH ITOJI3YYMMHU KOPHEBHIIIAMH, HECYT OUCHb KOPOTKHE
CTe0JIH, IMPOKOJIIMHEHHBIC WU JIAHIIETHBIE JINCThSI B IIPHKOP-
HEBOM ITy4YKe, KpyIHbIe (OTHOCHTEIILHO pa3Mepa pacTeHusl),
HEMHOTOUYHCIICHHbIE IBeTKH (1-2), pacnonoxeHHbIe OIN3K0
K 3eMJIC.

MonekynapHo-$unoreHeTNYeCKNn aHann3 BUAOB popaa Iris
PesynpTaTel Mopdomornueckoro aHaiu3a MOKa3ald, 9TO
L sibirica n 1. sanguinea 04eHb OIW3KHU APYT APYTY, STOT
(baxT OBLT TIOATBEPIKACH PE3yIbTaTaMU MOJICKYIIAPHO-(DUIIO-
TeHETUYEeCKOro aHanusa. boyiee TOro, cormacHo MoJy4deH-
HBIM JaHHBIM, MBI MOXKEM IPEIIOJIIOKUT, 4To 1. sibirica n
1. sanguinea SBASIIOTCSL OIHUM BHUJIOM, TIOCKOJIBKY trnL-trnF
TTOCIIETIOBATEIIEHOCTH BCEX MPOAHATN3UPOBAHHBIX 00pasIloB
STHX BUIOB WICHTUYHEI, BHE 3aBHCHMOCTH OT MecTa cbopa.
K Takomy BBIBOTY, IpOaQHAIM3UPOBAB P MOPHOIOTHIECKUX
MPU3HAKOB U UCIOJB3YsT MOJICKYIIPHO-(DHIOTCHETUYCCKUE
JAHHBIC, paHee TPUXOIMIN U JIpyrue uccienosarenu (Bol-
tenkov et al., 2020).

154

Morphological and molecular genetic analysis of the genus /ris L.
polymorphism in the Republic of Bashkortostan and the Orenburg Region

OueHb cxoxasi CUTyalusi BO BTOPOH mape Onm3Kopon-
CTBEHHBIX BHIOB — [. pumila u I. scariosa. Y Bcex mpoaHa-
JIM3UPOBAHHBIX 00pa3LoB /. pumila Kak ¢ KENTBIMH, TaK U
¢ (HUOJICTOBBIMY IBETKAMU frnL-trnF MOCIeI0BaTCIBHOCTH
WJACHTUYHBL. BUJ TOIMXPOMEH 1 XapaKTepru3yeTcs [[BETOBBIM
MOJIMMOP(U3MOM, YTO ONpEeNsieTCs HOPMOM peaKkiiu 0Co-
Oeii Ha ycnoBus BHenrHeH cpenbl (Kammu u ap., 2022), u Ba-
pHALIK OKPACKHU JI0JIeH OKOJIOIIBETHHKA HE CBS3aHBI C MOJIE-
KyJIIPHO-T€HETHYECKUM HOIMMOP(U3MOM MOIYIIALUH.

VY [ scariosa BBISBIGHO TPH BapHaHTa MOCIEI0BATEIbHO-
creil. Ilepsriii BapuanT (13 PecriyOnmkn Jlarecran) abco-
JIIOTHO UAEHTHYEH frnL-trnF nocnenosarenbHoCTH 1. pumila,
4TO, CKOpEe, YKa3bIBaeT Ha TO, YTO 3T0 /. pumila. JIBa npyrux
BapHaHTa OTIMYAIOTCA OT I. pumila 3aMEHON HECKOIBKHUX
HYKJIEOTUA0B. BTopoii BapuaHTt /. scariosa oOHapykeH y 00-
pasioB u3 Pecniyonuku Kasaxcran u Pecniyonuku Anraid, a
TpeTHil BapuaHT —y 00pa3uoB u3 Pecrryonuku bamkoprocran
1 OpeHOyprckoit 001acTH; MoCeTHHE IBa BapUaHTa OTIHYa-
IOTCSI ZIPYT OT JipyTa JHIIb OAHOW HYKJICOTHIHON 3aMEHOM.
Taxum 00pa3oM, CpaBHUTENBHBIN aHAIN3 HEKOAUPYIOIINX
nocjieaoBaTelbHOCTe trnl-trnkF paiioHa XJIOPOIIACTHOM
JHK I. scariosa w3 mpUpOAHBIX MOMYJIAINN, a TAKKe aHAIU3
JIUTEPaTypHBIX JaHHBIX JEMOHCTPHUPYIOT, 4To B PecmyOnuke
Bamkoprocran nu OpenOyprckoii 006nacTi JaHHBIA BHUJ Ha-
JISKHO HACHTH()UIIMPOBAH.

CoBepIIeHHO pyTasi CUTyalHs B TPEThEH Mape poICTBEH-
HBIX BUJIOB — I. setosa w1 I. pseudacorus. IIpexnae Bcero, 3T0
ABHO IBa pa3HbIX, XOTA U 6J'II/I3KOpO[[CTBeHHI)IX, BHUaAAQ, 4TO
XOPOILIO BH/IHO Ha (DMIIOTeHETHYECKOM JIPEBE U paHee ObLIO OT-
MeueHo npyrumu uccienosarensivu (Choi, Lee, 2024). A Bot
OTHOCHUTENEHO BHYTPUBHUIOBOI BapHaOEIbHOCTH STH BHIBI
pasnmuatorces. Bee nccnenoBannsie o0pasusl 1. pseudacorus
MIOKa3bIBAIOT MJCHTUYHBIE (rnL-frnF MOCIeN0BATENIbHOCTH,
a ISITh POAHAM3UPOBAHHBIX 00Pa3IOB /. sefosa MPOJIEMOH-
CTPUPOBAJIM HAJIMYKE B HUX JIBYX THIIOB frnL-trnfF mocnenoa-
TEeNBHOCTEH, IpHYeM Bce 00pa3iibl ObUIH B3STHI 1100 B Kutae,
m6o B Kopee. /. sefosa reTeporeHeH 1 TAKCOHOMHUIECKH J10-
CTAaTOYHO YETKO OTIPAHUYCH OT APYTUX BHIOB, B CBSI3H C UEM
13 €ro COCTaBa BBIJEIICHBI HOBbIE BU/BI U BHYTPUBHIOBbIE
takcoHs! (Moo u 1p., 2001). H.b. Anekceesa (2013) npu-
111712 K BBIBOJLY, YTO MOJIUMOPQHBIN KOMIUIEKC /. setosa COCTOUT
13 OTIMYAIOUIUXCS 110 MOP(HOIOTUH U SKOJIOTHH TISATH BUJIOB.
Koneuno, B JaHHOM CiTyyae HEOOXOIMMO MPOAHATN3UPOBATH
OoupIe (hakTHIEeCKOro MaTepHaa.

Bce nsath trnL-trnF nocnenosarensHocTel 1. lactea nnen-
TUYHBI APYT APYTY, HE3aBUCUMO OT UX MECTa IIPOU3PACTAHUSL.
Iris Linnaeus ser. Lacteae Doronkin (JJoponbkus, 1990)
BKIIIOYAET BUJbI, PACIPOCTPAHEHHbIE B YMEPEHHBIX a3HaT-
ckux pernonax CesepHoro nomymapus (Pognonenko, 2006;
Boltenkov, 2018). IlepBoragansno 1. lactea ObpuT OTHECEH
B cocTaB noapona Limniris, cekuus Limniris (PonnoHeHko,
1961; Mathew, 1989), 3arem B coctas mojpoaa Eremiris, cex-
uust Haloiris (JJopoubkus, 2006). BiocnenctBuu oH crai pac-
CMaTpUBAThCS B COCTaBE OT/ENbHOTO pona Eremiris (Pogno-
HeHKo, 2006), Ho 3T0 He cornmacyeTcst ¢ MEeHHeM C.A. Wilson
(2011), ocHOBaHHBIM Ha €T0 MOJIEKYJSPHO-TEHETHYECKUX HC-
cienoBaHusx. Jlonroe Bpemsi cuutanock, uyto cepusi Lacteae
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Doronkin mpejcraBieHa TOIbKO OJJHUM MOTUMOP(HBIM BH-
JIOM, OJIHAKO MOJICKYJISIPHBIC MCCIIEAOBAHUSI TOATBEPIUIN
(dunoreHeTHYECKOE Pa3BETBICHUE KAK MHUHUMYM B TPEX
JIMHUSIX, COOTBETCTBYIOIIHUX TakcoHaM . lactea, 1. oxypetala
u I. tibetica (Boltenkov et al., 2018).

3aknioyeHune
Ha ocHOBe mpoBeZICHHO# OLIEHKU CTPYKTYPBI MOP(hOJIOTH-
YECKOIM M3MEHYMBOCTH MPECTABUTENICH poJia [ris BBIIBICHO
10 TakCOHOMHYCCKUX MHIUKATOPOB: JJIMHA M INUPHHA Ha-
PY’KHBIX JIOJICH OKOJIOI[BETHHKA, [UTHHA U IMUPHUHA BHYTPCHHUX
JIOJICH OKOJIOIIBETHUKA, JIJTMHA THIYMHOYHOW HUTH, TIBUTbHUKA
Y TICCTHKA, IIUPUHA IJI0/1a, a TAKXKE JIMHA U IIHPUHA CEMCHHU.
YcraHoBieHNE (DUIOTCHETHYCCKUX B3aUMOOTHOIICHUI
HCCJICYSMbIX BUJIOB [0 OOHAPYKCHHBIM TAKCOHOMHYCCKUM
WHAUKATOPaM ¥ MPOBEICHHOMY MOJICKYJISIPHO-(HUIOTCHETH-
YEeCKOMY aHajiu3y Ha OocHOBe trul-trnkF, matK wn trnS-trnG
xyoporiactHor JJHK mo3Bomiio o0ObeIMHUTE UCCIICIOBaH-
HBIC BUJIBI HPHCOB B HECKOJIBKO (PHIIOTCHETHUCCKUX TPYIIIL.
Takum 00pa3oM, MOKHO KOHCTaTHPOBAaTh, 4TO MOPQOII0-
THYCCKUN U MOJICKYJISIPHO-(DMIIOTCHETUICCKII aHAIU3HI T10-
Ka3bIBAIOT OJIMTHAKOBBIC PE3YJIbTAaThl OTHOCUTEIHHO aHAN3a
(bUITOTCHUY HCCITEIOBAHHBIX BUIOB PO [7is, M3 4ero CIICIyeET,
YTO BBISBJICHHBIC MOP()OIOTUYCCKUC UHIMKATOPHI BIIOJIHE
OMPECIICHHO JEMOHCTPUPYIOT TAKCOHOMUYECKYIO J0CTO-
BEPHOCTb.

Cnucok nutepatypbl / References

Aunexceesa H.b. O Bunax pona /ris L. (Iridaceae) u3 poxnctsa [ris setosa
Pall. ex Link. Turczaninowia. 2013;16(2):13-29
[Alexeeva N.B. On the taxa of [ris setosa Pall. ex Link affinity
(Iridaceae). Turczaninowia. 2013;16(2):13-29 (in Russian)]

Anexceesa H.b. Upwucer — Iris L. (Iridaceae Juss.) Poccuu. CII6.: ITep-
Boiit UI1X, 2020
[Alexeeva N.B. Iris L. (Iridaceae Juss.) in the Russia. St. Petersburg,
2020 (in Russian)]

Bonrenkos E.B., Aptiokosa E.B., Ko3sipenko M.M. JluBeprenuus Bu-
noB cepunt Lacteae pona Iris (Iridaceae) B Poccun u conpenenbHbIX
CTpaHax Ha ocHoBe aHasm3a xinoportactoit JIHK. I'enemuxa. 2016;
52(5):579-589. doi 10.7868/S0016675816040032
[Boltenkov E.V., Artyukova E.V., Kozyrenko M.M. Species diver-
gence in [ris series Lacteae (Iridaceae) in Russia and adjacent coun-
tries based on chloroplast DNA sequence data. Russ J Genet. 2016;
52(5):507-516. doi 10.1134/S1022795416040037]

Bonrenko E.B., Aptiokosa E.B., Ko3sipenko M.M. TakcoHomm4eckoe
uccnenosanue poaa Iris (Iridaceae): mopdonorudeckne u MoIeKy-
nsapHble naHHbIe. B: borannka B coBpemennoM mupe. T. 1. Maxauka-
na, 2018;13-16. loctymHo: https://www.binran.ru/files/publications/
Proceedings/Proceedings RBO/XIV_RBO_Proceedings T1.pdf
[Boltenkov E.V., Artyukova E.V., Kozyrenko M.M. A taxonomic
study of the genus /ris (Iridaceae): morphological and molecular
data. In: Botany in the Contemporary World. V. 1. Mahachkala,
2018;13-16. Available: https://www.binran.ru/files/publications/
Proceedings/Proceedings RBO/XIV_RBO_Proceedings T1.pdf (in
Russian)]

Bonkosa I A. Utorn mHTpOAyKIMK IPUPOJHBIX BUIOB poxa [ris L. Ha
eponeiickom Cesepe. B: boranuueckue cansl. IIpoGnembr HHTpO-
nykiun. Tomek, 2010;274:127-129
[Volkova G.A. The results of introduction of natural species of the
Iris L. genus in northern Europe. In: Botanical Gardens: Issues of
Introduction. Tomsk, 2010;274:127-129 (in Russian)]

Tony6es B.H. OcHoBbl 0MOMOP(]OTOTHH TPaBSIHUCTHIX PACTCHUH 1ICH-
TpasbHOM Jecoctenu. Boponex, 1962

2026
30-1

Mopdonornyeckunin n MoneKynapHO-reHeTUYeCKni aHanmn3
nonumopodwmama poga Iris L. B bawwkvpum n OpeHbypre

[Golubev V.N. Fundamentals of Biomorphology of Herbaceous
Plants in the Central Forest-steppe. Voronezh, 1962 (in Russian)]
Joporuna O.B., lopouskun B.M., Cemoruna U1.10., Kornaenxo E.C.

Crpykrypa pona Iris L. (Iridaceae Juss.) asunarckoit Poccun, BbisiB-
nenHast SDS-31ekTpodope3oM 3anmacHbIX OCIKOB ceMsiH. Turczani-

nowia. 2012;15(4):76-81

[Dorogina O.V., Doronkin V.M., Selyutina 1.Yu., Konichenko E.S.
Structure of the genus /ris L. (Iridaceae Juss.) in Asiatic Russia,
revealed by SDS-electrophoresis of seed storage proteins. Turczani-
nowia. 2012;15(4):76-81 (in Russian)]

Jopoubkun B.M. O630p cubupckux Bumos pona Iris (Iridaceae). Fo-
manuyveckuil xcypuain. 1990;75(3):409-416
[Doronkin V.M. The synopsis of Siberian species of the genus Iris
(Iridaceae). Botanicheskii Zhurnal. 1990;75(3):409-416 (in Russian)]

JNopoubkur B.M. Cucrema pona Iris L. (Iridaceae Juss.) Asuarckoit
Poccun. B: Ponb 6oTaHMUYECKHX Ca/lOB B COXPaHEHUH OHOPa3HO00-
pasust pacTUTENILHOTO Mupa Asuarckoit Poccun: Hactosiiee u Oyy-
mee. HoBocubupck, 2006;101-103
[Doronkin V.M. Taxonomy of the genus /ris L. (Iridaceae Juss.) in
Asian Russia. In: Role of Botanical Gardens in the Preservation of
Vegetation Diversity in Asian Russia: the Present and the Future.
Novosibirsk, 2006;101-103 (in Russian)]

Joponskun B.M., KpacankoB A.A. LluToTrakcoHOMHYECKOE MCCIIENO-
BaHue cubupckux BUA0B poxa Iris (Iridaceae). bomanuueckuii scyp-
nan. 1984;69(5):683-685
[Doronkin V.M., Krasnikov A.A. Cytotaxonomic studies in some
Siberian species of the genus Iris (Iridaceae). Botanicheskii Zhurnal.
1984;69(5):683-685 (in Russian)]

Jopouskun B.M., BaiikoB K.C. MonenupoBanue (GHIOreHETHIeCKUX
cBsi3eil cubupckux BuaoB poxa [ris (Iridaceae) mo merony SYNAP.
Turczaninowia. 2004;7(2):45-57
[Doronkin V.M., Baikov K.S. Modeling phylogenetic relationships
of Siberian species of the genus /ris (Iridaceae) using SYNAP
method. Turczaninowia. 2004;7(2):45-57 (in Russian)]

JocnexoB b.A. Meroanka mosieBoro omnsita (¢ OCHOBaMU CTaTHCTHYE-
CKOii 00paboTKH pe3ynbTaToB uccienoBanuit). M., 1985
[Dospekhov B.A. Methodology of Field Experiments (with the
Basics of Statistical Processing of Research Results). Moscow, 1985
(in Russian)]

Baiine ["H. Maremaruueckasi CTaTUCTHKA B SKCIIEPUMEHTAJIbHOM 00-
Tanuke. M., 1984
[Zaitsev G.N. Mathematical Statistics in Experimental Botany.
Moscow, 1984 (in Russian)].

Baiinies ['H. Maremaruka B skcniepuMeHTanbHOi 6oTanuke. M., 1990
[Zaitsev G.N. Mathematics in Experimental Botany. Moscow, 1990
(in Russian)]

Wmomko M.B., Kaparasues 10.D., XKXypasneB }0.H. M3menunBocth
Mopdorornueckux npusHakos /. setosa (Iridaceae) Ha poccuiickom
Jansaem Bocroke. bomanuueckuil srcypran. 2001;86(3):60-72
[Mlyushko M.V., Karatavcev Yu.F., Zhuravlev Yu.N. Variability of
morphological characters of 1. setosa (Iridaceae) in the Russian Far
East. Botanicheskii Zhurnal. 2001;86(3):60-72 (in Russian)]

Wmbupmun A.P., Uiimyparosa M.M., XKuprosa T.B. Crparerun xus3-
uu nenonomnyisun Cephalanthera rubra L. (Rich) Ha Teppuropun
Bamkupcekoro rocyaapcTBeHHOrO 3anoBenuka. Becmuuk Huowcezo-
poockoeo ynusepcumema um. H.U. Jlobauescrozo. 2005;1:85-98
[Ishbirdin A.R., Ishmuratova M.M., Zhirnova T.V. Life strategies of
the cenopopulation Cephalanthera rubra L. (Rich) on the territory of
the Bashkir State Nature Reserve. Vestnik of Lobachevsky University
of Nizhni Novgorod. 2005;1:85-98 (in Russian)]

Kammn A.C., ITapxomenko A.C., Abpamosa JI.M., KonzaparseBa A.O.,
Borocior A.B., lllunosa U.B., Kprokosa A.B. Mopdonorudeckas
nu3meHunBocTh Iris pumila (Iridaceae) B Huxuem IloBomkbe u Ha
10xuOM Ypane. bomanuueckuii scypran. 2022;107(2):180-197. doi
10.31857/S0006813622020065
[KashinA.S., Parkhomenko A.S., Abramova L.M., Kondratyeva A.O.,
Bogoslov A.V., Shilova L.V., Kryukova A.V. Morphological vari-

nonynAunMOHHAA TEHETUKA / POPULATION GENETICS 155


https://elibrary.ru/item.asp?id=20678372
https://elibrary.ru/item.asp?id=20678372
https://doi.org/10.7868/S0016675816040032
https://doi.org/10.1134/S1022795416040037
https://www.elibrary.ru/item.asp?id=21648797
https://www.elibrary.ru/item.asp?id=21648797
https://www.elibrary.ru/item.asp?id=18891235
https://www.elibrary.ru/item.asp?id=18891235
https://www.elibrary.ru/item.asp?id=43860348&pff=1
https://www.elibrary.ru/item.asp?id=43860348&pff=1
https://elibrary.ru/item.asp?id=11158177
https://elibrary.ru/item.asp?id=11158177
http://www.vestnik.unn.ru/ru/nomera?anum=162
http://www.vestnik.unn.ru/ru/nomera?anum=162
https://doi.org/10.31857/S0006813622020065
https://doi.org/10.31857/S0006813622020065

E.A. Aukhadieva, A.G. Blinov, E.I. Vshivtseva ...
AR. Ishbirdin, Ya.M. Golovanov, A.V. Kryukova

ability of Iris pumila (Iridaceae) in the Lower Volga region and
the South Urals. Botanicheskii Zhurnal. 2022;107(2):180-197. doi
10.31857/S0006813622020065 (in Russian)]

Koszsipenko M.M., Apriokosa E.B., XKypasnes 10.H. Camocrosirens-
HOCTB BUIOB Iris vorobievii N.S. Pavlova, Iris mandshurica Maxim.
u Iris humilis Georgi (Iridaceae): moka3arenbCTBO M3 SIIEPHOTO U
XJIOPOIIACTHOTO TeHOMOB. [ enemuxa. 2009;45(11):1575-1584
[Kozyrenko M.M., Artyukova E.V., Zhuravlev Y.N. Independent spe-
cies status of Iris vorobievii N.S. Pavlova, Iris mandshurica Maxim.,
and Iris humilis Georgi (Iridaceae): evidence from the nuclear and
chloroplast genomes. Russ J Genet. 2009;45(11):1394-1402. doi
10.1134/S1022795409110143]

Kpachast kaura Pecniyonuku Bamkoprocran. B 2 . Ya, 2021-2024
[Red Book of the Republic of Bashkortostan. Vols. 1 and 2. Ufa,
2021-2024 (in Russian)]

Kpacnas kaura Poccuiickoit ®eneparun. Pactenus u rpudsl. M., 2024
[Red Book of the Russian Federation. Plants and Mushrooms.
Moscow, 2024 (in Russian)]

Kynukos I1.B. Koncnekr ¢nopsr UensOunckoit obnactu (cocyancroie
pacrenus). ExarepunOypr-Muacc, 2005
[Kulikov P.V. Synopsis of the Flora of the Chelyabinsk Region
(Vascular Plants). Ekaterinburg—Miass, 2005 (in Russian)]

Maxkapesuu U.®., lopouskuna B.M., lllep6uk C.B., biunos A.T. ®u-
JIOTCHETHYECKHE B3aMMOOTHOIICHHUSI CHOMPCKUX BUIOB poxa Iris L.
(Iridaceae), BoisiBieHHbIe ¢ Tomolbl0 RAPD-PCR metona. Turcza-
ninowia. 2001;4(4):80-92
[Makarevich I.F., Doronkin V.M., Shcherbik S.V., Blinov A.G. Ap-
plication of RAPD-PCR method in the study of phylogenetic rela-
tionships between Siberian species of the genus /ris L. (Iridaceae).
Turczaninowia. 2001;4(4):80-92 (in Russian)]

Pomnonenxo I"'M. Pox Upuc — Iris L. M.; JI., 1961
[Rodionenko G.I. Genus Iris. Moscow; Leningrad, 1961 (in Russian)]

Ponuonenxo I'1. Eremiris — HoBbIH poy cemeiicTa Iridaceae. bomaru-
ueckuit scypuai. 2006;91(11):1707-1712
[Rodionenko G.I. Eremiris, a new genus of the family Iridaceae.
Botanicheskii Zhurnal. 2006;91(11):1707-1712 (in Russian)]

Pomnonenxo I'U. IMocturas Taiiusl npuposl (Cyapba Mosi — UPHCHI).
CII6., 2013
[Rodionenko G.I. Understanding the Secrets of Nature (My Destiny
is Irises). St. Petersburg, 2013 (in Russian)]

Pocrosa H.C. Koppemnsiuuu: ctpykrypa u uamenunsocts. CI16., 2002
[Rostova N.S. Correlations: Structure and Variability. St. Petersburg,
2002 (in Russian)]

Lisenes H.H. Pox Kacarux — Iris L. B: dmopa EBpomneiickoit wactn
CCCP. T. 4. 1979;299-307
[Tsvelev N.N. Genus Iris L. In: Flora of the European Part of the
USSR. Vol. 4. 1979;299-307 (in Russian)]

Alexeeva N.B. Iris lokiae, a new species of genus [ris (Iridaceae).
Botanicheskii Zhurnal. 2013;98(11):1415-1420 (in Russian)

Boltenkov E.V. Taxonomic notes on Iris ser. Lacteae (Iridaceae) with
typifications of fifteen names and one new combination. Phytotaxa.
2018;383(3):283-292. doi 10.11646/phytotaxa.383.3.5

Morphological and molecular genetic analysis of the genus /ris L.
polymorphism in the Republic of Bashkortostan and the Orenburg Region

Boltenkov E.V., Artyukova E.V. Updated taxonomy of Iris scariosa
(Iridaceae) inferred from morphological and chloroplast DNA se-
quence data with remarks on classification of /ris subg. Iris. Plants.
2024;13(17):2349. doi 10.3390/plants13172349

Boltenkov E.V., Artyukova E.V., Kozyrenko M.M., Trias-Blasi A.
Iris tibetica, a new combination in /. ser. Lacteae (Iridaceae) from
China: evidence from morphological and chloroplast DNA ana-
lyses. Phytotaxa. 2018;338(3):223-240. doi 10.11646/phytotaxa.
338.3.1

Boltenkov E., Artyukova E., Kozyrenko M., Erst A., Trias-Blasi A. Iris
sanguinea is conspecific with . sibirica (Iridaceae) according to
morphology and plastid DNA sequence data. Peer J. 2020;8:¢10088.
doi 10.7717/peerj.10088

Choi T.-Y., Lee S.-R. Complete plastid genome of Iris orchioides and
comparative analysis with 19 /ris plastomes. PLoS One. 2024;19(4):
€0301346. doi 10.1371/journal.pone.0301346

Crespo M.B., Martinez-Azorin M., Mavrodiev E.V. Can a rainbow
consist of a single colour? A new comprehensive generic arrange-
ment of the ‘Iris sensu latissimo’ clade (Iridaceae), congruent with
morphology and molecular data. Phytotaxa. 2015;232(1):1-78. doi
10.11646/phytotaxa.232.1.1

Dorofeeva M.M., Zhurbenko P.M. Comparative study of ovule struc-
ture and development in some species of /ris subgenus Limniris (Iri-
daceae). Botanicheskii Zhurnal. 2020;105(1):15-31. doi 10.31857/
S0006813620010068

Katoh K., Standley D.M. MAFFT multiple sequence alignment soft-
ware version 7: improvements in performance and usability. Mol
Biol Evol. 2013;30(4):772-780. doi 10.1093/molbev/mst010

Makarevich 1., Golovnina K., Scherbik S., Blinov A. Phylogenetic
relationships of the Siberian Iris species inferred from noncoding
chloroplast DNA sequences. /nt J Plant Sci. 2003;164(2):229-237.
doi 10.1086/346160

Mathew B. The Iris. Portland, 1989

Mitic B. Iris adriatica (Iridaceae), a new species from Dalmatia (Croa-
tia). Phyton. 2002;42(2):305-314

Pleines T., Jakob S.S., Blattner F.R. Application of non-coding DNA
regions in intraspecific analyses. Plant Syst Evol. 2009;282:281-294.
doi 10.1007/s00606-008-0036-9

Trifinopoulos J., Nguyen L.-T., Haeseler A., Minh B.Q. W-IQ-TREE:
a fast online phylogenetic tool for maximum likelihood analysis.
Nucleic Acids Res. 2016;44(W1):W232-W235. doi 10.1093/nar/
gkw256

Weber T., Jakse J., Sladonja B., Hrusevar D., Landeka N., Brana S.,
Bohanec B., Milovi¢ M., Vladovi¢ D., Miti¢ B., Poljuha D. Molecu-
lar study of selected taxonomically critical taxa of the genus Iris L.
from the broader Alpine-Dinaric area. Plants. 2020;9(9):1229. doi
10.3390/plants9091229

Wilson C.A. Subgeneric classification in /ris re-examined using chlo-
roplast sequence data. Taxon. 2011;60(1):27-35. doi 10.1002/tax.
601004

Zhao Y.T. A new species of Iris from China. J Syst Evol. 1992;30(2):
181-182

KoH)nUKT nHTepecoB. ABTOpbI 3aABNAIOT 06 OTCYTCTBUM KOHPVKTA UHTEPECOB.
Moctynuna B pegakuuio 30.04.2025. Mocne gopabotku 10.08.2025. MpuHaATa K ny6nnkayum 09.09.2025.

156

BaBunoBckuii XKypHan reHeTuku u cenekuum / Vavilov Journal of Genetics and Breeding < 2026 « 30 « 1


https://doi.org/10.31857/S0006813622020065
https://doi.org/10.31857/S0006813622020065
https://www.elibrary.ru/item.asp?id=12951857
https://doi.org/10.1134/S1022795409110143
https://doi.org/10.1134/S1022795409110143
https://elibrary.ru/item.asp?id=11158115
https://elibrary.ru/item.asp?id=11158115
https://elibrary.ru/item.asp?id=9309075
https://elibrary.ru/item.asp?id=9309075
https://elibrary.ru/item.asp?id=20417634
https://doi.org/10.11646/phytotaxa.383.3.5
https://doi.org/10.3390/plants13172349
https://doi.org/10.11646/phytotaxa.338.3.1
https://doi.org/10.11646/phytotaxa.338.3.1
https://doi.org/10.7717/peerj.10088
https://doi.org/10.1371/journal.pone.0301346
https://doi.org/10.11646/phytotaxa.232.1.1
https://doi.org/10.11646/phytotaxa.232.1.1
https://doi.org/10.31857/S0006813620010068
https://doi.org/10.31857/S0006813620010068
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1086/346160
https://www.zobodat.at/pdf/PHY_42_2_0305-0313.pdf
https://doi.org/10.1007/s00606-008-0036-9
https://doi.org/10.1093/nar/gkw256
https://doi.org/10.1093/nar/gkw256
https://doi.org/10.3390/plants9091229
https://doi.org/10.3390/plants9091229
https://doi.org/10.1002/tax.601004
https://doi.org/10.1002/tax.601004

Mprem cTaten yepes 3neKTPOHHYIO pefakuumio Ha canTe http://vavilov.elpub.ru/index.php/jour
MpenBapuUTenbHO HYXKHO 3aPErMCTPUPOBATLCA Kak aBTOPY, 3aTEM B MPABOM BEPXHEM Yy CTPAHULbI
Bbl6paTh «OTNPaBnTb PyKONUCb». Moc/e 3aBepLIeHUS 3arpy3Kun MaTepUanos 06s3aTesibHO BbIGpaTb
onuuio «OTNPaBUTb NCbMO», B STOM CJlyyae peAakLms aBTOMAaTMUecky byaet yBeaomsieHa

0 MoJTyYEeHNN HOBOW PYKOMMUCK.

«BaBWIOBCKMI XypHan reHeTuku u cenekuum (Vavilov Journal of Genetics and Breeding)»
L0 2011 r. BbIXOAMA Nog Ha3BaHMeM «/IHGOPMaLMOHHBIN BECTHUK BOTMC»/
“The Herald of Vavilov Society for Geneticists and Breeding Scientists”.

CeTeBoe n3paHve «BaBUIOBCKMI XypHas reHeTukun u cenekumm (Vavilov Journal
of Genetics and Breeding)» — peectpoBas 3anuce CMW On Ne ©C77-85772,
3apernctpupoBaHo MefepanbHoi clyx601 Mo Hag3opy B chepe cBA3N,
NHOOPMALIMOHHBIX TEXHOMOTUIA 1 MAaCCOBbIX KOMMYHMKaumin 14 aBrycta 2023 .

M3paHue BknioueHo BAK MuHo6pHaykm Poccuu B MepeyeHb peLieH3npyemMbix HayUHbIX U3[aHNI,

B KOTOPbIX JOSIKHbI 6bITb 0Ny6AMKOBaHbI OCHOBHbIE pe3ynbTaTbl AUCCepPTaLMIA Ha COMCKaHMe YYeHOoN
CTeneHn KaHAuAaTa Hayk, Ha COMCKaHue yueHol CTeneHn AoKTopa Hayk, Russian Science Citation Index,
Poccuiicknin nnaekc HayuHoro untrpoBaHus, BUHUTU, Web of Science CC, Scopus, PubMed Central,
DOAJ, ROAD, Ulrich's Periodicals Directory, Google Scholar.

OTKpPbITbIN JOCTYN K MOSIHBIM TEKCTaM:
pycckoA3sblyHasA BepcuA — Ha canTe https://vavilovj-icg.ru/
1 nnatdopme HayuHo anekTpoHHol 6ubnuoTekuy, elibrary.ru/title_about.asp?id=32440

aHrNosA3blYHas Bepcus — Ha caite vavilov.elpub.ru/index.php/jour
n nnatdopme PubMed Central, https://www.ncbi.nlm.nih.gov/pmc/journals/3805/

I'Ipm nepeneyaTtke MmatepunasioB CCblJika obA3aTenbHa.

I} email: vavilov_journal@bionet.nsc.ru

V3patenb: ®epeparnbHoe rocyfapcTBEHHOE OIOfXKETHOE HayUHOe yupexaeHne

«DepepanbHbI NCCNE[OBATENbCKUIA LIEHTP VIHCTUTYT LIUTONOrN U FreHETUKN

Cnbrpckoro otaeneHnsa Poccninckon akaieMuy Hayk,

npocneKkT Akagemuka JlaBpeHTtbeBa, 10, HoBocnbupck, 630090.

Appec pegakuuu: npocnekT Akagemuka JlaBpeHTtbeBa, 10, HoBocnbupck, 630090.

CeKpeTapb Mo opraHu3auroHHbIM Bonpocam C.B. 3y6oB.a. Ten.: (383)3634977.

M3aaHmne noarotoBneHo nHGpopmaLmoHHo-n3aatenbckum otgenom ULl CO PAH. Ten.: (383)3634963*5218.
HauanbHuk otaena: T.O. Yankosa. Pegaktopsi: B.[l. AxmeToBa, W.10. AHydpuesa. [lusaiiH: A.B. Xapkesuu.
KomnblotepHas rpaduka n Bepctka: T.6. KoHaxuHa, O.H. CaBBaTeeBa.






	Пустая страница

